Impact statement

This study describes the optical behavior of one- and
two-dimensional arrays of plasmonic silver and gold
nanoparticles, based on the coupled-dipole approxi-
mation of electrodynamics. A new interpretation is
provided for characterizing the opfical resonances in
such structures, including the identification of both
upper and lower polaritons that couple Bragg diffrac-
tion modes and localized plasmons. Also, Rayleigh
anomalies (Bragg modes not coupled to plasmons) are
often but not always present in competition with the
lower polariton mode. Connections to strong coupling
effects and fo plasmonic lasers are briefly discussed.
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Plasmonic surface lattice
resonances in nanoparticle arrays

Diptesh Dey® and George C. Schatz*

This article reviews the literature and provides a detailed computational analysis
of the optical properties of one- and two-dimensional arrays of silver and gold
nanoparticles, with an emphasis on surface lattice resonances (SLRs) that arise when
localized plasmon resonances (LSPRs) in the nanoparticles couple to diffraction
resonances that are determined by the interparticle spacing to give polariton modes
in which the two types of excitations are coherently coupled. The computations are
based on the coupled-dipole approximation, which provides a nearly quantitative
description of the extinction spectra for arrays of this type where the particles are
well separated and not too large. The computations are used to determine many
characteristics of SLRs associated with the lower polariton mode that is mostly
photonic in nature, and we also study the upper polariton that is dominated by
the LSPR response, as well as Rayleigh anomalies (RAs) that correspond to purely
diffractive excitation. The calculations explore the sensitivity of these excitations
to the directions of the incident wave and polarization vectors relative to the array
axis, the effect of array spacing and number of particles in the array, and the effect
of nanoparticle radius and background refractive indices. Details of the physical
mechanisms involved in determining blue- and/or redshifts as structural parameters
are varied is provided, with SLRs being sensitive to far-field coupling, while LSPRs
can also be sensitive to near- and intermediate-field interactions that in some cases

are similar to effects found in dye molecule aggregates.

Introduction

Since the pioneering work of Michael Far-
aday on the colors of colloidal gold parti-
cles,! there has been considerable experi-
mental and theoretical interest to study
the interaction of light with small metal-
lic particles.”® Nanometer-sized metallic
particles or structures can strongly absorb
or scatter light due to their ability to sup-
port plasmon resonances—coherent oscil-
lations of the surface conduction electrons
in response to the electric field of light—
leading to an enhanced optical near-field of
subwavelength dimensions.” The local field
enhancement is a consequence of the large
optical frequency polarization associated
with the electron oscillation. If the locali-
zation of light takes place within an isolated
metal nanostructure, it is termed a localized

surface plasmon resonance (LSPR).* !> The
LSPR frequency of a metallic nanostructure
is related to the plasma frequency of the
free electrons as determined by the size and
shape of the particle and by the permittivity
of the metal and the surrounding medium. !
The complex, frequency-dependent dielec-
tric function of a material (also known as
the relative permittivity) describes the par-
tial screening of an oscillating electric field
within the material, which determines

the plasmonic response. Strong particle
plasmons result when the real part of the
dielectric function (¢’) is less than zero
while the imaginary part (¢”) is small and
positive. The latter determines the quality
of the resonance because it is a measure of
the absorption loss. Although dipolar modes
usually dominate the optical response,'*
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higher order modes (quadrupole, octupole) can also contrib-
ute.” Since these light-matter interactions are strong and tun-
able, plasmonic nanoparticles find a wide range of interesting
applications that include surface-enhanced Raman scatter-
ing,'? optical waveguides, and chemical as well as biochemi-
cal sensors.'® To this end, applications of particle plasmons
benefit from weak plasmon damping—slow dephasing of the
optical polarization associated with the electron oscillation—
as is especially found for noble metals in the visible and near-
infrared (NIR) region.

