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Overall, this is an example of a interesting and high-quality piece of research. It falls under the currently
burgeoning topic of polaritonics and is concerned with optical manifestations of Bose-Einstein-like
condensates of polaritons. The thesis details four main experimental efforts: (i) an investigation of how
the spin of an optically confined polariton condensate depends on the pump power, polarization and
size of optical traps, (ii) achieving control over linear spin projection of a polariton condensate in an
elliptical trap, (iii) observing spin precession for a polariton condensate in a rotating optical trap (iv) a
study of the vorticity of an optically confined polariton condensate induced in a rotating optical trap.
The experimental efforts represent an impressive amount of work for a PhD thesis, especially in the
view of likely disruptions caused by the Covid pandemic. The candidate already became the lead author
of 3 papers and contributed to another 5 papers published in leading international peer-reviewed
journals (including Scientific Advances and Physical Review Letters). The outcomes are applicable to
several important domains of science and engineering, though the candidate is seemingly concerned
with mainly the fundamental aspects of his research, acknowledging a potential for practical application
of his work merely in passing. The thesis is well organized and written in fairly good English, though in
some places the clarity of writing and English need improving as per my suggestions in the attached
copy of the thesis.

In additional to the comments | made in the attached copy of the thesis, | summarize below a number of
issues that the candidate needs to address before his viva.

> Writing style

The candidate chose to refer to himself throughout the thesis using “we”. While “we” is perfectly
acceptable for an ordinary scientific publication (which is typically authored by more than one person), a
thesis can have only one author and so the use of “we” does not seem appropriate. Moreover, “we”
does not get on well with Disclaimer sections — that gives the impression that the work reported in the
thesis was done by a group of people (which, of course, is not and should not be the case). Besides,
“we” is completely unacceptable in those parts of the thesis where the candidate happens to present
the research carried out by his colleagues. Hence, my recommendation for the candidate is to use
passive voice instead and/or refer to himself as “the author”.

> Introduction

I am not convinced that introduction to the candidate’s work on polaritons should begin from as far as
interdisciplinary research ... and be so general. Exciton-polaritons emerge only at the border between
solid-state physics and photonics, and they have been around for quite a while now, just as the other
types of polaritons like plasmon-polaritons, phonon-polaritons and magnon-polaritons. Nobody really
considers the research associated with those types of polaritons as interdisciplinary.

Perhaps, the candidate could improve the beginning of his introduction by highlighting and illustrating
the global roles that photonics and solid-state physics play in the 21% century... and then introduce
polaritonics as a scientifically interesting and technologically promising product of the two fields of
science and technology...

> Acknowledging other people’s contributions

A thesis is a testament to the candidate’s efforts and achievements as an independent researcher and,
hence, it is important for an examiner to have a clear understanding about the true level of the
candidate’s involvement in the presented research. Therefore, the candidate should clearly state and
acknowledge throughout the thesis the contributions of his colleagues to preparing samples, developing




apparatus and setups, taking measurements, processing data, analysing results, modelling and
simulations etc., unless any of that was done solely by the candidate. While the candidate supplements
all investigative chapters with Disclaimer section, the latter looks fairly awkward in the context of a
thesis (as if the thesis was a collective effort of several authors). Also, Disclaimer sections appear too
late and provide too little information on the actual contribution of the candidate to the work presented
in respective chapters. For example, | quote Disclaimer section 4.9: "lvan Gnusov carried out the
experiments..." —do | read this as if the candidate carried out all the experiments ever mentioned or
discussed in Chapter 4? Also, "lvan Gnusov analysed the data" — does this mean that the candidate was
behind all the analyses ever performed of referred to in Chapter 4?

Therefore, | recommend the candidate to avoid using Disclaimer sections and, instead, clearly identify
and acknowledge at appropriate places in the main text (and figure captions) any contributions that
were made by his colleagues to the presented research.

> Including large chunks of other people’s work

| was somewhat surprised to come across some fairly large chunks of other people’s work (even though
properly acknowledged by the candidate), which were integrated into the thesis sometimes in the form
of complete sections. | wonder why in those cases the candidate elected to include every detail of
someone else’s work, including problem statement, model description, equations derivation and
solving, analysis of the results. In other words, why was it not sufficient to include just the results
(which, | suppose, could aid the candidate’s discussion or analysis) but provide references to other
people’s publications (like the candidate did in other cases)?

Since this thesis (in first place) is a testament to the candidate’s personal contribution to the field of
polaritonics, such instances appear very unusual and must be properly justified.

>Referring to the candidate’s own publications

The candidate does not have to (and, in fact, should not) refer to his papers in the thesis as if they
represent some additional sources of information. This thesis is not a review of the candidate’s
publications — it is the primary source of information for the work the candidate did in the course of his
postgraduate research. The thesis is expected to provide a much more detail account of the candidate’s
research than the papers he co-authored.

While it is very good that the candidate has managed to publish his work in a number of peer-reviewed
journals by now, that did not have to be the case — the candidate’s papers could have been still under
review or not even submitted. Hence, | recommend the candidate to provide at the beginning of each
chapter a list of relevant papers he co-authored (e.g., like he has done so far) but, otherwise, write his
thesis as a self-contained piece of research pretending that the work has not been published yet.
Correspondingly, rather than referencing his papers in the thesis, the candidate should refer to relevant
chapters instead.

> Reproducing figures

| expect the candidate to use in the thesis his original plots and diagrams (i.e., created by him), in which
case he does not need to refer to his publications in figure captions (i.e., “adopted from Ref. []”).

If, instead, the candidate requires to reproduce certain figures or diagrams from either his publications
(say, because they were created by other co-authors) or papers published by other groups (e.g., Figure
2-8), it is my understanding that the candidate needs to obtain copyright permissions from the




publishers of those works. Once permissions have been granted (it maybe just a matter of checking
copyright statements of respective publishers, who often allow the re-use of figures in one’s thesis), the
candidate should add to figure captions the corresponding statements along with justifications/reasons
for including in his thesis someone else’s results/creations.

Provisional Recommendation

|:| | recommend that the candidate should defend the thesis by means of a formal thesis defense

|X| I recommend that the candidate should defend the thesis by means of a formal thesis defense only
after appropriate changes would be introduced in candidate’s thesis according to the recommendations of
the present report

|:| The thesis is not acceptable and | recommend that the candidate be exempt from the formal thesis
defense
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Abstract

This thesis is devoted to the study of exciton-polaritons, which are quasi-particles
that emerge in the semiconductor microcavity in the strong coupling regime of ex-
citons and photons. One of the interesting properties of polaritons %
TACKRSRANSKersut Skatr, known as polariton condensate. The thesis focuses on
examining the spin and vorticity of the polariton condensate confined in two types
of non-resonant optical traps (static and rotating).

We reveal that the spin of the condensate in the static annular trap is signifi-
cantly influenced by the excitation laser characteristics (power and polarisation) as
well as by the size of the optical trap. We show that the process of optical orienta-
tion (acquisition of the spin state from the excitation) dictates the spin dynamics
for circular polarisation of the pump laser. While for linear one, the spin of the con-
densate is pinned to the sample-dependent in-plane effective magnetic field that is
caused by the strain-induced sample birefringence. However, polariton interactions
can destabilise the spin of the condensate for linear pump polarisation just above
the condensation threshold (or for a smaller optical trap), resulting in its stochastic
flips and the zero integrat%egree of the polarisation of the condensate emission.

I contrast, [ R, UBURADURMRRARAIRSRSAERS e find out
that the sample birefringent field can be overcame by the interplay of the cavity TE-
TM splitting and the elliptical condensate distribution. It results in the condensate
adopting a definite linear polarisation directed along the short axis of the ellipse. We
demonstrate the all-optical control over the angle of the linear polarisation of the
condensate emission. Moreover, we investigate the two coupled elliptical condensates
and discover the distinctive coupling regimes depending on their mutual orientation
and separation distance.

Further, we introduce a novel approach for rotation the excitation pattern at
GHz frequency, which is achieved by the beating note of two frequency-detuned and
shaped laser beams. By recreating the elliptical profile used for the linear polarisa-

tion control and rotating it at GHz frequency, we uncover the fundamental regime of
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the optically driven spin precession previously unseen in polariton condensates. This
spin precession occurs only in resonance with the internal condensate self-induced
precession and features a striking spin coherence of at least 170 ns.

Finally, we reveal that increasing the rotating trap size gives rise to the vortex
forming in the condensate for the narrow range of stirring frequencies from 1 to
4 GHz. The winding of the phase in the vortex corotates with the optical trap,
which is analogous to the famous "Rotating Bucket" experiment with conventional
superfluids.

Overall, our findings demonstrate the wast possibilities of the control on the spin
and vortex degree of freedom in polarito@ndensate and showcase the rich physics
of the studied system. Additionally, the results could benefit the application of
polaritons in analogue and quantum computing and spinoptronics.

Keywords: Polariton, Polariton condensate, Spin, Vortex
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Glossary

AD Anti-diagonal

AOM Acousto-optic modulator

BEC Bose-Einstein condensate

BS Beamsplitter

CCD Charge-coupled device

D Diagonal

Det. Detector

DOP Degree of polarisation

DLP Degree of linear polarisation

DCP Degree of circular polarisation

FFT Fast Fourier transformation

FWHM Full width at half maximum

GPE Gross-Pitaevskii equation

H Horizontal (polarisation)

HBT Hanbury Brown and Twiss

HWP Half-wave plate

IFFT Inverse Fast Fourier transformation
LP Lower polariton

LPB Lower polariton branch

NA Numerical Aperture

NRMSE Normalised root mean squared error
OAM Optical Angular Momentum

PBS Polarising Beamsplitter

PL Photoluminescence

SLM Spatial Light modulator

TCSPC Time-correlated Single Photon Counting
QWP Quarter-wave plate

V Vertical

VCSEL Vertical-cavity surface-emitting laser
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Chapter 1

Introduction

=

The twenty-first century is an era of interdisciplinary research. The develop-
ment of the scientific knowledge and complexity of the investigated subjects blur
the boundaries between different scientific disciplines. This has led to the emer-
gence of combined research directions, such as biophysics, bioinformatics, physi-
cal chemistry, biophotonics and many others. The established communication and
joint effort of scientists with different specialisations results in tremendous, state-
of-the-art research and technologies. For example, one of the branches of biophysics
aims to develop nanoparticles for drug delivery [11]. The combination of such par-
ticles’ physical properties and their bio-compatibility will allow targeting specific
cells or tissues for more effective and precise treatment [12]. On the other hand,
the synthesis of new materials by chemists is a constant source for physical stud-
ies. Graphene [13], carbon nanotubes, 2D materials etc., all of it opens excellent
prospects for applications in everyday life and studies of fundamental physics. Fur-
thermore, the information technologies bridged with physics allow for the analysis
of big sets of data, predictions of the physical phenomena and optimisation of the
experimental parameters [14].

Polaritonics is a great example of the aforementioned globalisation but within one
science branch. It brings together big physics divisions - solid-state physics,
optics and condensed matter physics and, as a result, forms a separ[%research field

with impressive findings and applications. Polaritonics studies exciton-polaritons
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Chapter 1. Introduction

(polaritons further on) which are bosonic quasi-particles formed as a result of the
strong coupling of exciton and photon in the semiconductor microcavity [15]. Being
part-light, part-matter, they inherit the properties from both constituents. Namely,
the small effective mass, short lifetime and high mgbility from the photons, and
%teractions from excitons. Moreover, polaritons are composite bosons, so they can
occupy the single energy-momentum state forming a condensate. Thanks to the
low effective mass, polaritons feature much higher critical temperature for conden-
sation than that of the atomic Bose-condensates and can condense even at room
temperature [16]. The condensate is formed at the balance of the external laser or
electric pump and polariton dissipation. The latter allows to non-invasively charac-
terise the polariton state only by means of conventional optical devices. This makes
polaritons a very practical system to investigate and visualise the many-body and
quantum phenomena. In fact, since the first condens observation in 2006 [17]
numerous interesting effects have been reported [18, j?%nduding quantised vor-
tices [20], superfluidity [21], solitons [22] and other.

The intriguing direction for polariton research is an investigation of an extended
arrays of condensates. Different lattice geometries were realised [23, 24, %]for
polaritons with optical imprinting or cavity etching techniques. The condensates
in the lattice interact with each other and can synchronise, forming exotic energy
states. The flexibility in creating potent%]makes them promising candidates for
the analogue simulations [25, 26, 27]. It suggests that by preparing the array of
condensates in the required manner, it is possible to emulate the problem which
AU RS be solved numerically by a conventional computer (like diagonalisation_of
the Hamiltonian of complex many-body systems or optimisation problems). SRR
thougl, the early proposals for the simulator focused on the ballistically propagating
condensates, the confined condensates could benefit the future device by prolonged
condensate coherence time. %

The approach for optical confinement was introduced in 2014 [28]. There, the an-
nular laser pattern creates the ring-shaped repulsive potential for polaritons making
them dense inside the trap [29]. The decreased spatial overlap of the condensate

and reServoir diminishes their interactions and leads to an increase in phase and spin
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Chapter 1. Introduction

coherence times. Similarly to the ballistic condensates [30], the confined ones can
also synchronise [31] and form lattices of different geometries [23, 32|. Moreover,
confined condensate features well-defined pseudo-spin (or just spin) that can be an-
other degree of freedom for the future simulator [33]. It is worth mentioning that
polariton spin itself has remarkable properties. The spin-anisotropic interactions and
polariton non-linearity make the spin physics quite rich, and numerous intriguing
properties have been reported [34, 35, 36] with the scarce investigation of optically
confined condensates [37]. Moreover, the variety of the observed phenomena makes
polaritons prominent in another interdisciplinary application -spinoptronics [38§].
Spinoptronics combines the best of photonics and spintronics in order to create ef-
ficient and effective devices with unique properties. Nevertheless, before we arrive
to these promising applications, it is essential to study the behaviour of the spin at
different excitation conditions and develop ways to control it.

In this regard, the first objective of this thesis is to carry out the comprehensive
study of the spin of polariton condensate in the optical trap. We aim to investigate
the effects of the non-resonant pump polarisation and power, along with the shape
and size of the optical trap, on the dynamics of the condensate spin. Given that,
we will be able to develop tools for the all-optical deterministic spin control for
applications in analogue simulations and spinoptronics.

Regardless of the advances in building spatially periodic lattices of coupled con-
densates, the time-periodic potentials have remained out of the scope of polariton
research. This was primarily due to the ultra-fast modulation frequency required in
order to affect the polariton state defined by its short ps- lifetime and nanosecond
condensate coherence. Notably, the periodic potentials are actively utilised in the
adjacent science fields, for instance, for Floquet engineering [39, 40|, and spin ma-
nipulation in BEC [41]. The specific case of the time-periodic potential is a rotating
one. The rotating potentials, in turn, are also widely studied in BECs [42, 43| and
superfluids |44, 45] systems. For example, the famous signature experiment for the
superfluid, known as the "Rotating Bucket", concerns the dynamics of the super-
fluid (and later BEC) in the rotating reservoir. Being non-rotational by nature,

superfluid indeed can acquire the external rotation of the container in the form of
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Chapter 1. Introduction

quantised vortices.

In this regard, the second aim of this thesis is to develop a time-periodic rotating
potential for polariton condensate and investigate the vorticity in the stirred quan-
tum fluid of light. Moreover, linking to the previous objective, we also the
investigation of the condensate spin in the time-periodic potentials.

The study of vortices in polariton condensate is blooming now |7, 46, 47, 48|
driven by the possible application for quantum computing [49] and analogue simu-
lation [32]. So the means for vortex generation and control are in high demand.

All in all, we have discussed the general motivation for this work. The more
focused introduction for each study is given in the corresponding Chapters 3-7. It
is worth mentioning that despite all the listed applications of condensates, main

driving force for this work is the fundamental interest in polariton physics. %]

Overall, the thesis is divided into eight chapters. WW@WQ
QRRASLRASDERIR SR AL Lot BBk - Refs. [1, 2,3, 4]. The thesis

continues with a brief introduction to the physics of polaritons and polariton con-
densates (Chapter 2). The main experimental techniques and methods used in this
work are discussed in Chapter 3. In Chapter 4, we discuss the experimental results
of the study of the condensate spin in the optical trap for various excitation condi-
tions. In Chapter 5, we develop a method of all-optical linear polarisation control of
the condensate emission by utilising the elliptical optical trap. We also study two
coupled elliptical condensates and showcase two distinctive spinor synchronisation
regimes. In Chapter 6, we demonstrate an approach for the GHz rotation of the op-
tical trap for polaritons. We report on the optically driven spin precession induced
by the rotating optical pattern. We find the resonance appearance of this preces-
sion at GHz stirring frequencies and reveal its striking coherence. In Chapter 7,
we discuss the quantised vortex formation in the stirred condensate and reveal its

frequency dependence analogously to the "Rotating Bucket" experiment.

Chapter 1 - Introduction : This part of the thesis includes the brief review of

the research field, novelty and motivation.

Chapter 2 - Physics of Polaritons : This part of the thesis includes a review
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Chapter 1. Introduction

of polaritons and polariton condensates, its superfluidity, spin and vortices.

Chapter 3 - Experimental setup and Techniques : This part of the thesis

describes the main experimental approaches used in the thesis.

Chapter 4 - Spin of polariton condensate in the optical trap : This part
of the thesis concerns the investigation of the spin of optically confined po-
lariton condensate depending on pump power, polarization and the size of the

trap.

Chapter 5 - All-Optical Linear-Polarization Engineering in Single and Cou-
pled Exciton-Polariton Condensates : This part of the thesis concerns
the study of polarization properties of the condensate in the elliptical trap

and achieving control over linear spin projection.

Chapter 6 - Optically driven spin precession in polariton condensates : This
part of the thesis describes the study of the condensate spin in the rotating trap

that revealed the resonance GHz spin precession with striking spin coherence.

Chapter 7 - Vortices in "Rotating Bucket" experiment with polariton condensate:
This part of the thesis describes the study of the vorticity in rotating opti-
cal trap, that revealed the co-rotating vortex in the condensate in the narrow

range of GHz frequencies.

Chapter 8 - Conclusion and outlook : This part of the thesis includes the

conclusive remarks and outlook for the future research.
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Chapter 2

Physics of Polaritons

Polaritons are the quasi-particles which arise in the strong coupling
regime between the microcavity photon and quantum well exciton.

At first glance, this definition could seem unclear and loaded with complex terms.
So in this Ch%er, we will go term by term explaining this deﬁni% and, as a result,

BEDRRADNRAIANARRRARRARSGRERRGBAA- Further, Hog RAIRMORRACIRAKRS

p,hxg&s, and the recent studies relevant to this thesis will be discussed.

2.1 Microcavity

The microcavity consists of two mirrors closely spaced together so that the distance
between them is comparable to the light wavelength. To realise the high reflectivity
and avoid the absorbance of the metallic mirrors, the distributed Bragg reflectors
(DBRs) are used to build a microcavity [15]. The DBR is a composite structure
constructed from the alternating layers of two semiconductor materials with refrac-
tive indices n; and ns (see Figure 2-1(a)). The optical thickness of each layer is
chosen to be the quarter of the desired wavelength A\q of light to be reflected from

the mirror. As a result of the multiple reflections from each layer and the destructive

interference of these waves, the DBR structure reflects the light in the @w/@%@
incomingJisht waveleneth (DBR photonic stop-band). The typical DBR reflectivity

spectrum is presented in Figure 2-1(b). Notably, the reflectivity of the structure in
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2.1. Microcavity Chapter 2. Physics of Polaritons

the stop-band could reach ggagingly; high values of more than 99.9%. The width of
the stop-band is defined by § i

. The reflectivity
R of the structure is usually calculated by the Transfer Matrix method [50], but the
middle of the stop-band can be approximated by

n2N _ 2N 2
R= (—;N ;N> (2.1)
ny ' +nj
where N is the number of pairs of low and high refractive index layers in the DBR.
If two such DBRs SN ig (semiconductor layer or other) with

O (see ﬁ%_ﬂ]ure 2-2(a)),

they form a microcavity. This leads to the formation of the confined phQiouic mode

the optical thickness of the

inside the cavity analogously to QE\}&;%@R; Figure 2-2(b) depicts the modified

reflectivity spectrum and features the reflection minimum at the middle of the stop-

band at ..

(a) : (b)
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Figure 2-1: (a) The schematic of the Distributed Bragg Reflector (DBR) built of the
alternating layers of two semiconductor materials with different refractive indices n,
and ny. (b) The typical reflectivity spectrum of the DBR at a normal incidence.

The quality factor of such micro-resonator is defined by the reflectance R; and

Rs of the DBRs and written as [19]

. )\c -~ 7T\4/R1R2
AN T 1—VRiRy

where A, is the width of the resonance. Thanks to the high reflectance of the DBRs,

Q

(2.2)

it is possible to produce the microcavity with the extremely high Q-factors (10° and
more). The Q factor defines the number of times that the photon confined in the
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2.1. Microcavity Chapter 2. Physics of Polaritons

microcavity is reflected back and forth - the bigger Q, the better is confinement.
The high Q-factor, as we will see further, allows for the realisation of the strong
coupling regime in the polariton microcavity due t Itiple acts of creation and
annihilation of photon and exciton. Moreover, the ¢ouiied t itx o

T, i i iRt estricadield inside the cavity with respect to the free

space, which also favours the strong coupling.

(a) (b)
TPRIER 1% 15 T PO PO 95 00 1Y 100

=
(']
=
&

50 g
o
=

0

—_—, wavelength A

Figure 2-2: (a) The schematic of the microcavity built of DBRs. (b) The typical
reflectivity spectrum of the microcavity.

The light passing through the microcavity perpendicularly to the layers (along
the x-direction in Figure 2-2(a)) with the wavelength A. is confined in only this
direction but not in two other in-plane ones. If the incident light is coming at a
slight 6 angle with respect to the x-axis, then the resonance wavelength is changed
to A\./cos(0). In this regard, the dispersion of the light in the microcavity differs from
the linear dispersion of the free propagating light (E = hck). It is more convenient
to consider separately the out-of-plane (confined) and in-plane components of the
light in the microcavity. The k-vector of the light can be written as k = , /k? + kﬁ
So the microcavity dispersion at the small k)| appears to be quadratic as a function

of k| (reminiscent of the particle with the mass) [15, 19]:

he r5——5 hc kﬁ thﬁ

As long as the &, is quantised in the microcavity k; = n.(27/\.) *n the photon
dispersion in the microcavity is parabolic so that photon acquires an effective mass

my. The effective mass can be deduced from the dispersion curve as follows:
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2.2. Excitons Chapter 2. Physics of Polaritons

1 1 0%E,

= — 24
MmMph h? 8k:ﬁ ( )

The typical value of the photon effective mass in the microcavity is 1075 of the free

electron mass m..

2.2 Excitons

The other @J&W of polariton is an exciton. Exciton is a quasi-particle that
arises in the semiconductor [51|. The mole of semiconductor (for example Y uls
ol asaugight of 28g) consists of 6.022 * 10* atoms; it is practically impossible to
describe the properties of each atom and their behaviour in such a gigantic

The standard approach in solid-state physics is the description of the matter in terms
of its excitation or quasi-particles. For this, the whole solid is thought to be in the
stable ground state, while the state of the solid is described by the excitations g%l
tRRQS this ground state which interact with each other and define the properties of
the semiconductor. When the electron is excited from the valence to the conduction
band (by the voltage or photon), it leaves a vacancy in the valence band. This
vacancy can be treated as a positively charged quasi-particle called a "hole". Both
electron and hole are characterised by the effective mass, which may significantly
differ from tha the free electron [15, 19]. In this regard, the exciton is a quasi-
particle formed%g the Coulomb attractive interaction between an excited electron
and a hole. The exciton, thus, is a neutral bosonic quasi-particle and has properties
similar to that of the hydrogen atom (bound state of nucleus and electron).

There are two types of excitons in semiconductors - Wannier-Mott and Frenkel.
The Frenkel [52] excitons are highly bound and localised on the scale of one atom
- the typical binding energy and radius are on the order of 1 eV and 1 nm, re-
spectively. However, these excitons are inherent to the molecular structures (e.g.
organic molecules [16, 53]) that are out of the scope of this thesis. So further,
we will consider only Wannier-Mott excitons [54|, which form in the semiconductor
crystals and have a typical binding energy of 10-100 meV andE%e of several lattice
constants (~10nm) [51, 55]. The low binding energy often prayeRbSRSCACILQRUS
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2.3. Strong light-matter coupling regime Chapter 2. Physics of Polaritons

{LomsuLiving at room temperature (25 meV), so experiments with inorganic micro-
cavity polaritons are usually carried out at cryogenic temperatures (with the notable
exception of perovskite [25] microcavites operatingju e ambient conditions).
The confinement in the 2D can increase the binding energy of the exciton. The
semiconductor quantum well (the layered sandwich structure of two thin semicon-
ductors of different band gap energy) is used for this. The dispersion of the confined
exciton is also parabolic and written as
2
B (k) = Ey + Eeons — . ij%)Q + jmkl

where F,; is the band-gap energy of the semiconductor, E.,, is the confinement

n € N*. (2.5)

energy due to quantum well, Ry is the exciton Rydberg energy (analogously to the
hydrogen atom), m., is the exciton mass. The typical exciton mass is 10~ %m,.
Depending on the spin of constituents, excitons can have different integer-valued
spin (£1, +2). However, due to spin conservation laws, only excitons with QA
DURRSUANY, spin can interact with light (photon spin is 4-1); such excitons are called
"bright". So now, if we put the quantum well inside the microcavity described above,
we can create bright excitons inside the quantum well by WWWW
A s, When exciton decays, the photon is born, which can still survive in
the microcavity, reflect back to the quantum well and excite another exciton. Thus,

matter (exciton) and light (photons) are coupled in the microcavity structure.

2.3 Strong light-matter coupling regime

When the number of absorption and emission events gf "the same" photon is sig-
nificant in the microcavity, it can no longer be described by the bare exciton and
cavity photon. In turn, the system is now described by the part light part-matter
states - exciton-polaritons. This is a strong coupling regime - the regi hen the
interaction ggie between photon and exciton is higher than their lifgtings in the
sample. The photon-exciton interaction is characterised by the Rabi frequency g,
the cavity photon and exciton inverse lifetimes are .., Ypn, so the strong coupling

condition reads as
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2.3. Strong light-matter coupling regime Chapter 2. Physics of Polaritons

QR > Yeas Tpoh (26)

The Hamiltonian of the interacting photon and exciton can be written as the

sum of three terms: bare photon I:Iph, bare exciton flez and their interaction f]mt.
H = th + Hey + Hing (27>

In the second quantization terms, the constituents of the master Hamiltonian

are written as [15]:

Hy, =) Eer(k) X[ X, (2.8)
k
Hep =Y Ep(k)PlD, (2.9)
k
Hip =Y hQp(PI Xy + X[ D) (2.10)
k

where X ks P, are annihilation operators for exciton and photon respectively, A2
is interaction strength.

For simplicity, the Hamiltonian (2.7) can be rewritten in the matrix form D(k):

D(K) = Beolk) 1 (2.11)
WQr Ey(k)

Substituting the expressions for the E., and E. from Equations (2.5) and(2.3)
respectively and diagonalising the Equation (2.11) one gets two new eigenenergies

of the system - lower(LP) and upper (UP) polaritons:

Eyp(k)) = Ber 1) ;L Enlh) | %\/A(klp + 4R2Q2, (2.12)
Eun(hy) = Eeac(k?)"ngh(kH) B %\/A(k)g e (2.13)

A(k)) in (2.12) is energy difference between photonic and excitonic energies
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(Epn(ky|) — Eex(ky)). A(0) is called exciton-photon detuning, and it is a @g@{:@

quantity for polariton characterisation.
Thus, the polaritons are part-light, part-matter quasi-particles. The fraction of
the photonic |c, | and excitonic | Xk, |2 part in polariton is described by the Hopfield

coefficients:

2 _ . A(lfll)
|ckH| =0.5 (1 \/A(kH)? n 471%)%) (2.14)

2 _ A(ky)
Xk |? =05 (1 + NCNE +4h2%> (2.15)

Note that the exciton and photon fraction depends on the k) an oton-exciton
mode detuning. So for the given exciton media, one can vary the U%@WW
MO0 GeeBlgues Zao(sduthronghube AU The ratio of e)%on and photon
fraction in polariton defines its properties such as effective mass, jufgragtion, velocity

and lifetime. For example, the decay rate (inversely proportional to lifetime) of LP

Yrp reads as

TLp = |X/ﬂ| |2’7/6zc + |Xk’H |2’7ph (2.16)

The typical lifetime of polaritons is few ps [56]. When polariton decays, the
created photon carries all the information about the quasiparticle, the part of which
it was - the energy, momentum, spin and phase. Thus, detecting the photons out-
coming from the microcavity by conventional optical experimental means discussed
further, one can non-invasively read the state of polariton. This makes polaritons

very appealing and convenient for experimental investigations.

2.4 Condensation

Polaritons are composite bosons (the particles of integer spin) since they are built
from two bosonic quasiparticles - photon and exciton. So under certain conditions,

they can occupy a single energy-momentum state forming the macroscopic coherent
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Figure 2-3: The left panels in (a-c) represent the dispersion of upper (purple) and
lower (pink) polariton branch at positive (a), zero (b) and negative (c¢) photon-exciton
detunings. The left panels in (a - ¢) are the corresponding LP Hopfield coefficients
|c, [* (blue) and [ x4 |* (red). Figure is adapted from Ref. [19)].

state - a condensate.

2.4.1 Bose-Einstein Condnesates

The investigation of Bose-Einstein condensates (BECs) began in the 20th century

with the works of Bose and Einstein (1924). Bose developed a statistical method

to describe the behaviour of bosons.

