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Introduction

The concepts of light and matter are fascinating topics whose description strongly
evolved over history. Light in particular remained an enigma for physicists for centuries,
before the debates over its wave or particle nature were definitely settled by Louis de
Broglie in 1923, who theorized the light matter-wave duality [1]. It became the starting
point of quantum mechanics, which the basis were developed in the following years [2].

This new mechanics allows both light and matter to have similar behaviour. In partic-
ular, the light quanta or photons follow a bosonic statistic, identical to the one describing
atoms with integer spins. They can have therefore identical properties, like the ability to
condense in a single state, leading to a macroscopic quantum state where all particles are
indistinguishable, called a Bose-Einstein condensate.

An important difference still remains between light and matter in the fact that pho-
tons do not interact in vacuum. However, photons can interact with themselves when
propagating in a non linear medium. Such effects have been observed with the discovery
of the laser: a sufficiently high intensity beam passing through a material medium can
perturb it; and this perturbation also induces modifications on the light field. In particu-
lar, nonlinear effects such as self focusing and self defocusing can be observed , which are
equivalent respectively to an effective photon-photon attractive or repulsive interaction.

This interactions between light and matter can be strongly enhanced by correctly adapt-
ing the environment. One possibility is for instance to confine an electromagnetic mode in
order to couple it to the energy transition of the material emitter. This can be achieved by
placing the emitter inside an optical cavity, whose resonance corresponds to the transition
frequency [3]. If the system losses are low enough, a weak coupling is established when
the confined light changes the emission properties of the transition, known as the Purcell
effect [4]. The coupling can even be enhanced to the point where the rate of coherent
exchange of energy between light and matter is higher than their decay rates [5]. The
system enters then the strong coupling regime where the initial states splits into two: this
characteristic energy anticrossing is proportional to the coupling strength and is called
the Rabi splitting.

Such optical cavities can be developed in many geometries, although we have focused
our work on a particular type of material known as semiconductors. Those insulators
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become conductive when electrically or optically excited. Electrical excitation have been
deeply studied and developed in the electronic domain; but what interests us in this work
is the optical excitation and the fast response and strong control it offers. In particular,
the development of optically controlled semiconductor heterostructures opened the way
to many possibilities of light-matter interaction.

In the end of the twentieth century, new techniques of heterostructures growth reached
the nanometer scale of layers thickness. This allowed to design optical microcavities,
in which were embedded planar quantum wells. It is in such a structure that Claude
Weisbuch observed for the first time in 1992 the strong coupling between light and matter
in semiconductors [6]. This configuration, previously theorized by John J. Hopfield in
1958 [7], results in the appearance of bosonic quasiparticles known as exciton polaritons,
made of a superposition of cavity photons on one hand and electron-hole pairs on the
other hand.

Polaritons are of particular interest as they inherit properties from both their con-
stituents. Their photonic part gives them a low effective mass, while the excitonic one
ensures strong interactions and non-linearity. They have been intensively studied in the
past few decades, so that their essential properties are well known, such as their dispersion
curve [8], lifetime [9] or relaxation [10]. All those properties allow these systems to exhibit
interesting phenomena, like Bose Einstein condensation at high temperature [11,12], four
wave mixing [13,14] or squeezing [15,16].

Excitons polaritons also appear as ideal candidates to study the hydrodynamic prop-
erties of quantum fluids. Indeed, many parameters are easily accessible and controlled
in those systems, such as momentum, density and phase which have already lead to the
observation of superfluidity [17–20] and of topological excitations [21–24].

Those last ones in particular are the guiding line of this thesis work. The different
experiments indeed followed each others in the study of those phenomena, and more
importantly on their sustainability and control. This thesis is therefore organized as
followed.

The first chapter focuses on the description of our system. We first study indepen-
dently its two components: the light part with the photons confined within a planar
microcavity, and the matter part represented by the quantum well excitons. We then
combined these two together by embedding a quantum well inside a microcavity, which
allows to reach the strong coupling between the two oscillators, and therefore to obtain
the polariton quasiparticles.

We focus then on the two main ways of exciting such a system, namely resonantly or
non-resonantly, and describe how they influence the polaritons properties and the fluid
behaviour.

The second chapter details the experimental tools available in the lab that we used
to implement our work. The first part lists the devices used in the excitation part in
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order to create the desired polariton fluid, while the second part focuses on the detection
equipment and describes the process of data analysis.

The experimental results are divided in three different experiments, reported in the last
chapters.

Chapter 3 begins by reporting a theoretical proposal [25] which is the starting point of
the experimental work of this thesis. It suggests to use the property of optical bistability,
present in our system due to a strong non linearity, to get rid of the phase constraint
usually imposed by the pump in a quasi-resonant excitation scheme. To exploit this
phenomenon, a novel implementation is suggested, using two excitation beams and leading
to a large fluid area within the bistability cycle.

This idea was put in application experimentally to generate and sustain topological
excitations, such as vortex-antivortex pairs or dark solitons [26,27], depending on the hy-
drodynamic conditions of the system. They form spontaneously in the wake of a structural
defect hit by a nonlinear flow of polaritons. A comparable configuration had previously
been implemented [22], but the solitons were generated within the decaying tale of the
excited polaritons, resulting in a short propagation distance through an intensity decay-
ing fluid. Our configuration not only greatly enhances the propagation distance, but also
highlights an unexpected behaviour of the dark soliton pairs, which under the influence
of the driving field align to each other and propagate parallel. This phenomenon is in
total opposition to all former results in atomic quantum fluids as well as in polariton sys-
tems. Indeed, the only observation of an attractive behaviour between dark solitons has
been realized in a thermo-optic medium with non-local interactions, whereas polariton
interaction are based on the exciton exchange interaction and are fully local.

Those surprising results still relies on the spontaneous generations of such turbulence,
under specific conditions around a structural defect on which we do not have any con-
trol. The next step of our work, presented in chapter 4, was therefore to get rid these
constraints and to artificially imprint dark solitons, to have full control over them and
to lead deeper studies. A smart design of the excitation beam allowed us to artificially
create dark solitons within a polariton flow, and to let them propagate freely through a
bistable fluid.

Once again, the soliton propagate parallel and experience a binding mechanism, lead-
ing to the formation of a dark soliton molecule [28]. The scalability of our new technique
allowed us to further investigate this unexpected behaviour. In particular, we observed
that the solitons always reach the same equilibrium separation distance, no matter the
initial conditions. We managed to understand this phenomenon as a consequence of the
driven-dissipative nature of our system. The implementation of this new method opens
the way to a fine control and manipulation of collective excitations, which could lead to
the generation of multiple soliton pattern or a quantitative study of quantum turbulence
phenomena.

We followed this direction in the fifth chapter, where we once again artificially create
solitons in our system, but within a static fluid. They are this time generated inside a



10 CONTENTS

low density channel, stabilized by the pressure from the high density walls [29]. This
configuration allows the observation of transverse instabilities called Snake instabilities,
inhibited by the fast flow in the previous implementations. Moreover, the behaviour of
those solitons strongly depends on the ratio of intensities between the high and low density
regions, and on the connection of the channel to low density fluid surrounding the excited
domain. A careful implementation can therefore leads to interesting phenomena such as
the resolution of a maze pattern.



Chapter 1

Exciton-polaritons quantum fluid
of light

Exciton-polaritons are quasiparticles arising from the strong coupling between light and
matter. They are indeed a superposition of cavity photons and quantum well excitons.
In order to discover all the tools of our system, we start this chapter by independently
describing the two elements of the polaritons. We will focus on particularities of photon
within a planar microcavity, then study the consequences of bidimensional confinement on
semiconductor excitons. We will then be able to strongly couple those elements together
and describe this new system of excitons-polaritons.

On the second part of this chapter, we will extend our field of view to the ensemble
of the polariton fluid: we will see how the excitation configuration influences the system
properties, and describe the main regimes of such a fluid.

11



12 CHAPTER 1. EXCITON-POLARITONS QUANTUM FLUID OF LIGHT

1.1 Light matter coupling in semiconductor microcavities
Polaritons are made of light and matter strongly coupled. To figure out how those

quasi-particles arise, it is essential to study their components independently and how
their environment influences their behaviour. Then, by combining them together, we will
be able to understand their interactions and how to describe our new system.

1.1.1 Photons in a planar microcavity

This section focuses on the photonic part of the polaritons. As we ultimately want to
achieve a strong coupling with some matter particle, the electromagnetic field needs to
be enhanced, which is done by confining it within a microcavity.

i Optical microcavity

Microcavity properties A cavity is an optical resonator where a standing wave is am-
plified. The light is confined within the cavity through a particular mirrors arrangement
and follows a well defined path: interferences take place and lead to the amplification of
some specific modes.

A microcavity is a particular case of optical cavity, which dimension is of the order of
the light wavelength.

Two parameters are mainly used to describe the optical cavity properties: the quality
factor and the finesse. The quality factor or Q-factor characterizes the frequency width
of the field enhancement. It is defined as the ratio between the resonant frequency ωcav
and the full width at half maximum (FWHM) of the cavity mode δωcav:

Q = ωcav
δωcav

(1.1)

The Q-factor describes the rate of the energy decay, which can be due to losses of
the mirrors, absorption, or scattering on the cavity imperfections: Q−1 is the fraction
of energy lost in one round-trip of the cavity [30]. Consequently, the photon population
decays exponentially and its lifetime can be defined as

τ = Q

ωcav
(1.2)

The finesse connects the FWHM of the cavity mode to the free spectral range (FSR),
i.e. the frequency separation between two consecutive longitudinal resonant modes. It
characterizes the spectral resolution of the cavity. It can also be defined using the total
reflectivity R of the cavity:

F = ∆ωcav
δωcav

= π
√
R

1−R (1.3)

The frequency separation is connected to the total length L of the cavity: ∆ωcav = 2πc
L .

Therefore, in the particular case of a microcavity, it is of the same order of magnitude
than the cavity mode frequency, so the finesse and the Q-factor are close.
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As the finesse is usually dominated by the mirror losses, the field enhancement within
the cavity can be written as:

Iintracavity
Iincident

≈ 1
1−R = F

π
√
R

(1.4)

In a standing wave microcavity, the electromagnetic field is distributed in the form of
an interference pattern, creating therefore localized maxima and minima. Consequently,
in order to couple an emitter within the microcavity, it has to be placed at a maximum
of the field to enhance the coupling, as we will describe more in detail later.

Planar microcavity The type of cavity that we considered in this thesis is a Fabry-
Perot cavity. It is one of the simplest optical cavity and was invented by Charles Fabry
and Alfred Perot in 1899. It consists in two planar mirrors, parallel and facing each other:
the light with specific wavelengths is enhanced by going back and forth between them,
due to constructive interferences.

Fabry-Perot microcavities are usually built using Distributed Bragg Reflectors (DBR).
Those mirrors consist in a pile of alternate layers of two materials with different refractive
indices n1 < n2. They are designed for a specific wavelength λ0: each layer has a thickness
di = λ0

4ni
(i = (1, 2)). This structure then acts like a high reflectivity mirror for a frequency

range called stop-band ∆λ, centered at λ0 [31]:

∆λ = 4λ0
π

arcsin
(
n2 − n1
n2 + n1

)
(1.5)

Figure 1.1 presents the reflectivity of a DBR made of 20 pairs of Ga0.9Al0.1As/AlAs
with a stop band centered at λ0 = 850 nm. The optical indices of the materials are
nGa0.9Al0.1As = 3.48 and nAlAs = 2.95. The reflectivity is very close to one over a hundred
nanometers range.

Figure 1.1: DBR reflectivity. Reflectivity of a Bragg mirror at normal incidence made
of 20 pairs of Ga0.9Al0.1As/AlAs and centered in λ0 = 850 nm. From [32]
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The Fabry Perot cavity is realized by placing two DBRs in front of each other, at a
distance Lcav = m λ0

2ncav
, where ncav is the refractive index of the intracavity medium and

m an integer. For instance, figure 1.2 shows the reflectivity of a microcavity as a function
of the wavelength, at normal incidence. The cavity consists of two DBR identical to the
one of figure 1.1, parallel to each other and at a distance Lcav = 2λ0

mcav
. A very sharp dip

is visible at λ = λ0 = 850 nm, which corresponds to the cavity resonance.

Figure 1.2: Microcavity reflectivity. Reflectivity at normal incidence of a Fabry Perot
made with two DBR identical to the one presented in figure 1.1 and separated by a
distance Lcav = 2 λ0

2ncav
. From [32]

ii Cavity photons

The term cavity photons is due to the particular properties imposed by the cavity to
the magnetic field, that we are going to develop.

Dispersion relation The dispersion relation arises from the fact that the effective
length of the cavity felt by the photons depends on their angle of incidence, as shown in
figure 1.3. If the photons enter the cavity with an incident angle θ, they feel a cavity of
length Lθ = Lcav

cos θ , which shifts the resonance energy.

More quantitatively, the cavity imposes a quantization condition on the z component
of the photon wavevector kγ = (kγ||, k

γ
z ):

kγz = 2πncav
λ0

(1.6)

There is no constraint on the parallel component of the wavevector, so the energy of
the photons can be written as:

Eγ(kγ||) = ~c
ncav

√√√√(2πncav
λ0

)2
+ (kγ||)2 (1.7)
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Figure 1.3: Photon flow inside a planar cavity. The photons travel a distance
Lθ = Lcav

cos θ between the mirrors, which corresponds to another resonance energy.

Considering that the orthogonal component of the wavevector is significantly larger
than the parallel one (kγ|| � kγz ), this expression can be approximated with a parabolic
dispersion:

Eγ '
hc

λ0

(
1 + 1

2

( λ0k
γ
||

2πncav

)2)
(1.8)

This equation leads to the definition of an effective mass of the cavity photons
m∗γ , connected to the curvature of the parabola:

1
m∗γ

= 1
~2
∂2E

∂k2 (1.9)

which gives us the expression:

m∗γ = n2
cav~
λ0c

(1.10)

Typically, in semiconductor microcavities, it is of the order of 10-5 times the free
electron mass.

Photon lifetime The lifetime of the cavity photons depends on the reflectivity of the
mirrors. We saw that the finesse is indeed associated with the number of round-trips
a photon makes before getting out of the cavity. However, the photon lifetime of such
Fabry-Perot microcavity can also be properly defined by the relation [33]:

τcav = Leff
ncav
π

F

c
(1.11)

where Leff is the effective length of the cavity. Indeed, the fact that the electromag-
netic field effectively enters the DBR in the form of an evanescent field has to be taken
into account, hence the definition of Leff = Lcav

(
1 + 2 n1n2

n2 − n1

)
.
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Leaky modes A further investigation about the cavity field dependence on the inci-
dence angle is given in figure 1.4. Here is presented the reflectivity of the system as a
function of the in-plane wavevector kγ|| and its correspondence with the incident angle θ,
for an incident light of wavelength λ = λ0.

Figure 1.4: Leaky modes. For small angles of incidence (θ < 18◦), the reflectivity is equal
to one except for the sharp dip at kγ|| = 0 µm-1 which coincides with the resonance. But for
higher angles, the reflectivity decreases and oscillates: is shows some dips corresponding
to the leaky modes of the cavity, where a strong coupling can not be sustained anymore.
From [34]

The reflectivity shows different behaviours along the wavevector scan. At kγ|| = 0 µm-1,
the reflectivity sharply decreases down to zero, and illustrates the resonance of the cavity
for a light with λ0. It corresponds to the main mode.

By increasing the incident angle, the reflectivity stays constant at 1. The mirrors
work properly and the light is trapped inside the cavity. But when the angle becomes
too large, the reflectivity decreases and some oscillations are visible, with large dips. It
shows that the field of those modes escapes easily outside of the cavity, hence the name
leaky modes. The linewidth of the dips are larger than the one of the main mode, which
shows that they have a much shorter lifetime.

In the case of our cavity, the leaky modes appear for k = 2.5 µm-1, which corresponds
to an angle of 18◦ [35]. But our cavity is made in GaAs, for which the total reflection
angle is 16.6◦: the leaks do not happen at the interface with air.
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1.1.2 Quantum well excitons

i Excitons in a bulk semiconductor

Band theory Quantum physics is based on the quantification of the energy in an
isolated atom: its electron can only access discrete energy levels, contrary to the energy
continuum of a free electron [36]. This property is modified when several atoms are put
together, as illustrated in figure 1.5. If a chain of N atoms are placed close together, and
separated by a distance of the order of their Bohr radius, a coupling takes place between
them and the degeneracy of their energy levels is removed. The electrons are not only
connected to one atom anymore but are delocalized over the whole chain, leading to new
energy levels closed to the ones of the isolated atom.

Figure 1.5: Development of conduction bands. Energy levels of a chain of N atom.
The isolated atom (N=1) possess a few number of states, which increases with the number
of atoms (N=10) until forming continuum in a solid. From [32]

Finally, the case of a solid material can be considered as a chain of a very large number
of atoms: the density of energy levels becomes so high that it can be seen as a band of
accessible energy, hence the name band theory.

The distribution of the electrons within these bands at T = 0 K imposes the electronic
properties of a material. At this temperature, the maximum level of occupation of the
electrons is given by the Fermi energy. It actually corresponds to the chemical potential
at 0 Kelvin of the material. The position of the Fermi energy compared to the energy
bands determines the conduction properties of a solid.

The first energy band entirely below the Fermi energy is called the valence band; at
T = 0 K, it is the completely filled band with the highest energy. The band just above the
valence band is called the conduction band. If the Fermi energy is located within the
conduction band, the electrons are free to evolve in the whole band, as it is not entirely
full, and can thus propagate through the material: it is the case of a conductor. On the



18 CHAPTER 1. EXCITON-POLARITONS QUANTUM FLUID OF LIGHT

other hand, if the Fermi energy is in the gap between the bands, then all the states of the
valence band are filled while all the ones of the conduction band are empty: the material
is an insulator.

However, this situation can be different at room temperature. If the gap between the
valence and the conduction band is small enough, typically Eg ≈ 1 eV, then the electronic
density of the conduction band at room temperature is not negligible, and the material
becomes conductor, even though is is an insulator at low temperatures. Such type of
material is called semiconductor.

Direct gap semiconductor The energy of the valence and conduction bands also de-
pends on the momentum. In particular, two types of semiconductors can be defined: the
direct gap semiconductors, where the maximum of the valence band is reached at the
same wavevector than the minimum of the conduction band, and the indirect gap semi-
conductors, where the maximum of the valence band and the minimum of the conduction
band do not correspond to the same k.

Figure 1.6: Direct gap semiconductor dispersion. The bottom parabola in red
corresponds to the valence band filled with electrons, while the upper parabola is the
empty conduction band. Their extrema all take place at the same wavevector. The
red dashed line illustrates the energy of the exciton, slightly lower than the one of the
conduction band: it is created by the absorption of a photon which energy coincides with
the one of the gap. On the right, a symbolic representation of an exciton in a crystal,
extending over several crystal cells. From [37]



1.1. LIGHT MATTER COUPLING IN SEMICONDUCTOR MICROCAVITIES 19

In the case of direct gap semiconductor, as illustrated in figure 1.6, a photon can be
absorbed if its energy is larger than the gap energy: ~ω > Eg. An electron of the valence
band is then excited to the conduction band, leaving a hole in the valence band. The
excited electron is negatively charged while the presence of the hole imposes a positive
charge, and the whole system is called an electron-hole pair. However, if the incoming
photon has an energy slightly lower than the gap energy, this one can still be absorbed.
In that case, the excited electron jumps just below the conduction band, and thus stays
coupled to the hole: the electron remains only within a couple crystal cells (see inset of
figure 1.6), and the bound pair is called an exciton.

An exciton is described as a single neutral quasi-particle, even though it is constituted
of two charged particles. Its effective mass is the sum of the ones of both the electron
and the hole (mX = me + mh), themselves extracted from their respective dispersion
curvature. Its energy follows the relation [38]:

EX(k, n) = Eg − Eb(n) + ~2k2

2mX
(1.12)

where Eb is the binding energy coming from the coulombian interaction and n the
electronic density. The binding energy can be written as [30]:

Eb(n) = ~2

2mXa∗2X n
2 = Ry∗

n2 (1.13)

with Ry∗ an effective Rydberg constant, an a∗X the Bohr radius of the exciton defined
by analogy with the hydrogen atom as:

a∗X = ~2ε

e2mX
(1.14)

with ε the dielectric constant of the medium and e the elementary charge. Semicon-
ductors like GaAs have typically a high dielectric constant, while the effective mass of
the exciton is usually one order of magnitude lower than the mass of a free electron in
vacuum. We obtain a∗X ≈ 50 Å, which is much bigger than the crystalline cell: the exciton
extends over several cells, as pictured in the inset of figure 1.6.

Therefore, the binding energy in such dielectric medium reaches a few meV (Eb ≈ 4.5
meV for GaAs). However, at room temperature, the thermal energy is Eth = kBT = 25
meV, which means that excitons can be created only at cryogenic temperature.

This type of exciton are called the Wannier-Mott excitons, in opposition to the Frenkel
excitons that are created in material with lower dielectric constant, and which have con-
sequently a higher binding energy and a smaller size, and are stable at room temperature.

As we saw that the excitons can be considered as particles, a hamiltonian operator HX

can be defined to describe them, with an associated creation operator â†k and annihilation
one âk. We thus have:

HX =
∑

k
~ωX(k)â†kâk (1.15)
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We now have all the elements to describe the excitons and their life cycle: creation
through a photon absorption and destruction by a photon emission. However, we have
described here bulk excitons, i.e. excitons within a three dimensional material, where no
direction is privileged. The emitted photons are therefore randomly distributed in all
directions. In order to obtain polaritons, we want to strongly couple the excitons with
the light field: an efficient way to improve the coupling is to confine the excitons in two
dimensions, so that the photons are emitted in a single direction, as we will now describe.

ii Bidimensional confinement in a quantum well

Bidimensional confinement Three dimensional bulk semiconductors possess a full
translation invariance, which imposes the momentum conservation. A recombination
of an exciton of wavevector kX thus leads to the emission of a photon with the same
wavevector: kph = kX . Therefore, the exciton can only be coupled to one mode of the
electromagnetic field. Moreover, the energy conservation must also be verified: only the
excitons which the total energy is the same than the one of the electromagnetic field can
realize a radiative relaxation.

This translational invariance is broken by a bidimensional confinement. It is easily
realized by placing a layer of semiconductor in between two layers of another semiconduc-
tor with a different gap energy. For instance, in the case of our sample, a layer of InGaAs
is sandwiched between two layers of GaAs, as illustrated in figure 1.7.

The interesting case takes place when the central semiconductor has a smaller gap
energy than the outer one. It indeed induces a dip in the conduction band energy profile
and a bump in the one of the valence band, as well as the existence of energy levels only
accessible within the central space layer but forbidden everywhere else, plotted in grey in
figure 1.7. An exciton created between two of these levels is therefore confined along the
z axis, but free to travel on the plane of the layer.

Properties of 2D excitons Such a configuration breaks the translational invariance
in the z direction: the momentum conservation is only valid on the in-plane directions
(x, y). Therefore, a photon emitted after the recombination of an exciton of wavevector
kX = (kX|| , kXz ) has to satisfy only the condition kph|| = kX|| while its z component remains
free. The confinement of the exciton also influences the Bohr radius of the exciton which
gets reduced (by half in the ideal case [30]): this leads to an increase of the binding energy
and an enhancement of the coupling.

Again, the exciton can be treated as a quasi-particle and described with a Hamiltonian
operator. It can be written as:

Ĥ2D
X = ĤkX

||
+ Ĥ2D

b (1.16)

with ĤkX
||

the kinetic Hamiltonian and Ĥ2D
b the bidimensional equivalent to the bulk

excitons Hamiltonian.
The kinetic Hamiltonian has a parabolic continuum of eigenenergies:
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h

Figure 1.7: Spatial and energetic structures of GaAs-InGaAs quantum well. A
layer of InGaAs is placed between two layers of GaAs. As EInGaAsg < EGaAsg , the energy
profile of the conduction band presents a dip (respectively a bump for the valence band)
where some new energy levels are accessible (represented by the gray lines). The excitons
created between these levels are confined along the z axis.
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E(kX|| ) = Eg +

(
~kX||

)2

2m∗X
(1.17)

while Ĥ2D
b has discrete eigenvalues. Our cavity has been designed so that the ground

state is energetically well separated from the other states; by analogy with the hydrogen
atom, it is called the bidimensional 1s exciton level. E2D

1s can thus be considered the
fundamental state of the exciton, and the eigenenergies of Ĥ2D

b can be written:

E2D
X = Eg + E2D

1s +

(
~kX||

)2

2m∗X
(1.18)

The bidimensionnal confinement imposes a last condition on the exciton: the momen-
tum conservation during a photon-excitation interaction. This can be written as:

EX +

(
~kX||

)2

2m∗X
= ~c
n2
cav

√(
kγ||
)2

+
(
kγz
)2

(1.19)

here the left hand side is the exciton energy, where we have associated Eg+E2D
1s = EX ,

and the right hand side the photon one, with its wavevector decomposed as kγ = (kγ||, k
γ
z ).

The interaction takes place when we have kX|| = kγ||, thus leading to:

EX +

(
~kX||

)
2m∗X

>
~c
ncav
|kX|| | (1.20)

Which for small |kX|| | simplifies to:

|kX|| | .
ncavEX

~c
(1.21)

Therefore, the excitonic modes that does not verify this relation are non radiative. In
the type of semiconductor we used, this usually corresponds to |kX|| | . 30 µm-1.

Quantum well excitons in free space are coupled to a continuum of optical modes.
Therefore, the radiative emission of a photon by exciton recombination is an irreversible
process and the probability of finding an exciton in the excited state decreases expo-
nentially with time. Typically, the associated timescale is of the order of 10 ps, which
corresponds to the radiative broadening of the exciton linewidth.

The linewidth of the exciton also broadens due to non-radiative relaxation process in the
quantum wells, which consequently limit the exciton lifetime. They can happen because of
disorder within the semiconductor structure, because of interactions with crystal lattice
phonons or even because of exciton-exciton interaction. Taking this phenomena into
account, the typical non-radiative exciton lifetimes are of the order of 100 ps.
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1.1.3 Excitons polaritons

We described in the previous sections two different components. First, the optical
cavity breaks the symmetry of the electromagnetic field along the z axis, which leads
to a discretization of the z component of the incoming photons. On the other hand,
the quantum well confinement plays a similar role on the excitons: the symmetry which
induces the momentum conservation along z is also broken.

The starting point of this section is to combine those elements to enhance the light-
matter interactions, in order to reach the strong coupling regime.

i Quantum well embedded in a microcavity

Geometry of the samples In order to strongly couple excitons and photons, the 2D
quantum well is placed inside a microcavity (see figure 1.8). The cavity consists of two
DBRs (piles of yellow and green layers) designed to be quasi-resonant with the excitonic
transition.

Figure 1.8: Quantum well embedded in a Fabry-Perot microcavity. The semi-
conductor microcavity is constituted by two piles of green and yellow layers, while the
quantum well, in orange and yellow, is placed inside the cavity. The red line shows the
electromagnetic field distribution, and the white dashed line its envelope with an expo-
nential decay within the DBR. Note that the quantum well is placed at an antinode of
the electromagnetic field. Adapted from [16]

To maximize the interactions, the quantum well (thin yellow layer inserted in the
orange material) is placed at an antinode of the electromagnetic field, whose amplitude
is plotted in red. The white dashed line shows its envelope and the exponential decay
within the DBRs.
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At this point, an important comparison has to be made between the effective masses
of both components. The cavity photons have an effective mass 4 orders of magnitude
smaller than the quantum well excitons. It results in the fact that, even though they both
have a parabolic dispersion, they take place in a different scale of wavevectors, as shown
numerically in figure 1.9.

The left image shows both dispersions scaled so that the curvature of the excitonic
one is visible. The photonic dispersion is in this case very narrow around zero. The right
image is the same, but for a much shorter range of wavevectors: the photonic curvature
is clear but the excitonic resonance seems flat. As it corresponds to the wavevectors
considered in this work, the excitonic curvature is neglected in the following discussion
and its resonance energy is considered constant.

Figure 1.9: Comparison of photonic and excitonic resonances. Photonic and exci-
tonic numerical dispersions for different momentum ranges. As we work with wavevectors
of the order of 1 µm-1, the picture on the right is the one that we consider, and the
excitonic resonance is considered constant from now on.

