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Simulation of J-aggregate microcavity photoluminescence
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We have developed a model in order to account for the photoexcitation dynamics of J-aggregate films and
strongly coupled J-aggregate microcavities. The J aggregates are described as a disordered Frenkel exciton
system in which relaxation occurs due to the presence of a thermal bath of molecular vibrations. The corre-
spondence between the photophysics in J-aggregate films and that in J-aggregate microcavities is obtained by
introducing a model polariton wave function mixing cavity photon modes and J-aggregate super-radiant exci-
tons. With the same description of the material properties, we have calculated both absorption and lumines-
cence spectra for the J-aggregate film and the photoluminescence of strongly coupled organic microcavities.
The model is able to account for the fast relaxation dynamics in organic microcavities following nonresonant
pumping and explains the temperature dependence of the ratio between the upper polariton and the lower

polariton luminescence.
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I. INTRODUCTION

Strongly coupled microcavities (MCs) are structures that
confine light in the vertical direction around an optically
resonant layer: when the light-matter interaction is larger
than the damping processes, the system eigenstates are a co-
herent superposition of the confined photon modes and the
two-dimensional (2D) excitons, which are the cavity polari-
tons. Their dispersion relation is characterized by the pres-
ence of the upper polariton (UP) and lower polariton (LP)
branches separated at the anticrossing by the Rabi splitting.

Inorganic semiconductor MCs typically employ one or
more quantum wells as the active layer. In such structures
grown by molecular beam epitaxy, 2D Wannier excitons and
photons couple conserving the in-plane wave vector as a
good quantum number. Since the pioneering work by Weis-
buch et al.,' the physics of semiconductor strongly coupled
MCs had been analyzed in great detail.>® For low pumping
intensities, the dynamics of QW microcavities is character-
ized by the occurrence of the bottleneck effect,” which
results from the competition of small polariton radiative
lifetime with the relaxation induced by scattering with
acoustical phonons. The relaxation bottleneck can be over-
come at higher pumping intensities, thanks to the bosonic
behavior of polaritons, which show stimulated scattering at a
sufficiently high population density with the signature of a
threshold behavior.®~'” The increase in the MC quality factor
and the search for optically active materials capable of a
greater Rabi splitting (tens of meV) have led to the recent
success of observing polariton condensation!! from nonreso-
nant pumping.

On the other hand, strongly coupled organic microcavities
had been developed since 1998 (Ref. 12) by using different
kinds of optically active organic layers. The spin-coated cya-
nine dye J-aggregate films are probably the most typical, but
materials with observable vibronic replicas have also been
used.'>!* For a detailed review on organic MCs, see Refs.
15-20. The main advantages of organic based microcavities
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are the simplicity of construction and the huge possibilities
of choosing optically active molecules ad hoc. Most impor-
tantly, organic MCs allow obtaining greater values of the
Rabi splitting?! (typically 100-200 meV) with respect to in-
organic semiconductor microcavities and offer the possibility
of easily observing polaritons at room temperature.’”

In J aggregates, the molecular Frenkel excitons have an
energy dispersion curve, which is the J band, due to the
excitation transfer interaction, and most of the oscillator
strength are concentrated on the so-called super-radiant ex-
citons at the bottom of the band. In J-aggregate microcavi-
ties, the polaritons are the result of the strong light-matter
interaction between such super-radiant excitons localized on
each aggregate and the photon cavity modes extended over
the whole structure. The nature of polaritons in organic
microcavities based on disordered J-aggregate films had
been theoretically studied through analytical>>** and
numerical®~27 approaches. In particular, the coexistence of
delocalized cavity polaritons with a well defined wave vector
and localized incoherent excitations has been proven. Thus,
the excitation spectrum of such a microcavity is composed,
besides the polariton branches, of a huge reservoir of mo-
lecular excitons that are not strongly coupled. The efforts to
understand the dynamics of organic MC polaritons focused
on the photoluminescence intensity ratio between UP and LP
photoluminescence as a characteristic signature of the relax-
ation processes in organic MCs.!*?82% The relaxation model
proposed in Ref. 28 was based on the idea that polaritons are
pumped by radiative decay of the reservoir excitons (propor-
tional to the bare film photoluminescence) and that the com-
petition of nonradiative interbranch scattering against the po-
lariton time of escape through the mirrors determines the
emission intensity ratio between the branches. In such a sce-
nario, a particular role is attributed to a specific vibrational
mode resonant with the Rabi splitting. Later on,?>303! the
possibility of nonradiative scattering from the exciton reser-
voir (ER) to the polaritons through the interaction with mo-
lecular vibrations was introduced and theoretically investi-
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gated as an effective process in determining the polariton
relaxation and steady state population following nonresonant
optical pumping. Still, a full numerical model of the complex
MC dynamics scenario, taking into account the aggregate
J-band excitons (and not only the super-radiant ones) and all
of the possible relaxation channels, is missing until now.

The nature of the optical properties of molecular aggre-
gates had been debated for a long time.3? A typical example
of such materials are the J aggregates of the dye
pseudoisocyanine®*-3> (PIC) and in order to explain their op-
tical features, different interpretations have been suggested
based on activated processes involving optical or acoustic
phonons of the aggregate,> host vibrations,> and exciton
self-trapping phenomena.*® Recently, J-aggregate dynamics
has been modeled as a disordered Frenkel exciton system in
which relaxation happens by means of scattering with a con-
tinuous spectrum of local vibrations and studied by means of
a Pauli master equation approach.?” This approach was suc-
cessful in explaining the interplay of disordered local struc-
tures of the aggregates and relaxation dynamics leading to
the nonmonotonous behavior of the Stokes shift*® and PIC
aggregate thermal line broadening.’”

