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One shouldn’t work on semiconductors, that is a filthy mess; who knows whether any
semiconductors exist.

Wolfgang Pauli in a letter to Peierls — 1931
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SUMMARY

This thesis investigates the optical properties of two-dimensional hybrid organic in-
organic perovskites (2D-HOIPs). These materials, consisting of stacked layers of metal-
halide octahedras separated by long organic cations, feature a previously unexplained ex-
citonic ne-structure in their low-temperature absorption and emission spectra. This thesis
work shows that features within this ne-structure correspond to exciton-polarons of dis-
tinct polaronic nature. The rst evidence to support this interpretation was provided by
successfully reproducing the low-temperature absorption spectrum using a modi ed Wan-
nier formalism supposing distinct excitonic states with contrasting couplings to the lattice.
This hypothesis is then unambiguously con rmed by high-resolution resonant impulsive
coherent stimulated Raman spectroscopy which revealed in detail the exact polaronic na-
ture of each excitons within this ne structure. Having shown their distinct polaronic na-
ture, we then show that it drives the relaxation dynamics of photoexcited species down this
excitonic manifold. This highlights the importance of the proper consideration of these
polaronic effects when optimizing these materials for optoelectronics. We also show, us-
ing two-dimensional coherent spectroscopy, that these effects protect the excitons from
many-body interactions with other quasiparticles hinting at the importance of polaronic ef-
fects in polaritonic microcavities based on these materials. Finally, we also observe stable
biexcitons in these materials up to room temperature using high-power two-dimensional
coherent spectroscopy showing the importance of many-body interactions in these mate-
rials. Our conclusions are of broad fundamental importance to this class of materials for
they suggests an avenue to unify the physics governing spectrally broad and narrow emit-
ting 2D-HOIPs. Moreover, due to the high degree of tunability of their crystalline struc-
ture, 2D-HOIPs offer an ideal system on which to test models that account for both strong
electron-hole and strong electron-phonon interactions. This is of fundamental importance

to all two-dimensional polar semiconductors.
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CHAPTER 1
INTRODUCTION

In 1926, Schadinger proposed an equation that formalized de Broglie's view that all ele-
mentary particles, not just the photon, could have a wave-particle duality [1]. This equa-
tion, now called the Scldinger equation, was a landmark in the development of quantum
mechanics and provided an accurate formalism with which to predict the dynamics of non-
relativistic particles. In principle, except for the ssion of radioactive isotopes and spon-
taneous emission, this equation can fully describe with great accuracy all the properties of
earth-occurring and man made materials known so far. In reality, this is only the case for
one family of systems, the simplest materials of them all, hydrogen-like atoms. Any sys-
tem more complex than these cannot be solved exactly and the solution of the associated
Schiddinger equation becomes exponentially more demanding on computational resources
with the number of degrees of freedom.

This opacity inherent to the Sdhdinger equation is the driving force behind the eld of
condensed matter physics. Its goal is to discover conceptually and mathematically simpler
models to accurately describe systems with a large number of degrees of freedom as well
as tackle the emerging properties arising from this complexity. From these, new emergent
physics can be discovered such as the BCS theory of superconductivity, topological insu-
lators, quantum uids and many more. Sometimes, these new emerging models paint a
physical picture that is mathematically similar to other fundamental physical models such
as those of Majorana fermions or massless Dirac particles in graphene. Given that these
are manifested in man-made or naturally occurring materials, probing these phenomena
is much easier that their high-energy physics counterparts. Emerging solid state physics
model can even inspire high-energy physics, as was the case with the recent discovery of

the Higgs boson whose theoretical formulation was inspired by the BCS theory of super-



conductivity [2]. Not only does progress in condensed matter physics affect the advance-
ment of other disciplines, it also provides the scienti ¢ foundations of today's technological
progress. Building a hierarchy of models to describe the properties of a family of mate-
rials with the desired amount of accuracy gives device engineers the required theoretical
and conceptual tools to design the next generation of technological wonders. Therefore,
materials which have great potential for both fundamental discoveries and technological
applications are the most appealing systems to investigate.

Two-dimensional hybrid organic-inorganic perovskites (2D HOIPS) are a prime exam-
ple of such a system. Not only do they strongly manifest nearly every phenomena discov-
ered in direct bandgap semiconductors during the past century, they are also poised to be
used in many novel technological applications. This family of solution-processable direct
bandgap semiconductors consist of thin metal-halide inorganic layers separated by much
longer organic cations. The inorganic layers where the carriers are con ned can be reliably
made a few atoms thin thus effectively con ning carriers to a two-dimensional geometry.
For this reason, they share many characteristics with the recently discovered monolayers of
transition metal dichalchogenides (ML-TMDCSs) such as very strong Coulomb correlation
between carriers. This in turn yields high exciton and biexciton binding energies making
them ideal for polaritonics even at room temperature. Contrarily to ML-TMDCs, these ma-
terials can be made as thick as required without affecting their electronic properties so that
they can be used in powerful light emitting diodes or as a laser gain medium. Moreover, due
to the presence of heavy metal atoms such as lead, strong spin-orbit effects are manifested
in their electronic structure. Some reports even claim the presence of strong spin polar-
isation of the conduction bands due to a giant two-dimensional Rashba effect. Although
this claim is debatable, this is a highly sought property for spintronics applications. Last
but not least, the atomic bonds within the inorganic layers are of considerable ionic char-
acter, making electron-phonon effects potentially important. This aspect was given little

attention in the literature despite strong evidences of large polaron formation in their bulk



counterparts as well as strong electron-phonon interaction. Faced with all these potentially
large effects, building a hierarchy of models to describe these systems with various degrees
of accuracy is challenging and has eluded the community for more than 20 years.

For instance, the nature of the rst electronic excited states is unknown. While at rst
sight the Wannier exciton model seems to adequately reproduce the high temperature op-
tical response, this breaks down at low temperature where the reduced thermal line broad-
ening reveals a complex excitonic ne structure. All but one of the above phenomena have
been claimed to account for this ne structure, echoing a similar debate in 3D HOIPs, but
none have provided conclusive evidence of their claims. In this thesis, we provide on mul-
tiple spectroscopical fronts strong evidence for another interpretation of this excitonic ne
structure: that each line represents a distinct exciton-polaron, quasiparticles composed of a
Coulomb bound electron-hole pair entangled with lattice phonons.

This hypothesis will be expanded on in the rest of the thesis. The latter will be broken
down as follows. In chapter 2, we introduce our hypothesis by rst reviewing some con-
cepts of condensed matter physics required to understand and interpret the prior work done
on these systems. We will devote a large part of this chapter on the concepts of exciton,
polaron and nally of exciton-polaron. These concepts will nd their meaning when we
review prior investigation on this family of materials at the end of the chapter. This thesis
relies on the heavy use of advanced optical probes to reach its conclusions. Therefore, we
devote chapters 3 and 4 to the theoretical and experimental aspects of these respectively.
In chapter 5, we present our rst publication on the matter where we explore the system's
linear and non-linear optical response using a modi ed Wannier formalism to account for
the ne structure and rationalize its complex lineshape. Doing so required the introduction
of distinct coupling to low-frequency vibrational modes and prompted us to propose, with-
out proof, the exciton-polaron hypothesis. In chapter 6, we provide unambiguous proof
of the distinct electronic nature of each excitonic lines by measuring each feature's reso-

nant Raman spectrum in the time domain showing that the excitonic ne structure cannot



arise from vibronic replicas. Furthermore, we also show that each excitonic line as well as
the carrier continuum are coupled to different lattice vibration, thus proving that they each
harbor a distinct polaronic character. In chapter 7, we propose that the peculiar excited
state relaxation dynamics is a consequence of the distinct polaronic nature of each excitons
and support this interpretation with a theoretical model. In chapter 8, we provide another
unambiguous evidence of the distinct electronic character of each features. Their intrinsic
homogeneous linewidths as well as their exciton-exciton and exciton-phonon scattering pa-
rameters were measured to be vastly different. The interaction parameters were also found
to be two orders of magnitude lower than those found in ML-TMDCS. We attribute this to

a polaronic protection effect, a screening of excitons by the polaronic cloud that surround
them. In chapter 9, we investigate bound biexcitonic states in 2D-HOIPs and nd them to
be strongly bound, even at room temperature. The data shown in this publication also hints
at a complex biexcitonic spectrum, a possible consequence of polaronic effects. This thesis
is concluded by our conclusions on our own investigations in light of the state of the eld
and an outlook for the work we feel should be undertaken to further test this hypothesis.
We nonetheless feel that the current work stands strongly as it is and urge others in the eld

to seriously consider the proposed hypothesis.



CHAPTER 2
NECESSARY ELEMENTS OF SOLID-STATE PHYSICS AND PRIOR
INVESTIGATIONS

To properly understand our own investigatios of two-dimensional hybrid organic-inorganic
perovskites, it is crucial to rst understand a few elements of advanced solid-state physics.
This chapter serves this purpose by providing an introduction to these concepts for some-
one with a graduate-level understanding of solid-state physics. To justify our choice of
theoretical elements relevant to this thesis work, we rst examine the measured crystal
structure of these compounds as well as ab-initio electronic structure calculations. Then,
we expand on these concepts in the following sections highlighting their most crucial as-
pects in the context of our investigation. Finally, we close this chapter by surveying the

previous investigations that directly set the context of this thesis's work.

2.1 Atomic structure

Despite their names, two-dimensional or layered perovskites are not strictly speaking of
the perovskite crystalline group for they do not share the cubic unit cell of the latter. They
are nonetheless very similar as they both comprise of octahedral units encompassed in a
cubic structure that are arranged to form a series of layered planes. The arrangement of
these units within the planes, as well as the relative position of these planes within the unit
cell, determines to which phase such a crystal belongs. In the context of hybrid organic-
inorganic metal-halide two-dimensional perovskites (2D HOIPs), the Ruddlesden-Popper
(RP) phase is by far the most common [3, 4] with over 200 compounds catalogued in the
Cambridge Structural Database [5]. Luckily, it is also the simplest with a general formula
given by G,+1 M, X341 Where M denotes a metallic atom, X a halogen atom, and C de-

notes a long molecular cation terminated by a positively charged ammonium group. This
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mixed organic-inorganic nature is where these compounds get their names from. The crys-
tal structure of a prototypical 2D HOIP, (PEMbl,, (PEA=phenylethylammonium [6])

is shown to scale in Figure 2.1. In the RP phase, metal-halide octahedras within a layer
are arranged in a square lattice with varying degrees of bond distortion depending on the
choice of the organic cation. The interaction of the latter with its environment distorts the
inorganic lattice and octahedras, sometimes quite considerably. This distortion is probably
relevent to the optical properties of 2D HOIPs as it was empirically found that highly dis-
torted inorganic lattices generally resulted in broad Stokes-shifted photoluminescence [7,

8.

Figure 2.1: Atomic structure of (PEA),Pbl,. The structure shown was extracted from the
compound's crystallographic data at room temperature from reference [9] and is to scale.
The lattice vectors are also shown to scale wajrjlj=8.7A and jcj=33A. The arrows

in the phenyl ring of the cations indicate the orientation of their visible face. The shaded
structure corresponds to the normal one, albeit spatially shifted by

Even when restricted to lead-halide HOIPs, the RP phase can be obtained for a wide
variety of atomic compositions. Tin and lead can have been used as the metallic atom, chlo-
rine, bromine and iodine as the halogen as well as a plethora of different organic molecules
as a templating cation [4]. Exploring such a wide parameter space within the span of a

typical doctorate would require inhuman efforts from one individual. For this reason, we



focused our efforts on a few simple compounds exhibiting no structural phase transition
from cryogenic to room temperatures, narrow emission lines from which high-quality and
stable samples can be synthesized and optical resonances comfortably within the visible
spectrum. For these reasons, we decided to primarily investigate {PERRaSs well as
(NBT),Pbl, (NBT=n-butylammonium) to support the extent of our conclusions to other
materials as well. It is our hope that by studying simpler materials in greater details, deeper

insights can be gained into their physics and applied to more complex materials later.

In the RP phase, each layers are intercalated with one another, separated by the long
organic molecules. Ab-initio calculations based on density-functional theory (DFT) for a
lead-iodine compound predict this material to be a semiconductor with a direct bandgap in
the visible [10]. Moreover, these calculations predict that no electronic dispersion should
occur along the axis perpendicular to the inorganic planes. This is a key signature of quan-
tum con nement of carriers in the inorganic planes from which one can expect the pres-
ence of strong excitonic effects. How excitons arise from Coulomb correlations between
carriers as well as their effect of optical properties is discussed in section 2.2. Due to the
sizes and relatively large contrast in electronegativity of its constituent atoms, the bonds
making up the inorganic layers are soft and of considerable ionic character. Therefore,
electrons are expected be strongly responsive to displacement of atoms and vice-versa, a
phenomenon know as electron-lattice or electron-phonon interactions. When these interac-
tions become strong enough, carriers become quantum mechanically unseparable from the
atomic displacements that follow them and are called polarons or exciton-polarons when
these carriers are also strongly bound by the Coulomb force. The topics of electron-lattice
interactions, polarons and exciton-polarons are central to this thesis work and are treated
accordingly in section 2.3. Last but not least, the presence of heavy atoms in the inorganic
layer is also expected to yield strong relativistic corrections to the electronic wavefunc-

tions through an effect known as spin-orbit coupling. These effects can signi cantly alter



a material's electronic structure by lifting spin degeneracies, mixing the wavefunction of
non-degenerate orbitals and changing the oscillator strength of many transitions. These
effects take a different avor when occurring in low-dimensional systems as it might be
the case in 2D HOIPs. We brie y cover spin-orbit related effects and its approximations
in system of reduced dimensionality in section 2.4. Finally, the diverse manifestations of

these phenomena in 2D HOIPs investigated so far will be presented in section 2.4.

2.2 Excitons

Bloch's theorem states that the eigenstates of a particle in a spatially periodic potential are
given by Bloch waves [11]. These periodic functions are each labelled by a wavevector,
a direct consequence of the periodicity of the lattice, and a band index in the commonly
used reduced-zone scheme. The energy of each of these states can be represented in a band
diagram and fully characterizes the system's energetics. Crystalline solids are abundant
physical systems where electrons are subject to a periodic potential due to the regular spa-
tial arrangement of the crystal's atoms. However, due to the presence of other electrons,
the single-particle picture breaks down and electronic degrees of freedom are no longer
described by a single Bloch wave. In the non-interacting limit, also called a Fermi gas, the
presence of other electrons is accounted for by using a properly anti-symmetrized many-
body wavefunction built from many Bloch waves such as a Slater determinant or second
guantization. In reality, electrons are charged particles and interact with each other through
the Coulomb force. This dive into many-body physics drastically complexi es the task
of accurately describing the behavior of realistic materials. For this reason, a plethora of
models have been developed to easily account for many-body interactions such as Fermi
liquid theory [12], Tomonaga-Luttinger liquid theory [13, 14] and BCS theory of supercon-
ductivity [15, 16] to name a few. In particular, the theory of excitons has been extremely

successful at describing the optoelectronical properties of direct bandgap semiconductors.



The concept of excitons is almost as old as Bloch waves themselves, conceptualized
shortly after by Frenkel [17] and then Wannier [18]. Both models attempt to solve the
guantum dynamics of an electron-hole pair in a semiconductor subject to Coulomb forces
between them. The quasiparticle that diagonalizes this many-body Hamiltonian is known as
an exciton and is in this sense extremely similar to a Cooper pair in BCS theory. However,
both exciton models use a vastly different approach to this end. The Frenkel exciton model
poses the Hamiltonian from an atomic orbital basis between which excitations can hop,
useful should electrons and holes be very tightly bound, while the Wannier exciton model
starts from the perspective of interacting Bloch waves. In this section, we rigorously derive
from a fundamental many-body Hamiltonian the hydrogen-like nature of Wannier excitons
for both three and two-dimensional systems. We then discuss the consequences of this
model, more speci cally regarding its optical absorption spectrum, and discuss extensions

to it to account for the presence of more than one electron-hole pair.

2.2.1 TheWannier-Mottmodel

Following the classic derivation of Hanamura and Haug [19], we start with the Hamiltonian

for a two-band system in second quantization which reads as

X X

1
— 0 y T cccce Yy qy
H = Ef (K)o a; + > Vit kg K ka @y 0Bk, cB%s cBka
kij k1;k2:ks;ka
X X
+ 1‘ VVVVV Yy Yy + 1‘ VCVVC Yy Yy
2 k1 ko ks k4a'k1Va'k2Va'k3Vak4V 2 ki ko k3k4a'k1Ca'k2Vak3Vak4C
k1k2;ksika k1:kz;kzika
1 X y y
cvcev .
+ é Vk1 ko k3k4a‘klcakzvak30ak4v’ (21)
ki1kz2:kaka

wherea;; anda; are the fermionic creation and annihilation operators of an electron
with wavevectork in the valencej( = v) or conductionj( = ¢) bands. The rst term
accounts for the electron’'s energy in the absence of other electrons and is dictated by the

material's band structure. The two next terms arise due to intraband Coulomb scattering



while the last two terms arise from interband Coulomb scattering. It is the latter which
will be responsible for excitonic effects. In particular, the last term is called the exchange
scattering term, so-called since it vanishes when the particles are far apart, as we will show
later. The Coulomb scattering coef cients are de ned in terms of the Coulomb pot&htial

as

Vil kokoks = TR i Ko ]V ks I kg mi; (2.2)

where the bras and kets represent a two-body wavefunction composed of the direct prod-
uct of two Bloch waves. In the derivation of 2.1, terms that do not conserve the number
of pair excitations, such aa{lvaizvaksvakw were discarded. While this is not an exact
treatment of the full many-body Hamiltonian, the effects arising from these terms can be
well approximated by replacing the vacuum permittivity in the Coulomb potential by the
material's permittivity [20]. We can convince ourselves of this by noticing that the terms
so neglected contribute to the polarization of the orbitals making up the valence and con-
duction bands and thus lead to screening of the electric eld by these dipoles. To simplify
this Hamiltonian, we now introduce the concept of a hole. In the situations we are inter-
ested in, the valence bands will be almost lled with electrons while the conduction band
will be scarcely populated. Therefore, it is easier to talk about electron population in the
conduction band and electron depopulation in the valence band. The absence of an elec-
tron is precisely what a hole is and can be rigorously de ned by the hole or time-reversal
transformation

Kag KY = h; (2.3)

whereK de nes a unitary transformation arg is the hole annihilation operator. It is

directly related to the valence electron annihilation operator by

Ay = byk; (2.4)
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A hole is therefore rigorously de ned as the conduction band electron's anti-particle. In-
jecting this de nition into equation 2.1 and rearranging the terms in normal order using the
fermionic anti-commuting relations for creation and annihilation operators yields
X Yy X 1 X cccc y Yy
H=Eot Eekagac+  En(hh+ 3 ViG55 s ka B, B Bis B

k kiko:ka;ka

vkvlvvkz k3 k4ti1 tizl:kS b<4

k
X

+
NI =

k1kz;ksika
X

cvvece cvcecyv y .
+ Vk1k3 ko kg Vk1k3 kg ko aklhngf(3ak47 (25)

kikz:kszka

NI =

where the energies and electron-hole interactions have been renormalized by exchange in-
teractions through the hole transformation. We disregard shifts in the former and introduce
the effective mass or parabolic bands approximation. We set the energy zero to be the top

of the valence band and de ne the electron and hole energies as

~2|(2
Ee(k) = Eg+ 5 (2.6)
e
~2k2
En(k) = 5 (2.7)

whereE, is the electronic bandgap amd. > 0 andmy, < 0 are the electron and hole

effective masses respectively. While we suppose an isotropic band structure for simplic-
ity's sake, this approach is still valid for anisotropic bands as shown by Dresselhaus in
reference [21]. We can now solve the Hamiltonian in the basis of the most general single

electron-hole pair state which reads
X
jXi = Ckkoa{tiojOi; (2.8)

k:k©

wherej0i is the pair-wise vacuum state in which the conduction band is empty and the

valence band lled with electrons. This form of the excitonic wave function is strikingly
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similar to that of a Cooper pair states in BCS theory [16, 20]. Both are quasi-bosonic
states [19] composed of pair-wise fermionic excitations of the vacuum ground state and
diagonalize a many-body Hamiltonian. In the case of BCS theory, the interaction potential
is mediated by phonons while photons are responsible for excitonic binding. We look for
the coef cientsC, , o such tha§X i is an eigenstate which satis es the eigenvalue equation
HjXi = ExjXi. This yields the following series of coupled linear equations
h . i X
Ee(k) + En(k) E Cypo VYo V6 o Cpo=0: (2.9)
1;1°
We now introduce Wannier's approximation [18], valid when the paired electrons and holes
are separated by many times the lattice constant or equivalently that they have a small
crystalline momentum or wavevector. In this limit, the electron and hole Bloch waves

become unmodulated Bloch states and thus de ne an orthonormal basis. This reduces the

Coulomb interaction terms de ned in equation 2.2 to

Z h o 2
3 3 H H .
0o, V2 d>xd’y exp i(I k) x+i(l' k) vy 2y (2.10)
Ve o 0 (2.11)

where is the crystal's electric permittivity in MKS units. The direct term simply becomes
a regular Coulomb interaction and the exchange term vanishes. Injecting this result into

equation 2.9 and taking its Fourier transform, we get the famed Wannier equation

Hex (XesXn) = Eex (Xe; Xn); (2.12)
where
2 ) 2 ) e2
Heyw = —r t+ E _— 2.13
& Zmer e 2mhr h 9 4 jxe Xpj (2.13)
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and

X h i

(Xer Xp) = Cexoexp ik Xe+ ik Xp (2.14)

kik©
which relates the exciton wave function to the coef cie@{s,o. Equation 2.13 should be
familiar to anyone with a formal education in physics for it is of the same form as that of
the hydrogen atom's Hamiltonian. The bound and unbound solutions to this equation are
obtained through the familiar technique of variable separation and transition to the center-
of-mass and relative coordinate systems [22, 23]. This brings about a new interpretation
of the absorption spectrum of direct bandgap semiconductors. Unbound solutions to equa-
tion 2.12 are analogous to the hydrogen atom's ionization continuum. In the context of
semiconductors, these states make up the so-called free-carrier continuum corresponding
to optical transitions from the valence to the conduction band in the single particle picture.
The bound state solutions of equation 2.12 are commonly known as Wannier excitons and
their spectrum has the same functional form as that of the hydrogen atom albeit contracted
due to the increased electric permittivity. Their energies from the ionization continuum,
or binding energy, depends on the dimensionality of the system. In the three-dimensional
case, we get

1 .
E, = Eoﬁ withn=1;2;3;:: (2.15)

and in the two-dimensional case

1 1 — - . RN
En = Eom with n = 0,1, 2, (216)
where
e
Eo= 2.17
0= o 217)

is the excitonic Rydberg energy,

(2.18)
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is the exciton's Bohr radius and

MeM
m=_—>" (2.19)
me+ mh

is the exciton's reduced mass. Using these equations, one can use the measured excitonic
binding energy to extract the excitonic Bohr radius. This quantity is extremely useful to
estimate the carrier densities at which an exciton gas becomes degenerate [24, 25], enters
the electron-hole plasma regime [26, 27], or when many-body effects become important. It
is also useful to assess the validity of the Wannier approximation, that of small relative mo-
mentum and therefore large inter-species separation with respect to the lattice constant. As
we have shown right before equation 2.10, the Wannier approximation fails when an exci-
tonic orbital is smaller than the lattice constant. A treatment based on atomic orbitals rather
than plane waves, such as that of Frenkel excitons [17], is then more adequate. However,
one should not immediately discard the validity of the Wannier approximation when faced
with high excitonic binding energies. The system's dimensionality plays an important role
there too. The consequences of quantum con nement, the reduction of the system's dimen-
sionality, are manifest in the exciton's binding energy. All things being equal (same carrier
effective masses and electric permittivity), equations 2.15 and 2.16 tell us that an exciton
in a two-dimensional system will have its binding energy increased fourfold in comparison
to a three-dimensional system. Therefore, when carriers are strongly con ned along two-
dimensions, excitons can be strongly bound while still harboring orbits spanning many unit
cells and are thus adequately described by the Wannier model. The excitonic binding en-
ergy is often wrongly used as a criteria to distinguish between Wannier excitons and other
models of excitonic correlations such as Frenkel excitons. As we have shown in details,
Wannier excitons stem from correlations between electron and hole Bloch waves induced
by the Coulomb force. Frenkel excitons, however, stem from spatial correlations between
occupied and unoccupied neighbouring atomic orbitals through the possibility of energy
transfer or hoping in the lattice. It is important to recognize that the physical picture of

these two models are different and approximate the many-body interacting system in en-
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tirely different ways.

