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to hybridize excitonic resonances associated
with two different species.[17,18,15] Hybridization of different vibrational overtones of an
excitonic resonance of a single molecular
species has also been achieved.[19,20] Meanwhile, in the infrared regime, hybridization
of vibrational resonances associated with
two distinct molecular species has also been
reported recently.[21,22] While hybridization
of two different vibrational resonances of a
single molecular species to a cavity mode
were reported by George et al.[23] Here we
present results of experiments that show
hybridization of three vibrational resonances
of a single mode species to first a cavity
mode and second a surface plasmon mode,
thereby adding a potentially important component in the strong coupling toolbox, one
that may further the degree of control possible over molecular
vibrational states in any future polaritonic chemistry.
Strong coupling of vibrational modes was first explored using
a planar cavity filled with the polymer polymethyl-methacrylate
(PMMA) where the cavity mode was strongly coupled to the
CO vibrational resonance in the polymeric material.[24,25]
Several further investigations have since been reported,[26–33]
involving vibrational resonances in liquids,[34] transition metal
complexes,[33] and liquid crystals.[35] Strong coupling of vibrational resonances has also been reported to help catalyze and
inhibit chemical reactions[36] and to control the nonlinear optical
response in the infrared.[37] 2D spectroscopy of molecular vibrations in an optical microcavity has also been explored.[38,39]
In the present work, we make use of two different types of
confined light field. First we use the well-established planar
optical microcavity, second we make use of the surface plasmon
mode associated with a single metal surface. Surface plasmons
on planar metal films have momenta that cannot be accessed
easily by incident light; therefore, we employ grating coupling
to overcome this problem, an approach previously explored for
strong coupling of excitonic resonances.[40,41] In what follows, we
briefly describe the sample structure and material properties. The
main probe we use to explore the coupling between vibrational
resonances and the optical modes of our confined light fields is to
determine the dispersion of the polaritons involved. We describe
how these data are acquired and present results from both types
of cavity. We then discuss the modeling we have undertaken,
both numerical and analytical, before summarizing our findings.

Strong coupling of molecules placed in an optical microcavity may lead to the
formation of hybrid states called polaritons, states that inherit characteristics
of both the optical cavity modes and the molecular resonance. This is possible
for both excitonic and vibrational molecular resonances. Previous work has
shown that strong coupling may be used to hybridize two different excitonic
resonances; this can be achieved when more than one molecular species is
included in the cavity. Here it is shown that under suitable conditions three
different molecular vibrational resonances of the same molecular unit may
also be coupled together, the resulting polariton having characteristics of all
three vibrational resonances. These results suggest that strong coupling might
be used to manipulate vibrational resonances in a richer and subtler way than
previously considered, opening a path to greater control of molecular systems
and molecular processes via vibrational strong coupling.

1. Introduction
Placing ensembles of molecules that possess an optically active
transition inside a confined light field such as an optical microcavity may lead to a phenomenon known as strong coupling, in
which new hybrid states called polaritons are created that are part
molecule, part light.[1,2] Strong coupling is attracting increasing
attention, in part because of exciting prospects for modifying
chemistry.[3–8] There are two key features associated with this kind
of strong coupling that underlie the recent surge of interest. First,
strong coupling may change molecular energy levels leading, for
example, to modified chemical landscapes,[9,10] and control over
photochemistry.[11] Second, strong coupling results in coherent
coupling of the molecules, with prospects, for example, of
changing exciton transport.[12] In addition, strong coupling can be
used to modify the transfer of energy between two species of molecule in a cavity, both where the species are intermixed[13–15] and
where the two species are spatially separated.[15,16] In the visible
regime a potentially more radical step is to use strong coupling
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2. Results and Discussion
Schematics of the structures we used are shown in Figure 1.
The optical microcavity was based on two gold mirrors 12 nm
© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematics of the confined light field structures. a) An optical
microcavity formed of two gold mirrors separated by a cavity-filling layer
of the polymer PMMA, the substrate is a silicon wafer. b) A 1D metal
grating supporting a surface plasmon mode, on top of a CaF2 substrate,
and overlain by a layer of PMMA.

