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ABSTRACT
Coupling molecules to the confined light modes of an optical cavity is showing great promise for manipulating chemical reactions. How-
ever, to fully exploit this principle and use cavities as a new tool for controlling chemistry, a complete understanding of the effects of strong
light–matter coupling on molecular dynamics and reactivity is required. While quantum chemistry can provide atomistic insight into the
reactivity of uncoupled molecules, the possibilities to also explore strongly coupled systems are still rather limited due to the challenges
associated with an accurate description of the cavity in such calculations. Despite recent progress in introducing strong coupling effects
into quantum chemistry calculations, applications are mostly restricted to single or simplified molecules in ideal lossless cavities that sup-
port a single light mode only. However, even if commonly used planar mirror micro-cavities are characterized by a fundamental mode
with a frequency determined by the distance between the mirrors, the cavity energy also depends on the wave vector of the incident light
rays. To account for this dependency, called cavity dispersion, in atomistic simulations of molecules in optical cavities, we have extended
our multi-scale molecular dynamics model for strongly coupled molecular ensembles to include multiple confined light modes. To vali-
date the new model, we have performed simulations of up to 512 Rhodamine molecules in red-detuned Fabry–Pérot cavities. The results
of our simulations suggest that after resonant excitation into the upper polariton at a fixed wave vector, or incidence angle, the coupled
cavity-molecule system rapidly decays into dark states that lack dispersion. Slower relaxation from the dark state manifold into both the
upper and lower bright polaritons causes observable photo-luminescence from the molecule–cavity system along the two polariton disper-
sion branches that ultimately evolves toward the bottom of the lower polariton branch, in line with experimental observations. We anticipate
that the more realistic cavity description in our approach will help to better understand and predict how cavities can modify molecular
properties.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037868., s

I. INTRODUCTION

Recent experiments that demonstrate tuning of chemical reac-
tivity through strong light–matter interactions within optical micro-
cavities have greatly revived the interest in cavity polaritons.1–7
Polaritons are hybrid light–matter states that emerge as the nor-
mal modes of a system consisting of a cavity photon and a material
excitation that interact in the strong coupling regime. This regime

is reached when the interaction strength between the cavity photon
and material excitation exceeds the rates of both photon and exci-
ton damping processes and is manifested by a Rabi splitting of the
absorption spectrum.8–11

Cavity polaritons have been thoroughly investigated for
decades, in particular, within inorganic semiconductor micro-
cavities.12 Although the inherent disorder and large exciton
linewidths of organic media have for long restricted the study of
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such materials to the weak coupling regime,13,14 the identifica-
tion of suitable organic molecules, with narrow and intense optical
transitions, made it possible to reach the strong coupling regime
in such media as well and observe the characteristic anti-crossing
between the upper and lower polaritons.15–22 Moreover, because
Frenkel excitons in organic molecules have much larger oscil-
lator strengths than Wannier–Mott excitons in inorganic semi-
conductors, the Rabi splitting of organic micro-cavities easily
exceeds that of inorganic micro-cavities and can even be observed
at room temperature.15–19,21,22

Although the fundamental signatures of the strong coupling
regime are evident, the inherent disorder of organic planar mirror
(Fabry–Pérot) micro-cavities gives rise to features that are absent
in their inorganic counterparts.23,24 Indeed, because of dissipation
processes taking place within organic molecules, both the energy
and wave vector, k, of the polaritonic states emerging under strong
coupling are broadened. This broadening is such that at the end-
points, i.e., |k|→ 0 and |k|→∞, a wide range of wave-vector values
|k| can be attributed to the same polaritonic energy level, causing a
large uncertainty in the wave vector associated with states in these
regions of the cavity spectrum. Consequently, these states can no
longer be described by the wave vector, and therefore, the range of k
associated with the upper polariton (UP) or lower polariton (LP) is
reduced compared to polariton branches emerging within inorganic
systems.

Furthermore, according to the uncertainty principle, the large
uncertainty in momentum allows for spatial localization.25,26 There-
fore, in a strongly coupled organic micro-cavity, both coher-
ent (delocalized) and incoherent (localized) excited states coexist.
Whereas the coherent states have a well-defined wave vector, k, and
belong to the usual polariton branches provided that �kLPmin� < �k� <�kLPmax� for the LP and �k� > �kUPmin� for the UP, the incoherent states
are either (i) similar add-mixtures of photonic and molecular exci-
tations such that when their photonic component is small, they are
referred to as dark states or (ii) purely molecular excitations that are
not coupled (or weakly coupled) to the cavity photon, yet visible in
the photo-luminescence spectra as they decay through (enhanced)
spontaneous emission.19

Despite experimental15–19,21,22,27 and theoretical work23,25,26,28–35
on organic micro-cavities, the microscopic understanding of polari-
ton dynamics within such media remains incomplete. In pre-
vious analytical23,28,29,34 and numerical approaches,36–38 polariton
relaxation was studied using either a simplified description of the
molecules as two-level systems23,28,29 or as harmonic oscillators,34,35
a single confined light mode rather than the full cavity disper-
sion,36,38,39 or a combination of both.30–32,37,40,41 While the simplified
description of the molecules precludes modeling chemical reactiv-
ity, neglecting the cavity dispersion prevents a realistic description
of polariton relaxation in simulations.

To model the effect of strong coupling between molecules
and a single cavity mode on chemical reactivity, we had previ-
ously developed a multi-scale molecular dynamics approach based
on a hybrid Quantum Mechanics/Molecular Mechanics (QM/MM)
description42 of the molecules and their chemical environment.36,38
To go beyond the single mode approximation, which is necessary
for a realistic description of cavity-modified chemistry, we have
extended our approach to include the multiple radiation modes
that span the cavity dispersion. With the extended model, we have

simulated the relaxation dynamics of an organicmicro-cavity system
with 16 modes and containing up to 512 Rhodamine chromophores,
after resonant photo-excitation into the UP at a fixed angle between
the cavity and the laser beam.

This paper is organized as follows: First, in Sec. II, we explain
how we include multiple cavity modes into our Tavis–Cummings
based multi-scale molecular dynamics model.36 Then, in Sec. III,
we provide details and the parameters of the atomistic Rhodamine
micro-cavity simulations, followed by a presentation and discussion
of the results of these simulations in Sec. IV. We conclude our paper
in Sec. V with an outlook.

