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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES

Physics and Astronomy

Doctor of Philosophy

ON THE DYNAMICS OF SPINOR CONDENSATES IN MICROCAVITIES

by Elena Kammann

Semiconductor microcavities offer the possibility to strongly confine light in a small
cavity volume. Here the light interacts strongly with the electronic excitations of the
quantum wells, which are embedded in the cavity, giving rise to a new kind of quasipar-
ticle called exciton-polaritons or polaritons. These polaritons are the superposition of a
photon and an exciton and inherit a light effective mass from the photon part and strong
inter-particle interactions from the exciton part. Polaritons have extremely rich physics
such as Bose-Einstein condensation (BEC) and superfluidity, to name a few. Thanks to
their spin properties and fast dynamics polaritons could have potential applications in
ultrafast optoelectronics such as optical switches.

Under certain conditions the strong coupling does not sustain and the Eigenstates of
the system change to the uncoupled cavity and exciton mode, which is called the weak
coupling regime. In this thesis non-linear effects in the strong and in the weak coupling
regime are investigated. In particular a crossover between a photon and a polariton
laser is observed. Distribution functions and the dynamic behaviour of the long-range
coherence confirms great similarities with BEC and exhibit the transition between two
coherent states.

Following these observations we study the spinor nature of polaritons and photons. In
single shot experiments the spontaneous symmetry breaking at the phase transition
to a coherent state was shown. In a nearly isotropic system the phase of the order
parameter was chosen spontaneously and showed strong variations from shot to shot.
This phenomenon which was once identified as the smoking gun for BEC was observed
in a polariton and a photon laser.

The spinor nature of polariton condensates was further exploited by studying the trans-

port of spin by a propagating polariton condensate. Whilst travelling through the sample

the spin experiences the optical spin-Hall effect and coherently precesses around an ef-

fective magnetic field. We observe up to four complete revolutions of the pseodospin

around the effective magnetic field and the formation of a spin pattern that extends to

300 microns.
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1
Introduction

1.1 Motivation

1.1.1 On the importance of semiconductors

Some 100 years of semiconductor research have impressively proven that Wolfgang

Paulis’ statement: “One shouldn’t work on semiconductors, that is a filthy mess; who

knows if they really exist!” was a huge misjudgement. In fact the Hall resistance in a

thin slab of silicon is quantised in units of e2

h [4]. Therefore the quantum Hall effect has

provided an accurate value of the fine structure constant as well as a new definition of

the resistance in the SI unit system.

Besides their fascinating fundamental physics that are caused by the inherent properties

of semiconductors, the range of applications is equally impressive. Michael Faraday

was probably the first to notice a semiconductor effect in 1833. The resistance of silver

sulfide decreased with temperature, which was different than the dependence observed in

metals [5]. The photovoltaic effect was discovered by Alexander Edmund Becquerel [6]

(father of Henri Bequerel) in 1839 and the first working solar cell was fabricated in 1883

by Charles Fritts [7]. This prototype with an efficiency of only 1% [8] was the foundation

of ongoing research to improve the efficiency of solar cells beyond the Shockley-Queissler

limit (theoretical limit of 32% for a single junction solar cell).

The most groundbreaking discovery in semiconductor physics was undoubtedly the in-

vention of the transistor. The first device that strongly resembles todays MOSFETs

(Metal-Oxide-Semiconductor Field-Effect Transistor) was patented in 1930 by Julius

Lilienfeld. The first bipolar transistor invented by William Shockley, John Bardeen and

Walter Brattain, who were awarded the noble prize for their discovery, was presented at

Bell labs in 1947. Semiconductor devices possess great advantages over vacuum tubes,

the competing technology, they are faster and generate less heat during operation. These
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discoveries were the birth of the digital age and completely revolutionised information

technology.

Through steadily improving processing technologies, the semiconductor industry exploits

the possibility to downscale semiconductor devices. The number of transistors on an

integrated circuit is still growing exponentially, a trend that was noticed by Gordon E.

Moore [9], a co-founder of Intel.

Needless to say that semiconductor devices have greatly impacted peoples lives in the

past century, their potential for application is not yet fully exploited and researcher are

still intensely studying their fundamental properties. Especially the nano structured

semiconductors are of great interest. Quantum dots, which can generate single photons

as well as pairs of entangled photons are playing an important role in the development

of quantum cryptography devices. The electronic spin-state of a single quantum dots is

effectively a qubit, that offers the possibility for solid state based quantum information

processing [10, 11].

1.1.2 Bose-Einstein condensation – Cold atoms vs solid state

The specific nature of bosons allows for a single quantum state to be occupied by more

than one particle. This is forbidden for fermions by the Pauli blockade. Inspired by

the wave-particle duality of matter proposed by Louis de Broglie [12] and a paper by

Satyendra Nath Bose on the statistics of light quanta [13] Albert Einstein extended

Bose’s theory to matter particles in 1924-25 [14]. This new state of matter, where

particles spontaneously become coherent and can be described by the same wave function

remains one of the most fascinating phenomena of modern physics and is up to date

under intense investigation. A reason for the importance of BEC is the close connection

to superfluidity that was noticed by London [15] immediately after the discovery by

Kapitza [16].

As the temperature decreases the De Broglie wavelength increases with

λDB =

√
2π~2

mkBT
(1.1)

and when it becomes comparable to the inter particle distance a phase transition to a

condensed state takes place, the Bose-Einstein condensation (BEC).

In the time that semiconductor devices were becoming successful technologies physicists

started also to concentrate on very fundamental properties of these materials. Excitons,

the bound states of an electron and a hole behave as bosons, as the two half integer spins

of the composites add up to an integer spin. Therefore they were identified as excellent

candidates for BEC in the 1960s [17–19]. They possess a mass which is 102 times

2



Chapter 1 Motivation

lighter then an atom, which leads to considerably higher condensation temperatures

(equation 1.1). The race for the first observation of BEC was undecided for a long time

between the cold atom community and solid state physicists. After a few early but

inconclusive claims of exciton BEC [20, 21] condensation was shown in a cold rubidium

vapour [22, 23]. And it was not until a good 10 years later that the solid state physicists

were able to second this discovery by the almost simultaneous observation of BEC of

magnons [24] and exciton-polaritons [25].

1.1.3 Challenging fundamental textbook knowledge – BEC of photons

Photons, next to atoms with an even number of nuclei and composite quasiparticles

such as excitons and polaritons are bosons. However, they have a vanishing chemical

potential, which means that the number of particles is not conserved. The chemical

potential represents the energy required to add a particle to the system, if this is zero,

the particle number does not have to be conserved in order to conserve the energy of

the system. If the temperature is lowered, rather than collectively occupying the ground

state photons simply disappear. This knowledge, that physicists usually learn during

the first semesters of their degree in the context of Plancks black body radiation [26] was

challenged by the group of Martin Weitz [27, 28]. Using a high quality microcavity the

experimentalists realise a “white wall box”, where the number of photons is conserved.

Through interactions with a dye solution in the centre of the cavity thermalisation and

subsequent condensation was claimed.

A question raised by many physicists1 was whether the observed phenomenon is not a

photon BEC but “just a dye laser”. Indeed, the observation of coherent emission at a

critical pumping power is a feature of a dye laser and the experimental configuration is

the same as in a traditional laser.

These publications triggered one of the main questions of this work: Is it possible to ob-

serve BEC of photons in a semiconductor microcavity and what happens at the crossover

to polariton BEC?

1.1.4 Exciton-polaritons

Exciton-polaritons are the half-light half-exciton quasiparticles that arise from the strong

coupling. In bulk semiconductor exciton-polaritons were studied throughout the seven-

ties [29]. The discovery of exciton-polaritons in a semiconductor microcavity by Claude

Weisbuch [30] also followed an observation from atomic physics: Electronic transition

strongly coupled to a cavity mode were first observed in atomic systems [31–33] almost

a decade before the strong excitons light coupling in a microcavity.

1for example: Comment No. 16059 by D.C. Dai on www.nature.com; UK cold atom meeting, Not-
tingham, 2011; OECS, Paris, 2011; B. Deveaud, private communication
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The potential for inversion-less lasing and BEC in microcavities was noticed by Atac

Imamoglu and co-workers [34]. Soon after their bosonic nature was confirmed [35, 36] a

vibrant field of research emerged, stimulated by this prediction.

The key discoveries in the field include the observation of condensation [25], superflu-

idity [37, 38], quantised integer [39, 40] and half integer vortices [41] as well as soli-

tons [42, 43].

This impressive development has been facilitated by the vast improvement of the sample

qualities, yielding structures with extremely low disorder potentials and record photon

lifetimes. Nevertheless voices that are asking if the strong coupling is actually needed

for the observed phenomena or if weak coupling is sufficient are becoming louder2.

1.1.5 From electronics to spintronics to spinOPTronics

While traditional electronics simply makes use of the charge of electrons, researchers

have realised that one could use yet another degree of freedom, the spin, for informa-

tion processing. The field of Spintronics emerged from the early proposal for a current

induced separation of electron spins [44], that was later named the spin Hall effect [45]

as well as the spin polarised injection of electrons from a ferromagnetic into a normal

metal [46]. Whilst the famous proposal for a spin transistor by Supriyo Datta and

Biswajit Das [47] could never be realised, the giant magneto resistance, which was in-

dependently discovered by Peter Grünberg and Albert Fert is used in commercial hard

discs since the late 90s.

One major drawback for spintronics is the fast spin dephasing times of electrons as they

interact strongly with the atomic cores. This limitation brings polaritons into play,

as they are chargeless quasiparticles. The interaction with their environment is much

smaller than those of electrons, making polaritons far superior in this respect. Further-

more the readout of the spin state is facilitated by measurement of the emitted light.

The combination of the optical and the spin properties for technological applications

is logically called spinoptronics [48]. This new field has yet to prove its application in

commercial devices.

Pioneering experiments on the spin dynamics of polaritons were performed by Pavlos

Lagoudakis in Southampton in the optical parametric amplifier geometry [49] and under

non-resonant excitation by Dolores Martin in Madrid [50]. The particular spin dynam-

ics of polaritons were used for spin based switching [51] and spin-multistability was

demonstrated [52]. The proposal for spin based logic gates [53] is yet to be realised.

In this thesis the dynamics of spin transport, which is one of the fundamental aspects

of spintronics is investigated in a polariton system.

2Pavlos G. Lagoudakis and Alexey V. Kavokin, private communications.
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Chapter 1 Outline

1.2 Outline

This thesis is focussed on the different non-linear regimes in a semiconductor microcavity.

The structures studied here provide access to the non-linear strong coupling as well as

the non-linear weak coupling regime.

In the chapter 2 the fundamental properties of exciton polaritons in the strong coupling

regime are reviewed. The transition to the weak coupling, as well as the conceptual dif-

ference between the weak coupling with excitons and photons is described. Furthermore,

the spin properties of polaritons and photons are explained.

Chapter 3 summarises the main milestones that were achieved in the pursuit of BEC in

solid state systems, with a particular focus on polariton condensates. A description of

BEC of photons [28] is also provided.

The experimental methods as well as a description of the samples used throughout this

thesis are described in chapter 4.

At high excitation powers both the non-linear strong coupling and the non-linear weak

coupling phase can be observed. Temporal resolution reveals that the two phases do

not occur simultaneously, but consecutively. In chapter 5 the transition from a weak

coupling laser to a strong coupling laser is studied in the temporal domain. A discussion

regarding the similarities of the two phases with BEC of photons and BEC of exciton

polaritons is given.

An interesting aspect of a phase transition to a macroscopically coherent state is the

spontaneous breaking of the symmetry. The system chooses a specific phase completely

randomly. In the case of polariton and photon lasers the phase of the condensate can

be indirectly accessed by the polarisation of the emitted light. The results proving the

spontaneous buildup of the order parameter are presented in chapter 6.

The results of the stochastic polarisation buildup helped in understanding the formation

of the collective spin state and allowed for active manipulation of the condensate spin.

A polariton condensate with a collective spin state is injected and the spin state is

monitored as the condensates propagates through the sample. In chapter 7 the long

range propagation of the spin and the coherent rotation of the spin around an effective

magnetic field is presented. We show how the observed effect is in strong analogy to the

spin Hall effect of electrons.
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2
Dressed photons in semiconductor microcavities

The systems studies throughout this thesis are semiconductor Fabry-Perrot cavities (sec-

tion 2.1) with embedded quantum wells (section 2.2). These structures enable efficient

confinement of light and excitations of a semiconductor (excitons, section 2.2) in a small

volume, which leads to strong interactions between them. The quasiparticles arising

from the strong coupling are called exciton-polaritons. After their discovery in 1992 [30]

and the prediction of inversionless lasing and condensation of exciton polaritons [34] a

vibrant field of research has emerged.

2.1 Semiconductor Fabry-Perot cavities

The cavities used throughout this thesis are thin slabs of semiconductor sandwiched

between two dielectric mirrors. With help of high quality mirrors light can be efficiently

trapped in these Fabry-Perot resonators, leading to strong light matter interactions with

the electronic resonances embedded within the cavity.

The confinement in the light-propagation direction discretises the k-vector in this direc-

tion according to kzLcav = Nπ, where Lcav is the effective length of the cavity. From

the total wave vector of the photon in the cavity k2
0 = k2

z + k2
xy, the photon dispersion

can obtained by a Taylor expansion

Ecav(kxy) =
~k0c

ncav
=

~c
ncav

kz +
~c

2ncav kz
k2
xy + ... . (2.1)

Here ncav is the refractive index of the cavity medium. Dielectric mirrors of Distributed

Bragg Reflectors (DBRs) are alternating layers of two semiconductor materials with dif-

ferent refractive indices, that yield photonic band gaps with reflectivities that can be far

superior to metallic mirrors. Typical reflectivity spectra of a DBR and a cavity sand-

wiched between two DBRs (FIG. 2.1 (a)) calculated from transfer matrix simulations

(described for example in [54]) are shown in FIG. 2.1 (b).
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Figure 2.1 – (a) A semiconductor microcavity consisting of a cavity sandwiched between
the two DBRs (top and bottom). The blue paraboloid represents the photon dispersion
relation. (b) Reflectivity spectra calculated by transfer matrix simulations of a DBR (left)
and an empty microcavity (right).

2.2 Excitons in quantum wells

Excitons are states in a semiconductor that consist of an electron in the conduction

band and a hole in the valence band that are bound by Coulomb interaction. Following

the effective mass approximation these states for particles obey the energy-momentum

relation

E3D
X (kCOM ) = Eg − Ebind + Ekin ' Eg +

~2k2
COM

2M
, (2.2)

where kCOM is the centre of mass wave vector, Eg is the band gap energy, Ebind is the

binging energy, Ekin the kinetic energy and M is the effective Exciton mass.

Figure 2.2 – Quantised wave functions of a particle in a box of width L infinite barriers
(left) and with finite barriers (U0) [55].
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Chapter 2 Excitons in quantum wells

Owing to the large dielectric constant of semiconductor materials the binding energy in

semiconductors is much smaller than the band gap, justifying the above approximation.

Consequently the Bohr radius is large and usually extends to several lattice periods

(the effective Bohr radius of GaAs is 14 nm). This species is called Wannier Mott

excitons [56]. In molecular structures the Bohr radius is much smaller (typically of

the order of 1 nm) and excitons are often localised to one molecule. These Frenkel

excitons [57] exist for example in fluorescent dyes.

Wannier-Mott excitons can be confined in a thin layer of semiconductors called quantum

well, surrounded by a material with a higher band gap. The confinement quantises the

energy states (see FIG. 2.2) and modifies the density of states for electrons and holes

(see FIG. 2.3) and the quantisation energy must be added to the 3D energy dispersion

(equation 2.2). Furthermore the binding energy increases, which enhances the stability

of 2D excitons with respect to their 3D equivalents. Embedding quantum wells in

microcavities also allows for trapping of excitons in regions of high electric field, which

in turn increases the coupling of light and excitons.
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1D  
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Figure 2.3 – Density of states (DOS) for (a) 3D or bulk, (b) 2D-systems such as quantum
wells, (c) 1D-systems such as quantum wires and (d) 0D-systems like quantum dots.

In microcavity samples with embedded quantum wells (as used in this thesis) the rele-

vant energies accessed in the experiments all fall on the first plateau of the density of

states (FIG. 2.3 (b)). This means, that the density of states is essentially flat and the
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occupation of the state can be directly accessed by photoluminescence measurements of

the momentum space.

2.3 Coupling regimes in a microcavity

2.3.1 Strong coupling

In the previous sections it was described how light and excitons can be efficiently con-

fined, such that an appropriate structural design leads to strong light-matter coupling.

The diagram in FIG. 2.4 (a) shows schematically the basic design of a strongly cou-

pled microcavity, where the quantum well is embedded at the antinode of the electric

field within the cavity, which in turn is embedded between two DBRs. This interaction

modifies the reflectivity spectrum and leads to formation of new Eigenstates, which are

called exciton-polaritons or polaritons. The two new branches that arise are called the

upper and the lower polariton branch (UPB and LPB, FIG. 2.4).
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Figure 2.4 – (a) Schematic representation of a microcavity with an embedded quantum
well (blue), embedded at the antinode of the electric field. The mirrors consist of alternating
layers of different semiconductor materials, represented in blue and red. (b) Transfer matrix
simulation of the reflectivity spectrum, including an absorbing layer (quantum well) in the
microcavity. The exciton and the cavity modes anti cross giving rise to the upper polariton
branch (UPB) and the lower polariton branch (LPB).

The coupling between the cavity and the exciton mode can be understood in analogy

to two coupled springs with independent resonance frequencies ω1 and ω2 that oscillate

at a modified frequency ω3 when the coupling between the two is strong enough. This

system can be described in analogy to two damped coupled oscillators

(ωL,U − ωx + iγx)(ωL,U − ωc + iγc) = Ω2, (2.3)
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Chapter 2 Coupling regimes in a microcavity

with ωx and ωc as the eigenfrequencies of the uncoupled exciton and cavity mode and

γx is the non-radiative exciton broadening, γc is the half width at half maximum of the

cavity resonance and Ω is the coupling strength [58]. The coupling strength depends on

the effective cavity volume as well as the number of quantum wells. The eigenenergies

of the coupled states are given by

ωL,U =
ωx + ωc − i(γx + γc)

2
±
√

Ω2 + 1
4

(
ωx − ωc − i(γx − γc)

)2
, (2.4)

which yields modified energies of the strong coupling regime if the square root has a

real part (γx − γc < 2Ω at the resonance ωc = ωx). Additionally γx and γc have to be

sufficiently small, as strong coupling does not occur between two very broad resonances.

The new eigenmodes of the system are now coherent superpositions of the photons and

excitons (FIG. 2.5 (a)). The Hopfield coefficients [59], shown in FIG. 2.5 (a) as a function

of angle, describe the contributions of the exciton and the photon to the new coupled

modes.

