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ABSTRACT

We apply the recently developed plasmon hybridization method to nanoparticle dimers, providing a simple and intuitive description of how
the energy and excitation cross sections of dimer plasmons depend on nanoparticle separation. We show that the dimer plasmons can be
viewed as bonding and antibonding combinations, i.e., hybridization of the individual nanoparticle plasmons. The calculated plasmon energies
are compared with results from FDTD simulations.

The optical properties of metallic nanoparticles are a subject
of considerable experimental and theoretical interest.1-7

Much of this attention is stimulated by the possibilities of
using the large electromagnetic field enhancements associated
with the excitations of nanoparticle plasmons to increase the
cross section for spectroscopies such as Raman spectro-
scopy.8 Recent experiments have shown enhancements as
large as 10-14 orders of magnitude, enabling spectroscopic
detections of a single molecule.9-11

Nanoparticle dimers are of considerable importance in this
context because of the large electromagnetic field enhance-
ments that can occur at their junctions when the surface
plasmons are excited.12 While nanoparticle dimers may not
be the optimal structure for electromagnetic field enhance-
ments, they serve as a simple prototypical model system for
the study of the important physical factors underlying the
electromagnetic field enhancements. The two major factors
are believed to be the interaction of localized plasmons and
the interference of the electromagnetic fields generated by
these plasmons. The plasmonic properties of nanoparticle
dimers have recently been investigated using a variety of
methods.13-19 Despite these studies, there is a lack of physical
consensus of how the dimer plasmon modes depend on
interparticle separation. For instance, in the case of high
aspect ratio dimers, one study finds that the energy shifts of
the dimer dipolar plasmon energies can be accounted for by

a simple dipolar interaction,16 while another study finds shifts
that depend exponentially on the interparticle spacing.17

In this paper we apply the plasmon hybridization method
to investigate the nature of the plasmons of nanoparticle
dimers.2,20 We show that the dimer plasmons can be viewed
as bonding and antibonding combinations, i.e., hybridization
of the individual nanoparticle plasmons. For largeD, the
shifts of the dipolar dimer plasmons essentially follow the
interaction energy between two classical dipoles (1/D3). As
D becomes smaller, the shifts of the dipolar dimer plasmons
become much stronger and vary much faster, withD due to
the interaction and mixing with higher multipole oscillations.

In a recent paper, we have shown that calculating the
energies of plasmon resonances of complex metallic nano-
particles is equivalent to calculating the electromagnetic
interactions between plasmons of nanostructures of simpler
geometry.2 The plasmons of a complex nanoparticle result
from hybridization of the plasmons of the individual nano-
particles. The strength of the hybridization depends on the
geometry of the composite particle.

In the plasmon hybridization method, the conduction
electrons are modeled as a charged, incompressible liquid
sitting on top of a rigid, positive charge representing the ion
cores. The ion cores are treated within the jellium ap-
proximation, so the positive chargen0 is uniformly distributed
within the particle’s boundaries. This hydrodynamic limit is
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justified by the fact that ab initio and classical calculations
lead to the same plasmon energies for metallic nanoparticles
larger than a few nanometers.21 The plasmon modes are self-
sustained deformations of the electron liquid. Because the
liquid is incompressible, the only effect of such deformations
is the appearance of a surface charge. For a single solid
metallic sphere, the surface charge can be expressed as

whereYlm(Ω) is a spherical harmonic of the solid angleΩ.
The deformation amplitudesSlm represent the new degrees
of freedom.R is the radius of the sphere. The dynamics of
the deformations is described by the following Lagrangian:
20

where

is the solid sphere plasmon resonance and

is the bulk plasmon frequency. Dielectric effects coming
either from embedding media or polarization of the ion cores
can be included into the formalism.20 Since the objective of
this paper is to elucidate the nature of the plasmon resonances
in dimers, we neglect effects that do not change the
qualitative picture of the problem. However, we emphasize
that the plasmon hybridization method leads to accurate
values for the plasmon energies when dielectric effects are
taken into account.2,20