II. THEORY
Following Michetti and La Rocca,29 we assume that our cavity

is two dimensional (2D), as illustrated in Fig. 1. When probed with
a ray of light, photons entering the cavity have an energy,

�hωcav(k) = �hc�k�nr
= �hc
nr

�
k2x + k2z , (1)

where �h is the reduced Planck constant, c is the speed of light, and
nr is the refractive index of the propagation media. The mirrors at− 1

2x and 1
2x confine light along the x axis to discrete wave vectors

(kx = mπ/Lx with m ∈ N and Lx = x is the cavity width) and thus set
the cavity resonance at zero incidence (kz = 0) to ω0 = mπc/(nrLx).
Because we restrict m to 1, the first cavity mode, the energy of the
cavity photon depends solely on the z-component of the incident
wave vector: �hωcav(kz). Therefore, themultiplemodes that arise from

FIG. 1. Two dimensional (2D) Fabry–Pérot cavity model. Two reflecting mirrors are
located at − 1

2 x and 1
2 x, confining light modes along this direction, while free prop-

agation along the z-direction is possible for plane waves with in-plane momentum
kz and energy �hω(kz). The vacuum field vector (red) points along the y axis, reach-
ing a maximum amplitude at x = 0 where the N molecules (magenta ellipses) are
placed, distributed along the z axis at positions zj with 1 ≤ j ≤ N.
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the dependence of the cavity energy on the wave vector are fully
characterized by kz .

Inside the cavity, N molecules are located on the z axis with
their geometrical centers at positions zj (Fig. 1). To model the inter-
actions between these molecules and the micro-cavity modes, we
make the rotating wave approximation (RWA) and include these
modes into the Tavis–Cummings Hamiltonian,29,43,44

ĤTC = N�
j
hνj(Rj)σ̂+j σ̂−j +�

kz

�hωcav(kz)â†
kz âkz

+�
j
�
kz

�hgj(kz)�σ̂+j âkz fz(zj) + σ̂−j â†
kz f
∗
z (zj)�

+
N�
i
VS0(Ri). (2)

Here, σ̂+j (σ̂−j ) is the operator that excites (de-excites) molecule j from
the electronic ground (excited) state �Sj0(Rj)� (�Sj1(Rj)�) to the elec-
tronic excited (ground) state �Sj1(Rj)� (�Sj0(Rj)�); Rj is the vector of
the Cartesian coordinates of all atoms in molecule j; âkz (â

†
kz
) is the

annihilation (creation) operator of a cavity photon with wave vector
kz ; fz(zj) = eikzzj is the function describing the form of the quantized
electromagnetic (EM) field modes, here taken to be that of plane
waves with in-plane momentum kz ; and hνj(Rj) is the excitation
energy of molecule j, defined as

hνj(Rj) = Vmol
S1 (Rj) −Vmol

S0 (Rj), (3)

with Vmol
S0 (Rj) and Vmol

S1 (Rj) the adiabatic potential energy surfaces
of molecule j in the electronic ground (S0) and excited (S1) state,
respectively. The last term in Eq. (2) is the total potential energy
of the system in the absolute ground state (i.e., with no excitations
in neither the molecules nor the cavity modes), defined as the sum
of the ground-state potential energies of all molecules. As in previ-
ous work, we use a hybrid quantummechanics/molecularmechanics
(QM/MM) Hamiltonian42 to model these potentials.36

The first sum in ĤTC runs over the N molecules, and the sec-
ond sum runs over all cavity modes with photon energy �hωcav(kz)
[Eq. (1)]. The third term describes the light–matter interaction
within the dipolar approximation through gj(kz) that, differently
from the case in which only the mode at normal incidence is taken
into account (i.e., kz = 0), not only depends on the transition dipole
moment �j of the molecules but also on the cavity mode wave
vector kz ,

gj(kz) = −�j(Rj) ⋅ ucav
��hωcav(kz)

2�0Vcav
, (4)

where ucav is the unit vector indicating the direction of the elec-
tric component of the confined mode, here along the y-direction
(Fig. 1); �0 is the vacuum permittivity; and Vcav is the volume into
which themode with in-planemoment kz is confined. The transition
dipole moments of the molecules, as well as their excitation energies,
hνj(Rj), depend only on the molecular geometry, Rj.

As in Michetti and La Rocca,29 we impose periodic bound-
ary conditions in the z-direction and thus restrict the plane-wave

solutions of Maxwell’s equation to

fz(z) = fz(z + Lz),
eizkz = ei(z+Lz)kz ,

eiLzkz = 1.
(5)

To satisfy these boundary conditions, the wave vectors, kz , must have
discrete values: kz = 2πn/Lz with n ∈ Z and Lz is the length of the
cavity (Fig. 1).

Because modes that are much higher in energy than the molec-
ular excitation energies (hνj), hardly couple with the molecules
under the RWA, we furthermore neglect modes above an energy
threshold, �hωcav(2πnmax/Lz), sufficiently above the molecular exci-
tation. Thus, the number of modes included in our description is
limited by nmax. As in Michetti and La Rocca,29 we avoid degenera-
cies by excluding modes with negative wave vectors (i.e., kz < 0 or
n < 0). Therefore, the first mode included in our simulation model
corresponds to the lowest energy mode (�hω0), which is excited by
light entering the cavity at normal incidence (i.e., kz = 0 or nmin = 0).

With these approximations and under the additional assump-
tion that the system is within the single-excitation subspace accessed
under weak driving, the molecular Tavis–Cummings Hamiltonian
in Eq. (2) can be represented as a (N + nmax + 1) by (N + nmax + 1)
matrix with four blocks,

HTC = ��
Hmol Hint

Hint† Hcav

�
�. (6)

The upper left block, Hmol, is a N × N matrix containing the single-
photon excitations of the molecules. Because at the molecular con-
centrations considered here, direct interactions between photoactive
molecules can be neglected, the molecular block is diagonal, with
elements labeled by the molecule indices j,

Hmol
j,j = �0��S10(R1)S20(R2)..Sj1(Rj)..SN0 (RN)�ĤTC�S10(R1)

× S20(R2)..Sj1(Rj)..SN0 (RN)��0�, (7)

for 1 ≤ j ≤N. Each matrix element ofHmol thus represents the poten-
tial energy of molecule j in the electronic excited state �Sj1(Rj)� and
all other molecules i ≠ j in the electronic ground states �Si0(Ri)�,

Hmol
j,j = Vmol

S1 (Rj) + N�
i≠j V

mol
S0 (Ri). (8)

The |0� in Eq. (7) indicates that the single-photon Fock states of all
cavity modes are empty.