It is important to mention a few potential pitfalls of the above treatment. First, when
comparing the two- and three-dimensional cases, the effective masses of the carriers were
taken to be the same. This implies that the band structure in the uncon ned dimensions
remained the same even down to atomic thicknesses. This assumption is found to fail
spectacularly in some systems like transition metal dichalcogenides and graphene where
the electronic structure changes abruptly when they are stripped down from few to a single
atomic layer [28]. One must then be very cautious when using bulk values to predict
the excitonic properties in systems where carriers are con ned to a single atomic layer.
Secondly, in physical realizations of quantum con nement, the con ning structure is often
embedded in a host of different composition such as AlGaAs for GaAs quantum wells.
The assumption of isotropic electric permittivity therefore fails, but can be accounted for
by using a modi ed coulomb potential in Wannier's equation such as those arising from
the image charge method. These effects, also called dielectric con nement effects, can be
important when the host material has a signi cantly lower electric permittivity than that
of the thin active layer. Lastly, there are some situations in which carriers are not strictly
con ned to a two-dimensional plane but rather trapped inside a narrow well. The addition
of a supplementary con nement potential to Wannier's equation can also account for these
spatial con nement effects that do not modify the electronic band structure.

The Wannier model has been found to accurately predict the optical properties of most
inorganic direct bandgap semiconductors such g®©dR9, 30], bulk GaAs [31] and quan-
tum wells [32], ZnO [33], Phl [34] and many more as well as indirect bandgap semicon-
ductors like silicon and germanium [35]. Due to the omnipresence of excitonic energy
levels in direct bandgap inorganic semiconductors, some have wrongly [36] schematized
the energy diagram of Coulomb correlated systems by adding sub-bandgap levels in the

free-carrier picture. In the free-carrier picture, shown in Figure 2.2a, electronic eigenstates
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Figure 2.2: Comparison of the free-carrier and exciton pictures for a direct bandgap
semiconductor. The free-carrier picture (a) is in comparison with the excitonic picture
(b). Arrows represent examples of dipole allowed optical transitions. In the free-carrier
picture. The states involved in an optical transition, the wavevector labelling the states
and the curvature of the bands are of entirely different nature in these two picture and are
therefore incompatible.

are labelled by their band index and their wavevector. The latter is possible solely because
of the Hamiltonian's spatial periodicity. The addition of a Coulomb potential to the Hamil-
tonian breaks this periodicity and the electron or hole wavevector is no longer an adequate
guantum number with which to label the Hamiltonian's eigenstates. The free-carrier picture
is invalidated by the Coulomb interaction. Even if it did remain valid, the exciton wavevec-
tor corresponds to the electron-hole pair's center of mass motion and is incompatible with
the single particle wavevector. It is therefore impossible to represent excitonic energy lev-
els in the free-carrier picture. To do so, one would rather have to speak of distributions in
the free-carrier picture which would be cumbersome and would say little about energetics
but would be closer to ARPES measurements on excitonic systems [37]. The proper repre-
sentation for energy eigenstates is that of the excitonic picture, shown in Figure 2.2b. Both
pictures share the same ground state: an empty conduction band and a valence band lled
with electrons. The ground state in the excitonic picture is a single point at a total momen-

tum of K = 0 and corresponds to the trivial solution to Wannier's equation. Due to light's

vanishingly small momentum, only vertical transitions to the various excitonic orbitals are
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allowed. The Hamiltonian's translational symmetry with respect to the electron-hole pair's
center of mass has excitons behave as free particles with an effective mass that is the sum
of that of its constituents. This leads to a parabolic dispersion with incre&sings the
orbitals get closer and closer in energy with increasin@ quasi-continuum formg,

above the lowest excitonic orbital. An exciton's binding energy is therefore a measure of
the stability of excitons to ionization at a given temperature. If the excitonic binding energy
is much larger than the thermal energy, excitons are said to be stable quasiparticles. This
excitonic picture makes hot carrier relaxation, exciton formation and ionization processes
conceptually much simpler by explicitly presenting in the same picture an exciton's energy
and momentum. For instance, the connection between two excitonic energy level through
a phonon of given wavevector and energy is easily identi ed. Moreover, in this picture hot
carrier relaxation is not conceptually distinct from relaxation between atomic orbital and

thus can be modelled using similar theoretical tools.

2.2.2 Theabsorptiorspectrunof excitonicsystems

Now that the system of interacting electrons and holes has been diagonalized and that its
eigenstates are known, we can calculate its optical properties using our favorite method, be
it perturbation theory [38] or a treatment based on optical Bloch equations [23]. Doing so,
one can compute the absorption spectrufh) of an excitonic system and obtain for the

two-dimensional case that

" #
e 2 4 1 e F(1); (220
! — —_ t — —_— ); (2.
) Eo _, (n+1=2) (n+1=2)? 0 cosh—) ()i (2:20)
where = ( ~!  Eg)=Ey () isthe Heaviside step function() is Dirac's delta func-

tion, denotes a convolution, arfd! ) is the lineshape function for optical transitions.

The latter is much more complex to calculate than the previous treatment and depends
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on the excitons' interactions with its surrounding environment, be it thermal uctuations,
many-body interactions or the quantum electrodynamic vacuum [39]. Equation 2.20 is
known as Eliott's formula [38] and can be derived for systems of any dimensionality. For a
lorentzian lineshape with a full width at half maximum (FWHM) of 3 meV, the absorption
spectrum of a semiconductor with a bandgap of 2 eV and an excitonic Rydberg energy of

50 meV is plotted in Figure 2.3.

Figure 2.3: Absorption spectrum of a direct bandgap 2D semiconductor with and
without excitonic correlations. The full and dashed lines respectively represent the
absorption spectrum with and without excitonic correlations. A 3meV wide (FWHM)
Lorentzian pro le was used as the lineshape function and an excitonic Rydberg energy of
50 meV as well as a bandgap of 2 eV were used. The lowest excitonic line was scaled down
by a factor of 10 to better show the contribution from other excitonic energy levels and the
ionization continuum.

For comparison, the absorption spectrum predicted for free-carrier transitions in the ab-
sence of Coulomb correlations is also plotted for the same material parameters. The most
striking feature of the absorption spectrum of excitonic system is the appearance of a sharp
and strong resonance below the absorption continuum. This strong feature arises due to a
transition from the ground state to the 1s excitonic orbital and its shift from the continuum
edge is a direct measure of the excitonic binding energy. Other lines below the continuum
are also observed and correspond to transitions to higher lying excitonic states. Their inten-

sities decrease with 2 and quickly vanish into the contnuum. However, using ultra-high
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resolution absorption spectroscopy, the presence of up to 25 of these hydrogenic lines be-
fore the ionization continuum has been observed in a naturally occurrig@c@ystal [40].

The broadening of the lineshape pro le may, however, obscure the observation of these
other states. At higher energies, the sharp excitonic lines merge into a broad absorption
continuum. In the single particle picture, this feature corresponds to transition from the
valence band to the unoccupied conduction band states. In the excitonic picture, it cor-
responds rather to transitions into an ionization quasi-continuuum. Excitonic effects also
impact this feature by rst drastically increasing the absorption coef cient in this spectral
region compared to the free-carrier case, the so-called Coulomb enhancement [23]. More-
over, through the presence of broadened excitonic lines, it also obscures the edge of this
carrier continuum, potentially making the measurement of the bandgap energy challenging.
Being the lowest lying excited states, they also dominate carrier relaxation dynamics either
through their luminescence or non-radiative electron-hole recombination. Therefore, the
optical response of direct bandgap semiconductors with strong Coulombic interactions is
dominated by the contribution from excitonic effects. Optical probes are therefore ideal
to study these systems and the presence of excitonic effects in a given material is easily

deduced from them.

2.2.3 Trions,biexcitonsandothermany-bodyinteractions

When using equation 2.8 to de ne the basis in which to express the Hamiltonian of equa-
tion 2.5, we made a crude approximation. Indeed, by choosing this basis we restricted
our treatment to that of a single electron-hole pair. This approach is usually valid in a
low electron-hole pair density regime such as those typical of sunlight exposure but fails
to describe regimes of higher densities crucial to laser or LED operation. In this case, the
possibility of a higher number of electron and holes must be considered. One could go
about in a similar way as that described in the previous sections and would end up with an

in nite hierarchy of equations of motion for each order in electron-hole correlations [41].
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This hierarchy then needs to be truncated to the desired level of approximation. However,
these effects can be understood by extending the analogy of a Wannier exciton as an hy-
drogen atom to a greater number of carriers. In this case, quasiparticles arising from three
carriers are called charged excitons or trions and are akir torHH, depending on their
overall charge. These complexes have been reported in many semiconductors with strong
Coulomb interactions such as monolayer transition metal dichalcogenides [42]. Biexcitons
occur when two electrons and two holes form a bound state, a molecule akiratalthave

also been observed in many semiconducting systems such as GaAs quantum wells [43] and
monolayer TMDCs [44]. Neutral bound state of many more excitons such as triexcitons
and quadriexcitons have also been observed in GaAs quantum wells [45] all the way to
electron-hole droplets [46] or liquid [47]. At much higher densities, a small fraction of
ionized excitons will release free-carriers which can screen the Coulomb interaction hold-
ing excitons together. This will ionize more and more excitons until they are not stable
anymore due to the large screening from free-carriers. This is known as the ionization
catastrophe [48] and occurs when the dilute insulating exciton gas becomes a conducting
electron-hole plasma. This transition is also called the excitonic Mott transition [26] and the

incorporation of this phenomenon in the Wannier model yields the Wannier-Mott model.

Many-body interactions can also have more subtle effects on excitons. One of these is
exciton-exciton elastic scattering which conserves energy and momentum but reduces the
coherence time of excitonic wavefunction without changing their lifetimes. This is the case
since, as far as a single exciton is concerned, the other excitons act like a thermal bath and
thus affect it in a similar way leading to the decoherence of its wavefunction. This effect
is manifested in the homogeneous linewidth of optical transitions involving excitons and
is strongly density dependent [49]. It is a very sensitive probe of the strength of Coulomb
interaction of excitons and can be used to validate models regarding their scattering with

other quasiparticles. It is also a phenomenon crucial to the physics of polaritons and their
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condensation into a quantum uid [50].

2.3 Interaction of electrons with the atomic lattice

Fundamentally, solids are held together because of the attraction between an atom'’s nu-
cleus and the surrounding electrons and quantum mechanical exchange effect. Simply put,
when atoms are closely packed together, electrons feel the atomic attraction of neighbour-
ing atomic nuclei and form bonds between atoms. The exact nature of these bonds depend
on the atoms and the number of electrons that accompany them. Conversely, atoms feel
the electronic distribution surrounding them and adjust to it so as to minimize their po-
tential energy. Electrons then adjust to this new atomic distribution and vice-versa until
the electron-atom system has reached an equilibrium. For crystals, this new atomic ar-
rangement is what gives rise to the periodic potential of which Bloch waves stem from.
Therefore, when an electron is promoted from the valence band to the conduction band, the
electronic density is changed slightly. The atomic positions then adjust to this change and
thus modify the potential felt by electrons after the excitation, a phenomenon completely
ignored in our previous treatment of interacting electrons in solids. Furthermore, given the
ionic character of 2D HOIP lattices, these effects are expected to be strong. In this section,
we discuss the various consequences of electron-lattice interactions starting from the sim-
ple Franck-Condon model to more involved polaronic and exciton-polaronic models. Their
effects on the electronic structure as well as optical properties will be highlighted to guide
us through the conclusions of reports prior to this thesis' work as well as those contained

herein.

2.3.1 TheFranck-Condomodel

This picture of electronic transitions followed by atomic relaxation is taken quite literally
in the case of the Franck-Condon model [51, 52]. It supposes a system whose electronic

spectrum is composed of two discrete stagesandjei to which correspond different op-
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timal lattice con gurations. These con gurations are represented by veqt®rsindq(®

in the space of the system's normal coordinates of atomic motion. These vect@blare
dimensional wher@l is the number of atoms present in the system &nits dimension-

ality. Due to the atoms' much greater inertia, the absorption of a photon instantaneously
promotes the system from the ground sjgteo the excited statgi . The atomic positions

then relax fromg(® to q(® before the system can relax to the electronic ground state. The
absorption and emission spectra predicted by this model can be easily calculated making
it a powerful and accurate tool to interpret molecular spectroscopy. The separation in time
scales between electronic and atomic relaxation can be accounted for by separating the
system’s wavefunctiop i into its atomicj ,i and electronic parts i, the so-called the

Born-Oppenheimer approximation [53], so that

=g al; (2.21)

where is the tensor product between these states in different vector spaces. We sup-
pose that during absorption and emission, only small atomic displacements will occur.
This allows us to approximate the atomic potentials in the ground and excited electronic
states by harmonic oscillators of angular frequengyand force constarit displaced from
each other by Q in normal-coordinates space. The atomic spectrum is therefore dis-
crete and given by a ladder of states each separated pin energy. These stat¢s; i
are represented by the electronic state indeR f g;eg as well as a vibrational index

2 £0;1;2;3;:::9. Before the absorption of light, the system is in the ground electronic
and atomic state. By Fermi's golden rule, the optical transition probability from this state

to all of the excited stateR2S is given by

P& /jh gj h g;0idie; i j eij?

I dgej’ihg;ie; ij; (2.22)
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where the dipolar moment operat%only affects the electronic degrees of freedom. The
transition probability is given by the product of the electronic transition's dipolar mo-
ment;jdyej2 with the overlap between the atomic wavefunctions also known as the Franck-
Condon factor. Using the de nition of the harmonic oscillator eigenstates through Hermite

polynomials and a table of Gaussian-like integrals, the Franck-Condon factor is found to

yield
: N 12 — Z Z.
jhg;Gje; ij°= —e %, (2.23)
where
2
z = %k(~|(§) (2.24)

is called the Huang-Rhys factor. The absorption spectrum of this molecular system is
therefore
X Z
()= (~! Eo ~)=e Z o f(); (2.25)
=0 :
where denotes a convolutior,(! ) the lineshape function andy the energy between
the ground and excited electronic states. As shown by the orange curves of Figure 2.4, the
absorption spectrum is therefore composed of a series of equally spaced lines distributed
according to a Poisson distribution. The presence of a vibrational degree of freedom does
not increase the overall oscillator strength of the ground to excited state transition, but
merely redistributes it along these supplementary lines called vibronic replicas. The emis-
sion spectrum can be calculated in a similar fashion. This time, we suppose that the vi-
brational relaxation time is very short compared to the electronic relaxation time. This
approximation, called Kasha's rule [54], implies that at temperatures lower-thgiall

emission processes will begin with the lowest vibrational state of the excited electronic

state. Since the Huang-Rhys factor is even with respect to the potential displacement, the

23



emission probability?§;!' is also given by

Pg?T /] dgejzjhe;Ojg; ij2

| pgbs (2.26)

from which we can directly infer the emission spectrugh) to be

X yd
(1) = (~!  Eo+ ~!)—IeZ f() (2.27)
=0 )

and is therefore a mirror image of the absorption spectrum, as shown by the blue curve
of Figure 2.4. This model has been extremely successful at describing the optical proper-
ties of molecules in the gas phase [53] and similar lineshapes are also observed in more
complex aggregated systems [55]. Due to the discrete nature of its eigenstates, the absorp-
tion and emission spectra of Wannier excitons coupled to the lattice's motion can also be
described using the Franck-Condon model provided they suf ciently displace the lattice
upon their creation. Therefore, absorption or emission spectroscopies can be used to infer
the magnitude and direction of the atomic potential energy surface (PES) displacement.
However, in some situations, these techniques may be inadequate for this purpose such
as when the line broadening from the electronic part of the wavefunction is too large, when
the electronic states are coupled to low frequency vibrations or when the displacement is
too small. In these cases, such as the one plotted in dash dotted line in Figure 2.4, resonance
Raman spectroscopy may be the only tool left to reliably measure this displacement [56].
Just like non-resonant Raman spectroscopy, resonance Raman spectroscopy is an inelastic
light-scattering technique that probes the vibrational modes in a solid or molecule. From
the energy shift and polarization of the scattered light with respect to the incident beam,
one can infer the energy and symmetry of the system's vibrational modes. By tuning the
incident beam's energy in resonance with a transition between two electronic states, the

modes displaced by this electronic transition will see their signature in the resonant Ra-
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Figure 2.4: Absorption and emission spectra predicted by the Franck-Condon model.
The blue and orange curves correspond to the absorption and emission spectra respectively.
The spectra were plotted for &y of 2 eV, a Huang-Rhys factat of 1.5, a vibrational
energy of~! ;=120 meV (solid lines) and 20 meV (dash dotted lines) and a lorenztian line-
shape of 20 meV FWHM. The transitions between states responsible for these spectra are
drawn in insets with matching colors.
man spectrum be ampli ed by orders of magnitude when compared to the non-resonant
case [57]. This ampli cation is very large and the resulting signal is directly proportional
to the displacement's magnitude. The spectral shifts from the incident beam's energy line
remain very small. Therefore, as one can see from the optical spectra, such a measurement
remains very challenging. The relatively weak resonant Raman signal might be drowned in
the strong photoluminescence produced by the excitation laser. This case is typical of most
HOIPs and require more advanced spectroscopic techniques to extract the coupling be-
tween excited electronic states and the lattice such as time-domain techniques, the subject
of section 3.3.

Upon inspection of the absorption and emission spectra we just calculated, one could

be tempted to naively assign each peak to a transition between distinct electronic states and

the ground state. A correct understanding of the Franck-Condon model and the nature of
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such spectral features reveals this assignment to be entirely wrong. All of these transitions
involve a single electronic excited state coupled to a single atomic vibration. It is for this
exact reason that the additional lines shifted fi&grby multiples of the vibrational energy

are called vibroniaeplicas Therefore, apart from changes in its overall amplitude, the
same resonant Raman spectrum will be obtained when pumping either replicas. This can be
used to the spectroscopist's advantage when the replicas are clearly resolved by pumping a
replica far from the strong photoluminescence signal. In this case, the signal is strong, free
of background from photoluminescence and can be used along the absorption and emission

spectra to accurately estimate the excited state potential energy surface displacements.

