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and E. A. Ostrovskaya. Scientific Reports, 6, 37653 (2016).
5. *Chiral modes at exceptional points in exciton-polariton quantum fluids, T. Gao, G.
Li, E. Estrecho, T.C.H. Liew, D. Comber-Todd, A. Nalitov, M. Steger, K. West,
L. Pfeiffer, D. W. Snoke, A. V. Kavokin, A. G. Truscott, and E. A. Ostrovskaya.
Physical Review Letters, 120, 065301 (2018).
6. Single-shot condensation of exciton–polaritons and the hole burning effect, E Estrecho,
T. Gao, N. Bobrovska, M. D. Fraser, M. Steger, L. Pfeiffer, K. West, T. C. H. Liew,
M. Matuszewski, D. W. Snoke, A. G. Truscott, and E. A. Ostrovskaya. Nature
Communications, 9, 2944 (2018).
7. *Observation of bosonic condensation in an atomically thin crystal embedded in a hybrid MoSe2-GaAs microcavity, M. Waldherr, N. Lundt, M. Klaas, S. Betzold, M.
Wurdack, V. Baumann, E. Estrecho, A. Nalitov, E. Cherotchenko, H. Cai, E. A.
Ostrovskaya, A. V. Kavokin, S. Tongay, S. Klembt, S. Höfling, and C. Schneider.
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Abstract
Bose–Einstein condensates (BEC) of exciton–polaritons represent a successful platform for
studies of macroscopic quantum physics at elevated temperatures in a solid-state device.
Despite the number of breakthroughs in both experiment and theory, there are still some
gaps in our understanding of this part-light part-matter system. The difficulties in our
interpretation of the system’s behavior arise from the inherent non-equilibrium nature of
exciton–polaritons and their coupling with a reservoir of thermal excitons. This opticallyinduced reservoir creates a repulsive potential and serves as a gain medium or source for
exciton–polaritons, thus creating a complex-valued potential.
In this Thesis, I summarize my PhD work on trapping, controlling, and manipulating exciton–polariton condensates using this complex potential. Chapter 1 of this Thesis
introduces the topic of exciton-polariton condensation, the experimental and modeling
techniques used in my work, as well as methods for potential landscape engineering
for exciton–polaritons. Chapter 2 presents experiments on trapping the condensate in a
one-dimensional array of photonic traps, and controlling the population of different energy states in the band-gap structure by applying a spatially structured pump. Chapter 3
demonstrates how the implementation of the finely controlled, fully optically-induced potentials allows us to finely tune the energy and linewidth of the condensate and elucidate
its non-Hermitian nature through observation of non-Hermitian spectral degeneracies.
Chapter 4 presents a detailed study of the condensation process in the presence of thermal reservoir, which is inherent in optically-induced trapping. Using an ultra-high-Q
microcavity, we image single realizations of condensation with unprecedented detail, and
observe filamentation of the condensate, which is a direct consequence of reservoir depletion. Chapter 5 presents further work performed in this “single-shot” regime, where we
drive the condensate into the high-density regime, and, assisted by the reservoir depletion,
observe a homogeneous profile characteristic of the Thomas–Fermi limit. Furthermore,
the spectrum of the high-density condensate shows signatures of crossover from BEC to
the Bardeen–Cooper–Schrieffer state, which represents a starting point for future studies
beyond the scope of this Thesis.
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Chapter 1

Introduction

Imagine millions of particles in random motion independent of each other. Then suddenly,
after tuning a parameter across a threshold, all the particles behave in unison. The system
is then easier to control and manipulate for different applications. This process is called
spontaneous coherence and an optical laser is the most common example. Today, the laser is
an enabling tool in almost every aspect of science research and industry.
Now, imagine establishing spontaneous coherence but with massive particles like
atoms or excitons. Unlike the photons in lasers, the particles need to cool down to cryogenic temperatures for their wave nature to dominate. After crossing a critical threshold, the particles condense into a Bose–Einstein condensate, a quantum fluid arising from
macroscopic occupation of the ground state. Superfluid 4 He and superconductivity—
condensate of Cooper pairs—are prime examples of these condensates that form above
1 K and can flow without resistance. Atomic BECs can only exist at ultracold temperatures
and in ultrahigh vacuum environments.
Exciton–polaritons, hybrid particles of light and matter, can condense at ambient temperatures in a solid-state device—a big step closer to real-world applications for BECs.
The past decade has seen breakthroughs in exciton–polariton research in both fundamental science, materials, and device applications. However, there are still gaps in our
understanding of the system due to its non-equilibrium and open-dissipative nature.
This Thesis is a summary of my experimental PhD work on exciton–polaritons, which
aims to understand exciton–polaritons by looking at condensation in complex potentials.

1.1

Motivation

Just over a decade ago, Bose–Einstein condensation (BEC) of exciton–polaritons was convincingly demonstrated [1, 2]. It was a game changer. Typically, a BEC is made of atoms
at ultracold (nK–µK) temperatures in an ultrahigh vacuum—a complexity that hinders
applications. Exciton–polaritons are free of these constraints—the BEC can form at room
temperature in a scalable solid-state device. Coupled with ease in experimental control
and detection, exciton–polaritons became an ideal system for fundamental research and
device applications.
Twelve years later, research on exciton–polaritons has had a number of breakthroughs
both in theory and experiments [3–5]. Superfluid properties [6] of the condensate are well
studied including quantized and half-quantum vortices. Potential landscapes [7] were
engineered to tailor the properties of condensates. A wide range of 1D and 2D lattice
potentials were successfully implemented to emulate lattice Hamiltonians and create
nontrivial states [8–11]. Room temperature condensation was also demonstrated using
1

2

Introduction

a wide range of materials [12]. The race is on now to create polariton BEC hosted by
technologically advanced 2D materials.
Despite all these achievements, there are still gaps in our understanding of exciton–
polariton condensates [5] becuase of its non-equilibrium and open-dissipative nature. As
an example, it is not straightforward to establish the link between dissipationless flow
and superfluidity of exciton–polaritons [13] as they do not thermalize and therfore are
not amenable to direct application of theory of equilibrium superfluids. One approach to
this nature of exciton–polaritons is to look at the behavior of the condensate in tailored
optically-induced potentials. However, this is not straightforward as exciton–polaritons
coexist with an optically-injected thermal reservoir, which adds an effective complex
potential—real part for repulsive potential and imaginary part for gain. The strategy of
my PhD work is to use optically-induced complex potentials to uncover fundamental
physical phenomena which help us better understand exciton–polariton condensates.
In Chapter 2, we revisit the case of polariton condensation in a 1D lattice where we
shed light on the dynamics of condensation at different points of the band structure.
This leads to successful loading of a condensate into desired states, including weaklybound highly energetic states that can coherently flow to form striking Talbot patterns.
In Chapter 3, we implement the widely used optically induced potential but through the
lens of non-Hermitian physics. By carefully warping the shape of the potential, we study
the level dynamics and reveal the Berry phase and non-Hermitian degeneracies, called
exceptional points.
By employing ultra-long lifetime polaritons, we push the limit of imaging techniques
and achieve what was once thought impossible—real-space imaging of a single-realization
of polariton condensation. In Chapter 4, I present results which uncover stochastic filamentation, a process usually washed out in ensemble-averaged or continuous-wave experiments. This phenomenon arises from the ubiquitous excitonic reservoir which turns
out to be depleted by the condensate. Furthermore, by depleting the reservoir at high density, we demonstrate a Thomas–Fermi limit of polariton condensate in a box-potential as
presented in Chapter 5. This separation of condensate and reservoir enables measurement
of the nonlinearities associated with the condensate alone, namely the polariton–polariton
interactions.

1.2

Strong coupling of light and matter

Strong coupling of light and matter is the central idea behind exciton–polaritons. It is a
general concept that can be used to tune energy states of atoms and molecules for different
applications [14]. In this Section, I will provide an overview of this phenomenon.

1.2.1

Light-matter interaction in cavities

Consider a dipole—atom, molecule, exciton—or any emitter, in an excited state. The excited state has a radiative lifetime which specifies how long the state can exist before
emitting a photon with an energy equal to the transition energy between the excited and
ground state, in a process called spontaneous emission. Edward M. Purcell [15], in 1946,
predicted that the lifetime or spontaneous emission rate can be enhanced or suppressed
when the dipole is placed in a resonant cavity (see Fig. 1.1(a)).
Spontaneous emission can be thought of as a stimulated emission process arising from
coupling of the dipole to the continuum of electromagnetic modes of empty space or the
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Figure 1.1: Strong light–matter coupling in a cavity (a) Schematics of a two-level atom with free
space loss rate γ in a cavity with photon loss rate κ and interaction strength g. (b) Spectrum
showing the Rabi splitting Ω = 2g and the equal linewidths (κ + γ )/2 at exact resonance. [Figure
adapted from Ref. [16].]

vacuum-field fluctuations. The spontaneous emission rate γ SP is given by the Fermi’s
golden rule [17]:
E2
2π D
†
d̂ · Ê
γ SP =
ρ(ω)
(1.1)
h̄
where d̂ is the dipole operator, Ê† is the electric-field creation operator at the dipole’s
location, and ρ(ω) is the optical mode density at angular frequency ω. A cavity modifies
the available modes ρ(ω) for the dipole to couple to and increases the electric field intensity at localized regions in the cavity. Faster spontaneous emission is achieved when the
cavity mode is resonant with the atomic transition energy and the atom is placed at the
maximum electric field intensity of that mode [18].

1.2.2

Criteria for strong coupling

The uncoupled dipole and cavity can be characterized separately by their decay rates
as shown in Fig. 1.1(a). In free space, i.e. outside of a cavity, the characteristic inverse
radiative lifetime τ, or the emission rate of the dipole γ depends on the actual dipole used.
These can be calculated from the linewidth ∆ν (FWHM) of the emission spectrum using
the relation
γ = 1/τ = 2π∆ν.
(1.2)
The cavity lifetime t p , whose inverse is κ depends on the cavity design and is simply the
time it takes for the photon to leak out through the cavity mirrors. They are related to the
Q-factor of the empty cavity, which is given by [14]
Q = 2π

ct p
tp
c
= 2π
= 2π ;
T
L
Lκ

κ = 2π

c
LQ

(1.3)

where L is the effective cavity length. The Q-factor of a resonator can be measured experimentally using the relation
ω0
Q≡
(1.4)
δω
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where ω0 is the resonance frequency and δω is the FWHM of its transmission spectrum.
For example, in a L = λ /2 cavity, the decay rate κ is
κ = 2π

c 1
2ω0
=
.
LQ
Q

(1.5)

When the emitter is placed in the cavity, the spontaneous emission rate is given by
Eq. 1.1, which we simply introduce here as the overall dipole–photon coupling strength
g. We can maximize the coupling strength by placing the emitter at the antinode of the
electric field intensity of the resonant cavity mode. Depending on the magnitude of the
coupling strength, there are two main results. When g < γ, κ, this is the weak coupling
regime where the linewidths of the emission and the cavity transmission is modified.
Increasing the coupling strength leads to strong coupling regime i.e. g > γ, κ where both the
linewidth and energy is modified, manifested as energy splitting equal to 2g in the energy
spectrum, as shown in Fig. 1.1(b). Experimentally, to resolve the two-peak structure, it is
necessary for the splitting to be larger than the linewidths, thus, a stricter condition [16]
for strong coupling is 2g > [γ + κ ]/2.
Another way of interpreting the strong coupling regime is through the emission rate.
The spontaneous emission rate is enhanced to a degree such that the photon and dipole
can exchange energy faster than their uncoupled dephasing rates. As a result the energy
exchange is coherent and reversible. This results in a new eigenstate of the system which
is a superposition of light and matter—hybrid quasi-particles called polaritons.

1.2.3

Coupled-oscillator model

The mixing of light and matter can be modeled by two coupled oscillators with the Hamiltonian


E ph g
Ĥ pol =
,
(1.6)
g Eex
where E ph is the cavity resonance energy, Eex is the exciton transition energy, and g is the
light–matter interaction strength. The eigenstates of this system form two energy branches
called the upper (UP) and lower polariton (LP) with the energies:
EUP( LP)

E ph + Eex
=
±
2

p

4g2 + ∆2
,
2

(1.7)

where ∆ = E ph − Eex . The strong interaction leads to a splitting in energy, which at exact
resonance, ∆ = 0, is equal to the Rabi splitting Ω = 2g. This corresponds to a Rabi
frequency in the oscillation of energy between the cavity photon and the excitonic dipole.
In a realistic system, the oscillators are damped, i.e. the resonances has a finite lifetime or energy linewidth. This can be taken into account by using complex energies
E ph,ex = E ph,ex − iγ ph,ex , where γ corresponds to the linewidths. The direct result of this
non-Hermitian correction to the Hamiltonian is that the energy splitting now depends on
the decay rates given by
r
1
Ω = 2 g2 − (γ ph − γex )2
(1.8)
4
As discussed in the previous section, when the interaction strength is weak i.e. 2g <
|γ ph − γex |, there is no energy splitting at all. Instead, there is an increase or decrease of the
loss rates of either the cavity or the dipole (see Sec. 3.3), or enhancement or suppression
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of spontaneous emission rate discussed in the previous section. The strong coupling
occurs when 2g > |γ ph − γex |, and the Rabi splitting is given by Eq. (1.8). Interestingly,
the transition between these two regimes through the critical point called an exceptional
point (see Sec. 3.3) was impressively demonstrated in a recent experiment using cavity
magnon–polaritons [19].

1.2.4

Implementation of strong light–matter coupling

Strong coupling of light and matter has been achieved in different materials and settings [14, 16]. The strong enhancement of fields can be achieved either using photonic,
e.g. mirror-based microcavities, or plasmonic cavities, as shown in Fig. 1.2. Plasmonic
nanocavities can achieve a very small mode volume for the confined electric field [20, 21]
compared to photonic cavities. However, they can induce absorption loss, not suitable for
condensation studies. The strongly confined field can then be coupled to a single atom or
a quantum dot, or an ensemble of emitters, like excitons in a quantum well. Dovzhenko
et al [14] recently reviewed the advances in light–matter coupling which has applications
in many areas such as sensing, chemistry, and nonlinear physics.

Single emitter

(b)

Photonic

(a)

Ensemble of emitters
Pump laser

DBR

Photon

Quantum
wells
Exciton

− +

DBR

− +
te
stra
Sub

(d)

Plasmonic

(c)

Figure 1.2: Strong coupling in different settings (a) Single atom coupled to the field of an optical
resonator. [adapted from [22]]. (b) Ensemble of semiconductor excitons coupled to the optical
field of a photonic structure (microcavity). [adapted from [5]]. (c) Single dye molecule coupled to
the field of a plasmonic nanocavity. [adapted from [20]] (d) Ensemble of molecular excitons and
localized surface plasmons. [adapted from [23]].

Our structure of interest is a mirror-based planar microcavity like the one shown in
Fig. 1.2(b). This configuration creates polaritons with motional degrees of freedom in
the plane of the cavity. We only use excitons [24] as the matter component since they
correspond to sharp resonances in a solid.
Since its first demonstration in 1992 [25], strong coupling of excitons and photons
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has been observed in a wide range of materials [12]. The traditional materials used are
GaAs and CdTe but these are limited to cryogenic temperatures due to small exciton
binding energy in these materials. The large exciton binding energy in wide bandgap
semiconductors like GaN [26] and ZnO [27] allows for room temperature operation. Room
temperature strong coupling was also observed using organic molecules [28, 29] which
are far easier to fabricate, without using sophisticated epitaxial growth (the case for GaAs,
CdTe, GaN and ZnO) but have a very weak nonlinearity and large threshold density.
Perovskites [30, 31] can also work at room temperature, are easy to fabricate, and are
predicted to have strong nonlinearity, making them a good platform for room temperature
polaritonics. Finally, there is a recent explosion of interest on 2D materials, specifically
transition metal dichalcogenides monolayers for exciton–photon coupling [32–35]. These
materials have all the good qualities of the other materials mentioned here plus they can be
easily modulated with electric fields for controlling polaritons. However, unlike the other
materials, polariton lasing or condensation is yet to be demonstrated. Recently, polariton
condensation was achieved at liquid helium temperature by hybridizing excitons in GaAs
quantum wells (QWs) and in a 2D material [36].
Despite the range of available materials, we still work with GaAs-based microcavities
because of their unprecedented growth quality. GaAs heterostructures are superior to
other materials due to almost perfect lattice-matching between GaAs and AlAs, allowing
dislocation- and defect-free growth of hundreds of layers of different alloys of Alx Ga1−x As.
Unlike other materials, clean samples of GaAs-based microcavities can have high exciton
mobility and small exciton inhomogeneous broadening due to high-quality quantum
wells, and long cavity photon lifetime due to numerous crack-free alternating layers of
Alx Ga1−x As that make up the mirror. This creates long-lived polaritons and minimal
potential disorder, which are both essential for fundamental research on polaritons.

1.3

Exciton–polaritons

“Polariton” is a general term [37] for a quasiparticle arising from strong coupling of a
photon with an excitation in a material: phonon, plasmon, magnon, or exciton. This mixing
of light and matter creates hybrid particles which inherit properties from its constituents,
often leading to new phenomena that are hard or impossible to implement with either
part, e.g. bosonic condensation. This Thesis is about exciton–polaritons only, specifically
those that exist in a Fabry–Pérot microcavity with embedded quantum wells. However,
the treatment presented in the following Subsection, in general, applies to any type of
polariton.

1.3.1

Excitons

Excitons are hydrogen-like particles in a semiconductor formed by Coulomb attraction of
an electron and a hole. They are typically described by their binding energy Eb and Bohr
radius a B given by
Eb =

µe4
2(4π)2 h̄2

=

h̄2 1
;
2µ a2B

aB =

4πh̄2
µe2

(1.9)

where µ = (1/me + 1/mh )−1 is the exciton reduced mass. These quantities depend on
the material properties like the effective mass of the electron, me , and hole, mh , and the
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dielectric permittivity . Since an exciton exists in the material’s band gap structure, its
total energy can be written as
(T )

Eex = E g −

Eb
h̄2 k2
+
n2
2(me + mh )

(1.10)

where is n is the hydrogenic principal quantum number. The exciton sits below the band
gap energy E g and behaves like a free particle with momentum h̄k. In photoluminescence
(T )

(PL) experiments, Eex is the energy of the photon emitted when the electron-hole pair
making up the exciton recombines.
The binding energy depends on the material and can range from 1–25 meV in III-V
semiconductors, to 25–100 meV in II-VI, 0.5–1 eV in organic semiconductors, and ∼0.5 eV
in monolayers of transition metal dichalcogenides (TMD). The binding energy sets the
minimum working temperature where the thermal energy kT is not enough to ionize the
exciton, i.e. kT < Eb . Thus, III-V semiconductors like GaA and CdTe are limited to cryogenic temperatures ∼10K, while large-band gap materials can work at room temperature.
However, the growth technology for GaAs is quite mature, such that it is possible to fabricat ultra clean samples using molecular beam epitaxy (MBE), whereas other materials
suffer from defects and disorder.
Quantum well excitons
The optical properties of excitons are enhanced when they are confined in a quantum
well (QW). A QW is a thin layer of a narrow band-gap semiconductor sandwiched between two layers of wide band gap semiconductors creating a finite well potential profile.
The confinement gives rise to two effects: (i) the effective Bohr radius decreases, thus
increasing the binding energy Eb by up to a factor of 4 [38] and the oscillator strength (see
Eq. 1.12), and (ii) the exciton becomes quasi-two-dimensional (2D). If the QW width is
comparable to the Bohr radius, the QW exciton behaves effectively as a 2D particle with
the dispersion in the plane of the QW given by
Eex (kk ) = Eex (0) +

h̄2 kk2
2(me + mh )

(1.11)

where kk is the in-plane wavenumber, and Eex (0) includes the binding and the gap energy.
The QW excitons can only couple to photons with the same energy Eex and in-plane
wavenumber kk . The samples used in this Thesis have GaAs quantum well thickness
around 7–12 nm with AlAs barriers.
Oscillator strength
An important property of an exciton for polariton research is the oscillator strength f ,
which determines how well the exciton absorbs light of angular frequency ω. This can be
written as [3]
V
2µω
f =
(1.12)
|huv |r · e|uc i|2 3
h̄
π aB
where |uc i and |uv i are the electron and hole Bloch functions, and V is the quantization
volume of the system. Compared to unbound electron–hole pairs, the oscillator strengths
of excitons are enhanced as provided by the term V /π a3B . The oscillator strength for QWs
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can be determined by the photon absorption spectroscopy using the relation [39]:
A=

4π 2 e2 h̄ f
m0 cnL

(1.13)

where n is the refractive index of the material, L is the well width, m0 is the free electron
mass, and A is the integrated absorption intensity (in units of eV cm−1 ). Note that not all
excitons are optically active; dark excitons exist due to symmetry forbidden transitions.

1.3.2

Cavity photons

Cavity photons are photons confined in a cavity, a resonator for light. The cavity can be
made in many ways, but in most of the work on exciton–polaritons, the cavity geometry
is Fabry–Pérot, which is made of two planar mirrors, as shown in Fig. 1.3. Confinement
in the out-of-plane or longitudinal direction modifies the total wave number |k3D |, which
creates a set of cavity modes with the dispersion along the in-plane direction given by
E ph,ν

h̄c
h̄c q 2
h̄c
k⊥ + kk2 =
= |k3D | =
nc
nc
nc

s



νπ
Lcav

2

+ k2

(1.14)

where k⊥ is the wavevector in the confinement direction, nc is the cavity refractive index,
Lcav is the cavity length, ν is the cavity number, and k ≡ kk is the unconstrained in-plane
or transverse wave vector. Figure 1.3(d) shows the dispersion for the low-order modes for
a typical cavity (Lc = 400 nm, and nc = 3.0) for exciton–polariton experiments.
(d)

(c)

(a)
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v=4

ν=3
mirror
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0.5
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20
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Figure 1.3: Cavity photon (a) Schematics of a Fabry–Pérot cavity where a photon is confined by
two planar mirrors. (b) Cavity photon wavevector k3D resolved into the confined out-of-plane
(longitudinal) k⊥ and unconstrained in-plane (transverse) kk wavevector. (c) Lowest longitudinal
modes k⊥ of the cavity and their dispersion (d) in the transverse direction. Dashed lines correspond
to the dispersion relation in the medium without the cavity E = h̄ck/nc .

From this point forward, to simplify notation arising from the quasi-2D nature of polaritons, we use k ≡ kk for the in-plane wavevector and neglect the out-of-plane direction,
unless otherwise stated.
At small wavenumbers, when k  k⊥ , the dispersion is parabolic, i.e.



 !
h̄c νπ
k2 Lc 2
h̄2 k2
1+
= E ph,ν (0) +
E ph,ν (k) ≈
(1.15)
nc Lcav
2 νπ
2m ph
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and the cavity photon acquires an effective mass equal to
m ph =

E ph (0)
π h̄ nc ν
=
2
2
c /nc
c Lcav

(1.16)

where E ph (0) = h̄c(2π /λcav ) is the cavity resonance energy at normal incidence, and λcav
is the free space wavelength of the cavity photon. In designing the cavity, the resonance
energy can be tuned by changing the mirror spacing or choosing a different cavity number
(see Fig. 1.3(d)). This also tunes the effective mass, which increases with the cavity number.
As an example, for a cavity resonance of 780 nm and refractive index of nc = 3.5, the
effective mass is around 3.8 × 10−5 m0 , where m0 is the free electron mass.

1.3.3

Microcavity structure

The cavity design for studying exciton–polariton condensation has two important features:
(i) high Q-factor, and (ii) optical access for excitation. High Q-factor, achieved by using
highly reflective mirrors, translates to long-lived particles which have enough time to
scatter into the ground state and Bose condense. In addition, the mirrors should be transparent to the excitation wavelength (typically shorter than the resonance wavelength)
to maximize the injection of electrons and holes which become excitons and eventually,
polaritons. Both features can be achieved using distributed Bragg reflectors (DBRs).
Distributed Bragg reflectors
A DBR is made of alternating λ /4-thick layers of high- and low-refractive index dielectric
materials collectively behaving as a highly reflective mirror for a range of wavelengths.
The high reflectance is a result of constructive interference of partially reflected light
from the interfaces of the layers, as shown in the Fig. 1.4(a). Propagation in each layer
contributes a net π shift to the partially reflected wave while the partial reflection from
low to high index adds another π shift. As a result, all partially reflected waves are exactly
in phase, leading to a high reflectivity, i.e. the ratio of the intensities of reflected to the
incident light is near unity. There are also secondary reflections of the reflected waves, but
their contribution is minimal.
The effectiveness of the Bragg mirror depends on the wavelength as shown in Fig. 1.4(b).
Maximum reflectivity occurs for a range of wavelengths called the stop band, which is
centered at the design wavelength λ0 , which sets the individual layer thickness λ0 /4. The
stop band width can be widened using materials with higher refractive index ratio nh /nl ,
which also increases the reflectivity. For a fixed choice of materials, the reflectivity can be
further increased by using more pairs.
DBR-based microcavity
Creating a microcavity using DBRs is straightforwardly achieved by adding a spacer
between the two mirrors, as shown in Fig. 1.5(a). The spacer sets the cavity refractive index
nc and is usually chosen to suit the fabrication process. Its width sets the cavity resonance
energy Ec (0) and effective mass mc , and determines the position of the maximum cavity
resonance electric field intensity. The active materials, which in our case are QWs, are then
placed at these positions.
The reflectivity of a typical microcavity is shown in Fig. 1.5(b), where the most notable
change is the appearance of a sharp dip in reflectivity at 780 nm. This dip corresponds to
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Figure 1.4: Distributed Bragg reflector (a) Schematic of the series of partial reflections alternating
high-low-index λ0 /4-films, which results in constructive interference of the reflected waves. Note
that a π phase is acquired when light is partially reflected when propagating to a medium of
higher refractive index. Secondary partial reflections not shown. (b) Calculated reflectivity at
normal incidence of a DBR with 20 pairs (solid red) and 10 pairs (dashed black) of alternating
materials with nh /nl = 2.0/1.5 centered at λ0 = 780 nm. High reflectivity is achieved for a range
of wavelengths called the stop band.

the cavity resonance energy and its width determines the Q-factor or cavity lifetime. For
the design in Fig. 1.5, with 10-pairs in each of the DBR, 3λ /2 spacer, nh /nl = 2.0/1.5, and
nc = 1.5, the Q-factor is Q ∼ 4000. Doubling the number of pairs in the DBR increases
the Q-factor to Q ∼ 80, 000, an order of magnitude improvement.
Sample fabrication
The whole structure can be fabricated as a monolithic device by employing different
growth techniques, depending on the materials used. For GaAs-based microcavities, this
is best done using molecular beam epitaxy (MBE). MBE is a standard semiconductor
deposition technique which is particularly good for making high-quality (low defect,
highly uniform) ultra-thin film crystals made of III-V compounds, like alloys of AlGaAs.
The deposition rate is quite slow (∼ µm per hour) but this enables precise control over the
thickness of the layers. Due to the good lattice matching of AlAs and GaAs, the growth of
multiple crystal films made out of these materials, including their alloys, on top of each
other is possible, without creating a large strain.
A GaAs-based microcavity has a structure shown in Fig. 1.6. The bottom DBR is grown
on a GaAs substrate layer by layer using MBE. The DBR pairs are usually made of AlAs
and Alx Ga1−x As layers, which do not absorb at the exciton resonance of the GaAs QWs.
The cavity spacer, typically AlAs, is grown on top of the bottom DBR. The whole spacer
is also made of multiple layers, which include the 7–12-nm thick QWs grouped at the
desired position in the cavity. Then the top DBR is grown and capped with a protection
layer, if necessary.
The actual performance of the device depends primarily on the growth quality. Contaminants or inconsistencies in the layer thickness can result in a reduced Q-factor. For
example, microcavities with similar specifications (material and number of layers) can
have large discrepancies in Q-factors due to differences in growth conditions. In principle,
the quality factor can always be increased by increasing the number of pairs in the DBR.
However, this can lead to other fabrications issues, like buildup of strain or imperfections.
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Figure 1.5: DBR-based microcavity (a) Schematics of a monolithic 3λ /2 microcavity with Bragg
mirrors and cavity spacer with embedded QWs positioned on the antinode of the resonant electric
field. (b) Calculated reflectivity of an empty microcavity with specifications as in (a) but without
QWs. nh /nl = 2.0/1.5 and λ0 = 780 nm. A sharp dip in the reflectivity appears in the stop band
which corresponds to the cavity resonance.

The samples used in this Thesis are GaAs-based and were grown by our collaborators in Germany and in the US. The structured and planar samples used in the study of
polaritons in lattices and billiards were grown by Prof. Sven Höfling and Dr. Christian
Schneider’s group at the University of Würzburg. The planar sample shown in Fig. 1.6
has 32 (36) AlAs/AlGaAs DBR pairs for the top (bottom) mirror. The asymmetry in the
mirror reflectivity allows more light to escape through the top mirror. Three groups of
four ∼ 12-nm QWs are embedded in the AlAs cavity spacer at positions corresponding
to the peaks of the confined cavity electric field.
The ultra-long lifetime planar samples with Q ∼ 300, 000 were designed by Prof.
David Snoke’s group at the University of Pittsburgh and grown by Loren Pfeiffer’s group
at Princeton University. Its specifications are shown in Fig. 1.6(c) with notably thinner
QWs of 7-nm width.

1.3.4

Exciton–polaritons

Exciton–polaritons are formed when the QW exciton and cavity photon are strongly coupled using the microcavity. Experimentally, this is signified by the energy level repulsion
(see Eq. (1.7)) between the exciton and the cavity photon leading to two new branches
called upper and lower polariton, as plotted in Fig. 1.7(a). In most exciton–polariton experiments, only the lower polariton is of interest, and from this point forward, the term
“polariton” pertains to the lower polariton.
The admixture of light and matter is determined by the eigenstates of the polariton
Hamiltonian given by Eq. 1.6

|UPi = C |exi + X |cavi
| LPi = X |exi − C |cavi

(1.17)
(1.18)

where |exi and |cavi are the respective uncoupled exciton and cavity photon states, while
X and C are known as Hopfield coefficients [40, 41], and satisfy the condition | X |2 + |C |2 =
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Figure 1.6: GaAs-based microcavity. (a) Schematics of a 3λ /2 microcavity used in this Thesis,
which were grown by the Würzburg group† . The cavity is formed by AlAs/AlGaAs DBRs with
three groups of GaAs QWs. (b) Scanning electron micrograph of the cross-section of the microcavity in (a). (c) Schematics of similar microcavity grown by the Princeton group‡ but with higher
Q-factor. † www.physik.uni-wuerzburg.de/tep/; ‡ http://ee.princeton.edu/research/pfeiffer/

1. They have the form:
1
|X| =
2
2

1+ p

∆
∆2 + 4g2

!

