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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 nanoparticles. A first indication that interesting effects may

a collective oscillation of the valence electrons known as be expected from studies of radiation damping in such

particle plasmor:? When two or more nanoparticles are in  systems has been given by recent investigations of regular
close vicinity to each other, the localized particle plasmons arrays of nanoparticles, where the line width was found to

of the individual nanoparticles interact via their optical near strongly depend on the particle spacing due to collective

fields, forming coupled oscillation modé&:1> These coupled  coupling of the particle plasmons to the far fiéfeh*

plasmon modes show large spectral shifts with respect to  Here we present a theoretical study of radiation damping
the localized particle plasmons of the individual nano- in pairs of metal nanoparticles, which may serve as a model
particles*°8141618 and huge enhancements of the local gystem for more complex nanoparticle systems. We calculate
optical fields in the gaps between the particls® 41319 o raiation damping rates of plasmon resonances in pairs
The local-field enhancement has found much interest due to ¢ spherical gold nanoparticles using generalized Mie theory.
its use in nonlinear nanooptics applications such as surfaceqye find that the radiative line width of the plasmon
enhanced Raman spectroscdgy Another effect of great  resonance indicates significant far-field coupling between the
interest is the occurrence of magnetic resonances in couplethanoparticles over distances many times the particle diameter.
pairs of specially shaped nanoparticles, which are expectedrne radiation damping of the coupled particj@asmon

to give rise to negative light refraction for use in optical mode alternates between superradiant and subradiant behav-

i 1,22 . . . . . .
metamaterial$.-?* . o ior when the particle spacing is varied. At small particle
One of the main impediments to the application of coupled gnacings where near-field coupling occurs, the radiation

plasmon modes are damping processé8>**They shorten  yamping rate lies far below that of an isolated particle. This
the coherent lifetime of the oscillation, broaden the plasmon o ction of radiation damping implies a reduced dephasing

resonance, and limit the local-field enhancenténtn of the coupled plasmon mode and thus tends to increase the
principle, both nonradiative and radiative damping processes,q 5| figlq enhancement in the space between the particles.

are present. Nonradiative processes such as electron scat- . . . .
> Pre 1AlIVE Processe . Generalized Mie theory in the formulation of aedy and
tering in the metal dissipate oscillation energy into heat and 73536 : .
Ausloos”253is employed to calculate light-scattering spectra

have been studied in great detedf. ** Radiative damping Pf pairs of spherical gold nanoparticles, taking retardation
processes are caused by energy radiated into the optical faeffects into full account. We study the situation of two

field by the collective electron oscillation and have been . . .

studied on single nanoparticl&®>2%32 For instance, it has !denncal gold nanospheres O.f d'am‘?“’@F 80 nm emb(_added

been shown that the radiative damping rate increases Wi'[hT{__)a1 t[ﬁ?spire.nt mfetorl:um V\Sth dg.n |nde>c<i.of refractiorr= ds t

particle size; this leads to a large broadening of the plasmon "~ IS choice of Ine embedding medium corresponds to

line at the largest nanoparticle sizes studf:3033 In the situation of particles on a glass substrate covered with

contrast, little is known about radiation damping in coupled mt_:lex-matchlng I'q_u'd’ a situation often enco_untered n

microscopy experiments on metal nanopartiéfedhe
:Corresponding agthor. E-mail: gero.vonplessen@physil_(.rWth—aachen.de.incident plane wave as well as the waves scattered by the
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nologie, 76021 Karlsruhe, Germany and Institut Theoretische Festko : oe e . .
rperphysik, UniversitaKarlsruhe, 76128 Karlsruhe, Germany. coordinate systems originating in the particles centers. In this
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approach, no discretization of the surfaces of the particles Center-to-center distance D (nm)