2.3.2 Interactionbetweerelectronsanda deformablecontinuum

The Franck-Condon model accounts for the interaction of molecular orbitals with molec-
ular vibrations. What about the interaction of a continuum of electronic states (electrons)
with a continuum of vibrational states (phonons)? Such a treatment gives rise to polarons:
guasiparticles of both electronic and deformational nature analogous to bowling balls on a
mattress. Polarons, and more speci cally exciton-polarons, are at the core of the work of
this thesis and the following intends to highlight that the existence of such quasiparticles
in a stronlgy polar semiconductor is far from controversial. In the following, we will rst
discuss polarons using Emin's scaling formalism in the adiabatic limit [58]. This formal-
ism is mathematically much simpler than more rigorous approaches (such asfieHr
Hamiltonian [59]) and still gives powerful insights into the physics of polarons. Suppose
a single carrier of mass and chargee interacting with a deformable continuum. The
deformation of this continuum at a positions denoted by( u) and effectively shifts the
energy of an electron atby

z
V()= duZ(r u)( u) (2.28)

whereZ (r) is the electron-phonon interaction potential. There are many mechanisms
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by which electrons can interact with phonons but can be broadly assigned to two categories:
short and long-range interactions. Long-range interactions, also catétidfr coupling,

are caused by Coulomb interactions between electrons and the dipoles induced by atomic
displacement from their equilibrium such as those arising from the activation of optical
phonons. For long range interactions, the change in a carrier's energy #te presence

of a dipole atu it created by displacing the atomic lattice is

S
Zsp(r u)=

e 1 1 k cos
4

1 d Ve jr uj? (2.29)

wherek is the force constant between the dipole's charygss the unit cell's volumegethe
carrier's charge and the angle between the dipole's orientation and the vactou. In a
microscopic treatment of the electron-phonon coupling, the strength of the electron-phonon
coupling is often expressed in terms of the dimensionlesklieh coupling constant [60]
which reads _

§ % % 2% (2.30)
where ; and 4 are the material's electric permittivity at very high and very low fre-
guencies] is the frequency of the optical phonon involved ands the carrier's mass.
The peculiar nature of the coef cient in between large parenthesis can be accounted for by
explicitly considering the effect of phonon modes on the material's electric susceptibility
in the context of phonon-polaritons (see section 7.4.1 of reference [61]). A more intu-
itive interpretation is to consider that the polarisation caused by a high-frequency eld on
a dielectric material is mainly caused by electrons since only they can follow the electric
eld's rapid oscillations. Conversely, at low frequencies, both the atoms and the electrons
can adapt to the electric eld and thus both contribute to the low-frequency polarisation.
Therefore, by taking the difference between the high-frequency and low-frequency polari-

sations, one obtains the contribution to the material's polarisation from phonons only which

is precisely the aforementioned coef cient's form and aim.
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When < 1, the electron-phonon interaction is weak and its effect on the electronic
part of the system can be treated perturbatively. Such a procedure yields a small correction

to an electron's energy linear inso that
E = ~1; (2.31)

where E is called the weak-polaronic binding energy. The electron-phonon interaction
not only shifts the electronic bands but changes their curvature through the polaronic mass

enhancement [61]. The latter effectively increases the electron'smagsa factor of

m
=1+ (2.32)

61
wherem is the electron's effective mass due to polaronic effects. Local distortions of the
lattice at equilibrium also affect the electronic degrees of freedom through strain and shear

or the piezoelectric effect. In these cases, the interaction potential is given by
Zsr(r u)= F (r u) (2.33)

whereF is some force constant. This interaction is called the short-range interaction and
also reduces the energy of bands in the weak-coupling limit, albeit with a distinct depen-
dence on the system's parameters. In both cases, the perturbative approach is valid only if
the electron-phonon coupling is weak. For instance, for long range interactions, this hap-
pens when > 1 and the perturbative treatment no longer converges. In the case of 2D
HOIPs, under reasonable assumptions [62], the coupling constant can be estimated to be
between 1.67 and 2.2. This calls for another approach which does not suppose electron-

phonon interactions to be weak.
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2.3.3 Polarons

Following Emin [63], we start with a simple Hamiltoni&h for an electron in a deformable
continuum of the form

H = He+ Hy + Hy; (2.34)

where

He= ——r?2 (2.35)

is the electron's kinetic energy,

Z
H = duzZ(r u)( u) (2.36)

arises from the interaction of electrons with the deformable medium and

Z

du 2(u) (2.37)

is the contribution of strain to the system's dynamics vtithe continuum'’s stiffness by
unit volume. The total energlf is obtained by taking the above Hamiltonian's average
value yielding

E=h(r;) jHj (r;) i (2.38)

where (r; ) isthe electronic wavefunction which depends on the medium's deformation.
We seek to remove the Hamiltonian's dependency on the latter to obtain a purely electronic
Hamiltonian from which we can extract the system's electronic structure. We can do so by
minimizing the system's energy with respect tou). This is done by taking the energy's
functional derivative with respect to the medium's deformation and setting it to zero. Doing
S0, one obtains

z
oo(U) = é drj (r; ei?Z(r  u); (2.39)
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where ¢4(u) is the continuum's deformation in equilibrium with the electronic wavefunc-
tion (r; eg). We can therefore inject the result of equation 2.39 into the components of
equation 2.34 and transform the system's Hamiltonian into a purely electronic one. By
stripping the Hamiltonian of its atomic degrees of freedom in this way, we implicitely treat
the electronic system adiabatically, that is, we suppose the electrons react to atomic dis-

placements much faster than vice-versa. One can check that the injection of equation 2.39

into the Hamiltonian has the effect thidt = 1=2H, and yields for the system'’s total
energy
, Z z z
H -~ . . . . 0. 0 . 0.
231'” = ’m drjr r2 (r; eq)]2 drj (r; eq)]2 drj (r; eq)]zl (r;r); (2.40)

where 7

1
I(r;r)= = duz(r wz@’ u) (2.41)
2S
is the interaction function. The interaction function for both short and long range interac-
tions can be calculated and injected into equation 2.40 to yield
24
Ex ~om drjr 7 (r; ;q)jz Z
1 1 o (1 ei¥ (1 eqi?
> dr dr P—
ch J J
Ve drj (r; egi™: (2.42)

1
2

2k

Solving this non-linear equation can prove extremely challenging. However, using a scaling
approach much can be said about bound states in this system without having to explicitly
solve it. By scaling down the magnitude of all positions by a factdr ¢¢.9. ag ! r=L)
and keeping the wavefunction normalized by multiplying it with®=2 whereD is the

system's dimensionality, the above functional reduces to

EMn - ¢ — = (2.43)



with each coef cient arising from contributions from the electron's kinetic energy

Te = o drir 2 (r; eqi (2.44)

zZ Z . e .0 .
_e¢ 1 1 o (r; eqi®i (r; edi®.
VL_E T dr dr ir T ; (2.45)
and short-range interactions
5 Z
Vs = 2K Ve drj (r; eq)j4: (2.46)

We therefore see that depending on the relative strengths of short and long range in-
teractions, minima in the energy functional will be obtained for some valués dfhis
indicates that there is a particular scale f¢r; oq) which minimizes the total system's
energy and thus corresponds to the polaron's size. If no electron-phonon interactions are
present{s = V. =0), the energy is minimized fdr ' 1  and the electronic wavefunc-
tion is completely delocalized, as predicted by Bloch's theorem. When only long range
interactions are present, the energy is minimized.fer 2 T.=\{ and the system harbors a
large polaron. When only short range interactions are present, its effect depend on the di-
mensionality of the system and the relative magnitud&.&ndVs. For three dimensional
systems, two minima occur at eithier! 0 where the energy divergesio orL ! 1
where the energy approaches zero. The former divergence occurs because of the continuum
description of the deformable system. In reality, one should impose a short range cutoff
due to both the actually discrete nature of the deformable medium as well as exchange
interaction in realistic many-body fermionic systems. In the three-dimensional case with
only short-range interactions, the wavefunction is either that of a free-cdrriet ( ) or

a so-called small polaror.(! 0). An energetic barrier dt = 3Vs=2T, separates these
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two solutions and have the effect of slowing down small polaron formation [64]. Once over
this energetic barrier, carriers considerably shrink under their own effect on the atomic dis-
placements and form small polarons through a process known as self-localisation. When
both long-range and short range interactions are present in a three-dimensional system, the
relative weight between these interaction's coef cients determine the size and nature of the
resulting polaron as shown in Figure 2.5a. In two dimensional systems, the short-range
interaction and electron kinetic energy have a functionally similar contribution to the en-
ergy functional. Therefore, the sign @ Vs will determine whether the bound states

are large or small polarons. As shown in Figure 2.5b, increasing the short-range interac-
tion's strength gradually contracts the polaron until it collapses into a small polarons when
Te < Vs. Therefore, in two-dimensions, short-range interactions help the formation of
large polarons by reducing the kinetic energy's contribution to delocalisation. Moreover, it

is not surprising that bound states between electrons and the lattice's deformation should
always occur in the adiabatic limit for systems with reduced dimensionality. Quantum
mechanical bound states are always found in such system regardless of the depth of the
attractive potential [22]. Whether or not the polaronic treatment is useful then depends on
the stability of polarons with respect to the system's temperature or, equivalently, on the
depth of the energy functional's curve with Lastly, in the unidimensional case, given

the similar functional contribution of the short- or long-range interactions, a small polaron

never forms as shown in Figure 2.5c.

2.3.4 Exciton-polarons

Given our previous treatment of polarons and polaronic effects, one could argue that the
mere notion of exciton-polarons is absurd on the following grounds: the electric neutrality

of excitons, the ground-state approach we just employed, and that the term is super uous.
Before discussing the concept of exciton-polarons, | will expose these objections and then

refute them. First, it is often held that excitons are neutral quasiparticles and therefore
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Figure 2.5: Polaron energy functional for different system dimensionalities. Equa-

tion 2.43 is plotted for the 3D (a), 2D (b) and 1D (c) cases Witk V. = 1 while varying

Vs from 0 to 1. In 3D, small and large polaron formation depend on the relative strength of
each terms. In some cases, both small and large polarons are stable at nite temperatures.
In the two-dimensional case, carriers form either large or small polarons and cannot coexist
while in the unidimensional case, small polaron formation is impossible.

should couple too weakly to the lattice for polaronic effects to be of any importance. Al-
though it is true that over long distances excitons behave as small dipoles with negligible
total charge, they are still composed of two distinct charged particles: an electron and a
hole. Therefore, if the radius of a polaronic distortion is smaller than the excitonic Bohr
radius, strong polaronic effects could still be present. Even in the most strongly bound
excitons in 2D HOIPs, the excitonic Bohr radius spans a few unit cells [4]. Secondly, it

is also true that the above treatment is valid for a system's ground state only and therefore
cannot be used to determine an excited state's polaronic character, like that of an exciton.
Indeed, the previous treatment addresses polaronic effects on a system's ground state. It
shows that the fact that solids hold together is the consequence of the polaronic effect.
However, the treatment can be generalized to other excited states of the system, albeit

perhaps not with the same simplicity. In the case of exciton-polarons, this ground state

procedure could be directly used in the Wannier equation (see equation 2.13) to determine
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the polaronic character of the excitonic ground state [65]. Finally, some might claim that
the term exciton-polaron is super uous since excitons in polaronic system are merely com-
posed of two polarons of opposite charge orbiting each other. The resulting quasi-particle
is therefore no different than a normal exciton and should be named as such. Again, this
scenario is plausible but discards a host of rich physics which could arise from the presence
of carrier correlations through both the intercarrier Coulomb interaetrahand electron-
phonon interactions. Indeed, polaronic effects screen electric elds, which in turn affects
the Coulomb interaction which changes the electronic charge density. In response to this,
the lattice rearranges and this cycle carries on. Thus, the inclusion of polaronic effects in
a Coulomb correlated system could potentially affect the electronic structure of a material

beyond the added individual contribution of both effects.

Therefore, exciton-polarons are the quasiparticles which diagonalize a system's Hamil-
tonian in which both strong electron-phonon and electron-hole pairwise interactions are
present. It is not a new concept, used in the past to discuss polaronic effects on Wan-
nier excitons [65], the properties of strongly con ned excitons in quantum dots of polar
semiconductor [66, 67, 68], quantum wells [69] and bulk systems [70]. These show that
since the exciton and phonon wavefunctions are entangled by these polaronic effects, the
exciton-phonon system must be considered as one for systems where both Coulombic and
polaronic correlations are strong. In particular, a simultaneous theoretical treatment of
both correlations for electrons in a quantum well surrounded by a medium with a distinct
electronic structure and electric permittivity is done in reference [71]. The authors con-
sider the contribution of both interfacial and bulk phonons to the Hamiltonian as well as
dielectric con nement effects. Given the close analogy between 2D HOIPs and the system
considered in these calculations, we will devote a few lines to some of their results. First,
the calculations validates our intuition that polaronic effects reduce the excitonic binding

energy. When the polaronic radi&, = (~=2m¢! o), a characteristic length scale of the
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polaron problem, is comparable to the exciton's Bohr radius, polaronic effects are reduced
and the exciton's binding energy increases. Surprisingly, for atom-thin wells, the ratio of
the bare exciton's Rydberg energy to that of the phonon it is coupled to has a strong ef-
fect on the resulting binding energy. Therefore, if excitons are strongly coupled to distinct
lattice modes, their energies will be altered as well. This ascertainment is central to the

conclusions put forward in this thesis.

2.4 Spin-orbit effects

When an electron moves in a magnetic eBd it experiences a correction to its energy

by g B through the Zeeman effect wherg is Bohr's magneton and the vector of

Pauli matrices. However, a Zeeman effect in the absence of a magnetic eld is possible.
Due to special relativity, an electron moving in an electric @&dfeels a magnetic eld

Be = E p=mc. The electric eld felt by electrons in a solid is that of the atomic

potentialV suchthaE = r V which yields the spin-orbit part of the Hamiltonian
- B :
Hso = W(r \/ p) . (247)

For this reason, the spin-orbit coupling is often said to arise from relativistic corrections and
its effect on electronic band structure is the lifting of degeneracies related to the spin degree
of freedom. In solid-state systems, this atomic spin-orbit coupling can be approximated by
simpler expressions when the symmetry of the crystalline structure is known. For instance,

in the case of bulk zinc-blende crystals, the spin-orbit coupling takes the form [72]

Hoso /' (B} PP« x +a:icp); (2.48)

where a.c.p stands for all circular permutation of indices. This spin-orbit Hamiltonian is

known as the Dresselhaus spin-orbit coupling and can be further simpli ed when consider-
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ing a strained zinc-blende structure along the (001) direction and reads

Hoso1/ Po(Px « Py y) (2.49)

and is called the linear Dresselhaus spin-orbit coupling. More importantly in the context of

2D HOIPs is the following phenomenological spin-orbit coupling [73, 74]
Hrso = TR(Z p) (2.50)

and is called the Rashba spin-orbit coupling whegeis the Rashba parameter. It is in-
tended to describe spin-orbit coupling arising from interfacial electric elds in 2D degener-
ate electron gases. It is important to remark that due to its linear nature in momentum, this
particular form of the spin-orbit coupling vanishes for systems with an inversion center. It
can therefore be of considerable importance at surfaces or interfaces. All of the above yield
energetic corrections to electronic bands depending on their spin degree of freedom. In the
linear approximation, this yields a shift of the bands in momentum space, effectively lifting
spin-related degeneracies. Such shifts in the electronic bands due to the Rashba effect have
been observed on the surface of BiAg (111) alloy using ARPES [75] or in Shubnikov-de
Haas oscillations in InAIAs/InGaAs heterostructures [76]. The Rashba parameter of the
latter was found to be 0.6710 ! eV m while the former was found to be 3.70 °eVm

almost two orders of magnitude larger. While the Rashba spin-orbit coupling seems like a
fair approximation for some systems, it only partially reproduces the real effects of spin-

orbit coupling on electronic bands and should be used carefully [77].

2.5 Previous investigations of the optical properties of two-dimensional perovskites

Having laid out the necessary theoretical elements, the experimental manifestations of these
various solid-state phenomena in 2D HOIPs can now be discussed. We begin with excitonic

effects, for they are the main focus of the work of this thesis. As we will show, the origin of

36



excitonic ne structure in these materials remains elusive. This mystery is the driving force
behind much of the work presented in later chapters. We then turn our attention to reports
related to signatures of electron-phonon interactions in these systems. These were known
to be important in 3D HOIPs but, comparatively to their expected importance, few works
have considered these effects in 2D HOIPs. Our attempts to verify a hypothesis pointing to
a Franck-Condon interpretation of the excitonic ne-structure put forward in one of these
reports turned out to invalidate it and launched the whole polaron hypothesis defended in
this thesis. Finally, given that spin-orbit effects are usually manifested through degeneracy
lifting of angular and spin degrees of freedom, we present some reports of these effects
in 2D HOIPs. There is still much ongoing debate about the validity of these ndings but
some interesting reported coincidences make these effects potential candidates to explain

the excitonic ne-structure splitting.

2.5.1 Excitoniceffects

Due to their dominating contribution to the optical properties of two-dimensional lead-
halide perovskites [78, 79], it was observed in the earliest works that excitonic effects are
very strong in these materials. Exhibiting binding energies of hundreds of meV, on par
with those of other strongly excitonic two-dimensional materials such as monolayers of
transition metal dichalcogenides (TMDCSs) [44, 80], excitons are tightly bound and there-
fore stable even at room temperature. This came as no surprise to the authors of these early
reports given PRls large binding energy [34] (about 30 meV) and the recent work on quan-
tum wells of direct bandgap semiconductors such as GaAs. Moreover, signatures of bound
biexcitons in the low temperature photoluminescence spectrum of 2D HOIPs were also re-
ported early on [81]. A biexcitonic binding energy of the order of 50 meV was reported,
the highest of any material known so far and again comparable to that of monolayers of
TMDCs [82, 44]. Biexciton lasing was even claimed to occur in these same systems [83]

although no sharp threshold in emission was observed in the reported data. The estima-
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tion of biexciton binding energy through the non-linear growth with excitation power of a
reshifted photoluminescence feature is a common practice but can also arise from defect
emission. To unambiguously measure this binding energy, one must turn to multidimen-
sional spectroscopy. A recent report [84] performed multidimensional spectroscopy on 2D
HOIPs and obtained a binding energy of 40 meV at room temperature. There, they inter-
preted a featured shifted from another along the two-diagonal of a two-quantum spectrum
to arise from a biexcitonic correlation. This is an incorrect interpretation of their own data
as we will show in section 3.5 and we consider their estimate of the biexciton binding en-

ergy to be invalid.

Even though the optical signatures of excitons in these materials seem at rst sight to
match the predictions of the Wannier model, two major discrepancies were observed be-
tween the measured and predicted excitonic signatures. The rst one involves the unusually
high excitonic binding energies observed in lead-halide 2D perovskites. Although a four-
fold increase in excitonic binding energy is expected due to the quantum con nement of the
carriers in the lead-halide plane, this enhancement is insuf cient to explain the binding en-
ergy's increase by about an order of magnitude in most lead-halide 2D perovskites [79, 85].
The solution to this puzzle lies not in the composition of the inorganic well, but what lies
around it. If electrons are con ned to a near two-dimensional geometry, the electric eld
is not. This aw in our previous derivation of the Wannier model where we supposed an
isotropic dielectric constant was highlighted near the end of section 2.2.1. In 2D HOIPs, the
electric permittivity of the organic layer is about 10 times smaller than that of the inorganic
layer [86] thus drastically lowering the effective electric permittivity relevant for the inter-
action between two charges in the inorganic layer. This effect, sometimes called dielectric
con nement or image charge effect, is not unique to 2D HOIPs and is in fact observed in
all atomically thin excitonic semiconductors of reduced dimensionality [80, 87]. In this

situation, the proper Coulomb potential to be considered in equation 2.13 is the one that
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arises from this heterogeneous dielectric environment. An analytical form for this potential
can be obtained using the image charge method [88, 79] and accounts correctly for this
increase in binding energy. However, the authors of reference [79] did not use the known
effective masses of carriers in a bulk analogue to the inorganic single-layers. They rather
adjusted the exciton's reduced mass to maximize the agreement between the predicted and
measured binding energies of similar compounds. The agreement so reached is excellent,
but this method casts doubt on the validity of the envelope function approximation for these
materials. As previously argued from an experimental [89] and theoretical [90] standpoint,
the quantum well model fails when each plane of 2D HOIPs are composed of a single
layer. Not only is it impossible to use the same effective masses to predict excitonic prop-
erties from the single-layer to the bulk (unsurprising given they are different materials), this
formalism predicts the formation of minibands due to superlattice effects. These are not
observed in DFT calculations nor experimentally. In fact, single-layered 2D HOIPs behave
more like isolated sheets of two-dimensional semiconductors like monolayers of transition
metal dichalcogenides. This limitation of the Wannier model was mentioned in passing
near the end of section 2.2.1 and does not imply that the Wannier formalism is invalid for
these materials. It rather suggests that the correct material parameters can differ from those
of analogous multilayered or bulk systems. In this sense, monolayered 2D HOIPs should

be considered as different yet similar to these analogous systems.

The other discrepancy between the predictions of the Wannier model and the measured
optical spectra is at the origin of this thesis's work and undoubtedly many more in the
future: that of an excitonic ne structure in the low temperature absorption and photolumi-
nescence spectra. This ne structure is consistently present across many 2D HOIPs with
distinct organic cations [78, 79, 91, 8] and halogen atoms [92, 93]. It also persists up to
room temperature as shwon by the properties of polaritonic emission when these materials

are imbedded inside an optical microcavity [94]. Early work on these materials hypothe-

39



sized this ne structure to arise from the lifting of a degeneracy by spin-orbit coupling or
crystalline elds [78]. The original and subsequent arguments were based on the electronic
structure of Pkl and supposed them to be Frenkel excitons whose wave functions were
solely composed of the s and p orbitals ofPjthus completely neglecting contributions
from the iodine atoms and organic cations around it or any other structural details for that
matter. Unsurprisingly, this assumption was found to be erroneous by recent DFT calcu-
lations including spin-orbit coupling for similar compounds [10]. These calculations show
that the valence band maximum (VBM) and conduction band minimum (CBM) are con-
ned to the inorganic plane and both occur at thgoint. The VBM is composed of the
hybridization between lead's 6s and iodine's 5p orbitals while the conduction band mini-
mum is composed of iodine p orbitals. However, these bands could just as well be split by
symmetry breaking effects such as exchange interaction, crystalline elds or spin-orbit ef-
fects and cause the observed excitonic ne structure. As a matter of fact, a ne structure was
also observed in orthorombic nanocrystals of bulk hybrid organic-inorganic perovskites al-
beit with much smaller energy splittings [95] and were assigned by some to a degeneracy
lifting by exchange interactions [96] and by others to spin-orbit effects [97]. Experimental
results proved the former right [96] and showed that the result of these broken symmetries
is an optically dark ground state and a bright non-degenerate triplet. Nevertheless, the close
proximity between 2D HOIPs and their bulk counterpart suggest similar effects could be at

play in the former.