The interactions can be modified by putting more quantum wells inside the cavity, all
of them at some maxima of the electromagnetic field. In that case, the density is shared
between all the quantum wells while the coupling is maintained, which allows to reach
high densities that can lead to a condensation phenomenon as we will see later. A typical
configuration consists of 12 quantum wells, distributed as 3 packs of 4 wells.

The quasi-resonance between the exciton and the cavity photon can also be tuned by
design. The excitonic resonance energy is fixed by the quantum well materials, but the
photonic one depends on the length of the cavity. By implementing a slight angle (wedge)
between the two DBRs, the detuning exciton-cavity photon ∆EXcav = EX −Eγ depends
on the position on the sample and can be chosen on will.

Let us consider that the medium outside of the cavity is air, and neglect the linewidth
broadening. This configuration allows the selective excitation of one exciton of in-plane
momentum kX|| = (kXx , kXy ). It is done by choosing the incident photon kγ|| = (kγx, kγy ) with
an angle θγ = (θγx, θγy ) that verifies:
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kXx = kγ,cavx = Encav
~c

sin θγ,cavx = E

~c
sin θγx (1.22)

kXy = kγ,cavy = Encav
~c

sin θγ,cavy = E

~c
sin θγy (1.23)

where kγ,cav|| = (kγ,cavx , kγ,cavy ) is the photon momentum inside the cavity, E is the
excitation energy, ncav the index of the cavity and θγ,cav = (θγ,cavx , θγ,cavy ) the photon
angle inside the cavity obtained by the Snell-Descartes law.

Reciprocally, the detection of a photon with an angle θγ = (θγx, θγy ) out of the cavity
comes from the recombination of an exciton kX|| = (kXx , kXy ) that verifies equations 1.22
and 1.23.

Spontaneous emission A parameter plays a crucial role in the light matter interactions
within our system: the spontaneous emission of photons by an exciton. This process of
energy dissipation is described by the Fermi golden rule, which gives the spontaneous
emission rate of a photon from an initial state i to a final state f. It can be written
as [39]:

Γi→f = 2π
~
∣∣〈f |V |i〉∣∣2δ(Ei − Ef )ρ(Ef ) (1.24)

where Γi→f is the transition rate from state i to f per time unit,
∣∣〈f |V |i〉∣∣2 is the

probability of transition from states i to f, δ(Ei−Ef ) is the energy conservation condition
and ρ(Ef ) the number of final states f of energy Ef . This process thus directly depends
on the density of final states. The coupling matrix element is also depicted as the quantity
ΩR or Vacuum Rabi frequency [40].

Coupling regimes Both cavity photons and quantum well excitons have limited life-
times τ which result into spectral broadening γ = 1/τ . Various intrinsic factors are
responsible for the homogeneous broadening of both elements. For instance, the cavity
mode can couple to other empty electromagnetic modes of the cavity, or to the continuum
of the extra-cavity modes, which are all contained in the cavity photon broadening γcav.
On the other hand, the excitonic broadening γX includes the coupling of the excitons
with each other [41], with the phonons [42] or with the disorder of the crystal [43].

Different coupling regimes can be defined by comparing the two lifetimes with the
coupling strength through the Rabi frequency ΩR. When ΩR � γcav, γX , the oscillator
strength is not strong enough to reabsorb a photon spontaneously emitted which will
be lost in the cavity: the emission is irreversible, it is the regime of weak coupling.
However, if ΩR � γcav, γX , then the lifetimes are long enough so that an emitted photon
stays in the cavity and can be absorbed again, which corresponds to the strong coupling
regime. The phenomenon is reversible and many coherent exchange of energy can take
place before the photon leaves the cavity, which are called the Rabi oscillations.
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ii Strong coupling regime

The strong coupling regime is the one that we are interested in as it results in the
apparition of new eigenmodes called cavity polaritons. The first observation of such
strong coupling in a quantum well embedded in a semiconductor microcavity has been
realized in 1992 in the group of C. Weisbuch [6].

In order to study the optical properties of the strong coupling, a simple model consists in
considering the coupled elements as harmonic oscillators, to which is associated a creation
operator â† and an annihilation one â. An important condition of this description is
however that both elements are bosonic, meaning that they follow the commutation law
[âm, â†n] = δmn, with m and n two quantum states of the system.

In our case, the coupling takes place between the cavity photons and the quantum
well excitons. By nature, photons are bosons, but the excitons are made of fermionic
elements. Let us first then verify if they can be treated as bosons.

Excitons as bosons It is possible to associate to excitons a creation b̂†1s and an an-
nihilation b̂1s operators [44, 45]. In that case, the commutation relation can be written
as [42]:

[
b̂1s, b̂

†
1s
]

= 1−O
(
n
(
a∗2DX

)2) (1.25)

where a∗2DX is the Bohr radius of the exciton in the quantum well as defined in section
1.1.2, and n the excitonic density per surface unit. It is therefore possible to consider the
exciton as a boson if this density is small enough (n

(
a∗2DX

)2 � 1), i.e. in a regime of low
light excitation. Typically, the Bohr radius of a 2D exciton is around 5 nm, which allows
a maximal excitonic density of the order of 4 ·104 µm-2. In our case, we always work with
lower densities, which allows us to use the bosons description for the excitons.

Linear hamiltonian of the strong coupling regime Let us simplify the notation as
we only consider the in-plane wavevector: from now on, the || notation is forgotten and
k = k||.

As a first step, we place the system in a configuration of low excitation. The exciton-
exciton interactions are therefore negligible: the resulting hamiltonian is purely linear
and can be written as:

Ĥlin =
∑

k
Ĥk =

∑
k

(
EX b̂

†
kb̂k + Eγ(k)â†kâk + ~ΩR

2
(
â†kb̂k + b̂†kâk

))
(1.26)

with â†k, âk and b̂†k, b̂k are the creation and annihilation operators for a cavity photon
and a quantum well exciton with an in-plane wavevector k, respectively. EX is the
excitonic energy, Eγ(k) the photonic one, and ΩR the Rabi frequency.

The last term of equation 1.26 is particularly interesting. It contains the superposition
of two events: on one side, the creation of a photon and the annihilation of an exciton,
i.e. the recombination of the exciton, and on the other side the creation of an exciton
and the annihilation of a photon, so the absorption of a photon. They are connected by
the coefficient ~ΩR

2 which represents the coupling energy.
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Equation 1.26 is very close to the coupling of a two level system by an external elec-
tromagnetic field. In this case, the system oscillates between its ground state and the
excited state, by absorbing a photon to acquire energy or by emitting a similar one to
relax. The polariton case is analog if we consider the exciton as the two level system,
with one particularity: the ground state in his case is the absence of exciton. It is indeed
the lowest energy state to which the system tends after a long enough time. The first
excited state is in our case the presence of the 1s exciton.

In time, polaritons can therefore be seen as the succession of cavity photon, absorbed
by creating an exciton, which later recombines by emitting an identical photon, that can
be absorbed once again, and so on. This image describes the polaritons as a coherent
linear combination of an electromagnetic field (the photonic part) and a polarization field
(the excitonic one).

iii Polariton basis

Eigenmodes and Hopfield coefficients The hamiltonian given by the equation 1.26
can be diagonalized. It results in new eigenstates of the system that contain both the
photonic and excitonic part: the upper and lower exciton-polaritons, denoted as UP
and LP respectively. The hamiltonian can be rewritten in this basis:

Ĥlin =
∑

k
~ωLP (k)p̂†kp̂k +

∑
k

~ωUP (k)û†kûk (1.27)

with p̂†k, p̂k and û†k, ûk the creation and annihilation operators of the upper and lower
polaritons, respectively. They are bosonic operators and therefore follow the commutation
rule:

[
p̂†k, p̂k′

]
= δk,k′ and

[
û†k, ûk′

]
= δk,k′ .

ωLP (k) and ωUP (k) express the dispersions associated to both of these polaritonic
modes:

ωUP/LP = ωX(k)± ωγ(k)
2 ± 1

2

√(
ωX(k)− ωγ(k)

)2 + 4Ω2
R (1.28)

The two dispersions are plotted in figure 1.10 by the solid lines: the strong coupling
greatly modifies the system (the dashed lines illustrate the system dispersions in the weak
coupling regime).

The two polaritonic operators can be expressed through the photonic and excitonic
ones by the relation: (

p̂k
ûk

)
=
(
Xk Ck
−Ck −Xk

)(
b̂k
âk

)
(1.29)

X2
k and C2

k represent the excitonic and the photonic fraction of the polaritons, re-
spectively, and are called the Hopfield coefficients [7]. The transformation is therefore
unitary: X2

k + C2
k = 1. They are plotted in figure 1.10 through the color scale of the

dispersions, highlighting the light and matter part of the polaritons. They can also be
quantified more precisely by the expressions [16]:
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X2
k =

√
∆E2

Xcav + ~2Ω2
R + ∆EXcav

2
√

∆E2
Xcav + ~2Ω2

R

(1.30)

C2
k =

√
∆E2

Xcav + ~2Ω2
R −∆EXcav

2
√

∆E2
Xcav + ~2Ω2

R

(1.31)

These coefficients strongly depend on the detuning between the bare exciton energy
and the cavity photon resonance ∆EXcav = ~ωγ(k)−~ωX(k), as illustrated in the figures
1.10.b. and c. The polaritons are fully hybrid typically if ∆EXcav = 0 and at zero
wavevector: C2

k=0 = X2
k=0 = 1

2 .

An interesting interpretation of the Hopfield coefficients and the Rabi frequency con-
nects them with the state of the system. As we saw, polaritons are continuously oscil-
lating between their photonic and excitonic states, which are coupled through the Rabi
frequency: it thus represents the average conversion rate between those two states. As
for the Hopfield coefficients, they can be seen as the time ratio the system passes in the
photonic or excitonic state.

The eigenenergies EUP (k) and ELP (k) of the polaritonic states are given by:

EUP (k) = EX(k) + Eγ(k) +
√

∆E2
Xcav +

(
~ΩR

)2 (1.32)

ELP (k) = EX(k) + Eγ(k)−
√

∆E2
Xcav +

(
~ΩR

)2 (1.33)

If we now take into account the finite lifetimes of both the cavity photon and the
exciton, the eigenstates are modified. A common approximation consists in adding the
decay rates γX and γcav to the particle energies as an imaginary part:

E∗X(k) = EX(k)− i~γX (1.34)
E∗γ(k) = Eγ(k)− i~γcav (1.35)

It is an approximation as it neglects the influence of the exciton-photon coupling on
relaxation, and does not take into account the shape of the dispersion and in particular
the dependence on k of the decay rates. However, as we focus our study on the small
wavevectors, those hypothesis are acceptable.
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Figure 1.10: Polariton dispersions and Hopfield coefficients. a. Upper (UP) and
lower (LP) polariton dispersions. The color gradient illustrates the excitonic (X2

k in
yellow) and photonic (C2

k in blue) fractions. The dotted lines show the photon and exciton
dispersion in the weak coupling case. The detuning exciton-cavity photon is chosen to be
zero. b. and c. Polariton dispersions with the same color scale, for an energy detuning
∆EXcav = 2 meV and ∆EXcav = −4 meV, respectively.

The introduction of the decay rates also influences the expression of the upper and
lower polariton energies, which are now complex as well:
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E∗UP = EX(k) + Eγ(k)
2 − i~γX + γcav

2 +

√(
∆EXcav − i~(γcav − γX)

)2 +
(
~ΩR

)2
2

(1.36)

E∗LP = EX(k) + Eγ(k)
2 − i~γX + γcav

2 −

√(
∆EXcav − i~(γcav − γX)

)2 +
(
~ΩR

)2
2

(1.37)

The last term of the previous equations defines the coupling between photons and
excitons. In particular, for ∆EXcav = 0, it simplifies into ~

2
√

Ω2
R − (γcav − γx)2. In the

case of the strong coupling regime that we are concerned about, it results in an energy
difference between the two branches, known as the anticrossing, and characteristic of
the strong coupling.

This behaviour is highlighted in figure 1.11, where are plotted the upper and lower
polariton energies as a function of the detuning ∆EXcav. As previously, the colorscale
indicates the excitonic and photonic coefficients. The anticrossing is visible for ∆EXcav =
0 meV, where the energy gap between the branches is equal to the Rabi energy ~ΩR.

Figure 1.11: Anticrossing of the energy levels. Energies of the upper (UP) and
lower (LP) polariton branches, at k = 0 µm-1, depending on the exciton - cavity photon
detuning ∆EXcav, with the Hopfield coefficients indicated through the colorscale. The
dashed lines are the energies of the bare photon and exciton. At ∆EXcav = 0 meV, there
is an energy gap equals to the Rabi energy ~ΩR.
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Finally, the linewidth of the two polariton branches can be expressed as a superposition
of the excitonic and photonic ones:

(
γUP (k)
γLP (k)

)
=
(
C2

k X2
k

X2
k C2

k

)(
γX
γcav

)
(1.38)

Thus, the polaritons usually have short lifetimes, typically of the order of some tens
of picoseconds. Indeed, the polariton population is characterized by a continuous decay
due to the photon escape out of the cavity. The system is therefore out-of-equilibrium
and needs a constant pumping to ensure a stable population density: we talk about its
driven-dissipative nature.

This particularity is actually a great advantage for polaritonic systems: not only are
they perfectly suited to study out-of-equilibrium quantum gases, but the photon escape
allows for the simplest optical detection. Indeed, the photons leave the cavity with all
the properties of the polaritons they are issued from: the analysis of the cavity emission
gives access to all the interesting features of the polaritons, as we will discuss in the next
section.

iv All-optical control

Let us summarize the correspondence between the optical excitation and detection of
the system and the properties of the polaritons. We saw that the selection of a specific
angle and energy of the excitation field leads to the excitation of a single resonant polariton
mode within the dispersion curve. Reciprocally, the emission of a photon with a specific
wavevector and energy comes from a polariton with the same properties.

We therefore have an equivalence between the following quantities:

• the excitation intensity and the polariton density

• the incident angle of the excitation field and the in-plane wavevector of the created
polaritons

• the in-plane wavevector of the polaritons and their velocity

• the density of polaritons and the emitted intensity

• the polariton phase and the phase of the emitted field

• the polariton wavevector and the emission angle

• the polariton energy and the emission energy

• the polariton lifetime and the emission linewidth
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v Polaritons-polaritons interactions

Nonlinearity Since the beginning of section ii, the description of the exciton-polaritons
system has been done in the case of low density, thus neglecting any interactions between
the particles. However, when the incident intensity is increased, this approximation can
not be sustained anymore and the different interactions must be taken into account. The
interactions take place in particular between the electrons and the holes of the excitons,
leaving the system in a particular regime where the excitons are still considered as bosons,
but where their fermionic composition can not be neglected.

The linear hamiltonian previously used needs to be completed by some second order
terms [42,46]:

• the hamiltonian of the coulombian interaction between electrons and holes of two
colliding excitons of wavevectors k and k′, resulting in the creation of two new
excitons of wavevectors k + q and k′ − q to respect the momentum conservation.
It is also know as the exchange interaction [47] and can be expressed as:

ĤXX = 1
2
∑

k,k′,q
V XX

0 (q)b̂†k+qb̂
†
k′−qb̂kb̂k′ (1.39)

• the hamiltonian of the coupling saturation between exciton and photon, leading to
the saturation of the optical transition with the excitation intensity:

Ĥsat
Xcav = −1

2
∑

k,k′,q
Vsat

(
â†k+qb̂

†
k′−qb̂kb̂k′ + âk+qb̂k−qb̂

†
kb̂
†
k′

)
(1.40)

A few comments can be done on those two terms. First, the coulombian interaction
of a bidimensional system is defined as:

V XX
0 (q) = 2πe2

εAq
(1.41)

with A the quantification area, i.e. the quantum well surface in our case. Under the
Bohr approximation, stating that 2π

q � a∗2DX , which means, for our excitonic Bohr radius
of 5 nm: q � 1000 µm-1, the previous potential can be considered independent of q [42],
as it is the case in our work.

As for the saturation potential, it appears for a certain regime of excitation, for which
the repulsion between the interacting excitons becomes so high that they can not stay in
the same state, which results in a fermion-like behaviour. The excitons are then described
as hard-core bosons, as the N-excitons wavefunction stays symmetric for the exchange of
two excitons even with such a Pauli-like repulsion.

It can be expressed by applying the Usui transformation [44] to quantum wells [45]:

Vsat = ~ΩR

2nsatA
(1.42)
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where nsat is the exciton density from which the exciton-photon coupling saturation takes
place [46,48], typically of the order of 103 µm-2 in our cavities [40]. In the case of a gaussian
excitation spot, the saturation starts from the higher intensity, resulting in a flat density
in the center of the spot.

The two previous potentials can be combined in the polariton basis under the single
potential V pol−pol

k,k′,q , which depends on the Hopfield coefficients, on V XX
0 and on Vsat.

Considering now only the lower branch of the polaritons, the associated hamiltonian is
defined as:

Ĥint = 1
2
∑

k,k′,q
V pol−pol

k,k′,q p̂†k+qp̂
†
k′−qp̂kp̂k′ (1.43)

This nonlinear hamiltonian, as well as the one expressed in 1.39, describes an interaction
between four polaritonic modes: the annihilation of two polaritons of wavevectors k and
k′ combined with the creation of two polaritons of wavevectors k + q and k′ − q. This
type of scattering is commonly referred to as polariton four-wave mixing and leads
to the spontaneous generation of new populations of polaritons when the conservation
of momentum and energy is satisfied. It is typically responsible for the polariton optical
parametric oscillator (or OPO), analog to the nonlinear optics one [13,14,49].

Finally, the total hamiltonian of the lower polariton branch corresponds to the sum of
the linear one and the interaction one:

Ĥ = Ĥlin + Ĥint =
∑

k

(
~ωLP (k)p̂†kp̂k + 1

2
∑
k′,q

V pol−pol
k,k′,q p̂†k+qp̂

†
k′−qp̂kp̂k′

)
(1.44)

Energy renormalization In order to study the effect of nonlinearity on the polariton
dispersion, let us consider two modes of the lower polariton branch k1 and k2. The
interaction hamiltonian Ĥint of these modes is thus the sum of the two terms p̂†k2

p̂†k1
p̂k2 p̂k1

and p̂†k1
p̂†k2

p̂k1 p̂k2 . But as p̂k1 and p̂k2 are eigenmodes of the system, they commute,
therefore the two terms are the same.

The evolution of the k1 mode is given by the Heisenberg equation:

i~
d

dt
p̂k1 =

[
p̂k1 , Ĥ

]
=
[
p̂k1 , Ĥlin

]
+
[
p̂k1 , Ĥint

]
(1.45)

and a complete calculation tells us that:
[
p̂k1 , Ĥint

]
= ~gLP p̂†k2

p̂k2 p̂k1 = ~gLP N̂2p̂k1 (1.46)
where gLP = f(Vk1,k2,k2−k1) is the polariton-polariton interaction constant of the

modes k1 and k2, and N̂2 = p̂†k2
p̂k2 the polariton population in the mode k2.

Now if we consider the k2 mode to be macroscopically populated, its density can be
replaced by its mean field value 〈N̂2〉. And if the previous equations are normalized by

the quantization area A, we can even introduce the k2 mode density n2 = 〈N̂2〉
A

, which
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works as an external potential for the polaritons in the k1 mode, as the equation 1.45
becomes:

d

dt
p̂k1 = −i

(
ELP (k1)

~
+ gLPn2

)
p̂k1 (1.47)

where ELP comes from the linear hamiltonian. We see here that the interaction of the
k1 mode with a pump of wavevector k2 introduces a shift of its energy toward the blue,
therefore commonly known as blue shift:

∆Ek1 = ~gLPn2 (1.48)

This shift is an effect of energy renormalization of the k1 mode by the pump mode
(k2) and thus a multimode effect. It works the same way for a continuum of modes, even
though in that case the contributions from all the modes have to be taken into account.
It happens as well on the pump mode itself, which then can be related to the self Kerr
effect known in nonlinear optics.

This energy renormalization has to be taken into account while considering the pumped
mode dynamics. Indeed, a typical way of creating a polariton fluid, and which will be
the case in the present work, is to excite it quasi-resonantly, which means at an energy
slightly blue-detuned from its resonance (the lower polariton branch in our case). In order
to evaluate the effective detuning between the pump and the polaritons, the previously
described blue shift must not be forgotten, and we have:

∆EefflasLP = Elas − (ELPklas − ~gLPnlas) (1.49)

where the index las corresponds to the pumped mode of the laser.

This renormalization is also responsible for the bistability phenomenon, where for a
high enough detuning between the pump and the lower polariton branch, a certain range
of input intensities gives access to two stable output states. However, we will not focus
on it here as it will be discussed in more details in section 3.1.

Spin

Until here, the description of our polariton system was entirely scalar. However, the
polariton do inherit a spin degree of freedom from their excitonic part. The spin of the
exciton can indeed take two possible values of their total internal momentum, J = 1 and
J = 2. Yet only the J = 1 excitons can couple to single photons, while J = 2 excitons are
called dark-excitons. Which means that the only possible projections of the polaritons
angular momentum along the z axis orthogonal to the cavity are Jz = ±1. Polaritons and
out-of-cavity photons have a one-to-one relation which allows a well defined polarization
of the emitted light.
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Polaritons have therefore a circular polarization. Therefore, an excitation with a lin-
early polarized light, as it will mainly be used in this work, creates two polariton popula-
tions with opposite circular polarization. As a first approximation, the coupling between
the different polariton polarization is negligible: the two polariton populations are blind
to each other [47]. Therefore, as this work focuses on phenomena not influenced by the
spin, we will neglect it in the following.

vi Other geometries

The samples used in the present work are all planar microcavities as described previ-
ously. However, they are not the only configuration in which the strong coupling between
a microcavity photon and a quantum well exciton can take place. This section will give
a brief overview of some other geometries.

Figure 1.12: Examples of other geometry microcavitites. a. Pattern (i) and Scan-
ning Electron Microscopy image (ii) of a sample combining microwires and micropillars
of different shape and size. From [50]. b. Structure of a honeycomb polariton lattice. (i)
Electron microscopy image of a single micropillar, whose discrete dispersion is plotted on
(ii). The pillars can also be combined as a honeycomb lattice, as sketched on (iii) and
pictured on (iv). From [51].
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Once the planar cavity is grown, it is indeed possible to chemically etch it in an order
pattern, to create new confinement geometries. Typically, one could create microwires,
as presented in figure 1.12.a, to get an unidimensional confinement of the excitons, and
therefore study different behaviour of polariton fluids [50,52–54].

It is also possible to lower again the dimensionality and to etch micropillars, as pre-
sented in figure 1.12, which can for instance be used to study the squeezing of polari-
tons [55]. Those pillars can also be combined together, for example two-by two as po-
lariton molecules [56], or as lattices, as picture in figure 1.12.b., typically used to observe
topological phenomena [51,57,58].

1.2 Superfluidity and condensation in polariton systems
In the previous section, we have discovered the necessary conditions for polaritons to

exist and the tools to describe them. We can now explore the different techniques to
generate them and how they influence their dynamics.

1.2.1 Resonant excitation: polariton superfluid

The most direct way to get a strong coupling in our cavity is to inject photons at the
cavity resonance. It results in a population of polaritons that we will describe in this
section.

i Mean-field theory

To consider the dynamics of the polariton fluid, we now need to take into account the
ensemble of particles and not just one of them. To do so, we use the well known mean-
field approximation [20], where we do not consider the particle operators anymore.
Indeed, as the total number of particles N is high, we have N ∼ N + 1: we can replace
the particle quantum operators by their expectation values. Therefore, the creation and
annihilation operators â†(r, t) and â(r, t) of a single particle at the position r and instant
t can be replaced in the equations of motion by their mean field terms Ψ(r, t) = 〈â(r, t)〉
and Ψ†(r, t) = 〈â†(r, t)〉. Ψ represents then the wavefunction of the fluid and its modulus
square the density of particles: |Ψ(r, t)|2 = n(r, t).

The first description of the dynamics of a quantum gas of material particles was given
in 1961 by Gross [59] and Pitaevskii [60] while describing quantum vortices in liquid
Helium. Adapted in our case by taking into account the Bogoliubov theory of the dilute
Bose gas [20], the equation describing the system can be written in the form:

i~
d

dt
Ψ(r, t) =

(
− ~2

2m∇
2
r + Vext(r) + ~gn(r, t)

)
Ψ(r, t) (1.50)

with Vext an external potential in which the particles are confined. This equation is
referred to as theGross Pitaevskii equation (GPE) or nonlinear Schrödinger equation.
It states in particular that the macroscopic ensemble of particles that forms the fluid
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behaves collectively and that the quantum matter field Ψ̂(r, t) acts as a classical field
Ψ(r, t) [20,61,62].

The previous description has been realized for a Bose gas of cold atoms in weak interac-
tion, but it can be adapted to polariton fluids. If the excitonic density is low, polaritons
act as bosons, therefore the picture is coherent. Furthermore, their low effective mass (of
the order of 10-5 times the one of the free electron) ensures a de Broglie wavelength higher
than the polariton-polariton distance, at cryogenic temperatures. Indeed, for a typical
excitonic density of 40 µm-1, the mean distance between particles is about 0.1 µm, while
the de Broglie wavelength has the expression:

λdB =
√

~2

2m∗LPkBT
(1.51)

where kB is the Boltzmann constant and T the temperature, and reaches about 1 µm
for T = 5 K.

Finally, polaritons have coulombian interactions through their excitonic part, that we
saw in section ii are weak compared to the one of an hydrogenoid atom.

However, a few differences need to be noticed. First of all, the definition of the phase of
the wavefunction Ψ(r, t) of the system. For a standard Bose gas, the phase is defined by
the chemical potential µ of the gas. In the case of resonantly pumped polaritons however,
the thermodynamic equilibrium is never reached, therefore the phase is not intrinsically
defined by the fluid but depends on the pump properties. However, it is enough for the
Gross Pitaevskii theory to be applied [40,63].

A second particularity of polaritons is the fact that they are composed of two types of
bosons: the cavity photon and the quantum-well excitons. The two particles feel different
external potentials, Vc(r) and VX(r) respectively. Therefore the GPE should be written
for both particles, taking into account the respective potentials and the fact that the
interactions only happen between the excitons. The full Gross-Pitaevskii theory applied
to polariton fluids have been detailed by Iacopo Carusotto and Cristiano Ciuti [20, 64],
and is further presented in the next section.

ii Driven-dissipative Gross-Pitaevskii equation

In order to apply the GPE to microcavity polariton fluids, lets us first describe the sys-
tem in the exciton-photon basis by considering the associated fields ΨX(r, t) and Ψγ(r, t).
The system losses are represented by the two linewidths γX and γcav. The continuous
pumping Fp(r, t) only applies to the photonic field while the interactions defined by g hap-
pen between excitons. The external potentials Vγ(r) and VX(r) come from the intrinsic
dissipation phenomena of the microcavity, usually related to its defects.

Those statements lead us to the coupled equations:
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i~
d

dt

(
Ψγ(r, t)
ΨX(r, t)

)
=
(
~Fp(r, t)

0

)
+[

Hlin(r) +
(
Vγ(r)− i~γcav 0

0 VX(r)− i~γX + ~gn(r, t)

)](
Ψγ(r, t)
ΨX(r, t)

)
(1.52)

where Hlin(r) is the linear hamiltonian written in the real space, i.e. obtained by
changing k to −i∇r in Hlin(k) :

Hlin(r) =

 E0
X

~
2ΩR

~
2ΩR Eγ(−i∇r)

 (1.53)

The equation 1.52 can also be written in the polariton basis, and in particular if we focus
on the lower branch, we obtain the driven-dissipative Gross-Pitaevskii equation for
the polariton field:

i~
∂

∂t
ΨLP (r, t) =

(
− ~2

2m∗LP
∇2

r+VLP (r)−i~γLP+~gLPn(r, t)
)

ΨLP (r, t)+~Fp(r, t) (1.54)

with m∗LP the effective mass of the lower polariton, VLP = |Xk|2VX + |Ck|2Vγ the
external potential felt by the lower polaritons and gLP = |Xk|4g the interaction constant
between the lower polaritons in the same modes.

Until the end of this section, the study is done only on the lower branch of the polariton.
Therefore, in order to lighten the notation, the indices will be removed: ΨLP (r, t) =
Ψ(r, t), γLP = γ, gLP = g and m∗LP = m∗.

As expected, this equation is indeed very similar to 1.50, except for the loss term −i~γ
and its necessary compensation with the pump term Fp(r, t). It is indeed an important
difference between our system and cold atom gases for which the theory was first written:
the lifetime of our particles τ = ~

2πγ is of the order of some tens of picosecond, compared to
the second for atoms. Hence the fact that the losses need to be continuously compensated:
our system is out of equilibrium.