‘When metal nanoparticles are in close proximity, the indi-
vidual LSPR modes get influenced as the electric near-fields
can couple for separations on the order of the particle radius
resulting in a new hybrid mode or gap mode—an enhancement
of the local electric field in the gap between the particles that
causes a shift of the LSPR wavelength.!®'® On the other hand,
for nanoparticles organized into ordered arrays with spacings
comparable to the wavelength of light, it is the electric far-field
that couples to the diffraction mode of the lattice. This radia-
tive far-field coupling leads to diffractive resonances that are
called Rayleigh anomalies (RAs) for dielectric particle arrays,
but for plasmonic particle arrays the coupling also leads to
polariton formation, and if the RA is to the red of the LSPR, the
lower energy polariton is slightly redshifted from the RA (so
mostly photonic in character with a narrow width) and its peak
extinction (absorption + scattering) and quality factor (Q) are
enhanced relative to the LSPR.!"?! This coherent interaction
of plasmon and diffraction arises from multiple scattering by
the regularly spaced particles, and the excitation is commonly
referred to as a surface lattice resonance (SLR). The terms
lattice plasmon polariton or diffractively coupled localized
plasmon resonance are also used.'*??>724 There is also an upper
polariton mode that is mostly localized plasmonic in character
and hard to distinguish from the properties of isolated nano-
particles, so the polaritonic properties of this mode have rarely
been studied (we consider this later), and we will continue to
identify this as the LSPR mode of the array. Note that for the
lower polariton, the diffractive character of the SLR can lead
for 2D arrays to radiation in the plane of the array.?' In many
cases, the RA manifests itself in the extinction spectrum of the
array as a sudden dip just to the blue of the sharp dispersive
peak of the SLR, but we will show later that RAs can also
show up as peaks rather than dips, and they can sometimes
be so close to the SLR that the RA cannot be distinguished in
the extinction spectrum. In addition to in-plane excitation,'*?*
the radiative coupling and collective resonances that lead to
SLRs for 2D arrays can also arise from out-of-plane excita-
tion.2® Plasmonic SLR modes are therefore very sensitive to the
periodicity of the lattice’” and many other properties, leading
to interesting optical band structure properties.

Plasmonic SLRs supported by metal nanoparticle arrays
have attracted increasing attention in the past two decades
by communities involved in both fundamental research and
practical applications.?!**?"30 SLRs find several promising
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applications that include nanoscale lasing,?'**> nonlinear

optics®* and quantum optics. To this end, several researchers
have contributed to SLR research.!#?!2426.27 Beginning in
2004, Schatz and co-workers have published several theo-
retical papers concerned with the very sharp SLR resonances
for 1D and 2D arrays of metal nanoparticles,'*** and then
starting in 2012, Schatz collaborated with Odom and others to
connect the theoretical studies to experimental observations,
especially those involving the use of SLR in combination
with dyes and other emitters to produce SLR lasers.3!-3842
Significant work by others has also been described, including
studies of energy transfer in nanoparticle arrays, studies of
Bose—Einstein condensates associated with SLRs, and studies
of strong coupling effects involving SLRs and excitons.* >
Most of this work has studied silver and gold nanoparticles
due to strong plasmon excitation in the visible and NIR, but
other metals (copper, aluminum, indium) have also been of
interest,*0-37-60

In this Review, we provide theoretical insight on light scat-
tering and absorption from one- and two-dimensional arrays of
spherical plasmonic nanoparticles. We consider the coupled-
dipole method,'***** which provides a semi-analytic approach
to interpret the collective optical response using simple con-
cepts. Only dipole (and no higher multipole) polarizabilities
are considered to generate coherent excitation of the particles.
Much of this work is concerned with determining and interpret-
ing the effects of long-range (radiative) coupling over a range
of particle spacings, array structures and incident field direc-
tions and polarizations, focusing specifically on 1D and 2D
arrays of silver and gold spherical particles. We also consider
the influence of array structure and incident light on the proper-
ties of the LSPRs and on RAs. While some of this work revisits
science that was initially presented nearly 20 years ago,'” many
new concepts have been developed since then, and there are
issues related to polariton properties that are new to this work.