1
|C | =
2
2

1− p

∆
∆2 + 4g2

!
(1.19)

which allows calculation of the fraction of light |C |2 or matter | X |2 in the lower polariton
mixture and are plotted in Fig. 1.7(b). The polariton is exactly half-light and half-matter
when the exciton and photon have the same energy, i.e. E x = Ec . Independently of the
energy difference, the exciton fraction increases for larger k.
In most cases, we are only concerned with polaritons at small k. Thus, we typically use
the relevant parameter called the detuning, which is the energy difference at k = 0, i.e. ∆ =
Ec (0) − E x (0) Plots of the dispersion at different detunings and the exciton and photon
fractions are shown in Fig. 1.8(a,b). Polaritons are more photonic when the detuning
is negative and more excitonic when the detuning is positive. In monolithic cavities,
detuning is controlled by changing the cavity length without affecting the exciton energy.
This is achieved during the fabrication process, where the layer thickness of the whole
structure naturally decreases radially towards the edge of the wafer, creating a wedge
in the cavity. As a result of the corresponding shift of the cavity photon, polaritons will
feel an effective potential gradient (around 1 − 10 meV/mm) or an effective force along
the wedge [42]. As long as the condensate is relatively small (few tens of microns) and
localized near the pump region, the unwanted effects due to wedge can be minimized, and
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Figure 1.7: Polariton dispersion (a) Upper (red) and lower (blue) polariton branches with Rabi
splitting Ω at resonance resulting from the strong coupling of exciton and cavity photon (dashed).
(b) Hopfield coefficients as a function of the wavevector k. For the lower polariton | X |2 (green) is
the exciton fraction, while |C |2 (purple) is the photon fraction.

the resulting position-dependent detuning can be used to tune the properties of polaritons.
The only downside is that the detuning simultaneously adjusts other parameters of the
system, as discussed below.

Polariton mass
Polaritons behave like massive particles with an effective mass m p given by the curvature
of the dispersion near k ∼ 0
h̄2 k2
E p ≈ E LP +
(1.20)
2m p
which is approximately equal to the cavity photon mass. The exciton mass is typically
four orders of magnitude larger than the photon mass. The polariton mass m p is small
at negative detunings, when polaritons are photonic, and can increase by an order of
magnitude towards positive detunings, when polaritons are excitonic. This dependence
on detuning is shown in Fig. 1.8(e).

Interaction strength
Interactions between polaritons arise from their excitonic part. The exciton–exciton interaction strength is approximately [43] g x ∼ 6a2B E2b . It follows then that the interaction
between a polariton of exciton fraction | X |2 with another polariton of same fraction is
given by g p− p = | X |4 g x . This is the interaction strength of polaritons in a condensate
with k ∼ 0. Polaritons can also interact with excitons (or very high-k polaritons), and
the interaction strength is g p−x = | X |2 g x . This repulsive interaction is usually utilized
in creating potentials for polaritons using an optically induced excitonic reservoir. The
polariton–polariton interaction strength as a function of detuning is plotted in Fig. 1.8(d).
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Figure 1.8: Polariton dispersion (a) Upper (red) and lower (blue) polariton branches for detuning
of ∆0 /Ω = {−2.0, −1.5, −1.0, −0.5, 0, 0.5, 1.0, 1.5, 2.0} (top to bottom). Dashed lines corresponds
to the bare exciton (fixed) and cavity photon (detuned). Detuning dependence at k = 0 of the (b)
Hopfield coefficients, (c) polariton lifetime, (d) polariton–polariton interaction strength in units
of exciton–exciton interaction strength g x , and (e) polariton effective mass m p in units of cavity
photon mass m ph . For the polariton lifetime γ p , the parameters are γc = 1 and γ x = 10.

Polariton lifetime
The lifetime of polaritons also depends on the admixture of light and matter. The bare
photon lifetime is typically γc = 1 − 102 ps arising from leakage through the imperfect
mirrors. The main decay channel for excitons is nonradiative recombination, which has a
lifetime of γ x ∼ 1 ns for GaAs QWs. As a linear superposition of photon and exciton, the
polariton lifetime γ p is directly determined by the bare decay rates:
γ p = | X |2 γ x + |C |2 γc .

(1.21)

When the photon decay rate is sufficiently faster than the exciton recombination rate, the
polariton decays by emitting a photon with the same k and total energy h̄ω = E(k). The
emitted photon carries all information about polaritons, which is conveniently detected
with a basic spectroscopy setup. The dependence of polariton lifetime on detuning is
shown in Fig. 1.8(c).

1.4

Polariton condensation

Bose-Einstein condensation [44] is a fascinating quantum phase transition that can be
realized in an exciton–polariton system. At the right conditions and being made of bosons
(an exciton is a composite boson consisting of two fermions), polaritons can form a Bose–
Einstein condensate (BEC) [1], which is hard to achieve with either of the bare components.
Photons are non-interacting, but number-conserving thermalization with dye molecules
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enables condensation of photons in a cavity [45]. Excitons, on the other hand, suffer from
a range of issues [46, 47] and convincing evidence of exciton BEC is yet to be shown.
Polaritons, the hybrid of a photon and an exciton, have just the right combination of
features. They inherent efficient energy relaxation and interactions from excitons, small
effective mass and longer wavelength from photons. Polariton BEC was successfully
demonstrated in 2006 [1].

1.4.1

Bose-Einstein condensation

A BEC is a state of matter that exhibits macroscopic occupation of the quantum ground
state and spontaneous macroscopic coherence arising from Bose–Einstein statistics. The
large number of particles in a single state collectively behaves like a single giant wavefunction, thus magnifying quantum effects to a macroscopic scale.
Transition towards a BEC occurs when the wave nature of bosons prevails over their
particle nature. Loosely speaking, it happens when the de Broglie wavelength λdB of the
bosons is comparable to their separation d, such that they feel each others’ wave nature.
When the average spacing of bosons is less than their deBroglie wavelength, i.e. (d ≈ λdB ),
bosonic stimulation increases appreciably, leading to macroscopic occupation or condensation into the ground state. This critical condition can be achieved by increasing the density
n and/or lowering the temperature T. The former decreases the particle separation by
d ≈ n−1/3 , while the latter decreases the average kinetic energy and hence increases the
thermal deBroglie wavelength λdB .
The critical condition for condensation depends on the particle mass m, which determines the deBroglie wavelength at a particular temperature. For example, in atoms, due
to the large particle mass of around 103 m0 (m0 is the free electron mass), the Tc is typically nK–µK at densities of about 1013 –1015 cm−3 . Note that these densities are extremely
dilute compared to liquid and solid (1022 cm−3 ) and air (1019 cm−3 ) at room temperature and atmospheric pressure. Clever cooling techniques were necessary to achieve the
first atomic BEC in 1995 [48, 49]. Since then, BEC has been demonstrated using several
different species of atoms.
The transition temperature can be increased by using other particles with smaller
mass, like quasi-particles in a solid. Excitons, for example, have a Tc around mK–K due
to their effective mass of ∼ 10−1 m0 . Polaritons, on the other hand have an effective mass
of ∼ 10−5 m0 , and can therefore condense even at room temperature, i.e. 8 orders of magnitude hotter than atomic BECs. Almost a decade after the first observation of cold-atom
BEC, convincing evidence of BEC of polaritons was demonstrated using CdTe- and GaAsbased microcavities at 10 K [1, 2]. Subsequently, polariton BEC was demonstrated at room
temperature using different active materials [50–52].

1.4.2

Similarities with atomic BEC

Polariton condensates share some characteristics with atomic gas BECs. The most common feature is the macroscopic occupation of the ground state as shown by the classic
image (see Fig. 1.9) of condensation in momentum space, when a threshold (critical condition) is crossed. In cold atoms, the temperature is decreased and a BEC is formed below
the threshold or critical temperature. For polaritons, density is increased and above the
threshold density, a BEC is formed; from this point forward, “above the threshold” means
that a polariton condensate is formed.
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(a)

(b)

increasing n

decreasing T

Figure 1.9: Bose–Einstein condensation (a) Momentum distribution of polaritons at constant
temperature but with increasing density across the BEC transition. (b) Velocity distribution of
atoms at decreasing temperature across the BEC transition. [(a) adapted from Ref. [1]; (b) adapted
from Ref. [49]].

Polariton BECs also feature long-range order which manifests as a long-range spatial
coherence [1, 2, 53]. This macroscopic coherence spontaneously forms in an initially incoherent gas of particles. This is also accompanied by a spontaneous symmetry breaking
of the spin symmetry (polaritons have a psuedo spin-1/2) or polarization [54], where an
unpolarized gas of polaritons becomes highly polarized above the threshold.
Superfluid behavior is observed with atomic BECs, liquid 4 He, and superconductors.
It has also been demonstrated with polariton condensates. This includes Bogoliubovlike dispersion [55] for the excitation spectrum, supressed Rayleigh scattering [6, 56, 57],
quantized vortices [58–60] and solitons [61–63]. However, a measurement of the superfluid
fraction is yet to be performed for polaritons [5].
A Berezinskii–Kosterlitz–Thouless (BKT) [64, 65] phase is also expected for polaritons
due to its quasi-2D nature. This is characterized by the formation of thermally activated
bound pairs of oppositely circulating vortices, which stabilizes the phase to support superfluidity at finite temperature. Indirect evidence of this phase was observed [57, 66, 67] in
the power-law decay of the spatial correlation function g(1) . Vortex-antivortex pairs were
also observed [60, 68] but they were induced by inhomogeneity of the induced effective
potential. To convincingly identify the BKT phase, one needs a single-shot measurement
to directly observe the spontaneously excited pairs [5].
It is important to stress here that polaritons exist as quasiparticles in the renormalized
quasi-vacuum of a solid. The quasi-vacuum is not perfect, since the solid crystal itself
cannot be devoid of defects and impurities, which result in spatial inhomogeneity of the
electronic excitation, like the exciton energy, or the existence of defect and edge states.
Furthermore, the polariton can readily interact with other quasiparticles of the solid, such
as lattice phonons. As a whole, these effects make the system “dirty” making it impossible
to account for all microscopic effects, in stark contrast to atomic BECs, which exist in a
real vacuum of space with almost no interaction with the environment.
Fortunately, the effects due to the solid can be treated phenomenologically. The photonic admixture of the polariton increases the relevant length scale, so that some effects,
like nm-scale disorder, can be neglected. This approximation produces models which
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agree reasonably well with experiment, as demonstrated by the bulk of the work presented in this Thesis.

1.4.3

Differences from atomic BEC

A key feature of polariton BECs is their nonequilibrium and dissipative natures. Polariton BEC, in general, is not in thermal equilibrium. Although polariton dynamics, such as
thermalization time, are quite fast (∼1–10 ps), the short lifetime (∼1–10 ps) prevents full
thermalization of the system. Instead, a quasi-equilibrium distribution is observed near
threshold as shown in Fig. 1.10(a). This is in contrast to atomic BECs which have lifetime
orders of magnitude longer than their thermalization time and can therefore attain thermal equilibrium. Recently, ultra-long lifetime (>100 ps) polaritons were made possible
with further improvement in microcavity fabrication quality [69]. Consequently, polariton
condensation at thermal equilibrium was succesfully demonstrated [69]. However, this
only worked for a small range of detuning values.
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Figure 1.10: Energy distribution of polaritons with increasing pump power (below to just above
the threshold) for a detuning of (a) ∆ = −5 meV, which is quasi-equilibrium and (b) ∆ = 0 meV,
which is in thermal equilibrium. Lines are thermal distribution fits to the data point (dots). [Figure
adapted from Ref. [69]].

Polaritons are also inherently open-dissipative, in contrast to naturally conservative
atomic BECs. In addition to loss, polaritons experience continuous gain from a reservoir of
excitons created by the pump laser, thus the polariton BEC is in a constant balance between
gain and loss. Coupled with the non-equilibrium nature of polaritons, the condensate can
naturally form in one or more excited states whose occupation is governed by the gain
overlap with the reservoir. On the other hand, atomic BECs are naturally conservative
since the trapping doesn’t allow atoms to escape, and the loss rate is sufficiently small
compared to other system timescales.
Initially perceived as a weakness of polaritons and a hindrance to realization of BEC,
the non-equilibrium and dissipative nature of polaritons has become its main defining feature. Polariton BECs are now a go-to platform for exploring non-equilibrium
physics of macroscopic quantum systems. Also, with the rising interest in lossy systems
with gain [70], polariton BECs are an attractive platform for studies of non-Hermitian
physics [71].

18

1.4.4

Introduction

Experimental signatures of polariton condensation

The macroscopic occupation of the ground state is the easiest measurable signature of
polariton condensation. This manifests as a superlinear increase of density of the ground
state with increasing pump power, as shown in Fig. 1.11(a). However, it is easy to mistake this S-shaped behavior for ordinary photon lasing, which can occur in the same
device [72]: the polariton condensate emission is coherent and is laser-like. Fortunately,
these two phenomena occur at different pump powers due to entirely different underlying mechanisms. Polariton condensation occurs due to stimulated scattering towards the
ground state, which happens at the polariton energy (see Fig. 1.11(b)) with a threshold
corresponding to a mode occupation of unity. This is followed by a blueshift in energy
with increasing density due to particle–particle interactions. Photon lasing, on the other
hand, needs population inversion for stimulated emission to dominate, hence needing a
far higher pumping density and the emission energy is near the uncoupled cavity photon (which may be red shifted due to local heating). In the same device, usually, the first
pump threshold is the polariton condensation threshold while a second pump threshold
(at higher pump power) signals the photon lasing threshold. A definitive method to distinguish between the two lasing regimes is by using an external magnetic field [73]. The
magnetic field can shift the exciton energy but not the cavity energy. Thus, if the microcavity lasing energy can be affected by an external magnetic field, it is a polariton laser,
otherwise, it is a photon laser, which is locked to the cavity photon energy.
(a)

(b)

Figure 1.11: Polariton BEC threshold (a) Microcavity emission (units of polariton per mode of the
ground state) as function of pump power (injected carrier density). Two thresholds are observed,
the first relates to polariton condensation or lasing, while the second is photon lasing. (b) Momentum distribution of polaritons across the threshold showing blueshift and macroscopic occupation
of k = 0 state of the lower polariton branch, not the uncoupled cavity mode. [(a) adapted from
Ref. [72]; (b) adapted from Ref. [1]]

Spontaneous symmetry breaking and long-range order are two of the defining characteristics of BEC. The former is manifested as a buildup of polarization as shown in
Fig. 1.12(a). Below the threshold, polaritons are nonpolarized but above the threshold,
the polariton BEC is highly polarized, often aligned with the crystal axis [1]. If there is
no anisotropy of spin, the spin symmetry is spontaneously broken and the condensate
polarization is stochastic [54]. The long-range order of the condensate experimentally manifests as an extended spatial [1, 2, 53] and temporal coherence [2] as shown in Fig. 1.12(b-c).
Below threshold, the coherence is short ranged both in space and time.
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(c)

Figure 1.12: Spontaneous symmetry breaking and long-range order (a) Polarization properties
of polariton emission at k ∼ 0. Below threshold (filled diamonds) the emission is unpolarized
for linear and circular (not shown) pump. Above the threshold (filled circles), the emission is
strongly linearly polarized and approximately aligned with the crystal axis. (b) Interference image
of a slightly misaligned Michelson interferometer above the threshold showing long-range spatial
coherence. (c) Visibility of fringes in (b) for different time delays showing extended coherence in
time. [(a) adapted from Ref. [1]; (b) adapted from Ref. [2]]

1.5

Experimental setup

Most of the complication in experiments with polaritons are in designing the microcavity as outlined in the previous Section. The microcavity hosts the polaritons, and greatly
simplifies the BEC experiment in comparison to atomic counterparts: the working temperature can be achieved by cooling with liquid helium. Thus, the core of the experiment
is focused on manipulation and observation of polaritons.
The typical experimental setup can be divided into three parts: (i) sample handling,
(ii) excitation, and (iii) detection.

1.5.1

Sample handling

Our microcavities are made by our collaborators, as mentioned in Sec. 1.3.3. They are
glued to the cold finger of a continuous flow microscopy cryostat (Janis ST-500) using
silver paste for good thermal contact. The cryostat stage (Sigma Koki TSD-1205) holds and
translates the cryostat in the x-y direction for scanning and the z-direction for focusing
(see Fig. 1.13(a)). Before cooling, the cryostat is pumped down to vacuum (10−5 Torr)
using a turbomolecular (Pfeiffer TMU 261) and backing pump (Pfeiffer Duo 5). Liquid
helium then cools the cryostat down to 4K. To reduce vibrations, we turn off the backing
pump once the cryostat is cold.
A temperature controller (Lakeshore 321) monitors and, if necessary, controls the temperature by heating the cold finger. Note that the cold finger temperature is not necessarily
the same as the QW temperature. The latter is highly dependent on the thermal conductivity of the materials between the cold finger and the QW, i.e. the substrate and the bottom
DBR. For example, cavities made of dielectrics with low thermal conductivity suffer from
poor thermal contact with the coolant. Fortunately, AlGaAs alloys have good conductivity
and allow the whole device to come to thermal equilibrium with the cold finger.
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1.5.2

Excitation

In principle, polaritons can be excited optically or electrically. Electrical injection is not
efficient due to the mutilayered structure and the choice of materials [12]. That is why
our lab, like the majority of polariton experiments, employs optical excitation. Optical
excitation can be either resonant or off-resonant. Resonant or coherent excitation directly
injects polaritons with the same energy and k as the resonant laser [74–76]. This driving
of polaritons does not create spontaneous coherence and is therefore not of interest to my
work. My work focuses on off-resonant excitation, which induces spontaneous formation
of a polariton condensate both in the continuous-wave (CW) and pulsed regime.
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Figure 1.13: Excitation and beam shaping setup (a) Schematic of the excitation arm (yellow). An
AOM, placed near the focus of an expanding telescope, chops the laser to reduce sample heating.
An amplitude mask is re-imaged (reduced 1/100X) onto the sample in the cryostat using a tube
lens and the objective. The same objective is used to collect the emission (red) from the sample. A
dichroic long pass mirror is used to maximize both intensity of excitation (< 740 nm) and emission
(> 760 nm). (b) For more flexible beam shaping, we use a DMD instead of an ordinary metal mask.
The < 100% fill factor of the small DMD pixels creates the diffraction as shown. (c) For elliptical
spot excitation, we used a reducing telescope composed of two cylindrical lenses before the tube
lens to tighten the beam in one direction. (d) To create an annular pump spot, we used an axicon
between the spherical lenses of an expanding telescope. Drawing is not to scale.

The excitation setup is shown in Fig. 1.13. The laser source can be CW (Ti:Sapphire
with maximum power of 1 W at 720 nm) or femtosecond pulsed laser (Coherent Ultra
II with maximum average power of 3 W). The excitation wavelength is typically set to
< 740 nm, while the polariton emission is > 760 nm. The dichroic long pass mirror ensures
maximum reflection for the excitation as well as transmission for the polariton emission.
The laser spot is focused onto the sample by a 50X, 0.5 NA infinity-corrected objective (G
Plan APO Mitutoyo). To avoid local heating, or worse, permanent damage to the sample,
an acoustic optical modulator (AOM) is used to chop the laser at a rate of 1–10 kHz with
a duty cycle of 1–10%. The theory on the processes following the off-resonant excitation
is presented in Sec. 1.6.2.

§1.5 Experimental setup

21

Excitation beam shaping
Most of our experiments rely on reshaping the pump profile to create optically-induced
potentials (see Sec. 1.7.3). To implement this, we use amplitude masks made of either a
metal sheet with drilled holes or milled patterns, or a digital micromirror device (DMD)
with computer-controlled patterns. A DMD acts as a binary amplitude-only spatial light
modulator (SLM), which is composed of millions of switchable tiny mirrors or pixels. In
this Thesis, we used the DLP4500 DMD (912×1140, 7.6-µm pixel size) from Texas Instruments controlled by the LC4500 Driver Board from Keynote Photonics. The amplitude
mask is then re-imaged onto the sample using an additional tube lens (reduced by 1/100X),
hence giving us a resolution of 0.076 µm/pixel in real space enabling us to finely control
resulting laser profile.
The main disadvantage of this amplitude mask method is the power lost by blocking
the light, which is worse for the case of the DMD where an additional ∼40% is lost to
diffraction (see Fig. 1.13(b)). Despite this, the metal mask technique has successfully created a chiral polaritonic lens [77] for polaritons, while the DMD, with its finer and real
time control over the pattern, enabled creation and fine control of wave resonators, as
presented in Chapter 3.
One can also use a phase-only SLM, which creates intensity patterns by imprinting a
spatially varying phase onto a laser beam. However, this type of SLM is expensive and
needs iterative feedback algorithms [78], which are prone to errors. In the work presented
in this Thesis, we resort to the simplicity of the binary amplitude masks created by the
DMD as it allows fast and easy control of the laser spatial profile on the sample.
In other applications, like in Chapter 2, we frequently switch between a tightly focused
and a highly elliptical laser spot. The tight spot is easily achieved by removing the tube
lens. However, the duty cycle is usually reduced to 1% or lower to avoid damaging the
sample. To create the elliptical spot, a pair of cylindrical lenses (see Fig. 1.13(c)) are placed
before the tube lens to tighten the beam along one direction. In Chapter 5, we create large
annulus pump profiles using an axicon lens and expanding telescope (see Fig. 1.13(d).
Moving the axicon between the two lenses controls the annulus diameter imaged onto
the sample.

1.5.3

Detection

The detection arm is basically a free-space microscope used to characterize the emission
from the sample, as shown in Fig. 1.14. In our experiment, we use the same objective to
collect the emission and reflection from the sample. A small fraction of reflected excitation
light transmits through dichroic mirror and can be used to image the spatial pump profile
on the sample.
Here, I will focus on subtle but important aspects of detection for polariton BEC experiments presented in this Thesis. Detailed explanations of the basic real and momentum
space imaging can be found in Refs. [79, 80].
In terms of measurements, the main advantage of polaritons for BEC study is the oneto-one correspondence between polaritons and photons outside the cavity with the same
in-plane momentum h̄k, energy, and spin. The photon, emitted as a result of polariton
decay, carries all information about the polariton and is used to measure the coherence,
quantum statistics, phase structure, and other properties of the condensate. The reverse
is also true: incoming photons with matching characteristics to polaritons can be used to
probe the polariton energy, momentum and spin, which is the case in reflectance and trans-
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Figure 1.14: Detection setup Schematics of the detection arm (red). The objective collects emission
from the sample. The real space (RS) or near-field can be imaged easily with a second lens, which
can be relayed (using a telescope) onto the detectors/cameras. The k-space (KS) or far-field image
is inside the objective which can be re-imaged using relay lenses as shown. We divert part of
the photoluminescence (PL) to a permanent RS camera to monitor the position on the sample. A
spectrometer is used to energy-resolve the RS and KS images. L3 (lens 3) is on a flip mount to easily
switch between KS (in) and RS (out) imaging on the spectrometer. L4 (lens 4) is on a motorized
translation stage for tomography imaging.

mission spectroscopy. Thus, for polaritons, in situ simultaneous measurements of spatial
and momentum distributions are straightforward, in contrast to their atomic counterparts
where this type of measurement is challenging [81–83].
The in-plane momentum k of polaritons can be directly measured by mapping the
angle of incidence θ of the emitted photon using the relation
k=

2π
sin θ
λ

(1.22)

as depicted in Fig. 1.15(a). The maximum momentum h̄kmax of detection is set by the
numerical aperture (NA = f / D) of the objective (see Fig. 1.15(b)): kmax = 4.0 µm−1
for 0.5 NA and kmax = 5.2 µm−1 for 0.65 NA at 780 nm. Fortunately, due to the steep
dispersion of polaritons, this range of momenta is enough to capture the whole emission
of polaritons, as shown in Fig. 1.15(c). The image plane that maps k to θ (called momentum
or k-space) is the far-field image which typically lies inside the objective and has the size
set by the exit pupil D. This can then be re-imaged onto the detector using relay lenses as
depicted in Fig. 1.14.
The spatial distribution—real space (RS) image—of polaritons is the near-field image
which can be simply re-imaged by the microscope (objective + imaging lens) onto the
detector. Note that since the polariton length scale, set by the polariton de Broglie wavelength, is of the order of µm, there is no need for nanoscale imaging. In some cases, an
ordinary short-focal length lens (but with small NA) can be used to image large condensates, but this limits the collected momenta, and thus does not represent the true spatial
distribution.
Energy-resolved measurements
The polariton distribution can also be spectrally (energy) resolved using an imaging
spectrometer by taking a slice in real space (RS) or k-(momentum) space (KS). In our lab,
we use a Princeton Instruments SCT-320 monochromator coupled to different cameras
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Figure 1.15: Momentum imaging (a) Schematics of one-to-one correspondence between the polariton and the out-coupled photon with in-plane momentum h̄k. (b) The polariton momentum
corresponds to the angle θ of emission, which is captured by a lens with a focal length f and a
pupil size D. (c) Polariton dispersion showing the uncollected k for a 0.5NA (grey) and 0.65NA
(darker shade) lens/objective.

depending on application. For fine measurements of linewidths of the condensate, we use
cameras with a small pixel size (2.2 µm). If the emission is not bright, e.g. below threshold,
we use cameras with a larger pixel size and better sensitivity. If we swap the cameras, we
re-calibrate the spectrometer using a tunable CW laser and a wavemeter.
In some applications, when the condensate occupies multiple energy levels of a trap,
as discussed in Chapters 2 and 3, we image the RS and KS density distribution at constant
energy. To do this, we implement tomographic imaging by scanning the lens in front of
the spectrometer (L4 in Fig. 1.14) using an automated translation and image capture. Tomography is a powerful technique that allows us to image the 2D probability distribution
of the individual energy eigenstates in a trap—a feat which is impossible in other BEC
systems.
RS and KS filtering
Our detection setup also allows filtering of the polariton distribution in RS and KS. This
is achieved by creating intermediate image planes between lenses, as shown in Fig. 1.14.
To remove emission from high-k polaritons, one can use an iris in the KS plane (between
L2 and L3 in Fig. 1.14). This is useful in probing the shape of a potential in the low density
limit, or measuring the polariton density at k ∼ 0 across RS. Sometimes, one also needs
to look at the dispersion or KS at a small region in space which is done by using a mask
or iris in the RS plane (between L1 and L2). This is the main reason why we have a long
detection arm; length can be reduced without sacrificing image size (see Ref. [80]).

1.6

Mean-field model for polaritons

A polariton condensate is a macroscopic quantum state composed of millions of particles
but behaving like a single giant wavefunction where particle–particle interactions in the
condensate lead to nonlinearity. However, unlike the well studied atomic condensates,
which are conservative, polariton condensates always exist in a potential landscape influenced by gain and loss. Most of experimental work presented in this Thesis is based
on fine control of the potential landscape for polaritons and is supported by mean-field
modeling.
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1.6.1

Gross–Pitaevskii equation

Although a condensate is a many-particle system, it can be described by using the meanfield picture: the condensate behaves like a single particle with wavefunction ψ, and the
many-body effects are captured by a nonlinear term g|ψ| which arises from the particle–
particle interactions. When there is no gain or loss in particle number, which is not the case
for polaritons, the mean-field equation is then given by the celebrated Gross-Pitaevskii
equation (GPE) [84–86]:
"
#
∂ψ
h̄2 2
2
ih̄
= −
∇ + Vext + gc |ψ| ψ.
(1.23)
∂t
2m
In this equation, the condensate density is given by n(r, t) = |ψ(r, t)|2 and the total
number of particles by
Z
Ntot (t) =

∞

−∞

|ψ(r, t)|2 dr.

If the external potential Vext is real, the total number is constant in time and we are describing a conservative system, like atomic condensates.
In a steady-state, we cast the GPE into its time-independent form given by:
"
#
h̄2 2
2
µψ = −
∇ + Vext + gc |ψ| ψ
(1.24)
2m
where µ is the chemical potential. If the condensate is homogeneous, the chemical potential is µ = gn0 , which then only depends on the strength of particle–particle interaction
gc and the constant density n0 = |ψ0 |2 .
Thomas-Fermi approximation
In typical experiments, the condensate has a finite size and an inhomogeneous density
profile constrained by the trapping potential V. However, for high enough density, when
the interaction energy is much larger than the kinetic energy, we can approximate the
ground state by neglecting the kinetic term. Equation (1.24)) then reduces to
µ = V + gc n

⇒

n = (µ − V )/ gc .

(1.25)

This is the Thomas-Fermi approximation. The nonlinearity modifies the density distribution
such that it follows the shape of the potential. For example, in a harmonic potential V ∼ x2 ,
the condensate density profile is n ∼ µ − x2 , an inverted parabola. In contrast, a singleparticle in a harmonic trap has a Gaussian profile |φ|2 ∼ exp(−αx2 ).
If the potential V is box-like with sharp edges, the density profile is homogeneous
near the center but falls off smoothly near the bounding wall, as shown in Fig. 1.16. The
fall-off rate is characterized by the healing length [87]
s
ξ≈

h̄2
.
2mgc n

(1.26)

The change in chemical potential as a function of density at the center can then be used to
experimentally determine the particle–particle interaction strength gc = µ /n. We use this
concept to measure the polariton–polariton interaction strength as presented in Chapter 5.
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Figure 1.16: Condensate wavefunction ψ in an infinite square well of length 20ξ. Solid (dashed)
line shows the case for repulsive interacting g > 0 (non-interacting g = 0) particles. The condensate is homogeneous at the center but “heals” near the edge. [Figure adapted from Ref. [88]].

Polariton condensates are not a conservative system but it can still be described by
the GPE with extensions to include effects due to loss and coupling with a reservoir of
incoherent particles. To understand the necessary additions to Eq. (1.23), I will first discuss
the details of the polariton condensation process.

1.6.2

Off-resonant excitation process

As stated in Sec. 1.5.2, we employ off-resonant or incoherent excitation to ensure that the
spontaneous coherence of polaritons is established without any relation to the pump laser.
The pump laser energy is typically tuned &100 meV above the polariton energy at the
reflection minimum of the microcavity (see for example Fig. 1.5(b)). The injected photons
create an electron-hole plasma which can quickly cool down to form highly exciton-like
polaritons, as illustrated in Fig. 1.17. These “hot” particles, which lie on the very high-k
lower polariton dispersion, cool down further via phonon-assisted and exciton-mediated
relaxation processes [89] until the photon fraction becomes appreciable. At this point, the
lifetime is greatly reduced making it shorter compared to the thermalization time. The
dispersion is also steeper making the cooling process more inefficient. This creates the
bottleneck region [90, 91] and the buildup of excitons in this region forms the reservoir
that feeds the low-k polaritons.
Incoherent excitation can be achieved by off-resonant laser pumping to ensure that
spontaneous coherence is established without any relation to the pump laser. This process
is illustrated in Fig. 1.17. The pump laser is typically tuned ∼100 meV above the polariton
energy at the reflection minimum of the top DBR, usually at normal incidence. This creates
an electron-hole plasma which can quickly cool down to form highly excitonic polaritons.
The “hot” particles, which lie on the very high-k lower polariton dispersion, cool down
further via phonon-assisted and exciton-mediated relaxation processes [89] until the photon fraction becomes appreciable. At this point, the lifetime is greatly reduced making
it shorter compared to the thermalization time. The dispersion is also steeper making
the cooling process more inefficient. This creates the bottleneck region [90, 91] and the
buildup of excitons in this region forms the reservoir that feeds the low-k polaritons.
At low density, cooling towards smaller k polaritons is only possible by inefficent scattering processes. However, at sufficient reservoir density, polariton–polariton scattering
dominates leading to some population of the low-energy polaritons [92]. When the occu-
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Figure 1.17: Condensation process. Schematics of the off-resonant excitation showing the dispersion of the two polariton branches (solid) and bare cavity and exciton (dashed). High-energy
pump (red arrow) initially creates high-k excitons which quickly cool down towards the bottleneck
region (dark cloud), which forms the reservoir. These excitonic polaritons can then scatter into the
condensate (orange cloud) via stimulated scattering or further slower energy relaxation. [Figure
adapted from Ref. [5].]

pation of a low-energy polariton is unity (usually the ground state at k = 0) stimulated
scattering from the reservoir into that state increases appreciably leading to formation
of the condensate. This multi-level conversion from electron-hole plasma, to excitons,
and then to polaritons ensures that any coherence from the laser is lost and spontaneous
coherence of polaritons occurs.