Let us now focus on the mean-field stationary solutions of equation 1.54 in the homo-
geneous case, i.e. for an external potential equals to zero. We need to remember that the
system is driven by the pump field Fp(r, t) = Fp(r)ei(kpr−ωpt). Therefore, the solutions
can be written Ψ(r, t) = Ψ0(r)ei(kpr−ωpt). It results in the mean field stationary equation:

(
−

~2k2
p

2m∗ − i~γ + ~gn0(r)
)

Ψ0(r) + ~Fp(r) = 0 (1.55)
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This equation is responsible for the bistability phenomenon observed in our system.
As it is the starting point of most of the experimental work presented in this thesis, it
will be further detailed in chapter 3, and only quickly introduced here for the sake of the
discussion.

The bistability indeed comes from the quasi-resonant pumping of the system. We need
therefore to take into account the detuning between the pump and the lower polariton
branch ∆ElasLP = ~ωp − ~ωLP . Multiplying the stationary equation by its complex
conjugate, we obtain the equation in intensity:

I(r) =
(

(~γ)2 +
(
∆ElasLP − ~gn0(r)

)2)
n0(r) (1.56)

with I(r) the intracavity intensity. Now this equation can be derived into:

∂I

∂n0
= 3g2n2

0 − 4∆ElasLP gn0 + (~γ)2 + ∆E2
lasLP (1.57)

which discriminant is (2g)2(∆E2
lasLP − 3(~γ)2). Therefore, the previous equation can

have two distinct roots if the detuning validates the condition ∆ElasLP >
√

3~γ.

Figure 1.13: Bistability. Numerical resolution of equation 1.56 for ~γ = 0.1 meV and
∆ElasLP = 1 meV. The green region shows the stable solutions while the red one indicates
the unstable ones [64]. The density jumps from one branch to the other at the frontier
between the green and red regions: we have a hysteresis cycle illustrated by the arrows.
The a, b and c points corresponds to the conditions of the curves later presented in figure
1.14. Adapted from [16]
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In that case, the system presents a bistable behaviour: the curve n0(I) displays a range
of intensities for which the system has two possible outputs, as plotted in figure 1.13. The
system is stable on the green parts of the curve, while the red region shows non-physical
solutions [64]. The system therefore jumps from one branch to another at the limits
between the red and green regions. We observe a bistability cycle: within the bistable
range, the upper branch is only accessible by lowering the system intensity from a higher
one, while the lower branch can only be reached by increasing the intensity from a lower
one, as indicated by the arrows.

iii Landau criterion

The superfluidity is a particular state of matter that was first observed in 1937 by John
F. Allen, A. Don Misener and Piotr Kapitza [65, 66]. They independently studied liquid
Helium at low temperature and observed a transition point at 2.17 K, called the lambda
point, below which the thermal conductivity of the Helium becomes very high and the
viscosity abruptly drops.

A year later, Fritz London put in relation for the first time this phenomenon and
the Bose Einstein condensation, earlier theorized for atomic gases, starting from the fact
that the two transition temperatures are of the same order of magnitude - 2.17 K for the
Helium lambda point and 3.2 K for the condensation of a Bose gas of the same density [67].
However, the main issue of this theory comes from the interaction between Helium atoms
that are too strong to consider it as a perfect gas. Indeed, later studies have shown that
only 10% of superfluid 4He is actually condensed [68].

The best explanation of the phenomenon was given by Lev Landau in 1941 [69], fol-
lowing an idea expressed by Tisza in 1938 [70]: he developed a model based on two
fluids in interaction, a classical one and a condensed one. It can explain many of the
observed behaviours in such fluids, that were not yet modeled due to the complex inter-
action between He atoms. The understanding of superfluidity was completed by N. N.
Bogoliubov in 1946 [71], who established a non phenomenological model of the dispersion
of elementary excitations.

Landau proposed several experiments to determine if a system is superfluid and to find
out its superfluid fraction, as the rotating fluid experiment, later realized by Hess and
Fairbank [72], or the study of persistent currents, experimentally observed in Helium [73]
and much later in atomic condensates [74]. However, a most used one and related to the
commonly called the Landau criterion is based on the collective thermal excitations in
a superfluid.

The Landau criterion is based on the elementary excitation spectrum that we develop
here. Let us thus consider a fluid of total mass m in a Galilean reference frame R, with
an energy E and a momentum P. In the reference frame R0 moving at a speed v with
respect to R, its energy E′ and momentum P′ are given by:

E′ = E −P · v + 1
2mv2 (1.58)

P′ = P−mv (1.59)
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Now considering the fluid is actually flowing in a tube at a constant speed v and energy
E0, we add an elementary excitation of momentum p and energy ε(p). The total energy
of the fluid becomes E0 + ε(p), and in the tube reference frame, we have:

E′ = E0 + ε(p) + p · v + 1
2mv2 (1.60)

p′ = p +mv (1.61)

Comparing these relations with the previous ones, we see that the excitation energetic
contribution is ε(p)+p·v. Now if this contribution is negative, i.e. if |v| > ε(p)

|p|
, it means

that the system looses energy by getting excited: the fluid is unstable and excitations are
spontaneously generated, which leads to an increase of the viscosity.

On the contrary, below this critical velocity, the system is very stable in its ground
state, as the presence of an excitation would induce an energetic increase. Therefore the
excitations are strongly inhibited. There is no viscosity in this case and the system is
superfluid. The Landau criterion is thus expressed as:

|v| < vc = min
p

ε(p)
|p| (1.62)

iv Polariton superfluid

In order to apply the previous theory to the polariton fluid case, we consider a small
perturbation propagating in the fluid with a momentum p = ~k. It can be added to
the polariton stationary solutions given by equation 1.55, which leads to, using the same
notations:

Ψ(r, t) =
(

Ψ0(r) +Aei(kr−ωt) +B∗e−i(kr−ωt)
)
ei(kpr−ωpt) (1.63)

with A and B∗ the amplitudes of the perturbation. The previous wavefunction can
be inserted into the driven-dissipative Gross Pitaevskii equation (equation 1.54). Then,
keeping only the linear terms, and as the second order terms cancel out, we obtain the
coupled equations:

A

(
~2(kp + k)2

2m∗ − i~γ + 2~gn0 − ~(ωp + ω)
)

+ ~gn0B = 0 (1.64)

B

(
~2(kp − k)2

2m∗ + i~γ + 2~gn0 − ~(ωp − ω)
)

+ ~gn0A = 0 (1.65)

resulting in the new dispersion relation:

~ω± = ~2kpk
m∗

− i~γ ±

√√√√√(~2(k2
p + k2)

2m∗ − ~ωp + 2~gn0

)2

+
(
~gn0

)2
(1.66)
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Figure 1.14: Elementary excitation dispersion. Real part of the solutions of equation
1.66 of a static fluid (kp = 0 meV) pumped quasi-resonantly (∆ElasLP = 1 meV) for
different densities. The solid lines correspond to the ω+ solutions while the ω− ones are
plotted with the dashed lines. The black one indicates the simplified parabolic dispersion
of non interacting polaritons, setting the energy origin. An energy shift appears at high
density (a. in red, ~gn0 > 2∆ElasLP ), while for exactly ~gn0 = ∆ElasLP (case b. in
yellow) we get the Bogoliubov dispersion with a linearization for the small wavevectors.
Case c. in blue is unstable [64] and corresponds to ~gn0 <

2
3∆ElasLP . Adapted from [32].

The real part of this equation is plotted in figure 1.14, for different polariton densities
n0 and for zero wavevector of the pump kp = 0 µm-1. The solid lines illustrate the ω+
solutions while the ω− is plotted in dashed lines.

The black dashed line shows the polariton dispersion without interaction, simplified as
a parabola. We saw that different regimes appear depending on the polariton density,
directly connected also to the energy detuning between the pump and the lower polariton
branch ∆ElasLP = ~ωp − ELP (kp).

Depending on the position of the system within the bistability curve presented earlier,
different behaviour can be observed. The cases correspond to the ones indicated in figure
1.13. The red curve corresponds to the highest density, with ~gn0 > 2∆ElasLP , above the
bistability cycle: we observe the energy renormalization and an energy gap compared to
the initial dispersion. The yellow curve illustrates the particular case where the renormal-
ization and the detuning coincide: ~gn0 = ∆ElasLP , which happens at the turning point
of the bistability cycle. We are in the particular case of the Bogoliubov spectrum, with
a linear dispersion for small wavevector. Finally, when ~gn0 < ∆ElasLP as for the blue
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curve, we observe the apparition of a flat region around k = 0 µm-1, which corresponds
to the behaviour of the system in the unstable branch of bistability.

In the interesting case where we have exactly ~gn0 = ∆ElasLP , equation 1.66 can be
much simplified into:

ω = |k|
√

~gn0
m∗

(1.67)

An analogy with the atomic condensates can then be made [62], with the definition
of a sound velocity

cs =
√

~gn
m∗

(1.68)

which actually corresponds to the critical velocity of the Landau criterion defined
in section iii: the system keeps superfluid properties until reaching a propagation speed
vf = cs. If the fluid speed gets above cs, it leaves the superfluid regime to enter the
Cerenkov one, where elastic scattering takes place.

Figure 1.15: Superfluid and Cerenkov regimes. Elementary excitation spectra for
a flowing fluid pumped quasi-resonantly. Again, the solid lines corresponds to the ω+
solutions of equation 1.66 while the ω− are plotted in dashed lines. The black one is the
parabolic dispersion of the bare polaritons. The densities are set so that ~gn0 = ∆ElasLP .
The red curve P1 shows the case where kp = 1 µm-1 and ∆ElasLP = 2 meV so that the
Landau criterion is satisfied. Only one state is available: the system can not scatter
and is therefore superfluid. On the contrary, the P2 case plotted in blue illustrates the
configuration where kp = 3 µm-1 and ∆ElasLP = 3 meV: this time, an other state is
available at the same energy to which the system can scatter, it is the Cerenkov regime.
Adapted from [32].
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Both cases dispersions are illustrated in figure 1.15. It corresponds again to the solutions
of equation 1.66 but for a moving polariton fluid (kp 6= 0). The ω+ solutions are plotted
in solid lines and the ω− in dashed lines, while the dashed black one is the dispersion of
the non interacting lower polariton branch, to which is set the reference of energy. The
densities have been chosen so that the relation ~gn0 = ∆ElasLP is satisfied.

The P1 case plotted in red shows the configuration where kp = 1 µm-1 and ∆ElasLP = 2
meV, which means that the Landau criterion is verified. We see that at the energy of
the system, only one state is available: no scattering is therefore possible, the system is
superfluid.

On the other hand, we have in blue the situation where kp = 3 µm-1 and ∆ElasLP = 3
meV, so that the system is supersonic. In that case, a second state is available at the
energy of the excitation: the system can thus scatter to it, we are in the Cerenkov regime.

The model that we considered here simplifies the polaritonic dispersion to be parabolic,
which is valid for small wavevectors. However, a more complete model considering the
full polariton dispersion can be found in [64].

These two regimes have been experimentally observed for the first time in 2009 in the
group [18], and reported in figure 1.16.

The experimental transition to the superfluid regime is pictured in figure 1.16.a. The
upper line presents the real space images and the bottom line the momentum space.

The polariton fluid is sent toward a defect, with an in-plane wavevector kp = −0.337
µm-1 and a flow from top to bottom. The detuning between the laser and the lower
polariton branch is ∆ElasLP = 0.10 meV. The blue-circled images correspond to low
excitation power, i.e. low polariton density. The fluid elastically scatters on the defect:
parabolic wavefronts are visible in real space while a ring appears in momentum space.

By increasing the excitation power (red-circled images), the fluid behaviour changes:
the wavefronts start to fade away as well as the scattering ring, eventually reaching the
superfluid regime in the last green-circled images: the viscosity has completely disap-
peared, the fluid flows around the defect without any scattering, as the single excitation
spot in the momentum space confirms.

The Cerenkov effect is illustrated by the images of figure 1.16.b. Again, the upper line
shows the real space experimental results and the lower one the momentum space, with a
polariton flow from top to bottom hitting a defect. The conditions are this time different:
the pump wavevector is kp = −0.521 µm-1 for a detuning ∆ElasLP = 0.11 meV, in order
to be able to reach the Cerenkov regime.

As in the previous case, the excitation power increases in the images from left to right.
At low density (left blue-circled image), one can again observe the elastic scattering of the
fluid on the defect, with its characteristic parabolic fringes in real space and scattering
ring in the far field.
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Figure 1.16: Superfluidity in polariton fluid. a. Experimental results of a polari-
ton fluid transition to superfluidity. Top images are real space while bottom ones are
the momentum space. The flow goes from top to bottom hitting a defect, the in-plane
wavevector is kp = −0.337 µm-1 and the detuning ∆ElasLP = 0.10 meV. The polariton
density increases from left to right: at low density, the fluid scatters on the defect, as
shown by the scattering ring in the far field and the parabolic wavefront in the density
map. Those gradually vanish while the density increases, until they completely disappear
in the superfluid regime on the right images. b. Same configuration in the supersonic
regime (kp = −0.521 µm-1 and ∆ElasLP = 0.11 meV). This time, the increase of density
leads to a linearisation of the scattering fringes around the defect, also known as the
Cerenkov cone. From [18].



46 CHAPTER 1. EXCITON-POLARITONS QUANTUM FLUID OF LIGHT

However this time, the increase of density leads to a different behaviour of the fluid:
instead of vanishing, the scattering fringes change shape: the wavefronts become linear
around the defect and we have the appearance of the so-called Cerenkov-Mach cone. At
much higher density (density on the right images is 5 times higher than the one on the
left), the linear shape of the fringes is maintained but widens, along with the suppression
of the elastic scattering ring.

1.2.2 Non-resonant excitation: polariton condensate
The previous section described the dynamics of a polariton fluid when excited resonantly

or quasi-resonantly. The incoming photons were therefore sent with an energy close to the
one of the lower polariton branch, and the properties of the polariton fluid were inherited
from the ones of the pump.

This excitation scheme is the one that was mostly used in the results of this thesis,
however it is not the only way to create a polariton fluid. This section gives an overview
of the non-resonant injection which can lead to a condensation of the polaritons.

i Non-resonant pumping

One of the particularity of the coherent, quasi-resonant pumping of a microcavity is
evidently the coherence of the generated fluid with the driving fluid, leading to the fixation
of many properties of the fluid to the pump ones. To seek for a spontaneous formation of
coherence in a polariton fluid, several configurations can be implemented, as working with
a large angle optical drive [75] or by electrically injecting polaritons [12, 76]. However,
the most common scheme is to pump the microcavity out of resonance, i.e. using a far
blue detuned light, where the coherence of the pumping laser is lost during the relaxation
process towards the lower polariton branch. The detuning of the excitation light must
match a dip of the cavity reflectivity, so that enough signal can enter the cavity and relax
into the ground state polariton population.

First, the non-resonant pumping leads to a cloud of electrons and holes that thermalizes
to its own temperature through exciton-exciton interactions [30]. The system then reduces
its kinetic energy by interacting with phonons, resulting in a relaxation along the polariton
branches. It allows to obtain a photoluminescence image of the dispersion curves, where
both polariton branches are visible, as shown in figure 1.17. However, the signal is not
homogeneously distributed and is much stronger at the bottom of the lower polariton
branch of lower energy. The replica fringes come from multiple reflections within the
sample substrate.

However, for high enough polariton densities, a new relaxation phenomenon can take
place, based on polariton-polariton collisions [20]. Two polaritons can collide and respec-
tively scatter to the bottom of the LP branch and to the large wavevector region, mostly
excitonic and with a large density of states. As polaritons have a bosonic statistics, as
soon as the polariton population already at the bottom of the dispersion starts to have
a phase-space density of order one, this relaxation scheme is enhanced by the bosonic
stimulation process. Therefore, if the stimulation overcomes the losses, an accumulation
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Figure 1.17: Photoluminescence image of the polariton dispersions. Both
branches are visible, even though there is more signal coming from the lower branch
since it is of lower energy. The replica fringes come from multireflections within the
sample substrate.

of a macroscopic coherent polariton population takes place in the final state which can be
defined as a condensate, that we will further study in the next section. The irreversibility
of this process is ensured by the fact that the phase-space density of the excitonic region
always stays much lower than one.

ii Bose-Einstein condensation

As we already saw in the previous sections, polaritons can be considered as bosons in
the low density regime. We can therefore wonder if they possess all the characteristics of
this type of particles, and in particular a very typical one known as the Bose-Einstein
condensation and initially though for cold atoms. We will first describe the theoretical
approach of this phenomena, before looking at the polariton case.

In 1924, Satyendranath Bose proposed a theoretical description of the photons statis-
tics which took into account their indistinguishability and the possibility to have several
particles in the same state [77]. The year later, Albert Einstein generalized its statistics
to bosons in general, i.e. to all particles with an integer spin, as what is now known as
the Bose-Einstein distribution and can be written as:

n(k, T, µ) = 1

exp

(
E(k)− µ
kBT

)
− 1

(1.69)

where k is the particle wavevector, E(k) their dispersion function, kB the Boltzmann
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constant, T the temperature and µ the chemical potential, which corresponds to the
amount of energy needed to add a particle to the system. In particular, Einstein predicted
that at low temperature and at thermodynamic equilibrium, non-interacting identical
bosons should all condense in the same state and become indistinguishable: it is the
Bose-Einstein Condensation.

At low temperature, the particles can not be considered classic anymore, and they are
described by their wavepacket, characterized by the thermal de Broglie wavelength λdB:

λdB =
√

2π~2

mkBT
(1.70)

with m the particle mass. If the temperature is sufficiently low so that the de Broglie
wavelength becomes of the same order of magnitude than the interparticle distance d, the
wavepackets of the particle start to overlap. A part of the gas can therefore be described
through a macroscopic wavefunction, which is equivalent to consider that a fraction of it
is condensed and the other part not. However, at zero temperature, all of the wavepackets
merged and the gas is described by a single macroscopic wavefunction, it is a pure Bose
Einstein condensate. The first experimental observation of such a condensate has been
realized by M. H. Anderson et al. [78] in 1995 using ultracold Rubidium atoms. They
managed to reach temperatures of a few hundreds nanokelvins, and the atomic gas was
diluted enough so that the interaction could be neglected.

However, the full description of the condensate dynamics must consider the particles
interaction. To do so, the mean field approximation can also be used and the global
wavefunction of a condensate of N atoms be written Φ̂(x1,x2, ...,xN ) = ∏

N Ψ̂i(xi), where
Ψ̂i is the individual particle wavefunction. It is based on this approximation that Lev P.
Pitaevskii and Eugene Gross established their famous Gross-Pitaevskii equation, initially
developed for such atomic gases:

i~
∂Ψ̂(x)
∂t

=
(
− ~2

2m∇
2 + V (x) + ~g|Ψ̂(x)|2

)
Ψ̂(x) (1.71)

with m the particle mass, V an external potential and g the coupling constant. g is
proportional to the diffusion length between particles as such that g = 4π~as/m. The
minimization of the energy leads to the definition of a chemical potential µ = ∂E/∂N =
~gN in the homogeneous case.

iii Polariton condensates

As we saw in the previous sections, exciton-polaritons can be considered as bosons in
the low density regime. One can thus expect to observe a phase transition similar to
the Bose-Einstein condensation in polariton fluid as well. Imamoglu and Ram were the
first to suggest in 1996 [79] that the bosonic properties of the polaritons could lead to a
condensate state emitting a coherent laser light. They described a coherent population of
the ground state coming from an incoherent excitonic reservoir; that could be interpreted
as a phase transition, in that case similar to the Bose-Einstein condensation, or as a lasing
from bosonic stimulated scattering.
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The first observation of polariton population with spontaneous coherence was realized
in 2000 [14, 80], using a quasi-resonant scheme, which prevents it to be considered a
polariton laser. Above a certain threshold intensity, a phenomenon similar to an Optical
Parametric Oscillator takes place [81–83], leading to the appearance of signal and idler
modes with long-range coherence in both space and time [84]. This kind of polariton
population can be seen as a non-equilibrium BEC [85], as its coherence is not directly
inherited from the pump but comes from a spontaneous symmetry breaking.

physics soon exits the regime of weakly interacting bosons that
describes ultracold atoms; second, the lifetime is short enough that
we must confront the role of non-equilibrium physics25. Never-
theless, the principal experimental characteristics expected for BEC
are clearly reported here: condensation into the ground state arising
out of a population at thermal equilibrium; the development of
quantum coherence, indicated by long-range spatial coherence, and
sharpening of the temporal coherence of the emission.

Experimental procedure
The sample we studied consists of a CdTe/CdMgTe microcavity
grown by molecular beam epitaxy. It contains 16 quantum wells,

displaying a vacuum field Rabi splitting of 26meV (ref. 26). The
microcavity was excited by a continuous-wave Ti:sapphire laser,
combined with an acousto-optic modulator (1-ms pulse, 1% duty
cycle) to reduce sample heating. The pulse duration is sufficiently
long (by four orders of magnitude) in comparison with the charac-
teristic times of the system to guarantee a steady-state regime. The
laser beam was carefully shaped into a ‘top hat’ intensity profile
providing a uniform excitation spot of about 35 mm in diameter on
the sample surface, as shown in Fig. 4i. The excitation energy was
1.768 eV, well above the polariton ground state (1.671 eV at cavity
exciton resonance), at the first reflectivity minimum of the Bragg
mirrors, allowing proper coupling to the intra-cavity field. This
ensures that polaritons initially injected in the system are incoherent,
which is a necessary condition for demonstrating BEC. In atomic
BEC or superfluid helium, the temperature is the parameter driving
the phase transition. Here the excitation power, and thus the injected
polariton density, is an easily tunable parameter, and so we chose it as
the experimental control parameter. The large exciton binding
energy in CdTe quantum wells (25meV), combined with the large
number of quantum wells in the microcavity, is crucial in maintain-
ing the strong coupling regime of polaritons at high carrier density.
The far-field polariton emission pattern was measured to probe the
population distribution along the lower polariton branch. The
spatially resolved emission and its coherence properties are accessible
in a real-space imaging set-up combined with an actively stabilized

Figure 1 |Microcavity diagram and energy dispersion. a, A microcavity is a
planar Fabry–Perot resonator with two Bragg mirrors at resonance with
excitons in quantum wells (QW). The exciton is an optically active dipole
that results from the Coulomb interaction between an electron in the
conduction band and a hole in the valence band. In microcavities operating
in the strong coupling regime of the light–matter interaction, 2D excitons
and 2D optical modes give rise to new eigenmodes, called microcavity
polaritons. b, Energy levels as a function of the in-plane wavevector kk in a
CdTe-based microcavity. Interaction between exciton and photon modes,
with parabolic dispersions (dashed curves), gives rise to lower and upper
polariton branches (solid curves) with dispersions featuring an anticrossing
typical of the strong coupling regime. The excitation laser is at high energy
and excites free carrier states of the quantum well. Relaxation towards the
exciton level and the bottom of the lower polariton branch occurs by
acoustic and optical phonon interaction and polariton scattering. The
radiative recombination of polaritons results in the emission of photons that
can be used to probe their properties. Photons emitted at angle v correspond
to polaritons of energy E and in-plane wavevector kk ¼ ðE="cÞsinv:

Figure 2 | Far-field emission measured at 5K for three excitation
intensities. Left panels, 0.55P thr; centre panels, P thr; and right panels,
1.14P thr; where P thr ¼ 1.67 kWcm22 is the threshold power of
condensation. a, Pseudo-3D images of the far-field emission within the
angular cone of^238, with the emission intensity displayed on the vertical axis
(in arbitrary units).With increasing excitation power, a sharp and intensepeak
is formed in the centre of the emission distribution ðvx ¼ vy ¼ 08Þ;
corresponding to the lowest momentum state kk ¼ 0. b, Same data as in a
but resolved in energy. For such a measurement, a slice of the far-field
emission corresponding to vx ¼ 08 is dispersed by a spectrometer and
imaged on a charge-coupled device (CCD) camera. The horizontal axes
display the emission angle (top axis) and the in-plane momentum (bottom
axis); the vertical axis displays the emission energy in a false-colour scale
(different for each panel; the units for the colour scale are number of counts
on the CCD camera, normalized to the integration time and optical density
filters, divided by 1,000 so that 1 corresponds to the level of dark counts:
1,000). Below threshold (left panel), the emission is broadly distributed in
momentum and energy. Above threshold, the emission comes almost
exclusively from the kk ¼ 0 lowest energy state (right panel). A small blue
shift of about 0.5meV, or 2%of the Rabi splitting, is observed for the ground
state, which indicates that the microcavity is still in the strong coupling
regime.
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Figure 1.18: Polariton Bose-Einstein Condensation. Real space density (a.) and
dispersion (b.) of a polariton BEC, obtained by increasing the intensity of the incoherent
pump from left to right. A long-range coherence is reached in the real space while the
momentum distribution shows an accumulation in the lower energy state. From [11].

The actual equivalent for Bose-Einstein condensate in polariton has however been re-
alized under non-resonant pumping in 2006 by Jacek Kasprzak et al. [11]. An important
advantage of exciton-polaritons is their low effective mass, several order of magnitude
smaller than the exciton mass, which allows condensation at much higher temperatures
than for the atoms (a few Kelvins while the atoms only condense at the nanokelvin scale).
By exciting the system with a sufficiently high power, the incoherently injected polaritons
reach a higher density than the critical one for Bose Einstein condensation, which results
in the creation of an actual coherent polariton condensate, as presented in figure 1.18.
The long range coherence is reached in the real space while the momentum space shows
an accumulation of the population in the lower energy state.





Chapter 2

Experimental tools

The previous chapter detailed the theory of our system, where we established our tools
to describe the polariton evolution. Before discussing the experimental results in the
following chapters, we will report here the tools we used in the lab to implement our
experiment.

The first section focuses on the excitation part of the experiment: after a detailed
characterization of the sample used in this work, we will describe the two cryostats we
have in the lab and the laser source we used, as well as the Spatial Light Modulator or
SLM, a device shaping the wavefront of the light beam which was very useful for the
following results.

On the second part of the chapter, we will discover which detection tools were used to
retrieve the system information. The main devices will be described, the CCD camera
and the spectrometer, and an explanation of the data analysis will be given.

51
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2.1 Excitation

2.1.1 Microcavity sample
Fabrication The sample used for this work is a planar microcavity realized at the Ecole
Polytechnique Fédérale de Lausanne (EPFL) by Romuald Houdré. This semiconductor
sample is very robust and has been used in the group since many years.

It has been fabricated by Molecular Beam Epitaxy (MBE): this technology is
used to grow ultrathin films with a very good control of their thickness and composition.
Realized under ultra high vacuum, target materials are heated to their sublimation points
and produce molecular beams. They can then chemically react with other species before
condensing as a layer on the single crystal substrate. This technique has a nanometer
scale precision as the atomic layers can be grown one by one [86].

In our case, the sample is a stack of layers of four different compounds: Ga0.9Al0.1As,
AlAs, GaAs and In0.04Ga0.96As (see figure 2.1). The substrate is a thick layer of GaAs,
polished in order to allow working in transmission. Then the first Distributed Bragg
Mirror (DBR) is grown: it is a pile of 53 alternate Ga0.9Al0.1As and AlAs layers, each of
them being λ0/4ni thick, with λ0 the wavelength of the excitonic resonance (λ0 = 836 nm)
and ni the respective refractive index of the considered compound (nGa0.9Al0.1As = 3.48
and nAlAs = 2.95). This ensures that all layers have the same optical thickness, leading
to constructive interferences in reflection and destructive ones in transmission.

The intracavity spacer is composed of GaAs, thick of 2λ0/nGaAs, in which are em-
bedded three quantum wells of In0.04Ga0.96As at the antinodes of the electromagnetic
field. The thickness of the cavity defines the resonance energy of the cavity photons, and
therefore the detuning between the excitonic resonance and the photonic one. In order to
be able to tune it experimentally, a small wedge is introduced between the two mirrors,
in the order of 10−6 radians. This way, the photonic resonance scales linearly with the
position on the sample, with an energy gradient of 710 µeV.mm-1 leading to detunings
from +8 meV to -4 meV.

Finally, the front mirror is grown, similar to the back one except that it only contains
40 alternated dielectric layers.

