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Abstract

Semiconductor microcavity polaritons are composite half-light half-matter
quasiparticles that arise from strong coupling of photons and excitons in
semiconductor microcavities. Polaritons have recently been demonstrated
to exhibit rich physical properties resulting from polariton-polariton inter-
actions, such as non-equilibrium condensation, parametric scattering and

superfluidity.

This work is focused on exploring spin-dependent polariton-polariton
interactions and their implications. In the second chapter polariton polari-
sation multistability is studied. Spin-rings resulting from the multisatbility

are reported and characterised.

In the third chapter bright spatial polariton solitons arising from po-
lariton modulational instability are reported and thoroughly characterised.
The fourth chapter deals with the polarisation properties of polariton soli-
tons, which are closely linked to polariton polarisation multistability. Fi-
nally, in the fifth chapter, the formation of soliton arrays (trains) is demon-

strated along with possible soliton-soliton interactions.
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Chapter 1

Introduction

The year 2012 marked the 20" anniversary of the first observation of exciton-
polaritons in semiconductor microcavities [1], which triggered a rapid de-
velopment in the field of semiconductor polariton physics. The first pre-
diction of strong coupling between excitons and light was made by the
Ukrainian physicist S. I. Pekar [2]. The term polariton was introduced by
J. J. Hopfield [3] and V. M. Agranovich [4] in order to describe coupling
between light (photons) and electric dipoles (excitons) in bulk crystals. In
the present work 2D exciton-polaritons (referred to in the text also as po-
laritons) in microcavity devices are studied. These devices are GaAs-based
planar microcavities with distributed Bragg reflectors with embedded GaAs

or InGaAs quantum wells, where excitons are excited.

Polaritons have been recently demonstrated to exhibit a number of
fundamental physical effects: condensation 5], superfluidity [6], paramet-

ric scattering [7], quantised vortices [8] and dark oblique solitons [9].

This work complements an important link between two fields of the
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fundamental interest: polariton physics and soliton physics. The study of
solitons, which emerged from J. S. Russell’s experiment on water waves [10]
(figure 1.1(1)), can be found in many areas. Solitons are the temporal or spa-
tial waves that are localised and stabilised through non-linear interactions.
Solitary waves in oceans and seas are often formed in straits [11, 12], for
example see figure 1.1(2). In the sky, clouds that form with air flows over
specific topological objects are also believed to be stable solitary structures
[13, 14, 15] (figure 1.1(3)). Even ball lightning can be possibly described as

a soliton [16].

In the field of nonlinear optics bright and dark solitons have been
demonstrated in different media. x(2) quadratic solitons result from second-
harmonic generation from input fundamental fields (at frequency w), and
mix via x(2) to generate a second harmonic (2w). The conversion requires
wave vector conversion which results in modification of dispersion which
stabilises these wavepackets [17]. Kerr-type solitons resulting from the Kerr
nonlinearity (when An ~ E?) were observed in a planar glass waveguide
[18]. Solitons arising in saturable self-focusing nonlinear medium (low
pressure rubidium vapour) were also extensively studied [19]. In photore-
fractive medium, in contrast to Kerr nonlinearity, focusing effect is pro-
duced by an internal nonlocal space-charge DC field. Incident light on such
a medium through two-wave mixing (interference) induces local interfer-
ence gratings which then localise input light [20]. Low power densities and
independence of focusing properties on beam power allowed the observa-
tion of complicated soliton patterns (figure 1.1(5)) [21] and soliton-soliton

interactions (figure 1.1(6)) [22].

Finally solitons have been observed in optical fibres [26, 27, 28] and fi-
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Figure 1.1. (1) - a photo of reconstruction of the soliton observed by J. S. Russell.
Source: [23]. (2) - satellite photon of solitons propagating in Mediterranean sea from
Gibraltar strait. Source: [12]. (3) - photo of a Morning Glory cloud formation. Source:
[24]. (4) - Soliton trains formed from atomic BEC. Source: [25]. (5) - weakly interact-
ing localised structures (solitons) in a photorefractive oscillator system (BaTiO3) with
nonlinear saturable absorber. Once it is in a special shape optical resonator (confocal
ring resonator in this case) it respond with the self-build up of gratings in the crystal
and formation of stable soliton beams. Source: [21]. (6) Spiralling of solitons induced
by phase engineering in photorefractive Strontium-Barium Niobate crystal. Source:
[22].
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bre ring cavities [29], atomic condensates (figure 1.1(4))[30, 25] and VCSELs
(essentially microcavities in the weak coupling regime) [31, 32, 33, 34]. The
latter is closely linked to the solitons discussed in this work. The solitons in

VCSELs are also stabilised via resonator bistability.

§1.1  Microcavity polaritons

A typical structure of a microcavity used is schematically shown in fig-
ure 1.2. It consists of two distributed Bragg reflectors (DBR) forming the
cavity with quantum wells incorporated into the cavity active region. Quan-
tum wells (QWs), which are positioned at the antinodes of the optical field
confined by the microcavity, are used to localise direct excitons in the plane
of the cavity. Excitons in QWs possess larger oscillator strength than in bulk
due to confinement. This configuration allows for better coupling efficiency

between excitons and photons, and, crucially, creates a 2D polariton system.

First of all, the dispersion of the system will be discussed. The photons
in an empty microcavity generally obey the following quadratic dispersion

relation:

27c hk}%y
= +

W, = (1.1)

neLe  2mp;’

where L, is effective length of the cavity, n. is the refractive index, m

ph =
hn./(cL;) is the effective mass of a photon, which is very light comparing to
free exciton mass: typically m,;, ~ 107>~10"*m,. This dispersion is depicted

in figure 1.3 (black dashed line). At the same time, since the exciton mass
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Figure 1.2. A schematic diagram of a A GaAs microcavity with embedded quantum
wells. Source: [35].

is m,, ~ 10*>

mpy,, the exciton dispersion is nearly constant for a range of
k-vectors of excitons which are optically active [36, 37, 38]. This is shown

by red dashed line in figure 1.3.

Strong coupling between photons and excitons is most efficient when
the values of their energies and momenta in the cavity are in resonance.
The coupling between excitons and photons is determined by the oscilla-
tor strength of the exciton and the amplitude of the cavity photon electro-
magnetic field at the location of the QW. If the coupling strength is greater
than the width of the cavity photon and exciton mode the so-called strong
coupling regime occurs. In this regime energy oscillates between the exci-
ton and the cavity photon mode resulting in the formation of hybrid light-
matter quasiparticles termed polaritons. These oscillations are called Rabi
oscillations. Rabi frequency is a characteristic of the coupling energy be-

tween the excitons and the photons in the cavity. This splitting can be ex-
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pressed as [35]:

ZoTow )1/2 (1.2)

hQy =~ 2h( L.
where Ngyy is the number of quantum wells in the cavity, () is the Rabi
frequency and Al ~ f., is the radiative width of a free exciton, which is
proportional to the oscillator strength of the exciton (f,,). Qualitatively the
polariton can be considered as follows: a photon with wavevector k is ab-
sorbed by the QW, which creates an exciton with the same k vector. The

exciton emits a photon and so-on, until the photon escapes or the exciton

scatters.

Typical polariton dispersion is shown in figure 1.3. Anticrossing be-
tween the exciton and the cavity modes leads to the appearance of the upper
(UPB) and the lower (LPB) polariton branches in the vicinity of the strong
coupling region. This work will be concerned with the lower polariton

branch.

An important characteristic of the lower polariton branch relevant to

soliton studies here is the polariton effective mass defined as follows:

hZ
= 22E/0k2

*

m

It is instructive to analyse the effective mass pattern of the lower po-
lariton branch as a function of k-vector. The dispersion and derived effec-
tive mass are shown in figure 1.4. Importantly, the dispersion curve has
the point of inflection which separates two regions with different signs of

effective mass.

Finally, it is important to highlight effects of saturation of excitonic
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Figure 1.3. Simulated polariton dis- Figure 1.4. Lower polariton branch (the

persion of a typical GaAs microcavity.
Black dashed line is dispersion of un-
coupled photons, red dashed - uncou-
pled exciton, blue solid - upper polariton
branch and green solid - lower polariton
branch.

same as in figure 1.3), upper panel, and
corresponding effective mass, lower
panel, as a ratio to free electron mass
(mg) show two points of inflection which
divide regions of positive and negative
effective masses of polaritons.

resonance, in the case of high densities. It was shown for the 1s excitonic
resonance that with increasing density Coulomb exchange interaction be-
tween excitons increases, which leads to a blueshift and exciton dephasing.
The increased role of dephasing mechanisms also leads to a broadening of
the exciton resonance while the exciton oscillator strength is almost not af-
fected. This leads to a blueshift of the LPB and its broadening, but there is
no significant reduction in coupling strength until the exciton is fully satu-
rated [39]. At higher density, particle-particle interactions may lead to fast

exciton ionisation and, as a result, collapse of strong exciton-photon cou-

pling.
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§1.2  Condensation of polaritons

The concept of what is now called Bose-Einstein condensate (BEC) was de-
veloped at the dawn of the Quantum Physics by Einstein in 1924-1925 in
a series of three papers, and was specifically discussed in the second one
[40]. Einstein’s work was closely bound to the ideas expressed by Bose [41],
where he proposed a derivation of the famous Planck’s formula for black
body radiation based on the statistical description of quanta of light. The
same quantum statistical approach led Einstein to predict a phase transi-
tion in a gas of noninteracting atoms. This phase transition (Bose-Einstein
condensation) occurs when a large number of atoms condenses in the state

of lowest energy.!

In 1938 Kapitza [44] and Allen & Meissner [45] discovered superflu-
idity of liquid helium. The intuition behind this discovery, that it may be
a manifestation of BEC [46, 47], quickly led to the development of super-
fluidity theory by Landau [48] in 1941. Finally, Landau & Lifshitz [49] and
Penrose [50]in 1951 introduced the concept of offdiagonal long-range order,
corresponding to a o-like term in the ground state of momentum distribu-

tion. Presence of this term is now considered a litmus test for determination

of BEC.

It was only in 1995 that BEC was firstly reliably observed in Rb-89
atoms [51]. Excitons also have integer spin and comparably light mass, and

observation of exciton BEC was first claimed in 2002 [52, 53]. Photons (ef-

"Notably, Bose and Einstein’s work appeared before Fermi’s [42]. Furthermore, it was
only 1927 when all particles were finally classified into bosons and fermions depending on
their spin [43].
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fective mass ~ 107°m,) are even lighter and their BEC can be observed even
at room temperatures, which was only observed in 2010 [54]. These are
just three benchmarking experiments, but discussion of BEC is an incredi-
bly rich topic, which is generally beyond the scope of this work. However,
several main features of polariton condensation should be highlighted for a

comprehensive discussion of polariton solitons.

Photons have spin s,, = 1. Excitons are composed of electrons with

se = 1/2 and heavy holes with s, = 3/2 and therefore exciton spin is also in-

b

b =1,59 =22 Excitons with spin s’_ = 1 are called bright, since they

teger: s
can interact with photons as they have the same spin, and therefore can be
detected with light. Polaritons, therefore, also have integer spin and exhibit
bosonic behaviour. Polaritons have very low in-plane effective mass (10°
lighter than Rubidium atoms used to demonstrate Bose-Einstein condensa-
tion [51] and 10° lighter than the mass of an electron). As it was already
mentioned, it is possible to show [56] that particles obeying Bose-Einstein
statistics at high enough densities (overlapping between wavefunctions of
separate particles should be of the order of their de-Broglie wavelength)
and low enough temperatures can undergo a phase transition from a Bose

gas to a condensate — the lowest energy macroscopically occupied state. The

condensate can then be described by a single macroscopic wavefunction.

Microcavity polaritons are a two-dimensional system. For an equi-
librium noninteracting Bose gas, Bose-Einstein condensation at finite tem-
perature is only possible when it has more than two dimensions; for two-
dimensional systems condensation can only occur at T = 0. However, in

the case of a weakly interacting equilibrium Bose gas, it can undergo quasi-

2Although, separate excitons possibly may not behave as bosons, an exciton gas behaves
as a Bose gas [55].



18 Chapter 1. Introduction

condensation at temperatures below Tggr (so-called Berezinskii-Kosterlitz-
Thouless transition) [56]. The condensate wavefunctions exhibit a macro-
scopic coherence length which does not extend to infinity (in contrast to the

strict BEC).

Excitons and polaritons in the system with high wave-vectors have to
go through relaxation processes in order to reach the region of strong cou-
pling. To do so they have to dissipate a large amount of energy (5-10 meV)
comparing to a typical energy loss from a single polariton-phonon scatter-
ing event (= 1 meV), each of which takes about 10 ps. Although the phonon
energy in semiconductors can range from 0 to 30 meV, 1 meV is the en-
ergy that corresponds to a phonon wavelength of 10 nm — the typical size
of QW [57, 58, 59]. Since the polariton lifetime is ~ 5 ps, the scattering rate
to the lowest energy polariton states is low enough to prevent polaritons
from achieving thermodynamic equilibrium. As a result, most polaritons
accumulate at high-k states close to the exciton level. This is referred to
as a bottleneck effect [59, 60]. However, at high enough powers, polariton-
polariton scattering dominates allowing efficient relaxation to the bottom of
the LPB, which can be achieved either using non-resonant excitation or res-
onant laser excitation into the LPB. Although, the limited polariton lifetime
does not allow the polariton system to fit into a semi-classical description
of condensation (as in [61]), there are now several claims that quasi ther-
mal equilibrium can be achieved with some effective temperature, but not
in thermal equilibrium with the crystal lattice. However, the recent obser-
vation of polariton lifetimes of the order of a 100 ps [62] can possibly chal-
lenge this problem and provide condensates in equilibrium with the crystal

lattice.
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It is now common to refer to the condensate that can be created in
the polariton system as the polariton Bose-Einstein condensate, which is a
relaxed definition, and the discussion is still open [63, 64]. The modern
definition of BEC stipulates that it is a build-up of long range spatial coher-
ence, with no strict demand for thermal equilibrium, which perfectly fits

the polariton system.

Independently of the outcome of the discussion, it is important to
highlight the key properties of the state: it is a high density macroscopically
occupied energy state. It possesses a high degree of spatial and temporal co-
herence, i.e. it is narrow in momentum and energy space. The coherence
time of the polariton condensate 7., ~ Ny, 7; (7] — polariton lifetime) was
measured to be of the order of 200-500 ps [65, 66]. Recently the coherence

time of polariton condensates was reported to reach 3 ns [67].

The demonstration of coherence and occupation of the lowest energy
state via off-resonant pumping [5] led to wider acceptance of polariton con-
densation. The famous illustration (figure 1.5) shows the build-up of popu-
lation and finally condensation of polaritons. Condensation of polaritons in
GaAs-based microcavities has been also demonstrated, for instance in a trap
created within a small area where an external mechanical force was applied
[68]. Finally, polariton lasing and condensation has been demonstrated in

microcavity pillars and wires [69, 70, 71].
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Figure 1.5. (a) top row images show far-field angular emission intensity distribution,
(b) bottom row images show energy resolved data from (a). Left panels - pump below
threshold, centre at the threshold, left - above the threshold. Source: [5].

§1.3  Polariton optical parametric ampli-

fier and optical parametric oscillator

A major advance in polariton physics was the discovery of parametric polariton-
polariton scattering [60, 7] where the cavity is pumped at a certain incident
angle with respect to the normal to the sample with the pump photon en-
ergy matching polariton energy at that k-vector. As the result of polariton-
polariton interactions in the pump, one polariton is scattered to the signal

state at kjgn0 = 0 and second is scattered to the idler state k;gjor = 2k mp-

The scattering processes were observed in an optical parametric ampli-
fier (OPA) configuration [72]. In this experiment, the probe applied at k =0
triggers scattering processes of the pump polaritons (see figure 1.6) to this
state, therefore no scattering self-organisation occurs. These results were

shortly followed by a theoretical explanation [73].

