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We report on the strong coupling of surface plasmon polaritons and molecular vibrations in an organic-
inorganic plasmonic hybrid structure consisting of a ketone-based polymer deposited on top of a silver
layer. Attenuated-total-reflection spectra of the hybrid reveal an anticrossing in the dispersion relation in the
vicinity of the carbonyl stretch vibration of the polymer with an energy splitting of the upper and lower
polariton branch up to 15 meV. The splitting is found to depend on the molecular layer thickness and
saturates for micrometer-thick films. This new hybrid state holds a strong potential for application in
chemistry and optoelectronics.
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The hybridization of different quasiparticles is of both
fundamental and practical interest. The resultant hybrid
excitations exhibit new properties not available by the
isolated constituents. We name here only microcavity polar-
itons built up by excitons and photons [1]. Coupling
electromagnetic radiation and excitations in condensed
matter in an appropriate setting has enabled the demonstra-
tion of phenomena like lasing without inversion [2], Bose-
Einstein condensation [3], and superfluidity [4]. Another
quasiparticle of considerable applied importance is the sur-
face plasmon polariton (SPP) [5]. The coupling of surface
plasmonswith emitters has been extensively investigated, but
only recently has the hybridization with excitons in organic
and inorganic compounds received much attention [6]. In
particular, organic J aggregates with an extraordinary large
excitonic dipole moment have been employed [7–9], but
hybridization with quantum well and quantum dot excitons
have also been successful [10,11]. Spatial coherence proper-
ties [12,13] and in the time domain ultrafast Rabi oscillations
[14], both fingerprints of the hybrid nature, have been
demonstrated. Another molecular excitation located at much
longer wavelengths are vibrational transitions. Plasmon-
induced field enhancement is routinely exploited to intensify
their signatures in surface-enhanced Raman spectroscopy
allowing for direct infrared detection down to the single-
molecule level [15,16]. The background physics has been
widely studied with localized plasmons in metal nanostruc-
tures [17] but also on planar or islandlike metal surfaces [18–
20]. Despite the experimental efforts, the strong coupling of
SPPs and molecular vibrations has not yet been reported.
In this Letter, we demonstrate the strong coupling of SPPs

and the stretch vibration of the carbonyl group of a ketone-
based polymer. As this vibration involves predominantly
only two atoms, our findings can be distinguished from
previous work done on the strong coupling of SPPs and
phonons [21].
The metal used in this study is silver, which is thermally

evaporated on the base of a calcium fluoride hemicylindrical

prism resulting in layers with a controlled thickness of 25–
35 nm and a root mean squared surface roughness below
3 nm. On the organic side, we employ the commercially
available polymer poly(vinyl-methylketone) (PVMK). The
molecular layer is spin-coated from a PVMK/chloroform
solution on top of the silver layer to form the hybrid structure.
The organic layer thickness is controlled within an accuracy
of �10% as confirmed by atomic-force-microscopy mea-
surements and optical transmissionmeasurements onPVMK
reference films deposited on silicon substrates. Evanescent
waves are excited by attenuated-total reflection (ATR) in the
Kretschmann-Raether configuration using the calcium fluo-
ride prism as the coupling medium [Fig. 1(a)]. To obtain
absolute values of the reflectivity, reference spectra of the
sole hemicylindrical prism are measured. The angle of
incidence α is set with an accuracy of�1° in all experiments,
and the angular spread of the excitation beam is�1.75°. All
optical spectra are recorded with a resolution of 4 cm−1 by a
Bruker IFS66v/s vacuum Fourier transform spectrometer.
To begin with, we discuss the optical properties of the

organic material used in this study. The PVMK polymer is
an acyclic ketone-based polymer with a single carbonyl
group per repeating unit, as depicted in Fig. 1(b). A well-
defined and strong signal related to the stretch vibration
of the carbonyl group is found in the transmission
spectrum of a 1360-nm-thick PVMK film spin-coated
on top of a silicon substrate [Fig. 1(b)]. Reproducing
the transmission spectrum by transfer matrix (TRMA)
calculations and treating the vibrational transition as a
Lorentzian resonance

ϵmðωÞ ¼ ϵbm

�
1þ A

ω2
0 − ω2 − 2iωγ

�
ð1Þ

allows for the extraction of the resonance frequency
ω0 ¼ 0.2119 eV, the transition strength parameter
A ¼ 298 meV2, which is directly proportional to the
density of carbonyl groups, and the dissipation rate
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(γ ¼ 1 meV) of the vibrational resonance. The midinfrared
background permittivity ϵbm ¼ 2.50 and PVMK layer
thickness are deduced from the amplitude and position
of the interferences fringes. For all other vibrational
transitions in the investigated spectral range, A is more
than a factor of 2 smaller, and for simplicity these
transitions are omitted in the dielectric function. To ensure
the validity of the dielectric function, we have varied the
thickness of the PVMK film between 300 and 1600 nm
and achieved similar good agreement between the experi-
ment and theory.
Figure 2 depicts the ATR spectra of a PVMK/silver

