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CONSPECTUS: Optical cavities have been established as a
powerful platform for manipulating the spectroscopy and photo-
physics of molecules. Molecules placed inside an optical cavity will
interact with the cavity field, even if the cavity is in the vacuum
state with no photons. When the coupling strength between matter
excitations, either electronic or vibrational, and a cavity photon
mode surpasses all decay rates in the system, hybrid light−matter
excitations known as cavity polaritons emerge. Originally studied in
atomic systems, there has been growing interest in studying
polaritons in molecules. Numerous studies, both experimental and
theoretical, have demonstrated that the formation of molecular
polaritons can significantly alter the optical, electronic, and
chemical properties of molecules in a noninvasive manner.
This Account focuses on novel studies that reveal how optical cavities can be employed to control electronic excitations, both
valence and core, in molecules and the spectroscopic signatures of molecular polaritons. We first discuss the capacity of optical
cavities to manipulate and control the intrinsic conical intersection dynamics in polyatomic molecules. Since conical intersections are
responsible for a wide range of photochemical and photophysical processes such as internal conversion, photoisomerization, and
singlet fission, this provides a practical strategy to control molecular photodynamics. Two examples are given for the internal
conversion in pyrazine and singlet fission in a pentacene dimer. We further show how X-ray cavities can be exploited to control the
core-level excitations of molecules. Core polaritons can be created from inequivalent core orbitals by exchanging X-ray cavity
photons. The core polaritons can also alter the selection rules in nonlinear spectroscopy.
Polaritonic states and dynamics can be monitored by nonlinear spectroscopy. Quantum light spectroscopy is a frontier in nonlinear
spectroscopy that exploits the quantum-mechanical properties of light, such as entanglement and squeezing, to extract matter
information inaccessible by classical light. We discuss how quantum spectroscopic techniques can be employed for probing
polaritonic systems. In multimolecule polaritonic systems, there exist two-polariton states that are dark in the two-photon absorption
spectrum due to destructive interference between transition pathways. We show that a time−frequency entangled photon pair can
manipulate the interference between transition pathways in the two-photon absorption signal and thus capture classically dark two-
polariton states. Finally, we discuss cooperative effects among molecules in spectroscopy and possibly in chemistry. When many
molecules are involved in forming the polaritons, while the cooperative effects clearly manifest in the dependence of the Rabi
splitting on the number of molecules, whether they can show up in chemical reactivity, which is intrinsically local, is an open
question. We explore the cooperative nature of the charge migration process in a cavity and show that, unlike spectroscopy,
polaritonic charge dynamics is intrinsically local and does not show collective many-molecule effects.
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two-polariton states become bright under entangled photon
illumination.

• Gu, B.; Mukamel, S. Manipulating nonadiabatic conical
intersection dynamics by optical cavities. Chem. Sci. 2020,
11, 1290−1298.4 Strong coupling can be employed to tune
the pristine conical intersections in the molecule, and thus
control photophysics.

■ INTRODUCTION
Exploiting vacuum fluctuations to influence the physical
properties of matter dates back to the Purcell effect,5 where
the spontaneous emission rate of an atom is enhanced by
inserting it in a resonant cavity. The energy in this case is
irreversibly dissipated from the atom to the field; this is known as
the weak coupling regime. If the coupling strength can be made
strong enough to surpass the decay rates of both the molecules
and the cavity, the system enters the strong coupling regime,
whereby the light andmatter can exchange energy coherently. In
this regime, the matter and photon degrees of freedom combine
to form hybrid excitations, known as polaritons. A polariton is a
quantum quasiparticle that is formed as a superposition of a
matter excitation (e.g., a plasmon, exciton, or phonon) with a
photon, an elementary excitation of the quantum electro-
magnetic field. The polariton concept was first introduced in the
1950s6 for phonon and exciton polaritons in crystals.
Advances in technology had led to the creation of a new field

of cavity polariton physics and chemistry, allowing control over
the photon modes, confining them to optical cavities,7 as
schematically shown in Figure 1a. Microcavities enhance the
light−matter coupling strength by confining light into a small
volume at the scale of the wavelength or even subwavelength. An
optical cavity can be realized in a plethora of devices; one that is
commonly used is the Fabry−Perot (FP)microcavity, consisting
of two parallel mirrors with high reflectivity. A photon can be
confined inside the cavity for a sufficiently long time to interact
with embedded molecules, i.e., with a small cavity mode decay
rate κ. The quality factor, defined as =Q