Finstein used this method to predict the

existence of a new state of matter in which a large number of bosons would occupy

the same quantum state at low temperatures. However, it was not until the 1980s

that experimental techniques were advanced enough to create and study BECs.
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Then, in 1995, E. Cornell and C. Wieman [57] at the University of Colorado and
Wolfgang Ketterle [58] at MIT independently created the first BECs using laser
cooling and trapping techniques. The discovery ECs opened up a new area of
research in physics, with potential applications in figldg sugh as quantum computing
and precision measurement. Since then, researchers have continued to study the
properties and behaviour of BECs in different systems.

The Bose-Einstein statistics rggdaas follows:

1

exp(%) —1

n(k) =
where n is the number of bosons, E is their energy, p is chemical potential, kg is
Boltzmann constant, and T is the temperature. In contrast to Fermi-Dirac statistics,
the Bose-Einstein one allows for the macroscopic occupation of particles of one

energy state. The critical temperature T, for the Bose-Einstein condensation in 3D

wodk 25

72 p2/3

T, =3.312
mk:BT

Note that the critical temperature is proportional to the particle density p and
inversely proportional to the mass m of the particle. For reference, the condensation
of Rubidium atoms [57] was achieved at ~ 100 nK, and realising such low temper-
atures is quite challenging. In this regard, using particles (or quasiparticles) with

mass could increase the condensation temperature and significantly simplify the

experimental setup.

2.4.2 Polariton condensate.

As we have discussed above, the polaritons indeed have an extremely low effective
mass (due to the photonic part) =~ 10_5m]%;t4 made them very applicable for the
studies of condensation. On the other hand, polaritons in the quantum well are
effectively 2D quasiparticles, and it is known that a uniform 2D system does not
support the BEC transition [59]. The thermal fluctuations destroy the long-range

order preventing condensation. However, that restriction is lifted if the 2D sys-
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tem is subject to the spatially varying potential [60]. The polaritons interact with
the excitonic reservoir fQuuiRg AR LUcuiRM O ther (15, 28|. There are
other ways for the realisation of the trap (for example, by mechanical stress). More-
over, the non-uniformity of the sample or even the finite size of the experimental
system makes the condensation of polaritons feasible. Indeed, the polariton conden-
sation has been observed at temperatures of liquid Helium [17] and even at room
temperature([16, 25, 53].

In the early stages of polariton research, m}g of the sam-
ple and defects prevented the observation of the macroscopic polariton occupation.
Tha%] why the first works concentrated on the parametric processes where the
condensation was seeded with a separate laser in order to trigger the bosonic stimu-
lation [61]. P. Savvidis et al. used a weak probe beam resonant with the LP ground
state to induce the stimulated scattering [62] and demonstrate the amplification of
polariton emission [63]. However, this experiment required fine-tuning the energy
and momentum of the idler and signal beams to satisfy the energy conservation
laws. Further, the simulated scattering was shown to occur spontaneously without
the seed beam when the excitation laser is tuned at specific energy and angle [64].
These findings made the foundation for the first observation of the polariton con-
densation (with the pulsed and quasi-nonresonant excitation) [65] in 2002. Finally,
the condensation under non-resonant CW excitation was reported for the first time
by J. Kasprzak and co-authors in 2006 [17] for CdTe microcavity. This study has
created an avalanche of research reports on the condensation in microcavities of
different materials (GaAs [56], GaN [66], ZnO [67] etc.) and studies of polariton

condensate properties.

The condensation mechanism

The non-resonant excitation removes the necessity for the fine-tuning of the pump
laser frequency and diminishes the influence of the pump laser on the condensate.
The mechanism of the condensation [18] is schematically depicted in Figure 2-4.

The excitation laser is tuned to the reflection minimum of the cavity -

CRVANZRGARAR AR SDURKIARRARRY,: The laser optically excites the high-energy

30


ShuvaS
Squiggly

ShuvaS
Note
I am not sure I understand this, please re-phrase...



ShuvaS
Squiggly

ShuvaS
Squiggly

ShuvaS
Note
was

ShuvaS
Squiggly

ShuvaS
Note
How is this possible? The refletivity dip minimum is located typically in the centre of the stop=band...

ShuvaS
Note
sounds awkward -- re-phrase


2.4. Condensation Chapter 2. Physics of Polaritons

- Mon-resomant excitation
e-h plasma & -
m‘ i

hot exciton
reservoir

Polariton condensate

Figure 2-4: Mechanism of polariton condensation under non-resonant excitation.

electron-hole plasma; it relaxes on a picosecond time scale dominantly by the optical
phonons. This results in the population of the exciton dispersion at large in-plane
momenta (exciton reservoir) [15]. The excitons lose their energy via exciton-exciton
and exciton-acoustic phonon interactions. As long as the lifetime of excitons ( 1
ns) is much larger than their relaxation time ( 10 ps), quasi-thermalisation of the
incoherent exciton cloud is possible.

However, the relaxation processes become less efficient once the particles have
reached the inﬂectio%p]oint on the LP branch. The particles are then accumulated
in the so-called "bottle neck" région [68]. This effect, for a long time, prohibited
condensation in the LP ground state. However, the advances in sample manufactur-
ing helped to overcome this problem and achieve condensation. When the density
of polaritons is sufficiently high, they can scatter to the ground state and thus trig-
ger the stimulated scattering process. The ground state population is then growing
due to bosonic stimulation and leads to macroscopic occupation and, ergo, conden-
sation. Polariton condensate requires constant laser pumping in order to exist; it
forms in the balance of the gain and polariton dissipation. That is why it is usually

non-equilibrium. However, it was shown that if the cavity’s quality factor is high
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enough, the thermodynamic equilibrium with the media (crystal lattice) can indeed

be achieved [69].

The hallmarks of polariton condensation

Similarly to the atomic BEC the power driven phase transition in polaritons is
characterised by the narrowing in both energy and momentum space (see Figure 2-
5)(a),(b)). The strong coupling is conventionally proven by the r%‘civity measure-
ment and evidence of the anti-crossing of LP and UP branches. Qu fiheathorbhaad

in the experiment the polariton condensation is usually distinguished by the:

e Nonlinear growth of the polariton number (emission intensity) with the pump

power (see Figure 2-5(c)).

e The narrowing of the emission linewidth at condensation threshold (see Fig-

ure 2-5(c)).

e The polariton energy blue-shift with the pump power due to polariton-polariton

integration (see Figure 2-5(c)).

e The appearance of the long-range order at the condensation threshold is evi-
denced usually by the spatial phase coherence ¢g(!) distribution retrieved from

the interference of the condensate emission with itself.

e Acquiring the defined projection of the spin at the condensation threshold.

2.5 Ballistically propagating vs trapped condensates

Polaritons are 2D quasiparticles, and the spatially varied potential or interactions
are necessary for polaritons to condense. There are, approaches for polariton
confinement. For instance, in the first observation of polariton condensate, the trap
was induced by the optical disorder [17]. The other approach gf polariton trapping
is the utilisation of the mechanical stress applied to cavity [70, 71]. Usually, a tiny
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Figure 2-5: Polariton condensation under non-resonant excitation. The narrowing
of the distribution and intensity increase in real-space (a) and on the dispersion (b).
(c) The power-driven condensation is visible in the nonlinear growth of polariton
number, the narrowing of linewidth and energy blueshift. Adapted from Ref. [17]

pin squeezes the sample and produces an inhomogeneous strain acting as a trap for
polaritons. The variation of the microcavity width by the mechanical stress also
allows for shifting the exciton and cavity modes, thus varying their coupling.

The structure itself could act as a confining potential for polaritons, and there
are numerous studies for the realisation of the condensate in the structures of lower
dimensionality (e.g. 1D wires [72| or micropillar structures [73, 74, 75]). Such
structures provide confinement for polaritons but do not allow the in-situ confining

potential modification. In this regard, the utilisation of laser light-induced potentials

is a\_&w& alternative.

The nonresonant laser creates a population of hot excitons, which pofh relax to

polaritons and interact with them through the coulomb interaction, forming repul-
sive potentials. The focused laser light is shown to modify the potential landscape
for polaritons forming the barrier [76, 77|. The light-induced barrier and a wall
of the 1D wire formed the confining potential in the study Wertz et al. [76].

the researchers observed the quantisation of in-phase to out-of-phase
configuration [24]. This approach could be useful for the mutual coupling control in
the extended polariton networks for the analogue simulations.

The malleability of the laser beams patterning with the spatial light modulator
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allowed for the realisation of the purely optical traps for polaritons which both
confine and feed the condensate [28, 78, 79]. The optical trap for polaritons can be
implemented

shaped laser beams [28, 79|.

as a combination of Gaussian excitation spots [78] gx by ring-

In this thesis, we utilise the ring optical trap. The different size of the optical
trap results in condensation in different spatial-energy modes [28, 29| reminiscent
of the harmonic oscillator energy levels. This method benefits the malleability of
the created potential and has led to numerous publications on the properties of
the trapped condensates in the single [6, 7, 8] and coupled annular traps [31, 80].
Moreover, the spatial separation of the condensate and incoherent reservoir enlarged
the condensate’s coherence properties, resulting in the nanosecond phase coherence
time [81].

With the non-resonant excitation in planar microcavities condensate can
be created on top of the pumping spofA¥hen using positive E%jtuning and large
laser excitation spots, polariton ground state condensation is typically favoured.
Qubetbien ind, negative detuning and tightly focused excitation lasers tend
to facilitate non-ground state condensation with finite in-plane momentum [82, 83]
(ballistically propagating polaritons). This is because the locally injected exciton

reservoir introduces an anti-trapping potential for polaritons [84, 85|. The repulsive

potential V(r) felt by polaritons can be expressed as

V(r) = gna(r) + g|¥(r)* (2.17)

where W(r) is the condensate wave function, ng(r) is the exciton reservoir pop-
ulation. g and g are the exciton-polariton and polariton polariton interactions re-
spectievly. Condensed polaritons are created with non-zero in-plane momentum at
the pump spot location, which coincides with the maximum of V(r).

The characteristic dependencies on the excitation power and intensity and mo-
mentum distribution for the two aforementioned cases of nonresonant ical exci-
tation of the condensate are presented in Figure 2-6. This data has been retrieved in
the Hybrid Photonics lab for the sample, which is used in all experiments described

in the scope of this thesis. The experimental techniques for data retrieval will be in-
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troduced in the next Chapter. Figure 2-6 lets us grasp the main differences between
two excitation techniques - with Gaussian spot or annular ring.

The exciton-photon mode detuning is -3meV. The left column in Figure 2-6 corre-
sponds to the incoherent excitation of polariton condensate with the tightly focused
(FWHM = 3um) Gaussian spot, the right one - to the ring excitation (with 10um di-
ameter). The condensate is observed for both configurations, which is evident from
the narrowing of the condensate wave function in the real (see Figures 2-6 (a,b)
and reciprocal (see Figures 2-6 (c,d)) space. Note that for the case of the Gaussian
excitation, the condensate is formed on top of the pumping spot, while for the case
of the ring excitation, the condensate forms in the minimum of the intensity pattern
(in the optical trap). Moreover, the ballistically propagating condensate occupies
a narrow ring in the k-space (see Figures 2-6 (c)) dictated by the shape of the re-
pulsive potential, whereas the confined condensate ics the low momenta (see
Figure 2-6 (d)). Note also that ballistically coupled condensate dispersion depicted
in Figure 2-6 (e) features a significantly higher energy state than that of the trapped
condensate presented in Figure 2-6(f). The power-driven condensate phase transi-
tion demonstrates an apparent threshold behaviour for both excitation cases (see
Figures 2-6(g,h)). However, the nonlinearity and population of the condensate are
higher for the trapped condensate due to confinement and reduced overlap with the
exciton reservoir. The latter also prolongs the condensate phase coherence, which is
evident from the significantly narrower linewidth of the condensate for the trapped
case (compare Figures 2-6 (i) and (j)). Overall, the difference in the properties of
the confined and ballistically propagating condensate opens %]:ellent prospects for
their utilisation for various purposes (experimental or theoretical). It widens the

variety of possible applications of polaritonics.

2.6 Vortices in polariton condensates

Polariton condensates are similar to conventional Bose-Einstein condensates and are
described by a macroscopic wave function that follows similar equations. The wave

function can have phase defects called quantised vortices, which are characterized by
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Figure 2-6: Polariton condensation under nonresonant excitation with tightly fo-
cused Gaussian spot (left column) and ring (right column). The microcavity sample
is described in [56], the photon-exciton detuning is -3meV. (a,b) The real-space in-
tensity distribution of ballistically expanding and trapped condensate, respectively.
The white scale bar corresponds to 2um. (c,d) The reciprocal space (k,,k,) for
ballistically expanding and trapped condensate, respectively. (e,f) The dispersion
E(k,) ballistically expanding and trapped condensate, respectively. The left and
right panels in panes (a-f) correspond to the condensate below (P=0.8F;;,) and
above (P=1.6P;,) the condensation threshold, respectively. The intensity (g,h) and

energy (i,j) power dependence for ballistically expanding and trapped condensate,
respectively.
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a hollow core intensity distribution and quantised phase winding around the core.
The vortex states in polariton condensate are demonstrated both experimentally [20]
and theoretically [15]. There is considerable interest in studying these §hiecks from
both fundamental and application points of view. A big part of this thesis is devoted
to the generation of the vortex in rotating polariton condensate, so in this section, we
will introduce the current progress in the study of vortices in polariton condensates.
The first experimental evidence of quantised vortices was reported by K. Lagoudakis
et al. [20] not long after the experimental discovery of polariton condensate [17].
By interfering the condensate emission with a retro-reflected and displaced copy of
itself, the authors were able to retrieve a quantised vortex (see Figure 2-7(a,b)) that

was pinned on the defect of the microcavity structure.

LS |I!|'J| hPlL'f" L)
(2) o8-8 4-202 46

= n
Fluid phasa inh

Figure 2-7: (a,b) Adopted from [20]. The first demonstration of the quantised vortex
in the polariton condensate. (c,d) Adopted from [86]. The hollow core condensate
intensity distribution corresponding to the vortex condensate state formed under the
application of chiral nonresonant lens generated by (c¢) pump spot size (see red dots
at the upper right corner) and (d) power. (e,f) Adopted from [36]. The observation
of the half-quantum vortex manifested in the vortex in right-circular polarisation
(e), and (f) the flat phase front in the left-circular condensate polarisation emission
component.

m in polariton condensate widely vary and

utilise both ballistically propagating and trapped polaritons. For example, the
vortex-antivortex pair was generated with a wide top-flat nonresonant beam [87].
The ballistic low of polaritons hitting either the structural defect of the microcav-

ity [88] or the one imprinted with the laser [89] had been shown to form multiple
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vortices in a turbulent flow. On the other hand, the modified trapping potential can
force the condensate to form the state with the desired OAM. The nonuniformly
pumped polygon formed an optical trap with the condensate occupying the vortex
state in the experimental study of Dall et al. [86]. The authors also showed that their
chiral lens for polaritons could be built either with the nonresonant excitation laser
power or by altering the pumping spot size (see Figure2-7(c,d)). Moreover, Kwon
et al. showed the direct transfer of OAM to the condensate from the nonresonant
excitation laser [90] forming a trap. However, the physical mechanism behind this
transfer is still unrevealed.

The dynamics of the vortex formation and interaction between vortices is also
investigated. For instance, under uniform nonresonant excitation, vortices in polari-
ton condensate are shown to move on the spiral trajectories defined by the polariton
effective mass and pump power [91]. Moreover, two resonantly injected vortices in
the condensate interact with each other and experience scattering-like events [48].
The vortex state dynamics is utilised for the control of its OAM in the work of X.Ma
et al. [92]. They used a short resonant pulse to manipulate the condensate state in
the nonresonant optical trap. As a result, researches could drive the condensate to
the state with desired phase winding, altering the control pulse length and power.

Polariton condensates possess the spin degree of freedom (see Section2.8). The
vortex which appears only in one spin projection of two-component condensates
is called a half-quantum vortex. Half-quantum vortex (see Figure2-7(e,f)) in the
polariton condensate was first observed by K. Lagoudakis et al. [36]. The interplay
of the spin and topological properties of the polariton condensate manifested itself in
the observation of the spin vortex [93| where the linear polarisation of the emission
changes azimuthally around the minimum of the condensate intensity (see Figure2-
8(a)).

The realisation of the vortex lattice could provide means for the utilization of
polariton for data storage and processing. Under resonant polariton injection, in-
teractions modify the imprinted vortex lattice [97]. Geometrically locked vortex
lattice with up to 100 elements was achieved by G.Tosi and coauthors [94] under the

non-resonant excitation (see Figure2-8(b)) of equidistant propagating condensates.
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Figure 2-8: (a) Adopted from [93]. Panel (a) depicts the experimentally obtained
linear polarization angle map, indicating the direction of the linear polarization
around the spin vortex core. (b)Adopted from [94].Experimentally measured con-
densate phase distribution demonstrating vortex lattice marked by red and yellow
crosses. (c,d) Adopted from [95]. The vortex chain of the condensate intensity
(c) and interference pattern (d) obtained by the interference with the flat reference
wave (the green circles and arrows depict the position and OAM of the vortices
in the chain respectively). (e)Adopted from [7|. Simulated image of time-periodic
vortex cluster, the white and the blue arrows show the polariton flow around the
vortex cores.(f) The lattice of the trapped vortices. Adopted from [32]|. (g) Multi-
ple vortex-antivortex pairs (clusters) in a turbulent polariton flow. Adopted from

Ref. [96].

The vortex chain was experimentally realized in 2018 [95] (see Figure2-8(c,d)). An
etched array of microcavity mesas was illuminated by a non-resonant laser creating
the chain of vortices with the control of respective OAM. On the other hand, the
recent study [7] has revealed the possibility to create the oscillating vortex lattice.
Utilizing the annular non-resonant trap K. Sitnik et al. were able to achieve the
condensation into two Ince-Gaussian modes - eigenstates of the optical trap. The
beating of these modes results in the oscillating vortex cluster (see Figure2-8(e))
with the flipping of the OAM at 5 GHz frequency. Moreover, the vortex lattice of
trapped condensates (see Figure 2-8(f)) under non-resonant pumping was realised
recently [32]. It was shown that vortices in the lattice interact with each other in a
way reminiscent of Ising spins, which can be applied to analogue simulation. More-
over, the study of turbulent flow is also possible with polariton fluids. R. Panico

at al. [96] have recently shown the emergence of multiple vortex-antivortex pairs
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(clusters) (see Figure 2-8(g)) in condensate and studied in details dynamics of its
formation.

The studies mentioned above represent only a fraction of the research on vortices
in polariton condensate. However, they showcase the significant progress made in
this field and highlight the widespread interest in the polaritonics community and
outside. It is worth noting that the most intuitive method of vortex generation,
through external mechanical rotation, was previously unattainable due to the short
polariton lifetime. However, this issue has been overcome in a recent experiment
that leads to deterministic vortex formation. The details of this experiment will
be described in Chapter 7. In the next section, we will explore the concept of

superfluidity in polariton condensates.

2.7 Superfluidity of polariton condensates

Superfluidity is a fascinating phenomenon that occurs in certain materials, such as
liquid helium [44] and ultra-cold atomic gases, when they are cooled to low temper-
atures. It is characterised by the liquid obtaining the properties to flow with zero
viscosity or resistance. The dissipative nature of polariton condensates makes the
question of superfluidity there tricky [98]. However, the experimental evidence, as
well as the numerical simulations, support the superfluidity of polaritons. A. Amo
et al. in 2009 reported on the frictionless propagation of the polariton fluid through
the microcavity defect. They have demonstrated that by increasing the power of
the non-resonant exciton, the amount of Rayleigh scattering on the defect decreases
until it disappears almost completely [21]. So polaritons were moving through the
defect without friction. Recently, the same experiment has been implemented with
the organic polaritons demonstrating the signatures of superfluidity at room tem-
perature [99)].

Another signature of superfluity is a persistent current observed by Sanvitto and
coworkers in 2009 [100]. They resonantly imprinted a vortex with the Laguerre Gaus-
sian beam on top of the condensate. Scientists have shown that the vortex survives

in the condensate for a long time and moves in the condensate on the trajectories
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defined by the potential landscape of the cavity. Moreover, the linear excitation
Bogolubov spectra (the hallmark of superfluidity) has also been documented [101].

The other famous manifestation of superfluidity is the generation of quantum
vortices in the rotating superfluid [42, 45, 102]. As we have discussed above, the vor-
tices in the polariton condensate are well reported, even though the string-induced

ones have not been reported to date.

2.8 Polariton spin

The polaritons feature angular momentum - pseudospin (or just spin {urther)-
inherent from the constituents photon and exciton. In turn, an exciton is a compos-

ite boson formed by two fermions (the particle of the half-integer spin) - electron

and hole. Electron spin is S = % However, the hole in the zinc-blend structured

semiconductor (like Ga can have the total angular momentum of either % or %

The former is called light, and the latter is a heavy hole. | terl

nentiyn. however, in quantum
wells, the energy of the heavy hole is typically smaller than the light one. As a
re@, the bound state of the electron and hole can have the momentum projection
of J., = £1 or J., = £2. Taking into account that photon has spin +1, excitons
with the momentum of two (dark exciton) cannot be exited optically and do not
participate in the formation of the polariton [15, 19]. Thus, polariton is formed by
the photon and exciton with eq pins of 1 or -1, which defines the polariton spin.
Due to momentum conservatio:%vs, the polarisation of the photon emitted when
polariton decays is related to the spin of the mgtguug) polariton. And by detecting
the polarisation of the cavity PL, one can characterise the polariton spin state.

In their condensed form, polaritons can be expressed by a spinor order parameter
U = (¢py, )T with spin-up and spin-down polaritons (¢1) corresponding to right-
and left-circularly polarised light respectively. Polariton spin is often conveniently
described in the Stokes formalism [103] S. With the total particle number in the
2

condensate written Sy = |1, |> + [1_|?, the normalized components of the Stokes
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2.8. Polariton spin Chapter 2. Physics of Polaritons

vector S = (51, Ss,95)7 read as

Sy = Re(¥ 1, )/ (2.18)
Sz = —2Im(¢=e1) /Sy
Sz = (I * = [9-1%)/5

This parameters can be measured experimentally and tracked on the Poincare sphere.

Due to the nonlinear nature of polaritons arising because of their interactions,
the physics of the condensate spin is very peculiar [104, 105]. Among numerous
scientific articles on this subject, there are reports on spin bistability [37, 106, 107|
and multistability [108], optical spin Hall effect [109], polarised solitons [110, 111],
half-quantised vortices [36, 112], skyrmions [113] and other non-trivial patterns [114,
115, 116].

As long as condensate spin can be operated solely with laser light (non-resonant
or resonant), its application for spinoptonics is very appealing. The spinoptronics
is a branch of spintronics where the control over spin is planned to be realised
by the virtue of light. Interestingly,% spinoptronic devices have already been
S\ |

In this thesis, we study the optically confined condensates. The reduced over-
lap of condensate with the exciton reservoir diminishes detrimental spin-dephasing
effects leading to the well-defined and stable spin just above the condensation thresh-
old for the case of circularly polarised excitation [15]. However, the dyiamics @%]
more complicated for other excitation polarisation and higher pumping powers. We
will discuss the spin properties of the condensate in the optical trap in detail in

Chapter 4.
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Chapter 3

Experimental setup and Techniques

Just as an astronomer requires a telescope in order to study% stars, we
require the experimental setup and established techniques in order to study polariton
condensates. Such setup was deSigned and built in the Hybrid Photonics Lab in
Skoltecly Lhe setup consists of the three main parts - the excitation, sample and
detection.

The excitation part includes the single mode laser tuned to the first Bragg mini-
mum of the microcavity to realise nonresonant excitation’{Qr polaritons. In addition,
the spatial light modulator (SLM) is utilised for the deterministic shaping of the ex-
citation beam. The studies are carried out’gq the inorganic GaAs semiconductor
microcavity. The low binding energy of the Wanier-Mott excitons forming polari-
tons there renders them unstable at room temperature, so the sample is kept in the
cryostat at-a-tow 4K temperature.

Photons leaking from the microcavity when polaritons decay carry all the infor-
mation about the %ﬁw quasi-particles. Thus, to probe the state of polaritons,
one should develop experimental apparatus and methods suitable for the detection
and characterisation of their emission. The general licht beam properties are the in-
tensity and phase distribution, polarisation, momentum and photon statistics. The
approaches and devices used for measuring the aforementioned characteristics are

described in this chapter.
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3.1. Excitation part Chapter 3. Experimental setup and Techniques

3.1 Excitation part

The developed setup features a high level of flexibility in the choice of excitation
configuration - from non-resonant to resonant and quasi-resonant, from pulsed to
CW and time-periodic. However, this thesis is devoted to the non-resonant, CW
and time-periodic ones. Therefore, in further discussion, we will omit the parts with
pulsed and resonant excitation and related apparatus, concentrating only onto the

experimental techniques utilised in the study.

3.1.1 Excitation laser

The light that non-resonantly excites polaritons is generated by single frequency Ti:
Sapphire laser MBR-110 by Coherent. This laser offers broad wavelength tunability
alongside narrow linewidth and good frequency stability. The lasing media is AlsO3
(sapphire) crystal doped with 7% ions. The crystal is pumped with a 20W green
diode laser (Coherent Verdi or Millenia by Spectra-Physics). The crystal is placed in
the monolithic bow-tie ring resonator (see Figure 3-1) with electronic stabilisation.
The optical diode composed of the retardation plate and Faraday rotator realises the

propagation of the light in the cavity in only one direction. Tuning the birefringent

filter allows for the coarse adjustment of the laser emission wavelength, and a thin

voltage source (by rotation of two Brewster Plates). We utilised it for the lgs
fine frequency tuning and external locking to realise time-periodic potentials for po-
lariton condensate. By locking the laser cavity to an in-build high finesse reference
cavity, it is possible to achieve a very narrow linewidth of less than 75kHz. The
maximum output power of the laser system is above 3W. The excitation wavelength
in all experiments is around 796 nm.

, the laser emission first goes

through the Faraday isolator in order to prevent back reflections to the laser cavity
and then hits the acousto optic modulator. The modulator is built on the effect of

the refractive index alternation by the radio frequency wave. We use it to chop the
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Figure 3-1: The sketch of the MBR-110 Ti:Sapphire laser cavity. The image is taken
from the laser manual.

excitation emission to form few microseconds pulses at a kHz repetition rate. This
modulation prevents the heating of the sample by the laser light, which could result
in a loss of strong coupling. However, microsecond excitation pulses are still seen as
continuous cxcitation%

r polaritons due to their short ps- lifetime.

3.1.2 Shaping the excitation beam with spatial light modu-

lator

The modulated laser beam is then passed to the phase-only spatial light modulator.
This device is utilised in our experiments to shape the excitation laser beam and
create various types of repulsive or trapping potentials for polaritons%]

For our experiments, we use the reflective SLMs, which affect only the phase of
the incident beam whereas the intensity stay unchanged. The reflective SLM screen
is composed of the array (1272 by 1024) of phase-modulating elements (see Figure 3-
2(a)). These elements arj]% liquid crystals placed in betv%x of the two transparent
electrodes. In turn, liquid crystal is composed of cigar-shaped organic molecules.
The centres of the molecules are distributed randomly, whereas all molecules aligne
dominantly in the same direction giving rise to anisotropy and birefringence (the
dependence of the refractive index of the matter on the light propagation direction).
Linearly polarised light F; passing through the liquid crystal cell at an angle 6

with respect to molecules orientation experiences the effective refractive index ns¢
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?_' SLM

(b) (c)

lens

L
W

V2 El'é

Figure 3-2: (a) The schematic of the pixel of the spatial light modulator under
different applied voltage V; and V5. Alternated with voltage refractive index result
into the phase shift A¢ = ¢(V) — ¢(V2) of the transmitted light. (b) The schematic
of the change of the wavefront of the incident light by the SLM screen with black lines
depicting the phase fronts. (c) Reflective SLM and transformation of the Gaussian
beam into the ring-shaped one.

described by the following equation [50]:

1 cos*(0)  sin?(0)
= 1
0w w oy

where n, is the refractive index of the material along the long axis of the liquid
crystal molecules (the wave travelling along this direction is called extraordinary),
and n, is the refractive index along the two other orthogonal directions (ordinary
wave). Applying the voltage to these cells leads to a change in the orientation of
the molecules inside and, as a result, an addressable change in the cell’s refractive
index. The field F5 escaping the liquid crystal acquires a phase shift ¢ with respect
to incident one, which can be written as follows (omitting the losses and scattering

inside the cell):

E, = Byt (3.2)

where x is a spatial coordinate. ¢ is defined by n.ss (see Eq. (3.1)), the wave-
length of light A and the length of the cell I : ¢(0) = win.ss(6)/A. The electric
field controls the orientation of the liquid crystal in the SLM pixel cell so that the

targeted change of the voltage V in each cell allows for the realization of the desired
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phase shift. The schematic of the phase shifts induced by two different voltages V;
and V5 are depicted in Figure 3-2 (a). The phase-modulated beam created by the
array of cells (see Figure 3-2(b)) produces the desired image in the focal plane of
the lens placed after the SLM (see Figure 3-2(c)).

The SLM screen is fed with the 8-bit grayscale pattern, or hologram, correspond-
ing to the desired beam profile. Then, the hologram is transformed to the array of
driving voltage values for SLM pixels so that each of them phase-shifts the incoming
light at the range from 0 to 27 depending on the correspondent hologram grey level.

