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Metal Nanoparticle Gratings: Influence of Dipolar Particle Interaction
on the Plasmon Resonance
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We probe the influence of grating effects on plasmon excitations in gold nanoparticles arranged in
regular two-dimensional patterns. Samples produced by electron-beam lithography are investigated by
femtosecond time-resolved and spectroscopic methods. We find a strong dependence of the plasmon
lifetime and resonance wavelength on the grating constant.

PACS numbers: 78.47.+p, 61.46.+w, 73.20.Mf
The interaction of light with metal nanoparticles has
been the subject of extensive experimental as well as theo-
retical research for a long time. Silver and gold nano-
particles with typical sizes of 5–150 nm are of special
interest as they can exhibit particularly strong optical ex-
tinction in the visible spectral range due to resonantly
driven electron plasma oscillations (particle plasmons).
Particle plasmons cause local field enhancement and spec-
tral selective light absorption [1]. These properties are of
considerable interest in the context of future electronic and
optical device applications. Both phenomena are essen-
tially determined by the damping of the particle plasmon,
which is manifest in the plasmon decay time tpl in the time
domain and the bandwidth Dv of the plasmon extinction
band in the spectral domain.

For a single particle the resonance phenomenon strongly
depends on details of the particle shape as well as on the di-
electric properties of the particle material and the surround-
ing medium, respectively. For an ensemble of particles, as
typically used for experiments, the individual plasmon res-
onance is additionally influenced by electromagnetic par-
ticle interaction. In principle, two types of interaction can
be distinguished: near-field coupling and far-field (dipo-
lar) interaction. Near-field coupling is relevant for nearly
touching particles due to the short range of the electro-
magnetic near fields in the order of some tens of nm [2,3].
On the other hand, far-field interaction is mediated by the
nanostructures’ scattered light fields, which are of dipolar
character for nanostructures with sizes much smaller than
the light wavelength. Nanoparticles forming an ensemble
with particle distances exceeding those allowing near-field
coupling are thus interacting via their dipolar fields which
interfere to form collective radiation.

This phenomenon has been studied in detail theoretically
by Meier, Wokaun, and Liao [4]. For a two-dimensional
square grating of metal nanoparticles they found that par-
ticularly strong dipolar interaction arises when the light
fields, corresponding to a particular grating order, change
from evanescent to radiative in character. The critical grat-
ing constant which corresponds to the emergence of a new
radiation order at a given wavelength is termed dc (dcusp
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in [4]), meaning that for d # dc the order is evanescent
and for d $ dc it is radiating. For the sake of brevity and
corresponding to our experimental setup we consider just
the case of perpendicular incidence; details on nonperpen-
dicular incidence are given in Ref. [4]. For perpendicular
incidence of the exciting light wave and a grating constant
d slightly smaller than dc, the light fields corresponding
to a grating order are still evanescent but with the addi-
tional property that the local optical fields in the plane of
the array become large due to an almost in-phase addi-
tion of the scattered light fields of neighboring particles.
This results in a modification of the plasmon resonance
condition leading to a redshift of the plasmon resonance
wavelength [4]. At d � dc the grating order becomes ra-
diative at a grazing angle. The appearance of a new radi-
ating grating order leads to a sudden increase of the total
power radiated by the array, causing enhanced radiation
damping of the individual particle plasmons. Because of
this additional radiating grating order, plasmon damping
is stronger and consequently the plasmon decay time tpl
is smaller for d $ dc than for d # dc. We thus expect
the properties of the individual particle plasmons to be a
function of the grating constant defined by the geometri-
cal arrangement of the nanoparticles in the far-field zone
of each other. In this Letter we present experimental ver-
ifications of this phenomenon which we consider to be of
primary importance for the understanding of the physical
properties of regularly arranged resonant nanostructures in
general.

For sample production we use an electron-beam litho-
graphic method [5], which allows a controlled design of
metal nanoparticle gratings. Particle shape and interparti-
cle distance in a square array can be varied independently
by this method, enabling us to tailor the optical properties
of the single particles independently from the design of the
grating parameters. As the investigated particles are well
separated (grating constant $350 nm) the only relevant
coupling mechanism is dipolar interaction. This dipolar
interaction can be systematically changed by a variation of
the grating constant d of the particle grating. As the single
particle properties are kept constant in our experiments, a
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direct investigation of the influence of the dipolar interac-
tion on the particle plasmon resonance is possible.