2.5.2 Electron-phonorcouplingandpolaroniceffects

As stated in section 2.1, from the atomic structure alone, one can deduce that the coupling
between atoms and the lattice will be important. It is therefore tempting to interpret the
excitonic ne structure as a vibronic replica like those predicted by the Franck-Condon
model. This assignment is all the more sound when the ne structure consists of evenly

spaced features of decreasing oscillator strength, as is the case inEPEA)N light of

40



Figure 2.6: Absorption and emission spectra used to justify the excitonic ne structure

as a vibronic progression. The absorption and photoluminescence of (Pih), at a
temperature of 15K on a regular (a) and expanded (b) scale. Features in the emission
spectrum are labelled, , and with decreasing energy. The purple curve corresponds

to the emission spectrum ampli ed by a factor of 60 to show low intensity features. The
emission is time-resolved in panels (c) and (d) with the same feature labelling as in panel
(b). Taken from reference [98].

photoluminescence and absorption spectroscopies shown in Figure 2.6 some have proposed
this interpretation [98]. In the low-temperature absorption spectrum, the ne structure of
(PEAXPDI, is clearly resolved and four distinct peaks are observed (Figure 2.6a). Four
peaks are also observed in the photoluminescence spectrum but their intensities and ener-
gies do not mirror those of the absorption spectrum (Figure 2.6b), an indication that the
basic Franck-Condon principle does not apply here. The authors explain this discrepancy
by pointing out that when the emission is time-resolved (Figure 2.6¢ and d), each feature
rises in a step-like fashion one after the other. They attribute this temporal emission pro-
le to a slow relaxation down the excited state vibrational manifold, thus breaking Kasha's

rule. If it were the case, the emission spectra at late times would then be Kasha-like emis-

sion, that is, once the population has relaxed to the lowest vibrational state. In this case,
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the emission spectra would then be a mirror image of the absorption spectrum, which is
not observed in their data. Therefore, unless the shape of the excited state potential en-
ergy surface changes during the relaxation, the time-resolved photoluminescence cannot
be explained by slow vibrational relaxation. For this reason, we doubted the assignment of
the excitonic ne structure to a vibronic progression is valid. Nonetheless, this work was
central in launching our own investigation in the matter. Indeed, to experimentally verify
the claim made by the authors, one would need to perform resonance Raman scattering on
all features of the ne structure. If the spectrum does not change with pumping energy,
all transitions share the same electronic character and are therefore vibrational replica of a

single electronic state. This is exactly what we performed in section 6.

In three-dimensional HOIPs, another manifestation of electron-phonon coupling be-
yond a displaced excited state was observed, that of large polarons. In an attempt to explain
the high carrier diffusion lengths, low recombination rates, strange temperature dependent
transport properties and low scattering rates, it was proposed that carriers in these materials
could in reality be large polarons [99]. Indications of polaron formation were later provided
using transient optical Kerr effect and DFT based calculation [100] and used to rational-
ize the slow hot carrier cooling curves observed in these materials [101, 102]. This as-
signment was subsequently con rmed by impulsive coherent stimulated resonance Raman
spectroscopy [103]. Surrounded by a large cloud of lattice distortion, electric elds out-
side the large polaron's radius would be screened thus shielding carriers from interactions
with other quasiparticles and defects. Therefore, many-body interactions affecting polarons
should be considerably reduced. Due to the similarity between 2D HOIPs and their bulk
counterparts, carrier in the former might also share this polaronic character. Due to the
polaronic effect's dependence on dimensionality, this effect might be enhanced as well. In-
deed, in light of very broad and strongly Stokes-shifted photoemission in some 2D HOIPs

with high octahedral distortions, self-localisation of excitons or small polaron formation
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is believed to play an important role in these materials [8, 7]. As stated in section 2.3.3
for the two-dimensional case, according to equation 2.43 @ith 2, the delocalization

from the carrier's kinetic energy term can be compensated by short-range electron-phonon
interactions to yield a large polaron or ampli ed to yield a small polaron. 2D HOIPs could

be at the threshold between these two regimes and exhibit both characters depending on
the conformation imposed by the organic cations on the inorganic planes. This hypothesis
has also been proposed by others in light for the increased thermal broadening of emissive

lines in 2D HOIPs [104].

2.5.3 Spin-orbiteffects

As mentioned in passing in section 2.5.1, spin-orbit coupling has a strong in uence on the
electronic structure of 2D HOIPs [10]. These effects effectively split two quasi degenerate
conduction bands by about an electron volt. The spin-orbit coupling also mixes the charac-
ter of these conduction bands. Both of these effects are much softer on the valence bands
and does not signi cantly alter their nature. Small displacements of the lead atom inside
its octahedral cage could lead to spatial inversion symmetry breaking and therefore give
rise to a Rashba effect in 2D HOIPs [105]. In bulk HOIPs, the presence of a large Rashba
effect was con rmed by ARPES measurements [106] and yielded a Rashba parameter of
11 10 ®eVm, animmense value when compared to those obtained for traditionnal semi-
conductors. Due to the surface nature of ARPES measurements, however, this value might
be much larger than the correct one in the bulk. One may nonetheless expect these ef-
fects to be important in 2D HOIPs as well given their interfacial nature. Recently, ultrafast
transient absorption spectroscopy measurements have observed an excited state absorption
feature at a probe energy of 350 meV which they attribute to a transition from the exciton
ground state to a shifted Rashba band [107]. Using the bandgap energy extracted from elec-
troabsorption measurements and the photoinduced absorption feature's energy, they extract

a Rashba energy of (38) meV and a Rashba parameter of (1061) 10 °eV m. While
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a surprising result which could arise from Rashba effects, this feature could also be inter-
preted as photoionization of bound exciton species. Nonetheless, the similarity between
the measured Rashba energy and the excitonic ne structure splitting is striking and hint

that Rashba effects could be behind the observed excitonic ne structure in 2D HOIPs.

2.6 Conclusion

In this chapter, we have presented all the theoretical elements required to understand the
current state of the eld and interpret the literature it had generated so far. The portrait
so painted is blurry: many different phenomena such as excitonic correlations, electron-
phonon coupling as well as spin-orbit and exchange effects should be strongly manifested
in 2D HOIPs. However, no conclusive evidence points to one of these as being at the origin
of the observed excitonic ne structure splitting. Worse even, potential hypotheses involv-
ing all but one of these phenomena have been proposed to account for this ne structure
some using debatable or downright wrong arguments. The phenomena cast aside, that of
electron-phonon coupling, is expected to be strong but few in the eld were aware of the
experimental and theoretical literature concerning two-dimensional polarons and exciton-
polarons. If electron-phonon coupling is suf ciently strong, that the excitonic ne structure
arises of electronically distinct states and there is a spectral dependence on electron-phonon
coupling within this ne structure, exciton-polaron effects could well be responsible for the
observed ne structure. In the remainder of this thesis, we will gradually give credibility to
this hypothesis using advanced optical probes. Before diving into the various experimental
results we have gathered to this end, we will spend the next chapter laying out the necessary
theoretical framework in which to interpret them. This shall not be in vain for it will give
you a good sense of the elegance and rigor with which matter can be probed using coherent

non-linear spectroscopy.
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CHAPTER 3
SPECTROSCOPIC TOOLS: PROBING MATTER WITH LIGHT

It is by no coincidence that light is one of the most widespread tools used in the study
of matter. Light interacts with many degrees of freedom for a vast ensemble of physical
systems. It can be made to interact almost imperceptibly with a system, keeping the ex-
periment in the perturbative regime, or with such strength that light and matter become
indistinguishable. Moreover, the physical properties of light are numerous, readily mea-
sured and easily tuned making it a versatile tool too. Its scalar properties span multiple
orders of magnitude in time (from the attosecond to the continuous), energy (from gamma
rays to radio frequencies), lengths (down to the diffraction limit) and intensity (from the

single photon to powers capable of ripping apart an hydrogen atom). Its numerous vec-
torial properties such as direction of propagation, polarisation, and degree of helicity are
also extremely useful in isolating particular phenomena. Light's versatility and ease of use
is such that it was instrumental to the development of nearly all elds of modern physics.

This trend is not about to end given the astounding research efforts directed into pushing

further this attribute, yielding new and promising ways to explore matter with light.

However, spectroscopy laboratories around the world aren't equipped to span all of
light's parameter space and restrict themselves to a sub-region suited to the phenomena
they wish to study. In the context of this thesis, we wish to study exciton dynamics in di-
rect band-gap hybrid semiconductors. This requires the generation of short tunable pulses
in the visible, so as to achieve the required temporal resolution and resonant excitation.
In addition to excited state population dynamics, we wish to study the temporal evolution
of a photocarrier's wavefunction, its coherent dynamics, as well. Since it can be detected

through the optical dephasing of the corresponding optical transitions, we need our exper-
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iments to be phase-resolved and non-linear. The former arises because of the coherent na-
ture of optical dephasing processes while the latter is necessary to resolve sub-picosecond
oscillations using stroboscopic measurements. Such experiments falls under the umbrella
of time-resolved coherent non-linear spectroscopies such as transient absorption and mul-

tidimensional coherent spectroscopy (MDCS) [108].

In this chapter, | rst expose the foundations on which the interpretation of coherent
non-linear spectroscopy experiments rests. | will focus on the theoretical elements used in
the interpretation and analysis of the measurements presented in later chapters. Along the
way, the connection between these measurements and the system under study will be made
explicit. Moreover, the formalism of double-sided Feynman diagrams will be presented
and used to interpret typical multidimensional spectra. Finally, more intricate models will
be used to show that non-linear coherent lineshapes are rich with information about some
of the most elusive effects in semiconductor physics namely disorder and many-body in-

teractions.

3.1 Fundamentals of non-linear coherent spectroscopy

The interpretation of almost every spectroscopic measurement stems from a perturbative
treatment of a system's response to an applied electromagnetic eld using time-dependent
perturbation theory. Such an endeavor yields the time-dependent polarization induced in
the material by the electric eld. From it, one then obtains the frequency-domain response

of the system under study. The derivation of the system's temporal response can be found
in reference [109] and yields

Z, Z, Z,

PM(r:t) = dt,, dt, dt;SM (thitn 15t
0 0 0

E(r;t ty)E(r;t t, t, 1) E(;t t, t;) (3.1)
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whereP (M (r;t) is the non-linear polarization induced in the system tortkté order in
the applied electric eldE(r;t), r andt are spatiotemporal coordinates a8’ is the

non-linear response function given by

SM(titn 155ty) = I: (t)(t2)  (ta)

h 2ty +  + )Mt 2+ + )i [M(t):[*0); (1)1 1 32

where ( t) is the Heavyside functior} the dipolar moment operatdr,i denotes a quan-

tum mechanical average( 1 ) the system's density matrix before the experiment and

[A; B] the commutator between two operatdtsand B. All operators are expressed in

the interaction picture. These equations are the foundation on which lay the interpretation
of all coherent non-linear spectroscopy measurements. They state that the non-linear po-
larization is related to the applied electric eld via their multitemporal convolution with

the response function. The microscopic description of the system (and thus, its dynamics)
enters these equations through the system's dipolar moment operator and the density ma-
trix at equilibrium in the response function. Even in this general form, these equations are
easily related to the experiment being performed. Indeed, it is easy to design a non-linear
coherent spectroscopy experiment so that only the effects afi-theorder polarization

are detected. Therefore, in most cases, it is not necessary to consider these equations to
more than a single order. In this thesis, only experiments involving the rst and third order

polarisations were performed. To the rst order, equations 3.1 and 3.2 take the form of

z
PO(r;t) = 1dt°s<1>(t‘§E(r;t t9 (3.3)
0

and

sB(t) = I: ( HMOM0); (1 )] (3.4)
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where it is now clear tha®® (t) is simply the linear electric susceptibility® (t) multi-

plied by the electric permittivity of free spacg A linear coherent spectroscopy measure-
ment is therefore equivalent to measuring the refractive index and attenuation coef cient
of a material. Equation 3.4 shows that the rst light matter interaction launches coherent
oscillations between resonnant excited states which independently radiate a signal during
timet. This radiation then interferes with the electric eld used to generate this polariza-
tion yielding the transmitted and re ected beams measured in re ectance and transmittance
experiments. These independent oscillations are the reason behind a linear measurement's
fundamental ambiguity: it is impossible to tell apart a three level system from two uncou-
pled two-level systems. Linear techniques, such as absorption spectroscopy, are nonethe-
less extremely useful techniques notably to provide the energies of various excited states

present in a material.

To alleviate this ambiguity, we must use techniques of higher order in light-matter in-
teractions. Both transient absorption and all MDCS experiments presented in this thesis

are third-order non-linear coherent spectroscopy experiments. Equations 3.1 and 3.2 then

become
Z 1 Z 1 Z 1
PO(r;t) = dts dt, dt;S® (5 to; ta)
0 0 0
E(r,t t3)E(r,t 3 tz)E(r,t t; to tl) (35)
and
.3
Y
SP(tgtzit)) = - (1) ((t2) ( 1)

h A(ts + to + 1)["(t2 + 12); [M(t2); [Y0); (1 I (3.6)

The aforementioned ambiguity is thus alleviated. The second light-matter interaction maps
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the independently oscillating coherences launched by the rst one onto a population tran-
sient or another coherences which are then taken back onto oscillating coherences by the

third interaction. These last coherences then radiate the signal detected in an experiment.

3.2 Time-ordering and the semi-impulsive limit

The conditions in which these experiments are performed allow a few further simpli ca-
tions. First, the electric eld applied on the sample is provided by a sequence of two (for
transient absorption) or three (for MDCS) temporally well separated short pulses. For gen-
erality, we will present here the case relevant to MDCS. This allows us to split the general

expression for the electric eld present in equation 3.5

E(r;t) = Ea(r;t) + Ep(r;t) + Ec(r;t) (3.7)

into three distinct electric elds

Ea(r;t) = Ea (gt 't XD (3.8)
Ep(r;t) = Ep (t+ )l 't koD (3.9)
Ec(r:t)= Ec (t+ + 9t keD (3.10)

where the subscript, bandc denote the electric eld of the rst, second and last beams

to interact with the sample. The case for transient absorption is easily obtained by taking
beam a and b to be identical and simultaneous. This approximation, known as the semi-
impulsive limit, is valid when the pulses are short compared to the system's dynamics

but long compared to the electric eld's oscillation. This is why the pulses are represented

using Dirac's delta functions but still carry a wavevector and a carrier frequency. We replace

the rst, second and last electric elds in equation 3.5 wiih, E, andE. respectively to
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obtain the non-linear polarisation under this approximation. It reads
20 13
POr:t)= SO ; Yexpdi @t + * ( 1)%k; rAS (3.11)
i2f a;b:cy
whereS; is positive for two indices and negative for the other. The time-ordered semi-
impulsive limit greatly simpli es the interpretation of experimental data. For one, the mea-
sured signal is directly proportional to the response function. Moreover, by removing the
ambiguity over the temporal ordering order in which each beam interacts with the sample,
the number of terms contained in the response function that need to be considered is also
drastically reduced. Similarly to the case of the general electric eld, the general dipolar
moment operator

At) = Ma(t) + M p(t) + M e() (3.12)

as it appears in equation 3.6 is now replaced by the appropriate beam speci ¢ dipolar mo-
ment operatof;(t) withi 2 f a; b; @. This reduces the number of terms to be considered in
the response function by a factor of 27. The time ordered semi-impulsive limit is generally
a good approximation. Full calculations involving a complete description of the electric
eld reveal the pulses' shape to merely act as a lter in the frequency domain and does
not signi cantly alter the lineshapes [110, 111]. We have also imposed a condition on the
phase of the polarisation in equation 3.11 by requiring that the polarisation oscillates at
a frequency near that of the probed optical transitions. This requirement, called phase-
matching, is the mathematical equivalent of experimentally detecting only light close to

resonance with the system under study and not at two or three times its energy.

The description of the response function must also be subtly modi ed to be in agree-
ment with the semi-impulsive limit. In reality, the response function as shown in equa-
tion 3.11 stems from the true response function integrated by a convolution with the electric

elds. Therefore, some terms in this integral will oscillate at the difference between the op-
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tical and material oscillation frequency while others will oscillate at their sum. The former
will dominate the optical response under resonant pumping since the latter will cancel out
in the integral, destructively interfering. Neglecting these terms from the response func-
tion in equation 3.11 is called the rotating wave approximation. It also drastically reduces
the number of terms required to build the response function, making computations easier.
Together, the time-ordered semi-impulsive limit and the rotating wave approximation yield
one last simpli cation. Equation 3.11 shows that the many directions in which the signal
ks is radiated is given by

ks = X ( 15k;i: (3.13)

i2f a;b;cg

We can thus further reduce the number of terms to be considered in the response func-
tion by spatially Itering the signal, isolating a particulésig j i 2 f a; b; g whereS; is
positive for two indices and negative for the other. These then x the form of each inter-
action's dipolar moment operator entering the computation of the response function so that
the rotating wave approximation is satis ed. An interaction wh8s& negative is called

a conjugate interaction since the conjugate of the associated electric eld contributes to the

detected signal. Other interactions are called non-conjugates.

3.3 Resonant impulsive coherent stimulated Raman scattering

We are now ready to model our rst non-linear coherent measurement, that of resonant
impulsive coherent stimulated Raman scattering (RICSRS). This experiment consists in im-
pulsively exciting an electronic transition using a simultaneous conjugate and non-conjugate
interaction provided by a strong pump pulse and observing the temporal modulations in the
dielectric permittivity using the transmission of a probe pulse. To model this experiment,

we suppose as we did in section 2.3.1 that of displaced harmonic oscillators coupled to

an electronic degree of freedom. Knowing the eigenstates of the system, we could di-
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Figure 3.1:Probe energy dependence of RICSRS signal for a single homogeneously
broadened transition. The spectral amplitude (line) and phase (dashes) are computed
for an electronic linewidth of 50 meV coupled, a vibrational mode energy of 1 meV and a
Huanhg-Rhys factor of 0.5 at a temperature of 50 K. The absorption lineshape used in the
simulation is plotted as a shaded gray area.

rectly compute the system's response function to obtain the time-dependent polarisation.
However, it is much wiser to separate the density matrix into its electronic and vibrational
degrees of freedom and then compute an effective change in the equilibrium rst-order per-
mittivity induced by the pump pulse's excitation [112]. This useful trick allows us to easily
distinguish between pump and probe interactions while drastically reducing the required
computational resources when compared to a ftill calculation. The electronic density
matrix is taken to be diagonal, neglecting effects from electronic coherences. This approx-
imation is valid in the case of pump-probe measurements on two-level systems, but breaks
down when more coupled electronic levels are taken in consideration. The problem is then
reduced to the computation of the vibrational degrees of freedom's effects on the dielec-
tric permittivity. To model these, the pump-induced modulation of the vibrational density

matrices are computed for the ground and excited electronic states. The vibrational Hamil-

tonian is the same in both cases, except for a displacemaidng the nuclear coordinate
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associated to the vibrational mode. When the pump eld interacts with the vibrational part
of the system, it imparts a displacement in real and momentum space modeled using a mo-
ment generating function. All pump interactions are contained within this initial kick, after
which the vibrational degree of freedom evolve freely according to their respective Hamil-
tonian before interacting with the probe pulse. The only free parameters of this model are
the displacement of the vibrational Hamiltonianupon excitation and the complex line-
shape of the system under study. The latter supposes a single homogeneously broadened
electronic state and its accompanying vibrational replicas. With these considerations and
supposing undamped wavepacket motion, analytical expressions for the amplitude of the
pump-probe modulation can be derived, and further reduce the required computation time.
The result of such calculations are plotted in Figure 3.1. This yields the characteristic dual-
peaked lineshape surrounding the transition coupled to the vibrational mode as well as the
phase shift upon crossing the central frequency. Not shown in the response so plotted is
the signal's dependence on the pump pulse length. Indeed, the RICSRS signal is greater
when the pump pulse duration matches the period of the displaced mode. Therefore, if
the pulse is too short or too long, some modes could be unobservable using this technique
despite being strongly coupled to electronic degrees of freedom. Moreover, the magnitude
of the response depends on that of the displacement. It is therefore analogous to resonance
Raman spectroscopy [113, 114] and can be used as a substitute to this technique when

advantageous. This lineshape will become important for the results presented in chapter 6.

3.4 Double sided Feynman diagrams

Without specifying the system under consideration, it is hard to say much more about
interpreting non-linear coherent spectroscopy techniques. However, certain aspects of the
system under consideration are often well approximated by a single-particle occupying
molecular-like discrete orbitals. In this case, the system's density matrix can be easily

written down and each terms arising from the nested commutators of equation 3.6 can be
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represented in a diagrammatic and useful way. Each diagrammatic elements are called

double sided Feynman diagrams. These are constructed by observing the following rules:
1. Time ows from the bottom to the top of each diagram.
2. Each line represents the density matrix's state after a light-matter interaction.

