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Motional narrowing of molecular vibrations strongly coupled to surface lattice resonances
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We report on strong coupling between light in open cavities formed by arrays of gold microparticles and
the carbonyl molecular vibration in poly(methyl methacrilate). These arrays sustain surface lattice resonances
(SLRs), which are optical modes generated by the enhanced radiative coupling of the localized resonances in
single scatterers by the diffraction in the array. Using the high-coherence beam of a free-electron laser, we
measure the vibrational strong coupling and find a Rabi splitting into an upper and lower vibropolariton band.
We observe the narrowing of the lower polariton band when the SLR is resonant with the molecular vibration.
This behavior of the lower polariton linewidth can be modeled taking into account motional narrowing due to the
spatial averaging of delocalized molecular vibrations in the strong coupling regime. The presence of motional
narrowing in vibropolaritons in plasmonic arrays gives insight into the strong coupling of molecular vibrations,
and introduces a different platform to investigate polaritonic chemistry, where reactions are not governed by
individual molecules but by collective coupled vibrations.
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I. INTRODUCTION

The spectral linewidth defined by a set of resonators dis-
tributed in a medium is usually influenced by the broadening
caused by fluctuations in this medium. Variations of the
resonance frequency from point to point lead to an appar-
ent broadening of the linewidth known as inhomogeneous
broadening. When a resonator moves within this medium, the
linewidth undergoes a narrowing effect due to spatial averag-
ing processes [1], which enhances the coherent response of the
resonator while mitigating the impact of random or disorder-
induced variations on the linewidth, resulting in a distinct
and well-defined resonance. Known as motional narrowing,
this reduction in linewidth is a prevalent occurrence observed
in various systems. For example, it is known in molecular
systems where vibrational modes of individual molecules
are influenced by the neighboring ones. If these neighboring
molecules rearrange themselves fast enough, the vibrational
resonance will occur at an averaged frequency with a narrower
linewidth [2–4]. Motional narrowing has been also shown
experimentally and theoretically with exciton polaritons in
semiconductor Fabry-Perot microcavities [5–8], in semicon-
ductor quantum wells [9,10], quantum dots [11–13], and in
atomically thin semiconductors under strong light-matter cou-
pling [14]. Strong light-matter coupling corresponds to the
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regime where the energy exchange rate between matter and
the field in an optical cavity is faster than the decoherence
or loss rates of the bare matter excitation and the light in the
cavity [15–18]. Two new hybrid states are formed, the upper
(UP) and lower (LP) polaritons in this regime, and they are
split in energy, as shown in Fig. 1(a). This energy difference
is known as the vacuum Rabi splitting and is given by [19]

h̄� = 2
√

NE · d = 2
√

N

√
h̄ω0

2ε0V
d cos θ, (1)

where � is the Rabi frequency, E is the vacuum electric field
of the cavity mode, d is the transition dipole moment of the
molecules, N is the number of molecules in the cavity, ω0

is the resonant frequency of the cavity, and V is the mode
volume. Since motional narrowing is very sensitive to the
degree of delocalization of the excitations, vibrational strong
coupling allows one to tune such degree and it is, therefore,
an ideal platform to search for or control motional narrowing.

In this manuscript, we demonstrate the presence of mo-
tional narrowing in vibropolaritons, originating from the
strong coupling between the C=O bond of poly(methyl
methacrilate) (PMMA) and collective resonances in arrays of
gold microparticles. These arrays of metallic particles sustain
surface lattice resonances (SLRs), which are modes that result
from the enhanced radiative coupling of the localized plas-
monic resonances in individual particles by diffraction orders
in the plane of the array [Rayleigh anomalies (RAs)]. SLRs
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FIG. 1. (a) Jablonsky diagram of the strongly coupled system. The vibrational states of the PMMA molecules are represented in green.
The optical modes of the cavity are represented in red. The hybrid vibrational/optical states are represented in black. The molecular structure
of PMMA is shown in the inset, with the C=O bond highlighted in red. (b) Schematic representation of the system under investigation. r, a,
and t are the parameters optimized with simulations. (c) Simulated extinction of the PMMA layer with a thickness of 700 nm and the SLR of
the bare particle array (700 nm radius, 50 nm height, and 4 µm period). The dotted lines are the Gaussian fit for the molecular peak and the
Fano fit for the SLR. The vertical dotted line indicates the spectral peak position of both resonances. (d) 3D atomic-force-microscope image
of the particle array with 4 µm period.

