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Introduction

Exciton-polaritons, mixed light-matter quasiparticles, are on their way to break in the
world of optoelectronic devices due to their unique properties. The exciton-polaritons
result from the strong interaction of excitons and photons in microcavities. If this inter-
action is larger than all broadenings induced by different sources, the microcavity operates
in the strong coupling regime which manifests itself in a mixed light-matter dispersion
with separated nonparabolic polariton branches. The polaritons behave as interacting
bosons in the low density limit and are the solid state counterpart of cold atoms. Thus,
exciton-polaritons confined in 2D planar microcavities are in the focus of active research
partly because of the possible device applications, partly because of the general interest
in fundamental effects, such as quasi Bose-Einstein condensation in solid state systems.
A second structure, for a long time less studied than the planar cavities, are 0D micro-
cavities. This field is growing rapidly in recent years due to new developed applications
for single- or two-photon sources in quantum communication and quantum information
and the substantial progress of fabrication technologies.

The present theoretical thesis is focused on nonlinear effects and possible applications
of exciton polaritons. The first chapter gives a general introduction to exciton-polariton
physics including the main important mathematical tools, cavity realizations, as well as
a small review on the main theoretical and experimental observations. Putting apart
the general introduction on exciton-polaritons, the thesis can be divided into the three
following parts discussed in chapters two, three and four.

The second chapter is devoted to the effects possible under resonant excitation, which
means that the pumping laser is in quasi-resonance with the polariton dispersion. In some
cases, the relaxation of polaritons toward the bottom of lower polariton branch can be
described by rate equations - the so called semiclassical Boltzmann equations. Once a
condensate in the ground state is formed, its behavior can be described by a nonlinear
Schrdinger equation, the Gross-Pitaevskii equation. We present a new theoretical ap-
proach which builds a bridge between the semiclassical approach and the coherent picture
using high order correlators. This theory is applied to the polariton parametric oscillator
and a transition between the two regimes is shown.

The second topic of the second chapter is the bistability of the polariton system.
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The polariton-polariton interaction results in a blue shift of the polariton dispersion with
increasing external pump intensity. If the driving laser beam frequency exceeds that of the
lower polariton branch by more than its linewidth, the density of polaritons can exhibit
abrupt transitions between different stable values, demonstrating a hystersis cycle. Close
to the stability edge, fluctuations become important for the transitions between the stable
states. We compare different approaches to describe these fluctuation-induced transitions.

In general, increasing the noise intensity leads to a narrowing of the hysteresis cycle.

Condensation phenomena and their applications are the subject of the third chapter of
the thesis. Quasi Bose-Einstein condensation of exciton-polaritons makes possible a new
device called polariton laser, which is strongly different from conventional lasers because it
requires no population inversion. Wide bandgap semiconductors, such as GaN and ZnO,
are probably the best candidates for a polariton laser working at room temperature. We
simulate the relaxation of injected particles towards the bottom of the polariton disper-
sion for a ZnO microcavity and show the huge difference of kinetic and thermodynamic
lasing thresholds. As a general result, larger Rabi splittings are advantageous for quasi-
equilibrium polariton lasing, which shifts ZnO even more into the focus for the fabrication

of such devices.

The unique spin structure of polaritons and polariton condensates creates another
fascinating new field of applications: spin-optronics. We propose two novel devices. The
first one is based on the Josephson effect of exciton-polaritons: the interplay of different
nonlinear effects can result in a chaotic behavior, which can be used to transmit useful
signals hidden in a chaotic background (chaotic communication) under the condition that
two chaotic systems can be synchronized. We show that the synchronization of such
systems and the high frequencies of the chaotic oscillations provide transmission rates
for the useful signal up to 50 Gb/s. In addition, in the framework of spin-optronics, a
polaritonic spin transistor is proposed, in analogy to the Datta and Das spin transistor
for electrons. This spin-optronic device is based on the spin-Meissner effect of polariton
condensates (suppression of the Zeeman splitting below critical magnetic field with a
modification of the polarization of the condensate). The polarization of the injected
particles is rotated and the transmission coefficient of such a device can be tuned by

changing the density of the polariton condensate.

Beside the planar microcavities, the strong progress in the fabrication of cavity struc-
tures opens the field of cavity Quantum Electro-Dynamics in solid state systems. This will
be the subject of the last chapter and the last part of the thesis. Therein, we develop the
proposal for the generation of entangled photon pairs based on the biexciton decay in a
quantum dot embedded in a photonic crystal. Several problems of the imperfect artificial
atom picture of the quantum dots can be overcome by engineering the strong coupling of

the exciton states with cavity modes. We believe that our proposal of a strongly coupled
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dot-cavity system could be a worthy candidate for ”on-chip” sources of entangled photon

pairs.
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Chapter 1

Microcavity exciton-polaritons -

general aspects

The quasiparticle called ”exciton-polariton”, or simply polariton, possesses both excitonic
and photonic properties. It can be formed in a microcavity, if the coupling between the
free exciton and the photon field inside of the resonator is larger than the dephasing in
the system. Due to the mixing of matter and light, polariton have unique properties,
which allow to study application physics as well as fundamental effects in solid state
materials. This means that on one hand polaritons are the best suited candidates for
a lot of applications in optoelectronic devices and on the other hand exciton-polaritons
open the possibility of quasi Bose-Einstein condensation in a solid state system, which
has drawn a lot of attention to the field.

The following chapter gives an introduction to the strong coupling regime and to the
physics of polaritons, discussion of the basic mathematical tools as well as the effects of
different cavity designs. In addition, a small review of milestone experimental and theo-

retical works is included.

Contents
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1.1 Two oscillator model of strong coupling

The exciton-polariton concept was initially introduced in bulk semiconductors by Hop-
field (1958) [1]. It was independently proposed by Agranovic (1959) [2]. The most fruitful
system, technologically and physically, from the beginning of the experimental observa-
tion of exciton-polaritons [3] were semiconductor heterostructures. Periodical structures
containing quarter wave layers of different materials with different refractive indices - the
Bragg mirrors - allow to trap the photons in the structure and quantum wells (QWs)
as active layers allow to confine the excitons. The latter effect reduces the dimensional-
ity and allows to place the exciton in the maximum of the electric field of cavity light.
Thus, the coupling between light and matter in semiconductor heterostructures is strongly
enhanced, which opens the possibility to observe the strong coupling regime.

The polariton can be considered as a new eigenstate, which arises from the coupling
of two oscillators - in our case one exciton and one photon. In this simple model, the
polariton can be seen as a chain process between the radiative relaxation of the exciton
emitting a photon and the reabsorption of this photon creating an exciton. Finally the
excitation, in form of a photon, finds its way out of the microcavity, which results in the
annihilation of the polariton. The Hamiltonian for free excitons and cavity photons can

be written as follows

Hy =Y Ex(k)bibe + Y Ec(k)ajay. (1.1)

The operators bL,bk,aZ,ak are creation and annihilation operators for excitons and

photons, respectively. The in-plane dispersion relation of excitons is

LY (1.2)

where myx is the free in-plane exciton mass and I'x is the phenomenological decay rate

which governs the finite linewidth of the exciton resonance. The dispersion of the cavity

mode reads
h2c2k?  ih
Ec(k) = \/EC(O)2 + 5 — —Tc(k), (1.3)
ne 2

with no as the cavity refractive index. The resonant energy of the cavity is denoted
Ec(0) = he/ Ao, where ) is the resonant wavelength of the cavity. The decay rate I'c (k)
accounts for the escape of cavity photons through the cavity mirrors. Around k& = 0 the
cavity dispersion can be approximated by a parabola:

R*k* ik

e 51“0(]{:), (1.4)
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where ,
n hne
me = Ec(0)—5 = —=. 1.5
o= Ec(0) 2= (1.5)
Introducing a linear coupling between exciton and photon, resulting from the interac-
tion of the light field with the dipole moment of the electron-hole pair, one can write the

coupling Hamiltonian in the following way

Hyxc =Y hQajby+ H.c., (1.6)
k

d  [NEy
~2mazP VR

(1.7)

where d is the exciton dipole moment and N is the number of QWs within the cavity. The
coupling strength €2 between an exciton and one photon is proportional to the exciton
oscillator strength and to the number of QWs embedded in the cavity. Taking only one
exciton resonance into account and neglecting the imaginary part of Eqgs.(L3]) and (L4,
the description can be reduced to a two-level problem. The eigenstates of the system can

be found by diagonalization of the matrix

~ (Ex(k)  hQ
M(k)_< o Edk)). (1.8)

The eigenvalues of this matrix are given by:

det(M — X)) =0 < (Ex — \)(Ec — \) — A?Q* = 0. (1.9)
Two solutions can be found for this equation, which read

Ec(k) + Ex(k)
2
where Fy and E are the eigenenergies of the upper and lower polariton branch, respec-

By = £ \/(Bell) — Bx(0)? 1 452, (1.10)

tively.

The corresponding eigenvectors are given by

Xu(k)\ _ Xu(k)
M (k) (CU(k)> = Ey(k) (CU(k)) , (1.11)

with the normalization condition X(k)? + Cy(k)? = 1 and they can be written as

Cy = Fy — Px (1.12)
V22 + (BEy — Ex)?
Q
Xy = h (1.13)

VI2Q? + (Ey — Ex)?
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16304 A =0meV 1630 A =-10meV 16304 Upper A =10meV
upper photon polarifon photon
1620 POlariton 1620 vpper 1620
1 polariton photon 1
? 16104 ? 1610 . %‘ 1610
£ exciton = o0 exciton = 1600 exciton
1590—\/ 1590\/ 15907\/f,
1580 lower polariton ‘ 1580 lower polaritol : 1580 lower polariton ‘
-1x107 0 1x107 -1x10° 0 1x10 -1x107 0 1x10”
k[1/m] k[1/m] k[1/m]
(Q) (b) (c)

Figure 1.1 | Calculated polariton dispersions of a GaAs microcavity: The bare exciton and
photon dispersions are plotted blue and the resulting polariton dispersions are plotted red. The used
detunings are (a) A =0, (b) A =—10 meV and (¢) A =10 meV.

The eigenvectors corresponding to the second eigenvalue give similar results and the

relation between them can be derived to:

XL = CU,CL = —XU, (114)

where X1y and Cy(r) are the Hopfield coefficients for the upper (lower) polariton branch.
The typical dispersion is shown in Fig(TI])(a) calculated for a GaAs microcavity. This
dispersion has a clear non-parabolic shape, which plays a crucial role for example for the
parametric scattering.
It is possible to define upper and lower polariton annihilation and creation operators

as combination of exciton and photon operators:

pe = Xp(k)by + Cr(k)al (1.15)
py = Xp(k)bl + Cp(k)ay

pup = Xy(k)b, + C’U(k;)aL

pul = Xy (k)b + Cy(k)ay.

Using this transformation one can rewrite the Hamiltonian in the basis of polariton
operators in which it becomes diagonal, with the eigenstates being the exciton-polaritons.

The polariton Hamiltonian reads
H, = Z Eyp(k)plpr + Z Ey (k)pulpuy. (1.16)
k k

The exciton-polariton wavefunction is a linear superposition of photon and exciton
wavefunctions. Of course, the photons themselves do not interact, so the interactions

should be included only for the excitonic part. More detailed, the Coulomb interaction



18 MICROCAVITY EXCITON-POLARITONS - GENERAL ASPECTS

Figure 1.2 | Observation 20

7 QUANTUM WELLS

of the vacuum field Rabi
splitting [3]: The left figure

shows the reflectivity spectra

o =3.0x10%cm’
E N@W) =5

in dependence on the pho-

ton energy for various de-

REFLECTIVITY (A.U.)
Peak Position Detuning [meV]

tunings.  The right figure 5 E o

presents the anticrossing be- o E °

havior of the reflectivity dips o

in dependence on the detun- T e 160 1ea '15_15 10 5 0 5 10 15 20
ing. PHOTON ENERGY' (V) Cavity Detuning [meV]

between the carriers is responsible for an effective exciton-exciton interaction. This de-
scription of exciton in terms of weakly interacting bosons has been recently criticized by
Combescot et al. [4]. It is not our goal here to enter in this debate and to discuss the
quality of such description which we will use as a starting point of more complex the-
oretical developments which are detailed all along this document. The Hamiltonian for
excitons reads

Hxx = Z Vbl s oDl bibi (1.17)

k: k' \q
The interaction of photon-like polaritons in the upper dispersion branch may be ne-
glected if this branch is not expected to be strongly occupied, as in our case. Transfor-

mation of the interaction Hamiltonian in the polariton basis yields

1
Hpp =5 D, VyiuPhsqPho P, (1.18)
kK’ ,q
with
V;]kk/ ‘/(IXL(]{?—FQ)XL(]{Z,—q)XL(IC)XL(]{Z/). (119)

Finally, the total Hamiltonian reads

H = Hp+ Hpp. (1.20)

This includes only the polariton-polariton interaction. Other interaction terms are
discussed in the framework of the Boltzmann equations and in the appendix.

In principle, the excitonic mode Ex(0) is not necessarily degenerate with the cavity
mode E¢(0). Introducing a small positive or negative detuning A = Ec — Ex allows

to change the dispersion and to shift the properties to more exciton-like or photon-like,
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respectively. This can be seen already from the distances of the polariton states to the
initial exciton and photon dispersion in Fig(LLI)b and c. The excitonic component has a
strong influence on the scattering rates, which is important for the relaxation process of
polaritons in order to observe the quasi Bose-Einstein condensation, discussed in the first
part of chapter 3.

As noted above, the energies of the excitonic and photonic modes can contain imagi-
nary parts, which account for the dissipative processes in the system.

The seminal paper of Weisbuch et al. (1992) [3] was the starting point for the huge
investigation of microcavity polaritons. The authors report the observed vacuum field
Rabi splitting at 5K in GaAlAs with seven quantum wells. The left figure on Fig(TL.2])
shows the reflectivity in dependence on the photon energy for different detunings varied
from the top to bottom. At the resonance of the cavity mode and the exciton confined in
the quantum well (zero detuning) a splitting between two modes around the quantum well
resonance is observed. Past the resonance (negative detuning) the strong coupling is lost
again. The right hand side figure gives the splitting of the dips observed in the reflectivity
measurements in dependence on the detuning. In contrast to the weak coupling regime,
where the bare cavity mode and the bare exciton mode manifest themselves as straight
lines, in the strong coupling regime a clear anticrossing at zero detuning takes place.
This is the clear signature of the strong light matter interaction. As mentioned above,
after this report the activities on microcavity polaritons increased enormously and the
physics of exciton-polaritons has found its way into university courses and specialized
textbooks [B, [6]. Room-temperature vacuum Rabi splitting has been observed for various
semiconductor materials and systems and especially wide gap semiconductors have drawn
a lot of attention. To the best of our knowledge the record vacuum Rabi splitting in
conventional semiconductor materials is about 100 meV for ZnO microcavities, as reported

recently [7].

1.2 Cavity design

A microcavity is an optical resonator with a typical thickness between A/2 and 5\/2, A
being the wavelength of the studied optical mode. Micrometer- and submicrometer-sized
resonators use two different schemes to confine light. The first one is based on a single
interface reflection (e.g. on metallic surfaces) or on the total internal reflection at the
boundary between two dielectrics. The second scheme is based on the microstructures
periodically patterned on the scale of the resonant optical wavelength. As an example of
this scheme one can give for instance the Bragg reflectors with high reflectivity or photonic
crystals. In general, these structures can be combined to obtain a light confinement in all

three spatial dimensions.
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The resonant optical modes of each cavity realization have their own properties which
govern their use. One of the main measures of the quality of microcavities is the quality
factor Q. It is simply defined as the ratio of the resonant cavity frequency w. and its
linewidth dw,, the latter being nothing else than the full width at half maximum (FWHM)

of the cavity mode:

We

Q=

. 1.21
S (1.21)

The Q-factor parametrizes the frequency width of the resonant enhancement. The
second measure is the finesse F', which is defined as the ratio of the free spectral range

(the frequency separation between neighboring longitudinal modes of the cavity) to the
linewidth (FWHM) of the cavity mode:

B Aw,

F = )
oW,

(1.22)

The Q-factor is the rate at which the optical energy decays from within the cavity. De-
cay processes can be absorption, scattering, or leakage through imperfect cavity mirrors.
Q! can be interpreted as the fraction of energy lost in a single round-trip around the
cavity. It follows that the exponentially decaying number of photons has a lifetime given
by 7 = Q/w.. The quality factor plays an important role, because the strong coupling
regime can only be achieved if the coupling between light and excitons is larger than all
losses. Therefore, low quality microcavities are not suited for the investigation of the
strong coupling regime. The quality factor and the lifetime of polaritons are also impor-
tant for the polariton relaxation and their condensation. For example, room temperature
polariton lasing from ZnO microcavities has not yet been observed due to the poor quality
of the microcavity structure, even though the strong coupling has already been observed
(which is in this case related to the problems to grow well adapted Bragg mirrors and the
huge number of impurities in ZnO).

The separation of longitudinal modes Aw, in a microcavity is inversely proportional to
the cavity length. Also transverse optical modes scale as the cavity length. It follows that
microcavities have fewer modes than macroscopic cavities and the tuning of modes to a
particular emission wavelength can become more important. The tuning is a big problem
for planar microcavities. In case of photonic crystal structures very advanced techniques
have been developed [§] which are discussed more in detail in chapter 4.

Finally the main important points, which should be kept in mind when considering

microcavities, are:
e optical losses or finesse,

e coupling to incident light,
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optical mode volume,

fabrication complexity and tolerance,

incorporation of active emitters, and

practicality of electronic contacting.

Optoelectronic devices based on optical microresonators that strongly confine photons
and electrons form a basis for next-generation compact-size, low-power, and high-speed
photonic circuits. By tailoring the resonator shape, size or material composition, the mi-
croresonator can be tuned to support a spectrum of optical modes with required polariza-
tion, frequency, and emission patterns. This offers the potential for developing new types
of photonic devices such as light emitting diodes, low threshold lasers, polariton lasers
etc. Furthermore, novel designs of microresonators open up very challenging fundamental-
science applications beyond optoelectronic device technologies. The interaction of active
or reactive material with the modal fields of optical microresonators provides key physical
models for basic research such as cavity quantum electrodynamics (QED) experiments,
spontaneous emission control, nonlinear optics, and quantum information processing.

However, high-(Q microresonators of optical-wavelength size are difficult to fabricate,
as the Q-factor decreases exponentially with the cavity size, and thus in general the
demands for a high Q-factor and compactness are contradictory. A very wide range of
microresonator shapes has been explored over the years for various applications. We will
focus on planar microcavities with distributed Bragg reflectors as they are widely used
for polariton lasing devices and photonic crystal cavities with their application to low
dimensional active emitters like quantum dots. The latter will be a crucial prerequisite

for the source of entangled photon pairs presented in chapter 4.

1.2.1 Planar microcavities with DBRs

Planar microcavities are widely used for optoelectronic devices. The development of
microcavities is closely related to the development of solid state lasers. This started first
in the last century when the first solid state lasing diodes were fabricated. They simply
used the difference of the refractive index of active layer with the refractive index of the
surrounding air to build a resonator structure, which is the simplest realization of a Fabry-
Perot resonator. This works fine for lasing diodes, but the reflectivity of these, so called
edge emitters, remains low. Especially to observation of the strong coupling between
light and matter was far away to be realizable due to the broad cavity resonance. The
next step was to use distributed Bragg mirrors to increase the reflectivity of the resonator

structure. Vertical-Cavity Surface-Emitting Lasers (VCSEL) have been the next step in
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a awn Qw? aws

Optical fibre

i

Bragg mirrors

Figure 1.3 | Planar microcavity designs: (left) Planar microcavity structure designed for a pump
probe experiment [9], and (right) Sketch of a triple-microcavity structure (sample A) with three A-GaAs-
cavities optically coupled via two intermediate AlAs/GaAs distributed Bragg reflectors (13 pairs each)
[10]. Each cavity contains a single 80 AIHO‘05G3,0‘95AS quantum well. The substrate was polished to allow

transmission.

laser fabrication with significantly decreased lasing threshold because of the long photon

lifetimes.

Finally, the strong coupling regime was observed for a planar GaAlAs structure with
seven quantum wells inside. The advantage of quantum wells is to place the exciton exactly
at the maximum of the electric field distribution in the microcavity. This electrical field
acts on the dipole moment of the excitons and provides the coupling between light and
matter. In addition, embedding quantum wells inside of the Bragg mirrors reduce the

mode volume of the cavities.

A schematic structure of a microcavity designed for a pump probe measurement is
shown on the left in Fig([3]). The two quantum well layers are at the position of the
electric field maximum in this 3A/2 cavity. In addition, the pump and the probe beams
are shown in this figure. Up to now, almost all experiments on microcavity polartions
have been performed under optical excitation. Electrical injection of carriers for realistic

operating laser devices are still under investigation and first simulations have been done

only recently [11].

Of course, there are possibilities to extend these structures to double [12] or triple
cavities [10] (right hand side Fig.(I3])) with interesting configurations for e.g. intercavity
optical parametric amplification.

A powerful method which allows to compute the optical properties of Bragg reflectors
or microcavities as a whole (in the linear regime only) is the transfer matrix method.
The idea is to represent the effect of each layer on the electromagnetic wave by a matrix,
and the wave itself by a vector with components of the electric and magnetic field. The

method is described in detail in [5] and we will not discuss it here.
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Figure 1.4 | Quantum
dots in mcrocavities:
(a) micropillar [13], (b) mi-
crodisk [I4], and (c¢) photonic
crystal [I5]. (d) shows the
Q Q Q IQ O O corresponding electric field

D ‘Gl ‘ﬁ-’ - (] inside the photonic crystal
oNe) b 6 OO cavity presented in (c) .

1.2.2 Quantum dots in cavities

Beside planar microcavities, there has been a huge interest in quantum dots embedded
in microcavities for applications in quantum information and quantum communication
proposes.

The easiest way to couple a quantum dot to a cavity mode is to grow a layer of quantum
dots and to fabricate a top and bottom reflector (see for example Refs. [16] and [17] for
entangled photon sources). Then a single dot can be addressed by p-photoluminescence
technique. This standard technique requires always a pre-selection of quantum dot and
a precise measurement setup. One of the main problems is the challenging integration
of the optoelectronic devices on a chip, which is limited by the array of dots and the
pre-selection. These on-chip sources might be the future for the realization of quantum
communication and quantum information schemes.

Therefore it is crucial to find an appropriate cavity, which allows to couple the cavity
resonances exactly to one quantum dot and its resonances. Also the positioning of the
dot is an important feature because the dot should be placed exactly at the maximum
of the electric field to increase the coupling of light and matter. Different proposals have
been published recently for strongly coupled dot-cavity systems. Reithmaier et al. [13]
observed the strong coupling of a quantum dot embedded in a micropillar. Furthermore
strong coupling of a quantum dot to a microdisk cavity has been reported recently [14].
The most interesting structure (from our point of view, see chapter 4 for details) is a
quantum dot embedded in a photonic crystal. The strong coupling for such a system has
been shown recently [I5, [I8]. The basic structures used to observe the strong coupling
are shown in Fig[T.4l

Photonic crystals arise from multiple photon scattering within periodic dielectrics, and
also exist in 3D and 2D versions. The ideal 3D photonic crystal microcavity would be

a defect in a perfect 3D photonic lattice with high enough refractive index contrast, so
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that there is a bandgap at particular wavelength in all directions. In principle, this would
provide the highest optical intensity enhancement in any microcavity, however, currently
no fabrication route to such system has been demonstrated.

In contrast, 2D photonic crystals etched in thin high refractive index membranes
or films have shown the greatest promises, with the vertical confinement coming from
the interfaces of the membrane. Quality factors exceeding 10° with extremely small
mode volumes can be fabricated, which are advantageous for many applications. The
introduction of small defects in such planar microcavities and embedding a quantum
dot therein has been demonstrated [15, 19]. This allows to couple perfectly the cavity
resonances to the matter resonances and the strong coupling regime has been observed
18, [15].

Also photonic crystal slabs are under investigation to create resonator structures for
planar active layers like quantum wells [20} 21]. The quality factor of such resonators will
exceed strongly the one of dielectric Bragg mirrors and the tunable bandgap of such struc-
tures inspires hope for the applications, for example in ZnO structures, where perfectly

adapted Bragg mirrors are still not available.

1.3 Bose condensation and dynamics of polaritons

In the rest of the chapter 1, we will concentrate on planar cavities and two-dimensional
polaritons, which is, by far, a more developed research area with respect to the field of
0D polaritons evocate in the previous section. The 2D polaritons are a mixture of cavity
photons and QW excitons. QW excitons are expected to behave as weakly interacting
bosons in the low density limit, which is, therefore, also the case for polaritons.

Therefore, one expects them to exhibit a bosonic phase transition known as Bose-
Einstein condensation (BEC). This possibility, when implemented, has become the first
example of Bose condensation in a solid-state system [22]. Imamoglu and Ram (1996)
were the first to point out the application of such a polaritonic condensate that would
emit coherent light. This coherent light emitter is called polariton laser. The buildup of
a coherent ground state population from an incoherent exciton reservoir can be seen as
a phase transition towards a Bose condensed state, or as polariton lasing effect resulting
from bosonic stimulated scattering. At this point the polariton relaxation kinetic come
into play due to the finite lifetime: the relaxation process should be fast enough to
populate the ground state of the system.

The configuration studied in this section is characterized by off-resonant excitation.
The carriers (electrons and holes) are injected electrically or optically, and then form
excitons. The excitons self-thermalize at their own temperature mainly through exciton-

exciton interactions. The reduction of the kinetic energy of the excitons and exciton-
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polaritons (in the region of strong coupling) takes place by interaction with phonons.
The particles relax towards the bottom of the lower branch of the polariton dispersion as
illustrated in Fig. [L3by phonon emission. The mentioned bottleneck effect, where phonon
scattering is no more efficient, will be discussed a bit later in this section. The polaritons
scatter finally to the bottom of the lower dispersion branch, where they accumulate. Once
again, the coherence of the condensate builds up from an incoherent equilibrium reservoir,
and the phase transition can be interpreted as a Bose-Einstein condensation.

The condensate emits spontaneously coherent light so that there is no population
inversion condition. In addition, in the special case of zero temperature and infinitely
long polariton lifetime, there is no threshold for the coherent condensate emission as it is
the case for conventional laser.

Moreover, because of the small polariton mass, critical temperatures larger than 300
K can be achieved. All these characteristics allow to suppose that polariton-lasers are

ideal candidates for the next generation of laser-light emitting devices.

1.3.1 Einstein’s proposal

The tendency of Bosons to accumulate in unlimited quantity in a single state is a very
fascinating property, which has drawn a lot of attention since the first proposal by Einstein
(1925) [23]. This property led him to the prediction of a new phase transition for an ideal
Bose gas. Let us consider N noninteracting bosons at temperature 7' in a volume R,
where R is the system size and d is the dimensionality. The distribution is given by

function

1
fe(k, T, 1) = —55=—> (1.23)
e 8T —1
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Figure 1.6 | Quasi-Bose-
Einstein condensation of
microcavity polaritons (a)
[22]: (a) Far field emission
pattern for three different
excitation powers at BHK
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of the polariton dispersion.

where k is the particle d-dimensional wavevector, E(k) is the dispersion function of the
bosons, kg is the Boltzmann constant and p is the chemical potential, which is a negative
number if the lowest value of E is zero.

To add an particle to the system the energy —pu is needed. Its value is given by the

normalization condition for the fixed total number of particles N,

N(T,p) = ZfB(k7T7 1) (1.24)

The thermodynamic limit means here an infinite system size and infinite number of par-
ticles, with a finite density. The total number of particles with separated ground state

population term in the thermodynamic limit reads

1
e*sT —1  frz0

The total boson density (in the thermodynamic limit) is given by replacing the sum

by an integral over the reciprocal space:

. N(T, 1 o0
where
1
no(Typ) = lim - (1.27)
R—oo R eksT — 1

If 1 is nonzero, the ground state density vanishes. On the other hand, the integral on the

right hand side is an increasing function of u. So, if one increases the particle density n in
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the system, the chemical potential also increases. The maximum particle density which

can be accommodated following the Bose-Einstein distribution is therefore:

1

n.(T) = lim @ny /Ooo fe(k, T, pn)d. (1.28)

This function can be calculated analytically in the case of a parabolic dispersion rela-
tion. It converges for d > 2 and it diverges for d < 2. This means an infinite number of
bosons can always be accommodated in the system following a Bose-Einstein distribution,
the chemical potential is never zero and there is no phase transition in 2 or less dimen-
sions. In higher dimensions, n. is a critical density above which it would seem no more
particles can be added. Einstein proposed that at such high densities the extra particles

collapse into the ground-state, whose density is therefore given by

no(T) = n(T) — ne(T). (1.29)

This is a phase transition characterized by the accumulation of a macroscopic number
of particles in a single quantum state. The key parameter in physics of Bose-Einstein
condensates is the chemical potential, which becomes zero at the transition.

For the 2D case we consider, the Bose-Einstein condensation is strictly speaking for-
bidden. However, transitions to a superfluid state called Kosterlitz-Thouless transition
can take place. In a finite 2D system a quasi-condensation of bosons is also possible,
because in this case the integral in Eq.(L28) takes finite value, since the integration is
done on the reciprocal space excluding the diverging region around the ground state.

Beside atomic systems, quasi Bose-Einstein condensation has been observed in 2006 by
Kasprzak et al. [22] at 5K in a CdTe/CdMgTe microcavity with 16 quantum wells. Later
other reports about the observation of quasi-Bose condensation appeared in the literature
[24, 25 26]. Fig(I6) shows the results of this experimental paper. Fig(L6]) displays
pseudo-3D images of the angular distribution of the spectrally integrated emission. Below
threshold (left), the emission exhibits a smooth distribution centered around an emission
angle of zero degrees, that is, around k£ = 0. When the excitation intensity is increased,
the emission from the zero momentum state becomes predominant at threshold (center)
and a sharp peak forms at k& = 0 above threshold (right). (b) shows the energy and
angle-resolved emission intensities. The width of the momentum distribution shrinks with
increasing excitation intensity, and above threshold, the emission mainly comes from the
lowest energy state at k = 0.

