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Chapter 1

Introduction

In 2000, the Clay Mathematics Institute published a list of 7 problems which at
the time were considered to be the most important problems in mathematics
still to be solved. Omne of the more recent problems, called N=NP, was
formulated by computer scientist and mathematician Stephen Cook in 1971
and first arose in the area of computer complexity theory [1]. This problem
deals with the question whether a solution of a task or problem can be verified
in polynomial time can it also be solved in polynomial time. Polynomial time
refers to the polynomial increase of the computing time with the number of
input parameters for a certain task, as opposed to an exponential increase of
the computing time. For example, problems of combinatorial optimization,
where the minimum of a function has to be found as a function of many
parameters, belong to a subgroup of P and NP problems. Interestingly, there
is a deep connection between such problems and problems in physics in which
the behavior of a physical system with many degrees of freedom is investigated
[2]. Among these systems are spin models, such as the Ising model, which
have proved to be extremely useful in describing a wide range of phenomena
in condensed matter [3]. Due to this connection it is possible to simulate
complex problems with the help of physical systems in terms of an analogue
Hamilton simulator [4]. This was demonstrated, for example, in spin glasses
[5], with ultracold atoms in an optical lattice [6-10], with square lattices of
superconducting g-bits [11], trapped ions [12, 13], or on networks of degenerate
optical parametric oscillators [14, 15].

Recently it could be shown that exciton polariton condensates [16-19] in
semiconductor microcavities are also suitable as analogue Hamilton simulators
for classical systems [20-23]. Exciton polaritons arise due to the strong coupling
between excitons and cavity photons within a microcavity, are easy to control
by optical methods, and can be used for the construction of an analogue
Hamilton simulator. The construction of the analogue Hamilton simulator
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requires both the elements of the simulator and the interactions between the
elements to be mapped to the Hamiltonian of the system to be simulated.
However, in order to draw correct conclusions from the simulations using
exciton polariton condensates, it is necessary to have detailed knowledge of
the system. Some of the basic properties of exciton polaritons are investigated
in the course of this thesis.

The thesis is divided into two parts. The first part offers a comprehensive
introduction to the theoretical background of exciton polaritons. First the
concept of bulk excitons is presented, then the properties of excitons in two-
dimensional quantum well structures are discussed. To enhance light-matter
interaction, the quantum wells may be placed inside an optical resonator,
which is also discussed in detail. For a sufficiently large coupling strength,
exciton polaritons may be formed whose properties are discussed in detail
subsequently. The first part of this thesis concludes with a comprehensive
analysis of the applied experimental methods.

In the second part of this thesis, the different experiments that have been carried
out within the framework of this thesis are presented in order to investigate
some basic properties of excitons polaritons. These include the dynamics of the
spin polarization of propagating exciton polaritons presented in chapter 4, the
condensation behavior of exciton polaritons for non-resonant excitation and
the interaction of exciton polaritons with a reservoir of background carriers
presented in chapter 5, as well as the lifetime of this reservoir presented in
chapter 6. In the last chapter of the second part of this thesis, the major
results of the experiments are finally summarized in a concise form.
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Physical Background






Chapter 2

Theory

This chapter provides a theoretical introduction to the physical concepts that
allow the description of quasiparticles in semiconductor structures. The quasi-
particle of central interest in this thesis is the exciton polariton, which will be
referred to as polariton for the sake of simplicity. Polaritons result from the
strong coupling between excitons and photons in semiconductor structures.
Accordingly, the discussion in this chapter begins with the introduction of the
concept of excitons in semiconductors in general. After the initial introduction
of excitonic properties in bulk material (based on [24]), the discussion will focus
on their properties in lower-dimensional structures, which confine the excitons
laterally. The lateral confinement strikingly changes the band-structure of
the valence band, which modifies the selection rules for optical transitions.
Subsequently, the concept of microcavities is presented in Sec. 2.3. Microcav-
ities enable the strong coupling between quantum well excitons and cavity
photons, which ultimately leads to the formation of polaritons. The specific
properties of polaritons in microcavities are then discussed in Sec. 2.4. The
last section of this chapter discusses one of the most intriguing properties of
polaritons in microcavities, which, in analogy to Bose-Einstein condensation
of atomic gases, is called polariton condensation. In particular, the relaxation
mechanisms that lead to polariton condensation are discussed.

2.1 Excitons in Semiconductors

In solid-state physics, the permitted energy states of electrons in semicon-
ductors are determined by band-structures. In a very simplified model, the
band-structure consists of a valence band and a conduction band. An electron
in the valence band can be transferred to the conduction band by absorbing
a photon. During this process an electron hole is left behind in the valence
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band creating an effective positive charge. Due to Coulomb interaction, the
negatively charged electron in the conduction band and the positively charged
hole in the valence band may form a new (quasi-)particle called exciton.

There are two kinds of excitons depending on their binding energy and therefore
controlling their Bohr radius. In organic semiconductor crystals, usually the
electrons and holes are strongly bound and located within the same unit
cell. These so-called Frenkel excitons are therefore strongly localized and
have a large binding energy. The other kind of excitons can be found in
most non-organic semiconductors, which have a larger dielectric constant than
organic semiconductors. Electrical field screening might lead to a reduction
of the Coulomb interaction between the electron and the hole. As a result,
only weakly bound electron-hole pairs are formed with a radius extending
over a number of unit cells. These so-called Mott-Wannier excitons shall be
considered for the remainder of this thesis.

In a semiconductor with a direct band gap and parabolic bands at the energy
minimum in momentum space at k£ = 0, an electron in the conduction band
and a hole in the valence band may form a hydrogen-like exciton state. The
center-of-mass motion of the electrons and holes can be separated, resulting
in a dispersion that depends quadratically on the center-of-mass momentum
hK = h(k, + k)

hK?

E—_
2M

(2.1)
with the total mass M = m,_ +m,(m, > 0, m; < 0). The binding energies of
the exciton series B for principal quantum numbers n > 1 are as follows

By =_ro Te® - (2.2)

(m:)™t = (m)™' + (m})~" denotes the reduced effective mass, m, is the
electron mass, €, the dielectric constant, and €, the dielectric constant of
the considered material. The third term in Eq. (2.2) represents the atomic
Rydberg energy (13.6eV). In order to take into account the different masses
and a different Coulomb screening of the excitons, the exciton series scales
with (m?/mgy)e, 2 ~ 1073, This results in typical binding energies of about
4.1meV for GaAs [25]. Taking into account the exciton series E%, the band
gap energy E, and the dispersion (Eq. (2.1)), the total dispersion of bulk
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excitons is thus given by

h? K>
2M

E,(K)=E,— E3% +

n

(2.3)

The exciton dispersion for different principal quantum numbers n is shown
in Fig. 2.1. It should be noted that the oscillator strength of the excitons
decreases with n~3, which is why excitons for n>1 can, in most cases, be

neglected safely.
Eg\\\

E"y

AE

n—>oo

k

>

heavy-hole

light-hole

Figure 2.1: Schematic representation of the dispersion of bulk excitons for different principal
quantum numbers n. The continuum of free electron and holes is indicated for principal
quantum numbers n — co. The split-off subband is omitted for simplicity. Adapted from
Ref. [24].
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The radius of the exciton %% can be described in terms of the atomic Bohr
radius of the hydrogen atom az = 0.052nm as:

m
=n‘—=< . 2.4
rx =1 m €.0p (2.4)

For the lowest energy state (n=1), the exciton radius for GaAs calculates to
r, = 14.5nm [25]. Extending therefore over several atomic lattice constants

(Ggaps = D.65 A [26]), the description of excitons in terms of Mott-Wannier
excitons is reasonably valid in GaAs. Furthermore, this radius lies in the same
range as typical thicknesses of semiconductor quantum wells (QW), which will
be introduced in the following section.

2.2 Quantum Well Excitons

In order to increase the binding energy of weakly bound Mott-Wannier ex-
citons, the material system can be chosen accordingly. If the thickness of
the semiconductor material is on the order of the exciton Bohr radius and
sandwiched between two layers with a larger band gap energy, the properties
of the excitons are changed drastically compared to excitons in bulk material.
Because of the lateral confinement of the excitons, the Bohr radius is reduced,
which leads to an increase of the binding energy and therefore an increase of
the oscillator strength.

Also due to strain, induced by the lateral confinement, a modification of the
band-structure arises. Especially for semiconductor materials with a zinc-
blende crystal structure, such as GaAs, GaSb, GaN, GaP, AlAs, and so forth,
the degeneracy at k = 0 between the light-hole and heavy-hole (see. Fig. 2.1)
subbands is lifted [25]. Since the 1S-heavy-hole represents the energetically
most favorable state for the formation of excitons, these will be considered
throughout this thesis.

Because electrons and holes are fermions that have half-integer spins, the total
angular Momentum J, of the resulting exciton depends on the symmetry of
both valence and conduction band, respectively. An electron in the conduction
band with S-symmetry has a total angular momentum of J, = 4+1/2. The total
angular momentum of the holes J;, in the valence band is composed by the spin
S, of the hole and its mechanical momentum M, : J, = S, +M, = +1/2,+3/2.
Accordingly, optical transitions, referred to as bright transitions, can only
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occur between states that have a total spin value of +1. All other transitions
are considered as dark transitions. Consequently, these excitons are called
dark excitons, because they can only decay non-radiatively. In Chapter 6 the
discussion will focus on these kind of transitions.

A further consequence of the broken symmetry due to the lateral confinement
is that the three-dimensional momentum of the excitons no longer represents
a good quantum number. Accordingly, the conservation of momentum during
optical excitation applies only along the in-plane directions of the quantum
well. For this reason, the coupling of the excitons within the quantum wells
only occurs to a light field with the same in plane wave vector k; and an
arbitrary wave vector k, perpendicular to the plane.

The coupling of excitons to a light field is necessary for the formation of
polaritons. However, the reduced layer thickness of the quantum wells leads
only to a small overlap with the light field. In order to reach strong coupling
of excitons to the light field, the latter has to be amplified many times. One
way to amplify the light field within quantum wells is to embed quantum wells
within optical microcavities. Here, the quantum wells are placed in the anti-
nodes of the confined cavity field, which greatly increases the coupling between
excitons and the light field and therefore may give rise to the formation of
polaritons. This kind of structure is introduced in the following section.

2.3 Semiconductor Microcavities

Planar semiconductor microcavities yield very interesting possibilities to in-
vestigate light and matter interactions, where both constituents are confined
along the same direction. Moreover, they, by design, enhance the light field at
a certain position inside the structure. This is caused by the reduction of the
number of possible modes that can enter the microcavity, which therefore re-
duces the effective mode volume of the cavity. The discussion on microcavities
is, unless further noticed, mainly based on Ref. [27].

In Figure 2.2, a microcavity that consists of a planar Fabry-Perot n\_/2 cavity,
sandwiched in between two stacks of distributed Bragg reflectors (DBR) is
shown. A DBR is a structure with alternating layer pairs of materials with
nearly similar lattice constants but different refractive indices n; and n, (n,
< n,). The optical thickness of each layer is A/4, which gives rise to a stop
band for the transmission of light that is reflected at each interface, due to
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Bottom DBR

Figure 2.2: STM image of the sample C1575. The substrate can be seen on the left side,
followed by the GaAs/AlAs bottom DBR layer pairs. The cavity is placed in between the
bottom and top DBR. This is image is kindly provided by the University of Wiirzburg.

destructive interference. The DBR structure thus acts as a high reflective

mirror with a reflectivity R close to unity for wavelengths within the stop
band. The reflection R of a DBR is given by [28]:

n n 2N
R=1-—4-"% <—1) , (2.5)

L% Ny

with n,, and n, being the refractive indices of the exterior material - both
substrate and air (vacuum), depending on the propagation direction of the
light traveling through the sample - and of the cavity material, respectively.
N represents the number of layer pairs.

If a layer with an optical thickness of integer multiples of A./2 is placed
between two layers of the highly reflective DBR structures, a sharp resonance
is formed at A.. Due to the embedded cavity, the entire structure is called a
1D photonic crystal with a central defect (cavity), which is the reason for the
sharp peak within the stop band at A,. In Fig. 2.3, a typical stop band of a
microcavity is shown.

An important property of a microcavity is the quality factor (Q-factor). The
Q-factor of a \/2-cavity is a measure for the number of round trips a photon
undergoes inside the cavity. It is also defined as the ratio between the cavity

10
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Figure 2.3: Reflectivity spectrum using the transfer matrix method simulation. The
calculation is based on the layer thicknesses from the sample in Fig. 2.2, showing the
stop band as well as the design wavelength A.. The inset displays a closeup of the design
wavelength with the linewidth AM,.

resonance wavelength A\, and the full width at half maximum (FWHM) of its
broadening A\ _:
A - 7T<R1R2>1/4
T T TR
Here R, and R, represent the reflectivity of the individual DBR structure. The
broadening A\, of the resonance frequency is caused due to the finite thickness
of the DBR structure. Since the cavity layer in between both DBR layers is
considered to be seen as an impurity or photonic defect of the structure, it
allows light at a specific wavelength A, to enter or pass through the structure.
The existence of this specific mode ultimately results in energy loss within the
cavity itself, due to absorption, scattering or leaking through the imperfect
mirrors. This energy loss leads to a finite lifetime of cavity photons within the
structure of 7 that is given by:

(2.6)

(2.7)

&[0

In contrast to metallic microcavities, where light in the visible region of
the spectrum has almost no penetration depth and the Q-factors of metallic

11
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microcavities only have values of less then Q < 500 [25], the situation changes
drastically for DBRs. In DBRs the light field can penetrate much further into
the structure. This is caused by the low reflection coefficient of the single DBR
layers. The effective cavity length Lg = L, + Lppg is therefore enhanced by
the effective penetration length

Ao Myng

L == _—= 2.8

DBR 2nc |7’L1 _ n2| ( )
The light field is confined along the growth axis of the cavity which is considered
to be the z-axis, but can propagate freely along the planar directions (x- and
y-directions). This implies a dependence of the in-plane wave number ky on

the angle of incidence @ of the incoming light field:

2m
for k) <k, =n.(27r/).). The resulting parabolic energy dispersion E,, (k)
of the cavity in the same region kj < k, has the following form:
B~ (1420 Z o —0) 1 1A 2.10
cav’\’n_C J.( +ﬂ>_ cav( I — )+2mcav' ( : )
Here, m_,, denotes the effective mass of the cavity photon:
. Ecav(kﬂ = O) 211
Meay = C2/—7,1/2’ ( ’ )

which is on the order of 10~°m,, with m,_ being the bare exciton mass. Due to
different refractive indices for the transversal electric (TE) and the transversal
magnetic (TM) polarization of the incident light, the effective mass of the
cavity photons can differ depending on the polarization. This is expressed
by a TE-TM splitting, which increases with the size of the wave vector and
disappears for k = 0 [29]. In Chapter 4 of this thesis, the TE-TM splitting is
described in more detail.

The maximum of the light field is strongly localized at the position of the
cavity. Consequently, quantum wells are ideally placed at the position of
the antinodes of the enhanced intracavity field, to enhance the light-matter
interaction inside the microcavity. As will be described in the following section,
this enhanced light-matter interaction gives rise to the new normal modes of
this system, namely polaritons.

12
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2.4 Exciton Polaritons in Microcavities

The properties of elementary excitations in solids such as excitons, are deter-
mined by the properties of their environment. Excitons are created by the
coupling of electron and hole to each other and thus represent a polarization of
the solid. Photons moving through a solid may often be treated as decoupled
from the elementary excitations of the solid. This decoupling becomes invalid,
if the energy of the photon corresponds to the energy of the elementary excita-
tions. In this case, the photons resonant with the transition or excitation are
absorbed by the solid. If one assumes that the electromagnetic field within the
solid can be treated as a dielectric background, then the absorption of a photon
represents a polarization of the dielectric field, whereby the polarization can
again be regarded as the source of the photon [30].

The cycle of photon absorption (exciton generation) and photon emission
(exciton recombination) can be represented as a coupled oscillation between
excitons and an electromagnetic field. In addition, if this cycle takes place
within a material in which photons have a relatively long effective lifetime (see
Eq. (2.7)), strong coupling between the excitons and photons might occurs.
This strong coupling gives rise to the formation of polaritons. In the following,
we initially consider polaritons as coupled excitons and photons without decay
processes taking place.

