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We investigate the effect of a cavity on nonlinear two-photon transitions of a molecular

system and how such an effect depends on the cavity quality factor, the field enhance-

ment and the possibility of dephasing. We find that the molecular response to strong

light fields in a cavity with variable quality factor can be understood as arising from a

balance between (i) the ability of the cavity to enhance the field of an external probe

and promote multiphoton transitions more easily and (ii) the fact that the strict selec-

tion rules on multiphoton transitions in a cavity support only one resonant frequency

within the excitation range. Although our simulations use a classical-level descrip-

tion of the radiation field (i.e. we solve Maxwell-Bloch or Maxwell-Liouville equations

within the Ehrenfest approximation for the field-molecule interaction), based on ex-

perience with this level of approximation in past studies of plasmonic and polaritonic

systems, we believe that our results are valid over a wide range of external probing.
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I. INTRODUCTION

Microcavities, including Fabry-Perot and plasmonic cavities, are well known for changing

the local density of radiative states within the cavity and modifying the couplings between

vibrational/electronic states to light, leading to the Purcell effect in the weak coupling regime

and the Rabi splitting in the strong coupling regime at room temperature.1–9 These alter-

ations of the radiative couplings can result in drastic changes to the energies of light-matter

states and energy flow pathways; the responses of molecules inside a cavity towards external

light sources can be very different from the response of bare molecules in solution.10–26

Even though numerically exact simulations of quantum dynamics are exponentially dif-

ficult, simulations of a classical electromagnetic field (using finite-difference time-domain

(FDTD) method) combined with a quantum, mean-field description of the matter subsys-

tem (usually comprising a set of two-level emitters, representing quantum dots or Rydberg

atoms) have shown that a host of interesting cavity effects can in fact be captured by mixed

quantum-classical algorithms.27–36 As far as one photon processes are concerned, the Pur-

cell effect arises semiclassically from constructive/destructive interference during multiple

reflections of the electromagnetic (EM) field by the cavity mirrors; the Rabi splitting arises

from the continuous oscillation of energy between the EM field and the molecules inside the

cavity; cavity leakage/finite polariton lifetime can also be observed semiclassically if we sim-

ulate finite-size cavity mirrors with a complex-valued dielectric constant. Nonlinear effects

can also be observed in semiclassical simulations, for example, the Rabi splitting contraction

results from ground state depletion can be simulated.37,38

Now, despite the power of FDTD approach, within the realm of polaritonics and cavity

effects, most research today relies on model Hamiltonians and/or simulations with a single

cavity mode. Such approaches can often capture a great deal of physics, but one sacrifices

the ability to capture quite a few EM observables. For instance, an important example for

this paper is the recent CavityMD study39,40 demonstrating that, under illumination by a

strong EM field, if a lower vibrational polariton state is tuned to half the frequency differ-

ence a 0 → 2 vibrational excitation, exciting this polariton state can enhance a nonlinear

transition by facilitating the energy transfer that arises from the intermolecular couplings

a)Electronic mail: zeyuzhou@sas.upenn.edu
b)Electronic mail: subotnik@sas.upenn.edu
c)Electronic mail: anitzan@sas.upenn.edu
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between molecules inside the cavity. This hypothetical numerical experiment suggests that

solvent polariton excitations in a cavity can efficiently pump solutes and potentially promote

chemical reactions. The results of ref. 40, however, were limited to absorption and could

not easily address transmission, which is the most easily experimentally observed measure-

ment. Here we present a mixed quantum-classical FDTD calculation that directly addresses

this observable.41,42 We note that, in order to work with the largest signal possible, we will

simulate electronic transitions (instead of vibrational transitions).

To carry out this program, we consider a Fabry-Perot cavity formed by two gold mirrors

with different mirror thicknesses (and hence different quality factors). Inside the cavity,

there is a layer of 3-level molecules (which are considered the solute) and the two-photon

nonlinear transitions between the ground and the second excited states are calibrated to be

resonant with the incoming laser field. The solvent is represented by two layers of 2-level

molecules. Their interaction with the cavity mode leads to the formation of the lower/upper

polariton states, thereby modifying the energy at which the EM field can be transmitted

efficiently through the cavity. Next, we pump the system with external continuous wave