All specific ingredients of a true BEC have been observed: above some critical density,
condensation takes place in the ground state, out of a degenerate Bose gas fully thermal-
ized at 19 K. The phase-transition character of the phenomenon is clearly seen. It has

been later shown that, despite the finite polariton lifetime, the polariton gas can be in
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a thermal equilibrium with the phonon bath [27]. Spontaneous symmetry breaking has
also been demonstrated by measuring random (from pulse to pulse) polarization of the
condensate and studying its statistics in bulk GaN sample [26], where the polarization of

the condensate is not pinned.

1.3.2 Semiclassical Boltzmann equation

As mentioned before, in case of the polariton laser the microcavity is excited non-resonantly
and the injected carriers have to relax to the ground state to form a condensate. To de-
scribe this relaxation process and the relaxation dynamics one uses the rate equations, also
called Boltzmann equations. The classical Boltzmann equations describe the dynamics of
classical particles.

It was first proposed by Uhlenbeck and Gropper [28] to include into the Boltzmann
equation the quantum nature of the particles involved, taking into account their fermionic
or bosonic character. In this section we describe the derivation of the spinless kinetic
Boltzmann equation for bosons interacting with phonons. Finally, the main scattering
mechanisms in a semiconductor microcavity are presented briefly.

The starting point is the Liouville-von Neumann equation for a quantum system:

d N
ihl = [H(t),p} , (1.30)
dt

where p is the density operator of the system in the interaction representation and H (t)
is the time dependent Hamiltonian describing the interaction of bosons and phonons. In
the following we will use polaritons instead of bosons, but of course, the procedure is valid

for all bosonic particles. The time dependent Hamiltonian reads

H(t) =Y Vipe @ -y, japal + hc. (1.31)
k!

In Eq.(L31) @ (a) are the annihilation (creation) operators for polaritons and b (b')
are the annihilation (creation) operators for phonons with respect to the wavevector k,
Q) is the energy of noninteracting polaritons and wy, is the energy of the phonon. Both
are given by dispersion relations. Finally, Vj ;s is the transition matrix element.

The Liouville equation can be transformed by time integration of Eq(L30) and resub-
stitution in Eq(L30):
dp 1 [t .
W=/ @), (), o)) | dr (1.32)

After the application of the Markov approximation, which means physically, that the
system has no phase memory, Eq(32)) can be integrated and this yields
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d 1
d—f =3 Z Z Wk/ﬁk(ZaLak/paL,ak — akalaz,ak/p — pakalaz,ak/) (1.33)
ko ktk!
1
-|—§ Z Z Wkﬁk/(QaL,akpak/aZ — ak/a;aiakp — pak/az,azak),
k k#k!
where
2T
Wk—»kz’ = f Z |Vk,k’|2(07 1+ nk—k’)5 (E(k‘/) — E(k)) F hwk_k/) . (134)
k—k'

The use of the Markov approximation makes impossible any description of coherent
processes.

The density matrix can be factorized into the product of phonon density matrix and
boson density matrix corresponding to the different states in the reciprocal space by using
the Born approximation

p=pon @ [ ] ox- (1.35)
k

The populations of polariton states with wavevector k are given by the diagonal ele-
ments of the density matrix p: ng = Tr(aLakpk). The same can applied to the phonon
density matrix. Both populations are assumed to be given by an equilibrium distribution.

One obtains
dnk

K’ k!
To include pump, decay, and the polariton-polariton interactions, one can rewrite

Eq.([L.30)

dnk
% =B, —I'yng — ny, ; Wk_)k/(l + nk/) + (1 + le) ; Wi g, (137)

where Py, is the pump generation term, 'y is the particle decay rate and Wj_, ;s is the total
scattering rate between states k and k. This total scattering rate can be any physical
process i.e. interaction of phonons and polaritons.

It was first proposed by Uhlenbeck and Gropper [28] to include the quantum character
of the particles, by taking into account their fermionic or bosonic nature. The Boltzmann
equation for bosons is given in Eq.(L37) and the corresponding equation for fermions
reads:

dnk
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Equations (L37) and (L38)) are called the semiclassical Boltzmann equations. A similar
procedure, mathematically slightly more heavy, can be used to describe the polariton-
polariton scattering process, which has been performed by Porras et al. (2002) [29].

The main task to be performed in order to describe the relaxation kinetics of particles
in this framework is to compute the scattering rates. One should first identify the physical
processes that provoke the scattering of particles. Then, the scattering rates can be
calculated using the Fermi Golden rule. This procedure is correct only if the scattering
processes are weak and can be treated in a perturbative way. Interactions should provoke
scattering of particles within their dispersion relation and should not provoke the energy
renormalization. In general, this can be not assumed for a strongly coupled microcavity.
One should first treat non-perturbatively the exciton-photon coupling giving rise to a
polariton basis. Then, the polaritons indeed can be said to weakly interact with their
environment, which provokes the scattering of polaritons within their dispersion relation
and the Boltzmann equations can be used. The scattering rates can then be calculated
in a perturbative way, because they are induced by weak interactions. Nevertheless, the
blueshift of the polariton dispersion can not be described within the Boltzmann equations
and further theoretical treatments are necessary [30] 31].

In a semiconductor microcavity the main scattering mechanisms identified are:

e Polariton decay (mainly radiative),

Polariton-phonon interaction,

Polariton-free-carrier interaction,

Polariton-polariton interaction, and

Polariton-structural-disorder interaction.

A detailed discussion and the calculations of the rates of these different scattering mecha-
nisms are presented in the appendix following the textbook [5]. These scattering rates are
closely connected with the names Malpuech [32], Tassone[33],[34], and Porras [29, [35], who
developed in their works the state of the art for the simulation of the polariton relaxation
dynamics.

Many phenomena linked with polaritons derive from their dynamical properties, even
their nature as a coherent superposition of the exciton and the photon is intrinsically
dynamic. The energy is exchanged between these two fields at a rate €2/h, which lies
in the sub-picoseconds range. Another aspect of the dynamics is linked with their finite
lifetime, due to the escaping of the photons through the mirrors of the cavity.

One of the restrictions blocking the way toward a polariton laser is the speed of the

relaxation of the injected carriers, which is somehow limited by the shape of the polariton
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Figure 1.7 | Bottleneck effect in a
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dispersion. One of the problems arising has been called the bottleneck effect, introduced
by Tassone et al. (1997) [33] and observed experimentally by Tartakovskii et al. (2000)
[36] and by Miiller et al. (2000) [37]. The bottleneck appears because of the particularity
of the interaction with acoustic phonons. In the excitonic part of the dispersion the
exciton-polaritons relax towards the ground state via scattering with phonons. This
relaxation is faster than the particle decay, which is almost the excitonic one. Once the
edge of the strongly coupled part of the dispersion is reached, the polaritons still need to
dissipate some small amount of energy (in the meV range) to reach the ground state of
the trap. Depending on the steepness of the dispersion (that is, on the detuning), this
process, if assisted only by acoustic optical phonons, may be take a long time, longer
than the polariton lifetime in this region. Therefore polaritons can not strongly populate
the states of the dispersion minimum and they accumulate at the edge of the polariton
trap. Fig(L1) shows the observation of the bottleneck effect taken from the experimental
paper of Miiller et al. [37]. This effect manifests itself clearly in a strong maximum of the

photoluminescence intensity at the edge of the polariton dispersion minimum.

This bottleneck can be overcome using higher excitation powers, but this increases of
course the threshold of future polariton lasing devices. In fact there are other ways to
decrease the bottleneck effect. The increase of the number of quantum wells increases
the number of polaritons and scattering processes are improved. The "magic” numbers
of quantum wells are 12 for GaAs, 16 for CdTe and 67 for GaN microcavities. At the
same time, more quantum wells means larger Rabi splitting, which is also favorable for
the relaxation process (see chapter 3.1). Malpuech et al. propose the scattering with

free carriers [38], and of course higher Q factors increase the polariton lifetime, which
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also helps to overcome the bottleneck effect. Finally, wide gap semiconductors, such as
GaN and ZnO, are predicted to be the good candidates for polarition lasers at room
temperature with an almost invisible bottleneck effect due to the higher Rabi splitting,
which makes the dispersion less steep and at the same time improves the efficiency of LO

phonons.

1.3.3 Gross-Pitaevskii equation

Once a polariton condensate is formed, the Boltzmann equations are no longer suitable to
describe the properties of the system. Since we deal with the properties of a condensate,
the coherence should not be lost in the description and therefore a new mathematical
treatment is necessary - the Gross-Piatevskii equation. This equation is based on the
Bogoliubov theory [39], which treats uniform Bose gases. This theory has been extended
to non-uniform and dilute Bose gas (a more general case) by Gross and Pitaevskii. We
will follow in this section the treatment of Ref. [40]. Similarly to the case described in the
previous chapter, the starting point is to consider the Hamitonian of weakly interacting
bosons without phonons.

In a Bose condensate (macroscopically occupied state) the field operator \i/(r) can be
written in a basis of single particle wavefunctions ¢;. This results from the long range
correlations between the elements of the one-body density matrix and works also in the

nonuniform and dilute systems. The field operator has the following form

U(r) = dia, (1.39)

T

where a;(a;) are the annihilation (creation) operators of an particle in the state ¢;, which

obey the commutation relations

[ai, aﬂ = 0;j, [ai, a;] = 0. (1.40)

The wave function relative to the macroscopic eigenvalue Ny, which is the population
of the ground state and, therefore, the number of particles in the condensate, plays a
crucial role in BEC and characterizes the so called condensate wavefunction. It is useful

to separate in the field operator the condensate term ¢ = 0 from the other components:

U(r) = go(r)ag+ > diai. (1.41)

i#0
This is the natural starting point of the Bogoliubov approximation [39], which consists
of replacing the operators ag and ag with the c-number +/Ny. This is equivalent to

ignoring the non-commutativity of the operators ay and a(T) and is a good approximation for
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describing the macroscopic phenomena associated with BEC, where Ny = <a$a0> >> 1.
In fact, the commutator between the operators ay and a(T) is equal to one, while the
operators themselves are of the order of v/Ny. The Bogoliubov approximation is equivalent
to treating the macroscopic component of ¢yag of the field operator (Eq.(I41]) as a classical
field, so that Eq.(L4T]) can be written as

A

U(r) = o(r) + 0¥ (r), (1.42)
where we have defined ¥o(r) = /Ny and 6¥(r) = >izo ®ia;. 1f one can neglect the

non-condensate component (5@(7"), as happens, e.g. in dilute Bose gases at very low
temperatures, then the field operator coincides exactly with the classical field ¥, and
the system behaves like a classical object. The validity of the Bogoliugov approximation
is guaranteed by the occurrence of a macroscopic occupation of a single particle state
Ny >> 1.

The function ¥, is called condensate wavefunction and plays a role of an order pa-

rameter, which is a complex quantity, characterized by a modulus and a phase S(r):

Uo(r) = |o(r)]e?5). (1.43)

The order parameter characterizes the Bose-Einstein condensate phase and vanishes above
the critical temperature.

In order to study the interacting nonuniform Bose gases one must generalize the Bo-
goliubov theory. We will use the Bogoliubov field operator in its general form (Eq.(L41])).
This implies that one can simply replace the operator \if(r, t) with a classical field Wy(r, t)
(the order parameter). This procedure has indeed a deep physical meaning: I the present
case the noncommutativity of the field operators is not important and one can describe
the electromagnetic field by classical function, i.e the Maxwell equations for electric and
magnetic fields. Here, the presence of a large number of particles in a single state permits
the introduction of the classical functions.

The starting point is the many-body Hamiltonian:

i / ardr (r) {—%A PV g / N (- ) B B (144)

In fact, the interaction term of this Hamiltonian is the same as in the staring Hamilto-
nian to derive the semiclassical Boltzmann equations but here boson-phonon interactions
are neglected.

The next task is to obtain an equation, which governs the field Wo(r,¢). For this
purpose we remember that the field operator \if(r, t), in the Heisenberg representation,

fulfills the exact equation
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L0 - . .
ihs (1) = [\If(r, t),H} - (1.45)
h2V? A R N
= {— 5 + Veur (7, 1) +/\I/T(r',t)V(r' — ) t)dr' | U(r,t).
m

It would be wrong to replace \il(r, t) with Wy(r,t) for a realistic potential. The replace-
ment is however accurate if one uses an effective soft potential V.r; = ad(r'—r), where the
Born approximation is applicable. The soft potential should reproduce the same low en-
ergy scattering properties as the bare potential V. By assuming that the function W (r, )
varies slowly on the distances of the order of the range of the inter-bosonic force, one can

substitute 7’ for r in the arguments of W, to finally obtain the equation

'hﬁ\ll( t) = —h2v2+v (r,t) + a|To(r,t)[* ) Uo(r,t) (1.46)
? at T, - om ext\T, a|¥olT, o\7,1). .

For the case of 2D exciton-polaritons the interaction constant has been determined

numerically [34, 41] to

6E 2.2
o = b X1 aB)
S

where Fj is the exciton binding energy, ap is the 2D exciton Bohr-radius, X7, is the exciton

(1.47)

fraction of the lower polariton and S is the surface of the microcavity.

One important approximation is the negligence of dephasing processes in the Gross-
Pitaevskii equation. This means that the system is by definition coherent, which is the
opposite of the Born-Markov approximation used for the derivation of the Boltzmann
equations.

The validity of Egs.([.46) and (I.47)) is not restricted to soft potentials, but holds,
in general, for arbitrary forces, the s-wave scattering amplitude providing the relevant
interaction parameter. Eq.(L40) was derived independently by Gross (1961) [42] and
Pitaevskii (1961) [43] and is the main theoretical tool for investigating nonuniform dilute
Bose gases at low temperatures. It is also often called nonlinear Schrdinger equation.

To find the dispersion of the weak excitations of the classical field ¥ we follow the

description of [40]. One shall consider small deviations from the constant average value

VN
E(r,t) =+v/n+ Aeitkr=wt) | preilke—wt) (1.48)

where A and B are the small complex amplitudes. Substitution of this expression into

the Gross-Pitaevskii equation [[L46] linearization, and separation of terms with different
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exponential factors yields a system of linear equations with p = hk:

2

_
hwd = A+ an(A+ B), (1.49)

2
—hwB = 2p—mB—|—om(A+B). (1.50)

The solution of this system of equations is the famous Bogoliubov dispersion law,

which is linear for small k£ and tends to the dispersion of a free particle in case of large k:

2\ 2 2

p p

hw)? = -— —an. 1.51

= (L) 4 (151)
The change between the two regimes takes place when the energy becomes equal to

an. Below this energy, the speed of excitations or the speed of sound in a dilute Bose gas

with interactions can be derived to
c=4/—. (1.52)

One very interesting and fascinating property of condensates described by the Gross-
Pitaevskii equation is superfluidity. The superfluidity follows directly from the Landau
criterion: if the spectrum of elementary excitations satisfies this criterion, the motion
of the fluid cannot give rise to dissipation. These dissipationless fluid flows have been
studied in detail for atomic systems in the first half of the last century [44] [45].

Also excitons might be interesting depending on their density and on temperature.
They behave either as weakly interacting Bose gas, a metallic liquid, or an electron hole
plasma. A number of theoretical works have been published dealing with Bose conden-
sation of excitons [40] 47, 48] [49]. The key point of these formalisms is that they assume
infinite lifetimes of the semiconductor excitations. This means that the excitations should
have a lifetime much longer than the relaxation time. So dark excitons as for example
indirect excitons are good candidates for condensation phenomena. Recent works claimed
the experimental observation of exciton condensation and superfluidity [50, [51], 52 53] but
the results have not been confirmed by theoretical works [54], 55] and a clear evidence of
ecxitonic BEC has not yet been achieved.

Let us now introduce the Landau criterion of superfluidity. We consider a uniform
fluid at zero temperature flowing along a capillary with a constant velocity v. Dissipation
may come only from the scattering with walls from the capillary. The basic idea of the
derivation is to calculate energy and momentum in the reference frame moving with the
fluid and in the static one. The link between the two frames is given by the Galilean
transformation. If a single excitation with momentum Ak appears, the total energy in

the moving frame is £ = Ey + €(k), where Fj is the energy of the ground state and e(k)



36 MICROCAVITY EXCITON-POLARITONS - GENERAL ASPECTS

is the dispersion of the fluid excitations. In the static frame however, the energy E’ and

momentum P’ of the fluid read:

1
E'  =Ey+e(k)+ hkv+ EM’UQ (1.53)
P =p— Mu, (1.54)
where M is the total mass of the fluid. The energy of the elementary excitations in

the static case is €(k) + hkv. Dissipation is possible only if the creation of elementary

excitations is profitable energetically, which means mathematically:

e(k) + hkv < 0. (1.55)
c(k)

hk
stays superfluid if the velocity is smaller than the critical velocity v.. This is the Landau

o= i (20). w0

In the case of the parabolic dispersion v, is zero and there is no superfluidity, but in

Therefore, the dissipation can take place only if v > In other words, the flow

criterion:

case of the Bogoliubov dispersion, v, is the speed of sound and the fluid is superfluid for
all velocities smaller than v,.
Bose-Einstein condensation and superfluidity are also connected. If U(r,¢) is a solution

of the equation for the field operator in Heisenberg representation then
U(r,t) = U(r — v, t)eh (mor—amv®t), (1.57)

where v is a constant vector, is also a solution of the same equation. This follows directly
from the Galilean transformation of the field operator. In the moving coordinate system
the condensate wavefunction of a uniform fluid is given by ¥y = \/nge /" where ng is

a constant. In the other case (the coordinate systems do not move), the order parameter
takes the form ¥ = ,/nge’, where

S = % <mw — va? + u) t) (1.58)

is the new phase, while the amplitude ny has not changed. It follows that the velocity is
proportional to the gradient of the phase:

h
vy =—VS. (1.59)
m
This velocity is often called superfluid velocity. This equation establishes the irrota-
tionality of the superfluid motion. The phase of the order parameter is playing the role
of a velocity potential.
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Figure 1.8 | Superfluid motion of a polariton
droplet and collision with a structural defect
[56]: (c-I)—(c-III) shows the near field image for in-

creasing excitation. (c-IV)—(c-VI) are the momen-

EXPERIMENT

tum space images. At high powers, the emission
patterns are show the onset of a superfluid regime
characterized by an undisturbed flow around the de-
fect (c-III). In momentum space, the approach and
eventual onset of a superfluid regime is evidenced
by the shrinkage (c-V) and then collapse (c-VI) of
the scattering ring while for low powers the elastic

scattering ring is observed. Panels (d) show the cor-

THEORY

responding calculated images. The black solid dot in
(c-IV) and (d-IV) indicates the momentum coordi-
nates of the excitation beam.
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In contrast to the basic theory and the superfluid velocity, the first observation of
quasi Bose-Einstein condensation of polaritons [22] did not support the superfluid picture.
Strong spatial patterns and a flat dispersion around k£ = 0 provoked a controversial
discussion of possible explanations. Various works tried to describe this effect using
different models [57, 58, 59] e.g. disorder effects and glassy phases [57].

Recently different groups claimed the observation of superfluidity of cavity polaritons
[60, 56l 61]. Fig(L.8) shows a series of images of a polariton droplet colliding with a
structural defect for different excitation powers (C-I-C-III) in real space and (C-IV-C-
VI) in reciprocal space [56]. The figures indicated from d-I to d-IV are the corresponding
theoretical simulations. The authors claim superfluid motion, as the polariton droplet
passes the defect characterized by an undisturbed flow around the defect (c-I1T and d-IIT).
For small excitation one see the typical parabolic wavefronts resulting from the scattering
with the defect (c-I and d-I).

Also under resonant excitation, Utsunomiya et al. [61] report the first observation of
interaction effects on the exciton-polariton condensate and the excitation spectra, which
are in quantitative agreement with the Bogoliubov theory [39]. The sound velocity de-

duced from their experiments is in the order of 10% cms™!.

This value is eight orders
of magnitude larger than that of atomic BECs, which results from the fact that the po-
lariton mass is eight orders of magnitude smaller than the atomic mass and the polariton
interaction energy is seven orders of magnitude larger than the atomic interaction energy.
According to the Landau criterion (Eq. [L56]), the observation of this linear dispersion
in the low-momentum regime is an indication of superfluidity in the exciton-polariton

system. However, the polariton system is a dynamical system with a finite lifetime, so
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the Landau criterion might be modified on a quantitative level.

Nevertheless, the superfluidy of cavity polaritons call for future theoretical and exper-
imental works to understand this exotic bosonic behavior for the specific system of cavity
polaritons.

Especially the coherent propagation, which is associated with superfluidity [62] under
non-resonant pumping is one of the greatest experimental challenges in our days.

1.4 Spin and polarization of polaritons

When created optically, polaritons inherit their spin and dipole moment from the exciting
light. Their polarization properties can be fully characterized by a Stokes-vector or -
using the language of quantum physics - a pseudospin accounting for both spin and dipole
moment orientation of a polariton. Polaritons start to change their pseudospin from the
first moment of their creation in a semiconductor microcavity. Various effects are in the
origin of this pseudospin rotation, such as effective magnetic fields of various natures and
scattering effects with acoustic phonons, defects, and other polaritons. This richness of
possible pseudospin rotation sources make the dynamics of the polariton pseudospin very
unique and complex which manifests itself in nontrivial changes of the polarization of the
emitted light in dependence on the pump energy, time etc. as shown by Fig. [L.L9l

The spin of excitons governs the polarization of the due to the recombination emitted
light. The conservation of spin allows the spin-orientation of excitons by polarized light
beams. This results in the polarization of the photoluminescence light. Excitation lasers
which are o, or o_ polarized excite J = 1 and J = —1 excitons, respectively. Linear
polarized light excites a linear combination of +1 and —1 exciton states, so that the total

exciton spin projection on the structure growth axis is zero in this case.
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The exciton itself is formed by an electron and hole, i.e. by two fermions having
projections of the angular momenta on a given axis equal to J¢ = S¢ = +1/2 for an
electron in the conduction band with S-symmetry and J" = S" + Mh = +1/2,+3/2 for
a hole in the valence band with P-symmetry. The holes with £1/2 spin component are
called light holes, the others are called heavy holes. In bulk semiconductors both types
are degenerate, while in quantum wells the confinement lifts the degeneracy and the heavy
hole states are closer to the bottom of the well. Thus the ground-state exciton is formed
by an electron and a heavy hole. The total angular momentum has the projections 41
and £2 on the structure axis. Bearing in mind that the photon spin is 0 or +1 and that
the spin is conserved in the process of photoabsorption, excitons with spin projection £2
can not be optically excited, so they are called dark excitons. This induces directly, that
the excitons with projection £1 are bright states. The dark states can be neglected in
the following consideration, but nevertheless, they can still come into play.

The polarization of exciting light cannot be retained infinitely long by excitons. Sooner
or later they loose their spin due to spin and dipole relaxation. The main important
mechanisms are: the Elliot-Yaffet mechanism, the D’yakonov and Perel mechanism, the
Bir-Aronov-Pikus mechanism, and the spin flip scattering between carriers and magnetic
ions.

In a key paper Maialle et al. [64] have shown that the third mechanism is the main
dominant for the quantum confined excitons in non-magnetic semiconductors. The long-
range electron-hole interaction leads to the longitudinal-traverse splitting of exciton states.
This splitting is responsible for rapid spin relaxation of excitons in quantum wells. This
has an important consequence for the description of exciton-polaritons in quantum wells:
the dark states can be neglected, which allows us to consider the exciton-polariton as a
two level system and use the well-developed pseudospin formalism for its description.

The unique spin structure of polaritons lead to various interesting effects with or
without the presence of magnetic fields: the optical spin Hall effect, an analog of the
Aharonov-Bohm interferometer [65], and the so called spin-Meissner effect [66]. The
latter one is described more in detail in chapter three in the framework of the Datta-Das
spin transistor of polaritons. For the other effects the interested reader should address
the references and the text books on microcavity polaritons [5, 6] for a more detailed

discussion.

1.5 Resonant effects

This section is focused on the effects observable under resonant or quasi-resonant ex-
citation. We will discuss in detail the parametric amplification and the bistability or

multistability because of intra-condensate interaction.



40 MICROCAVITY EXCITON-POLARITONS - GENERAL ASPECTS

[C] l; pump

or

Figure 1.10 | Parametric scatter-

ing of polaritons — Savvidis ex- X2 L
periment [9]: (a) Schematic paramet- Sex. . : 5 3 r-l!L
ric scattering, (b) sketched experimen- P | = g l%\
tal setup and (c) reflected probe spec- i | | | é WL 3|
tra at 7 = 0 ps for pump off, co-, and - - f:’ld:g:: - - = 1 E b

1452 1.456

cross-circularly polarized to the probe. I (eV)

(O) E—ce
Pump spectrum on lower trace. Inset: | .
| Ws
Reflected narrow band probe spectra at I

7 = 0 ps, with pump pulse on/off, to- = DER

gether with pump PL without probe '\ :-'

pulse.

1.45 147
Energy (eV)

1.5.1 Optical parametric oscillator

One of the most influential work demonstrating the bosonic character of polaritons is
that reported by Savvidis et al. (2000) [9]. The authors announce the observation of
low temperature (4K) stimulated scattering of polaritons in a pump-probe experiment.
They varied the angle of the resonant excitation to change the k-vector of the injected
polaritons. A sketch of the experimental setup is shown on Fig(TI0)(b). The cavity has
a various thicknesses around the average value of 3)\/2 which allows to access different
detunings. In the zero detuning case, the lower polariton branch was excited by varying
the angle of the pump beam. A weak probe excites with delay 7 the k = 0 state. In
case of no pumping the reflected spectra shows the two polariton peaks separated by the
Rabi splitting, which is about 7 meV in the present case. When the pump is switched on
and for small delays 7 an enhancement of the emission of the lower polariton branch was
observed. For a specific angle of © = 16.5 &+ 2, the so called magic angle, the emission
rises up to a gain of 70. The measured intensity is shown on Fig(ILI0)(c).

The nature of this process is the scattering of two pump polaritons (k,) into a signal
polariton at k = 0 and an idler polariton at 2k,. This takes place at the magic angle with
energy and momentum conservation. The whole process is sketched on Fig(LI0)(a). This
experiment supported strongly the polariton picture and brought three new features to
the polariton field:

First, polaritons can scatter strongly on each other, provided that both energy con-

servation and momentum conservation can be simultaneously satisfied in the two-particle
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collision. This effect requires a non-parabolic dispersion, which supports the polariton
picture.

Second, polariton scattering can be enhanced by the occupation of the final state. In
other words, polariton scattering can be stimulated, as expected for bosons.

Third, polaritons can be present in relatively large numbers at the bottom of the
polariton trap in spite of their short lifetime governed by photon decay.

There are different ways to describe the parametric scattering effect. We will briefly
present the semiclassical description and the three level model developed by Ciuti et al.
(2000) [67].

1.5.1.1 Semiclassical Description

The parametric scattering can be described using rate equations. These rate equations
for occupation numbers are closely linked to the Boltzmann equations (see Eq[36]). The
advantage of the description is that it allows easily to account for all interaction processes
affecting the polariton relaxation. The important disadvantage is that the dressing of the
polariton dispersion can not be easily included in this model. In the resonant configuration
one can single out the states, where the energy-momentum transfer is very efficient and
dominates the system. This leads in the simplest case to a three level model containing
the ground or signal state, the pump state and the idler state. The names of these
states arise from similar physics in nonlinear optics. The losses, such as the dominant
radiative losses and the scattering processes driven by disorder, can be taken into account
by phenomenological decay rates. The disorder effects are neglected in this model, but

scattering with phonons can be taken into account. The broadening can be written as

1P |Gl
Fk A + thonons Ve ’
where X and C, are the exciton and photon Hopfield coefficients, respectively, A is the

(1.60)

exciton inhomogeneous broadening, I'yponon is the phonon-induced broadening and 7, is
the cavity-photon broadening. At low temperatures I'yponon << A and in most of the
cavity samples A & ~.. We will use I" as the decay constant.

Using these rate equations, the system can be written as a set of three equations

ng = Py—Tng — angni(n, +1)* + a(ng + 1)(n; + L)nj, (1.61)
iy = Py —Tny+ 2anen;(n, + 1)> — 2a(ng + 1)(n; + 1)n2,
ni=  Py—TIn; —angni(n, + 1)? 4+ a(ng + 1) (n; + 1)”12”
where
2w |M)?

a=— T (1.62)
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M is the polariton-polariton matrix element of interaction, which is here approximately
equal to one fourth of the exciton-exciton matrix element of interaction. This system can
be easily solved numerically. In the cw excitation case Py = P; = 0, this gives ng = n;
and the system can be reduced to two equations.

Using the evolution equation for the ground state population
1o = 1o (Win — Wout) + Win, (1.63)

where W;, and W,,; include all channels for incoming and outgoing polaritons, respec-
tively. The threshold of parametric scattering is given by the condition W, — W,,; = 0.
This implies

2 _
ng = CmP—F‘ (1.64)
a(2n, + 1)

The population ng should be positive or zero. This is given by n, = y/I'/a and using

n, ~ P/T" yields
I hI'
Pthres = F\/; = 72|—]\4| (165)

for the threshold of parametric scattering.

1.5.1.2 Quantum model

The quantum model has been developed by Ciuti et. al (2000) [67] and is similar to
the Gross-Pitaevskii approach discussed previously, but considering three modes. The
starting point is the Hamiltonian, where interactions with phonons and free carriers are
neglected. To obtain the equation of motion for polariton operators a; and a,t we write

the Heisenberg equation:

] da in

Zhd_tk == [ak‘) H] = ELP(k)ak + Z Ek,kf/,k”a’L/«kk”fkak’ak” + P(k‘>’ (166)
kK"

4 f * f int t

Zh% = [aka H] = ELP(k)ak — ZEk’yk’l,k"ak//ak/a/k"-i—k;”—k —+ P(]{)’
Kk

where Fpp is the lower polariton branch dispersion relation

- 1
Ez?él’k// = §(Vk’,k",k7k’ + Vk',k”,k”fk% (167)

and P(k) the polarization amplitude induced by an external pumping field.
Once again, only the signal, pump, and idler states are considered, and it is assumed
that all states are macroscopically and coherently occupied. In other words, the states

are assumed to behave as classical coherent fields and one can replace them by there
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c-numbers as it has been done first by Bogoliubov. Ciuti used the same approximations
but assuming three macroscopically occupied states. Keeping the signal and idler state
operators and replacing the pump state by a complex number, one can describe the system

by three equations:

—ihag = Epp(0)ag+ Eimaly PL + Pyrobe(t), (1.68)
—ihpkp = ELP(kp>Pk:p + Emtpl;kpaoa%p + Ppump(t)a
ma;kp = ELP(Qkp)agkp + E;ntQOPI:va
where
Erp(0) = Epp(0) + 2V, ol B, |, (1.69)
Erp(ky) = Erp(ky) + 2V, by | Py,
Erp(2ky) = Evp(2kp) + 2Vak, 0| Pe, |,
and ]
Eint = §(Vkp,kp,kp + Vi =y ) - (1.70)

The advantage of this formalism with respect to the one presented in the previous
section is that it allows one to account for the energy renormalization processes driven by
the inter-particle interaction. Here, a blueshift of the three states considered is induced
by the pump intensity. The blueshift itself can result in another nonlinear effect, which
will be discussed in the next section. On the other hand, spontaneous scattering processes
and the phonon scattering cannot be described.

