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ABSTRACT

When the enhanced electromagnetic field of a confined light mode interacts with photoactive molecules, the system can be driven into
the regime of strong coupling, where new hybrid light-matter states, polaritons, are formed. Polaritons, manifested by the Rabi split in
the dispersion, have shown potential for controlling the chemistry of the coupled molecules. Here, we show by angle-resolved steady-state
experiments accompanied by multi-scale molecular dynamics simulations that the molecular Stokes shift plays a significant role in the
relaxation of polaritons formed by organic molecules embedded in a polymer matrix within metallic Fabry—Pérot cavities. Our results suggest
that in the case of Rhodamine 6G, a dye with a significant Stokes shift, excitation of the upper polariton leads to a rapid localization of the
energy into the fluorescing state of one of the molecules, from where the energy scatters into the lower polariton (radiative pumping), which
then emits. In contrast, for excitonic J-aggregates with a negligible Stokes shift, the fluorescing state does not provide an efficient relaxation
gateway. Instead, the relaxation is mediated by exchanging energy quanta matching the energy gap between the dark states and lower polariton
into vibrational modes (vibrationally assisted scattering). To understand better how the fluorescing state of a molecule that is not strongly
coupled to the cavity can transfer its excitation energy to the lower polariton in the radiative pumping mechanism, we performed multi-scale
molecular dynamics simulations. The results of these simulations suggest that non-adiabatic couplings between uncoupled molecules and the
polaritons are the driving force for this energy transfer process.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037896

I. INTRODUCTION

Recent observations of modified chemistry in the strong light—
matter coupling regime' * have significantly increased the scientific
interest of, in particular, chemists in this field. The strong cou-
pling regime is achieved when the rate of energy exchange between
molecules and confined light modes, such as those occurring inside
Fabry-Pérot cavities or near surface plasmons, exceeds the decay
rates of both the molecules and the confined light modes."”"
Under these conditions, excitations of the molecules and light modes
hybridize and form new light-matter states called polaritons."” To
systematically exploit polaritons for controlling chemistry, a com-
plete understanding of the effects of strong coupling on the molec-
ular dynamics, and in particular the relaxation of polaritons, is
essential.

Polariton decay has been studied for more than two
decades,'””° but neither the precise mechanistic details nor how to
control this process is fully understood yet. The picture that emerges
from both experiments and phenomenological theories suggests that
polariton decay involves both vibrationally assisted scattering (VAS)
and radiative pumping.**"**”""*’ In VAS, transitions between the
light-matter states are accompanied by changes in the vibrational
eigenstates of specific modes and are manifested by an increased
photoluminescence (PL) intensity when such modes are resonant
with energy gaps between polaritonic states.”” Radiative pumping
involves a direct exchange of a photon between uncoupled molecules
and polariton states, but the details of this mechanism are poorly
understood.' """

Experimental evidence for the radiative pumping mechanism
was obtained from photoluminescence measurements on cavity
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systems in which there is an emitting state that overlaps with the
polariton branch. Examples of such systems include (i) single-walled
carbon nanotubes with sp*-defects that trap excitations at a lower
energy,” (ii) BODIPY dyes that form excimers with reduced energy
gaps,” or (iii) mixtures in which excitation of an uncoupled dye
that has an absorption and emission below that of the coupled dye
efficiently populates the lower polariton (LP) branch.”®

Because organic molecules have intrinsic Stokes shifts due to
different equilibrium geometries in the electronic excited state, we
postulate that the contribution of radiative pumping to polaritonic
decay, and hence the ratio between the two scattering channels,
should depend directly on the Stokes shift.