(CW) light and compare the simulation results inside and outside of the gold cavity. Our

simulations show (i) that within a Maxwell-Bloch mean field treatment of the light-matter

interaction, there is a field enhancement in the classical cavity and this field enhancement

is the primary reason for altering two-photon nonlinear transitions. Furthermore, (ii) the

cavity is able to suppress non-resonant transitions between the second molecular excited state

and the first excited state (as well as between the first excited state and the ground state)

as a manifestation of the Purcell effect. Hence, the resonant 2-photon nonlinear transitions

are effectively shielded by the cavity mirrors, resulting in a prolonged Rabi oscillation, in

contrast to the scenarios outside the cavity. (iii) Increasing the cavity quality factor by

making the gold mirrors thicker, we observe a turnover in the rate of the 2-photon nonlinear

transitions. Finally, (iv), we find that under constant illumination and in the presence of

pure dephasing, the Rabi oscillations in the cavity are damped and the system reaches a

time-independent steady state (which is often observed43–45).

This manuscript is arranged as follows. In section II, we present four model scenarios

with layers of 2-level/3-level molecules and a cavity formed by two parallel gold mirrors. In

section III, we investigate population dynamics for these scenarios with cavities displaying

different mirror thickness (quality factors) and we study how dephasing influences the two-
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photon transitions. In section IV, we conclude and discuss the remaining questions.

II. MODEL AND METHODS

A. Structure of the systems

(a) (b)

(c) (d)

AuAu Au Au

E!" = 2.0𝑒𝑉ℎ𝜔!" = 1.5𝑒𝑉

ℎ𝜔!" = 1.5𝑒𝑉
E"# = 1.0𝑒𝑉

|0⟩

|1⟩

|2⟩

d! = 354	nm d" = 340	nm

|0′⟩

|1′⟩

|𝑐𝑎𝑣!⟩

|𝑐𝑎𝑣"⟩

E!$"$ = 1.55𝑒𝑉 ℎ𝜔!" = 1.5𝑒𝑉|LP⟩

|UP⟩

+ =
(e) (f)

FIG. 1. Sketches of the four scenarios that are studied in this work. (a) A single layer of 3-level

molecules (a solute layer with states |0⟩ , |1⟩ , |2⟩); (b) a single layer of 3-level molecules sandwiched

by two layers of 2-level molecules (two solvent layers with states |0′⟩ , |1′⟩); (c) Same as (a) with

two surrounding planar gold mirrors forming a Fabry-Perot cavity; (d) Same as (b) but with two

surrounding gold mirrors. All four scenarios are pumped by monochromatic external laser with

angular frequency ωin = 1.5eV/ℏ. In inset (e), we show the relevant transitions of the solute

molecular layer alone. An external monochromatic laser matches the energy needed for 2-photon

transition of the solute molecular layer. For scenario (c), the distance between the gold mirrors is

354 nm, which is resonant with the incoming driving frequency (ℏωin = Ecav = 1.5 eV). In inset (f),

we draw the relevant lower and upper polariton states formed by strong interaction between cavity

EM field and solvent molecular layers. For scenario (d), the cavity mode (with mirror distance

d2 = 340 nm) is on resonance with a bare solvent excitation (Ecav = E0′1′ = 1.55 eV), while the

frequency of the lower polariton matches the external monochromatic light (ELP = ℏωin = 1.50

eV).

In this work, we consider four scenarios with continuous pumping by a laser source of

frequency ωin = Ein/ℏ. First, as shown in Fig 1(a), we consider a single layer of 3-level

(states |0⟩ , |1⟩ and |2⟩) solute molecules, with energy difference E02 = 2Ein between levels
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|0⟩ and |2⟩. Level |1⟩ is placed so that the separations between levels |0⟩, |2⟩ and level |1⟩ do

not overlap with the incoming frequency (in the simulations we take E01 = 2.0eV ̸= ℏωin,

E12 = 1.0eV ̸= ℏωin) as shown in inset (e). Thus, at early times following excitation of

the system, the population of |1⟩ is expected to be small. Second, as shown in Fig. 1 (b),

we sandwich the 3-level molecules with two layers of 2-level (|0′⟩, |1′⟩) molecules (blue, 4.5

nm thickness each). Here, the 3-level molecules are considered solute molecules and the

2-level molecules are considered solvent molecules. (We assume that the solvent and solute

molecules are kept together by a non-metallic structure that does not interact with the EM

field.)