The lower right block, Hcav, is a (nmax + 1) × (nmax + 1)
matrix containing the single-photon excitations of the cavity modes.
Because the plane-wave basis set is orthogonal, there are no direct
interactions between cavity modes and thus the cavity mode excita-
tion block in the Tavis–Cummings Hamiltonian [Eq. (6)] is diagonal
as well, with elements labeled by the mode indices b,

Hcav
b,b = �1b��S10(R1)S20(R2)..SN0 (RN)�ĤTC�S10(R1)

× S20(R2)..SN0 (RN)��1b�, (9)
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for 0 ≤ b ≤ nmax. Here, |1b� indicates the single-photon Fock state
of cavity mode b with wave vector kz = 2πb/Lz . In these matrix ele-
ments, all molecules are in the electronic ground state (S0), while
mode b is excited. The energy is, therefore, the sum of the molecular
ground state energies plus the cavity energy at kz , which follows the
dispersion relation [Eq. (1)],

Hcav
b,b = �hωcav(2πb�Lz) + N�

j
Vmol
S0 (Rj). (10)

The two N × (nmax + 1) off-diagonal blocks Hint and Hint† in
the multi-mode Tavis–Cummings Hamiltonian [Eq. (6)] describe
the interactions between the molecules and the cavity modes. These
matrix elements are approximated as the overlap between the tran-
sition dipole moment of the electronically excited molecule j and the
electric field of the cavity mode b [Eq. (4)],

Hint
j,b = − �j(Rj) ⋅ ucav

��hωcav(2πb�Lz)
2ε0Vcav

× �0b��Sj1�σ̂+j âbei2πbzj�Lz �Sj0��1b�, (11)

for 1 ≤ j ≤ N and 0 ≤ b ≤ nmax. Because molecules are typically much
smaller than the width (Lx) of a Fabry–Pérot micro-cavity, variations
in the cavity field strength over the dimension of the molecules are
neglected. Furthermore, excitonic interactions between molecules
are also neglected, which is strictly valid for low molecular concen-
trations only. For simulations at higher chromophore concentra-
tions, excitonic interactions between the molecules can be included
via a multi-pole expansion of the molecular transition densities, as
in excitonic models.45

The multiple cavity-mode Tavis–Cummings Hamiltonian
[Eq. (6)] is diagonalized at each time step of a Molecular Dynamics
(MD) simulation to obtain the N + nmax + 1 (adiabatic) polaritonic
eigenstates and energies. These eigenstates are coherent superposi-
tions of electronic excitations in the N molecules and of the nmax + 1
cavity modes,

ψm = N�
j
βmj �S10S20..Sj1..SN−10 SN0 ��0�

+
nmax�
b=0

αmb �S10S20..Sj0..SN−10 SN0 ��1b�, (12)

where the index m labels the N + nmax + 1 single-photon polari-
tonic eigenstates of the strongly coupled molecule–cavity system
with eigenenergies Em, while βmj and αmn are the expansion coef-
ficients (∑j �βmj �2 + ∑n �αmn �2 = 1) that determine the contribu-
tions of each molecular excitation (Sj1) and each cavity mode (b) to
polariton ψm.

Trajectories of all atoms in each molecule are computed by
numerically integrating Newton’s equations of motion. Because in
systems with many molecules and modes, the eigenstates span an
almost degenerate manifold,39 non-adiabatic couplings dml, which
are inversely proportional to the energy gap between polaritonic
statesm and l,

dml = �ψm�∇aψl� = �ψm�∇aĤTC�ψl�
El − Em (13)

can induce population transfer between these states during the
dynamics. Here, a indicates an atom in one of the N molecules. In
our approach, such transfers can be modeled either by discrete sur-
face hops between the polaritonic states46–48 or by classically evolv-
ing the trajectory on the mean-field potential energy surface.38,49 In
both cases, the polaritonic wave function is coherently propagated
along with the classical degrees of freedom as a time-dependent
superposition of the N + nmax + 1 time-independent adiabatic
polaritonic states,

Ψ(t) = N+nmax+1�
m

cm(t)ψm, (14)

where cm(t) are the time-dependent expansion coefficients of the
time-independent polaritonic basis functions [Eq. (12)]. These coef-
ficients are evolved along the trajectory of theN molecules, using the
unitary propagator in the local diabatic basis.38,50

The Hellman–Feynman gradients, �ψm�∇aĤTC�ψl�, required
for classically propagating the nuclear degrees of freedom in the
Ehrenfest mean-field formalism, or for computing the non-adiabatic
coupling vectors (dml) in fewest switches surface hopping simula-
tions,46,47 are obtained as before38 but taking into account that the
polaritonic expansion coefficients [i.e., βmj and αmb in Eq. (12)] are
now complex,

�ψm�∇aĤTC�ψl� =�N
k �N

j (βmk )∗βlj∇aHmol
k,j

+�nmax

b �nmax

d (αmb )∗αld∇aHcav
b,d

+�N
k �nmax

d (βmk )∗αld∇aHint
k,d

+�nmax

b �N
j (αmb )∗βlj∇aHint†

b,j . (15)

Because the molecular and cavity blocks of the Tavis–Cummings
Hamiltonian are diagonal [Eq. (6)], the first two terms on the
right-hand side of this equation are zero unless k = j and b = d,

�ψm�∇aĤTC�ψl� =�N
j (βmj )∗βlj∇aĤmol

j,j +�nmax

b (αmb )∗αlb∇aHcav
b,b

+�N
k �nmax

d (βmk )∗αld∇aHint
k,d

+�nmax

b �N
j (αmb )∗βlj∇aHint†

b,j . (16)

For an atom a that is part of molecule j, this expression further
simplifies to
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�ψm�∇a∈jĤTC�ψl�
= (βmj )∗βlj∇a∈jVmol

S1 (Rj) +∇a∈jVmol
S0 (Rj)

× ��nmax

b (αmb )∗αlb +�N
k≠j(βmk )∗βlk� − (βmj )∗∇a∈j�nmax

b

⋅ ucav�nmax

b (αlb)
��hωcav(2πb�Lz)

2ε0Vcav
e2πibzj�Lz

− βlj∇a∈j�j ⋅ ucav�nmax

b (αmb )∗
��hωcav(2πb�Lz)

2ε0Vcav
e−2πibzj�Lz .

