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We report on the resonant coupling between localized surface plasmon resonances �LSPRs� in nanostruc-
tured Ag films and an adsorbed monolayer of Rhodamine 6G dye. Hybridization of the plasmons and molecu-
lar excitons creates new coupled polaritonic modes, which have been tuned by varying the LSPR wavelength.
The resulting polariton dispersion curve shows an anticrossing behavior which is very well fit by a simple
coupled-oscillator Hamiltonian, giving a giant Rabi-splitting energy of �400 meV. The strength of this cou-
pling is shown to be proportional to the square root of the molecular density. The Raman spectra of R6G on
these films show an enhancement of many orders of magnitude due to surface enhanced scattering mecha-
nisms; we find a maximum signal when a polariton mode lies in the middle of the Stokes shifted emission
band.
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There is currently considerable interest in the interaction
between excitonic and photonic states as a means of modi-
fying the photophysical properties of a system. Potential
novel applications include lasers,1 optical switches,2 and
sensors.3 In microcavities, mixing of exciton and photon
modes leads to the formation of new polaritonic states and
has been observed in both organic4–6 and inorganic systems.7

More recently, coupling has been observed between exci-
tonic and plasmonic states for semiconductor
heterostructures.8,9 Localized plasmons are the subject of
many current investigations as they can dramatically alter the
optical properties of a locally situated molecule: enhance-
ment and confinement of the excitation field have important
consequences in surface enhanced Raman scattering
�SERS�.10 Furthermore, localized surface plasmon reso-
nances �LSPRs� can be engineered to produce large modifi-
cations in fluorescence intensity and lifetime.11–14 Due to
this, the interaction between localized plasmon modes and
excitonic states has been studied recently for a variety of
nanostructured systems: these include nanoparticles,15,16

nanorods,17 nanovoids,18 and subwavelength hole arrays.19

For all these systems, strong coupling is manifested as an
anticrossing behavior in the dispersion curve of the plasmon
mode at the energy of the uncoupled exciton mode, indicat-
ing the formation of a hybridized exciton-plasmon polariton
state; the resulting mode splitting is determined by the cou-
pling strength of the two systems.

In this work, we report on the resonant coupling between
LSPRs in nanostructured silver films �NSFs�, and two differ-
ent excitonic states in an adsorbed dye, and we demonstrate
the importance of this mechanism for SERS. The coupling
strength was tuned by varying the LSPR wavelength from
450 to 750 nm; the resulting exciton-plasmon polariton peak
positions are very well fit by a three-coupled-oscillator
Hamiltonian, which gives a Rabi-splitting energy compa-
rable to the largest values reported to date. Raman spectra
have been taken for each film at two different wavelengths,
and in both cases we find a maximum signal enhancement
when the middle of the Stokes shifted emission band is reso-
nant with a polariton mode rather than the plasmonic or mo-
lecular absorption peak.

Glass coverslips were cleaned in an acid piranha solution
�3:1 H2SO4 /H2O2� for 60 min and then rinsed thoroughly
in deionized water. NSFs were prepared by thermal deposi-
tion of Ag �99.99% purity� in a vacuum chamber at
10−6 Torr: on one coverslip the nominal thickness of silver
deposited was varied from 1–12 nm, in 1 nm increments, as
measured with a quartz-crystal oscillator. The films were
characterized using atomic force microscopy �Veeco Ex-
plorer�: all of the films have an irregular nanostructured sur-
face, with the average particle size increasing with nominal
thickness �see supplementary information20 and Ref. 21 for a
more detailed analysis�. Extinction spectra �Perkin Elmer
UV900� were taken for each NSF, and are shown unscaled in
Fig. 1�a�. For the films studied here, the position of the LSPR
will depend on the size, shape, and density of the Ag par-
ticles; we find that the LSPR position increases approxi-
mately linearly with nominal film thickness, as shown in the
inset of Fig. 1�a�. R6G dye was deposited onto all the films
simultaneously by vacuum sublimation to produce a uniform
coverage of approximately monolayer thickness. Extinction
spectra were acquired again for each film and for the R6G on
bare glass; these are shown in Fig. 1�b�. The R6G on glass
spectrum can be deconvolved into two distinct peaks at 555
and 512 nm, which are assigned to monomer and H-dimer
excitons, respectively.15,22 For the molecular densities inves-
tigated here, there is no evidence of J-dimer formation. Com-
paring Figs. 1�a� and 1�b�, we see a clear modification in the
absorption of the combined system which cannot be ac-
counted for with a simple combination of the constituent
absorbers.23 This is due to strong coupling of the molecular
and plasmonic states, resulting in the formation of hybridized
exciton-plasmon polariton modes. The inset in Fig. 1�b�
shows clearly that there are three polariton peaks which red-
shift with increasing film thickness.