Reflectivity and finesse The reflectivity of a DBR is defined with the formula [87]:

R = n0(nH)2N − n1(nL)2N

n0(nH)2N + n1(nL)2N (2.1)

where

• n0 is the refractive index of the medium before the mirror; for us, the inside of the
cavity in GaAs: n0 = nGaAs = 3.54

• n1 is the refractive index of the medium after the mirror; i.e. the air for the front
mirror (n1 = 1) and the GaAs substrate for the back mirror (n1 = nGaAs = 3.54)

• nH and nL the refractive indices of the two media constituting the DBR, with
nL < nH . For our sample, nL = nAlAs = 2.95 and nH = nGa0.9Al0.1As = 3.48
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Figure 2.1: Semiconductor microcavity Two Bragg mirrors of alternated layers of
Ga0.9Al0.1As and AlAs of optical thickness λ0/4 (40 and 53 layers respectively), sur-
rounding a spacer of GaAs of optical thickness 2λ0, in which three quantum wells of
In0.04Ga0.96As are embedded at the antinodes of the electromagnetic field, which am-
plitude is presented with the white line. The cavity is grown on a substrate of GaAs,
previously polished to allow working in transmission. The excitation takes place on the
thin mirror side, while the detection is done on the substrate side.
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• N is the number of pairs of alternated layers in the DBR: 21 for the front mirror,
24 for the back one

This leads to a reflectivity of 99,85% for the front mirror and 99,93% for the back one.
From that we can extract the finesse of the cavity [30]:

F = π
√
R

1−R (2.2)

with R =
√
RfrontRback the total power reflectivity. For our sample, the finesse is close

to 3000.

Anticrossing The measurement of the anticrossing of our cavity is presented in figure
2.2. By pumping the sample out of resonance and at k = 0 µm-1, the energies of the upper
and lower polariton branches can be extracted for several positions on the sample. This
leads to the reconstruction of the photonic and excitonic resonances, in red and green
dashed lines in figure 2.2. The Rabi energy corresponds to the difference between the
upper and lower branches for an exciton-photon detuning equals to zero: ER = ~ωR =
5.07 meV for this sample.

Figure 2.2: Experimental anticrossing. The blue dots represent the upper and lower
polariton branches, obtained by non resonant pumping at k = 0 µm-1. Changing the
position changes the photon-exciton detuning ∆EXcav (horizontal axis); the exciton and
photon energies are plotted in green and red dashed line, respectively. The experimental
value for the Rabi splitting is extracted at zero detuning: ~ΩR = 5.07 meV. From [32]
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Sample inhomogeneities Figure 2.3 presents a picture of a large area of the sample,
taken from [40]. Reconstructed from several images, this picture was realized at normal
excitation with two different wavelengths of the laser, 837.21 and 837.05 nm. Both reso-
nances are clearly visible on the picture as bright lines: they indicate regions of the cavity
with the same effective length, orthogonal to the direction of the thickness gradient.

Figure 2.3: Cavity transmission. Picture of a sample area of 3.2x0.9 mm2, excited
at two different wavelengths (837.05 and 837.21 nm). The resonances are clearly visible
orthogonal to the wedge, as well as the different types of defects of the cavity: the regular
pattern of mosaicity, some elongated dislocations and point-like defects. From [40]

Different types of irregularities are showing up in figure 2.3. First, a thin regular pat-
tern of an orthogonal lattice: this indicates the mosaicity phenomenon, due to mechanical
constraints of the crystal [88, 89]. Some irregular defects are also visible, elongated and
thick, mainly on the left side of the picture: those dislocations can be attributed to
mechanical shocks on the sample [30,90,91]. Finally, point-like defects are randomly dis-
tributed over the sample. They can be bright or dark as they correspond to potential
barriers or wells: a barrier shifts the resonance locally, preventing the nearby polaritons
to excite the states of the defect, while a well traps the polaritons, leading to a stronger
emission [92,93].

The sample is glued on the holder using silver paste. The sample holder is a plate of
copper, to insure good thermal conductivity, with a hole in its center to allow working in
transmission.

2.1.2 Cryostats

We have in the lab two different cryostats that will be described separately in this section.
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i Oxford Instrument Microstat

The Oxford Instrument cryostat was used for most of the results presented in this thesis.
The whole cryogenic setup is sketched in figure 2.4.

The cryostat has two circular windows on both sides of the cold finger end, on which
the sample holder is screwed. The vacuum inside the cryo is done using a primary pump
and a turbopump and reaches 10-4 mbar. As the cryostat is quite old and has a few leaks
around the cold finger, we usually keep the pump running while doing experiment, even
though it induces small vibrations.

The cooling process is realized with a continuous Helium flow. The liquid Helium
is stored in a Dewar tank, connected to the cryostat with a transfer tube. This one
is inserted inside the cold finger of the cryostat, and plugged to the university Helium
network through a gas flow pump (see figure 2.4). The Helium cool down the cold finger
and thus the attached sample. Its temperature is displayed using a sensor on the sample
holder, and can be adjusted by tuning the Helium flow. We can cool the sample down to
3.8 K, but we usually work a bit higher, around 4.5 K, to not use to much Helium.

Figure 2.4: Cryogenic setup. The liquid Helium stored in the Dewar tank is dragged
by the pump along the transfer tube. The flow goes along the cryostat, in direct contact
with the cold finger and consequently with the sample. The heated Helium flow is then
pumped to the recovery network of the university. The flow can be controlled with a
flow meter, adjusting the sample temperature. This one is displayed on the temperature
controller, connected to a sensor on the sample holder. Adapted from [94]

This system works well, but has the drawback of a high Helium consumption. Fortu-
nately, the university has a Helium recovery network and its own liquefier, which ensure
us an easy supply. However, we still do not let it run constantly, which limits the mea-
surements to one-day experiments.
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ii MyCryoFirm Optidry

A second cryostat has been recently installed in the group and has been implemented in
parallel of the reported work. This closed circuit cryostat is an Optidry fromMyCryoFirm:
this company offers cryostats with great flexibility to match the customer needs.

The vacuum of the whole system is again ensured by a turbopump, preceded by a
primary pump, and can also reach 10-4 mbar. The vacuum is well conserved in this
cryostat so we do not keep the pump running when the vacuum is reached.

The MyCryoFirm products are working in closed circuit, i.e. they do not need Helium
refueling but are connected to a compressor which ensures the Helium re-compression.
The cooling of the compressor is managed by a heat exchanger, itself connected to the
cold water network of the university.

This system leads to a great stability of the cryostat: once the target temperature is
reached, it can stay on for months with very small fluctuations of the conditions. It is
much more convenient for a continuity of the experiment from one day to the next.

Figure 2.5: New cryostat system. The left image, taken from [95], is a 3D model of
the outside of the cryostat. The working place corresponds to its right part, composed of
three plates at different temperatures detailed on the right picture. The lower plate, in
orange, is the coldest one and can be cooled down to less than 4 K. It is the one where is
attached the sample, mounted on piezo-based nanopositioners to be able to move it, and
placed at the height of the windows to be optically accessible. A second plate surrounds
the first one, in blue, at 50 K to ensure a thermal shield. Finally, the upper one in grey
is a breadboard at ambient temperature, as it is directly connected to the outside wall of
the cryostat. This is where the closest optical components can be mounted. The red line
correspond to the optical axis

Our cryostat consists of three plates at different temperatures, as illustrated in figure
2.5. The coldest one is the deepest, plotted in orange: it reaches the target temperature,
that can be set to less than 4K. The sample is in direct contact with it and placed at the
height of the optical axis (in red). It is mounted on two piezo-based nanopositioners from
Attocube to be scanned along the x and y axis. The temperature is controlled through a
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sensor screwed on the sample holder.
A second plate, in blue in the figure, is at 50 K and works as a thermal shield. The

third plate, in grey, corresponds also to the walls of the cryostat, and is therefore at room
temperature. In the cryo, the horizontal plate is a breadboard where optical components
can be mounted to be as close as possible to the sample.

2.1.3 Laser source
To excite the polariton fluid resonantly, the light field needs to validate several require-
ments. First of all, the light needs to enter the cavity: the laser should be at the resonance
energy, around 835 nm in our case. However, we also want to be able to transfer an in-
plane wavevector to the fluid, and therefore explore the dispersion curve. To do that, the
laser should be continuously tunable over the corresponding energy range, in the order of
10 nm. Finally, the spectral bandwidth of the laser should be thin enough to excite only
one excitonic mode.

The more suitable laser type for those requirements are the Titanium-Sapphire lasers.
The active medium of these solid state lasers is a sapphire crystal doped with titanium
ions (Ti3+ : Al2O3), optically pumped. In the continuous wave configuration, they can
be tuned from about 700 to 1200 nm. In our laboratory, we use a commercial TiSa laser
from Spectra Physics, the Matisse 2 TR. Tunable from 730 to 930 nm, it is pumped by a
commercial doubled Nd:Yag green laser Verdi from Coherent, delivering 10 W at 532 nm.
This way, the TiSa can emit up to 1.2 W in the TEM00 mode for a linewidth thinner
than 50 kHz.

2.1.4 Spatial Light Modulator
A Spatial Light Modulator or SLM is a device that can shape the wavefront of a light
beam. In our lab, we are using an LCOS model from Hamamatsu, which stands for Liquid
Crystal On Silicon, and whose structure is presented on figure 2.6.

Liquid crystals are a particular phase of matter, which flows and takes the shape of
its container, but whose particles still have a positional order, and therefore a preferred
orientation [96]. This preferred orientation can be modulated by applying an electric field,
which induces in the same time a change in the refractive index of the medium as liquid
crystals are birefringent.

To use this property, LCOS SLM screen has a liquid crystal layer embedded between
electrodes (see figure 2.6):

• a grounded transparent electrode on a glass substrate, on the side of the incoming
light

• a matrix of pixels electrodes, connected to an active circuit on a silicon substrate.
There are 792x600 pixels, of 9.9x7.5 mm2 each, with a pixel pitch of 12.5 µm.

A specific voltage can be applied between each pixel electrode and the grounded one,
defining also the orientation of the liquid crystals in between, and with it their optical
index. A planar incident wave experiences therefore different optical paths depending on
the pixels, and the reflected wavefront is shaped accordingly.
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Figure 2.6: Transverse view of the Hamamatsu LCOS-SLM screen. The silicon
substrate supports an active matrix circuit on which pixels electrodes are connected. A
specific voltage is applied between each pixel and a transparent grounded electrode. This
voltage induces a certain orientation of the liquid crystals in between the electrodes, and
thus a specific optical refraction index due to their birefringence. A glass substrate finally
covers the top. An incident plane wave consequently follows a specific optical path on
each pixel, resulting in a modulated reflected wavefront.

The SLM head, which contains the screen, is connected to a controller, itself connected
to a DVI input sendind a 600x800 pixels image in grey shades. The controller translates
the greyness level (from 0 to 255, bitmap image) into voltage and reproduces the image
on the SLM screen, thus drawing it on the light wavefront.

The efficiency of the SLM is not perfect: the liquid crystals do not cover the whole
surface of the screen, therefore a part of it only reflects on the back of the SLM which
acts like a standard mirror. According to its manufacturer [97], the light utilization
efficiency of our model is 97%. In order to clean the output image, a filtering is realized
in the Fourier plane of the SLM: a grating is added to the input image, so that only the
light effectively interacting with the SLM is diffracted into the first order. By blocking
all the other orders, the beam is cleaned and corresponds exactly to the desired pattern.

This technique allows also to use the SLM not only to shape the phase pattern, but
also the intensity profile. Indeed, the quantity of light diffracted into the first order
depends on the contrast of the grating. If the whole spectrum of grey scale is used, all the
available light is diffracted; if the grating only uses half of the scale, half of the light stays
on the zeroth order and is therefore filtered. Some patterns can thus be drawn on the
grating, playing with the contrast, and be translated as intensity levels in the reflected
light beam.

2.2 Detection
The detection of our system is done in real space and in momentum space. A typical

experimental setup is presented in figure 2.7: the signal from the sample goes through
an objective with a large numerical aperture (0.42), before being separated into two
arms, which correspond to the real and momentum spaces. The momentum space passes
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through a spectrometer while the real space interacts with a reference beam, extracted
from the initial laser beam.

Figure 2.7: Typical experimental setup. The signal out of the sample is split into
two arms which detect the real and momentum space. The real space can interfere
with a reference beam, while the momentum space goes through a spectrometer to get
information on the signal energy.

2.2.1 CCD Camera
The cameras used in this experiment are PIXIS1024BR eXcellon models from Princeton

Instruments. This charged couple device (CCD) has a back illuminated chip of 1024x1024
pixels, each 13 µm2, and a quantum efficiency of 95% at 830 nm. The reading rate of the
CCD is 100 kHz, while the integration time can be on the order of the millisecond. The
camera also has a mechanical shutter.

It is connected to a computer and driven through the Princeton Instruments software
Winspec, which also manages the spectrometer.

2.2.2 Spectrometer
The spectrometer of the lab is also from Princeton Instruments and is an Acton Series

SP2750 model. This device has a focal length of 750 mm and an interchangeable triple
grating turret, on which are mounted 2 gratings and one mirror. The gratings respectively
have 1200 and 1800 lines per millimeter, and the mirror allows to couple the entrance
plane with the CCD one. The entrance plane has an adjustable slit that can be manually
tuned between 10 µm and 3 mm, i.e. to a minimal aperture smaller than the pixel size.
With the 1800 lines per millimeter grating, the spectral resolution is of the order of 1 Å,
which is close to 0.2 meV at 835 nm.
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The spectrometer is connected to the same computer as the camera, and controlled
simultaneously with the Winspec software. Both were calibrated together, so that the
camera images appear as a function of the wavelength. The exposition time or the position
of the grating are defined from the computer, and some quick analysis are also available
in the software, like transverse cuts or integration along a specific axis. However, the
main data analysis work is done afterwards, as explained in the next section.

2.2.3 Data analysis

i Image analysis

SPE file format All the measurements are pictures of the CCD, taken through the
Winspec software. As it manages both the camera and the spectrometer, pictures are
saved in SPE format, which also stores information about the experimental conditions.
SPE files contain a matrix corresponding to the camera pixels, with for each of them
indicates the associated photon counts received during the integration time. This matrix
is preceded by a header filled by many parameters, as the position and calibration of the
spectrometer, the date of the measurement or the integration time. Those data are easily
accessible and useful for the later analysis. The integration time is typically on the order
of a few millisecond, close to the shortest time accessible by the camera. We have enough
signal to record a clean picture during this time - we usually use filters in front of the
spectrometer - and a short integration time reduces our sensitivity to vibrations of the
system induced by the pump and the cryostat.

The different steps of the data analysis are presented in figure 2.8, and explained more
precisely in the following paragraphs.

Intensity The intensity image is a direct picture of the output plan of the cavity.
Photons escape from the cavity accordingly to their decay rate, and are detected by the
camera: their spatial distribution is directly proportional to the polariton density.

Thus the pictures do not need much analysis: after defining the Region-Of-Interest
for the considered measurement, the background counts are removed, as the mean value
of a region not illuminated by the polariton signal. The colorscale can also be readjusted,
and chosen to be linear or logarithmic depending on what is shown. An example is given
in figure 2.8.a, where a phase modulation marked with dark lines is sent on the bottom
of the picture, marked by the dark lines, with a flow from bottom to top. The intensity
scale is chosen logarithmic.

Phase profile The phase profiles are extracted from interference images of the cavity
signal with a reference beam of the same laser source, as shown in figure 2.8.b. The
interference beam is aligned in order to have linear thin fringes to optimize the resolution
of the extracted pattern. However, as the system sightly vibrates, too thin fringes also
lead to a bad contrast: we usually work with fringes around 5 pixels width.
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Figure 2.8: Data Analysis. a. Real space image, signal from the sample renormalized.
b. Experimental fringes obtained by interfering the signal with the reference beam. c.
Fourier transform of image b: the smallest spatial frequencies are in the center, while the
signal outlined in red corresponds to the fringes that we want to keep. d. Filtering of
image c., kept at its original position. e. Phase of the inverse Fourier transform of image
d.: the fringes are cleaned and highlighted. f. Filtering of image c., shifted towards the
center to erase the fringes frequency. g. Phase of the inverse Fourier transform of image
f, fitted to place at 0 the phase of the area without modulation: only the phase profile is
kept.

The background is subtracted and the images are renormalized. In order to enhance
the interference fringes, they are filtered in the Fourier space. The Fourier transform of
the data is computed, as presented in figure 2.8.c: the signal outlined in red corresponds
to the fringes spatial frequency. The bright spot in the center of the image comes from
the signal with spatial frequency equals to zero, i.e. the background noise that we want
to remove. Finally, the elongated spot symmetric to the selected one also comes from
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the fringes signal, considering negative frequencies. Only this part is kept and all others
frequencies are put to zero, as illustrated in figure 2.8.d. The data are then inversely
transformed, and by plotting their unwrapped phase, only remains the highlighted fringes
pattern, plotted in figure 2.8.e.

Depending on the pattern we want to show, we can also choose not to keep the
fringes, but to flatten the phase pattern, for example when we do not have any flow and
only want to reproduce the wavefront. To do so, we still use the interference picture, but
when filtering it in the Fourier space, we also translate the remaining signal towards the
center of the image, i.e. to the zero frequency, as shown in figure 2.8.f. This way, by
inversely transforming it, the fringes are removed and the region corresponding to a plane
wave gets a constant value, shown in figure 2.8.g.

Momentum space Several pictures need to be taken in momentum space in order to
access all the parameters of the experiment. The first one is the dispersion, which depends
on the position of the sample. This one is carried by photoluminescence: by exciting the
sample out of resonance, i.e. with a much higher energy than the polariton branches,
the relaxation of the excess energy fills all the accessible polariton states and allows for a
direct detection of the polariton dispersion.

Figure 2.9: Momentum space detection image. The brightest spot, located by the
red cross, indicates the excitation momentum, while the elastic scattering of the polaritons
on the cavity disorder is responsible for the shallow Rayleigh ring. In between the open
slit of the spectrometer, indicated by the vertical red lines, we detect a far field image
which can be graduated in µm-1, while the slit position along the wavelength axis gives
us the excitation energy.

The wavelength of the incoherent excitation is chosen to correspond to the first mini-
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mum of the cavity transmission, which is 810 nm in our case. The dispersion is very well
resolved with a thin entry slit of the spectrometer, even though the integration time of
the camera should be increased to a few hundred milliseconds as the signal is quite weak.

Another necessary measurement to carry out in the momentum space is the far field,
which is the kx-ky image, presented in figure 2.9. This picture gives us the shape and loca-
tion of the excitation in the momentum space, and its position according to the dispersion.
As the excitation spot is usually collimated on the sample, it gives a main single spot in
the momentum space, whose location is extracted through a bidimensional gaussian fit of
the image. As the sample is not perfect but presents also some structural disorder, the
polaritons can elastically scatter on the defects which results in the appearance of a ring
in the momentum space, called the Rayleigh ring which intensity is usually smaller than
the signal from the pump, and visible in figure 2.9.

Those images are usually taken through the spectrometer, keeping its entry sit open,
as illustrated by the two vertical red lines. The position of the slit is therefore defined by
the wavelength of the signal λexc, giving us the excitation energy, while inside the slit the
image can be scaled in µm-1, hence the kx-ky image.

ii Parameters extraction

Excitation parameters The first parameters are extracted from the dispersion of the
lower polariton branch:

ELP = EX − Eγ(k)
2 − 1

2

√(
EX − Eγ(k)

)2 + 4Ω2
R (2.3)

with EX the excitonic resonance energy, considered constant over our range of wavevec-
tors; Eγ(k) the photonic resonance energy, approximated parabolic with a curvature pro-
portional to the photonic effective mass m∗γ , and ΩR the Rabi frequency.

Four parameters need therefore to be extracted: the excitonic resonance, the cav-
ity photon energy at normal incidence, the effective mass of the photon and the Rabi
frequency, which is constant for a given sample.

Those are obtained by fitting the lower polariton branch after a background subtrac-
tion, as shown in figure 2.10: the white lines are the upper and lower polariton branches,
while the yellow and green dashed lines respectively illustrate the corresponding cavity
photon and bare exciton dispersions.

The polariton dispersion is necessary to calibrate the camera screen in a wavevector
scale. Indeed, the optical path is realigned each day, and with it the position of the
zero wavevector. With the dispersion fit, each pixel line is assigned to its corresponding
wavevector, and in particular the one of the maximum of the excitation spot from the
kx-ky image, giving us the excitation wavevector kexc, in red in figure 2.10. The excitation
energy Eexc is obtained as the position of the center of the spectrometer slit.

In the case of a quasi resonant excitation, mainly used in the present work and il-
lustrated in figure 2.10, the excitation spot is blue-shifted with respect to the polariton
dispersion. Its energy is thus slightly higher than the lower branch one, by a detuning
∆ElasLP illustrated with the orange arrow in the figure.
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Figure 2.10: Experimental dispersion and quasi resonant excitation. The back-
ground image corresponds to photoluminescence of the sample, carried out by non res-
onant pumping. The relaxation of the excess energy leads to a polariton distribution
along the lower branch, much brighter than the upper one. Therefore only the lower one
is used for the numerical fit, illustrated by the white line. The corresponding excitonic
and photonic dispersions are plotted in green and yellow dashed lines, respectively. The
exciton-photon detuning ∆EXcav is presented as the blue arrow. The excitation spot,
in red, is extracted from the kx-ky image. It is slightly blue-shifted from the polariton
dispersion, from an energy detuning ∆ElasLP illustrated with the orange arrow.

Derived parameters The previously described parameters, directly extracted from
the experimental data, are used to evaluate some derived parameters. First of all, the
fluid velocity is defined as the group velocity of the polaritons, i.e. the first derivative
of the dispersion:

vfluid = 1
~
∂E

∂k
(2.4)

In our system, the fluid velocity can be up to 1.5 µm/ps.
From the dispersion can also be extracted the effective mass of the polaritons m∗LP

created at kexc, using the relation

1
m∗LP

= 1
~2
∂2E

∂k2 (2.5)

As we saw in the theoretical chapter 1, the lifetime of the polaritons is experimentally
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determined with the dispersion analysis, as it is directly connected to the linewidth of the
cavity:

δE = ~γ = ~
τ

(2.6)

with γ the cavity decay rate and τ the lifetime of the polaritons. In our case, the linewidth
δE is found to be 0.07 meV, which corresponds to a polariton lifetime of 9 ps.

Finally, the speed of sound csound also derived from the excitation parameters:

csound =
√

~g|ψ|2

m∗
2
LP

=
√

∆ElasLP
m∗

2
LP

(2.7)

where g is the interaction constant and ψ the polariton wavefunction. The second equality
is valid under resonant excitation within the polariton linewidth and in the nonlinear
regime. The speed of sound in our system is typically of the order of 0.5 µm/ps.

From the speed of the fluid and the speed of sound can be defined the Mach number
of the system, M = vfluid/csound. By comparison with unity, this quantity defines sub-
or supersonic flow conditions and will be particularly used in the following work.



Chapter 3

Spontaneous generation of
topological defects

The first two chapters introduced all the necessary tools to understand our system: the
theoretical description first, then the experimental devices available in the lab.

We present in this chapter the first part of our experimental results, the spontaneous
generation of topological excitations. To do so, we use the property of bistability of our
system: this one is detailed in the first part of the chapter.

The experiment was implemented following a theoretical proposal published in 2017
[25], suggesting to split the excitation into two beams of different intensities, the seed
and the support. This configuration allows to obtain a large area of the fluid on the
upper branch of bistability. Then, by giving it a flow and sending it toward a defect, we
can observe the generation of quantum turbulence, and in particular of vortex-antivortex
pairs in the subsonic case. Not only does it show that the bistable regime releases the
phase constraint of the quasi-resonant excitation, but also that the generated excitations
are sustained for hundreds of micrometers.

Increasing the Mach number of the fluid also increases the generation rate of the vor-
tices. At some point close to the subsonic-supersonic transition, vortices on one hand
and antivortices on the other merge together and form a pair of dark solitons. Those
ones where already observed in a different configuration [22], without the presence of the
driving field, which lead to oblique solitons vanishing over a few tens of microns. Our
implementation greatly enhances the propagation distance, and exhibits a new behaviour
of the solitons under the influence of the driving field: the dark solitons align to each
other and propagate parallel, as long as they can be sustained.

67
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3.1 Optical bistability
The optical bistability is the ability of a system, over a certain range of input intensities,

to possess two possible output values. Such a property requires nonlinearity: the output
intensity can not be linked to the input one only by a multiplicative constant. However,
nonlinearity itself is insufficient to explain bistability: knowing an input intensity inside
the bistability range is not enough to determine the output one [98].

The first observation of optical bistability in a passive medium have been realized in
1969 by A. Szöke and coworkers [99]. They used a ring cavity filled with a saturable two-
level medium: a "saturable resonator". They explain how the saturation of the absorption
leads to bleaching, and by combination with the resonator feedback induces a hysteresis
cycle. This phenomenon is mainly due to the intensity-dependent absorption and therefore
called absorptive optical bistability [100].

Another configuration was observed a few years later by Gibbs et al. [101], using this
time a purely dispersive medium, with a nonlinear index but no absorption or gain,
typically a Kerr medium. This dispersive bistability can be studied through the first
nonlinear index term n2 or the susceptibility term χ(3) [100]. It is the case we will focus
on from now on as it corresponds to our system (see section 3.1.2).

A theoretical model of such phenomenon has first been given by Luigi Lugiato and
Rodolfo Bonifacio [102] in 1978, providing an analytical treatment of optical bistability in
the absorptive and dispersive cases, that they have later develop to different configurations
[103].

3.1.1 Dispersive bistability
To understand the generation of our system’s bistability, let us consider a nonlinear

medium inside a Fabry-Perot cavity, as displayed in figure 3.1. We will consider an ideal
configuration, in which the two mirrors are identical and lossless, and follow the relations:

R = |ρ|2 T = |τ |2 R+ T = 1

where ρ and τ are reflectance and transmittance in amplitude, and R and T the intensity
ones.

We want to focus on the case of a dispersive bistability, so we neglect any absorption.
The propagation constant k = nω/c is taken to be a real quantity with both a linear and
nonlinear contributions, and spatially invariant. The different fields are thus linked by
the relations [104]:

A
′
2 = ρA2e

2ikl (3.1)
A2 = τA1 + ρA

′
2 (3.2)

Solving the previous system by eliminating A′
2 leads to the Airy’s equation
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Figure 3.1: Bistable optical system Fabry-Perot interferometer of length l filled by an
ideal Kerr medium without absorption.

A2 = τA1
1− ρ2e2ikl = τA1

1 +Reiδ
(3.3)

where ρ2 = Reiφ contains its amplitude and phase while δ = δlin + δnonlin is the total
phase shift acquired in a round trip along the cavity. It consist of a linear part:

δlin = φ+ 2nlinl
ω

c
(3.4)

and a nonlinear one:
δnonlin = 2nnonlinl

ω

c
I (3.5)

with I = I2 + I
′
2 ≈ 2I2.

The equation 3.3 can be rewritten for the intensities:

I2 = TI1
(1−Reiδ)(1 +Reiδ) (3.6)

which leads after a few transformations to the relation:

I2
I1

= 1/T
1 + (4R/T 2) sin2 δ/2 (3.7)

This equation is resolved graphically in figure 3.2.a., where both sides of the relation
are plotted. The periodic black curve represents the right hand side as a function of I2,
and the colored lines the ratio I2/I1 for different values of I1. On the right, figure 3.2.b.,
is illustrated the shape of the evolution of I2 as a function of I1, where the intensities
corresponding to the colored lines on a. are reported.

The blue line labeled a. illustrates the lowest value of I1. It crosses the black curve
only once: only one internal intensity value I2 corresponds to this input intensity, as
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Figure 3.2: Intensities relation and bistability cycle. a. Graphical resolution of
equation 3.7: the black curve represents the right hand side of the equation as a function
of I2, while the colored straight lines correspond to the ratio of intensities, for increasing
values of I1 from line a to e. Adapted from [104]. b. Evolution of the intracavity intensity
as a function of the input one. Intensities Ia to Ie correspond to the associated lines in
panel a. The dashed line is an unstable solution. The system presents a hysteresis cycle:
the bistability occurs between Ib and Id.

plotted on figure 3.2.b. The yellow c. line shows the case of a higher value of I1, and
crosses the black line three times. That it the case of bistability: on figure b., two states
are accessible, while the dashed line is unstable. Increasing again the incident intensity,
like in the e. case, only one value of I2 is possible: the red curve on figure a. crosses the
black one only once.