1.6.3

Open-dissipative Gross–Pitaevskii equation

In modeling the polariton condensate, we simplify the processes involved in off-resonant
excitation. Firstly, we only consider the existence of two kinds of particles: (i) excitonic
reservoir particles (or large-k polaritons in the bottleneck region), which are heavy and
almost static, and (ii) polaritons in the condensate which are light and mobile, and have
smaller k.
The polariton condensate can be modeled by the open-dissipative Gross–Pitaevskii
equation [93–95], which we name ODGPE in this Thesis. For the case of off-resonant
excitation, it is augmented with the rate equation for the incoherent excitonic reservoir
and has the form [93]:
"
#
∂ψ
h̄2 2
h̄
2
ih̄
= −
∇ + gc |ψ| + g R n R + Vext + i ( Rn R − γc ) ψ,
(1.27)
∂t
2m
2
h
i
∂n R
= − γ R + R|ψ|2 n R + P.
(1.28)
∂t
Here, the condensate wavefunction ψ(r, t), the excitonic reservoir density n R (r, t), and the
pump rate P(r, t) are functions of space and time. The first two terms on the right-hand
side (RHS) of Eq. 1.27 are the kinetic energy and the density-dependent nonlinear term
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arising from particle interactions in the condensate, where gc is the polariton–polariton
interaction constant (see Sec. 1.3.4). The third term is an additional effective potential due
to the repulsive polariton–exciton interaction g R n R (see Sec. 1.3.4) while to fourth term is
the actual external potential Vext (see Sec. 1.7). The last terms correspond to the gain due
to stimulated scattering of the reservoir into polaritons in the condensate at a rate R, and
loss due to polariton decay rate γc .
The excitonic reservoir is injected by the off-resonant optical excitation (laser pump) at
the rate P(r, t). The high-k exciton-like particles in the reservoir can decay nonradiatively,
e.g. through phonon emission, at some rate γ R , or can convert to polaritons through the
stimulated scattering rate R|ψ|2 . Thus, the reservoir has two roles: it serves as (i) the
gain medium (R|ψ|2 ), and as (ii) a repulsive potential (g R n R ) for polaritons. As discussed
below, the reservoir also acts like a thermal bath which can add both number and phase
fluctuations to the condensate.
In the steady-state limit and ignoring the fluctuations, the reservoir can be expressed as
≈ P/(γ R + R|ψ|2 ). For a low polariton density, the repulsive potential arising from the
reservoir can be written as g R n0R ≈ g R P/γ, i.e. the potential is optically induced and has
linear dependence on pump power P (reservoir injection rate). Note that in experiments,
the excitonic reservoir can diffuse for several µm from the excitation area. This is usually
implemented in the simulations as a Gaussian convolution of the pump profile P(r, t).
This optically induced potential is quite useful in shaping polaritons (see Sec. 1.7.3) and
plays a major role in experiments described in this Thesis.
n0R

1.6.4

Phenomenological energy relaxation and stochastic models

Accurate modeling of the polariton condensation both near and above the threshold involves inclusion of energy relaxation and stochastic noise. The stochastic noise arises from
the polariton decay or leaking out of the cavity and the gain or scattering of reservoir particles into polaritons. This plays an important role near threshold and can be thought of
as a very inefficient form of energy relaxation. The actual energy relaxation arises from
scattering with polaritons and other particles in the solid state system including free
electrons, phonons, and reservoir excitons. Including these two effects in the model are
vital in understanding several previous experimental observations of non-ground state
condensation of polariton in lattices (see Chapter 2).
These two effects augment the ODGPE so that it has the form
"
#
∂ψ
h̄2 2
h̄
dW
ih̄
= −
∇ + gc |ψ|2 + g R n R + Vext + i ( Rn R − γc ) ψ + ERmodel + ih̄
,
∂t
2m
2
dt
(1.29)
where ERmodel is the shorthand notation for phenomenological energy relaxation term,
and dW is a stochastic noise term associated with the interaction between the polaritons
and the reservoir. In this Thesis, the formal notation of the noise term, dW /dt, is introduced
to highlight the similarity of the model with the standard open-dissipative GPE, however
dW is not a differentiable function.
The stochastic form of the equation can be consistently derived from the truncated
Wigner approximation [96, 97]. In the simulations, the term dW /dt accounts for fluctuations, arising from the damping γc and gain Rn R , in the form of a Gaussian random
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variable with the white noise correlations
dWi∗ dW j =

γc + Rn R ri
δi, j dt,
2(δxδy)

dWi∗ dW j = 0

(1.30)

where i, j are discretization indices: ri = (δx, δy)i .
The phenomenological energy relaxation can be implemented in several ways. One
can use the stochastic approach to simulate the acoustic phonon-mediated relaxation
phenomena [98]
ERmodel = F −1 Sk (t) + ∑[T−k (t) + T−∗k (t)]e−ikr ψ.

(1.31)

k

Here, the terms S k(t) describes stimulated phonon emission while Tk (t) describes spontaneous phonon-assisted decay, hence reducing the total energy of polaritons. This approach
is derived from first principles and is outlined in detail in Ref. [98, 99] and was used to
describe the experimental results presented in Chapter 2. The accuracy of this approach is
demonstrated in Chapter 2 where it successfully replicated the collective state transitions
observed at different k-points in the band structure of a 1D lattice. The only drawback of
this method is its numerically intensive nature making it extremely slow in 2D.
A simpler and faster alternative method [100, 101] of implementing the phenomenological energy relaxation is through the kinetic energy term and has the following form:


∂
ERmodel = ih̄αn R µ − ih̄
ψ
(1.32)
∂t
where α is energy relaxation rate, and µ (r, t) is the local chemical potential of the condensate. Note that this model, unlike Eq. (1.31), is not explicit about the actual mechanism
of energy relaxation. However, it is adequate in describing non-ground-state polariton
interactions with the potential, like the multi-mode condensates presented in Chapter 3,
and the features observed in the single-shot experiments presented in Chapters 4 and 5
where we used the equivalent form:
ERmodel = iβ

1.7

h̄2 2
∇ ψ.
2m

(1.33)

Potential landscape engineering of polaritons

The microcavity, which houses polaritons, is made of two parts: the cavity and the active
material. The cavity sets the photon energy while the active material sets the exciton
energy. Spatial modulations in any of these parts can locally shift the polariton energy,
which appears in the ODGPE as the external potential Vext .
Spatial confinement through the photonic part is commonly achieved by depositing a
thin layer of metal on top of the microcavity [102–104], by etching the whole microcavity
to create micropillars [105, 106] and microwires [107–109], or by using a fiber tip as the top
mirror [110, 111]. One can also locally tune the exciton resonance by inducing strain on the
QWs of the microcavity, which is usually accomplished by a pin stressor [2, 112, 113] or
surface acoustic waves [114, 115]. For more detailed information on different techniques
of engineering the potential landscape for polaritons, I refer the reader to the review of
Schneider et al. [7].
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Effective potential for polaritons

The effective potential for polaritons in the ODGPE (Eq. 1.27) can be written as a complex
potential


h̄
V = [ g R n R + Vext ] + i ( Rn R − γc ) .
(1.34)
2
The real part directly affects the energy while the imaginary parts affects the gain and
loss of the condensate. With these four terms, in principle, we can finely tune the real
and imaginary parts of the potential and manipulate not just the spatial distribution of
condensates but also its gain and loss.
The different ways of controlling the effective potential can be classified into two
types: (1) reservoir-related, and (2) structural. The excitonic reservoir n R simultaneously
affects both the real and imaginary parts of the potential which makes it a powerful tool
in manipulating polaritons. However, it is difficult to scale and independent control over
each part is difficult. On the other hand, structural modifications of the cavity can create
any arbitrary external potential Vext and can potentially spatially tune the polariton decay
rate γc .
In my work, I rely on both reservoir-engineering and structuring Vext via microcavity
growth. In the following, I will describe methods we employed in trapping polaritons: (i)
the etch-and-overgrowth technique, and (ii) optically-induced potentials.

1.7.2

Etch-and-overgrowth

For the work on lattice potentials presented in this Thesis, I used samples with potentials
implemented by the etch-and-overgrowth technique. They were made by our collaborators in Würzburg University in the group of Sven Höfling and Christian Schneider.
Lateral photonic confinement can be achieved by elongating the cavity spacer. This is
done during the growth process, which has three steps [116–118]. First, the bottom DBR
and the cavity spacer is grown, including all the QWs. The sample is then transferred out
of the MBE machine for patterning and lithography creating mesas which are regions of
slightly longer cavity spacer (see Fig. 1.18(b)). Finally, the sample is inserted back into the
MBE machine to deposit the top DBR, burying the mesa. Since the mesa is longer than the
other “planar” region, it acts as an attractive potential for polaritons.
(c)

Figure 1.18: Etch-and-overgrowth. (a) Schematics of the microcavity engineered with a square
array of buried mesas. (b) AFM image of a square lattice of buried mesas in the cavity spacer
without the top DBR. (c) Band structure resulting from the lattice potential created by the mesas
in (b). [Figure(a-b) adapted from Ref. [7], Figure(c) adapted from Ref. [118].]

The etch-and-overgrowth technique has a couple of advantages over etching the whole
microcavity down to the substrate [106, 107, 118]: (i) potential depth is widely tunable
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by adjusting the height of the mesa and the photon–exciton detuning, (ii) coupling via
evanescent tails of the optical field can be controlled, and (iii) the planar region is still
intact allowing polaritons to exist in a full 2D polariton landscape without abrupt edges. In
addition, the surface recombination effects of the QW excitons are fully avoided. However,
this method has one main disadvantage: it involves moving the sample in and out of the
MBE machine for patterning which can contaminate the sample. Nevertheless, similarly
to etching the whole microcavity, this approach has successfully created 1D [99, 119] and
2D [118] potentials for polariton condensation experiments. For example, Fig. 1.18 shows
an experiment with a square lattice of buried mesas where a full band gap is shown arising
from deep tight-binding potential induced by the mesas [118]. The experiments presented
in Chapter 3 use samples with periodic potentials fabricated using this method.

1.7.3

Optically induced potentials

Off-resonant optical excitation can also create a controllable potential for polaritons via
the excitonic reservoir. The reservoir n R , which is created by the pump P, has two roles:
repulsive potential and gain. This translates to an optically induced complex potential
given by
VR = g R n R + i (h̄/2) Rn R .
This potential is directly created and controlled by the optical excitation. Optical control
over the potential, unlike the structural engineering of potentials presented in the previous Section, offers an elegant and versatile technique to confine, manipulate, and steer
polaritons.

a)

b)

e)

Figure 1.19: Optically induced trapping. (a) A pump spot creates an additional potential wall to
confine and manipulate extended condensates in a microwire. (b) All optical trapping of condensate in a ring potential. (c-d) Mutiple-spot excitation creating a chiral potential for polaritons. The
spontaneous creation of polariton vortex is confirmed by the forks in the (e) interference image.
[Figure (a) adapted from Ref. [120], Figure (b) adapted from Ref. [121], Figure (c-e) adapted from
Ref.[77]]
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Using spatial light modulators, polaritons can be all-optically confined in different potential geometries. For example, a polariton condensate can be trapped in a ring potential
created by an annulus pump profile [95, 121, 122], as shown in Fig. 1.19(b). Recently, using
long lifetime samples, this excitation method has been successful in creating a polariton
condensate with a thermal equilibrium distribution [69]. Mutiple pumps spots can also be
used to trap [95, 123] and tune coupling in a multiple-well configuration [124]. In previous
work here at ANU [77], a chiral configuration of mutiple spots enabled robust creation of
a vortex state (see Fig. 1.19(c-e).)
This technique can also be combined with the structural engineering methods to create even more interesting potentials. Using a microwire, for example, the pump spot as
shown in Fig. 1.19 confines and manipulates an extended condensate [120]. The excitonic
reservoir, created by the pump, in the 1D potential of the microwire feeds polaritons which
flow away from the excitation region. Polaritons between the reservoir and the edge of
the microwire are confined and can be externally manipulated by the excitation spot. A
similar approach demonstrated a polariton transistor switch [125] where the pump spot
controls the polariton flow along a 1D wire.
Optical trapping has its own share of weaknesses due to the dual role of the excitonic reservoir. The potential height achieved using this technique, which grows with
the laser power, also grows with polariton density. In addition, the reservoir density is
technically challenging to measure, and hence the actual potential created by the reservoir
is unknown. Typically, one needs to rely on estimating the potential from the distribution
of polaritons. This creates problems with interpretation of experimental results, especially
in the measurement of polariton–polariton interactions [126].
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Chapter 2

Polariton condensation in a 1D lattice

Polaritons in microcavities are an attractive system for quantum simulators [127, 128] that
aims to emulate complex many-body phenomena. With the advances in nanofabrication, a
high degree of control over the potential landscape in this quantum system is possible [7].
This has enabled significant progress in recreating higher orbitials in high-TC superconductors [103], Dirac cones [104, 129] and edge states [11] in a honeycomb lattice, and flat
bands in a kagome [130] and frustrated Lieb lattices [131]. Even with all these advances, it
is still not well understood how a nonequilibirum polariton condensate forms in different
bands of a periodic potential. This is mainly due to the complex interplay between the
band structure, polariton energy relaxation and interactions, and the underlying excitonic
reservoir which acts as both a gain and a repulsive potential for polaritons.
In this chapter, I will present two experiments which form part of our group’s contribution to understanding polariton condensation in lattices. We studied a simple onedimensional (1D) periodic potential and combined extensive theory and experimental
work. In the first experiment [99], we targeted the study of the transitions that polariton
condensates undergo in a 1D lattice, and demonstrated controlled loading of the condensates into particular states of the band-gap structure. In the second experiment [119],
we observed the Talbot effect for polaritons which takes advantage of the loading the
condensate into high-order states of the periodic potential.
For the work presented in this Chapter, I performed, together with postdoc Tingge
Gao, the measurement and analysis of the loading of the condensate into distinct states
of the band structure (presented in Sec. 2.2), and all of the experiments in Sec. 2.3.

2.1

Theory of polariton condensation in 1D lattice

In general, polariton condensates can be described by the open-dissipative Gross–Pitaevskii
equation given by Eq. (1.27). In this Section, I will give an overview of the theory for polaritons in a 1D lattice, which is necessary for understanding the experimental observations
presented in this Chapter. Below threshold, when polaritons do not macroscopically occupy a single state, the nonlinear term due to the density |ψ|2 can be neglected and the
polariton energy can be found by solving the single-particle Schrödinger equation with a
periodic external potential. This results in the single-particle band structure, as presented
in Sec. 2.1.1. The off-resonant excitation also creates an additional repulsive potential
through the excitonic reservoir, which modifies the overall periodic potential. Together
with the nonlinearity due to interparticle interactions, these can lead to localization of
the condensate. A non-equilibrium model is presented in Sec. 2.1.2 to describe the transitions between the different states in the band-gap structure undergone by polaritons
33
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in the experiment. It takes into account both fluctuations and phonon-assisted energy
relaxation.

2.1.1

Polaritons in a 1D lattice

The artificial lattice potential imposed on polaritons can be achieved by modifying either
the exciton or the cavity photon potential, as explained in Sec. 1.7. This manifests as the
external potential Vext (r) in the ODGPE (Eq. (1.27)). At low polariton density, neglecting
the effect of the reservoir, nonlinearity due to polariton–polariton interactions, and the
decay rate of polaritons, the ODGPE simplifies to a linear Schrödinger equation. This
means that well below the condensation threshold, polaritons will occupy the energy
states imposed by the linear periodic potential Vext (r). This is verified experimentally in
the pioneering experiment on polaritons in a lattice [102], as shown in Fig. 2.1(a) where
the linear band-gap spectrum below threshold was observed.

Figure 2.1: Polaritons in periodic potential. (a) Measured dispersion of polaritons at low density
in a 1D lattice which follows the linear band gap spectrum. The lattice was created by thin metal
strips deposited on top of the microcavity [102]. (b) Calculated extended-zone scheme of the band
structure in (a) [Figure adapted from Ref. [102].]

The linear energy spectrum En (k) of a 1D periodic potential V ( x) = V ( x + a) can be
obtained from the 1D time-independent Schrodinger equation given by:
!
h̄2
2
(2.1)
(k x − i∇ x ) + V ( x) φn.k ( x) = En (k)φn,k ( x)
2m
where, m is the polariton mass. The wavefunctions φn,k ( x) = φn,k ( x + a), which are
periodic, are the polariton Bloch states and are characterized by the band index n and momentum k. The main result of the periodic trapping is the formation of free-particle dispersion curves (parabolas) which are displaced by multiples of reciprocal lattice wavevector
G0 = 2π / a (see Fig. 2.1b). The anti-crossing of the displaced dispersions, which occurs at
the edges of the Brillouin zones (BZs), leads to formation of a gap in the allowed energies,
whose energy E g is proportional to the potential depth U0 of the individual traps of the
lattice. The gap separates the allowed energies or bands characterized by the band index
n.
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In the experiment of Ref. [102], the 1D periodic potential was created by an array of
thin metal strips deposited on top of the microcavity with a lattice constant of a. The
measured dispersion showed the displaced parabolas and three bands but the band gap
∼200 µeV is washed out by the large linewidth of polaritons ∼500 µeV. This is the effect
of the shallow trapping (U0 ∼ 0.01 meV) created by this technique.
In contrast to this shallow trapping, the lattice used in the work presented in this Thesis is made of a linear array of circular traps embedded in a 2D planar region (see Fig. 2.2),
which are fabricated using the etch-and-overgrowth technique (see Sec. 1.7.2). The arrangement of the traps creates a quasi-1D lateral periodic potential along x which couples
modes of the traps through their evanescent tails. The transverse modes χ( y) of the individual traps can be factorized from the 2D wavefunction ψ( x, y) = χ( y)φn,k ( x) exp(−ikx)
where φk ( x) is the Bloch mode in Eq. 2.1. We then use Eq. 2.1 to calculate the linear band
gap spectrum for the 1D lattice in our experiment.
Above the threshold, as the polariton density increases, the nonlinear terms in the
ODGPE (Eq. (1.27)) arising from the interaction with the reservoir (g R n R + ih̄/2Rn R ) and
the particle interactions within the condensate (gc |ψ|2 ) become appreciable. This can lead
to the localization of the condensate with an energy residing in the spectral gap [132],
which has features reminiscent of a defect state [133] and a gap soliton [134, 135]. By
controlling the spatial distribution of the reservoir, through the excitation profile, we were
able to load the condensate into desired states of the band-gap structure, as demonstrated
in the following sections.

2.1.2

Non-equilibrium model of condensation

The treatment in the previous section allows us to determine the spectrum of polaritons
in a lattice both below (when there is no coherence and polariton density is small) and
above the condensation threshold (when the coherence is established and the polaritons
macroscopically occupy a single quantum state ψ(r) with appreciable nonlinearity). In an
actual experiment, only one or a few of these states will be occupied due to the complex
interplay of energy relaxation and gain-loss mechanisms. To model this, our theory collaborators use a non-equilibrium GPE [93] (see Sec. 1.6.4) with stochastic terms to account
for polariton fluctuations [136], and phonon assisted relaxation [98]. It is derived from
the truncated Wigner approximation [96] which is adequate for spontaneous coherence
formation in the presence of quantum and thermal noise. The model can therefore describe effects near the condensation threshold beyond the basic mean-field model given
by Eq. (1.27).
The stochastic GPE model used in this Chapter is given below:


∂ψ(r)
i
2
ih̄
=
(2.2)
( Rn R − γc ) + gc |ψ| + g R n R + Vext ψ(r)
∂t
2
dψst (r)
+i
+ F −1 [ Ek ψk + Sk (t)]
dt
+ ∑ [T−k (t) + Tk∗ (t)] eikr ψ(r)
k



∂n R (r)
= − γ R + R|ψ|2 n R (r) + P(r)
∂t

(2.3)

where the first line is the ODGPE presented in Sec. 1.6.3, F −1 is the inverse Fourier transform, Ek is the free polariton energy dispersion, and ψk is the Fourier transform of ψ(r).
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The stochastic term dψst (r) accounts for fluctuations from the damping γc and gain Rn R
by introducing white noise into the model. The acoustic phonon-mediated energy relaxation is given by the stimulated emission term Sk (t) and spontaneous phonon-assisted
decay term Tk (t).
This model was used to understand the transitions observed in the experiment presented in this Chapter. It gives an exceptionally good agreement with experiments for
a wide range of excitation power and excitation profiles. This includes loading of a condensate into high-order weakly bound states that formed the Talbot carpet described in
Sec. 2.3.

2.2

Driven transitions in the 1D band-gap structure

Due to its non-equilibrium nature, a polariton condensate can form in an excited state [137]
or a high-k momentum state. In a lattice, this is characterized by condensation at the
edges of the Brillouin zone (BZ) [102, 103, 106], where thereafter energy relaxation [138]
can drive the condensate into lower-energy states. In this Section, I present our work on
the collective state transitions of polaritons in a simple 1D periodic potential, where by
combined theoretical and experimental investigation, we were able to controllably load
the condensate into distinct energy states of the band structure.
The experiments in Secs. 2.2.1 and 2.2.2 were performed by our collaborators in
Würzburg University. They are presented in this Section for completeness and to provide a context for my main contributions, which are presented in Secs. 2.2.3 and 2.2.4.

2.2.1

Structured sample and the linear bandgap structure

The 1D lattice used in the the work presented in this Chapter is made of a linear array of
40 2-µm diameter mesa traps with a period of a = 3 µm (see Fig. 2.2(a-b)) fabricated using
the etch-overgrowth technique [116, 118]. The microcavity consists of a λ /2 AlAs cavity
with 32 (37) AlGaAs/AlAs DBR pairs for the top (bottom) mirror, and two stacks of 7-nm
quantum wells placed at the antinodes of the confined optical field inside the cavity and
the DBR interface. The embedded mesas are 10-nm thick resulting in a potential depth
of 4.5 meV. Evanescent coupling between them is through the 1-µm barrier leading to
a tight-trapping periodic potential in contrast to the shallower trapping created by the
metal deposition [102] or etched microcavities [106].
To study polaritons in this lattice, we performed energy-momentum-resolved PL measurements under CW off-resonant excitation. The laser is focused down to a ∼ 3.8µm
(FWHM) spot on one of the mesas in the array. We call this on-site excitation.
At very low excitation power, i.e. below the condensation threshold, we observe the
characteristic band-gap spectrum (see Fig. 2.2(c)) due to the spatially periodic potential
created by the array of mesas. The spectrum fits well with the single-particle energy band
calculation (see Eq. 2.1) of the lattice with a potential depth of V0 = 4.5 meV. This deep
confinement creates a large energy gap of E g = 2.3 meV between the ground and the first
excited band. These measurements were done at a detuning of ∆ = −14 meV and a Rabi
splitting of Ω = 11.5 meV.
The formation of the band-gap spectrum means two things: (1) the arrangement of
mesas in the sample creates an effective 1D lattice potential for polaritons; and (2) the
excitation of a single lattice site, the mesa, creates polaritons that are able to propagate to
several neighboring lattice sites. Without the coupling between the mesas, the spectrum
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Figure 2.2: Polaritons in a 1D array of buried mesas. Schematics of the structured microcavity
used in the experiment showing (a) the local elongation in the cavity creating a single trap, and
(b) the linear array of these traps that form the 1D periodic potential. (c) Measured dispersion
showing the band-gap spectrum. Red solid lines are calculated using Eq. 2.1 while the dashed
lines are contribution from the planar region of the sample. [Figure adapted from Ref. [99].]

will not form bands, but will instead show discrete energy levels corresponding to isolated
confined modes of the mesa.
In addition to the bands, a parabolic dispersion is also visible in the measured spectrum. This PL emanates from polaritons in the planar region, which means that the excitation spot also creates polaritons that flow out of the mesas away from the array. This PL
can be minimized by using an RS filter, a slit that will only allow PL from the linear array
to be detected in the dispersion.
This basic characterization confirms that the sample indeed creates a periodic potential
for polaritons. The spectrum at low density shows good agreement with the linear regime
calculation of using Eq. (2.1). The nonlinearity comes in when the condensate is formed,
as shown in the next Section.

2.2.2

Condensation into the gap

The bosonic nature of polaritons becomes apparent when the density increases i.e. when
the particles tend to accumulate into a single quantum state through bosonic scattering.
However, due to inefficient energy relaxation, they tend to accumulate at the edge of the
BZ instead of the ground state at k = 0 of the first band. This non-equilibrium behavior
is shown in in Fig. 2.3 and is consistent with the pioneering experiments carried out in
significantly shallower potentials [102].
Once the threshold is reached at P ∼ 1.0 mW, the polariton condensate is formed at
the first BZ edge with k = ±π / a, as shown in Fig. 2.3(c), and its energy blueshifts with
further increase in pump power (see Fig. 2.3(d)). This is the gap state [134, 135, 139, 140]
which is localized both in real and momentum space, typical of polariton condensation in
1D [106] and 2D lattices [115, 118].
For the dynamical model, the interaction with acoustic phonons were neglected in this
regime of low to intermediate pump power. The phonon-mediated relaxation of the LP
is weak due to the low density of states of the polariton dispersion which is manifested
in the common bottleneck effect in semiconductor microcavities (see Sec. 1.6.2). The only
contribution to the energy relaxation is therefore from fluctuations, which is inherently
inefficient. With these simplifications, the model produces excellent agreement with experiment, as shown in Fig. 2.3(e-f), for pump powers below and above the threshold. The
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Figure 2.3: Condensation into the gap (a-d) Experimental and (e-h) simulated energy-momentum
PL of polaritons at increasing pump power P. (a) and (b) are below the threshold, (c) is near
threshold while (d) is above the threshold. The corresponding simulations have (e) and (f) below
threshold at P0 = 1 and P0 = 10, respectively. (g) is at the vicinity of the threshold at P0 = 16
while (h) is above the threshold with P0 = 20. The pump rates P0 are in units of polariton number
× µm−2 ps−1 . [Figure adapted from Ref. [99].]

Figure 2.4: Simulated gap state profile Density (a) and phase (b) profiles of polaritons in a single
realization of the simulation using the stochastic model of Eq. 2.2 for the gap state in the 1D lattice.
The pump rate is P0 = 60 µm−2 ps−1 ) [Figure adapted from Ref. [99].]

band-gap structure is visible together with the parabolic planar polariton dispersion below the pump threshold. At threshold, the condensate forms in the gap with k equal to
that observed in experiment. The buildup of density is accompanied by a blueshift in
energy with further increase in power, which as the theoretical analysis shows, is mainly
due to the interaction of the condensate with the reservoir, i.e. the additional potential
gR nR .
The localization in space of the condensate is also well captured by the model as
shown in Fig. 2.4(a). This on-site gap state is characterized by a bright central peak at the
pumped lattice site with weaker density at neighboring lattice sites. The adjacent peaks
have a π-phase shift, which it inherits from the Bloch state at the edge of the band. The
gap state bifurcates from the upper edge of the first band, inheriting its ”staggered” phase
profile.
This excellent agreement of theory and experiment demonstrates that indeed, in this
regime of low density and negative (photonic) detuning ∆ = −14 meV, there is inefficient
energy relaxation due to negligible interactions with phonons. Macroscopic occupation of
the lowest-energy state can be achieved if this relaxation is enhanced by either increasing
the density or the exciton fraction. For the detuning presented in Fig. 2.3, the exciton
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Figure 2.5: Transition to ground state High-pump power experimental (a-b) and numerical (c-d)
momentum and energy distribution of polaritons. The pump rates in (c) is P0 = 30 µm−2 ps−1 )
and in (d) is P0 = 40 µm−2 ps−1 ) [Figure adapted from Ref. [99].]

fraction is quite small, which means that it needs very high excitation power to induce
condensation in the ground state.
In the experiment, condensation towards the ground band at k = 0 becomes prominent
with high excitation power of P ∼ 10Pth as shown in Fig. 2.5. At the highest pump power
(P ∼ 10Pth ) more polaritons are in k = 0 then at the edges of the BZ, similar to what
was reported in very shallow potentials [102]. The experimental results observed at the
highest pump power can only be replicated by the stochastic model when the phononmediated relaxation is taken into account (see Fig. 2.5(c-d)). Physically, this effect arises
due to the local heating of the sample created by the high-intensity laser spot. In this
regime of phonon-driven energy relaxation [91, 92, 141], the stochastic term becomes
negligible compared to stimulated phonon scattering. Note that in the actual simulation,
a 1D version was used instead of 2D due to the complexity of the calculations. This results
in a different scaling of the pump rates, but it still provides a good qualitative description
of the experimentally observed transition.
This crude method of loading the condensate into the energetic ground state of the
lattice has two undesirable effects: (i) increase in linewidth and (ii) overall redshift of
the dispersion due to pump heating, negating the blueshift due to polariton–polariton
interactions. An efficient way of loading the condensate into desired energy states of the
system is possible by matching the excitation profile to the spatial profile of the desired
state [132]. This is demonstrated in the next Section.

2.2.3

Targeted loading of condensates

The band structure of a lattice offers a rich set of states with unique spatial distribution,
phase profiles, dispersion, and even topology. Equilibrium condensates tend to settle in
the energetic ground state, which most of the time has trivial properties. For example,
loading an atomic condensate into a gap state requires driving the system out of equilibrium [142]. Thanks to the non-equilibrium nature of polaritons, macroscoscopic spontaneous coherence can easily occur in non-ground states of the lattice. However, the complex
interplay between the band structure, energy relaxation, and the underlying reservoir, prevents straightforward targeted loading of a polariton condensate to a desired state in the
band structure. Here, we demonstrated controlled loading of polariton condensate into
distinct states of the band structure by taking advantage of the spatial overlap between
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the gain, which is set by the excitation profile, and the density distribution of the desired
state [99]. This is done by structuring the excitation profile.

Figure 2.6: Experimental on- and off-gap states. Experimental images of on-site and off -site gap
state excitation for the same lattice but with detuning of ∆ = −0.7 meV. (a) Sketch of the pump
spot position relative to the lattice sites and the corresponding (b) energy-momentum resolved
and (c) real space PL. [Figure adapted from Ref. [99].]

By moving a tight pump spot across the lattice, we loaded the condensate into distinct
gap states as shown in Fig. 2.6 for a detuning of ∆ = −0.7 meV. With a tight spot of 2-µm
FWHM focused on a potential minimum, the center of the mesa, the polariton condensate
is loaded into the on-site gap state, which is shown in Fig. 2.3(d). When the pump spot is
centered on the potential maximum (third column in Fig. 2.6), i.e. the barrier between the
mesa, the condensate is loaded into the off -site state which is characterized by two bright
peaks on the mesas adjacent to the excitation area and a momentum distribution centered
at k = 0. This behavior is well reproduced by the dynamical model as presented in Fig. 2.7.
It further shows that when pumped at the edge, the state observed in experiment is a
superposition of the on- and off -site gap states.
The precise control over the excitation of either gap state by the excitation geometry
alone is a strong evidence for the enhanced stability of the gap states in the tight-trapping
potential in our sample. In the shallower lattice of Ref. [106], the on-site gap state switches
into an off -gap state with further increase in pump power above the threshold, even with
the on-site excitation. The same behavior is observed in photonic lattices, where the gap
states become unstable deeper into the spectral gap [143]. In contrast, our tight-trapping
potential demonstrated stability of the on-site gap state even with a high pump power.
With this enhanced stability of the gap states and the inefficient relaxation of polaritons at intermediate density, the loading of the nonequilibrium polariton condensate to a
particular state in the spectrum is mainly determined by the overlap between the gain profile induced by the pump spot and the spatial profile of the target state (see also Ref. [131]).
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Figure 2.7: Simulated on- and off-gap states. Simulated energy-momentum distribution of polaritons for different positions of the pump spot. (a) On-site excitation at center of mesa, (b) shifted
excitation 0.5 µm from the center, (c) excitation at the edge, and (d) off-site excitation at the center
of the barrier between mesas. The pump rate is fixed at P0 = 40 µm−2 ps−1 . [Figure adapted from
Ref. [99].]