This system of equations can be easily solved numerically by replacing all operators
by complex numbers. Finally, further treatments given in detail in e.g. [0, [5] result in a
similar equation for the parametric scattering threshold. This illustrates the equivalence

of the semi-classical and quantum models in this aspect.

1.5.2 Bistability and Multistability

1.5.2.1 Bistability

An important feature of the resonant excitation scheme is the renormalization of the
polariton energies. This renormalization is observed in the polariton emission, but it plays
also a key role in the absorption of the pump light. Two situations can be distinguished.
If the laser is below the bare polariton energy, the absorption is simply reduced by the
pump-induced blue shift, which drives the mode out of the resonance. If the laser is above

the bare polariton energy, the polariton energy gets closer to the pump energy because of



44 MICROCAVITY EXCITON-POLARITONS - GENERAL ASPECTS

Figure 1.11 | Experimental obser-
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the blueshift, which in turn increases the blueshift, that enhances the absorption and so
on. Two different regimes can be distinguished in this case. First, at low pump intensities
the polariton energy remains below the pump energy. At higher pump intensities the
polariton energy passes the pump energy and stabilizes above. This results in a dramatic
increase of the population of the pump state, as the absorption reaches a maximum by
passing the pump laser energy. The threshold is called bistable threshold, as there are
two possible polariton populations for the same pump intensity. The same effect can
be also due to the saturation of the exciton oscillator strength[69]. The bistability was
first observed experimentally in 2004 by Baas et al. [68]. Also the interplay of the two
nonlinear effects (parametric amplification and bistability) opened a interesting field of
research [70] [7T]. To analyze the bistability theoretically the dynamics of the pump state
can be written as follows

- _ 2 _ _
Py, = i(wk, — wp + 0 ) Py + 05 Vi ko ko | Po |* Py + Powmp(1). (1.71)

h kalﬂv

This last quantity should be zero in the stationary regime. Then multiplying Eq. (L 71)
by its complex conjugate and replacing Pkp by the population of the pump state and |Pkp |2

by the pump intensity I,,, one gets:

N, = I, (1.72)

9 2
[((wkp — wp) + ﬁvkwkp’kp]\]p) + sz

The experimental observation of the bistability of cavity polaritons [68] is shown in
Fig.(LII). It is the so called s-shape. Increasing the pump intensity results in a clear
jump of the population at the turning point 1. Starting now from the upper branch
and decreasing the pump intensity, the populations drops down at turning point 2. This
exhibits clearly a hysteresis cycle, when the pump intensity is stepwise increased and
decreased. The part of the curve, which connect the two turning points is instable, which

can be analyzed by stability calculations using the famous Ljapunov exponents and adding
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a small perturbation. The turning points can be found by the condition dI,/dN, = 0,
which yields:

2
h

The bistability region is given if there are two positive different solutions for this

3(5 Vipstipokin) N + 4w, — wp)® + rzp =0. (1.73)

quadratic equation and thus one has the condition

wp > wi, + V3T, . (1.74)

It follows directly from this condition, that it is necessary to pump at least one
linewidth above the bare polariton state to observe the bistability. So, finally the so-

lution for the turning points reads

2(wp —wy,) £ \/(wp —wy,)? — 30

N, = G
Sy,
Y kpkpkp

p

(1.75)

The solution with the minus sign corresponds to the turning point with the higher
pumping. Plugging Eq.(7H)into Eq.([72)) leads to the pumping threshold intensity.

1.5.2.2 Multistability

It was first reported by Gippius et al. [72] that the polariton bistability can be expanded
to polarization multistability. It is shown that the interplay between the nonlinearity
caused by the polariton-polariton interactions and the polarization dependence of these
interactions results in a remarkable multistability of a driven polariton system, contrary
to the ordinary optical bistability in the spinless nonlinear case.

The polarization-dependent system can be described by the spinor Gross-Pitaevskii

equation
i 5 5 P,
wp —w— — 4+ |V,  + |V _, 7| U, + — =0, (1.76)
T 4T
where the number of the particles in the system with spin o is N, = |¥,[?, 7 is

the polariton lifetime, and o (9) is the matrix element of polariton-polariton interaction
in the triplet (singlet) configuration, respectively. A solution of this equation gives an
interesting hysteresis cycle of the polarization degree inside the microcavity. For a given
polarization of the pump and depending on the history of the pumping process, the
polariton polarization can, in general, take three different values. For instance, a linearly
polarized laser can create a strongly right circularly, strongly left circularly, or a linearly

polarized polariton state. This is illustrated in Fig(TI2]) (a) in dependence on the intensity



46 MICROCAVITY EXCITON-POLARITONS - GENERAL ASPECTS

=3
(=1
o

(=]

~

(5]
=1
o

=]
o

Internal circular polarization
° o ; .
n o
wn o
1 : !
Internal circular polarization
o
(=]
>

‘ ‘ -10 y y y
4 & 8 A0 B8 OB D05 10

Pump (101" s-‘) External circular polarization

s oef
=)
=}

o
oA

Figure 1.12 | Multistability of cavity polaritons [72]: (a) Circular polarization degree of the
driven mode versus external pumping intensity for slightly elliptical pump, (b) Circular polarization
degree of the driven mode versus circular polarization degree of the pump, and (¢) The pump intensity I
and polarization (color) versus the circular polarized components of the driven mode . Color shows the
polarization of the pump (bright green corresponds to linear polarization). The crosses mark the four
stable points for the driven mode corresponding to the same linearly polarized pump intensity. Arrows

show the three possible jumps in case if the pump intensity is slightly increased.

of the elliptical pump intensity and (b) in dependence of the polarization of the pump.
In both cases complicated hysteresis structures arise.

Figure (c) shows the functional dependence between o, and o_ components of the
polariton population and the intensity and polarization of pump calculated accounting
for the coupling between polaritons with opposite spins described by a; = —0.1ay. This
value of ay corresponds to recent estimations of Ref. [73]. The circular polarization degree
of the pump laser is represented by the color of the surface of solution and the intensity
of the pump is on the vertical z axis. The linear part of the polarization of the laser is
kept aligned along x direction. The green areas correspond to nearly linearly polarized
pumping. If the intensity of the pump increases, while its polarization is kept linear, the
system follows the black solid line and then the black arrows shown in the Fig.(LI2) (c).
One can see that from the critical point at the end of the solid black line the system can
jump into three possible stable points (shown by crosses). One of them corresponds to the
linearly polarized state and two others to nearly right- and left-circularly polarized states.

The choice of the final state by the system is random and is triggered by fluctuations.



Chapter 2
Resonant excitation

In this chapter, we discuss effects under resonant or quasi-resonant excitation of polari-
tons such as the polariton parametric scattering and the bistability. For the former one
we present a new theoretical approach which builds a bridge between the semi-classical
approach of the Boltzmann equations and the coherent picture using high order correla-
tors. Both regimes, the quantum nature and the transition to the classical Boltzmann
equation are shown. The second part of this chapter is focused on bistable transitions
of the nonlinear polariton oscillator and the influence of fluctuations near the stability
edge. This fluctuations result in a narrowing of the hysteresis cycle and have thus a strong

impact on experimental outcomes.
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2.1 Quantum kinetic equations for interacting bosons

2.1.1 Introduction

The systems of interacting bosons are the focus of experimental and theoretical research at
present. The interest in these systems is stimulated by recent experimental demonstration
of Bose Einstein condensation (BEC) of cold atoms [74], [75], [76] and exciton-polaritons
in microcavities [77, 22, 24, 25, 26]. BEC of cold alkali atoms is characterized by ex-
tremely low critical temperatures (in nanokelvin region), while exciton-polaritons can be
condensed up to room temperature. On the other hand, strictly speaking, BEC is for-
bidden in two-dimensional systems like planar microcavities, so the observed phenomena
[77, 22) 178, 24), 25] should be rather called a quasi-condensation of the polaritons in a finite
size system. In an ideal infinite planar microcavity there is no BEC, but a superfluid phase
transition may take place [62] [60], 61], which requires polariton-polariton interactions.

The dynamics of condensation of interacting bosons is an extremely complex process
which is successfully treated theoretically only in particular cases and using strong ap-
proximations. Here, we present a dynamical quantum model allowing the description of
various systems of interacting bosons and apply it to the microcavity parametric oscilla-
tors. Our model goes beyond existing theories as it relaxes the Born-Markov approxima-
tion. It allows describing the transition between the quantum and classical limits for the
microcavity polariton parametric oscillators (PPOs).

To be specific, we shall consider a system of np interacting excitons and assume that

the following condition is satisfied:

npah << 1, (2.1)

where D is the dimensionality of the system (D=1,2,3) and ap is the exciton Bohr
radius. We shall further assume that this excitonic system is strongly coupled with light
in a semiconductor microcavity. The presence of the photonic component results in the
extremely small effective mass of cavity polaritons (1074107 of the electron mass [5]),
while the excitonic component makes possible effective polariton-phonon and polariton-
polariton interactions. These factors are crucial for polariton BEC, whose critical temper-
ature was predicted to be relatively high (tens of kelvins for GaAs and CdTe microcavities,
up to room temperatures for GaN and ZnO cavities [5], [79] 80]).

Similar to the exciton condensate as studied theoretically by Keldysh and Kopaev
more than 40 years ago [81], polariton condensate emits coherent light and, thus can be
used for the creation of a new generation optoelectronic device known as ”polariton laser”
[82].

Investigation of the mechanisms of polariton redistribution (and bosons, in general)
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in the reciprocal space is crucial for the comprehension of the formation of BECs. For
the cavity polaritons, two mechanisms are of major importance: the polariton-phonon
and polariton-polariton interactions. The former is dominant at small densities, while the
latter becomes dominant in the nonlinear regime and especially at the bottleneck region,
where polariton relaxation with acoustic phonons is no more efficient [33]. Polariton-
polariton scattering is even more important in the case of resonant optical pumping that
creates coherent macroscopic population of polaritons at their lower dispersion branch.
In this case, two main nonlinear mechanisms have been identified, which are polariton
parametric scattering [83], [67, [I0] and the blueshift of the polariton dispersion [78]. These
two mechanisms often occur simultaneously, leading to the number of intriguing nonlinear
phenomena such as bistability of the polariton system [68] [70, [84 [71].

As explained in the first chapter, the existing models of the PPO either consider all
three states involved in the parametric process as classical fields coupled by a four-wave
mixing process [71] or consider the case of cw pumping, neglecting the pump depletion
183, 67].

The exception is the recent work of Glazov and Kavokin [85], where the hyperspin for-
malism was applied for the analysis of the parametric amplifier. The hyperspin formalism
allows describing up to a certain point the quantum correlations in a three-level system,
while its extension to more complex systems would require extremely heavy analytics.
Other works [70, [84] are based on Gross-Pitaevskii equations. This allows taking into
account all states of reciprocal space, but the decoherence or relaxation associated with
phonons are completely neglected as well as processes of spontaneous polariton-polariton
scattering.

In the following sections, we derive quantum kinetic equations for the system of inter-
acting bosons. They describe the dynamics of the occupation numbers and of nonclassical
offdiagonal four-particle correlators. We argue that decoherence process leading to the
decay of the nonclassical correlators leads to the transition between the quantum oscilla-
tory regime and semiclassical relaxation regime. We show that in the limit of very fast
dephasing, the system of quantum equations becomes similar to the semiclassical system
of Boltzmann equations. These quantum kinetic equations are then applied to describe

the three state model corresponding to the PPO.

2.1.2 Quantum kinetic equations for a system of interacting
bosons
Here and further, we consider a system of spinless interacting bosons, e.g., cavity polari-

tons. We address the readers interested in the spin dynamics of exciton-polaritons to the

recent review paper [86]. Here, we consider a model quantum system described by the
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Hamiltonian

H = Z exal ay + Z Us.q G1c—q (bq + bT_q> —|—% Z Vk7k,7qaL@Lak,qak/+q +H.c., (2.2)
k k.q k.k',q

where the operators a;, are the boson annihilation operators for polaritons and b, — the
acoustic phonon annihilation operators. The first term corresponds to the free particle
motion, the second term describes exciton-acoustic phonon scattering, and the third term
describes polariton-polariton scattering. The latter arises from the Coulomb interaction
between the excitonic fractions of two colliding polaritons and plays a major role in
polariton relaxation. The matrix element of this scattering is determined by the exciton
binding energy Ep, exciton Bohr radius ap, and the area occupied by the condensate S.

Roughly, it can be estimated as

EBCLZB
S

where X}, is a Hopfield coefficient giving the percentage of the excitonic fraction in the

Viewxerior = (K, K| Vie [K” K" ~ XX Xoer Xyom Ope s wr— w3 (2.3)

state k, and the delta function ensures the momentum conservation during the scattering
act. An estimation of this quantity within the mean-field approximation [4I] has given a
prefactor of 6 in the left hand side of Eq.(Z3]) . We neglected in Eq. (23] the saturation
terms [29], assuming that condition (ZJ]) is satisfied.

When considering the dynamics of the polariton system described by Eq.([2.2]), the
phonon field can be treated classically. The usual way to deal with it is to use the Born-
Markov approximation for the Liouville von Neumann equation for the density matrix of
the system. The resulting system of kinetic equations is of the Boltzmann type. This pro-
cedure is well described in literature (see, e.g., Ref. [87]) and we will not further consider
the interaction with acoustic phonons in the rest of the chapter. We note, however, that
a strong advantage of the approach we use, with respect to the models assuming the full
coherence as the Gross-Pitaevskii equations, is that it allows taking simultaneously into
account the coherent and noncoherent aspects of the polariton dynamics.

Let us now consider the term describing particle-particle interactions [last term in Eq.
(23)] . Formally, the Born- Markov approximation can be applied also in this case [8§].
The justification of this approximation is, however, less straightforward since there is no
classical reservoir in the system. To consider the dynamics of the system, we start from

the Liouvillevon Neumann equation which reads

il =1t p) (2.4)

1
= Z £k [aLak,o — paLak] + 3 Z Vix q [aLaL,ak_qakurqp — paLaL,ak_qak,+q] .
k k,q
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It yields the following dynamics of the occupation numbers N, = Tr(alakp):

dNy dp
o =1Tr (altaka> (2.5)

1 1
= —ﬁ Z Im [Vk,k’,q <anaL,+qakak/>} = —ﬁ Z Im [Vk,k’,qu,k’,q]-
k/7q k/,q
The right part of Eq. (23] contains the fourth-order correlators

Axp g = <anaL+qakak/> =Tr [paltfqaliurqakak/} ) (2.6)

It follows from Eq.([2.05]) that the total number of particles in the system is conserved,

d/dt> , Ny = 0, as it should be in the absence of damping. Note that Eq. (23] is

obtained from Eq. (24]) without any simplifying assumptions. In order to take into

account the finite lifetime of exciton-polaritons, an additional term — Ny /7 should be
introduced into Eq.(2.5).

To complete the set of kinetic equations, we derive an expression for the temporal

derivative of Ay s, which reads

dt
i ¢ 3 Pt ]
= ﬁ (€k/+q + €k—q — €k — 8k’> Ak,k’,q + 73 |:Vk,k",q/ <(lk//@kiq/ak,urq/ak/ak_qak/+q
k//7q/

Ak, dp P J P
Zkka oy (%akak/akqakurq = ﬁTr ([p; H] aquak,ﬂakak/) (2.7)

T T T [P
+V 'k’ g <akak”ak’—q/ak”_s_q’ak*qakurq — kaq,k",q’ (R T — ak"+q/ak’+q
— 7T t B
Vk’+q,k”,q’ <akak’ak—qak//akl+q_q/ak,/ q )| =

[
= ﬁ (Ek/+q + Ex—q — €k — Ek/> Ak,k’,q + Fi+F+ 5+ Fy

In Eq. (27), we have expanded the sum of the sixth-order correlators into four parts,
F14+F2+4F3+F4. At this stage, we are going to break the hierarchy decoupling the sixth-
order correlators. Our goal is to write a closed system of equations for the occupation
numbers and the fourth-order correlators Ay s 4.

Depending on the wave vectors, all the terms in Eq. (Z7) can be collected into four
distinct groups:

(1) The term F; corresponds to the correlators with ¢ = 0. It describes forward

scattering and reads

7
Fy = 7 E (Vg0 + Virgpro = Vigro — Virwr o) X <a£/+qa2_qama2~ak~>(2-8>
k//
7
B Y " (Viegwro + Vivsgiwro — Viwro = Viewro) N,
k//
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where in the passage from the first to the second line we have used the mean-field
approximation, i.e., we neglected the correlations between the states inside and outside
the correlator. The term Fj is responsible for the energy renormalization of the states
coupled by polariton-polariton interactions.

(2) The second term Fy contains the correlators, in which the momenta of the three
incoming creation operators coincide with momenta of the three annihilation operators. It
accounts for the scattering of the states forming the correlator. As we shall argue below,
it is the most important correlator for the polariton-polariton interactions in the limit of

strong dephasing. We have

(3
Fy = ﬁv’“,qu[<aliakalt'ak’ak’+qak’+q> <a’€aka’“'ak'a’TC g - q> (2.9)

_|_
—{alapal_ ap_qal,. ap aralal  ap_gal,  apiq)]
k' Ok Qp_ gk —qUpr 4 Uk +q kOO —qYk—q%k 1 g%k +q

Q

—Vk #.qNeNw (Ng—q + Nirgq +

5 — Nj,_ qu’+q(Nk+Nk’+1)]

where we used the symmetry of the matrix element Vi1 = Vi kg = Vicqir+q—q =
Vi 4q,k—q,q fOr the systems with time inversion and again used the mean-field approximation
to pass from the first to the second line.

Equation has a clear physical sense. The term in its right hand side is the collision
term of the classical Boltzmann equation (note, however, that the Boltzmann equation
does not contain fourth-order correlators). We see that within this assumption the dynam-
ics of the fourth-order correlator is governed by the dynamics of the occupation numbers.
The term Fy provides the spontaneous buildup of correlators, which initially were absent
in the system, and also takes into account the effects of the final state bosonic stimulation.

(3) The term Fj3 contains the correlators, in which the momentum of one creation
operator coincides with the momentum of one annihilation operator. These correlators

are decoupled following the usual procedure used to decouple the Bogoliubov chains,

i
Fy~ - Z Vi ot |(Ne—g + Nivgg + DA geq — (N + Nip 4+ 1) Ap_ g jr4qr.q—42.10)
ql

1
1Y Vs qaNeAerwg+ Y, VirsarrgNe Arrr g

k.//#k./+q k/l#qu
= VikrgNo—gAwrqirg — Y Viraw aNisqArprsqa).
k" £k k' +k

It should be noted once more that the procedure of the decoupling used in Egs.
(2.8) (2.10)) is not exact. This way a number of the nonclassical correlators of the new types

will appear that do not conserve kinetic momentum, such as <a£ak/> {agag) , <aka;€/akua2,,,>,
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etc. These correlators, however, cannot appear spontaneously as a result of the particle-
particle scattering. Their appearance is possible either due to the strong Rayleigh scat-
tering in the system or to the presence of the coherent excitation by two or more laser
beams. Both these processes are not considered here.

(4) Finally, the term F} involves six creation or annihilation operators corresponding

to six different quantum states:

i
oo =5 2. Vi <ak"an/a%q/azfak—qak'+q> + (2.11)
k// q/
'k —q,k +q
#K. k—q K +q
i
‘I‘ﬁ Z Vk’,k”,q’ <a'1];ak”aL/_q/aL//+q/ak—qak’+q> -
k.//7 q/
kﬂak_Q7k,+q
kK —q, K" +q
i
A Z Vi <aLaL’“L”aqufq/ak/”rq’ak”rq> N
k,//7 q/
k_q_ql’kll+q/7k:/+q/
7& k’, l{/, k"
i
T h Z Vieq o a <a/t:a2fak—qalnak%q—q'ak”ﬂ’>'
k//’ q/
k—qk +q—q K +q
75 k, k/, L

We assume that their contribution is negligible (F; = 0). Neglecting the terms Fj
means that the phase coherence between six distinct states is negligible because of some
finite amount of decoherence in the system. In the case of six-wave mixing experiments,
for instance, this approximation will fail. Also, for the polaritons in a random external
potential, there are strong high-order correlations between the states with different k,
resulting in the inhomogeneous polariton density. This means that the suggested approach
cannot describe spatially inhomogeneous systems with induced or spontaneous pattern
formation.

The set of Eqs. (Z3) - (2II) describes the dynamics of bosonic systems account-
ing for particle-particle interactions beyond the Born-Markov approximation. Equations
(2.5) (211)) allow for non-energy-conserving processes and may predict a qualitatively dif-
ferent dynamics of the system with respect to the Boltzmann equations. We remind
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that the Boltzmann equations only contain the occupation numbers, while in the system
(2.5) (211), the correlations between different states in the reciprocal space are described
by means of the fourthorder nonclassical correlators.

2.1.3 Decoherence and classical limit

The formalism derived in the previous section assumes that decoherence is weak enough in
order to allow for the conservation of the fourth-order correlator. In this section, we con-
sider the regime of strong decoherence. The decoherence processes are mainly governed
by forward scattering of polaritons with acoustic phonons which do not affect directly the
occupation numbers. Also, the polariton-polariton forward scattering treated beyond the
Born approximation[89] can contribute to the temporal decay of fourth-order correlators.
To treat the above mentioned process phenomenologically, one can introduce a decoher-
ence time T4 in Eq. (Z7). This approach allows one to describe a smooth transition
between the coherent regime described in the previous section and the Boltzmann limit.

It allows the equation for Ay, to be rewritten in the following form:

dAy 1 7
kg N 4oy —en— ) —
dt h Tdec

Appg+Fi+ Fy+ Fs. (2.12)

Though this is not always the case in the experimental situation, let us suppose that
the decoherence time is short enough, so that V Ny, << 1/74e., where Ny is the total
number of polaritons in the system and V is the mean value of the matrix element. In this
case, one can neglect in Eq.(2I2) the terms corresponding to the energy renormalization
I together with the terms F3. The latter terms can also be neglected because they contain
a sum of the fourth-order correlators corresponding to different states in the reciprocal
space whose phases are more or less random so that together they yield a zero contribution
(random phase approximation ). Then, one can assume that due to the strong decoherence
the values Ay , reach their equilibrium much faster than the occupation numbers, i.e.,
we divide the variables in our system into the slow ones (occupation numbers) and the fast
ones (correlators). Such an approach is frequently applied in chemical kinetics, where all
the intermediate products of chemical reactions are considered to be in quasiequilibrium
(and in our case, the fourth-order correlator is indeed an intermediate product). Thus,

one can write

dAk7k/,kiq7k/+q 7, (E te ¢ p ) 1
—_— = — k— k'+q — €k — €k/) —
dt h 1 1 Tdec

Apk k—qhr+q + F2 =0, (2.13)
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F
Akt g i +q = : (2.14)
e 1 1 %(Ek—q + 6k:’+q — € — Ek’)

_ Wik g “
— —
(€k—q + €prqg — € — €xr) + 1

Tdec

X[Nka/<Nk,q -+ Nk’+q + 1) — NquNk’+q<Nk + Nk/ + 1)]

Tdec

Substituting this expression for Ay, into the equation for the occupation numbers

Eq.(27) , one obtains a set of semiclassical Boltzmann equations:

d Ny,

— = > " Wi gl Ni—gNivq(Nie + Niy + 1) = NpNig (Ni—g + Nirq + 1), (2.15)

K.q
where the scattering rates are given by the following formula:

|‘/kk’q|2 ]-/Tdec
T . 2.16
k,k',q h (Gk—q + €k'+q — €k — Gk,)Q/h? + ]'/TdQEC ( )

One can see from Eq.([2I6) that the scattering rate is the fastest for the energy-

conserving processes, where it is simply given by the Fermi golden rule:
Wk,k’,q = ’Vk,k’,q|2 7—dec/h' (217)

For the non-energy-conserving processes, the probability of scattering is reduced by a

standard Lorentzian factor.

2.1.4 Polariton parametric oscillator

2.1.4.1 Formalism and parameters

The complete set of kinetic Eqgs. ([2.0)-(2.11)) is extremely complicated and, for the general
case of nonresonant pumping, requires hard numerical modeling. In the present section,
we consider the simple example of polariton parametric amplifier (PPO) involving only
three quantum states. Due to the strong nonparabolicity of the lower polariton branch, a
pair of exciton-polaritons created by the pump pulse at the so called magic angle scatters
into nondegenerate signal and idler states with both energy and momentum conserved, as
shown in Fig. (Z1]) Our goal is to describe the transition from the Boltzmann limit to the
coherent regime. We do not consider here in detail the selection of the signal-idler states
among the continuum of polariton states. The selection problem, however, is far from be-
ing trivial because of strong renormalization of the polariton branches with the increase of

the pump intensity. At high polariton density, the conservation of energy and momentum
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Figure 2.1 | Parametric scatter-
ing: Polariton dispersion (blue) and
schematic parametric scattering of two
pump polaritons into signal and idler
polaritons at the magic angle. The bare
cavity and exciton energies are shown
dashed.

takes place for the states essentially different from those in the low density limit [70), [84].

Bearing this in mind, we consider here the simplest model based on the assumption that

the PPO may be described by only three quantum states, namely, the pump, signal, and

idler states. An advantage of our formalism with respect to the precedent ones derived in

the same spirit [67, [71] is that it allows to take into account simultaneously signal-idler

correlation and pump depletion. The Hamiltonian of this system can be written in the

following form:

H = (esalas + eiagai + epagap) + U(]X3|2alas +

(2.18)

+X,Pala, + X Pala;) (| XsPalas + | X, 2 a)a, + | X *ala;) +

+(Valalasa; + V*ayayalal),

S

where the indices p, s, and i correspond to the pump, signal, and idler, respectively.

The first term describes free particles, the second one describes energy blueshifts (X is the

Hopfield coefficient corresponding to the percentage of the exciton fraction in each of the

states), and the third term corresponds to the parametric process. Equations (2.7)-(2.11))

reduce in this case to
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dN, Ny 2 N, 2
5 _ _tYs 4 o1 —__3 -
I - hlm {V <asalapap>} - + h[m {VA}, (2.19)

dN; N; 2

dN, N, 4 hr?

— = —— == Ay + P——2L— 2.21
dt n R A P e (2.21)
dA 1 1 1 1 i
—_— = - — + — A+ —dppoA 2.22
dt (273 - 27; N Tp * Tdec) i pore * (2.22)

1V

+—[N2(N; + N; + 1) — AN, N; (N, + 1)),

h

where we have introduced the polariton lifetimes and external pumping term P; Ej

is the energy of the pump laser and 74, is the decoherence time. If pump depletion and
decoherence are neglected, we recover the results obtained earlier by Ciuti et al. [67].

One can see that there are two energy detunings that play a crucial role. The first one,

in Eq. (219), is the energy difference between the laser and the renormalized pumped

polariton state. It is responsible for the bistable behavior of the PPO and will be referred

to as the pump detuning in our further consideration,

5P<Np) = EO — €& — U|Xp|2(|Xp|2Np + |XS|2NS + |XZ|2NZ) (2-23)

The second detuning, in Eq. (2I9), represents the dynamical energy mismatch be-
tween renormalized signal, pump, and idler states of the PPO:

0ppo(Np, N5, N;) = (€s+€i_2€p)+U(|Xi‘2+|X5|2_2’Xp|2) X (lXp|2Np+|XS|2Ns+|Xi|2Ni)-
(2.24)
In our numerical simulations, we consider a realistic case of a GaAs microcavity similar
to that in Ref. [9]. The Rabi splitting is 6 meV and the cavity photon lifetime is 7,;, = 2
ps. The signal, pump, and idler lifetimes are respectively given by
Toh

T 1—- |Xs,p,i|2 ( )

The exciton-exciton matrix element of interaction is taken as [85] U = 6Ey(a?/S),
where Ej, = 10 meV is the exciton binding energy, a;, = 100 Athe two-dimensional (2D)
exciton Bohr radius, and S the surface of the laser spot for which we take a lateral size

of 5 u m.

2.1.4.2 Single mode dynamics under the cw laser pumping

In order to separate the contributions of the two main nonlinearities in the system, we
first consider the case of a single mode system with 0,(0) > 0. Figure (2:2))(a)shows the
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Figure 2.2 | Single mode model for a positive detuning §,(0) = 0.25 meV: (a) Pump population
versus pump intensity which is adiabatically increased (solid line) or decreased (dashed line). (b) Detuning

d,(INp) versus the pump intensity adiabatically increased (solid line) and decreased (dashed line).

steady state polariton population versus cw pumping whose energy lies above the bare
energy of the pumped state. cw pumping is adiabatically turned on (solid line) and turned
off (dashed line). Figure (2.2)(b) shows d,(Np) for the same pumping conditions. One
can see the typical hysteresis cycle of a bistable system. At low pumping, N, depends
superlinearly on P. The absorption of light by the mode decreases the value of |6,(V,)],
which, in turn, results in the increase of the absorption. This process finds its paroxysm
at the turning point of the curve where 9,(N,) changes sign. In the model case which we
consider here, the pump population jumps by a factor of 5 at this point. Above this point,
N, depends sublinearly on P since further increase of pumping provokes an increase of
|0,(N,)|, which limits the increase of absorption. If P is decreasing, similar processes take
place except that the turning point is situated at lower P than in the case of increasing
pumping. All these processes result in the typical hysteresis cycle shown in Fig. (2.2).
The hysteresis strongly affects the dynamics of the PPO as has been first outlined in Refs.

[70] and [84], and as we shall see in the next subsections.