This coupled system is described by a linear Hamilton operator in second
quantization and reads, under consideration of the rotating wave approxima-
tion, which neglects antiresonant contributions aZH b,ZH (a"?u bk”) of simultaneous

creation (annihilation) of an exciton and a photon:

~

H,, H+H+H

exc cav

= ZEcav kH? akuak” + Z exc H kaka

(2.12)
+ Z hd(ky) a’fu bku +ay, bku)'
Here &L” <aku) and BL” @k\\) are the bosonic generation (annihilation) operators

for photons and excitons with the wave vector kj within the plane, respectively.
The energy of the photons E_,, has an additional dependence, which is given
by the longitudinal wave vector k., = kz. The coupling strength g, = A2
between excitons and photons is represented by the Rabi energy, where {2

represents the Rabi frequency [31]. This frequency represents the exchange

13
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rate between the generation of an exciton and the emission of a photon. It is
only nonzero for excitons and photons that have the same wave vector k;.

The matrix representation of the Hamilton operator in the exciton and photon
base illustrates the coupling between the eigenmodes

7 _ Ecav(kH) %
H,, = ( he E (k|)> : (2.13)

2 exc

By changing to the base of the new polariton eigenmodes, i.e. upper (UP)
and lower (LP) polariton states, it is possible to diagonalize this matrix. The
base change is performed by a transformation known as Hopfield-Bogoliubov
transformation [32]

~

L X’fug’fn + Cly i, (2.14)
Quy = = O by + Xy Oy, (2.15)

Within this basis, the resulting Hamilton operator is given by

ﬁpol = Z ELP<k\|)pl;r” PkH + Z EUP<k|\>@LHQk:H' (2.16)

The operators ﬁku (f’,;ru) and Q Ky (C}LH) are the annihilation (creation) operators

of the new quasiparticle eigenmodes of the LP (P) and the UP (Q), respectively.
The designation of lower and upper polaritons is based on their separation
into states with different energy. Polaritons can be understood as a linear
superposition between excitons and photons and since both are bosonic in
nature, polaritons are also considered as bosons. The factors X and C are
known as the Hopfield coefficients for which the following relationship applies

X [2+1C 12 = 1. (2.17)

The square of the mean value of the Hopfield coefficients | X K |2 and ‘C’fu |2

determines the excitonic and photonic fraction within the upper and lower po-
lariton branch (LPB). When taking the energy detuning AE (k) = E.(k|) —

exc

E . (K|, k) between the bare exciton and cavity mode into account, the square

14
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of the mean values of the Hopfield coefficients can be expressed as

AE(k
| X5, [ = % 1+ ) : (2.18)
1 AE(k))
2 __
Cy, I = 5 1 (2.19)

From these equations follow that for AE(k) = 0 between the excitonic and
the photonic mode, both coefficients are equal and the polaritons consist of
equal parts of photons and excitons, i.e. |X|* = |C|* = 0.5.

~

The diagonalization of the Hamilton operator H , in the base of the polaritons
(2.16) yields the eigenenergies of the lower and upper polaritons

1
ELP,UP(kH> = 5 (Eexc + Ecav + \/49(% + (Eexc o Ecav)2> : (220)

This equation provides an explanation for the energy separation. By introduc-
ing the detuning
0=F

cav (

exc (

k= 0) (2.21)

between the exciton and photon mode at kj = 0, it is possible to illustrate
how the two modes develop for different detunings. This illustration is shown
in Fig. 2.4

At a detuning of § = 0 at &k = 0, the energies of the bare excitonic and
photonic resonances are equal. A look at the development of the energies
of the two polariton branches for different detunings reveals an anti-crossing
behavior at 6 = 0. The repulsion of the two modes is a clear signature
for strong coupling between these modes. The strength of this coupling is
determined by the minimum energy distance 2g, and is called normal mode
splitting in analogy to the Rabi splitting of single atom cavities.

The analysis of the Hopfield coefficients of the lower polariton also shows how
the composition of the fraction of excitons and photons changes for various
detunings. For negative detunings, the lower polariton becomes very photonic,
which is expressed by an asymptotic approach towards the cavity resonance.
Conversely, the lower polariton becomes more and more excitonic for positive

15
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Figure 2.4: Left: Development of the energies of the lower and upper polaritons as a
function of the detuning at kj = 0. A typical feature of the strong coupling between two
states is the anti-crossing of the states for a detuning of 6 = 0. The strength of the coupling
is given by the factor 2¢g,. Right: Development of the Hopfield coefficients of the lower
polariton branch for different detunings d at kj = 0.

detunings. Accordingly, the Hopfield coefficients | X|? and |C|? also develop as
a function of the detuning.

The consideration of the dependence of the polariton energies on the wave
vector reveals the dispersion of the polaritons. A dependence of the energy of
the exciton on the wave vector is excluded for the size of the considered wave
vectors. The energy of the exciton is therefore assumed to be constant. The
dependence of the cavity energy on the wave vector is achieved by inserting
Eq. (2.10) into the energies of the upper and lower polaritons in Eq. (2.20).
The dispersion of the polaritons and the corresponding Hopfield coefficients
are shown in Fig. 2.5 for various detunings. For large wave vectors, the upper
(lower) polariton branch approaches the photonic (excitonic) mode and thus
becomes indistinguishable from these modes, regardless of the detuning. As
an example, this is shown for the lower polariton mode in the lower part
of Fig. 2.5, where the Hopfield coefficients for the photonic and excitonic
fraction of the lower polariton are shown as a function of the wave vector. For
large wave vectors, the value for |X|? approaches unity, which well illustrates
the indistinguishability of the lower polariton from the exciton. However,
the situation differs drastically for small wave vectors around k; = 0, where

16
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Figure 2.5: Upper set: Exemplary representation of the polariton dispersion for different
detunings to illustrate the dependence of the polariton energies on the wave vector. Lower
set: Representation of the Hopfield coefficients of lower polaritons for selected detunings as
a function of the wave vector.

significant differences of the polariton modes occur compared to the uncoupled
modes of the cavity and the exciton.

For a negative detuning, the lower polariton is characterized by a clearly visible
curvature of the dispersion around k; = 0. In the region h%ﬁ /(2mg,,) < 29,

17
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the dispersion of the lower polariton can be considered approximately as
parabolic. Accordingly, Eq. (2.20) becomes

h2k;

Erpup(k)) = Eppup(0) + (2.22)

2mLP,UP

The effective masses of the upper and lower polaritons can be expressed by
using the Hopfield coefficients as well as the effective masses of the exciton
me,. and cavity-photon m,,

1 |XP o
= +

: (2.23)
Myp Mexe Meay
1 2 X|?
_ e X (2.24)
Moy Mexc Meay

As already mentioned in the previous section, the cavity photons have a much
smaller effective mass than the excitons (m,,, ~ 10~°m,.). For a small region
around kj = 0, the effective masses for both species of polaritons can thus be
estimated by

mLP(kH ~ O) = ’rn‘cav/|c"2 ~ 10_4mexc7 (225)
mUP<kH ~ O) = mcav/|X|2' (226)

As a result, lower polaritons with a large photonic fraction |C|* have a very
small effective mass close to k; = 0, which, however, for increasingly larger
wave vectors approach the effective mass of the bare exciton. Consequently,
the effective mass of the lower polaritons increases by four orders of magnitude,
with increasing k. The strong dependence of the effective polariton mass on
the wave vector is relevant for relaxation dynamics, which are discussed in Sec.
2.5.

A more realistic description of polaritons in quantum wells includes the con-
sideration of the finite lifetime of the two constituents, i.e. the cavity photons
and the excitons. By introducing the decay rates for excitons ~,,. and cavity
photons 7., it is also possible to define a further criterion for the existence of
the strong coupling. The equation

90 > h(VCav - fyexc)/Q (227)

shows that the system is within the strong coupling regime, insofar as the
energy exchange between the photons and excitons is faster than the lifetime
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2.5 Condensation of Microcavity Polaritons

of the particles. If Eq. (2.27) is not fulfilled, the system is within the weak
coupling regime and can be described by the initial eigenmodes of bare excitons
and cavity photons. The lifetime of the polaritons can be determined by the
Hopfield coefficients and the lifetime of the uncoupled exciton 7. and cavity
photon 7.,

1 XPCP
= ——|——,

Yip = — (2.28)
r TLp Texc Teav
1 C|? X|?

Tup = = © + X] : (2.29)
Tup Texc Teav

The introduction of finite lifetimes also leads to a new definition of the polariton
eigenenergies from Eq. (2.20), which therefore read as follows

1 .
ELP,UP(kH) = 5{[Eexc + Ecav + Zﬁ(Vcav + IYexc>

:l:\/4gg + [Eexc - Ecav + Z'h(’ycav - 76){0)]2}'

In modern microcavities, the lifetime of polaritons is essentially determined by
the lifetime of cavity photons 7., ~ 1 — 10 ps, whereby 7. > 7., > ¢o/h is
fulfilled and the energy of polaritons presented in Eq. (2.20) represent a good
approximation of the polariton energy. The decay of the polariton results in
the emission of a photon that conserves both the wave vector & and the energy
of the polariton. The resulting one-to-one correlation between the polariton
and the photon is based on the fact that the emitted photons are part of
the wave function of the polariton [33]. This allows for an easy experimental
approach to study the properties of the polaritons.

(2.30)

One of the most important properties of polaritons is the possibility to achieve
macroscopic occupation of a coherent ground state, which, in analogy to the
Bose-Einstein condensation of atomic gases, is called polariton condensation.
However, since polaritons have a finite lifetime, polariton condensation takes
place outside of thermal equilibrium. The following section gives a brief
overview of the condensation of polaritons in microcavities.

2.5 Condensation of Microcavity Polaritons

Since polaritons are formed due to the strong coupling between quantum
well excitons and cavity photons, which are bosonic in nature, polaritons
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can also be regarded as bosons in the low-density limit. Bosons have the
interesting property that they may accumulate up to huge numbers in a
degenerate state. Accordingly, polaritons are also expected to pass through
bosonic phase transitions such as Bose-Einstein Condensation (BEC). In
principle, phase transitions like the BEC are possible whenever the average
distance of the bosons becomes comparable to their de Broglie wavelength.
The thermodynamic description of an ideal Bose gas, proposed by Albert
Einstein, can be used to determine a dependence of the de Broglie wavelength
on the critical temperature 7, for the BEC phase transition of the bosonic
gas. In the following, this dependence will be derived, whereby the derivation
mainly originates from Ref. [34].

2.5.1 The Ideal Bose Gas

A system consisting of non-relativistic and non-interacting bosons with mass m
is considered. The energy F, of the single-particle states depends quadratically
on the momentum p of the states and is given by

2
p

FE =—. 2.31

P 2m ( )

The Bose-Einstein distribution describes the mean occupation number of
bosons n,, in a single-particle state. It is given by

" = SplB(E, — W] =1 (2:82)

with 8 = 1/kgT and the chemical potential p(7") introducing the temperature
dependence of the system. From Eq. 2.32 it follows immediately that p < 0,
since a positive value of u would lead to a negative mean occupation number.
Furthermore, p = E, leads to a divergence of n,. After the occupation n,
of the ground state for E, = 0 has been separated from the total number of
particles N associated with the Bose-Einstein distribution, N reads

N=n,+ Y 7, (2.33)

p,p#0

In the thermodynamic limit, i.e. for systems where the size of the system and
the number of particles increase indefinitely, the sum of Eq. (2.33) can be
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replaced by an integral:

_ |4 3 -
N:TLO-FW/dpn,p. (234)
The calculation of the integral yields
_ V
N =mng + )\_393/2(Z>7 (2.35)
T
with the thermal de Broglie wavelength
2mh
Ap = L (2.36)

\/2mmkgT

and the polylogarithm g3 ,(2) with 2z = exp(Bu). Since p < 0 Eq. (2.35)
has a maximum value if the chemical potential y amounts to 0. This is the
case if the temperature falls below the critical temperature 7.. Below this
temperature, a massive occupation of the ground state occurs. The critical
temperature T, can be calculated from Eq. (2.35) for 4 = 0 and one obtains

n = N /Vis the particle density and g5, (1) = ((3/2) ~ 2.6124 is the Riemann
zeta function.

Equation (2.37) shows that the critical temperature T, for a phase transition of
an ideal Bose gas into a BEC is inversely proportional to the mass of the bosons
involved, which illustrates the great interest in polariton systems. Polaritons,
which have a very low mass compared to atoms, allow polariton condensation
even at room temperature. This is especially true for wide bandgap semicon-
ductors where the exciton binding energy of excitons is particularly enhanced
[35] or for organic semiconductors where the strong coupling regime with Rabi
splittings of >150meV could be achieved [36]. Polaritonic systems offer a
much easier access to study the properties of condensation mechanisms than
conventional atomic gases whose phase transition takes place only at very low
critical temperatures. The phase transition of an atomic gas consisting of
sodium atoms into a BEC, for example, takes place at critical temperatures of
a few p-Kelvin [37].

In principle, the condensation of polaritons takes place because large densities
of polaritons can be generated, resulting in a massive occupation of the
ground state, stimulated by various scattering processes. The most important
scattering processes are presented in the following subsection.
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2.5.2 Relazxation Dynamics

The previous discussion has shown that the phase transition into a condensed
state can be achieved for polaritons at significantly higher temperatures as
compared to atomic gases. This opens up the possibility to fabricate new
devices from semiconductor microcavities that emit coherent light. The idea
to use a polariton condensate as a new kind of coherent light source (polariton
laser) was proposed in 1996 by Imamoglu et al. [38].

A key milestone in the direction of a polariton laser, was the experimental
observation of the condensation of polaritons in CdTe [16]. The condensation
took place after non-resonant optical excitation above a certain power threshold
(THR). The main difference to experiments with resonant excitation, i.e.
experiments in which the energy of the incident light corresponds to the energy
of lower polaritons, is the emergence of a coherent ground state from an
incoherent exciton reservoir. The relaxation mechanisms that ultimately lead
from a populated exciton reservoir to polariton condensation are introduced
hereafter.

In Fig. 2.6, a relaxation for relaxation of a hot electron-hole plasma into
a polariton condensate is shown. The electron-hole plasma is generated by
non-resonant excitation, where electrons and holes bind to excitons by emitting
optical and acoustic phonons. This process is illustrated by the arrow pointing
from the plasma to the excitonic resonance. Due to exciton-exciton and exciton-
phonon scattering, the exciton bath further thermalizes to lower momentum
states where it will ultimately couple to the light field and thus form highly
excitonic polaritons. Above a critical polariton density, polariton-polariton
scattering becomes effective and stimulated final-state scattering occurs into
the ground state around k; = 0. From this state, polaritons spontaneously
emit coherent monochromatic light, which has the advantage that no direct
population inversion is required for this type of light source. The spontaneous
emission of light out of the cavity arises due to the finite lifetime of the
photons within the cavity. For this reason, the polariton condensate is called
a non-equilibrium condensate, as the losses from the cavity mean that new
carriers constantly have to be added to the system to achieve a steady state.

A quantitative analysis of the relaxation can be performed using semi-classical
Boltzmann kinetics. Rate equations for the time dependent particle populations
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of the excited states n; (t) and the ground state ngy(t) at k; = 0 are given by

onyg ng  0n, on

Ong _ _mp , Omp o) 2.38
ot o Ot lppp Ot lpppn (2:38)
ony, n, ~ on, ony,

—E=_P#)— L4 —E£ + —= 2.39
ot (?) T, Ot lppp Ot Ippy (2:39)

With the incoherent pumping rate P, (t), the lifetime of the excited state
T, and ground state 7,. For LPs with a large wave vector, the lifetime is
approximately given by Eq. (2.28) with 7, = 7,,./| X|?, since the polaritons are
highly excitonic. However, for decreasing wave vectors (kH — 0), the polaritons
become more and more photonic, significantly reducing their lifetime which
can be approximated with 7, = 7., /|C|?>. Furthermore, the populations n,
and n, depend on the respective rates of change given by polariton-phonon
(LP-Ph) and polariton-polariton (LP-LP) scattering. Which rate dominates
depends on the existing polariton density, which in turn depends on the optical
pumping power.

