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ABSTRACT

The radiation damping rate of plasmon resonances in pairs of spherical gold nanoparticles is calculated. The radiative line width of the
plasmon resonance indicates significant far-field coupling between the nanoparticles over distances many times the particle diameter. The
radiation damping of the coupled particle −plasmon mode alternates between superradiant and subradiant behavior when the particle spacing
is varied. At small particle spacings where near-field coupling occurs, the radiation damping rate lies far below that of an isolated particle.

Light impinging on a metal nanoparticle can resonantly excite
a collective oscillation of the valence electrons known as
particle plasmon.1,2 When two or more nanoparticles are in
close vicinity to each other, the localized particle plasmons
of the individual nanoparticles interact via their optical near
fields, forming coupled oscillation modes.1,3-15 These coupled
plasmon modes show large spectral shifts with respect to
the localized particle plasmons of the individual nano-
particles1,3,5,8,14,16-18 and huge enhancements of the local
optical fields in the gaps between the particles.4,6,7,9-11,13,19

The local-field enhancement has found much interest due to
its use in nonlinear nanooptics applications such as surface-
enhanced Raman spectroscopy.4,20 Another effect of great
interest is the occurrence of magnetic resonances in coupled
pairs of specially shaped nanoparticles, which are expected
to give rise to negative light refraction for use in optical
metamaterials.21,22

One of the main impediments to the application of coupled
plasmon modes are damping processes.1,2,20,23,24They shorten
the coherent lifetime of the oscillation, broaden the plasmon
resonance, and limit the local-field enhancement.25 In
principle, both nonradiative and radiative damping processes
are present. Nonradiative processes such as electron scat-
tering in the metal dissipate oscillation energy into heat and
have been studied in great detail.1,25-29 Radiative damping
processes are caused by energy radiated into the optical far
field by the collective electron oscillation and have been
studied on single nanoparticles.23,25,29-32 For instance, it has
been shown that the radiative damping rate increases with
particle size; this leads to a large broadening of the plasmon
line at the largest nanoparticle sizes studied.10,23,30,33 In
contrast, little is known about radiation damping in coupled

nanoparticles. A first indication that interesting effects may
be expected from studies of radiation damping in such
systems has been given by recent investigations of regular
arrays of nanoparticles, where the line width was found to
strongly depend on the particle spacing due to collective
coupling of the particle plasmons to the far field.14,34

Here we present a theoretical study of radiation damping
in pairs of metal nanoparticles, which may serve as a model
system for more complex nanoparticle systems. We calculate
the radiation damping rates of plasmon resonances in pairs
of spherical gold nanoparticles using generalized Mie theory.
We find that the radiative line width of the plasmon
resonance indicates significant far-field coupling between the
nanoparticles over distances many times the particle diameter.
The radiation damping of the coupled particle-plasmon
mode alternates between superradiant and subradiant behav-
ior when the particle spacing is varied. At small particle
spacings where near-field coupling occurs, the radiation
damping rate lies far below that of an isolated particle. This
reduction of radiation damping implies a reduced dephasing
of the coupled plasmon mode and thus tends to increase the
local field enhancement in the space between the particles.

Generalized Mie theory in the formulation of Ge´rardy and
Ausloos17,35,36is employed to calculate light-scattering spectra
of pairs of spherical gold nanoparticles, taking retardation
effects into full account. We study the situation of two
identical gold nanospheres of diameterd ) 80 nm embedded
in a transparent medium with an index of refractionn )
1.51. This choice of the embedding medium corresponds to
the situation of particles on a glass substrate covered with
index-matching liquid, a situation often encountered in
microscopy experiments on metal nanoparticles.25 The
incident plane wave as well as the waves scattered by the
particles are expanded in vector spherical harmonics in
coordinate systems originating in the particles centers. In this
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approach, no discretization of the surfaces of the particles
takes place; instead, the boundary conditions imposed on the
electromagnetic fields at the spherical surfaces are expressed
in an infinite set of linear equations. This set of equations is
truncated at a certain maximum multipole order to be
numerically tractable. Depending on particle size and inter-
particle distance, the number of multipoles necessary for
achieving convergence of the light-scattering spectra varies
strongly.17 For the smallest interparticle distance examined
here (0.5 nm surface-to-surface distance, corresponding to
a center-to-center distance ofD ) 80.5 nm), multipoles of
maximum order 37 were included. With increasing inter-
particle distance, the contributions of higher-order multipoles
to the light-scattering spectra diminish rapidly; for center-
to-center distancesD beyond≈200 nm, calculations includ-
ing only dipolar contributions give accurate results for the
plasmon energies and linewidths of the nanoparticle pair
examined here. A standard bulk dielectric function for gold
was used in all calculations.37 For center-to-center distances
below 82 nm, we include a nonlocal dielectric response of
the particles, following the approach described in refs 17
and 35.