Cases b. and d. are particular: they have two intersection points with the black line
on 3.2.a. They correspond to the turning points between which the bistability occurs. It
results in a hysteresis cycle: once the output on one branch, the system remains on it. It
therefore does not follow the same path by increasing or reducing the input intensity, as
indicated by the arrows on figure 3.2.b.

3.1.2 Quasi resonant pumping
The nonlinearity of a polariton fluid comes from the polariton-polariton interactions.

They result in a third order term, equivalent to a Kerr-like medium in such a way that
the polariton system behaviour is analogous to an electromagnetic wave resonant with a
cavity filled by a Kerr medium, as presented in the previous section.

We induce bistability in the polariton system by pumping it quasi-resonantly with
a laser slightly blue-detuned with respect to the lower polariton branch. The energy
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detuning between the pumping laser and the lower polariton branch ∆ElasLP = ∆E =
Elas − ELP plays an important role in the state of the system, as it induces an energy
renormalization and shifts the dispersion.

In the case of a red detuning, this renormalization drives the mode away from the
resonance, as an increase of the pump intensity induces a decrease of absorption. The
interesting case is however the one of a blue detuned pump: this time, a higher pump
intensity leads to a higher polariton density, and an energy renormalization closer to
resonance. Thus, an intensity threshold appears, above which an increase in the polariton
population self amplifies and leads to a blue shift of the dispersion up to the laser energy.

This mechanism induces a bistability, sketched in figure 3.3. Let us consider our system
at the energy of the unperturbed lower polariton branch E0, and a laser pump slightly
blue detuned from it, at E1 = E0 + δE; its induced population it represented by the red
gaussian curves.

By gradually increasing the pump intensity, the system remains at E0 as long as
the intensity felt by the system stays lower than the threshold intensity Ith. The jumps
happens thus at the configuration illustrated by the figure 3.3.a: the intensity at E0 is
the threshold one Ith, while the total one is actually much higher and corresponds to the
upper limit of the bistability cycle Ihigh. By jumping to the E1 state, the system also
strongly increases its density: it has now reached the nonlinear regime of the bistability
upper branch.

Once in that state, the system stays there as long as it density stays above the thresh-
old Ith. The figure 3.3 shows the configuration for which the system jumps back down to
the ground state E0: it takes place when the total pump intensity decreases down to Ith,
which therefore corresponds to the lower limit of the bistability cycle Ilow.

However, a decrease of the pump does not induce the same path for the system.
Indeed, being already in the upper state E1, it stays there while the pump intensity is
higher than the threshold. The unlocking back to the E0 state occurs for a pump intensity
Ith = Ilow, shown in figure 3.3.b.

Between Ihigh and Ilow, the state of the system therefore depends on its initial position,
and can be either in E0 or E1. That is the range of intensity where the bistability occurs,
resulting in a hysteresis cycle similar to the one presented in figure 3.2.b.

A more quantitative way of describing this phenomena in our system is to start with the
steady-state equation. Let us place ourselves in the case of a normal incidence excitation
with k = 0 µm-1, i.e. in the case of the degenerate four-wave mixing. The two-by-two
interaction ("four-wave mixing") indeed happens between identical and at rest polaritons,
hence the term degenerate. The steady-state equation can then be written as [42]:

Flas(r) = (i~γ + ∆ElasLP − gn0(r))ψ0(r) (3.8)

where Flas represents the laser pump, γ = γLPk the relaxation term of the lower
polaritons, g the polaritons interaction constant, and ψ0 and n0 the static wavefunction
and density: n0(r) = ψ0(r)ψ∗0(r). By multiplying equation 3.8 by its complex conjugate,
we obtain:
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Figure 3.3: Bistability in quasi-resonant pumping. E0 corresponds to the energy of
the linear dispersion of the lower polariton branch, while the laser pumps the system at a
detuned energy E1 = E0+∆ElasLP , inducing a population represented by the red gaussian
curves. On a. is illustrated the situation of an increase of the pumping intensity: initially
at E0, the system jumps to E1 for a pump intensity of Ihigh, which corresponds to the
threshold value at E0. Figure b. shows the inverse situation of a decreasing intensity:
once the system as jump to E1, it stays there until the pump intensity decreases down to
Ith = Ilow; only then will the system go back to the unperturbed dispersion energy E0.
Thus, between Ilow and Ihigh, depending on its initial state, the system can be either at
E0 or E1 and is therefore bistable.

Ilas(r) =
(
(~γ)2 + (∆ElasLP − gn0(r))2

)
n0(r) (3.9)

with Ilas the intracavity laser pump intensity.
If the detuning between the pump and the lower polariton branch ∆ElasLP is high

enough, this equation leads to a bistable behaviour. Indeed, this equation can be derived:

∂Ilas
∂n0

= 3g2n2
0 − 4∆ElasLP gn0 + (~γ)2 + ∆E2

lasLP (3.10)

the discriminant has the expression (2g)2(∆ElasLP − 3(~γ)2). Therefore, the deriva-
tive of the intensity possesses two distinct roots if the detuning follows the conditions
∆ElasLP >

√
3~γ.

This equation has also been solved numerically and the results are presented on figure
3.4 for parameters chosen to be similar to the typical experimental ones: ~γ = 0.07 meV,
g = 0.015 meV, and energy detunings ∆ElasLP from 0 to 0.3 meV.

As expected, different behaviours can be observed. For a red-detuned pump (∆E ≤ 0),
the energy shift has a profile as a square root: increasing the excitation leads to larger
shift, and with it to a larger detuning with the pump, which interacts less with the
excited states. On the other hand, when the pump is blue detuned (∆E > 0), the profile
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Figure 3.4: Density evolution for different detunings. Numerical resolution of equa-
tion 3.9 for different detunings, from -0.1 meV to 0.3 meV. The bistability only appears
for detunings larger than

√
3~γ.

is different. However, the bistability occurs only for large detunings compared to the
linewidth of the cavity. The yellow curve, which corresponds to ∆ElasLP = 0.1 meV only
presents an inflection point, while the S shape of bistability appears for ∆ElasLP = 0.2
meV and ∆ElasLP = 0.3 meV. One can see that the bistability intensity range expands
with the detuning; but it also shifts to higher intensities. Experimentally, the size of the
bistability cycle is often limited by the available laser power.

An interesting theoretical idea about the bistability is its role in the pump influence on
the system. A resonant pumping is known to impose its properties to the fluid, and in
particular to give it its phase. From there on, the sustainability of topological excitations
such as vortices or solitons is inhibited in a pumped region, as they typically induce phase
modulations. However, the presence of a second energy state for the fluid to jump on
could release the system of this constraint, and thus tolerate the generation of such phase
discontinuities.

3.2 Seed-support configuration: enhancement of propaga-
tion distance

In 2017, Simon Pigeon and Alberto Bramati [25] suggested the use of the optical bista-
bility of an exciton-polariton system to enhance the propagation of the superfluid. In
particular, this theoretical proposal explained how the use of two different beams could
create a high density polariton fluid, bistable and over a macroscopic scale. This sec-
tion will focus on the results of this paper, as its experimental realizations are presented
afterward.
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3.2.1 Superfluid propagation enhancement

Let us consider an exciton-polariton system, offering an optical bistability between the
intracavity intensities Ilow and Ihigh, as presented in section 3.1.

The suggested configuration of Pigeon et al. [25] is to consider two driving fields, with
the same frequency ωp and the same in-plane wavevector kp. The first one, called the seed
or the reservoir, is localized in space and has a high intensity: Ir > Ihigh. It thus produces
a nonlinear superfluid above the bistability cycle. The second field is the support, much
more extended in space; for now, let us consider it theoretically as an infinitely extended
constant field, stationary in time and homogeneous in space. Its intensity is weaker than
the intensity of the seed one, and is placed inside the bistability cycle: Ilow < Is < Ihigh.

The evolution of such a system is described with the Gross-Pitaevskii equation:

i∂t

(
ΨC(x, t)
ΨX(x, t)

)
= ~

(
Fs + Fr(x)

0

)
e−i(kp·x−ωpt)

+ ~
(
ωC(k) + V (x)− iγC ΩR

ΩR ω0
X + g|ΨX(x, t)|2 − iγX

)
×
(

ΨC(x, t)
ΨX(x, t)

)
(3.11)

with ΨC(x, t) the cavity field and ~ωC(k) the cavity mode dispersion; ΨX(x, t) the
excitonic field and ~ω0

X the exciton energy considering an infinite mass. Fs is the ampli-
tude of the support driving field (Is = |Fs|2) and Fr(x) the one of the seed. V (x) is the
photonic potential, ΩR the Rabi frequency, g the exciton-exciton interaction term and γC
and γX the decay rates of the cavity and the exciton, respectively.

The goal of this configuration is to enhance the propagation and density of the polariton
fluid by combining the properties of both beams. Numerical simulations were done to
understand their combination, presented in figure 3.5. They have been realized for a
cavity without any defects (V = 0) such that: ~ωC(k = 0) = 1602 meV, ~ω0

X = 1600
meV, ~γX = ~γC = 0.05 meV, ~ΩR = 2.5 meV and ~g = 0.01 meV/µm2. The driving
field parameters are δE = ~ωp − ~ωLP (k = kp) = 1 meV and |kp| = (0.1)T µm-1.

The field intensity is shown as a function of space, plotted in logarithmic scale. The
flow of particles goes from left to right. The driving intensity sent in the system is pic-
tured with the red dashed line, while the black solid line shows the steady-state photonic
intracavity density.

On the upper panel, only the seed is sent on the left, illustrated with the red highlighted
region (Fr(x) 6= 0; Fs = 0). Given the presence of an in-plane wavevector, the photonic
density expands a bit, but with an exponential decay due to the finite polariton lifetime.
Even with the present best quality samples, the propagation distance in this configuration
is limited to around 50 ps. Moreover, as the density is decreasing all along propagation,
all related parameters are also constantly changing.
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Figure 3.5: Field density in seed only or seed support configuration. The black
solid line illustrates the intracavity intensity (logarithmic scale), while the red dashed
one is the driving intensity sent to the system. The colored regions delimits the different
driving fields: the seed (or reservoir) in red and the support in green. The polariton flow
goes from left to right. On the upper panel, only the seed is sent: it creates a high density
polariton fluid, decaying exponentially out of the pumping region. The propagation length
is limited by the polariton lifetime. In the lower panel, the support field is added: even if
its density is two order of magnitude lower than the seed one, the total polariton density
is maintained at its higher level all along the presence of the support. From [25]

The lower panel shows what happens when the support, in green, is added to the
previous configuration. The support intensity is two order of magnitude lower than the
seed one, but infinitely extended in space for this simulations. The presence of the support
field has a strong impact on the total polariton density: its high level created from the
reservoir is maintained without any decay all over the region where is the support, despite
its much weaker intensity. Some modulations can be observed at the frontier between the
support and the reservoir, due to the sharp designed profile of Fr(x). They were not
observable in the seed-only configuration due to the quick decay of the photonic density,
which does not occur with a support field.

Those simulations do not exactly match an experimental situation. In particular, the
extent of the support beam can obviously not be infinite: the fluid propagation length
is limited by the pump available power. However, thanks to the localization of the seed
and the low intensity of the support, it can easily reach macroscopic scale of hundreds of
microns, and this independently of the polariton lifetime.
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3.2.2 Bistability role

Bistability is essential to explain this behaviour. The seed is placed outside the bista-
bility cycle, where only one stable state is accessible (see figure 3.6). It therefore ensures
the system on the upper branch of the cycle, the nonlinear branch. On the other hand,
the support is chosen to be inside the bistability cycle, where two states are reachable.
The support itself can not reach the upper branch and, if alone, would only drive the
system in the linear configuration. Yet, as the seed places the system in the nonlinear
branch and touches the support illuminated region, by extension, the neighbour region
jumps also on the upper branch which expands to all the support area.

Figure 3.6: Positions of seed and support intensities compared to the bistability
cycle. The seed is chosen to be above the hysteresis cycle. Only one stable state is
available at this place, on the upper nonlinear branch of bistability. The support has
much lower intensity, inside the bistable region: the support alone would not be enough
to place the system on the nonlinear branch , and would remain linear at low density.
However, if both fields are sent, the seed presence ensures the system to stay on the upper
branch, and this everywhere sustained by the support.

3.3 Subsonic flow: vortex stream generation
The idea of the seed-support configuration is not only to obtain an extended fluid

of polaritons, but also to study its properties, and in particular its ability to generate
topological excitations, such as dark solitons and quantized vortex-antivortex pairs. The
different hydrodynamic regimes of a polariton fluid and their effects on the generation of
topological excitations have been previously studied in the case of a single intense and
localized pump, placed just upstream of a structural defect [22,105]. The presence of the
defect creates some turbulence along the flow, which evolves differently depending on the
ratio between the speed of the fluid and the sound velocity, i.e. the Mach number of the
system: M = vf/cs. However, the speed of the fluid that needs to be taken into account
is the one around the defect, therefore always a bit higher than the one extracted far from
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the defect. Indeed, the particles close to the defect are accelerated [106], which induces
a phase shift as the fluid phase and speed are connected. In the case of a global subsonic
flow, but locally supersonic around the defect, vortex-antivortex pairs emerge in the wake
of the defect. Increasing the Mach number induces an increase in the emission rate of the
vortices, which will finally merge together in a pair of dark solitons for a Mach number
close to 1 or higher.

This section focuses on the generation of a vortex stream. As in the numerical case
of [105], the vortices are spontaneously generated in the wake of a structural defect.
However, the seed-support configuration previously described is used to enhance of one
order of magnitude their propagation length. The first part of this section presents the
numerical predictions published in [25], while the second part focuses on the experimental
observations.

3.3.1 Numerical predictions

To numerically reproduce the effect of a cavity structural defect, a large potential
photonic barrier is introduced (V 6= 0). The seed is placed upstream to it, localized and
with a fixed intensity above the bistability cycle, illustrated in point P in figure 3.7.

Figure 3.7: Distribution of the support intensities presented in figure 3.8. The
red dots are obtained with the support field only, while the blue ones were computed
with both the seed and the support. The seed intensity is placed above the bistability
cycle, represented by the black dot labeled P. The label O corresponds to a case without
support, the cases A to E are in the bistable regime and the F one is just above it.
Adapted from [25]

The goal of exploring the bistable regime and its influence on the vortex generation is
achieved by tuning the intensity of the support field. Figure 3.7 presents the bistability
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system of the considered system, and the positions of the support intensities shown in
figure 3.8. The other cavity and driving parameters are identical to the one presented in
the section 3.2.1.

Figure 3.8: Density and phase snapshots of a polariton superfluid around a
photonic defect for different support intensities. Case O corresponds to a seed
without any support field: the polariton population decays exponentially. Cases A to F
present different configurations for an increasing support intensity (detailed in figure 3.7):
the non-linear fluid is extended over hundreds of microns, and vortex-antivortex pairs
are spontaneously generated on the wake of the defect for bistable support intensities.
Adapted from [25]

The situation labeled O corresponds to a localized seed pump in the absence of the
support one. As previously explained, the polariton density downstream of the pump
exponentially decays due to the short lifetime of the polaritons. When reaching the
defect, it is already too low to observe any non-linear interactions, and no topological
excitations can be observed.

Intensities A to E are placed within the bistability cycle. The first conclusion to get
from those pictures is that the non linear fluid is effectively sustained for macroscopic
length, even in the region where only the support is sent, which would not be enough if
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it were only the driving.
As expected, the bistable regime ensures a certain release of the phase constraint

imposed by a resonant driving. Thus, even though the support field possesses a flat
phase, vortex-antivortex pairs are generated in the wake of the defect as long as the
support intensity places the fluid in the bistable regime. Vortex and antivortex have
opposite circulation, and are spotted by red and blue dots, respectively. Vortex-antivortex
can stay bounded and propagate along the flow side by side, or annihilate each other and
vanish.

An interesting parameter to study is the vortex density in the stream. In case A,
close to the low threshold intensity Ilow, the vortex density is quite high. But with the
increase of the support intensity, from case B to E, the number of vortex pairs observable
in the stream is gradually decreasing, until they almost do not propagate but annihilate
quickly as in case E, even if still inside the bistability cycle. The vortex density is plotted
on the upper panel of figure 3.9, and actually scales inversely with the support intensity.
On case E in particular, one can see that the vortex pairs are not sustained long in the
stream but recombine close to the potential barrier.

Figure 3.9: Support intensity influence on the vortex stream. The upper panel
shows the vortex density in the stream decreasing inversely to the support intensity. On
the lower panel is plotted the evolution of the vortex pair velocity vp, normalized to
the fluid velocity vf , with the support field. The red curves are a linear fit of the data,
depending on the support field amplitude for the upper panel and on the support intensity
in the lower one. Adapted from [25]

The lower panel of figure 3.9 illustrates how the velocity of the vortex pairs vp evolves
with the driving intensity. The velocity has been renormalized to the fluid one vf . Even at



80 CHAPTER 3. SPONTANEOUS GENERATION OF TOPOLOGICAL DEFECTS

smallest support intensity, the vortex speed is a bit lower than the fluid one, but remains
close. However, it strongly decreases with the support increase, down to half of its initial
value. It actually scales as the inverse of the amplitude of the support field: this shows
the coherence of the phenomenon. The vortices are slowed down by the support field
which acts as a friction force on them. This could be interesting as the tuning of the
support intensity could have a direct control on the properties of the vortices.

The images presented previously in figure 3.8 are time snapshots of a simulated polari-
tons fluid. They enable to precisely locate the vortices, and to observe the fork shape
of the phase pattern typical of vortices. However, those pictures can not be reproduced
experimentally, as it would require a single-shot picosecond time resolution that we do
not have in the lab. We only have access to millisecond resolution: numerical simulations
have been made in order to predict how those phenomena would look like in a time inte-
grated picture. Figure 3.10 shows the comparison between one of the previous snapshot
image on the left, with the same parameters, and on the right what it would look like if
the picture was taken with 1 ms integration time.

Figure 3.10: Comparison between a time snapshot and a time integrated image
of a vortex stream. 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 has
blurred the positions of the vortices and results in a thick shadow along the flow.

A time average flow of vortex pairs appears as a thick line of lower density, which dip
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height is proportional to the vortex density. The phase pattern would be blurry and a
decrease of visibility would appear along the vortex stream.

3.3.2 Experimental realizations

Implementation We have implemented this proposal to experimentally verify it and
our work got published in [26]: most of the figures of this section are adapted from the
ones of the paper, as the setup displayed in figure 3.11. The initial laser source is our
continuous Titanium Sapphire Matisse laser. It is split up a first time into the main beam
and the reference beam, later used to realize interferograms and get information on the
phase. The main beam is later split a second time to generate the seed and the support
beams. The seed is then focused on the sample into a spot of 30 microns diameter, for an
intensity Ir = 10.6 W/mm2. On the other hand, the support is elongated on the vertical
axis through two cylindrical lenses, then collimated and sent to the sample as an elliptical
spot of 400 microns length, with an intensity of 5.8 W/mm2. The inset of figure 3.11
gives a representation of the relative position of the beams; the seed is not centered to the
support so that the topological excitations can be studied on the flat part of the gaussian
support beam.

Figure 3.11: Experimental setup. The continuous Titanium-Sapphire laser beam (cw
Ti:Sa) is split into three using half waveplates (HWP) and polarizing beam-splitter (PBS).
A reference beam, in light red, is first set aside for interferogram on the detection part; the
seed beam in red is focused on the sample to a spot of 30 microns diameter; the support
in orange is extended and elongated in the vertical direction through cylindrical lenses
(CL) before being collimated and sent into the microcavity. The seed and the support
are not centered to one another (see inset) but share the same wavevector. The detection
is done in real space, from which we can get information on the density and phase maps,
and also in momentum space through the spectrometer.

The sample used for this experiment works in transmission: an objective was placed
just after the cryostat with a large numerical aperture of 0.42. The detection is done in
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two spaces: the real space gives a copy of the polariton density in the plane of the cavity.
The reference beam previously extracted from the initial laser beam can also interact with
the signal of the cavity to get interferograms, used to reconstruct the phase map. All the
other parameters of the excitation are coming from the momentum space data, acquired
through a spectrometer. Details about the data extraction and analysis have been given
in section 2.2.3.

Vortex stream generation The first step of the experiment is to align the seed and
the support beam independently. Figure 3.12 shows the momentum and density maps of
each field: the seed is on the left and the support on the right. On top are presented the
kx-ky images, centered around k = 0. Both excitation spots are at the same position,
the beams enter with the same in-plane wavevector in the cavity (|ky| = 0.6 µm-1 and
|kx| = 0 µm-1). The support beam is however collimated on the sample while the seed is
focused: in the momentum space, the support is therefore more localized than the seed.

Figure 3.12: Seed and support beams separately. The left column presents the
momentum and density maps of the seed alone, while the right one corresponds to the
maps of the support beam. The momentum maps show the excitation spot of both beams
at the same position. The support being collimated on the sample, its momentum space
shows a very localized spot on panel b. The Rayleigh scattering ring appears due to
sample inhomogeneities. The density maps display the range of the areas excited by both
beams: on panel c., the seed is localized on the lower part of the image whereas the
support on panel d. is everywhere. Note that the intensity scale of the picture c is ten
times higher than the one of d. The defect used to generate vortices is circled in orange:
in both cases, no topological excitations are observable.
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In addition to the excitation spots, the images also show a circle, centered in k = 0,
and with a radius slightly larger than the excitation vector. It is the Rayleigh scattering
ring due to the sample structural disorder and the elastic scattering on defects. The
detuning between the excitation and the lower polariton branch, here δE = 0.26 meV is
visible in the figure.

The density maps show us the size and location of each beam on the sample. The flow
goes from bottom to top, at a velocity vf = 0.9 µm/ps. The seed in picture c. is very
localized and placed at the bottom of the detection field of view. The support is much
more extended and is present in all the detection picture. An important point to notice is
the intensity scales. The one of the seed is ten times higher than the one of the support:
as predicted, the seed has to be much more intense than the support. The support itself
is inside the bistability cycle (see figure 3.6), alone, it generates a linear fluid on the lower
branch of the bistability, with low density.

The structural defect used to generate topological excitation is circled in orange: in
any of those cases, nothing appears in its wake, no vortices are generated. Indeed, the
seed alone illuminates a small area of the fluid where it fixes its phase, preventing any
turbulence generation; while the support alone creates a linear fluid with a too low density
to observe such phenomenon.

The interesting situation happens when both seed and support are sent together. Figure
3.13 presents an intensity map, an interferogram and a visibility map of this case. As
predicted, a shadow appears in the wake of the defect, which corresponds exactly to the
time integrated image numerically calculated and presented in figure 3.10. 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 presence of vortices, an interferogram
has been realized as well as a visibility map, displayed on figures 3.13b. and c. As the
vortices are moving along the flow, one can not expect to spot forks, the typical signature
of vortices, as they would move by the time the picture is taken (as a reminder, the order
of magnitude of the integration time is the millisecond, while the one of the flow speed
is 1 µm/ps). However, the presence of the vortices is visible on the phase map as a blur
of the fringes along their path. It is in particular more visible after a few micrometers,
while just after the defect the visibility dip is not so evident: this can be due to the fact
that the flow is accelerated around and just after the defect [106], which leads to a lower
density of vortices.

In order to further insure that the vortex generation is responsible for the shadow, a
visibility map as been extracted from the interferogram and shown in figure 3.13c. If the
irregularities of the phase pattern are indeed a phase blur due to the the flow of vortices,
the fringes visibility should decrease. This is exactly what is observed: the shadow and
the phase variations coincide with a dip in visibility, confirming its attribution to the
vortex stream.

Another interesting feature to observe in those pictures is the fact that at the top end
of the fluid, the stream separates into two thinner and darker lines. This is due to the fact
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Figure 3.13: Vortex stream generation. a. Time integrated density map of a flow
of vortex pairs generated in the wake of a defect. As the vortices move along the flow,
the time integrated image results in a blurry density dip in the wake of the defect. b.
Interferogram of the previous image, showing phase irregularities along the vortices prop-
agation. c. Visibility map extracted from the interferogram, displaying a lower visibility
along the vortex stream.

that in this region, vortices merge together and become gray solitons. Indeed, the vortex
core size is controlled by the hydrodynamic properties of the system, and in particular its
healing length ξ, defined as [20]:

ξ = ~√
2m∗~gn

with m∗ the effective mass of the polariton and the product gn the polariton density.
On the pictures of figure 3.13, one can see that we are at the edge of the polariton fluid,
and that the dark region on top of the density map corresponds to a linear fluid. But
before reaching it, the non linear fluid on the upper bistability branch sees its density
slowly decreasing. This density decrease has a direct impact on the healing length which
inversely increases, leading to vortex cores bigger and bigger. At some point, vortices on
one hand and antivortices on the other hand reach their respective neighbor, and merge
together into a gray soliton. A precise phase jump is indeed visible at the corresponding
position of the interferogram. It can also be explained it terms of Mach number, as the
decrease of density means also a decrease of the sound speed and therefore an increase of
the Mach number: the flow becomes supersonic there.
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We have tried another configuration reported in figure 3.14. This time, the two beams
where not sent with the same wavevector, as shown in pictures a. and b. While the seed
in a. still has only one component in ky, the support (picture 3.14b.) is displaced of
roughly 40° compared to the seed, and has components in both kx and ky directions.

Density maps of each beams alone are presented in images c. (seed) and d. (support).
As previously, the seed is localized, and induces a light vertical flow of polariton in its
wake. The support is much more extended, and due to its kx component, it creates a
diagonal polariton flow. The considered defect is positioned through the orange dashed
circle. Again, the scales of the density maps are different by a factor ten.

Figure 3.14: Vortex stream propagation direction. The first column presents the
results of the seed alone, sent with a vertical wavevector. a. corresponds to the momentum
space image and c. is the density map. The second column is the support, tilted of about
40° compared to the seed; again, b. is the kx-ky image and d. is the real space. Note that
the scales of c. and d. have a factor 10 between them. The position of the defect is circled
by the dashed orange line. e. shows the density map resulting in the superposition of
seed and support. The vortex stream line is again visible, this time tilted in the direction
of the flow.

The density map obtained when both beams are sent together is presented in picture
3.14e. As before, the surface of the nonlinear fluid is greatly enhanced, and the vortex
stream is generated after the defect. This time however, the stream direction has changed
and follows the flow imposed by the support orientation. The vortex direction can thus
be easily controlled by tuning the excitation wavevector of the support beam.
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A last theoretical prediction was experimentally realized: the confirmation that the
vortices are generated only if the support intensity is on the left side of the bistability
cycle. Figure 3.15 displays two images between which only the support intensity varies:
on a., the support power density is 5.8 W/mm2, while it increased to 6 W/mm2 on picture
b.

The first picture exhibits the typical dark shadow associated with the vortex stream
generation. But in the second one, the support intensity has become too high to allow
the topological excitation to generate and propagate: the phase is fixed by the driving
field and therefore flat. No shadow appears, the vortex stream is inhibited.

Figure 3.15: Vortex stream suppression. a. Vortex stream in the wake of a defect
under 5.8 W/mm2 support power density. b. Suppression of the vortex stream for a
support power density of 6 W/mm2

3.4 Supersonic flow: parallel dark soliton pair generation
The subsonic case inducing the generation of vortices and their sustainability for macro-

scopic distances, the supersonic configuration is now investigated. According to previous
studies in polaritons superfluid [22], higher Mach numbers, around or above 1, allow for
the generation of dark solitons. However, the system configuration did not allow for
long propagation: the quasi-resonant pump fixing the phase of the fluid, it was sent only
upstream of the defect and the solitons were observed within the exponential decay of
the solitons propagation. Therefore, they could only be seen for short distances (around
30 micrometers, limited by the polariton lifetime) and with changing conditions along
their propagation as the density exponentially decreased. The goal of this part is thus to
use the previous configuration of seed-support excitation, and to generate dark solitons
sustained over long distances to be able to study their hydrodynamic behaviour. After a
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brief summary of the physics of solitons, experimental results and theoretical description
are presented.

