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Electrodynamics study of plasmonic bonding and antibonding forces in a bisphere
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Light excitation of surface plasmons in metallic nanoparticle clusters can induce huge forces. We study such
forces by using an electrodynamics approach, which fully incorporates the retardation effect. As two particles
approach each other, the single-particle plasmons hybridize and split into attractive bonding modes and repul-
sive antibonding modes, which eventually evolve into an attractive band and a repulsive band. At an intensity
of about 0.05 W/ ,u,mz, the force can reach nano-Newtons and, hence, can dominate over other relevant

interactions.
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I. INTRODUCTION

Light can exert significant optical forces on small par-
ticles, in particular, metallic nanoparticles.'~® This paper in-
vestigates the laser induced optical forces of metallic nano-
particle clusters when their localized surface plasmons (SPs)
are excited. Such forces are important because they may af-
fect the signal of surface enhanced Raman spectroscopy'®!!
or promote controllable aggregation of nanoparticles.!>!
Two recent papers also studied such forces by using the qua-
sistatic approximation (QSA),'>!* but in this paper, we go
beyond QSA and employ electrodynamics. The electrody-
namics calculation incorporates the retardation effect and is
thus more accurate.'> We found that the light-induced force
calculated by electrodynamics can be interpreted by using
QSA, but that the magnitude is smaller than those predicted
by QSA, and electrodynamics are also able to “see” the
forces induced by the “dark modes” that are also very strong.
For a pair of 30 nm radius nanospheres at a high light inten-
sity and at a particle separation of less than several nanom-
eters, these resonant forces are quite large. They completely
dominate over other relevant forces, including the van der
Waals attraction.

We will see that the graph of surface plasmon frequency
versus particle separation can serve as a road map that helps
to explore the properties of the SP induced optical forces.
The decrease in particle separation induces hybridization, in
which the single-sphere SPs are split into attractive bonding
modes and repulsive antibonding modes. Moreover, as a con-
sequence of the strong interaction between the SPs at small
particle separations, the attractive (repulsive) modes are sig-
nificantly forced to shift downward (upward) in frequency,
resulting in the formation of a low frequency attractive (high
frequency repulsive) band. This is true irrespective of the
polarizations, the number of particles, and the particle shape.
As a result, low frequency laser illumination will induce
strong attraction, which promotes particle clustering, and
high frequency illumination will induce strong repulsion,
which prevents particle aggregation.

II. METHODOLOGY

In our theoretical treatment, we employed the previously
developed multiple scattering and Maxwell stress tensor
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(MS-MST) formalism (also known as the generalized
Lorenz-Mie theory for multi-sphere).!®!7 For nontouching
spheres, the MS-MST formalism is highly accurate and rig-
orous. It takes the full electrodynamics effect into account
without making approximations.'® Unless otherwise stated,
we use a Drude model for the dielectric function, which is a
fitting of the experimental data of bulk silver,'”

ew) =&, - (&, - ) o[ w(w+i7)], (1)

where €,=5.45, €,=6.18, a)p=l.72><1016 rad/s, y=vp/l,
vp=1.38X 10° m/s, and /=52 nm. We shall consider a pair
of nanospheres depicted in Fig. 1(c), and we focus on the
optical binding force?® (Fz=F,—F,, where F; is the force on
the ith sphere) that acts to attract or repel the particles from
each other,'%?! with the convention that a positive value of
the force indicates repulsion. Following Ref. 12, we assume
an incident intensity of /,=0.05 W/um?, which can be
achieved, for instance, with a focused beam. We note that the
optical forces linearly scale with the incident intensity.
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FIG. 1. (Color online) The dimer plasmon frequency (for [
=1-4) versus interparticle separation for a pair of nanospheres as
depicted in (c). (a) Electric field polarization perpendicular to the
bisphere axis, i.e., m==*1 (m=1 and m=-1 are degenerate). The
bonding branch and the antibonding branch for /=1 are marked in
the figure. The single-sphere plasmon frequency is marked on the
right axis. (b) Polarization parallel to the bisphere axis, i.e., m=0.
(c) An illustration of the geometry under consideration.
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III. RESULT
A. Physical picture based on quasistatic approximation

