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ABSTRACT
Under vibrational strong coupling (VSC), the formation of molecular polaritons may significantly modify the photo-induced or thermal
properties of molecules. In an effort to understand these intriguing modifications, both experimental and theoretical studies have focused
on the ultrafast dynamics of vibrational polaritons. Here, following our recent work [Li et al., J. Chem. Phys. 154, 094124 (2021)], we sys-
tematically study the mechanism of polariton relaxation for liquid CO2 under a weak external pumping. Classical cavity molecular dynamics
(CavMD) simulations confirm that polariton relaxation results from the combined effects of (i) cavity loss through the photonic component
and (ii) dephasing of the bright-mode component to vibrational dark modes as mediated by intermolecular interactions. The latter polaritonic
dephasing rate is proportional to the product of the weight of the bright mode in the polariton wave function and the spectral overlap between
the polariton and dark modes. Both these factors are sensitive to parameters such as the Rabi splitting and cavity mode detuning. Compared
to a Fermi’s golden rule calculation based on a tight-binding harmonic model, CavMD yields a similar parameter dependence for the upper
polariton relaxation lifetime but sometimes a modest disagreement for the lower polariton. We suggest that this disagreement results from
polariton-enhanced molecular nonlinear absorption due to molecular anharmonicity, which is not included in our analytical model. We also
summarize recent progress on probing nonreactive VSC dynamics with CavMD.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079784

I. INTRODUCTION

Strong light–matter interactions provide a novel approach
toward modifying molecular properties by forming hybrid
light–matter states—known as polaritons.1–8 In the past decade,
vibrational strong coupling (VSC) was experimentally observed
when a large number of molecules in the condensed phase were
placed in a Fabry–Pérot microcavity and a vibrational mode of
molecules formed strong coupling with a cavity mode.9–12 Under
VSC, one of the most intriguing experimental observations is the
possibility of modifying thermally activated ground-state chemical
reactions through such a Fabry–Pérot microcavity and without a
direct external pumping.13 Inspired by this seminal observation13

from the Ebbesen group, intensive experimental and theoretical
attempts have now been made to understand VSC-related chem-
istry. From an experimental point of view, there has been an
extensive exploration of VSC catalytic effects in different types of
chemical reactions,14–20 and the use of VSC to alter other molecular
properties in the absence of an external laser pumping21 has also
been investigated; at the same time, spectroscopists have also
focused on the ultrafast dynamics of vibrational polaritons by
pump–probe22–24 and two-dimensional infrared (IR)25–30 spec-
troscopies. From a theoretical point of view, while the detailed
mechanism of “VSC catalysis” is still not well understood,31–39 the
current models of ultrafast polariton dynamics appear to be largely
consistent with observations.40–46
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As far as the ultrafast dynamics of vibrational polaritons are
concerned, recent experiments22,23,25–29 have emphasized the com-
plicated interaction between polaritons and vibrational dark modes
after the polariton pumping with an external laser field; see Ref. 7
for a recent review. Two of the most nontrivial observations include
(i) polariton mediated intermolecular vibrational energy transfer
between two molecular species after the upper polariton (UP)
pumping28 and (ii) polariton-enhancedmolecular nonlinear absorp-
tion after the lower polariton (LP) pumping.7,27 While there have
been a few theory papers on polariton relaxation based on ana-
lytic models40,43,47–49 and realistic modeling,50–53 a systematic study
of vibrational polariton relaxation when realistic molecules are
considered is still unavailable, which will be the focus of this paper.

Our approach for studying polariton relaxation is classical cav-
ity molecular dynamics (CavMD) simulations,46,54–56 in which both
the cavity modes and molecular vibrations are treated classically
and move along an electronic ground-state surface. Compared with
standard theories for strong light–matter interactions, CavMD has
two advantages: the ability to (i) describe realistic molecules and (ii)
treat a very large number of molecules coupled to the cavity with
an affordable computational cost. These advantages allow CavMD
to identify nontrivial VSC effects beyond, e.g., the Tavis–Cummings
Hamiltonian57,58 or the coupled oscillator model.59,60 The latter is
necessary because, to date, most VSC experiments were performed
with Fabry–Pérot cavities, in which the cavity volume is ∼ λ3 (where
λ denotes the wavelength of the cavity mode) and the corresponding
molecular number is very large (say, N ∼ 1010).

We note that recent considerations of the role of VSC played
by symmetry and selection rules can, in principle, be studied

by CavMD. However, we do not address these issues here. We
also emphasize that CavMD is a classical approximation, so this
approach may fail if any quantum effect (from either the nuclei or
cavity photons) dominates the VSC effect (which is largely unex-
plored). In order to understand the applicability of CavMD, it is
necessary to benchmark the performance of CavMD under vari-
ous situations against experiments or analytic models; see the next
paragraph and also Fig. 1 for a summary. Following the method
in Ref. 46, here we will focus on using CavMD to describe polari-
ton relaxation when the polariton is weakly pumped by an external
laser field. In the weak pumping limit (which is also the condition
for most ultrafast experiments), we will compare the CavMD results
with a quantum model where the polariton relaxation lifetime can
be calculated by a Fermi’s golden rule (FGR) rate. Together with an
extensive parameter dependence study of polariton relaxation, this
comparison will not only serve as an important performance bench-
mark of CavMD but also facilitate a mechanistic understanding of
vibrational polariton relaxation.

Before focusing on the details of vibrational polariton relax-
ation, as shown in Fig. 1, let us summarize some of the most impor-
tant observations by CavMD from a series of recent publications
(including this work) and the connection to different experiments
and theories.

(a) Asymmetric Rabi splitting from equilibrium CavMD sim-
ulations.54 We have included the self-dipole term in
CavMD,61,87–91 a direct consequence of which is a renor-
malized vibrational frequency inside the cavity62 and the
asymmetry of the Rabi splitting even when the cavity mode

FIG. 1. Illustration of nonreactive VSC
dynamics probed by CavMD simulations.
(a) Asymmetric Rabi splitting under ther-
mal equilibrium.54 (b) Polariton relax-
ation to dark modes (this work). (c)
Polariton-enhanced molecular nonlinear
absorption.46 (d) Selectively exciting
solute molecules via solvent polariton
pumping.56 (e) Dark-mode relaxation
and energy transfer dynamics.55 The
cartoon in the middle circle demonstrates
the simulation setup of CavMD, which is
adapted from Ref. 46.
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is at resonance with the bare vibrational mode outside the
cavity. For the linear IR spectrum of liquid water under VSC,
CavMD not only yields similar results as the coupled oscil-
lator model but also shows that the polaritonic line shape
is much smaller than the inhomogeneous broadening of the
water O–H peak. This result—which cannot be obtained
from the coupled oscillator model—agrees with an early the-
oretical prediction63 and experimental observations for liquid
water VSC.14 This simulation also suggests that individual
molecular properties are not meaningfully modified under
VSC when thermal equilibrium is considered, suggesting a
nonequilibrium or quantum origin of “VSC catalysis.”

(b) Mechanism of vibrational polariton relaxation (this work).
Here, we will demonstrate that, for the UP, CavMD predicts
a similar parameter dependence for the UP lifetime as does
a FGR rate calculation based on a tight-binding harmonic
model. We also highlight the significance of the dephasing
process from the polariton to the dark modes due to the
spectral overlap between the polariton and dark modes; this
overlap can be controlled by the Rabi splitting and cavity
mode detuning. The results here validate the ability of the
CavMD simulation approach as far as the capacity to match
more conventional quantum optics approaches in polariton
physics.