The question is how to create a proper hologram for a desired laser intensity
pattern. In general, the field distribution of the light Fsy s transformed by SLM is
given by the Equation (3.3)

Espy = Eje'®st ™) (3.3)

where g, M% is a hologram phase distribution (the one imprinted onto SLM).

e modified (target) beam distribution is observed than in the focal plane of the
thin lens (see Figure 3-2(c)). The lens is performing the spatial Fourier transform F
the beam, and the desired field distribution FEy. in the focal plane is written

as follows:

Edes = F{ESLM} = F{Eineiq)SLM(x)} (34)

And thus, in order to find the field distribution just after the SLM and, as
a result, a required phase hologram ®g7/(x), one should take an inverse Fourier
transform F~! of the desired field distribution and retrieve the phase of the resultant

wave (see Eq. (3.5)).

Espyr = Eie' ™5™ = F Y Eye,} (3.5)

However, in reality the target field distribution Fg4. is not alwaﬁrs known. Often,
experimental task is to produce the intensity pattern (e.g. RQuadJassy pattern)
omitting the phase of the shaped beam. This makes seeking the proper hologram

quite challenging, but numerous analytical and numerical [120, 121] approaches exist
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(a) Tilt (b) Ring

Intensity pattern

tth 15t

fc) Polygon (d) Vortex

Figure 3-3: The left image in panels (a-d) correspond to the holograms on the SLM
for the generation of (a) tilt to separate the reflection from the SLM (zeroth order)
and generated laser pattern, ring pattern (b), a polygon of 9 Gaussian spots (¢) and
optical vortex (d). The right panels in (a-d) represent the corresponding intensity
patterns.

to overcome this challenge.

In the simplest case, when the target field distribution is indeed known and can be
expressed analytically, then the hologram is calculated with Eq. (3.5). The examples
of the SLM holograms and respective generated intensity patterns are presented in
Figure 3-3. To separate the reflection from the SLM and shaped intensity pattern
the target hologram is usually superimposed with the blazed grating (see Figure 3-3
(a)). As a result, the desired pattern is formed in the first diffraction order of the
grating.

The excitation part of the experimental setup is presented in Figure 3-4. The
laser beam is reflected from the SLM and transferred to the excitation objective
with the conjugated telescope (lenses L; and L,). The iris in the focal plane of lens

L, is used to cut the zeroth diffraction order of the diffraction from SLM.

48



3.1. Excitation part Chapter 3. Experimental setup and Techniques

Figure 3-4: The excitation part of the experimental setup: the laser emission is re-
flected from the SLM and transferred to the excitation objective with the conjugated
telescope (lenses L; and Lj). The iris is used to cut the zeroth diffraction order in
the real-space plane. The desired excitation pattern shaped %]1 SLM forms in the
focal plane of the objective on the sample held in the cryostaf at 4K.

3.1.3 Time-periodic excitation pattern

Two Chapters of this thesis are devoted to the polariton condensates in the time-
periodic rotating potentials. In this Section, we will briefly introduce the technique
for realising the rotating pattern, however, a more detailed description can be found
in Section 6.2.

We utilise two frequency detuned and externally wavelength-stabilised (f; and
f2) Ti: Saphire MBR 110 lasers and shape each of them using two spatial light
modulators. We imprint the so-called "perfect vortex" mask [122] on both SLMs.
The resultant beam profiles are annular with orbital angular momenta (OAM) [, and
Iy of 1 and -1, respectively, or vise versa. Overlapping two laser beams and projecting
their beating pokg onto the microcavity sample (see Figure 3-5), we obtain a rotating
dumbbell excitation pattern depicted in the top of Figure 3-5. The relative difference
of both frequencies and OAMs of the excitation lasers dictates the rotation frequency
f and direction.

We note, that except for the realisation of the rotating patterns, this setup can
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lens Sample

BS

Figure 3-5: Experimental setup for the rotating excitation pattern generation. Two
single-mode, frequency stabilised lasers (with frequencies fi, fo, and OAMs Iy, I re-
spectively) are overlapped on the beamsplitter(BS). The resulting dumbbell-shaped
beating pattern rotates with the frequency and direction defined by two lasers.

generate any beating time-periodic profiles employing the imprinting of different

intensity and phase profiles with SLMs.

3.2 Sample

The sample is the most essential part of the experimental setup. In our experiments,
we use 2\ inorganic semiconductor microcavity with embedded quantum wells. The
sample’is produced using molecular beam epitaxy technique. The sample structure
is presented in Figure 3-6 (a). The bottom DBR consists of 26 pairs of GaAs and
AlAlsggsPoo2 layers, while the top one is built of 23 pairs [56]. Three pairs of
IngosGaggaAs quantum wells are placed in the anti-nodes of the field of the GaAs
cavity (see Figure 3-6). Two additional quantum wells are placed near the DBRs and
used to increase the number of excitons created by laser illumination (see Figure 3-6).
This quantity of the quantum wells is chosen to distribute the exciton density and
avoid Mott transition [123] (the dissociation of excitons at high densities), increase
the Rabi splitting and achieve polariton condensation. Insertion [124] of thin 1.1
nm AlP layers into the AlAs compensates for the mismatch of the DBR layers and
lowers the disorder in the sample.

The reflectivity and transmission spectra of the sample are presented in Fig-

ure 3-6(c); the reflectivity stopband goes from approximately 800 to 900 nm. The
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Figure 3-6: The microcavity sample used for experiments. (a) The layered semicon-
ductor structure of the microcavity sample. (b) The refractive index distribution
(x-axis) along the cross-section of the microcavity (y-axis). The red line depicts the
electric field distribution. (c) The sample’s reflectivity (black) and transmittance
(red) spectrum. (d) The dispersion of the polariton PL. The image is adapted from
ref. [506]

exceptional class of the sample’s DBRs results in a quality factor Q of 12000 [56].
The sample is shown to possess strong coupling and polariton condensation. The
Rabi-splitting is around 8 meV. The Polariton lifetime in this sample is estimated
to be around 7 ps. Moreover, the wedge between DBR, mirrors, which arises in the
fabrication process, allows for scanning the photon-exciton detuning in the range
from -8meV to 1 meV by just changing the excitation spot on the sample. We usu-
ally work with negative detunings of -3 meV, but more precise values of detuning
for each experiment will be stated in the corresponding chapters.

This sample hz’i?]genuinely unique characteristics and purity and is utilised for
the numerous studies carried out in our laboratory |7, 8, 24, 32|, including the works
related to this thesis. %

As mentioned above, our experiment’s sample is int X , closed-
cycle Montana Instruments cryostat at 4K. The closed-cycle cryostat does not re-
quire any cooling liquid and operates by the cycle of expansion and cooling of re-
frigerant gas. The sample is held in the high vacuum chamber in the cryostat and

thermally sealed to the cooling gas system via the cold finger.
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3.3 Detection part =

Non-resonant laser excitation creates the exciton-hole plasma in the sample, which
then relaxes to excitons and polaritons. The polariton emission is collected with
the high 0.4 NA objectives in the transmission and reflection geometry. The objec-
tive used for the excitation is also utilised for the polariton photoluminescence (PL)
collection in the confocal configuration. Polariton PL is then filtered out from the
residual excitation laser with the short-pass dichroic mirror. On the other hand, in
the transmission, polariton PL is wavelength filtered with a long-pass filter. Polari-
ton PL travelling in both directions is identical and is utilised in the setup to study
different polariton characteristics. Namely, we record the intensity and phase dis-
tribution for the transmitted PL and momentum and energy space for the reflected

one.

camera
Real space |x,y]

BS f,

f,

L. camera
" Momentum space [K,k,|

f;

Spectrometer
nergy and Dispersion|
[E, E(x),E(k,),

E(x.y),E(k.k,)]

slit

Figure 3-7: Detection part of the experimental setup. The real-space of the polariton
emission is recorded in the transmission geometry. The sets of conjugated lenses
transfer the k-space distribution both to the CCD camera and the slit of the imaging
spectrometer (for dispersion imaging) in the reflection from the sample. The residual
excitation laser light is filtered out by the long-pass filter in the transmission and
by the dichroic mirror in the reflection.

52


ShuvaS
Note
No reference to Figure 3-7 is given in the text....


3.3. Detection part Chapter 3. Experimental setup and Techniques

3.3.1 Real-space imaging

The detection part of the experimental setup allows us to record the spatial (or
real-space) distribution of the condensate intensity. Condensate PL is focused by
the thin lens Lj (see the top row in Figure 3-7) onto the screen of the CCD camera.
The image formed at the camera sensor corresponds to the intensity distribution of
the condensate wavefunction |¥(z,y)|?> and is proportional to the population of po-
laritons in the condensate. The spatial resolution of the detected condensate image
can be increased by shrinking the incident PL beam with the additional telescope
put in front of lens L3. With the typical camera exposure time of 10 ms, each
image retrieved with it is an average of over 50 condensate realisations (50 two-
microsecond pulses). However, there is a possibility to fit only one excitation pulse
into the camera exposure time. In this scenario, the camera creates a trigger signal
for the AOM, which transmits only one excitation laser pulse of the required dura-

tion. In this thesis, we used both detections approaches to measure the integrated

or single-shot condensate intensity or phase.

3.3.2 Spectrum and momentum

The thin lens performs a spatial Fourier transformation of the transm[%]d light
with result formed in its focal plane [125]. So that by putting the even number
of lenses after the collecting objective in a way that their focal distances overlap
(see Figure 3-7), we can detect the momentum (k) distribution of the condensate
[0 (e, k).

Also, by projecting either real-space or k-space of the condensate on the entrance
sli the imaging spectrometer, we can plot the condensate cross-section energy
distribution E(x) or polariton dispersion E(k,). Moreover, by moving the conden-
sate across the entrance slit, we are able to restore the whole energy dispersion

paraboloid E(k,, k).
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3.3.3 Phase read-out

The phase of the light wave ¢ be directly measured because most of the detec-
tors response is proportional to the light intensity. However, the phase distribution
can be deduced from the interference pattern of the studied light wave with the
wave of the known phase distribution. The aforementioned directly follows from the
general considerations on the interference of two electromagnetic waves. Imagine
that we have two monochromatic waves at the same energy and polarisation with
the complex amplitudes U;(r) and Us(r) [50]. When those two waves overlap, the
amplitude of the resultant wave would be as follows: U(r) = Us(r) + Us(r) whereas

the intensity [ is written as:

I =|U)? =|U,+ Uyl = |UL]* + |Us|? + UiU, + Us Uy (3.6)

Taking into account that U; = v/I,e'** and Uy = /15e'? where ¢, I; ¢o, I are
the phases and intensities of the first and the second wave respectively. As a result,

we receive a f%(])us interference equation:

]:]1+]2+2\/ ]1]2008(¢2-¢1) (37)
Thus, if the phase distribution of one of the interfering waves is known (the simplest

case is the flat wave),jf straight forward from Equation 3.7 to retrieve the phase of
the studied wave from the interference intensity pattern (with the accuracy of some
constant phase shift).

The retrieval of the phase through interference is a quite general approach. In
this thesis, for the retrieval of the condensate phase distribution, we used two types
of phase extraction: homodyne interferometry and interference of the condensate

PL with the reflected copy of itself.

Homodyne interfereomentry

One of the most intuitive ways of condensate phasgtrieval is the interference of
the condensate PL with the external plane wave reference laser. Ho r, it is more

challenging than it seems. Alangside the same polarisation and energy, the external
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® PBS . reference
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- DM
=10
QWP QWP

Figure 3-8: Homodyne interferometry setup. The part of the single-mode reference
laser is resonantly seeded to the condensate through the dichroic mirror (DM). The
other part is greatly expanded and overlapped with the condensate PL (collected
with objective O,) on the BS of the Michelson interferometer. The image is adopted
from [24| and represents the case of the non-resonant excitation of the condensate
with four spots.

=

laser should have a similar phase evolution as a condensate; in other words, it should
be phase lock the condensate. The interference pattern of two identical but not

phase-locked lasers will result in a smeared interference pattern with no information

about the source phase.

The approac}g% interfering and phase locking the condensate to the external
source was developed in our labs and described in detail in Ref. [24]. It is called ho-
modyne interferometry. The external laser (diode laser, with adjustable wavelength
and 100kHz linewidth) is coupled to the sample via the dichroic mirror DM (see
Figure 3-8). This laser Wavel%th is tuned to be in resonance with the condensate

e makes the condensate

of the condensate (phase distribution, energy, number of polaritons etc.). Part of
the seed laser is greatly expanded, making a big flat phase front that interferes with
polariton emission in a Michelson interferometer (see Figure 3-8). This excellent
technique is a great tool for condensate phase extraction and was used in our lab
for the phase retrieval of the trapped |7], freely propagating [24| and arrays [23] of

the condensates.
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Interference of condensate with itself

Even though the homodyne interferometry technique is great, it is not always handy
to use it in experiments due to the requirement of the fine adjustment of the ref-
erence laser wavelength to that of the condensate. This applies, for example, to
the pump power dependencies of the condensate phas en the condensate energy
is increasing because of the blueshift. In this regard, we have utilised another in-
terference technique that allows us to measure the condensate phase features and

characterise its spatial and temporal phase coherence.

1 Bs
El|ln

[ ]
|

CCD camera

Figure 3-9: The interference of the condensate with the retro-reflected and displaced
copy of itself and reconstructed phase - experimental setup (a), the interference
pattern (b), the real-space phase distribution (c).

In this approach, the condensate interferes with the copy of itself. The con-
densate PL is sent to the Michelson interferometer depicted in Figure 3-9(a). The
condensate emission is split into two parts with the non-polarising beamsplitter.
One portion is then reflected back with the mirror; the other is sent to the ore-
flector prism. The prism reflects the PL back while mirroring its orientation thnough
the x and y-axis. Two parts of the PL are then overlapped on the sensor of the CCD
camera. The use of the retroreflector in one arm @%&eﬁ& the investigation of the
spatial coherence of the condensate and a long-range order [17] since, in this config-

uration, the opposite parts of the condensate interfere with each other. Moreover,

relative optical path of two interferometer arms to measure the temporal decay of
the condensate phase coherence [6, 7, 81| (coherence time).

The measurements of the g(1) coherence function require the perfect overlap of
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3.3. Detection part Chapter 3. Experimental setup and Techniques

the beam coming from two interferometer arms. On the contrary, for the quick
characterisation of the condensate phase, we displaced %two interfering beams
with respect to each other as shown in Figure 3-9 (b) gn,thg ¢ of ¢ o
densataxqitsys: The retrieved phase reveals two-phase dislocation of the opposite
topological charge corresponding to the direct and retro-reflected version of the con-
densate (see Figure 3-9(c)). Similar approach was used for the first observation of
the quantised vortex in polariton condensate by K. Lagoudakis et al. [20]. In this
thesis, this method was used for%]e frequency dependence of the vortex appearance

in the stirred polariton condensate.

3.3.4 Phase retrieval: off-axis digital holography

Once we have the interference pattern obtained by either of the two aforementioned
techniques, we can deduce the phase distribution using the off-axis digital holography
technique. The essence of this technique is filtering of 2D spatial Fourier transform
of the interference pattern.

For simplicity, let us consider the experimental interference pattern measured
with the homodyne approach. Let C and R be the complex amplitudes of the
condensate and reference wave, respectively, then the recorded interference pattern
depicted in Figure 3-10 (a) would be |C'+ R|?. Following the equation 3.6 |C'+ R|? =
|C|* + |R|* + C*R + R*C.

The first step of the off-axis digital holography method is to perform the 2D
Fourier transform over the interference pattern. For this we apply the digital fast
Fourier transform (FFT) method [126], and the amplitude of the corresponding FET
image is presented in Figure 3-10(b). It consists of several bright peaks: the central
one corresponds to the Fourier transform of |C|>+|R|? and does not carry any phase
information. The two others (at a big wave vectors) are FC*R and FR*C. These
harmonics have information about the phase of the condensate, so by filtering out
one of them (see one harmonics cut in Figure 3-10(c)), one can restore the phase of
the condensate. Namely, by performing the inverse Fourier transform (IFFT) over
the filtered Fourier space (Figure 3-10(c)) and plotting its amplitude, we obtain the
reconstructed intensity distribution of C (see Figure 3-10(d)). Note, that the two
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3.3. Detection part Chapter 3. Experimental setup and Techniques

bright peaks at the second and third quadrant in Figure 3-10(b) correspond to the
interference of the PL on the camera window (etaloning) and should not be taken
into account.

Then, subtracting from the phase of IFFT{F{C*R}} the periodic phase pattern
depicted in Figure 3-10(e) which appears due to IFFT performed for the off-axis
harmonic, we receive the phase distribution of the studied wave C. In the data
analysis, the correction phase (Figure 3-10(e)) is obtained as a phase of the IFFT
performed over the delta function placed in the centre of mass of the filtered FFT
(Figure 3-10(c)). Note that the R wave was not taken into account for the above
considerations because it is a plane wave and can induce only a global phase shift

to the C wave phase.

(a) ® 9 .

interference pattern

reconstr. phase

™

Figure 3-10: 2D FFT is performed on the experimental interference pattern (a),
and the resultant image is depicted in (b). The IFFT is performed on the filtered
spatial frequency harmonic corresponding to the interference (c¢). The reconstructed
intensity distribution of IFFT intensity is in panel (d). The reconstructed phase
corrected on the reference wave (e) is depicted in panel (f).
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3.3.5 Photon statistics measurements

We employ a Hanbury Brown and Twiss (HBT) interferometer coupled with time-
correlated single photon counting technique to measure the second-order cross-
correlation function g,%(T) between two signals 1 and v—which can be different

polarisation components of the emitted cavity light—as a function of time delay 7,

(3.8)

g (r) = (aL(t)ai(( +1)ay(t + 7)ay(t))

t
(ah(au D) ab(t +7)a,(t +7))

Here, aIW and a,, are photon creation and annihilation operators of the emitted
cavity light for given polarisations u, v, respectively.

In the experiments, we split the polariton emission in the polarisation domain
with the polarising beamsplitter (P% and measure the cross-correlation function
for the orthogonal linear (H and V, D and AD) and circular polarisation components
intensities. As long as the spin of polaritons can be detected as the polarisation
of the out-coming cavity photons, the utilisation of the correlation measurements
allows us to track the recurrent dynamics of the condensate spin. For instance, the
anti-bunching of the cross-correlation H,V polarisation components was reported
to be evidence of the instant spin flips occurring in the condensate [8]. Moreover,
the oscillations in the intensity cross-correlation function with the local minimum in
the zero time-delay manifested the self-induced Larmor precession of the condensate
spin [8].

The HBT interferometer is usually utilised for the measurement of the photon
statistics of the incoming light. The measurement of the auto-correlation intensity
function ( p = v in Equation (3.8)) for the total condensate emission or’3RRaLale
AR AA NI SRR PLCRISARRCURILIRR, gives us the correspondent photon statistics.
Even though the condensate emission is usually coherent ¢?)(7) = 1 [8, 127, 128], its
linear polarisation projections could have ¢(®(7) > 1. Thus, the shape of the auto-
correlation function for any spin component, allows us to retrieve the characteristic
times of the condensate spin dynamics (spin coherence).

The photon detection in the experiment is realised with the nche photo-

diodes. The time delay between two arms of the interferometer is granted by the
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electronics of the TCSPC card or by the optical delay line depending on the exper-
iment. It is worth mentioning that the intensity (cross-)correlation measurement is
the statistical approach. The presented further dependencies gLQZ),(T) are the result
of the averaging over millions of condensate realisations since it usually takes more

than 10 minutes to obtain one set of experimental data.

3.3.6 Polarisation measurements

introduce the experimental techniques used for the polarisation measurements in
this work as well as some basic theory of polarisation.

Polarisation is the gfugcial property of light, which specifies the behaviour of elec-
tric field E oscillations in the electromagnetic wave. Light can be fully polarised
(if there is%; pattern which strictly describes E-vector behaviour), unpolarised
(when amplitude and direction of electric field change stochastically) or partly po-
larised (a combination of the previous cases).

The conventional description of fully polarised light is built on the decomposition
of the electric field to the orthogonal linear polarisations E, and E, [129]. Given
that light with frequency w propagates in the z direction, electric field projections

onto the other two axes can be written as follows:

E, = Eg,el@ttes) (3.9)

E, = Fy,e'@tow (3.10)

where ¢, and ¢, are the phases of the corresponding electric field projections. If
the phase difference between two orthogonal components is equal to 0 or £+, then
the electric ﬁeld%&g@ along one line in xy-plane glanfed at angle 8 = E,/E,
with respect to the z axis. This light is called linearly polarised. Conversely, if
Gy — Gy = 2, the electric field vector ong b i in the xy plane, and
the light is circularly polarised. The light is elliptically polarised in all other cases
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m. Depending on the handiness of the electric

field vector rotation%re are right- (o) and left-circular (o_) polarisations.

e IeRIesenkatio olarisati it b endicularn electri is quite
natural, but it can hardly be measured in the experiment since most of the detectors
record the intensity of the field but not its amplitude and phase. Moreover, conven-
tional representation does not describe partially polarised light. In this regard, the
alternative approach for the polarisation description was introduced by G.G. Stokes
in 1852. In the essence of this approach are 4 Stokes parameters which fully describe
the polarisation state of the light.

Stokes parameters are defined as intensities of studied light passing through dif-
ferent polarisation filters [125]. Namely, the intensities of polarisation projections on
horizontal(In,), diagonal (Iny) and circular polarisers(/ns). So Stokes parameters

are written as

S() = 2]710
Sl == 2[711 - 2[710

Sg = 2]713 - 2[’/7,0
Note that Sy equals to the doubled total light intensity 2/ng, Sy is the "tendency"
of characterised light to the horizontal (H) polarisation (S; > 0) or_vertical (V)
(S1 < 0), Sy is that of diagonal (D) or anti-diagonal (AD) ones. %W
fnally S is positive when light has right-handed circular polarisation and negative

otherwise.

Taking into account expressions for electric field components in Cartesian coor-
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Figure 3-11: Poincare sphere for the representation of polarisation states. The red
arrow depicts the polarisation vector. H, V, D, AD o, and o_ stand for the horizon-
tal, vertical, diagonal, anti-diagonal right- and left-circular polarisation, respectively.

dinates (3.9), one can rewrite (3.11) as follows [125]

So = |E36|2 + |Ey|2
Sy = |E.* — |E,|?
Sy = 2Re(E,E?) (3.12)

Sy = —2Im(E,E7)

In the experiment, it is often handy to operate with the Stokes components
normalised on Sy. So they are three standardised Stokes parameters S, 5,53,
which characterise the polarisation of studied light and also build a 3D vector. The
full variety of polarisation states then occupies a Poincare sphere with a radius of
unity. Fully polarised states lay on the surface of the sphere, while partially polarised
ones are inside. The equator of the sphere represents linear polarisation states, and
left- and right-circular ones are located at the poles (see Figure 3-11) [130].

In this formalism, the degree of linear polarisation (DLP) [125] of the studied

DLP = /52 + 52 (3.13)

light is written as follows:
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The degree of circular polarisation (DCP) reads as
DCP = |S;| (3.14)

And finally, the overall degree of polarisation (DOP) is defined as

DOP = /S? + 82 + S2 (3.15)

While the normalised Stokes components can take any value from -1 to 1, the
DLP, DCP and DOP are bound from 0 to 1. Moreover, given the set of Stokes
parameters for the studied light, one can calculate the result of its interaction with
some polarising elements using Mueller calculus. this, every element, such as a
polariser, QWP, HWP etc., has a corresponding 44 Mueller matrix [125], and by
multiplying the initial Stokes vector to this matrix, one deduces the resultant Stokes
vector. This method offers an easy way to characterise complex polarisation setups
only by multiplying corresponding Mueller matrices.

The representation of polarisation with the Stokes vector is quite handy in exper-
imental research since it operates with the intensities of lig hich can be measured
with conventional photodetectors. In the experiments, we utilised a developed po-

larimeter. The device is measuring the Stokes vector by definition (Eq. (3.11)).

Figure 3-12: The polarimeter optical setup. The intensities of horizontal, vertical,
diagonal and circular polarisation projections of the incoming light are measured by
Det.1-4, respectively.
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=

The optical scheme of the polarimeter is depicted in 3-12. There, a beamsplit-

ter(BS) 50:50 divides incoming condensate PL light into two equal parts. One of
them hits the polarising beamsplitter PBS, and the intensities of horizontal I; and
vertical [o polarisation components are registered by two Si photodetectors (Det.1
and Det.2). Sy and normalised S; are calculated by the equation (3.3.6). The other
part of the PL is also split with BS. One portion travels through the polariser with
the transmission axis at 45 degrees; the transmitted intensity I3 is recorded with
Det.3 and used for the calculation of Sy (equation (3.3.6)). The intensity I, of the
right circular polarisation projection of the remaining light is used to retrieve the Ss
component of the whole characterised PL (see Det. 4 in (3.3.6)). The polarimeter
is calibrated to the laser source with known polarisation state and a wavelength

corresponding to that of the condensate.

So =2(11 + 1)

L -1
S, = 1 2
I + 1,
Al — (11 + 1)
S, = 3.16
? L+ 1 ( )
41, — (I + 1)
Ss =
I+ 1

To characterise the condensate emission at low excitation powers, we couple the
signals from all photodetectors to lock-in amplifiers. Lock-in amplifiers are devices
that utilise synchronous detection at a modulation frequency (AOM modulation fre-
quency in our case), thus, increasing the signal-to-noise ratio. On the other hand,
the response time of the lock-in amplifiers limits the operation speed of the polarime-
ter. We set the integration time of lock-in to 100 ms so the measured polarisation of
condensate PL in experim%}; is averaged over more than 500 realisations. The po-
larimeter is built-in to the gxRERGILALSRICARRISNISRAA A KaLg and allows-fer
characterising the condensate PL polarisation while changing excitation parameters
(e.g. pump power and polarisation).

For the time-resolved polarisation measurements of the condensate PL, we detect
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its polarisation projections with high sensitivity photodiods. Splitting the conden-
sate emission with PBS we can measure the dynamics of the condensate S; during
the excitation pulse. In the same manner, characterising the diagonal and circular
polarisation projections we measure the S, and S3 components respectively. More

details on this technique are given in the corresponding experimental Chapters.

3.4 Generalised Gross-Pitaevskii Equation

Numerical simulations offer an insight into the condensate dynamics that is often
hidden in the experimental observations. The polariton condensate can be modelled
by the generalised Gross-Pitaevskii equation taking into account the injection, dissi-
pation and interaction of polaritons in the condensate. There are multiple variations
of the GPE [15, 131, 132] and the choice of one depends on the task. Here, we con-
sider the general case of GPE, whereas the specific equations used for simulations
are described in the corresponding Chapters. The generalised GPE describing the

condensate wave-function W(r,¢) can be written as follows:

= (g 5RO =) + g0 +2000) W00 BT

Z,d\ll(r, t))
2m 2

dt
where m is effective mass of polariton, v is their decay rate, R(ng) is stimulated scat-
tering rate of polaritons to condensate, g is polariton-polariton interaction strength
and 2¢ is coupling constant of the condensate with the reservoir refining their inter-

action. The exciton reservoir, that feeds the condensate is usually described with

the rate equation as follows:

d
% — P — ypng — R(ng)|U(r, 1) + DAng (3.18)

where P is laser pumping rate, D stands for exciton diffusion rate, vz is reservoir

damping.
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Chapter 4

Spin of polariton (jondensate in the

optical trap

Now, we move to the parts of this thesis concerning the experimental and theoret-
ical results obtained by the Author in the course of the PhD study. This particular
Chapter is devoted to the experimental study of the spinor of polariton condensate
in an optical trap depending on the trap size and the excitation laser power and

polarisation. These results are published in Physical Review B journal [1].

4.1 Introduction

The information about the polariton spin is encodei%| the polarisation of the light
emitted from the cavity when polariton decays. The characterisation by conventional
polarisation detecting devices in conjunction with nonlinearity inherent to polaritons
boosted the research of polaritgondensa‘ce spin [34, 105]. This has led to r[:%erous
studies all over the globe and plenty of remarkable findings. Some part of intriguing
polariton spin phenomena is described in Section 2.8. Beyond the furt%nental
interest of spin studies, there is a search for possible applications. The breadest
range of discovered properties and spin phenomena in polariton condensates makes
them excellent candidates for applications in spintronics, especially in that part

of it where spin control is supposed to be implemented with the use of light -
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in spinoptronics [38]. Spinoptronics aims to combine the properties of spin and
light to create devices with improved performance, new features, and reduced power
consumption.

Fueled by the promise of developing polariton-based spinoptronic devices, non-
resonant excitation schemes are the likely direction for future applications. Such
pump configuration is described in detail in Section 2.5. Nonresonant optical ex-
citation builds up a density of incoherent excitons in the cavity, which eventually
triggers bosonic stimulated scattering of polaritons with a subsequent buildup of co-
herence and polarisation as they condense [17]. This approach eliminates the need
to fine-tune an excitation laser’s energy, momentum, and phase, thus significantly
simplifying the future device operation and widening its application area. More-
over, such device would likely operate above the condensation threshold in order to
efficiently exploit the nonlinear spin dynamics of the polariton fluid. Nonlinearity is
the needed ingredient for a device to perform nontrivial tasks [117, 133], but it can
also destabilise the spin state of the condensate, affecting said device performance.
The way out of this would be the utilisation of the optical traps. The decreased
overlap of the condensate with the exciton reservoir will allow to eliminate or at
least significantly decrease of the destabilisation and decoherence of the spin due to
polariton-exciton interactions, thus improving the device stability.

The investigation of the spin of a polariton condensate in the optical trap is
ongoing. For instance, in the recent work, Ohadi et al. demonstrated very inter-
esting regimes of polarisation buildup, collapse, inversion, and hysteresis [37] in a
condensate created in a pentagon trap. Nevertheless, there are still many unknowns.
Namely, a complete characterisation of the spin properties of an optically confined
polariton condensate, and its stability properties, was still lacking.

