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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 is their ability

to form macroscopic coherent state, known as polariton condensate. The thesis fo-

cuses on examining the spin and vorticity of the polariton condensate confined in

two types of non-resonant optical traps: static and rotating.

It is revealed that the spin of the condensate in the static annular trap is sig-

nificantly influenced by the characteristics of the excitation laser (power and polar-

isation) as well as the size of the optical trap. The process of optical orientation

(acquiring the spin state from the excitation) is demonstrated to dictate the spin

dynamics for the circular polarisation of the pump laser. Conversely, for linear

polarisation, the spin of the condensate is found to be constrained by the in-plane

effective magnetic field defined by the excitation position on the sample and induced

by strain-related birefringence. However, the stability of the condensate’s spin for

linear pump polarisation just above the condensation threshold (or with a smaller

optical trap) is disrupted by polariton interactions, resulting in stochastic spin flips

and a zero integrated degree of polarisation of condensate emission.

In contrast, for the elliptical optical trap, it is shown that the sample birefrin-

gent field can be overcome 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. The all-optical con-

trol over the azimuthal angle of linear polarisation of the condensate emission is

demonstrated. Furthermore, an investigation of the two coupled elliptical conden-

sates reveals distinctive coupling regimes based on their mutual orientation and

separation distance.

Further, a novel approach for rotation of the excitation pattern for polaritons at

GHz frequency is introduced. It is achieved by the beating note of two frequency-

detuned and shaped laser beams. By recreating the elliptical profile used for the



linear polarisation control and rotating it at GHz frequency, the fundamental regime

of the optically driven spin precession previously unseen in polariton condensates is

discovered. This spin precession occurs only in resonance with the internal conden-

sate self-induced precession and features a striking coherence of at least 170 ns.

Finally, it is shown 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, akin

to the famous "rotating bucket" experiment with conventional superfluids.

Overall, the obtained results demonstrate the vast possibilities of the control on

the spin and vortex degree of freedom in polariton condensate and showcase the

rich physics of the studied system. These findings could benefit the application of

polaritons in analogue and quantum computing and spinoptronics.
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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 Orbital 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

Photonics and solid-state physics are two pivotal fields at the forefront of twenty-

first century science and technology. They offer a wide range of applications that

have a profound impact on our daily lives. On the one hand, photonics studies the

fundamental properties of light and its interactions with matter. Nowadays, photon-

ics plays a crucial role in internet data transmission, medical imaging, environment

monitoring, sensing and advanced manufacturing. On the other hand, solid-state

physics focuses on the study of the physical properties of condensed matter. These

studies have driven rapid progress in semiconductors, nanotechnology, and quantum

computing. For instance, semiconductor components, such as transistors, form the

foundation of modern electronics and are crucial for computers, smartphones, and

other devices.

The development of the scientific knowledge and complexity of the investigated

subjects blur the boundaries between different scientific disciplines. This has led to

the emergence of combined research directions, such as biophysics, bioinformatics,

physical chemistry and many others. The established communication and joint

effort of scientists with different specialisations results in state-of-the-art research

and advanced technologies [11, 12].

Polaritonics is a great example of the collaborative synergy of photonics and

solid-state physics. Combining insights from both fields it forms a separate research

direction with remarkable findings and applications. Polaritonics studies exciton-
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Chapter 1. Introduction

polaritons (polaritons further on), which are bosonic quasi-particles formed as a

result of the strong coupling of exciton and photon in the semiconductor microcav-

ity [13]. Being part-light, part-matter, they inherit the properties from both con-

stituents. Namely, the small effective mass, short lifetime and high mobility from

the photons, and interactions from excitons. Moreover, polaritons are bosons, so

they can occupy the single energy-momentum state, forming a condensate. Thanks

to the low effective mass, polaritons feature a much higher critical temperature for

condensation than that of the atomic Bose-condensates and can condense even at

room temperature [14]. The condensate is formed at the balance of the external laser

or electric pump and polariton dissipation. The latter allows non-invasively charac-

terising the polariton state only through 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 condensate observation in 2006 [15]

numerous interesting effects have been reported including quantised vortices [16],

superfluidity [17], solitons [18] and other [19, 20] .

The intriguing direction for polariton research is an investigation of extended

arrays of condensates. Different lattice geometries were realised for polaritons with

optical imprinting [21, 22, 23] or cavity etching techniques [24]. The condensates

in the lattice interact with each other and can synchronise, forming exotic energy

states. The flexibility in shaping the energy landscapes for polaritons makes them

promising candidates for the analogue simulations [23, 25, 26]. It suggests that by

preparing the array of condensates in the required manner, it is possible to emulate

the problem which cannot be solved numerically by a conventional computer (like

diagonalisation of the Hamiltonian of complex many-body systems or optimisation

problems). While the early proposals for the simulator focused on the ballistically

propagating condensates, the optically confined condensates could benefit the future

device by prolonged condensate coherence time.

The approach for optical confinement was introduced in 2014 [27]. There, the an-

nular laser pattern creates the ring-shaped repulsive potential for polaritons, making

them condense inside the trap [28]. The decreased spatial overlap of the condensate

and incoherent exciton reservoir diminishes their interactions and leads to an in-
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Chapter 1. Introduction

crease in phase and spin coherence times. Similarly to the ballistic condensates [29],

the confined ones can also synchronise [30] and form lattices of different geome-

tries [21, 31]. Moreover, confined condensate features well-defined pseudo-spin (or

just spin) that can be another degree of freedom for the future simulator [32]. 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 [33, 34, 35] with the scarce

investigation of optically confined condensates [36]. Moreover, the variety of the

observed phenomena makes polaritons prominent in another interdisciplinary ap-

plication - spinoptronics [37]. Spinoptronics combines the best of photonics and

spintronics in order to create efficient and effective devices with unique properties.

Nevertheless, before these promising applications are possible, it is essential to study

the behaviour of the spin at different excitation conditions and develop ways to con-

trol 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. The aim is 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 [38, 39], and spin ma-

nipulation in BEC [40]. The specific case of the time-periodic potential is a rotating

one. The rotating potentials, in turn, are also widely studied in BECs [41, 42] and

superfluids [43, 44] systems. For example, the famous signature experiment for the

superfluid, known as the "Rotating bucket", concerns the dynamics of the superfluid

(and later BEC) in the rotating reservoir. Being non-rotational by nature, superfluid
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Chapter 1. Introduction

indeed can acquire the external rotation of the container in the form of 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, the condensate spin

in the time-periodic potentials is to be studied.

The study of vortices in polariton condensate is blooming now [7, 45, 46, 47]

driven by the possible application for quantum computing [48] and analogue simu-

lation [31]. 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 before we arrive at the beautiful applications of polaritons,

it is crucial to gain a deep understanding of polariton physics, and this is what was

the main driving force for this thesis.

Overall, the thesis is divided into eight chapters. The thesis continues with a

brief introduction to the physics of polaritons and polariton condensates (Chapter 2).

The main experimental techniques and methods used in this work are discussed in

Chapter 3. The foundation of the research part of the thesis is four articles featured

with Author - Refs. [1, 2, 3, 4]. In Chapter 4, the experimental results of the study of

the condensate spin in the optical trap for various excitation conditions are discussed.

Chapter 5 concerns a developed method of all-optical linear polarisation control of

the condensate emission by utilising the elliptical optical trap. The Chapter 5 also

includes the study of two coupled elliptical condensates and the identification of their

distinctive spinor synchronisation regimes. Chapter 6 delves into the methodology

of achieving a GHz rotation of the optical trap for polaritons. The Chapter provides

a detailed account of the optically driven spin precession triggered by the rotating

optical pattern, uncovering its resonance characteristics and remarkable coherence.

In Chapter 7, the discussion centres around the formation of a quantised vortex in

the stirred polariton condensate, elucidating its frequency dependence analogous to

the "rotating bucket" experiment.

Chapter 1 - Introduction : This part of the thesis includes a brief review of the
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research field, novelty and motivation.

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

of polaritons and polariton condensates, their 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 - Driven Spin Precession in Polariton Condensate : 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 Con-

densate: This part of the thesis describes the study of the vorticity in a ro-

tating optical 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 conclu-

sive remarks and an outlook for 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 chapter, the related terms will be introduced consequently. Further, the

polariton condensates physics 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 [13]. The DBR is a composite structure

constructed from the alternating layers of two semiconductor materials with refrac-

tive indices 𝑛1 and 𝑛2 (see Figure 2-1(a)). The optical thickness of each layer is

chosen to be the quarter of the desired wavelength 𝜆0 of light to be reflected from

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

interference of incident light, the DBR structure provides the maximum amount of

reflection for the defined part of the spectrum (DBR photonic stop-band). The typi-

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

of the structure in the stop-band could reach high values of more than 99.9%. The

width of the stop-band is defined by the layers’ refractive indices. The reflectivity

R of the structure is usually calculated by the Transfer Matrix method [49], but the

middle of the stop-band can be approximated by

𝑅 =

(︂
𝑛2𝑁
2 − 𝑛2𝑁

1

𝑛2𝑁
2 + 𝑛2𝑁

1

)︂2

(2.1)

where N is the number of pairs of low and high refractive index layers in the DBR.

If some media (semiconductor layer or other) with the optical thickness of the

several half-wavelength 𝜆𝑐/2 of light is sandwiched between two DBRs (see Figure 2-

2(a)), they form a microcavity. This results in the formation of a confined optical

mode inside the cavity. Figure 2-2(b) depicts the modified reflectivity spectrum and

features the reflection minimum in the stop-band at 𝜆𝑐.

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 𝑛1

and 𝑛2. (b) The typical reflectivity spectrum of the DBR at a normal incidence.

The quality factor of such micro-resonator is defined by the reflectance 𝑅1 and

𝑅2 of the DBRs and written as [20]

𝑄 =
𝜆𝑐
∆𝜆𝑐

≃ 𝜋 4
√
𝑅1𝑅2

1−
√
𝑅1𝑅2

. (2.2)

where ∆𝜆𝑐 is the width of the resonance. Thanks to the high reflectance of the

DBRs, it is possible to produce the microcavity with extremely high Q-factors (105

and more). The Q factor defines the number of times that the photon confined in the

microcavity is reflected back and forth - the bigger Q, the better the confinement.
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2.1. Microcavity Chapter 2. Physics of Polaritons

The high Q-factor allows for the realisation of the strong coupling regime in the

polariton microcavity due to multiple acts of creation and dissociation of photon

and exciton. Moreover, the confined resonant light obtains a dramatic increase in

the electric field inside the cavity with respect to the free space, which also favours

the strong coupling.

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 𝜆𝑐 is confined in only this

direction but not in two other in-plane ones. If the incident light is coming at a

slight 𝜃 angle with respect to the x-axis, then the resonance wavelength is changed

to 𝜆𝑐/𝑐𝑜𝑠(𝜃). In this regard, the dispersion of the light in the microcavity differs from

the linear dispersion of the free propagating light (𝐸 = ℏ𝑐𝑘). 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 =
√︁
𝑘2⊥ + 𝑘2||.

So the microcavity dispersion at the small 𝑘|| appears to be quadratic as a function

of 𝑘|| (reminiscent of the particle with the mass) [13, 20]:

𝐸𝑐(𝑘||) =
ℏ𝑐
𝑛𝑐

√︁
𝑘2⊥ + 𝑘2|| ≈

ℏ𝑐
𝑛𝑐

𝑘⊥

(︃
1 +

𝑘2||
2𝑘2⊥

)︃
= 𝐸𝑐(0) +

ℏ2𝑘2||
2𝑚𝑝ℎ

(2.3)

As long as the 𝑘⊥ is quantised in the microcavity 𝑘⊥ = 𝑛𝑐(2𝜋/𝜆𝑐)× 𝑛, where 𝑛𝑐

is the cavity refractive index, the photon dispersion in the microcavity is parabolic

so that photon acquires an effective mass 𝑚𝑝ℎ. The effective mass can be deduced

from the dispersion curve as follows:
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1

𝑚𝑝ℎ

=
1

ℏ2
𝜕2𝐸𝑐

𝜕𝑘2||
(2.4)

The typical value of the photon effective mass in the microcavity is 10−5 of the free

electron mass 𝑚𝑒.

2.2 Excitons

The other component of polariton is an exciton. Exciton is a quasi-particle that

arises in the semiconductor [50]. The mole of a semiconductor (for example, the

mole of silicon has a weight of 28g) consists of 6.022 × 1023 atoms; it is practically

impossible to describe the properties of each atom and their behaviour in such a

gigantic ensemble. 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 above 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 that of the free electron [13, 20]. In this regard, the exciton

is a quasi-particle formed via 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 [51] 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, respec-

tively. However, these excitons are inherent to the molecular structures (e.g. organic

molecules [14, 52]) that are out of the scope of this thesis. So further, only Wannier-

Mott excitons [53], which form in the semiconductor crystals and have a typical

binding energy of 10-100 meV and size of several lattice constants (≈10nm) [50, 54]
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2.3. Strong light-matter coupling regime Chapter 2. Physics of Polaritons

will be considered. These excitons usually disintegrate at the ambient conditions

since their binding energy is less than the room temperature (25 meV), so exper-

iments with inorganic microcavity polaritons are usually carried out at cryogenic

temperatures (with the notable exception of perovskite [23] microcavities).

The confinement in 2D can increase the binding energy of the exciton. The semi-

conductor quantum well (the layered sandwich structure of two thin semiconductors

of different band gap energy) is used for this. The dispersion of the confined exciton

is also parabolic and written as

𝐸𝑒𝑥

(︀
𝑘‖
)︀
= 𝐸𝑔 + 𝐸𝑐𝑜𝑛𝑓 −

𝑅𝑦(︀
𝑛− 1

2

)︀2 +
ℏ2𝑘2‖
2𝑚𝑒𝑥

, 𝑛 ∈ N+. (2.5)

where 𝐸𝑔 is the band-gap energy of the semiconductor, 𝐸𝑐𝑜𝑛𝑓 is the confinement

energy due to quantum well, 𝑅𝑦 is the exciton Rydberg energy (analogously to the

hydrogen atom), 𝑚𝑒𝑥 is the exciton mass. The typical exciton mass is 10−2𝑚𝑒.

Depending on the spin of constituents, excitons can have different integer-valued

spin (±1, ±2). However, due to spin conservation laws, only excitons with unity

spin can interact with light (photon spin is ±1); such excitons are called "bright".

So, for the quantum well inside the microcavity described above, the bright excitons

inside the quantum well can be created by illuminating the structure with light.

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 for "the same" photon is signif-

icant 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 regime when the interac-

tion rate between photon and exciton is higher than their inversed lifetimes in the

sample. The photon-exciton interaction is characterised by the Rabi frequency Ω𝑅,

the cavity photon and exciton inverse lifetimes are 𝛾𝑒𝑥, 𝛾𝑝ℎ, so the strong coupling
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condition reads as

Ω𝑅 > 𝛾𝑒𝑥, 𝛾𝑝ℎ (2.6)

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

sum of three terms: bare photon 𝐻̂𝑝ℎ, bare exciton 𝐻̂𝑒𝑥 and their interaction 𝐻̂𝑖𝑛𝑡.

𝐻̂ = 𝐻̂𝑝ℎ + 𝐻̂𝑒𝑥 + 𝐻̂𝑖𝑛𝑡 (2.7)

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

are written as [13]:

𝐻̂𝑝ℎ =
∑︁
𝑘

𝐸𝑒𝑥(𝑘)𝑋̂
†
𝑘𝑋̂𝑘 (2.8)

𝐻̂𝑒𝑥 =
∑︁
𝑘

𝐸𝑝ℎ(𝑘)𝑃
†
𝑘𝑃𝑘 (2.9)

𝐻̂𝑖𝑛𝑡 =
∑︁
𝑘

ℏΩ𝑅(𝑃
†
𝑘 𝑋̂𝑘 + 𝑋̂†

𝑘𝑃𝑘) (2.10)

where 𝑋̂𝑘, 𝑃𝑘 are annihilation operators for exciton and photon respectively, ℏΩ𝑅

is interaction strength.

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

𝐷(𝐾) =

⎛⎝ 𝐸𝑒𝑥(𝑘) ℏΩ𝑅

ℏΩ𝑅 𝐸𝑝ℎ(𝑘)

⎞⎠ (2.11)

Substituting the expressions for the 𝐸𝑒𝑥 and 𝐸𝑐 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:

𝐸𝑈𝑃 (𝑘||) =
𝐸𝑒𝑥(𝑘||) + 𝐸𝑝ℎ(𝑘||)

2
+

1

2

√︁
∆(𝑘||)2 + 4ℏ2Ω2

𝑅 (2.12)

𝐸𝐿𝑃 (𝑘||) =
𝐸𝑒𝑥(𝑘||) + 𝐸𝑝ℎ(𝑘||)

2
− 1

2

√︁
∆(𝑘||)2 + 4ℏ2Ω2

𝑅 (2.13)
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∆(𝑘||) in (2.12) is energy difference between photonic and excitonic energies

(𝐸𝑝ℎ(𝑘||)−𝐸𝑒𝑥(𝑘||)). ∆(0) is called exciton-photon detuning, and it is an important

quantity for polariton characterisation.

Thus, the polaritons are part-light, part-matter quasi-particles. The fraction of

the photonic |𝑐𝑘‖|2 and excitonic |𝜒𝑘‖|2 part in polariton is described by the Hopfield

coefficients:

|𝑐𝑘‖|
2 = 0.5

(︃
1−

∆(𝑘||)√︀
∆(𝑘||)2 + 4ℏ2Ω2

𝑅

)︃
(2.14)

|𝜒𝑘‖|
2 = 0.5

(︃
1 +

∆(𝑘||)√︀
∆(𝑘||)2 + 4ℏ2Ω2

𝑅

)︃
(2.15)

Note that the exciton and photon fraction depends on the 𝑘|| and photon-exciton

mode detuning. So for the given exciton media, one can vary the length of the cavity

and change the detuning from the positive ∆(0) > 0 (see Figure 2-3(a)) to negative

∆(0) < 0 (see Figure 2-3(c)) through the ∆(0) = 0. During the fabrication process,

microcavity usually acquires a wedge between the DBR mirrors, which allows for

the detuning adjustment. The amount of exciton and photon fraction in polariton

defines its properties such as effective mass, velocity and lifetime. For example, the

decay rate (inversely proportional to lifetime) of LP 𝛾𝐿𝑃 reads as

𝛾𝐿𝑃 = |𝜒𝑘‖ |
2𝛾𝑒𝑥𝑐 + |𝑐𝑘‖|

2𝛾𝑝ℎ (2.16)

The typical lifetime of polaritons is severalps [55]. 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.
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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-c) are the corresponding LP Hopfield coeffi-
cients |𝑐𝑘‖|2 (blue) and |𝜒𝑘‖|2 (red). Reprinted figure with permission from Ref. [20].
Copyright 2010 by the American Physical Society.

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

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. Einstein used this method to predict the
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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 1990s

that experimental techniques were advanced enough to create and study BECs.

Then, in 1995, E. Cornell and C. Wieman [56] at the University of Colorado and

Wolfgang Ketterle [57] at MIT independently created the first BECs using laser

cooling and trapping techniques. The discovery of BECs opened up a new area of

research in physics, with potential applications in such fields 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 reads as follows:

𝑛(𝐸) =
1

𝑒𝑥𝑝(𝐸−𝜇
𝑘𝐵𝑇

)− 1

where n is the number of bosons, E is their energy, 𝜇 is chemical potential, 𝑘𝐵 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 𝑇𝑐 for the Bose-Einstein condensation in 3D

reads as

𝑇𝑐 = 3.312
ℏ2𝜌2/3

𝑚𝑘𝐵𝑇

Note that the critical temperature is proportional to the particle density 𝜌 and

inversely proportional to the mass 𝑚 of the particle. For reference, the conden-

sation of Rubidium atoms [56] was achieved at ≈ 100 nK, and realising such low

temperatures is quite challenging. In this regard, using particles (or quasiparticles)

with smaller masses could increase the condensation temperature and significantly

simplify the experimental setup to achieve it.

2.4.2 Polariton condensate.

As discussed above, the polaritons indeed have an extremely low effective mass

(due to the photonic part) ≈ 10−5𝑚𝑒, which made them very appealing for the

studies of condensation. However, polaritons in the quantum well are effectively 2D
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quasiparticles, and it is known that a uniform 2D system does not support the BEC

transition [58]. The thermal fluctuations destroy the long-range order, preventing

condensation. However, that restriction is lifted if the 2D system is subject to

the spatially varying potential [59]. The excitonic reservoir forms the repulsive

potential for polaritons [13, 27]. There are other ways for the realisation of the trap

(for example, by mechanical stress). Moreover, the non-uniformity of the sample or

even the finite size of the experimental system makes the condensation of polaritons

feasible. Indeed, the polariton condensation has been observed at temperatures of

liquid Helium [15] and even at room temperature [14, 23, 52].

In the early stages of polariton research, the non-ideal structure of the sample

prevented the observation of the macroscopic polariton occupation. That was why

the first works concentrated on the parametric processes where the condensation

was seeded with a separate laser in order to trigger the bosonic stimulation [60].

P. Savvidis et al. used a weak probe beam resonant with the LP ground state to

induce the stimulated scattering [61] and demonstrate the amplification of polariton

emission [62]. However, this experiment required fine-tuning the energy and momen-

tum 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 [63]. These find-

ings made the foundation for the first observation of the polariton condensation

(with the pulsed and quasi-nonresonant excitation) [64] in 2002. Finally, the con-

densation under non-resonant CW excitation was reported for the first time by J.

Kasprzak and co-authors in 2006 [15] for CdTe microcavity. This study has created

an avalanche of research reports on the condensation in microcavities of different

materials (GaAs [55], GaN [65], ZnO [66] 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 [19] is schematically depicted in Figure 2-4.
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Figure 2-4: Mechanism of polariton condensation under non-resonant excitation.