In the present work, we base our description of the pho-
tophysics of a J-aggregate film to be used as the optically
active layer of J-aggregate microcavities on the latter ap-
proach. Then, we turn on the strong light-matter interaction
and generalize our model to treat the formation of exciton
polaritons. Also, in the strong coupling regime, the Frenkel
exciton component of the MC excitations suffers the same
relaxation mechanisms as those for the J-aggregate film in
noncavity samples, interacting with the same thermal bath of
vibrations. Our aim is to develop a generic model to see how
far the approach successfully employed for the description of
J-aggregates films3’° can go in describing the physics of
such films embedded in a strongly coupled microcavity with-
out introducing any further parameter. We should remark that
in this spirit, we do not consider the possible presence of a
specific optical vibrational mode resonant with the upper to
lower polariton splitting. Of course, such a mode can be
important and in order to obtain a full description of all
details of the MC photoluminescence dynamics, a precise
knowledge of its specific vibrational spectrum would be
needed.

We apply our model to simulate the MC photolumines-
cence following nonresonant pumping. The scattering due to
the vibrational bath determines the relaxation of initially
high energy molecular excitations toward the states at the
bottom of the J band and eventually toward the exciton po-
laritons. The photonic part of the mixed excitations deter-
mines their escape rate through the mirrors, which is the
radiative polariton decay, and affects, therefore, their photo-
luminescence. Note that our model is only accurate for a low
pumping intensity, wherein the population of each polariton
state is much less than unity and we can safely neglect
exciton-exciton scattering and bosonic stimulated scattering,
which is expected to become significant at high pumping
intensities.*>#! Therefore, our equations are linear in the po-
lariton density and all results can be simply rescaled by vary-
ing the pump strength.
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II. - AGGREGATE FILMS

Supersaturated solutions of certain organic dyes show a
metastable phase in which aggregate formation is evidenced.
The organization of aggregates in solution can be fixed by
rapid cooling or rapid solvent evaporation. A J aggregate can
be typically regarded as a rodlike chain of monomers linked
by electrostatic interactions, although different geometries
had been proposed and studied in the past years.>> The dye
monomer contains a chromophore responsible for the light-
matter interaction in the spectral zone of interest. The aggre-
gates show dramatic changes occurring in the absorption
spectra upon supramolecular organization. The aggregate ab-
sorption bands are shifted to lower energies by several tens
of meV with respect to the monomer transitions and are
much narrower. This fact is the signature of the delocaliza-
tion of excitations along the molecular aggregate with the
formation of Frenkel excitons. Exciton delocalization in low
dimensional structures leads to super-radiance phenomena,
that is, the concentration of the oscillator strength on “in-
phase” delocalized exciton states.*”> The high oscillator
strength leads to increased light-matter interaction and,
therefore, to intense and narrow absorption features and
smaller radiative times. It had been evidenced?’—* that the
J-aggregate optical properties can be modeled as a multichro-
mophore system in which both static disorder and thermal
exciton decoherence play an important role. For more details
about the model applied through this section, we refer to the
original references.3’3° Here, a specific formulation particu-
larly suited for the description of J aggregates used in micro-
cavities will be described. In particular, from our simulations
of the J-aggregate film photophysics, the material parameters
to be also used in our model of strongly coupled MCs will be
determined.

We consider a chain composed of a number of monomers
N, (dyes number) described by the following Frenkel exciton
Hamiltonian:

Ny Ny
H=2 Ebjb;+ 2V, (blb;+b]b)). (1)
i i#j

The b; are the monomer exciton operator, and E;=¢g;+ 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. Each dye molecular resonance can be treated
as an electrical dipole that causes both couplings with light
and with other molecules. When the molecules are put to-
gether, the interactions among them give rise to excitation
transfer with the formation of delocalized Frenkel excitons
and thus to the super-radiance phenomena. We consider a
dipolar coupling among the dyes with equal and parallel
transition dipole moments. The hopping term is given by
Vij==J/ li—j|*, where J>0 is the nearest neighbor coupling
strength. On the other hand, the presence of diagonal disor-
der is introduced as a Gaussian stochastic fluctuation of the
monomer excitation energies; it leads to the fragmentation of
the excitons in localized structures on the aggregate chain,
especially at the bottom of the exciton dispersion curve,
causing an inhomogeneous broadening. The diagonal disor-
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der standard deviation o is used as the disorder strength pa-
rameter. The eigenstates are found by direct diagonalization
of the Frenkel exciton Hamiltonian and are described by the
following operators:

B,=2 %], (2)

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

Fo=|2 P, (3)

with 2 F =N, with molecules of equal dipole transition and
with wavelength much greater than the aggregate dimension.
Static disorder gives rise to a low energy tail in the exciton
density of states, corresponding to partially localized eigen-
states. This tail of localized states is of particular interest for
optical properties because its states carry almost the whole
aggregate oscillator strength and are responsible for the film
luminescence and the strong light-matter coupling in MCs.