XL,P =

√
Ω2

|ωx − ωL,P − iγx|2 + Ω2
, CLP =

√
1−X2. (2.5)
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Figure 2.5 – Dispersion images calculated by means of the coupled oscillator model, below
(a) and above (b) the strong-weak coupling transition. The colour code represents the
reflectivity. Blue corresponds to high reflectivity (R = 1) and white is low reflectivity. (c)
Calculated cavity- (cyan) and exciton- (orange) Hopfield coefficients for the lower polariton
branch. (d) Calculated cavity- (cyan) and exciton- (orange) Hopfield coefficients for the
photon mode.
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2.3.2 Weak coupling with excitons

The transition to the weak coupling in the coupled harmonic oscillator model (equa-

tion 2.3) occurs at γx − γc = 2Ω for ωc = ωx. Here the square root part of equation 2.4

becomes purely imaginary and the the coupled modes correspond to the uncoupled exci-

ton and cavity mode (FIG. 2.5 (b)). Although the system is in the weak coupling regime

the cavity mode still possesses an exciton contribution and vice versa (FIG. 2.5 (d)).

2.3.3 Weak coupling in an electron hole plasma

The coupled oscillator model fails as soon as excitons begin to dissociate. Electron hole

pairs, which are not bound by Coulomb interaction possess a greatly reduced dipole

moment and therefore does not behave as an oscillator. This screening of the Coulomb

binding occurs either when the thermal energy exceeds the binding energy, or the density

exceeds the Mott density, where excitons start to overlap (nMott ∼ 1
a2B

).

This situation cannot be distinguished from the coupling regime described in section 2.3.2

by standard photoluminescence spectroscopy. A direct way to determine the presence

of free carriers is THz-absorption spectroscopy [60].

2.4 The spin of polaritons and photons

The spin structure of exciton polaritons is determined by the underlying band structure

of excitons. In this thesis microcavities with GaAs quantum wells are used, which

is a zinc-blend crystal. The lowest conduction band is of s-symmetry (|l = 0, s =

1,ml = 0,ms = ±1
2) where the uppermost valence band is p-type with 6-fold degeneracy

(|l = 1, s = 1
2 ,ml = 0,ms = ±3

2± 1
2〉). The degeneracy of the valence band is lifted by the

spin-orbit coupling which splits the valence band into two new Eigenstates characterised

by the total angular momentum j = l+ s. The split-off band with j = 1
2 is created and

the j = 3
2 splits into the heavy hole mj = ±3

2 and the light hole j = ±1
2 , which are

degenerate at k = 0, as displayed in FIG. 2.6 (a).

The confinement further causes the heavy and the light hole band to overlap, the states

strongly mix and the modes undergo anticrossing. This brings the heavy hole state

closest to the band gap and causes a ”mass reversal” (FIG. 2.6 (b)), which results in the

heavier hole having a lighter mass [61, 62].

Excitons can decay via emission of a photon if mje + mjh = ±1, where ±1 correspond

to the two circular polarisations (FIG. 2.7 (a)). The transition corresponding to mje +

mjh = ±2 are optically inactive and therefore called dark excitons (FIG. 2.7 (b)). These

dark excitons, although they do not couple to light and do not form polaritons still play
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Chapter 2 The spin of polaritons and photons
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Figure 2.6 – (a) The energy levels and their angular momentum states without spin orbit
coupling (left), with spin orbit coupling middle and under confinement in a quantum well
at k = 0. (b) Mass reversal: Strong mixing of heavy and light hole causes the heavy hole
to have a lighter mass than the light hole close to the band edge. The uncoupled light and
heavy hole excitons are represented in green dashed lines and the mixed states in solid red
lines.

an important role as they interact with optically active polaritons and are involved in

relaxation mechanisms via the Coulomb interaction and contribute to the total exciton

density that determines whether the system is below or above the Mott transition.

(b) 

HH 

LH 

HH 

(a) 

LH 

Figure 2.7 – (a) The allowed optical transitions with the respective polarisation of the
emitted photon and (b) the dark transitions.

The final spin of the excitons and polaritons is always integer, which makes them bosons,

according to the spin statistic theorem. Being bosons, polaritons and photons obey the

Bose-Einstein statistic and are good candidates for condensation (see chapter 3)
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2.4.1 The Poincaré sphere

The spin of the polaritons is directly related to the polarisation of the emitted light.

The polarisation of light is fully characterised by the Stokes vector ~s (FIG. 2.8). This

vector is easily accessible by measurement of the intensities of the light in the linear and

circular polarisations and calculates as

Figure 2.8 – The Poincaré sphere representing the polarisation state of light. The poles
correspond to the circular polarisations, the linear polarisations lie on the equator and all
other latitudes represent elliptical polarisations.

sx =
IH − IV
IH + IV

, sy =
ID − IA
ID + IA

, sz =
I	 − I�
I	 + I�

, (2.6)

where IP are the intensities in the horizontal (H), vertical (V ), diagonal (D), antidi-

agonal (A), left-hand (	) and right-hand circularly polarised (�). The total degree of

polarisation is given by

s0 =
√
s2
x + s2

y + s2
z, (2.7)

which represents the equation of a sphere. The poles of the sphere correspond to the

circular polarisations and the linear polarisations lie on the equator. All intermediate

points represent elliptical polarisations. The components of the Stokes vector are analo-

gous to the components of the quantum-mechanical pseudospin introduced by Feynman
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Chapter 2 Polariton relaxation mechanisms

for a two-level system [63]. Here a two level system is projected onto a spin-half sys-

tem, and any coupling between the two states can be described as an interaction with a

magnetic field.

2.5 Polariton relaxation mechanisms

Polaritons can be created by pumping light into the first reflectivity minimum of the

DBR (FIG. 2.9), which is usually referred to as non-resonant excitation. The laser excites

coherent electron-hole pairs that quickly start to scatter with each other. As a result

they redistributed in reciprocal space and loose their coherence. Energy exchange with

the lattice is mostly mediated by optical phonons. Simultaneously they bind through

their Coulomb interaction and form excitons with high energy and high momentum [64].

These excitons cannot couple to light, because the wave vector cannot be conserved

during the emission of a photon. In order to couple to light and form polaritons they

need to relax along the dispersion curve, which is provided mostly through emission of

acoustic phonons. These hot excitons form the reservoir that feeds the polariton states.

The central part of the dispersion, where the excitons couple to light (polariton disper-

sion, FIG.2.5 (a)) can be regarded as a trap. Once carriers relax to the bottom of the

trap the thermal energy usually does not suffice for them to escape again. For polariton

condensation a sufficiently high number of polaritons has to enter the trap, such that

the ground state reaches an occupancy of unity and polaritons start condensing at the

ground state. However, their relaxation towards the bottom of the trap is hindered by
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Figure 2.9 – Scheme for non-resonant optical excitation. The sample is excited in the first
reflectivity minimum of the Bragg modes. The energy of the optical pump is above the band
gap of the quantum well material, so that electron hole pairs are excited.

the energy and momentum conservation rules, leading to their accumulation in higher

wavevector states along the dispersion from where the light is mostly emitted [65, 66].
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This bottleneck is preventing polariton condensation in many samples, as the critical

number of polaritons in the trap cannot be achieved, before the Mott transition takes

place. From the fabrication side this problem can be overcome by increasing the number

of quantum wells, as to reduce the carrier per quantum well and increasing the num-

ber of DBRs which ultimately increases the time during which relaxation takes place.

The prevalent interactions that lead to relaxation in the polariton trap are summarised

below.

2.5.1 Phonon interactions

Vibrations of the lattice in a crystal are quantised and the corresponding quanta is called

a phonon. The dispersion relations for phonons in GaAs is provided in FIG. 2.10. The

lower branches are acoustic phonons as their dispersion is nearly linear and therefore

sound like. They can be thermally excited and consequently their presence depends on

the temperature. The upper branches or optical phonons cannot be excited thermally.

Polaritons can scatter with acoustic phonons, but relaxation occurs on a timescale of

about 10 ps and their linear dispersion relation usually facilitated energy exchange of

merely 1 meV. Condensation through direct relaxation to the ground state of reservoir

excitons to the polariton ground state through emission of one optical phonon was shown

in CdTe microcavities [67], GaAs [68] and lately in ZnO at room temperature [69].

Fundamentals of polaritons 20

of oscillation are given by
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where af is the force constant of the Hooke’s law, kph the phonon wave number, and a the

lattice spacing. The frequency v� is proportional to kph near kph = 0 and corresponds

to the so called ‘acoustic branch’, as the velocity !/k nears that of sound in such a

medium. The frequency v+ tends to be a constant ' [2af (1/m1 + 1/m2)]
1/2 as kph

approaches zero. As the frequency v+ is generally in the optical range, this branch is

named ‘optical branch’. For the acoustic mode the two sublattices of the atoms with

different masses move in the same direction, whereas for the optical mode they move in

opposite directions. Modes with atoms displaced along the direction of the wavevector

are called longitudinally polarized modes while modes with atoms moving in the planes

normal to the wavevector are called transversely polarized modes.

Figure 2.12 shows the measured results for GaAs in one of the crystal directions [57].

1.6 PHONON, OPTICAL, AND THERMAL PROPERTIES 51 

Figure 28 shows the measured results for Si and GaAs in one of the crystal direc- 
tions. The range ofk,, = f d ~  defines the Brillouin zone outside which the frequency- 
kph relationship repeats itself. Note that at small values of kph, for both LA and TA 
modes, the energies (or frequencies) are proportional to kph. The longitudinal optical 
phonon energy at kph = 0 is the first-order Raman scattering energy. Their values are 
0.063 eV for Si and 0.035 eV for GaAs. Appendix G lists these results, together with 
other important properties. 

1.6.2 Optical Properties 

Optical measurement constitutes the most-important means of determining the band 
structures of semiconductors. Photon-induced electronic transitions can occur 
between different bands, which lead to the determination of the energy bandgap, or 
within a single band such as the free-carrier absorption. Optical measurements can 
also be used to study lattice vibrations (phonons). The optical properties of semicon- 
ductor are characterized by the complex refractive index, 

f i  = n,- ik, .  (124) 
The real part of the refractive index n, determines the propagation velocity (v and 
wavelength A) in the medium (assuming ambient is a vacuum having wavelength A,,) 

The imaginary part k,, called the extinction coefficient, determines the absorption 
coefficient 
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Fig. 28 Measured phonon spectra in (a) Si (After Ref. 73.) and (b) GaAs (After Ref. 74.). TO 
and LO stand for transverse and longitudinal optical modes, and TA and LA for transverse and 
longitudinal acoustic modes. 

Figure 2.12: Measured phonon spectra in GaAs. TO and LO correspond to transverse
and longitudinal optical modes, and TA and LA to transverse and longitudinal acoustic

modes [57].

2.4.1.1 Optical phonons

Relaxation via optical phonons becomes prevalent for high carrier temperatures [58] and

is independent of the lattice temperature [59]. The electron hole gas created upon optical

Figure 2.10 – Dispersion relation of longitudinal and transverse optical and acoustical
phonons in GaAs taken from reference 70.
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Chapter 2 Why are microcavities so interesting?

2.5.2 Interactions with the exciton reservoir

Though polaritons are bosons without a charge in the low density limit, they still con-

stitute of electrons and holes that which interact via Coulomb repulsion. Polaritons

can loose energy by passing their kinetic energy to an exciton in the reservoir of dark

excitons. Scattering of dark excitons therefore provides relaxation, but it also introduces

decoherence in the system. Scattering of two excitons from the reservoir can result in

one exciton and a polariton (upper or lower) or in two polaritons, one upper and one

lower. Upon macroscopic population of a lower polariton state, the scattering into this

state becomes strongly enhanced due to bosonic stimulation.

2.5.3 Polariton pair scattering

Polaritons can elastically scatter through dipole-dipole interaction. One polariton is

scattered to a state with lower energy and lower k-vector, while the other gains energy

and momentum. The total energy and momentum remain constant during this process.

The process is highly spin-dependent and is characterised by the interaction constants α1

for interactions between two polaritons with parallel spin and α2 for two polaritons with

anti-parallel spin. Experimentally it was found that polaritons with parallel spin weakly

attract each other, whilst polaritons pairs with anti-parallel spin repel each other [71].

The description of spin dependent interactions by means of α1 and α2 is simplified, as

these coefficients are strongly dependent on density and other parameters.

2.6 Why are microcavities so interesting?

Microcavities offer a fantastic system to study BEC and related phenomena. The mo-

mentum, the energy and the angular momentum are conserved when a polariton decays

into a photon. Therefore all properties of the polariton wave-function can be easily

accessed by measurement of the emitted light. Further a great advantage over atomic

gases, that are commonly used for the generations of BECs is the high condensation

temperature, which they inherit from their photon part. The relevant parameters that

influence the condensation of particles are summarised for atoms, excitons and polari-

tons. In this work the question is posed, whether strong coupling is necessary to achieve

condensation in semiconductor microcavities at all or if the same phenomena can be

achieved in the weak coupling regime.
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to coherently transfer between a photon and an exciton
at least once. When g0! !"cav!"exc" /2, we call the sys-
tem in the strong-coupling regime. In the opposite limit
when excitons and photons instead are the eigenmodes,
the system is called to be in the weak-coupling regime,
and the radiative decay rate of an exciton is given by the
optical transition matrix element. We are mostly inter-
ested in microcavities with "exc#"cav#g0; then Eq. !17"
gives a good approximation of the polariton energies.

As a linear superposition of an exciton and a photon,
the lifetime of the polaritons is directly determined by
"exc and "cav as

"LP = #X#2"exc + #C#2"cav, !24"

"UP = #C#2"exc + #X#2"cav. !25"

In typical high quality semiconductor samples available
today, "cav=1–10 ps and "exc$1 ns, hence the polariton
lifetime is mainly determined by the cavity-photon life-
time: "LP%#C#2"cav. Polariton decays in the form of emit-
ting a photon with the same k& and total energy $%
=ELP,UP. The one-to-one correspondence between the
internal polariton mode and the external out-coupled
photon mode lends convenience to experimental access
to the system !see Sec. II.E.4".

4. Very strong-coupling regime

The definition of polariton operators in Eqs. !11"–!14"
follows the procedure to first diagonalize the electron-
hole Hamiltonian by exciton operators and then diago-
nalize the exciton-photon Hamiltonian by polariton op-
erators, treating the excitons as structureless
quasiparticles. When the exciton-photon coupling is so
strong as to become comparable to exciton binding en-
ergy, the question arises whether or not the above pro-
cedure is still valid. A more rigorous approach is to treat
the electron, hole, and photon on equal footing, and one
finds that the LPs then consist of excitons with an even
smaller effective Bohr radius and larger binding energy,
while the opposite holds for UPs. This is called the very
strong-coupling effect !Khurgin, 2001; Citrin and Khur-
gin, 2003". It is a consequence of sub-band mixing of
higher-orbital excitons !mixing with 1s ,2s ,2p , . . . exciton
levels".

D. Polaritons for quantum phase research

As composite bosons with not only fermionic but also
photonic constituents, polaritons constitute a unique sys-
tem for exploring both cavity QED and many-body
physics.

A variety of quantum phases is predicted for polari-
tons, including BEC, superfluidity, Berezinskii-
Kosterlitz-Thouless !BKT" !Malpuech et al., 2003", and
Bardeen-Cooper-Schrieffer !BCS" states !Keldysh and
Kozlov, 1968; Comte and Nozières, 1982; Malpuech et
al., 2003; Littlewood et al., 2004; Sarchi and Savona,
2006, 2007a". Table I compares the basic parameters of
polaritons to semiconductor excitons and cold atoms,
which consist of the major table-top Bose systems for
quantum phase studies.

The parameter scales of these systems differ by many
orders of magnitude. Even for the same type of quan-
tum phase, the polariton system has distinct characteris-
tics and requires dedicated theoretical frameworks. In
particular, we discuss two important fundamental issues
pertaining to the ground state of a degenerate polariton
gas: the possibility of BEC and BKT phases of polari-
tons as two-dimensional systems and the BEC-BCS
crossover or Mott transition in the high-density regime
of polaritons as a system of composite bosons. Due to
the short lifetime of polaritons compared to their ther-
malization time, the excitation spectra of a polariton
condensate differ from their atomic gas counterparts, as
discussed in Sec. VIII.

On the experimental side, the polariton is a most ac-
cessible system, especially due to the high critical tem-
perature associated with its light effective mass and the
one-to-one correspondence between each polariton and
each leakage cavity photon. These and some other as-
pects of the experimental advantages of polaritons are
summarized later in this section.

1. Critical densities of 2D quasi-BEC and BKT phase
transitions

A uniform 2D system of bosons does not have a BEC
phase transition at finite temperatures in the thermody-
namic limit since long-wavelength thermal fluctuations
destroy long-range order !Mermin and Wagner, 1966;
Hohenberg, 1967".

If the Bose gas is confined by a spatially varying po-
tential U$r& !Bagnato and Kleppner, 1991; Griffin et al.,

TABLE I. Parameter comparison of BEC systems.

Systems
Atomic

gases Excitons Polaritons

Effective mass m* /me 103 10!1 10!5

Bohr radius aB 10!1 Å 102 Å 102 Å
Particle spacing: n!1/d 103 Å 102 Å 1 'm
Critical temperature Tc 1 nK–1 'K 1 mK–1 K 1–(300 K
Thermalization time/ Lifetime 1 ms/1 s$10!3 10 ps/1 ns$10!2 !1–10 ps" / !1–10 ps"=0.1–10

1495Deng, Haug, and Yamamoto: Exciton-polariton Bose-Einstein condensation

Rev. Mod. Phys., Vol. 82, No. 2, April–June 2010

Table 2.1 – Summary of the critical values for condensation of atoms, Excitons and Po-
laritons [72]. The effective mass determines the condensation temperature. A lighter mass
results in a higher condensations temperature. The Bohr radius determines the particle
spacing at which the wave functions start overlapping and condensation occurs. d signifies
the dimensionality of the system. The critical temperatures are given for typical exper-
imental particle densities. The ratio of thermalisation time and lifetime is given, as the
particles need to thermalise within their lifetime for condensation to occur. Excitons and
Polaritons are superior candidates for condensation in all listed categories except for their
short lifetime.
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3
Condensation in unconventional systems

Bose-Einstein condensation remains one of the most fascinating phenomena and intense

research has been devoted in the past nine decades since its discovery by Einstein and

Bose [14]. The phenomenon describes the macroscopic occupation of the ground state

below some critical temperature

Tc =
2π~2

kBm

( n

2.612

)2
3 , (3.1)

for a 3-dimensional gas of non interacting bosons. Here n is the density and m is the

effective mass. At Tc the de Broglie wave length,

λdB =

√
2π~2

mkBTc
, (3.2)

becomes comparable to the inter-particle distance. At this point the bosonic nature of

the particles becomes important. According to the spin statistic theorem [73] bosons,

which have an integer spin have symmetric wave functions. Consequently multiple oc-

cupation of a single quantum state is allowed. The particles undergo a phase transition

during which the ground state of the system becomes macroscopically occupied. The or-

der parameter of this phase transition is the macroscopic wave-function of all condensed

particles. Following equation 3.1 and 3.2 this phase transition can be induced by low-

ering of the temperature or increase of the density of bosons. The described behaviour

of bosons is fundamentally different from fermions. Fermions obey the Pauli exclusion

principle which prevents them from multiple occupations of single quantum states.