To test our conjecture, we measured the photoluminescence
(PL) of two strongly coupled cavity-molecule systems, with one
cavity containing Rhodamine 6G (R6G), a dye with a Stokes shift
of 27 nm (110 meV), typical for organic dyes and the other cav-
ity containing the J-aggregate of 5,6-dichloro-2-[[5,6-dichloro-1-
ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-
3-(4-sulfobutyl)-benzimidazolium hydroxide sodium salt (TDBC),
which has a negligible Stokes shift of only 2 nm (7 meV). The sim-
ilarity between the PL spectra of the R6G cavity on the one hand
and the convolution of the R6G fluorescence with the cavity trans-
mission spectrum on the other hand suggests that radiative pumping
dominates for strongly coupled molecules with large Stokes shifts. In
contrast, for strongly coupled TDBC J-aggregates, which lack over-
lap between their emission spectra and the lower polariton (LP)
branch, the dominant relaxation channel involves VAS, in particular
when the Rabi splitting is large.

In addition, we also investigate the mechanism of radia-
tive pumping in atomic detail by means of multi-scale molecular
dynamics simulations.”’ ** The results of these simulations suggest
that the driving force for radiative pumping is the non-adiabatic
coupling between weakly coupled or uncoupled molecular states and
the bright polaritons, rather than photon exchange.

Il. METHODS
A. Sample fabrication

The samples were fabricated on top of 20 x 20 mm? sized pieces
of 1 mm thick BK7 glass substrates that were precleaned by soni-
cation in acetone followed by rinsing with isopropanol alcohol and
drying under dry nitrogen flow.

The back-mirror of the cavity was formed by evaporating a
40 nm thick layer of silver on about two thirds of the substrate while
shielding the rest of the substrate from the deposition by a mechan-
ical mask. Silver was deposited using a custom-built electron beam
evaporator equipped with an ultra-high vacuum chamber. The rate
of evaporation was 0.5 A/s, and the pressure during it was 107 mbar.
The purpose of the mask was to leave space on the substrate so that
during spin coating, this area on the sample will get covered with
the polymer film with molecules, but no cavity will be formed due
to the absence of mirrors. This area was used as reference for the
uncoupled molecules.

After evaporating the first mirror, a molecule-polymer film was
spin-coated on top of the substrate immediately to minimize the sil-
ver oxidation due to exposure to air. After the molecule-resist layer
was hardened, the second silver mirror was evaporated on top of
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it, following the same procedure as above. Finally, a thin, about
10 nm, protective layer of poly(methyl methacrylate) (PMMA) was
spin-coated on top of the second mirror to prevent the silver from
oxidizing.

The preparation of the molecule-polymer solution for spin-
coating is the most critical step. In addition to containing the
desired amount of the photo-active molecule, its viscosity deter-
mines the thickness of the film together with the spinning speed
and thus the resonance of the cavity. The photo-active com-
pounds used were J-aggregates of 5,6-dichloro-2-[[5,6-dichloro-1-
ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-
3-(4-sulfobutyl)-benzimidazolium hydroxide sodium salt (Few
Chemicals) usually called TDBC and Rhodamine 6G (R6G, Sigma
Aldrich).

For TDBC samples, the molecule—polymer solution was pre-
pared by mixing the required amount of solid TDBC powder with
Millipore water to reach the target concentration, i.e., 5 and 10 mM
for the low and high concentration samples, respectively. After dis-
solving the TDBC molecules, poly(vinyl alcohol) (PVA) was added
into the solution as solid grains to obtain a final mass concentration
of 5%. PVA was dissolved by mixing the solution with a magnetic
stirrer at 80 °C for 12 h. Finally, the solution was filtered with a
0.2 um pore size filter to get rid of possible impurities and undis-
solved PVA. To make the final spin solution, the above solution was
diluted with enough Millipore water to reach the target film thick-
ness of close to 140 nm. After spin-coating, the samples were baked
for 3 min on a hot plate at 80 °C.