are thus the result of the hybridization of localized resonances
with diffraction orders [20]. The characteristics of SLRs are
a consequence of their hybrid nature [21–24]: they show high
field enhancements from their plasmonic character, and a de-
localization of the electric field in the surrounding medium
from their photonic character [25,26]. The combination of
these characteristics makes SLRs an attractive instrument to
investigate light matter, and they could be used to modify
the kinetics of chemical reactions under the strong coupling
regime [19,27,28]. SLRs have already shown their poten-
tial in applications such as sensing [29–33], spectroscopy
[34–36], and electrochemistry [37,38]. Recently, SLRs have
been shown to strongly couple with molecular vibrations
[39,40], making them a possible alternative to Fabry-Perot
cavities as a method to investigate strong light-matter inter-
actions. Furthermore, when comparing to the closed system
of Fabry-Perot cavities, these arrays of plasmonic particles
provide accessibility to their surface. As a result, they can be
easily coupled with external radiation, allowing for a more
convenient characterization of the motional narrowing of vi-
bropolaritons.

Here, we use a free-electron laser (FEL) light source for
the investigation of the effects of motional narrowing on the

polaritons linewidth. Compared to conventional methods of
IR spectroscopy such as Fourier transform infrared spec-
troscopy (FTIR), a FEL is a high-intensity and coherent
source that experimentally minimizes the broadening of the
SLR. Using this FEL, we characterize the PMMA-SLRs cou-
pled system performing direct transmission measurements
and determining the Rabi splitting. Here we investigate the
vibrational strong coupling using a FEL. We model the fre-
quency and the linewidth of the polaritons with a coupled
oscillator model to retrieve the mixing or Hopfield coefficients
of the system. Finally, we show that the narrowing of the lower
polariton linewidth as a function of the Hopfield coefficient
can be explained by taking into account motional narrowing.

II. SAMPLE DESCRIPTION

The demonstration of motional narrowing of vibropolari-
tons is performed using a uniform array of gold microdisks
embedded in a layer of PMMA as the optical cavity. The
optimal geometry of the open cavity is found when the SLR of
the gold microparticle array perfectly overlaps with the reso-
nance of the C=O stretching in the extinction spectrum. First,
we simulate a system with periodic boundary conditions. The
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FIG. 2. Analysis of the C=O-SLR coupling. (a) Extinction measurement (solid black) and simulations (dashed black) of the coupled
system. Transmittance measurements (solid red) and simulations (dashed red) of the bare PMMA film. (b) Extinction map of the coupled
system as a function of the incident wave vector parallel to the surface of the array. The simulations are shown on the left side of the panel and
the measurements are shown on the right side.

elements of the system are a semi-infinite substrate of CaF2,
a gold microparticle, and a layer on top as the upperstrate.
The complex permittivity of CaF2 and gold is taken from
Refs. [41,42]. The complex refractive index (̃n = n + iκ) of
PMMA in the mid-IR can be approximated as a constant real
component n = 1.44 and a nonzero extinction coefficient κ

leading to a dispersive peak at 1732 cm−1, due to the stretch-
ing of the C=O double bond. To simulate the optical response
of the array without any interference from its coupling to
the carbonyl stretching of PMMA, we first define the top
layer in the simulations as a dielectric material with constant
refractive index of n = 1.44 and no absorption. The optical
response of the array is investigated by using finite-difference
time-domain (FDTD) simulations and sweeping over different
values of radius of the particles, r, period of the array, a, and
thickness of the molecular layer, t. A schematic of the investi-
gated system with the FDTD simulations is shown in Fig. 1(b).
From the simulations, we obtain the geometrical parameters
that ensure a good overlap between the C=O bond of PMMA
and the array’s SLR in extinction (E ), defined as E = 1 − T ,
where T is the transmittance, as can be seen in Fig. 1(c). These
parameters are microparticle radius of 700 nm and height
of 50 nm, and PMMA layer with thickness of 700 nm. The
period of the array is 4 µm. The total simulated electric field
associated to the SLR is shown in the Supplemental Material
(SM), Sec. S1 [43].

The tuned array and a series of periodic arrays with SLRs
covering a range of energies around the C=O resonance are
fabricated on CaF2 substrates using UV optical lithography
(see SM, Sec. S2) [43]. A three-dimensional (3D) atomic-
force-microscope image of an array of particles used to couple
with PMMA is shown in Fig. 1(d).