The distribution of bosons in energy is given by the Bose-Einstein statistics

ni =
gi

e(εi−µ)/kBT − 1
, (3.3)
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where ni is the occupancy of state i with energy εi and the degeneracy gi. µ is the

chemical potential. The function diverges, if εi = µ. In the low density limit it converges

to the Boltzmann distribution.

BECs were first observed in cold atomic gases [22, 23]. The high mass of atoms though

causes the condensation to occur at sub-µK, which makes the experimental realisation

of atomic BECs extremely challenging. Other popular candidates for the study of alter-

native BECs are the quanta of magnetic excitations in a magnetically ordered ensemble

of magnetic moments [24]. The most extensive studies in solid state systems, however,

have been conducted on excitons and polaritons, which will be discussed below. As

excitons (and consequently polaritons) are composed of electrons and holes they inter-

act with each other on a much larger scale than atoms, which gives rise to interesting

self-thermalising mechanisms.

3.1 Mathematical description of polaritons

3.1.1 The Gross-Pitaevskii equation

The collective wave function of a BEC is commonly described by the Gross-Pitaevskii

or Ginzburg-Landau equation, which is a non-linear Schrödinger equation that takes

interactions into account:

i~
d

dt
ψ0(r, t) =

[
− ~2∇2

2m
+ V (r, t) + g|ψ0(r, t)|2

]
ψ0(r, t). (3.4)

Here ψ0(r, t) is wave function, V (r, t) is an external potential and g is a parameter

that describes particle-particle interaction. The equation in this form is limited to the

description of a coherent state without coupling to other states. This can be expanded to

include the coupling of the condensate to a reservoir of incoherent excitons as described

by Wouters and Carusotto [74].

3.1.2 Semiclassical Boltzmann equation

The relaxation dynamics of polaritons can be captured by the semiclassical Maxwell-

Boltzmann equation. Starting from the classical Boltzmann equation:

dnk
dt

= Pk − Γknk − nk
∑

k′

Wk→k′ +
∑

k′

Wk′→knk′ (3.5)

where nk is the population of the the state with wave vector k, Pk is the term that

describes the generation of polaritons by the optical pump, Γk is the polariton decay

rate and W is the scattering rate between two states. The bosonic nature can be included
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Chapter 3 BEC of Excitons

by rewriting the equation as:

dnk
dt

= Pk − Γknk − nk
∑

k′

Wk→k′(1 + nk′) + (1 + nk)
∑

k′

Wk′→knk′ (3.6)

The scattering rates can be calculated by means of Fermis’ golden rule once the scat-

tering mechanism is identified [54]. The described theoretical approach is limited to the

description of relaxation, and does not describe the coherence of the system.

3.2 BEC of Excitons

Excitons are composite particles (see section 2.2) that form a hydrogen-like state out

of an electron and a hole in a semiconductor. The spin adds up to a total integer spin,

making the composite a boson. The suitability of excitons for BEC was theoretically

investigated since the 1960s [17–19]. Excitons have even smaller masses than the free

electron mass and therefore condense at higher temperatures of about 1 K, achievable

with helium refrigerators. Furthermore, in the case of bright excitons, BEC can be easily

experimentally observed by emission of coherent light. Early but inconclusive claims

for experimental observation have been made for excitons [20] and bi-excitons [21] in

1980 and 1979. Unfortunately, bright excitons have short lifetimes, preventing them to

cool below quantum degeneracy. Therefore researchers focused on condensation of dark

excitons [75] and excitons in coupled quantum wells where the electron and the hole are

confined in separate quantum wells. This increases their radiative lifetime and decreases

their scattering time with acoustic phonons [76–78]. Very recently also long-range spatial

coherence in these system was confirmed [79].

3.3 BEC of exciton-polaritons

The exciton polaritons inherit the strong Coulomb interactions from their exciton compo-

nent and the photon component dramatically reduces their mass. This enables polariton

condensation up to room temperature [80, 81]. The pursuit of BEC in strongly-coupled

microcavities was triggered by the seminal work of Imamoglu et al. [34], where con-

densation and inversion-less lasing was predicted. First observations of polariton lasing

were reported in the late 1990s [35, 82] and the peculiar second-order photon statistics

(a discussion follows in section 3.3.1) were observed [83]. A systematic study on a CdTe

microcavity was presented by Kasprzak and co-workers [25]. In this work the most

important characteristics of BEC were shown:

• Narrowing of the momentum-space distribution (FIG. 3.1 (a))

• Buildup of first order temporal coherence (measured by the line width, FIG. 3.1 (b))
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• A change from a Boltzmann distribution to BED with a degenerate ground state

(FIG. 3.1 (c))

• Build-up of a collective spinor wave function by polarisation measurements (FIG. 3.1 (d))

• Macroscopic phase coherence (FIG. 3.1 (e))

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

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

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

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

Figure 2 | Far-field emission measured at 5K for three excitation
intensities. Left panels, 0.55P thr; centre panels, P thr; and right panels,
1.14P thr; where P thr ! 1.67 kWcm22 is the threshold power of
condensation. a, Pseudo-3D images of the far-field emission within the
angular cone of^238, with the emission intensity displayed on the vertical axis
(in arbitrary units).With increasing excitation power, a sharp and intensepeak
is formed in the centre of the emission distribution "vx ! vy ! 08#;
corresponding to the lowest momentum state kk ! 0. b, Same data as in a
but resolved in energy. For such a measurement, a slice of the far-field
emission corresponding to vx ! 08 is dispersed by a spectrometer and
imaged on a charge-coupled device (CCD) camera. The horizontal axes
display the emission angle (top axis) and the in-plane momentum (bottom
axis); the vertical axis displays the emission energy in a false-colour scale
(different for each panel; the units for the colour scale are number of counts
on the CCD camera, normalized to the integration time and optical density
filters, divided by 1,000 so that 1 corresponds to the level of dark counts:
1,000). Below threshold (left panel), the emission is broadly distributed in
momentum and energy. Above threshold, the emission comes almost
exclusively from the kk ! 0 lowest energy state (right panel). A small blue
shift of about 0.5meV, or 2%of the Rabi splitting, is observed for the ground
state, which indicates that the microcavity is still in the strong coupling
regime.
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Michelson interferometer to study phase spatial correlations. Exper-
iments discussed in this work were performed for a slightly positive
cavity–exciton detuning (3 to 8meV).

Thermalization and condensation
Under non-resonant and high excitation, the polariton emission in
CdTe-based microcavities becomes highly nonlinear18,27–30. We first
analyse the spectral and angular distribution of the emission as a
function of the excitation power. Figure 2a displays pseudo-3D
images of the angular distribution of the spectrally integrated
emission. Below threshold (left), the emission exhibits a smooth
distribution around vx ! v y ! 08, that is, around kk ! 0. When the
excitation intensity is increased, the emission from the zero momen-
tum state becomes predominant at threshold (centre) and a sharp
peak forms at kk ! 0 above threshold (right). Figure 2b shows the
energy and angle-resolved emission intensities. The width of the
momentum distribution shrinks with increasing excitation intensity,
and above threshold, the emission mainly comes from the lowest
energy state at kk ! 0. The polariton occupancy has been extracted
from such emission patterns by taking into account the radiative
lifetime of polaritons.
Figure 3a shows the occupancy of the ground state, as well as its

emission energy and linewidth as a function of excitation power.
With increasing excitation power, the occupancy first increases
linearly, then exponentially, with sharp threshold-like behaviour. It
should be noted that the occupancy at threshold is close to unity,
consistent with a polariton relaxation process stimulated by the
ground-state population: a specific feature of bosons. The emission
blue shift was measured to be less than a tenth of the Rabi splitting at
a pumping level ten times above the nonlinear threshold, confirming
that the microcavity is still in the strong coupling regime. We
measured the ordinary lasing excitation threshold and found it to
be 50 times higher than the condensation threshold (not shown).
The linewidth of the kk ! 0 emission shows significant narrowing

at the nonlinear threshold29,30, down to half of the polariton line-
width in the linear regime (Fig. 3a). The line broadening observed at
higher excitation is due to decoherence induced by polariton self-
interaction31. We studied the coherence time more directly using a
Michelson interferometer (not shown). This measurement gives a
coherence time of 1.5 ps below the nonlinear threshold, and 6 ps
above threshold, consistent with the spectral narrowing observed at
threshold.
Signatures of polariton coherence in CdTe-based microcavities

have been previously reported28,29. Macroscopic coherence in the
momentum plane was observed above the nonlinear threshold28.
However, the use of a small excitation spot (3 mm diameter) pre-
vented relaxation into the lowest polariton energy states: polariton
stimulation occurred in excited states and was thus only remotely
connected with BEC. An experiment under conditions more favour-
able to BEC (25-mm-diameter spot), in which polaritons could
condense into the lowest energy state, indirectly showed the build-
up of macroscopic coherence in real space above threshold29. How-
ever, that measurement was obtained under pulsed excitation (150-fs
pulses), thus precluding steady state in the system and mixing high
polariton densities at short times and low densities at long times on
the same spectra.
Figure 3b displays the occupancy of polaritons as a function of

their energy. The occupancy is computed by measuring the intensity
of the signal, taking into account the polariton radiative recombina-
tion rate and the efficiency of the collection set-up. The uncertainty
may be estimated to be roughly a factor of two. The estimation has
been performed for different detunings and the threshold is always
observed for occupancies of the order of one, in agreement with all
previous measurements. For the sake of simplicity, we have arbitra-
rily adjusted the ground-state occupancy to be one at threshold. At
very low excitation power, the polariton occupancy is not therma-
lized29,32,33. Close to threshold, the occupancy can be fitted with a
Maxwell–Boltzmann distribution, indicating a polariton gas in

Figure 3 |Polariton occupancymeasured at 5K. a, Occupancy of the kk ! 0
ground state (solid black diamonds), its energy blue shift (solid green
circles) and linewidth (open red triangles) versus the excitation power. The
blue shift is plotted in units of the Rabi splitting Q ! 26meV. At low
excitation densities, the ground-state occupancy increases linearly with the
excitation and then, immediately after threshold, increases exponentially
before becoming linear again. This sharp transition is accompanied by a
decrease of the linewidth by about a factor of two, corresponding to an
increase of the polariton coherence. Further increase in linewidth is due to
interaction between polaritons in the condensate. The polariton ground
state slightly blue shifts, by less than 7% of the Rabi splitting for densities up
to seven times the threshold density, staying well below the uncoupled
exciton (EX) and photon mode (Eph) energies. This provides clear evidence
of the strong coupling regime. b, Polariton occupancy in ground- and
excited-state levels is plotted in a semi-logarithmic scale for various

excitation powers. For each excitation power, the zero of the energy scale
corresponds to the energy of the kk ! 0 ground state. The occupancy is
deduced from far-field emission data (see Fig. 2b), taking into account the
radiative lifetime of polaritons. At the excitation threshold, the polariton gas
is fully thermalized, as indicated by the Boltzmann-like exponential decay of
the distribution function. Above threshold, the ground state becomes
massively occupied, whereas the excited states are saturated, which is typical
of BEC. The polariton thermal cloud is found to be at 19K without
significant changes when increasing the excitation to twice the threshold
power. The low-energy part of the polariton occupancy cannot usually be
properly fitted by a Bose distribution function, as expected for BEC of
interacting particles. The error bars indicate standard deviation for each
point; and the absolute uncertainty in occupation factor and polariton
energy is given as the black scale bars.
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thermal equilibrium at around 19K. Above threshold, one can clearly
observe a distribution featured by the saturation of the excited-state
population and the formation of a condensate in the ground state.
Saturation of excited levels and stability of the polariton temperature
persist within a range 0:9, P=Pthr , 2:3 of excitation power. Such
behaviour is typical of BEC, but, in general, we cannot obtain a
reasonable fit for the low-energy part of the occupancy with a Bose–
Einstein distribution. This is because in a non-ideal Bose system,
interactions are responsible for changes in the density of states and
depletion of the condensate in favour of excited states; such effects
have been seen in atomic- and liquid-helium experiments34,35. At first
sight, the observation of an internal thermal equilibrium for polar-
itons could appear puzzling, considering the short polariton radia-
tive lifetime. In fact, strong broadening of the polariton emission
along the dispersion curve for excitation around threshold shows that
the dephasing time due to polariton–polariton scattering is shorter
than the polariton lifetime by a factor of two (not shown). Such a
mechanism has been proposed for polariton BEC36 and could indeed
permit attainment of internal thermal equilibrium before the escape
of polaritons out of the microcavity. Above threshold, the relaxation
towards the condensed state should be enhanced thanks to stimu-
lated scattering, whereas the polaritons are not expected to exhibit a
reduced lifetime at high density. This fact should even favour the
attainment of thermodynamical equilibrium in the condensed phase.
It is instructive to compare the density and temperature of

thermalized polaritons (extracted from the occupancy of Fig. 3)
with the theoretical predictions of the phase boundary23,24. At
P ! 0.9 P thr, where thermalization but no condensation is observed,
we estimate a density of around 5 £ 108 cm22, which lies just above
the theoretical threshold density for condensation at Teff ! 19K (see
Supplementary Information).
Because BEC is a transition from an incoherent population to a

coherent matter wave, the most important property to be explored is
the order parameter of the system, the macroscopic wavefunction of
the condensate. As stated before, the condensed fraction should be
described by a single wavefunction, and so we expect a clear
polarization of the light, and a stationary phase across the whole
condensate.

Linear polarization build-up
We measured the linear and circular polarization of the polariton
emission, using either circularly or linearly polarized excitation.
Below the nonlinear threshold, the emission appears to be completely
depolarized (Fig. 4a–c). However, above threshold, a linear polariza-
tion of up to 83% spontaneously develops for kk ! 0 polaritons,
whatever the polarization of the excitation (Fig. 4a, d, e)37. The
polarization direction is found to be approximately aligned along the
[110] axis of the microcavity. For this striking result we consider
possible explanations other than BEC.
First, any Bragg-based microcavity displays a longitudinal/trans-

verse splitting due to the Fresnel laws. However, this splitting should
vanish for vanishing incidence angle, that is for kk ! 0. Second, it
could be argued that this polarization is inherited from the excitation
through some parametric amplification process38,39. Then, in this
case, the polarization of the emission above the nonlinear threshold
should be strongly dependent on the laser polarization. Such a
correlationwas not observed for either circularly or linearly polarized
excitation (Fig. 4a), which rules out the hypothesis of parametric
amplification.
We also checked the polarization of the emission spot. Below

threshold the emission spot is homogeneous (Fig. 4h) and depolar-
ized (not shown). Above threshold it becomes highly inhomo-
geneous, breaking into several ,4-mm spots which emit with the
same linear polarization (see Fig. 4f and g). A careful examination of

Figure 4 | Polarization properties of the polariton emission. a, The polar
plot displays the intensity of the ground state emission at kk ! 0 (within a
0.48 aperture) measured as a function of the angle of the linear analyser.
Below threshold (solid blue diamonds), the emission is completely
depolarized for linear and circular (not shown) polarization, whereas above
threshold (solid green circles) a linear polarization exceeding 80% is
observed. The linear polarization is ‘horizontal’ (0, 1808), roughly aligned
along the [110] crystalline axis. Open diamonds represent the intensity of
the linearly polarized emission above threshold, measured as a function of
the linear polarization angle of the excitation laser. No correlation can be
found between the excitation polarization and the polariton polarization. -
b–e, Analysis of the linear polarization (the doubleheaded yellow arrows
indicate vertical or horizontal polarization of the detection) of the polariton
emission below (b, c) and above (d, e) threshold. Below threshold,
polaritons along the dispersion curve are not polarized because their

emission intensity is the same for horizontal and vertical polarizations.
Above threshold, emission from the excited states remains depolarized, but
emission from the ground state is strongly linearly polarized. Note the linear
and logarithmic scales (number of counts on the CCD divided by 1,000)
used for the emission intensity measured below and above threshold,
respectively. b, d and e have the same axes as c. f–i, Analysis of the linear
polarization of the emitting spot below (h) and above (f, g) threshold.
i shows the image of the excitation laser with its ‘top hat’ intensity profile.
The greyscale applies to f and g (number of counts on the CCD camera
divided by 1,000). h shows the emitting spot below threshold which appears
homogeneous and depolarized (not shown). Above threshold, the emitting
spot becomes inhomogeneous: several bright small spots, due to structural
inhomogeneities, are observed within the excitation area. Each of them
emits with the same linear polarization, consistent with the development of
a single condensate. h and i have the same axes as f and g.
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the emission below threshold reveals a splitting of the order of
0.1meV between two linearly cross-polarized emissions at kk ! 0,
most probably due to anisotropic photonic structural disorder. This
splitting is much smaller than kT < 1.6 meV, and yet above
threshold, the system selects the lowest energy of these two states40.
Such a selection, as observed in atomic BEC, is a strong indication
that a phase transition has occurred.
The final step of our demonstration is the evidence of macroscopic

phase coherence20,21, that is, the direct measurement of long-range
spatial correlations. In particular, it will rule out the possibility of
several independent condensates.

Long-range spatial coherence
Spatial coherence has been investigated by measuring the classical
first-order correlation function of the polariton emission:

g"1#"r; r 0 # ! kE*"r#E"r 0 #l
kE*"r#lkE"r 0 #l

where E(r) is the electric field at point r. For classical fields, g"1#"r; r 0 #
gives the amount of phase correlations between the fields at points r
and r 0 without relative time delay. In the low-density regime, the
polaritons are expected to exhibit short-range correlations, with a
correlation length given by the thermal de Broglie wavelength. In the
condensed phase, complete coherence, up to the size of the con-
densate is expected20,21.
We combined a Michelson interferometer with a high-resolution

imaging set-up: two images of the condensate magnified 40 times,
each coming from one arm of the interferometer, are combined at the
output of the interferometer and overlap in the image plane, forming
an interference pattern. One image can be displaced with respect
to the other by any vector d simply by tilting a mirror of the
interferometer. The contrast C of the interference is measured for
each point of the image plane by scanning the relative phase of the
interferometer over ,6p, providing a direct measurement of the
correlation function:

C"r;d# ! Imax 2 Imin

Imax $ Imin
! 2

!!!!!!!!!!!!!!!!!!!!!!
I"r#I"r$ d#

p

I"r# $ I"r$ d# g
"1#"r; r$ d#

in which I denotes light intensity and Imax and Imin denote the
maximum and the minimum of the interference pattern (intensity
versus phase). We first measured the first-order correlation between
two small regions (,4 mm2) of the emission separated by 6 mm (see
Fig. 5a, b), as a function of the driving parameter—the excitation
power. Below threshold, the interference contrast is below 5%
resolution limited. Above the stimulation threshold, the contrast
grows up to 45%, indicating a significant increase in the correlation
length. Similar results have been obtained for any pair of bright spots
chosen within the condensate.
Next, we measured the correlations between any pair of points r

and r 0 symmetric with respect to the centre of the condensate. To do
so, we replaced the mirror in one arm of the interferometer by a
retro-reflector to invert the image in a centro-symmetric way. Thus,

Figure 5 | Spatial correlation measurements using a Michelson
interferometer. a, Solid red circles indicate correlations between two spots
separated by 6 mm (2.5 times the thermal de Broglie wavelength) within the
condensate as a function of the excitation power (the threshold power was
P thr ! 4.5 kWcm22). The correlation exhibits a threshold-like behaviour: it
starts to build up from a noise-limited value of 5–8% to 46% at excitation
power twice the threshold power. The variation of the ground-state emission
intensity, normalized to the excitation power, is shown for comparison
(solid black circles). The solid blue line is a quadratic fit of the data
demonstrating the occurrence of particle–particle interaction below
threshold. Above threshold, the solid red line is an exponential fit
demonstrating the strong stimulation of the relaxation by the high
occupancy factor of the ground state. b, Typical interference fringes between
spots 1 and 2 as a function of the relative phase (horizontal axis), measured
below (open blue triangles) and above (open red circles) the nonlinear
threshold, with contrasts of 5% and 46%, respectively. c, Correlation
mapping below threshold using a linear colour scale. Each point (x, y) in the

map represents the correlation between points (x, y) and (2x, 2y) of the
condensate (see e for details). The correlation peak extends over 2.6mm
(full-width at half-maximum), thus providing a measurement of the de
Broglie wavelength. d, Same as c but for excitation above threshold. Some
islands with a high degree of correlation (up to 30%) are formed for
distances as long as 4.5 times the thermal de Broglie wavelength. These
islands correspond to the bright spots caused by the in-plane spatial disorder
experienced by the condensate (see Fig. 4f). e, Schematic description of the
experiment realized for correlation mapping in c and d. The first ‘smiley’
symbolizes the image originating from the first arm of the Michelson
interferometer. The second arm produces an identical but flipped image
with respect to a chosen point (here, the red nose). The resulting
interference pattern consists in the overlap of the two images, each point
corresponding to the interference between one point of the ‘smiley’ and
its symmetric with respect to the nose. All experiments were done using a
20-mm-diameter spot with a gaussian intensity profile.
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(a) (b) (c) 

(e) (d) 

Figure 3.1 – (a) Momentum space narrowing, (b) spectral narrowing of the ground state
emission, (c) Carrier distributions, (d) polarisation buildup and spatial coherence buildup
measured for a polariton BEC [25].

