Chapter 2
Strongly Coupled Organic Microcavities

Paolo Michetti, Leonardo Mazza and Giuseppe C. La Rocca

Abstract The photophysics of planar microcavities which employ organic materials
as the optically resonant medium to achieve the strong-coupling regime is discussed.
While as a result of the light-matter coupling, cavity polariton branches appear
which are analogous to those observed in inorganic microcavities, many properties
of organic-based microcavities are qualitatively and quantitatively different. The
electronic excitations involved are molecular Frenkel excitons, rather than large
radius Wannier excitons, which lead to large Rabi splitting values. The effects of dis-
order are typically much more pronounced as well as the exciton-phonon coupling,
possibly leading to vibronic replicas. As a consequence, polariton relaxation and
polariton-polariton scattering mechanisms also show features specific to the organic
material employed. The field of organic-based microcavities is attracting an increas-
ing interest as high excitation density phenomena such as polariton lasing have
recently been reported. In view of their experimental relevance, two different kinds
of organic microcavities, disordered J-aggregate-based microcavities and crystalline
anthracene microcavities, are considered.

2.1 Introduction

The effort to improve the performance of optoelectronic devices drives the
ongoing research of novel materials and architectures. In order to tame the light—
matter interaction, while, on the one hand, compounds with improved linear and
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nonlinear optical properties have been synthesized, on the other hand, dielec-
tric microstructures have been developed engineering the photonic dispersion
law and density of states (DOS), a paramount instance being photonic crys-
tals. Rather than tailoring each of the two players—matter and light—individu-
ally to stretch the rules that govern their interaction, an alternative approach is
to blend them together into hybrid entities—the polaritons—exhibiting novel
potentialities.

This is precisely what happens in a high finesse microcavity (MC) in which the
cavity mode is resonant with a narrow electronic excitation such that their cou-
pling overcomes the damping mechanisms. In this strong-coupling regime, the rel-
evant eigenmodes are no longer photons and the excitons individually, but rather
their coherent superpositions, i.e., the lower polariton (LP) and the upper polariton
(UP) modes, which become the key players.

2.1.1 Inorganic Microcavities

Strongly coupled MCs based on inorganic semiconductors have been investigated
since the early 1990s culminating with the recent observation of macroscopic
quantum coherent effects such as Bose-Einstein Condensation (BEC) of cavity
polaritons (see, e.g., the reviews in [1-3]). The polariton notion in bulk crystals
is a traditional one [4], and in inorganic semiconductors, it comprises both the
case of exciton-polaritons, wherein the matter excitation is a large radius optically
allowed Wannier exciton [5], and of phonon-polaritons, wherein the matter excita-
tion is an optical phonon in a polar lattice [6]. Bulk polaritons are characterized
by a conserved three-dimensional (3D) wave vector and are not easily accessible
experimentally. In typical planar microcavities, instead, a quantum well exciton
is coupled to a cavity photon, and cavity polaritons are characterized by a two-
dimensional (2D) in-plane wave vector. In particular, if the cavity mode cutoff
energy at vanishing in-plane wave vector is lower than the exciton energy (i.e.,
for a negatively detuned cavity), for increasing in-plane wavevectors, the cavity
photon steep dispersion and the flat exciton dispersion would cross each other, but
in the strong-coupling regime, the UP and LP branches do anticross: Their separa-
tion is the Rabi splitting, proportional to the square root of the exciton oscillator
strength (OS).

The MC mirrors which are usually distributed Bragg reflectors are not totally
reflecting and the cavity polaritons are very weakly coupled to the 3D free-space
photons having a matching in-plane wave vector and a vertical wave vector
(which is not conserved) dictated by energy conservation. Injection and detec-
tion of cavity polaritons can thus be directly accomplished via angle-dependent
spectroscopy, and angle-resolved reflectivity spectra are routinely employed to
map the cavity polariton dispersion. The typical signature of the strong-coupling
regime is a doublet of reflectivity dips, as first observed by Weisbuch et al. [7]
(see Fig. 2.1).



2 Strongly Coupled Organic Microcavities 41

Fig. 2.1 Low-temperature
reflectivity of a strongly
coupled MC containing 7
GaAs quantum wells. The o
three spectra correspond to ) | 2
different cavity detunings: <
Spectrum 2 is on resonance - RARI SPLITTING
and directly shows the Rabi ﬁ S| <
splitting (Adapted from [7], >
Copyright 1992, with the =
Lo . O
permission of The American L_IIJ 3
Physical Society) W ‘
|
QUANTUM WELL
‘ RESONANCE
| 7 QUANTUM WELLS
r T=5K
952 156 160 164

PHOTON ENERGY (eV)

While bulk polaritons have a lower branch with an energy linearly vanishing at
small wave vectors, cavity polaritons have a lower branch with a minimum energy
(which for a resonant cavity is the cavity mode cutoff energy minus half the Rabi
splitting) and in its vicinity, a parabolic dispersion with a very small mass, deter-
mined by the steep cavity mode dispersion, which flattens out as soon as the in-
plane wave vector increases. Cavity polaritons behave as bosonic particles and,
differently from free photons in vacuum, have a finite lifetime (due to leakage
through the mirrors and exciton non-radiative recombination) and mutual inter-
actions (due to the exciton-exciton scattering). Under resonant or non-resonant
pumping, a bosonic-stimulated buildup of cavity polaritons at the bottom of the
LP branch may occur leading eventually to a Bose-Einstein condensate—as first
observed by Kasprzak et al. in 2006, see Fig. 2.2—and to superfluidity. From the
technological viewpoint, interest in such phenomena has also been triggered by
polariton lasing whereby the light emitted through the cavity mirrors inherits the
coherence properties of the polariton ensemble. The field of inorganic-based MCs
has flourished in recent years, and important new results keep being reported.

2.1.2 Organic and Hybrid Microcavities

An intrinsic limitation of inorganic-based MCs is the weak binding energy of
Wannier excitons and their small OS leading to Rabi splitting values typically
of the order of 10 meV. Much larger Rabi splitting values have been anticipated
for MCs based on molecular Frenkel excitons [9] and already in the pioneer-
ing experiment by Lidzey et al. [10] , a Rabi splitting as large as 160 meV has
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Fig. 2.2 Low-temperature angular distribution of light emitted by the LPs in a CdTe-based
MC within a 23° cone around the normal direction following non-resonant excitation. The three
spectra from left to right correspond to an excitation power below, at and above the threshold
intensity /s for BEC, the latter case being dominated by the emission from polaritons with a van-
ishing in-plane wavevector. (Adapted from [8], Copyright 2006, with permission of Macmillan
Publishers Ltd: Nature)

been observed [10] employing a porphirine molecule (4TBPPZn) blended in a
polysterene film as optically resonant material at room temperature. Since then,
strongly coupled MCs have been demonstrated using a variety of organic mate-
rials (see, e.g., the reviews in [11-13]) which can be either classified as non-
crystalline, e.g., J-aggregate blends, or (poly)crystalline, e.g., naphtalene and
anthracene [14]. The knowledge accumulated for inorganic MCs can only par-
tially be useful to understand organic MCs because, in particular, disorder effects
and the electron—phonon interaction are much stronger [4, 14]. While the field of
organic-based microcavities has not yet reached a maturity comparable to that of
inorganic ones, very recently manifestations of nonlinearities and bosonic stimu-
lation of organic cavity polaritons have been reported and attracted much atten-
tion [15-17].