Next, as shown in Figs. 1 (c) and (d), we add gold mirrors (golden yellow, 50 nm thickness

each) that encapsulate a microcavity. In scenario (c), the distance between the two mirrors

(d1) is chosen such that the cavity is on resonance with the incoming driving frequency

(Ecav = ℏωin). In scenario (d), the distance between the two mirrors (d2) is taken such

that the cavity is on resonance with solvent molecules, i.e. Ecav = E0′1′ . The solvent-cavity

interaction now leads to the formation of upper/lower polariton states and we adjust E0′1′

and d2 (which controls Ecav) together to ensure ELP = ℏωin; maintaining this condition

clearly depends on the transition dipole moment for solvent molecules between |0′⟩ and |1′⟩)

(i.e. the light-matter coupling).

B. Maxwell-Bloch equations

The interaction between the external EM pumping field is modeled in one-dimension.

Thus, the one-dimensional Maxwell equations are

∂By

∂t
= −∂εx

∂z
(1)

ϵ0
∂εx
∂t

= − ∂By

µ0∂z
− Jx (2)

Here, ϵ0 is the vacuum permittivity, z is the longitudinal coordinate that is perpendicular

to the mirrors/slabs of nanolayers. Jx is the polarization current

Jx =
dPx

dt
= n0

d(Tr(ρ̂µ̂x))

dt
(3)
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Here, n0 is the number density, µx is a matrix of transition dipole moments between electronic

states along x direction. We simulate the EM equations above (eqs 1 and 2) with an FDTD

approach.

Next, inside the two metallic mirrors, the macroscopic polarization Px is simulated using

the conventional Drude model

∂2Px

∂t2
+ γ

∂Px

∂t
= ϵ0Ω

2
pεx (4)

Here, the two parameters for gold are: γ = 0.181 eV and Ωp = 7.04 eV. Results reported in

this manuscript pertain to the cavity driven by the EM field at normal incidence propagating

along z from right to the left, i.e., penetrating the right metal plate first. By adjusting these

plates’ thicknesses and the mirror distances, we can tune the fundamental cavity mode to

a desired frequency (1.50 eV). Note that the thickness of the plates controls how much

electromagnetic energy can penetrate the cavity and remain inside at resonant conditions

and how strong the cavity losses are, which include two channels: radiation to the far field

and ohmic losses in the metal. Eqs 1-4 are discretized in space and time following the finite-

difference time-domain (FDTD) approach. For details about numerically solving Maxwell

equations with different dielectric constants, please see 27.

While the field is considered in the framework of the classical Maxwell equations, the

molecular layers are described by their density matrices ρ̂; ρ̂ is 3× 3 for solute and 2× 2 for

solvent molecules under a mean-field approximation. In other words, there is one density

matrix for each grid point for each of the two molecular layers. The Hamiltonian (and the

corresponding Liouvillian) are time-dependent because of the presence of the local time-

dependent electric field.

iℏ
d

dt
ρ̂ = [Ĥ(t), ρ̂] (5)

This field enters the Hamiltonian as the coupling between adjacent electronic states, i.e.

⟨0| Ĥ |1⟩ = µ01
x εx(t). In summary,

Ĥ =E1 |1⟩ ⟨1|+ E2 |2⟩ ⟨2|+ µ01
x εx(|0⟩ ⟨1|+ |1⟩ ⟨0|) + µ12

x εx(|1⟩ ⟨2|+ |2⟩ ⟨1|)

Ĥ ′ =E1′ |1′⟩ ⟨1′|+ µ0′1′

x εx(|0′⟩ ⟨1′|+ |1′⟩ ⟨0′|) (6)
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C. Initial condition

All molecular layers are initialized on the ground state (|0⟩ and |0′⟩, respectively). Near

the edge of the simulation cell (e.g., far outside of any cavity), we drive one grid point

as a continuous wave source with frequency ωin = Ein/ℏ (which are chosen 1.5 eV for all

calculations below).

εx(z = z0, t) = ε0 sinωint (7)

The spatial grid in our simulations is a one-dimensional array from −1000 nm to 1000 nm,

with 20000 grid points. The molecular structure in the four scenarios in Fig 1 are centered

at the origin. The laser source is very far from the system with light coming from the right

at normal incidence and z0 = 970 nm. The EM field travels in both directions. Along one

direction, the EM field reaches the material nanolayers; along the other direction, the EM

field is absorbed by the convolutional perfectly matched layer boundary conditions (CPML)

so that the molecular layers are not affected by unpredictable reflections at the boundary of

the simulation system.27 For all details of parameters, please see appendix A.

