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1 Introduction

When do molecular polaritons behave like optical
filters?'

Kai Schwennicke,® Arghadip Koner,® Juan B. Pérez-Sanchez,® Wei Xiong,* Noel C. Giebink,”
Marissa L. Weichman,¢ and Joel Yuen-Zhou*¢

This review outlines several linear optical effects featured by molecular polaritons arising in the
collective strong light-matter coupling regime. Under weak laser irradiation and when the single-
molecule light-matter coupling can be neglected (often in the limit when the number of molecules
per photon mode is large), we show that the excited-state molecular dynamics under collective strong
coupling can be exactly replicated without the cavity using a shaped (or “filtered") laser, whose field
amplitude is enhanced by the cavity quality factor, shining on the bare molecules. As a consequence,
the absorption within a cavity can be understood as the overlap between the polariton transmission
and the bare molecular absorption, suggesting that polaritons act in part as optical filters. This
framework demystifies and provides a straightforward explanation for a large class of experiments
and theoretical models in molecular polaritonics, highlighting that the same effects can be achieved
without the cavity with shaped laser pulses. With a few modifications, this simple conceptual picture
can also be adapted to understand the incoherent nonlinear response of polaritonic systems. This
review establishes a clear distinction between polaritonic phenomena that can be fully explained
through classical linear optics and those that require a quantum electrodynamics approach. It also
highlights the need to differentiate between effects that necessitate polaritons (i.e., hybrid light-
matter states) and those that can occur in the weak coupling regime. We further discuss that certain
quantum optical effects like fluorescence can be partially described as optical filtering, whereas some
others like cavity-induced Raman scattering go beyond this. Further exploration in these areas is
needed to uncover novel polaritonic phenomena beyond optical filtering.

matter form hybrid eigenmodes known as polaritons.

The interaction of matter with light drives numerous chemical,
physical, and biological processes, typically falling within the
“weak” coupling regime in nature. Here, light and matter are
considered distinct entities where the former perturbatively influ-
ences the latter. Weak coupling is defined by the rate of energy
exchange between light and matter being slow compared to their
natural dissipation rates; thus, well-defined light absorption and
emission events can be identified. By confining the radiation field
within a small mode volume, light and matter can coherently ex-
change energy multiple times before the photon escapes, giving
rise to the “strong” coupling regime. In this regime, light and
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The hybridization of light and matter excitations in crystalline
solids outside of cavities has been long known since the semi-
nal works of Tolpygo and Huang? on phonon-polaritons and
Agranovich® and Hopfield? on exciton-polaritons in the 1950s.
It wasn’t, however, until 1992 that Weisbuch® demonstrated that
these strong coupling phenomena in inorganic semiconductors
could be enhanced with optical microcavities (though other work
has since shown that the dielectric contrast between a bulk semi-
conductor and its surroundings can give rise to effective polariton
formation even without the use of mirrors@). A few years later,
Lidzey” reported the same feat using excitons in disordered or-
ganic films to form microcavity polaritons. The study of strong
coupling for ensembles of molecular vibrations is much more re-
cent®? yet serves as a testament to the ubiquity of polaritonic
phenomena across the electromagnetic spectrum.

Today, the burgeoning field of molecular polaritonics shows
promise in a diverse range applications, such as manipulating
chemical reactivity in both ground?14 and excited states12"23|
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enhancing exciton transport2430 facilitating long-range energy
transfer1"37, enabling room temperature polariton condensa-
tion8"44  altering organic photophysical dynamics#>">L and
modifying phase transitions2. Despite these advancements, the
field is still marked by contradictory findings. For instance, mul-
tiple studies report no modification to chemical reactivity due to
polaritonic effects 23720 and little to no polaritonic modification
to spin conversion rates2Z>8, Furthermore, with respect to modi-
fication of phase transitions, recent reports find that the re-scaling
of the local temperature inside the cavity with respect to the tem-
perature measured outside the cavity is the dominant mechanism,
rather than the proposed renormalization of the material’s free
energy220V, This mix of positive and negative results underscores
the nascent nature of the field and the need for further experi-
mental and theoretical understanding, as highlighted by recent
perspectives©1Ho3,

In an attempt to deepen this understanding at the recent 2023
Strong Coupling with Organic Molecules (SCOM) Conference
held in La Jolla, California, an important discussion came into the
limelight: the field must draw a clear divide between phenomena
that can be understood solely through the language of classical
optics, and those that go beyond this description. Amidst this
and similar discussions, a curious revelation has emerged: con-
sistently, classical linear optical descriptions like transfer matrix
methods®7 elucidate many experimental findings©87%, even
in the realm of nonlinear spectroscopy=?Z1"7> This raises the
question: How can classical linear optics capture so many phe-
nomena attributed to molecular polaritons? Furthermore, does
the success of the classical treatment imply that the language of
cavity quantum-electrodynamics is unnecessary under certain cir-
cumstances relevant to polariton chemistry?

This review endeavors to provide a succinct yet comprehensive
account of a class of molecular polaritonic phenomena that can
be understood through the use of classical linear optics. First, a
theoretical framework is established to understand the linear po-
laritonic spectra in the limit N — oo, or the large-N limit, where N
is the number of molecules coupled to each photon mode (equiv-
alently, when single-molecule light-matter coupling can be ne-
glected). In this limit, the molecular-polariton absorption spec-
trum can be expressed as the overlap between the polariton trans-
mission and bare molecular absorption spectra, resembling an
optical-filtering behavior. In the regime where the polaritonic
transmission and bare molecular absorption spectra are well sep-
arated in frequency, we make a connection to classical transfer
matrix methods, demonstrating the agreement between the large-
N limit and classical linear optics. We then connect this frequency
domain picture to a dynamical perspective.

In order to build upon the understanding of the optical filtering
regime of molecular polaritonics, we provide explicit examples,
both theoretical and experimental, where seemingly nontrivial
polaritonic phenomena can be explained with concepts from lin-
ear optics. For instance, if we consider pumping polaritonic sys-
tems with a broadband laser pulse, we observe that both the rel-
ative steady-state populations and coherent molecular dynamics
are identical to what we would observe pumping the bare molec-
ular system outside of the cavity with the correctly shaped laser
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pulse whose intensity profile matches the polariton transmission
spectrum. We argue that under certain circumstances, the non-
linear optical response of many polaritonic systems can be under-
stood via these optical filtering arguments, albeit with the caveat
that the cavity transmission spectrum through which filtering oc-
curs is itself a time-dependent function of the excitation dynamics
of the intracavity molecules. These observations caution mak-
ing claims of “polaritonic” effects before optical filtering effects
have been judiciously accounted for. We then discuss the limi-
tations of this approach, particularly in the limit of finite N (i.e.,
few-molecule strong coupling) and in other situations that extend
beyond a classical optics treatment of molecular polaritons. Fur-
thermore, we provide a few existing experimental results in the
collective strong coupling regime that cannot be accounted for by
optical filtering, indicating “non-trivial” polaritonic effects.

2 Theory

2.1 Exact solutions of the polariton Hamiltonian

This section explores the scenario where N molecules are coupled
to a single harmonic cavity mode of frequency w,;,. The relevant
Hamiltonian is the Tavis-Cummings Hamiltonian, extended to in-

clude the molecular vibrational degrees of freedom'Z6"Z2;

H=Hy+V, €))}

where Hy = H,j, + Hy, o With,

N
Hpp = h()t)phaTa7 Hyo1 = ZHi(Qi7 0i), (2)
i

as the zeroth-order bare cavity and molecular Hamiltonians, re-
spectively, and

V:fh/l(aJraT)u 3

is the dipolar light-matter interaction. Here ¢ and a' are the pho-
ton annihilation and creation operators that satisfy [¢,a’] = 1, and
Hi(gi,0;) is the molecular Hamiltonian for the i-th molecule, de-
pending on the respective electronic ¢; and nuclear Q; degrees of
freedom. In Eq. |3} u =Y; 1i(g;, Q;) is the net molecular dipole op-
erator and id = Zz:"@; is the vacuum electric field. The scalar
€ is the vacuum permittivity, and V), is the cavity mode volume.
Hereafter, for simplicity, we consider the case where the molec-
ular sample occupies the same volume as the cavity mode, such
that Vo = Vpi-

Typically, the number of molecules per cavity mode is N ~ 107
for electronic strong coupling®? and N ~ 10'! — 10'? for vibra-
tional strong coupling®! (see Section S1 in the Supplementary
Information® for example calculations). Considering the photon
mode as the system and the molecular degrees of freedom as the
bath, the polariton setup can be mapped to a quantum impurity
model with the impurity (system) being coupled to a “large” en-
vironment. Makri®2 has demonstrated that, in the limit of an in-
finite bath size (N — ), and initializing in an uncorrelated ther-
mal system-bath state, p = pp;, ® pyor, the reduced system dynam-
ics can be exactly obtained by replacing the complex anharmonic
molecular bath with a surrogate bath of harmonic oscillators (see
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Fig. 1 Molecular polaritons and their linear spectroscopies.— (a) Linear spectroscopy can report on the frequency-dependent transmission, absorption,
and reflection of light by a cavity structure. (b) The molecular polariton problem — where the anharmonic degrees of freedom of a large number of
molecules, N, is coupled to a single (harmonic) photon mode — can be regarded as a quantum impurity model. When N — oo, the reduced dynamics
of the photon can be computed exactly by replacing the molecular degrees of freedom with a surrogate harmonic bath. (Reproduced from Ref. [76]

Copyright 2024 J. Yuen-Zhou and A. Koner, published by AIP Publishing.)

mol —
ity mode), V — veff = —(a+a")¥;hc;(b; +b;), where ¢; are the
respective effective couplings.

