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ABSTRACT: The interaction of organic molecules and molecular aggregates
with electromagnetic fields that are strongly confined in nanoscale optical cavities
has allowed the observation of exotic quantum regimes of light−matter inter-
action at room temperature, for a wide variety of cavity materials and geometries.
Understanding the universal features of such organic cavities represents a
significant challenge for theoretical modeling, as experiments show that these
systems are characterized by an intricate competition between coherent and
dissipative processes involving entangled nuclear, electronic and photonic
degrees of freedom. In this review, we discuss a new theoretical framework
that can successfully describe organic cavities under strong light−matter coupling.
The theory combines standard concepts in chemical physics and quantum optics to provide a microscopic description of vibronic
organic polaritons that is fully consistent with available experiments, and yet is profoundly different from the common view of
organic polaritons. We show that by introducing a new class of vibronic polariton wave functions with a photonic component
that is dressed by intramolecular vibrations, the new theory can offer a consistent solution to some of the long-standing puzzles in
the interpretation of organic cavity photoluminescence. Throughout this review, we confront the predictions of the model with
spectroscopic observations, and describe the conditions under which the theory reduces to previous approaches. We finally
discuss possible extensions of the theory to account for realistic complexities of organic cavities such spatial inhomogeneities and
the multimode nature of confined electromagnetic fields.
KEYWORDS: organic polaritons, strong coupling, plasmonics, microcavity, absorption, photoluminescence,
cavity quantum electrodynamics

Since the early demonstrations of strong light−matter
coupling and polariton formation in organic microcavities

over two decades ago,1−3 the optical properties of organic
polaritons have been intensely studied in a variety of nanoscale
optical cavities with different geometries and material
composition.4−22 Despite fundamental questions regarding the
microscopic behavior of organic polaritons that are still open,
pioneering applications of these systems for the control of chemi-
cal reactions,23−26 as well as enhancement of transport9,27−31 and
nonlinear optical properties32−35 of organic semiconductors are
paving the way for the development of optoelectronic devices
that can be enhanced by quantum optics.
Given that the study of organic cavities originally started as a

promising variation of inorganic semiconductor microcavities,36

it is useful to first discuss some of the relevant differences and
similarities between organic polaritons and their inorganic
counterparts. Inorganic semiconductor microcavities require
high-quality dielectric mirrors (Q > 105), highly ordered samples,
and cryogenic temperatures to reduce the loss of polariton
coherence induced by photon loss and exciton scattering.37,38

The linear optical response of inorganic microcavities is largely
dominated by the so-called polariton splitting in the trans-
mission, reflection and absorption spectra, which is centered at
the bare exciton frequency for resonant light−matter coupling.
In perfectly ordered inorganic samples, there are no light−matter

states in the frequency region between the lower and upper
polariton peaks. However, lattice disorder in realistic samples can
lead to the formation of localized polariton states in the vicinity of
the bare excitonic resonance,39 which can also absorb and emit
light. The relaxation of inorganic polaritons is dominated by
nonradiative decay via perturbative polariton−phonon scatter-
ing,37,40 and also radiative relaxation due to the leakage of the
cavity photon that forms part of the polariton wave function,
through the cavity mirrors into the far field. Photons that leak out
of the cavity can be detected in reflection, transmission, and
photoluminescence experiments,41 providing information about
the photonic component of the parent polariton state fromwhich
they originated.42 For a system with small structural disorder, the
overall polariton relaxation dynamics is thus determined by a
competition of time scales between phonon scattering and
photon leakage.39,43 At higher excitation densities, polariton−
polariton scattering becomes important as well.40

Organic microcavities differ from inorganic systems in several
practical and fundamental ways. For example, with organic
cavities it is not necessary to cool the material to very low
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temperatures in order to reach the so-called strong coupling
regime of cavity quantum electrodynamics,44 as is the case for
inorganic samples. Organic polaritons can be prepared at room
temperature. Another important difference is the much shorter
lifetime of cavity photons in typical organic cavities with metallic
mirrors in comparison with inorganic systems having dielectric
mirrors. Metallic microcavities and plasmonic nanocavities
can have quality factors as low as Q ∼ 10,4,16,22 so that photons
can quickly escape the cavity volume into the far field in sub-
picosecond time scales,4,16 which could be shorter than the time
scales for intramolecular vibrational relaxation,45 and much
shorter than the photon lifetime in inorganic microcavities.39

In such lossy cavities, polariton formation is only supported
transiently by a very strong coherent light−matter coupling.
In organic cavities, the so-called vacuum Rabi frequency,46 which
quantifies the strength of light−matter coupling, can reach
record values in the range 0.1−1 eV/ℏ,11−15,47 several orders of
magnitude larger than the values achieved with inorganic microc-
avities,37,38 atomic cavities,44 or superconducting resonators.48,49

In addition to the difference in relaxation time scales and
light−matter coupling strength, another feature that distin-
guishes organic cavities from their inorganic analogues is the
strength of electron−phonon coupling. It is well-known that in
addition to low-frequency lattice phonons,45 the transport50 and
photophysical properties51 of organic semiconductors are heavily
influenced by strong vibronic coupling between electrons and
high-frequency intramolecular vibrations. For many chromo-
phores, vibronic coupling involving high-frequency modes can
even compete in strength with the coherent Rabi coupling
inside a nanoscale cavity. This is strikingly different from
inorganic microcavities, where electron-vibration coupling is
only perturbative.37,38 The strong electron-vibration coupling in
organic materials gives a vibronic structure to the spectral signals
of organic polaritons that has been well established exper-
imentally.6,16,47,52−54

In order to model organic cavities, we therefore need a theory
that is able to describe the competition between the multiple
coherent and dissipative processes that determine the observ-
able properties of organic polaritons, such their absorption and
emission spectra. We have recently developed a theoretical
framework25,55−57 that combines elements from condensed

matter theory and quantum optics, to describe the interaction
between nuclear, electronic and photonic degrees of freedom
illustrated in Figure 1. The theory builds on the recently
introduced Holstein-Tavis-Cummings (HTC) model,58 together
with a Markovian treatment of dissipation. The theoretical
framework based on the HTC model reduces to previous
quasiparticle theories of organic polaritons59−64 under certain
conditions. However, the theory is more general, as it allows us to
provide a consistent interpretation for some of the conun-
drums16 observed in the absorption and emission spectra of
organic cavities.4,47

Throughout this review, we show that the HTCmodel offers a
possible explanation for the unusual observations in refs 4, 16,
and 47 by introducing a new type of hybrid light−matter state,
the dark vibronic polariton,57 a polariton eigenstate that cannot
be accessed spectroscopically by absorption from the absolute
ground state of the cavity, but yet can strongly emit light into the
far field by photon leakage. The emitted photons can have lower
energy than the dark vibronic polariton state from which they
originated, something that is not possible within previous organic
polariton theory.59−64 We show that this profoundly different
view of vibronic polariton emission is valid for any value of the
Rabi coupling strength, which may have important implications
for macroscopic coherence phenomena such as condensa-
tion40,65 and lasing.8,66

■ HOLSTEIN-TAVIS-CUMMINGS MODEL
We begin our discussion by introducing the Holstein-Tavis-
Cummings (HTC) model, which describes an ensemble of N
organic emitters interacting with a single cavity mode. The HTC
Hamiltonian can be written as25,55,58
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where ωe = ω00 + ωvλ
2 is the vertical Franck−Condon transition

frequency, withω00 being the frequency of the zero-phonon (0−0)
vibronic transition, ωv is the intramolecular vibrational frequency

Figure 1. Illustration of the relevant degrees of freedom involved in the description of organic cavities and their characteristic dynamical time scales.
τ denotes an intracavity value and τ0 denotes a free-space value.
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and λ2 is the Huang−Rhys factor,51 which quantifies the strength
of vibronic coupling within the displaced oscillator model
illustrated in Figure 2. The operator b ̂n annihilates one quantum
of vibration on the n-th emitter. The operator a ̂ annihilates a

cavity photon with frequency ωc, and Ω is the vacuum Rabi
frequency for a single molecular emitter, which can reach several
tens of meV in nanoscale plasmonic systems.22

The HTC model in eq 1 describes either individual molecules
or molecular aggregates interacting with a confined electro-
magnetic field for which dispersion can be neglected within the
photon line width. We assume that all molecules (or aggregates)
are equally coupled to the electric field of a single broadened
quasi-mode of the cavityωc(k), where k is a mode parameter that
determines the photon energy, such as the in-plane wave vector
for planar mirrors. Since metallic cavities are highly dispersive
and the electric field is not spatially homogeneous throughout

the organic material, the HTCmodel in its current form can only
provide a qualitative description of the dispersive behavior of
organic polaritons. However, we expect the predictions of the
HTCmodel to become accurate for systems where the electronic
transition frequency of the molecular system is resonant with the
region of the cavity dispersion diagram with the largest density of
states, which is less dispersive. For planar microcavities with dis-

persion of the form42 ω ω= +k k k( ) 1 ( / )c c 0
2 , the region with

large mode density occurs near k = 0, that is, at normal incidence.
Real organic samples are highly disordered, and energetic

disorder in the electronic transition frequency is well-known
to influence the photophysics of organic semiconductors.51,67

In organic cavities, there is also a large degree of structural
disorder68 associated with the orientation of the molecular
transition dipoles relative to the spatially inhomogeneous cavity
field, which leads to the coexistence of molecular dipoles that
remain in the weak coupling regime due to inefficient light−
matter coupling, and molecular dipoles that can strongly couple
to the cavity field and form polariton states.59,69We have recently
shown that the qualitative predictions of the homogeneous HTC
model in eq 1 can hold in systems where the light−matter
coupling strength exceeds the typical energy disorder
widths,25,55−57 which is the case for several experimental
realizations of organic cavities.4,53,54,70

Single-Particle Approach. In Figure 3a, we illustrate the
spectrum of the HTC Hamiltonian /̂ for an ensemble of N
molecular emitters in a cavity with Rabi coupling parameter

NΩ/ωv ≪ 1. We show only those states within the manifold
that involves up to one vibronic excitation or one cavity photon,
with any number of vibrational excitations. This is the analogue
of the one-excitation manifold of cavity QED in quantum
optics.71 The absolute ground state of the cavity is given by the
product form

| ⟩ ≡ | ⟩G g g g g0 , 0 , ..., 0 , ..., 0 ; 0n n N N1 1 2 2 c (2)

which describes a cavity without electronic, vibrational or pho-
tonic excitations. The state |gn0n⟩ describes the n-th molecular

Figure 2. Illustration of a planar organic microcavity with an ensemble
of organic emitters, each being represented by displaced harmonic
oscillator potentials in a dimensionless nuclear coordinate q associated
with a high-frequency intramolecular vibrational mode. As a result of
vibronic coupling, the nuclear potential minimum in the excited
electronic state |e⟩ is displaced by λ from the equilibrium configura-
tion in the ground state |g⟩. Transitions between vibrational eigen-
states in different potentials are driven by a cavity field with a mode
frequency ωc.