2
c , where ωc is the

resonance frequency, is widely used to characterize how well an
optical cavity stores light. The effective light−matter coupling
strength is given by

= =g N N
V2
c

0 (1)

where represents the vacuum electric field fluctuations, N is
the number of molecules in the active cavity mode volume, ϵ0 is
the dielectric constant of the vacuum, V is the mode volume, and
μ is the transition dipole moment. The N factor represents the
cooperativity of molecules interacting with the same photon
mode and indicates that the effective coupling strength is
enhanced by the molecular density. The price to be paid is that

this introduces a manifold of dark states, which complicates the
analysis. The light−matter coupling strength can be alternatively
enhanced by reducing the mode volume V. It is difficult to
achieve subwavelength confinement with FP cavities, since
reducing the mirror distance also increases the cavity resonance
frequency, with nanometer separation corresponding to
resonance in the X-ray regime. Subwavelength confinement is
possible with plasmonic cavities, where the mode volume can be
reduced to the nanoscale with the resonance frequency kept in
the optical regime, making it possible to realize single-molecule
strong coupling.8While the cavity field is purely transversal (∇·E
= 0) in FP-type cavities, the plasmonic field also contains a
longitudinal component from the free electron motion in the
metal nanostructures. This has an important consequence in
electromagnetic field quantization.
Originally studied in atoms,9,10 there is growing interest in

investigating strong coupling in molecular systems. Molecular
polaritons, either vibrational or electronic, can have an
significant influence on the optical, electronic, and chemical
properties of molecules.11 The dynamical phenomena observed
in optical cavities, mostly with the Fabry−Perot geometries,
include demonstration of molecular exciton cavity polaritons,12

polariton lasing using a molecular material,13 polariton-
mediated energy transfer between conventional14−16 and
vibrational17 donors and acceptors, cavity polaritons formed
from molecules located in different regions of a multilayer
Fabry−Perot resonator,18 and collective strong light−matter
coupling effects in the ultrafast nonradiative relaxation processes
in polariton states.19 Examples involving chemical reactions
include modified photoisomerization rates and reversing the
branching ratio in ground-state chemical reactions.20−22 An
intensive theoretical effort has been made toward understanding
the mechanism behind polariton-mediated processes and their
experimental signatures.23,24 Very recent theoretical studies
include two-photon absorption of entangled photon pairs by
cavity polaritons3 and X-ray spectroscopy in a cavity where
different core electrons couple via polariton formation.1

For a dielectric medium, polaritons can be studied macro-
scopically through the solutions of Maxwell’s equations, with the
information about matter excitations contained in the
resonances of the position- and frequency-dependent dielectric
constant.25 This is a first-principles rather than phenomeno-
logical approach, provided that we view the dielectric constant as
a polarization operator, which is well-defined in quantum
electrodynamics. Treating the dielectric constant as the
polarization operator can be viewed as a bridge between the
quantum picture proposed in ref 26 and the classical approach of
ref 6, where all information on quantum dynamics of matter
excitations and resonant properties is contained in its dielectric
constant. From the viewpoint of many-body physics, there is no
substantial difference between computing the Green/correla-

Figure 1. (a) Schematic of molecules embedded in an optical cavity. (b) Vacuum Rabi splitting of a two-level system coupled to a single cavity mode.
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tion functions of the electromagnetic field and the material
variables since they are directly related. The approach based on
field correlation functions has been applied to various problems
associated with multiscale modeling (e.g., computation of the
fluctuation forces) since 1950s.27 The technical advantage of
such an approach in its application to cavity polariton systems is
its universality in being applicable to systems with a large
number of molecules, where the latter can be treated on the level
of modification of the material dielectric constant (which is
asymptotically exact when the system has a large number of
molecules on the wavelength scale), as well as considering
systems with a small number of molecules; in the latter case, one
needs to deal with the microscopic polarizabilty χ(1)(r, r′; ω),
explicitly treated as the kernel of the polarization operator. In
this Account, we focus on relatively simple cavity models. The
above approach provides a bridge between the paradigmatic
models considered in some detail below and more exper-
imentally relevant settings that involve FP-type optical cavities.
Such a link allows importing intuition gained by studying simple
quantum models to treat polariton phenomena in cavities with
more complicated geometries as well as developing a theoretical
framework for accurate treatment of realistic cavity shapes,
including accounting for finite polariton lifetimes.
Describing chemistry in optical cavities requires adequate