Coupled-dipole method
The coupled-dipole method provides a simple physical picture
and an analytic framework to understand the optical response
of arrays of nanoparticles. To that end, it involves numerically
solving Maxwell’s equations to obtain the absorption, scatter-
ing, and extinction cross sections for spherical or spheroidal
nanoparticles. Each component nanoparticle is assumed to be a
dipole resonator of polarizability o; (for spherical particles) that
interacts with the local field at the position of the particle, such
that this field is expressed as a sum of the incident plane wave
field and the scattered field from the other nanoparticles. The
collective optical response of the aggregate is then obtained
self-consistently. Since nanoparticles of sizes much smaller
than the wavelength of light primarily respond as electric
dipoles, higher-order multipole resonances are usually ignored.
Consider an array of N particles whose positions and
polarizabilities are denoted by r; and «;, respectively. The
induced dipole P; in each particle in the presence of an
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applied plane wave field is P; = a;Ejoc;(i = 1,2,...,N),
where the local field Ejoc; is the sum of the incident and
retarded fields of the other N — 1dipoles. For a given wave-
length A, this field is

Eloc,i == Einc,i + Edipole,i

N
D AP
j=1
JF#EI 1
where Eg and £ = 27t/A are the amplitude and wave vector of

the incident wave, respectively. The dipole interaction matrix
A is expressed as
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where r;; is the vector from dipole i to dipole j. Note that the first
term in Equation 2 has a 1/r dependence on interparticle spac-
ing, while the second has 1/r2 and 1/ variations. As a result, the
first term, which is associated with radiative dipolar interactions
between the particles, is often dominant for large array spacings.
For a finite array of particles, the polarization vectors are
obtained by using iteration to solve 3N linear equations of the form
AP=E, 3

where the off-diagonal elements of the matrix A/, A;j, are the

same as A;;, and the diagonal elements of the matrix, A”, are
a; ! For a system of N elements, E and P are 3N dimensional
vectors, and A'is a 3N x 3N matrix. After obtaining the polariza-

tion vectors, we can calculate the extinction cross section using

4mk
Coxt = |221m(Ech ). 4

For an infinite array of particles, a semi-analytical solution
to Equation 3 was introduced'*! for the wave vector per-
pendicular to the array axis (or plane), assuming the same
induced polarization in each array element. This provides a
simple way to analyze the coupling effects on the plasmon
resonance line shape. The expression for the polarization of
each particle reads as

B asEg
T 1 —agS

and Cext = 4nNkIm(P/E)), 5

where the dimensionless quantity S is the retarded dipole sum
given by
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where 6;; is the angle between 7;; and the polarization direction.
The expression for S contains two terms. The first term has
l/r;- and l/rg. dependence that contributes to short-range and
intermediate-range interactions, while the second term with
1/r;; (radiative dipolar interaction) contributes to long-range
interactions. Each of these terms is modulated by an exponen-
tial factor, ’*’7 that incorporates retardation effects into the
results. The real part of S determines the shift in A, where
positive (negative) values correspond to red(blue)shifts. The
imaginary part of S determines the linewidth of the resonance,
where negative (positive) values give narrowed (broadened)
line shapes compared to that of a single nanoparticle. To this
end, analytical expressions for dipole sums for 1D arrays are
also given by Markel

Results and discussion

Plasmonic/photonic extinction line shapes are governed by
several factors among which the interparticle spacings and the
polarization and wave vector directions of the incident light
are vital. To understand this, we consider an application to a
1D chain of 400 spherical silver nanoparticles (in vacuum)
whose radii are 50 nm and we study the extinction efficiency
(ratio of the extinction cross section to the total cross-sectional
area of all the particles in the array). We consider the spectral
range 300—650 nm for these calculations, and we choose the
dielectric function from Johnson and Christy®? to describe the
silver nanoparticles. Some of these calculations are similar
to those presented in the original SLR work by Zou et al'®?!
except that a different dielectric function was used there that
is now considered less accurate than Johnson and Christy. Two
situations are studied. In the first, the wave and polarization
vectors are taken to be perpendicular to the array axis (see
Figure 1 upper panel). Here, the interparticle spacings were
fixed at certain values in the range 200-600 nm. The extinc-
tion spectrum of an individual particle is also plotted alongside
as a guide to the eye. In the second set of calculations, the
wave vector is parallel to the array axis, with the polarization
perpendicular to it (see Figure 1 lower panel). In this case, the
interparticle spacings range between 400 and 600 nm.