In this regard, in this Chapter, we introduce the complete characterisation of
the polariton condensate in the optical trap. We experimentally and theoretically
investigate the spinor behaviour depending on the trap size, pump polarisation and
power. We discover and study several interesting regimes of polariton spin, namely
optical orientation, polarisation pinning, depolarisation, and signatures of the self-

induced Larmor precession. The details are introduced below.
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4.2 Excitation configuration and optical setup

For these experiments, we use the experimental setup described in Chapter 3. The
simplified schematic of it is presented in Figure 4-1. We shape the non-resonant laser
beam with the SLM to the form of a ring. This ring forms the confining potential
for polaritons, which condense and emit light. We characterise this emission in the
reflection configuration utilising the polarimeter and detect the Stokes components
for the different pumping power and polarisation (controlled with the quarter-wave

plate QWP or a half-wave plate HWP).

Spectrometer
i C
Polarimeter
| = e,
1 ——°
' ls pas 4 .
I ; 7
D, TP
FAOM ' | T
S - [
SLM BS Sample

Figure 4-1: The schematic of the experimental setup for study of polariton conden-
sate spin in the optical trap. The condensate is created with the non-resonant laser
beam chopped with AOM and shaped with the SLM. The condensate PL is studied
in reflection configuration with the polarimeter, real-space camera and spectrome-
ter.

=

4.3 Spin of polariton condensate af non-resonant
excitation: descriptive features

The most descriptive features of polariton condensate under non-resonant excitation
reported to date are summarised in Figure 4-2. At circular pump polarisation, the
condensate polarisation tg to inherit the handiness of the non-resonant excita-
tion due to the optical orientation effect. The circularly polarised light excites the
excitons with the same value of spin due to spin conservation rules. The hot exciton
plasma then relaxes to polaritons and excitons, losing the information about the

laser photons spin along the way. However, typical electron spin relaxation times
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in GaAs-based cavities are much longer than the relaxation time to the excitonic
mode [134]. As a result, some of the degree of circular polarisation of the contin-
uous wave beam is transferred to the spin population [15, 135] of the incoherent
excitonic reservoir, which feeds polariton condensate. Above the threshold, thus,
the reservoir forms the polariton condensate, which is cocircularly polarised with
the non-resonant pump. This process is schematically presented in the right part of

Figure 4-2.

: Circular Excitation
E Pump

Linear Excitation

vevevy

Stochastic: Pol.

Linear APinning

Figure 4-2: Schematic of the lower polariton dispersion (blue curve) illustrating the
formation mechanism of the spinor condensate for circular (right side) and linear
(left side) polarised non-resonant excitation (red area). The inset: Birefringence
splits the degeneracy between X (horizontal) and Y (vertical) polarised modes of
the cavity field, leading to the pinning of té]condensate pseudospin into the lower
energy mode. The figure is adapted from [1].

K[|

In the case of linearly polarised excitation and no pinning potential, the po-
larisation of the condensate becomes randomly oriented on the (57, 5;) equatorial
plane of the Poincaré sphere since no specific condensate phase is adopted from the
incoherent reservoir [136, 137, 138]. However, if the sample structure is anisotropic
due to fabrication or strains, a%t; linear polarisation splitting forms, which pins

the condensate polarisation to the defined linear polarisation (see left inset in Fig-

ure 4-2) [35, 70, 139, 140, 141]. This effect is called polarisation pinning.
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4.4 Experimental results
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Figure 4-3: (a)The excitation laser profile. (b)The condensate real-space integrated
intensity distribution. (c¢) The normalised polariton dispersion below (left part) and
above (right part) the condensation threshold. The white dashed line is to guide
the eye. Ii;_‘

We shape the excitation laser in the form of a circle (depicted in Figure 4-3(a)),
so it has a 12 um diameter when focused on the sample. The size of the trap is chosen
so the condensate always occupies the Gaussian ground energy state presented in
Figure 4-3(b,c) for all studied pump powers above the threshold. In order to filter
out residual emission from the reservoir and collect only the condensate PL, we
perform k-space filtering of wave vectors more than +1 pym~!. We do so by the
aperture inserted in the input of the po’%‘rlmeter. We study the time-integrated
polarisation from a trapped polariton condensate as a function of both pump power
and ellipticity controlled by the rotation of the QWP in the excitation path. The
high sensitivity of the polarimeter achieved using the lock-in amplifiers allows us to
detect the polarisation state even below the polariton condensation threshold. The
results are presented in Figure 4-4.

Here, QWP = F45°, and 0° correspond to right-, left-circular, and linear po-
larisation of the excitation laser, respectively. Between those values, the pump is

elliptically polarised. Figures 4-4(a-d) show the condensate total emission inten-
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Figure 4-4: (a) Total emission intensity Sy in arbitrary units, (b) DOP, (¢) DLP, (d)
Ss, (e) Sy and (f) Sy as a function of pump power P and ellipticity (QWP angle) for
a ring excitation geometry with a diameter of d = 12 pym. QWP angles F45° and
0° correspond to right-, left-circular, and linear polarised excitation. White dashed
lines depict the condensation threshold. Figures are adapted from [1].

sity Sy, degree of linear polarisation DLP = \/m , total degree of polarisation
DOP = /S? + 57 + 52, and circular S3 and linear S, S; polarisation components
respectively.

The total emission intensity (Figures 4-4(a)) is plotted in the logarithmic colour
scale. It reveals the non-linear growth of the condensate population with the pump

power for each pu%polarisation. However, one can notice that condensation
threshold power is bigggey for linear polarisation of the excitation laser (0°_of QWP)
than that of the circular ones (QWP = F45°). So we normalise 9@%@5&@
LIS A AR R X8s, (Figures 4-4(a-f)) to the threshold pump power Py, for the
circular polarisation in order to unify the measurements. As a result, we find that
the condensation threshold for linearly polarised excitation occurs around 1.18F,.
This effect appears due to the same-spin Coulomb exchange interactions dominating
over opposite-spin interactions [142, 143|. A right (left) circular polarised excitation
beam results in a more spin up (down) populated reservoir of incoherent excitons

which will sooner reach threshold density and undergo stimulated scattering into a

cocircularly polarised condensate [see Figure 4-4(d)| [62, 144]. On the other hand,
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4.4. Experimental results Chapter 4. Spin of polariton Condensate in the optical trap

the linearly polarised excitation results in an equal population of spin-up and spin-
down polaritons, thus requiring a bigger pump power for them to condense.

The simultaneous measurement of three Stokes components gives us access to the
overall degree of polarisation of the condensate (DOP). In Figures 4-4(b), we show
that below the threshold, marked by the white dashed line, the absence of stimula-
tion mechanisms results in unpolarised PL emission with DOP close to zero. Above
the threshold, a sharp increase in the DOP marks the formation e condensate
order parameter with emission almost fully polaris The most yiuid growth of
the DOP corresponds to the case of the circular and elliptical polarisations of the
excitation laser (QWP F45° and nearby). Condensate, in this case, is elliptically
polarised, with a significant value of S3 polarisation component and smaller or ab-
sent linear ones (see Figures 4-4(d-f)). Interestingly, due to the process of optical
orientation [15, 62, 144] of excitons described above, the handiness of condensate
polarisation corresponds to that of the excitation laser.

The notable exception%r{ the sharp grouggh of the DOP in Figure 4-4(d-f)g
linearly polarised excitation (QWP = 0°), just above threshold (between 1.18F;,
and 1.59F;,) DOP is zero. The reason for this behaviour will be discussed in detail
below. At higher pump power, the polarisation of the condensate starts to build
up, and condensate PL is linearly polarised, which is manifested by the high val-
ues of DLP (see Figure 4-4(c)). Further, we will call this region of high DLP for
linearly (and slightly elliptically) polarised pump a linear polarisation "island". We
attribute the jslad o SUergerss to the in-plane polarisation splitting (due to sam-
ple strain/birefringence) leadingE%the pinning of the condensate pseudospin. The
polarisation pinning is inherent fgr incoherently excited condensate and has been
rep[%*-]zd elsewhere (35, 70, 139, 140, 141].

Quubestiandiaad, the low DOP region before the linear polarisation "island"
has not been observed before. Past experiments have shown either the immediate
buildup of a pinned polarisation above threshold [140], shot-to-shot stochastic po-
larisation [135, 137], or S5 spin flips [145]. We attribute this low DOP regime to the
low occupation of the condensate (small non-linearity) at small pump power above

the condensation threshold, making its pseudospin weakly pinned. Stochastic noise
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4.4. Experimental results Chapter 4. Spin of polariton Condensate in the optical trap

sets the pseudospin on a random walk on the Poincaré sphere resulting in zero aver-
age DOP of the condensate PL. In other words, our observation implies that pinning
does not occur unless a large enough particle number in the ensate is achieved.
The stochastic behaviour of the spinor is confirmed with the numerical simulation
and presented in Figure 4-5. Indeed, the flips of S; component of the condensate
emission are very frequent for the low pump power Figure 4-5(a), and become rare
(Figure 4-5(b)) until eventually stabilized at linearly polarised(Figure 4:5L5)) state

dictated by pinning. The details of the simulation will be introduced below.

(a) 1 (b) 1 (©) lmmw
0.5 0.5 0.5
w 0 w 0 w 0
-0.5 | -0.5 -0.5
-1 -1 -1

0 1 2 1 0 1 2

t (ns)

t (ns)

t (ns)

Figure 4-5: Simulated S; Stokes component for QWP = 0° showing the onset of
pinning with growing pump power. (a) P = 1.2F,. (b) P = 1.5F,. (c¢) P = 2P,.
Figure is adopted from [1].

The stochastic spin flips under linearly polarised excitation have been recently
observed experimentally and reported in Ref. [8]. Resolving the H and V conden-
sate PL polarisation projections, Baryshev et al. observed the anti-correlated peaks
of intensities at the pump power corresponding to the emergence of the pinning
regime. The results are depicted in Figure 4-6(a). The instant anti-correlation
peaks observed, for instance, around 0.2 us, manifest the flip of the condensate from
being pinned vertically to horizontal polarisation. Moreover, the intensity correla-
tion measurement performed in the same study [8] showcased the anti-bunching of
H and V (see Figure 4-6(b)) that also evidences the polarisation flips.

Formally, the fine splitting between the polariton pseudospin components can be
described by an effective magnetic field

Q(I‘) - (QzaanQz) (4.1)

which affects the condensate pseudospin. Here, the z direction is taken along the
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Figure 4-6: (a) Experimentally measured time dynamics of the condensate PL hor-
izontal (black) and vertical (red) polarisation projections (b) The intensity correla-
tion measurements for the condensate in the optical trap. The black and red dots
are the auto-correlation function for horizontal (H) and vertical (V) polarisation
projections respectively. The green dots are the cross-correlation function for H and
V polarisation projections. Figures are adopted from [8|.

crystal growth axis, normal to the cavity plane. The corresponding Hamiltonian,
in the basis of ¢4, can be written Hq(r) = h(r) - o where o is the Pauli matrix
vector. The in-plane birefringence induced by mechanical strains in the sample is
place dependent and defined by the local value of birefringence. We confirm it
experimentally by measuring the condensate PL polarisation at two different spots
on the sample; the results are shown in Figure 4-7.

For the first excitation spot on the sample (see Figure 4-7(a,c)) at high pump
powers (P > 1.4P,;,), we see an increase in the Sy component, while the S; stays
close to zero. On the other hand, for the second point (see Figure 4-7(b,d)]), both
S and Sy components obtain high values for large pump power. In this regard, the
(€24, €2,) components (in expression (4.1)) of the effective magnetic field are random
across the sample, the total magnetic field is coordinate, r, dependent. Thus,
the polarisation of "islands" differs from point to point on the sample.

So far, we hat%rxplained the regimes of circular andlinear excitation; the el-
liptical one ghayRAONARARUNISdARS. In general, for the elliptical excitation, the
condensate circular polarisation component S3 follows the handedness e pump
because of the optical orientation [35, 134, 138|. Interestingly, even a very small
ellipticity (QWP=a +2°) of the optical excitation is enough to set the condensate to
circular polarisation (see Eiocure 4-8 (a)). The tiny imbalance of two different spin
reservoirs leads to the ¢ chglanly polarised condensate.

Moreover, the spin-imbalanced condensate and background reservoir of uncon-
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Figure 4-7: (a,b) Sy and (c,d) Sy polarisation maps for two different sample positions
for varying linear polarisation and power of the excitation laser. H, D, V and AD
correspond to horizontal, diagonal, vertical, anti-diagonal polarisation, respectively.
The figure is adopted from [1].

densed polaritons result in an effective out-of-plane magnetic field. This can cause
the condensate pseudospin to start precessing around this interaction-induced out-
of-plane field (Larmor precession), suppressing the polarisation components in the
time-average measurements in Figure 4-4(b). However, for increasing polarisation
ellipticity, the condensate starts to become more pinned along the stronger 2, mag-
netic field, observed as an increase in Sz (see Fi 4-4(d) and Figure 4-8).
Interestingly, the linearly polarised island is guglRsed by two depolarised streaks
[see Figure 4-4(b,c)]. These streaks correspond to the interface between the pseu-
dospin being pinned either by the in-plane magnetic field (€, §2,) from birefringence
or the interactions-induced magnetic field {2,. In between these two pinning regimes,
the pseudospin is very sensitive to background white noise, which can stochastically
move it from precessing around one field to the other, causing the lowering of the

measured polarisation.
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Figure 4-8: Sy, Sy, S35 and DOP for the small pump ellipticity (QWP angle) at
P = 1.23P,,. Figure is adopted from [1].

To summarise this part and the properties of condensate created in the ring

optical trap with 12 pm, we list the main findings described so far below.

1. We have performed the full polarisation analysis of the condensate PL for

different pump power and polarisation.

2. The condensation is accompanied by the growth of the degree of polarisation

everywhere except for the linearly polarised pump. For the latter case the

spin is first destabilised by the polariton-polariton interacti but at”Diggek
power, it adopts the defined linear polarisation state dictated by the place and

birefringence-dependent effective magnetic field.

3. Due to the process of optical orientation, condensate adopts the circular po-

larisation of a non-resonant pump.

4. Under m condensate spin precesses around the effec-

tive out-of-plane magnetic field.

5. The cross-sections of retrieved polarisation maps are plotted on the Poincare

sphere in 3D in Figure 4-9 and represent three attractors present in the system
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for polariton spin. Namely, two gxgsg;circularly polarised states and one linear

polarisation state.

Figure 4-9: (a,b) Three-dimensional representation of the Stokes components with
different colours corresponding to the same-colour horizontal and vertical dashed
lines in Figures 4-4(b,d). Figures are adapted from [1].

We also note that our results do not depend on the exciton-photon detuning (at
least in the range of the latter accessible with our sample). %ure 4-10 showcase

detuning value.

the DLP and S3 for detunings A = —4 meV and A = —2 meV, golige that the main
polarisation features described above stay unchanged regardless

4.5 Spin of the condensate in traps of different sizes

In this section, we study how the size of the o%pt]ical trap affects the W

i ics, We study three different sizes (diameters): d = 15,12,9
pm. The size of the trap affects the overlap between the exciton reservoir and the
condensate - the smaller the trap, the bigger the overlap, and ergo bigger, their mu-
tual interaction. As an extreme case, we also study the Gaussian excitation, where
the condensate is formed gfgp the pump spot.

In Figure 4-11, we show the characteristic curves measured for three trap sizes.
Namely, we perf the intensity and spectrum power dependence and retrieve the
intensity of the condensate PL (proportional to the number of polaritons in the
condensate) and its energy shift (blueshift due to interactions). Even though the

condensate always occupies the ground state of the trap, the characterised properties
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Figure 4-10: Measured DLP (a,b) and S5 (c,d) for the exciton-photon detuning of
A =—4meV (a,c) and A = —2 meV (b,d). The figure is adopted from [1].

are indeed affected by the trap size. For example, we observe more considerable
number of polaritons in the condensate formed in a bigger trap, which follows from
the decrease in polariton-reservoir interactions. Also, the condensate in the smaller
trap has bigger energy shift, with the condensate occupying higher energy, which is
expeﬁé.le due to stronger confinement.

Alazingly: the trap size also influences the condensate’s polarisation (or spin)
properties. In Figure 4-12, we plot the experimentally and theoretically I%}ained
DLP for different sizes of confined condensate and the one pumped with Gaussian
(FWHM 4pm). Note that all excitation configurations for the size dependence are
measured on the same spot on the sample.

Interestingly, the linear polarisation "island" in Figure 4-12 experiences a signif-
icant transformation for varying trap size. By degreasing the diameter of the excita-
tion ring, we observe that the linear polarisation {gland shrinks (see Figure 4-12(b))
and its-appearance-moves further in pumping power until it vanishes completely [see
Figure 4-12(c)]. So that for the smallest 9 1 m trap, the condensate is unpolarised
(in the integrated measurements) for the whole range of the giydied pump powers.
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Figure 4-11: (a) Measured (squares) and simulated (circles) condensate PL intensity
as a function of pump power in units threshold calculated for d= 12um trap size.
(b) Measured blueshift of polariton condensate energy versus pump power for three
trap sizes. The blueshift is calculated from the bottom of the lower polariton branch.
For both panels, the excitation polarisation is circular. Figure is adopted from [1].

Similarly, when the condensate is excited with a Gaussian excitation spot, the DLP
decreases even more (see Figure 4-12(c)). This observation demonstrates that in-
creasing the overlap between the condensate and its background reservoir results in

strong depolarisation in the case of the linearly polarjsed excitation. This finding is

supported and explained by numerical simulations below.

To deliver a full picture of the condensate spin in traps of different size, we plot
all three Stokes components and DOP for three studied trap diameters and Gaussian
excitation in Figure 4-13.

For all sizes of the excitation ring as well as for Gaussian excitation, we observe
the optical orientation effect and condensate that is ¢ ciculanlyx polarised with
the excitation laser (see Figure 4-13(i-1)). Moreover, we observe condensate spin
depolarisation with increasing pump power for all configurations which is evident
in decrease of DOP. Moreover, the polarisation of the linear polarisation island is
vertical for both traps where it is present (see Figure 4-13(a,b)). This manifests that
the linear polarisation is governed by the local birefringence and does not depend
on the size of the symmetric confining potential.

Further, we record the condensate pseudospin when excitedw

satlgu i dilloreniaangles: The angle there is varied with the HWP in the excitation
path. We find that the ¢Quidengat’ Sa ausLAA at high powers is mostly invariant
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Figure 4-12: DLP polarisation maps as a function of pump power and QWP angle.
Panels (a-c) show results for decreasing pump diameter d = 15,12,9 pm. Panel (d)
shows the condensate DLP in the case of a Gaussian spot excitation (no confine-
ment). (e-f) Simulated time-average condensate DLP using Eqs. ((4.2)-(4.4)). The
star, circle and diamond markers correspond to panels (a-c) in Figure 4-15. Figure
is adopted from [1].

(see Figure 4-14(a,b)). That is in striking contrast
to the condensate in organic microcavities [16, 53|, where the linear polarisation is
transferred to the condensate from the pump due to the dipole nature of excitons
there. Yet, for our inorganic sample, the condensate polarisation is dicta by
the local sample birefringence rathp=+that transferre(ﬁ%m the pump laser. Joticg;
thay the condensation threshold is gaifeuu for all Jugar RAAUSAARRRARRIRARNIGE
SXGIaLIoR, (see dashed line in Figure 4-14(c)) because any linear polarisation gives
rise to equal populations of polaritons with different spins. We point out that the
condensate polarisation varies slightly when excitation switches from diagonal(D)
to anti-diagonal(AD). Just above the threshold, we observe a small S3 component
with different signs that vanishes for the bigger pump power (see Figure 4-14(a)).
We attribute this to a small pm%ellipticity induced by the optical elements of
our excitation path which could jpsext the polarisation ellipticity for some W

—— |
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Figure 4-13: S; (a-c), S (e-h), S5 (i-1), and DOP (m-p) for a ring excitation geometry
of diameter d = 15,12,9 pum and a Gaussian excitation geometry of FWHM = 4 pym
respectively. The figure is adopted from [1].

4.6 Theory and Simulations

Along with the known spin properties inherent for polariton condensates (like op-
tical orientation and polarisation pinning), we also discquer the new regimegg.
polarisation "island", depolarisation etc.). In order to explain these phenomena, We%]
develop the theoretical model based on the Gross-Pitaevskii equations. Dr Helgi
Sugurdsson has carried out the model development and numerical simulation.

%]Ve utilise a set of driven-dissipative stochastic (Langevin-type) GPE [146] cou-

pled to spin-polarised rate equations describing excitonic reservoirs X = X# + X1,
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Figure 4-14: Condensate polarisation as a function of pump power and incident
linear polarisation angle. (a) Ss, (b) DLP, (¢) and total emitted intensity. The
vertical axis denotes the half-waveplate angle and is marked with different linear
polarisations. Horizontal (H), vertical (V), diagonal (D), and anti-diagonal (AD).
The figure is adopted from [1].

iy =60(0) + 5 [altbo? + 9(1 — ) (X2 + X1)

Q,
+ 1 (R(l - 77P(-,)‘XV:T4 - F) ]wa - 7¢—aa (42)
X2 == (Ta+ R(L— P, ?) X2
+ T (XA - XY +wx] (4.3)
XD =~ (0 + W)X+ T (X!, — XD + B, (44)

Here, 1, is the o spin component of the condensate wave function. ¢ = =+
and denotes the spin-up and spin-down, respectively. The reservoirs are also spin-
polarised and divided into active and inactive one X [35, 46, 147] respectively. R is
the spin-conserving rate of stimulated scattering of polaritons into the condensate,
I' is the polariton condensate decay rate, {2, represents a birefringence induced
effective magnetic field which splits the polariton XY polarisations, I'4 ; are the
decay rates of active and inactive reservoir excitons respectively, W is the conversion
rate between inactive and active reservoir excitons, I'; is a spin-flip rate of excitons
in each reservoir, and Py = Pycos? (QWP =+ 7/4) is the power of the nonresonant
continuous wave pump. The parameter  phenomenologically captures the sublinear
dependence of the ground state energy shift and gain with increasing pump power.

To reproduce the destabilisation of the condensate spin, gg introduce the noise
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term to the equations. The correlators of the background shot noise from the reser-

voir 04 (t) are written,

A
_ %@m,a(t _, (4.5)

(0, (£)d0z% (') = 0. (4.6)

(db(t)dby (1))

The threshold in the simulations is defined at pump power when the gain is equal to
dissipation RX% —T" = 0. Some parameters are changing with the trap size, namely
a,I', g, R. We estimate the polariton-polariton interaction to scale as o < 1/d and

g, R o< 1/d® due to the change of the reservoir condensate overlap (see [1] for the

details). The parameters used in the simulations are presented below:

T =10 s, dy = 15 um, a = apdy/d, ay = 1.8 ns™!, g = go(do/d)?, go = 0.36
ns™', R = Ry(dy/d)?, Ry =39 ns™!, T' =Tq(do/d)3 Ty =0.6 ps~!, Ty =0.78 ps!,
7 =0.0026 ps}, Ty =0.1ps™t, W=0.31ps}, n=0.18/Fy, Q, = 0.18 ps~!

Simulation results for DLP of the condensate in m
are presented in Figure 4-12 and reproduce the experimental findings. Pump power

in simulation is given in units of Py = 2I'T4(I'; + W) /(RW), which is the threshold

The appearance of the island depends on the interplay between pinning magnetic
field €2, and polariton-polariton interactions. Indeed, as the trap diameter decreases,
the scattering rate R oc 1/d? increases p@rtionally, leading to saturation of the
reservoirs X2 for smaller particle number So.ggq is supported by the smaller con-
densate population for smaller trap size observed both %]theory and experiment
shown in Figure 4-11(a).

The simulation allows us to unravel the condensate time dynamics. In Figure 4-
15 we show simulated pseudospin dynamics for three different values of pump power
and QWP angles. Figures 4-15(a-c) show the S; component corresponf% to the
star, circle, and diamond markers of Fig. 4-12(e,g) respectively. When W
digmetgy is large, the overlap with the reservoir is small, and we see strong pinning

of the S; component along the direction of the in-plane magnetic field (Fig. 4-15(a)).
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4.6. Theory and Simulations Chapter 4. Spin of polariton Condensate in the optical trap

Figure 4-15: (a-c) Dynamics of the normalized S; component from the star, circle,
and diamond markers in Fig. 4-11 respectively. (a) For large traps, the pseudospin
is pinned along the effective magnetic field ,. (b) For smaller pump diameters,
the condensate blueshifts and the pseudospin starts destabilizing and fluctuates
between S; = +1. (c) For elliptical excitation, one gets |€2.| 2 |€2,], which can
set the condensate into a tilted limit cycle appearing as persistent oscillations in
the Stokes components. (d,e) Overlaid pseudospin phase space trajectories with
0.(t) = 0 but random initial conditions, corresponding to the star and circle in
Figure 4-11 respectively. ¢ corresponds to the azimuthal angle of the Poincaré
sphere. (f) Representation of the limit cycle (precession) in (c¢) on the surface of the
Poincaré sphere. The figure is adopted from [1].

For smaller pump diameter [Fig. 4-15(b)], the overlap between the condensate and

reservoir increases causing the pseudospin § tahilize and start to stochastically
fluctuate between S; = +1. In Fig. 4-15(d,e), we investigate this process of desta-
bilization by plotting overlaid phase space trajectories for large and small pump
diameters (d = 15, and 9 um respectively).%ere we set 0,(t) = 0 but use random
initial conditions for the integration of Eqs. (4.2)-(4.4). For large pump diameters
there exists a dominant phase space attractor at S; = 1 (¢ = 0, S5 = 0), whereas
for smaller diameters this attractor decreases and a second attractor forms around
S1 = —1 . Stochastic fluctuations in the dynamics of the pseudospin start shift-
ing the polarisation randomly between S; = 41 causing the polarisation island to
vanish in the time-averaged measurements. For an elliptically polarised pump, the

pseudospin undergoes a self-induced Larmor precession (see Figure 4-15(c,f)) over-
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4.7. Self-induced Larmor precession Chapter 4. Spin of polariton Condensate in the optical trap

coming the pinning potential |€2,| 2 |2,|, setting the condensate into a tilted limit
cycle which manifests in our measurements as an effective depolarisation.

The phenomenon of the self-induced Larmor precession is highly relevq%o this
thesis and will be referred to it fyrther Chapters. So we take a little detour W
LSO ARG And discuss the recent works from our and other groups reporting
the experimental observations of the self-induced Larmor precession in polariton

condensates.

4.7 Self-induced Larmor precession

Under elliptically polarised excitation, the two spin-polarised exciton reservoirs are
imbalanced, leading to the non-zero and non-equal population of spin-up and spin-
down polaritons in the condensate. The two populations experience a different blue
shifts due to interactions leading to the splitting of two grgsgcitaasly polarised
states. Alternatively, this splitting can be seen as if some effective magnetic field acts
on the system and lift the degeneracy of the spin-polarised states. The amplitude

of the effective €2, out-of-plane magnetic field can be written as follows [§]:

Q. =a5 +g(X;: — X_) (4.7)

where o and ¢ denote the polariton-polariton and polariton-exciton interaction
strength, respectively, and X, are the spin polarised exciton reservoir populations.
This field drives the condensate spin into the precession %Qw, and the trajec-
tories of such precession on the Poincare sphere are shown in Figure 4-16(a). The
self-induced Larmor precession in polariton condensates has been predicted theoret-
ically [34, 148, 149] and recently has been observed experimentally by the virtue of
the spin-noise measurements [150], and in condensate first [6] and second [8] order
coherence functions.

When the condensate spin is set to rotation, both ¢g'(7) and g% ,(7) correlation
functions demonstrate the periodic oscillations (see Figures 4-16(b) and (c¢) mani-
festing the alternation of condensate spin in time. Baryshev et al. [8] also showcased

that the precession frequency is proportional to the pump polarisation ellipticity and
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4.8. Conclusions Chapter 4. Spin of polariton Condensate in the optical trap
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Figure 4-16: (a) The trajectories of the polariton condensate pseudo-spin (green and
purple) when in the Larmor precession regime. (b) The Larmor precession evidenced
through the revivals of the first-order coherence function g'(7). Panels (a) and (b)
are adapted from [6]. (c) The self-induced Larmor precession of the condensate
measured as the oscillations of the second-order intensity cross-correlation function
of the H and V polarisation projection of the condensate spin. The panel (c) is
adapted from [8].

its frequency laying in the GHz range become bigger for more circularly pol[v%_“]ed
excitation. Moreover, the characteristic spin coherence time of this precession {Q bg

~ 9ns which i orger ,of magnitude bigger than polariton life-time [56].

4.8 Conclusions

All in all, we have experimentally investigated the spinor of a polariton conden-
sate in the annular optical trap and identified several distinctive regimes. We have
found that condensate is unpolarised below the condensation threshold. On the
other hand, for the circular polarisation of the pump, we observed a sharp’grouth
of S5 polarisation component and DOP reaching unity. The optical orientation phe-
nomenon governs spin state of the condensate under circularly polarised excitation
with the spin of polaritons defined by that of the pump laser.