The strategy of combining in the same MC organic and inorganic optically
resonant media has also been fruitfully pursed to realize hybrid cavity polaritons
[18, 19] as earlier theoretically suggested [9]. Organic—inorganic systems may
capitalize on the best properties of either constituent, such as the large OS and
quantum yield of organics on the one hand and the good electrical injection and
transport properties of inorganic semiconductors on the other one. In strongly
coupled hybrid MC, the cavity mode and both the Frenkel and Wannier excitons
coherently mix so that the hybrid cavity polaritons share the properties of both of
them.

Hybrid systems and MCs have been reviewed in [13]. Here, our current under-
standing of organic microcavities is discussed considering as illustrative examples
of non-crystalline and crystalline systems disordered J-aggregate MCs and crystal-
line anthracene MCs, respectively, because of their experimental relevance. The
field indeed appears ripe for further theoretical and experimental developments
which promise to rival those of inorganic MCs.
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2.2 Amorphous J-Aggregate Microcavities

J-aggregates thin films represent the most commonly employed class of amor-
phous organic optically active materials for the realization of strongly coupled sys-
tems [20-22]. J-aggregates are obtained as a result of the aggregation of specific
organic dyes (i.e., cyanine dyes) in polar solvents, under appropriate conditions.
Upon aggregation, the optical features of the system spectacularly change into
narrow and intense absorption and emission lines characterized by a very weak
Frank-Condon shift, due to the rigidity of the molecular chain. These optical fea-
tures are well understood as a manifestation of superradiance phenomena typical
of one-dimensional Frenkel exciton systems [23]. At sufficiently low concentra-
tion, in order to avoid strong inter-aggregate interaction (and therefore the broad-
ening of the resonance line), J-aggregates are randomly arranged in an inert host
matrix. Because of their optical features, such organic materials are ideal for the
observation of strong light—matter coupling. A concrete example for a J-aggregate
MC structure is presented in Fig. 2.3.

The following discussion is meant to provide an introduction to the physics of
J-aggregate MCs. In Sect. 2.2.1, we more broadly discuss the effect of disorder in
amorphous MCs, analyzed with a minimal model [24], where an inhomogeneously
broadened ensemble of two-level chromophores undergos strong light—matter cou-
pling. In Sect. 2.2.2, we present a theoretical model [25] of the photo-excitation
dynamics of J-aggregate MCs under non-resonant pumping. This model is particu-
larly instructive, because it allows the simulation of the photoluminescence (PL)
of an organic MC, starting from a microscopical description of the bare optically
active material.

Fig. 2.3 Example of an
experimental structure of a
J-aggregate MC consisting

of a 220-nm-thick layer Nb,O5 - SiO,
of TDBC J-aggregate 11 pairs
dispersed in a polyvinyl

alcohol matrix between two } TDBC in
niobia—silica distributed PVA

Bragg reflectors (DBRs) of

11\/4 pairs. (Adapted from

[26], Copyright 2011, with :

permission of WILEY-VCH Quartz

Verlag, Advanced Functional substrate

Materials)



44 P. Michetti et al.

2.2.1 Disorder Effects

In organic-based MCs, the optically active electronic resonances are quite dif-
ferent with respect to the inorganic ones, being molecular excitations rather than
large radius excitons. In particular, due to electron—phonon interaction or disor-
der scattering the molecular Frenkel excitons may behave as incoherent (diffusive)
excitations rather than Bloch plane waves having a well-defined wave vector and
group velocity [27]. Moreover, excitons in molecular amorphous materials, such
as J-aggregate dispersed in an host matrix, are by their nature localized within
a molecular aggregate with typical extensions around tens of nm. It is only the
light—matter interaction that, in strong-coupling, polarizes the medium giving birth
to delocalized polaritons with a well-defined wave vector. Therefore, amorphous
organic films intrinsically introduce excitonic disorder of orientational, positional,
and diagonal kind in the strongly coupled system. The molecules are in fact ran-
domly arranged in the host matrix, at least at low concentration, where ordering
phenomena do not arise (such as liquid crystal arrangements). Each molecule
feels a different environment, thus their molecular resonance energies are shifted
with respect to their average transition energy, resulting in a static inhomogene-
ously broadened excitonic resonance, also at low temperature. At finite tempera-
ture, dynamical disorder, due the presence of vibrations, can also contribute to the
inhomogeneous linewidth. Structural disorder scattering breaks the translational
invariance and the coherence (in this context, a coherent state is a delocalized
plane-wave-like state of definite momentum) imposed by the medium polariza-
tion due to light—matter interaction, bringing about localized states quite different
from plane-wave-like polaritons [24, 28]. On the other hand, orientational disor-
der restores a macroscopic rotational symmetry in the plane of the film, which is
generally absent in an organic crystalline environment, characterized, instead, by a
strong anisotropy of the optical features.

A macroscopic approach to disorder consists in solving Maxwell equations for
a transverse electromagnetic wave in presence of a broad and dispersionless exci-
tonic resonance [4, 28]. This provides a first insight on the effect of disorder in a
strongly coupled system. The equation for a wave of in-plane momentum ¢ and
frequency w = E /I assumes the form

[E — Egh(9)|(E — Eex + ivex) = A?/4, @2.1)

with the Rabi splitting A2 = 4{%,’ being fex the OS of the excitonic resonance line
at energy Eex and &), the background dielectric constant, where Eyn(q) is the disper-
sion of the cavity mode and yex the total broadening of the excitonic resonance.
Equation (2.1) is solved for the real energies, giving the UP (sign +) and LP
polariton (sign —) dispersion curves E+(q) [see (2.9)], and for their imaginary part
8E41(q), accounting for the energy uncertainty. One obtains that the energy uncer-
tainty §E+(g) = yeXC$X) (g) is simply proportional to the exciton content of the
polaritonic state [see (2.8)]. For a given wave vector, the momentum uncertainty

can be quantified through the group velocity
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8q+(q) ~ SE+(q)/hv+(q) (2.2)
1 dE+(q)
vilg) = 5 ;Eq : 2.3)

and regions where polaritons possess quality of ‘good’ quasi-particles must sat-
isfy g < g. This procedure allows to determine a minimum and a maximum end-
point on the LP branch. Inside this range, polaritons have a coherent (delocalized)
nature, while polariton localization occurs outside this region. Similarly, a mini-
mum endpoint is defined for the UP branch, above which polaritons have a coher-
ent nature.

Numerical and analytical results [24, 29-32] have confirmed the validity of the
macroscopic model (see the following discussion in this section) and analyzed the
effect of different kinds of structural disorder. Special attention has been given to
the case of the disorder scattering at the bottom of the LP branch that, possessing
small group velocity, is especially susceptible to suffer localization. Evidences of
localized polaritons in J-aggregates have been found analyzing the reflectivity and
luminescence spectra, in which a third peak between the UP and the LP branches
appears [33]. This third emission peak at energy near the bare exciton resonance is
found at all external angles and, being the angle related to the in-plane wave vec-
tor, we can associate it to states of high wave vector uncertainty, therefore local-
ized for the uncertainty principle.