The upper panel shows a typical LSPR spectrum for the
single silver particle, peaking near 396 nm. For the arrays, this
broad LSPR peak is still present (but now slightly blueshifted
from the single particle LSPR as it is the upper polariton
mode). In addition, there is a sharp SLR peak at wavelengths
that are shifted somewhat red from the RA wavelength, cor-
responding to the lower polariton mode. There is also a sharp
dip in the extinction at a wavelength that matches the spac-
ing due to the RA. As mentioned earlier, the SLR and LSPR
peaks can be considered to be the lower and upper polariton
modes in which light and plasmon excitation are coherently
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Figure 1. Extinction spectra for 1D chains of 400 spherical silver
nanoparticles of radii 50 nm. The wave vector is chosen perpendicu-
lar (upper panel) and parallel (lower panel) to the array axis with the
polarization perpendicular to it. The interparticle spacings are fixed
at 200 nm, 400 nm, 450 nm, 470 nm, 500 nm, 550 nm, and 600 nm
(upper panel) and 400 nm, 440 nm, 480 nm, 500 nm, 520 nm, 540
nm, and 600 nm (lower panel). The isolated single nanoparticle (NP)
spectrum is also plotted alongside for comparison.
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Figure 2. Extinction spectra of a 1D array (upper panel) and a 2D
square array (lower panel) of spherical silver nanoparticles of radii 50
nm. The maximum number of nanoparticles (NPs) in the 1- and 2D
arrays are 400 and 90 x 90, respectively. The wave and polarization
vectors are perpendicular to the array and the interparticle spacing is
fixed at 470 nm in both cases. The insets highlight the blueshift of the
plasmon wavelength as the array size increases.

mixed. However, unlike the description that comes from low
dimensional models like the Jaynes—Cummings model, where
the uncoupled modes are replaced by the polaritonic modes,
in this case we see that the RA (an uncoupled mode) can still
be present even when the polaritonic modes are dominant.
Note also that both the SLR and RA redshifts as the inter-
particle spacing in Figure 1 (upper panel) is increased, with
the difference in wavelength decreasing, such that the RA
merges with the SLR for spacings above 470 nm. The high-
est extinction efficiency (as determined by the ratio of cross
section per particle to the geometrical area of the particle)
is 27.4, as seen for the interparticle spacing of 470 nm. The
sharp, dispersive peak for this spacing has a width of ~2 nm.
The single nanoparticle LSPR has a width of ~86 nm and is
centered at 396 nm, so we see that the SLR appears when the
RA is to the red of the LSPR, and is much narrower than the
SLR. In the lower panel, the highest extinction efficiency of
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17.9 is noted for an interparticle spacing of 480 nm. It has a
width of ~8 nm. This SLR is also less intense compared to
the former case, since the incident field oscillates along the
array (leading to interference effects in the dipole sums) when
the wave vector is parallel to the array, in contrast to having
a constant field when the wave vector is perpendicular to the
array. The RA appears at wavelengths 400 nm and 440 nm,
which are the same wavelengths as in Figure 1 (upper).