The coherence of the signal polariton population (at k = 0) was studied
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Figure 1.6. Polariton disper- Figure 1.7. PL spectra (a) below and (b) close to
sion relation vs incident an- threshold, (c), (d), (e) above threshold as a function
gle O at zero detuning. Cav- of detection angle. A very strong change is seen
ity (exciton) energies Wy, between low and high excitation power. (f) PL in-
(wey) shown dashed. Probe tensity collected from k = 0 as a function of pump
polariton (o) stimulates the power demonstrating threshold behaviour. (g) PL
scattering of pump polari- spectra collected at k = 0 as a function of pump
tons (e). Source: [72]. power demonstrating energy blue-shift. Source: [7].

by means of coherent control [74] of the OPA. First, a 1 ps pulse was applied
at non-zero incidence angle to create a pump population. Then two phase
locked probe pulses were sequentially applied to the sample at normal in-
cidence. The first of the probe pulses above certain threshold, Iy, triggered
stimulated scattering of the pump polaritons into the k = 0 state. Then the
second probe pulse seeded polaritons that would interfere with the existing
population at k = 0. The results show (figure 1.8) high coherence of polari-
tons at k = 0, and very long coherence times (figure 1.9) much longer than

10 ps.

When a pump beam is used alone and is applied resonantly to the
microcavity, at high power excitations (above a certain threshold) stimu-

lated scattering occurs (so-called self-organisation of multiple polariton-
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the two probe pulses; the first probe
pulse is synchronous with the pump. [,
is the threshold intensity of the first
probe which triggers stimulated scatter-
ing. Source: [74].

polariton scattering [75]). When the occupancy of the final state (ks;gpa = 0)
becomes close to 1, stimulated scattering of polaritons into this state occurs.
As a result the final state becomes macroscopically occupied. This process
is referred to as the optical parametric oscillator or the OPO. Three coupled
states — pump, signal and idler — form the OPO. It is notable that scattering
to many states is allowed by energy and momentum conservation rules, but
at high power self-organisation occurs with only one signal state at k = 0

strongly amplified [75].

Experimentally, PL emission exhibits a threshold-like behaviour as
a function of the CW pump power (figure 1.7(f)) [7], and PL emission
is also concentrated around k = 0 (figure 1.7(a)-(e)) with Ak = +£2° and
linewidth narrowing is observed. Based on the above observations and

given the bosonic nature of polaritons, the authors suggested that the ob-
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served threshold behaviour may be a transition to a condensate phase. Also
polariton-polariton interactions at the higher pump powers lead to renor-
malisation of the polariton dispersion which manifests itself as a blueshift
in the observed emission energy at high pump powers (figure 1.7(g))>. The
efficiency of this process is much higher than that of off-resonant excitation

since the population of the exciton reservoir is avoided.

The coherence time of the final state was measured to be of the order
of 500 ps [66]. It was suggested also that it is limited by interactions and

particle fluctuations in the pump, signal and idler states.

§1.4  Bistability

The effect of bistability in polariton systems is a consequence of polariton-
polariton interactions. It was first demonstrated by applying a slightly
blueshifted pump beam with respect to the LBP at k = 0 [77, 78]. As the
pump intensity is increased it creates more polaritons which leads to renor-
malisation of the polariton dispersion, which shifts upwards in energy. Once
the blueshift of the lower polariton branch is high enough (higher bistabil-
ity threshold) to match the pump laser energy, a sharp increase in trans-
mission (or increase in amplitude of internal cavity field) is observed. Then
if the pump intensity is decreased, the polariton resonance will remain at

the same energy (as that of the pump) and maintain a high transmission

3The blueshift of the LPB at high densities of polaritons enables them to screen potential
disorder and to overcome TE-TM splitting [76].
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Mean polariton number

04 0.6 0.8 1 12 14
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Figure 1.10. Calculation of intensity of the polariton field (the mean number of po-
laritons) vs the input power [;,, in milliwatts. The spot size is taken 50 um in diameter.
The cavity and exciton linewidths are y. = 0.12 meV and y,xc = 0.075 meV. The cavity-
exciton detuning is 0 = 0 The laser detuning is 0,ymp = 12.5)polariton- IN the bistable
region, the dotted line is the unstable branch. The arrows indicate the hysteresis
cycle obtained by scanning the input power in both directions. Source: [77].

rate until dispersion falls back to the un-blueshifted values (lower bistabil-
ity threshold), see figure 1.10. In some cases this bistability range can reach

up to 50% of the applied pump power.

§1.4.1 Bistability and parametric instability in

the OPO

The polariton system in the OPO configuration, as it was noted before, un-
dergoes a phase transition above a certain threshold power. In the case of
the OPO, the pump only bistability threshold may coincide with the thresh-
old for stimulated parametric scattering to k = 0 (which is also referred in
some literature as parametric instability [79]). As a result the OPO emission

may also exhibit hysteresis as a function of pump power [80, 75]. A general
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condition for bistability in the OPO to appear can be written as [80]:

AApymp > 1, (1.4)

where Agignar = Ajgrer = A and A are the signal, idler and pump detun-

pump
ings normalized to their half width at half maximum (HWHM) respectively.
The first observation of bistability was made by Baas et al. [80]. The main re-
sult of their work is shown in figure 1.11. The extent of bistability and the
actual threshold values depend on the angle of excitation. The threshold
power of the OPO is p ~ \/Vidler Vsignal, Where y is the polariton relaxation
rate at k-vectors of signal and idler [80]. Experimental and theoretical find-
ings on this topic were summarised by Whittaker [81]. The key result can
be seen in figure 1.12. It shows the s-shaped curve of the internal pump
only field vs pump power and the angular range where the pump only state
is unstable (shaded area). It breaks into signal and idler modes, which are
always at kjona = 0 and kjgjer = 2kpymp- It was shown that hysteresis in the

OPO emission is a result of interplay between bistability of the pump only

mode and stimulated scattering [79].

Notably, the signal state (at high density phase) has very similar prop-
erties to condensates obtained via off-resonant pumping, discussed in sec-
tion 1.2. Its high population is localised in the energy minimum at k = 0 and
it is narrow in energy and momentum, and at the same time the signal has
long-range spatial coherence. Importantly the coherence of the signal state
is not inherited from the pump, since scattering to signal and idler states

brings a random phase:
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Figure 1.11. Variation of the signal
emission as a function of the pump
power for a pump detuning Apump =
0.42meV. The gray curve is the result of
a fit. The inset shows more clearly the
calculated unstable branch. Source:
[80].
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Figure 1.12. Left. S curve showing the
bistable relationship between the pump
polariton population and external pump
power. Right. Values of polariton pop-
ulations (shaded region) for which the
pump only state is unstable as a func-
tion of the signal angle. Source: [81].

Zgopump * Psignal T Pidler = 2, (1.5)

where @g;qnqa1 and @jg1. are random phases since only ¢, is fixed [81, 82].

The coherence build-up is only seen in the high density state. Ulti-
mately this state can also be referred to as a condensate, as it doesn’t inherit

its phase from the pump.

§1.5  Polariton polarisation multistability

Most of the effects studied in polariton physics are collective. A large num-
ber of polaritons is created and then some macroscopic characteristic is

measured, i.e. intensity or density. The same applies to polarisation ef-
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fects and measurements in microcavities. A single exciton spin in quantum
wells has +1 and +2 projections along the growth axis. |[+1 >and [-1 >
excitons can be excited by (and can emit) 0" and ¢~ photons. However the
overall measured polarisation of the polariton gas can be any combination
of these, which can be conveniently represented using the Poincaré sphere
and Stokes vector formalism for a full polarisation description. In this work

the following definitions are used for Stokes vector components:

»l

< C 0O

where [ is total intensity normalised to 1. Q is the degree of linear polarisa-

tion (DLP):

Q=—2" (1.7)

U is the degree of linear polarisation in the diagonal basis (DDP):

I,-1,
U=-42= . 1.8
Ia+lb ( )

V is the degree of circular polarisation (DCP):

_ Il_Ir _ Io+_Io‘
T Py A

Here I and [, are intensities of polarisation components in the linear

polarisation basis with horizontal and vertical axis orientation; I, and I, are
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Figure 1.13. Poincaré sphere. Red vector depicts fully polarised light. Blue dot corre-
sponds to fully unpolarised light.

when the axes are diagonal; I; and I, correspond to intensities in the left and
right circularly polarised basis. The Poincaré sphere is a unit sphere where
each of three orthonormal axis correspond to Q, U and V. Fully polarised
light corresponds to a unit vector with the beginning in the centre of the
sphere and the end on its surface. Fully unpolarised light corresponds to a

zero length vector — a point in the centre (figure 1.13).

Polariton-polariton interactions are mediated by excitonic components
of polaritons. The main mechanism responsible for polariton-polariton
scattering is the Coulomb interaction between excitons [83]. Excitons par-
ticipating in polariton formation are bright excitons with spin [+ 1 >. Ac-
cording to the work by Ciuti et al. [84] |+ 1 >=| [{I> (single and double
arrows correspond to electron and hole spins respectively) exciton can only
directly scatter with exciton with the same spin, while scattering of polari-
tons with opposite spins | {fI> ®| T|> can only happen via dark exciton

states which can be described as follows:
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> [In>— > If>, (1.10)
[ TU>@ | TI>— | TI>® | TU>, (1.11)
N> T>= > T1> = [ TI>a | 1>, (1.12)
S>>, (1.13)

= 1M>@ [ >—=[TU>e [ IN>, (1.14)

S |l>e|1>. (1.15)

Furthermore, let V; denote matrix element of the interaction between
excitons with the same polarisations and V, with the opposite. Renucci et
al. [83] have shown that V|, >0, V, < 0 and |V,| < |V}]| for negative or
zero detuned cavities, which means that polaritons with the same spin repel
and polaritons with opposite spin attract, although this interaction is much

weaker.

The presence of a small V, # 0 and a polariton spin flip mechanism
lead to a feedback mechanism between the two polarisations. If the polari-
ton lifetime was infinite, after the initial seeding pulse, independently of
its polarisation, the polariton system would return to equal populations of
0" and o~ polaritons. However, the limited polariton lifetime does not al-
low such equilibrium to be achieved — polarisation behaviour becomes more

complex.

Gippius et al. in their work [85] considered a polariton system which
is pumped at k = 0, which normally exhibits bistable behaviour, with addi-

tional degree of interest - polarisation. The aforementioned considerations
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Figure 1.14. Dependence of the signal polarisation and intensity on the pump power
I and polarisation (colour). |W_|> and |\, |> correspond to intensities of the ¢~ and the
o components of the internal polariton field. Green colour corresponds to linearly
polarised pump, blue to 0~ and red to 0. Crosses mark stable points for the sig-
nal corresponding to the same linearly polarized pump intensity. Arrows show three
possible jumps in case if the pump intensity is slightly increased. Source: [85].

led them to conclude that the polariton system should exhibit polarisation
multistability. This can be explained using figure 1.14, which was calcu-

lated for the case when V, = —0.1V].

The black solid shows evolution of the system as the pump power is
increased starting from 0 whilst the pump polarisation is kept linear. When
the pump reaches bistability threshold the system can jump into one of the
three possible states: highly linearly polarised, right- and left-circularly po-
larised. The possible jumps are indicated by dashed black arrows, and the
choice of the final state is random and is driven by fluctuations. It was also
noted that the jump of the system to one of the circularly polarised final
states results in a redshift of the cross-circular component because V, < 0.
This in turn drives this component out of resonance with the pump leading

to a stronger polarisation of the internal polariton field.

Similar multistable behaviour can be expected in the case of the OPO
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Figure 1.15. Logical gate based on polariton polarisation multistability. Colour scale
shows degree of circular polarisation. Here CW pump is elliptical and biased towards
ot and maintains the system within bistability range at low density state. Then two
writing beams o and o~ trigger switching of the high density state in 0% and o~
polarisations which spread along the Y-shaped cavity. Once the two states merge
only 0" survives, since it has stronger pumping field. In case when both beams are o~
the resulting polarisation on the end of the neuronis also o~. In this way it constitutes
an OR logical gate. In calculations V, = —0.5V;. Source: [86].

configuration of the excitation. If the pump bistability coincides with para-
metric instability, polarisation multistability can be observed in OPO signal

emission.

Finally, the existence of polarisation multistability can lead to differ-
ent interesting effects and applications, such as polariton neurons [86] (fig-
ure 1.15), spin switches [87] and the appearance of spin rings [88]. The
latter is the subject of the experimental investigation presented in Chap-

ter 2.
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§1.6  Effects of interactions in polariton

high density states

From the time of the first observation of polariton condensate there has been
a growing interest in studying its fundamental properties. One of the key
properties of a condensate is the healing length, a distance from a perturba-
tion over which a locally perturbed condensate wavefunction returns to the
homogeneous solution. It reflects the characteristic length of interactions
inside the condensate. In the case of polariton condensate it can be derived

from the following [61]:

72
EshiftzW (1.16)
where Eg;;r; is energy blueshift of the condensate due to polariton-polariton
interactions, m” is effective mass of polaritons for a given pump k-vector, &

is healing length. For typical condensates in GaAs-based microcavities the

healing length was shown to be in the order of a few microns [89].

The existence of quantised vortices in superfluids was predicted by
Onsager [90] and Feynman [91]. After the discovery of polariton condensa-
tion there has been a considerable effort in studying nucleation and dynam-
ics of quantum vortices and half-vortices [8, 92, 89, 93, 94, 95]. Vortices in
superfluids are formed by rotation of superfluids around their core. Vortices
have quantized phase (an integer multiple of 27t) and are characterised by
the vanishing of the superfluid population at their core. The study of vor-

tices is of great importance as it allows the examination of interactions in
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a Bose gas on distances of the order or less than the healing length, since
the vortex size is given by the healing length and hence depends on interac-
tions [89]. Half-vortices are formed when, in condensate consisting of two
populations of o* and ¢~ polaritons, the superfluid is rotating only in one

polarisation®.

Superfluidity is a state of matter where it flows without viscosity. It is
closely related to BEC. Polariton systems can undergo a Berezinskii-Kosterlitz-
Thouless transition towards superfluidity below the critical the temperature
Tgxr- If the temperature of the system is higher than Tgg 7, the superfluid
will no longer exist. Once superfluid, a Bose gas has a peculiar shape of its
dispersion. The dispersion relation was first introduced by Landau to de-
scribe superfluid helium-II [48]. This spectrum of excitations (figure 1.16)
was confirmed by Bogoliubov’s microscopic theory of BEC [98]. Interac-
tions lead to linear Bogoliubov dispersion at low k-vectors for helium-II. As
a result, if the condensate propagates against an inelastic obstacle with ve-
locity less than the sound velocity of Bogoliubov excitations, scattering is

suppressed.