thick, the space between them being filled with PMMA so as to
form a PMMA-filled planar microcavity. A thickness of 2.26 µm
was chosen for the cavity to ensure that the lowest order cavity
resonance was close to the molecular vibrational resonances
of interest. Further fabrication details are given in the Experimental Section below.
We chose the polymer PMMA as our molecular material. A
sample infrared transmittance spectrum, acquired at normal
incidence using Fourier-transform infrared spectroscopy
(FTIR), for a 1 µm film of PMMA on a silicon wafer substrate
is shown in Figure 2. For comparison the numerically calculated normal incidence transmittance of the bare cavity mode is
shown in red, while the normal incidence experimentally measured transmission of PMMA-filled cavity is shown as a blue
dot-dashed curve. Further details of the FTIR measurements
and numerical calculation approach are given in the Experimental Section below. Many absorption features are present
in this spectrum, notably a strong absorption due to the CO

stretching mode is clearly seen at 1732 cm−1.[42,43] The other
features of interest in the present work are those that form
the somewhat complex absorption band centered around
1445 cm−1, arising primarily from a bending resonance associated with –CH3 together with a band centered around 1481 cm−1,
arising primarily from a bending resonance associated with –
CH2.[42,43] Hereafter we will refer to these as the CO, CH3, and
CH2 resonances respectively. Although other resonance features are present, these three features capture the majority of
the response so that, for simplicity, we concentrate on just these
three resonances in this work. The CO stretch has a measured Gaussian full width half-maximum (FWHM) of ≈30 cm−1
whilst the CH2 and CH3 resonances both have a measured
Gaussian FWHM of ≈60 cm−1.
To acquire dispersion plots we recorded FTIR spectra for a
range of incident angles.
All measurements were performed with a spectral resolution of 4 cm−1 and an angular resolution of 2°. An example of
a measured dispersion diagram is presented in Figure 3a. Data
were normalized with respect to a transmittance spectrum
acquired with no sample present, and were recorded for positive angles only. They have been replicated at negative angles in
Figure 3a for clarity.
The data in Figure 3a show a clear anticrossing at an angle
of θ = 50°, indicative of strong coupling between the CO
(1732 cm−1) and the cavity mode. The strength of the splitting
relative to the modal widths is discussed below. Indeed, coupling
of the CO, CH2, and CH3 modes to the same cavity mode leads
to the formation of four polaritons bands: a lower polariton (L),
a lower middle polariton (M1), an upper middle polariton (M2),
and an upper polariton (U); these are shown as red, blue, green,
and magenta dashed lines in Figure 3a respectively.
To gain greater insight into these data we undertook
both numerical and analytical modeling. For the numerical
modeling, we used a commercial finite-element package
(details in Experimental Section below), while for analytical
modeling we used a four coupled oscillator model. In the
numerical modeling, we made use of a Drude model for the
optical response of gold for the material parameters

ε (ω ) = ε b −

ω p2

ω + iγω
2

(1)

with parameters taken from Olmon et al.,[44] specifically,
ωp = 1.29 × 1016 rad s−1, and γ = 7.30 × 1013 rad s−1, with
εb = 1.0. For the PMMA, we used a model based on three
Lorentz oscillators

