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Abstract

An exciton-polariton is a quasi-particle that emerges from the strong coupling between an
exciton and a photon. Recently, the studies of the exciton-polariton have been receiving a
great deal of attention in terms of both fundamental physics and potential applications. The
very small polariton effective mass and the interactions brought respectively by the photon
and excitonic content of polaritons enable a wide range of interesting physical phenomena
including the realization of Bose-Einstein condensate, superfluidity, and quantum vortices.
In addition to the interest in the basic physics, several device applications of semiconductor
microcavities such as polariton switching, bistability, and stochastic resonance have also
been proposed. In these researches, the interactions between exciton-polaritons, which is a
source of nolinearity, are central. In this thesis, we explore the various aspects of the polariton
interactions in semiconductor microcavities.

We employ nonlinear spectroscopies as experimental techniques and compare our experi-
mental results with different theoretical models. Firstly, we study lower-lower (upper-upper)
polariton self-interactions and lower-upper polariton cross interactions. The self- and cross-
interactions are identified in four-wave mixing two-dimensional Fourier spectra, which are
followed by theoretical analyses based on a third-order perturbation theory and on a non-
perturbative simulation of Gross-Pitaevskii equations. Secondly, using pump-probe spec-
troscopy, we measure the spin dependent nature of exciton-polariton interactions, which
is called spinor interaction. The two spin projections of exciton-polaritons give rise to a
spin anisotropy of the polariton interactions. In particular, we show that the polariton in-
teractions with anti-parallel spins presents a scattering resonance behavior via an exciton
molecule (biexciton), which we call polaritonic Feshbach resonance. The measurements of
the spinor polariton interactions are compared with numerical simulations based on spinor
Gross-Pitaevskii equations including the exciton-biexciton coupling. Finally, we explore the
decoherence effect induced by the interaction of polaritons. Focusing on the delay depen-
dence of the experimental pump-probe spectra, we find that the excitation induced dephasing
(EID) plays an important role in the dynamics of exciton-polaritons. The delay dependence
of the pump-probe spectra clearly probes that the coherent and incoherent parts of excitons
temporally behave in a different way. These experimental features can be well reproduced
only with the excitonic Bloch equations (EBE) approach, which is a theoretical framework
that can include the incoherent population of excitons. In the last part of this thesis, a future
perspective of the research is discussed while showing preliminary experimental results of
pump-probe spectroscopy with a spectrally narrowband pump pulse.
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Résumé

Un exciton-polariton est une quasi-particule qui provient du couplage fort entre un exciton et
un photon. Depuis quelques années, I’exciton-polariton est I'objet d'une intense recherche
a la fois en termes de physique fondamentale et d’applications potentielle. Leur masse ef-
fective tres 1égere, et la possibilité d’interactions amenée par la composante excitonique des
polaritons permettent des recherches sur des phénomenes physiques trés variées comme la
réalisation de condensats de Bose-Einstein, la superfluidité, et les vortex quantiques. En plus
de leur intérét pour la physique de base, plusieurs applications pratiques des microcavités
semi-conductrices ont également été proposées. Par exemple, la commutation, la bistabilité
et la résonance stochastique sont des possibilités tres intéressantes. Dans ces recherches,
I'interaction entre I'exciton-polariton, qui est la source des non-linéarités, est au coceur du fonc-
tionnement du systeme. Cette thése est consacrée a I’étude des divers aspects de I'interaction
entre polaritons dans les microcavités semiconductrices.

Nous utilisons la spectroscopie non-linéaire comme technique expérimentale et nous compa-
rons nos résultats expérimentaux avec différents modeles théoriques. Dans un premier temps,
nous étudions I'auto-interaction entre deux polaritons bas (polaritons hauts) et 'interaction
mutuelle entre polaritons bas et hauts. L'auto interaction et I'interaction mutuelle sont identi-
fiées dans les spectres a deux dimensions, qui sont corroborés par des analyses théoriques de
perturbation développées jusqu’ al'ordre 3 et une simulation non-perturbative d’équations de
Gross-Pitaevskii. Dans un deuxieme temps, au moyen d’expériences de spectroscopie pompe-
sonde, nous mesurons la dépendance en spin des interactions entre exciton-polaritons, qui
s’appelle I'interaction spinor. Lexistence des deux états de spin des polaritons contribue a
une anisotropie de spin de leurs interactions. En particulier, nous montrons que l'interaction
entre polaritons avec spins anti-paralleles présente une résonance via une molécule excito-
nique (biexciton), que nous appelons la résonance de Feshbach polaritonique. Les mesures
de l'interaction de spin entre polaritons sont comparées avec des simulations numériques
avec les équations de Gross-Pitaevskii en spin, qui considerent le couplage entre un exciton et
un biexciton. Finalement, nous explorons les effets de décohérence induits par I'interaction
entre polaritons. Nous nous concentrons sur la dépendance en fonction du délai de spectres
pompe-sonde et démontrons que le dephasage induit par I’excitation (I’excitation induced
dephasing (EID)) joue un role important dans la dynamique des polaritons. La dépendance
temporelle des spectres pompe-sonde montre clairement que les parties cohérente et incohé-
rente des excitons sont temporellement dissociés. Ces résultats expérimentaux ne peuvent
étre bien reproduits qu’avec les équations de Bloch excitoniques (EBE), ce qui est un cadre
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théorique qui permet d’inclure la population incohérente des excitons. Dans la derniére partie
de cette these, une perspective d’avenir sur les recherches est discutée avec des résultats expé-
rimentaux préliminaires d'une expérience pompe-sonde utilisant une impulsion de pompe
spectralement étroite.

Mots clefs : microcavité semi-conducteur, exciton-polariton, biexciton, nonlinéarité optique,
spectroscopie non linéaire, interférométrie hétérodyne, pompe et sonde, mélange a quatre
ondes, spectroscopie bidimensionnelle a transformée de Fourier, interaction lumiere-matiére,
spinor interaction, résonance de Feshbach, excitation induced dephasing, décohérence.
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|} Introduction

Light-matter interaction has always been an exciting area in physics. In particular, it is well
known that the quantum physics was born from Planck’s investigation of the black body
radiation spectrum (1900). After the construction of quantum mechanics, our understanding
of the light-matter interaction progressed explosively. In terms of basic science, the quanti-
zation of light paved the way to the establishment of quantum electrodynamics (QED) and
quantum optics. In parallel to the development of fundamental physics, the 20th century
witnessed various important inventions concerning the light-matter interaction. Among them,
the most important one might be the invention of "light amplification by stimulated emission
of radiation (LASER)" by Schawlow and Townes (1957). The laser is the first realization of a
bright “coherent” light source. The first generation of lasers are “gas lasers", which use atomic
or molecular gases such as helium-neon and CO, as gain materials. One of the next important
steps in the history of lasers is the development of "light emitting diode" (LED) followed by
“semiconductor laser". Since the semiconductor laser is easy to implement with reasonably
simple technology, it acquired a wide range of applications and plays crucial roles in our daily
life. Furthermore, the advancement of the semiconductor optics technologies opened the way
to a solid-state based manipulation of the light-matter interaction in a single quantum state,
which has been traditionally investigated in atoms, molecules, and ions. In this thesis, we
study the physics of semiconductor strongly interacting with light.

Recent advancements of semiconductor growth technologies made it possible to realize a
system called “semiconductor microcavity". The semiconductor microcavity is a hybrid
system composed of quantum wells and distributed Bragg reflectors (DBRs). This type of
nano-structure is employed in a laser called “vertical-cavity surface-emitting laser (VCSEL)",
which already found its way to commercial applications. VCSELs are working in a regime where
the light and matter are weakly interacting (weak coupling). What is going on if we increase the
light-matter interaction by making the light confinement more tight? The first strong coupling
between a semiconductor and light in a high quality semiconductor microcavity was identified
by Weisbuch and co-authors [1]. In the strong coupling regime, the dipole in a quantum well
(excitons) and highly confined photon form quasi-particles called “polaritons". The dipole



Chapter 1. Introduction

in a quantum well is a hydrogen-like particle, the “exciton", composed of an electron and
a hole. Thus, the polariton in a semiconductor microcavity is the superposition state of
exciton and photons, which is refereed to as “exciton-polariton”. Exciton-polaritons possess
mutual interactions originating from the excitonic content and the photonic content allows a
readout as well as an input of properties respectively from a light emission and an excitation.
These features make the semiconductor microcavity an attractive tool to investigate nonlinear
quantum optics including parametric amplification [2, 3, 4, 5, 6], bistability [7], and optical
switching [8, 9].

In addition to the interest in nonlinear optical applications, the exciton-polariton in semi-
conductor microcavities has recently raised a large attention as a playground to investigate
interacting quantum fluids. One of the striking achievements is the Bose-Einstein conden-
sation of exciton-polaritons [10, 11], which was followed by the observations of collective
quantum phenomena such as polariton superfluidity [12], quantum vortices [13], and, Bogoli-
ubov dispersion [14, 15, 16]. Moreover, the spin degree of freedom of exciton-polariton leads
to spinor interactions. Especially, the spin anisotropic nature of polaritons is the origin of a
wide range of nonlinear effects such as stimulated spin dynamics of polaritons [17, 18], the
transport of spin polarized polaritons [19], the optical spin Hall effect [20, 21, 22], the gener-
ation of polarization vortices [23, 24] and half quantum vortices [25], and the spontaneous
polarization buildup polariton condensates [26]. The spinor interaction also inspired device
applications of exciton-polaritons such as multistability [27, 28, 29] and polariton switching
[8, 9], spin stochastic resonance [30].

Although the physics of exciton-polaritons has been very actively investigated, there exist a
lot of basic questions left unanswered. For instance, the polariton mode has two branches
lower and upper polaritons. Usually, most of the theoretical and experimental activities
are focused only on the lower-polariton. The physical properties of the upper-polariton
branch has not been investigated intensively. In the viewpoint of many-body physics, in a
low density electron-hole phase, which is the regime we investigate with the high quality
semiconductor microcavity in strong-coupling condition, a bosonized exciton picture is
known to be a good starting point [31, 32]. It is important to notice that once we consider the
interaction between excitons, the complex Coulomb correlation effect plays an important
role [33], which makes the dynamical description of low-density excitons (polariton) non-
trivial. For example, bound exciton molecules called biexcitons plays a dominant role in
the spinor polariton interactions [34, 35]. This is in contrast to the case of VCSELs, which
are operating in the high density regime, thus the Coulomb correlation effects are screened
and Semiconductor-Bloch equation based on a fermionic electron-hole picture describes
the dynamics very well [36]. For describing the dynamics of exciton-polaritons, a meanfield
analysis based on a nonlinear Schrodinger equation is enjoying a wide range of success [37].
Since the nonlinear Schrédinger is formally same as the Gross-Pitaevskii equation in atomic
Bose-Einstein condensates, it is easy to find close analogies between the exciton-polaritons
and degenerate bosonic gases. At the same time, the deviation of the polariton dynamics from
the Gross-Pitaevskii equation is an interesting subject in order to go beyond the meanfied



description of many-body quantum fluids. As a first step in this direction, we focus on a
dephasing effect on exciton-polaritons.

In this thesis, we attempt to answer these questions via non-linear optical methods: pump-
probe and four-wave mixing spectroscopies. Non-linear spectroscopy is indeed a very power-
ful method in semiconductor microcavities, because we can directly excite exciton-polaritons
using coherent laser sources and readout them via spectroscopic detection. The lower and
upper-polariton interaction is probed by two-dimensional Fourier transform (2DFT) spec-
troscopy, while the spinor interactions and dephasing effects are investigated through the
pump-probe spectroscopy. The sample we investigate is a high quality GaAs-based microcavity
[38]. The thesis is organized in the following way.

Chapter 2 gives a brief review of semiconductor microcavities. We present the basic concepts
of excitons in a direct gap GaAs semiconductor and of semiconductor microcavity composed of
a single quantum well and distributed Bragg reflectors (DBRs). The idea of the strong-coupling
between excitons and photons and the emergence of the polaritons are also addressed in this
section.

Chapter 3 is devoted to theoretical description of exciton-polaritons. We introduce an interact-
ing bosonic exciton-photon Hamiltonian as a starting point, which is partly diagonalized by the
introduction of a polariton basis Hamiltonian. Both for the exciton-photon and polariton ba-
sis, we obtain the equations of motions: excitonic Bloch equations (EBE) and Gross-Pitaevskii
equations (GPE). In the last section of this chapter, we discuss Hamiltonians and equations of
motions including the biexciton state.

In Chapter 4, the experimental setup is explained. We address the properties of the GaAs-
based microcavity sample and optical setup including an excitation scheme and a heterodyne
detection technique. In particular, the principle of the heterodyne detection technique is
described in detail, which is important mainly for the two-dimensional Fourier transform
spectroscopy.

The subject of Chapter 5 is the investigation of the polariton interactions through two-
dimensional Fourier transform (2DFT) spectroscopy. Using 2DFT, we can selectively identify
the lower-lower and the upper-upper polariton self-interactions, as well as the lower-upper
cross interaction in two-dimensional spectra. The 2DFT spectra are analysed by a third-
order perturbation theory and “non-perturbative" Gross-Pitaevskii equations. We discuss the
physics behind the obtained 2DFT spectra by comparing the experiments and simulations.

In Chapter 6, we study the spinor polariton interactions using polarization dependent pump-
probe spectroscopy. The sign and strength of the polariton interactions with parallel and
anti-parallel spins are directly measured from the energy shift of the probe spectra. The
important role of the biexciton in polaritons with anti-parallel spins is addressed. Finally, we
discuss the modification of the polariton spinor interaction via a scattering resonance with
biexciton called “polaritonic Feshbach resonance". The experimental data are analysed with
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the Gross-Pitaevskii equations including the biexciton effect.

Chapter 7 addresses the importance of the role of the dephasing effect in exciton-polaritons,
which is usually neglected in a coherent limit description. The dephasing processes trigger the
decoherence of excitons. We probe the signatures of incoherent excitons through the delay
dependence of the pump-probe spectroscopy. In order to understand the physics, we perform
numerical simulation based on excitonic Bloch equations (EBEs), which explicitly take into
account the incoherent population of excitons. The experimental results are well reproduced
by EBEs only when the dephasing is included.

Chapter 8 is a future perspective, where we overview the next directions of the experiment
such as a pump-probe spectroscopy with narrow spectral band pulse. In addition to this, we
discuss the possibility of a theory that can include both incoherent exciton and biexciton
effects. Finally, we address a concluding remark in Chapter 9.

The subject of Appendix A is the phase correction process, which is important experimental
technique in 2DFT spectroscopy. The detailed derivation of the third-order perturbation
theory and a double-sided Feynman diagram technique is provided in Appensix B. In Appendix
C, we discuss a biexciton formation process called “giant oscillator strength model". This
model is of a different type compared to the biexciton creation model employed in Chapter 6.



A Microcavity polaritons

In this chapter, we briefly review the properties of semiconductor microcavities. The semi-
conductor microcavities are the systems that couple quantum-well excitons and microcavity
photons. In the first section, we explain the basics of a direct gap GaAs semiconductor and
excitonic quasiparticles. In the next section, we introduce a microcavity composed of dis-
tributed Bragg reflectors (DBRs), which allows the confinement of photons. Finally, we discuss
GaAs based semiconductor microcavity which we study in this thesis.

2.1 Bands in direct gap III-V semiconductor

In this section, we consider the band structure and photon absorption of a direct gap semi-
conductor such as GaAs [39, 40].

(a) bulk GaAs (b) GaAs quantum well

conduction band

N
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=172 M=£172

E I E
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Figure 2.1: Scheme of the band structure of GaAs based semiconductor. Energy-momentum
dispersion of a bulk (a) and quantum well GaAs (b). The spin-orbit coupling makes the split-off
hole band lower than the heavy and light-hole. In the quantum well, the confinement leads to
a lift of the degeneracy between the light-hole and heavy-hole valence band.
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The schematic of energy-momentum dispersion for small wave-vector k close to the I" point
is presented in Fig. 2.1. As is shown in Fig 2.1, in a direct gap semiconductor, the energy
minimum of the conduction band and the energy maximum of the valence band have the
same momentum k = 0. Therefore, a direct gap semiconductor can directly absorb and emit
photons. On the other hand, in an indirect gap semiconductor such as Si, since the conduction
band energy minimum and the valence band energy maximum have different momenta, for
this transition both photon absorption and emission require phonon processes for conserving
momenta. Figure 2.1 shows that the valence band has a more complex structure than the
conduction band. This is because the valence and conduction bands originate respectively
from p- and s-like atomic states. The top of the valence band consists of three bands. The
heavy- and light-hole bands are degenerate at k = 0 in bulk GaAs (Fig. 2.1 (a)), while the energy
of the split-off hole band is lowered due to the spin-orbit coupling.

Now let us consider two-dimensional confinement structure called a quantum well. A quan-
tum well consists of the layers of different types of semiconductor materials grown on the top
of a substrate crystal, for example, by molecular beam epitaxy (MBE) [39]. When the layer of
a smaller energy gap semiconductor with a thickness comparable to the electron de Broglie
wavelength is located between two semiconductors with a large energy gap, this structure
realizes a well-type potential along the growth axis. Thus electrons and holes are confined
inside the two-dimensional layer. In the quantum well, the degeneracy of the heavy- and
light-hole no longer exists because of the difference of confinement energies of heavy- and
light-hole (Fig. 2.1 (b)) [39, 40]. We notice that in a quantum well GaAs, around k = 0 the
heavy-hole is lighter than the light-hole because of the avoided crossing of the two dispersion
curves (See Fig. 2.1 (b)).



2.2. Excitons

2.2 Excitons

Until now, we have neglected the Coulomb interaction of electrons and holes, however, the
Coulomb interaction plays an important role in direct gap semiconductors mainly at a low
temperature. Figure 2.2 presents the schematics of the light absorption of a bulk direct gap
semiconductor. The sharp peaks are the signature of a quasi-particle called “exciton", which
is composed of an electron and a hole bound by the Coulomb interaction. The photon
absorption neglecting the Coulomb interaction is depicted as a dashed line in Fig. 2.2, which is
proportional to (E — Egqp) 2 The exciton behaves like a hydrogen atom. The exciton behaves
as a bosonic quasiparticle, it can absorb and emit light.

Bulk (3D)

Absorption
>
L

>
E.o Photon energy

Figure 2.2: Schematic band edge absorption spectrum for a bulk direct gap semiconductor
including the excitonic effect. The dashed line depicts the absorption without the excitonic
effect.

Depending on the Bohr radius of excitons, we can classify them into two types: Wannier and
Frenkel excitons. In Wannier excitons, electrons and holes are bound by a weak Coulomb
force, thus its Bohr radius is larger than the lattice constant. This is the case in semiconductors
such as GaAs, CdTe, GaN, ZnSe where the Coulomb interaction between electrons and holes is
weakened by the dielectric screening. On the other hand, in Frenkel excitons, since electron
and hole are tightly bound by a strong Coulomb interaction, its Bohr radius is smaller than the
lattice constant. Frenkel excitons are observed in organic semiconductor where the dielectric
constant is small. In this thesis, we focus only on Wannier excitons. In analogy with a hydrogen
atom, the energy of exciton is given by [39]

Rx
E,= Egap - 2.1)
n
Ry is the Rydberg energy of the exciton defined as
Ry = Ry. (2.2)

moe?
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Ry is the Rydberg energy of the hydrogen atom (13.6 eV). u and €, are respectively the exciton
reduced mass and the material dielectric constant. m is the free electron mass. Moreover, the
Bohr radius of the bulk 3D exciton for n = 1 is given by

mo€
alP = —Z " ay. (2.3)

ag is the hydrogen Bohr radius (5.29x 107! m). Similarly, in the two-dimensional quantum
well, the 2D Bohr radius of exciton for n = 1 reads,

mo€r
2D _ a

= 2.4
¥ =2 (2.4)

The Bohr radius of 2D exciton is smaller than that of 3D one, and the binding energy of exciton
is larger in the two-dimensional quantum well than in the bulk semiconductor due to the
confinement. The band gap energy Eg,p, Rydberg energy Ry, and 3D Bohr radius ai’(D of
various direct band gap semiconductors are listed in Table. 2.1.

crystal  Egqp (€V) Ry (meV) a3P (nm)

GaN 3.5 23 3.2
7ZnSe 2.8 20 4.5
CdSs 2.6 28 2.7
CdTe 1.6 12 6.7
GaAs 1.5 4.2 13

Table 2.1: Table of the band gap energy Egap, Rydberg energy Rx, and 3D Bohr radius ay of
direct band gap semiconductors [39].

Another important aspect of the exciton is its spin structure. Since both electron and hole
carry spins, the exciton displays a rich spin structure. Fig. 2.3 shows the schematics of the
spin structure of electron and holes in GaAs based quantum wells. In our experiments, we
are interested only in heavy-hole, we therefore focus on heavy-hole excitons. Depending on
the spin configuration, a heavy-hole exciton has four spin states: dipole-active states |J, =
+1) = |J¢ = +1/2, j = ¥3/2) and dipole-forbidden states |J, = +2) = |J¢ = +1/2, jI = +3/2)
[39, 41]. Here, J, and ]5”“ are respectively z-components of the total and electron (hole) spins.
The z-direction is defined along the quantum well growth axis, which is perpendicular to the
2D layer. The states |/, = +2) are called dipole-forbidden because a photon has an angular
momentum =+1 and a single photon cannot excite |J, = £2). Therefore, in this thesis we deal
only with the dipole-active states |/, = +1). The state |/, = +(—)1) is coupled to a photon with
a o) circular polarization. In the following, we call | J, = +(—)1) simply as spin-up (-down)
exciton. The spin states of excitons play an important role in the spin-dependent interaction
of exciton-exciton interactions.



2.3. Photon confinement in microcavity

A conduction band
electron electron
[1/2-1/2) [1/2,+1/2)

[3/2,43/2) |3/2,3/2) =312
heavy hole |3/2,+1/2) |3/2,-1/2) heavy hole

light hole light hole

valence band

Figure 2.3: Selection rules for transitions under circularly polarized light in GaAs quantum
wells. The heavy-hole and light-hole levels are non-degenerate due to the difference in
confinement energies. The dashed lines represent forbidden transitions because these would
require an angular momentum +2.

2.3 Photon confinement in microcavity

In a semiconductor microcavity, a quantum well is sandwiched within two distributed Bragg
reflectors (DBRs). A DBR is a stack of 1/4 thick semiconductor layers with two different
refractive indices n; and ny (ny > ny). n; and ny fulfil the Bragg interference condition,

I’l]L] = I’lsz = Ac/4. (2.5)

Ly and L, are respectively the thickness of the layers with refractive index n; and ny. A,
represents the center wavelength of the stop band of the DBR. Based on the transfer matrix
method the DBR reflectivity Rpgg is calculated as

nons™ — ngni

2N’

(2.6)
nOI’l%N + ng nj

Rpgr =
where N is the number of DBR pairs. ny and ng are respectively the refractive indices of a
surrounding medium and substrate of DBR. The above equation indicates that the higher the
contrast between the refractive indices of the two layers becomes, the larger the reflectivity
that is obtained. The bandwidth of the stop-band d Appg is given by

— nl

42 n
6/1DBR == arcsin(z—
T

. 2.7)
ny +m

This equation also indicates that the stop-band width increases as the contrast of two refractive
indices becomes higher. The calculation of a DBR based on the transfer matrix method is
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presented in Fig. 2.4 [42]. For R = 1,a cavity quality factor Q is defined as

Q=2 (2.8)
~1-R '
Using the relation y, = E;/Q (E; = hc/A.), the photon decay rate y. is given by

1-R
Ye=Ee— 2.9)

Since the photon lifetime of the cavity 7. is defined as 7. = /i/y,, in order to obtain a longer
photon lifetime, we need to increase the cavity quality factor Q (make the reflectivity R closer

to unity).

growth direction z

o
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—
=

—_
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Figure 2.4: Transfer matrix calculation of an electric field intensity inside DBR mirrors and
reflectivity from [42]. Given reflective index and calculated distribution of the electric field are
presented respectively as a blue and red lines (a). Calculated reflectivity is shown in (b). The
dip at 835 nm in the reflectivity is the cavity resonance.

2.4 Photon mass due to the cavity confinement

In this section, we will calculate the 2D energy-momentum dispersion and effective mass of a
photon confined in DBR microcavity in the growth direction z (See Fig. 2.4 (a)). In general, the

10
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photon energy-momentum dispersion is given by

_ ¢ _c 2, 72
E = —hikl=—h/k2+ k. (2.10)

k, represents the momentum of a photon along the axis of the cavity confinement z, while k;
is the momentum vector parallel to the plane of the cavity defined as k) = (ky, ky). Since the
photon is confined along the z-axis, k. satisfies a resonance condition kI, = N7, where [, is
the cavity length and N is a positive integer. Equation. 2.10 is rewritten as

N. I. \?
E = fh(—”) 1+(—0) K2
n e N7 I
N l
) sl
n e 2n \Nnm
2nch hkﬁ
= ¥ + n’h
c 2k
H2 k2
- Ec+zm”. 2.11)
c

In the derivation of the above equation, we used another form of resonance condition 2nl, =
NA.. The effective mass of a photon confined in the 1D microcavity m,. is defined as

me = (2.12)

cAs’
In conclusion, due to the confinement by a cavity, a photon acquires an effective mass and
parabolic energy-momentum dispersion along the cavity plane. The effective mass is deter-
mined only by the refractive index and resonance wavelength of the cavity.

2.5 Strong-coupling between exciton and photon

By placing a quantum well at the anti-node of the cavity electric field, we can realize the
coupling between a quantum well exciton and a cavity photon. If the coupling strength
between the exciton and the photon is strong enough, two new eigenstates called “polaritons”
appear, where the exciton and photon mode are no more eigenstates. The schematic of the
polariton formation from the exciton-photon coupling is presented in Fig. 2.5. The polariton
state with the lower energy is called “lower-polariton" and that with the higher energy is called
“upper-polariton". The lower- and upper-polaritons respectively can be seen as the bonding
and the anti-bonding molecular state composed of the exciton and photon. By defining the
exciton €y, photon ¢, energy and exciton-photon coupling €, the lower € (k) and upper

11



Chapter 2. Microcavity polaritons

ey (k) polariton energies at kj = 0 are respectively given by

1
€L0=7 (€x+€c_ \/(ec—ex)2+(29)2J (2.13)

and

1
€uo= 5 (€x+€c+\/(€c_€x)2+ (29)2) (2.14)

The derivation of these equations will be addressed in the next chapter. Since, in reality both
cavity photon and the exciton have a finite lifetime, phenomenologically we add decay rates
to the energies of the photon and exciton as €, — iy and €, — iy.. When the energy of the
photon state is equal to that of the exciton, €, = €, (zero cavity detuning), the lower and
upper-polariton energies read,

1
€L0= > (2€x— i(yx+7ve)— \/(29)2— (Yx—Yc)z) (2.15)
and
o1 : 5 5
€uo=3 2€x—l(Yx+Yc)+\/(29) =(Yx=7vI7)- (2.16)

A energy upper-polariton

A
\
&x ﬁyx‘\ 20 ) $ Ve &
exciton \
1
T

lower-polariton

Figure 2.5: Strong-coupling between exciton and photon. If the exciton-photon coupling Q is
large enough compared to the decay rates of the exciton y, and photon y., the normal-mode
splitting gives rise to the lower and upper polariton modes.

If2Q > |y, —vel, V/(2Q)2 — (yx —y¢)? is a real value and the normal-mode splitting of the exci-
ton and photon energy gives rise to the lower- and upper-polaritons. This condition is called
“strong-coupling" regime. In addition to this, in order to observe a clear splitting, another con-
dition 2Q >y +Y. should be required [43]. Meanwhile, if 2Q < |y, —y¢l, v/ (2Q)2 = (yx —yc)? is
an imaginary value and the energy splitting does not appear, instead, decay rates are enhanced.
This condition is called “weak-coupling” regime, which is employed in VCSELs (Vertical-cavity

12



2.5. Strong-coupling between exciton and photon

surface-emitting lasers) [44]. In this thesis, we investigate the strong-coupling regime between
excitons and photons. Namely, the semiconductor microcavity sample which we will study
satisfies the two conditions: 2Q > |y, -y, and 2Q >y, + ..

13






k] Theoretical framework

This chapter outlines the basic theoretical framework for describing the polariton dynamics
in semiconductor microcavities. Firstly, we introduce the starting point: bosonic exciton
Hamiltonian interacting with photons. Secondly, we will introduce two types of dynamical
equations, excitonic Bloch and Gross-Pitaevskii equations. These two formalisms respectively
describe the polariton dynamics with and without dephasing. Finally, we address the physics
of the system and their dynamics, within the lower and upper-polariton basis Hamiltonian.

3.1 Exciton-photon basis (local mode)

3.1.1 Exciton-photon Hamiltonian

The starting point of the description of excitons as bosons is the following exciton-photon
Hamiltonian without considering a spin degree of freedom [32]: H = Hyy, + Hipe + ﬁqm. The
linear coupling term Hyj, is given by

I:Ilin = f dx

The interacting Hamiltonian Hine and ﬁqm respectively read

2 ) ) hz 2 ) e o
)V’x"'wz(ec‘_ 2 )IIIC+Q(1I/J£V/x+1lfLWc)] . (3.1)

X me

" n*v
Wx(ex - 2m

N 1 .. . At oAt oA A At oAt oA
Hin = f dx ggwlwlwxwx—gpae(wiwiwxwx+w1wlwch)] 3.2)
and
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Chapter 3. Theoretical framework

V() and 1i/1( o are exciton (photon) field annihilation and creation operators at position x.
They satisfy Bose commutation relations,

(W0 ®), Pl )] = 5(x—x)) (3.4)
and
[y 0,5 =0 3.5)

€x(c) and my () respectively represent the eigenenergies and effective mass of exciton (photon).
Q is the Rabi coupling between excitons and photons inside the microcavity, which corre-
sponds to half the energy of the splitting between the lower and upper-polariton branches
at zero cavity detuning. Q, in the Hamiltonian ﬁqm represents a “quasi-mode coupling”
between photons inside the microcavity ¥, and classical electric-fields outside the cavity F.
The interaction coefficients g and gp,e are introduced as contact interactions [45, 37]. The
interaction g represents an exciton-exciton interaction associated with Coulomb exchange
scattering [41]. The Coulomb exchange interaction is the Coulomb scattering that involves
the exchange of an electron or an hole. This scattering arises from the cooperation of the
fermionic nature of excitons and the Coulomb interaction. The exciton-exciton interaction
term @ L, is schematically shown in Fig. 3.1 (a).

exciton exciton  exciton exciton photon exciton
1 ot - 0 1 ot
Yx \// Yy L8 o Ve Yy
yg B e T S > -
gpae gpae
R /\\ .y . . . .
Y v x Iz .
exciton exciton  exciton photon  exciton exciton
(a) exciton-exciton interaction g (b) photon-assisted exchange scattering g

pae

Figure 3.1: Schematic representation of the exciton-exciton interaction g (a) and photon-
assisted exchange scattering gpae (b) [46]. The solid and wavy lines respectively represent an
exciton and a photon. The dashed lines are the interactions.