III. RESULTS

In this section, we present numerical results from three perspectives. First, we study

the role of the cavity in enhancing the EM field inside the cavity and in shielding the

solute molecular nonlinear transitions. Second, we investigate how the 2-photon nonlinear

transitions between ground state |0⟩ and the second excited state |2⟩ of the solute molecules

depend on the cavity quality factor (which is controlled by the mirror thickness). Finally,

we discuss how phenomenological pure dephasing induced by nonradiative processes leads

to damping of the 2-photon Rabi oscillations.

A. Cavity-shielded 2-photon Rabi oscillation

We begin by studying the nature of 2-photon non-linear transitions outside vs inside

cavities where the 0 → 1 and 1 → 2 transitions are not on resonance with ωin. In the
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context of Maxwell-Bloch equations, because the EM field is purely classical and therefore

there is no simple conversion between the EM field amplitude and the cavity mode population

in the context of a quantum model, we will not be able to easily measure the populations

of the lower and upper polaritons. Therefore, instead, we will calculate the population

on molecular layers (the diagonal elements of density matrices), keeping in mind that these

molecular states are not eigenstates of the system in the presence of interactions between the

cavity EM field and molecular excited states; some oscillations are expected (at early times

especially). The frequency of the Rabi oscillations between |0⟩ and |2⟩ is dictated by the rate

of 2-photon nonlinear transitions. To this end, we compare the dynamics for the scenarios

without a cavity ((a) and (b)) vs the scenarios with a cavity ((c) and (d)) in Fig 1. Because

(as is well known46) a cavity can trap the EM field, for a fair comparison between outside

vs inside cavity, we manually increase the electric field of the external driving for scenarios

(a) and (b) by a factor of 3.4 that was found empirically to be the field enhancement inside

the cavity compared with the incident field, i.e. εa,b0 = 3.4× εc,d0 .

As a sanity check, in Fig 2 (e), we plot the population dynamics of ρ22 for scenario (b)

with different EM field strengths. As one would expect, stronger EM field strengths result

in faster oscillations.

In general, below, when discussing dynamics in a cavity, we will analyze first the popula-

tion of the solvent state |1′⟩, second the population of state |2⟩, and third the population of

state |1⟩ in this order – because this ordering corresponds to how the states are populated

in time under an incoming cw em field. Let us now analyze our observations about the Rabi

oscillations and population dynamics in Fig. 2.

• Consider first the population dynamics of ρ1′1′(t). As shown in Fig 2 (f), because there

is no solvent molecular layer for (a) and (c), obviously ρ1′1′ ≡ 0. More interestingly,

for scenario (b), the population reaches steady state very fast. Finally, for scenario

(d), there are persistent oscillations about the steady state of (b). In other words, the

coherent transitions last longer because of the cavity.

• Next, consider the population dynamics of ρ22(t). As shown in Fig 2 (g), for scenarios

(a) and (b), we observe damped Rabi oscillations; for scenarios (c) and (d), we observe

persistent Rabi oscillations. The Rabi oscillations for scenario (d) match the oscilla-

tions in Fig 2(f); there is clearly energy exchange between the solvent polariton and
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FIG. 2. (a)-(d) The standard four scenarios under probing with monochromatic light (see Fig. 1).

(e) Population dynamics in time for state |2⟩ (corresponding to the solute molecular layer) for a

series of different intensities with geometry (b). (f)-(h) Population dynamics of the excited states

of solvent ρ1′1′ , solute ρ22 and ρ11, respectively. In (f), the red and yellow lines (showing results

for scenarios (a) and (c)) overlap with the X axis (ρ1′1′ ≡ 0); for the blue line [scenario (b)], ρ1′1′

reaches steady state very fast; for the green line, corresponding to scenario (d), ρ1′1′ oscillates

around the steady state value of (b). In (g), for the scenarios outside the cavity [(a) and (b)], ρ22
oscillates before reaching a steady state with excitation balanced by emission; for scenarios inside

the cavity (c) and (d), ρ22 oscillates for at least 100 ps. Finally, in subfigure (h), in scenarios (a)

and (b), we find ρ11 reaches a long-time, steady-state limit while, by contrast, for scenarios (c) and

(d), ρ11 remains 0 within 100 ps of our simulation. These effects can all be rationalized; see the

text.

the solute excitation. Note also that scenarios (c) and (d) yield identical oscillation

patterns. The incoming EM field enters the cavity with the same efficiency for scenario

(c) (where ωin matches the cavity geometry) and scenario (d) (where ωin matches the

lower polariton state of solvent and solute); recall that, according to Fig. 1, the cavity

lengths are slightly different for scenarios (c) and (d).