theoretical tools that account for the nuclear motions. The
Floquet framework that describes classical light-driven matter
shares some similarities with the cavity polaritons, e.g., Autler−
Townes effects versus Rabi splitting.28 Understanding molecular
polaritons requires going beyond the semiclassical light−matter
interaction framework and employing cavity quantum electro-
dynamics with a quantized description of the confined
electromagnetic field and a nonperturbative treatment of the
light−matter interaction.29−31 In the semiclassical framework
commonly adopted in molecular spectroscopy,32 the electro-
magnetic field is not treated as a dynamical variable but merely
externally drives the molecules. Representing the electric field
operator as a number is justified for laser pulses, where the
number of photons is so large that field fluctuations can be
neglected. This approximation clearly breaks down for the
vacuum field because vacuum fluctuations, instead of the field
itself, dominate the light−matter coupling.

■ PARADIGMATIC MODELS
The discrete Fabry−Perot photon modes arise from confine-
ment by the cavity mirrors. Consider the vector potential A(z, t)
= ∑kx̂[αk(t)uk(z) + αk*(t)uk(z)], where αk(t) = αk(0)eiωkt and
the mode function u(z) satisfies the Helmholtz equation inside
the “box”, ∇2uk(z) = −(ωk/c)2uk(z). This implies, for perfect
conductors where the electric fields vanish at the boundaries
(u(0) = u(L) = 0), thatu z( ) sinn

n z
L
, n = 1, 2, ..., where L is the

cavity length. The boundary conditions thus result in a set of
discrete modes. Quantization of these modes is made by

replacing the coefficients α by boson operators a
2 0

. If

the characteristic transition frequency of the embeddedmatter is
close to one of the cavity modes, a single cavity mode suffices to
describe the cavity field−molecule interaction, although spatial-
dependent effects such as transport require multiple modes.33

The elementary model describing the interaction between a
cavity photon mode with resonance frequency ωc and a two-
level system with transition frequency ω0 is the quantum Rabi
model, H = ωca†a + ω0σ†σ + g(a + a†)σx, where σ = |g⟩⟨e| is the

lowering operator of the molecular system and a (a†) is the
annihilation (creation) operator of the photon mode satisfying
the bosonic commutation relations [a, a†] = 1. This Hamiltonian
can be derived by starting with the nonrelativistic minimal
coupling Hamiltonian in the long-wavelength approximation
A(r) ≈ A(r0), truncation of the matter space, and neglect of the
diamagnetic termA2. If the rotating-wave approximation is made
by neglecting the counterrotating terms, σ†a† + aσ, then the Rabi
model reduces to the Jaynes−Cummings model HJC. This
model hasU(1) continuous symmetry, σ → σe−iφ, a → aeiφ, that
leads to the conservation of the number of excitations, i.e., [N̂,
H] = 0, where N̂ = a†a + σ†σ. The counterrotating terms couple
states with excitation number differing by 2, e.g., |g0⟩ and |e1⟩,
and thus break the continuous symmetry. Nevertheless, the
parity of the excitation = e Ni is still conserved. When the
light−matter coupling strength is a significant fraction of the
transition frequency, the neglected counterrotating terms
become important and introduce state mixing and level
shifts.34,35 The Jaynes−Cummings model can be exactly solved
wi th the s ing l e -po l a r i ton e igens t a t e s g i ven by
| = | ± |±P g e( 1 0 )1