hybrid structure in the vicinity of the molecular resonance.
While the ATR spectra show only a very weak molecular
signal in transverse electric polarization (not shown), two
pronounced minima appear in transverse magnetic (TM)
polarization [Fig. 2(a)]. The upper branch (UB) shows up
as a narrow minimum located slightly above the molecular
resonance frequency. It shifts to higher energies and
broadens significantly when increasing the angle of inci-
dence. The lower branch (LB), on the other hand,
approaches the molecular resonance from the low-energy
side when α is increased. If α is very large, a weak signal
with no detectable dispersion is also present at the
molecular resonance frequency (middle branch). The
experimental data are reproduced by TRMA calculations
taking into account the calcium fluoride hemicylindrical
prism as a semi-infinite medium [with ϵCaF2ðωÞ taken from
Ref. [22]], the silver layer, the polymer film, as well as air
again as a semi-infinite medium. The dielectric function of
the polymer [ϵmðωÞ] used in the TRMA calculations is

obtained from the fitting procedure presented in Fig. 1(b).
For silver, the best agreement between the experiment and
theory is obtained using the dielectric function data of
Ref. [23], which can be well approximated by Drude’s
dielectric function

ϵpðωÞ ¼ ϵbp −
ω2
p

ωðωþ iΓpÞ
ð2Þ

in the relevant spectral range, with background contribution
ϵbp ¼ 3.7, ωp ¼ 9.2 eV the plasma frequency, and Γp ¼
26 meV the electron scattering rate. While at fixed α the
position of the ATR minima in theory agrees well with the
experimental data, the amplitude and width of the features
cannot be reproduced. However, when accounting for the
experimental angular spread of �1.75° in the TRMA
calculations [24], good agreement between the experiment
and theory is obtained [Fig. 2(b)]. The spectral width of
both branches is thus governed by the angular spread of the
excitation beam and not by the intrinsic decay rates.
Figure 3(a) depicts the observed ATR minima together

with numerically calculated dispersion curves. In a first
test, the experimental data are analyzed using the linear
dispersion theory of a metal and dielectric half-space
system [6]. Then, the complex energies of the upper (þ)
and lower (−) branch in resonance follow from

ω� ¼ ω0 −
i
2
ðγ þ γsppÞ �

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A − ðγ − γsppÞ2

q
ð3Þ

(b)(a)

FIG. 1. (a) Schematics of the ATR measurements in the
Kretschmann-Raether configuration using a calcium fluoride
hemicylindrical prism as the coupling medium. The in-plane
wave vector k ¼ ðω=cÞ ffiffiffiffiffiffiffiffiffiffi

ϵCaF2
p sin α is experimentally defined by

the angle of incidence α. (b) Transmission spectrum of a 1360-
nm-thick layer of PVMKon silicon in TM polarization (α ¼ 45°).
Full black curves: Experiment. Dashed red curves: TRMA
calculations. Inset 1: Enlargement of the transmission signal of
the stretch vibration of the carbonyl group. Inset 2: Repeating unit
of the PVMK polymer.

(b)(a)

FIG. 2. TM-polarized ATR spectra of a PVMK/silver hybrid
structure in the strong coupling regime. The silver and PVMK
layer thickness is 29 and 965 nm, respectively. (a) Experimental
spectra. (b) Corresponding TRMA calculations. The angle of
incidence changes for all curves from α ¼ 60° to 68° in steps of 2°
(bottom to top). UB, upper branch; LB, lower branch. Dashed
lines follow the ATR minima. The dotted line marks the
molecular resonance frequency ω0. For parameters used in the
TRMA computations, see the text.
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with ω0, A, and γ being again the molecular parameters of
Eq. (1) as well as γspp the dissipation rate of the uncoupled
SPP. If A < ðγ − γsppÞ2, the system is in the weak coupling
regime and only the dissipation is modified. A finite energy
splitting Δω ¼ ωþ − ω− in Eq. (3) is obtained if
A > ðγ − γsppÞ2, observable in the experiment if the split-
ting is larger than the spectral width of the branches, i.e.,
Δω > γ þ γspp. This gives the condition for the strong
coupling regime. While the splitting in resonance
(k ¼ 1.32 × 106 m−1) can be easily derived from the
ATR minima to be 13 meV, the spectral width of the

branches needs to be carefully interpreted to conclude on
the dissipation rate. First, as already stressed above, the
branches are substantially broadened by the angular spread
of the excitation beam. Second, since the spectra are
collected at fixed α, the features are further broadened
compared to fixed wave vector scans. And third, resonance
of the upper and lower branch is achieved at an angle of
α ≈ 60° and α ≈ 68° for the upper and lower branch,
respectively. Nevertheless, the spectral width of about
3 meV found on the bare experimental spectra is still
clearly smaller than the splitting. Avalue of Δω ¼ 17 meV
is derived when inserting the molecular parameters and the
estimated dissipation rate of the SPP (γspp ≈ 2 meV) into
Eq. (3), which is slightly larger than the experimental
result because of the finite molecular layer thickness of our
hybrid structure.
The above findings consistently evidence the strong

coupling of SPPs and molecular vibrations. In order to
understand the hybridization scenario in more detail, we
consider the dispersion relation of SPPs in our hybrid
structure. For two planar adjacent interfaces separated by
the distance d, the dispersion relation is provided by the
implicit expression [25]

