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Nc=5X1 08 cm=2

A separation is effected; one part condenses, the rest remains a saturated ideal gas
A. Einstein, 1925

Beauty is created by nature, sometimes we succeed in making it visible
W. Ketterle, 2001
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Background motivation and main
statements of this work

Surprisingly, a large number of fundamental concepts of modern physics have their
origins in Einstein’s works. Among them there is an intriguing phenomenon called
Bose-Einstein condensation (BEC). This phase transition occurs upon increasing the
phase space density of bosons - particles with integer spin, and is a consequence of
their statistical properties. Nowadays the accepted definition of the BEC describes
the transition in which a large fraction of massive bosons spontaneously occupy the
same quantum state, leading to the formation of a long-range phase coherence.

From the very beginning, the idea of the BEC was a subject of animated debate
and strong criticism ([Woo80|, p.524). Even Einstein himself had doubts about his
discovery, when he referred to the BEC in the following words:

"The theory is pretty, but is there also some truth to it?"

after "Current Science", vol.82, no.1, p.10, 2002

The proposal of Bose and Einstein had remained a hypothetical peculiarity of
the Bose gas until 1938, when London noticed that the temperature of the A-point
is close to the BEC critical temperature, when applied to liquid helium [Lon38§].
The connection between BEC and superfluidity was settled and developed in the
following years by Landau, Tischa and Bogoliubov. It is interesting to note that
the convincing evidence for BEC in a liquid helium below the A-point was provided
only in the 80’s (see Sokol in |Gri95] ).

Further developments in condensed matter physics established the description of
BEC in terms of a macroscopic wave function and pointed out the onset of spon-
taneous long-range coherence as an important criterion for the BEC [Pen56]. The
idea of long-range coherence unified the understanding of the BEC, superfluidity,
superconductivity and lasing. However, this last one remains very distinct from
BEC since it describes coherence of a pure photon field.

The first unambiguous proof for a BEC in weakly interacting systems came from
atomic physics in the 90’s, when massive occupation of the ground state [And95]
and long-range coherence [Andr97] of cold, trapped alkali atoms were demonstrated.
Yet, much effort had previously been put into observing this phase transition in the
solid state. Here the natural candidate is an exciton [Bla62, Mos62|: a composite
boson arising owing to the Coulomb attraction between an electron and a hole
in a semiconductor. Its major advantage is a light effective mass, four orders of
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Background motivation and main statements of this work

magnitude lighter than the atom’s. This could enable excitonic BEC at temperatures
available by standard cryogenic means. On the other hand, due to its small binding
energy, the bosonic nature of an exciton is rather "fragile". Thus, increasing the
exciton density could lead to ionization towards the electron-hole plasma before
BEC could take place.

The principal aim of this work is to demonstrate experimentally the condensation
phenomenon in a solid state system. Our efforts to reach this goal are focalized on
the exciton’s cousin called the exciton polariton [Wei92]. This bosonic quasi-particle
is the result of the strong coupling between a quantum well exciton and the photon
mode of a Fabry-Perot like microcavity. Its effective mass is 4-5 orders of magnitude
smaller than the exciton’s, hence allowing bosonic degeneracy significantly below
the exciton saturation density at temperature as high as 50K. This last condition is
secured in our case by choosing CdTe as a basis of the microcavity; in this material
system the bosonic character of excitons is preserved up to densities ten times higher
than for GaAs.

The first indications suggesting polariton condensation in CdTe-based microcav-
ities have already been found before this thesis work [Dan98, Max05, Blo05, Mul00].
Here we detail a comprehensive set of experiments giving compelling evidence for
BEC of polaritons. Our experimental techniques are based on near- and far-field
optical spectroscopy, first and second order interferometry measurements and basic
polarization studies. The results were obtained in the range of temperature from
4K up to the room temperature.

Above a critical density, we observe a massive occupation of the polariton ground
state, developing from a thermalized and saturated distribution of the polariton
population at (16-20)K. We study polariton thermalization in detail and we show
that it strongly depends on the exciton fraction in the polariton. We demonstrate as
well the existence of a critical temperature for this transition and we find an upper
temperature limit for polariton condensation in CdTe microcavities to be around
50K.

The spontaneous onset of a coherent state is manifested by an increase of tem-
poral coherence, a build-up of long-range spatial coherence and a reduction of the
thermal noise observed in intensity correlation experiments. The marked degree of
linear polarization of the emission from the condensate is also measured.

All of these findings indicate the spontaneous onset of a macroscopic quantum
phase.

At the same time we emphasize that polariton condensation differs in many
ways from Einstein’s proposal: the polariton gas is far from the ideal Bose gas
and interactions play an important role. Moreover, we deal here with an open
system: polaritons leak out of the microcavity within their very short radiative
lifetime (~ 1072 s), hence continuous pumping is needed to compensate radiative
losses. We are also faced with further complications resulting from the reduced
dimensionality, the finite size and the intrinsic structural disorder.
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Chapter 1

Introduction

In this introductory part the origin of Bose-Einstein Condensation (BEC) is ex-
plained. First, we show how bosonic attraction and the Bose-Einstein distribution
arise from the indistinguishability principle. The modern definition of the BEC is
given. Next, we briefly recall the famous realization of the BEC in cold atom vapors.
Finally, we place the BEC in the broader context of spontaneous coherence. In the
next section the excitonic molecule is introduced in the context of the search for a
BEC in the solid state. In order to obtain the BEC in a solid, at the very beginning
one has to be sure that the particle that is under consideration can be treated as a
boson. The limits of the bosonic approximation for the exciton are discussed. The
systems in which the BEC is being searched for are briefly presented.

Contents
1.1 Originofthe BEC . ... ... .. ... ... ... 1
1.2 Realization of a BEC in cold atom vapors . . . . ... .. 6
1.3 Related phenomena . ... ... ... ... 0. 8
1.4 Towards condensation insolids . ... ........... 9
1.4.1 Theexcitonasaboson. . .. ... ... .. ... ..... 9
1.4.2 Systems studied . . . . . ... ..o oL 12

1.1 Origin of the BEC

Consequences of the indistinguishability principle We are used to the length
scales given by the classical world. This loads us with habits and reasoning that
we take for granted. We believe that we can distinguish between objects by naming
them, for instance by giving them different numbers. Yet, intuitions inherited from
the macroscopic world may be misleading as soon as we enter the microscopic world,
where the length scales are comparable to the size of the wave functions describing



Chapter 1. Introduction

particles. The fundamental postulate of quantum mechanics is the indistinguishabil-
ity principle: we are not able to detect any feature distinguishing quantum objects
of the same species, like electrons with the same spin.

This has deep consequences and leads to the fundamental division of the quantum
particles into two kinds:

e bosons described by a symmetric wave function and possessing integer spin

e fermions described by an antisymmetric wave function and having half-integer
spin

These two types of particles show radically different statistical behavior. On
the one hand the antisymmetric properties of fermions (destructive quantum inter-
ference), gives rise to the Pauli exclusion principle, while on the other hand the
bosonic symmetry (constructive quantum interference) is the origin of the bosonic
attraction, of stimulation phenomena and finally of Bose-Einstein condensation.

The tendency of bosons to cluster into the same state is revealed already by
the following, trivial example. Let us consider two particles that can be disposed
between two states. We can ask what is the probability (P) of obtaining double
occupancy of a state? In the case of classical particles the answer is 50%, whereas in
the case of bosons this probability is higher and is equal to 66% (see table 1.1). In
the case of three particles and three states the probability to get triple occupancy
of the state is already 2.7 times higher for bosons compared to classical particles.
It should be pointed that this bosonic agglomeration is uniquely due to symmetry
properties and does not require interactions.

| N° | Classical particles | Bosons |
1 1 2
> 21 RN
3 12 Ko

4 12 —[ee]
P 50% 66%

Table 1.1:  The difference between the statistics of classical, distinguishable particles
and bosons. The agglomeration of bosons into the single state is seen already for the
system of two particles. The probability of observing double occupancy of the boson
state 1s 1.32 times bigger compared to classical particles.

The symmetry leads also to the bosonic commutation rules:
(b5 b1 = 05 [0, ba] =0 (1.1)

Starting from these equations it can be shown easily that the scattering rate towards
a bosonic state is enhanced by the presence of other bosons in that state. Namely,
if the occupancy is of order N, the scattering rate is proportional to (N+1) [Mie98§].
Thus we deal with an avalanche like process: the higher the occupancy of the state,



1.1. Origin of the BEC

the faster its occupancy increases'. This phenomenon, known as the bosonic final
state stimulation, can be considered as the origin and basis of the BEC.

Bose-Einstein distribution and condensation as a solution for the diver-
gence The ideal Bose gas is usually treated in the frame of the grand canonical
ensemble [Pit03, Coh03]. This classical calculation leads to the Bose-Einstein dis-
tribution (see figure 1.1): a distribution of the gas particles among the accessible
states N, depending on the temperature and density.

1

E,—u

o 1 (1.2)

n, =

T is the temperature and g is the chemical potential, which is fixed by the total
number of particles in the system N = ) n,. Let us assume an energy of the ground
state Ey = 0. Thus i has negative values and is an increasing function of the density.
The striking feature of distribution (1.2) is its divergence as soon as yu — 0: The
ground state occupancy ng >~ E"TOL_TM becomes large without limit. At the same time,
(in the three dimensional case) the number of particles that can be acquired into the
excited states is limited even if 4 = 0 (thermodynamic limit). Two situations are
possible. If N is smaller than the critical density defined as N, = Ngo(T, 1 = 0)
(where Ngo stands for total number of particles in the excited states), the ground
state occupancy is of the same order as excited states. On the other hand, as soon as
N > N, the decision has to be made where to put the additional N — N, bosons?
Inspired by the work of Bose [Bos24], Einstein proposed the solution in [Ein25]*.
Taking into account saturation of the excited states, additional particles start to
massively occupy the ground state i.e. the number of the particles in the ground
state becomes comparable with the total number of particles in the system, or
equivalently a non-negligible condensate fraction ng/N appears. This saturation
of the excited states and macroscopic occupation of the ground state is
the phase transition called the Bose-Einstein condensation.

Even though the BEC is a purely statistical phenomenon and does not require
interactions, it is difficult to argue in the above picture why condensation should
occur into the single quantum state, and not, for instance, into several nearly de-
generate states around the ground state? As was pointed out by P. Noziéres (p.15
in [Gri95]), only by introducing interactions and by considering the energetic cost
of exchange terms for an interacting Bose gas one can understand why occupation
of the single state is favored.

Another way of deriving the BEC is to compare the average distance between

particles and their thermal de Broglie wavelength Ay = nzgz; In the diluted

!Introducing interactions may change this picture.

21t is interesting to note that the BEC was predicted before division of the particles into fermions
and bosons was cleared up (1927). Bose’s work was based on photons. It was Einstein who applied
Bose’s idea for massive particles, justifying it by saying that if particles were waves, they should
obey the same statistics as photons. This was the first time that anyone referred to de Broglie’s
idea of matter waves [Gri99].
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100
—— = KT
—— u= KkT/4
104 u= -kT/10
: —— 1= KT/100

—
|

o 1 2 3
Energy-E  [meV]

Figure 1.1: (a: A. Einstein and S. N. Bose: the fathers of the concept of bosonic
condensation. b): Bose-Finstein distribution for constant temperature and increas-
ing particle density: saturation of the excited states and agglomeration in the ground
state are clearly visible.

limit, i.e. when the average distance between particles d is much larger than \yg,
the particle gas can be treated classically (see figure 1.2). But with increasing
phase space density®, the quantum degeneracy situation is finally reached when
d ~ A\gg. At this point the gas becomes degenerate and the quantum Bose-Einstein
distribution should be used, opening the possibility of a BEC. In particular, one can
see that the lower the mass and the temperature, the faster a quantum
degeneracy is revealed with increasing particle density.

The language of phase transitions is usually applied in the thermodynamic limit
and hence for infinite systems. One can ask about the possibility and criterion for
a BEC in a finite size and/or interacting system. It can be shown that massive
occupation of the ground state can occur in a finite (trapped) 3D system. However
the more precise condition for condensation is given by the "modern" definition of
the BEC [Pit03, Leg01], discussed in the next paragraph.

Macroscopic phase coherence and order parameter The crucial point in the
"modern" concept of the BEC is the spontaneous appearance of long range phase
coherence in the condensed state [Pit03]. The coherence between particles
separated by s = |ry — ra| is described by the density matrix:

n(ry,r2) = (¥(r1) " (rs)) (1.3)

3i.e. the number of particles contained within the volume A3 [Pet02]




1.1. Origin of the BEC

Aggoc(m-T) 12

d>> AdB d< AdB

Figure 1.2: The BEC in the trapped 3D system. In the dilute limit, particles are
distinguishable and the classical Boltzmann distribution could be used to describe
the system. With increasing phase space density, \gp becomes comparable with the
interparticle separation d. Quantum degeneracy s reached when, for bosons, the
Bose-FEinstein distribution should be used to describe the particle gas. With further
increase of phase space density, a BEC occurs: "one part condenses, the rest remains
a saturated thermal cloud”.

, where ¢(r) is the field operator associated with the particle.

The important property of the density matrix is its connection with the momen-
tum distribution of the particle density through the Fourier transform [Pit03]. It
appears that, in the normal state, the density matrix has significant values only for
s < Agp, whereas for s >> \;p it goes smoothly to zero. This shows that quantum
correlations are limited by the thermal de Broglie wavelength.

In the condensed state the situation is different. Now the momentum distribution
has a d-like term in the ground state corresponding to the presence of the condensate,
and consequently the density matrix (1.3) has a nonvanishing value in the limit
s — oo. This property, named off-diagonal long range order, is nowadays
considered as the most important token of a BEC.

Thus, practically, the long range coherence means that there exists a phase
relation between points separated by distances much larger than A\;z. The amount
of correlation for s >> A\;p appears at the condensation threshold and increases with
condensate fraction (see figure 1.4). Experimentally studied systems are always
finite, thus a formal check (measurement of correlations for s — oo ) of this
criterion is not possible. A more adequate question is whether phase coherence
is spread over the entire size of the system or does it disappear at the smaller
length scales? So macroscopic phase coherence can be experimentally confirmed
by measuring a high spatial correlation over distances much larger than \;p and
comparable with the sample size.

A more detailed discussion of the signatures of the BEC in "real life" systems is
given in chapter 6.4.

In the Bogoliubov approximation, the condensate can be treated as a classical
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object [Dal99, Leg01, Pit03], characterized by a single macroscopic wave function
that can be written in the following way:

U(r) = y/glt(r)] - e (1.4)

Here, n, is the number of condensed particles, 1(r) is the single particle wave func-
tion of the ground state and ¢(r) is the phase characterizing coherence and superfluid
phenomena [Pit03]|. This macroscopic wave function of the condensate W(r) can be
considered as an order parameter for the BEC: a macroscopic quantity that emerges
at the transition point. Making an explicit choice of the phase of the order parameter
formally corresponds to the symmetry breaking in the system: in fact, any physi-
cal properties stays unchanged when varying the phase. The concept of an order
parameter is an important issue in the theory of phase transitions, characterizing
a given transition. For instance, in the paramagnetic-ferromagnetic transition the
order parameter is the macroscopic, spontaneous magnetization developed at the
transition point.

1.2 Realization of a BEC in cold atom vapors

The Bose condensation was considered for a long time as some unrealistic peculiarity
of the Bose gas. For many years the only example of a Bose condensed system was
superfluid helium He,. However, due to strong interactions in He, the condensate
features are masked: for instance the condensate fraction does not exceed 10%. The
first unambiguous proof for a BEC in a weakly interacting system came from atomic
physics in 1995 [And95]. This achievement was honored by the Nobel prize in 2001
[Ket02, Cor02]".

Why alkalis? At first sight, atomic condensation seems to be an easy task: take
the dense atomic cloud and lower its temperature until the degeneracy condition is
reached. The problem is that usually a transition into the solid state would appear
well before a BEC could take place. Thus, in order to achieve an atomic BEC, one
is forced to work with an extremely diluted sample (n ~ 10%¢m~2), where three
body collisions leading to the formation of molecules are not active. This, combined
with the atom’s mass (10%m.), leads to extremely low critical temperatures of order
T, ~ 107 — 107"K. The ability to obtain such impressively low temperatures
was a key to success in atomic physics. In particular the last step towards
a BEC: evaporative cooling, works particularly well for the alkali atoms
[Ket02, Cor02]. Moreover, the optical detection techniques for those atoms are
relatively simple, since atomic transitions occur in the visible wavelengths.

4W. Ketterle, Eric A. Cornell, Carl E. Wieman: Nobel Prize in Physics 2001 "for the achieve-
ment of Bose-Einstein condensation in dilute gases of alkali atoms, and for early fundamental
studies of the properties of the condensates"



1.2.  Realization of a BEC in cold atom vapors

Trapping and cooling The most important condition in the quest for sub-micro-
kelvin temperatures is total isolation from the outside world. This is achieved by
spatial trapping of the gas in a magneto-optical trap. In the first step temperatures
of order 10uK are attained by laser cooling. In the decisive step of evaporative
cooling the most energetic atoms are thrown away from the trap, and hence the
temperature of the remaining gas falls below the critical temperature. Thus atomic
condensation is reached, because in the last step of the experiment the temperature
is lowered faster than the atoms’ density, resulting in an increase of the phase space
density. More experimental details about these techniques can be found in [Pet02].

Transition characteristics One of the first images of the atomic condensation
is presented in figure 1.3. Above the critical temperature, atoms are thermally
distributed within the trap. As the critical temperature is reached, a sharp peak of
atomic density emerges in the middle of the trap illustrating the formation of the
condensate in the ground state. With further decrease of the temperature almost
all particles are transferred into the condensate.

The typical lifetime of the atomic condensate is of order 10 s, giving the possi-
bility to establish internal thermal equilibrium. Furthermore, interactions are very
weak in diluted gaseous samples. Thus, in atomic condensation, the case of an ideal
Bose gas can be approached.

It should be emphasized that the first claim for atomic condensation was solely
based on the macroscopic occupation argument.

MATTER
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PRL 75, 3969

Figure 1.3: One of the first images of atomic condensation. Above a critical tem-
perature atoms are thermally distributed within the trap. At the critical temperature
a sharp peak of atomic density in the center of the trap emerges, corresponding to
formation of the condensate in the ground state. Far below the critical temperature,
almost all atoms fall into the condensed state.
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Long range coherence It took more than one and half years to provide the ulti-
mate proof for atomic condensation. Long range phase coherence was demonstrated
in [Andr97|. The coherence properties were proven by observation of the interference
fringes produced by two expanding condensates. Another beautiful result showing
the onset of the spatial coherence over the entire cloud at the condensation threshold
was published in [Blo00].

The second order spatial coherence of the atom laser was also confirmed recently
[Sch05, Ott05].
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Figure 1.4:  Spatial coherence of the atomic condensates: a) After [Andr97]: in-
terference pattern produced by two expanding condensates, b)After [Blo00]: Spatial
coherence of the trapped Bose gas as a function of the slit separation for temperatures
above T, (open symbols, for T=290nK the density was decreased below the transition
point) and below T, (full symbols). Above T,. coherence disappears beyond the ther-
mal length. Below T, strong spatial coherence is measured for the entire condensed
cloud providing evidence for long range order.

1.3 Related phenomena

Thanks to the very extensive theoretical studies in condensed matter physics it
has been established that the concept of spontaneous coherence unifies phe-
nomena like the BEC, superfluidity, superconductivity and lasing. For
example, the BEC implies spontaneous coherence. Excellent review articles point-
ing out the connections and the differences between these phenomena are available
in [Gri95, Noz03].
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1.4. Towards condensation in solids

1.4 Towards condensation in solids

1.4.1 The exciton as a boson

A gas in a solid? Since the first proposals of Blatt [Bla62] and Moskalenko
[Mos62| the BEC also has been searched for in solid state systems®. But, a gas
in a solid...?” How this can be possible? It turns out that the periodic potential
produced by the crystal lattice introduces remarkable properties for the particles
existing within it. The Bloch theory [Zim72] shows that a free carrier moving in the
periodic potential can be described by the wave function:

W(r,t) = uk(r) - ellkr—wt) (1.5)

Thus the electron is moving through the lattice as a plane wave modulated by the
periodic function uy(r) whose period coincides with the lattice structure. The fact
that its wave vector is conserved with time means that the electron moves through
the dense medium without any scattering, nearly like in empty space. Thus the
carriers in a crystal form a quantum gas which, in an ideal case, can be completely
detached from the lattice.

Of course, any perturbation of the periodicity destroys this picture and carriers
can be scattered, for instance, due to interactions with phonons.

The excitonic particle The periodicity of the crystal leads to formation of the
band structure. It may happen that the top of the highest fully occupied band
(valence band) and the bottom of the lowest empty band (conduction band) are
separated by an energy gap. This is the case of a semiconductor’®. Thanks to
photon absorption (or thermal activation), an electron can be promoted from the
valence band into the conduction band. The collective behavior of the remaining
valence band electrons is described by the positively charged quasi-particle called a
hole.

Since electron and hole are counter charged particles, they can form a bound
state akin to positronium named an exciton. The energy of the exciton is:

2172

h*K
EX:Egap—i-W—i-EQ—FEXB(N) (16)

where Fy,, is the band gap, M = m} + mj is the exciton mass, K is the exciton
momentum, F is the confinement energy relevant in lower dimensional structures.
The exciton binding energy Exp(INV) is given by the well known solutions of the

particle with reduced mass y = TZL!; in the Coulomb potential:
e h
R *
Exp(N) = — Ngfz N=123. (1.7)

SFor other early works devoted to the issue of Bose condensation in the solid state see [Kel67,
Ger68, Gerg68].

6This is also the case of insulators. The difference between semiconductors and insulators is
that in the former case there exists the possibility of introducing free carriers into the bands by
doping.
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where N is the principal quantum number (N=1 corresponds to the exciton’s
ground state, whereas N=2.3.. describe the exciton’s excited states), Ry* = 13.6eV -
- ~ 10meV, because usually € ~ 10 (dielectric constant) and p ~ 0.1mg. This
means that the ground state energy of the exciton is only a fraction of a percent of
the band gap, which is of order several eV. Its Bohr radius is ag = 0.5A-¢- % ~ 50A,
and thus the exciton is spread over many lattice constants (Mott-Wannier exciton).
This justifies the use of the dielectric constant. Equation (1.7) shows that the
spectrum just below the absorption edge of a semiconductor is characterized by a
hydrogen-like series [Din74].

The important characteristic of an exciton is its oscillator strength fg, describing
the capacity of the medium to couple with the photon field. It is proportional to the
matrix element of the transition in the dipole approximation and the spatial overlap

of the electron and hole wave functions. In particular, in the case of a quantum well,

fg x a]§2.

For a good introduction to the physics of excitons in semiconductor heterostruc-
tures the reader is referred to [Bas98|. Useful discussions of excitonic properties seen

through the prism of microcavity polaritons can also be found in [Sav96, Boe0O0,
Mul00, Sen01, Mox04, Per06, Kav03].

The exciton as a boson - main difficulties FEven though the exciton consists
of two fermions, it can be considered as a composite boson in the diluted limit.
In this paragraph we wish to discuss the validity of this approximation.

The major advantage of the exciton in the context of the BEC is its low mass,
four orders of magnitude smaller than atomic masses. This should favor bosonic
degeneracy at temperatures accessible by cryogenic means. On the other hand, due
to its small binding energy and large size, the exciton’s bosonic nature is much
more fragile than the atom’s, and no longer holds at high density of its fermionic
components. With increasing density of the electrons and holes the fermionic phase
space starts to be significantly occupied. The Pauli exclusion principle intervenes:

e Excitons cannot be created, because the electron and hole states, out of which
the exciton is constructed, are being filled - this is the phase space filling
effect [Sch85, Sch89, Sen01].

e Carriers with the same spin avoid each other and hence acquire the exchange
energy [Sch85|.

Formally, the degradation of the bosonic character of excitons by phase space
filling and exchange effects can be seen by calculating the excitonic commutator in
the basis of electrons and holes. This leads to the relation:

bk, bx'] ~1—O(n - a%) (1.8)
Therefore, excitons can be considered as composite bosons as long as:
n-ay <1 (1.9)

10
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The limiting effective density, above which excitons no longer can be consid-
ered as bosons is called the saturation density and, according to [Sch85]|, can be
expressed as:

0.117
T a%

Nt = (1.10)
This shows that excitons are more robust in the large gap materials where the
exciton Bohr radius is small. In particular, CdTe QWs are more advantageous for
studies of high occupancy effects than GaAs QWs: nf97¢ ~ 5x101em~=2 7 whereas
nGads ~ 5 x 10%0em =2,
Phase space filling and exchange decrease exciton binding energy (and increase
Bohr radius), which can be effectively described by the density dependent effective

dielectric constant [Dam90]:

e(n) = % — Exp(N) = Exp(0) (1 - QZM) (1.11)

Screening is another mechanism influencing the exciton binding energy as the
density is increased. It appears due to weakening of the electron-hole attraction in
the presence of the other carriers. It is estimated that in 2D, which will be the case
of this work, screening is a less important density effect than phase space filling and
exchange [Sch85].

It can be concluded that with increasing density the exciton breaks down: its
bosonic character diminishes as well as its oscillator strength. Bleaching of the
excitonic transition occurs.

Excitons interact not only through their fermionic components but also can col-
lide with each other. This exciton-exciton interaction is of a vital importance for
polariton condensation. Of course excitons also interact with the lattice resulting
in exciton-phonon scattering. They can also be localized by disorder present in
every heterostructure.

The above remarks already demonstrate that an exciton gas is very far from an
ideal Bose gas: excitons experience various interactions. Moreover, these interac-
tions play a crucial role at the high densities needed for BEC.

The difficulty of obtaining an exciton BEC is illustrated in table 1.2 where the
exciton’s parameters are compared with the atom’s. One can see that in spite of
the light exciton mass, at cryogenic temperatures the degeneracy requires a density
approaching ng,;, where the bosonic approximation is no longer valid.

Finally, excitons are not stable particles and convert into photons in their radia-
tive lifetime, which is usually of order 10~%s. This raises the question of whether,
during their lifetime, excitons can relax toward the ground state and accumulate
there forming a condensate. Similarly, one can ask whether relaxation processes are
fast enough to establish thermalization and hence approach the thermodynamical
aspect of the BEC. Thus, excitonic systems studied through optical methods are

"The upper boundary of the n{4L¢ = 6.7 x 10' em =2 is given in [Por02], whereas the lower one,

n§dle = 2.5 x 10 em 2, will be estimated in chapter 5.1.

11
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always open systems: excitons are continuously created by optical pumping and
then recombine, emitting photons. So researchers looking for an exciton BEC must
inevitably be confronted with these non-equilibrium effects.

At this point we wish to remark that modern understanding of the BEC requires
neither thermal equilibrium, nor even a steady state in the system [Leg01]. We also
believe that, if we are looking for thermalization it doesn’t have to be equilibration
with the host lattice, but rather equilibration of condensing particles. This is exactly
what happens in an atomic BEC, which is entirely detached from the environment.
We can go even further and claim that one should rather decouple excitons from the
lattice and hence prevent decoherence induced by the exciton-phonon interaction.
Spontaneous coherence is much more important than thermal equilibrium.

| Parameter | Atom | Exciton |
m [me] 10* 1
T[] 100 1
sz [m] 0.7 0.037
Nerlem ™2 2-10° 7-10"%
Life Time | "long" s | "short" 107 — 107 %s

Table 1.2:  The difference between atom and exciton considering the BEC. The
exciton mass, being around four orders of magnitude smaller than the atom mass,
favors condensation of excitons at higher temperatures. We can estimate (2D) crit-
tcal densities for a BEC as n.. =~ )\;]__%,. Thus at standard cryogenic temperatures
the density required to obtain exciton condensation is very high, close to the limit
where the bosonic approximation for excitons is questionable. Moreover, the exciton
18 unstable and is characterized by a very short radiative lifetime, making efficient
filling of the ground state and thermalization difficult.

1.4.2 Systems studied

After the proposals of Moskalenko and Blatt the search for an excitonic BEC was
concentrated at the beginning on excitons with long lifetimes. Good candidates
seemed to be indirect bulk excitons in Si and Ge [Ger68, Gerg68, Sno02|. How-
ever, it was quickly established that, due to the small exciton binding energy in
these materials, fermionic electron-hole droplets appear before a BEC could take
place.