First, the relaxation process is considered for low pumping powers for which
LP-Ph scattering dominates. It is given by
ony,

5 = Z (WEP P, (14 ny, ) — WEPPR (1L £ )ny, ), (2.40)
LP-Ph

with the transition rate I/VLP Ph In Fig. 2.6, this process is shown on the large
momentum part of the dlsperswn for polaritons with a huge excitonic fraction.
The size of the red dots corresponds to the occupation number. In this region,
the relaxation of polaritons mainly takes place via LP-Ph scattering, where
polaritons release their energy via the emission of acoustic phonons, which is
a process that conserves both energy and momentum. Since the cavity is not
translationally invariant with respect to its growth axis z, the conservation of
momentum is no longer valid and the emitted phonons can thus possess an
arbitrary component in k,. This circumstance enables dissipative processes,
which may lead to polariton scattering directly into the ground state at k = 0.
However, the thickness of the quantum layer limits the component that an
emitted phonon possesses in k,, whereby the probability of the emission of a
phonon for k_ > 27/Lqy decreases exponentially. This limits the energy loss
of a polariton to about 2meV per relaxation process, preventing immediate
polariton relaxation towards the ground state [39].
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To lose a large part of their energy, polaritons must therefore emit many
acoustic phonons in order to reach the ground state. However, the probability
of the emission of a phonon also depends on the excitonic fraction | X|? of the
polariton, which decreases with each relaxation process. In the same way, the
lifetime of polaritons decreases with increasing photonic component |C|?. In
the limit of low pumping powers, this leads to the fact that a large part of the
polaritons only reach the so-called bottleneck region of the dispersion before
they decay radiatively. This region at kg, is indicated by the largest red ball
in Fig. 2.6.

For wave vectors below k., the polariton-polariton scattering, which takes
place within a few ps, is the dominating relaxation process. The scattering
rate for polariton-polariton scattering is given by

ony,
—r = — WEP-LP i n,(14+n, )(1+n
7 T DR AR o

— N, N,y (1 + ) (1 +ny )],

with the transition rate Wi'25” | and the two scattered states k; = k+ ¢ and
k, = k" — q, as indicated in Fig. 2.6. This scattering process is momentum
preserving, therefore, the total energy of the polariton gas does not decrease.
An elastic scattering process is shown schematically in Fig. 2.6 for two
polaritons with the same momentum & = k’. One polariton is scattered into
the ground state, while the other polariton picks up the momentum and the
energy of the first polariton. The presence of n, polaritons in the ground state
(final-state) increases the scattering rate Eq. (2.41) by a factor of (1 + ny).
This mechanism, known as stimulated final-state scattering, is essentially
responsible for the generation of polariton condensates.
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Figure 2.6: Schematic representation of the relaxation process after non-resonant excitation
of a hot electron hole plasma. By emitting acoustic and optical phonons electrons and holes
thermalize and finally form bound exciton states at large wave vectors. Through further
scattering processes, the excitons lose momentum and form polaritons within the light cone.
Final-state stimulated scattering finally causes the massive occupation of the polariton
ground state above a critical polariton density.
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Experimental Methods

Figure 3.1: Basic requirements to create and detect exciton polaritons.

This chapter provides a detailed introduction to the experimental prerequisites
for the generation and detection of polaritons. A setup that meets the basic
requirements for the generation and detection of polaritons consists of three
basic building blocks. However, this chapter is divided into two different
sections in which the sample and signal detection part are combined. Within
these sections, the respective parts of the experiment are discussed in detail.
The sequence of the sections is based on the natural path of light through the
optical setup.

Figure 3.1 shows a very basic concept of an optical setup design to create and
detect polaritons. Starting with the generation of light from different laser
sources and its manipulation by various optics (I), through the generation of
polaritons within the sample (II), to the detection of the light emanating from
the sample with the help of various detectors (III).

This chapter also serves the purpose of describing only the basic building
blocks necessary to provide a fundamental understanding of the experimental
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approach. This is possible, because the individual experiments share some
similarities, hence a large part of the equipment and optics is reused in
all experiments. Devices that are used specifically for an experiment will
be introduced in detail in the respective chapter of the second part of this
thesis.

In the first Section 3.1, the laser light generation and its manipulation on the
way towards the sample will be discussed. For this purpose, the two laser
systems used are introduced first. Initially, the pulsed laser is introduced briefly,
in which the differences in the pulse durations used are discussed. Subsequently,
the continuous wave laser used in the experiments and its special features are
introduced. In the following, the possibilities of manipulating the laser light
are briefly discussed. A more detailed description of the devices and optics
used in particular is given in the respective sections in the second part of this
thesis.

In addition to the laser light, low temperatures are required in order to cool
down lattice vibrations of the investigated samples so that the formation
of polaritons is possible. The cryostat that will be used throughout the
measurements, provides the required temperatures and offers the possibility to
attach the investigated samples. In addition, the cryostat offers the possibility
to optically excite the samples in both reflection and transmission geometry.
It will be presented in Section 3.2.

This section also introduces the various detectors used to study polariton
emission. The requirements for the detectors include the ability to resolve the
emitted light of the polaritons both temporally and spectrally. Since some
polariton interactions are based on non-linear processes, it is also important
to be able to investigate the intensity of the signal. Detectors that are able to
meet all of these requirements will be presented one after the other.

3.1 Light Creation and Manipulation

The creation of polaritons in quantum wells is based on the possibility of using
light to generate elementary excitations within the quantum wells, by absorbing
a photon with an energy higher than the band gap energy of the material
under consideration. In principle, this is also possible by electrical pumping,
but is not discussed further in this thesis. However, the light must meet certain
requirements in order to be absorbed and thus be able to create polaritons.
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Using a laser (light amplification by stimulated emission of radiation) as a
light source is very common, because lasers offer well-defined and controllable
properties such as coherence, polarization, and high power densities. For the
different experiments, we use two different basic concepts of lasers to study
various polaritonic properties. The fundamental difference between these two
concepts is the way the laser light is emitted, where distinction is made between
pulsed lasers and lasers with a continuous wave (CW) emission.

The pulsed lasers that will be discussed here are basically divided into two
different subgroups, depending on the duration of the emitted pulses. For
simplicity’s sake, the different pulse modes used in the experiments are des-
ignated by the pulse duration, namely picosecond (ps) or femtosecond (fs)
pulses. The actual duration of the pulses is a ~ 2 picoseconds for the ps
pulses and ~ 100 femtoseconds for the fs pulses. The duration of the pulses
also affects the spectral width of the pulses due to the Fourier limit, i.e. the
time-energy uncertainty. While the ps pulses with a spectral width of only
1nm are spectrally moderately narrow, fs pulses have a spectral width of a
few nm up to 20-30 nm depending on the actual pulse duration.

The Mira900 laser, developed by the company Coherent, offers the possibility
to choose between ps and fs pulses. The heart of the Mira900 is a Titanium
Sapphire (Ti:Sa) crystal which is optically pumped by a 10 W Verdi V10 CW
laser. The wavelength of the Verdi V10 is 532 nm and the result of frequency
doubling inside of the laser head which is pumped by a 50 W diode laser at
1064 nm. The Verdi laser is used to excite the gain medium of the Ti:Sa crystal
over a broad range of wavelengths that can be filtered with an intracavity
birefringent filter (BRF).

Since the BRF only acts as a rough filter, further modelocking of the longitudi-
nal cavity modes is realized through exploitation of the optical Kerr effect. The
optical Kerr effect takes place, when high intensity electrical fields propagate
trough a medium. High intensive light fields cause a local perturbation within
the gain medium which results in a spatially varying of the refractive index.
A change of the refractive index changes the group velocity of the light field
that passes through, resulting in the so-called Kerr-lensing effect. Only the
modelocked light pulses are of sufficiently high intensity to form this Kerr
lens.

The beam now consists of different modes at different transversal positions of
the beam, in which the desired modelocked pulse modes are in the center of
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the beam. A slit is positioned inside the cavity in order to spatially filter only
the modelocked pulses. Since only the modelocked pulses are guided back into
the cavity after they have been partially reflected at the output coupler, only
these pulses are amplified by stimulated emission inside of the Ti:Sa crystal.

Depending on the desired pulse duration, two different cavity geometries can
be selected. For fs pulses, a geometry is selected which employs two prisms
to compensate for the group velocity dispersion. To generate ps pulses, a
different geometry is selected in which a Gires-Tournois interferometer (GTI)
compensates for the dispersion. Regardless of the selected geometry, both
cavities generate a pulse repetition rate of 75.4 MHz, which means a pulse
separation of 13.3 ns.

Pulsed laser systems are extremely well suited for studying the dynamics of
polaritons. However, if the dynamics of polaritons are not the main focus,
but high spectral resolution becomes important, continuous wave lasers can
be used to provide information about the behavior of polaritons. These CW
lasers are also extremely useful for studying the bistability of polaritons, as the
CW laser provides a constant illumination of the sample and thus a constant
generation of polaritons.

For this purpose, a high power stabilized single-mode ring CW laser with a
very small linewidth of < 50kHz is used. Similar to the pulsed laser system
already presented, a Ti:Sa crystal is optically pumped by a 10 W Verdi CW
pump laser source. The M-Squared SolsTiS laser system used in our studies,
provides up to 2 W of laser power with stabilized single-mode CW emission.

As already mentioned, a laser has well defined properties which can be manip-
ulated by different methods. The polarization of the light, the laser intensity,
the separation between laser pulses, or the phase and thus the shape of the
wavefront can be changed. In the following, different methods are introduced,
with the help of which it is possible to modify these properties.

Typically, the polarization of the laser is changed by retardation plates, also
called wave plates. Due to their crystal structure they are birefringent, which
means that they have different refractive indices for light fields aligned along
different crystal orientations. The different refractive indices influence the
velocity of the different components of the light field as they pass through
the crystal. In the crystal itself, a distinction is made between the slow and
the fast axis. The different propagation velocities lead to a phase shift of
the light field components aligned along the different axes. Ultimately, the
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relative phase shift leads to a rotation of the polarization. In our experiments
we mainly use A/2 and \/4 wave plates to manipulate linear, elliptical, and
circularly polarized light.

In the following, further methods are briefly introduced with the help of which
it is possible to change further properties of the laser light. On the one hand,
a method is presented which makes it possible to tailor the number of pulses.
On the other hand, it is also possible to change the spatial phase distribution
of the laser. These experimental methods are discussed in more detail in the
respective chapters of the second part of this thesis.

The pulsed laser provides a huge number of consecutive pulses. The pulse
separation of 13.3 ns is usually sufficient for observing polariton related pro-
cesses, since the lifetime of polaritons is three orders of magnitude shorter
than this period. However, if this time is no longer sufficient for polariton
related processes if they persist significantly longer, it is helpful to change the
repetition rate of the pulsed laser. In the simplest case, this is achieved by
installing a fast rotating chopper that cuts out individual pulse trains from
the constant train of consecutive pulses. If, however, the effects of only a few
pulses within a train of pulses have to the polariton system are of interest,
the chopper is not fast enough to cut out pulse trains in this time regime. A
device that is fast enough and, moreover, offers the possibility to filter out
the number of pulses down to single pulses, is realized by an electro-optical
modulator (EOM).

The EOM is based on the Pockels effect, which leads to a change or generation
of birefringence in a medium due to an applied electric field. Ultimately, the
polarization of the passing light is rotated. Additional Glan-Thompson prisms
in front and behind the Pockels cell act as a polarization dependent filter. A
high voltage supply, coupled to a function generator, applies a voltage gate to
the Pockels cell which creates a time-dependent rotation of the polarization.
The length of the voltage gates, which are generated by the function generator,
can be adjusted arbitrarily, whereby the generation of pulse trains consisting
of only single pulses is possible. This method is used in Chapter 6 of the
second part of this thesis.

Usually, the spatial intensity distribution of the laser spots used corresponds
to a two-dimensional Gaussian distribution. This spatial intensity distribution
is used to generate a rotationally symmetric distribution of carriers within
the sample. Two-dimensional Gaussian distributions can easily be treated in
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theory, especially for the theoretical prediction of the condensation behavior of
polaritons in quantum wells. However, Gaussian distributions are not suitable
for investigating the condensation behavior, which takes place decoupled from
the location of the optical pump. For this purpose, the two-dimensional
intensity distribution is changed into the shape of a ring, which serves as
an optical trap. For optical pumping above the condensation threshold, a
polariton condensate forms within the trap, which cannot escape from the
trap due to the annular potential of background charge carriers surrounding
it.

A purely optical solution for the generation of annular intensity distributions,
which serve as optical traps, is made possible by axicon lenses. However, these
lenses have the disadvantage that they can only be used to generate annular
optical potentials of a certain size. A possibility to generate optical potentials
of any shape and size is realized by a spatial light modulator (SLM).

There are different types of SLMs, depending on whether the amplitude, the
polarization, or the phase of the light is modulated. The PLUTO-2 phase
only SLM presented below is based on the liquid crystal on silicon (LCOS)
technology and is manufactured by HOLOEYE. The LCOS micro display
consists of a 1920x1080 full HD chip with a pixel size of 8 um and a filling
factor of 93 %. The liquid crystals are arranged on a silicon layer, where each
pixel is set to a gray level with 8 bit color depth via the graphics card of a PC.
The 256 gray values correspond to an applied voltage that changes the spatial
orientation of the liquid crystals. Due to the optical anisotropy of the liquid
crystals, their refractive index changes as a function of the applied voltage,
leading to a change in the optical path length within the liquid crystals. Thus,
the applied gray levels correspond to a conversion into a phase shift, allowing
for a phase shift of 27.

With this technique it is possible to imprint any phase map on a light beam that
initially has a flat wavefront. The supplied software generates the corresponding
phase pattern from the desired intensity pattern. Ultimately, all that is needed
is another optical system, such as a microscope objective, to convert the phase
pattern into an intensity pattern. This works due to the property of a lens to
perform a spatial Fourier transformation of the incident light. This property
will be discussed in detail in the next section along with other detection
methods.
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3.2 Polariton Creation and Detection

The creation and manipulation of light fields are the first important prerequi-
sites for the creation of polaritons. In the next step, the cryostat is presented.
In the following, the different excitation methods, which differ in the geometry
of the optical setup, as well as with the choice of the laser type and energy
are presented. Subsequently, the various detectors used in the different ex-
periments are introduced. Here, the preparation of the signal coming from
the sample will be discussed. The preparation of the signal includes some of
the methods already discussed in the previous section such as filtering the
polarization of the signal. In addition to that, a method to image the Fourier
space of the sample emission will be introduced. The discussion of the cryostat
and the detectors concludes this chapter and therefore this part of the thesis.

Since polaritons are the result of the strong coupling between excitons and
photons, a stable formation of excitons has to be achieved. In order to achieve
a stable formation of excitons, the kinetic energy of free particles must be
reduced below the binding energy of the excitons (EF*4 = 4meV [25]). On
the basis of the kinetic theory of gases, the kinetic energy of a free particle in
an ideal gas is given by

with the Boltzmann constant k5 and the temperature T of the ideal gas
[40]. For temperatures below 32 K, a stable formation of excitons and thus a
possible formation of polaritons can be achieved. Typically, cryostats are used
to achieve those very low temperatures.

Throughout all experiments, a continuous helium flow cryostat is used. The
sample is attached to the cold finger of the cryostat. The position of the
cryostat and thus the position on the sample can be adjusted in x-, y- and z-
direction via translation stage. Inside the cryostat, two cernox resistors ensure
that the temperature is constantly monitored. In addition to the permanently
installed cernox on the heat exchanger, another cernox is used to monitor the
temperature in the immediate vicinity of the sample directly on the cold finger.
These resistors serve on the one hand as a means to control the temperature,
but also as a feedback for a temperature controller. This controller regulates
the internal heating coil of the cryostat and thus keeps the temperature of
the sample constant. At high flow rates of helium it is possible to maintain
constant temperatures down to 6K. However, since such low temperatures are
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not necessarily required, the temperatures during the experiments are typically
between 10 K and 15 K. These temperatures are still way below the thermal
dissipation temperature of the excitons, as calculated in the last paragraph.

Since the same cryostat is used for all of the experiments, the only differences
between the experiments are the type and geometry of excitation and the sam-
ple being studied. Also, the choice of the detector used changes depending on
the properties of interest of the polaritons being studied. In the following, the
different methods for the creation of polaritons are presented. The description
of the examined samples takes place in the respective chapters in the second
part of this thesis.

