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The interaction of organic molecules and molecular aggregates with electromagnetic fields that
are strongly confined inside optical cavities within nanoscale volumes, has allowed the observation of
exotic quantum regimes of light-matter interaction 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 modelling, as experiments show that these systems are charac-
terized 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 intro-
ducing 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 condi-
tions 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 multi-mode nature of confined electromagnetic fields.

Since the early demonstrations of strong light-matter
coupling and polariton formation in organic microcavi-
ties over two decades ago [1–3], the optical properties of
organic polaritons have been intensely studied in a vari-
ety of nanoscale optical cavities with different geometries
and material composition [4–22]. Despite fundamental
questions regarding the microscopic behaviour of organic
polaritons that are still open, pioneering applications of
these systems for the control of chemical reactions [23–
26], as well as enhancement of transport [9, 27–31] and
nonlinear optical properties [32–35] of organic semicon-
ductors are paving the way for the development of op-
toelectronic devices that can be enhanced by quantum
optics.

The study of organic cavities originally started as a
promising variation of inorganic semiconductor micro-
cavities [36]. It is therefore useful to first discuss some
of the relevant differences and similarities between or-
ganic polaritons and their inorganic counterparts. In-
organic 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 micro-
cavities is largely dominated by the so-called polariton
splitting in the transmission, reflection and absorption
spectra, which is centered at the bare exciton frequency
for resonant light-matter coupling. In perfectly ordered
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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
polariton relaxation is dominated by non-radiative de-
cay via perturbative polariton-phonon scattering [37, 40],
and also radiative relaxation due to the leakage of the
cavity photon that forms part of the polariton wave func-
tion, through the cavity mirrors into the far field. Pho-
tons that leak out of the cavity can be detected in reflec-
tion, transmission and photoluminescence experiments
[41], providing information about the photonic compo-
nent of the parent polariton state from which they orig-
inated [42]. For a system with small structural disorder,
the overall polariton relaxation dynamics is thus deter-
mined by a competition of timescales between phonon
scattering and photon leakage [39, 43]. At higher exci-
tation 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 ma-
terial to very low temperatures in order to reach the so-
called strong coupling regime of cavity quantum electro-
dynamics [44], as is the case for inorganic samples. Or-
ganic polaritons can be prepared at room temperature.
Another important difference is the much shorter lifetime
of cavity photons in typical organic cavities with metal-
lic mirrors in comparison with inorganic systems hav-
ing dielectric mirrors. Metallic microcavities and plas-
monic nanocavities can have quality factors as low as
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FIG. 1: Illustration of the relevant degrees of freedom involved
in the description of organic cavities and their characteristic
dynamical timescales. τ denotes an intracavity magnitude
and τ0 denotes a free-space value.

Q ∼ 10 [4, 16, 22], so that photons can quickly escape
the cavity volume into the far field in sub-picosecond
timescales [4, 16], which is shorter than the timescales
for intramolecular vibrational relaxation [45], and much
shorter than the photon lifetime in inorganic microcav-
ities [39]. In such lossy cavities, polariton formation
is only supported transiently by a very strong coher-
ent 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/h̄ [11–15, 47], several orders of
magnitude larger than the values achieved with inorganic
microcavities [37, 38], atomic cavities [44], or supercon-
ducting resonators [48, 49].

In addition to the difference in relaxation timescales
and light-matter coupling strength, another feature that
distinguishes organic cavities from their inorganic ana-
logues is the strength of electron-phonon coupling. It
is well-known that in addition to low-frequency environ-
mental phonons [45], the transport [50] and photophys-
ical properties [51] of organic semiconductors are heav-
ily influenced by strong vibronic coupling between elec-
trons and high-frequency intramolecular vibrations. For
many chromophores, 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 mate-
rials gives a vibronic structure to the spectral signals of
organic polaritons that has been well established experi-
mentally [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 de-
termine the observable properties of organic polaritons,
such their absorption and emission spectra. We have
recently developed a theoretical framework [25, 55–57]

that combines elements from condensed matter theory
and quantum optics, to describe the interaction between
nuclear, electronic and photonic degrees of freedom il-
lustrated in Fig. 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 polaritons
[59–64] under certain conditions. However, the theory is
more general, as it allows us to provide a consistent in-
terpretation for some of the conundrums [16] observed in
the absorption and emission spectra of organic cavities
[4, 47].

Throughout this review, we show that the HTC model
offers a possible solution to the conundrums by intro-
ducing a new type of hybrid light-matter state, the dark
vibronic polariton [57], a polariton eigenstate that can-
not be accessed spectroscopically by absorption from the
absolute ground state of the cavity, but yet can strongly
emit light into the far field by direct photon leakage. The
emitted photons can have lower energy than the dark vi-
bronic polariton state from which they originated, some-
thing that is not possible within previous organic po-
lariton 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 phe-
nomena such as condensation [40, 65] and lasing [8, 66].

I. HOLSTEIN-TAVIS-CUMMINGS MODEL

We begin our discussion by introducing the Holstein-
Tavis-Cummings (HTC) model, which describes an en-
semble of N organic emitters interacting with a single
cavity mode. The HTC Hamiltonian can be written as
[25, 55, 58]

Ĥ = ωc â
†â+ ωv

N∑
n=1

b̂†nb̂n

+

N∑
n=1

[
ωe + ωvλ(b̂n + b̂†n)

]
|en〉 〈en| ,

+
Ω

2

N∑
n=1

(|gn〉 〈en| â† + |en〉 〈gn| â), (1)

where ωe = ω00+ωvλ
2 is the vertical Frank-Condon tran-

sition frequency, with ω00 being the frequency of the zero-
phonon (0-0) vibronic transition, ωv is the intramolecular
vibrational frequency and λ2 is the Huang-Rhys factor
[51], which quantifies the strength of vibronic coupling
within the displaced oscillator model illustrated in Fig.