(c) Polariton-enhanced molecular nonlinear absorption.46
When twice the LP roughly matches the vibrational 0→ 2
transition (due to molecular anharmonicity), CavMD shows
that strongly exciting the LP can directly transfer energy to
the second (∣2D⟩) or higher excited states of vibrational dark
modes; at later times, this excess energy gradually transfers
to the first excited state of vibrational dark modes (∣1D⟩).
The delayed excitation of ∣1D⟩ states after the LP pumping
has been experimentally reported previously27 and a direct
observation of the initial pumping of ∣2D⟩ states has also
been shown recently.7 These experimental observations,
together with a quantum model study,45 appear to validate
our simulation results.

(d) Selectively exciting solute molecules via solvent polariton
pumping.56 Given the validity of the polariton-enhanced
molecular nonlinear absorption mechanism, CavMD shows
that, if the LP of the solvent molecules can support the non-
linear transition of the solute (not the solvent) molecules
only (i.e., twice the solvent LP roughly matches the solute
0→ 2 vibrational transition), pumping the solvent LP may
highly excite the solute molecules, leaving the solvent
molecules barely excited. This finding deserves experimental
exploration in the near future.

(e) Nonequilibrium dark-mode dynamics.55 For a small fraction
of hot CO2 molecules immersed inside a CO2 thermal bath,
in the absence of external pumping, the LP can be transiently
excited even when the molecular system size is large. The
transiently excited LP can accelerate vibrational relaxation of
the hot molecules and promote energy transfer to the ther-
mal molecules. For small-volume cavities (N < 104), the VSC
effect on the relaxation rate per molecule resonantly depends
on the cavity mode frequency; for cavities with larger vol-
umes, the VSC effect per molecule vanishes, despite the fact

that the transiently excited LP prefers to transfer energy to
the molecules at the tail of the energy distribution (which
may connect to a VSC+catalytic effect). The fact that all VSC
effects on dark mode relaxation becomes vanishingly small
(per molecule) for large a cavity volume is consistent with a
recent experiment with Fabry–Pérot cavities.29

We now turn to (b) above and in the rest of this paper focus
on investigating the mechanism of vibrational polariton relaxation.
This paper is organized as follows. In Sec. II, we introduce the FGR
calculation and CavMD simulations that we will employ in order
to describe the polariton relaxation lifetime. In Sec. III, we present
results. We conclude in Sec. IV.

II. METHODS
A. Model system and the FGR rate

The standard theory for describing strong light–matter inter-
actions in the collective regime is the Tavis–Cummings (TC)
Hamiltonian.57,58 In this model, a single cavity mode with fre-
quency ωc is coupled toN identical two-level systems with transition
frequency ω0,

Ĥ = h̵ωcâ†â + h̵ω0

N

∑
n=1

σ̂(n)
+

σ̂(n)
−
+ h̵g0

N

∑
n=1
(â†σ̂(n)

−
+ âσ̂(n)

+
). (1)

Here, â† and â denote the creation and annihilation operators for
the cavity photon; σ̂(n)

+
≡ ∣ne⟩⟨ng∣ and σ̂(n)

−
≡ ∣ng⟩⟨ne∣, where ∣ng⟩

and ∣ne⟩ denote the ground and excited state for the nth two-level
system; g0 denotes the coupling constant between the cavity pho-
ton and each two-level system. In the light–matter coupling term
(the last term above), both the long-wave approximation and the
rotating-wave approximation have been taken.

For VSC, since high-frequency molecular vibrations can be
approximated as harmonic oscillators at and below room temper-
ature, we replace the two-level systems in Eq. (1) by quantum
harmonic oscillators (with the creation and annihilation operators
denoted by b̂†

n and b̂n) and obtain the following Hamiltonian:

Ĥ = h̵ωcâ†â + h̵ω0

N

∑
n=1

b̂†
nb̂n + h̵g0

N

∑
n=1
(â†b̂n + âb̂†

n). (2)

This model Hamiltonian serves as the starting point of our
derivation.

In the light–matter coupling term of Eq. (2), since the cavity
photon interacts with a symmetric combination of the molecular
operators only, one can introduce the bright-mode creation and
annihilation operators as follows:

B̂ = 1√
N

N

∑
n=1

b̂n,

B̂† = 1√
N

N

∑
n=1

b̂†
n.

(3)

J. Chem. Phys. 156, 134106 (2022); doi: 10.1063/5.0079784 156, 134106-3

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


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

All the other N − 1 linear combinations of the molecular operators
are decoupled from the cavity mode and are called the dark modes,

D̂μ =
1√
N

N

∑
n=1

ei2πnμ/N b̂n,

D̂†
μ =

1√
N

N

∑
n=1

ei2πnμ/N b̂†
n.

(4)

Here, μ = 1, 2, . . . ,N − 1 indexes the dark modes.
With the separation of bright and dark modes, the Hamiltonian

in Eq. (2) becomes

Ĥ = h̵ωcâ†â + h̵ω0B̂†B̂ + 1
2
h̵ΩN(â†B̂ + âB̂†) + ĤD, (5)

where ΩN ≡ 2
√
Ng0 and ĤD is the Hamiltonian for the dark modes:

ĤD = h̵ω0∑N−1
μ=1 D̂

†
μD̂μ. Equation (5) can be further diagonalized,

which leads to the following Hamiltonian:

Ĥ = h̵ω+P̂†
+P̂+ + h̵ω−P̂†

−P̂− + ĤD. (6)

Here, the frequencies of the eignestates are given as

ω± =
1
2
[ω0 + ωc ±

√
Ω2

N + (ω0 − ωc)2]. (7)

When the cavity photon and the bright mode are at resonance
(ωc = ω0), the frequency difference between the two eigenstates is
ω+ − ω− = ΩN . Once ΩN exceeds the linewidth of the bright mode
(which can be measured from the linear spectrum of molecules
outside the cavity) and the loss rate of the cavity (due to the imper-
fections in the cavity mirrors), a peak splitting can bemeasured from
the linear spectrum of the coupled cavity molecular system. The
peak splitting, which is called the collective Rabi splitting, is equal
toΩN = 2

√
Ng0.

In Eq. (6), the creation and annihilation operators for the eigen-
states (P̂†

±
and P̂±) are defined as linear combinations of the cavity

photon and bright-mode operators,

P̂± = X(B)± B̂ + X(c)
±

â,

P̂†
± = X(B)± B̂† + X(c)

±
â†,

(8)

where the coefficients are X(B)
+
= −X(c)

−
= − sin(θ) and X(B)

−

= X(c)
+
= cos(θ) and the mixing angle θ is θ = 1

2 tan
−1( ΩN

ωc−ω0
). When

a Rabi splitting is observed, the two eigenstates (− and +) are called
the lower polariton (LP) or upper (UP) polariton, respectively.