2
, a n d e i g e n e n e r g i e s

= + ± +±E ( )1
2 0 c

2 2 , where Δ = ωc − ω0 and Ω =
2g is the Rabi frequency (Figure 1b). The Rabi splitting can be
measured through the absorption spectrum or the cavity
transmission (or reflection) spectrum.
Moving from atoms to molecules, the polaritonic dynamics

becomes significantly more complex due to the nuclear degrees
of freedom (i.e., vibrations, rotations, and conformations) which
couple to the electronic motion.36 The transition energy now
depends parametrically on the molecular configuration R. We
focus on regions in configuration space where the energy gap
Eeg(q) = Ee(R) − Eg(R) is close to the cavity frequency; this is
where the potential energy surfaces are significantly modulated
by tuning the cavity parameters, which results in modifying a
specific region of the excited-state PES (e.g., Franck−Condon
region and conical intersection region), thereby altering the
photochemistry and photophysics. In addition to the excited-
state PES, the ground-state PES can also be modified by the
counterrotating terms at ultrastrong coupling, whichmay lead to
control of ground-state chemistry. Furthermore, the high
density of electronic states can be very dense for molecules, as
is typical for transition metal complexes,37 and the simple
picture of Rabi splitting for a two-level system may not apply.

■ CAVITY PHOTOCHEMISTRY
Most photochemical and photophysical processes, such as
photoisomerization in vision38 and photostability of DNA
molecules under UV radiation,39 are controlled by conical
intersections (CIs). These are degenerate points (or seams) in
the nuclear configuration space between the adiabatic potential
energy surfaces. The common Born−Oppenheimer approx-
imation relies on energy (or equivalently time) scale separation
between the electronic and nuclear motions. However, this
breaks down in the vicinity of CIs, where the electronic energy
gap becomes small and comparable to the energy scale of nuclear
motion. The non-adiabatic couplings between the two
electronic states, neglected in the BO approximation, become
important and are responsible for nonradiative electronic
transitions.
By placing molecules in a high-Q optical cavity, the potential

energy landscape can be manipulated by strong light−matter

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.3c00280
Acc. Chem. Res. XXXX, XXX, XXX−XXX

C

pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


coupling. Electronic strong coupling with few molecules has
been achieved in plasmonic cavities;8 FP-type cavities require
many molecules to reach the strong coupling regime. When the
cavity mode lifetime is longer than the dynamics, a Born−
Oppenheimer-like picture can be developed by expanding the
polaritonic wave function as Ψ(q, r, R, t) = ∑nΦn(q, r; R)χn(R,
t), analogous to the Born−Huang expansion for the bare

molecule. The adiabatic polaritonic states Φn(q, r; R) are
defined as the eigenstates of the polariton HamiltonianHP(R) =
H − T̂N, i.e., the total Hamiltonian without the nuclear kinetic
energy operator. They play the same role as the adiabatic
electronic states in bare molecules. The coupled photon−
electron−nuclear polariton dynamics is then determined by the
polaritonic potential energy surfaces R( )n rather than the

Figure 2. Cavity modification of singlet fission rate. (a) Schematic of the singlet fission process in an optical cavity. (b) SF rate suppression at ωc = 1.8
eV for various coupling strengths. (c) Cut of the (left) bare |S0⟩⊗|1⟩, S1, and S2 and (middle and right panels) polaritonic potential energy surfaces
along the tuningmode at g = 0.12 eV andωc = 1.6 and 1.8 eV. The conical intersection is being pushed away from the Franck−Condon region. Adapted
from ref 2. Copyright 2021 American Chemical Society.

Figure 3. Cavity-modified internal conversion in pyrazine. The cavity mode is assumed to couple to the S0−S1 transition. (a) Population dynamics of
the (upper) S1 and (lower) S0 states at various coupling strengths g. (b) Cuts of the polaritonic potential energy surfaces along the tuning mode at
different coupling strengths. The ground state is not shown. From ref 45. CC BY-NC 3.0.
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adiabatic potential energy surfaces. The polaritonic PESs can
show rich features such as light-induced CIs for diatomic
molecules, polaritonic CIs by a splitting of the pristine CIs, and
dark states40,41 not present in the bare PESs.
Below we give two examples where the polaritonic photo-

dynamics under single-molecule strong coupling differs
significantly from that of its bare counterpart.
We start with singlet fission in pentacene molecules. Singlet

fission is an exciton multiplication process whereby a singlet
high-energy exciton splits into two lower-energy triplet excitons.
The two triplet excitons are correlated, forming an overall
singlet; thus, the process is spin-allowed and can occur on a
picosecond to femtosecond time scale. It has been proposed that
singlet fission materials can boost the efficiency of photovoltaic
devices,42 and the intriguing possibility that optical cavities may
be employed to modify singlet fission rates has attracted much
attention.2,43,44