Basically, polaritons can be excited by both pulsed and CW lasers, which have
already been discussed in the previous section. Depending on the choice of the
energy of the laser, a distinction is made between resonant, quasi-resonant, and
non-resonant excitation. However, for all of the relevant excitation methods
the excitation light has to be filtered out, since the intensity of the excitation
laser is many times higher than the signal from the sample. There are different
ways to filter out the excitation light. For experiments with resonant excitation
and in transmission geometry, the sample itself can be used as a filter, since the
stop band of the DBR structure acts as highly efficient mirror, through which
only a small spectral region of the light can be transmitted. For experiments
in reflection geometry, longpass filters can be used to separate the excitation
light from the polariton signal. Both geometries will be presented in the
following.

In order to filter out the excitation light using the sample, an optical setup in
transmission geometry is chosen. The sample is attached to the cold finger of
the cryostat. The light is guided from the backside of the cryostat onto the
sample through a recess of 6 mm x 2mm inside of the cold finger and collected
by a microscope objective in the direction of propagation. In order to generate
excitation spots as small as possible, the light is focused on the sample by
using suitable lenses. The respective details for both experiments in which the
transmission geometry is applied, are discussed in depth in section 5.1 and
6.1.1 in the second part of this thesis.

In principle, the configuration in transmission geometry can also be used
for non-resonant excitation. However, if the sample design does not allow
for excitation through the substrate of the sample, the optical alignment is
changed to a confocal setup in reflection geometry. A typical confocal setup
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Figure 3.2: Basic principle of an optical confocal setup. BS5, /50 ¢ beamsplitter with 50%
reflection and 50% transmission. The incident transmitted beam is omitted for simplicity.
The spectrally filtered signal is focused through a lens onto the entrance slit of a detector of
choice.

is displayed in Fig. 3.2. Using a 50/50 beamsplitter, the excitation laser is
guided to a microscope objective where it gets focused down to spot sizes in
the micrometer regime. The same microscope objective gathers and collimates
the light coming from the sample and guides it back through the beamsplitter
in transmission direction. Since, the light still contains both the signal as well
as the reflected excitation laser itself, a longpass is used to filter the light. The
longpass filter separates the reflected excitation laser from the signal of the
polaritons. Since the beam then only contains the information of interest, this
information can be examined by various detectors.

Depending on the nature of the experiment, the signal of the polaritons contains
a huge variety of information. By the use of specific detectors, it is possible
to investigate the relevant properties of the polaritons. This includes the
polarization, the lifetime, the coherence, the spatial and angular distribution
of the emission, the spin, or the spectral information of the polaritons. Similar
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to the already introduced longpass filter, it is necessary to make use of specific
components and experimental techniques to acquire only the relevant properties
of the polaritons. These properties can then be specifically analyzed by the
respective detectors, wherein a distinction is made between time-integrated and
time-resolved measurements. In the following, the components and techniques
as well as the different detectors are presented.

The first step is to ensure that the sample lies in the focus of the microscope
objective. A flip mirror located on the central beam axis is used to image
the sample surface with a f=400 mm lens on a CMOS chip. The obtained
intermediate image offers the advantage of a very fast feedback during the
experiment.

One method to perform time-integrated measurements is to measure the spec-
tral characteristics of the signal which is done by using a 500 mm monochro-
mator. The signal is diffracted through a 1200lines/mm grating into its
spectral components and recorded by a liquid nitrogen cooled CCD camera
with 1340x400 pixels. The spectral resolution of this configuration is about
40 peV /pixel. If the grating is set to zero order no diffraction of the light takes
place and the monochromator can be used to record the real space image of
the sample emission.

If instead of the spectral information, the light intensity of the signal is to
be measured, photodiodes (PD) can be used. Photodiodes in general are
operated in two different modes, namely photoconductive and photovoltaic
mode. For time-integrated measurements, a multimeter is used to record and
read the built-up voltage in photovoltaic mode of the photodiode. This is used
specifically to investigate the non-linear behavior of polaritons in the bistable
regime, presented in Chapter 6.

For the investigation of time-varying light sources, photodiodes are operated
in photoconductive mode. Here, the temporal behavior of the source can
be investigated with an oscilloscope, depending on the bandwidth of the
photodiode, since the bandwidth is a measure for the time response ¢y of the
photodiode, following roughly:
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=5 (3.2)

tr

Within the relevant experiments in Chapter 6, a InGaAs photodiode with
a bandwidth of fgy = 400 MHz is used. This results in a time response of
approximately ¢ = 1ns.
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3.2 Polariton Creation and Detection

Fast photodiodes are also used to create a trigger signal for different devices
such as oscilloscopes, the delay generator, or the streak camera. The latter
has a very high temporal resolution of approximately 2ps and is therefore
able to resolve the very short lifetime of polaritons inside microcavities. In
the following, the functional principle of the streak camera will be discussed
briefly.

The Hamamatsu streak camera with the fast synchroscan unit can resolve
the photoluminescence (PL) of constituents with a very short lifetime in the
range of tens of ps. The signal falls onto a photocathode through a fine slit
in the input optics of the streak camera, where the incoming photons are
converted into photoelectrons. The number of photoelectrons corresponds to
the intensity of the incoming light. In the case of very weak intensities, the
number of electrons can be multiplied using the micro channel plate (MCP).
Here, a single electron can be multiplied into 10* electrons. A high-speed
sweep of a high frequency sine wave is applied to deflection electrodes to deflect
the electrons vertically, depending on the time of arrival. The frequency of
the applied high-speed sweep is synchronized to the pulsed laser system, using
a fast photodiode. The electrons hit a phosphor screen where they, depending
on their time of arrival, accumulate along the vertical, hence temporal, axis .
A CCD camera with a CMOS chip with 640x480 pixels is used to image the
phosphor screen. For the fastest sweep time, a temporal resolution of about
2-3 ps is achieved. The time-resolution per pixel is higher, but the signal has a
finite size of a few pixels. Therefore, the size of the signal has to be minimized
before starting time-dependent measurements.

The entrance slit of the streak camera is aligned horizontally and thus allows
only one spatial dimension (x) and the temporal dimension (t) to be recorded.
To record the second spatial dimension, an automated moving lens is installed
in front of the streak camera, which focuses the signal on the entrance slit.
The resulting sectional images along the y-direction can be rearranged during
data evaluation. With this technique it is possible to record videos of the
two-dimensional image plane, with a high temporal resolution. This technique
is used in Chapter 4 to record the angular distribution of the polariton emission
in Fourier space. In Chapter 5, this technique is used to record the 2D real
space image of the evolution of optically perturbed polaritons trapped in an
annular optical potential.

The Fourier space, also called reciprocal or simply k-space, represents the
space of spatial frequencies. A lens, that images the rear focal plane of the
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microscope objective, provides access to the k-space. In Fig. 3.3 the basic
property of a lens to perform a Fourier transformation of the incident light is
shown. The maximum angle that can be captured by a lens depends on the
numerical aperture (NA) of the lens. The 20x microscope objective used has a
NA of 0.4 which corresponds to an angle of 23.6° relative to the direction of
normal incidence.

Microscope
Objective

Front focal plane Rear focal plane
Sample k-space

Figure 3.3: Schematic drawing of how a lens performs a Fourier transform of light that
is emitted under different angles. Light emitted under the same angle is imaged onto the
same position in k-space. Adapted from [41].

In the different experiments, a combination of lenses is used to record the emit-
ted light from polaritons in k-space with the streak camera or the monochro-
mator. Since there is a one-to-one correlation between the emission angle and
the polariton wave vector, it is possible to make the dispersion of the lower
polariton branch visible using the monochromator. If the vertical k-space
is scanned using a lens mounted to the automated translation stage on the
streak camera, it is also possible to record videos of the k-space evolution.
This method is discussed in detail in Chapter 4.

The introduction of Fourier space concludes the experimental methods chapter,
since all requirements for the experiment to investigate the various properties
of polaritons are fulfilled. The results of these investigations are presented and
discussed in detail in the second part of this thesis.
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Chapter 4

Optical Spin Hall Effect

Following the first theoretical description of the Hall effect of light by Onoda
et al. [42], the optical spin Hall effect (OSHE) for polaritons was introduced
theoretically by Kavokin et al. [43] in 2005. It has been observed experimentally
two years later by Leyder et al. [44]. It describes the connection between
the spin Hall effect (SHE) that has been proposed by D’yakonov and Perel’
in 1971 [45] and the polarization dependent Rayleigh scattering of polaritons
in semiconductor microcavities. The connection between the SHE and the
OSHE is the separation in real- and momentum space after elastic scattering
of polaritons on static disorder potentials inside the quantum well took place.
The SHE describes the spin-dependent separation perpendicular to the current
of charged carriers with half integer spins such as electrons.

The description of the SHE distinguishes between intrinsic and extrinsic SHE.
The intrinsic SHE is caused by the spin-splitting in the conduction band
caused by the spin-orbit interaction. The extrinsic SHE describes the spin-flip
scattering of charge carriers on crystal impurities. An analogy to the extrinsic
SHE exists in the form of elastic Rayleigh scattering of moving polaritons in
quantum wells embedded in microcavities.

A flow of polaritons can be generated by resonant excitation of the LPB at
a non-zero angle with respect to the normal vector of the microcavity. The
correspondence between the energy and the emission angle of polaritons allows
easy access to inject polaritons with non-zero momentum (k:H # 0) using this
method. If the flow of polaritons is specifically directed towards a crystal
impurity, elastic Rayleigh scattering of the polaritons leads to a redistribution
of the polariton wave vectors. Elastic Rayleigh scattering conserves both
momentum and the initial polarization which ultimately leads to the formation
of a scattering ring in k-space with a radius defined by the absolute value
of the initial |kj[. The experimental details for the generation of resonant
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Rayleigh scattering of polaritons at sample defects are explained in section
4.2.

Due to an effective magnetic field §2;, that arises because of the longitudinal-
transverse splitting of polaritons within microcavities, the spin polarization
of the scattered polaritons differs depending on the flow direction after the
scattering process. The spin polarization of polaritons as well as the dynamics
can be described within the framework of the pseudospin model [46]. Both, the
origin of the effective magnetic field, as well as the coupling of the polariton
pseudospin to the effective magnetic field are introduced and discussed in
detail in Sec. 4.1. The coupling of the polariton pseudospin to the effective
magnetic field is referred to as self-induced Larmor precession which ultimately
leads to spin relaxation of the polaritons.

The dynamic of this relaxation process is investigated experimentally in Sec.
4.3, where a special focus is placed on the degree of circular polarization p,
of the polaritons. Here, the model presented in Ref. [43], for the description
of the effective magnetic field, is extended by further contributions which
reproduce the experimental results.

The results presented in this chapter have been published in similar form in
Refs. [47, 48]. Also, some of the results presented in this chapter are presented
in similar form in the Master thesis of B. Berger [49], which the author of this
thesis has supervised.

4.1 Origin of the Effective Magnetic Field

The investigation of the spin relaxation process of polaritons in quantum wells
embedded in semiconductor microcavities presented here, follows mainly the
theoretical description of spin dynamics given in Refs. [43, 46]. Since polaritons
are composite bosons made up of strongly coupled cavity photons and excitons,
the spin relaxation processes they are undergoing will be described in the
framework of the pseudospin [46, 50]. The pseudospin describes a coherent
superposition of the optically active exciton spin doublet state, that can be
either spin up (+1) or spin down (-1). In addition, the pseudospin reflects
the polarization state of the polaritons, whereas the polarization states 41
represent right- (6%) and left-handed (o7) circular polarizations of polaritons,
respectively. In this context, the pseudospin S,, corresponds to the conventional
Stokes vector Sy, = (5,,S,,S,). The pointing direction of S}, on the surface
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4.1 Origin of the Effective Magnetic Field

of a given Poincaré sphere corresponds directly to the polarization state of the
polaritons (see Fig. 4.1).
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Figure 4.1: Poincaré sphere with the projection of the pseudospin vector S, shown in
light red. The black arrows represent the orientation of the polarization of polaritons. The
equatorial plane corresponds to all possible linear polarizations. The polarization at the
poles corresponds to circular polarizations. All other polarizations correspond to an elliptical

polarization. Adapted from [46].

The temporal evolution of the pseudospin and the associated spin relaxation
of polaritons is mainly governed by an effective magnetic field {2, inside the
microcavity, causing a precession of the pseudospin [46, 51, 52]. The precession
equation therefore describes the temporal evolution of the polariton pseudospin
in the scattered state Sy (t) which is given by [43, 44, 53]

38,

k= S x 2+ F1) - 2. (4.1)
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The population of the scattered state IV, is given by the rate equation [47]

ON,
—= = f(t) — —=. 4.2
Y (4.2
Here, the inflow of polaritons from the initial pseudospin state Sy, into the
scattered state Sy, is given by f(t) and [43]

Si,
f(t) =220, (4.3)
Ty
7, is the scattering time of the scattering process. The last terms in the
Egs. (4.1) and (4.2) describe the finite lifetime of the polaritons which decay
radiatively with the time constant 7.

The first term in Eq. (4.1) describes the aforementioned coupling of the
pseudospin S, to the effective magnetic field £2,. The direction of the effective
magnetic field £2,, = (£2,, (2, §2_) is determined by the sum of the field vectors
representing different origins of the effective magnetic field

02, =20 + 2+ 2N (4.4)

In the following, the nature of the different field vectors that constitute §2,,
will be elaborated.

The first term in Eq. (4.4) 25T corresponds to the effective magnetic field
originating from the longitudinal-transversal (LT) energy splitting A, of the
linear polarizations. The LT splitting splits the energy of the polariton mode
depending on the angle between the wave vector and the orientation of the
linearly polarized excitation and it is caused by two factors. First, because
of the TE-TM splitting of the cavity mode that is caused by the mismatch
between the central frequency of the stop band w, and the resonator frequency
w, of the cavity. w, changes slightly with the angle of incidence 6 following
1/ cos 6, which leads to a larger splitting for a larger angle of incidence [29].
Second, if the dipole moments of polaritons with nonzero in-plane wave vectors
have different energies parallel and perpendicular to the wave vector, the
splitting is zero for k = 0 and increases following a square root law for large
wave vectors. This is referred to as the longitudinal-transverse splitting and is
caused by the long-range exchange interaction of the excitons [46, 54].

0L is oriented along the equatorial plane of the Poincaré sphere and the
strength of the field depends on the in-plane momentum as well as on the size
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4.1 Origin of the Effective Magnetic Field

of the splitting A; ;. It is given by

k, and k, depict the in-plane momentum and they are given by the respective
components of the pseudospin vector S.

The second effective magnetic field component in Eq. (4.4) arises due to the
in-plane anisotropy of the sample, that might be introduced during the growth
process using molecular beam epitaxy. The in-plane anisotropy is caused by
monolayer fluctuations at each interface leading to anisotropic excitonic or
photonic disorder. If these fluctuations occur mainly along one particular
crystallographic axis, these fluctuations might pin the linear polarization
along this axis. The resulting in-plane asymmetry leads to a splitting of the
linear polarizations even at k = 0 [55]. Another source of linear polarizations
splittings in microcavities is the strain induced crosshatch disorder, due to the
high number of DBR layer pairs with mismatched lattice constants [56]. A
brief overview of the crosshatch pattern observed in the investigated sample is
given in Sec. 4.2.1.

To connect the anisotropy of the sample to the effective magnetic field, we
assume a uniform field contribution §,, along the x-axis which is given by
[47]

Q23" = [0

an707 0]' (46)
The first two contributions to the total effective magnetic field 2, only point
along the in-plane directions. However, due to non-resonant excitation of
polaritons, strong nonlinear polariton-polariton interactions are expected.
These interactions give rise to the last term of the total effective magnetic
field in Eq. (4.4) that points along the growth axis of the microcavity [47]

QII::IL = [0707552]7 (47)

with 3 as the effective polariton-polariton interaction constant. It also takes
into account the different strength of the exchange interactions between polari-
tons with the same spin and polaritons with opposite spin configurations.