The excitation laser is tuned to one of the reflection minima of the cavity at an

energy higher than the optical stop-band. The laser optically excites the high-energy

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) [13]. 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 inflection point on the LP branch. The particles are then accumulated

in the so-called "bottleneck" region [67]. For a long time, this effect prohibited con-

densation in the LP ground state. However, the advances in sample manufacturing

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
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non-equilibrium. However, it was shown that if the cavity’s quality factor is high

enough, the thermodynamic equilibrium with the media (crystal lattice) can indeed

be achieved [68].

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 reflectivity mea-

surement and evidence of the anti-crossing of LP and UP branches. The polariton

condensation, in turn, is usually distinguished by the following:

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

power due to bosonic simulation (see Figure 2-5(c)).

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

ure 2-5(c)).

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

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

• The appearance of the long-range order at the condensation threshold is evi-

denced usually by the spatial phase coherence 𝑔(1) distribution retrieved from

the interference of the condensate emission with itself.

• 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 several approaches for polariton

confinement. For instance, in the first observation of polariton condensate, the trap

was induced by the optical disorder [15]. The other approach to polariton trapping

32



2.5. Ballistically propagating vs trapped condensates Chapter 2. Physics of Polaritons

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. [15]

is the utilisation of the mechanical stress applied to cavity [69, 70]. Usually, a tiny

pin squeezes [69] 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 [71] or micropillar structures [72, 73, 74]). 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 viable alternative.

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

laritons and interact with them through the coulomb interaction, forming repulsive

potential. The focused laser light is shown to modify the potential landscape for

polaritons forming the barrier [75, 76]. The light-induced barrier and a wall of the

1D wire formed the confining potential in the study of E Wertz et al. [75]. Inter-

estingly, the optical generation of potential can also be utilised for the control of

coupling between two condensates. For instance, the utilisation of a nonresonant op-

tical barrier allowed to drive two condensates from in-phase to out-of-phase coupling
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configuration [22]. 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

allowed for the realisation of the purely optical traps for polaritons, which both

confine and feed the condensate [27, 77, 78]. The optical trap for polaritons can

be implemented both as a combination of Gaussian excitation spots [77] and by

ring-shaped laser beams [27, 78].

This thesis concerns the ring optical trapping technique. The different size of the

optical trap results in condensation in different spatial and energy modes [27, 28]

reminiscent of the harmonic oscillator energy levels. There are numerous publica-

tions on the peculiar properties of the trapped condensates in the single [6, 7, 8] and

coupled annular traps [30, 79]. Moreover, the spatial separation of the condensate

and incoherent reservoir enlarged the condensate’s coherence properties, resulting

in the nanosecond phase coherence time [80].

With the non-resonant excitation in planar microcavities, the condensate can also

be created on top of the pumping spot. When using positive exciton-photon detuning

and large laser excitation spots, polariton ground state condensation is typically

favoured. On the contrary, negative detuning and tightly focused excitation lasers

tend to facilitate non-ground state condensation with finite in-plane momentum [81,

82] (ballistically propagating polaritons). This is because the locally injected exciton

reservoir introduces an anti-trapping potential for polaritons [83, 84]. The repulsive

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

𝑉 (𝑟) = 𝑔𝑛𝑅(𝑟) + 𝑔|Ψ(𝑟)|2 (2.17)

where Ψ(𝑟) is the condensate wave function, 𝑛𝑅(𝑟) is the exciton reservoir pop-

ulation. 𝑔 and 𝑔 are the exciton-polariton and polariton polariton interactions re-

spectively. Condensed polaritons are created with non-zero in-plane momentum at

the pump spot location, which coincides with the maximum of V(r).

Figure 2-6 depicts the characteristic dependencies of polariton intensity and mo-

mentum on the excitation power for the two cases of nonresonant optical excitation

of the condensate. This data has been retrieved by the Author for the sample, which
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is used in all experiments described in the scope of this thesis. The experimental

techniques for data retrieval will be introduced in the next Chapter. Figure 2-6

allows one to 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 = 3𝜇m) Gaussian spot, the right one - to the ring excitation with 10𝜇m

diameter. 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 acquires 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 widens the range of possible

experiments.

2.6 Vortices in polariton condensates

Polariton condensates demonstrate similar properties with the conventional Bose-

Einstein condensates and are described by a macroscopic wave function that fol-
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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 [55], and the photon-exciton detuning is -3meV. (a,b) The real-
space intensity distribution of ballistically expanding and trapped condensate, re-
spectively. The white scale bar corresponds to 2𝜇m. (c,d) The reciprocal space
(𝑘𝑥, 𝑘𝑦) for ballistically expanding and trapped condensate, respectively. (e,f) The
dispersion 𝐸(𝑘𝑥) ballistically expanding and trapped condensate, respectively. The
left and right panels in panes (a-f) correspond to the condensate below (P=0.8𝑃𝑡ℎ)
and above (P=1.6𝑃𝑡ℎ) the condensation threshold, respectively. The intensity (g,h)
and energy (i,j) power dependence for ballistically expanding and trapped conden-
sate, respectively.
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lows similar equations. The wave function can have phase defects called quantised

vortices, which are characterized by a hollow core intensity distribution and quan-

tised phase winding around the core. The vortex states in polariton condensate are

demonstrated both experimentally [16] and theoretically [13]. There is considerable

interest in studying these states 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, the current progress in the study of vortices

in polariton condensates will be introduced.

The first experimental evidence of quantised vortices was reported by K. Lagoudakis

et al. [16] not long after the experimental discovery of polariton condensate [15].

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.

Figure 2-7: (a,b) Adopted from [16], reproduced with permission from Springer
Nature. The first demonstration of the quantised vortex in the polariton conden-
sate. Reprinted Panels (c,d) with permission from Ref. [85]. Copyright 2014 by
the American Physical Society. The hollow core condensate intensity distribution
corresponding to the vortex condensate state formed under the application of chi-
ral nonresonant lens generated by (c) pump spot size (see red dots at the upper
right corner) and (d) power. (e,f) Adopted from [35]. Reprinted with permission
from AAAS. The observation of the half-quantum vortex manifested in the vortex
in right-circular polarisation projection (e), and (f) the flat phase front in the left-
circular condensate polarisation emission component.

The approaches used for generating vortices in polariton condensate widely vary

and utilise both ballistically propagating and trapped polaritons. For example, the
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vortex-antivortex pair was generated with a wide top-flat nonresonant beam [86].

The ballistic flow of polaritons hitting either the structural defect of the microcav-

ity [87] or the one imprinted with the laser [88] had been shown to form multiple

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. [85]. Scientists 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. demonstrated the direct transfer of OAM to the condensate from the nonres-

onant excitation laser [89] 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 [90]. Moreover, two resonantly injected vortices in

the condensate interact with each other and experience scattering-like events [47].

The vortex state dynamics is utilised for the control of its OAM in the work of X.Ma

et al. [91]. They used a short resonant pulse to manipulate the condensate state in

the nonresonant optical trap. As a result, researchers could drive the condensate

to the state with the 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. [35]. The interplay

of the spin and topological properties of the polariton condensate manifested itself in

the observation of the spin vortex [92] 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
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Figure 2-8: (a) Adopted from [92], reproduced with permission from Springer Na-
ture. 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 [93], reproduced with permission from Springer Nature. Experimen-
tally measured condensate phase distribution demonstrating vortex lattice marked
by red and yellow crosses. Panels (c,d) are reprinted with permission from [94]
Copyright 2018 by the American Physical Society. The vortex chain of the con-
densate 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 a time-periodic vortex cluster, the white and the blue arrows show the polari-
ton flow around the vortex cores. (f) The lattice of the trapped vortices. Adopted
from [31]. (g) Multiple vortex-antivortex pairs (clusters) in a turbulent polariton
flow. Adopted from Ref. [95]. Reproduced with permission from Springer Nature.

polariton for data storage and processing. Under resonant polariton injection, in-

teractions modify the imprinted vortex lattice [96]. Geometrically locked vortex

lattice with up to 100 elements was achieved by G.Tosi and coauthors [93] under the

non-resonant excitation (see Figure2-8(b)) of equidistant propagating condensates.

The vortex chain was experimentally realized in 2018 [94] (see Figure2-8(c,d)). An

etched array of microcavity mesas was illuminated by a non-resonant laser, produc-

ing the chain of vortices with the control of respective OAM. On the other hand, the

recent study [7] has revealed the possibility of creating 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
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trapped condensates (see Figure 2-8(f)) under non-resonant pumping was realised

recently [31]. 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.

Furthermore, the study of turbulent flow is also possible with polariton fluids. R.

Panico at al. [95] have recently shown the emergence of multiple vortex-antivortex

pairs (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 vor-

tices in polariton condensate. However, they showcase the significant progress made

in this field and highlight the widespread interest in the polaritonics community

and outside. Notably, the conventional method of vortex generation through exter-

nal mechanical rotation, as it is usually done with superfluids [44], was previously

unattainable due to the short polariton lifetime. However, this issue has been over-

come in a recent experiment that leads to deterministic vortex formation. The

details of this experiment will be outlined in detail in Chapter 7. Furthermore,

the concept of superfluidity in polariton condensates will be discussed in the next

section.

2.7 Superfluidity of polariton condensates

Superfluidity is a fascinating phenomenon that occurs in certain materials, such as

liquid helium [43] 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 [97] and debatable. However, the experimental

evidence, as well as the numerical simulations, support the superfluidity of polari-

tons. A. Amo et al. in 2009 reported on the frictionless propagation of the polariton

fluid through the microcavity defect. They have demonstrated that increasing the

power of the non-resonant exciton decreases the amount of Rayleigh scattering on

the defect until it disappears almost completely [17]. So, polaritons were moving

through the defect without friction. Recently, the same experiment has been imple-

40



2.8. Polariton spin Chapter 2. Physics of Polaritons

mented with the organic polaritons demonstrating the signatures of superfluidity at

room temperature [98].

Another signature of superfluity is a persistent current observed by Sanvitto and

coworkers in 2009 [99]. 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

defined by the potential landscape of the cavity. Moreover, the linear excitation

Bogolubov spectra (the hallmark of superfluidity) have also been documented [100].

The other famous manifestation of superfluidity is the generation of quantum

vortices in the rotating superfluid [41, 44, 101]. As mentioned earlier, while the

vortices in the polariton condensate are well reported, the string-induced ones have

not been reported thus far.

2.8 Polariton spin

The polaritons feature angular momentum - pseudospin (or just spin hereinafter)-

inherent from the constituents photon and exciton. An exciton is a composite boson

formed by two fermions (the particle of the half-integer spin) - an electron and a

hole. Electron spin is S = 1
2
. However, the hole in the zinc-blend structured semi-

conductor (like GaAs) can have the total angular momentum of either 1
2

or 3
2
. The

former is called a light hole, and the latter is a heavy hole. In a bulk semiconductor,

the energies of two kinds of holes are usually equal; however, in quantum wells, the

energy of the heavy hole is typically smaller than the light one. The bound state of

the electron and hole can have the momentum projection of 𝐽𝑒𝑥 = ±1 or 𝐽𝑒𝑥 = ±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 [13, 20]. Thus, polariton is formed by the photon and exciton with

equal spins of 1 or -1, which defines the polariton spin. Due to momentum conser-

vation law, the polarisation of the photon emitted when polariton decays is related

to the spin of the polariton. And by detecting the polarisation of the cavity PL, one
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can characterise the polariton spin state.

In their condensed form, polaritons can be expressed by a spinor order parameter

Ψ = (𝜓+, 𝜓−)
𝑇 with spin-up and spin-down polaritons (𝜓±) corresponding to right-

and left-circularly polarised light respectively. Polariton spin is often conveniently

described in the Stokes formalism [102] S. With the total particle number in the

condensate written 𝑆0 = |𝜓+|2 + |𝜓−|2, the normalized components of the Stokes

vector S = (𝑆1, 𝑆2, 𝑆3)
𝑇 read as

𝑆1 = 2Re(𝜓*
−𝜓+)/𝑆0 (2.18)

𝑆2 = −2Im(𝜓*
−𝜓+)/𝑆0

𝑆3 = (|𝜓+|2 − |𝜓−|2)/𝑆0

These parameters can be measured experimentally and tracked on the Poincare

sphere (see Section 3.3.6 for details). In his regard, the spin-up polaritons cor-

respond to the right-circular polarisation of the emission and S = (0, 0, 1)𝑇 . The

spin-down polaritons are detected as left-circular polarisation (S = (0, 0,−1)𝑇 ). The

other spin states are the linear combinations of the aforementioned states. Conse-

quently, the representation of the polariton spin measured as PL polarisation on the

Poincare sphere is analogous to the classical representation of particle spin on Bloch

sphere [103].

Due to the nonlinear nature of polaritons arising because of their interactions,

the physics of the condensate spin is very peculiar [37, 104]. Among numerous

scientific articles on this subject, there are reports on spin bistability [36, 105, 106]

and multistability [107], optical spin Hall effect [108], polarised solitons [109, 110],

half-quantised vortices [35, 111], skyrmions [112] and other non-trivial patterns [113,

114, 115].

As long as condensate spin can be operated solely with laser light (non-resonant

or resonant), its application for spinoptonics is very appealing. The spinoptron-

ics is a branch of spintronics where the control over spin is planned to be realised

by the virtue of light. The spinoptronics combines the study of spin and optical
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polarization effects in solids to create quantum optoelectronic devices. It focuses

on encoding information carried by photon polarization into spin states of carri-

ers, manipulating them on the nanoscale with light, and retrieving the information

as polarized photons [116]. Spinoptronics leverages well-controlled carrier interac-

tions occurring in nanostructures. It also mitigates the challenges of carrier spin

relaxation or decoherence, a common limitation in traditional semiconductor-based

spintronics. Spinoptronics holds potential for a wide range of applications, includ-

ing information storage, optical communication, quantum computing, and enhanced

sensing technologies. Interestingly, several spinoptronic devices for polaritons have

been already realised, for example, polariton spin switch [117], spin memory [118],

spin beamsplitter [27], and spin filter [119].

The subject of this thesis is optically confined condensate. The reduced overlap of

condensate with the exciton reservoir diminishes detrimental spin-dephasing effects,

leading to the well-defined and stable spin just above the condensation threshold

for the case of circularly polarised excitation [13]. However, the physics is more

complicated for other excitation polarisation and higher pumping powers. The spin

properties of the condensate in the optical trap will be discussed in detail in Chap-

ter 4.
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Chapter 3

Experimental Setup and Techniques

Just as an astronomer requires a telescope in order to study distant stars, we re-

quire the experimental setup and established techniques in order to study polariton

condensates. Such a setup was designed and built in the Hybrid Photonics Labora-

tory in Skoltech by the joined effort of laboratory staff. The setup consists of three

main parts - excitation, sample and detection.

The excitation part includes the single-mode laser that is frequency-tuned to the

first Bragg minimum of the microcavity sample to realise the nonresonant excitation

of polaritons. In addition, the spatial light modulator (SLM) is utilised for the

deterministic shaping of the excitation beam. The studies are carried out with the

inorganic GaAs semiconductor microcavity. The low binding energy of the Wanier-

Mott excitons forming polaritons there renders them unstable at room temperature,

so the sample is kept in the cryostat at 4K temperature.

To investigate the state of polaritons, one needs to create experimental equipment

and techniques that can detect and analyze the information contained in the photons

leaked from the microcavity when polaritons decay. This chapter details the methods

and tools used to measure the five main characteristics of a light beam: intensity,

phase, polarisation, momentum, and photon statistics.
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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 frequency stability. The lasing media is 𝐴𝑙2𝑂3 (sap-

phire) crystal doped with 𝑇𝑖 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

etalon establishes the fine-tuning as well as a single-frequency operation. This laser

system’s advantage is the possibility of scanning the emission wavelength with the

external voltage source (by rotation of two Brewster Plates). Locking the laser cav-

ity to an in-build high finesse reference cavity makes it possible to achieve a 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. In the experiments, it is used to chop the excitation laser emission

to form a few microsecond 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
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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.

coupling. However, microsecond excitation pulses are still seen as continuous by

polaritons due to their short ps- lifetime.

3.1.2 Shaping the excitation beam with spatial light modu-

lator

The time-modulated laser beam is then passed to the phase-only spatial light mod-

ulator. 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 the experiments, the reflective SLMs were utilised. The reflective SLM screen

is composed of an array (1272 by 1024) of phase-modulating elements (see Figure

3-2(a)). These elements are optical cells formed by two transparent electrodes and

filled with nematic liquid crystals composed of organic molecules. The centres of

the molecules are distributed randomly in the cell, whereas all molecules are aligned

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 𝐸1 passing through the liquid crystal cell at an angle 𝜃

with respect to molecules orientation experiences the effective refractive index 𝑛𝑒𝑓𝑓

described by the following equation [49]:
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Figure 3-2: (a) The schematic of the pixel of the spatial light modulator under
different applied voltage 𝑉1 and 𝑉2. Alternated with voltage refractive index result
into the phase shift ∆𝜑 = 𝜑(𝑉1)−𝜑(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.
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𝑠𝑖𝑛2(𝜃)

𝑛2
𝑒

(3.1)

where 𝑛𝑒 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 𝑛𝑜 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 𝐸2 escaping the liquid crystal acquires a phase shift 𝜑 with respect

to incident one, which can be written as follows (omitting the losses and scattering

inside the cell):

𝐸2 = 𝐸1𝑒
𝑖𝜑 (3.2)

where 𝜑 is defined by 𝑛𝑒𝑓𝑓 (see Eq. (3.1)), the wavelength of light 𝜆 and the

length of the cell 𝑙 as follows: 𝜑(𝜃) = 𝜋𝑙𝑛𝑒𝑓𝑓 (𝜃)/𝜆. The electric field controls the

orientation of the liquid crystals in the SLM pixel cell so that the targeted change

of the voltage V in each cell allows for the realisation of the needed phase shift.

The schematic of the phase shifts induced by two different voltages 𝑉1 and 𝑉2 are

47



3.1. Excitation part Chapter 3. Experimental Setup and Techniques

depicted in Figure 3-2 (a). The phase-modulated beam created by the array of cells

(see Figure 3-2(b)) produces the target laser intensity pattern in the focal plane of

the lens placed after the SLM (see Figure 3-2(c)).

In order to achieve the desired beam profile on the SLM screen, a grayscale

pattern or hologram with 8-bit resolution is utilized. This hologram is then converted

into an array of voltage values that correspond to each pixel on the SLM screen.

Using its corresponding grey level, each pixel is capable of adjusting the phase of the

incoming light from 0 to 2𝜋. The phase-only spatial light modulator is the preferred

choice for this experiment due to its high efficiency and versatility in creating various

optical patterns. Deformable mirrors, which are an alternative for beam shaping,

usually have fewer active elements than SLMs, which limits their ability to create

optical patterns with many features.

The question now is how to create a proper hologram for a target laser intensity

pattern. In general, the field distribution of the light 𝐸𝑆𝐿𝑀 transformed by SLM is

given by the Equation (3.3):

𝐸𝑆𝐿𝑀 = 𝐸𝑖𝑛𝑒
𝑖Φ𝑆𝐿𝑀 (x) (3.3)

where Φ𝑆𝐿𝑀(x) is a hologram phase distribution (the one imprinted onto SLM),

x is a spatial coordinate. The modified beam distribution is observed in the focal

plane of the lens (see Figure 3-2(c)). The lens is performing the spatial Fourier

transform F of the beam, and the target field distribution 𝐸𝑡𝑎𝑟 in the focal plane is

written as follows:

𝐸𝑡𝑎𝑟 = F{𝐸𝑆𝐿𝑀} = F{𝐸𝑖𝑛𝑒
𝑖Φ𝑆𝐿𝑀 (x)} (3.4)

And thus, to find the field distribution just after the SLM and a required phase

hologram Φ𝑆𝐿𝑀(x), one should take an inverse Fourier transform F−1 of the target

field distribution and retrieve the phase of the resultant wave (see Eq. (3.5)).

𝐸𝑆𝐿𝑀 = 𝐸𝑖𝑛𝑒
𝑖Φ𝑆𝐿𝑀 (x) = F−1{𝐸𝑡𝑎𝑟} (3.5)

However, the target field distribution 𝐸𝑡𝑎𝑟 is not always known. Often, the
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Figure 3-3: The left image in panels (a-d) correspond to the holograms on the SLM
for the generation of (a) a tilt to separate the reflection from the SLM (zeroth order)
and generated laser pattern, ring pattern (b), a polygon of 9 Gaussian spots (c) and
optical vortex (d). The right panels in (a-d) represent the corresponding intensity
patterns.

experimental task is to produce the complicated intensity pattern |𝐸𝑡𝑎𝑟|2, omitting

the phase of the shaped beam. This makes seeking the proper hologram quite

challenging, but numerous analytical and numerical [120, 121] approaches are used

to overcome this challenge.

For most experiments discussed in this thesis, the holograms for SLM, for exam-

ple, for creating a ring pattern or vortex, were calculated analytically using (3.5).

The examples of the holograms and respective generated intensity patterns are pre-

sented in Figure 3-3. To separate the reflection from the SLM and shaped intensity

pattern, the hologram is usually superimposed with the blazed grating (see Figure 3-

3 (a)). As a result, the target pattern is formed in the first diffraction order of this

grating.

The SLM is incorporated into the excitation part of the experimental setup de-

picted in Figure 3-4. There, the laser beam is reflected from the SLM and transferred

to the excitation objective with the conjugated telescope (lenses 𝐿1 and 𝐿2). The

iris in the focal plane of lens 𝐿1 is used to cut the zeroth diffraction order from SLM.
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Figure 3-4: The excitation part of the experimental setup: the laser emission is
reflected from the SLM and transferred to the excitation objective with the conju-
gated telescope (lenses 𝐿1 and 𝐿2). The iris diaphragm is used to cut the zeroth
diffraction order in the real-space plane. The target excitation pattern shaped with
SLM forms in the focal plane of the objective on the sample.