3. Arrows represent light-matter interactions. Arrows pointing towards the right or the
left represent a non-conjugate or conjugate interaction respectively. The last interac-
tion arises from the quantum mechanical average to oltéthand is different in
nature from the other interactions. It is not associated to an applied electric eld but

rather spontaneous emission and so is represented by a different arrow.

4. Each Feynman diagram carries a sig o1)" wheren is the number of light-matter
interaction acting on the right. This property stems from the commutator's de nition

that is[A; B]= AB  BA. The nal emission interaction is not counted in this rule.

5. An arrow pointing towards the system represent an excitation of the system and vice-
versa for an arrow pointing outwards. This is a consequence of the rotating wave
approximation and forbids the appearance of terms corresponding to emission from

the ground-state.
6. After the nal emission interaction, the system must be in a population state.

For example, the Feynman diagrams involved in the response function of a simple two
level system (or V model) following a conjugate and two non-conjugate interactions are
presented in Figure 3.2. By inspecting a Feynman diagram and supposing the density
matrix dynamics obey the optical Bloch equations, one can easily deduce the temporal
evolution of the associated term, its amplitude as well as its sign. For example, th& term
associated to the diagram in the upper left corner of Figure 3.2b is positive and oscillates
as

0

AC; St)= e Cx 1) glxrinng x (3.14)
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where x = % + =2is the dephasing rate? the bath induced dephasing andhe
radiative decay rate. During timeandt, this term oscillates dty the frequency difference
between the states involved in the rst and last coherence respectively. These coherences
decay at a ratex due to dephasing dynamics induced by radiative decay to the ground
state and interactions with an incoherent thermal bath. During thrtbe density matrix

is in a population state and the signal does not oscillate but rather decays at alugt¢o
radiative decay. This basic model is useful to super cially interpret the results of coherent
non-linear spectroscopy experiments, but fails to reproduce many behaviors observed in
real experiments. First, it does not predict population relaxation within the excited state
ladders. This can however be accounted for by introducing these dynamics in the optical
Bloch equations. Secondly, it does not consider the effects of inhomogeneous broadening
on the system'’s optical response, a broadening mechanism ubiquitous in even the purest of
samples. To do so, one must turn to a much more involved formalism, that of the Brownian
oscillator model [109] to predict their signature. Lastly, due to our choice of a single
particle basis to represent the system's density matrix, this approach is ill-suited to discuss
many-body effects on the non-linear optical response. To properly account for these, the
double-sided Feynamn diagrammatic approach must be abandoned and the full many-body

calculation must be performed using equations 3.11 and 3.6.

3.5 Interpreting a multidimensional spectrum

The goal of MDCS is to obtain information about the system under study through the full
temporal dependence of its non-linear coherent response function. A MDCS measurement
is performed by scanning a delay during which a coherence oscillates and recording the ra-
diated signal's spectral amplitude and phase. The radiated signal arises from the sum of all
the pathways taken by the density matrix following a de ned sequence of light-matter inter-
action. The signals arising from different interactions sequences yield different information

about the probed system. For instance, consider the case shown in Figure 3.2 of the third
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Figure 3.2:Double-sided Feynman diagrams for a two level system with two ladders of
excited states(a) Energy levels of the model system. It is composed of a groundj6tate

two excitonic levelgX i andjX 9, and three biexcitonic leve]8i (two bound X excitons),

jB4 (two bound X and X' excitons) anfB°? (two bound X' excitons). These levels are
redshifted from the sum of the energy of their constituents by a common binding energy
Eg.(b) Double-sided Feynman diagrams responsible for the non-linear polarisation in the
case of a conjugate interaction followed by two non-conjugate interactions.

order response resulting from a conjugated interaction followed by two non-conjugated
interactions. In this case, all pathways feature coherent oscillations of opposite frequen-
cies during the rst and last interpulse delays. The resulting response is called rephasing
since the coherent oscillations occurring during the rst interpulse delay are rephased by
the coherent oscillations occurring during the last interpulse delay. For this reason, the
dephasing of the rst coherent oscillations due to inhomogeneous broadening is cancelled
after some time during the last coherent oscillation. However, dephasing occurring due
to homogeneous broadening is not rephased, allowing us to segregate both of these con-
tributions to line broadening using a rephasing measurement. If the population dynamics
occurring during the second delay are not allowed to occur (by setting this delay to zero),
this measurement is called a photon-echo and is used to extract the intrinsic homogeneous
linewidth of an optical transition [115] as well as probe dephasing arising from many-body
effects. A similar analysis can be performed for all of the three distinct interaction se-
guences allowed by a third-order non-linear measurement. These can be classi ed into
three categories: one-quantum (1Q), two-quantum (2Q) and zero-quantum measurements

(0Q). This nomenclature is based on the difference in number of quanta involved in the

coherence oscillating during the scanned delays. Thus, n-quantum measurements probe
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the coherences between states separated by n light-matter interactions. For this reason, 1Q
measurements are the most common as they directly probe the optical transitions observ-
able in photoluminescence and absorption spectroscopy. 2Q measurements are extremely
useful to explore biexcitonic correlations and inelastic exciton scattering while 0Q mea-

surements are great to probe vibronic coherences within an excitonic manifold.

A 2D spectrum is the result of a multidimensional Fourier transform of the measured
signal's temporal dependencies along the time axes during which coherences oscillate.
Generally, the Fourier transform along the emission time axis is experimentally performed
by a coherent spectrometer so that only the rsttemporal axis needs to be transformed. The
magnitude or real part of the 2D spectrum are then presented as 2D plots with two ener-
getic axes corresponding to the frequency domain of the scanned delays. By convention,
for 1Q measurements, the rst scanned delay is called the absorption figrend yields
the absorption energy once transformed. For 2Q measurements, the corresponding axis is
called the two-quantum energy axis and corresponds to the second interpulse delay during
which coherences oscillate at twice the optical frequency. Finally, the time after the last
light-matter interaction during which the signal is emitted is called the emission time. Once
transformed, it yields the emission energy axis. For rephasing measurement, the initial co-
herence oscillates at a frequency with a sign opposite to the last coherence's oscillation
frequency. For this reason, features appear in the negative part of the axis corresponding to
the former delay. Since there are three light matter-interactions and an emission involved
in generating a third-order non-linear signal, there remains another interpulse delay not
presented in a 2D spectrum. This delay is often the one separating the second and third
interactions in a 1Q measurement and yields important information about population in-
duced dynamics. It is often speci ed in a 2D spectrum along with the type of measurement

it represents.
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We can now interpret experimental two-dimensional (2D) spectra using the formalism
presented in section 3.1. To interpret a 2D spectrum, one could build a model for the
system, use it to predict the system's temporal evolution and use equations 3.11 and 3.6
to compute the temporal dependencies of the non-linear polarisation. A two-dimensional
spectrum is then obtained by taking the two-dimensional Fourier transform of the response
function along the same time axes as those scanned in the experiment. By comparing
a few calculations with the experimentally measured spectrum, one could hope to draw
conclusions about the system from the experiment. This approach is sometimes used to
interpret subtle effects in 2D spectra of well understood systems [116] but proves challeng-
ing without a minimal model. Another approach involves the use of double-sided Feynman
diagrams to predict the spectral position of features as well as their overall relative sign.
However, as previously mentioned, this formalism does not account for some many-body
effects, disorder and uctuations. It is nonetheless a useful paradigm in which to analyze

experimental data and is used frequently within this thesis.

In this picture, a feature in a 2D spectrum arises due to the contribution of all terms
that oscillate at the same frequencies during the scanned delays. Each term represents one
of the many possible pathways for the system following a sequence of light-matter inter-
actions and can be represented as double-sided Feynman diagrams. A diagram oscillating
at a frequency during the rst scanned delay and at a frequem@during the second
will appear as a feature at an energly on the rst energy axis and at an energy®on
the second one. Each diagram's oscillation frequency can be determined using the same
procedure that lead to equation 3.14. The number of light-matter interaction on the right
side of the diagram determines the resulting feature's overall sign. By writing down all
possible diagrams for a given interaction sequence, one can predict the energy, amplitude
and sign of features in a 2D spectrum. For example, the 1Q rephasing spectrum and the

2Q non-rephasing spectrum of a simple two excitons and biexcitons model are shown in
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Figure 3.3. The position and sign of the features in the rephasing spectrum are determined
using the diagrams of Figure 3.2b and a similar procedure was used to construct the 2Q
spectrum. While this is very useful to quickly predict a 2D spectrum, it still requires a

basic model. However, a model such as the one presented in Figures 3.2 and 3.3 can be

used to phenomenologically interpret many measurements.

Figure 3.3: One quantum rephasing spectrum and 2Q non-rephasing spectrum for a
simple two excitons model with biexcitonic correlations.Blue and red circles represent
features of opposite sign. The dashed line represents the diagonal and two-diagonal of the
1Q and 2Q spectra respectively. The dotted lines represent the energy of the excitons while
Eg indicates the biexcitonic binding energy.

To show how this can be done, | will demonstrate in the following how to reconstruct
the model presented in Figure 3.3 from its 1Q rephasing spectrum and its 2Q spectrum. We
rst turn our attention to the 1Q rephasing spectrum. Two features are observed along the
diagonal. These features are trivial and indicate that these optical transitions are correlated
with themselves. Their emission and absorption energies correspond to their energy above

the ground state. We thus know that there are two excitonic transitions at these energies,
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something we could have deduced from a linear absorption spectrum alone. For both of
them, features of opposite sign redshifted along the emission energy axis are observed.
These features typically arise from diagrams involving transitions from the rst excitonic
manifold to the next and are called excited state absorption (ESA) features. These indicate
that there is an excited state manifold whose energy is redshifted lisom twice the rst
manifold's energy. Features are also observed far off the diagonal and arise due to a com-
mon ground state between the excitonic features. These features, called cross-peaks, would
not be observed if the system were to be composed of two independent transitions such as
two distinct chromophores. This means that these features are intrinsic to the material and
do not arise from inhomogeneities. Redshifted along the emission axis from these cross-
peaks lie more ESA features indicating the presence of composite states in the higher-lying
manifold, that is states which can be populated by an optical transition fronjXotand

jX 4. When the second excited state manifold is not shifted from twice the rst manifold's
energy, these ESA features cancel out the crosspeaks. While the 1Q measurement indicates
the existence of a second manifold of excited states, it tells us nothing about its structure.
To do so, we turn to the 2Q spectrum. It harbors negative features redshifted along the
two-quantum energy from the two-diagonal indicating an ESA from the rst to the second
excited state manifold. This vertical shift indicates the amount of energy by which the state
in the second manifold is redshifted from twice the emission energy. This information was
already obtained through the 1Q rephasing spectrum, but it is now clear that each exciton
can be excited into two distinct biexcitons. Moreover, each positive feature is accompanied
by a negative feature redshifted by the same energy along the emission energy. This yields

another method of estimating, for instance, a biexciton's binding energy.

This type of analysis is useful to guide the interpretation of 2D spectra without relying
on a full model. From the energy and sign of features in a 2D spectrum alone, one can

even deduce many of the profound aspects a minimal model would need to be faithful to

60



the system under study. In real systems, many more effects can be observed that were not
included in our simple model such as repulsive exciton-exciton interactions in the 2Q spec-
trum [117] and population transfer channels through a cross-peak’s time dependence and
asymmetry between cross-peaks [118]. Vibrational coherences can also manifest them-
selves in beatings along the population time [119, 120] and yield similar information to

that which is contained in a resonant Raman spectrum.

3.6 Lineshapes in two-dimensional spectra

So far, we have yet to discuss the lineshape of features observed in a 2D spectrum. These
contain a wealth of information about many-body interactions as well as homogeneous
and inhomogeneous broadening mechanisms. They arise from two distinct phenomena.
The former is due to energetic uctuations on an ultrafast timescale such as elastic colli-
sions with other particles and defects, environmental uctuations, radiative decay as well
as other population dynamics and relates to a state's lifetime. The latter arises from uc-
tuations slower than the state's lifetime such as Doppler broadening or sample inhomo-
geneities [109]. Therefore, probing these effects would reveal a wealth of information
about a system's dynamics and the mechanisms that drive them. In the limit of pure homo-
geneous dephasing, the 2D lineshapes are well described by the optical Bloch equations.
Then, one simply needs to extract each term's multitemporal dependence as shown in equa-
tion 3.14 and Fourier transform it along all oscillating temporal axes. The oscillating terms
merely shift the feature in the 2D spectrum as mentioned in the previous section. The expo-
nentially decaying terms, however, yield a complex-valued 2D lineshape ih the!(em)

plane. For a 1Q rephasing term, it reads

2+ i(lem !2) 1+ i(Maps 1)

Sr(! aps; ! /
(! as; ! em) (lem !'22+ 5 ( las !1)2+ %

(3.15)
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where! ; and ; are the frequencies and decay rates ofitliecoherences while for a 1Q

non-rephasing term, we get

2+i(!em !2) 1 i(!abs !1)
( !em !2)2+ % ( !abs !1)2+ 12_

SNR (! abs; ! em) / (3.16)

When inhomogeneous broadening is no longer negligible, the above expressions must be
modi ed to account for this additional dephasing mechanism. We shall focus on the rephas-
ing 2D lineshape in this limit, since through it we can separate the homogeneous and in-
homogeneous contributions to the optical linewidth. Using results from Kubo's stochastic
lineshape theory in the slow modulation limit [121] and the projection-slice theorem [122],
one obtains an analytical expression for the rephasing lineshape. For a diagonal peak, the

anti-diagonal lineshape is [123]

exp (0! a)? erfc (pglad)

212
| = . :
while the diagonal one reads as
exp et 9)*
Sp(ta) = ,
il il
erfc (—pi) + exp 2:' 2d erfc (—p+7d) ; (3.18)

Here erfc corresponds to the complementary error functignand! 4 are the anti-diagonal

and diagonal angular frequencies, respectively anatharacterizes the inhomogeneous
distribution. The real, imaginary and absolute lineshapes for various degrees of inhomo-
geneity are shown in Figure 3.4. Homogeneous broadening alone produces a symmetric
lineshape across the anti-diagonal. The real and imaginary parts respectively feature dis-
tinct absorptive and dispersive anti-diagonal lineshapes so-called due to their close resem-

blance to the imaginary and real parts of the linear response function's spectrum. Upon
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increasing the width of the inhomogeneous distribution of states, the feature is elongated
principally along the diagonal but also slightly across it. To account for the latter, it is
therefore necessary to use the full lineshape to accurately extract the homogeneous and

inhomogeneous linewidths from a rephasing measurement.

Figure 3.4:Effect of inhomogeneous broadening on a feature's lineshape in a rephas-

ing 2D spectrum. The real (a, b, c and d) and imaginary parts (e, f, g and h) as well as

the modulus (i, j, k and ) of a feature are shown for various degrees of inhomogeneous

broadening. Features arising from pure homogeneous dephasing are shown in a,e and i for
= 6 meV. The effects of an addiditonal inhomogeneous broadening are also shown for a

I of 1meV (b, fandj), 4meV (c, g and k) as well as 10 meV (d, h and I).

The effects of many-body interactions on the 2D lineshape are much more challeng-
ing to account for and often require the use of an elaborate and realistic model for the
system's temporal evolution between pulses [116]. When treating these effects, it is often
necessary to truncate an in nite ladder of higher orders of many-body correlations [23].

The effects of the truncated contributions can be approximated by a population dependent
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temporal modulation of an optical transition's frequency [124]. This effect manifests itself
as both a population-dependent shift of the transition frequency called excitation-induced
shift (EIS) as well as a population-dependent dephasing of the optical coherences called
excitation-induced dephasing (EID) [125]. The latter manifests itself as an increased ho-
mogeneous linewidth due to inelastic scattering with other excitations. Counterintuitively,
this term does not vanish at low uences since it then contributes linearly to homogeneous
broadening [49, 126]. Broadening due to scattering with other particles (such as phonons)
yields a similar linear effect at low particle densities. Therefore, to accurately extract the
single-particle homogeneous linewidth, one must extrapolate to zero density all many-body
effects by measuring the homogeneous linewidth at many densities [123]. Lastly, both EIS
and EID change the appearance of the real and imaginary parts of the lineshape. By using
modi ed optical Bloch equations accounting for these effects, one can show that the real
part of the rephasing spectrum changes from an absorptive to a dispersive character [124].
Therefore, both the linewidth and lineshape of features in a 2D spectrum can inform us on

scattering processes and many-body interactions.

3.7 Conclusion

In this chapter, the theoretical foundations behind the interpretation of non-linear coherent
spectroscopy experiments was exposed. In particular, the formalism was adapted to inter-
pret linear measurements such as absorption spectroscopy as well as third-order measure-
ments like transient absorption and MDCS. It showed that the result of these experiments
are closely linked to a quantum mechanical system's coherent dynamics through the non-
linear response function. The diagrammatic expansion of the latter proved very useful to
predict the signal's dependence on the experimental conditions, to quickly build a 2D spec-
trum from simple models and to interpret experimental data. The results of more involved
theoretical predictions were also presented to highlight the information contained in a fea-

ture's lineshape. These showed how the inhomogeneous and homogeneous contributions to
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line broadening could be separated and how manifestations of many-body interactions arise
in the coherent lineshape. There is therefore much to gain from the implementation of such
powerful optical probes. However, given the stringent requirements of high relative phase
stability, short pulse width and resonant excitation, this is no easy task. These experiments
are as challenging to perform as they are powerful, but using an ingenious and rigorous ex-
perimental implementation, they can be routinely employed even by the uninitiated. In the
following chapter, | will expose how we surmounted these technical challenges to perform

state-of-the-art non-linear coherent spectroscopy.
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CHAPTER 4
EXPERIMENTAL IMPLEMENTATIONS OF SPECTROSCOPIC PROBES

Some believe physics to be at its core an experimental endeavor, an empirical pursuit [127].
To understand nature, one must rst observe it and build physical models upon these obser-
vations. The whole purpose of physics' experimental branches are to improve the scope of
what is observable through better experimental techniques. These developments allow for
new observations, which can be used to conceive better physical models and hypotheses. In
practice, this means that no measurement is ideal and therefore that understanding the lim-
itations of an experimental probe is required to correctly interpret its measurements. The
rst limitation encountered in the laboratory is that of insuf cient experimental power such

as insuf cient resolution, scope or accuracy. This leads to a phenomenon being partially
observed and could bring about its erroneous understanding. Another limitation arises from
the opposite extreme, an insuf ciently speci ¢ measurement. In this case, the experiment
reports simultaneously the effects of too many different phenomena making the interpreta-
tion of the acquired data potentially challenging. Manifestations of this limitation are called
experimental artifacts when the contribution from polluting phenomena is systematic and

tractable or noise when it is pseudorandom.

In this regard, coherent non-linear spectroscopy is no different from any other experi-
mental method. Ittoo is prone to artefacts, noise and experimental limitations, perhaps even
more so given the complexity of some of these techniques. The purpose of this chapter is
to present the experimental implementations of these techniques highlighting the design
choices made to achieve the desired performances and each setup's limitations. | begin
by describing the various devices required to optically power our experimental apparatuses

and then move on to the experiments themselves. A large part of this section is devoted

66



to our multidimensional spectrometer given its unusual nature. We conclude this chapter

with methods used to compress and characterize the pulses used in our MDCS experiments.

4.1 Sources of light

Coherent non-linear spectroscopic apparatuses rely on appropriate sources of light to op-
erate. The measurement at hand dictates the desired characteristics of the light source.
In linear absorption spectroscopy, a spectrally broad source of light is all that is needed,
whereas transient absorption spectroscopy and MDCS, due to the required temporal reso-
lution and resonant excitation, demand short and spectrally tunable pulses of light. Thanks
to half a century of development in the eld of lasers and photonics, it has never been easier
to manipulate light than it is today. In this section, I highlight how we generate light to suit

our many experimental needs.

4.1.1 Femtoseconthsersystem

Most ultrafast measurement systems described in this section are powered by the out-
put of a PHAROS commercial ultrafast laser system from Light Conversion. It is com-
posed of a low-power and high-repetition rate femtosecond oscillator whose output is
chopped down to 100 kHz using a pulse-picker and fed into a chirped pulse ampli er [128].
Both the oscillator and the ampli er use ytterbium doped potassium gadolinium tungstate
(Yb3 :KGd(WQ,), or Yb:KGW) as a gain medium. This yields 200 of energy per

pulse (20W at 100 kHz) at a central wavelength of 1029 nm with a pulse duration of about
200fs. While the laser does provide a stable train of short femtosecond pulses, the opera-
tion wavelength cannot be tuned to match the resonances in the materials we wish to study.
Moreover, even if its emission wavelength could be tuned as such, the pulses are too long
compared to electronic dephasing times making them useless for MDCS. We can however

use its high-peak powers to generate pulses suitable for our needs using non-linear optical
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devices.