3.4.1 State of the art

Solitons are nonlinear solitary waves which have the property of conservation of their
shape and velocity during their propagation. The first reported observation of such phe-
nomenon dates from 1834 and was realized by the Scottish engineer John Russel who
described it as such [107]:

I was observing the motion of a boat which was rapidly drawn along a narrow channel
by a pair of horses, when the boat suddenly stopped—not so the mass of water in the
channel which it had put in motion; it accumulated round the prow of the vessel in a state
of violent agitation, then suddenly leaving it behind, rolled forward with great velocity,
assuming the form of a large solitary elevation, a rounded, smooth and well-defined heap
of water, which continued its course along the channel apparently without change of form
or diminution of speed. I followed it on horseback, and overtook it still rolling on at a rate
of some eight or nine miles an hour [14 km/h], preserving its original figure some thirty
feet [9 m] long and a foot to a foot and a half [30-45 cm] in height. Its height gradually
diminished, and after a chase of one or two miles [2–3 km] I lost it in the windings of
the channel. Such, in the month of August 1834, was my first chance interview with that
singular and beautiful phenomenon which I have called the Wave of Translation.

Even though Russel passed many years focusing on the study of such solitary waves,
the scientific community did not realized at the time the significance of his work. The
first theoretical understanding of their dynamics was made by Korteweg and de Vries
[108] in 1895 who derived a simple equation of propagation of wave on water surface
traveling only in one direction, the KdV equation. However, it is only in the 1960’s
that researchers understood that this equation’s solutions had the form of solitary waves,
which exhibit properties of particles, as their shape is conserved during propagation or
even after collision with each other. From that came the name solitons as "particles of a
solitary wave".

For long, the term "solitons" was only used to describe such nonlinear stationary shape-
maintaining waves, but as their study expanded, it now refers to a wider range of phe-
nomena which can evolve during propagation, sometimes accelerate, decompose or form
coupled states by interacting [109]. Two families of solitons can be easily distinguished,
depending on their impact on the system they evolve in. If the system is not impacted by
the crossing of the wave, and keeps the same energetic state before and after it, we talk
about non topological solitons, described by the KdV equation. If however the system
has a different state on both side of the wave, it is a topological solitons which can be
described by different equations as for instance the non-linear Schrödinger equation or
the Sine Gordon equation, as it is the case in our system with a phase jump across the
soliton [109].
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In the last few decades, solitons have been studied in many different field of physics.
Obviously, the study started on water surface and shallow water for fluid dynamics [110–
113]. Later on, solitons were created as temporal pulses in optical fibers [114, 115] or
as spatial structures in waveguides [116]. They were also studied in thin magnetic films
[117,118] as well as in semiconductor microcavities [119]. Liquid Helium [120] or complex
plasma [121] were also able to sustain those features. Theoretical works were realized
starting from the 70s, in particular in the context of Bose-Einstein condensates [59, 60,
122–124], which were followed a few decades later by experimental observations after the
first realization of atomic condensates [78, 125, 126]. Research focused much on matter-
wave solitons [127–131] as one of the first purely nonlinear states experimentally realized
in BECs [132].

In any cases, all those phenomena result in the balance between the wave dispersion,
which tends to spread it out, and the nonlinear properties of the medium, which on
the contrary compresses the wave. Nonlinearity is therefore essential for the solitons to
be sustained. In optics in particular, two cases need to be separated: the self-focusing
and the self-defocusing nonlinearity. Self-focusing results from a positive correction to
the refractive index, proportional to the intensity: the beam’s divergence is suppressed
and the beam collapses. This phenomenon allows for the generation of bright solitons,
characterized by an intensity peak above a continuous background [133]. On the other
hand, self-defocusing supports the propagation of dark solitons as an intensity dip on a
continuous background.

On polariton fluids, the first observation of solitons was realized in our group ten
years ago [22]. Sending the polariton flow toward a structural defect with suitable size,
solitons were generated in its wake. The system was resonantly pumped: as previously
explained, a strong localized pump fixes the phase of the fluid and prevents the formation
of topological excitations. Adopting a theoretical proposal [105], a half circle shaped
pump was implemented just upstream of the defect and the solitons were observed along
the free propagation of the polaritons.

In the case of a spontaneous formation in an unpumped region, the two generated
solitons are oblique: they are formed just after the defect, then propagate straight with
an aperture angle α between them. This angle can be linked to the Mach number of
the system through the theory of dark solitons [20, 62]: it predicts that solitons are
well sustained for supersonic speeds [134]. At subsonic speeds, they are subject to snake
instabilities that can lead to their decay into vortices [130], even though their propagation
is kinematically not prohibited. Indeed, the experiment of Amo et al. presents stable
solitons at subsonic speeds: it can be explained as a result of the finite lifetime of the
polaritons [135].

The main restriction of this configuration is the fact that the solitons propagate in an
unpumped region, and consequently in a region where the polariton density exponen-
tially decays. Not only does it limits the propagation length of the solitons, it also limits
their study as the hydrodynamic conditions are constantly changing along the propaga-
tion. Even though, many researches have been pursued since then to understand better
the kinematic of solitons in polaritons fluid, like the study of their stability [23, 136],
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the generation of half solitons in spinor condensates [137, 138], the observation of bright
solitons [139] or the formation of solitons train [53, 140]. Different experimental configu-
rations have been implemented to obtain all those results, however none of them was able
to generate dark solitons and to sustain their propagation for macroscopic distances.

The idea that led to our work was to use the seed support configuration at higher
Mach number than before. Combining the hydrodynamic conditions of dark solitons
generation with a support field inside the bistability cycle should greatly enhance the
solitons propagation distance and allow for a deeper study of their properties.

3.4.2 Parallel dark solitons observation

Experimental implementation The implementation of this experiment is similar to
the one presented in section 3.3.2. The experimental setup is the same, with two colinear
beams sent to the cavity: the seed, localized and intense, and the support, extended and
with an intensity within the bistability cycle.

Figure 3.16: Seed and support beams distribution. The support beam is elongated
along the vertical direction and its intensity is within the bistability cycle. The flow is from
bottom to top, and a structural defect is placed in the center of the support. Upstream
to it is sent the seed, localized and with an intensity above the bistability cycle. The
distribution of the total intensity along the vertical axis is displayed on the right as well
as the upper and lower bistability limits.
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The position of the seed and the support beams on the sample are shown in figure
3.16. The seed is shifted compared to the support center, to be placed just upstream of
the considered structural defect - the flow is from bottom to top. The curve on the right
shows the distribution of the intensity in the cavity along the vertical axis. The region
close to the seed is above the upper bistability limit, while the main part of the support
is inside the cycle. The combination of the two beams ensures the fluid to be bistable and
on the upper branch of the cycle.

Dark soliton pairs generation To generate dark solitons in the wake of a defect,
supersonic conditions need to be created. The in-plane wave vector is chosen to be high
(k = 1.2 µm-1) in order to ensure a high velocity of the fluid: in this case, vf = 1.52 µm/ps.
The sound of speed is extracted through the energy renormalization and is measured to
be cs = 0.4 µm/ps: the supersonic conditions are reached.

Figure 3.17: Spontaneous generation of a pair of parallel dark solitons. Intensity
(left) and interferogram (right) of a dark soliton pair spontaneously generated in the wake
of a structural defect. They propagate away from each other for a short distance, before
aligning and staying parallel for over a hundred microns.

The figure 3.17 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 first
conclusion that can be done from those results is that the propagation length is indeed
greatly enhanced. The scale bar illustrates 20 microns: the solitons themselves are sus-
tained for more than a hundred microns, one order of magnitude more than previously
reported.
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Moreover the solitons have a surprising behaviour. They are generated at the same
position and propagate away from each other for a few microns; but eventually, they reach
an equilibrium separation distance of about 8 microns, from which they align and stay
parallel for as long as they can be sustained. This is quite unexpected to observe such
a bound state of dark solitons as they have repulsive interactions and usually constantly
repel each other [123].

The observed solitons are fully dark: not only does the intensity dip goes to zero once
the background is removed, but the phase jump associated with the solitons is very close
to π all along the propagation, confirming their transverse velocity is close to zero.

Oblique grey solitons generation In order to have a compared analysis of the dif-
ferent cases, we performed an experiment in a configuration close to the one of Amo et
al. [22], with a strong pumping upstream of the defect. The results are presented in
figure 3.18: again, the left image corresponds to the intensity map while the right one is
the phase interferogram. In this case, only the seed is sent: it is localized about twenty
microns before the defect, in order to surely avoid the phase fixing of a strong coherent
pumping. It is therefore outside of the field of view of figure 3.18 in order to enhance
contrast in the picture.

Figure 3.18: Spontaneous generation of a pair of gray solitons. Intensity (left)
and interferogram (right) of the hydrodynamic generation of oblique gray solitons in the
wake of a structural defect. The strong and localized pump is placed about 20 microns
upstream of the defect, outside of the field of view, hence the good contrast of the picture.

The generated solitons have a different shape than in the previous configuration, as
they stay oblique for their whole propagation. They are generated dark with a phase
jump of π but do not stay that way. They vanish along the propagation, and with it their
phase jump gradually reduces. Their propagation length is also much shorter than in the
presence of the support field: they have completely vanished after 40 microns propagation.
Finally, their width is large: about 10 µm full width at half maximum (FWHM) for the
oblique solitons while the parallel one was fitted at 2.8 µm FWHM.
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A direct comparison between the two cases previously presented has been done, in par-
ticular about the separation distance. Figure 3.19 presents the evolution of the separation
distance between the solitons along their propagation, for both cases.

Figure 3.19: Spontaneous solitons separation distance. The dotted lines show the
experimental values of the separation distance between the solitons along their propaga-
tion: the orange line corresponds to the oblique solitons presented in figure 3.18, while
the black one is extracted from the parallel solitons in figure 3.17. The solid black line is
a fit of the parallel solitons data.

The dotted lines show the experimental results: in black the parallel solitons with
both seed and supports fields, and in orange the oblique case with only the seed. The
black solid line is a fit of the experimental points, in order to get a value of the equilibrium
separation distance. The fitting function is chosen to be 2d0(1− exp(−x/dl)) in order to
get a transient and a stationary region. The transient region corresponds to the first part
of the propagation where the solitons are oblique, with a asymptotic length of dl = 14
µm. The solitons then reach their stationary region where they propagate parallel, at an
equilibrium separation distance of 2d0 = 8 µm.

The oblique solitons always follow the same trend: they continuously go further to
one another, before completely vanishing after 40 microns propagation.

3.4.3 Numerical approach
To fully understand the phenomenon taking place in the system, numerical simulations

in collaboration with the group of Guillaume Malpuech in Clermont-Ferrand have been
realized to reproduce the solitons behaviour. They used the coupled equations of the
excitons and cavity photons fields, ψX and ψγ :

i~
∂ψγ(r, t)

∂t
=
[
− ~2∇2

2m∗γ
+ V (r)− iΓcav

]
ψγ(r, t) + V ψX(r, t) + (S(r) +R(r))e−iω0t

(3.12)

i~
∂ψX(r, t)

∂t
= [V (r) + gX |ψX(r, t)|2 − iΓX −∆X ]ψX(r, t) + V ψγ(r, t) (3.13)
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with m∗γ the effective cavity photon mass, ω0 the laser energy, Γcav and ΓX the photon
and exciton lifetimes respectively, V the half Rabi splitting and ∆X the cavity-exciton
detuning. All these parameters have been taken the same as the experimental ones.

V (r) is a 10 meV potential barrier that reproduces the presence of the structural
defect, using a Gaussian shape of 10 µm width. The spatial profiles of the seed and
support are modeled through R(r) and S(r) respectively, with adjustable magnitudes.

Figure 3.20: Simulation of the spontaneous generation of dark parallel solitons.
Using the driven-dissipative Gross-Pitaevskii equation, intensity (left) and interferogram
(right) simulation of a dark soliton pairs spontaneously generated in the wake of a defect.

The results of those simulations are presented in figure 3.20. They offer a perfect
agreement with the experimental pictures of figure 3.17. The left image is the intensity
map, switched on to the upper branch of the bistability cycle by combination of both
the localized intense seed and the bistable extended support. The interference pattern on
the right exhibits a clear phase jump all along the propagation, confirming the solitonic
nature of the intensity dips. As expected, the solitons are sustained for a macroscopic
distance and stay parallel to one another during their propagation.

The use of the numerical simulations allows for a better resolution in time, and in
particular to understand the establishment of the steady state. The seed and the support
need to be sent simultaneously, but it does not matter which one is turned on first.
Once the two beams enter the system, the flow created by the seed is strong enough to
propagate to all the support illuminated area and switch it to the upper branch of the
bistability. During this expansion phenomenon, the high density region is delimited by a
domain wall, separating it from the low density region. When this wall hits the defect,
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it got split into a V shape around the defect, still pushed by the expansion of the high
density area which tends to reduce the angle between its two branches. Different cases
can occur depending on the velocity of the walls. The first possibility is that they spread
away and vanish soon, leaving only a blurry gray region in the wake of the defect. They
can also move quickly toward one another, and switch everything to the upper branch of
bistability, which means a flat high intensity everywhere. Finally, if they go toward the
center but with a lower velocity, this one can be compensated by the repulsive interaction
between the nonlinear shock waves associated with the domain walls. The stabilization
of the soliton pair can therefore be seen as a balance between the repulsion of the dark
solitons and the pressure of the domain walls sending them toward one another.

Another important result to notice is the fact that the solitons come as pair. Indeed,
the phase jump across one soliton is π, and the total phase jump across the fluid must
remain null. The total number of solitons have consequently to be even.

Numerically, the propagation distance of the dark solitons is not limited, as the support
beam is modeled to be everywhere. It does not correspond exactly to the experimental
configuration, as the wedge of the cavity and the support finite extension should be taken
into account.



Chapter 4

Impression of bound soliton pairs
in a polariton superfluid

We described in the previous chapter how to greatly enhance the propagation length of
a polariton superfluid, and simultaneously getting rid of the phase constraint of the pump.
This allowed us to observe the spontaneous generation of topological excitations and their
propagation for over a hundred microns. However, their generation was not controlled,
and depended on parameters out of our reach; in particular, the necessary presence of a
structural defect to induce the turbulence leading to the topological excitations [26,27].

The starting point of this chapter is to get rid of this limitation and to be able to
artificially create solitons in the fluid. It 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. Such impression of solitons offers many tools for the detailed study of
this phenomenon, as their shape and position can be tuned on demand. It results once
again in the unexpected binding mechanism between the imprinted solitons, leading to
the propagation of a dark soliton molecule [28].

After an introduction of the experimental implementation and of different solitons con-
figurations, the hydrodynamic behaviour of these structures is studied, as well as their
connection with the driven-dissipative nature of the system.

95
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4.1 Experimental implementation
To be able to properly imprint solitons on the polariton fluid, some specific arrange-

ments have been used in the excitation part. In particular, the pump beam has been
designed to simultaneously allow a phase impression and a free evolution of the system
to sustain the solitons propagation.

After a detailed description of the setup, the experimental results will be presented,
as well as the different shapes and configurations tried on the fluid.

4.1.1 Beam shaping

i Intensity and bistability

The main difficulty of this experiment is to combine an impression of a phase mod-
ulation, i.e. a region of the system whose phase is imposed by the pump; and a free
propagation area, i.e. a region where the phase of the pump beam is flat but where the
system can still sustain topological excitations.

Figure 4.1: Beam intensity and bistability. Left, spatial distribution of the excitation
beam. The white dashed line illustrates the position of Ihigh, upper intensity threshold of
the bistability cycle, as shown in the intensity profile on the center image. On the right,
a reminder of the theoretical bistability cycle with the definition of Ihigh and Ilow

It is achieved by using the properties of the system’s optical bistability (see section
3.1). Indeed, the input intensities above the bistability cycle impose their phase on the
fluid, while this constraint is released for the input intensities within the bistability cycle.
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The two situations are obtained through the gaussian shape of the excitation beam, as
illustrated in figure 4.1. The spatial distribution of the beam is plotted on the left,
where the white dashed line indicates the position of the high intensity threshold of the
bistability Ihigh (see right picture). All the area inside this circle is above the bistability
cycle, as shown in the profile in the center. Therefore, it fixes the phase of the fluid and
corresponds to the effective impression region. Outside of this circle however, most of
the beam intensities are within the bistability cycle: the phase is not imposed anymore
and the system is able to readjust it and to sustain the free propagation of topological
excitations. The beam is elongated in the y direction in order to flatten its profile and
extend the bistable region where the solitons free propagation will be studied.

ii Phase profile design

As the solitons induce a phase jump on the system, their implementation can be done
by modeling the phase of the excitation. To do so, we use a Spatial Light Modulator, a
liquid-crystal based device that can shape the wavefront of an incident light (see section
2.1.4).

The phase modulation induced by dark solitons is a phase jump of π: the phase profile
corresponding to a pair of dark solitons is thus an elongated region π-shifted compared
to the background beam. The solitons must not be imprinted everywhere but only in the
impression region: a rectangular shape in the center of the beam should be created.

The SLM is very convenient for the design of the soliton phase profile. Furthermore,
as it is entirely controlled via a software, the position of the solitons can be finely tuned
to match ideally with the excitation beam. The figure 4.2 shows a typical image sent
to the SLM to create the solitons pattern. The SLM reproduces it on its screen which
transfers it to the beam wavefront: it results, as desired, in a rectangular phase jump of
π which consequently induces an intensity dip. The dashed line illustrates the incident
beam position on the screen of the SLM.

Figure 4.2: SLM profile. Typical image sent to the SLM to create a π-shifted rectangular
shape on the excitation beam. Its position and shape are easily tunable. The dashed line
corresponds to the position of the incident beam on the SLM screen.
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The efficiency of the SLM is not perfect (90% ): in order to get rid of the residual light
not shaped by the device, we implement a Fourier filtering. In addition to the desired
phase pattern, we add to the image a grating, so that the light effectively shaped by the
SLM is diffracted in the first order, while the rest stays in the zeroth one. In the Fourier
plane of the SLM, all the orders of the grating focus in different spots: only the first order
signal is kept, which cleans the beam of all impurities due to the reflection on the SLM.

iii Spatial filtering

The filtering in the Fourier space is actually not only for cleaning the beam from SLM
impurities: we also use it to finely tune the shape of the phase jumps. Indeed, we want to
imprint the solitons vertically, along the y axis: we do want the horizontal phase jumps
to be as sharp as possible, in order not only to induce dark solitons well imprinted on
the system, but also such that they can freely continue their propagation along y through
the bistable region of the fluid. However, the rectangular shape created by the SLM
also induces short phase jumps along the y direction, that we want to avoid in the fluid.
Indeed, they join the two horizontal phase jumps, limiting the region in phase opposition:
on the fluid, if they are too well defined, they prevent the y-solitons to follow their path
and connect them together.

To avoid this situation, the Fourier filtering is used to blur this vertical phase jump.
Practically, the filter is a slit of tunable width along y. It thus cuts the frequency com-
ponents in the y direction, while leaving the x ones unchanged.

The figure 4.3 presents the effect of the slit on the filtered signal. The left column
(figure 4.3.a) shows the signal in the Fourier space of the SLM (zoomed on the first order
of the grating, i.e. the one we keep), and the opening of the slit is marked by the red
horizontal lines. The second and third columns show the top part of the corresponding
real space signal after the slit, in intensity (fig. 4.3.b) and phase (fig. 4.3.c).

The Fourier space of the SLM has some frequency components in the x and in the y
directions, corresponding to the horizontal and vertical phase jumps. On the upper line,
the slit is quite open and only a few components of the vertical phase jump are removed:
the filtered real space is therefore very similar to the signal designed by the SLM, and
both the intensity dip and the phase jump along the y direction are well defined.

By reducing the slit opening (see medium line), more components of the vertical phase
jump are cut, which blurs its definition in intensity as well as in phase.

Finally, on the bottom line, the slit is almost closed: in that case, most of the vertical
components are filtered out, which leads to an extended and shallow intensity dip and a
smooth phase jump. Meanwhile, all of the horizontal components are kept: therefore the
horizontal phase jump keep their good definition and are unchanged by the filtering.

The result of the filtering procedure on the fluid impression is illustrated in figure 4.4.
The images are a density map of the cavity plan in logarithmic scale, in a high power
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configuration: all the fluid is above bistability and gets its phase and properties from the
pump, preventing any free propagation of the solitons.

Figure 4.3: Filtering in the SLM Fourier space. Fourier space of the SLM (a.) and the
different filtering indicated by the slit opening in red. The top part of the corresponding
filtered signal is shown in intensity (b.) and phase (c.). The vertical phase jump definition
is defined by the slit opening, while the horizontal ones are left unchanged.

They are centered on the top part of the imprinted solitons. The fluid is created with
a flow, from bottom to top on the pictures.

On the left, the slit is open, filtering out the grating components but keeping most of
the ones of the soliton pattern. Due to the presence of the flow, the horizontal soliton is
stretched, but join the vertical solitons together on a short distance along y.

On the right, the slit is much more closed, filtering out most of the components of the
vertical phase jump of the pump. As this one is therefore sent very smooth to the sample,
it induces in the fluid an extension of the vertical solitons along y: they use all the large y
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Figure 4.4: Effect of the slit on the fluid. Images if the top end of the imprinted
solitons on the fluid, at high pump intensity preventing any free propagation. On the left,
the solitons obtained with a wide slit. Because of the presence of the flow from bottom
to top, the solitons are slightly stretched, but join together quickly. On the right, the
slit is much more closed: the solitons are very elongated and their respective transverse
velocity is low when the join together.

range of the blurred phase jump to join, finally meeting each other with a low transverse
velocity. That configuration should benefit the further propagation of the solitons.

iv Global experimental setup

The experimental setup is sketched in figure 4.5. The laser source is a Titanium Sap-
phire Matisse, 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). The main beam is shaped as desired: the SLM draws the phase front,
later filtered by the slit. It is sent collimated to the cavity, imaging the SLM plan so
that the phase jumps are well defined on the sample. The inset illustrates the excitation
beam configuration 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
enters the cavity with an upward in-plane wave vector that gives a 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 detection 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 interferences with the reference beam previously separated from the laser beam. The
experimental conditions of the system are extracted from the momentum space images
(see section 2.2.3).
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Figure 4.5: Experimental setup. The excitation beam is designed by the SLM and
filtered through the slit. It is collimated on the sample, imaging the SLM plan. 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, shifted from the center in order to focus
on the bistable region and the solitons free propagation. The detection is done in real
and momentum space, so that the experimental conditions can be associated with the
corresponding intensity and phase maps.

4.1.2 Solitons impression

i Parallel propagation

The essential role of the bistability in the propagation of the solitons is explained in
figure 4.6. The figure a. reminds 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 red and denoted as HD; and
the bistable cycle left blank.

On b. is plotted the phase pattern designed by the SLM, with the same field of view as
the detection: we can see that the phase modulation is only present on the bottom part
of the images. Figures c. and d. were realized in the exact same conditions except for the
total intensity of the excitation. In c., the total laser power is high, which puts almost
all the illuminated area above the bistability cycle: the red HD region expands above the
major part of the picture. The high density region fixes the properties of the fluid: it is
therefore a replica of the driving pump field. Indeed, the solitons are artificially created
only in the bottom part of the picture, while on top, phase and intensity are flat.

Figures d. are obtained from the c. ones by gradually decreasing the input intensity.
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Figure 4.6: Impression of dark parallel solitons. a. Theoretical bistability profile
and the three associated intensity ranges. The color code is used all along this chapter.
b. SLM phase pattern with the same field of view as the detection: the phase modulation
are only sent on the bottom part of the images. c. High power density and phase maps.
Almost all of the illuminated area is in the HD regime: the phase is fixed by the driving
field and replicates the pattern designed by the SLM. d. Same configuration as c. at
lower power. The bistable region has extended toward the beam center, and reached the
top part of the solitons. The system has readjusted its phase to let the solitons propagate
through the bistable area, until the low density region where the nonlinear interactions
are too low to sustain dark solitons.

The bistable region expands toward the center of the beam, and eventually reaches the
top part of the imprinted solitons. The fluid then readjusts its phase and lets the solitons
propagate through the bistable region, even though the region between the solitons is
out of phase with the driving field. Indeed, the dark solitons in d. are clearly visible
within the bistable region, inducing a phase jump of π all along their propagation. The
propagation is sustained as long as the system is in the bistable regime. As the illuminated
region is finite, the solitons will reach its border: in the low density region, the nonlinear
interaction are too low to sustain dark solitons.

ii Influence of the intensity

To find the good configuration for the solitons to propagate through the bistable region,
several parameters need to be finely tuned. In particular, the total intensity of the pump
has an important impact on the soliton propagation, as they need a bistable fluid to
readjust the phase of the fluid.

To qualitatively study the influence of the pump intensity, a scan is realized and the
results are presented in the figure 4.7. The SLM phase pattern is presented on a., again
with the same field of view as the detection images, and the experimental images are
shown in b. The top line shows the density maps and the bottom one the interferograms.
The input power is gradually decreased from picture (i) to (vi). The flow is from bottom
to top, and the red colored regions indicates the area above the bistability cycle.
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Figure 4.7: Scan of the input power. a. Phase pattern designed by the SLM with
the same field of view as the detection. b. Density (top) and phase (bottom) maps of a
scan of the total input intensity. On (i), the power is maximum and the phase is fixed
everywhere. The intensity gradually decreases and with it the size of the HD region in red:
the solitons propagate and open, until the bistable part reaches the imprinted solitons in
(vi) where they align and propagate parallel.

On picture (i), the total power is high: the fluid is above bistability on the whole
picture. Its phase is therefore fixed, which shows that the solitons are sent only on the
bottom part of the image. From picture (ii) to (v), as the power decreases, the bistable
region expands. The solitons propagate further and further but the system still can not
perfectly sustain them: they are grey as their phase jump is lower than π and they open
and vanish along the flow. The phase maps confirm as well that the phase modulation
induced by the solitons vanishes with them.

Finally, on picture (vi), the bistable area joins the top part of the imprinted solitons.
They are then able to align to each other, and to remain dark and parallel all along their
propagation. This time, their phase is π and stays constant. They are sustained through
the whole bistable region, and vanish only at its edge, where the system jumps to the low
density regime.

This set of measurement scans the bistability cycle, and confirms the necessity to be
in this regime to achieve the free propagation of dark solitons in a resonantly pumped
polariton fluid.
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iii Influence of the filtering

A second crucial parameter for the good propagation of the solitons is the spatial
filtering in the Fourier plan of the SLM. As explained in section 4.1.iii, a slit is placed
along the x axis in order to clean the beam after the SLM, but also to smooth the phase
jump along y to stimulate the solitons propagation.

The qualitative study of the slit width influence is shown in figure 4.8. From a. to e.,
the slit is progressively closed, while all other parameters remain the same. In particular,
the pump intensity is unchanged: the imprinting region highlighted in red is the same in
all the pictures.

Figure 4.8: Scan of the spatial filtering. Density (top) and phase (bottom) maps of
a scan of the spatial filtering: on a., the slit is widely open, while its width is gradually
reduced from b. to e. It reduces the respective lateral velocity of the solitons, which align
only on e. where they meet with a small enough angle.

The images a. present the density and phase maps corresponding to a fully opened slit.
The phase pattern imprinted in the fluid has therefore a sharp profile. The soliton along
the x axis is however not visible: the polariton flow, from bottom to top, prevents a well
defined impression. The solitons propagation is anyway inhibited: they vanish soon after
the HD region and the phase jump is quickly erased.
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Figures b., c. and d. show intermediate configurations for different slit openings.
In those three cases, the solitons start to propagate by getting closer to one another.
However, they bounce on each other and reopen, eventually vanishing: they have a too
high relative lateral velocity to align. Remarkably, we observe that they conserve their
relative lateral velocity through the collision: the angle is the same before and after the
bouncing in all three figures (27°, 17° and 13° respectively). This could also allow for a
systematic study of collisions between solitons.

On figure e., the filtering is further increased, that elongates the imprinted solitons
which meet with an even smaller angle of 11°. This time, the angle is small enough for
the solitons to align: their propagation is maintained for over a hundred microns, and
they remain dark with a π phase jump all along.

4.1.3 Different shape configurations
The setup previously implemented gives a large flexibility on the shape of the imprinted

phase pattern. Even though the first goal of the experiment was to reproduce the genera-
tion of a dark solitons pair, the SLM pattern is easily tuned and some other configurations
have been tried, in order to study the solitons behaviour with different initial conditions.

i Four solitons

Figure 4.9: Four solitons imprinting. a. SLM phase pattern corresponding to the
detection region. b. Density map of the fluid. The two solitons pairs are imprinted on
the red region and propagate through the bistable white one. c. Interferogram of the
fluid. The phase jump propagates with the solitons.

The first tested pattern, shown in figure 4.9, is a double pair of solitons. On the left,
figure a. is a scheme of the SLM phase pattern. It does not represent the whole pattern,
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but only the one corresponding to the top part of the beam, in order to coincide with the
corresponding detection pictures. Those ones are plotted on figure b. and c. and show
the density map and the interferogram, respectively.