• Lastly, consider the population dynamics ρ11(t). As shown in Fig 2 (h), for the scenar-

ios outside the cavity ((a) and (b)), although E01 ̸= ℏωin, ρ11 becomes finite because

of emission from state |2⟩ to state |1⟩. In contrast, for scenarios inside the cavity ((c)
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and (d)), ρ11 remains 0. In other words, we find that inside a cavity, the |2⟩ → |1⟩

transition is effectively suppressed by the cavity as Ecav ̸= E12.
47The steady state

population ρ11(t → ∞) is proportional to the incoming electric field (in the weak field

regime).

Now, our description above of the process whereby the 2 → 1 transition is suppressed

by the cavity was inferred from population dynamics. To complement this point of view,

and as mentioned in the introduction, we would like to analyze the corresponding electric

field as well using our FDTD simulation. In Fig. 3, we plot the electric field on the solute

molecular layer in both time and frequency domains in logarithm scale. As shown in Fig

3 (e), for scenarios (c) and (d), the continuous Rabi oscillations in Fig 2 synchronize with

the oscillation of the electric field envelope, which demonstrates that energy is exchanged

between the cavity EM field and the solute molecular layer. In contrast, for scenarios (a) and

(b), the envelope is practically flat; there is no extra energy exchange after the absorption

and emission processes reach a steady state.

Next, we perform Fourier transformations on the signals in (e), and as shown in Fig 3

(f), we observe two peaks at 1.0 and 2.0 eV for the scenario with no cavity mirrors. The

positions of the peaks correspond to |2⟩ → |1⟩ and |1⟩ → |0⟩ emissions from the solute

molecular layers respectively. That being said, note that Fig. 3 is plotted on a log scale

and these side peaks are very small. In the end, our conclusion is clear: because these

|2⟩ → |1⟩ and |1⟩ → |0⟩ transitions do not match the cavity geometry, these transitions

remain suppressed for scenarios inside the cavity (c) and (d).

B. The role of mirror thickness and quality factor

In the previous subsection, we compared the population dynamics for the four scenarios

(a-d) in Fig. 1 where we implemented an adjustment to the magnitude of the incoming field

(εa,b0 = 3.4 × εc,d0 ) which was intended to keep the local electric field roughly the same in

and out of the cavity; in other words, for scenarios (a-b) outside the gold cavity, we applied

pumping field with amplitude greater than that used to excite the systems for scenarios

(c-d) inside the cavity. In this subsection, we will ignore such a difference and directly probe

how the quality factor of the microcavity for scenario (d) can increase/decrease the rate of

nonlinear transitions under identical external pumping ((εa,b0 ≡ εc,d0 )). Note that the quality
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FIG. 3. (a-d) The standard scenarios considered (see Fig. 1). We plot the electric field envelope

acting on the 3-level molecular layer in (e) time and (f) the frequency domain (both in log scale).

As shown in Fig. (e), the envelope of the electric field for scenarios inside the cavity (c) and (d)

oscillates with an identical frequency as in Fig 2 (f) and (h), indicating energy transfer between

molecules and the EM field. For scenarios outside the cavity (a) and (b), there is no such oscillation.

In the frequency domain, the major peak at 1.5 eV corresponds to ℏωin and appears in all four

scenarios. By contrast, the peaks at E12 = 1.0 eV and E01 = 2.0 eV appear only for scenarios (a)

and (b).