For the linearly polarised excitation, the condensate spin is affected by the size
of the optical trap. We have observed a transition from pinned linear polarisation
(DOP =~ 1) to depolarised (DOP =& 0) state depending on the size of confining
potential and pumping power. The effect is attributed to the interplay between
a pface-dependent in-plane polarisation splitting and condensate-reservoir interac-
tions. The local birefringence of the sample splits the orthogonal linear polarisation
states making the condensate adopt one of them. Shrinking the optical trap leads

to the increased overlap and interactions of the condensate and excitonic reservoir.
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4.9. Disclaimer Chapter 4. Spin of polariton Condensate in the optical trap

Interactions destabilise the spinor, which is evidenced i the depolarisation of the
condensate PL in integrated measurements. Numerical simulations demonstrated
that, in this case, interactions weaken the spin phase space attractor (pinning), re-
sulting in stochastic spin fluctuations on the equatorial plane of Poincare Sphere.
These findings are corroborated by the recent experimental work of Baryshev et
al. [8]. e also report spin limit cycles in the condensate, which are indirectly
observed as depolarisation of the emission at bigger pumping power.

The obtained results shed light on the physics of polariton condensate spin, offer-
ing ways of controlling it by means of the excitation geometry, excitation laser power
and polarisation. This will allow fer the on-demand generation of the polariton spin
state, which can be utilised for future spinoptronic devices and for generating spin
polariton networks.

We have observed a highly polarised (up to DOP & 1) condensate having ellip-
tical or circular polarisation with defined handiness. However, the control of the
linear polarisation was so far out of reach. In the next Chapter, we will address this
hurdle and propose the way of the linear polarisation engineering in the confined

polariton condensates.

4.9 Disclaimeg]
=

Ivan Gnusov carried out the experiments on the experimental setup built by Stepan
Baryshev under the %]ervision of Pavlos Lagoudakis and Alexis Askitopoulos. Ivan

Gnusov analysed the data; Helgi Sigurdsson carried out the numerical simulations.
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Chapter 5

=
All-Optical Linear-polarisation

Engineering in Single

and Coupled Polariton Condensates

In the previous Chapter, W@owed that the linear polarisation of inorganic

polariton condensate is defined Dy R SRIRICARRRGILIRS and strongly depends on
the m In this Chapte[vl%xre will discuss the developed

approach that allows us to gain control over the lipegr, palarisation Jdegree of the

condensate by the optical means. These results @rg published in Physical Review
Applied [2].

5.1 Introduction

Polariton condensates are prominent candidates for future spinoptronic devices. In
this regard, establishing all-optical control over polariton spin is a crucial task. This
thesis considers the condensates confined in the trap created by the non-resonant
excitation laser. Above, we have shown that the circular and elliptical polarisation
of the condensate PL can be controlled with the polarisation of the non-resonant
laser due to the process of optical orientation [1, 37|.

The physics is quite different for the non-resonant linearly polarised excitation.
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Chapter 5. All-Optical Linear-polarisation Engineering in Single
5.1. Introduction and Coupled Polariton Condensates

The transfer of linear polarisation from the non-resonant excitation to the conden-
sate, or optical alignment, remains elusive for inorganic polaritons. In contrast, this
process is dominant for the spin of organic polariton condensates [53]. The Frenkel
excitons there have a dipole moment, and linear pump polarisation excites co-aligned
dipoles leading to the same linear polarisation of the condensate [16, 53, 151]. On the
other hand, linear polarisation of the pump laser, given the equal relaxation rates of
spin-up and spin-down polaritons for inorganic polaritons, leads to a spin-balanced
condensate. In the absence of any Cavit%rains or birefringence, the condensate
builds up random linear polarisation from rgalisatiojodbecalisakiqn due to the
spontaneous symmetry breaking upon condensation [137, 138].

Nevertheless, as we have shown in the previous Chapter, in most cases, there
is some birefringence in the sample due to mechanical strains or the fabrication
process, leading to polarisation pinning effect [1, 70, 139, 140, 141] and a defined
place-depe t linear polarisation of the PL. Often, the birefrigence is dictated by
the sample fahricoiiqu. However, tailoring the birefringence is feasible for elliptically
shaped optical micropillar cavities |35, 152, 153, 154|. Such structures can operate
both in the weak [153] and strong coupling [35] regimes. The highly developed
nowadays vertical-cavity surface-emitting lasers [155] (VCSEL) technology also of-

fers numerous approaches’fox .t . Namely, it is
achieved by by etching [152, 156], heating [157|, or applying mechanical stress [158]
to the heterostructure. In polaritonics, Klaas et al. [35] showcased that the ggyxyugic
Ucal shape of the pillar cavity leads to the splitting of orthogonal linear polarisation
states, which in turn results in the linearly polarised condensate with polarisation
parallel to the long axis of the ellipse. Even though those methods offer the pos-
sibility to obtain the deterministic linear polarisation state of the condensate, they
do not offer in-situ control over the polarisation direction. In order to change the
emitted polarisation with respect to the laboratory frame of reference, one has to
go through a costly process of making a new sample with new polarisation prop-
erties or rotate the cavity, which is hardly convenient in microscale on-chip lasers

or spinoptronic circuitry. Overall, all-optical control over the linear polarisation in

inorganic polariton condensates was not achieved until the study presented in this
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Chapter 5. All-Optical Linear-polarisation Engineering in Single
5.2. Experimental setting and Coupled Polariton Condensates

Chapter.

Here, we propose a way of engineering the linear isation in inorganic po-
lariton condensates in situ and by all-optical means. ShaRixg the non-resonant
excitation laser profile, we control the orientation of the condensate spin on the
equatorial plane of the Poincaré sphere. The effect is attributed to the interplay
between TE-TM splitting [15, 114] of the cavity modes and the orientation of the
optical trap on the sample; the condensate always adopts a high degree of linear
polarisation perpendicular to its major axis. We also investigate a dyad of such
elliptical condensates and find several exotic polarisation regimes in the coupled

system.

5.2 Experimental setting

For this experiment, we use the same experimental apparatus that we did in the
previous Chapter. The condensate is excited non-resonantly with a chopped CW
laser; the excitation is shaped with the SLM in the elliptical form described further.
The exciton-cavity mode detuning is —3 m The condensate PL is studied in
the reflection configuration and characterised i fhg polarisation (with polarimeter),
energy, real and k-space domains (see Chapter 3 for details). Everywhere below in

this Chapter, the excitation polarisation is linear if not stated otherwise.

5.3 Elliptical optical trap and linear polarisation

SLM shapes the transverse profile of the incoming light into the shape of an ellipse
(see Figure 5-1(a,b)). Such excitation profile has the non-uniform intensity distri-
bution with the maxima along one axis (y-axis on Figures 5-1(a,b)). It creates an
elliptical confining potential for polaritons that results in the elliptical condensate
(see Figures 5-1(c,d)) occupying the ground state of the optical trap. Polaritons
are better confined in one direction leading to increased tunnelling and leakage of
polaritons along the perpendicular one resulting into the elliptical distribution of

the condensate in the reciprocal space depicted in Figure 5-1(e).
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Chapter 5. All-Optical Linear-polarisation Engineering in Single
5.3.  Elliptical optical trap and linear polarisation and Coupled Polariton Condensates

(b

o :E'.im

Figure 5-1: Spatial profiles of the (a,b) excitation laser and (c,d) condensate PL.
The excitation laser induces a trapping potential with horizontal and vertical radii
denoted a, b, respectively. (e) Momentum distribution of the condensate PL. Panels

(c,d,e) correspond to a condensate pumped twice above its condensation threshold
(i.e., P =2P,;,). Adopted from |[2]

Nevertheless, ﬁrs[;% we create an annular laser beam profile as we did_in the
previous Chapter and in Ref. [1] to identify the region on the sample with gpallar
structural birefringence. This allows us to separate the effects induced by the el-
liptical optical trap and the linear polarisation splitting inherent to our sample.
Thus, by scanning the excitation position with the ring-shaped laser, we locate a
spot on our sample with a small degree of polarisation DOP = \/S%—{—S—M
(see Figure 5-2(a)) of the PL.%e small S o implies that the trap ground state is
spin-degenerate such that from realisatiQbCILAUSRANRR, random linear polarisation
builds up, averaging over many shots.

Then, we transform the excitation profile to the elliptical one depicted in Fig-
ures 5-1(a,b). Suagingly, for the elliptical condensate, we observe a massive increase
of the condensate’s linear polarisation components above 1.2F;, for the same spot
location. The direction of the linear polarisation is found to follow the’xgp minor
axis. Namely, for the vertically elongated condensate in Figure 5-2(b), we observe
an increase of the S polarisation component (horizontal polarisation). %,
we observe the anti-diagonal and vertical polarisation emerging for the diagonally

and horizontally elongated condensates in Figure 5-2(c,d), repectievly.
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5.4. Elliptical condensates excited by different polarisations

Chapter 5. All-Optical Linear-polarisation Engineering in Single
and Coupled Polariton Condensates
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Figure 5-2: (a) Power dependence of the condensate S} 5 3 Stokes parameters (black,
red, blue markers) for the annular pump with resultant cylindrically symmetric
condensate profile (see right and left insets, respectively). (b) Same, but now for a
trap/condensate with a major axis orientated at 90°, (c¢) 45°, and (d) 0°. Insets in
(a)-(d) depict the real-space condensate PL with black line showing the orientation
of the trap major axis. Adopted from [2]

5.4 Elliptical condensates excited by different po-
larisations

We utilise the horizontally polarised laser emission for the elliptical condensates spin

measurements presented in Figure 5-2. In order t

eck the effect of different pump

polarisation on the condensate spi

the excitation path to vary the
alter the linear polarisation of the pump with HWP and record the polarisation maps
showcasing the Stokes polarisation components as a function of linear polarisation
angle and pump power. The results for four elliptical traps oriented differently are
presented in Figure 5-3. We show the measured condensate PL Stokes components
S1,2,3 for varying power and linear polarisation angle of the pump laser. The four
columns in Figure 5-3 correspond to different spatial orientations of the elliptical
pump profile. Figures. 5-3(a-c) correspond to 0°, (d-f) —45°, (g-i) 90°, and (j-1) 45°
degrees of the condensate major axis orientation. We observe that, regardless of the
linear polarisation angle, the condensate polarisation always dominantly follows the

small axis of the trap (see Figure 5-3(a),(e),(g), and (k)). This is in correspondence
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Chapter 5. All-Optical Linear-polarisation Engineering in Single
5.4. Elliptical condensates excited by different polarisations and Coupled Polariton Condensates

with our previous study [1] and similar Figure 4-14 obtained for the symmetric

condensate.

- N 4 #

T U = 2> ZD O » I

Linear Pump Polarization

IO = >

1 152 251 1.5 2 1 3502 25 T 1y 2. 28
Pump Power (P/Pih)

Figure 5-3: Condensate Stokes components for different pump powers and directions
of linear polarisation of the excitation laser. The labels H,A,V D on the vertical axis
denote horizontal, antidiagonal, vertical, and diagonal polarisation respectively. The
condensate PL is depicted on the top row with the black line denoting the trap major
axis oriented at (a-c) 0, (d-f) -45, (g-i) 90, and (j-1) 45 degrees with respect to the
cavity plane z-axis (horizontal direction). Adopted from [2]

Then we replace the HWP with the QWP and exert the polarisation ellipticity
to the pump. The polarisation maps for different elliptical polarisations of the pump
are depicted in Figure 5-4. Similarly to Figure 5-3, the Figure 5-4 depicts the results
for four positions of the optical trap and ergo elliptical condensate oriented at (a-c)
0°, (d-f) —45°, (g-1) 90°, and (j-1) 45° degrees.

In contrast to the measurement discussed in the previous Chapter for the sym-
metric circular condensate(see Figure 5-2), the polarisation of the linear polarisation
"island" now is ful%i:ined by the orientation of the optical trap rather than the

inherent to sample’place-dependent polarisation splitting. Namely, it follows the
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Chapter 5. All-Optical Linear-polarisation Engineering in Single
5.4. Elliptical condensates excited by different polarisations and Coupled Polariton Condensates
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Figure 5-4: Condensate Stokes components for different pump powers and polari-
sation ellipticity in the units of QWP angle. The circular polarisation component
of the pump can be written as S;™"" = sin (2 - QWP). The negative and positive
values of the QWP angle correspond to the left and right-handedness of the circular
polarisation. The condensate PL is depicted on the top row with the black line
denoting the major axis oriented at (a-c) 0, (d-f) -45, (g-i) 90, and (j-1) 45 degrees
with respect to the cavity plane z-axis (horizontal direction). Adopted from [2]

sponds to the slight rotation of the linear polarisation for the elliptically polarised
condensate; we will witness this effect again in further studies and discuss it more
there.

For the more elliptically polarised excitation, the behaviour of the condensate is
similar to that of the condensate in the annular trap. The condensate polarisation
for such excitation is defined by the optical orientation effect with the condensate

spin adopting the spin of the excitation photons [1].
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5.5 All-Optical Linear-golarisation Engineering

5.5.1 Elliptical excitation pattern

To summarize tmmw on the

orientation of the optical trap, we perform the incremental stirring of the trap with
the spatial light modulator. We show that by rotating the excitation profile with
the SLM, we can engineer any desired linear polarisation in the condensate. In
Figure 5-5(a), we present the measured polarisation components (S, Sz, S3) of the
condensate PL as a function of the major axis angle, pumped at P = 1.94P,;,. The S;
and Sy obey the sine functional dependence (S is shifted by 7/2 with respect to Ss),
manifesting the continuous rotation of the condensate spin in the linear polarisation
plane. Plotting the experimental points on the Poincare sphere in Figure 5-5(b), we
find that all Stokes vectors of the condensate PL lay on the equatorial plane of the
sphere and follow the circle trajectory. Note that Stokes vectors of the condensate
do not reach 1, standing for the DOP of the condensate being less than unity. We
attribute this to the depolarisation inherent to the condensate due to polariton-

reservoir interactions described in the previous Chapter in Ref. [1].

#E.
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Condensate Polarization
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=
(Fap) ajFun sixe solew 7
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40 s 90 135 IR0 1 15 2

PL major axis angle (deg) Pump Power (P/Ph)

Figure 5-5: (a) Condensate polarisation components (S; black, Sy red, S5 blue) as
a function of the optical trap orientation (PL major axis angle) at pump power
P =1.94P,;,. The yellow-black coloured insets depict the real-space intensity of the
condensate, and the black arrow represents the orientation of the PL major axis. (b)
polarisation of the condensate for different trap positions plotted on the Poincare
sphere (red points). (c) S; and (d) Sy for varying pump powers and major axis
orientation. Adopted from [2]
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Chapter 5. All-Optical Linear-polarisation Engineering in Single
5.5. All-Optical Linear-polarisation Engineering and Coupled Polariton Condensates

Figures 5-5(c,d) demonstrate the power dependence for the S 2 Stokes parame-
ters for different alignments of the pump major axis. The linear polarisation rotation
is present for the range of studied pump powers starting from 1.2F,;,. However, with
the increasing pump power, we observe the slight turnabout of the pseudospin,
which is evident from the downward trend on the polarisation maps (see Figures
Figures 5-5(c,d)). This effect can be attributed to a small amount of residual cir-
cular polarisation in the optical pump, which can arise due to the birefringence of
optical elements in the excitation path. We have already witnessed this effect in
Figure 5-4 for the small valyes of the QWP angle. The polarisation ellipticity can
be eliminated by fine-tuning the xaxerlikg in the excitation path or utilization of
the Soleil-Babinet compensator, making the polarisation of the PL perfectly linear

for all excitation profiles.

5.5.2 8-point excitation pattern

In this section, we show that the shape of the excitation laser pattern [';%ot crucial
for the observed effect - the main requirement for the optical trap is to rrsultaihs
elliptically shaped condensate. Now, we create an excitation pattern composed of
8 Gaussian spots forming and elongated confinement potential (see Figure 5-6(b)).
The condensate is confined in the%]w optical trap and occupies its elliptical
ground state (see Figure 5-6(c)). Then we rotate the excitation pattern by rotating
the hologram on the SLM (as we have done for the elliptical trap) and detect the
polarisation components of the condensate emission at P = 2P,,. We observe the
same rotation of the linear polarisation on a par with the laser pattern, similar
to the previous results presented in Figure 5-5(a). The slight deviation from the
sinusoidal fits in Figure 5-6(a) occurs due to small differences in power and shape

of the differently oriented profiles.
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Figure 5-6: (a) Condensate polarisation for different spatial orientations of the 8-
Gaussian excitation profile at P = 2P;,. Red and black curves are the sine fit for
the experimental data. (b) Excitation laser intensity profile. (¢) Condensate PL.
Adopted from |[2]

5.6 Compensation for experimental setup optical
retardance

For the polarisation data presented in this Chapter, we apply the post-processing
correction to eliminate the optical retardance of the detection part of the experimen-
tal setup. This retardance is evident in the condensate PL acquiring the non-zero
S3 components when it is diagonally polarised. The raw data for the polarisation
measurements is presented in Figure 5-7.

In order to compensate for this effect, we characterise the retardance of the setup
using the laser light with known polarisation state and detect its change while
tuough thasstin [1]. Namely, we assume that the sample is anisott%ic and has
non-zero retardance. To define the birefringence, we use a set of {yQ DOISUSKLS-
[lluminating the sample with known linearly polarised laser light, we define the fast
and slow axes of the sample. Further, we operate in the obtained basis rotated at 6
with respect to the laboratory frame. Utiliging the Mueller matrix for the arbitrary
retarder (in the new basis) and incident diggoral el bolatissd light, we find
that sample retardance ¢ is in relation with S5 of the transmitted light, namely Sy =

cos(d). We find the § = 7/2 and the retardance 6 = 0.1557. Finally, substituting
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and Coupled Polariton Condensates

Condensate Polarization

oS
oS,
oS,

45

90 135

PL major axis angle (deg)

Figure 5-7: The date for the elliptical trap rotation without the correction on the
optical retardance of the experimental setup. Figure demonstrates the condensate
Stokes components Sy (black), Sa(red) and S3 (blue) as a function of the orientation
of the elliptical condensate (x- axis and yellow-to-black insets). The image is adopted

from [2].

these parameters g the Mueller matrix for the arbitrarily rotated retarder plate in

the laboratory frame_gi ALD

0 0 0.8838 0.4679
% —0.4679 0.8838

1 0 0 0o
0 cos?(20) + sin? (20) cos (§)  cos (26) sin (20)(1 — cos (§))  sin (26) sin ()
0 cos(20)sin (20)(1 — cos (0)) cos? (26) cos (6) + sin? (20)  — cos 26 sin (9)
0 sin (20) sin (0) cos (20) sin (9) cos (9) .
(5.1)
10 0 0 | =
0 1 0 0

(5.2)

As a result, we retrieve a transformation matrix, which we apply to the experi-

mental data. This allows us to eliminate the parasitic S3 component. As a result,

from the raw data in Figure 5-7 we get the data presented in Figure 5-5(a).

We
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note here that this Mueller transformation only performs the rotation of the Stokes

vector on the Poincare sphere while preserving the DOP.

5.7 Theory of a single condensate

in an elliptical trap

We attribute the appearance of the linear polarisation in elliptically shaped conden-
sates to the splitting of orthogonal lin%] polarisations in our sample, which arises
due to TE-TM splitting (different penetration of polarisation modes in the cavity)
and geometry of the condensate. TE-TM splitting is k-dependent [15] (see Figure 5-
8(a)). So every spatial orientation of the condensate has a unique distribution of
the corresponding in-plane momenta resulting in a splitting between different linear
polarisations (aligned with the major and minor axes of the ellipse). We experi-
mentally m. re the splitting between orthogonal linear polarisation to be 20pueV
(see Figure 5-8(a), Figure 5-8(c) shows the intensity power dependence of two po-
larisations separately). Interestingly, the condensate’s emission is coming from the

polarisation mode, which has a bigger energy.

(a) ey 5 H
TEN
k. .k
.. & ; g
|...._.:I-_._..---.-. - ‘.I.I :t
N
38[@ —=H E:
o :
i f"f‘ =
¥ : "y
£ clo—erste s ; . . =
| 15 2 1.44788 14483
Pump Power (F/Pth) Energy (eV)

Figure 5-8: (a) Distribution of the in-plane effective magnetic field €2(k) (red arrows)
in momentum space due to TE-TM splitting given by Eq. (5.4). (b) Horizontal
(black) and vertical (red) polarisation resolved normalized energy spectrum of the
condensate emission at £k = 0 for a vertically elongated trap. Splitting between
energy levels is &~ 20 peV. (c) Pump power dependence of the population of H and
V polarisation mode for the vertically elongated condensate. The figures are adopted
from [2]
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%7 .1 Linear model

Dr Helgi Sigurdsson has developed a theoretical model to describe the observed
effect more rigorously. And first, he considered the simplest case of non-interacting
polaritons where the following Hamiltonian can describe condensate:

21.2 Toh
o v

H= 5.3
v (5.3)

where m is the effective mass, k = (k. k,) is the in-plane momentum, I'"* is the

polariton lifetime, V(r) is an asymmetric (elliptical) confining potential and

k2 — k2
Q="nA| 2k,k, (5.4)
0

is the effective magnetic field arising due to TE-TM splitting of strength A [109, 159,
160], its distribution in the momentum space is depicted in Figure 5-8(a). Assum-
ing that the laser-induced potential can be oximated by a harmonic oscillator
potential V(r) = mw2z®/2 + mw,y?/2 allows us to solve the problem based on the
two-dimensional harmonic oscillator modes |n;,n,) = |n,) ® |n,) where n,, are
the potentials quantum numbers. the lowest trap state |n,,n,) = [0,0) can be

approximated by the following 2 x 2 spinor Hamiltonian,

Wy +wy —il —mA(w, — wy)

A

h
H=~ — 5.5
: (55)

—mA(w, —wy) Wy +wy —il

Solving the eigenvalue problem (see Ref. [2] for the detailed derivation), we find

the energies of two orthogonal linearly polarised modes (here H and V):
vy h ihl’

Eyy = E[wx + wy FmA(w, —wy)] — ——

: (5.6)

The splitting of two energies become evident from the Equation (5.6), and its value
corresponds to the one observed experimentally and presented in Figure 5-8(b).

This splitting can be interpreted as an effective in-plane magnetic field acting on
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the condensate spin. In general, depending on the condensate orientation it can be

written as follows [2]:

08 (20min)
hm|Aldw
Qtrap = _|T| sin (29min) . (57)
0

Here, 0,y is the angle of the trap minor axis from the horizontal, and dw = |w, —
wy| is the absolute difference between the trap oscillator frequencies along the major
and the minor axis of the condensate. Thus, the direction of the effective magnetic
field is controlled by the angle of our elliptical trap, 0,,;,, which consequently rotates
the condensate pseudospin in the equatorial plane of the Poincaré sphere. This leads
to smooth changes in the S; o Stokes components of the emitted light as the trap
rotates, as shown in Figure 5-5.

The results of our experiment are also reproduced through a mean-field simula-
tion using a generalized Gross-Pitaevskii equation coupled to an excitonic reservoir.

These simulations were made also by Dr Helgi Sigurdsson.

5.7.2 Non-linear modg

For the simulation, g use 2D driven-dissipakixaGross-Pitaevskii equation, coupled
to a rate equation describing an exciton reservoir X = (X, X_)? which scatters
into the condensate [131]. The spinor condensate is described by the two-component

wavefunction ¥ = (¢, ,1_)T. The equations are as follows:

0 RAVE ) P _RX.—-T
[ % = "5, Alp, Fip,)* +g (Xﬁ: + W) + altpi|? +ZhiT Uy,
0X
a—j = P — (Rjo+|* + Tp) Xz + To(X5 — X3).
(5.8)

Most of the terms utilised here are described in the previous chapters, addition-
ally, we add the A parameter standing for TE-TM splitting and add a corresponding

term to the equations. The simulation results are presented in Figure 5-9. Indeed,
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Figure 5-9: (Top row) Steady state solution from simulation of Eq. (5.8) for the
elliptical pump profile with a major axis along the vertical direction, b/a = 1.3. The
results show a condensate forming in horizontal polarisation state. (Bottom row)
The pump m% axis is orientated diagonally resulting in antidiagonally polarised
condensate.

the numerical simulations have a very good correspondence with the experimental
findings. For the vertically elongated condensate presented in the top row of Fig-
ure 5-9, condensate acquires the positive S; components and thus has horizontal
polarisation whereas other polarisation projections are zero. For the diagonally ori-
ented condensate presented in the bottom row of Figure 5-9, the polarisation also is
oriented along the ellipse short axis - with negative Ss.

The parameters of the simulation are: m = 0.3 meV ps® pym=2% T' = L ps™!;
ha = 3 peV pm?, g = a; ' = I'/4; R = 0.67a; W = 0.05 ps™'; Iy = ['g/2;
A = —0.03 meV um?; L; = 5 pm; Ly = 6 pm; Ly = 2 pum; rg = 5 g
n = 0.2; and Py = 4.625 um~2 ps~! which is around ~ 20% above threshold for each

configuration |2]. For more details on the simulation see Ref. [2].

5.8 Effect of spatial ellipticity

By changing the trap shape with the SLM, we can engineer the spatial ellipticity of
% oty

the condensate (i.e., the ratio of its major and minor axis) - going from a
gisle, to an elliptical one. We change the trap spatial ellipticity from a vertically

elongated trap (a < b) to a horizontally elongated one (a > b). a and b here
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Figure 5-10: S;, Sy and DOP of the condensate PL as a function of the spatial
ellipticity (the ratio between the major and minor axes of the condensate real-space
intensity distribution).

denote the major and minor axes, respectively. We observe that the pseudospin
of the condensate steadily changes from horizontal to vertical polarisation through
a low DOP regime (see Figure 5-10). This measurement has been performed for
another spot on the sample where some finite birefringence was present. That is
why the low DOP regime is shifted with respect to the symmetric condensate (when
ellipticity equals one). Thus, the sample’s inherent effective magnetic field due to
local birefringence adds up to the effective magnetic field induced by the elliptical
trap. They compensate each other at ellipticity 0.9, resulting in a low integrated
DOP. So the net in-plane magnetic field acting to the condensate in this case can
be written as follows: €t = Qi (r) + Qtrap. Thus by engineering the trap profile,
%F can compensate for the polarisation pinning effect, which can be detrimental for
some experiments.
To sum up, we have achieved control over the linear polarisation of the condensate
using a non-resonant elliptical optical trap. We find that the orientation of the

confining potential, pump power and sRatigLelipkicitx define the linear polarisation
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of the condensate.

5.9 Coupled elliptical condensates

The arrays of coupled polariton coudcugatg are very promising for the analogue
simulation [27] and modelling of physical systems. Lattices of different geometry
have been realised for ballistically propagating condensates [23, 25, 161| and the
ones confined in the etched mesas structures [162, 163] or in the optical traps [32].
Driven by these works, we bring together two condensates in elliptical optical traps
(the building block of the future lattice) described above and study their coupling
and polarisation properties.

We create two traps depicted in Figure 5-1 (a,b) with two spatial light modula-
tors. The utilisation of two SLMs allows us to make the traps identical and control
the pump power, energy and spatial orientation for each of them. We bring two
condensates together on the sample and choose pump power so that they have the
same energy when separated. Changing the tilt on one of the SLMs (the periodic
grating imprinted on top of the elliptical trap hologram) allows us to control the
separation distance between the condensates.

To narrow down the study, we investigate only horizontally and vertically elon-
gated condensates even though the SLMs offers the possibility of realisation of the
whole variety of the mutual condensates orientations. There are four possible ori-
entations for the studied case - both traps are horizontal or vertical, one is vertical,
and the other is horizontal. We start with two former cases; the real-space inten-
sity distributions for two coupled horizontally elongated condensates is presented in
Figure 5-11. The interference fringes between the condensates stand for the syn-
chronisation (coupling) between them.

The dependence of the condensate spin on the condensate spatial orientation
described above could potentially allow to vary couplings between two condensates
depending on their mutual orientation. So that we can adjust the spin fine-structure
of each optical trap through its major axis angle. Moreover, we can vary the in-

teraction strength between different condensates changing their separation distance.
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Figure 5-11: Real-space normalised intensity distribution of two coupled E@Gﬁl
izantally, elongated condensates.

Namely, the laser pattern that we used in the experiments (see Figure 5-1(b)) has
a non-uniform intensity that allows polaritons to escape faster along its major axis
(see Figure 5-1(b)). This can be evidenced in Figure 5-1(e) as a bigger population
of polariton along k, in k-space corresponding to the major axis orientation in the
real-space. This leads to stronger coupling when the trap’s major axes are orientated
parallel to the coupling direction and weaker when orientated transverse (estimated
three times weaker from energy-resolved spatial PL). The difference in the coupling
strength is seen by the different visibility in the mome%}n space’IerRLeRge fringes
(implying synchronisation) shown in the insets of Figs. 5-11(a) and 5-11(c).

In order to study the spin of coupled condensates, we split the horizontal (H) and
vertical(V) polarisation components of the PL with the Wollaston prism. So that we
can separately measure them in the real space and calculate a spatial distribution

of the S1(r) component as follows

Iu(r) — Iy (r)
I (r) + Iy(r)

where Iy (r), I (r) are the real-space intensities distributions of horizontal and ver-

Si(r) = (5.9)

tical polarisation components, respectively.

While doing the experiments with coupled traps, we noticed that polarisation

of condensate is not stable from Wy@&% of the condensate. In

order to study this peculiar behaviour, we investigate the condensate S; component

in the single shot regime. The excitation shots have 50 us duration, we integrate
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the condensate emission during one shot and calculate the correspondent S; Stokes
compone, The examples of obtained real-space S distribution are depicted in
Figures %(a—c). For each condensate separation distance, we study 100 single
realisation of the condensates. For each condensates, we integrate S; component
over the region of the most intense emission (number of polaritons) depicted in
Figure 5-12(a-c) with the dashed line. As a result, each shot is characterised by two
values of integrated S corresponding to the left and right condensate, respectively.
Finally, we merge these values into one graph presented in Figures 5-12(d-g), where
the blue and red lines represent the averaged S; component for the left and right
elliptical condensate, respectively.