The double pair of solitons is realized by sending two rectangular shapes in phase
opposition with the background thanks to the SLM. The imprinted phase pattern is
designed so that each of the four solitons is equidistant from its neighbor. It stays like
that in the high density region of the fluid, where the solitons are imprinted (red part
of figure 4.9.b.), but during their free evolution, they get closer to their respective pair,
so that the area in phase with the driving expands while the one in phase opposition is
reduced. However, the solitons do propagate and maintain a phase jump on the fluid.

This configuration gives an overview of the scalability of our method, and opens the
way of the study of soliton lattices in polariton superfluids.

ii Opening solitons

As the tendency of the solitons seems to be to get closer to one another, we tried
to compensate this effect by sending them with an opposite direction and a positive
respective lateral velocity.

Figure 4.10: Opening solitons imprinting. a. Imprinted phase pattern inducing
solitons moving away from each other. b. and c. Fluid density map and interferogram of
the impression.

The results are presented in figure 4.10: the left figure shows the SLM phase pattern
corresponding to the fluid density and phase maps plotted in figures b. and c. The
solitons are well defined in the imprinting region, at the bottom of the figure. However,
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when they enter the bistable fluid, they are not properly sustained. Indeed, they are send
with a velocity going away from each other, while the driving field pushes them toward
one another, preventing their continuous propagation. They become grey and still tend
to come closer to one another, even though it induces an important change of direction
compared to their imprinted part. They still produce a phase modulation but smaller
than π, in agreement with their color. They vanish when they meet, as grey solitons are
not stable through collision [109,123].

iii Closing solitons

Figure 4.11 presents the opposite case where the solitons are sent toward each other.
The solitons are sent oblique with a relatively high opposite velocity. As before, the three
pictures illustrate the phase pattern designed by the SLM, the density map of the fluid
and the corresponding interference pattern. The flow is from bottom to top and the
impression is realized in the high density (HD) region highlighted in red.

Figure 4.11: Closing solitons imprinting. Imprinted phase pattern (a.), density map
(b.) and interferogram (c.) of solitons sent toward each other.

The collision of the solitons induces a breaking of the pair into several solitons which
then spread though the fluid. They indeed meet with a too high velocity to smoothly
align or bounce, and split into different pieces, each of them inducing a phase modulation.
However, they are not completely black, and not perfectly sustained by the system: they
vanish along their propagation.
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iv Single soliton

A different configuration has been tested in figure 4.12, where a single soliton is im-
printed on the fluid. The phase pattern designed by the SLM is now different than the
previous ones. The impression region is split into two parts in phase opposition, between
which the soliton will appear. In order to have a completely symmetrical pattern, the
bistable part of the beam is chosen to be at a π/2 phase difference from both domains of
the high density region, so that none of them is favored by the system.

Figure 4.12: One soliton imprinting a. The soliton is imprinted on the bottom part
of the images, inducing a single delimitation between two area in phase opposition. The
bistable part of the beam is sent with a π/2 phase to ensure the symmetry. b. On the
fluid, the single soliton is not sustained in its initial form and splits into two (b.), as a
phase switch of half the fluid is not supported by the system. c. The two resulting grey
solitons have a phase jump between them and stay quite close to each other.

The fluid density is presented in figure b. The impression is done in the HD region: the
single soliton is well imprinted, with a clear phase jump. But when it enters the bistable
region, the soliton is not supported anymore and splits into two. A single soliton indeed
implies a phase difference between the two half-parts of the system, so compared to the
driving field, either half of the fluid is in total phase opposition, or all the fluid has a π/2
phase difference. This seems to be energetically too expensive for the system, even in the
bistable regime.

The splitting of the soliton is anyway interesting as it shows that its propagation is not
totally inhibited, and even preferred to its halt. The propagation can be separated into



4.2. PARALLEL ALIGNMENT: EQUILIBRIUM SEPARATION DISTANCE 109

two parts. First, the solitons are quite dark and stay close to each other, inducing an
important phase dip. After about 50 microns however, they are not perfectly supported
anymore and start to open, getting grey and vanishing along the way. This can be due to
irregularities in the sample or to the intensity gradient which changes the hydrodynamic
conditions.

4.2 Parallel alignment: equilibrium separation distance
The study of those different configurations indicates that the dark parallel solitons are

the most stable in the polariton fluid in the bistable regime. It is thus the configuration
that is going to be further studied in the next section. In order to better understand
the characteristic behaviour of such phenomenon, several runs of measurements have
been performed varying the initial inter-soliton distances as well as the hydrodynamic
conditions. The results of this analysis will be reported in this section.

4.2.1 Scan of the imprinting separation distance
The most intriguing interrogation about the solitons alignment is to identify the differ-

ent parameters that play a role in the establishment of such an equilibrium distance. The
first idea is to try to modify the initial conditions of the system to see if it has any effect
on its behaviour. This has been realized through the use of the SLM, changing the shape
of the phase pattern to modify the solitons imprinted on the fluid. The first parameter
we decided to study is the separation distance between the solitons.

Figure 4.13: SLM patterns corresponding to different separation distances The
distance between the imprinted solitons is tuned by changing the width of the rectangular
π-shifted rectangle.

It can be easily controlled by the shape designed on the driving beam by the SLM. By
enlarging the π-shifted rectangular shape of the pattern (see figure 4.13), the solitons are
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imprinted further apart.
The results of a typical run of measurements are exposed in figure 4.14. The top

images present the intensity of the fluid while the bottom ones show the corresponding
interferograms. For this set of experiments, the fluid velocity is 1.00 µm/ps, the sound
velocity cs = 0.67 µm.ps, the effective polariton mass m∗ = 1.24 ·10−34 kg and the energy
detuning ∆ElasLP = 0.34 meV. Surprisingly, even though the initial separation distance
is reduced from 24 µm in figure a. to 15 µm in figure e., we observe that the behaviour
of the solitons is identical in all the cases. When they enter the bistable part of the fluid
and are not artificially imprinted anymore, the separation distance between the solitons
reduces until reaching the same equilibrium value, from which the solitons align and stay
parallel.

Figure 4.14: Experimental scan of the initial separation distance. The distance
between the imprinted solitons is tuned from 24 µm in a. to 15 µm in e. by changing
the width of the rectangular π-shifted rectangle. When they enter the bistable fluid, the
solitons propagation is maintained, but not their separation distance: they get closer to
one another until reaching an equilibrium separation distance from which they align.

In the case of figure 4.14, the equilibrium separation distance is about 5 µm for all the
plotted figures. After reaching this configuration, they keep this separation distance as
well as their associated phase jump and continue their propagation for more than 50 µm,
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until they can not be sustained by the system anymore.

The experimental results have been compared with numerical simulations based on
the generalized Gross Pitaevskii equation which describes the polariton system, to check
if the observed behaviour was compatible with the model. The simulations were based
on a split-step method in the exciton-cavity photon basis, as presented in [105]. The
model uses two coupled equations for the excitons (ψX) and the cavity photon (ψγ) fields
respectively:

i~
∂ψγ
∂t

=
[
− ~2∇2

2m∗γ
− iΓcav

]
ψγ + V ψX + F (r)e−iω0t (4.1)

i~
∂ψX
∂t

=
[
gX |ψX |2 − iΓX −∆EXcav

]
ψX + V ψγ (4.2)

where m∗γ is the effective cavity photon mass, ω0 the laser energy, Γcav the photon
lifetime,gX the exciton interaction constant, V the half Rabi splitting and ∆EXcav the
cavity-exciton energy detuning. In order to best match the experimental configuration,
all those parameters have been taken the same as in the experiment (the exciton lifetime
ΓX was set equal to 150 ps). F (r) represents the pump and contains both its amplitude
and phase. The steady-state solutions are presented in figure 4.15. As usual, the flow is
from bottom to top, the top images show the density map of the fluid while the bottom
images are the associated interferograms, giving access to the fluid phase.

The driving field used in the simulations has been chosen to reproduce the experimental
one: it has been taken as a Gaussian beam whose center is shifted towards the bottom
of the images plotted on figure 4.15, so that the region where the intensity is above the
bistability cycle is highlighted in red. In this high density (HD) region, the solitons are
imprinted: a π phase jump is imposed; the experimental filtering operated by the slit is
modeled here through a smoothing of the phase jump along the y direction.

The numerical simulations are in good agreement with the experiment: the solitons
follow exactly the same behaviour. No matter how far away from each other they are
imprinted, as soon as they are released within the bistable fluid, they get closer to one
another before aligning at a specific equilibrium separation distance. This alignment
takes place for solitons at around 5 µm from each other, which reproduce accurately the
experimental configuration.

To get a quantitative idea of the separation distance evolution, it has been studied all
along the solitons propagation. To do so, the transverse solitons profile has been fitted
by its expression [62]:

|ψ(x)|2 = tanh2
(
x− dsep/2

A

)
tanh2

(
x+ dsep/2

A

)
(4.3)

where A corresponds to the full width at half-maximum (FWHM) of one soliton and
dsep to their separation distance, as illustrated in the inset of figure 4.16.
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Figure 4.15: Numerical simulations of the scan of the initial separation distance.
As for the experimental set (figure 4.14), the imprinted separation distance is numerically
scanned from 24 µm (a.) to 15 µm (e.). The same behaviour is observed: when the
solitons enter the bistable fluid, their separation distance reduces until the solitons align
at a specific equilibrium distance from each other.

The fit results of the experimental set are reported in figure 4.16. The hydrodynamic
conditions are kept constant during the whole set, the only parameter which is varied
between each picture is the initial separation distance. The color lines correspond to the
different images, and show the evolution of the fitted separation distance dsep along the
propagation axis y. As usual, the red HD region illustrates the impression area where
the input intensity is above the bistability, while in the white bistable region, the solitons
propagates freely through a flat driving field.

The graph confirms the tendency: despite the change of the initial separation distance,
the freely propagating solitons get closer to another, and align at a specific separation
distance. This distance is the same for all the cases of the set, at 4.8 µm illustrated by
the black dashed line. It confirms the existence of a equilibrium between two opposite
forces, which push the solitons in opposite directions and only equilibrate when they are
at a specific distance from each other.

On hand hand, dark solitons have repulsive interactions [132,141], which pushed them
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Figure 4.16: Experimental scan of the initial separation distance. Each color line
corresponds to one image of the experimental set presented in figure 4.14. Each dot illus-
trates the fitted separation distance at the corresponded position along the propagation
axis y. No matter the initial separation distance, they all converge to the same value of
4.8 µm in this case, illustrated by the black dashed line.

away from each other. However, they are also propagating within a pumped fluid, even
if it is a bistable one. So even if phase readjustments are possible, all the area of the
fluid with a different phase than the pump one remain effectively unpumped. Sustaining
a large out-of-phase region has therefore a high energetic cost for the system, which tends
to reduce this area and pushes the solitons toward one another.

By imprinting the solitons far away from each other, their propagation is first dominated
by the force induced by the driving, and they propagate towards each another. However
by getting closer to one another, their repulsion increases, until reaching an equivalent
value to the driving-induced force. Prevented to go closer together or further apart, the
solitons propagate parallel.

This parallel propagation of a soliton pair corresponds to the one observed in the spon-
taneous case, reported in section 3.4, but remains in full opposition with the previously
expected [132] and reported [22] soliton behaviour. However, this artificial implementa-
tion has high control and scalability: we will use those advantages to lead for a deeper
study of the phenomenon.

4.2.2 Role of the hydrodynamic conditions
The first interrogation from those results is the origin of this equilibrium separation

distance, and on which parameters it depends. The size of a vortex core is known to be
of the order of the healing length ξ of the system [142]. By analogy, the FWHM of the
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solitons (A in equation 4.3) should also be connected to ξ. The equilibrium separation
distance seems also to be the minimal one between the solitons, and therefore should
be connected to their width so that both solitons can be effectively distinguished. The
healing length is thus the parameter that will be considered in the following.

The healing length of a polariton fluid is defined by the hydrodynamic conditions of the
system, and in particular by the effective polariton mass m∗, the polariton interaction
constant g and by the polariton density n0 [142]. An approximation can however be
made, as we are in the bistable regime, and in particular in the left part of the bistability
cycle. Indeed, at the turning point of the cycle, on the upper bistability branch at the
low intensity threshold, the laser-polariton detuning verifies the relation ∆ElasLP = gn0.
We can thus write the healing length as:

ξ =
√

~2

2m∗gn0
= ~√

2m∗∆ElasLP
(4.4)

The hydrodynamic parameters can be tuned experimentally:

• the effective mass of the polaritons m∗ is defined through the curvature of the
dispersion, and can be tuned by changing the detuning between the exciton and the
cavity photon ∆EXcav. Experimentally, this is done by changing the working point
on the sample: the wedge between the two DBR modifies the length of the cavity
and thus the cavity photon resonance. The induced modification of the dispersion
consequently changes the polariton mass and influences the hydrodynamic behaviour
of the system.

• the detuning between the laser and the lower polariton branch ∆ElasLP is
directly tunable by shifting the laser frequency. It also affects the bistability curve of
the system: a different detuning leads to a different intensity profile on the fluid and
has a direct influence on the impression and propagation of the solitons. The hy-
drodynamic conditions must be adjusted in order to find a favourable configuration
again, by tuning the fluid and sound speeds.

• the fluid velocity vfluid is the derivative of the dispersion:

vfl = 1
~
∂E

∂k
(4.5)

which changes with the in-plane wavevector of the driving field. Therefore, the
resonance of the lower polariton branch is also affected, as well as the detuning
laser-lower polariton ∆ElasLP and with it the bistability cycle.

• finally, the speed of sound csound depends on the square root of both the detuning
laser - lower polariton ∆ElasLP and on the effective mass m∗:

csound =

√
∆ElasLP
m∗
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All those parameters are difficult to tune separately in the experiment, as they are all
connected and a modulation of one of them would lead to a modification of the system
bistability, key element of the soliton propagation. An interesting way to combine them
all is to consider the Mach number:

M = vfluid
csound

(4.6)

which contains not only m∗ and ∆ElasLP through the speed of sound, present in the
healing length definition too, but also the fluid velocity vfluid. It is thus the parameter
chosen to compare the different results.

The influence of the hydrodynamic parameters on the equilibrium separation distance
between the solitons is investigated by analyzing the propagation of imprinted solitons on
polariton fluids with different Mach numbers. In the experiment, the cavity is spatially
explored, and on several positions which presents a low enough disorder, solitons are
imprinted. Their free propagation is then achieved by alternatively playing with the
wavevector, the laser energy and the pump power to reach an intensity pattern where the
bistable region coincide with the top part of the imprinted solitons.

The experimental results have all been gathered in figure 4.17, where each spot corre-
sponds to one set of measurements: it shows the mean equilibrium separation distance of
all the solitons pictures taken in the same hydrodynamic conditions, but changing only
the initial separation distance. They have been plotted as a function of the Mach number:
the conditions have been widely scanned as it goes from M = 1 to more than 6. All the
parameters have also been reported in table 4.1, where are listed the detuning laser -
lower polariton branch ∆ElasLP , the speed of sound csound, the effective polariton mass
m∗ and the Mach number M .

∆ElasLP [meV] csound [µm/ps] m∗ [kg] vfluid [µm/ps] M dsep [µm]
0.24 0.60 1.05·10−34 0.62 1.05 5.62
0.34 0.67 1.24·10−34 1.00 1.50 4.77
0.11 0.42 1.04·10−34 0.66 1.57 3.89
0.33 0.60 1.47·10−34 1.03 1.73 4.14
0.08 0.33 1.11·10−34 0.70 2.11 4.23
0.22 0.42 1.95·10−34 1.17 2.79 3.67
0.16 0.39 1.75·10−34 1.43 3.71 4.73
0.07 0.31 1.25·10−34 1.33 4.36 5.73
0.06 0.23 1.84·10−34 1.42 6.12 4.95

Table 4.1: Parameters of the experimental sets plotted in figure 4.17.

The results shown in figure 4.17 are very surprising. Indeed, the expected dependence of
the separation distance on the hydrodynamic of the system is not observed at all: on the
whole range of conditions, the equilibrium separation of the solitons is almost constant,
slightly fluctuating around the mean value of 4.75 µm shown by the black dashed line.
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Figure 4.17: Experimental equilibrium separation distances as a function of the
Mach number. Each spot corresponds to the mean equilibrium distance for one set of
measurements with the same hydrodynamic conditions. Even though the Mach number
range is quite large, the equilibrium distance is almost constant around a mean value of
4.75 µm, illustrated by the black dashed line.

This result is quite unexpected, as the behaviour of dark solitons is usually governed
by the hydrodynamic conditions of the system where they are generated. On the other
hand, as explained earlier, in this experimental study all the parameters are connected.
By trying to modify the global conditions, all of the parameters are changed between each
points in order to find each time a favorable situation for the solitons propagation. They
could eventually compensate each other, leading to a similar configuration.

The scan of one single parameter is experimentally very difficult to realize, as they are
all connected. In order to independently study the influence of each parameter, accurate
numerical simulations have been done, presented in the next section.

4.2.3 Numerical investigations

An important advantage of the numerical simulations is the possibility to tune the
system parameters independently. It has been very useful for the verification of our as-
sumption that the equilibrium separation distance is set by the hydrodynamic parameters
through the healing length. To do so, several sets of simulations have been realized, where
the system conditions are kept constant, and only one parameter is tuned. This way, the
healing length is also gradually tuned and its influence on the separation distance should
be clearly visible.
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The chosen tunable parameter is the detuning between the laser and the lower po-
lariton branch ∆ElasLP , while the other ones are left unchanged, similar to the typical
experimental ones. In the definition of the Mach number, ∆ElasLP is present only in the
sound velocity; all others parameters being kept constant, the Mach number is therefore
tuned as the inverse of

√
∆ElasLP . As the healing length ξ also follows a relation on

1/
√

∆ElasLP , M and ξ are linearly connected.

The results of such simulations are presented in figure 4.18: as for the experimental ones,
no trend appears in the equilibrium separation distance, it stays the same independently
of the hydrodynamic conditions. The black dashed line shows the mean value of the
different points, of 3.76 µm in this case.

Figure 4.18: Numerical equilibrium separation distances as a function of the
Mach number. Each spot corresponds to the equilibrium distance between two parallel
solitons for a different detuning ∆ElasLP ; all the other parameters are kept constant.

Some remarks need to be done concerning the figure 4.18. First of all, the Mach number
range is shorter than the experimental one. It is due to the fact that only the detuning is
changed on this scan: also numerically, a large enough detuning is necessary to implement
a bistability (∆ElasLP >

√
3~γ, with γ the lower polariton decay rate), itself required for

the propagation of the solitons through the fluid. On the other hand, a too high detuning
leads to unstable solitons [143, 144]: instead of staying parallel and dark, they oscillate
and blur, making impossible the definition of a separation distance.

The second remark, connected with this behaviour, is the presence of error bars in
numerical results. They come from the previously mentioned oscillations: the dots of
figure 4.18 are the mean value of the separation distance between the solitons over 50 µm
propagation. If the conditions are not exactly favourable to the solitons propagation, they
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slightly oscillate, which is represented through the error bars. Such behaviour is presented
on figure 4.19, where we can see a breathing along the propagation of the soliton pair.

Figure 4.19: Numerical simulation of the impression of unstable solitons.. The
conditions do not allow a parallel propagation of the soliton pair, which induces a breath-
ing behaviour and an uncertainty on the separation distance definition.

Even though unexpected at first, those numerical results confirm the experimental
ones: the equilibrium distance between the parallel dark solitons is independent of the
hydrodynamic conditions. But the question remains: what does it depend on ?

Another specificity of our system that could explain this unusual behaviour is its driven-
dissipative nature. In our configuration, the pump is sent everywhere; that is exactly
what led the solitons to align in the spontaneous configuration (see section 3.4). This
driven-dissipative character is imposed by the decay rate of the polariton γpolaritons, itself
defined by the cavity mirrors reflectivity. Therefore, the equilibrium distance could be
governed by the dissipation of the system. From the experimental point of view, a scan
of the polariton decay rate would mean a collection of different samples, with exactly the
same properties except for their DBR thickness. As we do not have them in the lab, the
verification of the effect of the decay rate has been studied numerically.

To do so, specific simulations have been made, where this time all the hydrodynamic
conditions were kept constant. Only the decay rate of the polaritons has been tuned, so
that any observed trend could be associated with the dissipation. The parameters have
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been chosen close to the experimental ones: ∆EXcav = EX − E0
cav = 1 meV, 2~ΩR = 2.7

meV, ∆ElasLP = 0.3 meV, vfluid = 1 µm/ps.

Figure 4.20: Numerical simulations of the equilibrium separation distance as
a function of the decay rate of the polaritons. The red dots correspond to the
equilibrium separation distance of the parallel solitons for different polariton decay rate,
while fluid and sound speeds are kept constant at typical experimental values. The blue
dot illustrates our experimental results: the mean value of all the extracted separation
distances for the decay rate of our cavity.

The results are presented in figure 4.20. The red dots correspond to the mean separation
distance of each simulation realized for a specific polaritons decay rate. The error bars
come again from the slight breathing of the solitons in the region where the separation
distance is averaged. This time, a clear trend is observable: the separation distance
strongly depends on the polaritons decay. A higher decay rate, i.e. a shorter polariton
lifetime, induces a smaller separation distance.

This is indeed concordant with the fact that the inner region of the solitons is effectively
unpumped by the driving field because it is out of phase: the refilling is only done through
tunneling across the solitons. Therefore, for a certain distance between the solitons, a
shorter polariton lifetime leads to a lower density in between the solitons: the equilibrium
takes place for solitons closer together.

The linewidth of our cavity is ~γpolaritons = 0.07 meV, which corresponds to a lifetime
of 10 ps. We illustrated our experimental results through the blue dot, which corresponds
to the mean separation distance of all our results, the 4.75 µm extracted from figure 4.17.
It stands within the error bar of the numerical results and allows to conclude for a good
agreement between the theory and the experiment.

The work of this chapter has resulted in the implementation of a new technique of
phase pattern impression. The phase constraint imposed by the quasi-resonant pumping
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has been released using the bistability properties, and the design of the driving field
through the SLM allows to artificially generate dark solitons on demand. The presence
of the driving field along the propagation of the solitons enhances its distance, but is also
responsible for an interesting binding mechanism between the solitons. They propagate
parallel, as a form of dark-soliton molecule in a local nonlinear medium. The deeper study
of this behaviour lead us to notice that the characteristic separation distance between the
soliton is governed by the driven-dissipative nature of our system. This technique is very
promising for the control and manipulation of such collective excitations, and could for
instance be used in the generation of multiple solitonic pattern, or the study of the solitons
mutual interaction.



Chapter 5

Generation of solitonic patterns in
static polariton fluid

In the two previous chapters, we studied the generation and propagation of parallel
dark solitons in a supersonic polariton fluid. However, we did not focus on the stability of
those solitons, which was assured by the high speed of the polariton flow. Indeed, solitons
are unidimensional objects, which, when placed in bi- or tridimensional environments,
develop transverse modulations known as "snake instabilities" [133]. Those ones have
been studied theoretically and experimentally in different systems, such as self-defocusing
nonlinear media [145–147] or ultracold bosonic and fermionic gases [129,130,148].

Snake instabilities lead solitons to decay into quantized vortex-antivortex pairs, result-
ing into quantum vortex streets which can be seen as quantum equivalent of the von
Karman vortex streets. They were not observed in our driven dissipative quantum fluids,
as under resonant excitation, solitons were always generated within a flow as we saw, and
under non-resonant excitation, the very fast relaxation of the solitonic structures should
prevent the observation of those instabilities.

This chapter is based on a theoretical proposal made as part of a collaboration with the
group of Guillaume Malpuech in Clermont-Ferrand [144]. It follows the previous results
on bistability and suggests a new configuration to generate solitonic pattern, but this
time 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.
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5.1 Theoretical proposal

Before presenting our experimental results in the next section, we give here an overview
of the theory [144] and of the first numerical realizations.

5.1.1 Bistability and domain walls

We use again in this section a polariton fluid pumped quasi-resonantly, but the pump
is not spatially uniform and can be decomposed into two parts. A low intensity pump is
sent everywhere, and is called the support, labeled as S. On top of it, some regions are
also pumped by a strong power, named the pump and labeled P (r).

This configuration is very similar to the one we presented in chapter 3, except that
the support intensity is this time scanned also below the bistability cycle. The position of
the support intensity plays an important role on the behaviour of the illuminated fluid,
as we will discover.

The dynamics of the fluid is still described by the driven-dissipative Gross-Pitaevskii
equation (equation 1.54), that we can rewrite in our context, considering only the lower
polariton branch:

i
∂Ψ
∂t

=
(
− ~2

2m∗∇
2 − iγ + g|Ψ|2

)
Ψ + (S + P )e−iω0t (5.1)

where m∗ is the effective mass of the polaritons, γ their decay rate, g their interaction
constant and ∆ElasLP = ~ω0 the detuning between the pump energy and the lower
polariton resonance.

It is important to notice at this point that both S and P are sent at normal incidence:
there is no in-plane wavevector, and consequently no velocity of the fluid which is at rest.

If we first consider only the support, the polariton fluid is homogeneously pumped, and
a bistability takes place. This one is illustrated on figure 5.1 in green and red: the green
line shows the evolution of the polariton density for an increasing support field, and the
red one for a decrease of the support, which shows different behaviours.

Now we can add the pump on a specific region of the fluid: figure 5.2 illustrates in red
the laser profile. The support is sent everywhere, while the pump P (r) is only present
for x < 30 µm. The polariton density is plotted in black. As in chapter 3, we see that
it does not follows the same profile as the pump. Indeed, the pump sets the polariton
density in the upper branch of the bistability, which stays there even in region where only
the support is sent (30 < x < 140 µm in figure 5.2). At some point however, the high
density is not sustained anymore, and the polariton density abruptly drops. As a discrete
symmetry has been spontaneously broken, this sudden drops can be defined as a domain
wall [149], and is followed by small density oscillations (from x ≈ 140 µm). The decay
of the density takes place within one healing length ξ = ~/

√
2m∗gn (m∗ the polariton

effective mass, g their interaction constant and n = |Ψ|2 their density).
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Figure 5.1: Polariton bistability and domain wall velocity. Polariton density as
a function of the support amplitude, in green for increasing support and red for the
decreasing one. The black line illustrates the domain wall velocity (y axis on the right).
The typical support amplitude Sc corresponds to zero velocity of the domain wall. From
[144]

The domain wall can propagate along the x direction, and is stable against instabilities
along the y one. The propagation of such domain walls have been previously studied in
polaritons [150,151] and, more largely, in optics [152–154].

The velocity of this domain wall is of particular interest as it gives the direction of
the moving wall and the condition of stability. It has been computed numerically as a
function of the support intensity, and plotted in black line in figure 5.1. We can see the
particular support intensity Sc for which the domain wall velocity is zero. Its value can
be evaluated by the Maxwell construction [144, 155] for γ → 0. It is done by considering
the stationary driven-dissipative Gross-Pitaevskii equation in which we neglect the loss
term, resulting in: (

− ~ω0 −
~2

2m∗∇
2 + g|Ψ|2

)
Ψ + S = 0 (5.2)

Since all coefficients are real, the wave function Ψ and the pumping S can only take
real values as well. The previous equation can thus be rewritten as a Newton’s equation
of motion for a material point (x = Ψ) with a mass m0 = ~2/2m∗:

m0
d2x

dt2
= F (x) (5.3)

This material point is thus governed by a position-dependent force F (x) = gx3 −
~ω0x + S, to which can be defined a potential U , which the two maxima correspond
to the two stable domain of the system, i.e. the high and low density branch of the



124 CHAPTER 5. SOLITONS IN STATIC FLUID

Figure 5.2: Pump-support configuration and domain wall. Pumping profile in red:
the weak support is everywhere while the strong pump is sent only for x < 30 µm. The
black line shows the polariton density: it remains high even in region where only the
support is sent, before abruptly dropping around x = 135 µm, creating a domain wall.
From [144]

bistability. The system remains stationary only if these two maxima are equal, otherwise
the domain wall propagates. The analytical solution of this equation leads finally to the
critical value of the support intensity Sc:

Sc ≈
2(~ω0)3/2

3
√

3g (5.4)

The velocity of the domain wall evolves as a function of S − Sc. Indeed, for a support
intensity higher than Sc, the wall propagates to the right with a speed proportional to
S − Sc:

v ≈ 2S − Sc
Sc

ξ

τ
(5.5)

Then, the high density region expands and eventually fills up the whole space. The
healing length ξ has been chosen to be 1.8 µm for these calculations. On the contrary, for
support intensity lower than Sc, the domain wall move backward and reach the limit of
the pump region. Finally, if the support intensity is close to Sc, the speed of the domain
wall is close to zero and the domain wall is localized in space. In these conditions, the
Gross-Pitaevskii solutions bifurcate to dark soliton multiplets, as we will see in the next
section.