(c)(b)(a) (d)
16.5 17 17.5 18

log(Emax)
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Th
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s 
of

 m
et

al
 /n

m

FIG. 4. Population dynamics on (a) excited state (|1′⟩) of the solvent molecules and (b-c) excited

states |2⟩ and |1⟩ of the solute molecules for scenario (d) in Fig. 1 with different choices of mirror

thickness L = 0 − 100 nm. (d) Maximal circulating electric field amplitude inside the cavity vs

mirror thickness (log scale). Note that, in subfigures (b) and (d), we find an optimal thickness

L ≈ 50nm for the fastest nonlinear transition corresponding to the maximal circulating electric

field amplitude (whose implications are discussed in the text). The distance between the mirrors

is kept constant (d2 ≡ 340 nm) and in resonance with the solvent molecules (Ecav = E0′1′) for all

choices of mirror thickness.

factor is manifested by the thickness of the gold mirrors (L = 0− 100nm) in scenario (d) so

that, when L = 0, (d) reduces to (b) and there is no cavity; again, we maintain a constant

external pumping field strength at all times. The mirror distance (d2 = 340 nm) is calibrated

such that Ecav ≈ E0′1′ so that the lower polariton state will form.

In Fig 4, we scan over different thicknesses for the mirror (L) and compare the resulting

population dynamics (ρ1′1′(t), ρ11(t) and ρ22(t)).

• In Fig 4(a), we plot the time dynamics for the excited state population of the 2-level
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12

solvent molecular layers ρ1′1′(t) for a varying mirror thickness (L = 0−100 nm, Y axis).

We find that ρ1′1′(t) reaches a steady state because of the balance between the external

pumping and the decay induced by cavity leakage/mirror absorption. Moreover, as the

mirror thickness increases, the steady state value reaches a maximum near a 40 − 60

nm mirror thickness and becomes smaller for thicker mirrors. As shown in Fig 4 (d),

this maximum corresponds to the greatest circulating electric field amplitude inside

the cavity at steady state.

• In Fig 4(b), we plot the population of the second excited state of the 3-level solute

molecular layers ρ22(t). We find that ρ22(t) undergoes Rabi oscillations for all choices

of the mirror thicknesses (note that similar oscillations were also found in Fig 2(g)).

In agreement with subfigure (a), we observe that the frequency of the Rabi oscillation

shows a non-monotonic behavior. Starting from a cavity with a very low quality

factor (L = 10nm), the Rabi frequency increases when the mirror thickness increases.48

However, when the quality factor becomes very large (L = 100nm), the external EM

field cannot enter the cavity efficiently such that the effective amplitude of the pumping

field inside the cavity near the molecular layers is reduced (and the Rabi frequency

decreases). Note that the Rabi oscillations do not last forever. For example, for mirror

thickness L = 50nm, the Rabi oscillations stop after 200 ps. In other words, as the

mirrors thickness L increases, the Rabi oscillations last longer until ρ22 decays to ρ11

as induced by the cavity leakage (discussed in the following).

• In Fig 4(c), we plot the population of the first excited state of the solute molecular

layers, ρ11(t). For low-quality factors (L < 40 nm), even though E01 ̸= Ein, ρ11 is

not zero for the same reason as in Fig. 2 (h) (corresponding to scenario (d)), we also

observe that the population ρ11 becomes non-zero only after at least one cycle of the

Rabi oscillation of ρ22 in (b). This observation suggests that the population ρ11 arises

from the transition from |2⟩ to |1⟩. As the thickness of the mirrors becomes larger

(40 < L < 60 nm), it takes more Rabi oscillation cycles of ρ22 to make such a transition

to populate ρ11 and, after the transition, the maximal population of ρ22 drop while

maintaining the Rabi oscillation. When L > 60 nm, we find that ρ11(t ≤ 100ps) = 0.

The bottom line is that these plots show that increasing the quality factors (i.e. making

the mirror thicker) can lead to non-monotonic behavior: there is a trade-off insofar as
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(c)(b)(a)

FIG. 5. Population dynamics (a) ρ1′1′(t), (b) ρ11(t) and (c) ρ22(t) when we dephase the solvent

molecular layers for scenario (d) (τd = 1 − 10 ps). For slow dephasing, the Rabi splitting re-

mains unperturbed. When the dephasing rate is increased (corresponding to a smaller dephasing

timescale in the lower part of the figures), the excited state population ρ1′1′ of the solvent molecules

is trapped, leading to ground state depletion and Rabi splitting contraction. Hence, given the iden-

tical incoming pumping frequency ℏωin = 1.5 eV, the external pumping cannot enter the cavity

efficiently and ρ11 is not populated within the first 100 ps.