(17)

Finally, because the polaritonic eigenstates are orthonormal
(∑N

j (βmj )∗βlj + ∑nmax
b=0 (αmb )∗αlb = δml), we can replace the sums

between the square brackets in the second term on the right-hand
side,

�ψm�∇a∈jĤTC�ψl�
= (βmj )∗βlj∇a∈jVmol

S1 (Rj) +∇a∈jVmol
S0 (Rj)

× �δml − (βmj )∗βlj� − (βmj )∗∇a∈j�j ⋅ ucav
nmax�
b
(αlb)

×
��hωcav(2πb�Lz)

2ε0Vcav
e2πibzj�Lz − βlj∇a∈j�j�nmax

b

⋅ ucav nmax�
b
(αmb )∗

��hωcav(2πb�Lz)
2ε0Vcav

e−2πibzj�Lz . (18)

Because the multi-mode Tavis–Cummings Hamiltonian HTC

[Eq. (6)] contains only the single-excitation subspace, it assumes
an ideal lossless cavity in which the zero-photon subspace [i.e., all
molecules in the electronic ground state (S0) and no photon in the
cavity], accessed through photon emission (or non-radiative decay
of a molecule to S0), is not available. Thus, the cavity modes are
assumed to have infinite lifetimes.

In reality, however, these lifetimes are limited by the quality
factor of the cavity, Q, defined as

Q = ωcav

γcav
, (19)

where γcav is the dissipation rate of the confined light mode, which
is the inverse of the cavity photon lifetime, τcav = 1/γcav. In experi-
ment, the Q factor depends on the accuracy of the nano-fabrication
process, the thickness of the mirrors and the cavity material.51

In our simulations, spontaneous photon loss into the zero-
photon subspace (i.e., the ground state of the system) is modeled
as a first-order decay process of polaritonic states ψm with a non-
zero photonic contribution [∑nmax

n=0 �αmn �2 > 0 in Eq. (12)].36 Under
the assumption that the intrinsic decay rate γcav is the same for all
modes, the polaritonic decay rate is calculated as the product of that
intrinsic cavity decay rate γcav and the weight of the total photonic

contribution, ∑nmax
n=0 �αmn �2.33 Thus, after an MD step �t, we multiply

the population (ρm = c∗mcm) of state ψm by

ρm(t + �t) = ρm(t) exp�−γcav nmax�
n
�αmn (t)�2�t�. (20)

Because ρm = (R[cm])2 + (I[cm])2, the change in the real and
imaginary parts of the (complex) expansion coefficients cm(t) due
to spontaneous photonic loss in a low-finesse cavity are

R[cm(t + �t)]= R[cm(t)] exp�− 1
2γcav∑nmax

n �αmn (t)�2�t�,
I[cm(t + �t)] = I[cm(t)] exp�− 1

2γcav∑nmax
n �αmn (t)�2�t�. (21)

Simultaneously, the population of the zero-excitation subspace,
ρ0(t + �t), increases

ρ0(t+�t) = ρ0(t)+�
m
ρm(t)�1 − exp�−γcav nmax�

n
�αmn (t)�2�t��. (22)

The multi-mode Tavis–Cummings model for atomistic molec-
ular dynamics simulations ofmolecules in optical cavities was imple-
mented in Gromacs 4.5.3 and is available for download fromGitHub
(https://github.com/rhti/gromacs_qed). Because the excited-state
and ground-state energies as well as transition dipole moments can
be computed for each molecule (plus environment) on a separate
node of a computer cluster, and communication is limited to 3N
double precision numbers per MD step, the approach is trivially
parallel. Therefore, simulations of very large ensembles are feasible
when sufficient computational resources are available.36

III. SIMULATION DETAILS
We simulated ensembles of up to 512 Rhodamine molecules

inside both lossless (γcav = 0 eV or 0 ps−1) and lossy (γcav = 0.04 eV
or 66.67 ps−1) optical micro-cavities supporting 16 modes following
the simulation workflow described below and depicted in Fig. S1 of
the supplementary material. The lifetimes of the lossy cavity systems
were chosen to be comparable to the metallic Fabry–Pérot cavities
that have been used in recent experiments on strong coupling with
organic molecules.52,53

A. Rhodamine model
The Rhodamine model, shown in Fig. 2, was modeled with

the Amber03 force field,54 using the parameters described by Luk
et al.36 This model was prepared for our simulations as follows
(step 1 in the simulation workflow of the supplementary material):
After a geometry optimization at the force field level, the molecule
was placed at the center of a rectangular box filled with 3684
TIP3P water molecules.55 The simulation box thus contained 11 089
atoms and was equilibrated for 2 ns with harmonic restraints
on the heavy atoms of the Rhodamine molecule (force constant
1000 kJ mol−1 nm−1). Subsequently, a 200 ns classical molecu-
lar dynamics (MD) trajectory was computed at constant tempera-
ture (300 K) using a stochastic dynamics integrator with a friction
coefficient of 0.1 ps−1. The pressure was kept constant at 1 bar
using the Berendsen isotropic pressure coupling algorithm56 with a
time constant of 1 ps. The LINCS algorithm was used to constrain

J. Chem. Phys. 154, 104112 (2021); doi: 10.1063/5.0037868 154, 104112-5

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://github.com/rhti/gromacs_qed
https://www.scitation.org/doi/suppl/10.1063/5.0037868
https://www.scitation.org/doi/suppl/10.1063/5.0037868


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 2. (a) Rhodamine QM/MM model system. The QM atoms, treated at the
RHF/3-21G and CIS/3-21G levels of theory for the ground (S0) and excited states
(S1), respectively, are shown in ball-and-stick representation, while the MM atoms,
modeled with the Amber03 force field,54 are shown as sticks. The hydrogen link
atom introduced along the bond on the QM/MM interface is not shown and neither
are the 3684 TIP3P water molecules.55 (b) QM/MM absorption spectrum of a Rho-
damine ensemble. The absorption maximum at the CIS/3-21G//Amber03 level of
theory is at 4.18 eV.

bond lengths,57 while SETTLE was applied to constrain the internal
degrees of freedom of the water molecules,58 enabling a time step of
2 fs in the classical MD simulations. A 1.0 nm cutoff was used for van
der Waals’ interactions, which were modeled with Lennard-Jones
potentials. Coulomb interactions were computed with the smooth
particle mesh Ewald (PME) method,59 using a 1.0 nm real space cut-
off and a grid spacing of 0.12 nm. The relative PME tolerance at the
real space cutoff was set to 10−5.