Figure 2 shows the position of the peaks in Fig. 1�b�
plotted against the bare LSPR position for each correspond-
ing film thickness; the dashed and dotted lines are the plas-
mon and exciton positions, respectively. The data show a
clear anticrossing behavior at the energies of both excitons.
To better understand the coupling mechanism, the polariton
dispersions were calculated using a simplified coupled oscil-
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lator model:8,24 we consider a physical system with Hamil-
tonian H0 and eigenstates �p�, �m�, and �d� associated with the
plasmon resonance and the R6G monomer and dimer exci-
tons, respectively. The corresponding eigenvalues of the sys-
tem are Ep, Em, and Ed, respectively. We assume that both
excitonic eigenstates have an equal time-independent cou-
pling � to the plasmonic eigenstate, and we ignore any ho-
mogeneous broadening effects; hence, the Hamiltonian can
be rewritten as H=H0+�. This gives

H = �Ep� � �

� Em� 0

� 0 Ed�
� , �1�

where Ep�, Em� , and Ed� are the uncoupled eigenvalues modi-
fied due to a change in the dielectric environment. For the
molecular states, this change in energy only depends on the
geometry of the interface rather than the material properties
of the substrate itself;24 hence, we have taken Em� and Ed�
directly from the peak fits of R6G on glass in Fig. 1�b�. The

eigenvalues of Eq. �1� were obtained numerically by assum-
ing that Ep��Ep �Ref. 24� and have been fitted to the data in
Fig. 2 by varying only �. We find excellent agreement with
the experimental results over the whole range of wave-
lengths, with a coupling strength of 190 meV corresponding
to a Rabi splitting of 2�=380 meV. This giant splitting is
comparable to those reported for organic microcavities;5,6 it
originates from the high oscillator strength of the dye and
also the large local-field amplitudes generated by surface
plasmons.19 In our case the plasmons are localized in indi-
vidual Ag nanoparticles of the NSF, which will generate a
much higher local-field intensity than at the surface of a
smooth film.25

The Rabi splitting 2� is expected to vary approximately
as the square root of the molecular absorption.4,19,26 To verify
this, a uniform nominal 3 nm NSF was covered with increas-
ing amounts of R6G; the resulting extinction spectra are
shown in Fig. 3. For each level of coverage, the Rabi split-
ting was calculated from the polariton peak positions using
the solutions of Eq. �1�, and the integrated extinction was
measured for the R6G on bare glass. The inset in Fig. 3
shows that there is very good agreement with the predicted
square-root dependence. For a system of isolated nanopar-
ticles, the spatial extent of the LSPR field is of the order of
the dimensions of the nanoparticles; thus, for low coverages,
increasing the density of absorbers increases the number of
molecules which can couple to each LSPR. The deviation
observed at the highest molecular densities is probably due
to saturation of electromagnetic “hotspots” on the NSF
above a surface coverage of approximately 1 ML.

The principal requirement to observe strong coupling is
that the linewidths of both the excitons and plasmon must be
less than the Rabi-splitting energy.26 For the NSFs investi-
gated here, the measured LSPR linewidth will be mainly due
to the inhomogeneous size and shape distributions of con-
stituent nanoparticles. However, we assume that interactions
with the covering molecules will be dominated by those
nanoparticle in the peak of the distribution, with each indi-

FIG. 1. �Color online� �a� Extinction spectra from bare NSFs of
increasing thickness. Inset: LSPR position vs nominal film thick-
nesses. The solid line is a linear fit. �b� Corresponding extinction
spectra after deposition of Rhodamine 6G �R6G� on the films. The
short wavelength region is enlarged in the inset showing the middle
polariton mode �arrow�. The bottom spectrum is R6G on glass with
Gaussian fits indicating monomer �m� and dimer �d� formations.

FIG. 2. �Color online� Position of the peaks in Fig. 1�b� plotted
against the corresponding bare LSPR position �black symbols�.
Also shown are the R6G exciton peaks �dotted green� and the po-
lariton dispersion curves calculated from Eq. �1� �solid red�.
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vidual nanoparticle having an intrinsic linewidth much
smaller than that measured.27 For the R6G, the peak fits in
Fig. 1�b� give linewidths of �160 meV, which is consistent
with the minimum value of the Rabi splitting in which strong
coupling is observed in Fig. 3.