To obtain molecule-polymer solution for R6G samples, first,
1.98 g of SU-8 epoxy-based negative polymer resist (Microchem
SU-8 2100) was dissolved in 9.63 ml of cyclopentanone, and R6G
molecule powder was dissolved in ethanol to obtain 28 mM solution.
To get rid of possible molecular aggregations, the R6G solution was
filtered with 0.2 ym pore size filter. Finally, the dye solution and the
polymer solutions were mixed together and diluted with a suitable
amount of cyclopentanone to make the spin solution for a 130 nm
thick film. After spin-coating, the samples were baked for 3 min on
a hot plate at 95 °C and cured with UV-light for 1 min. A schematic
cross section of a typical cavity sample is shown in the inset
of Fig. 1.

40 nm Silver

R6G/TDBC in Polymer

40 nm Silver
Glass

Pinhole

Spectrometer

Rotational arm
Filter

Pinhole

Fiber Coupler

Polarizer Polarizer

Sample *~ ,
surface v
normal Rotational sample stage

FIG. 1. Schematics of the experimental setup and the sample structure.
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B. Angle-resolved steady state measurements

Angle-resolved transmittance, T(«) = ITrans(&)/Io,Trans (), Was
measured in the optical frequency range using a home-built mea-
surement setup schematically presented in Fig. 1. Here, Io Trans(ct)
is the angle-dependent intensity transmitted through a plain sub-
strate glass. The sample was installed on a rotating stage with the
cavity pointing toward the excitation light and front surface on a
rotation axis. An Oriel 66182 white light source was used for exci-
tation. The light was collimated and aligned by two pinholes with
a rotatable prism polarizer in between to adjust the polarization.
The incident angle of the incoming light was adjusted manually by
rotating the goniometric mount. The transmitted signal was col-
lected using a fiber coupler assembly F220SMA-A (ThorLabs) with
f=10.9 mm and NA = 0.25, which was connected to an optic fiber.
Another polarizer was positioned in front of the collection assem-
bly, and it followed the excitation polarization. The radiation was
guided into a Jobin Yvon iHR320 spectrometer equipped with a
Jobin Yvon Symphony CCD camera, and the spectra were collected
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on a computer in ASCII (American Standard Code for Information
Interchange) format. In all the presented experiments, the excitation
light was S-polarized. Experiments carried out with P-polarized light
produced similar results (data not shown).

Photoluminescence (PL) as a function of the detection angle
was collected from the cavity samples with the same home-built
setup that was used for the transmittance measurements (see Fig. 1).
As an excitation source, we used a continuous wave (CW) argon ion
laser with a few selectable output wavelengths. S-polarization was
chosen for the laser excitation and PL detection in all cases. The reso-
nance condition, i.e., the minimum separation between the polariton
branches where the upper polariton (UP) and LP absorption peaks
have approximately equal amplitude and the coupling strength is the
largest, was achieved for most of the samples at an angle of incidence
of a = 30° (see Fig. 2 and Fig. S3). Thus, a = 30° was used as an exci-
tation angle for all the cavities. This also enabled us to resonantly
excite the upper polariton (UP) state with the available laser lines.
For R6G, we used the 488.1 nm laser line, and for TDBC, we used
the 515.4 nm laser line.

400

Absorbance 0.2 0
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FIG. 2. Angle dependent transmittances (contour map) of cavities having (a) low and (b) high concentrations of R6G and different amounts of J-aggregates of TDBC:
(c) low concentration and (d) high concentration. The absorption spectra of the bare molecular films are shown on the right axis with the absorbance scale at the

top.
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Because the position of the LP branch visible in our PL mea-
surements with the laser coincides with that of the LP branch
observed in the transmission and reflectivity measurements with the
lamp, we infer that the laser power was sufficiently low to remain
within the linear absorption regime. Thus, we avoid two-photon
absorption, and the available polaritons are excited by at most one
photon. Care was taken that the transmittance data and emission
data were measured exactly from the same measurement point of
the cavity. Dielectric filter (Semrock) was used to avoid any scatter-
ing from the excitation laser entering the fiber coupler. Steady-state
absorbance [-Log(T)] was collected from molecule—polymer films
using a commercial UV/vis absorption spectrophotometer (Perkin
Elmer, Lambda 850).