2. The operator b̂n annihilates one quantum of vibration
on the n-th emitter. The operator â annihilates a cav-
ity 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].
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The HTC model in Eq. (1) describes either individ-
ual molecules or molecular aggregates interacting with a
confined electromagnetic field for which dispersion can
be neglected within the photon linewidth. We assume
that all molecules (or aggregates) are equally coupled to
the electric field of a single broadened quasi-mode of the
cavity ωc(k), where k is a mode parameter that deter-
mines the photon energy, such as the in-plane wave vec-
tor for planar mirrors. Since metallic cavities are highly
dispersive and the electric field is not spatially homoge-
neous throughout the organic material, the HTC model
in its current form can only provide a qualitative de-
scription of the dispersive behaviour of organic polari-
tons. However, we expect the predictions of the HTC
model to become accurate for systems where the elec-
tronic 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 disper-
sive. For planar microcavities with dispersion of the form
[42] ωc(k) = ωc

√
1 + (k/k0)2, the region with large mode

density occurs near k = 0, i.e., at normal incidence.
Real organic samples are highly disordered, and en-

ergetic disorder in the electronic transition frequency is
well-known to influence the photophysics of organic semi-
conductors [51, 67]. In organic cavities, there is also a
large degree of structural disorder 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 cou-
pling, and molecular dipoles that can strongly couple to
the cavity field and form polariton states [59, 68]. We
have recently shown that the qualitative predictions of
the homogeneous HTC model in Eq. (1) can hold in sys-
tems 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, 69].

A. The Single-Particle Approach

In Fig. 3(a), we illustrate the spectrum of the HTC

Hamiltonian Ĥ 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 in-
volves 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 [70]. The absolute ground state of the
cavity is given by the product form

|G〉 ≡ |g101, g202, . . . , gn0n, . . . gN0N ; 0c〉 , (2)

which describes a cavity without electronic, vibrational
or photonic excitations. The state |gn0n〉 describes the
n-th molecular emitter in the ground vibrational state
(ν = 0) of its ground electronic potential, and the photon
vacuum is denoted as |0c〉.

|gi

|ei

⌫ = 0

⌫ = 1

⌫̃ = 2
⌫̃ = 1

⌫̃ = 0

⌫ = 2

�0

q

!c

FIG. 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 in-
tramolecular vibrational mode. As a result of vibronic cou-
pling, the nuclear potential minimum in the excited electronic
state |e〉 is displaced by λ from the equilibrium configuration
in the ground state |g〉. Transitions between vibrational eigen-
states in different potentials are driven by a cavity field with
a mode frequency ωc

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

|α0, ν̃, 0c〉 ≡
(

1√
N

N∑
n=1

|g101, . . . enν̃n, . . . gN0N 〉
)
⊗|0c〉 ,

(3)
where α0 is a permutation quantum number that de-
scribes the totally-symmetric character of the superposi-
tion with respect to particle permutation. We use the dis-
placed oscillator notation ν̃n ≥ 0 from Fig. 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 exciton [71] state. We note however, that in
contrast to the Frenkel exciton formalism [51, 71], per-
mutation symmetry within the homogeneous HTC model
emerges naturally from the inability of the electric field
to distinguish between individual emitters, not as the re-
sult of intermolecular coupling in systems with transla-
tional invariance, such as molecular aggregates or molec-
ular crystals.

For the small value of the Rabi coupling pa-
rameter

√
NΩ/ωv � 1 considered in Fig. 3,

the resonant coupling between the photon state
â† |G〉 ≡ |g101, g202 . . . , gN0N ; 1c〉 and the material state
|α0, ν̃, 0c〉 leads to the formation of diabatic single-particle
polariton states given by

|P±ν̃ 〉 =
1√
2

(|α0, ν̃, 0c〉 ± |g101, g202 . . . , gN0N ; 1c〉) ,
(4)

which have diabatic energies E±ν̃ = ω00 + ν̃ωv ±√
N Ω|〈0|ν̃〉|/2 when ωc = ω00 + ν̃ωv. These diabatic
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FIG. 3: Spectrum of the Holstein-Tavis-Cummings model for
small Rabi couplings

√
NΩ/ωv � 1. (a) Energy level dia-

gram of the single-excitation manifold in the small Rabi limit√
NΩ/ωv � 1, displaying the dominant Rabi couplings be-

tween 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 dark vi-
bronic states that are non-symmetric with respect to particle
permutation. Single-particle P±ν̃ and two-particle polaritons
P±νν̃ are shown. (b) Polariton dispersion curves for N = 10,√
NΩ/ωv = 0.4 and λ2 = 0.5. Symbols are colored according

to the total radiative component of the corresponding polari-
ton eigenstate. The red-dashed line corresponds to the empty-
cavity dispersion. We use the resonance condition ωc = ω00

at normal incidence. Frequency is shown relative to ωc.

states define a conventional polariton doublet split by
∆Eν̃ =

√
N Ω|〈0|ν̃〉|. The dispersion diagram in Fig.

3(b) shows that at normal incidence (k = 0) the res-
onance condition ωc = ω00 leads to the formation of
a conventional single-particle polariton splitting ∆E0̃.
For higher wave vectors, there can be additional single-
particle anti-crossings when the cavity obeys the reso-
nance condition ωc = ω00 + ν̄ωv. For instance, in Fig.
3(b), there is a splitting ∆E1̃ when the in-plane wave
vector is k ≈ 1.1 µm−1.

Since the same single-photon state â† |G〉 can simulta-
neously couple to two or more vibronic excitations having
different number of displaced vibrational quanta ν̃ (side-
bands), the most general diabatic single-particle eigen-
state of the HTC model can be written as

|Pj〉 =

(∑
ν̃

Cjν̃ |α0, ν̃, 0c〉
)

+Dj |g101, g202 . . . , gN0N ; 1c〉 ,

(5)
where the values of the orthonormal vibronic and pho-
tonic coefficients Cjν̃ and Dj are obtained from diago-
nalization of the HTC Hamiltonian in the single-particle
basis. Several experimental works have discussed the vi-
bronic structure of organic polariton spectra on the basis
of such single-particle diagonalizations [6, 52–54, 63, 64].
The defining feature of this single-particle theoretical ap-
proach to describe the spectroscopy of organic cavities is
the definition of a unique single-photon state in the prob-

lem, in which all the molecules in the ensemble are in the
vibrationless ground state (â† |G〉). This restriction has
immediate consequences in the predicted polariton emis-
sion dynamics. For example, when the photonic compo-
nent of the state |Pj〉 in Eq. (5) 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 sec-
tions that going beyond the single-particle description of
organic polaritons results significantly changes this de-
scription of radiative polariton decay.