We describe the dynamics of our system within the frame-
work of a rate equation, including the scattering rates due to
a weak linear exciton-phonon coupling, with strength &,. The
“phonons” are a continuous spectrum of molecular vibrations
[described by the operators v,(w)] located on each chain site
with a density of states p,. The exciton-phonon Hamiltonian
is given by

Ny

Hey = f éwpwz bjbz[vj(w) +viw)]do. (4)

This choice follows literature reports’’=° on J-aggregate

simulations in neglecting phenomena of stronger phonon-
exciton coupling such as the self-trapping mechanism,
which, although relevant in some kind of molecular
aggregates,’® are supposed to be not very effective in most
cyanine dye J aggregates as suggested by the small value of
the Stokes shifts. The phonon-exciton interaction is supposed
to be weak so that it can be perturbatively treated as a relax-
ation mechanism among different exciton states; in other
words, molecular vibrations act as a thermal bath for the
excitonic system and they do not mix with excitons. All these
assumptions are consistent with the fact that emission and
absorption experimental features are almost the same and the
small differences can be explained as due to exciton relax-
ation along the dispersion branch and local structures.®

The scattering rates calculated in the framework of the
Fermi golden rule (see Appendix A for details) are

|AE]

p
Wa,a’ = WOIa,a’(N|AE| + ®(AE))<T> > (5)

with

Ioz,uz’ = E |Ciacz?/|2 (6)

and making the following assumption:
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2
f £p,0AE - w)dw = 7(@)17 (7)

Here, AE=E , —E,, O is the step function, N is the Bose—
Einstein occupation factor of the states of the vibrational
bath, Wy=2m&/(J#), and & and p are parameters that de-
scribe the strength and spectral shape of the exciton scatter-
ing with vibrations.?’-3 We also consider the homogeneous
linewidth of the states by calculating the broadening of the
states due to the radiative lifetime and to the temperature
dependent dephasing processes that are dominated by the
exciton-phonon scattering. Each exciton state is broadened
as a Lorentzian line shape around the bare energy E :

AE

E)= , 8
84(E) (E.—E)+ (AL (8)

with the energy uncertainty given by
AEa: h(z Wa’,oz+ 7(1)' (9)

’
a

The rate equation for the excitonic system in the low excita-
tion density approximation can be written as

’;laz E (Wa,a’na’ - Wa’,ana) — Yalla t Pa,, (10)

a

where we have added the radiative decay rate 7, which, for
J-aggregate excitons, is given by y,=F,¥,, where vy, is the
spontaneous emission of the dye monomer, which is typi-
cally (3 ns)~!. We also add a constant pump term P, on the
upper energy tail of the exciton density of states (DOS).

As long as the aggregates are sufficiently diluted, we can
calculate the film optical features by summing over an en-
semble of independent J aggregates with different disorder
configurations. The film absorption is simply the density of
states weighted by their oscillator strength; therefore, it is
proportional to

A(E) = (2 Fog(E)). (11)

Photoluminescence should include the population of the ex-
citon levels:

PL(E) = (X} n,F 48 (E)). (12)

The procedure to obtain the optical features for the
J-aggregate film is to sum the single aggregate optical fea-
tures: we have to create each disordered aggregate, collect its
eigenstates with a direct diagonalization and, calculate their
oscillator strength, the scattering rates, and the thermal
broadenings. Then, we solve the rate equation for the aggre-
gate and find the isolated aggregate steady state and, thus, its
optical features. Finally, we have to average the aggregate
absorption and/or luminescence spectra over many disorder
realizations. We apply the model to fit the experimental ab-
sorption and luminescence data of one of the J-aggregate
film used for organic microcavities by Ceccarelli et al.'® The
simulation shows that with increasing temperature, the ab-
sorption and luminescence peaks change their shape, becom-
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FIG. 1. (Color online) Calculated absorption of a J-aggregate
film. With increasing temperatures, the spectrum peak shifts toward
the lower energy and is characterized by the asymmetry due to the
presence of a high energy tail. Both these two phenomena are ac-
counted for by the differential thermal broadening over the chro-
mophore ensemble.

ing more asymmetric, with the peak maximum shifting to-
ward lower energies and the raise of a high energy tail, as
can be seen in Fig. 1. This is consistent with the fact that the
chromophores feel different thermal broadenings and, in par-
ticular, higher energy states suffer greater thermal broaden-
ing, being nearer to the delocalized excitations in the J band.
We should remark that experimental peak shifts are typically
stronger and include the contribution of further effects not
considered here such as thermal structural deformations or
the real part of the exciton-phonon self-energy.* The behav-
ior of the absorption and luminescence full width at half
maximum (FWHM) as a function of temperature is repro-
duced well by our simulations, as shown in Fig. 2.

Here, the following parameter values have been used: J
=75 meV, 0=0.54 J, p=0.8, W,=3.2 J/A, and they will
also be used in Sec. III. The ensemble average is done over
50 000 aggregates with length N,;=100. The choice of N, has
been guided by the fact that the aggregate physical size
should be longer than the coherence length induced by static
disorder.