The situation is much better in Cu;O. Here excitons have very special properties.
In this material with a direct gap, the dipole excitonic transition is highly forbidden
due the conduction and valence band having the same parity, which results in an
extremely long exciton lifetime reaching 107® s and hence favors thermalization with
the lattice. Moreover, the high exciton binding energy of 153 meV implies stable
excitons that can be safely considered as a diluted gas at densities much higher
than the one required for a BEC at cryogenic temperature. Symmetry leads also
to the ground state splitting into paraexciton (singlet state) and, situated 12 meV

12
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above it, orthoexciton (triplet state). Because luminescence of the orthoexciton is
weakly allowed, it is this state that can be explored by optical experiments. But
interestingly, up till now all attempts to increase the excitonic phase space density
led to the onset of a very efficient non-radiative recombination channel for excitons.
In this Auger process, excitons collide and one of them annihilates, yet its energy
is not released as a photon but is transferred to the second exciton ionizing it.
Thus, due to this process, not only the density diminishes but also the exciton gas
heats up, preventing condensation. The BEC in cuprous oxide has been widely
discussed in the literature. For a review see Wolfe in [Gri95] and references therein.
Experimental work is still in progress with new promising results®.

More recently, very serious candidates for a BEC in excitonic systems are indi-
rect excitons in coupled quantum wells. An indirect exciton is a bound state of
an electron in one quantum well and a hole in the other. Reduced overlap of the car-
rier wave functions enhances the exciton lifetime up to hundreds of ns. Furthermore,
spatial separation prevents agglomeration into a fermionic electron-hole liquid. In-
deed, very strong luminescence, localized in real space has been observed recently.
The critical behaviour of such photoluminescence was demonstrated revealing the
degeneracy of the exciton gas in this system [But01, Bu02, Buto02, Snoke02|. Nev-
ertheless, the statistics of the excitons trapped in the in-plane potential is still under
discussion. Neither is clearly established in this system that defining characteristics
of BEC, i.e. long range, spatial coherence are present.

Very recently a BEC was claimed in a bilayer electron system [Eis04| by per-
forming transport measurements under high magnetic field and mK temperatures.
A filling factor 1/2 is obtained in both electron layers. This is accompanied by the
collapse of the Hall voltage, which proves that, effectively, inter layer excitons are
created. These excitons have a unique feature: they do not recombine into photons
and hence are in thermal equilibrium. A critical enhancement of tunneling rate
between the layers with temperature and magnetic field was observed [Spi00] and
interpreted as a sign of a long range coherence.

An interesting observation of linear and gapless excitation spectra (Goldstone
mode) in a magnetic insulator was also tentatively attributed to a BEC [Riie03].

Finally there are exciton polaritons, on which our own efforts were focalized
with the aim of demonstrating condensation in the solid state. The results presented
in this work demonstrate that condensation of exciton polaritons is achieved.

Conclusions In this chapter the origin of the BEC was discussed. We have shown
how this phenomenon inevitably emerges from the symmetry properties of bosons.
Two "smoking guns" of condensation were pointed out:

e Massive occupation of the single particle state

e Spontaneous phase coherence across the entire condensate

8prof. M. Bayer - private communication
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The demonstration of the BEC in a diluted atomic gases was recalled. Tt was
mentioned that the concept of the spontaneous phase coherence unifies phenomena
like: the BEC, superfluidity, superconductivity and lasing.

Next, the exciton was presented as a natural candidate for achievement of a BEC
in solid state. In spite of many years of research, excitonic BEC has not been fully
accepted in the scientific community. The advantages and difficulties of the exciton
as concerns the BEC were discussed. The systems, where excitonic BEC are being
searched for were briefly presented.

14



Chapter 2

Why polariton condensation?

Why, from all the candidates described above, have we chosen exciton polaritons to
achieve condensation in solids? The discussion of this issue is given in the present
chapter. The origin of polaritons is a strong exciton-photon coupling regime. Thus
we start this part by pointing out conditions for strong light-matter coupling. This
situation is particularly favored by inserting an active medium (atoms, excitons)
inside a cavity. If the finesse of the resonator is sufficiently high and the active
medium has a significant oscillator strength, Rabi oscillations between exciton and
photon modes can occur. New, mixed exciton-photon states arise named exciton
polaritons. As they are a superposition of bosonic particles, they can be considered
as composite bosons in the same limits as excitons. The experimental signature of
strong coupling is observation of the energy splitting and anticrossing of coupled
states. This situation has a particular impact on the dispersion branches of the
polariton states: in a very narrow range of wave vectors (up to around 2 x 105cm™1),
in the center of reciprocal space, a characteristic potential minimum is formed that
will be used to realize polariton condensation. Polaritons in the neighborhood of this
potential minimum carry a special bonus: Owing to the extremely steep dispersion in
this zone, they are characterized by an effective mass 4-5 orders of magnitude smaller
than the exciton’s mass. Hence, in theory, degeneracy conditions can be achieved
at high temperatures (T ~ 20K) in a diluted limit (n ~ 5 x 108¢m™2). Moreover,
thanks to this steep dispersion and conservation of the in-plane wave vector, one
can monitor the polariton distribution in momentum space by performing angle
resolved experiments. Furthermore, a strong coupling regime guarantees that the
energy, polarization and coherence properties of the outgoing photons are the same
as those of polaritons. Thus, we see that strong coupling introduces several major
advantages for polariton BEC. They can however be obscured by another feature
of the same origin. Due to the strong coupling, the photonic component imprints
on the polariton its very short lifetime of around several ps, making it very difficult
to get efficient populating of the polariton ground state and thermalization within
the trap. Fortunately, under high excitation conditions exciton-polariton scattering
is fast enough to bring polaritons into their ground state at rate at least as high as
the radiative lifetime, enabling phenomena like thermalization, stimulated scattering
and finally condensation.
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2.1 From exciton to microcavity polariton

2.1.1 Weak versus strong exciton-photon coupling

The excited medium (atom, exciton) can relax towards its lower energy states
through emission of a photon. In general, emission of light can occur in two distinct
regimes, depending on the nature of coupling between the active medium and the
electromagnetic field. The first one is the weak coupling (known also as perturba-
tive) regime. In this situation, a photon emitted into the given mode has a negligible
probability of being reabsorbed by the medium. Thus the excitation of the medium
is dissipated. This regime is usually observed when the transition occurs into the
continuum of photon states. Here the emission is governed by the Fermi golden rule
(see eq. 2.1), resulting in exponential time decay of the population of the excited
state.

A qualitatively different behavior is seen in the strong coupling (also called
non-perturbative) regime, when the photon emitted into a given mode can be recap-
tured and reexcite the medium. In this regime excitation is coherently shifting back
and forth between the medium and the mode of the electromagnetic field. However,
these Rabi oscillations are damped by the decoherence present in the system.
Energy is dissipated within a time comparable with the coherence time of the un-
coupled states. In the spectral domain, Rabi oscillations are revealed by an energy
splitting Q (called Rabi splitting or normal mode splitting) and the anticrossing
behavior of the coupled states.

The regime of strong coupling is more difficult to achieve, since it requires a
high probability of photon reabsorption by the medium: the Rabi frequency has to
overwhelm damping rates. In particular, it is facilitated when the optical transition
is resonantly coupled with a well isolated photon mode. For this reason strong
coupling is favored as soon as an active medium is inserted inside a cavity. The
examples of the systems that can operate in the strong and weak coupling regimes
are presented in table 2.1.

For formal introduction into the issue of light-matter coupling the reader is re-
ferred to [Coh88, Coh96, Man95|.

16



2.1. From exciton to microcavity polariton

’ Coupling \ Emission \ Examples ‘
free atom
Weak irreversible

Iy free quantum dot
Pr~e free QW exciton
. exciton polaritons

Strong reversible - .

9/ Qt quantum dot in a cavity

P ~ cos (ﬁ) atom in a cavity

Table 2.1:  Distinction between emission in the weak and strong coupling regimes. In
the weak coupling regime emission is irreversible. The optical transition is coupled
to the continuum of photon modes. The excitation (P) is dissipated with the charac-
teristic rate ', given by the Fermi golden rule (see eq. 2.1). In the strong coupling
regime, the optical transition is close to resonance with the specified photon mode.
Ezxcitation oscillates between optical mode and matter excitation giving rise to the
normal mode splitting. In practice these oscillations are damped by the decoherence.

2.1.2 Cayvity effect: Purcell effect or Rabi oscillations?

An emitter existing in a free space (usually modeled as a two level system) decays
spontaneously by interaction with the vacuum at a rate proportional to the density of
modes at the transition energy p(E,,). The spontaneous emission rate I' is governed
by the Fermi golden rule:

L' = =0l Wlo1)[* p(Epn) (2.1)

27
=

The density of modes of the radiation field is modified inside a cavity. Also, con-
fined photon modes are characterized by large spatial variations of their amplitude
A that, combined with the dipole transition operator p defines the dipole matrix
element W oc p - A. Therefore the emission rate I' of the emitter placed inside a
cavity can be modified, yielding the Purcell effect [Purd6|: by a proper manip-
ulation of the cavity design the emission rate can be enhanced |Goy83, Ger01] or
suppressed |Gab85, Har89).

In 1983 researchers were on the edge of the "strong-coupling era". In [Goy83]
we can read:

"With a tenfold increase of Q [...] an emitted photon would be stored in
the cavity long enough for the atom to be able to reabsorb it. This would
correspond to a regime of quantum mechanical oscillations between a
two-level atom and a single electromagnetic field mode."

And indeed, very quickly, the same group increased the number of atoms in the
cavity, yielding the pioneering demonstration of the strong light-matter coupling
regime [Kal83|. Since then strong coupling phenomena were intensively studied
in atomic physics [Rai89, Tho92, Bru96|. This activity spread into semiconductor
physics in 1992, when it was shown that an exciton in quantum well can strongly
couple to the microcavity mode giving rise to exciton polaritons [Wei92|. Starting
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from this point, research for strong coupling phenomena in semiconductors dispersed
into many directions (for an excellent review see [Vah03|). For instance, this phe-
nomenon was recently shown for the quantum dot embedded either in a photonic
crystal nanocavity [Yos04] or in a pillar microcavity [Rei04].

We use the strong exciton-photon coupling regime in a Fabry-Perot like micro-
cavity as a starting point for the demonstration of Bose condensation in the solid
state. In a single quantum well structure (QW) the in-plane translational invariance
imposes that an exciton within the light cone couples to the photon of the same in-
plane wave vector (k). But, this selection rule does not hold in the growth direction
(k.), where the translational symmetry is broken. Thus, the bare QW exciton can be
coupled with the continuum of photon states in the z direction, resulting generally
in the dissipation of excitation and emission in the weak coupling regime.

In order to facilitate strong exciton-photon coupling, the density of photon modes
in the z direction has to be discretized. As shown in figure 2.1, this is what happens
when a QW is dressed by a planar microcavity. When the Rabi frequency exceeds
the decoherence rates of exciton and photon (I'y, I'pg), strong coupling is reached
and exciton polaritons are created. Decoherence of the excitons is induced by the
structural disorder of the QW and interactions with other excitons, free carriers and
phonons, whereas photon decoherence is mainly due to the finite radiative lifetime
in a cavity.
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Figure 2.1:  Free-standing QW versus strong coupling microcavity emission: An ex-
citon m a QW s coupled to the continuum of photon modes, resulting most often in
emission in the weak coupling regime (a). A QW Ezciton embedded in a planar mi-
crocavity 1s coupled to a well defined, discrete photon mode, favoring the attainment
of the strong exciton-photon coupling regime (b).

Thus a long intra-cavity photon lifetime 7pp is the crucial parameter for achieve-
ment of strong coupling. Starting from the description of the Fabry-Perot cavity it
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2.1. From exciton to microcavity polariton

can be shown [Mul00] that this depends on three parameters: optical length of the
cavity n.L, incidence angle 6, and most critically on reflectivity of the mirrors R:

7w/ R ncLcos(0)
TPH = 1 _ VR 90

For this reason the mirrors of the microcavity considered in this work are realized by
distributed Bragg reflectors (DBR). In principle, they are one dimensional photonic
crystals. They consist of alternating \/4 layers of materials with different refractive
indexes n; and ns, schematically presented in figure 2.2.

(2.2)
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Figure 2.2:  Bragg mirror and microcavily: structure and optical response. a) A
Bragg mirror acts as an interferential mirror. Its periodic structure produces a stop
band for the propagating photons. b)A microcavity results, when the translational
symmetry of the Bragg mirror is broken. An additional mode (cavity mode) in
the gap arises. The reflectivity spectra were calculated by using the transfer matrix
method for A\ = 735nm. a) 23 stacks of CdysMgyeTe/CdyrsMngasTe, b)same as a)
with a cavity of around 1um.

A photon of wavelength A\ propagating through such a structure will experience
periodic changes of the refractive index. In a good analogy with an electron moving
in a crystal, a photonic gap centered at \ is created. Its width is governed by the
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difference between n, and no:

4\ —
oN=— arcsin(M
™ ny + No

(2.3)

The cavity mode arises as soon as the periodicity of the DBR is affected. In
our case the difference between refractive indexes is small (~ 13%) so the photon
field penetrates deep into the mirrors producing an effective cavity length L.g;.
Therefore, at normal incidence, the spectral position of the cavity mode depends
not only on the cavity width L. but also on the refractive indexes:

)\711712

Leff = Lc + (24)

Nelny — no|
The fundamental advantages of DBRs are the following:

e they are characterized by an extremely high reflectivity. The quality factor”
of planar semiconductor microcavities based on DBRs nowadays reaches () ~
3 x 10* [San05]

e their absorption losses are negligible

e their mode structure allows one to properly couple nonresonant excitation with
the intracavity field; this has particular importance in our experiments.

Exciton polaritons existing in a semiconductor microcavity operating in a strong
coupling regime can be described by the coupled oscillator model. This approxima-
tion is well justified close to the exciton-photon resonance and is a limiting case of a
full quantum mechanical approach [Sav96|. Polaritons treated as coupled oscillators
are in the simplest form described by the hamiltonian:

where (2 is the Rabi splitting [Sav95]:

1 R)?
VR Legy
The eigenstates of H describe polariton states:
|LP>=CL.pH|PH>+CL.X|X> ’UP>:CU_pH|PH>+CU_X|X> (27)

with the Hopfield coefficients:

—_

_ _ (k) _ 1
CL.PH = CUux = 5 2A(kH)7 CUPH = —CLXx = 5 + ZAUfH) (2.8)

°Q = %, with 6 F the homogeneous linewidth of the cavity mode
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2.2. Polariton dispersion: the key for condensation

where A(ky) = /Q% + 6(ky)? and 6(k|) = Epu(k)) — Ex (k) is the photon-exciton
detuning. Therefore the exciton and photon fractions in polariton states are gov-
erned by the Rabi splitting and photon-exciton detuning. The eigenvalues for the
lower and upper polariton energies are:

1

1
Erp = §(EX + Epm — A), Eyp = §(EX + Epy + A) (2.9)

2.2 Polariton dispersion: the key for condensation

2.2.1 Polariton trap in momentum space

The most interesting physics of exciton polaritons concern their dispersion properties
in plane of the microcavity. Polariton dispersion relations can be obtained by taking
into account the exciton and photon dispersion in eqs. (2.9):

2 K? hc 1\’
Ex(ky) = Ex(ky =0 Epy(ky) = — — k2 2.10
x(l) = Bx(ky =0+ Sre Beulk) nc\/(Lef) TR (210)

Let us first develop photon energy around kj = 0:

ki

c2

Epu(k))

—EPH(k‘z) (2.11)

Epa(ky ~0) = EPH@Z)\/ v ( ) ~ Bpulk,) +

One can see that the formula Epy(k,)n?/c* has the meaning of an effective photon
mass of around 10eV/c?, which is 4-5 orders of magnitude less than the exciton mass
(M ~ me = 0.5MeV/c?). This is illustrated in figure 2.3, where the dispersions of
the uncoupled states and the polaritons are plotted. It is shown that the dispersion
of the cavity photon is much steeper than that of the exciton.

The strong exciton-photon coupling results in the formation of the polariton
branches with a marked anticrossing behavior, as can be seen in the inset of figure
2.3. Tt should be emphasized that the coupling is efficient only in a very narrow
range of the Brillouin zone, up to around 2 x 10°cm™! (in our case). Outside this
range the excitonic branch is preserved.

Unusually strong photon dispersion creates the most striking polariton feature: a
characteristic potential minimum is formed in the center of the zone. The polariton
effective mass near the ground state is radically reduced, accordingly to the photon
mass, by 4-5 orders of magnitude with respect to the exciton’s mass. A polariton, as
a superposition of a composite boson and photon, can be considered as a composite
boson in the same limits as an exciton. But, this extremely light mass means
that at cryogenic temperatures the bosonic degeneracy for polaritons is
revealed at densities where the exciton can be considered to be in the
diluted limit (see table 2.2). This is the key feature of the polariton as a candidate
for Bose condensation in the solid state.

It is also worth notizing that, because of the energy-momentum conservation
rules, polaritons are decoupled from phonon interaction. In this sense polaritons
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Chapter 2. Why polariton condensation?

are isolated from the lattice and from phonon induced decoherence. The polariton
internal temperature can also differ from the lattice temperature. Furthermore, the
depth of the potential minimum of around 10 meV is larger than the thermal energy
at low temperature (for instance 20K ~ 1.7meV’). Therefore at low temperatures
polaritons in the strong coupling zone cannot be thermally scattered back into ex-
citon states. Thus the polariton dispersion produces a kind of thermodynamic trap
around the ground state. So it is well justified to call the central part of the polari-
ton dispersion in momentum space a polariton trap. This vocabulary will be used
further along in this work.

. 20 10 0. 10 20
I - o]

1.70- 1 1.704 f p
E K N - - ’PH
> ] 1691 Al oA
1.69+ A SI
= N o e
L 1.684

1.68- | Y

' 0 2.0x10°
0 1x10° 2x10°

In-Plane Wave Vector (cm'1 )

Figure 2.3: In-plane dispersion of the exciton polariton. The strong exciton-photon
coupling regime leads to formation of the lower (LP) and upper polariton (UP)
branches. In the center of the zone a polariton trap is formed, which will be used
to demonstrate polariton condensation. The coupling is efficient only in a very
narrow range of wave vectors (non-shaded area). Inset: A zoom into the strong
coupling zone. The shape of the polariton branches is governed by two parameters:
the photon-exciton detuning 6 = Epy — Ex, and the Rabi splitting ). The splitting

A=Q%+ 02

We wish to remark that, in comparison with bulk polaritons, the ground state
of microcavity polaritons is well defined, thanks to the photon confinement. Indeed,
polaritons were first proposed |[Hop58| and observed |Hen65] in 3D samples, where
strong coupling is favored by the full translational symmetry and where one-to-one
exciton-photon coupling occurs. However, as shown in figure 2.4, in the 3D case,
due to the linear photon dispersion, the polariton becomes purely photonic when
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2.2. Polariton dispersion: the key for condensation

| Parameter | Atom | Polariton |
m [me] 10 10~
T K] 10 20
Ner [em™] 10° 5-10°
Life Time | "long" s | "very short" 107125

Table 2.2: The difference between atom and polariton considering BEC. Degeneracy
conditions for polaritons can be reached in diluted limit at temperatures 7 orders of
magnitude higher than for atoms. This huge advantage may be obscured by a very
short polariton lifetime.

approaching the zero momentum state and, strictly speaking, the ground state does
not exist.

o Energy (arb. units)

Wave Vector (arb. units)

Figure 2.4: The conceptual difference between 3D and 2D polaritons. In the 3D case
the ground state is not defined, since the k=0 state has vanishing energy. In 2D,
owing to the photon confinement, the lower polariton ground state is well defined.

2.2.2 Momentum space mapping

Polaritons are detected by measuring their photon part leaking out of the microcav-
ity, due to the finite reflectivity of the mirrors. Thus polaritons are directly coupled
with the modes in the light cone:

E = hey k2 + k2 + k2 (2.12)
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Chapter 2. Why polariton condensation?

Owing to the conservation of the in-plane wave vector (k,, k,) and of the energy
E, the k, component of the mode that is coupled to the polariton is unequivocally

defined:
e
k, = (§> — k:ﬁ (2.13)
As one can see in figure 2.5, we have:

K Ky

E
tan(Onr) = 7 = e = k= sin(0e) (2.14)

Thanks to the rotational symmetry, the azimuthal angle ¢ is conserved. Thereby,
in a microcavity system, we have the unique chance to probe polariton
momentum space by performing angle resolved measurements:

(kxaky) — (eexh(p) (215)

Figure 2.5:  Energy and in-plane momentum conservations enable probing of the
polariton states by angle resolved measurements: k)| = %sin(@eﬂ).

We will make use of this property throughout all this work. In particular, as
described in chapter 4 and shown in figure 2.6, we will use the far field imaging
technique to obtain information about the polariton population distribution within
the trap: in the momentum plane as well as in the dispersion plane.

Finally, it should be pointed out that the population, polarization and coherence
properties of the polaritons are coded by the light emitted by the microcavity since
the outgoing photons represent a part of the polariton wavefunction [Baa06, Kar04,
Karr04].
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Figure 2.6: The far field imaging as a tool for the momentum and dispersion space
mapping. Fach point in the far field of the polariton emission correspond to the
polariton with a different in-plane momentum. By projecting the far field on the
spectrometer slit the dispersion image can be directly obtained.

2.2.3 Peculiar polariton relaxation

Nowadays, the major obstacle for polariton condensation is the polariton’s extremely
short radiative lifetime. Owing to the strong coupling regime, this lifetime is of the
same order as the photon radiative lifetime in a microcavity 7pg, given by eq. (2.2).
In the microcavities used in this work, the polariton lifetime is 1-2 ps, approximately
two orders of magnitude shorter than the relaxation time through phonon scattering

[Mul00]. Thus at first sight it seems to be difficult, if not impossible, to efficiently
populate polariton states.

Indeed, in the weak excitation regime, when relaxation is dominated by phonons,
the occupancy factors in the vicinity of the ground state are very small (~ 10734
for ~ 0.01P,p,). The polariton trap is empty most of the time and relaxation suf-
fers from a strong bottleneck effect (discussed further in chapter 6.3). In CW
excitation, the polariton occupancy of the given state is governed by the relaxation
time towards this state with respect to its dephasing and radiative lifetime. In the
weak excitation regime and negative detuning, when the lower polariton states are
mostly photon-like, the maximum of the polariton population is located on the edge
of the polariton trap, forming a bottleneck-like emission, shown in figure 2.7. In
k-space the bottleneck is seen as a homogeneous ring. With increasing detuning
towards more positive values, the polariton lifetime increases and the trap becomes
shallower. The exciton fraction in the lower polariton branch increases, facilitat-
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Chapter 2. Why polariton condensation?

ing relaxation towards the ground state. This is very clearly observed in figure
2.7: the ring in momentum space shrinks and the population falls deeper into the
ground state. However, even for deep positive detuning, a bottleneck persists and
the polariton population is not thermalized.

In order to overcome the bottleneck effect and to efficiently populate polariton
states, we need a mechanism that will scatter polaritons into their ground state with
a rate comparable to the polariton radiative lifetime. Fortunately, such a mechanism
exists. With increasing pump power and exciton density, a new scattering channel
is triggered. In this process two excitons from the reservoir collide, one of them
becomes hot and the second one is scattered into the trap |[Por02|. This fast type
of scattering is able to trigger stimulated scattering towards the polariton ground
state.

It should be pointed out that the exciton-polariton scattering mechanism
proposed in [Por(2] is possible only because of the peculiar polariton dispersion curve
shape. Such a process would not be possible for instance in the parabolic potential,
where the energy and momentum conservation conditions cannot be simultaneously

fulfilled [Bau02].

Conclusions In this chapter we have presented the exciton polariton as our can-
didate for achievement of Bose condensation in the solid state. The discussion can
be summarized by the following points:

e A QW Exciton can strongly couple to the mode of a planar microcavity, giving
rise to exciton polaritons.

e The small polariton effective mass mzp ~ 107*®my enables attainment of
bosonic degeneracy at standard cryogenic temperatures in a diluted limit for
excitons.

e A characteristic polariton trap is formed in the dispersion plane (in contrary
to bulk polaritons).

e Polariton states can be investigated by angle resolved measurements, in par-
ticular, by the far-field imaging technique. Moreover, the outgoing photons
code information about polariton polarization, population and coherence.

e The major problem with polaritons in the quest for polariton condensation is
their very short radiative lifetime (several ps). This lifetime is limited by the
finesse of the microcavity.

e Polariton states can be populated thanks to the exciton-polariton scattering
mechanism. This opens the possibility of polariton thermalization and con-
densation.
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4 CdTe QWs
0=13.2meV
T=6K

+1.7 meV
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Figure 2.7:  Fwvolution of the polariton distribution as a function of detuning. a)
Dispersion plane image, b) momentum plane image. For details about the experi-
mental technique see chapter J. The false color scale goes from blue to red. Weak
(P ~ 20W/cm?), non-resonant (Ejgser =~ 1.75€V) excitation regime at T—=6K. The
polariton distribution in k-space is governed by the interplay between the relaxation
time and the radiative lifetime. For negative detuning, the polariton population is
mostly gathered in the bottleneck, which can be seen as a homogeneous ring in the
momentum plane. In the dispersion plane, the bottleneck effect gives a strong emis-
ston from excited polariton states. With increasing detuning towards more positive
values, the polariton radiative lifetime and relaxation rate towards the ground state
are enhanced. This corresponds to a shrinkage of the bottleneck ring in momentum
space and a fall of the polariton population towards the bottom of the trap observed in
the dispersion plane. However, in the weak excitation regime, a thermalized polariton
population is not achieved. The experiments shown are performed on a CdTe-based
microcavity containing 4 CdTe/CdMgTe QWs giving a Rabi splitting 2 = 13.2 meV.
The enerqgy scale is conserved for all panels.
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Chapter 3

Polariton condensation - state of the
art

Strictly speaking, polariton condensation cannot be considered as a classical BEC,
which deals with an ideal 3D gas of noninteracting bosons. Here, we have a finite 2D
system, so true long range order cannot be attained. Due to the Coulomb and sat-
uration interaction, the physics soon exits the regime of weakly interacting bosons.
The lifetime is short enough that we must confront the role of non-equilibrium
physics. Nevertheless, the main characteristic of BEC; i.e. massive occupation of
the ground sate through the stimulated scattering process, occurs in the polariton
system. In this chapter we give a brief overview of the efforts and progress towards
achievement of condensation in the solid state with polaritons. The first step to-
wards condensation is the demonstration of the stimulated emission of polaritons in
the strong coupling regime under non-resonant excitation conditions.

Contents
S 0 N (- N 28
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3.1 GaAs

The pioneering work of Weisbuch et al. [Wei92| initiated active research on the
light-matter interaction in semiconductor microcavities. Soon after a proposal of
Imamoglu et al. [Ima96| the idea of polariton BEC at high temperature excited and
intrigued the scientific community.

The first claim for a "boser" [Pau96] could not withstand many criticisms [Kir97]
and had to be withdrawn [Cao97| finally. Another early claim for observation of
the stimulated scattering of polaritons [Sen99| was based on the observation of the
quadratic nonlinearity of the LP ground state emission. In a following article [Sen00]
the authors retreat from their previous interpretation. The detailed analysis shows,
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that the nonlinearity occurs for an occupancy factor of 1073, so it cannot be the
result of a stimulation process, but is due to binary collisions of excitons.

The initial enthusiasm was restrained by the following findings. A strong bot-
tleneck in the exciton relaxation towards polariton states at kj ~ 0 was observed.
In GaAs microcavities existing to date, attempts to increase occupancy of the po-
lariton states led to the increase of exciton density beyond the screening density,
when using strictly non-resonant pumping. Ionization of excitons in the reservoir
occurred and strong coupling was lost before polartiton stimulation could take place
[Shu98|, [Hou95|, [But02], [Sko02]|. Observed nonlinearities were due to the cavity’s
lasing in the weak coupling regime'’.

The bleaching may be however prevented in resonant pumping experiments,
when polaritons are directly injected in the trap. In this way one can attain high
occupancy factors at a low exciton density. The first breakthrough came with the
demonstration of stimulated emission from the polariton ground state in the para-
metric scattering process [Sav00]. Weak optical pulses were applied to seed the
parametric gain, when the polarization and phase matching conditions for the pump-
ing beam were fulfilled. In subsequent works [Bau00], [Erl01], self-stimulation' of
the polariton ground state and stimulated removal from the pump beam were re-
ported. Coherence properties of a parametric scattering process were investigated
and proven in [Kun03]. High temporal coherence of the polariton population in the
signal state was reported, as well as the phase matching between signal and idler
states. Stimulated removal from the pump state was reconfirmed.