28" arises due to an imbalance of the concentrations of circularly polarized
polariton populations [57, 58] and is responsible for the so-called self-induced
Larmor precession of the linear component of an elliptically polarized polariton
pseudospin [59)].
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The investigation of the temporal evolution of the pseudospin and therefore
the evolution of the polariton polarization is realized by measuring the time-
resolved degree of circular polarization (DCP) p,. In Fig. 4.2 a scheme of the
DCP distribution in momentum space is shown. Depending on the scattering
angle 6, the pseudospin points into different directions on the Poincaré sphere,
which corresponds to a change in the direction of the effective magnetic field.
For polaritons propagating along certain in-plane directions, the coupling
of the polariton pseudospin to the effective magnetic field leads to different
pseudospin polarizations. The DCP reaches maximum (minimum) values of

A

k DCP
y +0.5
0
-0.5
O

Figure 4.2: Scheme of the scattering ring in momentum space. The degree of circular
polarization changes depending on the scattering angle 6, and therefore the direction of
motion of the polaritons. The DCP changes from -0.5 (blue) to 0 (white) to +0.5 (red).
The light red arrows indicate scattering angles of 0, = +45°(—45°), where the DCP has
its maximum (minimum) value, respectively. The shaded areas at 6, = +45° indicate the
positions of which the time-resolved intensities are extracted in the analysis following Eq.
(4.8).
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+0.5(—0.5) for scattering angles of +45°, —135° (—45°, +135°) [43]. The DCP
can be extracted from time-resolved PL measurements using the PL intensities

I/ of both maximum (minimum) circular polarization values following

I.—1I_

T 4.8
Ia.+ + Io.—’ ( )

Pe =

from the corresponding k, positions for a scattering angle of 6, = +45°(—45°).

The exact methodology for extracting the DCP from time-resolved measure-
ments is given in the following section which illustrates the experimental
setup.

4.2 Experimental Details

The investigated sample C1575 consists of six 3.3 nm wide In, ; Ga, gAs QWs
each separated by a 10nm GaAs barrier, which yields a Rabi splitting of
about 6 meV. The QWs are placed in the antinodes of the cavity mode of the
A-cavity. The cavity is sandwiched by the top and bottom DBR structures
which are made out of 26(30) top(bottom) alternating GaAs/AlAs layer pairs.
The Q-factor of the cavity has been measured to approximately 6000. Because
of the slight wedge of the cavity, it is possible to vary the detuning between
the optical resonance with respect to the exciton energy from approximately
20meV to -10meV. For this experiment the detuning has been set to fixed
value of § = —5.3 meV.

The DBR structure is grown on a polished GaAs substrate in order to open
up the possibility to perform measurements in transmission geometry. The
band gap energy of the InGaAs QWs is smaller than the band gap energy of
GaAs, resulting in a transparent GaAs substrate for resonant excitation.

A schematic layout of the setup is shown in Fig. 4.3. Resonant optical
excitation is performed using the pulsed Titanium-Sapphire laser with a
repetition rate of v, = 75.4 MHz and picosecond pulses. The laser is centered
at a wavelength of 848.86 nm which corresponds to an energy of about 1.4606 eV.
It has a linewidth of about 560 peV. The excitation scheme is shown in Fig. 4.4.
The energy as well as the linear polarization of the laser are set to resonantly
excite the TM mode of the LPB under non-normal incidence. In order to
control the angle of incidence of the laser, the laser beam is guided through
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Figure 4.3: Schematic layout of the setup used to investigate the OSHE. GT, Glan-Taylor
prism. RR, retro-reflector. MO, microscope objective. IF, interference filter. CCD camera,
charged-coupled device camera.
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the f = 60 mm lens such that it is not centered. To position the laser beam,
a retro-reflector is mounted on a one-dimensional translation stage, which
adjusts the laser beam perpendicularly to the beam direction. The angle of

Intensity (a.u.)
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Figure 4.4: Excitation scheme with the energies of the TE/TM modes of the LPB as well
as the energy of the cavity. The PL of the LPB has been acquired by non-resonant excitation
with low excitation power. The energy, the angle of incidence, and the polarization of the
laser are set to 1.4606eV, k; = 0.73 pm~!, and linear polarization to resonantly excite the
TM mode of the LBP, as indicated by the white pump spot. Adapted from Ref. [47].

incidence of the laser is set to excite the sample resonantly with a wave vector
of kj = 0.73 pm~. The spot diameter measures 20 um and the power has
been set to 15mW throughout the measurements. The sample is mounted
on the cold finger of a continuous helium-flow cryostat. The small recess on
the sample holder provides optical access to the sample. The temperature
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controller ensures that a constant temperature of 15K is maintained.

The transmission is collected using a 20 x magnification microscope objective
that has a NA of 0.4. A f=300mm lens is placed behind the microscope
objective to image the Fourier plane, i.e. the the rear focal plane of the
microscope objective. This technique enables access to the far-field emission
of the sample, to access the angular distribution of the polariton transmission
signal. A second lens (f=750mm) images the far-field emission into the
entrance slit of the spectrometer, presented in Sec. 3.2, which is connected
to a liquid nitrogen cooled CCD camera. The intermediate image from the
sample in both near- and far-field can be accessed by using an additional flip
mirror.

For time-resolved measurements the streak camera is used in the time-range
with the highest temporal resolution of 2-3 ps. The orientation of the entrance
slit with respect to the entrance slit of the spectrometer is rotated by 90
degrees. Typically, the streak camera is used in combination with a short focal
length lens to the increase energy density of low intensity signals. Since the
intensities from resonant excitation are high enough, a lens with a focal length
of f = 300mm is used, to increase the spatial resolution of the k, far-field
emission. Additionally, the lens is mounted on an automated stage for vertical
translation, which is used to perform scans along the k, direction.

The horizontal orientation of the input slit serves as a spatial filter, so that for
each measurement of the streak camera (k,-t) the vertical position of the lens
is shifted further in order to acquire the full range of k, -values. The full set
of measurements is reassembled in a way that allows one to observe the full
dynamics of the entire Fourier space. This opens up the possibility to analyze
the DCP of the polariton pseudospin evolution in time and momentum space
[60].

To investigate the evolution of the DCP of the polariton pseudospin, the polar-
ization of the transmission is filtered by using a A/4 wave-plate in combination
with a Glan-Thompson prism. The temporal evolution of the DCP is calculated
according to Eq. (4.8) by integrating the PL intensities from the areas of the
scattering ring that correspond to scattering angles of 8, = +45°(—45°) for
o' and (07) polarized light. This can be used to determine the DCP within
these areas for any point in time.

49



Chapter 4 Optical Spin Hall Effect

4.2.1 Crosshatching

f

Figure 4.5: Real space image of sample C1575. a)-e): Resonant excitation with decreasing
wave vector, starting with the largest wave vector at picture a) and a wave vector close to 0
at picture e). f) same as a), but here at an energy below the LPB, to show so ellipticity of
the beam shape.

As an additional source of strain that contributes to the effective magnetic field
in terms of an anisotropy, the sample is investigated for signs of crosshatching.
Microcavities grown with molecular beam epitaxy with embedded InGaAs
QWs might show such a crosshatching as a side effect[61-63]. During the
growth process, plastic strain relaxation of the slightly mismatched GaAs/AlAs
layers may create an undulating surface morphology. This morphology is
characterized by hills and valleys that determine the potential landscape of
the polaritons. However, besides causing localization and anisotropy of the
sample, crosshatching might also influence the propagation of the polaritons
giving rise to resonant Rayleigh scattering [64-66]. Therefore, despite acting
as an additional source to the total effective magnetic field, crosshatching can
be exploited in order to generate scattering centers for polaritons.

Depending on the wave vector of the resonant excitation, resonant Rayleigh
scattering takes place with different magnitudes and hence influences the prop-
agation of the polaritons through the microcavity. A series of measurements
of the real space image from the investigated sample for different excitation
wave vectors is shown in Fig. 4.5. Starting with the largest wave vector in a),

20



4.3 Pseudospin Dynamics and the Optical Spin Hall Effect

a wake-like pattern arises behind the strongly localized defects (dark elliptical
spots). The polaritons are flowing through the microcavity from the right-hand
side and are partially backscattered. This causes self-interference, creating a
standing wave pattern. With decreasing wave vector ( b) to e) ), the polariton
luminescence becomes more localized and the wake-like appearance of the
polaritons diminishes. The standing wave pattern is also reduced. The wave
vector in frame f) is the same as in frame a), but with a slightly detuned energy
with respect to the LPB. The excitation energy is below the resonance to show
the full ellipticity of the beam spot at the highest possible wave vector.

These findings lead to the conclusion that the sample indeed shows signatures
of pronounced crosshatching and also has a large number of strongly localized
defect states. In addition, these appear to be extremely well suited for using
them in scattering experiments, as a clear influence on the inflow of polaritons
can be observed. The surface morphology typical for crosshatching, consisting
of hills and valleys, can also be observed for small wave vectors.

4.3 Pseudospin Dynamics and the Optical Spin Hall
Effect

In the following, this property of the sample is exploited to generate elastic
scattering of polaritons. Since pulsed excitation is applied, the temporal be-
havior of the polariton DCP of the pseudospin can be examined. In particular,
the oscillation of the DCP is investigated. First, the sample is examined
for suitable impurities in order to perform resonant Rayleigh scattering of
polaritons. Figure 4.6 (a) shows the intermediate image of the real space,
where such an impurity can be recognized by the elliptical shadow, close to
the center of the image. After polaritons have been injected resonantly under
a wave vector of k, = 0.73 pm?! at an energy of 1.4606 ¢V, the typical pattern
of a standing wave caused by self-interference appears. It can also be seen,
how a part of the polariton flux flows past the defect. An analysis of the
far field emission yields information about the momentum distribution of the
polaritons.

The intermediate image of the scattering process of the far-field emission
is shown in Fig. 4.6 (b). Here, the orange circle highlights the position of
the wave vector of the resonant excitation in momentum space. It can be
clearly seen how the scattering process redistributes the wave vector along a
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I 0.5 (km)?

Figure 4.6: Intermediate images of the sample after resonant excitation under non-normal
incidence. (a) Real space image of propagating polaritons after resonant excitation with a
wave vector of kj = 0.73 pm~!. The dark elliptical spot is identified as a localized defect
that acts as the center of resonant Rayleigh scattering. b) Far-field image of the sample
emission under the same conditions as in a). The orange ring indicates the position of the
resonant excitation. Adapted from Ref. [47].

scattering ring. The fact that the absolute value of the wave vector is preserved
leads to the conclusion that the scattering process must arise due to resonant
Rayleigh scattering. The presence of resonant Rayleigh scattering forms the
first important prerequisite in the study of the pseudospin dynamics. In the
next step, the entire momentum space is temporally resolved.

Using Eq. (4.8), the momentum-resolved DCP for the time-integrated image
in Fig. 4.7(a) is calculated. Here, the typical pattern of the DCP (see Fig.
4.2) for the OSHE can be recognized. Two distinct areas are chosen, in which
the DCP is expected to have its maximum (minimum) value for the different
circular polarizations o (o7 ) at scattering angles of 6, = +45°(—45°).

The temporal evolution of the DCP within the depicted areas is plotted against
time in Fig. 4.7(b). In this figure, three points in time are chosen (t;-t;) and
plotted in momentum space in order to provide a more accurate picture of the
DCP dynamics. These snapshots of the momentum space are shown in Fig.
4.8 and are qualitatively investigated in the following.

The first image at t; = 87 ps shows the moment shortly after the initial
excitation. The DCP is mostly negative along the entire scattering ring,
which represents the distinct feature of resonant Rayleigh scattering that
the polarization of the incoming lightfield is maintained. Although the light
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Figure 4.7: Time-resolved measurements of the DCP. a) Far-field image of the time-
integrated DCP, after applying Eq. (4.8) to the measured data sets. The areas indicate
the positions of which the DCP has been extracted. b) The evolution of the DCP over
time acquired from the areas in a) for the different circular polarizations ¢t and o~. DCP
at selected times t; discussed in Fig. 4.8. c) The calculated temporal evolution of DCP
using the following parameters for the effective magnetic field: AA;; = 18 ueV for the
LT-splitting, Ad,, = 15 ueV for the anisotropy splitting, and A8 = —0.45meV um? for the
effective polariton-polariton interaction strength. The polariton lifetime is 7 = 5 ps and the
scattering time is 7, = 40 ps [47].

was nominally linearly polarized, the initial polarization of the light appears
to be slightly elliptical. An explanation for this could be the experimental
configuration, for example the windows of the cryostat could slightly change
the incoming polarization, due to a slight birefringence.

The second snapshot at t, = 129 ps is deliberately taken at a time when the
DCP has reached its maximum positive value. This is characterized by the fact
that a large part of the scattering ring is o polarized and the o~ polarization
falls almost to 0. In addition, it is noticeable that, while the scattering ring
is still clearly visible in the first frame, the entire momentum space shows a
nonzero DCP. This is mainly caused by the energy loss of the polaritons that
is related to continuous scattering processes.

The further temporal evolution is essentially characterized by the fact that
the polarizations are slightly mixed by continuous scattering processes over
the entire momentum space. However, the standard distribution typical for
the OSHE remains more or less unchanged with time, as can be seen in the
last figure for t; = 195 ps.
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Chapter 4 Optical Spin Hall Effect

In addition to the pseudospin oscillation predicted in Ref. [43], further oscil-
lations with a higher frequency can be observed. To validate the observed
temporal evolution of the DCP, it is calculated using the model from the
equations Eq. (4.1) and Eq. (4.2). For a better comparison, the model
calculation of the DCP is plotted below the measured temporal evolution of
the DCP in Fig. 4.7(c). The parameters for the model are as follows: the
LT-splitting is hA; = 18 ueV, the anisotropy splitting is hd,, = 15 ueV,
and the effective polariton-polariton interaction strength is A5 = —0.45 meV.
The time constants of this process are 7 = 5ps for the polariton lifetime
and 7, = 40ps for the scattering time. The slight elliptical polarization of
the incoming light is also taken into account for the pseudospin vector with
Sigx(0) = —=0.9, S, (0) = (1 =S¢ ,)7'/? and S, .(0) =0.

The time-resolved measurements and the theoretical model exhibit a high
degree of agreement, which can be used to determine the two oscillation
frequencies that occur. The slow oscillation with a period of about 300 ps
occurs due to the precession of the pseudospin around the effective magnetic
field. The period is proportional to the wave vector k. The fast oscillation
frequency with a period of about 70-80ps is caused by a mismatch of the
oscillation frequencies between the pumped and the scattered state due to the
nonlinear polariton-polariton interaction [47].
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Figure 4.8: Far-field image of the DCP. Snapshots of the DCP for selected points in time
corresponding to the time indices t; in Fig. 4.7(b). Adapted from cite [47]
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4.4 Conclusion

4.4 Conclusion

It has been shown that a flux of polaritons injected resonantly under a non-zero
wave vector may leads to scattering processes with sample defects. In addition,
it could be shown that these scattering processes must be resonant Rayleigh
scattering, since the scattering process preserves both the energy and the initial
polarization. Resonant Rayleigh scattering produces a uniform distribution
of the polariton momentum along a ring in the momentum space whose size
corresponds to the wave vector of the initial excitation.

Polarization-resolved measurements of the temporal evolution of the DCP
show the predicted oscillating behavior, which, however, surprisingly also show
the presence of a further oscillation. An extension of the model for the effective
magnetic field from Ref. [43], which takes into account the anisotropy of the
sample and the nonlinear polariton-polariton interaction seems to be in a
good agreement with the experimental data. The nonlinear interactions result
in self-induced Larmor precession, meaning that the polariton pseudospin
precesses around the resulting effective magnetic field, which might explain
the additional oscillation frequency of the DCP.
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Chapter 5

Perturbation of Polaritons in an
Annular Optical Potential Trap

In this chapter, the influence of a background reservoir on an existing polariton
condensate is studied. The polariton condensate is generated by an annular
optical potential which also serves as an optical trap. In previous investigations
of different groups, it could already be shown that a polariton condensate
forms within the trap in a Gaussian mode, insofar as the radius of the annular
potential is on the order of the polariton propagation length [67]. In addition,
other groups have shown theoretically that polaritons can only undergo a real
Bose-like phase transition in the presence of a confining potential [68]. This
scenario could be realized experimentally by inducing strain in a sample in
order to generate a confining potential by Balili et al. [17]. The properties of
a polariton condensate that is confined in a trap of any kind are therefore well
understood.