ε (ω ) = ε∞ + ∑

Figure 2. Normal incidence FTIR transmission spectra. The blue solid
and dash-dotted curves show the measured transmittance of bare PMMA
on a Si substrate and the measured transmittance of the cavity sample
respectively. The red curve shows the numerically simulated transmittance of the bare cavity, as shown in Figure 1a, calculated by assuming
the vibrational resonances to have zero strength. The dashed black lines
represent CO, CH2, and CH3 vibrational modes.
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with parameters given in Table 1, and with ε∞ taken to be 1.99.
The parameters for silicon in the infrared are based on data compiled by Edwards[45] and are taken to be, ε = 11.76 + 0.001i, while
for air we took ε = 1.0. Finally, CaF2 data were taken from Malitson,[46] at 5.0 µm the refractive index is n = 1.40; these data will
be useful for the surface plasmon experiments discussed below.
Employing these parameters we used COMSOL to evaluate numerically the transmittance of the structure shown in
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Figure 3. Dispersion plots for the cavity system. a) Experimental data. The measured infrared transmittance of the sample shown in Figure 1a is
plotted as a function of frequency cm−1 and in-plane wavevector kx. The horizontal white dotted lines indicate the energy of the CO (1732 cm−1), CH2
(1481 cm−1), and CH3 (1445 cm−1) vibrational resonances. The maximum polar angle for which these data were acquired was ϴ = 70°. The angles of
incidence equal to ±50° are indicated as white dashed lines, and correspond to the angles at which anti-crossing of the cavity mode occurs with the
CO bond. Also shown are the calculated positions (colored dashed lines) of the polariton branches from the coupled oscillator model: lower polariton
(red), lower middle polariton (blue), upper middle polariton (green), and upper polariton (magenta). b) Numerically modeled data using COMSOL
Multiphysics. The calculated transmittance is shown as a function of frequency cm−1 and in-plane wavevector kx.

Figure 1a as a function of frequency and in-plane wavevector;
these data are shown in Figure 3b. We tested results from
numerical modeling against those from a transfer matrix
approach and found good agreement. We used the numerical
approach here because it facilitated analysis of the grating
structures we employed. The data show a good match to those
acquired from experiment (shown in Figure 3a), giving us confidence that we have selected appropriate modeling parameters.
The difference in absolute transmittance values between the
experimental data (Figure 3a) and the modeled data (Figure 3b)
is attributed to the slightly rough nature of the reverse side of
the Si wafer substrate used in our experiments.
Next, for the analytical model, the four oscillators are the confined light field and the three vibrational modes, CO, CH2, and
CH3. The model can be captured by the following matrix equation
 E cl
Ω C=0 /2 Ω CH2 /2 Ω CH3 /2

Ω
/2
E C =O
0
0
C
=
0

0
E CH2
0
 Ω CH2 /2
 Ω CH /2
0
0
E
CH
3
3
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b
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 c L,M1,M2,U 
 d

 L,M1,M2,U 








a L,M1,M2,U
b L,M1,M2,U
c L,M1,M2,U
d L,M1,M2,U






 (3)

Table 1. Lorentz oscillator model parameters for the PMMA vibrational
modes.
Vibrational mode
CO ( j = 1)

fj

ωj [rad s−1]

γj [rad s−1]

0.0165

3.26248 × 10

CH2 ( j = 2)
CH3 ( j = 3)