2.1.4.3 Dynamics of three modes under steplike onset at t=0

We first focus on the establishment of the steady state regime under cw pumping switching
at t = 0. Figure (23])(a) shows the signal and the pump state populations versus the
pump laser intensity. The pump laser energy is now taken to be resonant with the bare
polariton energy so that no bistability is expected. We also take dppn(0,0,0) = 0. The
parametric process starts to be efficient for rather low pump intensities and small polariton

populations, so that the corresponding value of §, remains smaller than the linewidth [Fig.
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Figure 2.3 | Three modes model with resonant excitation of the pump state §,(0) = 0:

(a) Steady state signal (black) and pump populations (blue) versus the cw pump intensity which is
adiabatically enhanced. (b) Detuning é,(Np) versus the pump intensity adiabatically enhanced. (c)
Time dependence of the signal (black) and pump populations (blue) for a pumping intensity of 104
particles/s. The corresponding particle density in the steady state is 2.3210%m 2.

@Z3)(b)] . Figure ([Z3)(c) shows the temporal dynamics of the signal and pump states
under cw excitation far above threshold. The buildup time of the signal is about 50
ps and it is longer than that of the pump state. However, the signal dynamics is quite
smooth and shows no oscillations. In this regime, we do not expect that the Boltzmann
approach would give qualitatively different results, except for the weak maxima at about
25 ps for the pump and at 50 ps for the signal. One can observe in Fig. (23])(a) that
N,, continues to grow even above the nonlinear threshold. This contrasts with the results
of the previous models, which neglect the pump dynamics and fix the pump population
above threshold. The same quantities as in Fig. (23]) are shown in Figs. (2.4])(a)(d)
for the pump detunings 0,(0) = 1 and 0.25 meV. In Fig. (23])(a), the pump and signal
populations show a nonlinear dependence on the laser intensity. Two very different regimes
can be achieved depending on the value of the pump detuning. If the detuning is large,
the PPO threshold is reached before the bistability threshold (solid lines). In this case,
there are two jumps in the signal intensity as a function of pumping intensity, as is shown
by the black curve. On the contrary, for smaller values of §,(0), the bistable threshold
takes place before the PPO threshold (dashed lines). In that case, only one intensity jump
is observed for both pump and signal intensities. However, this result and the next one

can be altered if we would consider a realistic 2D microcavity [71].

The time domain results are shown in Fig. (23])(c) for 6,(0) = 1 meV and in Fig.
(23)(d) for 6,(0) = 0.25 meV. The signal and pump intensities show abrupt jumps once
the threshold is reached for both detunings. The populations show oscillations after reach-
ing the threshold, demonstrating the important role played by the correlations between
signal, pump, and idler states in this regime. These oscillations are damped because of the
continuous filling of the pump state by the external laser beam. For moderate pumping

and at large detuning, two successive thresholds can be seen in Fig. ([Z3)(c) (solid lines)
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Figure 2.4 | Three modes model for the positive pump detuning §,(0): (a) Steady state signal
(black) and pump populations (blue) for §,(0) = 0.25 meV (dashed) and §,(0) = 1 meV (solid). The cw
pump intensity shown on the y axis is adiabatically increased. (b) Detuning 6,(Np) versus the pump
intensity for d,(0) = 0.25 meV (black) and 6,(0) = 1 meV (blue). (c) §,(0) = 1 meV. Time dependence
of the signal (black) and pump populations (blue) for a pumping intensity of 2210 particles/s (dashed)
and 721016 particles/s (solid). (d) 6,(0) = 0.25 meV. Time dependence of the signal (black) and pump
populations (blue) for a pumping intensity of 10 particles/s (dashed) and 10'® particles/s (solid).

for the signal and pump populations. The dotted lines show the population numbers for
pumping below threshold. In the case of high laser intensities, these two thresholds take
place simultaneously. In Fig. (23])(d), the PPO starts after passing the bistable threshold
and leads to a jump of the signal intensity. For pumping below the threshold, the signal

state is filled only by spontaneous scattering and remains weak for the two detunings.

2.1.4.4 Kick effect

In this section, we consider the effect of a short kick pulse resonant with the pump mode
which comes after the establishment of the steady state. We consider the case 6,(0) = 1
meV. The intensity of the cw pumping laser is chosen in order to maintain the system
just below the bistable threshold. The intensity emitted by the signal is, therefore, rather
weak. Then a 1 ps long kick pulse is sent to the pump state. It induces the increase of the
pump intensity sufficient to pass the bistable threshold, as Fig. (23] shows. Consequently,
after the arrival of the kick, the signal intensity increases by almost 1 order of magnitude.
Remarkably, the system does not go back to its initial state after the kick pulse has passed,
but it stabilizes to a new equilibrium state characterized by an intense signal emission.

This effect can be used for the realization of low threshold optical switches.
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dence of signal (black) and pump state E
populations (blue). The pumping is 8.
composed of a cw laser 6,(0) = 1 meV, 8_
1 x 10! particles/s and a short kick
pulse at ¢t = 100 ps 2.5 x 107 parti-
cles/s. The dashed lines correspond to 10° ' . ' . ' . '
the populations without kick. 0 100 200 300 400
time [ps]
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Figure 2.6 | From quantum to classical limit: Signal and pump populations versus the pump
intensity for different decoherence times ¢,(0) = 1 meV. The condition V Ny /Tge. is satisfied for deco-
herence times shorter than 0.1 ps. (a) Steady state population of the signal state. (b) Time dependence
of the signal population 2.5 x 1016 particles/s. (c) Time dependence of the pump population 2.5 x 1016
particles/s.

2.1.4.5 From quantum to classical limit

Figure (2.6) shows the impact of the decoherence on the dynamics of the PPO. It can be
clearly seen that the decrease of the decoherence time leads to the increase of both bistable
and PPO thresholds. In the time domain, it leads to the washing out of the oscillations in
pump and signal intensities due to the suppression of the nonclassical correlations between
them. It is also seen that the decoherence makes longer the time needed for the pump
and signal states to reach stationary values under cw excitation. It is clearly seen from
Fig. (2.6)(c) that in the limit of the small decoherence times, the system recovers the

Boltzmann-limit dynamics.
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2.1.5 Conclusion

In conclusion, we have derived a closed set of kinetic equations describing a system of
interacting bosons beyond the Markovian approximation. The dynamics of the occupation
numbers is shown to be strongly altered by the buildup of the nonclassical four-particle
correlators. The decoherence process leading to the fast suppression of these correlators
is shown to provoke the transition from the quantum to the classical limit. This system of
kinetic equations is applied to the dynamics of a three state polariton parametric oscillator.
The general equation set which is obtained by us is quite heavy, and its solution requires
great numerical effort. However, this formalism has an important advantage of taking
into account the incoherent phonon dynamics and the coherent nature of the polariton-
polariton scattering process in the presence of macroscopically occupied polariton modes.
It represents a bridge between the fully coherent picture (Gross-Pitaevskii equations) and

the fully incoherent picture (Boltzmann approach).
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2.2 Fluctuation induced bistability transitions

2.2.1 Introduction

The blueshift and the bistability of exciton-polaritons have been introduced in the first
chapter. We will remind them at this point briefly because they will be the major ef-
fects discussed and investigated in the following section. The blueshift comes from the
polariton-polariton interaction, which has been under deep investigation in recent years
[90], 911, 92].

These correlations and the resulting polariton-polariton interaction manifests itself in
a blue shift of the polariton resonance with the increase of external pumping. In case the
driving laser beam frequency exceeds that of the lower polariton (LP) branch by more
than LP-linewidth, the polariton field amplitude can exhibit abrupt transitions between
different stable states [68]. The theoretical treatment of these nonlinear oscillators gives
a typical S-shape of the polariton amplitude depending on external excitation [68, [70, [71]
(Figl2T(b)), with finite range of pump intensities where the polariton system can be
bistable.

The second important nonlinear effect, studied in detail in the previous section, is the
parametric polariton scattering within the polariton dispersion branch with energy and
momentum conservation [83], [84] [71], [93].

Both nonlinear effects - parametric scattering and bistability - can often occur simul-
taneously [84] [03].

In fact, accounting for the polarization of light expands the bistability to multistability
and polarization hysteresis of the coherently driven polariton mode [72]. These effects
arise from polarization-dependent polariton-polariton interactions and can be measured
in polarization resolved transmission and photoluminescence experiments.

Fluctuations and noise are always present in physical systems and they can strongly
influence the dynamics of the physical phenomena. The origin of the noise lies in a large
number of physical processes e.g. spontaneous emission (internal fluctuations); amplitude
fluctuations of the external driving laser field and/or phase noise of the laser (external
fluctuations) in the case of optical pumping. The noise can become very important if the
driven system exhibits some critical behavior due to a nonlinear feedback mechanism.

The strong dependence of transition probabilities from the lower amplitude state of a
bistable nonlinear oscillator on the driving parameters and noise near the stability edge
sets a challenging problem of controlling these processes.

There are different ways to describe the nonlinear oscillator disturbed by noise. One of
them is the use of the generalized diffusion equation - the Fokker-Planck-equation (FPE).
It can be used to study peculiarities of the dynamics in case of bistable potentials.[94] 95
96, 97, O8] Nonlinear systems disturbed by white [94] and colored additive noise [95] or



FLUCTUATION INDUCED BISTABILITY TRANSITIONS 65

multiplicative noise [96] have been considered.

In the following part we describe the dynamics of the driven nonlinear oscillator with an
additive external white noise under presence of damping. More specifically, we investigate
the time the system needs to jump from the low-energy stable state to the high-energy
stable state depending on the external noise intensity. This noise intensity is not coupled
to the damping, as it is given by the fluctuation-dissipation theorem. We investigate an
open system, where the damping is given by the leak mode of the cavity - the losses
through the cavity mirrors. We use three different methods to calculate the escape times
from the quasi-stable low intensity state and compare the results obtained for different
system parameters. We start with the direct numerical solution of the dynamic equation.
After that, we compare it with a two dimensional (2D) Fokker-Planck-Equation in order
to build a bridge to a one dimensional (1D) Fokker-Planck-Equation derived in Ref. [99].
These one dimensional analytical approach can give easily estimations of the jump times.
A special advantage is, that it could simplify the treatment including the polarization
degree of freedom by reducing the dimensionality of the system. We check the validity
of the reduction to the one dimensional quasi-energy picture and study the influence
of damping and noise on the mean escape time of the driven polariton mode from the
lower-density quasi-stable state, i.e. the expectation time of the internal field jump in the

microcavity.

2.2.2 Analytical models

2.2.2.1 Equation of motion

The dynamics of the driven nonlinear oscillator can be described in the quasi-energy
state representation. The effective Hamiltonian in rotating wave approximation with

slow varying polariton amplitude operators a and a™ reads
H=—Ad'a+ %(CLTCL)Q — f(a' +a). (2.26)

The first term is the energy detuning with A = A(w — wyp), where w is the frequency
of the laser field and wyp is the frequency of the lower polariton branch. The second
term describes the nonlinearity of polariton system, where « is the nonlinearity constant
and the last term is the driving force with amplitude f. In the classical approach, the
eigenvalues of H correspond to the quasi-energy E and the operators a and af are the
classical canonical slow variables. One can easily obtain the following equation of motion

for slow varying amplitude

d
ihd_j = —Aa+ aala]* - f. (2.27)



66 RESONANT EXCITATION

Transformation to dimensionless variables a A/ f — a yields

d A
id—i = —a+palaf =1, 7=1i- (2.28)
and the corresponding Hamiltonian takes the form
2
H=—a%a+ g(a+a)2 —(a+a™), B= %. (2.29)

The transformation of Eq.(2.26/2.27) to dimensionless variables simplifies the inves-
tigation of the system because only the parameter ( is left. It defines the shape of the
phase trajectories and the probabilities to find the system in different quasi-energy states.
Figl34l(a) shows a typical phase diagram (u = Re(a), v = I'm(a)) of the driven nonlinear
oscillator. The contour lines stand for different trajectories corresponding to different
quasi-energies £ and periods of particle motions along the trajectories T(E). The critical
points are indicated with "1’ (small oscillation amplitude (u1,v;)) and "2’ (large oscillation
amplitude (ug,v,)) separated by an unstable state called separatrice. Figl34(b) shows
these states schematically in the typical S-shape diagram. The middle branch including
the state 'S’ is unstable. The parameter 3 shifts the dashed line with the three points
along the abscissa axis. This dimensionless parameter allows one to determine the dis-
tance between the external field and its critical value, where the bistability jump will take
place without external fluctuations at g, = 4/27.

After introducing phenomenologically the polariton damping and noise terms, the

dynamic equation, which reads as follows

i(jl—j = —ia — a + Balal* — 1+ &(t), (2.30)

where ¥ is the damping parameter and £(t) is the external Gaussian white noise with the

following correlation functions:

(€7(0)£(t)) = Qo(7), (£(0)E(t)) = 0. (2.31)

This equation is a stochastic equation also called Langevin equation, as it describes a
dynamic process with an additional white noise.

The damping is caused by e.g. losses through the cavity mirrors. We assume here, that
noise and damping are not coupled through the famous Fluctuation-Dissipation Theorem.
This theorem has been formulated by Nyquist (1928) [100] and first proved by Callen et
al. (1951) [101] and couples fluctuations and dissipation of a system. This theorem is valid
for linear equilibrium systems, which interact only with a thermal bath. But in contrast,
the present system is a non-equilibrium, nonlinear, and open system. In addition, we

assume that the damping given by the leakage through the cavity mirrors is much larger
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Figure 2.7 | Numerical experiment: (a) Phase
portrait of the numerical experiment. The lines are
the contour plot of the Hamiltonian and the blue
points are the results of the numerical experiment
starting from stable point ’1’. The parameters are
¥ = 0.01, § = 0.075 and @ = 0.09. (b) shows
schematically the bistable region of nonlinear oscilla-
tor with two stable points ’1’” and ’2’ and one unstable

point ’S’. The dotted lines show the hysteresis cycle

and the dashed line shows the point of the calcula-

tion. (c) is the phase diagram of our system depend-

() monostable ing on the nonlinearity constant 8 and the damping

(large amplitude 1. The solid line borders the bistable area.

bistable 01
monostable|
(small amplitude)

external amplitude 00 01 v 02 03

internal amplitude

than the damping induced by the coupling with the exciton bath. However, once again,

we treat both parameters independently.

In FigZT(a) a typical solution of the numerical experiment using Eq.(2.30) is shown.
Each blue point corresponds to the solution of Eq.(2.30) separated by fixed time step.
The averaged escape time (jump time) has been calculated over 100 numerical solutions
for each set of parameters (), ¥ and (3. The larger is the damping 1 the stronger is
its influence on the dynamics of nonlinear oscillator and the deviation from the pure
Hamiltonian case for zero damping. In order to determine the position of the critical
states in phase space, one should find the zeros of the right part of Eq.(2Z30) neglecting
the noise term. With the increase of the damping, the shape of the trajectories changes,
the stable points of the system shift away from the Re(a)-axis and disappear completely
for large damping coefficients [102]. In Figl2Z7T(c) the phase diagram of our system in
the plane of dimensionless parameters 3 and 92 is depicted. The solid lines border the
parameter settings where the bistable behavior can be observed in case one neglects
the effects of noise. Large dephasing as well as large nonlinearity constant lead to the

disappearance of the bistability, the critical values are ¢ = 0.53 and g = 0.27.
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Figure 2.8 | 2D Fokker-Plack equa-

tion and comparison of the models:

o)

Distribution function calculated with
the 2D-FPE after 20 (a), 30 (b), and 100
(c) timesteps in the phase space. The

J

dynamic colorbar shows the value of the
distribution function from small (blue)
to high (red). (d) presents the calcu-

lated decay of particles in the closed

Im(a)
b A b onvas bbb bonvasoddbhbonaso

separatrice around the small amplitude
stable point for numerical experiment
(black), 2D FPE(red), and 1D FPE
(green). The calculation parameters are
Q = 0.09, 9 = 0.01 and 5 = 0.125.

2.2.2.2 2D Fokker-Planck Equation

The distribution of the probability to find the oscillator in a given point of the phase
space can also be obtained from the Fokker-Planck-Equation:
on(t) 0 0 0?

e —(%A(a, a*) + %A*(a, a*))n(t) + Bla, a*)mn(t),

where A is the so called drift term and B the diffusion coefficient. The derivation of the

Fokker-Planck equation starting from the Langevin equation is given in the appendix.

(2.32)

In the case treated here, the two terms were described as follows (see appendix and

Refs. [103, 104]):

A(a,a*) = —i(—ida — a — Balal* — 1) (2.33)
and 2 A
. o

The diffusion coefficient is the external noise intensity and the drift term is governed
by the right hand side of Eq.(230) without noise.

We can estimate the ratio between the escape times t; and t, from stable states 1
and 2 of the nonlinear driven oscillator from the stationary solution of the 2D-FPE. The
arbitrary drift vector A= (Ay, Ay) can be decomposed into potential and rotary parts:
A= ffpot + A, o, with ffpot = (0,W,0,W) and Ao = (0uH, —0,H), where W = W (u,v)
and H = H(u,v) are arbitrary functions of (u,v) variables.

The analytic solution of 2D FPE can be found if ffpot and [fmt are orthogonal, i.e. the

following condition is fulfilled:

0 WO, H — 0,Wa,H = 0. (2.35)
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In this case n(u,v) = exp (W(u,v)/Q), and the ratio between escape times ¢; and ¢,

can be estimated as
19 Ny
ol exp|[(W (ug, vo) — W(uy,v1))/Q)]. (2.36)

Unfortunately in the case of driven nonlinear oscillator the condition (235]) is not
fulfilled, and to study fluctuation-induced transitions in this system one should develop
some approximate analytical methods for solving 2D FPE and compare the obtained
solution with numerical results.

The 2-dimensional FPE should in principle provide the same results as the numerical
experiment since in the derivation no assumptions were made. To illustrate the dynamics,
Fig2.8 presents the distribution function n at 3 different times. Starting from the small
amplitude state, the distribution function spreads due to diffusion and rotates around the
first stable point (Figl2Z8(a)). Then the particles cross the separatrice and reach the large
amplitude state. One intermediate picture is mapped in Fig2.8(b). Fig2:8(c) shows the
distribution probability after a long time. Almost all particles arrived in the surroundings
of the high energy stable state. In the phase space, it is not exactly at y = 0, as it is the
result of the shift of the stable points in presence of damping [102].

2.2.2.3 1D Fokker-Planck Equation

The third way to treat the problem is to solve the one dimensional FPE [99]. Using the
Keldysh diagram technique, the two dimensional problem can be transformed to a one
dimensional problem averaging over the trajectories with the same energy E:

OE  OFE

<(19K)n,-(E) +QD OTgSEE )) , (2.37)

where ¢ = 1,2 for low and high intensity stable points, respectively. The parameters v and
() are dimensionless damping and random force intensity. The terms K (E) and D(FE) are
determined by integrals along the phase trajectories with particular quasi-energy FE-closed

curve C'(E) in dimensionless variables:

1 * *

K(E) = ST (E) jé(E) ada™ — a*da (2.38)
1 0H 0H

D(E) = P o — J

Once again, because the damping of polariton system is caused not only by the inter-
action with the exciton reservoir but also due the losses in mirrors we handle @) (noise)
and ¥ (damping) as independent parameters. We assume that the fluctuations of the

illumination do not affect the losses of cavity mirrors and vice versa. The derivation of
Eq.(237) is described in detail in Ref. [99).
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Figure 2.9 | Escape time

and fluctuations: (a)
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The relations connecting the dimensionless parameter of the numerical calculations
9, @Q, 3 with the physical parameters: noise spectral density o2, pump amplitude f, pump

detuning A, oscillator dephasing v and nonlinearity constant a are listed below:

_af? 9= L Q

s - "
AY A’

ﬁ = f2%7 tl ITIZ. (239)

2.2.3 Numerical Results

In the following, we will discuss the influence of the fluctuations on the escape time from
the low energy point. It is defined as the time when the particle first leaves the region
bordered by the separatrice around the first stable point in phase space. We integrate
over the closed separatrice circle surrounding the low amplitude stable state (compare
Figl2M(a)) to obtain the number of particles in this area. The time dependence of this
value shows an exponential decay with the time constant 7; (first escape time). One
example of the corresponding decay curves for the NE (black), FP2D (red) and FP1D
(green ) is shown in FiglZ8(d). We see a more or less good agreement between all three
methods. The decays are calculated for @) = 0.09, ¥ = 0.01 and 3 = 0.125.

Figl29((a) presents the results of the numerical experiment and the 2D-FPE for a
constant dissipation parameter ¥ = 0.1 and two different values of 3, depending on the
external noise intensity. The damping is large and the ratio between damping and detun-
ing reproduces the experimental situation. As expected, the numerical experiment and
the 2D-FPE coincide. The escape time for small noise amplitude is large, because it is
hard to push the system over the bistability. For large noise intensities the sum of pump

amplitude and noise intensity strongly exceeds the bistability threshold — the jump takes
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place almost immediately and shows a rather weak dependence on stronger fluctuations.
The same happens for larger nonlinearity constants. For § = 0.125, the system settings
are closer to the bistability jump and smaller noise intensities are sufficient to push the

system to the upper state.

In Figl2.9(b) the dependency of the jump time on the noise intensity is shown for
two different damping parameter. The numerical experiment (squares) and the 2D-FPE
(circles) are in good agreement, while the 1D-FPE solution (triangles) fails for large
damping parameters (black). The origin lays in the averaging over the trajectories, which
is done within low dissipation approximation. Under the presence of strong damping, the
system is considerably disturbed and the form of the trajectories changes completely (not
shown), so the approximation is no longer valid. In addition, the numerically obtained
decay times of the 1D-formalism show a mismatch with the other two methods for large
noise intensities. This originates from the larger sensitivity of the 1D approximation to

the edge of stability of the trajectories.

To show clearly the range of damping where the 1D-FPE is valid, we have calculated
the dependency of 7, on the damping ¥ for fixed noise intensity (J=0.09. The correspond-
ing results for all three methods for two different nonlinearity constants are depicted in
Figl210l The 1D-FPE is in good agreement with the other descriptions up to 9=0.04.
After that, the discrepancy between it and the NE grows with increasing dissipation, due
to the increased modification of the phase portrait. Furthermore, the decay times calcu-
lated with the 1D-FPE for § = 0.125 appear even to decrease with increased damping
due to relatively stronger modification of the phase portrait for the  close to the critical
value [, = 4/27. Additional damping shifts the critical point "1’ closer to the separatrice
and the diffusion induced decay will dominate the system.
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The critical resonance width v in Fig.4, which limits the valid parameter settings for
the one dimensional FPE, is determined to be 0.04 meV in case of a detuning A of 1 meV.

To transform the obtained dimensionless escape times into real units and to show
their influence on experimental results we use the relations (14). Below we assume the
following set of parameters: CW pump detuning from the polariton resonance A=1 meV
and a resonance width v= 0.1 meV. The dimensionless noise spectral density reads as
Q = (6f/f)*.A/h, where 7, is the noise correlation time. We take now as an example
two points for § = 0.125 from Figl2.9 at )=0.01 and =0.02. The corresponding dimen-
sionless escape times 7, are 10* and 100. For these values one obtains escape times t; of 40
ns and 0.4 ns, which appear to be long enough for experiments with pulses shorter than
1 ns. With decreasing noise intensities, the escape times increase exponentially. These
large fluctuation-induced transition times are in agreement with bistable jumps observed

in experiments. [68, [84], T05]

2.2.4 Narrowing of the Hysteresis cycle

The question is, how the fluctuations can affect the outcome of experimental results. To
elucidate their impact, we show a fluctuation-affected hysteresis cycle in Figl2.T1l The
escape time t; in dependence on the external amplitude f for the two directions is shown
in (a): (1) left hand side from upper to lower branch (decreasing pump intensity) and
(2) right hand side from lower to upper branch of the s-shape diagram (increasing pump
intensity). The times are calculated using the 2D-FPE. The escape times show a strong
dependence on the external amplitude close to the stability edges. Fig.5 (b) shows the
hysteresis cycle without fluctuations (red/gray) and with fluctuations (blue/dark gray)
for a given measurement time 7., indicated with the dashed line in Fig.5(a). As one can
see, the experimental observed hysteresis cycles are more narrow in comparison to the
undisturbed case. Due to the strong exponential dependence of the escape time on the
excitation power, the hysteresis cycle will not change strongly for longer measurement
periods. The noise intensity is chosen to be 0.01 and the damping v is 0.1 meV. The
influence of the noise is quite strong and the closed hysteresis cycle with fluctuations
seems to be very small. In the experiments the noise is definitively smaller than what we
have studied here. We used a large noise intensity to show clearly the impact of these
fluctuations and to keep the numerical effort in a reasonable limit. However, it is not easy
to estimate the realistic noise intensity.

In case of additional illumination of the cavity by e.g. non-resonant excitation, the
fluctuations can be significantly increased and they can stimulate a transition to the high-
energy stable state. In contrast, the amplitude fluctuations of the driving lasers fields are
frequency-dependent and the resulting colored noise is much less efficient to stimulate the

transitions, than white noise.|[106]
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But, nevertheless, we obtain an exponential decay of ¢; for large white noise intensities,
which can change experimental results drastically.

The effect might be more important for the multistability, which has not yet been
observed. Therein, at the critical point one has the possibility to jump to three different
states. The probability of these transitions will also be governed by intensity or polar-
ization fluctuations in the system. Bearing this in mind, a nice polarization pattern in a

disordered system might be possible to observe.

2.2.5 Conclusion

Summarizing, we have considered the problem of a driven nonlinear polariton system in
three different ways and compared the obtained solutions. As expected, the numerical
experiment and the 2D-FPE show a good agreement and are valid for all regarded pa-
rameter settings. In contrast, the 1D-FPE in quasi-energy space becomes invalid for large
damping and strong fluctuations, because the averaging over the trajectories is not possi-

ble anymore. The 1D-approximation is shown to be valid for the polariton line widths less



74 RESONANT EXCITATION

than 0.04 meV for a detuning of 1 meV between the driving field frequency and polariton
resonance. Finally, the fluctuations can narrow significantly experimental results as we

have shown for the hysteresis cycle of a polariton system.



Chapter 3

Condensation Phenomena

In the following chapter we will study in detail the condensation phenomena. From the
practical point of view, speaking of condensation means that the excitation is not coher-
ent (the pump laser is not in resonance with the polariton dispersion), and the coherence
appears in the system only thanks to the condensation process. The external pumping
creates electron hole pairs, which form a cloud of excitons. These excitons will interact
and relax towards the bottom of the polariton dispersion. The principal mathematical
description is given in Chapter 1, which is based on the Boltzmann equations for the
relaxation process. Once the condensate is formed, it can be treated within the Gross-
Pitaevskii equation. In the first part of this chapter we study the relaxation dynamics of a
ZnO based microcavity intend to operate as a polariton laser. ZnO has some huge advan-
tages in comparison with other semiconductors (even in comparison with other wide gap
semiconductors), such as the huge oscillator strength and Rabi splitting. As one will see,
the kinetics of the relaxation has an important impact on the lasing threshold and the use
of the infinite lifetime picture does not hold anymore to describe the relaxation process.
Polariton condensates are now observed experimentally for various systems and one can
start to think about possible applications beside the polariton laser. Interestingly, the
spin structure of polaritons can lead to some interesting analogies between electronic and
polaritonic systems. One of them is the Josephson effect (or Josephson junctions) with its
recent developed polaritonic analogue. The second part will be devoted to a polaritonic
analog of the electronic Datta Das transistor. We develop a new all optical spin transistor
based on the spin Meissner effect allowing fast switching of the transmission and relfec-
tion of this device by changing the condensate density. Basing on the nonlinearities in
the dynamics of polaritonic Josephson junctions, the emission of such structures can show
chaotic behavior. This can be used for a scheme of chaotic communication, which is the
subject of the last part. Synchronization of chaotic systems and chaotic communication
are discussed in detail in this part. All together, one may say the second and third part

is devoted a new research field: spin-optronics. Many interesting features and devices, in-

75
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vestigated intensive in spintronics (electrons with spin), can be modified for spin-optronic

devices using polaritons and their unique spinstructure.
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3.1 Theory of exciton-polariton lasing in ZnO micro-

cavities

3.1.1 Polariton laser

The concept of an exciton-polariton laser was first proposed by Imamoglu et al. 1996
[107] as a device that generates coherent optical waves using stimulated scattering of
polaritons in their ground state. In previous works it was called ezciton boser[82]. In
contrast to conventional lasers, which are based on population inversion, this device of a
new type is based on the natural properties of bosons to form a condensate, called Bose-
Einstein condensate, and on the natural property of the condensate, namely, its coherence.
Polaritons are, due to their bosonic character at low densities, a well-suited system to
undergo such a phase transition and to form a condensate, which emits coherent light
once the stimulated diffusion rate exceeds the spontaneous one. Beside the pure device-
oriented interest, polaritons also raise the opportunity to study the fundamental properties
of condensation phenomena. Exciton polariton lasing is a phenomenon which occurs
between the full thermodynamic equilibrium, as it is the case for BEC of massive bosonic
particles, such as Rb®" atoms, and the photon laser, which emits coherent light while being
completely out of thermodynamic equilibrium. Fig. B.]illustrates this point of view. For a
thermal equilibrium reservoir and a vanishing photon character of the exciton polaritons,
one obtains a BEC of excitons. In the opposite limit of a nonequilibrium (inverted)
reservoir and a vanishing exciton character, the polariton laser is indistinguishable from
a photon laser.

To realize such a device the microcavity should be in the strong coupling regime — the

coupling constant of light and excitons should be larger than all broadenings induced by
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different effects. Especially, the temperature dependence of this broadenings limits the
possible materials to those with huge exciton oscillator strength, if one is interested in
high-temperature operation. Two of these materials, GaN and ZnO, have been in the
focus of research for the fabrication of a polariton laser at room temperature as pointed
out by Malpuech et al. and Zamfirescu et al. [0, [79)].

Since the proposal and the works on huge oscillator strength materials, the interest of
the physical community grows strongly: on one hand, optoelectronic devices, such as LED
and semiconductor lasers, find a lot of applications nowadays. Polariton lasers or diodes
could create a revolution in this field due to the reduced threshold and the economization
of energy in the sense of low heating which could facilitate the on chip integration together
with electronic devices and reduced consumption of power in portable devices. On the
other hand, as mentioned above, the interesting fundamental physics can be easily studied
within the polariton picture.