Also within the single-particle approximation, the
HTC model predicts the existence of N − 1 collective vi-
bronic states [25, 72] that remain uncoupled to the cavity
field because they are non-symmetric with respect to par-
ticle permutations. These so-called dark collective states
can be written as

|α′, ν̃, 0c〉 ≡
N∑
n=1

cα′n |g101, . . . enν̃n, . . . gN0N 〉 ⊗ |0c〉 ,

(6)
where cα′n are orthonormal coefficients that depend on
the permutation symmetry quantum number α′ 6= α0,
and satisfy the condition

∑
n cα′n = 0. In the language

of molecular aggregates, state |α 6= α0, ν̃, 0c〉 would corre-
spond to a dark exciton state [71]. Since they do not par-
ticipate in the light-matter coupling within this single-
particle approximation, they have the same energy as
the bare vibronic transition, as Fig. 3(a) illustrates. De-
spite being uncoupled from the cavity field, these dark
states are nevertheless collective, a feature that is well-
known from the Tavis-Cummings model in quantum op-
tics [73]. The Tavis-Cummings model of optical cavities
also predicts that system inhomogeneities such energetic
or Rabi disorder break the permutation symmetry of the
problem, which results in the mixing of uncoupled dark
states with polariton eigenstates [74]. We therefore ex-
pect a similar phenomenology to occur in disordered or-
ganic cavities within the HTC model [25].

B. 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 Hamilto-
nian can be written in the form Ĥ = ωcâ

†â +
∑
n Ĥn,

where Ĥn corresponds to the electron-vibration and
electron-photon coupling terms. For a homogeneous
molecular ensemble, i.e., no energetic or Rabi disorder,
we have that Ĥn = Ĥm for any n 6= m, which makes
Ĥ invariant under permutation of emitters. The eigen-
states of the HTC model in Eq. (1) therefore must have
a well-defined particle permutation symmetry.
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It is nevertheless convenient to treat the permutation
symmetry 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, 0c〉 =

(
N∑
n=1

cβn |g101 . . . , gnνn, . . . , gN0N 〉
)
⊗ |0c〉 ,

(7)
where νn ≥ 1 and β is the permutation quantum num-
bers 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′ 6= α0 are associ-
ated with non-symmetric combinations. In the language
of exciton theory, the collective vibrational excitation in
Eq. (7) would correspond to an intermolecular phonon
[51, 75]. However, we stress that the collective nature of
vibrational excitations in a cavity does not emerge from
the long-range electrostatic interaction between emitters
as is the case in molecular aggregates [45], but from the
indistinguishability of the molecular emitters coupled to
the same electric field.

C. Two-Particle Polaritons

The collective phonon state |β, ν, 0c〉 in Eq. (7) belongs
to the ground state manifold of the HTC model. In the
first excitation manifold (see Fig. 3), we can define the
phonon-photon dressed state

|β, ν, 1c〉 = â† |β, ν, 0c〉 , (8)

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, 76]. The metastable state |β, ν, 1c〉
can decay both radiatively via photon leakage and non-
radiatively via vibrational relaxation. However, as we
discuss later in more detail, for systems where vibrational
relaxation is slower than radiative relaxation, we expect
that vibrationally-excited dressed photon states in Eq.
(8) can significantly contribute to the light-matter dy-
namics.

The phonon-dressed Fock state |β, ν, 1c〉 in Eq. (8)
can exchange energy resonantly with the two-particle di-
abatic material state [51]

|α0β, ν̃
′ν, 0c〉 = (9)

N∑
n 6=m,m

cβm√
N − 1

|g101, . . . , enν̃
′
n, gmνm, . . . , gN0N 〉 ⊗ |0c〉 ,

which describes an ensemble where the n-th molecule is
electronically excited in the state |enν̃′n〉 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 ν̃′n. Within the homoge-
neous HTC model in Eq. (1), these different possibilities
are degenerate and have diabatic energy ω00+(ν̃′+ν)ωv.
Given this degeneracy, we are free to choose the coeffi-
cients of the superposition in Eq. (9), within the con-
straints imposed by the fermionic character of the exci-
tations on the same molecular emitter [56]. We focus on
the vibronic superposition that is totally-symmetric with
respect to particle permutation, setting equal amplitudes
1/
√
N − 1 [56], and choose vibrational superposition co-

efficients cβm to be determined the same permutation
quantum number β as the phonon-photon dressed state
|β, ν, 0c〉 in Eq. (7).

We show in Figure 3, that the HTC model allows
the resonant coupling of two-particle material state
|α0β, ν̃

′ν, 0c〉 with phonon-dressed states |β, ν, 1c〉, pre-
serving the permutation quantum number β, to form di-
abatic two-particle polariton states of the form [56, 57]

|P±νν̃′ , β〉 =
1√
2

(|α0β, ν̃
′ν, 0c〉 ± |β, ν, 1c〉) , (10)

having diabatic energies E±νν̃′ = ω00 + (ν̃′ + ν)ωv ±√
(N − 1) Ω |〈0|ν̃′〉|/2, when the resonance condition

ωc = ω00 + ν̃′ωv holds[95]. For example, in Fig. 3(b)
we show the two-particle polariton splittings ∆E10̃ and
∆E20̃, which form when ωc = ω00, and the two-particle
splitting ∆E11̃ forming when ωc = ω00 + ωv. The possi-
bility of forming these two-particle polaritons in organic
cavities is not captured by commonly used single-particle
theories [58–61, 63, 64, 76, 77].

The two-particle polariton state |P±νν̃′ , β〉 in Eq. (10)
does not have a transition dipole moment that con-
nects with the absolute ground state of the cavity, i.e.,
〈G|µ̂|P±νν̃′ , β〉 = 0, with µ̂ being the electric dipole op-
erator. Following the definition introduced in previous
work [56, 56], we can then refer to two-particle polariton
states |P±νν̃′ , 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 |P±νν̃′ , β〉 could be detected by
measuring the diabatic two-particle polariton splitting

∆Eνν̃′ =
√

(N − 1) Ω |〈0|ν̃′〉|. (11)

for systems with small values of the Rabi coupling pa-
rameter

√
NΩ/ωv � 1. 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
∆Eν̃′ and two-particle polariton splitting ∆Eνν̃′ associ-
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ated with the same vibronic transition, which scales as

∆Eνν̃′

∆Eν̃′
= 1− 1

2N

(
1 +

1

4N

)
. (12)

For a dimer in a cavity (N = 2), the two-particle split-
ting ∆Eνν̃′ 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 im-
plementations [22]. For larger samples, the single and
two-particle splittings however become energetically in-
distinguishable. Despite this difficulty, we later envision
two-color absorption experiments that can be used to de-
tect the two-particle polariton splitting for cavities with
an arbitrary number of emitters.