Figure 3. Spectrum of the Holstein-Tavis-Cummings model for small Rabi couplings NΩ/ωv ≪ 1. (a) Energy level diagram of the single-excitation
manifold in the small Rabi limit NΩ/ωv ≪ 1, displaying the dominant Rabi couplings between material states with nc = 0 cavity photons and dressed
states with nc = 1 photon. |G⟩ is the absolute ground state of the system. The notation ν̃nνm indicates the vibronic and vibrational configuration of
molecules n and m in the ensemble, and νnνm the vibrational configuration of photon dressed states. States (α′ν̃) corresponds to collective vibronic
states. Single-particle Pν̃

± and two-particle polaritons Pνν̃
± are shown. (b) Polariton dispersion curves forN = 10,√NΩ/ωv = 0.4 and λ

2 = 0.5. Symbols are
colored according to the total photon fraction of the corresponding polariton eigenstate. The red-dashed line corresponds to the empty-cavity
dispersion. We use the resonance condition ωc = ω00 at normal incidence.
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emitter in the ground vibrational state (ν = 0) of its ground
electronic potential, and the photon vacuum is denoted as |0c⟩.
Given that within the HTC model the confined electro-

magnetic field is unable to distinguish between individual
molecular emitters, a single photon state can couple to the
delocalized vibronic excitation

∑α ν ν| ̃ ⟩ ≡ | ̃ ⟩ ⊗ | ⟩
=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟N

g e g, , 0 1 0 , ..., , ..., 0 0
n

N

n n N N0 c
1

1 1 c

(3)

where α0 is a permutation quantum number that describes the
totally symmetric character of the superposition with respect to
particle permutation. We use the displaced oscillator notation
ν̃n≥ 0 from Figure 2 to describe the vibrational quantum number
of the n-th molecule in its excited electronic potential. In the
language of molecular aggregates, state |α0, ν̃, 0c⟩ would
correspond to the bright exciton72 state. We note, how-
ever, that in contrast to the Frenkel exciton formalism,51,72

permutation symmetry within the homogeneous HTC model
emerges naturally from the inability of the electric field to
distinguish between individual emitters, not as the result of
intermolecular coupling in systems with translational invariance,
such as molecular aggregates or molecular crystals.
For the small value of the Rabi coupling parameter NΩ/ωv

≪ 1 considered in Figure 3, the resonant coupling between the
photon state a ̂† |G⟩ ≡ |g101, g202, ..., gN0N;1c⟩ and the material
state |α0, ν̃, 0c⟩ leads to the formation of diabatic single-particle
polariton states given by

α ν| ⟩ = | ̃ ⟩ ± | ⟩ν ̃
±P g g g1

2
( , , 0 0 , 0 , ..., 0 ; 1 )N N0 c 1 1 2 2 c (4)

which have diabatic energies Eν̃
± = ω00 + ν̃ωv ± NΩ|⟨0|ν̃⟩|/2,

whenωc =ω00 + ν̃ωv. These diabatic states define a conventional
polariton doublet split by6,7

νΔ = Ω|⟨ | ⟩̃|ν ̃E N 0 (5)

The dispersion diagram in Figure 3b shows that at normal
incidence (k = 0) the resonance condition ωc = ω00 leads to the
formation of a conventional single-particle polariton splitting
ΔE0̃. For higher wave vectors, there can be additional single-
particle anticrossings when the cavity obeys the resonance
condition ωc = ω00 + ν̃ωv. For instance, in Figure 3b, there is a
splitting ΔE1̃ when the in-plane wave vector is k ≈ 1.1 μm−1.
Since the same single-photon state a†̂|G⟩ can simultaneously

couple to two or more vibronic excitations having different
number of displaced vibrational quanta ν̃ (sidebands), the most
general diabatic single-particle eigenstate of the HTC model can
be written as

∑ α ν| ⟩ = | ̃ ⟩ + | ⟩
ν

ν ̃
∼

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟P C D g g g, , 0 0 , 0 , ..., 0 ; 1j j j N N0 c 1 1 2 2 c

(6)

where the values of the orthonormal vibronic and photonic
coefficients Cjν̃ and Dj are obtained from diagonalization of the
HTC Hamiltonian in the single-particle basis. Several exper-
imental works have discussed the vibronic structure of organic
polariton spectra on the basis of such single-particle diagonaliza-
tions.6,52−54,63,64 The defining feature of this single-particle
theoretical approach to describe the spectroscopy of organic
cavities is the definition of a unique single-photon state in the
problem, in which all the molecules in the ensemble are in

the vibrationless ground state (a†̂|G⟩). This restriction has
immediate consequences in the predicted polariton emission
dynamics. For example, when the photonic component of the
state |Pj⟩ in eq 6 is emitted into the far field by leakage out of the
strong light−matter interaction volume, the emitted photon can
be detected at the same energy of the parent polariton state,
because the organic material is projected into the vibrationless
ground state |g101, g202, ..., gN0N⟩ ⊗ |0c⟩. We show in the
next sections that going beyond the single-particle description
of organic polaritons significantly changes this description of
radiative polariton decay.
Also within the single-particle approximation, the HTCmodel

predicts the existence of N − 1 collective vibronic states25,73 that
remain uncoupled to the cavity field because they are non-
symmetric with respect to particle permutations. These so-called
dark collective states can be written as

∑α α ν ν| ≠ ̃ ⟩ ≡ | ̃ ⟩ ⊗ | ⟩α
=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟c g e g, , 0 0 , ..., , ..., 0 0c

n

N

n n n N N0
1

1 1 c

(7)

where cαn are orthonormal coefficients that depend on the
permutation symmetry quantum number α ≠ α0 and satisfy the
condition∑ncαn = 0. In the language of molecular aggregates, the
states |α ≠ α0, ν̃, 0c⟩ would correspond to dark exciton states.72

Since they do not participate in the light−matter coupling within
this single-particle approximation, they have the same energy as
the bare vibronic transition, as Figure 3a illustrates. Despite being
uncoupled from the cavity field, these dark states are collective
and delocalized even in the absence of long-range electrostatic
interaction among molecular transition dipoles. The collective
nature of uncoupled electronic states is a well-known feature of
the Tavis-Cummings model from quantum optics.74 The Tavis-
Cummings model of optical cavities also predicts that system
inhomogeneities such as energetic or Rabi disorder break the
permutation symmetry of the problem, which results in the
mixing of uncoupled dark states with polariton eigenstates.75

We find a similar phenomenology to occur in disordered organic
cavities within the HTC model.25

Beyond Single-Particle Theories. In order to describe the
eigenstates of the HTC model in eq 1 beyond the single-particle
approximation, we need to briefly revisit the role of permutation
symmetry in the classification of material and photonic states in a
homogeneous system. We note that the HTC Hamiltonian can
be written in the form ω̂ = ̂ ̂ + ∑ ̂†a a Hn nc/ , where Ĥn corre-
sponds to the electron-vibration and electron−photon coupling
terms. For a homogeneous molecular ensemble, that is, no
energetic or Rabi disorder, we have that Ĥn = Ĥm for any n ≠ m,
which makes /̂ invariant under permutation of emitters.
The eigenstates of the HTC model in eq 1 therefore must
have a well-defined particle permutation symmetry.
It is nevertheless convenient to treat the permutation sym-

metry of the vibrational degrees of freedom of the ensemble
separately from the permutation symmetry of the electronic
degrees of freedom, preserving the overall symmetry of HTC
polariton eigenstates. For example, we can introduce a purely
vibrational collective excitation (phonon) in the ground
manifold of the form

∑β ν ν| ⟩ = | ⟩ ⊗ | ⟩β
=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟c g g g, , 0 0 , ..., , ..., 0 0

n

N

n n n N Nc
1

1 1 c
(8)
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where νn ≥ 1 and β is the permutation quantum number
associated with the nuclear degrees of freedom of the ensemble.
There are N possible values for β, of which β = α0 describes the
totally symmetric superposition, and the remaining N − 1 values
β ≠ α0 are associated with nonsymmetric combinations. In the
language of exciton theory, the collective vibrational excitation in
eq 8 would correspond to an intermolecular phonon.51,76

However, we stress that the collective nature of vibrational
excitations in a cavity does not emerge from the long-range elec-
trostatic interaction between emitters as is the case in molecular
aggregates45 but from the indistinguishability of the molecular
emitters coupled to the same electric field.
Two-Particle Polaritons. The collective phonon state

|β, ν, 0c⟩ in eq 8 belongs to the ground state manifold of the
HTC model. In the first excitation manifold (see Figure 3), we
can define the phonon−photon dressed state

β ν β ν| ⟩ = ̂ | ⟩†a, , 1 , , 0c c (9)

having diabatic energy ωc + νωv, with ν ≥ 1. Including
vibrationally excited single photon dressed states into the
description of organic cavities significantly departs from the
single-particle approach to describe vibronic polari-
tons.59−61,63,64,77 The metastable state |β, ν, 1c⟩ can decay both
radiatively via photon leakage and nonradiatively via vibrational
relaxation. However, as we discuss later in more detail, for
systems where vibrational relaxation is slower than coherent Rabi
exchange, we expect that vibrationally excited dressed photon
states in eq 9 can significantly contribute to the light−matter
dynamics.
The phonon-dressed Fock state |β, ν, 1c⟩ in eq 9 can exchange

energy resonantly with the two-particle diabatic material state51

∑ ∑
α β ν ν

ν ν

| ′̃ ⟩

= − | ′̃ ⟩ ⊗ | ⟩β

= ≠

⎛
⎝
⎜⎜

⎞
⎠
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c
N

g e g g

, , 0

1
0 , ..., , ..., , ..., 0 0
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N

n m

N
m

n n m m N N

0

1
1 1 c

(10)

which describes an ensemble where the n-th molecule is
electronically excited in the state |enν̃n′⟩ and the m-th molecule
is vibrationally excited in state |gmνm⟩, with νm ≥ 1, while the
remaining molecular emitters remain in their absolute ground
state. For each of the N ways to place a single vibrational
excitation νm among the molecules in the ensemble, there are
N − 1 distinct ways of placing the vibronic excitation ν̃n′. Within
the homogeneous HTC model in eq 1, these different possi-
bilities are degenerate and have diabatic energy ω00 + (ν̃′ + ν)ωv.
Given this degeneracy, we are free to choose the coefficients of
the superposition in eq 10, within the constraints imposed by the
Fermionic character of the excitations on the same molecular
emitter.56 We focus on the vibronic superposition that is totally
symmetric with respect to particle permutation, setting equal ampli-
tudes −N1/ 1 ,56 and choose vibrational superposition coef-
ficients cβm to be determined using the same permutation quantum
number β as the phonon−photon dressed state |β, ν, 0c⟩ in eq 8.
We show in Figure 3 that the HTC model allows the resonant

coupling of two-particle material states |α0β, ν̃′ ν, 0c⟩ with
phonon-dressed states |β, ν, 1c⟩, preserving the permutation
quantum number β, to form diabatic two-particle polariton states
of the form56,57