One of the main problems on the way towards polariton lasing is the bottleneck effect
(see previous chapter). The relaxation of polaritons slows down in the steep part of the
polariton dispersion. This effect can be suppressed working at high temperature which
speed up the relaxation kinetic of polaritons. The second way is to go to positive detuning
of the bare photon mode with respect to the bare exciton. The particles become more
exciton like, which results in a increased lifetime and more efficient scattering processes
due to a shallower dispersion. Thus the system is close to an quasi-equilibrium situation.
In contrast, photonic-like polaritons accumulate in the steepest part of the dispersion and

a bottleneck behavior is usually observed, which results in an out of equilibrium situation.

3.1.2 Strong coupling in ZnO

Zn0 is an II-VI semiconductor with a direct dipole allowed band gap around 3.4 eV and
a relatively large exciton binding energy of 60 meV. After a period of great interest in
Zn0O as a wide band gap semiconductor in the middle of the 20th century, the interest
faded away partly due to huge problems to dope ZnO both n-type and p-type, partly
because the interest moved to structures of reduced dimensionality, which were at that
time almost exclusively based on the III-V systems. After a period of silence ZnO came
again into the focus of research due to the possibility to grow i.e. epitaxial layers, quantum
wells and nanorods, and due to a renewed hope to tap the full potential of its physical
properties as a radiation hard material for blue/UV emitting lasers and other electronic
and optoelectronic devices. A review on this topic is given by Klingshirn et. al [108].
Even the biggest problem to dope ZnO p-type has been overcome (for more information
see Ref.[109, 110] and references therein).

Alongside, there has been a huge interest into coupled exciton-photon modes since

their first observation in 1992 by Weisbuch et al. [3]. After the proposal of a polariton
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Figure 3.2 | Theoretical predictions for a ZnO polariton laser [79]: (left) Eigenenergies of the
Zn0O cavity modes versus the incidence angle. Dotted lines indicate the positions of the unperturbed
modes: L indicates the light mode, and A,B,C indicate the A,B,C exciton resonances in ZnO, respec-
tively. The inset shows the percentage of the excitonic components and the photonic component in the
eigenmode of the lowest cavity-polariton state versus the inplane wave vector, (right) Exciton-polariton
phase diagram in the ZnO microcavity . The solid line shows the polariton critical density versus lat-
tice temperature. The vertical dashed line shows the exciton thermal dissociation limit. The horizontal
dashed line shows the Mott transition for excitons.

laser [82] and experimental report about quasi-Bose-Einstein condensation in CdTe at
low temperatures [22] the number of publications dealing with exciton-polaritons has

significantly increased and the subject became a textbook topic [5, [6].

ZnO has been predicted to be one of the best candidates to observe polariton lasing
at room temperature due to its huge exciton binding energy and its incredible oscillator
strength [79] (the other possible candidate being GaN, studied theoretically in [1111 [38]).
Therein, the authors stress the giant Rabi splitting of more than 100 meV, which is two
times larger than the Rabi splitting of GaN based microcavities. Fig. shows the dis-
persion and the calculated phase diagram of a ZnO microcavity [79]. The three excitons in
Zn0O, labeled A, B, C, when coupled to a photonic mode, give rise to a complex dispersion
with various polariton branches possessing different coupling properties as shown by the
inset on the left hand side. The huge oscillator strength and the huge exciton binding
energy could make exciton-polariton lasing possible up to more than 500 K, limited by

the dissociation energy of the exciton with a binding energy about 60 meV.

While strong exciton-photon coupling and polariton emission have been observed ex-
perimentally for GaN [112] 113, 114] and finally the polariton lasing regime has been

achieved [115, 26, [IT6], the strong coupling regime in ZnO is far away from being easy to
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Figure 3.3 | Observation of strong exciton-photon coupling in ZnO microcavity [7]: (left)
Sample structure containing a ZnO quantum well sandwiched by MgO/ZrO Bragg resonators. (right)
Observed photoluminescence spectra for various excitation angles with the extracted and calculated

dispersions for the different modes.

realize. Recently the first observations of strong exciton-photon coupling in ZnO based
microcavities have been reported [117, 118, [7], which have confirmed that € close of 100
meV could indeed be achieved. Figl33] shows the results of Ref.[7]. The authors use a
Bragg resonator of the basis of MgO/ZrO which contains a 3\ /2 ZnO active region. These
are the first results using distributed all oxide Bragg reflectors, which are far from being

optimal, but which should provide in principle much better reflectivity as for example

AlO mirrors [119].
The observed photoluminescence spectra are shown on the left hand side of Figl3.3

The three excitonic resonances result in a complicated dispersion with various branches
with different coupling properties. The authors claim the observation of vacuum Rabi
splittings up to 94 meV in these samples, which is the highest reported value except the
organic structures [120], 121, 122].

However, the existing ZnO cavities are far from being optimal: they show broad lines
due to inhomogeneous linewidth broadening and low quality factors of the confined optical
mode. Additionally, due to the huge self absorption in ZnO, the upper polariton branch
is almost invisible in the observed spectra. Nevertheless, first signatures of the mentioned
advantages of ZnO microcavity strong coupling have been observed.

Also some alternative systems to planar microcavities based on ZnO technology, such
as micropillars or microdisks, have allowed the observation of the strong coupling regime

at RT [123].

The only theoretical work published so far on ZnO polariton laser [79] reports only the
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calculation of a phase diagram in the thermodynamic limit (see Fig. B2)) which means that
the finite polariton life time is neglected. Within this limit the larger value of €2 provides
a lower threshold which in principle makes advantageous the use of ZnO, with respect
to GaN. On the contrary taking into account finite particle lifetime and the relaxation
process, a larger {2 means more energy to dissipate for a particle to reach the ground state
from the excitonic reservoir. If this relaxation time becomes comparable or larger than
the polariton life time, the polariton gas is not anymore at thermal equilibrium, which
increases the threshold value which in this case is governed by kinetic limitations [27].
A good balance of the cavity parameters should therefore be found in order to optimize
the compromise between these two limiting factors. The aim of this section is to analyze
in detail these aspects giving the answers to the following questions: can we expect RT
polariton lasing in ZnO based microcavities regarding the quality of the existing samples?

Is there an advantage to use microcavities with a very large €27

3.1.3 Model and Simulation

In order to reply these questions we have simulated the polariton relaxation in a bulk
ZnO microcavity using semi-classical Boltzmann equations. We calculate kinetic phase
diagrams of the microcavity, showing the threshold dependence on crucial parameters,
such as €2, the quality factor of the cavity, and the detuning between the bare cavity and
exciton mode. A special emphasis is put on the role and advantages of a large (2.

We consider in our simulations a bulk ZnO cavity similar to the one of [7] but a
3A/2 ZnO layer. To simplify the picture we keep only the lower polariton branch (with a
2D density of states) and the five other calculated branches are modeled as an effective

exciton reservoir (with a 3D density of states). (2 is treated as a external parameter. We
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consider continuous off-resonant pumping with a laser spot of 6 pum radius. A typical
polariton dispersion is shown in Fig[3.4[(a), where also the meanings of the detuning A
and of €2 are defined.

The polariton relaxation is described by solving a set of semi-classical Boltzmann
equations. The general procedure for polaritons has been described in Ref.[5], and the
specifics of bulk polariton lasers have been first accounted for in Ref.[I1]. The equations

read

dn
d_tk = Pk — Fknk — Nk ; Wkﬁk/(nk/ + 1) + (31>
+(nk + 1) Z Wi — 1

kl

Here ny, is the polariton distribution function and P; is the pumping term. We consider
a non-uniform grid in the reciprocal space. We assume that the off-resonantly pumped
excitons are completely thermalized when they reach the reservoir. Wy .\ are the scat-
tering rates between the states with corresponding wavevectors k and &'. Wi includes
exciton-phonon scattering rates Wﬁik, and exciton-exciton contribution which depends
on the polariton distribution function: > W%, ng (1 + ngiwe-x), where W2, is
the constant of exciton-exciton interaction for corresponding wavevectors. These rates
are calculated using the Fermi golden rule taking the 3D matrix elements. We assume
cylindrical symmetry of the reciprocal space, but the scattering processes with different
directions of wavevectors are properly taken into account. The parameters used in the
simulation are: exciton energy E, = 3.377 eV, LO-phonon energy E;o = 72 meV, exci-
ton Bohr radius a, = 18A, effective electron mass m, = 0.24m and effective hole mass
myp, = 0.98m,[124] where m is the free electron mass, deformation potential D = 15 eV
[TT0], exciton lifetime 7., = 300 ps [125], inhomogeneous broadening of 50 meV. The
matrix element of the exciton-acoustic phonon interaction for any wavevectors is directly
proportional to the deformation potential D. The dependences on €2 and on the detuning
are less straightforward. Qualitatively, steeper dispersion is less favorable for scattering
with acoustic phonons; for optical phonons it is the energy difference between the ground
state and the exciton reservoir which plays the major role. For exciton-exciton scattering

the strongest dependence is on the occupation numbers of the states.

The exciton density at threshold at room temperature is about 5 x 10'%¢m ™2, which
is 4 times smaller than the Mott density for excitons. This confirms that the polariton

lasing effect should indeed take place within the strong coupling regime.
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3.1.4 Numerical results

Figl34 (b) and (c) illustrate the dynamics of the relaxation process: (b) shows the po-
lariton distribution versus wavevector k and (c) shows the angular emission of the cavity.
There is no bottleneck effect [33] and the kinetic distribution function above threshold
has a shape of a thermalized Bose-Einstein distribution . In the angular distribution (c)
the emission intensity is broad below the threshold and becomes peaked around £ = 0
above threshold.

In the following we want to focus on the crucial role of €2 and its influence on the
threshold dynamics for polariton lasing. The results of the simulations are depicted in
FiglB.Al It shows the threshold polariton density versus € for a cavity lifetime of 7, = 0.1
ps (Q =~ 500) [7], and a detuning between the cavity mode and the exciton energy A = 0.
The vertical solid blue line delimits the range where the strong coupling is holding which
is guaranteed by the condition Q < 7. = h/7.. The dashed blue line shows the threshold
density calculated in the thermodynamic limit (infinite particle lifetime approximation).
The gap between the kinetic and the thermodynamic threshold is increasing versus (2
because the relaxation kinetics becomes slower. However this kinetic effect remains weak
and for all the range of Rabi energies the system is operating close to thermal equilibrium.
As a result the kinetic threshold value reduces 10 times between 2 = 20 meV and €2 = 140
meV.

The second crucial issue is the quality factor of the cavity, especially for ZnO based
structures, for which perfect lattice-matched Bragg mirrors and high quality structures
are still not available. Fig[3.6] shows the density of polaritons as a function of the cavity
lifetime and the corresponding quality factor. We take 2=80 meV and A = 0 for all
the calculations. The solid blue line again delimits the range of persistence of the strong

coupling. The dashed blue line indicates the thermodynamic threshold density of polariton
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lasing. The red line shows the kinetic threshold density which decreases versus ) up to
the thermodynamic value for large quality factors. Actually, the decrease of the lasing
threshold density is smaller than what one may expect. Of course, the increase of the
quality would provide the polaritons a longer time to relax into the ground state because
of the increased lifetime. But the excitonic reservoir does not change its properties and
the relaxation to the bottleneck region is not affected. The relaxation towards the bottom
of the dispersion in ZnO turns out to be good enough to thermalize the polaritons even
at relatively short lifetimes. All this together makes the influence of the cavity quality
factor on the lasing threshold density for ZnO smaller than one could expect.

To underline the advantage of large {2 we calculate the threshold density versus €2 and
detuning, keeping the value (22— A) constant. Indeed one may think that a deep polariton
trap could be obtained with a small €2 but working at negative detuning. The results of
the kinetic simulations are shown in Figl3.7|(a) together with the infinite life time limit.
The kinetic threshold is found to decay three times between the small and the large 2
limit.

In the small €2 case, the difference between the kinetic and thermodynamic threshold is
almost one order of magnitude which means that the system is not in thermal equilibrium
with the lattice. For such a geometry, the polariton is mostly photon-like having a small
effective mass, which reduces the scattering rates toward the ground state. The polariton
life time is shorter for the same reason. The combination of slow scattering and of a short
life time is responsible for a relaxation bottleneck effect, which increases the threshold

density.

For large ) values and positive detunings, the situation is reversed. The polariton
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Figure 3.7 | Polariton relaxation and detuning: (a) Lasing threshold density (squares) versus € for
various detunings A (red numbers). The thermodynamic threshold density is plotted as blue line. The
cavity lifetime is 0.1 ps and the value (2 — A) is kept constant. (b) Thermodynamic threshold density
versus detuning for various € (red numbers).

is mostly excitonic with a larger effective mass and longer life time than for negative
detuning and small €2, which allows the achievement of a quasi-equilibrium situation where
the kinetic and thermodynamic thresholds become very close to each other. To complete
the picture, Fig[37(b) illustrates the dependence of the thermodynamic threshold on the
detuning for different 2. In this limit one can reduce the threshold by going to negative
detunings, which contrasts with the kinetic simulations results.

The results can also be translated to the general case independent of the cavity mate-
rial: large Rabi splittings and positive detuning improve the lasing threshold of polariton
device due to the improved relaxation process. In contrast, negative detunings make the
polaritons more photonic, which decreases the scattering rates, and thus the operation
close to a quasi-equilibrium is not possible. All this make the use of large Rabi splitting

materials much more attractive for lasing devices.

3.1.5 Conclusions

To conclude, we have determined the polariton lasing threshold of bulk ZnO microcavities
using the semiclassical Boltzmann equations. We have shown that the cavity quality
factor values experimentally measured in these systems are good enough to observe room
temperature polariton lasing. We have also analyzed the impact of the extremely large
exciton oscillator strength of ZnO giving rise to {2 up to 100 meV. We have shown that such
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large values allow to decrease the polariton lasing threshold and facilitates the formation
of a quasi-thermal equilibrium for the polariton gas, that is, the achievement of polariton
Bose Einstein condensation at room temperature - a phenomenon of strong scientific
interest.

Our results for the discussed ZnO microcavity can be extended to the general case: the
relaxation simulations show clearly, that huge Rabi-splittings are much more advantageous
for the relaxation process because situations close to thermodynamic equilibrium can be
realized. Small splittings and, in addition, negative detunings lead to an increased lasing
threshold, due to the diminution of the excitonic component of the lower polariton branch.
This excitonic component governs the scattering processes and increases the lifetime, so
that scattering events are more probable and the polaritons can relax easier to lower

energies.

3.2 Polaritonic analog of the Datta and Das spin tran-

sistor

As mentioned before, the condensates and the spin structure of polaritons lead to various
analogies with electronic systems. In the following we will develop the idea of a polaritonic
Spin transistor, which works very close to the scheme of the electronic exemplar invented
by Datta and Das (1990) [126], which will be presented in the next section. In this
framework, another effect, which came basically from superconductor physics and was

transformed to polariton condensates, called spin-Meissner effect [66], will be used.

3.2.1 Electronic Datta and Das spin transistor

Spintronics is one of the trends in modern mesoscopic physics [127]. It was born in 1990,
when S. Datta and B. Das in their pioneer work proposed a theoretical scheme of the first
spintronic device [126], which afterwards was named Datta and Das spin transistor. It
consists of two ferromagnetic 1D or 2D electrodes, usually with collinear magnetizations,
separated by a non-magnetic semiconductor region in which a Spin-Orbit Interaction
(SOI) of the Rashba type is induced by a top gate electrode,

}AISOI =« [E X a} ‘e, (3.2)

where e, is a unity vector in the direction of the structure growth axis 2z, o denote a set of
Pauli matrices, k = —iV. a is a characteristic Rashba parameter, which depends on the
degree of asymmetry of a quantum well (QW) in the z-direction. It can be efficiently tuned
by varying the top gate voltage V, [128] 129, 130]. The Hamiltonian can be interpreted in

terms of an effective magnetic field lying in the plane of a QW and being perpendicular
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to the carrier’s kinetic momentum. This effective field provokes the rotation of the spin of
the carriers in the semiconductor region and results in the oscillations of the transmitted

current [, as a function of Rashba coupling controlled by the gate voltage V, [131]:

I, ~ cos? (2meﬁaL/h2) , (3.3)

where meg is the carrier effective mass in the semiconductor. The above formula has
a very clear physical meaning: only the spin component parallel to the magnetization
can propagate in the outgoing ferromagnetic lead. The outgoing current should be pro-
portional to the rotation angle accumulated over a distance L between the two leads,
A¢ = 2megal /R

Although the scheme of the Datta and Das spin transistor seems very simple from
a theoretical point of view, due to the problems of spin injection and decoherence its
practical implementation appears to be extremely complicated. More than 15 years of
intensive experimental work in this direction did not result in any breakthrough, and the
Datta and Das device still remains a theoretical concept.

On the other hand, it was recently proposed that in the domain of mesoscopic op-
tics the controllable manipulation of the (pseudo)spin of excitons and exciton-polaritons
can provide a basis for the construction of optoelectronic devices of the new generation,
called spin-optronic devices [132], that would be the optical analogs of spintronic devices.
The first element of this type, namely polarization-controlled optical gate, was recently
realized experimentally [I33], and the principal schemes of other devices (Berry phase
interferometer [65], polariton neuron [134] etc.) were theoretically proposed.

Exciton polaritons (or cavity polaritons) are the elementary excitations of semiconduc-
tor microcavities in the strong coupling regime. An important peculiarity of the polariton
system is its spin structure: being formed by bright heavy-hole excitons, the lowest en-
ergy polariton state has two allowed spin projections on the structure growth axis (£1),
corresponding to the right and left circular polarizations of the counterpart photons. The
states having other spin projections are split-off in energy and normally can be neglected
while considering polariton dynamics. Thus, from the formal point of view, the spin struc-
ture of cavity polaritons is analogical to the spin structure of electrons (both are two-level
systems), and their theoretical description can be carried out along similar lines. The
possibility to control the spin of cavity polaritons opens a way to control the polariza-
tion of the light emitted by a cavity, which can be of importance in various technological
implementations including optical information transfer.

It should be noted, however, that the fundamental nature of elementary excitations is
different in two kind of systems: electrons and holes (i.e. fermions) in the case of spintron-
ics, exciton polaritons (i.e. bosons) in the case of spin-optronics. Also, it appears that the

account of many-body interactions is of far greater importance for spinoptronic devices
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with respect to the spintronic ones. The polariton-polariton interactions in microcavities
are strongly spin-anisotropic: the interaction of polaritons in the triplet configuration
(parallel spin projections on the structure growth axis) is much stronger than that of
polaritons in the singlet configuration (antiparallel spin projections)[4]. This leads to a
mixing of linearly polarized polariton states which manifests itself in remarkable nonlinear
effects in polariton spin relaxation, such as self-induced Larmor precession and inversion
of linear polarization upon parametric scattering [135], polarization multistability [136],
and others, which are of great importance for the functioning of spinoptronic devices in

nonlinear regime.

3.2.2 Spin Meissner effect

Polariton have some peculiarities in the presence of a magnetic field. Additionally to
the TE-TM splitting (not discussed in the present thesis), which has an effect of an
effective magnetic field, polariton condensates show the so called spin Meissner effect,
which will be discussed in the following section and which will be the most important
effect for the polariton analog of a Datta-Das Transistor. The properties of a polariton
condensate are substantially different from a spinless Bose condensate. Moreover, an
applied magnetic field B changes drastically the excitation spectrum of the system and
can completely suppress the superfluidity. The effect is described briefly and the interested
reader should address the original paper of Rubo et al. [66]. Exciton-polariton condensate
in a semiconductor microcavity are strongly sensitive to the external magnetic field normal
to the cavity plane. In particular, the superfluidity is suppressed at a critical magnetic
field B, proportional to the polariton concentration n:
n(oy — as)

B.=———=—, 3.4
uBg ( )

where pp is the Bohr magneton and g is the electron g-factor. The parameters a; and aw
are the interaction constants of polaritons with the same or perpendicular polarization.

One can now distinguish two different regimes, depending on the magnetic field:

1. B < B.: In this range, the Zeemann splitting is fully compensated by the polariton-
polariton interactions in the elliptically polarized condensate. After some algebra
(see. Ref. [40]) one obtains for two Bogoliubov dispersion branches (see appendix

for the detailed calculation):

BZ

k’2
ali\/oz%qL(a%—oz%)ﬁ —

~om’

wi = Wi + won (3.5)

» Wo

The energy of the excitations is now given by Fy = i+ w%. One can see that both

branches start at the same point at & = 0, which corresponds to the bottom of the
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lowest polariton band blue-shifted by the chemical potential, so that the Zeeman
splitting turns out to be fully suppressed in this regime. Note also that two branches

of quasiparticles are elliptically polarized (see appendix and the following section).

2. B > B.: The spectrum of excitations is qualitatively different from the small mag-
netic field domain. The condensate is now circularly polarized. In this case, there
remains only one Bogoliubov-like branch with an independent of magnetic field
dispersion

wh = wg + 2wonay . (3.6)

The quasiparticles belonging to this branch have the same circular polarization as
the condensate. The quasiparticles with the opposite circular polarization form a
parabolic branch blueshifted with respect to the condensate by a value proportional
to (B — B,),

w_ = pg(B — Be) + wy. (3.7)

Once again the energies of the excitations are Fy = j + w?. The two branches are

split by an effective Zeemann splitting.

The two branches of excitation spectrum can be characterized by the long-wavelength

sound velocity

dwi
V4 = W kZO. (38)

In the weak field regime one has now two sound velocity branches. In the strong field
regime one of the sound velocities is zero.

This is shown in Fig.(3.8) for the energies at £ = 0. The suppression of the Zeeman
splitting, illustrated in the inset, is clearly seen for magnetic fields smaller than the critical
one. Weak magnetic fields make the polariton condensate elliptically polarized and slow
down the speed of sound for one of two excitation branches in the system. The exact
expression of the polarization vector is given in the following section and is derived in
the appendix. The speed of sound vanishes and the polariton superfluidity is suppressed
at the critical magnetic field B, proportional to the population of the condensate. At
the critical field the polarization of the condensate becomes fully circular. The polariton
condensates exhibit an anomalous Zeeman splitting, which is equal to zero below the
critical field and linearly depends on the field at B > B.. The magnetic susceptibility of

the system is discontinuous at the critical field at zero temperature.

3.2.3 Polaritonic Datta and Das Spin transistor

As shown in [65], the analog of Rashba SOI in microcavities can be provided by the
longitudinal-transverse splitting (TE-TM splitting) of the polariton mode. However, the
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TE-TM splitting cannot be easily tuned by the simple application of a voltage, unlike the
Rashba SOI. The control of the polariton Berry phase therefore requires to modulate an
external magnetic field, which is expected to be relatively slow.

In principle, the analog of Rashba SOI in microcavities is provided by the longitudinal-
transverse splitting (TE-TM splitting) of the polariton mode. It is well known that due
to the long-range exchange interaction between the electron and the hole, for excitons
having non-zero in-plane wavevectors the states with dipole moment oriented along and
perpendicular to the wavevector are slightly different in energy [64]. In microcavities, the
splitting of longitudinal and transverse polariton states is amplified due to the exciton
coupling with the cavity mode and can reach values of about 1 meV [137].

We propose to use as analogous of the Rashba field, not the TE-TM splitting, but
the change of the polarization eigenstates induced by the formation of polariton Bose
Einstein condensate in the presence of magnetic field. In that case the modulation of the
signal will be driven, not by the modulation of the magnetic field, but by the modulation
of the condensate density, which can be achieved either by the modulation of a pumping
laser intensity, or by the modulation of a voltage in case of electrically driven condensate
[138), 139, 140, 11].

The device is constituted by a planar microcavity showing a confining potential having

the shape of a stripe of width L as shown on the upper panel of the Fig.(3.9)),

(3.9)

U Uy ,0<zxz<L
B 0 ,z<0,x>1L

We divide the system into three regions: (1) x <0, (2) 0 <z < L and (3) z > L. We
assume that critical conditions for the formation of a quasi-equilibrium BEC of polaritons
are fulfilled [22]. We also assume that the chemical potential p stands below the edge of
the barriers, so that the condensate is confined in the central region and absent in the

flanking regions.
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Figure 3.9 | Polaritonic analogue of Datta and Das spin transistor: Schematic illustration
of a polariton spin transistor (upper panel) with the corresponding renormalized polariton dispersions
(lower panel). The regions are indicated with 1 (x < 0), 2 (0 < # < L) and 3 (x > L). Dark gray
(blue) corresponds to o_ and light gray (red) for o polarization. In region 2 the mixing of both circular
polarizations results in an elliptical polarized condensate, while in flanking regions only the oy component

can propagate.

We consider the effect of an external magnetic field B applied perpendicularly to
the structure interface. In the lateral regions 1 and 3, the normal Zeeman splitting F,
between the polariton modes occurs as shown in the lower panel of the fig 1. This opens
an energy gap F < E, = upgB where only one of the two circularly polarized component
can propagate. We assume here, and in the following that the Zeeman splitting is much
larger than the TE-TM splitting which can therefore be neglected. In the central region
however, the presence of the condensate leads to the so-called spin Meissner effect [66].

For a given field B, the critical density n. in the polariton condensate can be defined as

ne = g B/(aq + ag), (3.10)

where o9y are the interaction constants for particles with the same (perpendicular) spin
projection, g is the exciton g-factor and g, is the Bohr magneton. Above this critical
density n., the spin anisotropy of the polariton-polariton interactions leads to a full para-
magnetic screening of the Zeeman splitting F, resulting in a quenching of the Zeeman
gap, as shown in the lower part of the Fig[3.9. This effect is what is called the spin
Meissner effect. The polariton condensate is elliptically polarized, which is also the case
for the propagative modes in the central region. The polarization degree of these modes
depends on the condensate density. Therefore a circularly polarized o pulse with an en-

ergy located within the Zeeman gap of the lateral regions can enter into the central region.
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During its propagation in this region its polarization vector will be rotated by an effective
magnetic field whose direction is associated with the polarization of the eigenstates in this
region. This effective ”spin-Meissner field” has some in-plane component and plays the
role of the Rashba SOI effective field. The intensity of the outgoing current depends on
the angle A¢ between the pseudospin vector of a polariton reaching the outgoing lead. If
the precession is so that the pulse becomes fully o_ polarized on the interface between 2
and 3, the pulse will be fully reflected. If the pulse is fully o, polarized, it will be fully
transmitted. Working in this energy range means that for polaritons we create a situation
analogical to ferromagnetic-nonmagnetic- ferromagnetic interface, which one needs for a
creation of the Datta and Das device.

Such a configuration has a number of possible advantages with respect to classical
spintronics: the dramatic impact of carrier spin relaxation or decoherence, which has
severely limited the achievement or the functionality of any semiconductor-based spin-
tronic devices, is strongly reduced [141]. Besides, the solution of spin injection problem is
now trivial: it is performed simply by choosing an appropriate polarization of the exciting

laser.

3.2.4 Model

Quantitatively the outgoing amplitude can be calculated by solving a system of linear

equations. The wavefunctions of a propagating mode in the three regions can be written

. ‘ 1 0
U, = (™ 4 retT) <O> + Ae™ <1> : (3.11)

Uy, = (Cfe®® 4 Ope ™) (COSm) + (3.12)

in the following way:

sinfy

sinf_

Wy = (te') ((1)) + De™® <(1)> : (3.13)

where 7 is the amplitude of reflectivity, ¢ is is transmission amplitude, C’ft é_) are the

+(Cz+eik2m + szefikgx) (COSﬁ) ’

and

complex amplitudes of forward (backward) running waves in the trap with different po-
larization and wavevector k; and ky. The wavevectors are determined by the dispersion

relations for each region Ref.[66], which read:
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(3.14)

Y h_

,/ (E. - E) (3.15)
\/ (—naUy + 4 /4E2;, +n3U2) (3.16)
\/ —nU_ 4 J4EZ; +n3U2) (3.17)

with Eerp = F — p and

B2
U=+ \/ag + (a2 —ad) <—) : (3.18)
Be

The polarization of the excitations in region 1 and 3 is o, and o_. The polarization
of the elementary excitations of the condensate in the Spin-Meissner phase (region 2)
have never been calculated. They can be found by the standard method of linearization
with respect to the amplitude of the elementary excitations of the condensate and can be

written as follows:

(3.19)

y81n20

cos+ —1c0820 £ \/alcos22@ + a3 sm22@
. 7tan5:t
sinfy

where © = 1/2arcsin/1 — (B/B¢)?.
Interestingly, the polarization of the excitations, associated with the angle © are dif-

ferent from the one of the condensate associated with the angle 3. The Spin-Meissner

effective field is directed along (cosf_, sinf_), with an amplitude
E k2 — 12
2h  kiky
To find the amplitude of the outgoing beam one has different possibilities. Using an

t:

(3.20)

analytical approach close to the transfer matrix method, one obtains for the reflected

amplitudes r and transmitted amplitude ¢

t  =e*lcos? By +e*lsin? B, + (3.21)
[cos B sin B (el — eik2L)] ? [sin® By e L + cos? Be*2t]
1 — [sin® Byetl + cos? 3 eik2L] 2
([eile — eik?L} cos (34 sin ﬁ+)2

roo= | +) (3.23)
1 — [sin® el + cos? B, eh2L]

(3.22)
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In this analytical approach o_ polarized part is fully reflected and can not escape and
decay from the central region. Thus the results (not shown) from this analytical approach
reflect not the real life.

A more exact approach is to use the wave-functions (Eqs. (311)-(313)) and boundary
conditions, which ensure the continuity of the wave-function and current conservation at

the interfaces. The system of equations, which has to be solved reads as follows:

Ti(0) = Uy(0) (3.24)
U3(L)  ="s(L)

0T (0) = 0Ts(0)

03 05(L) = i Us(L),

where the operators 0; can be found from Heisenberg’s equation of motion assuming
simply linear dispersions in the central region:
. th d

V13 = T ;02 = Vi, ko (3.25)

The system of equations is solved numerically and the transmission and reflection
coefficients defined as T' = [t|*, R = |r|?.