The lower inset of Figure 1a shows a light-scattering
spectrum of a pair of 80 nm gold nanoparticles with center-
to-center distanceD ) 290 nm calculated by generalized
Mie theory. The peak position of the particle-plasmon peak
Ep (termedplasmon energyin the following) and the line
width Γ are extracted from the light-scattering spectrum, as
indicated in the inset. To study the particle plasmon
resonance of gold nanoparticle pairs systematically, we plot
Γ andEp as a function of the interparticle distanceD (Figure
1). Figure 1a is for polarization of the incident light wave
perpendicular to the particle pair axis (transverse polariza-
tion), Figure 1b is for light polarization along the particle
pair axis (longitudinal polarization, see insets). For both
polarization directions, modulations of the plasmon energy
and the line width as a function of the interparticle distance
are seen. The plasmon energy and line width oscillate about
their respective values for an isolated 80 nm sphere as
obtained by Mie theory (indicated by horizontal lines). The
initial modulation depth of the line width oscillations is as
much as 30% of the line width calculated for the isolated
particle. The decay length of the oscillations is different for
the two polarization directions; for transverse polarization,
the modulations are still observable atD ≈ 2 µm, whereas
for longitudinal polarization, the decay length is in the
submicron range. The long-range oscillations of the line
width and plasmon energy indicate that there is significant
coupling between the particles over distances many times
the particle diameter and thus far beyond the range of near-
field coupling. The close agreement between the period of
the oscillations and the wavelength corresponding to the
plasmon energy (approximately 387 nm in a medium with
n ) 1.51)38 suggests that this long-range coupling is mediated
by the electromagnetic fields scattered by the particles. In
the following, we wish to show that this is indeed the case.

Oscillations of the emission rate very similar to those of
the line width observed here have been found in the emission

from pairs of ions.39,40 In this system, the spontaneous
emission decay rate alternates between values higher and
lower than that of an isolated ion when the distance between
the ions is varied. In a classical picture, these alternations
between superradiant and subradiant emission can be un-
derstood as resulting from the interference of the fields
emitted by two classical dipoles. Emission is enhanced at
those interion distances for which the fields from the two
dipoles interfere constructively along the directions of highest
emission intensity, i.e., perpendicular to the dipole axis.
Conversely, emission is reduced at those interion distances
for which interference along this direction is destructive. In
the following, we will argue that the same interference
principle is at the basis of the line width oscillations in Figure
1. For this purpose, we will compare our line width
oscillations with those obtained from a calculation for the
classical dipole pair used in ref 40. According to ref 40, the
emission rate of two identical point dipoles spaced a distance
D apart is, for transverse polarization and to leading order,
given byγ(D) ) γ0‚(1 + 3 sin(2πD/λ)/(4πD/λ)), whereγ0

Figure 1. Calculated plasmon linewidths (fwhm, left axis) and
plasmon energies (right axis) of a pair of 80 nm-gold nanospheres
as functions of the center-to-center interparticle distanceD. Every
datapoint is extracted from a light-scattering spectrum (central
inset: light-scattering spectrum calculated forD ) 290 nm,
transverse polarization). Figure 1a is for transverse polarization of
the incident wave and Figure 1b is for longitudinal polarization
(see insets). In both subfigures, the horizontal dashed lines indicate
the plasmon line width and plasmon energy of an isolated 80 nm
gold sphere.
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and λ are the emission rate and the emission wavelength,
respectively, of an isolated dipole. The radiative line width
of the two dipoles is thus given by

whereΓR
0 is the radiative line width of an isolated dipole.

To compare this distance dependence to the case of the
metal nanoparticle pair, we need to extract the radiative line
width contribution of the particle pair,ΓR, from its calculated
total line width,Γ. For this purpose, we adopt the approach
used in ref 25. Radiative and nonradiative damping processes
are assumed to be independent of each other so thatΓR ) Γ
- ΓNR, whereΓNR is the nonradiative line width contribution
of the particle pair.ΓNR is estimated by calculating, in the
quasistatic approximation,1 the line width of a small sphe-
roidal nanoparticle with the same plasmon energy as the
particle pair,Γsph. Because of the use of the quasistatic
approximation,Γsph is purely nonradiative. For a given
plasmon energy, the nonradiative damping should depend
only on material properties and not explicitly on the particle
size nor shape. We may therefore assumeΓNR ) Γsph, and
henceΓR ) Γ - Γsph. The radiative line width contribution
determined in this way is plotted in Figure 2a for the same
situation as in Figure 1a (black solid line). The dashed
horizontal line showsΓR for an isolated nanoparticle.