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 (𝑓1 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) 𝑙1 and

𝑙2 of 1 and -1, respectively, or vice versa. Overlapping two laser beams and projecting

their beating note onto the microcavity sample (see Figure 3-5), we obtain a rotating

dumbbell excitation pattern depicted at 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.

It is worth noting that this all-optical technique allows the achievement of high
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GHz time-modulation frequency for polaritons and does not require any modifica-

tions made for the sample. In contrast, the periodic modulation technique using

surface acoustic waves (SAW) previously implemented for polaritons [123, 124], op-

erates at frequencies in the hundreds of MHz range and requires specific samples.

Moreover, except for the realisation of the rotating patterns, our setup can generate

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

and phase profiles with SLMs.

Figure 3-5: Experimental setup for the rotating excitation pattern generation. Two
single-mode, frequency stabilised lasers (with frequencies 𝑓1, 𝑓2, and OAMs 𝑙1, 𝑙2 re-
spectively) are overlapped on the beamsplitter (BS). The resulting dumbbell-shaped
beating pattern rotates with the frequency and direction defined by two lasers.

3.2 Sample

In the experiments, we use 2𝜆 inorganic semiconductor microcavity with embed-

ded quantum wells. The sample is produced using molecular beam epitaxy tech-

nique [55]. The sample structure is presented in Figure 3-6 (a). The bottom DBR

consists of 26 pairs of 𝐺𝑎𝐴𝑠 and 𝐴𝑙𝐴𝑠0.98𝑃0.02 layers, while the top one is built of 23

pairs [55]. Three pairs of 𝐼𝑛0.08𝐺𝑎0.92𝐴𝑠 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 [125] (the dissociation of

excitons at high densities), increase the Rabi splitting and achieve polariton con-

51



3.2. Sample Chapter 3. Experimental Setup and Techniques

densation. Insertion [126] 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.

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 intensity distribution. (c) The sample’s reflectivity (black) and
transmittance (red) spectrum. (d) The dispersion of the polariton PL. The image
is reprinted from ref. [55], with the permission of AIP Publishing.

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

exceptional class of the sample’s DBRs results in a quality factor Q of 12000 [55].

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 -8 meV to 1 meV by changing the position of the excitation spot on the sam-

ple. We usually 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 has genuinely unique characteristics and purity and is utilised for

the numerous studies carried out in our laboratory [7, 8, 22, 31], including the works

related to this thesis.

As mentioned above, our experiment’s sample is mounted on the cold finger of
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a closed-cycle Montana Instruments cryostat at 4K. The closed-cycle cryostat does

not require any cooling liquid and operates by the cycle of expansion and cooling of

refrigerant gas. The sample is held in the high vacuum chamber in the cryostat and

thermally connected to the cooling gas system via the cold finger.

The 50X objective (Mitutoyo M Plan APO NIR B 50X) is used for the excitation

of polaritons. It has a depth of field of 1.6 𝜇m, comparable with the cavity’s optical

thickness. Thus, only one pair of the quantum wells is positioned in the maximum

of the excitation optical field; for the other two, the field intensity is at least twice

less. Consequently, condensation occurs only in the one pair of wells for the low

pumping power. The PL coming from the other quantum wells is significantly less

and poorly collected by the objective, so it does not affect the measurements.

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 0.42 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. In the transmission,

polariton PL is wavelength-filtered with a long-pass filter. Polariton PL travelling

in both directions is identical and is utilised in the setup to study different polari-

ton characteristics. Namely, the intensity and phase distribution are recorded for

the transmitted PL and momentum and energy space for the reflected one. The

detection part of the setup is schematically depicted in Figure 3-7.

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 lens 𝐿3 (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
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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. Lens 𝐿6 is placed on the flip mount in order
to be able to project either real or 𝑘-space onto the spectrometer slit.

condensate wavefunction |Ψ(𝑥, 𝑦)|2 and is proportional to the population of polari-

tons 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 re-

trieved 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 duration. In

this thesis, both detection approaches are used to measure the condensate intensity

or phase.

3.3.2 Spectrum and momentum

The lens performs a spatial Fourier transformation of the transmitted light with

the result formed in its focal plane [127]. So that by putting the even number
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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

|Ψ(𝑘𝑥, 𝑘𝑦)|2.

Also, by projecting either real-space or k-space of the condensate on the entrance

slit of the imaging spectrometer, the condensate cross-section energy distribution

𝐸(𝑥) or polariton dispersion 𝐸(𝑘𝑥) can be retrieved. Moreover, moving the conden-

sate across the entrance slit makes it possible to restore the whole energy dispersion

paraboloid 𝐸(𝑘𝑥, 𝑘𝑦).

3.3.3 Phase read-out

The phase of the light wave cannot 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 statement directly follows from

the general considerations on the interference of two electromagnetic waves. Imagine

two monochromatic waves at the same energy and polarisation with the complex

amplitudes 𝑈1(r) and 𝑈2(r) [49]. When those two waves overlap, the amplitude of

the resultant wave would be as follows: 𝑈(r) = 𝑈2(r) + 𝑈2(r) whereas the intensity

𝐼 is written as:

𝐼 = |𝑈 |2 = |𝑈1 + 𝑈2|2 = |𝑈1|2 + |𝑈2|2 + 𝑈*
1𝑈2 + 𝑈*

2𝑈1 (3.6)

Taking into account that 𝑈1 =
√
𝐼1𝑒

𝑖𝜑1 and 𝑈2 =
√
𝐼2𝑒

𝑖𝜑2 where 𝜑1, 𝐼1 𝜑2, 𝐼2 are

the phases and intensities of the first and the second wave respectively. It results in

a well-known interference equation:

𝐼 = 𝐼1 + 𝐼2 + 2
√︀
𝐼1𝐼2𝑐𝑜𝑠(𝜑2 − 𝜑1) (3.7)

Thus, if the phase distribution of one of the interfering waves is known (the

simplest case is the flat wave), it is straightforward 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).
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The retrieval of the phase through interference is quite a general approach. In

this thesis, the two types of phase extraction methods to retrieve the condensate

phase distribution were utilised: homodyne interferometry and interference of the

condensate PL with the reflected copy of itself.

Homodyne interfereomentry

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 overlaps with the condensate PL (collected with
objective 𝑂2) on the BS of the Michelson interferometer. The image represents the
case of the non-resonant excitation of the condensate with four spots. Reprinted
image with permission from [22]. Copyright 2020 by the American Physical Society.

One of the most intuitive ways of condensate phase retrieval is the interference

of the condensate PL with the external plane wave of a reference laser. However,

it is more challenging than it seems. Apart from the same polarisation and energy,

the external laser emission should have a similar phase evolution as a condensate; in

other words, it should be phase-locked to the condensate. The interference pattern

of the emission from two identical but not phase-locked lasers will result in a smeared

interference pattern with no information about the source phase.

The approach to interfering and phase locking the condensate to the external

source was developed by Dr. Sergey Alyatkin and colleagues and described in de-

tail in Ref. [22]. It is called homodyne 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 wavelength is tuned to be in

resonance with the condensate energy. Seeding a weak emission from the external

laser near the condensate makes the condensate phase evolve in step with the seed
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laser while not affecting the other characteristics of the condensate (phase distribu-

tion, 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 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 [22] and arrays [21] of the condensates.

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 refer-

ence laser wavelength to that of the condensate. This applies, for example, to the

pump power dependencies of the condensate phase when the condensate energy is

increasing because of the blueshift. In this regard, another interference technique

that allows us to measure the condensate phase features and characterise its spatial

and temporal phase coherence was also utilised for phase measurements.

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

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 retrore-

flector prism. The prism reflects the PL back while mirroring its orientation along

the x and y-axis. Two parts of the PL are then overlapped on the sensor of the CCD
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camera. The use of the retroreflector in one arm enables the investigation of the

spatial coherence of the condensate and a long-range order [15] since in this configu-

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

retroreflector is placed on the translation stage used to control the relative optical

path of two interferometer arms to measure the temporal decay of the condensate

phase coherence [6, 7, 80] (coherence time).

The measurements of the 𝑔(1) first-order coherence function require the perfect

overlap of the beam coming from two interferometer arms. On the contrary, for

the quick characterisation of the condensate phase, we displaced the two interfer-

ing beams with respect to each other as shown in Figure 3-9 (b). The retrieved

phase reveals two-phase dislocation of the opposite topological charge correspond-

ing to the direct and retro-reflected version of the condensate (see Figure 3-9(c)).

A similar approach was used for the first observation of the quantised vortex in

polariton condensate by K. Lagoudakis et al. [16]. In this thesis, this method was

used for measuring the frequency dependence of the vortex appearance in the stirred

polariton condensate.

3.3.4 Phase retrieval: off-axis digital holography

Once the interference pattern is obtained by either of the two aforementioned tech-

niques, one can calculate 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|2. Following the equation 3.6, |𝐶+𝑅|2 =

|𝐶|2 + |𝑅|2 + 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 [128], and the amplitude of the corresponding

FFT image is presented in Figure 3-10(b). It consists of several bright peaks: the
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central one corresponds to the Fourier transform of |𝐶|2 + |𝑅|2 and does not carry

any phase information. The two others (at 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

bright peaks at the first and third quadrants 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.

3.3.5 Photon statistics measurements

We employ a Hanbury Brown and Twiss (HBT) interferometer coupled with time-

correlated single photon counting (TCSPC) technique to measure the second-order

cross-correlation function 𝑔(2)𝜇,𝜈(𝜏) between two signals 𝜇 and 𝜈—which can be differ-

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

𝜏 ,

𝑔(2)𝜇,𝜈(𝜏) =
⟨𝑎†𝜇(𝑡)𝑎†𝜈(𝑡+ 𝜏)𝑎𝜈(𝑡+ 𝜏)𝑎𝜇(𝑡)⟩
⟨𝑎†𝜇(𝑡)𝑎𝜇(𝑡)⟩⟨𝑎†𝜈(𝑡+ 𝜏)𝑎𝜈(𝑡+ 𝜏)⟩

. (3.8)

Here, 𝑎†𝜇,𝜈 and 𝑎𝜇,𝜈 are photon creation and annihilation operators of the emitted

cavity light for given polarisations 𝜇, 𝜈, respectively.

In the experiments, we split the polariton emission in the polarisation domain
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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).

with the polarising beamsplitter (PBS) and measure the cross-correlation function

for the orthogonal linear (horizontal H and vertical V, diagonal D and anti-diagonal

AD) and circular polarisation components intensities. As long as the spin of po-

laritons can be detected as the polarisation of the out-coming cavity photons, the

utilisation of the correlation measurements allows us to track the recurrent dynam-

ics 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 ( 𝜇 = 𝜈 in Equation (3.8)) for the total condensate emission or intensities

of separate polarisation components, gives us the correspondent photon statistics.

Even though the condensate emission is usually coherent 𝑔(2)(0) = 1 [8, 129, 130], its
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linear polarisation projections could have 𝑔(2)(0) > 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 avalanche photodi-

odes. The time delay between the two arms of the interferometer is controlled by

the electronics of the TCSPC card or by the optical delay line, depending on the

experiment. It is worth mentioning that the intensity (cross-) correlation measure-

ment is the statistical approach. The presented further dependencies of 𝑔(2)𝜇,𝜈(𝜏) 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

A big part of this thesis is devoted to the study of the spin of polariton condensate,

which is detectable as the polarisation of the out-coming cavity light. This section

concernes the experimental techniques used for the polarisation measurements in

this work as well as some basic theory of polarisation.

Polarisation is the fundamental property of light, which specifies the behaviour

of electric field E oscillations in the electromagnetic wave. Light can be fully po-

larised (if there is a certain pattern which strictly describes E-vector behaviour),

unpolarised (when amplitude and direction of electric field change stochastically) or

partly polarised (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 𝐸𝑥 and 𝐸𝑦 [131]. Given

that light with frequency 𝜔 propagates in the z-direction, electric field projections

onto the other two axes can be written as follows:

𝐸𝑥 = 𝐸0𝑥𝑒
𝑖(𝜔𝑡+𝜑𝑥) (3.9)

𝐸𝑦 = 𝐸0𝑦𝑒
𝑖(𝜔𝑡+𝜑𝑦) (3.10)

where 𝜑𝑥 and 𝜑𝑦 are the phases of the corresponding electric field projections. If
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the phase difference between two orthogonal components is equal to 0 or ±𝜋, then

the electric field oscillates along one line in xy-plane slanted at angle 𝛽 = 𝐸𝑦/𝐸𝑥

with respect to the 𝑥 axis. This light is called linearly polarised. Conversely, if

𝜑𝑥 − 𝜑𝑦 = ±𝜋/2 (and 𝐸0𝑥 = 𝐸0𝑦), the electric field vector traces a circle in the xy

plane, and the light is circularly polarised. The light is elliptically polarised in all

other cases. Depending on the direction of the electric field vector rotation, there

are right- (𝜎+) and left-circular (𝜎−) polarisations.

The representation of polarisation with the orthogonal electric fields (linear or

circular polarisation) is quite natural, but it can hardly be measured in the ex-

periment since most of the detectors record the intensity of the field but not its

amplitude and phase. Moreover, conventional representation does not describe par-

tially 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 [127]. Namely, the intensities of polarisation projections on

horizontal(𝐼𝑛1), diagonal (𝐼𝑛2) and circular polarisers(𝐼𝑛2). So Stokes parameters

are written as

𝑆0 = 2𝐼𝑛0

𝑆1 = 2𝐼𝑛1 − 2𝐼𝑛0

𝑆2 = 2𝐼𝑛2 − 2𝐼𝑛0 (3.11)

𝑆3 = 2𝐼𝑛3 − 2𝐼𝑛0

Note that 𝑆0 equals the doubled total light intensity 2𝐼𝑛0, 𝑆1 is the "tendency"

of characterised light to the horizontal (H) polarisation (𝑆1 > 0) or vertical (V)

(𝑆1 < 0), 𝑆2 is that of diagonal (D) or anti-diagonal (AD) ones. Finally, 𝑆3 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 𝜎+ and 𝜎− 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 [127]

𝑆0 = |𝐸𝑥|2 + |𝐸𝑦|2

𝑆1 = |𝐸𝑥|2 − |𝐸𝑦|2

𝑆2 = 2𝑅𝑒(𝐸𝑥𝐸
*
𝑦) (3.12)

𝑆3 = −2𝐼𝑚(𝐸𝑥𝐸
*
𝑦)

In the experiment, it is often handy to operate with the Stokes components

normalised on 𝑆0. So they are three standardised Stokes parameters 𝑆1, 𝑆2, 𝑆3,

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) [132].

In this formalism, the degree of linear polarisation (DLP) [127] of the studied

light is written as follows:

𝐷𝐿𝑃 =
√︁
𝑆2
1 + 𝑆2

2 (3.13)
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The degree of circular polarisation (DCP) reads as

𝐷𝐶𝑃 = |𝑆3| (3.14)

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

𝐷𝑂𝑃 =
√︁
𝑆2
1 + 𝑆2

2 + 𝑆2
3 (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. For this, every element, such as

a polariser, QWP, HWP, etc., has a corresponding 4×4 Mueller matrix [127], and

by multiplying the initial Stokes vector by 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 light, which can be measured

with conventional photodetectors. The polarimeter developed by the Author was

utilised in the experiments in the scope of this thesis. The device measures the

Stokes vector by definition (Eq. (3.11)).

The optical scheme of the polarimeter is depicted in 3-12. A beamsplitter (BS)

divides incoming condensate PL light into two equal parts. One of them hits the

polarising beamsplitter (PBS), and the intensities of horizontal 𝐼1 and vertical 𝐼2

polarisation components are registered by two photodetectors (Det.1 and Det.2). 𝑆0

and normalised 𝑆1 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 𝑆2 (Equation (3.3.6)). The intensity 𝐼4 of the right circular

polarisation projection of the remaining light is used to retrieve the 𝑆3 component

of the whole characterised PL (see Det. 4 in (3.3.6)). The polarimeter is calibrated

to the laser source with a known polarisation state and a wavelength corresponding
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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.

to that of the condensate.

𝑆0 = 2(𝐼1 + 𝐼2)

𝑆1 =
𝐼1 − 𝐼2
𝐼1 + 𝐼2

𝑆2 =
4𝐼3 − (𝐼1 + 𝐼2)

𝐼1 + 𝐼2
(3.16)

𝑆3 =
4𝐼4 − (𝐼1 + 𝐼2)

𝐼1 + 𝐼2

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 (here the AOM mod-

ulation frequency), thus increasing the signal-to-noise ratio. However, the lock-in

amplifiers’ response time limits the polarimeter’s operation speed. The integration

time of lock-in is set to 100 ms, so the measured polarisation of condensate PL in

experiments is averaged over more than 500 realisations. The polarimeter is built-in

into the measurement software of the experimental setup and allows for characteris-

ing the condensate PL polarisation while changing excitation parameters (e.g. pump

power and polarisation). This polarimeter features high sensitivity and allows char-
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acterising the polarisation state in real-time in contrast to the commercially available

polarimeters.

For the time-resolved polarisation measurements of the condensate PL, we de-

tect its polarisation projections with high-sensitivity photodiodes. By splitting the

condensate emission with PBS we can measure the dynamics of the condensate 𝑆1

during the excitation pulse. In the same manner, characterising the diagonal and

circular polarisation projections we measure the 𝑆2 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 insight into the condensate dynamics that are often hid-

den in experimental observations. The polariton condensate can be modelled by the

generalised Gross-Pitaevskii equation, taking into account the injection, dissipation

and interaction of polaritons in the condensate. There are multiple variations of

the GPE [13, 133], and the choice of one depends on the task. Here, the general

case of GPE is considered an example, whereas the specific simulation equations

are described in the corresponding Chapters. The generalised GPE describing the

condensate wave-function Ψ(𝑟, 𝑡) is written as follows:

𝑖
𝑑Ψ(𝑟, 𝑡)

𝑑𝑡
=

(︂
−ℏ2∆

2𝑚
+
𝑖

2
(𝑅(𝑛𝑅)− 𝛾) + 𝑔|Ψ(𝑟, 𝑡)|2 + 2𝑔𝑛𝑅

)︂
Ψ(𝑟, 𝑡) (3.17)

where m is the effective mass of polariton, 𝛾 is their decay rate, g is polariton-

polariton interaction strength and 2𝑔 is the coupling constant of the condensate

with the reservoir refining their interaction. 𝑅(𝑛𝑅) is the stimulated scattering

rate of polaritons to condensate and is a monotonically growing function of 𝑛𝑅.

The exciton reservoir that feeds the condensate is usually described with the rate

equation as follows:

𝑑𝑛𝑅

𝑑𝑡
= 𝑃 − 𝛾𝑅𝑛𝑅 −𝑅(𝑛𝑅)|Ψ(𝑟, 𝑡)|2 +𝐷∆𝑛𝑅 (3.18)
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where P is the laser pumping rate, D is the exciton diffusion rate, and 𝛾𝑅 is reservoir

damping.
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Chapter 4

Spin of Polariton Condensate 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].

All experimental results discussed in this Chapter were obtained by the Author if

not stated otherwise. All experimental Figures have been produced by the Author

and published in Ref. [1] if not stated otherwise. The utilisation of Figures in

this Chapter is granted by the American Physical Society (APS) (the publisher

of Physical Review B journal) Copyright Policy. The numerical simulations were

carried out by Dr. Helgi Sigurdsson. The Figures containing the simulation results

were made by Dr. Helgi Sigurdsson and are also published in Ref. [1]. Their usage

in the thesis is granted by the APS Copyright Policy.

4.1 Introduction

The information about the polariton spin is encoded in the polarisation of the light

emitted from the cavity when polariton decays. The characterisation by conven-
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tional polarisation detecting devices in conjunction with nonlinearity inherent to

polaritons boosted the research of polariton condensate spin [33, 37]. This has led

to numerous studies all over the globe and many remarkable findings. Some polari-

ton spin phenomena are described in Section 2.8. Beyond the fundamental interest

of spin studies, there is a search for possible applications. The wide range of discov-

ered properties and spin phenomena in polariton condensates makes them excellent

candidates for applications in spinoptronics [37].

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 [15]. 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. Moreover,

such a device would likely operate above the condensation threshold in order to ef-

ficiently exploit the nonlinear spin dynamics of the polariton fluid. Nonlinearity is

the needed ingredient for a device to perform nontrivial tasks [117, 134], 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 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 [36] 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
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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.

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 the emission in the

reflection configuration utilising the polarimeter and detect the Stokes components

for the different pumping powers and polarisations (controlled with the quarter-wave

plate (QWP) or a half-wave plate (HWP)).

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.
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4.3 Spin of polariton condensate under non-resonant

excitation: descriptive features

The descriptive features of polariton condensate under non-resonant excitation re-

ported to date are summarised in Figure 4-2. At circular pump polarisation, the

condensate polarisation tends to inherit the handedness of the non-resonant exci-

tation due to the optical orientation effect. The essence of this effect is as follows.

The circularly polarised light excites the excitons with the same value of spin due

to the spin conservation rule. 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 in GaAs-based cavities are much

longer than the relaxation time of the excitonic mode [116]. As a result, some of

the degree of circular polarisation of the continuous wave beam is transferred to the

spin population [13, 135] of the incoherent excitonic reservoir, which feeds polariton

condensate. Above the threshold, thus, the reservoir forms the polariton conden-

sate, which is cocircularly polarised with the non-resonant pump. This process is

schematically presented in the right part of Figure 4-2.

In the case of linearly polarised excitation, the polarisation of the condensate be-

comes randomly oriented on the (𝑆1, 𝑆2) equatorial plane of the Poincaré sphere since

no specific condensate phase is adopted from the incoherent reservoir [136, 137, 138].