Now, following [24], we set up a minimal quantum mechanical model for a
one-dimensional MC of length L. The MC contains two kinds of one-excitation
states: N localized excitons (two-level chromophores) placed at sites r; and delo-
calized photon modes, coupled by the light-matter interaction. The system is
described by the model Hamiltonian (neglecting all damping processes)

H=Y Em@cie,+ Y Ebbi+ Y (Vigefhj+he) o4
q J qJ

U

VM = 2\/N ’ (2~5)

where ¢, is the annihilation operator for a photon of in-plane momentum g and
b; the annihilation operator acting on the molecular exciton at the j-th site. The
excitonic energies E;j have a random Gaussian distribution around their average
value Ey, with standard deviation o. We apply cyclic boundary conditions for the
photons so that allowed wavevectors are ¢ = 2mn/L with n € N. A direct diago-
nalization gives us access to the polariton eigenmodes of the system (which we
arbitrarily define as the modes having a photon content larger then 5 %), which we
can then completely analyze.

In an ideal situation E; = Eex and r; =j L/N for j=0,1,...,N — 1, after
introducing the momentum basis for the exciton operators
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by =) —=1bj (2.6)
the system eigenstates are described by ideal cavity polaritons (ICPs)

Py = CEV @by + PV (@)cy, @7
where the exciton and photon content is given by the Hopfield coefficients
A2
VA2 /4 +[Ex(q) — Eex]? 2.8)
@ =/1-1c@P

g =

and the corresponding eigenenergies are

Ei(q) = Eex + Epn(q) +
2

In Fig. 2.4a, b, we present the analysis of the eigenstates for a single realization
of the model in (2.5) with on-site energetic disorder. Plotting the eigenenergies
against the average wave vector (calculated on the photonic component of the
eigenstates) of eigenstates with photon component larger than 5 %, we easily iden-
tify the upper and LP branches. Between the two branches, we note the presence
of a large number of eigenstates, corresponding to energies similar to the bare
excitation energy of the chromophores. Plotting the excitonic content of the eigen-
states (in Fig. 2.4a), we note that such states are mostly exciton-like. The analysis
of the standard deviation of the wave vector calculated on the photonic component
[in Fig. 2.4b] reveals that these states have an incoherent nature (they do not have
a well-defined momentum). Experimentally, this is consistent with the measure-
ment of a PL peak for frequencies between the polariton branches, persisting at
all observation angles [33]. In Fig. 2.4c, we plot the mean extension of the polari-
tonic states averaged on 5,000 disorder configurations. This analysis confirms the
existence of localized states with finite exciton—photon mixing between the two
polariton branches (at energies near the bare exciton resonance) and at the bottom
of the LP branch, and hence the validity of the previously discussed macroscopic
approach.

Now, we analyze in more detail the polariton localization at the LP bottom
induced by excitonic disorder, in view of its importance for polariton condensa-
tion experiments. In Fig. 2.5, we show the mean eigenstate extension versus their
energy of the four lowest lying polariton states, for an ensemble of 1,000 disor-
der configurations with o = 5, 10, 15, and 20 meV. In the 0 = 5 meV panel, we
can indeed distinguish that the eigenstates are separated in four groups of increas-
ing energy. For larger o, it is instead no more possible to clearly distinguish the
four eigenstates, because they form a dispersed cloud, which extends toward lower
energies and increased localization values for increasing o.

1
SV Eex = Ep(@1 + A2 2.9)
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In order to better understand the mechanism that rules the localization of the
lowest energy state, we now build a simplified analytical model for the LP bottom
state in presence of a single exciton defect. Let us consider a model Hamiltonian
(2.5), where all chromophores have the same excitation energy E.x with the excep-
tion of a single defect in the origin of the real space, with the excitonic poten-
tial energy is given by Eex — 0 RS(x), with R the nearest neighbor distance being.
We work on the reciprocal ICP space [span by (2.7)] near the bottom of the LP
branch, for which the dispersion curve can be well captured by an effective mass
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Fig. 2.5 Analysis of real space extension of the lowest four eigenstates of a system similar to
that in Fig. 2.4, for 1,000 disorder configurations. Different panels represent results obtained with
different value of energetic on-site disorder o = 5, 10, 15 and 20 meV. A dashed line, shown
in each panels, represents the mean extension of the bound state eigenenergy obtained with
the analytical model in (2.10) of a MC with a single excitonic defect, for a LP effective mass
m = 0.5 x 107meV, R = 100 nm and varying V from 0 to 50 meV

approximation. We also consider for simplicity a constant excitonic coefficient
ce k) ~ ce (0) in the restricted k-space near the bottom of the LP branch. In
the ICP basis, the Hamiltonian (2.5) is diagonal and, in effective mass approxima-
tion, the model Hamiltonian in real space becomes

2 42

h
Himodel = E_(0) + I VoRS (x), (2.10)

with the effective defect energy V = 0|C(_ex) (0)|? and effective LP branch mass
m. Equation (2.10) allows for a bound level of eigenenergy
mV§R?

2R
corresponding to an eigenfunction of the form ¥ (x) = /X e XK of mean
extension

E, = E_(0) — (2.11)

Lo L h
=, = agmE (2.12)

In each panel of Fig. 2.5, we plot 4, against Ep, while Vj is varying from 0 to
50 meV. We see that, although taking in account only one excitonic energy defect,
the analytical model captures the qualitative behavior of the mean extension
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with increasing disorder obtained from the numerical analysis. With diminishing
energy, we can see an initial rapid decrease of the localization length (because the
LP bottom has relatively flat dispersion curve), after a certain degree of localiza-
tion, the Fourier components needed in order to further localize the wave function
become higher in energy, therefore a further decrease of the localization length
requires larger excitonic defects.

As a conclusion of this section, disorder in organic MCs leads to the coexist-
ence of delocalized polariton states with localized ones, distributed in different
spectral regions. Localization of strongly coupled states is expected at the LP bot-
tom and near the bare exciton energy. From these two kind of polaritons, com-
pletely different behaviors also from the point of view of their time evolutions
properties have been predicted [31, 32], with delocalized polaritons featuring a
ballistic motion and localized polaritons being instead diffusive.

2.2.2 Relaxation Dynamics

A complete microscopical analysis of the excitation dynamics of a strongly cou-
pled MC should ideally start from a model describing the bare optically active
material, and as a second step, this model should be refined for the strong-cou-
pling limit. However, this procedure is difficult in organic MCs where, often,
models describing the excitation dynamics in the bare materials are not known or
very complex, or do not have a broad range of validity, even in the same class of
materials. For this reason, the model developed for describing the full excitation
dynamics of J-aggregate MCs in linear regimes [25, 34], which is directly derived
as an extension of the Frenkel exciton model of the uncoupled material, assumes
also a conceptual importance. This is made possible by the simple description
of the bare J-aggregate film as an ensemble of one-dimensional Frenkel exciton
systems [23, 35-37] and recurring to a phenomenological ansatz for the polariton
wave function [25].