A narrow excitation spot creates a localized gain region for polaritons. Naturally, for the
on-site excitation, i.e. when the gain profile is maximum at the center of the mesa, polaritons are loaded into the on-site gap state due to the large overlap between the central
bright peak of the on-site gap state and the reservoir. This overlap, and hence the gain
for the on-site gap state, decreases when the pump spot is moved towards the barrier. On
the other hand, the overlap of the two bright peaks of the off -site gap state is maximized
when the pump spot is centered at the barrier between the two mesas (off-site excitation).
The off -gap state experiences more gain and the polariton condensate forms in that state.

2.2.4

Direct loading into the ground state

Matching the excitation profile to the spatial profile of the target state in the bandgap
spectrum increases the gain for that state, and for sufficient density, triggers spontaneous
condensation into that state, as discussed in Sec. 2.2.3. This is due to the inefficient energy
relaxation at intermediate density for polaritons revealed by the modeling in Sec. 2.2.2.
The effectiveness of this “matching” method is beautifully demonstrated in Fig. 2.8 where
the condensate is efficiently loaded into the bottom of the ground band at moderate pump
power, unlike the very high excitation power needed for a tight excitation case. In this
experiment, we used a highly elongated beam with the aspect ratio matched to the mesa
array [132].
To create this beam, we used a pair of plano-convex cylindrical lenses to reshape the
radially symmetric Gaussian beam to an elongated one with a width of ∼ 4 µm (matching
the mesa size) and an elongation that covers tens of lattice sites. The induced gain profile
therefore extends over the array matching the spatial profile of the low energy extended
Bloch mode with k = 0. Consequently, the condensate is loaded to the k = 0 extended
mode, which is the ground state of the system characterized by a momentum distribution
centered at k = 0 and multiple peaks in the spatial density profile, as shown in Fig. 2.8. The
envelope of the density peaks of the condensate is similar to the profile of the elongated
excitation beam.
At a higher pump power, the blueshift of the ground state is supressed compared
to that measured for the tight excitation geometry since the reservoir density is spread
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Figure 2.8: Direct loading into the ground state. Experimental (a,b) energy-momentum resolved
and (c) real space PL using a highly elliptical excitation beam matched to the mesa array. The
pump power is (a) P = 5.48 mW and (b) P = 7.59 mW and the detuning is ∆ ∼ −1 meV. [Figure
adapted from Ref. [99]].

across the array. It does suffer from the same phonon-mediated redshift resulting from
the sample heating at higher pump power, as shown in Fig. 2.8(b).
Changing the excitation geometry also changes the underlying additional potential
created by the excitonic reservoir. This means that the on- and off-site gap states demonstrated in the tight excitation scheme do not exist here. However, the finite size of the
pump and the nonlinearity due to polariton interactions can still lead to gap states.
It is important to note that this efficient loading into the ground state is helped by the
near-zero detuning of ∆ ∼ −1 meV. At this detuning, the exciton fraction is around half,
which greatly improves the energy relaxation rate compared to the photonic detuning
∆ = −14 meV in the previous case. In contrast, for the large negative (photonic) detuning
as presented in Sec. 2.3 using the same excitation geometry, the condensate forms at very
high-energy gap states due to inefficient energy relaxation.

2.3

Condensation in high-energy states and the Talbot effect

The experiments presented in Sec. 2.2 allowed us to understand the factors that determine
the target energy state for polariton condensation in a 1D periodic potential. In this Section,
we take advantage of the wavefunction of a very high-energy state of a 1D lattice by
loading the condensate into that state. This results in a beautiful diffraction pattern called
a Talbot carpet, whose properties are determined by the rich density and phase profile of
the high-order state.

2.3.1

Talbot effect

The Talbot effect is a lensless self-imaging effect resulting from near-field (Fresnel) diffraction of coherent plane waves that are spatially periodic in the transverse direction. This is
naturally achieved by diffraction of a monochromatic plane wave incident onto a periodic
array of apertures, a grating. The resulting 2D diffraction pattern forms what is known
as the Talbot carpet, as shown in Fig. 2.9. According to the Huygens-Fresnel principle,
the pattern is formed by interference of coherent spherical waves originating from the
apertures of the grating. The Talbot carpet features multiple periodic images of the grating at different frequencies and longitudinal positions with a period given by the Talbot
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Figure 2.9: Talbot carpet resulting from the diffraction of a monochromatic plane wave incident
on a grating. The grating is re-imaged at one Talbot length 2z T away from the grating. [Figure
adapted from [144].]

length [145]:
LT =

λ
1−

p

1 − (λ / a)2

(2.4)

Discovered by Henry Fox Talbot around two centuries ago [146], the Talbot effect has
been demonstrated in different wave phenomena of various natures and spatial scales
from optical waves [144, 147–151], to atoms [152–155], molecules [156], electrons [157],
x-rays [158, 159], single photons [160], and surface plasmon polaritons [161–164]. It finds
various applications in grating-based imaging techniques [158, 159, 165], analog computing [166], data transmission [167, 168], atomic lithography, and optical manipulation [144].
The Talbot carpet also has rich theoretical aspects related to number theory and quantum
revivals [169, 170].
In the experiment presented here, we used the interference of a periodic arrangement
of sources of polaritons instead of diffraction of a plane wave incident on a periodic
grating, by virtue of the Huygens-Fresnel principle. The “sources” arise from the wavefunction of the high-order gap state of a 1D lattice which has pronounced density peaks
on the barriers between the mesa traps. Polaritons in the barrier flow towards the planar
region forming a Talbot interference pattern.

2.3.2

Structured sample and polariton condensation

The 1D lattice used in this experiment is the same as the one described in Sec. 2.2.1 but
with a larger mesa size (3.5-µm diameter) and separation (5-µm center-to-center). To load
polaritons into the lattice, we used an off-resonant elongated beam (2.5 × 36 µm FWHM)
structured such that it illuminates several lattice sites, as shown in Fig. 2.10(a-b).
Using a RS filter, we isolated the emission from the planar and the mesa array of the
microcavity. Below the pump threshold, and outside the array, the parabolic dispersion
typical of free polaritons is observed as shown in Fig. 2.10(d). The dispersion of polaritons
in the array, presented in Fig. 2.10(c), shows two distinct features: (i) discrete low-energy
levels, and (ii) band structure at higher energies. The discrete levels come from deeply
trapped modes which are unable to couple to neighboring mesas [118]. The large trap
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Figure 2.10: Excitation of mesa array and dispersion. (a) Schematics of the 1D lattice made of
linear arrays of mesas embedded in a planar microcavity and the elongated excitation profile.
Measured (b) RS, and dispersion (c) inside and (d) outside the mesa array below threshold. The
discrete modes below 1.569 eV correspond to the uncoupled modes of the individual mesas. The
dashed yellow lines in (c) correspond to ±k B /2 and mark the first BZ of the array. The solid lines
show the first four extended Bloch bands calculated from Eq. (2.1). The dashed white lines in (c)
corresponds to the effective mass fitting. [Figure adapted from Ref. [119]].

size results in shorter evanescent tails, in addition to wider barriers (2 µm), which prevents formation of bands for the low-order modes. Only the high-order modes that have
sufficiently long evanescent tails can couple and form the bands.
To calculate the band structure, we approximated the 1D periodic potential created by
the large mesas by an anharmonic function V ( x) = V0 [ F ( x) − 1] [171], where
F ( x) =

(1 + s)2 [1 + cos κx]
,
2[1 + s2 + 2s cos κx]

κ = 2π / a is the size of the BZ of the periodic potential, and V0 is the potential depth. We
expect that the potential created by the mesas will have smooth rather than sharp edges.
The tunable anharmonic function F ( x) can therefore be used to model the approximate
1D potential by tuning the ‘form-factor’ s. More details on how the shape of the potential
varies with the anharmonicity factor s is described in Ref. [171]. The calculated bandgap spectrum En (k x ) shown in Fig. 2.10(c) has the following parameters: s = −0.2 and
V0 = 5.2 meV. The agreement with the main features of the measured spectrum assumes
transverse ground state of the mesa χ( y) = χ0 ( y). Note, however, that the measured
dispersion is not fully described by this simple model. It also includes extended Bloch
states formed by hybridization (coupling) of higher-order 2D modes of the individual
mesa traps. An example of such a band (marked ’H’), weakly populated by low-density
polaritons, is seen in Fig. 2.11(a) below the state G1.
Above-threshold behaviour
Above the threshold, the condensate forms with majority of the population in nonground
steady states marked as G1, G3, and H in the dispersion shown in Fig. 2.11. G1 and G3
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Figure 2.11: Condensation into high-energy modes. (a) Disperison of polaritons in the array
above the threshold showing macroscopic occupation of the G1 and G3 gap states and weak
population of a 2D band labeled as H. Dashed yellow lines mark the BZ edge. Energy filtered
spatial density distribution of (b) G1 state and (c) the band H. [Figure adapted from Ref. [119]]

.
are the gap states characterized by localization in k-space and a narrow energy linewidth
in the vicinity of the first and third energy gaps of the calculated band-gap spectrum of
the lattice. There is also a weak population of the isolated band labeled as H in the figure.
The spatial distributions (measured by tomography, see Sec. 1.5.3) of G1 and H states
features coupling of individual modes of the trap which are 2D and cylindrically symmetric. Similar to the gap states in Sec. 2.2, the intensity along x is enveloped by a Gaussian profile matching the shape of the elongated excitation pump, similar to the result in
Sec. 2.2. In these large mesas, the 2D nature of the traps cannot be neglected despite the
essentially 1D nature of the coupling between the mesas.

2.3.3

Polaritonic Talbot carpet

The predominantly occupied state above the threshold is G3. This state is characterized
by the two bright peaks at the edges of the third BZ: k x = ±2.85 µm−1 as shown in
Fig. 2.11(a). In sharp contrast to G1 and H, where the polaritons are contained within the
mesas, the spatial distribution of the G3 state shows that polaritons are able to propagate
outside the mesa into the planar region extending over 20 µm away from the array, as
shown in Fig. 2.12(a). This leads to an interference pattern which is the polaritonic Talbot
carpet [119].
The mechanism of this outward flow can be explained by the peculiar spatial profile
of G3 along the array at y = 0, which shows high density peaks situated in the barrier
between mesas, as shown in Fig. 2.12(b). In our calculation of the band structure, this
spatial profile matches the Bloch state φ B ≡ φ3,kB /2 ( x), which corresponds to the edge
of the third energy gap, hence the name G3. G3 is a high-order gap state which inherits
the spatial and phase density distribution of the extended Bloch state of the edge in
the band structure where it originated. This state has high density peaks situated at the
potential maxima of V ( x), which are the barrier regions between the mesas in the array.
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Figure 2.12: Polaritonic Talbot carpet (a) Energy filtered real space distribution of the G3 state
showing the polariton Talbot carpet. (b) Calculated (solid) and measured (dots) line profiles at
y = 0 of the G3 state in (a). (c) Schematics of the polariton flow (arrows) responsible for the Talbot
pattern observed in (a). [Figure adapted from Ref. [119]].

Most importantly, these peaks are also phase-locked and have exactly π phase difference
between them.
Polaritons in the barrier are free to propagate in the transverse direction, therefore
the barrier regions are acting as “point sources” of polariton waves, as illustrated in
Fig. 2.12(c). Despite having energy higher than the potential depth V0 , polaritons inside
the mesas are localized and have no direct contribution to the Talbot pattern.
An important ingredient in the formation of the Talbot pattern is the phase-locking of
the coherent sources. Phase-locking ensures that in every realization of the experiment, the
density peaks have the same relative phase and will form the same interference pattern. In
the experiment, persistent phase locking and establishment of coherence is achieved when
the condensate is formed in the same gap state. Thus, the condensate in the G3 state creates
a periodic array of phase-locked coherent sources, which results in the characteristic Talbot
effect observed in this experiment.

2.3.4

Theoretical analysis of Talbot carpet

We were able to replicate the Talbot pattern by using a linear theory based on interference of point sources as well as a dynamical model based on the open-dissipative Gross–
Pitaevskii equation.
Dynamical model
The full dynamics of exciton-polariton condensation in the 2D mesa array can be reliably
reproduced for moderate pump powers above threhsold by the mean-field dynamical
model Eq. (2.2). This model takes into account energy relaxation due to quantum and thermal fluctuations in the system. Numerical modeling with parameters that correspond to
our experiment reproduces condensation into a non ground steady state with RS density
distribution shown in Fig. 2.13.
In Sec. 2.2.3, with the same excitation condition, the condensate was loaded directly
into the ground state. Here, the condensate is loaded into a very high-energy gap state.
There are two main reasons for this. Firstly, the detuning here is quite negative ∆ <
−15 meV, i.e. the exciton fraction of the polariton is too small. The energy relaxation is
inefficient and the condensate will tend to form at a high energy state. Secondly, among
the occupied states (see Fig. 2.11) the spatial profile of G3, which has pronounced peaks
in the barrier region, achieves the highest overlap with the excitation profile, and hence,
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Figure 2.13: Simulated Talbot pattern. RS image calculated using a full 2D mean-field model.
[Figure adapted from Ref. [119].]

experiences the most gain. The density profiles of G1 and H are constrained inside the
mesas and therefore have lesser gain.
This 2D mean-field model reveals a qualitative agreement with the experiment. In
what follows, we use a simple intuitive theory based on analogy with linear near-field
diffraction to analyze the observed Talbot carpet quantitatively.
Interference of point sources
The Talbot pattern can be reproduced by using an interference of point sources (see
Fig. 2.14(a)) positioned at the barriers with an appropriate phase distribution, i.e. assuming no contribution from polaritons inside the mesa. This linear model assumes that
density of polaritons flowing away from the sources is sufficiently low such that nonlinearity can be ignored.
According to Huygens-Fresnel principle, the condensate at the barriers can be represented by point sources of decaying radial waves whose field is given by [136]:

√
f m (r) ∼ (1/ r) exp[i (k p rm + θm ) − κrm ],
p
where rm = |r − rm | is the distance between the observation point r and the position
of the mth source rm , k p = 2π /λ p is the polariton wave vector, κ = γm p /(2h̄k p ) is the
decaying part set by the polariton decay rate γ, and θm is the initial phase inherited from
the G3 state φ B ( x). The total field distribution f T , which results in the Talbot carpet, is
given by the linear superposition of all these sources f T (r) = ∑m f m .
Fig. 2.14(a) shows the Talbot pattern reproduced using the linear theory and assuming
a lifetime of γ −1 ∼ 10 ps and a polariton wavelength of λ p = 2.6 µm, which is close to
the polariton de Broglie wavelength (see next Subsection). Note that the phase difference
between adjacent sources θm is π, which is inherited from the state G3. G3 has a well
defined phase distribution inherited from φ3,kB /2 ( x) which turns out to be a “π state”,
i.e. neighboring peaks have π-phase difference. This also means that peaks in adjacent
barriers (see Fig. 2.12) have a π phase difference as discussed in Sec. 2.3.3.
Both the calculated RS and KS (Fig. 2.14(c)) are in excellent agreement with the experimental images (see Fig. 2.12(a) and Fig. 2.14(b), respectively). The dark vertical lines in
RS results from destructive interference between adjacent sources due to the π phase difference. Away from the axis, the pattern distorts and eventually vanishes due to the finite
number of sources and polariton decay. Nevertheless, the pattern persists for distances
sufficient to reimage the source twice. The k-space distribution also confirms that indeed,
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Figure 2.14: Talbot pattern resulting from superposition of point sources (a) RS distribution
calculated using Huygens-Fresnel superposition of point sources. The “+” and “-” signs in the
panel indicate the relative π phase difference between adjacent sources between the mesas (black
circles). The L marks the Talbot length. (b) Measured and (c) calculated KS distribution of the
Talbot carpet. [Figure adapted from Ref. [119]].

the Talbot pattern is due to the sources situated in the barrier with no contribution from
polaritons inside the mesa. The discrepancy between the calculated and experimental
images is due to the assumption that the sources are points located on y = 0, whereas the
actual sources have a finite transverse extent.
Talbot length and polariton wavelength
The analysis presented above shows that the G3 state effectively creates a grating for
both amplitude and phase. The staggered phase distribution of the sources leads to the
complete revival of the sources at L/2, instead of L. At L/2, the phase of each source
acquires a π shift, thus reproducing the staggered phase structure and polariton density
pattern of the origin. This can be used to measure the polariton wavelength as follows.
The Talbot length measured from the transverse period of the pattern in the experimental
real space image is L ≈ 20 µm. Using the Talbot length formula in Eq. (2.4), with a
period of a = 5.5 µm, we are able to measure the polariton wavelength λ p ≈ 2.8 µm.
This value agrees with the expected de Broglie wavelength of transversely free polaritons
p
given by λdB = h/ 2m p E p = 2.4 µm, where the energy E p = 5.81 meV (with respect to
min( E(k = 0))) and mass m p = 4.447 × 10−5 me are measured in experiment.

Figure 2.15: Talbot pattern in a different lattice. Experimental (a) RS and (b) KS distribution of
the Talbot pattern produced using 2-µm mesa with 5.5-µm lateral period. [Figure adapted from
Ref. [119]].
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Variations of Talbot pattern
Finally, we note that Talbot interference of polaritons is a ubiquitous effect, as long as
there are substantial density of polaritons in the barrier. However, the modes responsible
for these effects are genuinely 2D and may not be captured by the simple 1D theory. As an
example, Fig. 2.15(a) shows a Talbot pattern generated by an extended Bloch state formed
by coupling of 2D mesa states in the array of 2-µm mesas with a lateral period of 5 µm.
Although the spatial density distribution cannot be described by our simple 1D theory,
the mechanism for producing the Talbot pattern is the same: a four-lobe density pattern
in the barrier regions [marked in Fig. 2.15(a)] acts as source of polaritons propagating
away from the array and is repeated at Talbot lengths. However, this high-energy state
is weakly trapped and polaritons can leak out of the mesa traps, futher complicating the
observed pattern. The KS image shows a distribution similar to Fig. 2.14(b,c), but with
more features due to the sophisticated pattern of the observed Talbot carpet.

2.4

Conclusion and future Directions

In this chapter, I have presented two experiments that allowed us to better understand
polariton condensation in a lattice. By comparing our results with theory, we confirmed
the interplay between energy relaxation and gain in the condensation process. When
the energy relaxation is inefficient the condensate forms in a state which experiences the
highest gain from the excitonic reservoir. The gain efficiency is determined by the overlap
between the spatial profile of a particular state and the underlying excitonic reservoir.
By modifying the excitation geometry, we control the gain efficiency and efficiently load
the condensate into a target state of the band structure. This is the case for very negative
detuning, i.e. small exciton fraction. When the energy relaxation becomes more efficient,
the condensate tends to form in low-lying energy states. This is achieved by increasing
the exciton fraction, i.e. increasing the detuning towards positive values, or increasing
the excitation power. Our experiment and modeling shows that this tendency is captured
by the energy relaxation through phonon scattering, which increases with the exciton
fraction and excitation power.
With these two effects in mind, one can then tailor both the detuning and the excitation
profile to efficiently load the condensate into interesting bands of the lattice, like flat bands
or Dirac cones. This general behavior of polariton condensation works, in principle, for
arbitrary potentials. This is further demonstrated in the following Chapters where we
need to load the condensate into non-ground states of the quantum billiard (see Chapter 3)
or to the ground state of a box-potential (see Chapter 5).
The effect of nonlinearity (interactions) is also demonstrated in these experiments. It
results in localization and blueshift of the energy. But unlike the case of cold atoms, this
nonlinearity comes from polariton interaction with the underlying excitonic reservoir
and other polaritons in the condensate. In Chapter 5, by shaping the excitation beam
into a large ring, we are able to minimize the effect of the reservoir and provide a clear
measurement of polariton interaction strength inside the condensate.
We also demonstrated that the etch-and-overgrowth technique creates tight-binding
potentials for lattices which results in enhanced stability of gap states for a wide range
of excitation powers [99]. This fabrication technique also retains the planar region, thus
allowing us to probe and take advantage of high-energy states with the energy higher than
the potential depth. This leads to demonstration of the Talbot effect for polaritons [119].
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Creating potentials embedded in the planar region is therefore a useful tool for finely
controlling coherent 2D flow of polaritons.

Chapter 3

Polariton condensation in quantum
billiards

The non-equilibrium nature of polariton condensates permits occupation of high-order
states of the potential, as illustrated in Chapter 2 for a 1D lattice, where it enabled us to
study the the nontrivial density and phase profile of those states in a periodic potential. In
this Chapter, we look at another type of potential for polaritons, a quantum billiard or a
wave resonator, which has similar properties to the textbook quantum “particle in a box”.
By carefully shaping the boundary of the “box”, using a structured pump, we show that
we can visualize the geometric Berry phase and explore non-Hermitian degeneracies.
The work presented in this Chapter is published in two papers. Section 3.2 presents
our work on visualizing the Berry phase using a deformed square billiard [172], while
Sec. 3.3 presents our work on non-Hermitian degeneracies using a chaotic billiard [71].
In both publications, I contributed by conceptualizing the research idea, designing and
running all experiments (together with our postdoc Tingge Gao), collecting and analyzing
experimental data, and performing theoretical and numerical analysis using the linear
model (see Sec. 3.1.4).

3.1

Quantum billiards and open systems

Polaritons are an inherently open (non-Hermitian) quantum system, arising from loss
due to polariton decay γc , and gain due to stimulated scattering of the reservoir particles
into the polaritons Rn R (r), i.e. the imaginary terms of the complex effective potential in
the open-dissipative GPE (see Eq. (1.27)). However, in analyzing multi-mode polariton
condensates, the non-Hermitian character of the system is frequently neglected.
In the experiments described in this Chapter, we demonstrate that polariton condensates make a promising platform for studies of non-Hermitian physics in macroscopic
quantum systems. Firstly, it offers direct measurement of the probability density |φn |2 of
the eigenfunctions and the corresponding complex energy eigenvalue En . Secondly, we
can easily create complex-valued potentials and finely tune their parameters using structured optical excitation. The properly shaped optical pump creates a quantum billiard for
polaritons, which we use to demonstrate features unique to non-Hermitian systems. With
precise control over the shape of the potential, we drive the system to spectral degeneracy
and carefully track changes in its eigenfunctions. The polaritonic billiard allows us to
visualize the Berry phase and confirm the existence of exceptional points—the primary
feature of non-Hermitian systems.
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Non-Hermitian physics

Conservation of energy is a fundamental law central to understanding nature. In quantum
mechanics, conservation of energy translates to Hermitian physics where the energy is
real-valued and the time evolution is probability preserving. However, there are many
cases where the “system of interest” is not the whole entity where energy is contained,
but only a part of it. The system can exchange energy with its “environment”, hence
making it an open quantum system. The physics of open quantum system dates back
to George Gamow’s work on alpha decay [173] developed in the early days of quantum
mechanics [174]. He showed that the tunneling rate of a particle inside the spherically
symmetric potential imposed by the nucleus can be effectively described by a complex
energy eigenvalue, rendering the Hamiltonian non-Hermitian.
States, in general, can experience gain or loss as a consequence of their interaction
with the surrounding environment (the continuum). This interaction is often impossible
to track. Fortunately, the system can be described by complex energy eigenvalues E =
ε − iγ where loss and gain enters in the imaginary part γ. In experiments, the real part,
ε, corresponds to the spectral peak energy while the imaginary part, γ, corresponds to
the spectral linewidth. Alternatively, the system can also be described by a complex (nonHermitian) potential and the imaginary part of the potential directly affects the imaginary
part (gain or loss) of the eigenstates of the system.
Today, research into non-Hermitian physics [174] has expanded into a wide range of
systems ranging from mechanical to optical and quantum systems. This interest is sparked
by observations of counter-intuitive phenomena brought about by the two related features
of non-Hermitian physics: (i) exceptional points (EPs) [175, 176], and (ii) parity–time (PT)
symmetry [177, 178]. El-Ganainy et al. [70] provides a comprehensive review of the latest
developments in this research direction.

Figure 3.1: Transition to chaos in billiards. (a) Trajectory of a classical particle in an integrable
circular and chaotic cardioid billiard. (b) Plots of the probability densities of the two high-order
eigenstates of the quantum billiard in (a). [Adapted from Ref. [179]]

3.1.2

Quantum billiards

Quantum billiards, or wave resonators, are an excellent platform for studying non-Hermitian
physics. Classically, billiards are dynamical systems where a particle exhibits ballistic motion inside some region bounded by perfectly reflecting infinitely hard walls [180]. It is
an idealization of the game of billiards but with boundaries taking on an arbitrary shape.
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Transition from a regular (integrable) to chaotic motion can be easily demonstrated in billiards by changing their shape. For example, Fig. 3.1(a) shows the difference in trajectories
of a particle in a circular billiard and that of a cardioid, where the latter shows chaotic
motion.
When the billiard size is comparable to the de Broglie wavelength of a particle, the
system becomes equivalent to the textbook quantum “particle in a box”, and the wave
nature of the dynamics is more relevant than trajectories. However, due to the difficulty of
realizing an actual quantum billiard, dynamical billiards are mostly studied using classical
wave resonators, the classical wave equivalent of a “particle in a box”. This reduces the
problem to studying the modes of the resonator, as shown by the probability density
of high-order eigenstates of the billiards in Fig. 3.1(b), which illustrates the difference
between a regular and a chaotic billiard. Quantum counterparts of billiards (see Fig. 3.2)
have become a paradigmatic system for studies of the transition to chaos in the quantum
regime, named “quantum chaos”[181–183].

classical billiard

quantum billiard

microwave billiard

Figure 3.2: Quantum analog of billiards Schematics depicting a classical billiard, a quantum
billiard, and the classical wave analog, the electromagnetic cavity. [Adapted from Ref. [184]]

First experimental breakthroughs in quantum chaos [185] and non-Hermitian physics [186]
become possible by using microwave billiards [182, 184, 187]. Microwave resonators are
made of cm-size conducting sheets, usually copper, that are close enough (around mm)
to create a quasi-2D cavity. An antenna measures the electric field strength, phase, and
frequency of the cavity eigenmodes. It can also couple nonperturbatively to the cavity,
thereby making the billiard open [188]. Microwave absorbers on the side walls are also
used to induce loss in the system [189]. Quantum billiards are also realized in mesosopic
GaAs mesas [190], quantum dots [191], and ultracold atom traps [192]. Dielectric optical
microcavities also act as quantum billiards that are always open [187].

3.1.3

Polaritonic billiards

Quantum billiards for polaritons, which we name polaritonic billiards, can be employed for
studying quantum chaos and non-Hermitian physics in a macroscopic quantum system.
Polariton condensates are inherently non-Hermitian due to gain and loss mechanisms.
Together with a plethora of techniques [7] to modify the potential landscape for polaritons
(see Sec. 1.7), it is possible to create any billiard shape. The energy and linewidth corresponding to the real and imaginary parts of the eigenvalues of the billiard can be resolved
spectrally. Furthermore, tomography also allows direct imaging of the probability density
distribution of the eigenstates of the billiard.
In our experiments, we employ optically-induced potentials to create polaritonic billiards. This method offers two advantages: (i) easy control of the shape of the billiard
without moving the sample, unlike the case of microstructured potentials, and (ii) large
degree of control over the gain, i.e. imaginary part of eigenstates of the billiard. For ex-
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ample, the billiard shown in Fig. 3.3 has two control parameters, the radius of the corner
defect R, and the thickness of the wall d. As it turns out in (this will be discussed in
Sec. 3.3), these two parameters enable us to control both the real and imaginary parts of
the eigenstates, and subsequently probe the topology of a non-Hermitian degeneracy [71].
This all-optical control enables robust measurements without changing other properties
of the system, which is extremely difficult to achieve using other methods.
Pumping

Photoluminescence

R

L

W
d

Figure 3.3: Creating a polaritonic billiard. Schematics of a polaritonic Sinai billiard used in
Sec. 3.3, where the wall is induced by the optical pump (cyan) via the excitonic reservoir. The
probability density distribution of the wavefunction of the confined polariton condensate (shown
in greyscale inside the billiard) is imaged via the photoluminescence (orange). The control parameters are the width d of the billiard wall and the defect radius R. [Adapted from Ref. [71]]

To create the billiard, we shape the quasi-CW pump profile using a digital mirromirror
device (DMD) as a programmable amplitude mask for the near-Gaussian laser profile (see
the setup description in Sec. 1.5.2). The structured optical pump with profile I (r) induces a
similarly shaped reservoir n R (r). However, due to exciton diffusion, the created excitonic
reservoir will look like I (r) convoluted with a Gaussian envelope.
Above the pump threshold, the non-equilibrium condensate occupies mutiple energy
states of the billiard, i.e. the RS density distribution of the condensate |ψ|2 is a superposition of multiple energy eigenfunctions φn of the trap. We deliberately kept the laser power
at an intermediate level and the detuning negative (by scanning the sample), so that the
condensate would not occupy the ground state only. Using the tomographic imaging
techniques presented in Sec. 1.5.3, we can measure the energy distribution at each point
in RS. By stitching the images, we can then take a slice at constant energy, enabling us
to measure the spectrum En and the respective probability densities φn of the billiard
potential, which are the two observables relevant to the work presented in this Chapter.
Using the standard imaging techniques presented in Sec. 1.5.3, we then image the
spectrum En and the probability densities of the eigenstates φn of the billiard, which are
the two observables relevant to the work presented in this Chapter.

3.1.4

Modeling polaritonic billiards

In contrast to microwave billiards or dielectric optical cavities, polaritonic billiards have
“soft” (inelastic) walls of a finite width and height. This property originates from the role
of the excitonic reservoir n R (r), which provides both the gain and the repulsive barrier.
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The walls of the billiard can be described by a linear complex 2D potential of the form
V (r) = VR (r) + iVI (r). The real part VR (r) = g R n R (r) is a repulsive potential arising
from interaction of polaritons in the condensate with the reservoir n R (r). The imaginary
part VI (r) = Rn R (r) − γ combines the gain profile with the spatially uniform loss due to
polariton decay, γ. Note that the reservoir density n R (r) depends on the injection rate, P(r),
which is proportional to the intensity profile I (r) of the optical pump. The nonlinearity
due to polariton–polariton interactions, gc |φ|2 mostly affects the overall blueshift of the
spectrum, and has minimal effect on the spacing of the energy levels.