We have shown that for a CI-mediated singlet fission in
pentacene dimer, the cavity can suppress the singlet fission rate
(Figure 2b) by pushing the CI away from the Franck−Condon
region.2 This is clearly seen in the cut of the polaritonic PESs
along the tuning mode. The location of the polaritonic conical
intersections depends sensitively on the coupling strength and
cavity resonance frequency (Figure 2c). Upon vertical excitation
to the singlet state, the molecule must cross a barrier to reach the
CI and trigger singlet fission. The barrier is shallow in the bare
molecule and can be overcome by thermal fluctuations but
becomes significantly higher when the cavity−molecule
coupling is switched on. The probability to reach the polaritonic
CI and the singlet fission rate are thus suppressed.
Another example is the ultrafast internal conversion rate in

pyrazine. Upon absorption of an optical photon, pyrazine is
vertically excited to the S2 state. The molecule then undergoes a
60 fs nonradiative decay process mediated by a CI to the S1 state.
By placing this molecule in an optical cavity with resonance
frequency close to the S0 → S1 transition energy at the CI, it was
theoretically demonstrated that the internal conversion process
is accelerated by strong light−matter coupling (Figure 3a). In
the bare molecule, the electronic excitation relaxes to the S1
state, whereas in a cavity, the molecule relaxes to both the S0 and
S1 states. This is rationalized by the fact that on the polaritonic
PESs (Figure 3b), a pristine CI splits into two polaritonic CIs.
The electronic relaxation is then dictated by the one closer to the
Franck−Condon region. The locations of the two polaritonic
CIs can be controlled by varying the cavity parameters.
These two examples demonstrated that an optical cavity

provides a general platform for manipulating the conical
intersection dynamics of molecules. Many other chemical
processes mediated by the CIs should be subjected to cavity
control.

■ MODIFYING CORE EXCITATIONS BY X-RAY
CAVITIES

X-ray cavities have been employed in the study of X-ray
quantum optics.46 Such thin-film cavities are only a few
nanometers apart. X-ray cavities can be exploited to manipulate
core-level excitations. This is shown by theoretical demon-
strations for 1,1-difluoroethylene and a transition metal
complex, ferricyanide.
Core excitations in molecules involve core orbitals localized

on specific atoms. For 1,1-difluoroethylene, the molecular
structure displayed in Figure 4a, contains two inequivalent
carbon atomswith different chemical environments that result in

different core excitation energies. As shown in the XANES
spectrum (Figure 5), the twomain transitions arising from the C
K-edge (1s orbital) of CH2 and CF2 are separated by the ∼3 eV
chemical shift. By placing the molecules into an X-ray cavity, the
cavity photon mode, coupled to both core transitions, mediates
an effective coupling between the cores, thus creating hybrid
states consisting of both cores and the cavity photon. Figure 5
shows modifications of the XANES spectra at various coupling
strengths. The lower panel shows the decomposition of each
peak into three components.
Another example of X-ray-cavity-altered core-level excitation

is demonstrated by simulating the iron K-edge in a transition
metal complex, ferricyanide ([Fe(III)(CN)6]3−), in an aqueous
environment.37 Core polariton states are observed in a resonant
X-ray cavity, and the correlations between valence excitations
and core polaritons can be revealed by the stimulated X-ray
Raman signal.
UV−vis cavities can be exploited to control valence

excitations, thus enabling many interesting phenomena
associated with exciton polaritons. Similarly, X-ray cavities
provide a platform for controlling core excitations.
From the theory side, an accurate description of the core

polaritons requires further developments. On the nanometer
length scale, the electric dipole approximation may not be valid.
This can be addressed by adopting the minimal-coupling
Hamiltonian, which uses the charge and current densities rather
than multipoles.47