The final configuration of the MM equilibration was subjected
to a further 10 ps equilibration at the QM/MM level (step 2 in the
simulation workflow of the supplementary material). The time step
was reduced to 1 fs. As in previous work,36 the fused ring system was
included in the QM region and described at the RHF/3-21G level,
while the rest of the molecule as well as the water solvent were mod-
eled with the Amber03 force field54 and the TIP3P water model,55
respectively [Fig. 2(a)]. The bond connecting the QM and MM sub-
systems was replaced by a constraint, and the QM part was capped
with a hydrogen atom. The force on the cap atom was distributed
over the two atoms of the bond. The QM system experienced the
Coulomb field of all MM atoms within a 1.6 nm cut-off sphere,
and Lennard-Jones interactions between MM and QM atoms were
added. The singlet electronic excited state (S1) of the QM region
was modeled with the configuration interaction method, truncated
at single electron excitations (i.e., CIS/3-21G//Amber03). A com-
parison to more advanced (and costly) levels of theory in previous
work38 suggests that despite a significant overestimation of the exci-
tation energy, CIS/3-21G yields potential energy surfaces that are in
qualitative agreement with the more advanced approaches, includ-
ing time-dependent density functional theory (TDDFT),60 com-
plete active space self-consistent field (CASSCF),61 and extended
multi-configurational quasi-degenerate perturbation theory (xMC-
QDPT2).62 Both MM and QM/MM simulations of Rhodamine out-
side of the cavity were performed with Gromacs 4.5.363 using the
QM/MM interface to the TeraChem program64,65 (first and second
steps in the simulation workflow of the supplementary material).

B. Molecular dynamics of cavity–molecule systems
The micro-cavity systems in this work were red-detuned,

meaning that at zero incidence angle (i.e., kz = b = 0), the energy
of the cavity photon is below the absorption maximum of Rho-
damine, which is 4.18 eV at the CIS/3-21G//Amber03 level of the-
ory [Fig. 2(b)]. For the ideal lossless cavities, the cavity energy at
zero incidence (�hω0) was set to 3.81 eV, corresponding to a cav-
ity width of Lx = 0.163 �m, while for the lossy cavities, it was set
to 3.94 eV, corresponding to a cavity width of 0.157 �m. For both
micro-cavities, the cavity length was Lz = 5 �m, and the disper-
sion was modeled with 16 modes (nmax = 15), corresponding to an
energy cutoff at 5.32 eV and 5.42 eV for the ideal and lossy cavities,
respectively.

Both the cavity mode volume and the number of Rhodamine
molecules were varied to yield Rabi splittings between 0.1 eV and
1 eV, in line with recent experiments.52,53,66–68 The molecules started
from the same initial atomic coordinates but with different ini-
tial atomic velocities that were selected randomly from a Maxwell–
Boltzmann distribution at a temperature of 300 K. With such initial
conditions, the bright and dark polaritonic states can be unambigu-
ously identified, while a rapid divergence due to the different starting
velocities ensures sufficient energetic disorder among the molecules
during the rest of the simulation. The molecules were oriented to
maximize the coupling strength by aligning their transition dipole
moments to the polarization of the vacuum field inside the cavity at
the start of the simulations (i.e., E in Fig. 1). Thus, in our simulations,
the cavity contains no uncoupledmolecules, which are assumed to be
part of the so-called excitonic reservoir.23

In one series of simulations, the geometric centers of the
molecules were distributed evenly along the z axis of the cavity. To
investigate also the effects of positional disorder,29 we performed a
second series of simulations in which the positions of the molecules
were distributed randomly along the z axis. Because the number
of eigenstates increases with the number of molecules and span a
dense manifold, we use Ehrenfest dynamics, rather than the more
popular fewest switches surface hopping algorithm,46 to compute
semi-classical MD trajectories, as in previous work.38 The cavities
were resonantly excited with a hypothetical δ(t, E) pulse into the UP
branch near the kz-vector where the cavity dispersion and molecu-
lar absorption maximum intersect. The integration time step for the
classical molecular dynamics was further reduced to 0.1 fs. All cav-
ity simulations were performed with Gromacs 4.5.363 in which the
multi-mode Tavis–Cummings QM/MM model presented in Sec. II
was implemented, using the QM/MM interface to TeraChem64,65

for ensembles with up until 128 molecules and to Gaussian1669 for
ensembles with over 128 molecules (third step in the simulation
workflow of the supplementary material).

C. Photo-excitation and luminescence spectra
Following Lidzey and co-workers,18 we define the “visibil-

ity,” Im, of polaritonic state ψm as the total photonic contribu-
tion to that state (i.e., Im ∝ ∑nmax

b �αmb �2). Thus, the angle-resolved,
or wave vector-dependent, one-photon absorption spectra of the
Rhodamine–cavity systems were computed from the QM/MM tra-
jectory of the uncoupled Rhodamine as follows: For each frame of
this trajectory, the polaritonic states were computed and the energy
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gaps of these states with respect to the overall ground state (i.e., E0,
with all molecules in S0, no photon in the cavity: �S10S20 . . . SN0 ��0�)
were extracted for all wave vectors, b, multiplied by �αmb �2 and
summed up into a superposition of Gaussian functions,

Iabs(E, b)∝ S�
i
�N+nmax+1�

m
�αmb,i�2 exp�−(E − �Em

i )2
2σ2 ��. (23)

Here, Iabs(E, b) is the absorption intensity as a function of excitation
energy E and in-plane momentum b (kz = 2πb/Lz), S is the number
of trajectory frames included in the analysis, �Em

i is the excitation
energy of polaritonic state m in frame i (�Em

i = Em
i − E0

i ), and αmb,i
is the expansion coefficient of cavity mode b in polaritonic state m
in that frame [Eq. (12)]. A width of σ = 0.05 eV was chosen for all
convolutions in this work.

Likewise, we also equate photo-luminescence intensity to the
visibility for both the lossless and lossy cavities. Thus, the energy-
and angle-resolved photo-luminescence spectra of the strongly cou-
pled systems were computed as

Ipl(E, b)∝ S�
i
�N+nmax+1�

m
�cm(ti)�2�αmb,i�2 exp�−(E − �Em

i )2
2σ2 ��, (24)

where ti is the time delay of MD step i with respect to the instan-
taneous photo-excitation at t = 0 and |cm(ti)|2 is the population of
polaritonic state ψm at ti. As before, a width of σ = 0.05 eV was used
to convolute the spectra.

We used Mathematica, version 11.3,70 to create 2D plots of
the convoluted angle-resolved absorption and photo-luminescence
spectra. Because we sum over all states, the total intensity depends
on the number of molecules in the cavity. To qualitatively compare
photo-luminescence between cavities, the intensities were normal-
ized for each system separately.

IV. RESULTS AND DISCUSSION

A. Molecules in ideal lossless cavities
To assess the effect of sample concentration on the molecular

dynamics in the strong coupling regime, we performed simulations
of ideal lossless cavities (γcav = 0 ps−1) containing between 32 and
512 Rhodamines, distributed evenly along the z axis (Fig. 1). In all
simulations, the UP was excited initially at a fixed value of the wave
vector (incidence angle), as indicated by the yellow circles in Fig. 3.
Although in experiment, the ultra-short pump pulse required for
such instantaneous excitation would have sufficient energy band-
width to excite multiple states simultaneously, we here assume that
the pulse is infinitely narrow in both energy and time (i.e., a δ-pulse),
which significantly facilitates the interpretation of the trajectories.