4.1.2 OPA: OpticalParametricAmpli ers

Optical parametric ampli ers are light ampli ers [129, 130, 131]. The light to be ampli ed

(the seed) interacts in an optically non-linear medium with an intense beam of higher en-
ergy (the pump). Through this non-linear interaction, the seed beam is coherently ampli ed
generating the signal and the pump's excess energy is dumped into a third beam called the
idler. The seed is usually provided using white light continuum (WLC) generation [132,
133] by focusing a small fraction of the laser's beam into a transparent material like sap-
phire. When done correctly, this generates a stable spectrally broad pulse of light with
a high quality beam pro le ideal for subsequent ampli cation. During the ampli cation,
energy must be conserved so that

o= 1+, (4.1)

where! ,, ! s and!; are the frequencies of the pump, signal and idler respectively. These
devices use difference frequency generation [134] to provide the required non-linear inter-
action. Since the gain depends on the relative phase between all beams, sizeable gain will
only occur if the latter is constant throughout the interaction volume [135]. This requires
that the beam's relative phases do not change when propagating through the non-linear
medium so that

K=K, Rs K =0 (4.2)

where K is the wavevector mismatch aiRg, Ks andk; are the wavevectors of the pump,
signal and idler respectively. This condition is known as phase-matching, not to be con-
fused with the phase-matching of section 3.2 whose physical origin is distinct. When the

pump and signal beams propagate in the same direction, equation 4.2 becomes a single
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scalar equation which can be reduced to

wherenp, ns andn; are the refractive indices of the non-linear material at the frequency
of the pump, signal and idler respectively. Due to the dispersive character of transparent
mediums, it is impossible to satisfy both equations 4.2 and 4.3 simultaneously in isotropic
medium [136]. For this reason, transparent uniaxial birefringent crystals with H#h
values such as-barium borate (BBO) are used to achieve phase-matching. The beams are
polarized appropriately and, using the crystal's orientation or temperature [135], the effec-
tive indices of refraction for each beam are tuned to obtain phase-matching, and thus large
gain, at the desired wavelength. The frequency tolerance of this process is usually small so
that even though the seed is spectrally very broad (hundreds of nanometers) the resulting
signal and idler beams are no broader than a few nanometers. This limits the temporal res-
olution of non-linear experiments to a few hundreds of femtoseconds. However, generally
by tuning the non-linear crystal's orientation, the output of the ampli er is highly tunable.
This tunability can be further enhanced by using an harmonic generator placed after the
OPA to reach any wavelengths between 250 nm to 2500 nm. OPAs are very useful in high-
resolution transient absorption experiments or ICSRS where moderate temporal resolution

are required.

4.1.3 NOPA: Non-colinearOptical ParametricAmpli ers

When a greater temporal resolution is required, the ampli er's bandwidth must be drasti-

cally increased. This can be done by using a non-colinear geometry for the pump, signal
and idler beams and requires considering the full vectorial version of equation 4.2. The
non-colinear geometry amounts to matching the projection along the pump’s wavevector

of the signal and idler's group velocity, thus increasing the gain bandwidth [137] to tens
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or hundreds of nanometers in the visible. By carefully matching the angle between the
pump and seed beams, a NOPA's output is suf ciently broad to simultaneously cover many
excitonic features and even sometimes the carrier continuum making these devices ideal
light sources for MDCS experiments. However, given the large gain bandwidths, it is much
harder to tune the output of these devices than it is for an OPA. The output spectrum being
largely determined by the pump's wavelength, laboratories are typically equipped with a
few NOPAs powered by different harmonics of the ultrafast laser's output such that the

visible, near infrared and sometimes infrared regions are covered.

The spectral region of interest in the context of this thesis' work is located in the vis-
ible. Therefore, a home-made single pass NOPA pumped by the third harmonic of the
femtosecond laser system was built to cover this spectral region with pulses of about 60 nm
of bandwidth. A schematic of our implementation is presented in Figure 4.1. A beamsam-
pler sends a tenth of the laser's outputlQ J/pulse) to the seed generation stage while the
rest ( 90 J/pulse) is used for the generation of the UV pump beam. To generate the seed,
the former is focused by a lens into a 4 mm thick sapphire plate while its power and the
location of its focal point inside the sapphire is trimmed to yield a single lament of WLC.
The resulting beam is Itered by a dielectric short-pass Iter with its cutoff at a wavelength
of 750 nm to remove the light used to generate the WLC. The seed is then focused near
the ampli cation crystal by a 2” metallic mirror on a translation stage to trim the size of
the seed spot on this crystal. The use of a mirror instead of a lens minimizes the chirp
added to the seed pulse thus improving the ampli cation bandwidth. To generate the pump
beam, most of the laser's output enters a delay line to trim the temporal overlap between
the seed and pump pulses before being entering the third harmonic generator. This device
consists of a long non-magnifying Keplerian telescope with two BBO crystals close to the
telescope's focal point to increase the device's power ef ciency. The rst crystal generates

the second harmonic of the laser's fundamental while the second one sums the resulting
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second harmonic with the remaining unconverted fundamental beam to generate the third-
harmonic pump. By using a succession of type | and type Il sum-frequency processes, the
temporal overlap of all beams involved in the third-harmonic generation is kept optimal
thus forfeiting the need for an additional delay line in the frequency converter [138]. The
pump beam is then focused towards the ampli cation crystal so that its focal point lies right
before it. This causes the pump beam to be slightly divergent in the crystal thus minimizing
the detrimental effects of non-linear Kerr self-focusing during the ampli cation. This in-
creases the maximal usable pump power before optical damage and ampli ed beam pro le
distortion are observed and therefore also increases the ef ciency of the ampli er. When
optimally aligned, the UV pumped NOPA can generate an output of around 200 nJ/pulse of

broadband light with a good spatial pro le to be used in MDCS experiments.

Figure 4.1:Schematic of our non-colinear optical parametric ampli er. The IR, green

and UV beams are represented by black, green and blue lines respectively. The shadded
portion of this drawing represents our implementation of the second harmonic pumped
NOPA, not used in this thesis.
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4.2 Absorption and transient absorption spectroscopy

Absorption spectroscopy is a linear measurement governed by the linear optical response
of the system as stated in equations 3.3 and 3.4. To perform this measurement, a spectrally
broad beam (for instance, as generated by a stabilized tungsten lamp) is sent to the sample
and the transmitted beam's spectrum is recorded by a spectrometer. The beam interacts
once with the sample and sends the density matrix into a coherence for every optical transi-
tion resonant with the incoming beam. This oscillating coherence in turns radiates light in
the direction of the transmitted beam. This signal interferes with the original beam yield-
ing the measured transmitted spectrum. As such it is a self-heterodyned measurement. The
same also applies with re ectance spectroscopy, but the latter stems from the conjugate
of the optical response. To extract the absorption spectrum or absorAé@ngérom the
transmitted spectrurix- (! ) and the incident spectrut(! ), one assumes Beer-Lambert's

law and that most of the incident light has been absorbed yielding

Ir(!)
(')

A(')=log (4.4)

Transient absorption spectroscopy is similar to absorption spectroscopy but is time-
resolved and stems from a third-order polarization given by equation 3.11. As shown in
Figure 4.2, a strong pulsed beam rst interacts twice simultaneously through both its con-
jugated and non-conjugated part with the sample creating an excited state population or a
coherence between two close-lying excited states. Some time later, called the pump-probe
delay, a spectrally broad probe pulse interacts with the sample, mapping it back into an
oscillating coherence. Just like with linear absorption spectroscopy, this coherence then
radiates a signal that interferes with the transmitted probe beam. In practice, transient ab-
sorption measurement are often reported in terms of the transient differential transmission

T=T. It consists in the difference between the transmitted spectrum when the pump is

on and when the pump is off then normalized by the latter. The differential transmission
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spectrum is then recorded for various pump-probe delays and yields a transient absorption
spectrum. To carry on transient absorption experiment, we used the output of an optical
parametric ampli er (OPA) to provide the pump pulse. The probe beam is generated using
2 W of power from the PHAROS focused into a 3 mm thick plate of sapphire to produce
a stable white light pulse. The transient absorption spectrometer is a commercial setup
(Hera) developed by Light Conversion and features an Andor Kymera i193 monochroma-

tor equipped with a full-frame transfer CCD to speed-up the acquisition time.

Figure 4.2:Schematic of a transient absorption experimentA short pump pulse is sent
onto the sample followed by the probe pulse after some delay. The transmitted spectrum is
recorded for each time step by a fast spectrometer.

4.3 Four wave mixing-based multidimensional coherent spectroscopy using COL-

BERT

Multidimensional coherent spectroscopy (MDCS) refers to any measurement which fully
characterises the n-th order non-linear response of equation 3.2. There are almost as many
ways to perform this task as there are multidimensional spectroscopy groups. Some mea-
sure the non-linear response function through a nal population state [139] instead of a
non-linear polarisation. This method is extremely versatile, allowing one to detect the
non-linear response through any population-related physical observable such as photolu-
minescence, photocurrent, photo-induced absorption or magnetization to name a few. This
allows the investigation of coherent processes resulting in species which recombine non-

radiatively, a feat unique to these methods. These, however, remain uncommon. Most
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methods involve the detection of the light radiated by a non-linear polarisation in a phase-
matched direction to measure the non-linear response function. To achieve this, many
experimental implementations are used. Some use birefringent wedges inserted in a tradi-
tional pump-probe beam line to split the pump pulse into two pulses and therefore resolve
coherent oscillations between the two rst light matter interactions previously hidden in
transient absorption [140]. Recently, the use of frequency-combs to acquire multidimen-
sional spectra is being explored due to its increased resolution and acquisition speed [141].
Nonetheless, the most commonly employed MDCS method is that of a four-wave mixing
(FWM) experiment, as shown in Figure 4.3a. Using FWM-based technigue$, pulses

are required to fully measure tmeth order response functiom are used to generate the

n-th order non-linear polarisation and another one, the local oscillator (LO), is used to ex-
tract the signal's spectral amplitude and phase using a coherent detection technique called
heterodyne detection. Experimental precautions are used to avoid any interaction between
the local oscillator and the sample either by strongly attenuating it or by having it avoid
the sample altogether. Timebeams interact with the sample and generate the signal in the
phase matched directions as given by equation 3.13. This direction is made to coincide
with that of the local oscillator so that both interfere in the spectrometer allowing hetero-
dyne detection of the FWM signal. The delays between the pulses are scanned and the

signal's complex-valued spectrum is acquired for each step thus fully charactes(2ing

In most implementations, four beams copropagating along the corners of a square (the
so-called BOXCARS geometry, see upper left corner of Figure 4.3a) are used to measure
S®. Using a spatial mask, only the LO and any light copropagating with it is detected
xing the contribution of the other beams to the detected FWM signal. Due to phase-
matching, the signal results from a conjugate interaction with the beam in the opposite
corner to the local oscillator (beam A*) and non-conjugated interactions from the other

beams (beams B and C). The time-ordering of these pulses determines which type of mea-
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Figure 4.3:Schematic of a FWM based MDCS experiment and of the various measure-
ments it can perform. (a) Schematic of a MDCS experiment in the BOXCARS geometry.
The signal is generated in the same direction as the local oscillator for subsequent hetero-
dyne detection. Before being sent to the sample, all beams go through a partially etched
OD lIter that attenuates only the local oscillator. The three types of measurements that
can be performed by COLBERT: 1Q rephasing (b), 1Q Non-rephasing (c) and 2Q non-
rephasing (d). The blue lines represent the indicent electric eld and the black lines track
the evolution of the relevent terms in the system's density matrix.

surement is being performed. When the conjugate beam or a non-conjugate beam interacts
rst, 1Q rephasing or non-rephasing measurements are respectively performed (Figure 4.3b
and c) and the rstinterpulse delay,s is scanned. When the conjugate beam interacts last,

a 2Q non-rephasing measurement is performed (Figure 4.3d) and the second interpulse de-
lay toq is scanned. After a scan, one has an energy (the spectrally resolved FWM signal)
and time (the scanned delay) two-dimensional map. Fourier-transforming this along the
scanned delay axis yields an energy-energy spectrum, otherwise known as a multidimen-
sional spectrum. This last step is only possible because of the coherence along both the
energy axis (trivial, a pulse is by de nition self-coherent) and the delay axis. It is from this

last requirement that stems the phase stability condition, that is, the beams' relative phases

must be constant throughout the experiment.
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4.3.1 Overview

The goal of a multidimensional spectrometer is therefore to generate a sequence of phase-
locked pulses resonant with the optical transitions in the sample, delay them with respect to
each other and record the signal at each step. Starting from a single pulsed laser source, this
can be done using traditional beamsplitters and delay lines [142]. However, the requirement
of phase stability make such an implementation complex since the beams' phases must be
actively stabilized using a reference beam co-propagating through the setup and a servo
loop. To circumvent this requirement, | implemented COLBERT (Coherent Optical Light
BEam Recombination Technique), a phase-shaper based multidimensional spectrometer
designed by the Nelson group [143]. It uses no moving parts and all beams travel through
the same set of optical elements. Doing so forfeits the need for active interpulse phase
stabilisation. This passive phase stabilisation scheme drastically simpli es its design. A
schematic of our implementation of COLBERT is presented in Figure 4.4. COLBERT rst
splits the incoming beam into four using a diffractive beam shaper. As discussed in sec-
tion 4.3.2, splitting the beam this way has the bene t of high interbeam phase stability but
requires a careful alignment to avoid spatiotemporal beam distortions at the sample. These
four trains of pulses are then temporally shaped by a diffractive pulse shaper to generate the
required pulse sequence for each measurements. The workings of this device are described
in section 4.3.3 along with the intrinsic limitations of pixelated pulse shaping. | also signi -
cantly improved the original COLBERT design by implementing a rigorous pulse compres-
sion scheme whose functioning principles are presented in section 4.4. Three beams and
the local oscillator attenuated by a neutral density Iter are then sent to the sample held in
a cryostat to generate the FWM signal to be coherently detected using a spectrometer. The
principles behind the coherent detection scheme used in COLBERT, that of heterodyne de-
tection, are presented in section 4.3.4. To achieve high sensitivity and near background free
measurements, COLBERT uses a phase-cycling scheme presented in section 4.3.5 which

removes any signal that does not arise from a phase-matched interaction in the sample.
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Figure 4.4: Schematic of our implementation of COLBERT. Irises (Ix), lenses (Lx)

are numbered according to their placement in the beam line. Other labelled elements are
the diffractive optical element (DOE), cylindrical lens (CL), grating (G) and spatial light
modulation (SLM)

4.3.2 Beamshapingusinga DOE andrelayimaging

To generate four beams from a single one, COLBERT uses a diffractive optical element
(DOE). It consists of a two-dimensional phase mask which diffracts the input beam into
four beams. As illustrated in Fig. 4.5, this diffraction imparts a tilt of front on the outgoing
pulses [144, 145]. Since tilt of front is mathematically equivalent to spatial chirp, the
beams are slightly dispersed after the DOE. This is useful though: should the beams then
travel through proper imaging, the pulses will recombine perfectly on the sample [146].
When improperly imaged, the pulses recombine at the sample with an angle between their

pulse front, resulting in a small interaction volume, phase related artefacts in the signal and
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reduced temporal resolution despite a perfect compression.

Figure 4.5: A schematic of the effect of the DOE on the generated beams' pulse fronts.

The DOE imparts tilt of front on the generated beams. Through proper imaging, a total

overlap of the beams can be obtained at the sample. Improper imaging induces partial
beam overlap and spatial chirp at the sample, yielding artefacts in the signal as well as
reduced temporal resolution.

How does one properly image the pulses? The secret lies in relay imaging. When using
beams of light with no tilt of front, it is suf cient to ensure that the distance between two
lenses in a telescope is the sum of their focal lengths. Relay imaging also requires the
distance between two lenses to be the sum of their focal length even when the beams are
collimated. In other words, the purpose of relay imaging is to image the DOE's phase mask
on the sample. The better the imaging, the better will be the experiment's signal to noise

ratio and temporal resolution.

4.3.3 Diffraction-basegulseshaping

Pulse shaping is a eld as old as femtosecond lasers themselves [147]. It can be done using
acousto-optic modulator (AOMs), deformable mirrors, MEMs-based micro mirror arrays
or liquid crystals on silicon (LCOS) placed inside a 4f spectral Iter geometry [148]. The
purpose of these devices is to modify the phase of light incident on them. Most modern
phase shapers are pixelated in one dimension so that they can spatially modify the phase
of an incident beam and are thus called spatial light modulators (SLM). In principle, SLM-
based pulse shaping is simple: the rst grating separates the spectral components of the

input beam so that they are imaged at the focal plane of the following cylindrical lens as
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shown in Fig. 4.6. The SLM is placed at this focal plane and modulates the spatial phase
of the beam spread on its active area. Because of the aforementioned grating and lens, a
position on the SLM corresponds to a particular wavelength of the diffracted beam. Thus,
by modifying the beam's spatial phase at the center of the 4f shaper, the SLM modi es the
spectral phase of the incoming beam and performs pulse-shaping. If the SLM is transmis-
sive, the dispersed beam is modulated by going through the SLM and is then imaged by
another lens and grating arranged symmetrically to the rst pair. If the SLM is re ective,
the beam is modulated and re ected back into the lens and grating it came from. In both
cases, even if no phase modulation is applied by the SLM, a slight deviation from the op-
timal 4f geometry will add a temporal chirp to the beam [147]. It is thus crucial that this
distance be accurately set so that the added chirp does not exceed the limitations of the

pulse shaper.

Figure 4.6: Schematic of 4f spectral Iter geometry with a transmissive SLM at its

center. The spectrum of the input beam is dispersed on the SLM so that it may modify its
spectral phase and perform pulse-shaping. The spectral components are then recombined
yielding the outgoing beam.

To simultaneously shape all the beams as required by MDCS, COLBERT uses a 2D-
LCOS SLM, a re ective SLM with its pixels arranged in a two-dimensional array. In early

designs of COLBERT, a beamsplitter was used to extract the re ected shaped pulses [43].
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However, a small fraction of each pulses was re ected unmodulated from the surface of the
SLM yielding artefacts in the output pulse train. Moreover, the spectral range of the pulse
shaper was limited by that which over which the SLM can provide &fufphase shift. As

we will show in the following, we can overcome these limitations using diffraction-based
pulse shaping. Following the derivation of Vaughan et al. [149], consider the Fraunhofer
diffraction pattern caused by a vertical phase patterny ) at a horizontal position where

the dispersed beam'’s frequency isuch that
1
()= 5+A0SE W) (45)

where is the maximal phase shift the SLM can achieve at this frequeigy) is a
number between 0 and 1 afd ( (y) is a sawtooth function of period d and phage)

going from -1/2 to 1/2 along the vertical directignof the SLM. The electric eld at the

Figure 4.7: Schematic of the effect of a vertical sawtooth phase function on an incom-

ing beamThe gray and black lines represent the trajectories of the incoming and outgoing
beams respectivelyl, andA( ) are as de ned in the text arffdrepresents the lens' focal
length.

position of the rst-order of diffractiorE ( ) thus created at the Fourier plane of an imaging
lens is given by H _
[
E()=exp[ i ()]sinc ?A( ) (4.6)
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This result is of the utmost importance. It rst shows that it is possible to directly mod-
ify the spectral phase of the diffracted component by changing the phase of the sawtooth
pattern. Moreover, it shows that even if the SLM cannot supply a full phase shift at a
given wavelength ( < 2 ), itis still possible to fully shift the spectral phase of the beam

at the cost of a reduced diffraction amplitude. The SLM used in our implementation of
COLBERT can induce a full phase rotation up to 700 nm but using diffraction based pulse
shaping, this range extends as far as there is suf cient power in the input beam to compen-
sate the decreased diffraction ef ciency. Lastly, the position of the rst order of diffraction
depends on the sawtooth's period. Therefore, a pickup mirror can be placed right below the
incident beam to extract a shaped beam free of polluting replicas (see Figure 4.7). How-
ever, for pulses with large bandwidths, this will induce a noticeable vertical spatial chirp.
It is possible to compensate this effect by adjusting the grating's period with respect to the

wavelength of the light incident on a column of pixels.

Figure 4.8: Examples of phase gratings used in diffraction based pulse shaping for
various spectral phases.The dashed black line represents the column at the carrier fre-
guency! o. (&) A atphase pro le (b) A at phase pro le shifted by . (c) A delay of 100 fs
with respect to the carrier frequency (d) A GDD of 100D4sound the carrier frequency
(e) A third-order chirp of 2000 fs(f) A GDD of 1000 f¢ and a delay of 100fs.
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Pulse shaping is a method by which a pulse's temporal pro le is shaped as desired
through the modi cation of its spectral amplitude and phase. This allows us to control a
pulse's phase, delay and compress it as well as generating perfect temporal replicas [150].
The former is achieved by applying a at phase pattern across all frequencies (see Fig-
ure 4.8a and b). To delay a pulse, we apply a linear phase pro le with respect to frequency

(Figure 4.8c). We can see this effectively delays the pulse by the Fourier Shifting theorem,

F e " FF@N=f(t+ ) (4.7)

whereF andF ! denotes the Fourier transform and its invetsé¢he angular frequency,

I . the carrier frequency, a temporal delayt a time variable and (t) some function of

time. This is how COLBERT can delay pulses without any moving parts. Moreover, it is
possible to select a frequency for which the phase will remain constant when delaying the
pulses, the carrier frequency. This is an extremely appealing feature of pulse-shaping for
MDCS since it allows for the rotating frame detection of the coherent signals. Instead of
oscillating at their natural frequencies, the coherences oscillate at the difference between
their natural frequencies and the carrier frequency. This allows us to sample the coher-
ent decay using much larger time steps and hereby reduces the time required to acquire
a MDCS spectrum. Using traditional delay lines, the probed coherences would oscillate
at optical frequencies. One would need to acquire a spectrum every half optical period, a

factor of ten more points than those typically required when using rotating frame detection.

Using diffraction-based pulse shaping allows us to shape the spectral phase and ampli-
tude of a pulse. This is particularly powerful and allows us to create complex pulses with
relative ease. A useful implementation of this dual-shaping is the generation of a pulse pair

from a single one [150]. To do so, we need to convolute in the time domain our pulse's
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electric eld with the appropriate temporal response such as

Eafter(t) = Ebefore(t) M (t) (4-8)

where denotes a convolutiof set) andEperordt) are the electric elds after and before
the pulse shaper and (t) is the Iter applied by the pulse shaper in the time domain.
For two pulses to be generated from oie(t) must be composed of two Dirac's delta

functions temporally separated bysuch as
1
M (t) = é[ (t =2)+ (t+ =2): (4.9)

Since a convolution in the time domain is equal to a product in the frequency domain,
the required spectral IteM (! ) is given by the Fourier transform & (t) and yields

n h io
M(')= cos ! > exp iarg cos ! 3 (4.10)

wherearg() denotes the argument of its input. Applying such a spectral phase and ampli-
tude pattern on the SLM will perfectly split a pulse into two pulses separated yis
can be very useful to perform temporal autocorrelation measurements such as colinear fre-

guency resolved optical gating (CFROG) [151].