This is one of the most direct manifestations of spontaneous symmetry breaking due

to phase transition occurring when polaritons condense [137]. Thus, both for the

linear and circular pump polarisations, the condensate is described by the order pa-

rameter (wave function), which can be directly tracked as the degree of polarisation

(DOP) of the condensate PL. The increase of DOP is directly related to the increase

of the condensate phase coherence [139] (the narrowing of the linewidth).

If the sample structure is anisotropic due to fabrication or structural strains, a

fine linear polarisation splitting forms, which pins the condensate polarisation to the

defined linear state (see left inset in Figure 4-2) [34, 69, 140, 141, 142]. This effect

is called polarisation pinning.
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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 the condensate pseudospin into the lower
energy mode. The figure is adapted from [1].

4.4 Experimental results

We shape the excitation laser in the form of a ring (depicted in Figure 4-3(a)), so it

has a 12 𝜇m 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 𝜇m−1. We do so by the

aperture inserted in the input of the polarimeter. The condensate is forming in the

ground state of the excitation potential near 𝑘 = 0, so filtering allows us to separate

the useful signal from the condensate and the redundant one from the uncondensed

polaritons forming at a higher 𝑘. 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 sensitiv-

ity 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
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Figure 4-3: (a)The excitation laser profile. The white-to-purple colour scale cor-
responds to the normalised laser emission intensity. (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. The colour scales in panels (b) and (c) correspond to the normalised
condensate emission intensity.

presented in Figure 4-4.

Here, QWP = ∓45∘, 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-

sity 𝑆0, degree of linear polarisation DLP =
√︀
𝑆2
1 + 𝑆2

2 , total degree of polarisation

DOP =
√︀
𝑆2
1 + 𝑆2

2 + 𝑆2
3 , and circular 𝑆3 and linear 𝑆2, 𝑆1 polarisation components,

respectively.

The total emission intensity (Figure 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 pump polarisation. However, one can notice that condensation

threshold power is higher for linear polarisation of the excitation laser (0∘ of QWP)

than that of the circular ones (QWP = ∓45∘). So the x-axis of each measured polar-

isation map (Figures 4-4(a-f)) is normalised to the threshold pump power 𝑃th 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 1.18𝑃th. The
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Figure 4-4: (a) Total emission intensity 𝑆0 in arbitrary units, (b) DOP, (c) DLP, (d)
𝑆3, (e) 𝑆2 and (f) 𝑆1 as a function of pump power 𝑃 and ellipticity (QWP angle) for
a ring excitation geometry with a diameter of 𝑑 = 12 𝜇m. QWP angles ∓45∘ and
0∘ correspond to right-, left-circular, and linear polarised excitation. White dashed
lines depict the condensation threshold. Figures are adapted from [1].

larger pump power is required for condensation because of the same-spin Coulomb

exchange interactions dominating over opposite-spin interactions [143, 144]. A right

(left) circular polarised excitation beam results in a more spin up (down) popu-

lated reservoir of incoherent excitons, which will sooner reach threshold density and

undergo stimulated scattering into a cocircularly polarised condensate (see Figure 4-

4(d)) [61, 145]. On the other hand, 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 total degree of polarisation of the condensate. In Figures 4-4(b), we show that

below the threshold, marked by the white dashed line, the absence of stimulation

mechanisms results in unpolarised PL emission with DOP close to zero. Above

the threshold, a sharp increase in the DOP marks the formation of the condensate

order parameter with emission almost fully polarised. The most rapid growth of

the DOP corresponds to the case of the circular and elliptical polarisations of the

excitation laser (QWP ∓45∘ and nearby). The condensate, in this case, is ellipti-
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cally polarised, with a significant value of 𝑆3 polarisation component and smaller or

absent linear ones (see Figures 4-4(d-f)). Interestingly, due to the process of optical

orientation [13, 61, 145] of excitons described above, the handedness of condensate

polarisation corresponds to that of the excitation laser. Note that the 𝑆2 polarisation

component (see Figure 4-4 (e)) for the elliptically and circularly polarised excitation

arises due to the optical retardance of the detection part of the optical setup. The

circular polarisation of the condensate emission becomes elliptical while travelling

through the optical elements (lenses, mirrors, etc.) in the setup. The value of the

corresponding optical retardance is estimated in Section 5.6. This detrimental ef-

fect can be corrected by the Soleil-Babinet compensator or by the post-processing

rotation of the experimental Stokes vectors. We underline here that this retardance

does not affect the conclusions on the spin physics of the condensate made in this

Chapter.

The notable exception to the sharp increase of the DOP in Figure 4-4(d-f) is

the case of linearly polarised excitation (QWP = 0∘), where just above threshold

(between 1.18𝑃th and 1.59𝑃th) 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 values 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 emergence of this "island" to the in-plane polarisation splitting (due

to sample strain/birefringence) leading to the pinning of the condensate pseudospin.

The polarisation pinning is inherent to incoherently excited condensate and has been

reported elsewhere [34, 69, 140, 141, 142].

While the polarisation pinning is inherent to polariton condensates, 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 [141], shot-to-shot stochastic polarisation [135, 137], or 𝑆3 spin flips [146].

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 sets the pseudospin on a random walk
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on the Poincaré sphere, resulting in zero average DOP of the condensate PL. In other

words, our observation implies that pinning does not occur unless a large enough

particle number in the condensate is achieved. The stochastic behaviour of the spinor

is confirmed with the numerical simulation performed by Dr. Helgi Sigurdsson and

presented in Figure 4-5. Indeed, the flips of 𝑆1 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 4-5(c)) state dictated

by pinning. The details of the simulation will be introduced in Section 4.6.
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Figure 4-5: Simulated 𝑆1 Stokes component for QWP = 0∘ showing the onset of
pinning with growing pump power. (a) 𝑃 = 1.2𝑃0. (b) 𝑃 = 1.5𝑃0. (c) 𝑃 = 2𝑃0.
The 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 𝜇s, 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

Ω(r) = (Ω𝑥,Ω𝑦,Ω𝑧) (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 corre-
lation 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 𝜓±, can be written as ℋΩ(r) = ℏΩ(r) · 𝜎, where 𝜎 is the Pauli matrix

vector. The in-plane birefringence induced by mechanical strains in the sample is

position-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 > 1.4𝑃th), we see an increase in the 𝑆2 component, while the 𝑆1 stays

close to zero. On the other hand, for the second point (see Figure 4-7(b,d)), both

𝑆1 and 𝑆2 components reach high values for large pump power. In this regard, the

(Ω𝑥,Ω𝑦) components (in expression (4.1)) of the effective magnetic field are random

across the sample, and the total magnetic field is coordinate, r, dependent. Thus,

the polarisation of "island" differs from point to point on the sample.

So far, we have explained the regimes of circular and linear excitation; the ellip-

tical one stayed out of the scope. In general, for the elliptically polarised excitation,

the condensate circular polarisation component 𝑆3 follows the handedness of the

pump because of the optical orientation [34, 116, 138]. Interestingly, even a very

small circular 𝑆3 component (QWP≈ ±2∘) of the optical excitation is enough to set

the condensate to circular polarisation (see Figure 4-8 (a)). The tiny imbalance of

two different spin reservoirs leads to the condensate having the circular polarisation

of the same handedness.
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Figure 4-7: (a,b) 𝑆1 and (c,d) 𝑆2 polarisation maps for two different sample po-
sitions for varying linear polarisation and power of the excitation laser. H, D, V
and AD correspond to horizontal, diagonal, vertical, and anti-diagonal polarisation,
respectively. The figure is adopted from [1].

Moreover, the spin-imbalanced condensate and background reservoir of uncon-

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 Ω𝑧 mag-

netic field, observed as an increase in 𝑆3 (see Figure 4-4(d) and Figure 4-8).

Interestingly, the linearly polarised "island" is confined between the two de-

polarised streaks [see Figure 4-4(b,c)]. These streaks correspond to the interface

between the pseudospin being pinned either by the in-plane magnetic field (Ω𝑥,Ω𝑦)

from birefringence or the interactions-induced magnetic field Ω𝑧. 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, caus-
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Figure 4-8: 𝑆1, 𝑆2, 𝑆3 and DOP for the small pump ellipticity (QWP angle) at
𝑃 = 1.23𝑃th. The figure is adopted from [1].

ing the lowering of the measured degree of polarisation.

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

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

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

different pump powers and polarisations.

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 interaction, but at higher

power, it adopts the defined linear polarisation state dictated by the excitation

spot on the sample and birefringence-dependent effective magnetic field.

3. Due to the process of optical orientation, condensate adopts the handedness

of the circularly polarised non-resonant pump.

4. Under an elliptically polarised pump, condensate spin precesses around the

effective out-of-plane magnetic field.

5. The cross-sections of polarisation maps discussed in Figure 4-4 are plotted on

the Poincare sphere in 3D in Figure 4-9. The cross-sections are made for the
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fixed pump polarisation (Figure 4-9 (a)) and power (Figure 4-9 (b)). They

represent three attractors present in the system for polariton spin. Namely,

two cross-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). Figure 4-10 showcase

the DLP and 𝑆3 for detunings ∆ = −4 meV and ∆ = −2 meV. Notice that the main

polarisation features described above stay unchanged regardless of the detuning

value. The slight change of the linear polarisation “island” (see Figure 4-10 (b))

could be connected with the strength of the position-dependent birefringent field.

For different positions on the sample, the strain-induced birefringence varies not

only in direction but also in the amplitude of the effective magnetic field. That

is analogous to the value of the energy splitting between two linear polarisation

components – the larger the splitting, the larger the effective magnetic field. In

this regard, the shape of the polarisation “island” is defined by the interplay of the

self-induced Larmor precession under slightly elliptically polarised excitation and

linear polarisation pinning. The change of the “island” shape could also be caused

by disorder in the sample.
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Figure 4-10: Measured DLP (a,b) and 𝑆3 (c,d) for the exciton-photon detuning of
∆ = −4 meV (a,c) and ∆ = −2 meV (b,d). The figure is adopted from [1].

4.5 Trap size dependence of the condensate spin.

In this section, we study how the size of the annular optical trap affects the spin

properties of polariton condensate. We study three different sizes (diameters): 𝑑 =

15, 12, 9 𝜇m. 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, the

bigger their mutual interaction. As an extreme case, we also study the Gaussian

excitation, where the condensate is formed atop the pump spot.

In Figure 4-11, we show the characteristic curves measured for three trap sizes.

Namely, we measure the intensity of the condensate PL (proportional to the number

of polaritons in the condensate) and its energy shift (blueshift due to interactions)

depending on the excitation power. Even though the condensate always occupies

the ground state of the trap, the characterised properties are indeed affected by the

trap size. For example, we observe a 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 a bigger energy
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Figure 4-11: (a) Measured (squares) and simulated (circles) number of polaritons
in the condensate as a function of pump power in units threshold calculated for d=
12𝜇m 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. The figure
is adopted from [1].

shift, with the condensate occupying higher energy, which is expected due to stronger

confinement.

Interestingly, the trap size also influences the condensate’s polarisation (or spin)

properties. In Figure 4-12, we plot the experimentally and theoretically obtained

DLP for different sizes of confined condensate and the one pumped with Gaussian

excitation spot(FWHM 4𝜇m). 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 sig-

nificant transformation for varying trap size. By decreasing the diameter of the

excitation ring, we observe that the linear polarisation "island" shrinks (see Fig-

ure 4-12(b)) and moves further in pumping power until it vanishes completely (see

Figure 4-12(c)). So, for the smallest 9 𝜇m trap, the condensate is unpolarised (in

the integrated measurements) for the whole range of the characterised pump pow-

ers. Similarly, when the condensate is excited with a Gaussian excitation spot, the

DLP decreases even more (see Figure 4-12(d)). This observation demonstrates that

increasing the overlap between the condensate and its background reservoir results

in strong depolarisation in the case of the linearly polarised excitation. This finding

is supported and explained by numerical simulations below in Section 4.6.
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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 𝜇m. Panel (d)
shows the condensate DLP in the case of a Gaussian spot excitation (no confine-
ment). (e-f) Simulated time-averaged condensate DLP using Eqs. ((4.2)-(4.4)). The
star, circle and diamond markers correspond to panels (a-c) in Figure 4-15. The
figure is adopted from [1].

To fully understand the condensate spin in traps of different sizes, 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 co-circularly polarised with

the excitation laser (see Figure 4-13(i-l)). The condensate spin depolarisation with

increasing pump power is observed for all configurations and is evident in a decrease

in 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.

The overlap of the exciton reservoir and polariton condensate in the case of the

excitation with the Gaussian spot is significant since the condensate is forming atop

the pump spot. In this regard, the spin properties of the condensate for the tight

Gaussian excitation are similar to the small optical trap (see Figure 4-13). The ma-

jor part of the condensate is overlapped with the reservoir, and increased interactions

83



4.5. Trap size dependence of the condensate spin. Chapter 4. Spin of Polariton Condensate in the Optical Trap

Figure 4-13: 𝑆1 (a-d), 𝑆2 (e-h), 𝑆3 (i-l), and DOP (m-p) for a ring excitation geom-
etry of diameter 𝑑 = 15, 12, 9 𝜇m and a Gaussian excitation geometry of FWHM =
4 𝜇m, respectively. The figure is adopted from [1].

destabilise the condensate spinor, effectively lowering the integrated DOP (see Fig-

ure 4-13(p)) compared to the confined condensate. It should be noted that any light

away from the Gaussian excitation spot, possibly adopting nontrivial polarization

textures [113], has a negligible contribution to the averaged measurements.

Further, we record the condensate pseudospin when excited with linearly po-

larised light with different polarisation azimuth angles. The angle there is varied

with the HWP in the excitation path. We find that 𝑆3 and DLP of the conden-

sate at high powers are mostly invariant to the linear polarisation azimuth (see

Figure 4-14(a,b)). That is in striking contrast to the condensate in organic micro-
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Figure 4-14: Condensate polarisation as a function of pump power and incident
linear polarisation angle. (a) 𝑆3, (b) DLP, and (c) 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].

cavities [14, 52], 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 dictated by the local sample birefringence rather than

transferred from the pump laser. Note that the condensation threshold is the same

for all linear polarisation angles of the excitation (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 thresh-

old, 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 pump ellip-

ticity induced by the optical elements in the excitation path, which could introduce

the polarisation ellipticity for some linear polarisation azimuth angles.

4.6 Theory and Simulations

Along with the known spin properties inherent for polariton condensates (like optical

orientation and polarisation pinning), we also discovered new regimes, for example,

polarisation "island", depolarisation, etc. In order to explain these phenomena, the

theoretical model based on the Gross-Pitaevskii (GPE) equations was developed by

Dr Helgi Sigurdsson, who also performed the numerical simulations described below.

The model includes the set of driven-dissipative stochastic (Langevin-type) GPE
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[147] coupled to spin-polarised rate equations describing excitonic reservoirs 𝑋± =

𝑋𝐴
± + 𝑋𝐼

±. The mode contains the 0D spin Gross-Pitaevskii equations, which can

be derived from Eq. (3.4) by projecting the order parameter on only the lowest trap

state (ground state). Then, 𝜓−𝜎 describes polaritons only in the ground state and

neglects contribution from higher energy modes. In this regard, the spatial degree of

freedom of the condensate is neglected in this simulation, which does not preclude

the modelling of spin properties of the condensate.

𝑖𝜓̇𝜎 =𝜃𝜎(𝑡) +
1

2

[︁
𝛼|𝜓𝜎|2 + 𝑔(1− 𝜂𝑃𝜎)(𝑋

𝐴
± +𝑋𝐼

±)

+ 𝑖
(︀
𝑅(1− 𝜂𝑃𝜎)𝑋

𝐴
𝜎 − Γ

)︀ ]︁
𝜓𝜎 −

Ω𝑥

2
𝜓−𝜎, (4.2)

𝑋̇𝐴
𝜎 =−

(︀
Γ𝐴 +𝑅(1− 𝜂𝑃𝜎)|𝜓𝜎|2

)︀
𝑋𝐴

𝜎

+ Γ𝑠(𝑋
𝐴
−𝜎 −𝑋𝐴

𝜎 ) +𝑊𝑋𝐼
𝜎, (4.3)

𝑋̇𝐼
𝜎 =− (Γ𝐼 +𝑊 )𝑋𝐼

𝜎 + Γ𝑠(𝑋
𝐼
−𝜎 −𝑋𝐼

𝜎) + 𝑃𝜎. (4.4)

Here, 𝜓𝜎 is the 𝜎 spin component of the condensate wave function. 𝜎 = ±

and denotes the spin-up and spin-down, respectively. The reservoirs are also spin-

polarised and divided into active and inactive ones, 𝑋𝐴,𝐼
𝜎 [34, 45, 148] respectively. 𝑅

is the spin-conserving rate of stimulated scattering of polaritons into the condensate,

Γ is the polariton condensate decay rate, Ω𝑥 represents a birefringence induced

effective magnetic field which splits the polariton 𝑋𝑌 polarisations, Γ𝐴,𝐼 are the

decay rates of active and inactive reservoir excitons, respectively, 𝑊 is the conversion

rate between inactive and active reservoir excitons, Γ𝑠 is a spin-flip rate of excitons

in each reservoir, and 𝑃± = 𝑃0 cos
2 (QWP ± 𝜋/4) is the power of the nonresonant

continuous wave pump. The parameter 𝜂 phenomenologically captures the sublinear

dependence of the ground state energy shift and gain with increasing pump power.

The noise is introduced to the equations to reproduce the destabilisation of the

condensate spin. The correlators of the background shot noise from the reservoir
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𝜃±(𝑡) are written,

⟨𝑑𝜃𝜎(𝑡)𝑑𝜃𝜎′(𝑡′)⟩ = Γ +𝑅𝑋𝐴
𝜎

2
𝛿𝜎𝜎′𝛿(𝑡− 𝑡′), (4.5)

⟨𝑑𝜃𝜎(𝑡)𝑑𝜃*𝜎′(𝑡′)⟩ = 0. (4.6)

The threshold in the simulations is defined at pump power when the gain is equal to

dissipation 𝑅𝑋𝐴
± −Γ = 0. Some parameters are changing with the trap size, namely

𝛼,Γ, 𝑔, 𝑅. The polariton-polariton interaction scales as 𝛼 ∝ 1/𝑑 and 𝑔,𝑅 ∝ 1/𝑑3

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 ns, 𝑑0 = 15 𝜇m, 𝛼 = 𝛼0𝑑0/𝑑, 𝛼0 = 1.8 ns−1, 𝑔 = 𝑔0(𝑑0/𝑑)
3, 𝑔0 = 0.36

ns−1, 𝑅 = 𝑅0(𝑑0/𝑑)
3, 𝑅0 = 3.9 ns−1, Γ = Γ0(𝑑0/𝑑)

3, Γ0 = 0.6 ps−1, Γ𝐴 = 0.78 ps−1,

Γ𝐼 = 0.0026 ps−1, Γ𝑠 = 0.1 ps−1, 𝑊 = 0.31 ps−1, 𝜂 = 0.18/𝑃0, Ω𝑥 = 0.18 ps−1

Simulation results for DLP of the condensate in symmetric traps of different

sizes are presented in Figures 4-12(e-g) and reproduce the experimental findings.

Pump power in simulation is given in units of 𝑃0 = 2ΓΓ𝐴(Γ𝐼 +𝑊 )/(𝑅𝑊 ), which is

the threshold power for 𝑃+ = 𝑃−. For the linearly polarised excitation, simulations

showcase the formation of the linear polarisation "island" similar to the experiment.

Notably, the "island" disappears for the smaller traps. Evidently, this effect is gov-

erned by the interplay between pinning magnetic field Ω𝑥 and polariton-polariton

interactions. Indeed, as the trap diameter decreases, the scattering rate 𝑅 ∝ 1/𝑑3

increases proportionally, leading to saturation of the reservoirs 𝑋𝐴
𝜎 for smaller par-

ticle number 𝑆0. This is supported by the smaller condensate population for smaller

trap size observed both in theory and experiment shown in Figure 4-11(a). Note

that 𝑆0 (see Equation (2.18)) Stokes component is the total emission intensity, which

is equal to the total number of polaritons in the condensate.

The simulation allows us to unravel the condensate time dynamics. Figure 4-

15 depicts the simulated pseudospin dynamics for three different values of pump

power and QWP angles. Figures 4-15(a-c) show the 𝑆1 component corresponding

to the star, circle, and diamond markers of Fig. 4-12(e,g), respectively. When the

excitation ring diameter is large, the overlap with the reservoir is small, which results
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(a) (b) (c)

(d) (e) (f)

Figure 4-15: (a-c) Dynamics of the normalized 𝑆1 component from the star, circle,
and diamond markers in Fig. 4-12, respectively. (a) For large traps, the pseudospin
is pinned along the effective magnetic field Ω𝑥. (b) For smaller pump diameters,
the condensate blueshifts and the pseudospin starts destabilizing and fluctuates
between 𝑆1 = ±1. (c) For elliptical excitation, one gets |Ω𝑧| ≳ |Ω𝑥|, which can set
the condensate into a tilted limit cycle appearing as persistent oscillations in the
Stokes components. (d,e) The pseudospin phase space trajectories with 𝜃±(𝑡) = 0
but random initial conditions corresponding to the star and circle in Figure 4-12,
respectively. 𝜙 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].

in strong pinning of the 𝑆1 component along the direction of the in-plane magnetic

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

the condensate and reservoir increases, causing the destabilization of the pseudospin,

e.g. stochastic fluctuations between 𝑆1 = ±1. This process of destabilization is

plotted in Figure 4-15(d,e) as overlaid phase space trajectories for large and small

pump diameters (𝑑 = 15, and 9 𝜇m, respectively). Here the 𝜃𝜎(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 𝑆1 = 1 (𝜙 = 0, 𝑆3 =

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 shifting the polarisation randomly between 𝑆1 = ±1, causing the polarisation

"island" to vanish in the time-averaged measurements. For an elliptically polarised
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pump, the pseudospin undergoes a self-induced Larmor precession (see Figure 4-

15(c,f)) overcoming the pinning potential |Ω𝑧| ≳ |Ω𝑥|, 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 relevant to this

thesis and will be referred to in other Chapters. To explain this phenomenon in

more detail, in the next Section, the recent works reporting on the experimental

observations of the self-induced Larmor precession in polariton condensates will be

discussed.