C. Molecular dynamics simulations

We simulated an ensemble of 64 Rhodamine molecules inside
a lossy optical cavity supporting 16 modes. The lifetime of the cav-
ity was 15 fs. The hybrid quantum mechanics/molecular mechan-
ics (QM/MM) model proposed by Luk et al. was used to describe
the Rhodamine molecules.’' In brief, the fused ring system of Rho-
damine was included in the QM region and modeled with RHF/3-
21G in the electronic ground state and with CIS/3-21G in the
electronic excited state. The rest of the fluorophore and the water
molecules were modeled with the Amber03 force field.”* The cavity
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simulation was performed with Gromacs 4.5.3, ” using the QM/MM
interface to TeraChem.”"”’

lll. RESULTS AND DISCUSSION

To study the effect of the molecular Stokes shift on the polari-
ton relaxation, we fabricated Fabry-Pérot cavities with 40 nm thick
silver mirrors separated by a thin polymer film containing optically
active compounds with different Stokes shifts. The selected molec-
ular compounds were R6G, which has an absorption maximum at
a wavelength of 537 nm and a Stokes shift of about 27 nm when
embedded in the polymer matrix (see Fig. S1), and J-aggregates of
TDBC with an absorption maximum at 587 nm and a negligible
Stokes shift (~2 nm). Altogether, we fabricated four cavities hav-
ing two different concentrations of each molecule embedded in their
polymer layers.

Molecular concentrations within the polymer were 137 and
275 mM for R6G and 123 and 245 mM for TDBC. To accurately
characterize the absorption of the molecules, we measured separately
the same films without a cavity. The absorption spectra of the fab-
ricated molecule-polymer films are shown on the right axis of the
dispersion plots in Fig. 2 and with more details in the supplemen-
tary material (Fig. S1). We also fabricated an identical cavity without
any photo-active molecules inside the polymer layer. The dispersion
of this plain cavity is shown in the supplementary material (Fig. S2).

500

550

FIG. 3. Measured angle-resolved-
photoluminescence of the R6G cavities
600 with low (upper row) and high (lower
row) molecular concentrations is shown
in the right panels. The left panels show
the product of the transmittance of the
same cavity (see Fig. 2) on the one
650 hand and the fluorescence spectrum of
500 the R6G polymer film, which is shown
separately on the left axis (white line), on
the other hand. The bright spots in the
right panels at 30° are artifacts caused
by the excitation laser leaking onto the
550 detector when the detection angle and
excitation angle coincide.

600
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From the transmittance spectra, we estimate the Q-factor of the cav-
ity to vary between 14, at a 0° angle of incidence, and 20, at a 70°
angle of incidence.

A. Dispersions

We measured the transmittance spectra of these cavities while
varying the angle of incidence. The measured data are shown as con-
tour plots in Fig. 2. A clear dispersion with a wide Rabi splitting
or avoided crossing, at the wavelength of the molecular absorp-
tion maximum, i.e., at the molecular excitation energy, Enl, Was
observed for all the cavity systems, suggesting that they are all in the
strong coupling regime.

We determined the widths of the Rabi splittings from the mini-
mum separation between the upper and lower polariton (UP and LP)
branches in the dispersion, which happens at the resonance angle
corresponding to the resonant wavevector, k. The resonance angle
was estimated as the angle where the transmittance peaks corre-
sponding to the LP and UP have equal heights, as shown in the sup-
plementary material (Fig. $3). The estimated Rabi energies were 210
and 365 meV for the low and high concentrations of R6G, respec-
tively, and 255 and 506 meV for the low and high concentrations of
TDBC.