Another type of topological defect that can be created in condensates
are solitons, which are of high relevance to the current work. They can be
created as a result of scattering of a moving superfluid on a defect. In a su-
perfluid, fluctuations of particle energies less than the phonon energy for a
given condensate are energetically unfavourable and motion is dissipation-
less. Therefore, if the speed of sound c; is less than the velocity of the defect
in the fluid, it is not superfluid any more: i n this case, the condensate has

velocity v and is flowing onto an obstacle, which is stationary in the labora-

*Half-vortices (or vortices in spinor condensates) can be also treated as magnetic
monopoles [96, 97].
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Figure 1.16. Excitation spectrum of liquid helium. Notably dispersion is linear for low
wavenumbers, which is obtained for parabolic spectrum. Source: [48].

tory frame. The defect excites Bogoliubov modes whose energy is w(k) = 0.
When a condensate starts to move its dispersion of excitation in the labora-
tory frame is tilted, with group velocities being vi{r = ¢; = v. In the subsonic
regime only k = 0 modes can be excited, i.e. motion is dissipationless. In
the supersonic regime there are regions where w(k) = 0, and some energy is

dissipated in Bogoliubov modes. This is the so-called Cherenkov scattering

[99].

Polariton dispersion can be approximated with parabola at low k-vectors
and a linear spectrum can be obtained for the polariton condensate [100,
101] with a flat region near k = 0 in the dispersion due to their nonequi-
librium character [102]. Although polariton condensates are not ideal su-
perfulids, superfluidity can be observed for polaritons driven resonantly
with a CW laser and propagating against an obstacle. Superfluidity of po-
laritons was demonstrated in the resonant excitation regime in the trans-

mission configuration by Amo et al. [6]. In this configuration the created
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Figure 1.17. Dispersion of Bogoliubov modes (left column), k space describing the
resonantly excited Bogoliubov modes (center column), and the spatial density profile
(right column). The supersonic flows are v = ¢;1.1, 1.5, 3 in each row, respectively.
Source: [99].

polariton density increases with increasing pump power. Once it reaches
the threshold value, polaritons exhibit superfluid behaviour with no scat-
tering around a defect. In addition authors managed to observe Cherenkov

scattering regime, when the flow velocity exceeded the speed of sound.
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§1.7  Polariton spatial solitons

§1.7.1  Oblique dark solitons

Cherenkov scattering at some conditions can create stable oblique traces
which can be described as dark solitons. This approach was used by Ciuti
et. al. in their theoretical work [103]. They considered hydrodynamic ef-
fects of a defect situated on the edge of a propagating polariton fluid. De-
pending on the polariton flow velocity they could observe Cherenkov-like
scattering from the defect. By increasing flow velocity further they could
observe nucleation of vortices and finally creation of solitons as is shown in
figure 1.18. The created one-dimensional soliton is stationary in the labora-
tory frame while the polariton flow is moving against it. The size of a soliton
here depends on the healing length (&). In addition the number of solitons
created by the defect depends on the ratio between defect size and healing
length. When the defect size is d =~ 4& one pair of solitons is observed, if
d =~ 8& two pairs of solitons may appear. These dark solitons were observed
by Amo et. al. [9]. They have observed all [103] types of solitons predicted
theoretically: one pair and two pairs depending on the defect size. Justifi-
cation for calling these traces solitons is based on the fundamental property
of solitons to change the phase of the surrounding field by 7, which was
also observed. Similar oblique dark solitons have been also predicted to be

seen in atomic condensates [104, 105].

Oblique half-solitons were also predicted [106]. Analogous with half-
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Figure 1.18. (a) Superfluid flow, w/c; << 0.43 at the defect position. w/c; = 0.43
is a critical value above which regime of unperturbed flow cannot survive; (b) Cre-
ation of dynamic vortex-antivortex pairs, w/c; = 0.76. (c) w/c; = 0.93, (d) w/cs = 1.02
Cherenkov-like scattering and creation of solitons. The defect size is of the order of
polariton healing length. Source: [103].
vortices, dark half-solitons only appear in either 6™ or 0~ polarisation while
the whole condensate has linear polarisation. Dark half-solitons were also
predicted to behave as magnetic monopoles, which were recently experi-

mentally demonstrated [107], where soliton trajectories were splitting un-

der the influence of a magnetic field induced by the TE-TM splitting.

It is notable that dark solitons in polariton fluids are conservative -
they exist within the polariton lifetime and are described by Nonlinear
Shrodinger equations, which does not take into account the effect of gain

and losses.

§1.7.2  Propagating wavepackets

Before discussing spatial solitons themselves it is worth mentioning work
that has been done on wavepackets. Freixanet et al. in their work [108]

used a single pulsed laser to resonantly excite polaritons at a fixed angle
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but different cavity detunings. Experimental observations have shown that
polaritons sustain their initial momentum on a scale of tens of picoseconds
which depends on the detuning. The group velocity of this polariton bullet
replicates the slope of the dispersion curve at a given cavity detuning and

incidence angle.

In [109] the authors consider semiconductor microcavity system pumped
resonantly with a CW laser resonant with the lower polariton branch. The
pump power is set slightly above the OPO threshold, and the signal state
is formed at k = 0. Then a pulsed probe beam is applied at higher mo-
menta, k,qope < kigler (see figure 1.19). This probe triggers scattering pro-
cesses, which induce a corresponding signal state with nonzero momentum

kg =2k kyrope- This pulsed signal moves on top of the CW condensate.

pump ™~
In this way it is possible to probe the excitation spectrum of the condensate.
However, for the probe spot size Ar = 15— 20 pm the momentum distribu-
tion is very small, and observed effects of dispersion are negligible. Almost

no broadening of the wavepacket is observed during its propagation time —

as seen in figure 1.20(a).

1.5284 1
| Lower
| polariton’ signa
15284 b h o

Figure 1.19. (a) - TOPO configu-

ration of the experiment ([109]);

(b) - experimental set-up. Source: Figure 1.20. (a) - real space images of far

[109]. field emission (condensate background sub-
tracted) in time; and (b) corresponding mo-
mentum space measurements. Source: [109].
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§1.7.3  Dissipative solitons

Although the term soliton was originally used to describe waves (wavepack-
ets in solitude) that propagate in a medium and are stabilised by some non-
linear process, it is now used in much broader contexts. Dissipative solitons
generally describe the existence over extended periods of time of profiles of
intensity, temperature, magnetic field, etc. in open systems. They may or

may not be moving relative to the laboratory frame.

The existence of dissipative solitons critically depends on gain that
compensates losses in addition to conditions needed for localisation or sta-
bilisation, and is mainly determined by the parameters of the system not
by the initial conditions. The gain and loss present in these systems lead to

continuous energy redistribution and flow inside the soliton.

In polariton systems it is currently possible to maintain large areas
where bistability or multistability can be observed. Their size can reach
up to 100 pm, which is much larger than the typical interaction length of
polaritons (= 5pm). This leads to the possibility of observing spatial hys-
teresis. It means that neighbouring areas in a system can exist in different
states: high and low density states in the case of bistability. Which can lead
to formation of patterns or solitons that are stabilised by nonlinear interac-

tions.

These properties have been studied in great detail for optical and magneto-
optical systems. For instance, temporal solitons in optical fibres were pro-
posed to be used for long haul data transmission and compression [26]. Soli-

ton collisions in laser systems can lead to creation of soliton complexes [29].
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Additional insight into the kind of interactions observed in polaritons
systems can be taken from atomic physics, where different soliton patterns
and soliton trains were observed, once the size of the atomic condensate

sufficiently exceeded the corresponding healing length [30, 25].

The formation of dissipative soliton patterns arising from stabilisation
of interference-induced patterns has been studied in microcavity resonators
in the weak-coupling regime [110, 111, 112]. These cavity solitons can arise
from stabilisation of periodical patterns in dissipative resonators [113] or
their formation can be triggered by an external probe while the system is in

a bistable regime [110].

§1.7.4  Known solutions for dissipative polari-

ton spatial solitons

It is also possible to create spatial polariton dissipative solitons in polariton
systems with very short polariton life time, typically 5-10 ps. The formation
and sustaining of solitons, as well as many other effects, requires continu-
ous replenishing of the escaped polaritons. To do so, a scheme where the
soliton propagates on top of a CW pump field background was proposed by
Skryabin et al. [114]. The soliton existence and propagation conditions are

dependent on the pump field energy, excitation angle and power.

One-dimensional bright solitons (localised in the transverse direction
to propagation by a limiting potential) were predicted to exist [115] due to

negative effective mass of polaritons with k-vector above the point of inflec-
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Figure 1.21. (a) Polariton dispersion: Figure 1.22. (a) Diamonds show nu-
lower (LP) and upper (UP) branch in the merically computed soliton velocity vs
strong-coupling regime. (b) Dispersion ko. Dashed line shows Dq(kg). (b) Di-
coefficients vs inclination of the holding amonds show the soliton width vs k.
beam kj. Source: [115]. Dashed lines show the appropriately
scaled X/D,,, where m = 2,3,4. Source:

[115].

tion. To create such solitons, the pump has to be applied at k-vectors above
the point of inflection with a slight blue-shift in energy relative to the un-
perturbed polariton dispersion. The pump power has to be chosen so that

the system is within the bistability range of the pump only state.

In order to have a bright soliton, the pump field should be prepared in
the lower, off” state in the bistability range. A small writing beam (or strong
enough local density fluctuation) then locally 'switches on’ the pump to the
high density state. Since pump-only bistability coincided with parametric
instability, such a switch results in stimulated polariton-polariton scatter-
ing to a wide range of k-vectors on the polariton dispersion. In the case of
negative polariton effective mass at the pump k-vector, it was shown that
such a scattering undergoes self-organisation, forming a soliton — a stable
localised wavepacket, stabilised by repulsive polariton-polariton interac-

tions. These are dissipative solitons.

In figure 1.21(b) the decomposition of the dispersion of a moving po-
lariton wavepacket into spectral components using Fourier transformation

is shown in the case of slowly changing amplitudes, D; ~ d'E(k)/dk".
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Figure 1.23. (a) Excitonic part of the soliton spectrum (|\W|) of the soliton. (b) The
density plot is the 2D generalization of |\V| from (a). The slope of this plot shows
dependence of the soliton frequency on k. The full line is LP dispersion. Source: [115].

The k-vector of the pump field k,,,, is also expected to influence the
velocity and the size of a soliton. Figure 1.22 gives an insight about this,

notably, that the soliton width depends on all dispersion orders.

It is important to emphasize that a soliton can only be created within
the pump field, which intensity is kept within the bistability region. More-
over, the pump field should be kept in the lower, ‘off’ state. This condition is
crucial for existence of a ’soliton solution’ for the polariton system. Qualita-
tively, this is needed to allow polaritons forming a soliton to occupy a high

density state.

The real space localisation of a soliton suggests its broad spectrum in
energy-momentum space. Simulations from [115] suggest a linear soliton
dispersion in contrast to the conventional polariton dispersion, see figure
1.23. Since the soliton is a non-diffracting wavepacket, its dispersion must
be linear in a wide range of k-vectors, contrary to a single-particle polariton

dispersion.

All these considerations apply to the processes in the soliton propa-

gation direction. However in the transverse direction the polariton mass is
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Figure 1.25. Profiles of the excitonic
components of the stable bright po-

Figure 1.24. Moving fronts connecting
1D singlehump (a) and double-hump (b)
CPSs and HS background. (c) Velocities
V¢ of the single-hump (solid line) and
doublehump (dashed line) fronts. V; =
0 at the Maxwell points MP1 and MP2.
Source: [114].

lariton solitons in the coordinate (a)(c)
and momentum (d)(f) space. Panels
(a),(b),(d),(e) correspond to the single-
and double-hump 2D solitons. Panels
(c),(f) correspond to the parametric soli-
ton localized only along y coordinate.
Source: [114].

positive. The above mentioned work [115] does not account for the fact that
in reality it is hard to create 1D limiting repulsive potentials and therefore
there should be a mechanism to sustain a soliton in the transverse direc-
tion. It appeared that it is possible to create a stable localised polariton
wavepacket in two-dimensional space. In [114] it is argued that the pump
field intensity influences the velocity of the wavepacket’s side fronts. This
velocity decreases with increasing pump intensity and passes though zero
at the so-called Maxwell point, which lies inside the bistability region, as
is shown in figure 1.24. At the same time, the pump profile can act as
an effective barrier for soliton spreading in the transverse direction. Fig-
ure 1.26 shows the pump profile dip (black curve) along with soliton and
idler profiles, which appears due to local exhaustion of the pump field due

to efficient scattering into soliton harmonics.
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Two types of stable soliton solutions were found numerically: single-
hump and double-hump solitons (figure 1.25). From the experimental point
of view, the type of actually excited soliton depends on fluctuation and kick
pulse power - the higher it is, the more likely double-hump soliton is ex-

cited.

An additional predicted feature of polariton solitons in semiconductor
microcavities is the possibility of amplitude modulation which arises from
saturation of exciton-photon coupling [116]. A high-enough density of the
lower and the upper polariton dispersion branches leads to a blueshift of
the LPB and a redshift of the UPB, which in turn results in a new frequency
interval. Its frequency is estimated to be high enough to support a stable
subwavelength modulation of the excitonic component in the soliton. These
oscillations can develop from any perturbation once the excitonic and pho-

tonic components exceed certain threshold values.

The other possible type of polariton solitons are dissipative dark soli-
tons where a dip in the density propagates in the high density state driven
by the resonant pump at k = 0 where the polariton effective mass is pos-
itive. In [117] the authors consider this type of soliton. They show these
are only stable solutions given the repulsive nature of polaritons (see fig.
1.27). Numerical solutions for solitons here were obtained by introducing
a small bifurcation to the previously homogeneous system and observing
the system’s response to it. It has to be noted that the dark type of solitons
can exist only in much narrower range of pump powers compared to bright

solitons.
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Figure 1.27. (a) Amplitude of the homogeneous
state (black line), red line for bright solitons and
blue line for dark solitons. (b) is a close-up of the

Figure 1.26. y profiles rectangular area from (a) showing bifurcations of
of the pump, signal, and dark solitons. (c), (d) Exciton density distribution
idler components of the across bright (c) and dark (d) solitons for the points
photonic component of the marked by 1, 2, 3, and 4. Solid and dashed lines in
parametric CPS shown in (a)(d) mark stable and unstable solutions, respec-
figure 1.25(c). Source: [114]. tively. Source: [117].

§1.7.5 Other suggestions

There was an attempt [118] to describe and observe polariton solitons us-
ing a phenomenological model developed for the understanding of dark
(bright) domain formation in weakly coupled semiconductor microcavities
[33] called resonator solitons. However, there was no further experimental

evidence published that would confirm validity of the claims.

Previously there was a suggestion to use slightly off resonant laser
pulses to excite polariton solitons [119, 120] in bulk semiconductors. In this
case the authors considered interactions between upper and lower polariton

branches, that would lead to simultaneous propagation of wavepackets of
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polaritons in both branches. Calculations have shown that it should be fea-
sible to perform experiments to prove this in CuCl and CdS crystals, how-
ever, no experiments are known to be reported that prove these theoretical

suggestions.

§1.8 Experimental techniques

In this section basic experimental techniques will be discussed and a core
experimental setup, used in most of the measurements will be described,
setting a consistent background for the presentation of the results in the

following chapters.

Micron-sized effects and features are studied in the majority of exper-
iments on semiconductor microcavities. Furthermore, in most of the cases
useful emission from the microcavity sample lies in the invisible part of the
optical spectrum. Particularly for GaAs-based microcavities, this emission

can be typically in the range from 800 nm to 900 nm.

Strong coupling of polaritons in GaAs-based devices is only observed
at cryogenic temperatures: below 15 or 20 K. Therefore all experiments
are done using cryostats, where samples are mounted and maintained at
the needed temperature. Usage of cryostats poses several limitation on the
setup. Firstly, any cryostat is connected either to a helium return line, or to
a helium dewar and a pumping station, which means that the sample can

be subject to relatively high mechanical vibration depending on the actual
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cryostat, mounts and vibration damping used. Vibration from the pump
transferred via vacuum tubes can be significantly reduced by using a heavy
barrel attached to the middle of the vacuum line. It is also not possible to
use advanced vibration damping for the optical table since it is connected

to the pump and sometimes liquid helium dewar.