β α β ν ν β ν| ⟩ = | ′̃ ⟩ ± | ⟩νν ̃′
±P , 1

2
( , , 0 , , 1 )0 c c (11)

having diabatic energies

ω ν ν ω ν= + ′̃ + ± − Ω|⟨ | ′̃⟩|νν ̃′
±E N( ) ( 1) 0 /2,00 v

when the resonance condition ωc = ω00 + ν̃′ωv holds. (The reso-
nance conditionωc =ω00 + ν̃′ωv corrects the expressionωc =ω00
in refs 56 and 57.) For example, in Figure 3b we show the
two-particle polariton splittings ΔE10̃ and ΔE20̃, which form
whenωc =ω00, and the two-particle splittingΔE11̃ forming when
ωc = ω00 + ωv. The possibility of forming these two-particle
polaritons in organic cavities is not captured by commonly used
single-particle theories.58−61,63,64,77,78

The two-particle polariton state |Pνν̃′± ,β⟩ in eq 11 does not have
a transition dipole moment that connects with the absolute
ground state of the cavity, that is, ⟨G|μ̂|Pνν̃′± ,β⟩ = 0, with μ̂ being
the electric dipole operator. Following the definition introduced
in previous work,56 we can then refer to two-particle polariton
states |Pνν̃′± ,β⟩ as a type of dark vibronic polaritons that exists in
the system for relatively small values of the Rabi coupling
parameter NΩ/ωv ≪ 1. We later show that, for different
strengths of the Rabi coupling, other types of dark vibronic
polaritons emerge in the system.
The presence of states |Pνν̃′± ,β⟩ could be detected by measuring

the diabatic two-particle polariton splitting

νΔ = − Ω|⟨ | ′̃⟩|νν ̃′E N( 1) 0 (12)

for systems with small values of the Rabi coupling parameter
NΩ/ωv≪ 1. The splitting in eq. 12 neglects the small coupling

between the two-particle polaritons, |Pνν̃′± ,β⟩ and the one-particle
states |α = β, ν̃,0c⟩ equal to ±(Ω/2 2 ) ⟨ν̃| ν⟩. However, the
coupling only impacts the splitting to order O(1/ N ).
Interestingly, the coupling between the lowest two-particle
polariton |P10̃′± ,α⟩ and |α,1̃,0c⟩ is exactly zero when λ2=1 (since
⟨1|1̃⟩ =0) making eq. 12 exact in this case. For nanoscale cavities
having a small number of organic emitters N < 10 within the
cavity mode volume, it would be possible to measure the size-
dependent ratio between the single-particle splitting ΔEν̃′ and
two-particle polariton splitting ΔEνν̃′ associated with the same
vibronic transition, which scales for λ2 ∼ 1 as

Δ
Δ = − +νν

ν

̃′

̃′
⎜ ⎟⎛
⎝

⎞
⎠

E
E N N

1 1
2

1 1
4 (13)

For a dimer in a cavity (N = 2), the two-particle splitting ΔEνν̃′ is
only 70% the value of the single-particle splitting for any vibronic
quantum number ν̃′ and can thus be distinguished using current
plasmonic cavity implementations.22 For larger samples, the single
and two-particle splittings, however, become energetically indis-
tinguishable. Despite this difficulty, we later envision two-color
absorption experiments that can be used to detect the two-particle
polariton splitting for cavities with an arbitrary number of emitters.

Dark Vibronic Polaritons. As we increase the magnitude of
the Rabi coupling parameter NΩ/ωv to values of order unity,
the light−matter term of the HTC Hamiltonian (eq 1) intro-
duces couplings between diabatic single particle polaritons |Pν̃′±⟩,
collective vibronic excitations |α ≠ α0, ν̃, 0c⟩, and diabatic two-
particle polaritons |Pνν̃′± ,β⟩56 that leads to the mixing of diabatic
configurations. The coupling is most efficient for values of the
Rabi coupling parameter in the range NΩ/ωv ≈ 1.0−2.5,56 for
molecular emitters with typical values of the Huang−Rhys factor
λ2 ≈ 0.5−1.5.
In this intermediate regime of Rabi couplings, Figure 4 shows

that the lowest four energy levels above the lower polariton

ACS Photonics Review

DOI: 10.1021/acsphotonics.7b00728
ACS Photonics XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acsphotonics.7b00728


|LP⟩ correspond to the vibronic polaritons |Ya⟩, |Xa⟩, |Yb⟩, |Xb⟩,
whose energies are in the vicinity of bare electronic resonance
frequency (ω00 = ωc). In general, X states are nondegenerate as
they are associated with the totally symmetric permutation
quantum number α0.

56 There are, however, N − 1 degenerate
dark vibronic polaritons of the Y type associated with one of the
N − 1 possible values of the nonsymmetric permutation quantum
number α ≠ α0.
The dispersion diagram in Figure 4b shows that in the vicinity

of the bare electronic (excitonic) resonance, the HTCHamiltonian
predicts the existence of a large density of dark vibronic polariton
states given by |Ya⟩ and |Yb⟩. The photonic part of these near-
resonance Y states have a significant contribution of the phonon−
photon dressed state |β ≠ α0, ν = 1, 1c⟩,

56 and their material part is
mostly given by collective dark vibronic states |β ≠ α0,0̃, 0c⟩ (eq 7)
and the material part of the diabatic two-particle polariton |P10̃−⟩
(eq 11). In other words, the HTC model shows that the so-called
dark exciton reservoir, predicted to exist in this regime of Rabi
couplings,60,61,77 can have a significant vibrationally excited pho-
tonic component, even for a homogeneous ensemble without
energetic or Rabi disorder.
We have previously shown that under the resonance condition

ωc = ω00, it is possible to find a critical Rabi frequency NΩX at
which the dark vibronic polariton state |Xa⟩ has exactly the same
energy as the bare electronic frequencyω00. In the rotating frame
of the cavity field,56,57 state |Xa⟩ satisfies the eigenvalue equa-
tion ̂ | ⟩ =X 0a/ , where /̂ is the HTC Hamiltonian in eq 1.
This zero-energy dark vibronic polariton is interesting because
it has the same energy as the uncoupled electronic transition,
but nevertheless can have a large vibrationless photonic com-
ponent. For large particle numbers N, the critical coupling
tends asymptotically to NΩX ≈ 2.4 ωv. For intermediate Rabi
frequencies other than the critical value, the vibronic polariton
state |Xa⟩ remains very close to the bare electronic resonance, and
the frequency of the vibronic polariton state |Xb⟩ can be found in
the range ω ≈ 0.3−0.5ωv, in the large N limit.56,57

Dark vibronic polaritons of the X and Y types have photonic
components involving vibrationally excited photon dressed states
of the form |gmνm≥ 1⟩⊗ |1c⟩, wherem is a molecule index. Due to

their significant photonic component, as Figure 4b shows, X and Y
vibronic polaritons can decay radiatively via cavity photon leakage
by transmission into the far field, projecting the material into a
vibrationally excited state in the ground electronic potential. The
emitted photon can thus be detected at an energy ℏω that is lower
than the energy of its parent vibronic polariton. More generally, if
we denote an eigenstate of the HTCHamiltonian within the single-
excitation manifold by |ϵj⟩ and its eigenvalue by ℏωj, then we can
represent a dissipative photon leakage process by the mapping

ν ν ν ω|̂ϵ ⟩ → | ⟩ ⊗ | ⟩ + ℏa g g g, ..., , ..., ..., 0j m m N N1 1 c (14)

where the energy of the emitted photon is given by

∑ω ω ω νℏ = ℏ − ℏj
m

mv
(15)

The single-particle approximation discussed in the previous
section only allows radiative decay processes in which all the
molecules are projected in their vibrationless ground state by
photon leakage, that is, νm = 0 for allm. However, by going beyond
the single-particle approach, it is possible to treat more general
emission processes in which photons detected at a given frequency
ω, can arise due to the decay of a vibronic polariton eigenstate at a
higher energy, when∑mνm≥ 1. This general behavior is consistent
with recent measurements of the action spectra for a variety of
organic emitters in metal microcavities,16,47 where emission at the
lower polariton frequency grows as the cavity is pumped by
monochromatic light above the lower polariton energy, in a
manner that cannot be explained by nonradiative relaxation alone.

Polaron Decoupling of the Lower Polariton Manifold.
We have shown in previous sections that for small and inter-
mediate Rabi couplings the lower polariton state is mainly given
by the single-particle state

∑| ⟩ = | ⟩ ⊗ | ⟩

− | ⟩ ⊗ | ⟩
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Figure 4. Spectrum of the Holstein-Tavis-Cummings model for intermediate Rabi couplings NΩ/ωv∼ 1. (a) Interaction diagram between single and
two-particle diabatic states and the resulting adiabatic states. The lower polariton (LP) and the first dark vibronic polariton states of theX and Y types are
labeled. Only dominant light−matter couplings are explicitly shown. (b) Polariton dispersion curves for N = 10, NΩ/ωv = 2.4, and λ2 = 0.5. Symbols
are colored according to the total photon fraction of the corresponding polariton eigenstate. In both panels we use the resonance condition
ωc = ω00, at normal incidence.
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which is a entangled state involving electronic, nuclear, and
photonic degrees of freedom. Light−matter entanglement is a
well-known feature that emerges in cavity quantum electro-
dynamics with atomic systems.71,74 Optical cavities with trapped
atoms or ions introduce an additional vibrational degree of
freedom for each particle associated with a harmonic trapping
potential,79−81 which resembles the vibrational motion of the
nuclei in molecules, but where the trapping potential is indepen-
dent of the electronic state of the particle. In molecular systems
with vibronic coupling (see Figure 2), the harmonic nuclear
potential is in general different for different electronic states, with
different nuclear potential minima and vibrational frequencies.45

It is well-known from the standard Tavis-Cummings model for
trapped atoms in an optical cavity,81 that in the absence of
electron-vibration coupling, the vibrational motion of atoms in
their trapping potential is separable from the internal degrees
of freedom involved in light−matter coupling. Since the
HTC model in eq 1 becomes formally equivalent to the
Hamiltonian describing an ensemble of trapped two-level atoms
in a cavity when λ = 0, there must be a regime of Rabi couplings
where vibronic coupling becomes negligible in comparison
with the light−matter interaction, such that at least for some
vibronic polariton eigenstates, the intramolecular vibrational
motion becomes separable from the strongly coupled electron−
photon state, as in the atomic case. We have previously
shown25,55 that this regime corresponds to the condition