Fig. , Hyo1 — Heff = Y ha)jbjbj, coupled to the impurity (cav-

This result was recently generalized to any arbitrary uncorre-
lated stationary (with respect to Hy) initial state (not necessar-
ily thermal)Z®, This mapping is a consequence of the central
limit theorem and relies on the fact that for n > 2, the n-th or-
der bath correlation functions decay with increasing system size
at a rate of O(N~'/2), given that the single molecule coupling
strengths & = O(N~1/2), a condition typically satisfied in the po-
lariton problem®. These vanishing higher-order correlations es-
sentially mean that the cavity probes only the linear response of
the molecular bath. Owing to Fano, the linear response of an
anharmonic n-level system can be decomposed into the response
of independent harmonic oscillators at each transition frequency
(see Eq. below) 83184 These transitions correspond to the har-
monic frequencies contributing to the surrogate bathZ0/82i86,

2.2 Spectroscopic observables from the photon Green’s
function

The standard polaritonic linear spectroscopic observables can be
expressed in terms of the retarded Green’s function of the cavity,
DR (@) = —i [*_dte’® @(r)([a(t),a’]) (see Table , where (...)
denotes a trace with respect to the initial system bath density ma-
trix. In the limit N — o, the mapping discussed above reduces the
polariton problem into one of linearly coupled harmonic oscilla-
tors: the originally harmonic cavity photon mode couples to the
surrogate harmonic bath. This leads to readily obtainable analyt-
ical solutions/Z6/80-88]

In the limit N — oo, the frequency-resolved absorption, trans-
mission, and reflection in the first excitation manifold, under the
rotating wave approximation (RWA) in the cavity-laser interac-

tion, are given by'Z°:

KL(DphIm[l(l) ()]

Alw) = 4

O oot isr e
K1, KR

T(0) = , 4b

@ oot 5 + T (o) @

R(w)=1-A(ow)—-T(w). (40)

Here the cavity linewidth is x = k7 + kg, where x;, and kg denote
the cavity decay rates into the left and right photon continua. The
molecular linear susceptibility®¥ is given by

|(zluly) P

= lim ——— Y [py— po] LY
=0+ 7EYVinot g[ ) }a)zy—w—z%'

(o) ©)
where V,,,; is the volume of the molecular sample, |y) and |z) are
the many-body eigenstates of H,, in Eq. |2, and p, and p, are
the corresponding initial populations. Note that the damping co-
efficient y — 07 is introduced to ensure causality. It is important
to comment here that although Eqgs. and [4d assume the
RWA in the cavity-laser interaction and a single photon mode in-
teracting with the molecules, the implications hold beyond the
RWA and for a multimode cavity as Cwik et al.8% imply. The va-
lidity of this formalism for a multimode cavity relies on the fact
that, in the regime that N — o, the different cavity modes do not
couple to one another?Z8%  allowing for mode-wise separation
of the photon Green’s function, D,(CR)(w). In situations where the
large-N limit cannot be used to describe the polaritonic system,
mode-mixing forbids a single mode description of the cavity. &2

The formalism presented above is significant given that, over
the years, a variety of computational methods have been devel-
oped for the simulation of the polariton spectra. These range
from quantum optical methods based on input-output theory that
require simplification of the rich molecular complexity?%23 to
models incorporating ab initio treatments but limited to only a
single or very few molecules®#, Egs. demonstrate that lin-
ear polaritonic spectra can be computed directly using the molec-
ular linear susceptibility of the bare molecule outside the cavity,

Journal Name, [year], [vol.], 1 |3
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Table 1 Molecular polariton linear spectra for arbitrary N and N —

Signal Arbitrary N® N — o0
_ (R) ( iy [2 (R) K@ Imy (@)]
A@)  —a{sp® )P +amp® (@)} e
(R) 2 K K
T(o) kg | D ()] o ti5+ Z7(@)
Kr, r<R+a),,,Im[x(w)]}
(R) 215(R) ()2 _ { !
R(@) 1+ 2xmD® (@) + D@ @) 1 e T

2Here D) (@) =

avoiding explicit simulations with N molecules coupled to a pho-
ton mode. This idea is reminiscent of classical optical transfer
matrix methods, which we present in the following section.

2.3 Connection to classical linear optics: Transfer matrix

methods

The simplified dependence on the molecular linear susceptibility
within Eqgs. parallels classical optics treatments, particu-
larly the transfer matrix method (TMM) 64166, Using TMV, the
following expression can be derived which is typically used to de-
scribe the fraction of light at frequency ® transmitted through a
Fabry-Perot cavity of length £ containing a dielectric molecular
sample:
TL TR e*(l(a))ﬁ
T(w)= Zon(@)L O]
|l — /RLRge @)L == |2

where T; x and Ry are the transmission and reflection coef-
ficients of the left and right mirrors, o(w) and n(w) are the
frequency-dependent absorption coefficient and refractive index
for the intracavity molecular sample, and c is the speed of light.
Assuming that the highly reflective cavity mirrors are lossless
(e.g., Rpg > Trr and T g+ R g = 1) and the molecular absorp-
tion decays rapidly away from the molecular resonance, the clas-
sical expression for transmission near the polariton frequencies
approximates to:

T, Tr OF sg*
4720 — mopsg + i %R (T + Tg) + S22

T(0) = ™

T x W (@)’

where & is the permittivity of the nonresonant background®©>22,
WDFsR = L”—;B is the cavity free spectral range (here ng = Re[\/€p/ €]
is the background refractive index), m is a positive integer rep-
resenting the longitudinal cavity mode order, and x(V(w) =

(@) +i; 1 5 a(w))? - g—B is the linear susceptibility of the molecu-

1(31; sa(rlr)lple By taking LRw”R — KL.R, MOFSR = Opp, 5 22 () —

—x"(w), and assumlng no background (i.e., € = &), the quan-
tum mechanical expression emerges (compare to Eq.[4D). As dis-
cussed in Section[2.1] in the large-N limit the anharmonic molecu-
lar bath can be treated using an effective harmonic model, leading
to the convergence between the quantum and classical treatment.
This result is consistent with, and extends beyond, previous works
that treated the molecular degrees of freedom as classical oscil-
lators to calculate the polaritonic spectrum.26"22 Therefore, the
agreement between the classical and the quantum treatment in
the large-N limit explains the success of TMM and other classical
linear optics methods at modeling the molecular polariton spectra

4 Journal Name, [year], [vol.], 1

—i [ dte’® O(t){[a(t),a’

*]) is the cavity retarded Green’s function.

in the collective strong coupling regime.

2.4 Polariton linear absorption as optical filtering

a CH,

trans. (a.u.)

b eXpt CH, ﬂow (sccm
—0 —3
05 5
—07 7

—1 10

cavity trans. (a.u.)

100 200 300

-300 -200 -100 0
cavity detuning (MHz)

Fig. 2 Linear spectroscopy of polaritons in gas-phase methane (CHy).—
(a) Experimental transmission spectrum through a buffer gas cooled CHy4
sample showing absorption of light by the rovibrational transition at
3057.687423 cm~!. The frequency axis is referenced with this transi-
tion corresponding to 0 MHz. (b) Experimental transmission spectrum
of an 8.36 cm long near-confocal Fabry—Pérot cavity containing CH, un-
der systematic tuning of the intracavity gas flow rate. In all traces, a
cavity mode is kept locked on resonance with the CH4 transition of in-
terest. (c) Simulated cavity transmission spectra obtained by fitting the
corresponding experimental trace with the classical cavity transmission
expression. (Reproduced from Ref. [70l with permission from the Ameri-
can Chemical Society, Copyright 2023.)

A closer inspection of Egs. [4a] and [4b] reveals an intuitive rela-
tion,

A(0) = wK—’:lIm[x“)(a))}T(w). ®

This equation shows that in the collective regime absorption
within the cavity is directly proportional to the product of the
bare, free-space molecular absorption Im[y!) (»)] and the polari-
tonic cavity transmission spectrum 7 (®). Note that the pre-factor
w”” — which is a proportional to the cavity quality factor Q = w””
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Fig. 3 Collective vs. single-molecule coupling effects.— (a) Light-matter coupling is collectively enhanced for optical transitions that do not create

vibrational excitations, i.e., phonons, in the ground state. This implies that

only Rayleigh-like processes are relevant at short timescales ~ 27/g for

large N (= small g). On the other hand, the light-matter coupling is single-molecule-like for processes that create phonons in the ground state, e.g.,

Raman scattering0L

and fluorescencel®2. (b) Collective coupling creates upper and lower polaritons. Decay from polaritons to dark states occurs

due to the loss of exciton coherence (vibrational dynamics away from the Franck-Condon (FC) region), and can be thought of as absorption through
the polariton windows. Decay from dark states back to polariton states relies on the single-molecule light-matter coupling g, hence O(1/N). These
processes are enhanced by the cavity-quality factor Q. (c) Venn diagram illustrating the scenarios that require a quantum electrodynamics, a classical
linear optics, and an optical filtering description. We also provide some phenomena discussed in this manuscript within each domain. The diagram is
restricted to the first excitation manifold. (Fig. 3a adapted from Ref. [78, Copyright 2023 J. Pérez-Sanchez, et al., published by PNAS, and Ref. [103]

Copyright 2024, J. Pérez-Sanchez, et al., published by the American Physical
https:/ /creativecommons.org/licenses/by/4.0/.)

— encodes cavity-enhancement of the molecular absorption. In a
high-Q cavity constructed with highly-reflective mirrors, the pho-
tonic decay rate kg will be small and the fraction of light ab-
sorbed by intracavity molecules will increase accordingly, as is
well known in cavity-enhanced spectroscopy. 120

Viewed through the lens of linear optics, the polaritonic trans-
mission peaks function in part as “optical filters”22, only allowing
radiation of select frequencies outside to enter the cavity, where
the molecules absorb based on their bare absorption spectrum.
This picture is consistent with the work of Groenhof et al., 22104
where the authors used molecular dynamics calculations to show
that the population transfer between polaritons and dark states is
determined by the overlap between the polaritonic and molecular
absorption spectra.