III. RESULTS AND DISCUSSION

A. Vibrational strong coupling measured
with a free-electron laser

To study the PMMA and microparticle array system, we
begin by simulating it with a top layer composed of a material

with wavelength-dependent permittivity, as described in [44].
Then, we experimentally investigate the coupled system by
spin coating a 700-nm-thick PMMA layer onto the array (for
further details, refer to Sec. S2 in the SM) [43]. We charac-
terize the coupled system by measuring the IR transmission
with a FEL, situated at the Free Electron Laser for Infrared
Experiments (FELIX) Laboratory at the High Field Magnet
Laboratory (HFML). The FEL beam has an elliptical shape
with long and short axis of 3 mm and 2 mm, respectively.
The signal is detected with a Spiricon Pyrocam beam pro-
filer. Typical measured spectra obtained by scanning the FEL
wavelength are shown in Fig. 2(a), where a comparison of
simulated (dotted curve) and measured (solid curve) transmit-
tance and extinction of the C=O molecular stretching and of
the coupled system, respectively, are shown. Both simulated
and measured spectra are at normal incidence. The upper and
lower polaritons are clearly visible in the extinction spectra
[black curves in Fig. 2(a)]. The frequencies of the measured
polaritons are in good agreement with the simulated ones. In
particular, the lower polariton is observed at 1700 cm−1 and
the upper polariton at 1776 cm−1. We retrieve, thus, a Rabi
splitting of 76 cm−1. Previous measurements performed on
the same system with a Fourier transform infrared spectrome-
ter (FTIR) show an identical Rabi splitting [40]. The noise in
the measurements is caused by the instability of the FEL. The
measured PMMA peak is slightly broader than the simulation.
This mismatch is most likely caused by the spectral tunability
of the FEL, which is limited to ≈6 cm−1 in our measurements.
Another important difference between the simulations and the
measurements is the intensity of the polariton peaks in the
extinction spectrum. This difference is most likely caused by
losses due to fabrication imperfections. These measurements
are repeated for arrays with period ranging from 3.7 µm to
4.2 µm (SM, Sec. S3) [43]. In Fig. 2(b), the simulated (left
panel) and measured (right panel) extinction spectra for the
array with 4 µm period are plotted as function of the incident
angle θ of the FEL beam. This dependence is studied for
s-polarized incident light by detecting the zeroth-order trans-
mission at different angles and it is plotted as function of wave
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vector parallel to the surface of the array, kp = (2π/λ) sin θ .
The dispersion of the upper and lower polaritons is clearly
visible above and below the C=O stretching frequency [dotted
white line in Fig. 2(b)]. We measure the Rabi splitting at the
wave vector where the separation between the two extinction
bands of the polaritons is the smallest, which corresponds to
normal incidence (h̄� = 76 cm−1), thus confirming that the
molecular vibration is coupled with the SLR of the array.

In addition, a slight but consistent blueshift of the exper-
iments compared to the simulations is present in Fig. 2(b),
which we attribute to a small difference between the actual
refractive index and the one used in the FDTD model (n =
1.44). To properly determine that the system is in the strong
coupling regime and to retrieve the molecular and photonic
composition of the vibropolaritons, we use a coupled oscilla-
tor model. The Hamiltonian of the system is given by

H =
(

Em − iγm g
g Es − iγs

)
, (2)

where the off-diagonal term g is the coupling strength, Em and
Es are the energies of the molecular C=O bond and of the
SLR, respectively, and γm and γs are the decoherence terms
given by the linewidths of the molecular resonance and of
the SLR, respectively. The values Em and γm are obtained
by fitting the measured C=O bond peak with a Voigt profile,
while Es and γs are obtained by fitting the extinction of the
bare array with a period of 4 µm simulated with FDTD to a
Fano line shape [20],

σF = (ε + q)2

ε2 + 1
, (3)

where q is the Fano parameter, ε = E−E0
γ

is the reduced
energy, and E0 and γ are the energy and the width of the
resonance, respectively. The fit to the simulation is shown in
the SM, Sec. S4, also for different periods [43].

The eigenvalues associated to the Hamiltonian of Eq. (2)
are calculated by solving the determinant det[H − λÎ] = 0,
where λ are the eigenvalues and Î is the identity matrix (see
SM, Sec. S5) [43]. The calculated eigenvalues are complex:
the real components represent the energies of the lower and
upper polaritons, while the imaginary components define the
decoherence. From the energy difference between the lower
and upper polaritons, we obtain a coupling constant g =
40 cm−1. We compare the modeled polariton energies and
linewidths with the measured ones by fitting them to Eq. (3)
(see SM, Sec. S6) [43]. Finally, we calculate the eigenvectors
associated to Eq. (2). The coefficients of these eigenvectors
are the Hopfield coefficients and their square represents the
molecular or photonic fraction of the polaritons [45].