Secondly, depending on the model, all cryostats have limited numer-
ical apertures accessible for optical detection or excitation, and due to the
presence of cryostat windows, it is usually not possible to use very small
focal distance objectives. Altogether, usage of cryostats limits the possible

imaging resolution to 2 ym in the best case, being 5 pym with a regular lens.

§1.8.1 Near-field and far-field imaging

In near- and far-field imaging experiments a 2D CCD array is used to record
the emission. The setup is designed to provide the highest possible resolu-
tion, given that a single pixel size on CCD chip is 13 ym, and it usually
consists of a collection lens or objective, an imaging lens on the CCD and a
magnifying telescope — to adjust the image size to overcome the CCD reso-
lution limit. This is near-field, or real-space, imaging. Its schematic setup

is depicted in figure 1.28.

Imaging of dispersion is possible via far-field, or k-space or momentum-
energy space, imaging. In this case an image of the Fourier plane of the col-
lecting lens is projected onto the spectrometer input slits. With the diffrac-

tion gratings set to the relevant wavelength, it is possible to record disper-
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Figure 1.29. k-space imaging setup. All light from the sample that is emitted at the
same angle but from different position on the sample is focused to one spot in Fourier
plane by the collecting lens. Then this Fourier plane is imaged on the screen.

sion curves: emission intensity as a function of wavelength and angle. This

setup is shown in figure 1.29.

The resulting setup for detection is shown in figure 1.30. It consists
of real-space and k-space imaging paths and an imaging spectrometer. Its
CCD can be used for spectrography or, when diffraction gratings are set to

zero order and input slits open, it can be used to take images of real-space.
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Figure 1.30. Experimental setup for imaging combining real-space imaging path
(blue) and k-space imaging path (red). Elements in yellow rectangles are mounted
on flip mounts that allow quick switching between imaging.

§1.8.2  Streak-camera

A streak-camera allows the recording of images with time resolution of up
to 2 ps. The streak-camera’s principle of operation can be seen in figure 1.31.
Light to be measured is projected onto the slit and focused through the lens
on the photocathode of the streak tube, where photons are converted into a
number of electrons proportional to the incident light intensity. These elec-
trons are accelerated and then pass through the sweep electrodes. As they
pass the sweep electrodes, the applied sweep voltage is changed with time,
directing electrons that arrive at different times to different angles. After
they hit the MCP plate for additional multiplication, they are bombarded
against a phosphor plate where they are converted back to light. This phos-

phor image is recorded with the CCD.

A streak-camera records a one dimensional real-space image with its
evolution in time. However, it is possible to acquire two-dimensional real-
space images by scanning vertically with a real-space imaging lens. Within

a small range of lens displacement, it is possible to obtain images without
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Figure 1.31. Streak-camera principle of operation. Source: Hamamatsu.

any significant abberations due to lens displacement. Importantly larger
focal distances favour such a technique, allowing reconstruction of the evo-

lution of two-dimensional pictures in time.

§1.8.3  Core experimental setup

All experiments that study the temporal evolution of polariton systems re-
quire the use of pulsed excitation. The typical polariton lifetime of 5 to 10
picoseconds sets requirements to the duration of a pulsed excitation, which
should be less than the polariton lifetime. For this purpose a femtosecond
laser is used, which is sent though a pulse-shaper with resultant output
pulse width of the order of 1-3 ps. The pulse-shaper schematic is shown in

figure 1.32.

The core experimental setup is shown in figure 1.33. It combines
pulsed and continuous wave (CW) excitations and real-space and k-space

imaging paths. Notably, all experiments described in this work, apart from
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Figure 1.32. Pulse shaper. Spectrally dispersed emission from the first diffraction
maximum of the incident light onto diffraction grating is focused into a collimated
beam it. By passing it through the mechanical slit it is possible to filter only required
range wavelengths from the pulse. The accuracy of = 5peV of the method is mostly
limited by the quality of optics used.

the spin-ring experiment, are done in the 'reflection’ configuration, where
excitation of the sample is done on the same side as detection. This is not
the most convenient configuration from the point of view of an experiment,
but the configuration choice is limited by the availability of good quality
samples suitable for work in transmission, which are scarce. Emission of
QWs in GaAs samples is around 809 nm, which is above the band gap of

the GaAs substrate. Hence transmission is not possible.
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Figure 1.33. The detection path is as described in figure 1.30. Excitation beams are
shown in black. Mirrors M1 and M2 are fixed on translational stages to allow for dif-
ferent excitation angles. Reflected beams of the CW and the pulsed laser are blocked
by a beam blocker, only emission in the range from k = 0 to k,,;, (pump or probe k-
vector, whichever is smaller) is detected. Collimation optics for CW and pulsed beams

are omitted on the scheme.
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Spin rings

In this chapter, work on the investigation of multistability of a polariton sys-
tem in the CW regime is presented. As a consequence of the exhibited mul-
tistability and Gaussian excitation, the formation of spatial ring patterns of
high degree of circular polarisation (DCP) are reported. These results along

with theoretical modelling were published in Physical Review Letters [121].

Polaritons with parallel spins repel, polaritons with opposite spins at-
tract. Such interactions provide blueshifts and redshifts, respectively, of the
energies of coherent polariton modes. This asymmetry results in the polar-
isation bistability and multistability described earlier in section 1.5 and in
[85]. Polariton polarisation bistability has also been predicted to lead to
the formation of spatial spin rings of high degree of circular polarisation
[88]. These nonlinear spin properties and spatial patterns may lead to novel
optical spin-based devices such as fast optical modulators, spin switches
[87, 88], and polariton logic elements (polariton neurons) [86] operating at

high picosecond speeds and very low pump powers. Polarisation multista-
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bility has been studied for a vapor of atoms in a cavity [122, 123]. It has
been also investigated in a number of solid state nonlinear systems includ-
ing anisotropic crystals, magnetic cavities, and VCSELs [85]. However, in
the latter structures pump powers a few orders of magnitude stronger than
in the polariton system are required to observe nonlinearities, favouring

microcavity polaritons for the development of nonlinear optical devices.

§2.1  Observation of polarisation multi-

stability

The sample studied is a 31/2 GaAs microcavity grown by metal-organic
chemical-vapor disposition (MOCVD) with Rabi splitting of ~ 6 meV. The
data are collected with the quantum well exciton and the optical mode on
resonance at k = 0. Polarisation multistability was studied in the experi-
ment schematically shown in figure 2.1 in a transmission configuration at
normal incidence (kp,n, = 0). The sample was maintained at the tempera-
ture of 5 K. The detuning between the photon and exciton modes is close to
zero. The energy of the pump laser is tuned =~ 0.7 meV above the bottom
of the lower polariton branch (located at 854.8 nm) and ~ 2 meV below the

exciton level.

As discussed in section 1.5, in such a configuration the polariton sys-

tem exhibits bistable behaviour of transmission of intensity with respect
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Figure 2.1. Excitation path is marked in red. The pump beam, linearly polarised, is
sent through a quarter wave plate (QWP) mounted on a rotational stage in order to
change pump polarisation ellipticity. Emission from the sample is collected by the
lens, then sent through a QWP to convert 0" and o~ polarisation components to lin-
early cross-polarised. Then polarising beam displacer is used to separate the compo-
nents in space, which allows simultaneous detection of both components on a CCD.

to the external pump power. To characterise polarisation multistability o™
and o~ intensity of the transmitted light (as described in figure 2.1) was de-
tected, from purposely selected small regions (approximately 2 pm x 2 pm)
in the centre of the pump spot, where the pump intensity is nearly con-
stant, while changing the pump power and its degree of circular polarisa-
tion (DCP).The DCP of the pump (p,) is defined as follows, in the same way

asin (1.7):
+

(07)=1Ip(07)
(%) +1p(07)

where [,(0#) is the intensity of the respective pump component. The sum-

p

pp = Ip (2'1)

Q

mary of the characterisation is presented in figure 2.2. Figures 2.2(a) -
2.2(d) show the intensities (I;(o+)) of 0" (triangles) and o~ (lines) polarised
components of the transmitted beam versus pump power for various pump
DCPs. For p, = 1 a clear hysteresis loop for 0™ component is observed in ac-
cordance with bistable behaviour [80, 78]. When the pump DCP is reduced
from p, =1 to ~ 0 the bistability threshold power and the transmitted in-
tensity at the threshold for the 0 component decrease by a factor of 1.5 and

3, respectively.
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Figure 2.2. (a) - (d) Normal incidence transmitted intensity versus external pump
power for p, 1, 0.6, 0.4, and 0. Triangles (blue circles) correspond to the intensity of
the component. Arrows show the direction in which the pump intensity is varied. (e) -
(h) Corresponding DCP of transmission versus pump power. Reference: [121].

The behavior of the minority 0~ component versus pump power is dif-
ferent. [;(07) is zero for o™ circularly polarised excitation (i.e., p, = 1), but
appears for smaller DCP of the laser until it approaches the same intensity
as the 0% component for a nearly linearly polarised pump (figure 2.2(d)).
In the latter case, as expected both I;(07) and I;(¢*) show nearly the same
threshold, intensity, and hysteresis loop width. For elliptically polarised
pumping at p, = 0.6 and 0.4, the 0~ component emerges, respectively, at
powers 1.5 times larger or nearly equal to the threshold of the 0" compo-
nent. Surprisingly, I;(07) exhibits a smooth intensity increase at threshold
instead of a steep intensity jump and shows only a weak (p, = 0.4) or no

(pp = 0.6) hysteresis behaviour.

The corresponding pump power dependence of the DCP of the trans-
mitted light p;, defined in a similar way to 2.1, is shown in figures 2.2(e)
2.2(h). At very low pump powers in the linear regime the DCP of the pump
defines p;, which then increases slightly by 10% with increasing pump power.

When the threshold power is reached, p; jumps to nearly one for p, = 0.6
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and 0.4. For p, = 0 only a slight change to 0.1 at threshold is observed.
With a further increase of pump power, p; decreases again and eventually
approaches the pump DCP p, at very high powers. The hysteresis behavior
of p; follows that of the 0™ component of the transmitted intensity, demon-

strating polarization bistability.

The fact that the [;(0") dependence has 1.5 times lower threshold than
I;(c7) at p, = 0.6 indicates a difference between the strengths of 0"o* and
0~ o~ polariton-polariton interactions [83, 85]. The sign and the strength of
these interactions is strongly influenced by the biexciton resonance [124].
In particular, for pump energies E, below the biexciton level 2Ep < 2Ey —
E, (Ey and E, = 1 meV are the exciton energy and the biexciton binding
energy, respectively) an attraction (repulsion) between cross- (co-) circularly

polarised polaritons is expected [124].

For weak 007 attractive interactions the bistability threshold of I;(c*)
should be at least 4 and 2.3 times less than that for [;(07) at p, = 0.6 and
0.4, respectively [85], according to the ratio of the cross-circularly polarised
pump components [,(0")/I,(07). The bistability threshold is expected to be
at least a factor of 2 larger for linearly (p, = 0) than for circularly (p, = 1) po-
larised pumping. However, we observe in figure 2.2 that [;(0*) thresholds
at p, = 0.6 and p, = 0.4 at factors of 1.5 and 1 below I;(0"), respectively,
and the ratio of the threshold for p, = 0 to p, = 1 is  0.7. This indicates the
strong role of a repulsive blue shift interaction, which shifts the 0~ compo-
nent towards resonance resulting in a rapid increase of the intensity of o~

when the o mode is switched on.
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Figure 2.3. Left and right polar plots of normalised signal (dashed line) and the
laser intensity (continuous line) for TE (left) and TM (right) polarised pump. Refer-
ence: [121].

§2.2 Measurement of cross-polarisation

interactions

Attractive coupling between coherent 0" and 0~ modes is verified by study-
ing the polarisation of the stimulated emission under resonant excitation
into the LP branch at k vectors kpy,p, ~ 1.4 um~! - in the OPO configuration.
Polar intensity diagrams of the signal (dashed line) and the pump (solid
line) are shown in figure 2.3 for TE and TM polarised pumps. The orienta-
tion of the linearly polarised stimulated emission at the signal state at k = 0
is rotated by 90 deg with respect to the excitation [125]. The 90 deg rotation
has been observed for pump energies in the broad range 1.53 meV below
the exciton level. This can only be accounted for by the attractive character

of 0%0~ interactions [125].
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§2.3  Observation of spin rings

Spin rings arise due to the variation of the pump power across the excita-
tion region, resulting in polarisation bistability thresholds being reached at

higher total pump power near the edge of the spot than in the center.

Figures 2.4(a)-2.4(d) show spatial images of the transmitted beam at
pp = 0.6 for a series of pump powers. Note that below threshold (figure 2.4(a))
both ¢* and o~ polarised images are identical and strongly modulated by
the disorder potential [126]. With increasing power the LP mode in the cen-
tral area of the spot is blueshifted into resonance with the pump allowing
a large intensity of the beam to be transmitted. As the power is increased
more the region where the threshold is achieved expands. Note that al-
though the spatial images above threshold (figures 2.4(c) and 2.4(d)) are
still distorted by the disorder they have maxima away from the center of the
spot at high power as expected for the case of bistability in a homogeneous
sample [126]. This arises since the polariton blueshift above threshold is
about = 0.7 meV, which is larger than the amplitude of the disorder poten-

tial (= 0.1 meV), hence reducing the effect of polariton energy fluctuations.

Figures 2.4(e) 2.4(g) show the corresponding 2D spatial structure of
the DCP. Below threshold (13 mW) the DCP is about 0.6, given by the pump
DCP. Just above threshold (46 mW) the DCP jumps to unity in the middle
of the pump spot forming a disk of high DCP (figure 2.4(f)). With increas-
ing pump power the DCP in the center of the spot decreases down to 0.5,
when the 0~ mode switches on (figure 2.2(b)). At the same time the DCP

jumps from 0.6 to one in a region forming a ring around the spot center
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68 mW

Figure 2.4. Real space images of intensity (a)(d) and corresponding DCP (e)(h) of the
transmitted beam for elliptically (pp = 0.6) polarised pump beam at different pumps
powers. The images (contour lines) in (a)(d) show the intensity of the 0™ (6~) compo-
nent. Reference: [121].

(figure 2.4(g)), where the bistability threshold is achieved for the o™ but
not the 0~ mode. This ring of high DCP (spin ring) expands with pump
power, as the 0% component switches on at larger distances away from the
center of the spot (figure 2.4(h)). Because the potential disorder is partially
screened, the formation of the DCP rings (figures 2.4(f) and 2.4(g)) is ob-
served as expected for a pure Gaussian spot [88]. This is consistent with the
simulations of reference [88], predicting well-defined spin rings even in a

disordered system.

In reference [88] it was shown that polariton diffusion affects the size
of the 0 or ¢~ polariton modes above threshold and hence the radii of the
resultant spin rings, which are determined by the lower bistability thresh-
old. When with increasing pump power the upper threshold is reached
at the center of the excitation spot, for example, for the ¥ mode, due to
polariton diffusion the size of the mode extends to the region with an ex-
citation density corresponding to the lower threshold. By contrast, when
with decreasing pump power the lower threshold is achieved in the center

of the pump spot, the size of the mode is determined only by that of the
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Airy mode of the cavity. Experimentally we observe a difference of 30%
in the sizes of the ¢ modes at the lower and upper bistability thresholds
for p, = 1 confirming that diffusion affects the spatial distribution of the

polariton modes.