NΩ/λ2ωv ≫ 1.
In this so-called polaron decoupling regime,25 we can write the

lowest energy polariton eigenstates of the HTC model in eq 1 as

ϕ λ ν ν ν ν| ⟩ = | ⟩ ⊗ ̂ | ⟩ ⊗ | ⟩ ⊗ | ⟩··· ⊗ | ⟩α α β β β−
†

−
DLP ( )j N N0 0 1 2 1

(17)

where |νβ⟩ is a vibrational eigenstate for the collective vibrational
mode with permutation quantum number β, and the operator
D̂α0

† (λN) displaces the vibrational minima of the totally sym-
metric mode α0 by the quantity λN in nuclear configuration space,
relative to the equilibrium ground state nuclear configuration.
The nonsymmetric modes β ≠ α0 are all unshifted relative to the
reference configuration. The totally symmetric mode in eq 17 is
displaced from the reference nuclear configuration by the
quantity25,55,82,83

λ λ=
N2N (18)

Since, according to eq 18, the equilibrium configuration of the
only displaced mode in the system becomes indistinguishable
from the ground state equilibrium configuration for large N,
there is no reorganization energy for a vertical transition between
the ground electronic potential and the effective lower polariton
potential that characterizes the manifold in eq 17. As a conse-
quence, any molecular process that depends on the relative
reorganization energy between ground and excited state poten-
tials should behave very differently in a cavity in comparison with
free space. We have previously shown25 that in the polaron
decoupling regime it is possible to enhance or suppress the rate
of electron transfer between a donor state strongly coupled to a
cavity field, and a weakly coupled acceptor state that changes
nuclear configuration upon accepting an excess electron,84

by orders of magnitude. We also showed that polaron decoupling,
and the associated elimination of the reorganization energy in
photoinduced electron transfer reactions, can occur even in the
presence of energetic disorder and intermolecular excitonic
couplings.25,55

Equation 17 shows that for states in the lower polariton
manifold, the nuclear degrees of freedom are separable from the
electron−photon state, which is now given by the standard Tavis-
Cummings form74

∑ϕ| ⟩ = | ⟩| ⟩ − | ⟩| ⟩−
=

⎡
⎣
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⎦
⎥⎥N
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2

1 , ... , ..., 0 , , ..., 1
n

N

n N N
1

1 c 1 2 c

(19)

In other words, there is no polaron formation due to intra-
molecular vibronic coupling in this regime of Rabi couplings,
even for molecular systems with large Huang−Rhys factors λ2 > 1
in free space.
The diabatic states in the lower polariton manifold given by

eq 17 become an accurate representation of the lowest HTC
vibronic polariton eigenstates when the number of vibrational quanta
in the manifold is small compared with NΩ/2, as illustrated in
Figure 5. Higher vibrational excitations of the lower polariton
manifold |LPj⟩ can energetically overlap with a high density of
diabatic vibronic polariton states and formnewHTC eigenstates due
to interactions induced by vibronic coupling and energetic

Figure 5. Spectrum of the Holstein-Tavis-Cummings model in the polaron decoupling regime NΩ/λ2ωv ≫ 1. (a) Interaction diagram between
diabatic totally symmetric (left side) and nonsymmetric states (right side), with respect to permutation of vibronic excitation. The lower polariton
manifold (LP) is energetically separated from the nonsymmetric polaron manifold. (b) Polariton dispersion curves forN = 10, NΩ/ωv = 5.5, and λ

2 = 0.5.
Symbols are colored according to the total photon fraction of the corresponding polariton eigenstate. We assume ωc = ω00 at normal incidence.
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disorder.25 The same occurs with the states in the diabatic upper
polariton manifold |UPj⟩, which are given by a product form as in
eq 17, but replacing |ϕ−⟩ from eq 19 by the orthogonal combination

∑ϕ| ⟩ = | ⟩| ⟩ + | ⟩| ⟩+
=

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥N

g e g g g g1
2

1 , ... , ..., 0 , , ..., 1
n

N

n N N
1

1 c 1 2 c

Radiative Lindblad Dissipation. Up to this point, we
have only described the eigenspectrum of the HTC model
Hamiltonian (eq 1). Before we can use this understanding of the
polariton eigenstates to discuss the interpretation of the
spectroscopic signals of organic cavities, we must first address
the dynamics of dissipative processes in organic cavities. In order
to do this, we adopt a standard Markovian open quantum system
approach to describe the competition between coherent and
dissipative processes from quantum optics,71,85 but formulated
here in terms of the vibronic polariton eigenstates of the HTC
model.56,57 We explicitly consider two radiative decay channels
for vibronic polariton eigenstates. The first corresponds to
leakage of the radiative component of a polariton state outside
the spatial region where strong light−matter coupling occurs, into
the far field. This type of photon decay occurs at a rate κ ∼ ωc/Q
and determines the empty-cavity line width. While for micro-
cavities with dielectric mirrors having quality factors in the range
Q ∼ 104−106,44,46 the photon decay time 1/κ is in the order of
tens or hundreds of picoseconds,39 microcavities with metallic
mirrors (Q ∼ 10) have photon decay times are only a few tens of
femtoseconds,4,47 which is shorter than the typical time scales for
intramolecular vibrational relaxation (IVR).45 The second
radiative decay channel that we consider is the optical fluores-
cence of thematerial component of vibronic polaritons into near-
resonant optical modes of the cavity that do not participate in the
formation of polaritons. For microcavities, such modes are
typically bound to the nanostructure by total internal reflection
(bound modes), but nevertheless can carry photons away from
the spatial region where strong light−matter coupling is taking
place. Since the material component of vibronic polaritons are
always delocalized over the entire molecular ensemble within our
homogeneous HTCmodel, the corresponding superradiant fluo-
rescence decay rate86 is given by γ ∼ Nγ0, where τ0 ≡ 1/γ0 is the
fluorescence lifetime of a single organic emitter, typically in the
range τ0 ∼ 1−10 ns.
By writing a Lindblad master equation in the HTC polariton

eigenbasis,56,57 with |ϵj⟩ representing a polariton eigenstate in the
single-excitation manifold and |ηi⟩ a state in the absolute ground
manifold, we obtain an expression of the decay rate for the j-th
polariton eigenstate, given by

∑ ∑κ η γ ηΓ = ⟨ | |̂ϵ ⟩| + ⟨ | ̂ |ϵ ⟩|−a N Jj
i

i j
i

i j
2

0
2

(20)

where J−̂ is a size-normalized collective dipole transition
operator.56 This expression generalizes the dressed-state form
of the polariton decay rates in the standard Tavis-Cummings
model.71 The first term represents the contribution to the decay
from the photon leakage transitions represented by eq 14.
The second term represents the contribution to broadening due
to superfluorescence into bound modes of the nanostructure.

■ ORGANIC CAVITY SPECTROSCOPY

In organic cavities described by the HTCHamiltonian /̂ in eq 1,
we can consider the reflection and transmission spectra of a
monochromatic pump Ip(ω), given by R(ω) and T(ω), respec-
tively, as a result of dissipative photon leakage transitions occurring

at the rate κ. The absorption spectra is then defined as the
normalized photon flux difference A(ω) = 1 − R(ω) − T(ω),42

which vanishes for an empty cavity, but can be large in strongly
coupled systems due to the polariton fluorescence into bound
modes of the nanostructure at the rateNγ0, which remove photon
flux from the direction of the detectors in the far field.56

The photoluminescence spectrum SPL(ω) is the result of
photon leakage transitions into the far field following excitation
of the cavity system with a blue-detuned weak pump field Ip(ωp),
such that ωp > ω. We focus below on modeling stationary
emission signals in which the system is continuously being driven
by the weak pump, under the assumption that at most one
polariton is present in the system at all times.56 Furthermore, in
order to compute the photoluminescence spectrum, we assume
that all energy levels within the single-excitation manifold of the
HTC model are equally populated up to the energy of the pump
field ℏωp, defining a cutoff energy above which polaritons no
longer contribute to cavity emission.
The theoretical framework described in the previous sections

can also be used to describe other absorption and emission pro-
cesses that are characteristic of organic cavities. These include
bound absorption56,57 in the near field of the nanostructure,87−89

as well as bound fluorescence55 or bound photoluminescence,56

which probe the dipole response of polaritons. In this work,
we focus on the conventional cavity absorption A(ω) and photo-
luminescence spectra SPL(ω) as a function of systems parameters
such as the strength of Rabi coupling, pump frequency, and
temperature, in an effort to interpret recent experimental obser-
vations,47,90 which cannot be not fully explained using currently
available single-particle theories of organic polaritons.59−61,63,64,77

We compute the organic cavity spectra below from analytical
expressions derived previously using the quantum regression
formula.56

Rabi Coupling Regimes. Let us consider the spectral
response of an ideal system with N = 10 molecular emitters in a
cavity with photon and dipole decay rates that are equal in
magnitude to the vibrational frequency (κ =Nγ0 =ωv), which for
typical organic cavities corresponds to homogeneous broad-
enings on the order of a few hundred meV.47 For numerical
simplicity, we use a small particle number to discuss the spectro-
scopic signals, as it has been shown that by truncating the
polariton basis within the one-excitation manifold, the polariton
spectrum of finite size ensembles withN ∼ 10 is not qualitatively
different from the thermodynamic limit.56,82

We begin describing the organic cavity spectra in the small
Rabi limit, which we defined in previous sections by the
condition NΩ/ωv < 1. Figure 6 shows the absorption and
photoluminescence signals in the frequency region near the
resonant cavity frequencyωc =ω00, which is the energy reference.
All energies are given in units of the vibrational frequency ωv.
The absorption spectra in Figure 6a is dominated by the con-
ventional polariton doublet centered around the resonant
frequency (ω − ωc = 0), having a single-particle splitting
ΔE0̃ = NΩ⟨0|0̃⟩, which is not resolved for the chosen
broadening parameters. Figure 6 also shows absorption side-
bands at (ω − ωc) ≈ ωv and (ω − ωc) ≈ 2ωv associated
with vibronic transitions of the form |gn0n⟩→ |en1̃n⟩ and |gn0n⟩→
|en2̃n⟩, respectively. These vibronic replicas are involved in the
formation of single-particle HTC polariton eigenstates for which
the photonic component is dominated by the vibrationless
dressed state a†̂|G⟩, as in eq 6. We note that although there are
diabatic two-particle polariton states |P10̃± ⟩ that are split by