(c)(b)(a)

FIG. 6. Population dynamics (a) ρ1′1′(t), (b) ρ11(t) and (c) ρ22(t) when we dephase the 3-level

solute molecular layer for scenario (d) (τd = 1 − 50 ps). Difference arises versus Fig 5 because

now the dephasing is on the solute molecules. We find that the Rabi oscillation pattern in (b) is

damped in the strong dephasing limit and the system reaches steady state at ρ22 = 0.5. The time

dynamics of the solvent molecules remains mostly the same as for scenario (d) in Fig 2 (f), except

for the fact that the persistent small oscillation is damped in the strong dephasing limit. As in

Fig. 5(c), we do not see any substantial population in ρ11.

collective response being enhanced when a photon bounces back and forth in a cavity versus

collective behavior being reduced when a photon cannot enter the cavity to begin with.
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C. Dynamics with phenomenological pure dephasing

In practice, the 2-photon Rabi oscillation pattern does not last forever as shown in 4. The

Rabi oscillations can be damped by other non-radiative processes and dephasing. In this

subsection, we investigate how pure dephasing as induced by the environment changes the

time dynamics of scenario (d). The pure dephasing is implemented by manually damping the

coherence ρ01, ρ02, ρ0′1′ and ρ12 by a factor of exp(−dt/τd) for each timestep dt. For a typical

experiment, the pure dephasing timescale (τd) is between 1 ps to 100 ps. To best isolate the

effects of pure dephasing, we perform two parallel sets of calculations with dephasing either

(i) exclusively on the solvent molecular layers, as shown in Fig 5, or (ii) exclusively on the

solute molecular layer, as shown in Fig 6. In practice, pure dephasing should apply to both

molecular layers with similar rates, but the following gedanken experiments will make clear

different effects.

First, for pure dephasing on the solvent molecular layers, the direct effect is that the

radiative decay from |1′⟩ to the ground state |0′⟩ is suppressed, which leads to ground state

depletion and Rabi splitting contraction. Hence, the resonant frequency of lower polariton

is no longer the same as the incoming driving (ELP > Ein). As a result, the maximal electric

field amplitude decreases inside the cavity and the Rabi oscillations of the solute molecular

layer between |0⟩ and |2⟩ are slowed down, as shown in Fig 5 (b).

Second, in Fig 6 we investigate dynamics with pure dephasing on the solute layer. As

shown in (a), as the dephasing rate increases, the small oscillations of ρ1′1′ (see Fig 2(f)) are

damped, yet the population remains around the same steady state value. Similarly, as far as

ρ22 is concerned, the Rabi oscillation pattern is damped (but not slowed down). Dephasing

the solute is not as interesting as dephasing the solvent.

IV. CONCLUSION AND OUTLOOK

In conclusion, we have performed finite difference time domain (FDTD) calculations

within a mean field approximation to simulate 2-photon nonlinear transitions between a

continuous wave light and 3-level solute molecular layers. The population dynamics of the

molecular layers are obtained outside and inside a one-dimensional cavity made of two gold

mirrors. We find that the presence of a cavity changes the dynamics in two aspects: (i) the
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cavity amplifies the EM field such that the transitions occur faster when the quality factor

is moderately large; and (ii) the cavity inhibits transitions that are not on resonance, which

effectively protects the coherent Rabi oscillation dynamics from relaxation. However, if we

further increase the quality factor of the cavity, the external electromagnetic field cannot

enter the cavity efficiently, leading to slower Rabi oscillations. Note that arriving at the

present conclusion would have been impossible if we use a simple one-mode model of the

cavity photon field given that multiple frequencies enter in Fig 3 and spontaneous emission

in the cavity is sensitive to the density of modes.We also investigate the role of dephasing

on the solute and the solvent layers and, in short, both types demolish the two-photon

transition.

Looking forward, one can envision several improvements to the current calculations. First,

it is well-known that under a mean field assumption (where the EM field is classical and

modulates all interactions between molecules), some elements of static intermolecular cou-

pling are not included. A proper configuration interaction Hamiltonian that incorporates

intermolecular coupling may well reveal new physics – but this approach would certainly be

more expensive. Second, the current calculations lack any (even phenomenological) nonra-

diative decay between excited states and ground states. In the future, one might include

such an effect by introducing a Lindblad term into the equation of motion; such a term

would certainly damp the Rabi oscillations. Third and finally, we note that the calculations

presented here are only one-dimensional: the cavity has multiple modes but only along one

polarization. Practically speaking, our setup corresponds to concentric cavities, i.e. there

is effectively a non-zero curvature on the mirrors. In the future, one would like to perform

two/three-dimensional FDTD calculations to include more polarization directions.