The natural electromagnetic modes of a metallic nano-
sphere are its SP modes. When a pair of such nanospheres is
within the proximity of each other, owing to the strong in-
teraction, their SP modes will hybridize in a process analo-
gous to the hybridization of atomic orbitals in real
molecules.”??* The hybridization and splitting of plasmonic
modes are illustrated in Figs. 1(a) and 1(b) for perpendicular
(m==1) and parallel (m=0) polarizations, respectively.
Here, perpendicular and parallel are relative to the bisphere
axis. For a qualitative understanding of the problem, we used
QSA with y=0 in Eq. (1) to calculate the SP frequencies in
Fig. 1. The details of the method can be found, for example,
in Ref. 24. If we use electrodynamics, the SP frequencies are
complex numbers that are difficult to display and interpret.
We have included modes of order up to /,,,,=50 to ensure
convergence for the modes plotted in Fig. 1. Such QSA cal-
culation is not quantitatively correct, but it could provide
useful insights. The SP frequencies of a single isolated nano-
sphere are marked on the right axis of Fig. 1(a). As the nano-
spheres approach each other, their modes start to weakly in-
teract, and the single-sphere SP modes hybridize and split
into a bonding mode and an antibonding mode, with the
bonding mode at a lower frequency and the antibonding
mode at a higher frequency. The bonding mode and the an-
tibonding mode associated with /=1 are labeled in Fig. 1(a).
A bonding mode is characterized by having an antisymmetri-
cal field pattern upon reflection from a plane perpendicular to
the bisphere axis, while an antibonding mode has a sym-
metrical field pattern.

Figure 1 can help us qualitatively understand the SP in-
duced optical forces. If we assume that the total electromag-
netic energy is dominated by one resonance mode, it can be
shown that the resonant optical force due to that mode may
be expressed as

ldw dw
by SOt

FBx_ - 9
wdD dD

(2)
where U is the total electromagnetic field energy and w is the
frequency of the mode.?> We see from Fig. 1 that the bonding
modes and antibonding modes have positive (dw/dD>0)
and negative (dw/dD < 0) definite slopes, respectively; con-
sequently, they must, respectively, induce attraction and re-
pulsion according to Eq. (2). Moreover, since the force is
proportional to the negative of the slope, the bonding mode
induced attraction is greater than the antibonding mode in-
duced repulsion in general, owing to the steeper slopes of the
bonding modes.

There are three physically distinct frequency regimes: the
interval A=[w,_;, w,_...], the frequency regime below A, and
the frequency regime above A. Here, w.;=3.55 eV and
w,_»=3.81 eV are, respectively, the lowest and highest
resonance frequencies for a single sphere. The frequency in-
terval below A forms an attractive band and the frequency
interval above A forms a repulsive band, whereas both light-

induced attraction and repulsion are possible for the interval
A.
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In the limit D — <o, the bisphere modes are just the single-
sphere modes, and hence their resonance frequencies fall in-
side A. As D decreases, the bisphere resonance frequencies
no longer fall inside A. We see from Fig. 1 that the coupling
of the modes in the spheres will split each mode into a bond-
ing and antibonding mode pair. The bonding mode has a
lower frequency and the antibonding mode has a higher fre-
quency. When the spheres are close together, the bonding
modes will have a lower frequency than the minimum fre-
quency of the interval A, and when these modes are excited,
they can only give rise to attractive forces. If we apply ex-
ternal light with frequencies below the minimum frequency
of the interval A, we can only excite the bonding modes, and
thus the light-induced force must be attractive within a QSA
picture. The converse is true for the antibonding modes.
When the spheres are close apart, they are squeezed to higher
frequencies, which can be higher than the maximum of the
interval A. External light with frequencies above the maxi-
mum of the interval A will only excite these antibonding
modes, and the induce forces are definitely repulsive within a
QSA picture.

We see from Fig. 1 that inside the frequency interval A,
we can find both bonding modes and antibonding modes. For
an incident laser with frequency inside A, these modes can
be excited and thus both attractive and repulsive light-
induced forces can be observed in that frequency interval. In
this domain, it is possible that a pair of particles can be
trapped by a bonding mode and an antibonding mode if the
resonant separation of the bonding mode is slightly longer
than that of the antibonding mode. In this case, if the dis-
tance between the particles is increased, the bonding mode is
triggered which pulls the particles back, and if the interpar-
ticle distance become smaller, the antibonding mode is trig-
gered which pushes the particles away, thereby trapping the
pair of particles to a fixed separation range. We remark that
the numerical value of w,.; and w, . presented here are
calculated by using QSA; consequently, they do not mean to
be quantitatively correct, but the conceptual picture is useful
for interpreting some results in the electrodynamics calcula-
tions.