ACS Photonics Review

DOI: 10.1021/acsphotonics.7b00728
ACS Photonics XXXX, XXX, XXX−XXX

H

http://dx.doi.org/10.1021/acsphotonics.7b00728


ΔE10̃ ≈ 0.95ΔE0̃ around (ω − ωc) = ωv, these are not visible in
absorption at low initial temperatures kbT/ℏωv ≪ 1, because
their wave function does not have a contribution from the
vibrationless photonic component a†̂|G⟩. We discuss later how it
would be possible to observe diabatic two-particle polariton
splittings ΔEνν̃ at higher temperatures.
The small Rabi coupling photoluminescence spectra in

Figure 6b illustrates a remarkable feature of the HTC model
beyond the single-particle approximation. Since we take the
cutoff frequency (ωcut − ωc) = 1.8ωv to be slightly more than
two vibrational quanta above the lower energy peak of the
absorption doublet, the emission spectrum is dominated by
photons that leak out of parent polariton states |ϵj⟩ at higher
energies ℏωj, which are detected in the far field at lower
frequenciesω =ωj−∑mνmωv, thus, projecting the organic cavity
into the vibrationally excited photon vacuum |g1ν1, ..., gmνm, ...,
gNνN⟩|0c⟩with∑mνm≥ 1, as described by eq 14. Figure 6b shows
that considering only photon leakage transitions that project the
system into the vibrationless ground state |G⟩ in eq 2, the
emission spectrum (dotted lines) reproduces the overall shape
of the absorption spectrum in Figure 6a, including the sideband
structure at (ω−ωc)≈ωv. In other words, when restricting leakage
emission to the absolute ground state, a strong absorption peak
would also give a strong photoluminescence peak.
By allowing emission to states in the ground manifold |ηi⟩ with

one or more vibrations, we find that even for the relatively
small value of the Rabi coupling used in Figure 6, most of the
photons emitted by the organic cavity at frequencies close to
the bare electronic resonance are coming from parent polariton
eigenstates |ϵj⟩ whose energies are higher than the emitted
photon. From the discussion in previous sections, those higher
polaritons are mostly given by the diabatic two-particle polariton
states given by eq 11, in this Rabi coupling regime. In order to
illustrate this point, Figure 6b shows that only 21% of the photon
flux emitted at the frequency of the lowest peak (ω − ωc) ≈
−0.23ωv comes from a polariton state at that frequency (ω =ωj).
The rest of the emitted photons come from HTC polariton
eigenstates that are up to two vibrational quanta higher in energy
(ωj > ω). This behavior can be understood by noting that the

peak strength in photoluminescence at a given transition
frequency ω = ωji is proportional to |⟨ηi|a ̂|ϵj⟩|2,56,57 where ωji is
the frequency of the photon leakage transition involving the
HTC eigenstates |ηi⟩ and |ϵj⟩ in the absolute ground and one-
excitation manifolds, respectively. For example, the vibronic
polariton states |P10̃−⟩ and |P20̃−⟩ can both contribute to the
emission spectrum at exactly the lower polariton frequency for
largeN. The transition a ̂|P10̃−⟩→ |η1⟩ projects the material into a
state with one vibrational excitation in the ground manifold |η1⟩,
and the transition a ̂|P20̃−⟩→ |η2⟩ projects the system into a state
with two vibrational excitations in the ground manifold |η2⟩.
Let us now consider the spectra of organic cavities in the

opposite limit where the Rabi couplings are large, that is, NΩ/
ωv > 1. In this regime, we expect the lower polariton manifold
to reach the polaron decoupled form given by eq 17. The
absorption spectrum in Figure 7a is indeed strongly dominated

by a conventional lower and upper polariton splitting that is
only slightly higher than the Tavis-Cummings value NΩ, con-
firming polaron decoupling behavior. Deviations from ideal
polaron decoupling in the upper polariton manifold result in the
appearance of intermediate absorption peaks in the frequency
region above the bare electronic resonance (ω > ωc).
Figure 7b shows the photoluminescence spectrum of the

system near the lower polariton frequency, for a cutoff frequency
that is two vibrational quanta above the lower polariton peak.
Similar to the discussion of the small Rabi limit (Figure 6), only a
small fraction of the photons emitted at the lower polariton
frequency come from the lower polariton state |LP⟩. The
majority of photons come from HTC polariton eigenstates at
higher energies, up to the frequency cutoff ωcut imposed by the
driving field. Assuming that ideal polaron decoupling is
established for the lower polariton manifold, we can use the
separable wave function ansatz in eq 17 to estimate the fraction of
photons coming from states that are one and two vibrational
quanta above the lower polariton. According to the separable
wave function eq 17, the lower polariton state thus emits photons
at its own energy with a strength proportional to25,55

Figure 7. (a) Stationary cavity absorptionA(ω) = 1− R(ω)−T(ω) forN
molecular emitters in the polaron decoupling regime NΩ/λ2ωv ≫ 1,
showing the adiabatic splitting ΔE between the lower polariton (LP) and
upper polariton peaks. (b) Photoluminescence spectra for the same Rabi
coupling as in panel (a). Solid and dashed lines correspond to the total
emission signal including photon leakage transitions that project the
material into a state with up to ν = 2 and ν = 1 vibrational quanta,
respectively. Dotted lines corresponds to emission events that project the
system into the vibrationless ground state. The arrow indicates the cutoff
frequencyωcut for the uniform polariton steady-state distribution. The inset
in panel (b) shows the corresponding energy level diagram and photon
leakage transitions that contribute to photoluminescence at the lower
polariton frequency ωLP. In both panels we use the model parameters
N = 10, NΩ/ωv = 5.5, κ/ωv = Nγ0/ωv = 1, λ2 = 0.05, and ωc = ω00 at
normal incidence.

Figure 6. (a) Stationary cavity absorption A(ω) = 1− R(ω)− T(ω) for
N molecular emitters representative of the small Rabi regime NΩ/ωv
≪ 1, showing the diabatic single-particle splitting ΔE0̃ between lower
polariton (LP) and upper polariton states. (b) Photoluminescence
spectra for the same Rabi coupling as in panel (a). Solid and dashed lines
correspond to the total emission signal including photon leakage
transitions that project the material into a state with up to ν = 2 and ν = 1
vibrational quanta, respectively. Dotted lines corresponds to emission
events that project the system into the vibrationless ground state.
The arrow indicates the cutoff frequency ωcut for the uniform polariton
steady-state distribution. In both panels, narrow solid lines indicate the
position of the main peaks in the spectra. We use the model parameters
N = 10, NΩ/ωv = 0.6, κ/ωv = Nγ0/ωv = 1, λ2 = 0.5, and ωc = ω00 at
normal incidence.
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where we have used ⟨0β1|0β1⟩ = ··· = ⟨0βN−1|0βN−1⟩ = 1 and evaluated
the Franck−Condon factor for the symmetric mode α0 using
λN = λ/2 N , which becomes λN ≈ 0.08 for the parameters
in Figure 7.
Leakage emission from a state in the lower polariton manifold

that is exactly one vibrational quanta above the lower polariton
is proportional to the square of the vibrational overlap ⟨0α0|D̂

†

(λN)|0α0⟩ ⟨1β1|1β1⟩ ··· ⟨0βN−1|0βN−1⟩, which has the same value as in
eq 21. We have assumed that mode β1 is excited both in the
parent polariton state |ϵj⟩ and the ground manifold state |ηi⟩, but
any choice of β satisfying the constraint∑βνβ = 1 gives the same
result. If the vibrational excitation is assumed to be in the totally
symmetric mode, the overlap becomes ⟨1α0|D̂

† (λN)|1α0⟩ =

e−λ
2/4N(1− λ2/4N), which tends to eq 21 for largeN. The inset in

Figure 7b illustrates that for polaritons whose photonic
component has one quantum of vibration, photon leakage
leads to emission detected also at the lower polariton frequency.
Similarly, leakage emission from the polariton state |ϵj⟩ that is
exactly two vibrational quanta above the lower polariton, emits
radiation at the lower polariton frequency with a strength that is
proportional to the square of a vibrational overlap that has the
same value as in eq 21. In summary, only one-third of the emitted
photons at the lower polariton frequency come from directly
from the lower polariton state in the polaron decoupling regime,
when the system in pumped two vibrational quanta above the
lower polariton. The remaining two-thirds come in equal con-
tributions from the first and second excited sideband of the lower
polariton manifold given by eq 17, behavior that is clearly
captured in Figure 7b.
In the intermediate Rabi coupling regime (see Figure 4),

stationary cavity absorption close to the resonance frequency
[(ω − ωc) ≈ 0.4ωv for NΩ = 2ωv] is largely due to the
vibrationless photonic component of state |Xb⟩ in Figure 4, which
adiabatically connects with the single-particle diabatic upper
polariton state |P0̃+⟩ from eq 4, as NΩ decreases. When the ratio

NΩ/ωv exceeds unity and the lower polariton manifold begins
to enter the polaron decoupling regime, the vibronic polariton
state |Xb⟩ acquires a stronger two-particle polariton character
involving vibrationally excited photonic components, making it
more difficult to populate directly in a one-photon transition
starting from the absolute ground state |G⟩. The midregion
absorption peak thus tends to disappear for larger values of the
Rabi coupling. For example, X-state absorption atω−ωc = 0.6ωv
in Figure 8a is an order of magnitude weaker than the lower
polariton absorption at (ω − ωc) = −2.6ωv for NΩ = 5.5ωv.
As discussed earlier, the line shape of the stationary photo-

luminescence spectra strongly depends on the cutoff energy
ℏωcut above which no polariton eigenstate is significantly popu-
lated in the steady state. In Figure 8b, we show the static
photoluminescence spectra assuming a uniform population56 of
polariton energy levels up to a cutoff frequency ωcut that is
roughly two vibrational quanta above the lower polariton fre-
quency, for the same values of the Rabi coupling ratio NΩ/ωv
as in Figure 8a. The dominant contribution to photoluminescence
at the frequency of the lowest energy absorption peak (lower
polariton) comes from the radiative decay of HTC polariton

eigenstates that are one or two vibrational quanta higher in energy
via photon leakage transitions represented by eq 14.
Figure 8b further shows a prominent midgap peak between the

LP and UP which is most pronounced for NΩ = 2ωv, which is
near the critical value for the formation of the dark vibronic
polaritons with energies close to the resonant cavity frequency
ωc. This midgap PL peak has been observed experimentally4,47

for J-aggregates in microcavities with Rabi frequencies very close
to the asymptotic critical value for large N.56,57 This midpeak
originates from direct emission from polariton |Xb⟩, as well as
indirect emission from Y-polaritons with energies one or more
vibrational quanta higher in energy than |Xb⟩.