1. Calculating the polariton lifetime
In the absence of intermolecular interactions, as shown in

Eq. (6), the polaritons are completely decoupled from the dark
modes, so once the LP or UP is excited to the first excited state, the
polaritonic decay rate (1/τ±) should be simply a linear combination
of the relaxation rates of the photonic and the molecular parts,64,65

1
τ±
= ∣X(c)

±
∣2kc + ∣X(B)± ∣2kB, (9)

where kc denotes the cavity loss rate and kB denotes the relaxation
rate of the bright state from the first excited to the ground state

outside a cavity, which could be approximated as the linewidth of
the vibrational peak from molecular linear IR spectroscopy outside
the cavity (if the molecular system has no inhomogeneous broaden-
ing). Note that the bright-mode relaxation rate kB reflects both the
radiative and non-radiative relaxation pathways, and the radiative
relaxation contribution can be superradiant (meaning a N depen-
dence). For molecular vibrations, since the radiative relaxation rates
(with a typical lifetime of seconds) are usually much slower than the
non-radiative rates (with a typical lifetime from ns to ps), we will
disregard the radiative relaxation contribution of kB.66

The rate equation in Eq. (9) has widely been known by the
polariton community. For realistic molecular systems in the con-
densed phase, however, we need to consider another decay pathway
of the polaritons. Sincemolecules do interact with each other, polari-
tons (which are partially composed of the molecular degrees of
freedom) can interact with the dark modes through intermolecular
interactions. Naturally, the interaction between polaritons and dark
modesmay introduce an additional dephasing pathway for the decay
of polaritons.

In order to account for this additional dephasing process, on
top of the standard polaritonic Hamiltonian in Eq. (6), we add a sim-
ple tight-binding intermolecular interaction between neighboring
molecules,

V̂ =
N

∑
n=1

h̵Δn

⎡⎢⎢⎢⎣

Nnn

∑
Mn=1
(b̂†

nb̂Mn + b̂nb̂†
Mn
)
⎤⎥⎥⎥⎦
, (10)

where Mn denotes all the possible nearest neighbors (with a total
number of Nnn) of molecule n and Δn denotes the coupling strength
between the nearest neighboring molecules. For different n, {Δn}
are uncorrelated but should have similar magnitude. In Eq. (10),
since the operators of each molecule can be expressed as linear com-
binations of the bright and dark modes, the interaction between
bright (which contributes to the polaritons) and dark modes has
been included. In order to better illustrate this point, if we consider
only the bright-mode contribution of b̂Mn , i.e., b̂Mn ← B̂/

√
N + ⋅ ⋅ ⋅ ,

we can approximate Eq. (10) as

V̂ = h̵Nnn√
N

N

∑
n=1

Δn(b̂†
nB̂ + b̂nB̂†) + ⋅ ⋅ ⋅ , (11)

where ⋅ ⋅ ⋅ represents the interaction between individual molecules
(indexed by n) and the dark modes. For large N, since b̂n (b̂†

n) is
predominately composed of the dark modes, Eq. (11) can be used to
calculate the polaritonic dephasing rate to the dark modes.

We now calculate the dephasing rate from polaritons to
vibrational dark modes with a FGR calculation,

γ =∑
f

2π
h̵2
∣V f i∣2 δ(ω − ωf ). (12a)

Here, i and f denote the initial (polaritonic) and final (dark) states;
δ(ω − ωf ) denotes the density of states (DOS) for state f ; and
V f i = ⟨ f ∣V̂ ∣i⟩ denotes the transition matrix element, where we have
defined V̂ in (11). By substituting ∣i⟩ = P̂†

±
∣0⟩ (exciting a polariton)

J. Chem. Phys. 156, 134106 (2022); doi: 10.1063/5.0079784 156, 134106-4

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


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

and the definition of P̂†
±
in Eq. (8), we obtain the transition matrix

element as

V f i = ⟨ f ∣V̂ ∣i⟩ ≈
h̵NnnΔf√

N
X(B)
±

. (13)

Hence, the polaritonic dephasing rate becomes

γ± ≈
N

∑
f=1

2π
h̵2
( h̵NnnΔf√

N
X(B)
±
)
2

δ(ω − ωf )

= 2πΔ2∣X(B)
±
∣2ρ0(ω). (14)

Here, we have defined Δ2 ≡ ∑N
f=1N

2
nnΔ2

f δ(ω − ωf )/∑N
f=1δ(ω − ωf )

to denote the average intermolecular coupling strength; ρ0(ω)
≡ 1

N∑
N
f=1δ(ω − ωf ) denotes the DOS for the dark-mode manifold

per molecule. Note that here we have assumed that polariton states
are orthogonal to the individual molecular basis ({b̂n}), which is
valid in the limit of large N.

In the presence of disorder, the polariton is not an eigenstate of
the Hamiltonian and has also a finite experimental linewidth. In our
calculation, we introduce a phenomenological DOS for the polariton
to account for this width [ρ

±
(ω), where ∫ ∞−∞dωρ±(ω) = 1], so the

polaritonic dephasing rate is further smeared out,

γ± = 2πΔ2∣X(B)
±
∣2J±, (15a)

where J
±
denotes the spectral overlap between the polariton and the

dark modes,

J± ≡ ∫
+∞

0
dωρ0(ω)ρ±(ω). (15b)

Equation (15) shows that the polaritonic dephasing rate is deter-
mined by three factors: the magnitude of intermolecular interactions
(Δ2), the molecular weight of polaritons (∣X(B)

±
∣2), and the spectral

overlap between the polariton and dark modes (J
±
). This equation

is reminiscent of the Förster resonance energy transfer rate.67 Note
that the linear relationship between the polariton dephasing rate and
the spectral overlap has been numerically demonstrated for exciton-
polaritons.51 Similar analytic results as in Eq. (15) have also been
obtained previously.43,47

Finally, given Eqs. (9) and (15), the observed polariton lifetime
becomes

1
τ±
= ∣X(c)

±
∣2kc + ∣X(B)± ∣2kB + γ±(kc, kB). (16)

Here, we write γ
±
(kc, kB) (instead of γ

±
) to emphasize the fact that

the polaritonic dephasing rate γ
±
does depend on kc and kB, whose

values can modify J
±
by altering the polaritonic line shape [see

Eq. (15b)].68 In this sense, the difference between Eqs. (9) and (16)
not only comes from the introduction of the polaritonic dephas-
ing rate γ

±
(which arises from intermolecular interactions) but also

stems from the more complicated parameter dependence on kc and
kB, e.g., ∂(1/τ±)/∂kc = ∣X(c)± ∣2 + ∂γ±/∂kc ≠ ∣X(c)± ∣2. See Appendix B
for a detailed discussion.

For Eq. (16), let us consider the limit when the cavity and
the bright modes are decoupled. In this limit, Eq. (16) is expected

to recover the lifetimes of the cavity and the bright mode, respec-
tively. For example, in the limit of a highly red-detuned cavity
mode (ωc ≪ ω0), the “LP” is mostly composed of the cavity mode
(∣X(c)
−
∣2 → 1 and ∣X(B)

−
∣2 → 0) and the “UP” is mostly composed of

the bright mode (∣X(c)
+
∣2 → 0 and ∣X(B)

−
∣2 → 1). The lifetimes of the

two “polaritons” become

1
τ−
→ kc, (17a)

1
τ+
→ kB + 2πΔ2∫

+∞

0
dωρ0(ω)ρ0(ω). (17b)

In this limit, the “LP” lifetime is the inverse of the cavity loss rate
(kc), and the “UP” lifetime becomes the inverse of the bright-mode
relaxation (kB) plus the dephasing rates (2πΔ2∫ +∞0 dωρ0(ω)ρ0(ω))
outside a cavity. This expected result shows the self-consistency of
Eq. (16).