We illustrate one experimental example of these effects in
Fig. where Rabi splittings in the transmission spectra of a
Fabry—Pérot cavity containing various intracavity number densi-
ties of gas-phase methane (CHy) are nearly perfectly captured us-
ing Eq. @70 105/ At intermediate CH, number densities, the Rabi
splitting does not significantly exceed the molecular linewidth
(Fig.[2h), and the polariton modes therefore have significant spec-
tral overlap with the bare molecular absorption spectrum leading
to their attenuation. The transmitted polariton intensity increases
as the Rabi splitting increases, and the polariton bands move fur-
ther out of range of the bare molecular absorption band.

2.5 The quantum dynamics perspective

To understand where the linear optics picture breaks down, we
must examine the N — oo limit at the core of the derivation of
Eq. |8} Here we do so with the Collective dynamics Using Trun-
cated Equations (CUTE) formalism”Z®, which is consistent with
previous works by Spano et al. in the context of J-aggregates 00,

Society. Licensed under CC-BY 4.0. To view a copy of this license, visit

and works by Nitzan et al.19% and Keeling et al. 821198 ip the con-
text of molecular polaritons.

CUT-E is a decays representation of the Hamiltonian in a ba-
sis of coherent and incoherent excitons interacting with the cav-
ity mode. The most important conclusion from CUT-E is that
optical transitions that do not create phonons in the electronic
ground state occur via the collective light-matter coupling compo-
nent, while optical processes that create phonons in the electronic
ground state are single-molecule like. Therefore, collective light-
matter processes (e.g., Rabi oscillations) correspond to Rayleigh
scattering, while vacuum-induced Raman scattering and fluores-
cence are of O(1/N) (see Fig. [3p). This is reminiscent of how
resonant Rayleigh scattering dominates the observed secondary
radiation for a single quantum well strongly coupled to a semi-
conductor microcavity at early times, while photoluminescence
dominates at longer times19?. This picture allows the separation
of the light-matter coupling term into its collective (gv/N) and
single-molecule (g = Au/v/N) componentsZ8103110/ 1n the large-
N limit, the latter can be treated perturbatively. The resulting
zeroth-order Hamiltonian incorporates the collective light-matter
coupling component and local vibrational dynamics, which is suf-
ficient to describe the formation of polaritons and decay to dark
states. On the other hand, the perturbation leads to relaxation
from dark states back to polariton states (which is only relevant
at longer timescales)1%? and cavity mediated Raman processes
(which are negligible compared to absorption and other linear
optical features)1%L, Notably, this structure is preserved even in
the presence of disorder (ACUT-E)103,

The collective coupling gv/N can be experimentally mea-
sured®®; therefore, in our analysis, we treat it as a finite con-
stant. A consequence of this constraint is that taking the limit
N — oo is equivalent to taking ¢ — 0. In this limit, the previ-
ously mentioned O(1/N) non-linearities can be neglected. Hence

Journal Name, [year], [vol.], 1 |5
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Fig. 4 Demystifying cavity-mediated “non-statistical”’ energy redistribution.— Molecular species @ and 3 are coupled to a common cavity mode with
the same coupling strength. (a) Here, the homogeneous molecular linewidths are the same, while the inhomogeneous linewidth for a is significantly
larger than that of 3. Due to this inhomogeneity, @ has an increased spectral overlap with the polariton transmission spectrum T(®). As a result,
the ratio of the energy absorbed by o over that absorbed by B is greater than 1 (AE%/AEP =2.2). (b) Here the molecular species have the same
inhomogeneous linewidth, but o possesses a larger homogeneous linewidth than 3. Despite the superficial similarity of the absorption bands of the two
molecular species outside of the cavity due to the predominant inhomogeneous broadening, we find that ASO‘/AEB =2.7. The log-scale inset highlights
that while the centers of the molecular profiles are similar, o has considerably longer Lorentzian tails, still leading to improved spectral overlap with

T(w). Together, these examples illustrate that the tails of the molecular lineshapes matter significantly as their spectral overlap with the polariton

windows determines intracavity energy absorption.

only the molecular linear susceptibility (") (@) — which is propor-
tional to the two-point correlation function of the molecules and
is therefore harmonic — contributes to the polaritonic response
(see Section 78 This approximation, referred to as zeroth-
order CUT-E, is valid for Egs. since the photon-photon cor-
relation function decays in an ultrafast timescale before fluores-
cence takes place (~ ns for the UV-visible and ~ ms for the IR),
and Raman and higher order scattering processes are weak com-
pared to absorption. Other phenomena such as ultrafast polari-
ton photochemistry should also be well approximated within this
limit for the most part22103, At long times when O(1/N) pro-
cesses begin to play an important role, the N — o approximation
is no longer valid and quantum electrodynamics becomes rele-
vant. Examples of these “1/N effects” are relaxation from dark
states back to polariton states via radiative pumping and vibra-
tional relaxation (see Fig. ). In Sec. EL]we discuss how these
quantum effects are modified by collective strong coupling and
when they can also be described as optical filtering.

3 Examples of polaritonic effects interpretable as
optical filtering

In this section, we employ a linear optics viewpoint, in the
N — oo limit, to address specific instances of cavity-mediated non-
statistical energy redistribution, control of photoreactivity via po-
laron decoupling, and coherent molecular excited state dynamics.
These topics have been discussed in the literature as polaritonic
phenomena of interest. While we do not question the correctness
of prior literature reports, we seek here to demystify certain ex-
amples of these processes in light of the insights discussed above

6 | Journal Name, [year], [vol.], 1

in Section 2. In each instance, we consider the N — o limit, en-
abling direct application of Eq. [8] As such, we predict that some
polaritonic phenomena can be reproduced outside of a cavity by
pumping with a laser field that has an intensity profile |E(w)|?
proportional to the polariton transmission spectrum 7(w). As
discussed in Section 2, Eq. (8| pertains not only to steady-state
molecular populations but also to excited state dynamics before
the non-linear O(1/N) processes begin to matter. We insist, how-
ever, that these findings do not consider dynamics at times larger
than 1/g nor when strong coupling is attained with small N. We
will discuss these caveats, and others, in subsequent sections. Fi-
nally, at the end of this section, we review experimental examples
of polaritonic effects that can be interpretable as optical filtering.

3.1 Non-statistical energy redistribution: A spectral overlap
interpretation

In this example, we consider two molecular species simultane-
ously coupled to a single cavity mode. Upon broadband optical
excitation of the cavity, energy is observed to funnel selectively
into one of the species with a “non-statistical” energy redistribu-
tion that differs from what one would expect if the same broad-
band excitation acted directly on the molecules in free space. This
phenomenon was originally studied with computational rigor by
Groenhof and Topparit!! for a scenario involving up to 1,000
molecules of one species, and revisited by Pérez-Sanchez et al.Z®
for the case where the intracavity number of both molecular
species tends to infinity. The intriguing observation in both stud-
ies is that the excitation energy is eventually funneled selectively
into the molecular species that features the fastest dephasing. In
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Reference [78| Pérez-Sanchez et al. explained this phenomenon
with a time-domain interpretation: the cavity and the molecules
exchange energy, and the molecules that dephase the fastest ab-
sorb energy at a faster rate and return less energy back to the cav-
ity with every Rabi oscillation. There is no mistake in this time-
domain interpretation, but here we argue that a much simpler
frequency-domain picture can clarify the observed energy funnel-
ing. In short, no matter how complex the time-domain Rabi oscil-
lations between molecules and cavity mode appear, they simply
correspond to the frequency-domain filtering of broadband light
through the polaritonic transmission windows. Temporal tran-
sients are immaterial if one is interested in steady-state observ-
ables such as the energy redistribution into different molecular
species.

For two distinct, non-interacting molecular species o and f8
coupled to the same cavity mode, Eq. (8 gives the collective in-
tracavity molecular absorption as:

Al®) =AY (0)+AP) (w), 9)

where A(%P) (@) = %Im[}(““ﬁ)(a))]T(w) is the fraction of light
absorbed by molecular species «,f in the cavity. This equation
clarifies the origin of the non-statistical energy redistribution, or
funneling, for this system: the molecular species exhibiting the
largest overlap between its bare absorption spectrum and the po-
lariton transmission peaks absorbs the most energy.

Fig. [4] showcases two instructive scenarios that highlight the
connection between the bare molecular spectral overlap with the
polariton transmission spectrum and the ratio of the total energy
absorbed by molecular species o (AE%) to the total energy ab-
sorbed by molecular species 8 (AEP) upon broadband excitation:

AE*  [dolm[x')(w)|T(0)
AR [dolm[x(B) ()T (o)

(10

In both instances, the bare molecular spectra are modeled as Voigt
profiles centered at the cavity frequency @,:

o e[ (2]
V(a:o®P T%P) :%/,md“’/{ cavﬁ\/j%ﬁ

(ref /2)?

e e

where %P8 is the Gaussian (inhomogeneous) linewidth and I'*A
is the Lorenztian (homogeneous) linewidth for each molecular
species. Species a and 3 are coupled to a common cavity mode
with the same coupling strength g/N/ o,, = 0.1 and the cavity de-
cay rate is taken to be k/ @, = 2kg/@p;, = 2K/ @, = 0.01. Fig.
presents the scenario where both species have the same homoge-
neous broadening (Fo‘vﬁ/(oph =0.001), but species o has more sig-
nificant inhomogeneous broadening (¢%/®,;, = 0.04) compared
to B (cP /@y, = 0.025). Meanwhile, Fig. presents the sce-
nario where a and f have the same inhomogeneous broaden-
ing (6%P = 0.025), but o has larger homogeneous broadening
(F"‘/wph =0.005) than 8 (Fﬁ/wph =0.001). In both scenarios, the
bare molecular spectrum of « possesses a larger spectral overlap
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with the polariton transmission spectrum than that of §; thus,
molecular species a exhibits greater energy absorption. Notably,
Fig. |4b emphasizes the significance of the Lorentzian tails of the
linear molecular absorption spectrum in this energy absorption
process (see inset). Therefore, while scenarios (a) and (b) may
seem distinct, their outcomes are explained by the same under-
lying mechanism. Again, the polariton peaks function as optical
filters, determining the specific frequencies of light that are per-
mitted into the cavity. Consequently, the species whose free space
absorption spectrum overlaps more substantially with these fre-
quencies absorbs the greater amount of energy. In fact, if a light
source mimicking the intensity profile of the polariton transmis-
sion spectrum is employed outside of the cavity, the ratio of the
energy absorbed by the two molecular species should be the same
in free space as it would be under broadband illumination of the
polaritonic system:

AE*  [do olm[y'% (0)]|E(w)
AP [do olm[y(1P)(w)]|E()?’