56,57

Hot-Band Cavity Absorption. We have previously derived
an expression for the absorption spectrum A(ω) = 1 − R(ω) −
T(ω) at zero temperature,56,57 by considering the perturbative
action of an external periodic driving term given by V̂p(t) =
Ωp(a

†̂e−iωt + a ̂eiωt) on the HTC Hamiltonian (eq 1), together with
the quantum regression formula under weak driving conditions Ωp

≪ NΩ.91 At low temperatures, that is, kbT/ℏωv ≪ 1, we expect
the cavity to be in the absolute ground state |G⟩ ≡ |g101, g202, ...,
gN0N⟩|0c⟩ in the absence of the external field. Continuous resonant
driving with an optical field at frequency ω can thus induce
transitions into polariton eigenstates |ϵj⟩, which we represent
by the mapping V̂p|G⟩ → |ϵj⟩. In order to contribute to the
absorption signal, the weakly populated polariton state |ϵj⟩ can
then decay by fluorescence55 into a near-resonant boundmodes
of the nanostructure,87,88,92 thus, reducing the photon flux
from the direction where reflection R(ω) and transmission
T(ω) is collected in the far field,71 assuming a near-unity
polariton quantum yield.

Figure 8. (a) Stationary absorption spectra A(ω) = 1 − R(ω) − T(ω)
for N molecular emitters in a resonant cavity. Curves are labeled
according to the value of the coupling ratio NΩ/ωv. (b) Photo-
luminescence spectra for the same coupling ratios as in (a). Solid lines
correspond to the total emission signal including photon leakage
transitions that project the material into a state with up to ν = 2
vibrational quanta. Dotted lines corresponds to emission events that
project the system into the vibrationless ground state. Arrows indicate
the high energy cutoff ℏωcut of the uniform polariton steady-state
distribution. In both panels we use the parameters N = 10, κ/ωv = Nγ0/
ωv = 1, λ2 = 0.5, and ωc = ω00 at normal incidence.
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In general, the cavity system in the absence of external driving
can be described by the state

∑ρ η η̂ = | ⟩⟨ |f
i

i i i0
(22)

where the real quantities f i determine the probability distribution
of the ground manifold states |ηi⟩ in the ensemble. If we denote
by ℏωi the energy of state |ηi⟩ in the ground manifold, and ℏωj
the energy of the polariton eigenstate |ϵj⟩, then we can use eq 22
to extend our previous zero-temperature results56,57 and write
the stationary absorption signal as

∑ ∑ω π
η κ

ω ω κ
=

|⟨ | |̂ϵ ⟩| Γ
− +

A f F
a

( )
( / )

( )i
i

j
j

i j ij j

ji ij

2

2 2
(23)

where κij is the decay rate for the coherence between states |ηi⟩
and |ϵj⟩, Γj is the polariton radiative decay rate given by eq 20,
and ωji = ωj − ωi is the transition frequency. The total dipole
emission strength of the j-th polariton eigenstate, Fj =∑i|⟨ηi|μ̂|ϵj⟩|2,
accounts for the fact that polaritons which cannot fluoresce
into bound modes do not contribute to the far-field absorption
spectra.
The expression for the stationary cavity absorption in eq 23

can be used to interpret experiments where the temperature is
sufficiently high such that kbT/ℏωv ∼ 1, by associating the
population factors f i with a properly normalized statistical
distribution. The mixed state ρ̂0 in eq 22 can also describe a
nonthermal state corresponding to a cavity under strong infrared
driving that is resonant with an excited vibrational level at
frequencyω = νωv, hosting ν vibrational quanta in the ensemble.
Under such conditions, the population of the absolute ground
state can become negligible over the relevant driving time scales,
that is, f G ≪ 1, such that the absorption of a second driving field
at optical frequenciesω∼ωji is dominated by transitions starting
from an excited vibrational state in the ground manifold, for
which f i ∼ 1, leading to a type of hot-band cavity absorption.
The IR-optical two-photon cavity absorption signal is illustrated
in Figure 9. Experimentally, pulsed infrared fields would be

needed to deplete the absolute ground state. The initial state in
eq 22 could be generalized to account for laser-induced
vibrational coherences in the ground manifold.
Figure 9 shows that for relatively small Rabi couplings NΩ≲

ωv, optical cavity absorption starting from the first excited
vibrational level of the ground manifold can probe directly the
two-particle polariton splitting ΔEνν̃′, given by eq 12, provided
the splitting can be resolved (peaks b and c in Figure 9). In experi-
ments where single-particle polariton splittings have been
resolved for a small number of organic emitters N ∼ 1−10,22 it
should thus be possible to measure the anharmonicity of the
light−matter coupling characterized by the −N( 1) scaling of
the two-particle polariton splitting ΔEνν̃′, provided that the hot-
band contribution to the absorption spectra can be isolated, as in
the two-color scheme proposed here.
More generally, hot-band absorption could be used to

spectroscopically detect the presence of any HTC polariton
eigenstate with negligible vibrationless photonic component,
such as dark-vibronic polaritons of the Y type at intermediate
Rabi couplings ( NΩ/ωv ∼ 1), as well as excited vibrational
sidebands of the lower polariton manifold |LPj≥1⟩ (eq 17) in the
polaron decoupling regime ( NΩ/λ2ωv ≫ 1). Figure 9b also
shows that hot-band absorption starting from the first vibration-
ally excited state in the ground manifold gives a sideband
absorption peak in the region below the conventional lower
polariton peak (peak a in Figure 9). For the system parameters
chosen in Figure 9, this lower energy sideband is exactly one
vibrational quanta below the bare resonance frequency ωc = ω00,
and its strength is proportional to the vibrationally excited
photonic component of the nonsymmetric collective vibronic
states |α ≠ α0,0̃, 0c⟩, the so-called dark exciton states (see eq 7),
at the bare electronic resonance. Figure 9 also shows that there
should be no sideband structure below the lower polariton
frequency when absorption is exclusively due to transition from
the absolute ground state |G⟩.

■ CONCLUSION AND OUTLOOK
In this work, we have described the general photophysics of
organic cavities using a homogeneous Hostein-Tavis-Cummings
(HTC) model25,55−58 to describe the structure of vibronic
polaritons, together with a Markovian description of their radia-
tive decay dynamics. For convenience, we provide a summary of
the main model predictions in Table 1.
The HTC model is applicable to any number of molecular

transition dipoles interacting with a lossy cavity mode. Its basic
photophysics has been observed in optical cavities containing
individual chromophores,12,70 molecular aggregates,4,47 molec-
ular crystals,6,7 and live bacteria.93 The developed theoretical
framework provides a microscopic interpretation for some of the
observed features in the absorption and emission spectra of
organic microcavities over a range of light−matter coupling
strengths within the so-called strong coupling regime of cavity
quantum electrodynamics. The model generalizes previous
theoretical approaches that described spectroscopic signals
under the assumption that the photonic part of the polariton
wave function has no vibrational structure, but only the material
part of the wave function can have the contribution of several
vibronic transitions.59−61,63,64,77 We refer to this as the single-
particle approach to the description of vibronic polaritons.
Within this single-particle approach, photoluminescence at the

lower polariton frequency ωLP can only be due to the radiative
decay of the lower polariton state |LP⟩ via leakage of the photonic

Figure 9. (a) Two-color scheme to measure hot-band cavity absorption,
indicating the allowed optical transitions in a system where the
population is put initially in the first vibrational level ( f1 = 1) by an
infrared field at frequency ω = ωv that removes population from the
absolute ground state of the cavity |G⟩. For the chosen system
parameters, there are four allowed transitions that result in cavity
absorption, labeled a to d. Since |G⟩ is depopulated, transitions to the
lower polariton state |P0̃−⟩ do not occur (dashed arrow). (b) Cavity
absorption spectrum for a system initially in the first excited level of the
ground manifold (solid line), and absorption from the absolute ground
state (dashed line). Absorption peaks are labeled according to the
diagram in panel (a). We use the parameters N = 10, NΩ/ωv = 1.0,
κ/ωv = Nγ0/ωv = 0.7, λ2 = 0.5, and ωc = ω00 at normal incidence.
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component of its wave function into the far field. In this picture,
when a cavity is driven with a narrow laser field above the lower
polariton frequency, the higher-energy states that are populated
by the external driving must first decay via phonon-induced
nonradiative transitions into the lower polariton state, before
radiative decay can take place.60,61,63,64 As the system relaxes
toward the lower polariton state, it is assumed that nonradiative
relaxation populates a large number of weakly coupled collective
material states, the so-called excitonic reservoir,60,61 in the
frequency region near the bare electronic (excitonic) resonance.
Such excitonic reservoir states cannot form polaritons because of
quasi-momentum mismatch, but can nevertheless act as a
scattering reservoir for polariton states. In particular, it is has
been proposed63,64 that material states in the excitonic reservoir
can radiatively decay via cavity-enhanced fluorescence (Purcell
effect) into the first excited vibration in the ground electronic
molecular potential, such that the emitted photon can be
reabsorbed by the ensemble and incoherently populate any
polariton state that is found one quantum of vibrational energy
lower than the fluorescent exciton reservoir state. The lower
energy polariton state populated by such exciton-mediated
scattering process can then decay radiatively via photon leakage
into the far field and contribute to the photoluminescence signal.
This phenomenology has been used to interpret the experimental
observation of enhanced photoluminescence at the lower
polariton frequency ωLP in cavities where the bare electronic
(excitonic) resonance is roughly one vibrational quantum above
the lower polariton state.53,54 In our language, this condition is
fulfilled at intermediate Rabi coupling parameters NΩ/ωv ≈ 2,
for typical strengths of vibronic coupling.
Throughout this work we have shown that the HTC model of

organic cavities provides a profoundly different view of polariton
emission from the previously proposed interpretations. If we
consider emission at the lower polariton frequency ωLP, our
theory shows that by continuously driving a cavity with a pump
energy at least one vibrational quantum above the lower
polariton state, only a minority of the emitted photons at ωLP
originate directly from the radiative decay of the lower polariton
state. Most of the emitted photons at ωLP originate from the

direct radiative decay of vibronic polariton eigenstates at higher
energies. Most importantly, we demonstrate in this Review that
such emission behavior is universal in the sense that it occurs for
any value of the Rabi frequency, as long as the cavity can
transiently support the formation of vibrationally excited single-
photon dressed states. This proposed view of radiative polariton
decay may have important implications in our understanding of
macroscopic coherence phenomena such as condensation40,65

and lasing.8,66

In an organic cavity where the Rabi frequency NΩ is not
much greater than the typical vibrational relaxation rates,3,6,46 a
vibrationally excited photonic dressed state can relax non-
radiatively before it can exchange energy with purely material
excitations through coherent light−matter Rabi coupling. Under
such conditions, two-particle polaritons as described in this
review cannot be sustained, and our theory of organic cavities
reduces to the more commonly used single-particle ap-
proach.36,59−64 The proposed theoretical framework based on
two-particle and multiparticle vibronic polariton states, thus
relies on the ability of vibration-photon dressed states to
resonantly couple with material vibronic-vibrational excitations
over subpicosecond time scales, which is the typical magnitude
of the nonradiative relaxation time τnr in organic systems.45

In general, if κ is the decay rate for cavity photons due to leakage
into the far field, the new type of dark vibronic polaritons
described in this review can be sustained in organic cavities with
system parameters that satisfy the conditions NΩ > κ ≳ 1/τnr.
These conditions hold for several experimental realizations
of organic cavities with different geometries and material
composition.
The qualitatively new description of organic cavities

introduced by the homogeneous HTC model can be further
refined by introducing more detailed features of organic cavities
such spatial inhomogeneities in the electronic transition
frequency,25,55,94,95 inhomogeneous Rabi coupling,68,69 and a
more elaborate treatment of the multimode nature of the
commonly used photonic nanostructures than the quasi-mode
approximation used here. Since the typical radiative and
nonradiative molecular relaxation channels are well-known, it

Table 1. Summary of the Main HTC Model Predictions for N Vibronic Dipoles in an Optical Cavity under Different Rabi
Coupling Regimesa

coupling regimes vibronic polariton eigenstructure absorption and photoluminescence (PL)

small coupling
( NΩ < ωv)

Conventional SP polaritons coexist with TP polaritons. SP polariton
splittings scale as N . TP polariton splittings scales as −N 1 .
N − 1 collective dark states form a band at ω00 (dark exciton
reservoir).