The spontaneous breaking of the symmetry at the phase transition was subsequently

observed by Baumberg et al. in a GaN microcavity [84].

3.3.1 Some particularities of BEC of polaritons

Polariton condensates allow for studies of the fundamental nature of BEC in simple

experimental setups. In addition to this, polariton condensates have a few interesting

properties that are specific to microcavites, which give rise to many interesting phe-

nomena and make research on exciton polaritons a field in its own right. Some of these

phenomena are mentioned below.
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Chapter 3 BEC of exciton-polaritons

3.3.1.1 Condensation without equilibrium

In section 2.3.1 the Hopfield coefficients, that describe the exciton and photon compo-

nents of the polariton modes were introduced. These coefficients are angle dependent

and therefore different energies on the branch have different excitonic contributions. The

energy relaxation strongly depends on the exciton contribution. For negative detunings

(Ecav < Ex) the groundstate is more photon like than exciton-like (see FIG. 3.2 (a,c)).

Consequently the distribution below threshold becomes non-thermal. Condensation is

however still possible and is called kinetic BEC [85], but the distributions deviate from

the BED below the threshold. In the positive detuning range the exciton content in the

ground state is greater than the photonic contribution (see FIG. 3.2 (b,d)) and thermal

distributions can be measured.
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Figure 3.2 – Dispersion relations for negative (a) and positive (b) detuning. The uncoupled
modes are given in red dotted lines and the polariton modes in black lines (UPB in dashed
and LPB in solid). (c) and (d) show the exciton (black) and photon (green) parts of the
LPB as a function of angle.

3.3.1.2 Coherence properties

The coherence properties of the condensate can be characterised by the correlation

functions of the light emitted by the condensate. The first-order temporal correlation

function is given by

g(1)(τ) =
〈E∗(t)E(t+ τ)〉

〈I(t)〉 , (3.7)

where E(t) is the electric field and I(t) = |E|2 is the intensity. Following this we can

define a coherence time τc = Lc
c , where Lc approximately corresponds to the path
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difference of the two arms of a Michelson interferometer at which the fringes disappear.

The coherence time can be estimated by

τc ≈
1

∆ω
, (3.8)

which means that the first order temporal coherence can be easily accessed by line-width

(∆ω) measurements. It is clear that |g(1)(τ � τc)| ≈ 1 for all cases and |g(1)(τ � τc)| ≈
0. A common feature that is observed in polariton condensates is the rapid increase of

coherence at threshold and a successive decrease above threshold, which is attributed to

interactions within the condensate [25, 86].

The first order spatial coherence describes how correlated the light originating from two

spatially separated points (and therefore from two spatially separated polaritons) is and

is given by

g(1)(r, r′) =
〈E∗(r)E(r′)〉√
〈I(r)〉〈I(r′)〉

. (3.9)

g(1)(r, r′) varies from 0 for a chaotic state to 1 for a perfectly coherent state.

To quantify the intensity fluctuations the second order coherence function is considered

g(2) =
〈I(t)I(t+ τ)〉
〈I(t)〉〈I(t+ τ)〉 . (3.10)

This quantity allows for classification of light in three categories

• bunched light: g(2)(0) > 1

• coherent light: g(2)(0) = 1

• antibunched light: g(2)(0) < 1.

Bunched light is partially coherent and partially chaotic, with g(2)(0) = 2 for fully

chaotic light and g(2)(0) = 1 for fully coherent light. Antibunched light originates from

a single photon emitter, such as a quantum dot, where two photons cannot be observed

at the same time.

For a polariton condensate it is found that at threshold the second order coherence

function rapidly changes from 2 to 1 (as expected for a laser, too), and with further

increasing excitation power it increases again (FIG 3.3 (a) above the first and below

the second threshold, marked by the vertical lines), which is attributed to interaction

induced decoherence [83, 86, 87]. In the case of a laser this increase of g(2) above

threshold is not expected as there are no interactions in a laser. FIG. 3.3 (a) shows

the drop to one above the second threshold and no increase above the second threshold

within the measurable range.
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linewidth increases continuously also throughout the regime
of photon lasing. In the excitation power range between the
two thresholds described above, the monotonous increase is
attributed to density fluctuations and, as discussed below, to
polariton-polariton interactions.25 The ongoing broadening of
the linewidth at and above the transition to photon lasing can
be explained by fluctuations of the refractive index throughout
an emission pulse.26,27

While our spectroscopic results are clear indicators of
the system changing its state at the observed thresholds, a
detailed characterization of the emission also requires studies
of its coherence properties as well as its behavior in the time
domain. In order to assure comparability of time-resolved and
spectroscopic data, the investigations in the temporal domain
are restricted to the emission around k|| = 0. In addition, the
1-nm-wide bandpass filter followed the strongest emission
mode according to Fig. 3(b).

The coherence properties have been determined in terms
of the photon statistics of the cavity emission, as those are
supposed to reflect the quantum statistical behavior of the
polariton system. In particular, the second-order correlation
function for equal-time events,

g(2)(! = 0) = !: n̂2 :"
!n̂"2

, (1)

was measured. In Eq. (1), n̂ = â†â denotes the photon number
operator and the double stops represent normal ordering
of the photon creation â† and annihilation â operators.28

Basically, one can distinguish between two different cases
of photon statistics. Photons emitted from a thermal light
source are expected to exhibit bunching behavior. As those
photons are indistinguishable particles obeying the Bose-
Einstein statistics, the corresponding second-order correlation
function has a value of g(2)(0) = 2. Photons emitted by
coherent light sources are statistically independent particles,
thus following the Poisson distribution. This is reflected in a
photon-correlation value of g(2)(0) = 1.

For a single-threshold microcavity in which the SC is
bleached before reaching the critical LP density needed for
condensation, a standard laser behavior was observed in Ref.
19: a smooth transition from g(2)(0) = 2 to g(2)(0) = 1. How-
ever, the power-dependent second-order correlation of a micro-
cavity polariton system that exhibits a two threshold behavior,
as shown in Figs. 1 and 3, is supposed to be more sophisticated.
By using the appropriate time resolution, here we resolve
the complete evolution of photon correlations across the two
thresholds, which, to the best of our knowledge, has not been
reported so far. Investigations of the photon statistics presented
up to now were performed with time resolutions of many
tens to a few hundred picoseconds.29–31 In an early work, de-
creasing photon bunching with increasing pumping power was
observed, but no coherent state.29 On the other hand, a more
recent report demonstrated increasing photon fluctuations.30

In all cases, only a single threshold was discussed.
Figure 4(a) shows the results of our photon-correlation mea-

surements as a function of excitation power. At low pump pow-
ers the correlation function tends to a value of approximately 2.
Hence, the emission has thermal light characteristics. With in-
creasing excitation power g(2)(0) decreases toward unity, thus

FIG. 4. (Color online) (a) Power-dependent equal-time correla-
tion function g(2)(! = 0). The vertical dashed lines represent the
thresholds, the blue (red) line indicates the thermal (coherent) state.
(b) Emission pulse width (Gaussian standard deviation) vs excitation
power. (c)#(e) Temporal pulse profile measured just below the first
(c), at the second (d), and above the second threshold (e), respectively,
as indicated by circles in (b). Note that for all time-resolved
measurements, a 1-nm-wide bandpass filter has been used to single
out the main emission mode.

full second-order coherence is reached. This drop coincides
with both the buildup of the condensate (Fig. 1) and the first
nonlinear increase of the integrated intensity [Fig. 3(a)]. For a
rather small range of excitation powers the system stays in a
regime in which the emitted light exhibits almost full coher-
ence, i.e., g(2)(0) values close to unity, before photon fluctua-
tions increase again until g(2)(0) reaches a value of about 1.65.
This increase can be explained by scattering processes between
the polaritons at k|| = 0 and polaritons with k|| $= 0 which re-
sult in an unchanged average density of the condensate ground
state despite the increasing pumping.32,33 This is consistent
with the saturation behavior seen in both the input-output
curve and the main emission energy: the effective condensate
population remains constant. With a further increase of the
pump power the second-order correlation function approaches
g(2)(0) = 1 again, reflecting the breakdown of SC and the
transition to conventional photon lasing. We note that between
both transitions, the coherence is never fully destroyed.

The temporal evolution of the cavity emission can be
deduced from the same data set used to quantify photon

075318-4

Figure 3.3 – (a) Second order coherence for the emission from a microcavity. Vertical lines
mark the threshold for polariton and photon lasing. In the polaritons lasing regime the g(2)

increases again at higher excitation powers. (b) Pulse width of the emission for different
excitation powers. Data taken from reference 86.

3.3.1.3 Condensation in 2D

The density of states in 2D is constant and therefore the number of particles in the

excited states is given by

N(T ) =

∫ ∞

0
DOS(E)F (E, T ) dE =

L2m

2π~2

∫ ∞

0

dE

e(E/kBT ) − 1
. (3.11)

The integral diverges and hence at any finite temperature the excited states can absorb

an infinite number of particles and BEC is not possible. Polaritons are 2D quasiparticles

and therefore BEC cannot occur, but instead a Kosterlitz-Thouless transition occurs,

which is characterised by a power-law decay of the spatial coherence [88]. BEC in

microcavities can still be achieved, when a confining potential is present. This confining

potential can arise from random disorder in the sample [25], from mechanically induced

stress traps [89, 90] or in micro pillars [91, 92]. In a 3D BEC long-range order occurs and

the first-order spatial correlation decays towards a plateau at large distances [93]. In

two dimensions this long-range order cannot be established and the correlation function

decays with a power law [88]. This was shown in a quasi-2D atomic gas [94] and recently

in a polariton condensate [95]. In previous experiments this was not observed as the size

and shape of the pump spot as well as disorder in the sample, which creates a potential

landscape reflect in the correlation function.
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3.3.1.4 Spinor condensate

The spin of exciton-polaritons (section 2.4) gives rise to many interesting phenomena,

such as the observation of spin polarised vortices [41] and solitons [96]. In a polariton

condensate polarisation measurements according to equation 2.6 provide indirect access

to the wave function of the condensate through

Sx = (ψ∗−1ψ+1 + ψ∗+1ψ−1) = sxn0 (3.12)

Sy = (ψ∗−1ψ+1 − ψ∗+1ψ−1) = syn0 (3.13)

Sz = (|ψ+1|2 + |ψ−1|2) = szn0, (3.14)

where sx, sy, sz are the pseudospin vectors that can be be measured according to equa-

tion 2.6 and n0 is the condensate occupation.

3.3.2 Superfluidity, vortices and solitons

Superfluidity is a spectacular physical phenomenon, where the shear velocity of a fluid

becomes zero below a critical temperature. This phenomenon is closely related to BEC,

as the Boguliubov approximation of the Gross-Pitaevskii equation (3.4) yields an exci-

tation spectrum that satisfies the Landau criterion for superfluidity [97]. In fact, the

linearised dispersions and flow around obstacles without backscattering were observed

in polariton fluids [37, 38, 98].

The higher order stationary solutions to equation 3.4 describe quantised vortices and

solitons. These topological entities were a focus of intense studies in recent years. Spon-

taneously occurring quantised [39] and spin polarised vortices [41] as well as imprinted

vortices that generate persistent currents [40] and hydrodynamic nucleation of vortices

from a polariton fluid flowing against a defect [99] have been demonstrated in polariton

fluids. Dark solitons were generated behind obstacles [42], followed by the observation of

their spin polarised counterpart [96] and their decay into vortex streets was studied [100].

Finally non-dispersive wave packets or bright solitons were observed [43]. Here inter-

ferometry frequently provided conclusive evidence on the phase singularities and phase

jumps associated with vortices and solitons.

3.4 Bose-Einstein condensation of photons

The fact that photons cannot undergo Bose Einstein condensation, as lowering of the

temperature leads to absorption, such that the total number is not conserved is basic

textbook knowledge [101]. The phenomenon is commonly known as black body radia-

tion [26]. According to the Stefan-Boltzmann law the total number of photons depends
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Chapter 3 Bose-Einstein condensation of photons

on the Temperature. As a consequence, photons are absorbed at low temperature instead

of condensing in the ground state.

This concept was questioned by the group of Martin Weitz, who observed a number

conserving thermalisation [27] and subsequent BEC at higher excitation powers [28] in

a high quality microcavity filled with a dye (FIG. 3.4 (a)). This system operates in the

weak coupling regime. In principle it can be regarded as the weak coupling described in

section 2.3.2 with Frenkel-excitons of the dye molecules.

(a) (b) 

(c) (d) 

Figure 3.4 – (a) Resonator geometry used for photon condensation. (b) Spectral and
spatial distribution of the emission. Upper right panel below threshold, lower right panel
above threshold. (c) Measured and calculated critical power as function of the curvature
radius of the confining mirrors. (d) Spatial emission distribution for a spatially displaced
pump spot [28].

Photons are efficiently confined inside the cavity mirrors, which also provides a parabolic

dispersion and therefore an effective photon mass. This makes the system formally equiv-

alent to a two-dimensional gas of trapped, massive bosons. Photons thermalise through

multiple scattering events with the dye molecules in the cavity. At criticality the pho-

tons start to condense in the ground state at the centre of the trap (FIG. 3.4 (a)). The

measured condensation threshold corresponds well to the density of photons where the

de Broglie wave-packets start to overlap (n ∗ λ2
db, FIG. 3.4 (c)). Finally thermal redis-

tribution causes condensation in the trap centre even for a pumpspot, that is spatially
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displaced from the trap centre (FIG. 3.4 (d)). This effect was previously observed in

polariton BECs [89], but is unknown in lasers.

In lasers a macroscopic number of photons becomes coherent and occupies the same

state, but both the light field and the gain medium are out of thermal equilibrium,

which is in contrast to the observations described above. The lasing transition needs to

be inverted. In the section below the inversion condition is explained.

3.5 Lasing and the transparency threshold

For the achieving population inversion a system needs to consist of at least three levels.

In thermal equilibrium the populations of the states in a three level system (Ni, i = 0, 1, 2

with energies Ei, i = 0, 1, 2) is described by the Boltzmann distribution:

Ni

Nj
= exp

(−(Ei − Ej)
kT

)
(3.15)

and the lowest energy state has the highest population (N0) for all temperatures. If an

optical pump is now used to populate the highest energy level (FIG. 3.5) the system

is driven out of thermal equilibrium and the population in levels N2 and N3 increases.

Level 3 and Level 2 are coupled non-radiatively, which leads to fast relaxation to level

2. Relaxation from level 2 to level one is slower, which leads to a higher population in

level 2. At the transparency threshold N1 equals N2 and the rate of absorption of light

exactly balances the rate of emission. Above this threshold the rate of emitted photons

is greater than the absorption rate. The electromagnetic field of the emitted photons

stimulates the emission of photons with the same wavelength and phase (FIG. 3.5 (a))

and the emitted light is coherent.

In real lasers the situation becomes more complex, as many more energy levels can be

involved. For semiconductors, where energy levels become a continuum, the inversion

condition can be formulated by comparing the Fermi-levels (the energy level which is

occupied with a probability of 50%) of electrons and holes with the energy of the laser

transition. For ∆EF > ET , where ∆EF is the difference of the fermi-levels of electrons

and holes and ET is the energy of the lasing transition, lasing occurs according to the

Bernard-Douraffourgh condition [102].
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Figure 3.5 – (a) Transitions in a three level system. (b) Stimulated emission. A photon
incides and stimulates the decay from the excited level to the ground state via emission of
a photon with the same wavelength λ and phase φ.
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4
Experimental techniques and samples

In this chapter the experimental techniques and the setups (section 4.1), the data analysis

(section 4.2) as well as the samples (section 4.3) used in chapters 5,6 and 7 are explained.

4.1 Experimental techniques

4.1.1 Basic setup – Real- and momentum-space imaging

In the experiments performed for this thesis the microcavity was held in a standard

cold-finger cryostat or a high resolution cold finger cryostat with wide field view access.

Since the binding energy of excitons in GaAs corresponds to around 100 K, thermal

dissociation is prevented by cooling the sample with helium to ∼ 10 K. The sample

was excited through a microscope objective and the emission was collected through the

same objective. The near and the far field could be imaged directly onto the slit of a

monochromator (300 mm) equipped with a streak camera and a water-cooled charge cou-

pled device (CCD) (FIG. 4.1). The grating in the monochromator could be exchanged

for a mirror that allowed for direct imaging of real or momentum space without energy

resolution. For optical excitation a tuneable Titanium-Sapphire oscillator that delivered

sub-picosecond pulses with a repetition rate of 80 MHz or a tuneable Titanium-Sapphire

continuous wave source were used. In continuous wave experiments the excitation beam

could be intensity-modulated by means of an acousto-optic modulator (AOM) at kilo-

hertz frequencies with variable duty cycles in order to reduce pump induced sample

heating.