Fig3.10 shows the dependence of the transmission coefficient 7' = |¢|? and reflection
coefficient R = |r|? on the excitation energy E (a) and on the chemical potential of the
condensate p (b). The polarization of the particles is rotated during the propagation in
region 2 with elliptically polarized excited states. The calculation is performed taking
into account realistic parameters of a GaAs microcavity. Varying the energy of the in-

jected particles, which can be done by change the excitation -angle of the resonant laser,
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increases or decreases the value of the Spin-Meissner effective field affecting the particle
propagation in the central region. Another way to modulate the outgoing beam keeping
the particle energy constant (close to the resonances on Figl3I0(a)), is to change the
particle concentration (and thus the chemical potential y) in region 2. This can be simply
realized by the modulation of the optical or electrical pumping of the condensate. The
impact of the particle concentration is shown in Figl3.I0(b). Close to the resonances, the
outgoing beam drops from full transmission to zero transmission for a very weak change
of p. This gives a possibility to tune rapidly the outgoing current of the proposed device
simply by changing one external parameter.

Of course the outgoing intensity can also be modulated by the magnetic field, but the
change of the magnetic field intensity is rather slow in comparison to intensity modulation
of a pumping laser or to modulation of the applied voltage (in case of electrical pumping).
From the point of view of experimental realization, increasing the magnetic field enlarges
the Zeemann splitting and the energy range where only one polarization component can
propagate outside the condensate. Thus, on one hand it should be preferable to apply a
huge magnetic field in order to increase the operating energy range. On the other hand,

high magnetic fields complicate the practical applications.

3.2.5 Gross-Pitaevskii based simulations

We have also performed a realistic numerical simulation of the device operation. We have
first calculated the wavefunction of the condensate in the trap region by minimizing the
free energy ( equation B.26]) of the system on a grid, as in Ref. [142], taking into account
the two polarization components and the interactions between them. All the parameters

are taken the same as in the previous formulas.

2
F= /dr (;—m (LA, + T AT ) + U (|04 + [T ) (3.26)
E
Rl ) T (P o))

We have then simulated the propagation of a circularly polarized pulse through the
system with the spinor Gross-Pitaevskii equation for polaritons using the wavefunction of
the condensate found previously. The main difference with the analytical model presented
above is the spatial profile of the wavefunction of the condensate; this difference becomes
negligible at larger densities, when the interaction energy is much higher than the kinetic
one. Another difference is that we consider pulse propagation, more important from the
practical point of view, instead of solving a steady-state problem.

Figure B.11] shows the snapshots of the pulse propagation through the device. Only

the wavefunction of the pulse is shown, without the condensate, which is located in the
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Figure 3.11 | Propagation of a wavepacket through the spin transistor: (a) wavepacket created
by a laser pulse; (b) wavepacket reflected by the condensate; (¢) wavepacket transmitted almost without
reflection.

trap shown by the rectangle. Panel (a) shows the initial state: a Gaussian wavepacket is
created by a short laser pulse to the left of the trap with the condensate. Panels (b,c)
show the system after the wavepacket has interacted with the condensate: in (b) the
packet is mostly reflected, whereas in (c) a larger part passes through. The two latter
panels correspond to two different regimes of the transistor operation depending on the
condensate density: closed (b) and open (c). The broadening of the wavepacket is due to
the interaction with the condensate; however this relatively small broadening should not

be detrimental for the device.

3.2.6 Conclusions

In conclusion, we proposed a scheme of a polaritonic analog of Datta and Das spin tran-
sistor. The proposed geometry allows to solve the problems of decoherence and inefficient
spin injection which were blocking the experimental realization of Datta and Das spin

transistor for electrons.

3.3 Chaotic Josephson oscillations of polaritons

3.3.1 Josephson effect of excitons and polaritons

Polaritons are two dimensional objects. Thats why, strictly speaking Bose-Einstein con-
densation is forbidden in such systems. The 2D objects need to be confined in a potential
trap to undergo phase transitions such as BEC. The latter can appear due to the intrinsic
lateral photonic disorder in a cavity [22] or can be created in a controllable way by external

laser beams, by application of stress [24], or by using photolithographic techniques. The
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possibility of engineering the confinement of the condensates allows to study the Joseph-
son effects for excitons and polaritons, related to the tunneling between two condensates
possessing macroscopic phase coherence. The Josephson effect was first predicted [143]
and experimentally observed [144], [145] for two superconductors separated by a thin in-
sulator layer. Also realizations with superfluid helium [146] and cold atomic condensates
[147] have been reported in recent years.

The crucial property of the condensates of cold atoms and the condensates of exci-
tons and polaritons, as compared to the superconductors, is the interaction between the
tunneling particles. This leads to the striking nonlinear effects in Josephson dynamics,
such as anharmonicity of the Josephson oscillations [148] and macroscopic quantum self-
trapping (MQST) in the case when the initial imbalance between the two condensates
exceeds some critical value [149, [150].

In the following we will present briefly the predictions of Shelykh at al. [I51] for the
Josephson effect of exciton-polaritons, which will be the basic effect used to observe the
chaotic oscillations. The interested reader should address the original paper for a more
detailed description.

The model Hamiltonian for interacting bosons with pseudospin confined in two traps

(R and L), which is the starting point of the description, reads as follows:

H =F Z clgcia +J Z (CTLUCRU + CEUCL(,) + (3.27)
i=R,L;o=1,| o=T,l

aq
+Q Z <ch01¢ + cllcﬁ> + 5 Z el el tintio.
i=L,R i=L,Rio=1,]

The first term corresponds to free particles, the second term describes the spin-
conservative tunneling of particles between the two traps, and the third term describes
the possibly existing anisotropy of the QW (in the direction of the structure growth-axis),
which is equivalent to the application of an effective in-plane magnetic field able to pro-
voke spin-flip processes. The last term of the Hamiltonian corresponds to the interactions
between particles. The interactions between particles situated in different traps and par-
ticles having opposite circular polarizations are neglected. The system with all coupling
constants is schematically shown in Fig[3.12

The coupling constant J can be written
J r AV el V2mVD, (3.28)

where V is the well deepness, and D is the interwell distance. The interaction constant
U ~ Epa%/S and Q) has been determined experimentally in the range of 50 — 100y eV.

The dynamic equations can be obtained by means of Heisenberg’s equation of motion,
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neglecting here all dephasing effects. The resulting coupled 4 equations for the order

parameter read as follows:

dea'

ih— = (B + o Yoo + JUps + Qr (3.29)
L dYps
it ﬁf — (B + 1 [toms P Wme + Jong + Qb

One can distinguish now two different cases, when either J or €2 is equal to zero:

o cxtrinsic Josephson effect: In the case of the absence of the effective in-plane mag-
netic field (2 = 0, one has independent coherent tunneling of the condensates with
opposite circular polarizations between two traps, completely analogical to the con-

ventional Josephson effect for atomic condensates.

e intrinsic Josephson effect: If different traps are uncoupled J = 0 but €2 # 0 in each
of the traps, we have coherent exchange of particles between the condensates with

different polarizations.

The nonlinear term plays a crucial role in Josephson dynamics. Once nonlinearity
is neglected, Eqgs.([3.29) give a well-known expression for the Josephson current for both
extrinsic and intrinsic Josephson effects: I; . = I,L-(g)sin@ where ¢ is the difference between
the phases of the two condensates; I.”) = NTthl,Ii(O) = NyQh~! with N being the total
number of particles. In this regime the occupancies of the coupled condensates exhibit
harmonic oscillations with periods given by J and €2 for extrinsic and intrinsic Josephson
effects, respectively.

If both wells have the same number of particles and only the tunneling term is present,
one has a situation similar to the dc Josephson effect in superconductors: a small tunneling
current is flowing without any applied field. This current is proportional to the sine of

the phase difference across the barrier.
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Figure 3.13 | Extrinsic and intrinsic Josephson effect [I51]: (a) p. for the intrinsic Josephson
effect illustrating nonlinear oscillations (blue), MQST (blue) and finite lifetime effects (red). (b) Pop-
MQST (black), and finite lifetime effects (red/gray).

ulation imbalance for the extrinsic Josephson effect illustrating once again nonlinear oscillations (blue),

The situation changes drastically if the nonlinear terms are taken into account such
as the blueshift of the polaritons dispersion. The oscillations of the occupation numbers
become anharmonic and their period depends on Np [148] [149]. Besides, if the initial

imbalance between the occupation numbers of the two coupled condensates exceeds some
critical value N, the effect of the MQST occurs. In this regime the tunneling between

the condensates is suppressed and the particles remain in the state where they have been
created. The imbalance of the occupation numbers results in a different blueshift in each

well. This potential difference between the two wells is similar to the ac Josephson effect

in superconductors: A flow of a small ac current when there is a potential difference
between the two superconductors. The initial populations are almost unperturbed.

Figure B.I13|(a) illustrates the intrinsic Josephson effect (J = 0). It shows the time

oscillations of the circular polarization degree p.(t) for two different initial values p.(0) =
0.58 and p.(t) = 0.71, respectively, the critical value for the MQST effect being 0.63. In
that case the MQST leads to the suppression of beats of p. which can be also expressed as
the onset of the self-induced Larmor precession, which is an oscillation of the linear part
of the polarization about the effective magnetic field created by the circular polarization
degree [86],152]. The black curve is calculated considering a pulsed resonant excitation and
taking into account the decay of polaritons. At short times, the polarization oscillations
are suppressed. However, the decay of the number of particles leads to the increase in the
critical value p. and after 40 ps the oscillatory regime is recovered. Fig. (b) shows the
extrinsic Josephson effect. For different population imbalances z(t) of the particles one
can obtain different regimes: simple linear Josephson oscillations, microscopic quantum

self trapping as well as the transition from one to another induced by finite lifetime effects.
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Using elliptically polarized condensates, the oscillations become more complex. The
Josephson effects in the nonlinear regime lead to nontrivial polarization dynamics and
produce a spontaneous separation of the condensates with opposite polarizations in the
real space. We will not go into details of the description. Once again, the interested
reader is referred to Ref.[I51] for a more detailed discussion.

In conclusion with a special focus on the following sections, the system of four coupled
equations [3.29] contains already enough complexity to show nontrivial oscillations, which

can be pushed towards chaotic oscillations.

3.3.2 Chaotic Josephson oscillations

Chaotic behavior of perfectly deterministic systems has been fascinating scientists since
its discovery by H. Poincaré [153] and its popularization by E. Lorenz [I54] and B. Man-
delbrot [I55]. Chaotic behavior has been observed in nature as well as in laboratory in a
variety of systems including mechanical, chemical, electrical, and optical ones. A neces-
sary condition for a system to be chaotic is nonlinearity. Moreover, the complexity of the
system should be sufficient in order to allow the existence of the chaotic attractor in the
phase space.

In this section we will consider two spatially separated macroscopically occupied modes
of cavity exciton-polaritons (polaritons) with a Josephson coupling between them, taking
into account their polarization.

It is the exciton-exciton interaction which brings the nonlinearity necessary for the
chaotic behavior into the polaritonic system. This interaction is spin-anisotropic: strongly
repulsive for excitons with the same spin projection on the growth axis and weakly at-
tractive for excitons with opposite projections [73, 41]. A single macrooccupied polariton
mode can be considered as a nonlinear oscillator demonstrating bistable behavior under
quasi-resonant pumping as already discussed in the previous chapters. The Josephson
coupling can arise between two weakly overlapping spatially separated modes with the
same spin (extrinsic Josephson effect). It can also arise between the two polariton spin
components without spatial separation. It was called intrinsic in the previous section.
The coupling between the two polarizations is provided by the natural splitting of the
ground state due to the anisotropy of the cavities.

The inherent property of polaritons is their relatively short lifetime (of the order
of several picoseconds). Therefore, the decay and the pumping should be included in
the description of such system. The Josephson oscillations in a driven polariton system
have been first considered by D. Sarchi et al [I56], who demonstrated the validity of a
simplified single-mode approximation. The model of D. Sarchi did not include spin degree
of liberty and was not capable of demonstrating chaotic behavior. Like the cold atomic

condensates [149], the coupled macrooccupied polariton modes have been predicted [I51]
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Figure 3.14 | Periodic oscillations of the Jospehson coupled system: (a) shown the oscillations
of |¥1,|? on the time domain, and (b) shows the Fourier-spectrum of the spin-up component for periodic
oscillations.

to exhibit nonlinearities and macroscopic quantum self-trapping due to the interparticle
interactions. Chaotic Josephson oscillations and their synchronization have been studied
before in arrays of superconductors with Josephson junctions, with a different non-linear
term in the equation [I57, [158], but not in optical systems.

We consider in the following two traps with two polarization components in each trap
with both extrinsic and intrinsic coupling mechanisms present. This coupling brings in
the complexity sufficient to observe chaotic behavior.

We consider two confined polariton states separated by a potential barrier. Such a
potential profile can be realized by applying stress on the microcavity surface [159], or by
patterning two micro-pillars close to each other [160]. In such case the equation describing

the dynamics of the coupled confined polariton states can be written as

ihag? B _ihlilJr +oan [P P Py + an [P iy — Jay — Qi + Poe " (3.30)
ihag;_ B _ihqf—l_ +a [ 1+ o [ [ — iy — Qi
m&é’? - _i}w?r + o [thor P thor + o [t P oy — Jtbry — Qb
ihagi_ B _ihqi}?_ +an [P P tho- + i [ag [P eha — T — Qo

This are, except the additional pump term in the first equation and the decay terms,
exactly the equations discussed in the previous subsection. F is the pump intensity, while
hw is the pump detuning or the energy difference between the pumping energy of the laser

and the energy of the bare polariton mode. In the calculations we use the parameters of
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Figure 3.15 | Chaotic oscillations of the Jospehson coupled system: (a) shown the oscillations

of |¥1,]? on the time domain, and (b) shows the Fourier-spectrum of the spin-up component.

a typical cavity with GaAs quantum wells, since such cavities presently show the longest
lifetimes (we take 7 = 20ps). We take 2 = 150pueV/, in the range of values measured
experimentally, and J = 93ueV. Both should be comparable with each other and with
the inverse lifetime I' = h/7, in order to observe chaotic behavior.

Fig. B4 shows the oscillations of the spin-up component of the first pillar |¥;|? in
the time domain (a) together with the corresponding Fourier-spectra. It is clear, that
for periodic oscillations one obtains a clear Fourier spectrum with some well defined
frequencies. In contrast, changing the parameter set, the oscillations become chaotic and
then one observes a continuous Fourier spectrum with a random peak structure. This is
shown in Fig. (a) and (b).

Another typical visualization of chaotic behavior is the Poincaré section. The general
principle is shown in Fig. together with the Poincaré section obtained for the chaotic
oscillations shown in the previous figure. The Poincaré-section (Fig. B.16]) cuts the mul-
tidimensional phase space by an arbitrary chosen plane S. The Poincaré map P(x) maps
now all intersections of a trajectory in the phase space with the arbitrary plane. In case
of a periodic, this means closed, trajectory, the Poincaré map consists of a finite number
of points. In the chaotic case, the Poincaré section shows a fractal structure, which is
illustrated in Fig. (b) for the chaotic oscillations of the previous picture.

Furthermore, a nonlinear system can be efficiently analyzed using the conditional
Lyapunov exponent A, that is, the logarithms of the eigenvalues of a function of the
Jacobian matrix of the system

lim (J* (£) - J (£))% (3.31)

t—o0

calculated along its trajectory. Stable system contains negative Lyapunov exponents,
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Figure 3.16 | Poincaré section of a trajectory in phase space: (a) schematical description of the
Poincaré section: In Poincaré section S, the Poincaré map P projects point x onto point P(x); and (b)
Poincaré section of the chaotic oscillations of the previous picture.

which means, that the system falls back to the initial trajectory even if a small perturba-
tion is applied. One can use the simple model system of a ball in a potential minimum:
applying a small impulse on the ball, the final state will always be the potential mini-
mum. The system is stable. Chaotic regime is characterized by the presence of positive
Lyapunov exponents, which indicate the divergence of the tranjectory in the presence of
any small perturbation. Coming back to the simple model, the ball is now placed on a
potential maximum. Applying once again a small perturbation, the ball will leave the
initial point and will never come back. Qualitatively, the chaotic regime is obtained when
the bistability transition of the mode pumped directly (¢, in our case) is constantly
invoked by the changes of its population due to the Josephson oscillations of both types.
To carry out quantitative analysis, we have performed simulations at different pumpings
and detunings (which are the most easily variable parameters in experiments, since they
are determined only by the external laser). Figure .17 summarizes the results of these
simulations showing the phase diagram of the system in the detuning-pumping intensity
coordinates, the other parameters of the system being kept constant. The boundaries of
the chaotic regions are shown by black solid lines. One can see that almost for any de-
tuning under certain pumping the system should exhibit chaotic oscillations. Outside the
chaotic regions, the oscillations are periodic or absent, as already predicted for a simpler
system [156].
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Figure 3.17 | Phase diagram for
chaotic behavior: Phase diagram of
the double-trap system with 2 polar-
Chaos izations. Solid lines mark the bound-
aries of the regions with chaotic behav-

ior in dependence on the detuning and
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the pump intensity. Outside the marked
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3.3.3 Chaos synchronization

The developed chaotic cryptography is based on the synchronization of two chaotic sys-
tems. The synchronization means that two chaotic systems are chaotic, but follow the
same trajectory in phase space. This has been first proposed by Pecora and Carroll (1990)
[161] and was later called Pecora-Carroll method. A recent review paper is given in Ref.
[162]. The principle of the synchronization together with the possible communication
scheme is shown in Fig. B.I8 It is taken from Ref. [163], where the experimental re-
alization of chaos synchronization and communication using electric circuits is reported.
One couples now a chaotic system (positive Lyapunov exponents) containing three sub-
systems u, v, w via the output of the first subsystem w(¢) with a second system of the
same structure (v, w,) but stable against chaos (negative Lyapunov exponents). Putting
apart for a while the signal n(t) (Fig. BI8) the output wu(t) drives v, and w,. Due to
the positive Lyapunov exponents the subsystems v, and w, will drive the w, in the same
way as the first system. The result is, that u(t) and w,.(t) are equal in the perfect case
and the two systems are synchronized. This can be used to mask a useful signal n(t),
which can be added to the chaotic driving output u(t) of the first system. Due to the
negative Lyapunov exponents of the second system, this small deviation does not destroy
the synchronization and w,(t) will follow the same trajectory as u(t). Comparing now
s(t) with u,(t) opens the possibility to recover the useful signal, which has been masked
in the chaotic output of the first system w(t).

We use a similar way for our system: We divide our system into two subsystems, one of
them being intrinsically chaotic, and the other - intrinsically stable against chaos. These
two conditions are checked calculating the conditional Lyapunov exponents along the
trajectory in the chaotic regime. This calculation shows that for the chosen parameters

(pumping 1 x 10'4 s~1, detuning —1.5 meV, appearing to be optimal values) the system
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Figure 3.18 | Chaos syn-

chronization and com- ChGO?lC n(t)
munication system [163]: Transmitter ‘ l
A useful signal n(t) can u(t) N s(t) U, *
be transmitted hidden in a - '\D Uy -
chaotic transport signal w(¢) e,(1)
by synchronization of t\fvo 4 u =0(v—u = Vr Batertion
systems. The extracted sig- Vv = ru—v —20uw
~ . . W o -
nal 7(t) is in case of per- w = Suv — b(m(t))w Wwr ‘rlr\z(t)

fectly synchronized systems

equal to n(t).

can be divided into two subsystems, one of them associated with the first trap, and the
other with the second trap. The Lyapunov exponents are positive for the wavefunctions
of the first subsystem and negative for the wavefunctions of the second subsystem.
Therefore the synchronization between two systems should be performed by connecting
the output of the first trap of the master system (both polarization components) with the
only trap of the slave system (with parameters corresponding to the second trap of the
master system), as shown by the blue arrows in Fig[3.19%a). We describe this numerically
by adding a term proportional to the wavefunction of the driving system W;i to the

equations describing the slave system W, :

ih 5t =
vy
ih = —

ot T

8 5 h 5 / / / !/ !/
Vi — Qi% +a ‘¢2+|2 Yoy +az [y ’2 Vo — Vipry — iy (3.32)

oo [V P+ an | [P — Vi — Q.

This coupling represents the only source of pumping for the slave system. A certain
time delay proportional to the transmission time between the two systems is present
between the master and the slave systems, which should be taken into account when
decoding a useful signal.

To transmit information masked in the chaotic oscillations we introduce a communi-
cation channel to the system shown by the red lines in Fig. (a). A useful digital
signal with a repetition rate of 50 GHz is added to the output of the second polarization
component of the master system in point 1 and transmitted to the receiver 2, where the
useful signal is reconstructed by the comparison with the output of the synchronized slave
system. The corresponding Fourier spectrum of the chaotic output with the added useful
signal is shown in Fig[3I9 (b), where the arrow indicates the frequency position of the
masked useful signal. Obviously, the oscillations invisible in the Fourier spectrum are
completely masked in the time domain as well (not shown). The signal s(t) itself is shown

in (d). The subtraction of the chaotic output of the synchronized slave system from
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Figure 3.19 | Synchronization of the chaotic systems and chaotic communication: (a)

schematic system with a separated synchronization channel (blue) and a communication channel (red);
(b) Fourier spectrum of the chaotic behaviour of the second polarization component of the master sys-
tem modulated with a signal (red arrows); (c¢) synchronization error without signal versus time; (d)

transmitted signal s versus time, and (e) recovered signal s’.

the received signal from the master system allows recovering of the transmitted signal
(FigBI9l (e)).

Figure (c) shows the relative synchronization error between two corresponding
wavefunction components <|¢§+ ‘2 - |@/J2+|2> / <‘¢§+}2 + |@/12+|2> from the driving and the
slave systems with a mismatch of 0.5% of the coupling between polarizations within the
same well €2. Although there are several peaks rising up, the synchronization is always

recovered on the long term, allowing a continuous signal transmission for communication.

The chaotic oscillations for the given parameters allow signal frequencies up to some
THz for extremely well synchronized systems. But the recovering of the transmitted
signals is restricted by the frequency spectrum of the synchronization error caused by the
parameter mismatch of the coupling constants and by the noise, which are always present
in experimental setups. One of the most important aspects of a cryptographic system
is its security. A set of criteria for estimation of the security of chaotic cryptographic
systems has been proposed recently [8]. These criteria include, for example, resistance to
message signal extraction attacks: the useful signal should not be visible in the Fourier
spectra. Another criterion is the robustness against noise in the communication channels.

We have checked that such criteria are well verified for our system.

The experimental implementation of this polarization dependent communication scheme
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communication channels are known.

might seem challenging due to technical restrictions, such as that the polarization is not
maintained during the transmission through an optical fiber. Therefore, we have tested
a similar system without the polarization degree of freedom. However, to have sufficient
complexity, it is necessary to have at least three traps, with two Josephson couplings
between them. This can be obtained by arranging the traps in a line and pumping the
central one. In this configuration one can observe chaotic oscillations and their synchro-
nization, with the slave system consisting of a single trap. However, since the coupling
between the two circular polarizations within a trap is always present because of the quan-
tum well anisotropy, this model, although working, is not an adequate representation of
the real system. We therefore recommend the first scheme (two traps, two polarizations)

for realizing the chaotic communication systems.

3.3.4 Chaos communication network

Using separate synchronization and communication channels opens the possibility of bidi-
rectional communication, while the synchronization is provided by a unidirectional cou-
pling of the master and slave system. Within such a scheme one can even implement

chaotic communication networks.

A scheme of a chaotic communication network is shown in Fig B.20l This network
contains a server, which is nothing else than the master system. This server drives the
three slave systems A, B and C. Once all three slave systems are synchronized with
the master, one can send and receive messages from one slave system to another. The
knowledge of all "flight” times of the signal between the slave systems is a necessary

requirement to reconstruct the information.
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3.3.5 Conclusions

We have studied chaotic Josephson oscillations between two macrooccupied polariton
modes under quasi-resonant pumping taking into account the polarization degree of free-
dom. Chaos synchronization is possible for such systems, allowing the transmission of
useful signals with chaotic masking at rates up to 50Gb/s, which is an important advan-
tage with respect to other optical chaotic communication systems. Polaritons have unique
properties extremely useful for chaotic communication system. With respect to electronic
system, there advantage is to deal with the efficient transmission of data by light beams.
With respect to purely photonic systems, they show much stronger nonlinearities which
are absolutely required for the achievement of the chaotic regime. These two advantages

combined results in the very high communication rate we have demonstrated.
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Chapter 4
Strongly coupled dot-cavity system

Strongly coupled dot-cavity systems are under deep investigation in recent years and they
give hopes for new sources of single and entangled photon pairs. This section discusses
in detail one proposal to use a strongly coupled dot-cavity system as a new ”on-chip”
source of entangled photon pairs, possessing several advantages with respect to previous
proposals. The main point is the overcome of the impact of deviations of the dot or its
environment from the artificial atom picture. In case of entangled photon sources, the
main problem is the splitting of the exciton levels due to the anisotropic electron-hole

interaction, which can be overcome by our approach for almost all quantum dots.

Contents

111



112 STRONGLY COUPLED DOT-CAVITY SYSTEM

\Q)\ source of
(5\\0 entangled
Q particles

of quantum mechanics, where the spin measurement: measurement:
components do not commute. S(UX SU)
y
~Na s s, ] =0 &
X y

Figure 4.1 | Illustration of the
EPR-paradox: Two measurements
made at the same time give a full set of

spin components of the two entangled

particles, which contradicts the basics

4.1 Introduction

It was first pointed out by Einstein, Podolsky, and Rosen [164] that, according to the usual
interpretation of quantum mechanics, there exist two-particle states with the fascinating
property that a measurement of one chosen variable of particle 1 determines completely
the outcome of the measurement of the same variable of particle 2. At the measurement
the particles may be so far away, that no effect of one measurement can propagate to the
other particle in the available time. Such situations can arise if both particles are emitted

from a common source in some entangled (non-factorisable) quantum state

vy = %n@l ) — 10, [9),)- (4.1)

According to Einstein, Podolsky, and Rosen, when the outcome of one measurement
of some particle variable (for the second particle) can be predicted with certainty, without
disturbing the particle, then ”...there exists an element of physical reality corresponding
to this physical quantity...”. In other words, the particle two really has this value of the
variable, irrespective if it is measured or not. This must be contrasted with the quantum
point of view, according to which the measurement creates the reality, in a sense. On the
other hand, one may consider a different variable, say, one that is canonically conjugate
to the previous one measured for the 1st particle. Then the entanglement predetermines
the value of the conjugate variable of the 2nd particle, and, by the foregoing arguments,
particle two has really this value of the variable. But if the two variables are canonical
conjugates, then they do not commute and they can not both have definite values at the
same time.

Now the decision whether to measure one or the other variable of particle 1 can be
made when the two particles are far apart and cannot ”communicate” in the available
time, yet it influences the state of particle two. This contradiction led Einstein, Podolsky;,
and Rosen to conclude that quantum mechanics is ”incomplete”. Such counter-intuitive

non-local correlations have, however, been observed experimentally.
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The implication itself of quantum entanglement has been widely discussed in the last
century [165, [166l, (167, 168, [169L [170], 171l [172) 173, 174, [175].

To illustrate the so called EPR-paradox more explicitly, let us imagine a simple exam-
ple, which is illustrated in Figld.IJl We consider a black box, which emits two entangled
spin % particles in opposite directions with total spin angular momentum zero. If we were
to measure the spin S of the first particle in the x-direction for example and obtain
the value h/2, we would know that the second particle is in a eigenstate of its spin i
with eigenvalue —h/2. On the other hand, if we were to measure the Sf) of the second
particle and obtain the value —h/2, we would determine the value of the y-component
of the spin of the first particle to i/2. Performing these measurement for both particles
we would obtain a definite set of the spin eigenvalues of the two particles. But Sg(cl) and
53(11) do not commute and, according to quantum mechanics, they cannot both have def-
inite values. The paradox arises, because we tend intuitively to think in classical terms,
i.e. to associate an objective physical reality with each particle and its variable, whereas
in quantum mechanics a dynamical variable does not have actually a value until it is
measured. In a sense, the measurement creates the physical reality. Various proposals
have been made to account for the correlations of the two particles in terms of hidden
variables, or unmeasurable parameters [I66]. But it was later shown by Bell and others
[167, 168, 176, 169 171, 172] that such nonlocal effects are fundamentally quantum me-

chanical, and that no realistic local theory can account for the correlations quantitatively.

Real applications of the entanglement have been developed within modern quantum
computing and communication schemes [177]. For the communication purposes, the word
teleportation is often used to describe these processes. Actually it comes from science
fiction and means to make disappear a person or an object at one place, while an exact
replica appears somewhere else. (In real life only coherent states, which can be described
by a wavefunction, can be transported and this limits strongly the teleportation of a
macroscopic object.) We will not discuss in detail the teleportation of an quantum state,
but we refer to Ref. [I78] for the interested reader. Of course there are various different
communication protocols based on entangled photon pairs e.g [I79] but we will describe
the modified BB84 protocol [I80] which transforms the initial proposal based on polarized
single photons [177] to entangled photon pairs. The practical implementation has been

carried out by Jennewein et al. in 2000 [I81].

In general, Quantum cryptography, or quantum key distribution (QKD), uses quantum
mechanics to guarantee secure communication. It enables two parties to produce a shared
random bit string known only to them, which can be used as a key to encrypt and decrypt
messages, which are transmitted over a standard (classical) communication channel. We
will only scratch the surface of the QKD, which grew enormously in recent years and

became a separate research field. More detailed informations are given, e.g. in a recent
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Figure 4.2 | Realization of the modified BB84 protocol [181I]: (a) Settings for Alices and
Bobs analyzers for realizing quantum key distribution based on the BB84 protocol and (b) schematically

experimental realization.

review paper [182].

An important and unique property of quantum cryptography is the ability of the two
communicating users to detect the presence of any third party trying to gain knowledge
of the key. This results from a fundamental aspect of quantum mechanics: the process
of measuring a quantum system in general disturbs the system. A third party trying to
eavesdrop on the key must in some way measure it, thus introducing detectable anomalies.
By using quantum superpositions or quantum entanglement and transmitting information
in quantum states, a communication system can be implemented which detects eavesdrop-
ping. If the level of eavesdropping is below a certain threshold a key can be produced that
is guaranteed to be secure (i.e. the eavesdropper has no information about), otherwise no

secure key is possible and communication is aborted.

The quantum states of two (or more) separate objects can become linked together in
such a way that they must be described by a combined quantum state, not as individ-
ual objects. This is known as entanglement and means that, for example, performing a
measurement on one object will affect the other. If an entangled pair of objects is shared
between two parties, anyone intercepting either object will alter the overall system, al-
lowing the presence of the third party (and the amount of information they have gained)

to be determined.