Our sample consists of circularly shaped Au nanoparti-
cles arranged in square two-dimensional arrays (side length
�100 mm) with grating constants varying from 350 to
850 nm. All arrays are deposited on a single indium-
tin-oxide coated (mass thickness 3 nm) quartz substrate.
The particle height of 14 nm is kept constant for all par-
ticles on the substrate. The particle diameter is set equal
to 150 nm in order to tune the resulting particle plasmon
resonance wavelength to the central wavelength (774 nm)
of the fs Ti:sapphire–laser system used in some of the
experiments.

For measuring the plasmon decay time tpl we apply both
time and frequency domain methods. To use both meth-
ods is reasonable since inhomogeneous absorption band
broadening due to nonuniform particle shapes within an
investigated particle array cannot be excluded. There-
fore we apply a direct fs-time-resolved measurement of
the plasmon decay time tpl [6–9], which, as recently
demonstrated [10,11], constitutes a damping determina-
tion method that is also applicable in the case of an in-
homogeneously broadened plasmon absorption band. The
decay time measurement is based on a collinear autocorre-
lation method [12–14], with 15 fs bandwidth-limited laser
pulses [15] for excitation. Third harmonic generation at
the particle surface serves as a noninvasive monitor of the
local particle plasmon dynamics (third order autocorrela-
tion). The standard deviation of this method is 61 fs for
resonant particle plasmon excitation. Details on the experi-
mental setup as well as the method in general are described
in [16]. Additionally, tpl is determined from the width of
the extinction bands of the particle arrays. Measuring the
extinction spectra also yields the position of the plasmon
resonance wavelength lres (wavelength of maximum opti-
cal extinction).

In [16] we reported a plasmon decay time of tpl � 6 fs
for a gold particle array with the specifications described
above but with a fixed grating constant of d � 450 nm.
In this Letter we examine a variation of the grating con-
stant d in order to study the value of tpl as a function of
dipolar interaction (note that shape and size of the indi-
vidual particles are identical for all arrays). We find the
decay time to be strongly dependent on the grating con-
stant d. Figure 1 shows the resulting decay time tpl for
particle arrays with grating constant values d ranging from
d � 350 nm to d � 650 nm. The extinction spectra of
these particle arrays are shown in Fig. 2. For comparison,
the spectra are normalized to constant particle density in
order to obtain comparable extinction for arrays with dif-
ferent grating constants d. We find the extinction spec-
tra to show strongly different bandwidths (FWHM) for
the various grating constants ranging from d � 350 nm
to d � 850 nm. Additionally, we find that the peak wave-
length lres varies between 755 and 800 nm as a function of
d. We now compare these results with those of the time-
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FIG. 1. Plasmon decay time versus grating constant d as ob-
tained from the time-resolved measurement (the solid line is a
guide to the eye). Typical error bars are shown for the cases
d � 500 nm and d � 600 nm.

resolved measurements. Therefore we extract the value for
the decay time tpl from the bandwidth of the extinction
curves using the relation Dv tpl � 1. Note that the shape
of the extinction curve corresponding to a grating constant
of d � 550 nm strongly deviates from a Lorentzian, mak-
ing this consideration problematic in that case. By com-
paring the resulting tpl values (solid line in Fig. 3) with
those obtained by the time-resolved measurement (Fig. 1),
we find an agreement better than 1 fs, which is below the
standard deviation of the fs-time-resolved measurement.
From this result we conclude that, in our case, inhomoge-
neous extinction band broadening is negligible. This find-
ing is corroborated by results from the analysis of scanning
electron microscope images of our samples, which reveal
that the particles are nearly identical in shape with fluc-
tuations of the mean diameter of less than 5%. As the

FIG. 2. Extinction spectra for square 2D gratings of
Au-nanoparticles (height 14 nm, diameter 150 nm) on an
indium-tin-oxide coated quartz substrate (d grating constant).
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FIG. 3. Solid line: plasmon decay time determined from the
FWHM of the extinction spectra (Fig. 2). Dashed line: reso-
nance wavelength (extinction maxima in Fig. 2) versus the grat-
ing constant d.

value of the inhomogeneous band broadening is a function
of the fluctuations in particle shape, the narrow particle
shape distribution causes a negligible inhomogeneous band
broadening.