On the other hand, gpqe is called “photon-assisted exchanged scattering" !. The term TARTART/IRT/
(Lt ) represents an annihilation (creation) of two excitons and creation (annihila-
tion) of a pair of exciton and photon (See Fig. 3.1 (b)). Phenomenologically, this term reduces
the Rabi coupling between exciton and cavity photon, which leads to a blue-shift of the
lower-polariton and a red-shift of the upper-polariton.

1In many articles, this term is referred to as “phase-space filling".
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3.1. Exciton-photon basis (local mode)

3.1.2 Equations of motion in exciton-photon basis

In order to calculate the time evolution of the system, we derive the equations of motion of
the operators ¥, ¥4, and 9. with the Heisenberg equation of motion ih%ﬁ/ = [, H].
Our objective is to obtain a closed set of equations of motion that consists of the expectation
values P(x, ) = (Wy), N(x, 1) = (Wiap,) and E(x, 1) = (). We refer to P(x,t), N(x,t) and
E(x, t) respectively as “polarization”, “population”, and “photon field". The interaction Hamil-
tonian Hiy connects the term () to higher-order terms such as (¥ 9,) and ("4 1),
which connect to next higher-order terms. This infinite chain is called a hierarchy prob-
lem. Therefore, we cut the hierarchy by assuming truncations: (W 4y ) = (@ ) (),
WL = @YY, @t =0, and @Gl ) = @@ = 0 (32]. Finally,

from the Heisenberg equations of motion, we obtain excitonic Bloch equations (EBE):

EBE

inN = —il'yN-2i(Q-2gpaeN)Im[PE"] (3.6)

ihP = (ex+ 8N —iyx(N)P+(Q—2gpaeN)E (3.7)
2

ihE = (ec— V2 =iy )E+(Q - gpae N) P — fext. (3.8)

c

In order to derive the above equations, we assumed that the exciton mass miy is very large and
we therefore neglected the momentum-dispersion of the exciton. fex;(= —Q4,, F) represents
the excitation by the external electric field. y. represents photon decay rate from the cavity. I'y
and (V) are respectively the decay and dephasing rate of excitons. I'; and y, (N) respectively
correspond to the inverse of 77 and 7> time in atomic physics. The general form of y,(N) is
given by

Yx(N)=Ty/2+y5+g N. (3.9)

y% is called pure dephasing. g’ is the strength of excitation induced dephasing (EID) (also
referred to as “collisional broadening"). If neither pure dephasing nor EID exist (y; and g’ = 0),
the time evolution of the population is uniquely determined by the polarization according
to N(x, t) = | P(x, 1)|?. Actually, we can easily show that |P(x, £)[>(= P(x, ) * P(x, 1)) follows the
same equation as Eq. 3.6 in case y,(IN) = I'y/2. Thus, in the coherent limit, we can reduce
the three coupled equations (EBE) to two coupled exciton-photon Gross-Pitaevskii equations
(GPE):

exciton — photon GPE

ihyy=(ex+ gOW]x'Z =Y )P+ (Q— 2gpae|1,Vx|2)1/fc (3.10)
2

. h .
iny.=(ec.— om V2 - Iyoye+ Q- gpae|",Ux|2)1/fx — fext. (3.11)

c
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Chapter 3. Theoretical framework

The symbols P and E are replaced respectively by ¥ and y .. In GPE, factorization (tf/}t,i/x> =
(‘lil;)(’lilx> is assumed [37]. GPE has enjoyed a wide range of success for describing the dy-
namics of resonantly excited polariton and we will use GPE in this thesis for analysing the
coherent aspects of polaritons. However, it is worth noting that in strict sense GPE holds only
in coherent limit. In order to include the EID effect and calculate the polarization and popula-
tion explicitly, EBE are necessary. In Chapter 7, we will describe femtosecond pump-probe
spectroscopy results that require EBE and examine the difference between EBE and GPE in a
detailed way.

3.2 Polariton basis (normal mode)

In the previous section, we described the system written in the exciton-photon basis. We
can call excitons and photons local modes, because the nonlinearity originates from the
“local" exciton-photon interaction (Hiy,). Actually, the exciton-photon basis is a very useful
basis for describing the strong non-linearity and incoherent effects associated with excitons.
However, due to the strong coupling between exciton and photon Q, excitons and photons
are no more eigenstates of Hj,. In this section, we introduce the new eigenstates, polaritons,
which diagonalize exciton-photon linear coupling Hamiltonian Hiip,.

3.2.1 Diagonalization in momentum-space

Firstly, in order to rewrite Hji, in k-space, we use the relations

. 1 ik
x) =) —e" % ay (k). (3.12)

Vo) Xk: NG x(c)
and

F = Zie“"x-Fk (3.13)

© VV

V is the volume occupied by excitons or photons. dy) satisfies the bose commutation
relations

[axe) (K), @l ) ()] = B e (3.14)
and

[, o), alll, k"1 =o. (3.15)

Hiin (Eq. 3.1) and ﬁqm (Eq. 3.3) in k-space are given by

Hiin = Y € (R) &, (k) & () + e (k) @l (0) ac (k) + Q. 8] (k) e (k) + af (k) a (1) | (3.16)
k
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3.2. Polariton basis (normal mode)

and

Hym =Y Qgm(al (k) Fi + Fj ac(k)). (3.17)
k

The energy-momentum dispersion € ) (k) is

h?k?
2mx(c) )

€xie) (k) =€x) + (3.18)

We introduce new operators d; and dy defined as

ay (k) _| Xk —Ck ar (k)
ac(k) Cr Xk ay (k)
or inversely
ar (k) _ X Cg ay (k)
ay (k) -Cr Xk ack) |

dr) is the annihilation operator of lower (upper)-polariton. X and Cy. are respectively called
excitonic (photonic) and photonic (excitonic) Hopfield coefficients of lower (upper) polaritons.
Their explicit forms are

1 ( ec(k) —ex (k)
Xe=4|=|1+ (3.19)
2 V(€c(k) — e (k)% + (2Q)2
and
Cr=—| % (1 - cclk) —exlo . (3.20)
2 V(€c(k) — e (k)% + (2Q)2

X and Cy satisfy the relation: | Xy |? + |Cx|*> = 1. The polariton operators satisfy the bosonic

commutation relations: [y ) (k), dz k) =6 and [apw) (k), arw) (k"] = 0.

(U)(
Using the polariton operator d; and dy, Hj;, can be diagonalized as

Hin =Y er()al (k)ay (k) +ey (k) al, (k) ay (k). (3.21)
k

The lower €1 (k) and upper ey (k) polariton dispersions are given by

eL(k) = % (Gc(k) +ex(k) - \/(€c(k) —ex(K)? + (2Q)? (3.22)
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Chapter 3. Theoretical framework

and

1
cy(k) = > (€c(k) +ex(k) + \/(€c(k) —ex ()% + (29)2) . (3.23)

€1 (k) and ey (k) are plotted in Fig. 3.2 for three different cavity detunings, § = €, —€x=-1, 0,
and 1 meV. For the plot, the Rabi coupling 2Q is chosen to be 3.26 meV and we assume that
the exciton energy-momentum dispersion € (k) is flat at 0 meV, because of the heavy mass of
exciton.

The quasi-mode coupling Hamiltonian qu is rewritten as

Hym = ;sz&L(k)Fk +Qp Fpag (k) + Q) al (k) Fie + Qu, iy au (k). (3.24)

ﬁqm in polariton basis indicates that lower (upper)-polaritons day ) (k) is “weakly" cou-
pled to the electric-field outside the cavity fexs with the coupling strength Q) defined as
Qrk = QqmCrk and Qg i = Qqm X This formalism is important when we apply a third-order
perturbation theory to the strong-coupling system in Chapter. 5.
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3

Figure 3.2: Hopfield coefficients and energy-momentum dispersions of the lower and upper
polaritons for -1 (a), 0 (b), and 1 meV (c) cavity detunings. The dashed lines overlapped on
the polariton energy-momentum dispersions are harmonic approximations to the polariton
effective masses.
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3.2. Polariton basis (normal mode)

3.2.2 Polariton basis in real-space

If the momentum k is small, the lower and upper-polariton energy-momentum dispersion
can be approximated as parabolic dispersion:

n2 K
2myw,

erw) (k) =erw)o0+ (3.25)

€rw),0 is defined as ery,0 = €1 (0). Using the Hopfield coefficients, the effective masses of
lower and upper polariton are represented as

| | Xol? N |Col?
mrpwu)y My Mex)

(3.26)

In Fig. 3.2, the harmonic approximation of the polariton energy-momentum dispersion (Eq.
3.25) is overlapped on the exact ones, which shows that the harmonic approximation is a good
approximation for small momentum values. Within this approximation, we can rewrite Hiip, in
real space under a simple form:

22 hzvz
I:Ilin"']:lqm = fdx VA/T(eLO_ )ﬁ’L"‘li/T (eUO__MpU
L5 2my, u ’ 2my
+Q} W F+QpoF i+ Q) oWl F+QuoF dy|, (3.27)

where Q)0 = Qrw),k at k = 0. ¥ ) is connected to ¥ () as

P | _[ Xo —Co P1L(x)
e Co Xo |\ ¥u®

or inversely
YL | _[ Xo  Co Px(x)
Yu®X) ~Co Xo )\ V™ |

With a cavity detuning defined as § =€, — ¢
1
€Lo=; (2ex+5- V62 + 207 (3.28)
and

€U0 =

(2€x +54+/52+ (29)2) . (3.29)

DN | =
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Figure 3.3: The lower €1, o and upper €y polariton energy at k = 0 as a function of the cavity
detuning (a). The excitonic (photonic) | Xp|?> and photonic (excitonic) fraction |Cp|? of the
lower (upper) -polariton as a function of the cavity detuning (b).

Similarly, Xy and Cyp can be represented as

1 )
Xo=+|=[1+ ——— (3.30)
° 2( V62 + (2Q)?
and
Co=-— l(1—L). (3.31)
2 V62 + (2Q)2

Figure 3.3 presents | Xp|?, |Co|?, and €11) 0. At negative (positive) cavity detuning, the lower-
polariton is photonic (excitonic) and the upper-polariton is exciton (photon) like.

Now, it is instructive to compare the present polariton model with the Jaynes-Cummings
model, which models the strong-coupling between a two-level atom and photons [47]. In the
present polariton model, since bosonic exciton and photon are considered as two harmonic
oscillators, the eigenstates (normal modes) of the strong-coupling are also two harmonic
oscillators (bosons). As is shown in Fig. 3.4 (a), all transitions between different polariton states
always correspond either to the lower €, or the upper-polariton energy ;. The consequence
is that the strong coupling between bosonic excitons and photon does not give rise to a non-
linearity. Therefore, in order to introduce non-linearities in the polariton system, we need
to consider the exciton-exciton interaction or photon-assisted exchange scattering term in
Hipne. This has a striking contrast to the strong-coupling between a single two-level atom
and photons (Jaynes-Cummings model). In the Jaynes-Cummings model (Fig. 3.4 (b)), the
energy of normal-mode splitting depends on the number of photons as 2,/nQ. Thus, the
energy ladder is not harmonic and there exists a non-linearity in the Jaynes-Cummings model.
This originates from the fact that two-level system such as a single atom and quantum-dot is
intrinsically optically non-linear because of its “fermionic" nature (“fermionic in a sense that
two quanta cannot occupy the same excited state).
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Figure 3.4: Energy levels of polariton mode (a) and Jaynes-Cummings model (b). In the
polariton model, all the ladder transition energies correspond to either €y, or €y, therefore the
system is linear. On the other hand, in the Jaynes-Cummings model, the ladder transition
energies strongly depend on the level of the rang, which originates a optical nonlinearity.
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3.2.3 Interaction Hamiltonians in polariton basis (polariton-polariton interac-
tions)

The interaction Hamiltonian Hj,; is separated into the exciton-exciton and photon-assisted
scattering term as Hipr = Hex + Plpae. H,, and Hpae are respectively

Hxx:fdx %gﬁ’;‘i/;‘i’x‘i’x] (3.32)
and

h S S PSR SRS Jre Jrop

Hpae—[dx[ 8pae(W W YW+ W, W, WxPc)|. (3.33)

Firstly we rewrite the interaction Hamiltonian associated with the exciton-exciton interaction
term H,, in polariton basis as

R |
Hyx = f dx | EgX(,*w}w}me (xxal)
I S B
+2g|C0| Yy¥y¥uvu (xx a2)
+2g X3 1Col* W Wl Ly (xx a3)
+ g Xg|Col Wy} iy (xxb1)
+gXo|C0|31f/J£1f/EVA/U1i/U (xx b2)
+ g Xg|Col W i, (xx b3)
+gXo|C0|31flgli/J{ﬂlA/U1f/L (xx b4)
L T S S
+28X0|C0| WLV’LV’UVIU (xxcl)
L s2ic 2t
+ ZgXolCoI Yy, vyl (xx c2)

Similarly, FIpae reads in the polariton basis,

Hpge = fdx [ 28pacXg| Col W} ¥l v 9, (pae al)
— 28pac XolCol* ¥}l wudy (pae a2)
+48pae Xol Col (I Col* = X)W L 9} 1y (pae a3)
—gpae(Xé—3X§|C0|2)¢I¢E¢L1PU (pae bl)
_gpae(3X§|C0|2 - |C0|4)1f121f1111flulilu (pae b2)
— 8pae(Xg — 3X51Co )Wl i (pae b3)
_gpae(3X§|C0|2— |C0|4)1f/LIP}lel7U1iIL (pae b4)

1 At oAt oA
+Egpan0|C0|(|C0|2_XS)WIV/IV/UV/U (pae cl)
1 At oAt A A
+ 5 8pae Xol Col (1 Col* = X§) Gy, o 1. (pae c2)
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3.2. Polariton basis (normal mode)

The exciton-exciton interaction gy works as a repulsive interaction both for lower and upper
polaritons (See the signs of (xx al) and (xx a2)). On the other hand, the photon-assisted ex-
change scattering is a repulsive (attractive) interaction for lower (upper) polariton interaction
(See the signs of (pae al) and (pae a2)). The terms (xx a3) and (pae a3) are mutual interaction
between lower and upper-polariton, which contribute to the energy shift of a polariton branch
induced by the other branch. These terms are interpreted as cross phase modulations [48].
When only the lower-polariton branch is excited, we neglect the terms that involve the upper-
polariton operator. In this approximation, the Hamiltonian for the lower-polariton is given by
(49]

Hinip = f dx EgXéw}w}wLwL+2gpan3|Co|w}w}wLwL (3.34)

3.2.4 Equation of motion of lower-polariton

The Hamiltonian for the lower polariton Hyp is

Hyp = H1in,LP + Hint,LP + qu,LP
2v2

= | dx |9l ero—-—)9

f WL Lo 2mL VIL

1 i
+H58Xo+ 28pacXg| Co Wi W 9,

+Q; (W F+QpoF . (3.35)

Hjin1p and Hgm,1p are respectively the linear Hamiltonian and the quasi-mode coupling of
lower-polaritons. The Heisenberg equation of motion for the lower-polariton is obtained as

e h? .
iy = (€Ly0_z_mvz"'gLPW’L'Z_ZYL)U/L_fexv (3.36)

This is the commonly used Gross-Pitaevskii equation for lower-polaritons. 7 is the expec-
tation value of the lower-polariton annihilation operator, y; = (). In order to derive this
equation, we apply the coherent limit approximation as (1,?/;1,?/ LY = (1?/2)(1?/ ){(¥r). The
term fext = (—QZ0 F) represents a driving term due to the electric-field outside the cavity. The
lower-polariton interaction gz p is given by

grp = 8 Xg +48pae X3 Col. (3.37)

yL is the effective dephasing rate of the lower-polaritons defined as y; = | X[>yy + |C|*ye.
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Chapter 3. Theoretical framework

3.3 Spin-dependent interactions

Until now, we have neglected the spin-degree of freedom by assuming that only a single
direction of spin configuration is involved. In this section, we consider the spin-dependence
of the exciton-exciton interactions. As stated in the previous chapter, a quantum well exciton
has two-spin projections: spin up and down. Moreover, there is a one-to-one correspondence
between the spin of the exciton and the polarization of the cavity photon. An exciton with a
spin-up (-down) ¥ 1(j) couples cavity photon with a o+~ polarization ¥, (}). In particular,
when two excitons have opposite spins (spin-up and -down), an exciton molecule called
“biexciton" can be formed. Defining the bosonic biexciton operator ¥ g, a spin-dependent
Hamiltonian including biexciton coupling is given by [50]

H = Hjin + Hine + Hom. (3.38)

The three parts are respectively

2v2 thZ
A _ A T ~ ~ -[- A ~ 1— A
HllIl - Z f dx w_xyg (€x - 2 )Wx,a + 1,,(;,0' (€C - 2 )WC,U + €BWB WB
o={11} My Me
+QW L Wro+ Wl Weo) |, (3.39)

1 . R R . 1 . R R R
Hint = Z /dx[ Eglll;,owj—c,awxﬂwxﬂ'i— 58+—V’Ic,a‘/’;,—a‘l’x,—awx,o
o={1l}
+1 ( 7, ~F ~ + 7, 7 ~ T )
ngx WBWx,UWx,—U WX,UWXY—UV/B

—8pae (ﬁ’i,o‘ﬂc,a‘i’xﬂ‘i’xﬂ + @;,aﬁ’;,oﬁ’x.aﬁ’c,o) I, (3.40)

and

Hym= Y f dx QgmWPl o Fy + Fiie). (3.41)
o={1l}

here, the spin-dependent operators satisfy the following commutation relations,

[ﬁ’x(c),a (x)r 1?’1((:%0./ (x/)] = 50,0/6()( — X/) (342)
and
[’IIAIS()C),U (X)r ii’,():()c),a” (X/)] =0. (343)

The bosonic biexciton operator 1 g satisfies
[P (%), ¥l (x)] = 6 (x—x) (3.44)
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3.3. Spin-dependent interactions

and
[P 00, 9P ) =o. (3.45)

The constants g, — and gj, respectively represent exciton-exciton interaction with anti-parallel
spins and exciton-biexciton coupling. The exciton-biexciton coupling term represents the
formation of biexciton from two-excitons with opposite spins as schematically shown in Fig.
3.5. It is worth noting that the photon-assisted exchange scattering occurs only between
excitons and photons with parallel spins because it is originated from the fermionic nature of
the excitons.

exciton with spin-up exciton with spin-up

Y1 VA/LT

eemepennens il 17g R
Y YB >
9o biexciton biexciton 9x
I o

Yy Y.l

exciton with spin-down exciton with spin-down

exciton-biexciton coupling g,

Figure 3.5: Schematic representation of the exciton-biexciton coupling gj,. The diagrams
show that the coupling g, converts two excitons with opposite spins into a bound state
biexciton and the opposite process.

With the Heisenberg equation of motion and coherent limit assumption, we obtain the equa-
tions of motion of the exciton, photon, and biexciton fields. Since the biexciton effect is a
four-particle correlation, the inclusion of the incoherent effect of biexciton is theoretically
extremely difficult. Therefore, here we consider only the coherent limit and rewrite the exciton,
photon, and biexciton operator into c-numbers. Finally, the equations of motion read,

ihi/./x,T = (ex+glyy |2 + 8Py, |2 =Y )Wy
+gbx1//31//;1 +(Q - ngae“//x,T |2)WC,T (3.46)
2
ihl'ﬂc,y = (e.— om V2 - iYc)Wc,T +(Q - gpaeW/x,T |2)U/x,T - fext,1 (3.47)
c
inyp = (eB—1YB)WB+ EoaWx1V¥x,l- (3.48)

The equations of motion above indicate that g._ contributes to the mean-energy shift in-
duced by the exciton population with anti-parallel spins. Within the second-order Born
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Chapter 3. Theoretical framework

approximation, the term g, _ is zero because of the lack of the Coulomb exchange interaction
between excitons with opposite spins [41], but an inclusion of the higher-order scattering
matrices results in a negative value of g, _ (the exciton continuum correlations) [51, 52, 53, 54].
Although the effect of exciton-biexciton coupling g, is not intuitive, g5, has a significant
contribution to the effective polariton interaction through a biexciton resonant scattering
(Feshbach resonance) [50, 55, 56]. In order to investigate the effect of the biexciton on the
lower-polariton, we rewrite the spin-dependent Hamiltonian and equations of motion into
the lower-polariton basis.

N 1 . N N .
Hingip = Z fdx[ (ngg +2gpan3|C0|)WLUV’ZUWL,UWX,U
=1l
+o. X0 Wt D
8+-%o0VY 1oV ocVL-0VYLo

1 A . . . .
58 X§WBW] W) o+ VLoV oV} . (3.49)

The equations of motion of the lower-polariton considering the spin dependence and biexciton
are written as

o n? .
iy = (€L,0_EVZ"'gLW/L,T'z+gL,+—X3|1//L,1|2_ZYL)WL,T
+8x XgWBY], | — fext (3.50)
iy = (eg—iYB)WE+8pxXoWLIVL,)- 3.51)

The scattering resonance and resulting enhancement of the polariton-polariton interaction
occur when the lower-polariton’s energy is close to the half of biexciton’s energy. This is
possible by changing the cavity detuning (see Eq. 5.3) and make the energy 2¢; o close to
ep. In Chapter 6, we will describe the details of the scattering resonance of the polaritons
(polaritonic Feshbach resonance) with anti-parallel spins. Our experimental results indicate
the existence of both g, _ and g,.
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Experimental setup and technique

The details of the experimental set-up and measurement technique will be given in this
chapter. In the first section, we will give details about the semiconductor microcavity sample
used in this thesis. In the next section, the optical set-up for a non-linear optics experiments
and heterodyne detection technique will be addressed.

4.1 High-quality GaAs based semiconductor microcavity

The sample used for the experiments in this thesis is a high-quality semiconductor microcavity
composed of a single quantum well and two DBR mirrors. The sample was grown in the group
of M. Ilegems by U. Oesterle at EPFL in 1998 [38]. The bottom mirror includes 26.5 pairs, while
the top mirror has 20 pairs of DBRs. The quantum well is 8 nm Ing 94 Gag 9sAs quantum well
and the DBR consists of GaAs/AlAs. Since light can be transmitted through the substrate of
Ing 04Gag 96As quantum well, we can employ a transmission measurement configuration. All
our experiments are performed at the cryogenic temperature of 4 K.

z

\Growth axis

Spacer layer <|:

20 pairs of top GaAs/AlAs DBR

<— In,,,Ga ,As Single quantum well

26.5 pairs of bottom GaAs/AlAs DBR

Figure 4.1: Schematic of semiconductor microcavity. The single Ing 04 Gag 9sAs quantum well
(represented as a red colour) is sandwiched by two GaAs/AlAs DBRs
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Chapter 4. Experimental setup and technique

Since the sample is wedged during a sample growth process, we can tune the cavity resonance
energy by changing the position of the laser spot over the sample. Therefore, by sweeping
the position of the laser spot at zero incidence angle and observing the transmitted beam,
we can obtain a cavity detuning dependence of the lower- and upper-polariton energies (Fig.
4.2 (a)). The 1s exciton energy is extracted as €,=1.4867 eV. The Rabi splitting energy at zero
cavity detuning is about 2Q2 =3.45 meV. In Fig. 4.2 (b), the energy-momentum dispersion of
the lower and upper-polariton is shown. This figure is obtained at a zero cavity detuning with
anon-resonant excitation by a continuous-wave helium-neon laser (1.96 eV) and a far-field
image of a photo-luminescence.

(a) (b)

1.492

1.490

upper-polariton

1.490

1.488

1.486

energy (eV)

energy (eV)
1.488

1484 Lower-polariton

1.486

| 1 1 1 1 1 1
-3 -2 -1 0 1 2 3

cavity detuning (meV)

—

1.484

lower-polariton

3 0 2
wave number k (um™)

Figure 4.2: (a) The energies of the lower and upper-polaritons as a function of the cavity
detuning. The splitting between the two branches at zero cavity detuning is about 3.45 meV.
(b) The energy-momentum dispersion of the lower and upper-polariton obtained with a non-
resonant excitation and far-field imaging of the photo-luminescence at zero cavity detuning
from [42] (b).
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4.2. Pump-probe excitation configuration

4.2 Pump-probe excitation configuration

Figure. 4.3 is the scheme of the experimental setup. A Ti:sapphire laser TSUNAMI with a
broadband few hundreds femtosecond pulse and 80 MHz repetition rate is used. The laser
source is divided into three beams: k; (probe or trigger), k» (pump), and reference pulses with
two acousto-optic modulator (AOM). The optical setup is divided into three parts: a pulse
shaper, excitation of the sample, and detection of the signal. The pulse shaper reshapes the
broadband pump pulse into a narrowband pulse, which is used to excite a single branch of
polariton.

heterodyne detection pulse shaper

/r\ | | .
; | grating

k-space
ispectrometer j R ! imaging / }

i ND filter AOM 33 .- ' i

__.-%"' ! delay stage
s 4 1 \y \1

reference ! PBS I A |
N4 __Dﬁlter AOM 2
\ : _;D\ /
\H k, (pump) AN 7 ND filter
”””””””””””””””””””””””” (|/ N N | /
N—fillBs & (probe) RS / aom1 | /
u,
L4

Ti:sapphire laser

sample B el e ’ ....... ’ .....

real-space imaging

Figure 4.3: Scheme of an experimental setup. The meanings of abbreviations are the follow-
ing. AOM: acousto-optic modulator. PZT: piezo-electric device ,which blurs the mirror and
introduce an artificial noise. ND filter: neutral density filter, which adjusts the intensity of
beams. BS: beam splitter. PBS: polarization beam splitter, which extracts a linear component
of an elliptic polarization. A/4: quarter wave plate, which converts a linear polarization to
o+ circular polarization. Real and k-space imaging is used for alignments of the setup. A
pulse shaping with the pulse shaper is used only when we excite a single polariton branch,
otherwise, the slit of pulse shaper is opened and k, pulse width is same as that of k;

For the excitation of the sample, a two-pulse configuration is employed (See the schematic
in Fig. 4.4). The k, and k; pulses are respectively referred to as “pump" and “probe" in a
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Chapter 4. Experimental setup and technique

pump-probe experiment (See Chapters 6 and 7). The wave-vector of the k, pulse is always
zero (kp = 0 um™!). Meanwhile, the wave-vector of k; pulse is tunable by changing the angle
between the two pulses (See Fig. 4.4). The pulses k; and k, arrive on the sample at times
I, and I, respectively. A time delay 7 = #;, — f;, between the two pulses is called positive
(negative) when the k; (k;) pulse arrives before the k; (k2) pulse. In the experiment, the delay
7 is controlled by the delay stage in Fig. 4.3 with LabVIEW. All measurements are performed
in the transmission configuration. In the pump-probe experiment, we spatially select the
transmitted probe beam with a pinhole and sent it to the heterodyne detection path (Fig. 4.3).
The polarization of the k; and k, pulses can be controlled by the A/4 plates (shown in Fig.
4.3) in co- and counter-circular polarization configuration. In the two-pulses configuration
with co-circular polarization, four-wave mixing signal (also referred to as “idler") appears with
a wave vector kpwy (Fig. 4.4). The four-wave mixing with this configuration is degenerate
four-wave mixing, because the pulse k, (pump) is considered as two degenerate pulses with
ko =0 um~'. Since, the momentum conservation must be satisfied, the momentum of the
four-wave mixing signal is kpwn = 2k — k1 = —k; pm‘l. In the four-wave mixing experiment,
similarly to the pump-probe one, the four-wave mixing signal is spatially selected with the
pinhole and interfered with the reference beam for the heterodyne detection.

k probe (trigger)

1

: k,=0 pump

: ' : four-wave mixing signal (idler)
, - I - -

:<T>: : SAMmpie Kewni= 2K, K, =k,

Figure 4.4: Scheme of the excitation of the sample and the probe and FWM signal directions.
The delay 7 represents the delay time between the k; and k, pulse. The wave vector of the
FWM signal is given by kpwwm = 2ke — k1 = -k ,um_l.

4.3 Heterodyne Pump-probe and four-wave mixing technique

Here, we describe the heterodyne measurement technique employed in both pump-probe
and four-wave mixing experiments [57, 42, 16]. The idea of the heterodyne measurement
is to interfere a signal electric field with a local oscillator and amplify it. The employment
of the heterodyne technique has two advantages. Firstly, we can obtain both the amplitude
and the phase of the measured electric fields. This is indispensable for two-dimensional
Fourier transformation spectroscopy, which requires the phase information for the Fourier
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4.3. Heterodyne Pump-probe and four-wave mixing technique

transformation. Secondly, since stray light does not interfere with the local oscillator, we can
obtain a large signal to noise ratio using heterodyne measurements. This is very important
because in a spatially degenerate pump-probe and four-wave mixing configuration, the
heterodyne measurement is an efficient way to remove the strong pump beam transmission.

Firstly, in order to understand the heterodyne technique, we should recall that the femtosecond
pulse can be considered as a frequency comb (See Fig. 4.5). Namely, in the energy axis, the
laser pulse is an ensemble of continuous-wave lasers with an interval of 80 MHz. Since the
pump and probe are up-converted by AOMs respectively with 75 MHz and 79 MHz from the
reference, the combs of the k, (pump) and k; (probe) pulses are also shifted from that of
the reference (See the inset of Fig. 4.5). Recalling the four-wave mixing in continuous-wave
regime, the angular frequency of the four-wave mixing signal is given by w pw v = 2w py — 0pr-
Thus, the four-wave mixing signal is shifted with 71 MHz(=2x75 MHz -79 MHz) from the
reference. It is important to notice that these shifts do not affect the envelope of pulses and
the discussion of physics, because the pulse bandwidth (>10 meV) is much larger than the
energy shift (~ 3.0x10™* meV) induced by the AOM.