takes place; instead, the boundary conditions imposed on the 80 500 1000 1500 2000
electromagnetic fields at the spherical surfaces are expresse: ' @) ' - PR, &2t
in an infinite set of linear equations. This set of equations is %] 17 e
truncated at a certain maximum multipole order to be T\ (X NpS
numerically tractable. Depending on particle size and inter- g4 0\\ 2" <
particle distance, the number of multipoles necessary for />\ 0\\ A\ PPPRCE
achieving convergence of the light-scattering spectra variesg \>// \>y NN w"
stronglyl’ For the smallest interparticle distance examined = %2 " 210 5
here (0.5 nm surface-to-surface distance, corresponding toS Sos l208 2
a center-to-center distance bf= 80.5 nm), multipoles of % 0.2 2=l - qc’
maximum order 37 were included. With increasing inter- 5 2% r2os 2
. . I . . g B ! 1 7]
particle distance, the contributions of higher-order multipoles g I lopa B
to the light-scattering spectra diminish rapidly; for center- 0.14 £ o2 EEP ™
to-center distance® beyond~200 nm, calculations includ- O RO A 202
ing only dipolar contributions give accurate results for the 0.0 . 2.00
plasmon energies and linewidths of the nanoparticle pair
examined here. A standard bulk dielectric function for gold | . T - ' " T - 214
was used in all calculatior’$.For center-to-center distances (b) _ S
below 82 nm, we include a nonlocal dielectric response of _ 5| k_l;: L
the particles, following the approach described in refs 17 g Y
and 35. ~ 0.4- =
The lower inset of Figure la shows a light-scattering & \)(/ = 212 §
spectrum of a pair of 80 nm gold nanoparticles with center- 3 03 <
to-center distanc® = 290 nm calculated by generalized 5 £
Mie theory. The peak position of the partielplasmon peak 0.21 L2.11 &
E, (termedplasmon energyn the following) and the line a0 500 1000 1500 2000

width T are extracted from the light-scattering spectrum, as
indicated in the inset. To study the particle plasmon
resonance of gold nanopatrticle pairs systematically, we plot Figure 1. Calculated plasmon linewidths (fwhm, left axis) and

I" andE, as a function of the interparticle distandeFigure plasmon energies (right axis) of a pair of 80 nm-gold nanospheres

1). Figure 1a is for polarization of the incident light wave as functions of the center-to-center interparticle distdhcEvery
-9 P 9 datapoint is extracted from a light-scattering spectrum (central

perpendicular to the particle pair axis (transverse polariza-jnset: [ight-scattering spectrum calculated for = 290 nm,
tion), Figure 1b is for light polarization along the particle transverse polarization). Figure 1a is for transverse polarization of
pair axis (longitudinal polarization, see insets). For both the incident wave and Figure 1b is for longitudinal polarization
polarization directions, modulations of the plasmon energy (see insets). In both subfigures, the horizontal dashed lines indicate
and the line width as a function of the interparticle distance ;hoeldplsagshrgfg line width and plasmon energy of an isolated 80 nm
are seen. The plasmon energy and line width oscillate about '
their respective values for an isolated 80 nm sphere asfom pairs of ion$%4 In this system, the spontaneous
obtained by Mie theory (indicated by horizontal lines). The emjssion decay rate alternates between values higher and
initial modulation depth of the line width oscillations is as  |gwer than that of an isolated ion when the distance between
much as 30% of the line width calculated for the isolated the jons is varied. In a classical picture, these alternations
particle. The decay length of the oscillations is different for pepveen superradiant and subradiant emission can be un-
the two polarization directions; for transverse polarization, gerstood as resulting from the interference of the fields
the modulations are still observable@t~ 2 um, whereas  emjtted by two classical dipoles. Emission is enhanced at
for longitudinal polarization, the decay length is in the those interion distances for which the fields from the two
submicron range. The long-range oscillations of the line gipoles interfere constructively along the directions of highest
width and plasmon energy indicate that there is significant emjission intensity, i.e., perpendicular to the dipole axis.
coupling between the particles over distances many timesconversely, emission is reduced at those interion distances
the particle diameter and thus far beyond the range of near-for which interference along this direction is destructive. In
field coupling. The close agreement between the period of the following, we will argue that the same interference
the oscillations and the wavelength corresponding to the principle is at the basis of the line width oscillations in Figure
plasmon energy (approximately 387 nm in a medium with 1. For this purpose, we will compare our line width
n= 1.51§® suggests that this long-range coupling is mediated oscillations with those obtained from a calculation for the
by the electromagnetic fields scattered by the particles. In classical dipole pair used in ref 40. According to ref 40, the
the following, we wish to show that this is indeed the case. emission rate of two identical point dipoles spaced a distance
Oscillations of the emission rate very similar to those of D apart is, for transverse polarization and to leading order,
the line width observed here have been found in the emissiongiven byy(D) = yo*(1 + 3 sin(2zD/A)/(47D/1)), whereyq

Center-to-center distance D (nm)
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and A 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

