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ABSTRACT: Plasmon coupling in plasmonic oligomers gives rise to many
unique optical properties including electromagnetically induced transparency
and Fano resonances. Controlling over the optical properties of plasmonic
oligomers requires a deep understanding of the physical mechanisms. Herein,
we first examine the near and far field optical properties of silver pentamer by
the coupled dipole approximation. It is shown that the Fano-like resonance in
the pentamer is analogous to the spectrum of a heterogeneous plasmonic
dimer. Therefore, we propose a subgroup decomposition method for
predicting the spectrum profiles of the oligomers. In the decomposition
procedure, the oligomer is divided into simple subgroups in terms of the
arrangement of nanoparticles and incident polarization, and the optical
response of the oligomer is determined by the coupling of the subgroups. We
further investigate its validity in strongly coupled plasmonic oligomers through the generalized multiparticle Mie solution. The
optical properties of the close-packed oligomers can also be easily modulated by means of the decomposition method, which
provides a flexible tool for the optimal design of plasmonic nanostructures.

■ INTRODUCTION

The optical properties of metal nanoparticles are dominated by
coherent oscillations of conduction band electrons, known as
localized surface plasmon resonance (LSPR).1−3 Oligomers of
plasmonic nanoparticles, consisting of metal nanoparticles that
interact via their near fields, have recently attracted much
attention due to their unique optical properties as well as their
remarkable potential in LSPR sensing.4 Moreover, the spectrum
profiles of plasmonic oligomers can be tuned directly by
changing the geometry and composition of individual nano-
particle, facilitating the study of the nature of electromagnetic
coupling.5−8

Because surface plasmons are well described as classical
oscillators, plasmonic oligomers are in essence systems of
coupled oscillators, supporting a wide range of phenomena
based on coupled oscillator physics including electromagneti-
cally induced transparency (EIT)9,10 and Fano resonance.11−13

Fano resonance originates from the spectral overlap of broad
superradiant (bright) and sharp subradiant (dark) resonance
modes.14 It can be induced by symmetry breaking due to the
mixing of the bright dipole plasmon mode with dark multipolar
plasmon modes.15,16 Because plasmonic coupling depends on
the relative phase of the constituent oscillators, Fano
resonances are highly sensitive to variations in geometry and
dielectric environment.17 Recently, plasmonic oligomers are
also found to exhibit Fano resonances. Unlike most of the other
plasmonic nanostructures, Fano resonance in oligomers is
generated by dipole plasmon modes with different oscillation

phases arising from various elements without the need to excite
multipolar plasmon modes.18,19 Such Fano resonances can be
viewed as the realization of EIT, which is equivalent to the case
of interference between two dressed states with closely spaced
resonant frequencies.17,20

Controlling over the optical properties of plasmonic
oligomers for specific applications requires a deep under-
standing of the physical mechanisms. Hentschel et al.4

examined the role of individual nanoparticles for the collective
behavior in plasmonic oligomers. Very recently, Rahmani et
al.21 proposed a recipe to tailor the spectral profile in plasmonic
oligomers. They demonstrated that the extinction spectra of
oligomers could be decoded into two individual contributions
from their subgroups. In this study, we show that the Fano-like
resonance in plasmonic oligomers is analogous to the EIT
phenomenon in detuned plasmonic heterodimers. Based on
this observation, we propose a two-step decomposition method
for estimating the radiative properties of plasmonic oligomers.
We first divide the oligomer into several subgroups, whose axes
are parallel to the incident electric polarization. The spectrum
of each subgroup is characterized by one-dimensional coupling
under longitudinal excitation. Subsequently, we fit the
subgroups to dipolar scatters by Drude model, thus, the
spectrum of the oligomer is determined by the coupling of the
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subgroups. By means of this method, it is flexible to predict and
control the resonance profile without the need of further
calculation. The validity of this method for strongly coupled
plasmonic nanostructures is also investigated by the generalized
multiparticle Mie (GMM) solution.

■ METHODOLOGY
In the coupled dipole approximation (CDA), the particles are
described as electric dipoles with electric polarizabilities αn.
Consider an ensemble of spherical particles with radii an located
at points rn, the electric dipole moments pn are induced by the
incident field on each particle and the fields scattered by all the
other particles, which can be expressed by the coupled dipole
equations22
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The dielectric responses of particles obey the Drude form
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where ωpn and γn are the plasma frequency and damping
frequency of nth particle. The polarizabilities of the nano-
spheres can be written as
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where ωfn = ωpn/(3)
1/2 is the Fröhlich frequency (LSPR

frequency of the nth sphere).
The induced electric dipole moments of each particle can be

obtained by solving the system of equations (eq 1), and the
total extinction cross section are calculated by
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For planar particle aggregates at normal incidence, the
incident field E0 on each particle has the same phase. Thus, the
extinction cross section of the aggregate is proportional to the
imaginary part of total dipole moment (pTot = Σpn).