(12)

where |E(®)|? o< % is the intensity profile of the shaped elec-

tromagnetic field. Note that this is true so long as the intensity of
the driving field lies within the linear regime such that nonlinear
effects are negligible.

This linear optics perspective offers a unified framework for
interpreting previous theoretical findings. In the work of Groen-
hof and Toppari, Y/ we can explain the preferential energy chan-
neling to hydroxyphenyl-benzothiazole (HBT) over rhodamine
(Rho) when the lower polariton is excited: the bare HBT linear
absorption has more substantial overlap with the lower polariton
than that of Rho. Similar interpretations can be applied to explain
the results in Ref. [78l These insights underscore that the relative
steady-state molecular populations can be straightforwardly de-
duced from the interplay between the linear polariton transmis-
sion spectra and the bare molecular absorption lineshape in the
N — oo limit.

Finally, we note in passing that a similar explanation also pro-
vides some context for the celebrated result of Houdré!12 on why
for sufficiently strong light-matter coupling, polaritons inherit the
homogeneous (Lorentzian) but not the inhomogeneous (Gaus-
sian) linewidths of their parent molecules. In brief, far away
from the center of the distribution, the height of the Gaussian
tails is much smaller that for a Lorentzian with the same inte-
grated area. This means that for large Rabi splittings, polariton
transmission peaks overlap more significantly with the homoge-
neously broadened Lorentzian molecular tails. Correspondingly,
the polariton peaks have a stronger inheritance of the Lorentzian
linewidth. Furthermore, the overlap between the polariton modes
and the molecular absorption tails is a key factor in determining
how lossy these modes are, i.e., the more molecular absorption
at the polariton frequencies, the lossier the mode, and fatter in
frequency space, it becomes.

3.2 Changes in photoreactivity via polaron decoupling

Here, we address the photoreactivity of a disordered ensemble of
molecules coupled to a single cavity mode, utilizing a d-CUT-E ef-
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Fig. 5 Photoreactivity of molecular polaritons |.— The molecule consider
a has a single ground electronic state and two excited electronic states
where only one of the ground-to-excited state transitions is bright. The
inset illustrates the spectral overlap, for zero disorder, between the linear
polariton transmission 7(®) under strong coupling (blue) and the bare
molecular absorption Im[x(!) ()] outside of the cavity (red).

fective Hamiltonian that was deployed previously19¥ (Fig.[5). A
minimalistic molecular model is considered with a ground elec-
tronic state g and two excited electronic states e¢; and e, where
only the g — ¢ transition is coupled to the cavity mode. Note
that due to diabatic coupling between the two excited electronic
states, the g — ¢; transition borrows some oscillator strength from
the g — e transition. In this model system, photoreactivity refers
to the e; — e, transition probability, and is computed by the time-
dependent population ratio P, (t)/P.,(t). The potential energy
surfaces V,/,,,(Q) are parameterized by a single nuclear vibra-
tional coordinate Q. The collective light-matter coupling is cho-
sen such that the upper polariton (UP) transmission peak overlaps
with states high in e, character; meanwhile, the lower polariton
(LP) peak does not overlap with any significant features of the
bare molecular spectrum (see inset of Fig.[5). As in Section[3.1]
we initially excite the system with a broadband pulse [i.e., a delta
pulse in time E(¢) = Ey6(¢)] for both the inside and outside the cav-
ity scenarios (Fig.[6). The value of the constant field amplitude E
is chosen to be low enough to ensure we remain in the linear
regime. Note that Eq. [8|implies that, for steady state properties,
a more meaningful comparison is made when the out-of-cavity
scenario involves a weak laser with an intensity profile tailored
to replicate the polariton transmission spectrum. The shaped (or
“filtered”) pulse acting on the bare molecules is one where the
time-dependent electric field matches the strong coupling photon-
photon correlation function, i.e., E(t) = EyD®)(1). We will focus
on this scenario in Sec. [3.3

In the absence of disorder (Fig.[6p), initial observations suggest
that strong coupling significantly alters photoreactivity compared
to the bare molecule scenario, as evidenced by an increased e; to
e| population ratio P,,(t)/P.,(t) at time ¢t ~ 30 fs. As molecular
disorder increases (Figs. [6ld and[6]), the temporal behavior of this
population ratio gradually aligns with that observed outside the
cavity.

We now draw from the insights gained in Section In
the disorder-free scenario, the upper polariton (UP) transmis-
sion window coincides with a peak in the bare molecular spec-
trum predominantly characterized by e,, while the lower polari-
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ton (LP) transmission overlaps slightly with the low-energy tail
of the molecular spectrum (see Fig.|5|inset). Eq. [8]aids in ratio-
nalizing the observed photoreactivity enhancement under strong
coupling: the light that the cavity selectively channels through
the UP transmission window overlaps with the portion of the bare
molecular absorption spectrum that is rich in e, product charac-
ter. As disorder increases, the polariton transmission spectrum
more closely aligns with the reactant features of the bare molecu-
lar spectrum (see Figs. [B and[Bk), leading to a scenario where the
linear absorption of broadband light within the cavity converges
towards how a broadband pulse would be absorbed in free space.
This explains why, with increasing molecular disorder, our intra-
cavity simulations tend towards the out-of-cavity scenario under
broadband excitation.

These results are in alignment with recent reports in the litera-
ture. Thomas et al. > have reported experimental modification of
the photoisomerization of spiropyran to merocyanin under strong
coupling, proposing that the change was due to a non-polaritonic
effect predominantly influenced by molecular absorption of ultra-
violet radiation within the cavity. Concurrently, Dutta et al.’2 ex-
plored the photochemistry of 10-hydroxybenzo[h]quinoline un-
der strong coupling through molecular dynamics simulations and
experiments, suggesting a key role played by the congruence be-
tween bright polaritons and molecular dark states. As a result,
the photoreactivity changes under strong coupling because the
available light within the cavity has a distinct frequency distribu-
tion from the optical pump outside the cavity. For instance, if the
polaritonic transmission windows coincide with the bare molec-
ular energy levels that lead to a desired reaction pathway, that
pathway will be selectively enhanced due to the increased rela-
tive absorption at those frequencies. Conversely, if the polaritonic
windows overlap with unreactive bare molecular states — or no
molecular states — the photoreactivity can be suppressed.

This linear optics viewpoint also provides an explanation for
the strong coupling control of photochemical processes through
polaron decoupling®!17  albeit, in the N — o and low tempera-
ture limits. This phenomenon has been explained as a version of
motional narrowing where the exchange of energy between light
and matter is so fast that the LP does not “feel” much coupling
to the molecular vibrations, with the consequence of suppressed
reactivity. Calculations show that the UP does not enjoy such po-
laron decoupling to the same degree, presumably due to strong
mixing with high-lying vibronic states®Z. Similar to the inset of
Fig. typically under polaron decoupling the LP transmission
peak is off-resonant from any bare molecular vibronic transitions,
so little to no absorption will occur upon pumping the LP. There-
fore, we expect that no nuclear motion will occur upon excitation
of the LP, leading to a corresponding decrease in photoreactiv-
ityd®17  Again, there is nothing inherently incorrect about at-
tributing the suppression of reactivity to polaron decoupling of
the LP potential energy surface, but we believe it is much simpler
to understand it in terms of the lack of molecular absorption at the
LP frequency. It is important to note that Ref. [16/also considers
finite temperature effects, which go beyond the approximations
of CUT-E and d-CUT-E.

Importantly, and regardless of interpretation, the same sup-
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Fig. 6 Photoreactivity of molecular polaritons Il.— Panels (a,c,e) depict the overlap between the bare molecular absorption spectrum (red) with the
polariton transmission spectrum T (@) under strong coupling and a laser field with an identical intensity |[E()|* (blue) for varying degrees of molecular
disorder 6. The intracavity simulations were carried out with a collective light-matter coupling strength of gv/N = 0.816 eV. Panels (b,d,f) present
the corresponding short-time excited state dynamics both inside and outside the cavity. Outside the cavity, both a shaped pulse E(r) = EsD®) (¢) and
a broadband delta pulse E(r) = Eyd(t) are considered. Notably, the relative population P, (t)/P.,(t) of state e, with respect to e; appears enhanced
in the cavity when compared to the broadband pulse scenario outside of the cavity; however, the dynamics align exactly with those observed using
an external pulse shaped to match the polariton transmission spectrum'’s intensity profile. As molecular disorder increases, the dynamics for both
intracavity and shaped-pulse extracavity scenarios converge with those observed using a broadband pulse outside of a cavity. This convergence is

attributed to the increased spectral overlap between T(®) and |E(®)|?

with the heterogeneously-broadened bare molecular absorption, mirroring the

conditions of employing a broadband pulse externally. Note that at early times (r <5 fs), as highlighted by the insets, that the molecular disorder has

little to no effect.

pression or enhancement in the low temperature limit can be
achieved outside of a cavity by driving at the corresponding po-
lariton frequencies: pumping free-space molecules at the LP fre-
quency corresponds to off-resonantly pumping the system, so
little photoreactivity is expected, while pumping at the UP fre-
quency corresponds to resonantly driving the product peak so an
increase in photoreactivity is expected. This selective enhance-
ment or suppression of reaction pathways based on the overlap
of polaritonic and bare molecular states underscores the nuanced
interplay between polaritonic effects and bare molecular linear
absorption. Again, this review highlights the importance of con-
sidering these effects in the analysis of the excited state dynamics
of polaritonic systems and the importance of providing the correct
comparisons for intracavity and free-space scenarios. It is crucial
to emphasize that the linear polaritonic response for systems un-

der strong coupling with sufficiently small N are not accurately
captured by Eq.[8] Consequently, changes in photoreactivity un-
der strong coupling in such cases cannot be described using this
optical filtering viewpoint.