B. Electrodynamics calculations

Our full classical electrodynamics calculation for a pair of
30 nm radius nanospheres is presented in Fig. 2. Figure 2(a)
shows the laser-induced resonant attraction when the attrac-
tive band is excited by an incident light with w=3.25 eV
(w<wp; in QSA). The incident light of both polarizations
are plotted, with the solid line for parallel polarization and
the dashed line for perpendicular polarization. For both po-
larizations, we observe several attractive resonances as the
separation D is varied. These resonant peaks are marked by
arrows in Fig. 2(a), and each peak is due to an individual
resonance of the bisphere. We note that the peak for m=0 at
D/(2r;)=1.06 is weak and rather difficult to see. In QSA,
these attractive resonances correspond to the intersections of
the horizontal w=3.25 eV line with the attractive bands in
Figs. 1(a) and 1(b). However, for the particle size and sepa-
ration considered here, the resonant peaks predicted by QSA
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FIG. 2. (Color online) Optical forces as a function of the sepa-
ration D. r;=30 nm. Solid line (black): polarization parallel to the
bisphere axis (a z-polarized and x-propagating plane wave). Dashed
line (red): polarization perpendicular to the bisphere axis (an
x-polarized and z-propagating plane wave). Dotted line (blue): the
nonretarded van der Waals force Fq,,. (a) Negative of optical force
when the attractive band is excited with w=3.25 eV. (b) Optical
force when the repulsive band is excited with w=4 eV.

deviate from those of the electrodynamics. We note that the
forces at the attractive resonances get weaker as D increases.
This is qualitatively consistent with the QSA results in Fig. 1
as the slope of the resonance bands generally become smaller
at larger distances. The lowest order resonance for m=0
should appear at a larger separation than that of m=1. How-
ever, such mode is not observed even if we extend the sepa-
ration in Fig. 2(a). One possible reason for this is that the
lowest order resonance for m=0 is too weak to be distin-
guishable from the background. The resonant forces are
rather strong, on the order of several nano-Newtons at the
assumed intensity. However, the range of the resonant force
is short, as one can see from Fig. 1. For comparison, the
nonretarded van der Waals force Fq,=-Ar,/[12(D-2rg)?],
where the Hamaker constant A=40X 10720 J, is also
plotted.?® It can be seen that for the separation shown (up to
6 nm) that the optical force is stronger than the van der
Waals force whenever the resonances are excited and hence
can dominate the interparticle interaction.

Interestingly, the force induced by the perpendicular po-
larization is slightly stronger than that of the parallel polar-
ization. It is commonly believed that in order to have a
strong optical force, it is necessary to have the “hot spot” (a
small region of enormous field enhancement) created by an
incident light with parallel polarization. We do observe the
hot spot in the parallel polarization. However, our results
showed that such hot spot is, in fact, unnecessary, since per-
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FIG. 3. (Color online) Negative of optical force acting on a pair
of 30 nm radius Ag nanospheres versus interparticle separation D.
We used dielectric function of silver measured by Johnson and
Christy (Ref. 27). The incident wave is polarized along the bisphere
axis (i.e., a z-polarized and x-propagating plane wave), with
=3.25 eV.

pendicular polarization creates no such hot spot, but the in-
duced optical force remains large.

The resonant repulsion associated with the repulsive
bands is shown in Fig. 2(b), wherein the incident light fre-
quency is w=4 eV (0> w,_., in QSA). We shall first con-
sider the perpendicular polarization (dotted line). Only the
antibonding modes are excited at this frequency; therefore,
several repulsive resonances are observed. The antibonding
mode induced repulsions are 2 orders of magnitude weaker
than the bonding mode induced attraction shown in Fig. 2(a).
This could be understood by noting in Fig. 1 that the anti-
bonding modes have much smaller slopes and therefore a
much smaller force according to Eq. (2). The optical force
associated with the parallel polarization (solid line) is negli-
gibly small compare to that of the perpendicular polarization.
This is because for the geometry we considered, the excita-
tion of the antibonding modes by parallel polarization is for-
bidden by symmetry. We remark that the m=0 polarization
also has antibonding modes, but they can only be excited by
using an oblique incident wave. We note that the van der
Waals force is significantly stronger than the optical force at
the assumed intensity. In other words, the repulsive force can
play a role only at a very high intensity (~1 W/um?).