In the first column of Fig. 3, we show the photo-absorption
intensity as a function of both energy and wave vector for an optical
cavity with 32, 64, and 512 molecules and a vacuum field strength
of 0.0002 a.u. The Rabi splitting, defined as the energy gap between
the two bright absorption branches at the wave vector where the cav-
ity dispersion intersects the dispersionless absorption maximum of
the Rhodamine molecules [white dashed lines, see also Fig. 2(b)],
increases with the square root of the number of molecules, N, inside
the mode volume (ΩRabi ∝�N�Vcav, Table I).

Because the Rabi splitting of 919 meV for the ensemble with
512 molecules exceeds 20% of molecular excitation energy, this cav-
ity system is no longer in the strong coupling (SC) regime but in
the ultra-strong coupling (USC) regime.71 Although for such cou-
pling strengths, the RWA may no longer be valid,72,73 the Tavis–
Cummings model can still provide a qualitative description of the
polariton dynamics.68 For the purposes of this work, we include this
cavity system to illustrate what happens if the UP is energetically well
separated from the dark state manifold but refrain from interpreting
the dynamics observed in this system further.

To keep the 512 molecule cavity within the SC regime, where
the TC model is valid, without changing the total number of polari-
tonic (bright plus dark) states, we repeated the simulation with a vac-
uum field strength of 0.000 07 a.u. (0.3 MV cm−1). For comparison,
we also performed a simulation of 256 Rhodamine molecules in this
cavity. In the first column of Fig. 4, we show the photo-absorption
spectra of these two systems. As for the cavities with the smaller
mode volumes and hence stronger vacuum fields (Fig. 3), the Rabi
splitting scales with the square root of the molecular concentration
(Table I).

1. Population dynamics
As in previous simulation studies,37,38 we observe rapid popu-

lation transfer from the bright UP into dark states, defined here as
polaritonic states, ψm, for which the total contribution of the pho-
tonic cavity modes [Eq. (12)] is below a threshold, i.e., ∑nmax

n=0 �αmn �2< 0.05. In the central panels of Fig. 3, the LP (pink), the UP (cyan),
and the dark state (black) populations are plotted for ensembles of
32, 64, and 512 molecules inside an optical cavity with 16 modes
and a vacuum field strength of 0.0002 a.u. (1 MV cm−1). The cen-
tral panels of Fig. 4 show this information for a cavity with a field
strength of 0.000 07 a.u. (0.3 MV cm−1). The rapid decay from the
UP into the dark state manifold is in line with the predictions by
Agranovich and co-workers,23 who estimated a timescale of ∼50 fs
for this process. The rather inefficient and slow population buildup
of the LP, in particular, for larger N, has also been suggested in
previous theoretical work.28 Here, the 32 molecule cavity forms
an exception due to the small N/nmax ratio, as will be discussed
below.

For cavity systems with fewer molecules than modes (i.e.,
N < nmax), all states contain a significant photonic contribution
(∑nmax

n=0 αn), and thus, these systems lack a clear dark state manifold.
In reality, the molecular density inside a micro-cavity exceeds the
density of cavity modes by orders of magnitude34 and the dark state
manifold is very dense. We therefore only compare trends in the
population dynamics of the dark and bright states for simulations in
whichN > nmax. For completeness, the results for cavities containing
fewer molecules than modes are shown in the supplementary mate-
rial. As shown in the central columns of Figs. 3 and 4, the dark state
population reaches a maximum shortly after the Rhodamine cavity
is photo-excited into a point on the UP branch.

Because in the lossless cavities (γcav = 0) the bright states do not
decay, the populations approach a dynamic equilibrium between the
dark states, upper and lower polaritons. The relative occupancy of
these states critically depends on the number of available dark states
and thus on theN/nmax ratio. Indeed, for the smallest ensembles with
32 molecules or 64 molecules, the dark state population converges
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FIG. 3. Wave-vector (angle) resolved absorption spectra [(a), (d), and (g)], time-resolved populations of the upper polariton (UP), lower polariton (LP), and dark states [(b),
(e), and (h)], and wave-vector resolved photo-luminescence spectra [(c), (f), and (i)] of Rhodamine–cavity systems with 32 [(a)–(c)], 64 [(d)–(f)], and 512 molecules [(g)–(i)].
The cavity has a vacuum field strength of 0.0002 a.u. (1 MV cm−1) and an infinite Q-factor (i.e., γcav = 0). The cavity dispersion and molecular absorption maximum [Fig. 2(b)]
are shown as white dashed lines. The points on the UP branch to which the systems were initially excited are indicated by yellow circles. The photo-luminescence spectra
were obtained by accumulating the signal over the entire trajectories (2 ps).

to a value well below one, while both UP and LP remain signifi-
cantly populated throughout the simulation [Figs. 3(b) and 3(e)].
In contrast, the dark state occupancy in the cavities with 256 and
512 molecules converges to near unity irrespective of the vacuum

field strength [Figs. 3(h) and 4(e)] or the number of molecules
[Figs. 4(b) and 4(e)]. However, the rate at which equilibrium is
reached in the larger cavity systems depends on the Rabi splitting
and is lowest for the largest Rabi splitting of 919meV [Fig. 3(h)]. The
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TABLE I. Molecular ensembles strongly coupled to a cavity supporting 16 modes.

N 8 16 32 64 64a 512 256 512
E (a.u.) 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2 0.000 07 0.000 07
ΩRabi (meV) 115 163 230 325 325 919 228 322

aRandomly distributed along the z axis.

rationale for this trend is that the strength of the non-adiabatic cou-
pling between the UP and the dark states is inversely proportional to
the energy gap [Eq. (13)], which increases with the Rabi splitting.

The same rationale holds for the subsequent relaxation from
the dark state manifold into the LP, which is most efficient when
the gap is small, as in the cavities filled with 32 or 64 molecules.
In addition, the decay rate depends on the number of dark states.
Withmany dark states available, as in the cavities containing 256 and
512 molecules, transitions into the LP compete with transitions
among dark states. This effect is demonstrated by comparing

cavities with similar Rabi splitting but different numbers of
molecules. In cavities with a vacuum field strength of 0.0002 a.u. and
32 or 64 molecules, the buildup of the LP populations is faster than
in cavities with a vacuum field strength of 0.000 07 a.u. and 256 or
512 molecules, despite comparable Rabi splittings.