3.3 Coherent dynamics in the limit of many molecules

Using the same model introduced in Section [3.2] we now present
an in-depth comparison between the excited state dynamics of a
polaritonic system under broadband excitation with E(¢) = Eyd(t)
and that of the bare molecular ensemble pumped with the filtered
pulse E(t) = EoD®(¢). Simulations using the CUT-E method con-
firm that the photoreactivity of the bare molecules triggered by
E(1) is, up to a constant factor, identical to that observed inside

the cavity (see Figs. [6p, [6K, [6f and Fig.[7).

These results contradict the common misconception that collec-
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Fig. 7 Coherent dynamics in the large-N limit.— Population dynamics
of the first, P, (t), and second, P,,(t), excited state populations inside
the cavity versus when the system outside of the cavity is driven with a
time-dependent pulse E(t) = EgD'®)(¢) that has the same intensity profile
as the polariton transmission spectrum. Note that the populations are
normalized to the maximum value of P, (r). The dynamics, up to a
constant factor that depends on the cavity-enhancement of the incoming
electromagnetic field, are identical, with both scenarios presenting Rabi
oscillations in the e; population dynamics, while no such observations
are observed in the e, population dynamics since this state is not directly
coupled to the cavity. This calculation shows the importance of making
the correct in- and out-of-cavity calculations and experiments.

tive strong light-matter coupling, evidenced by time-domain Rabi
oscillations or a frequency-domain Rabi splitting in the linear po-
laritonic response, entails a local hybridization of light and mat-
ter that fundamentally alters the structure at the single-molecule
level, a phenomenon that requires ab-initio quantum mechani-
cal treatments for its description113"11>] Here we show that the
molecular dynamics under collective strong light-matter coupling
and upon broadband excitation can be reproduced outside of a
cavity via constructive and destructive interference between ex-
cited state amplitudes promoted at different times by a filtered
pulse whose field is enhanced by a factor equal to the cavity
quality factor, (Fig. [7). In other words, the bare molecules are
illuminated with light at the two frequencies resonant with the
upper and lower polaritons, giving rise to beating of the transmit-
ted intensity at the Rabi frequency, which decays as light is lost
to molecular absorption and cavity leakage. This phenomenon
is referred to as linear wavepacket interferometry in the field of
ultrafast spectroscopy1°117,  Building upon this concept, non-
linear wavepacket interferometry has been proposed as a means
to achieve genuine “pump-dump” control and detection of molec-
ular dynamics outside the FC regiont8112 [t is important to
clarify that the ultrafast polaritonic dynamics will only be repro-
duced by bare molecules excited outside of cavity if the optically
filtered source is coherent and has a frequency-dependent phase
that matches the one for D®) ()220, In the scenario where the
optically filtered pulse matches the polariton transmission spec-
trum only in intensity profile, the mismatch in phase informa-
tion can cause the transient dynamics for the molecules outside
of cavity to differ from the dynamics under strong coupling before
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both systems reach the same steady-state. Similar considerations
have been discussed in the context of one-photon phase control
experiments.1211122 Importantly, if the 1/N effects (e.g., dark-
state-to-polariton relaxation) become significant before the sys-
tems reach stead-state, the dynamics under strong coupling ver-
sus under linear excitation via a filtered pulse will not be the same
(see Sec. [2.5)). Finally, it could be argued that polaritons can facil-
itate one-photon phase control without the need of external pulse
shapers. However, current state-of-the-art technologies routinely
achieve resolutions of the order of 0.001 nm123, much higher
than those of typical molecular polaritons (commonly in the or-
der of tens of nanometers at room temperature in the condensed
phase). Nonetheless, overcoming the resolution limitations could
be a new research direction in the molecular polaritons field.

The results in Fig. [7]indicate that choosing the same initial con-
ditions inside and outside of the cavity when performing quantum
dynamics simulations can be misleading. Initial conditions out-
side the cavity must be sampled in a way that accounts for the
filtering of the hypothetical laser amplitude (not just intensity!)
acting on the polaritonic system.

3.4 Incoherent pump-probe spectroscopy of polaritons

As discussed in Section the linear response implications of
the quantum impurity model for N — o hold for arbitrary ini-
tial states so long as the quantum states of light and matter
are decoupled, i.e., p = p,; ® Pmoi, and are stationary with re-
spect to Hy. These conditions hold true not only for thermal
states but also for nonequilibrium stationary states resulting from
optical pumping. As we shall argue, the stationarity condition
can be liberally taken to mean that the molecular dynamics are
slow compared to the inverse of the spectral resolution. This
condition is particularly relevant for incoherent nonlinear spec-
troscopy experiments=71H75 where, upon optical pumping, po-
laritons relax into incoherent dark states but do not fully ther-
malize, provided that the timescale of the dark state dynamics
T>> 2%, where I' is the minimum of the cavity and molecular de-
phasing linewidth. I" characterizes the decay rate of the photon-
photon correlation function and hence dictates the resolution of
the acquired spectrum. Thus, any dynamics slower than the cor-
responding timescale 7 can be treated adiabatically, ensuring the
validity of the stationarity condition within the spectral resolu-
tion of the polaritonic spectrum. In other words, the molecular
state can be regarded as frozen on the timescale of 7. The re-
sponse triggered by a probe pulse can be regarded as the linear
response of this “stationary state” which changes parametrically
as a function of a coarse-grained waiting time 7 [sampled at inter-
vals coarser than 27/I'] and can be characterized by an effective
(time-dependent) linear molecular susceptibility ¥(!)(w;s = nt).
This picture is completely analogous to what happens in incoher-
ent pump-probe experiments outside of a cavity, 124126

Fig. |8] presents an illustrative model for a hypothetical inco-
herent pump-probe experiment, showing the transmission, reflec-
tion, and absorption for an ensemble of identical three-level sys-
tems after optical pumping. Panels a, b, and c of Fig. [§|represent
the total (linear+nonlinear) signal of the system at three station-
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Fig. 8 Incoherent nonlinear spectroscopy of polaritons.— A representative example of a polaritonic incoherent nonlinear spectroscopic experiment
showing transmission, reflection, and absorption for an ensemble of identical three-level systems at different delay times, ¢ such that ;.1 —#; > T where
7 is the dephasing timescale of the system. The three states are labeled as |1), |2), and 3) and the total transition dipole moment of the three-level
system is UL = [1p + U3 + M3, where ;= | j) (i| + pjili) (j| for i,j € {1,2,3}. The configurations of the system, obtained upon optical pumping, are
shown in the insets. Configuration (a) represents the state created upon optical pumping with complete saturation, rendering the medium transparent
to the cavity. After a time of 7, —11, the system relaxes to (b) where the p, transition is still saturated, giving us three polariton peaks. The system then
further relaxes to reach (c) at time 3, and we can see all four polariton peaks appearing owing to all the molecular transitions, = Wi + ta3 + f13, being
active. The time-varying total (linear +nonlinear) spectra have been computed using Eq. with an effective time-dependent molecular susceptibility,
2" (w;1), that adjusts adiabatically to each configuration. (Reproduced from Ref. [76] Copyright 2024 J. Yuen-Zhou and A. Koner, published by AIP

Publishing.)

ary non-thermal configurations after delay times r =1 <t <13
respectively. In the regime where Ar =1, —; is greater than
7, Eq. 4| can be used to compute the spectroscopic observables.
The configurations of the system, obtained upon optical pump-
ing, are (a) p; = p» = p3, (b) p; =0.45, p, =0.45, p3 = 0.1, and
(©) p1 =0.7, pp =0.2, p3 =0.1, at delay times t =1 <1, < 13 re-
spectively. The parameters used are: @i = Wy, = 1, W23 = 20,
k =0.1,7= 0.3, and the collective light-matter coupling gv/N = 1
(arbitrary frequency units). Configuration (a) represents the state
created upon optical pumping with complete saturation, render-
ing the medium transparent to the cavity. Thus, we see the bare
cavity spectra in the linear response. After a time of r, —17;, the sys-
tem relaxes to (b) where the |1) — |2) transition is still saturated
and transparent. Hence, we see three polariton peaks owing to
two molecular transitions, g = uy3 + Up3, coupling off-resonantly
to the cavity. This configuration is still in a non-thermal station-
ary state. The system further relaxes to reach (c) at time 73 where
all three molecular transitions are active and couple to the cavity;
|1) — |2) resonantly, and |2) — |3) and |1) — |3) off-resonantly —
leading to the appearance of four polariton peaks.

Thus, the implications of the optical filtering presented in the
previous sections hold, but with an important caveat: the polari-
ton windows change in time, adiabatically adjusting to x(!)(w:7)
at each configuration. It is therefore not surprising that many
experimental ultrafast nonlinear spectroscopy studies2071H751127
successfully use transfer matrix methods with an effective time-
dependent linear molecular susceptibility to model transient po-
laritonic transmission spectra.