Our electrodynamics calculation can be directly compared
to that of the QSA (the most comprehensive results are re-
ported in Ref. 14). At first glance, one might expect the QSA
to agree with electrodynamics at least qualitatively, since the
length of the entire bisphere system is only ~X\/3. However,
it turns out that they significantly differ from each other.
Figure 3 shows the resonant optical force acting on a pair of
30 nm radius Ag nanospheres illuminated by an incident
plane wave with polarization parallel to the bisphere axis
(i.e., a z-polarized and x-propagating plane waves). In order
to compare with the QSA of Ref. 14, we used dielectric
function of silver measured by Johnson and Christy.?” Com-
pare Fig. 3 to Fig. 2(a) of the second reference in Ref. 14,
while both results indicate multiple attractive peaks, there are
many noticeable differences. First, taking into account the
different intensity used in both articles, the QSA calculation
gave an optical force higher than the electrodynamics results
(by roughly 1 order of magnitude). Second, QSA results in-
dicate that parallel (perpendicular) polarization induced only
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FIG. 4. (Color online) |Fyyy|/Fynge Versus particle size (ry),
where F,,,, indicates the strength of resonant optical force (see text)
and Fq is the single-particle radiation pressure.

resonant attraction (repulsion); however, the electrodynamics
result (Fig. 2) shows that depending on the incident fre-
quency, both resonant attraction and repulsion are possible
for any polarization. The reason that the resonant attractions
(repulsions) for the perpendicular (parallel) polarization are
missing in the QSA is because these resonances are the dark
modes in electrostatics, which cannot be excited by a uni-
form electrostatic field owing to symmetry. However, these
dark modes can be excited in electrodynamics since the
wavelength is finite. Moreover, for the 30 nm radius nano-
spheres discussed here, the forces induced by the dark modes
are equally strong compared to that of the bright modes (see
Fig. 2).

We also recalculated part of the calculation in Ref. 12 on
Ag nanospheres. It was pointed out in Ref. 12 that there are
three distinct regions in the optical force versus separation
curve: they are interparticle separations being much smaller,
comparable to, and much larger than the particle size. In the
near field region, Ref. 12 reported a rapidly and monotoni-
cally increasing attraction as the particle separation de-
creases. Our electrodynamics result confirmed that the en-
hanced attraction is of the same type of resonance discussed
in this paper. In other words, for separations smaller than
those considered in Ref. 12, the force will not monotonically
increase as the separation decreases. Instead, the force will
reach a maximum and then decline again, just like the reso-
nant peaks in Figs. 2 and 3. Moreover, as D decreases fur-
ther, other higher order resonances will also be encountered.
In the far field region, Ref. 12 reported a monotonically de-
creasing optical force that scales as ~D™*. Our electrody-
namics calculation shows that owing to the retardation, the
optical force oscillates between attraction and repulsion, with
a magnitude that scales as ~D™2 in the far field, just as for
two dielectric spheres.'®?!

We next explore the size dependency of the resonant op-
tical force. Figure 4 plots |Fy.|/ Fypge Vversus ry (radius of
the particle) for two incident frequencies (3.25 and 3.5 eV)
and two polarizations. Here, F, is the radiation pressure
exerted on a single nanosphere by an incident plane wave,
and F,,, is the maximum optical force, at a given frequency
and r,, which act on a pair of nanoparticles that are separated
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FIG. 5. (Color online) Resonant optical force as a function of
frequency for various particle separations. A pair of 5 nm radius
nanospheres is illuminated by an incident wave that propagates
along the bisphere axis. (a) D/(2r,)=8, (b) D/(2r,)=1.4, and (c)
D/(2r,)=1.05. (d) The total optical force for the configuration in
(c).