Figure 3(a) illustrates the comparison between the mod-
eled (solid curve) and measured (circles) upper (red) and
lower (black) polariton energies as a function of the SLR
detuning from the C=O stretching of PMMA. We find that
the model and measurements are in good agreement. The
anticrossing behavior is typical of strongly coupled systems
and shows the minimum splitting for the array with period of
∼4 µm. In Fig. 3(b), we plot the full width at half maximum
(FWHM) of the lower and upper polaritons. In general, we
find that the measured linewidths of the polaritons follow the
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FIG. 3. (a) Lower (black) and upper (red) polariton energies as a
function of the period of the array. The circles are the measurements.
The solid curves are the modeled energies using a coupled oscillator
model. The dashed and dotted lines represent the energies of the
SLRs and of the C=O bond, respectively. (b) Lower (black) and
upper (red) polariton linewidths as a function of the period of the
microparticle arrays. The circles are the measurements and the solid
curves are the modeled linewidths using a coupled oscillator model.
The dotted curve represents the simulated linewidth of the SLRs.
(c) Calculated Hopfield photonic mixing coefficient for the lower
(black) and upper (black) polariton as a function of the period of
the array.

behavior of the modeled polariton linewidths (solid curves).
However, a consistent broadening of the measured lower po-
lariton is found for array periods greater and smaller than
4 µm compared to the modeled linewidths. The unexpected
but consistent behavior of the lower polariton linewidth for
arrays with periods 3.7 µm, 4.15 µm, and 4.2 µm is not thus
described by the coupled oscillator model and highlights the
need for a more sophisticated model. Finally, we show, in
Fig. 3(c), the photonic Hopfield coefficients for the lower and
upper polaritons as a function of the period of the arrays,
which corresponds to different cavity mode detunings from
the C=O bond of PMMA. As expected, at smaller periods
or larger SLR-PMMA detuning, the upper polariton has a
more photonic behavior, while the lower polariton is mostly
molecular.
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B. Vibropolaritons’ motional narrowing

In general, there are two major contributions to the
linewidth of a resonance: the homogeneous and the in-
homogeneous broadening. For molecular vibrations, the
homogeneous broadening is given by the intrinsic lifetime
of the resonance, while the inhomogeneous broadening has
two causes: (i) dephasing when single molecules experience
different local environments, leading to slightly different vi-
brational frequencies, and (ii) the energy exchange between
two identical molecules [46,47]. SLRs also experience a sim-
ilar phenomenon, with an inhomogeneous broadening mainly
caused by the nonuniform excitation of the SLR due to a
noncollimated light source or with low spatial coherence, or
by fabrication defects. Since polaritons are hybrid states, they
possess the properties of molecular vibrations and photons.
Thus, their linewidths suffer from the same inhomogeneous
broadening as their molecular and photonic components. We
experimentally reduce the SLR broadening by using the colli-
mated beam of the FEL source with high spatial coherence. To
explain the discrepancy between the measured linewidths of
the lower polariton and the linewidths calculated with the cou-
pled oscillator model, we show, in Fig. 4(a), the full width at
half maximum of the lower polariton as a function of the pho-
tonic Hopfield coefficient |cs|2. The experimental linewidth of
the lower polariton undergoes a reduction when the spectral
overlap occurs between the surface lattice resonance (SLR) of
the array and the C=O bond of PMMA. The linewidth reaches
a minimum value when |cs|2 � 0.5, where the lower polariton
assumes a hybrid state with equal contributions from both its
photonic and molecular components. For |cs|2 values larger
or smaller than 0.5, the linewidth increases and the nature of
the polariton is dominated either by its photonic or molecular
component. First, we investigate the narrowing of the lower
polariton by taking into consideration only the homogeneous
broadening as [14]

� fp = (1 − |cs|2)� fm + |cs|2� fs, (4)

where � fm,s are the linewidths of the molecular (m) or pho-
tonic (s) resonance. The homogeneous linewidth of the lower
polariton calculated with Eq. (4) is shown in Fig. 4(a) (green
curve). We obtain � fs by simulating the SLRs for arrays
with different periods. These simulations allow us to obtain
a resonance without inhomogeneous broadening by consider-
ing an ideal system with infinite size, without imperfections,
and illuminated by a collimated and coherent beam. � fm

is extracted by fitting the carbonyl peak of PMMA with a
Voigt profile (see SM, Sec. S7) [43] and considering only the
Lorentzian contribution. Figure 4(a) clearly demonstrates that
the behavior of the lower polariton linewidth cannot be solely
explained by considering homogeneous broadening alone, as
it deviates significantly from the experimental data. Thus, it
can be concluded that the linewidth and narrowing of the
lower polariton linewidth for |cs|2 ∼ 0.5 is strongly influenced
by inhomogeneous broadening.