Let us go a bit more into the details of the modified BB84 protocol [180]. The system
is constructed as follows: A entangled photon source is placed in between Alice and
Bob. Alice and Bob receive now one of the entangled photons and they randomly vary
their analysis directions between 0° and 45° which is shown in Fig d.2(a). Alice and
Bob observe perfect anticorrelations of their measurements whenever they happen to
have parallel oriented polarizers, leading to bitwise complementary keys. Alice and Bob
obtain identical keys if one of them inverts all bits of the key. Whenever Alice makes a
measurement on photon A, photon B is projected into the orthogonal state which is then

analyzed by Bob, or vice versa. After collecting the keys, Alice and Bob authenticate
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Figure 4.3 | Transmission of an
encrypted image [181]: The 49984
bit large keys generated by the BB84

scheme are used to securely transmit an
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their keys by openly comparing a small subset of their keys and evaluating the bit error
rate.

The schematic experimental realization of the quantum key distribution system fol-
lowing [I81] is sketched in Fig. E2(b).

We will not go into detail in the experimental realization of the modified BB84 pro-
tocol. We only show in Fig. the result from [I8I] to transmit an image of the Venus
von Willendorf effigy. This is the first full implementation of entangled state quantum
cryptography. The authors claim that all the equipment of the source and of Alice and
Bob has proven to operate outside shielded lab environments with a very high reliability.
All this shows that entanglement based cryptography can be tomorrows communication
technology.

After this small excursion to quantum cryptography, we come back to solid state
physics. As follows from the previous paragraphs, the quantum correlations and, to
be more specific, entangled photons pairs are a prerequisite for the realization of many
quantum communication protocols. We will focus in the following only on possible solid

state sources of entangled photon pairs based on single quantum dots as emitters.

4.2 Quantum dots as EPR-photon emitters

In the context of solid state physics, QDs as quantum emitters have drawn a strong
attention when it has been proposed to realize entangled photon pair sources based on
the biexciton decay[I83]. The ideal decay paths are illustrated in Figldl The biexciton
decays emitting either first a o, and second a o_ polarized photon or vice versa, and the
photons are fully polarization-entangled. In principle this idea is ingeniously simple, as
it allows to implement such sources on a very small length scale and rises hope for the

on-chip sources of entangled photon pairs, which could be easily implemented on nano
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Figure 4.4 | Biexciton decay of an ideal O- 0-
quantum dot: The decay takes place from the
biexciton state Ex x via two degenerate exciton
states, which couple to different polarization of EX
light. The final state is the ground state of the

quantum dot.
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Figure 4.5 | Quantum correlations for selected quantum dots [16]: Selected quantum dots
with (a) non-zero finestructure splitting and (b) zero splitting. The corresponding reconstructed density
matrices for the selected quantum dots are also shown.

chips for computing purposes.

Unfortunately, this proposal turned out to be hard to implement mainly because the
intermediate exciton states of a typical QD are not degenerate due to the anisotropic
electron-hole interaction [I84) [I85]. Also the environment (i.e. the strain induced by the
substrate) of the quantum dot can effect the transitions.

This interaction couples degenerate exciton states which split into two resonances
coupled to two orthogonal linear polarizations called horizontal (H) and vertical (V), re-
spectively. The resulting photons for the two decay channels are therefore distinguishable
and the degree of entanglement becomes zero. The quantum correlations become hid-
den in time integrated measurements because a QD with split intermediate exciton levels
emits photons into a time-evolving entangled state. [186]

Several proposals have been made to overcome this splitting of the exciton lines. The
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Figure 4.6 | Entanglement and spectral filtering [190]: (a) Shows the photoluminescence spectra,
together with a schematic picture of the decay. (b) shows the reconstructed density matrix with a non-
zero off-diagonal element for a large width of the spectral windows (upper panel) and for narrow spectral

windows (lower panel).

simplest one is of course to grow arrays of quantum dots and select only those, which
show no fine structure splitting. This has been published in several reports [187, [16] [18§].
Fig shows the photoluminescence spectra of two quantum dots with either non-zero
or zero splitting. The corresponding reconstructed density matrices show clearly an non-
zero off-diagonal element for the zero splitting case, which corresponds directly to a non-
zero degree of entanglement [I89] (see Appendix C). The disadvantage of this method is
that the fabrication process of the quantum dot takes place almost without possibilities
of controlling. Thus, it is always necessary to discover among a huge number of QDs
those, which show no splitting. This makes future industrial implementation much more

complicated because a huge effort is needed to fabricate one entangled photon source.

To avoid this, one needs other techniques to overcome the splitting. One, developed
by Akopian et al. [190], is to introduce spectral filters in the experimental setup which
select only the overlapping part of the transition. This procedure is illustrated in Fig/d.g

together with the results for the reconstructed density matrix.

Depending on the splitting, the overlap of the transitions may be very small. This
requires very narrow spectral windows to obtain entangled photon pairs. The disadvantage
here is that the quantum efficiency (the number of detected photons), is very low, which
restricts the possible applications of this technique in communication protocols. The third
possibility we want to discuss here, is the use of external fields to shift the intermediate
states to degeneracy. This has been shown for electrical fields [191], [192] and for magnetic
fields [187, [188]. The latter work is illustrated in Figlf7l The dependence of the fine
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Figure 4.7 | Reduction of the finestructure splitting using external magnetic field [186]: (a)
shows the fine structure splitting versus magnetic field. (b) shows the density matrices for different fields,

where the matrix in the middle corresponds to a zero finestructure splitting.

structure splitting on the magnetic field is shown on the left hand side, showing the
degeneracy of the exciton states for a given magnetic field. Three density matrices for
different magnetic fields are shown on the right hand side, where the middle figure of the
lower panel corresponds to degeneracy. Both techniques together allows one to use almost
arbitrary quantum dots and engineer them to work as EPR-sources.

Nevertheless, the degree of entanglement remains relatively low, due to the imperfec-
tions, dephasing [193] and other effects. This implies the need of new ideas and proposals
to transform the simple idea of Benson et al. [I83] to a real working device, which will

be discussed in the next sections.

4.3 Strongly coupled dot-cavity system

The biexciton decay scheme for an ideal quantum dot is shown in Figld 4l The interme-
diate exciton states are degenerate and they couple to circularly polarized light. In a real
QD FiglLy(a, left part) the exciton resonances coupled to H and V polarized light modes
are typically split by an energy dxy. We consider that such a QD is embedded within a
photonic crystal, slightly anisotropic, which shows two confined optical modes polarized
along H and V directions and split by a quantity dc (see the middle of Figlf8(a)). Each
of the two non-degenerate exciton states strongly couples to one resonance of the photonic
crystal with either vertical (red) or horizontal (blue) polarization, respectively. This cou-
pling gives rise to two polariton doublets polarized H and V. The resulting decay paths
of the strongly coupled dot-cavity system can be seen on the Figl§|(a, right part).
There are now two possible decay channels for each polarization using either lower
or upper polariton state. In Ref.[I94] we have shown that for any constant values of dx

and d¢, the adjustment of the energy detuning between the group of exciton resonances
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and the group of photon resonances allows to make one polariton state with horizontal
polarization degenerate with one polariton state with vertical polarization. This alignment
makes the two possible decay paths of the biexciton using these two intermediate states
distinguishable only by their polarization which results in the generation of entangled
photon pairs showing a maximum degree of entanglement.

The energy of the polariton states Ef V" can be calculated using [6]

EHV EHV
gV _Zo Thx o \/ EEY — BEVY 4 a203, (4.2)

where H and V indicate the different polarizations, Eg V" are the cavity resonances, E;I’V
are the exciton energies, and {1y are the values of Rabi splitting, proportional to the
exciton oscillator strength which we assume to be equal for H and V polarized modes.
In an isotropic QD, the oscillator strength of the polarized exciton modes can differ by
a few percent and can provoke shifts of the polariton energy by a few peV, which will
be discussed later. It follows directly from Eq.(4.2]) that the energies of the intermediate
polariton states can be tuned by changing the energy of the photonic resonances.

The pairs of polariton states are degenerate(EY = EY) if Ey = E} and Fy = EY|
which means that each resonance for V and H polarized light is adjusted to the energy
of the exciton state coupled to the perpendicular polarization. In the same time, the
biexciton transition is not strongly interacting with the cavity modes because the binding
energy of the biexciton is at least one order of magnitude larger than A2 . This resonance

can of course interact with another photonic mode, but we do not want to address this
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Figure 4.9 | Working scheme 2: (a) Calculated energies of the polariton states for different de-
tuning dc_x with , §, =0.1 meV, d¢ = - 0.5 meV, and 200z =0.22 meV. Different polarizations are
indicated with red (vertical) and blue (horizontal). (b) Distribution of the energy levels for do_x =0.
(¢) Photoluminescence spectra for both polarizations.

case here and we therefore assume that the biexciton emission energy is not perturbed by
the presence of the optical cavity. The right hand side of Figlf.8(a) shows the resulting
distribution of the energy levels. There are four possible decay channels for the biexciton.
The two decay paths using the UP as an intermediate state produce polarization entangled
photon pairs, which is also the case for the decay paths using the LP. This configuration
is particularly original and probably useful, since it allows producing two independent
EPR pairs. The calculated photoluminescence spectra are shown in Figl8 (b). The
technological requirements for this scheme are however quite strong. The first condition
is that the Rabi splitting should be larger than the splitting between the H and V exciton
states 2AS)r > 6, . The second condition is that the splitting between the optical modes
is exactly equal to the splitting between the QD modes with an opposite sign d, = —0..
The first condition is usually well fulfilled. In InAS based structures o, is of the order
of 0.05-0.1 meV, whereas 22z ~ 0.15-0.25 meV. The second condition, because it is an
equality, and because of the small value of 9, , seems quite demanding, and would, in

practice, require the growth and study of many structures.

We therefore propose another configuration, conceptually less ideal, but which should
allow an easier experimental implementation. We propose to use an anisotropic photonic
crystal showing a splitting dc substantially larger than d,. Neither the exact value, nor
even the sign of dc play a crucial role in this scheme. This splitting should not be a
problem, since it is difficult rather to fabricate photonic crystals without it. In Ref. [195],
for instance, the splitting measured is about 0.5 meV for a cavity with quality factor

@ > 10000. Figure (a) shows the eigenenergies versus the exciton-photon detuning
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Figure 4.10 | Working scheme 3: (a) Calculated energies of the polariton states for different detuning
dc_x with , 0, =-0.1 meV, dc = - 0.5 meV, and 2Qr =0.22 meV. Different polarizations are indicated
with red (vertical) and blue (horizontal). (b) Distribution of the energy levels for positive d¢ and negative
dx. (¢) Photoluminescence spectra for both polarizations at do_ x=-0.275 meV.

EH_EY, Ey—FE . . . .
do-x = ~45¢ — ==Y | keeping d, and dc constant. This kind of tuning of the

exciton resonance energy can be performed experimentally, for example by changing the

temperature of the sample [13] [14]. We consider here the case where ¢, and §c have the
same sign. For a wide range of detuning, the H-polarized LP and the V-polarized UP
are almost degenerate. The decay channels of the biexciton are shown on the figure
(b). The luminescence spectra in two polarizations for positive detuning are shown on the
figure .91 (c). The spectrum for each polarization consists of two groups of two peaks. The
group with the lower energy corresponds to the biexciton decay to the polariton states.
The group with the higher energy corresponds to the decay of the polariton states toward
the ground state. For each polarization, the peak with the higher energy and the lower
energy belong to the same decay cascade. The two central peaks belong to the same decay
cascade as well. One can clearly see that the decay channel involving the H-polarized UP
and the decay channel involving the V-polarized LP cannot be distinguished by energy

measurements, but only by their polarization.

As said before, this degeneracy can also be found if d, and dc have opposite signs.
FiglLT0l (a) shows the eigenenergies versus d¢_ x in that case. The energy degeneracy now
occurs at negative detuning between the LP states (H and V), and at positive detuning
between the UP states (H and V). The decay channels of the biexciton for the negative
detuning case are shown on the FiglfI0 (b). The luminescence spectra for negative
detunings are shown on the FiglfI0 (c). Note the difference in the degeneracy of the
peaks in Figl9l (c¢) and FigldTI0 (c): in first case LP is degenerate with UP of different

polarization, and in the second case LP is degenerate with LP.
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4.4 Degree of Entanglement

To describe the full decay scheme analytically we write the two-photon wavefunction in
the following way neglecting cross polarization terms and using the notation UP for the

upper and LP for the lower polariton state of the doublet:

0) = (arp |pi") + avp |p57)) [HH) + (4.3)
+ (BLe [pt7) + Bur |[p97)) IVV),

where we extract the coordinate part ’p?()‘(/ljp)> from the polarization part of the wave-

function |HH) (|VV)). The amplitudes o and [ are the weights for the possible decay
paths satisfying

larp® + lavp|* + |Brel* + |Bupl* = 1. (4.4)

After tracing out over all possible degrees of |p), the corresponding 2 photon density
matrix in the basis of HH,HV,VH and VV for scheme 1 of the previous section reads

|OéLp‘2 -+ |OéUp’2 0 0 Y
0 00 0
= U (U] = , 4.5
p=|¥) (V| 0 0 0 0 (4.5)
v 0 0 |5LP\2 + ’ﬁUP’z
where
v =arpBrp <P1LLIP!P{?P> + aupfip <p¥IP|ng> . (4.6)

The detailed derivation of the density matrix is given in the appendix. In case of

scheme 2, the off-diagonal element transforms to

v = arpBip (pE IPV") (4.7)

We select only the degenerate intermediate states using spectral windows, represented
by a projection P, around the biexciton emission energy Fxx and the polariton energy
Ep. One can neglect those scalar products (pg|py) which show no overlap assuming that
the separation (in the case where two are degenerate) by at least the Rabi splitting € is
much larger than the width of the wavefunction. This width is mostly governed by the
lifetime of the polaritons. It can be more justified by the use of spectral windows where
the parts outside of them are not collected and thus do not contribute to the off-diagonal
element.

The use of spectral widows, which select only the degenerate LP-polariton states in
scheme 1, can be performed by the application of a projection P. The wavefunction has
to be retyped by P||¥) /| P ||¥) |* which yield
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_ awpBip (i IPIPY”) + avrBip (P [PIRVT) -
[P w) [

(4.8)

Once again, the scalar product aypByp (P47 |P|pY7) can be neglected, because the
spectral windows are centered to detect only the transitions via the lower polariton state.
The final equation for the off-diagonal element of scheme 2 reads
_awpBip (pE IPIYY)
1P |T) [?

(4.9)

Within the dipole and rotating wave approximations, the perturbation theory [190], [196]

gives for the two photon function

xg’Lngngl’LP\/@/Qﬂ
(1kr] + [K2| — ™) (ko] — €i7)

where k; and Ky are the momenta of the photons and I'x x(zp) is the line width of the

AJLL[P =arp </€17 k2|p1LqP> =

(4.10)

biexciton (lower polariton). Furthermore, exxp) = Exxrp)+iI xx(zp)/2 is the complex
energy of the biexciton (lower polariton). The exciton (photon) Hopfield coefficients of
the polariton state are denoted by xié };) and the polariton lifetime is given by the ratio
of the square of the photon Hopfield coefficient and the cavity lifetime 'y p = |$§;LP|2 /Tc.
A similar expression of Eq.(@I0) can be obtained for the upper polariton state and the
perpendicular polarization. The final equation for the off-diagonal element of the density

matrix reads for scheme 1 (scheme 2)

r_ [ [ dkydky ALP*W ALPUP)
[ [ deydiey AEPSW AEP 4 [ [ dkydkey AL U7 AEPOP)

The function W corresponds to the spectral windows at the energies Exy and E,.

5 (4.11)

Finally, to estimate the quantum correlations of the emitted photons we use the Peres
criterion for entanglement [I89], which states that the emitted photons are entangled for
~v = 1/2 and not entangled for v = 0 (see appendix).

The density matrix of the system is in the so-called ”x-form”, containing only diagonal
and anti-diagonal elements and thus another measure of entanglement — the concurrence
C' [197] — is simply two times the absolute value of the off-diagonal element of the density
matrix [198], 199].

The degree of entanglement is strongly correlated with the line shape of the transi-
tions as it follows from Eq.([@I0)and Eq.([@II)): the better the overlap of the detected
emission lines, the higher the off-diagonal element. The photoluminescence spectra for
each transition can be calculated by integration of Eq.(4.I0) either over ky to obtain the
biexciton-polariton emission line or over k; to obtain the polariton-ground state emission
line [196].
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Figure 4.11 | Calculated photoluminescence spectra of the biexciton decay: Photoluminescence
spectra for equal splittings (upper panel) at dc—x = 0 and for splittings @y = 0.11 meV, Qy = 0.05 meV
at 0c—x = —0.2 meV (lower panel). The blue (red and dashed) line corresponds to horizontal (vertical)

polarization.

FiglZ 1Tl shows the complete spectra of emission resulting from the biexciton decay.
The upper panel is calculated for Qg = Q,=0.11 meV which corresponds to the experi-
mentally measured value of [§] and the lower one for Q5=0.11 meV and Qy=0.05 meV.
The relative position of the cavity resonance do_x = (E4 + EY)/2 — (E¥ + EY)/2 is
chosen to degenerate the intermediate polariton states for both cases. The complicated
complete spectra shows 4 Lorentzian lines for the biexciton-polariton transitions with a
line width (I'xx + I'p) and 4 Lorentzian lines with I'p for the polariton-ground state
transitions. The line width depends strongly on the photonic fraction of the polariton
because the cavity photon lifetime is typically 100 times shorter that the QD exciton
lifetime. One should note that this type of spectra resulting from the biexciton decay in
a strongly coupled microcavity has been recently measured but only for one polarization
[200]. Ome can see on the upper panel, that the resonance condition between the two
polariton states H and V also corresponds to equal line width of the states and therefore
to a high degree of entanglement 4" = 0.49. On the other hand one can see on the lower
panel of the figure that the nice symmetry of the scheme is broken when the oscillator
strengths of the two resonances are different. The degree of entanglement is much lower

~" = 0.09 in this last case, which we are going to analyze in details in the next section.

In [201] the authors have refined our initial proposal improving the calculation of the

emission spectra of the transitions by the use of the Weisskopf-Wigner approach. In
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the large coupling constant (g) case, the improvement with respect to the simple picture
using Lorenzian lines is not significant. Some changes arise in the small g case, where
even without filtering a higher degree of entanglement is predicted with respect to our
approach.

Furthermore, more complex approaches for the spectra of strongly coupled quantum
dots have been published [202].

To finish this section we compare the degrees of entanglement, which can be obtained
for the different schemes. We keep the Rabi-splitting constant for both polarizations.
Figure shows the numerically obtained off-diagonal element |y| versus dC' — X. The
maximum value of |y| for scheme 3 is not optimal, due to the difference between the
exciton and photon fractions of the degenerate polariton states. The asymmetry of the
curves comes from the small lifetimes for negative detuning dc_x. Consequently, the line
width is larger than the energy difference between the two polariton states, which yields
<PI§P |P|PEP > > 0. On the other hand, the degree of entanglement achieved within the
schemes proposed in Figs. A8 and reaches almost the maximum value 1/2; which

makes these configurations quite favorable.

4.5 Rabi splitting

In the following we analyze the influence of different Rabi splittings of the H and V
polariton states on the degree of entanglement +' of the two photon wave function resulting
from the biexciton decay. This polarization anisotropy comes from the asymmetry of the
QD or its environment and results in different oscillator strength for excitons which couple
to different polarizations [203, 204, 205, 206]. Also misalignment of the quantum dot and
the antinode of the cavity mode field in one direction can change the coupling constant

[207]. Consequently, the final polariton states of each polarization H and V have different
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values of Rabi splitting €2y, and Qy. We will use only the second scheme, presented in
Fig. to discuss the effect.

Figld.13 shows the degree of entanglement depending on the relative position of the

cavity resonances dc_x and on g, whereas 2y is kept constant, equal to 0.11 meV.

As one can see, the maximum degree of entanglement close to theoretical limit is
achieved if both splittings are equal. If one changes the Rabi splitting of one polarization,
the degree of entanglement decreases. In the case of Qg = €y, the optimal detuning
0c_x is zero. This optimal value of d¢c_ x becomes positive when Q25 — €2y is positive and
negative when Qy — 0y is negative. In addition to the main maximum, the degree of
entanglement shows a three-peak structure for small (25 and a second small maximum.
These effects arise from the interplay between the evolution of the lineshapes and overlaps
of the transitions in the region where the polariton states are close to each other, depending
on dc_x.

The difference of the Rabi splittings makes necessary a readjustment of the cavity
resonances. In the following we are going to tune independently the energies of the H
and V polarized modes. It means that now we tune not only dc_x, but also dc. This
can be achieved experimentally by atomic force microscope nano-oxidation of the cavity
surface [I5]. The results of the calculations are shown on Fig. 114l We use Q5=0.11
meV, Qy=0.05 meV, and dx=0.25 meV (as for the lower panel of figure AIT]), which
represent a highly asymmetric case. Fig. 114 (a) shows 7/ versus dc_x (x-axis) and
dc (y-axis). One can see that the independent tuning of the position of the two photon
modes allows to recover quite a high value 4/ = 0.41. The photoluminescence spectra

corresponding to this optimal configuration are shown on the FiglZI4] (b). Once again,
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7" shows a complicated three-peak-structure when the detunings are not optimized (see
Figl T4l (a)), which finds its origin in the interplay between the evolution of the lineshapes

and overlaps of the transitions.

In Fig. ET4l(c), we keep 0y = 0.11meV constant and show the best value of o (which
can be obtained tuning d¢_ x) versus Qy and dc. From this figure one can conclude that,
whatever the value Q0 — €y, it is possible to find the values of d¢ and do_x for which
~" is larger than 0.4, which confirms the fact that the detrimental effect induced by the
difference of Q0 and )y can be, in all cases, overcome by the independent tuning of the

cavity mode energies.
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4.6 Spectral filtering

Spectral filters have been used by Akopian et al. in 2006 [I190] to increase the quantum
correlations of detected photons. Therein, the spectral windows were used to select the
overlapping part of the non-degenerate exciton emission lines and thus a non-zero off-
diagonal element of the density matrix has been observed. This filtering is furthermore
robust against fluctuations of the energy levels[208]. We define the quantum efficiency as
the ratio between the number of photon pairs emitted and the number of photon pairs
detected through the spectral window. This efficiency is expected to become smaller
and smaller with the use of a sharper spectral window. The scheme we have proposed
above already includes the use of spectral windows to preselect the appropriate transition
lines, but there is no filtering in the sense that we always detect the whole emitting
line. In the following, we analyze the impact of the width of the spectral windows on the
entanglement degree and on the quantum efficiency of the biexciton decay. Fig[4.T5 shows
the dependence of 7" on the width of the two identical windows around E, and Exy — E,

together with the evolution of the quantum efficiency.

Two cases are considered, which are: the unfavorable case presented on the lower
panel of the figure 2, and the one obtained for the same set of parameters but with the
optimization of o maximizing 7’'. Both optimized and none optimized configurations
show high +" and low quantum efficiency, below 1% for the smallest width of spectral
filters (< 10peV). Increasing this spectral width has a dramatic effect on the 4" value for
the non-optimized case. In contrast, the optimized setup allows to achieve a high degree
of entanglement simultaneously with a large quantum efficiency by using a wide spectral

window of 0.1 meV.
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4.7 Strongly coupled biexciton

Another possibility which can be taken into account is the existence of additional res-
onances, e.g. a photonic mode close or at the biexciton-exciton transition energy. The
idea is to accelerate the emission of entangled photon pairs by mixing the biexciton with
a photon. We add now a V and an H-polarized photon fields at the biexciton-polariton
transition energy with energies EgXX and E‘C/XX. One should therefore have a reversible
coupling between three possible configurations for each polarization which are: the biexci-
ton, one exciton and one photon, and two photons. Taking into account the polarization
degree of freedom and the fact that the bi-exciton is a common state for the two po-
larization channels, we should describe the reversible coupling between 5 states. The
eigenenergies of the resulting dressed states can be found by the diagonalization of the

5X5 matrix M, where Qﬁ*g/) is the coupling to the biexciton state:

Exx Qxx QXX 0 0
QX EY+Ef, . 0 Qy 0
M= | OQf* 0 EX + Ef, 0 Qy : (4.12)
0 Qu 0 Ef + Efxx 0
0 0 Qy 0 EL + Elxx

The structure of the five eigenvalues and eigenvectors of this matrix is quite compli-
cated in the general case. It is possible to tune EgXX and EgXX in such a way that the
two polarized biexciton-polariton transitions from one initial bipolariton state are sym-
metric, which means that both polarization paths have the same radiative lifetime and
thus the same linewidth. This results in a high degree of entanglement if we assume that
the polariton-ground state transitions are optimized and unperturbed. In addition the
decay from a ”photon-like” bipolariton state is much faster in comparison to the uncou-
pled biexciton. The full transition to the ground state will take place in a few ps and
repetition rates close to THz range become realistic.

The design of a 4-resonance-cavity is the same as for the standard scheme with two
modes. It was based on polarization doublet of the 'photonic dot” ground states with close
to symmetrical intensity profile. In case of to higher resonances the interplay between
the polarization and confinement of the photonic modes results in the formation of the
4 resonances originating from the ’scalar’ doublet (0,1)-(1,0), i.e. the states with 1 node
line in x or y directions in the intensity profile. The emission pattern of these modes is
angular-polarization dependent and this must be accounted for in the analyzing of the
outgoing photons, but in principle the design of such a cavity should be possible.

However, the realization and the adjustment of four different photonic resonances at

the same time seems to be extremely challenging. Furthermore the resulting fine structure
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Figure 4.16 | High quality photonic crystal structures with mode splitting [195]: (left)
Specifications of fabricated QD-embedded PC nanocavity. SEM image of the PC structure with the
corresponding reciprocal lattice space. (right) Typical spectrum of the dipole modes with @ > 10000.
The small local fabrication error breaks the degeneracy of modes A and B to make a 0.7 nm split. Inset:
polar plot of the polarization dependence of short (open squares with line) and long (filled circles with

line) wavelength modes.

of the bipolariton is complicated and the selection of the transition lines would be also
a difficult problem, which would end up by a huge reduction of the quantum efficiency.
Thus, we do not believe at this stage that a biexciton strongly coupled to light modes in
addition to the strong coupling of the excitons would be really advantageous for applied
purposes.

We do not address the excitation at such frequencies with all arising problems of e.g.
multiple photon pair generation. This will be another restriction towards high speed
devices. We only discuss fast photon pair emission as a prerequisite to achieve such high
repetition rates.

Nevertheless, a photonic resonance weakly coupled to the biexciton-polariton tran-
sition may accelerate the first photon emission, either by Purcell effect, or simply by
reducing the quenching of the emission which could be provoked by the fact that the
resonance is placed within a photonic bandgap. Also dressing the biexciton state modifies

the transition properties [209, 210] and stays as a tool for future applications.

4.8 Experimental implementation

As mentioned already in the first chapter, one dimensional polaritons have been observed
recently for various cavity designs [13] [14], 15, [18]. In our proposal we focused on photonic
crystal cavities. In general, the quantum dot is placed as an defect state into the lattice
of holes. The structure of suited cavities with quality factors above 10* [207] is shown
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in Figl4I0 on the left hand side. The placement of the dot is now well under control.
What we need are split photonic modes for the linear polarizations. In fact, normally one
tries to avoid this splitting and the photonic crystal community has made a huge effort
to create degenerated photonic modes [195]. The right hand side of Fig. shows the
photoluminescence of such a structure with non-degenerate cavity dipole modes. We use

now this splitting, which comes from any small fabrication imperfection of the holes in
the photonic crystal [195].

Once the quantum dot is embedded into the crystal, the resonances have to be adapted
carefully if has not been done before, during the fabrication of the crystal. This can be
done by AFM nano-oxidation of the cavity surface [8]. Fig. EI1 shows the application of
this technique to shift the photon modes to the desired position. The technique provides
nearly continuous tuning of a single mode over several nanometers and is in principle
applicable to all photonic crystal based cavity structures. This powerful tool makes our
proposal more realistic because the cavity resonances can be modified after the fabrication
of the quantum dot. This means the properties of the crystal can be adjusted perfectly
to the properties of the embedded dot. Once the cavity modes are precisely tuned to the
exciton levels in a QD, efficient nonclassical photon sources can be achieved for quantum
information processing.

Finally, a strongly coupled biexciton requires additional resonances in the crystal.
this can in principle provided by higher resonances. In the previous picture, we discussed
dipole modes of the crystal, with a maximum of the electric field in the center of the
quantum dot. Fig. [£.18 shows the electric field distribution of different resonances of the

quantum dot together with the energy distribution depending on the crystal parameters.
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Figure 4.18 | Cavity mode frequencies and electric field inside a photonic crystal [195]:
(left) Normalized cavity-mode frequencies as a function of Ar/a. The solid (dashed) lines correspond to
doubly degenerate (nondegenerate) cavity modes. The ten modes are referred to as modes A-J in order
of frequency. (right) Calculated electric field distributions in the slab center for ten cavity modes with

0r/a = 0.11. The modes in (a)(j) correspond to modes A-J on the left hand side, respectively.

For example the second dipole modes (i and j in the figure) could be the candidates

for strongly coupled biexciton devices.

Of course the coupling between the dot and the cavity depends strongly on the position
of the dot in the cavity, and the dot should may be not centered in the defect state because

the electric field maxima are not centered.

All these techniques together confirm the possibility to realize the proposal of a en-

tangled photon source, as discussed in this chapter.