When the overall size of the system is significantly smaller
than the plasmon wavelength (D + 2R < λ/4), retardation
effects can be neglected. In this limit the dynamics of the
plasmons is determined by the instantaneous Coulomb
interaction between the surface charges

which is a function of the separation distanceD between
the centers of the spheres. If the polar axis is chosen along
the dimer axis and a real representation is adopted for the
spherical harmonics, the interaction is diagonal in azimuthal
quantum number,m. Consequently, the plasmon modes
corresponding to different values ofmdecouple. We simplify

the formalism by introducing the subscripti to denote the
noninteracting plasmon modes. In this notation,i refers to a
plasmon mode of energyωi with angular momentuml i on
the nanosphereNi of radiusRi. For a given azimuthal number
m, the Lagrangian becomes

The interactionVij
(m) is zero if i andj refer to the same sphere

and

otherwise. In the above expression, the integration is over
the surface of the particleNj. The interaction matrix is
symmetric, i.e.,Vij ) Vji. The geometry of the problem is
illustrated in Figure 1. The quantityXi is the distance between
the center of particleNi and a point on the surface of particle
Nj of polar angleθj. The quantityΘi is the corresponding
polar angle in the coordinate system of particleNi. We note
that the asymptotic form of the interaction between two
sphere plasmon modes of angular momentuml, l′ will vanish
asV ∝ D-(l+l′+1) or faster.

The Euler Lagrange equations result in an eigenvalue
problem of the form

where the matrixA is defined by
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2
∑
l,m

[Ṡlm
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Figure 1. Schematic picture illustrating the plasmon hybridization
in a nanoparticle dimer and the geometry of the problem. The
individual nanosphere plasmons on the two particles interact and
form bonding and antibonding dimer plasmons. In the dimer
geometry, nanosphere plasmons with a given angular momentum
l interact also with plasmons of different angular momentum on
the other particle. This interaction induces extra shifts of the dimer
plasmons at small separations. The figure illustrates this shift for
the l ) 1 derived dimer plasmons.
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The structure of the secular equation is entirely analogous
to the eigenvalue problem that describes how molecular
levels form from atomic orbitals. The matrix elementsVij

describes the coupling (hybridization) between the modesi
andj and results in separation dependent shifts of the dimer
plasmon levels. The hybridization picture is illustrated in
Figure 1. The relationship between dimer and individual
nanoparticle plasmons and the analogy with molecular orbital
theory has been suggested earlier,13 but is here derived using
a microscopic theory.

In the dimer calculations presented below, we consider
the nanospheres being made of the same metal, described
by an rs ) 3 andωB ) 9 eV. The calculations, which are
fully converged for the present dimer separations, include
sphere plasmons with angular momentum up tolmax ) 50.

In Figure 2a, we show the dimer plasmon energies as a
function of dimer separation for plasmon polarizations along
the dimer axis (m ) 0). At large separation, the plasmons
on the different nanoparticles interact only weakly and the
dimer plasmons are essentially bonding and an antibonding
combinations of the nanoparticle plasmons of the same
angular momentuml. In the following, we will use this
asymptotic notation also when referring to the dimer plas-
mons for small separations, although the dimer plasmons in
that case contain contributions from all angular momenta.

We now focus our attention on the lowest two dimer
plasmons (l ) 1) in Figure 2a. For large separations, the
splitting of the bonding and antibonding dimer plasmons is
symmetric. The splitting increases as their interaction
increases, i.e., as 1/D3. The bonding configuration corre-
sponds to the two dipole moments moving in phase (positive
parity of dipole moments, or symmetric electric fields), and
the antibonding configuration corresponds to the negative
parity of the dipoles (antisymmetric fields). Since the net
dipole moment of the negative parity (antisymmetric field)
plasmons is zero for identical spheres, they are not easily
excited by light and we will refer to them as dark plasmons
in contrast to the positive parity (symmetric) plasmons, which
will be referred to as bright (or luminous) plasmons. As the
dimer separation decreases, the splitting of thel ) 1
plasmons becomes asymmetric. It can be seen that the
symmetric plasmon shifts downward in energy much faster
than the antisymmetricl ) 1 mode shifts upward. The
antisymmetric plasmon shifts upward more slowly than
expected from the dipole interaction 1/D3. This overall non-
dipole-like red shift effect is caused by the interaction of
the l ) 1 nanosphere plasmons with higherl plasmons of
the other nanosphere. This interaction involves higher powers
of 1/D. Panel (b) of the figure shows them ) ( 1 plasmons,
i.e., polarization oriented perpendicular to the dimer axis.
The overall dependence of the dimer plasmon energies on
dimer separation is similar to them) 0 case. Since the dipole
coupling for perpendicular polarizations has opposite sign,
the assignment of dark and bright plasmons is reversed. The
bright (symmetric) plasmons form) ( 1 are the antibonding