A linear J-aggregate can be considered as a chain composed of N; monomers
(dye molecules) described by the following Frenkel exciton Hamiltonian [23, 35]

Ng Ny
H=Y"Ebbi+> Vijbbj+bb) (2.13)
i i#j

The b; is the monomer exciton operator, and E; = &; + D{*® is the sum of the bare
energy of the monomer excited state and energy shift due to the interaction of the
ith excited molecule with the other molecules and the host medium in their ground
states. The exciton transfer term is given by V;; = —J/|i —j I3, where J > 0 is the
nearest neighbor coupling strength. When the molecules are put together, the inter-
actions among them give rise to excitation transfer with the formation of delocal-
ized Frenkel excitons (having a 1D energy dispersion curve called J-band) and
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thus to the superradiance phenomena. On the other hand, the presence of diagonal
disorder is introduced as a Gaussian stochastic fluctuation of the monomer ener-
gies; it brings about the fragmentation of the excitons in localized structures on the
aggregate chain, especially in the spectral region at the bottom of J-band, with the
consequence of inhomogeneous broadening. The diagonal disorder standard devia-
tion is ¢ = 6J, where & is used as a parameter of the disorder strength. The eigen-
states are found by direct diagonalization of the Frenkel exciton Hamiltonian and
are described by the following operators:

@
By =) b, (2.14)

where ¢ is the coefficient of the ath exciton on the ith molecule. The OS of each
state is proportional to:

2
Fo=|> ¢ (2.15)
i

with Za Fy = Ny, with the molecules of equal dipole transition, and with wave-
length much greater than the aggregate dimension. In Fig. 2.6, we show the
DOS and the OS for state for an ensemble of aggregates with disorder parameter
6 = 0.54 and J = 75 meV, averaged over specific spectral intervals. Almost the
whole OS of the film is concentrated among the superradiant excitons in a spectral
region at the bottom of the J-band.

The Frenkel exciton model for the J-aggregates is then put into contact with a
thermal bath that provides a mean for the thermalization of excitations [35-37].
The linear exciton—vibration coupling, treated with the Fermi golden rule, leads to
the definition of scattering rates between initial and final excitonic states mediated
by the emission/absorption of a vibrational quantum. For a continuous spectrum of
vibrations, scattering rates have the following form [35-37]

Fig. 2.6 The DOS of T ' T ' T ' T ) T
the J-band dispersion

(black) for an ensemble of 20
J-aggregate with 6 = 0.54

and the corresponding

oscillator strength (red). The H
oscillator strength (OS) is
accumulated in the states at
the bottom of the J-band and 101
inhomogeneously broadened
by static disorder

exciton DOS

(arb.u.)

exciton OS

| |
-250 -200 -150 -100 -50 0
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|AE|
Wii = WoBiy X (NaE| + OaE)) i , (2.16)

while for discrete optical vibrations we obtain

27 E
Wy = h“”’ i X (N|aE| + OaE)S(|AE| — Eyp), (2.17)

where i = (I, «), with [ running on different aggregates in the film and o on dif-
ferent Frenkel excitons of the same aggregate, AE = E,» — E,, © is the step func-
tion, N is the Bose-Einstein occupation factor of the states of the vibrational bath,
Wo = 2m&J /h, with § and p are parameters that describe the strength and spectral
shape of the exciton scattering with vibrations [36, 37]. The overlap factor & ; is
defined as

INVA
iy =0y C,ga)Clga) (2.18)

n=1

The homogeneous linewidth of the states is due to the radiative lifetime and to
the temperature-dependent dephasing processes that are dominated by the exciton-
phonon scattering [37]. Each exciton state is broadened as a Lorentzian lineshape
around the bare energy E:

(E) = AE, /7
with the energy uncertainty given by
AEa = h(z Wa’,a + Va) (220)

a/
We can now describe the excitation dynamics of a J-aggregate film, through the

definition of rate equations for the Frenkel excitons in the low excitation density
approximation

o =Y Waana — Woalta) = Yala + P (2.21)

where we have added the radiative decay rate y, which, for excitons, is given by
Yo = Fyyo, where yp is the spontaneous emission of the dye monomer, typically
0.3 ns~!. We also add a pump term P, on the upper energy tail of the exciton
DOS.

This model can be extended to a strongly coupled J-aggregate MC through the
introduction of a model polariton wave function, for which we formulate the fol-
lowing ansatz

Nagg Ny

Z Z ¢%IBY, (2.22)

i (k)

h
pis =L Wt +
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where C,Eex), C}Eph) are given by (2.8) and |¢(§f}| = /F,/N,. This allows us to cal-
culate the coupling of polariton states with the thermal bath acting on the molec-
ular Frenkel excitons of the aggregates and to derive the form of the scattering
rates between all states of the system [25, 34, 38]. The scattering rates have the
same form as (2.16) and (2.17), where now i, i runs on the excitonic states of
the film n’ = (a, 1), i.e., the ath exciton of the Ith aggregate, and on the delocal-
ized polaritons k = (&, g), &= polariton branch and momentum g. However, dif-
ferent overlap factors 5; 7 have to be employed for different processes (we refer
to the original literature for the full details [25]). We only mention that overlap
factors involving polaritons (Z% ,, &y, and &y ), are suppressed by a factor
Nagg, being the number of sites on which the polariton state is delocalized. This
is due to the contrast between extended polariton states and the localized nature
of vibrations.

In addition to the phonon-mediated scattering, we have also considered a radia-
tive pumping rate from exciton to polariton [25, 38] in the following form:

h
rad rad |CkQJ )|2gat (Ex)
Wk,oc = ﬁ VOZ (ph) 2 .
Zk’ |Ck, |“ga (Ex/)

Such radiative scattering is proportional to the exciton OS and the transfer matches
energy conservation, while the normalization is chosen to obtain a net exciton
radiative decay toward polaritons of B4 times the spontaneous emission (yy). The
broadening g4 is given by (2.19), calculated for the cavity system. This process
usually accounts for the presence of a residual weakly coupled excitons in the sys-
tem, but can also more generally describe the presence of emitting weakly coupled
excitons of different nature as it happens in [39], where the authors have engi-
neered a MC with an exciton reservoir (ER) of weakly coupled molecules (chemi-
cally different from the molecules giving the strong coupling) resonant with the
LP branch bottom. The radiative process described by (2.23) is exploited to effi-
ciently populate of the LP bottom from this ER (which is non-resonantly pumped).

To deal with the 2D MC, we assume isotropic conditions in which the polari-
ton population depends only on the modulus of the wave vector. We describe the
dynamics of excitation relaxation by means of a rate equation for the population of
state f;(1):