III. J-AGGREGATE ORGANIC MICROCAVITIES

J-aggregate films in a strongly coupled microcavity show
a new kind of quasiparticle, which is the cavity polaritons,
due to the interaction among Frenkel exciton and confined
photon modes. The cavity polaritons are mixed Frenkel
exciton-photon states with a dispersion characterized by an
anticrossing among lower and upper branches with energy
separation A called the Rabi splitting. In J-aggregate micro-
cavities, the Frenkel excitons are localized on each aggregate
and it is only the interaction with light that induces the po-
lariton coherence over the whole film. In the realistic disor-
dered J-aggregate film, some inhomogeneity is present due to
the random positions and orientations of the aggregates and
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FIG. 2. (Color online) Calculated and experimental absorption
and luminescence FWHM with temperature (experimental data
from Ref. 19). The FWHM is due to the joint effect of the tempera-
ture independent inhomogeneous distribution of excitons and their
thermal broadening.

to the energy fluctuation of the super-radiant states (diagonal
disorder) distributed around the film absorption peak. In spite
of the landscape inhomogeneity, the polariton nature remains
delocalized in the “coherent” zones,”® while some degree of
localization is expected outside the coherent end points.
Here, we do not deal with polariton localization, but we
focus on the coherent regions, considering the strong cou-
pling zone to be limited by wave vectors below g,,,,, while
the rest of the Brillouin zone remains uncoupled. It is well
known?32>-27 that at the bottom of the polariton branches and
for large wave vectors of the LP branch, the states are local-
ized incoherent excitations. For the detuning values consid-
ered here, the incoherent states above ¢, along the LP
branch can be considered as uncoupled Frenkel excitons, as
in a film with no cavity. Such states include the vast majority
of available states and are considered here as the ER states.
Given R, which is the average distance between different
aggregates in the film [about 200 A (Ref. 22)], the ratio
bzetzween polariton states and uncoupled exciton states is
R;f,—;'“x, which is of the order of 1073, The partially localized
states at the bottom of the polariton branches, and especially
those at the bottom of the LP branch, have a smaller density
of states and, in general, a significant photon component;
they can be considered as localized polaritons. We can, how-
ever, disregard the localized nature of the latter while con-
sidering the excitation dynamics because the polariton to po-
lariton phonon mediated scattering is significantly slower
than polariton radiative decay, while the exciton reservoir
states to polariton scattering rates do not depend on the lo-
calized or extended character of the polaritons. In fact, if we
consider a polariton localized on a number n,,. of aggregates,
the ER to polariton scattering is obtained by summing all the
processes leading from the excitons on any one of the n,,
aggregates to the polariton state. The number of such pro-
cesses is proportional to n),., but, on the other hand, the
probability of each of them is proportional to the polariton
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weight on one aggregate, which scales as 1/n,,.; the net re-
sult is that the total ER to polariton scattering rate is on
average independent of the polariton localization degree. In
order to set up a model delocalized wave function for the
polariton states, we proceed then as follows.

It has been shown?’ that in the coherent regions of the
polaritonic dispersion, the states are ideal-polariton-like:
with a plane wave character, well defined wave vector, uni-
formly extended over the whole cavity. A coherent polariton
of wave vector k can be thought of as the superposition of
the k photon mode plus a delocalized exciton part contrib-
uted by the exciton states of the film J aggregates. We write
a delocalized upper polariton operator as

(ex) Nagg Na

C
RS> 6NBY (13)

A% agg |«

+ _ ~(ph) +
Pru=Cruck +

with a similar expression for the lower polariton, where ¢, is
the operator for the confined photon*? and, as for ideal po-
laritons, C{™), CP"" are the usual Hopfield coefficients corre-
sponding to the two coupled oscillator model. The exciton
coefficients ¢<§>, describing how each exciton « of each ag-
gregate I participates in the polariton states do not depend on
the polariton branch index (upper or lower) and are modeled
as follows. The ideal-like polaritons are extended with equal
degree on each one of the N,,, aggregates and we make the
assumption that the weight in the polariton states of each
exciton is proportional to its oscillator strength. We stress
that the phases of (;Sff), in our model wave function are im-
material for our simulations because only the exciton weight
in each polariton matters in the calculations of the scattering
rates induced by on site molecular vibrations via the Fermi
golden rule (see Appendix A). We thus get |¢%)|=\F,/N,,
which are the relevant quantities entering the scattering rates
and do not depend on the polariton branch index (upper or
lower) nor on the polariton wave vector.

The polariton dispersion curve given by the usual two
coupled oscillator model is

1 ——s
Ey (k)= E[Eo + 6 = (Ey— )7 + A%, (14)

with E, being the mean energy of the super-radiant excitons,
corresponding to the absorption maximum at the bottom of
the J band, while Ek=z—f(k(2)+k2)l/2 is the first photon mode
dispersion curve, with k, n, being the MC vertical quantiza-
tion wave vector and the effective refractive index. Figure 3
shows the polariton dispersion curve together with the DOS
of the excitonic reservoir formed by the J-aggregate excitons.