Figure 3.4: Lowest lying eigenmodes of a polaritonic billiard obtained for thick-walled setup
shown in Fig. 3.3. Spatial density distribution of the eigenstates of the billiard (top row) measured experimentally, and calculated using (middle) the effective linear model, and (bottom) the
generalized Gross-Piteavskii model. [Adapted from Ref. [71]]

With this in mind, we can simplify the ODGPE (Eq. (1.27)) in the steady-state limit for
the case of the billiard. To calculate the energy spectrum En and eigenfunctions φn of the
billiard, we use the time-independent linear form of the equation:
Enφn = −∇2φn + [VR (r) + iVI (r)] φn

(3.1)

where V (r) is described above. Using this simple model, we obtain excellent agreement
with experiment. As an example, in comparison with experiment, the calculations of the
linear modes of the Sinai billiard shown in Fig. 3.3 yield almost identical spatial density
distributions |φ(r)|2 (shown in Fig. 3.4) and excellent qualitative agreement with the
energy dependence on the defect radius R. In the calculations used in this Chapter, both
the real VR and imaginary part VI of the potential have the same spatial profile as the
pump I (r) convoluted with a 2D Gaussian kernel.
We also employ the full nonlinear model (ODGPE) presented in Sec. 1.6.4 to gain
insight on the occupation of the energy eigenstates of the billiard. This is adequately
achieved by using the phenomenological energy relaxation [100, 101], which has the form
of Eq. (1.32):


∂
ERmodel = ih̄αn R µ (r, t) − ih̄
ψ
(3.2)
∂t
where α is the energy relaxation rate, and µ (r, t) is the local chemical potential of the
condensate. This model also yields spatial modes φn of the trap that are in good agreement
with the measured spatial profiles, as shown in Fig. 3.4. In that particular calculation, the
parameters are: polariton effective mass m = 5 × 10−5 m0 , polariton–polariton interaction
strength gc = 2 × 10−3 meVµm2 , condensate–reservoir interaction strength g R = 2gc ,
stimulated scattering rate h̄R = 6 × 10−4 meVµm2 , polariton decay rate γ = 0.1ps−1 , and
relaxation rate α = 1.2 × 10−3 µm2 ps−1 meV−1 . The potential wall created by the reservoir
n R has a potential height of 2.25 meV and its shape is that of a pump I (r) convoluted with
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a Gaussian profile to mimic the diffusion of the excitons away from the pump.
One can see from Fig. 3.4 that the condensate dynamics described by the nonlinear
model effectively populates the eigenstates of the linear complex effective potential. This
validates our linear approximation, and for the rest of the work presented in this Chapter,
I rely on the linear model, which provides a direct and simple calculation of the energy
eigenvalues En and eigenfunctions φn . In the following Sections, I present how we used
this model to design two polariton experiments that allows visualization of the Berry
phase.

3.2

Visualizing Berry phase

Geometric phase, Pancharatnam–Berry phase, or Berry phase in wave systems is a phenomenon of accumulation of phase of the energy eigenstates during cyclic adiabatic evolution in some parameter space [193]. Since its discovery, Berry phase has been shown
to arise in a wide range of physical systems, with measurable physical effects. These include molecular dynamics [194], polarization rotation and the optical spin-Hall effect [195–
197], as well as orbital magnetism and Hall effects of electronic states in solid-state systems [198–200]. Moreover, it was speculated that geometric phases in quantum systems
could be useful for information processing because of intrinsic topological protection [201,
202].
In this Section, we visualize the Berry phase [172] of energy eigenstates of a macroscopic quantum system made of polariton condensates in a Hermitian setting. We then
use the techniques presented here to explore the non-Hermitian case (see Sec. 3.3).

3.2.1

Berry phase

A simple intuitive analogy in geometry of Berry phase is presented in Fig. 3.5 for the
parallel transport of a vector on the surface of a sphere. Starting at the north pole, the
vector is transported along a closed path on the surface while keeping its direction with
respect to the surface fixed. After one cycle, the vector goes back to its starting position
but not to its original direction. The change in direction corresponds to the accumulated
Berry phase which depends only on the path traversed.

Figure 3.5: Parallel transport of a vector on the surface of a sphere. The vector starts at the north
pole following the path shown. After one cycle, the vector goes back to the north pole but with a
different direction. [Figure adapted from Ref. [203]].

In quantum mechanics, the vector corresponds to the energy eigenstate φn of some
potential V with the corresponding eigenenergy En , while the path is taken in the space of
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parameters qi that alter the potential and hence affect the eigenenergies En . The parameters
can be related to electric or magnetic forces, or for the case presented here, deformations
of the shape of the potential.
Consider a quantum system at a time t = 0 in one of its discrete eigenstates φn with
the energy En , and slowly change its potential around a cycle, or a closed path C in the
parameter space (q1 , q2 ). Afterwards, the potential is restored back at time t = T and the
system is still in its state φn by virtue of the adiabatic theorem [204]. But its phase will
change, i.e.
φn ( T ) = exp[iEn t/h̄ + iγn (C )]φn (0),
where En t/h̄ is the familiar dynamical phase which increases with time and γn is the
Berry phase which is time-independent and depends on n and the geometry of C. This
dependence is illustrated in the following Section.

3.2.2

Diabolical point

The most simple and intuitive form of the Berry phase in quantum systems is associated
with spectral degeneracies that are conical intersections of the energy surfaces of two
eigenstates, called diabolical points (DP) (see Fig. 3.6). These type of degeneracies can be
naturally engineered in quantum billiards where it occurs at a point in a two-parameter
deformation space X–Y.

(X,Y)
(0,0)

L

Y

E
X

Figure 3.6: Diabolical point. Energy surfaces of the two energy levels forming a conical intersection in the X–Y parameter space showing the closed path (black arrows) used to obtain the Berry
phase associated with the diabolical point (red dot). Yellow and green dashed lines correspond to
the yellow and green data points in Fig. 3.7. Inset: Parameters X and Y shown as deformations of
a rectangular billiard. [Figure adapted from Ref. [172]].

For example, the conical surface in Fig. 3.6 corresponds to the two eigenvalues of a
deformed rectangular billiard as a function of the two deformation parameters X and Y.
( X, Y ) are the deformation coordinates of one corner of the billiard, as shown in the inset
of Fig. 3.6.
In the vicinity of the DP, the behavior of the energy surfaces can be modelled by a
2 × 2 Hamiltonian of a generic two-level system given by:

Ĥ =


cos φ sin φ
,
sin φ − cos φ

(3.3)
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where φ is the deformation angle and is related to the deformation parameters by X =
r cos φ and Y = r sin φ. The eigenvalues of this Hamiltonian, E1,1 = ±r form two intersecting circular cones in the E-X-Y space similar to those shown in Fig. 3.6. The eigenvectors
are linear combinations of the degenerate eigenstates at the DP and are functions of the
angle φ only:




cos φ/2
− sin φ/2
,
.
(3.4)
|+(φ)i =
|−(φ)i =
sin φ/2
cos φ/2
If we follow a loop that encloses the DP in the parameter plane φ → φ + π, the
eigenstate accumulates a π-phase,

|±(φ + 2π )i = exp (iπ ) |±(φ)i .

(3.5)

This is the Berry phase associated with the DP and in order to fully restore the original
wavefunction, two full rotations around the DP are necessary.

3.2.3

Polaritonic square billiard

Square billiards are completely integrable and exhibit regular classical motion. Consequently, systematic (arising from symmetry) degenerate states are abundant in the square

quantum billiards [181, 205], as given by the energy eigenvalues En,m = E0 n2 + m2 /2,
where E0 is the ground state energy, and n, m = 1, 2, 3, ... are the quantum numbers. For
every combination of n and m, there is a two-fold degeneracy of the eigenstates |n, mi.
Deformations of the square break this symmetry and lift the degeneracy, thus splitting
the energy of the degenerate states. Conversely, by using two deformation parameters,
accidental degeneracies of energy levels can be found without restoring any reflection or
rotational symmetry of the system.
To demonstrate numerically how we can find a DP starting from a system without
degeneracy, we used a rectangular boundary for the billiard (two sides longer by 10%)
bordered by hard, infinite walls. The reduced symmetry of the rectangular billiard means
that there is no degeneracy for several of the lowest-lying energy eigenstates. One corner
of the rectangle is shifted, as shown in the inset of Fig. 3.6 to map the dependence of
the energy eigenvalues on the deformation parameters. The resulting energy surfaces
are shown in Fig. 3.6 for the energy eigenvalues of the first two excited states, |1i and
|2i, which are dipole states reminiscent to the |2, 1i and |1, 2i states of a square billiard.
The two states forms two conical surfaces intersecting at the DP which occurs at nonzero deformation. Note that not all nearly degenerate eigenvalues will form a conical
intersection in the parameter space of the deformations. Some form two intersecting
planes, which are not DPs and these cases are outside the scope of this work.
In the experiment, we create a square polaritonic billiard by using the technique explained in Sec. 3.1.3. The inner length of the square billiard wall is L = 12 µm, and the wall
thickness is 4.5 µm. When the polaritons condense into a macroscopic phase-coherent
state, they occupy several energy eigenstates of the potential. These states are represented
by well separated lines in the spectrum, as seen in Fig. 3.7(b). We use a square binary
image on the DMD to mask the slightly elliptical laser beam profile which consequently
creates a reservoir density distribution similar to the middle inset of Fig. 3.7(a). The resulting potential has a reduced symmetry which is similar to the symmetry of a rectangle.
As expected, we found that the first and second excited states, which we denote with a
shorthand notation |1i and |2i, are not degenerate at zero deformation (0, 0) as shown in
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Figure 3.7: Deformed polaritonic billiard (a) Typical experimental spectra of the polaritonic billiard. The numbered peaks correspond to: 0 the ground state, 1 the nearly degenerate lowest-order
excited states |1i and |2i, 2 and 3 are the higher-order states. Inset: (top) The corresponding RS
images of the ground and excited states, and (middle) the spatial pump profile which creates
the undeformed billiard. Grey area corresponds to the trap region. (b) Experimentally measured
energy corresponding to the dashed lines on the conical surface in Fig. 3.6. Positions of the individual energy levels are determined from the spectroscopic peaks shown in (a). Data along X
(or Y) dimension are taken by fixing Y=0 (or X=0). The intersection (red dot) corresponds to the
degeneracy point inferred from the polynomial fit (solid curve). The four images shown are the
measured real space probability densities of the two eigenstates away from the diabolical point.
Inset: The deformation parameters ( X, Y ) shown as coordinates of the deformed corner. [Figure
adapted from Ref. [172]].

Fig. 3.7(b).
By shifting the position of the corner, we can drive the two energy levels to degeneracy
at a particular point in the X-Y parameter plane, which is a DP. For the billiard we used,
the degeneracy occurs at ( X / L, Y / L) = (0.05, 0.05) as deduced from the polynomial fit
to the experimental data points in Fig. 3.7(b). With the existence of the DP, we can then
visualize its associated Berry phase by encircling the degeneracy.

3.2.4

Encircling the diabolical point

To visualize the Berry phase, we need to follow the evolution of the phase of the eigenstates as we traverse a contour in the 2D deformation parameter space X-Y. Using a
protocol initially proposed for surface electrons in quantum corrals [201] and classical microwave billiards [206], we measure the Berry phase without the need of an interference
experiment. The protocol relies on precise imaging of the nodal lines of the probability
density distributions |φn |2 of the relevant eigenstates which is straightforwardly achieved
for polaritons using tomography.
The measurement protocol is as follows:
Step 1: Choose a closed path in the X-Y parameter plane.
Step 2: Choose an arbitrary starting point on that path.
Step 3: Image the probability density φn of the eigenstate at that point in the parameter space.
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(a) End

(b) End
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Figure 3.8: Encircling the DP. Transformation of the non-dynamical phase of the first (a) and
second (b) eigenstates of the polariton billiard encircling the DP in the parameter plane. After one
loop, the phase of each state is flipped, and a Berry phase of π is accumulated. (c) Sequence of the
billiard deformations ( X, Y ) corresponding to the loops around the diabolical point, as shown in
(a,b). The red dot marks the DP, and the open dot marks the start and end points of the respective
loops. [Figure adapted from Ref. [172]]

Step 4: Set an initial phase to that eigenstate.
Step 5: Move to the nearest data point along the path and assign a phase to the
eigenstate that ensures smooth transition from previous point.
Step 6: Repeat the previous step until the entire closed path is completed.
Step 7: The phase difference after the loop is the accumulated Berry phase.
Fortunately, this is easy to implement in our experiment, as shown in Fig. 3.8 and
Fig. 3.9, since both relevant eigenstates are two-lobed modes with a well-defined orientation of the nodal line, i.e. if one lobe is positive (0 phase), the other lobe is automatically negative (or π phase). However, due to the finite energy linewidth, the deformation
should be large enough to avoid the overlap between the two modes.
Fig. 3.8 shows the experimental images of the transformation of the non-dynamical
phase of the two eigenstates of the polaritonic square billiard along a closed path encircling
the DP. Starting at (-0.33,0.25) deformation of the billiard, an initial phase is assigned to the
two-lobed eigenstate. This is visually presented using the cyan–red color where contrast
corresponds to relative phase difference of π. We then move to the next point in the path,
which is done by deforming one corner of the billiard to the point (0,0.25). The phase
of the eigenstate at this point is chosen such that it shows a smooth transition from the
previous point. We then replicated this step to the subsequent points along the path shown
in Fig. 3.8(c). After one loop, the deformation is restored to the starting position in the
parameter plane but the phase of each eigenstate has flipped, i.e. accumulated a π-phase
shift. This corresponds to the Berry phase associated with the DP. It is therefore necessary
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to do a second loop to return to the original wavefunction.
(a)

Start

End

DP

(b)

-0.33

X/L
0

0.33
0.25
0

Y/L

-0.25

Figure 3.9: Excluding the DP. (a) Transformation of the non-dynamical phase of the first eigenstate
of the polariton billiard in a close path avoiding the DP. After one loop, there is no phase shift. (b)
Sequence of the deformations ( X, Y ) corresponding to the closed path in (a). The red dot marks the
DP, and the open dot marks the start and end points of the loop. [Figure adapted from Ref. [172]].

To demonstrate that encircling the DP is essential for visualizing the Berry phase in
this experiment, we also used a different loop which avoids the DP, as presented in Fig. 3.9.
Following the protocol, we started with the same point and used a closed path that does
not enclose the DP. After completing the loop, there is no accumulated phase shift, in
contrast to Fig. 3.8. This demonstrates that there is indeed a true degeneracy that persists
in this two-level system despite the existence of uncontrolled asymmetries arising from
the crude shaping of the billiard.

3.2.5

Hybridization of modes

Perturbations of a system can cause mixing of original eigenstates. This is reflected in
Eq. (3.4) where the new eigenstate after deformation is a superposition of the original
eigenstates. In this work, the mixing is visually manifested as a rotation of the probability
densities |φn |2 of the eigenstates in RS as observed from the images in Fig. 3.8 and Fig. 3.9.
By choosing the basis states |1i and |2i (see Fig. 3.10(a)), which are horizontal and vertical
dipole modes, respectively, the eigenstates of the deformed billiard |+i and |−i for any
deformation can be written as a superposition of the basis states |1i and |2i. For these twolobed modes, this translates to an actual rotation of the nodal lines by an angle θ = φ/2
where φ is the polar angle in the plane of the deformation parameters ( X, Y ).
For an ideal system modelled by Eq. (3.4), the relationship between the two angles is
linear. The experimentally measured relationship between the deformation angle φ and
the rotation angle of the eigenstates θ shown in Fig. 3.10(c) displays a slightly nonlinear
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(a)

Basis states

(b)

Deformation angle φ

- π/2

(c)

0
π/2

π

3π/2
Deformed eigenstates

- π/4

π/4
π/2 3 π/4
0
Spatial rotation angle θ

Figure 3.10: Rotation of nodal lines. Calculated probability densities (a) of the chosen basis states
and (b) of the mixed states for a deformation angle φ = π /2 showing rotation in real space by
θ = π /4. (c) Experimentally measured rotation angle θ of the probability densities of eigenstates
as a function of the polar angle φ of the deformation parameters ( X, Y ). Dashed line corresponds
to the relationship θ = φ/2 expected to arise due to an ideal diabolical cone derived from Eq. (3.4).
[Figure adapted from Ref. [172]].

behavior. This is primarily due to the elliptical cone shape of the energy sheets of the
two states exploited in this experiment in contrast to the circular cone of the ideal model
(Eq. (3.4)). Nevertheless, it is this simple correspondence between the billiard deformation
angle and the rotation of the nodal lines for the two-lobe probability density of the deformed eigenstates that enables us to observe the Berry phase directly, without the need
for interferometry.

3.2.6

Open-dissipative nature of the billiard

It should be reiterated here that polaritonic billiards are intrinsically non-Hermitian [71].
This will be further elucidated by the experiment presented in Sec. 3.3 where both the
shape and thickness of the walls of the billiard are changed to tune the energy and
linewidth of the eigenstates, respectively.
In the experiment presented here, we deliberately keep the thickness of the walls
unchanged when we deform the inner area of the billiard so as not to actively manipulate
the overlap of the billiard eigenstates with the gain region created by the optical excitation.
As a result, the linewidths (imaginary part of the energy eigenvalues) of the relevant
eigenstates that formed the conical intersection grow concurrently and nearly monotonically
as the deformation parameters are detuned from the point of degeneracy, as shown in
Fig. 3.11. This means that we are dealing with an equivalent of a Hermitian degeneracy
which is modeled by Eq. (3.3) rather than an exceptional point presented in Sec. 3.3. This
behaviour of the energy eigenvalues and spectral linewidths is similar to that observed
in dielectric optical microcavities [207, 208].
Indeed, it was established [208] that, in open resonators of classical billiards, the
linewidths of two neighbouring energy levels change monotonically as the eigenvalues
move along the diabatic lines [e.g., dashed lines on the diabolic cone in Fig. 3.6] away
from the point of degeneracy. This is exactly the behavior observed here as we move
further away from the point of degeneracy, as shown in Fig. 3.11. However, for large deformations the change in the linewidths of the two states is no longer concurrent and
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Figure 3.11: Experimentally measured linewidths of the two-lobed states as a function of a single
deformation parameter. Shaded regions represent values of the deformation parameter, for which
the simple diabolical point model of the Hermitian spectral degeneracy (Eq. (3.3)) is no longer
applicable. [Figure adapted from Ref. [172]]

monotonic. Therefore, in order for the simple theoretical model Eq. (3.3) to be applicable, we have to ensure that the values of the deformation parameters remain sufficiently
small | X |, |Y | < 0.33. Large deformation parameters result in larger deviation of the experimentally observed intersection of energy levels from the exact diabolical cone, which
manifests itself in further departure from the linear dependence θ (φ) Fig. 3.10(c).
In the following Section, we look at the behavior in the vicinity of a non-Hermitian
degeneracy. This degeneracy is a discontinuity in the complex plane, which results in
different topology of the eigenvalues as well as coalescence of the eigenstates.

3.3

Non-Hermitian degeneracies

Polariton condensates are inherently open (i.e. non-Hermitian) quantum systems existing
in a balance between gain and loss. However, this is often ignored in studies of polaritons condensates that occupy mutiple energy levels of a trap. In this Section, by employing polaritonic billiards, we demonstrate that non-Hermiticity dramatically modifies the
structure of the spectrum and eigenstates, and therefore, will affect quantum transport,
localization, and dynamical properties [181, 209, 210] of polaritons. The eigenstates of
the non-Hermitian billiard exhibit multiple non-Hermitian degeneracies known as exceptional points (EPs) which have recently attracted a lot of attention due to counter-intuitive
properties [70] exhibited by the system in their vicinity. Our findings pave the way for
studies of polariton non-Hermitian quantum dynamics, which may help in understanding
and uncovering novel operating principles for polaritonic devices.

3.3.1

Exceptional point

Exceptional points (EPs) are degeneracies found in non-Hermitian (including PT-symmetric)
systems which have non-trivial topology of eigenmodes and unusual transport properties [187, 211–213]. In recent years, there has been a number of breakthroughs in research
on EPs in classical systems including studies of the structure of the eigenstates [71, 214],
topological switching [215, 216], and enhanced sensitivity to perturbations [217, 218].
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The interesting properties near the EP can be described by a simple toy model of a
two-level system described by a 2 × 2 Hamiltonian

Ĥ =

E1 V
W E2


(3.6)

where E j are the complex-valued eigenvalues of the uncoupled modes (the imaginary part
Im( E j ) is related to the decay/gain rates), and V, W characterize the coupling between
these two modes. For notation purposes, φ j are the eigenvectors of the uncoupled modes.
For brevity, we only consider the case V = W ∗ where the two modes couple internally,
like in a closed system, but each mode individually couples to the continuum through the
imaginary part of E j . The same model is used to describe the coupling of excitons and
photons that form polaritons (see Sec. 1.2.3).
The eigenvalues E± and eigenvectors (not normalized) φ± are easily shown to be
E1 + E2
E± =
± r,
2


φ± =

V
∆E/2 ± r


(3.7)

where ∆E = E2 − E1 , V 6= 0 and
r
r=

( E1 − E2 )2
+ |V | 2 .
4

(3.8)

If E j are real, i.e. Ĥ is Hermitian, this reduces to Eq. (3.3) where the eigenvalues are real
and the eigenvectors can be orthonormalized. For a general non-Hermitian Hamiltonian,
the eigenvalues are complex-valued and the eigenstates are not necessarily complete and
orthogonal.
Weak coupling

ΔE

ΔE

Im(E )

Re(E )

Strong coupling

Figure 3.12: Schematics of non-Hermitian resonance crossings of the complex eigenvalues of a
two-level non-Hermitian system in the strong and weak coupling regimes. An anti-crossing in the
real part is accompanied by a crossing in the imaginary part of the eigenvalues, and vice versa.
Arrows represent eigenvectors far and near resonance, where hybridization occurs.

Far from the resonant coupling |∆E|  2|V |, the eigenvalue of the coupled system E±
equals that of the uncoupled system E j . This is true for both Hermitian and non-Hermitian
systems. The main difference happens at the resonant coupling Re( E1 ) = Re( E2 ). In a
Hermitian system, there is always an energy splitting, an anti-crossing, of the coupled
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modes given by E+ − E− = 2r = 2V as long as V 6= 0. In a non-Hermitian system, there
are two types of resonant crossings [219], as shown in Fig. 3.12. In the weak coupling
regime |V | < Vc , where Vc = |Im( E1 ) − Im( E2 )|/2, there is crossing in the real part of
energy and an anti-crossing in the imaginary part. In the strong coupling regime |V | > Vc ,
the real part of energy anti-crosses similar to the Hermitian case, but the imaginary part
crosses.
The overall behavior of the complex eigenvalues E± near the EP can be plotted in a
two-parameter space (δE = Re∆E, δΓ = Im∆E), as shown in Fig. 3.13. The two surfaces
intersect simultaneously only at one point, i.e. when r = 0 or (δE = 0, δΓ = 2V ). This
point is called the exceptional point (EP). At the EP, not only the eigenvalues E± become
identical, the eigenvectors φ± coalesce as well, i.e. they become completely parallel.
a

b

Re E

Im E

EP

EP

δE

δE

δΓ

δΓ

Contour
Contour

Figure 3.13: Riemann surfaces near the exceptional point. Riemann surfaces of the real (a) and
imaginary (b) parts of the eigenvalues of Eq. (3.6) in δE, δΓ parameter space. The red and blue
lines on the surfaces correspond to the constant δΓ line plots in Fig. 3.12. [Adapted from Ref. [71]].

The resonance crossing is accompanied by hybridization of modes as illustrated by
the arrows in Fig. 3.12. There is an “exchange of identity” of the eigenstates before and
after the resonance crossing. Near resonant coupling, the modes are hybridized, i.e. the
coupled eigenstates are linear superposition of the uncoupled states. This is true for both
Hermitian and non-Hermitian cases. For example, this resulted in the rotation of modes
in the Hermitian Hamiltonian in Sec. 3.2.5.
PT symmetry
Although not part of this work, it is worth mentioning the concept of PT-symmetry, which
is closely related to the existence of EPs. Parity-time ( P̂ T̂) symmetric operators belong to
a large class of non-Hermitian operators that can exhibit entirely real spectra for some
parameter range [177]. PT symmetry holds when the P̂ T̂ operator commutes with the
Hamiltonian and a necessary (but not sufficient) condition is for the complex potential
to satisfy V (r) = V ∗ (−r), where r is the position vector. The striking feature of these
potentials is the sharp symmetry-breaking transition once a parameter exceeds a critical
value associated with the EP.
As a demonstration, the Hamiltonian in Eq. (3.6) is PT symmetric when the coupled
modes E j are resonant ReE1 = ReE2 but have the opposite gain/loss ImE1 = −ImE2 .
Following Eq. (3.7), the resulting spectra (eigenvalues) E± = Re( E1 + E2 )/2 ± r are real

66

Polariton condensation in quantum billiards

if r is real, which happens when |ImE1 | < |V |. However, when the loss/gain exceeds the
coupling |ImE1 | > |V | the eigenvalues become complex-valued and one of the modes experiences massive gain at the expense of loss for the other mode. This regime is called the
PT-symmetry broken phase. The transition point occurs at |ImE1 | = |V |, which, together
with ReE1 = ReE2 , forms the EP for this non-Hermitian Hamiltonian.
Realizing PT-symmetric potentials is hard for polaritons, despite the advances in engineering of the potential landscape [7]. Most of these techniques modulate the real part
of the potential only, but for PT-symmetry one needs to control the gain and loss of the
system with high precision. In this work, we demonstrate control over the gain by shaping
the excitation profile. Control over the loss or polariton decay rate can be achieved by
spatially varying the Q-factor of the microcavity [7].

3.3.2

Polaritonic Sinai billiard

To study the non-Hermitian physics with polariton condensates, we use the polaritonic
Sinai billiard shown in Fig. 3.3, where we identified two control parameters, the defect
radius R and the wall width d. Changing R changes the geometry of the billiard and can
therefore drive the energy levels towards resonance. In a Hermitian system, increasing R
leads to quantum chaos [181] where the energy level statistics exhibits level repulsion or
anti-crossings [209], or in the language of two-level system, strong coupling of neighboring
levels. However, non-Hermitian systems can exhibit both crossings (weak coupling) and
anti-crossings (strong coupling) as presented in Sec. 3.3.1. This is what we observe in
both experiment and numerical simulations of the real energy levels of our polaritonic
billiard, as shown in Fig. 3.14. Although our billiard has ‘soft’ walls and can generally
exhibit mixed regular and chaotic behavior [220], we clearly observe multiple resonance
crossings at the grey region of Fig. 3.14 even for the first few energy levels.
The calculations shown in Fig. 3.14(b) use the linear model of Sec. 3.1.4, where the
potential V (r) has the shape of the experimental pump profile convoluted with a 2D
Gaussian filter. The corresponding spatial mode profiles (experiment and theory) of the
first 7 states are shown in Fig. 3.4.
To find an EP in this spectrum, we need to first observe the transition from strong to
weak coupling. We thus limit ourselves to the two energy levels shown as red and blue
curves in Fig. 3.14, which are the second (two-lobed) and third (three-lobed) excited states
of the billiard, respectively (see Fig. 3.4). These two levels are well isolated from their
neighbors and can therefore be approximated by a two-level Hamiltonian like Eq. (3.6).
We found that the thickness of the potential wall d can control the linewidth or the
imaginary part of the energy levels. This parameter does not affect the geometry of the
billiard, and as long as the internal area of the billiard is unchanged, it primarily controls
the imaginary part of the potential VI (r) created by the excitonic reservoir. As a result,
this parameter controls the degree of overlap between the modes of the trap and the gain
region which is the wall itself. The level dynamics for thick and thin-walled billiards
are shown in Fig. 3.15. One can clearly see the transition between the strong and weak
coupling, which is observed by changing the wall thickness d from thick to thin.
The two control parameters ( R, d) of our polaritonic billiard approximately correspond
to the two parameters (δE, δΓ) of the toy model leading to the surfaces in Fig. 3.13. The
defect radius R mostly affects the real part of the potential VR (r) and hence the real-valued
energy of the modes. Larger R means a tighter confinement leading to increasing energy.
However, the change in energy is faster for the three-lobed mode than for the two-lobed
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Figure 3.14: Level dynamics in polaritonic Sinai billiard. (a) Experimentally measured and (b)
numerically simulated spectra of polaritonic Sinai billiard as a function of defect radius R for the
first 11 states. With increasing R, numerous resonance crossings proliferate in the grey area, which
is a signature of the transition to quantum chaos if the billiard is Hermitian. The orange square
marks the region of parameters for the resonance coupling of the two levels (red and blue) we are
interested in. [Adapted from Ref. [71]].

mode, leading to the resonance crossing around R = 0.55W, where W is the length of the
short side of the billiard (see inset images in Fig. 3.15a,b).
The wall thickness, d, affects the gain/loss profile originating from the imaginary part
of the potential Im(V ) induced by the excitonic reservoir n R . Specifically, the imaginary
part of the eigenvalue Im( E j ) is given by the spatial overlap between the billiard mode
and the excitonic reservoir
Im( E j ) ∝

Z

Im(V (r))|φ j |2 d2 r.

(3.9)

In our case, increasing d corresponds to decreasing δΓ . The effective coupling V is determined by the spatial overlap between the two uncoupled modes φ j [210], and thus
depends on the geometry of the billiard. Changing d does not change this coupling constant, instead, it changes the imaginary part of the uncoupled modes Im( E j ), tuning it
between the weak and strong coupling regimes. This behavior is consistent with the model
in Fig. 3.13 and means that the range of parameters presented in Fig. 3.15 includes the EP.

3.3.3

Hybridization of modes and phase assignment

Near the resonance (∆E ≈ 0), the two levels hybridize as shown theoretically in Fig. 3.12
and experimentally in Fig. 3.15(a,b). The hybridized modes are different in shape compared to the uncoupled modes or those far from resonance, which are the two- and threelobed modes. This is in contrast to the hybridization of two dipoles (two-lobed modes) in
Sec. 3.2.5 which simply resulted in a rotation of the spatial probability density distribution
of the eigenstates |φ j |2 . In the experiment, the spectral linewidth of the modes can become
larger than the peak separation, especially near resonance, making it hard to resolve the
density distributions |φ j |2 of the pure modes. Instead, we can only measure a density
distribution which is a superposition of two modes, especially at the crossing point in
Fig. 3.15(b).
To match the measured density distribution |φex |2 to the calculated one near resonance,
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Figure 3.15: Resonance coupling of two levels of the polaritonic Sinai billiard. Experimentally
observed (a,c) strong coupling and (b,d) weak coupling of the second and third excited states of
the billiard. (a,c) has a thick wall of d ≈ 6 µm, while (b,d) has a thin wall of d ≈ 4 µm. The error
bars are numerical fitting errors. Inset grey (colored) images corresponds to measured (calculated)
density distributions of the two modes. d = d EP is the wall width at the EP. [Adapted from
Ref. [71]].

we plot the superposition of numerically calculated pure modes |φs |2 : φs = αφ3 + βφ4 eiϑ ,
where φ3,4 are the pure eigenstates 3 and 4, α, β are relative amplitudes, and ϑ is the
relative phase. We found that only ϑ = π /2 can reproduce the same density distribution
as that seen in the experiment |φex |2 . These calculated spatial modes are presented in
Fig. 3.16. Note that, far from the resonance, the experimental density distribution |φex |2
matches the calculated pure modes extremely well, as shown in Fig. 3.15.
The hybridization of modes also creates a problem in setting the phase using the
method of Sec. 3.2.4 in encircling a DP. In that case, the eigenstates are far from resonance
while encircling the DP ensuring that measured eigenstates does not have superposition
from the other state. In encircling an EP, it is necessary to pass through regions or near
resonance where the spectral peaks of the two modes are very close, and the measured
density distribution is a superposition of the two eigenstates φs . This is enforced by the
geometry of the eigenvalue surfaces near the EP, as shown in Fig. 3.13.
Due to the good agreement between the calculated and measured density distributions,
we can still reliably perform phase assignment using the calculated pure modes instead
of the measured density distributions. We then follow the method of Sec. 3.2.4 to find the
Berry phase associated with the EP.