To compare the case of the dipole pair with that of the
nanoparticle pair, eq 1 is fitted to the black solid line using
λ as a fit parameter. Best agreement is found forλ ) 405
nm (blue line in Figure 2a). In particular, the phase of the
oscillations of the particle-pair line width is reproduced well
by the fit. The spatial period of the fit,λ ) 405 nm, is close
to the emission wavelength of an isolated 80 nm sphere (387
nm in a medium withn ) 1.51). These agreements lend
strong support to the notion that the oscillations of the
particle-pair line width are indeed caused by an alternation
between constructive and destructive interference of the fields
emitted by the two particles. However, we note that the
modulation depth of the line width oscillations in the particle
case is larger than expected from the point-dipole model.
This is the case for all particle sizes studied in our
calculations. When the particle diameter is varied from 40
to 100 nm, the initial modulation depth rises from ap-
proximately 30% to 50% of the radiative line width of the
individual particle. The deviation of the modulation depth
is presumably related to the finite diameter of the metal
nanoparticles, which is not captured in the point-dipole
model.

The black solid line in Figure 2b shows the radiative line
width of the nanoparticle pair for longitudinal polarization.
For this polarization direction, the radiative line width of
two identical point dipoles is given by40

The line width calculated according to eq 2 is shown as a

blue line in Figure 2b for the same parameterλ ) 405 nm
as for the transverse polarization case in Figure 2a. Again,
the phase of the oscillations of the particle-pair line width is
reproduced well by the point-dipole calculation. The line
narrowing of the particle pair at the smallest spacings is a
near-field effect that is not included in the point-dipole model
and will be discussed later. Compared to the transverse
polarization direction, the modulation depth drops off more
rapidly with increased spacingD. This is described by the
additional 1/D dependence of the modulation depth in eq 2
as compared to eq 1. The more rapid drop-off can be
explained with the spatial characteristics of the dipole
radiation; the fields emitted by each dipole decrease more
rapidly with distance along the dipole axis than perpendicu-
larly to it. For longitudinal polarization, this results in a
reduced interference along the pair axis and thus a reduced
modulation depth of the radiative line width.

Besides the oscillations in line width, Figure 1 also shows
modulations of the plasmon energy,Ep. These modulations
may be understood as follows: For certain particle spacings,
the electric field emitted by one particle is, at the position
of the other particle, parallel to the Coulomb field of the
separated charges within that second particle. For those

ΓR(D) ) ΓR
0‚(1 + 3 sin(2πD/λ)/(4πD/λ)) (1)

Γ(D) ) ΓR
0‚(1 -

3 cos(2πD/λ)

(2πD/λ)2 ) (2)

Figure 2. Comparison of the interparticle-distance-dependent
radiative line width determined for the nanoparticle pairs of Figure
1 (black solid lines) with calculations for a dipole pair (blue solid
lines).39,40Figure 2a is for transverse polarization and Figure 2b is
for longitudinal polarization. In both figures, the horizontal dashed
lines show the radiative line width of an isolated 80 nm gold sphere.
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spacings, the total internal field in the second particle and
thus the restoring force of the charge oscillation is enhanced,
resulting in a blue-shift of the plasmon resonance. Con-
versely, particle spacings for which the fields are antiparallel
result in a red-shift. We note that a similar modification of
the restoring force has been suggested to explain the plasmon
energy shifts observed in closely spaced nanoparticles, where
retardation plays a minor role.5 In the situation studied here,
the modulations of the plasmon energy reaffirm the coupling
of the nanoparticles via the emitted far fields, which also
was the cause of the modulations in radiative line width.
Figure 1 shows that there is a shift between the modulations
in plasmon energy and those in line width; this shift is due
to the fact that the spacings for which the retarded electric
field from one particle is parallel (or antiparallel) to the
Coulomb field in the other particle are different from those
for which there is maximum interference between the emitted
fields from both particles.

Having studied the oscillations in line width and plasmon
energy, we will now discuss the line width in the regime of
small particle spacings. In this regime, near-field coupling
between metal nanoparticles is known to lead to strong red-
shifts of the plasmon resonance for longitudinal polariza-
tion.3,7,11,16,17Such a red-shift is observable forD < 300 nm
in Figure 1b. ForD < 150 nm, the red-shift is accompanied
by a decrease in plasmon line width to values far below the
line width of the isolated plasmon. In the following, we will
show that this line narrowing is due to a reduction in radiation
damping caused by the plasmonic red-shift.