2. Photo-luminescence
Although the wave vectors (kz) of the dark states are not well

defined, non-adiabatic coupling to bright polaritonic states with

FIG. 4. Wave-vector (angle) resolved absorption spectra [(a) and (d)], time-resolved populations of the upper polariton (UP), lower polariton (LP), and dark states [(b) and
(e)], and wave-vector resolved photo-luminescence spectra [(c) and (f)] of Rhodamine–cavity systems with 256 [(a)–(c)] and 512 molecules [(d)–(f)]. The cavity has a vacuum
field strength of 0.000 07 a.u. (0.3 MV cm−1) and an infinite Q-factor (i.e., γcav = 0). The cavity dispersion and molecular absorption maximum (see Fig. 2) are shown as
white dashed lines. The points on the UP branch to which the systems were initially excited are indicated by yellow circles. The photo-luminescence spectra were obtained
by accumulating the signal over the entire trajectories (2 ps).
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well-defined wave vectors [i.e., the third and fourth terms on the
RHS in Eq. (15) couple states with and without cavity mode exci-
tation] can induce population transfer from the dispersionless dark
states into bright states with a different kz and energy compared to
the point on theUP dispersion branch into which the systemwas ini-
tially excited. Experimentally, this relaxation process can be probed
by recording angle-dependent photo-luminescence spectra.17,19–21,27
However, whereas in realistic cavities (discussed below), the bright
polaritonic states emit their photon and only the dark states can have
a long lifetime, in the ideal cavities considered here, both bright and
dark states have infinite lifetimes, implying that photo-luminescence
is not observable. To overcome this limitation of the lossless cavities
in our simulations, we computed hypothetical photo-luminescence
spectra instead by accumulating the “visibility,”18 defined as the
weighted contribution of the cavity modes to the polaritonic states
{i.e., �cm�2�αmb �2, Eq. (24), withm ∈ [1,N + nmax + 1]} and normalizing
the accumulated signal over the trajectories.

In the right panels of Figs. 3 and 4, we show the hypotheti-
cal angle-resolved photo-luminescence spectra accumulated during
the 2 ps Ehrenfest trajectories of perfect cavities with various num-
bers of Rhodamine molecules. While 2 ps is many orders of mag-
nitude shorter than the typical signal accumulation time in station-
ary photo-luminescence measurements, the observed trends are in
qualitative agreement with such experiments. As in experiment, cav-
ity photo-luminescence is observed from a wide range of angles all
along the bright polaritonic branches, with significant emission from
the LP at the smaller kz-vectors for the smallest ensembles. Due to
the much higher density of dark states in cavities with larger ensem-
bles (N ≥ 256), the transient population of the LP branch remains
small. Therefore, only a very weak emission is observed from the LP
branch in the larger ensembles. This observation is in line with a
relaxation bottleneck for reaching the minimum on the LP branch,
as observed in experiments.74

Emission is not only observed at energies and wave vectors
below the initial excitation but also at energies and wave vec-
tors above the initial excitation. We speculate that this anti-Stokes

emission is predominantly caused by the relatively large energy
fluctuations when small systems, like ours, are simulated at con-
stant temperature. Therefore, even if anti-Stokes emission has been
observed experimentally at the minimum of the lower polaritonic
energy branch75,76 as well as emission from the UP at elevated tem-
peratures,27 we consider the photo-luminescence at the higher ener-
gies and kz-vectors observed here, a finite size effect due to relatively
large energy fluctuations in the small simulation systems, and hence
do not consider this further.

Ignoring the visibility of the UP branch due to re-population
from the dark states on the one hand and due to the short timescale
of the simulation on the other hand, the spectra in combination with
the evolution of the populations (central panels in Figs. 3 and 4)
suggest ultra-fast relaxation from the UP into the dark state man-
ifold followed by slower transitions from the dark states into the
LP branch. While dark states do not have well-defined wave vec-
tors, their non-adiabatic coupling to bright states with well-defined
wave vectors depends mostly on the energy gap. Therefore, these
couplings connect the dispersion-less dark state manifold to the LP
branch over the complete range of wave vectors. As the LP energy is
bound by theminimum of the cavity dispersion at kz = 0, the popula-
tion eventually ends up there. Because the size of the dark statemani-
fold is determined by the number of Rhodamine molecules, we only
observe relaxation into that minimum within the 2 ps simulation
time for the smaller systems (i.e., N ≤ 256).
3. Positional disorder

While varying the initial atomic velocities at the start of the
simulations rapidly introduced disorder among the molecular exci-
tation energies, the molecules were located at equally spaced dis-
tances along the z axis, introducing a periodic ordering that would be
difficult to achieve experimentally in polymer-based micro-cavities.
Inside such media, the molecules are randomly distributed instead.
To also mimic the latter situation in our simulations, we distributed
64 Rhodamine molecules by adding random displacements to the

FIG. 5. Wave-vector (angle) resolved absorption spectra (a), time-resolved populations of upper polariton (UP), lower polariton (LP), and dark states (b), and wave-vector
resolved photo-luminescence spectra (c) of a Rhodamine–cavity system with 64 molecules, positioned randomly along the z axis of the cavity. The cavity has a vacuum field
strength of 0.0002 a.u. (1 MV cm−1) and an infinite Q-factor (i.e., γcav = 0). The cavity dispersion and molecular absorption maximum (see Fig. 2) are shown as white dashed
lines. The point on the UP branch to which the system was initially excited is indicated by a yellow circle. The photo-luminescence spectra were obtained by accumulating
the signal over the entire, 2 ps, trajectory.
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FIG. 6. Wave-vector (angle) resolved absorption spectra [(a), (d), (g), and (j)], time-resolved populations of upper polariton (UP), lower polariton (LP), and dark states [(b),
(e), (h), and (k)], and wave-vector resolved photo-luminescence spectra [(c), (f), (i), and (l)] of Rhodamine–cavity systems with 32 [(a)–(c)], 64 [(d)–(f)], 128 [(g)–(i)], and
256 molecules [(j)–(l)]. The cavity has a vacuum field strength of 0.0002 a.u. (1 MV cm−1) and a Q-factor of γcav = 66.7 ps−1. The cavity dispersion and molecular absorption
maximum (see Fig. 2) are shown as white dashed lines. The points on the UP branch to which the systems were initially excited are indicated by a yellow circle. The
photo-luminescence spectra were obtained by accumulating the signal over the final 0.9 ps of the trajectories.
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z-coordinates of their geometrical centers while keeping the
molecules aligned between the mirrors of the cavity (i.e., xj = yj = 0),
where the vacuum field has the highest strength (Fig. 1). As before,
16 modes were included, and the vacuum field strength was set to
0.0002 a.u. (1 MV cm−1).