D. 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 polari-
tons |P±ν̃′ 〉, collective vibronic excitations |α, ν̃, 0c〉, and

diabatic two-particle polaritons |P±νν̃′ , β〉 [56] that leads
to the mixing of diabatic configurations. The coupling
is most efficient for values of the Rabi coupling parame-
ter 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, Fig. 4
shows that the lowest four energy levels above the lower
polariton |LP〉 correspond to the dark vibronic polaritons
|Ya〉, |Xa〉, |Yb〉, |Xb〉, whose energies are in the vicinity
of bare electronic resonance frequency (ω00 = ωc). In
general, X states are non-degenerate as they are asso-
ciated 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 non-symmetric
permutation quantum number α′ 6= α0.

The dispersion diagram in Figure 4(b) shows that in
the vicinity of the bare electronic (excitonic) resonance,
the HTC Hamiltonian predicts the existence of 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 6= α0, ν = 1, 1c〉 [56], and their
material part is mostly given by collective dark vibronic
states |β′ 6= α0, 0̃, 0c〉 [Eq. (6)] and the material part
of the diabatic two-particle polariton |P−

10̃
〉 [Eq. (10)].

In other words, the HTC model predicts that the so-
called dark exciton reservoir, predicted to exist in this
regime of Rabi couplings [60, 61, 76], can have a signifi-
cant vibrationally-excited photonic component, even for
a homogeneous ensemble without energetic or Rabi dis-
order.

We have previously shown that under the resonance
condition ωc = ω00, it is possible to find a critical Rabi
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FIG. 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 the X and Y types
are labelled. Only dominant light-matter couplings are ex-
plicitly shown. (b) Polariton dispersion curves for N = 10,√
NΩ/ωv = 2.4 and λ2 = 0.5. Symbols are colored according

to the total radiative component of the corresponding polari-
ton eigenstate. In both panels we use the resonance condition
ωc = ω00, at normal incidence. Frequency is shown relative
to ωc.

frequency
√
NΩX at which the dark vibronic polariton

state |Xa〉 has exactly the same energy as the bare elec-
tronic frequency ω00. In the rotating frame of the cavity
field [56, 57], state |Xa〉 satisfies the eigenvalue equation

Ĥ |Xa〉 = 0, where Ĥ is the HTC Hamiltonian in Eq. (1).
This zero-energy dark vibronic polariton is interesting be-
cause it has the same energy as the uncoupled electronic
transition, but nevertheless has a large vibrationless pho-
tonic component. For large particle numbers N , the crit-
ical coupling tends asymptotically to

√
NΩX ≈ 2.4ωv.

For intermediate Rabi frequencies other than the criti-
cal 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〉,
where m is a molecule index. Due to their significant
photonic component, as Fig. 4(b) shows, X and Y vi-
bronic 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 de-
tected at an energy h̄ω that is lower than the energy of
its parent vibronic polariton. More generally, if we de-
note an eigenstate of the HTC Hamiltonian within the
single-excitation manifold by |εj〉, and its eigenvalue by
h̄ωj , then we can represent a dissipative photon leakage
process by the mapping
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â |εj〉 → |g1ν1, . . . , gmνm, . . . , . . . , gNνN 〉 ⊗ |0c〉+ h̄ω,
(13)

where the energy of the emitted photon is given by

h̄ω = h̄ωj − h̄ωv

∑
m

νm. (14)

The single-particle approximation discussed in the pre-
vious section only allows radiative decay processes in
which all the molecules are projected in their vibration-
less ground state by photon leakage, i.e., 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

∑
m νm ≥ 1 . This general behaviour

is consistent with recent measurements of the action spec-
tra 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 can-
not be explained by non-radiative relaxation alone.

E. Polaron Decoupling of the Lower Polariton
Manifold

We have shown in previous sections that for small and
intermediate Rabi couplings the lower polariton state is
mainly given by the single-particle state

|P−
0̃
〉 =

{(
(1/
√
N)

N∑
n=1

|g101, . . . enν̃n, . . . gN0N 〉
)
⊗ |0c〉

− |g101, g202 . . . , gN0N 〉 ⊗ |1c〉} /
√

2, (15)

which is a entangled state involving electronic, nuclear,
and photonic degrees of freedom. Light-matter entan-
glement is a well-known feature that emerges in cavity
quantum electrodynamics with atomic systems [70, 73].
Optical cavities with trapped atoms or ions introduce an
additional vibrational degree of freedom for each particle
associated with a harmonic trapping potential [78–80],
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 Fig. 2), the harmonic
nuclear potential is in general different for different elec-
tronic 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 [80] that
in the absence of electron-vibration coupling, the vi-
brational motion of atoms in their trapping potential
is separable from the internal degrees of freedom in-
volved in light-matter coupling. Since the HTC model
in Eq. (1) becomes formally equivalent to the Hamilto-
nian describing an ensemble of trapped two-level atoms
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FIG. 5: Spectrum of the Holstein-Tavis-Cummings model in
the polaron decoupling regime

√
NΩ/λ2ωv � 1. (a) Inter-

action diagram between diabatic totally-symmetric (left side)
and non-symmetric states (right side), with respect to permu-
tation of vibronic excitation. The lower polariton manifold
(LP) is energetically separated from the non-symmetric po-
laron manifold. (b) Polariton dispersion curves for N = 10,√
NΩ/ωv = 5.5 and λ2 = 0.5. Symbols are colored according

to the total radiative component of the corresponding polari-
ton eigenstate. We assume ωc = ω00 at normal incidence.
Frequency is shown relative to ωc.