Due to the strong localization of the confined condensate, it is possible to
perform experiments that probe the influence of a reservoir of background
charge carriers on the condensate by optically injecting a background reservoir
directly into the trap using non-resonant excitation. We employ spatially as
well as time- and energy-resolved studies to investigate the resulting impact of
the reservoir on the condensate. After the arrival of a laser pulse, the observed
spectrum shows an additional peak at higher energy, which we attribute to
polaritons propagating away ballistically from the non-resonantly induced
reservoir. By varying the power of the non-resonant pulsed excitation, the
temporal response of the system is investigated.
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Chapter 5 Perturbation of Polaritons in an Annular Optical Potential Trap

5.1 Experimental Details

The investigated sample contains a high Q cavity with a Q-factor of approx-
imately Q = 20000. The DBR structure consists of 32 (36) upper (lower)
alternating Al, ,Gay gAs/AlAs layers. The cavity contains four QWs placed in
the central antinodes of the confined A/2 cavity mode with a Rabi splitting of
29, = 9.5meV. To provide a high mobility of the polaritons, the detuning has
been chosen as § = —14meV. The sample is mounted on the cold finger of a
continuous helium flow cryostat. A temperature controller ensures a constant
sample temperature of 12 K.

Yy
Sample %
Ccw BS LP IF 5
TiSa-Laser MD_D % xn? Streak-
I]] 20x MO fU Camera

50
PC Cryostat

A

GTL 2

Power Co !ml

ps pulsed
TiSa-Laser
Figure 5.1: Schematic layout of the setup for the investigation of the perturbation of trapped
polaritons. GT, Glan-Thompson prism. SLM, spatial light modulator. MO, microscope

objective. LP, longpass filter. IF, interference filter. BS/PBS, beam-splitter/polarizing
beam-splitter. f,, lens with focal length of x. CCD camera, charged-coupled device camera.

Spectro-
meter

For non-resonant excitation two different laser systems are used. The schematic
representation of the experiment is shown in Fig. 5.1. A CW laser with a
wavelength of Aoy = 739.38 nm creates a steady-state population of polaritons
using an annular pattern. The annular pattern is created with a spatial light
modulator, that spatially modulates the phase of the incoming Gaussian beam.
The in-house software of the company HOLOEYE converts an intensity pattern
with the desired excitation pattern into its Fourier transform. The software
also offers the possibility of overlaying the phase pattern with that of a Fresnel
lens. By adding an additional f=200 mm lens behind the SLM, the size of the
beam can be adjusted to fit to the input aperture of the microscope objective.
This configuration acts as a telescope with an enlarged and collimated beam
that has the desired annular shape in the focal plane. The resulting excitation
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5.1 Experimental Details

pattern is shown in Fig. 5.2. The ring has a diameter of approximately 10 pym.

10

y (um)
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Figure 5.2: Grayscale image of the annular CW excitation pattern in real space. The
pattern is created using the SLM.

A polarizing beam splitter merges the CW laser with an additional picosecond
pulsed laser for non-resonant pulsed excitation. The pulsed laser with a
wavelength of A . = 737.87nm and a repetition rate of v, = 75.4 MHz is
adjusted to excite the region in the center of the annular trap. The diameter
of the Gaussian laser spot is approximately 5pum. The non-resonant pulses
create a cloud of excitons that act as a repulsive potential and that may

simultaneously act as a gain medium for the condensate.

Both lasers are focused on the sample with a 20x magnification microscope
objective that is arranged in confocal geometry. A longpass filter rejects the
excitation wavelengths that are reflected by the sample surface. An interference
filter of 1 nm width, tuned to the center of the emitted wavelengths of polaritons
in the ground state (i.e. at k= 0), is placed behind the longpass filter.
Additional lenses complete the setup by focusing the signal into the entrance
slits of both detectors presented in Sec. 3.2.
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Chapter 5 Perturbation of Polaritons in an Annular Optical Potential Trap

For time-resolved measurements a f = 50 mm lens focuses the signal to the
entrance slit of the Hamamatsu streak camera. The focusing lens is mounted
on a translation stage to scan vertically along the real space. This enables
the possibility to capture the full polariton dynamics in 2D real space on the
picosecond time scale.

The signal may also be send to the monochromator for spectrally resolved
measurements of the PL. Here, a grating with a resolution of 1200 lines/mm is
used. The monochromator can also be used to record the real space image, if
the grating is set to zero order. This is useful to localize the emission coming
from the sample as well as to control the shape of the CW excitation pattern
(see. Fig. 5.2)

5.2 Results
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Figure 5.3: Real space images of the emission from the sample. In both pictures, the
annular excitation pattern of the CW laser is shown in grayscale. The images using different
color scales were recorded separately and placed on top of each other. (a): The polariton
condensate, which is formed in the optical trap when the threshold power of the CW laser
is exceeded, is shown in color. (b): The excitation spot of the pulsed laser is also shown in
color. The spot is placed in the center of the optical trap.

-10 -5

An image of the real space emission for CW excitation above the polariton
condensation threshold (see Fig. 5.3(a)) shows the appearance of a polariton
condensate in the center of the optical trap. The PL of the sample emission is
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5.2 Results

spectrally filtered around the energy minimum using an interference filter (see
Fig. 5.5). The energy minimum also corresponds to the range of the lowest
polariton momenta, which illustrates the efficiency of the trapping mechanism.
The position of the Gaussian laser spot of the pulsed excitation is shown in
Fig. 5.3(b). This choice of position ensures that the center of the trap matches
the laser spot position of the pulsed excitation beam.

For both types of excitation, input-output (I0) measurements are performed
to determine the threshold powers at which polariton condensation occurs.
The resulting measurements are shown in Fig. 5.4. For pulsed excitation,
polariton condensation occurs at a power of Pryg s = 2.4mW. For CW
excitation using the annular potential, polariton condensation occurs at a
power of Pryp cw = 10.4mW. The difference between these powers arises
mainly due to the size of the excitation spot, but is partially also caused by
the higher peak energy density of the pulsed excitation. In contrast to the 10
curve using pulsed excitation, there was no observable saturation behavior for
the IO curve using CW excitation. This may also be a consequence of the size
of the excitation spot, which results in limited power densities that can be
achieved using CW excitation.

For a closer investigation of the interaction between the CW pumped polariton
condensate and the reservoir generated by non-resonant pulsed excitation
within the trap, the spectrum of the polariton emission originating from in
the central region of the trap is recorded. The power of the pulsed excitation
is chosen such that it is below the condensation threshold at a power of
P se = 0.9 Pryg puise- The resulting spectrum is shown in Fig. 5.5.

pulse

Pure CW excitation with a power of Puy = 1.9 Pryg ow results in a large
peak at an energy of F = 1.6026 €V, which we define as the ground state. A
slightly smaller peak at an energy of £ = 1.6032 eV might arise due to the part
of the condensate that propagates away from the optical excitation potential
rather than into the trap.

With additional pulsed excitation, a further peak emerges at an energy of
E = 1.6036 €V, in addition to the peak in the ground state, which in the
following is referred to as the high-energy peak. One possible explanation
for the occurrence of this high-energy peak is that the polariton dispersion is
blueshifted locally after the pulsed excitation due to the repulsive interaction
with the induced reservoir. This leads to an increase of the potential within
the trap, allowing a part of the CW polariton condensate present to propagate
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Figure 5.4: Measurements of the polariton condensation threshold power in a double
logarithmic graph. The IO curve for the annular excitation pattern used for the CW laser
is shown in green. The IO curve of the Gaussian spot used for pulsed excitation is shown
in red. The powers of the condensation thresholds are Pryg ,yse = 2.4mW for the pulsed
laser and Pryg cw = 10.4mW for the CW laser.

out of the trap. This process is time-dependent strongly related to the lifetime
of the existing reservoir. The formation dynamics of the high-energy peak and
the question whether it coexists with the ground state cannot be investigated
solely based on this data as the recorded spectrum is integrated over time and
a large number of pulses.

For this reason, the spatially resolved dynamics of this process within the trap
are examined below using a streak camera. The interference filter is again
centered on the energy of the ground state so that the high-energy peak can be
filtered out mostly. The emission of the CW pumped polariton condensate is
positioned at the center of the entrance slit of the streak camera. The resulting
time-resolved measurements for different pulsed excitation powers and at a
constant CW power of Puy = 2.7 Pryg cw are shown in Fig. 5.6.

Since the slit of the streak camera is oriented horizontally, the real space image
is spatially filtered along the x coordinate. The first thing to notice is that the
increase in intensity after the arrival of the pulse at ¢t = 0 is slightly shifted
towards the negative x-direction. This is a consequence of the fact that the
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Figure 5.5: Spectrally resolved emission of the polariton condensate when excited only by
the CW laser and with additional pulsed excitation. The combined excitation spectrum
shows a high-energy mode in the spectrum. The excitation powers are Pow = 1.9 Pryg cw

and P use = 0.9 Pryg puises respectively.

laser spot of the pulsed excitation is slightly shifted sideways with respect to
the average position of the CW polariton condensate within the trap.

At a low pulsed excitation power of P, . = 0.3 Pryg ues the measured
intensity increases after the arrival of the pulse. This increase still exists
for higher pulsed excitation powers, but the intensity is initially reduced,
with the long-lived signal occurring at a later point in time. At a pulsed
excitation power close to the condensation threshold for pulsed excitation,
this reduction in intensity is particularly noticeable. For pulsed excitation
powers above the condensation threshold, there is also a short-lived, but very
distinct peak shortly after the arrival of the pulse and of which the intensity
grows with the pulsed excitation power. This is probably a consequence of the
spectral broadening of the high-energy peak as well as fast scattering of the
created carriers to the condensate or possible transition into the weak coupling

regime.
A more detailed analysis of the temporal behavior is shown in Fig. 5.7(a).

Here, the profiles of the images are extracted from Fig. 5.6 and can thus be
subjected to a more precise analysis. The main focus is on the long-lived
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Figure 5.6: Time-resolved images of the center of the trap for pulsed excitation into
the trapped polariton condensate, for various pulsed excitation powers and constant CW
excitation power. The interference filter is set to the spectral position of the lowest energy
mode. After the arrival of the pulse, a long-lived signal is occurs.

process that occurs after pulsed excitation, which, interestingly, exceeds the
typical lifetime of polaritons in microcavities of several ps considerably. For a
more accurate quantitative assessment of the long-lived signal, the 85% and
the 15% decay times of the signal are evaluated. This analysis is performed
for a variety of pulsed excitation powers and is shown in Fig. 5.7(b).

Here, it is noticeable that up to the threshold pulsed excitation power, the
peak of the long-lived intensity decay gradually shifts to later times. However,
regardless of the pulsed excitation power applied, the average lifetime of the
long-lived signal of At = 283 ps 4+ 11 ps remains approximately the same.
The lifetime of the condensed polaritons present in this sample, amounts to
approximately 10 ps and is thus far shorter than the observed duration of the
long-lived signal.

A possible explanation for the long-lived signal is the presence of slow relaxation
processes within the reservoir towards states, from which stimulated scattering
towards the condensate becomes possible. Accordingly, this experiment could
be used to investigate the condensation process under non-resonant CW
excitation in more detail. However, the exact microscopic mechanism leading
to the formation of this long-lived signal is still unclear.
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Figure 5.7: Analysis of the long-lived signal. (a): Profiles extracted from the streak camera
measurements of the power series in Fig. 5.6. The relative intensity shown here, is the
intensity of the emission normalized to the intensity of the CW signal present in the absence
of pulsed excitation. (b): Decay time of the long-lived signal for different pulsed excitation
powers. Shown here are the points in time at which the intensity of the long-lived signal
has reached 85% and 15% of the maximum intensity respectively.

The investigation of the spatially resolved temporal behavior of this process
offers another possibility to analyze the relaxation mechanism qualitatively.
The same method as presented in chapter 4 is applied and a lens, mounted on
a translation stage, is used to record the temporal development of the emission
along the vertical spatial direction. Here, however, the real space and not the
Fourier space is mapped.

In Fig. 5.8(a), the resulting temporal profile extracted from the streak camera
measurement with a pulsed excitation power of P, .. = 1.1Pryp 1 Just above
the condensation threshold is shown. The center of the polariton condensate
emission is adjusted centrally to the slit of the streak camera. The interference
filter is still adjusted to the energy of the ground state. The initial decrease
of the signal after the arrival of the pulse is again present. Subsequently, the
signal rises again and the long-lived process becomes observable.

To illustrate the temporal evolution of this process in real space, three sig-
nificant points in time along the signal are highlighted in Fig. 5.8(a) and
correspond to the real space images shown in Fig. 5.9. The time-integrated
image of the polariton condensate excited by the CW laser before the arrival
of the pulse is shown in Fig. 5.8(b). The normalized intensity from this graph
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Figure 5.8: (a): Profile extracted from the streak camera measurement at an applied
pulsed excitation power of P, e = 1.1PpyR puse at vertical position of y = 0. Different
points in time are highlighted which correspond to the spatial images in Fig. 5.9. (b):
Time-integrated emission of the polariton condensate for CW excitation, spectrally filtered
at the lowest energy. The annular potential is symbolically shown in green.

is used as a reference for the three graphs in Fig. 5.9, i.e. the normalized
intensity is subtracted from the respective intensities of the graphs in Fig. 5.9
and thus results in the relative intensity difference Al

At time frame 1, 5 ps after the pulsed excitation, the minimum relative intensity
of the temporal signal in Fig. 5.8(a) is reached. Graph 1 in Fig. 5.9 clearly
shows that the relative intensity difference at the location of the polariton
condensate is completely negative. This is a consequence of the fact that the
background charge carrier reservoir, injected by pulsed excitation, exerts a
repulsive interaction on the condensate. Furthermore, this observation also
agrees with the assumption that the reservoir locally causes a blueshift of the
potential and that the trap mechanism becomes ineffective. As a consequence
of the spatial redistribution of the polaritons, the nonlinear process of the
stimulated scattering of the polaritons into the condensate no longer takes
place.

At time frame 2, 70 ps after the pulsed excitation, the intensity of the signal is
approximately back to the initial level (see Fig. 5.8(a)). In real space, this
is represented by a roughly equal portion of positive and negative intensity
differences AI. Here, it can also be seen how the trap is replenished from the
negative x-direction. This agrees with the assumption that the laser spot of
the pulsed excitation is not positioned exactly at the center of the trap.
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5.3 Conclusion

At time frame 3, 310 ps after pulsed excitation, the relative intensity difference
Al is entirely positive. The signal is located completely on the inside of the
trap and has the original shape of the spatial intensity distribution from Fig.
5.8(b). Accordingly, it can be assumed that the reservoir has decayed at
least to the extent that the potential of the trap is no longer exceeded and
the mechanism of the trap is thus effective again, giving rise to stimulated
polariton scattering towards the polariton condensate.
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Figure 5.9: The change of the relative intensity difference Al in real space following
the pulsed excitation, corresponding to the different times highlighted in Fig. 5.8. Blue
corresponds to a negative and red to a positive change of the relative intensity difference.

5.3 Conclusion

In conclusion, it could be shown that the annular optical excitation potential
is suitable to generate a polariton condensate and to localize it within the trap.
This has already been successfully demonstrated in Ref. [67] and allows the
formation of a polariton condensate spatially separated from the excitation
spot.

By adding pulsed excitation located within the trap potential, it could also
be shown that a reservoir injected into the trap inhibits the trap mechanism
and spatially redistributes the polariton condensate. Since the condensation
of polaritons is a nonlinear process that strongly depends on polariton density,
the spatial redistribution of polaritons leads to a less effective stimulated
scattering. With the decay of the reservoir, the trap mechanism becomes
efficient again and a CW pumped polariton condensate forms within the trap.
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By temporally resolving this process, a long-lived signal of At = 283 ps+ 11 ps
is observable, which shows a lifetime independent of the power of the pulsed
excitation.