To sum up, resonant excitation experiments have left no doubt about the bosonic
behavior of polaritons in their scattering process. At the same time, stimulation and
coherence were strongly driven by the excitation laser itself. In other words, the
transition observed was a transfer of coherent population produced by the pump
into coherent population of the signal. Thus the nonlinear and coherent effects
obtained in resonant experiments cannot be considered as a condensation, which is
a spontaneous phase transition from incoherent into coherent state. However, this
field is still a playground to demonstrate general features of quantum mechanics.
Beautiful examples can be found in [Lan02] and [Sav05].

The need for non-resonant excitation conditions led to a few ideas that could
overcome the problem of low saturation densities for excitons in GaAs. The first
concept is based on embedding multiple QWs in a microcavity, so that the exciton
density is divided between many QWs. The Rabi splitting is increased thanks to the
increase of the total oscillator strength. The strongest claim to date for polariton
condensation is made in ref. [Den02|. A microcavity with 12 QWs is pumped'? at a
high angle into exciton states. The polarization studies published afterwards [Den03]
show that this kind of pumping cannot be considered as strictly non-resonant, since
polarization of the LP emission depends on the polarization state of the pump.
Strong nonlinear emission from the polariton ground state and the shortening of the

OFor review articles see [Hou05], [Sko98], [Yam00]
Hywithout a seeding beam
12The use of pulsed excitation rules out a steady state regime
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Figure 3.1: The geometry of a parametric scattering experiment. Polaritons are
created directly in the trap. Scattering of the pump polaritons leads to formation of
signal at the polariton ground state and idler at high ky. Figure copied from [Bau00].

decay time is reported. Line narrowing is not visible on the PL spectra presented.
The formation of a quantum coherent state at kj = 0 is investigated in second
order temporal coherence measurements. The second order correlations are found
to be quasi-thermal at the stimulation threshold - ¢(0) = 1.8, and astonishingly
remain far from that expected for a coherent state - g?(0) = 1 at pumping as high
as P = 18Py, - ¢*(0) = 1.48. In [Den03| authors seem to back-down themselves
from their initial statement.

The other mechanism to overcome the bottleneck effect and favor polariton ther-
malization was proposed in [Mal02]. In this work, electron-polariton scattering is
found to be helpful to bring the resevoir population towards the ground state. In-
deed, enhancement of the polariton relaxation by polariton-free carrier scattering
was recently confirmed experimentally [Tar03], [Qar03], [Lag03], [Per05], |Per06],
but up to now the results remain much less spectacular than the theoretical predic-
tions.

The onset of polariton stimulated scattering is governed by the ratio between
escape time of the polariton out of the microcavity (polariton lifetime) and relaxation
time towards the ground state (relaxation time). Therefore, another idea to facilitate
polariton condensation is to increase the polariton lifetime with ultra high finesse
cavities to improve occupancy of the polariton ground state. It is estimated, that

increasing the photon lifetime up to 7 ~ 100 ps should enable polariton condensation
in GaAs.
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3.92. CdTe

3.2 CdTe

Finally, the remedy for low saturation density is the use of materials in which ex-
citons are more robust, like II-VI compounds or GaN. As we will show in this
dissertation, polariton condensation does indeed occur in CdTe microcavities.
The key advantage with respect to GaAs, is increased saturation density, thanks to
the higher exciton binding energy. The exciton density needed to trigger stimulated
polariton-polariton scattering from the reservoir towards the trap [Por02], [Huy03]
is an order of magnitude lower than the saturation density. The physical situation
of a non-resonant excitation experiment is presented in figure 3.2.
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Figure 3.2: Physical situation of a non-resonant experiment. The optical pump cre-
ates free carriers, which form excitons. The excitons cool down through interaction
with LO phonons, forming the exciton reservoir. Increasing density in the reser-
voir launches schematically indicated polariton-polariton scattering from the reser-

voir towards the trap. If the scattering rate is higher than the polariton escape rate,
condensation can occur.

The first successful growth of the CdTe-based microcavities was realized in 1997

by R. André [And97]. Quantum degeneracy of the CdTe microcavity polaritons was
rapidly reported [Dan98|. It was shown that, above a certain threshold of the pump
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power, the ground state polariton emission could exhibit a significant nonlinearity,
while the linewidth showed significant narrowing. These results provided evidence
for polariton stimulation in the strong coupling regime under strictly non-resonant
excitation conditions. This interpretation was confirmed by the existence of a second
threshold towards the weak-coupling regime. For pumping power two orders of
magnitude higher than needed for polariton stimulation, lasing from the cavity mode
occurs. Further proof was given by the study of the threshold pump power for
stimulation. It was found that this does not depend on the number of QWs in a
cavity [Boe00]. The foregoing observations rule out any interpretation based on
lasing due to localized exciton population inversion [Fan97|. Further investigation
of the polariton dynamics also showed that observed non-linearities stem from a
stimulated relaxation process [Mul00]. The abrupt reduction of the decay time
from 100-400 ps below threshold down to 3 ps at threshold is noted, demonstrating
stimulated relaxation.

Applying k-space and real space imaging opened up new possibilities for experi-
mentalists and quickly enriched understanding of the system. In 2005 it was explic-
itly demonstrated that polaritons accumulate in the bottom of the lower polariton
branch, forming a non-equilibrium condensate [Mox05|. The additional argument of
spatial coherence was provided. At the condensation threshold, dramatic changes
take place in real space: the spatially homogenous luminescence of the spontaneous
regime breaks down at the condensation threshold into a few bright spots with a
characteristic size of 3-5 microns. Surprisingly the angular pattern of those spots
was much narrower than the angular emission of a few micron source and indeed
corresponded to the size of the entire excitation spot. It was then argued that for-
mation of a single, coherent state had been observed. Theoretical analysis in the
framework of the Gross-Pitaevskii equation suggested that the observed object cor-
responded to the time-averaged condensate wave function experiencing a random,
localizing potential. This potential was resulted from the photonic disorder of the
microcavity.

Finite k stimulation Earlier, in 2004, an other set of experiments was published
giving evidence for the coherent nature of the phase transition in CdTe microcavi-
ties [Mox04, Max05]. The use of a small excitation spot (3um diameter) prevented
relaxation into the lowest polariton energy states: polariton stimulation occurred
in a degenerate ring of excited states'® (see figure 3.3), and thus was only remotely
connected with BEC. Nevertheless, above the nonlinear threshold, macroscopic co-
herence in the momentum plane was demonstrated by the build-up of speckled
patterning and by the formation of interference fringes, produced by a Billet inter-
ferometer.

At the first glance stimulation on the ring of excited states was quite puzzling.
First, let us point out that a characteristic non-dispersive bar inside the polariton
dispersion always appears in the stimulated regime. To understand the origin of
this geometrical artefact, let’s note that a stimulated state of a given |k| has a given

13Similar effect can be already found in [Hua02|.
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Figure 3.3: FExample of condensation on a degenerate ring of excited states. Upper
row: polariton population distribution in momentum space (far field image). At the
weak excitation regime a broad, homogeneous ring corresponding to the bottleneck
emission is observed (left). Above threshold (right) stimulated emission occurs on a
degenerate ring of excited states. Its speckled pattern indicates coherent properties
of emission (speckles appear as a result of the diffusion of coherent light on the
static disorder). Lower row: polariton distribution in the dispersion plane. The
bottleneck emission in a weak excitation regime (left) and stimulation into the finite
k polaritons (right) are observed. The "horizontal bar" is observed due to the very
strong emission on the ring of excited states, whose "wings" contribute onto the
monochromator slit. The energy of the stimulated polariton states depends on the
size of the excitation spot and on the local disorder. 4 QW CdTe microcavity at
T=7.5K. All parts of the panel share the same energy and angle scale.
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angular width in ¢ and dominates completely the spectrum. Thus, by selecting a
narrow stripe in the far field with the slit, we will detect the stimulated emission
not only from the states of opposite wave vectors: k and -k, but we will gather also
some signal from the angular wings of the other states on the ring. This "stray light"
was very useful for the transverse coherence measurements [Max05]. This effect is
visible not only in the stimulated regime but also when the bottleneck effect is well
pronounced as presented in figure 3.4.
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Figure 3.4: The light diffused from the bottleneck emission can also produce the
effect of "non-dispersive bar". a: the polariton dispersion tmage in PL measured for
4 QW CdTe microcavity at T=10.7K for 6 = —11.6 meV. The bottleneck emission
is well pronounced. b: the same image as a on the different (saturating at black)
color and log scale. The emission from the bottleneck at ~ 1630 meV gives rise to
the artefact of "non-dispersive” segment. The exciton dark states at ~ 1635 meV
are also visible.

Today it is clear, that this unusual stimulation is connected with the size of the
excitation spot. Figure 3.5 summarizes the effect of the spot size on the energy of
the stimulated states. When decreasing the spot size - d, condensation occurs in
the ground state down to around d = 25um. Further reduction of d increases the
energy of stimulated states. When the spot size is reduced down to d ~ (2 — 5)um,
it becomes comparable with the characteristic size of the photonic disorder of the
microcavity (see chapter 9). Thus by moving on the sample surface an excitation
spot of the size of a few um we can probe locally spatial disorder experienced by
polaritons. In these conditions the energy of stimulated state is very sensitive on
the spatial size of the localizing potential: its value can jump even more than 1 meV
when moving of a few microns on the sample.

The simple hypothesis that could explain finite k stimulation is based on the
observation of the strong spatial trapping of the polaritons in the stimulated regime
when the small spot size is used. In the spontaneous regime relaxation time from the
reservoir towards the polariton states is governed by phonons and therefore is long
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Figure 3.5: Spot-size dependence of the energy of the stimulated states. For the spot-
size down to 25 pm the stimulation of the ground state occurs. Further diminishing
of the excitation spot size results in a stimulation on the ring of the polariton excited
states. The logarithmic color scale is used. The insets show a real space pattern
corresponding to the given excitation spot. Right: a half angular aperture as a
function of the spot size.

(100-400 ps - dependently on the photon-exciton detuning). So the free carriers have
enough time to diffuse in the plane of the microcavity before forming polaritons. In
stimulated regime, thanks to the exciton-polariton scattering, the relaxation speeds-
up to around 5-10 ps [Mul00]. Thus polaritons are immediately created and trapped
in the local minima of the in-plane potential. Stimulated nature of the process forces
polaritons to be scattered towards these spatial traps.

Yet, the real and k-space patterns are conjugated by the Fourier transform. The
ring in the k-space is formed, since its Fourier transform gives a strongly localized
real space pattern. In particular, the spatial localization corresponding to this ring
is more pronounced than the Fourier transform of the polariton ground state that
would have a gaussian shape.

This can be illustrated by the following analytical argument. The ring in the
k-space can be described as follows:

2

A(k) = 5(k — ko) ® e~ a2 (3.1)
Its Fourier transform yields:
P2 AL2
Ak) 25 A(r) o Jo(kor) x e 1" (3.2)

where .Jj is the Bessel function. Width of the Jy in the first order is Ary, ~ %’,
whereas width of the gaussian is Ar = Alk. Thus by taking, radius of the ring larger
than its width, for instance ky = 10 - Ak, we notice that the ring in the k-space
represents the state that is much more spatially localized (width —=2-) than the

10-A%
state at k=0 (width ).
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Chapter 3. Polariton condensation - state of the art

The presence of the Bessel function in eq. (3.2) indicates that the Fourier trans-
form of the ring in the k-space should produce concentric rings in the real space.
Interestingly, such rings were indeed observed - see Fig. 9.4 in [Mox04].

Conclusions The first step towards polariton condensation has already been done
before this thesis. The bosonic character of the polariton scattering was demon-
strated in resonant experiments. The stimulated emission from the bottom of the
polariton trap in a strong coupling regime under non-resonant pumping was ob-
served in CdTe microcavities. The signs of the formation of the coherent state were
also noticed. The main advantage of CdTe structures with respect to GaAs is larger
exciton binding energy. This allows one to increase excitonic density and trigger
stimulated exciton-polariton scattering. The rate of this process, being comparable
to the polariton escape time, enables efficient populating of the polariton states.

36



Chapter 4

Experimental methods

This chapter contains a detailed description of the experimental setup. The experi-
mental conditions will be also specified.

Contents
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4.2 Excitation . . . . . . . L0 38
421 Laser. . . . . . . e 38
4.2.2  Acousto-optic modulator . . . . . ..o 39
4.2.3 Formation of the excitation spot . . ... ... ... ... 39
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4.1 Cryostat

The heart of the experimental setup is a cold finger cryostat "MicrostatHe" provided
by Oxfords Instruments. A calibrated temperature sensor and a heater coupled with
Oxford Instruments temperature controller ITC502 allows to set the operating tem-
perature from 4.8K up to 300K with an accuracy of 0.1 K. The sample is glued on
the cold finger with vacuum grease, which ensures a good thermal contact (the tem-
perature is measured just on the opposite side of the sample holder). The cryostat is
mounted on XYZ Micro-controle translation stages to permit sample alignment with
respect to the optical axis of the setup (Z axis). The cryostat can be tilted around
the X and Y axes, which can be useful to probe polaritons with large in-plane kj.
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Chapter 4. FEzxperimental methods

The sample stability is estimated to be 0.5 pum and is limited by the sample holder
drift and vibration. The main source of noise are the vibrations of the helium trans-
fer tube. In order to reduce them, the helium container is stabilized. The optical
measurements are simplified by the wide optical window of the cryostat - diameter
25 mm, thickness 1.5 mm, angle of admittance 144°.

4.2 Excitation

The schema of the excitation part of the setup is presented in figure 4.1.
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AQOM - acousto-optic modulator C - cryostat S - sample
F, - microscope objective 9mm M - silver mirror D - diaphragm
F, - double achromat lens 500mm  BS - non-polarizing cube beamsplitter FI - Faraday isolator
F, - plano-convex lens 200mm GP - Glan linear polarizer PM - power meter
M2 - half plate retarder WL - white light source CD - condenser lens

GPL - movable glass plate

Figure 4.1: The schema of the excitation part of the experimental setup.

4.2.1 Laser

One of our most important experimental requirements is the condition of non-
resonant excitation, which ensures that initially injected polaritons are incoherent.
For this reason the pump energy is set to Aeze ~ 701 nm (1.768 V), more than 90
meV above the polariton ground state, creating hot electron-hole pairs in QWs. The
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excitation is coupled to the intra-cavity field by the first reflectivity minimum of the
Bragg mirror, on the high energy side of the stop band.

The powerful tool, that gives us a high excitation intensity at A... is a tita-
nium:saphire laser, a Coherent Mira 900. This laser contains two switchable cavi-
ties, which allow us to work in pico- or femtosecond mode-locking operation. It can,
of course, work also in a CW mode. Thanks to the excellent quality of the optics
and perfect alignment of the laser cavity, we obtain (in CW opration) a high output
power of up to 1W for A.,. for pumping power of P, = 5.5W '*. In most of our
experiments a steady state of the polariton system is required, and this is why we
will mainly work in the CW mode.

The Mira is pumped by a Verdi? /V-5 diode-pumped ring laser, also provided
by Coherent. The gain medium in Verdi is Nd : YV O,. It is pumped by diode laser
bars (~ 808 nm). The cavity chooses the vanadate emission at Ay, = 1064 nm. This
wavelength is doubled with a LBO second harmonic generator. Finally, the output
is a single mode A = 532 nm beam with the power of up to Py, = 5.5W

The high quality of the system is reflected in a good power stability of the output
beam of 0.2%. The output beam passes through the Faraday isolator, which prevents
back reflections into the cavity, thus protecting the stability of the laser.

The Mira output is linearly polarized along the horizontal direction. Optical
attenuation of the beam power is realized by combining a A/2 plate and a Glan
linear polarizer!®.

The excitation power is monitored, just before focalizing the beam on the sample,
with the Coherent FieldMate?™ power meter. The power arriving on the sample is
0.7 of the device readout (as the excitation additionally passes through the micro-
scope objective and the window of cryostat).

4.2.2 Acousto-optic modulator

In order to reduce sample heating in CW operation, the excitation beam is "chopped"
with an acousto-optic modulator. Pulses of duration 1 us with a duty cycle of 1%
are used. The pulse duration is sufficiently long (by four orders of magnitude) in
comparison with characteristic times of the microcavity to guarantee a steady state
regime.

4.2.3 Formation of the excitation spot

To provide uniform excitation of the sample, the laser beam is carefully shaped into
a "top hat" intensity profile (see figure 4.2). The excitation laser is projected onto
the diaphragm. First, the central part of the gaussian profile of the beam is selected
by the diaphragm. Next, the image of the diaphragm is formed on the sample

! Note that this wavelength is close to the limit of the gain curve of the Ti:Saph laser. Maximum
output power corresponds to the maximum of the gain curve at A\ = 800 nm: P,,; = 1.4W for
Ppump = 5.5W

15 All optics are optimized to work in the near infra-red zone: 700-1000 nm

39
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surface with magnification of v = 1.8 - 1072, Just by changing the diameter of the
diaphragm one can adjust the excitation spot size from a few pm up to 50 pm.

The beam is focalized on the sample with a high quality microscope objective
Olympus LMPLFL 20 x /0.40 mounted on XYZ Microcontrole translation stages.
The objective provides magnification of v = 20. The high working distance of 12
mm allows us to work outside of the cryostat. The focal length is f=9 mm. The
objective is corrected for spherical'® and chromatic abberations. As pointed out
below, the big advantage is its large numerical aperture of N.A.=0.4.
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Figure 4.2: Formation of the excitation spot on the sample surface.

4.2.4 White light

We have also the possibility of injecting white light into the objective. This allows us
to perform reflectivity measurements and to control the quality of the sample surface.
For reflectivity measurements, white light is strongly attenuated for photon energy
above 1.75 eV, to reduce excitation of the LP photoluminescence. The reflectivity
spectrum may also be obtained by operating the laser in the femtosecond mode'”,
when probing of small sample region (down to a few microns) is required.

16We obtain a sharp image in the whole field of view
17Spectral width of 10 nm
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4.3 Detection

The schema of the detection part of the setup is presented on the figure 4.3.
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F, - achromat doublet 180mm F1 - microscope objective 9mm LF - laser filtering:
MS - monochromator slit BS - non-polarizing linear polarizer +
CAM - webcam cube beam splitter interferential filter

Figure 4.3: Schema of the detection part of the optical setup.

4.3.1 Real and k-space imaging

Practically, throughout all our work, we will need to conjugate spectral and spatial
properties of the emitted signal. To allow simultaneous analysis of the near-field
(real space image of the sample surface) and the far-field (angular diagram of the
emission), a setup was built, in which the sample response is imaged at the same
time on the chip of a very simple camera (a webcam) and on the monochromator
slit. The PL signal is collected by the same objective as used for the excitation and
focused on the entrance slit of a monochromator by an achromatic doublet lens of
focal lengths F; = 180 mm, which produces an image of the emitting spot magnified
by a factor v = 20.

On the chip of the web camera and on the slit of the monochromator, we can form
not only an image of the emitting spot, but also an image of the Fourier plane. This
is done just by changing the position of the Fj lens (see figure 4.3). The position is
determined by the lens equation. In figure 4.4 the idea of k-space imaging is shown.

The possibility of Fourier plane imaging has for us a particular meaning. The
Fourier plane is the plane on which each point corresponds to the far field emission
(0, ) of the emitting spot. As stated earlier in section 2.2.2, for microcavities optical
selection rules require that the in-plane wave vector of the emitted photon be equal
of the recombining polariton: kjjproton = Kjjpolariton = %sin(&xt). Thus, the image
of the Fourier plane carries vital information about the polariton distribution inside
the trap in the momentum space. The high numerical aperture N.A.—0.4 means
that we can collect photons emitted within the angles -23.4° to 23.4°, and thus
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Figure 4.4: The principle of real and k-space imaging.

reach polariton states up to k) = 3.37- 10*em~!. If needed, this value can be almost
doubled by tilting the cryostat with respect to the standard optical axis of the setup.
The angular resolution of the Fourier plane analysis is limited by the pixel size of
the CCD camera of the monochromator, which is 25 um.

The calibration of angle in the Fourier plane image is checked by comparing the
polariton dispersion measured with the imaging technique and with an optical fiber
technique (see [Mox04]|, figure 4.5).
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Figure 4.5:  Polariton dispersion measured with the Fourier plane imaging tech-

nique (solid line) and with the optical fiber technique (solid circles). No significant
difference can be observed between two techniques.
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4.3.2 Monochromator and CCD camera

The light emitted (or reflected) by the sample is analyzed spectrally by a Jobin
Yvon THR1000 monochromator of 1 m focal length. The dispersive element is a
holographic grating with 1200 grooves/mm. A spectral resolution of 60 peV" at 1675
meV is achieved with 40 um slit width. The absolute wavelength is calibrated with
a mercury lamp. The grating efficiency as a function of the energy is known for
vertical and horizontal linear polarizations of the incident light. Imaging properties
of the monochromator are improved by using mirrors of a high optical quality.

The spectrally analyzed light is detected by a liquid nitrogen cooled CCD camera,
the Spectrum One (1024 x 256, quantum efficiency - 50% at 750 nm).

4.3.3 Michelson interferometer

Polariton condensation is accompanied by the spontaneous development of coher-
ence. To study the first order temporal and spatial correlations g'(§7, 6t), a Michel-
son interferometer'® was used (see figure 4.6).

TO LOCK-IN input
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PD | ——
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FILTERING N t |PLANE H
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M\l | output ﬂ
SPATIAL MIRRORS
F3 FILTERING e o\ THE PIEZO

Figure 4.6: Interferometry setup: Fy = 50 mm, Fy, = 2000 mm, F3 = 100 mm.
After exiting the output of the interferometer, the signal is spatially and spectrally
filtered (temporal coherence). The PL signal is detected by a photodiode (PD) and
sent to a lock-in amplifier. The signal can be directed towards a CCD camera by
a movable mirror (M). Image on the CCD is magnified by a factor v = 40. Laser
scattering is eliminated by the spatial and polarization (P) filtering.

This interferometer consists essentially of two movable mirrors forming two arms
and a high quality pellicle (thin film) beam splitter. The input signal is split and sent
into the two arms. Reflected signals are superimposed at the output. The mirrors
are mounted on piezo-electric components, allowing tuning of the difference between

18 All first order coherence measurements with the Michelson interferometer were performed at
Ecole Polytechnique Fédérale de Lausanne in B. Deveaud’s group. The interferometer was designed
and built by S. Kundermann. People directly involved in the experiment were: M. Richard, S.
Kundermann, A. Baas, P. Jeambrun and myself. I participated directly only in the temporal
coherence experiments.
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optical paths in both arms with an accuracy of around 10 nm. For a given delay
between both arms the relative phase between the interfering PL signals is scanned
over 67, providing interference patterns. The signal is detected by the photodiode
and sent to a lock-in amplifier. The interference contrast ¢ = % is measured
as a function of the delay'?. Precautions were taken to eliminate scattering of the
excitation laser by using spatial, spectral and polarization filtering?’.

The advantage of this system is the presence of an active stabilization loop
[Weh97, Sab02|. The light from a mono-mode, stabilized He-Ne laser is injected
into the interferometer during measurements. The He-Ne interferometry feedback
loop is used to lock the relative distance between both arms with a sub-wavelength
precision of 10 nm, allowing one to realize relative phase resolved measurements.

Another feature is the entire computer control of the experiment. A LabView
program has been written to control movements of the arms. One can choose the
number of steps to scan the phase and the number of delay points. The contrast
value is automatically calculated and plotted for each delay.

Care has to be taken to choose correctly the zero delay point between both arms
and to properly superimpose the signals from the two arms spatially. This situation
corresponds to the maximum contrast value for the given experimental conditions.

4.3.4 Photon correlator

For the second order temporal coherence studies, ¢*(t), we have used two single
photon counting modules, id100-20, manufactured by id Quantique. Thanks to the
small size (20 um) of the active chip of these avalanche photo-diodes (APDs) their
time resolution is as high as 70 ps. A very low dark current of 30 photons/s is
observed. In order to study photon statistics, a photon correlator was built. The
schema and a picture of the correlator are presented in figure 4.7.

The photoluminescence signal, selected by the monochromator, is collimated by
the lens F7 and then split by the non-polarizing cube beam splitter (BS) and focused
on the APD chips by lenses F, with a magnification of v = 0.25, forming a spot of size
around 25 um. The APD modules are mounted on XYZ Micro-controle translation
stages. The whole optical path is shielded by elastic tubes. The electronic signal
from one of the APDs triggers the voltage ramp of the time to amplitude converter
(TAC) of the Becker&Hickel’s SPC-630 correlation card. The response of the second
APD stops the TAC. The measured tension on the TAC is translated into the delay
between start and stop signals?'. The histogram of the number of coincidences in
function of the relative delay between the start and stop signals is formed by the
multi-channel analyzer (MCA). The time resolution of the photon correlator is 120
ps for counting rates 2 — 5 - 10°s71 2% .

19The phase is scanned over a distance 100 times smaller than the incremental delay, typically
0.5 ps or 150 pum.

20Polarization filtering was used only in spatial coherence measurements

21 The zero delay is determined by the difference between the cable lengths connecting the APDs
with the correlation card. 20 cm of the cable corresponds to 1ns of the delay.

22Time resolution starts to be degraded for counting rate higher than 8 - 1055~}
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Figure 4.7: Photon correlator schema (a), and picture of the setup (b).

Conclusions The experimental methods used along this work were presented.
The crucial experimental conditions were specified.
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Chapter 5

Sample description and evidence for
strong coupling

In this chapter we will present the 16 QW sample chosen for the demonstration of
polariton condensation. We will also show evidence for the strong exciton-photon
coupling regime. The strong coupling persists up to room temperature.
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5.1 Microcavity sample

Our monolithic, MBE-grown microcavity sample consists of 16 C'dT'e/Cdy4M go T e
5 nm quantum wells (QWs) embedded in a 2\ Fabry-Perot like cavity. The design
of the cavity places its fundamental optical mode at A ~ 735.5 nm, in resonance
with the excitonic transition in the QW. The resonator mirrors are Bragg reflectors,
which are stacks of 23 (for the bottom mirror) and 17.5 (for the top mirror) pairs
of lattice matched CdysMgoeTe/CdorsMngasTe \/4 layers. A refractive index
contrast in the Bragg mirrors of 13% is sufficient to create a photonic stop band of
width around 150 meV.

Of course, further increase of Mg content would increase the dielectric contrast,
and so the photon confinement (see eq. (2.4)). One should keep in mind however
that there is a significant difference in lattice constant between each member in the
telluride family of materials (CdTe/MgTe - 0.9%, CdTe/MnTe - 2.2%, CdTe/ZnTe -
6% ). Moreover, CdMgTe alloy is known to oxidize very rapidly for high Mg content,
so the sample’s lifetime would go down dramatically. Finally, the choice of alloys
to build II-VI photonic structure is imposed by a compromise between obtaining a
high dielectric contrast while maintaining a low lattice mismatch. Even if \/4 layers
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5.1. Microcavity sample

are intended to be lattice matched, we should keep in mind that a residual strain
may be still present in the Bragg mirrors. Notably, because of the lattice mismatch
between C'dTe and Cdy4M gosTe, QWs are strained.

A schema of the structure is presented in figure 5.1.
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Figure 5.1: Sample structure.

For supplementary details about the growth process of CdTe-based microcavities
see [And98|, [Boe00], [Mul00], [Mox04]. The profile of the QWs may be investigated
by means of the resonant Raman scattering technique [Bru06].

The great efforts made in the difficult task of fabrication of CdTe based microcav-
ities proved very worthwhile, as soon as one wants to enter the strong light-matter
interaction regime, and study high exciton density effects.

The higher ionicity of CdTe with respect to GaAs means that the excitonic Bohr
radius (ap) is 3 times smaller in CdTe QWs (3.9 nm). This value was estimated
using equations 2b and 29 of [Mat92|, with exciton binding energy in bulk CdTe
Ey = 11meV and E,, — F, = 22meV - see figure 5.3. As explained above in
section 1.4.1, reduced ap has an impact on the oscillator strength of the excitonic
transition and implies that the Rabi splitting {2 obtained for a single CdTe QW is
much higher (7 meV) than for GaAs QW (2.5 meV). We also note that smaller ap
means that the exciton saturation density for CdTe QWs is one order of magnitude
higher (~ 2.5 - 10'em™2) than for GaAs QW. So excitons in CdTe QWs keep their
bosonic nature for much higher densities. This advantage is crucial for condensation
studies.