in a cavity when λ = 0, there must be a regime of
Rabi couplings where vibronic coupling becomes negli-
gible 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 shown [25, 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

|LPj〉 = |φ−〉⊗D̂†α0
(λN ) |να0

〉⊗|νβ1
〉⊗|νβ2

〉 · · ·⊗|νβN−1
〉 ,

(16)
where |νβ〉 is a vibrational eigenstate for the collective
vibrational mode with permutation quantum number β,
and the operator D̂†α0

(λN ) displaces the vibrational min-
ima of the totally-symmetric mode α0 by the quantity λN
in nuclear configuration space, relative to the equilibrium
ground state nuclear configuration. The non-symmetric
modes β 6= α0 are all unshifted relative to the reference
configuration. The totally-symmetric mode in Eq. (16 is
displaced from the reference nuclear configuration by the
quantity [25, 55, 81, 82]

λN =
λ

2
√
N
. (17)

Since, according to Eq. (17), the equilibrium configu-
ration of the only displaced mode in the system becomes
indistinguishable from the ground state equilibrium con-
figuration for large N , there is no reorganization energy
for a vertical transition between the ground electronic
potential and the effective lower polariton potential that



8

characterizes the manifold in Eq. (16). As a consequence,
any molecular process that depends on the relative re-
organization energy between ground and excited state
potentials should behave very differently in a cavity in
comparison with free space. We have previously shown
[25] 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 con-
figuration upon accepting an excess electron [83], by a
orders of magnitude.

Equation (16) shows that for states in the lower polari-
ton manifold, the nuclear degrees of freedom are separable
from the electron-photon state, which is now given by the
standard Tavis-Cummings form [73]

|φ−〉 =
1√
2

[
(1/
√
N)

N∑
n=1

|g1, . . . en, . . . gN 〉 |0c〉

− |g1, g2, . . . , gN 〉 |1c〉] . (18)

In other words, there is no polaron formation due to
intramolecular 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. (16) 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 Fig. 5. Higher

vibrational excitations of the lower polariton manifold
|LPj〉 can energetically overlap with a high density of
diabatic vibronic polariton states and form new HTC
eigenstates due to interactions induced by vibronic cou-
pling and energetic disorder [25]. The same occurs
with the states in the diabatic upper polariton mani-
fold |UPj〉, which are given by a product form as in Eq.
(16), but replacing |φ−〉 from (18) by the orthogonal

combination |φ+〉 = (
∑
n |g1, . . . en, . . . gN 〉 |0c〉 /

√
N +

|g1 . . . gN 〉 |1c〉)/
√

2.

F. Radiative Lindblad Dissipation

Up to this point, we have only described the eigenspec-
trum of the HTC model Hamiltonian [Eq. (1)]. Before
we can use this understanding of the polariton eigen-
states to discuss the interpretation of the spectroscopic
signals of organic cavities, we must first address the dy-
namics 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 quan-
tum optics [70, 84], 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 cou-
pling occurs into the far field. This type of photon decay
occurs at a rate κ ∼ ωc/Q and determines the empty-
cavity linewidth. While for microcavities with dielectric
mirrors having quality factors in the range Q ∼ 104−106

[44, 46], the photon decay time 1/τ is in the order of tens
or hundreds of picoseconds [39], microcavities with metal-
lic mirrors (Q ∼ 10) have photon decay times are only
a few tens of femtoseconds [4, 47], which is faster than
the typical timescales for intramolecular vibrational re-
laxation (IVR) [45]. The second radiative decay channel
that we consider is the optical fluorescence of the mate-
rial 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 inter-
nal reflection (bound modes), but nevertheless can carry
photons away from the spatial region where strong light-
matter coupling is taking place. Since the material com-
ponent of vibronic polaritons are always delocalized over
the entire molecular ensemble within our homogeneous
HTC model, the corresponding superradiant fluorescence
decay rate [85] is given by γ ∼ Nγ0, where τ0 ≡ 1/γ0 is
the fluorescence lifetime of a single organic emitter, typ-
ically in the range τ0 ∼ 1− 10 ns.

By writing a Lindblad master equation in the HTC
polariton eigenbasis [56, 57], with |εj〉 representing a po-
lariton eigenstate in the single-excitation manifold and
|εi〉 a state in the absolute ground manifold, we obtain
an expression for the decay rate for the j-th polariton
eigenstate of the form

Γj = κ
∑
i

| 〈εi| â |εj〉 |2 +Nγ0
∑
j

| 〈εi| Ĵ− |εj〉 |2, (19)

where Ĵ− 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 [70]. The first term represents
the contribution to the decay from the photon leakage
transitions represented by Eq. (13). The second term
represents the contribution to broadening due to super-
fluorescence into bound modes of the nanostructure.

II. ORGANIC CAVITY SPECTROSCOPY

In organic cavities described by the HTC Hamiltonian
Ĥ in Eq. (1), we can consider the reflection and trans-
mission spectra of a monochromatic pump Ip(ω), given
by R(ω) and T (ω), respectively, as a result of dissipa-
tive photon leakage transitions occurring at the rate κ.
The absorption spectra is then defined as the normal-
ized 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 fluores-
cence into bound modes of the nanostructure at the rate
Nγ0, which remove photon flux from the direction of the
detectors in the far field [56].
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The photoluminescence spectra SPL(ω) is the result of
photon leakage transitions into the far field following ex-
citation of the cavity system with a blue-detuned weak
pump field Ip(ωp), such that ωp > ω. We focus below on
modelling 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 com-
pute the photoluminescence spectra that 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 h̄ωp, defining a cut-off 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 processes that are characteristic of organic
cavities. These include bound absorption [56, 57] in the
near field of the nanostructure [86–88], as well as bound
fluorescence [55] or bound photoluminescence [56], which
probe the dipole response of polaritons. In this work,
we focus on the conventional cavity absorption A(ω) and
photoluminescence spectra SPL(ω), as a function of sys-
tems parameters such as the strength of Rabi coupling,
the pump frequency, and vibrational temperature, in an
effort to interpret recent experimental evidence [47, 89]
which cannot be not fully explained using currently avail-
able single-particle theories of organic polaritons [59–
61, 63, 64, 76]. We compute the organic cavity spectra
below from analytical expressions derived previously us-
ing the quantum regression formula [56].