B. CavMD simulations of polariton lifetime
Apart from the above analytic approach, the recently developed

CavMD simulations46,54 can also be used to determine the polariton
lifetime under VSC. Within the framework of CavMD, the coupled
photon-nuclear dynamics are propagated on an electronic ground-
state surface. The light–matter Hamiltonian for CavMD is defined
as follows:

ĤG
QED = ĤG

M + ĤG
F , (18a)

where ĤG
M is the conventionalmolecular (kinetic+ potential) Hamil-

tonian on an electronic ground-state surface outside a cavity and ĤG
F

denotes the field-related Hamiltonian,

ĤG
F =∑

k,λ

ˆ̃p2k,λ
2mk,λ

+ 1
2
mk,λω

2
k,λ(ˆ̃qk,λ +

εk,λ
mk,λω2

k,λ

N

∑
n=1

d̂ng,λ)
2

. (18b)

Here, ˆ̃pk,λ, ˆ̃qk,λ, ωk,λ, andmk,λ denote the momentum operator, posi-
tion operator, frequency, and auxiliary mass for the cavity photon
mode defined by a wave vector k and polarization direction ξλ. The
auxiliary mass mk,λ introduced here is solely for the convenience
of molecular dynamics simulations, and the value of mk,λ does not
change the VSC dynamics.46,54 d̂ng,λ denotes the electronic ground-
state dipole operator for molecule n projected along the direction
of ξλ. The quantity εk,λ ≡

√
mk,λω2

k,λ/Ωϵ0 characterizes the coupling
strength between each cavity photon and individual molecule, where
Ω denotes the cavity mode volume and ϵ0 denotes the vacuum
permittivity.

In order to reduce the computational cost, we (i) map all quan-
tum operators in Eq. (18) to classical variables and also (ii) apply
periodic boundary conditions for the molecular degrees of free-
dom, i.e., in Eq. (18b), we assume∑N

n=1dng,λ = Ncell∑Nsub
n=1dng,λ, where

Ncell denotes the number of the periodic cells and Nsub = N/Ncell
is the number of molecules in a single simulation cell. By also
denoting

≈

qk,λ = q̃k,λ/
√
Ncell and an effective light–matter coupling

strength
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ε̃k,λ ≡
√
Ncellεk,λ =

¿
ÁÁÀNcellmk,λω2

k,λ

Ωϵ0
, (19)

we obtain classical equations of motion for the coupled photon-
nuclear system that are suitable for practical simulations,

MnjR̈nj = F(0)nj + F
cav
nj + Fextnj (t), (20a)

mk,λ
≈̈

qk,λ = −mk,λω
2
k,λ
≈

qk,λ − ε̃k,λ
Nsub

∑
n=1

dng,λ. (20b)

Here, the subscript nj denotes the jth atom in molecule n, and F(0)nj
denotes the force on each nucleus outside a cavity,

Fcavnj = −∑
k,λ
(̃εk,λ

≈

qk,λ +
ε̃2k,λ

mk,λω2
k,λ

Nsub

∑
l=1

dlg,λ)
∂dng,λ
∂Rnj

denotes the cavity force on each nucleus. Fextnj (t) = QnjEext(t)
denotes the external force on each nucleus [with partial charge Qnj
(due to the bare nuclear charge plus the shielding effect due to the
surrounding electrons)] that arises from the time-dependent electric
field (Eext(t)). Note that, since our goal is to excite the polari-
ton (which is a hybrid light–matter state), it is equivalent to either
pump the cavity mode or pump the molecules, given the fast energy
exchange between these two subsystems (which is characterized by
the Rabi splitting). In Eq. (20), we have chosen to excite the molecu-
lar subsystem just for simplicity [to avoid the introduction of a new
phenomenological term when pumping the cavity mode is consid-
ered (namely, the effective transition dipole moment of the cavity
mode)].

1. Calculating polariton lifetime
The numerical scheme in Eq. (20) allows us to calculate the

polariton lifetime by performing a nonequilibrium CavMD sim-
ulation after an IR pulse excitation. Following the method and
simulation details in Ref. 46, we capture the polariton lifetime as fol-
lows.We consider a liquid CO2 system (whereNsub = 216) in a cubic
simulation cell with a cell length of 24.292 Å (which corresponds

to a molecular density of 1.101 g/cm3). This molecular system is
coupled to a cavity mode with two polarization directions (along x
and y); see the cartoon in Fig. 1 for the simulation setup. At t = 0,
the coupled cavity molecular system has been thermally equilibrated
under an NVT (constant molecular number, volume, and tempera-
ture) ensemble with an Langevin thermostat applied to all particles
(nuclei + photons). If we assume no cavity loss, when t > 0, the
equilibrated system is propagated under an NVE (constant molec-
ular number, volume, and energy) ensemble, and the polariton is
pumped by sending an external x-polarized pulse

Eext(t) = E0 cos(ωt + ϕ)ex (21)

during a time interval tstart < t < tend ps, where the pulse frequency
ω = ω± excites either the LP or UP and ϕ denotes a random
phase. For parameters, we set tstart = 0.1 ps, tend = 0.6 ps, and
E0 = 3.084 × 106 V/m (6 × 10−4 a.u.), so the input pulse fluence is
F = 1

2 ϵ0cE
2
0(tend − tstart) = 6.32 mJ/cm2.

Such a pulse fluence is taken strong enough so that the polari-
ton relaxation signal overcomes thermal and computational noise.
At the same time, this fluence is weak enough so that the system is
not significantly excited (e.g., the magnitude of cavity excitation in
Fig. 2 is around one quantum) and the possible nonlinear absorp-
tion channel due to molecular anharmonicity is also small (see Fig. 6
in Ref. 46 for the nonlinear signal vs pulse fluence), so it is possible
to compare CavMD results with the FGR rate derived from a har-
monic model. We note that previous research24 has suggested that
onemight find a contraction of the Rabi splitting at this fluence. This
contraction arises from depletion of the ground-state population;
such a contraction should be observable with a two-level (quan-
tum) molecular model and, to a lesser extent, with an anharmonic
(quantum) oscillator model. In the latter case, a classical analog of
depleting the ground-state population obviously exists but will not
be observed in our linear response calculation [Fig. 4(a)].69

Immediately after the polariton pumping, wemonitor the time-
resolved dynamics of the cavity photon energy Eph = ∑λ=x,y

≈

p2λ/2mc

+ 1
2mcω2

c
≈

q2λ, where we have set the auxiliary photonic mass
mc = 1 a.u. for simplicity. By fitting the cavity photon energy

FIG. 2. The polariton lifetime for liquid CO2 under VSC as a function of cavity loss (kc = 1/τc). Time-resolved cavity photon energy dynamics after a weak (a) UP or (b)
LP excitation. Lines with different colors denote different cavity lifetimes (from black to yellow, the cavity lifetime spans from τc = 1/kc = 0.3 ps to +∞; see the legend).
The inset of (a) plots the equilibrium IR spectrum of liquid CO2 outside (black) or inside (red) the cavity, where the cavity mode frequency is 2320 cm−1 (the vertical blue
dashed line) and the effective coupling strength is ε̃ = 2 × 10−4 a.u. (c) The corresponding fitted polaritonic decay rate (1/τ±) vs the cavity loss rate (kc = 1/τc) for the
UP (magenta circles) and the LP (cyan stars). The slopes of the linear fits (dashed lines) are labeled accordingly. See Sec. II B 1 for other simulation details.
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dynamics (which is averaged by 40 trajectories) with an exponential
function, we obtain the polariton lifetime. See Ref. 46 for all neces-
sary simulation details. Note that during the above NVE simulation,
although the cavity loss has been ignored, bright-mode relaxation
and dephasing processes have been included explicitly due to an
explicit propagation of all molecular degrees of freedom.