Possible other cavity configurations are micropillars. Recently, new fabrication tech-
niques have been developed to place a quantum dot exactly in the center of a micropillar
[211]. Extending this techniques, one may fabricate slightly elliptic micropillars to obtain
a split of the linear polarized cavity modes. Secondly, the spatial profile of the emission
is the same for both polarizations. (By the way, this is not the case for photonic crys-
tals, which make the realization based on crystals a bit more challenging.) Thus, also
micropillars with embedded quantum dot can be a promising candidate for the present
proposal, beside the exciting results on single photon sources [212 213]. Nevertheless,
this structures are in the process of development and several problems are not solved, i.e.
the extraction of the biexciton-exciton photon is still not possible, because it is in the

photonic gap. May-be lateral detection can solve this problem.
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4.9 Summary and conclusions

We have shown that the difference of exciton oscillator strengths of the exciton states
coupled to V and H polarized light strongly affects the entanglement degree of the photon
pairs emitted during the biexciton decay, when the excitonic resonance of the QD is
strongly coupled to the cavity modes of a photonic crystal. However, we have shown
that this detrimental effect can be compensated if it is possible to tune independently the
energies of the polarized photonic modes, which has been demonstrated to be possible
experimentally [15]. We have also analyzed the impact of a spectral filtering of the different
emission lines, showing that an increase of the entanglement degree by this method has to
be paid for by a strong reduction of the quantum efficiency. Finally, we have discussed the
possible impact of the presence of a cavity mode resonant with the biexciton transition.
We found that this coupling can indeed accelerate the biexciton decay and give access to
very high repetition rates (close of one THz) for the entangled photon emission. However,
the complication brought by the presence of many polariton lines which should be all tuned
simultaneously makes this configuration very hard to implement for an experimental point
of view. We conclude that the control of the electronic resonances through their strong
coupling to confined cavity modes opens new perspectives and is from many points of
view extremely advantageous for the fabrication of a solid source of entangled photon

pairs emitted on demand.
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Appendix A

Polariton scattering amplitudes

In this part we want to describe briefly the main scattering mechanisms in semiconductor
microcavities. We restrict ourself to the final equations. The exact scattering matrix

elements and the derivation of the scattering amplitudes are given in [5].

A.1 Polariton decay

As a result of the polariton dispersion, the polariton decay varies depending on the
wavevector. Three regions can be identified:
1. k < kgse: This is the region, where the exciton-photon anticrossing takes place.

The decay is mainly dominated by the finite cavity photon livetime:

Ck
I, = p (A.1)
where ¢, is the photon fraction of the polariton and 7. is the cavity lifetime.

2. ksc < k < kp,where kj, is the wavevector of light in the medium. In this region
excitons are only weakly coupled to the light mode and the polariton decay is I'y = I'y,
which is the radiative decay of quantum well or bulk excitons.

3. k > kr: Beyond the wavevector of the light in the medium, excitons are no longer
coupled to the light. The decay is governed by nonradiative processes I'y, = I',,,, which we

do not want to discuss in detail.

A.2 Polariton-Phonon interaction

The theoretical description of exciton-phonon interaction has received considerably atten-
tion throughout the history of semiconductor heterostructures. Scattering events should

conserve the wavevector in the plane. The phonon wave-vector is called ¢ with in-plane
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component ¢g;; and z-component ¢,. Using Fermi-Golden Rule the scattering rate between

two discrete polariton states of wavevectork and £’ reads:
W = Z |M(q)|*(0,1+ NP2 L VS(E(K) — E(k) F hw,), (A.2)

where NP is the phonon distribution function. In equilibrium N?"" =1/e~ @/kT 1),
where E ( ) is the phonon dispersion. The 1 and the - holds for absorption of a phonon
and 1 and + holds for emission of a phonon. M is the matrix element of interaction
between phonons and photons. For polaritons with a finite energy, the delta-function can

be replaced by a Lorentzian and this yields

Wik = Z M@0, 1+ N4 ) (A.3)

" hoy /T
(E(K) — E(k) £ hwg)® + (hyw)*

The energy width of the state can be defined as the imaginary part of its eigenenergy.

(A.4)

The energy conservation in the plane limits the sum to the z-direction.
In the framework of the Born approximation the matrix element of interaction can be

written as

|M( >| - | <\Iji0l| exc— phon|\IJpOl> | - kaxk’| <\I{€£EC| exc— phon €$C> | (A5)

where WP js the polariton (exciton) wavefunction:

1, 2 1 2D
— Be e_ﬁ e
\Ilixc(rea Th) _ fe(ze)fh(zh)ﬁel (Ber hrh)\/;ag_De [re—rnl/a; , (A6)
where z.(;) are the coordinates along the growth direction z and r.) are the coordinates
in the plane, f.) are the electron and hole wave-functions in the growth direction. a3’

is the exciton Borh radius, Ben) = Memn)/(me +my) and S is a normalization area.

A.2.1 Interaction with longitudinal optical phonons

The interaction is mainly mediated by the Frohlich interaction [214]. The Matrix element

in two and three dimensions can be approximated as

LO LO
MICd(q _ M \/7 M¥Cd(q) = Mo (A7)
™/ SL

Finally, assuming dispersionless phonons, the scattering rate can be written as:

2L 1
hon—LO __ LO
”]fﬂk/ == WQHSxkxk/|MO | (0, 1 + e—mLo/ka — 1) (A8)
by

“EWY — B F horo) + ()2 (A.9)
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Optical phonons interact very strongly with carriers. They allow a fast exciton formation.
Nevertheless, the energy of optical phonons is in the range from 20 — 80 meV and thus an
exciton with a kinetic energy below this range can not emit an optical phonon. This is
one reason why exciton gases stay at 100-200 K and further cooling via optical phonons

is not possible.

A.2.2 Interaction with acoustic phonons

The interaction is mainly mediated by the deformation potential. The exciton-acoustic

phonon matrix element reads:

N
M (Q)_ ZpCSSLG(qlluqz>7 (A10>

where p is the density and ¢, is the speed of sound in the medium. Assuming isotropic

bands, G reads

Glarr q:) = DelZ(q:) I (qrr) + Dulji(a:) I (qrr) (A.11)
~ DI (qi1) + DiIy (qrr)- (A.12)

D, and D, are the deformation coefficients of the conduction and valence band, respec-
tively, and I, are the overlap integrals between the exciton and phonon mode in the
growth direction and in plane.

Using this Matrix element and moving to the thermodynamic limit, which means that

we let go the system in a given direction to infinity, the scattering rate becomes:

Gk — k)P

Wpho =
=k 2w Spes

xkx;/ |k — K +q.](0,14+ NI, ) (A.13)
qz

" iy [
(E(K') — E(k) F hwg—priq.)? + (A

>2dqz. (A.14)

The scattering with acoustic phonons is the main process for the final down cooling of an

exciton gas to the lattice temperature, where optical phonons can not be emitted.

A.3 Polariton-electron interaction
The polariton-electron scattering rate is calculated using Fermi Golden Rule as
q

€ 27-(_ € € €
Wkl—>k’ - 7 Z |Mq’lk’k/|2$kxk;/Nq (]. - N +k’—k) (A15>
q

hoy /T
(E(K) = E(k) + 3o (q* = |a + k = K|2))? + (hy)?

2Mmee

X

(A.16)
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where Ny is the electron distribution function and m, is the electron mass. A detailed
calculation of the electron-polariton matrix element can be found in Refs. [32] 215].

The interaction of electrons and polaritons are dipole-charge interaction and take place
in a few picoseconds. An equilibrium electron gas can thermalize a polariton gas quite
efficiently. However, more complicated effects, such as the formation of trions are also

possible.

A.4 Polariton-Polariton interaction
The polariton-polariton scattering rate reads:
o 27 " o
wre, = 75.253|jugm|2xkam,quq+kt_kpq§1(1 + NP ) (A.17)
q

iy [
" (E(K)— E(k)+ E(q+ K —k)— E(q))* + (hyw)? (A.18)

The exciton-exciton matrix element of interaction is composed of a direct and an exchange
term [41]. Here, we shall use the numerical estimate [34] of this quantity, which we shall
assume constant over the whole reciprocal space:

(")’

S

M,, ~ 6 E,, (A.19)

where FEj, is the exciton binding energy. Passing to the thermodynamic limit in the plane,

the scattering rate becomes:

1

2m2hS
iy [
“EHEY—E®) + Eq+ K — k) — B(@)?+ (hyw )2 (A.21)

Wlfil»k’ = /dQQ‘MSxkaxk'%xq%’kNgol(l + Ngilk/—ﬁ (A-2O)

As one can see, the a priori unknown polariton distribution function is needed to calculate
scattering rates. This means that in any simulation these scattering elements should
be updated dynamically throughout the simulation time, which can be extremely time
consuming. Polariton-polariton scattering has been shown to be extremely efficient, when
a cavity is resonantly excited. It also plays a role in the case of non-resonant excitation.
Depending on the excitation condition and on the nature of the used semiconductor, the
exciton-exciton interaction may be strong enough to self-thermalize the exciton reservoir

at a given temperature.



Appendix B

Derivation of Fokker-Planck

Equation

B.1 Langevion equation

We follow the description of Ref. [104]. The temporal evolution of the relevant degrees
of freedom of dynamical systems that interact with a fluctuating environment is often

described by an equation of motion, which is a stochastic equation:

&= Az, 1)+ q(t). (B.1)

For different systems the variables in the above equation have different meanings, but to
be concrete we will call z(t) [z(0) = 0] a particle coordinate, A(z,t) = —0U(z,t)/0x a
force field, U(x, t) an external deterministic potential, ¢(¢) a random force (noise) resulting
from a fluctuating environment.

In order to determine the statistical properties of z(t) we have to specify the properties

of ¢(t). We shall take ¢(t) to be a Gaussian random process of zero mean

{q(t)) =0, (B.2)
with extremely rapid fluctuations. We shall therefore approximate the two-time correla-

tion function by a delta-function, and write

(@:()q; (") = gi; ()5t —1'). (B.3)
Under these conditions Eq.(B.)) is usually known as Langevin equation. As the ran-

dom process ¢(t) evolves in its own way so as to drive x(t), it is apparent that x(¢;) will

be uncorrelated with ¢(t;) at a later time ¢, or

(zi(t1)q;(t2)) = 0,2 > 11 (B.4)
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Moreover, the future evolution of z(t) through Eq.(B.1]) is governed only by the present,
and the past history of z(¢) plays no role, so that z(¢) is Markovian of first order. The
statistics of x(t) are therefore completely determined by the probability density p(x,t) and
by the transition probability density P(x,t|xq,ty), which obey Fokker-Planck equations,

as we now show.

B.2 Kramers-Moyal differential equation

We use the general integration relation that connects the probability density p(zs, t2) with
p(z1,t1) at an earlier time to obtain the time derivative of p(x,t). We put now ¢; = ¢ and

ty = t + dt. The relation can be written as
plx,t+6t) = /P(x, t + t|zy, t)p(ay, t)dry. (B.5)

In the above equation P is the conditional probability density, which connects the prob-
ability density p(z1,t;) with a later time p(xq,t3). Starting from this point the rate of

change of p(z,t) can be expressed as follows

op(xz,t) .. 1
5 = dm = [p(z, ¢+ 6t) — p(z, t)] (B.6)
1
= altli% p {/ P(x,t + ot|xy, t)p(zy,t)dxy — p(x,t)] . (B.7)

We make now the change of variable x — 1 = Az, and write

ap(;t’ 2 = (Sltlﬂ})% [/ Pz — Az + Ax,t + dt|lx — Az, t)p(x — Az, t)dAx — p(z, t)} ,
(B.8)

The integrand can be regarded as a function f(y, z) of the two variables y = x — Az and

z = Ax. With respect to the variable y, let us expand f(y,z) in a Taylor series about

y = x, keeping z constant,

0
8fo<x’ z). (B.9)

flz — Az, 2) :Z

r=0
When this expansion is substituted under the integral in Eq.(B.8) we obtain the equation

ap(aa;, t) = altli%élt [/Z ( ﬁx) aaﬂP(x + Az, t + dt|x, t)p(z, t)dAx —p(a:,t)] :

- (B.10)
We now interchange the order of summation and integration and integrate term by term.
The term r = 0 integrates to p(z,t), which cancels the last term. For the remaining terms

we define the quantities
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1
D,(z,t) = altiinm — {/ (Az)" P(x + Ax,t + 6t|z, t)p(z, t)dAz| ,r =1,2,3..., (B.11)

which are known as the transition moments of the random process z(t). The transition
moment D, (z,t) is proportional to the r’th moment of the change of the process in a short
time 0t, subject to the initial value x at time ¢. This is sometimes expressed in the form

D, (z,t) = lim «Ax—)r)“

ot—0 ot (B12)

With the help of this definition Eq.(B.I0) can be re-written in the more compact form

—apgi’ Joy (_ﬁ) Dy, typ(a, )], (B.13)

r=1
which is known as the Kramers-Moyal differential equation. In general it is a partial
differential equation of infinite order, although the order may become finite in certain
cases, as we will see. The effect of the first term involving D is called drift term, and the

second one is called diffusion coeflicient.

B.3 The Fokker-Planck equation

We can now write the transition moments for the Langevin equation described above.

After the integration of equation (B.Il) over a very short time interval 6¢, we have
t+0t
t

Although 0t is very small, the integral in the last equation cannot be replaced by ¢;(t)dt,
because ¢;(t'), being delta-correlated, can fluctuate even in a infinitesimal interval. If we
calculate the average of both sides of this equation, subject to the contrained that z(t)
has some given value, divide by ¢ and proceed to the limit ¢ — 0, we obtain the drift

vector D;(x,t) of the random process. Now

(it +6t) = 2,(1)),, = Au(w,t)5t + /t o (@:(t)) dt’ (B.15)
= Ay, t)dt,
by virtue of (g(t)) = 0, so that
Di(w,t) = Ai(x,1). (B.16)

We have therefore shown that the average forcing term in the Langevin equation is
the Drift vector of the random process. This is also apparent from the fact that A;(z,t)

is the conditional average of the velocity of x(t).



142 DERIVATION OF FOKKER-PLANCK EQUATION

Next we calculate the diffusion tensor. This requires that we average the product

Ax;Ax; subject to the constrained that z has a given value at time ¢. We obtain

Dij(z,t) = lim$<[/li(x,t)5t+ /t o qi(t’)dt’} {Aj(x,t)&—l— /t o qj(t’)dt’} %.17)

6t—0 t

= lim [A;(x,t)A;(z, 1)t + <Ai(x,t) /ttm qj(t’)> dt’

0t—0 ot
4ot t+6t  pt+ot
(et [ aw) weg [T e
t ot

The first term on the right vanishes in the limit 6¢ — 0, and the second term and
third terms average to zero by the fact that x(¢) is independent of ¢(t') at later time ¢'.
For the fourth term we make use of approximate that the two-time correlation function

is a delta function and obtain finally

t+dt t+dt
Dy =lms [ [ a0 —aar = g0, @y

It follows that the strength of the Langevin noise yields the diffusion tensor. A similar
argument can now be used to calculate any higher-order transition moment and it will
be found that all higher moments vanish in the limit 6t — 0. Plugging these results
now in the Kramers-Moyal differential equation yield that p(x,t) obeys the second order
Fokker-Planck equation

ap(a? H__ ai [Ai(z, t)p(z, t)] + %%a% 93 (2, )p(,1)]. (B.19)

The Langevin process obeying the stochastic equation (B.I]) is therefore a Fokker-Planck
process.



Appendix C

Datta and Das Spin transistor

C.1 Polarization in the spin-Meissner phase

The polarization of the elementary excitations of the condensate in the spin-Meissner
phase (region 2) has never been calculated. It can be found by the standard method of
linearization with respect to the amplitude of the elementary excitations of the condensate.

Let us take the wavefunction

O(r,t) = /né + Ae'br=) 4 fre~ilhr=et) (C.1)
where in case B < B,
2 cos? 6 1arcsin 1 (3)2 (C.2)
€= 0 == - =, i
sin 0 2 B.
and substitute it into the Gross-Pitaevskii equations:
9t 2 2
rm = (Ho — 11— Q/2) ¢y + [an [ |" + ag [y 7] ¥y (C.3)
oY
i = (Ho— i+ Q/2) vy + [on [0y + aa [91]] ¢y

This gives 6 equations:

(—p—9)+ agnei + agnel =0 (C4)
(—,u + %) + ozlnef + 062716% =0
Ay (wo — — § + 20qne? + agnef) + By (qne?) 4+ A (aznere)) + B (agnere)) =

(
Ap (

0
ozlneT) + BT (wo tw—p—= + 2a1neT + agnel) + A| (agnere)) + B (agnere)) =0
1 (agnere)) + By (agnere)) + Al (wo —w — p+ 5 + 2a1nef + agne?) + B (aqne?) =0

0

I

Aj (agnere)) + By (agnere)) + Ay (aane?) + By (wo +w — p+ 3§ + 2a1ne? + agne?) =
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The first two equations give the expression for the chemical potential:

Q= mtor, (C.5)
2
They are also substituted into the next 4 equations, which simplifies to:
A (C.6)

i (wo — w4 aune?) + By (ainei) + A| (aanere)) + By (agnepe)
Ay (qne?) + By (wo +w + alne%) + A| (agnere)) + B (agnere))
A (

i (aaneje)) + By (aanere)) + A (arne]) + By (wo + w + aine]

0

0
agnere)) + By (agnere)) + A| (wo — w + aine}) + B) (aine]) =0
) =0

N

Let us assign a = alne%, b = amef and ¢ = agnere;. Then the first two equations

transform to:
(wo—w—l—a)ATjLaBT—i-cAl—l—cBl:O (C?)
aAy + (wo+w—+a)By+cA +c¢B =0

Taking the difference of the two, one obtains a relation of A; and B;. A similar expression

can be obtained for the other spin component:

wo + w
Ay = (wo - w) By (C.8)
Finally one gets
il R C.9

which means that the two vectors are collinear. Combining the previous equations yields

((wo—w—l—a) (w°+w>+a) BT+Blc(1+”°+”):0 (C.10)

Wy — W Wy — W

(w% —w?+ Qawo) By 4+ B 2wyc = 0.
Now, one get the equation for the dispersion relation, which read
(wg — w? 4 2awg) (w? — Wi — 2bwo) + 4c°wf = 0. (C.11)
This is expanded to a bi-quadratic equation, which results in the dispersion
w? = w? +wy (a+Db) £wer/(a—b)*+ 4c? (C.12)

and replacing a, b and c yields

2 2
w” = wy + won

2
a; (a3 + (a2 —ad) 7z |- (C.13)
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This is the dispersion formula presented in chapter 3. Substituting this into the equation
(CI0) one finds the ratio between two components of B:

By —a1c0s20 £ +/a? cos? 20 + a3 sin® 20 (C.14)
B; N vy 8in 20 ’ '

which defines two angles

—ar1 0520 £ /a2 cos? 20 + a2 sin’ 20
vy sin 20 )

(C.15)

[+ = arctan

Finally the eigenpolarization vector can be written
( cos Oz ) . (C.16)
sin B4
C.2 Analytical transmission and reflection coefficients

We have three areas 1,2,3 (see chapter 3). In 1 and 3, only the propagation as a o, wave

is possible. In the central area of thickness L, the propagation takes place along the eigen

1
states calculated in the previous section. The wave 0 enters in the area 2 and reads:

I cos 34 —sin 34
<0>_a<sinﬁ+>+b< cos B4 )7 (C.17)

which gives a = cos 3,,b = —sin 3. at the point z, the wave function reads:

sin (34 cos B4

¥ (2) = exp(ik,2) cos B ( cos Oy > — exp(ik_z)sin [, ( —sin By ) (C.18)

At the point z = L the o+ part is fully transmitted, the o_ part fully reflected which
gives:

t] = exp(ik, L) cos® B, + exp(ik_L)sin® 3, (C.19)

r = cos By sin B, (exp(iky L) — exp(ik_L))

. 0 . . o
We now consider the wave 7, < ) ) propagating in the negative direction:

sin (34 cos By
(C.20)

Y (2) =71 [exp(—i/u(z — L)) sin A, ( cos > +exp(—ik_(z — L)) cos B, ( —sin )]
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In z =0, the o, part is transmitted, the o_ part is reflected.

ty =1 [exp(iky L) — exp(ik_L)] cos B sin 3, (C.21)
ri =7 [sin® By exp(iky L) 4 cos® By exp(ik_L)]

Once again this procedure in the inverted direction yields

vy (z) =7y [exp(i/@z) sin 3 ( C?S Br > + exp(ik_z) cos B4 ( —sin By )%C.QQ)

sin (3, cos (4
ti =1 [(exp(ikyL) — exp(ik_L)) cos B3, sin 3]
ry =1 [sin® By exp(iky L) 4 cos® By exp(ik_L)]

= r{ [sin® 31 exp(iky L) + cos” 31 exp(ik_L)] &

More generally, one can write:

ri =11 [sin® By exp(iky L) 4 cos® By exp(ik_L)] 2t (C.23)
ri =0 [sm By exp(iky L) + cos® B exp(ik_ L)} -
t; =1 [exp(iky L) — exp(ik_L)] cos B sin By
tF =r;, (exp(ik, L) — exp(ik_L)) cos B3y sin 3,
(C.24)

Performing this n times and sending n to infinity yields for the total transmitted amplitude

th = tf =t + [(exp(iky L) — exp(ik_L)) cos By sin B4] Y iy = (C.25)

i=2
tT = exp(ik, L) cos® By + exp(ik_L)sin® 3,

+ [cos B, sin B (exp(iky L) — exp(ik_L))]? [sin® B4 exp(iky L) + cos? By exp(ik_L)]

1 — [sin® B4 exp(iky L) + cos? By exp(ik_L)] 2

The same can be done for the total reflected amplitude:
t- = Z t, = [exp(ik L) — exp(ik_L)] cos 35 sin 3 Z (C.26)

(Jexp(ik, L) — exp(ik_L)] cos 3, sin 3 )

ti p—
1 — [sin® By exp(iks L) + cos? By exp(i/ﬁz,L)]2




Appendix D

Quantum correlations: Density

matrix and Peres criterion

D.1 Derivation of the two-photon density matrix

The two photon wavefunction of the biexciton decay in a semiconductor quantum dot can

be written in the following way:

|U) = (OéLP ’pép> + ayp ‘pgp ) |\HH) + (D.1)
+ (5LP |PxL/P> + Bup ‘p\gp» vy,

Therein we neglect cross-polarization terms. We extract the coordinate part ‘ pIL;(D(l)]P)>

from the polarization part of the wavefunction |HH) (|VV)). The amplitudes a and /3
are the weights for the possible decay paths satisfying

larp? + lavel® + B + [Bupl” = 1. (D.2)
In general the density matrix of a system can be written as

p=9) (¥l (D.3)

Plugging now the wavefunction Eq.(D.I]) into Eq.(D.3) yields

p = (are|pi’) +avr |[Py")) (abp (i +app (P |) IHH) (HH| +  (D.4)
+ (Bep [pv") + Boe [PV7)) (Bip (0| + B0p (V7)) IVV) (VY] +
+ (are |pi) + ave [pi")) (Bip (V7| + Bop (V7 |) [HH) (VV] +
+ ( LP |pv > + Bup ‘pgp> (aLP <pH | +agp <p ) \VV) (HH],
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and finally

p = (lawe® |pi”) (i + avraip |pi) (05" (D.5)
+agpavp ‘P > <p ‘ + |agp|” }P > < ") |HH) (HH|
|5LP| }p > <p ‘ + BreBip ‘p > <p3p\
+BLpBup ‘p > <p1L/P‘ + |5UP| ‘p\[ip> <pgp} VV)(VV]
+(arpBip i) (V7| + areBip lpH) (PVF|
+aupBip |P > <p | + OéUPﬁUP ‘pgrp> <pgp‘ |HH <VV|
+(a7pBrp ‘p\€P> <pr}P’ +agpBup |P > <P
+agpfLp |p P> <P | + agypPup ]p P> <P )IVV) (HH].

Tracing out all p degrees of freedom with

> (oalps) ilo) = (wslpe) (oxlpi) = (ps1p2) (D.6)

k k k

and assuming that scalar products between different polariton states are equal to zero (no

overlap of the photon wave packages) leads to

p = (awpl” + lave®) |[HH) (HH| + (|BLp* + [Bup®) [VV) (VV]+  (D.7)
+(aLpfip ‘p > <p ‘ + avpBip ‘p > <P\(£P} |HH) (VV| +
+(a7pBrp ‘p > <p ’ + agpBup ’pvp> <p )IVV) (HH].

In matrixform p looks as follows:

|OKLP\2 + |OéUP|2 0 Y
0 00 0
— , D.8
P 0 0 0 0 (D)
v* 0 0 |Brpl*+|8upl?
where
Y= OéLPﬁzP <p > + OéUPﬁUP <p |pv > (D'9>

Using the projection P, which corresponds to the spectral windows which select for ex-

ample only the lower polariton branch, the density matrix reads

v, p|? 0 v
0O 00 0
_ D.10
P 0O 00 0 (D-10)
v 0 0 |Bel?
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In this case the off-diagonal element simplifies to

_ arpfBrp <P§P’P’p\L/P
[P |w) 2

This derivation is valid for the scheme, where the lower states of both polarization are

(D.11)

degenerate. In case of scheme 2 of chapter 4 the indices should be adapted, for example

Orp transforms to Syp in the density matrix.

D.2 Peres criterion for entanglement

The used criterion was developed by Peres in 1996 [189]. It is based on the separability
of the density matrix. A striking quantum phenomenon is the inseparability of composite
quantum systems. Its most famous example is the violation of Bells inequality, which
may be detected if two distant observers, who independently measure subsystems of a
composite quantum system, report their results to a common site where that information
is analyzed. However, even if Bells inequality is satisfied by a given composite quantum
system, there is no guarantee that its state can be prepared by two distant observers who
receive instructions from a common source. For this to be possible, the density matrix

has to be separable into a sum of direct products,

p="> wapy ® ply, (D.12)
A

where the positive weights wy satisfy > ,w, = 1, and where p/; and p/) are density
matrices for the two subsystems. In the following we derive a simple algebraic test, which
is a necessary condition for the existence of the decomposition Eq.(D.12]). The derivation
of this separability condition is best done by writing the density matrix elements explicitly,

with all their indices

Py = D WP (04 o (D.13)
A

Latin index refer to the first subsystem, Greek index to the second one (the subsystems
may have different dimensions).

Let us now define a new matrix,

Om,pun,y = Pn,pu,m,p- <D14)

The Latin indices of p have been transposed, but not the Greek ones. This is not a unitary
transformation but, nevertheless, the matrix o is Hermitian. When Eq.(D.12)) is valid, we

have
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o= walp)" @ (D.15)
A

*

Since the transposed matrices (p;)T = (p/4)* are non-negative matrices with unit trace,
they can also be legitimate density matrices. It follows that none of the eigenvalues of o
is negative. This is a necessary condition for Eq. (D.12]) to hold.

We perform this test now for the matrix derived in the previous section of the appendix

with additional inner diagonal elements

HH HV VH VV

@ 0 0 ~\ HH
o a oo o BV (D.16)
=1 0 0 a o | vHE

v 0 0 ay Vv

To construct the matrix o on has to replace all matrix elements where the first letter of the
indices are different i.e. pyy gy transforms to pyvyy. Application of this transformation

yield a matrix o

ap 0 0 O
0 0
o= @7 . (D.17)
0 v a3 O
0 0 0 ay

The eigenvalues can be simply computed:

)\1 = aq (D18)
az +a 1
Ao = 22 3+§\/(a2—a3)2—|—472
1
Az = ag—;ag _5\/((12—%)2"‘472
)\4 = Qy.

In case of the so-called "x-form” of the density matrix [198], when only the outer diagonal
and off-diagonal elements are different from zero, p is only separable into the two subsys-
tems for v = 0. This means for the two-photon density matrix of the previous section,
that the system undergoes quantum correlations only if the off-diagonal element is larger

than zero with a maximum possible value of 1/2.
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ABSTRACT Exciton-polaritons, mixed light-matter particles are on their way to
break into the world of optoelectronic devices thanks to unique properties and nonlinear effects
in polariton systems. The present thesis is devoted to the investigation of nonlinear effects and
applications of exciton-polaritons. The first part of the thesis investigates nonlinear effects such
as the polariton parametric oscillator and the polariton bistability: A new mathematical ap-
proach in between the semiclassical and the fully coherent picture is developed and the crucial
impact of fluctuations on the bistability is in the focus of this work. Applications of exciton-
polaritons are the subject of the second part. ZnO based structures are suited candidates for
room temperature polariton lasing and we simulate such a structure numerically in dependence
of the quality factor and the Rabi splitting. Beside the laser, the unique spin structure opens a
lot of possibilities. In analogy to the spintronic Datta and Das spin transistor a new polaritonic
spin transistor is developed and presented. Also other analogies, such as the Josephson effect
are predicted for polaritons. This effect is complex enough to show chaotic behavior in some
parameter range. The chaotic oscillations can be used for secure communication. The last part
of the thesis is devoted to 0D polaritons and to an on-chip source of entangled photon pairs.
Existing problems blocking the realization of highly correlated two-photon sources based on the
biexciton decay in quantum dots can be overcome in the strong coupling regime.

Keywords: exciton-polariton, polarization, ZnO, entanglement, quantum dot, Bose-Einstein
condensation

RESUME 1 exciton-polaritons sont des particules mixtes de lumiere et de matiere.
Ils peuvent étre le futur des applications optoélectroniques, en vertu de leur réponse optique
non-linéaire qui est extrémement forte. Cette these est consacrée aux effets non-linéaires et aux
applications variées des exciton-polaritons dans les nanostructures a base de semi-conducteurs.
Les microcavités planaires et les polaritons 2D sont étudiés dans les premiers chapitres, alors
que le dernier chapitre est consacré a I’étude du systeme de boites quantiques en cavité (po-
laritons 0D). L’oscillateur paramétrique et la bi stabilité sont le sujet de la premieére partie
de la these. Une approche mathématique intermédiaire entre les approches semi-classiques et
purement cohérente est présentée. L’impact des fluctuations proches du seuil de bi stabilité est
étudié. La deuxieme partie est consacrée la présentation de différentes applications basées sur
les propriétés des polaritons. Un laser a polaritons basé sur une cavité de ZnO est modélisé et
les résultats soulignent les avantages de I'utilisation de ce matériau pour la réalisation de ce type
d’application ¢ température ambiante. La structure de spin particulire des polaritons est par
la suite utilise pour proposer deux nouvelles applications. La premire est un analogue optique
du transistor de spin pour les électrons, appelé transistor Datta et Das. La deuxiéme propose
d’utiliser le comportement chaotique d’une jonction Josephson polaritonique afin d’implémenter
un systeme de cryptage chaotique d’un signal. Le dernier chapitre est consacré aux polaritons
0D. Nous montrons comment la réalisation du régime de couplage fort permet de réaliser une
source de photons intriqués basée sur le déclin du bi exciton dans un boite quantique en résolvant
un certain nombre de difficultés par rapport au systeme constitué d’une boite quantique simple.

Mots clef: exciton-polariton, polarisation, ZnQO, intriquation, boite quantique
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