A. Rabi Coupling Regimes

Let us consider the spectral response of an ideal sys-
tem with N = 10 molecular emitters in a cavity with
photon and dipole decay rates that are equal in magni-
tude to the vibrational frequency (κ = Nγ0 = ωv), which
for typical organic cavities corresponds to homogeneous
broadenings on the order of a few hundred meV [47]. For
numerical simplicity, we use a small particle number to
discuss the spectroscopic signals, as it has been shown
that by truncating the polariton basis within the one-
excitation manifold, the polariton spectrum of finite size
ensembles with N ∼ 10 is not qualitatively different from
the thermodynamic limit [56, 81].

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 absorp-

tion and photoluminescence signals in the frequency re-
gion near the resonant cavity frequency ωc = ω00, which
is the energy reference. All energies are given in units
of the vibrational frequency ωv. The absorption spectra
in Fig. 6(a) is dominated by the conventional polariton
doublet centered around the resonant frequency (ω = 0),

having a single-particle splitting ∆E0̃ =
√
NΩ〈0|0̃〉,

which is not resolved for the chosen broadening parame-
ters. Figure 6 also shows absorption sidebands at ω ≈ ωv

FIG. 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 ∆E0̃ between lower polariton (LP) and up-
per 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 leak-
age transitions that project the material into a state with up
to ν = 2 and ν = 1 vibrational quanta, respectively. Dot-
ted lines corresponds to emission events that project the sys-
tem into the vibrationless ground state (single-particle ap-
proximation). The arrow indicates the cut-off 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. Frequency is shown relative to ωc.

and ω ≈ 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 â† |G〉, as in Eq. (5). We note that al-
though at the chosen value of the Rabi coupling there
are diabatic two-particle polariton states |P±

10̃
〉 that are

split by ∆E10̃ ≈ 0.95 ∆E0̃ around ω = ωv, these are not
visible in absorption at the low initial vibrational tem-
peratures kbT/h̄ωv � 1, because their wavefunction does
not have a contribution from the vibrationless photonic
component â† |G〉. We discuss later how it would be pos-
sible to observe diabatic two-particle polariton splittings
∆Eνν̃ at higher vibrational temperatures.

The small Rabi coupling photoluminescence spectra
in Fig 6(b) illustrates a remarkable feature of the HTC
model beyond the single-particle approximation. Since
we take the cut-off frequency ωcut = 1.8ωv to be
slightly more than two vibrational quanta above the
lower energy peak of the absorption doublet, the emis-
sion spectrum is dominated by photons that leak out
of parent polariton states |εj〉 at higher energies h̄ωj ,
which are detected in the far field at lower frequen-
cies ω = ωj −

∑
m νmωv, thus projecting the organic

cavity into the vibrationally excited photon vacuum
|g1ν1, . . . , gmνm, . . . , . . . , gNνN 〉 |0c〉 with

∑
m νm ≥ 1, as

described by Eq. (13). Figure 6(b) shows that within the
single-particle approximation, i.e., considering only pho-
ton leakage transitions that project the system into the
vibrationless ground state |G〉 in Eq. (2), the emission



10

spectrum (dotted lines) reproduces the overall shape of
the absorption spectrum in Fig. 6(a), including the side-
band structure at ω ≈ ωv. In other words, within the
single-particle approximation, a strong absorption peak
would also give a strong photoluminescence peak, as ex-
pected from detailed balance.

By going beyond the single-particle approximation, we
find that even for the relatively small value of the Rabi
coupling used in Fig. 6, most of the photons emitted by
the organic cavity at frequencies close to the bare elec-
tronic resonance are coming from parent polariton eigen-
states |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. (10), in this Rabi
coupling regime. In order to illustrate this point, Fig.
6(b) shows that only 21% of the photon flux emitted at
the frequency of the lowest peak ω ≈ −0.23ωv comes
from a polariton state at that frequency (ωj = ω). The
rest of the emitted photons come from HTC polariton
eigenstates that are up to two vibrational quanta higher
in energy (ωj > ω). This behaviour can be understood
by noting that the peak strength in photoluminescence
at a given transition frequency ω = ωji is proportional to
|〈εi|â|εj〉|2 [56, 57], where ωji is the frequency of the pho-
ton leakage transition involving the HTC eigenstates |εi〉
and |εj〉 in the absolute ground and one-excitation man-
ifolds, respectively. For example, the vibronic polariton
states |P−

10̃
〉 and |P−

20̃
〉 can both contribute to the emis-

sion spectrum at exactly the lower polariton frequency for
large N . The transition â |P−

10̃
〉 → |ε1〉 projects the ma-

terial into a state with one vibrational excitation in the
ground manifold |ε1〉, and the transition â |P−

20̃
〉 → |ε2〉

projects the system into a state with two vibrational ex-
citations in the ground manifold |ε2〉.

Let us now consider the spectra of organic cavities in
the opposite limit where the Rabi couplings is large, i.e.,√
NΩ/ωv > 1. In this regime we expect the lower polari-

ton manifold to reach the polaron decoupled form given
by Eq. (16). The absorption spectrum in Fig. 7(a)
is indeed strongly dominated by a conventional lower
and upper polariton splitting that is only slightly higher
than the Tavis-Cummings value

√
NΩ, confirming po-

laron decoupling behaviour. Deviations from ideal po-
laron decoupling in the upper polariton manifold result
in the appearance of intermediate absorption peaks in
the frequency region above the bare electronic resonance
(ω > 0).