Absorption is dominated by SP polariton splitting and its vibronic sidebands. TP
polaritons do not contribute to absorption. PL from SP polaritons projecting
onto the absolute ground state overlaps with PL from TP polaritons projecting
onto states with one or more vibrations in the ground manifold. Conventional
absorption and PL is unable to isolate the presence of TP polaritons.

intermediate
coupling
( NΩ ≈ 2ωv)

The lowest-energy LP state is followed by four higher energy vibronic
polaritons (Xa, Xb, Ya, Yb), in the vicinity of ω00. Y-type polaritons are
(N − 1)-fold degenerate and are dark (do not couple radiatively with
the absolute ground state). There is a critical Rabi coupling NΩX for
which state Xa is exactly at ωc = ω00 and is completely dark.

Absorption is dominated by the LP-UP doublet and a midgap Xb peak. The
contribution of Xa to absorption is negligible. Y-type polaritons do not
contribute to absorption. In addition to the LP-UP peaks in PL, a third peak in
the midgap region arises in the vicinity of the exciton reservoir. The midgap PL
peak is due to emission from state Xb to the vibrationless ground state, and
emission from a number of higher energy Y-states to states with one or more
vibrations in the ground manifold. PL at the LP frequency is dominated by
emission from Y-type states, projecting onto states with one or more vibrations
in the ground manifold.

large coupling
( NΩ ≫ ωv)

The lowest (highest) region of the eigenspectrum is dominated by the
LP (UP) state followed by higher-energy vibronic replicas. Vibrational
motion becomes separable from electron−photon degrees of freedom
in the LP and UP manifolds (polaron decoupling). In the vicinity of
ω00 there is a broad polaron-polariton band containing states that are
not totally symmetric with respect to permutation (Q band25).

Absorption is dominated by the vibrationless LP and UP states, with roughly
equal line strengths. PL emission at the LP frequency arises from all states in the
LP manifold. For laser pumping at a frequency kωv above the LP state, the
fraction of the PL emission at the LP frequency due to decay of the LP state is
given by 1/(k + 1), with k a non-negative integer.

aLP = lower polariton; UP = upper polariton; SP = single-particle; TP = two-particle. Cavity frequency ωc is assumed resonant with the 0−0
vibronic absorption frequency ω00, and the system is taken initially in the absolute ground state at room temperature.
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should be also possible to develop a microscopic dynamical
description of the competition between Rabi coupling, cavity
photon leakage, cavity-enhanced molecular fluorescence and
vibrational relaxation that can go beyond the steady-state
description used in this work. Such dynamical open quantum
system modeling would allow us to better understand ultrafast
cavity spectroscopy measurements,47 as well as the temperature
dependence of organic polariton signals.90

By further exploring the condensed-matter aspects of theHTC
model, it should also be possible to describe organic cavities
under strong resonant and nonresonant driving, in order to
better understand the quantum nonlinear dynamical processes
that emerge at large polariton densities, such as condensation40,65

and lasing.8,66 It was in this context that the HTCmodel was first
introduced,58 but still several open questions remain regarding
the mechanisms that allow the emergence of stationary
macroscopic polariton coherence.96 The cavity quantum electro-
dynamics framework implicit in the HTC model, also suggests
possible connections with macroscopic phase coherence effects
such as quantum synchronization.97

In summary, the quantum theory of vibronic polaritons and
organic cavity spectroscopy described in this Review can not only
serve as a phenomenological benchmark for new electronic
structure calculation methods that treat the strong electron−
photon coupling in confined electromagnetic fields from first-
principles,98 but also stimulate the development of novel
nonlinear optical devices,21,32,34,35 chemical reactors,23,25,26 and
optoelectronic devices28−31 that can be enhanced by quantum
optics.
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(12) Keńa-Cohen, S.; Maier, S. A.; Bradley, D. D. C. Ultrastrongly
Coupled Exciton−Polaritons in Metal-Clad Organic Semiconductor
Microcavities. Adv. Opt. Mater. 2013, 1, 827−833.
(13) Mazzeo, M.; et al. Ultrastrong light-matter coupling in electrically
doped microcavity organic light emitting diodes. Appl. Phys. Lett. 2014,
104, 233303.
(14) Cacciola, A.; et al. Ultrastrong Coupling of Plasmons and Excitons
in a Nanoshell. ACS Nano 2014, 8, 11483−11492.
(15) Gambino, S.; et al. Ultrastrong light-matter coupling in
electroluminescent organic microcavities. Applied Materials Today
2015, 1, 33−36.
(16) George, J.; et al. Ultra-strong coupling of molecular materials:
spectroscopy and dynamics. Faraday Discuss. 2015, 178, 281−294.
(17) Long, J. P.; Simpkins, B. S. Coherent Coupling between a
Molecular Vibration and Fabry−Perot Optical Cavity to Give
Hybridized States in the Strong Coupling Limit. ACS Photonics 2015,
2, 130−136.
(18) Muallem, M.; Palatnik, A.; Nessim, G. D.; Tischler, Y. R. Strong
light-matter coupling between a molecular vibrational mode in a PMMA
film and a low-loss mid-IR microcavity. Ann. Phys. 2016, 528, 313.
(19) George, J.; et al. Liquid-Phase Vibrational Strong Coupling. J.
Phys. Chem. Lett. 2015, 6, 1027−1031.
(20) Shalabney, A.; et al. Coherent coupling of molecular resonators
with a microcavity mode. Nat. Commun. 2015, 6, 5981.
(21) Saurabh, P.; Mukamel, S. Two-dimensional infrared spectroscopy
of vibrational polaritons of molecules in an optical cavity. J. Chem. Phys.
2016, 144, 124115.
(22) Chikkaraddy, R.; de Nijs, B.; Benz, F.; Barrow, S. J.; Scherman, O.
A.; Rosta, E.; Demetriadou, A.; Fox, P.; Hess, O.; Baumberg, J. J. Single-
molecule strong coupling at room temperature in plasmonic nano-
cavities. Nature 2016, 535, 127−130.
(23) Hutchison, J. A.; et al. Modifying Chemical Landscapes by
Coupling to Vacuum Fields. Angew. Chem., Int. Ed. 2012, 51, 1592−
1596.
(24) Simpkins, B. S.; Fears, K. P.; Dressick, W. J.; Spann, B. T.;
Dunkelberger, A. D.; Owrutsky, J. C. Spanning Strong to Weak Normal
Mode Coupling between Vibrational and Fabry−Peŕot Cavity Modes
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(75) Loṕez, C. E.; Christ, H.; Retamal, J. C.; Solano, E. Effective
quantum dynamics of interacting systems with inhomogeneous
coupling. Phys. Rev. A: At., Mol., Opt. Phys. 2007, 75, 033818.
(76) Grover, M. K.; et al. Exciton−Phonon Interactions in Molecular
Crystals. J. Chem. Phys. 1970, 52, 2099.
(77) Agranovich, V.; Rocca, G. L. Electronic excitations in organic
microcavities with strong light−matter coupling. Solid State Commun.
2005, 135, 544−553. Fundamental Optical and Quantum Effects in
Condensed Matter.
(78) Michetti, P.; La Rocca, G. C. Simulation of J-aggregate
microcavity photoluminescence. Phys. Rev. B: Condens. Matter Mater.
Phys. 2008, 77, 195301.
(79) Beige, A.; Knight, P. L.; Vitiello, G. Cooling many particles at
once. New J. Phys. 2005, 7, 96.
(80) Retzker, A.; Solano, E.; Reznik, B. Tavis-Cummings model and
collective multiqubit entanglement in trapped ions. Phys. Rev. A: At.,
Mol., Opt. Phys. 2007, 75, 022312.