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 different

blueshifts due to interactions leading to the splitting of two cross-circularly polarised

states. Alternatively, this splitting can be seen as if some effective magnetic field acts

on the system and lifts the degeneracy of the spin-polarised states. The amplitude

of the effective Ω𝑧 out-of-plane magnetic field can be written as follows [8]:

Ω𝑧 = 𝛼𝑆3 + 𝑔(𝑋+ −𝑋−) (4.7)

where 𝛼 and 𝑔 denote the polariton-polariton and polariton-exciton interaction

strengths, respectively, and 𝑋± are the spin polarised exciton reservoir populations.

This field drives the condensate spin into the precession, and the trajectories 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 theoreti-

cally [33, 149, 150] and recently has been observed experimentally by virtue of the

spin-noise measurements [151], and in condensate first [6] and second [8] order co-

herence functions.

When the condensate spin is set to rotation, both 𝑔1(𝜏) and 𝑔2𝐻−𝑉 (𝜏) 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
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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 is
evidenced through the revivals of the first-order coherence function 𝑔1(𝜏). Panels
(a) and (b) are adapted from [6]. (c) The self-induced Larmor precession of the con-
densate 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].

that the precession frequency is proportional to the pump polarisation ellipticity, and

its frequency laying in the GHz range becomes bigger for more circularly polarised

excitation. Moreover, the characteristic coherence time of this precession is ≈ 9ns,

which is three orders of magnitude bigger than polariton lifetime [55].

4.8 Conclusions

All in all, we have experimentally investigated the spinor of a polariton condensate

in the annular optical trap depending on the excitation conditions. Alongside the

known spin phenomena like polarisation pinning and optical orientation, we have

identified new regimes of depolarisation and studied its dependence on the size of

the confining potential.

It was confirmed that below the condensation threshold, the condensate is un-

polarised. Whereas just above the threshold, condensate is characterised by the

well-defined polarisation state only for the case of circularly polarised excitation. In

this case, the sharp increase of 𝑆3 polarisation component, governed by the optical

orientation, and DOP reaching unity was observed.

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 the confining

potential and pumping power. The effect is attributed to the interplay between a
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location-dependent in-plane polarisation splitting and condensate-reservoir interac-

tions. Shrinking the optical trap leads to the increased overlap and interactions of

the condensate and excitonic reservoir. Interactions destabilise the spinor, which is

evidenced by the depolarisation of the condensate PL in integrated measurements.

Numerical simulations demonstrated that, in this case, interactions weaken the spin

phase space attractor (pinning), resulting in stochastic spin fluctuations on the equa-

torial plane of the Poincare Sphere. These findings are corroborated by the recent

experimental work of Baryshev et al. [8]. Moreover, the observed depolarisation of

the emission with the excitation power for the elliptically polarised pump indirectly

evidenced the spin limit cycles in the condensate. Similar spin effects were observed

for the excitation with Gaussian spot. However, the increased polariton-exciton

reservoir interactions destabilised the spin and lowered the integrated DOP of the

condensate.

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 for the on-demand generation of the polariton spin

state, which can be utilised for future spinoptronic devices and for generating spin

polariton networks. Note that this study was implemented for the condensate in

the ground state of the confining potential. The condensate in the excited trap

states [28] or expanded condensates [152] could have more intriguing properties and

form a subject for further research.

However, the control of the linear polarisation in the optically trapped condensate

was so far out of reach. In the next Chapter, we will address this hurdle and propose

a way of linear polarisation engineering in polariton condensates.
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Chapter 5

All-Optical Linear-Polarisation

Engineering in Single

and Coupled Polariton Condensates

In the previous Chapter, it was shown that the linear polarisation of an inorganic

polariton condensate is often defined by the birefringence of the sample and strongly

depends on the location of the excitation spot on the sample. This Chapter is

devoted to the development of an experimental approach which provides control

over the degree of linear polarisation of the condensate by optical means. These

results are published in Physical Review Applied [2].

All experimental results discussed in this Chapter were obtained by the Author if

not stated otherwise. The experimental Figures have been produced by the Author,

if not stated otherwise, and published in Ref. [2]. The utilisation of Figures in this

Chapter is granted by the APS (the publisher) Copyright Policy. The numerical

simulations were carried out by Dr. Helgi Sigurdsson. The Figures containing the

simulation results were made by Dr. Helgi Sigurdsson and are also published in

Ref. [2]. Their usage in the thesis is granted by the APS Copyright Policy. The

source of the adopted Figures is stated in the related Figure caption.
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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 condensates confined in a trap created by a 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, 36].

The physics is quite different for the non-resonant linearly polarised excitation.

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 [52]. 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 [14, 52, 153]. On

the contrary, for inorganic polaritons, the linear polarisation of the pump laser

leads to a spin-balanced condensate, given the equal relaxation rates of spin-up and

spin-down polaritons. In the absence of any cavity strains or birefringence, the con-

densate builds up random linear polarisation from one realisation to another 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 a polarisation pinning effect [1, 69, 140, 141, 142] and a defined

place-dependent linear polarisation of the PL. Often, the birefringence is dictated

by the sample structure and quality. However, tailoring the birefringence is feasible

for elliptically shaped optical micropillar cavities [34, 154, 155, 156]. Such structures

can operate both in the weak [155] and strong coupling [34] regimes. The highly de-

veloped vertical-cavity surface-emitting lasers [157] (VCSEL) technology also offers

numerous approaches to selecting modes with specific linear polarisation. Gener-

ally it is achieved by by etching [154, 158], heating [159], or applying mechanical

stress [160] to the heterostructure. In polaritonics, Klaas et al. [34] showcased that

the asymmetric shape of the pillar cavity leads to the splitting of orthogonal linear
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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 possibility to obtain a 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

Chapter.

Here, we propose a way of engineering the linear polarisation in inorganic polari-

ton condensates in situ and by an all-optical means. By shaping the non-resonant

excitation laser profile, we can 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 [13, 113] 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 was utilised in the

previous Chapter. In brief, the condensate is excited non-resonantly with a chopped

CW laser; the excitation beam is shaped with the SLM in an elliptical form described

further. The exciton-cavity mode detuning is −3 meV. The condensate PL is studied

in the reflection configuration and characterised in terms of the polarisation (with

polarimeter), energy, real and k-space domains (see Chapter 3 for details). In this

Chapter, the excitation polarisation is linear if not stated otherwise.
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5.3 Elliptical optical trap and linear polarisation

The SLM shapes the transverse profile of the incoming light into the shape of an

ellipse (see Figure 5-1(a,b)). Such an excitation profile has a non-uniform intensity

distribution, 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 in the elliptical distribution of the

condensate in the reciprocal space, depicted in Figure 5-1(e).

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 = 2𝑃𝑡ℎ). Adopted from [2]

.

Firstly, we create an annular laser beam profile as we did in the previous Chapter

to identify the region on the sample with the smallest structural birefringence. This

allows us to separate the effects induced by the elliptical 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 (see Figure 5-2(a)) of the PL. The small 𝑆1,2 implies that

the trap ground state is spin-degenerate such that from one realisation to another,

random linear polarisation builds up, averaging over many shots.

Then, we transform the excitation profile to the elliptical one depicted in Fig-
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Figure 5-2: (a) Power dependence of the condensate 𝑆1,2,3 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]

.

ures 5-1(a,b). Interestingly, for the elliptical condensate, we observe a massive

increase of the condensate’s linear polarisation components above 1.2𝑃𝑡ℎ for the

same spot location. The direction of the linear polarisation is found to follow the

trap’s minor axis. Namely, for the vertically elongated condensate in Figure 5-2(b),

we observe an increase of the 𝑆1 polarisation component (horizontal polarisation).

Similarly, we observe the anti-diagonal and vertical polarisation emerging for the

diagonally and horizontally elongated condensates in Figure 5-2(c,d), respectively.

5.4 Elliptical condensates excited by different po-

larisations

We utilise the horizontally polarised excitation for the elliptical condensates spin

measurements presented in Figure 5-2. In order to check the effect of different pump

polarisation on the condensate spin, as in the previous Chapter, we put the HWP or

QWP into the excitation path to vary the polarisation of the non-resonant excitation

laser. First, we alter the linear polarisation of the pump with HWP and record the

polarisation maps showcasing the Stokes polarisation components as a function of
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linear polarisation angle and pump power. The results for four elliptical traps ori-

ented 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-l) 45∘ degrees of the condensate major axis orientation. We observe that,

regardless of the linear polarisation angle, the condensate polarisation always domi-

nantly follows the small axis of the trap (see Figure 5-3(a),(e),(g), and (k)). This is

in correspondence with our previous study [1] and similar Figure 4-14 obtained for

the symmetric condensate.

Figure 5-3: Condensate Stokes components for different pump powers and directions
of linear polarisation of the excitation laser. The labels H, A, V, and 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-l) 45 degrees with respect
to the cavity plane 𝑥-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 the elliptical condensate oriented at
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(a-c) 0∘, (d-f) −45∘, (g-i) 90∘, and (j-l) 45∘ degrees.

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 𝑆pump

3 = 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-l) 45 degrees
with respect to the cavity plane 𝑥-axis (horizontal direction). Adopted from [2]

.

In contrast to the measurement discussed in the previous Chapter for the sym-

metric circular condensate, the polarisation of the "linear polarisation island" now

is fully defined by the orientation of the optical trap (see Figure 5-2), rather than

the inherent to sample position-dependent polarisation splitting. Namely, it follows

the short axis of the optical trap. For slightly elliptically polarised excitation around

2𝑃𝑡ℎ, the other linear Stokes component arises in the condensate PL. Notably, their

sign is varied for different handedness of the excitation laser. For instance, the 𝑆1

alternation is observed in Figure 5-4(d) and corresponds to the slight rotation of

the linear polarisation for the elliptically polarised condensate. The reasons for this

rotation will be discussed further.

For the more circularly polarised excitation, the behaviour of the condensate is

similar to that of the condensate in the annular trap. The condensate polarisation
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for such excitation is defined by the optical orientation effect with the condensate

spin adopting the spin of the excitation photons (see the previous Chapter 4).

5.5 All-optical linear polarisation Engineering

5.5.1 Elliptical excitation pattern

To summarize the dependence of the linear polarisation on the orientation of the

excitation potential, we perform the incremental stirring of the optical 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 (𝑆1, 𝑆2, 𝑆3) of

the condensate PL as a function of the major axis angle, pumped at 𝑃 = 1.94𝑃𝑡ℎ.

The 𝑆1 and 𝑆2 obey the sine functional dependence (𝑆1 is shifted by 𝜋/2 with

respect to 𝑆2), 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 a circular trajectory. Note that Stokes

vectors of the condensate do not reach 1, meaning the DOP of the condensate is less

than unity. We attribute this to the depolarisation inherent to the condensate due

to polariton-reservoir interactions described in the previous Chapter.

Figures 5-5(c,d) demonstrate the power dependence for the 𝑆1,2 Stokes parame-

ters for different alignments of the pump major axis. The linear polarisation rota-

tion is present for the range of studied pump powers starting from 1.2𝑃𝑡ℎ. 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 Fig-

ures 5-5(c,d)). This effect can be attributed to a small amount of residual circular

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 values of the QWP angle. The polarisation ellipticity can be eliminated

by fine-tuning the orientation of the wave plate in the excitation path or utilising

the Soleil-Babinet compensator, making the polarisation of the PL perfectly linear
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Figure 5-5: (a) Condensate polarisation components (𝑆1 black, 𝑆2 red, 𝑆3 blue) as
a function of the optical trap orientation (PL major axis angle) at pump power
𝑃 = 1.94𝑃𝑡ℎ. 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) 𝑆1 and (d) 𝑆2 for varying pump powers and major axis
orientation. Adopted from [2]

.

for all excitation profiles.

5.5.2 8-point excitation pattern

In this section, we show that the shape of the excitation laser pattern is not crucial

for the observed effect - the main requirement for the optical trap is to yield an

elliptically shaped condensate. The alternative way for the creation of the repulsive

potential for polaritons is the utilisation of closely spaced, tightly focused laser

spots [85]. It is often used instead of the uniform ring laser patterns [27]. The

point excitation creates the confining potential for polaritons, due to the exciton

diffusion, with the condensate forming inside of the trap. This method is often

more convenient if the fine-tuning of the effective potential shape for polaritons is

required.

We create an excitation pattern composed of 8 Gaussian spots forming and

elongated confinement potential (see Figure 5-6(b)). The condensate (see Figure 5-

6(c)) occupies the elliptical ground state of the optical trap. Then, we rotate the

excitation pattern with the SLM (as it was done for the elliptical trap) and detect the
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polarisation components of the condensate emission at 𝑃 = 2𝑃𝑡ℎ. The rotation of the

linear polarisation on a par with the laser pattern is observed, similar to the uniform

excitation pattern (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.

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

5.6 Compensation for experimental setup optical

retardance

For the polarisation data presented in this Chapter, the Author applied a post-

processing correction to eliminate the optical retardance of the detection part of the

experimental setup. The optical retardance is the phase shifts of the orthogonally

polarised waves propagating in the birefringent media which leads to the alternation

of the polarisation state. The polarisation of the condensate PL changes while

travelling from the sample to the polarimeter. This change is happening due to

the many reflections from mirrors and due to the propagation of the PL through

lenses and cryostat windows (that could be birefringent). In the experiment, this

effect manifests itself, for example, when the condensate PL acquires a non-zero
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𝑆3 component when it is diagonally polarised. The raw data for the polarisation

measurements without the corrections is presented in Figure 5-7.

Figure 5-7: The experimental data for the elliptical trap rotation without the correc-
tion on the optical retardance of the experimental setup. The figure demonstrates
the condensate Stokes components 𝑆1 (black), 𝑆2(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].

In order to compensate for this effect, we characterise the retardance of the

detection part of the setup using laser light with a known polarisation state. We

detect how the laser light polarisation is changed by the optical elements in the

detection part of the setup when it is travelling via the same path as the condensate

PL. For this, we assume that the setup acts as the retarder plate aligned at some

angle 𝜃 and having some optical retardance 𝛿. The Mueller matrix for the arbitrarily

rotated retarder plate 𝑀𝑎𝑟𝑏 in the laboratory frame reads as

𝑀𝑎𝑟𝑏 =

⎡⎢⎢⎢⎢⎢⎢⎣
1 0 0 0

0 cos2 (2𝜃) + sin2 (2𝜃) cos (𝛿) cos (2𝜃) sin (2𝜃)(1− cos (𝛿)) sin (2𝜃) sin (𝛿)

0 cos (2𝜃) sin (2𝜃)(1− cos (𝛿)) cos2 (2𝜃) cos (𝛿) + sin2 (2𝜃) − cos 2𝜃 sin (𝛿)

0 sin (2𝜃) sin (𝛿) cos (2𝜃) sin (𝛿) cos (𝛿)

⎤⎥⎥⎥⎥⎥⎥⎦
(5.1)

To define the fast and slow axes of this retarder, we use a set of two linear po-
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larisers. One of them is used for setting the linear polarisation state; the other is for

characterisation of the polarisation after it travels through the detection part of the

setup. Illuminating the sample with known linearly polarised laser light of different

azimuthal angles (by rotating the first polariser), we define (by rotating the second

polariser) the fast and slow axes of the detection part of the setup by identifying

two orthogonal linear polarisations which travel through the setup unchanged. We

find the angle of the slow axis to be angled at 𝜃 = 𝜋/2 in the laboratory frame. The

Mueller matrix 𝑀𝑒𝑥𝑝 for the detection part of the setup is written as

𝑀𝑒𝑥𝑝 =𝑀𝑎𝑟𝑏(𝜃 = 𝜋/2) =

⎡⎢⎢⎢⎢⎢⎢⎣
1 0 0 0

0 1 0 0

0 0 cos (𝛿) sin (𝛿)

0 0 − sin (𝛿) cos (𝛿)

⎤⎥⎥⎥⎥⎥⎥⎦ (5.2)

For the Mueller matrix 𝑀𝑒𝑥𝑝, we find that optical retardance 𝛿 can be eas-

ily retrieved if the retarder is illuminated with the diagonally polarised light 𝑆𝑖

= (1, 0, 1, 0)𝑇 . The Stokes vector 𝑆𝑓 of the transmitted light is given by 𝑆𝑓 =

𝑀𝑒𝑥𝑝𝑆𝑖 = (1, 0, 𝑐𝑜𝑠(𝛿),−𝑠𝑖𝑛(𝛿))𝑇 . Interestingly, the 𝑆2 component of the transmit-

ted light equals cos(𝛿). Measuring the 𝑆2 we find 𝛿 = 0.155𝜋. Finally, substituting

these parameters to Eq. (5.1) yields:

𝑀𝑒𝑥𝑝 =

⎡⎢⎢⎢⎢⎢⎢⎣
1 0 0 0

0 1 0 0

0 0 0.8838 0.4679

0 0 −0.4679 0.8838

⎤⎥⎥⎥⎥⎥⎥⎦ (5.3)

The transformation matrix 𝑀𝑒𝑥𝑝 (Equation (5.3)) is then applied to the exper-

imental Stokes vectors of the condensate PL for the correction of the detrimental

polarisation effect of the optical setup. As a result, the raw data in Figure 5-7

transforms to the data presented in Figure 5-5(a). Note that this Mueller transfor-

mation only performs the rotation of the Stokes vector on the Poincare sphere while

preserving the DOP.
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5.7 Theory of a single condensate

in an elliptical trap

The appearance of the linear polarisation in elliptically shaped condensates is at-

tributed to the splitting of orthogonal linear polarisations in the experimental sam-

ple, which arises due to TE-TM splitting and the elliptical shape of the condensate.

TE-TM splitting refers to the splitting of electromagnetic waves into two different

polarisation modes, transverse electric (TE) and transverse magnetic (TM), when

they propagate through a cavity. This splitting is (angle) 𝑘- dependent [13] (see

Figure 5-8(a)). So, every spatial orientation of the condensate has a unique dis-

tribution 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 experimentally measure the splitting between orthogonal linear polarisations to

be 20𝜇𝑒𝑉 (see Figure 5-8(b), Figure 5-8(c) shows the intensity power dependence

of two polarisations). Interestingly, the condensate’s emission is coming from the

polarisation mode, which has a bigger energy.

Figure 5-8: (a) Distribution of the in-plane effective magnetic field Ω(k) (red arrows)
in momentum space due to TE-TM splitting given by Eq. (5.5). (b) Horizontal
(black) and vertical (red) polarisation resolved the normalized energy spectrum of
the condensate emission at 𝑘 = 0 for a vertically elongated trap. Splitting between
energy levels is ≈ 20 𝜇eV. (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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Linear model

Dr Helgi Sigurdsson has developed a theoretical model to describe the observed

effect more rigorously. At first, he considered the simplest case of non-interacting

polaritons where the following Hamiltonian can describe condensate:

𝐻̂ =
ℏ2𝑘2

2𝑚
− 𝜎̂ ·Ω+ 𝑉 (r)− 𝑖ℏΓ

2
, (5.4)

where 𝑚 is the effective mass, k = (𝑘𝑥, 𝑘𝑦) is the in-plane momentum, Γ−1 is the

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

Ω = ℏ2∆

⎛⎜⎜⎜⎝
𝑘2𝑥 − 𝑘2𝑦

2𝑘𝑥𝑘𝑦

0

⎞⎟⎟⎟⎠ (5.5)

is the effective magnetic field arising due to TE-TM splitting of strength ∆ [73, 108,

161], its distribution in the momentum space is depicted in Figure 5-8(a). Assum-

ing that the laser-induced potential can be approximated by a harmonic oscillator

potential 𝑉 (r) = 𝑚𝜔2
𝑥𝑥

2/2 +𝑚𝜔2
𝑦𝑦

2/2 that allowed to solve the problem based on

the two-dimensional harmonic oscillator modes |𝑛𝑥, 𝑛𝑦⟩ = |𝑛𝑥⟩ ⊗ |𝑛𝑦⟩ where 𝑛𝑥,𝑦

are the potentials quantum numbers. The lowest trap state |𝑛𝑥, 𝑛𝑦⟩ = |0, 0⟩ can be

approximated by the following 2× 2 spinor Hamiltonian,

𝐻̂ ≈ ℏ
2

⎛⎝ 𝜔𝑥 + 𝜔𝑦 − 𝑖Γ −𝑚∆(𝜔𝑥 − 𝜔𝑦)

−𝑚∆(𝜔𝑥 − 𝜔𝑦) 𝜔𝑥 + 𝜔𝑦 − 𝑖Γ

⎞⎠ . (5.6)

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

energies of two orthogonal linearly polarised modes read as:

𝐸𝐻,𝑉
0,0 =

ℏ
2
[𝜔𝑥 + 𝜔𝑦 ∓𝑚∆(𝜔𝑥 − 𝜔𝑦)]−

𝑖ℏΓ
2

(5.7)

The splitting of two energies becomes evident from Equation (5.7), 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]:

Ωtrap ≃ −ℏ𝑚|∆|𝛿𝜔
2

⎛⎜⎜⎜⎝
cos (2𝜃min)

sin (2𝜃min)

0

⎞⎟⎟⎟⎠ . (5.8)

Here, 𝜃min is the angle of the traps’ minor axis from the horizontal, and 𝛿𝜔 = |𝜔𝑥−

𝜔𝑦| is the absolute difference between the trap oscillator frequencies along the major

and the minor axes of the condensate. Thus, the direction of the effective magnetic

field is controlled by the angle of the elliptical trap, 𝜃min, which consequently rotates

the condensate pseudospin in the equatorial plane of the Poincaré sphere. This leads

to smooth changes in the 𝑆1,2 Stokes components of the emitted light as the trap

rotates, as shown in Figure 5-5.