4.1.2 Stabilized interferometer

A key feature of BEC is the build-up of long-range order or long range spatial correlation,

which is the quantity that describes the coherence between two spatially separated points
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(a) (b) 

(c) 

Figure 4.1 – Schematic setup for (a) real space and (b) momentum space imaging. (c)
By putting an aperture in an intermediate image plane the momentum space of a selected
region in real space can be separately imaged. The red planes represent the real space plane
and the green planes the momentum space.

of the sample, which scales with the fraction of particles in the condensate. This can

be measured by phase scanning interferometry. These measurements are extremely

sensitive to small movements and vibrations of the setup, as a small change in the

length of the arms changes the phase and therefore the interference pattern. We used a

phase-stabilised Michelson interferometer which was initially proposed by Wehner et al.

[103] and later used for coherent control [104] and long range coherence measurements

of the BEC of exciton-polaritons [25] in the group of Benôıt Deveaud in Lausanne. Here

the interference of a frequency-stabilised laser with itself is monitored by photodiode.

Through an electronic feedback loop any relative movement of the two interferometer

arms is compensated by a piezoelectric transducer that holds the mirror of one of the

arms. The setup is displayed in FIG. 4.2.

In order to scan the phase between the two arms in a controlled way the polarisation of

the stabilisation laser is scanned in the following way: The laser is initially diagonally

polarised. Polarisers mounted in two arms of the interferometer pass only the horizontal

for one arm and only the vertical for the other arm. Once the beams are recombined

they pass through a quarter wave plate with the fast (or slow) axis oriented at 45◦ to the

horizontal. This yields the two cross circular polarisations and thus a linear polarisation

of which the angle depends on the phase between the interferometer arms (δ). As two

cross circular polarisations do not interfere with each other, the intensity is constant.

However if a polariser is added the intensity that falls on the photodiode is dependent on

the angle of the polariser φ. The intensity then reads I = 2I0 cos2( δ2 − φ+ π
4 ), where I0

is the intensity of each beam. Rotating the polariser causes the piezo-electric transducer

to compensate for the intensity variation. This allows for very controlled scanning of the
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Figure 4.2 – Interferometer used for spatial coherence measurements. The emission from
the sample is split by in a michelson interferometer, equipped with a retro reflector. This
produces an image that is overlapped with the same flipped image at the image plane at
the camera (as demonstrated by the smileys in the top left-hand corner). The mirror arm
is actively stabilised by means of a single mode laser that is made to interfere with itself on
a photodiode. The intensity on the photodiode is fed into a feedback loop which drives the
piezo-electric positioned the mirror is mounted on. Additional insertion of polarisers and a
λ/4 wave plate makes the interference on the diode dependent on the phase. By turning
the polariser the phase between the arms can be scanned in a controlled way.

phase between the two interferometer arms and for accurate extraction of the contrast

of an interference pattern, which gives the fist order correlation function described in

section 4.2.3.

4.1.3 Single-shot polarisation setup

In a polariton microcavity with absent or weak polarisation the build-up of polarisation

at the phase transition is not evident in time integrated or time resolved measurements

where the polarisation is averaged over thousands of pulses. The polarisation of indi-

vidual pulses can be resolved by projecting the different polarisation components onto

photomultiplier tubes (PMTs), using appropriate half- and quarter-waveplates and po-

larising beam splitters. The rise time of the PMTs significantly shorter than the time dif-

ference between two sequential pulses (1.2 ns). The signal from the PMTs was recorded

on a four channel digital oscilloscope with sufficiently high sampling rate (5 GSls). The

33



Femtosecond 
oscillator  

PMT 1 

P
M

T
 2

 

x10
-3 

x10
3
 

Femtosecond 
oscillator  CCD 

CCD  

PMT 2 

Femtosecond 
oscillator  

-20

-15

-10

-5

0

5

x1
0-3

 

263.6263.4263.2263.0262.8262.6
x10

3
 

PMT 3 

P
M

T
 4

 

P
M

T
 1

 

CCD 

Calibra'on	  

(a) (b) 

Figure 4.3 – Single shot polarisation setup. (a) Setup for a single shot measurements of
a projection of the Stokes vector on the linear polarisation plane. The emission from the
sample was split by a non polarising beam splitter (grey cube) and the horizontal and vertical
polarisations were projected on the green and red PMT respectively using a polarising beam
splitter (blue cube). For measurement of a second polarisation basis the other half of the
emission was guided through an appropriately aligned waveplate and projected onto the
blue and yellow PMT. The dispersion relation could be viewed on a CCD coupled to a
monochromator. (b) Setup for energy-resolved detection. In this setup the polarisation
statistics of variable spectral ranges could be probed, by use of a grating and a variable slit
in the detection path.

use of four PMTs, allows in principle, to resolve the full Stokes vector of every single

shot. However, the noise due to the low counts in the linear regime exceeded the polar-

isation noise. We therefore performed projections of the Stokes vector on the x-y plane

and on each of the three axes (FIG. 4.3 (a)). For accurate calibration and elimination

of polarisation artefacts of the detection optics, a polariser followed by calibrated quar-

ter or half waveplates were placed immediately after the objective and the PMT gains

were adjusted to the corresponding polarisation basis. Different ranges of the emission

spectrum could be probed using a grating on a rotation stage and a variable slit in the

detection path (FIG. 4.3 (b)).

4.2 Methods

4.2.1 Tomography techniques

The spectrometer which was equipped with a streak camera and a CCD allowed in

principle to simultaneously image two dimensions at a time. In conjunction with the real

and momentum space imaging setup described in section 4.1.1 spectra of the emission

along one real space dimension (FIG. 7.3) or dispersion images (FIG 5.1) could easily

be taken by projecting the real or momentum-space onto the slit of the spectrometer.

Similarly the emission along these profiles could be temporally resolved with the streak

camera. The use of a motorised scanning mirror allowed for accurate scanning of the
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profiles across the slit for 3D reconstruction of the parameter space (for example time-

resolved dispersion images FIG. 5.2)

4.2.2 Correction for the temporal distortion caused by the grating in streak

camera measurements

FIG. 4.4 (a) shows the temporal dynamics of the emission with (solid black) and without

(solid blue) a dispersive grating. Convolution of the blue curve with a Gaussian function

of 30 ps at FWHM (green dotted curve) gives the red dashed curve, which satisfactorily

reproduces the trace measured with the grating (black). It is interesting to note that

the temporal resolution achievable without the violation of the time-energy uncertainty

is only 10 ps. The time-axis of all energy and time-resolved data is linearly scaled to

account for the instrument response function as obtained from deconvolution shown in

FIG. 4.4 (b). This provides an effective deconvolution of the data.
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Figure 4.4 – Time axis scaling. Measured temporal dynamics of the microcavity emission
with (black) and without (blue) grating. In a red dashed curve shows the result of the
convolution of the blue curve with a Gaussian of 30 ps at FWHM (green) that corresponds
to the instrument response function. In (b) the trace measured with the grating is re-plotted
against a linearly scaled time axis by a factor of 0.3 as a dashed line.

4.2.3 Extraction of the first order spatial correlation function

The interferometric setup described in section 4.1.2 allows for accurate scanning of the

phase (Φ) between the interferometry arms. The intensity generated on each pixel as a

function of the phase is then directly related to the first-order spatial correlation function
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g(1) of the two spatially separated points with coordinates ~r and −~r that are imaged on

this pixel. The waves coming from the mirror and the retroreflector can be described by

AM (~r) = A(~r) eiφ(~r)+iΦ (4.1)

AR(~r) = A(~r) eiφ(−~r)+i~k~r, (4.2)

where A(~r) is the amplitude at ~r and φ(~r) is the local phase of the condensate. Φ

describes the phase difference between the mirror and the retroreflector arm and ~k is

given by kx = k sinαx and ky = k sinαy, where αx,y is the angle at which the image

from the retroreflector arm hits the detector (see diagram in FIG.4.5 (a)). Using the

paraxial approximation we obtain

kx,y = sinαx,y k ≈ tanαx,y k = k
dx,y
f
. (4.3)

dx,y is the displacement of the retroreflector and f is the focal length of the imaging

lens.
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Figure 4.5 – (a) Diagram of the Michelson interferometer in retroreflector geometry. The
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(arm 2). The retroreflector displaces the beam by a distance d, which causes the beam to
incide on the detector with an angle α ≈ d

f , where f is the focal length of the imaging lens

(L).

The intensity of the interferogram on the detector is then given by

I(~r,−~r) = IInt(~r) = |AM (~r)|2 + |AR(~r)|2

+ 2A(~r)A(−~r) cos(~k~r + Φ + (φ(~r))− φ(−~r)) g(1)(~r,−~r), (4.4)

where g(1)(~r,−~r) describes the degree of coherence between ~r and −~r. This expression

can be rewritten by replacing the expressions of the complex waves with measurable

intensities

Inorm = g(1) cos(~k~r + Φ + (φ(~r))− φ(−~r)) =
IInt(~r)− IM (~r)− IR(~r)

2
√
IM (~r) IR(~r)

. (4.5)
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Chapter 4 Samples

Here IInt is the intensity of the interferogram, IM is the intensity of the mirror image

only and IR is the intensity coming from the retroreflector only. By scanning the phase Φ

a sinusoidal function with the amplitude g(1) for each pixel is acquired (see FIG. 4.5 (b))

and the first order coherence can be determined by a sinusoidal fit.

4.2.4 Determination of the Stokes vector from single shot measurements

The components of the Stokes vector were calculated for each pulse i. Therefore the

height of the pulse (which is proportional to the intensity) is determined for the channels

measuring horizontal (H), vertical (V ), diagonal (D), antidiagonal (A) and the two

circular (	,�) polarisations. The components are then given by

Sx(i) =
IH(i)− IV (i)

IH(i) + IV (i)
, Sy(i) =

ID(i)− IA(i)

ID(i) + IA(i)
, Sz(i) =

I	(i)− I�(i)

I	(i) + I�(i)
. (4.6)

This provides information about the spinor wave function as described in section 3.3.1.4.

4.3 Samples

4.3.1 Strong to weak coupling transition microcavity

The sample that was used for the work presented in chapters 5 and 6 was provided by

A. Lemâıtre and J. Bloch from LPN Paris. It was grown by molecular beam epitaxy

and consists of a λ/2 AlAs cavity embedded between two Al0.2Ga0.8As/AlAs DBRs

with 16 (top) and 20 (bottom) pairs respectively. Three sets of 7 nm quantum wells

are embedded in the antinode of the electric field in the cavity and the first antinodes

in the DBRs respectively. This technique causes high photon-matter interaction at

minimal cost of the cavity volume. The structure has previously shown lasing in the

weak coupling regime under cw excitation [105]. Under pulsed excitation the sample

exhibits non linearities also in the strong coupling regime [2, 68]. The quality factor of

the structure is around 2, 000 [106].

4.3.2 High quality microcavity

The sample used in chapter 7 was fabricated in the group of P. Savvidis in Crete. It

comprises a 5
2λ Al0.3Ga0.7As cavity with 32 repeats of AlAs/Al0.15Ga0.85As layers in the

top and 35 layers in the bottom DBR. Four sets of three 10 nm GaAs quantum wells

(QWs) are placed at the antinodes of the cavity electric field. The quality factor of this

sample was measured to 16, 000 [107].
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5
Dynamic transition from a photon to a polariton laser

In this chapter we study the dynamics of the transition between photon and polariton

lasing after a high power excitation pulse. The idea to focus on this subject was born

after the observation of BEC of photons [28]. A transition between a BEC of photons and

a BEC of polaritons was expected to take place after a high power excitation pulse that

initially brings the system to the weak coupling regime, whilst at later times the strong

coupling recovers and a degenerate polariton ground state forms from the polariton laser.

In the experiments performed in this chapter we indeed observe the main features of

BEC of photons and polaritons, namely a distribution of carriers according to the Bose-

Einstein distribution (BED) and build-up of long range coherence. A detailed discussion

of the main similarities and differences of our observations is given in section 5.5.

5.1 Temporal evolution of the dispersion

5.1.1 Experimental distinction between strong and weak coupling

The distinction between weak and strong coupling is a major topic of debate in the

community of microcavity polaritons. The dispersion in the strong coupling regime ex-

hibits a point of inflection, where the weakly coupled case is near parabolic. In the

linear regime the distinction is straightforward, as the dispersion can be clearly mapped

under non-resonant excitation or in reflectivity measurements by angle-resolved photo-

luminescence or Fourier imaging. In the non-linear regime the emission from the ground

state can be orders of magnitude higher than in other parts of the dispersion which

makes observation of the polariton branches difficult. Therefore, another criterion for

evidencing polariton lasing or polariton condensation was proposed by the group of

Jacqueline Bloch [105]. Here it was suggested that an ultimate proof for non-linearities

in the strong coupling regime would be the occurrence of a second threshold at a higher

power that corresponds to lasing in the weak coupling regime. This has for example
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been observed in reference 86 and [107]. However, in the latter case the two threshold

behaviour could be observed at temperatures beyond the range where polariton lasing

would be expected. Moreover the second threshold to photon lasing could be very small

and therefore difficult to observe, as is the case in the sample described in section 4.3.1

and used throughout this chapter.

5.1.2 Experimental results

The sample was excited non-resonantly at about 90 meV above the lower polariton en-

ergy into a reflectivity minimum of the Bragg mirror. This excitation scheme is generally

accepted as a prerequisite for BEC of polaritons [25], as it ensures that any coherence

from the laser is lost and the condensate forms from an incoherent reservoir of hot polari-

tons. The sample in use (section 4.3.1) has previously not show polariton lasing under

continuous wave excitation [105], where recent measurements performed in our group

indicate polariton lasing under excitation with a single mode laser. This observation can

be explained by the reduction of the number fluctuations, that lead to significantly lower

decoherence caused by fluctuations of the energy [108]. The first compelling evidence

of polariton lasing in this structure was provided in references [68, 109] under excita-

tion with femtosecond pulses. Hence, the use of pulsed excitation provides access to

non-linearities in the strong coupling regime and allows for studies of the temporal dy-

namics of photon and polariton lasing. Time-integrated dispersion images are displayed

in FIG. 5.1 (a) for a power below threshold, in (b) a polariton condensate is formed at a

blue shifted polariton energy at a power close to the threshold and (c) four times above

threshold where the system shows both strong and weak coupling lasing.

The dependence of the intensity on the pump power (d) exhibits the characteristic

superlinearity associated with lasing and condensation. The line width rapidly drops

at threshold and keeps increasing upon further increase of the power. The dispersion

relation was temporally resolved as described in section 4.2.1 for the two powers above

threshold displayed in FIG. 5.1 (b) and (c). We can map the temporal evolution through

four distinctly different regimes. Initially the system is in the photon lasing regime, which

is characterised by the appearance of a parabolic dispersion (as presented in FIG. 5.2

(a) on a logarithmic colour scale) at very short times (. 10 ps) after the high power

excitation pulse. The plot on a linear colour scale reveals that the emission is narrowed

in momentum space and energy (Inset in FIG. 5.2 (a)). This is followed by a regime

where a dispersion cannot be mapped, as the data is compromised by artefacts and the

line widths of the dispersions at higher angles are strongly broadened. In this regime

a dynamic transition to polariton lasing is observed as the the carrier density in the

system decreases and stung and weak coupling coexist in real space [110]. Further on

the system can be found in the non-linear strong coupling regime (∼ 20 ps to ∼ 120 ps).

This regime is present also under optical excitation at 1.1Pth, where Pth denotes the
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Chapter 5 Thermodynamics during the transition from a photon to a polariton laser
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Figure 5.1 – Disperison images below, (a) at (b) and far above threshold. Panel (d) shows
the superlinear increase of the intensity at a threshold of about 10 mW of the mode at
higher energy corresponding to the non-linear strong coupling regime (red circles), whilst
the linear polariton mode keeps following a linear dependence on power (black squares). The
linewidth at threshold collapses to half the value just below threshold (e) and the energy
jumps up at threshold and keeps blueshifting above (f).

threshold power and is shown in FIG. 5.2 (b) for high and (c) for the low excitation

power (P = 1.1Pth) . Again the emission is strongly narrowed in momentum-space and

energy. After 192 ps the system has fully relaxed to the dispersion measured in the

linear regime and the lower polariton branch is clearly visible on a linear colour scale

(FIG. 5.2 (d)). The white circles in the image correspond to the maxima on photon

and exciton polariton modes, obtained from a multi-peak fitting procedure. The times

stated were corrected for the temporal distortion caused by the spectrometer grating as

described in section 4.2.2.

5.2 Thermodynamics during the transition from a photon to a

polariton laser

Bosonic particles follow the Bose-Einstein distribution, which converges to the Boltz-

mann distribution at temperatures above the critical temperature and at low densities.
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polariton branches. The white circles follow a line of maxima corresponding to the cavity
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At a critical density where the ground state occupancy equals one the thermal distri-

bution saturates and bosons start condensing at the ground state. The distribution

function at this stage can be characterised by a highly populated ground state on top

of a thermalised tail which follows a Boltzmann distribution.

The polariton number density (NLP (k, t)) at k‖ = 0 is estimated from the measured

count rate on the streak camera N(θ(k), t) according to

N(θ(k), t) =
ηfM

τLP
NLP (k, t), (5.1)

where η = 3× 10−4 is the total collection efficiency including the neutral density filters

added in the path to reduce the photon flux on the detector, f = 80 MHz is the repetition

rate of the laser, τLP is the lifetime of the lower polariton, which calculates from the

bare photon lifetime τPhoton = 5× 10−12 s devided by the photonic Hopfield coefficient

and M is the number of states detected per pixel, given by

M =
dkx × dky ×A

2π2
= 0.17, (5.2)

where A = 9×10−6 cm2 is the spot size and dkx and dky are the acceptance wavevectors

determined by the vertical (y, in front of the spectrometer) and horizontal (x, in front of

the streak camera) slits. We calculate that an occupancy of 1 corresponds to N ∼ 400

counts per second per pixel on the camera. Polariton distributions are normalised with

the angle dependent Hopfield coefficients, obtained from coupled oscillator model fits to

the data to account for the different radiative lifetimes [25, 85]. This estimate confirms
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Chapter 5 Thermodynamics during the transition from a photon to a polariton laser

that the ground state occupancy is indeed of the order of unity at times where the

distribution function is close to a Boltzmann distribution.

FIG. 5.3 (a) shows the occupancy as a function of energy for P = 4Pth. In the weak

coupling regime a massively occupied cavity ground state on top of a Boltzmann distri-

bution of the cavity mode at higher angles is observed (black circles). This observation is

practically identical to the evidence for the photon BEC, provided in reference 28. After

55 ps (red triangles) we observe a polariton mode with a highly degenerate ground state

and a thermalised branch. Over time the ground state decays (76 ps, blue triangles) and

a smooth transition to a Boltzmann distribution (116 ps, green triangles) is observed.
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Figure 5.3 – Energy distribution and Temperatures. (a) the occupation measured at
different energies are given for several times after the optical excitation for P = 4Pth. At
3 ps a photon laser at the energy of 1.610 eV coexists with thermalised photons at ∼ 30 K
populating the cavity dispersion. At 55 ps and 76 ps a Bose-Einstein distribution of exciton-
polaritons with a degenerate ground state is observed. After 116 ps the occupancy of the
ground state reaches one. (b) Analysis of the spectra for P = 1.1Pth at different angles
and times show the coexistence of an exciton-polariton lasing mode at the ground state
with a thermalised population at early times. We map the depletion of the condensate
until the linear exciton-polariton regime, where the distribution exhibits a bottleneck. (c)
The temporal evolution of temperature for P = 1.1Pth (red triangles) and P = 4Pth (green
circles). The dashed lines in (a) and (b) are BE fits with a spectral range of > 3kBT .