(a) frequency comb (b) pulse train
reference
Ilg Fp)[lonkqng reference k, (pump) k, (probe)
80MHz eeeeeees FWM
— 15 ps T
>
79 MHz
75 MHz
71 MHz;: i
,,,,,,,, 3 i i time

\, / reference

1

1
o T signal
o laser pulse

time

energy

Figure 4.5: A broadband laser pulse can be considered as a frequency comb (a). In the inset,
the combs of the reference, k, and k; pulse is drawn. The comb of k» and k; are shifted from
that of the reference by AOM. The pulse train of the three beams is schematically shown in the
upper part of (b). The lower part of (b) displays that the delay time between the reference and
signal is defined as 7. The signal is FWM and probe respectively for FWM and pump-probe
measurements.

The idea of the heterodyne detection has a close similarity to a homodyne one. While, a
signal and reference (local oscillator) are mixed with beam splitter in the homodyne detection,
the beam splitter is replaced with the acoustic-optical modulator (AOM) in our heterodyne
detection scheme. We make use of AOM as a “frequency beam splitter" [58]. As shown in
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Fig. 4.6, when the driving radio frequency of AOM corresponds to the difference of the input
reference and signal frequencies, the two input beams are interfered with each other in the
output ports. As shown in Fig. 4.6 (a), the principle of AOM is a diffraction of a laser beam by
“a moving grating" driven by acoustic waves, which introduce a 7 phase shift between output
channel A and B.

(a) channel A channel B (b)

Wr + Qaom= Ws ws wr Ws - Qaom= Wr

channel A

AOM II ll III%QAOM:U)s—wr channel B
f

Wavelength

reference wr signal ws

Figure 4.6: (a): Scheme of acoustic-optical modulator, which represents that two input modes
are mixed in the output modes (channel A and B). AOM works as a “frequency beam splitter".
(b): CCD image of the spectrum of the channel A and B. (interferogram)

signal QroMm
k1 (probe) 79 MHz
ko (pump) 75 MHz

four-wave mixing 71 MHz

Table 4.1: Table of the driving frequencies Qaon for AOM 3 (See Fig. 4.3) for detecting different
signals.

Assuming that Eg(w;) and E,(w;) are the complex amplitudes of input signal and reference
respectively. Here, the input signal is the probe or four-wave mixing signal. Using an analogy
with the beam splitter matrix in quantum optics, the output beams in channel A (E4) and B
(EB) (See Fig. 4.6) are given by

Ex(wy) _ \/T_] -v1-n
Eg(wy) V1-1n V1

Here, n is a number between 0 and 1, which is determined by the properties and gain of

Es(wg)
E;(wy) )

AOM. When the gain of AOM is turned off, n becomes 1 and the diffraction does not occur.
The important character of this technique is that we can select the signal by choosing the rf
frequency of the AOM, because the difference frequency between the signal and reference
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4.3. Heterodyne Pump-probe and four-wave mixing technique

must be the same as the driving frequency of the AOM. Therefore, with this technique we can
exclude the strong stray light coming from the pump beam. For example, in the case of pump-
probe measurement, the AOM is driven with rf-frequency of 79 MHz, which corresponds to
the modulation frequency of the probe. In Table. 4.1, we summarize rf-frequencies of the
AOM for three different signals.

From now on, since the energy difference between w; and w, is very small compared to the
energy scale of the physical phenomena which we investigate, we will discuss the heterodyne
technique neglecting this difference. The complex amplitude of output channels Aand Bis a
superposition of the signal and the reference as

Ep(w) = NEs(w)—+/1-nEr(@,T;). 4.1)
and
Ep(w) = \/1-nEs(w) + NE;(0,T;). (4.2)

Here, the delay 7, in E; (w, 7,) represents the delay between the signal and reference pulses.
Figure. 4.5 (b) presents pulse trains in our experiments. The probe pulse is fixed and the pump
and reference pulses are moved simultaneously by the delay stage (See Fig. 4.3). The reference
pulse arrives before the signal which is measured. The delay between the pump and reference
pulse is kept around 15 ps. E;(w, 1) is related to Es(w)(= Es(w,0)) as Er(w,T,) = E; (w)el@Tr,
The outputs channel A and B are transferred to a spectrometer, which records the amplitudes
I4(w) = |Ez(w)|? and Ig(w) = |Eg(w)|? as interferograms. The example of 14(w) and Ip(w) is
presented in Fig. 4.6 (b), where the term associated with the reference-signal delay e’“’" gives
rise to periodic interference fringes. The intensities 14 (w) and I (w) are calculated as

Ip@) = |Ex(@)
= nIEs@)*+Q-nlEr(@,7,)1* -2y/1-nnRe[Es) - E} (,7,)] (4.3)
and
Iz = |Egw)?
= (1-mIEs@) +nlEr(,7)* +2y/(1 —mn Re [ Es(w) - Ef (0,7/)]. 4.4)

In Eq. 4.3 and 4.4, the last term represents the interference term of the signal and reference.
It is important that the phase information of the signal appears in the interference term as
a relative phase to the reference. The first two terms are the intensities of the signal and
reference respectively. The difference of the intensities between two channel I (w) — I4(w) is
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given by

Ig(w) — Ix(w) (1 =2n)|Es(@)* + 2n = DIE- (@, 7)* +4/(1 -n)n Re [Es(0) - E} (0,7/)]

2Re [Es(w) - Ef (w,7,)]  (ifn=0.5). (4.5)

As the above equation shows, if the intensity of the channel A and B are balanced, the sub-
traction Ip(w) — I4(w) includes only the interference term (balanced detection). However, in
practice, the perfect balance is not easy. Therefore, in order to remove the residual intensity
terms |E(w)|? and | E, (w)|? from the subtraction I5(w) — I4(w), we use the piezoelectric device
(PZT) in Fig. 4.3. When we add an artificial phase noise to the signal with the piezoelectric
actuator of the mirror (See PZT in Fig. 4.3), the interference term is averaged out and we can
obtain only the intensity terms. In order to reconstruct the signal Es(w), firstly we perform
the balanced detection and obtain /g (w) — I4(w), then remove the residual intensity terms by
using the PZT noise method. Neglecting the constants and defining a function f(w) as

f(w) = Es(0) - E; (w), (4.6)

the extracted interference term I, reads

Iin(w) 2Re [Es(w) - E; (0,T,)]

Flw)e®T + f* (w)e 7. 4.7)

The Fourier transformation of Ij, (w) includes two time reversed parts as

f(t_Tr) +f*(t+7r)
fie—t)+ f(=t—1,). (4.8)

F [Iin(@)] (1)

The function f(¢) is the Fourier transformation of f(w): f(f) = % [f(@)] (). By applying a
Heaviside function ©(f), we obtain only f(t - 7,) term. Them, by removing the delay offset,
we obtain f(#). The inverse Fourier transformation of f(#) is the convolution of the signal and
reference f(w) = Es(w) - E; (w). If the spectrum profile of the reference is broad enough, E;(w)
is written as E, (w) = IErIei"". In this case, f(w) reads, Es(w)|E; |e?r . This means that finally,
by obtaining f(w) from the interferogram, we recover the signal E(w) except for the absolute
phase and absolute amplitude, which is written as

fl)=e T F HOWF [Iin()]]. (4.9)

If we have the complete information of the reference pulse, we can obtain the signal as

fw)

B @)’ (4.10)

Es(w) =
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4.3. Heterodyne Pump-probe and four-wave mixing technique

However, we cannot know the amplitude and phase of E; (w), thus we need some assumptions
for E; (w). Firstly, since the linewidth of the reference pulse (=15 meV) is much larger than the
Rabi splitting (3.45 meV) in our sample, we assume that the reference pulse is broad enough
and the amplitude does not have a frequency dependence: |E; (w)| = |E;|. Secondly, let us note
the absolute phase of the reference does not affect the amplitude of the spectrum of the signal
|f(@)|? = |Ey|-|Es(w)e'®r|? x |Eg(w)|?, while it introduces a phase dependence to the real part
of f(w) as Re[f(w)] o |Es(w)]| - cos(¢ps(w) + ). This is why we will present only amplitude of
the experimental spectra, which is not affected by the absolute phase of the reference.
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Two-dimensional Fourier Transform
(2DFT) spectroscopy of polaritons

In this chapter, we discuss in detail two-dimensional Fourier Transform (2DFT) spectroscopy
of polaritons [59]. Using 2DFT spectroscopy, we reveal two types of interactions between the
polariton branches: lower-lower and upper-upper polariton self-interaction and lower-upper
polariton cross interaction. Firstly, we describe an experimental configuration necessary for
2DFT. Secondly, we analyse the experimental 2DFT spectra based on third-order perturbation
theory, where we introduce double-sided Feynman diagrams. The third-order perturbation
theory is the simplest and intuitive description of 2DFT. Actually, the appearance of main peak
groups in experimental 2DFT spectra can be explained with this theory. Finally, we compare
experiments with “non-perturbative" numerical simulations based on lower- and upper-
polariton basis Gross-Pitaevskii equations. We find that the full inclusion of the dispersion
effects, which is usually neglected in the case of heavy particles such as exctions, is possible
with this non-perturbative approach.

5.1 Concept of 2DFT spectroscopy

2DFT spectroscopy is a powerful tool to investigate coherent couplings and vibrational anhar-
monicities of molecular vibrational states [60, 61] and non-linear interaction between different
exciton states in semiconductor [62, 63, 64, 65, 66]. One advantage of this technique is that we
can know whether two oscillators are independent or coupled with a mutual anharmonicity
from the existence of off-diagonal peak in two-dimensional spectrum. This is very difficult
with a conventional one-dimensional (1D) spectroscopy. Additionally, we can associate each
peak of the 2DFT spectrum with different Liouville-space pathway through double-sided Feyn-
man diagrams [61, 67]. For example, let us consider two two-level systems with and without a
mutual anharmonicity (non-linearity) as shown in Fig. 5.1. The two systems have transition
energies € and €,. With a conventional one-dimensional spectroscopy we cannot distinguish
two cases, because the spectra from both systems present two peaks at the resonance energies
€1 and €2. On the other hand, in 2DFT spectrum, the two systems display a striking difference:
namely, the effect of the anharmonicity results in the appearance of the off-diagonal peaks
(See Fig. 5.1).
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Figure 5.1: An Example of 2DFT spectroscopy scheme. Two-level systems with and without
a mutual anharmonicity are considered. The transition energies are €; and ¢,. While a
conventional one-dimensional spectroscopy displays spectrum with two peaks at the energies
€1 and €3 for both cases, 2DFT spectrum makes it possible to distinguish them based on the
presence or absence of off-diagonal peaks.

5.2 Experimental configuration and numerical process for 2DFT of

polaritons
For the 2DFT, two-pulses configuration stated in the Chapter 4 is employed. The k; and k;
pulses respectively arrive on the sample in directions |k;| = 0.96 um™! and k=0 um™~! (See Fig.

5.2 (a)). We detect the four-wave mixing (FWM) signal in the direction kpwym = 2k, — ky = —k; .
The pulses k; and k, arrive on the sample at times f;, and f, respectively. A time delay
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T = Iy, — Ix, between two pulses is called positive (negative) when the k» (k1) pulse arrives
before the k; (k) pulse. The 2DFT experiments are performed in the low-density regime with
k; and k, pulse intensities of 6.7 x 1012 photons pulse™! cm~2. The polarization of the two
pulses are co-circular to avoid the possible effects of biexcitons [55, 56] (Chapter 6). The center
energy of the pulse spectrum is set between the lower and upper polariton energies in order
to excite the two branches with a similar intensity. Figure. 5.2 (b) presents the scheme of the
polariton dispersion with k; and k, pulses and the krw\ signal. The transmission spectra
of k» and k; pulses are shown in 5.2 (c). The difference of the energy peaks of the k; and k»
pulses is due to the polariton dispersion.

' 7
A i

p’f{otorL

* exciton

—
(8
~

transmission (a.u.)

. Vo o
10 T T T T T T

1484 1485 1486 1487 1488  1.489
energy (eV)

Figure 5.2: Scheme of excitation configuration and pulse sequence for 2DFT experiments (a).
The lower- (LP) and upper-polariton (UP) energy-momentum dispersions at slight negative
cavity detuning (6=-0.38 meV) (b). The dashed black lines represent exciton and photon
energy-momentum dispersion. Transmission spectra of the k, and k; beams (c). €7, (k) and
ey (k) are respectively lower and upper-polariton enegy at wave-vector k.

The heterodyne detection technique (See Chapter 4) allows us to record the electric field of
the FWM signal S(¢, 1) as a function of two independent time periods. The time 7 is the delay
time between the k; and k; pulses, while ¢ is the real evolution time of the FWM signal after
the arrival of the two pulses. An example of the FWM signal S(, ) is presented in Fig. 5.3 (b),
which evidences the fact that the FWM signal appears after the incidence of the two pulses
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(See Fig. 5.3 (a)).

(@) pulse train

negative delay part (1-quantum regime) positive delay part (2-quantum regime)
reference k, pulse k, pulse reference k,pulse  k, pulse
17.5 ps
real time t real time t
(b) four-wave mixing (FWM) signal |S(t,7)| (c) after modification

refergnce k, pulsv:e k, pulse
10

positive delay part
(2-guantum regime)

FWMsignal
negative delay part
(1-quantumregime)

0 5 10 15 20 25 30 0 5 10 15
real time t real time t

Figure 5.3: (a) Pulse trains for a negative (7 < 0) and positive (7 > 0) delays. FWM signal appears
after the incident of two pulses. (b) The amplitude of a FWM signal as a function of real time ¢
and delay 7, S(¢, 7). (c) After the modification of coordinate, we obtain two parts: a negative
delay Speg(f,7) and positive delay Spos(Z, T) regimes. The Fourier transformation with respect
to times ¢ and 7 leads to one-quantum S1q(€;,€;) and two-quantum S»q (€4, €;) spectra.

Firstly, a conventional delay dependent 1D FWM signal spectrum S(e;,7) is obtained by
performing a Fourier transformation of S(z,7) with respect to t. Secondly, we obtain the
2D spectrum through a Fourier transformation with respect to both the 7 and ¢ axes. To do
this, we modify the coordinate of FWM signal S(#, 1) as presented in Fig. 5.3 (c). After the
modification of the coordinate, the FWM signal is classified into two parts: a negative Sneg(,7)
and positive delay regime Spos(Z, 7). In Speg (2, T) and Spos (2, 7), the real time ¢ and delay 7 are
redefined as presented in Fig. 5.3 (c). Finally, the Fourier transformation of Speg(#,7) and
Spos(t, T) with respect to the two time axes respectively leads to “one-quantum” Syq(€y,€;) and
“two-quantum" S»q(€y,€;) 2DFT spectra. Here €; and €, respectively represent the absorption
and emission energies.
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Experimentally, in the 2DFT spectroscopy, we apply two types of phase correction processes.
The first one is applied when obtaining S(¢, 1) at each delay . We perform 20 acquisitions
for obtaining a single FWM signal S(¢, 7). During these 20 acquisitions, judging from phase
fluctuation, we apply a phase correction in order to remove the noisy part of the signal. The
second one is concerned with the absolute phase fluctuation between two different delay
points [68]. Due to the lack of phase stabilization, the absolute phase varies depending of
the delay time 7 between two pulses. The second phase correction is performed using the
upper-polariton energy as a phase reference. The detailed explanation of these two phase
correction processes are given in Appendix A.

5.3 Experimental results and perturbative analysis

We will now study the experimentally obtained 1D and 2D FWM spectra and analyse them
based on third-order perturbation theory with the help of the double-sided Feynman diagrams.
In this section, the cavity detuning is set at 6 = —0.38 meV. Fig. 5.4 (a) shows the amplitude
of the 1D FWM spectrum |S(e;, 7)|, which results from the Fourier transformation of the real
time ¢ of S(¢, 1) in Fig. 5.3 (b). In the 1D FWM spectrum, we find two branches: the lower (LP)
and the upper-polariton (UP) branch. The 1D FWM spectrum also shows a delay-dependent
oscillation. The delay-dependent oscillation period 1.2 ps corresponds to the Rabi splitting
between the lower and upper- polariton. We will find that this oscillation can be interpreted
as a quantum beat with the aid of the double-sided Feynman diagrams. Furthermore, fine
structures are found in the LP and UP branches. These fine structures are related to the
energy-momentum dispersion of polaritons. The detail of the fine structures is addressed in
the following through the 2DFT spectra.

Secondly, we perform the Fourier transformation of the 1D FWM spectrum with respect to
the delay 7 and obtain a one-quantum spectrum S (€, €;) in the 7 < 0 region and the two-
quantum 2DFT spectrum S»q (€, €;) in the 7 > 0 region. The amplitude of these 2DFT spectra
[S1q(€r,€7)| and |S2q (€, €7)|are shown in Fig. 5.4 (b) and (c) respectively. Due to the lack of
information on the absolute phase of the 2DFT signal, only the amplitudes are presented
in the figure. We will also analyse the 2DFT spectra in detail using third-order perturbation
theory in the next section.

43



Chapter 5. Two-dimensional Fourier Transform (2DFT) spectroscopy of polaritons

(a) 1D FWM spectrum |S(&t,7)|
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Figure 5.4: (a) Experimental amplitude of FWM spectrum as a function of emission energy and
k>-ki pulse delay 7: [S(ey, 7)|. (b) Amplitude of 2DFT spectrum for one-quantum |S;(€;,€7)|
and (c) two-quantum region |S2q (€4, €;)|. Diagonal dashed lines represent —¢; = ¢, for (b) and
€r = 2¢; for (c). Horizontal and vertical dashed lines respectively represent different absorption
and emission energies. € (k) and ey (k) are respectively LP and UP energy at a wavevector k.
e’L( 0 (k) is a virtual branch (VB). NB and MB refer to normal and middle branch respectively.
Colour scales are linear and normalized by the maximum and minimum of the amplitude.
The same normalization and colour bar are used in all figures of this section.

5.3.1 2DFT spectrum of one-quantum regime |Siq(€;,€7)|

Firstly, we discuss the 2DFT spectrum in one-quantum regime |S1q (e, €;)| (See Fig. 5.4 (b)).
In one-quantum regime, the k; pulse arrives before the k, pulse. In Fig. 5.4 (b), we find two
diagonal groups, LP-LP and UP-UP, and two off-diagonal groups, LP-UP and UP-LP. Inside
each peak group, fine structures are observed. The fine structures are classified and named as
the virtual (VB), middle (MB), and normal (NB) branches going from lower to higher emission
energies.

We are going to analyse the origin of these peak groups based on the third-order perturbation
theory of four-wave mixing. The main idea of third-order perturbation theory is to calculate
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5.3. Experimental results and perturbative analysis

the density matrix of polaritons within a third-order of incident electric fields (one k; and
two k, pulses). The detail of the theory and explicit calculation are presented in Appendix B.
Here, instead of going into the detailed calculation, we visualize the perturbative evolution of
the density matrix of polaritons using the double-sided Feynman diagrams [69, 61, 70]. The
double-sided Feynman diagrams for the one-quantum regime are presented in Fig. 5.5. These
diagrams represent Liouville-space pathways of the density matrix: each diagram corresponds
to the third-order perturbative evolution of the system’s density matrix. The FWM signal
Sneg(#,7) and its Fourier transformation S, (€, 7) are given as a summation of all pathways.

In each diagram in Fig. 5.5, the vertical line represents the time evolution of the density matrix
from bottom to top, with the time ordering of the arrival of k;, k» pulses and the FWM signal
emission. In the one-quantum regime, the incident of the first electric field from k; pulse
creates a coherence between the ground state and a single LP (0-LP) or UP (0-UP) state. In
terms of the density matrix representation, these coherences correspond to off-diagonal terms
(()%)L(kl) and pg%](kl). Here, the indexes 0, L and U respectively refer to
avacuum |0), single lower |L) = &, |0) and upper-polariton state |U) = dUIO). The index k; in
the density matrix indicates that the k; pulse creates a coherence with momentum k; (See

in the density matrices p

Appendix. B).

The second and third electric fields come from the same pulse k, after a delay 7. Since the
degenerate second and third electric fields arrive simultaneously, the delay between them
is fixed as T = 0 in the diagrams. For example, in the pathway (A)-(C), as the double-sided

Feynamn diagram indicates, the second electric field converts the p(()l)L(kl) coherence into a

(2
LL

the population in the ground and one-lower-polariton state. In the case of path (E),(G) and

diagonal part of the density matrix pé%())(kz — k) or p;~; (k2 — k), which represent respectively
(L),(N), the second electric field creates a coherence between the lower and upper-polariton:
p(Lz)U(kg — k) and pg) 1 (2 — ky). Finally, the third electric field brings the population and LP-UP
coherence back to coherence with momentum kgwy: p(L?)()U),O(kFWM) or pégL)(ZU),O(kFWM)' Let
us recall that the wave vector kgpwy is calculated as kpwyv = 2k — k1 = —k;. Here, the index
2L(2U) represent “two-polaritons” state defined as |2L) = &z &DO) and |2U) = &J{,&UIO). Since
the four-wave mixing emission is proportional to the polarization induced by the third-order
coherence, the four-wave mixing signal Syeg(#,7) is obtained by calculating the p(Ls()U) O(kFWM)

3)
and p2L(2U),0 (kFWM) .
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(a) One-quantum 2DFT spectrum S, (er&0)
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Figure 5.5: (a) Computed 2D FT spectrum and (b) double-sided Feynman diagrams (b) in
one-quantum regime. Diagrams (A-C) and (H-]) respectively contribute to the diagonal peaks
LP-LP and UP-UP, while diagrams (D-G) and (K-N) respectively correspond to the off-diagonal
peaks UP-LP and LP-UP. g1y and gx respectively represent self and cross-interaction of
polaritons.
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Diagonal peak groups: LP-LP and UP-UP

Let us now discuss the diagonal peak groups LP-LP and UP-UP. In the following, e (k) (e7 (k)) is
the energy of the lower (upper)-polariton, Q; (Qy) represents the coupling constant between
the lower (upper)-polariton and the photon outside the cavity, and y(yy) is the dephasing
rate of lower (upper)-polariton. Performing the standard third-order perturbative calculation
of nonlinear optics [61, 67] (See the Appendix B), the FWM signal corresponding to the diagram
(A) is given by,

S(A)(l', 1) QLPE))})(ICFWM) — |QL|4e_(i/h)(€L(kFWM)_iYL)te(ilh)(eL(kl)+iYL)|T|‘

In this pathway, during |7| and ¢, the system evolves keeping coherence between its ground
state and a single lower-polariton state (0-LP and LP-0). In the “one-quantum regime", the first
order evolution, during time ||, is always a coherence between the ground state and single
lower or upper-polariton state (0-LP or 0-UP). The Fourier transformation of S“4 (|7}, ) reads,

Qg *
li(e; —er(kpwm) + yLlli(er +er (k) +yL]

SWerer) o

Similarly, the contribution from diagrams (B) leads to

Q|
lie; —er(kpwm)) + yLllier +er (k) +yL]

SBere) o

Since the signal corresponds to the path C is given by S©(,7) « v2Q; p(zsz 1 (epw)

—21Q*

S(C) 7 '
(€rer) [i(er —€ap(kpwm) + €L (kpwm)) +yLIli(er + €L (k1)) + 7Ll

S® is the exactly same as S“Y. In these perturbative calculations, the semiconductor mi-
crocavity system is treated as two-oscillators (lower and upper-polaritons) weakly coupled
to photons outside the cavity with the quasi couplings Q; and Q (See Eq. 3.24 in Chapter
3). The detailed background of the polariton basis model will be readdressed in next section
on numerical simulations. While path (A) and (B) include only “single-quantum" state (L),
the path (C) includes the “two-quantum" state (2L). This two-quantum state (2L) is modi-
fied by the polariton-polariton self-interaction, making the energy of 2LP state e, (k) being
slightly blue-shifted from twice that of LP state 2¢ (k) (i.e., €21 (k) # 2¢e(k)). One of the im-
portant consequences is that, if the lower-polariton self-interaction were absent, the relation

11 et us note that since a non-interactive polariton is assumed to be boson (harmonic oscillator), the dipole
strength between the states |L) and [2L) (v2Qp) is v/2 larger than that between the states |0) and |L) (Q7) [61].
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€21 (k) = 2¢ (k) would hold and the sum S (A + B 4 5O would be zero. This is intuitive if we
recall that a linear system does not produce a four-wave mixing signal.

We can apply the same description to the UP-UP group resulting from the paths (H)-(J) just

replacing the lower-polariton with upper one. The signal from the paths (H)-(]) are given by

1Qyl*
li(e; — ey (kpwm)) + Yulliler + ey (k) +yul’

S (ee;) o

1Qy*

S(I) T ,
Cre) X Tite,—eu Uerwan) + yulliter +eu (k) +70]

and

-2|1Qyu*
li(er — e2u (kpwm) + €y (kewm)) +Yulliler + ey (k) +yul

SP(erer) o

Off-diagonal peak groups: UP-LP and LP-UP

Now, let us discuss the paths (D)-(G), which contribute to the off-diagonal UP-LP peak group.
In the same way as for the diagonal peak groups, the signals associated with these diagrams
are given by,

QL2 1Qul?
li(er —er(kpwm)) +yLlli(er +ey (k) +yul

SPB(er,er) o

and

-1Q.21Qu?

S(EG) &7 .
(erér) o li(e; — €Ly (kpwn) + €y (kpww)) + Yl li (€7 + €y (k) + YU

In the pathways (F) and (G) the FWM emission originates from the coherence between the two-
quantum state (L+U) and the single-quantum state (U), ,()(LE}J)r U, U(kFWM). The two-quantum
state L+P is defined as |L+ U) = EzdeIO). Similar to the pathways (A)-(C), the energy of
UP+LP state is blue-shifted due to the lower and upper-polariton cross-interaction, ey (k) #
e (k)+ey (k). Again, if the lower and upper-polariton cross-interaction does not exist, ez (k) =
€1 (k) + ey (k) holds and the summation of the pathways (D)-(G) becomes zero, resulting in the
disappearance of the off-diagonal peaks.

We draw similar diagrams (K)-(N) for the LP-UP groups (See Fig. 5.5). The perturbative
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calculations of the FWM signals resulting from the path (K)-(N) are given by

1QL121Qu?
li(er —ey(kpwn) + yulli(er +€r(kr)) + 7yl

S©OWe,e) o

and

-1Q.21Qu?

S(M'W .
li(e; —ery (kpwm) + € (kpwm)) +yulliler +ep(ler)) +yrl

Vs €r) o

Discussions on 2DFT spectrum in 1-quantum regime

The plot of the calculated 2DFT spectrum including all pathways in the one-quantum regime
is shown Fig. 5.5 (a). As we mentioned above, the diagonal and off-diagonal peaks arise
respectively from the polariton self and cross-interactions. Furthermore, the double-sided
Feynman diagrams help us to understand intuitively the delay time dependent oscillation in
the 1D FWM spectrum |S(e;, 7)| in Fig. 5.4 (a). This oscillation is interpreted as a quantum beat:
an interference between the pathways (A)-(C) and (D)-(G) for the lower-polariton branch,
while it is an interference between the pathways (H)-(J) and (K)-(N) for the upper-polariton

branch. During the delay 7, in the pathways (A)-(C) and (K)-(N) the phase evolves as elieL/mr,

while in the pathways (D)-(G) and (H)-(J) it evolves as e!év/"7

. Therefore, the amplitude of
the 1D FWM spectrum |S(es, 7)| presents a beat frequency corresponding to the Rabi splitting

energy: €y —e€r = 3.45 meV.

Let us note that the lower and upper-polariton branches have energy-momentum dispersions:
eL(k) =ero+ %kz and ey (k) = ey + %kz (See Fig. 5.2 (b)). Here, m; and my are the
mass of the lower and upper-polaritons respectively defined in Eq. 3.26. For example, due to
the relationship: e (krpwwm) = €Ly (—k1) = €y (K1), the LP-LP (UP-UP) peaks are absorbed
and emitted at the same energy in the third-order perturbation theory and they are located
on the diagonal line. These peaks obtained from the third-order perturbation calculation
correspond to the normal branches (NB) of the experimental 2D spectrum in Fig. 5.4 (b).
It is important to note that the third-order perturbative model reproduces only the normal
branches (NB), which are resonant to the polariton energy-momentum dispersion. Namely, no
fine structure is found inside each group. This is because the polariton-polariton interaction
is treated only as a level-shift of the eigenstate energy within the third-order perturbation
theory. In order to reproduce the fine energy structures, the superposition between different
momentum states needs to be created by the polariton-polariton interaction [71]. To do this,
in the next Section, we employ non-perturbative numerical simulations based on polariton
Gross-Pitaevskii equations.
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5.3.2 2DFT spectrum of two-quantum regime |S>q (€, €7)]

In this section, we describe the two-quantum regime, where the k, pulse arrives before the k;
pulse. The 2DFT spectrum in two-quantum regime |S»q (€, €;)| (Fig. 5.6 (a)) is obtained from
the Fourier transformation of the FWM signal Sp,s(Z, 7). Double-sided Feynman diagrams
contributing to |Sq (€4, €7)| are presented in Fig. 5.6 (b). In all pathways, the two degenerate
ko pulses create two-quantum coherence p((f; Lew) (2k,) or p(()z,)L .y (2k2) during time 7. Thus,
this regime is called “two-quantum" regime.

Diagonal peak groups: 2LP-LP and 2UP-UP

Firstly, we focus on the 2LP-LP peak groups. With the same calculation as in one-quantum
regime, the diagonal FWM signals corresponding to the diagram (O) is given by

S(O) (t,7T) o 2|QL|4e_(i/h)(EL(kFWM)_iYL)te_(i/h)(GZL(kz)_iYL)T.