■ QUANTUM LIGHT SPECTROSCOPY OF
MOLECULAR POLARITONS

Nonlinear spectroscopic techniques can monitor the polaritonic
dynamics in real time. Time-resolved techniques, including
transient absorption and two-dimensional infrared and optical
spectroscopy, have been applied to probe the nonlinear response
functions of polaritonic systems.48,49 Theories and simulation
techniques24,50 have been extended to polaritons. Quantum
light spectroscopy is a frontier branch of nonlinear spectroscopy
that exploits the quantum-mechanical properties of light to
extract matter information not accessible by classical light.51 A
widely used technique is entangled two-photon absorption.52,53

In classical two-photon absorption, a molecule is promoted from
the ground state to an excited state by simultaneously absorbing
two single-color or two color photons. In the quantum version,
the classical light is replaced by an entangled photon pair.
Applications of this technique to a polariton model with N

nonidentical two-level molecules interacting with a single cavity
mode have shown that entangled photons can access classically

Figure 4. (a) XANES spectra of 1,1-difluoroethylene: simulations
versus experiments. (b) Schematic of core excitations in a molecule
coupled to an X-ray cavity photonmode. Adapted with permission from
ref 1. Copyright 2021 American Physical Society.
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dark two-polariton states.3 The bipolariton states {|f⟩} are dark
not because of the dipole selection rule but due to destructive
quantum interference between different transition pathways.
The two-photon entangled beams are commonly labeled as the
signal and the idler. For classical light, the transition amplitude
to reach a final state |f⟩ through an intermediate state |e⟩,
| | |g e fs i (pathway 1), calculated by using time-depend-
ent perturbation theory to second-order in the light−matter
interaction,3 is given by

[ ] =T g f
D

( )e fg
e

eg
fgis

( )
( )

s
s i

(2)

where Dfg
(e) = ⟨f |μ·ei|e⟩⟨e|μ·es|g⟩ and es/i is the polarization vector

of the signal/idler beam. The subscripts of T label the photon
sequence interacting with the molecule, i.e., signal photon first
and idler later, or vice versa. The denominator represents the
detuning between the transition frequency, ωeg = ωe − ωg, and
the frequency of the first photon interacting with the molecule,
ωs. Reversing this sequence of photon interactions leads to
another set of two-photon transition pathways, | | |g e fi s ,

with transition amplitude =T e
si
( ) fe e g

e g i
. For a polariton system,

the intermediate states are the upper (UP) and lower (LP)
polaritons, e, e′ ∈ {UP, LP}. For two-polariton states with
eigenenergies close to the sum of the UP and LP energies, we

have ωfg = ωUP + ωLP = ωs + ωi, where the second equality
reflects energy conservation. If the final state further satisfies
Dfg

(UP) =Dfg
(LP), this leads to vanishing of the sum of two transition

amplitudes Tis
UP + Tsi

LP = 0. It follows that two-polariton states
close to ωUP + ωLP will undergo destructive interference,
rendering them dark in classical two-photon absorption.
By using time−frequency entangled light generated by

spontaneous parametric downconversion, the above interfer-
ence can be controlled by tuning the entanglement time.
Classically dark two-polariton states can then become bright in
entangled two-photon absorption (Figure 6c). Using entangled
light, the transition amplitude for pathway 1 is given by3
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where Te is the entanglement time, the maximum arrival time
difference between the photon pair. The transition amplitude for
an entangled photon pair can thus be modulated by varying the
entanglement time.
Quantum light provides a new means to manipulate and

control the interference among excitation pathways in
polaritonic systems. This can be utilized in spectroscopy,
microscopy, interferometry, and coherent control
schemes.51,52,54

Figure 5. (top) XANES of 1,1-difluoroethylene in an X-ray cavity at various coupling strengths. (bottom) Decomposition of each transition into two
inequivalent carbon cores and an X-ray cavity photon. Adapted with permission from ref 1. Copyright 2021 American Physical Society.