['+(D) = I'%(1 + 3 sin(2eD/A)/(47DIA)) (1)

whereT is the radiative line width of an isolated dipole.
To compare this distance dependence to the case of th
metal nanoparticle pair, we need to extract the radiative line
width contribution of the particle paif;g, from its calculated
total line width,I". For this purpose, we adopt the approach
used in ref 25. Radiative and nonradiative damping processe
are assumed to be independent of each other sd gvatl’
— I'nr, Wherel'yr is the nonradiative line width contribution
of the particle pairI'yg is estimated by calculating, in the
quasistatic approximatiohthe line width of a small sphe-

roidal nanoparticle with the same plasmon energy as the

particle pair,I'sp;n Because of the use of the quasistatic
approximation,I'sph 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 assume = I'spn and
hencel'r = I' — I'spn The radiative line width contribution
determined in this way is plotted in Figure 2a for the sam
situation as in Figure la (black solid line). The dashe
horizontal line showd'r 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
A as a fit parameter. Best agreement is foundAfer 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, = 405 nm, is close

e
d

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 BY

3 cos(zm//l))
(27DI2)?

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

(D)= rg-(l 2)
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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)3240Figure 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.

blue line in Figure 2b for the same parameter 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 spacing. This is described by the
additional 1D 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 enerds,. These modulations
may be understood as follows: For certain particle spacings,
the electric field emitted by one patrticle is, at the position
of the other particle, parallel to the Coulomb field of the
separated charges within that second particle. For those
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—~ 0.6 tive and radiative contributions to the line widifyg = I'spn

% ] andI'r =T — I'spr When reducing the particle spacing from
“E’ 0.5 300 to 130 nm, the plasmon resonance shifts slightly to lower
Ke) ] energies, whild" increases considerably. This line broaden-
E 0.4 - ing is entirely caused by an increase B due to the

= 1 superradiant effect discussed in the context of Figure 2. In
S 0.3 the same range of spacingbyr decreases due to the
o 1 decreasing importance of interband transitions in gold. The
% 0.2 strong line narrowing for spacing® < 130 nm cannot be

S T caused by subradiance because the interference between the
g 0.1+ emitted fields of the two particles is constructive at very small
— 00 >

13 1_'4 1:5 1:6 1'_? 1:8 119 2:0 2_'1 29 Instead, it may be understood from the fre'quency dgpen—
dence of the power radiated by a classical dipole oscillator.
Plasmon energy Ep (eV) If X(t) = X cost) is the separation of the oscillating charges
of the dipole,£+Q, their acceleration (which generates the
Figure 3. Plasmon line width vs plasmon energy in particle pairs radiation) is given byk(t) = —Xoa)g cosot). According to

with interparticle (center-to-center) distand®@s= 80.5-300 nm elementary electrodynamics, the total (time-averaged) power
for longitudinal polarization. Some selected valuesDo{in nm) y Yy ' 9 P

are indicated by arrows. The total plasmon line widith{black emitted by the dipole i&W/dt0d [(QX)*C) and thusdWi/dt(l
curve) is extracted from calculated light-scattering spectra. The [ Qngwg/z. The total energy of the harmonic oscillator is
contributions of radiative dampinigs (red curve) and nonradiative  \\/ = Mwéxﬁ/Z whereM is the mass of the oscillator. This
dampingI'nr (blue curve) are obtained as described in the text. ; o ; ;

The kinks visible at a plasmon energy #f1.85 eV are artefacts resulis in a radiative line width

resulting from employing an experimentally obtained dielectric

function3? AwWdt_ Qw}
Te=—h—y— 00 3)