To illustrate the relation between line narrowing and red
shift, the plasmon line width,Γ, is plotted in Figure 3 against
the plasmon energy for particle pairs with center-to-center
distancesD ) 80.5-300 nm. Also shown are the nonradia-

tive and radiative contributions to the line width,ΓNR ) Γsph

andΓR ) Γ - Γsph. When reducing the particle spacing from
300 to 130 nm, the plasmon resonance shifts slightly to lower
energies, whileΓ increases considerably. This line broaden-
ing is entirely caused by an increase ofΓR due to the
superradiant effect discussed in the context of Figure 2. In
the same range of spacings,ΓNR decreases due to the
decreasing importance of interband transitions in gold. The
strong line narrowing for spacingsD < 130 nm cannot be
caused by subradiance because the interference between the
emitted fields of the two particles is constructive at very small
D.

Instead, it may be understood from the frequency depen-
dence of the power radiated by a classical dipole oscillator.
If x(t) ) x0 cos(ωt) is the separation of the oscillating charges
of the dipole,(Q, their acceleration (which generates the
radiation) is given byẍ(t) ) -x0ω0

2 cos(ω0t). According to
elementary electrodynamics, the total (time-averaged) power
emitted by the dipole is〈dW/dt〉 ∝ 〈(Qẍ)2〉, and thus〈dW/dt〉
∝ Q2x0

2 ω0
4/2. The total energy of the harmonic oscillator is

W ) Mω0
2 x0

2/2, whereM is the mass of the oscillator. This
results in a radiative line width

In the case of a particle plasmon,Q and M represent the
total charge and mass of all conduction electrons of the
particle, respectively, andω0 stands for the particle-plasmon
frequency. We finally obtain

whereε0 is the vacuum permittivity,V is the particle volume,
and ωpl is the volume-plasmon frequency, which is con-
nected to the free-electron densityn and effective massm*
via ωpl ) (ne2/(ε0m*)) 1/2. Our simple treatment thus predicts
that the radiative line width of the particle-plasmon
resonance should decrease quadratically with particle-
plasmon resonance frequencyω0 due to the slower accelera-
tion of the oscillating electrons at lower frequencies. We note
that strong dependencies of the radiation damping on
resonance frequency (or wavenumberk) have also been
predicted in refs 30, 33, 41, 42. All of this suggests that the
line narrowing observed in Figure 3 is a consequence of the
plasmon red-shift caused by the reduced particle spacings.

We note that, for the smallest particle spacing regarded
here (center-to-center distanceD ) 80.5 nm),ΓR is reduced
by more than 50% with respect toΓR ) 0.20 eV for an
isolated particle. The plasmon line narrowing caused by the
reduced radiation damping implies a reduced dephasing of
the coupled plasmon mode, which should lead to a larger
local-field enhancement in the interstitial region between the
particles.7,10,11

In summary, radiation damping in pairs of metal nano-
particles, which may serve as a model system for more
complex nanoparticle systems, was studied theoretically. The

Figure 3. Plasmon line width vs plasmon energy in particle pairs
with interparticle (center-to-center) distancesD ) 80.5-300 nm
for longitudinal polarization. Some selected values ofD (in nm)
are indicated by arrows. The total plasmon line widthΓ (black
curve) is extracted from calculated light-scattering spectra. The
contributions of radiative dampingΓR (red curve) and nonradiative
dampingΓNR (blue curve) are obtained as described in the text.
The kinks visible at a plasmon energy of≈ 1.85 eV are artefacts
resulting from employing an experimentally obtained dielectric
function.37

ΓR ) -p
〈dW/dt〉

W
∝

Q2ω0
2

M
(3)

ΓR ∝ pε0Vωpl
2 ω0

2 (4)
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radiation damping rate of plasmons in pairs of spherical gold
nanoparticles was extracted from light-scattering spectra
calculated using generalized Mie theory. In these calculations,
retardation effects are taken into full account. Far-field
coupling between the nanoparticles over distances many
times the particle diameter was found. The radiation damping
of the coupled particle-plasmon mode alternates between
superradiative and subradiative behavior when the partice
spacing is varied. The large modulations of the line width
observed here imply that care must be taken when electro-
magnetic coupling between relatively widely spaced particles
is assumed to be negligible, as is often done in experiments
on nanoparticles ensembles. At small particle spacings where
near-field coupling occurs, the radiation damping rate lies
far below that of an isolated particle. This reduction of
radiation damping implies a reduced dephasing of the
coupled plasmon mode and thus tends to increase the local
field enhancement in the space between the particles. This
effect should be beneficial for nonlinear optical applications
such as surface-enhanced Raman spectroscopy.10,20,23
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