Diffraction based pulse shaping as described above only holds when applying a con-
tinuous spectral phase pro le. The pixelated nature of real SLMs imposes limits on the
performance of this method. The main limitation in the context of MDCS is the amplitude

modulation of the diffracted beam with applied delay given by

Eairr.( ) = exp( ?)sinc( ) (4.11)
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whereE i ( ) is the amplitude of the diffracted beam when delayed land and are
constants that depend on the resolution of the pulse shaper [152]. Using an imaging lens
with a focal length of 15 cm and a bandwidth of 80 nm over a 800 pixel wide SLM, delays
up to 1 ps are comfortably achieved before substantial amplitude decay is observed. For
greater delays, the diffracted pulse's amplitude decays which broadens features observed
in two-dimensional spectra. In theory, it is possible to compensate this effect by deconvo-
luting the two-dimensional spectrum or by reducing the phase grating's amplitude at earlier

delays so that the diffracted pulse power is constant throughout the scan.

Due to the linear nature of pulse shaping, it is also possible to apply any linear combi-
nation of phase pro les. Fig. 4.8 d to f show examples of quadratic, third-order and delayed
guadratic spectral phases. We can thus compensate chirp to any order and theoretically al-
ways compress our pulses to their transform limits. Which spectral phase should we then
apply to obtain transform limited pulses? We can only know by measuring the spectral

phase of our pulses, the topic of section 4.4.

4.3.4 Heterodynealetection

For the Fourier transform of the time-energy correlation map along the time axis to be
fruitful, the FWM signal must be fully characterized. This means both the spectral ampli-
tude and phase of the signal must be measured. Measuring the spectral amplitude is easy,
one only needs a spectrometer, but the spectral phase, however, proves to be a little more
challenging. Luckily, since we have properly compressed all of our pulses to the transform
limit ( at spectral phase), we can use heterodyne detection to simultaneously measure the

spectral amplitude and phase of the FWM signal.

Heterodyne detection is a coherent detection technique that allows the full characteri-

zation of a time-varying signal by measuring its spectral interference with another signal
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of known spectral amplitude and phase called a local oscillator (LO). In our case, the LO is
the attenuated fourth beam which copropagates with the FWM signal after it has been gen-
erated. Both pulses copropagate into the spectrometer, which is a spectral intensity detector

yielding the following detected spectruing! )

1(!) = jEs(!)+ Ewo(!)i? (4.12)

whereEs(! ) andE (! ) are the complex electric eld of the signal and the LO in the

spectral domain. Expanding the norm gives us

L) = 1s()+ To(t) + Ix(M) (4.13)

The two rst terms are simply the spectrum of the signal and the LO respectively while the
lasttermis the heterodyne term de neda¢! ) = 2jEs(! )jELo(! )jcos[ s(!) o(1)]

It contains information about both the spectral amplitude and phase of the signal. Since it
is a real number, we can turn it into a complex number by Itering out the negative axis of

its inverse Fourier transform such that

As(H)AL(!)el =) Ol= F(HF k()] (4.14)

where ( !) is the Heavyside step function aAd(! ) andA o are the spectral amplitudes
of the signal and LO electric elds. To cleanly separate the negative and positive fre-
qguencies of the signal in the temporal domain, we slightly delay the LO from the signal's

emission by o by applying on the LO a linearly increasing phase pro le of the form

)= 'dw (4.15)

where! . is the delay carrier frequency. This delay will cause the appearance of spectral

interference fringes in the measured spectra. This delay cannot be too large, for it will
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otherwise yield strong artefacts in the extracted signal phase [153] when interpolating from
wavelengths to frequency. An accurate sampling can however circumvent this problem.
We can then extract the signal's full electric eld from the heterodyne term by removing

the LO's contribution to its amplitude and phase such that

As(1)AL(1)Els¢t) g o)
Alo

= A(! )el[ s+ ] (4.17)

Es(!) = (4.16)

where is called the global phase offset. It arises due to the ambiguity of equation 4.15
up to a phase constant. To obtain the signal's true spectral phase pro le, one must phase the
signal. This amount to the proper identi cation of in-phase and out of phase components of
the signal, or the determination of its real and imaginary parts. Due to pulse shaping, this
part is exceptionally easy in COLBERT since we can directly change each beam's phase

and thus extract this global phase offset. The heterodyne signal we detect is of the form:

Ix I cos[s(!)  ro(t)]=cos[ ] (4.18)

with = p+ ¢ at Lo. Thus, by scanning the phase of one of the beams, measuring
the heterodyne signal at each step and tting it to a phase-shifted cosine, we can extract

and remove it from our measurements when analyzing our data.

4.3.5 Phaseycling

In an ideal context, only the LO and the FWM signal are detected by the spectrometer, all
the other beams and sources of light pollution being appropriately blocked. However, no
experiment is performed in such conditions and despite great efforts to isolate the desired
signal, the latter will be only a small fraction of the detected light. The main source of

signal pollution is that of scattering of the other beams on the sample or on the surface of

the SLM. For most uences used in MDCS, the FWM signal is 4 to 6 orders of magnitude
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weaker than the beams used to generate it. Thus, even the slightest amount of scattering
will compose a large fraction of the light to be detected by the spectrometer. Therefore,
extracting the heterodyne signal will be challenging. Luckily, MDCS is a coherent mea-
surement which means the detected signal's phase has a clear dependency on those of the
beams that generated it. We can therefore design a measurement scheme in which the
undesired signals destructively interfere while the heterodyne signal is ampli ed. Such a
measurement scheme is called phase-cycling and is responsible for COLBERT's high sen-

sitivity.

The procedure involves cycling the phase of each beams and recording the resulting
spectrum at each cycling step. The spectra are then linearly combined together so that only
the heterodyne term remains. Based on Turner's work [143] for a fth-order, two-beam
measurement, the procedure for a BOXCARS geometry in which laeigrthe conjugate

beam is outlined here. In this case, the signal's phase is given by

s= b+ ¢ a (4.19)

wheref ;gwithi 2 f a;b; @ are the phases of bearm$ or c. The intensityl detected by
the spectrometer arises from contributions from the signal, the LO and scattering from all

beams such that

I( ar by ¢ LO) = jELOei o+ Eaei @+ Ebei b+ Ecei ¢+ Esei sz (4-20)

where the spectral dependence of the detected ampliftidasd phases; were omitted.

By expanding this expression and writingexplicitly in terms of the phases of the beams,
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we get

1( 2 b o o)=lstlatlptlc+lio
+2E0Eacos( Lo a)
+2E 0EpC0S( 10 1)
+2E 0Eccos( Lo c)
+2EaEpcos( a2 b)
+2E0EscoS(o b ¢t a) (4.21)
+2E,E.cos( a c)
+2E,Escos(a b ¢t a)
+2ELE.cos( p c)
+2EEscos(p, b ¢t a)
+2EEscos(c b ot a)

Cycling the phase of the LO by gets rid of terms that do not involve the LO's phase

yielding

li(a o o )=1Ca b ¢ ) 1(a b ¢ LOF )
=4Eo[Epcos( 10 )+ EcCOS( o ) (4.22)

+Eacos(o  a)t Escos(o b ot Al

We then cycle beards phase with two more steps to get

Iv(a b o )=n(a b o o) n(a bt 5 o LO)
=l(a b o o) (a b ¢ ot )
(4.23)
I(a; b+ 5 o )+ 1(a bt o ot )

=8E0[EbCcOS(10 v+ Escos(io b ¢t a)

Finally, a last cycling of beang's phase isolates the heterodyne term and removes the
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pollution for the scatter of other beams yielding

Ilvin ( a; b5 o 0)=lw(a o o o) lw(a b ct i L0)
=1( a; b o LO)

1( a; b ¢ Lot )

I( ar b+ ioCr LO)
+1(a b+ 5 o Lot )
(4.24)
1( a; b ¢t 5 LoO)
+1(a b ¢t ; ot )
+1(a bt ¢t Lo)
I( a; bt 5 ¢t ot )

=16E0Escos(io b ¢t a)

By going through these eight acquisition steps, not only is the measurement background
free, the desired signal is also ampli ed. However, this procedure supposes that the sig-
nal and scattered light do not change in time. Therefore, in practice, some noise due to
scattering will remain in the acquired signal even after the phase-cycling procedure due to
small uctuations in the NOPA's output power. For this reason, the temporal stability of
the laser determines the noise oor of a COLBERT measurement, not the beams' power.
To improve the robustness of this procedure to laser instabilities, it is possible to use a non-
integer based cycling procedure which requires fewer steps and is therefore faster [154].
Nonetheless, this procedure as it is yields spectacular results and allows us to measure the

non-linear polarisation induced in the sample with high sensitivity.

4.4 Pulse compression

To perform the experiment in the semi-impulsive limit, one needs resonnant pulses much

shorter than the optical dephasing time of probed transitions. In COLBERT, pulses of about
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60 nm in bandwidth travel through 10 m of air and 8 cm of glass before reaching the sample.
This temporally stretches the pulses so that, without a proper pulse compression scheme,
they are inadequate for MDCS and would yield practically uninterpretable two-dimensional
spectra. In this section, the foundations behind the pulse compression and characterization
schemes used before every COLBERT multidimensional measurement are presented. All
pulse compression and characterization methods are based on second harmonic generation
using an ultra-thin (10 m) BBO crystal so that the spectral and angular tolerances allow

the simultaneous compression of all beams over their whole spectrum. Moreover, to ensure
the reliability of the procedures, both compression and characterization are done at the

sample's exact location during the experiment.

4.4.1 Chirp-scarandMIIPS

The biggest improvement made by the Silva group on the original COLBERT design is the
integration of a rigorous pulse compression scheme instead of COLBERT's original com-
pression routine. Using it, one can routinely obtain sub-20 fs pulses close to the transform
limit. There are many spectral phase measurement methods out there, but we opted for a
method which could be performed at the exact same location as the sample's and required
a minimal amount of added components, a combination of chirp-scan [155] and multipho-
ton intrapulse interference (MIIPS) [156]. Both techniques apply, using a pulse shaper, a
known parametrized non-linear spectral phase (for instance, a quadratic chirp) and acquire
the second harmonic (SH) spectrum of the beam. By repeating this measurement for dif-
ferent spectral phase parameters, it is possible to infer the spectral phase of the pulse under
test. The principle behind this method can be understood by examining the process of sec-
ond harmonic generation for a broadband pulse. For a complex broadband electric eld
E (! ) expressed in the spectral domain, the SH spectrum is given by

Z, 2,

EQ@ )/ E()E()( + 2)dd (4.25)
1 1
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where ( + 2! ) is Dirac's delta function and follows from conservation of energy
during the second harmonic generation. Carrying on the integral Quee get rid of the

delta-function and obtain

Z,

E@ )/ EQ  )E()d: (4.26)
1

Representing the electric eld's complex spectrum in its polar form

E()=E()expi (1)) (4.27)

where (! ) isthe spectral phase we would like to measureEid) the spectral amplitude.

Injecting this into equation 4.26, we get

VA 1
E@!)/ E(2! YE( )@ )+ (g (4.28)
1
The SH intensity aP! will be maximal when (2! ) = ( ) so that the integrant in
eg. 4.28 is always positive. De ning = ! , this condition becomes
¢ +)= (! ) : (4.29)

To fully appreciate the importance of this condition, let's expand the spectral phase in a

Taylor's serie centered at, the compression carrier frequency. We get

o) 2+ % @)+ (4.30)

NI =

()= o+ T )+

Using our pulse shaper, we can apply an arbitrary chifp our pulse. We can rewrite the

spectral phase's Taylor expansion in term of the pulse's original chirp GDD and the added
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chirp as

()= ot X )+ S(GDD)( 1 )+ OB )Csu (431)

ol

We see that equation 4.29 will be satis ed only if the coef cients of even powers iof
equation 4.31 vanish. These can be obtained with a binomial expansion of equation 4.31

and yields
(n

n
2 nl

A
(GDD+ (1)) +2

n=3

I"n2=0 (4.32)

where (1) is the added chirp that maximizes the SH sign&'at (" the n-th deriva-

tiveof (!)at! = and , the binomial coefcientde ned as
n n!
k  ki(n k) (4.33)
By inserting the binomial coef cient explicitly into equation 4.32, we get
X () n 2
(GDD+  ope(! )+ RC 2)!! =0 (4.34)
n=3
which we rewrite as
(')= GDD X " e (4.35)
opt:\* ) = + [ .
L, (0 2)!

We now see how we can extract the spectral phase from measurements of the SH's spec-
trum for different added chirps. Since each powers afe linearly independent from each
other, we can t o, (! ) with a polynomial of suf cient order and extract the non-linear
phase coef cients (M thus measuring the spectral phase to the desired order. This tech-
nigue is known as chirp scan [155]. This derivation also explains why maximizing the
SH signal using stochastic algorithms to extract the spectral phase [157] (trial and error or

genetic algorithms) performs poorly. Looking at equation 4.31, we indeed see that individ-
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ually tuning higher-orders of chirp also affects the optimal value for lower orders of chirp.

Another way to understand equation 4.35 is to state it in terms of an arbitrary non-
linear parametrized phase functib! ). In the case of chirp scain(! ) = ( ! ) 2.

Equation 4.35 can then be rewritten as

(n)
1n2 (4.36)

%)= %)= GDD+ %)

n=3 (

and we can now use any non-linear function db extract the phase of our pulses. MIIPS

uses a sinusoidal phase function de ned as
f(!)= cos((! ) ) (4.37)

where is the scanned parameter ar® is the inverse of the pulse’'s transform limited
duration. This parameter is scanned to extragt(! ), the parameters that maximize the

SH signal a®! . Injecting MIIPS's de nition off (! ) into eq. 4.36 we get

fon()= Zcos((! )  on(!))= GDD+

n

X ™ a (4.38)
(N2 '

which can be also tted to a polynomial to extract the pulse's spectral phase to the desired
order. This technique yields greater phase accuracy than chirp scan for at spectral phases
at the cost of poor performance for severely chirped pulses. For this reason, we use this

function only to trim a pulse's phase after it was compressed with chirp scan.

4.4.2 FROG:Frequency-Resolve@ptical Gating

By far the most common technique to characterize ultrashort pulses is that of second-
harmonic frequency-resolved optical gating [158] or SH-FROG. It consists in recording

the spectrum of the second harmonic generated by the autocorrelation of a pulse in a non-
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linear medium for various interpulse delays. The obtain FROG trace is then used to extract
the pulse's spectral amplitude and phase using an iterative reconstruction algorithm [159].
However, the most common implementations of this technique use a thin beamsplitter and
a delay line to generate the pulse's autocorrelation. To avoid the addition of more optical
components to our experimental setup, we instead implemented versions of this technique
compatible with our pulse-shaper based apparatus namely colinear SH-FROG and cross-
correlation SH-FROG. The rst technique uses the pulse shaper to split into two a single
pulse and delay them. This is done by applying on top of the beam'’s optimal phase pro le
the Iter of equation 4.10. Due to the colinear nature of the measurement, terms cor-
responding to the second harmonic of each pulse replica as well as the FROG term are
measured simultaneously. The FROG term is extracted by applying a lter in the space
conjugate to the inter-replica delay [151] from which the pulse's amplitude and phase can
then be extracted using the aforementioned algorithm. This technique, however, does not
easily detect the effects of tilt of front mentioned in section 4.3.2. To do so, we turn to
cross-correlation FROG where the cross-correlation between two of the four beams used
in COLBERT is instead measured. Not only does this also provide an estimate of a pulse's
duration but also the amount of tilt of front by comparing it to the pulse durations obtained
from CSH-FROG. In fact, this measurement is the one routinely used for each beam pairs
to check if the compression and imaging were correctly performed prior to any COLBERT

experiment [143].

4.5 Conclusion

As we have shown in this chapter, generating and managing short pulses of light is a chal-
lenging endeavor but thanks to nearly three decades of efforts by the ultrafast commu-
nity, these can now be used in evermore complex experiments provided they are rigorously
characterized beforehand. Tremendous progress on the implementation and interpretation

of these experimental techniques have also allowed these experiments to be performed on
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more and more delicate or complex samples. They are no longer secluded to the fringes of
the spectroscopist's toolbox and can now be used a tool to study poorly understood materi-
als beyond textbook systems. In the next chapters, | hope to convey through the example of
our own investigations of 2D HOIPs this idea that non-linear coherent spectroscopy, partic-
ularly multidimensional spectroscopy, are much more than fancy experiments heavy on the
taxpayer's wallet. They elegantly provide profound insights into the quantum mechanical
behavior of a material which are impossible to obtain with traditional linear methods such
as photoluminescence and absorption spectroscopies. This is manifest when comparing the
intellectual acrobatics required to interpret the linear spectroscopy data of chapter 5 with

the straightforward, rigorous and unambiguous conclusions of the following chapters.
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CHAPTER 5
EXCITON-POLARON SPECTRAL STRUCTURES IN TWO-DIMENSIONAL
HYBRID LEAD-HALIDE PEROVSKITES

Motivated by our disagreement regarding the interpretation of the linear spectroscopy per-
formed in reference [98], we began our investigation of 2D HOIPs by exploring their linear
absorption and emission spectra in order to propose an alternative view on the origin of the
excitonic ne structure. Nonetheless, we agreed that strong electron-phonon correlations
could be manifested in the optical response and sought to account for it as well in our in-
vestigation. The Bohr radius estimated from the measured exciton binding energy (about
200 meV) was suf ciently large to encourage us to use the Wannier formalism described
in section 2.2.1. The 2D Bohr radius was initially wrongly estimated to be 12 nm due to a
confusion in the units used in a cited reference and is actually closer to 2 nm. Nonetheless,
to account for the observed ne structure, we modi ed the Wannier formalism by consid-
ering 4 excitonic states of distinct electronic nature separated by about 35 meV. These four
states, being electronically distinct, could couple differently to low-energy lattice vibrations
resulting in their distinct Franck-Condon like lineshapes. The energy of the relevent modes
for that matter were extracted from non-resonant Raman measurements, presented in chap-
ter 9, and were found to be comparable to the excitonic linewidths contrarily to the one
previously proposed to account for the ne structure. This yields a slightly asymmetrical
lineshape (see for example the dash-dotted lines of Figure 2.4) instead of a sharp vibronic
progression (full lines of Figure 2.4). This modi ed formalism does not interpret the ne
structure as a vibronic progression. Rather, it interprets the ne structure as arising from
electronically distinct excitons and their lineshapes as the consequence of broadened low-
energy vibronic replicas, a sharp contrast with the interpretation of reference [98]. To test

this formalism, we t it to the temperature dependent spectra of two distinct single layered
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2D-HOIPs and found it to be able to reproduce their absorption spectra up to 100 K. This
suggested, but did not prove, that our interpretation of the lineshape could be correct.This
interpretation is further supported by the observation in MDCS of couplings in the ne
structure through excited-state absorption features. The presence of such correlation also
shows that these states are connected through common states including a common ground
state. Whatever their nature it, this shows they are intrinsic to the material and do not arise
from sample inhomogenetities.

It is also in this publication that we rst hypothesize the ne structure to arise of pola-
ronic effects. We rst noticed that although the ne-structure splitting was similar to the
suggested Rashba energy [107] in these material, the lack of apparent dependence on the
inorganic layer thickness suggested this was not a dimensional effect but could be inherent
to the lattice. This prompted us to put aside the hypothesis of Rashba effects as the origin of
the ne structure. At the time, we were not aware of experimental reports of the excitonic

ne structure in 3D perovskites [95, 96] and hypothesized they could also exhibit an ex-
citonic ne structure. A back-of-the-envelope calculation showed that the weak-coupling
polaron binding energy matched curiously well with the observed ne-structure splitting,
and planted in our minds the idea that polaronic effects might be responsible for it. As the
next chapters will show, this idea grew stronger with each new experimental result.

This work was published in Physical Review Materials in 2018 [62] and can be found
on the arXiv under the same title. Dr. Neutzner (CNST@PoliMi, 1IT) acquired the temper-
ature dependent absorption spectra, designed the modi ed Wannier model and performed
the ts on the absorption and photoluminescence spectra. Dr. Neutzner and | acquired the
multidimensional and photoluminescence spectra and | performed the analysis of the for-
mer. Dr. Cortecchia (CNST@PoliMi, IIT) synthesized the high-quality samples used for
this study. The work was advised and supervised by Pr. Petrozza (CNST@PoliMi, IIT), Pr.
Silva (GaTech) and Dr. Srimath Kandada (CNST@PoliMi, IIT and GaTech). All authors

contributed to the redaction of the manuscript and its intellectual development.
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5.1 Abstract

Owing to both electronic and dielectric con nement effects, two-dimensional organic-
inorganic hybrid perovskites sustain strongly bound excitons at room temperature. Here,
we demonstrate that there are non-negligible contributions to the excitonic correlations
that are speci c to the lattice structure and its polar uctuations, both of which are con-
trolled via the chemical nature of the organic counter-cation. We present a phenomenolog-
ical, yet quantitative framework to simulate excitonic absorption lineshapes in single-layer
organic-inorganic hybrid perovskites, based on the two-dimensional Wannier formalism.
We include four distinct excitonic states separate@%y 5meV, and additional vibronic
progressions. Intriguingly, the associated Huang-Rhys factors and the relevant phonon en-
ergies show substantial variation with temperature and the nature of the organic cation.
This points to the hybrid nature of the lineshape, with a form well described by a Wannier
formalism, but with signatures of strong coupling to localized vibrations, and polaronic
effects perceived through excitonic correlations. Our work highlights the complexity of

excitonic properties in this class of nanostructured materials.