The results of the experiments are also reproduced through a mean-field simu-

lation using a generalized Gross-Pitaevskii equation coupled to an excitonic reser-

voir [2]. These simulations were also made by Dr Helgi Sigurdsson.

5.8 Effect of spatial ellipticity

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

the condensate, i.e. the ratio of its major and minor axes - going from a cylindri-

cally symmetric to an elliptical one. In this experiment, we change the trap spatial

ellipticity from a vertically elongated trap (𝑎 < 𝑏) to a horizontally elongated one

(𝑎 > 𝑏), 𝑎 and 𝑏 here denote the major and minor axes, respectively. We observe

that the pseudospin of the condensate steadily changes from horizontal to verti-

cal polarisation through a low DOP regime (see Figure 5-9). This measurement

has been performed for a 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 mag-

netic 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
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Figure 5-9: 𝑆1, 𝑆2 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).

low integrated DOP. So the net in-plane magnetic field acting to the condensate in

this case can be written as follows: Ωnet = Ωbir(r)+Ωtrap. Thus, by engineering the

trap profile, it is possible to compensate for the polarisation pinning effect, which

can be detrimental for some experiments (the ones where it is essential to have the

spontaneous breaking of spin symmetry).

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 spatial ellipticity define the linear polarisation

of the condensate.

5.9 Coupled elliptical condensates

The arrays of coupled polariton condensates are very promising for the analogue

simulation [26] and modelling of physical systems. Lattices of different geometry

have been realised for ballistically propagating condensates [21, 23, 162] and the
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Figure 5-10: Real-space normalised intensity distribution of two coupled elliptical,
horizontally elongated condensates. The colour scale corresponds to the normalised
intensity (spans from 0 to 1).

ones confined in the etched mesas structures [163, 164] or in the optical traps [31].

Driven by these works, we bring together two condensates in elliptical optical traps

(the building block of the future lattice) and study their coupling and polarisation

properties.

The two condensates depicted in Figure 5-10 are created with two spatial light

modulators. The utilisation of two SLMs allows us to make the traps identical and

control the pump power, energy and spatial orientation for both of them separately.

We bring two condensates together on the sample and choose individually the pump

power for each so that they have the same energy when separated. By changing the

tilt on one of the SLMs (the periodic grating imprinted on top of the elliptical trap

hologram), it is possible 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 offer the possibility to realise a whole

variety of mutual condensate orientations. There are four possible orientations for

the studied case - both traps horizontal, both traps vertical, and two variations

of the traps being not coaligned. We start with the two former cases. The real-

space intensity distribution for two coupled horizontally elongated condensates is

presented in Figure 5-10. The interference fringes between the condensates stand

for the synchronisation (coupling) between them.

The dependence of the condensate spin on the condensate spatial orientation
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described above could potentially allow for the adjustment of couplings between two

condensates depending on their mutual orientation. Namely, the spin fine structure

of each optical trap can be adjusted through its major axis angle. Moreover, the

interaction strength between different condensates changes for different separation

distances.

The laser pattern used in the experiments (see Figure 5-1(b)) has a non-uniform

intensity that allows polaritons to escape more efficiently 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 𝑘𝑥 in k-space. This leads to the stronger coupling between two

condensates when their major axes are orientated parallel to the coupling direction

and weaker transverse (estimated three times weaker from energy-resolved spatial

PL). The difference in the coupling strength is seen by the different visibility in the

momentum space of interference fringes (implying synchronisation) shown in the

insets of Figs. 5-11(a), (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

𝑆1(r) =
𝐼𝐻(r)− 𝐼𝑉 (r)
𝐼𝐻(r) + 𝐼𝑉 (r)

(5.9)

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

tical polarisation components, respectively.

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

of the condensate is not stable from one realisation to another of the condensate. In

order to study this peculiar behaviour, we investigate the condensate 𝑆1 component

in the single shot regime. The excitation shots have 50 𝜇s duration. The condensate

emission is integrated during one shot and 𝑆1 Stokes component is calculated. The

examples of obtained real-space 𝑆1 distribution are depicted in Figures 5-11(a-c).

We study 100 single realisations of the condensates for each separation distance. The

𝑆1 component is integrated over the region of the most intense emission (number of

polaritons) depicted in Figure 5-11(a-c) with the dashed line. As a result, each shot
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is characterised by two values of integrated 𝑆1 corresponding to the left and right

condensate, respectively. Finally, we merge these values into one graph presented in

Figures 5-11(d-g), where the blue and red lines represent the averaged 𝑆1 component

for the left and right condensate, respectively.

The recent studies for ballistic [29] and trapped [30] coupled polariton conden-

sates showcased that the coupling in such systems is distance-dependent. In this

regard, we investigate the coupling of two elliptical condensates for different sepa-

ration distances. The values of the separation distance (26.5 𝜇m and 27.5 𝜇m) are

chosen to more vividly demonstrate the distinctive polarisation regimes. Interest-

ingly, for strongly coupled horizontally elongated traps separated by 26.5 𝜇m, we

observe approximately zero 𝑆1 and DOP (Figure 5-11(d)) for both condensates (blue

and red curves, respectively). On the contrary, at a 27.5 𝜇m distance, the 𝑆1 com-

ponent is significant and stochastically flipping from shot to shot (Figure 5-11(e))

between positive and negative values. So, both condensates simultaneously adopt

either vertical or horizontal polarisation. The corresponding real-space 𝑆1 distri-

butions are depicted in Figures 5-11(a) and (b). Moreover, the polarisation of two

condensates is almost perfectly correlated (Pearson correlation coefficient 𝜌 = 0.99),

meaning that they have the same spin and are strongly coupled. On the other hand,

the observed random linear polarisation flips suggest the presence of bistability in

the system [106] triggered by the spatial coupling mechanism.

For the weakly coupled (vertically elongated) traps (see Figure 5-11(c)), the qual-

itatively different behaviour is observed. Choosing the same distances, we observe

at 26.5𝜇m strong positive 𝑆1 component in each condensate (Figure 5-11(f)) as it

is for a single optical trap (see Figure 5-12(b)). However, at 27.5 𝜇m, we reveal

the semi-depolarised behaviour of the system (Figure 5-11(g)). Due to the weaker

spatial coupling, the condensates are no longer strongly correlated in their 𝑆1 com-

ponents with 𝜌 = 0.5 and 0.26 for the two studied distances, respectively. Note

that the different average 𝑆1 values between the left and the right condensate in

Figure 5-11(g) can be attributed to the location-dependent sample birefringence.

The polarisation flipping or zero DOP regimes arise as a consequence of con-

densates coupling. It is confirmed by the measurement of 𝑆1 component for 100
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Figure 5-11: Spatially resolved 𝑆1 of coupled condensates oriented horizontally and
separated by 27.5 𝜇m for two different shots (a,b), showing the formation of either
horizontal (a) or vertical polarisation (b) in both condensates. (c) Spatially resolved
𝑆1 of the two coupled condensates orientated vertically at 26.5 𝜇m. Insets in (a)
and (c) depict the corresponding 𝑘-space PL. (d,e) 100 time-integrated realisations
(shots) of the 𝑆1 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 𝑃𝑡ℎ. Distance dependence of the 𝑆1 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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Figure 5-12: 100 realisations of the condensates Stokes components time-integrated
in each 50 𝜇s excitation shot. (a) and (b) shows 𝑆1 of single horizontally and verti-
cally elongated condensate, respectively. 𝑆1, 𝑆2, and 𝑆3 for two coupled condensates
with their trap’s major axes orientated longitudinally to the coupling direction and
separated by 27.2 𝜇m (c)-(e) and 24 𝜇m (f)-(h), respectively. 𝑆1, 𝑆2, and 𝑆3 for two
coupled condensates with their trap’s major axes orientated vertically and separated
by 26.5 𝜇m (i)-(k) and 25 𝜇m (l)-(n), respectively. Blue and red colours correspond
to the right and left condensate, respectively. Green and purple backgrounds depict
different coupling regimes.

single realisations of the single condensates ( see Figures 5-12(a) and (b)). Note

that fluctuation of the 𝑆1 component for the individual condensate is significantly

suppressed compared to the coupled condensate. The spin fluctuations in Figure 5-

12(a) appear due to noise as well as different polarisation 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 it is averaged over hundreds of condensate

realisations.

To get a full picture of the coupled condensates spin, we characterise all polarisa-

tion components of the Stokes vector. The results are depicted in Figures 5-12(c-n).

Note that the 𝑆1, 𝑆2 and 𝑆3 are not measured simultaneously but consequently un-

der the same excitation conditions. For the regime of stochastic linear polarisation

flipping for two horizontal condensates separated by 27.2 𝜇m, we observe 𝑆1 hav-
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ing the biggest amplitude out of 3 Stokes components (see Figure 5-12(c-e)). This

is defined by the orientation of the traps inducing the splitting between H and V.

The 𝑆2 has smaller values (less than 0.5) but also flips from shot to shot. On the

other hand, the 𝑆3 component stays close to zero, implying that the condensates

are linearly polarised. For another separation distance 24 𝜇m shown in Figures 5-

12(f-h), all Stokes components are close to zero in each condensate realisation. This

means that the condensate pseudospin fluctuates rapidly in time within one exci-

tation 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 5-12(i)-(n)). The weaker coupling of such trap configurations

is evidenced through weaker correlations between the left and right condensates.

For a distance of 26.5𝜇m, both condensates have strong horizontal polarisation. At

25 𝜇m, the condensates are in a semi-depolarised regime with oscillating 𝑆1 and 𝑆2

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 regimes depending on the separation distance. Similarly, for two vertically

oriented condensates, there are also two distinctive regimes - 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 condensates

The experimental observations are reproduced through mean-field simulations on

time-delay coupled spinor polariton condensates. The 1D GPE equation describes

the condensates spinor Ψ = (𝜓+, 𝜓−)
𝑇 components; the equations are coupled to

the rate equations describing the spin-polarised exciton reservoir [133]. The indexes

(1) and (2) denote the left and right condensate, respectively.
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(5.10)

where 𝜔0 is the condensate intrinsic energy, and most of the other terms had been

defined in the previous Chapters. Moreover, coupling between two condensates is

also taken into account in this set of equations. The inter-condensate coupling,

denoted with 𝐽,𝒥 ∈ C, which is described through time-delay coupled equations

of motion [29]. The time delay of the coupling appears due to the finite time of

the propagation of polaritons from one trap to the other. Such coupling becomes

qualitatively different from evanescent coupling when the propagation time 𝜏 of

particles between condensates is comparable to their intrinsic frequencies. As it

was previously demonstrated in [29], the strength of the coupling 𝐽 depends on the

separation distance 𝑑 between the condensates,

𝐽(𝑑) = 𝐽0|𝐻(1)
0 (𝑘𝑐𝑑)|, (5.11)

where 𝐻(1)
0 is the zeroth order Hankel function of the first kind, 𝐽0 ∈ C quantifies

the coupling strength dictated by the overlap of the condensates, and 𝑘𝑐 is the

wavevector of the polaritons propagating outside the optical trap,

𝑘𝑐 = 𝑘(0)𝑐 + 𝑖
Γ𝑚

2ℏ𝑘(0)𝑐

. (5.12)

From experiment, 𝑘(0)𝑐 ≈ 1.35 𝜇m−1. 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. The coupling between the spins of

the two condensates due to the TE-TM splitting is captured with the parameter 𝒥 .
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The time delay parameter is approximated from the polariton phase velocity, which

gives,

𝜏 =
2𝑑𝑚

ℏ𝑘(0)𝑐

. (5.13)

The results from simulations for both strongly and weakly coupled traps are pre-

sented in Figures 5-11(h) and 5-11(i), respectively. Depending on the distance 𝑑

between the condensates (each data point is one shot using random initial condi-

tions), the periodic appearance of different polarisation dynamics (green and purple

backgrounds) is evident. That is similar to the experimental results and the phase-

flip transitions recently reported in [29].

For the strongly coupled traps, Figure 5-11(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 𝜇m and 28 𝜇m, a high amplitude random 𝑆1 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. 5-11(d) and 5-

11(e). For the weakly coupled traps, there is a qualitative agreement between theory

(Figure 5-11(i)) and experiment (Figures. 5-11(f) and 5-11(g)). This weak coupling

there is implemented into the simulation by scaling 𝐽0 → 𝐽0/3. Now, depending on

the separation distance, the strong 𝑆1 ≈ 1 regimes alter with the regime of semi-

depolarised averaged spins (see Figure 5-11(i)). The parameters of the simulation are

given in Ref. [2]. Overall, the simulation showcased that the spins of two coupled

elliptical condensates are separation distance-dependent. They periodically alter

because of the time-delayed coupling. Moreover, simulations showcased that the

polarisation regimes depend on the excitation power so that both condensates for

larger excitation power can stabilise in the vertical or horizontal polarisation [2].

Therefore, in further investigations, it will be crucial to take into account both

power and separation distance dependence.
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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

linear polarisation of the excitation laser, the condensate polarisation is defined by

its shape; namely, the spinor 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 impact its linear polarisation. Furthermore, we have investigated

the dyad of coupled elliptical condensates and identified the dependence of their

spin behaviour on the separation distance. We also reveal the regimes of "strong"

and "weak" condensate mutual coupling for horizontally and vertically elongated

condensates.

Our results could provide one of the missing pieces of the puzzle 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

physics of such systems.

The developed all-optical linear polarisation engineering technique was recently

patented in the Russian Federation.
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Chapter 6

Driven Spin Precession in Polariton

Condensate

The preprint of the study discussed in this Chapter is published in arXiv [4].

The experimental results discussed in this Chapter were obtained by the Author

if not stated otherwise. The experimental results on the intensity correlation of

the condensate emission were obtained by the Author and Dr Stepan Baryshev

together. All experimental Figures have been produced by the Author if not stated

otherwise. The utilisation of Figures in this Chapter is granted by the CC BY 4.0.

The numerical simulations were carried out by Dr. Helgi Sigurdsson. The Figures

containing the simulation results were made by Dr. Helgi Sigurdsson and are also

published in the preprint [4]. Their usage in the thesis is granted by CC BY 4.0.

6.1 Introduction

After successfully demonstrating control over the condensate spinor in the previous

chapter, the next logical step would be to achieve that control at higher GHz speeds.

Previously, the response time of the SLM had hindered the maximum achievable

rotation frequency of the condensate spin to just a few Hz. However, the use of an

alternative technique for optical pattern rotation in this chapter has enabled us to

implement GHz rotation of the linear polarization of the condensate and achieve
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driven spin precession for the very first time in polariton condensates.

The spin subjected to the external magnetic field precesses around the direction

of an applied field in the phenomenon called Larmor precession. The precession

frequency 𝜔𝐿 is proportional to the field magnitude 𝐵 and reads as 𝜔𝐿 = 𝛾𝐵, where

𝛾 is the gyromagnetic ratio. This effect has been observed in various magnetic

systems [103, 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 applications in medicine, chemistry, biology and

material science. On the other hand, the spin precession driven by the optical

field [40] in dilute gases and Bose-Einstein condensates is suitable for 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 realisation 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 effective out-of-plane magnetic field when the spin populations are imbalanced

through e.g. elliptically polarised pumping [33, 168]. In Chapter 4, we observed and

discussed this effect’s signatures in lowering the DOP at high pump power. The re-

cent 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 an 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 [48]. One of the approaches of spin coherence prolongation could be an

external driving analogously to conventional condensates [40]. 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,
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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, this Chapter concerns the developed technique for the fast trap

rotation. The beating note of two frequency-detuned and spatially structured laser

beams is used to create a rotating optical trap, which confines and sustains the con-

densate with particles. Upon condensation, the polariton pseudospin spontaneously

aligns itself along the short axis of the trap in the cavity plane [2] and rotates in sync

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 behaviour of

this precession. The driven precession becomes amplified when the external driving

frequency matches the condensate internal Larmor precession frequency. In fact,

the trap acts as a rotating in-plane magnetic field so that the observed phenomena

could be considered as a driven-dissipative analogue of the famous Nuclear Mag-

netic Resonance effect [165]. At resonance, the unprecedented spin coherence time

exceeding 170 ns is achieved, which is an order of magnitude longer than the record

value [8].

6.2 The quest for the rotating trap

realisation

The realisation of the laser beam rotation is quite a challenging problem, and its

solution 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 example, in Ref. [42]. However, the operation speed of such deflectors is limited

to a 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: to use two frequency-detuned beams and shape each
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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 prism).

Such configuration allows for the separate tuning of both the radius and orbital

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 𝑓1 − 𝑓2 and inversely proportional to

their OAMs difference 𝑙1 − 𝑙2:

𝑓 =
∆𝑓

∆𝑙
=
𝑓1 − 𝑓2
𝑙1 − 𝑙2

. (6.1)

Here, 𝑓1,2 and 𝑙1,2 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 pattern depicted in the right panel of Figure 6-1,

which rotates in time at frequency 𝑓 . Interestingly, this pattern is practically iden-

tical to the one used for controlling the linear polarisation of the condensate (see

Figure 5-1(a,b).

On the experimental setup, we already had two integrated SLMs, so the task

was to create two beams at different frequencies detuned by a few hundred MHz or

more. The initial approach was to utilise one laser, split its emission into two parts

and then shift one’s part frequency with the acousto-optic modulator (AOM). The

frequency of the laser beam deflected in the first order of AOM is frequency-shifted

with respect to incident one by the value of the driving RF wave frequency. It is

worth noting that this shift could have positive or negative signs, depending on the

incident angle of the laser beam, which is defined by the sign of the projection of

the beam k-vector onto the propagation direction of a sound wave. Additionally,

the double-path AOM configuration allows doubling this frequency shift. There, the
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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 𝑙1
=1 at laser emission frequency 𝑓1. The middle profile has a similar radius but the
opposite OAM 𝑙2= -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 described in Chapter 5.

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 beams have orthogonal linear polarisations.

The frequency-shifted (the frequency shift is twice the RF frequency) beam is then

rooted with PBS to the SLM.

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, the anamorphic prism pair (APP) is used
to correct 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
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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. However, we were unable to tune the stirring fre-

quency, 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 dif-

ference. To stabilise it and compensate for the wavelength drift of two lasers, we

lock their frequencies externally with the MOGLABs wavelength meter (waveme-

ter). 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.

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.

The mutual coherence of two lasers dictates the stability of the beating frequency

and, ergo, the stability of the rotation frequency 𝑓 of the optical trap. Even though

the linewidth of lasers is narrow (less than a few MHz) and the emission frequency

of both is stabilised with the wavemeter, the frequency jitter and instant shifts can

affect their mutual coherence. The beating signal of the excitation laser detuned

by several MHz is presented in Figure 6-4(a). Here, the instant changes in the
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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) versus time (in seconds) when
externally stabilised (red line) and not (black line).

beating frequency are evident on the time scale of 40 microseconds. During the

measurement time, the periodicity of the oscillations is changed several times. The

Fourier transform of the beating signal depicted in Figure 6-4(b) shows that the

beating harmonics have a finite width ∆𝜈. Consequently, the mutual coherence

time over the 40 𝜇s measurement window is calculated as 1/∆𝜈 and equals ≈ 2.8𝜇s.

Given that the excitation laser pulses have a width of 2𝜇s, the optical trap rotation

frequency for one realisation of the condensate, on average, stays unchanged.

However, the mutual coherence of two lasers measured over a larger time window

is significantly less due to accumulated frequency jitter. In the experiments, we use

the HBT setup described in Chapter 3, and one measurement with this apparatus

takes us over ten minutes (millions of realisations of the condensate). To charac-

terise the stability of the lasers at such timescale, we use the same HBT intensity

correlation setup and overlap two excitation lasers (frequency-detuned by 1 GHz)

and measure the 𝑔(2) at big time-delays. The results are presented in Figure 6-4(c).

The auto-correlation of the beating lasers demonstrates the decay at longer time

delays of the HBT interferometer. The decay time here is around (142 ± 8) ns,

which is the mutual coherence time of two excitation lasers over the measurement

time. Nevertheless, even that does not prevent the intensity correlation measure-

ments since usually GHz rotation speed is required for the experiments, which is
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significantly higher than the inverted mutual coherence time.

Figure 6-4: (a) The beating note of two single-mode excitation lasers (MBR1 and
MBR2) measures in time with photodetector. (b) The spectrum of the beating signal
(black points) near the beating frequency, the purple line, is a Gaussian fit. (c)
Measured 𝑔(2) intensity auto-correlation function for the expanded time delay in the
HBT interferometer for two single-mode frequency-detuned lasers. The frequency
detuning is 1 GHz. The blue line is an exponential fit.

6.3 Slow MHz polarisation rotation

As shown in the previous Chapter 5, the elliptical confinement potential for the

condensate makes it adopt the definite spinor (polarisation) aligned 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 6-5(a)). The

schematic of the excitation part of the setup is depicted in Figure 6-5(a).

First, the stirring frequency is set to a few MHz, and the rotation is counter-

clockwise (𝑙1 = 1, 𝑙2 = −1). The counter-clockwise is defined here as if one is looking

along the beam. 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 is symmetric

and depicted in Figure 6-5(c). The intensities of the two pump lasers are not equal,

and their ratio is 1:10. Pump power is set to 2𝑃𝑡ℎ, so the condensate occupies the

trap energy ground state [27]. The optical trap diameter on the sample is 10.5 𝜇𝑚
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Figure 6-5: (a)The schematic of experimental setup demonstrating two frequency
detuned (f1 and f2 ) "perfect vortex" beams (l1 = ±1 and f2 = ∓1 ) 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 the panel (a) depicts the planar spinor projection of the condensate.
(b) Time-integrated intensity profile of the excitation pattern. (c) Time-averaged
condensate total intensity distribution. Time-averaged and normalised (d) vertical
and (e) horizontal polarisation projections of the condensate. The black scale bar
in panels (b-e) corresponds to 5 𝜇m. Figures are adopted from Ref. [4].