In addition to the main absorption peak, the absorption spec-
trum of R6G also contains a higher-energy shoulder (Fig. 2 and Fig.
S1). The main peak and the shoulder correspond to the 0-0 and
0-1 vibronic transitions in R6G, respectively. Because there are,
thus, two electronic transitions in the energy range that we inves-
tigated, the R6G-cavities have a double Rabi splitting with three
polariton states: LP, UP, and a middle polariton (MP).J:";S‘W How-
ever, the splitting between the MP and UP is rather small, and the
transmittance peaks of the MP and UP are spectrally partially over-
lapping but still visible (see Fig. S3). As we, nevertheless, estimated
the Rabi splitting as the separation between the LP and UP, we intro-
duced a small error in our estimates. This error was manifested in a
slight deviation of the square root dependence of the estimated Rabi
splitting with the molecular concentration. However, because our
further analysis is based on the measured dispersion curves rather
than these estimates, it had no effect on the conclusions.

B. Photoemission

To analyze the relaxation pathways of the photo-excited cav-
ities, we mapped out their angular photoluminescence (PL) under
continuous excitation of UP states close to the resonance angle. See
experimental methods for the exact values for all cavities. The mea-
sured PL intensities for the R6G cavities are shown on the right-hand
side of Fig. 3. They closely follow the dispersion of the LP with most
of the intensity concentrating at the lowest energies and angles, in
good agreement with earlier findings.'”*’

Previously,l‘"‘z()’2 132 it has been shown that the excitation of the
UP leads to a very fast relaxation of the excitation energy into dark
states (DS, also called the exciton reservoir) as shown schemati-
cally by narrow blue arrows in Fig. 4. These dark states consist of
weakly coupled or uncoupled molecular excitations and delocalized
superpositions of them with a negligible contribution of the cavity
photon. Their energies are close to the energy of the molecular exci-
tation, Ep,l, following the distribution of the molecular absorption
as illustrated schematically in Fig. 4 by a blue distribution.”
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I (DOS)>: k

FIG. 4. Schematic presentation of the relaxation pathways after an excitation of the
UP. Blue narrow arrows show the fast relaxation into the dark states represented
as the blue distribution. This is followed by either relaxation into the fluorescing
state (red distribution) with an energy offset determined by the Stokes shift of the
molecule, and subsequent radiative pumping of the LP from there, shown as the
wide red arrow, or direct vibrationally assisted scattering (VAS) into the LP directly
from the dark states, shown as narrow green arrows. The green Raman spec-
trum shows the vibrational energies of the molecules (TDBC) in the dark states.
In addition to these processes, there is relaxation within dark states and feeding
of polaritons from there, as shown by a faint blue arrow. This induces a smooth
background for PL from the LP.'*%” (lllustration adapted from Refs. 13 and 22 to
include the radiative pumping channel via the molecular fluorescent states. The
Raman spectrum has been taken from Ref. 43.)

In previous work, we have shown that if the molecules have
an excited state with an energy below that of the state that is
strongly coupled to the cavity—like in BODIPY dyes that can form
excimers with reduced energy gaps™ or carbon nanotubes with sp*-
defects that can trap excitations at a lower energy '—the excita-
tion can rapidly localize into this lower energy state of one of the
molecules.””****! For R6G, this state is the excited-state minimum
from where fluorescence occurs. In what follows, we call this state
the “fluorescing state.”

Because the fluorescence spectrum of R6G, shown as a white
line in Fig. 3, overlaps significantly with the LP branch (Fig. 2) in
both R6G cavity systems, population transfer from the fluorescing
state to the LP branch, known as radiative pumping,z’" Y should be
feasible, at least energetically. To check this conjecture, we calculated
the convolution between the fluorescence spectrum of a bare R6G
molecule-polymer film and the transmittance of the LP branch. The
similarity of the convoluted spectrum, plotted in the left panels of
Fig. 3, to the measured cavity PL spectra suggests that localization
of the excitation onto one of the molecules that form the polariton,
followed by radiative pumping from the relaxed fluorescing state of
the molecule into the LP branch, is the main deactivation channel in
these R6G cavity systems (Fig. 4).