The Fourier transformed 2DFT spectrum reads,

2101

S(O) o7 '
Coer) o fite,—erorwad) + y11i(er — ear (k) + 2y1]

Similarly,

-2|1Q/*

S(P) ' &7 .
(ner) o li(er — €2 (kpww) + e (lepwm)) + Y Llli(er —€21.(k2)) +2y1]

For the 2UP-UP group,

21Qqu*

SD (e er .
(ener) o li(er — ey (kpwa) + yulli(er —e2u(k)) + 2yy]

and

-2|Qy*

S(V) ' &7 ‘
Corer) X e~ caukrvnn) + €0 Uerw) + Y0111(er — €20 (k2) + 270
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(a) Two-quantum 2DFT spectrum |[s, (e
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(b) Double-sided Feynman diagrams for two-quantum regime
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Figure 5.6: (a) Calculated 2DFT spectrum and (b) double-sided Feynman diagrams in two-
quantum regime. Diagrams (O-P) and (U-V) respectively contribute to the diagonal peaks 2LP-
LP and 2UP-UP, while diagrams (Q-T) and (W-Z) respectively correspond to the off-diagonal

peaks LPUP-LP and LPUP-UP. g1y and gx respectively represent self and cross-interactions
between polaritons.
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Off-diagonal peak groups: LPUP-LP and LPUP-UP
For LPUP-LP groups, the FWM contributions read,

1Q;121Qy 12

S(Q),(S) €1
ot o e et + YLl e —e1u () + 7L+ 70]

and

—1QL*1Qul?
li(e; —ery (epwm) + €ukepwm)) + yrllier —ery (ko)) + v +vul

SPMeser) o

In the same way, for the LPUP-UP peak group, the signals are given by

1Q121Qy 2
li(er —ey(kpwa) + Yulliler —ery () + v +yul

sSMM(eper) o

and

-1QL1*1Qu

SHD (¢, ¢
Coer) o e —ern e + €1 (k) + 70 i€r €10 () + 72+ 70

In Fig. 5.6 (a), we plot the calculated 2DFT spectrum of the two-quantum regime. Similarly
to the one-quantum regime, the energy shifts induced by self and cross-interactions €y (k) #
2er (k) and €7 (k) # €1 (k) + ey (k) are necessary for the appearance of the on and off-diagonal
peaks respectively. Again, the diagonal and off-diagonal groups are associated with the self
and cross-interactions respectively. In the two-quantum regime, the diagonal line is defined
as e; = 2¢;. Namely, the absorption energy is twice larger than the emission energy. This is
characteristic of a “two-quantum regime", where the degenerate ky pulses create two-quantum
state such as 2LP, 2UP and LP-UP. In Fig. 5.6 (a), the dashed diagonal line does not pass through
the normal branches (NB) of 2LP-LP and 2UP-UP peaks. This is understood in terms of the
polariton energy-momentum dispersion: € ) (kpwwm) = €y (k1) > ey (k2) = €y (0) (See
Fig. 5.2 (b)). Namely, the FWM emission energy at krww (= —k;) is higher than the absorption
energy at k, = 0.
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5.4 Numerical simulation and detailed study of 2DFT spectra

In this section, we perform non-perturbative numerical simulations based on polariton Gross-
Pitaevskii equations. Our starting point of the numerical simulation is polariton basis Hamil-
tonian explained in Chapter 3.

Firstly, the linear part of the Hamiltonian is given by (Eq. 3.27)

. R + 22 + hZVZ
Hijn+ Hym = | dx |9/ (0 i+ ey — ——) 9
lin + Hqm f v, (Lo ZmLW’L Yy leuo 2mUW’U
+Q} oW F+QpoF i+ Q) oWl F+QuoF dy|. (5.1)

Hyin + qum is written under a parabolic approximation of polariton energy-momentum disper-
sion:

hZ
mrw

K°. (5.2)

eL) (k) =eran,o+ 2

Qp = CQgm and Qy = XQqn, are the polariton quasi-mode coupling to the classical electric-
field outside the cavity (See Chapter. 3). The polariton mass is given by 1/my ) = | X[?/ mx(e) +
|C|?/ M (y)- For a cavity detuning 0 = €, — €, the energies €1 ¢ and ey o are respectively defined
as

€r0= % (2€x +0— V 52 + (29)2) (5.3)
and

- % (2€x +6+/02+ (29)2) . (5.4)

The above linear Hamiltonian is formally the same as that of two oscillators coupled to classical
electric fields with the constant Q. Therefore, the third-order perturbation theory and
double-sided Feynman diagrams, which are normally used in a weak-coupling system, can be
applied to the system in which exciton and photon are strongly coupled inside a microcavity.

Secondly, we introduce polariton-polariton interactions. As is explained in Chapter 3, in the
polariton basis, the exciton-exciton interaction term includes nine components (See Eq. (xx
al)-(xx c2) in Chapter 3). For simplicity, we extract only the first three terms in Eq. (xx al)-(xx
a3) of Chapter 3: LP-LP (UP-UP) self and LP-UP cross-interaction terms,

N 1 oAt oA A 1 At At oA A At oA At A
Hpine = f ax| S Wi+ Sgul by o+ ex W wid | (655)

Only when the kinetic term (energy-momentum dispersion) in Eq. 5.1 is neglected, we can jus-
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tify this approximation in the low density regime by using a second-order perturbation theory
(For details, please see [59]). With the Hopfield coefficients, we set g7 = go| X|*, gu = golCI*,
and gx = 2go|X|?|C|%. Here, gy is the exciton-exciton interaction constant. Since the objective
of the numerical simulation is a qualitative understanding of physical phenomena, here we
neglect the photon-assisted exchange scattering terms. Using the Heisenberg equations of
motion: i ﬁ%tﬁl L) = [Wrw), Hiin + Hing] and factorizations:

W} o WL W) = W) WLy @)
and
W} WL Wuw) = @) WLy @uw),
lower and upper polariton Gross-Pitaevskii equations read,

K2 . "
(€r0— ——V2+grlwrl® + gxlwyl® —iyDwy + QF fext

iy = 2my,
. n? . .
ihyy = (eyo— 2mUV2+gul1VU|2+gxIwL|2—lyu)wU+QUfext- (5.6)

v = (Wrw)) is lower (upper) polariton wave function. The polariton decay rate is phe-
nomenologically introduced as y ) = 1 X Izyx(c) +|C Izyc(x), where Y, and y. are chosen to be
the same (0.33 meV). The k, and k; pulse excitations are introduced in the external photon
field fext (= wyp) as

(r—1x,)? . . (- tr,)? . .
Jext (X, £) = Fy, exp _7—2 exp(—iwg, t+ik;-X)+F, exp _T—2 exp(—iwg, t+iky-X).
14 p

(5.7

Wk, (k,) is the center frequency of the k; (k2) pulse and always set at the center between the
lower and upper-polariton branches. 7, is the pulse duration. The constant gy, represents
a self-interaction of lower (upper) polaritons, while gx is the cross-interaction constant
between the lower and upper-polariton. In analogy with non-linear optics, gy and gx can
be called self-phase modulation (SPM) and cross-phase modulation (XPM) terms respectively.
Again, similarly to non-linear optics, the XPM term gx is twice as strong as the SPM term
grw) 148]. In the simulation, the excitation fex is a Gaussian pulse with a peak intensity of
Q5 Fr, I* = 197, Fi,|* = 1/ go and a pulse duration of 7,=250 fs. With this simplified model,
we can directly investigate the contribution of self- and cross-polariton interactions through
the three non-linear interaction constants: g;, gy, and gx. This is a major advantage of using
the polariton basis (normal-mode basis) compared with the exciton-photon basis (local mode
basis) Gross-Pitaevskii equations. Since in the local mode basis, the non-linear interaction is
represented only by the exciton-exciton interaction constant gy, we cannot change the self
and cross-interaction independently.
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5.4. Numerical simulation and detailed study of 2DFT spectra

We present simulated FWM spectra in Fig. 5.7. All numerical simulations are performed in
one-dimensional space. The simulated 2DFT spectra in Fig. 5.7 (b) and (c)) clearly present
fine structures (NB and VB) inside the four peak groups. In the following three subsections, we
will explain the characteristic physical phenomena behind the experiments and simulations.

(a) 1D FWM spectrum |S(gt,7)|

€k E0) Eul-ki) E'u(-k) E(0) Eul-k) Max

-1 0 1 2
emission energy & (meV)

(b) One-quantum 2DFT spectrum |S, (:&7)|
Ek) E(0) Eulk) E€u(-k) Ev(0) Eul-ky)

----- Eulk)

absorption energy -er(meV)

emission energy & (meV)

(c) Two-quantum 2DFT spectrum |S, (€t7)]

absorption energy & (meV)

€i(-k) E4(0) Eul-k)

""" 2Eu(0)

------ E1(0)+Eu(0)

""" 2&(0)

-3 -2 -1 0 1 2 3
emission energy & (meV)

Figure 5.7: (a) Simulated amplitude of FWM spectrum as a function of emission energy and
k-ki pulse delay 7: |S(ey, 7)|. (b) Amplitude of 2DFT spectrum for one-quantum [S;(€;,€7)|
and (c) two-quantum region |S»q (€, €;)|. Diagonal dashed lines represent €; = ¢, for (b) and

€; = 2¢; for (c).

5.4.1 Different interaction contributions

For the purpose of a better insight into the importance of the self and cross-interaction, we
show two sets of 2DFT spectra in Fig. 5.8 by turning off either self or cross-interaction.
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(a) SPM (b) XPM
1D FWM spectrum |S(&:,7)| 1D FWM spectrum |S(g:,7)|
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Figure 5.8: Simulated delaymap |S(e;, 7)| and 2DFT spectrum for one-quantum [Syq (€, €7)|
and two-quantum regime |S»q (€, €;)|. (a) Simulations are performed including only self-
interaction (or self phase modulation: SPM), gx = 0 and (b) for only cross-interaction (or cross
phase modulation: XPM), g1y =0.

56



5.4. Numerical simulation and detailed study of 2DFT spectra

Firstly, Fig. 5.8 (a) is a set of spectra when considering only self-interactions gry,. The figure
presents two main LP-LP (2LP-LP) and UP-UP (2UP-UP) groups along the diagonal line in one
(two)-quantum 2DFT spectrum, while we cannot find any peak in the off-diagonal part. This
simulation results indicate that the LP-LP (2LP-LP) and UP-UP (2UP-UP) groups originate
from the lower-lower and upper-upper self-interactions respectively.

Meanwhile, the 2D spectra which include only the lower-upper cross-interaction gx (Fig. 5.8
(b)) present only the off-diagonal peak groups UP-LP (LPUP-LP) and LP-UP (LPUP-UP) in
one- (two-) quantum 2D spectrum. Only when we include both the self g7y and cross gx
interactions, we can reproduce the observed experimental 2D spectra presented in Fig. 5.4. Let
us note that, since the cross-interaction constant gx is twice stronger than the self-interaction
constant gy (), around zero cavity detuning, the off-diagonal peak groups are brighter than
the diagonal ones (Fig. 5.4 (b,c)). A similar tendency is observed in the experimental 2DFT
spectra (Fig. 5.7 (b,c)).

5.4.2 Fine structures inside peak groups

In this subsection, we discuss the origin of the fine structure in 2DFT spectra. The experimental
2DFT spectrain Fig. 5.4, fine structure (the normal (NB), middle (MB), and virtual branch (VB))
is found inside each peak group. We classify them according to the FWM emission energies. For
instance, in the LP-LP group, the emission energies of NB, MB and VB respectively correspond
toero+ %k%, €r,0 and €10 — %k% As stated in the previous section, this fine structure
is related to the unique polariton energy-momentum dispersion associated with the small
polariton mass (Eq. 5.2). The scheme of the four-wave mixing with the polariton energy-
momentum dispersion is shown in Fig. 5.9 (one-quantum regime) and 5.10 (two-quantum
regime) as energy diagrams. Note that, in the energy diagrams for one-quantum regime
(Fig. 5.9), the first arrow representing k; pulse is always resonant to the energy-momentum
dispersion. The first pulse creates a coherence which evolves with the eigenenergy determined
by the polariton energy-momentum dispersion. Meanwhile, the second and third arrows
corresponding to k, pulse are not always resonant to the energy-momentum dispersion for
two reasons. These pulses convert the coherence into a population which does not evolve
necessarily with a specific eigenenergy. The k; arrows are drawn in such a way as to satisfy the
energy conservation.

In the following, for explanations, we focus on the fine structure only in the one-quantum
regime, however a similar discussion can be applied to the two-quantum regime. Energy
diagrams for the two-quantum regime (Fig. 5.10) are drawn in a similar way to one-quantum
ones, but the first two k, arrows are always resonant to the energy-momentum dispersion in
this regime.
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One-quantum regime
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Figure 5.9: Schematic energy diagrams representing the origin of the fine structures in one-
quantum 2D spectrum. Three solid arrows represent two degenerate k, pulses and k; pulse.
The dashed arrows are FWM emissions. For NB schematics, the indices (A)-(G) correspond to
those of the double-sided Feynman diagrams in Fig. 5.5
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Two-quantum regime
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Figure 5.10: Same schematic as Fig. 5.9 for two-quantum 2D spectrum. For normal branch
(NB) schematics, the indices (H)-(M) correspond to those of the double-sided Feynman

diagrams in Fig. 5.6
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Normal branch (NB)

Firstly, let us discuss the normal branches and associated processes. As shown in Fig. 5.9(I)

and (IV), NB emission is an on-branch FWM emission. Namely, its FWM emission energy
2

corresponds to €L (kFWM) =€L (— kl) =€Lun,0t %L(U)

peak groups. Third-order perturbative calculations of FWM signal in Fig. 5.5 and 5.6 display

k% for both diagonal and off-diagonal

only this branch, because, in the perturbative theory, the third-order coherence associated
to the FWM signal evolves with the eigenenergy of the polaritons, which corresponds to
erw)(—kp) (See the previous section and Appendix B).

Virtual branch (VB)

We can understand the appearance of the VB in a framework of off-resonant scattering induced
by polariton-polariton interactions [71, 59]. The VB results from the processes where the k;
and k» arrows are resonant to the polariton energy-momentum dispersion as consequence of
the energy and momentum conservation. As the energy diagrams of the VB, in Fig. 5.9. (I)
and (V) show, if the k; and k, pulses are on-resonant excitation, the energy and momentum
conservations demand that the FWM signal emits in an off-resonant way. For example, in
the LP-LP group (See Fig. 5.9 (II)), the energy of VB emission is given by €} (kpwm) = 2€ (ko) —
€ L(El) =€r0— % kf. Since NB emission energy is €19 + % kf, the separation between NB
and VB emission is ZZ—Zka, which is twice larger than the energy difference between the k»
and k; transmission peak of the lower polariton (See Fig. 5.2 (c)). In the experimental 2DFT
spectrum, the energy separation between NB and VB emission is 0.58 meV (See Fig. 5.4
(b) and (c)). This energy separation is twice of the energy separation (0.29 meV) between
the k; and k; transmission peaks of the lower polariton presented in Fig. 5.2 (c). Moreover,
this relation holds for both negative and positive cavity detuning (see the next subsection).
Thus, we can safely say that the origin of VB peak in LP-LP group can be understood in this
framework. We note that although the VB energy-momentum dispersion e’L(k) is a mirror
image of NB energy-momentum dispersion € (k), in the weak intensity excitation regime,
the dispersion is still parabolic. Therefore, we do not consider linearisation of the dispersion
due to the Bogoliubov transformation [15]. However, the Bogoliubov theory [45, 15, 71] gives
us an insight for understanding the physical origin of the off-resonant scattering in the non-
perturbative Gross-Pitaevskii equations. The common feature of the VB and the ghost branch
in the Bogoliubov theory is a mixing of different momentum wave-functions, or a creation of
a superposition state with different ks. In the Bogoliubov theory, this is explicitly described
as the creation of a quasi-particle called “bogolon" such as dbog(k) = uga(k) — vk&T(—k) [45].
In our numerical calculations, the non-linear interaction term |y )|y vy gives rise to the
mixing of wave-functions with different momenta. This mixing process is possible only in non-
perturbative way, thus the numerical simulation in Fig. 5.7 shows VB, while the third-order
perturbation in Fig. 5.5 and 5.6 does not.

In the UP-LP group, similar to the LP-LP group, we can draw energy diagrams of VB emission
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based on the momentum and energy conservation (See Fig. 5.9 (V)). In this case, the VB
emission energy corresponds to e’LU(kFWM) = eL(Eg) + eU(Ez) - eU(Igl) =€r0— %kf Let us
notice that, in Fig. 5.9 (V), the higher energy-momentum dispersion is the sum of two different
energy-momentum dispersions e (k) and ey (k). While the VB of the UP-LP group is visible in
the simulation, Fig. 5.7, we cannot find the VB in the UP-LP group of the experiment (See Fig.
5.4). The reason for this is not clear yet and further investigation is an issue for the future. We
skip the discussion of the LP-UP and the UP-UP groups, which is completely same as that of
the UP-LP and LP-LP peak groups. Again, experimentally, we cannot find the VB in the the
LP-UP and UP-UP peak groups.

Middle branch (MB)

Finally, we focus on the MB. In the UP-LP group of the experimental 2DFT spectra in Fig.
5.4, a strong peak is found next to NB both in one and two-quantum regime. Since the FWM
emission energy of this peak, which corresponds to € L(Eg) = €71,0, is located in the middle
of NB and VB, we name this peak MB. In Fig. 5.4, a weak MB is identified in the LP-LP
group. Additionally, the experimental spectra, the peak in UP-UP is also classified as a MB,
because the emission energy of the UP-UP peak is eU(Eg) =€ey,0. On the other hand, the
numerical simulations in Fig. 5.7 do not display MB at all. This makes the interpretation of
MB difficult. Finally, schematically, we associated the origin of MB to the processes depicted
in Fig. 5.9(I11) and (VI). Again, these processes are drawn in such a way as to satisfy the energy
and momentum conservation, but, one of the degenerate fields of the second pulse is not
resonant to the energy-momentum dispersion. However, the microscopic explanation of MB
is still missing. For a complete understanding of the detailed mechanism of the MB, further
investigation and an improved model are required. For instance, taking into account effects
such as, excitation induced dephasing (EID) and relaxation from the upper-polariton into
exciton reservoirs. The importance of EID in polariton dynamics will be discussed in Chapter
7.

5.4.3 2DFT spectrum at a negative (6=-2 meV) and positive (6=2.7 meV) cavity
detuning

In order to obtain more insight into the effect of the polariton energy-momentum dispersion
on the 2DFT spectra, we perform 2DFT spectroscopy at a negative 6=-2.0 meV and positive
6=2.7 meV cavity detuning. In Fig. 5.11 we display the amplitude of the 2DFT spectra at
the two different detunings. Fig. 5.11 (a) and (b) present the same feature as the spectrum
obtained at cavity detuning 6=-0.38 meV (Fig. 5.4), however the emission energy separation
between the NB and the VB varies with the cavity detuning, which is due to the change of the
curvature of the polaritons energy-momentum dispersion.
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(a) Cavity detuning -2 meV (b) Cavity detuning 2.7 meV
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Figure 5.11: Experimental 1D FWM spectrum |S(e, T)|, one-quantum [S1q(€s,€7)1, and two-
quantum 2DFT spectrum |S2q (€4, €7)| (a) for negative (6 = —2 meV) and (b) for positive (6 = 2.7
meV) cavity detuning.

At negative cavity detuning 6=-2.0 meV, where the cavity photon energy is far below the
exciton one, the lower-polariton becomes photon-like and acquires a lighter mass, while the
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upper-polariton becomes exciton like and becomes heavier. This results in a larger (smaller)
curvature of the energy-momentum dispersion for the lower (upper) polariton than the upper
(lower) one. Therefore, at the cavity detuning 6=-2.0 meV, the emission energies of NB and
VB in the LP-LP group are more separated than at the cavity detuning 6 = —0.38 meV. Let us
compare the energy separation of the NB and VB in the LP-LP group between Fig. 5.11 (a) and
5.4.

On the contrary, at positive detuning 6 = 2.7 meV (Fig 5.11 (b)), the energy-momentum
dispersion for the lower-polariton acquires a heavier mass than the upper one. Since the
heavier mass results in a smaller curvature of the lower-polariton dispersion, the fine structures
in the LP-LP group are almost degenerate and impossible to resolve. In Fig 5.11 (b), we also
find three fine structure peaks in UP-UP (2UP-UP) group. This can be associated to the lighter
mass and a large curvature of the upper-polariton dispersion. However, the MB peak cannot
be described within our simple model. This might be linked to the dynamic red-shift of the
upper-polariton’s mean field energy [15, 16]. Again, the confirmation of their origin is the
subject of further investigations .

We present the numerical simulations for negative (6 = —2 meV) and positive (0 = 2.7 meV)
cavity detuning in Fig. 5.12. As expected, for negative detuning (Fig. 5.12 (a)), the energy
separation of fine structures (NB and VB) in the LP-LP group increases due to the large
curvature of the lower-polariton energy-momentum dispersion. Conversely, for positive
detuning (Fig. 5.12 (b)), we cannot resolve the fine structure in the LP-LP group because the
energy-momentum dispersion of the lower-polariton has a small curvature. The fine structure
of UP-UP group displays the inverse detuning dependence compared to the LP-LP group.
Namely, for the UP-UP group, a small energy separation for § = —2 meV and a large separation
for & = 2.7 meV. Now, it is worth mentioning that the energy separations between NB and VB
in UP-LP (LPUP-LP) and LP-UP (LPUP-UP) groups are the average of those of LP-LP (2LP-LP)
and UP-UP (2LP-LP) groups. This can be understood by recalling the energy diagrams for NB
and VB in the LP-UP (LPUP-UP) group in Fig. 5.9 and 5.10.
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Figure 5.12: Simulated 1D FWM spectrum |S(e,, 7)| and one-quantum |S1q(€;,€7)| and two-
quantum 2DFT spectrum |S2q (€4, €7)| (a) for negative (6 = —2 meV) and (b) for positive (6 = 2.7
meV) cavity detuning.
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5.4.4 Comparison with experiments

When we compare the experiment (Fig. 5.4) with the numerical simulation (Fig. 5.7), we can
easily notice that a striking asymmetry exist between UP-LP (LPUP-LP) and LP-UP (LPUP-UP)
groups in the experiment. On the other hand, the numerical simulation does not display
such an asymmetry. In particular, while in the simulation the fine structure inside the LP-UP
(2LP-UP) group is present in the same way as inside UP-LP (LPUP-LP) group, experimentally
the LP-UP (LPUP-UP) group is too weak to resolve the fine structure. This type of asymmetry
along the off-diagonal axis has already been reported in a semiconductor microcavity system
[66] and in bare quantum wells [70, 65].

Although a microscopic model completely describing these observations is still missing, we
can attempt to phenomenologically fit the asymmetric amplitude of the experimental 2DFT
spectra at the cavity detuning § = —0.38 meV (Fig. 5.4) with the following polariton Gross-
Pitaevskii equations:

hz
(€r,0— EVZ +grlwrl®+ g;]L|1I/U|2 —iyDWL+Q fext (5.8)

2

2my

i

(€uo— V2 + gulvul* + gy lvil — iy wy + QF fext- (5.9)

inyy

The above equations are the same as Eq. 5.6, but the interaction constants: g}, g;;, &7, and
g{m are no more linked to the exciton-exciton interaction Hamiltonian Hj,,;. Instead, we deal
with these interaction constants as fitting parameters. Therefore, in Eq. 5.9, giU needs not
to be equal to g, . Actually, this shows the advantage of the polariton basis Gross-Pitaevskii
equations compared to the conventional exciton-photon Gross-Pitaevskii equations (Eq. 3.10
and 3.11), in which the non-linearity is mediated by the single exciton-exciton interaction
constant gy and the amplitude of LP-UP group is always equal to that of UP-LP groups. In Fig.
5.13, we show simulated 2DFT spectra with interaction constants as g; : g;,: &1y : 8y, = 1:
0.6:0.3:1.6 (meV/ny), which correspond to the ratio of the integrated amplitudes of peaks
groups LP-LP, UP-UP, LP-UP and UP-LP in Fig. 5.4(b). The other parameters are the same as
those in Fig. 5.7. Tt is clear that the phenomenological model displays a better reproduction of
the asymmetric peak intensities along the diagonal axis.
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Figure 5.13: Simulation based on interaction constants as free parameters. The cavity detuning
is & = —0.38 meV. The interaction constants setas g; : g, : &,y : &y, = 1:0.6:0.3:1.6 (meV/n).
Simulated amplitude of FWM spectrum as a function of emission energy and k,-k; pulse
delay 7: |S(es, 7)| (a). Amplitude of 2DFT spectrum for one-quantum [S;¢(€y,€;)| (b) and two-
quantum region |S»q(€,€4)| (c). Diagonal dashed lines represent €; = €, for (b) and ¢; = 2¢;
for (c).

5.5 Conclusion

In conclusion, 2D Fourier transformation (2DFT) spectroscopy has been performed to in-
vestigate polariton-polariton interactions in a semiconductor microcavity. The measured
2DFT spectra display two important aspects. Firstly, the four peak groups of 2DFT spectra
both in one and two-quantum regime can be associated with lower-lower (upper-upper)
polariton self-interaction and lower-upper polaritons cross-interaction. In particular, the
lower-upper cross interaction is the consequence of the non-linearity between two normal
modes (lower and upper-polariton) mediated from a local mode non-linearity (exciton interac-
tion). Additionally, the energy-momentum dispersion associated with the light effective mass
of polaritons gives rise to complex fine structure inside the peak groups. Both features are anal-
ysed and captured through third-order perturbation theory and non-perturbative simulation
with polariton Gross-Pitaevskii equations. However, the deviations between the experiments
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5.5. Conclusion

and simulations leave issues for future investigation. The observed strong asymmetry of the
2DFT spectra along the diagonal axis and the middle branch of the fine structure indicate
complex many-body effects such as exciton-exciton correlation [33, 72, 66], photon-assisted
exchange scattering (PAE) [73] and population relaxation of the upper-polariton to reservoir
due to excitation induced dephasing (EID).
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Spinor polariton interaction

In this chapter, we investigate spin-dependent interaction of polaritons called “spinor po-
lariton interaction". As we have explained in Chapter 2, a quantum well exciton has two
spin projections, spin-up and spin-down. Therefore, we can consider two configurations for
polariton-polariton (exciton-exciton) collision: collision with parallel and anti-parallel spins.
Moreover, due to the one to one correspondence between an exciton and a photon, we can
investigate the spin-dependent interaction of polaritons via the polarization of light.

Actually, the spinor polariton interaction plays important roles in fundamental physical
processes of polaritons. For example, spin anisotropic nonlinearities result in unique spin
dynamics of polaritons [17, 18], the transport of spin polarized polaritons [19], the optical spin
Hall effect [20, 21, 22], multistability [27, 28, 29] and polariton switching [8, 9]. Additionally,
the polariton spinor interaction is important also in the context of non-resonant polariton
condensates, for instance, the generation of polarization vortices [23, 24], half quantum
vortices [25], spontaneous polarization buildup in polariton Bose-Einstein condensation [26].

Despite the importance of the polariton spinor interactions, they only have been investigated
through indirect ways. Several previous measurements indicates that polariton-polariton
interaction with parallel spins is repulsive, while the interaction with anti-parallel spins is
attractive due to the effect of exciton molecule called “biexciton" [34, 74, 75]. On the other
hand, other experiments suggest that polariton-polariton interaction with anti-parallel spins
can be repulsive [28, 29, 8, 76]. Therefore, it is very important to study the polariton spinor
interaction in a simple and direct way, namely with polarization dependent pump-probe
Spectroscopy.

Firstly, we describe the experimental configuration of the polarization dependent pump-
probe spectroscopy. Secondly, we present the experimental results and analysis based on
spin-dependent Gross-Pitaevskii equation including a biexciton effect. Finally, we focus on
the polariton-polariton interaction with anti-parallel spins, where the biexciton plays a very
important role in the polariton interaction through resonance scattering named “polaritonic
Feshbach resonance". The results of this section are based on our articles [55, 56].
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Chapter 6. Spinor polariton interaction

6.1 Experimental setup for pump-probe experiment

We display the experimental configuration of the pump-probe spectroscopy in Fig. 6.1. This
configuration has a similarity to that of the four-wave mixing (FWM) spectroscopy in Chapter 5,
however, in the pump-probe spectroscopy the signal we measure is in the k; direction instead
of the FWM direction. Moreover, in the excitation, the two pulses are almost degenerate and
we consider k; = k, = 0 um~!. This degenerate configuration is employed in order to avoid
the effect of the polariton energy-momentum dispersion. The delay between the two pulses is
zero. In the pump-probe spectroscopy, we label k, and k; beams respectively as “pump" and
“probe".

Since our objective is to investigate the spin dependence of the polariton interaction, the
pump pulse is either ¢ or o~ circularly polarized, while the polarization of the probe pulse is
fixed as o*. When the polarization is the same (opposite) between the pump and the probe,
we call it co- (counter-) circular polarization.

heterodyne detection without pump

Polarization: o*oro

pump (k,) pulse cryostat  pinhole @

T probe

E ! ener
k,=0 ; with pump . %

k,~0 probe (k,) Esample:

| O H O
i pulse eemna- K pump A pump

Polarization: o* energy
zero pump-probe delay

Figure 6.1: Scheme of excitation and detection configuration for the polarization dependent
pump-probe spectroscopy. The semiconductor microcavity sample is excited by two pulses:
pump (k) and probe (k;) pulse. Since the angle between the two beams is small, the wave
vectors of the two beams are considered degenerate. The delay between pump and probe
pulses is zero. By changing the polarization of the pump pulse, we excite the sample with a co-
and counter-circular polarization configuration. Using a pinhole, we spatially select the probe
beam and transfer it to the heterodyne detection path (See Fig. 4.3 in Chapter 4). Depending
on the polarization of the pump, blue or redshift of the probe spectrum is observed.

As shown in Fig. 6.1, the transmitted probe beam is spatially selected and transferred to the
heterodyne detection path explained in Chapter 4. Using the heterodyne detection, we obtain
the amplitude of the transmitted probe spectrum |EP” (¢, 7 = 0)| at zero pump-probe delay.
Finally, with the aid of a numerical low-pass filter, we remove the noise in the probe spectrum
coming from the spectrum envelope of the laser source.
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6.2 Pump-probe spectrum and polariton interaction

In this section, we describe the principle of the polariton interaction measurement based
on the pump-probe spectroscopy. The main idea is to measure the energy renormalization
induced by the polariton interactions through the energy shift of the probe spectrum (See Fig.
6.1). The circularly polarized strong pump pulse generates spin polarized polaritons, then they
are spectrally probed with the circularly polarized probe pulse. When the pump and probe
pulse are co-circularly polarized the energy shift of the probe pulse reflects the interaction
of polaritons with parallel spins, while the energy shift of the probe for the counter-circular
polarization pump-probe configuration is associated with the polariton interactions with
anti-parallel spins. Since the probe pulse is weak (ten times smaller than the pump) ~ 1012

2

photons pulse™!cm™2, we neglect the energy shift induced by the probe population itself.
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Figure 6.2: Co- (blue) and counter- (red) circularly polarized pump-probe spectra at the cavity
detuning of § = —1.5 meV. Spectra are for three different pump intensities: 3.0 x 10!3 (a,b),
5.9 x 10'3 (c,d) and 1.2 x 10'* (e,f) photons pulse™! cm~2. Transmitted probe spectra without
pump and with pump pulse are respectively presented with dashed and solid lines. LP and UP
respectively represent the lower and upper polariton resonances.