3.3.4

Encircling the EP

Similar to a DP, encircling an EP results in accumulation of the Berry phase. However, due
to the non-trivial geometry of the intersecting Riemann sheets of complex eigenvalues (see
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Figure 3.16: Hybridization of spatial modes. Each panel shows the calculated modulus squared
of the eigenfunction (left) and the eigenfunctions’ phase distribution (right, color coded). (a,b,e,f)
Pure eigenstates of the modes 3 and 4 for a Sinai billiard with thick and thin walls corresponding
to anti-crossing and crossing at resonance in Fig. 3.15. (c,d,g) Superpositions of the modes 3 and
4 that match the experimental images in Fig. 3.15. The box border color corresponds to the red
and blue energy curves in Fig. 3.15. Inset: Color wheel represents the color code for the phase.
[Adapted from Ref. [71]].

Fig. 3.13), encircling an EP leads to non-trivial effects, and the result depends on whether
it is done quasi-statically or dynamically.
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Figure 3.17: Dynamically encircling an EP. (a) Quasi-static and (b,c) dynamic encircling of the
EP showing the loop along the intersecting Riemann sheets. Quasi-static excursion results in
a symmetric mode switching while a dynamic excursion results in an asymmetric switching
depending on the direction (b or c) of excursion and not on the initial state. [a is adapted from
Ref. [187], b,c are adapted from Ref. [215]]

If the EP is encircled quasi-statically, upon one loop around the EP, the system will end
up in a different state on the other energy sheet (see Fig. 3.17(a)). A second loop is required
to go back to its starting state, but with an acquired Berry phase of π [221]. Experiments
with the microwave cavities [186] and optical cavities [207] confirmed this interesting
behavior. However, the gain and loss destroy the adiabatic evolution around the EP [222,
223]. This means that quasi-static experiments are actually continuous static tracking of the
steady-state eigenfunctions as the two control parameters are varied. Nevertheless, these
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experiments can reveal the non-trivial topology associated with the EP.
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Figure 3.18: Encircling an EP using the polaritonic billiard. Transmutations of spatial distributions (grey panels) of modes 3 and 4 of the polaritonic Sinai billiard along the closed contour in
parameter space ( R, d) ∼ (δE, δΓ) around the EP (see the contour in Fig. 3.13). Colored panels are
the calculated pure modes where the phase is set (see Fig. 3.16). The first loop (a) shows the transition to the other branch (eigenstate) through the hybridization region; the second loop (b) returns
to the original mode (eigenstate) with a topological π phase shift. The modes corresponding to
the ‘start’ and ‘end’ points of the loop on the red (blue) branch in Fig. 3.13 and Fig. 3.15. [Adapted
from Ref. [71]].

Full dynamic encircling of an EP gives rise to non-adiabatic transitions which leads
to chiral behavior where the final state depends on the direction of excursion (clockwise,
or counter-clockwise) and not on the initial state [222–224]. This behavior is presented in
Fig. 3.17 and was confirmed in experiments using a microwave [215] and optomechanical [216] resonators.
Our work [71] provides the first demonstration of the existence of an EP in a macroscopic quantum system. The findings in Fig. 3.15 suggest that the range of experimental parameters we used already includes the EP. By following the method suggested in
Ref. [186], we should observe the topological structure of EP and the accumulation of
Berry phase after two loops around the EP. The result of the measurement following this
methodology is presented in Fig. 3.18.
In the experiment presented in Fig. 3.18, we start with a mode away from the resonance

§3.4 Conclusion and future directions

71

region to minimize the hybridization of modes. We set the initial phase of the mode, which
for the case in Fig. 3.18(a), is an elongated two-lobed mode. However, due to hybridization
and unavoidable superposition of measured modes, we use the calculated pure modes in
setting the phase (see Fig. 3.16). We then move to the next point in the parameter space
( R, d) by changing the defect radius R or the wall thickness d, and set the phase (using
the calculated modes) such that there is a smooth transition from the previous point. This
step is repeated until we complete the loop enclosing the EP (contour arrows in Fig. 3.13).
After one loop, we observe switching to the other mode (three-lobed mode) which is
due to the branch-point geometry of the energy surfaces near the EP (see Fig. 3.17(a)). Fellowing the same scheme, we complete another loop as depicted in Fig. 3.18(b) to go back
to the original state. Starting with the three-lobed mode, we end up with the elongated
two-lobed mode but with a flip in the phase, which is the topological π Berry phase shift
associated with the EP. Thus, four loops are necessary to go back to the original eigenstate
and phase.
It is important to note that, in this work, the parameters are not varied in time during
the measurements, and each of the measured and calculated probability density distributions |φn |2 corresponds to the stationary mode for the corresponding parameter values
( R, d). This process therefore represents static encircling of the EP with the goal of confirming the EP’s existence and topological structure of the eigenenergy surfaces.

3.4

Conclusion and future directions

We have demonstrated the creation of a highly controllable non-Hermitian potential for
polariton condensates in the form of billiards. The versatility in shaping the optically
induced potential enabled us to implement regular and chaotic billiards and observe both
Hermitian-like and non-Hermitian degeneracies. Our work illustrates that, due to the
ability to directly measure the condensate spectra and probability density of the eigenfunctions via the photoluminescence, polaritonic billiards represent an ideal macroscopic
quantum system to visualize and explore the Berry phase and non-Hermitian physics.
Specifically, we observed and visualized the Berry phase associated with both diabolical
and exceptional points, which is the first measurement of its kind in a macroscopic quantum system. In addition, we have detailed the experimental observation of the non-trivial
behavior of complex eigenvalues and eigenfunctions in the vicinity of the exceptional
point including the non-Hermitian resonance crossing and mode switching when encircling the exceptional point.
Our results show that the inherent non-Hermitian nature of polaritons is prevalent and
is crucial if transport and quantum information processing applications are to be developed. Therefore, these features should be taken into account for future studies and applications involving confinement and manipulation of polariton condensates. Fundamentally,
polariton condensates offer a novel macroscopic platform for studies of non-Hermitian
quantum physics and quantum chaos at the confluence of light and matter.

72

Polariton condensation in quantum billiards

Chapter 4

Single-shot imaging of polariton
condensation

The nature of the transition of the polaritons into a condensed state remains the subject
of continuing debate due to its inherent open-dissipative nature. Experimentally, the difficulty lies in the ultrafast dynamics of the system which makes detection of stochastic
processes technically challenging. In addition, the coexistence of the incoherent excitonic
reservoir introduces another complication in interpreting the experimental results. In this
Chapter, we employ single-shot real-space imaging of polariton condensation to elucidate
processes which are washed out in typical time-averaged experiments. The method offers
a unique opportunity to study fundamental properties of non-equilibrium condensation
in an open-dissipative system in the presence of a reservoir.
In this work, I led the design and performance of all the experiments, the conceptualization of the research idea, and the analysis of the experimental results.

4.1

Motivation

Imaging single realizations of polariton condensation is necessary in order to study phenomena beyond statistical averaging. This can help us elucidate two aspects of our understanding of the system: (i) the nature of the condensed phase, and (ii) the role of the
reservoir in the condensation process, as discussed below.

4.1.1

BEC or BKT?

There is an ongoing debate on whether the polariton condensate represents a BEC or
a Berezinskii–Kosterlitz–Thouless (BKT) phase. It has been conjectured that polaritons
exhibit a highly non-equilibrium BKT rather than a BEC phase [57, 66, 225], while other
studies support the assertion of polariton condensation at thermal equilibrium [69, 226].
The difficulty in resolving the nature of condensation lies in the short timescales of the
polariton dynamics. Continuous-wave (CW) experiments deal with a steady-state reached
in this open-dissipative system, while pulsed experiments on polaritons usually involve
averaging over millions of realizations of the experiment. In both regimes, time-integrated
imaging of the condensate washes out the short-timescale and stochastic features of the
dynamics.
It is conjectured [5] that free vortices proliferate in the system above the BKT temperature, bound vortex-anti-vortex pairs dominate in the BKT phase, and a vortex-free regime
is established in the BEC phase. Direct observation of these vortices or their absence can
only be achieved convincingly in the single-shot regime of the condensate formation, i.e.
73
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when a single realization of the condensate is imaged. In a typical experiment, however,
proliferation of spontaneously created dynamic phase defects (vortices) in the BKT phase
transition cannot be unambiguously confirmed since only stationary vortices pinned by
impurities or lattice disorder potential survive the averaging process. To understand the
process of polariton condensation, and the evolution thereafter, one requires single-shot
imaging of condensation dynamics.

4.1.2

Role of the reservoir

Another difficulty in interpreting the experimental results lies in the strong influence of
the incoherent excitonic reservoir on the condensation dynamics due to the spatial overlap
between the reservoir and condensing polaritons. This overlap is particularly significant
when the condensate is created by a large Gaussian-shaped laser spot [227–229]. The
interaction between the condensate and the reservoir particles is strong and repulsive,
which enables creation of effective potentials as reviewed in Sec. 1.7.3.
Despite the significant advances in creating and manipulating polariton condensates
with the help of the reservoir, the influence of the reservoir on the condensate formation process is poorly understood. Recently, however, single-shot imaging performed on
organic microcavities [230], provided evidence in support of earlier theoretical suggestions that the reservoir is responsible for dynamical instability and subsequent spatial
fragmentation of the polariton condensate in a wide range of excitation regimes [93, 231–
233]. Whether or not this behavior is unique to organic materials, which are strongly
influenced by material disorder, can only be determined by single-shot imaging in inorganic microcavities which are significantly cleaner with minimal disorder. Although
single-shot pulsed correlation measurements were previously performed in GaN and
CdTe heterostructures [54, 234], single-shot real-space imaging of the condensate was
thought impossible in inorganic microcavities due to insufficient brightness of the cavity
photoluminescence.

4.2

Single-shot imaging

The main technical difficulty in implementing single-shot imaging for polaritons is the
faint PL intensity (or low polariton density) arising from the short polariton lifetime. This
is especially the case for inorganic microcavities, which is why the previous single-shot
measurements were limited to photon counting [234], long quasi-CW pulses [124], and
short pulses without spatial resolution [54]. On the other hand, high-density polariton
condensates can be achieved with organic microcavities, and single-shot images of polariton condensation have been demonstrated [230]. However, organic systems suffer from
inhomogeneity and weak polariton nonlinearity. In this work, we perform, for the first
time to our knowledge, single-shot RS imaging of polaritons created by a short laser pulse
in a high-quality inorganic microcavity supporting long-lifetime (∼200 ps) polaritons [42,
69, 235].

4.2.1

Experimental setup

As outlined in Sec. 1.6.2, an off-resonant excitation effectively creates a hot incoherent
reservoir that feeds the low-k polaritons, which at sufficient density can form a condensate.
In our pulsed excitation experiment, an ultrashort (∼140-fs) laser pulse sets an initial
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reservoir density, which creates a polariton condensate that decays by photon emission
faster (1/γc > 100 ps) than the reservoir (1/γ R > 1 ns). The periodic laser pulses arrive
after every 12.5 ns ensuring that the reservoir is not replenished and new realizations of
the experiment are repeated, as depicted in Fig. 4.1(b). Under CW excitation, the optical
pump continuously replenishes the reservoir, which continuously feeds the condensate.

(a)

(b)

Microcavity
GaAs/AlGaAs

Dichroic
mirror

pulse
condensate

Delay generator

EMCCD

reservoir
time

12.5ns
Spectrometer
50X
Objective
(c)

>10ms

Period = 12.5ns
Tube lens
Ti:saphhire fs laser

Input

pulse
picker

100μs
Output

Pulse picker

Figure 4.1: Single-shot imaging setup. (a) Schematics of the experimental setup for the singleshot imaging with the addition of a pulse picker and a delay generator. (b) Schematics of the
off-resonant pulsed excitation showing the condensate decaying faster than the reservoir (y-axis
not to scale). (c) Schematics of pulse-picking where an input 80-MHz pulse train is reduced to
<100 Hz. Green region shows the camera exposure window of 100-µs.

To image a single realization of the experiment, we added a pulse-picker system to
our setup, as depicted in Fig. 4.1(a,c). The key ingredient is the home-built pulse-picker
consisting of a DKDP Pockels cell (∼10-ns rise time) placed between cross polarizers
(polarizing beam splitter input and Glan–Taylor prism output). Assisted by the delay
generator (Stanford Research Systems DG645), we can consistently isolate a single pulse
from the 80-MHz pulse train (Coherent Ultra II) with an exceptionally high contrast ratio
of at least 1:104 , i.e. the picked pulse is 4 orders of magnitude brighter than the unpicked
pulse. The delay generator also triggers the electron-multiplied (EM) CCD (iXon Ultra
888) to image the very faint emission resulting from the single-excitation pulse. Due to
the trigger jitter, the shortest exposure time we used is 100 µs which also captures 8000
unpicked pulses. Fortunately, above the threshold, the total emission from these unpicked
pulses, which have the power below threshold, is too weak to be detected even with the
highest gain of the camera. The high-voltage driving electronics limit our fastest picking
rate to 100 Hz.
Our setup can do two types of imaging: single-shot and ensemble-averaged. Single-shot
imaging is a measurement of one realization of the experiment per camera exposure.
However, since the camera is exposed for longer (100 µs) than the duration of a single condensation event (∼1 ns), the single-shot images are also time-integrated over the lifetime
of the polaritons and the reservoir. This time-integration over the lifetime of the condensate should be considered in interpreting the pulsed excitation experiments. Ensembleaveraged imaging is the typical imaging without the pulse-picker. The measured image
in this instance is the sum of single-shot images but over a large number of realizations
(> 104 ).
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Our experiment

Using the pulse-picking technique, we show that spatial fragmentation or “filamentation” of the condensate density is an inherent property of a non-equilibrium, spontaneous
Bose-Einstein condensation resulting from initial random population of high-energy and
momenta states, and will persist even after relaxation to the lowest energy and momentum occurs. We unambiguously link this behavior to the highly non-stationary nature
of the condensate produced in a single-shot experiment, as well as to trapping of condensing polaritons in an effective random potential induced by spatially inhomogeneous
depletion of reservoir, the so-called spatial “hole-burning” effect [93].
Furthermore, we observe a transition from a condensate with strong filamentation and
large shot-to shot density fluctuations to a more homogeneous state with reduced density
fluctuations. The two regimes of polariton condensation are accessible in our experiments
due to a wide range of detuning between the cavity photon and QW excitons. We show
that, while in the quasi-stationary CW regime transition to ground-state condensation is
driven by non-radiative (e.g., phonon-assisted [98]) energy relaxation processes that are
more efficient for exciton-like polaritons [236], as discussed in Chapter 2, in the highly nonstationary single-shot regime this transition is driven primarily by the reservoir depletion.

4.3

Experimental results

The experiment involves a pulsed excitation with a Gaussian cross-section (∼25 µm
FWHM). We characterize the condensation by investigating the ensemble-averaged spectra, the single-shot RS density distribution without ensemble averaging, and coherent
properties at different detunings.

4.3.1

Transition to condensation

Polariton dispersion characterizing the transition to condensation is shown in Fig. 4.2,
where Fig. 4.2(b3-b4) demonstrate the transition to condensation at the minimum of the
single-particle (unshifted) polariton dispersion Emin (k = 0) with increasing pump power.
Figure 4.2 represents the condensation process when the detuning is highly negative, i.e.
for highly photon-like polaritons. Note that due to the steep cavity wedge (or potential
gradient), the KS imaging is a sum over a large spatial area with different dispersions and
can result to a smearing of the total KS image [80, 235] in one direction. To minimize the
smearing effect, the KS images (which are all ensemble-averaged) were taken using an RS
filter (D∼80 µm).
Care should be taken in interpreting these images arising from the time-integration
over the lifetime of each realization. The positions of maxima in x or k correspond to the
maxima of the polariton density, and the photoluminescence collected during the process
of energy relaxation and decay of the condensate will lead to “smearing” of the image
along the energy axis.
Near the condensation threshold, we observe formation of a high-energy state shown
in Fig. 4.2(b2) characterized by a flat dispersion and low density (as confirmed from
low levels of photoluminescence intensity in Fig. 4.2(a)). At the first glance, the transition from this highly-non equilibrium state at high energies down to Emin (k = 0), like
in Fig. 4.2(b3), can be attributed entirely to the energy relaxation processes. As previously demonstrated [236] for photon-like polaritons and discussed in Chapter 2, energy
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Figure 4.2: Transition to condensation. (a) Input–output characteristics showing numbered
points corresponding to the images in (b). Inset, RS distribution of polaritons at points 2 and
3. (b) Polariton dispersion corresponding to the numbered points in (a). Rightmost image is the
numerically calculated dispersion of a single realization of condensation. All experimental images
are averaged (taken without pulse-picking) and the detuning is ∆ = −17 meV. [Adapted from
Ref. [237]].

relaxation of polaritons down the lower polariton branch is inefficient due to reduced scattering with phonons. This leads to accumulation of polariton density in non-equilibrium
metastable high-k states resulting in stimulated bosonic scattering into these modes. In
this “kinetic condensation” regime, condensation into high-energy, high-momenta (k 6= 0)
states is typically observed [238, 239]. In contrast, in the regime of near-zero and positive detuning, ∆ > 0, highly efficient phonon-assisted relaxation leads to thermalization
and high mode occupations near Emin (k = 0). Subsequently, condensation occurs in the
ground state at k = 0 and is assisted by enhanced bosonic scattering due to the strong
interactions of highly excitonic polaritons [236, 239].
Results for other values of detuning are presented in Fig. 4.3. In all cases (∆ < 0 meV)
shown in Fig. 4.2 and Fig. 4.3, we observe a blueshift of the k ∼ 0 polaritons with the
pump power below the condensation threshold Pth , which is due to the interaction of
polaritons with the rising reservoir density as given by the potential energy term g R n R .
Here, we defined Pth as the pump power where we observe both nonlinear growth of
the PL intensity and abrupt narrowing of the linewidth. Above the threshold, there is a
drop in energy of k ∼ 0 polaritons towards Emin (k = 0) but with an overall blue shift
with the increasing pump power. The drop in energy manifests as a smearing effect of the
time-integrated image along the energy axis. Based on the energy distribution, at pump
power P/ Pth < 10 and detuning ∆ < 0 meV, the system is in the strong coupling regime
and therefore polariton condensation is observed. At positive detunings, the blue shift is
large even at a moderate pump power and can reach the cavity photon energy at higher
pump power. This can lead to collapse of the strong coupling in the microcavity [240, 241]
at these pump powers and detunings (∆ > 5 meV). In this regime, we could be observing
photon lasing rather than polariton condensation, or a combination of both.
In our non-equilibrium condensation regime, the polaritons created by a short pulse
just above the threshold power accumulate on top of the potential barrier induced by the
reservoir, which defines the blueshift of this state relative to Emin (k = 0), as depicted in
Fig. 4.4. The k 6= 0 tails on the polariton momentum distribution arise due to ballistic
expansion and flow of polaritons away from the potential hill [136]. In the absence of
the energy relaxation, this flow is non-dissipative and the initial blueshift is converted
into the kinetic energy. Similar behavior has been described in previous experiments in
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Figure 4.3: Transition to condensation for different detunings. Dispersion for different detuning
and pump power values taken without pulse picking. The dashed white (yellow) lines correspond
to the cavity photon (lower polariton) dispersion. [Adapted from Ref. [237]].

CW regime [235, 242]. These experiments also demonstrated that, as the pump power
grows, phonon-assisted relaxation into the ground state increases, leading to the transition to the energy and momentum ground state at Emin (k = 0). Importantly, in the CW
regime the ground state condensate forms at the bottom of the potential hill formed by the
pump-induced reservoir and is therefore spatially offset from the pump region [42, 242].
The remaining blueshift of this state from the minimum of the single-particle polariton
dispersion is mainly due to polariton–polariton interaction, and is negligible for weakly
interacting photon-like polaritons. In striking contrast to the CW observations, the RS
images measured in the single-shot regime and shown in Fig. 4.5 reveal that the condensate forms in the spatial region completely overlapping the long-lifetime reservoir. The
same behavior is observed for more excitonic polaritons at small negative detunings. The
absence of the reservoir-induced blueshift above the condensation threshold for highly
photon-like polaritons is therefore puzzling and can be understood only by analyzing the
intricate details of the single-shot condensation dynamics.

4.3.2

Single-shot RS images

The single-shot images taken in our experiment are the RS distributions of the polariton
condensates above the threshold, such that the density is high enough to be detected with
an acceptable signal-to-noise ratio. We observe strong filamentation of the condensate at
highly negative detunings (∆ < −14.5 meV) with filaments extending for macroscopic
distances >100 µm, as seen in Fig. 4.5. The orientation of the filaments varies from shotto-shot which rules out pinning of the condensate by a disorder potential in the microcavity [228]. Remarkably, filamentation of the condensate persists even when the statistically
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(shaded blue in inset). Ballistic expansion from the top of the hill creates high-k polaritons at constant energy. (b) Dispersion of polaritons resulting from energy relaxation and reservoir depletion.
[Adapted from Ref. [237]].

averaged dispersion shows clear spectral signatures of the Bose-Einstein condensation in
a true ground state of the system (see Fig. 4.2(b) and Fig. 4.3), and the time-averaged RS
distribution displays a smooth, spatially homogeneous profile (see Fig. 4.2(a) inset).
Experiment
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P = 6.9 P th

P = 3.4 P th

P = 1.5 P th
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Log(Imin)

Log(Imax)
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|Ψ|2
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Figure 4.5: RS single-shot images of photon-like condensates above the pump threshold Pth ≈
10 mW at a detuning of ∆ = −22 meV for various pump powers. Each panel represents a single
realization of a spontaneous condensation process. The intensity is plotted on a log scale for
the experimental images to elucidate the details of regions with low density emission. Far right
column shows corresponding images obtained by numerical modeling. [Adapted from Ref. [237]].

More single-shot images are shown in Fig. 4.6. In this highly fragmented condensate,
we observe a single filament just above the threshold that is oriented mostly in one direction as shown in the first row of Fig. 4.6. This preference in direction is due to the wedge
in the cavity, which creates a steep potential slope [42]. As we increase the pump power,
we see the emergence of more filaments with shot-to-shot variation in both intensity and
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Figure 4.6: RS single-shot images of photon-like condensates above condensation threshold.
Representative single-shot images (90×90 µm2 ) for the detuning ∆ = −22 meV. Each row represents different shots for the same pump power. The last column is the average of 25 shots. Color
scale is linear and each image is normalized. [Adapted from Ref. [237]].

direction of individual filaments.
It is important to note that the image averaged over 25 realisations of the experiment
is not completely smooth, i.e. a dominant orientation of the filaments can be seen. To
some extent, this is true even for the images averaged over 104 shots. As in the case of a
single filament, we attribute this effect to the cavity wedge and to spatial inhomogeneity
of the reservoir due to the intensity variation across the pump profile. The latter effect
dominates when the pump power increases as can be seen in the experimental images
of Fig. 4.6. These effects create conditions, which favor certain filament orientation, thus
creating the dominant filaments on the averaged image.
Towards positive detuning, hence, larger exciton fraction, we observe a transition
from strong filamentation to a smooth, Gaussian-like condensate profile with reduced
shot-to-shot density fluctuations. This transition is clearly seen in the RS images of the
condensate presented in Fig. 4.7 and Fig. 4.8. Appreciable blueshift of the ground state
due to the polariton–polariton interactions is also seen for the detunings ∆ > 3 meV well
above the condensation threshold, P/ Pth > 5. However, at this stage the prevalence of the
strong coupling regime in the excitation region cannot be assured at the early stage of the
single-shot dynamics due to the large blueshift created by the large density of the carriers
injected by the initial pulse [240, 243, 244].
The overall trend of the single-shot images with detuning and pump power is shown
in Fig. 4.8. In general, as the pump power is increased, the overall size of the condensate
grows. There are two distinct regimes: (i) highly fragmented condensates forming thin
filaments extending over large distances at a highly negative detuning, and (ii) spatially
smooth, compact condensates forming in the pump region at small negative and positive detunings. Density fluctuations in the latter regime are suppressed, which results in
smooth RS images when averaged over 104 realizations of the experiment.
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Figure 4.7: RS single-shot images of condensates for various detuning at P/ Pth ∼ 6. Each panel
represents a single realisation of spontaneous condensation and includes an image of the intensity
profile at a cross-section marked by a dashed line. Intensity is plotted on a linear scale. The far
right column shows the corresponding images obtained by numerical modelling. [Adapted from
Ref. [237]].
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Figure 4.8: RS single-shot images of condensates as function of pump power and detuning
Each image is normalised and have a size of 90×90 µm2 . [Adapted from Ref. [237]].
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4.3.3

Coherence and fluctuations

The measure of the phase fluctuations in the system and therefore an indication of the
long-range order (or absence thereof) is given by the spatial first-order correlation function
g(1) , which can be deduced from the interference of the polariton emission. The typical
normalized interference pattern shown in Fig. 4.9(b) for the highly photonic condensate
with a high degree of filamentation, shows that the spatial coherence extends across the
length of ∼100 µm, which is comparable to the size of the whole condensate. Remarkably,
this conclusion holds even for low pump powers above the threshold, where only few
filaments are formed, and the condensate is highly spatially inhomogeneous.
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Figure 4.9: Interferogram used to measure long-range spatial coherence for different filaments
in a highly negative detuning regime. (a) (Top) plane mirror reflected image IPM and (bottom)
retroreflected image IRR showing the three prominent filaments (white and green arrows). Image
size is 135×135 µm2 . (b) Normalized interference image Vnorm of (a) and (b) where there is good
overlap between the prominent filaments (white arrows in (a)). (c) Normalised visibility line
profile along the red arrow in (b) showing the appreciable visibility at large separation distance.
Inset: the formula used to normalise the interferogram. [Adapted from Ref. [237]].

To measure the first order spatial correlation function g(1) of highly fragmented condensates, we employ a Michelson interferometer, which interferes a retroreflected RS
image with itself. The goal is to measure the spatial coherence between different filaments
in the same shot. Due the shot-to-shot variation of the filament orientation, fringes appear
in isolated regions of space, where the filaments of the two images interfere. These regions vary from shot to shot as well, since the filament orientation is random. When many
single-shot interference images are averaged, this dramatically reduces the visibility of the
fringes resulting in the underestimation of the value of g(1) . This is in addition to the effect
of time-integration of the whole condensate dynamics over the single-shot experiment
duration, which can wash out the fringes. In this case, a non-vanishing visibility on an
averaged image implies a high degree of coherence.
Figure 4.9(a,b) shows a time-integrated, ensemble-averaged interferogram of the condensate at a highly negative detuning. Here, we are able to interfere the dominant filaments (aligned along the white arrows) of the condensate. These filaments have a higher
chance of appearing in single-shot images and therefore the fringe visibility survives
when averaged. To normalize the interferogram and remove the spatial density variation,
we used the formula given in the inset of Fig. 4.9(c) [57]. Here, taking a line profile along
the filament direction, shown in red in Fig. 4.9(b), we obtain a clear evidence of the longrange spatial coherence extending to ∆x = 100 µm (Fig. 4.9(c)), which is only limited by
the signal-to-noise ratio of this particular measurement.
We also quantified the transition to a condensed state with reduced shot-to-shot den-
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Figure 4.10: Second-order coherence measurements. (a) Representative single-shot real space
images (90×90 µm2 ) of the polariton density above the condensation threshold P/ Pth ∼ 5, for
a range of detuning values, ∆. (b) Measured second-order spatial density correlation function
g(2) (0) for P/ Pth ∼ 5 and P/ Pth ∼ 10. Values of g(2) (0) > 2 indicate a non-Gaussian distribution
of fluctuations. [Adapted from Ref. [237]].

sity fluctuations using the zero-time-delay δt = 0 density second-order correlation function:
h( I ( x, y) I ( x + δx, y + δy))i
g(2) (δx, δy) =
(4.1)
h I ( x, y)i h I ( x + δx, y + δy)i
where I ( x, y) is the intensity (camera counts) at the pixel position ( x, y) of a single-shot image, and hi represents the ensemble average over the number of experimental realizations.
This function is a measure of density fluctuations in the condensate. Since the singleshot images are time-integrated, the experimentally measured g(2) function is a weighted
average over the lifetime of the condensate. For the second-order coherent light-matter
waves g(2) (0, 0) ≡ g(2) (0) = 1, and for the condensate with strong density fluctuations
g(2) (0) > 1 [245].
The measurement of g(2) (0) in our experiment is presented in Fig. 4.10(b), and demonstrates a clear transition from the second-order incoherent polaritons for ∆ < −5 meV to
the second-order coherent polariton BEC regime. The g(2) (0) > 1 indicates that the condensates of weakly-interacting photon-like polaritons are characterized by large statistical
fluctuations, which nevertheless coexist with macroscopic phase coherence as evidenced
by the g(1) measurement. Earlier experiments with short-lifetime polaritons support this
conclusion [60]. Similar behavior was recently observed for photon condensates strongly
coupled to a hot reservoir, which acts both as a source of particles and a source of thermal
fluctuations [246] thus realizing the grand-canonical statistical conditions. The apparent
drop of g(2) (0) → 1 for condensates of exciton-like particles at larger detuning values
then primarily indicates growth of the coherent condensate fraction in the system and
depletion of the reservoir, as well as suppression of fluctuations due to the increased
interactions [96, 247].

4.4

Theoretical modeling

To model the formation and decay of the condensate produced by a single laser pulse,
we employ the open-dissipative Gross-Pitaevskii Eq. (1.27) with a phenomenological
energy relaxation responsible for the effective reduction of the chemical potential of the
condensate and an additional stochastic term accounting for fluctuations. The model we
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use to describe the single-shot experiment is given below:
#
"
dW
∂ψ
h̄2 2
h̄
ih̄
= (iβ − 1)
∇ + gc |ψ|2 + g R n R + i ( Rn R − γc ) ψ + ih̄
,
∂t
2m
2
dt
h
i
∂n R
= − γ R + R|ψ|2 n R + P
∂t

(4.2)
(4.3)

where we used β to describe phenomenological energy relaxation and W for the stochastic
noise. This model is discussed in detail in Sec. 1.6.4. We reiterate here that both the loss γc
and gain Rn R contribute to the noise term. Thus, the single realization of the spontaneous
condensation experiment corresponds to the single realization of the stochastic process
modeled by these equations.
Importantly, the model parameters are varied consistently with the characteristic values for the long-life polaritons at various values of detuning, as discussed in Sec. 1.3.
Specifically, we can estimate the values of the interaction coefficients gc and g R from the
corresponding Hopfield coefficients, which is gc = gex | X |4 and g R = gex | X |2 where gex is
the bare exciton–exciton interaction. The absolute value of the interaction coefficient is difficult to determine and is debated [126]. Here we assume the standard value gex = 6E0 a2B ,
where E0 is the binding energy of the exciton, and a B is the exciton Bohr radius in the particular semiconductor [43, 248]. For the GaAs QW used in our experiments a B ≈ 7 nm and
E0 ∼ 10 meV, thus, the exciton–exciton interaction is approximately gex ∼ 3 µeV·µm2 . Furthermore, the LP effective mass and decay rate for polaritons are also detuning-dependent
given by 1/m = | X |2 /mex + (1 − | X |2 )/m ph , γc = | X |2 γex + (1 − | X |2 )γ ph , which affects
the respective parameters in the model equation. Finally, we assume that the stimulated
scattering rate from the reservoir into the polariton states is more efficient for more excitonic polaritons, i.e. R ∼ R0 | X |2 .
The phenomenological relaxation coefficient β defines the rate of the kinetic energy
relaxation due to the non-radiative processes, such as polariton–phonon scattering, and is
critical for modeling the highly non-equilibrium, non-stationary condensation dynamics
presented here. This parameter is usually assumed to depend on the polariton [101] or
reservoir [100] density. However we find that the effect of the increasing exciton fraction
on growing efficiency of energy relaxation towards low-momenta states in our experiment
is adequately described by increasing the value of the relaxation constant β.
The excellent agreement between the numerical simulations and experiment can be
seen in real-space images shown in Fig. 4.5 and Fig. 4.7. Importantly, the filamentation
effect observed in the experiments is reproduced in numerical simulations using the
detuning-dependent parameters as described above. It is also critical to note that the
initial condition for the simulations is a white-noise, which essentially ensures that the
non-stationary polariton mean-field inherits strong density and phase fluctuations [233],
because neither the reservoir nor the polariton density reach a steady state in our experiments.