The excitonic part of the system is still affected by the
exciton-phonon interaction and thus relaxation in the
strongly coupled system is introduced by this mechanism.
Besides the delocalized polariton states, there are a number
of uncoupled exciton states on each J aggregate (the ER
states). The scattering processes take place from the initial to
the final state excitonic components of the different quasipar-
ticles, thus among molecular excitons within an aggregate,
and also between a pure exciton and the exciton component
of a polariton or between an exciton component of a polar-
iton and that of another polariton. In order to simulate the
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FIG. 3. (Color online) Polariton dispersion curve and DOS of
J-aggregate reservoir excitons. The Rabi splitting is 80 meV, with a
detuning (Ey—¢p) of 150 meV.

dynamics in the rate equation approach, we should calculate
all possible scattering rates. Note that considering localized
vibrations, the scattering promotes the relaxation among
states that have a common exciton participation on the same
site of the same aggregate. The calculation of the different
scattering rates via the Fermi golden rule, as for the
J-aggregate film, is detailed in Appendix A. The scattering
rate from an exciton, n’=(«a,I), which is the ath exciton of
the Ith aggregate, to a polariton k is given by

D(k)|C§€ex)|2
N,

agg

|AE|\P
Wk,n' = WO ’

-pol
Iff," pe )(N|AE\ + ®(AE))<_J

(15)

where I Pl s an overlap factor between the exciton and the
polariton, AE=E,—E,, and D(k) is the number of states cor-
responding, in our inverse space grid, to the polariton vari-
able of modulus wave vector k. For the opposite processes,
we get

ICEP exe |AE|\?
Wn’,k=W0—]$ 1,(:? pOI)(N\AE|+®(AE)) ) (16)

agg
where AE=E,;—E. The scattering rate between polaritons is
given by

D(k’)|c(e,X)|2|C]((ex)|2

2
N'dgg

AE]|

P
I(p'p)(N\AE| + ®(AE))(T) ,

(17)

Wk’,k: WO

where 1) is an excitonic overlap factor between polaritons
and AE=E; —E,.

In addition to the phonon mediated scattering, we have
also considered a radiative pumping rate from exciton to
polariton in the following form:
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D(K)|CP"*g(EY)
>0 DIN|CEY g By

such that its contribution is proportional to the exciton oscil-
lator strength and the transfer should match energy conser-
vation, while the normalization is chosen to obtain a net
exciton radiative decay toward polaritons of 8¢ times the
spontaneous emission (vy,). The broadening g, is given by
Eq. (8), wherein the broadenings are calculated for the new
cavity system.

To deal with the 2D microcavity, we assume isotropic
conditions in which the polariton population depends only on
the modulus of the wave vector. Experimentally, this situa-
tion can be orthogonally imposed by pumping to the surface
of the microcavity or can happen due to fast elastic scattering
processes. We describe the dynamics of excitation relaxation
by means of a rate equation for the population of state f;(7):

Fi0) = =Tof ) + 2 [Wiiofir (1) = Wi f (D] + Py, (19)

L

W = By, (18)

where the indices 7,i’ run over all the spectrum of excitations
and can refer to both polariton (k, upper or lower) or local-

ized excitons (n). The damping rate due to the escape
P

through the cavity mirrors is given by I';=—"—"-. The typical
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 upper and lower polaritons, we consider
the reciprocal space up to the wave vectors k
<88 000 cm™! discretized in a grid of 280 points associated
with the modulus of the wave vector. The reservoir is formed
by averaging over an ensemble of 1000 J aggregates each
with N,=100 monomers. This means that our simulation ac-
tually includes the excitons coming from only 1000 indepen-
dent disordered aggregates instead of the N,g, of the film.
This is taken into account by rescaling the polariton to exci-
ton scattering rates in the rate equation by a factor of
Nyge/ 1000.

Given the large number of states involved and the fact
that two different time scales are present (a fast one related
to the intra-aggregate relaxation and a slow one related to the
exciton reservoir to polariton relaxation), the direct solution
of the rate equation is not numerically feasible. However, by
exploiting the difference between the two time scales in-
volved, we can accurately calculate the steady state polariton
population under continuous nonresonant pumping with a
two-step approach, which has been checked by comparing it
to a full direct solution for the case of a single disorder
configuration (i.e., Ny,,=1). As the exciton to polariton scat-
tering rates are much slower than the polariton radiative de-
cay, the polariton population remains a tiny fraction® of the
total population and we can safely neglect the effect of par-
ticle redistribution from the polariton branches to the exciton
states of the ER on the equilibration of the ER itself. In the
first step, we thus calculate the steady state J-band popula-
tion for an ensemble of aggregates, as determined by the
high energy pumping and the nonradiative and radiative ex-
citon to polariton scattering rates (neglecting at this stage any
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FIG. 4. (Color online) Excitonic reservoir density of states
(circles) and exciton reservoir steady state population for T
=100 K and 7=300 K (full and segmented line, respectively). At
T=100 K, the population distribution reflects the inhomogeneous
and disconnected nature of the exciton reservoir, while at T
=300 K, the population distribution is smoother.

polariton to ER backscattering). From the calculated ER
population, we obtain then the exciton to polariton pumping
rates, which are the number of particles that scatter from the
ER to each of the polariton states in the unit time. With the
ER in stationary conditions and disregarding other channels
for the decay of the uncoupled excitons,* the total value of
the polariton pumping is, of course, equal to the high energy
nonresonant pumping of the ER.* In the second step of the
calculation, we are restricted to the polariton system alone
and we can find the polariton steady state resulting from the
interplay of exciton to polariton pumping, photon escape
through the mirrors, polariton scattering back into the exci-
ton reservoir, and intra- and interbranch polariton scatterings.

We now discuss the scattering rates and the ER population
calculated with our model for a system with a Rabi splitting
of 80 meV and a detuning of 150 meV, as shown in Fig. 3.
The calculations were performed by using the same set of
parameters employed for the bare film simulations in Sec. II.