This experiment only allows insights into the repulsive nature of the interaction
between the polariton condensate and the non-resonantly pumped reservoir
of background charge carriers. The assumption that this interaction is re-
pulsive is consistent with the results for the real space images in Fig. 5.9.
However, no final statement can be made about the microscopic dynamics of
the reservoir.
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Chapter 6

Tracking Dark Excitons Optically Using
Polariton Bistability

In the past few decades, optical spectroscopy has been used as a powerful tool
to gain insights into the fundamental properties of polaritons in semiconduc-
tors. Specifically, it has been used to discover effects such as Bose-Einstein
condensation [16, 17, 69], superfluidity [70-72], or quantized vortices[73], only
to name a few. However, these effects rely on optical transitions that are
bright, i.e. optical transitions that are allowed by selection rules. Elementary
excitations within semiconductors also include dark states, which are largely
inaccessible with the use of conventional optical spectroscopy. These excita-
tions include states with an exciton spin projection of J, = 42, which are
forbidden by selection rules. Also, nominally bright excitons (J, = +1), with
a wave vector that exceeds that of the light in the medium, cannot couple to
the light field and are therefore optically dark. A deeper understanding of
the properties of dark excitons, particularly in microcavities, might open up
the possibility of their targeted use in future experiments due to their mutual
interaction with polaritons.

In this chapter, an optical technique is presented that opens up the possibility
to measure the lifetime of dark excitons utilizing microcavity polaritons in
the bistable regime. After introducing the concept of optical bistability in the
first part of this chapter, a method that characterizes the optical bistability
of microcavity polaritons is presented. Here, the transmission is measured in
dependence of the input power of the energetically ultra-narrow CW laser,
presented in Sec. 3.1, for various detunings between the CW laser energy and
the ground state energy of the LPB.

In the second part of this chapter, the technique used to modify the transmission
curve is presented. A train of a few non-resonant fs pulses generates charge
carriers at the position where the population of bistable polaritons is located.
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This introduces a certain time dependence, since the charge carriers generate a
time-varying blueshift of the LPB. The time-resolved change in the transmission
is measured and yields access to processes that take place on the ns time scale.
In order to reveal the nature of these long-lived processes, power-dependent
measurements are carried out to investigate the influence of the exciton density
on the temporal behavior of the dark reservoir.

Unless otherwise stated, the results and arguments presented in this chapter
are based on the publication of Schmidt et al. in Ref. [74].

6.1 Optical Bistability of Microcavity Polaritons

Optical bistability is a fundamental property of microcavity polaritons occur-
ring in resonant excitation experiments and is one of the processes relying
on nonlinear interactions between polaritons. Nonlinear processes originate
from the excitonic component of polaritons which may cause polaritons to
scatter off of each other. A classical example of such a scattering process is
stimulated parametric scattering towards signal and idler states along the
polariton dispersion. It has been shown that stimulated parametric scattering
allows 100-fold amplification of a resonant probe pulse at normal incidence
when the dispersion is additionally pumped resonantly at an angle [75].

Resonant excitation provides a massive occupation of polariton states, which
may yield a renormalization of the polariton dispersion. The renormalization
takes place in the form of a blueshift of the dispersion. The blueshift strongly
depends on the interaction strength of the polaritons which can be quantified
by o, and «, for polaritons with the same or opposite spin, respectively.
The absolute value of « is positive, resulting in a repulsive interaction of
polaritons with the same spin, causing a blueshift of the polariton energy.
For the interaction of polaritons with opposite spin, the interaction is usually
attractive which results in a redshift of the polariton energy. This attractive
interaction corresponds to a negative value of o, [76]. However, the magnitude
of both interaction strengths differs significantly, where o; > a,, which makes
an overall blueshift of the polariton energy more favorable [77].

The finite linewidth of the lower polariton branch in combination with the
density dependent blueshift allows polaritons to be generated quasi-resonantly.
Here, the CW laser introduced in Sec. 3.1 is used and the energy of the laser
is set slightly above the energy of the ground state of the LPB. The small
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overlap between the two modes allows the injection of polaritons under normal
incidence. The power of the laser is continuously increased which leads to a
slight increase of the measured relative transmission. The relative transmission
increases because of the growing overlap between both modes, due to the
increasing blueshift of the LBP. At a certain threshold power a drastic increase
of transmission occurs after the system switches to the so-called on state. If
the pumping power is reduced again, the system remains in the on state even
after it has fallen below the threshold power required to switch on the system.
The shape of the transmission curve corresponds to a hysteresis loop that
separates the two stable states from each other and is accordingly referred to
as the bistable region.

This forms the basis of optically driven bistability, since there is a certain
range of powers for which two stable states of the system exist. A typical
polariton bistability curve is shown in Fig. 6.1. Inside of the hysteresis loop
the dashed line indicates the region of instability [78].
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Figure 6.1: Left: Bistability curve observed in the intensity of a given polariton field
amplitude against the input power. The arrows show the cycle of the hysteresis loop, where
the dashed line indicates the region of instability. Right: The upper threshold power of the
pump laser for different exciton and cavity photon detunings [78].

The frequency detuning

ELP(kH = 0)

0, =w, — — (6.1)
between the CW laser frequency w,, and the polariton resonance Eyp at k?” =0
needs to exceed a certain threshold in order to obtain optical bistability. This
threshold strongly depends on the linewidth I, of the polariton resonance
[78]:

5, < —V3I, (6.2)
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and therefore on the properties of the investigated sample.

6.1.1 Experimental Details

The sample investigated corresponds to the sample for transmission measure-
ments presented in Chapter 4.2. However, for this experiment, a detuning
between the exciton and the cavity mode of 1.8 meV is chosen. This leads to
a slightly more excitonic composition of the polaritons, making them more
massive and thus more localized inside the quantum well.

The experimental setup used to detect optical bistabiltiy follows the basic
concept of the configuration shown in Fig. 4.3. Instead of using a pulsed laser,
the transmission experiment is performed using the ultra-narrow CW laser
presented in Sec. 3.1. A f=100mm lens focuses the beam to a spot diameter of
about 40 pm, but has a very narrow distribution in k-space. This is important
since a broad distribution in k-space would results in a constant overlap of the
laser and LPB mode and thus in permanent resonant excitation.

Since no temporal resolution is required to measure the presence of bistability,
the streak camera is replaced by a photodiode that measures the intensity
of transmission through the sample. To estimate the polariton linewidth
Fourier imaging techniques are used to measure the far field emission of the
non-resonantly excited polariton dispersion below the condensation threshold
using the Acton spectrometer, presented in Sec. 3.1. The full scheme of the
setup is shown in Sec. 6.2.1.

6.1.2 Generation of Optical Bistability

In Fig. 6.2 the dispersion of the LPB is shown as well as the extracted profile
of the polariton linewidth at low momentum which yields I, ~ 170 ueV. The
dispersion is obtained by exciting the sample with 8 short non-resonant pulses
with a wavelength of 737nm and a duration of ~ 100fs. The power of the
non-resonant excitation excitation is 140 W with a spot size of about 75 pm.
Taking Eq. (6.2) and the extracted polariton linewidth I, into account, no
optical bistability should be possible below a frequency detuning energy of:

4, < 287 peV. (6.3)

In order to confirm the validity of Eq. (6.2), various bistability measurements
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Figure 6.2: Extraction of polariton linewidth I',. Left: Dispersion of the lower polariton
branch obtained using non-resonant pulsed excitation. Right: The integrated profile
extracted from the vertical area shown in the left figure, used to calculate the polariton
linewidth I, ~ 170 peV.

for different frequency detunings d,, are shown in Fig. 6.3. Here, the width of
the region of bistability is referred to as hysteresis width AP, which is obtained
from the difference of both threshold powers, where the state of the system
changes

The green shaded area indicates the frequency detuning area where no bista-
bility should be obtainable, as given by Eq.(6.3). The hysteresis width of first
data point is zero which is in agreement with the prediction of Eq. (6.2). For
every further data point, the system shows optical bistability is achieved. For
two detunings, we observe a very large hysteresis width of up to AP = 120 mW,
indicating more complex interactions between the polariton and pumping mode.
However, in between these two very large hysteresis widths, the width never
falls below a value of approximately AP = 40 mW.

A typical measurement of the hysteresis loop is shown in the inset of Fig. 6.3.
The hysteresis width is AP = 44mW and the frequency detuning 4, is about
650 peV. The green and red arrows indicate the direction of the measurement
loop. The green dots are used for the loop of increasing power and the red dots
for the loop of decreasing power, respectively. Starting at low pumping powers,
the system stays in the off state up to the first threshold power that appears
at approximately P, = 177 mW. The system remains stable in the on state
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Figure 6.3: Map of hysteresis widths for different detunings J,,. The green shaded area
indicates the region where no bistability should occur. A typical measurement of the
pumping power loop is shown in the inset, in which a hysteresis between both stable states
of the system is clearly visible.

until the end of the loop of increasing power. The red dots in the inset of Fig.
6.3 indicate the loop of decreasing power, in which the system still remains
in the on state. During the reduction of the power, the first threshold power
is undercut. While decreasing the power, the relative transmission increases
continuously. At a power of Pyg = 133 mW the system switches back to the
off state. The system remains in this state until the end of the loop.

Compared to similar experiments, this result shows a rather different shape of
the transmission curve[79-81]. The cause for this peculiar the shape of the
transmission is reproduced using a model of five coupled rate equations in the
exciton- photon basis x; | and @, |, which take into account the different spin
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polarizations [82]
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dt

Since the polariton-polariton interaction strength strongly depends on the
spin polarization, these polarizations are taken into account within the two
fields @, | and x| of the photons and excitons, respectively. The strength
of the coupling of both fields is given by the Rabi frequency 2;. The quasi-
resonant CW laser pumps the photonic modes with the rate P, |. The energy
of the CW laser is used as the reference energy for the energles h{2~ and
h{2 of the bare cavity and exciton mode, respectively. The decay rates of
these two modes are governed by v, and 7. The occupation number ng
represents a reservoir of dark excitations and has two contributions. First,
two excitons with opposite spins form biexcitons with the formation rate f.
This process is especially efficient at positive detunings, where the polariton
mode is close to the biexcitonic resonance. The CW pumping creates a
steady-state characterized by an equilibrium between formation and decay of
biexcitons. During non-resonant excitation a cloud of hot electron and hole
pairs is created. These pairs relax at a rate P and contribute to the reservoir
of dark excitations, which decays with a rate of v5. It should be mentioned
that the last contribution to the reservoir in Eq. (6.7) does not explain the
shape of the transmission curve, since it is only relevant for non-resonant
excitation. It is mentioned for the sake of completeness, as this case will be
discussed later on. The interaction strength of excitons with the reservoir of
dark excitations is given by the average over the polariton interaction strength
for both polarizations gp = (o + @) /2, since the spin degree of freedom of
the dark reservoir is not taken into account. 2, is introduced to the model
as a measure of the linear polarization splitting of the cavity modes. The
splitting of the linear polarizations strongly depends on the strain within the
sample, which is inevitably caused by the attachment of the sample to the
cryostat in transmission geometry, as well as by the usage of materials with
mismatched lattice constants during the molecular beam epitaxy growth of
the microcavity.
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A realistic simulation of the experiment therefore requires all locally varying
strain induced linear polarization splittings within the microcavity to be
considered. For this purpose, values of up to 250 ueV are assumed for the
splitting of the linear polarizations. In Fig. 6.4 the transmission, which is
given by the photonic component of the polaritons, is calculated and averaged
over several realizations of the strain landscape, for CW excitation with small
polarization degree of 0.08. By averaging over all values for 2, the abrupt
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Figure 6.4: Simulation of the photonic component of the polariton wave function. Here,
the transmission is averaged over a broad distribution of strain induced linear polarization

splittings.
decrease of the relative transmission becomes a rather gentle decrease. This
is caused by varying shifts of the upper bistability threshold and by spin
multistability, depending on the splitting of linear polarizations [82]. The
gentle increase of transmission during the reduction of power is in good
agreement with the experimental data from the inset in Fig. 6.3.

The results show a clear bistable behavior of the polaritonic system above
the bistability condition given in Eq. (6.2). Moreover, by introducing a
complex model that also considers spinor interactions of the polaritons, good
agreement with the experimental shape of the transmission curve is found.
The decrease in relative transmission as the power is increased, depends on
whether both possible spin polarizations of the polaritons have already reached
the upper bistability threshold or not [82]. The differences of the upper
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bistability threshold are mainly caused by a strain induced splitting of the
linear polarization modes of the polaritons.

In the following section, a bistable state is investigated for different powers
within the hysteresis. The time-resolved response of the relative transmission
to a perturbation introduced by a train of non-resonant pumped pulses is
observed.

6.2 Tracking Dark Excitons with Bistable Polaritons

Non-resonant pulses generate a cloud of additional carriers which can occur
in all permitted states discussed in Sec. 2.2. All of these carriers will induce
a blueshift of the polariton mode [81-83], but instead of creating a steady-
state scenario, the pulsed excitation opens up the possibility for time-resolved
measurements. Time-resolved measurements of the relative transmission allow
us to determine the lifetime of the carriers present, by utilizing their influence
on the blueshift of the polariton mode. The blueshift reduces the overlap
between CW and polariton mode and thus influences the intensity of the
relative transmission. The analysis of the relative transmission reveals a
surprisingly long lifetime of a dark reservoir of more than 20ns. Taking into
account the permitted relaxation mechanisms of these carriers, assumptions
can be made which might explain the origin of the long-lived reservoir.

6.2.1 Experimental Details

Sample
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Figure 6.5: Scheme of the experimental setup.
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The experimental scheme is shown in Fig. 6.5. We excite the sample using the
CW laser in transmission geometry. The power-dependent measurement of the
relative transmission is performed with a photodiode that has a bandwidth of
1 MHz. Non-resonant pulsed excitation generates the charge carriers necessary
for the time-dependent repulsive potential. The non-resonant wavelength is
centered around the fourth Bragg minimum at 737 nm. In order to investigate
processes over a very long period of time, the time interval between the
respective pulses must be extended. This is done by using the EOM, which is
controlled by a delay generator that generates 1 MHz gate pulses. The gate
pulses are about 100 ns long, which corresponds to about seven to eight pulses
that still have a time separation of 13.3 ns.

In order to adjust the CW and the pulsed laser independently, the pulsed
laser is applied to the sample in reflection geometry. In order to pump the
central region of the polariton reservoir only, the train of pulses is focused
down to about double the spot size of the CW laser which yields a spot
diameter of 75 um using a 20x microscope objective. A A = 750 nm longpass
filters out the residual light of the non-resonant pulsed laser beam. After
the 1 MHz bandwidth photodiode has been used to ensure that the system is
in the upper branch of the bistability curve, by measuring the transmission
intensity from the sample, the signal is redirected to a very fast 400 MHz
bandwidth photodiode by means of a flip mirror. Since this photodiode has a
very fast response time of 1ns, it is suitable for high-resolution, time-resolved
measurements.

In order to ensure that the system stays within the strong coupling regime
during the non-resonant excitation, the far-field emission is investigated using
the spectrometer. A power series clearly shows the transition to the weak
coupling regime at very high pumping intensities.

6.2.2 Transition from Strong to Weak Coupling

As mentioned in Sec. 2.5, non-resonant excitation may lead to polariton
condensation, which is a state of spontaneous coherence that is associated
with the massive occupation of the ground state. In the following, the present
sample will be examined for the possibility to create such a condensate. For this
purpose, the non-resonant power of the pulsed laser is successively increased,
while the far field of the sample emission is recorded by the spectrometer.
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Figure 6.6: Far-field emission of the sample for two different non-resonant pumping powers.
On the left side, the sample is pumped rather weakly with about 175 pJ/pulse. The PL
from the LPB is clearly visible, indicating that the strong coupling regime is present. On
the right side, the system is pumped with larger power of about 413 pJ/pulse. Here, an
additional mode of high intensity appears close to the spectral position of the bare cavity
mode. This indicates the loss of strong coupling and marks the transition into the weak
coupling regime. Adapted from Ref. [74].

In Fig. 6.6, the far-field emission measurements for two different powers are
shown. On the left side, the sample is pumped weakly with an energy of
175pJ/pulse. Only the photoluminescence of the LPB can be seen, indicating
that the system is still within the strong coupling regime. However, at this
pumping power, there is no observable evidence of condensation. On the
right side of Fig. 6.6, the sample is pumped with a much higher power of
413 pJ/pulse. Here, a clearly recognizable additional mode above the LPB
appears, which can be identified as the bare cavity mode. This indicates that
the system already transits into the weak coupling regime.