5 × 1012

14

0.0047

2.7896 ×

1014

9.3 × 1012

0.0087

2.72187 × 1014

12 × 1012
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where ECL is the energy of the confined light field, i.e., the
cavity/plasmon mode as appropriate, and is a function of the
in-plane component of the wavevector, kx.
ECO is the energy of the CO vibrational mode, E CH2 is the
energy of the CH2 vibrational mode and E CH3 is the energy of
the CH3 vibrational mode. The constants ΩC=0/2, Ω CH2 /2 ,
and Ω CH3 /2 are the coupling strength of ECL with E C=O , E CH2, and
E CH3 respectively. The eigenvalues EL,M1,M2,U of this matrix correspond to the lower (L), lower middle (M1), upper middle (M2),
and upper (U) polariton bands. To fit these polariton bands to
the measured dispersion, we set the three coupling strengths,
ΩC=0, Ω CH2 , and Ω CH3 as free parameters. The composition
of the polariton bands are described by the generalized Hopfield coefficients |aL,M1,M2,U|2, |bL,M1,M2,U|2, |cL,M1,M2,U|2, and
|dL,M1,M2,U|2 where |aL,M1,M2,U|2 + |bL,M1,M2,U|2 + |cL,M1,M2,U|2 +
|dL,M1,M2,U|2 = 1. The polariton bands can be written as
|aL,M1,M2,U|2 |ECL + |dL,M1,M2,U|2 |EC=0 + |bL,M1,M2,U|2 |E CH2 +
|cL,M1,M2,U|2 E CH3, so that the Hopfield coefficients measure the
extent to which the cavity mode, the CO mode, the CH2, and the
CH3 modes contribute to each polariton band. Data for the bare
microcavity Ecav and bare plasmon modes Eplas were obtained
from modeling a PMMA-filled microcavity with the oscillator
strength of the vibrational modes set to zero (see Figures S2
and S4 in the Supporting Information respectively).
We found that the best fit to our cavity data was obtained
with: ΩC=0 = 150 cm−1, Ω CH2 = 40 cm−1, and Ω CH3 = 70 cm−1
these values agree well with those seen in the experimental
data (Figure 3a). These Rabi splittings are greater than a) the
measured spectral width of the respective CO (60 cm−1),
CH2 (30 cm−1), and CH3 (30 cm−1) vibrational modes respectively, and b) the width of the bare cavity mode—measured
using an off-resonance cavity to be 45 cm−1. These data thus
indicate that our microcavity system is in the strong coupling
regime.[47] The results from this coupled oscillator model are
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Figure 4. Coupled oscillator model for the planar cavity. a) Comparison between experimental (circles) and coupled oscillator model (dashed lines)
for: the lower polariton (L) mode (red), the lower middle polariton (M1) mode (blue), the upper middle polariton (M2) mode (green), and the upper
polariton (U) mode (magenta) for grating mode. The horizontal dotted lines in black show the energies of the CO, CH2, and CH3 vibrational modes,
respectively. The bare cavity mode is shown as a brown dashed line. b) Hopfield coefficients of the upper middle polariton (M2). The contribution
of the cavity mode is shown in red, the CO mode in magenta, the CH2 mode in brown, and the CH3 mode in blue. The data shown were found by
calculating the eigenvalues and eigenvectors of Equation (3).