In order to further include the effect of cavity loss, during the
nonequilibrium simulation, we attach a Langevin thermostat to the
cavity mode only.55 Here, the friction lifetime of the Langevin ther-
mostat defines the inverse of the cavity loss rate. The procedure for
obtaining the polariton lifetime remains the same as above.

For technical details, the CavMD approach is implemented by
modifying the I-PI code,70 and the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) package71 is invoked to
update the bare nuclear forces outside the cavity.

C. Connecting the FGR rate to CavMD simulations
We have introduced two (analytic + numerical) approaches to

obtain the polariton lifetime. Both approaches have advantages and
disadvantages. On the one hand, while the FGR rate in Eqs. (15)
and (16) is very straightforward, this rate relies on many parame-
ters, including the cavity loss rate, bright-mode relaxation rate, the
Rabi splitting and cavity mode detuning (to determine XB

± and Xc
±),

the DOS of dark modes, and the polaritons and intermolecular cou-
pling Δ (to determine the dephasing rate). In short, the FGR rate
relies heavily on the experimental input.

On the other hand, despite the practical simplicity of CavMD,
the polariton lifetime obtained from nonequilibrium CavMD relies
heavily on the accuracy of molecular force fields. While state-of-art
molecular dynamics techniques allow for an accurate description of
both molecular DOS and the relaxation rate,72–75 an experimentally
accurate simulation can be very nontrivial.

With this background in mind, we will compare CavMD and
the FGR rate as follows. With the anharmonic CO2 force field46
(which largely resembles the CO2 force field in Ref. 76 except for
the use of an anharmonic C = O bond potential), we will directly
obtain the polariton decay rate from nonequilibrium CavMD sim-
ulations after sending a pulse to excite the polariton; we will also
obtain the polariton and molecular DOS from equilibrium CavMD
simulations. Thereafter, we will calculate the FGR rate and check for
internal consistency.

Let us now introduce how to estimate the FGR rate from
equilibrium CavMD results, in practice.

1. Practical way to calculate ∣X(B)
±
∣2J±

from equilibrium CavMD simulations
For the FGR rate, among all parameters in Eqs. (15) and (16),

the most nontrivial property related to the strong coupling is the
molecule-weighted spectral overlap integral [∣X(B)

±
∣2J± in Eq. (15)].

Here, we will demonstrate how to calculate this property practically.
Since the equilibrium IR absorption spectrum can be easily

obtained from both experiments and equilibrium CavMD sim-
ulations, in the expression for J

±
, we approximate the DOS of

the dark modes [ρ0(ω)] as the normalized molecular linear IR
absorption line shape outside the cavity or ρIR, outcav(ω)/N0, where
N0 = ∫ ωmax

ωmin
dωρIR, outcav(ω) denotes the normalization factor and

ωmin and ωmax denote the lower and upper limits of the vibrational

line shape. Similarly, we approximate the DOS of the LP or UP
[ρ
±
(ω)] as the normalized linear molecular IR absorption line shape

for the polariton, respectively. Note that, because the LP and UP
line shapes appear together in the molecular IR spectrum inside
the cavity [ρIR, incav(ω)], here we simply assign a dividing frequency
ωmid ≡ (ω− + ω+)/2 to separate the LP and UP and obtain the
line shapes for them, respectively. Quantitatively, we can calculate
∣X(B)
±
∣2J± as follows:

∣X(B)
−
∣2J− ≈

∣X(B)
−
∣2

N0NLP
∫

ωmid

ωmin

dωρIR, outcav(ω)ρIR, incav(ω), (22a)

∣X(B)
+
∣2J+ ≈

∣X(B)
+
∣2

N0NUP
∫

ωmax

ωmid

dωρIR, outcav(ω)ρIR, incav(ω). (22b)

The integral in Eq. (22a) spans fromωmin toωmid, which accounts for
the spectral overlap between the LP and the dark modes; similarly,
the integral in Eq. (22b) spans from ωmid to ωmax, which accounts
for the spectral overlap between the UP and the dark modes. The
denominators above ensure the normalization of the corresponding
line shapes,

N0 = ∫
ωmax

ωmin

dωρIR, outcav(ω), (22c)

NLP = ∫
ωmid

ωmin

dωρIR, incav(ω), (22d)

NUP = ∫
ωmax

ωmid

dωρIR, incav(ω). (22e)

Note that, from our previous study,54 we have learned that the inte-
grated peak area of the LP (or UP) is proportional to the molecular
weight (∣X(B)

±
∣2) times a correction factor (which transforms a classi-

cal dipole autocorrelation function to an experimentally comparable
IR spectrum), i.e., ∫ ωmid

ωmin
dωρIR, incav(ω)/∫ ωmax

ωmin
dωρIR, incav(ω) ∼ ∣X(B)− ∣2

and ∫ ωmax
ωmid

dωρIR, incav(ω)/∫ ωmax
ωmin

dωρIR, incav(ω) ∼ ∣X(B)+ ∣2 (where we
have assumed that the correction factor can be largely eliminated
between the numerator and denominator). Hence, we may rewrite
Eq. (22) in a simpler form,

∣X(B)
−
∣2J− ≈

1
N∫

ωmid

ωmin

dωρIR, outcav(ω)ρIR, incav(ω), (23a)

∣X(B)
+
∣2J+ ≈

1
N∫

ωmax

ωmid

dωρIR, outcav(ω)ρIR, incav(ω), (23b)

where

N = ∫
ωmax

ωmin

dωρIR, incav(ω)∫
ωmax

ωmin

dω′ρIR, outcav(ω′). (23c)

This expression avoids directly evaluating ∣X(B)
±
∣2 and appears easier

to handle compared with Eq. (22). Note that it is preferable to avoid
evaluating ∣X(B)

±
∣2 explicitly since, in CavMD, the inclusion of the

self-dipole term in the Hamiltonian (18) leads to a slightly different
expression for ∣X(B)

±
∣2 relative to the quantummodel (where the self-

dipole term is excluded—although when the Rabi splitting is small,
such a difference is always negligible54).

By comparing the polariton lifetime fitted from nonequilibrium
CavMD simulations and ∣X(B)

±
∣2J± in Eq. (23), we can evaluate the
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inherent consistency and validity of CavMD as far as describing the
polariton relaxation process.

D. Evaluating IR spectroscopy
For the sake of completeness, the equation we use to numeri-

cally evaluate the molecular IR spectrum outside the cavity is given
as follows:77–80

n(ω)α(ω) = πβω2

2ϵ0Vc
1
2π∫

+∞

−∞

dt e−iωt⟨μS(0) ⋅ μS(t)⟩. (24)

Here, α(ω) denotes the absorption coefficient, n(ω) denotes the
refractive index, V is the volume of the system (i.e., the simulation
cell), c denotes the speed of light, β = kBT, and μS(t) denotes the
total dipole moment of the molecules at time t. Similarly, inside the
cavity, we evaluate the IR spectrum as follows:

n(ω)α(ω) = πβω2

2ϵ0Vc
1
2π∫

+∞

−∞

dt e−iωt⟨∑
i=x,y
(μS(0) ⋅ ei)(μS(t) ⋅ ei)⟩,

(25)

where ei denotes the unit vector along direction i = x, y. Different
from Eq. (25), inside the cavity, since the supposedly z-oriented cav-
ity (see the cartoon in Fig. 1) is coupled to the molecular dipole
moment along the x and y directions, only these two components
of the molecular dipole moment are included when we calculate the
IR spectrum of the polaritons.