5.2 Introduction

Organic-inorganic hybrid perovskites (HOIPS) consist of metal-halide octahedral motifs
that form multi-dimensional lattice planes structurally separated by coordinating organic
counter cations [4]. While the frontier orbitals that give rise to the semiconductor electronic
structure are contributed by the metal-halide network, the organic cation plays a key role
in the structural con guration as well as the stability of the lattice [160]. When the organic
moieties are long enough to isolate the lattice planes electronically, the latter form quantum-
well-like structures with strong two-dimensional (2D) electronic con nement within the
metal-halide layer [90].

A consequence of such con nement is the creation of strongly bound excitons, which
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have been reported as early as 1989 by Ishihara et al. [78], with binding energies of 200—
300 meV. In a general context, a variational approach of electron-hole correlations predicts
that excitons in strongly con ned quantum wells experience a four-fold enhancement in
binding energy with respect to the bulk semiconductor [161], assuming a smooth dielectric
environment around the well. This enhancement is generally observed in systems such
as GaAs, which is characterized by an exciton binding energy of 4 meV in the bulk and
16 meV in quantum wells [162]. Intriguingly, there is more than a ten-fold increase in the
binding energies going from 3D lead-halide perovskites (10-20 meV [163]) to their 2D
counterparts [78]. Beyond quantum con nement, dielectric con nement arising from the
intercalating organic layers increases the Coulomb correlations substantially, resulting in
such a strong increase in the exciton binding energy [78, 90, 164, 165].

There is now an increasing consensus that the charge carriers in 3D lead halide per-
ovskites behave as large polarons within an intermediate electron-phonon coupling regime
[166]. In addition to this conventional behaviour of any polar lattice, local lattice disor-
der induced by the relative motion of the organic cation has been suggested to affect the
excitation dynamics substantially [163, 166]. Within such a context, the contribution of
the lattice dynamics to excitonic and other multi-body correlations in two dimensional per-
ovskites is a very pertinent question. We have recently demonstrated that modulation of
the lattice degrees of freedom with temperature in fact changes the exciton and biexciton
binding energies [167], highlighting the importance of the crystal structure and its lattice
dynamics on the multi-body physics.

Owing to the large binding energy, clear and distinct excitonic transitions are observed
in the linear absorption spectrum. However, contrary to the characteristics of conventional
2D Wannier excitons, the spectra also exhibit a rich ne structure with the presence of mul-
tiple peaks distributed around the most intense one [98]. Previously, the presence of similar
spectral structure also in the photoluminescence (PL) spectrum motivated the inclusion of

vibronic progressions [168, 98], as widely used in the case of localized states in molec-
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ular semiconductors. Here, we provide a more quantitative description of these spectral
structures invoking various considerations of exciton-lattice coupling. First, we hypoth-
esize the presence of distinct excitonic states, possibly generated via degeneracy lifting
mechanisms driven by polaronic effects. This, however, does not discount the contribution
of low-energy lattice vibrations to the optical absorption in the form of vibronic progres-
sions. We analyze the vibrational and structural contributions to the excitonic correlations
by systematically tuning the lattice parameters using temperature, the chemical nature of
the organic cation, and the thickness of the quantum well. Based on these considerations,
we phenomenologically introduce additional parameters in the established Elliott's for-
mula for the absorption coef cient [38, 169] evaluated from a 2D Wannier equation, and

we quantitatively reproduce the linear absorption spectra of prototypical 2D HOIPs.

5.3 Experimental methods

5.3.1 Samplepreparation

For the preparation of (PEARbL, thin Ims (PEA = phenylethylammonium), the precur-
sor solution (0.25 M) of (PEAPbI, was prepared by mixing (PEA)I (Dyesol) with Bl

1:1 ratio in N,N-dimethylformamide(DMF). For example, 62.3 mg of (PEA)I and 57.6 mg
of Pbl, were dissolved in 500L of DMF (anhydrous, Sigma Aldrich). For the prepara-
tion of (NBT),Pbl,(NBT = n-butylammonium), 50.3 mg on NBT)I (Dyesol) and 57.6 mg
of Pbl, are dissolved in 500ILof DMF (0.25 M solution). For (EDBE)PRQI(EDBE = 2,2-
(ethylenedioxy)bis(ethylammonium))), (EDBE)I was synthetized by dissolving 1 mL of
(ethylenedioxy)bis(ethylamine) in 10 mL of ethanol and reacting the amine with 6 equiva-
lents of hydroiodic acid (HI 57% water solution, Sigma Aldrich). The resulting precipitate
was washed several times with ethanol/diethyl ether and dried under vacuufCailt@

spin coating precursor solution was prepared by mixing 100 mg of (EDBE)I and 115.2 mg
of Pbl, in 500 L of DMSO (0.5 M solution). All the perovskite thin Ims were prepared

by spin coating the precursor solutions on glass substrates at 4000 rpm, 30 s, followed by
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annealing at 10T for 30 min.

5.3.2 Absorptionandphotoluminescencmeasurements

Temperature-dependent absorption measurements were carried out using a commercial
Perkin-Elmer UV/Vis spectrophotometer. The sample was kept in a continuous ow static-
exchange gas cryostat (Oxford Instruments Optistat CF). Measurements were taken in steps
during the heating up cycle, after going to liquid helium temperatures. Photoluminescence
spectra were taken by shining 405nm light on the sample sitting inside a closed-cycle gas
exchange cryostat. The incident power was measured using a calibrated photodiode and

the photoluminescence collected by a set of lens and sent to a spectrometer.

5.3.3 Two-dimensionatoherengexcitationspectroscopy

The multidimensional spectrometer, developed by Turner and Nelson [143], has been de-
scribed in detail elsewhere [167]. In this design, phase stability is passively achieved by de-
laying the pulses using phase-shaping, and by propagating the beams through a common set
of optics. The spectrometer uses pulses generated by a home-built two-pass non-collinear
optical parametric ampli er (NOPA) pumped by the output of a 1-kHz Ti:Sapphire regen-
erative ampli er system (Coherent Astrella). Before entering the spectrometer, the NOPA's
output is spatially ltered using a pinhole to obtain a clean Gaussian pro le. The pulse
shaper is also used to compress the pulses near the transform limit using chirp scan [155]
and multiphoton intrapulse interference phase scan (MIIPS) [170]. For the dataset pre-
sented here, this resulted in pulses centered at 520 nm of 21-fs temporal full-width at half-
maximum (FWHM) as measured by second harmonic generation collinear frequency re-

solved optical gating (SHG-CFROG) [151] and cross-correlation between the beams.
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Figure 5.1: Experimental absorption spectra of polycrystalline Ims of (PEA),Pbl,.

(a) Absorption spectra at different temperatures (plotted as symbols) and numerical ts
done using Egs. 5.1-5.4 (plotted as solid lines). (b) Experimental and tted absorption
spectrum at 28 K showing both exciton and continuum contributions. (c) Zoom of the
exciton lineshape at 28 K(best t shown in part (b)) plotted in logarithmic scale showing

the presence of four distinct lines.

5.4 Results and analysis

5.4.1 Excitonabsorptiorlineshapan (PEA),Pbl,

We rst consider a model HOIP, (PEARDI, (PEA= phenylethylammonium), to establish

a formalism for the absorption spectral lineshape before exploring other model systems in-
corporating alternative organic cations that induce different degrees of octahedral distorion
and connectivity. The absorption spectra of a polycrystalline Im of (PJPA), taken at

different temperatures are shown in Figure 5.1(a), focusing on the exciton resonance re-
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gion. The spectrum at 28 K, shown in Figure 5.1(b) over a broader spectral range, reveals
an excitonic peak at about 200 meV below the well-de ned continuum edge, indicating a
high exciton binding energy. In addition, the excitonic peak exhibits a rich ne structure. A
closer inspection of this lineshape, as shown in Figure 5.1(c) by the t to the exciton model
described below, reveals four distinct peaks separate85by 5meV. The most intense
peak also exhibits an asymmetric lineshape with a shoulder at higher energies, suggesting
the presence of further buried structure within the broad lineshape. Upon increasing the
temperature, the most intense peak consistently red-shifts following the lattice expansion
effects and the subsequent change in the band-gap, as we have shown previously [167]. In
addition, there is a relative increase in the absorption cross section at higher energies and a
reduction in the clarity in the spectral ne structure.

Given the strong carrier con nement within the lead-iodide layer [90, 171], the absorp-
tion spectrum can be quantitatively modeled assuming a two-dimensional Wannier-Mott

exciton. Following Elliott [38, 169], the absorption coef cient reads as:

(| ) = exc + cont |
hx AE ~l Eg+ —Eo
= 9 01 5 sech (0 1)
=1 n E ex .
1 ~I n 2 1 |
+ sech — ¢ - d" :
Eq ¢ l+exp 2 B 1 (8m =%(" Ey

9

(5.1)

Here,Egandm are the bandgap energy and exciton effective niass, Eo= n = 3 2

2

is the exciton binding energy amd= 1;2::: is an integer. While the rst term of Eq. 5.1
represents the discrete excitonic transitions below the band-edge, the integral in the sec-
ond term accounts for the absorption into the free-carrier continuum. The spectral width

is accounted for by hyperbolic secant functions [172], characterized by the broadening
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parameters, . and .y, corresponding to the free-carrier and excitonic transitions, respec-
tively.

Such a standard 2D exciton model, however, is not suf cient to reproduce the observed
ne-structure. In order to numerically do so, we introduce two modi cations to Eq. 5.1.
We conjecture that the four observed transitions correspond to distinct excitonic states and
accordingly we re-distribute the intensity of the primary excitonic transition from Eq. 5.1
among three additional transitions of similar analytical form, but with binding energies set
atEp+ ,Ep+2 andEy , whereEy, is the binding energy of the primary exciton
binding energy and is approximately 35 meV. The relative intensitiés ) of each of the

four transitions are set as t parameters:

exc — xl exc(Eb)+ x2 exc(Eb+ )+ X3 exc(Eb+2)+ X4 exc(Eb ) : (5'2)

Secondly, to account for the asymmetric lineshapes, and more importantly to reproduce
their temperature dependence, we introduce the contribution of electron-phonon coupling
via appropriate Frank-Condon progressions on top of the exciton lines [173]. Due to the
presence of multiple lattice vibrational modes that can couple to the electronic transitions,
we employ a generalized Frank-Condon formalism represented in Egs. 5.3-5.4. We con-
sider a redistribution of oscillator strength according to Eq. 5.3, widgyés the intensity

of the primary excitonic line anfl is the line-shape function, both derived from Eqg. 5.1.
Fon is the overlap integral of the corresponding vibronic wave-functions given by Eq. 5.4,

with S, the generalized Huang-Rhys factor, which takes the form of a Poisson distribution:

X
W()=Wo Foaf(hn; ) (5.3)
Sgn
Fon = ° n!S : (5.4)

Shown as solid lines in Figure 5.1(a) are the numerical ts of absorption spectra with
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T | E, Ep

(K) | (V) | (meV) X2=X1 | X=Xy [ Xg=X1 | S | S | Sg

(meCV) (mng)

28 | 2.576 | 197.95| 0.86 | 0.055 | 0.055 |2.15| — | 044 104 7
40 | 2.5775| 199.32| 0.86 | 0.055 | 0.065 | 2.49| — |0.44| 11.3 6.4
50 | 2.579 | 199.72| 0.86 | 0.055 00 |277 — |0.44] 121 6.2

60 | 2.5803| 199.7 1.2 0.05 0.05 | 2.75]1.13|044| 141 5.6
70 | 2.5809| 198.5 1.3 0.045 | 0.05 | 255| 1.2 1 044| 158 6

80 | 2.5814| 196.25, 1.59 0.04 003 | 1.2 | 1.2 |044| 18 6.8
90 | 2.5814| 195.7 15 0.045| 003 | — | 1.2 ]044| 20 6.5
100 | 2.5814| 195.37| 142 | 0045 | 001 | — | 1.2 | 0.44]| 22 6.4

Table 5.1: :Parameters used to t the temperature dependent linear absorption spec-
tra of (PEA),Pbl, shown in Figure 5.1, using Egs. 5.1-5.4. The Huang-Rhys parameters
S; correspond to modes with energy 8 me\£(1), 9.8 meV ( = 2), and 17.4 meVi(= 3),
extracted from the non-resonant Raman spectrum [167]
Egs. 5.1,5.2,5.3, 5.4 (see Appendix | for the combined expression), assuming a spacing be-
tween the excitonic states to be 35 5meV and considering three dominant phonon
energies;! ; = 8 meV,~! , = 9:8meV and~! 3 = 17:4meV, identi ed via non-resonant
Raman measurements published elsewhere [167]. Although it appears that the multitude of
variable t parameters can compromise the robustness of the formalism, it must be noted
that the well-de ned spectral features impose strict tolerance limits over most of the t
parameters. For example, given the clear separation between the excitonic transition and
continuum edge, the bandgap and binding energies can be direatlyoutfrom the ex-
perimental data and are constrained during the tting procedure. Similarly, well de ned
rising edges for the primary excitonic line and the continuum impart rigid conditions over
the choice of broadening parameters. Finally, the normal-mode frequencies used in the vi-
bronic progression are constrained to those extracted from Raman spectra [167]. Thus, the
only effective free- t parameters are the Huang-Rhys factors and the relative intensities of
the four excitonic transitions{(;=X;). The complete set of parameters used to obtain the
tsis listed in Table. 5.1.

Upon increasing temperature, we observe a monotonic blue-shift of the bandgap due

to lattice expansion effects [174, 167]. The binding energy, on the other hand, remains
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relatively unperturbed by the temperature change, except for a minor reduction at higher
temperatures. Although one would expect a contribution to the electronic polarization,

and thus to the exciton binding energy, from the polar lattice vibrations that are activated
at higher temperatures [164], the small exciton radius (associated with the large binding
energy) makes the excitonic characteristics immune to such uctuations [167]. The relative
intensities of the excitonic states also show a moderate variation with temperature. While
the third and fourth transitions, which are at the highest and lowest energies reld&jye to

Ey, have low cross section with respectXq, the second transitiorX(; in Figure 5.1(c))

gains in its relative intensity at higher temperatures.

The other t variables are the Huang-Rhys factd@s{i = 1 (8 meV), 2 (9.8 meV), 3
(17.4meV)), listed in Table 5.1. For spectra below 60 K, only two modes at 8 and 17.4 meV
contribute to the absorption. For a brief temperature range between 60 and 80K, all the
three modes are required to reproduce the experimental lineshape. Spectra at 90 and 100K
can be tted by considering only two modes, but at 9.8 and 17.4 meV. At higher tem-
peratures (150 and 200K in Figure 5.1(a)), the spectrum develops a strong asymmetric
shoulder extending towards the continuum. Such a lineshape, which probably stems from
the creation of shallow defect states, cannot be accounted for by the considered theoretical
framework. The variation of the Huang-Rhys factors and the associated modes may be
related to the increased exibility of the lattice at higher temperatures. However, due to the
lack of in-depth comprehension of the nature of the vibrational modes, it is not possible, at
the moment to provide a conclusive explanation of this trend.

To gain further insights into the origin of the 35-meV spaced transitions, we analyze the
total-correlation two-dimensional coherence excitation spectrum, shown in Figure 5.2(a),
taken at room temperature. The 2D spectrum is composed of negative diagonal features
(labelled 1 and 2), which correspond to the uncorrelated excitations from the ground state
to the excitonic states. The off-diagonal features are composed of contributions from inter-

exciton correlations and transitions to higher lying biexcitonic states (labelted ). We
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Figure 5.2:Room temperature total correlation 2D coherent excitation spectrum and
associated coherent dynamics.(a) Total correlation 2D coherent excitation spectrum
taken at room temperature for a population time delay of 20fs. (b) Signal of various fea-
tures labelled in (a) as a function of population time delay. Tland features are tted

with a quadratic polynomial to isolate the oscillatory components. The residual of this t
is shown in (c) and the norm of its Fourier transform is shown in (d).

have discussed the assignment of each of these features in detail in ref. [167], but the im-
portant point to highlight here is that we have assigneshd as excited-state absorption
features to bound biexciton states. Here we wish to consider their evolution with popula-
tion waiting time, which can be considered to be equivalent to a pump-probe delay. The
most relevant observation here lies in the evolution of each of the identi ed features, shown
in Figure 5.2(b). While featurels 2and monotonically decay, the excited-state absorp-
tion features and show a clear oscillatory behavior on top of the monotonic decay. To
isolate these coherent oscillations and to remove the monotonically decaying component,
we t the evolution curves of features and phenomenologically with a second-order
polynomial, which is not intended to re ect any physics but is merely intended to repre-
sent non-exponential decay. The purely oscillatory residual signal (see Figure 5.2(c)) is

then Fourier transformed to obtain the spectra displayed in Figure 5.2(d). Both the spec-

tra exhibit a couple of minor peaks 86 5and47 5meV, and one dominant peak at
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Figure 5.3:Analysis of the PL spectra of polycrystalline Ims of (PEA),Pbl,. (a) PL
spectra of polycrystalline Ims of (PEAPbDI, taken at different temperatures. (b)Full width

at half maximum of the most intense PL peak as a function of temperature. (c) Pump power
dependence of the most intense PL peak at 20 K.

34 5meV, corresponding to the energy separation of the distinct excitonic states. Dur-
ing the population time, the system is in a coherent superposition of states in the same
excitation manifold leading to oscillatory components along the population time delay. Im-
portantly, this behavior is observed exclusively in featuresd , which have signatures

of exciton-biexciton coherences (see Appendix and ref. [167]) but not in features 1 and 2,
which are composed of population contributions. Thus, the observation of 35 meV energy
mode not only con rms the presence of distinct exciton states even at room temperature,
but also indicates the existence of coherent coupling between them when excited with an
ultrashort laser pulse. Moreover, the presence of a 17-meV mode emphasizes signi cant
electron-phonon coupling effects as evidenced by the absorption lineshape analysis.L.

Let us return to the absoprtion lineshape analysis, particularly to the apparent weak
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temperature dependence of the exciton linewidth. While the primary excitonic linewidth
uctuates around:45 0:53meV (Table.5.1), the free-carrier linewidth exhibits a clear
temperature dependence that can be effectively explained by a carrier-LO phonon scatter-
ing mechanism [175]. Note that the linewidth,. in Table.5.1 is that of the most intense
transition, while all the other three transitions also exhibit similar trend with a maximum
variance of 5meV in their absolute value. Such a behavior, in spite of the Frank-Condon
contributions to the absorption, suggests an anomalous nature of the exciton-phonon inter-
actions. However, our absorption lineshape analysis is dif cult at temperatures higher than
the range shown in Figure 5.1(a) due to the loss of spectral structure. In order to explore fur-
ther the temperature dependence of the exciton linewidth, we have carried out temperature-
dependent PL measurements. Figure 5.3(a) shows the PL spectra at different temperatures.
The PL spectrum displays structure that is consistent with that identi ed in the absorption
spectrum, namely distinct spectral features separated®ymeV. Although the integrated
PL intensity is linear over a broad laser intensity range (Figure 5.3(c)), careful spectral anal-
ysis is complicated by the underlying contribution of biexcitons, given their ever-present
contribution due to their high binding energy [167]. Nevertheless, we can extract the full
width at half maximum for the most intense peak as a function of temperature, shown
in Figure 5.3(c). We observe a clear temperature dependence over a range spanning up
to room temperature with the trend indicating scattering from LO phonons[176] within a
Frohlich formalism described by:
h 1 [ .
exp(Eo=keT) 1 °

(T)= o+ o (5.5)

The t obtained using Eq. 5.5 is shown in Figure 5.3(b), with the temperature independent
linewidth o = 9:4meV, the LO phonon enerdgy, o = 17 meV and the exciton-phonon
coupling parameter o = 25:6meV. Intriguingly, the extracted coupling parameter is

much smaller than what has been reported for the three dimensional perovskites [175]. It
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Figure 5.4:Room temperature rephasing 2D spectrum of (PEA)PbI, and homoge-
neous linewidth extraction. (a) Modulus of rephasing 2D spectrum of (PERbI, taken

at zero population time at room temperature. (b) Anti-diagonal cut taken along the red line
shown in the 2D map plotted along with the ts from Voigt functions.

must be noted that the linewidths extracted from PL do not vary substantially below 100 K
in agreement with the absorption analysis.

Let us consider the linewidths reported in Figure 5.3(c) for PL measurements and
Table 5.1 for the absorption analysis, and consider to what extent they are due to in-
homogenous broadening mechanisms. Within linear spectroscopies, contributions from
non-negligible inhomogenous effects can hinder the direct measurement of the pure ho-
mogenous linewidths that carry signatures of electron-phonon scattering. Non-linear spec-
troscopies, such as the two-dimensional coherent spectroscopy described above, offer an
effective way to distinguish the homogenous and inhomegneous contributions [177]. The
most widely used implementation involves measurement of the amplitude and phase of
the zero-time rephasing resonant four-wave mixing signal. The absolute value, zero-time
rephasing spectra of (PE/)DbI, polycrystalline Ims taken at room temperature is shown

in Figure 5.4(a). It is well understood that the inhomegenous contributions broaden the

INote that the spectrum displayed in Figure 5.2(a) is the real part of the total correlation spectrum, that
is the sum of rephasing and non-rephasing spectra, while that in Figure 5.4(a) is the absolute value of the
rephasing spectrum only.
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