Beyond improving the present calculations, ideally the next step of this research is to

go beyond two-level systems and model realistic systems with realistic interactions between

EM fields molecular layers inside a multi-mode cavity. For example, in the future, one would

like to generalize the present set of simulations to study the behavior of matter in a cavity

under very strong photonic excitation where, for example, BEC phases appear49–51. The

intersection of electronic dynamics and strong coupling to light fields form a very rich area

for future exploration.
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Appendix A: Parameters for FDTD simulation

In this appendix, we list all parameters in our simulation.

TABLE I. Parameters for Maxwell-Bloch simulation.

Name Value†

Grid resolution (dx) 0.1 nm
Time step (dt) dx/2/c0

Thickness of solute 1 nm
Number of density matrices for solute 10

Thickness of solvent 4.5 nm ×2
Number of density matrices for solvent 45× 2 = 90

Thickness of gold 50 nm ×2
Distance between gold mirrors in Fig 1(c) 354 nm
Distance between gold mirrors in Fig 1(d) 340 nm

Drude model for gold ωd = 7.039eV
Γd = 0.1809 eV

Transition dipole moment µ01
x = µ12

x = µ0′1′
x = 10 Debye

Simulation grid size (1D) 2000 nm
Number of grid points 20000
CPML grid points 19
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local vibrations to drive long-range energy transfer,” Physical Review B 97, 241407 (2018).

21G. Groenhof and J. J. Toppari, “Coherent light harvesting through strong coupling to confined light,” The

journal of physical chemistry letters 9, 4848–4851 (2018).

22G. G. Rozenman, K. Akulov, A. Golombek, and T. Schwartz, “Long-range transport of organic exciton-

polaritons revealed by ultrafast microscopy,” ACS Photonics 5, 105–110 (2018).

23J. Yuen-Zhou, S. K. Saikin, and V. M. Menon, “Molecular emission near metal interfaces: The polaritonic

regime,” The journal of physical chemistry letters 9, 6511–6516 (2018).

24J. Galego, C. Climent, F. J. Garcia-Vidal, and J. Feist, “Cavity casimir-polder forces and their effects in

ground-state chemical reactivity,” Physical Review X 9, 021057 (2019).

25F. Herrera and J. Owrutsky, “Molecular polaritons for controlling chemistry with quantum optics,” The

Journal of chemical physics 152, 100902 (2020).

26T. E. Li, B. Cui, J. E. Subotnik, and A. Nitzan, “Molecular polaritonics: chemical dynamics under strong

light–matter coupling,” Annual review of physical chemistry 73, 43–71 (2022).

27A. Taflove, S. C. Hagness, and M. Piket-May, “Computational electromagnetics: the finite-difference time-

domain method,” The Electrical Engineering Handbook 3, 629–670 (2005).

28F. L. Teixeira, “Fdtd/fetd methods: a review on some recent advances and selected applications,” Journal

of Microwaves, Optoelectronics and Electromagnetic Applications (JMOe) 6, 83–95 (2007).

29J. M. McMahon, J. Henzie, T. W. Odom, G. C. Schatz, and S. K. Gray, “Tailoring the sensing capabilities

of nanohole arrays in gold films with rayleigh anomaly-surface plasmon polaritons,” Optics express 15,

18119–18129 (2007).

30J. Zhao, A. O. Pinchuk, J. M. McMahon, S. Li, L. K. Ausman, A. L. Atkinson, and G. C. Schatz,

“Methods for describing the electromagnetic properties of silver and gold nanoparticles,” Accounts of

chemical research 41, 1710–1720 (2008).

31R. Puthumpally-Joseph, M. Sukharev, O. Atabek, and E. Charron, “Dipole-induced electromagnetic trans-

parency,” Physical review letters 113, 163603 (2014).

32M. Sukharev and A. Nitzan, “Optics of exciton-plasmon nanomaterials,” Journal of Physics: Condensed

Matter 29, 443003 (2017).

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
80

91
0



19

33J. You, S. Bongu, Q. Bao, and N. Panoiu, “Nonlinear optical properties and applications of 2d materials:

theoretical and experimental aspects,” Nanophotonics 8, 63–97 (2019).
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