The angle-resolved absorption and luminescence (“visibility”)
spectra of these cavities, shown in Fig. 5, are very similar to the
spectra obtained for the cavity system with 64 evenly distributed
molecules (middle row in Fig. 3). In addition, the evolution of the
populations in the bright and dark states closely resembles that
of the cavity with regularly spaced molecules [Fig. 3(f)]. Based
on these similarities, we conclude that the relaxation process is
not significantly influenced by positional disorder of molecules. As
before, rapid decay of the excitation from a point on the bright UP
branch into the dispersion-less dark state manifold is followed by
much slower decay into the bright LP branch, where it eventually
accumulates near the minimum of the branch at kz = 0.

B. Molecules in lossy cavities
While we so far considered ideal lossless cavities, without pho-

tonic decay, and thus an infinitely high Q-factor, experiments are
normally done in low-Q cavities with photonic lifetimes on the order
of tens of femtoseconds. To investigate the effect of cavity photon
loss on the relaxation dynamics, we repeated the simulations of 32,
64, 128, and 256 Rhodamine molecules in a Fabry–Pérot cavity with
a decay rate of γcav = 66.7 ps−1 or τcav = 15 fs [Eq. (20)], a value in
line with previous experiments.52,53

Including cavity dissipation adds a direct relaxation channel
into the ground state (�S10S20 . . . SN0 ��0�). As demonstrated by the rapid
buildup of ground state populations in the central column of Fig. 6,
direct photo-emission from the UP competes with non-adiabatic
relaxation into the dark state manifold, leading to a much smaller
total population of the latter. In addition, and in contrast to the ideal
lossless cavities, where the transitions between the dark and bright
states were reversible, direct photo-emission from the LP branch
gradually depletes the dark state manifold. Therefore, the total pop-
ulation of the dark states not only reaches a much lower value in the
lossy cavities but also decays with time.

The ultra-fast rise of the ground-state at the expense of the
UP state suggests that emission is predominately observed from
where the initial excitation took place. Experimentally, however,
such emission would be very difficult to measure due to the over-
lap between the excitation and detection wavelengths, in both sta-
tionary and transient spectroscopy setups. With typical instrument
response functions (IRF) on the order of tens of femtoseconds, time-
resolved spectroscopy techniques furthermore lack the time reso-
lution required to observe the ultra-fast transient initial emission
from the UP. To approximately account for these effects, we omit-
ted the first 100 fs in the photo-luminescence spectra in the right side
column of Fig. 6.

As in the lossless cavities, the dark states lack a well-defined
wave vector, and therefore, transitions from these dark states into the
bright polaritonic states can occur over the full wave-vector range.
However, in contrast to the lossless cavities, where emission was
predominantly observed near the minimum of the LP branch at
kz = 0, we observe that emission from the bright polaritons in the
lossy cavities mostly occurs at energy levels near the dark state

manifold. We speculate that the enhanced photo-luminescence
intensity at higher energies in the cavities with finite photon life-
times as compared to the ideal cavities with an infinite lifetime
is due to ultra-fast photon emission from the bright polaritonic
states, which competes with the much slower non-adiabatic relax-
ation through the dark state manifold into the LP branch at lower
energies and wave vectors. Rather than returning into the dark state
manifold, population entering or re-entering the bright polaritonic
states quickly decays instead through photon emission. Because the
non-adiabatic coupling is highest for bright states near the maxi-
mum of the dark state distribution, the emission dominates from
those states.

Previously, enhanced decay into the LP was observed at k-
vectors where the energy gap between the molecular absorp-
tion maximum and the LP matches specific Raman-active vibra-
tional modes.15,23,77 While our model includes the non-adiabatic
coupling connecting those vibrational modes to the polaritonic
transitions [Eq. (13)], the classical treatment of the vibrational
dynamics in combination with the Ehrenfest formalism causes con-
tinuous energy exchange rather than discrete on-resonance quan-
tum jumps. We therefore do not observe such enhancements in our
simulations.

V. CONCLUSION AND OUTLOOK
Before strong light–matter coupling between confined light

modes and molecules can be exploited for chemistry or other appli-
cations, a full understanding of the effects of polariton formation
on the underlying molecular dynamics of the strongly coupled
molecules is needed. To provide the required atomistic insights, we
developed a multi-scale molecular dynamics method for simulat-
ing molecules in optical cavities with chemical accuracy.36 While
we could couple an arbitrary number of molecules to a single cav-
ity mode in the initial implementation, we have now extended
our model to an arbitrary number of modes, which improves the
description of the micro-cavity in our simulations. With this exten-
sion, our model can better capture experiments performed on large
numbers of molecules in low-finesse cavity systems with multiple
modes, as compared to previous models of strong light–matter cou-
pling, which either omit important chemical details, focus on a single
molecule, or include only one confined light mode, often with an
infinite lifetime.

To demonstrate this new functionality, we have simulated
the relaxation dynamics of large ensembles of realistic molecules
strongly coupled to a red-detuned optical micro-cavity with a realis-
tic mode structure that captures the cavity dispersion. The results of
these simulations suggest that resonant excitation of the molecule–
cavity system into the UP at a fixed incidence angle is immedi-
ately followed by ultra-fast relaxation into the dark state mani-
fold.23 Despite the lack of a clear wave-vector dependence, the dark
states can subsequently decay into the optically bright polaritonic
states with wave-vector dependence. Therefore, photo-luminescence
is observed from the LP branch, accumulating at small wave vectors,
where the energy is lowest.

Our computational results thus confirm theoretical predictions
that relaxation within the dark state manifold, also called the exci-
ton reservoir, is essential to reach the bottom of the LP branch in
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optically excited molecule–cavity systems.23,28,33 Without group
velocity, and because of the quasi-bosonic nature of polaritons, con-
densation at this minimum can occur, which is essential for polari-
tonic lasing with organic molecules.78–80 Although the restriction to
the single excitation subspace precludes the modeling of the actual
condensation, we can track the relaxation process at the atomistic
level. Therefore, our work could pave the way to systematically
investigate the effects of molecular structure and environment on
the efficiency of polariton condensation and hence contribute to a
rational optimization of cavity parameters for polaritonic lasing with
organic molecules.

SUPPLEMENTARY MATERIAL

See the supplementary material for simulation workflow; wave
vector (angle) resolved absorption spectra, time-resolved popula-
tions of upper polariton (UP), lower polariton (LP), and dark states,
and wave vector resolved photo-luminescence spectra of ideal loss-
less cavities containing 8 and 16 Rhodamines; and quicktime ani-
mation of time-resolved photo-luminescence from a lossless cavity
containing 32 Rhodamines.
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