In order to maximize photon-exciton coupling, QWs are placed in each of the 4
nodes of the optical mode (4 QWs per node). The presence of 16 QWs increases
the total excitonic oscillator strength which, combined with the excellent optical
quality of the structure, leads us into the strong exciton-photon coupling with a
Rabi splitting of 2 = 26 meV. As already stated in section 2.1, the strong coupling
is demonstrated experimentally by the anti-crossing behavior of the formed polariton
states. Thus, an experimental parameter to control the relative energy change of
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exciton and photon modes is required. Mutual tuning may be realized in various
ways. The exciton energy may be influenced by applying either an external electric
[Fis95] or magnetic [Bru05] field or by changing the temperature [Lau90]. In our
microcavity an additional degree of freedom is given by the existence of the thickness
gradient along the sample. The variation of the cavity width along the sample has a
sharp influence on the photon energy. The same percent of change of the QW width
has only a very small effect on the exciton position, as only the confinement energy
is affected.

Another straightforward method of observation of the strong coupling is a direct
investigation of the polariton dispersion [Hou94].

5.2 Evidence for strong coupling

We now present the optical characterization of the sample by reflectivity measure-
ments. The experiment is performed by collecting white light reflected from the
sample and by imaging its far field onto the monochromator slit. The dispersed im-
age of the slit give us a direct access into the polariton dispersion curve. By closing
the slit vertically we can also choose a normal incidence reflectivity with accuracy
of 1°. The signal obtained is normalized to the optical setup response, given by the
reflectivity signal of a silicon mirror placed inside the cryostat. The mirror has a
flat reflectance in the spectral range under consideration. The sample temperature
is T=5K.
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Figure 5.2: Reflectivity spectrum.

The normal incidence reflectivity is shown in figure 5.2. One can clearly see
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two sharp peaks in the middle of the stop band. These correspond to the LP and
UP states. A set of lateral lobes, corresponding to the "leaky modes" of the Bragg
mirrors, is present on the low and high energy side of the spectrum.

The experiment is repeated for many points along the sample. The position of
the polariton peaks as a function of the first high energy lobe (i.e. as a function
of position on the sample) is plotted in figure 5.3. Three anti-crossings are clearly
visible. This graph gives the evidence for strong exciton-photon coupling.

In fact, we deal here with a quite complicated polariton system: we observe not
only the main anti-crossing of the photon mode |PH) with the heavy hole exciton
|X), but also a clear anti-crossing with the 2S heavy hole exciton |Xsys), and the
light hole exciton | X ). These states are identified by their energy difference and
the ratio of the oscillator strengths with respect to the | X) [And98].

The spectra around the resonances are presented in the right part of figure 5.3.
The high quality of the sample is confirmed by the splitting - linewidth ratio of
33%. The linewidth of the upper polaritons increases due to the interaction with
the continuum of the exciton states. The data presented in figure 5.3 are particularly
useful for determining the detuning in photoluminescence experiments.
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Figure 5.3:  Energy of polariton peaks vs. cavity energy (points). Dashed lines:
energy of the uncoupled states. The anti-crossing behavior for the polariton states
1s clearly visible, demonstrating the strong coupling regime. Right panels: spectra
around the resonances. The measured Rabi splitting is 2 = 26 meV.

23 An inhomogeneous broadening of I' = 0.1 — 0.2 meV is present due to use of the 150um spot.
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Chapter 5. Sample description and evidence for strong coupling

As could be expected, the temperature tuning also exhibits anti-crossing feature
and reconfirms the strong coupling regime (see figure 5.4).
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Figure 5.4: Energy of polariton peaks at normal incidence in reflectivity experiment
as a function of temperature. Dashed lines: energy of the uncoupled states. The ex-
citon energy depends strongly on the temperature [Lau90], whereas the cavity energy
18 not significantly affected. The anti-crossing behavior for the polariton states is
clearly visible.

We demonstrate the strong coupling regime also by direct imaging of the polari-
ton dispersion in the reflectivity configuration. The results showing anti-crossing of
the polariton branches for four detunings are shown in figure 5.5.

5.3 Polaritons at room temperature

The same experiment as in figure 5.3 was performed also at room temperature. The
result is shown in figure 5.6. An anti-crossing is clearly visible corresponding to a
Rabi splitting of Q300 = 13 meV 2%, This strong reduction with respect to the low
temperature Rabi splitting 2 = 26 meV is due to the exciton-phonon interaction
which results in an homogenous broadening of the exciton of ~ 15 — 20 meV at
room temperature in a CdTe QW [Pel92, Nei93]. Figure 5.7 shows images of the
polariton photoluminescence along the dispersion curve measured at T=300K. No
stimulated emission in either the strong or weak coupling regime has been observed
on this sample at room temperature.

24For the temperature dependence of the Rabi splitting Q in CdTe-based microcavities see
[And98, Boe00]
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5.3. Polaritons at room temperature

Angle (degree) Angle (degree)
10 0 1

20 20  -10 0 10 20

1.70-
1.70

1.6

S

[(}]

= 1.69

o

51.6

c

L

1.68
1.67

1.70

Engrgy (eV)
3

1.68

LA R R -
3 2 1 0 1 2 3 3 -2 A1 0 1 2 3
. 4 -1
In-plane wave vector (104cm 1) In-plane wave vector (10 cm )

Figure 5.5: Polariton dispersion in an angle resolved reflectivity experiment. Fach
image corresponds to a different detuning 6. The white lines are the result of the fit

of the coupled oscillator model. The black lines correspond to the uncoupled exciton
and photon states.

ol



Chapter 5. Sample description and evidence for strong coupling

It is worth noting that Q30x = 17.5 meV has been obtained with a 24 QW

microcavity.
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Figure 5.6: Sample characterization at T=300K. Left: the reflectivity spectra mea-
sured for different detunings. The spectrum at resonance is drawn in red. Right: the
anti-crossing of the states demonstrating the strong coupling regime with Q300 = 13
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5.3. Polaritons at room temperature

Conclusions The 16 QW microcavity sample used for our studies was presented.
It exhibits the strong coupling regime with 2 = 26 meV at T=5K and Q3p0x = 13
meV at room temperature. The width of the lower polariton line at resonance is 0.6
meV at low temperature.
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Chapter 6

Polariton condensation 1n
momentum space

This chapter presents a detailed study of polariton condensation in momentum space
at Tepyo = K.

We prelude the analysis with a brief summary of the major obstacles to realize the
condensation in the solid state. The main advantages of the microcavity polariton
system are pointed out once again.

After recalling the experimental details, we demonstrate that, in spite of the
short polariton lifetime, polaritons can thermalize within the trap under well de-
fined experimental conditions. The key point here is a high exciton fraction in the
polariton. Increasing exciton density in the reservoir provokes polariton-polariton
scattering towards the bottom of the trap, which becomes highly efficient for positive
detunings. Enhanced polariton dynamics is illustrated by decrease of the dephasing
time of the polaritons in excited states. The full thermalization of the polariton
population below the condensation threshold is reported with an internal polari-
ton temperature of 7,7y = (16 — 20) K. Further increase of the polariton density
results in spontaneous phase condensation. Above a critical density, polariton
condensation in the bottom of the trap occurs: massive occupation of the polari-
ton ground state and saturation of the excited states are observed. The internal
temperature is well defined and does not change much across the transition. The
critical density for the phase transition, the ground state occupancy and the conden-
sate fraction are estimated. The dramatic change in the near field emission pattern
through the transition is signalized. In this chapter, the onset of spontaneous
coherence reflects only in the line narrowing at the condensation threshold, cor-
responding to increasing coherence time?’. With further increase of the polariton
density, interaction induced decoherence is visible. The role of interactions in the
condensate is examined and the nature of the polariton condensation is commented
within the frame of the theoretical model.

We demonstrate that thermalization of the polariton population is an exceptional

25For the complete discussion of the coherence properties of the polariton condensate see chapter
11.
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6.1. Peculiarities of the condensation in the solid state

effect of positive detuning. By changing the exciton-photon balance towards a more
photon-like nature, the thermalization is quickly lost. In negative detuning the re-
laxation is strongly inhibited. A bottleneck effect in the emission angular pattern
dominates. The polariton-polariton scattering mechanism is less active as shown
by the linewidth analysis. However, increasing the excitation power triggers polari-
ton ground state stimulation in the presence of a bottleneck, and non-equilibrium
polariton condensation occurs.

The strong coupling regime is well preserved for all the experiments presented
in this chapter.
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6.1 Peculiarities of the condensation in the solid
state

Bose-Einstein condensation as originally proposed applies to an infinite, three dimen-
sional gas of non-interacting bosons, conserved in time and without internal struc-
ture. For a finite number of trapped, non-interacting particles in 2D the macroscopic
occupation of the single particle state is also possible [Bag91, Ket96, Pet00|. The
modern definition of BEC requires not only massive occupation of the single particle
state, but also spontaneous development of long range correlations [Leg01, Pit03].

The BEC observed in atomic physics, even if very close to the proposal of
Einstein, does not reach the ideal case. Interatomic interactions, though strongly
quenched in diluted atomic vapors, can be still important [Bur99]. For example,
they are responsible for depletion of the condensate. The number of particles is
finite. At the same time condensation of cold atoms takes place on the second-like
time scale compared to the micro-second thermalization time [Dav95]. So an atomic
system can be considered to be in thermal equilibrium, with well defined thermody-
namic functions. The modern criterion of the BEC, i.e. development of long range
correlations extending over the whole condensed cloud, is clearly demonstrated (see
figure 1.4).

The attempts to demonstrate BEC in a semiconductor system meet difficulties
that are hard to overcome (see chapter 1.4). The major obstacle here is the fact that
quasi-particles in solids, such as excitons, are characterized by finite lifetime. The
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Chapter 6. Polariton condensation in momentum space

ideal case of a BEC in a real thermal equilibrium is hardly imaginable. Moreover,
the center of the Brillouin zone is almost not dispersive. Thus, the methods used to
demonstrate exciton equilibration by spectroscopic means are not straightforward.
Excitons in solids are usually created by photon absorption. Therefore, permanent
optical pumping is required to sustain exciton population. For the above mentioned
reasons, the studies of condensation in solid state must inevitably confront the im-
pact of non-equilibrium physics due to the pumping/decay process [Szy06].

The second problem arises from the fact that the excitons in solids, are com-
posite bosons consisting of two fermions. Therefore they experience strong mutual
interactions. Due to their fermionic origin and the Coulomb forces, effects com-
ing from the Pauli exclusion rule (like phase space filling and exchange) cannot be
neglected for high exciton densities. A small exciton binding energy (5-10 meV in
semiconductors like GaAs) means that the bosonic nature of an exciton is rather
fragile and is rapidly lost when increasing the carrier density. As the saturation
density depends on the exciton Bohr radius, the bosonic character of an exciton is
much better preserved in wide band gap semiconductors.

In the realm of solid state quasi-particles, 2D microcavity polaritons are promis-
ing candidates to attain condensation in an excitonic system. The polariton, having
a partially excitonic nature, inherits "excitonic problems" as concern condensation.
However, the photon part of the polariton introduces some important features mak-
ing the polaritom system worthy of interest. In particular, there is an unusually
steep in-plane dispersion E(k)) for polaritons as compared to excitons. For the
lower polariton branch a characteristic trap in reciprocal space is formed within the
strong coupling zone. The polariton mass around the bottom of this trap is 4-5 or-
ders of magnitude lower than the pure exciton mass. This radical reduction makes it
possible to reach high occupancy factors for the LP ground state in the low exciton
density limit - more than an order of magnitude lower than the exciton saturation
density for CdTe-based microcavities. Moreover, thanks to the two-dimensional na-
ture of the system and strong polariton dispersion, one is able to probe the polariton
relaxation towards the ground state by means of angle resolved measurements. The
characteristics of the LP trap, flexibility for its engineering (by the coupling strength
and the detuning) and the facility of monitoring the relaxation within the LP trap
are big advantages which, combined together, make the polariton system convenient
for studying BEC in the solid state.

At the same time the strong mixing with the photon turns out to be a draw-
back when we consider polariton lifetime, which is in our case 1-2 ps. This value
is generally much shorter than the relaxation time towards the ground state by
phonon interaction. Therefore, the polariton population distribution is normally
out of thermodynamical equilibrium with the host lattice and suffers from the re-
laxation bottleneck effect: photoluminescence comes mainly from high energy states
in the LP trap. In this chapter we demonstrate that this obstacle can be overcome
by optimizing the exciton fraction of the LP. Polariton thermalization below the
condensation threshold is reached under positive detuning.
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6.2. Polariton condensation in internal equilibrium - positive detuning

6.2 Polariton condensation in internal equilibrium
- positive detuning

Experimental conditions Observation of the polariton far-field emission allows
us to investigate the polariton distribution in k-space and along the dispersion curve.
Careful detuning studies in the range (—0.77 < 0.4)(2 are performed. An exper-
imental driving parameter for the transition towards the condensed phase is the
excitation power i.e. the injected carrier density. The microcavity is excited by a
CW-Ti:Sapphire laser, combined with an acousto-optic modulator (1 us pulse, 1%
duty cycle) to reduce sample heating. The use of continuous excitation ensures
the steady state regime and is a necessary condition for demonstrating thermal equi-
librium. The laser beam was carefully shaped into a "top hat" intensity profile in
order to provide an uniform excitation spot of about 30-35 um diameter on the
sample surface. The excitation energy was set at around 100 meV above the po-
lariton ground state. This ensures that exciton polaritons initially injected in
the system are incoherent, which is an important condition for demonstrating
a spontaneous phase transition. The excitation beam is coupled to the intra-cavity
field via the first reflectivity minimum of the Bragg mirrors.

Results We start the analysis by presenting the spectral and angular distribution
of the emission as a function of the excitation power for a few positive detunings.
The upper set of panels in figures 6.2 displays pseudo-3D images of the angular
distribution of the spectrally integrated emission for detuning 6 = +7.7 meV. Below
threshold (left), the emission exhibits a smooth distribution around the ground
state. When the excitation intensity is increased, the emission from the zero
momentum state becomes predominant at threshold (centre) and a sharp
peak forms at kK = 0 above threshold (right). At the same time emission
from the excited states saturates above threshold. The lower panels of figure
6.2 show the energy and angle resolved emission intensities. It can be seen that the
width of the momentum distribution shrinks with increasing excitation intensity,
and above threshold, the emission mainly comes from the lowest energy state at
k= 0. The same qualitative behavior is found for different points on the sample
corresponding to the detunings d=+10.7, +7.2, +6.5, +5.4 and +5.3 meV. Typical
results are displayed in panels 6.3 A) and B).

Condensation of polaritons in reciprocal space should be reflected by a macro-
scopic phase coherence of their wave-function in real space. The various aspects of
polariton condensation in real space are discussed in chapter 9. At this point, we
mention only that, in agreement with previous studies [Mox05], dramatic changes
take place in the near field emission pattern. In the weak excitation regime the
emission pattern is homogenous and corresponds to the shape of the excitation laser
spot. Above condensation threshold, the emission pattern breaks up into a few
strongly localized, bright spots - see figure 6.1.
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Chapter 6. Polariton condensation in momentum space
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Figure 6.1: Two-dimensional images of the near-field polariton PL for different
pumping powers. Above condensation threshold polariton emission mainly comes
from a few micron-size, strongly localized, spots. Vertical and horizontal axes are
m-plane coordinates on the sample surface. PL intensity increases from black to
white. Detuning 6 = +5.4 meV (the corresponding far field emission is shown in

figure 6.3).

Thermalization and condensation. Polariton internal temperature. The
occupation of the polariton states can be extracted from the emission resolved in
energy and angle by taking into account the radiative lifetime of polaritons. We
concentrate first on the analysis of the data presented in panel 6.2. Figure 6.4 a)
shows the occupancy of the k) = 0 ground state, its emission energy and linewidth
as a function of the excitation power. With increasing excitation, the occupancy
increases linearly at first. Then the exponential growth with a sharp threshold-like
behavior is seen. It should be noted that the occupancy at threshold is estimated
to be of the order of unity (see next paragraph). This is consistent with a polariton
relaxation process stimulated by the polariton population in the ground state, which
is a specific feature of boson driving mechanism of BEC. The emission blue-shift was
measured to be a tenth of the Rabi splitting at a excitation power 10 times greater
than the nonlinear threshold, confirming that the microcavity is unambiguously in
the strong coupling regime. The origin of this blue-shift is discussed later on.

The linewidth of the k) = 0 emission shows significant narrowing at the nonlinear
threshold, down to a third of the polariton linewidth in the linear regime. As is
shown in chapter 11, this narrowing corresponds to the spontaneous increase of
the coherence time. Line broadening observed at higher excitation is due to phase
diffusion induced by polariton self-interaction [Por03].

Figure 6.4 b) displays the occupancy of polariton states as a function of their
energy on a semi-logarithmic scale, for various excitation powers. At very low ex-
citation power (shown in figure 6.5), the polariton occupancy is not thermalized
[Mox05, Tas97|. Close to threshold (P = 0.86 - Py,), the occupancy can be fit-
ted with a Maxwell-Boltzmann distribution, indicating a polariton gas in internal
equilibrium at around 16 K. Above threshold, one can clearly observe a bimodal dis-
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Figure 6.2: Far-field emission measured at T=¥5.4 K for three excitation intensities:
0.55 - Py (left panels), Py, (centre panels), and 1.14 - Py, (right panels); Py, =
1.67kW - em™2 is the threshold power for condensation. (a) Pseudo-3D images of
the far-field emission within the angular cone of £23°, with the emission intensity
displayed on the vertical azis (in arbitrary units). With increasing excitation power,
a sharp and intense peak is formed in the center of the emission distribution (0, =
©, = 0°), corresponding to the lowest momentum state kj = 0. Note thal the
intensity from excited states is saturated. The color and intensity scale in (a) is the
same for all three figures. (b) Same data as in (a) but resolved in energy. For such a
measurement, a slice of the far-field emission corresponding to ©, = 0° is dispersed
by a spectrometer and imaged on a CCD-camera. The horizontal axis displays the
emission angle (top) and the in-plane momentum (bottom); the vertical azis displays
the emission energy in a false color scale (different for each panel). Below threshold
(left panel), the emission is broadly distributed in momentum and energy. Above
threshold, the emission comes almost exclusively from the lowest energy state kj = 0
(right panel). A small blue-shift of about 0.5 meV, or 2 % of the Rabi splitting, is
observed for the ground state, which indicates that the microcavity is in the strong
coupling regime.
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6.2. Polariton condensation in internal equilibrium - positive detuning

tribution marked by saturation of the excited state population and the formation of
a condensate in the ground state. Such a behavior is typical of a BEC. We addition-
ally illustrate saturation of the excited states in figure 6.6, where the angularly and
spectrally resolved polariton emission under excitation power around threshold are
plotted on the same color scale. For the data taken at 6 = +7.7 meV we cannot ob-
tain a reasonable fit for the low energy part of the occupancy using a Bose-Einstein
distribution. This is not surprising, since in a non-ideal Bose system, interactions
are responsible for changes in the density of states and depletion of the condensate in
favor of excited states. This constitutes a caution against over-interpretation of the
Bose-Einstein distribution for non-interacting particles when far into the condensed
regime |Gri95, Ens96].

In figure 6.5 we present an analysis of the data shown in figure 6.3 B). As in
figure 6.4 one can see, a clear threshold for turn-on of the stimulated scattering,
accompanied by line narrowing and blue-shift of the emission. We now present the
analysis of the polariton population along the dispersion curve, as a function of
the excitation power. For this set of data, the thermal part can be fitted with a
Bose-FEinstein distribution with good accuracy. Thus, in this case polariton gas is
approaching the ideal Bose gas. The saturation of the excited states is also well
marked. The common error bar (drown in the middle of the figure) corresponds to
the uncertainty of the occupancy estimate and the characteristic polariton linewidth.
Bose-Einstein distribution above threshold was also observed for the other set of data
corresponding to detuning 6 = +5.3 meV - not shown. The results of the fit are
displayed in figure 6.5 b. The data are fitted with a function:

No
n(Teffa,ueff) R, (61)
e kTepy 1

The fitting parameters are: [ - effective chemical potential, T, s - effective polari-
ton temperature. For a very low pumping, the system is not thermalized. Just below
threshold for condensation the polariton population reaches an internal equilibrium
with the 7" = (18.6 = 0.7) K. Above threshold, the polariton distribution clearly de-
viates from classical Maxwell-Boltzmann statistics and takes the form corresponding
to quantum, Bose-Einstein statistics. The polariton distribution above threshold is
fitted with the same effective temperature and with the negative effective chemical
potential approaching zero (see inset in figure 6.5 B)). We emphasize that T,¢¢ does
not change across the the transition, which means that the increase of the pumping
rate only increases the number of particles in the system without heating it.

Thermalization of the polariton population below the condensation threshold
is confirmed for a relatively narrow detuning range of +0.19Q2 to +0.4€2i. e. +5
to +10.7 meV. As we show in section 6.3, the polariton population can no longer
thermalize for negative detuning, because of the lower efficiency of the scattering
mechanism within the trap and the shorter polariton lifetime.

Increasing the detuning results in an increase of the polariton lifetime. This
should favor condensation at lower pump powers, since the stimulation starts as
soon as the filling rate starts to be comparable with the emission rate from the
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Chapter 6. Polariton condensation in momentum space

Figure 6.4: Polariton occupancy measured at 5.4 K. A: Occupancy of the kj = 0
ground state (solid diamonds), its energy blue-shift (solid circles) and linewidth (open
triangles) versus the excitation power. The blue-shift is in units of the Rabi split-
ting 0 = 26 meV. For low excitation, the ground sate occupancy increases linearly
with the excitation then exponentially right after threshold. This sharp transition
18 accompanied by a decrease of the linewidth by about a factor 3, corresponding to
an increase of the polariton coherence. Further increase of linewidth is due to in-
teraction between polaritons in the condensate. The polariton ground state slightly
blue-shifts, by less than 10 % of the Rabi splitting for excitation about 10 times the
threshold power, staying well below the uncoupled exciton (Ex) and photon mode
(Epy) energies. This is a clear evidence of the strong coupling regime. B: Polari-
ton occupancy in ground and excited 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 kj = 0 ground state. The occupancy is deduced from
far-field emission data (see figure 6.2 ), taking into account the radiative lifetime of
polaritons. At excitation power just below threshold (0.86 - Py, ) the polariton gas is
fully thermalized, as evidenced by the exponential decay of the occupancy distribu-
tion. Above threshold a bimodal distribution is observed: the ground state becomes
massively occupied whereas the excited states are saturated, which is typical of BEC.
The polariton thermal cloud is at 16 K and not significantly changed when increasing
the excitation to twice the threshold power.
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Figure 6.5:  Polariton state occupancy measured at 4.9 K for 6 = +5.3 meV. a): as in figure
6.4, b): Polariton occupancy in ground and excited levels is plotted in a semi-logarithmic scale for
various excitation powers. The occupancy is deduced from far-field emission data (see figure 6.3 B
), taking into account the radiative lifetime of polaritons. For very low excitation level (0.02- Pyy,,.)
the polariton distribution is not thermalized. At the stimulation threshold the polariton gas is
in internal equilibrium, as shown by the exponential decay of the occupancy distribution. Above
threshold, the ground state becomes massively occupied whereas the excited states are saturated,
which is typical of a BEC. The thermal part of the distribution can be fitted with a Bose-Einstein
statistics with a constant Tey; ~ 18.6K and ucsy approaching zero above threshold. For the highest
pump powers, the emission is entirely dominated by the condensate emission, preventing analysis

of the thermal tail. Black error bar represents the total uncertitude of occupancy and energy.
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Figure 6.6: Saturation of the polariton excited states at threshold, 6 = +5.4 meV.
Increasing the excitation power results in adding the particles into the ground state,
whereas the excited states becomes saturated. This is a typical characteristic of BEC.
The color scale is the same for the three excitation powers.

ground state. The opposite is seen: With increasing the detuning towards more
positive values, rapid increase of the threshold excitation density is observed. This
is possibly due to increase of the polariton density of states around the bottom of
the trap. This phenomenon is illustrated in figure 6.7, where the threshold pump
power is presented as a function of the detuning.

Acceleration of the polariton dynamics - linewidth analysis The observa-
tion of a polariton gas in internal thermal equilibrium is surprising and could appear
puzzling considering the short polariton radiative lifetime (1-2 ps). The necessary
condition to attain equilibrium is for the polariton scattering rate to be faster than
the radiative decay time. The collisional broadening of the polariton as a func-
tion of the pump power and the detuning has been already studied by using an
angle resolved four wave mixing technique [Huy03|. It was found that the polariton
dephasing time decreases with increasing pump power and angle. The similar con-
clusion can be extracted from [But02], where a strong increase of the linewidth is
seen for the polariton excited states when the pump power is increased. Only the
very recent data show that in a GaAs-based microcavity for positive detuning and
high pump power the thermalization time can be as much as 10 times shorter than
the radiative lifetime [Den06].

In fact, in our case, for positive detuning, strong broadening of the polariton
emission along the dispersion curve is observed for excitation around threshold. This
indicates that the dephasing time due to polariton-polariton scattering is shorter
than the polariton lifetime by a factor of 2 (figure 6.8 A). Such a mechanism has
been proposed for polariton BEC [Por02] and, as we have seen, indeed permits
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5 E, =1685meV Figure 6.7: Threshold pump
£ 0\ E =21.3meV power for condensation as a
Q43 9 Lo function of detuning, T=5.2K.
; \0 E ,=1664.7meV 5=-11.5meV For positive detuning the thresh-
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5 F———F——7——7——7——71——1—— tween the optical phonon energy
aQ -20 15 10 -5 0 5 10 and the difference between the

Detuning (meV) exciton level and the polariton
ground state level [Boef00].

attainment of internal thermal equilibrium before the escape of polaritons out of
the microcavity. It is interesting to perform the linewidth analysis also for negative
detuning, where thermalization is not attained (figure 6.8 B). In this situation no
significant broadening of the polariton excited states is observed. The polariton
dephasing time remains longer than the radiative lifetime. As could be expected, the
polariton-polariton scattering efficiency decreases in negative detuning precluding
polariton thermalization.

Some estimates: density of injected carriers, saturation density, critical
density and occupancy factor It is instructive to give some estimates of the
characteristic densities in the system. First, let us evaluate the density of injected
carriers per quantum well at condensation threshold:

DoP
Dlem™?] = EO x (1—R) x 7y x agw ~ 1.4-10%cm 2 (6.2)
n

, where
e DoP ~ 1kW - em~2 - a typical density of the excitation power at threshold
e En ~ 1.76eV - energy of the pump

e R~ 0.15 - reflectivity of the microcavity for the pump energy
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Figure 6.8: Acceleration of the polariton dynamics: linewidth analysis for detunings
d =453 meV-A)5=—1meV - B). For positive detuning the polariton-polariton
scattering mechanism s efficient. This causes the dephasing time to be shorter then
the radiative lifetime enabling thermalization of the polariton population. For neg-
atwe detuning, the collisional broadening of the polariton excited states is reduced,
lustrating a lower efficiency of the polariton scattering process, which prevents equi-
libration of the polariton population.
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e 7, ~ 140ps - the lifetime for an exciton in a reservoir [Poh92|
e agw ~ 3% - absorption coefficient of the quantum well

The value obtained gives the upper limit of the exciton density in the reservoir
per quantum well. Of course, not all electron-hole pairs form excitons. Moreover,
most of the created excitons will instantaneously recombine into the leaky modes
of the Bragg mirror. This process is particularly efficient in microcavities. It is
estimated that 90% of the excitons recombine through this channel [Tas96, Blo97]
and only a small part of the excitons created feed the polariton trap.

Without any doubts, the exciton density at threshold, D ~ 10'%m™2, re-
mains far below the saturation density for CdTe QWs. Following [Sch85]
and taking an excitonic Bohr radius of ag = 28 A [Dan98| we find:

0.117
Nggt = —— = 4.75 - 10" em™? (6.3)
m™-a

B
Indeed, strong coupling is lost and the transition towards the weak coupling regime
is observed for a pumping rate corresponding to ~ 50 - Py, (see chapter 8). Thus,
we can assume that our estimate of the exciton density at threshold is correct.