The exciton reservoir DOS, which can be seen in Fig. 4,
has a disconnected nature because it is the sum of individual
aggregates. The relaxation inside each aggregate is fast with
respect to the exciton decay into polaritons, and thus, the
population of each aggregate is very close to its thermal
equilibrium value. The ER population distribution is the sum
of those of the individual aggregates in the ensemble. At low
temperatures, the ER population distribution reflects the in-
homogeneous distribution of the bottom states of the aggre-
gates. For T=300 K, the population distribution is smoother
and almost identical to a thermally populated ER DOS.

On the other hand, the polariton lifetime finiteness effec-
tively competes with the nonradiative scattering processes
and limits the polariton thermalization. In fact, the polariton
radiative escape is the fastest rate acting on the polariton
branches (Fig. 5).*° The polariton to ER decay is also impor-
tant for the UP branch and becomes more relevant at higher
temperatures. The mean polariton pumping rate from an ex-
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Polariton Decay Rates
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FIG. 5. (Color online) The polariton radiative decay (full line)
and the polariton to ER scattering rate at 7=100 K (segmented
line) and 7=300 K (dotted line) as a function of energy.

citation in the reservoir is also shown in Fig. 6.4 The calcu-
lation of the rates shows that the relaxation intra- and inter-
polariton branches is strongly suppressed by the polariton
depletion due to the small photon time of escape in
J-aggregate microcavities (about 35 fs). The dynamics of the
J aggregate is significantly faster with respect to the nonra-
diative transfer rate from exciton to polariton, which is plot-
ted in Fig. 6, so that the reservoir results to be in good ap-
proximation at thermal equilibrium while the exciton to
polariton pumping takes place, which justifies the two-step
numerical procedure to solve the rate equation [Eq. (19)]. We
can observe that at 7=300 K, the pumping rate for the UP
branch is increased by almost an order of magnitude with
respect to T=100 K. This fact is responsible for the activa-
tion behavior of the UP photoluminescence intensity. At T
=300 K, the nonradiative decay of the polaritons to the ER

ER to Polariton Scattering Rates
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FIG. 6. (Color online) The mean value of the exciton to polar-
iton pumping rate as a function of polariton energy for 7=100 K
and 7=300 K. Such value is averaged on the exciton reservoir
population.
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Angle resolved photoluminescence
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FIG. 7. (Color online) Angle-resolved photoluminescence for a
cavity with a Rabi splitting of 80 meV at 300 K, which is calculated
for angles of 20°, 30°, 40°, and 50°.

is also important, particularly for high Rabi splitting values.
The signature of its effectiveness on the upper branch is in
the greater broadening of the UP lines with respect to that of
the lower polaritons. Although we employed a continuous
spectrum of vibrations instead of a set of definite vibrational
quanta, the rates calculated herein are in qualitative agree-
ment with the estimation given in Refs. 23, 30, and 31. The
UP nonradiative decay time into the ER is about tens of
femtoseconds while in Refs. 23 and 31, the estimation is 20
fs. The nonradiative decay time of an incoherent exciton to
the LP polariton states is about 350 ps for A=80 meV, fol-
lowing the calculation in Refs. 30 and 31. In our model, such
time is of the order of hundreds of picoseconds, as can be
extracted from the exciton to polariton scattering rates of
Fig. 6.

From the polariton population, we are able to construct
the angle-resolved cw photoluminescence, imposing the in-
plane wave vector and energy match between polaritons and
external photons. We also need to consider the polariton en-
ergy broadening of the same kind as in Eq. (8) and a wave
vector uncertainty due to the wave vector representation
given by our numerical grid. The polariton angle-resolved
photoluminescence calculated by our model is shown in Fig.
7 for a MC with a Rabi splitting of 80 meV. The major
contribution is from the lower polariton branch except for
very small angles, which are not shown here. Focusing on
the resonant angle of 39°, which is the angle under which the
energy of the photon cavity mode is equal to the exciton
resonance, we can observe (Fig. 8) that the upper polariton
contribution is about a hundred times less intense at low
temperature. By increasing the temperature of the vibrational
bath, the nonradiative scattering processes are enhanced and
thermally activated (see Figs. 5 and 6). In addition, the al-
most thermalized ER population at higher temperature occu-
pies higher energy states, as observed in Fig. 4 near the UP
branch. As already mentioned, the typical parameter used to
analyze the dynamics of organic MCs is the ratio between

. L . .
the UP and the LP luminescence: C =L—[LJ§ at the anticrossing
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Luminescence at Anticrossing Angle
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FIG. 8. (Color online) Calculated luminescence following non-
resonant pumping for a J-aggregate microcavity with a Rabi split-
ting of 80 meV at resonance angle (39°). The upper polariton con-
tribution exhibits an activation with increasing temperature.

angle, wherein the photonic components are equal for the
lower and upper polaritons. Such ratio is calculated by fitting
the corresponding photoluminescence spectra (Fig. 8) with
two Lorentzian shapes in order to distinguish the contribu-
tion of the upper and lower polariton branches. The C index
is given then by the amplitude ratio of the upper and lower
Lorentzian shapes. The upper polariton experimental lumi-
nescence exhibits a thermal activation (Fig. 9). This fact can
be reproduced by our model by neglecting the radiative
transfer process of Eq. (18) (b™=0). When included, the
radiative transfer process leads to an almost equal pumping
of LP and UP polariton states from the ER; this process is
almost temperature independent and is responsible for a low
temperature UP photoluminescence. Increasing the strength
of such process leads to the increase in a photoluminescence