The recent studies for ballistic [30] and trapped [31] coupled polariton conden-
sates showcased that the coupling in such systems is distance dependent. In this re-
gard, we investigate the coupling of two elliptical condensates for different separation
distances. Interestingly, for strongly coupled horizontally elongated traps separated
by 26.5 um, we observe approximately zero S; and DOP (Figure 5-12(d)) for each
condensate (blue and red curves, respectively), On the other hand, at a 27.5 ym
distance, we detect polarised condensates with & yita) S1 component stochastically
flipping from shot to shot (Figure 5-12(e)) between positive and negative values. So
both condensate simultaneously adapt either vertical or horizontal polarisatiog, kel
correspondent real-space S; distributions are depicted in Figures 5-12(a) and (b).
Moreover, the polarisation of the condensates is almost perfectly correlated (Pear-
son correlation coefficient p = 0.99), meaning that they are identically polarised
and strongly coupled. On the other hand, the observed random linear polarisation
flips suggests the presence of bistability in our system [107] triggered by the spatial
coupling mechanism.

For the weakly coupled (vertically elongated) traps (see Figure 5-12(c)), we ob-
serve qualitatively different behaviour. Choosing the same distances, we observe at
26.5um strong positive S; component in each condensate (Figure 5-12(f)) as it is
for a single optical trap (see Figure 5-13(b)). However, at 27.5 um, we reveal the
semi-depolarised behaviour of the condensates(Figure 5-12(g)). Due to the weaker

spatial coupling, the condensates are no longer strongly correlated in their S; com-
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ponents with p = 0.5 and 0.26 for the two studied distances, respectively. We point
out the different average S; values between the left and the right condensate in
Figure 5-12(g) can be attributed to the placg-dependent birefringence.

The polarisation flipping or zero DOP regimes are the consequences of the con-
densates coupling. It is in striking contrast to the Sy com;@nt measured for 100
single shots of the single condensates presented in Figures 5-13(a) and (b). Note
that fluctuations of the S; component for the individual condensate are minimal.
The fluctuations observed, for example, in the horizontally elongated trap in Fig-
ure 5-13(a) appear due to noise in our system as well due to mode competition. It
is worth noting that such fluctuations decrease the values of the Stokes components
presented in Figures 5-2,5-5, 5-4, 5-3 since there we average over hundreds of shots.

We measure all three polarisation components to get a full picture of the conden-
sates spinor when coupled. The results are depicted in Figures 5-13(c-n). We note
that the Sp, Ss and S5 are not measured simultaneously but consequently under the
same excitation conditions. For the regime of stochastic linear polarisation flips for
two horizontal condensates separated by 27.2 um, we observe S; having the biggest
amplitude out of 3 Stokes components (see Figure 5-13(c-¢)). This is defined by the
orientation of the traps inducing the splitting between H and V. The S, has smaller
values (less than 0.5) but also flips from shot to shot. On the other hand, the S;
component stays close to zero, manifesting that condensates are linearly polarised.
For another separation distance 24 ym shown in Figures 5-13(f-h), all Stokes com-
ponents are close to zero in each shot. This means that the condensate pseudospin
fluctuates rapidly in time within one excitation pulse with a zero mean polarisation,
just like it was for a single symmetric trapped condensate described in the previous
chapter and Ref. [1]. Note that the Stokes components remain correlated, indicating
that the condensates are coupled.

We also plot all polarisation components for two coupled vertically elongated
condensates (Figures 5-13(i)-(n)). The weaker coupling of such traps configuration
is evidenced through weaker correlations between the left and right condensates.
For a distance of 26.5um, both condensates have strong horizontal polarisation. At

a 25 pm distance, the condensates are in a semi-depolarised regime with oscillating
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S7 and S from shot to shot.

To sum up, we identified two coupling regimes for two horizontal condensates -
stochastic synchronous spin flips from horizontal to vertical polarisation states and
zero DOP regime depending on the separation distance. Similarly, for two vertically
oriented condensates, there are also two distinctive re{;%les - both condensates are
horizontally polarised or both have low DOP. In order to get an insight into the
dynamics of the coupled system, we again refer to the simulation kindly made by

Dr Helgi Sigurdsson.

5.10 Theory of Coupled condensat%]

The experimental observations are reproduced through mean-field simulations on
time-delay coupled spinor polariton condensates. g use the 1D GPE equation
describing the condensates spinor ¥ = (1, ,1_)T components; the equations are
coupled to the rate equations describing the spin-polarised exciton reservoir [131].

The indexes (1) and (2) denote the left and right condensate, respectively.

dy RX{™ —T
i % = oo+ a4+ g X0 im0 (e + i)Y+

+ IV — 1) + TYEV (- 1),

dx{"? (1,2) (1,2) (1,2) (1,2)
i :P—<FR+R|¢£ |2)Xi’ + (X3 — X07).

(5.10)

Most of the terms had been defined in the previous chapters. However, for
this set of equations, we introduce a coupling between two condensates. The inter-
condensate-coupling, denoted with J, J € C, which is described through time-delay
coupled equations of motion [30]. The time delay of the coupling appears due to
finite-time of the propagation of polariton from one trap to the other. Such coupling
becomes qualitatively different from evanescent coupling when the propagation time
T of particles between condensates is comparable to their intrinsic frequencies. As

it was previously demonstrated in [30], the strength of the coupling J depends on
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Chapter 5. All-Optical Linear-polarisation Engineering in Single
5.10. Theory of Coupled condensates and Coupled Polariton Condensates

the separation distance d between the condensates,
J(d) = Jo| HS (ked)], (5.11)

where H(()l) is the zeroth order Hankel function of the first kind, .Jy € C quantifies the
non-Hermitian coupling strength dictated by the overlap of the condensates over the
optical trap region, and k. is the wavevector of the polaritons propagating outside

the optical trap,
0 L I'm

A .
k.= k +12hk£0)'

C

(5.12)

From experiment, we have estimated k:go) ~ 1.35 pm~!'. This value corresponds
to the radius of the outer momentum space PL ring shown in Figure 5-1(e). The
imaginary term in Eq. (5.12) describes the additional attenuation of polaritons due
to their finite lifetime, and m is the polariton effective mass. We also account for
the coupling between the spins of the two condensates due to the TE-TM splitting,
which is captured with the parameter 7. The time delay parameter is approximated

from the polariton phase velocity, which gives,

B 2dm
kY

T

(5.13)

The results from simulations for both strongly and weakly coupled traps are pre-
sented in Figures 5-12(h) and 5-12(i), respectively. We scan the distance d between
the condensates (each datapoint is one shot using random initial conditions) and ob-
serve the periodic appearance of different polarisation dynamics (green and purple
backgrounds) similar to the phase-flip transitions recently reported in [30].

For the strongly coupled traps, Figure 5-12(h) indeed shows that—depending on
distance—one can retrieve very low time-averaged polarisation. There the interplay
of spin-coupling and ballistic coupling results in chaotic spin dynamics in time.
Between 27 ym and 28 um, a high amplitude random S; component builds up from
shot to shot due to the condensate spinors suddenly synchronizing. These results
are in qualitative agreement with those seen in an experiment in Figs. 5-12(d) and 5-

12(e).
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For the weakly coupled traps, we again obtain qualitative agreement between
theory |Figure 5-12(i)] and experiment |Figs. 5-12(f) and 5-12(g)|. This weak cou-
pling there is implemented into the simulation by scaling Jy, — Jy/3. Now, de-
pending on the separation distance the strong S; ~ 1 regimes tenl

of seaizdenRlexizedauekagesLering. The parameters of the simulation are given in
Ref. [2].

5.11 Conclusion

To summarise, we have investigated single and coupled optically confined elliptical
polariton condensates created by non-resonant excitation. We find that for the
hnE:% polarisation of the excitation laser, the condensate polarisation is defined by
its gRURKIAICSRARG; namely, it is oriented along the short axis of the condensate
ellipse. We demonstrate that by rotating the pump profile with the SLM, we can
drive the condensate through all linear polarisation states on the equator of the
Poincare sphere. We also found that the pump power and spatial ellipticity of the

condensate can impact its linear polarisation. Further, we have investigated the dyad

of coupled elliptical condensates and identified the separatia
theinspir shavigur. We also reveal the regimes of "strong" and "weak" condensate
mutual coupling for horizontally and Verti(:ﬁ% elongated condensates.

Our results could provide one of the LIRSING RICKEARNARDUAS for creating
all-optical spin circuits for spinoptronics applications. Moreover, it paves the way
towards coherent light sources with on-demand switchable linear polarisation. In
our experiment, the response of the SLM limits the polarisation rotation speed to
a few Hertz for a full revolution. However, in the next Chapter, we describe an
approach that allows us to reach GHz linear polarisation rotation speed, which is
hardly feasible with conventional polarising devices.

Additionally, our results on coupled condensates open up the possibility of study-
ing synchronisation phenomena or chaotic spin dynamics in networks of polariton
condensates. This offers new degrees of freedom for condensate lattices - spatially

anisotropic coupling strength and polarisation engineering, which could enrich the
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Chapter 5. All-Optical Linear-polarisation Engineering in Single
5.12. Disclaimer and Coupled Polariton Condensates

physics of such systems.
The developed technique of all-optical linear polarisation engineering was re-

cently patented in Russian Federation.

5.12 Disclaimer

=

The experiments were carried out by Ivan Gnusov and Stepan Baryshev under the
supervision of Pavlos Lagoudakis and Sergey Alyatkin. Ivan Gnusov analysed the

data; the numerical simulations were carried out by Helgi Sigurdsson.
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Experiment

-— W
=] |
1
0
(N (g)
2?.§ 26.5u0m 27.5um i
i 50 1000 50 1000 50 1000 0 100
Shot number Shot number
Theory
| - 71
(1)
W n
0 1 0

27 2% 27 28
Separation distance (pm)

Figure 5-12: Spatially resolved S; of coupled condensates oriented horizontally and
separated by 27.5 um for two different shots (a,b), showing the formation of either
horizontal (a) or vertical polarisation (b) in both condensates. (c¢) Spatially resolved
Sy of the two coupled condensates orientated vertically at 26.5 um. Insets in (a)
and (c) depict the corresponding k-space PL. (d,e) 100 time-integrated realisations
(shots) of the S; for the left (blue) and right (red) condensate in the horizontal-
horizontal major axis configuration and (f,g) in the vertical-vertical configuration.
The experimental data is taken at ~1.8 P,,. Distance dependence of the S; from
simulations corresponding to (h) horizontal-horizontal and (i) vertical-vertical major
axes configuration. Each data point represents one shot (time-averaged). Green
and purple backgrounds in (d)-(i) illustrate regions of similar behaviour between
experiment and theory. Adopted from |[2].
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and Coupled Polariton Condensates
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Figure 5-13: 100 realisations of the condensates Stokes components time-integrated
in each 50 pus excitation shot. (a) and (b) shows S of single horizontally and verti-
cally elongated condensate, respectively. Sy, Sa, and S3 for two coupled condensates
with their trap’s major axes orientated longitudinally to the coupling direction and
separated by 27.2 um (c)-(e) and 24 pm (f)-(h), respectively. Si, Sy, and S5 for two
coupled condensates with their trap’s major axes orientated vertically and separated
by 26.5 pm (i)-(k) and 25 pm (1)-(n), respectively. Blue and red colours correspond
to the right and left condensate, respectively. Green and purple backgrounds depict
different coupling regimes.
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Chapter 6

Optically driven gpin precession in

golariton gondensates

The study discussed in this Chapter is published on arXiv [4].

6.1 Introduction

The logical step after the on the condensate spinor control described in the
previous Chapter would be the agce] of that control, aiming for GHz QRRIAIRR
frequsugics and higher. r%]re [2] , the response time of the SLM had limited the
rotation freq%cy to a few Hz. The utilisation of an alternative technique for the
optical pattern rotation discussed in this Chapter allowed us to implement Qw
bekiQu of the linear polarisation of the condensate and achieve a”fundamental
regime of the driven spin precession WA%]RB polariton condensates.
The spin icct to the external magnetic field precesses apQut, it in the phe-
nomenon called Larmor precession. The precession w;, frequency is proportional to
the field magnitude B and reads as wy; = vB, where v is the gyromagnetic ratio.
This effect has been observed in various magnetic systems [164, 165] and is already
utilised for numerous applications. The effects of nuclear or electronic magnetic

resonance [165] based on this precession are now actively utilised for commercial ap-

plications in medicine, chemistry, biology and material science. On the other hand,

114


ShuvaS
Squiggly

ShuvaS
Squiggly

ShuvaS
Squiggly

ShuvaS
Squiggly

ShuvaS
Squiggly

ShuvaS
Squiggly

ShuvaS
Note
demonstrating the control of

ShuvaS
Squiggly

ShuvaS
Note
ill-chosen word... if you are talking about accelaration, then what acceleration rate do you have in mind and why do you mention frequency then?

ShuvaS
Squiggly

ShuvaS
Note
its not clear what aspect of operation is defined by frequency... 

ShuvaS
Highlight

ShuvaS
Note
Why are you referring to the published paper and not your work discussed in the previous Chapters? Your Thesis is not a literature review, right?

ShuvaS
Highlight

ShuvaS
Note
rotation frequency of what?

ShuvaS
Squiggly

ShuvaS
Highlight

ShuvaS
Note
Why fundamental? Also, I am not sure if "fundamental" can apply to "regime" 

ShuvaS
Squiggly

ShuvaS
Note
"for the first time in history" is the expression... of just "for the first time"

ShuvaS
Squiggly

ShuvaS
Note
subjected

ShuvaS
Squiggly

ShuvaS
Note
about what?


6.1. Introduction Chapter 6. Optically driven spin precession in polariton condensates

the spin precession driven by the optical field [41] in dilute gases and Bose-Einstein
condensates%gm high precision magnetometry [166]. Moreover, driven spin

precession is a standard tool for quantum computing to manipulate the spin state

of the qubits [167]. The oscillating magnetic or optical fields at a specific frequency
and amplitude are shown to drive the spin into the required state for the realisa-
tion of quantum gates. In this regard, the studies of spin precession are of great
importance for possible applications.

The phenomenon of self-induced Larmor precession is established and reported
for polariton condensates. It appears in polariton condensates as oscillations in the
pseudospin due to the spin-anisotropic interactions of polaritons which form an effec-
tive out-of-plane magnetic field when the spin populations are imbalanced through
e.g. elliptically polarised pumping [34, 168]. In Chapter 4, we observed and dis-
cussed this effect’s signatures in lowering the DOP at high pump power. The recent
studies showcased the self-induced Larmor procession effect evidenced in first [6]
and second [8] order coherence measurements. Even though the spin coherence
time (= 5ns) [8] in such experiment is high compared to the polariton lifetime, the
polariton-exciton and polariton-polariton interactions decohere the polariton spinor
limiting the timescale of its coherent operation. Therefore, extended spin coher-
ence is crucial for future applications of condensate in spin-optronics and quantum
computing [49]. One of the approaches of spin coherence prolongation could be an
external driving analogously to conventional condensates [41]. However, it has not
been studied to date for polariton condensates. The elliptical optical trap described
in the previous Chapter acts as an effective in-plane magnetic field for polaritons,
making them adopt a defined spin state; thus, continuously shaping the confining
potential should allow us to drive the spin state even at high frequencies. The only
problem is the realisation of such fast alternating time-periodic potential.

In this regard, in this Chapter, we describe the developed technique for the fast
trap rotation. We utilise the beating note of two frequency-detuned and spatially
structured laser beams to create a rotating optical trap, which confines and sus-
tains the condensate with particles. Upon condensation, the polariton pseudospin

spontaneously aligns itself along the short axis of the trap in the cavity plane [2]
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6.2. The quest for the rotating trap
realisation Chapter 6. Optically driven spin precession in polariton condensates

and rotates jp_sieR with it. Not only do we achieve controllable rotation of the
condensate spin using a rotating optical trap at GHz frequencies, but we reveal
a resonant behavi of this precession. The driven precession becomes amplified
when the external dyiyg frequency matches the condensate internal Larmor preces-
sion frequency. In fact, the trap acts as a rotating in-plane magnetic field so that
the observed phenomena could be considered”g driven-dissipative quantum fluidic
analogue of the famous Nuclear Magnetic Resonance effect [165]. At resonance, we

%hieve unprecedented spin coherence time exceeding 170 ns, an order of magnitude

bexgud the record value [8].

6.2 The quest for the rotating trap

realisation

=

The realisation of the laser beam rotation is g, quite challenging task , and its &
lutign depends on the required stirring speed. The relatively slow rotation can be
implemented mechanically by alternating the mirrors, which reflect the laser beam,
or rotating the hologram pattern on the SLM. The faster rotation can be achieved
with the acousto-optic or electro-optic deflectors. This approach was used, for ex-
ample, in Ref. [43]. However, the operation speed of such deflectors is limited to few
GHz and hardly allows for tuning the driving frequency. In this regard, we develop
an elegant alternative approach for laser pattern modulation based on the beating
note of two lasers.

The idea is as follows: we use two frequency-detuned beams and shape each
of them with the SLMs in the form of a ring with the phase winding. We utilise
the so-called "perfect vortex" mask [122|, and it is the sum of the hologram for
Laguerre-Gaussian and the ring pattern (conventionally made with axicon%']sm).
Such configuration allows for the separate tuning of both the radius and optical
angular momentum (OAM) of the created laser pattern. Then we overlap two laser
beams on the beamsplitter, and the resultant beating note rotates at a frequency

proportional to the lasers frequency difference f; — fo and inversely proportional to

their OAMs difference l; — I:
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6.2. The quest for the rotating trap
realisation Chapter 6. Optically driven spin precession in polariton condensates

f A Sk

AL L (6.1)

Here, fi2 and [; correspond to the linear frequency and OAM of two laser
beams, respectively. Note that positive and negative f correspond to counterclock-
wise and clockwise rotation of the intensity pattern, respectively. The example
relevant to the study discussed in this Chapter is presented in Figure 6-1. Here
we suggest creating two "perfect vortex" beams with the same diameter but the
opposite topological charge of +1 and -1, respectively. Putting the intensity of one
of them to be smaller (here one-fifth with respect to the first one) than the other
and interfering them, we get the patterr%picted in the right panel of Figure 6-1,
which rotates in time at frequency f. Amagingly, this pattern is practically identi-

cal to the one we used for the” QGRS ARKIARAIISRRNRUAKIGERA [2] depicted in
Figure 5-1(ab).

Juid=l fj I=-1 /—\
-/

Figure 6-1: The simulated pump laser profiles for the realisation of the rotating
excitation pattern for polaritons. The left image corresponds to the pattern created
with the "perfect vortex" mask on the SLM and carries the topological charge of [y
=1 at laser emission frequency f;. The middle profile has a similar radius but the
opposite OAM [,= -1 and lower intensity. The resultant beating pattern presented
in the right panel is rotating at frequency f and is reminiscent of that used for the
previous experiment [2].

0

On the experimental setup, we already had two integrated SLMs, so the task
was two create t eams at different frequencies detuned by a feii%rundred of

MHz or more. Our figgt approach was fha ARiNsing RE one laser split IO LURDAALS
and shifting QR R DRAARRAUCRKY With the acousto-optic modulator %AOM) The

frequency of the laser beam deflected in the first ord AOM is emergy shifted
with respect to incident one by the value of the driving gf wave frequency. Notably,
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6.2. The quest for the rotating trap
realisation Chapter 6. Optically driven spin precession in polariton condensates

this shift could have positive or negative signs depending on the incident angle of

the laser beam (defined by the sign of the projection of the beam k-vector onto the

. Moreover, the double-path AOM configuration
allows doubling this frequency shift. There, the modulated beam diffracted in the
first order of AOM is reflected back to the device, where it experiences another
diffraction in the crystal. The outcoming beam is co-aligned with incident one. To
separate them, the QWP with the fast axis oriented at 45 degrees is inserted in the
beam path after the AOM (see Figure 6-2 (a) ) so that_the incoming and outcoming

%&ms have orthogonal linear polarisations. The dg crgy-shifted beam is then

@LQW with PBS.

f.‘ QWP
el 250mm
(a) ~ (b)
250mm  ADM 4DDMHZ [ Sample 5 I
==
1 pdaza
§ nses
azias -1 2]
E = 3 B5470:30)
Fl HWP PBS 13-4
200rmim asbe ‘
% :: :. S'u Th :1‘1. e bt b ) b1+ a4 :ﬂlpl
ADM ZD0MHZ These. o

Figure 6-2: (a) Experimental setup for realising the rotating optical pattern with
AOMs used for the laser frequency shift. One part of the laser is shifted in a double-
path AOM (driving frequency 400 MHz) configuration, the other one with another
AOM (driving frequency 200 MHz). Here, we used the anamorphic prism pair (APP)
to correct for the beam ellipticity induced by AOM . (b) The beating signal at 1
GHz of two beams frequency-shifted with AOMs.

We were able to achieve the 1 GHz frequency difference between two lasers: for
one part of the radiation, we used the double-path configuration described above and
an AOM operating at 400 MHz modulation frequency. The other part is frequency-
shifted with another AOM (the driving frequency is 200 MHz). The experimental
setup schematic is depicted in Figure 6-2(a). The beating note of two beams mea-
sured with the photodiode is shown in Figure 6-2(b), manifesting the obtained 1
GHz frequency shift.

The approach with AOMs worked quite well for the realisation of the rotating

pattern for polariton condensates. Even though we were unable to tune the stir-
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ring frequency as the AOM models we used did not support the driving frequency
change option. To achieve the desired stirring frequency higher than 1 GHz and
frequency tuning, we had to switch to another experimental setup. Namely, we
utilise two Ti:Sapphire lasers, described in Chapter 3 and drive their frequencies
separately. Figure 6-3 depicts the excitation part of the experimental setup. Using
two lasers, we can fine-tune their frequency independently to realise any desired
frequency difference. To stabilise it and compensate for the wavelength drift of two
lasers, we lock their frequencies externally with the MOGLABs wavelength meter
(wavemeter). This device not only measures the wavelength with high precision but
has two inputs and works as a feedback and PID generator to produce a controlling
voltage to tune both laser cavities simultaneously. The temporal behaviour of the
laser emission wavelength with and without external locking is shown in Figure 6-3.
With the stabilisation, the wavelength holds still for the entire experiment duration

with a frequency jitter of approximately 10 MHz at 3 minutes timescale.

— SamEI'x.ﬁ\

wavemeter | — 376 5806 . . .
X __F,.’ —— Mot locked
4 p $ 76 GAGS 4  Lochnd
I 378 BG4 <

BSI;‘.'rD !-I:II |
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. _&)
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Figure 6-3: Left panel: experimental setup for the realisation of the rotating optical
pattern with the beating note of two single-mode lasers (MBR1 and MBR2). The
frequency of both lasers is externally stabilised with the wavemeter and PID loop.
Right panel: the track of the laser frequency (in THz) on time (in seconds) when
externally stabilised (red line) and not (black line).

Two frequency stabilised lasers are then shaped with the two SLMs, overlapped
on the beamsplitter and focused on the sample. As a result, the optical pattern is

rotating with the frequency f acting as a rotating trap for polaritons.
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6.3 Slow MHz polarisation rotation

(d) E

(a) Ji (b)

<c}=n © E
.

Figure 6-4: (a)The schematic of experimental setup demonstrating two frequency
detuned (f; and fy) "perfect vortex" beams ([; = +1 and f, = F1) overlapping on
the beamsplitter. The resultant rotating non-resonant excitation pattern (coloured
in red to yellow gradient) is projected onto the microcavity sample and results in
the rotating elliptical polariton condensate (coloured in blue to purple gradient).
The bottom of panel (a) depicts the planar spinor projection of the condensate.
(b) Time-integrated intensity profile of the excitation pattern. (c) Time-averaged
cond%}xte total intensity distribution. Time-averaged and normalised (d) vertical
AL RRURsisation projections of the condensate. The black scale bar in panels
(b-e) corresponds to 5 pum. Figures are adopted from Ref. [4].

As shown in the previous Chapter and Ref. [2], the elliptical conﬁner%]t poten-
tial for the condensate makes it adopt the definite spinor (polarisation) glougated
with the short axis of the trap. Thus, by applying the rotation described in the
previous section, we can dynamically change (stir) the shape of the trap, which
will drag the spinor of the condensate on the equator of the Poincare sphere (see
Figure 6-4(a)). The schematic of the excitation part of the setup is depicted in
Figure 6-4(a).

We start with the relatively slow MHz stirring frequency an%] tercglogkwise
rotation (l; = 1,l; = —1). The intrinsic spin dynamics (spin coherence time) of
polariton condensate is a few nanoseconds [8|, so 5 MHz stirring is adiabatic for the

condensate spinor. At 5 MHz, the time-integrated condensate intensity distribution
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6.3. Slow MHz polarisation rotation Chapter 6. Optically driven spin precession in polariton condensates

is symmetric and depicted in Figure 6-4(c). The intensities of the two pump lasers
are not equal, and their ratio is 10%. Pump power is set to 2P, so the condensate
occupies the trap energy ground state [28]. The optical trap diameter on the sample
is 10.5 um(see Figure 6-4(b)). Note that the integration time of the utilised detection
cameras prevents us from resolving the rotation of the trap and condensate; because
of that, the excitation and condensate intensity profiles appear symmetric (Figure 6-
4(b) and (c) respectively).

However, vertical and horizontal linear polarisation projections of the conden-
sate emission resolved with the Wollaston prism are elliptical even in time-integrated
measurements, as shown in Figures 6-4(d), (e). We observe that the vertical projec-
tion is horizontally elongated (Figure 6—4(%Whereas the horizontal one is vertically
elongated. It is the evidence that the condensate rotates and, when horizontally
elongated, has vertical polarisation and vice versa [2]. The relation between the
condensate spatial distribution and its polarisation state allows us to separate dif-
ferent time realisations (spatial position of the ellipse) in the polarisation domain
and see an approximate instant condensate profile even with the long exposure time
of the detecting camera.

To resolve the linear polarisation rotation in time, we split the condensate emis-
sion in the polarisation domain with polarising beamsplitter (PBS) and detect the
intensity of horizontal(H) and vertical(V) components with photo-multiplier tube
detectors. The normalised readings from the detectors obtained simultaneously are
presented in Figure 6-5 (a,b). Both horizontal (H) and vertical (V) polarisation pro-
jections are sinusoidal, however, they are out-of-phase (V has a m phase shift with
respect to H). Note that the signal modulation depth is close to 100%, with the sig-
nal from both H and V almost reaching zero. This manifests the condensate’s high
linear polarisation degree and the modulation efficiency. Sampling the part of the
condensate emission before the polarising beamsplitter, we simultaneously detect
the diagonal polarisation component [1]. The phase shift of the diagonal(D) compo-
nent (see Figure6-5(c)) is 7, which is expected for the linear polarisation rotation in

time. The glightpoussinusridally of polarisation rotation tracks in Figure%5(a)—

(e) arises due to small polarisation pinning [1, 2, 17| making the condensate loaning
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6.3. Slow MHz polarisation rotation Chapter 6. Optically driven spin precession in polariton condensates

more towards horizontal polarisation.

Given three linear polarisation projections, we calculate the Stokes components
of the characterised light [1]. Normalised S; and Sy of the polariton condensate are
depicted in Figures 6-5 (d) and (e), respectively and also alternate in time. Plotting
the experimentally retrieved S; and S5 on the equatorial plane of the Poincare sphere
in Figure 6-5(f), we get the circle with a radius of 0.85. Thus, the condensate spinor

driven by the stirring continuously travels through all linear polarisation states.

(a)

o e 0.4 0.6 0.8 =
Time (ps)

Figure 6-5: Horizontal (a), vertical (b) and diagonal (c) polarisation projections of
the condensate emission. The power ratio of excitation lasers is 10%. Time-resolved
(d) S; and (e) Sy polarisation components of the condensate emission. (f) The
trajectory of the condensate spinor on the equator of the Poincare sphere. The red
dashed line is to guide the eye. Figures are adopted from Ref. [4].

We note that the width of the circle in Figure 6-5(f) is associated with the noise in
the detection scheme as well as internal condensate spinor dynamics. Under linearly
polarised non-resonant excitation due to an effective in-plane magnetic field, the
condensate spinor can destabilise and flip instantly between two orthogonal linear
polarisations. This effect was discussed in Chapter 3 in Refs. [1, 8| and led, for
example, to the dramatic change in the condensate photon statistics in [8]. The
instance of the described flip can be noticed in Figures 6-5(a) and (b) near the 0.2
1s as a synchronous peak in H and dip in V. However, despite the noise, the achieved

polarisation modulation is stable within the whole excitation laser pulse.
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Figure 6-6: (a) S; and Sy polarisation components of the polariton condensate
emission versus time. Here, the condensate forms in the rotating trap with the
Af ~5MHz and I; = 1,1, = —1. (b) The corresponding Stokes vector trajectory
on the equator of the Poincare sphere. (c) Time-resolved S; and S, polarisation
components of the condensate emission for the Af ~ 5 MHz and |; = —1,1, = 1,
and the corresponding trajectory (d)in the linear polarisation plane of the Poincare

sphere. The colour scale in panels (b,d) represents the time passing. Figure is
adopted from Ref. [4].

6.4 Control over spin rotation direction

The direction of the trap rotation is dictated by the sign of the f in Equation (6.1),
and the positive and negative values correspond to the counter- and clockwise ro-
tations, respectively. Thus, by changing either Af or Al, one can control the trap

rotation_direction as well as the condensate spin defined by the trap orientation.