(2.23)

fit) = =Thi@ + 3 Wiy () = Wi ifi0) + P 2.24)
l/

where the indices i,i’ run over all the spectrum of excitations and can refers to
both polariton (k, upper or lower) or localized excitons (). The damping rate due
to the escape through the cavity mirrors is given by I}, = |C(f ) (@%/ 1, The typi-
cal photon lifetime is about 7, = 35 fs, corresponding to a photon linewidth of the
order of 30 meV. P is the pumping rate that we apply as for the aggregate film to
the high energy tail of the J-band. For the details of numerical implementation and
solution of (2.24) for a J-aggregate MC with a sensible ensemble average over the
J-aggregate disorder configurations, see [25].
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A comprehensive study of the behavior of this model as a function of its param-
eters can be found in the original literature [25, 38, 40], including the analysis
of the time-dependent solution of (2.24) [40]. We discuss here the overall physi-
cal picture that emerges from this model of J-aggregate MCs under non-resonant
pumping, which is schematized in Fig. 2.7. The pumping of high energy Frenkel
exciton states of the J-aggregates is followed from a rapid relaxation toward the
bottom of the excitonic DOS, on timescales shorter then 1 ps. And here, the exci-
tations are accumulated, due to a bottleneck in the relaxation, so that the bottom
of the excitonic DOS can be seen as an ER, from which further relaxation on the
polaritonic states takes place. The scattering from the ER toward the polariton
branches has typical scattering times on the order of 100 ps and therefore cannot
lead to an efficient polariton population, due to the short polariton lifetime. The
fate of polariton states is twofold. They can be efficiently scattered back into the
ER on timescales of the order of 10-50 fs or they can be radiatively emitted on
time scales of 30—100 fs. The first process is mainly effective in depleting higher
polariton branches, preventing their radiative emission, while generally does not
affect the LP branch bottom. This process is the key feature leading to the efficient
ultra-fast transfer mechanism between two different excitonic species, mediated by
strong coupling, recently observed in hybrid J-aggregate MCs [41]. The relaxa-
tion along the polariton branches is frozen due to its long timescales (100 ps)
with respect to the polariton depletion times. The picture of the photophysics of
J-aggregate MCs evinced by the model here presented has been validated through
the accurate comparison with experimental PL data [26, 42]. As an example, we
present in Fig. 2.8 the comparison between the experimentally measured PL data
and the corresponding results of a simulation where the scattering with discrete
vibrations, observed in Raman spectroscopy have been accounted for. The model
is also compatible with the interpretation of ultra-fast spectroscopy measurements
[43] and PL excitation spectroscopy data [44].
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Fig. 2.8 Comparison between the experimental Lambertian-corrected LPB emission intensity as
a function of energy separation between the exciton reservoir and the LPB shown in for the cav-
ity A in a and for the cavity B in d, and the simulated PL emission in ¢ and f with parameters
corresponding to the A and B MCs, respectively. b and e Raman spectrum of TDBC for the A
and B MCs, respectively. Full details on this comparison can be found in [26]. (Reprinted from
[26], Copyright 2011, with permission of WILEY-VCH Verlag, Advanced Functional Materials)

2.3 Polariton Lasing in Organic Crystalline Microcavities

Polariton lasing has recently been observed in strongly coupled crystalline anthra-
cene MCs [15], thus providing the first unequivocal experimental proof of non-
linear optics in organic-based MCs. In this section, we focus on some aspects
concerning nonlinear physics in such heterostructures.

At high excitation densities, the buildup of a large population at the bottom of
the LP branch is favored by bosonic final-state stimulation as soon as the occu-
pation per mode of the LP states exceeds unity. Coherent light-emission, called
polariton lasing, results from this macroscopic population due to the finite life-
time of the polaritons which leak out of the cavity via their photonic component.
In contrast to the case of inorganic MCs, manifestations of bosonic stimulation
using organic cavity polaritons have been quite elusive. Recently, however, several
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nonlinear phenomena were reported: Room temperature polariton lasing in an
anthracene single crystal MC [15], indirect pumping of J-aggregate lasing MCs
[39] (discussed also in Sect. 2.2.2) and even evidence of a polariton condensate
featuring a blueshift of the low-energy polariton states [16, 17] (see Fig. 2.9).

In anthracene, the observation of a threshold for nonlinear emission was
accompanied by a significant line narrowing and by a collapse of the emission
lifetime. In that case, a comparison with the best-case estimate of the threshold
for conventional lasing inferred from amplified stimulated emission measurements
shows that the lasing threshold observed in the strongly coupled MC is slightly
lower than that anticipated for a conventional laser [15]. The temperature depend-
ence of the polariton lasing threshold has also been investigated and shows an
order of magnitude decrease from room temperature to low temperatures [45].

Employing two different amorphous organic semiconductors, which also
lower the technical intricacies of the fabrication of these samples, two compet-
ing groups have been recently able to observe the distinctive features of a polari-
ton condensate once a pumping threshold was overcome [16, 17] (see Fig. 2.9).
Measurements recorded with a Michelson interferometer between the emitted light
and its retroreflected copy display the appearance of fringes which indicate the
phase coherence between different points of the condensate. These important fea-
tures are accompanied by a blueshift of the emitting polariton, which can be inter-
preted as the result of the interacting nature of the excitonic part of the polariton.
The investigation of the different behaviors of these setups for different tempera-
tures provides distinctive clues of the relaxation mechanisms which characterize
these systems.
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Fig. 2.9 Experimental evidences of polariton condensation in MCs filled with a thin film
of  2,7-bis[9,9-di(4-methylphenyl)-fluoren-2-y1]-9,9-  di(4-methylphenyDfluorene.  (Left)
The dependence of the peak PL intensity (black squares) and linewidth (blue circles) on the
absorbed pump fluence is shown for the 120-nm-thick low-Q MC. Note the clear lasing thresh-
old. The inset shows the blueshift of the luminescence peak. (Right) Interferograms recorded
in a Michelson interferometer in the retroreflector configuration for above-threshold pump; the
fringes are observed over the entire area signal macroscopic phase coherence throughout the con-
densate. (Reprinted from [17]. Copyright 2014, with permission from Macmillan Publishers Ltd:
Nature Materials. Similar measurements are reported in [16])
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These remarkable experiments are triggering new theoretical work. In [46], the
authors investigate the condensation physics of polaritons where the matter exci-
tations are vibrationally dressed, a typical situation in organic materials. Using
mean-field methods, the authors argue on the appearance of sequences of normal-
superradiant-normal phases as temperature is decreased. Moreover, for sufficiently
strong vibrational couplings, the phase transition can become first order.

The possibility of observing nonlinear phenomena in MCs embedding organic
amorphous solids, whose fabrication is easier with respect to inorganic and
organic crystals, will surely trigger a boost in the field of polaritonics. Among the
several fields where we expect important developments in the next future, we men-
tion here the long-standing goal of realizing an electrically pumped organic laser:
The possibility of overcoming the encountered difficulties via the strong-coupling
physics is currently renewing the race [47].

In this section, we focus on the lasing measurements in anthracene MCs and
present a simple model which describes the onset of the lasing threshold based
on a master equation. The mechanism governing the buildup of the polariton
population—namely bosonic-stimulated scattering from the ER via a vibronically
assisted process—is characterized and its efficiency calculated on the basis of a
microscopic theory [48-50].

2.3.1 Two-level Model for Polariton Lasing

In this section, we model the dynamics of the lasing process using a minimal rate—
equation approach; we obtain an estimate for the typical timescale of the mecha-
nism which selectively transfers excitations from the reservoir to the bottom of the
polariton branch, without any assumptions on its microscopic nature.