3.5 Radiative pumping as described by linear optics

Relaxation mechanisms from dark states back to polariton states
are 1/N effects of great interest in the molecular polaritonics
community, as they play important roles in applications such as

128129

polariton-assisted remote energy transfer , polariton trans-

port28i301134 and polariton condensation 22411135141l The most
frequently observed relaxation mechanism is radiative pumping,
which consists of spontaneous emission from incoherent exci-
tons into the polariton modes. This picture was first drawn in
seminal works by Michetti and La Rocca, who provided a phe-
nomenological rate for radiative pumping that is proportional to
the bare molecular emission rate at the frequency of the polari-
ton mode, multiplied by the photonic Hopfield coefficient of the
hybrid mode.142143 This description is consistent with experi-
mental observations'21:43/1441148]

This rate can be rigorously derived from the Hamiltonian intro-
duced in Eq. [1} as the total radiative decay of the so-called Stokes-
shifted state (an incoherent exciton) using first-order perturba-
tion theory in the single-molecule light-matter coupling g%, The
resulting radiative pumping rate written in terms of the linear op-

tical properties in Eqs. yields102

R

Ip(0) = (%) Gem(®) {A(a)) n (Kﬁ) T(w)} NGE),

This shows that the frequency dependent rate I',,(w) of radiative
pumping is proportional to the product of the free-space molec-
ular emission 6., (®) with the polariton absorption and trans-
mission spectra. Eq. separates the rate into two compo-
nents: one proportional to A(®) indicating re-absorption of emit-
ted light by the polaritons, and one proportional to 7'(®) indicat-
ing transmission through the cavity mirrors. Moreover, the pref-
actor g*/ kg =< Q/V,;, encodes cavity enhancement of the molecu-
lar emission. Ignoring the reabsorbed component, photolumines-
cence via radiative pumping corresponds to the enhanced molecu-
lar emission filtered through the polariton transmission spectrum.
Although this is intuitive, we must keep in mind that A(®) and
T(w) are defined for an out-of-cavity, rather than an inside-of-
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Fig. 9 Classical optics modeling of polariton observables.— The angle-dependent transverse magnetic (TM)-polarized reflectivity spectra measured

for a metal-organic-metal microcavity (a) are accurately reproduced using the transfer matrix method (b). The polariton dispersion in both cases is
consistent with a full Hopfield Hamiltonian treatment in the ultrastrong coupling regime for several different cavity thicknesses (c). (Reproduced from

Ref. [I52 with permission from Wiley-VCH, Copyright, 2013.)

cavity, excitation source (see Fig. for an example of the for-
mer).

From a classical optics perspective, radiative pumping can be
modeled by an oscillating dipole that radiates energy into the po-
lariton modes (i.e., emission of a photon at the particular internal
angle(s) corresponding to a polariton mode), which can be de-
scribed by standard dipole emission models142#1>1 n this con-
text, the radiative pumping rate corresponds to the dipole power
dissipated into the range of in-plane wavevectors that correspond
to the polariton mode at each frequency in the free-space sponta-
neous emission spectrum.

In Sections[4.1] and [4.2] we discuss the effects of the reabsorbed
component of the radiative pumping and higher-order processes
in the single-molecule light-matter coupling g, that render this
linear optics description of polariton photoluminescence incom-
plete.

3.6 Experimental examples of optical filtering

Insofar as polariton properties such as Rabi splitting, linewidth,
and dispersion are generally well described by classical optics us-
ing the dielectric functions of the bare materials comprising the
system (Fig. [9), all linear optical properties of polaritons — from
the strong to ultrastrong coupling regime1>2 — can be interpreted
within the context of optical filtering. There is less clarity on the
extent to which the nonlinear optical properties of polaritons also
originate from optical filtering, defined here as a nonlinear re-
sponse of the cavity system that can be understood using classical
optics based on the nonlinear response of the bare material out-
side the cavity.

Initial work on polariton-enhanced second harmonic genera-
tion (SHG)123 and nonlinear absorption/refraction1% concluded
that the enhancement exceeded what was expected from optical
filtering, while subsequent work on third harmonic generation
(THG) concluded the opposite!2>. That is, the increased THG
output of the cavity sample was well explained when taking into
account the cavity-modified field strength at the fundamental and
third harmonic frequencies interacting with the ¥ (30, 0, 0, ®)
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susceptibility of the bare material. The case of electroabsorption
(another x® nonlinearity) was also found to be a filtering effect
and highlighted differences in language that ultimately describe
the same physical phenomenon.12¢ From the polariton perspec-
tive, polaritons exhibit an enhanced Stark shift in response to a
DC electric field whenever the polariton modes become resonant
with other (weakly coupled) states in the system, as expected
from standard perturbation theory. On the other hand, the same
effect viewed from the classical optics perspective originates from
the field-induced change in energy and oscillator strength of the
underlying material transitions, the visibility of which is reso-
nantly enhanced when observed through a mode of the system
(i.e., a polariton). These views are two sides of the same coin and
are related by a change of basis.

Within the context of chemistry, optical filtering effects can
distort the reaction rate that is inferred from time-dependent
changes in transmittance relative to a non-cavity control
(Fig. ,b,c). The difficulty stems from the fact that, outside of a
cavity, changes in the real part of the refractive index (i.e., phase)
have a negligible effect on sample transmittance, whereas inside
of a cavity, changes in index have a significant effect since they al-
ter interference within the cavity. Because a change in absorbance
of a reactant or product species (which would normally be used
to infer concentration) necessarily leads to a change in index due
to the Kramers-Kronig relation, the reaction rate inferred from
cavity transmittance appears different than that of a non-cavity
control, even when the underlying reaction rate is the same in
both cases as shown in Fig. [10{(c)=2. The practice of inferring re-
action rate from the time-dependent shift of higher order cavity
modes OS8Ol cap als0 be problematic if not done carefully.
As detailed in Ref. [160} the change in dielectric constant from an
evolving strongly coupled transition at low frequency persists to
a small degree even at high frequency and can skew the reaction
rate that is inferred from the shift in cavity free spectral range of
higher order cavity modes (Fig.[I0d,e,f).

Recent work by Ahn et al.1¥ described a systematic fitting pro-
cedure to circumvent these types of problems and accurately de-
termine the time-dependent reactant concentration from cavity
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Fig. 10 Polariton pseudochemistry from microcavity optics.— (a) Schematic of a simple transfer matrix model for reference and cavity sample cells

filled with a solution undergoing a first order reaction from reactant (R) to product (P) with rate constant, kin, according to the scheme R Jony p The
reactant has a dielectric function, gg = st—i-a)gf/(wg — w” —iwY), that reflects a vibrational transition at @y = 1700 cm™ with damping rate y=30 cm™.
The product does not have this vibrational transition and has a different high frequency dielectric constant, &p = €p... The time-dependent dielectric
function is therefore £(r) = gge ! 4 gp(1 —e~*m!). This example assumes &g =2 and &p. = 2.1, similar to experiments101l, (b) Time-dependent
transmittance spectra (at normal incidence; lighter blue corresponds to later time) for the reference and cavity simulations when f =102, in a scenario
where the cavity is detuned from the vibrational mode, which is just used as a spectator to track consumption of the reactant as in Ref. 1571 (c)
Relative reactant concentration inferred from the transmittance of the reference and cavity samples at ay. The rate (equal to the slope) inferred for
the cavity case is different than the actual rate due to the impact of the changing cavity phase that accompanies the loss of the vibrational transition®3,
(d) The same model, except with the cavity length adjusted to L =6 pm to achieve VSC. (e) Time-dependent change of the free spectral range, Av,
of the higher order cavity modes indicated in (d). (f) Relative reactant concentration inferred inside the cavity using the relation, In(1 —Av(f)/Av..),
where Av., is the change in free spectral range at t — 1911 Owing to the dispersive refractive index, AV.. is not constant, and so the apparent rate
changes depending on what frequency range Av.. is determined from. For example, if Av., is computed from the same higher order modes that the
reaction rate measurement is based on in (d,e), then this approach slightly overestimates the reaction rate (red line). However, if Av., is based only

on the background refractive indices of the reactant and product at high frequency (i.e., AVe = (2L)"! (€Reo

this approach slightly underestimates the rate (orange line).

transmittance measurements, providing strong evidence for gen-
uine VSC suppression of the reaction rate. The most significant
impact of optical filtering on polariton chemistry to date was
reported by Thomas et al.® who concluded that the original
cavity-enhanced photoisomerization reaction reported by Hutchi-
son et al. 12 could be explained by optical filtering based on cavity-
induced changes in absorption of the excitation light. This find-
ing contradicts work by Zeng et al.“l] who reproduced the origi-
nal results by Hutchison. Thomas’ reinterpretation has also been
challenged by Schwartz et al. 181, who disputed the role of altered
pump light absorption in the original experiments.

4 Beyond optical filtering: Nontrivial polaritonic ef-
fects

In Sec. (3| we presented scenarios where polaritonic effects can
be understood as optical filtering. In these examples we con-
sidered the large-N limit, and, for the most part, neglected the
“1/N effects” that lead to processes like relaxation of dark states
back to polaritons. In the N — o limit, the linear optics treatment
is exact when considering the first excitation manifold. Conse-
quently, a laser pulse shaped to mimic the polariton transmis-

-1/2 _ —1/2

€p.,’ ) in the high frequency limit), then

oo

sion spectrum can be employed outside of the cavity to achieve
the same “polaritonic” phenomena. Even upon relaxation of the
N —  limit, the dark-state-to-polariton relaxation rate via radia-
tive pumping can be partially described as optical filtering of the
cavity-enhanced fluorescence of incoherent excitons through the
polariton windows. Still, there are many situations where polari-
tonic phenomena go beyond optical filtering. In the following
sections, we present some 1/N effects that cannot be described as
simply optical filtering: polariton-assisted photon recycling and
vibrational relaxation. We then consider scenarios that challenge
the limitations of the theoretical approach presented in Sec.
including when the number of excitations approaches the num-
ber of molecules per mode and the scenarios where few-molecule
strong coupling can be achieved. Finally, we mention some ex-
periments conducted in the collective strong coupling regime in
the large-N limit, yet where polaritonic phenomena are observed
that cannot be explained via optical filtering.