§2.4  Discussion and conclusions

The experimental results presented in section 2.1 can be explained if one
takes into account coupling between the coherently driven polariton modes
and the incoherent excitonic reservoir, which provides the necessary blue
shift. At energies below the exciton emission this reservoir consists of dark
exciton states and weakly coupled localised excitons, which introduce ad-
ditional damping of polaritons [127]. For the inhomogeneously broadened
exciton level (FWHM =~ 1.5 meV) in our sample the density of localised exi-
ton states at 23 meV below Ey is estimated to be 3-4 orders of magnitude

larger than that of polaritons [127].

In the work published [121] the model from [85] was further devel-
oped by S. Gavrilov taking into account transitions of the optically driven
excitons into the incoherent reservoir in which the overall pseudospin is re-
laxed. The model considers the intracavity o* polarised electric field ¢, and
coherent exciton polarisation P,, coupled with the exciton population N in

the incoherent reservoir:
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icy = (we—1y.)er +aF, + pP, (2.2)
iP, = (wy+ Vi [P + VoI P + (Vi + V))N/2 = i(yy + ViP5 ) ) Pe+ Ac, (2.3)

N =—y,N +4V,|P,°|P_|>. (2.4)

where F is the pump electric field (taken as a plane wave), w., and y
are eigenfrequencies and decay rates of the intracavity photon and exciton
modes, a describes the response of the intracavity electric field to the exter-
nal pump, A and f describe the exciton-photon coupling (Rabi splitting is
equal to 2\/A_ﬁ), V), are the matrix elements of the interaction between ex-
citons with same (V;) and opposite (V>) circular polarisations (V; > 0,V, <

0,[Val < Vi)

The transitions from the coherently driven polariton modes into the
reservoir are introduced phenomenologically as exciton nonradiative decay
rates in combination with a rate equation for the reservoir occupation (2.4).
V,|P¢|? is the decay rate of the P, component due to scattering between co-
herent excitons with opposite o0* polarisations. It provides occupation of
the reservoir at a rate 4V,|P,|?|P_|*> per unit time. V, may microscopically
arise from the scattering of two bright excitons with opposite spin to dark
excitons [128]. It may also arise from transitions into the exciton reser-
voir via the virtual creation of biexcitons. Exciton decay into the reservoir
due to 070~ scattering is likely to dominate over o*o* scattering, since in
pump-probe experiments in MCs the absorption of a 0~ polarized probe is
observed to be strongly enhanced by a factor of 3-4 for o* polarised pump-
ing [127]. y, is the exciton decay rate in the reservoir. y, and V, correspond

to effective mean values.
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Figure 2.5. The calculated dependences of the MC transmission intensity vs pump
intensity, for several DCP of the pump beam (p). The ¢* (07) component is shown by
triangles (blue lines). > (<) correspond to increasing (decreasing) pump power. The
Rabi splitting, detuning between exciton and photon mode, and detuning between
laser energy and LP branch are the same as in the experiment. Reference: [121].

The reservoir provides equal blueshifts for both polarised coherent
spin states in addition to the attractive coupling between them which leads
to the redshift. If the effect of the reservoir is not taken into account but
still assuming repulsive interactions between cross-polarised polaritons, it
was not possible to reproduce simultaneously the observed strong jumps
of DCP by 40% with pump power (figure 2.2) and the ratio of bistability
thresholds for the cases of circularly and linearly polarised pumps. The re-
sult of theoretical simulation is presented in figure 2.5 showing very good

agreement with the experiment.

To summarise, polarisation bistability and spatial spin patterns as a
result of spin anisotropy of polariton-polariton interactions were observed.
The experimental results can be described by effective semiclassical equa-
tions of motion taking into account coherent macroscopically occupied modes

and an incoherent reservoir.

At the time the experiments were performed, experimental results

similar to those in figure 2.2 were published [129] although spin patterns
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and the effect of the reservoir were unexplored. Spin rings have also been

reported virtually simultaneously by another group [130].
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Bright polariton solitons

In this chapter the results of experiments designed relying on theoretical
suggestions discussed in section 1.7 are presented. The main goal of this
work was to observe polariton spatial solitons and to provide exhaustive
characterisation of them. Most of the results discussed in this chapter were

published in Nature Photonics [131].

Recently, matter wave solitons have been demonstrated in Bose con-
densed atomic gases, where the dispersive spreading of the localized wavepack-
ets induced by the kinetic energy of positive mass atoms is balanced by the
attractive interatomic interactions and trapping by the external potential
[30, 25]. Interactions between the atoms used in condensation experiments
are often repulsive. In order to create bright solitons in these cases, the ef-
fective atomic mass must be made negative, as demonstrated using optical
lattices [132]. The same effect can be achieved for light in photonic crystals
[133]. Strong exciton photon coupling in microcavities results in an unusual

and advantageous lower polariton branch dispersion exhibiting regions of
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either positive or negative effective mass [36, 134] depending on the values
of transverse momentum [36, 134]. The transition from positive to negative
mass is associated with the point of inflection of the energy-momentum di-
agram, which was discussed in Section 1.1. The negative mass of polaritons
coupled with repulsive polariton-polariton interactions favour the forma-

tion of the bright solitons which we realise in the present work.

Discoveries made with microcavity polaritons include condensation
[5, 68], vortices [8, 92], superfluidity [6] and follow a pathway similar to the
one which led to the observation of coherent matter wave solitons [30, 25].
The observation of low threshold bistability, polarization multistability [85,
130, 121, 129]and parametric scattering [7] of polaritons have further pre-
pared the necessary foundations for the realisation of half-light half-matter
solitons. In contrast to atomic systems, polariton microcavities operate un-
der non-equilibrium conditions. Atomic systems are typically described by
conservative Hamiltonian models, such as NLS or Gross-Pitaevskii equa-
tions, while the polariton system is intrinsically non-Hamiltonian. In the
photonic context, this system is often referred to as dissipative, which im-
plies the importance of losses, but also implicitly assumes the presence of an
external energy supply [135, 34]. Theoretically, conservative half-light half-
matter solitons have been predicted by Safman and Skryabin [136], while
dissipative bright spatial polariton solitons in microcavities have been nu-

merically studied in [115, 114].
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§3.1  Experimental setup

Due to the limited polariton lifetime, bright polariton solitons are dissipa-
tive in their nature, as was discussed in section 1.7. Therefore, to sustain
soliton propagation over macroscopic distances, continuous replenishing of
the escaped polaritons is required, which can be provided by applying an
elongated CW pump beam, focused to a 70 ym (FWHM) Gaussian spot. At
the same time the second pulsed excitation (writing beam - WB) is required
to locally trigger soliton formation within the pump spot. This is schemati-
cally shown in figure 3.1. The pump and writing beams are incident along

X direction.

The experimental setup was slightly modified comparing to that dis-
cussed in section 1.8.3. In order to access all possible excitation angles
by both the pump and the writing beam simultaneously, including when

k

pump = kyp, @ polarising beam splitter was used instead of a mirror (fig-
ure 3.2). In this case, however, the pump and the writing beam had to have
orthogonal linear polarisations, which excluded a comprehensive polarisa-

tion study.
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Figure 3.1. Schematic of soliton excitation in the microcavity structure. The CW pump
with incident in-plane momentum parallel to the X direction is focused into a large
spot. The pulsed writing beam, also incident along X, focused into a small spot trig-
gers soliton formation. Reference: [131].
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Figure 3.2. A modified experimental setup (polarisation optics not shown) compared
to the setup shown in figure 1.33. M2 is replaced with a polarising beam splitter.
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§3.2  Observation of bright polariton soli-

tons

§3.2.1  Negative effective mass

The point of inflection of the polariton dispersion is found at the in-plane
polariton momentum k ~ 2 pm~! (see figure 3.3(a)), which corresponds to
a group velocity of noninteracting polaritons JdE/Jdk ~ 1.8 pm/ps, where E
is the polariton energy. The experiments were conducted with polaritons
having momenta above the point of inflection, where the polariton mass
is negative, m* ~ —11.2-1073% kg (~1.25-107* m,), according to (1.3), at
k ~ 2.4 ym~!. The polariton soliton width for a given polariton density, N,
can be estimated using the expression for the healing length of a quantum
fluid w = A(y/2m*gN)~!. This is obtained by equating the characteristic ki-
netic energy K of the dispersive spreading of the wavepacket with width
w (K = h?/(2m*w?)) to the potential energy U of the polariton-polariton
repulsion (U = gN, where ¢ ~ 10 peV-um? is the two-body interaction co-
efficient). For the typical soliton potential energies realised in our experi-
ment U ~ 0.3 meV (corresponding to N =~ 30 um~2 ) from which we deduce
w ~ 2 ym. The short free polariton lifetime (= 5 ps) means that solitons
emerging from this balance will traverse distances of ~ 10 ym, before they
dissipate. In order to sustain these solitons for longer we need to provide
a continuous supply of energy. To sustain these solitons, energy is pumped

into the microcavity using a CW pump beam, (figure. 3.1).
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§3.2.2  Bistability

The polariton density varies strongly across the bright soliton profile reach-
ing its maximum at the center, while the pump beam profile tends to hold
the density at a quasi-constant level across the much larger pump spot
[115, 114]. Furthermore, due to localisation in real space the soliton pro-
file in momentum space is broad. As a result, solitons can only be ex-
pected under conditions when the pump state is unstable with respect to
spatially inhomogeneous perturbations at momenta different from that of
the pump [115, 114]. If the microcavity is driven by a pump beam slightly
blueshifted with respect to the unperturbed LP branch, the pump polariton
field exhibits bistability as a function of the pump beam power and angle
(Fig. 3.3(c)). The polariton bistability is usually accompanied by paramet-
ric (modulational) instability, which was extensively studied in microcav-
ities [79, 137, 75]. This instability is a particular case of polaritonic four-
wave mixing. Bright solitons are excited on top of the stable background
of the lower branch of the bistability loop (Fig. 3.3(c)) and can be qualita-
tively interpreted as locally excited islands of the modulationally unstable
upper branch solution [115, 114]. Broadband four-wave mixing of polari-
tons, expanding well beyond the momenta intervals with the parametric
amplification, enables coherent scattering from the locally perturbed pump
to the continuum of momenta forming the soliton (Fig. 3.3(a)). Simultane-
ously, the soliton formation requires the transverse momentum of the pump
kpump, i.e. the incident angle of the laser beam, to be such that the effective
polariton mass is negative, ensuring self-focusing of the repulsively inter-
acting polaritons [115]. This mechanism can lead to self-localisation only

along the direction of the pump momentum (1D solitons) [115]. Simul-
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taneous localisation in two dimensions involves more subtle physics and
the corresponding solitons exist only in a narrow range of pump intensities

[114].

Fig. 3.3(c) shows the bistable dependence of the polariton emission
intensity collected from our device at nearly zero transverse momenta (di-
rection normal to the cavity plane) as a function of the pump momentum
(kpump) at the fixed energy of the pump 1.5363 eV, which is ~ 0.3 meV above
be-

the unperturbed LP branch at k ~ 2.37 pm~!. With increasing k

pump pump

yond the bistable interval the intracavity polariton field increases abruptly
over the excitation pump spot. This transition is also accompanied by the
strong parametric generation of polaritons into the state with k =~ 0 [72, 79].
According to the above discussion and the predictions of [115, 114], bright

polariton solitons should exist within the bistability interval (figure 3.3(c)).

Bright polariton solitons are excited using a ps writing beam focused
into a spot (figure 3.1) of diameter in the range 7 ym to 15 um, which is
small compared to the diameter of the pump beam of 70 ym. The writ-
ing beam is TE and the pump beam is TM polarized. The unperturbed
polariton density (before the application of the writing beam) was in the
state corresponding to the lower branch of the bistability loop (see arrow
in figure 3.3(c)) with no indication of the parametric generation of polari-
tons with momenta different from the pump. The bistability domain was
scanned by changing the pump momentum, where it was found that the
optimal conditions for clear soliton observations exist close to the right
boundary of the bistability interval shown in figure 3.3(c). The solitonic
emission was collected along a 2 pm stripe of the streak camera image (see

Methods) parallel to the direction of incidence of the pump. The light
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Figure 3.3. (a) Dispersion (energy-momentum) diagram of the lower branch polaritons
and schematic representation of the soliton spectrum and the excitation scheme. (c)
Bistable polariton density as a function of the pump momentum; The arrow indicates
the state of the system created by the pump before incidence of the writing beam.
(d-g) Streak camera measurements of the soliton trajectories along the X direction

excited under different conditions.

(d) and (e) show the components of the soliton in

TE and TM polarizations, respectively. This soliton is excited with a 7 pm wide writing
beam with in-plane momentum the same as that of the pump. (f) is the same as (d),
but the writing beam has half the momentum of the pump. (g) is the same as (f), but

the writing beam width is 14 pm.
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was collected inside the finite interval of angles corresponding to momenta

0<k<k thereby avoiding collection of the reflected pump beam,

pump>
which otherwise leads to detector saturation. Figures 3.3(d) and (e) show
spatio-temporal traces, obtained using a streak camera, of the intensities
in TE and TM polarisations, for typical non-diffracting and non-decaying
propagating wavepackets excited with the writing beam. Here the 7 pm

writing beam arrives at position X = —20 pm at time ¢t = 0, and the trans-

verse momentum is the same as that of the pump kyp = kpypmp-

§3.3  Characterisation of solitons

§3.3.1  Soliton velocity

The velocity of the soliton is independent of k,;. The role of the writing
beam is to create a local perturbation of the pump state, which in turn re-
sults in soliton formation due to scattering from the pump state (figure 3.1).
It has been shown numerically for linearly polarised polariton solitons that
their velocity is close to the group velocity of the polaritons at the pump mo-
mentum [115]. To test this prediction, the momentum of the writing beam
was changed to half of the pump momentum, k, = kp,np/2 (Figs. 3.3(f,g).
Observed soliton velocity, shown in figure 3.3(f), is ~ 1.68 ym/ps, the same

as that in figures 3.3(d) and (e), where ky;, = k The independence of

pump:
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Figure 3.4. Soliton velocity (black) and Figure 3.5. Pump energy used for differ-
size, FWHM, (red) as a function of kpump. ent ky,,p, that satisfied soliton forma-
tion conditions.

the polariton soliton velocity on k,; is in sharp contrast to that expected for
conservative solitons, where the soliton velocity is solely determined by the

momentum of the writing beam [27].

Furthermore, to demonstrate the role of k,,,,,, the soliton velocity was
measured as a function of k, . In this case the pump energy was also ad-
justed to satisfy conditions needed for soliton formation for every pump
k-vector (see figure 3.5). The results, shown in figure 3.4, highly correlate
with theoretical predictions [115], also shown in figure 1.22. The grad-
ual decrease in the soliton velocity is due to diminishing of the first order
derivative of the LPB above the point of inflection, which determines the

soliton velocity.
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§3.3.2 Soliton size

The size of the soliton is determined by the pump and cavity parameters
and is independent of the size of the writing beam, as is true for other types
of dissipative solitons [135, 34]. The size of the excited wavepacket (w) in
the soliton regime is expected to be fixed by the potential energy U of the
solitons, where U is of the order of the pump energy detuning with respect
to the energy of the unperturbed lower branch polaritons (w ~ 1/VU as dis-
cussed earlier). This is illustrated in figures 3.6(a-f), which show the profiles
of polariton wavepackets along their propagation direction (X) at different
times and positions for writing beam sizes of ~ 7 ym (figures 3.6(a-c)) and
~ 15 um (figures 3.6(d-f)). In the initial stage of the soliton excitation, these
writing beams produce polariton wavepackets of very different widths (see
figures 3.6(a) and (d)), which then quickly evolve into solitons of the same
size ~ 5 pm as shown in figures 3.6(b) and (e), as expected for soliton for-

mation.