We display the pump-probe spectra for co- and counter-circular polarization configuration
for three different pump intensities in Fig. 6.2. The cavity detuning is 6 = —1.5 meV. Let us
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Chapter 6. Spinor polariton interaction

compare the pump-probe spectrum with and without the pump. As we can see from Fig. 6.2,
both lower (LP) and upper (UP) polariton present blue-shifts for the co-circular polarization
configuration (o* — ¢*), which is the signature of repulsive interaction between polaritons
with parallel spins. Additionally, as the pump intensity increases the blue-shift increases
because the energy renormalization is proportional to the population of the pump polaritons.
At negative cavity detuning the lower polariton is photon-like, while the upper-polariton is
exciton-like. Since the polariton interaction originates from the excitonic part of the polariton,
the blue-shift is larger for the upper-polariton than for the lower one. In counter-circular
polarization (6™ — ¢7), both lower and upper polariton present red-shifts and the energy
shift increases following the increase of the pump intensity, which indicates the attractive
interaction of polaritons with anti-parallel spins. However, in the following sections we will
find that the behaviour of the energy shift in counter-circular polarization configuration is
more complex than that in co-circular one, because of the presence of a biexciton resonance
when using polaritons with anti-parallel spins [77, 78]. The pump-probe spectra are obtained
at different cavity detunings in order to investigate the role of the excitonic content and the
biexciton effect on the polariton-polariton interactions.
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6.3 Experimental results: energy shifts vs cavity detuning

The energy shift is defined as a difference in peak energy position between the probe trans-
mitted spectrum with and without the presence of the pump pulse. In order to quantitatively
extract the peak energy of the polariton resonance, we fit the pump-probe spectra using a
Lorentzian function. We mutually analyse the energy shift of the lower and upper-polariton
and plot them as a function of the cavity detuning in Fig. 6.3 and 6.4.

6.3.1 Polariton interaction with parallel spins

Fig. 6.3 presents the energy shifts of the lower and upper polaritons for the co-circularly
polarization configuration. We can find in that both lower and upper polaritons show blue-
shifts. Additionally, the two branches form a mirror image as a function of the cavity detuning:
the blue-shift of the lower-polariton increases with the cavity detuning, while the upper-
polariton blue-shift behaves in the opposite way. This behaviour results from the excitonic
fraction of the lower and upper polaritons. Namely, from negative to positive cavity detuning,

the lower-polariton becomes more exciton-like, while the upper polariton becomes more
photon-like.
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a) lower-polariton b) upper-polariton
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Figure 6.3: Energy shifts of lower (a) and upper (b) polariton resonances in co-circularly polar-
ization configuration as a function of the cavity detuning. Four different symbols represent
different pump intensities.

In Fig. 6.3, we notice that the mirror symmetry axis is not at zero detuning but slightly at a
negative detuning (~ —0.7 meV). For the origin of this, we can consider two possibilities: the
photon-assisted exchange interaction (PAE) and a relaxation from the upper-polariton into an
exciton reservoir. The former one is related to the fact that PAE contributes to the attractive
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interaction between upper-polaritons as shown in Eq. (pae a3) in Chapter 3. Meanwhile, the
latter one is associated with the conversion of the upper-polariton into incoherent excitons
induced by a dephasing effect. In order to deal with both effect properly, the excitonic Bloch
equation approach is required, which will be discussed in Chapter 7. In this chapter, since
we analyse the experimental results in the framework of coherent limit approximation, we
neglect the reservoir effect. Therefore, in the next section, we analyse the energy shifts based
only on the exciton-photon Gross-Pitaevskii equations. We should note that this is a first
discussion because we are neglecting the cross interaction between the lower and upper
polaritons discussed in Chapter 5.

6.3.2 Polariton interaction with anti-parallel spins

Fig 6.4 shows the energy shifts of the lower and upper polaritons for the counter-circular
polarization configuration. Contrary to the co-circular polarization configuration, the lower
polariton energy red-shifts more with the increase of the pump intensity. This provides the
evidence for the attractive interaction of the lower-polaritons with anti-parallel spins. Interest-
ingly, we notice that the red-shift decreases with the positive detuning. We will find that this
behaviour can be explained as a resonant scattering of the lower-polariton through a biexciton
(Feshbach resonance) using the exciton-photon Gross-Pitaevskii equations including a biex-
citon coupling. On the other hand, the upper polariton presents a very complex behaviour:
at the low pump intensities (~ 3.0 x 10! photons pulse~!cm™2), the red-shift is small for all
cavity detunings, while at the high pump intensity a very large red-shifts are present in the
negative cavity detunings.
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Figure 6.4: Energy shifts of lower (a) and upper (b) polaritons for counter-circularly polar-
ization configuration as a function of the cavity detuning. Four different symbols represent
different pump intensities.
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Firstly, it is worth mentioning that the results at higher pump intensities (1.2 x 10'* and
1.9 x 10'* photons pulse™!cm™2), the system can reach the transition from strong-to-weak
coupling regime. As we will find in Chapter 7, in this regime, the coherent limit description
based on the Gross-Pitaevskii does not explain the real experimental results at all. Instead,
the excitonic Bloch equations (EBEs) approach including incoherent exciton (or reservoir
effect) is indispensable. Since the EBE approach including the biexciton effects has not been
established yet, we are going to fit only the results in low pump intensity within the coherent
limit approximation in this chapter.

6.4 Theoretical model

We introduce the exciton-photon basis Hamiltonian which includes the exciton-biexciton
coupling (see Chapter 3) [50, 79, 80, 81],

H = Hijin + Hine + Hym. (6.1)

The Hyipn, Hine, and qu are respectively given by

h2v? h?v?

g - S ; S ; _
Hyin = Z [dx V’x,g(ex )wx,U+WC,g'(€C )Wc,a"'eBWBWB

o=l 2my 2me

+ QWL Wro+ WL, Weo) |, (6.2)
: Loit ot e et to @t e
Hine = Z ax| EgWx,UWx,UWX,UWX,U + §g+—Wx,UWx,—UWX,—UWX,U

o={1l}

LS e T,
+§gbx(1/’B YioWx -0t V’x,oV’x,—oV’B)
—8pae (‘i/z,ali’jc,aﬁ’x,a‘i/x,a + @E,a‘i’;rc,a‘i’x,aﬁ’c,a) I, (6.3)
and
Hym= ) f Ax Qgm Wl Fy + Fi o). (6.4)
o={1}

Here, ¥, () represents an exciton with a spin-up (-down). Similarly, ¥ (), is the cavity
photon operator with o* (o) polarization. The important property of the above Hamiltonian
is that the coupling constant g, couples two excitons with opposite spins (spin-up and -
down) to a bosonic exciton molecular state called “biexciton” 9. g and gpae are respectively
the strength of the exciton-exciton interaction and photon-assisted exchange scattering. €,
€., and ep are the eigen-energies of the exciton, photon, and biexciton respectively. The
commutation relations of these operators are written in Chapter 3. Another coupling constant
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g+- represents a “background"” exciton-exciton interaction with anti-parallel spins.

Our biexciton formation model is called “bipolariton model" [80, 81], where the biexciton is
created from two excitons with opposite spins through the exciton-exciton interaction !. The
idea lying in the Hamiltonian Hj, and the background interaction is to phenomenologically
approximate an interaction potential of excitons with anti-parallel spins [82] as a combination
of the bound state 15 and residual delta-function like scattering potential represented by the
term g,_. This background scattering term g, _ does not appear in the simplest calculation
of exciton-exciton scattering matrix based on the Born approximation [41]. However, several
state of the art theories beyond the Born approximation imply that the inclusion of the higher-
order scattering matrices gives rise to the background interaction g _, which is referred to
as "continuum correlations" [51, 52, 53, 33]). In our study, the background interaction is
important because we cannot fit our data without the term g,_. Finally, let us note that
the Hamiltonian 15 is formally the same as that of the two-channel model of the Feshbach
resonance in cold atoms, which results in a resonance scattering of atoms via a molecular
bound state [83, 84].

In the same way as in Chapter 5, with the aid of the Heisenberg equations of motion and
coherent state approximation, we obtain three coupled equations of motion for the exciton,
photon, and biexciton wave functions as

ih¢x,1 = (ex+&lwx |2 + 8 Wy, |2 =Y )Wt
+8xWBY | + (Q = 28paclV a1 )V 6.5)
2
ihwc,T = (ec— > V2 - yoWen +(Q - gpaeh//x,T |2)",Ux,1 - fext,T (6.6)
C
ihyp = (€Ep—1YRYB+ &hxWxi Vx> (6.7)

where vy, v, and yp are respectively decay rates of exciton, photon, and biexciton.

The ratio between the constants gpae and g is estimated as gpae/ g = 12/ 6n3E) aé [85]. Consid-
ering a Bohr radius ag=12 nm, a dielectric constant €;, = 13.9¢q (€¢ is the vacuum permittivity)
[86], the ratio reads, gpae/go =~ 0.22. Since the exciton-exciton interaction term is dominant
compared to PAE, in the following fitting, the photon-assisted exchange scattering (PAE) is
omitted, gpae = 0. Even if we include the PAE, it is impossible to obtain a better fitting. This is
probably because of the limitation of the coherent limit approximation of the Gross-Pitaevskii
equations.

IThere exists another type of biexciton formation model called “giant oscillator strength model", where a
biexciton is formed from one exciton with spin-up (spin-down) and one photon with ¢~ (0") polarization. The
data analysis based on the giant oscillator strength model is discussed in [56] and in Appendix C.
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6.4.1 A. Parallel spin polariton interaction

For the co-circularly polarization configuration, only the exciton-exciton interaction term g
is involved. Therefore, we will omit the index of spin. Now, we assume that the exciton and
photon wave function can be written as combinations of finite modes: pump (k, = 0), probe
(ky), and idler modes (kpwm = 2k, — k) = —k;). Within this assumption, the wave functions
are written as

Vo 0=yl (0 +yh () e X4 yll (1) e (6.8)

x(c)

pu

x(c)| >>

Here, “idler” or “id" has the same meaning as the four-wave mixing signal. Recalling |y

Iwz(r gdl, the feedback of the signal and idler wave functions to the pump can be neglected

(same as the Bogoliubov approximation [45, 87]). Under this approximation, the dynamics of
the set of wave functions

ii(f) = (wir(t),wc’”’(t),w;”’*(x),wéd*(t)) 6.9)

can be summarized as a simple equation given by [87]

d .
ihaﬁ:M”ﬁ—F’". (6.10)

The vector FP" represents the probe pulse excitation approximated as an instantaneous pulse
incident at a time ¢ = 0.

fP"=(0,FP"5(t) exp(~iwp,1),0,0) (6.11)

The matrix M** reads,

ex+2glyl P—iy, 0 gyl 0
Q i 0
M* = s Com e I 6.12)
—-8Vx 0 —(ex+2g8lyy |19 — iy« -0
0 0 _Q _€C_in

Here we neglected the parabolic energy-momentum dispersion of the photon because k; ~ 0
is sufficiently small. Independently from the above probe dynamics, the dynamics of the
pump wave functions are calculated as

(ex+glyy P — iy )i + Qul™ (6.13)
(€c— iyl + Qul" — frH, (6.14)

iy

iyt
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Since the pump is much stronger than the probe and idler, the pump wave functions can be
calculated self-consistently. The pump excitation fP* is given by

fPY=FPU5(t) exp(—iwpyt) (6.15)

The numerical simulation is performed firstly for the pump wave function (Eq. 6.13). Secondly,
we calculate the probe and the idler wave function (Eq. 6.10) using the recorded time evolution
of the pump wave function dynamics. We set @y (pr) @S ®pu(pr) = €x/h. The lower and upper
polaritons are excited with spectrally broad pump and probe pulses. We obtain the pump-
probe spectra through Fourier transformation of the temporal photon probe wave function.
Finally, we calculate the energy shifts of the peak energies from pump-probe spectra with and
without pump. Figure 6.5 displays the plots of the measured and simulated energy shifts as a
function of the cavity detuning in co-circularly polarization configuration. The comparison is
performed for the two lower pump intensities, 3.0 x 10'% and 5.9 x 103 photons pulse™! cm™2.
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Figure 6.5: Experimental and simulated energy shift for co-circular polarization configuration.
Measured energy shifts of the lower (a) and upper (b) polaritons as a function of the cavity
detuning. Simulation of the energy shift as a function of the cavity detuning for the lower (c)
and upper (d) polariton. The blue and green line respectively represents the experimental
(simulated) pump photon density: 3.0 x 10'3 (|FP¥|? = 1) and 5.9 x 10'3 (|FP“|? = 2) photons
pulse™! cm™2. |FP¥|? is a normalized excitation pump photon density. The parameters for the
simulations are g=2 meV/ng and yx =y, = 0.265 meV.
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For the fitting, the parameters y, =y, = 0.265 meV and Q = 1.63 meV are used [56]. We obtain
the interaction constant g,, = 2 meV/ny by simulating the lower and upper polariton energy
shifts for the two pump powers (Figure 4(c) and (d)). Here, ng is a normalization particle
density for the excitation pump photon density [FP%|? = 1. The simulation reproduces the
basic features of the experiments: from negative to positive cavity detuning, the blue-shift of
the lower polariton increases, while the upper polariton’s blue-shift decreases. This highlights

the role of the exciton fraction in polariton interactions with parallel spins.

6.4.2 B.Anti-parallel spin polariton interaction

In the counter-circular polarization configuration, we need to consider the exciton-biexciton
coupling. Meanwhile, the idler beam (four-wave mixing signal) does not appear in this spin
configuration, because the spin momentum conservation is not satisfied [88]. Thus, the
dynamics of the probe is described as a set of coupled equations of probe exciton, probe
photon, and biexciton wave functions. Firstly, we approximate the form of the wave functions

as

Va1 06 1) = Wy (0 + 8 (1) e (6.16)
and

wpXx, 1) =wp(t)-e*x (6.17)

We define that the polarization of the pump and probe pulse are respectively ¢~ and o*.
Defining a vector i as

i) = (wfj;(t),wf{(t),wg(t)) (6.18)

The dynamics of the vector ii follows an equation of motion:

d .
ih—ia=M"u-F"". (6.19)
dt !

The vector ﬁTp " representing the incident probe pulse is defined as
fP=0,F"8(1)exp(=iwp,1),0,0) (6.20)

The matrix M*~ is given by

|2

extg-lyl | P—ivs  Q gyl
M = Q €c—iYe 0 . (6.21)

gbxwsz 0 ep—1yB
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On the other hand, the pump wave functions independently obey the following equations:

iyt (ex+gly? 1P —iyowl | +Qul] (6.22)

iy (ec— iyl +Qul . (6.23)

The pump excitation pulse fP* is defined as
[P =Fls(0exp(iwput) (6.24)

W pu(pr) 18 set as wpy(pr) = €x/ 1. These Equations 6.22-6.24 are same as Eq. 6.13-6.15 for the
co-circular polarization configuration.
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Figure 6.6: Experimental and simulated polariton energy shifts as a function of the cavity
detuning for the counter-circularly polarization configuration. Measured energy shifts of the
lower (a) and upper (b) polaritons. Simulation of the energy shift for the lower (c) and upper
(d) polariton. The blue and green line respectively represents the experimental (simulated)
pump photon density: 3.0 x 10'3 (|[FP¥|? = 1) and 5.9 x 10'3 (|FP*|? = 2) photons pulse™! cm™2.
The parameters for the simulations are g+ = 2/ny, g+- = —1.2/ny, gpx = 1.2/,/ng meV and
Yx=7Yc=1.06 meV.

Figure 6.6 presents measured and simulated energy shifts for the counter-circular polarization
configuration as a function of the cavity detuning. The plots are presented for the two lower
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6.5. Lower-polariton interaction constants

pump intensities, 3.0 x 10'3 and 5.9 x 10'3 photons pulse™! cm™2. In the numerical simulation,
we set €g = 2ex — 2.5 meV and yp = 2.2 meV. The interaction constants are g, = 1.2 meV/,/ng
and g;_ = —1.2 meV/ny. The simulation displays the enhancement of the lower polariton
redshift energy with the decrease of the cavity detuning (see Fig. 6.6 (c)). The enhancement
of the red-shift of the lower-polariton can be understood as a scattering resonance of the
lower-polariton (LP) to the biexciton (BX) state (LP-LP — BX). Actually, the biexciton plays a
crucial role in the interaction of polariton with anti-parallel spins. The effect of the biexciton
scattering resonance is not only the renormalization of the lower-polariton energy but also
contributes to a strong non-linear loss of the lower-polariton (not shown in Fig. 6.6). Since this
is an analogue of the Feshbach resonance in cold atoms [83, 84] , we call this effect “polaritonic
Feshbach resonance" [55]. We will investigate the polaritonic Feshbach resonance more
deeply in the following sections. For the upper polariton mode, the very small energy redshift
observed in the experiment is reproduced by the simulation (Fig. 6.6 (d)). This behavior
might be related to the presence of biexcitons. However, further investigations are required
for its deep understanding. One of the important consequence of the measurement in the
counter-circularly polarization configuration is that the polariton interaction with anti-parallel
spins cannot be considered to be very small. In particular, when the two lower-polaritons’
energy comes close to that of the biexciton, the anti-parallel spin lower-polariton interaction
is enhanced and becomes comparable to that of parallel spins.

In order to understand the role of the biexciton in the lower-polariton, it is useful to move
to the lower-polariton basis. In the next section we discuss the polariton interactions in the
lower-polariton basis.

6.5 Lower-polariton interaction constants

Firstly we rewrite the exciton-photon Hamiltonian with a biexciton Eq. 6.1 in terms of a
polariton basis. As shown in Chapter 3, the lower polariton basis Hamiltonian coupled to
the biexciton state is given by Hip = Hjynrp + HineLp + Hqm,ip- The linear, interaction and
quasi-mode couling terms of the Hamiltonian are respectively given by

. n*v?
Hiinip= ) [dx V/LU(EL,O_ 2 Wi, (6.25)
o=(11} mL
T, — d l 4 3 S TS TN -
Hingip = Z X[(ZgX()+2gpan0|C0|)WLngL,Ull/L,UV’x,U
o={1l}
Lo gt ot o
2g+— ooV, -cVL-0¥Lo
1 A . . N .
+5 8o Xg Wy W]+ WLoWL oWy, (6.26)
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and

Hymip= Y. f dx[onti/zF+QL'0F*1i/L : (6.27)
o={1l}

Assuming coherent states for the lower-polariton and biexciton states, from the Heisenberg
equations of motion, the equations of motion read,

o H2 ‘
i, = eL,o—%V2+(gX§+4gpang|Co|)|wL,T|2+gL,+_X3|wL'1|2—zn Y
+8ox XgWBY ] | — fext! (6.28)
i = (€g—iYB)YB+8px XgWL VL, (6.29)

The eigenenergy of the lower-polariton at k = 0 as a function of the cavity detuning 6 is given
by

€ro = (2€x +6-62+ (29)2) (6.30)

N =

6.5.1 Lower-polariton interaction constants a; and a,

Now, we introduce the widely used lower-polariton interaction constants @; and a,. The
constants @) and a» respectively represent the strengths of the lower-polariton interaction
with parallel and anti-parallel spins. We define them in terms of mean-field energy shifts. In
the case of the parallel spin configuration, the mean-field energy shift AE. ,, straightforwardly
writtenas AE, . = a; |1//L,0|2, is

AE., = (8Xg +48pacXg|Col) W0l (6.31)

where |11, |2 is the lower polariton density. Thus, the lower polariton interaction constant
with parallel spins a; is defined as

a1 = gXg +48pae X3 Col. (6.32)

Note that the energy shift AE, ;. defined above is different from the energy shift of the probe in
pump-probe measurement, which is described in a similar way to Eq. 6.10 and 6.12.

On the other hand, obtaining the constant a» of the lower-polariton interaction with anti-
parallel spins is more complicated than for a;. Here, we try to obtain a» from the energy shift
of the lower-polariton in continuous-wave (CW) pump-probe spectroscopy in the counter-
circularly polarization configuration. Similarly to the previous section, we assume the wave
functions as yr,1(x, 1) = ¢} (1) - ™™, yp (1) = y}[(1), and yp(x 1) = Yp(1)- M and
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6.5. Lower-polariton interaction constants

define the probe and biexciton wave functions :

a0 = (v (0,w5(0). (6.33)

Using a matrix M; ~ defined as

- ero+8e-Xoly\P=ive  gnXgty)| 64
T = 6.34
L . »

g Xoyy| €= iYB

the equation of motion for the vector i is given by

. d — — > ->pr
lh%u—ML u—FT . (6.35)

Differently from the pulse excitation in the previous section, here we consider the continuous-
wave (CW) pump excitation resonant to the lower-polariton branch. Therefore, the pump
excitations is expressed as

Wi =yl e~ e th, (6.36)
We assume that the system is probed with a CW probe beam with energy €, which reads,

EPT=(1,0)- e tn, (6.37)
The steady state solutions is obtained analytically assuming the biexciton wave function as

wp(t) = yple)e  Ererot/l (6.38)

Substituting Eq. 6.36 and 6.37 in the equation of motion Eq. 6.34, thus replacing wf Lf and
w'Lﬂf* with Iz//’z III in the matrix M*~, the steady-state solution of the probe lower-polariton is

-1
! (6.39)
ol .

obtained as

— € 0
M;~ - 0
€r0t€

Finally, the analytic solution of wfprT (€) reads?,

yPie=(1 o]

u
gixX(;lW/Zl |2

€B_€L,0_€_iYB

erT (€)= |ero—€ + g+_Xg|1//ZLf|2 —iyr— (6.40)

This spectrum shows two-mode solution in the high density polariton regime. Assuming a
weak exciton-biexciton coupling and a low pump excitation density: gbxlw’z Lfl <Y, the two-
mode solutions of wf rT (e) might be approximated by a single solution. Indeed, substituting

2A similar formula has been obtained with Green functions approach in [81]
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€ = €10 and taking the real-part of Eq. (6.40), the pump induced energy shift AE,_ can be
approximated as

up2
L

p g Xolw) | 1P(ep —2€L0)
-

AE,_ =g, _Xiw"
=8l (€B—2€1,0?+7%

(6.41)
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Figure 6.7: The energy shift AE, ;. (blue) and AE, _ (red) respectively obtained in Egs. (6.31)
and (6.41) as a function of the cavity detuning for the pump polariton density |y, .l 12=0.2 (a).
The ratio a»/a; as a function of the cavity detuning (b). The imaginary part of the interaction
constant with anti-parallel spins is shown as 05’2|Wlp|2 (c). The lower polariton energy €70 as a
function of the cavity detuning and the biexciton energy (d).

Since the lower-polariton interaction constant with anti-parallel spins a is defined as AE,_ =
az |y, 12, removing the pump polariton density wa Lf 2, the lower polariton interaction with
anti-parallel spins is defined as,

o g Xolep—2€r)
az - g+_ 0 — 2 2 -
(ep—2€L0)”+7g

(6.42)

There are two terms that contribute to the energy shift in Eq. 6.42. The first term is a contri-
bution from the background interaction g._, which is a non resonant scattering term. The
constant g, _ is negative as we shall see in the next section. The second term represents the
scattering resonance via the biexciton state. This term can be both negative and positive
depending on the energy of the lower-polariton with respect to that of biexciton.

Now it is interesting to obtain the imaginary part of Eq. 6.40 and to define the imaginary
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interaction constant (x’2 as

2 4,2
X,
al = S "YZB > (6.43)
(ep—2€L,0)”+73

While the real part a; contributes to the energy shift, the imaginary part a, is associated with
the decay of the lower polariton due to the biexciton creation. Since the o/, has a Lorentzian
profile, the biexciton decay rate represents the width of the resonant scattering. The interaction
constants Eq. 6.42 and 6.43 has a strong similarity to the expressions for optical Feshbach
resonance in cold atoms [89].

Substituting the parameters extracted experimentally in the previous section, Fig. 6.7 (a)
presents the energy shift of the lower-polariton for co- (Eq. 6.31) and counter-circularly
polarization (Eq. 6.41) configuration and for the pump polariton density Iz//l,,l2 =0.2. The
ratio a»/a; is displayed in Fig. 6.7 (b). The imaginary part of the interaction constant with
anti-parallel spins is shown in Fig. 6.7 (c) as a’zlwlplz. For the co-circularly polarization config-
uration, the energy shift AE, | increases monotonously following Xg. For the counter-circular
polarization configuration, the energy shift AE,_ displays a change of sign and amplitude
when the energy of two lower-polaritons crosses the biexciton energy, while the damping
represented by a’z shows a maximum at the crossing point[55] (See Fig. 6.7 (c) and (d)). Both
are the signature of the scattering resonance. The plot of the ratio a»/a; shows that a,/a;
progressively increases until the resonance and |a,| becomes comparable to a; as reported by
[75]. After the resonance, the ratio decreases suddenly and reaches a slightly positive value. All
these features are detailed in the next section when we demonstrate the polaritonic Feshbach
resonance.
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6.6 Polariton Feshbach resonance

6.6.1 Concept of Feshbach resonance

In this section, focusing on the counter-circular polarization configuration, we experimentally
investigate the resonance in the polariton scattering via the biexciton (polaritonic Feshbach
resonance) in detail. A Feshbach resonance is a scattering resoance which occurs when the
energy of two free particles reaches that of a molecular bound state [83]. In the vicinity of the
resonance, the interaction strength of the two interacting particles dramatically changes. In
cold atoms the Feshbach resonance is an essential tool to control the atom-atom interactions.
It is even possible to switch the sign of atomic interactions from repulsive to attractive. For
example, the instability and explosion of Bose-Einstein condensates have been realized with
an attractively interacting Bose gas [90]. Moreover, in degenerate fermionic cold atomic gases,
the BEC-BCS crossover has been observed by tuning the atomic interaction from repulsive
to attractive [91]. Here we demonstrate the existence of the Feshbach resonance in polariton
spinor interactions. It is characterized by the enhanced decay and the change of polariton
interaction: the enhancement of attractive interactions and the change to repulsive interaction
[55]3. As shown schematically in Fig. 6.8, the resonance is induced by tuning the energy of two
polaritons with opposite spins across the biexciton bound state energy. For the analysis, we
employ a mean field two-channel model. The polaritonic Feshbach resonance can be used as
anew tool to tune the spin anisotropic polariton interactions.

A repulsive interaction

-0 0.
biexciton attractive interaction 0»«—0

energy "~ """ TTTTTTTTT T T TTmssssssss L oLP

Probe O+ -

B _+ - 1LP

Pump O~

energy

Figure 6.8: Schematics of the pump-probe experiment inducing the polaritonic Feshbach
resonance. A large portion of polaritons with spin-down (blue) is created by the pump pulse,
then the probe introduces small portion of spin-up polaritons (violet) which interact with
the spin-down polaritons. The relative energy position with respect to the biexciton state
determines the sign of interactions: attractive (below the biexciton energy) or repulsive (above
the biexciton energy).

3Recently, the signature of the polaritonic Feshbach resonance is reported with two-dimensional Fourier
transform spectroscopy [92]
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6.6. Polariton Feshbach resonance

Firstly, let us recall the Hamiltonian representing the coupling between the lower-polariton
and biexciton used in the previous section (Eq. 6.26):

fdx
o={1l}

This term is schematically represented in Fig 6.9 (a). Differently from the exciton-biexciton
coupling, the energy difference between the lower-polariton and biexciton can be tuned by
the cavity detuning (See Fig. 6.7 (d) and 6.8). When the energy of two lower-polaritons reaches
the biexciton energy, the probability to form the biexciton increases.

gbe() (V’BV’L(;V’L U"'V’LUV’L UV/B) (6.44)

(@) Coupling between lower-polariton and biexciton: g,
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Figure 6.9: Schematic representation of the coupling between lower-polariton and biexciton
(Eq. 6.44) (a) and the polaritonic Feshbach resonance. The term g, xXg in Eq. 6.44 couples two
lower-polariton with anti-parallel spins to biexciton. When the energy of the lower-polariton
is tuned to that of the biexciton, the resonance occurs. The effective scattering of the lower-
polaritons is represented as a sum of all orders of processes, which include a biexciton creation,
dissociations, and recombination [93].

In this vicinity, as shown in the schematic in Fig. 6.9 (b), two lower-polaritons combine into a
biexciton, then the biexciton may dissociate into two lower-polaritons [93]. The scheme in Fig.
6.9 (b) includes higher order processes which include the recombinations and dissociations,
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which is the signature of a resonance. Finally, the processes depicted in Fig. 6.9 (b) contribute
to the effective interaction of the lower polaritons. This effective interaction is represented
by a, in Eq. 6.42. Additionally, since the biexciton has a finite lifetime and behaves as an
additional decay channel, in the vicinity of the resonance the decay rate of the lower-polariton
increases. This is described as a/, in Eq. 6.43.

6.6.2 Measurements and model

We investigate both effects of the polaritonic Feshbach resonance with the same pump-probe
spectroscopy method as in the previous sections. However, here we measure at zero pump-
probe delay, both energy shift and change of the amplitude of the lower-polariton resonance
as a function of the cavity detuning. In the following experiments, the spot of the pump beam
is much larger than that of the probe, which allows for a homogeneous excitation of the probe
region. The examples of pump-probe spectra are presented in Fig. 6.10. The spectra are
obtained for low and high pump intensities in the vicinity of the biexciton resonance at the
cavity detuning of §=0.25 meV (See Fig. 6.7 (d)). We observe a red-shift of the lower-polariton
resonance peak and a strong decrease of its amplitude in the transmitted probe spectra in the
presence of the pump beam. The energy shift and the absorption of the probe spectrum are
the signatures predicted respectively through the real and imaginary parts of the polariton
interaction with opposite spins (Eq. 6.42 and 6.43). Additionally, a new small peak can be
observed in the spectrum for the highest pump intensity (See Fig. 6.10 (b)). We associate this
feature with the effect of strong polariton-biexciton coupling induced by the strong pump

pulse.
(@) 5.1x 10" polaritons pulse cm (b) 1.6 x 10" polaritons pulse™ cm™
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Figure 6.10: Probe spectrum with (red solid line) and without (black dashed line) the presence
of pump beam for low pump (a) and high pump intensities (b). The low and high pump
intensities are respectively 5.1 x 10'* and 1.6 x 10!! polariton pulse™! cm™2. The arrow in
(b) indicates the appearance of a new resonance due to the strong coupling between lower-
polariton and biexciton. The cavity detuning is 6=0.25 meV.