III. RESULTS AND DISCUSSION
According to the analytic expression in Eq. (16), the polariton

lifetime is determined by three factors: (i) the vibrational relaxation
rate of the bright mode (to the ground state) outside the cavity kB,
(ii) the cavity loss rate kc, and (iii) the polariton dephasing rate to the
dark modes γ

±
. As far as kB is considered, since the bright and the

dark modes are degenerate outside the cavity, the vibrational relax-
ation rates of the bright and dark modes should also be the same,
equal to the vibrational relaxation rates of individual molecules. For
the liquid CO2 system we simulate, since the vibrational relaxation
rate outside the cavity is the smallest (∼0.03 ps−1),55 while the other
two factors usually take a rate of ∼ps−1, below, we will neglect the
contribution of kB to the polariton lifetime and focus only on the
contributions of kc and γ

±
.

A. Role of cavity loss
1. Liquid CO2

Let us first investigate the polariton lifetime dependence on
the cavity loss rate kc when a liquid CO2 system (with a molecular
density of 1.101 g/cm3) forms VSC. The inset of Fig. 2(a) plots the
equilibrium IR spectrum outside a cavity [black line; see Eq. (24)
for the definition]. Here, the C = O asymmetric stretch of CO2
peaks at 2327 cm−1, in good agreement with experimental values.81
When a cavity mode (with two polarization directions) at 2320 cm−1

[denoted as the vertical blue line in the inset of Fig. 2(a)] is cou-
pled to the molecular subsystem with an effective coupling strength
ε̃ = 2 × 10−4 a.u., a pair of UP (peaked at ω+ = 2428 cm−1) and
LP (peaked at ω− = 2241 cm−1) is observed in the molecular IR
spectrum [red line; see Eq. (25) for the definition].

Under VSC conditions, Fig. 2(a) plots the photonic energy
dynamics when the UP is resonantly pumped by a relatively
weak external E-field [Eext(t) = E0 cos(ωt + ϕ)ex with a fluence of
6.32 mJ/cm2 and a 0.5 ps duration, which is labeled as a yellow
shadow]; see Sec. II B 1 for details on the IR excitation. When
the cavity lifetime (τc = 1/kc) is tuned from ∞ (orange line) to
0.3 ps (black line), the photonic energy decays faster. In Fig. 2(a),
the fast oscillations (with a period of ∼0.2 ps) during the photonic
energy decay are in agreement with the Rabi splitting (187 cm−1

= 0.18 ps−1), indicating a fast coherent energy exchange between
cavity photons and the C = O asymmetric stretch. Note that for
Fabry–Pérot VSC, the experimental cavity lifetime usually takes
1–10 ps.28

Since cavity photons contribute to the polaritons, we can
extract the polariton lifetime (1/τ±) by fitting the photonic energy
dynamics with an exponential function after the IR excitation (when
t > 0.6 ps). Figure 2(c) plots the fitted UP lifetime (1/τ+) vs the cav-
ity loss rate (magenta circles). A linear fit of the UP lifetime data
yields a slope of 0.58, meaning that roughly half of the cavity loss
rate contributes to the polariton decay.

After investigating the UP lifetime, we study the LP lifetime
dependence on the cavity loss rate. Similarly, Fig. 2(b) plots the pho-
tonic energy dynamics when the LP is resonantly excited by the
external E-field with the same fluence (6.32 mJ/cm2) as the UP exci-
tation. Figure 2(c) plots the fitted LP decay rate vs the cavity loss rate
(cyan stars), where the slope of the LP data is 1.09 after a linear fit.

At this moment, we cannot make an immediate connection
between the CavMD results with the analytic rate in Eq. (16). As
emphasized in Eq. (16) (see also Appendix B), since changing the
value of kc not only directly modifies ∣X(c)

±
∣2 but also indirectly alters

the polaritonic dephasing rate γ
±
through the polaritonic line shape,

the slope obtained by fitting 1/τ± vs kc [as in Fig. 2(c)] does not nec-
essarily recover ∣X(c)

±
∣2—it is ∣X(c)

±
∣2 + ∂γ±/∂kc instead. Therefore,

only when γ
±
is not very sensitive to kc (∣∂γ±/∂kc∣≪ ∣X(c)± ∣2), we

expect to obtain the agreement between the fitted slope and ∣X(c)
±
∣2.

In our case, the cavity mode and the C = O asymmetric stretch are
near resonance, so the cavity weight of the polariton (∣X(c)

±
∣2) is

roughly a half. In Fig. 2(c), we have observed that the fitted slope
for the UP (not the LP) agrees well with ∣X(c)

+
∣2. Because the value

of ∂γ
±
/∂kc is unknown, however, the agreement between the UP

fitted slope and ∣X(c)
+
∣2 cannot fully verify any consistency between

CavMD and the analytic rate, not to mention the LP data.

2. A diluted CO2 ensemble
In order to better compare the CavMD results with the ana-

lytic expression in Eq. (16), we need to exclude the influence of
polaritonic dephasing in the CavMD results (note that kB is always
negligibly small for our simulations). This can be achieved, since
γ
±
∝ Δ2 [Eq. (15)], by reducing intermolecular interactions (Δ) or

equivalently decreasing the CO2 molecular density. Hence, we fur-
ther repeat our simulation in Fig. 2 with a diluted CO2 ensemble
(with a density of 0.073 g/cm3). The molecular density is reduced
by increasing the simulation cell length to 60.0 Å while fixing Nsub,
the molecular number in the cell, so the Rabi splitting remains the
same [see the inset of Fig. 3(a)]. One can imagine that such a process
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FIG. 3. The same plot as Fig. 2 when the CO2 molecular density is decreased from 1.101 to 0.073 g/cm3 and all other simulation details are kept the same. In the inset of
(a), the black dashed lines represent the corresponding spectra in Fig. 2 and the solid lines represent the spectra when the density is reduced. As shown in the inset, the
Rabi splitting is largely unchanged when the molecular density changes.

can be realized experimentally by changing the thickness of the SO2
layers between the cavity mirrors (see Fig. 1, middle, for the cavity
setup) so that the volume containing the molecules can be adjusted
with the fixed cavity length (i.e., with fixed light–matter coupling per
molecule and Rabi splitting).

Keeping all the other simulation details the same as in Fig. 2,
in Fig. 3, we replot the photonic energy dynamics for the (a) UP and
(b) LP and (c) the fitted polaritonic decay rates vs the cavity loss rate.
As shown in Fig. 3(c), the fitted slopes for both the UP and LP are
nearly a half, in agreement with ∣Xc

±∣2. Because here we have greatly
suppressed the polaritonic dephasing rate by decreasing the molec-
ular density, Fig. 3(c) confirms the consistency between CavMD
and the analytic rate in Eq. (16) when the cavity loss dependence
is considered.

As a short summary of this part, we have observed that, if
the polaritonic dephasing rate is negligible, both CavMD and the
analytic expression [Eq. (16)] predict a similar dependence for the
polaritonic decay rate as a function of the cavity loss, i.e., ∣X(c)

±
∣2 of

the cavity loss rate enters the polaritonic decay rate. While the fitted
slope of the UP is always ∣X(c)

±
∣2 times the cavity loss rate for both

Figs. 2 and 3, the LP results for liquid CO2 (see Fig. 2) no longer
show this dependence on the cavity loss. The deviation for the LP
is an example for the complicated interplay between cavity loss and
polaritonic dephasing under liquid-phase VSC, whichmight prevent
the LP from forming a more coherent and long-lived state than the
cavity photon mode.