FIG. 5.3 (b) shows the same data as in (a) but for the lower excitation power (1.1Pth).

The transition from a condensed polariton state to the linear polariton regime is mapped.

Around the time the ground state is no longer degenerate (∼ 86 ps) carriers lose ther-

malisation, i.e. the distribution does not appear as a straight line on a logarithmic plot.

At ∼ 140 ps the system exhibits a clear bottleneck. This can be understood as an effect

of the negative detuning. Here the central part of the dispersion is more photonic and

the dispersion is steeper around the ground state. Polaritons have a shorter lifetime and

relax less efficiently in the photonic part of the dispersion and therefore a bottleneck

builds out [111, 112], that prevents polaritons from thermalising. Condensation in this

regime was described as kinetically driven BEC [85].

The data in FIG. 5.3 (a) and (b) was fitted with a BED:

ni =
1

e(εi−µ)/(kBT ) − 1
(5.3)

43



Here εi is the energy of the ith state, µ is the chemical potential kB is the Boltzmann

constant and T the temperature. The fitting parameters are µ and T . In order to

determine the absolute minimum of χ2 the parameter space the fit was started with 100

different permutations of the starting parameters. The result of these fits are given as

grey dashed lines in FIG. 5.3 (a) and (b). For polaritons the fits agree extremely well

with the data (32 ps), in contrast to the data presented in reference 85. This discrepancy

was a major criticism on the picture of BEC of polaritons raised by Leonid Butov and

Alexey Kavokin [113].

Now let us discuss the temperatures obtained from the fits, displayed in FIG. 5.3 (c). At

early times whilst the system is in the weak coupling regime, the measured temperature

is around 32 K. There are two possible factors that could cause such temperature higher

than the lattice temperature of ∼ 6 K: (a) The pump induced heating of the sample that

dissipates at later times and (b) the fact that the time for thermalisation is too short to

cool down any further. At later times in the polariton regime the temperature ranges

from 15 K to 25 K and rises as the ground state decays. In the strong coupling regime

polariton-polariton interactions are strong which results in a lower effective temperature.

As polaritons escape, the temperature rises and thermalisation is lost. The rise in

effective temperature was also observed in reference 114 for negative detuning.

5.3 Evolution of the linewidth

The emission linewidth is an indirect measure of the temporal coherence of the system.

The spectrum of the emission of the ground state during the transition from a photon to

a polariton laser is measured (FIG. 5.4 (a)) and the linewidth is extracted (d). Starting

from a linewidth of ∼ 1 meV the linewidth initially increases, reaches a plateau and

then decreases to the linewidth that is measured for the polariton lasing regime. The

data is displayed for comparison in FIG. 5.4 (b) (spectra) and FIG. 5.4 (e) (linewidth).

The linewidth of the polariton laser is reduced by a factor of 0.5 with respect to the

uncondensed polariton gas (FIG. 5.4 (c),(f)). The line width of a polariton condensate

that reflects the coherence was previously studied in reference 115, here we extend

the study to the photon lasing regime and investigate the transition. The particular

evolution of the linewidth observed here indicates the transition between two coherent

states through an incoherent state. The time resolved data provided in (FIG. 5.4 were

taken by M. Maragkou [116]. In the following section the spatial dynamics of this

transition are investigated.

44



Chapter 5 Dynamics of the long-range coherence
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Figure 5.4 – Time-resolved spectra in (a) the photon lasing regime, (b) the non-linear
strong coupling regime and (c) below threshold. The corresponding linewidth are displayed
in (d-f). The data was taken by M. Maragkou.

5.4 Dynamics of the long-range coherence

To reveal the build-up of coherence, the first-order spatial correlation function (g(1)(~r, ~−r))
of the polariton emission is studied using an actively-stabilised Michelson interferom-

eter in a mirror-retro-reflector configuration described in section 4.1.2. A diffraction-

limited 1-dimensional stripe of the interferograms is sent to a streak camera [117], and

g(1)(
(
x=0
y

)
,
(
x=0
−y
)
, τ = 0, t) was measured. Here τ is the delay between the interferom-

eter arms. FIG . 5.5 (a) shows the macroscopic phase coherence during the rise and

decay (black line shows the intensity profile) of an exciton-polariton condensate. In

FIG. 5.5 (b) we observe a high degree of coherence for photon lasing along the whole

real space profile. In the transition to polariton lasing the coherence drops significantly

and builds up again when the system enters the strong-coupling, but with a lower de-

gree of coherence due to the lower occupation of the ground state (see FIG. 5.3 (a)).

FIG. 5.5 (c) displays profiles over the regions indicated in (a) and (b). The red solid

curve exhibits a clear dip at ∼ 10 ps. Around this time the transition from the photon

to the polariton laser takes place. In FIG. 5.5 (a) the coherence around 0 µm is high

(between 0.6 and 1) for all times. This is to be expected, as this region corresponds to

the autocorrelation point, where the light is interfered with light from the same sample

region. This feature is reduced in FIG. 5.5 (b), possibly due to greater decoherence,

which is induce by a higher excitation density.
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Figure 5.5 – Time resolved first order coherence measured along a diffraction limited
one dimensional stripe across the autocorrelation point (g(1)(

(
x=0
y

)
,
(
x=0
−y

)
, τ = 0, t), for

P = 1.1Pth (a) and P = 4Pth (b). The black lines show the intensity profiles. Insets
are time integrated interferograms, where the orange box marks the stripe along which the
coherence was time-resolved. (c) profiles for a fixed distance from the autocorrelation point
for P = 1.1Pth (green dashed) and P = 4Pth (red solid). The regions over which the profiles
are averaged are indicated in green dashed (a) and red solid (b) borders.

5.5 Comparison to BEC of photons and polaritons

In the previous section it was shown experimentally that the degenerate ground states of

photons and polaritons exhibit very similar features, namely the distribution of carriers

according to the BED and the occurrence of long range spatial coherence. It is worth

noting that these two were the key observations in the first report of BEC of exciton-

polaritons by Kasprzak and co-workers [25]. The picture of polariton BEC is since then

well accepted in the community. Polaritons interact with each other via Coulomb in-

teraction of their exciton component and this is how they thermalise and acquire phase

coherence. Pure photons on the other hand are non-interacting and therefore cannot

thermalise and undergo BEC [118, 119]. In section 3.4 different concepts of BEC of

photons are discussed, which are based on the fact that photons interacting with a

media are never pure photons. In a semiconductor microcavity photons interact with

electron-hole pairs in the quantum wells, that can be bound or unbound. In the pres-

ence of excitons the system is usually in the strong coupling regime. When the exciton

resonance broadens, due to strong interactions at high exciton densities, a transition
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Chapter 5 Comparison to BEC of photons and polaritons

to the weak coupling takes place at |γC−γX |2 = g0 (see section 2.3.2). Therefore, the

presence of excitons in the quantum wells enables both strong and weak coupling, whilst

an electron hole plasma necessarily leads to weak coupling. Unfortunately the presence

of bound electron hole pairs cannot be determined by standard spectroscopic means,

but the time at which the photon laser is observed (≤ 10 ps) sheds some light onto this

question. Exciton formation rates in GaAs were measured to tens of picoseconds [120],

therefore the occurrence of the photon lasing directly after the excitation pulse is indica-

tive that it is mediated by an electron hole plasma (see section 2.3.3) rather than bound

excitons (see section 2.3.2). BEC in an ionised plasma mediated by Compton scatter-

ing was discussed in reference 121. However the Compton wavelength of an electron is

∼ 2 pm. The ultrafast thermalisation observed here agrees well with the sub-picosecond

thermalisation times of an electron hole plasma [122]. The thermalised tail in the weak

coupling (FIG. 5.3) regime is most likely due to the emission of the electron hole pairs

leaking out of the cavity mode, rather than thermalised photons as already proposed in

reference 105.

5.5.1 Cooling down photons below quantum degeneracy

The build-up of the photon laser is below the temporal resolution of our detection appa-

ratus, being of the order of 2 ps. Therefore we show time-integrated photoluminescence

spectra under continuous wave (CW) excitation at different temperatures and excitation

densities. FIG. 5.6 (a) shows pump power dependent data at 60 K. The distribution

thermalises at a temperature close to the lattice temperature (Boltzmann distribution

for 60 K indicated by the solid line) and upon saturation the ground state becomes

macroscopically occupied, as observed in Ref. [28]. Next we induce the transition from

a thermalised distribution to a photon laser by lowering the temperature, as done in

atomic BECs, to demonstrate further similarities to atom [22, 23] and polariton conden-

sates [85] (FIG. 5.6 (b)).

We use continuous wave excitation at constant excitation power and study the emission

pattern of the cavity mode as a function of temperature. At a critical temperature

of about 90 K the thermal distribution reaches the degeneracy threshold and photons

start condensing at the cavity ground state. Although such behaviour is characteristic

of a thermodynamic phase transition, it is more likely due to the change of the cavity

mode energy with respect to the electron-hole transition energy in a similar fashion to

VCSELs (Vertical Cavity Surface Emitting Laser) [123]. The temperature of the photon

gas follows the lattice temperature between 60 K and 120 K, but does not go below 60 K

which is slightly above the exciton binding energy in bulk GaAs [124]. This might be an

indication, that the electron-hole pairs are unbound in this case. In the time-resolved

experiments we detect a lower temperature for the photon condensate (FIG.5.3(c)), due

to lesser heating of the sample under pulsed excitation.
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Figure 5.6 – Photon condensation in the steady state. (a) At 60 K the distribution of
photons thermalises at a temperature close to the lattice temperature and the ground state
becomes macroscopically occupied at a certain excitation power. (b) The transition can
equally be induced by lowering the temperature. Photon distributions follow the lattice
temperature and the ground state becomes degenerate around 60 K. While the lattice
temperature can be varied down to ∼ 6 K the photon distribution does not go below 60 K.
Straight lines indicate Boltzmann distributions for 60 K (solid), 95 K (dashed) and 120 K
(dotted).

5.5.2 Verification of the Bernard Douraffourgh condition

Next we test the Bernard-Douraffourg condition for lasing [102] by comparing the emis-

sion energy in the weak coupling regime (Eweak) with the difference between the Fermi

energies (∆EF ) of electrons in the conduction band and holes in the valence band for the

weak coupling regime. Conventional lasing occurs when ∆EF > Eweak. The Bernard-

Douraffourg condition is given by:

∆EF = Eg + Eec + Ehc + EeF + EhF

= EQW + EeF + EhF

≈ EEX + EeF + EhF

> Eweak, (5.4)

where ∆EF is the difference in the quasi Fermi energies of electrons, Eg is the bandgap,

Ee,hc are the confinement energies and Ee,hF are the quasi fermi energies of electrons and

holes. EQW is the energy difference of the hole and the electron ground state and EEX

is the energy of the exciton resonance. Eweak is the energy of the weak coupling laser. If

the condition is fulfilled the electron hole population is inverted and conventional lasing

can be observed.

The quasi Fermi energies in a 2-D system are implicitly given by

ne,h =

∫ ∞

0
ρe,h2D(Ec,v)f(Ec,v, Ee,hF )dEc,v. (5.5)
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Figure 5.7 – (a) Band diagram of a quantum well. (b) Difference between the Fermi levels
of electrons and holes as a function of carrier density. The arrows indicate the experimental
conditions.

Here ne,h is the in plane density of carriers, ρe,h2D(Ec,v) is the 2D density of states and

f(Ec, v, Ee,hF ) the Fermi Dirac distribution. Ec,v are the energy axes starting at the

quantum well ground state for electron (c) and the hole (v) (See diagram in Figure 5.7).

The 2D density of states is calculated from the number of states whose transverse vector

is in between 0 and π:

N(k⊥) =
2(1

4)πk2
⊥

∆kx∆ky
=
k2
⊥

2π
A⊥ (5.6)

ρk2D =
dN

dk⊥
=
k⊥
π
. (5.7)

Here A⊥ is the transverse area of the quantum well, k⊥ is the inplane wave vector.

and ∆kx∆ky is the area of the unit cell. The factor 2 accounts for two possible spin

projections and 1
4 considers only the positive k-vectors. ρk2D is the number of states per

unit k⊥ and per unit area. The energy density of states ρe,h2D(E) is then given by

ρe,h2D(Ec,v) = ρk2D
dk⊥

dEc,v
=
k⊥
π

dk⊥
dEc,v

=
me,h

π~2
, (5.8)

and the Fermi-Dirac distribution by

f(Ev,c, E
e,h
F ) =

1

1 + exp
(
Ev,c−Ee,h

F
kBT

) (5.9)

=⇒ ne,h =

∫ ∞

0

me,h

π~2
f(Ev,c, E

e,h
F )dEc,v

=
kBTm

e,h

π~2
ln

(
1 + exp

(
Ee,hF
kT

))
(5.10)

=⇒ Ee,hF (n) = kBT ln

(
exp

(
ne,hπ~2

me,hkBT

)
− 1

)
. (5.11)
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The density of electron hole pairs at threshold power is given by:

D =
Pth
Epump

× (1−R)× τ × αQW , (5.12)

for continuous wave excitation. Pth is the threshold power, Epump is the energy of the

pump, R is the reflectivity at the pump energy τ is the carrier lifetime and αQW is

the quantum well absorption coefficient. For pulsed excitation we calculate the peak

density:

D =
Pth
Epump

× (1−R)× αQW . (5.13)

FIG. 5.7 (b) shows ∆EF as a function of the density of electron hole pairs. The solid

arrow indicates the pumping condition at threshold to photon lasing under cw excitation.

The density estimate lies well below the inversion threshold. It is however important to

mention that the calculation of carrier densities under cw excitation bears great errors,

as a mean carrier lifetime has to be assumed and therefore the carrier density is not

a strong enough evidence for condensation of photons. Nevertheless carrier densities

under cw excitation were previously calculated for example in reference 82. The dashed

arrow indicates the conditions under pulsed excitation. This value is inherently more

accurate as it captures the situation directly after optical excitation, where the photon

lasing occurs and no average carrier lifetime has to be assumed.

5.6 Conclusions

In conclusion we have witnessed a dynamic transition between photon and polariton

lasing. Both exhibit the same signatures of BEC. Dispersion images and the evolution

of the energy clearly show the transition from the weak to the strong coupling (section

5.1), the effective temperatures show how far from thermal equilibrium the system is at

different times after the excitation pulse (section 5.2). The evolution of the linewidth

(section 5.3) and the first order spatial coherence measurements (section 5.4) map the

transition between two coherent states by the passage through an incoherent state. Fi-

nally a steady state experiment confirms another great similarity between condensation

of atoms and polaritons with the photon lasing state (section 5.5.1). For both lasing

phases the thresholds are in close proximity to the inversion threshold (section 5.5.2).

Due to all the aforementioned ambiguities the question what is BEC and what is a laser

is still an open topic. In table 5.1 the key differences between polariton and photon

lasers as well as atomic BECs are compared.
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Atoms Polaritons Photons

Condensation tempera-
tures

10 nK - 1 µK up to 300 K up to 300 K

Thermal equilibrium
necessary for condensa-
tion

Yes No No

Thermal distributions Yes Yes Yes

Long range coherence Yes [93] Yes[25, 95] Yes[2]

Momentum-space nar-
rowing

Yes Yes Yes

Linewidth narrowing Yes Yes Yes

Induction of phase tran-
sition by lowering of the
temperature

Yes Yes Yes

Finite lifetime No1 Yes Yes

Table 5.1 – Main differences and similarities between the condensates of atoms, po-
laritons and photons.

1 Atoms in traps have a lifetime of tens of seconds, while their condensation
happens in tens of milliseconds.
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6
Spontaneous symmetry breaking in photon and polariton

lasers

In the previous chapter the dynamic transition between a photon and a polariton laser

was studied and a comparison to BECs of polaritons [25] and photons [28] was con-

ducted. Energy and momentum-space narrowing, carrier distributions according to the

BED and build-up of long-range coherence were witnessed. An important criterion that

remains to be investigated is the spontaneous build-up of an order parameter at the

phase transition. For the phase transition to a Bose-Einstein condensate this order pa-

rameter is the macroscopic wave function. As polaritons and photons are spinor entities

the occurrence of a macroscopic wave function is manifested by a defined phase relation

between the two spin-projections on the growth-axis. This in turn is directly accessible

by polarisation measurements on the emitted light. Build-up of linear polarisation at

the phase transition to a polariton BEC was witnessed in continuous wave measure-

ments [125, 126] as a result of pinning to the [110] axis, due to optical anisotropies

of the CdTe microcavity under study. This behaviour is, however, also very charac-

teristic for lasers, that commonly have a well defined polarisation. If, however, the

pinning potential is too small to pin the polarisation, the emission appears unpolarised

in time-integrated measurements. Spontaneous symmetry breaking in this case is shown

by creating a sequence of condensates and polarisation measurements for every single

realisation [84, 127]. The random build-up of the phase of the order parameter is intu-

itively equivalent to a ball at the tip of a circularly symmetric mountain. Every time

the ball rolls down the hill (equivalent to different realisations of the condensate) the

path it chooses and the position it rolls to at the bottom of the hill is completely ran-

dom. The final position of the ball corresponds to the phase of the order parameter.

The effective potential that determines the order parameter is plotted in FIG. 6.1 [128].

This behaviour is different to what has been observed in conventional lasers, where the

polarisation is fixed and was therefore attributed to condensation. In this chapter the

single shot polarisation statistics of polariton and photon laser described in the previous

chapter are investigated.
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Figure 6.1 – Effective potential that determines the order parameter. The formation of the
order parameter is represented by the balls rolling down the perfectly symmetric potential
hill.

6.1 Evidencing spontaneous build-up of vector polarisation

The sample (section 4.3.1) is excited by femtosecond pulses at a repetition rate of

80 MHz. The emission of 64, 000 single pulses was measured and recorded and the

polarisation distribution was extracted and deconvolved with the instrument response

function as described in section 4.2.4. This measurement is time-integrated over the life-

time of each individual condensate. A temporally resolved study of polarisation during

the transition from strong to weak coupling lasing can be found in reference 110. FIG. 6.2
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Figure 6.2 – 2D histogram of linear and diagonal components of the pseudo-spin vector
for P < Pth (a) and P = 2.4Pth (b) on the x− y plane of the Stokes sphere.

shows the 2D projection of the Stokes parameter histogram on the x − y plane (linear

polarisation plane). In the linear regime and when the pump power is below threshold

(Fig. 6.2 (a) we observe a narrow Gaussian distribution centred to zero, which demon-

strate the unpolarised nature of the polariton PL. The width of the Gaussian distribution

is limited by the analogue noise and the finite digital sampling rate of the acquisition.
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Chapter 6 Evidencing spontaneous build-up of vector polarisation

Above threshold (P = 2.4Pth) and still in the strong-coupling regime (Fig. 6.2 (b)), the

distribution significantly broadens with the average polarisation again remaining close

to zero. Although the average polarisation in the strong-coupling regime is zero we see

that a high fraction of the condensate are measured to have a non-vanishing polarisation

which leads to significant broadening of the 2D polarisation histogram. This measure-

ment exhibits the spontaneous build-up of polarisation in two dimensions, which is a

signature of the phase transition.
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Figure 6.3 – The mean (a, d), the standard deviation (b, e) and the total degree of
polarisation (c, f) for linearly (left panel) and circularly (right panel) polarised pump. Above
threshold (marked by a red line) we observe the build-up of total degree of polarisation while
the average polarisation remains close to zero for linearly polarised pump.