Figure 7(b) shows the photoluminescence spectrum of
the system near the lower polariton frequency, for a cut-
off frequency that is two vibrational quanta above the
lower polariton peak. Similar to the discussion of the
small Rabi limit (Fig. 6), only a small fraction of the
photons emitted at the lower polariton frequency come
from the lower polariton state |LP〉, at that frequency.
The majority of photons come from HTC polariton eigen-
states at higher energies, up to the frequency cut-off fre-
quency ωcut imposed by the driving field. Assuming that

FIG. 7: (a) Stationary cavity absorption A(ω) = 1− R(ω)−
T (ω) for N molecular emitters in the polaron decoupling

regime
√
NΩ/λ2ωv � 1, showing the adiabatic splitting ∆E

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 to-
tal 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 vibration-
less ground state (single-particle approximation). The arrow
indicates the cut-off frequency ωcut for the uniform polari-
ton 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. Frequency is
shown relative to ωc.

ideal polaron decoupling is established for the lower po-
lariton manifold, we can use the separable wavefunction
ansatz in Eq. (16) to estimate the fraction of photons
coming from states that are one and two vibrational
quanta above the lower polariton. According to the sep-
arable wavefunction Eq. (16), the lower polariton state
thus emits photons at its own energy with a strength
proportional to [25, 55]

| 〈0α0
| D̂†(λN ) |0α0

〉 〈0β1
|0β1
〉 · · · 〈0βN−1

|0βN−1
〉 |2

= e−λ
2/4N (20)

where we have used 〈0β1
|0β1
〉 = · · · = 〈0βN−1

|0βN−1
〉 = 1,

and evaluated the Franck-Condon factor for the sym-
metric mode α0 using λN = λ/2

√
N , which becomes

λN ≈ 0.08 for the parameters in Fig. 7.
Leakage emission from a state in the lower po-

lariton manifold that is exactly one vibrational
quanta above the lower polariton is propor-
tional 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. (20). We have assumed
that mode β1 is excited both in the parent polariton
state |εj〉 and the ground manifold state |εi〉, but any
choice of β satisfying the constraint

∑
β νβ = 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. (20) for large N . The inset in Figure 7(b)
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FIG. 8: (a) Stationary absorption spectra A(ω) = 1−R(ω)−
T (ω) for N molecular emitters in a resonant cavity. Curves
are labelled according to the value of the coupling ratio√
NΩ/ωv. (b) Photoluminescence spectra for the same cou-

pling ratios as in Panel (a). Solid lines correspond to the to-
tal emission signal including photon leakage transitions that
project the material into a state with up to ν = 2 vibra-
tional quanta. Dotted lines corresponds to emission events
that project the system into the vibrationless ground state
(single-particle approximation). Arrows indicate the high en-
ergy cut-off h̄ωcut of the uniform polariton steady-state distri-
bution.For

√
NΩ/ωv = 2, there is a vibronic polariton state at

ω ≈ 0.1 that is completely dark in absorption, but contributes
to emission near the lower polariton frequency. In both pan-
els we use the parameters N = 10, κ/ωv = Nγ0/ωv = 1,
λ2 = 0.5, and ωc = ω00 at normal incidence.

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. (20). 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 contributions from
the first and second excited sideband of the lower
polariton manifold given by Eq. (16), behaviour that is
clearly captured in Fig. 7(b).

In the intermediate Rabi coupling regime (see Fig. 4),
stationary cavity absorption close to the resonance fre-
quency (ω ≈ 0.4ωv for

√
NΩ = 2ωv) is largely due to the

vibrationless photonic component of state |Xb〉 in Fig. 4,
which adiabatically connects with the single-particle di-
abatic upper polariton state |P+

0̃
〉 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〉 ac-
quires a stronger two-particle polariton character involv-
ing vibrationally-excited photonic components, making it
more difficult to populate directly in a one-photon tran-
sition starting from the absolute ground state |G〉. The
mid-region absorption peak thus tends to disappear for
larger values of the Rabi coupling. For example, X-state
absorption at ω = 0.6ωv in Fig. 8(a) is an order of
magnitude weaker than the lower polariton absorption
at ω = −2.6ωv for

√
NΩ = 5.5ωv.

As discussed earlier, the lineshape of the stationary
photoluminescence spectra strongly depends on the cut-
off energy h̄ωcut over which no polariton eigenstate is
significantly populated in the steady state. In Fig. 8(b),
we show the static photoluminescence spectra assuming
a uniform population [56] of polariton energy levels up
to a cut-off frequency ωcut that is roughly two vibra-
tional quanta above the lower polariton frequency, for
the same values of the Rabi coupling ratio

√
NΩ/ωv as

in Fig. 8(a). The dominant contribution to photolumi-
nescence 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. (13).

B. Hot-Band Cavity Absorption

We have previously derived an expression for the ab-
sorption 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(â

† e−iωt + â eiωt) on the HTC Hamiltonian
[Eq. (1)], together with the quantum regression for-

mula under weak driving conditions Ωp �
√
NΩ [90].

At zero vibrational temperature, i.e., kbT/h̄ωv � 1 we
expect the cavity to be in the absolute ground state
|G〉 ≡ |g101, g202 . . . , gN0N 〉 |0c〉 in the absence of the ex-
ternal field. Continuous resonant driving with an optical
field at frequency ω can thus induce transitions into po-
lariton eigenstates |εj〉, which we represent by the map-
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FIG. 9: (a) Two-color scheme to measure hot-band cavity ab-
sorption, indicating the allowed optical transitions in a sys-
tem where the population is put initially in the first vibra-
tional level (η1 = 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, la-
belled a to d. Transitions from the absolute ground state |G〉
below the lower polaron state |P−

0̃
〉 are not possible (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 labelled 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.

ping V̂p |G〉 → |εj〉. In order to contribute to the ab-
sorption signal, the weakly-populated polariton state |εj〉
can then decay by fluorescence [55] into a near-resonant
bound modes of the nanostructure [86, 87, 91], thus re-
ducing the photon flux direction where reflection R(ω)
and transmission T (ω) is collected in the far field [70],
assuming a near-unity polariton quantum yield.

In general, the cavity system in the absence of external
driving can be described by the slightly more general
state

ρ̂0 =
∑
i

ηi |εi〉 〈εi| , (21)

where the real quantities ηi determine the probability
distribution of the ground manifold states |εi〉 in the en-
semble. If we denote by h̄ωi the energy of state |εi〉 in
the ground manifold, and h̄ωj the energy of the polariton
eigenstate |εj〉, then we can use Eq. (21) to extend our
zero-temperature results [56, 57], and write the station-
ary absorption signal as

A(ω) = π
∑
i

ηi
∑
j

Fj
|〈εi|â|εj〉|2(κij/Γj)

(ω − ωji)2 + κ2ij
, (22)

where κij is the decay rate for the coherence between
states |εi〉 and |εj〉, Γj is the polariton radiative decay
rate given by Eq. (19), and ωji = ωj−ωi is the transition
frequency. The total dipole emission strength of the j-
th polariton eigenstate, Fj =