combinations of individual nanosphere plasmons. Our cal-
culated dimer plasmon energies as a function of dimer
separation are in perfect agreement with the results obtained
using the full multipole calculations.22

In Figure 3, we show the calculated dimer plasmon
energies for a heterodimer as a function of dimer separation.
The radii of the nanospheres are 10 and 5 nm. In comparison
with Figure 1, there are significant differences in the behavior
with the separation. Since parity is broken, the dimer plasmon
energies exhibit avoided crossings, i.e., the dimer plasmon
modes repel each other. All dimer plasmons, both bonding
and antibonding, with|m| e 1 are bright (those with|m| )
2 are dark; not shown in Figure 3). As the dimer distance
changes through the avoided crossing, the symmetries of the
dimer plasmons are exchanged. The interactions are par-
ticularly strong when antibonding plasmons approach the
bonding dimer plasmons of higherl manifolds. The strong
hybridization between the differentl modes at small dimer
separations means that also the higherl dimer plasmons will
carry a finite dipole moment. Since both the bonding and
antibonding dimer plasmons will be dipole-active, we expect
the optical absorption spectra to display multiple peaks, or
a broad absorption line in the case of overlapping resonances.

We show in the following how plasmon hybridization can
be used to interpret the absorption spectra of dimers. For
this we calculate their optical properties using the finite
difference time domain (FDTD) method.23 The FDTD
method is fully retarded, but for the present small system,
the electromagnetic fields are nearly dipole-like and can

Aij
(m) ) ωi

2δij +
ωB

2

8π
(Vij

(m) + Vji
(m)) (8)

Figure 2. Calculated plasmon energies of a nanosphere dimer as
a function of interparticle separation. The radius of the spheres is
10 nm. The electron density of the nanospheres corresponds torS

) 3.0. Panel (a) is form ) 0 and (b) is form ) 1. The curves
represent the bonding and antibonding dimer plasmons deriving
from the individual nanosphere plasmons with increasing angular
momentuml. The lowest energy curves are the plasmons that
originate from thel ) 1 plasmons. The orientation of their dipole
moments is schematically indicated in the figures.
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mostly couple to the dipole moments of the plasmons. To
describe the dielectric function of the nanospheres, we use
a Drude dielectric function forrS ) 3. A damping of 0.5 eV
is introduced to improve the convergence of the calculations.
This simple model dielectric function is used to enable a
direct comparison with the results from the plasmon hybrid-
ization approach. For a more realistic modeling of the
electromagnetic properties of nanoparticles, one would use
experimentally measured dielectric functions.

The plasmon energies show up in the calculated extinction
spectra as pronounced absorption peaks. The plasmon
energies are obtained by fitting the peaks with Lorentzians.
The upper left panels in Figure 4 show a comparison of the
plasmon energies obtained from the FDTD simulations with
those obtained using the plasmon hybridization method
shown in Figure 2. The plasmon energies agree very well
for all separations considered. For the present small systems,
retardation effects are very small and the slight discrepancy
for the l ) 1 modes is caused by numerical errors in the
FDTD simulations.24 The upper right panel shows the
calculated extinction cross section form ) 0 at the four
distances indicated by arrows in the left panel. For the largest
separationD ) 40 nm, only one peak is visible in the
extinction cross section. This is the brightl ) 1 dimer
plasmon. ForD ) 27 nm, the extinction spectra show two
features: a pronounced dimerl ) 1 peak at around 4.8 eV
and weak shoulder from the dimerl ) 2 plasmon at around
5.4 eV. For the present small system, the excitation fields
are dipole-like and the dimerl ) 2 plasmon is excited only