UP/LP Luminescence Intensity Ratio
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FIG. 9. (Color online) UP/LP luminescence ratio at resonance
angle for a system with Rabi splittings of 60 and 80 meV. The
intensity ratio exhibits a thermal activation of UP population due to
the activation of the exciton reservoir to upper polariton phonon
mediated scattering.
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base line, on top of which appears the thermal activation
contribution due to scattering with phonons at high tempera-
tures, which can explain the finite low temperature UP/LP
luminescence ratio in Ref. 29. If the efficiency 8¢ of such
pumping process is sufficiently strong, it becomes dominant
with respect to the phonon scattering processes considered
here and the thermal activation is not observable any more
within our model.

In Fig. 9, the luminescence intensity ratio C is shown for
microcavities with Rabi splittings of 60 and 80 meV, without
the radiative process. With increasing temperature, we found
that the UP contribution displays a thermal activation that is
due to the activation of the scattering rates that lead from the
excitonic reservoir to the upper polariton states. The calcu-
lated intensity ratio C in the temperature range between 100
and 300 K can be easily fitted as an Arrhenius-like behavior
with activation energies of about 28 and 42 meV for MCs
with Rabi splitting values of 60 and 80 meV, respectively. As
we have employed a continuous of vibrational mode, the
values of the activation energies are not related to a specific
vibration but rather reflect the energy distance between the
UP branch and the bottom of the J band; in fact, the activa-
tion energies are very near to half of the Rabi splitting value.
In Appendix B, we present a schematic analytical model that
explains this behavior. Such photoluminescence results are in
qualitative agreement with the activation behavior reported
in the experimental data.'®?°

In conclusion, a theory of the photoexcitation dynamics of
strongly coupled J-aggregate MCs that accounts for all the
different accessible excitations of the system and includes
scattering with a thermal bath of localized vibrations with a
continuous spectrum yields qualitative agreement with ex-
perimental photoluminescence data. The use of a model po-
lariton wave function for the disordered MC allows to di-
rectly relate its optical properties to those of J-aggregate
film. The numerical simulations explain the UP/LP lumines-
cence intensity ratio under nonresonant cw pumping as a
function of temperature. The uncoupled excitons rapidly
thermalize in the exciton reservoir and then the pumping of
upper polaritons occurs via the absorption of a vibrational
quantum from the bottom of the J band and, therefore, suf-
fers thermal activation.
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APPENDIX A: SCATTERING RATE DERIVATION

The scattering rates with emission and/or absorption of a
vibrational mode are calculated in the framework of the
Fermi golden rule, starting from the following exciton-
phonon linear Hamiltonian:
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f mﬁi bib{vi (@) +v@)]do. (A1)

&, 1s the coupling parameter, p,, is the vibrational density of
states, and the local vibrations are associated with each dye
site of each one of the aggregates.

Let us show how the calculation of the total scattering rate
W, o Which is from two excitons inside the same aggregate
a— a', is performed. We need to sum all the different scat-
tering processes involving localized vibrations in the aggre-
gate that lead from « to «'. For example, the process that
involves one vibration of energy w in the site i has a rate
given by

_|§w (@ (a | [5(5 1—E ~holo T 5(5 —E +ﬁa))(n +1)],

(A2)

where we have written both the scatterings for the absorption
and the emission of the local vibration. The term between
squared brackets, which will be indicated by 7{w), contains
the Dirac deltas selecting the local vibration of the correct
energy AE=E_ —E, corresponding to the energy separation
between the two exciton states. If AE>0, the scattering is
proportional to njg because it happens with an absorption of
a local vibration proportional to their availability, and so of
their number; otherwise, the process involves the emission of
a phonon and is proportional to (njzg+1). The factor 7{w)
depends only on the energy of « and &’ and does not depend
on the site in which the local vibration is interacting with the
exciton. For this reason, we can take such term outside the
summation over the different processes, involving vibrations
on all the monomer sites of a J aggregate. The total scattering
rate is therefore

2
= f T)Epodol ., (A3)
where the exciton overlap factor is
(A4)

Lpo = E |cfes
i

Such overlap factor means that the scattering takes place
only if two excitons have amplitude on the same position of
the aggregate chain. This also remains true for the polariton
scattering rates and is due to the localized nature of the vi-
brations. The integration in w selects the local vibration of
energy AE. We assumed for the following function a simple

power law:
2 |AE |\?
§\AE\P\AE| Wol =~ | - (AS)
The total scattering rate is therefore given by
AE[\?
Wa,a’ = W()Ia,a’(N|AE| + (AE)) J . (A6)

We have chosen a simple power shape for the function in
Eq. (A5), following the original model,*’-3° with p chosen to
obtain the best fit of the experimental absorption FWHM
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(Fig. 2). This rather crude model suffices in explaining the
temperature dependence of the cavity polariton photolumi-
nescence, while for the actual detailed photoluminescence
shape of the J-aggregate MC, a more accurate knowledge of
the function in Eq. (A5) is needed. We could expect such
function to be composed by a continuum wing at low ener-
gies and a series of peaks corresponding to the dye molecular
optical vibrations in the host environment.