In Fig. 6.11, we show the energy shift and absorption changes of the main peaks of the probe
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6.6. Polariton Feshbach resonance

spectra as a function of the cavity detuning. The pump polariton intensities are 5.1 x 10'° (a,b)
and 1.6 x 101! polariton pulse™! cm™ (c,d). The green region is an expected range where the
energies of two-lower polaritons and biexciton overlap. We set the energy of biexciton 1.5 meV
below the exciton energy [35]. Firstly in the low polariton density (Fig. 6.11 (a)), the energy
shift clearly displays a dispersive shape, which is characteristic of the resonant scattering.
Additionally, the result directly shows that the energy shift switches from redshift to blueshift
at the resonance, which results from the modification of the interaction. Namely the sign of
the polariton interaction switches from attractive to repulsive.
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Figure 6.11: Energy shifts (a,c) and (b,d) absorption of the pump spectrum as a function of
cavity detuning. The intensities of pump polaritons are 5.1 x 10'° (a,b) and 1.6 x 10!! polariton
pulse_l cm™2 (¢,d). The blue circles are experimental results, solid lines and dashed lines are
numerical simulations respectively with and without the biexciton effect. The green shaded
areas represent the biexciton resonance vicinity (LP+LP— BX). For the numerical calculation,
we use the following parameters. The biexciton energy is defined as ez = €5 — Epin /2 and
Epin = 1.5 meV. The biexciton linewidth is yp = 1.1 meV. The coupling between exciton and
biexciton is set to g, = 0.36 meV/,/ng. The background interaction is g, = —0.18 meV//ny,
where ng is the normalized density of spin-up polaritons. The other parameters are the photon
linewidth y, = 0.3 meV, exciton linewidth y, = 0.6 meV. For the pump density, n;, = ng is used.
no is a normalization density.
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Secondly, we present the absorption in Fig.6.11 (b). Here the absorption is defined as

A
ln( ref) , (6.45)
APP

where Ap, and Ay represent the amplitude of the lower-polariton resonance respectively
with and without the pump pulse. With this definition, we can extract the absorption induced
by the presence of the pump. Figure 6.11 (b) shows that the absorption increases and reaches
a maximum at resonance. This is because at resonance, the biexciton formation from two
polaritons with anti-parallel spins is enhanced. Since the biexciton has a short lifetime,
the biexciton state works as an additonal decay channel and the increase of the biexciton
formation is accompanied by the enhancement of the absorption. In the higher polariton
density regime, as expected the redshift and the absorption are enhanced. This is displayed in
Fig. 6.11 (c) and (d).

In order to analyse the observations, we calculate energy shift and absorption based on a
mean-field two-channel model. For the simulation, we use the same Hamiltonian as the one
used in the previous section, but here we employ the simplest non-dynamical approach. The
effective Hamiltonian for the spin-up probe operators and the biexciton amplitude is given by:

€x+ 81Ny | —iYx Q 8hxy/Tx,| (728
Her=1 Grxy Yoy Wp ' Q €c—iYec 0 Vey |, (6.46)
8hx/Mx,| 0 €g—1YB Vg

where n, ; represents the density of the pump exciton assumed to be

np o
Nyt = ? 1+\/ﬁ . (6.47)

probe

o (€)iscalculated as

Finally, the probe spectrum v

robe

1
p — _—
Yer €e=(0 1 0) [ MF—€'1]] 1]. (6.48)

The matrix Hyir represents the 3 x 3 matrix in Eq. 6.46. The simulated energy shift and
absorption changes are displayed in Fig. 6.11 as solid lines. On the other hand, the dashed
lines are simulations with g5, = 0, namely calculations considering only the background anti-
parallel spins interaction. From the fit, this background interaction is found to be attractive
g+- =—0.18 meV/,/ny. Note that either with g,_ =0 or g,_ >0, we cannot fit the results [55].
The attractive background interaction with anti-parallel spins is used also in the dynamical
simulation in the previous section. As we expect, we cannot reproduce the dispersive shape of
the energy shift just with the background interaction. In order to fit the resonance, the exciton-
biexciton coupling constant g5, = 0.36 meV/,/np has to be introduced. Here, we comment
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that the small absorption exists only with the background interaction and it depends on the
cavity detuning (See the dashed line in Fig. 6.11 (b) and (d)). This is due to the reduction of the
photonic component of the polariton accompanied by the red-shift (in the other words, an
effective increase of the cavity detuning), which is reported in [94]. However, the background
interaction alone cannot reproduce the observed dispersive shape and the strong absorption.

In order to highlight the resonance due to the exciton-biexciton coupling, we plot energy
shift and absorption ratios in Fig. 6.12. These ratios are calculated from the numerical plots
in Fig. 6.11 (a) and (b). The interaction and absorption ratios are obtained dividing the
total contribution (solid curve) by the background contribution (dashed curves). The two
ratios show a familiar behavior of a scattering resonance. The interaction ratio (orange curve)
has a dispersive shape and a large variation both in sign and in amplitude with respect to
the resonance point. The profile of the absorption ratio (blue curve) also displays a typical
enhancement of the absorption at the resonance associated with the two-body loss process
of lower polaritons. A similar behaviour is reported for optical Feshbach resonance in 8’Rb
condensate [89].
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Figure 6.12: Interaction (orange line) and absorption (blue line) ratios as a function of the
cavity detuning. The interaction and absorption ratios are the ratio between the solid (with
gpx # 0) and dashed (gp, = 0) lines extracted respectively from Fig. 6.11 (a) and (b).

Secondly, let us focus on the coupling between polaritons and biexcitons in the matrix of
the effective Hamiltonian (Eq. 6.46). The coupling term gbx\/m depends not only on the
constant g, but also on the excitonic population of polariton \/m . At low pump power, the
coupling term gbx\/m is much smaller than the decay rate of the biexciton: gp./7x,| <7YB.
Therefore, in this low density regime, the energy shift displays the smooth dispersive shape
(See Fig. 6.11 (a)). Now, we are going to investigate the high pump density region. In Fig. 6.13,
we plot as a function of the cavity detuning the two peaks (see Fig. 6.10 (b)) for the density
of 1.6 x 10!! polariton pulse™! cm™ polaritons density. For the simulation, we extracted the
second peak by setting yp = 0. Comparing the simulation and experiment, we associate the
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appearance of the two resonances as a “strong-coupling" between exciton and biexciton [35].
Since the biexciton coupling term depends on the pump polariton population as gj /7y, |,
in the high polariton density, the polariton-biexciton coupling becomes comparable to the
linewidths of the involved states (gpx+/7ix,] ~ yB). Figure 6.13 might be interpreted as an
“anti-crossing" between the lower-polariton and the biexciton resonance.

high pump intensity
1.6 X 10'"" polaritons pulse cm=
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Figure 6.13: Energy shifts of the two peaks of the pump spectrum as a function of cavity
detuning. The intensities of pump polaritons is 1.6 x 10'! polariton pulse™! cm~2. The filled
and unfilled circles are experimental results of the double resonance (Shown in Fig. 6.10).
Solid lines and dashed lines are numerical simulations respectively with and without the
biexciton effect. For the pump density, n,, = 2.44ny is used. ng is a normalization density.

Finally, we comment on the relation between the polaritonic Feshbach resoance and atomic
Feshbach resonance. The Hamiltonian Eq. 6.44 is same as a two-channel model that describes
atomic Feshbach resonances. The scheme and characteristic signature of Feshnach resonance
in cold atoms is presented in Fig. 6.14. In the case of cold atoms, unbound atomic states and
bound molecular state belong to different channels (spin states), thus the relative energy of the
two states can be controlled by tuning the magnetic field (See Fig. 6.14 (a)). When the energy
of the unbound atomic state coincides with that of the molecular bound state at the magnetic
field By, the enhancement of the interaction (scattering length) and atomic loss are observed
as signatures of the Feshbach resonance [83] (See Fig. 6.14 (b)). It is worth noting that the
origin of the atomic loss is not the decay of molecule but a three-body loss associated with
the increase of the scattering length, because the molecular state in cold atom has a very long
lifetime. Additionally, the long lifetime of the molecular state leads to the sharp divergence of
the atom-atom interaction (scattering length). This is a striking contrast with the polaritonic
Feshbach resonance, where the short lifetime of the biexciton is the origin of the polariton
decay at the resonance, thus the divergence of the interaction does not occur at resonance.
Actually, this is more similar to the case of optical Feshbach resonance, where the optically
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6.6. Polariton Feshbach resonance

excited molecular state has a finite life-time, thus the dominant mechanism of the atomic loss
at the resonance point is the radiative decay of the molecular state [89] (Fig. 6.14 (c)).
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Figure 6.14: Scheme and experimental signature of a magnetically tuned Feshbach resonance
(a) and (b) from [83]. The scattering length (solid line) and inelastic scattering rate (dashed
line) of optically induced Feshbach resonance from [89] (c). The relative energy of the unbound
atomic state and bound molecular state can be tuned by the Zeeman shift indyuced by the
magnetic field (a). At the resonance, the enhanced three-body loss rate leads to the atomic
loss. In the magnetically induced Feshbach resonance, the atom-atom interaction (scattering
length) displays a divergence at the resonance. On the other hand, in the optical Feshbach
resonance, the scattering length shows a smooth dispersive shape in the same way as in the
polaritonic Feshbach resonance
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Chapter 6. Spinor polariton interaction

6.6.3 delay dependence

Finally, in Fig. 6.15, we present the low pump intensity results with delays different from 7 = 0.
Figure. 6.15 is the energy shift (left) and absorption (right) of the lower polariton resonance
as a function of cavity detuning for different delays. The results are obtained at negative,
zero, and positive delays: -3, -1.5, 0, 1.5, and 3 ps. The delay dependence of the energy shift
and absorption strongly reflect the coherent and incoherent natures of the system (See also
Chapter. 7). In the negative delay configuration (See Fig. 6.15 (a,b)), the pump pulse affects
the probe signal only within the polariton coherence. Therefore, the delay dependence of
the pump-probe signal in the negative delay configuration is proving the coherent aspect
of the polaritonic Feshbach resonance. Actually, the shifts and absorption decreases with
the increase of the negative delay, however the resonance feature is always present. In the
negative delays, the polaritonic Feshbach resonance persists during the coherence time of the
polariton system.
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Figure 6.15: Energy shifts and absorption of the lower polariton resonance as a function of

the cavity detuning for different pump-probe delays 7: 7 = -3, —1.5, 0, 1.5, and 3 ps. In the

negative delay configuration (a,b), the energy shift and absorption gradually decreases as

the increase of the delay, while in the positive delay configuration (c,d), only the absorption

persists even at 7=3 ps due to a long living incoherent exciton population.
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6.6. Polariton Feshbach resonance

On the other hand, in the positive delay configuration (See Fig. 6.15 (c,d)), the pump pulse
arrives first. The pump pulse creates not only the coherent exciton (exciton polarization) but
also incoherent exciton population. Since the incoherent exciton population is decoupled
from the light field, it has a long lifetime (>50 ps). The pump-probe signal, therefore, exists
even if the system loses its coherence. Thus, at positive delays, the pump-probe signal exhibit
features related to both coherent and incoherent effects [35]. Namely, with the increase of the
positive pump-probe delay, the resonance feature of the energy shift disappears due to the
loss of the exciton coherence, while the absorption persists due to the presence of incoherent
exciton population.

-
o
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pump-probe delay T (ps)
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Figure 6.16: Experimental probe transmission spectrum as a function of energy and time
delay between pump and probe pulse. The cavity detuning is set at § = —0.5 meV. The pump
pulse intensity is 5.9x 103 photons pulse™! cm™2. The black dashed lines are the lower and
upper-polariton peak energies without pump pulse. The experimental configuration is same
as that in Fig. 6.4.

Finally, we display in Fig. 6.16 the amplitude of the probe spectrum as a function of the
pump-probe delay 7 at the cavity detuning 6 = —0.5 meV. Figure 6.16 clearly presents that the
redshift and absorption remains for long delay time in the positive pump-probe delays. On the
other hand, at negative delays, the redshift and absorption decrease with the increase of the
delay, which is the expected behaviour in the coherent limit model. In order to simulate the
probe behaviour in the positive delay, we need to include the incoherent population effect of
excitons. Actually, by neglecting the coherent exciton, a sophisticated theory presented in [35]
succeeded in modelling the transition between incoherent exciton population and biexciton
in a long positive pump-probe delay. However, unfortunately, the theory that models both
coherent and incoherent exciton effects on biexcitons is not yet known. In Chapter 8, we will
discuss the possibility of the general theory which can include the two effects.
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Chapter 6. Spinor polariton interaction

6.7 Conclusion

In conclusion, we have performed pump-probe spectroscopy with co and counter-circular
polarization configuration in order to investigate the spinor polariton interactions. From
the energy shifts of the probe spectra induced by the pump, we clearly find the polarization
dependence of the polariotn interactions: the interactions are repulsive or attractive respec-
tively for parallel or anti-parallel spins. Additionally, we have investigated the important role
of the molecular bound state of excitons (biexciton) on the lower-polariton interaction with
the opposite spins. We found a dispersive shape of the energy-shift and an enhancement
of the absorption of the probe spectra with the counter-circular polarization configuration.
These behaviour can be associated with a scattering resonance of the lower-polaritons via the
biexciton (polaritonic Feshbach resonance). For the analysis, a spin-dependent Hamiltonian
including the coupling between excitons and biexciton has been employed. Finally, we briefly
discussed the effect of incoherent exciton on the spinor polariton interactions. In the next
chapter, we will investigate more deeply the incoherent exciton in the co-circular polarization
configuration. In this chapter, both pump and probe pulse are exciting the lower and upper
polariton branches and the coherent limit approximation is assumed in the modelling. In
the last chapter, we will discuss the new experiments with a narrow band pump pulse and
possibility of constructing a theoretical model including the incoherent exciton population
effect.
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4 Effect of dephasing in pump-probe
spectroscopy

Until this chapter, we described the coherent dynamics of exciton-polaritons with Gross-
Pitaevskii equations. In this chapter, we will now discuss the possible changes brought by an
incoherent exciton population. To this aim, we perform pump-probe spectroscopy and analyse
itin a theoretical framework called Excitonic Bloch equations (EBEs) [32, 95]. Actually, one of
the important properties of a semiconductor system is the dephasing [96, 97, 98]. The study of
dephasing, accompanied by decoherence, is important both for understanding the physics of
exciton-polaritons and for designing semiconductor microcavity devices such as nonlinear
optical devices and polariton-based qubits [99, 100]. Additionally, the effects of dephasing are
interesting in terms of the microscopic understanding of the “excitonic reservoir" in polariton
Bose-Einstein condensation. In order to model the polariton condensates under non-resonant
excitation, Gross-Pitaevskii equation coupled to two excitonic reservoirs (active and inactive
reservoir) are phenomenologically employed [101, 102]. Our findings are that, even when
we excite the lower and upper polariton branch resonantly with a coherent laser source, the
exciton-exciton interaction (more precisely excitation induced dephasing (EID)) convert the
coherent exciton into an incoherent exciton population, which does not couple to light. Our
experiment and analysis cast light on the link between the “inactive reservoir" and incoherent
exciton population.

7.1 Experimental setup for pump-probe experiment

The experimental configuration is same as that of the pump-probe experiment presented
in Chapter 6. As the scheme of Fig. 7.1 shows, the semiconductor microcavity is excited by
two pulses k» and k;. The broadband pump and probe pulses excite both lower and upper
polariton branches. The center frequency of the pump and probe pulse is set at the middle of
the two branches. Since the angle between k; and k; pulses is small, we consider k; = ky =0
um™! and neglect the effect of the polariton energy-momentum dispersion. In the same
way as in Chapter 6, the k, and k; pulses are respectively referred to as “pump"” and “probe”
pulse. We select only the transmitted probe beam with a pinhole having a diameter of 3 ym
and transfer this probe beam to the heterodyne detection part. Finally, with the heterodyne
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Chapter 7. Effect of dephasing in pump-probe spectroscopy

measurement system, we obtain the amplitude of the electric field as a function of the pump-
probe delay |EP” (e, 7)|. Additionally, with the aid of a numerical low-pass filter, we remove the
noise coming from the laser spectrum envelope. The important difference from Chapter 6 is
that here we obtain the probe spectrum as a function of the pump-probe (7 = f, — fx,) pulse
delay. In particular, the probe spectrum at positive delay, where the pump pulse arrives before
the probe, provides us information on long-lived incoherent exciton population.

heterodyne detection

cryostat

pinhole

1 T N [ 4
pump-probe delay

Figure 7.1: Scheme of excitation configuration and pulse sequence for pump-probe experi-
ments. The semiconductor microcavity sample is excited by two pulses: pump (k») and probe
(k1) pulse. Since the angle between the two beams is small, the wave vectors of the two beams
are considered degenerate. With a pinhole, we spatially select the probe beam and analyse it
with a heterodyne detection technique.
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7.2. Excitonic Bloch equations (EBE)

7.2 Excitonic Bloch equations (EBE)

In this section, we repeat the discussion on excitonic Bloch equations (EBEs) mentioned in
Chapter 3 and explain it in detail. For the derivation of EBEs, we start from a Hamiltonian that
fully includes the exciton-exciton interaction and photon-assisted exchange scattering (PAE)
in the exciton-photon (local mode) basis (See Chapter. 3):

H = iy + Hine + Hym. (7.1)

Firstly, the linear part Hj;, representing the exciton-photon eigenmodes and the linear cou-
pling is given by (Eq. 3.1)

I:Ilin = f dax

The energy-momentum dispersion of the exciton is neglected because of its large mass com-

2v2
e+ QU+l | (7.2)

N .t h
ExY Wi+ Y (€c— om
c

pared the polariton mass.

Secondly the interaction part Hint (Eq. 3.2) is

The interaction constants g and gpae respectively represent the exciton-exciton interaction

L it it vy s — TS S O S
> 8VW YW Gpae (W W W W + W Y W) (7.3)

and photon-assisted exchange interaction. Finally, the quasi-mode coupling between the
cavity photon and classical electric field outside the cavity is written as (Eq. 3.3)

Agm = f Ax Qqm(WLF + F* ). (7.4)

Using the Heisenberg equations of motion formalism i/ %ﬁ/ = [y, H], we obtain the equations
of motion for the operators ¥y, Wy, and .. We can easily find that the non-linear
term Hiy causes a “hierarchy" problem. For example, the time evolution of operator
is determined by the terms such as !/, then the time evolution of ({r\/ ¢ 1) is
determined by the next order term, and this goes on to an infinite order. Therefore, we need to
truncate the hierarchy by assuming some sort of factorization. The simplest one is to use a
coherent state (coherent limit), where the expectation value (lilylflgctfl x) is simply factorized
as (Wi ) = (@l (@) (f ). As we have seen in previous chapters, this factorization
is assumed in the derivation of the Gross-Pitaevskii equations. In this section, in order to
describe the incoherent population of excitons, we have to write the expectation value of the
exciton population as (Y ) = (W) (W), @l = @)@, @) =0,
and (@l ) = () (' 4p) = 01. The last two parts are the assumption that “two-exciton

1'When deriving the equation of motion for N(x, 1), we apply the factorizations (9 {9/ 4 ) = (@l §") (ir )
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Chapter 7. Effect of dephasing in pump-probe spectroscopy

state" does not exist. Finally, we obtain equations of motion for exciton polarization P(x, f) =
(), exciton population N(x, f) = (4 ,) and cavity photon field E(x, 1) = (fr.) [32]. This
leads to the excitonic Bloch equations (BE):

ihN = —ilyN-2i(Q~-2gpaeN)Im[PE*] (7.5)

iRP = (ex+8N—iyx(N)P+(Q—28paeN)E (7.6)

o n? .

ihE = (eC—Zm V2 =iy )E+(Q— gpae N) P — foxt. (7.7)
C

The term fex;(= —Q4m F) corresponds to the excitation by the external electric field. In EBEs,
the exciton-exciton interaction constant g in Eq. 7.3 is phenomenologically divided into a real
and imaginary part,

g=g+ig. (7.8)

The real part gy contributes to a population dependent energy shift, while the imaginary part
g’ is a population dependent damping of the polarization, which represents the strength of
excitation induced dephasing (EID). Actually, the imaginary part g’ exists in the decay term of
the polarization y(N) as

Yx(N) =T /2+7%+g'N. (7.9)

Here, Ty is the decay rate of the exciton population (See Eq. 7.5), which could be called “life-
time" I';! of the exciton. y* represents a pure dephasing rate of exciton. The pure dephasing
does not depend on the exciton population. If the pure dephasing would not exist (y; = 0)
and the strength of EID would be zero (g’ = 0), then the system would be in the coherent limit:
yx = I'x/2. In this limit, the factorization (W) = (@) () is satisfied and the EBEs are
reduced to the conventional exciton-photon Gross-Pitaevskii equations:

ihP

(€x+ golPI> = iT/2)P + (Q — 2gpael PI)E (7.10)
2

. h
ihE = (ec— 3 V2~ iy )E+ (Q — gpael PI) P — fext. (7.11)

c

We can easily verify this factorization from the fact that i h% |P|? = ili(P*P + P % P) has the
same form as the equation of motion for the population Eq. 7.5 in the coherent limit y, =
I',/2. Consequently, it follows that, in the coherent limit, the dynamics of the population
is uniquely determined by N(x, ) = |P(x, 1) |2. On the other hand, if there is pure dephasing
or EID, the dynamics of the exciton population and polarization evolve independently, thus
we need to follow the time evolution of both population and polarization with EBEs. It is
worth noticing the similarity between the EBEs and modified optical Bloch equations (OBE).

vl a5

and (YL ap ) = (@ Ly (@ ) = 0 before the spatial integral of the Hamiltonian ;.
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7.3. Experimental results and analysis based on EBE

The OBEs are used to describe the dynamics of a two-level system coupled to an electric
field. The conventional OBEs include only saturation effect as a non-linearity, while several
articles [62, 98] developed modified OBEs in order to describe interacting exciton system. The
modified OBEs are given by

ihN
ihp

—ilyN-2iQIm[PE"] (7.12)

(€x+ 8N —iyx(N)P+Q(1 -2N)E (7.13)
2

. h
ihE = (ec— V2~ iy )E+QP — fox. (7.14)

c

Like EBEs, the OBEs can calculate the incoherent and coherent part of two-level systems. This
analogy indicates that I and y respectively correspond to the inverse of the lifetime 77 and
the coherence time 7> times. The difference between EBEs and OBEs is that OBEs are based
on a two-level system, while EBEs are based on a bosonic exciton basis [32] with a fermionic
correction through the term gpae. Therefore, the saturation effect always exists in the OBEs,
while in the EBEs we can turn it off by setting gpae = 0.

7.3 Experimental results and analysis based on EBE

7.3.1 Experimental results

In Fig. 7.2, we present the experimental probe spectra |EP” (¢, 7)| as a function of pump-probe
time delay 7. The results are obtained at a cavity detuning of 6 = ¢, — e, = 0.8 meV. Firstly, let
us discuss the low pump intensity result (Fig. 7.2 (a)). If we focus on the energy shift of the
lower polariton branch, a maximum blueshift occurs at zero delay (7 = 0 ps). The remarkable
thing is that the delay dependence of the lower-polariton blue shift is asymmetric with respect
to zero delay. The blueshift gradually decreases toward negative delays, while it stays almost
constant at positive delays for long delay times. For high pump intensity, the spectra (Fig. 7.2
(0)) displays a triple peak structure at negative delays, while a single peak is found at positive
delays. For the upper-polariton, we cannot find a clear energy shift for all delays for both
low and high pump intensity regimes. The origin of this peak structure is addressed in the
following sections. Secondly, the bleaching and broadening of both lower and upper polariton
resonances are clearly visible (stronger effect on the upper polariton branch). Additionally,
the bleaching becomes strong with the increase of the pump intensity. This polariton density
dependent bleaching is a clear signature of the EID effect (See Eq. 7.9). Finally, we find that
the delay dependent oscillation of the pump-probe spectra corresponds to quantum beats,
which has the same origin as the delay dependent beat observed in four-wave mixing signals
(See Chapter 5).
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Figure 7.2: Experimental and simulated probe transmission spectra as a function of the
time delay between pump and probe pulses. The experimental spectra are obtained for
three different pump pulse intensities: 1.48x10" (1 mW) (a), 3.7x10'3 (2.5 mW) (b), and
7.4x10'3 (5 mW) (c) photons pulse™! cm™2. Corresponding simulated spectra are attached
next to the experiments: (b), (d), and (f). The black dashed lines are the lower and upper-
polariton energies without pump pulse. In the simulation, the parameters are g’ = 0.4g,
8pae = 0.380, Yc = 0.1 meV, yx = 0.1 meVand I' = 0.01 meV. The white dashed lines represent
the cavity photon (e.) and exciton (e,) energies. In the simulation, the intensity I is defined
as Ip =0.8/go.

7.3.2 Details of simulations

In Fig. 7.2, the numerical simulation of pump-probe spectra based on EBEs are need to be
shown. Before, going into the comparison between experiments and simulation, we explain
the detailed method of numerical simulation with EBEs. In order to calculate pump-probe
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7.3. Experimental results and analysis based on EBE

spectra, we apply coupled-mode theory to EBEs. The coupled-mode theory is a standard
approximation in the calculation of four-wave mixing [103, 104]. The main idea of the coupled-
mode theory is to approximate the population, polarization and photon field as a combination
of finite modes: pump (k, = 0), probe (k;), and idler modes (kpwm = 2k, — k; = —k,). Here,
the “idler" is another name of the four-wave mixing signal. More specifically, we approximate

the three components of EBEs as

N, 1)
P, 1)
EXx, t)

Npu(t) +Npr(t) .elk1X+Npr*(t) .e_ikl'x
PPU(E) + PP (1) - el*rX 4 pid(p). gl x

EPY () + EP"(1)- elkix Eid(t) Lo lax

(7.15)

The indices pu, pr, and id respectively represent pump, probe, and idler (FWM) modes. For,
the population, N4 = NP"* because the population N(x, ) = (1) must be a real value.
Substituting Eq. 7.15 into EBEs in (Eq. 7.5, 7.6, and 7.7), we obtain eight coupled equations,

ihNPY
ihNP"

ihpPt

ihpPP’

inpid

inEPY

inEPT
inE“

= il NP"—Qapy +28pae(@puNP" + bigNP" + b, NPT™)
= —il NP" —Qby, +28pac(bpr NP + ap, NP + cNP'™)

= (ex—iyx)PP* + g(NP“PPY + NPT* PPT 4+ NP" pid)
+QEPY — 28,0 (NPYEPY + NPT* EPT + NPT E')

= (ex—iyx)PP" + g(NPUPP" 4 NPT pPH
+QEP” — 20 (NPYEP™ + NPTEPY)

= (ex— iy P+ g(NPUPId 4 NPT* pPU)
+QE —2g,0e (NPYE™ + NPT* EPY)

= (ec— iy )EP" + QPP" — gpue(NPUPP" + NPT PI4 4 NPT* PPT) — P
= (ec— iy EP" + QPP — gpae(NPPP + NPT PP — fIF
= (ec—iY)E" @+ QP — goae(NPHPIY 4+ NPT* pPUY),

Now the quantities apy, byr, biq and c are given by

2{Im(PPHEPY* + pPTEPT* 4 pidpidxy
PpuEid* _Pid*Epu +PprEpu* _Ppu*Epr
pPURPTE _ ppr ppu . pid ppux _ ppux gid
PprEid* _ Pid*Epr.

(7.16)

(7.17)
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In order to obtain the above equations, we neglected terms which have wave-vectors such

£i2kix and e*i3k1X  Since the wave-vector k; is sufficiently small, we also neglect the

as e
energy-momentum dispersion of the cavity photon energy e.. The pump and probe pulses

are introduced from fP" and fP" as

u (£ = tpu)? .
F""exp T exp(—iwpyt) (7.18)

pu

P

, , (£ = tpr)? ,
fPr@) = FPlexp|—-———|exp(=iwp, ). (7.19)

Tor

In the numerical simulations a pulse width 7 ,,(,)=0.5 ps is used. The center frequency of the
laser is in the middle of the lower and upper polariton branches: wyyr) = (€ +€x)/2. The
probe spectrum EP'(¢) is obtained through the Fourier transformation of EP'(#) with respect
to . For the numerical simulation, I'y and y, are respectively set as 0.01 meV and 0.1 meV.
Note that the decay rate of the exciton population is much smaller than that of the cavity
photon. The pure dephasing is set to y; = 0.1 meV [105]. The strength of EID and of the
photon-assisted exchange scattering are respectively g’ = 0.4gp and gpae = 0.38o.
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7.3. Experimental results and analysis based on EBE

7.3.3 Comparison between experiments and simulation

Let us now compare the experiments and simulations presented in Fig. 7.2. We find that there
are striking similarity between the measured and simulated spectra.

low pump intensity

In the low pump intensity case (Fig. 7.2 (a) and (b)), both experiment and simulation displays a
long lasting blue-shift of the lower-polariton at positive delay, on the other hand, the blue-shift
builds up on a shorter time scale at negative delays. The decay rates used in the simulation
suggest that the long lasting decay rate at positive delays is determined by ~ 7/T'y, while
the short build time at negative delays is determined by ~ 27/ (y. +y}). As far as the energy
shift of the upper-polariton is concerned, no shift is perceptible both in the experiment and
simulation, this due to the cancellation of the blue and red-shift contributions induced by gy
and gpae respectively.

experiment (pump intensity: 1 mW)

(a) time evolution of probe |E7(t,7)] (pump: TMW) (b) time evolution of probe |EP(t)| at T=3.5 ps
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Figure 7.3: (a) The amplitude of the real-time evolution of the probe signal as a function of the
pump-probe delay 7: |EP'(¢,7)|. The experiment is same as Fig. 7.2 (a). The time evolution of
the probe at the positive pump-probe delay 7=3.5 ps (b) and negative pump-probe delay 7=-3.5
ps (c) are presented. The arrival times of pump, probe, and reference pulses are schematically
represented by dashed lines. The revival of the signal 10 ps after the probe in (a) is due to
the reflection of the pulse by the substrate of the sample. Similarly, in (c), the revival of the
probe pulse at 22 ps is the reflected probe pulse. The real time evolution is obtained with the
heterodyne measurement technique explained in Chapter 4.