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 plasmo
energy shifts observed in closely spaced nanopatrticles, where
retardation plays a minor rofein the situation studied here, Iy DheVo,wp (4)
the modulations of the plasmon energy reaffirm the coupling
of the nanoparticles via the emitted far fields, which also \heree, is the vacuum permittivityy is the particle volume,
was the cause of the modulations in radiative line width. and ¢ is the volume-plasmon frequency, which is con-
Figure 1 shows that there is a shift between the modulationspected to the free-electron densityand effective masst
in plasmon energy and those in line width; this shiftis due via ¢, = (ne?/(eom)) Y2 Our simple treatment thus predicts
to the fact that the spacings for which the retarded electric that the radiative line width of the particlelasmon
field from one particle is parallel (or antiparallel) to the yesonance should decrease quadratically with patticle
Coulomb field in the other particle are different from those pjasmon resonance frequeney due to the slower accelera-
for which there is maximum interference between the emitted tjon of the oscillating electrons at lower frequencies. We note
fields from both particles. that strong dependencies of the radiation damping on
Having studied the oscillations in line width and plasmon resonance frequency (or wavenumbi@rhave also been
energy, we will now discuss the line width in the regime of predicted in refs 30, 33, 41, 42. All of this suggests that the
small particle spacings. In this regime, near-field coupling line narrowing observed in Figure 3 is a consequence of the
between metal nanoparticles is known to lead to strong red-plasmon red-shift caused by the reduced particle spacings.
shifts of the plasmon resonance for longitudinal polariza-  We note that, for the smallest particle spacing regarded
tion37111617Sych a red-shift is observable fbr < 300 nm here (center-to-center distanbe= 80.5 nm) I'x is reduced
in Figure 1b. FoD < 150 nm, the red-shift is accompanied by more than 50% with respect 6: = 0.20 eV for an
by a decrease in plasmon line width to values far below the isolated particle. The plasmon line narrowing caused by the
line width of the isolated plasmon. In the following, we will  reduced radiation damping implies a reduced dephasing of
show that this line narrowing is due to a reduction in radiation the coupled plasmon mode, which should lead to a larger

'In the case of a particle plasmo@, and M represent the
total charge and mass of all conduction electrons of the
particle, respectively, andy stands for the particteplasmon
I1;requency. We finally obtain

damping caused by the plasmonic red-shift. local-field enhancement in the interstitial region between the
To illustrate the relation between line narrowing and red particles’ 1011
shift, the plasmon line widtH;), is plotted in Figure 3 against In summary, radiation damping in pairs of metal nano-

the plasmon energy for particle pairs with center-to-center particles, which may serve as a model system for more
distance = 80.5-300 nm. Also shown are the nonradia- complex nanoparticle systems, was studied theoretically. The
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radiation damping rate of plasmons in pairs of spherical gold (15) Muhlischlegel, P.; Eisler, H.-J.; Martin, O. J. F.; Hecht, B.; Pohl, D.

nanoparticles was extracted from light-scattering spectra
calculated using generalized Mie theory. In these calculations

retardation effects are taken into full account. Far-field

W. Science2005 308 1607-1609.
(16) Schmeits, M.; Dambly, LPhys. Re. B 1991, 44, 12706-12712.

v (17) Pack, A.; Hietschold, M.; Wannemacher, ®t. Commun2001,

194, 277-287.

Coup“ng between the nanopartides over distances many (18) Sanichsen, C.; Reinhard, B. M.; Liphard, J.; Alivisatos, A.N&t.

times the particle diameter was found. The radiation damping (19)

of the coupled particteplasmon 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- @1)
magnetic coupling between relatively widely spaced patrticles

Biotechnol.2005 23, 741-745.

Krenn, J. R.; Dereux, A.; Weeber, J. C.; Bourillot, E.; Lacroute, Y.;
Goudonnet, J. P.; Schider, G.; Gotschy, W.; Leitner, A.; Aussenegg,
F. R.; Girard, C.Phys. Re. Lett. 1999 82, 2590-2593.

(20) Jiang, J.; Bosnick, K.; Maillard, M.; Brus, . Phys. Chem. B003

107, 9964-9972.

Podolskiy, V. A.; Sarychev, A. K.; Shalaev, V. Nl.Nonlinear Opt.
Phys. Mater.2002 11, 65—74.

is assumed to be negligible, as is often done in experiments (22) Grigorenko, A. N.; Geim, A. K.; Gleeson, H. F.; Zhang, Y.; Firsov,

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

A. A.; Khrushchev, I. Y.; Petrovic, Nature 2005 438 335-338.
(23) Wokaun, A.; Gordon, J.; Liao, fPhys. Re. Lett. 1982 48, 957—
960.
(24) Klar, T.; Perner, M.; Grosse, S.; von Plessen, G.; Spirkl, W.;
Feldmann, JPhys. Re. Lett. 1998 80, 4249-4252.

|(25) Sanichsen, C.; Franzl, T.; Wilk, T.; von Plessen, G.; Feldmann, J.;

Wilson, O.; Mulvaney, PPhys. Re. Lett. 2002 88, 77402.

field enhancement in the space between the particles. This (26) Hevel, H.; Hilger, A.; Kreibig, U.; Vollmer, M.Phys. Re. B 1993

effect should be beneficial for nonlinear optical applications
such as surface-enhanced Raman spectros€aépi?
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