B. Role of polariton dephasing to the dark modes
Next, let us focus on the effect of polariton dephasing on the

polariton lifetime. For the results below, we set the cavity loss rate
to be zero. Since the bright-mode relaxation rate kB is much smaller
than the dephasing rate, below, the fitted polariton decay rate from
CavMD simulations should largely equal the polaritonic dephasing
rate.

1. Rabi splitting dependence
Figure 4(a) plots the equilibrium IR spectrum calculated

from CavMD simulations. Here, the cavity mode frequency is ωc
= 2320 cm−1, and the effective light–matter coupling strength is set
from ε̃ = 5 × 10−5 to 5 × 10−4 a.u. (red lines from bottom to top;

FIG. 4. Polariton decay rate vs Rabi splitting and cavity mode detuning. (a) Simulated IR spectrum for liquid CO2 inside (red lines) or outside (black lines) a cavity. The cavity
mode frequency (ωc) is set as 2320 cm−1. From top to bottom, the effective coupling strength is labeled on each line shape (from 5 × 10−5 to 5 × 10−4 a.u.), respectively.
(b) Simulated polariton decay rate for the polaritons in (a) (cyan circles for the LP and magenta squares for the UP, the same as below). Blue stars plot α∣X(B)

± ∣2J±, where

∣X(B)
± ∣2J± is defined in Eq. (23) and α = 1200 ps−1

/cm is a prefactor to best fit the polaritonic decay rates. (c) Polariton decay rate and the corresponding α∣X(B)
± ∣2J± vs

the cavity mode detuning (ωc − ω0) when ε̃ = 2 × 10−4 a.u., where α takes the same value as that in (b). See Sec. II B 1 for other simulation details.
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see the text on each line shape, which labels the corresponding ε̃).
We have also plotted the equilibrium IR spectrum outside the cavity
(black lines) for comparison.

For every polariton shown in Figs. 4(a) and 4(b) plots the
polariton dephasing rate from nonequilibrium CavMD simulations
when a weak pulse (with fluence 6.32 mJ/cm2) resonantly excites the
corresponding polariton. Here, the fitted LP (cyan circles) and UP
(magenta squares) decay rates are plotted as a function of the polari-
tonic peak frequency [see Fig. 4(a)]. As mentioned above, because
the bright-mode relaxation rate kB is intrinsically small and we have
also set the cavity loss rate to zero, the fitted polariton lifetime from
nonequilibrium CavMD simulations should capture the polariton
dephasing rate.

In order to explicitly compare the simulated polaritonic
dephasing rate with the FGR calculation, Fig. 4(b) also plots the
molecule-weighted spectral overlap (∣X(B)

±
∣2J±, blue stars) for the

polaritons by numerically evaluating Eq. (23), given the line shapes
in Fig. 4(a). Here, in order to directly compare with the polariton
dephasing rate from CavMD simulations, we multiply a prefactor
α = 1200 ps−1/cm on top of ∣X(B)

±
∣2J±, where the prefactor α is cho-

sen to best fit the CavMDdephasing rates. In Fig. 4(b), the α∣X(B)
±
∣2J±

values and the fitted rates generally agree with each other (especially
for the UP). Both the UP and LP results show a maximum when
the polariton frequency is closer to the C = O asymmetric stretch
outside the cavity (ω0 = 2327 cm−1). However, the agreement dis-
appears for the LP regime near 2241 cm−1, where the CavMD rates
are larger than the α∣X(B)

±
∣2J± values. Such a disagreement can be

explained by the polariton-enhanced molecular nonlinear absorp-
tion mechanism:46 when the LP frequency is close to 2241 cm−1

and twice the LP is near resonance with 0→ 2 vibrational transition
of the dark modes, an additional nonlinear dephasing mechanism
occurs for the LP and causes a faster LP dephasing rate than that
from a harmonic model (∣X(B)

±
∣2J±). Because the pulse fluence we

use here is not very strong, the nonlinear effect does not dominate
the polariton dephasing, and only a modest disagreement between
the fitted rates and ∣X(B)

±
∣2J± appears for the LP regime. Note that

in Fig. 6 of Ref. 46, we have shown that, when the LP frequency is
2241 cm−1, after the LP excitation, the high excited state popula-
tion of the dark modes amplifies nonlinearly when the pulse fluence
increases, affirming our suggestion of a nonlinear effect.

As a side note, let us mention that the rotating-wave approx-
imation used in our quantum model is expected to fail in the
ultrastrong coupling limit,82 i.e., when ΩN/2ω0 > 0.1 (which corre-
sponds to a Rabi splitting of ΩN ∼ 400 cm−1 for our case). In Fig. 4,
only a single data point falls in this regime ( ε̃ = 5 × 10−4 a.u.) and we
believe that the results here should be valid.

2. Detuning dependence
After studying how vibrational relaxation and polaritonic

dephasing depends on the Rabi splitting, we will now address how
these observables depend on the cavity mode frequency detuning.
When we set the effective coupling strength to ε̃ = 2 × 10−4 a.u. and
tune the cavity mode frequency from 2150 to 2500 cm−1, Fig. 4(c)
plots the fitted polaritonic dephasing rate (magenta squares for the
UP and cyan circles for the LP) vs the cavity mode detuning from
nonequilibrium CavMD simulations after a weak, resonant pump-
ing of the corresponding polaritons. Similar to Fig. 4(b), here we also

compare the fitted rate to α∣X(B)
±
∣2J± [where α = 1200 ps−1/cm is set

the same as Fig. 4(b)], which is calculated from the linear IR spectra
inside vs outside the cavity [see Eq. (23)]. Note that the IR spectra
for a detuned cavity mode have been plotted in Ref. 46 and are not
given here.

As shown in Fig. 4(c), the two results agree well for the UP
(magenta squares). For the LP, there is a modest underestimation
of α∣X(B)

±
∣2J± compared with the fitted dephasing rate (cyan circles)

when the cavity mode detuning is near zero, which corresponds to
the LP frequency (∼2241 cm−1) where polariton-enhanced molecu-
lar nonlinear absorption occurs. Interestingly, when the cavity mode
is very positively detuned, the fitted dephasing rate becomes slightly
smaller than α∣X(B)

±
∣2J±, where we expect that the two results agree

with each other (since the nonlinear absorption mechanism should
vanish when the LP frequency becomes closer to the fundamental
vibrational frequency). For the moment, there is no obvious expla-
nation for this disagreement. Because the fitted dephasing rate is very
large when the cavity mode is very positively detuned, an error in
numerical fitting cannot be entirely ruled out.

3. Molecular density dependence
The Rabi splitting and cavity mode detuning studies have

shown that the fitted polaritonic dephasing rate agrees with ∣X(B)
±
∣2J±

very well if polariton-enhanced molecular nonlinear mechanism
does not play an important role. In order to fully validate the agree-
ment between CavMD and the FGR rate in Eq. (16), we further
examine the correlation between intermolecular interactions (Δ)
and the polaritonic dephasing rate. Figures 2 and 3 show such
an example: by decreasing intermolecular interactions (via reduc-
ing the molecular density), both the UP and LP lifetimes become
longer.