4.4.1

Reservoir depletion

The model Eq. (4.2) allows us to simulate the process of the condensate formation and
dynamics after an initial density of reservoir particles is injected by the pump. Importantly,
using this model we can not only reproduce the spatial and spectral signatures of the
condensate in the different regimes shown in Fig. 4.5 and Fig. 4.7 but also trace the process
of the spontaneous condensation near threshold, where the densities are too low to be
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experimentally captured in the single-shot setup.
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Figure 4.11: Simulated and experimental RS spectra. (a-f) Numerically calculated single-shot
(top) RS image and (bottom) RS spectra E( x) near and above the condensation threshold, for
(a-c) highly photonic and (d-f) more excitonic polaritons. White and yellow curves in the singleshot density plots are the cross-sections of the reservoir (n R ) and condensate (|ψ|2 ) densities,
respectively. Panel (a) shows the condensate density at threshold and is scaled up by a factor of
30; n R is off the scale and is not shown. The white solid curves in the RS spectra plots correspond
to the initial blue shift, E R , due to a non-depleted reservoir. The ratio P/ Pth is equal to (a) 3, (b) 6,
(c) 10, (d) 1.2, (e) 5, and (f) 8. (h,i) Experimental averaged RS spectra corresponding to detuning of
the theory panels at (top) just above the threshold P/ Pth ∼ 1 and (bottom) at higher pump power
P/ Pth  1. [Adapted from Ref. [237]].

The simulations show that the condensate formation is seeded in one or several randomly located hotspots, which then locally deplete the reservoir at the spatially inhomogeneous rate proportional to the condensate density and the stimulated scattering rate
γ RD = R|ψ|2 . This depletion remains insignificant just below and at threshold as shown in
Fig. 4.11(a). This is the reason why the bulk of polariton emission originates from the highenergy states on top of the reservoir-induced potential hill, which are blueshifted from
Emin (k = 0) by the value of E R = g R n R (see Fig. 4.4(a)). Once the condensate forms at the
particular hot spot(s), the γ RD at this location dramatically increases, and the condensate
becomes trapped in local reservoir-induced potential minima (see Fig. 4.4(b) inset), leading to spatial filamentation seen in the experiment and in the model (see Fig. 4.11(b,c)).
The location and size of the local trapping potentials is random at each realization of the
condensation process, due to the white-noise initial condition ψ0 , which leads to large
shot-to-shot density variations.
We stress that this dramatic “hole-burning” effect due to irreversible reservoir depletion is not possible in a CW excitation experiment where the reservoir is continuously
replenished by a pump laser. Instead, condensation at k = 0 occurs in a trapped dissipa-
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tive state formed in a gain-guiding potential [229, 249], and is massively blue-shifted by
the reservoir [136].
As the exciton fraction in a polariton increases, phonon-assisted energy relaxation becomes more efficient and tends to suppress high-momentum excitations. This tendency is
well captured by the phenomenological relaxation in our model, which provides damping
of the (spatial) spectral components at the rate γ ER = h̄βk2 /m. The suppression of high-k
fluctuations of the density results in larger hot spots and a larger area of reservoir depletion right at the onset of condensation. This leads to the formation of condensates without
filamentation and, at high pump powers, complete phase separation between the condensate and the reservoir due to the depletion process. The lack of spatial overlap between
the condensate and the thermal reservoir leads to reduced statistical fluctuations [96], as
observed in Fig. 4.10(b).
We also note that the time-resolved measurements of g(2) (0) during the condensate
formation in a CdTe microcavity show transition from a thermal to coherent emission during the single-shot dynamics [234]. Since our measurement is integrated over the duration
of the condensate life cycle, a value close to g(2) (0) = 1 indicates that the condensate
quickly reaches a coherent stage and remains coherent as it decays. Due to the largely
depleted reservoir, no revival of the thermal emission occurs as the condensate decays.

4.4.2

Hole-burning and effective interactions

Here we re-iterate the relationship between the hole-burning (reservoir depletion) effect,
the effective polariton–polariton interaction and dynamical instability. For simplicity, we
begin with the more conventional CW regime. In this regime, neglecting the energy relaxation and fluctuations in the model Eq. (4.2), one can obtain the stationary spatial density
distribution of the reservoir particles:
nR =

P
.
γ R + R|ψ|2

(4.4)

Clearly, larger condensate fraction leads to partial depletion of the reservoir density. In
the limit of small condensate density (e.g., near condensation threshold), one can expand
the above expression as follows:
n R ≈ n0 − n0

R
P γc
nc + ... = n0 −
nc + ...
γR
P0 γ R

(4.5)

where we have introduced the notation: n0 = P/γ R and P0 = γc γ R / R. Therefore, the
presence of the reservoir introduces both a repulsive potential barrier proportional to
n0 , and a correction to the polariton–polariton interaction energy, so that the effective
polariton–polariton interaction constant in Eq. (4.2) can be re-written as


g R γc P
g = gc 1 −
(4.6)
gc γ R P0
and can become negative. The latter means that the effective polariton–polariton interaction is attractive rather than repulsive if
P
gc γ R
>
.
P0
g R γc

(4.7)
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Under the additional assumption that the CW pump is also spatially homogeneous,
it is possible to derive analytical condition for the onset of modulational (dynamical)
instability [231]
P
g γc
< R .
(4.8)
P0
gc γ R
where P0 now has the physical meaning of the reservoir injection rate at condensation
threshold. Note that the two inequalities are different in general, but coincide exactly
at threshold, where P/ P0 = 1. Given the dependence of the systems parameter on the
excitonic Hopfield coefficient, we can deduce that
g R γc
1 − | X |2 γ ph
≈
gc γ R
| X |2 γex

(4.9)

Assuming that the cavity photon lifetime in the high-Q microcavity is only an order of
magnitude shorter than that of the exciton γ ph /γex ∼ 0.1, we can obtain the diagram of
effective interaction and instability domains shown in Fig. 4.12.

Figure 4.12: Domains of dynamical instability and effectively attractive interactions for a homogeneously pumped condensate in CW regime. This is the case for a high-Q microcavity with
γ ph /γex ∼ 0.1 plotted as a function of pump power P and exciton fraction | X |2 . The boundaries
of the domain of effective interaction are calculated using Eq. (4.7) while the domain of dynamical
instability is extracted from Eq. (4.8). [Adapted from Ref. [237]].

Note that for largely exciton-like polaritons there exists a region where, despite the
influence of the reservoir, the effective nonlinearity is repulsive. This region disappears
for the polaritons in cavities with a lower Q-factor, and the instability boundary moves
towards larger values of | X |2 . The above analysis, while giving a general idea of the
relationship between the different effects under consideration, is not applicable for the
case of pulsed, single-shot condensation regime. In this regime, once the initial density
of the reservoir, n0 , is injected into the system at t = 0, the stationary density is never
reached.
The relationship between the condensate and reservoir densities in the pulsed regime
can be derived from Eq. (4.2) by neglecting the relaxation and fluctuations, and setting
P = 0 for t > 0:


γc
nD
nc (t) =
ln 1 −
+ nD ,
(4.10)
R
n0
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where n D (t) = n0 − n R (t). Assuming, once again, that the condensate density is small
and the reservoir depletion is weak, we obtain
n R (t) ≈ n0 −

n0 R
P
nc (t) + ... = n0 −
nc (t) + ...
n0 R − γc
P − P0

(4.11)

where P ≡ P(t = 0) = n0 γ R . Under these assumptions, the effective interaction coefficient
is time-independent and takes the form


gR P
g = gc 1 −
.
(4.12)
gc P − P0
Given that g R / gc = 1/| X |2 , it follows that the effective interaction is always attractive.
For a broad near-homogeneous pump near threshold (P → P0 ), the attractive interaction
and associated self-focusing is very strong, as observed in [230]. For a more tightly focused
pump (which requires P  P0 ) the effective interaction constant is large and attractive
for highly photon-like polaritons, which results in strong self-focusing into sharp filaments. Conversely, the effective interaction constant tends to zero for highly exciton-like
polaritons, which results in a weaker self-focusing effect, as observed in our experiments.

4.5

Discussion

The remarkable agreement between our theory and single-shot experiments unambiguously links the transition to spontaneous condensation in low-energy and momenta states
to the combination of two processes: energy relaxation, represented in our model by the
rate γ ER and local reservoir depletion characterised by γ RD . As long as both of these rates
are greater than the rate of the polariton decay γc , the hole-burning effect and efficient
energy relaxation drive the condensation to the ground state. Near the threshold, the condensate growth rate γcg ∼ Rn0R , where n0R is the initial density of the reservoir injected by
the excitation pulse, is also competing with the rate of ballistic expansion of polaritons due
to the interaction with reservoir. The latter is determined by the velocity of the polaritons
acquired as the interaction energy with the reservoir
E R = g R n R is converted to the kinetic
p
energy, and can be estimated as γexp ∼ (1/ L) 2E R /m, where L is the spatial extent of the
pump-reservoir region. Inefficient energy relaxation, and fast growth of the condensed
fraction, i.e. γcg > γexp , leads to large density fluctuations and condensation in several
spatially separated filaments driven by the condensate depletion. The above scenario is
realised in our experiment for large negative detuning, i.e. for largely photon-like polaritons. In contrast, efficient energy relaxation and lower reservoir densities (pump powers)
required for condensation lead to the rates of ballistic expansion being comparable to that
of condensate growth, which results in a more homogeneous condensate density. This
scenario is realized for more exciton-like polaritons at small negative towards positive
detunings.
Our results have several important implications for polariton physics. First, they offer
a striking demonstration of the strong role of the reservoir depletion on the formation
of a polariton condensate in the non-equilibrium, non-stationary regime. This demonstration is uniquely enabled by the single-shot nature of our experiment which ensures
that, once depleted, the reservoir is never replenished. For polaritons with a large exciton
component, i.e. in the regime when both reservoir depletion and phonon-assisted energy
relaxation dominate the condensation dynamics, we are able to create high-density con-
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densates that are spatially separated from the reservoir, the latter acting as both a source
of polaritons and a source of strong number (density) fluctuations. Such condensates,
apart from demonstrating a macroscopic phase coherence, exhibit second-order spatial
coherence.
Secondly, our results indicate that spatial filamentation, similar to that attributed to
dynamical instability of the polariton condensate in an organic microcavity [230], is an inherent feature of the non-stationary polariton condensation process, which is completely
masked by any statistically averaging measurement and can only be uncovered in the
single-shot regime. The filamentation arises due to the random spatial fluctuations inherited from the incoherent reservoir at the onset of the condensation. The efficient energy
relaxation is critical for gradual suppression of these fluctuations with increasing exciton
fraction, and subsequent formation of condensates with reduced a degree of filamentation.
The formation of filaments can be interpreted as “self-focusing” of the polaritons due
to the effectively attractive nonlinear interactions produced by the hole-burning effect
at the early stages of the condensate formation. Although the “hole burning” has been
implied in most conventional theoretical models of the polariton condensation under
non-resonant optical excitation conditions, here we present the first direct observation
of this effect and the associated self-focusing. However, we would like to point out that
the self-focusing effect is not equivalent to modulational (dynamical) instability, the latter
also present in other nonlinear matter-waves systems [250, 251]. Indeed, as discussed in
Sec. 4.4.2, the hole-burning and the associated effectively attractive nonlinearity is a necessary, but not sufficient, condition for instability of the steady-state polariton condensate
in response to spatial density modulations predicted theoretically [93, 231] and observed
experimentally [252] in the CW regime.
Last but not least, the single-shot imaging technique is a powerful tool for further
studies of fundamental properties of the non-equilibrium condensation process, such
as development of the macroscopic phase coherence in a polariton condensate strongly
coupled to the reservoir. In particular, a combination of the first-order correlation measurements and direct imaging of phase defects in the single-shot regime could assist in
testing the Kibble-Zurek-type scaling laws in open-dissipative quantum systems [233].
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Chapter 5

Thomas-Fermi regime of polariton
condensation

Polariton condensates in optically-induced traps are typically highly non-equilibrium
and fragmented, i.e. polaritons macroscopically occupy several excited bound states of
the trapping potential. As a result, the spatial density of the condensate is non-uniform,
and the mean-field Thomas-Fermi approximation does not apply. In this work, we observe the transition from a fragmented condensate to a spatially uniform condensate with
a typical Thomas-Fermi profile, indicating the dominant role of the mean-field interactions. We attribute this transition to the reservoir depletion resulting in spatial separation
between the condensate and the reservoir, which allows us to delineate between the effect
of interactions and quantum confinement and extract the value of polariton–polariton
interaction strength.
The trapping also enabled the long-lived polaritons to reach high densities close to
the regime where the interparticle separation is comparable to the exciton Bohr radius.
This can allow us to see signatures of a transition to the Bardeen–Cooper–Schrieffer (BCS)
state, which has been long sought for polaritons.
In this work, I designed and implemented all the experiments, analyzed the experimental results, and performed the numerical modeling using the conservative GPE.

5.1

Condensation in an annular trap

As discussed in detail in this Thesis (see Chapter 3), tailored engineering of the opticallyinduced potentials enables condensation of polaritons in a trap [95, 100, 121] and precise
manipulation of polariton flows [120, 253]. Several fundamental properties of polariton
systems have been explored using this technique, ranging from formation of persistent
currents [77, 123, 254] to geometrical phases associated with Hermitian [172] and nonHermitian spectral degeneracies (exceptional points) [71] (Chapter 3). Many of these studies rely on the fact that the optically trapped condensates of polaritons are both driven
and multi-mode (fragmented [255, 256]), i.e., they occupy several excited single-particle
energy eigenstates in the effective potential [123, 228, 257, 258] and the occupation of these
states does not necessarily minimize the total energy of the system. This feature is common for trapped, highly non-equilibrium quantum degenerate states, and has also been
observed in condensates of photons [259] and magnons [260].
Here, we present a reliable method for creating high-density polariton condensates in
the ground state of an optically induced trap. The method utilizes the single-shot regime
of spontaneous condensation [237] described in Chapter 4, and is enabled by the strong
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depletion of the reservoir, which creates a self-induced “box” potential for polaritons. Using this method, we create highly populated polariton condensates in the Thomas–Fermi
limit, which have not been observed previously. These condensates are spatially separated from the reservoir and exhibit a uniform density and chemical potential. In analogy
with uniform clouds of ultracold atoms in a uniform potential [261], these condensates
lend themselves to the Thomas-Fermi approximation, which states that the chemical potential of a high density condensate in the ground state of a confining trap is uniquely
determined by the condensate mean-field energy. The Thomas-Fermi regime achieved in
our experiments allows us to test theoretical predictions concerning the strength of the
polariton–polariton interactions [43], and compare the results with the existing measurements above [6, 258, 262, 263] and below [126] the condensation threshold.

5.1.1

Experimental setup

The condensation of polaritons in a 2D radially symmetric trap formed by an annular offresonant CW optical pump has been explored in detail [69, 95, 100, 121, 126] and is useful
for creating condensates that are spatially separated from the reservoir. In our experiment,
the optically induced trap was formed by shaping the laser beam using two methods:
(i) an amplitude mask for small traps (diameter up to 35 µm), and (ii) an axicon lens for
larger traps (diameter 20–70 µm). The amplitude mask is made of a milled metal shim,
similar to that employed in Ref. [77] and in Chapter 3 to create polaritonic billiards. This
metal mask is superior to a DMD in terms of the power efficiency (the DMD loses half of
the power to diffraction) but needs a gap in the annulus to hold the mask. Fortunately,
this gap is filled in by the diffusion of the reservoir and does not affect the trapping.
The large traps (D = 20 − 60 µm) with no gaps were created using a 1◦ axicon lens
placed between two confocal lenses and imaged onto the sample using the objective.
Translating the axicon between the two lenses controls the diameter of the annular laser
profile on the sample. The axicon distributes the laser power to the whole annular profile
with minimal loss (unlike the metal mask which blocks a large fraction of power) but it is
inefficient in creating small area traps due to diffraction peaks at the center.
To inject a high density of polaritons in the system, we employed a femtosecond pulsed
excitation using a mode-locked Ti:Sapphire laser (Coherent Chameleon Ultra II). As detailed in Chapter 4, the pulses arrives every 12.5 ns allowing the polariton and excitonic
reservoir population to fully decay before the next pulse. We also used single-shot RS
imaging, similar to that described in Chapter 4, to measure single realizations of the condensation experiment. Unless otherwise stated, all other measurements presented in this
Chapter are ensemble-averaged over multiple realizations and time-integrated over the
whole lifetime of the polariton emission.

5.1.2

Transition to the ground state

A typical signature of the transition to condensation in the ground state of the annular
trap with growing pump power are presented in Fig. 5.1(a), which is divided into three
regimes: (I) below threshold, (II) condensation at an intermediate density, and (III) condensation at a high density in the Thomas–Fermi limit. The ground state condensation
threshold is signaled by sharp growth in the emission intensity from the polaritons in
the lowest energy state (orange curve) as shown in Fig. 5.1(a). Note, however, that there
is also a threshold in total PL intensity (blue curve) at a lower pump power corresponding to condensation in the pump region. We define this as the pump threshold Pth for
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the fragmented condensate. With further increase in pump power, most of the polaritons
condense at the center of the trap leading to 5 orders of magnitude increase in density.
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Figure 5.1: Condensation in a ring trap. (a) Total PL intensity (blue) and the ground state density
(orange) as a function of the excitation power. The shaded areas correspond to: (I) below threshold,
(II) just above threshold, (III) Thomas–Fermi regime. (b) RS image and (c) dispersion (spatially
filtered at the trap center) of polaritons at increasing pump power corresponding to the numbered
points in (a). Dashed lines correspond to linear polariton dispersion. Detuning is ∆ = −3.3 meV
and the ring diameter is 25 µm. White overlay in (b1) depicts the pump profile.

At extremely low pump power below threshold, the dispersion of polaritons inside
the trap (see Fig. 5.1(c1)) shows a typical free space (parabolic) dispersion suggesting
that the trap height is not high enough to admit bound states. With increase in pump
power, the trap height grows and can lead to occupation of multiple energy bound states,
as shown in Fig. 5.1(c2) for the case above the threshold but with the polaritons still
localized near the pump region. This is the typical behavior above the threshold for a
wide range of detunings where the condensate occurs in a fragmented state characterized
by a macroscopic occupation of several energy eigenstates of the effective potential. This is
an intermediate density regime where polaritons are fragmented or distributed between
multiple energy states due to inefficient energy relaxation. This fragmented regime is
useful in exploring the band structure of lattice potentials as described in Chapter 2, and
the energy level dynamics of billiards as illustrated in Chapter 3.
A clear transition to the single-mode ground state occupation is shown in Fig. 5.1(c3)
which we credit to efficient phonon-assisted relaxation. This is accompanied by narrowing
of the polariton distribution in KS and spreading in RS, as shown in Fig. 5.1(b3). In this
experiment, we increase the density further, which leads to a massive occupation of the
ground state and, as a consequence, efficient reservoir depletion creating a box-like effective potential. This enables a clear manifestation of the nonlinearity arising from purely
polariton–polariton interactions such as a large blueshift and a homogeneous spatial distribution, as shown in Fig. 5.1(b-c,4-5)). However, the ability to achieve this regime also
depends on the detuning as explained below.

5.1.3

Dependence on detuning

Similarly to the case of an incoherent Gaussian pump, presented in Chapter 4, the ability of the polaritons to condense into the true ground state of the system Emin (k = 0)
strongly depends on the detuning ∆, which determines the proportion of the photon or
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the exciton in the quasiparticle, as well as the strength of the polariton–polariton interaction [4] and the relevant decay rates [237, 264]. For example, with the highly photon-like
polaritons, occupation of sufficiently low-energy states, including the ground state, may
never be achieved for a certain range of available laser powers, as shown in the power
series dispersion of Fig. 5.2. For this detuning of ∆ = −17 meV, a massive single-mode
occupation of the ground state only occurs at the maximum pump power corresponding
to 40Pth . This is accompanied by a relatively small overall blueshift of 0.3 meV. However,
even at this pump power, there is still a non-negligible occupation of the high-order states
as shown in Fig. 5.2(a7). Note that as the polaritons become more photon-like, i.e. for
∆ < −17 meV, the single-mode ground state condensation is not achievable even with
our highest available pump power. In this case, the dispersion at the maximum pump
power is similar to Fig. 5.2(a5).
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Figure 5.2: Fragmented condensation of highly photon-like polaritons. (a) Dispersion images
corresponding to numbered points in (b). (b) Total PL intensity as a function of pump power (in
mW). Detuning is ∆ = −17 meV and the ring diameter is 25 µm. White dashed lines corresponds
to the linear polariton dispersion.

In contrast, polaritons with a larger exciton fraction can readily transition into the
ground state for moderate above-threshold pump powers as shown in Fig. 5.3(b-c). This
is primarily due to efficient energy relaxation enabling ‘cooling’ of polaritons to the lower
energies as they move away from the pump region. Our numerical modeling, using the
model of Chapter 4, confirms that the transition to the ground-state condensation is driven
by the increased efficiency of phonon-mediated relaxation.
When the polaritons become exciton-like, i.e. for ∆ > 0, the optically induced trapping
gets tighter, as shown in Fig. 5.3(c). This is primarily due to the large effective mass, and
hence, short propagation length, of exciton-like polaritons. Thus, to achieve condensation
in the center of the trap, the pump power needs to be significantly increased, but this
also increases the blueshift (which also scales with exciton fraction) at the pump region
such that the effective trap morphs into a harmonic-like potential, as shown by the timeaveraged trace of the PL in Fig. 5.3(c). In addition, the bottom of the trap, which is inferred
from the energy tail of the PL, also rises with pump power suggesting that a substantial
density of reservoir particles occupy the center of the trap. This is in sharp contrast to
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Figure 5.3: Condensation at different detunings. Each panel shows RS spectra in intensity log
scale at (left) low and (right) high pump powers. (a) Fragmented condensation of highly photonlike polaritons showing occupation of multiple excited states of the trap even at the highest pump
power. (b) Ground state condensation with appreciable reservoir depletion showing the bottom
of the potential lower than the blueshift at threshold. (c) Ground state condensation with weak
reservoir depletion evidenced by tighter trapping and large blueshift due to confinement. The
annulus pump in (a) (D = 20 µm) and (c) (D = 30 µm) were created using metal masks, while the
40 µm trap in (b) was created using the axicon lens.
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Figure 5.4: Single-shot RS images. Single-shot and averaged (over 100 shots) RS images at 3
different detunings at the highest pump power (> 40Pth ). The scale bar is 20 µm. The annular trap
was created using a metal mask.

the box potential for mildly photon-like polaritons of Fig. 5.3(b) where the bottom of the
trap is lower than the initial blueshift at threshold suggesting a very efficient reservoir
depletion. We thus limit our analysis to this range of detunings, where there is a singlemode occupation of the ground state of a box potential.
The striking difference between the spatially filamented condensate density corresponding to a fragmented condensate and the smooth, weakly deformed density of a condensate in a ground state is revealed by the single-shot imaging in RS shown in Fig. 5.4.
Similarly to the case of the condensates of highly photon-like polaritons formed under
a Gaussian excitation conditions (Chapter 4), the fragmented condensates display large
density fluctuations and shot-to shot variations that persist with increasing pump power
well above the threshold. In contrast, less photon-like condensates, which have a singlemode occupation of the ground state, display a spatially smooth density with a flat top
distribution and low shot-to-shot fluctuations.
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Figure 5.5: Simulated chemical potential in 1D infinite square well potential as a function of
peak density showing the effect of quantum confinement at low density, and the approach to the
Thomas–Fermi approximation (dashed lines) E = gn peak at high densities. Inset: Spatial profile of
the condensate density n = |ψ|2 corresponding to the red starred points in the main graph.

5.2

Thomas–Fermi regime

The high-density ground state condensate shown in Fig. 5.3(b) has all the signatures of
the spatial Thomas-Fermi distribution typical of an interaction-dominated Bose-Einstein
condensate in a finite 2D round box potential [265–267]. This form of the density distribution can be understood by examining the eigenvalue equation for the condensate in
the effective potential induced by the pump-injected reservoir with the spatial density
distribution n R (r) [93]:


−h̄2 2
∇ ψ + gc |ψ|2 + g R n R ψ = Eψ
2m

(5.1)

where m is the polariton effective mass, gc is the polariton–polariton interaction strength,
and g R is the polariton–exciton interaction constant. Here En is an energy eigenvalue in
the effective potential Ve f f = gc |ψ|2 + g R n R . In the Thomas–Fermi approximation (see
Sec. 1.6.1), this can be simplified to:
gc n TF (r) = E − g R n R (r),

(5.2)

where nc = n TF (r) is the Thomas–Fermi distribution of the condensate, which follows the
inverted spatial profile of the trapping potential VT = g R n R .
This regime is demonstrated in Fig. 5.5 where the condensate’s spatial profile appeak
proaches a flat distribution, n TF , away from the trap edge, with increasing density. This
is in contrast to the single-particle limit which is a squared sine distribution. The lowdensity limit is also characterized by the finite energy arising from quantum confinement.
However, at large densities in the Thomas–Fermi limit, the ratio between the chemical
potential (or blueshift) E and the condensate density n TF at the center of the induced trap
peak
is a good estimate of the polariton–polariton interaction strength: gc = E/n TF .
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Density calibration

To determine the relationship between the polariton density and the blueshift, we need to
accurately determine the polariton density. In principle, the number of photons emitted
from the sample which is detected by our cameras is directly proportional to the polariton density. The only challenge is to calibrate the camera counts to the actual polariton
number.
Our density measurement is straightforward. Since the condensate occupies a single
state above the threshold (at the detuning of interest) we can directly measure the spatial
density distribution without k-space filtering or calibration using the k-space distribution
[1, 69, 126, 226]. In addition, this is a pulsed experiment, so we assume that in each pulse,
the total PL from the center of the trap corresponds to the total polariton number without
scaling to the polariton lifetime, unlike the case of CW measurements [126].
The conversion from the camera counts to the polariton number is determined as
follows. We compare the total camera counts for a fixed exposure of the camera and power
of a very weak test laser illumination at 775-nm incident on the sample. The sample is
almost 100% reflective at this wavelength which is also around the polariton emission
wavelength. The reflected light, which we estimate to be at least 96% of the incident power
(losses can arise from the cryostat window), simulates emission from the sample going
through the same optical path. Transfer matrix reflectivity calculation of the microcavity
structure shows that 80–85% of the photons are emitted through the top DBR, which has
40 pairs in comparison to the bottom which has 32 pairs. Given the above considerations,
we obtain a conversion factor of 10.4 polaritons per count with a systematic error of 14%.

5.2.2

High-density condensate profile and a box potential

The evolution of the polariton spatial distribution with increasing density is shown in
Fig. 5.6(a-e), over the RS spectra of the polarition emission. The behavior below and near
the threshold is characterized by the polaritons mostly residing near the pump region,
as also shown in RS images of Fig. 5.1(b). With increasing pump power, and thereby enhanced energy relaxation, most of the polaritons reside at the center of the trap, condensed
in a single-mode ground state that blue shifts in energy with increasing density or pump
power. This is accompanied by an increase in the size of the condensate with the density
near the center getting flatter (or more homogeneous) and the edges getting sharper.
The particular shape of the density distribution in Fig. 5.6(e) suggests that the underlying trapping potential VT = g R n(r) is box-like (see Eq. (5.2)). However, at lower density,
like in Fig. 5.6(b,c), the potential inferred from the polariton distribution shows harmoniclike edges. We attribute this transition to a box-like potential to the reservoir depletion, as
presented in Chapter 4, which leads to spatial domain separation between the condensate
and the reservoir.
Note that this is not the case for all values of detuning. In highly photon-like condensates, polaritons cannot condense into the single-mode ground state while in exciton-like
condensates, the reservoir density is already quite high before the polaritons can propagate towards the trap center. This high potential creates a tight trap with a substantial
reservoir density in the center, as shown in Fig. 5.3(c), which is not suitable for isolating
the effects of polariton–polariton nonlinearity.
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Increasing pump power
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Figure 5.6: Condensate spatial profiles with increasing pump power. a-e Spatial profiles (superimposed white/black lines) extracted from the polariton density distribution for ∆ = −4.5 meV
and (a) below and ((b-e)) above the threshold Pth . Panels (f) and (h) show numerically calculated density of the reservoir n R (orange) and polaritons nc (blue) corresponding to the excitation
conditions in (a) and (e), respectively. The corresponding real-space density distributions of the
polaritons found numerically and measured experimentally are shown in panels (h,i).

5.2.3

Numerical modeling

To understand the condensation process, especially the effect of reservoir depletion, we
employed the open-dissipative Gross–Pitaevskii equation presented in Sec. 4.4. The only
difference in the model is that instead of a Gaussian profile for the pump rate P(r), we
used an annular pump profile emulating the experiment. Results of the simulation are
presented in Fig. 5.6(f-i) which are in excellent agreement with experiment both in the low
and high-density regimes.
In the low density regime, similar to the experiment, polaritons tend to stay near the
pump region and accumulate into the modes that have a large overlap with the pump
region. These modes in our annular pump are “whispering gallery modes”, which are
clearly shown in Fig. 5.6(g) for both experiment and theory. At a high density, the singlemode occupation of the ground state leads to deformation of the condensate wavefunction
and to a “flat-top” or homogeneous (near the center) density profile depicted in Fig. 5.6(h).
In sharp contrast to the low-density regime, there is strong reservoir depletion that modifies the optically induced potential and results in a box-like homogeneous potential. The
simulation result (theory panel in Fig. 5.6(i)) for a single realization of condensation is in
a good agreement with the real space density distribution in the third panel of Fig. 5.4.

5.3

Polariton–polariton interaction strength

The main advantage of the Thomas–Fermi regime in box-like traps or uniform potentials [268, 269] is the elimination of the trap quantization effects, thus isolating the nonlinearity due to interactions in the condensate. Therefore, the immediate application of this
box-like potential at high density is the direct measurement of polariton–polariton interactions. But before we can do this, we need to make sure that the only source of the energy
blueshift of the ground state is the mean-field (interaction) energy of the condensate, i.e.
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E = gc n TF .
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Figure 5.7: Energy blueshift as a function of peak density for a 40-µm ring trap near zero detuning. Inset: normalized spatial profile at different points (starred) in the curve.