4.1 Polariton-assisted photon recycling

In Sec. [3.5 we describe radiative pumping as emission from in-
coherent excitons, and express its rate in terms of linear spec-
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Fig. 11 Mechanism of polariton-assisted photon recycling.— A fraction
of the light emitted from the dark states can be reabsorbed by the po-
laritons. This fraction is proportional to the bare molecular absorption

Im [1(')(60)] (generally high frequencies of the emission spectrum). Sub-

sequent re-emission can cause photoluminescence intensity to differ from
that predicted by filtering of the bare emission 0., (®) through the po-
lariton transmission spectrum.

troscopic observables (see Eq. [13). We find that light emitted
from dark states can not only be transmitted out of the cavity,
but also be re-absorbed by the material. This corresponds to ra-
diative pumping from dark to polariton states, and subsequent
decay from polaritons back to dark statesl%2, Since the light
emitted by the dark states can be re-absorbed and then subse-
quently re-emitted (a second instance of decay from dark to po-
lariton states), the total observed photoluminescence can not be
described by the product of the bare molecular emission and the
polariton transmission spectra.

Recent ab initio quantum dynamics simulations showed that
most of the polariton population decays to the dark states in-
stead of via cavity leakage, especially for highly disordered en-
sembles.®? Here we confirm that this is a direct consequence of
the polaritonic transmission spectrum overlapping significantly
with the bare molecular absorption. We calculate the ratio be-
tween the re-absorption and transmission components of Eq.
in the large-N limit using Eqs. and The resulting expres-
sion is equal to the product of the cavity quality factor and bare
molecular absorption:

A — om0V (w)]. (14)
(£)7@)

Given the above, the process of photons being re-absorbed and
re-emitted multiple times before leaving the cavity is enhanced
in the collective strong coupling regime - since Im [x(‘)(a))] is
roughly proportional to g2N, see Ref. [88 This is particularly ev-
ident when the bare molecular emission and absorption spectra
overlap. In such cases, photoluminescence cannot be explained
simply as optical filtering of the bare emission through the po-
lariton windows. From a classical optics viewpoint, an iterative
application of the dipole emission modeling procedure (similar
to the case of resonant cavity light-emitting diodes) is needed to
accurately describe this scenario62.

This mechanism has recently been coined polariton-assisted
photon recycling (see Fig. [11)), and has a weak coupling analogue
in luminescent solar concentrators. There, high-energy photons
initially absorbed by luminescent molecules can be re-absorbed by

14 | Journal Name, [year], [vol.], 1

other molecules within the concentrator, leading to multiple cy-
cles of absorption and re-emission, ultimately resulting in a red-
shifted photoluminescencel®31163 1n the strong coupling case,
this can occur despite the molecules being far from each other.
Indeed, one of the first applications of this phenomenon in the
molecular polaritons field can be traced back to seminal works on
polariton-assisted remote energy transfer (PARET) 211321129 More
recently, photon recycling has been proposed to excite molecules
at a frequency lower than that of the original pump1®®, and to
explain changes in the thermally activated delayed fluorescence
kinetics of multi-resonance emitters1®Z, Many other interesting
polaritonic effects on photoluminescence have recently been re-
ported in which this photon recycling mechanism may play a

roleL68H170]

4.2 Vibrational relaxation

Some experimental studies report different dark-state-to-
polariton relaxation mechanism. The mechanism describes the re-
population of the polaritons as incoherent excitons scattering into
the polaritons modes via the emission of a vibrational quantum,
a process that is mediated by the matter component of the polari-
tons. This vibrational relaxation process cannot be explained as
an optical filtering effectZ17173, Seminal works by Litinskaia et
al. 174 proposed the vibrational relaxation mechanism as an alter-
native to radiative pumping, potentially becoming a preferential
relaxation channel for molecules where non-radiative processes
dominate over photoluminescence. Later, experimental works
claimed that this channel can occur within timescales as short
as hundreds of femtoseconds1Z3, Over the years, the vibrational
relaxation mechanism has remained something of a mystery. On
the one hand, theoretical and experimental works have shown
this rate to be noncompetitive with radiative pumping, possibly
due to the large number of molecules in the system43/8111751176]
Thus, these works suggest that vibrational relaxation plays an in-
significant role in the dark-state-to-polariton relaxation process
in the large-N limit. On the other hand, a different set of compu-
tational and experimental works alludes to a mechanism called
vibrationally-assisted scattering (VAS) that does play a significant
role when creation of vibrational excitations are involved. Al-
though in some cases this mechanism can be clearly identified
as fluorescence4?, other works show that relaxation from dark
states to polaritons involves sharp features that coincide with the
frequency of some Raman-active modes{Z2173 More recently,
Tichauer et al. conducted computational studies using semiclas-
sical nonadiabatic molecular dynamics simulations to investigate
the mechanism behind vibrational relaxation. Their findings re-
vealed a continuous, rather than sharp, population transfer be-
tween dark states and polariton statesZZ, and showed that some
Raman-active modes do not contribute to the processiZ8. These
seemingly contradictory results highlight the need for a unified
analytical theory of radiative pumping and vibrational relaxation.

Another problem lies in the distinction between these two
mechanisms: radiative pumping relies on the photoluminescence
spectrum overlapping with the polaritons, while vibrational re-
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Fig. 12 Mechanism of vibrationally-assisted scattering.— Relaxation from
dark to polariton states is facilitated by scattering of polaritons whose
energy difference coincides with Raman-active modes.

laxation depends on the alignment of the frequency difference
between polaritons and dark states with the frequencies that cor-
respond to Raman-active modes (see Fig. [12). However, low-
frequency tails of the photoluminescence spectrum can always
overlap with any polariton mode, so radiative pumping cannot be
easily ruled out as the mechanism in play 0179,

The vibrational relaxation rate can be derived within the
same framework used to derive the radiative pumping rate (see
Sec. [3.5)1202  The result reveals that the vibrational relaxation
rate in the weak vibronic coupling regime originally calculated
by Litinskaia et al. (proportional to 1/N)174 consists only of the
rate of radiative pumping from the low-frequency tails of the
photoluminescence. Yet, a more careful analysis shows that vi-
brational relaxation also includes a smaller contribution from a
second-order processes in g that we call polariton-assisted Raman
scattering, whose rate is proportional to 1/N2. This scattering
mechanism corresponds to the virtual emission from an incoher-
ent exciton and subsequent spontaneous Raman scattering by a
second molecule that results in the creation of a polariton at lower
frequency (since the light emitted creates both a Raman phonon
and a polariton)1%2, Finally, notice that this effect proceeds via
the photonic component of the polariton mode19L,

We argue that polariton-assisted Raman scattering may be re-
sponsible for the discrete features in the photoluminescence at-
tributed to VAS, and find no evidence that it can outcompete
the radiative pumping rate due to its 1/N> dependence. Al-
though it is believed that scattering can dominate over radiative
pumping if there is no overlap between the bare emission and
the polariton transmission, the frequencies of the Raman-active
modes that would allow relaxation via scattering also give rise
to shoulders at the low-energy tails of the bare emission spec-
trum. This implies that radiative pumping will be in competition
with polariton-assisted Raman scattering in being the dominant
relaxation mechanism that populates the lowest-frequency polari-
ton states. One possible resolution to this conundrum would be
that Raman processes are enhanced in multimode cavities due to
resonant and off-resonant Raman scattering mediated by the en-
tire lower polariton band1%2. Hence, examining the competition
between radiative pumping, polariton-assisted photon recycling,
and polariton-assisted Raman scattering in realistic mirocavities
is crucial. In particular, understanding the extent to which these
mechanisms play a role in long-range polariton transport would

Chemical Society Reviews

be valuable.

4.3 Large number of excitations

The model presented in Section [2] only considers the first exci-
tation manifold, i.e., Noy/N — 0, where N, is the number of ex-
citations per cavity mode. In this limit, it is highly unlikely for a
single molecule to be excited more than once. This is based on
the assumption that the probe laser is of low intensity, as is the in-
ternal (circulating) field of the cavity. If either of these conditions
is violated, two interesting situations may occur: (1) higher-order
molecular susceptibilities, i.e., x<i> l>(a)), become important and
(2) phenomena that were of O(1/N) in the first excitation mani-
fold can now be magnified. One relevant example of the latter is
the radiative pumping rate into an exciton-polariton condensate.
The radiative decay is filtered by the polaritons and stimulated by
the number of excitations4243:44i180 whogse rate now becomes of
O(Nexe/N). Notably, in the limit of N,y ~ N, photoluminescence
can be faster than the dephasing rate, and single-molecule cou-
plings processes can no longer be considered perturbatively.