(see Figure 6-5(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 6-5(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 6-5(d), (e). We observe that the vertical projec-

tion is horizontally elongated (Figure 6-5(d)), whereas the horizontal one is vertically

elongated. It is the evidence that the condensate rotates and, when horizontally

aligned, has vertical polarisation and vice versa [2]. The relation between the con-

densate spatial distribution and its polarisation state allows us to separate different

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
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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 6-6 (a,b). Both horizontal (H) and vertical (V) polarisation

projections are sinusoidal, however, they are out-of-phase (V has a 𝜋 phase shift

with respect to H). Note that the signal modulation depth is close to 100%, with

the signal from both H and V almost reaching zero. This manifests the condensate’s

high linear polarisation degree and 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 Figure 6-6(c)) is 𝜋
2
, which is expected for the linear polarisation rotation

in time. The slight asymmetry of polarisation rotation tracks in Figures 6-6(a)-(e)

arises due to small polarisation pinning [1, 2, 15] making the condensate spin leaning

more towards horizontal polarisation.

Given three linear polarisation projections, we calculate the Stokes components

of the characterised light [1]. Normalised 𝑆1 and 𝑆2 of the polariton condensate are

depicted in Figures 6-6 (d) and (e), respectively, and also alternate in time. Plotting

the experimentally retrieved 𝑆1 and 𝑆2 on the equatorial plane of the Poincare sphere

in Figure 6-6(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.

Note that the spin makes two revolutions per the trap rotation period.

We note that the width of the circle in Figure 6-6(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 and led, for example, to

the dramatic change in the condensate photon statistics reported in Ref. [8]. The

instance of the described flip can be noticed in Figures 6-6(a) and (b) near the 0.4 𝜇𝑠

as a synchronous dip in H and peak in V. However, despite the noise, the achieved
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Figure 6-6: Horizontal (a), vertical (b) and diagonal (c) polarisation projections of
the condensate emission. The power ratio of excitation lasers is 10%. Time-resolved
(d) 𝑆1 and (e) 𝑆2 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.

polarisation modulation is stable within the whole excitation laser pulse.

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 ∆𝑓 or ∆𝑙, one can control the trap

rotation direction as well as the condensate spin defined by the trap orientation.

So, for ∆𝑓 ≈ 5 MHz, 𝑙1 = 1, 𝑙2 = −1, and the resultant time series for the 𝑆1 and

𝑆2 Stokes components of the condensate PL are presented in Figure 6-7(a). Plotting

one with respect to another on the equatorial plane of the Poincare sphere and

tracking the time, we can retrieve the handedness (direction) of the rotation. So for

the ∆𝑓 and ∆𝑙 introduced above, we get, as expected, the anti-clockwise rotation of

the condensate pseudo-spin (see Figure 6-7(b)). On the contrary, flipping the OAMs

of the interfering beams (𝑙1 = −1, 𝑙2 = 1) at the same frequency detuning ∆𝑓 ≈

5𝑀𝐻𝑧, we receive the clockwise rotation plotted in Figures 6-7(c),(d). These results

underpin the control of the condensate spin rotation direction or, alternatively, the

127



6.5. GHz precession and resonance Chapter 6. Driven Spin Precession in Polariton Condensate

Figure 6-7: (a) Time-resolved 𝑆1 and 𝑆2 polarisation components of the polariton
condensate emission versus time. Here, the condensate forms in the rotating trap
with the ∆𝑓 ≈ 5 MHz and 𝑙1 = 1, 𝑙2 = −1. (b) The corresponding Stokes vector
trajectory on the equator of the Poincare sphere. (c) Time-resolved 𝑆1 and 𝑆2

polarisation components of the condensate emission for the ∆𝑓 ≈ 5 MHz and 𝑙1 =
−1, 𝑙2 = 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.

linear polarisation of the condensate emission.

6.5 GHz precession and resonance

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

polarisation measurements do not allow us to investigate the driven spinor preces-

sion at higher (GHz) frequencies. The bandwidth of the detection apparatus was

limited to ≈500MHz. To overcome this constraint, we put to use the experimental

apparatus described in Chapter 3. We employ the Hanbury Brown and Twiss(HBT)

interferometer coupled with a time-correlated single photon counting technique (TC-

SPC) to measure the cross-correlation function (𝑔2𝐻,𝑉 ) of the H and V polarisation
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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 projec-

tion photon coincidence with avalanche photodiodes (APD) and TCSPC technique

(see Figure 6-8(a)). Additionally, by applying the HBT interferometer to one of the

polarisation components or the whole condensate PL (by taking off the PBS), we

characterise respective intensity auto-correlation functions 𝑔2𝐻 , 𝑔2𝑇𝑜𝑡𝑎𝑙. This experi-

mental 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. Interestingly, with linearly polarised excitation at

∆𝑓 = 1𝐺𝐻𝑧 and ∆𝑙=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. 6-8(b)) - the instant spin flips described in

Chapter 4 result in anti-bunching of H-V intensity cross-correlation function at zero

time delay [8].

The behaviour of the condensate spinor is drastically changed when we apply

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 6-8(c). The frequency 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 6-8(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 𝑔2

(Figure 6-8(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.
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Figure 6-8: (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) 𝑔2𝐻,𝑉 of the condensate in the rotating trap with elliptical pump
polarisation and corresponding 𝑔2𝑉 (d), and 𝑔2𝑇𝑜𝑡𝑎𝑙 (e). Figures are adapted from
Ref. [4].

Interestingly, the persistent driven GHz rotation of the condensate spinor ap-

pears only for the specific values of pump polarisation ellipticity. Under elliptically

polarised excitation spin of the condensate in the optical trap precesses in the ef-

fective magnetic field [6, 8]. 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 polar-

isation ellipticity, we perform the 𝑔2𝐻,𝑉 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 6-9(a) and (b),

respectively. For the ellipticities lower than 5∘ at 𝑓 = 0.5 GHz in Figure 6-9(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 decay-

ing oscillations for the elliptically polarised pump corresponding to the self-induced

Larmor precession. However, in the vicinity of 8∘ of QWP, the condensate spinor
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eventually adopts the external stirring and 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 Larmor precession. By the

spin coherence hereafter, we mean the coherence of the spin precession.

Figure 6-9: 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 𝑔

(2)
𝐻,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].

Analogously to the experiments with the spin of diluted gases [40], resonant

driving of the system leads to the driven precession, which does not decay in time.

In the inset of Figure 6-9(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 resonance (Figure 6-9(b)) to

the higher value of the polarisation ellipticity (near 13 ∘). Larger 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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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 also in the expanded observation

window. 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 𝑔
(2)
𝐻,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 6-10. Note that the decrease of the 𝑔(2)𝐻,𝑉 amplitude for each part of the

black curve towards bigger delays in Figure 6-10 is the artefact of the experimental

apparatus. It can be attributed to the non-linearity of time to amplitude converting

electronics of the single photon counting card.

For the comparison, we also plot in the same graph the self-induced Larmor pre-

cession of the condensate under elliptically polarised excitation (see the red curve in

Figure 6-10). The amplitude of the driven oscillations is dropped twice at approxi-

mately 150 ns, even though the precession is still distinguishable up to 200 ns. We

fit the envelope of the oscillations presented in Figure 6-10 with the decay exponent

(𝐴𝑒−𝑡/𝜏 ), where 𝐴 is an amplitude of the oscillations at zero time delay, t is time, 𝜏

is spin coherence (characteristic decay time of the spin oscillations) time. From the

fit, we retrieve the 𝜏 = (174± 10)ns, which is 20 times more [8] than the previously

reported value for polariton condensates. Further, we estimate the quality factor 𝑄

of the driven precession 𝑄 = 𝜏𝜔/2, where 𝜔 = 2𝑓 = 1 GHz is precession frequency,

to be 546.

We underline here that the decrease in 𝑔(2)𝐻,𝑉 at big-time delay appears due to the

imperfect mutual stability of two excitation lasers (see Section 6.2). Frequency jitter

during the acquisition time results in the effective change of the stirring frequency,

which smears the 𝑔(2)𝐻,𝑉 at a bigger time delay. The measurement of one 𝑔(2)𝐻,𝑉 curve
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Figure 6-10: The H-V cross-correlation 𝑔
(2)
𝐻,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−𝑡/𝜏 . The figure is adopted from Ref. [4].

takes at least 10 minutes, which implies the integration over 6×106 realisations (2𝜇s

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 𝜇𝑠 excitation pulse

(see 6-6). 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 Ω𝑡𝑟𝑎𝑝 for polariton condensate, making its spin align along

the short axis of the ellipse. This field is written in Equation 5.8. When the elliptical

trap is rotating, the Ω𝑡𝑟𝑎𝑝 is rotating in sync, and its short axis 𝜃𝑚𝑖𝑛 angle is defined

by 𝜔𝑡. 𝜔 = 2𝜋𝑓 is the angular rotation frequency. The alternating effective magnetic

field induced by the rotating potential reads as

Ωtrap =

⎛⎜⎜⎜⎝
Ω‖ cos [2𝜔𝑡]

Ω‖ sin [2𝜔𝑡]

0

⎞⎟⎟⎟⎠ , (6.2)

where Ω‖ is a constant. The pump polarisation ellipticity results in the formation

133



6.8. GPE simulations Chapter 6. Driven Spin Precession in Polariton Condensate

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, 33, 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

ΩTotal =

⎛⎜⎜⎜⎝
Ω‖ cos [2𝜔𝑡]

Ω‖ sin [2𝜔𝑡]

Ω⊥

⎞⎟⎟⎟⎠ , (6.3)

where Ω⊥ is the out-of-plane effective field component proportional to pump ellip-

ticity [8]. When Ω⊥ = 2𝜔, the trap rotation is in resonance with the self-induced

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

6.8 GPE simulations

The results are well reproduced with the numerical simulations performed (as well

as the theory in the previous Section) by Dr. Helgi Sigurdsson. Overall, the numer-

ical simulations help to have an insight into the dynamics of the condensate, which

is often not accessible in experiments. From the Author’s point of view, simula-

tion results complement the reported effects and benefit the comprehension of the

reported study. Moreover, the simulation, when the parameters corresponding to

the experiment are chosen, allows investigating and searching for new effects that

further could be implemented in the experiment.

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± feeding the two spin components 𝜓± of the trap ground
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state condensate [142].

𝑖
𝑑𝜓𝜎

𝑑𝑡
=
[︁
𝛼|𝜓𝜎|2 +𝐺

(︂
𝑋𝜎 +

𝑃𝜎

𝑊

)︂
+
𝑖

2
(𝑅𝑋𝜎 − Γ)

]︁
𝜓𝜎 + Ω‖𝜓−𝜎𝑒

−𝜎𝑖2𝜔𝑡 + 𝜃𝜎(𝑡),

(6.4a)
𝑑𝑋𝜎

𝑑𝑡
= −

(︀
Γ𝑅 +𝑅|𝜓𝜎|2

)︀
𝑋𝜎 + Γ𝑠(𝑋−𝜎 −𝑋𝜎) + 𝑃𝜎. (6.4b)

Here, 𝜎 ∈ {+,−} are the two spin indices, Γ𝑅 and Γ𝑠 describe the decay rate and spin

relaxation [170] of reservoir excitons. 𝐺 denotes the same-spin polariton-reservoir

interaction strengths. The elliptical trap shape and the TE-TM splitting from the

cavity mirrors cause fine-structure splitting in the polariton condensate described

by an effective in-plane magnetic field Ω‖ along the trap minor axis (see Chapter 5).

Consequently, the effective field rotates at a frequency 2𝜔. The other parameters

are described in the previous Chapter and in Chapter 3.

A famous phenomenon corresponding to the 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 = (𝐵𝑥 cos (2𝜔𝑡), 𝐵𝑦 sin (2𝜔𝑡), 𝐵𝑧)
T. In our case,

the time-dependent in-plane magnetic field corresponds to the oscillating birefrin-

gence from our spinning non-axisymmetric trap 𝐵𝑥,𝑦 = ℏΩ‖/𝜇, where 𝜇 is the Bohr

magneton. The out-of-plane magnetic field in our experiment comes from the spin-

anisotropic interactions between polaritons 𝐵𝑧 = ℏΩ⊥/𝜇 = ℏ(Ω+ − Ω−)/𝜇 given by

Eq. (6.4a), 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 Ω⊥

flips.

As long as the exciton reservoir lifetime is bigger than polariton one we can write

pump terms as 𝑃+ = 𝑃0(𝑊 cos2 (𝜃) + Γ𝑠)/(𝑊 + 2Γ𝑠) and 𝑃− = 𝑃0(𝑊 sin2 (𝜃) +

Γ𝑠)/(𝑊 + 2Γ𝑠). Here, 𝑃0 is the total power of the pump. The calculated 𝑔
(2)
𝐻,𝑉 (𝜏)

is obtained by replacing the operators 𝑎†𝜇 and 𝑎𝜇 in Equation (3.8) with 𝜓*
𝜇 and 𝜓𝜇

obtained by solving the GPE in time.

The simulation results are depicted in Figure 6-9(c) and perfectly match with

the experimental findings and reproduce the resonance behaviour of the condensate

spin. The simulation parameters in units of 𝜔 are as follows: Γ = 100; Ω‖ = 0.16;
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𝑅 = 6; 𝐺 = 0.2; 𝛼 = 1; 𝑊 = Γ/4; Γ𝑅 = Γ𝑠 = Γ/2; 𝑃0 = 2.2ΓΓ𝑅/𝑅; √𝜂 = 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 the 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 [40].

Unlike the conventional spin switches implemented in magnets, polaritonics [117],

or VCSELs [160], 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.

It is worth noting that the approach of the external driving is different to the one

already implemented for control of polaritons spin. For example, the ultra-fast spin

evolution spanning through various states on the Poincare sphere was realised relying

on the Rabi oscillations between upper and lower polariton branches in the study

Colas et al. [171]. The difference is the excitation scheme - CW non-resonant time-

periodic excitation in our case and pulsed resonant one in Ref. [171]. Furthermore,

the mechanisms of the evolution of the spin vary - the resonance of the external drive

with the self-induced Larmor precession in our study and Rabi oscillations of two

induced cross-polarised populations of polaritons in the linear regime in Ref. [171].

It would be interesting to explore the interplay of the complex polarisation patterns

and the time-periodic drive in future research.

A 20-fold increase in spin coherence discussed in this Chapter will potentially

136



6.9. Conclusion Chapter 6. Driven Spin Precession in Polariton Condensate

enlarge the time of coherent operations with condensate pseudo-spin. This opens up

excellent prospects for novel spinoptronic devices based on polaritons and utilisation

of spin degree of freedom for quantum computing [48]. Moreover, the external spin

drive can also be applied in the study of the arrays of coupled polariton conden-

sates [32].

All in all, the developed method of optical stirring opens great prospects for

possible experiments on polariton condensate in time-periodic potentials. In the

next Chapter, we investigate these potentials further and implement the classical

"Rotating Bucket" experiment with polariton condensate.
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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 frequencies allowed us, for the first

time, to realise the famous "rotating bucket" experiment [41, 44, 172] 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].

The experimental results discussed in this Chapter were obtained by the Author

if not stated otherwise. All experimental Figures have been produced by the Author

and published in Ref. [3] if not stated otherwise. The utilisation of Figures in this

Chapter is granted by the AAAS Author License to Publish Policy. The numerical

simulations were carried out by Dr. Stella Harrison and Dr. Helgi Sigurdsson. The

Figures containing the simulation results were made by Dr. Stella Harrison and

Dr. Helgi Sigurdsson and are also published in Ref. [3]. Their usage in the thesis is

granted by AAAS Author License to Publish Policy.
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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

changed continuously by the external force. On the other hand, in the quantised

vortices, the speed of the particles, or other characteristic values, can have only

a restricted set of values. Vortices are inherent to different systems and widely

found in nature ranging from the enormous few thousand kilometres vortices on

Jupiter [173] and cyclones in Earth’s atmosphere to tiny micrometre-size vortices in

superconductors [174], superfluids [43, 44], Bose-Einstein condensates [41, 42] and

optical vortices[175]. Vortices have drawn the attention of researchers over the last

century, both from fundamental and application points of view. Material vortices can

become the building block of quantum information processing [176]. Optical vortices

can magnify data transferring capabilities [177] 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 [178, 179].

Vortices in conventional fluids appear due to viscosity and carry continuous angu-

lar momentum dictated by external forces. On the contrary, superfluids demonstrate

remarkable properties which are drastically different from conventional fluids [180].

The absence of viscosity and quantum nature results in the quantisation of the

orbital angular momentum in superfluid vortices [43]. The "rotating bucket" exper-

iment [41, 44, 172] is a famous manifestation of this effect.

In this experiment, the superfluid is held in the rotating container, and depending

on the stirring frequency, one or more quantised vortices are observed in the bulk

of the fluid (see schematic in Figure 7-1(m)). The behaviour of the superfluid can

be described by a macroscopic wavefunction Ψ𝑠(r) = 𝐴(r)𝑒𝑥𝑝(𝑖Φ(r)), where 𝐴(r) is

the amplitude of the wavefunction and Φ(r) is its phase. The velocity [181] of the
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superfluid is proportional to the gradient of the phase 𝑣𝑠 = (ℏ/𝑚)∇Φ(r), where m

is the mass of the particles in the superfluid. Further, directly from the definition

of 𝑣𝑠, it follows that

∇× 𝑣𝑠 = 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 (Lan-

dau 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 super-

fluid 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

∮︁
𝑣𝑠𝑑r =

2𝜋ℏ
𝑚

𝑛 (7.2)

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 Helium [44, 172, 181]. The vortices there were detected by nuclear mag-

netic resonance and by imaging the trapped electrons (ions) in the vortex core. The

vortices photographed by the latter method by E.J. Yarmchuk in 1979 are depicted

in Figures 7-1(a-l). 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 fre-

quency dependence of the vortex number reported by R. E. Packard in 1972 [182] is

presented in Figure 7-1(n). 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 [56]
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Figure 7-1: (a-l) The photographs of the vortex arrays in the rotating superfluid
He II obtained by imaging of the trapped ions. The angular velocities were (a)
0.80𝑆−1 , (b) 0.80𝑠−1 , (c) 0.40𝑠−1i, (d) 0.87𝑠−1 , (e) 0.45𝑠−1i, (f) 0.47𝑠−1, (g)
0.47𝑠−1, (h) 0.45𝑠−1, (i) 0.86𝑠−1, (j) 0.55𝑠−1, (k) 0.58𝑠−1, and (l) 0.59𝑠−1. Panels
(a-l) are reprinted with permission from [44]. Copyright 1979 by the American
Physical Society. (m) Adopted from [181] 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. Reprinted panel (n) with permission from [182]. Copyright 1972 by the
American Physical Society. The step-like vortex number dependence (measured as
an electrometer output) on the angular velocity. R and 𝛼 correspond to the vessel
size and angular acceleration, respectively.
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(BEC). The numerous ways of vortex generation were developed there, including

direct imprinting [101] and condensate rotation [41]. 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 [41]. The

stirring of the condensate was performed by the magnetic field [183], optical field [42]

or the interplay between spin components of the condensate [184]. The stirring of

the laser profile around the BEC (see Figure 7-2 (a)) was shown to result in a vortex

nucleation inside the BEC [184]. Below the critical stirring frequency, K.W. Mad-

dison and co-authors [184] 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 increasing the

stirring frequency 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 [185]

is qualitatively similar to that of the superfluid Helium (see Figure 7-2(h)). Due to

the properties of the BEC, the rotations speed required for the vortex generation is

on the order of hundred Hertz, [41], which can be relatively easily realized in the ex-

periment, for example, by the deflection of the stirring laser beam with acousto-optic

modulator [184].

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 Chapter 2, under certain pumping conditions polari-

tons 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
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Figure 7-2: (a) The schematic of the vortex generation in BEC setup with stir-
ring laser. The image is reprinted with permission from [101]. Copyright 2011
by the American Physical Society. The panels (b-g) are reprinted with permission
from [184]. Copyright 1999 by the American Physical Society. 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 fre-
quency. The panel (h) is adopted from [185] and reproduced with permission from
Springer Nature. Panel (h) shows the angular momentum per particle 𝑙 of the ro-
tating condensate versus the angular velocity of stirring. The 3D insets correspond
to condensate density distribution.

condensates can have vortices (see Chapter 2).

Thus, realising the "rotating bucket" experiment should be feasible for polari-

tons. However, it has not been implemented experimentally to date, with the scarce

theoretical investigations, for instance, Ref. [186]. This is due to short typical po-

lariton timescales (picosecond lifetime and nanosecond coherence time). So, excep-

tionally high (at least GHz) rotation speed, which is challenging to implement with

the existing experimental techniques, is required in order to influence the polariton

state. In this thesis, this hurdle is overcome, and stirring of the polariton condensate

was realised. The details are described below.
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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 we either have optical angular momentum 1 on the

𝑆𝐿𝑀1 and -1 on the 𝑆𝐿𝑀2 or vice versa (see Figure 7-3). For this experiment, the

intensities of two excitation lasers are equal in order to create non-uniform exciton

reservoir, which will induce the torque to the condensate at high frequencies. 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

the other details of the experimental setup configuration are described in Chapter 3.

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]

The rotating nonresonant laser pattern is projected on the sample and has a

diameter of 14 𝜇m. 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
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walls of the reservoir and allows applying the torque to the polariton condensate

and stirring it. Nonresonant optical trap [27] feeds the condensate and decreases

the overlap of the condensate with the reservoir, minimizing their interaction and

increasing the condensate coherence time.

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 [80]). 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. So, we are seeking the vortices appearance in the rotation range of 1 GHz and

higher. We set the lasers frequency difference ∆𝑓 to 4.6GHz and (𝑙1, 𝑙2) = (1,−1),

and pumping power to 𝑃 = 1.1𝑃th. 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 [28].