The moving property of this domain walls explains the results we presented in chapter
3. At that time, we wanted to extend the region of the fluid with high polariton density,
which is why we placed the system above the critical support intensity Sc, placing the
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whole illuminated area on the upper branch of bistability. In this chapter, on the contrary,
we want to keep a low intensity on the support illuminated area and use the pressure of the
neighbour high density regions to create solitonic pattern. Therefore, the chosen support
intensity will mostly been chosen below the critical intensity Sc.

5.1.2 Guided solitons instabilities
The next step is now to add another high density region in front of the other. In the

bidimensional fluid, it results in a central channel where only the support is present, while
the lateral regions are illuminated by both the support and the pump. The width of the
channel is fixed constant at L = 23 µm, which corresponds to 13ξ of the high density
region.

The opposition of the two domain walls can lead to the development of solitons. Indeed,
with an adequate ratio of the pump/support intensities, their interaction can create a
phase jump and thus two regions in phase opposition, resulting in two parallel solitons
guided by the low density channel. The channel is indeed in the lower branch of the
bistability cycle, where stationary phase defects exists: the phase is not fixed as the
particles diffuse from the high density regions [144].

The numerical results of this configuration are presented in figure 5.3, for a support
intensity S = 0.25Sc. Images a. present the ideal case density map: the presence of two
domain walls in front of each other gives rise to two dark solitons in the channel. The
system is invariant along y so is effectively 1D. One can notice that, as the high density
regions impose their identical phase to the fluid, only a even number of solitons can be
sustained inside the channel.

These solitons are however created in a static fluid: they are subject to instabilities
along the y direction. They can be studied through the imaginary part of the energy
of weak excitations, obtained through the Bogoliubov-de Gennes equations [17,156,157].
This one is plotted in figure 5.3.b, for two different pump intensities: the upper line
corresponds to the case of P = 1.25Sc, while for the lower one P = 2Sc. The green and
red colors show the symmetric and antisymmetric modes.

Modulational instabilities, known as snake instabilities and well known in conservative
condensates [158], are linked to the presence of a positive imaginary part of the energy.
Those ones are plotted in figure 5.3.b: we can see that they can be decomposed into two
components (in red and green) which correspond to modes with different symmetries.
The highest one defines the symmetry of the instabilities: on the upper line of figure 5.3,
the final instabilities have an antisymmetric pattern, while on the lower line, the highest
mode is the red one, which leads to symmetric instabilities. More details about the modes
competition are given in [144].

The instabilities in the simulations are generated by adding small noise or fluctuations
as this breaks the translational symmetry along the y axis. The results of figure 5.3
have been obtained with a weak Gaussian disorder with a correlation length of 2 µm and
amplitude γ = 0.01 meV.
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Figure 5.3: Instabilities of guided solitons. Solitons generation inside a channel of
low intensity. The channel has a width L = 25 µm and the support intensity within the
channel is s = 0.25Sc. The pump on the lateral regions is P = 1.25Sc for the upper line
and P = 2Sc for the lower one. a. Intensity map of the ideal case of stable parallel dark
solitons generation. b. Imaginary part of the energy of weak excitations of the stationary
solutions of a. The green and red colors represent the symetric and antisymetric modes. c.
Intensity map of the stationary solutions with weak disorder, leading to the generation of
modulational instabilities. d. Phase map corresponding to the bordered region of picture
c. From [144]

Figure 5.3.c. and d. show the density and phase map of the instable solitonic pattern.
Figure d. corresponds to a zoom on the central region of figure c. The position of the
instabilities along y are determined by the disorder, however it does not affect the pattern
shape if the disorder is low enough (γ � ~ω0). In both cases, the dark parallel solitons
break into two stationary vortex streets. Further analysis [144] show the stability of these
final patterns: the snake instability has been frozen by the confining potential.

We have seen that depending on the pump intensity, the instability symmetry can
change. In order to summarize the different configuration conditions, a phase diagram
have been realized and is presented in figure 5.4. The colorscale corresponds to the value
of the maximal instability wavevector, while the x and y axis represent respectively the
support intensity and the total intensity, normalized by Sc. The length of the channel L
and the detuning laser-LP ~ω0 have been kept constant for the whole diagram.

Several regions can be delimited, with different color shades: each of them corresponds
to a different configuration within the channel, whose profile is plotted in the insets. The
whole diagram is divided in three regions delimited by two blue lines. They highlight the
number of solitons: on the bottom left angle, four solitons are generated; two solitons can
be observed in the center of the diagram, in between the two lines, while no solitons are
sustained on the top right angle, where the support intensity is high.
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Figure 5.4: Phase diagramm as a function of S and P intensities. The color
scale indicates the maximal instability wavevector, and therefore the configuration of
the instabilities (orange-red is symmetric and green is antisymmetric). The blue lines
separates the regions with different numbers of solitons. On the right, the purple region
possess a high intensity inside the channel and therefore no solitons, while the dark grey
region delimits a non-stationary steady state. The red and green dots correspond to the
conditions shown in figure 5.3, while the blue one indicates the conditions of the maze
solving of figure 5.5. From [144]

The four solitons are sustained for lower pump intensity. The large majority of it corre-
sponds to the symmetric configuration in orange, but a tiny light green region also shows
the possibility of four solitons in the antisymmetric configuration. The small elongated
light gray region shows the position where a pattern of four solitons is generated. It
happens for low pump and high support, which therefore induces only a weak transverse
polariton flow towards the channel which favors the stability of solitons pattern.

The two solitons region is subdivided in three parts. The orange part corresponds
to the symmetric instabilities defined in figure 5.3, while the green one indicates the
antisymmetric case. The dark grey region highlights a non-stationary steady state (limit
cycle). This happens in the particular conditions of the simulations, i.e. without energy
relaxation and with low disorder. In that case, a pair of breathing solitons is generated
which oscillates in time, as shown in the Supplemental Material Video of [144].

On the right, the purple region illustrates a high density in the channel, without any
solitons nor vortices. This is comparable to the polariton neuron picture depicted in [150],
where logic gates are implemented in polariton fluids using similar intensity channels.
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Another configuration can also be observed by working with no support. In that case,
it is possible to tune the phase between the two high intensity regions. In particular, by
putting them in opposition of phase, the number of solitons created in the channel is odd,
in order to conserve the phase [144]. This can be seen as a 2D generalization of the phase
conservation described in [53].

5.1.3 Maze solving

This channel configuration can now be extended in more complex geometries, and in
particular to a complicated maze. Maze solving studies have started with the work of
Leonhard Euler [159] which is now considered as the starting point of topology. More
recently, the problem is commonly solved using the potential method [160], where a
potential is assigned to the destination, and the choices are determined by its gradient.
This method is used in many different fields, as in robotics [161,162], in biology through
the motion of biological organisms [163, 164], in microfluidics [165] or in plasma physics
[166]. Some chemical methods based on the velocity map of the reaction have also been
developed [167], as well as optical ones using the diffusion of a wavepacket [168]. In our
case, we suggest an algorithm based on the dead-end filling of instabilities, using an all
optical control and a picosecond time resolution.

The previous configuration is now developed into an arrangement of low intensity chan-
nels forming a maze, as pictured in figure 5.5. The S and P intensities correspond to
the blue dot of figure 5.4. All the channels do not have the same configuration: some of
them are open-ends, connected to the outside of the maze, while the others are dead-ends,
surrounded by high density walls.

Figure 5.5: Maze resolution. Intensity maze for S and P conditions indicated by the
blue dot in figure 5.4. a. Snapshot of the system 20 ps after the pump and support have
been switched on: the heads of the solitons start to be repelled by the dead-ends. b.
Stationary final distribution after 1 ns: the solitons fill only the path providing the maze
solution. From [144]
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If an appropriate ratio of S and P is set, just after the switching of the high density
regions on the upper bistability branch, the corridors of the maze get filled by solitons.
However, the solitons present in the dead-end channels quickly start to withdraw: figure
5.5.a shows the system distribution 20 ps after the support and the pump have been
switched on. The heads of the solitons move on the opposite direction of the channel end,
as indicated by the black arrows.

Eventually, they reach the open-end channels: instead of following their movement until
all channels are empty, those ones stay fixed. Figure 5.5.b shows the configuration of the
system 1 ns after being switched on: the only filled corridors are the one solving the maze,
i.e. the open end ones.

The dead end channels have indeed a different behaviour than the open channels as
their head can be seen as a domain wall by itself [144]. However, the motion conditions
are not the same as for the lateral domain wall that we studied previously. Figure 5.6
shows the thresholds of the support intensities that start the motion of the domain walls
in both cases, dead ends in blue and open ends in red, as a function of the channel width
L.

Figure 5.6: Threshold support intensities. Critical support intensities for the motion
of the two types of solitons, the dead ends in blue and the open ones in red, as a function
of the width of the channels. The dead ends start to move for a lower intensity than the
open ones. From [144]

Below L = 14 µm, the channels are to thin to be filled, hence the sharp decrease of the
critical support intensities. Above 14 µm however, the open ends always need a higher
support intensity to be emptied of their solitons than the dead ends. Therefore, as long
as we choose the support intensity to be in the range between those critical intensities,
the dead end solitons will move and thus be removed of the channels, while the open end
ones are stable: the maze is solved.
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5.2 Experimental realization
This theoretical proposal has been followed by its experimental realization. After a brief

description of the setup, we report the results we obtained for the different configurations
we tried.

5.2.1 Implementation

The setup we used for this experiments is shown in figure 5.7 and is quite similar to the
one of the soliton impression, presented in chapter 4. Two main differences have yet to
be noticed. First of all, to facilitate the development of the instabilities, the experiment
needs a static fluid: the excitation is therefore sent at normal incidence, and the in-plane
wavevector is zero. Then, the solitons are generated through intensity channels: the
excitation beam is shaped in intensity and not in phase anymore.

Figure 5.7: Experimental setup. As for the soliton impression, the beam is shaped
through the SLM, this time in intensity: a darker channel is designed in its center. The
beam is sent at normal incidence to the sample, and the signal is detected in real and
momentum space.

As we saw in chapter 2 and used in chapter 4, the Spatial Light Modulator (SLM) can
shape the wavefront of the incoming light beam. However, a trick can be employed to
use it as a intensity modulator, and thus design an intensity pattern on the beam. To
do so, we work again with a grating from which we keep only the first order, but with
a specific, controlled contrast. Indeed, if the full range of the gray scale is used in the
SLM pattern, all the light is diffracted to the first order. However, by using only part
of the scale, only a portion of light is diffracted, resulting in a darker region. This way,
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by tuning the grating contrast of the SLM screen and filtering out the first order in the
Fourier plane, we can shape a beam with a designed intensity pattern. Again, as it is
managed through a computer, the shape is easily tunable.

The detection is the same as before, realized in both real and momentum space. The
excitation conditions are extracted from the momentum images, while the real space gives
us the density map as well as the phase from interferences with a reference beam.

5.2.2 Intensity analysis

The starting point of the experiment is to explore the numerical phase diagram pre-
sented in figure 5.4. To do so, we should scan the intensity along both axis, i.e. vertically
by tuning the total intensity, and horizontally by tuning only the support one.

Figure 5.8 illustrates the evolution of the system with a tuning of the support intensity
S only. The top line shows the density maps while the corresponding phase maps are
plotted on the bottom line. The support density increases from left to right: the first
picture corresponds to a completely dark channel. Nothing happens then as the vortex
streets need a support to develop.

On the second picture however, for S = 0.2P , the expected vortex streets are clearly
visible: the symmetric pattern is clear, and the pinned vortex-antivortex are spotted on
the phase map by the red and blue circles, respectively.

By increasing gradually the intensity within the channel, the pattern elongates (S =
0.3P then S = 0.4P ) while looses in definition. At S = 0.5P , it has already vanished in
the center, only remains the pinned ends of the vortex street.

This behaviour is quite surprising as it does not correspond to the numerical sim-
ulations, where the solitons vanished from the end of the channels towards the center.
However, it can be explained by the gaussian shape of our excitation beam, while the
previous simulations were realized for a flat intensity. The conditions are therefore not
the same along the channel, the density in particular is lower at the ends, which explains
why the instabilities remain there longer.

On the last picture, where S = 0.6P , the instabilities have completely vanished. The
difference between the support and the pump intensities are not high enough for the
domain walls to be generated, which therefore prevents the generation of the vortex
streets.

Those first results coincide well with the numerical simulations, but only the symmetric
pattern has been observed. In the phase diagram however, the antisymmetric region has
an elongated shape toward the horizontal axis: in order to see them, we then tried to
tune the total intensity S + P to scan the diagram vertically.
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Figure 5.8: Scan of the support intensity S. The density within the channel increases
from left to right: it starts completely dark (S = 0.0P ) and raises up to S = 0.6P .
The red dashed rectangle indicates the channel position. The symmetric solitonic pattern
appears at S = 0.2P , elongates a bit and vanishes with the intensity increase. The phase
maps show the appearance of vortex streets, where vortex and antivortex are marked by
the blue and red circles for S = 0.2P .

Figure 5.9 presents the images of the system for several values of the total intensity
S + P . Again, the top line shows the density maps, and the phase maps are presented in
the bottom line. The intensity increases from left to right until a maximal total power
Pmax. The red dashed rectangle indicates the position of the low intensity channel: it is
centered on the figure, with a horizontal width of 15 µm and a vertical length of 150 µm.

The first picture, where P = 0.36Pmax, shows a linear fluid. Indeed even the regions of
the pump do not reach the threshold intensity value for the fluid to jump into the upper
nonlinear branch of the bistability.

When the intensity becomes high enough so that the high density regions jump into
the nonlinear regime, the vortex streets appear (P = 0.69Pmax). The pattern is again
clearly symmetric. The instabilities are maintained over a small range of intensities, then
gradually vanish from the center, starting from P = 0.74Pmax. At the maximum laser
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power Pmax, the instabilities are gone and only remains the grey shadow of the channel.

Figure 5.9: Scan of the total intensity S + P . Density (upper line, logarithmic scale)
and phase (lower line) maps for different values of the total intensity S + P . The laser
power increases from left to right until the maximum value Pmax (0.36Pmax, 0.69Pmax,
0.71Pmax, 0.79Pmax and Pmax, respectively). At low intensity, the whole fluid is linear.
When the pump regions jump into the nonlinear regime, the solitonic pattern appears,
best defined for P = 0.71Pmax, then vanishes for higher intensities.

This time again, only the symmetric configuration has been observed: no clear tran-
sition from one symmetry to another is visible. The experiment was repeated several
times with different conditions (S/P ratio, laser-LP detuning, channel length...) but the
antisymmetric instabilities were never found.

In order to understand our experimental difficulties, new simulations have been made,
to plot a new phase diagram corresponding more accurately to our sample properties.
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The main difference between the previous theory and the experiment comes from the
disorder of the sample. The numerical results presented in section 5.1 were done in the
quasi-ideal case: a slight disorder is necessary to generate the instabilities, but it was
chosen to be small, of 0.01 meV amplitude. This way, the solitonic pattern is not affected
by the disorder position and thus get a regular shape.

Experimentally, our sample has a more important disorder amplitude: it was evaluated
around 0.1 meV. In this case, it plays a role in the shape of the instabilities as some
vortex/antivortex can be pinned by the disorder speckle, leading to irregularities in the
vortex street pattern. Therefore, a new phase diagram has been realized, plotted in figure
5.10

The impact of a stronger disorder to the instability shape also makes it more difficult
to numerically determine the dominant mode, and therefore the symmetry of the insta-
bilities. The new color scale of figure 5.10 phase diagram is thus based on the soliton
mass center Xc(y), numerically easy to define.

Indeed, in the symmetric configuration, the soliton mass center stays quite aligned along
the y axis, while in the antisymmetric case, it follows a sinusoidal trajectory. Its standard
deviation

〈
∆2〉 =

〈(
Xc(y) − 〈Xc(y)〉y

)2〉
y
can therefore give us useful information: the

higher it is, the more antisymmetric the pattern is.

Figure 5.10: Phase diagram in the presence of disorder. The color scale illustrates
the standard deviation of the center between the solitons 〈∆2〉. The different instability
configurations are plotted in the insets. The antisymmetric pattern corresponds to the
green area, much smaller than previously. The light grey region indicates where the
solutions are not stationary in time, while the dark grey area shows where no solitons are
visible and the channel is entirely filled with polaritons. From [144]
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Even though the color scale parameter has been modified compared to figure 5.4, it
still corresponds to the same symmetry pattern, as illustrated by the insets: orange areas
shows symmetrical instabilities while the antisymmetrical ones are located on the green
regions.

The dark grey region shows where no solitons are generated in the channel, which is
entirely filled by the polariton fluid. The lighter grey corresponds to solutions that are
not stationary in time, and thus not clearly observable experimentally.

The clear antisymmetric pattern corresponds to the greener pixels: the area is actually
much smaller than previously, hence the difficulty to experimentally observe it.

Now that we have tuned the intensities of the system, we can also use the properties of
the SLM to study the influence of the shape of the channel on the instability behaviour.

5.2.3 Shape tuning

The first dimension of the channel that we have scanned is its length L. Again, the
operation is very easy as it consists in changing the image send on the SLM screen. The
results are presented in figure 5.11.

This set of experiment has been realized for a channel with a horizontal width of 15
µm. It expands vertically along the images, from 40 µm length up to 240 µm in the last
image on the right.

When the channel is short, the instabilities are very clear, as well as their symmetric
pattern. Indeed, the dimension of the channel imposes boundary conditions on their
spatial period and position [144], and therefore on the number of vortex-antivortex pairs
that can appear in a channel of finite length. Besides, one can see that in all the images, the
instabilities are better defined at the ends of the channel, where the boundary conditions
are strong. In the center, however, they have a relative translational symmetry along the
channel axis and therefore get a larger flexibility.

A particularly interesting image in this set of measurements is the last one on the right.
Here, the top end of the channel is connected to the low density region, while the lower
one is still surrounded by high density fluid. The instability pattern is therefore different.
On the bottom, as before, the presence of the horizontal wall breaks the symmetry along
y and pins the instabilities: the vortex streets are very clear in the phase map, indicated
there by the red and blue circles. On the top end however, the connection to the low
density region maintains the translational symmetry, allowing the instabilities to slightly
move along the y axis. In this time integrated image, it results in blurred parallel solitons.
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Figure 5.11: Scan of the length L of the channel. Density (upper line) and phase
(bottom line) maps of the system for different lengths L of the channel. The length
increases from 40 µm (left) to 240 µm (right). The symmetric instabilities are well defined
for short channels, while they blurry in the center of the long ones. In the last picture on
the right, the top end of the channel has reached the low density regions.

The horizontal dimension of the channel has also been tuned, as presented in figure
5.12. This time, the channel is sent over the whole beam, so is connected to the low
density region on both ends. Three different widths have been studied: 25 µm, 40 µm
and 55 µm. The dimensions of the channel are represented by the red dashed rectangles.
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Figure 5.12: Scan of the width W of the channel. Density and phase maps of the
system for different width of the channel (25 µm, 40 µm and 55 µm, respectively). The
solitons fill the entire channel and therefore increase their number. On a., the two high
density regions have the same phase: the soliton number is even; while on b, the high
density regions are in opposition of phase, which leads to an odd number of solitons.



138 CHAPTER 5. SOLITONS IN STATIC FLUID

For each channel width, we see that the instability patterns fill all the surface of the
channel: the soliton number increases with the width. In a. for instance, we observe
2, then 4 and eventually up to an array of 6 solitons. We only have an even number of
solitons, as the wavefront of the pump has a flat phase and the total phase jump must be
conserved.

Now we can also combine the wavefront shaping property of the SLM with the intensity
modulation: on panel 5.12.b, the two high density regions have a phase shift of π between
them. Therefore, the number of solitons inside the channel has to be odd, so that the
total phase jump in conserved: we can see one, three and five solitons depending on the
total width. Those results are analog to the one presented in [53] in the unidimensional
case, with in our case a translational symmetry along y.

This one is responsible for the inhibition of the modulational instability. However, for
wide channels, we can see the breaking of the solitons: the confinement induced by the
high density region is not strong enough to sustain stable solitons, hence the development
of instabilities.

Now that we have studied the single channel configurations, we can study the effect
of a modification of the shape of the corridor, as a starting point of a maze realization.
Experimentally however, the optical impression is limited by the cavity bandwith: in
the momentum space, the bandwidth of the cavity filters out the signal with too high
components in k-space. Therefore, if the shape of the incoming beam is too large in
momentum space, the high spatial frequency components will not enter the cavity and
the signal will be blurred out on the fluid, hence the difficulty to imprint complicated
patterns.

This is why, as a first observation, we considered a cross, where the vertical corridor
possess dead-ends surrounded by high density fluid, but where the horizontal channel is
open and connected to the low density region. The results are presented in figure 5.13, for
a channel width of 25 µm and for different intensity ratios, from S = 0.0P to S = 0.4P .
The red dashed line indicates the shape and position of the corridors.

The instabilities fill the corridors for low support intensities. However, looking at the
phase maps, we can see that their best definition is around S = 0.2P , where the phase
jumps are really clear. The shape of the instabilities also confirms what was already
observed: the dead end channels pin the instabilities and the symmetric pattern is visible,
while they appear parallel on the open horizontal channel.

Increasing again the support intensity, we reach the value S = 0.4P , where the dead-
end channel has exceeded the critical support intensity SC , contrary to the open-end one.
Therefore, the solitons have been pushed away from the vertical corridor, but remains in
the horizontal one, as we can clearly see in the phase map. A few instabilities can however
still be guessed in the upper part of the vertical channel due to disorder of the sample
which locally pin them. These results demonstrate that the proof of the resolution of this
simplified maze is experimentally achieved.
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Figure 5.13: Cross shaped channel. Scan of the support intensity of a cross shaped
channel, from S = 0.0P to S = 0.4P . The vertical corridor have dead-ends, surrounded
by high density walls, while the horizontal corridor is connected to the low density region.
For S = 0.4P , the solitons still fill the horizontal channel while they have vanished in the
vertical one: the maze is solved.

Those results are very promising on the possibility of an actual maze solving with
polaritonic devices. For now, the experimental limitation stays the implementation of
the maze shape, which in our all optical configuration and with our kind of sample can
not be develop to complicated shapes. It would indeed require better quality sample and
higher laser power to implement a larger scale maze. Other configurations could also be
considered, as the etching of the maze directly on the sample, or the use of shaped mask.





Conclusion

The starting point of this work came from the study of the polariton optical bistability
and its related properties [25]. The ability to release the phase constraint imposed by
the quasi-resonant pump particularly caught our attention, as well as the proposal of the
seed-support configuration, leading to an extended high-density bistable fluid.

The experimental implementation showed to be in excellent agreement with the an-
nounced theory [26, 27]. Indeed, topological excitations, such as vortex-antivortex pairs
and dark solitons, were spontaneously generated in the wake of a structural defect, within
the high density quasi-resonantly pumped fluid. Therefore, the system did not only get
rid of the pump phase constraint, but were also able to sustain those topological excita-
tions over hundreds of microns, greatly enhancing their propagation length compared to
the previous observations [22].

This experiment also revealed a very unexpected behaviour of the solitons. Indeed,
the presence of the driving field imposed by the bistable pump prevents the dark solitons
to propagate away from each other, as they usually do in an undriven system [22, 138].
In our configuration, they tend to align to each other and propagate parallel as a binding
mechanism.

Following those results, we tried to get rid of the last constraint we had on the soliton
generation, namely their spontaneous formation in the wake of structural defect. To do
so, we decided to artificially imprint them on the fluid and observe their further free
propagation. This was implemented by wisely designing the excitation beam using a
Spatial Light Modulator, and we managed to generate on demand dark solitons on a
polariton fluid [28]. Once again, due to the presence of the driving field, we observed this
binding between the solitons, propagating parallel as a dark soliton molecule.

The flexibility of our method allowed us to explore the system parameters in order
to better understand this surprising behaviour. After a careful study, we realized it is
directly connected to the driven-dissipative nature of our system, and that the separation
distance between the solitons is governed by the decay rate of the microcavity. The easy
design and implementation of this technique opens the way to deeper studies of quantum
turbulence phenomena.

It was done in the last part of this thesis work, where the previous technique was
developed to implement intensity modulations on the polariton fluid. This time, the idea
was to generate solitonic structures in guided low-density channel in a static polariton
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fluid [144]. The absence of flow destabilizes the solitons, which break into vortex streets
due to transverse snake instabilities. Those instabilities present different symmetries that
we were able to study, as well as their different behaviour depending on the dead- or
open-end nature of the channel. This property was then applied to offer an all-optical
fast analog maze solving algorithm, even though some technical limitations still prevents
us to implement too complicated shapes.

This thesis work has been focused on the study of topological excitations, namely vor-
tices and dark solitons. This topic is an important subject of research in the field of
exciton-polaritons and more generally quantum fluids, and we have concentrated our in-
vestigations on their control. By implementing novel techniques to generate and sustain
them at will, we were able to greatly facilitate their control and the one of their environ-
ment parameters. It offers many possibilities of developments, going from the study of
interaction in multiple solitons pattern or their robustness against modulational instabil-
ities, the improvement of ultrafast all-optical maze solving algorithms and more generally
the controlled and quantitative study of quantum turbulence in driven-dissipative fluids
of light.
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Subject : Generation, propagation and control of quantized vortices
and dark solitons in polariton superfluids

Abstract : Exciton-polaritons are quasi-particles arising from the strong coupling regime bet-

ween excitons and photons. In planar microcavitites, phenomena such as superfluidity or Bose-

Einstein condensation can be observed. Those systems have demonstrated to be very e�cient

in the hydrodynamic generation of topological excitations, such as vortex-antivortex pairs or

dark solitons. However, the lifetime and motion of those excitations were limited by the driven

dissipative nature of the system.

In this thesis, we present a rich variety of results about the generation and control of such

topological excitations. Taking advantage of the optical bistability present in our system, we

were able to greatly enhanced the propagation length of vortices and solitons generated in the

wake of a structural defect, revealing in the mean time an unexpected binding mechanism of

the solitons which propagate parallel. This behaviour was recovered in a specifically designed

experiment, where we artificially imprint dark soliton pairs on demand on a polariton superfluid.

The adaptability of our technique allowed for a detailed study of this phenomenon, that we

directly connected to the driven-dissipative nature of our system. Finally, confined dark solitons

were generated within guided intensity channels on a static polariton fluid. The absence of flow

lead to the development of transverse snake instabilities of which we studied the interesting

properties.

Keywords : fluid of light, exciton-polaritons, quantum vortices, dark solitons, snake instabilities.

Sujet : Génération, propagation et contrôle de vortex quantifiés et
solitons sombres dans des superfluides de polaritons

Résumé: Les polaritons excitoniques sont des quasi-particules créées par le régime de couplage

fort entre des excitons et des photons. Dans des microcavités planaires, des phénomènes tels

que la superfluidité ou la condensation de Bose-Einstein ont pu être observés. Ces systèmes ont

démontrés être particulièrement appropriés pour la génération hydrodynamique d’excitations

topologiques comme des paires de vortex-antivortex ou de solitons sombres. Cependant, le temps

de vie et la propagation de ces excitations étaient limités par la dissipation du système.

Dans cette thèse, nous présentons une succession de résultats sur la génération et le contrôle

de telles excitations topologiques. En utilisant la bistabilité optique de notre système, nous avons

fortement augmenté la distance de propagation de vortex et de solitons formés dans le sillage

de défauts structurels, ce qui a également révélé un comportement inattendu des solitons liés

qui restent parallèles. Ce comportement a été confirmé par l’expérience suivante, où nous avons

artificiellement imprimé des paires de solitons sombres dans des superfluides de polaritons. La

flexibilité de notre technique nous a permis d’étudier ce phénomène en détails et de le relier direc-

tement à la dissipation du système. Enfin, des solitons sombres ont été produits dans des canaux

d’intensités dans un fluide statique. L’absence de flux a permis le développement d’instabilités

transverses ou snake instabilities dont nous avons étudié les propriétés.

Mots clés : fluide de lumière, polaritons excitoniques, vortex quantifiés, solitons sombres, insta-

bilités