by more than 1 nm. It is obtained in the following manner. At
a fixed r,; and frequency, we calculate the optical force for
D=1 nm to search for the strongest force, which we denote
by Fiax. The ratio [F |/ Fyingle compares the strength of the
resonant interparticle force with the single-particle force. It is
evident from the curves in Fig. 4 that the resonant interpar-
ticle optical force F,,, is orders of magnitude stronger than
single-particle  force Fge; nevertheless, their ratio
|F sl / F single has a trend to decrease as radius increases.
We now turn our attention to smaller particles. In Fig. 5,
the optical forces are plotted against the frequency for a pair
of 5 nm radius nanospheres at several particle separations.
The incident light is perpendicularly polarized to the bi-
sphere axis (i.e., an x-polarized and z-propagating wave).
There are three distinct regions in separation that correspond
to different mechanisms: they are the surface-to-surface
separation being much larger [Fig. 5(a)], comparable to [Fig.
5(b)], and much smaller than [Fig. 5(c)] the particle size. For
separations that are large compared to the particle size, as
shown in Fig. 5(a) [with D/(2r,)=8], we observe a pair of
(I=1) attractive and repulsive peaks, lying adjacent to each
other. The force is weak at that regime. The emergence of the
pair of peaks can be understood in the following manner.
While in the near field regime, the resonant force is domi-
nated by the dipole-dipole interaction, in the far field regime
discussed here, the resonant force will be dominated by the
interaction of the dipole and the incident field.”® The dipole
moment is proportional to the polarizability of the particle.
The optical force changes sign as the polarizability function
changes sign near a resonance. We remark that the type of
attractive and/or repulsive pair of force shown in Fig. 5(a) is
not limited to the /=1 mode; they can also be seen in higher
order modes if we use larger spheres. Furthermore, this type
of resonant force in the far field is completely different from
the bonding and antibonding pair of forces we have previ-
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ously discussed for particles close to each other (for ex-
ample, those shown in Fig. 2). When the particles are far
away, the force is dominated by the product of the incident
field and the resonant scattered field, whereas when the par-
ticles are close together, the resonant scattered field is actu-
ally much larger than the incident field and so that the force
is dominated by the quadratic term in the resonant scattered
field. For separation comparable to the particle size
[D/(2r,)=1.4] shown in Fig. 5(b), the modes start to more
strongly interact. To a first approximation, the modes of the
individual nanospheres with the same / and m hybridize,
which form dimer plasmons of bonding (even) and antibond-
ing (odd) combinations.?’ This is essentially the same
mechanism that accounts for the force in Fig. 2, except that
in Fig. 2; many multipoles contribute as the spheres are
much larger there. It can be seen from Fig. 5(b) that the
single-sphere /=1 mode is split into a pair of attractive bond-
ing mode and repulsive antibonding mode (note that the
bonding mode at 3.50 eV is difficult to see), respectively, at
a frequency lower and higher than the single-sphere reso-
nance.

For separation small compare to the particle size shown in
Fig. 5(c) [D/(2r)=1.05], the modes are strongly
interacting.?® One can observe in Fig. 5(c) a series of attrac-
tive and repulsive resonances. Unlike the previous cases
where only the /=1 mode is excited, the higher order modes
are also excited. The higher order antibonding modes can be
excited because the quasieigenmodes of the bisphere are now
hybridized modes that consist of individual nanospheres’
modes of all /, which include a finite amount of the /=1
mode, and therefore can be excited by an incident plane
wave. For the attractive bonding modes, they are excited
owing to the retardation effect. Although the retardation ef-
fect is weak for such small and closely spaced particles, the
force enhancement associated with bonding modes is strong
owing to the steep slopes of the bonding mode bands, as
shown in Fig. 1. As a result, the bonding mode induced at-
tractive force is noticeable. The QSA is applied to calculate
the resonant frequencies of the bonding modes and antibond-
ing modes with /=1,2,3, and they are marked in Fig. 5(c) by
downward and upward arrows, respectively. For 5 nm radius
nanospheres, good agreement on the peak positions between
the QSA and electrodynamics calculation has been achieved.
However, despite the reasonable accuracy in predicting the
peak positions, QSA cannot be applied to directly calculate
the optical force, even for particles that are as small as 5 nm
in radius and especially when they are closely spaced. For
example, as QSA does not include the retardation effect,
QSA will fail to predict all the attractive peaks in Fig. 5(c).

The total optical force Fy=F,+F; for the configuration of
Fig. 5(c) is plotted in Fig. 5(d). There is a one to one corre-
spondence between the optical binding peaks in Fig. 5(c) and
the total optical force peaks in Fig. 5(d). The situation for
other separation is similar. We note that the peak value of the
total optical force is less than 1 pN. The total optical force is
comparable with the resonant optical binding force only
when the nanospheres are not in vicinity of each other.

In Fig. 6, the optical binding force for a pair of 30 nm
radius nanospheres is plotted against the frequency. The po-
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FIG. 6. (Color online) Optical binding force versus laser fre-
quency for three separations. The polarization of the incident wave
is perpendicular to the bisphere axis (i.e., an x-polarized and
z-propagating plane wave). The surface-to-surface separation is 2
(black dotted line), 5 (red dashed line), and 10 nm (blue solid line).
(a) The attractive bonding modes and (b) the repulsive antibonding
modes.