In addition, according to the theoretical prediction [115] (see figure 1.22),
the soliton size is expected to depend on the pump k-vector. This was exper-
imentally confirmed, as shown in figure 3.4. The soliton size is decreasing
when the pump k-vector is increased. This is a consequence of the broader

spectrum (0 <k < 2kp,,p, see section 3.3.4) in the case when k,,,, is larger.

Non-spreading and non-decaying features of the soliton wave packets
were observed. Figures 3.6(g) and (h) show the dependences of the intensity
and width of the excited wavepackets, respectively, versus their position as
a function of the writing beam power, P,;,. Within the range of P, from

1.6 mW to 2.3 mW, the soliton intensity and width are nearly constant. Fur-
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Figure 3.6. (a)-(c) Experimentally measured spatial intensity profiles of a soliton cre-
ated by the 7 pm writing beam at different times, showing excitation and decay of
the soliton; (d)-(f) Intensity profiles of a soliton created by the 15 um writing beam;
(g,h) Dynamics of the peak intensity and width of the wavepackets excited by the 7 um
writing beams with different powers as they propagate across the cavity. The writing

powers where the above parameters remain quasi-constant in the interval of 20 to
40 um correspond to the formation of solitons.

thermore, the width versus position dependence (figure 3.6(h)) exhibits a
plateau in the interval from ~ 20 to ~ 40 pm. These are signatures of polari-
ton soliton formation as well, which were also reproduced with theoretical
modelling [131]. At the edge of the pump spot, the pump intensity is in-
sufficient to maintain the system within the bistability region and thus to
sustain solitons. This is the main factor determining the practical extent of
the soliton trajectory, and leads to spreading and dissipation of the excited
wavepackets at times greater than 40-45 ps when the edge of the pump spot

is approached, as shown in figures 3.3(d-g) and figures 3.6(c),(f).

§3.3.3  Soliton intensity

The intensity of the writing beam must be high enough to enable soliton

switching. (figure 3.6(h)). As one reduces the pump intensity below the



3.3. Characterisation of solitons 77

Figure 3.7. Two dimensional streak camera measurements of a soliton traveling
across the microcavity plane. Experimental conditions are the same as in Figs. 3.6(a-
c). Cross sections taken along the Y direction indicates a soliton full width at half
maximum of 5um. Reference: [131].

threshold of 1.3 mW (figure 3.6(h)) for soliton switching, an abrupt decrease
in the intensity and an increase in width of the wavepacket was observed.
On further reducing the pump intensity P,;, <1 mW, only quickly decaying
non-solitonic wavepackets are excited. For pump momenta that are below
the point of inflection, the writing beam triggers switching of the whole

pump spot [87] and no soliton formation is observed.

Figure 3.7 shows two dimensional images of solitons. The soliton size
along the Y coordinate perpendicular to the propagation direction (see fig-
ure 3.1) at 30-40 ps is & 5 pm, narrower than the initial beam size. This
indicates suppression of diffraction and localization in the direction where
polaritons have a positive effective mass. Whereas localisation in the X di-
rection described above arises from the interplay between the negative ef-
fective mass and repulsive interactions, the origin of localisation along Y
is different. The exact nature of this effect it still not entirely understood.
Two known possibilities exist, both of them were discussed in 1.7.4. On the
one hand it can be interpreted in terms of the phase dependent parametric
nonlinearity and the interaction of propagating fronts using Maxwell point

formalism. On the other hand it can be a selffocusing effect due to satura-
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tion of the local pump field (see figure 1.26).

§3.3.4  Soliton energy-momentum spectrum
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Figure 3.8. Images of polariton emission in energy-momentum space taken at dif-
ferent times after the application of the writing beam in TM (bottom panels) and TE
(top panels) polarisations. (a - j) - experimental data, (k - n) - theoretical simulations.

Dashed line is a linear fit to the experimental measurements. The energy resolution
of 0.1 meV limits the time resolution to ~ 10 ps. Reference: [131].

The soliton formation can also be viewed as scattering of pump polari-
tons into a continuum of harmonics spanning a broad range of transverse
momenta from 0 to 2k,,,,, (see figure 3.3(a)) [115]. Measurements of the
energy-momentum (E(k)) profile of the solitonic wavepackets over time, as

shown in figure 3.8, confirm this point. Initially, for t < 20 ps, the polari-
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ton emission is concentrated mostly close to k,,,,, whereas at later times
(30-40 ps) the emission is distributed over a broad range of momenta, a
characteristic feature of soliton formation [115]. The soliton spectra are ex-
pected to form a straight line tangential to the dispersion of nonsolitonic
radiation [28, 115]. Indeed, the measured dispersion at 30-40 ps can be
approximated by a straight line (dashed lines in figure 3.8(b,c)), which is
in agreement with numerical modeling [131]. However, soliton emission
forms at k-vectors k > 0.5 pum~! and spans over the point of inflection, where
the dispersion of non-interacting polaritons is also close to linear. Neverthe-
less, the difference between the solitonic dispersion observed in experiment
at around 30-40 ps and the dispersion of the nonsolitonic polaritons ob-
served at later times > 50 ps is clear from the data shown in figure 3.81.
The soliton velocity, %g—i, deduced from the dashed lines in Figs. 3.8(b, )
is ~ 1.6 pm/ps, consistent with the measurements in figure 3.3 and the nu-

merical modeling [131].

Figure 3.8 represents only a single energy-momentum cut along k, =~
0. The full k-space map (figure 3.9) provides an excellent comparison be-
tween the k-space distribution of a propagating soliton and a dispersive
wavepacket. It was obtained by scanning the k-space imaging lens in two
dimensions in its plane. Figures 3.9(a)-(j) show soliton k-space maps at dif-
ferent times, corresponding to those shown in figure 3.8, in TE and TM po-
larisations of detection. Figures 3.9(k)-(n) show k-space maps of a disper-
sive wavepacket excited with exactly the same writing beam but with the

pump switched off. A notable feature of the soliton k-space map is its nar-

'"When spectral emission is time-resolved the resolution of the setup is limited to
At =~ 15 ps. This spreading appears beacuse each ray that is diffracted by two adjacent
grooves of the diffraction grating is delayed by A in the first diffraction order. Overall, the
time spreading introduced is At ~ 1/AA, where A is the spectral resolution of a single
monochromator. This problem can be overcome by using a double monochromator.
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Figure 3.9. K-space map of the soliton ((a)-(e) in TE polarisation and (f)-(j) TM) and a
dispersive wavapecket ((k)-(n) in TM polarisation).

row spectrum concentrated along k, ~ 0. This is expected since there is no
spreading along the v direction and all parametric processes that stabilise
soliton alon the x direction involve k vectors with k, # 0 and k, = 0. The dif-
terence in TE and TM polarisations can be reproduced with modelling, as
it was already shown in figure 3.8(k) - (n)[131]. By contrast without pump,
polariton-polariton scattering from the writing beam populates k-vectors
which form a figure of '8’ (figure 3.9(k)-(n)), which is notably different from

soliton pattern. This process was studied in detail before by Langbein [138].

The experimental results shown are were also confirmed with the-
oretical modelling. Numerical studies were performed using mean-field
equations describing the evolution of slowly varying amplitudes of the TM

(ETym) and TE (E7g) cavity modes and of the corresponding excitonic fields

UM, TE:
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Here m, = 0.27 - 1073% kg is the effective cavity photon mass, hQp =
4.9867 meV is the Rabi splitting, iy, = hy, = 0.2 meV, where ). and y, are
the cavity photon and the exciton coherence decay rates, 6, = —1.84 meV,
0, =—2.34 meV, g > 0 is the nonlinear parameter, which can be easily scaled
away, r = —0.05 parameterizes the nonlinear interaction between the two
modes [139]. E,ypp(X,p) is the pump amplitude with the momentum k)
the corresponding angle of incidence 6 = arcsin[xA,/(27)] and E,; is the

writing beam amplitude.

For the case of the homogeneous pump E,;, (%, 1) = const and Ey(x, 9, 1) =
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0 the soliton solutions are sought in the form Ery; rp = ATM’TE(x—vt)eikP“’"ﬁx,
Urv1E = Qrm,TE(X — vt)eikp“’”l’x. The soliton profiles and the unknown ve-
locity v are found self-consistently using Newton-Raphson iterations. In
simulations of the soliton excitation the system of equations (3.1)-(3.4) has
been solved directly using the split-step method. The results of the numer-

ical study are shown in figure 3.8(k)-(n).

§3.3.5 Soliton sustainability
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Figure 3.10. Streak camera image of a soliton hitting a photonic defect and continu-
ing propagation afterwards. Soliton hits several defects leaving a trace of scattered
polaritons (marked with red arrows), after a major defect at approx. 43 ps it still con-

tinues propagation for another 15 pm. In this case soliton travels a distance of 100 ym
from the point of initiation by the writing beam.

Another fundamental property of solitons is that they should sus-
tain themselves after collisions with fluctuations which have energy smaller
than that of a soliton. Figure 3.10% shows a soliton hitting a defect. During

the collision the soliton looses part of its polaritons on the defect, but re-

This image is taken at a later time compared to the original data, during which the
sample has degraded. Also, this soliton is 0" polarised, see chapter 4.
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plenishes them quickly and continues propagating until it reaches the end
of the pump spot. Polaritons scattered from the soliton relax down to k = 0
and escape the cavity within the polariton lifetime. This is another proof
for the solitonic nature of the observed wavepackets. Further discussion of

soliton sustainability is presented in the next section 3.4.

§3.4  Coherent control of soliton

Soliton formation is triggered by the coherent writing beam. A detailed pic-
ture of the process can be described in the following way. The writing beam
creates a very high density wavepacket of polaritons, which then propagates
and once it reaches the pump bistability region (if seeded outside) it trig-
gers soliton formation. Importantly, polariton solitons created by the writ-
ing beam stimulate polariton-polariton scattering from the pump. Since
their phase is related to the writing beam, the resultant phase of soliton
harmonics will be also linked to the writing beam phase due to the stimu-

lated scattering.

In general the soliton field amplitude can be described as:
S(t) = JA(k,a))ei(w”kx)dk, (3.5)

where A(k,w) is the complex amplitude: A(k,w) = |A(k,w)|e’?k. At kyy, the
writing beam k-vector, @ = ¢, due to stimulated scattering. The phases

of different soliton harmonics are related through the scattering. Therefore
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Figure 3.11. A scheme of coherent control experiment. Original pulsed beam after
passing through pulse shaper (not shown) is sent to the Michelson interferometer,
which has one mirror mounted on a piezo stage for precise phase control and the
other is mounted on stage to adjust its relative delay. The interferometer is actively
stabilised by applying additional CW laser (HeNe) beam along the pulsed beam path
(not shown), which is then reflected from the main beam path using spectrally selec-
tive mirror. Interference pattern of the two red HeNe beams is then projected on two
photodiodes, then signals from the two PD through feedback electronics are trans-
formed into needed piezo displacement needed to maintain the same phase shift.

it is possible to say that the writing beam defines the phases of all soliton

harmonics. The experiment described in this section proves this point.

The setup for the coherent control experiment is shown in figure 3.11.
An actively stabilised interferometer® is used to select and fix the relative
phase shift between beams going through two arms of the interferometer.
One of the beams (that arrives first) is used as a writing beam to the trigger
soliton. The second, control beam, is positioned on the soliton’s path and
its delay is adjusted to match the time so that it ’hits’ the soliton during

propagation.

3The interferometer was developed by Dr A. J. Ramsay.
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In this experiment, the pump and writing beam were both linearly co-
polarised (TM) while detection was conducted in TE polarisation. A sum-
mary of the observations is shown in figure 3.12. The first writing beam
arrives at 0 ps, the second arrives at approximately 24 ps. The left column
corresponds to ‘anti-phase’ observation, i.e. the regime when the 2nd beam
phase is shifted by = with respect to the phase of the soliton harmonic, when
destructive interference takes place between the control beam and soliton.
The right column corresponds to ‘in-phase’ observation, for the case of con-

structive interference, when the phase shift is zero.

The control beam reflection arrives at the streak camera at approxi-
mately 24 ps after the writing beam (red dashed line in figures 3.12(a) and
(b)). It takes some time for the beam to penetrate the cavity and interfere
with the soliton. Figures 3.12(c) and (d) show real-space image of a soli-
ton at time ¢t = 20 ps before the control pulse arrival. Then figures 3.12(e)
and (f) show how the soliton was influenced by the control beam. In the
case of destructive interference (figure (e)), the soliton is heavily distorted
and spreads to about 15 pm in the transverse direction and its intensity is
also decreased by approximately 50%. After constructive interference it is
only amplified while maintaining its shape (figures (f) and (b)). Nonethe-
less, 10 ps later, at time t = 40 ps, the soliton recovers itself (figure (g)) after
a ‘smash’ by the control beam shown in figure (e). The soliton continues its

propagation as well after the 'in-phase’ control beam (figure (h)).

The effect that the control beam has on the soliton can be understood
from figure 3.13. The writing and control beam spectra are schematically
shown as a blue ellipse, while the soliton spectrum is shown in orange,

similarly to figure 3.3(c). The two spectra can only interact in the energy-
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Figure 3.12. Summary of coherent control experiments. (a) and (b) show streak cam-
era images taken along soliton propagation, red dashed line corresponds to arrival of
the control beam and grey dashed lines show times of 20, 30 and 40 ps for which full
two-dimensional images (c)-(h) are shown below. Left column corresponds to ‘anti-
phase’ measurement and right to ‘in-phase’.
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momentum area where the two ellipses overlap; effectively all other areas of
the soliton spectrum remain intact. Therefore, in the case of destructive in-
terference, only a part of the soliton spectrum is depressed, which leads to a
noticeable distortion of the soliton shape as well. However, due to efficient
scattering processes from the pump, the soliton spectrum is regenerated
and its original shape is restored as well. Furthermore, if the distortion in-
troduced by the control beam is big enough, it can possibly break a single
soliton into several solitons. In the case when interference is constructive,
the soliton spectrum is simply amplified and the soliton becomes brighter

without any significant distortion to its shape.

An additional difficulty with interpreting these results arises from the
fact that the soliton polarisation state is not clearly defined in the case of
linearly polarised pump and writing beam. The polarisation properties of

solitons are discussed in the next chapter.

Overall, it was possible to coherently probe the soliton by using the
second phase-locked writing beam. The constructive interference leads to
the amplification of the soliton, while the destructive interference leads

only to a distortion of the soliton, and it later restores its original shape.

§3.5 Comparison with the TOPO

The soliton observations have a very different physical origin to the trig-

gered optical parametric oscillator observations of Ref. [109]. In that case,
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Figure 3.13. A sketch of soliton and control beam spectra, showing their limited over-
lap.

the system is already in a high density phase before a writing beam is ap-
plied and furthermore the system was pumped at low k,,,, in the region
of positive effective mass, where soliton generation cannot occur. As a re-
sult, propagating excitations of the polaritonic condensate were studied, as
opposed to the bright solitons. If the whole pump spot is switched on, i.e
the system is in the upper state in the bistability region or the k-vector of
the pump is above the upper bistability threshold, then a soliton can not be

formed. This is demonstrated in the following experiment.