Only about 10% of the excitons relax into the strong coupling zone and fill
polariton states. The condensation occurs when the ground state occupancy is of
order unity. One can ask what is the critical polariton density (n..) for condensation?
It should be emphasized that n.,. describes occupancy of the polariton states in the
strong coupling region and is expected to be much lower than the exciton density.
First, we demonstrate that the onset of the stimulated scattering towards the ground
state corresponds to a ground state occupancy of order unity. We use the data
presented in figure 6.2. At threshold, rate of emission of photons by the polariton
ground state is:

B N 7.64 - 10°
- D.C.xintT xeff 1% x0.2x2.1%

Nppls™] ~1.82-10"[s7']  (6.4)

, where
e N - number of CCD counts detected at threshold for an angular range of 0.37°
e D.C. - duty cycle of the acousto-optic modulator
e nt'l' - integration time
e cff - overall efficiency of the experiment

The efficiency of the experiment for detection wavelength A = 740 nm takes into
account:

e quantum efficiency of the CCD camera, ~ 50%

e efficiency of the monochromator grating, ~ 60%
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e transmission of the monochromator mirrors, ~ 95%
e transmission of the optics in the detection line:

— window of the cryostat, ~ 88%
— objective, ~ 95%

— two beam splitters, ~ 24%

— lens, ~ 95%

polarizer, ~ 77%
e half of the emission goes into the substrate and is lost, ~ 50%
Nppy can be transformed into the ground state occupancy 2 :

Npy X 7o 1.82-10'0 x 10-12
DoS x ¢%y  2.86-1072 x 0.37

1.7 (6.5)

Npol =
Here:
e 7, - radiative lifetime of the ground state polariton (=~ 1 ps)

e DoS - number of states contained within one pixel of the Fourier plane image
formed on the CCD camera [Mox04|

e %, - photon fraction of ground state for detuning § = +7.7 meV

This rough estimate is consistent with the bosonic final state stimulation pro-
cess: bosonic stimulation is triggered when the occupancy factor of the state is of
order unity. Even if the uncertainty of such a calculation is rather large, the same
conclusion can be found in many works exploring stimulated emission of polaritons
[Blo05, Hua02, Den02|. An occupancy factor of the order of one at the onset of stim-
ulated scattering was confirmed also for different detunings: 0 = +5.4, 6 = —9.5
meV.

Having the above information, n.. can be estimated by integrating photolumi-
nescence from the polariton trap at threshold and dividing it by the excitation area.
Performing this operation we end up with:

Nep ~ 5+ 10%cm ™2 (6.6)

This value is much lower than the estimated exciton density. Further comments on
this value are included in part 6.4 of this chapter.

26the similar estimation for the photon rate was obtained by using single photon counting device
instead of the CCD camera as a detector
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6.2. Polariton condensation in internal equilibrium - positive detuning

Origin of blue-shift: Coulomb interaction or saturation effects? Figure 6.9
a shows the lower polariton branch dispersion for detuning § = +7.7 meV (see figure
6.2), measured for increasing pump power. Two main features may be distinguished
in this graph. First, with increasing power a blue-shift of the dispersion curve is
visible. Second, the bottom of the polariton dispersion flattens when approaching
the condensation threshold. This flattening phenomenon may be explained in dif-
ferent ways. It may be considered as a signature of the condensation in the presence
of pump and decay process [Szy06]. It can be also more easily understood by the
consequence of the real space localization of the condensate. It is also interesting
to note that what we observe is not a rigid shift of the lower polariton branch: the
blue-shift of the bottom of the branch is larger than the one of the polariton excited
states.
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Figure 6.9: Evolution of the dispersion curve, a:0=+7.7meV, b:0=+5.3 meV. With
wncreasing power a blue-shift of the dispersion curve is visible. The dispersion is flat-
tened around the ground state. Flattening may appear as a consequence of presence
of the pump and decay process [Szy06] or as a result of the polariton localization in
real space.

In this paragraph we wish to investigate the origin of the observed blue-shift.
This phenomenon can occur as a consequence of the following two different effects:

e The inter-exciton Coulomb interactions, which lead to the blue-shift of the
exciton energy, and consequently of the upper and lower polariton lines.

e The saturation effects, describing decrease of the exciton oscillator strength
when increasing the exciton density, due to phase space filling and exchange
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Chapter 6. Polariton condensation in momentum space

effects. This phenomenon leads to decrease of the Rabi splitting, and thus to
blue-shift of the lower polariton and red-shift of the upper polariton.

To check which mechanism dominates in our case, the energy shift of the upper
state has to be measured. Due to the large Rabi splitting, this experiment has to be
performed at elevated temperature (T=28K), when the upper polariton states start
to be thermally occupied. The result is presented in figure 6.10.
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With increasing power a clear red-shift of the upper polariton is observed. This
behavior suggest that at T—28K the spectral shift of the polariton states is mainly
governed by saturation effects, and not by Coulomb interaction. Similar behavior
at T=15K has been already seen in time-resolved experiments [Boe00).

Condensate fraction The main signature of condensation is a massive occupa-
tion of the ground state. Thus, estimate of the condensate fraction permits to show
that, when condensed, number of particles in the ground state becomes compara-
ble with a total number of particles in the system. From theoretical point of view,
condensate fraction is an important number, since - first of all - it indicates that
transition occurs, but also it permits to calculate the strength of interaction in the
system. For instance, in highly diluted atomic condensates the interactions are weak,
allowing to obtain condensate fraction close to unity [Ens96]. On the other hand, in
strongly interacting Bose-condensed systems the interactions prevent from forming
a large condensed part. The well known example is superfluid helium, where the
condensate fraction does not exceed 10% [Bal03].

It is thus instructive to determine the condensate fraction for the polariton con-
densate. We analyze the data presented in figure 6.2 in the following way. The dark
counts are subtracted from the k-space maps. The photoluminescence is converted
into the occupation taking into account the change of photon fraction and density
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6.2. Polariton condensation in internal equilibrium - positive detuning

of states with increasing in-plane wave vector. The k-space maps are integrated
and give the estimate of the total number of polaritons in the strong coupling zone
(Niotar)- The number of condensed polaritons (N,y,g) is estimated by integrating
the ground state emission over its angular FWHM (NNV) (as is presented in the in-
set of figure 6.11) and subtracting the number of polaritons in the ground state at
condensation threshold (Np, ). Finally, condensate fraction holds:

Ncond P o N — NPth’r( P

= or P> Py, 6.7
Ntotal -Pthr Ntotal Pthr f h ( )

The obtained condensate fraction as a function of the normalized to threshold
pump power is displayed in figure 6.11.
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Indeed, one can see that number of condensed polaritons in the trap becomes
macroscopic: above threshold, condensed part grows rapidly reaching the value of
40% at 2.3 - Py, This value places polariton condensate between atomic BEC and
liquid He. Anticipating the results discussed in the chapter 11, it is interesting to
note that the parallel estimation of the condensate fraction can be given by the
spatial coherence measurements. There, the onset of the spatial coherence directly
reflects growth of the condensate with the condensate fraction given by the value
of the interference contrast for d > Agp. In figure 11.5 it can be seen that for
P = 1.9 Py, long range correlation reaches 40%, which is remarkably consistent
with the estimation performed in this paragraph.

71
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6.3 Non-equilibrium polariton condensation - neg-
ative detuning

We finish the analysis of polariton condensation in momentum space by present-
ing the results for negative detuning. The lower part of panels 6.12 A), B) shows
intensity maps of the far-field polariton emission for increasing pump power. By
spectrally resolving the far-field emission, an intensity map of the polariton disper-
sion emission is obtained and presented in the upper part of panels 6.12 A), B). The
photon-exciton detuning is set to § = —9.5 meV - panel A) and 6 = —1 meV - panel
B).

For negative detuning, at low pumping, light is mostly emitted from the so-
called "bottleneck" region of the polariton dispersion curve [Mox05]. This can be
explained as follows. Electron-hole pairs are created by the non-resonant pump and
very quickly form excitons, which relax efficiently along the exciton-like part of the
LP branch by interaction with optical and acoustic phonons (~ 30 ps, [Blo05]). At
the strong coupling region, the LP becomes photon-like, characterized by an effective
mass four orders of magnitude lighter than the exciton mass and a short lifetime
(1-2 ps). In the low pumping regime, the relaxation time in this region is much
longer (a few hundred ps) than the radiative life-time. So, excited polaritons do
not reach the ground state at k) = 0, but remain mainly near the transition region
of the strong coupling, forming an incoherent reservoir of exciton-polaritons. The
emission is quite broad both in energy and angle. As shown in panels 6.12 and in
figure 2.7, a characteristic bottleneck ring is formed in the k-space.

As we have seen before, increasing the pumping power speeds up the relaxation
kinetics. In figure 6.12 B) one can see that for § = —1 meV the distribution of
the polariton population shifts towards lower energies while remaining broad in
energy and wave-vector in this regime. For more negative detuning, § = —9.5
meV, polariton-polariton scattering within the trap is inefficient due to the low
exciton fraction (~ 0.33) in the lower polariton state. As can be seen in figure
6.12 A), polariton distribution remains practically unchanged when approaching
the stimulation threshold. The intensity emitted by the ground state increases
linearly with pumping in this intermediate regime. At stronger pumping, the average
occupation of the lowest energy polariton state reaches unity. From this point on,
scattering of polaritons to the ground state becomes much more effective due to the
bosonic final state stimulation effect. Above this threshold, the rate for polariton-
polariton scattering, with one polariton going towards the ground state, is enhanced
by a factor Ny + 1, where Ny is the ground state population. This leads to an
avalanche-like process which results in an exponential increase of the ground state
population (see figure 6.13). However, analysis of the polariton distribution along
the dispersion curve shows that in negative detuning the buildup of the ground state
population starts when the system is not in internal equilibrium (figure 6.14).

It is interesting to compare the evolution of the linewidth as a function of the
pump power for different detunings. Independently from the detuning, the conden-
sation threshold is accompanied by the onset of temporal coherence, which results
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Figure 6.12: Non-equilibrium polariton condensation in phase space. A): 6=-9.5 meV, T=5.4K.
Lower part: the far-field polariton emission for different excitation powers. Upper part: The spec-
trally resolved far-field emission for different excitation power. Left part: the polariton relazation
is inhibited resulting in the "deep” bottleneck effect. Right part: Nom-equilibrium polariton con-
densation occurs in the presence of the bottleneck. B): 6 = —1 meV, T=5.2K. The higher exciton
fraction for 6 = —1 meV with respect to 6 = —9.5 meV results in higher efficiency of the polariton-
polariton scattering mechanism. With increasing excitation power the bottleneck effect is partially
suppressed: the mazimum of the polariton distribution is pushed towards the bottom of the trap. But
still polariton ground state stimulation starts when the polariton population is not yet thermalized.
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in a significant line narrowing. It can be seen that for large positive detuning (figure
6.4) line broadening starts from pump power 2 - Py, whereas for an exciton-photon
balance more photon-like, the linewidth of the polariton ground state emission above
threshold remains narrow for pump power as high as 8 - Py, (figure 6.13). This be-
havior is intuitively comprehensible. Decoherence of the condensate is driven by
interactions within the condensate. Of course, by increasing the exciton fraction
in the polariton, effects of interactions will be revealed sooner than for negative
detuning. This interaction-induced decoherence should be considered as a draw-
back of a polariton laser and makes this device different from a laser: in a standard
laser, coherence properties increase with the number of photons in the lasing mode,
while increase of the polariton condensate population finally degrades its coherence
[Por03].
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Figure 6.13: Characteristics of the polariton ground state emission vs. pump power
under negative detuning. Left: Analysis of the data from figure 6.12 A), §=-9.5
meV, T=5.4K. At threshold the linewidth is reduced by a factor 5.5 indicating high
coherence properties of the emission. Right: Analysis of the data from figure 6.12
B), § = —1 meV, T=5.2K.
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Figure 6.14:  Polariton distribution along the dispersion curve for 6 = —1 meV,

T=5.2K. Left: For low pumping power the bottleneck effect in the polariton relaxation
18 well marked for negative detuning. Increasing the power partially suppresses the
bottleneck. Nevertheless stimulated scattering towards the ground state swilches on
when the polariton distribution is still far from equilibrium (B): the "hunch" in the
polariton distribution is not surveyed even far above threshold. The dashed arrows
indicate increase of the pump power.
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6.4 The nature of the polariton condensation - the-
oretical remarks

This section is based on the notes written by M. Szymariska (Oxford University), F.
Marchetti, J. Keeling and P. Littlewood (Cambridge University). These comments
give theoretical background for polariton condensation and confront the results with
the theoretical model.

The system of semiconductor microcavity polaritons studied here consists of a
finite, two dimensional gas of interacting particles in a disordered potential, which
have internal structure and a finite lifetime. It is therefore natural to ask about the
nature of condensation, its defining signatures, and the conditions under which it
should be observed, when all the above features are taken into consideration. We
discuss below how the evidence for polariton condensation collected experimentally
relates to that expected theoretically. In particular, we show that the conditions
under which such signatures were observed match well the predictions of a model
which takes into account features like reduced dimensionality, interaction, internal
structure of polaritons and their finite lifetime.

Interactions Although a three dimensional gas of non interacting bosons may
condense, many of the interesting features that are associated with condensation re-
quire interactions. Macroscopic occupation of a single state, rather than occupation
of a number of nearly degenerate states, can be explained by considering the ener-
getic cost of exchange terms for an interacting Bose gas (P. Noziéres p.15 in |Gri95]).
It is this argument which explains why for the system in consideration condensa-
tion should naturally be associated with a single polarisation and macroscopic phase
coherence. As discussed further below, interactions can modify the predictions of
expected critical densities, and are of particular importance in understanding the
nature of the phase transition in a two dimensional system.

The effects of interactions must also be considered when interpreting the occupa-
tion of states of the condensed system (i.e. when fitting the occupation data to the
Bose-Einstein distribution that would be expected for non-interacting bosons). As is
well known |[Pit03| and discussed further, interactions will modify the polariton spec-
trum in the presence of a condensate. In addition, while the chemical potential in
the condensed phase will lock to the bottom of the polariton spectrum, interactions
mean that the bottom of the spectrum and thus the chemical potential continue to
increase with increasing density. For these reasons, although the temperature can be
well estimated from the tail of the occupation data (figures 6.4, 6.5), the estimate of
the chemical potential in the condensed phase from the fit to the BEC distribution
is not expected to be very accurate [Ens96].

Phase transitions and finite two dimensional systems An infinite, non-
interacting two dimensional gas of bosons has no phase transition and never devel-
ops spontaneous coherence. However, adding interactions leads to the Berezhinski-
Kosterlitz-Thouless (BKT) transition, below which power law correlations, and su-
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perfluidity can develop [Nel83|. For a finite, trapped two dimensional system of non
interacting particles, macroscopic occupation of a single particle state can also occur
[Bag91, Ket96, Pet00]. In a finite, interacting, two-dimensional system, it is clear
that at low enough temperatures, deep in the condensed region, there should be
coherence extending across the entire cloud. The question is whether such complete
coherence arises at the phase boundary as in [Ket96] (finite size BEC) or whether
coherence decays in space with a power low (the BKT transition) and then smoothly
crosses over to full coherence when the thermal length reaches the cloud size. The
answer to this question also determines how the expected critical density at a given
temperature should be estimated.

However, for the experimental system under consideration here, there is another
consideration. The discussion of the BKT and finite size BEC transitions are nor-
mally made for structureless bosons, i.e. the particles that exhibit bosonic behavior
independently on their density. If there is no internal structure, then mean-field
theory does not predict a transition temperature and one must always consider fluc-
tuations; i.e. the population of excited modes. In the experiments described here,
the temperature is a significant fraction of the Rabi splitting (~ 6%), and so, the
internal structure of polaritons is relevant and cannot be neglected. Including this
structure, the phase boundary can be described by a mean-field theory [Mar06] with
finite corrections due to occupation of fluctuations [Kee04]. At the temperatures of
the current experiment, these fluctuations have a small effect on the prediction of
critical density. At even lower temperatures and densities, such fluctuation correc-
tions recover the results that would be found neglecting the internal structure: In
this case it is worth understanding whether finite size effects are expected to play a
role in determining the critical density.

Finite size BEC describes the transition when the effect of interactions can be
neglected, compared to the effect of finite level spacing due to a trapping potential.
Although the density profile is strongly affected by photonic disorder (see figure 6.1),
the overall size of the cloud depends on the size of the spot, as polariton lifetime
prevents any further expansion. A cloud size that is limited by the inability of
polaritons to travel further, due to their finite lifetime, is distinct from a cloud size
set by a large scale trapping potential. Such a mechanism would neither lead to a
quantisation of energy levels, nor modify the density of states as required in [Ket96].
Further, if finite size quantisation effects were significant compared to interaction
effects, one would expect to observe a quantisation of energy levels with spacing
larger than the observed blue-shift. The opposite is seen: interaction effects are
strong, and quantisation effects are weak. For these reasons, it appears that finite
size effects should not be significant for the prediction of critical density in these
systems.

The impact of the dimensionality, interactions and finite size on the possibilities
of the phase transitions are summarized in the table 6.1.

Internal polariton structure The effect of the internal structure of polaritons,
and their long-range interactions, can be for example described by the model dis-
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‘ Dimension ‘ Interactions ‘ Trap/Infinite ‘ Transition ‘
3 Yes,”No Infinite BEC
3 Yes,”No Trap BEC
2 Yes Infinite BKT
2 Yes Trap BEC/BKT
2 No Trap BEC/no transition
2 No Infinite no transition

Table 6.1: The impact of the dimensionality, interactions and size of the system on
the possibilities of the condensation. We are not concerned by dim<2.

cussed in [Mar06]. This model makes use of a realistic description of the disorder
present in the quantum wells and takes into account the composite fermionic nature
of the excitons. The importance of saturation effects in the polariton shift in energy
when increasing the pump intensity is supported directly by experiment, as was
discussed before (see figure 6.10).

Further support for this model, comes from the very good agreement between
predictions of polariton density and experimental estimates. Starting from such a
model, one can describe both the low density (fluctuation dominated) [Kee04] and
higher density (long-range interaction dominated) regimes [Mar06, March06|. At
very low temperatures and densities, the critical density for condensation is con-
trolled by the photon mass, rather than the interaction strength. In other words, at
very low densities when polaritons can be treated as structureless bosons, the effec-
tive polariton mass m,y (given in ec—‘;) uniquely determines the critical temperature
and density, which are linearly related:

 mpa2kpT

= (6.8)

nCT’

However, when the temperature becomes a significant fraction of the Rabi split-
ting, polaritons start overlapping because of their photonic component, revealing
their internal structure. Here, the critical density can be described by a mean-field
theory, uniquely determined by the long-range nature of the polariton interactions
[Kee04, March06]. In this regime, the dependence of critical temperature on density
is much slower than linear.

For the particular characteristics of the CdTe microcavity considered in ex-
periments, the crossover between the linear and the long-range interaction domi-
nated regimes happens for a critical temperature and density around 7"~ 19K and
Ner =~ 9 % 107em 2.

To see which regime is appropriate to the experimental conditions requires an
estimate of the temperature of the system, and the total density of the polaritons.
Fitting the thermal tail of the occupation (figure 6.4) above threshold gives an
estimate of the effective temperature around T,y = (16£1)K. Theoretical estimates
of the density can instead be obtained from the measured blue-shift of the lower
polariton at k| = 0.
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6.4. The nature of the polariton condensation - theoretical remarks

The previously known expressions for the energy blue-shift for a weakly interact-
ing gas of polaritons [Ciu00, Roc00], d Ecou ~ Ry x n X a% and §Es ~ ) X n X a%,
where Ry is the excitonic Rydberg, (2 the Rabi splitting and ap the excitonic Bohr
radius, are not suitable in our case, since they take into account excitons with mo-
mentum up to q<1/ap ~ 3 - 10%m™'. Thus they include not only thermalized
polaritons, but also most of the excitons in the reservoir. Supposing that the main
contribution to the blue-shift comes from the saturation effects, these formulas al-
low one to estimate the extitonic density at threshold: At pump powers just below
the non-linear threshold, where thermalization, but not condensation, is observed
(P ~ 1.4kWem™ of the data presented in figure 6.4), the measured blue-shift

dF ~ 0.3 meV corresponds, to a total (exciton+polariton) density of around:

0.3meV
n o~
26meV - (3nm)?

~ 1.3 x 10" em™2 (6.9)

This matches remarkably well with our experimental estimate of a total (in all
16 QWs) exciton density at condensation threshold: n ~ 16 - 101%m 1.

But what we are interested in, is rather a critical density of thermalized
polaritons. This value can be extracted from the model presented in [Mar06]. It
includes a realistic description of the disorder present in the quantum wells and takes
into account the composite, fermionic nature of the excitons.

The blue-shift of the lower polariton mode with increasing density can be pre-
dicted within this theory [Mar06, March06]. In particular, one can show that in
the noncondensed regime, at these low temperatures, the blue-shift increases lin-
early with density, with a typical coefficient either determined by the temperature,
OF ~ mp’ZjSBT x n, or by the disorder present in the quantum well, 6 F ~ mZizQW X n
(here, W is the energy scale controlling the low energy tail of the excitonic density
of states and m is exciton effective mass), respectively when kgT > W or kgT < W.
In contrast, just above the critical density for condensation, the increase of the blue-
shift follows the increase of the chemical potential; this is initially faster than linear
and then tends to saturate, in quantitative agreement with the data shown in figure
6.15.

Making use of this model, the blue-shift measured just below threshold, E ~ 0.3
meV, corresponds, at a temperature of 7' = 16K and a detuning of 6 = +8 meV,
to a density of n ~ 3 x 108¢m~2. This estimate of the polariton density can be
compared to an independent estimate of density extracted from the luminescence
as in the previous section. The obtained experimental value of 5 x 108¢m =2 is in
remarkably good agreement with the density estimate from blue-shift.

Comparing this estimate of experimental temperature and threshold density to
the theoretical phase boundary, it is therefore clear they fall close to the crossover
regime. Thus for higher temperatures the transition would be dominated by the
long-range interaction only, while at lower temperatures the transition would be
controlled by the polariton mass only. Although the above estimates seem to suggest
that the experimental values of density and temperature at threshold lie very close
to the phase boundary, but just within the condensed phase, the effects of pumping
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and decay will, as discussed below, increase the critical density.

Finite lifetime, non-equilibrium effects Polaritons have short lifetimes and
so continuous pumping is needed to sustain the steady state. This leads naturally
to the questions: Is condensation possible with incoherent pumping and decay? If
so, how does it relate to condensation in an isolated system, and how does it differ
from the spontaneous coherence in a strongly pumped system such as a laser? As
discussed in [Szy06|, spontaneous coherence in an incoherently pumped system is
possible, and can be distinct from lasing, for example it does not require population
inversion. For a range of parameters describing pumping and decay, condensation
appears robust to such dissipative and non-equilibrium conditions and shares many
fundamental features with that of closed systems in thermal equilibrium. The follow-
ing discussion, of how pumping and decay modify the signatures of and conditions
for condensation, summarizes results discussed more fully in [Szy06].

One important feature shared with an isolated system is that condensation oc-
curs when an effective chemical potential reaches the bottom of the polariton band,
and the normal state becomes unstable. Approaching the phase transition, the oc-
cupation function, even out of equilibrium, develops a divergence at some energy,
defining an effective chemical potential. When this reaches the bottom of the po-
lariton dispersion, fluctuations about the normal state grow, and the normal state
becomes unstable. This mechanism is seen in experiment by the approach of fitted
chemical potential to the bottom of the polariton band.

The above mechanism also leads naturally to a reduction of the homogeneous
linewidth of polaritons as the transition is approached. The divergence of the oc-
cupation function discussed above is related to a zero of the imaginary part of the
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6.4. The nature of the polariton condensation - theoretical remarks

inverse retarded Green's function. Defining polariton modes by poles of the retarded
Green's function, the imaginary part of the inverse retarded Greens® function also
describes the homogeneous width of these modes. Thus condensation, where the
effective chemical potential reaches the bottom of the polariton band, implies a
reduction of the linewidth near the bottom of the band.

Condensation of interacting particles is connected with broken phase rotation
symmetry; as a consequence there exist modes of global phase rotation with no
energy cost — the sound modes. They can be derived in Bogoliubov approximation,
which leads to the following excitation spectrum (|[Pit03], [Kav03]: chapter 6.2):

Ncond : ‘/0

Mpol

Epoy(k) = VEXK)[E(K) + 2Neond - Vil Epog(k ~ 0) =~ Rk (6.10)

Thus in the absence of the condensate an unaffected parabolic dispersion in
the vicinity of the ground state is found. On the other hand, when the sys-
tem is condensed linear excitation spectrum arises with the (superfluid) velocity
V Ncond‘/()/mpol 27-

However, in a dissipative system, like the exciton polariton one, the excitation
spectrum is changed. In the condensed state dissipation changes the low momentum
fluctuations from linear dispersion to diffusive (i.e. dispersionless), which is expected
to affect superfluid properties of polariton condensates. For a two dimensional sys-
tem, such as the experiment here, this leads to a change in the power laws that
would control the decay of correlations in an infinite system. Such a flattening of
the dispersion is indeed visible (figure 6.9), but the answer, whether it is connected
with above mechanism, needs further investigations.

Dissipation can also change the critical density required at a given temperature.
In order to overcome the decay, a certain level of pumping is required to provide
sufficient gain. This required level of pumping can be expected to increase the
critical density at a given temperature. Calculations using the model discussed in
[Szy06] support this conclusion: the transition in the presence of pumping and decay
requires larger critical density. Unfortunately, the qualitative comparison between
theory and experiment in not straightforward.

27The observation of the sound mode in the excitation spectrum provide an evidence for con-
densation of liquid helium below A—point.
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Conclusions In this chapter the polariton condensation in momentum space
was presented. The driving parameter of the transition is the polariton density
i.e. the exciting laser power. By analyzing the far field emission of the polari-
ton photoluminescence we demonstrated that in spite of short lifetime, polaritons
in CdTe microcavity can thermalize within the strong coupling zone, thanks to the
very high exciton-polariton scattering rate. Enhanced scattering rate and dephasing
are manifested by line broadening of the polariton excited states when approaching
the condensation threshold. These observations enable us to claim that internal
equilibrium can be reached in polariton system with effective temperature of
T.;s = (16 —20)K. Then condensation in the ground state takes place, with
the condensate fraction up to 0.4, accompanied by marked saturation of
the excited states. Condensation is possible thanks to the populating rate of the
ground state being faster than its radiative decay rate. Unambiguously, transition
occurs in a strong coupling regime. It was shown, that thermalization occurs in a
narrow range of positive detunings.

With increasing photon fraction, scattering efficiency diminishes and
thermalization is quickly lost. However, exciton-polariton scattering in the exci-
ton reservoir is still fast enough to fill polariton states and start stimulated scattering
towards the ground state, resulting in non-equilibrium polariton condensation.

Strictly speaking, the reported condensation is not a standard BEC because
polaritons are not ideal (non-interacting) bosons, and are not in thermal
equilibrium with the phonon bath. Moreover the polariton system is not con-
servative, in the sense that polaritons continuously leak out of the microcavity.

The nature of the polariton condensation was commented in the theoretical
frame. The results were examined along the theoretical model that takes into ac-
count peculiarities of the microcavity polariton system.
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Chapter 7

Temperature dependence studies

In the preceding chapter the transition towards the condensed state was driven by
increasing the polariton density at a fixed cryostat temperature. As we are dealing
here with a thermodynamic phase transition, the possibility of provoking conden-
sation with the temperature as a control parameter is expected. In this chapter we
describe experiments that demonstrate polariton condensation induced by lowering
the temperature. In the second part polariton condensation at high temperature is
discussed. In particular, this phenomenon is reported up to cryostat temperature
Teryo =~ 50K. These measurements are the first step towards experimental investi-
gation of the polariton condensation phase diagram: the dependence of the critical
density as a function of the critical temperature for condensation.

Contents

7.1 Temperature dependent polariton condensation . .. .. 83

7.2 Polariton condensation at high temperature - towards
the phase diagram . . . .. ... ... ... . 0000, 89

7.1 Temperature dependent polariton condensation

In the case of polaritons, in contrast to the atomic experiments, the straightforward
method to increase the phase space density is by increasing particle density. As we
have shown in the preceding chapter, with increasing pump power, the polariton gas
first reaches internal equilibrium, establishing an effective temperature (in a certain
range of detuning) and then condenses at fixed polariton temperature.

The second method to provoke polariton condensation is by decreasing the cryo-
stat temperature at a given excitation density. At this point a few remarks should
be given. First, keeping the same excitation density does not mean that the po-
lariton density in the strong coupling region is constant for different temperatures.
With increasing cryostat temperature, the onset of various exciton non-radiative re-
combination channels is expected, depleting the occupancy of the exciton reservoir
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and of the polariton states. Moreover, as was shown in [Por02] (eq. 14), the scat-
tering rate from the exciton reservoir towards the strong coupling zone is inversely
proportional to the exciton temperature®® and to the square of the exciton density
in the reservoir. Hence, the higher the temperature the lower the occupancy factor
that can be reached at given pump power. Finally, the response of the polariton
effective temperature to changes of the cryostat temperature is unknown. Thus,
we should keep in mind that, in the experiments described below, the temperature
tuning influences not only the polariton effective temperature, but also the polariton
density.