2.3.1.1 The Master Equation

The anthracene crystal has two molecules per unit cell and strongly anisotropic
optical properties [14, 51]. Excitations in this material are well described within
the Frenkel exciton framework, which is based on the intramolecular promotion
of an electron from the highest occupied molecular orbital to the lowest unoc-
cupied one. Because of molecular dipole—dipole interaction, the excitation can
propagate, resulting in two orthogonal transition dipole moments, w,;, directed
along the in-plane a and b axes. When a thin anthracene crystal is placed between
two mirrors, light couples to both a- and b-polarized excitons and creates two
orthogonally polarized LP branches. Measurements are usually reported for light
polarized along a and b [15, 51]: In these cases, the p and s in-cavity light polari-
zations separately couple to the dipole moments g, ;, and no mixing effect is
present.
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We focus only on b-polarized excitons [14], i.e., those with largest OS, for
which lasing has been reported [15] and neglect other polaritonic and exci-
tonic states. The initial relaxation of the pump excitations is also neglected, and
the presence of an effective excitonic reservoir at a fixed energy independent on
the cavity properties is considered [25]. We note that the experimental PL. from
anthracene MCs shows always a clear maximum at energy ~2.94 eV regardless
of the cavity thickness [15, 52], and indeed lasing has been achieved in a cavity
where the minimum of the LP is exactly at 2.95 eV. This is a signature that the
microscopic dynamics resulting in the lasing phenomenon is that of a two-level
process rather than that of the well-known polariton bottleneck. We thus develop a
two-level master equation for v.(¢) and v,(?), the surface density of reservoir exci-
tons and of lasing polaritons located near k = 0, respectively.

We denote with o the subregion of the Brillouin zone located around
k = 0 which is occupied by the lasing polaritons. Because states at the bot-
tom of the LP branch do not have a well-defined wave vector k, we consider all
of the localized wave packets with energy ~Erp(k = 0) as equally contrib-
uting to the lasing process. Npo is the number of such polaritonic states, while
Nexc 18 the number of excitonic states. The polariton and exciton decay rates are
I, = |C@)2/7, + |C(ph)|2/‘[p and I, = 1/7,, respectively, where 1,(z,) is the
bare photon (exciton) lifetime and C®V (C(e")) is the photonic (excitonic) Hopfield
coefficient for the lasing polaritons.

The parameter Z¢ is the decay rate via other channels, such as phonons, LPs
outside the % region and leaky modes, whereas bimolecular quenching pro-
cesses are treated separately, with a rate y’. A standard pump term proportional to
P'(¢) is included; in order to take into account possible saturation effects the term
(1 — ve/v,) has been considered (V. = Nexc/A is the surface density of excitonic
states and A is the area of the sample).

The rate of resonant excitation transfer from the reservoir to the lasing polari-
tons is W. We retain the bosonic enhancement term (1 4 v,/v,) responsible for
lasing effects, where v, = Npo1/A is the surface density of polaritonic states.

The master equation for v.(f) and v,(7), whose physics is sketched in Fig. 2.10,
reads (see [50] for the full derivation and more comprehensive discussion):

v
Ve =— v — Wepve(l + ]_)p> —Z%, — vV, (ve + |C(ex)|2vp>
P

+ (1 E Ye)P/(o
Ve (2.252)

By = —Tyup + WPy, (1 4 :") - ;/(ve n |C(ex)|2vp> |12y, (2.25b)
p

Note that the resulting equations are completely analogous to those describing
conventional lasing [53], with the important difference that the lasing state is a
polariton and thus retains an excitonic component.
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Fig. 2.10 Sketch of the LP branch and of the physical processes and scattering mechanisms
included in the master equation (2.1). (Reprinted from [50], Copyright 2013, with permission
from American Physical Society)

2.3.1.2 Parameters

We relate (2.25a) and (2.25b) to the experimental system in [15] using the follow-
ing parameters.

Anthracene Crystal. The experimental MC embeds a crystal of anthracene
with thickness L; = 120 nm; the molecular density is pg = 4.2 X 10%'em™3: We
ignore the monoclinic structure of the unit cell and instead estimate its linear size
as a = (po/2)~ '3 =7.8 x 10~ 8cm, including the presence of two molecules per
unit cell. The number of layers is estimated as N = L;/a & 153. The absorption
maximum of the anthracene crystal is at energy Eg = 3.17eV. The exciton meas-
ured lifetime is of the order of 7, ~ 1 — 3 ns and in the next simulations, we take
the intermediate value 7, = 2 ns. The contribution of Z¢ is neglected because it can
be included into 7, without any substantial difference as long as 7, < 1/Z¢, which
can be safely assumed.

MC and Polaritons. If we assume homogeneous broadening, the cavity lifetime
can be estimated from the polariton linewidth at k = 0, where it is mostly photon-
like. Using this approach, we obtain a lower bound 7, = 85 fs. An exact calculation
assuming perfect interfaces for the mirrors results in an upper bound 7, = 1 ps. We
will estimate W*” corresponding to both extrema. The Hopfield coefficients of the
LP branch are [51]: CPM = 0.92 and C®® = 0.39.

For small |k|, the <% region has cylindrical symmetry [54-56]. Its radius, go,
can be estimated using Epp(qo) — ELp(k =0) = [p/2, where [H= 15meV
is the linewidth of polaritons at k = 0 below threshold [15]; we obtain
go=22x10*cm™L.

Pump. The pump density is: P'(t) = P'gexp [—12/(207)] (o; ~ 64 fs), with
P, = Py/ (nr%hwpump) where r9p = 110 wm is the radius of the pump spot and
hwpump = 3.45 eV is the energy of the pump photons. Py can be derived from the
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relation Eipr = f P(t)dr = V27 Pyo,, where Ei is the experimentally measured
total absorbed energy.

Bimolecular Quenching Rate. To the best of our knowledge, there are no
measurements of the bimolecular quenching rate, y’, for 2D anthracene crystals.
According to the standard theory for bimolecular quenching [14], y3p = 87 RD,
where R is the Forster radius of the exciton and sets the volume around the exci-
ton in which annihilation happens, while D is the diffusion coefficient of exci-
tons. Measurements for 3D anthracene crystals have yielded values of [14]
3D = 10~ 8cm3s~! and [14, 57] D~ 1 —10 x 10 3cm?s~ . The corresponding
diffusion length £ = (teD)'/? ~ 1 —3 x 107% cm is smaller than L, = 1.2 x 107>
and suggests that excitons can be treated as diffusing in a 3D environment. As a
result, we initially fix y’ = y3p/L; =7 x 10™*cm?s~ L.

2.3.1.3 Results

Since all other parameters are known, we leave only W as a fit parameter. We
numerically integrate (2.25a) and (2.25b) and once the complete time-dependent
functions v, (¢) are known we compute the integral f Vp(7)dt and compare it with
the experimental values.

In Fig. 2.11, the fits obtained for the extreme values of 1, = 85 fs and 1 ps
are shown. The value of WP has been fit to the experimentally observed threshold
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Fig. 2.11 Time-integrated surface density of polaritons [ v,(t)dt calculated from solution of
(2.25a) and (2.25b) (lines) and from experimental data (squares). The input calculation param-
eters are: (i) 7, = 85 fs (dashed line) and (ii) 7, = 1 ps (solid line). (Left) The bimolecular
quenching rate is taken from the measured 3D bulk value: y’ = y3p/L;. (Right) The bimolecu-
lar quenching parameter ' is used to fit the below-threshold behavior of the experimental data.
The fit yields the following values for WeP : 7 x 10° s~! and 7 x 107 s~!, respectively. The fit
yields the following values for y’ : 1.5 x 1073 cm? s~ and ' : 1.6 x 107> cm? s~ respectively.
Regarding WeP, the results are: 4 x 107 s~! and 3.5 x 10*s~, respectively. Because the experi-
mental data is in arbitrary units, here and in the following fits the experimental data is normalized
so that the first experimental and theoretical points coincide. (Reprinted from [50], Copyright
2013, with permission from American Physical Society)
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value. In both cases, WeP is of the order 10° s~!. The agreement with the experi-
ment is poor and it is apparent that the chosen value of y’ does not properly
describe the transition between linear and sublinear region below threshold. Note
that the exciton lifetime 1, ~ 2 ns is shorter than the reported bulk value [14]
Tepulk ~ 10 ns; surface interactions or defects within the layers could explain this
discrepancy. In this situation, the excitonic diffusion coefficient can be smaller,
resulting in a reduced possibility for excitons to pairwise annihilate.