In Fig. 6.7 the full set of power dependent measurements is shown. During this
set of measurements, no condensation of the polaritons is observed. Instead,
a clear transition from the strong to the weak coupling regime is visible. A
quantitative analysis of the region around the higher energy cavity mode
around k| = 0 can be seen in Fig. 6.7. The intensity within the shaded area of
the inset in this figure is integrated and plotted for all of the applied powers.
The integrated intensity shows a clear nonlinear increase starting at a power
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of about 350 pJ/pulse, which is referred to as the threshold power for the
transition to the weak coupling regime.
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Figure 6.7: Double logarithmic plot of the integrated intensity of the cavity mode that
corresponds to the highlighted shaded area of the inset in dependence of the applied
non-resonant pumping power [74].

The transition from the strong to the weak coupling regime may occur when
the linewidth of excitons at large k-vectors increases in the order of the normal
mode splitting of the coupled exciton-photon mode [84]. However, the main
reason for this transition is the loss of the polariton modes as eigenstates of the
system. From Eq. (2.27) we conclude that the loss rate of cavity photons ~.,,
and excitons 7., exceeds the energy exchange rate g, between them, giving
rise to the weak coupling regime.

Since the exciton density is strongly associated with the applied non-resonant
pumping power, the exciton-photon coupling strength fig, is weakened by
the interaction with the free carriers. At such high densities, the formation
of excitons may also be completely suppressed, due to phase space filling
[85]. This ultimately leads to the transition into the weak coupling regime of
uncoupled bare cavity and bare exciton modes.

The purpose of this measurement is to ensure that the system is well within
the strong coupling regime during non-resonant excitation. In the following
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section, this information is considered in order to select the range of powers to
be used in the follow-up experiments.

6.3 Adding the Dark Reservoir
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Figure 6.8: Typical shape of the relative transmission after the arrival of seven non-resonant
pulses. The blue line corresponds to the exponential fit function given by Eq. (6.8). Adapted
from the supplemental material of [74].

In Fig. 6.8, a typical result for the relative transmission after the non-resonant
excitation of 7 consecutive 100 fs pulses is shown. The time axis can be divided
into three sections. The first section begins at about -200 ns and goes up to
-100ns. This section marks the steady-state scenario without any additional
carriers present. Moreover, the relative transmission in this section serves as a
reference for the steady-state regime transmission. The second section begins
at -100ns and goes up to Ons, indicating duration of the opened gate. In
this section, the train of non-resonant pulses excites additional carriers in the
proximity of the polaritons already present. The last section begins at 0ns
which is marked by the dashed line which also corresponds to the time when
the gate closes. This section is used to determine the lifetime of the long-lived
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carriers present, for which a simple exponential fit following:
f(t) =a—be 7t (6.8)
is used.

Starting in the second time period in Fig. 6.8, a clear accumulation of a
reservoir ny of optically inactive carriers is observable. This is characterized
by the minimum of the relative transmission approaching a saturation value,
while the gate is opened. The contribution of bright excitons and free electrons
and holes to the dark reservoir are neglected. Thus an immediate pumping of
the dark reservoir ny can be assumed. After each pulse, the reservoir relaxes
and a short increase of the relative transmission can be seen. This process is
interrupted by each following pulse. The total relaxation of the reservoir can
be observed after the arrival of the last pulse. The rather simple solution of
rate Eq. (6.7) results in a mono-exponential decay of the reservoir

ng = nye’xt, (6.9)

for B — 0. The increase of the relative transmission can be fitted to this
solution. In Fig. 6.8 this fit is shown for t>0, i.e. after the closing of the gate.
As input parameters for the model (6.8) a ~ 0.998 and b &~ 0.12 are assumed.
The fit yields a decay rate of vy = 45.16 us™! for the dark reservoir which
translates to a lifetime of 1/yy = 7 = 22.15ns.

There are different possible explanations for the origin of such a long-lived
reservoir of dark carriers and the associated blueshift of the polariton energy.
In addition, the long time scale makes it possible to exclude many possibilities
from the outset. These include parity-forbidden and spatially indirect excitons,
which have a significantly shorter lifetime due to their weak interaction with
bright states [86]. In microcavities containing more than one quantum well, it
is also possible to form antisymmetric polariton states with a spin of J, = +1.
The coupling of these states to leaky cavity modes leads to a drastic reduction
of their lifetime below values of 1ns, which is essentially shorter than the
observed 22ns [87]. Also, biexcitons can be excluded as their lifetime is
expected to be one order of magnitude shorter [82].

By simply looking at the time scales on which these processes occur, some
typical decay channels can already be excluded. Taking into account further
possible decay channels, which are considered to be responsible for the long-
lived dark reservoir, only two possible candidates remain. In the following,
these candidates will be discussed in detail.
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6.4 The Origin of the Dark Reservoir

In order to clarify the origin of the long-lived dark reservoir, two different species
of dark excitons, which may occur during non-resonant pulsed excitation, are
analyzed. On the one hand, dark dipole-transition forbidden spin J, = 42
excitons may occur during non-resonant excitation, which have already been
introduced in Sec. 2.2. For a radiative decay of these excitons, the spin must be
changed first by non-radiative interactions such as exciton-phonon scattering
or spin dephasing. On the other hand, dipole-transition allowed spin J, = +1
excitons may be generated at a large wave vector that can not couple to the
light field inside of the cavity, because these wave vectors lie outside of the
light cone. This applies to all wave vectors that satisfy the equation

|y | > 2%71 (6.10)
and therefore, have a larger wave vector than that of the light inside the cavity.
It can be assumed that both species of dark excitons exist after non-resonant
excitation. However, the relaxation of the two exciton species is based on
different effects, that are supposed to strongly depend on the exciton density
present. By further experiments that include the exciton density dependence,
the true nature of the dark reservoir might be found.

After the arrival of a short non-resonant pulse, electrons and holes form large
momentum Ug\l > 0) bright and dark exciton states on the picosecond time
scale via interactions with phonons. At large momentum, theses excitons
are completely decoupled from the cavity field, leading to a more or less flat
dispersion at large k. This results in a dispersion of the bright and dark
exciton states that is rather similar to the dispersion of these states in bare
quantum wells. Moreover, due to the exciton exchange interaction energy (,
the bare bright and dark exciton states are split by an energy of approximately
¢ = 80 peV [88], with the dark state being the lower energy state. The rather
small energetic splitting causes a mixing of these states, leading to a fast spin
relaxation time of about 80 ps for bare quantum wells.

Spin relaxation mechanisms of charge carriers in semiconductors are well
known to occur for different causes such as the intrinsic symmetry properties
of the crystal, the spin-orbit, or the exchange interaction [89-91]. However,
due to momentum relaxation towards the ground state E\I = 0, the Maialle
mechanism usually becomes the dominant spin relaxation mechanism [92]. It
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arises because of an additional longitudinal-transverse splitting of the bright
exciton states having non-zero in-plane and out-of-plane wave vectors [46].

The strong coupling shifts the bright exciton state to lower energies by half of
the Rabi energy at E\I = 0. Since the spin relaxation time strongly depends on
the value of the splitting between the bright and dark states, it is expected
to be drastically increased. Moreover, because of the large value of the
Rabi splitting, the lifetime of dark excitons at 15” = 0 should also be largely
enhanced. The relaxation of these states will be mostly phonon mediated
towards the bottleneck region at higher k. There, these states are able to mix
with the bright states again which enables the coupling to cavity photons, form
polaritons and decay radiatively. However, as this relaxation channel only
occurs due to phonon interaction, no significant exciton density dependence
is expected. This is in stark contrast to the dominant relaxation channel
of the nominal bright polaritons at large wave vectors. For them, the most
important relaxation channel is exciton-exciton scattering, due to momentum
relaxation into the light cone towards the low momentum regime. Therefore, a
strong dependence of the lifetime of these excitons on the density of excitons
is anticipated.

The density of excitons strongly depends on the applied non-resonant pulsed
excitation power. In order to investigate the influence of the exciton density,
the temporal response of the relative transmission is analyzed after the arrival
of a train of non-resonant pulses for various pumping powers. We focus on
the temporal response on the one hand and the maximum magnitude of the
suppression of the relative transmission on the other hand. This series of
measurements is shown in Fig. 6.9.

While the gate (indicated by the two vertical lines) is opened, the train of
non-resonant pulses generates the typical decrease of the relative transmission,
that has already been observed in Fig. 6.8. However, a clear connection
between the applied power and the decrease of the relative transmission is
identified. A decrease of the relative transmission of up to 85% of its initial
value is observed. A quantitative analysis of the suppression of the relative
transmission as a function of power is plotted in the inset of Fig. 6.9. The
suppression of the relative transmission approaches saturation for high powers,
which has been already observed.

This saturation behavior is primarily related to the renormalization of the
exciton resonance. As the pulse power increases, the resonance of the exciton
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Figure 6.9: Investigation of the temporal response after the arrival of a train of pulses for
various non-resonant pumping powers. The time of the gate opening is indicated by the two
vertical lines. In the inset, the value for the maximum suppression of the transmission is
plotted against the applied non-resonant pumping power [74]

and thus the entire lower polariton branch is shifted to higher energies. This
reduces the overlap between the CW and polariton mode with increasing pulse
power. The shape of the curve in the inset in Fig. 6.9 can thus be explained
by the line shape of the polariton mode.

As evidence for the repulsive nature of the interaction, which provides the
blueshift of the polariton mode, the relative transmission for different CW
pumping powers along the hysteresis curve is investigated. Figure 6.10 shows
that for a CW pumping power below the upper bistability threshold, the
repulsive nature of the dark reservoir is blueshifting the polariton dispersion
by which the relative transmission can be significantly increased. Interestingly,
after the arrival of the last pulse, on overall enhancement of the relative
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transmission occurs. This can be attributed to the very slow relaxation of the
dark reservoir and the associated slow redshift of the polariton mode towards
the CW pump resonance. For CW pumping powers above the upper bistability
threshold, the system can be switched on by the train of non-resonant pulses.
Moreover, the typical response of the relative transmission as well the typical
time scale of the relaxation is observed.
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Figure 6.10: Time-resolved measurements of the relative transmission for different CW
pumping powers along the hysteresis power loop. This loop is shown in the inset, in which
the color for any of the applied powers correspond to the color of the transmission curve.
The pulsed excitation power is remained constant and below the threshold power for the
transition into the weak coupling regime. Adapted from the supplemental material of Ref.
[74].

Since the non-resonant pumping power does not have an influence on the
time scale of the relative transmission response behavior, the dependence
of the lifetime of the dark reservoir on the exciton density can be excluded.
Consequently, it is reasonable to assume that the reservoir consists essentially
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of optically inactive excitons with a spin of J, = £2 close to k = 0.

6.5 Conclusion

In conclusion, it could be shown that the system can be brought into an
optically bistable state and kept stable using an ultra-narrow CW laser. In
addition, the bistability condition from equation (6.2) could be confirmed.
The system is driven in the upper state of the bistability region and used as a
sensitive probe for the presence of a dark reservoir that is introduced using a
train of non-resonant pulses. By performing power dependent measurements
of the non-resonant pump, the threshold intensity of the transition from the
strong to the weak coupling regime has been determined. This ensures that
the system is driven in the strong coupling regime.

The methodology presented provides an insight into the otherwise hidden
nature of the dynamics of dark excitons. Time-resolved measurements of the
relative transmission confirm a surprisingly long lifetime of a dark reservoir
of more than 22ns. In the search for the composition of the dark reservoir,
some constituents could be excluded by the fact that their lifetime must be
well below the observed very long lifetime. Further investigations allow the
conclusion that the dark reservoir most likely consists of spin-prohibited low-
momentum dark excitons around E\I = 0. Additional experiments also confirm
that the interaction between the dark reservoir and polaritons is of repulsive
nature. This discovery contains interesting implications that could potentially
be used for further experiments.

Due to their repulsive nature, dark excitons can be utilized and optically im-
printed as a long-lived potential landscape for polaritons. Optically imprinting
potential landscapes requires two photon absorption processes to overcome the
selection rules in single photon experiments that normally prevent the resonant
injection of dark carriers [93-95]. Using these processes, it is possible to
resonantly excite the dark exciton reservoir without influencing the relaxation
dynamics of polaritons.

Finally, it can be shown that when conventional laser systems with a pulse
separation of 13 ns are used, the dark reservoir accumulates over several pulses.
This discovery is in complete contrast to the current assumption that the
system is completely empty before the next pulse arrives. This is of specific
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importance for the condensation dynamics of polaritons, because of the non-
negligible influence of the dark exciton reservoir.
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Chapter 7

Summary

In summary, the main results presented in this thesis provide further insights
into certain properties of polaritons in microcavities. These include the dy-
namics of the polariton pseudospin coupled to an effective magnetic field
within a microcavity, the polariton condensation process within an annular
optical trap potential, and the interaction of a polariton condensate with a
reservoir of charge carriers. Furthermore, the interaction between polaritons
and the reservoir can also be used to obtain information about the dynamics
of the reservoir and thus to estimate the lifetime of the reservoir. The results
presented in Chapters 4-6 provide a deeper understanding of the above pro-
cesses and mechanisms that can ultimately be considered in the design of an
analogue Hamilton simulator by taking into account the actual properties of
the elements and the interactions between them.

The results from Chapter 4 show that the pseudospin of propagating polaritons
within a microcavity couples to an effective magnetic field arising due to the
polarization properties of the structure through which the polaritons move, as
well as by the mutual interactions of the polaritons themselves. The coupling
of the pseudospin to the effective magnetic field leads to a spatial separation of
the polaritons depending on their spin, in other words to a spin polarization of
the polaritons depending on the direction of their momenta. The theoretically
predicted oscillation of the degree of circular polarization can not only be
confirmed, but also the model for the description of the effective magnetic
field and thus the pseudospin dynamics could be extended with the help of
the experimental results.

Since this result is important for polaritons with finite momenta, in Chapter
5 the influence of a reservoir of background charge carriers on a polariton
condensate is examined. The polariton condensate is formed spatially separated
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from the excitation laser by an annular excitation potential. Subsequently, non-
resonantly pumped charge carriers were generated by pulsed optical excitation
within the trap. The added carriers disable the trap mechanism and above
the condensation threshold of the pulsed excitation laser, stimulated polariton
scattering is reduced by a spatial redistribution of the polariton condensate
within the trap. As the reservoir decays, the trap mechanism as well as
stimulated scattering becomes effective again and slow relaxation processes
lead to renewed polariton condensation within the optical trap. Time-resolved
measurements allow us to make quantitative statements about the temporal
scales on which this process takes place and to make qualitative statements
about the repulsive interaction between a reservoir of background charge
carriers and an optically trapped polariton condensate. Ultimately, however,
only the passive effect of the reservoir from background charge carriers can be
observed in this experiment, so the exact lifetime of the reservoir cannot be
determined.

For this reason, the lifetime of a reservoir of non-resonantly pumped charge
carriers is systematically examined in Chapter 6. The polariton fluid is first
brought into a bistable state, which is then perturbed by the injection of a non-
resonantly pumped reservoir. Observing the modified transmission through
the sample in the presence of the reservoir, allows us to estimate the lifetime of
the most long-lived of the particles that form the reservoir to more than 20 ns.
By considering additional assumptions and further experiments, the range of
possible candidates for the origin of this long-lived reservoir component can be
limited to spin forbidden low momentum dark excitons close to k; = 0. This
opens up the possibility to create optically generated very long-lived potential
landscapes, whose components remain stationary as a consequence of their
very low momentum states.
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Appendix A

List of Abbrevations

BEC
BRF
CCD
CMOS
CwW
DBR
DCP
EOM

fs
FWHM
GTI

10
LASER
LCOS
LP
LP-LP
LP-Ph
LPB
LT

Bose-Einstein condensate

birefringent filter

charge-coupled device

complementary metal-oxide—semiconductor
continuous wave

distributed Bragg reflector

degree of circular polarization
electro-optical modulator

femtosecond

full width at half maximum

Gires-Tournois interferometer

input-output

light amplification by stimulated emission of radiation
liquid crystal on silicon

lower polariton

lower polariton-lower polariton (scattering)
lower polariton-phonon (scattering)

lower polariton branch

longitudinal-transversal
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MCP
NA
OSHE
PD
PL

ps
Q-factor
QW
SHE
SLM
TE
THR
Ti:Sa
™
[8)
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micro channel plate
numerical aperture
optical spin Hall effect
photodiode
photoluminescence
picosecond

quality factor
quantum well

spin Hall effect

spatial light modulator
transversal electric
threshold

titanium sapphire
transversal magnetic

upper polariton
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