105



Chapter 7. Effect of dephasing in pump-probe spectroscopy

Additionally, in Fig. 7.3 (a), we present the amplitude of the real-time evolution of the probe
signal for a pump intensity of 1 mW. Figure 7.3 (b) and (c) are the real-time evolutions of the
probe signal respectively at 3.5 ps and -3.5 ps delays. This real-time evolution is obtained
through the heterodyne technique explained in Chapter 4. Notice that the period of the
real-time oscillation of the probe signal before the arrival of the pump pule is 2/2Qp (See Fig.
7.3 (0)). Since Qp, is the Rabi coupling, this oscillation is a direct manifestation of the Rabi
oscillation between an exciton and a photon. Even at 3.5 ps delay (See Fig. 7.3 (b)) we can find
the real-time oscillation of the probe signal. This means that the incident of the weak intensity
pump pulse creates a small polariton population and it modulates the oscillation period of
the system, which is the origin of the blueshift, but the coherence is still surviving.

high pump intensity

When the pump intensity is increased, a new peak develops in the pump-probe spectra (Fig.
7.2 (c)-(f)). By increasing the pump power, the middle peak energy blue shifts (Fig. 7.2 (c,d))
and for the highest pump intensity (Fig. 7.2 (e,f)) both measurement and simulation present
three peaks at negative delays and a single peak at positive delays.

experiment (pump intensity: 5 mW)

(a) time evolution of probe |E”(t,7)| (pump: 5mW) (b) time evolution of probe |EP(t)| at T= 3.5 ps
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Figure 7.4: (a) The amplitude of the real-time evolution of the probe signal as a function
of the pump-probe delay : |EP"(¢,7)|. The experiment is same as Fig. 7.2 (e). The time
evolution of the probe at the positive pump-probe delay 7=3.5 ps (b) and negative pump-
probe delay 7=-3.5 ps (c) are presented. The arrival times of pump, probe, and reference pulses
are schematically represented by dashed lines. The real-time evolution is obtained with the
heterodyne measurement technique explained in Chapter 4.
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7.3. Experimental results and analysis based on EBE

In order to explain the complex behaviour of the probe signal in Fig. 7.2 (e-f), in Fig. 7.4
(a), we display the amplitude of the real-time evolution of the probe signal for the pump
intensity of 5 mW. Figure 7.4 (b) and (c) display the real-time evolutions of the probe signal
respectively at 3.5 ps and -3.5 ps delays. The three peaks at negative delays result from the
temporal convolution of modulated and non modulated parts of the probe pulse (See Fig. 7.4
(c)). More precisely, the side peaks occur from the portion of the probe transmitted before the
arrival of the pump pulse, while the middle peak is originated from the arrival of the pump
pulse during the short lifetime of the probe polarization given by ~ 2i/(y. +y}). On the other
hand, at positive delays the probe pulse is always modified by the strong pump pulse (See
Fig. 7.4 (b)). Therefore, the blue-shift of the single middle peak stays for a long time, which is
determined by the long lasting exciton population ~ 7i/T 4.

Simulation: delay T=5 ps 0 0.5
min [ ] B Max

cavity photon energy

0 . - - —
exciton energy

energy (meV)

0 2 4 6 8 10 12 14 16
pump intensity |FrY|?

Figure 7.5: Simulated probe transmission at the pump-probe time delay 7=5 ps as a function
of the pump intensity. The cavity detuning is 6 = 0.8 meV. The other parameters are the same
as those employed in Fig. 7.2. The white dashed lines represent the cavity photon and exciton
energies. As the pump intensity |FP%|? increases, the lower polariton (LP) asymptotically
reaches the cavity photon energy, while the upper polariton (UP) branch energy almost stays
at the same position and gradually disappears due to the EID effect.

If the intensity of the pump increases further, since y,(IN) becomes comparable to the effective
Rabi coupling Q — 2ggpae IV, the lower-polariton peak reaches the cavity mode, which is the
signature of the strong to weak coupling transition [106]. To illustrate this transition, we
present in Fig. 7.5 a simulated probe transmission spectrum at 5 ps pump-probe delay as a
function of pump intensity. As the pump intensity increases, the lower polariton resonance
shifts up in energy while the upper polariton resonance remains steady in energy and its
intensity gradually vanishes due to the EID. In this simulation, not only gpac and g’, but also
the exciton-exciton interaction gy assists the lower-polariton branch to reach the cavity mode.

Here, we would like to comment on the observation of the strong-to-weak coupling transition
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Chapter 7. Effect of dephasing in pump-probe spectroscopy

performed by E Quochi et al. [106, 107]. In the pump-probe spectrum of a semiconductor
microcavity, they observed that the polariton doublet collapses into a single branch, then it
evolves into the AC stark triplet (also referred to as Mollow triplet) by increasing the pump
intensity more than 40 times above the exciton saturation density. Actually, neither experimen-
tal spectrum nor theoretical prediction in Fig. 7.5 evidence the AC stark triplet. Why is the AC
stark triplet not visible in our sample? Firstly, it is important to note that the semiconductor
microcavity used in [106, 107] has parameters completely different from our sample. The
semiconductor microcavity in [106, 107] has a larger Rabi splitting 2QQ =8 meV (six quantum
wells) and a huge inhomogeneous broadening of 5.5 meV. In these parameters range, the
system would behave more like bare quantum wells in the weak coupling regime [108]. Theo-
retically speaking, the striking difference between EBEs and OBEs might exist here. The AC
stark triplet is a consequence of the Rabi flopping, which is a rotation of the Bloch vector
between the north and south poles of the Bloch sphere [36]. Therefore, in order to reproduce
the AC stark splitting, two-level system description would be necessary. Since EBEs are not
based on two-level state model, EBEs cannot reproduce the AC stark triplet. Probably, in
[106, 108], where the measurement are performed at very high pump intensity (more than
40 times above the exciton saturation density), an electron and a hole picture with two levels
(valence band and conduction band) would be more suitable than the bosonic exciton model.
Actually, the experimental observation of [106, 107, 108] are well reproduced with two-level
like theoretical models, OBEs and semiconductor Bloch equations (SBEs).
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Figure 7.6: Probe transmission spectra for different pump intensities in semiconductor micro-
cavity with six quantum wells from [106]. The lower and upper polariton doublet evolves into
a single peak (the strong-to-weak coupling transition). When we make the pump intensity
higher, two side peaks appear, which is the AC stark triplet (Mollow triplet)
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7.4. The effect of dephasing

7.4 The effect of dephasing

7.4.1 Pump-probe spectra in coherent limit

Simulations: coherent limit o 1
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Figure 7.7: Simulated probe transmission as a function of energy and pump-probe time delay
without EID and pure dephasing (g’ = y; = 0 meV) for four different pump intensities: I, (a),
2.51y (b), 51 (c), and 1251, (d). The first three intensities correspond to Fig. 7.2 (b), (d), and
(f). The other parameters are the same as those used in the simulation of Fig. 7.2. (d) is a
simulation with a very high pump power. This region is considered as a weak coupling regime,
thus the lower polariton branch almost reaches the cavity mode. The signal around -3 meV
might be the result of higher-order four-wave mixing processes.

In order to understand more deeply the effect of the incoherent exciton population and of EID
on the two polariton resonances, we show simulations based on EBEs but without EID and
pure dephasing (g’ = y; = 0 meV) in Fig. 7.7. The other parameters are same as in Fig. 7.2.
This configuration can be called coherent limit, thus the simulation in Fig. 7.7 is qualitatively
same as that of GPEs. Namely, the decay of the population is twice faster than that of the
polarization (y,(N) = I'x/2 = 0.005 meV). Roughly speaking, in pump-probe spectroscopy as a
function of pump-probe delay, the energy-shit at positive and negative delays are respectively
sensitive to the population (I'y) and polarization decay rate (yy). Therefore, in the coherent
limit, the blue-shift decays twice faster at positive delays than negative delays (See Fig. 7.7).
Additionally, we find that the polariton branch is broadened towards the high energy side.
This is understood as a “dynamical energy-shift". Namely, the time integration of the temporal
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Chapter 7. Effect of dephasing in pump-probe spectroscopy

decrease of the energy-shift induces a broadening of the polariton branches. When comparing
the simulations in Fig. 7.7 with experiments in Fig. 7.2, we clearly find that the experiments
cannot be reproduced under the condition of coherent limit (GPE). Especially, in the high
pump intensity simulation (Fig. 7.7 (b) and (c)), neither the three peaks structure nor the
disappearance of the quantum beat at positive delays are reproduced because of the lack of
EID. At very high pump intensity, the transition to weak coupling regime is also observed with
the GPEs. However as the figure shows, a very strong dynamical blue-shift also exists, which is
different from the observed experimental behaviour.

7.4.2 Dynamics of population and polarization

For the purpose of understanding the effects of dephasing, it is useful to present simulations
of the real-time evolutions of the exciton population and polarization. Figure. 7.8 is the time
evolutions of the polarization |P(t) |2 and population N(¢) at k=0 ,um_l after the arrival of a
single pump pulse. Simulation are performed with dephasing and without dephasing.
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Figure 7.8: Simulated time evolution of the polarization | P(f) 12 and population N(¢) at k=0
pum~! as a function of time after an arrival of a single pulse. Simulations in a coherent limit
(g’ =y* =0 meV) (a,c) and with dephasing (EID and pure dephasing) (b,d) are presented for
two different laser pulse intensities 1 mW (a,b) and 5 mW (c,d). The parameters are the same
as the simulation of Fig. 7.2. The dashed lines represent scaled laser pulses.
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7.5. Discussion

Firstly in the coherent limit (Fig. 7.8 (a) an (c)), the time evolution of the exciton population
N(t) coincides with that of |P(#)|?. This is because the dynamics of the exciton population
is uniquely determined as N(x, t) = |P(x, )|? and the factorization (L) = (Wl () takes
place. Therefore, in the coherent limit, the lifetime of the system is determined mainly by the
cavity photon lifetime 71/ (y. +yx) ~ lily, because y.(=0.1 meV) is much larger than y,(=0.005
meV).

On the other hand, when pure dephasing and EID are introduced (See Fig. 7.8 (b) an (d))),
temporal separation of time evolution of the population and polarization takes place. In
particular, at high pump intensity (Fig. 7.8 (d)), the polarization decays fast due to EID
(~ A/ (yc+7vx(N)), while the population lives for a long time (~ 7i/T'y). These results indicate
that, with the existence of dephasing, the population can have a long lifetime because it is
decoupled from the light field after the disappearance of the polarization.

7.5 Discussion

7.5.1 Dephasing mechanism

In this section, we discuss the origin of dephasing and comment about a link between the EBE
model and exciton reservoir. Until now, we dealt with the dephasing as a phenomenological
damping of the exciton polarization. Using the idea of Kubo’s Brownian oscillator model
[109, 61, 110], the dephasing mechanism might be explained more microscopically. As the
name “dephase" indicates, the dephasing can be understood in terms of a phase fluctuation of
the polarization. Let us consider that the polarization as a classical ensemble of single exciton
wave-functions: P(x,t) = (¢, (x, t)). The wave-function may obey the following stochastic
Gross-Pitaevskii equations (sGPE) [109].

iy = (ex+0e(t)+golyxl® — iTx/2)yx+ (Q—28paclyx))E (7.20)
. 2
ihE = (ec— 5~ V2= iy )E+ (Q = gpael VD) W) — fext. (7.21)

Here, d€(¢) represents the energy fluctuations, which induce phase fluctuations. The energy
fluctuations satisfy the following properties.

(0e (1)) 0 (7.22)
(6e(1)6e(0))y = M(). (7.23)

|2. Let us note that the electric

field is coupled to the polarization P(x, t) = (y(x, 1)), which is an expectation value of the

M(7) is a correlation function, which can depend on |y

ensemble of the exciton wave function. Numerically solving the above equation is not easy
and it is a future issue. Here, we use the stochastic equation for a qualitative explanation of
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Chapter 7. Effect of dephasing in pump-probe spectroscopy

the dephasing mechanism. In this stochastic theory, the most important thing is that the
energy fluctuation de(#) introduces a random phase fluctuation to the wave-function such
as ¢ (x,0)e 1 Ex+0e/h thys the polarization as an ensemble P(x, £) = (1, (x, 1)) decays. On
the other hand, the population of the ensemble N(x, ) = (W} (X, )y x(x, 1)) does not suffer
from the phase fluctuations, because the phase terms of v (x, t) and ¥ (x, t) cancel with each
other such that e~ {(€x+0ct/h pilex+de(@)t/h — 1 Therefore, the ensemble population N(x, 1)
is simply given by N(x, 1) = |y, (x, 1)|?. Two different origins can be considered for the energy
fluctuation: the intrinsic one due to the environment and the exciton-exciton collision. The
former one is associated with pure dephasing y}, while the latter one is associated with EID
g'. This is why EID is also referred to as “collisional broadening". For the intrinsic energy
fluctuation, various origins such as phonons, and impurities are possible [105].

7.5.2 Relation between EBE and two reservoirs model

Secondly, let us comment that the EBE model will cast a light to an understanding of excitonic
reservoir in non-resonantly excited polariton condensates [101, 102]. Polariton condensates
are well modelled by a Gross-Pitaevskii equation coupled with two reservoirs [111, 101, 112]:

1
g = -—yinj——ny+P (7.24)
TR
1
np = —(YA+RR|1VL|2)HA+T—HI (7.25)
R
o o, 2 i
iy, = __va +8rlyil +anA+anI_5[YL_RRnA] Vi, (7.26)

where n; and n, are respectively the “inactive" and “active" excitonic reservoirs. ¥ is the
condensate wavefunction of lower-polaritons. P represents the creation of population in the
inactive reservoir by an external non-resonant pump. The interaction constants contributing
from the condensates and the reservoirs are respectively represented by g; are gg. The decay
rates Yy, v 4, and y, are those of the inactive reservoir, active reservoir, and condensate. 1/7g
represents a stimulation scattering rate of the active reservoir into the condensate. The external
non-resonant pump P firstly creates the long-lived inactive excitonic reservoir (typically y; ~ 1
ns~! [112]), which supplies the active excitonic reservoir with a short lifetime (typically y 4 ~ 15
ps~! [112]). Finally, the population in the active reservoir scatters into the coherent ground
state of lower-polaritons under stimulated scattering. This process is schematically drawn in
Fig. 7.9. Our study suggests that the inactive reservoir can be interpreted as the incoherent
exciton population N in EBEs. Actually, both incoherent exciton population and inactive
excitonic reservoir have a long lifetime and contribute to the energy shift of the polariton
resonances [76]. Additionally, similarly to the incoherent exciton population of EBEs, the
inactive reservoir n; contributes to the mean field blueshift of the lower-polariton condensates
through the interaction constant gg even though it is not coupled to the cavity photons.

112
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Figure 7.9: Scheme of two reservoirs model for non-resonant polariton condensates. The
external non-resonant pump P creates the inactive excitonic reservoir n;, then the inactive
reservoir ny supplies the exciton population into the active excitonic reservoir n 4. Finally, the
condensates of lower-polaritons ¥ grow through the stimulation scattering from the active
excitonic reservoir.

7.6 Conclusion

In conclusion, we studied the importance of decoherence associated with excitation induced
dephasing (EID) in a semiconductor microcavity both experimentally and theoretically. Time-
resolved femtosecond pump-probe spectroscopy was carried out and for the theoretical
description of our results we used excitonic Bloch equations (EBEs), which can explicitly take
into account the coherent polarization and the incoherent population of excitons. While
numerical simulations with EBEs reproduced the experimental results with a great fidelity,
commonly used Gross-Pitaevskii equations (GPE) fail to simulate them. This is because GPE
has an implicit assumption that the exciton is described as a coherent polarization (coherent
limit). An important future perspective is to investigate pump-probe spectroscopy with
selective excitation of a single branch (either lower or upper polariton branch) with a narrow
spectral band pulse. In addition to this, the effect of incoherence associated with a biexciton
in counter-circular polarization configuration is a very interesting issue. Actually, preliminary
results have been obtained by installing a pulse shaper for the optics of the pump beam. We
will discuss these in the next chapter.
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Future perspective

We discuss now the future directions of the experiment and the theoretical model in this
chapter. Experimentally, one of the important new experimental implementations is a pulse
shaper (See Fig. 4.3 in Chapter 4). In the experiments of previous sections, the broadband
pump pulse excites both lower and upper-polariton branch. By installing a pulse shaper in the
optical pathway of the pump beam, the spectral width of the pump pulse can be squeezed
to the linewidth of a single polariton branch (< 1 meV). The principle of pulse shaping is a
spectral filtering. After the pulse is spectrally decomposed by a grating, we pick up only a
narrowband part of the spectrum, then the spectrally decomposed pulse is recombined again
into the time domain by the grating. With this technique, we are able to excite only a single
branch of polariton (lower or upper polariton). In order to go further in the investigation of the
lower-upper cross interaction and the strength of dephasing of each branch, it is important to
excite a single polariton branch. This will give supplemental information to the broadband
pump-probe experiment described in previous sections.

In Fig. 8.1 we present preliminary results of pump-probe spectroscopy with a narrowband
pump pulse and a broadband probe pulse in the co-circular polarization configuration. In
the experiment (a) and simulation (c) only lower-polariton branch is excited by the pump.
On the other hand, in the experiment (b) and simulation (d), the pump pulse excites only
upper-polariton branch. Focusing on positive delays of the experiments, we find that the
center energy of the lower-polariton resonance returns to the reference black line in (a).
Meanwhile, in (b) the blueshift of the lower-polariton branch stays for long time (more than
10 ps) similarly to the results presented in Chapter 7, which indicates the existence of the
long-living incoherent exciton population. This result shows the importance to go further in
this kind of investigation by the excitation of a single polariton branch.
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Figure 8.1: Experimental and simulated probe transmission spectra as a function of pump-
probe delay with narrowband pump pulses. The measurements are done in the co-circular
polarization configuration. Only lower and upper polariton branch are excited by the pump
respectively in (a,c) and (b,d). The cavity detuning set at 6=-1.2 meV. The experimental pump
pulse intensity is 1.48x10'3 (1 mW) photons pulse™! cm™2. In the simulation, for (c) the
parameters are gy and g’ = 0 (coherent limit), while for (d) gy and g’ = 0.4g, (with EID). The
other parameters are set as gpae = 0.380, ¢ = 0.1 meV, y; = 0 meV and I'y = 0.01 meV. The
white dashed lines represent the cavity photon (e¢.) and exciton (e,) energies. The black dashed
lines are the lower and upper polariton resonance energies without a pump pulse. In the
simulation, the pump intensity is |FP“|> = 0.15/g,. The pulse durations of the pump and
probe are respectively set to 1.5 ps and 2.1 ps. Here gy has the same value as in Chapter 7.

The numerical simulations displayed in Fig. 8.1 are based on the excitonic Bloch equations
(EBE):

inN = —ilyN-2i(Q-2gpaeN)Im[PE"] (8.1)

ihP = (ex+ 8N —iyx(N)P+(Q—28paeN)E (8.2)
. n*

ihE = (ec_zm V2~ iy )E+(Q— gpae N) P — foxt. (8.3)
c

The constants gp and g’ are respectively the real and imaginary parts of the exciton-exciton
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interaction g,

g=go+ig. 84)

These are the same equations as Eq. 7.5-7.7 in Chapter 7. In order to qualitatively reproduce
the experiments, we need to assume coherent limit (g’ = 0) in Fig. 8.1 (c), while the excitation
induced dephasing (EID) is necessary (g’ = 0.4gp) in 8.1 (d). Let us note that the pump intensity
is same for both configurations.

These findings indicate that the formation of exciton reservoir is favoured when exciting the
upper-polariton branch. This leads to a surprising consequence: the frequency dependence
of the EID strength.

Even though these are preliminary results and it is too early to conclude, sophisticated the-
oretical ideas could be a hint for their explanations. Firstly, under the coherent limit, since
N(1) = |P(1)|? is satisfied, the interacting part of the polarization in Eq. 8.2 is reduced to be
Qxx (1) =glIP(1) |2P(t). This interacting term can be generalized as [33, 51, 53, 52, 72]

Qxx() = P*(t)fG(t'— HP(HP(t)dt . (8.5)

Here G(1) = G(t' — t) is a correlation function of the exciton-exciton interaction. In the deriva-
tion of the simple equations such as GP and EBE, we are implicitly assuming “Markovian"
approximation, G(t' — 1) = (go +ig")d (¢ — ). In this approximation, the interacting term Qy(f)
is reduced back to the conventional form Q. (f) = (go + ig")|P(£)|?P(t). The physical meaning
of this is to approximate the exciton-exciton as an instantaneous one (no retardation), which is
equivalent to the Hartree-Fock approximation [51, 113]. In the frequency domain, the Marko-
vian approximation means that the correlation function does not depend on frequencies. This
is easily understood, because the Fourier transformed correlation function is G(w) = go + i g’
under the Markovian approximation. Inversely speaking, if we take into account the real
exciton-exciton interaction correlation, G(w) can depend on frequency.

Now, the question is what is the more realistic form of the interaction correlation function
G(w)? Fortunately, several state of the arts theoretical works provide the shape of G(w) based
on microscopic calculations based on T-matrix theory [33, 51, 53, 52, 72]. In Fig. 8.2, we redraw
the real and imaginary parts of the correlation function G(w) of exciton-exciton interaction
with parallel spins in a GaAs single quantum well from [114]. The real and imaginary parts
respectively contribute the energy shift and EID. The imaginary part of the full correlation
function indicates the enhancement of the EID strength as the increase of the frequency.
It is probable that this frequency dependence of the EID strength explains the higher EID
strength in the upper-polariton branch in the narrow band pump-probe results (Fig. 8.1). In
the Markovian approximation, we approximate the full correlation as a frequency independent
function, which is the origin of the constants gy and g’ (See the right side of Fig. 8.2).
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Figure 8.2: Schematic representation of the correlation function of the exciton-exciton in-
teraction with parallel spins in a GaAs single quantum well. The real and imaginary parts of
the full correlation function is redrawn from [52] (left side). The right side is the Markovian
approximation of the full correlation function. wy is the frequency of the exciton resonance.

Furthermore, the full correlation function of exciton-exciton interaction with anti-parallel
spins provides a new view point to the two-channel model and the background interaction
employed in Chapter 6. As shown in Fig. 8.3 [114], the imaginary part of the correlation
function has a peak coming from the contribution of the bound biexciton. However, we should
note that in the full correlation there is a background contribution even without the biexciton,
which is similar to the parallel spins configuration. The contribution without the biexciton
effect is sometimes called “scattering continuum" [114, 115]. Focusing on the real part of
the full correlation (the left side of Fig. 8.3), we find that the dispersive shape originating
from the biexciton is shifted to downward due to the scattering continuum. In Chapter 6, we
approximated the full correlation as two contributions: frequency independent Markovian
part and discrete biexciton state (See the right side of Fig. 8.3) [116]. The former corresponds
to the attractive background interaction phenomenologically introduced as the constant
g+-, while the latter is the discrete biexciton state represented by ¥ g with energy e (= hiwp).
Additionally, in this approximation, the dephasing effect (the imaginary part of the correlation)
is introduced as the large dephasing rate of the biexciton. In this sense, the two-channel model
used in Chapter 6 is the simplest model that can include the “non-Markovian" effect, where
the retardation is taken into account by the discrete biexciton state [116].
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Figure 8.3: Schematic representation of the correlation function of the exciton-exciton interac-
tion with anti-parallel spins in a GaAs single quantum well. The real and imaginary parts of the
full correlation function are redrawn from [114] (left side). The right side is the approximation
of the full correlation function. wy and wp are respectively exciton and biexciton frequencies.
The biexciton frequency wp is located below the exciton one due to the binding energy.

Finally, we comment on the possibility of the inclusion of the incoherent exciton and biexciton
populations in the exciton-biexciton coupling. Since the discussion above based on the
coherent limit, it is impossible to explicitly include the incoherent exciton population in
a unique way. In [35], the formation of biexcitons from incoherent exciton population is
investigated experimentally and the theorical model succeeded in describing it, but the
creation of biexcitons from the coherent exciton is neglected because a pump-probe delay
employed in the experiment is much longer than the coherence time of excitons. Here, one
probable solution to include both coherent and incoherent exciton in the biexciton formation
is to use the Brownian oscillator model of dephasing (Chapter 7) [109, 61, 110]. The advantage
of the Brownian oscillator model is that the equation itself is same as that of coherent limit
and the dephasing effect appears as an ensemble average. Therefore, we can directly use the
coherent exciton-biexciton coupling equations in Chapter 6.

In summary, the experiment with the spectrally narrowband pump is the starting point of a
deeper understanding of the many-body correlation effects of the exciton-exciton interaction.
In parallel to this, the development of an advanced theory is expected in the future to interpret
the experimental results.
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Conclusion

In this thesis, the polariton interaction in semiconductor microcavities has been investigated
through nonlinear spectroscopies. A semiconductor microcavity is a system composed of
a quantum well embedded between two Bragg mirrors. The strong coupling between an
exciton in the quantum well and a photon confined in the microcavity gives rise to a new
quasiparticle called a polariton. The polariton is a superposition state of an exciton and
a photon. The polariton-polariton interaction results from the excitonic component. The
various aspects of the polariton interaction have been experimentally studied by two different
types of nonlinear spectroscopies: two-dimensional Fourier transform (2DFT) four-wave
mixing and pump-probe spectroscopy.

Two-demensional Fourier (2DFT) transform spectroscopy is a powerful nonlinear spectroscopy
usually used in quantum chemistry to investigate vibrational states of molecules. 2DFT spec-
tra provide us the mutual anharmonicity of different vibrational states. In Chapter 5, this
technique has been applied to a semiconductor microcavity in order to probe the lower-lower
(upper-upper) polariton self-interactions and lower-upper polariton cross interaction. The self
and cross interactions have been presented respectively as diagonal and off-diagonal peaks in
2D spectra. The obtained 2D spectra have been firstly analysed by a double-sided Feynman
diagrams based on a third-order perturbation theory, followed by a non-perturbative numeri-
cal simulation based on Gross-Pitaevskii equations written in the polariton basis. Through
numerical simulations, the fine structure found in 2DFT spectra is identified as originating
from the polariton energy-momentum dispersion and the polariton-polariton interaction.

Since a polariton has two spin projections, spin-up and -down, the polariton-polariton in-
teraction depends on this spin configuration, and is called spinor polariton interaction. In
Chapter 6, the measurement of the spinor polariton interaction has been performed using
pump-probe spectroscopy with co- and counter-circularly polarization configuration. The
strength of interaction is measured via the meanfield energy shift of the transmitted probe
spectrum in presence of the pump beam. As a result, we have probed the spin anisotropic
nature of the polariton spinor interaction, repulsive and attractive interaction respectively
for polaritons with parallel and anti-parallel spins. Especially, for the polariton interaction
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with anti-parallel spins, the exciton bound molecule called biexciton carries an important
role. By controlling the lower-polariton energy with the cavity detuning, the coupling between
lower-polariton and biexciton has been shown to enhance the attractive polariton interac-
tion with anti-parallel spins when the energy of two lower-polariton reaches the biexciton
energy. Then at this resonance, the nature of the interaction switches from attractive to
repulsive. In addition to the modification of the polariton interaction, a strong loss of the
injected probe polaritons has been observed in the vicinity of the biexciton energy. We identify
both features as a scattering resonance of two lower-polaritons via a biexciton and named it
polaritonic Feshbach resonance. These experimental results have been examined based on
the Gross-Pitaevskii equations including biexciton states.

In Chapter 7, we have investigated the decoherence process in exciton-polaritons. Focusing on
the delay time dependence of the femtosecond pump-probe spectra, we have experimentally
proved that the decoherence induced by the excitation induced dephasing (EID) separates
the dynamics of the coherent exciton polarization and incoherent exciton population. The
experimental observation has been confirmed by an excitonic Bloch equations (EBE), which
can describe the dynamics of the incoherent population of excitons explicitly. These findings
of the incoherent exciton population could be linked with an inactive exciton reservoir.

Finally, we have sketched some future perspectives of the research, on going pump-probe
experiments with a narrow spectral band pump pulse. The preliminary experimental results
are very promising to shed light on the role of the self and cross polariton interactions. Ad-
ditionally, they open the way in the implementation of an advanced theory which takes into
account the many-body correlation effects in the exciton interactions. The experiments and
theoretical interpretations are still underway.

In summary, we have experimentally studied the polariton interactions through the nonlinear
spectroscopy technique and compared the experimental results with different theoretical
models. The investigations in this thesis are just the starting points of a deep understanding
of the exciton-polariton physics, which is interesting also in terms of future applications of
semiconductor microcavity devices.
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In this appendix, we explain the two steps of the phase correction process required for 2DFT
spectroscopy [42]. The first one is the phase correction for N times acquisition at a given delay.
The second one concerns the phase change associated with the motion of the delay stage.

10.1 Phase correction after an acquisition sequence

We acquire a FWM signal 20 times at each given delay 7 and calculate the average. Now, let
us consider a phase drift during the 20 acquisitions. Since the FWM signal includes phase
information, in the worst case, the phase drift will average out the FWM signal. Thus, we have
to consider a correction process for the phase drift. Firstly, we define the FWM signal for n"
acquisition as

Sn(ep). (10.1)

Since the delay is fixed at 7 in this process, we abbreviate the delay dependence. Before
performing the phase correction, we apply a filter y(¢€) to S"(¢) as

S'.(€) = Sp(e)x(€). with y(e) €[1,0] (10.2)

The value of y(€) is 0 or 1. If the deviation of the amplitude |S},(¢)| from the mean value over
20 acquisitions u = |S),(€)| is larger than the third of standard deviation 3o, we consider it as

noise and discard it. Using the filtered signals, the absolute phase of the initial acquisition ¢
is calculated as

Ae'P0 = f Sy(e)de (10.3)
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The absolute phase ¢ is used as a reference phase. The phase drift of the n™ acquisition A¢,
is evaluated as

Al eido _ f 8! (e)- (Sh(e))" de (10.4)
Finally for the signal of n'" acquisition, the phase drift is corrected as
SPe) = S (e) e A%, (10.5)

where SP¢(e) is the phase corrected signal for n" acquisition. An example of the phase drift
correction is displayed in Fig. 10.1. We find that the phase drift during the 20 times acquisition
is corrected after this numerical process. The signal for a given delay 7 is calculated as

1
S(enTo) = Y Shee. (10.6)
n=N
(a) without phase drift correction (b) with phase drift correction
<
e
Q
:a'
=]
O
v
©
Y
o
@
o)
€
> 0+
c
1.483 1.484 1.485 1.486
energy of signal ¢, energy of signal g,

Figure 10.1: FWM signal before (a) and after (b) the phase drift correction process from [42].
The number of the acquisition is 20. A single shot measurement takes 100 ms. We find that the
phase drift is indeed corrected after the numerical correction process.
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10.2. Phase correction for 2DFT

10.2 Phase correction for 2DFT

Here, we explain the second phase correction step. As stated in Chapter 5, even if the phase
is stabilized at a given delay position, the phase changes when the delay stage moves (See
Fig. 10.2 (a)). Therefore, we apply a numerical phase correction to the FWM signal Scor (€4, €7)
[64, 68]. Phase correction is performed as Scor(€f,7) = S(ey, T) exp(%(ecorr —arg[S(ecor, r)])),
where €., represents a phase correction frequency. The examples of S(e, 7) and Scor (€, T) are
respectively presented in Fig. 10.2 (a) and (b). In Chapter 5, we chose the upper polariton
energy as the phase correction energy. For example, in Fig. 5.4 (cavity detuning is 6=-0.38
meV), the phase correction energy €cor is equal to 1.4883 eV.