shown in Figure 4, in Figure 4a experimental data (circles) are
also shown corresponding to the maxima of the transmittance
spectra shown in Figure 3a. In Figure 4a we also show the positions of the uncoupled (bare) microcavity, and the CO, the
CH2, the CH3 resonances as dotted lines.
In addition to allowing extraction of the coupling strengths,
the coupled oscillator model enables us to determine the contribution of the different resonances to each polariton band
through the Hopfield coefficients. In particular we can use this
approach to examine the contribution that the different vibrational modes make to the upper middle polariton (M2).
In Figure 4b we show the contribution of the cavity mode,
the CO mode, the CH2 mode, CH3 mode to the upper middle
polariton band M2 as a function of in-plane wavevector. At inplane wavevector ≈530 cm−1 we see that the M2 polariton has
contributions of ≈33% from the CO, CH2, and CH3 modes
(equal contributions of 11% from each), the remaining 67%
being photonic (cavity mode) in character. These data show
that the upper middle polariton involves hybridization of the
three different vibrational resonances associated with the same
molecular unit.
Microcavities are just one class of structure that produce
confined light fields; here we also explored a second type of
confined light field that associated with a surface plasmon.[48]
We noted earlier that to couple to such modes with incident
light requires some kind of momentum matching. In contrast
with the attenuated total reflection technique employed by
Memmi et al.[30] we made use of grating coupling, a technique
previously used with great success by Vasa et al. to observe Rabi
oscillations associated with excitonic strong coupling.[41] A schematic of the sample structure we used is shown in Figure 1b.
The plasmonic surface is provided by a 100 nm gold film fabricated in the form of a grating using electron beam lithography.
The grating period was 7.2 µm with a 1 µm gap on a CaF2 substrate. This choice of period was made to enable coupling of
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incident light to the surface plasmon mode on the Au/PMMA
interface at a convenient angle of incidence. FTIR spectra for a
range of incident angles were acquired; the results, in the form
of a dispersion plot, are shown in Figure 5a.
As for the microcavity, we also calculated a dispersion plot
using numerical modeling, shown in Figure 5b. There is broad
agreement between the numerically modeled data and the
experiment, some of the differences in detail might be attributed to variations in the grating across the ≈2 mm spot size
used in the FTIR measurements.
Again, and as for the microcavity system, we also modeled
the surface plasmon system using the four coupled oscillator
model. Here the surface plasmon mode replaces the cavity
mode as one of the oscillators, together with the three vibrational modes, CO, CH2, and CH3. For the plasmon mode, we
took the uncoupled dispersion from numerically modeled data
(Figure S4, Supporting Information) in which the oscillators
strengths were set to zero.
The best match between the eigenvalues obtained from this
approach and those seen in the experimental data (Figure 5)
was obtained with: ΩC=0 = 75 cm−1, Ω CH2 = 20 cm−1, and
Ω CH3 = 35 cm−1. The resulting polariton frequencies are plotted
as colored dashed lines in Figure 5a.
These splittings are approximately half of those obtained
from the planar microcavity; the microcavity mode appears to
offer a higher (average) electric field strength.[47] Again, these
splittings need to be compared to: a) the measured spectral
width of the respective CO (60 cm−1), CH2 (30 cm−1), and CH3
(30 cm−1) vibrational modes respectively, and b) the width of the
bare cavity mode, 45 cm−1. We see that for the plasmon system
only, the splitting associated with the CO vibrational resonance fully satisfies the strong coupling condition.
In Figure 6b, we show the calculated Hopfield coefficients for
the lower middle polariton in the plasmon system. We see that
although the lower middle polariton does have some character
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Figure 5. Dispersion plots for the plasmon system. a) Dispersion diagram derived from experimental data. Infrared transmittances of the plasmon
sample shown in Figure 1b are shown as a function of frequency cm−1 and in-plane wavevector kx. The horizontal white dotted lines indicate the energy
of the CO (≈1732 cm−1), CH2 (≈1481 cm−1), and CH3 (≈1445 cm−1) vibrational resonances. The maximum polar angle for which these data were
acquired was ϴ = 30°. Angles of incidence equal to ±20° are indicated as white dashed lines, and correspond to the angles at which anticrossing of
the plasmon mode occurs with the CO resonance. Also shown are the calculated positions (colored dashed lines) of the polariton branches from the
coupled oscillator model: lower polariton (red), middle polariton (blue), and upper polariton (magenta). b) Numerically modeled data using COMSOL
Multiphysics. Calculated transmittance is shown using a color scale, and plotted as a function of frequency cm−1 and in-plane wavevector kx.

inherited from all three vibrational resonances, their contribution
is relatively small, around 5% each. This lower contribution than
for the cavity mode might also be attributed to the lower field
strength of the plasmon mode as sampled by the PMMA film.
It is also clear that the match between the data and the model
for the plasmon system (Figure 6a) is poorer than it was for the
microcavity system (Figure 4a). Several factors may contribute
to this: first, more than one diffracted plasmon mode contributes to the data shown in Figure 5a, for simplicity we only

included one of them; second, the dispersion of the plasmon
mode depends sensitively on the profile of the grating,[49] for
simplicity we have taken a simple rectangular profile here,
and we have ignored any band distortions due to grating coupling of plasmon modes; third, determining the position of the
plasmon using dispersion data from transmittance data can be
problematic owing to the Fano-like character of the features
involved. Despite these limitations, the coupled oscillator reproduces reasonably well the anticrossings seen in the experiment.