In contrast, because the fluorescing state of TDBC J-aggregates
lies energetically above the LP branch in cavities containing TDBC,
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there should be little to no overlap between the TDBC fluorescence
spectrum (white line in Fig. 5) and the lower polariton branch iden-
tified in transmittance measurements (Fig. 2). We, therefore, expect
that radiative pumping is not an efficient decay pathway for TDBC
based cavities. In Fig. 5, we plot the measured cavity PL spectra for
both TDBC cavity systems. The convolution between the transmis-
sion spectra of the TDBC cavity system [Figs. 2(c) and 2(d)] and
the fluorescence spectrum of a bare TDBC molecule-polymer film
does not match the PL spectrum, in particular for the cavity with the
larger TDBC concentration, confirming our conjecture that radia-
tive pumping from the fluorescent state into the LP branch is not the
main relaxation channel for polaritons formed by TDBC aggregates.
For the cavity with the lower TDBC concentration, the convoluted
spectrum still roughly resembles the PL of the LP since some over-
lap between the fluorescence and LP exists for radiative pumping,
but the discrepancy is evident in the case of the high concentration
TDBC cavity system.

Instead, in TDBC cavities, the dominant relaxation process is
VAS, first observed by Coles et al.”? In addition to direct fluorescence
through the thin cavity mirror, which is faintly visible in Fig. 5 as
an angle independent luminescent feature, PL is observed predom-
inantly near the minimum of the dispersive LP branch."’ Following
the ideas of Lidzey and co-workers who measured cavity PL under
non-resonant excitation conditions, we formed a total PL spectrum

[Intensity (a.u.)
Transmitted Fluorescence

(o2}
o
o

Wavelength (nm)
[2]
[$2]
o

Wavelength (nm)
(2]
[
o
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of the LP by summing up all the PL spectra measured at different
detection angles for the high concentration TDBC cavity. In Fig. 6,
we plotted this total PL intensity as a function of the energy gap,
AE, separating the dark state manifold, which we assume is centered
on the absorption maximum of the J-aggregates,”’ from the lower
polariton branch (see also Fig. 4). As in the PL measurements with
non-resonant excitation,”” several distinct maxima are also observed
in the total PL intensity if the cavity is excited resonantly into the UP.
We compare this spectrum to a TDBC J-aggregate Raman spectrum
with the Raman shift also plotted as a function of the energy gap in
Fig. 6. The energy gaps at which the PL intensity is enhanced coin-
cide nicely with the vibrational frequencies of the strongest Raman-
active modes of the J-aggregate.”””* These observations suggest that
the relaxation process involves a direct exchange of energy between
polaritonic states and vibrations,”*® which is most efficient if the
vibrational frequency is resonant with the energy gap between the
dark state manifold and the LP branch (Fig. 4). This vibrationally
assisted scattering channel dominates the relaxation process if the
molecules lack a sufficiently deep energy minimum in the electronic
excited state, as in TDBC.

While we cannot rule out VAS in R6G, the perfect overlap
between the PL spectra on the one hand and the convolution of
the molecular fluorescence spectrum and cavity transmittance spec-
tra on the other hand suggests that VAS can only be a very minor

Photoluminescence
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FIG. 5.
photoluminescence of TDBC samples
with low (upper row) and high (lower
row) molecular concentrations is shown
700 700 in the right panels. The left panels show
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shown separately on the left axis (white
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FIG. 6. The dark shaded curve represents the spectral sum of intensity-normalized
PL spectra measured at different angles for the high concentration TDBC cavity
system. Small peaks present in all the spectra are well emphasized in this total PL
spectrum, which is plotted here as a function of the energy separation, AE, from
the dark states at 2.11 eV (587 nm, see Fig. 4). These peaks are located exactly
at the positions where the energy separation from the dark states matches with
the strongest vibrational energies of TDBC J-aggregates, as demonstrated by the
Raman spectrum (green) of TDBC J-aggregates. The Raman spectrum has been
taken from Ref. 43.