Firstly, the system is set to the upper state (figure 3.3(c)), where a
condensed ’signal’ state is formed at k = 0, with long range spatial coher-
ence over 30 um, due to polariton-polariton parametric scattering from the
pump state into ‘signal” and "idler’ states at kgjonq = 0 and kigjer = 2k, This
corresponds to the polariton optical parametric oscillator (OPO), which was

studied in [7].

Secondly, a pulsed writing beam (wb) is introduced at k,j, ~ 1.2 um™"

focused to a small spot of ~ 7 ym and the propagation of the resulting
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wavepacket is observed. The wavepacket is amplified due to polariton-
polariton scattering from the switched-on pump state and hence propagates
macroscopic distances, superimposed on the signal condensate at k = 0.
Such a process corresponds to the so-called triggered OPO (TOPO), firstly

reported by Amo et. al. [109].

The TOPO propagating wavepacket exhibits very different physical
properties to the soliton. Figure 3.14(a) shows the TOPO intensity as a

function of time and position X (see figure 3.3(b)) for k ~ 2.38 ym™!.

pump
It is seen that the TOPO wavepacket propagates over long distances of up
to 50 yum. However, in contrast to the soliton propagation, it broadens sig-
nificantly from 7 pm up to 15 - 20 pm within ~ 40 ps time and propagates
at a speed 1.3 times slower than the observed soliton. Moreover the TOPO

wavepacket intensity decays with time, again in marked contrast to the soli-

ton behaviour of figure 3.6(g).

The TOPO wavepacket created by the writing beam can be considered
as a condensate excitation, which has the properties of a diffusive Gold-
stone mode [82]. There is competition between polariton-polariton scatter-
ing from the pump to the signal state at k = 0 and to the localised TOPO
wavepacket at k,;. Since the pump state is switched on over the whole ex-
citation spot there are no excitations in the pump state itself. The TOPO
wavepacket propagation speed is determined only by the writing beam k-
vector kyp ~ 1.2 um~! and not by that of the pump as in the case of a
soliton. The TOPO wavepacket expands since the polariton dispersion at

kyp ~ 1.2 um™! is described by a positive effective mass.

The time dependence of the TOPO wavepacket FWHM is expected
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Figure 3.14. (a)- streak camera trace of propagating TOPO wavepacket as a function
time and position recorded for kpy,;,;, ~ 2.38 um~! and writing beam size 7 um. (b) -
size (FWHM) of TOPO wavepacket recorded in panel (a) as a function of position.

to be strongly dependent on the initial size of the writing beam. It can
be easily shown from the solution of a time dependent Schrodinger equa-

tion that the FWHM of a noninteracting wavepacket with initial FWHM

A with a dispersion described by positive effective mass m,r is given by

2\/A2/4 + mff;A24t2' It is seen that the size of the wavepacket will increase
with time more slowly for initially larger A. This is consistent with the
above observation (wavepacket with initial size 7 pm is expected to spread
up to~ 20 pm within 50 ps) and those in [109], where the TOPO wavepacket
of a size 15-20 pm along the propagation direction is initially created and its

size changes very little within 40-50 ps. Indeed, using the above formula we

can estimate that it should increase only by 2 microns for m,s s~ 1073* kg.

§3.6  Discussion and conclusions

The experimental observations of bright polariton solitons reported above

open opportunities for the exploration of their potential applications in ul-
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trafast information processing, since their picosecond response time is three
orders of magnitude faster than that observed for the pure light cavity soli-
tons in VCSELs [110, 140, 34]. Furthermore, polaritonic nonlinearities are
2-3 orders of magnitude larger than nonlinearities in VCSELs [110, 140, 34].
The measured transverse dimensions of polaritonic solitons are ~ 5 pm (res-
olution limited), whereas the numerical model using the experimental pa-
rameters predicts ~ 2 pm, several times less than the 10 pm width typi-
cal for VCSEL solitons. Polariton solitons can potentially be used as more
natural information bits than the propagating domain walls in the recently
proposed integrated polariton optical circuits and gates (polariton neurons)
[86]. The number of polaritons in the solitons observed is of the order of
hundreds, which puts them into the category of mesoscopic structures. The
realisation of spatially modulated 1D microcavity structures, with reduced
numbers of particles, may create conditions for the observation of quan-
tum solitons and nonlinear functionality relying on few polariton quanta,
potentially allowing designs of quantum polariton-soliton circuits. Finally,
unlike the well-studied polariton condensates which correspond to macro-
scopic occupation of a single state in momentum space, the highly occupied
polariton soliton is strongly localised in real space with a broad spread in

energy and momentum.






Chapter 4

Polarisation properties of

polariton solitons

Polariton solitons that arise due to bistability and parametric instability of
polariton systems are expected to have rich polarisation properties, since,
as it was shown earlier, resonantly driven polariton states may exhibit po-

larisation multistability.

Excitons in GaAs semiconductor quantum wells with the same spin
repel, whereas excitons with opposite spin attract weakly. Such anisotropy
in exciton-exciton interactions is shown to be responsible for the rotation of
the linear polarisation of scattered polaritons by 90° in polariton-polariton
scattering process [125] as was demonstrated earlier in chapter 2. N. Gip-
pius et al. predicted in 2007 [85] that if the lower polariton branch is driven
resonantly by a linearly or slightly elliptical polarised beam then the po-
larisation degree of the internal pump field inside the microcavity may ac-

quire different linear (elliptical) or circular polarisations depending on the
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pumping history. Later experiments confirmed such predictions. Given
that bright polariton solitons are supported by both parametric scatter-
ing(parametric instability) and polariton pump bistability, the question is
what kind of soliton polarisation can be realised in the case of a circularly

or linearly polarised pump.

Furthermore, as was shown in chapter 2, the effect of incoherent reser-
voir and non-linear spin dependent absorption may also play an important

role in the spin properties of polariton solitons.

§4.1  Experimental setup

One of the main experimental challenges in the observation of polariton
solitons is the stability of the setup. In order to access the sample from a
wide range of angles only cold finger cryostats can be used, which causes a
major source of mechanical vibration to be transferred along with helium
by a transfer tube. When in operation, the transfer tube is connected to both
the cryostat and helium dewar, therefore the optical table cannot be used in
its active damping regime, which also influences the stability of the lasers
used. Finally, lasers are subject to fundamental power output fluctuations
of the order of a few percent. The main implication of these fluctuations is
a sudden switching on of the OPO process and loss of any soliton propaga-
tion. Measures taken to improve the performance the setup included tighter

positioning of the lasers, room’s better temperature stability and increasing
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Figure 4.1. A modified experimental setup for polarisation detection. Mirror M3 (see
figure 1.33)is replaced with Michelson interferometer (M3a and b) with variable arm
length.

power output of the lasers. The latter allowed the possibility of observing
bistability over an increased range, since it was possible to pump the system

with higher laser energy detuning.

Soliton formation and propagation conditions are extremely sensitive
to these fluctuations of laser power and position. In practice this means that
any streak camera image taken over a propagating soliton is an average of
different conditions. This, nevertheless, allowed reliable measurements to

be taken, that were presented in the previous chapter.

In the case of polarisation measurement, a full Stokes vector has to be
measured, which consists of six measurements: two for each polarisation
basis: TE and TM for Q-component; two cross-diagonal for U-component;

0" and o~ for V-component. With only one streak camera this is only possi-



96 Chapter 4. Polarisation properties of polariton solitons

20

40

60

Time (ps)

80

100

0 20 40 0 20 40 60

X (um) X (um)

Figure 4.2. Traces of a single o* polarised soliton recorded in linear (H-V) basis (a)
and circular (c*07) - (b).

ble with successive measurements of each polarisation. To provide accurate
results most of the fluctuations have to be accounted for. This is done with

the setup shown in figure 4.1.

Mirror M3 (as shown in figure 1.33) is replaced with a beamsplitter
(BS) and two mirrors, which effectively form a Michelson interferometer, in
front of which a quarter wave plate (QWP) and a half wave plate (HWP)
convert any desired basis into a linear X-Y basis. Importantly, one arm of
the interferometer is set to have a longer optical path in a way that emission
from it arrives approx. 100 ps later than from the other one, still within
one frame of the streak camera. At the same time one of the arms has a
QWP with its fast axis rotated 45° to the laboratory X-Y basis. Therefore,
after emission passes twice though the QWP, its polarisation components

are rotated by 90° and two orthogonal polarisations are detected simulta-
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neously. To eliminate interferometer alignment errors, this measurement
is performed twice with orthogonal polarisations being swapped by the
QWP+HWP set before the BS. Additionally, M3a is mounted on a piezo-
stage to enable interference measurements. An example of detection of
a circularly polarised soliton in the H-V (X-Y) basis using such technique
is shown in figure 4.2(a). Detection in the circular basis is shown in fig-
ure 4.2(b), which also confirms the proper operation of the setup: in circu-
larly polarised basis only o emission is observed, as expected, whereas in

H-V basis both H and V components have the same intensity.
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§4.2  Soliton polarisation multi-state be-

haviour

To study soliton polarisations consistently, full Stokes components of soli-
ton emission (as described in the previous section) were measured for three
different writing beam polarisations (6%, TE, 07) while changing the pump
polarisation from o* through TM to o~. The main subject of the study was

the degree of circular polarisation (DCP) of a soliton, as defined in (2.1).

Figure 4.3 shows streak camera soliton traces taken for different de-
tection polarisations in the cases of different pump and writing beam polar-
isations (rows). All of them show that soliton polarisation is constant over
its propagation time. First, when the pump and writing beams are both o™
(07 ) polarised, the excited soliton is also o* (07) polarised (figure 4.3 top
row, o~ not shown). When the pump is linear, the soliton polarisation is
defined by the polarisation of the writing beam: o™ (07) writing beam trig-
gers 0% (07) polarised soliton, which is shown on the second (third) row in
figure 4.3. However, when the pump and writing beam are both linearly

polarised, soliton emission is detected in all polarisations.

Additionally, soliton DCPs for pump and writing beam polarisations
(shown in figure 4.3) as a function of time are plotted in figure 4.4 for
times when soliton propagation is observed, which further confirms this
point. This is in contrast to what was observed in simple ballistic prop-
agation of wavepackets, where polarisation beats occurred due to TE-TM

splitting [141], which indicates the effective quenching of TE-TM splitting
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Figure 4.3. A set of streak camera images taken for selected pump and writing beam
polarisation configurations taken for different detection polarisations: TE (=x), TM
(=y), a (diag.), b (anti-diag.), 0*, 0, which show constant soliton polarisation over its
propagation range.

in the soliton regime: the energies of both TE and TM polariton compo-

nents at k = k are tuned into resonance with the pump energy in the

pump
high density regime. At low excitation densities, the TE-TM splitting of po-
lariton modes is of the order of 0.1 meV at high k-vectors, meaning that the
polarisation of the broad polariton wavepacket excited at high momenta os-
cillates between ¢t and ¢~ polarisations with a period of 20 ps, while over

the whole duration of the soliton pulse (approximately 30 ps), DCP is nearly

constant.

A systematic study of soliton polarisation as a function of the pump
DCP was performed for 6*-, TE- and o~ -polarised writing beam. The pump
DCP was changed from -1 through 0 (TM polarisation) to +1. For every

pump DCP the full Stokes vector of the soliton emission was obtained in a
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(data is cut to show the DCP only during beam polarisations (o*, TE, 07).

soliton actual propagation).

manner described above.

The result of the study of soliton DCP is presented in figure 4.5. It
shows that 0" (07) solitons can be excited in the range of the pump DCP
from 1 to -0.1 (-1 to 0.1) with o™ (07) polarised writing beam. It is inter-
esting that for the case of a linearly polarised writing beam, a slight bias of
the pump DCP towards o* or 0~ polarisation by 0.1 quickly ensures robust
excitation of either ¢* or ¢~ circularly polarised solitons with the DCP of
0.85 - 0.95, respectively. Additionally the linear polarisations of solitons
were measured. These results are shown in figures 4.6 and 4.7, which, as
expected, show a negligible degree of linear polarisation (DLP) for ellipti-
cally polarised solitons. Furthermore, the DLP of a soliton in the case when

the pump and writing beams are linearly polarised is also nearly zero.

For a circularly polarised writing beam, it is only possible to excite

solitons of that polarisation, and it is only possible when the pump has suf-
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ficient power to sustain the bistability at the polarisation. When the pump
has DCP = +1, only solitons in ¢ polarisation can be excited with a lin-
early polarised writing beam, because polariton-polariton scattering from

the pump populating soliton spectrum conserves polariton spin.

A linearly polarised writing beam which contains both circular polar-
isations is capable of triggering solitons of both polarisations, a ¢* and/or
0~, depending on the pump polarisation. In the case of a linearly polarised
pump, the soliton circular polarisation degree is determined by the writ-
ing beam polarisation. When the writing beam is circularly polarised, the
DCP is about 0.95 over the soliton propagation time (figure 4.4). Such a be-
haviour arises from the polarisation multistability experienced by the lin-
early polarised pump. The polarisation of the writing beam determines
which polarisation component of the pump will penetrate inside the cavity

in the soliton regime. When a 0" (07) polarised writing beam arrives, it
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creates polariton population causing the blueshift of only 0™ (07) polarised
pump polaritons, since the interaction between o* and o~ polariton is weak.
As aresult, only 0" (07) polarised solitons are excited. It is interesting that
when the pump and writing beams are both linearly polarised, the soliton
emission is found to be unpolarised with the degree of circular and linear
polarisations being of about 0.1 —0.2. In this case, the total soliton emission

seems to be depolarised. This specific case is addressed in the next section.

In the experiments described in this section, the pump power was kept
constant for all pump DCPs. As the pump DCP was changing, the effective
power in each of the circular polarisations was changing as well, which re-
quired adjustment of the pump excitation angle in order to maintain the
system in the bistable regime in the low density state. The adjustment
range was of the order of £0.07°, which corresponds to a AE = 0.03 meV
change in the relative detuning of the LPB and the pump. While it was
possible to excite solitons with a full range of pump DCPs from -1 to +1
in the experiment, the theoretical model used previously (equations (3.1)-
(3.4)), provides soliton solutions only in the range of the pump DCPs from
-0.45 to +0.45 for the small AE values used experimentally. This is most
likely due to the fact that the theory does not account for spin-dependent
nonlinear absorption (possibly due to the biexciton resonance) or the pump
and soliton interactions with an incoherent reservoir, as was discussed in

Chapter 2.

Figure 4.8 shows the writing beam threshold power versus the pump
DCP for different writing beam polarisations. The threshold power for fully
circularly polarised (o) writing beam remains constant and then increases

as the pump DCP is changed from -1 towards +1. This can be explained by



4.2. Soliton polarisation multi-state behaviour 103

a decrease of the effective pump power in that circular polarisation when its
DCP is decreased. Hence, a higher writing beam power is required to excite
a soliton. The same is observed for a 0~ polarised writing beam when the

pump DCP is changed from -1 towards +1.

A linearly polarised writing beam presents an interesting case. Ini-
tially, when the pump DCP = 1, the threshold power for a TE polarised
writing beam is expected to be twice of that when the writing beam is cir-
cularly polarised, since only half of the TE polarised writing beam power
is used to trigger circularly polarised solitons. If one assumes that there
is no interaction between the o¢* and o~ polarisation components among
the polaritons injected with the writing beam, a peak in the dependence of
thr writing beam threshold power is expected to appear when the pump is
also linear, following the same argument as in the previous paragraph. It is
known though that the interaction between o* and o~ polaritons is weak.
This suggests that the nonlinear spin-dependent absorption and incoherent

reservoir plays significant role in the soliton formation process.