Figure 6. Coupled oscillator model for the plasmon system. a) Comparison between experimental data (circles) and the coupled oscillator model
(dashed lines) for: the lower polariton (L) mode (red), the lower middle polariton (M1) mode (blue), the upper middle polariton (M2) mode (green),
and the upper polariton (U) mode (magenta). The horizontal dotted lines (black) show the energies of the CO, CH2, and CH3 vibrational modes,
respectively. The bare plasmon mode is shown as a brown dashed line. b) Hopfield coefficients of the upper middle polariton (M2). The contribution
of the plasmon mode is shown in red, the CH3 mode in blue, the CH2 mode in brown, and the CO mode in magenta. The data shown were found
by calculating the eigenvalues and eigenvectors of Equation (3).
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3. Conclusion

Supporting Information

In summary, our results show that distinct molecular vibrational resonances, here associated with CO, CH2, and CH3,
may be hybridized by strong coupling each of them to the same
cavity/plasmon mode. The extent to which the three vibrational resonances contribute to the upper middle polariton in
the cavity system (11%) is comparable to that in the first report
of hybridizing two excitonic resonances via strong coupling.[17]
For the case of the plasmon mode we found that only the coupling with the CO bond fully met the strong coupling criteria,
and that the associated polariton, although involving all three
molecular resonances, only did so to the extent of 5%. Nonetheless, it is clear that strong coupling can hybridize multiple
different molecular resonances of a single molecular unit, and
that consequently strong coupling offers an interesting means
by which to control molecular systems.
Hybridized vibrational resonances may also be interesting in
the context of vibrationally dressed states.[10,50] A challenge for
the strong coupling community is to devise means by which the
extent of possible hybridization can be increased. This might be
achieved by employing confined light fields that exhibit greater
field enhancement than the planar metal-clad cavity used here.
Possible routes to accomplish this include planar cavities that
use dielectric stacks rather than metal mirrors,[51] and localized
resonances.[52] Care will be needed though since there is often
a trade-off between field enhancement and cavity volume to
consider.[53] An interesting alternative may be to explore a hierarchical approach that mixes plasmonic resonances and vibrational ones, much as was recently accomplished for exciton
resonances by Bisht et al.[54]

Supporting Information is available from the Wiley Online Library or
from the author. The research data supporting this publication can be
accessed at https://doi.org/10.24378/exe.1403.

4. Experimental Section
Optical Microcavities: The cavity mirrors were both made of gold
by e-beam–assisted evaporation and each had a nominal thickness
of 12 nm. The PMMA (molecular weight 950 K) was spin coated
from a solution diluted in 11% anisole to achieve a layer thickness of
2.26 µm, as measured with a profilometer (see Figure S3, Supporting
Information). The microcavity was formed on a silicon substrate that
had a minimal oxide thickness layer.
Grating Fabrication: 1D grating structures were produced using
electron beam lithography. Briefly, an e-beam resist (PMMA: 950 K A9)
was spun (4000 rpm) onto a 20 mm square silicon wafer substrate to
obtain a thickness of 400 nm. The substrate was then heated to 180 °C
for 10 min to remove the solvent. For the electron beam lithography a
20 nA beam current was used to write the desired pattern. Following
exposure the resist was developed (MEK+MIBK+IPA) for 40 s. A thin
100 nm gold film was then deposited by thermal evaporation, followed by
a lift-off process to leave the desired gold stripe grating (see Figure 1b).
Infrared Transmittance: The infrared transmittance of the samples was
measured using an FTIR spectrometer (Bruker V8). These data were
normalized with respect to a transmittance spectrum acquired with no
sample; background subtraction was also undertaken. To improve the
signal-to-noise ratio, averaging over 128 scans was carried out.
Numerical Modeling: For the COMSOL calculations, the modeling
volume comprising a 3 µm layer of silicon was overlain with a 12 nm
gold thin film, covered by 2.26 µm layer of PMMA, another layer of
12 nm thin Au film to form a cavity, and finally followed by 3 µm of
air layer. Periodic boundary conditions were added in the plane of the
cavity. A minimum mesh element size of 0.22 nm was used, while the
maximum mesh element size was 185 nm.
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