Figure 6. Quantum light spectroscopy of cavity polaritons. (a) Schematic of entangled two-photon absorption of a polaritonic system. (b) Two
transition pathways that destructively interfere and result in a dark two-polariton state. (c) Classical versus entangled two-photon absorption for a
polaritonic system with two two-level systems and a single cavity mode. Adapted from ref 3. Copyright 2020 American Chemical Society.
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■ MOLECULAR COOPERATIVITY
The cooperative nature of molecular polaritons is an important
open issue in the understanding of polariton-mediated
chemistry. The N factor in the effective cavity coupling
strength suggests that the light−matter coupling is collectively
enhanced in the molecular response. It has been theoretically
and experimentally demonstrated that the Rabi splitting scales
with the N factor.55 However, whether this molecular
cooperativity can survive in the electronic dynamics, photo-
physical processes, and chemical reactions is under debate. The
details of local and collective effects in cavity-altered chemistry
are an open issue. Strong coupling with few molecules has been
reported.8 However, all experiments related to chemistry were
carried out in the many-molecule regime.56,57

We next explore the role of cooperativity in the charge
migration process,58 i.e., the ultrafast electronic charge motion
upon photoionization before the nuclei have time to move. This
is the primary step in many chemical and biochemical
reactions.59 We explore this issue by using the Tavis−
Cummings model, which represents an ensemble of many
three-level molecules coupled to a single optical cavity mode. In
our model, the photoionized molecule has a ground state |g⟩ and
two degenerate excited states |e1⟩ and |e2⟩ which represent
cations with a localized charge hole at different locations (Figure
7a). The ionized molecules are initially prepared in the |e1⟩ state,
and the charge migration process can be described by the
transition from |e1⟩ to |e2⟩ with frozen nuclei. PlacingN identical
photoionized molecules in the optical cavity, the excitation
space consists of all combinations of k molecules at e1, l
molecules at e2, and N − k − l molecules at g with the same
number of cavity photons. These combinations create an (N +
1)(N + 2)/2-dimensional symmetric basis set of collective
states. We further assume that the sum of the transition dipole
moments from the ground state to the two excited states is
parallel to the cavity polarization: μe d1g + μe d2g ∥ ec. The nonzero
interaction Hamiltonian elements depends on the number of
m o l e c u l e s N : = +H k N k l g( 1)kl k l, 1 0 a n d

= +H l N k l g( 1)kl kl, 1 0, where g0 is the single-
molecule coupling constant.

The charge migration process is followed by a population
oscillation between |e1⟩ and |e2⟩. We assume that initially all
molecules are at |e1⟩ and numerically calculate the population
dynamics of |g⟩, |e1⟩, and |e2⟩ for the molecule numberN varying
from 1 to 50. In contrast with the N dependence of the Rabi
splitting, the charge oscillation pattern shown in Figure 7b is
virtually independent of N. The collective factors such as

+k N k l( 1) , explicitly included in our interaction
Hamiltonian matrix elements, cancel out and reduce to the
single-molecule result once a local observable such as molecular
charge migration is monitored.
Molecular cooperativity provides a convenient realization of

the strong coupling regime. However, whether it can affect an
observable depends on the local nature of specific chemical
processes. Figure 7 demonstrates that unlike spectroscopy,
molecular charge dynamics in cavity-altered chemistry is local
and shows no many-molecule collective effect. The same
conclusion should apply to any local observable such as
photophysical processes and chemical reactions.

■ CONCLUSIONS AND PERSPECTIVES
Substantial efforts have been made on the first-principles
modeling of polaritonic systems by generalizing the rich
quantum chemistry toolbox such as density functional theory
and coupled cluster to strongly coupled molecule−photon
systems.60 Quantum dynamical methods such as matrix product
states andmulticonfigurational time-dependentHartree that can
alleviate the exponential scaling of computational cost have been
developed and applied to study polaritonic chemistry.61,62

While most current studies employ linearly polarized cavity
modes, it is possible to incorporate optical chirality into the
cavity field. This can be achieved by, e.g., using Faraday mirrors
instead of regular mirrors63 and offers novel opportunities to
explore chiral light−matter interactions.64 Another interesting
direction is to employ several coupled cavities. Coupled cavity
arrays can be fabricated with waveguides and photonic crystals
and have been suggested as a platform for quantum simulation
and quantum networks.65

Figure 7. (a). Diagrammatic sketch of the three-level ionized molecule system employed in the collective effects study of polaritonic charge dynamics.
(b) State population dynamics calculated from the collective states of N identical three-level molecules. The coupling constant is g0 = 1. Numerical
calculations for N from 1 to 50 show virtually the same results, which implies lack of cooperativity population dynamics. Adapted from ref 58.
Copyright 2023 American Chemical Society.
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