To estimate the contribution of the inhomogeneous broad-
ening to the lower polariton linewidth, we fit the FWHM of
the lower polariton with the Voigt profile linewidth formula,

� fp = c1� f H
p +

√
c2

(
� f H

p

)2 + c3
(
� f IH

p

)2
, (5)

where c1 = 0.53, c2 = 0.22, and c3 = 1 are empirical con-
stants, calculated in Ref. [48], and � f H

p and � f IH
p are the

homogeneous and inhomogeneous contribution to the polari-
ton linewidth, respectively, with the latter chosen as the fitting
parameter. The fit of the FWHM of the lower polariton to
Eq. (5) is visible as a black solid curve in Fig. 4(a). In
Eq. (5), the homogeneous contribution to the lower polariton
linewidth is calculated from the theoretical coherence time
(τH

p ). Since the SLR and the carbonyl peak are in the strong
coupling regime, the lower polariton coherence time is written
as a combination of the molecular (τm) and photonic (τs)
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homogeneous coherence times [14,49],

τH
p = 1

π� f H
p

=
( |cs|2

τH
s

+ 1 − |cs|2
τH

m

)−1

, (6)

where [50]

τH
m = 1

π� fm
, τH

s = 1

π� fs
. (7)

We also show, in Fig. 4(b), the upper polariton linewidth as
a function of 1 − |cs|2. A constant broadening is observed,
as the photonic mixing coefficient increases or 1 − |cs|2 de-
creases. This behavior is consistent with previous studies on
semiconductor microcavities [5,6], and it is well described by
the coupled oscillators model [solid line in Fig. 4(b)].

In Fig. 4(c), we show the inhomogeneous and homoge-
neous contributions to the lower polariton linewidth plotted
as function of the photonic mixing coefficient. We notice that
the broadening of the lower polariton linewidths for Hopfield
coefficients greater and smaller than 0.5 is caused by an in-
crease of the inhomogeneous contribution. On the other hand,
the homogeneous contribution to the lower polariton FWHM
remains constant. Interestingly, we notice that for mixing
coefficients close to 0.5, the inhomogeneous broadening is
equal to the homogeneous contribution. The narrowing of the
lower polariton observed in this study is consistent with previ-
ous works in the literature [1,5,6]. These studies demonstrate
the existence of motional narrowing in exciton polaritons
inside semiconductor Fabry-Perot cavities. Furthermore, they
quantified this phenomenon by manipulating the temperature,
transitioning from cryogenic to room temperature, thereby
modulating the disorder within the system.

Our research reveals that vibropolaritons exhibit motional
narrowing when studied at room temperature in open cavities
created by resonant metasurfaces. The underlying cause of
motional narrowing in vibropolaritons can be attributed to
the delocalization of these polaritons on the surface of the
plasmonic array. The presence of motional narrowing in vi-
bropolaritons sustained by plasmonic particle arrays opens up

exciting avenues and tools to investigate polaritonic chem-
istry, where the collective behavior of coupled molecules
exerts significant impact over chemical reactions [19,51–55].

IV. CONCLUSIONS

We have demonstrated experimentally vibrational strong
coupling between SLRs in arrays of plasmonic microparticles
and the C=O bond of PMMA using a free-electron laser as the
infrared light source. We model the gold array/PMMA system
with a coupled oscillator model to show that there is vibra-
tional strong coupling. While this model succeeds in fitting
the polariton energy, it fits poorly with the linewidth changes
of the lower polariton for large detuning of the arrays’ SLRs.
We investigate these linewidth changes by calculating the
inhomogeneous broadening contribution to the lower polari-
ton linewidth. We notice that the inhomogeneous broadening
becomes equal to the homogeneous broadening when the po-
lariton mixing coefficients are close or equal to 0.5, while it
broadens for large and small mixing coefficients. The strong
dependence of the inhomogeneous narrowing of the lower po-
lariton with the period of the array, which defines the coupling
to the molecular vibration, suggests that this effect could be
attributed to motional narrowing and the delocalization of the
vibropolaritons on the surface of the microparticle array. Our
investigation of motional narrowing of vibropolaritons offers
insights into the strong coupling of molecular vibrations.
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