channel for R6G. We note that in addition to the high spectral over-
lap between the fluorescence and LP discussed above, also the high
luminescence quantum yield of R6G may contribute to the efficiency
of RP. However, without the essential spectral overlap, a high emis-
sion quantum yield alone does not guarantee efficient RP. Likewise,
some radiative pumping can occur also in TDBC but only at high
k-vectors (angle), where the LP branch has a small overlap with the
low-energy tail of the TDBC fluorescence spectrum. Because we do
observe emission in this region, we infer that in TDBC, radiative
pumping takes place in addition to VAS, in particular in the cavity
with the lower concentration.

In addition to the scattering from the dark states into the LP
by exchanging energy with discrete molecular vibrational modes,
vibrationally assisted scattering involving energy exchange with the
thermal bath of lower frequency modes also occurs as evidenced
by the smooth background that masks the peaks at the molecu-
lar Raman frequencies in Fig. 6. These lower frequency modes are
provided by, e.g., the polymer matrix, and their involvement in the
polariton relaxation pathway has been investigated experimentally,
theoretically, and with computer simulations.' "%

We note that in other recent studies of similar R6G cavity
systems, in addition to the PL of the LP branch, a separate angle
independent luminescent feature has also been detected at the wave-
length of the molecular fluorescence maximum.”” In our R6G
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cavity systems, we only see clear emission from the LP branch with-
out this additional feature. The reason for this is that our cavities
are less detuned, and the maximum of the fluorescence spectrum
still overlaps well with LP, thus providing efficient RP of the LP.
In the case of larger detuning, like in Ref. 39, the intensity of the
fluorescence mediated LP emission is already so small that a regu-
lar fluorescence leaking through the thin cavity mirror will be vis-
ible as a separate angle-independent emission branch at the fluo-
rescence maximum. However, because the fluorescence maximum
of TDBC is well above the LP minimum in our TDBC cavity sys-
tems, we do see this angle independent luminescence at the wave-
length of the fluorescence maximum (Fig. 5), as discussed above
also.

C. Molecular dynamics simulations

To understand whether the excited state minimum, i.e., the
fluorescing state, provides a direct access to the LP in the radia-
tive pumping mechanism and to gain insight into the driving
force behind this mechanism, we performed MD simulations with
our multi-scale Tavis—Cummings model that takes into account
the molecular details of the molecules coupled to the cavity.”
In particular, we used a very recent extension of the original
method that includes multiple radiation modes”” to model the cavity
dispersion.

We modeled the dynamics of an ensemble of 64 hydrated
Rhodamine molecules in an optical cavity using the same hybrid
quantum mechanics/molecular mechanics (QM/MM) description
for the molecules as in previous works.”">** The cavity was red-
detuned such that at the zero-incidence angle, the energy of the
cavity mode is 0.22 eV below the absorption maximum of our Rho-
damine model (4.18 eV in our QM/MM model’”). This detuning was
chosen to match the emission maximum of our Rhodamine model at
3.99 eV.”' The cavity dispersion was modeled by 16 discrete modes,
and the cavity lifetime was set to 15 fs. Prior to the simulation of
the cavity system, 63 Rhodamine molecules were equilibrated for
5 ps on the ground-state (Sp) potential energy surface, while one
molecule was equilibrated on the excited-state (S;) potential energy
surface, resulting in the molecule sampling the S; minimum, i.e., at
the fluorescing state. In these frames, the lowest energy state of the
molecule—cavity system is at 3.62 eV and is localized (0.97) at the
molecule equilibrated in S;.