When performing temperature variation studies there is another complication
that cannot be neglected. The temperature tuning changes the absolute exciton
energy due to the change of the band gap (figure 7.1). At the same time the effective
refractive index, and so the energy of the photon mode, is very weakly sensitive to
the temperature. As a result, the photon-exciton detuning is not the same for
different temperatures when investigating a fixed point on the sample surface. In
the previous chapter it was shown that the relaxation processes and the threshold
power for condensation depend dramatically on the detuning. Hence, in order to
keep the same relaxation mechanisms, one should compensate these temperature
induced detuning changes by choosing different, appropriate point on the sample
for different temperatures. On the other hand, each time the position is changed on
the sample, the polariton condensate that is created experiences a different photonic
disorder.

In what follows, we present two different studies that demonstrate polariton con-
densation induced by lowering the temperature: in the first study, a different point
on the sample is chosen to compensate the detuning change for each temperature,
and in the second study, the point on the sample is kept fixed.

Fixed photon-exciton detuning The 16 QW sample is excited as described in
the previous chapter with a constant power density of ~ 1kW/em?. The polari-
ton photoluminescence along the dispersion curve is recorded for different cryostat
temperatures. A photon-exciton detuning of § ~ +6.8 meV is fixed by changing
the point on the sample for different temperatures. In this way the temperature
dependence of the detuning is compensated, as is presented in figure 7.1.

The results are presented in panel 7.2. The transition towards the condensed
state occurs approximately for T,.. ~ 20K. For T=5K the emission pattern is
dominated by the condensate. The presence of the thermal cloud is brought out by
the logarithmic color scale. The onset of the nonlinear emission is observed in figure
7.3 a, where the temperature dependence of the ground state emission intensity, its
linewidth and blue-shift are presented.

It is instructive to analyze the polariton occupancy along the dispersion branch
as a function of the temperature - see figure 7.3 b. At high temperature (T=40K)

28The long exciton lifetime in the reservoir(~ 100 ps) justifies the assumption that the exci-
tons in the reservoir are thermalized and can be described by a temperature close to the lattice
temperature.

84



7.1. Temperature dependent polariton condensation

Lower Polariton Energy vs. T Figure 7.1:  Lower polariton en-
for 5=+6.8meV ergy for 6 = +6.8 meV as a func-
tion of the temperature.  With
increasing temperature the CdTe
band gap shrinks as described in
[Lau90] (solid line). In order to
keep the same detuning for each
temperature, a different point on
the sample is chosen (open cir-
cles). In the range of temper-
atures SK-70K the changes of
the Rabi splitting are negligible
e e [Boe00].  Inset: PL spectra for
T T T 1 weak excitation at different tem-
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polaritons are in internal equilibrium, but the fitted effective temperature is lower
than the lattice temperature. Decreasing cryostat temperature has an impact
on the polariton population distribution and the effective temperature.
As is shown in figure 7.3 b, the steepness of the distribution increases, manifesting
changes of the effective polariton temperature. Owing to this cooling process, the
occupancy of the polariton ground state increases. At critical temperature of T, ~
20K, a buildup of the ground state occupancy is seen. Condensation occurs and is
accompanied by a depletion of the excited states, as can be seen for T=20K, T=5.3K.
This demonstrates polariton transfer from the excited states towards the condensate
with decreasing temperature. The transition is described by Bose-Einstein statistics.
The effective temperature and chemical potential are plotted in the inset. The
uncertainty of this three parameter fit is rather large, hence the plotted values of
Ters and piesy are only approximate. Surprisingly, for 1., > 25K, the fitted T, is
smaller than the cryostat temperature. We will comment on this striking effect in
the next section of this chapter.

Fixed position on the sample In the following experiment, polariton conden-
sation is achieved, as described in the previous paragraph, with the temperature
as a controlling parameter. However, this time the position on the sample is fixed,
and thus the photon-exciton detuning changes from d5x = +6.5 meV at T—=5K
to dgx = +10.8 meV at T=40K. As was shown before, the threshold power in-
creases rapidly when increasing the detuning towards more positive values (figure
6.7). Hence, in this configuration, the temperature tuning not only cools down
the polariton gas, but also strongly influences the polariton density in the strong
coupling zone. The higher the temperature, the more positive the detuning that
is obtained. At the same time the exciton scattering efficiency decreases. As the
result, a significantly lower polariton density is achieved. The transition into the
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Figure 7.2: Polariton condensation induced by lowering the cryostat temperature at
fized detuning. The excitation power ~ 1kW/cm? and the detuning § ~ +6.8 meV.
With decreasing cryostat temperature, polaritons cool down along the branch and
condense at cryostat temperature of around T ~ 20K . A logarithmic color scale is
used to emphasize the presence of the thermal cloud above threshold. Non-resonant
(~ 1768 meV), quasi-CW (1us pulses, duty cycle 1%) excitation. Optical densities
(OD) are added in the detection line to prevent saturation of the CCD.
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Figure 7.3:  Polariton condensation induced by lowering the cryostat temperature. a: Transition
characteristics. Above threshold the ground state intensity becomes nonlinear. Line narrowing and
blue-shift are observed. b: Polariton statistics along the branch as a function of the temperature.
At high temperature (Teryo = 40K) polaritons are thermalized with their temperature lower than the
lattice. Decreasing cryostat temperature influences the polariton effective temperature: the increased
steepness of the distribution demonstrates the lowering of the T,f¢ and the polariton cooling towards
the ground state. Below a critical temperature of T.,. = 20K, the ground state occupancy explodes
and depletion of the excited states is seen. The polariton population at the transition is fitted with
the Bose-Einstein distribution, with an effective temperature and a chemical potential (inset). Up
to Teryo = 25K, Tepyp is higher than Tepyo. For Tepyo > 25K, Teys is lower than Tepyo. Such
behavior indicates that the polariton effective temperature is established by a polariton-polariton
scattering mechanism and not by the phonon interactions, i.e. that the polaritons in the trap are

detached from the lattice. Gray, solid line: Teys = Teryo- g7
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condensed state is presented in figure 7.4. Below T,. ~ 25K the polariton ground
state starts to be massively occupied. Again, use of a logarithmic scale allows us to
observe the thermal cloud of excited states.

B . = B e = jp— 3
1101 2580 4300 1101 3668 7550 1101 6398 2.750E4

T=40K

o o B
4212 1.280E4 1101 6534 2.300E4 1101 7635 3.000E4

Energy (meV)
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: Angle (degree)

Figure 7.4: Polariton condensation induced by lowering the cryostat temperature and
varying of the detuning. The position on the sample s fived. FExcitation power ~
0.7kW/em?. With increasing temperature the detuning increases from § ~ +6.5 meV
at T=5K to 6 ~ +10.8 meV at T=40K. Decreasing cryostat temperature increases
the polariton density and cools polaritons along the branch. The condensation occurs
at T, ~ 25K. The logarithmic color scale is used to emphasize the presence of the
thermal cloud above threshold. Non-resonant (~ 1768 meV), quasi-CW (5 us pulses,
duty cycle 5%) excitation. Optical densities (OD) are added in the detection line to
prevent saturation of the CCD.

The analysis of these data is presented in figure 7.5. At high temperature T=40K
and larger detuning (d4x = +10.8 meV) the polaritons are not fully thermalized.
Decreasing the temperature and the detuning increases the efficiency of scattering
towards the polariton trap, increasing the polariton density and cooling down the
polariton gas towards the ground state. Below a critical temperature of T, ~ 25K
the ground state emission becomes nonlinear and line narrowing is seen (inset of

figure 7.5).
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7.2 Polariton condensation at high temperature -
towards the phase diagram

Experimental observations In this section we will push the limit of polariton
condensation in a CdTe microcavity up into higher temperatures. The spectrally
resolved far field images of the polariton emission as a function of the pump power
are measured for different temperatures (12K, 15K, 20K, 25K, 28K, 35K, 44K, 50K
and T=60K). The experiments are performed for positive photon-exciton detuning
d = 4+(3 —=9) meV. Our first observation is plotted in figure 7.6, which presents the
threshold pump power for the the onset of nonlinear emission from the ground state
as a function of the cryostat temperature. It can be seen that the threshold power
increases linearly up to 7" ~ 30K. With further increase of the temperature, the
threshold power increases much faster, reaching a value of Pyox =~ 6.3P,gx. This
significant increase of the threshold for stimulated emission can be interpreted as
due to a decrease of the efficiency of scattering towards the ground state [Por02] and
a heating of the polariton gas.

Figure 7.7 presents dispersion images for lower polariton PL as a function of
the pump power at high temperatures: 35K, 50K and 60K. The condensation into
the polariton ground state is unambiguously seen up to the lattice temperature of
T=50K (rows A and B of panel 7.7 ). We notice that with increasing temperature
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the blue-shift of the polariton ground state at threshold gets larger. The linewidth of
the ground state polariton emission in the linear regime also increases considerably
with pump power at high temperatures. This can be understood as the effect of
the increase of the exciton density at threshold with increasing temperature. The
characteristics of the transition at high temperatures are shown in figure 7.8.

At temperature higher than T=50K the situation is no longer clear. At the
threshold for nonlinear emission, a jump of the emission energy is seen, questioning
whether stimulation occurs in the strong coupling regime above T=50K. An exam-
ple of such a strong blue-shift of more then 4 meV is seen in row C of panel 7.7.
The uncoupled exciton and photon states are still far above (6 meV and 11 meV
respectively) the energy of the nonlinear emission. This behavior can be explained
by a strong saturation of the Rabi splitting in the localized points, appearing in real
space at the condensation threshold (see figure 9.1), at increased temperatures and
high densities. This hypothesis could be checked by studying the energy position of
the upper polariton state at high temperature and exciton density. At present, the
origin of such a jump-like blue-shift remains unclear.

As shown in figure 8.2, at even higher temperature (T=106K) the nonlinear
emission evidently occurs in a weak coupling regime.

Towards the phase diagram - polariton distribution at high temperatures
The results presented above can be considered as a starting point for the investiga-
tion of the phase diagram of the polariton condensation, i.e. the relation between
polariton critical density and polariton effective temperature. In this sense, the data
presented in figure 7.6 are still far from the sought-after phase diagram: neither the
relation between lattice temperature and polariton internal temperature, nor the
relation between the pump power and polariton density is known.

In order to investigate the polariton effective temperature at high cryostat tem-
peratures, the polariton distribution is analyzed as in figure 6.4. The results for
cryostat temperatures 25K, 35K, 44K and 50K are presented in figure 7.9 a, b, ¢, d
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Figure 7.7:  Polariton condensation at high temperatures. Condensation into the
polariton ground state is observed up to T=50K (rows A and B). Above T=50K a
strong jump towards the blue is seen at the onset for nonlinear emission. At T=106K
(see figure 8.2) stimulated emission certainly occurs in the weak coupling regime.
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Figure 7.8: The characteristics of the ground state polariton emission as a function
of the pump power at high temperatures: 26K, 35K and 50K. Black circles: integrated
intensity normalized to pump power, brown open circles: energy blue-shift, green
circles: emission linewidth. A progressive increase of the emission linewidth and of
the blue-shift just below threshold are observed when rising the temperature.

respectively. In spite of the high temperature, a bottleneck effect is still present un-
der weak excitation conditions. Increasing the pump power allows us to reach polari-
ton thermalization at threshold (a, b, ¢). Yet systematically, we obtain T¢sr < Tipy0.
This surprising result indicates that polaritons are weakly coupled to the lattice.
Their T, is established thanks to the collisions between polaritons and not due to
interactions with phonons. Changing the lattice temperature influences T¢;; indi-
rectly by modifying the efficiency of polariton-polariton scattering. This statement
is confirmed by analyzing the polariton population for 7,,,, = 50K (part d of panel
7.9). In spite of the high temperature, polaritons are no longer thermalized, owing
to a decreased scattering rate towards the trap. In particular, the polariton occu-
pancy extracted from figure 5.7 shows that at T=300K and under weak excitation
conditions, polariton thermalization is not reached.

In order to understand this nonintuitive behavior we should once more realize
that their short lifetime and the peculiar shape of their dispersion curve inhibit the
interactions of polaritons with phonons, and this isolates the polaritons from their
environment.
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7.2.  Polariton condensation at high temperature - towards the phase diagram
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Figure 7.9: Polariton distribution at high cryostat temperatures. Under weak ex-
citation, polaritons are still not thermalized: the bottleneck effect is present. With
wmereasing pump power, thermalization of the polariton population is attained at
25K, 35K and 44K (parts a, b, ¢ of the panel). But interestingly, T.ss is not directly
related to Tipyo. In particular we obtain Teyp < Topyo.
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Chapter 7. Temperature dependence studies

Conclusions In the previous chapter it was shown that there exists a critical
polariton density for polariton condensation. Here, we demonstrate that polariton
condensation can also be achieved with the temperature as a controlling
parameter. It is emphasized that temperature tuning influences the scattering
rate from the exciton reservoir into the neighborhood of the ground state, and hence
changes the polariton density in the strong coupling zone. It is also shown that there
exists a relation between cryostat temperature and polariton effective
temperature. The high temperature limit (7" ~ 50K) for polariton stimulation in
the strong coupling regime in a CdTe-based microcavity is determined. The results
obtained provide a starting point for experimental investigation of the phase diagram
for polariton condensation.
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Chapter 8

Transition into the weak coupling
regime

In this part the optical response of the microcavity under extremely strong pump-
ing conditions is investigated. The transition from strong coupling into the weak
coupling regime is demonstrated. In chapter 3 it was emphasized that the main
advantage of the CdTe-based microcavities is a higher exciton binding energy with
respect to the GaAs structures. The higher exciton saturation density enables the
unambiguous observation of the polariton stimulation in strong coupling regime
[Dan98|. But increasing the excitation power, and thus the exciton density, induces
also in our case decrease of the exciton binding energy and bleaching of the exciton
oscillator strength. The degradation of the exciton binding energy is mainly due
to the phase space filling effects, which can be described as a carrier density
dependent effective dielectric constant (see equation 1.11 and [Dam90]). With in-
creasing carrier density the transition into the weak coupling regime finally occurs
|[Hou95, But02|. The main point of this chapter is to demonstrate that at low tem-
perature the transition to weak coupling takes place for an excitation density more
than 50 times higher than the threshold for polariton condensation.
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8.1 T=5.3K

In order to demonstrate the transition into the weak coupling regime the microcavity
is pumped in the pulsed mode. This enables us to provide very high instantaneous
excitation densities with a relatively low average power and prevents sample dam-
age. The dynamic polariton condensation under the pulsed excitation condition in
T=5.3K is presented in figure 11.13. Let us see how the spectrally resolved far-field
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Chapter 8. Transition into the weak coupling regime

emission evolves with increasing excitation power (in the same experiment as shown
in figure 11.13). The result is displayed in figure 8.1. We see that for pump power
as high as 30, emission comes from the polariton states, and the strong coupling
regime is preserved. For pump power 80P, the emission from the cavity mode
starts to be visible, showing the transition towards a weak coupling regime. Finally,
for the maximum available pump power 143 P, the maximum of the emission is dis-
placed towards the cavity mode. As this time integrated experiment is performed in
a pulsed mode, all the transitory stages between strong and weak coupling regime
are mixed. That’s why emission for energies between polariton and cavity mode is
observed.

T=5.3K
30P,

STRONG COUPLING

81P,

WEAK COUPLING

143P,

1.70 WEAK COUPLING

Energy (eV)

LOGSCALE 9

20 -10 0 10 20 -20 -10 0 10 20 -20

-10 0 10 20
Angle (degree) Angle (degree) Angle (degree)

Figure 8.1: The transition towards the weak coupling regime at T=5.3K. The strong
coupling regime persists up to the pump power as high as 50P,,,.. Due to the exciton
phase space filling and screening effects the strong coupling is lost for the highest
accessible pump powers. The logarithmic color scale is used to point out the appear-
ance of the cavity mode. Intermediate stages between the stimulated emission in the
strong coupling and weak coupling regimes are seen due to the pulsed excitation.

8.2 T=106K

The situation is different at elevated temperature. The result of the power re-
solved studies of the polariton emission at T=106K is presented in figure 8.2. At
T=106K the upper polariton states are thermally occupied and in the low excitation
limit photoluminescence of both polariton branches is visible, clearly demonstrating
strong coupling regime. In these conditions, the saturation density is reduced with
respect to the low temperature studies. The increase of the carrier density provokes
ionization of the excitons. As a consequence the strong coupling is lost before po-
lariton stimulation could take place. The emission from the cavity mode followed
by the sharp threshold of the photon lasing occurs. In these conditions microcavity
operates in a weak coupling regime like a vertical cavity surface emitting laser.
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8.2. T=106K
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Figure 8.2: Photon lasing in the microcavity at T=106K. Exciton energy: E, = 1666
meV, Rabi splitting: Q) = 25 meV, detuning, 6 = —1 meV. Due to the elevated tem-
perature the upper polariton states are thermally occupied and the photoluminescence
of both polariton branches is visible. The saturation density is reduced with respect
to the measurements at T=5K. At T=106K polariton stimulation no longer occurs,
but increasing the excitation power destroys excitons, and cavity lasing then occurs.
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Conclusions [t was shown that the strong coupling regime at T=5K is present up
to P = 50F;,. The transition towards the weak coupling regime is demonstrated
by the appearance of the emission from the cavity mode above P = 80F;,,.

At T=106K the saturation density is reduced, hence the strong coupling regime
is lost before polariton stimulation could take place. Instead the standard, photon
lasing occurs at the cavity mode and the microcavity operates in the VCSEL mode.

A huge difference in the threshold power for the polariton condensation and
the photon lasing confirms distinct physical origin of these two phenomena. The
differences between the polariton and the photon lasing are discussed in detail in
appendix A.
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Chapter 9

Polaritons in real space

In this chapter we will investigate real space emission of the polariton condensate.
It will be shown that the spectacular localization in the near-field emission pat-
tern occurs when condensation in momentum space is observed. The origin and
consequences of this localization will be discussed. Characterization of this phe-
nomenon is given by the detuning studies and spectrally resolved spatial emission
measurements.

Contents
9.1 Spatial localization of the polariton condensate ... .. 98
9.2 Characterization of localization . . ... ... ....... 100

9.1 Spatial localization of the polariton condensate

As was mentioned before (see figure 6.1), dramatic changes are seen in the real space
emission pattern, when the transition towards the condensed state occurs. Below
threshold, the emitting spot is homogeneous and reflects the shape of the excitation
spot, whereas above threshold the emission collapses into a small number of 2-5 um
size areas. An example of such a transition for detuning 0 ~ +5 meV is displayed in
panel 9.1. One can see that, deep in the condensed state the emission comes almost
exclusively from localized zones, showing that there is a localizing potential that
cannot be treated as a weak perturbation of the condensate wave-function.

The origin of this remarkable localization needs to be explained. We believe that
of the major role here is photonic disorder of the microcavity. The characteristic,
micron scale of the observed disorder shows that the localization is connected with
the photon part of the polariton and not with the exciton part. Previous studies
[Mox04] have characterized the nature of disorder and have shown that it cannot be
neglected. It was found that the energy of the lower polariton mode can fluctuate
up to as much as 1 meV over a characteristic distance of 10 um. Parallel studies
on GaAs microcavites also confirm that the photonic disorder of the Bragg mirrors
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9.1. Spatial localization of the polariton condensate
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Figure 9.1: Two-dimensional images of the near-field polariton PL for different
pumping powers, T=5./K. Below threshold (A, B) the emission is homogenous and
reflects the shape of the excitation power. Above condensation threshold (C, D) the
polariton emission breaks down into a small number of a few micron-size, strongly
localized spots. Vertical and horizontal azxes are in-plane coordinates on the sample
surface. PL intensity increases from black to white. The intensity profiles along the
x direction at the y position, indicated by an arrow in the panel D, are plotted on
the bottom of each figure. Far above threshold the emission comes almost exclusively
from localized areas.
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Chapter 9. Polaritons in real space

plays the main role in the shape of the emission pattern in the parametric oscillation
regime [San06]. The preliminary results in GaAs show that polaritons are trapped
in the local minima of the photonic disorder in the non-linear regime.

The fascinating observation of our studies is that, even though their spatial
separation is much longer than the thermal length (2-3 um), strong mutual coherence
between localized spots is measured (see chapter 11), providing direct proof for a
long range correlation of the polariton condensate. The first argument for spatial
coherence of the polariton condensate was given in [Mox05]. It was perceived that
spatial localization of polaritons is not accompanied by angular broadening of the
far field emission spectrum. Because of the laws of diffraction, we must conclude
that the different localized areas have the same mutual phase and form a single
20-30 um emitting object, justifying the narrow angular emission pattern.

One starts to fully appreciate this argument when the laser spot is decreased to a
size comparable with a localizing potential - 1-3 ym. As is shown in [Max05| and in
section 3.2, in this condition, strong localization prevents the condensation into the
ground state. The characteristic stimulation on the ring of the excited states is seen
(see figure 3.3). In those experiments a spontaneous transition towards the coherent
state is proved by appearance of a speckling pattern®’ of the stimulated ring, and by
observation of a strong interference pattern produced by the Billet interferometer
in the transverse plane. Furthermore, additional, concentric rings in real space are
seen, showing the Fourier relation between near-field and far-field emission, hence
demonstrating a high degree of spatial coherence of the source.

9.2 Characterization of localization

Photonic disorder vs. condensation The appearance of a stationary inter-
ference pattern in real space (chapter 11) and a common linear polarization of the
emitting spot (chapter 10) are strong proofs that condensation into a single state,
that is a single wavefunction with well defined energy, takes place. But how can this
be confronted and reconciled with the presence of the photonic disorder, causing
fluctuations of the polariton energy comparable with its linewidth? It should be
emphasized in this place that the degree of spatial and temporal coherence strongly
depend on the point on the sample. There are areas where spatial contrast does
not appear above a non-linear threshold, and the contrast in the temporal coher-
ence experiment does not build up significantly but exhibits beatings, thus showing
that the spectral difference between localized points exceeds its linewidth. In order
to demonstrate condensation into the single state, those points on the sample are
chosen where the fluctuations of the emitting energy over the excited area are the
smallest possible, much smaller than the polariton linewidth.

(x,\) measurements In order to show that one can easily find the points on the
sample where condensation towards the single state (i.e. with the same energy across

29The speckles appear when coherent light is scattered by the static disorder. They can be
produced, for instance, by diffusing the laser light on a rough surface.
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9.2.  Characterization of localization

the entire excitation spot) occurs, spectrally and spatially resolved studies were
performed as follows. The emission of the polariton condensate can be imaged on
the CCD camera by setting the grating to zero order. By closing the monochromator
slit horizontally and by changing the lateral position of the entrance lens one can
sweep the image of the emitting area in front of the slit and, in particular, choose
a zone with bright points. Image of the slit can be dispersed by setting the grating
to the polariton emission wavelength. An example of such a spatial selection within
the emitting spot is presented in figure 9.2.
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Figure 9.2: A: Image of the condensate emission on the CCD camera. B: Spatial
selection of the emitting area within the excitation spot.

Typical results of a spectral analysis along the slit are presented in figure 9.3.
Points where different bright spots emit exactly at the same wavelength can easily be
found. However, careful studies also reveal cases when the energy of the neighboring
points is different. But their spectral superposition is still large, enabling their
mutual coherence. It is interesting to note that the characteristic fluctuation of the
emission energy between different localized spots is (0.2-0.5) meV. This corresponds
to the jump of the cavity photon energy caused by a change of the cavity length
of one atomic step®’. These energy fluctuations contribute to the inhomogenous
broadening of the polariton emission.

The same experiment was performed in the weak excitation regime. The result
is presented in figure 9.4. Fach part of this panel present the spectral analysis of
different areas (stripes) within the emitting spot. Some spatial fluctuations within
the energy of polariton emission are clearly observed. Because in this configuration
the emission is distributed over all the angles detected within the numerical aperture
of microscope objective, the observed energy distribution is spread over a few meV.

Detuning dependence Polariton localization is connected with the photonic part
of the polariton wave-function. One can thus expect that the efficiency of the local-

30 _ 0 __ 0.15nm
0d = T xd = Zi50m
energy fluctuation in nm.

x 1480nm = 0.3nm, where d is the cavity length and §\ is the emission

101



Chapter 9. Polaritons in real space
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Figure 9.3: Spectrally resolved near-field image of the polariton condensate emission,
T=5K. Left: Localized spots emit exactly the same energy. Right: The energy of
localized spots is not the same and fluctuates within the linew:idth.
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Figure 9.4: Spectrally resolved near-field image of the polariton emission in the weak
excitation regime. The disorder is clearly observed within the emitling spot.
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9.2.  Characterization of localization

ization mechanism depends on detuning. Such a relationship is indeed found: the
number of localized points within the excitation spot increases on going towards
positive detuning. Statistically, for negative detuning 1-2 bright spots are visible,
whereas in positive detuning within the same size of the excitation spot the number
of localized spots increases up to 5-7. This tendency is plotted in figure 9.5.

This behavior is not fully understood at present. We might argue that it is
connected with the weaker localizing potential experienced by polaritons as the
detuning is varied from negative towards more positive values. This hypothesis is
illustrated in figure 9.6. We have simulated behavior of the lower polariton branch
as a function of the detuning, with the additional, random energy fluctuations. As
can be seen in this figure, we have chosen the amplitude of the photonic disorder to
be significantly larger than the excitonic one. Thus, in these conditions it is obvious
that under negative detuning the disordered potential experienced by polaritons is
governed by the photonic fluctuations. As the detuning is swept towards positive
values, the lower polariton branch is "smoothed" i.e. the potential traps in the real
space become shallower, hence polariton wave function is more delocalized. This
could explain why in the condensed regime the number of localized spots increases
with detuning.
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Figure 9.5:  Number of localized spot as a function of the detuning. A: When
going towards positive detuning the number of localized spots within the excitation
spot increases from 1-2 to 5-7. B: Near-field images of the polariton emission in
condensed regime for different detuning. The excitation spot size around 35 pm.

Conclusions We have discussed the real space properties of the polariton emis-
sion. In the weak excitation regime the emitting spot is homogenous and corresponds
to the excitation spot shape. It was shown that, when condensed, the polariton emis-
sion is strongly peaked around kind of traps produced by the photonic disorder of a
microcavity. In spite of the energy fluctuation due to the photonic disorder one can
find areas, where the spatial energy fluctuations of the emitting spot are negligible
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Chapter 9. Polaritons in real space
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Figure 9.6: Effect of the
photonic disorder on the lower
polariton branch as a func-
tion of detuning. Under nega-
tive detuning disorder has dom-
antly photonic origin.  In-
creasing detuning results in the
"smoothing” of the lower polari-
ton branch. Under positive de-
tuning polaritons are less sensi-
tive on the photoninc disorder.

with respect to the emission linewidth, justifying the claim of condensation into
the single quantum state. These finding are the starting points for investigations
presented in chapters 10 and 11.
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Chapter 10

Polarization

Polariton condensation into a single state should manifest itself as the emission
with a well defined polarization state. In this part, we present experiments that
demonstrate spontaneous development of linear polarization in the emission from the
condensed state. The real space observations confirm the collective phenomenon of
the condensation and strongly suggest formation of a single quantum state. The
origin of the linear polarization is discussed. A splitting of the order of ¢ ~ 0.1 —0.2
meV between two linearly cross-polarized emissions from a polariton ground state is
found. In spite of the fact that ¢ < kgT = 1.6 meV, the system chooses the lower
state in the stimulated scattering process.
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10.1 Experimental procedure

The microcavity sample is excited non-resonantly by a laser operating in a quasi-
CW mode. The linear polarization of the laser can be turned by a A/2 retarder plate
placed before a non-polarizing beam splitter cube BS (see figure 4.1). The excitation
can be also made circularly polarized by replacing the half-wave plate by a quarter-
wave plate oriented at 45° with respect to the direction of linear polarization of
the laser. To prevent parasite effects, non-polarizing optics is used in the detection
path. The monochromator grating is known to have significantly different efficiency
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Chapter 10. Polarization

for both linear polarizations®'. To suppress this effect, a constant polarization is sent
into the monochromator by putting a linear polarizer in front of the slit. To probe
the linear polarization properties, a half-wave plate is rotated in front of a polarizer
from 0 to 180 degrees. The far field and the near field emission are investigated for
different detunings and different samples.

10.2 Build-up of linear polarization

10.2.1 Detuning § = +5 meV

The linear polarization degree of the polariton ground state (a = W) as a
function of the pump power is plotted in figure 10.1°2. Below threshold emission
is depolarized. At condensation threshold the linear polarization degree increases

abruptly reaching the value of 85% above threshold.
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The polariton dispersion below threshold (P ~ 0.28P,) and above threshold
(P ~ 1.6Py,) for two cross-polarized directions is presented in figure 10.2 b, ¢,
d, e. The photon-exciton detuning is 6 = +5 meV. Below threshold the emission
appears to be completely depolarized with an accuracy of 1%. Above condensation
threshold, the degree of polarization of the ground state emission increases by up
to 83%. The polarization direction is oriented along a well defined crystallographic
direction (probably [110]) with a standard deviation of 15°. A very strong linear
polarization is observed only from the polariton condensate; the thermal cloud stays
unpolarized.