(a) without phase correction (b) with phase correction
m
-
1.4880 1.4882 1.4884 1.4886 1.4888 1.4880 1.4882 1.4884 1.4886 1.4888
emission energy & (meV) emission energy & (meV)

Figure 10.2: Before (a) and after (b) the phase correction with respect to the delay axis. The
arrow represent the phase correction energy €.,,=1.4883eV.

We display experimental and simulated two-quantum 2D spectra with different phase cor-
rection energies in Fig. 10.3. The energy of the normal branch (NB) of the upper-polariton is
used as a reference in Fig. 10.3 (b,d), while the energy of the virtual branch (VB) of the lower-
polariton is employed as the reference in Fig. 10.3 (c,e). Form the simulated and experimental
spectra, we find that the phase correction process mainly shifts the e; axis and affects the
amplitude of 2D spectrum, however, it does not change the fine structure of the peaks.
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without phase correction with phase correction

(b) (0
6

LPUP-LP LPUP-UP LPUP-LP LPUP-UP

LPUP-LP
A

P
'/
\

¥

absorption energy & (meV)
absorption energy & (meV)
absorption energy & (meV)

10 1 2 0o 1 2 3

emission energy & (meV) emission energy &t (meV) emission energy &t (meV )

['PUP-UP

absorption energy & (eV)

1.484 1.486 1.488 1.484 1.486 1.488

emission energy & (eV) emission energy & (eV)

Figure 10.3: Simulated two-quantum 2DFT spectra |S(e;,e;)| without (a) and with phase
correction (b,c). Meanwhile, (d) and (c) are experimental 2DFT spectra. The energy of the
normal branch (NB) of the upper-polariton is used as a reference in (b,d). On the other hand,
the energy of the virtual branch (VB) of the lower-polariton is employed as the reference in
(c,e). Arrows represent the phase correction energies €coy-
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theory of 2DFT spectroscopy

In this Appendix, we explain the third-order perturbation theory of 2DFWM and introduce
the description of the double-sided Feynman diagrams. Indices A, B, C, O and P representing
Liouville-space pathways corresponding to those used for LP-LP and 2LP-LP groups in the
Chapter. 5 (See Fig. 5.5 and Fig. 5.6).

Em
Qme E* Q*me E
Ee
Q E* Q* E
eg eg
&g

Figure 11.1: An exciton system is represented as an ideal three-level system weakly coupled to
a classical electric field with a coupling constant Q. g, e, and m respectively represent ground
state, first, and second excited state.

We consider an exciton system (harmonic oscillator) weakly interacting with a classical electric
field E and take into account only three levels (Fig. 11.1). The ground state |g), the first |e) and
the second |m) excited states respectively represent one-exciton and two-exciton states. Now,
we construct 3x3 density matrix as following:

Pgg ng P:ng
P=| Peg Pec Pme |- (1.1
Pmg Pme Pmm

The Hamiltonian of the system H is composed of an eigen Hamiltonian Hy and coupling
Hamiltonian with electric fields p: H = Hy + u. Hp and p are given by,

€g 0 0
Hy=| 0 € 0 |. (11.2)
0 0 e€m,
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and

0 QeE* 0
p=| Qi E 0 QueE" | (11.3)
0o Qi E 0

Since the eigen Hamiltonian can be written as Hy = em/?}t/?x, we find that €, = (e|Hyle) =
(11Hol1) = €y and €, = (m|Hylm) = 2|Hy|2) = 2¢9. The Hamiltonian describing the lin-
ear coupling between the electric field and exciton is given by i = Q¢(E* ¥ + W);E) Since
(glile) = (0lal1) = QoE* and {e|ft|m) = (1|{1]2) = V2Q0E*, Qe = \/zQeg holds in a linear (har-
monic) system. The time evolution of the density matrix p follows the Liouville-von Neumann
equation ifip = [H, p] = Hp — p H. The equations of motion of 6 elements of the density matrix
can be explicitly listed as

inpmm = —iCmpPmm+QLmeEPme = LmeE” Pme

ihpme = (€m—€e—1iY)Pme+QLeE(Pee—Pmm) —QLegE” Pmg

ihomg = (€m—€g—iY)Pmg+UpeEPeg — LogEPme

iNpee = —ilePeet (QugEpPsy —QegE" Peg) = Qe Epme = LmeE™ Pme) (11.4)
ilpeg = (ee—eg—iy)peg+QZgE(pgg—pee)+QmeE*pmg

ipgg = —(QugEpeg—QegE" peg)-

Here, I', and T';, are respectively phenomenological decay rates of the population of the first
and second excited states. y is the decay rate of the polarization. In the two-level system,
I', and y respectively correspond to the inverse of the lifetime 7; and the coherence time T>.
Since the above coupled equations cannot be solved analytically, we perturbatively expand
the density matrix into Taylor series of incident electric fields as

0 1 2 3
pij :pgj)+p§j)+p§j)+p§.j)+... (11.5)

The first, second and third-order density matrices can be written as

ihp(eg = (ee—eg—iy)pg2+QZngg)§

inpgg = —(QUgEpeg” —QegE" pop)

iNpZ = —iTepee+ (QigEpl)* - QugE*pll))

ihpGy = (Em—€g— V)P + Qe Eply (11.6)
iNfeg = (ec—€g=1Y)peg +QgE(Pgg = ped) + QmeE" Py

iMPme = (€m=€c=iY)pme+ LB — QegE" i
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We then iteratively solve these perturbative equations in an analytical way. Before doing that,
we take into account phase-matching conditions associated with momenta and classify them
into “pathways". Considering three momentum channels: pump (k, = 0), trigger (k; = k), and
idler (krpwn = —k), the density matrix and incident electric field can be expressed as

{70 =0 (0 +pf? (0™ + pP (De” ™ and E = Ep (1) + Er(0)e'™. (11.7)

Notice that, in a strict sense, when including three wave-vector channels, the density matrix
is extended to 9x9 matrix instead of 3x3. The density matrix is composed of 9 basis states:
g, j), le, j),and |m, j) (j = p, t,i). On the pathways, we consider two cases: “one-quantum"
and “two-quantum" regimes. The former is the regime where the trigger pulse (k; = k) arrives
before the pump one (k; = 0), which is also called negative delay, while the latter is the regime
where the pump pulse (k, = 0) arrives before the trigger one, which is also referred to as
positive delay. Firstly, in the one-quantum regime (negative delay), the pathways are

. 1 * 0
lhpegt (€L eé—zy)pég),t+QegEtpé£,

@ _ 1)
lhpggt =-Q, Eppeg*t

inp?). :—lFepe) +Q2Epply; (11.8)
3 3 2 @
lhpe;,i:(e l)/)p;g)l'i‘Q* Ep(pfg;,i_ ee)l)

(8 i i : ©)] 2
lhpme,i_(elrli_eé_ly)pmel+9* Eppee,i'

Here, €?, ¢!, and ¢’ respectively represent eigen energies of the pump, trigger, and idler.
Secondly, the two-quantum regime (positive delay), the pathways are

zhpégp—(ef—ep—iy)pég’ +Q; Epp(o)
lhpmgp (€m—€ _ly)p%)gp"'g* Eppegzp (11.9)

lhpegl (€l — lY)Peg,+QmeEthgp QegEtpmgp

Finally, the third order polarization can be calculated as

P®4cec = Tr[p§3)p]

3)
eg,i

3)

me,i

Qegp + Qep +c.c. (11.10)

In the next section, we perform analytical calculations of the third-order polarization for
delta-function pump and trigger pulses.
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11.1 one-quantum regime (negative delay)

Firstly, we apply a further classification to the Eq. 11.8. The third-order density matrix of the
polarization is composed of the following three pathways A, B, and C:

path A
1 * 0

il = €€ = V)0l + U FePiy

lhp _Q* p(l (11.11)
eg,

e Bl & o Q1 E

1 peg,i _(68_ g_l’}/)pegl + ppggl

path B
. 1 * (0)

lhp% =€ — (2) g " 1)Peg, +(Ql)igEfpgg.p (11.12)

lhpeel:_lrepeel+ﬂ glgpeg,t ®

lhpegl = (e €e— m/)pegl Qzngpee,i

path C

lhp(elé = ( €t - i/)/)pfglg)yt + QZgEtpgg,p (11.13)

_ D)= '
zhp(%el = ll“epeel+Q* g)’”é)eg' o
lhpme,i - (Em €e— ly)pmel +Q* Eppee,

We integrate Eqs. 11.11, 11.12, and 11.13 in an analytical way by taking the pump and trigger
pulses as

Ep(t) = Ep(n)e”WMer=T0) and E,(£) = B ()™ 1/Ment=T0, (11.14)

E p(1) and E,(t) respectively represent the pump and trigger pulse envelopes. For the analytical
integration, we assume delta-function pulse envelopes:

Ep(n=E)8(t—7),) and E;(1) = E)6(t—1)). (11.15)

Let us consider the path A. Using Eq. 11.14 and 11.15, we can directly integrate Eq. 11.11 in the
following way.

1 : t t : H L ~ : t t :
1) _ w —(i/h)(el—e—iy)t J(i/h)ey T, / N (ilh)(el—e,—iy—e, )t (0)
Pegi(t) = —ithge g le f dt' E.(t)e g Pga,p

1 ., . , )

_ —(i/h)(e,—€e,—iy)t (z/h)e,rrt 70 (i/n)(€ —ly—e,, 0)

= —ithge f dr'E%S(t —1p)e pggp
L s 70—/ —el—ip)(t-1,) - (0)

— e t

= —ithgEte Pgg.p (11.16)
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11.1. one-quantum regime (negative delay)

por (D) = (—)Q e”mepurpf dt' Ep(te"MCerdt o0 (1))
— (_)Q el/h (:‘pqu[ dt E06(t —-T )e(l/h)( Epu)tp g (t)
_ 1)*
~0 =~ i [ _
= (%)ZIQeglegE?*e(”h)(ﬁe DT 0 (11.17)
Lo —Giimei—e—i j ! ol /1) (e, el —iy—
_ - A Nt (i/h)ey,t ! I 1) (€, —€eL,—iy—€p )t (2)
PO = (e E Dt glilhe ”f_oothp(t)e irept p@ )

L ox —GimE-ei—ipt (i L= el i
_ ; Yt (i/h)e,,T 1750 r_ (i/h)(e,—€,—iy—€p)t' (2)
= ()0e §=INt gliMey v[_ ArESS (1 —p)e el p® (1)

— . 0 —(1/h)(e e iN- T)
- ( )Qeng . ggt(Tp)

— (._)SQ:g|Qeg|2E'O EO E’; e—(i/h)(eg—eé—i}’)(t—r,,)e(i/h)(eg—eéﬂy)(rp—rr) (0)=

= Pgg,p
— ( ) Qeg|Q€g| EOEOE*e—(l/h)(e —e! —ly)t3e(1/h)(e —€g +ly)t1pggp (11.18)
In the last line, the times #; and #3 are respectively defined as
n=tp,—7; and 3=1-Tp. (11.19)

We note that times #; and #3 respectively correspond to 7 and ¢ in Chapter 5. Remembering Eq.
11.10, the contribution of the path A to the polarization is given by

PO A (13, 11) ZQegPSg)?(l?nll) (11.20)

Similarity, the contribution of the path B and C to the polarization is given by

POP(13,10) = Qegp )7 (13, 1) (11.21)
and
PP (13, 11) = Quuep s (13, 11). (11.22)

After Fourier transformation in terms of times #; and 3, we obtain 2DFT spectrum associated
with the path A.

1 1
i(eg—eé+eé,)—y i(61+€£—€§)—)f

S (es,€1) o« PP (es,€1) = [Qeg|*Ep E)EY* -
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®),¢ , P B([3, f1) and PO B(ts, 1) now read,

Repeating similar calculations for Pog ), B and pe g

1 1

ile1+e,—€ex)—y

S B (e3,e1) o« PP P (e3,€1) = Qg ENEJEY* - —
i(es—€pteg) =y

1 1

ie; +el—el

§¥Cles, e1) o PP P (e3,€1) = —|Qmel*|Qeg | ESESEY* - -
4

iles—€h,+eb)—y

One-quantum regime

path A path B path C

kiwf\_ e g kf A e e

sl Lo el I CLmoe

0 i |e |~ e e e
S ) P E I e e,
g g\\r g g\\T __g_“g_\\T

Re[p®* Re[P®®

1 ¥ |

3 3

o

Figure 11.2: Double sided Feynman diagrams in one-quantum regime representing three
different Liouville-space pathways: path A, B, and C. Below the double-sided Feynman dia-
grams, we plot a signal corresponding to each diagram. Absorption €; and emission energies
€3 respectively correspond to the Fourier transform counterpart of the time # and #3. Notice
that if there is no non-linearity, the FWM signal from path A+B cancels the signal path C.

In Fig. 11.2, we plot double-sided Feynman diagram for paths A, B, and C and the real part
of $&A4 §®:B and S®C. Finally, the 2DFT signal in the one-quantum regime that can
be calculated as a sum of the path A, B, and C: Sjg = S&4 + §@B + SG.C_ In the linear

132



11.1. one-quantum regime (negative delay)

(harmonic) system the relation €,, = 2€, and Q¢ = \/EQeg exist. Therefore, we can easily find
that, in this linear system, the path $®4 + §®8 cancels $®¢ and the FWM signal is zero
(S19(€e3,€1) = 0). This consequence is intuitive because the FWM signal is associated with the
existence of nonlinearities and should not appear in the linear case. Generally, the nonlinearity
(aharmonicity) is introduced in two ways: with a saturation and with an energy-shift. The
saturation effect is the reduction of the exciton-photon coupling in the higher excited state
Qe compared to the lower one Qg (Qpme < Qeg). A special example of the saturation effect is
that of two-level system. In this case, Q. is zero and only paths A and B exist. In the case of
excitons in semiconductor quantum wells, the saturation effect appears due to the Fermionic
nature of excitons (the photon-assisted exchange scattering). We can say that a finite-level
system is intrinsically nonlinear. On the other hand, the energy-shift is defined as ¢, # 2¢,.
Namely, the repulsive (attractive) interaction of excitons induces the blue-(red) shift of the
energy of the two-exciton state €,,. In quantum well excitons with parallel spins, the repulsive
interaction between excitons introduces a blue-shift of the two-excitons state (€, > 2¢,). We
plot the real and absolute value of S1¢(€3,€7) in Fig 11.3.

One-quantum regime

(a) saturation O <Q RelS, (&,€,)] Abs[S, (€,.£,)]
Q_E* T O* E
Ee -€,0 -€,0
Q E* Q* E
eg eg
& 0 0.5
1970 1070 0 10
(b) blueshift £.>2¢. &
Re[Sm(es,e])] Abs[Sm(eye])]
Em 10 10
-------------------- 8 12
QmeE* Q*meE
Ee &0 Yy 0 -£0
Q E* Q* F
eg eg " 2
& 1% 0 10 T 0 10
£3 3

Figure 11.3: The real and absolute value of 2DFT spectrum in one-quantum regime as a
summation of the path A, B, and C for two types of non-linearities: saturation (a) and blue-
shift (b). A striking difference appears in real parts of 2DFT spectra. While the blue-shift type
non-linearity displays dispersive shape in the real part, it does not appear in the saturation
type non-linearity.
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11.2 two-quantum regime (positive delay)

At positive delays (the trigger pulse arrives after the pump one), there are two Liouville-space

pathways:

path O

lhpéﬁp—(6’5—6"—iY)PE??pJFQZngng,p 11.23

i (——)(2)+Q*E(1) R

! pmgp 6‘m € Y)Pmg,p ppeg,p
3),

lhpegz = (e, - lY)Pe;l +QmeE*pmgp

path P

1 1 * 0

lhp(eg)p (el —ep —ZY)P§§p+Qe EpPgg,p (11.24)
g .

lhprggpp (Cm—e _l'}/)psgn)%p"'g* Eppeézp

lﬁpgn)“ = (6;11 IY)P(m)el —QegEf pmgp

We directly integrate the Eq. 11.23. The explicit calculations of the first, second and third-order

density matrices are the following.

1
1) _ —(z/h)(e,2 —eP—iy)t (l/h)e uT (l/h)(ee eP—iy—e,)t' . (0)
PegpD) = EQ%’ o ’ ,,f dr'Ep(the T pggp
— —Q e (i1h)(eh —e5—iy)t (z/h)epur,, thO5(l‘ ) (i1h) (€l —eh—iy—epu) ' pg)é,
in
= EQegEg e~ IMiee—eg=in)~ Tp)pggp (11.25)
@ (p = LQ* —(i10)(€eh—eh—iP)t i/ MepuTy t Ar'E, (1) elMEn—eg=iv=ept () (1)
Pmg,p " me€ € pltle Peg,p
—00
t
_ iQ* ef(i/h)(efnfegfiy)te(i/h)e,,,,r,, drEs(f -1 )e(i/h)(efnfegfiyfepu W (£
ih me oo p p Peg,p
— EQ EO —(l/h)(é‘m €g l)’)(t Tp) (Tp)
- (%)ZQ;eQegEgEg (il ep—eg=iy)(i- el (11.26)
1 . i i s . 4 ~ . i .
3),0 - —el — —€l—iy—€,
Pegi D = (o) Qe M eam e f dt'E; (¢)e Ml p@ (1)
—00
1 (i i_q0_ 3 - t ~ . I _pl _ar ’
— (._)Qmee (i/h) (e, €g ly)te(l/h)enrtf dtlE?*a(t/_Tt)e(z/h)(ee €g—1Y Etr)tpswzl)g,p(t,)

_ (_)Qm EO* —(l/h)(e —€! —ty)(t r,)
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11.2. two-quantum regime (positive delay)

1 ~0s =) =~ : i . p_p_-
_ 3 2% T0x 50 50 —(i/h)(e,—€e,—iy)(t=11) ,—(i/h) (e}, —€x—iY)(T:—T)) ,(0)
= G Qmel™Qeg B EpE) € e s g p
1 ~ e~ ~ T i i (i p_.P_;
— (%)3|Qme|ZQ:gE?*E2Ege (i/h)(e,—€ Nt , (i/h)(em—eg meg,p (11.27)
In the last line, times #; and t3 are respectively defined as
h=1;—Tp and f3=1-Ty. (11.28)

In the same way as in the one-quantum regime, #; and 3 respectively correspond to 7 and ¢ in
Chapter 5.

Two-quantum regime

kFWM
~

g 8 ~| & ¢

~

Figure 11.4: Double sided Feynman diagrams in the two-quantum regime representing two
different Liouville-space pathways: path O and P. Below the double-sided Feynman diagrams,
we plot the signal corresponding to each diagram. Absorption €; and emission €3 energies
respectively correspond to the Fourier transform counterpart of the time #; and #3.

The contributions of the paths O and E to the polarization are given by

PO, 1) = QogplD (15, 11) and PP (15, 11) = Qe (13, 1), (11.29)
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The FWM signal resulting from Pl@’D (t3, 1) is

1 1

i(e3— €e+€g) Y l(€1—€m+6

§@Ces,e1) o« PP(es,€1) = [Qumel*|Qeg | EY* ERE) - 7

In a similar way to the path O, pOF (23, t1) is calculated as
l

1 1

i(€3—€§n +€2)— l(€1—€m+€

§@P(e3,e1) o« PP (e3,€1) = ~ Qe *IQeg EY* EY By - P

The double-sided Feynman diagrams of paths O and P and real values of S®© and §®P
are presented in Fig. 11.4. In the same way as the one- quantum region, paths O and P
cancel out each other and the total signal So = S 3,0 4 §B)P yanishes in the linear (harmonic)
system. However, the important difference from the one-quantum region is that energy-shift
type nonlinearity is required for the appearance of the signal S, (e3,€1). In other words,
S20(€3,€1) = 0 takes place even when the saturation type non-linearity exists (Qe¢q # Qme).
Therefore, two level systems such as atoms and quantum dots emit a FWM signal only in the
one-quantum region (negative delay). Actually the FWM signal in the two-quantum regime
(positive delay) is an evidence of energy-shift associated with exciton-exciton interactions.
Figure. 11.5 is the plot of the real and absolute value of P2 = 0 in the system with blue-shift
non-linearity

Two-quantum regime

blueshift Rel[S,(€,€))] Abs[S
Em 10

Q E* Q* E
Ee 51 0 \

Q E* Q* F

eg eg
& 190 0 10 1%

g, g,

Figure 11.5: Real and absolute value of 2DFT spectrum in two-quantum regime as a summation
of the path O and P for blue-shift type non-linearity. The blue-shift type non-linearity displays
dispersive shape in the real part of the spectrum. Since with a saturation type non-linearity,
paths O and P cancel out and no signal appears.

Finally, It is important to note that the electric field is weakly coupled to the exciton in this
system, thus there is no feedback action from the exciton to electric field. This situation
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11.2. two-quantum regime (positive delay)

completely changes when the electric field is confined inside a microcavity and strongly
coupled to the exciton. In the exciton-photon strong coupling system such as a semiconductor
microcavity, the new polariton eigenstates are good eigenstate and we need quasi-mode
formalism in order to map polariton system into the weak coupling formalism, which is
addressed in Chapter 5.
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1V Appendix C: Giant oscillator strength
model

In this appendix, we review the giant oscillator strength model. As explained in Chapter
6, we can consider two different types of biexciton creation mechanism: the bipolariton
model (x-x-B) [81, 50] and the giant oscillator strength model (x-c-B) [117, 118]. In Chapter
6, we used the bipolariton model. Here, we review the idea and possibility of using the giant
oscillator strength model. We will show that the giant oscillator strength model also models
the experiment in a reasonable way. In the bipolariton model, the biexciton is formed from
two excitons with opposite spins through the Coulomb interaction. On the other hand, in the
giant oscillator strength model, the biexciton is created from an exciton and a photon with
opposite spins through the oscillator strength of the biexciton.

12.0.1 Hamiltonian

Firstly, the Hamiltonian of the giant oscillator model is given by [118]
A L PR e R,
Ao = Y, | dxzga(WsdloWl o+ VuoWo-oW}). (12.1)
o={11}

The constant gq represents the strength of the exciton-photon-biexciton coupling. We
schematically present the Hamiltonian of the giant oscillator strength model in Fig. 12.1.
By replacing the bipolariton model with the giant oscillator strength model in the Hamiltonian
in Chapter 6 (See Eq. 6.1), we calculate the equations of motion of exciton, photon, and
biexciton wave-functions as follows:

ey = (€x+g|wx,T|2+g+—|1//x,l|2_in)Wx,T
1 *
+EgQV/B1//C'1 +(Q _ngaeh//x,T |2)1//c,T (12.2)
2
Y . 1 #
inpey = (60_2 vz_lyc)wc,T"‘EgQWwa,L+(Q_gpae|1//x,T|2)Wx,T_fext.T (12.3)

c
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o . 1
iyp = (ep—iyp¥p+ EgQ (W 1We, | + Ve, 1¥x,))- (12.4)
exciton with spin-up exciton with spin-up
1) Al
O Vo Y., O
ceepmneneans @TB Yp oo —
9, biexciton biexciton 9,
N ot
Y Ve
O photon O photon

exciton-photon-biexciton coupling g,

Figure 12.1: Schematic representation of the exciton-photon-biexciton coupling gq in the
giant oscillator strength model. The solid and wavy lines respectively represent an exciton
and a photon. The dashed lines are biexcitons. In this figure, we present only the creation
process of the biexciton from exciton with spin-up and o~ photon. However, the biexcion is
also formed from exciton with spin-down and o* photon.

Since the biexciton is involved only in an exciton-photon pair with opposite spins, we consider
only counter-circular polarization configuration in this appendix. In the same way as in
Chapter. 6, defining the vector of spin-down probe wavefunctions as ii = (1//5 lr, wf lr, vp), the
dynamics of the vector i reads,

. d - +— = pr
lhEu—MQ u-F. (12.5)

The matrix M*~ is given by

extgelylP=ive  Q  jgayl”
M} = Q ec—ive 38vL |- (12.6)
%gm//zlf %gngff €ep—1iyB

The dynamics of the pump wave functions are independently calculated as following,

iny? = (ex+glyh 1P —iydyl |+ oyl (12.7)
(ec—iyyl | +Qul - . (12.8)

. - pu
lht//’z |
In contrast with the bipolariton model, the photonic component of the polarion is required to
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form the biexciton. Similarly to Fig. 6.6 in Chapter 6, we try to fit the experimental data by
finding the values of g, _ and gqo. The comparison between the simulation and experiment is
shown in Fig. 12.2, where we display the fitting of the experiment based on the giant oscillator
strength model with g, =2/no, g+- = —0.65/ny, andgq = 1.3/,/ny meV.

Counter-circular o*-o-

(a) lower-polariton (b) Upper-polariton

S\ 01F T T T T T T T 01F T T T T T T =3
GEJ 00fpzc=-c---=--——==--—---- — 00 -==-----2 = -—f
;; 011 T 011 -
< 02 N 0.2 -
Py
2 0.3 @ 59x 10" photons pulse” cm? N 0.3 n
C o4 @30x107 - - n : _
g 04 * experiment 04 experiment

05| 1 1 1 1 1 = 051 1 1 1 1 1 —
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cavity detuning (meV) cavity detuning (meV)

Figure 12.2: Same as Fig. 6.6 in Chapter 6 but concidering the giant oscillator strength model
as a biexciton formation process. The parameters for the simulations are g, =2/ng, g+- =
—0.65/ng, gpx =1.3/\/ng meV.

12.0.2 Lower-polariton basis

Similarly to the discussion in Chapter 6, we derive lower-polariton interaction constants a
and a; in the framework of the giant oscillator strength model. The Hamiltonian is rewritten
in the lower-polariton basis as,

1 PN . N N N
Y, | dx- Eggxolcol (V’BV’LGV’L—U + WL,O'WL,—UWTB)) (12.9)
o={1l}

Le us note that, in the lower-polariton basis, no qualitative difference between the two models
(Compare Eq. 12.9 and Eq. 6.44.) is found except for the Hopfield coefficient in front of
the coupling constant between the lower-polariton and biexciton. Defining the probe and
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Figure 12.3: Same as Fig. 6.7 but concidering the giant oscillator strength model as the

biexciton creation process.

biexciton wave-functions u:

a0 = (v} (0,w5(0).

The equation of motion for the vector # follows

d .
in——ii=M; " i-F".

dt
The matrix M is defined as
eLo+ g Xglw} 1P —iye
ML+‘ =

—gQXolcolil/ZLf

The analytical solution of 1//2’ rT (€) is given by

wi©) = |ero—€ + gi-Xgly]

u|2
|

.

(12.10)
(12.11)
—gQXoIConZ'f*
, (12.12)
€p—1iyB
2 v2 2 pu,2
86XsColwy 17 171
2700 7L . (12.13)

€B_€L,0_€_iYB

The approximate interaction constant of the lower-polaritons with opposite spins a, reads,

gixXSCS (ep—2€L,0)

4
ay = _ Xy —
E+="0 (eg —2€1,0)? +Y§3
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The imaginary part of the interaction (decay associated with the biexciton coupling) is given
by

86X Cars
(ep—2e00)%+7%

ay = (12.15)

The interaction constants a;, a», and a’z are displayed in Fig. 12.3. In the bipolariton model
the polariton-biexciton coupling behaves as | X|*, while in the giant oscillator strength model,
it has a |C|?| X|? detuning dependence. This is why the enhancement of the a» interaction
constant with the increase of the cavity detuning is weaker than that in the bipolariton model.

12.0.3 Feshbach resonance

Moreover, we also fit the Feshbach resonance in Fig. 6.11 based on the giant oscillator strength
model using the following effective Hamiltonian,

Ex+8+—Ny,| —1Yx Q %gﬂv”c,l (2%

Hep=[ $ay Wey Wp 1 Q €c—iye 380y Vet |
%gﬂ Ve, %gQ VvIlx| €B— iyB 1,AUB
(12.16)

The fitting of the Feshbach resonance is presented in Fig. 12.4. The giant oscillator strength
model reproduces the experimental results reasonably well as far as the energy shift is con-
cerned. However, the shape of the absorption feature deviates from the experiment for both
very negative and positive detunings.

low pump intensity 5.1 x 10" polaritons pulse” cm?

(a) energy shift (b) absorption
,->\ 0.10FT T T T T ¥ T T H —~ 14FT T T T T 1 T T H
QE) 0.05 $‘l 12+ -
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c 5
@ -020kl . ! . ! . I . + 8 0.0

-2.0 -1.0 0.0 1.0 2.0 0

©
cavity detuning (meV) cavity detuning (meV)

Figure 12.4: Same as Fig. 6.11 but concidering the giant oscillator strength model as the
biexciton creation process. The coupling between exciton and biexciton is set to go = 0.21
meV/,/ng. The background interaction is g4 = —0.06 meV/,/ng, where ny is the normalized
density of spin-up polaritons.
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12.0.4 Summary

In this appendix, we have explained that the giant oscillator strength model also reproduces
the experimental results. Actually, due to the qualitative similarity of the two models, it is
difficult to determine which is more appropriate model for the biexciton formation. In Chapter
6, the bipolariton model is employed for modelling the biexciton effect based on the better
fitting of the absorption of polariton Feshbach resonance (See Fig. 12.4 (b) and Fig. 6.11
(b)). Finally, we should comment on the possibility of the coexistence of the two types of
couplings. The coexistence of the bipolariton model and giant oscillator strength model
is difficult to consider because the two coupling pathways constructively or destructively
interfere depending on the relative phase factor between them [55]. Even with an appropriate
phase the resonant absorption could not be well reproduced [55]. We should therefore choose
either bipolariton model or giant oscillator strength model for describing the polaritonic
Feshbach resonance.
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