We further analyse the polarisation build-up under horizontally polarised excitation at

different excitation powers. The average polarisation remains close to zero for all excita-

tion powers (FIG. 6.3 (a)). The standard deviation of the three polarisation components

(FIG. 6.3 (b)) reveal the transition to the condensed state. Whilst the standard devia-

tion in the two linear polarisations is practically equal, the build-up of stochastic circular

polarisation is much smaller. This observation is in contrast to reference 84 where the

width of the polarisation distribution is 25% for linear and circular components. This

discrepancy could be explained by the different geometries of the samples: In a quantum

well microcavity the linear polarisations are favoured, whilst in a bulk microcavity the
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excitonic confinement in the light propagation direction is lifted and the circular polar-

isation is equivalent to the linear. FIG. 6.3 (c) shows the total degree of polarisation

as a function of excitation power. The total polarisation decreases after it peaks at a

power close to the threshold. This is attributed to the increasing interactions in higher

populated condensates, as well as the occurrence of weak coupling at excitation powers

of ∼ 2Pth. FIG. 6.3 (c) shows the root mean square of the polarisation. The data shown

in FIG. 6.3 (a-c) is taken for a horizontally polarised pump, but the behaviour of the

stochastic polarisation dynamics is identical for all linear pump polarisations.

Under circular pumping the observed dynamics are in contrast to the ones observed

under linear pumping. In the average polarisation FIG. 6.3 (d) the polariton emission

clearly follows the pump polarisation (	). The circular polarisation peaks close to

threshold and decreases with increasing excitation power, due to increasing interactions

(section 6.2). The standard deviation (FIG. 6.3 (e)) increases nearly monotonically

above threshold until the width of the distribution converges to the values observed

under linear pumping at ∼ 10Pth. The polarisation of excitons therefore transmits to

the condensates and suppresses the stochastic polarisation build-up at low excitation

power. At higher particle densities the effect screens, because the hot carriers scatter

with each other and quickly loose their polarisation. It is important to note that no phase

coherence from the laser is inherited by the condensate but merely a certain degree of

circular polarisation.

In previous parts of this section all the emission was sent to the PMTs and therefore

the polarisation observed arises both from emission in the strong and the weak coupling

regime. In order to separate the contributions from these two regimes we employ a

spectral filter as shown in FIG. 4.3 (b). Energy-resolved Fourier space imaging allows

for direct evidence of both the strong and the weak-coupling regime as the correspond-

ing dispersion relations (E(k)) are fundamentally different (as extensively discussed in

chapter 5).

Fig. 6.4(a), (b) and (c) show the dispersion for the linear, strong-coupling and weak-

coupling regime respectively. The cyan borders display the energy gaps that are filtered

for the measurements. FIG. 6.4 (d-i) show the results of the single-shot polarisation

measurements for the polaritons in filled symbols (corresponding to the cyan border

in FIG. 6.4 (b)) and the photons in open symbols (cyan border in FIG. 6.4 (c)). The

standard deviation of the linear polarisation in the weak coupling regime reaches a peak

value (∼ 35%) that is twice as high as in the strong coupling regime (FIG. 6.4 (e)).

The total polarisation of the emission in the weak coupling rises to as high as 55%,

without any average polarisation. FIG. 6.4 (g-h) confirm again that the circular pump

polarisation is inherited and that the polarisation in the weak coupling case is higher. In

the polariton case the total polarisation rapidly converges to the curve observed under

linear pumping. This indicates that spin dependent interactions within the polariton

condensate are strong enough to screen the inherited polarisation.
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Figure 6.4 – Dispersion images for (a) below threshold (linear regime), (b) P = 1.5Pth
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6.2 Theoretical model

The formation of a polariton condensate is a stochastic process since the phase and po-

larisation develop from initial random fluctuations as polaritons enter the condensate.

This kind of stochastic processes can be described by the Langevin equation, where

a macroscopic parameter is influenced by microscopic fluctuations. The most popu-

lar application of the Langevin equation is the description of Brownian motion. Here

the Langevin equation is used to describe the stochastic build-up of the order parame-

ter [129].

Within this theory, we write separate equations for the evolution of coupled cavity

photon and exciton fields together with an evolution equation for a hot exciton reservoir,

which represents the excitations generated by the non-resonant optical pump in our

experiment. This is in contrast to the theory presented in reference 129, where the

the Langevin equation was formulated for polaritons. To model the experiment this

simplification was insufficient as we observed strong blueshift and therefore large changes

of the Hopfield coefficients.
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Cavity photons can have one of two circular polarisations, represented by the index

σ = ±. The evolution of the cavity photon field, ψσ, is described by

i~
dψσ
dt

=

(
EC − i~

ΓC
2

)
ψσ + V χσ, (6.1)

where ΓC is the cavity photon decay rate, EC is the cavity photon energy and V is the

coupling strength to the exciton field, χσ. The photons of polarisation σ = ± couple

directly to excitons with spin projections σ = ± on the structure growth axis [130]. The

evolution equation for the exciton field, χσ, is:

i~
dχσ
dt

=

[
i~
2

(rNσ − ΓR)

+ ν ′
(
α1|χσ|2 + α2|χ−σ|2 + EX

)]
χσ

+ ν ′
[
δE

2
e2iσφχ−σ + V ψσ

]
+ θσ(t) (6.2)

where ν ′ = 1 − i~ν and ν is the energy relaxation parameter [129]. ΓR is the exciton

decay rate. α1 and α2 are the spin dependent exciton-exciton interaction constants.

At threshold we observe a small build-up of linear polarisation, which we theoretically

represent by the term δE , with orientation φ [130]. Polaritons are expected to enter the

condensate as a result of scattering from a hot excitonic reservoir, Nσ, which proceeds

at a rate r.

The stochastic nature of the polarisation formation is accounted for by the noise term

θσ(t), which is defined by the correlators:

〈θσ(t)θσ′(t
′)〉 = 0 (6.3)

〈θσ(t)θ∗σ′(t
′)〉 =

1

2
rNσ(t)δσσ′δ(t− t′). (6.4)

The reservoir of hot excitons which is generated by the non resonant pump is described

by
dNσ

dt
= −

[
ΓR + r

(
|χσ|2 + 1

)
+ J

]
Nσ + JN−σ. (6.5)

We assume that scattering events between excitons with parallel spins are dominant

during the condensation of polaritons [131]. J is the spin relaxation rate of hot excitons,

which becomes particularly important with the use of circularly polarised excitation

that is inherited by the exciton reservoir. Excitons are generated instantaneously by

a short optical pulse at t = 0, which yields the initial condition Nσ(t = 0) = Nσ,0.

Furthermore the condensate population is initially zero, setting the boundary conditions
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ψσ(t = 0) = 0 and χσ(t = 0) = 0. The equations 6.1-6.5 are solved numerically 1 to give

the time dynamics of the system. The value of the total measured polarisation degree

is calculated for each pulse using

sx = (ψ∗−ψ+ + ψ∗+ψ−)/N (6.6)

sy = (ψ∗−ψ+ − ψ∗+ψ−)/N (6.7)

sz = (|ψ+|2 + |ψ−|2)/N (6.8)

s =
√
s2
x + s2

y + s2
z, (6.9)

where N is the total number of emitted photons. The results are averaged over the

duration of the pulse and filtered at the energy which is filtered in the experiment. Each

pulse in the experiment is modelled separately. The individually created condensates

receive an influx of polaritons with random polarisation (in the case of linear excitation)

and preferentially circularly polarised (for circularly polarised excitation) from the hot

incoherent excitons excited by the non-resonant pump. The spin of the first polariton

that enters the ground state determines the condensate spin and scattering to this par-

ticular spin state is amplified. This initial spin state is determined by the random noise

term.

The individual pulse averaged and filtered total polarisations are represented by the dots

in FIG. 6.5). The calculated root mean square is given by the solid line. FIG. 6.5 (a)

shows the results for a linearly polarised pump, which creates an unpolarised exciton

reservoir, where in (b) the exciton reservoir is circularly polarised, due to a circularly

polarised pump. Theoretically, the transmission of the pump polarisation to the con-

densate is accounted for by a partial spin relaxation between hot exciton reservoirs.

The solutions to equation 6.1-6.5 show a clear threshold behaviour (FIG. 6.5). Below the

threshold, the polariton polarisation changes rapidly within the duration of each pulse.

Here the polarisation of polaritons is entirely stochastic and no correlation is established.

Consequently, there is no coherence between polaritons and the total polarisation degree

is minimal. This reflects in the pulse average (represented by the dots in FIG. 6.5) as well

as in the ensemble average (root mean square represented by the solid lines in FIG. 6.5).

Above threshold, the polarisation of the polariton that first enters the condensate is

strongly favoured by stimulated scattering to this state. Polaritons become coherent

and a high total polarisation degree is expected in each pulse. In the absence of pinning,

this polarisation is randomly chosen by the system and changes stochastically from one

pulse to another. This effect appears both experimentally (Fig. 6.4 (e)) and theoretically

(see Fig. 6.5 (a)). The polarisation degrees predicted by the theory are much greater

than those observed experimentally. This can be explained by the spatial inhomogeneity

1We used the following parameters in our calculations: ΓC = 1ps−1; V = 7.5meV;
ν = 0.01meV−1ps−1; δE = 50µeV; φ = 10◦; α1 = 10−3meV; α2 = −0.1α1; r = 2 × 10−3ps−1;
ΓR = 1/500ps−1; J = 0.2ps−1, EX − EC = 2.5meV.
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Figure 6.5 – Simulation results for the dependence of the total polarisation degree on
pump intensity for a linearly polarised (a) and circularly polarised (b) pump. The grey
circles show the values for each pulse and the solid curves show the root mean square.

of the condensate in the experiment. The theoretical model does not take into account

that different polarisations might be preferred in different regions of the condensate area,

due to local fluctuations of the linear mode splitting.

The overall splitting of the linear modes is however very small. This causes only a

small built-up of average linear polarisation (FIG. 6.4 (d)). The small splitting of the

linear modes reduces the rotation of the Stokes vector. Therefore the polarisations

remains nearly constant throughout the duration of the pulse, resulting in a high single-

shot polarisation. At higher densities the spin dependent exciton-exciton interaction

(described by α1 and α2 in equation 6.2) starts to be more important. This interaction

causes self-induced Larmor precession of the Stokes vector [48], which depends on the

polariton density. At higher excitation powers the stokes vector precesses faster and

therefore the pulse averaged polarisation decreases.

In the case of circular pumping the self-induced Larmor precession is overall greater due

to the imbalance in the spin populations. This results in a lower polarisation degree

for the case of circular excitation. However, experimentally we rather observe that

the polarisation degree is lower with linearly polarised pumping. This difference can

also be attributed to the spatial degree of freedom, which is not accounted for in our

theoretical model. Under circular pumping the spatial variations are smaller as the

circular polarisation is preferred at all points in the sample. This effect outweighs the

increased self-induced Larmor precession in the experiment.

The theoretical simulations are limited to the strong coupling case, as the weak coupling

is in the electron-hole plasma regime (chapter 5), where the theory does not apply.

The simulations in this chapter were performed by T.C.H. Liew.
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6.3 Discussion and conclusions

In conclusion, we have investigated the single-shot polarisation of photon and polariton

lasers. This is in line with the investigations focused on the similarities between photon

and polariton lasing and the similarities with BEC presented in chapter 5. We observed

that the polarisation spontaneously builds up at the phase transition to a condensed

polariton state, without any average polarisation. This is a clear evidence for sponta-

neous symmetry breaking and it was previously only observed in a GaN-microcavity [84]

and is in contrast to the observations in a CdTe-microcavity, where the polarisation is

pinned due to strong structural anisotropy. We further observe for the first time the

same effect with an even higher build-up of spontaneous polarisation in the weak cou-

pling regime. The spontaneous breaking of symmetry was previously regarded as the

smoking gun for BEC and a phenomenon that is completely different from all previous

observations in lasers. This might lead to the conclusion that the coherent state in the

weak coupling regime is in fact a condensate. On the other hand there is no physical

reason, why spontaneous symmetry breaking should not occur in conventional lasers,

when the structural disorder has a negligible effect on the polarisation state. In fact

VCSELs often exhibit polarisation instabilities and appear unpolarised, which indicates

that they behave similarly to the microcavity under study.

We have further investigated the dependence of the single shot polarisation on the pump

polarisation. This study reveals an interesting fact about the relaxation dynamics in

under non-resonant optical excitation. The preservation of circular polarisation of the

circularly polarised excitation in the condensate indicates a very efficient and fast relax-

ation mechanism that relaxes highly excited excitons to the condensate without loosing

their spin. This is in contrast to previous observations in CdTe [25, 126]. On the other

hand the phase coherence between spin up and spin down excitons is completely lost as

shown under non-resonant linearly polarised excitation.

The non-resonant excitation with a circularly polarised laser faciliates the creation of

condensates with controllable spin states. In the next chapter we use this finding to

investigate the transport of spin by a propagating polariton condensate.
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7
The optical spin Hall effect and spin transport in a radially

expanding polariton condensate

Semiconductor microcavities in the strong coupling regime are excellent candidates for

designing novel “spinoptronic” devices due to their strong optical non-linearity, unusual

polarisation properties and fast spin-dynamics. The first steps towards the fabrication

of spin-based switching have been recently demonstrated [49, 51, 132]. An important

goal for the development of integrated devices is coherent spin transport. Being neu-

trally charged, exciton-polaritons have a significantly smaller scattering cross section

with atomic cores, than electrons in a metal. Frictionless flow, which is one of the char-

acteristics of a superfluid, has been recently demonstrated in polaritons [38]. Fabrication

of high finesse microcavities has allowed ballistic polariton propagation and long-range

order extending over macroscopic distances far beyond the excitation area [133]. In this

chapter we use this coherent polariton propagation for the transport of spin information.

A polariton condensate that expands radially away from the excitation spot is created

and the spin texture is imaged by polarisation resolved imaging.

7.1 The optical spin Hall effect

The optical spin Hall effect was predicted by Alexey Kavokin and co-workers in 2005 [134].

Polaritons, being spinor quasiparticles interact with an effective magnetic field that lies

in the sample plane. This effective magnetic field is caused by the splitting between

the transverse electric and transverse magnetic mode, which in turn arises from the

long-range exciton exchange interaction [135] and the intrinsic splitting of the cavity

mode [136]. This splitting commonly vanishes for the normal incidence and increases

with increasing in-plane wave vector for small angles [137]. The resulting effective mag-

netic field Ω depends on the direction of the polariton wave vector and is given by

Ωx =
∆LT

~k2
(k2
x − k2

y), Ωy =
∆LT

~k2
kxky, (7.1)
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where ∆LT is the TE-TM splitting. The directions of the effective mangetic field are

given for the different angles of the in-plane wave vector in FIG. 7.1 (a). The effec-

tive magnetic field can cause polarisation patterns [138, 139] as well as spin polarised

vortices [139] and solitons [96]. The optical spin Hall effect describes the anisotropic

distribution of polarisation in momentum space during resonantly Rayleigh scattering

by a defect [134]. It could be experimentally realised in a polariton microcavity [140]

and a purely photonic cavity [141] under resonant injection of polaritons and photons.

(a) (b)

Figure 7.1 – (a) The blue arrows show the distribution of the effective magnetic field
caused by the TE-TM splitting in momentum space. (b) A polariton is injected with circular
polarisation (marked by red arrows) at the centre of the excitation spot and moving outwards
(with the k-vector shown in green in (a)) experiences a spin precession about the effective
magnetic field. The precession of the pseudospin vector in the Poincaré sphere at points
where ∆LTm

~2k |~r| = 0, π/2, π, 3π/2, 2π is shown. Here m is the effective polariton mass.

7.2 Generation of a radially expanding polariton condensate

Polaritons with a specific k-vector can be injected , by exciting at an angle, to excite

a point [38, 42] or at a specific energy to excite a ring in momentum space. However,

in this way the coherence of the state is directly inherited from the laser. Here we

study the propagation of spin in a non-resonantly injected polariton condensate and

therefore employ a trick that is described in this section. Polaritons interact between

themselves and with the excitonic reservoir, through Coulomb interaction, which causes

modification of the potential landscape [133, 142].

A small excitation spot leads to a strong blueshift and polaritons are pushed away from

the excitation area [143]. Outside the excitation area the blueshift due to the high

population is absent and their potential energy is converted into kinetic energy, where

the wave vector is determined by the shape of the local energy momentum relation.

Polaritons here behave like balls rolling down a potential hill (corresponding to the

blueshift in the excitation area) until their potential energy is converted to kinetic energy

that determines their speed as they roll through the flat landscape. The dispersion

relation was measured at the excitation spot, where the condensate appears at a strongly

blue-shifted energy (FIG. 7.2 (a) and 90 µm away from the excitation area, where the

emission originates from the branch at a high k-vector (FIG. 7.2 (b). The theoretical
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Chapter 7 Generation of a radially expanding polariton condensate

simulations (FIG. 7.2 (c) and (d) by Tim Liew are obtained from Fourier-transformations

of the spectral distribution in real space.
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Figure 7.2 – Spatially filtered dispersions at the excitation area (a,c) and at 90 µm
away (b),(d). Experimental data (a),(b) and theoretical simulation obtained from Fourier-
transforms in the time and space domain. Red traces indicate the shape of the dispersion
at low excitation power.

Further we examine the emission in real space. Below threshold the emission extends

only about 2 − 3 times beyond the size of the excitation area (∼ 5 µm) [FIG. 7.3 (a)].

The inset shows the emission below threshold in real space, the white dots indicate the

place where the profile was taken. Above threshold a narrow mode that extends far

beyond the excitation area appears [FIG. 7.3 (b)]. The inset shows the far field image

above threshold exhibiting the collapse onto a ring in momentum space.

The collected emission spectra at different distances from the excitation area show a

superlinear increase (c) and a rapidly dropping linewidth (d) at the photoluminescence

threshold as far as 300 µm away from the excitation spot. These features are character-

istic for lasing, condensation and buildup of coherence.

All experiments in this chapter are performed on the microcavity sample described in

section 4.3.2, allowing for long propagation in sample areas with low disorder.