The direction of the polarization emission is probed as a function of the polar-
ization state of the pump. Regardless of the polarization direction of the pump, the

31 At 740 nm, 60% and 30% for light polarized perpendicular to and parallel to the grating lines,
respectively.

32The results presented in figure 10.1 were exceptionally performed on the twin copy of the
sample used throughout this work.
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10.2. Build-up of linear polarization

polarization direction of the ground state emission remains the same [Mar05|. Using
a circularly polarized pump does not change this result. Thus, the polarization
is developed by the system itself and not by the excitation laser. This
observation confirms that the excitation conditions are strictly non-resonant. The
electron-hole pairs are created 82 meV above the exciton reservoir. In the exciton
formation and cooling process the coherence and polarization memory of the pump
is lost due to many scattering events.

Figure 10.2 a shows a polar plot of the intensity of the ground state emission as a
function of the polarization direction, below and above condensation threshold. Lack
of any relation between outgoing polarization state and intensity and polarization
direction of the pump is demonstrated as well.
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Figure 10.2:  Polarization properties of the polariton emission. FExciton-photon
detuning is 0 = +5 meV. (a) The polar plot displays the intensity of the ground state
emission at kj = 0 (angular width of 0.4°) measured as a function of the angle of the
linear analyzer. 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 erceeding 80% is observed. The linear
polarization is "horizontal" (0, 180°), roughly aligned along [110]. 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. Panels
(b-e): Analysis of the linear polarization of the polariton emission below threshold
(b, ¢) and above threshold (d, e). Below threshold, polaritons all along the dispersion
curve are not polarized: 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 s strongly linearly polarized. Note
the linear and logarithmic scales used for the emission intensity measured below and
above threshold, respectively. b, ¢, and e share the same © and y axis scale as d.
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Chapter 10. Polarization

In a second set of polarization studies, the polariton emission in real space was
investigated. Below threshold the emission is again homogenous and unpolarized.
Above threshold the spatial emission exhibits strongly localized pattern. The linear
polarized probing shows a very high degree of linear polarisation. Moreover, the
polarization state of each of the localized points is the same. This collective phe-
nomenon strongly suggest that a single state is formed. Images of the polariton
emission in real space below and above threshold for the cross-polarized direction
are shown in figure 10.3.

Figure 10.3:  Analysis of the linear polarization of the emitting spot below threshold
(¢) and above threshold (a, b). Ezciton-photon detuning is 6 = +5 meV. Below
threshold the emission 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, yet they emit
with the same linear polarization, consistent with the development of a single con-
densate. The grey scale in a) and b) is the same.

10.2.2 Detuning 6 = 0 meV

The polarization characteristics were also studied for the point on the sample which
corresponds to zero exciton-photon detuning. The result is shown in figure 10.4. The
polarization direction is still aligned along [110] direction and no dependence between
outgoing polarization state and pump polarization state is detected. Because of the
less positive detuning thermalization below threshold is no longer attained. The
degree of linear polarization above threshold is 55%. Below threshold differences
between cross polarizations can be noticed. The intensity emitted from the bottle-
neck region is not the same and a TM-TE splitting of 0.2-0.35 meV is visible. This
polarization splitting of the polariton excited states is a consequence of the different
effective refractive indexes of a microcavity for light cross- and co-polarized with re-
spect to the incident plane [Per05, Kav04, Pan99|. Being connected with the optical
properties of the microcavity, the TM-TE splitting is more pronounced for negative
detunings. The real space emission pattern for the cross-polarized configuration is
presented in figure 10.5. In this case only one polarized spot is visible.
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Figure 10.4:  Polarization properties of the polariton emission for photon-exciton
detuning 6 = 0 meV. (a) The polar plot displays the intensity of the ground state
emisston measured as a function of the angle of the linear analyzer. Below threshold
(solid blue diamonds), 4% polarization is measured. Above threshold (solid green
circles) a linear polarization of 55% is observed. The linear polarization is "hori-
zontal" (0, 180°), roughly aligned along [110]. Panels (b-¢): Analysis of the linear
polarization of the polariton emission below threshold (b, ¢) and above threshold (d,
e). Below threshold, a TM-TE splitting is visible. The color scale is the same in
pairs (b,c) and (d,e). b, d and e share the same © and y azxis scale as c.
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Figure 10.5: Analysis of the linear polarization of the emitting spot below threshold

(¢) and above threshold (a, b). Photon-exciton detuning is 6 = 0 meV. The grey
scale in a) and b) is the same.
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10.3 Origin of the linear polarization

10.3.1 Linear polarization as a signature of symmetry break-
ing

Bose condensation is a phase transition linked with the appearance of a well-defined
phase in the system. As emphasized in [Lau04, Lau06], the development of this
phase is manifested by appearance of linear polarization for the condensate emission.
In [Lau06] the polariton ground state considered is degenerate with respect to the
spin. Namely, when a non-resonantly pumped system condenses, two condensates
with spin-up and spin-down are formed: a;, a;. The authors demonstrate that
the appearance of the non-zero order parameter in each of the circularly
polarized components results in the appearance of the linear polarization.
It was also pointed out that in a system that is perfectly isotropic in the plane, the
direction of the polarization is random.

10.3.2 Ground state splitting

Where does the linear polarization in the condensed state come from in our case?
The mechanism of 10.3.1 is very tempting, but other possibilities ought to be
checked. A good hint is given by detailed studies of the polariton dispersion. First,
we repeat that, because of the TM-TE splitting, polariton states exhibit polariza-
tion splitting, except for the k| = 0 state (see figure 10.6). Surprisingly, as shown in
figure 10.6, the ground state is not degenerate, but a splitting of € ~ 0.1 meV
is found. It is most probably due to the presence of anisotropic strain producing a
slight birefringence (prof. A. Kavokin, dr L. Klopotowski - private comunications,
[K1006]) in the cavity. The difference in refractive indexes for two crossed polar-
izations of order of 0.02% results already in the anisotropic splitting of around 0.1
meV??,

It is worth noting that the condensation occurs always in the lower state. The
observation of € and a roughly constant polarization direction rule out the origin
of the explanation for linear polarization given in 10.3.1. Apparently, our system
is not isotropic in the plane. The cavity environment defines the state into which
stimulation occurs, so the "symmetry breaking" is not fully spontaneous. However,
the fact that ¢ ~ 0.1meV <« kT = 1.6meV means that the selection is much
narrower than the thermal energy. This strongly suggests that the phase transition
occurs [Ste98|.

Conclusions In this chapter we have investigated polarization properties of the
polariton emission. Strong linear polarization degree is observed for the con-
densed state. The observed transition is spontaneous in the sense that the po-
larization state of the condensate does not depend on the polarization state of the

pump.

B6E ~ 90 = 210°71686meV = 0.11 meV
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Figure 10.6: Polarization splitting of the polariton emission for detuning +5 meV
(a) and -2.5 meV (b). By tilting the cryostat the light emission at angles up to 37
degrees s detected. TM and TFE branches are clearly wisible. For negative detuning,
the splitting becomes larger than the linewidth. Insets: the TM-TFE splitting increases
with angle. Surprisingly, the ground state is not degenerate. The cross polarized
spectra at k) = 0 explicitly show the ground state splitting.

The real space studies show collective polarization phenomena and strongly sug-
gest formation of a single quantum state.

The detailed investigation proves that the degeneracy of the ground state
is lifted and that the condensation occurs in the lower energy state. This selection
in energy, being much narrower than the thermal energy, suggests that a phase
transition occurs.

The orientation of the polarization plane is found to be pinned to one of the
crystal axes, most probably due to the slight optical anisotropy of the cavity. The
effect persists at different detunings between the cavity and exciton modes.

This is this small ground state splitting that fixes direction allowing us to observe
a high polarization degree for the condensate emission. The build-up of the linear
polarization degree can be indeed interpreted theoretically as an evidence for forma-
tion of the polariton condensate. The degree of linear polarization is governed by the
number of condensed polaritons, the polariton effective temperature, the polariton
interaction constants and the anisotropic ground state splitting (prof. A. Kavokin
- private communications). On the other hand, our results cannot be interpreted
as a manifestation of a spontaneous symmetry breaking [Lau06]. The symmetry is
already broken by the cavity environment.
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Chapter 11

Coherence

In this part we investigate coherence properties of the polariton condensate®*. First,
the spontaneous build-up of the first order temporal coherence ¢'(dr = 0, 7),
is demonstrated by using a Michelson interferometer. The results confirm that the
coherence time of the condensate is longer than the photon lifetime in the cavity,
i. e. the phase of the outgoing photons is imprinted by the condensate during up
to 7 = 8 ps. Next, combining the interferometer with an imaging setup, we study
the first order spatial coherence ¢'(ry,r2, 07 = 0). A significant increase of
the coherence length is observed. In particular, the spatial correlation mapping
g'(r,—r, 87 = 0) is presented, giving the proof for long range order extending over
the excitation spot. A correlation length more than five times longer than the
thermal de Broglie wavelength A\;p is measured. Finally, intensity correlations
g*(7) in CW and pulsed excitation conditions are investigated in a HBT experiment.
The results demonstrate the spontaneous phase transition from a thermal
state towards a quantum coherent state with increasing excitation density.

Contents
11.1 Field correlation . ... ... ... ... ... ... 113
11.1.1 First order correlation function g'(ry,r2,t) . .. ... .. 113
11.1.2 First order temporal coherence g'(ry =r2,7) . . ... .. 113
11.1.3 First order spatial coherence g'(ry1,r2,07 =0). . . . . . . 114
11.1.4 Spatial correlation mapping g*(ry, —r1,67=0) . . . . .. 116
11.2 Intensity correlations . ... ... ... ... 0. 119
11.2.1 Second order coherence function g?(7) . . . ... ... .. 119
11.2.2 CW excitation . . . .. . .. ... .. ... ... ..... 121
11.2.3 Pulsed excitation . . . . . ... ... ... o oL 124

34 All experiments presented in this chapter were done in T=(3.9-5.3)K
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11.1. Field correlation

11.1 Field correlation

11.1.1 First order correlation function g'(ry,rs,1)

In order to investigate the coherence properties of the polariton field, the classical
first order correlation function |Gla63] of the polariton emission should be measured.

(E*(ry,t) - E(ra,t + 7))
E*(rq,t)) - (E(re,t+ 7))
By imposing r; = rp, the temporal correlations, i.e. the coherence time, can be

measured. On the other hand, by putting 7 = 0 and r; # rs spatial correlations of
the field between points r; and rs can be investigated.

g'(ry,re,7) = < (11.1)

11.1.2 First order temporal coherence g'(r; = r3,7)

As recalled in chapter 3.2, polariton condensation is accompanied by spontaneous
development of temporal coherence. The measured linewidths are strongly reduced
and may be as narrow as 0.18 meV. Let us show that this line narrowing corresponds
to an increase of the coherence time®.

The microcavity is non-resonantly excited as in chapter 6. The emission from
the polariton ground state is sent to a Michelson interferometer as described in part
4.3.3. The contrast of interference fringes as a function of the delay between the

arms is calculated as:
]mam(t) - ]mm(t)

c(t) = 11.2
( ) Imax(t> + Im'Ln(t) ( )
For a monomode source, the contrast decays as
t
c(t) x exp (——) (11.3)
Te

, where the decay constant 7, is the coherence time. In figure 11.1 the contrast
as a function of the delay for different pump powers is plotted. The fitted coherence
time is presented as a function of the pump power and the threshold behavior of the
photoluminescence.

Below threshold the coherence time is found to be 7. = 1.5 ps, which corresponds
to the polariton lifetime in the microcavity®®. At threshold, the coherence time
clearly increases up to 7. = 5 ps and then saturates. In this experiment the accessible
pump power is not high enough to induce a decrease of the coherence, as is observed
in linewidth measurements (see chapter 6). Just above threshold, the coherence time
can be as high as 8 ps. This brings us to the conclusion that the coherence time of

35The g'(r,7) and g?(7) measurements were performed on the same point on the sample corre-
sponding to the detuning § = +3 meV. In g'(r,7) experiments the excitation spot has a gaussian
form and a diameter of d=25 pum. Polarization characteristics of this point are similar to those
described in chapter 10: negligible linear polarization below threshold and 72% linearly polarized
emission above threshold, independently of the pump polarization.

36The LP luminescence linewidth around 6 = 0 meV in the spontaneous regime is I' = 0.6 meV.
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Figure 11.1:  The first order temporal coherence. Left: Measured contrast as a func-
tion of the delay for several pump powers. Right: Coherence time 1. as a function of
the pump power (green points) and threshold behavior of the LP photoluminescence
(black points). Detuning § = +3 meV.

the polariton condensate is around 5 times longer than the polariton lifetime. The
coherence is preserved by the condensate itself and its phase is imprinted on the
outgoing polaritons.

11.1.3 First order spatial coherence g'(ry,r2, 67 = 0)

The interferometer can also be used to study spatial correlations of the emitting spot.
As shown in chapter 9, the condensate emission comes mainly from localized spots.
We will show that the photons emitted by all of those spots are phase correlated.

Two 40 times magnified images of the condensate emitting spot are formed at
the output of the interferometer. The two images, each coming from one arm of the
interferometer, overlap in the image plane, forming an interference pattern. One
image can be displaced with respect to the other by any vector simply by tilting a
mirror of the interferometer, as shown in figure 11.2. The contrast of the interference
is measured for each point of the image plane by scanning the relative phase of the
interferometer over ~ 67, providing a direct measurement of the spatial correlation
function. The size of the probed area is typically (3-4) um?. The contrast of the
obtained interference pattern is directly related to the first order spatial coherence
function (see chapters 10.3 and 10.4 of [Bor93]):

Clr.d) = Imae = Imin  2+4/1(r)I(r +d)
" Lpaw + L I(x) +I(r +d)

First, the autocorrelation®” is measured, giving negligible changes in the interfer-
ence contrast value below and above threshold. Next, two points separated by 8 um

x g'(r,r +d) (11.4)

37Interference of the point with itself.
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11.1. Field correlation

Figure 11.2: Spatial correlation measurements by analyzing the interference pattern
produced by overlapping the images from both arms of the interferometer. The rela-
tive distance between the images is tuned by tilting one of the interferometer mirrors.
Thanks to the spatial filtering, only the emission from the black circle is detected and
analyzed.

(3 times the thermal de Broglie wavelength) are analyzed. The result is presented
in figure 11.3. Below threshold the thermal coherence length is 3 times smaller than
the distance between the selected points. The mutual phase is not correlated, re-
sulting in a low contrast value of ¢ = 6%. Above threshold an interference pattern
is formed with a contrast up to ¢ = 46%. This kind of experiment is repeated for
all pairs of bright spots in the emitting spot, always giving a strong increase of the
contrast at threshold. This shows that the first order coherence is extended in space
over the whole condensate emitting spot.
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Figure 11.3:  Spatial correlations measured between two points separated by 8 pm.
Left: Interference pattern below (open symbols) and above (full symbols) condensa-
tion threshold. Right: Contrast as a function of the pump power. At threshold, the
contrast increases by a factor 7, demonstrating the strong increase of the coherence
length.
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11.1.4 Spatial correlation mapping ¢'(ry, —ry, 67 = 0)

As a second part of the spatial coherence studies, we measure the correlations be-
tween any pair of points ry and rs symmetric with respect to the center of the
condensate. To do so, the mirror in one arm of the interferometer is replaced by a
retroreflector to invert the image in a centro-symmetric way. In this new configura-
tion we obtain a new interference pattern in the image plane (see figure 11.4). The
contrast of these interferences carries information about the spatial coherence be-
tween points that are centro-symmetric with respect to the center of the condensate
- g*(ry, —1). This configuration has the advantage of simultaneously providing the
correlation between pairs of points separated by the quantity |d| =2 - |rq].

Figure 11.4: The principle of spatial correlation mapping. Upper row: In the im-
age plane, overlapping occurs (at zero delay) between the image from one arm and
its centro-symmetric counterpart from the second arm. The calculated interference
contrast carries information about g*(ry, —7y). Images from both arms of the inter-
ferometer and their spatial interference at zero delay above threshold (middle row)
and below threshold (bottom row).

Correlations measured for excitation power P = 1.9 - Py, are displayed in figure
11.5. Apart from the high correlation peak at the center, which corresponds to the
thermal de Broglie wavelength, several large islands with correlations exceeding 40%
are observed for couples of points separated by |d| = 15 um. The extent of these
correlations is limited only by the finite size of the condensate. The variety of island
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11.1. Field correlation

shapes simply reflects the spatial inhomogeneity inherited from the in-plane disorder
of the microcavity.

These correlations should be compared with those measured below the nonlinear
threshold. For low pumping, the correlations vanish for distances as small as 2.6
pm. This coherence length corresponds to the thermal de Broglie wavelength A\gp
of a homogenous thermalized polariton gas. The condensate cloud is several times
larger than this length (15 pm vs. 2.6 um), yet shows more than 40% of the phase
correlations, providing direct evidence of coherence across the entire condensate.

@

Correlation (%) Correlation (%)

0 23.00 46.00 0 25.00 50.00 75.00

Figure 11.5: Mapping of the contrast of the spatial correlations. Below threshold,
short range, thermal correlations are present and disappear for \gg = 2.6 um.
Above threshold, the spatial coherence spreads over the whole excited area, demon-
strating the formation of a spatially coherent state.

To demonstrate the richness and flexibility of this method, let us just remark
that by changing the delay between the arms and observing spatially the formed
interference pattern one can observe directly the time evolution of the spatial coher-
ence g'(ry, —r1,7). Thus, the coherence dynamics of the polariton condensate can
be studied, giving one possible direction for further development of this work. An
example of such a measurements is presented in figure 11.6.
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Figure 11.6:  Mapping of the time-resolved spatial correlations. By changing the
relative time delay between the arms, one can obtain directly the coherence dynamics
of the polariton condensate. Lower part: spatial interference pattern as a function of
the time delay. Upper part: coherence time measured for two points of the interfering
image of the polariton condensate.
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11.2 Intensity correlations

The term "coherence" of the optical field has been used historically to describe the
possibility of such a field to produce interference fringes. With this "old" definition
one cannot distinguish between the coherence level of sun (white) light filtered by
a narrow band filter and of a laser: in both cases the coherence length (7. - ¢) can
be long and an interference pattern with high contrast can be observed. Yet, the
early stages of optical maser studies showed that these sources exhibit regularities
that go beyond the coherence of a thermal source. For instance, different statistics
was found for the photons in a thermal source and a laser beam. The concept of
coherence had to be reformed and revised. In the mid-sixties R. J. Glauber published
the set of articles which gave a basis for a modern understanding of coherence
[Gla63, Glau63, Gla65, Gla66|*®. In particular, coherence orders were described
and the fully coherent state was defined as a coherent in all orders. To sum up,
in order to provide a complete description of the field coherence, the higher order
coherence functions have to be measured. In this paragraph we investigate the
second order coherence of the polariton field through the intensity correlation of the
emission.

11.2.1 Second order coherence function ¢*(7)

The statistics of photons from a thermal and coherent light source are not the
same. It can be shown that photons emitted by a thermal source obey Bose-Einstein
statistics [Sal91]. The high variance of this law means that small delays between the
photons are privileged. The photons from a thermal source are said to be "bunched"
[Sca66], [Mor66]. The situation is different for a coherent source like a laser. Here,
the delay between the photons is dictated by Poisson statistics. This means that all
delays between emission events are equally probable.

To investigate the statistical properties of light, the 2nd order coherence function
has to be measured:

(E*(rq,t) - E*(ra,t +7) - E(ry,t) - E(re,t + 7))
(E*(r1,t) - E(ry,t))(E*(re,t +7) - E(ra,t+ 7))

In what follows, we will concentrate on the temporal correlations. Thus, the
function ¢g*(7) takes the form:

g*(ry,12,7) = (11.5)

I(t+7)-I(t
ey = (4 7) T(0),
(I(t)) - (I(t+7))
This function is connected with statistical properties of the light through its first
two moments: the mean 7 and the variance o2, in the following way [Lau(6]:

(11.6)

o2 —n

gF(r=0 =1+ (11.7)

ﬁQ

38The importance of these works for a modern quantum optics was honored by the Nobel Prize
in Physics 2005: Roy J. Glauber "for his contribution to the quantum theory of optical coherence".
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Moreover, it can be shown that for the thermal source:

—2|7|

F(r)=1+lg'(r)P =1+e 7 (11.8)

where 7. is the coherence time. So the photon bunching for a thermal light source
is reflected in g?(7 = 0) = 2. Tt decreases exponentially to 1 with time constant
7./2. On the other hand, the coherent emission is non-correlated, which results in
constant ¢g*(7) = 1 (see figure 11.7 and table 11.1).

’ Source \ Thermal \ Coherent ‘
Statistics B-E Poisson
Probability | —=(z17)" B -
Variance 02 | 7+ n® n
g* (1 =0) 2 1
g*(T = 00) 1 1

Table 11.1:  Statistical properties of the thermal and coherent light. The probability
of finding n photons in a given time interval is governed by different statistics during
the coherence time. The large variance of the Bose-Einstein statistics for thermal
light results in a photon bunching during a coherence time. The Poisson statistics for
coherent light means that coherent emission is non-correlated. Beyond the coherence
time the emission is non-correlated regardless of the emission’s nature.

THERMAL LIGHT COHERENT LIGHT
-0—000 00 O-0—» —O—O—O—O—O—O—O—O—O—t»
2.0 t 2.0
1.6 1 1.6
© ©
o — \= o)
1.2 1.2
0.8 0.8
2 1 0o 1 2 2 4 0 1 2
Delay = (arb. u.) Delay < (arb. u.)

Figure 11.7:  ¢*(7) function for thermal and coherent light. The high fluctuations
in the intensity of thermal light result in g*(7) > 1 for T ~ 7.
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11.2.2 CW excitation

To study the second order temporal coherence properties of the polariton emission
the photon correlator described in part 4.3.4 is used. We work in the Hanbury
Brown-Twiss configuration [Han56|: the signal is split by a beam splitter and de-
tected by ultra-fast avalanche photo diodes. The histogram of the relative delays
between the photons is constructed, yielding the photon statistics (see figure 4.7).

First, the experimental setup is checked and characterized by measuring the
correlations of CW Ti:Sapphire laser light. No correlation in the laser signal is
expected. Nevertheless, the oscillations in the laser intensity are clearly visible -
figure 11.8.
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Figure 11.8: The correlation signal measured on the Ti:Sapphire laser light. Left:
dispersion compensation in the laser cavity leads to intensity oscillations. Right:
the dispersion compensation is destroyed by inserting the etalon (dispersive element)
wnto the laser cavity, permitting observation of changes in the photon statistics near
zero delay. Number of coincidences per channel N ~ 1000.

This effect is explained as follows. The optics in our laser is optimized for pulsed
operation. In particular, dispersion compensation |Coh| is introduced. Thus, the
Ti:Sapphire laser has a natural tendency to lock the modes even in CW operation,
resulting in a temporal oscillation of the output intensity. Yet, the dispersion com-
pensation can be destroyed by inserting a dispersive element into the laser cavity.
Here, an optical quality glass plate is used. As a result, the number of lasing modes
is dramatically reduced and only the long period (~ 10 ns) oscillations are present
(figure 11.8). To obtain ¢*(7), normalization with respect to these oscillations is
performed. The histogram of the coincidences as a function of the delay 7 is pre-
sented in figure 11.9. In particular, we see that no bunching is present around zero
delay for the laser source. In this experiment number of coincidences per channel is
N ~ 55000, which results in a very low photon noise of @ ~ 0.4%. The standard
deviation of the go(7) function of our laser is around twice bigger. This additional
noise is the token of multi-mode fluctuations of the laser field.

The same experiment is performed on the polariton ground state photolumines-
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Figure 11.9:  ¢2(7) for the CW-Ti:Sapphire laser light. The flat g*(7) function
demonstrates coherence of the laser light. Intensity fluctuations of the laser are twice
bigger than the photon noise possibly due to multi-mode emission, even if number of
lasing modes was reduced.

cence to investigate the transition from thermal to coherent state. The major dif-
ficulty of this measurement is to detect the photon bunching ¢?(7 = 0) = 2
in the weak excitation regime because of the small ratio between the
coherence time (7. = 1.5 — 2 ps) and the temporal resolution of the cor-
relation setup (7, = 120 ps)®’. Consequently, only 1-2% of the measured signal
will contain the excess due to the bunching. Thus, the measured value of ¢*(7 = 0)
will be an average between correlated events occurring during 7. and non-correlated
ones during 7, — 7. & 7, and is expected to be of order 1-2%. In order to observe this
small effect, the photon noise must be smaller than 1%, which requires an elevated
number of events ((3 —4) - 10?), i.e. long integration times (~ 3 hours for actual
counting rate (2 — 5) - 105 s71). The result of the experiment is presented in figure
11.10. The reduction of the photon noise with an increasing number of coincidences
is shown in figure 11.12.

Indeed, photon bunching is clearly visible below the condensation threshold.
The bunching level is 3% and the width of the peak corresponds to the temporal
resolution of the setup. Therefore, below threshold polariton emission has a thermal
characteristic. Above threshold, the bunching disappears, which is consistent with
the formation of a coherent state. In other experiments we observe a significant
reduction of the bunching value, but without its total disappearance, as displayed
in figure 11.11.

39This ratio could have been increased by the spectral filtering of a signal by the output slit,
with maintaining a high number of coincidences.
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Figure 11.10:  Polariton transition from thermal towards coherent state in g*(T)
experiment. Photon bunching disappears above the condensation threshold. Number
of coincidences per channel N with increasing pump power is respectively around:

26000, 36000 and 33000.
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Figure 11.11:  The reduction of the thermal fluctuations in polariton transition

towards condensed state observed in g*(7) experiment. Number of coincidences per
channel in this experiment is N ~ 55000.
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Improvement of the signal to noise ratio with increasing number of coincidences
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Figure 11.12: The reduction of the photon noise with increasing number of coincidences.
a: The photon bunching at zero delay time is barely visible. Number of coincidences N ~
11000 yielding the photon noise of N=3 ~ 1%. b: Number of coincidences N ~ 55000
resulting in the photon noise of 0.4%. Thanks to the high number of coincidences the

photon bunching at zero delay is clearly wvisible.

Ezperimentally measured photon noise

(standard deviation of the non-correlated events in delay range 200-760 ps) are 1.06% and
0.067% for a and b respectively. P = 0.23P,,..

11.2.3 Pulsed excitation

The use of a pulsed excitation rules out a steady state regime, and thus internal
polariton equilibrium. The experiment consists of many events of creating and
decaying of the condensate. The phase transition that occurs under pulsed excitation
conditions will be called dynamic polariton condensation. The characteristics
of the transition under pulsed excitation conditions are shown in figure 11.13.
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Figure 11.13: Dynamic polariton condensation. Left: dynamic condensation in the
k-space. Right: the threshold, the line narrowing, the blue-shift.
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11.2. Intensily correlations

Nevertheless, the use of pulsed excitation® has certain advantages when ¢*(7)
is to be measured. First, the problem of the temporal resolution of the detectors is
no longer present, unless the temporal resolution of the detectors is worse than the
separation between pulses. Second, all the coincidences are now "squeezed" into a
few channels corresponding to the correlation peaks. So, at the same counting rate*!
the integration time significantly decreases with respect to a CW measurement,
facilitating detailed studies. The above statement is illustrated by the following,
realistic, experimental situation: In a CW mode integration time of the spectrum
with number of channels around 1000 and with 40000 coincidences per channel took
around 3 hours. In pulsed mode, with the same coincidence rate, the integration time
of the spectrum with the same number of coincidences per channel (in the peaks)
was reduced to around 9 minutes. Factor 20 corresponds to the ratio between the
total number of channels (that are "used" in the CW mode) and the number of
channels included within the correlation peaks (in a pulsed mode). The histograms
of the coincidences obtained as a function of the delay are plotted in figure 11.14.