To investigate further the effects of mode hybridization in
the NSFs, spatially averaged Raman spectra were acquired
�Renishaw 1000 microscope� for R6G on the varying thick-
ness films described above. Excitation was at 514 �22� and
647 nm �138 �W� with a 20� objective lens �Leica, 0.4
NA�. Background-subtracted spectra from selected films are
shown in Fig. 4�a� for 647 nm excitation �60 s acquisition�.20

No Raman signal was detectable from the R6G deposited
directly onto glass. All films show a large enhancement in
the R6G Raman signal due to SERS,28,29 with a strong de-
pendence on nominal thickness and hence LSPR position.
For each film, Fig. 4�b� shows the integrated intensity of the
Raman peaks at �1350 cm−1 as a function of the corre-
sponding bare LSPR position for both excitation wave-
lengths. Using the total integrated intensity between
1000–1700 cm−1 gives a similar trend. For 514 nm excita-
tion, a maximum enhancement occurs for the 5 nm film with
an LSPR at 550 nm, whereas for 647 nm excitation, the
largest signal is from the 8 nm film with an LSPR at 620 nm.

In a weakly coupled system, the dominant SERS enhance-
ment mechanism is usually amplification of the incident and
scattered electric fields due to, e.g., localized plasmons; the
greatest enhancement has been found to occur when there is
a maximum overlap between the bare plasmon and both laser
and Raman lines.30,31 The dashed line in Fig. 4�b� shows that
this would occur for the 4 and 10 nm films with 514 and 647
nm excitation, respectively. When compared with the polar-
iton peak positions in Fig. 2, Fig. 4�b� shows that in a
strongly coupled system the largest SERS signal is produced
when the polariton mode is halfway between the incident
laser and the Raman emission line. There is a thirtyfold
change in SERS signal for 647 nm excitation as the upper

polariton mode crosses the Raman enhancement region rap-
idly with LSPR tuning. In contrast, for 514 nm excitation
there is only a twofold change in SERS signal over the whole
wavelength range as the central polariton mode varies little
with tuning. A similar analysis of a 450 cm−1 Raman peak
close to the 647 nm excitation line gives a maximum signal
for the 7 nm film �LSPR is �600 nm�; this is consistent with
the above interpretation as the upper polariton mode is clos-
est to the laser line for this film.

In addition to the electromagnetic enhancement mecha-
nism, SERS effects are also caused by a chemical
enhancement.29,32 This mechanism has been attributed to
charge transfer between the metal and molecular orbitals and
arises from a mixing of the molecular and metallic states;
this can result in an additional �102 increase in scattering
signal. In a strongly coupled system with a mesoscopic plas-
monic nanostructure, such as we observe here, the two
mechanisms are essentially indistinguishable:33 this is mani-

FIG. 3. �Color online� Extinction spectra from a 3 nm Ag film
with increasing coverage of R6G, as indicated by the arrow. Inset:
corresponding Rabi splitting 2�, calculated from Eq. �1�, as a func-
tion of the square root of the integrated R6G extinction on glass
�arbitrary units�. The dashed line is a guide to the eyes.

FIG. 4. �Color online� �a� Raman spectra from R6G on NSFs of
increasing thickness �647 nm excitation�. �b� Left axis: integrated
Raman intensity from the NSFs as a function of the bare plasmon
peak position. Excitation was at 514 �green circles� and 647 nm �red
squares�. Lines are guides to the eyes. Right axis: polariton peak
positions from Fig. 2 �solid black lines� and bare LSPR position
�dashed blue line�. The shaded areas correspond to the wavelength
range between the incident laser and Raman peaks at 1350 cm−1.
Maximum SERS enhancement occurs when a polariton mode is in
the middle of this range �dotted lines�.
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fested as a resonant Raman enhancement at the wavelength
of the coupled exciton-plasmon polariton mode rather than at
the molecular or LSPR absorption maximum. The nature of
the different enhancement mechanisms in SERS is still the
subject of many investigations; thus, these experimental re-
sults are of particular importance in the development of a
general microscopic theory for SERS.

In conclusion, nanostructured silver films have been fab-
ricated in which the plasmon resonance can be easily tuned
by varying the nominal film thickness. We have shown that
strong coupling occurs between localized surface plasmons

and molecular excitonic states in an adsorbed dye. The dis-
persion of the resulting exciton-plasmon polaritonic states is
in excellent agreement with a coupled-oscillator model
which gives a giant Rabi splitting of �400 meV. We have
verified that the coupling strength depends on the square root
of the density of the absorber. SERS spectra indicate that in
a strongly coupled system the greatest signal enhancement
occurs when a hybridized polariton mode lies midway be-
tween the laser excitation and the Raman emission lines.
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