To testT;, we flip the Al of the excitation lasers. First, we put Af ~ 5 MHz,
[y = 1,ly = —1, and the resultant time series for the S; and S5 Stokes components
of the condensate PL are presented in Figure 6-6(a). Plotting one with respect to
¢ on the equatorial plane of the Poincare sphere and tracking the time, we

can retrieve the handedness (direction) of the rotation. So that for the Af and Al
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introduced above, we get, as expected, the anti-clockwise rotation of the condensate
pseudo-spin (see Figure 6-6(b)). On the contrary, flipping the OAMs of the inter-
fering beams (I; = —1,l; = 1) at the same frequency detuning Af ~ 5M Hz, we
receive the clockwise rotation plotted in Figures 6-6(c),(d). These results underpin
the control of the condensate spin rotation direction or, alternatively, the linear

polarisation of the condensate emission.

6.5 GHz precession and resonance

The temporal response of the detectors, and oscilloscope utilised for the time-

X
Brown and Twiss(HBT) interferometer coupled with a time-correlated single photon
counting technique (TCSPC) to measure the cross-correlation function (g7 ) of the
H and V polarisation components of the cavity emitted light. Similarly to the setup
used for time-resolved polarisation measurement, we split the condensate emission in
the linear polarisation domain with the PBS and then measure the statistics of their
polarisation projection photon coincidence with avalanche photodiodes (APD) and
TCSPC technique (see Figure 6-7(a)). Additionally, by applying the HBT interfer-
ometer to one of the polarisation components or the whole condensate PL (by taking
off the PBS), we characterise respective intensity auto-correlation functions g%, g2,
. This experimental approach allows us to investigate the stirring frequencies up to
a few GHz while grasping the condensate spin coherence properties |8, 169].

For the GHz rotation speed, we increase the ratio of the two excitation laser
intensities to be 20% in order to compensate for the exciton decay and the effective
smearing of the exciton reservoir|3|. Interestingly, with linearly polarised excitation
at Af = 1GHz and Al=2, we do not observe the rotation of the condensate spinor
at the driving frequency. On the contrary, the spin dynamics resemble the one

of the stationary optical trap (see Fig. 6-7(b) - the instant spin flips described in
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Chapter 4 result in anti-bunching of H-V intensity cross-correlation function at zero

time delay [§].
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Figure 6-7: (a) The schematic of the detection part of the experimental setup. The
condensate emission is split on the polarising beamsplitter (PBS), and the horizontal
(H) and vertical (V) polarisation components are correlated in the Hanbury Brown
and Twiss (HBT) interferometer either in cross- or auto-correlation configuration. H
and V cross-correlation (b) of the condensate excited with linearly polarised pump
f =0.5 GHz. (c) gfiv of the condensate in the rotating trap with elliptical pump
polarisation and corresponding g% (d), and g2, (¢). Figure is adapted from Ref. [4].

E%le behaviour of the condensate spinor is drastically changed when we apply
finite small polarisation ellipticity to the pump lasers by inserting the QWP into
the excitation path. For the 8° of the QWP, we observe persistent oscillations of the
H-V cross-correlation function (see Figure 6-7(c). The [‘%]mency of these oscillations
is twice the external stirring frequency f because spin makes two revolutions for 1
rotation period. The local minimum at zero time delay manifests the anti-correlation
of H and V polarisation components, confirming the induced condensate spinor
rotation. On the other hand, the auto-correlation function of horizontal polarisation
depicted in Figure 6-7(d) possesses a local maximum at zero time delay as well as
sine modulation, which is expected for the photon statistics of the light source with
rotating polarisation. The overall emitted light intensity auto-correlation function go
(Figure 6-7(e)) does not demonstrate any oscillations and is equal to 1. That stands
for the absence of condensate intensity modulation as well as for the coherent nature
of polariton condensate.

Interestingly, the persistent driven GHz rotation of the condensate spinor appears
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only for the specific values of pump polarisation ellipticity. It was shqum [6, 8]
and we have discussed above that under elliptically polarised excitation spin of the
condensate in the optical trap precesses in the effective magnetic field. Moreover, the
precession speed is directly proportional to the ellipticity of the optical pump - more
circular excitation leads to faster spin oscillations [8]. To reveal the dependence of
the induced spin rotation on the polarisation ellipticity, we perform the g?{y Cross-
correlation measurements for different angles of the QWP in the excitation path,
starting with zero degree corresponding to the linearly polarised excitation. The
resultant correlation maps for f = 0.5 GHz and f = 1 GHz rotation frequencies are
presented in Figures 6-8(a) and (b), respectively. For the ellipticities lower than 5°
at f = 0.5 GHz in Figure 6-8(a), the condensate behaves as if there is no external
stirring [8]. The spinor dynamics is limited by 5 ns and goes from anti-bunching
under linear excitation to decaying oscillations for the elliptically polarised pump
corresponding to the self-induced Larmor precession. However, in the vicinity of 8°
of QWP, the condensate eventually adopts the external stirring, and its spinor does
not decohere for the whole 30 ns measurement window. This significant increase
in spin coherence appears only when the external driving is in resonance with the
self-induced Lamror precession.

Analogously to the experiments with the spin of diluted gases [41|, resonant
driving of the system leads to the driven precession, which does not decay in time.
In the inset of Figure 6-8(a), we plot the amplitude of the H-V cross-correlation
in the vicinity of 15 ns (within 2 ns) time delay versus the pump ellipticity. The
obtained curve highlights the resonant nature of the observed driven precession,
with the resonance appearing near the 8°. Under the same experimental conditions
but for the 1GHz stirring, we observe the shift of the resoE%ce (Figure 6-8(b)) to
the higher value of the polarisation ellipticity (near 13 °). ‘Biggex pump ellipticity
accelerates the self-induced Larmor precession [8] and the resonance with external

rotation is also shifted with respect to the 0.5 GHz rotation.
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Figure 6-8: Measured H-V cross-correlation maps for (a) f = 0.5 GHz and (b) f =1
GHz trap rotation as a function of time-delay and pump polarisation ellipticity. (c)
Simulated gg?v of the condensate emission versus the time delay and pump polari-
sation ellipticity. The black and red point graphs on (a-c) respectively demonstrate

the amplitude of the cross-correlation function at 15 ns delay. Figure is adopted
from Ref. [4].

6.6 Persistence of the precession

We note that the observed intensity oscillations are very stable and persistent, not
only in the 30 ns HBT measurement window but in the expanded observation win-
dow. In order to probe the temporal stability of the oscillations at longer time
scales, we measure the cross-correlation of the H and V polarisation components at
an extended time delay. To do so, we add additional optical delay to one of the
correlating signal paths. We incrementally add a few 10-meter optical fibres (each
corresponding to 52 ns delay) in one arm of the HBT interferometer and measure
the ggy)v for the increased time delay. We add up to 31 m (= 162 ns delay) of
optical fibre as well as some electronic delay available with the HBT apparatus (so
the maximum time delay achieved is ~ 200 ns). The obtained results are presented
in Figure 6-9. For the comparison, we also plot in the same graph the self-induced
Larmor precession of the condensate under elliptically polarised excitation (see the
red curve in Figure 6-9). The amplitude of the driven oscillations is dropped twice
at approximately 150 ns, even though the precession is still distinguishable up to
200 ns. We fit the envelope of the oscillations presented in Figure 6-9 with the

decay exponent (Ae~*/7), where A is an amplitude of the oscillations at zero time
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delay, t is time, 7 is spin coherence (decay) time which is 20 times more [8] than
the previously reported value for polariton condensates. From the fit, we retrieve
the 7 = (174 £ 10)ns value. Further, we estimate the quality factor @) of the driven

precession () = Tw/2, where w = 2f = 1 GHz is precession frequency, to be 546.
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Figure 6-9: The H-V cross-correlation gg?v for the condensate in the rotating optical
trap (black curve) and static annular optical trap (red curve). The blank spaces in
the black graph appear due to the incremental addition of the optical delay and
limited measurement window. The solid blue line is the fit of the experimental data
envelope with Ae™/7. Figure is adopted from Ref. [4].

We underline here that the decrease in gg?v at big-time delay appears due to

not perfect mutual stability of two excitation lasers. Frequency jitter during the
acquisition time results in the effective change of the stirring frequency, which smears
the gg?v at a bigger time delay. We note that the measurement of one 91(57)1/ curve in
our experiments takes at least 20 minutes, which implies the integration over 6% 10°
realisations (2us pulses) of the condensate. We stress that the spin precession in
time (but not in the correlation domain) is persistent in the condensate for the whole
ps excitation pulse (see 6-5). Using other approaches for laser frequency detuning

featuring improved stability could potentially increase the induced spin coherence

even more.

6.7 Theory

From the previous Chapter, we know that the elliptical optical trap acts as an

effective magnetic field )., for polariton condensate, making its spin align along
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the short axis of the ellipse. This field issyritten in Equation 5.7. When the elliptical
trap is rotating, the €);,,, is rotating iy gieR, and its short axis 0,,;, angle is defined
by wt. w = 27 f is the angular rotation frequency. The alternating effective magnetic

field induced by the rotating potential reads as

) cos [2wt]
Qtrap - Q” sin [2wt] s (62)
0

where ()| is a constant. The pump polarisation ellipticity results in the formation
of two unequal reservoirs of spin-up and spin-down polaritons. As we have shown in
Chapter 3, as it was reported in Refs. [6, 8, 34, 168], it gives rise to the self-induced
Larmor precession of the condensate spin around the effective out-of-plane magnetic
field. This precession also happens in the equatorial plane of the Poincare sphere.

Then, the total effective magnetic field acting on the condensate can be written as

Q) cos [2wt]
Qrotal = | Q) sin 2wt] | (6.3)
Q,
where €2, is the out-of-plane effective field component proportional to pump ellip-

ticity [8]. When ©, = 2w, the trap rotation is in resonance with the self-induced

Larmor precession, and the pseudospin starts rotating with renewed stability.

6.8 GPE simulations@

Our results are well reproduced with the numerical simulations performed (as well
as the previous Section section theory) by Helgi Sigurdsson. The dynamics of the
spinor polariton condensate order parameter is modelled through a set of stochastic

driven-dissipative Gross-Pitaevskii equations coupled to spin-polarised reservoirs X
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feeding the two spin components ¢1 of the trap ground state condensate [141].

Zd:liO' — |:QU + % (RXU - F):|wa' + Ql‘wige*UiQUJt + eg(t), (64a>
dX,
dta - (FR + R’w0’2> XU + FS<X70 - XU) + P07 (64b>
Py
% =alfol" +C (X” i W) | (6.4c)

Here, 0 € {+,—} are the two spin indices, I'; describe the decay rate and spin
relaxation [170] of reservoir excitons. The reduced symmetry of the elliptical trap
shape, alongside TE-TM splitting from the cavity mirrors, causes fine-structure
splitting in the polariton condensate described by an effective in-plane magnetic
field 2 along the trap minor axis [2|. Consequently, the effective field rotates at a
frequency 2w. The other parameters are described in the previous Chapter and in
Chapter 3

A famous phenomenon corresponding to gux model and experiment is nuclear
magnetic resonance wherein a two-level spin (i.e., a spin 1/2 particle) is subject to
a time-dependent magnetic field B = (B, cos (2wt), B, sin (2wt), B,)*. In our case,
the time-dependent in-plane magnetic field corresponds to the oscillating birefrin-
gence from our spinning non-axisymmetric trap B,, = h€)/u where j is the Bohr
magneton. The out-of-plane magnetic field in our experiment comes from the spin-
anisotropic interactions between polaritons B, = A2, /u = k(24 — Q_)/p given by
Eq. (6.4c) which is non-zero when the pump beam is elliptically polarised P, # P_.
Notice that if the beam ellipticity is reversed then the sign of the effective field €2
flips.

As long as the exciton reservoir lifetime is bigger than polariton one we can write
pump as P, = Py(W cos? (0) + T'y) /(W +2I) and P_ = Py(W sin® () + ') /(W +
2T;) [8]. Here, Py is the total power of the pump, The calculated gg)v(T) is obtained
by replacing the operators aL and a, in Equation (3.8) with ¥, and 9, obtained by
solving the GPE in time.

The simulation results are depicted in Figure 6-8(c) and perfectly match with
the experimental findings and reproduce the resonance behaviour of the condensate

spin. The simulation parameters in units of w are as follows: I' = 100; € = 0.16;

130


ShuvaS
Squiggly


6.9. Conclusion Chapter 6. Optically driven spin precession in polariton condensates

R=6,G=02a=1W=0/4Tg=1,=1/2; Py=22ITg/R; \/n = 0.01.

6.9 Conclusion

To sum up, we have demonstrated the GHz rotation of the polariton condensate
spinor driven by the external stirring of the non-resonant optical trap. The induced
precession features exceptional stability and spin coherence and arises only in res-
onance with the internal condensate Larmor precession. The observed resonance is
reminiscent of the classical nuclear magnetic resonance effect. In our system, the
rotating exciton reservoir leads to the effective in-plane magnetic field, and ellipti-
cally polarised excitation creates an out-of-plane magnetic field for polaritons. In
analogy to classical NMR, the former plays a role of an NMR transverse field and
the latter is a holding field [165]. The effect is also closely related to the optically
driven spin precession observed in the dilute atomic gases [41].

Unlike the conventional spin switches implemented in magnets, polaritonics [117],
or VCSELs [158], our results show that condensate spin travels through all linear po-
larisation states on the equator of the Poincare sphere. The short polariton lifetime
(~ 5 ps) permits us to achieve GHz polarisation modulation, which is not feasible
for conventional polarisation modulators. Moreover, we achieve a 20-fold increase in
spin coherence and reach 174ns, which significantly increases the time of coherent
operations with condensate pseudo-spin. This opens up excellent prospects for novel
spin-optronic devices based on polariton condensates and utilisation of spin degree
of freedom for quantum computing [49]. The external spin drive can also be applied
in the study of the arrays of coupled polariton condengates [33].

All in all, the developed method of optical stirring W@WW
URWLR on pot%'ton condensate in time-periodic potentials. In the next Chapter, IS
just Slight O i and realise the classical "Rotating Bucket"

experiment with polariton condensate described.
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6.10 Disclaimer

The experiments were carried out by Ivan Gnusov and Stepan Baryshev under the
supervision of Pavlos Lagoudakis and Sergey Alyatkin. Ivan Gnusov analysed the

data, the numerical simulations had been carried out by Helgi Sigurdsson.
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Chapter 7

Vortices in "Rotating Bucket"
experiment with polariton

condensate

The method of the optical trap rotation described in the previous Chapter opens
great perspectives for the investigation of polariton condensates in the rotating time-
modulated potentials. Furthermore, the versatility of the optical setup coupled
with the accessibility of the wide range of the rotating uencies allowed us, for
the first time to realise the famous "Rotating Bucket" experiment with polariton
condensates. In this Chapter, we will introduce the details about the experiment
and developed theory while the study itself is published in the Science Advances

journal [3].

7.1 Introduction

Vortices are objects found in gases, fluids or light that are characterised by the
circulation of some physical quantity around their hollow core. Depending on the
character of the revolutions, there are quantised or continuous vortices. The simplest
example of a continuous vortex would be a vortex of water in the drain of a sink.

There, the speed of the rotating water can have any positive value and can be
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changed continuously by the external force. On the other hand, in the quantised
vortices, the speed of the particles, or other characteristic values, in the vortex
can have only a restricted set of values. Vortices are inherent’fqr different systems
and widely found &W}&/@@R@ ranging from the enormous few thousand
kilometres vortices on Jupiter [171] and cyclones in Earth’s atmosphere to tiny
micrometre-size vortices in superconductors [172] superfluids [44, 45|, Bose-Einstein
condensates [42, 43] and optical vortices[173]. Vortices have drawn the attention of
researchers over the last century both from a fundamental and applications point of
view. Material vortices could become the building blocks of quantum information
processing [174|. Optical vortices can magnify data transferring capabilities [175]
of the optical communication line through the channel multiplexing with an orbital
angular momentum. The vortical optical beams can also benefit optical tweezers
allowing efficient manipulation and stirring of nanoobjects [176, 177|.

Vortices in conventional fluids appear due to viscosity and carry continuous
angular momentum dictated by external forces. On the other hand, superfluids
demonstrate remarkable properties which are drastically different from conventional
fluids [178]. The absence of viscosity and quantum nature results in the quantisation
of the orbital angular momentum in superfluid vortices [44|. The "rotating bucke%]
experiment is a famous manifestation of this effect.

In this experiment, the superfluid is held in the rotating container, and depending
on the stirring frequency, on% more quantised vortices are observed in the bulk
of the fluid (see schematic in Figure 7-1(n)). The behaviour of the superfluid can
be described by a macroscopic wavefunction W,(r) = A(r)exp(i®(r)), where A(r) is
the amplitude of the wavefunction and ®(r is its phase. The velocity [179] of the
superfluid is proportional to the gradient of the phase vy = (A/m)V®(r), where m
is the mass of the particles in the superfluid. Further, directly from the definition

of vy, it follows that

V X vy = 0. (7.1)

(the curl of the gradient is zero) meaning that the superfluid is irrotational.

In fact, below some critical rotation frequency, the superfluid remains stationary
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(Landau state). However, when the superfluid is stirred faster, the Landau state
becomes unstable, and the vortex appears. The condition (7.1) can be satisfied if
the superfluid has lines of normal fluid in bulk with the quantised circulation of the
superfluid around this core. The circulation on the closed contour around the vortex

core is then given by

2
]{vsdr = Lhn (7.2)

m

where n is an integer which depends on the rotation speed of the container. So
the faster one rotates the superfluid, the more vortices will appear. Overall, the "ro-
tating bucket experiment" is one of the most significant demonstrations of superfluid
state and is often used for the conformation or refutation of the superfluidity in the
system.

The "Rotating bucket" experiment was implemented with different isotopes of
superfluid He [45, 179, 180]. The vortices there were detected by nuclear magnetic
resonance and by imaging the trapped electrons (ions) in the vortex core. The
vortices ph,%lgraphed by the latter method by E.J. Yarmchuk in 1979 are depicted
in Figures 7-1(a-1). The rotation of the reservoir was realised mechanically, and
vortices were formed at frequencies less than Hertz. As it was discussed previously,
the number of vortices depends on the reservoir rotation speed, and the step-like
frequency dependence of the vortex number reported by R. E. Packard in 1972 [181]
is presented in Figure 7-1(0). It was realised by the measurement of electrons injected
and trapped in the vortex core depending on the rotation frequency.

Quantized vortices were also observed in atomic Bose-Einstein condensates [57]
(BEC). The numerous ways of vortex generation were developed there, including
direct imprinting [102] and condensate rotation [42|. Similarly to the superfluids,
the condensates in the rotating reservoir demonstrated the quantization of angular
momentum and growth of vortex number with increasing rotation speed [42]. The
stirring of the condensate was performed by the magnetic field [182], optical field [43]
or the interplay between spin components of the condensate [183]. The stirring of
the laser profile around the BEC (see Figure 7-2 (a)) was shown to result in a vor-

tex nucleation inside the BEC [183]. Below the critical stirring frequency, K.W.
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Figure 7-1: (a-1] The photographs of the vortex arrays in the rotating superfluid He
IT obtained by imaging of the trapped ions. The angular velocities were (a) 0.8057! |
(b) 0.80s7% , (c) 0.40s7'i, (d) 0.87s7! , (e) 0.45s71, (f) 0.47s7', (g) 0.47s7!, (h)
0.45s71, (i) 0.86s71, (j) 0.55s71, (k) 0.58s7!, and (1) 0.59s7!. The images (a-1) are
adopted from [45]. (n) Adopted from [179] and shows the schematic of the "Rotating
bucket" experiment with the superfluid, the yellow lines represent the vortex lines,
and the black arrows depict the direction of the reservoir rotation and the vortices
circulation. (o) The image is adopted from [181]. The step-like vortex number
dependence (measured as an electrometer output) on the angular velocity. R and «
correspond to the vessel size and angular acceleration, respectively.

Maddison and co-authors [183] did not observe the vortex in the condensate (see
Figure 7-2(b). While increasing the rotation higher than 150 Hz, they observed
one and then multiple vortices depicted in Figures 7-2(b-g). Interestingly, by in-
creasing the gxing even more, scientists revealed the turbulent condensate pattern
followed by the complete depletion of the condensate. Due to the instability of the
condensate, they were not able to measure the step-like vortex number frequency
dependence. However, theoretically, it is shown that the frequency dependence [184]
is qualitatively similar to that of the superfluid He (see Figure 7-2(h)). Due to the

properties of the BEC, the rotations speed required for the vortex generation is on
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the order of hundred Hertz, [42], which can be relatively easily realized in the exper-
iment, for example, by the deflection of the stirring laser beam with acousto-optic

modulator [183] .
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Figure 7-2: The schematic of the vortex generation in BEC setup with stirring
laser. The i(;;ijge is adopted from [102]. The panels (b-g) are adapted from [183].
The images of the BEC stirred with the laser beam at (b) 145 Hz, (c) 152 Hz,
(d) 169 Hz, (e) 163 Hz, (f) 168 Hz. The black regions in the condensate bulk in
(b-f) correspond to vortices. (g)Different regimes of the condensate depending on
the rotation frequency. The panel (h) is adopted from [184] and shows the angular
momentum per particle [ of the rotating condensate versus the angular velocity of
stirring. The 3D insets correspond to condensate density distribution.

Overall, the "Rotating bucket" experiment is a classical experiment carried out
with the superfluids. In the scope of this thesis, we wanted to recreate the same
experiment with polariton condensate. Being the non-equilibrium systems, polariton
condensates, though, share a lot of similarities with the material systems described

above (superfluids and atomic BEC). Namely,

1. As it was described in Section 2, polaritons are shown to be a superfluid.

2. In essence, polariton condensates are Bose-condensates and have nu-

merous similarities with atomic BECs.

3. Many experimental and theoretical works have demonstrated that polariton

condensates can have vortices (see section 2).
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7.2. Experimental setup Chapter 7. Vortices in "Rotating Bucket" experiment with polariton condensate

Thus, realising the "Rotating bucket experiment" should be feasible for polari-
tons. However, it has not been realised experimentally to date, with the scarce
theoretical investigation [185]. That has its roots in polariton typical time scales -
picosecond lifetime and nanosecond coherence time of the condensate requires excep-
tionally high (at least GHz) rotation speed, which is challenging to implement with
the existing experimental techniques. In this thesis, we overcame this hurdle and,
indeed, were able to stir the polariton condensate and observe the vortex formation.

The details are described below.

7.2 Experimental setup

To implement the "Rotating Bucket" for polaritons, we utilise the same experimental
setup described in Section 6.2. Figure 7-3 schematically depicts the excitation part
of the setup. Similarly to the previous experiment, we apply the perfect vortex
mask [122] on both of the SLMs. Both applied masks are identical except for the
charge of the vortex imprinted. So that we either have optical angular momentum 1
on the SLM; and -1 on the SLM; or vice versa (see Figure 7-3). For this experiment,
the intensities of two excitation lasers are equal. The resulting optical patterns
from both SLMs are overlapped on the beamsplitter, and their dumbbell-shaped
beating pattern rotates with the frequency described in the previous Chapter in
Equation (6.1). The photon-exciton detuning is -3.2 meV, and other details of
the experimental setup configuration are described in Chapter 3 and Ref. 3]

The rotating nonresonant laser pattern is projected on the sample and has a
diameter of 14 um. It acts as a "rotating bucket" for the polaritons confining and
stirring condensate simultaneously. The non-uniform intensity of the laser pattern
creates an asymmetric optical trap for polaritons. The asymmetry acts as rough
walls of the reservoir and allows %]&%W torque to the polariton condensate
and stir it. Nonresonant optical trap [28| feeds the condensate and decreases the
overlap of the condensate with the reserv[j%:]minimizing their interaction and increas-
ing the condensate coherence time. Consequently, at higher stirring frequencies, a

ring-shaped condensate pattern forms in the middle of the trap.
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7.3. Vortex observation Chapter 7. Vortices in "Rotating Bucket" experiment with polariton condensate

Figure 7-3: The excitation part of the experimental setup. The beating of two
modified with the SLMs and frequency-detuned lasers forms the rotating in-time
laser pattern utilised as the confining and stirring potential for polaritons. The

red-scaled images show the excitation lasers’ profiles, and the grayscaled images are
SLM masks for corresponding pattern generation. The figure is adopted from |[3]

7.3 Vortex observation

The condensate should "feel" the rotation of the trap, so the stirring should be of
the order of its coherence time (less than 1 ns for our system [81]). This means
that GHz pump rotation frequencies can cover several periods within the coherence
time of the condensate, which can result in a deterministic vortex formation of
definite OAM angular momentum. So we are seeking the vortices appearance in the
rotation range of 1 GHz and higher. We set the lasers frequency difference Af to
4.6GHz and (ly,l3) = (1,—1), and pumping power to P = 1.1Py,, where Py, is the
condensation threshold pump power. The laser excitation pattern is thus rotating
counterclockwise with f = 2.3GHz. Polaritons condense, and we observe annular
condensate intensity distribution with zero intensity in the middle Figure 7-4(a)).
Detecting the dispersion of the condensate PL, we find that condensate occupies a
single energy state (see Figure 7-4 (b)) corresponding to the first excited mode of
the confining potential [29].

To find out if the condensate is in the vortex state, we perform the homodyne
interferometry (see Section 3.3.3 and Ref. [24] overlapping the condensate emission

with the reference plane wave laser. The interference pattern depicted in Figure 7-
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(A3) ﬁﬁjahg

2 um

Figure 7-4: (a) Spatial profile (normalised) of the polariton condensate in rotating
trap f=2.3GHz (Af is 4.6GHz and (l1,l3) = (1,—1)). The white dashed line repre-
sents the circumference of the optical trap. (b) Corresponding normalised dispersion
of the condensate emission (in logarithmic colour scale). (c) Interference pattern of
the condensate with the plane reference wave revealing the fork-like fringe disloca-
tion (enlarged). (d) Retrieved phase distribution demonstrating phase dislocation
and phase winding from 0 to 27. The scale bar for Figure (c) is depicted in (a). The
Figure is adopted from [3].

4(c) reveals the fork dislocation implying the winding of the condensate phase.
Reconstructing the phase by the off-axis digital holography (see Sectiog, \3,3%”6
retrieve the phase pattern presented in Figure 7-4(d). The phase of the condensate
wave function possesses a singularity in the centre corresponding to the minimum
intensity distribution. The phase circulates the singularity changing linearly from
0 to 27 in a counterclockwise direction corresponding to the quantised vortex with
topological charge [ = 1. Thus, we got that the phase winding of the condensate is
co-directed with the rotation direction of the pump and polaritons in the condensate
co-rotate with the optical trap.

We note that for the trap with the same diameter but without the rotation
(using just one excitation laser) depicted in Figure 7-5(a), we do not observe the

formation of the vortex in the condensate. Instead, a dipole or ground state is
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7.3. Vortex observation Chapter 7. Vortices in "Rotating Bucket" experiment with polariton condensate

formed with different pumping power (see Figure 7-5 (b-d)). This 5%@3@ the fact
that we do, AQk LRASSQRANAy imprint [90] any OAM to the condensate and the

vorticity observed for the rotating trap is dictated by the "mechanical" stirring of

the condensate with the laser pattern.

[
" |lh' PR
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1 1.1 1.2 1.3
Pump Power, P/Py,

Figure 7-5: (a) Experimental pump profile of one of the excitation lasers. The con-
densate PL in the stationary optical trap (a) with 14 um diameter at a pump power
of (b) 1.1Pth and (c) 1.3Pth. (d) Corresponding energy resolved power dependence
of the condensate PL, showing an eventual departure from the excited state into the
trap ground state. The white dashed line in (b) schematically depicts the annulus
of the laser pump profile.

The direction of the trap rotation is governed by the excitation lasers profiles.
Namely, following the equation (6.1) it is worth ing that stirring can be inverted
by swapping the angular momenta on the SLMs or by changing the frequency de-
tuning sign Af. To test this relation, we measure the condensate phase for different
possible configurations of Af and Al. The results are summarised in Figure 7-6,
where we show the condensate phase for 4 different cases. The phase profiles pre-
sented in Figures 7-6(a,b) correspond to Al = 2 and ¢,d to Al = —2. Figures 7-6(a,c)
shows the positive laser frequency detuning A f = 4.6 GHz and Figures 7-6(b,d) de-
pict the negative one Af = —3.7 GHz. The corresponding four scenarios all result
in a polariton fluid co-rotating with the pump pattern with nearly constant angular
phase gradient around the phase singularities (see circular line profiles of the phase
in lower panels). So that for the same experimental conditions (pumping power,
trap size etc.), at the same spot on the sample, we can deterministically achieve
the condensation in the vortex (Figures 7-6(a,d)) and anti-vortex (Figures 7-6(b,c))
states only by controlling the trap rotation direction.

The repulsive interaction between the "dumbbell" exciton reservoir and polari-
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7.4. Frequency dependence Chapter 7. Vortices in "Rotating Bucket" experiment with polariton condensate

f:=1pfz='1

(a) Af>0

Figure 7-6: Condensate phase distribution for [; =1, Iy =-1 of the first and the
second excitation lasers respectively and (a) Af = f; — fo > 0 =4.6 GHz and (b)
Af < 0= —3.7GHz. Rel-space phase of the condensate for I; =1, I =1 and (c)
Af =fi—f,>0=46 GHz and (d) Af < 0 = —3.7GHz. The red and green
insets in each panel depict the corresponding circular phase profile taken along the
circle with 2.6 pm around the phase dislocation. The figure is adopted from [3].

tons leads to the steady polariton flow when the trap rotates, forming the vortex

state with a topological charge dictated by the direction of the stirring.