7.2.1 Measurements of the real space spin pattern

A circularly polarised continuous wave excitation was tuned to a reflection minimum of

the Bragg mirror outside the high reflectivity region and focused to a ∼ 5 µm diameter

spot through a 0.2 NA objective. All experiments were performed at ∼ 7 K using a cold
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Figure 7.3 – Energy resolved emission of a cross section through the image of the spot
(inset in a) below (a) and above threshold (b). The inset in b shows the far field emission
above threshold. (c) Emission intensity at various distances from the excitation spot show
a superlinear increase at a threshold of about 25 mW. (d) The linewidth as a function of
power rapidly drops at the threshold (colour legend in c).

finger cryostat. The excitation laser was intensity modulated using an acousto optic

modulator at 10 kHz with a 5% duty cycle to reduce sample heating. The emission was

spectrally separated from the excitation laser and imaged onto a water-cooled CCD or

sent to a 300 mm imaging spectrometer. Calibrated waveplates and a polariser were

positioned in the detection path to measure the intensities in all polarsation compo-

nents (IH , IV , ID, IA, I� and I	). The distribution of the Stokes vectors in real space is

calculated by:

sx,y,z(x, y) =
IH,D,	(x, y)− IV,A,�(x, y)

IH,D,	(x, y) + IV,A,�(x, y)
(7.2)

FIG. 7.4 (a) shows the integrated emission mapped in the near field. The linear com-

ponents of the Stokes vector (sx and sy) exhibit a cartwheel pattern (FIG. 7.4 (b) and

FIG. 7.4 (c)). The circular component (FIG. 7.4 (d)) reveals up to four revolutions of

the pseudospin around the effective magnetic field within the polariton lifetime and a

circular symmetric ring pattern. The spacing of two successive rings of the same circular

polarisation (δr�,�) is determined by equation 7.4 and therefore depends on the radial

velocity of the polaritons and the TE-TM splitting that corresponds to the in-plane

k-vector (δr�,� = 2π~2
m

k
∆LT

). This wave vector is slightly different in different radial

directions which gives rise to the oval shape. Furthermore the symmetry is broken by

different kinds of disorder. On the one hand, there is photonics disorder caused by strain

due to the lattice mismatch between the different layers of the structure, which produces

straight features that are arranged as a crosshatch in strongly strained samples[144].

These features are visible for example in FIG. 7.5 (e), as parallel vertical defects. On

the other hand point like defects that commonly arise from Gallium droplets [145] cause

obstacles that the polariton fluid flows around. Behind these defects we observe the
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Figure 7.4 – The spatial distribution of the emission intensity on a logarithmic colour scale
(a) and the linear (b,c) and circular (d) Stokes parameters at P = 2× Pth using circularly
polarised emission.

interference of the polariton fluid with itself, forming density oscillations that propagate

without blurring (see FIG. 7.4 in the top left hand corner).

To demonstrate the non-linearity of the effect the same measurement was performed

below the threshold. Here polaritons are evenly distributed in k-space and therefore

experience different effective magnetic fields. FIG. 7.5 (a) depicts the intensity below

threshold. The Stokes components sx, sy and sz are displayed in FIG. 7.5 (b),(c) and

(d) respectively. The colour scale is zoomed in with respect to FIG. 7.4, making visible

a very faint polarisation pattern. In case of a linearly polarised excitation laser the ring

condensate is randomly polarised within the excitation area [2, 84] giving rise to a very

weak spin structure in real space (FIG 7.5 (f)-(g)).
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Figure 7.5 – (Emission intensity (a),(e) and the measured Stokes parameters (b)-(d) and
(f)-(h) for circularly polarised excitation below the threshold (a)-(d) and linearly polarised
excitation in the lasing regime (e)-(h).

7.3 Theoretical description

7.3.1 A simplified explanation

In the previous section the creation of a polariton condensate that radially expands

with a well defined k-vector was explained. In chapter 6 it was shown that circular

polarisation is inherited from the excitation laser and here this effect is used to create

a spin pattern in real space. A polariton that interacts with an effective magnetic field

via its spin obeys the precession equation

∂~σ

∂t
= ~σ × ~Ωk, (7.3)

where ~σ is the pseudospin vector of the polariton, and ~Ω is given by equation 7.1. The

solutions for the three spin components are

σx = A sin(
∆LTmp

~k2
r + φ) sin(2θ), σy = A sin(

∆LTmp

~k2
r + φ) cos(2θ)

σz = A cos(
∆LTmp

~k2
r + φ), (7.4)

where A = 1 is the amplitude in spin space (or A = 1
2 in pseudo spin space) and φ is

a phase factor. The circular polarisation of the excitation gives the boundary condition

that σz(r = 0) = 1, leading to φ = 0. The resulting spin pattern is shown in FIG. 7.6 1.

1Parameters: mp = 7 × 10−5 of the free electron mass, ∆LT = 0.05 meV, k = 2.05 µm−1.
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Figure 7.6 – Polarisation pattern resulting from an initially circularly polarised polariton
condensate that was injected at the origin, propagating with a finite in-plane k-vector and
interacting with the effective magnetic field given in FIG. 7.1 (a).

7.3.2 Solutions to the generalised Gross-Pitaevskii equation

The theory that describes the spatial dynamics of polariton condensates is based on the

Gross-Pitaevskii equation which is a non linear Schrödingier equation that describes the

condensate wave function of a system of interacting identical bosons.

Polaritons have a finite lifetime and escape through the dielectric mirrors. Therefore

the condensate is constantly replenished by the pump laser, that creates a reservoir

of hot excitons. This is accounted for by adding a pumping and a loss term to the

Gross-Pitaevskii equation [74] for the polariton field [146].

We formulate the Gross-Pitaevskii equation for the spinor wave function ~Ψσ(x, y, t) =(
Ψ+

Ψ−

)
, where Ψσ describe the wave functions in the two orthogonal circular polarisa-

tions [147]

i~
d~Ψσ(x, y, t)

dt
=

(←→
T + V (x, y)− i~γ

2
+ α|~Ψσ(x, y, t)|2 +

(
gR + i~

r

2

)
nσ(x, y, t)

+ ~GPσ(x, y, t)

)
~Ψσ(x, y, t). (7.5)

The TE-TM splitting [134, 136], which is assumed to increase with the square of the

in-plane wave vector (parabolic approximation) is accounted for in the kinetic energy

operator
←→
T , given by [148]

←→
T = ~2

2m

(
~2
2m∇2 ∆LT (k)

k2
(∂x − i∂y)2

∆LT (k)
k2

(∂x + i∂y)
2 ~2

2m∇2

)
. (7.6)

Here the polariton dispersion is approximated as parabolic, with effective mass m, which

is valid since the observed energies and in-plane wave vectors in the experiment lie in

the parabolic part of the dispersion. The next term in equation 7.5, V (x, y) represents
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the static disorder potential typical in semiconductor microcavities, which is chosen as

a random Gaussian correlated potential [140]. γ represents the polariton decay rate. α

is the polariton-polariton interaction strength between polaritons with parallel spin (the

interactions between polaritons with opposite spins are much weaker [131]). nσ(x, y, t) is

the density of the hot exciton reservoir, which may be polarised depending on the pump

polarisation but is assumed incoherent. gR represents the effect of repulsive interactions

between the reservoir and polaritons (also assumed negligible for oppositely polarised

spins) and r is the condensation rate, representing the process where hot excitons con-

dense into polaritons. An additional pump-induced shift is described by the interaction

constant G where Pσ(x, y, t) is the spatial pump distribution [74].

The two coupled differential equation for the two spin projections σ = ± are given by

i~
dΨσ(x, y, t)

dt
=

(
− ~2

2m
∇2 + V (x, y)− i~γ

2
+ α|Ψσ(x, y, t)|2

+
(
gR + i~

r

2

)
nσ(x, y, t) + ~GPσ(x, y, t)

)

Ψσ(x, y, t) +
∆LT

k2
LT

(
i
∂

∂x
+ σ

∂

∂y

)2

Ψ−σ(x, y, t) (7.7)

The evolution of the hot exciton density is described by the rate equation:

dnσ(x, y, t)

dst
=
(
− Γ + r|Ψσ(x, y, t)|2

)
nσ(x, y, t)

+ Pσ(x, y, t), (7.8)

where Γ is the reservoir decay rate. We consider a circularly polarised continuous wave

pump. Starting from a random initial condition the time evolution of the system can

be calculated numerically until a steady state is reached, which is independent of the

initial condition. FIG. 7.7(a)-(c) show the distribution of the calculated Stokes vectors

in space 2.

We have included a disorder potential (V (x, y)) in our theoretical model, although the

Rayleigh scattering of polaritons with disorder is not necessary for the observation of the

multiple rings and cartwheel structure of the polarisation in space. This is in contrast to

the original demonstration of the optical spin Hall effect [134, 140, 141] where Rayleigh

scattering was utilised to populate a ring in reciprocal space. In our case, polaritons

condense at the laser spot position with a blue-shifted energy due to their interactions

with uncondensed hot excitons. While these hot excitons experience a limited diffusion,

polaritons ballistically fly away from the laser spot, converting this interaction energy

into kinetic energy. The kinetic energy is characterised by the non-zero wave vector of

2Parameters: m = 7 × 10−5 of the free electron mass, ∆LT = 0.05 meV, kLT = 2.05 µm−1,α =
2.4 µeV µm2,γ = 0.2 ps1, Γ = 10γ, ~r = 0.1meV µm−2, G = 0.03 µm2.The disorder potential was
generated with 0.05 meV root mean squared amplitude and 1.5 µm correlation length. The pump
intensity was chosen to match the experimentally measured blueshift of the polariton condensate.
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Figure 7.7 – Theoretical simulation based on a Gross-Pitaevskiii equation with inclusion of
the spin degree of freedom for the linear (a,b) and circular components of the stokes vector.
Simulations were provided by T.C.H. Liew.

polaritons, which due to the circular symmetry of the excitation corresponds to a ring

in reciprocal space.

Without disorder, similar calculations reveal smooth rings with perfect circular sym-

metry in the sz distribution (and smooth profiles with order 2 rotational symmetry in

the sx and sy distributions), similar to the ones presented in FIG. 7.6. The addition of

disorder gives the rings a noticeable texture and breaks the perfect circular symmetry

(leaving only approximately symmetrical distributions), which is similar to the disorder

effects observed experimentally. Although this indicates that a small amount of scatter-

ing with disorder is present, it is clear that we are in a regime of weak scattering or it

would not be possible to observe such clear polarisation patterns over such distances.

Theoretical simulations presented in this section were performed by T.C.H. Liew.

7.4 Discussion and conclusions

In conclusion, we have witnessed the formation of spin pattern in real space due to

the optical spin Hall effect in a radially expanding polariton condensate. Coherent

precession of the pseodospin vector were observed over distances of a few hundreds of

microns, performing up to four complete revolutions. A study of the optical spin Hall

effect in the non-linear regime was called for in the report on the first observation of the

effect in 2007 [140].

Previous studies of the optical spin Hall effect were relying on resonant Rayleigh scatter-

ing to mediate anisotropic distribution of spin in real and momentum space [134, 140,

141]. Therefore they are in analogy to the extrinsic spin Hall effect firstly predicted

by Dyakonov and Perel’ in 1971 [44] and further investigated by Hirsch in 1999 [45].

The effect describes the accumulation of spin on the lateral surfaces of an electric

current-carrying sample due to spin dependent scattering of electrons with impurities
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(a) (b) 

Figure 7.8 – (a) The extrinsic spin Hall effect is the spin-anisotropic elastic scattering off
a defect. (b) The intrinsic spin Hall effect on the other hand describes the separation of
spin in momentum space due to spin orbit interaction, analogous to a spinning ball flying
through air on a curved trajectory.

(see FIG. 7.8 (a)). Thirty years after its’ discovery it was observed in GaAs and InGaAs

microfilms [149]. The intrinsic spin Hall effect on the other hand relies on spin orbit

interaction to separate the spins [150, 151] without any scattering events (FIG. 7.8 (b)).

In this chapter a method to observe the optical spin Hall effect without the necessity of

Rayleigh scattering and therefore a kind of intrinsic optical spin Hall effect is demon-

strated.

The ballistic propagation of spin polarised polaritons over distances of a few hundred

microns that is demonstrated here, could be interpreted as spin-superfluidity in the

non-dissipative limit. However, it should not be mistaken with the spin superfluidity

reported for 3He [152], where the non dissipative transport of spin is decoupled from

mass transport. In these experiments the spin information transport is mediated by

moving exciton polaritons and therefore does not compare to spin-superfluidity.

In the data presented in FIG. 7.4 the polariton fluid flows around defects in the sample

(for example in the top lefthand corner of the image). Behind the defect we observe

intensity oscillations that propagate without blurring, much like the solitons that have

previously been observed in polariton fluids [42, 96]. The investigation of these solitons

and their spin dynamics would complement the existing studies on polariton solitons.

Further, the theoretical investigation of the condensate phase reveals a vortex with the

winding number two at the excitation spot in the circular polarisation which is opposite

to the excitation polarisation3. Under resonant excitation in an empty microcavity the

existence of topological defects was already confirmed [139]. Similar to the dissociation

of multiply charged vortices observed in a polariton condensate [40], the vortex equally

dissociates into two singly charged vortices. This paves way to controlled injection of

spin polarised vortices in non-resonantly excited polariton condensates.

3T.C.H. Liew, private communication and reference 148
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Chapter 7 Discussion and conclusions

Finally, it is worth mentioning the one fundamental difference between the optical spin

Hall effect and the spin Hall effect: Whilst the spin Hall effect causes the separation of

unpolarised carriers in spin up and spin down, the optical spin Hall effect merely rotates

the direction of polarisation in the Poincaré sphere.
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8
Conclusions and perspectives

Semiconductor microcavities offer a fascinating playground to observe rich physics. His-

torically, cavities embedded between two DBRs with an active medium to provide non-

linearities were operated in the weak coupling regime and were designed for practical

application rather than studies of fundamental physics. The first vertical cavity surface

emitting laser was fabricated in 1979 [153] and the structure strongly resembled the

samples that are used today in the groups that study the physics of polaritons.

Over time, technologies for the growth of semiconductor structures such as molecular

beam epitaxy and metal oxide chemical vapour deposition have been developed, making

the first observation of strong coupling in a semiconductor microcavity [30] as well as

non linearities [35, 82] and BEC [25] in the strong coupling regime a reality. In structures

grown nowadays the disorder potential is minimised and record photon lifetimes of hun-

dreds of picoseconds were achieved [154]. Researchers engineer the potential landscape

of polaritons by structuring the samples [52, 133, 155] and by optical means [142, 156].

In the first part of this thesis, the question whether the strong coupling regime is at all

necessary for the observation of the above mentioned effects is investigated. In particular

the Bose-Einstein condensation in the regime of strong and weak coupling was studied.

We find that all features that are presented in the seminal paper on BEC of exciton-

polaritons [25] to support the claim of polariton condensation can also be observed in

the weak coupling regime: Narrowing in momentum space, ground state narrowing, a

carrier distribution according to the BED and the buildup of spatial coherence (chap-

ter 5). Instead of spontaneous build-up of polarisation we observe true breaking of the

symmetry, where the polarisation is chosen spontaneously and acquires a different value

in each realisation. This spontaneous locking of the phase between the spin up and spin

down was previously identified as the smoking gun for BEC [84, 127]. We observe the

spontaneous symmetry breaking in the strong coupling regime, where the idea of con-

densation is widely accepted, but to an even higher degree in the weak coupling regime.

The sum of these observations has two major implications:
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• The observed state is indeed a condensate of photons.

or

• The observations presented as a proof for polariton BEC are not actually sufficient

Nevertheless, there is yet one difference between lasing in the strong and the weak

coupling regime, which is the behaviour of the second order coherence. As shown in

FIG. 3.3 g(2) [86] increases at higher pumping values, whilst it remains close to one for

all accessible pumping powers above the second threshold. This however merely confirms

that the interactions within the condensate of polaritons is higher than in the photonic

condensate. This is to be expected for a laser, but also for a BEC of photons, as the

interactions in a photon condensate are much weaker than in the polariton condensate.

A question that remains unanswered in this thesis is whether or not excitons or an

electron hole plasma or a mixture of both are mediating the lasing in the weak coupling

regime. The distinction between the weak coupling of excitons or a plasma with a

cavity mode is not possible by standard photoluminescence spectroscopy. To prove the

existence of excitons in the weak coping regime, terahertz-absorption spectroscopy has

to be employed. In reference [60] the transition from bound excitons to an electron hole

plasma was studied in bulk Silicon. Here the 1s→ 2p exciton transition is sustained also

above the calculated Mott density. This indicates that perhaps also in the microcavity

under study, a finite number of excitons exist in the weak coupling regime, which could

mediate the thermalisation and the transition to a BEC in the weak coping regime.

The study on the spontaneous buildup of polarisation revealed an easy and efficient

way to inject condensates with a well-defined spin state through non-resonant circularly

polarised excitation. This allowed for a study on spin transport mediated by propagating

polaritons. The spin information sustains over macroscopic distances (∼ 300 µm). This

confirms the great potential of polaritons for spinoptronic applications. The next step

towards integration of this coherent spin propagation in optoelectronic devices would be

the guided flow of a spin current [53] and the integration with spin switches [49, 51] and

low level logic.

In chapter 7 the spin Hall effect was studied in the non-linear regime for the first time.

The repulsive interaction of polaritons and excitons within the excitation spot causes

the polaritons to condense on a ring in momentum space and propagate radially away

from the excitation area with a collective spin state inherited from the excitation laser.

We observe coherent spin precession around the effective magnetic field in the sample

plane and the formation of a spin pattern in real space, that extends over macroscopic

distances. The observed effect is not mediated by Rayleigh scattering and therefore

represents the intrinsic version of the optical spin Hall effect.
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Chapter 8

Observations like the optical spin Hall effect [141] and spin polarised vortices [139] and

lately dark solitons [157] can be observed in purely photonics microcavities giving rise

again to the question, what the role of the strong coupling in many of the observed

effects actually is. This question is giving a new direction to the field.
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Lagoudakis, A. V. Kavokin, J. J. Baumberg, G. Christmann, R. Butté,
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sarri Höger von Högersthal, E. Feltin, J.-F. Carlin, and N. Grandjean,

Spontaneous polarization buildup in a room-temperature polariton laser, Physical

Review Letters 101, 136409 (2008).

[85] J. Kasprzak, D. D. Solnyshkov, R. André, L. S. Dang, and G. Malpuech,
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Littlewood, A. Löffler, S. Höfling, L. Worschech, A. Forchel, and

Y. Yamamoto, Power-law decay of the spatial correlation function in exciton-

polariton condensates, Proceedings of the National Academy of Sciences (2012).

[96] R. Hivet, H. Flayac, D. D. Solnyshkov, D. Tanese, T. Boulier, D. An-

dreoli, E. Giacobino, J. Bloch, A. Bramati, G. Malpuech, and A. Amo,

Half-solitons in a polariton quantum fluid behave like magnetic monopoles, Nature

Physics (2012).

[97] L. Landau, The theory of superfluidity of helium II., J. Phys. USSR 5:71 (1941).

[98] S. Utsunomiya, L. Tian, G. Roumpos, C. W. Lai, N. Kumada, T. Fujisawa,
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G. Malpuech, A. Kavokin, and R. André, Optical anisotropy and pinning of

the linear polarization of light in semiconductor microcavities, Solid State Com-

munications 139, 511 (2006).
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