Because a fit of ’ which determines the onset of bimolecular quenching can be
readily decoupled from that of W°P, both parameters are allowed to vary and the
resulting fits are shown in Fig. 2.11. We obtain y’ ~ 1.5 x 107 cm?s~! indepen-
dently of 7, as expected. Note that this value is two orders of magnitude smaller
than y3p/L.. The resulting values for W are 4 x 103s~! and 3.5 x 10*s~! for
7, = 85 fs and 1 ps, respectively. Even if the scattering process acts on a sensi-
bly longer timescale compared to the exciton and polariton lifetimes, it can lead
to observable effects in presence of high excitonic densities. We can roughly esti-
mate the surface density of excitons at threshold via v, = WPv(1 + v,/1p).
Assuming that at threshold v, = v,, we obtain:

Ve th _ Dl I_}J
Ve v, 2 Wep

~0.01 (2.26)

The density of excitations is thus extremely high, though not unrealistic.
Moreover, this is consistent with what shown in Fig. 2.12, where at threshold, the
peak exciton value is of few percents. Note that v, /v, does not depend on the
value of go, because both W¢ and v, depend linearly on the size of the .o/ region.

Note that even if the two fits yield very different values for W¢P, the fit is not
ill-conditioned. The fit of the below-threshold region depends only on two param-
eters, 7, WP and y’ . It is our ignorance of 7, whose value can vary by more than
one order of magnitude and still be compatible with the measurements, which
propagates an uncertainty of one order of magnitude on W. In Sect. 2.3.2, we
show a simple analytical model which corroborates this picture.
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Fig. 2.12 (Left) Time dependence of the normalized surface density of excitons v,(t)/v, and
of polaritons v, (#)/v, below threshold (= 0.047, dotted line and solid line, respectively) and at
threshold (Eyo = 150n], dashed line and dashed-dotted line) plotted for —1fs. Note that this time
dependence is in good agreement with that reported in [15]. (Right) Maximal population density
of excitons max; v, (t) (squares) and of lasing photons max; v, () (circles). See Fig. 2.11 for the
parameters; 7, = 85 fs (Reprinted from [50], Copyright 2013, with permission from American
Physical Society)
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Although the fit below threshold is excellent, the region above threshold is
poorly described. It can be seen in Fig. 2.12, which shows the time dependence
and peak of the normalized surface exciton and polariton densities, that at thresh-
old, the exciton density reaches a few percent of the total molecular density. Such
high excitation densities may require a more refined description of the annihilation
process. Indeed, our calculation above threshold seems to be in better agreement
with recent low-temperature data, where the threshold occurs at lower excitation
density [45]. Moreover, above threshold, when the polariton density becomes
important, the details of the theoretical model used for the polariton—polariton
bimolecular quenching become important [58—60]. Note that the mean-field polar-
iton—polariton interaction [61] has not been included.

2.3.2 Analytical Model Below Threshold

We present an analytical solution of (2.25a) and (2.25b) for the pump regime
below threshold. For simplicity, we assume that the pumping process happens at
a timescale faster than the polariton dynamics, so that at time ¢ = 0, there is an
exciton density:

velt = 0) = / P(1)dt = veo. 2.27)
0

We thus consider the following master equation:

Ve = —Teve — WPy, — Z%, — V/Veve; Ve(t = 0) = ve0; (2.28a)

Vp = —1Tpv, + WP, v,(t =0) =0. (2.28b)

Because the density of polaritons is much smaller than the density of excitons
we can exclude the polariton contribution to bimolecular quenching. Moreover,
the whole bimolecular quenching in (2.28b) has been neglected because
r,>vy'IC (©)|2y,(r) Vt. Indeed, for it to be relevant, the 2D density of reservoir
excitons should be larger than I},/(y’|C ©))2) ~ 4 x 107cm™2, which is unrealis-
tic (see for example Fig. 2.12).

The solution of (2.28a) is:

| — o~ (Lt werszey ] ™!

T+ Wer +Z7¢

— (LA WeP+ZE)

Ve(t) = vepe 1+ V/VeO (2.29)

The integrated polariton PL, which is fitted in Fig. 2.11, is:
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Fig. 2.13 Sketch of the radiative microscopic mechanism responsible for the efficient excitation
transfer in the Franck—Condon approximation. (Reprinted from [50], Copyright 2013, with per-
mission from American Physical Society)

Let us now observe that in our system I, > WP, Z¢ and that the experimen-
tal data are proportional to [ v,dt via an unknown constant, which in the fits in
Sect. 2.3.1 is chosen so that the experimental and theoretical points for the lowest
pump fluence coincide. This makes the fit of the below-threshold region dependent
only on y’ and independent on W*P and t,,.

2.3.3 The Scattering Mechanism

In this section, we focus on the microscopic origin of the excitation transfer of
Sect. 2.3.1 and propose as the relevant scattering mechanism the radiative recom-
bination of a molecular exciton assisted by the emission of a vibrational quantum
of the electronic ground state. We show that the resulting scattering rate is in good
agreement with that obtained in the previous section; we also consider an alterna-
tive and possibly coexisting model based on the non-radiative emission of an opti-
cal phonon [62].

2.3.3.1 Radiative Transition

The absorption and PL spectra of anthracene show several vibronic resonances
[63]. The resonances observed in absorption correspond to the molecular vibra-
tions of the first electronically excited state, and those in PL to the vibrations
of the electronic ground state [14]. Strong light-matter coupling has only been
demonstrated for the former [64], since the fraction of vibrationally excited
ground-state molecules is negligible at room temperature. However, as shown
schematically in Fig. 2.13, the transitions responsible for the vibronic struc-
ture in PL result in the scattering of excitons to lower energy polaritons, where
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the missing energy exactly corresponds to that of the vibrational quantum,
o1 ~ 173 meV [49]. In [50] we discuss the approximations needed to apply the
known microscopic theory [49, 55] to the present system [51] and refer to such
reference for a more comprehensive analysis, whose main ideas are here only
sketched.
We develop a microscopic expression for the scattering rate W/* from one
molecular exciton (labeled by j) to a lasing polariton (labeled by k) which involves
the parameters of an anthracene MC [50]:

_ 2¢1 ()2
wi e LSO L, o — o (2:30)
Vy is the strength of the light-matter coupling as extracted from a simple cou-
pled-harmonic-oscillators model [51]; S is the Huang-Rhys parameter, which is
approximately ~1 [65]. M is the number of unit cells in the 2D quantization sur-
face and N is the number of anthracene monolayers. Ey is the energy of the ER,
Ep; the energy of the vibronic quantum, and Eyp(Kk) the dispersion relation of the
LP branch.
Working in the energy space and defining the spectral region of lasing polari-
tons E € [E ff , E;fp] and the polariton DOS D(E), we get:

ES0
[ Vie 7is|com)?
W = / %Wmﬂo — E — Eg1)D(E)dE; 2.31)
)
E.

inf

where the delta function 8 (E) has been substituted by the normalized lineshape of
the (0-1) PL, dubbed here f(E). The 2D density of state is

mMa?
D(E) = o 57 V[E—Ep(k=0)],

where the effective mass m can be obtained from the fits of the dispersion rela-
tions: m ~ 1.7 x lO_Sme; moreover v, = 2N /a2 The normalized linewidth of
(0-1) PL AE) is a Lorentzian centered in zero with FWHM F 100 meV; we
also assume Emf = Ey — Ey; = ELp(k = 0), whereas Egup = Elnf + 7.5meV (see
Sect. 2.3.1). We obtain:

7S|COV 2 my?
2 Deh3

WP = / f (Emf E)dE. (2.32)

mf

The rate before the integral is equal to & 1.0 x 107s™!, while the contribution
from the integral, which comes from the lineshape, is & 0.047. Thus, the theoreti-
cal microscopic mechanism is W 2 5 x 10°s~L,
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Because the theoretical model neglects effects which can possibly lower the
efficiency of the resonant scattering, we consider our estimate to be in good agree-
ment with the values estimated from data in Sect. 2.3.1.

2.3.3.2 Non-radiative Transition

We now consider an alternative and possibly coexisting relaxation channel, which
is non-radiative [62]. An exciton is scattered from the reservoir to one polariton
state by the emission of a molecular vibration of the electronic excited state. This
is due to the intramolecular exciton—phonon coupling [4, 66] which has been dem-
onstrated to play a key role in the modeling of the PL of J-aggregates MCs [26,
38] (see also Sect. 2.2.2).

Note that in this case, the considered phonon belongs to the electronic excited
state, whereas in the radiative case, it was related to the electronic ground state.
Moreover, the resulting scattering element We¥ includes the excitonic content of
the out coming polariton, whereas (2.32) is weighted by the photonic Hopfield
coefficient. The scattering rate from one molecular exciton (labeled by j) to one
lasing polariton (labeled by k) is given by [62]:

Wik = ZZ S §(Ey — ELp(k) — E11) (2.33)

where +/S ~ 1is the strength of the exciton—phonon coupling [65] and Ej is the
energy quantum of a vibration of the excited state. Even if the Franck—Condon
model which we are using prescribes E11 = Ejj, this is not necessarily true in gen-
eral. The factor |C(®¥|?/(2NM) is the Hopfield coefficient for the exciton of the
molecule j relative to the polariton k [62].

The comparison of (2.33) with (2.30) for the radiative case shows that the ratio
of the two processes is:

ik
Weap  _ 7Vi  ICPVP
ZE%I |C(ex)|2 :

o (2.34)
WIJ\ION—RAD

Since both V| and Eq; are of the same order of magnitude, 100 meV, the efficiency
ratio mainly depends on the Hopfield coefficients of the bottom polaritons. Thus, as
in our case |CPM|2/|CY|2 ~ 5, we expect the radiative mechanism to be the main
origin of the excitation transfer which results in lasing, even if to understand the impor-
tance of the non-radiative transfer a more detailed analysis is necessary. An experimen-
tal analysis exploring several organic crystals would thus be of the greatest interest.

2.3.4 The Effect of Temperature

Reported data for anthracene MCs show a reduction of the lasing threshold of
slightly less than an order of magnitude once temperature is lowered from 300 to
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Fig. 2.14 (Left) PL spectra of anthracene layers for temperatures between 13 and 150 K (cour-
tesy of S. Kéna-Cohen). (Right) Dependence of the integral (35) appearing in (32) on the width
of f(E), which is a Lorentzian function

12 K [45]. In this section, we discuss temperature effects within the framework of
the developed model and the related consequences on the lasing properties.

Experimental studies on the PL from bulk anthracene crystals have shown a
strong temperature dependence characterized by considerable spectral narrowing
[67]. The temperature dependence obtained using thin crystals grown from solu-
tion is shown in Fig. 2.14. Here, the crystals were grown on silicon substrates to
ensure good thermal contact to the cryostat cold finger and were excited using
1 ns-long pulses at A = 337 nm. A composite vibronic structure emerges, which
can be understood in terms of a high-energy phonon (considered in this work)
and of a low-energy phonon, which is not resolved at room temperature because
of thermal broadening. Such a system requires the use of two-phonon states in
order to exactly reproduce the spectra [68]; however, we ignore this complica-
tion because we are only interested in the phenomenological properties of the line
which is responsible for lasing.

The scattering rate WP in (2.32) depends on temperature via f(E). On the one
hand, at low temperature, the Lorentzian is narrower, and thus a smaller fraction
of the OS is dispersed into non-lasing modes. On the other hand, only a fraction of
the OS of the (0-—1) transition contributes to lasing, because the other lines are far
detuned. Additionally, both the quantum yield, estimated at room temperature to
be 0.5, and the exciton lifetime t, are expected to increase at low temperature.

In Fig. 2.14, we compute the dependence of the integral appearing in (2.32):

=

Esupo
. o
I= / fEy —E)dE (2.35)
£

inf

on the width of the Lorentzian function fE) which represents the normalized spec-
trum of the (0-1) PL emission. Whereas at room temperature, the FWHM is ~0.1 eV,
at 12 K, itis ~ 0.01 — 0.02 eV, and thus W*P increases of at least a factor of 5.
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Roughly speaking, the observed thermal reduction of the threshold is of less
than one order of magnitude [45], and thus similar to the numbers of our esti-
mates. This points out a possible connection between the temperature depend-
ence of the laser threshold and of the PL of anthracene crystals. A more systematic
analysis, both theoretical and experimental, goes beyond the scope of this work
and will be the focus of future investigations. As long as the thermal linewidth nar-
rowing is considered, we observe that when the radiative transition is not perfectly
resonant with the lasing , it could even result in the opposite effect.

For the sake of completeness, in [50], we also include the thermal population of
the vibrations of the molecular ground state in the master (2.25a) and demonstrate
that it can be safely neglected.

Concluding, we have presented a minimal model to describe the polariton las-
ing physics observed in crystalline anthracene MCs. Only the essential features
of the physical processes involved have been included: The incoherently pumped
ER, the vibronically assisted radiative scattering from the reservoir to the bottom
of the LP branch, the onset of bosonic stimulation and the buildup of the polariton
population with increasing pump intensity, the polariton losses through the mir-
rors, and bimolecular quenching processes. All the relevant material parameters,
except from the bimolecular quenching rate, have been determined independently
from the experimental data on the pump dependence of the polariton emission.
In particular, the efficiency of the scattering mechanism here considered—which
takes into account the prominent role of vibronic replicas in the photophysics of
anthracene MCs—has been calculated microscopically. The numerical simulations
obtained are in good agreement with the data and describe well the onset of the
nonlinear threshold for polariton lasing.
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