∑
i |〈εi|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. (22) can be used to interpret experiments where the
vibrational temperature of the relevant vibrational mode
is not negligible, i.e., kbT/h̄ωv ∼ 1, by associating the
population factors ηi with a properly normalized statis-
tical distribution. The mixed state ρ̂0 in Eq. (22) can
also describe a non-thermal state corresponding to a cav-
ity under strong infrared driving that is resonant with an
excited vibrational level at frequency ω = νωv, hosting
ν vibrational quanta in the ensemble. Under such con-
ditions, the population of the absolute ground state can
become negligible over the relevant driving timescales,
i.e., ηG � 1, such that the absorption of a second driving
field at optical frequencies ω ∼ ωji is dominated by tran-
sitions starting from an excited vibrational state in the
ground manifold, for which ηi ∼ 1, leading to a type of
hot-band cavity absorption. A continuous-wave version
of the envisioned IR-optical two-photon cavity absorp-
tion sequence is illustrated in Fig. 9(a). In experiments,
pulsed infrared and optical fields could be considered,
and the initial state in Eq. (21) 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 ∆Eνν̃′ ,
given by Eq. (11), provided the splitting can be resolved.
In experiments 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 ∆Eνν̃′ , 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 polari-
ton eigenstate with negligible vibrationless photonic com-
ponent, 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. (16)] in the polaron decoupling

regime (
√
NΩ/λ2ωv � 1). Figure 9(b) also shows that

hot-band absorption starting from the first vibrationally
excited state in the ground manifold gives a sideband ab-
sorption peak in the region below the conventional lower
polariton peak. For the system parameters chosen in Fig.
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 non-symmetric collective vi-
bronic states |α′, 0̃, 0c〉, the so-called dark exciton states
[see Eq. (6)], at the bare electronic resonance. Fig. 9 also
shows that there should be no sideband structure below
the lower polariton frequency when absorption is exclu-
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sively due to transition from the absolute ground state
|G〉.

III. CONCLUSION AND OUTLOOK

In this work, we have described the general photo-
physics of organic cavities using a homogeneous Hostein-
Tavis-Cummings (HTC) model [25, 55–58] [Eq. (1)] to
describe the structure of vibronic polaritons, together
with a Markovian description of their radiative decay dy-
namics. The developed theoretical framework provides
a microscopic interpretation for some of the observed
features in the absorption and emission spectra of or-
ganic 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 spectro-
scopic signals under the assumption that the photonic
part of the polariton wavefunction has no vibrational
structure, but only the material part of the wavefunction
can have the contribution of several vibronic transitions
[59–61, 63, 64, 76]. We refer to this as the single-particle
approach to the description of vibronic polaritons.

Within this single-particle approach, photolumines-
cence 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 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
non-radiative transitions into the lower polariton state,
before radiative decay can take place [60, 61, 63, 64]. As
the system relaxes towards the lower polariton state, it is
assumed that non-radiative relaxation populates a large
number of weakly-coupled collective material states, the
so-called excitonic reservoir [60, 61], in the frequency re-
gion 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 particu-
lar, it is has been proposed [63, 64] that material states in
the excitonic reservoir can radiatively decay via cavity-
enhanced fluorescence (Purcell effect) into the first ex-
cited vibration in the ground electronic molecular po-
tential, such that the emitted photon can be reabsorbed
by the ensemble and incoherently populate any polari-
ton state that is found one quantum of vibrational en-
ergy lower than 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 fre-
quency ωLP in cavities where the bare electronic (ex-
citonic) 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 vi-

bronic 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 po-
lariton frequency ωLP, our theory shows that by con-
tinuously 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 behaviour is universal in
the sense that it occurs for any value of the Rabi fre-
quency, 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 condensation
[40, 65] and lasing [8, 66].

In an organic cavity where the Rabi frequency
√
NΩ

is not much greater than the typical vibrational relax-
ation rates [3, 6, 46], a vibrationally-excited photonic
dressed state can relax non-radiatively before it can ex-
change energy with purely material excitations through
coherent light-matter Rabi coupling. Under such condi-
tions, 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 multi-particle vibronic polari-
ton states, theory thus relies on the ability of vibration-
photon dressed states to resonantly couple with mate-
rial vibronic-vibrational excitations over sub-picosecond
timescales, which is the typical magnitude of the non-
radiative 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], inhomogenous
Rabi coupling [68], and a more elaborate treatment of
the multi-mode nature of the commonly used photonic
nanostructures than the quasi-mode approximation used
here. Since the typical radiative and non-radiative molec-
ular relaxation channels are well-known, it should be also
possible to develop a microscopic dynamical description
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of the competition between Rabi coupling, cavity pho-
ton 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 modelling would allow us to better
understand ultrafast cavity spectroscopy measurements
[47], as well as the temperature dependence of organic
polariton signals [89].

By further exploring the condensed-matter aspects of
the HTC model, it should also be possible to describe
organic cavities under strong resonant and non-resonant
driving, in order to better understand the quantum non-
linear dynamical processes that emerge at large polariton
densities, such as condensation [40, 65] and lasing [8, 66].
It was in this context that the HTC model was first in-
troduced [58], but still several open questions remain re-
garding the mechanisms that allow the emergence sta-
tionary macroscopic polariton coherence [92]. The cavity
quantum electrodynamics framework implicit in the HTC
model, also suggests possible connections with macro-

scopic phase coherence effects such as quantum synchro-
nization [93].

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 electro-
magnetic fields from first principles [94], but also stim-
ulate the development of novel nonlinear optical devices
[21, 32, 34, 35], chemical reactors [23, 25, 26], and opto-
electronic devices [28–31] that can be enhanced by quan-
tum optics.
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[58] J. A. Ćwik, S. Reja, P. B. Littlewood, and J. Keeling,
EPL (Europhysics Letters) 105, 47009 (2014).

[59] V. M. Agranovich, M. Litinskaia, and D. G. Lidzey, Phys.
Rev. B 67, 085311 (2003).

[60] M. Litinskaya, P. Reineker, and V. M. Agranovich, Jour-
nal of Luminescence 110, 364 (2004).

[61] M. Litinskaya, P. Reineker, and V. Agranovich, J. Lumin.
119, 277 (2006), ISSN 0022-2313.
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