Finally, the nonlinear effect of the writing beam density on the intra-
cavity field can be seen in figure 4.9: by changing the writing beam power
5 times, unpolarised soliton emission is observed within the range of pump
DCP from approximately -0.25 to +0.25. A change of the writing beam
power results in an unbalanced population of ¢* and ¢~ polaritons in the
reservoir, which may cause this effect. However, the exact mechanism of the

process is not yet entirely understood.
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§4.3 Linearly polarised pump and writ-

ing beam

All of the time-resolved data presented here is acquired using the streak
camera image integration method, when each separate image is obtained
by overlaying typically millions of ’single shot” images. On the one hand,
this means that all fluctuations are averaged and a better quality image is
obtained. On the other hand, specifically in the case when the detected
intensities in all polarisations are the same, it introduces a question about

what is actually measured.

There are several possible effects that can happen, and which will pro-
duce exactly the same output on the streak camera. The first option is that

in reality only o™ and o~ solitons can be excited. In this case, when the
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pump and writing beam are nearly linear, the probability of exciting each of
them is equal, and the actual soliton polarisation excited depends on purely
random fluctuations present at the time of excitation. Therefore, when the
pump DCP is 1, the observed soliton DCP also tends to 1 as the number
of solitons observed tends to infinity, with one thousand solitons already
being a sufficiently large number to see the effect. As the pump polari-
sation becomes slightly elliptical, one of the components obtains a higher
probability to be excited with a linear writing beam, and the ratio will now
increase (decrease) if the pump ellipticity is changed towards o™ (07). A
different prediction that any linear soliton is unstable and breaks down to
circularly polarised [142] also leads to the same statistics of circularly po-

larised solitons.

The second option is that the excited soliton has a random polarisa-
tion, but clearly defined, each time it is excited, with a tendency towards
the pump ellipticity. Finally, the third option is that a soliton is completely
unpolarised each time it is excited and contains emission in all polarisa-
tions, or that is contains at least several polarisation components in a single
pulse. Hence the soliton state is mixed rather than pure. These possibilities

can be conveniently represented on Poincaré sphere as shown in figure 4.10.

An attempt to evaluate these options was made using Hanbury-Brown
Twiss (HBT) correlation setup. In addition, the photon counting module
of the streak camera was used to collect single shot data from individual
solitons. At the time of writing, these arrangements have been tested and

evaluated, however; data is not yet available.
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Figure 4.10. Possible soliton polarisations on Poincaré sphere. Each vector corre-
sponds to the polarisation of a single soliton. Red vectors correspond to the case
when only ot and o~ solitons exist. Green vectors show a few random polarisations
as the second option, notably all vector have unit length and end on the sphere sur-
face, so that each individual soliton is fully polarised. Blue dot correspond to the third
option - each soliton is fully unpolarised.

§4.4  Discussion and conclusions

Polariton solitons are shown to exhibit rich polarisation properties. Using
the same linear pump polarisation it is possible to excite solitons in three
different polarisations: ¢*, 0~ and, presumably, unpolarised. It is worth
mentioning that this behaviour is deterministic and depends on the writing

beam polarisation.

For the case of a linearly polarised writing beam, a sharp transition be-
tween 0" and o~ soliton polarisation occurs, when the pump DCP is chang-
ing its sign passing through zero. It was shown that this is not a statistical
effect of the image integration on the streak camera, but a real change in
the polarisation state of soliton, however, there is no definite answer at this

time about the exact nature of this polarisation state.

It is important to point out the close link between these observations

and the previously observed spin switch effect [87], where a writing beam
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was able to trigger the switching of the whole pump area. This is also one of
the manifestations, along with spin rings [121, 130] and "polariton neurons’

[86], of polariton cross-polarisation interactions.

One very promising future research direction is to make two solitons
with orthogonal polarisations collide against each other for pumps with dif-
ferent degrees of ellipticity. Another interesting question, which should be
addressed, is the stability of unpolarised solitons compared to fully circu-

larly polarised.






Chapter 5

Polariton soliton arrays

Soliton pattern formation has been previously observed in many systems,
for example, the breaking of atomic BEC into a soliton train [25] in 7Li.
The formation of dissipative soliton patterns has been extensively studied
in microcavity resonators in the weak-coupling regime [110, 111, 112]. The
mechanism of formation of these solitons differs from that studied in this
work: these cavity solitons can arise from stabilisation of periodical pat-
terns in dissipative resonators [113] or their formation can be triggered by
an external probe while the system is in the bistable regime [110]. Key prop-
erties observed are: mobility of such solitons as they move in space towards
more favourable locations; the permanent internal energy flow inside the
solitons, and finally the fact that single solitons can split into two or more

[21].

One of the main manifestations of soliton-soliton interactions is their
spatial "behaviour”: a way in which the presence of other solitons influences

the trajectory and dynamics of the soliton. For example, it was observed that
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feedback solitons in resonators have several equilibrium distances between
them [143]. Alternatively, dissipative laser solitons have been shown to ex-
hibit complex oscillatory behaviour [144]. Moreover, dark cavity dissipative
solitons were predicted to either merge or fly apart after a “spiral dance” in

the case of a collision [145].

The aim of this part of the work was to gain insight onto how multiple
solitons are formed and what soliton-soliton interactions are in the case of

spatial polariton solitons.

§5.1 Experimental setup

The main modification to the setup is the introduction of a cigar shaped
profile of the writing beam compared to the plain circular profile used in
all previous experiments. This is shown schematically in figure 5.1. All
other aspect of experimental arrangements remain the same, as shown in

figure 4.1.
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Figure 5.1. Schematic of soliton array excitation in the microcavity structure. The
writing beam profile is stretched along the direction of propagation, X, in order to
trigger a larger area compared to that in figure 3.1.

§5.2  Observation of soliton trains

A combination of o+ (or equally 0—) polarised pump and writing beams
provides the best experimental conditions for the observation of solitons,
since a larger area can be covered in the bistable regime by the pump. To
observe a different number of solitons in a soliton array (or train), the only
parameter that was changed was the effective size of the writing beam. This
was done by changing its power - the only parameter that can be changed
without re-aligning the optics. The effective size can be changed by varying
the writing beam power, since the soliton intensity is a nonlinear function
of the writing beam intensity. As the writing beam power is increased from
zero, at first only the central area of the writing beam is above the threshold
for triggering solitons. Due to the Gaussian profile of the writing beam, a
further increase in power will increase the area where its intensity is above

the threshold.

A summary of observations of different numbers of trains is presented
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Figure 5.2. Streak camera images of a soliton (a) and soliton trains consisting of two
(b), three (c) and four (d) solitons. Py = 230 yW in this case.

in figure 5.2. At P, only a single soliton is seen. Then, as the writing beam
power is increased, more solitons appear in a train. Up to 4 solitons were
reliably observed. A reconstructed 2D image of a soliton train at a fixed

time of 41 ps after the arrival of the writing beam is shown in figure 5.3.

Figures 5.4 and 5.5 show more detailed analysis of the train shown
in figure 5.3 at a time of ~ 41 ps. Figure 5.4 shows a streak camera image
along the X-axis at Y =~ 5 ym. The green lines are a guide to the eye along
the solitons’ trajectories, and the red line shows a cut taken to investigate
the soliton sizes and spacing in more detail, which is presented in figure 5.5.
The intensity profile of the soliton train is fitted with four gaussian peaks
(although ideally the soliton profile is not exactly Gaussian). The spacing
between the solitons is & 5 um, which is of the order of the characteristic
healing length (as discussed in chapter 3). While the soliton sizes are ap-
proximately the same as observed before, they are presumably limited by

the resolution of the setup.
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Figure 5.3. 2D pseudocolour image of a soliton train consisting of 4 solitons.
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Figure 5.4. A streak camera image of Figure 5.5. Intensity profile of the soli-
the soliton train of four solitons taken ton train (figure 5.4) at ~ 41 ps.

along their propagation at Y = 11 pm.

§5.3  Soliton-soliton interactions

A soliton is a wavepacket consisting of coherent phase-locked harmonics.
The actual phases of the soliton harmonics are determined by the phase
of the writing beam pulse (see sections 3.3.4 and 3.4). It was shown that
the coherence times of polaritons in the high density phase can be as long
as 500 ps [65, 66] while solitons exist for up to 60 ps after the initiation.
Therefore, during soliton propagation the coherence with the initial writ-

ing beam pulse should not be lost.! Moreover, as discussed in section 3.4,

'Tn the case of soliton propagation, longer coherence times compared to static conden-
sates can be expected due to different coupling to excitonic reservoirs.
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soliton emission maintains coherence with the initial writing beam. There-
fore, by probing the phases of solitons with the coherent writing beam, a
way to investigate the interaction between solitons, which in our case travel

in a 1D array, is created.

In this experiment, in contrast to that described in section 3.4, the
control beam is created from the writing beam reflection after it hits the
sample, and interference is observed on the streak camera rather than in
the cavity, hence providing a non-invasive technique of studying the phases
2. The phase information extracted from the data relates only to a narrow
range of soliton harmonics (see blue area in figure 3.13). This is in contrast
to what was measured in atomic BEC [25], where a single condensate breaks
up into several solitons. In this case, the macroscopic phase of each separate
condensate (soliton) is well defined. The phase difference between adjacent
solitons was measured to be 7t, which was attributed to a soliton stabilisa-
tion mechanism arising from the attractive interaction between atoms. Also
coherent collisions of solitons in Kerr-type waveguide media in glass [146]
showed that attraction and repulsion corresponds to A¢ = 0 and 7 for the
fundamental modes. Additionally, in carbon disulfide it was demonstrated
that a 7t/2 phase difference leads to the most efficient energy transfer from

one soliton to another, leading to their merging [147].

Further analysis was conducted mainly with the soliton train shown
in figure 5.6. The first step is to trace the soliton trajectories from the real-
space image. Figure 5.7 shows the tracing of soliton peaks by fitting multi-

Gaussians to the soliton train profile for each point in time during its prop-

2Coherence contrast is greatly increased if only the relevant part of the soliton spectrum
is cut for interference with a reference pulse taken from the writing beam. All experiments
presented in this chapter were conducted when kyp < kpymp due to space limitations.
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Figure 5.6. A slice of the soliton train
consisting of three solitons used in fig-
ures 5.7, 5.8 and 5.9 showing times
when phase shift was probed.

agation, which provides a reasonable fit. The peak positions as a function of
time are shown in figure 5.8. It is observed that the soliton train undergoes
two singularity events of merging solitons inside the train. As expected,
real-space data provides a very poor estimate of the differences in adjacent
soliton velocities, with errors being up to 500%. Phase measurement can

provide the most accurate estimate for this.

To conduct phase measurement, the QWP from one of the arms of the
interferometer was removed and emission was only detected in the circu-
larly polarised basis (see figure 4.1). Then, the length of one of the arms
was increased (by moving M3a mounted on a stage, see figure 4.1) so that
the writing beam reflection coming from that arm arrives at the streak cam-
era at the time when the soliton train emission arrives from the other arm.
This results in interference pattern formation at the specified time. In this
way it was possible to gradually probe the solitons’” phases at different times

during their propagation. Once the time of interest was selected by the po-
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X (um)

Figure 5.7. Multi-Gaussian fit to profile of soliton train. Black - raw data extracted
from figure 5.6, blue - computed fit, blue circles computed position of soliton peaks.

sition of the M3a stage, the piezo stage was used to gradually shift M3a with
subwavelength steps and for every step a separate streak camera image was
recorded. Then, by comparing intensities in the centres of the solitons dur-
ing the piezo cycle, it is possible to extract the phases of the separate solitons

in the train.

A summary of the phase observations is shown in figure 5.9 and de-
tailed fitting for each point on the graph is shown in figures 5.10, 5.11, 5.12,
5.13 and 5.14. Additionally, figure 5.6 shows a streak camera image of the
train with three solitons, where the horizontal coloured lines indicate the

times when soliton the phases were probed.

The difference between the phases of adjacent solitons are not constant
as they propagate in an array as seen in figure 5.9. This change could be
due to either a difference in the velocities of adjacent solitons or because of

merging events, or both, since

Ap(t) = kAx — Awt. (5.1)
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Here Ax is the spatial separation and Aw represents the difference of
angular frequencies of the harmonics of the adjacent solitons. A merging
event leads to a change of Ax with time. On the other hand, there could be
a difference in velocities between solitons (leading to Aw # 0), because only
in this case can they come close enough to undergo a merging event. The

existing data is not sufficient to discriminate between the two effects.
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Figure 5.8. Soliton peak traces within
the soliton train as function of time.
Gray dots with error bars show fitted po-
sitions of soliton peaks, coloured lines
provide fit to for velocity estimates in
pum/ps, fitting errors are in brackets.
Blue numbers show difference in veloc-
ities between adjacent solitons (errors
are in brackets).

Figure 5.9. A summary of mean phase
shift between adjacent solitons for dif-
ferent soliton trains (consisting of two,
three and four solitons) as a function of
time after the writing beam trigger.
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Figure 5.15. Possible future experiment with soliton arrays.

§5.4  Discussion and conclusions

In this chapter one type of possible soliton array — a soliton train — was
demonstrated. The number of solitons in a train (up to four) is clearly de-
fined by the writing beam size. Trigger population of polaritons, injected
by the writing beam, clusters within areas of the size of the corresponding

healing length ~ 5 pm, which then evolve into separate solitons.

Experimentally, the maximum number of solitons is limited by the
relative size of the pump and the writing beam, and the fact that both of

them have Gaussian profile.

There is a clear distinction between soliton train and so-called double-
or multi-hump solitons[114]. For instance, in a double-hump soliton each
peak has a size of 2-3 pm and the same spacing. In the current setup this
cannot be resolved and will only look like a single peak. Moreover, peaks
in double-hump solitons represent the same wavepacket and have the same

set of phases, while in a soliton train each soliton evolves separately.
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Further investigation of soliton arrays could be done with experiments
where the writing beam profile is rotated by 90° (see figure 5.15, or coher-
ently controlling individual solitons in a soliton train, by analogy with that

shown in section 3.4.






Chapter 6

Conclusions and future plans

The work presented in this thesis aimed at exploring new properties of po-
lariton systems with spatial hysteresis. Firstly, the formation of spin density
rings was observed and characterised, which has exposed polariton polari-

sation multistability.

Secondly, the main focus of this work was on research on bright po-
lariton solitons, which have been previously discussed theoretically. The
properties of a single polariton soliton, such as its size, velocity, spectrum,
sustainability, were studied in great detail. Thirdly, soliton polarisation
properties were studied. The complex polarisation picture described in this
work arising from polariton polarisation-dependent interactions. Finally,
soliton patterns or trains were observed as expected for such a non-linear

system.

Future experiments can possibly go in several directions. A separate
study concerning interactions of separately created solitons can possibly

open a new chapter in this research. Controlled collisions of un- or co- and
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cross-polarised solitons, in addition to revealing fundamental insights in
soliton physics of polaritons, will enable development of ‘proof of concept’

experiments for THz digital processing using polariton solitons.

Then spatial solitons should be studied in waveguides. The use of
waveguides opens a way to modify the soliton path incorporating bends
and turns, as opposed to a straight line in the case of a planar microcavity.
"Y’-splitter waveguide operation is particularly interesting, since it allows
for precise control of collisions of two solitons. It is also a crucial part of

"proof of concept’ for a soliton based classical OR gate.

Finally, this work has set a ground for studies of spatial soliton and
patterns in microcavity polariton systems, allowing further investigations
of both a fundamental and applied nature. Soliton pattern formation should
be studied with more possible configurations for a better understanding of
soliton-soliton interactions in these structures. An example of such an ex-

periment is shown in figure 5.15.
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