4.4 Few-molecule strong coupling

In scenarios where strong coupling is achieved with small N,
higher-order correlations that go as O(N~'/2) can no longer be
disregarded (see Section [2.1), leading to effects which go beyond
the linear optics perspective laid out in this review. This not only
includes the polariton-assisted Raman scattering and photon re-
cycling mechanisms discussed in Sec. [4}, but also higher-order pro-
cesses in g. Promising environments for exploring this regime are
plasmonic nano- and picocavites, where the small mode volumes
allow for strong coupling with a single molecule or with a few
molecules81118% Small mode volumes can also be achieved with
surface phonon polaritons to reach vibrational strong coupling
within the small-N limit18>. There are also specialized optical se-
tups that do not require tiny mode volumes to achieve single- and
few-molecule strong coupling 1801187

4.5 Other polaritonic phenomena beyond optical filtering

Similar to VAS on femtosecond timescalesi’3| nonlinear spec-
troscopy experiments of polaritonic systems continue to reveal
effects that do not seem to be explainable via optical filtering
arguments in the photochemistry and photophysics of systems
under strong coupling. For example, Ref. [29] reports observing
fast exciton-polariton transport after non-resonantly pumping the
system. As the authors state, such an initial excitation primar-
ily populates the exciton states that are uncoupled to the pho-
tonic mode.2? Thus, the observed phenomenon requires ultra-
fast dark-state-to-polariton relaxation. Other examples of exper-
iments under electronic strong coupling that go beyond optical
filtering include enhanced energy transfer between J-aggregated
cyanine dyes=2 and between carbon nanotubes®Z. For both ex-
periments, the results are attributed to an energy cascade from
the upper- to lower-polariton states; Ref. [33|reports a time scale
of a few picoseconds, while Ref. [37] reports a time scale of a few
hundred femtoseconds. A similar phenomenon is observed un-
der vibrational strong coupling. Ref. [188| reports enhanced inter-
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molecular vibrational energy transfer (VET) between two initially
uncoupled infrared modes upon strongly coupling both modes to
a microcavity. The timescale of this enhanced energy transfer is
5 ps, and was initially attributed to the middle polariton mediat-
ing VET between the two infrared modes (see Ref. [188] supple-
mentary material), although recently it has been reported that a
Raman active mode may play a role in mediating the enhanced
VETZ2, Since all the results discussed above go beyond the opti-
cal filtering framework presented in this review, they must be due
to single-molecule O(g) light-matter coupling processes. How-
ever, one would predict that these processes are far too slow to
account for the ultrafast timescales that the observed phenom-
ena occur on, as the number of molecules per cavity mode is es-
timated to be large for these systems. A possible resolution is
that the number of molecules per mode has been overestimated
for such systems, although it is not clear then why classical op-
tics is so good at explaining their linear optical spectra. Further
theoretical understanding of nonlinear spectroscopy of polaritons
is needed to explain how effects beyond optical filtering can be
prevalent when N is supposedly large.

4.6 Experimental evidence of polaritons going beyond opti-
cal filtering

Although some experimental results can be interpreted as a lin-
ear filtering effects, notably, some results in ultrafast dynamics
do not seem to be simply attributable to this phenomenon. For
example, in an effort to compare the two-dimensional infrared
(2D IR) spectra of polaritons and the polariton “filtered” 2D IR
spectra of molecular species, Simpkins and colleagues juxtaposed
the 2D IR spectra of polaritons with spectra that were filtered
using two different methods18? (Fig. -d). First, in a method
referred to as “numerical filtering,” the authors multiplied the 2D
IR spectra of molecular W(CO)g4 by the corresponding polariton
spectra along both the pump and probe axes (Fig.[I3k). Secondly,
in the “experimental filtering” method, they used a pulse shaper
to create pump spectra mimicking the polariton spectral shape,
while the probe was sent directly through a polariton sample as
the filter. Both beams were focused onto the same molecular po-
laritonic sample (Fig. [I3H). Clearly, neither numerical nor ex-
perimental filtering can fully reproduce polaritonic 2D IR spectral
lineshapes (Fig. [I3p). A possible resolution to this inconsistency
is that neither of these two methods considers both pump and
probe pulses with the same frequency-dependent phases as the in-
tracavity fields (not just their frequency profiles). As discussed in
Sec. phases must be considered carefully to reproduce tran-
sient effects caused by one-photon phase control.

Simpkins and coworkers also compared the ultrafast vibra-
tional dynamics of W(CO)g both outside cavity and under strong
coupling conditions!®2. They observed two significant differ-
ences. First, while in the case of the outside of the cavity, the
1 — 2 transition intensity simply decayed exponentially in time,
reflecting a relaxation to the ground vibrational state (Fig. [I3),
the corresponding transition under strong coupling exhibited a
signature rise and decay dynamics (Fig. [13]), attributed to ei-
ther the involvement of higher excited vibrational levels121H194
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Fig. 13 Tests of polariton filter effects in 2D IR experiments.— (a) IR
transmission spectra of W(CO)¢ in hexane and the same sample inside a
polaritonic microcavity. The polariton significantly reduces the amount
of IR light transmitted and interacts with the sample as a “filter”. Com-
parison of 2D IR spectra of (b) the W(CO)¢:hexane polariton system, (c)
extracavity W(CO)g4:hexane filtered numerically by the polariton transmis-
sion spectra, and (d) extracavity W(CO)g:hexane filtered experimentally
by the polariton transmission spectra. All spectra were scaled to ensure
they are compared under the same incidence IR power. @; and w3 are the
pump and probe frequencies, respectively. The filtered spectra from un-
coupled molecules show much smaller intensity. (e) The v=1— 2 vibra-
tional dynamics of W(CO)g in hexane outside of the cavity exhibit clearly
different signal magnitudes, but when normalized (inset), they demon-
strate identical dynamics. (f) The dynamics of v =1 — 2 transitions of
the dark reservoir modes at w;p show a qualitatively different dependence
on cavity thickness, suggesting that the dynamics of strongly coupled
systems are not dominated by the free space molecular dynamics (Repro-
duced from Ref. [189] Copyright 2023 B. Simpkins et al.,published by the
American Chemical Society. Licensed under CC-BY 4.0. To view a copy
of this license, visit https://creativecommons.org/licenses/by/4.0/.)

or Raman active modes”®. Markedly, the vibrational dynamics

of W(CO)g with and without strong coupling manifest differently.
Secondly, while the dynamics of bare molecular systems are inde-
pendent of the sample thickness (Fig.[I3f), the strongly coupled
system shows a large dependence on the cavity thickness, indicat-
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Fig. 14 Beyond optical filtering effects.— (a) Experimental peak intensi-
ties for strongly coupled Fe(CO)s inside a cavity (blue) vs 100 times of the
intensities of corresponding peaks after spectral filtering is applied to the
spectrum for Fe(CO)s outside the cavity (red) (b) Plot of Iypyp/lupLp
as a function of cavity thickness at t; =30 ps. Error bars represent the
standard deviation of three independent scans (Fig. 14a reproduced from
Ref. [190] with permission from AAAS, Copyright 2022. Fig. 14b repro-
duced from Ref. [188 with permission from AAAS, Copyright 2020.)

ing that the cavity plays an active role in the polariton dynamics
(Fig.[13p.

Chen, Du, Yang and co-workers also compared polariton dy-
namics against optical filtering controls and showed that the two
situations differ dramatically2? (Fig. ). In another work, Xi-
ang and co-workers reported polariton enabled intermolecular vi-
brational energy transfer, and remarkably found that the spectral
cross-peak ratio, an indicator of the efficiency of energy trans-
fer, 188 increased with the cavity thickness (Fig.[14b) — again, hint-
ing that the cavity plays an active role in controlling molecular
polariton dynamics.

These outlier results of the linear response theory strongly sug-
gest that other mechanisms beyond optical filtering effects may be
takeing place in these dynamic measurements, which are exclu-
sive to cavity strong coupling phenomenona. There have been dis-
cussions of higher order nonlinear excitations' 217194 or involve-
ment of Raman excited states through coupling to low frequency
phonon modes;Z2 both of these explanations rest on nonlinear
interactions which may become available inside of cavities.

5 Conclusion and outlook

This review explores the optical-filtering behavior of molecular
polaritons within the collective regime, focusing on the implica-
tions of the large-N limit. In this limit, the molecular absorp-
tion inside a cavity depends on the cavity quality factor and spec-
tral overlap between the polariton linear transmission and the
bare molecular absorption. We re-evaluate several predicted po-
laritonic phenomena in this context and suggest that as N — oo,
polaritons function in large part as optical filters, selectively al-
lowing certain frequencies to enter the cavity that are then ab-
sorbed by the molecules. Through the theoretical and experimen-
tal examples presented, we demonstrate how this perspective can
straightforwardly account for various polaritonic phenomena pro-
posed in the literature and that similar outcomes should be repli-
cable outside the cavity using appropriately tailored light sources.
With these findings in mind, we urge caution in attributing phe-
nomena solely to “polaritonic” or to quantum effects without first
thoroughly accounting for classical optical filtering effects.

Chemical Society Reviews

The linear optical treatment of polaritons is exact in the asymp-
totic N — o limit. However, this picture breaks down as O(g)
quantum processes, or “1/N effects”, become significant. Exam-
ples of these 1/N effects are dark-state-to-polariton relaxation,
fluorescence, and spontaneous Raman scattering. Similarly, in
systems under strong coupling with a small number of molecules
or with many quanta of excitation, quantum optics effects can-
not be ignored, further limiting the scope of the linear optical
perspective. Although quantum mechanical in nature, some 1/N
effects like fluorescence can be described using classical linear op-
tics. However, in the strong coupling regime, they can only par-
tially be described as solely optical filtering due to phenomena
like polariton-assisted photon recycling. Finally, there is experi-
mental evidence for ultrafast behavior of polaritonic systems in
the collective regime that theory cannot yet reconcile without in-
voking single-molecule processes that are artificially large. Thus,
for both theorists and experimentalists aiming to uncover quan-
tum or classical polaritonic phenomena that transcend the realm
of optical filtering, the focus should shift towards these regions of
interest. This approach will not only expand our understanding
of polaritonic effects beyond the linear regime but also pave the
way for novel applications and insights into the complex interplay
between light and matter under strong coupling.
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