Figure 5 shows more comprehensive data examining how
the polariton decay rate (1/τ±) depends on molecular density
(under a fixed Rabi splitting). When the cavity mode frequency is
ωc = 2320 cm−1 and the effective light–matter coupling is
ε̃ = 2 × 10−4 a.u., Fig. 5(a) shows that both the fitted UP and LP
dephasing rates increase when the molecular density increases.
Moreover, this dependence appears to be linear. Note that as shown
in the inset of Fig. 3(a), since changing the molecular density can
slightly modify the line shapes (while keeping the Rabi splitting
constant), the spectral overlap J

±
is also a function of the molecular

density. In order to exclude the influence of J
±
, in Fig. 5(b), we

plot the corresponding 1/(τ±J±) vs the molecular density. Again,
1/(τ±J±) increases when the molecular density increases. This
dependence highlights the fact that it is intermolecular interactions
that control the polariton dephasing rate under a weak external
excitation; this conclusion is consistent with the premise of the FGR
rate in Eq. (16), although the linear dependence on the density no
longer holds for the UP.

4. Molecular system size dependence
There is a piece of hidden information in Eq. (16): the polari-

tonic dephasing rate should be independent of the molecular
number—provided the Rabi splitting, cavity mode frequency, and
molecular density are the same. In Ref. 46 (see Fig. 7 therein), we
have reported that the CavMD polariton dephasing rate shows this
independence for both the LP and the UP.

J. Chem. Phys. 156, 134106 (2022); doi: 10.1063/5.0079784 156, 134106-10

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


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

FIG. 5. (a) Polariton decay rate (1/τ±) vs the molecular number density when ωc = 2320 cm−1 and ε̃ = 2 × 10−4 a.u. Here, the molecular density is changed by tuning
the simulation cell length while keeping the molecular number the same (so the Rabi splitting is fixed). See Sec. II B 1 for other simulation details. (b) The corresponding
1/(τ±J±) vs the molecular number density.

IV. CONCLUSION

In conclusion, we have extensively studied the parameter
dependence (including the cavity loss, Rabi splitting, cavity mode
detuning, and molecular density) of the polariton relaxation life-
time with nonequilibriumCavMD simulations when the polariton is
excited with a weak laser pulse. By comparing the simulation results
with a FGR rate from a tight-binding harmonicmodel, we find a very
good agreement for the UP lifetime and sometimes a modest dis-
agreement for the LP. Such a disagreement does not void the validity
of CavMD. By contrast, it is an indicator of the incompleteness of the
quantum model we use: this model does not consider the effect of
molecular anharmonicity on the nature of highly excited vibrational
states, and so this model fails to capture polariton-enhancedmolecu-
lar nonlinear absorption,45,46 an important mechanism that can also
alter the relaxation of the polaritons. See Ref. 46 for a detailed anal-
ysis on the LP-induced molecular nonlinear absorption phenomena
using CavMD.

In fact, the agreement between nonequilibrium CavMD simu-
lations and the FGR rate is not surprising: on the one hand, classical
molecular dynamics simulations can often describe molecular vibra-
tional relaxation outside the cavity even for the high-frequency
vibrations;73–75 on the other hand, in the area of light–matter inter-
actions, classical theory has been shown to agree with quantum FGR
rates very well (at least as far as parameter dependence), e.g., the
spontaneous emission rate inside83 or outside84,85 a cavity. Hence,
by inheriting the both sides, CavMD is expected to deal with many
VSC dynamics reasonably well.

As far as the polariton relaxation mechanism is considered,
our simulation indicates that since the polariton inherits the pho-
tonic character only partially and the formation of Rabi splitting
separates the line shapes between molecular bright and dark modes,
the polariton lifetime can be longer than both the cavity lifetime
and the bright-mode dephasing lifetime outside the cavity (where
the bright and dark modes are degenerate and the dephasing rate
should be very large). Thus, polaritons (especially the UP) may
exhibit a more long-lived coherence than either the cavity photon or
the molecular subsystem,29 demonstrating the benefits of forming
strong light–matter interactions. By designing cavities with a high
Q factor (or small loss) and a very large Rabi splitting, it is possible
to create molecular polaritons which could survive for a very long
time before relaxation. Such long-lived molecular polaritons might
be a good platform for quantum information applications in the
future.

Finally, we emphasize the advantages and limitations of using
classical CavMD simulations on describing VSC-related phenom-
ena. As summarized in Fig. 1 and the surrounding text, CavMD is an
affordable tool, which can recover many nonreactive VSC dynam-
ics when realistic molecules are considered. Hence, from a practical
point of view, for an arbitrary VSC-related problem, due to the
low cost of CavMD, it is always beneficial to run a simulation and
check if an experimental finding can be roughly obtained from this
approach. However, we must keep in mind that as a classical simu-
lation, CavMD is expected to provide only a qualitative description
of VSC dynamics and some experimental results cannot be quan-
titatively described by CavMD. For example, for pump–probe and
2D-IR experiments of VSC, the exact frequency-resolved nonlin-
ear spectra22–30 cannot be recovered from a direct nonequilibrium
classical CavMD simulation and one must do some quantum or
semiclassical treatments to recover the frequency-resolved infor-
mation in the nonlinear regime. Looking forward, there are many
research opportunities within the framework of CavMD, including
improving the performance on frequency-resolved nonlinear spec-
tra and extending this approach to simulate quantum effects and
chemical reactions.
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APPENDIX A: THE PULSE PROFILE

Figure 6 plots the profile of the pulse [Eq. (21)] in both time and
frequency domains.
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FIG. 6. (a) The E-field profile Ex(t) defined in Eq. (21), where the pulse frequency
is set as the LP frequency of Fig. 2: ω = ωLP = 2241 cm−1. (b) The corresponding
E-field spectrum in the frequency domain. The red line replots the Rabi splitting
spectrum in the inset of Fig. 2(a).

APPENDIX B: NONADDITIVE EFFECTS
IN POLARITONIC DECAY RATES

Polaritons are hybrid light–matter states, so one might naively
think that a polaritonic property is a linear combination of the
photonic contribution (with a weight ∣X(c)

±
∣2) plus the molecular

bright-mode contribution (with a weight ∣X(B)
±
∣2). For example, for

the polaritonic decay rate under VSC, if one applies Eq. (9), one can
simply obtain

∂(1/τ±)
∂kc

= ∣X(c)
±
∣2, (B1a)

∂(1/τ±)
∂kB

= ∣X(B)
±
∣2. (B1b)

In this work, we have found the importance of the polaritonic
dephasing rate (γ

±
) on the polaritonic decay rate. According to

Eqs. (15) and (16), since γ
±
is a complicated function of kc, kB, and

the Rabi splitting, we find that

∂(1/τ±)
∂kc

= ∣X(c)
±
∣2 + ∂γ±

∂kc
≠ ∣X(c)

±
∣2, (B2a)

∂(1/τ±)
∂kB

= ∣X(B)
±
∣2 + ∂γ±

∂kB
≠ ∣X(B)

±
∣2. (B2b)

This equation implies that the simple additive feature no longer
holds when the polaritonic dephasing rate is large. For example,

increasing the cavity loss rate kc can broaden the polaritonic line
shape and alter the spectral overlap between the polaritons and dark
modes, leading to modified a γ

±
. Similarly, changing kB can simul-

taneously alter the polaritonic and dark-mode line shapes, which
can also influence γ

±
. In Fig. 2(c), we have shown that ∂(1/τ−)/∂kc

≠ ∣X(c)
±
∣2 for liquid CO2 under VSC.
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