because of its admixture of dipole-activel ) 1 plasmons.
At this relatively large separation, the hybridization is very
weak. For the intermediate distanceD ) 23 nm, where the
hybridization betweenl ) 1 andl ) 2 plasmons is larger,
the spectra show two distinct peaks, corresponding to the
dimer l ) 1 andl ) 2 plasmons. For the smallest separation
D ) 20.5 nm, the extinction spectra reveal three distinct
peaks corresponding to the dimerl ) 1, l ) 2, andl ) 3
plasmons. For this separation, these dimer plasmons are
strongly hybridized and all contain a sizable admixture of
dipole-activel ) 1 modes. The lower panel shows the results
for perpendicular polarization,m ) 1. Here the interaction
between the plasmons of different angular momentuml is
smaller, resulting in less hybridization. Only the bright
antibonding dimerl ) 1 plasmon is visible.

In Figure 5, we show the result of the FDTD calculation
for the heterodimer discussed in Figure 3. The organization
of this figure is similar to Figure 4. The calculated dimer
plasmon energies agree well with the results from the
plasmon hybridization approach. The extinction cross sec-

Figure 3. Calculated plasmon energies of a heterodimer as a
function of interparticle separation. The radii of the spheres are 10
nm and 5 nm. The electron density isrS ) 3.0. Panel (a) is form
) 0 and (b) is form ) 1. The curves represent the bonding and
antibonding dimer plasmons deriving from the individual nano-
sphere plasmons with increasing angular momentuml. The lowest
energy curves are the plasmons that originate from thel ) 1
plasmons. The orientation of their dipole moments are schematically
indicated in the figures.

Figure 4. FDTD calculations of plasmon energies and extinction
cross section spectraCext for nanosphere dimers of different
separationD. The nanospheres are the same as in Figure 2. The
upper panels refer to light polarized along the dimer axis (m ) 0)
and the lower panels are for perpendicular polarization (m ) ( 1).
The right panels show the extinction cross section for separations
D ) 20.5 (dashed line), 23 (dotted line), 27 (solid line), and 40
nm (dash-dotted line). The left panels show the plasmon energies
(energy of absorption peak maxima) as a function of dimer
separation. For comparison, we include the plasmon energies for
the three lowest bright plasmons (solid lines) obtained from the
plasmon hybridization approach. The arrows indicate the dimer
separations for which the extinction cross sections were calculated.
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tions are smaller for the heterodimer than for the homodimer
because the number of electrons in the system is smaller.
The upper panel shows the dimer plasmons for polarization
parallel to the dimer axism ) 0. For D ) 27 nm the
extinction spectra display two features, the bonding and
antibondingl ) 1 plasmons. The antibondingl ) 1 dimer
plasmon is visible for the heterodimer because it has a net
dipole moment. For the smallest separation, the two bonding
and antibondingl ) 1 and bondingl ) 2 dimer plasmons
are visible in the extinction cross section. The lower panel
shows the results for the perpendicular polarizationm ) (
1. For this polarization, the splitting of the bonding and
antibonding dimer plasmons is too small to be observed in
the calculated extinction cross section spectrum.

We have shown that the plasmon hybridization method
provides a detailed understanding of the energies and the
extinction cross sections of the plasmons in a nanosphere
dimer. The dimer plasmons can be viewed as bonding and

antibonding linear combinations of individual nanosphere
plasmons. As the dimer separation is decreased, individual
sphere plasmons with different angular momentum hybridize,
resulting in dimer plasmons with finite dipole moments.
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Figure 5. FDTD calculations of plasmon energies and extinction
cross section spectraCext for nanosphere heterodimers of different
separationD. The nanospheres are the same as in Figure 3. The
upper panels refer to light polarized along the dimer axis (m ) 0),
and the lower panels are for perpendicular polarization (m ) ( 1).
The right panels show the extinction cross section for separations
D ) 20.5 (dashed line), 23 (dotted line), and 27 nm (solid line).
The left panels show the plasmon energies (energy of absorption
peak maxima) as a function of dimer separation. For comparison,
we include the plasmon energies for the six lowest dimer plasmons
(solid lines) using the plasmon hybridization approach. The arrows
indicate the dimer separations for which the extinction cross section
were calculated.

Nano Lett., Vol. 4, No. 5, 2004 903