The scattering rates for the polariton system are calculated
in an analogous way. For example, let us calculate the scat-
tering rate from the polariton k to the exciton « in the aggre-
gate I due to the interaction via a vibration of energy  in the
site i of 1. The amplitude of the exciton component of the
polariton on such site is given by

(ex) (ex)
G gt S o) e
Pl =
VNagg VNagga el

The scattering rate is therefore given by

2 C(ex) k) 2
? /_gw il ca [5(Eu—Ek—hw)no) + 5(Ea—Ek+ﬁw)(nw + 1)] .
VVagg

(A7)

As before, the term 7{w) depends only on the energy differ-
ence AE=FE_,—E, and not on the site of the vibration. The
total rate also includes a summation on all the dye sites in-
side the aggregate / and reads

2 C(ex) 2
7 | | (A8)
dgg

( f ﬂw)éwpwdw)z e
The integration on w is performed as before and we get
| C(ex) 2

Wei=W
age

|AE[\?
Lo 1 (Njag + Oap) 5 ) (A9)

with

alk_ E ¢(k) (k)*E |CD[|2 lC ,*'
BB'El

(A10)

The overlap factor /,;,, between the polariton k and the ex-
citon a does not depend on the polariton branch index (upper
or lower). Furthermore, it does not depend on the phase of
the olariton amplitude on the exciton « of the I aggregate

) because of the following argument. The molecular ag-
gregate is much shorter than the light wavelength so the
light-matter coupling of a photon k with an exciton « in the
aggregate [ has the phase ™71, All the excitons inside a given
aggregate are approximately coupled with light with the
same phase, and therefore, inside the polariton wave func-
tion, they acquire the same phase. The phase depends only
on the aggregate position, and therefore, it is the same for all
the excitons inside the same aggregate. The summation in
Eq. (A10) reduces to
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It is not dependent on the polariton wave vector k and we can
define I(ex Pl =7 14 which corresponds to Iy ©pol) with the
notation of Eq. (15). The inverse process, AE E,—E,, gives
a similar result, but we should also multiply for the final
number of polariton states corresponding to the free variable
k, that is, Dy (k)

DRICP

Nagg

E
Wiew=Wo 15PN gy + @(AE)](' '),

(A11)

with the number of the states in the inverse space grid, which
is associated with the free variable k that is given with good
approximation (only for vanishing wave vector are the sig-
nificant differences) by

2k
D(k) = —
2a/L’

(A12)
where L is the lateral quantization length.

The polariton to polariton scattering from k—k’, with
emission or absorption of a vibration w in the site i of the
aggregate [ calculated via the Fermi golden rule, is propor-
tional to the square of the Hamiltonian matrix element:

C(eX) C(BX)

—— g, o)
Nagg

By following the same passages as before, summing over the

dye sites and over all the aggregates, we obtain the following

scattering rate:

(ex)]2 |

D(K")|C,5

2
Nagg

1P-p) | E|
(Njag + Op) ,

(A13)

k=W

where AE=E,;,—E,. The polariton-polariton overlap factor is
given by

1Pp) = 2 E

I aad pp

B e bl

o),

The overlap factor, which does not depend on polariton
branch indices (upper or lower), for the same argument in-
voked before is independent of the phases of ¢ﬁ’ and, thus,
does not depend on the &',k polaritons:
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N
Nd

1P = 2 E

I aa g

Note that there are N,,, different aggregates on which the
scattering rates have to be calculated (the sum over I in the
previous formula). We simulate such ensemble of aggregates
by considering an average of 1000 different aggregate disor-
der configurations and appropriately rescaling such value by

a factor of N,,/1000.

ar o ,B,*
E o bl

APPENDIX B: THREE-STATE ANALYTICAL MODEL FOR
THE UPPER PHOTOLUMINESCENCE/LOWER
PHOTOLUMINESCENCE LUMINESCENCE RATIO

The UP thermal activation can be easily explained by in-
troducing an analytical model that takes into account only
three states: the ER and UP and LP states at anticrossing. The
ER is subjected to a pump term and its population is scat-
tered into the UP and LP anticrossing states. The ER is at a
higher energy than the LP branch, so the scattering toward
the LP state involves the emission of a phonon; on the other
hand, it is at a lower energy with respect to the UP branch, so
that the scattering to the UP state requires the absorption of a
vibrational quantum. The polariton states do not have time to
further scatter because they quickly decay as MC emission.
The model rate equations are

Ngg = P — Wi pNgg(n, + 1) = WypNggn,,

N up = WupNernt, — ¥Nup,

Nip= Wi pNgr(n, + 1) = yNpp,

where n,, is the phonon thermal population, vy is the polariton
radlatlve decay rate, and the scattering rates are Wyp= WUP
~ W, which is correct if the ER state is energetically equi-
distant from the UP and LP states. The polariton steady state
populations are given by

w
Nip= ;NER(nv +1),

w
Nyp = —Nggrn,.

The luminescence intensity ratio is thermally activated:
Lo oo Mo _ hoKyT
ELP 1+ n,

Such a simple model does not take into account that the ER
has a spectral extension and does not take into account the
possibility of a radiative decay of excitons into polaritons.
These two factors cause the photoluminescence ratio to be
finite even at low temperatures, as experimentally seen in
Ref. 29.
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