■ RESULTS AND DISCUSSION

In what follows, we consider two heterogeneous plasmonic
particles (a1,a2), that is, detuned plasmonic heterodimers. The
LSPR frequencies of the plasmonic particles are equally
detuned from the central frequency ωf(1,2) = ω0 ± Δ, where
ω0 and Δ are the center and detuning frequency. The solution
to the system of coupled equations eq 1 for heterodimers can
be expressed as
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For dimer axis aligns perpendicular (transverse excitation)
and parallel (longitudinal excitation) to the electric polarization
axis, the dipole interaction functions G⊥ and G∥ are given by
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where d is the interparticle distance in terms of the center to
center spacing of particles. If the interparticle distance is much
smaller than the incident wavelength (kd → 0), we have the
following limiting relations: G⊥ → −1/d3, G∥ → −2/d3. For
frequency, ω = ω0 + δ close to the center frequency (δ ≪ ω0),
the imaginary part of the total dipole moment can be expressed
with the first-order approximation as
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Figure 1. Calculated extinction spectra of a heterogeneous dimer (a) and trimer (b) under transverse and longitudinal excitations by CDA. The
colors of the sphere indicate the type of the plasmonic particles.
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where A = a1
3, B = a2

3 (see detailed derivation in Supporting
Information).
Figure 1a shows the extinction spectra of a heterodimer

consisting of two plasmonic particles (a1 = a2 = 25 nm) with
interparticle spacing d = 75 nm. The center frequency, detuning
frequency and damping frequency are 2.75, 0.25, and 0.05 eV,
respectively. In all cases, the extinction spectra have two peaks
corresponding to the plasmon frequencies of each sphere, and
there is a minimum near the center frequency. The interaction
between particles leads to changes in the absolute maximum
values and deviations of resonance frequencies.
For transverse excitations, the spectrum changes very little

compared with the case of noninteracting dipoles (red line).
For longitudinal excitation, the plasmon coupling induces a
distinct red shift of the low-energy resonance and a blue shift of
the high-energy resonance. The suppression of extinction is
observed near the center frequency, which is related to the EIT
phenomenon.
The above results can be explained by eq 9 mathematically.

The two local maxima of Im[pTot] are at
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corresponding to the coupled plasmon peak frequency. The
interaction function G determines the plasmon resonance
shifts. Im[pTot] has a local minimum point at
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which indicates the extinction minimum frequency deviation to
the center frequency. The minimum frequency deviations for
transverse and longitudinal excitations are in opposite
directions due to the opposite signs of G⊥ and G∥.
For a detuned plasmonic heterotrimer, the extinction profile

is similar to that of the heterodimer (see Figure 1b). In fact, if
we ignore the coupling between the side particles, the
extinction of the heterotrimer can be determined by enlarging
the radius of particle A (a′ = 3(2a)1/2, see more details in
Supporting Information).

We now analyze the optical properties of a plasmonic
pentamer which consists of five silver nanoparticles (a = 25
nm) with gap size g = 25 nm. For these silver nanoparticles, the
quasistatic polarizability is not adjusted due to the retardation
effect (Figure S1), we characterize each nanoparticle by the
dynamic dipole polarizability which is the first order electric
term of the Mie coefficients.23 Figure 2a shows the optical
properties of the pentamer calculated by the dynamic CDA
method. The dielectric functions for silver are taken from the
data of Johnson and Christy.24 The extinction and scattering
spectra are characterized by two peaks separated by a
remarkable dip. Such a dip occurs due to the dipole moments
with different oscillation phases arising from various nano-
particles. The near field distributions at three specific
frequencies are plotted in Figure 2c, in which the white arrows
represent the dipole moment of the particle. At the low-energy
resonance frequency (I), all the nanoparticles are oscillating in
the same phase, indicating a superradiant plasmon mode. Only
the horizontal middle three particles of the pentamer are
excited, while the vertical outer two particles have very weak
dipole moments. At the dip resonance frequency (II), the
middle three particles and vertical outer two particles are both
excited featuring oppositely induced electric dipoles. The total
dipole moment is greatly reduced resulting in suppression of
scattering. At the high-energy resonance frequency (III), the
orientations of the dipole moments are similar to the case of
dip frequency. However, the dipole moment of the central
particle is very weak.
To explore the subgroup contribution to the pentamer

extinction, the extinctions of the middle trimer and outer
particles are plotted in Figure 2b, respectively. The LSPR
frequencies of the trimer and the individual particles are 3.28
and 3.41 eV, which are very close to the two spectral peaks of
the pentamer extinction. The deviation of the subgroup LSPR
frequencies from pentamer is analogous to the case of detuned
plasmonic heterodimers, which means that the extinction of the
pentamer can be approximated as the result of the coupling
between the trimer and vertical outer particles. Therefore, we fit
the trimer and single particle to dipolar scatters by Drude

