
MULTIPLE PARTICLE SCATTERING APPROACH APPLIED TO COUPLING EFFECTS IN
PLASMONIC AGGREGATES: FROM HYBRID DIMER MODES TO QUADRUMER FANO

RESONANCES

Saïd BAKHTI1, Nathalie DESTOUCHES1 and Alexandre TISHCHENKO1,*

1 Université de Lyon, F-42023 Saint-Etienne, France; CNRS, UMR 5516, Laboratoire Hubert
Curien, Université Jean-Monnet, 18 rue Pr. Lauras F-42000 Saint-Etienne

*Corresponding author: alexandre.tishchenko@univ-st-etienne.fr

Abstract
The extension of the T-Matrix method to multiple

particle systems is used together with an efficient
numerical resonance extractor to study the coupling effects
in interacting metal particles. In small dimers, identic
particles exhibit only parallel and perpendicular (with
respect to the dimer axis) symmetric dipolar modes,
whereas asymmetric modes can be excited by breaking the
system symmetry, e.g. when considering different particle
sizes. Combining two dimers brings up Fano resonances
resulting from destructive interferences between dimer
hybrid modes. Tuning such asymmetric line profile is
achieved by tuning hybrid modes of each dimer taken
separately.

1 Introduction
Metal nanoparticles (NPs) are well known for their

particular optical properties. Under optical excitation, such
particles exhibit localized surface plasmon resonances
(LSPRs) due to collective oscillations of free electrons and
characterized by an enhancement of both radiative
(scattering) and non-radiative (absorption) particle
response [1]. In the case of noble metals, LSPRs occur in
the visible spectrum with a strong dependence on the
particle morphology and distribution in its spectral
response. In particular, coupling effects in interacting
particles are well suited to tune the resonance position
over a broad spectral domain. Fano resonances occurring
in specific nanostructures [2], like particle oligomers,
appear as a promising way to control the spectral behavior
of plasmonic devices. Such resonances appear as an
asymmetric spectral line shape in the system optical
response and are physically related to destructive
interferences between broad and narrow resonances.

We report in this work a numerical investigation of
coupling effects in dimers and characterization of the Fano
resonances in quadrumers as resulting of interacting dimer
modes. We use the rigorous solution of multiple particle
scattering based on the T-Matrix approach [3, 4] to model
the optical response of metal NPs, combined with an
accurate pole finding algorithm [5] to extract the resonance
characteristics and study the plasmon coupled modes.

2 Numerical methods

2.1 Multiple particle scattering
The multiple particle scattering problem (Figure 1) is

solved using the T-Matrix approach extended to an
ensemble of particles. All electromagnetic fields, i.e.
incident and scattered by each particle, are expanded into
infinite series in the basis of weighted vector spherical
wave functions. The problem is formally solved by
applying, for each particle, the T-Matrix operator on the
total incident wave on this particle (including the incident
field and the fields scattered by the other particles). The
interaction equations are then expressed as:
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where if and ia are expansion coefficient vectors

respectively related to the field scattered by the ith particle
and to the incident wave centered on this particle. iT , the

ith particle T-Matrix, is founded by applying the boundary

conditions on the particle surface. ijH is the translation
matrix which transforms the scattered expansion
coefficient from the jth particle’s coordinate system center
to the ith one.

Figure 1 Geometry of the multiple particle scattering
problem.
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2.2 Extraction of resonance characteristics
When considering metal particles, plasmon resonances

occur in form of different spectral resonance bands related
to different modes. We propose an efficient method to
extract the resonance characteristics of each excited
resonant mode. The key idea of our approach, based on
precedent studies [5, 6], is an analytical representation of
the particle response (in our case the complex-valued
extinction cross section) as a singular function of the
pulsation with J poles corresponding to the J resonances in
the particle response:
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Each pole, i.e. resonance, is spectrally characterized by
complex pulsation j whose real part corresponds to the

spectral position and imaginary part to the bandwidth.
An efficient algorithm [7] is used to compute the

complex pulsation of each mode by filtering the regular
part of Eq. (2). This is done by discretizing the particle
response in function of the pulsation, and by applying the
Newton’s divided differences to perform a numerical
derivation of Eq. (2) in order to nullify the regular part and
to find the resonance characteristics. The number of
discretization points determines the derivation order and
in practice, only few points (about five per mode) are
needed to obtain accurate results.

3 Results

3.1 Hybrid modes on sphere dimers
We consider first silver sphere dimers embedded in

glass (n = 1.5). In the case of similar particles (e.g. 5 nm in
radius), a split of dipolar resonance into parallel and
perpendicular (respective to the dimer axis) modes occurs
(Figure 1). These two modes correspond to a symmetric
polarization of the spheres. The parallel mode is strongly
red-shifted when the inter-particle distance decreases,
whereas the perpendicular mode is slightly blue-shifted.
This behavior can be physically related to energetically
favorable (parallel mode case) and unfavorable
(perpendicular case) coupled dipoles.

When breaking the dimer symmetry, i.e. by considering
different sphere sizes, different polarization configurations
appear for each mode (Fig. 3). For the parallel mode (Fig.
3a) symmetric (favorable) and anti-symmetric
(unfavorable) configurations are red- and blue-shifted,
respectively. In the case of the perpendicular mode (Fig.
3b), the situation is reversed and the anti-symmetric
configuration is red-shifted.

This behavior observed using rigorous computations is
consistent with the hybridization theory for plasmon
modes developed by Nordlander et al. [8].

Figure 2 Split of dipolar mode in the case of two similar silver
spheres (5 nm in radius) versus inter-particle distance, with field
distribution of these modes.

Figure 3 Resonance positions and field mapping of the different
polarization configurations for the dipolar (a) parallel and (b)
perpendicular modes in a heterodimer system (spheres of 5 nm
and 10 nm in radius).

3.2 Fano resonances on quadrumers
We consider next silver sphere quadrumers as a

combination of horizontal and vertical dimers, with the
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configuration given in Figure 4 and illuminated with an
incident polarization along the horizontal dimer. The
destructive interferences between the perpendicular mode
of vertical dimer and the parallel mode of horizontal dimer
form a Fano resonance in the extinction spectra. Since the
resonance position of horizontal dimer involved is
sensitive to the particle separation, this last parameter can
be used to tune the position of Fano resonance. As an
example, Figure 4 shows the red-shift of the Fano
resonance with the decrease of horizontal dimer particle
gap.

Figure 4 Extinction spectra of silver quadrumers, with the given
configuration, depending on the gap between the two small
particles. The dashed line indicates the evolution of Fano
resonance position.
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