We must take considerable care in the analysis of these data. In the first place,
the total number of coincidences, N, in each of the correlation peaks is calculated by
integration over equal time intervals of 13.1 ns. Apparently, the number of coinci-
dences decreases with increasing delay*?, even if this is not visible in the raw data.
This well known "pile-up" effect appears when the single photon detection regime
is lost due to an elevated counting rate [Bec02|. The result of the integration and
correction of the laser correlation signal is presented in figure 11.15. The correction
is performed as follows. Photons can be correlated only within the zero delay peak.
Thus, the zero peak is skipped and the pile-up is fitted only to the weight of the
non-correlated (non-zero) delay peaks. By dividing the weight of the zero delay peak
by the fit value for zero delay the g?(7 = 0) function is found. The error bars are
defined by the photon noise and are given by the number of coincidences according
to N~2. As we see, in pulsed mode the errors obtained correspond to the standard
deviation of the total number of coincidences in the peaks.

The same procedure is performed for the polariton emission. The corrected
histograms are presented in figure 11.16. Evidently, photon bunching of (0.5-1)%
is present below condensation threshold. At condensation threshold, bunching of
(2-3)% 1is still visible. For a very high pumping it increases even up to 35%. The
ensemble of the results and their spectral linewidths is shown in figure 11.17 as a
function of the pump power.

To finish this analysis, the role of the dynamics in a pulsed experiment should
be taken into consideration. As stated before, the bunching appears only during
the coherence time. Thus, the results should be compared with the ratio between
the coherence time and the decay time - :—2, which is schematically explained in
figure 11.18. As shown in [Mul00|, due to the stimulated relaxation, the polariton
kinetics changes dramatically when approaching the condensation threshold (see

40The laser is set to mode-locking operation with a pulse duration of ~ 1 ps and a separation of
13.1 ns between the pulses.

41Tn this part of the experiment the counting rate is (2 —4) - 10° s71

42 The additional delay of 72 ns is introduced by the difference between the cable lengths.
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Figure 11.14: The correlation peaks for the laser in the pulsed mode and the polariton
emission above threshold.
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Figure 11.16: ¢*(7) for the polariton emission in the pulsed experiment.
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10

Non-corrected g?(7) (full blue circles) and linewidths (open brown

circles) as a function of the power. The spectral broadening of the polariton line is

accompanied by

increase of the bunching, showing strong decoherence of the polariton

condensate far above condensation threshold.
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11.2. Intensily correlations

figure 11.19). The reduction of the decay time from 100-400 ps down to (3-7) ps
above threshold was reported. Indeed, such acceleration is manifested in our case
by a narrowing of the correlation peaks from almost 500 ps in weak excitation to the
time resolution of the correlator, i.e. 120 ps, at and above threshold - figure 11.20.
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Figure 11.19:  The time resolved experiment from [Mul00] showing the turn-on of
the stimulated relazation.
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Figure 11.20:  The narrowing of the correlation peaks due to the reduction of the
decay time.

The overall conclusion is the following. To get information about the photon
statistics during the time 7., measured ¢*(7) values should be normalized with re-
spect to the ratio®.

’ P/ Py, \ 7. |ps] \ 7a |ps] \ (1) \ Corrected ¢*(7) ‘
<1 1-2 100-400 | 1.005-1.01 ~ 2
(1,2.5) 5) 5-7 1.02-1.03 1.02-1.1
>5 1 3-5 1.2-1.3 ~ 2

Table 11.2:  The corrected g*(7) - values of the g*(1) during the coherence time in
the pulsed experiment.

As is shown in table 11.2, below the condensation threshold during the time
T., the strong bunching occurs showing the thermal statistics of the emission. The
corrected correlation function decreases at the condensation threshold, approaching
coherent statistics. However the value ¢g?(r = 0) = 1 expected for a coherent
source (like a noiseless laser operating above threshold) is not reached. This is
not surprising since the polaritons are interacting particles. Interaction induced
decoherence is observed far above threshold: the g?(7) increases again demonstrating
degradation of the coherence, which is also witnessed be the simultaneous linewidth
measurements.

Up to date, only one experiment dealing with the second order coherence prop-
erties of the polariton emission has been published [Den02] (see figure 11.21). The

43The exact values of the corrected ¢g2(7) function require measurements of the decay time on
the sample point under consideration.
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main observations pointed out in that work are as follows. First, below threshold
no bunching effect is observed in [Den02| due to a very small ratio between the
coherence time and the decay time. Second, above threshold, the decay time be-
comes comparable with the coherence time and for pump power 2-5F;,, a constant
g*(t = 0) = 1.77 is reported. This surprisingly high bunching value shows that the
polaritons are in an almost pure thermal state for pumping as high as 5P,;,.. The
g*(t7 = 0) remains far from unity (the value predicted for the coherent state) for
pumping values as high as 18 P;;,.. Moreover, no signs of the first order coherence are
present: the line narrowing is not present in the spectra shown. However, between
8-18 Py, a slow decrease from ¢g?(7 = 0) = 1.7 down to ¢g*(7 = 0) = 1.48 is seen and
interpreted as an improvement of the coherence.

It is interesting to confront the above experiment with our results obtained in the
pulsed mode. In our case, the situation is completely different. First, thanks to the
elevated number of coincidences, the bunching effect is clearly observed below thresh-
old, giving the thermal value of the bunching during the coherence time. Second,
for pumping power 1-2.5 P, the bunching collapses down to ¢g*(7 = 0) = 1.02 — 1.1.
Finally, for pumping values bigger than 5P, we see opposite behavior with respect
to that by [Den02]: the decoherence demonstrated by the line broadening results
also in an increase of the bunching value up to ¢*(7 = 0) = 1.35 for pump power
10P;p,. The comparison between the two sets of data is shown in figure 11.21.
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Figure 11.21: The comparison of the non-corrected g*(t = 0)(P/Py,) obtained in
this work and in [Den02] (right). Left: the same data as in 11.17 on a linear scale.
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Conclusions In this chapter coherence aspects of the polariton condensa-
tion were studied. Signs of the spontaneous coherence in CdTe microcavities have
already been noticed [Max05, Mox05]. Here, the spontaneous formation of the
coherent state at the condensation point is proven in a straightforward way,
by a variety of experiments. It is confirmed that the observed line narrowing cor-
responds to an increase of the coherence time. Spatial coherence measurements
demonstrate formation of the correlations in the whole excited zone, on the length
scale of 5 - \jp. For the first time in an excitonic system, formation of
partial long range order is observed. The powerful method of spatial-temporal
correlations mapping will obviously be applied in the future to study such exciting
aspects as the decay of the spatial correlations, the formation of vortices, condensate
oscillations [Mox05], interference between separated condensates.

The intensity correlation experiments have shown strong reduction of the
thermal fluctuations in the emission from the condensed state. In addition,
the result obtained in the pulsed excitation demonstrates reappearance of thermal
fluctuations far above threshold. The build-up of the second order coherence at
the condensation threshold justifies the phrase "polariton laser" - coherent emission
from the polariton condensate [Lau04]. At the same time, increase of bunching
far above threshold reveals a fundamental difference between a "polariton laser"
and a standard laser: coherence of the "polariton laser" is destroyed by polariton
interactions when increasing population of the condensate, whereas coherence of the
standard laser is improved with increasing number of photons in a lasing mode.

The experiment that would complete the coherence investigations is noise mea-
surement [Baa06|. The detection of the same noise from the whole excited area would
confirm formation of a single quantum state and not a "fragmented" condensate.
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Conclusions and outlook

Overall conclusions The work presented in this thesis was focused on the search
for Bose-Einstein condensation in the solid state. To attain this goal we were guided
by two features of the modern definition of the BEC:

e Massive occupation of the state

e Spontaneous phase coherence across the entire condensate

In the introduction we indicated many systems with potential for achievement
of a BEC in solids. Among all of these systems, one stands out: microcavity po-
laritons - quasi-particles that arise from the strong coupling between an exciton
in a quantum well and the photon mode of a Fabry-Perot like cavity. The essential
advantage of the polariton is its extremely low effective mass (~ 107 —10"5m,)
in the strong coupling zone, giving the possibility of observing bosonic degener-
acy at standard cryogenic temperatures. Moreover, the use of CdTe-based
microcavities allows us to work below the saturation density for excitons, ensur-
ing bosonic character of the polariton. The second key advantage of the polariton
system is its strong in-plane dispersion (inherited from the photon mode) which
can be probed by angle-resolved measurements. Hence, not only is the ground
state well defined, but also one has direct access to the polariton statistics
n(E). The strong coupling regime guarantees also that the polarization and coher-
ence properties of the polariton are carried by its photon part leaking out of the
microcavity.

The major part of this dissertation was focused on the analysis of the polariton
population distribution along the dispersion curve. We have shown that, in spite of
the extremely short polariton lifetime (~ 1ps), polariton states can be efficiently
filled up by an exciton-polariton scattering mechanism. With increasing exciton
density, an abrupt threshold for the stimulated scattering towards the polariton
ground state is seen. A massive occupation of the ground state is reported
with a condensate fraction of around 0.4.

The BEC is a thermodynamic phase transition with a well defined critical den-
sity and temperature. Due to the short polariton lifetime, a polariton population
distribution usually remains far from equilibrium. However, by optimizing the exci-
ton fraction of the polariton, the relaxation time towards the polariton trap starts
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to be comparable with the radiative lifetime. In chapter 6 it was shown that, for
the case of positive photon-exciton detuning, polaritons can reach an internal
equilibrium and establish an effective temperature below the condensa-
tion threshold. In this way the thermodynamic aspect of the BEC is approached.
The estimated critical parameters for polariton condensation are: ng. ~ 5x 10%cm =2
and T,, ~ 20K.

The analysis of the occupancy along the dispersion curve reveals a striking bi-
modal distribution when condensation is reached: above the condensation threshold,
the occupancy of the excited states is blocked, and any additional particle added
into the system falls into the ground state (figure 6.4). Such a saturation of the
excited states and macroscopic occupation of the ground state is a characteristic
feature of the BEC.

It was also shown that polariton condensation can be induced by lowering the
cryostat temperature while keeping the same excitation density. However, the inter-
pretation of these experiments is difficult, since the temperature tuning influences
not only the polariton temperature but also the polariton density.

The second main theme of this thesis was investigation of the coherence prop-
erties of the polariton condensate. In order to demonstrate a spontaneous phase
transition towards the coherent state, strictly non-resonant excitation was used
in all experiments presented. This ensures that we start with a non-coherent exciton
state. All signatures of coherence are developed by the system itself and are not
inherited from the excitation laser.

The central experiment here is the demonstration of the first order spatial coher-
ence of the polariton condensate (see figure 11.5). Below the condensation threshold
the coherence length corresponds to the thermal de Broglie wavelength of a polari-
ton gas at around T ~ 20K. At threshold a significant increase of the coherence
length is seen and spontaneous phase coherence over the entire condensate
(long range order) is found. At the same time, an increase of the coherence time
from 1-1.5 ps up to 8 ps is measured. This coherence time, around six times longer
than the radiative lifetime, means that the coherence is preserved by the condensate
itself and its phase is imprinted on the outgoing photons.

In order to investigate the transition from the thermal state into the coherent
state the second order coherence was investigated. The presence of a thermal state
below the condensation threshold is evidenced by the presence of photon bunching
for zero delay time. This bunching is reduced at the condensation threshold,
demonstrating the change in the photon statistics and formation of a coherent state.
Far above threshold, where the coherence properties are lost due to the inter-particle
interactions, a transition back into the thermal state is seen.

Finally, it was noticed that, in agreement with the theoretical predictions, po-
lariton condensation is accompanied by the appearance of linear polarization in
the emitted light. Such a phenomenon was proposed as a signature of a sponta-
neous symmetry breaking occurring when polariton condensation is reached. Yet,
in our case this interpretation is not valid, since it was found that the polarization
is imposed by the slight anisotropy of the microcavity. However, the onset of linear
polarization in the emission from the polariton ground state at the condensation
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threshold is considered as a consequence of the polariton condensation.

Strictly speaking, the condensation phenomenon we observe is not a
standard BEC for at least two reasons.

The first one is the presence of interactions. The genuine Einstein concept of
the BEC stems exclusively from the statistical properties of a non-interacting Bose
gas. As was discussed in chapter 6, a polariton gas cannot be considered as weakly
interacting. Any theoretical interpretation of the observed transition should confront
the role of the polaritons’ interactions and internal structure. The experimental
manifestation of the polariton interaction can, for instance, be found in the polariton
condensate fraction. The estimated value of n = 0.4 places us between weakly
interacting atomic condensates (n ~ 0.9) and liquid helium, which is a strongly
interacting Bose system (n ~ 0.08).

The second peculiarity comes from the fact that a polariton system is not con-
servative. Polaritons continuously convert into photons and leak out from the mi-
crocavity. The constant CW pump is needed to sustain polariton occupancy. The
question about the nature of the condensation in an open system with a pump and
decay is not a trivial one and is the subject of intense theoretical studies [Szy06|; the
major conclusions are that, even if the presence of a pump and of decay influences
critical values of density and temperature, condensation in such a system is possible.

Other subtleties of the polariton condensation, discussed in chapter 6, come
from the reduced dimensionality, the finite size effects and the disorder. All these
theoretical issues are current themes of animated discussions, which are helping to
understand the nature of the polariton condensation.

In spite of all these difficulties, we emphasize that proposed around ten years
ago, polariton condensation and polariton lasing are achieved in this work. In a
broader sense, microcavity polaritons are becoming the third member in
the family of Bose-condensed systems, next to liquid helium and the cold
atomic gases.

Outlook We trust that this thesis terminates the doubts and speculations con-
cerning polariton condensation and opens possibilities for further investigations. In
this last section we wish to sketch the outlook for such work.

In the short-term, it is necessary to continue and extend the spatial coherence
studies. The spatial contrast as a function of the pump power can give an inde-
pendent estimate of the condensate fraction. The limit of the coherence length in
the condensed state can be investigated, either by increase of the excitation spot
size or by measuring the interference between two separated condensates. Another
question concerns condensation into the single quantum state in the presence of
disorder. The collective polarization and a spatial interference occurring in the con-
densed state support the claim of condensation into a single mode. Measurements
of the photon noise would finally clarify this issue. It would also be interesting to
construct the phase diagram n.(7.ss) for this transition.

Further developments require improved materials. On the one hand an increase
of the quality factor of the cavities would produce significantly longer polariton life-
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times and favor polariton thermalization. And on the other hand, new active media
are needed, with even more robust excitons (with a higher exciton binding energy).
This would allow increasing the saturation densities and the bosonic character of the
polariton at high densities and temperatures. It is envisaged that, in microcavities
based on large gap materials like ZnSe, GaN, ZnO, or organic materials, polariton
condensation could occur at higher temperatures, even at room temperature. This
long-term aim is a real challenge for materials growth.

The first step towards polariton condensation at higher temperatures is a demon-
stration of the strong coupling regime. Up till now this has been demonstrated in
the following microcavities based on large band gap materials: organic materials
[Con03], GaN [Sel06] and ZnSe [Kel97, Bal02]. The strong coupling in these struc-
tures persists up to room temperature. In particular, the strong coupling regime in
a ZnSe-based microcavity demonstrated in [Bal02] was confirmed during this thesis
work by performing angle-resolved reflectivity measurements.

Finally, the other promising direction to favor polariton condensation is spatial
trapping. This can be realized either by applying a localizing, point stress [Bal06]
or by introducing a spatial 3D confinement [Obe02, Obe04, Dai06, Kai06].
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Appendix A

"Polariton laser" versus photon laser

What are the physical features differing polariton condensation and commonly ob-
served lasing from VCSEL-type'! structures? This is one of the most frequently
asked questions concerning polariton condensation. It seems to be a natural issue,
since we observe a coherent emission from the optically pumped microcavity with
an inserted "gain medium" - QWs. The aim of this appendix is to gather together
and comment on all the observations spread over this thesis showing fundamental
differences between a polariton condensation and a standard lasing. It will be shown
that these two ideas are very distinct from each other.

A general scheme of a standard lasing action is the following. In the first step,
population is inverted within the gain medium by external pumping. Due to the
absorption, at a certain threshold power, the occupancy of excited states becomes
larger than in the ground state. As a result, the spontaneous emission rate starts to
be overcome by the stimulated emission. In contrast to the spontaneous emission,
the stimulated emission yields twin photons with the same features concerning their
energy, phase, polarization and direction of propagation. The photon occupancy in
a given mode increases and is subsequently amplified, owing to the positive feedback
introduced by the cavity. A part of the amplified, coherent light passes through the
output coupler and is detected outside the cavity.

A standard laser operates in a weak coupling regime. On the other
hand a polariton laser is founded on a strong light-matter coupling regime
(see section 2.1.1). The nature of "condensing" particles in these two cases is to-
tally different, which yields crucial distinctions between photon lasing and polariton
condensation. Let us explain this statement.

In the case of standard lasing we deal with a pure electromagnetic field. Photons
do not interact with each other. This means that with increasing occupancy of
the given mode, the coherence properties (of all orders) of photons occupying this
mode increase, in the first approximation, with no limits (see [Por03| and references
therein).

On the other hand we have a polariton: a mixed state of the photon and the
quantum well exciton. Thanks to the strong coupling regime between light and

4“4 Vertical Cavity Surface Emitting Laser
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matter, a quasi-particle is created that shares the features of photon and exciton at
the same time. Built from two bosonic particles, the polariton is also described as
a boson, within the limits explained in this thesis.

Owing to the photon admixture, the polariton mass is extremely low, hence
bosonic degeneracy - the origin of condensation - is revealed at unusually high tem-
peratures and low densities.

At the same time, the excitonic part of the polariton wave function introduces
interactions in the polariton gas. It is the presence of interactions that differenti-
ates photon and polariton lasing in major ways. Moreover, the interaction strength
between polaritons can be tuned by changing the exciton-photon balance. Under
positive detuning, when the exciton fraction is dominant, collisions among the polari-
tons can be faster than their lifetime (~ps) (see figure 6.8), opening the possibility
of reaching internal equilibrium in the polariton gas (see chapter 6). As was shown
in chapter 6.3, with decreasing exciton fraction, and thus decreasing interaction
strength, the polariton population remains out of equilibrium when condensation is
reached.

The coherence properties of a polariton laser are also strongly influenced by
polariton-polariton and polariton-exciton (from the reservoir) interactions. Here
the situation is much more complicated than in a standard laser, where coherence
is developed as the number of photons in a lasing mode is increased.

The impact of interactions can be studied by observing the energy renormal-
ization and the evolution of the linewidth with increasing particle density. It was
perceived that interactions cannot be neglected even in the relatively low density
limit: At the condensation threshold, the energy blueshift and the decoherence
(manifested in the line broadening of the polariton ground state) increase with the
total density of excitons, as shown in figure A.2. This correlation shows that usu-
ally excitons from the reservoir interact with polaritons around the ground state.
Only at slightly positive detuning, at the minimum of exciton density, are the line
broadening and the blueshift of minor importance. In this zone an image of the po-
lariton trap isolated from the rest of the dispersion curve can be approached. The
stronger decoherence and the stronger blueshift at the condensation threshold are
also observed at higher temperatures (see figure 7.8).

With crossing of the condensation threshold, spontaneous onset of the long range
phase coherence is observed (figure 11.5). An increase of the coherence time (figure
11.1) is compatible with the linewidth reduction. A reduction of thermal noise is
also measured (figure 11.10). However, the presence of interactions in the polariton
system leads to decoherence. Under positive detuning the coherent zone is very
narrow: Line broadening is observed from around twice the threshold power (figure
6.4). A characteristic asymmetric line shape predicted by theory [Por03] is observed
and shown in figure A.3. The measurement of photon statistics shows degradation
of the second order coherence properties far above threshold (figure 11.17). The co-
herent regime of a polariton laser can be enlarged by decreasing the exciton fraction,
as can be followed in figures 6.5 and 6.13 - at 6 = —1meV, when the line remains
narrow up to eight times threshold power.

All these observations show that interactions, introduced by the exciton part,
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produce the major differences between a polariton and a photon laser. Another
important difference can be pointed out by analyzing the physical origin of the
coherent emission in these two devices.

In the case of the polariton laser, the onset of coherent emission is triggered as
soon as the ground state occupancy becomes larger than unity. This is achieved
when the populating rate is faster than the emission rate. Once this condition is
reached, the relaxation towards the ground state becomes stimulated. Nevertheless,
emission from the condensate, due to the leakage of photons from the microcavity, is
still spontaneous, and is uniquely given by the polariton lifetime. Thus population
inversion is not required in polariton lasing.

This statement is confirmed by measuring the threshold power as a function of the
number of quantum wells embedded in a microcavity. As reported in [Boef00], the
power absorbed at threshold is constant, does not depend on the number of quantum
wells and is connected with the density of states at k) = 0. The condensation occurs
always for the same total density of carriers in the structure, when the exciton-
polariton scattering rate outgrows radiative losses.

This behavior is strong contrast with that observed in VCSELSs, operating in
a weak coupling regime. Here, lasing is due to the population inversion of the
electron-hole plasma in the gain medium. This kind of mechanism always gives
different threshold values as the number of quantum wells is varied (see [Boef00],
chapter 8 in [Boe00| and references therein). The above observation also rules out
lasing associated with a population inversion of localized excitons that are resonant
with the lower polariton ground state. The number of these excitons depends on
the number of QWs, so in order to invert their population the threshold power
should vary with the number of QWs. This is not observed when measuring the
threshold power for microcavities containing a different number of QWs (4, 6, 8),
while maintaining the same Rabi splitting.

The final, striking difference between polariton and photon lasing is presented
in chapter 8, where the transition between these two regimes is shown directly. The
threshold for polariton condensation is of order ~ kW /cm?. Compared to the stan-
dard VCSEL lasing, this value is remarkably low, which is a crucial advantage of the
polariton laser as a low threshold emitter of coherent light. Indeed, on increasing
pump power, the exciton density finally exceeds the saturation density, where tran-
sition from a strong into a weak coupling regime occurs. The population inversion
of the electron-hole plasma leads to the second threshold - a standard lasing takes
place. In our case this transition is observed for pump power ~ 50kW/cm?.

We repeat that CdTe-based microcavities are well suited for condensation stud-
ies, since at helium temperature the exciton density required for attainment of con-
densation remains an order of magnitude lower than the saturation density. The
strong coupling can be destroyed by increasing exciton density and/or by increasing
temperature (which decreases the exciton saturation density). In GaAs structures
up to date the transition towards a weak coupling regime has usually occurred before
condensation could take place [But02]. This is due to the larger exciton Bohr radius,
and thus smaller saturation density in GaAs with respect to CdTe-based structures.
So far, in GaAs microcavities, only structures containing 12 QWs exhibit polariton
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Appendix A. "Polariton laser" versus photon laser

lasing [Den06|. The above discussion is summarized in figure A.1.

The differences between polariton and photon lasers are summarized in table
Al

’ \ Photon laser \ Polariton laser

Condensation photons, pure . .
polaritons, strongly coupled excitons and photons

of... electromagnetic
field
. Present due to the exciton component.
Interactions No. No energy
renormalization. Can be tuned by changing the exciton-photon balance.

Density dependent energy renormalization.

Possible as soon as interactions occur faster than lifetime.

Thermalization | Not possible.
The polariton distribution varies with detuning.

Spontaneous coherence at the condensation threshold:

Coherence Increase with the o
properties... occupancy of Increase of 7¢, long range phase coherence, coherent statistics.
lasing mode. Interaction induced (density dependent) decoherence:
Asymmetric line broadening, thermal statistics.
No. Coherent emission due to the leakage from the condensate.
Population Yes. Threshold power g
inversion increases with the Stimulated relaxation towards the condensate.

number of QW in

VOSELs. Stimulated Threshold power 50 times smaller than in VCSELs.

emission of photons. Threshold does not depend on the number of QWs.

Observation of the transition towards photon lasing

at the saturation density of excitons

Table A.1: The differences between "polariton lasing" and photon lasing - summary.

High finesse microcavity + QW Exciton = Strong Coupling

High excitation

Large EBX‘ ‘Small ng‘
X - Strong Coupling (e,h) - Weak Coupling
BEC, Polariton Lasing VCSEL

Higher Excitation and/or high T

Exciton Saturation

Figure A.1:  Strong versus weak coupling regime in microcavities. Polariton con-
densation is possible in systems where a bosonic character of excitons is preserved
at the density required for condensation.
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Figure A.2:  The line broadening and the blueshift as a function of detuning. The
black circles are the same as in figure 6.7. The line broadening (green squares)
illustrating decoherence and the blueshift (blue circles) measured at the condensation
threshold are correlated with the total number of excitons (proportional to the power
density). This indicates interaction between the polaritons at ki ~ 0 and the exciton
reservoir. At the slightly positive detuning, where the exciton density required for
condensation s the lowest, interaction between the reservoir and the polaritons at
Kk ~ 0 is of minor importance. In this region only, an image of the "polariton trap”,
wsolated from the rest of the dispersion curve, is well adapted.
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Figure A.3: The line broadening above the condensation threshold. An asymmetric
shape of the broadening is consistent with the decoherence introduced by the self-
interaction within the condensate [Por03]. The spectra were normalized for clarity.
The origin of energy scale for each spectrum was fized by the energy corresponding
to the maximum of intensity.
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Résumé

La condensation de Bose-Einstein est prédite par Einstein en 1925 pour
des particules indiscernables de spin entier, les bosons. Il s’agit d'une
transition de phase vers un état quantique de cohérence macroscopique,
dont la température critique dépend directement de la masse des par-
ticules. Ce n’est qu’en 1995 qu’un condensat a pu étre formé en phase
gazeuse en refroidissant des atomes alcalins a la température ultra-basse
de 107 degré Kelvin, provoquant ainsi une explosion d’activités de
recherche dans le monde sur le sujet.

Concernant la phase solide, les excitons dans les semi-conducteurs sont
considérés comme le candidat le plus prometteur pour la condensation
de Bose-Einstein. En effet leur masse est cent mille fois plus légére
que celle des atomes alcalins, ce qui devrait permettre leur condensa-
tion & une température voisine du degré Kelvin. Cependant malgré de
nombreuses études depuis une trentaine d’années, aucune preuve con-
vaincante de 'existence de condensat d’excitons n’avait été apportée a
ce jour. Récemment l'attention s’est portée sur les polaritons dans les
microcavités semi-conductrices contenant des puits quantiques.

Une microcavité semi-conductrice & puits quantiques est une hétérostruc-
ture photonique destinée a exalter I'interaction matiére-rayonnement en-
tre les excitons confinés dans le puits quantique et les photons confinés
dans la microcavité. Lorsque I’énergie de ces photons coincide avec
celle des excitons, la microcavité peut entrer dans le régime de cou-
plage fort d’oscillations de Rabi. Les nouveaux états propres du systéme
(microcavité-puits quantique) sont appelés polaritons qui sont des états
mixtes exciton-photon. Par leur nature photonique, ces bosons possédent
une masse dix mille fois plus légére que celle des excitons, un avantage
certain pour I’étude de la condensation de Bose-Einstein.

Nous avons observé 'occupation massive de I’état fondamental du po-
lariton, qui se développe a partir d’'un nuage de polaritons thermalisés a
une température de (16-20) K. La formation du condensat est accompa-
gnée par l'apparition spontanée de la cohérence temporelle et de la co-
hérence spatiale a longue portée, ainsi qu’une forte polarisation linéaire.
La transition d’un état thermique a un état quantique est démontrée
par des mesures de la fonction de corrélation d’ordre 2 en fonction de
la densité des polaritons. L’ensemble de ces observations constitue la
premiére évidence de la condensation de Bose-Einstein en phase solide.
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Abstract

Because of their unique property of bringing pure quantum effects into
the real world scale, phase transitions towards condensed phases - like
Bose-Einstein condensation, superfluidity, and superconductivity - have
always fascinated scientists. The BEC, appearing upon cooling a gas of
bosons below a critical temperature, has been given a striking demon-
stration in dilute atomic gases of rubidium atoms at temperatures be-
low 200nK. By confining photons in a semiconductor microcavity, and
strongly coupling them to electronic excitations, one may create polari-
tons. These bosonic quasi-particles are 10° times lighter than rubidium
atoms, thus theoretically allowing a BEC at standard cryogenic tem-
peratures. Here we detail a comprehensive set of experiments giving
compelling evidence for a BEC of polaritons. Above a critical density,
we observe massive occupation of the ground state, developing from a
thermalized and saturated distribution of the polariton population at
(16-20)K. We demonstrate as well the existence of a critical temperature
for this transition. The spontaneous onset of a coherent state is mani-
fested by the increase of temporal coherence, the build-up of long-range
spatial coherence and the reduction of the thermal noise observed in
second order coherence experiments. The marked linear polarization of
the emission from the condensate is also measured. All of these findings
indicate the spontaneous onset of a macroscopic quantum phase.

Keywords: Bose-Einstein condensation, final state stimulation, long-
range phase coherence, intensity correlations, exciton polaritons, semi-
conductor microcavity, strong coupling, Cd'Te
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