7.4 Frequency dependence
= | ,,

{1 DO tere c

oerdetcs,, Analogously to the superfluids [44] and BECs [43] vortex in the polariton

otati ! i is [ cyades

condensate appears only above some critical rotation frequency. Putting OAMs of
two excitation lasers to have [y =1, [y =-1 and varying their frequency detuning,
we find that the vortex appears for the stirring frequencies f above 1 GHz for both

clockwise and anticlockwise directions. Below that frequency, the condensate experi-
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7.4. Frequency dependence Chapter 7. Vortices in "Rotating Bucket" experiment with polariton condensate

ence adiabatic rotation of the trap since the rotation period is much bigger than the
characteristic timescales of the condensate (coherence time and polariton lifetime).
In this case, the condensate is poorly confined. Some part of the condensate under
slow rotation forms directly in the pump ring, and some part is inside the trap. The
condensate intensity distribution for f = 50 MHz is shown in Figure 7-7(a). Note
that the uniform level of the condensate population across the trap corresponds to
polaritons leaking from the trap. This is additionally confirmed by the high mo-
menta and energy occupied by the condensate (see PL dispersion in Figure 7-7(b)).
In contrast, at f = 2.5 GHz, condensate occupies the vortex state at the first excited
level of the trap (see Figure 7-7(c,d)). When the rotation velocity is increased even
higher to 10 GHz, the vortex disappears, and condensate occupies the Gaussian

ground state of the optical trap (see Figure 7-7(e,f)).

S=0.05 GHz f=25GHz =10 GHz

2 0 2 -2 2

. - (1]
k, (um) ke (um'?) ky (um?)

{n2) ABiaug

Figure 7-7: Time-integrated condensate intensity profiles (a,c,e) and dispersion
(b,d,f), when externally stirred at f = 0.05, 2.5 and 10 GHz respectively. The
white dashed lines in panels (b-f) depict the lower polariton branch dispersion. The
black dashed line is to guide the eye and compare the energy of the condensate at
different rotations.

For retrieving the frequency dependence, we interfere the condensate PL with
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itself (displaced and retro-reflected); this method is described in Section 3.3.3. The
examples of two studied interference patterns are presented in Figures 7-8 (a-b).
The panel (a) corresponds to the f = —2.5 GHz; the direct condensate intensity
distribution is circled with the green dashed circle while its retro-reflected copy
is highlighted with the purple one. Figures 7-8(c-g) depict the condensate phase
distributions for different rotation frequencies and corresponding unwrapped phases
(black dots) around the dislocation. The red solid line corresponds to the phase
distribution of the ideal vortex and depicts the linear phase gradient going from 27 to
zero. Note there the difference between the unwrapped experimental phases and the
"ideal " ones. This difference appears due to various reasons. First, overlapping the
condensate to itself leads to the interference of two non-flat phase fronts resulting in
phase scrambling. Second, the condensate can simultaneously occupy neighbouring
energy states (ground and excited states of the trap), leading to a mixture of phases
corresponding to specific energy states. And finally, condensate may not possess the
angular momentum and can occupy the ground or dipole state of the optical trap.

To characterise the behaviour of the condensate under different rotation frequen-
cies, we investigated the condensate phase in single 10 us excitation realisations
(single-shots) when it interfered with itself. For each studied rotation frequency and
fixed total pump power, we measure 100 interference shots and calculate the number
of vortices in this set. In order to take into account different possible phase configu-
rations in the condensate and correctly identify vortices in a big set of experimental
data (more than 2000 realisations of the condensate in total), we develop a vortex

sorting algorithm. This algorithm consists of the following steps

1. For each 10 us shot , we retrieve the phase distribution with the off-axis digital
holography.

2. We approximately identify the position of the phase dislocation and retrieve
the circular phase profile with 2.6pum diameter around it (see black dots in

Figures 7-8(c-g)).

3. We transform the phase profile so there is no 27 phase jumps when it goes

from the beginning to the end of the profile.
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NRMSE=0.19 NRMSE=0.3 NRMSE=0.7

Figure 7-8: Condensate emission (green ring) interfered with the retro-reflected and
displaced copy of itself (purple ring) at f = —2.5 GHz (a) and f = —8.2 GHz (b).
The green and purple dashed circles in (a-c) schematically depict the contour of
the condensate for direct and retro-reflected copy, respectively. (c-g) Examples of
the condensate phase distribution for different realisations with a 10 us excitation
pulse width. The bottom panels of (c-g) represent the annular line profile with a 2.6
pm diameter around each phase singularity unwound starting from the black-white
colour dislocation and compared to the phase profile of a perfect antivortex (red
line). In panels ((c) and (d)) f = —1.5 GHz, and in ((e) and (f)) f = —3.8 GHz,
and in (g) f = —8.2 GHz. The figure is adopted from |[3].

4. We calculate the normalised root mean square error (NRMSE) of the exper-
imental phase profile curve and the theoretical ideal one (solid red lines in

Figure 7-8(c-g)). The NRMSE is given by

N
1 ) )
NMRSE = N Z cos(0y,) — cos(bidgearn))? + (sin(0n) — sin(bidearn))?]

(7.3)

|

where 0,,,0i4ca1,n are the corresponding value of the experimental and ideal

vortex profiles, respectively. N is the number of points in the experimental
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unwrapped phase profile, N = 50. NRMSE can have values from 0 to 1, with
0 corresponding to the ideal phase profile and 1 to the vortex of different

winding.

5. We find that the value of NRMSE strongly depends on the centre position of
the circular phase profile. In order to eliminate this dependence, we scan the
position of the profile centre and retrieve the set of NRMSE values for the
given phase distribution. Namely, we scan the centre position in the square
with the side of 2.6 um corresponding to the 40 by 40 pixels square around
the initially chosen profile position. Then, we repeat steps 1 - 4 for each new
profile centre position and retrieve an array of 1600 values of NRMSE for the

given phase shot.

6. We choose the minimal value over the 1600 NRMSE received at the previous
step.

7. We repeat steps 1-6 for the other 99 phase distribution shots for each rotation
frequency (100 shots of the phase distribution for each rotation frequency in

total).

8. Further, we consider having a vortex (antivortex) only for those shots when
the calculated NRMSE value is smaller or equal to 0.2. See, for example,
Figre 7-8(e) for typical phase distribution with the extracted value of NRMSE
= 0.19 close to the threshold error value. The number of shots fitting this
condition allows us to consider the probability of the vortex appearance for

different rotation frequencies.

9. The previous steps are performed for every studied stirring frequency and
corresponding 100 condensate realisations. The results are then summarised
in Figure 7-9. Note that we also multiply the number of vortices in the set by

its topological charge in order to make results more vivid.

The vortex appears in the condensate for stirring frequencies from 1 to 4 GHz

(see the blue graph in Figure 7-9), so the critical frequency of the vortex formation
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Figure 7-9: Blue points: the number of condensate realisations with vortex out
of 100 for each rotation frequency f multiplied by the corresponding topological
charge of the vortex [ = +1 . Red points: average angular momentum < [ > of the
condensate over 40 simulation runs. The figure is adopted from [3].

in the "rotating bucket" experiment with polariton condensate is 1 GHz (for 14um
optical trap). Remarkably, the probability of finding the vortex in the condensate
at the middle of the diapason (approximately at 2.5 GHz) is close to 1 for both
stirring directions. That allows us to observe the vortex even when condensate PL
is integrated over thousands of condensate realisations and underlines the robustness
of the developed vortex generation technique.

The flipping of the v charge with the rotation frequency discussed in Fig-
ure 7-6 is evident in Figure 7-9(a) as well. For small rotation frequencies, f € [—1, 1]
GHz, due to the finite exciton recombination time, the exciton reservoir induced by
the dumbbell-shaped excitation pattern is not sufficiently populated to build a con-
fining repulsive potential for a quantum vortex to form. On the other hand, for big
rotation frequencies, | f| higher than 4 GHz, the asymmetry of the exciton reservoir
is smeared out, resulting in a cylindrical symmetric trapping potential that does not
exert sufficient torque to the condensate for inducing the formation of a quantum
vortex state. In other words, the rotation is so fast that the reservoir perturbation

does not decay fully for the one rotation period and condensate experiences the
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uniform trapping potential without any rotation and forms in the ground state of
the trap. To understand the physics of the condensate in the rotating trap in more
detail, g perform the numerical simulation of our system with the Gross-Pitaevskii

equation.

7.5 Numerical simulation
of 2D Gross-Pitaevskii equation.

This simulation was carried out by Dr Helgi Sigurdsson from the University of
Iceland and Dr Stella Harrison from Southampton University.

The polariton system in the rotating potential is modelled with the generalised
Gross-Pitaevskii equation coupled to active and inactive exciton reservoirs n (r, t)
[131]. The polariton condensate is described by macroscopic two-dimensional wave
function W(r,t). The active reservoir (bright, s = +1) excitons undergo bosonic
scattering into the condensate, whereas the inactive reservoir (dark, s = +2) excitons

are not allowed to scatter into it:

oV h?v? 5 th
ona 2
s =—(Ta+ R|V|*)ns+ Wny (7.5)
0
% = —(C; 4+ W)n; + P(r,t). (7.6)

Here, m is the effective polariton mass, G = 2¢g|X|* and a = g|X|* are the
polariton-reservoir and polariton-polariton interactions strengths, respectively, where
g is the exciton-exciton dipole interaction strength and |X|? is the exciton Hopfield
coefficient. R is the rate of stimulated scattering of polaritons into the condensate
from the active reservoir, 7 is the polariton decay rate, I'4; are the active and
inactive reservoir exciton decay rates, W is the inactive to active reservoir exci-
ton conversion rate, and P(r,t) describes the nonresonant rotating pumping profile

described as follows:
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P(r,t) = P(r) ‘ei(llafwlt) I ei(’29*w2t)|2

= 4P(r) cos® ( _2l2)0 _ _2w2)t : (7.7)

where P(r) is the annular intensity profile.

As we have described above, the shape of the exciton reservoir-induced poten-
tial changes with the rotation frequency, thus affecting the condensate and vortex
appearance. To check this, we seek the solution of the Equation (7.6). It reads as

follows:

ni(r,t) = e- WD 4P(1) (0, t) + ny(r, 0)] (7.8)

where

(W4T ) cos? (0 — wr) — wsin [2(0 — 7)) + 72 |

I — »(W+T7) WAL | ‘
(0,8) = e (W +17)2 + 42 (7.9)

Here, 9_ = (ll — l2)9/2, and w = (w1 — WQ)/Q.
Thus, in the limit of the slowly rotating trap (w— > 0), we get

- P(r.1)
nrr ~ .
s WH+Lr>f W + F]

(7.10)

So the inactive exciton reservoir’s shape follows the pump’s shape. The same
argument can be applied to the active reservoir n(r,t) assuming that nonlinear
effects are weak and that the decay rate I'4 of the active reservoir is fast, i.e. I'y >
f', R|W|?, then it will also adiabatically follow the dynamics of the inactive reservoir,
_ Wny(r,t) P(r,t)

= (7.11)

1 )
nalm |, T, TA(1+T,/W)

On the other hand, for the case of very fast rotation, the effective shape of the
reservoirs is changing. This corresponds to W +1I'; < f, an inactive reservoir then

becomes cylindrically symmetric and time-independent and does not induce any
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torque to the condensate.

ny(r) ~2P(r)/(W +Ty) (7.12)

W4+ < f

The same applies to the active reservoir.

To sum up, the estimate of the exciton reservoir shape confirms our hypothesis
on its effect on the vortex formation in the condensate under rotation.

Furthermore, we solve the Equations (7.4)-(7.5) numerically using a linear mul-
tistep method. The parameters used in the simulation are inherent to our sam-
ple [56]. Namely, m = 5.3 x 10~mg where mq is the electron mass, v = = ps~',
g =1peV um? and | X |* = 0.35. The remaining parameters are enumerated through
fitting to experimental data, giving R = 0.01 ps™!, and W = 0.05 ps~!. The P(r,t)
term is similar to the experimental one.

Given these parameters, we reproduce the annular distribution of the condensate

intensity and a phase winding co-directed with the pump rotation (see Figure 7-10).

Figure 7-10: Simulated time integrated real-space intensity (a) and instantaneous
phase (b) of the condensate at f = 2 GHz demonstrating the formation of the
quantised vortex after 800 ps of numerical integration. The figure is adopted from [3].

Moreover, the numerical solution of the Gross-Pitaevskii equation (7.4)-(7.5)
gives an insight into the exciton reservoir shape at different rotation frequencies.
So the snapshots of the exciton reservoir at different stirring retrieved numerically
are depicted in Figure 7-11. It is evident from the reservoir snapshots obtained by
the simulation that the active reservoir follows the shape of the rotating excitation
laser pattern for low frequency (see reservoir distribution at 0 GHz). Increasing the

frequency of rotation to 5 GHz, we observe the smearing of the exciton reservoir;
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the reservoir’s shape now allows us to confine condensate in the vortex state while

still inducing the torque to the condensate, making it adopt external rotation.

= 0GH:= f=5GH:= = 10GH:=

Figure 7-11: The active reservoir distribution snapshots for 0 GHz, 5GHz, and 10
GHz rotation frequency.

As it was estimated above, for the higher rotations the shape of the active reser-
voir is completely uniform, the numerical results are presented in Figure 7-11 for 10
GHz rotation. Such an effective trap for the condensate does not rotate; thus, the
vortex in the condensate disappears at higher frequencies.

Moreover, simulations allowed us to directly retrieve the value of the angular
momentum acquired by the condensate in the rotating trap. For each rotation
frequency in the range from minus to plus 10 GHz, f/, we calculate 40 unique
realisations, each starting with different random initial conditions. Further, they
are integrated forward in time until converging to a final state. The expectation

value of the OAM in the condensate plotted in Figure 7-9 with red dots is written,

(W|L.|¥)

0= 5oy (113)

where L, is the angular momentum operator. Notice that the simulated values of
the averaged orbital angular momentum qualitatively reproduce the experimental

data.

7.6 Why the second vorte=
does not appear?

So far, we have demonstrated the appearance of the vortex in the condensate above

1 GHz critical rotation frequency and also explained its disappearance at a higher
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rotation frequency. But why the second vortex does not appear in our system as it
does for the superfluids and atomic BEC? We perform a series of excitation power
scans to shed light on this question. Namely, we do energy-resolved pump power
scans. For this measurement, we detect the condensate PL dispersion, integrate it
over the wavevectors, and then stick together the resulting graphs for different pump
power. The results are depicted in Figure 7-12(a-c).” Ngticg that the polariton gas is
broadly distributed below the threshold across several energy branches. As soon as
the threshold is achieved, bosonic stimulation occurs, and the polaritons populate a

specific energy state with clear spectral narrowing and intensity increase.
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Figure 7-12: Condensate energy spectrum pump power dependence for (a) f =
1.4GHz (b) 3.1 GHz, (c) 8.2 GHz. (d) Intensity power dependence for two values
of rotation frequencies demonstrating the different no-linear growth of condensate
emission in intensity.

When scanning the pump power, we observe a transition from the excited branch
(corresponding to the first excited state of the trap) to a lower energy branch imply-

ing that the condensate vortex eventually destabilises and collapses into the ground
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state for higher powers and higher rotation frequencies. This dynamics is gener-
ally inherent to our sample and was reported in [186]. For f = 1.4 GHz above
the condensation threshold, the condensate is formed in the first excited state of
the trap and contains a vortex (see Figure 7-12 (a)). However, when the power is
increased to 1.25PF;,, condensate falls to the ground state (with the lower energy)
and does not have the phase singularity inside. The effective potential confining
the polaritons changes with the rotation frequency as we described above, leading
to the redistribution of condensate energy levels. So that when the trap is rotated
faster, the ground state appears earlier at pumping power, and for f = 3.1 GHz,
the ground state is formed already at 1.2P,;, (see Figure 7-12 (b)). On the contrary,
for the f = 8.2 GHz depicted in Figure 7-12 (e), the condensate falls to the ground
state immediately above the condensation threshold. These findings support the
disappearance of the vortex at high rotation frequencies presented above.

For the 14um trap, we do not observe the increasing number of vortices in the
condensate for bigger rotation frequencies. As shown, the trap configuration and
system response at the higher stirring rates do not sustain the first excited state and,
consequently, the vortex. The ground state can not support a stable vortex solution
due to the minimal required vortex size or healing length. For the same reason, the
condensate populating the first excited state could not sustain more than one vortex

inside.

7.7 Intensity power dependence

Additionally, we investigate the intensity of the condensate emission versus pump
power for different rotation speeds. First, we find that the condensation thresh-
old changes when we alter the rotation frequency. Interestingly, it grows for bigger
rotation frequencies. The smearing of the exciton reservoir at high rotation fre-
quencies makes the effective area of the exciton reservoir bigger and, ergo, requires
bigger pump power in order to achieve the critical concentration of polariton for
condensation. On the other hand, for the slow rotations, the critical concentration

is achieved within a period of the rotation and effectively acts as a static potential
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for polaritons.

As we have described above, the higher GHz rotation speed makes the exciton
reservoir more uniform, and thus, polaritons are more confined in the optical trap.
This leads to a decrease in the polariton leakage from the cavity and, as a result, a
bigger concentration of polaritons in the condensate. It is evident from the intensity
power dependence curve obtained for two rotation frequencies f = -3.2 GHz and -8
GHz depicted in Figure 7-12 (d). Note the sharper non-linear increase of the PL
intensity at -8GHz indicating the smaller number of losses in this system compared
to the slower rotation. To sum up, by altering the stirring frequency, we can engineer
the properties of the polariton condensate, namely its emission intensity, energy and

phase.

7.8 Bigger rotating traps

(a) d=16um (b} d= 18um

Figure 7-13: (a) The phase profile of the condensate in the rotating trap with 16 gum
diameter d at f = 3 GHz demonstrating two co-rotating vortices in the condensate.
(b) The phase profile of the condensate in the rotating trap with 17.5 pum diameter
d at f = 3 GHz demonstrating 3 vortices. The insets in (a) and (b) represent the
real-space condensate intensity distribution.

The optical trap of a bigger diameter can host a%]ggg; number of states [29]. We
increase the diameter of the rotating trap to d = 15.4um. The condensate now can
occupy the second excited state of the trap, and as a result, we observe two vortices
in the condensate for f = 3 GHz. As it was for the smaller trap, vortices, in this
case, also co-rotate with the rotating potential and appear in the finite range of the
stirring frequencies. Increasing the pump ring diameter even further to 17.5um, we

observe the state with 3 vortices with the same OAM. However, the energy structure
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of the condensate at a bigger trap size is complicated by the fine energy splitting
reported in |7]. This splitting is on the order of the stirring frequency and can
affect the state of the condensate in the rotating tran_ However, the investigation of
the bigger rotating trap is ongoing in our lab and%&%ww of this thesis.
Nevertheless, the possibility of on-demand generation of the co-rotating clusters of

vortices is exciting both from the fundamental and application point of view.

7.9 Conclusions

Alt%all, we have demonstrated an analogue of the “rotating bucket" experiment for
Uil of ight based on exciton-polariton condensates under a nonresonant
time-periodic drive. The “rotating bucket” experiment has previously been demon-
strated as means to generate quantised vorticity in superfluids [187] and ultra-cold
atoms [42, 43, 188, 189], but its investigation for nonequilibrium quantum fluids
has lacked attention. We achieve the rotation by utilising the beating note of two
esonant, single-mode, frequency-stabilised and controllably detuned lasers that
inject the condensate in an optical trap that rotates at GHz cx. In the range
of rotation frequencies, a quantised vortex with a phase winding codirected with
the trap rotation is formed. By controlling the orbital angular momentum and the
frequency detuning of the excitation lasers, we can deterministically drive the vortex
phase winding from clockwise to counter-clockwise. Similarly, to the conventional
superfluid, vortex in polariton condensate appears only above the critical rotation
frequency, which in our case, is 1 GHz. Moreover, the vortex holds in the range of
stirring frequencies from 1 to 4 GHz, with a 100 % probability of appearing in the
middle of the diapason. The interesting diff; ce between our dissipative quantum
tem and normal superfluids is that the OAM of the polariton condensate does
not increase with the bucket rotation speed but instead decreases.
Our results pave the way towards the comparative studies of the polariton con-
densate on par with other superfluids. For example, in liquid helium, the required
rotation frequencies for the generation of quantised vortices are in the sub-Hz range.

In contrast, in atomic condensates, it is in the hundreds of Hz range (see respective
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Figure 7-14: "Rotating bucket" experiment in different systems. The top row rep-
resents the vortices in the stirred superfluid He alongside the characteristic fre-
quencies of their appearance that are on the order of 1 Hz. The image is adopted
from [45]. The middle panel represents the images of the vortices in the rotated BEC;
the required rotation frequency is in the order of 100Hz. The images are adopted
from [183]. The bottom panel represents the results of the "Rotating bucket" exper-
iment with polariton condensate (Intensity and phase distribution). The character-
istic frequencies of the vortex appearance are around 1GHz. The image is adopted
from [3].

panels in Figure 7-14). Whilg in polariton condensates, as we have demonstrated

here, the required rotation frequencies are 7-8 orderﬁ,%i]gher and lay in the GHz range

(bottom panel of Figure 7-14). In this sense, the giant baskgiquud of the studies

of BEC of superfluid applied to polaritons in conjunction Wit}%i;zeatures of
i

polaritons itself could result in numerous intriguing findings an research.

The investigation of polaritons in rotating potentials has risen a big interest in
the polaritonics community. In parallel with our study another experimental obser-
vation of the acquisition of angular momenta by externally stirred condensate has

been reported by Y.V.I. Redondo [190]. Scientists experimentally investigated the
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angular momentum of the condensate formed by the similar technique. Interestingly,
&;%:]Ww the rotating trap was formed by the combix%']on of Gaussian and
Laguerre-Gaussian (I = 1) beam (in contrast to our work), they observed the ro-
tation of the condensate and vortex formation in the similar GHz frequency range.
Moreover, the recent theoretical study [191] comprehensively considers the theory
of the vortex formation in the rotating trap and investigates the coupling and for-
mation of the states with different OAM. Another theoretical work [192] from the
same group reports on the spin effects of the condensate in the rotating potential.
Our findings demonstrate an unconventional GHz stirring method for the gen-
eration of robust polariton condensate vortex states co-rotating with the stirring
direction. We also provide evidence that time-periodic driving can fundamentally
affect the dynamics of the excited polariton condensate and, thus, the emission
properties of the microcavity. Notably, we have shown that the emission intensity,
and spectral composition of the condensate depend strongly on the pump rotation
speed. This opens new perspectives on Floquet engineering 39, 40] in the strong
coupling regime and spatiotemporal control of nonlinear fluids of light. With the
rapid advancements in creating extended polariton networks [32], our method can
be used to engineer vortex arrays with controllable OAM to study the complex in-
lay of polarisation, OAM in polariton lattices. Moreover, polariton condensates
AR AR RN LR XA RSICRBIUCIOL AL for generating a nonlinear structured
light. In particular, polariton vortices can be used for various applications ranging
from classical [32, 47, 193] and quantum computing [49, 194| to super-resolution

imaging [195] and optical manipulation of small objects [196].

7.10 Disclaimer

The experiments were carried out by Ivan Gnusov under the supervision of Prof
Pavlos Lagoudakis and Prof Sergey Alyatkin. Ivan Gnusov analysed the data; the
numerical simulations were carried out by Dr Helgi Sigurdsson and Dr Stella Harri-

SO1l.
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Chapter 8

Conclusion and outlook

Overall, in the scope of this thesis, we have realised the all-optical spinor and
vorticity control of polaritoE%ndensate in the optical traps. Below we list the main
findings of this work and gRaclats on their possible applications as well as further
research directions.

The main findings of the thesis can be divided into two parts: obtained for the
static optical trap and for the rotating one. We have utilised two types of static
laser patterns to excite polariton condensate - the annular and elliptical ones. For
the symmetric trap (Chapter 4), we have comprehensively studied the spin proper-
ties dependi the pump power, polarisation and trap size. We have confirmed
that under glQURLRNRARANISKRR, condensate adopts the polarisation of the
non-resonant excitation through the process of optical orientation. For the linear
excitation spin of the condensate is pinning to the direction of the effective in-
plane magnetic field caused by the local sample birefringence. However, the pinning
regime appears not immediately above the polariton condensation threshold but at
some finite pump power (= 1.2P;;,). Before this, the condensate spin is unstable and
stochastically flips between different linear polarisation states. The destabilisation
is governed by the interplay between the pinning field and polariton interactions with
the_excitonic reservoir. By decreasing the optical trap size, we also find that the

R IR UANISRRRURAUDEILRIQR shrinks until it completely disappears for the tiny

9 pm trap. At higher pump power and elliptically polarised excitation, we have

158


ShuvaS
Squiggly

ShuvaS
Note
not a good word... it has negative connotation



discuss, no?

ShuvaS
Squiggly

ShuvaS
Note
Does not make sence... either "circular polarisation" or "pump polarisation".



under circurlary polarised excitataion

ShuvaS
Squiggly

ShuvaS
Note
the region of linear polarisation pinning


Chapter 8. Conclusion and outlook

observed the lowering of the condensate degree of polarisation in the integrated
measurements. We attributed this effect to the self-induced Larmor preces-
sion of the pseudo-spin, which had been observed experimentally shortly after [8].
Overall, this study has demonstrated the peculiarities of the condensate spin prop-
erties as well as showcased the variety of approaches for its manipulation: with the
non-resonant excitation power, polarisation and optical trap size.

Even though the control of the elliptical and circular polarisation was achieved
for the annular trap, the linear polarisation of the emission was pre-defined by the
condensate position of the sample and could not be tuned. We have overcome this
hurdle using the elliptical non-resonant excitation profile (see Chapter 5). Sharing
similar properties with the annular condensate for the elliptical and circular excita-
tion polarisation, the elliptical shape of the condensate has allowed us to establish
the control also the linear polarisation of the emission. We have found
that the cavity inherent TE-TM splitting, along with the prolonged shape of the
condensate, split the orthogonal linear polarisation states, making the condensate
adopt the defined spinor projection co-directed with the short axis of the condensate
ellipse. This effect allowed us to overcome the internal birefringence of the sample
and drive the condensate to the desired spin state by rotating the excitation profile.
Thus, as a result of the two works mentioned above, we have gained control over
both linear and circular polarisation projections of the condensate emission. As
discussed in the bulk of the thesis, beyond the fundamental interest, these findings
can be applied to the realisation of polariton-based spinoptronic devices [38]. An-
other promising avenue is utilising spin degree of freedom in the extended networks
of polariton condensates. We have%g&g in this direction by investigating the
coupled elliptical condensates at different mutual orientations and separation dis-
tances. We have found several distinct spin interaction regimes - destabilised and
flipping ones. We have also demonstrated that the coupling between two ¢Qux
gg%g&e;&umcan be changed by their mutual orientation. The logical next step
would be the investigations of chains [197, 198] and lattices of interacting ellipses
or symmetric condensates. Moreover, all studies mentioned above were carried out

for the trap ground state, the utilisation of the bigger pumping profiles will allow
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Chapter 8. Conclusion and outlook

for the investigation of the spin structure e condensates in the excited state-
sQf the confining potential and could reveal the exciting phenomena and non-trivial
polarisation patterns.

In the second part of the thesis, we have developed an experimental approach
for the rotation of the optical trap for polaritons at the GHz rate (see Chap-
ter 6). It was achieved by virtue of the beating note of two single-mode frequency
detuned lasers shaped with the SLM into a "per vortex". The developed ap-
proach allows us to create a laser pattern rotating ji an arbitrary frequency gf the
desired direction. Tuning intensities of two excitation lasers, we realised the excita-
tion profile similar to the one we used for the condensate linear polarisation control.
As a result, we were able to optically drive the spin and stir it on the equator of
the Poincare sphere. Amazgingly: we find the resonance characteristics of the opti-
cally driven spin precession at GHz rotation frequencies - it appeared only when in

resonance with the internal condensate self-induced Larmor precession. This effect
is a quantum fluidic analogue of the famous Nuclear Magnetic_resonance
effect and optical driving of the BE in. We also find that %
sRinLRherencs tig in the resonance is dramatically increased at least by 20
times with respect to the previous reports. Building the bridges between different
branches of modern physics, this finding can be utilised for the precise and coherent
control of spin in future quantum computing [49, 167| applications of polaritons.
Furthermore, the optically driven spin precession can be applied to studying the
arrays of interacting condensates to investigate the effect of the rotating spin on the
neighbouring condensates. The stirring technique could also allow %@ﬂy@gg the
complex skyrmion and meron topological structures in polariton condensates [199].

Increasing the trap size and setting the two excitation laser intensities to be equal
we were able to realise the famous "Rotating Bucket" experiment with po-
lariton condensate (see Chapter 7). The formation of the vortices in the rotating
reservoir is the distinctive feature of the superfluids. We have found that analogous
to the superfluid He [45] and BEC [42], the vortex in the condensate forms above

the critical stirring frequency ( z). We reveal that polariton vortex co-rotates

with the optical trap and hglds only in the narrow range of stirring frequen-
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Chapter 8. Conclusion and outlook

cies from 1 to 4 GHz. This finding opens a [Qat Qx the comparative studies of
polariton condensates with other superfluid systems as well as the research of the
superfluidity in polariton condensate itself [98]. Moreover, tailoring time-periodic
potential for polaritons could open a new branch of the research on Floquet en-
gineering [39] in such systems. The on-demand vorticity control could benefit the
realisation of analogue simulator [32] and quantum bits [49] based on circular cur-
rents and vortices. We have already looked into the bigger rotating ontical traps and
observed the co-rotating vortex clusters of two and three vortices. EF\%fhlrther research

in this direction could potentially allow to create bigger clusters and investigate the

turb polariton flow [88, 96] in rotating polariton fluid.

This brings this thesis to an end. However, ]

plaritenjavsstigaiqus, The polariton condensate physics is very rich, and numer- %]

ous future investigations and outstanding results are yet to come!
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