larization is perpendicular to the bisphere axis. In Fig. 6(a),
we clearly observe the attractive bonding modes to emerge at
the lower frequency side of the spectrum, as predicted by
Fig. 1(a). In Fig. 6(b), which is an enlarged session of the
high frequency side of Fig. 6(a), we show that the repulsive
antibonding modes emerge from the higher frequency side.
We also note that the repulsive forces are much weaker than
the attractive forces. The influence of the interparticle sepa-
ration on the resonant force is depicted in Fig. 6(a) by con-
sidering different separations. As the separation decreases,
the strength of the force increases and the resonance frequen-
cies of the attractive (repulsive) modes shift to the red (blue).
The redshifting of the bonding modes associated with /=1
and /=2 branches is illustrated by the arrows in Fig. 6(a).
The optical forces for these two branches have increased by
~17 times as the surface-to-surface separation decreases
from 10 to 2 nm. In fact, within classical electrodynamics,
upon further decrease in separation, the force will continue to
rise and the frequency will continue to shift. In Fig. 7,
wherein the polarization is parallel to the bisphere axis, we
observe only the bonding modes at the lower frequency side;
the higher frequency region that antibonding modes are sup-
posed to emerge is featureless. The reason is that in the ge-
ometry we consider, the antibonding modes are orthogonal to
the incident wave owing to symmetry, and as a result, the
antibonding modes cannot be excited. Compared the two po-
larizations, the linewidth of the parallel polarization is wider
than that of the perpendicular polarization, but the optical
force associated with the perpendicular polarization is stron-
ger.
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FIG. 7. (Color online) Optical binding force versus laser fre-
quency. The polarization of the incident wave is parallel to the
bisphere axis (i.e., a z-polarized and x-propagating plane wave).
The surface-to-surface separation is 5 nm.

IV. CONCLUSION AND DISCUSSION

We found that for small particles, QSA is reasonably ac-
curate when applied to calculate the resonance frequency,
which, when combined with Eq. (2), can provide a qualita-
tive understanding of the force between plasmonic particles.
By using electrodynamics, it is shown that the bonding mode
induced attraction can reach several nano-Newtons at the as-
sumed intensity. This force can dominate over the competing
van der Waals attraction when the particle separation is
small, and it is also significantly stronger than the weight and
thermal fluctuations. The antibonding mode induced repul-
sion is 2 orders of magnitude smaller than the bonding mode
induced attraction; thus, it could play a role only at very high
intensity.

In this paper, for illustrative purpose, we only consider
using plane waves to excite the plasmonic resonances. Al-
though we have not explicitly considered other type of inci-
dent waves, the profile of the incident wave should not be the
key issue in the excitation of the plasmonic resonances. The
most important issue is the incident frequency. If the incident
frequency matches the resonance frequency of a mode, the
mode can be excited as long as the symmetry of the incident
wave is not orthogonal to that of the resonating mode.

By illuminating a pair of closely spaced metallic nano-
spheres with an incident light polarized along the bisphere
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axis, one would be able to create a hot spot in the small gap
between the particles with enormous field intensity. Such hot
spot could enormously enhance the signal of surface en-
hanced Raman spectroscopy, presumably to single molecule
sensitivity. The separation between the particles is critical to
the signal enhancement as a closer separation gives a much
stronger signal. Nevertheless, it is difficult to control the
separation to nanometric scale. Here, the SP induced optical
force studied may provide a way to affect the separation and
hence to control the field enhancement at the gap.

The bonding and antibonding optical forces are not
unique to plasmonic structures. They were also previously
reported in other systems.?>**-32 In the previous works, the
resonant forces come from geometrical resonances of dielec-
tric particles such as the Mie resonances and the whispering
gallery modes. However, in this paper, what we consider is
the SP induced optical force, which originates from the col-
lective electronic excitation that is coupled to light. In fact,
the plasmonic system is more strongly interacting compare
to the dielectric systems. As a result, instead of simple split-
ting of modes as observed in dielectric system, the interac-
tion for plasmonic system can create an attractive band at
low frequency and a repulsive band at high frequency.

Finally, we stress that the physics of the resonant forces
discussed here is rather general. Many of the observed fea-
tures, including the formation of the attractive band and re-
pulsive band, are based on a prediction of Eq. (2) that all
attractive (repulsive) modes will bend downward (upward)
as D decreases. Since Eq. (2) is valid for any azimuthal
number m, we shall expect similar physics for modes with
any m. Furthermore, Eq. (2) can be generalized to handle a
cluster of more than two dissimilar, arbitrarily shaped nano-
particles; consequently, we shall expect similar physics for
other strongly interacting plasmonic systems as well.
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