Previous attempts at measuring purely polariton–polariton interactions were marred
by the coexistence of excitons (in the reservoir) and condensed polaritons [126, 258]. The
reservoir density is challenging to measure accurately, which makes its actual contribution
to the overall blueshift uncertain. Ferrier et al. [258] extrapolated the polariton–polariton
interaction as a function of power without actual measurement of exciton density, but
with the pump overlapping with the condensate or in a tight confinement of a microwire.
Recently, Sun et al [126] looked at the blueshift at the center of a large (D ∼80 µm) optically induced trap where polaritons are supposed to be well separated from the reservoir.
Anomalously large blueshift that is two orders of magnitude larger than theoretically
proposed [43] was inferred from these measurements. Note that these measurements
were limited to low densities below threshold where the effects of quantization due to
the power-dependent potential height and zero point energy can be large. Therefore, a
more reliable examination of polariton–polariton interactions should involve high densities where the mean-field approximation Eq. (5.1) works, and in a box-like or uniform
potential to eliminate quantization effects arising from external potential or interaction
with excitons in the reservoir. We achieve these conditions using our annular trap at high
polariton densities.
Figure 5.7 shows a typical curve above the threshold for the energy blueshift as a function of peak polariton density at the center of the trap. The measured blueshift is the difference between the peak energy and the bottom of the energy tail visible time-integrated
spectra, for example, see Fig. 5.6(c-e). We assume that the bottom of the spatially resolved
energy tail shown in Fig. 5.3 is a good approximation of the single-particle ground state or
zero-energy state of the trap. This way, we minimize the effects arising from the change of
the trapping potential with increase in condensate density due to reservoir depletion. The
measured density of polaritons is the time- and energy-integrated per pulse (or realization)
of the condensation experiment.
Due to imperfections in the imaging optics and inhomogeneity of the sample, the
spatial profile is not perfectly flat as shown by the inset of Fig. 5.7. This adds an uncertainty
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Figure 5.8: Dependence of blueshift on the trap size. Dependence of blueshift–density curve on
trap diameter D (in µm). Data are taken at near zero detuning at same position on the sample as
Fig. 5.7. Dashed line is a linear fit for the high-density BEC regime.

in the measurement of the peak density, which is taken as the average of densities higher
than 90% of the maximum density.
The graph shows a linear trend at lower densities followed by a dramatic increase
in blueshift at some peak density. At even higher density, the blueshift starts to saturate.
We attribute the linear behavior to the high-density Thomas–Fermi BEC regime, where
excitons can be treated as bosons. As discussed below, in Sec. 5.4, the higher density
behavior could be attributed to the Bardeen–Cooper–Schrieffer (BCS) regime [270, 271]
where the fermionic structure (electrons and holes) of excitons plays a significant role [272–
274].
In this Section, we will concentrate on the BEC regime. The linear behavior at high
density corresponds to the Thomas-Fermi limit, as evidenced by the condensate spatial
profile in the inset of Fig. 5.7. Thus, the slope should correspond to the polariton–polariton
interaction strength in the manner shown in Fig. 5.5. To confirm this, we made similar
measurements for different trap sizes and detunings. Indeed, if the slope of E(n) is indicative of the interaction strength, it should not depend on the trap size, but will depend on
the detuning.

5.3.1

Dependence on trap size and detuning

Figure 5.8 shows the dependence of the blueshift on different trap sizes for the same
detuning as Fig. 5.7. The behavior is similar across the trap sizes, however the onset of
BCS crossover occurs at a lower density for smaller trap diameters D. All curves coincide
for D > 37 µm implying that we have created a homogeneous condensate such that the
edges of the trap no longer affect the energy and density distributions near the center.
More interestingly, all slopes in the BEC regime are identical, except for the smallest
trap D = 18.9 µm. This slope gives the polariton–polariton interaction strength for this
detuning to be gc = 0.12 ± 0.02 µeV·µm2 .
We also looked at this linear change in blueshift with density for different detunings
at a constant trap size of D = 40 µm, as summarized in Fig. 5.9(a). The figure clearly
shows that the relative blueshift at a constant peak density increases with detuning, as
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expected since the exciton fraction, and hence the interaction strength, increases with
detuning Note, however, that this trend is not the case for positive detuning (∆ > 2 meV),
especially for large densities. This is because, what we plot here is the relative blueshift,
which is relative to the zero-point energy of the potential extracted from the energy tail in
the time-averaged measurement (see Fig. 5.3). The actual blueshift, relative to the bottom
of the lower polariton at a near-zero pump power, does increase with the detuning, as
shown in Fig. 5.10. This apparently smaller blueshift at this detuning range is a result of
the tight trapping (see Fig. 5.3(c)) and incomplete reservoir depletion. This means that
there is a substantial quantum confinement energy that is comparable to the interaction
energy. The interaction energy will only dominate at higher densities but we do not have
enough laser pump power to push the density further at this detuning range. Nevertheless,
these results are shown here to emphasize that this effect limits our effective measurement
range.
(b)
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Figure 5.9: Blueshift dependence on detuning. (a) Blueshift–density curve for the BEC regime
for different detunings at trap diameter D = 40 µm. Solid lines are linear fits to the data points.
(b) Interaction strengths extracted from the slope of the linear fits in (a). Dashed line corresponds
to the theoretical value gc = | X |4 gex , where gex = 1.5 µeV·µm2 . Filled points are ”reliable fitting
points” where the blueshift is near zero at zero density. Error bars are fitting errors.

We can reliably extract the polariton-polariton interaction strength in the detuning
range −5 meV< ∆ < 2 meV. When the detuning is too photonic, the ground state density is not high enough for the interaction to dominate over quantum confinement, while
when it is too excitonic, the potential shape changes with pump power so it is not straightforward to isolate the blueshift due to interactions. The corresponding plot of the slopes
for this detuning range is shown in Fig. 5.9(b). This is compared with the theoretical
estimate [43, 248], which has the form √
gc = | X |4 3E B a2B for the linearly polarized excitation [258], where | X |2 = 1/2[1 + ∆/ Ω2 + ∆2 ] is the exciton fraction and Ω is the
Rabi splitting. The parameters for GaAs QWs are exciton binding energy E B ∼ 10 meV,
and exciton Bohr radius a B ∼ 7 nm. As clearly shown, our measured value of polariton–
polariton interaction strength is approximately ∼ 1/3 of the theoretical estimate. This
is also smaller than the what was measured using microwires [258]. However, the trend
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follows the same behavior as the theoretical one, at least for those detunings where the
linear fit extrapolates to a near zero blueshift at zero density.

5.3.2

Possible explanations for the small interaction strength

We believe that the slope we measured arises mostly from polariton–polariton interactions. This is due to the reservoir depletion, which effectively eliminates the contribution
of the reservoir. The density of excitons in the reservoir are not measurable, at least in
photoluminescence experiments, and therefore can result in a larger apparent slope. For
clarity, Fig. 5.10 shows the plot for the data shown in Fig. 5.9 without subtracting the
trap zero-point energy. As shown, the blueshift at positive detunings increases faster than
expected due to the bottom of the trap rising, as depicted in Fig. 5.3(c), thus recovering
the values comparable to the previous measurements [258] and theoretical estimates [43,
248].

Figure 5.10: Dependence on detuning ground state energy. Same plot as Fig. 5.9 but without subtracting the bottom energy. (a) Blueshift–density curve for the BEC regime for different detuning
at trap diameter D = 40 µm. Solid lines are linear fits to the relevant linear trend. (b) Interactions
strength extracted from the slope of the linear fits in (a). Dashed line corresponds to the theoretical
value gc = | X |4 gex , where gex = 1.5 µeV·µm2 . Error bars are fitting errors.

Our measured value, which removes the effect of the bottom of the trap, is smaller than
previous measurements [258] (gc ∼ 2 µeV·µm2 ), as expected, since in that experiment the
reservoir density was inferred from the linear behavior at lower densities. The same measurement in an effectively smaller trap, which produces large overlap with the reservoir
yields gc ∼ 9 µeV·µm2 [258]. This larger value means that in Ref. [258], the reservoir has
a significant influence on the measured polariton–polariton interaction strength. One can
expect a smaller value if the condensate can be fully separated from the reservoir, as is the
case in our experiment.
One possible reason for the small measured slope is the incompleteness of the reservoir
depletion. At threshold, there is already an offset in energy, which is the confinement
energy arising from the reservoir. As the density increases, reservoir depletion redshifts
the bottom of the trap and thus, can effectively decrease the ground state energy. This
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effect can be easily minimized by increasing the trap size, i.e. placing the reservoir away
from the center of the condensate, but the slope, as shown in Fig. 5.8, seems consistent
for annulus diameter D > 20 µm. This means that in the density and blueshift range
that we are considering, the reservoir depletion is complete and the change in potential is
not significant. We expect the reservoir depletion to be weaker at lower densities, n peak <
1 × 10−3 µm−2 , where we also observe spatial profiles far from the Thomas–Fermi limit
(see inset of Fig. 5.7). Thus, at these densities, the condensate blueshift has contributions
from both interactions and confinement.
Another possible explanation for our small measured value is the relatively large
densities we are working with. Note that excitons are composite bosons with fermionic
components, the hole and electron, and can only be treated as weakly interacting structureless bosons when the density is small (nex  1/ a2B ). At large densities or close particle
separation (nex ∼ 1/ a2B ), the exciton–exciton interaction is modified due to Coulomb
screening [272]. The exciton Bohr radius for our sample is ∼ 7 nm, such that the characteristic density scale is ∼ 2 × 104 /µm2 per QW. Unfortunately, this is the same order of
magnitude where we can reliably extract the polariton–polariton interaction strength in
the BEC regime by observing the Thomas–Fermi spatial profile. Therefore, what we are
measuring could be the high density polariton–polariton interaction strength [272]. This
remains to be confirmed by further theoretical studies on polariton–polariton or effective
exciton–exciton interaction strength at this density range.

5.4

BEC–BCS crossover

As presented in the previous Section (see Fig. 5.8) the blueshift deviates from the linear behavior expected for a condensate in the Thomas–Fermi limit at very high density (n peak & 1/ a2B ). In what follows, we argue that this behavior could be the BEC–BCS
crossover for exciton–polaritons arising from the underlying fermionic particles, the electron and hole, of the exciton. This is an ongoing project and I will present initial work
done as part of my PhD. Further experimental and theoretical work beyond the scope of
this Thesis is needed to support this claim.

5.4.1

The BCS state

BCS theory is the microscopic theory formulated by John Bardeen, Leon Cooper, and John
Schrieffer in 1957 [270, 271] to explain superconductivity. Superconductivity was initially
viewed as completely different from BEC because the particles of interest are fermions.
However, in 1968 Keldysh and Kozlov [275] found that the BCS approach can describe
both BEC and superconductivity as different aspects of the same phenomenon. Superconductivity can be viewed as a BEC of Cooper pairs of electrons which are composite
bosons, like excitons.
The BCS state for excitons was studied theoretically in Refs. [275, 276] and can occur
when the density of an exciton BEC is dramatically increased. The increase in density
leads to screening of the electron-hole Coulomb interaction, which makes the pair less
bound to each other. This means that the exciton wavefunction grows until there is a
substantial overlap between excitons, exposing their fermionic components, and making
it harder to distinguish which electrons and holes are paired. The state then becomes a
condensate of loosely bound pairs, which is the BCS state.
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There is no abrupt phase transition from the low-density BEC state to the high-density
BCS state, i.e. there is only a continuous change or a smooth evolution of the condensate
wavefunction. The phenomenon is called the ”BEC-BCS crossover” and is a result of the
fact that the two aspects are different manifestations of the same effect. The crossover was
experimentally demonstrated [277, 278] in 2004 using ultracold fermionic atoms, where
instead of increasing the density, the interaction between atoms was increased using a
Feshbach resonance. Realizing the BCS state with excitons is problematic since there is no
exciton BEC yet.

Figure 5.11: Predicted signatures of polariton BEC-BCS crossover. (a) Mollow triplet of PL intensity at high density limit for photonic and excitonic detuning. Ω is the exciton-photon coupling
strength, ω is the cavity photon energy, λ is the square root of the photon density. (b) PL for all
densities at zero detuning where n is the total number of particles per unit area, and E is the
PL energy relative the to band gap in units of the exciton binding energy. [Figure adapted from
Ref. [274].]

5.4.2

Polariton BEC–BCS crossover

Unlike a BEC of bare excitons, BEC of polaritons is a robust phenomenon that has been observed in a wide range of temperatures and materials. Furthermore, theoretical works [272–
274, 279–282] have pointed to the possibility of driving the polariton condensate towards
the BCS state. It is predicted that with increasing density, the polariton BEC can transition to a BCS-like state, then to a photon BEC state [273]. The Coulomb screening at high
density weakens the binding of electron-hole pairs and a BCS-like state is formed. Due to
phase-space filling, only photons can be excited at further higher density, resulting in a
formation of a photon BEC at the highest-density limit. The main experimental features
predicted by theory [274] are the Mollow triplet-type PL and the transition of the condensate energy from the single-particle lower polariton energy to the cavity photon energy
with increasing density, as shown in Fig. 5.11.
There are only few experimental works in this direction since the concensus is that
at very high pump powers (P/ Pth ∼ 102 ), the polariton BEC can transition into a conventional photon laser [72]. This behavior is known as the second threshold, where the
strong coupling is lost. This is characterized by a second nonlinear increase in the total
PL intensity with increase in pump power [72], a second drop in both linewidth and the
second-order correlation function g(2) (τ ) [283], and an abrupt jump of PL energy to the
cavity photon energy. This locking to the cavity photon energy is followed by a redshift
of emission with further increase in pump power, due to localized laser heating [243].
Recently, there has been mounting experimental evidence that the above scenario
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Figure 5.12: Condensate energy approach to the high-density state. PL energy in the very high
density regime for (a) different detunings and (b) zero detuning. Data plotted in semilog scale to
show the approach to the high density regime as predicted in Refs. [274, 280]. Same data set as
Fig. 5.10(a) with D = 40 µm.

is not always the case, especially for samples with long-lifetime polaritons. Horikiri et
al. [284] found that strong coupling persists even at high excitation densities, P/ Pth ∼ 300.
In their previous work [285], they also observed a high-energy side peak, reminiscent
of the upper energy side peak of the Mollow-triplet, without the low-energy side peak.
However, convincing experimental signatures of BEC–BCS crossover, similar to Fig. 5.11,
are still missing.
We believe that the massive blueshift observed in our experiment above the Thomas–
Fermi density regime could signify the BEC–BCS crossover region. Our condensate density approaches the characteristic density scale necessary to observe the crossover [274,
280], i.e. n peak ∼ 1/ a2B ≈ 104 /µm2 per QW. This is due to our ultra-high-Q sample which
supports polariton lifetimes longer than previous high-density experiments, and our trapping technique which allows accumulation of the condensate in a single mode. Also, even
with the highest densities, our system is still in the strong coupling regime, as evidenced
by the lack of a sudden jump in the blueshift towards the bare cavity photon energy
(which no longer blueshifts with increasing pump power).
What we observe instead is a continuous increase in energy with density, which is
consistent across a wide detuning range, as shown in Fig. 5.12(a). This is reminiscent of
the BCS transition signature presented in Fig. 5.11(b), where around the critical density,
the PL energy grows towards the cavity photon energy. This transition is depicted in
Fig. 5.12(a) for the case of near zero detuning. Unfortunately, our excitation power is not
sufficient to drive the density further in order for the energy to approach the cavity photon
energy, which is around ∼ 7 meV (see Fig. 5.12(b)).
This behavior is also consistent with the dependence on the trap size shown in Fig. 5.8,
where the onset of the crossover occurs at a smaller density for a smaller trap size. This is
because for smaller traps, the excitonic reservoir, which contributes to the total electronhole pairs, is in a close proximity to the condensate. The onset is constant for the traps
larger than D = 38 µm, where one can truly treat the condensate as a uniform BCS state
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without an admixture of reservoir excitons.

5.5

Conclusion and Future Experimental Work

Previous studies of polariton condensates trapped in a defect-induced potential [257] have
revealed deformation of the ground state wavefunction and an approach to the ThomasFermi profile but in a multi-mode regime (similar to that observed in Fig. 5.6(c)) and in
a very tight confinement configuration (D ∼ 4 µm). The Thomas-Fermi wavefunction of
the polariton condensate in a uniform box potential corresponding to the true ground
state of the system is observed here, for the first time to our knowledge, similarly to the
existing observations in ultracold atomic gases [261, 286, 287]. The polariton condensate
in the Thomas-Fermi regime has a nearly-uniform “flat-top” density profile (neglecting
the boundary regions), which enables studies of the condensate without large density
gradients, and allows us to isolate the nonlinearity arising from the polariton–polariton
interactions only. Thus, the Thomas-Fermi condensate observed in our experiment would
provide an interesting platform for studies of coherence in a 2D system and dynamically
or thermally excited topological defects [286], as well as elementary excitations [55] and
quantum depletion [288].
The very high density regime achieved in our experiments also opens the way for systematic investigation of the BEC-BCS crossover. Previous experiments approaching this
regime were dealing with a condensate sitting on top of an excitonic reservoir, resulting
in a mixture of polaritons in the strong coupling regime and excitonic particles of the
reservoir. Our annular trap allows the formation of a homogeneous condensate uncoupled from the thermal reservoir, where one can directly apply the current theoretical BCS
treatment [274, 280].
The immediate future work beyond the scope of this Thesis is to look at the condensate
time-evolution by using a streak camera coupled to a spectrometer. Our energy-resolved
measurements (for example, Fig. 5.6(e)), which are time-integrated, already show that
there is sufficient signal as the condensate decays in time. Looking at the time-evolution
of the condensate energy will give us more details on what happens at the crossover. The
time-integration can easily mask the density dependence on energy since the condensate is expected to decay immediately. This is also true for the spatial and momentum
distribution of the condensate.

Chapter 6

Summary and Future Directions

In this Thesis, I have presented the work I, together with my group and collaborators,
have done during my PhD candidature at the ANU. Through close interaction of experiment and theory, we aimed to fill in the gaps in our understanding of the spontaneous
condensation of polaritons. In this Chapter, I will summarize the major findings, point
out the common themes presented in the previous Chapters, and describe directions for
further study.

6.1

Major findings

The main results of my PhD work involved study of polariton condensation in different potentials: 1D embedded mesas, quantum billiards or wave resonators, Gaussian
reservoir-induced potential, and a homogeneous box-like potential. In Chapters 2 and 3,
we structured our pump profile to control and manipulate the condensates, and looked
at the signatures of non-Hermitian physics. In Chapters 4 and 5, we employed a new
new technique to enable reservoir depletion, which allowed us to perform comprehensive
single-shot studies of polariton condensation formation, and to realize condensates in
the Thomas–Fermi regime to make a measurement of the polariton–polariton interaction
strength.
In a 1D lattice potential embedded in the sample, we controlled the loading of condensate into target states of the band structure by shaping the excitation beam. This allowed
us to harness the nontrivial density and phase distribution of weakly bound, high-order
states of the lattice potential, which can be used to manipulate the 2D coherent flow of
polaritons. This is demonstrated by the Talbot pattern we observed in the experiment, as
presented in Chapter 2.
In Chapter 3, we used optical trapping arising from the repulsive interaction of polaritons with the optically-induced excitonic reservoir. This enabled fine tuning of the
potential, allowing us to visualize the geometric Berry phase by changing the boundary
shape of the wave resonator for the polaritons. We also elucidated the role of the other part
of this potential, its gain. By changing the overlap between the spatial modes of the resonator and the gain region, through the billiard wall thickness, we essentially controlled
the imaginary part, or linewidth, of the eigenvalues of the billiard. This enabled us to
probe the non-Hermitian level dynamics and prove the existence of exceptional points
in the spectra of the polariton condensates confirming that polaritons are a promising
system for studying non-Hermitian quantum physics.
We also confirmed that the reservoir does not simply create a complex potential, but
also modifies the effective polariton–polariton interactions. This was manifested in the
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dramatic “self-focusing” and filamentation arising from the reservoir depletion, which we
have seen in unprecedented detail using single-shot real-space imaging of condensation
in an ultra-high-Q microcavity, as presented in Chapter 4. Our work provides the first
direct evidence of the reservoir depletion implied in most conventional theoretical models,
which also indicates that the reservoir-induced potential is strongly dependent on the
density of the condensate.
In Chapter 5, we took advantage of the density-dependent reservoir depletion to create
a homogeneous box-like potential for polaritons. By employing a structured excitation in
the shape of an annulus, we created a trapping potential for polaritons where the highdensity condensate effectively creates a box-like potential that is homogeneous at the
center. We then created a polariton condensate in the Thomas–Fermi limit, for the first
time to our knowledge, which is characterized by a high-density, single-mode ground state
occupation, large energy blueshift, and flat-top spatial distribution. This is a very good
testbed for mean-field and beyond mean-field analysis of polariton condensates, which is
always plagued by the coexistence with the reservoir. As an example, this can be used to
realize the BCS state for polaritons, which is a regime deeply related to superconductivity.

6.2

Common themes

In addition to the major findings, the experimental and theoretical results presented in this
Thesis have common features, which help us to better understand polariton condensation
in complex potentials. This can be used as a starting point for future studies.

6.2.1

Optical control in the multi-mode regime

One recurring feature of all the experimental work presented here is the nonequilibrium
condensation of polaritons, which is characterized mainly by multi-mode condensation.
Often seen as a weak point of polariton condensation, this regime allowed us to explore
the band structure of the quasi-1D potential in Chapter 2 and the non-Hermitian energy
structure in Chapter 3.
It is in this regime that the structuring of an optical excitation plays a dominant role.
By adjusting the overlap between the gain region (pump-induced reservoir) and the spatial profile of the target state, we can control the occupation of that state. This is nicely
demonstrated in Chapter 2, where by moving or reshaping the excitation profile, one can
load the condensate into distinct states of the band structure. This is also seen in the spectral distribution of polaritons in the annular traps of Chapter 5, where, at a low density,
most of the polaritons condense near the pump region forming whispering gallery mode
states.
The most interesting finding presented here is that this optical control technique can
tune both the real and imaginary parts of the eigenvalues, as presented in Chapter 3. We
demonstrated that the shape and width of the billiard walls tune the energy and linewidth
of the eigenstates of the trap, respectively. This paves the way for investigations of nonHermitian quantum physics using polariton condensates [71].

6.2.2

Energy relaxation and single-mode occupation

Another recurring aspect of the work presented in this Thesis is the energy relaxation,
which drives the condensate into single-mode occupation of the ground state. In the
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experiments presented here, this can be achieved in two ways: (i) increasing the exciton
fraction or detuning, or (ii) increasing polariton density.
These two effects were demonstrated in Chapter 5, where a clear transition from multimode to single-mode ground state occupation is observed (Fig. 5.1) by increasing the
pump power or polariton density. Although known in literature [69, 236], the dependence
of energy relaxation on detuning is exemplified in Fig. 5.2, where at very negative detuning, even if the density is driven too high, the condensate cannot condense into the
ground state. In contrast, at an excitonic detuning, ground state condensation can occur
even at a moderate pump power above the threshold.
This is also demonstrated in Chapter 2 where at a very high pump power, hence a high
polariton density, a small spot excitation showed transition of the condensate from the gap
into the ground state of the band structure with the help of phonon-assisted relaxation.
Interestingly, the same result is achieved using an elongated pump covering multiple
lattice sites. However, that was only made possible due to the near-zero detuning, or halfexciton fraction for the polaritons. When the same excitation profile was used at a very
negative (photonic) detuning, the condensate was loaded into the high-energy states of
the trap that formed the Talbot pattern.
These two factors are the main reason why in Chapter 3, to analyze and control the
eigenstates of the billiard, we intentionally avoided excitonic detunings and high power
excitation to prevent a single-mode condensation into the ground state. We also avoided
highly negative detuning, where the polaritons will likely occupy very high energy modes.
These modes are hard to analyze due to the small energy level spacing and complicated
spatial profiles.

6.2.3

Additional role of the reservoir

Aside from the effect of the reservoir on both the occupation and eigenvalues of the energy
states of the potential, the experiments presented in this Thesis also showed its influence
on the condensate formation. The most obvious effect is the reservoir depletion and the
associated self-focusing effect, which caused the filamentation of the condensate observed
in the single-shot imaging of Chapters 4 and 5. We harness this effect in creating a box-like
potential for polaritons in Chapter 5.
It should also be pointed out that the reservoir is a source of both number and phase
fluctuations and its coexistence with the condensate can have a substantial effect on the
condensate coherence properties. This therefore can be a good starting point for future
studies of the coherence phenomena.

6.3

Future Directions

Below, I suggest some key future research directions that can be pursued using the findings presented in this Thesis. Some of these pursuits are on-going in our group but lie
outside the scope of this Thesis, while others can be pursued at a much later time, once
we have formed a better theoretical understanding of the system and developed better
experimental techniques.
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6.3.1

Summary and Future Directions

More pump-induced potentials

With the knowledge that the structured pump is a versatile and fast method of creating
complex potentials for polaritons, it is imperative to study potentials which can be used
to create interesting and useful macroscopic quantum states.
A good starting point is studying the tunneling between two quasi-isolated condensates, which can be done systematically using optically induced potentials, where one
can easily control the barrier width and height. A double well potential or Josephson
junction [289, 290] can then be used to create nonclassical states [291, 292] or Josephson
vortices, in analogy to superconductors [293].
This optical control can be used to load condensates into different modes of permanent
embedded mesa traps. For example, the 1D array of mesas in Chapter 2 is not a simple 1D
system due to the transverse modes of individual traps. By tuning the coupling between
the transverse modes via a structured excitation profile, the condensate can be loaded into
nontrivial high-order states, like a vortex chain where the vortex is confined in each lattice
site. This forms a coupled orbital momentum state, similar to coupled spin momentum
states of spin chains [294], which finds similarity with vortex arrays of liquid helium and
vortex lattice of atomic condensates.
Following the observation of non-Hermitian degeneracies presented in Chapter 4,
another direction to explore are high-order exceptional points [218, 295] using polaritonic
billiards, in addition to our recent work on chiral modes (vortex state) at the exceptional
point [296]. This approach can be extended to lattices for studying PT symmetry [70, 297,
298], and non-Hermitian topological states [299–301]. Polaritonic billiards can be used
to study quantum chaos in a non-Hermitian setting [187] where the direct measurement
of polariton density |ψ|2 and energy spectrum enables direct detection of signatures of
chaos, like ‘scars’ [302] and level repulsion [303].

6.3.2

Single-shot imaging

The singe-shot imaging presented in Chapter 4 paves the way for more detailed experimental studies on the nature of polariton condensation. The immediate task is to look
for other stochastic processes which are usually washed out in ensemble-averaged experiments, like formation of vortices and other phase defects. The phase relationship between
different filaments of the condensate needs to be measured to determine its effect on the
formation of the condensate. To do this, we need to develop interferometric and other techniques to directly detect the phase defects or the relative phase in the single-shot regime.
Implementing a Mach–Zender interferogram with an expanded arm, like in Ref. [122], is
not straightforward here, since the signal-to-noise ratio is low. Instead, one can use diffraction effects [304], which can aid in detecting signatures of orbital angular momentum in
the emitted light. This can be done in both Gaussian-pumped, like the case in Chapter 4,
or trapped condensates, like in Chapter 5.
A much needed measurement is the delayed second-order correlation function g(2) (∆r, ∆t)
(to augment the zero-delay measurements of Chapter 4), which would give information
about the second-order coherence both in time and space. This will need a combination of
pulse-picking and streak camera measurements, like the one used in Ref. [305, 306]. These
should be accompanied by ensemble-averaged time-resolved measurements to examine
time-dependent but non-stochastic behavior, like the energy decay in time at different
points in space.
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Homogeneous high-density condensates

Even more exciting are the further experiments on the polariton condensate in a homogeneous potential, presented in Chapter 5. Our immediate next step is to look at the first
order g(1) (∆r, ∆t) and second order coherence g(2) (∆r, ∆t) functions of the trapped condensate. This will provide a good comparison to the BKT signatures [57] observed in
low density condensates far from the reservoir. Unlike the low density case, the condensates produced in our experiment have densities at least 3 orders of magnitude higher
and are therefore dominated by the interaction energy, where we can expect different
behavior [247]. One can also probe the influence of the reservoir [108] on the coherence
properties of high-density condensates by varying the trap sizes. Condensates in tighter
traps are expected to be more affected by the thermal reservoir compared to large traps.
The dynamics of the interaction-dominated condensate should also be studied. We
have already observed a signature of collective oscillations in real and momentum space
of the condensate, as inferred from the energy tail of the time-integrated spectrum. Our
next step is to determine the characteristic time scales of this oscillations using timeresolved experiments and relate it to the trap parameters and condensate mean-field
energy. This will help us understand the effect of interactions on the superfluid properties
of the homogeneous condensate.
Looking for beyond mean-field regime of polaritons could also be possible by employing the high-density homogeneous condensates. One of the immediate signatures
is quantum depletion, which was recently observed in atomic condensates [288, 307].
Thanks to the direct momentum space measurement, which is hard to perform for atomic
condensates, and the homogeneous distribution of the condensate, we can easily separate particles in the condensate, thermal depletion, and quantum depletion using the
momentum distribution. Note that unlike the early measurements in an untrapped condensate [55], we will be looking at the tails in the momentum distribution, where the
quantum depletion should dominate over the thermal depletion.
The most exciting future direction is to look for the signatures of the polariton BCS
state. Experimentally, we should investigate the time-evolution of the high-density condensates in the ring trap to detect the Mollow-triplet and the energy crossover from the
lower polariton to the cavity photon energy. There is also a need to develop new experimental techniques to detect the pairing between electrons and hole, which is not possible
with simple PL experiments. Although the BEC-BCS crossover has been realized using ultracold atoms, creating a BCS state in a solid-state platform will help us better understand
superconductivity, and may aid in realizing BCS pairing at room temperature.
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Dietrich, A. V. Kavokin, S. Höfling, and C. Schneider, “Room-temperature Tammplasmon exciton-polaritons with a WSe 2 monolayer”, Nature Communications 7,
13328 (2016) (cit. on p. 6).
[36] M. Waldherr, N. Lundt, M. Klaas, S. Betzold, M. Wurdack, V. Baumann, E. Estrecho,
A. Nalitov, E. Cherotchenko, H. Cai, E. A. Ostrovskaya, A. V. Kavokin, S. Tongay, S.
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state transitions of exciton-polaritons loaded into a periodic potential”, Physical
Review B 93, 121303 (2016) (cit. on pp. 28, 30, 33, 37–42, 49).
[100] A. Askitopoulos, T. C. H. Liew, H. Ohadi, Z. Hatzopoulos, P. G. Savvidis, and P. G.
Lagoudakis, “Robust platform for engineering pure-quantum-state transitions in
polariton condensates”, Physical Review B 92, 035305 (2015) (cit. on pp. 28, 55, 84,
91, 92).
[101] M. Wouters, “Energy relaxation in the mean-field description of polariton condensates”, New Journal of Physics 14, 075020 (2012) (cit. on pp. 28, 55, 84).
[102] C. W. Lai, N. Y. Kim, S. Utsunomiya, G. Roumpos, H. Deng, M. D. Fraser, T. Byrnes,
P. Recher, N. Kumada, T. Fujisawa, and Y. Yamamoto, “Coherent zero-state and πstate in an exciton–polariton condensate array”, Nature 450, 529–532 (2007) (cit. on
pp. 28, 34, 36, 37, 39).
[103] N. Y. Kim, K. Kusudo, C. Wu, N. Masumoto, A. Löffler, S. Höfling, N. Kumada,
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M. Kamp, C. Schneider, and S. Höfling, “Influence of interactions with noncondensed particles on the coherence of a one-dimensional polariton condensate”,
Physical Review B 89, 115119 (2014) (cit. on pp. 28, 111).
[109] J. Fischer, I. G. Savenko, M. D. Fraser, S. Holzinger, S. Brodbeck, M. Kamp, I. A.
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[225] G. Dagvadorj, J. Fellows, S. Matyjaśkiewicz, F. Marchetti, I. Carusotto, and M. Szymańska,
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[242] D. Ballarini, D. Caputo, C. S. Muñoz, M. De Giorgi, L. Dominici, M. H. Szymańska,
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