To find out if the condensate is in the vortex state, we perform the homodyne

interferometry (see Section 3.3.3), overlapping the condensate emission with the ref-

erence plane wave laser. The interference pattern depicted in Figure 7-4(c) reveals

the fork dislocation, implying the winding of the condensate phase. Reconstruct-

ing the phase by the off-axis digital holography (see Section 3.3.4), we retrieve the

phase pattern presented in Figure 7-4(d). The phase of the condensate wave func-

tion possesses a singularity in the centre corresponding to the minimum intensity

distribution. The phase circulates about the singularity, changing linearly from 0

to 2𝜋 in a counterclockwise direction corresponding to the quantised vortex with

topological charge 𝑙 = 1. Thus, the phase winding of the condensate is co-directed

with the rotation direction of the pump, as well as polaritons in the condensate

co-rotate with the optical trap.
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Figure 7-4: (a) Spatial profile (normalised) of the polariton condensate in rotating
trap 𝑓=2.3GHz (∆𝑓 is 4.6GHz and (𝑙1, 𝑙2) = (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 2𝜋. The scale bar for Figure (c) is depicted in (a). The
Figure is adopted from [3].

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

formed depending on the pump power (see Figure 7-5 (b-d)). This means that we

do not imprint [89] 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.

The direction of the trap rotation is governed by the excitation lasers profiles.

Namely, following the equation (6.1) it is worth noting that stirring can be inverted

by swapping the angular momenta on the SLMs or by changing the frequency detun-

ing sign ∆𝑓 . To test this relation, we measure the condensate phase for different pos-

sible configurations of ∆𝑓 and ∆𝑙. The results are summarised in Figure 7-6, where
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Figure 7-5: (a) Experimental pump profile of one of the excitation lasers. The
condensate PL in the stationary optical trap (a) with 14 𝜇m diameter at a pump
power of (b) 1.1Pth and (c) 1.3Pth. (d) Corresponding energy resolved excitation
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.

we show the condensate phase for 4 different cases. The phase profiles presented in

Figures 7-6(a,b) correspond to ∆𝑙 = 2 and (c,d) to ∆𝑙 = −2. Figures 7-6(a,c) shows

the positive laser frequency detuning ∆𝑓 = 4.6 GHz and Figures 7-6(b,d) depict

the negative one ∆𝑓 = −3.7 GHz. The corresponding four scenarios all result in

a polariton fluid co-rotating with the pump pattern with a 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-

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

The frequency dependence of the vortex appearance is an important part of the "ro-

tating bucket" experiment. Analogously to the superfluids [43] and BECs [42] vortex

in the polariton condensate appears only above some critical rotation frequency. Set-

ting OAMs of two excitation lasers to have 𝑙1 =1, 𝑙2 =-1 and varying their frequency
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Figure 7-6: Condensate phase distribution for 𝑙1 =1, 𝑙2 =-1 of the first and the
second excitation lasers respectively and (a) ∆𝑓 = 𝑓1 − 𝑓2 > 0 =4.6 GHz and (b)
∆𝑓 < 0 = −3.7GHz. Rel-space phase of the condensate for 𝑙1 =-1, 𝑙2 =1 and (c)
∆𝑓 = 𝑓1 − 𝑓2 > 0 = 4.6 GHz and (d) ∆𝑓 < 0 = −3.7𝐺𝐻𝑧. The red and green
insets in each panel depict the corresponding circular phase profile taken along the
circle with 2.6 𝜇m around the phase dislocation. The figure is adopted from [3].

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 conden-

sate experiences adiabatic rotation of the trap since the rotation period is much

bigger than the characteristic timescales of the condensate (coherence time and po-

lariton lifetime). In this case, the condensate is poorly confined. Some part of the

condensate under slow rotation forms directly on 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 momenta and energy occupied by the condensate (see PL dispersion in
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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)).

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 scale bar in (a-c) corresponds to 2𝜇m. 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

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).

Panel (a) corresponds to the 𝑓 = −2.5 GHz; the direct condensate intensity dis-

tribution 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 dis-

tributions for different rotation frequencies and corresponding unwrapped phases

(black dots) around the dislocation. The red solid line corresponds to the phase dis-

tribution of the ideal vortex and depicts the linear phase gradient going from 2𝜋 to
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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. 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 fre-

quencies, we investigated the condensate phase for each 10 𝜇s 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 𝜇s 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 2.6𝜇m diameter around it (see black dots in

Figures 7-8(c-g)).

3. We transform the phase profile so there is no 2𝜋 phase jumps when it goes

from the beginning to the end of the profile.

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

𝑁𝑀𝑅𝑆𝐸 =

⎯⎸⎸⎷1

4

1

𝑁

𝑁∑︁
𝑛=1

[(𝑐𝑜𝑠(𝜃𝑛)− 𝑐𝑜𝑠(𝜃𝑖𝑑𝑒𝑎𝑙,𝑛))2 + (𝑠𝑖𝑛(𝜃𝑛)− 𝑠𝑖𝑛(𝜃𝑖𝑑𝑒𝑎𝑙,𝑛))2]

(7.3)
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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 𝜇s excitation
pulse width. The bottom panels of (c-g) represent the annular line profile with a 2.6
𝜇m 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].

where 𝜃𝑛,𝜃𝑖𝑑𝑒𝑎𝑙,𝑛 are the corresponding values of the experimental and ideal

vortex profiles, respectively. N is the number of points in the experimental

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
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given phase distribution. Namely, we scan the centre position in the square

with the side of 2.6 𝜇m corresponding to the 40 by 40 pixels square around

the initially chosen profile position. Then, steps 1 - 4 are repeated 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

in the "rotating bucket" experiment with polariton condensate is 1 GHz (for 14𝜇m

optical trap). Remarkably, the probability of finding the vortex in the condensate

at the middle of the range (approximately at 2.5 GHz) is close to 1 for both stir-

ring 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.
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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 𝑙 = ±1. Red points: average angular momentum < 𝑙 > of the
condensate over 40 simulation runs. The figure is adopted from [3].

The flipping of the vortex charge with the rotation frequency discussed in Fig-

ure 7-6 is also evident in Figure 7-9. 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

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, the numerical simulation of the system with the Gross-Pitaevskii equation

were performed.

153



7.5. Numerical simulation
of 2D Gross-Pitaevskii equation.Chapter 7. Vortices in "Rotating Bucket" Experiment with Polariton Condensate

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 𝑛𝐴,𝐼(r, 𝑡)

[133]. The polariton condensate is described by macroscopic two-dimensional wave

function Ψ(r, 𝑡). The active reservoir excitons undergo bosonic scattering into the

condensate, whereas the inactive reservoir excitons does not scatter into it but feed

the active reservoir:

𝑖ℏ
𝜕Ψ

𝜕𝑡
=

[︂
− ℏ2∇2

2𝑚
+𝐺(𝑛𝐴 + 𝑛𝐼) + 𝛼|Ψ|2 + 𝑖ℏ

2
(𝑅𝑛𝐴 − 𝛾)

]︂
Ψ (7.4)

𝜕𝑛𝐴

𝜕𝑡
= −(Γ𝐴 +𝑅|Ψ|2)𝑛𝐴 +𝑊𝑛𝐼 (7.5)

𝜕𝑛𝐼

𝜕𝑡
= −(Γ𝐼 +𝑊 )𝑛𝐼 + 𝑃 (r, 𝑡). (7.6)

Here, 𝑚 is the effective polariton mass, 𝐺 = 2𝑔|𝑋|2 and 𝛼 = 𝑔|𝑋|4 are the

polariton-reservoir and polariton-polariton interactions strengths, respectively, where

𝑔 is the exciton-exciton dipole interaction strength and |𝑋|2 is the exciton Hopfield

coefficient. 𝑅 is the rate of stimulated scattering of polaritons into the condensate

from the active reservoir, 𝛾 is the polariton decay rate, Γ𝐴,𝐼 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:

𝑃 (r, 𝑡) = 𝒫(𝑟)
⃒⃒
𝑒𝑖(𝑙1𝜃−𝜔1𝑡) + 𝑒𝑖(𝑙2𝜃−𝜔2𝑡)

⃒⃒2
= 4𝒫(𝑟) cos2

[︂
(𝑙1 − 𝑙2)𝜃

2
− (𝜔1 − 𝜔2)𝑡

2

]︂
, (7.7)

where 𝒫(𝑟) is the annular intensity profile.
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As it was described above, the shape of the exciton reservoir induced potential

changes with the rotation frequency, thus affecting the condensate and vortex ap-

pearance. To check this, the solution of the Equation 7.6 should be found. It reads

as follows:

𝑛𝐼(r, 𝑡) = 𝑒−(𝑊+Γ𝐼)𝑡 [4𝒫(𝑟)𝐼(𝜃, 𝑡) + 𝑛𝐼(r, 0)] (7.8)

where

𝐼(𝜃, 𝑡) = 𝑒(𝑊+Γ𝐼)𝜏
(𝑊 + Γ𝐼) cos

2 (𝜃 − 𝜔̄𝜏)− 𝜔̄ sin [2(𝜃 − 𝜔̄𝜏)] + 2𝜔̄2

𝑊+Γ𝐼

(𝑊 + Γ𝐼)2 + 4𝜔̄2

⃒⃒⃒⃒𝑡
0

. (7.9)

Here, 𝜃 = (𝑙1 − 𝑙2)𝜃/2, and 𝜔̄ = (𝜔1 − 𝜔2)/2.

Thus, in the limit of the slowly rotating trap (𝜔̄− > 0), we get

𝑛𝐼(r, 𝑡)
⃒⃒⃒
𝑊+Γ𝐼≫𝑓

≈ 𝑃 (r, 𝑡)

𝑊 + Γ𝐼

. (7.10)

So, the inactive exciton reservoir’s shape follows the pump’s shape. The same

argument can be applied to the active reservoir 𝑛𝐴(r, 𝑡) assuming that nonlinear

effects are weak and that the decay rate Γ𝐴 of the active reservoir is fast, i.e. Γ𝐴 ≫

𝑓 ′, 𝑅|Ψ|2; then it will also adiabatically follow the dynamics of the inactive reservoir,

𝑛𝐴(r, 𝑡)
⃒⃒⃒
Γ𝐴≫𝑓

≈ 𝑊𝑛𝐼(r, 𝑡)

Γ𝐴

=
𝑃 (r, 𝑡)

Γ𝐴(1 + Γ𝐼/𝑊 )
. (7.11)

On the other hand, in the case of very fast rotation, the effective shape of the

reservoirs is changing. This corresponds to 𝑊 + Γ𝐼 ≪ 𝑓 , an inactive reservoir then

becomes cylindrically symmetric and time-independent and does not induce any

torque to the condensate.

𝑛𝐼(r)
⃒⃒⃒
𝑊+Γ𝐼≪𝑓

≈ 2𝒫(𝑟)/(𝑊 + Γ𝐼) (7.12)

The same applies to the active reservoir.

To sum up, the estimate of the exciton reservoir shape confirms our hypothesis

155



7.5. Numerical simulation
of 2D Gross-Pitaevskii equation.Chapter 7. Vortices in "Rotating Bucket" Experiment with Polariton Condensate

on its effect on the vortex formation in the condensate under rotation.

The Equations (7.4)-(7.5) are solved numerically. The parameters used in the

simulation are inherent to the sample [55]. Namely, 𝑚 = 5.3 × 10−5𝑚0 where

𝑚0 is the electron mass, 𝛾 = 1
5.5

ps−1, 𝑔 = 1 𝜇eV 𝜇m2, and |𝑋|2 = 0.35. The

remaining parameters are enumerated through fitting to experimental data, giving

𝑅 = 0.01 ps−1, and 𝑊 = 0.05 ps−1. The 𝑃 (r, 𝑡) term is similar to the experimental

one.

Given these parameters, the annular distribution of the condensate intensity and

a phase winding co-directed with the pump rotation are reproduced (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, the smearing of the exciton reservoir is observed;

the reservoir’s shape now favors the confinement of condensate in the vortex state

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

As it was estimated above, for the higher rotations, the shape of the active

reservoir is completely uniform; the numerical results are presented in Figure 7-11
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Figure 7-11: The active reservoir distribution snapshots for 0 GHz, 5GHz, and 10
GHz rotation frequency.

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 fre-

quency in the range from minus to plus 10 GHz, 𝑓 ′, 40 unique realisations of the

condensate are calculated, each starting with different random initial conditions.

Further, they are integrated in time until they converge to a final state. The expec-

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

written,

⟨𝑙⟩ = 1

ℏ
⟨Ψ|𝐿̂𝑧|Ψ⟩
⟨Ψ|Ψ⟩

(7.13)

where 𝐿̂𝑧 is the angular momentum operator. Note that the simulated values of the

averaged orbital angular momentum qualitatively reproduce the experimental data.

7.6 Why the second vortex

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

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
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power. The results are depicted in Figure 7-12(a-c). Note that below the threshold,

polaritons are broadly distributed across several energy branches. As soon as the

threshold is achieved, bosonic stimulation occurs, and polaritons populate a specific

energy state with clear spectral narrowing and intensity increase.

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,

implying that the condensate vortex eventually destabilises and collapses into the

ground state for higher powers and higher rotation frequencies. This dynamics is

generally inherent to our sample and was reported in [187]. 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 1.25𝑃𝑡ℎ, condensate falls to the ground state (with the lower energy)
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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 1.2𝑃𝑡ℎ (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 14𝜇𝑚 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 Pump power dependence

of the condensate emission

Additionally, we investigate the intensity of the condensate emission versus pump

power for different rotation speeds. First, we find that the condensation threshold

changes when we alter the rotation frequency. Interestingly, it increases for higher

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

higher pump power in order to achieve the critical concentration of polaritons 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

for polaritons.

As we have described above, the higher 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 larger
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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

Figure 7-13: (a) The phase profile of the condensate in the rotating trap with 16 𝜇m
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 𝜇m diameter
d at 𝑓 = 3 GHz demonstrating 3 vortices. The insets in (a) and (b) represent the
real-space condensate intensity distribution. The white scale bar corresponds to
2𝜇m.

The optical trap of a larger diameter can host a bigger number of states [28].

We increase the diameter of the rotating trap to d = 15.4𝜇m. The condensate now

can occupy the trap’s second excited state; 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 17.5𝜇m, we

observe the state with 3 vortices with the same OAM. However, the energy structure

of the condensate at a larger trap size is complicated by the fine energy splitting

reported in [7]. This splitting is on the order of the stirring frequency and can
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affect the state of the condensate in the rotating trap. However, the investigation

of the bigger rotating trap is ongoing in our lab and out of the scope 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

All in all, we have demonstrated an analogue of the “rotating bucket" experiment

for exciton-polariton condensates under a nonresonant time-periodic drive. The

“rotating bucket” experiment has previously been demonstrated as a means to gen-

erate quantised vorticity in superfluids [188] and ultra-cold atoms [41, 42, 189, 190],

but its investigation for nonequilibrium quantum fluids has lacked attention. We

achieve the rotation by utilising the beating note of two nonresonant, single-mode,

frequency-stabilised and controllably detuned lasers which create an optical trap

that rotates at GHz frequencies. In the range of rotation frequencies, a quantised

vortex with a phase winding co-directed with the trap rotation is formed. By con-

trolling 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 con-

densate 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 range. The interest-

ing difference between our dissipative quantum system and conventional superfluids

is that the number of vortices does not increase with the bucket rotation speed.

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 atomic condensates, it is in the hundreds of Hz range (see respective panels in

Figure 7-14). In contrast, the required rotation frequencies in polariton condensates

are 7-8 orders higher and lay in the GHz range (bottom panel of Figure 7-14). In this

sense, the large body of studies of BEC of superfluid applied to polaritons in con-

161



7.9. Conclusions Chapter 7. Vortices in "Rotating Bucket" Experiment with Polariton Condensate

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 [44]. 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 [184]. 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].

junction with unique features of polaritons itself could result in numerous intriguing

findings.

The investigation of polaritons in rotating potentials has raised a big interest

in the polaritonics community. In parallel with our study, another experimental

observation of the acquisition of angular momenta by externally stirred condensate

has been reported by Y.V.I. Redondo et al [191]. They experimentally investigated

the angular momentum of the condensate formed by a similar technique. Interest-

ingly, even though the rotating trap was formed by the combination of Gaussian and

Laguerre-Gaussian (𝑙 = 1) beams (in contrast to our work), Y.V.I. Redondo and col-
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leagues observed the rotation of the condensate and vortex formation in the similar

GHz frequency range. Moreover, the recent theoretical study [192] comprehensively

considers the theory of the vortex formation in the rotating trap and investigates

the coupling and formation of the states with different OAM. Another theoretical

work [193] 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 [38, 39] in the strong

coupling regime and spatiotemporal control of nonlinear fluids of light. With the

rapid advancements in creating extended polariton networks [31], our method can

be used to engineer vortex arrays with controllable OAM to study the complex

interplay of polarisation, OAM in polariton lattices. Moreover, polariton conden-

sates offer an alternative platform for generating a nonlinear structured light. In

particular, polariton vortices can be used for various applications ranging from clas-

sical [31, 46, 194] and quantum computing [48, 195] to super-resolution imaging [196]

and optical manipulation of small objects [197].
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Chapter 8

Conclusion and Outlook

Overall, in the scope of this thesis, the all-optical spinor and vorticity control of

polariton condensates in the optical traps were realised. Below, the main findings

of this work are listed alongside the discussion on their possible applications and

further research directions.

The main findings of the thesis can be divided into two parts: obtained for the

static optical trap and the rotating one. In turn, two types of static laser pat-

terns to excite polariton condensate were utilised - the annular and elliptical traps.

For the annular trap (Chapter 4), we have comprehensively studied the condensate

spin properties depending on the pump power, excitation polarisation and trap size.

We have confirmed that under circularly polarised excitation, condensate adopts

the polarisation of the non-resonant excitation through the process of optical ori-

entation. For the linear excitation, the spin of the condensate is pinned to the

direction of the effective in-plane magnetic field caused by local sample birefringence.

However, the pinning regime does not appear immediately after the condensation

threshold but at some finite pump power (≈ 1.2𝑃𝑡ℎ). Before this, the condensate

spin is unstable and stochastically flips between different linear polarisation states.

This destabilisation is governed by the interplay between the pinning field and po-

lariton interactions with the excitonic reservoir. By decreasing the optical trap size,

we also find that the region of linear polarisation pinning shrinks until it completely

disappeared for the 9 𝜇m trap. At both higher pump power and elliptically polarised
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excitation, we have observed the lowering of the condensate degree of polarisation

in the integrated measurements. This effect was attributed to the self-induced

Larmor precession of the pseudo-spin, which had been observed experimentally

in Ref. [8]. Overall, this study has demonstrated the peculiarities of the condensate

spin properties 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 (as shown Chapter 5).

Sharing similar properties with the annular condensate for the elliptical and circu-

lar excitation polarisation, the elliptical shape of the condensate has allowed us to

establish the control also over the linear polarisation of the emission. We

have found that the cavity’s inherent TE-TM splitting, along with the prolonged

shape of the condensate, splits 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 con-

densate emission. As discussed in the bulk of the thesis, beyond the fundamental

interest, these findings can be applied to the realisation of polariton-based spinop-

tronic devices [37]. Another promising avenue is utilising the spin degree of freedom

in the extended networks of polariton condensates. We have made a first step in

this direction by investigating the coupled elliptical condensates at different mutual

orientations and separation distances. We have found several distinct spin interac-

tion regimes - destabilised and flipping ones and demonstrated that the coupling

between two elliptical condensates can be changed by their mutual orientation.

The logical next step would be the investigations of chains [198, 199] and lattices

of interacting ellipses or symmetric condensates. It is worth noting that all studies

mentioned above were carried out for the trap ground state. The utilisation of the
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bigger pumping profiles will allow for the investigation of the spin structure of the

condensates in the excited states of the confining potential and could reveal new

phenomena and non-trivial polarisation patterns.

In the second part of this thesis, a developed experimental approach for the

rotation of an optical trap for polaritons at the GHz rate (see Chapter 6) have

been described. It was achieved by virtue of a beating note of two single-mode fre-

quency detuned lasers shaped with the SLM into a "perfect vortex". The developed

approach allows us to create a laser pattern rotating at an arbitrary frequency in

the desired direction. Tuning intensities of two excitation lasers, we realised the ex-

citation profile similar to the one 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. Interestingly, we find the resonance characteristics of the optically

driven spin precession at GHz rotation frequencies. The driven precession coher-

ence is prolonged 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 BEC spin.

We also find that spin coherence time of the condensate when in the resonance is

increased by at least 20 times with respect to previous reports [8]. 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 [48, 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 the realisation of the complex skyrmion and meron topological structures

in polariton condensates [200].

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 a polariton 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 [44] and BEC [41], the vortex in the condensate

forms above the critical stirring frequency (1GHz). We reveal that the polariton
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vortex co-rotates with the optical trap and exists only in the narrow range of

stirring frequencies from 1 to 4 GHz. This finding opens a route for the compar-

ative studies of polariton condensates with other superfluid systems as well as the

research of the superfluidity in polariton condensate itself [97]. Moreover, tailoring

time-periodic potential for polaritons could open a new branch of the research on

Floquet engineering [38] in such systems. The on-demand vorticity control could

benefit the realisation of an analogue simulator [31] and quantum bits [48] based

on circular currents and vortices. We have already looked into the bigger rotating

optical traps and observed the co-rotating vortex clusters of two and three vortices.

The realisation of an even bigger optical trap or stirring of the unbound condensate

could potentially allow the creation of bigger clusters and investigate the turbulent

polariton flow [87, 95] in rotating polariton fluid.

This brings this thesis to an end. However, the polariton investigations are

ongoing. The physics of such system is very rich, and numerous investigations and

outstanding results are yet to come!
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