ACS Photonics Review

DOI: 10.1021/acsphotonics.7b00728
ACS Photonics XXXX, XXX, XXX−XXX

N

http://dx.doi.org/10.1021/acsphotonics.7b00728
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.orgel.2007.01.008&coi=1%3ACAS%3A528%3ADC%252BD2sXjtFyitL0%253D&citationId=p_n_95_1
http://pubs.acs.org/action/showLinks?pmid=27711849&crossref=10.1039%2FC6FD00095A&coi=1%3ACAS%3A528%3ADC%252BC28XotVWmt7c%253D&citationId=p_n_68_1
http://pubs.acs.org/action/showLinks?crossref=10.1080%2F01411599908224518&coi=1%3ACAS%3A528%3ADyaK1MXjtFOntLY%253D&citationId=p_n_85_1
http://pubs.acs.org/action/showLinks?crossref=10.1080%2F01411599908224518&coi=1%3ACAS%3A528%3ADyaK1MXjtFOntLY%253D&citationId=p_n_85_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.ssc.2005.04.034&coi=1%3ACAS%3A528%3ADC%252BD2MXms1Ors7c%253D&citationId=p_n_148_1
http://pubs.acs.org/action/showLinks?pmid=12917698&crossref=10.1038%2Fnature01939&coi=1%3ACAS%3A528%3ADC%252BD3sXmt1ant7Y%253D&citationId=p_n_75_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2F978-3-540-71320-3&citationId=p_n_138_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2F978-3-540-71320-3&citationId=p_n_138_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.67.085311&coi=1%3ACAS%3A528%3ADC%252BD3sXitV2qsrg%253D&citationId=p_n_118_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.67.085311&coi=1%3ACAS%3A528%3ADC%252BD3sXitV2qsrg%253D&citationId=p_n_118_1
http://pubs.acs.org/action/showLinks?pmid=23233286&crossref=10.1002%2Fcphc.201200734&coi=1%3ACAS%3A528%3ADC%252BC38XhvVais7bF&citationId=p_n_135_1
http://pubs.acs.org/action/showLinks?crossref=10.1088%2F1367-2630%2F7%2F1%2F096&citationId=p_n_152_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevA.93.033840&citationId=p_n_125_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevA.93.033840&citationId=p_n_125_1
http://pubs.acs.org/action/showLinks?pmid=27768353&crossref=10.1103%2FPhysRevLett.117.156402&coi=1%3ACAS%3A528%3ADC%252BC28XhvF2ksLrP&citationId=p_n_142_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevA.95.053867&citationId=p_n_115_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.461317&coi=1%3ACAS%3A528%3ADyaK38XjtVajtQ%253D%253D&citationId=p_n_132_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jlumin.2006.01.016&coi=1%3ACAS%3A528%3ADC%252BD28XivVSnsbc%253D&citationId=p_n_122_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F9783527633791&citationId=p_n_94_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F9783527633791&citationId=p_n_94_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.53.13051&citationId=p_n_84_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1673263&coi=1%3ACAS%3A528%3ADyaE3cXotl2nuw%253D%253D&citationId=p_n_147_1
http://pubs.acs.org/action/showLinks?crossref=10.1088%2F0268-1242%2F13%2F7%2F003&coi=1%3ACAS%3A528%3ADyaK1cXks1SgsLY%253D&citationId=p_n_74_1
http://pubs.acs.org/action/showLinks?pmid=12434052&crossref=10.1126%2Fscience.1078446&coi=1%3ACAS%3A528%3ADC%252BD38Xos1Wnt7s%253D&citationId=p_n_91_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.80.235314&coi=1%3ACAS%3A528%3ADC%252BC3cXhvV2mtA%253D%253D&citationId=p_n_127_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FRevModPhys.82.1489&coi=1%3ACAS%3A528%3ADC%252BC3cXos1Gmurw%253D&citationId=p_n_81_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.80.235314&coi=1%3ACAS%3A528%3ADC%252BC3cXhvV2mtA%253D%253D&citationId=p_n_127_1
http://pubs.acs.org/action/showLinks?crossref=10.1209%2F0295-5075%2F105%2F47009&citationId=p_n_117_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0038-1098%2896%2900433-4&coi=1%3ACAS%3A528%3ADyaK2sXjtVGisbs%253D&citationId=p_n_71_1
http://pubs.acs.org/action/showLinks?pmid=25166831&crossref=10.1103%2FPhysRevLett.110.126801&citationId=p_n_134_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.77.195301&coi=1%3ACAS%3A528%3ADC%252BD1cXmslOiu7g%253D&citationId=p_n_151_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.77.195301&coi=1%3ACAS%3A528%3ADC%252BD1cXmslOiu7g%253D&citationId=p_n_151_1
http://pubs.acs.org/action/showLinks?pmid=25978905&crossref=10.1063%2F1.4919348&coi=1%3ACAS%3A528%3ADC%252BC2MXot1CjtLg%253D&citationId=p_n_114_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevA.69.062320&coi=1%3ACAS%3A528%3ADC%252BD2cXls1Sktbk%253D&citationId=p_n_99_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevA.69.062320&coi=1%3ACAS%3A528%3ADC%252BD2cXls1Sktbk%253D&citationId=p_n_99_1
http://pubs.acs.org/action/showLinks?pmid=26851923&crossref=10.1063%2F1.4941053&coi=1%3ACAS%3A528%3ADC%252BC28Xit1OitL4%253D&citationId=p_n_69_1
http://pubs.acs.org/action/showLinks?crossref=10.1515%2Fnanoph-2012-0025&coi=1%3ACAS%3A528%3ADC%252BC2cXmsV2htrs%253D&citationId=p_n_139_1
http://pubs.acs.org/action/showLinks?crossref=10.1515%2Fnanoph-2012-0025&coi=1%3ACAS%3A528%3ADC%252BC2cXmsV2htrs%253D&citationId=p_n_139_1
http://pubs.acs.org/action/showLinks?crossref=10.1364%2FOPTICA.4.000031&citationId=p_n_129_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevA.75.033818&citationId=p_n_146_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jlumin.2004.08.033&coi=1%3ACAS%3A528%3ADC%252BD2cXhtVKns7rP&citationId=p_n_119_1
http://pubs.acs.org/action/showLinks?pmid=15525188&crossref=10.1103%2FPhysRevLett.93.186404&coi=1%3ACAS%3A280%3ADC%252BD2crlsVaruw%253D%253D&citationId=p_n_109_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevA.75.022312&coi=1%3ACAS%3A528%3ADC%252BD2sXisVeks74%253D&citationId=p_n_153_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevA.75.022312&coi=1%3ACAS%3A528%3ADC%252BD2sXisVeks74%253D&citationId=p_n_153_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.80.235313&coi=1%3ACAS%3A528%3ADC%252BC3cXhvV2mtw%253D%253D&citationId=p_n_126_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.80.235313&coi=1%3ACAS%3A528%3ADC%252BC3cXhvV2mtw%253D%253D&citationId=p_n_126_1
http://pubs.acs.org/action/showLinks?crossref=10.1098%2Frsta.2010.0333&citationId=p_n_143_1
http://pubs.acs.org/action/showLinks?pmid=28621976&crossref=10.1103%2FPhysRevLett.118.223601&coi=1%3ACAS%3A280%3ADC%252BC1cnptVWgtA%253D%253D&citationId=p_n_116_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpclett.6b00864&coi=1%3ACAS%3A528%3ADC%252BC28XotFKktL0%253D&citationId=p_n_70_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpclett.6b00864&coi=1%3ACAS%3A528%3ADC%252BC28XotFKktL0%253D&citationId=p_n_70_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.74.165320&coi=1%3ACAS%3A528%3ADC%252BD28XhtF2ltb3E&citationId=p_n_133_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Far900233v&coi=1%3ACAS%3A528%3ADC%252BD1MXhsFKgurzL&citationId=p_n_106_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.83.245309&coi=1%3ACAS%3A528%3ADC%252BC3MXosVGhsLs%253D&citationId=p_n_113_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr050140x&coi=1%3ACAS%3A528%3ADC%252BD2sXjt1ymsb8%253D&citationId=p_n_103_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr050140x&coi=1%3ACAS%3A528%3ADC%252BD2sXjt1ymsb8%253D&citationId=p_n_103_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.accounts.6b00295&coi=1%3ACAS%3A528%3ADC%252BC28XhslWhurfM&citationId=p_n_98_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fadfm.201100756&coi=1%3ACAS%3A528%3ADC%252BC3MXosVSjsL4%253D&citationId=p_n_110_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.56.7554&coi=1%3ACAS%3A528%3ADyaK2sXmtlWgtb0%253D&citationId=p_n_88_1
http://pubs.acs.org/action/showLinks?pmid=15356625&crossref=10.1038%2Fnature02851&coi=1%3ACAS%3A528%3ADC%252BD2cXntlGks70%253D&citationId=p_n_100_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.56.7554&coi=1%3ACAS%3A528%3ADyaK2sXmtlWgtb0%253D&citationId=p_n_88_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.62.16886&citationId=p_n_78_1


(81)Miller, R.; et al. Trapped atoms in cavity QED: coupling quantized
light and matter. J. Phys. B: At., Mol. Opt. Phys. 2005, 38, S551.
(82) Zeb, M. A.; Kirton, P. G.; Keeling, J. Exact quantum states of the
Holstein-Tavis-Cummings model. arXiv:1608.08929 2017, na.
(83) Wu, N.; Feist, J.; Garcia-Vidal, F. J. When polarons meet
polaritons: Exciton-vibration interactions in organic molecules strongly
coupled to confined light fields. Phys. Rev. B: Condens. Matter Mater.
Phys. 2016, 94, 195409.
(84) Grabowski, Z. R.; Rotkiewicz, K.; Rettig, W. Structural Changes
Accompanying Intramolecular Electron Transfer: Focus on Twisted
Intramolecular Charge-Transfer States and Structures. Chem. Rev. 2003,
103, 3899−4031.
(85) Breuer, H. P.; Petruccione, F. The Theory of Open Quantum
Systems; Oxford University Press, 2002.
(86) Spano, F. C.; Mukamel, S. Superradiance in molecular aggregates.
J. Chem. Phys. 1989, 91, 683.
(87) Barnes, W. L.; Sambles, J. R. Guided optical waves in Langmuir-
Blodgett films of 22 Tricosenoic Acid. Surf. Sci. 1986, 177, 399−416.
(88) Matterson, B. B. J.; Lupton, J. M.; Safonov, A. F.; Salt, M. G.;
Barnes, W. L.; Samuel, I. D. W. Increased Efficiency and Controlled
Light Output from aMicrostructured Light-Emitting Diode. Adv. Mater.
2001, 13, 123−127.
(89) Törma,̈ P.; Barnes, W. L. Strong coupling between surface
plasmon polaritons and emitters: a review. Rep. Prog. Phys. 2015, 78,
013901.
(90) Wersall, M.; Cuadra, J.; Antosiewicz, T. J.; Balci, S.; Shegai, T.
Observation of Mode Splitting in Photoluminescence of Individual
Plasmonic Nanoparticles Strongly Coupled to Molecular Excitons.
Nano Lett. 2017, 17, 551−558.
(91) Carmichael, H. Statistical Mehods in Quantum Optics 1: Master
Equations and Fokker-Planck Equations; Springer: Berlin/Heidelberg,
1999.
(92) Barnes, W. L. Fluorescence near interfaces: The role of photonic
mode density. J. Mod. Opt. 1998, 45, 661−699.
(93) Coles, D.; Flatten, L. C.; Sydney, T.; Hounslow, E.; Saikin, S. K.;
Aspuru-Guzik, A.; Vedral, V.; Tang, J. K.-H.; Taylor, R. A.; Smith, J. M.;
Lidzey, D. G. A Nanophotonic Structure Containing Living Photo-
synthetic Bacteria. Small 2017, 13, 1701777.
(94) Chuang, C.; Knoester, J.; Cao, J. Scaling Relations and
Optimization of Excitonic Energy Transfer Rates between One-
Dimensional Molecular Aggregates. J. Phys. Chem. B 2014, 118,
7827−7834.
(95) Chuang, C.; Lee, C. K.; Moix, J. M.; Knoester, J.; Cao, J. Quantum
Diffusion on Molecular Tubes: Universal Scaling of the 1D to 2D
Transition. Phys. Rev. Lett. 2016, 116, 196803.
(96) Lerario, G.; Fieramosca, A.; Barachati, F.; Ballarini, D.; Daskalakis,
K. S.; Dominici, L.; De Giorgi, M.; Maier, S. A.; Gigli, G.; Keńa-Cohen,
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