As shown in the population plots of Figs. 7(c) and 7(d), the
molecular component rapidly reduces from 0.97 to around 0.5, while
simultaneously the photonic contribution of the cavity modes rises
from 0 to 0.5, indicating the formation of a hybrid light-matter
polaritonic state. This polaritonic state then rapidly decays due to
the finite cavity lifetime, as demonstrated by a steep rise in ground
state population in Fig. 7(c).

Thus, the results from the simulations seem to suggest that
if the excitation is localized on a single molecule that has relaxed
into its S; minimum, i.e., the fluorescing state, non-adiabatic cou-
pling can induce efficient population transfer from this initial
state to the LP around zero angle. Based on this observation,
we speculate that the driving force behind radiative pumping is
non-adiabatic coupling between the bright polaritonic states and
weakly coupled states, rather than the emission and reabsorp-
tion of a photon. Because of the low Q-factor, emission occurs
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FIG. 7. Computed angle-dependent
absorption (a) and photoluminescence
spectrum (b) of an optical cavity with
64 Rhodamine molecules, starting
from a configuration in which one of
the Rhodamine molecules is in the S;
minimum geometry. The total population
of all molecular states (black), all cavity
modes at energies below (magenta) and
above (cyan) the molecular absorption
maximum (4.18 eV), and the ground
state (green) is shown in (c). Panel
(d) is a zoom-in on the first 50 fs. The
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dashed white lines in (a) and (b) indicate
the dispersion of an empty cavity and
absorption maximum of Rhodamine.
The incidence angles correspond to
E (discretized) wavevectors (see Ref. 45
for details).
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from this state, as demonstrated by the angle-dependent photo-
luminescence spectra in Fig. 7(b). These results, therefore, sup-
port the hypothesis that the fluorescing state connects the dark
state manifold to the lower polariton via the radiative pumping
mechanism.

We note that in our simulations, the rate at which the popu-
lation transfers from the molecular fluorescing state to the lower
polariton branch exceeds the radiative pumping rates observed in
time-resolved photoluminescence experiments.””*"** This discrep-
ancy is due to coupling a much smaller number of molecules (64) to
the cavity in our simulations, as compared to experiments. Exper-
imentally, strong coupling is achieved by coupling of the order of
10° molecules to the cavity.” To reach the strong coupling regime
also in simulations with only 64 molecules, we had to significantly
enhance the cavity vacuum field. Because the non-adiabatic cou-
pling directly depends on the strength of the cavity vacuum field,
the non-radiative population transfer rate is overestimated. Simula-
tions with a more realistic vacuum field and hence a larger number
of molecules require significant computational resources and will be
presented in future work. Nevertheless, despite a much higher rate,
we believe that the radiative pumping mechanism observed in our
simulations provides a plausible alternative to the previously pro-
posed mechanism that involves direct emission and re-absorption
of a photon.

0.02 0.03 0.04 -0.05
time (ps)

IV. CONCLUSIONS

Summarizing, we have shown that the Stokes shift can deter-
mine which of the two main polariton scattering channels, vibra-
tionally assisted scattering or radiative pumping, is the dominant
one. In addition, we have also investigated the mechanism of
the radiative pumping in atomic detail with multi-scale molecular
dynamics simulations. Based on the results of the simulation, we
speculate that the driving force for radiative pumping is the non-
adiabatic coupling between weakly coupled or uncoupled molecu-
lar states on the one hand and the bright polaritons on the other
hand, rather than photon exchange. Our findings suggest that the
molecular degrees of freedom, and in particular the Stokes shift,
are important parameters to take into consideration when plan-
ning or analyzing experiments on strongly coupled molecule-cavity
systems. Because the relaxation process strongly depends on the
Stokes shift, polariton dynamics can be controlled via a judicious
choice of molecules, which can be important for applications, such
as polaritonic lasing”’ or coherent light harvesting.”

SUPPLEMENTARY MATERIAL

See the supplementary material for additional spectral data.
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