ðβ0 þ β1Þðβ1 þ β2Þ þ ðβ0 − β1Þðβ1 − β2Þe−2q1d ¼ 0 ð4Þ

with βjðω; kÞ ¼ ϵjðωÞ=qjðω; kÞ, j ¼ 0, 1, 2, and ϵ0 ¼ 1 for
air and ϵ1ðωÞ ¼ ϵmðωÞ the dielectric function of the PVMK
film with thickness d, as well as ϵ2ðωÞ ¼ ϵpðωÞ the Drude
function of silver. The out-of-plane wave vector component
iqjðω; kÞ results from qjðω; kÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − ðω=cÞ2ϵjðωÞ

p
.

The observed ATR minima of the hybrid sample are
plotted in Fig. 3(a) together with the calculated dispersion
relation. All branches observed in the experiment are
reproduced by the numerical calculations. Far below the
molecular resonance frequency, the dispersion of the lower
branch is identical to that of the uncoupled SPP. When
approaching the molecular resonance, the dispersion curve
bends down and eventually ends up at ω0 for an infinitely
large in-plane wave vector. The upper branch evolves inside
the light cone and merges with the uncoupled SPP
dispersion for large in-plane wave vectors. For the present
molecular layer thickness d, the minimum energy splitting
between both branches is 13 meV. The hybridization
scenario is also evident from the dissipation rate (Imω)
of the branches depicted in Fig. 3(b). For small wave vector
values, the damping of the lower branch is identical to that
of the uncoupled SPP. But when Reω draws near ω0 the
admixture of a vibrational component manifests in an
increase of the dissipation rate, eventually coinciding with
the molecular damping for k → ∞. Imω of the upper
branch, on the other hand, is identical to γ at k ¼ 0. It
approaches quickly the dissipation rate of the SPP when the
wave vector is increased albeit a weak back bending

(b)

(a)

(c)

FIG. 3. Dispersion relation of a PVMK/silver hybrid structure
in the strong coupling regime (d ¼ 965 nm). UB, upper branch
(blue); LB, lower branch (red); middle branch (black). (a) Circles:
Experimental ATR minima. Full curves: Dispersion (Reω)
calculated with the molecular resonance [ϵ1ðωÞ ¼ ϵm]. Dashed
curve: Dispersion (Reω) calculated without the molecular
resonance [ϵ1ðωÞ ¼ ϵbm]. Dotted curves: Light line in air (black)
and PVMK (red). Inset: The configuration analyzed theoretically.
(b) The calculated dissipation rate (Imω). Full curve: With the
molecular resonance. Dashed curve: Without the molecular
resonance. Dotted line: The molecular dissipation rate. (c) Calcu-
lated penetration depths into air (1=Re q0). The dispersion
relation is calculated from Eq. (4).
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appearing when Reω crosses the air-light line. The field
penetration of the upper and lower branch into air remains
always finite for k > 0, demonstrating the evanescent
character of the hybrid species [Fig. 3(c)].
Figure 4 depicts the energy splitting as a function of the

PVMK layer thickness d. Because the number of exper-
imental data points is limited, we determined the splitting
after interpolating the dispersion points of the upper and
lower polariton branch. Again, the experimental data agree
well with the numerical calculations. The energy splitting
increases for thicker molecular films, but already at
d > 1000 nm saturation sets in and the splitting approaches
the value of a hybrid structure with an infinitely thick
molecular layer.
In conclusion, we have demonstrated the strong coupling

of SPPs and molecular vibrations. This new electromag-
netic and vibrational eigenstate is not only interesting from
a fundamental point of view but also of direct practical
relevance. It has been demonstrated that hybridization of
microcavity photons and excitons in organic compounds
offers the possibility to modify chemical reaction rates [26].
Recently, the same concept has been also applied to
molecular vibrations [27,28]. By coupling to SPPs instead
of microcavity photons, this approach can be transferred
into a large-area and geometrically simple setting. The
scenario is not restricted to the stretch vibration of the
carbonyl group, and any infrared active vibrational tran-
sition with a strong optical dipole moment could be
targeted. The modification of intramolecular relaxation
rates is also of immediate interest for optoelectronic
functionality. Moreover, vibrational energy, otherwise
localized on a single molecule or side group, can now

be coherently transported along the surface for triggering
electronic processes like exciton dissociation.
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