Figure 2. (a) Extinction, scattering and absorption cross sections of a pentamer by dynamic CDA, the pentamer consists five silver nanoparticles (a =
25 nm) with gap size g = 25 nm. (b) Decomposition and dipolar fit of scattering spectrum for the pentamer. (c) Near field distributions at three
specific frequencies as marked in (a).
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model in terms of the spectral feature, and then calculate the
optical properties of the coupling dipolar scatters instead of the
pentamer (see more details in Supporting Information). The
dash line in Figure 2b shows the extinction spectrum of the
coupling dipolar scatters calculated by CDA method, which is
in good agreement with that of the pentamer.
Thus, we propose a two-step decomposition method for

estimating the radiative properties of plasmonic oligomers. The
first step is to divide the oligomer into subgroups in terms of
the incident electric polarization. The axis of each group is
parallel to the incident electric polarization. The spectrum of
each subgroup is characterized by one-dimensional coupling
under longitudinal excitation. Second, we fit the subgroups to
dipolar scatters in terms of the spectral features, and the optical
properties of the oligomers can be determined by the coupling
of the subgroups.
Our decomposition is different from the earlier work by

Rahmani et al.21 The coupling between subgroups is
unnegligible in our method. It should be pointed out the
coupling of subgroups is under a mixture of transverse and
longitudinal excitations (Figure S2). However, the coupling
strength is relatively weak, which means the longitudinal mode
of the subgroup dominates the optical response of the
oligomer.
Next, we examine the validity of the decomposition in

strongly coupled plasmonic oligomers by GMM method, which
is an analytical solution of scattering by an ensemble of
nonoverlapping spheres with arbitrary position and size.25,26

Figure 3a shows the calculated spectra of a silver heptamer with
gap size of 10 nm, the dashed line corresponds to the results of
the dynamic CDA method. There is a significant difference
between the results of the two methods due to the absence of
higher order multipoles within CDA. For a single silver
nanoparticle (a = 25 nm), multipoles are negligible with respect
to dipolar one. In close-packed oligomers, multipolar plasmon
modes can be excited by strong near-field coupling, resulting in
the red shifts of the resonances. Both absorption spectra show a
peak at the corresponding scattering dip, which appears for a
plasmonic Fano resonance in large nanoclusters. However, the
decomposition method still works well, as shown in Figure 3b.
The shifts of the resonance frequencies are more remarkable
due to the strong coupling between the subgroups.
Finally, we show the flexibility of the decomposition method

for controlling the plasmon coupling (see Figure 4). We change
the gap size of the middle trimer gt to 5 nm. The decreasing
separation results in a red shift of the dipolar plasmon
resonances of the timer. As a result, the low-energy resonance

and Fano dip frequencies of the heptamer have a red shift (red
line). However, the high-energy resonance changes very little.
In the same manner, we can change the high-energy resonance
by changing the gap size of the dimer gd of the dimers (blue
line).

■ CONCLUSION
In summary, we propose a decomposition method for
estimating the radiative properties of plasmonic oligomers.
We demonstrate that the Fano-like resonance in plasmonic
oligomers results from the interaction between detuned dipolar
scatters with different resonant frequencies. We show that
spectrum profiles of the oligomers are determined by the
coupling of the subgroups in terms of the arrangement of
nanoparticles and incident polarization. In this manner, one can
easily control the behaviors of the plasmonic coupling in
oligomers. Although this method is developed within the CDA
approach ignoring the higher order multipoles, the further
calculations by GMM theory indicate that it is also applicable
for strongly coupled plasmon oligomers. We expect that this
study can help to understand the optical properties of the
complex plasmonic nanostructures, and provide a flexible
method for the optimal design of plasmonic nanostructures for
specific applications.

■ ASSOCIATED CONTENT
*S Supporting Information
Derivation of the total dipole moments of detuned plasmonic
heterodimers, derivation of the effective radius for the
plasmonic trimer, comparison of the optical cross sections
calculated by CDA and GMM for silver pentamer, decom-

Figure 3. (a) Scattering and absorption cross sections of a heptamer consisting of seven silver nanoparticles (a = 25 nm) with gap size d = 10 nm,
the solid and dashed lines correspond to the results of dynamic CDA and GMM theory, respectively. (b) Decomposition of scattering spectrum for
the heptamer.

Figure 4. Tuning of plasmon resonance of silver heptamer. The
dashed line corresponds to the scattering cross section of the heptamer
with gap size of 10 nm.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp4004054 | J. Phys. Chem. C 2013, 117, 11713−1171711716



position details, and parameters for the silver pentamer. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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