The plasmon decay time tpl, as extracted from the
extinction spectra, and the plasmon resonance wave-
length lres (wavelength of maximum optical extinction
in Fig. 2) are plotted versus the grating constant d in
Fig. 3. For an interpretation of the dependence of tpl
and the resonance wavelength on the grating constant
as found in Fig. 3 we define two specific values of
dc. This is reasonable as our particles are deposited
on a substrate (effective refractive index n � 1.45),
and we therefore obtain two different conditions for the
emergence of the first grating order: one for radiation
into the substrate �dc,sub � l�n�) and one for radiation
into the air space �dc,air � l�. As the radiated intensity
of a single particle becomes maximum for a reso-
nant particle plasmon oscillation it is of major interest
to consider the special case l � lres, which ranges be-
tween 755 and 800 nm for the various particle gratings
with different grating constants d (see Figs. 2 and 3).
As the resonance wavelength lres depends on the grating
constant d we determine the critical grating constant at
resonance of the particle plasmon dc,res by plotting the
lines dc,sub � l�n and dc,air � l in Fig. 3. The inter-
section of these lines with the experimental curve lres�d�
(dashed line) then yields those grating constants dc,res
for which the conditions d � dc,res,sub or d � dc,res,air
are fulfilled. We find these values at dc,res,sub � 550 nm
for radiation in the substrate and dc,res,air � 765 nm for
radiation in air (indicated by arrows in Fig. 3). Both
values for dc,res correspond to redshift maxima of the
resonance wavelength (d � 550 nm and d � 750 nm
in Fig. 3). We interpret these maxima of redshift as
maxima of dipolar interaction at the respective particle
distances due to the in-phase addition of the radiation
fields of the neighboring particles [4,17].

The decay time tpl shows the following dependence
on the grating constant d. For d � 500 nm �,dc,res,sub�
where the first grating orders are still evanescent, we mea-
sure a maximum decay time of tpl � 8.5 fs. This corre-
sponds to a minimum damping of the plasmon oscillation.
For d � 600 nm �.dc,res,sub� where the fields of the first
grating order are radiating in a direction close to the graz-
ing angle, we find a minimum decay time of tpl � 2.5 fs,
which corresponds to maximum damping. We interpret
this dramatically enhanced damping by strongly enhanced
radiation damping as being due to radiation of the first
grating order into the substrate. For d � 550 nm the cor-
responding extinction curve is asymmetric with respect to
the resonance wavelength. This can be understood by the
fact that the spectral width of this particular extinction band
extends over both low damped (nonradiating) and strongly
damped spectral regimes. The observed shape of the ex-
tinction curve is in agreement with the results presented in
[4]. Qualitatively, the same decay time dependence on the
grating constant d also appears at dcusp,air but with a less
pronounced influence on tpl, due to the already existing
strong radiation damping arising from the first order radi-
ating into the substrate.

By investigating random particle distance distributions
no significant shift and broadening of the plasmon reso-
nance are found for samples with average interparticle dis-
tances ranging from 400 to 1000 nm. This corroborates
our finding that shift and broadening of the plasmon reso-
nance are essentially determined by the periodicity of a
square array. The dipolar fields of neighboring particles
are superimposed with their respective phase shifts, which
depend on the distance between the particles.

In conclusion, our results show a dramatic increase in
plasmon damping in the transition region from evanes-
cent to radiative fields of the first grating order on the
substrate side �500 nm , d , 600 nm�. Furthermore we
find a strong plasmon resonance wavelength redshift of
approximately 50 nm in this transition region. Our experi-
mental findings are in excellent agreement with the theo-
retical considerations of Meier et al. [4]. We explain our
results by the 2D periodicity of our particle arrays, which
determines the local optical field acting on an individual
particle and imposes restrictions on the spatial structure of
the scattered far field. Thus the geometrical arrangement
of resonant metal nanoparticles in their respective far-field
regions crucially influences the individual particle plasmon
and thus the plasmon near-field characteristics. This effect
should be carefully taken into account when performing
optical experiments on samples consisting of ensembles of
regularly arranged resonant nanostructures.
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