The polarization response associated with the dipolar lat-
tice plasmon and hence the extinction spectrum also depends
on the size of the array. To that end, Figure 2 (upper panel)
depicts the extinction spectra of 1D chains of silver nano-
particles of radii 50 nm (in vacuum) for a fixed interparticle
spacing of 470 nm with the wave and polarization vectors per-
pendicular to the array axis. The effect of number of particles
in the array is revealed by gradually increasing the particles,
starting from one up to 400. For smaller arrays (such as with
10 particles) a broad spectrum is noted, while the width of
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the spectrum narrows down to ~15 nm with 50 particles,
and it keeps on narrowing down further with increasing array
size. This behavior arises because the induced dipoles are all
aligned near the SLR maximum, and add constructively to
the dipole sum in Equation 6. At the RA wavelength, all the
¢ terms are unity and the dipole sum maximizes, while at
the SLR wavelength there is phase cancellation involved such
as to make the real part of agS as close to unity as possible.
With 400 particles, we observe an extinction efficiency of 27.4
and a spectral width of ~2 nm. The sharper resonances indi-
cate stronger induced optical frequency fields associated with
the nanosystem, and in earlier work this was used to produce
enhancements in SERS.* There is also a slight blueshift in the
plasmon wavelength (see inset in Figure 2) as the number of
particles is increased. This arises due to the larger dipole sum
from the second term in Equation 6 for larger & values.®® Fig-
ure 2 (lower panel) depicts the extinction efficiency of a finite
2D array where the number of particles is gradually increased
to 90 particles in both directions. An extinction efficiency of
32.9 is noted for the 2D array compared to 27.4 for the 1D
array. This suggests that 2D arrays can provide higher quality
(Q) factors than 1D arrays; however, the line shape function
for the 1D arrays is more complicated than this analysis sug-
gests due to its cusp-like character.** Also note that the SLR
peak is more redshifted in the 2D array (A = 477 nm) com-
pared to the 1D array (A =471 nm) due to the larger dipole
sum. In the 2D array, the dip at A = 470 nm corresponds to
the RA. Note that the 2D array shows an additional RA dip at
around A = 335 nm (i.e., smaller by 1/+/2) due to scattering in
the (1,1) lattice direction, as opposed to (1,0) and (0,1) scat-
tering for the RA at 470 nm.

SLRs can also arise when the particle spacing is about
half of the plasmon wavelength, as long as the polarization
is parallel to the array. This is illustrated in Figure 3 where
the extinction spectra of a 1D chain of silver nanoparticles
of radii 50 nm (in vacuum) is plotted for a fixed interparticle
spacing of 260 nm. The polarization is perpendicular in this
case (upper panel). Similar to Figure 2, the effect of number
of particles in the array is significant. With 200 particles, we
observe SLR behavior with a maximum extinction efficiency
of 31.3 and a spectral width of ~5 nm. A gradual decrease
in the peak extinction efficiency is noted as we increase the
number of particles above 200, and there is a redshift in the
SLR peak. In addition, a RA dip is observed at 520 nm, that
is, at twice the interparticle spacing. These features are dif-
ferent from Figure 1 (lower panel) where the wave vector is
also parallel, but the resonance condition is found when the
interparticle spacing is approximately an integer multiple of
the wavelength. In addition, if the wave vector is perpendicu-
lar to the array with spacing that is half the LSPR wavelength,
there is no SLR peak (Figure 3 lower panel). This is because
here the near field interactions between the dipoles nullify the
SLR response. This reflects a factor of —1 in the interactions
between adjacent dipoles originating from the " term in
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Figure 3. Extinction spectra of a 1D chain of spherical silver nano-
particles (NPs) of radius 50 nm. A maximum number of 600 particles
are considered with the interparticle spacing fixed at 260 nm. The
wave vector is chosen parallel (upper panel) and perpendicular (lower
panel) to the array axis with the polarization perpendicular to it. The
inset highlights the redshift of the plasmon wavelength as the array
size increases.

Equation 6, and it contrasts with the parallel wave vector case
where the incident field provides a second -1 factor so that
intermediate field contributions are constructive.

The size of the nanoparticle also governs the plasmonic
response of the array. Figure 4 illustrates this for a 1D chain of
400 spherical silver nanoparticles (in vacuum) of radii 30 nm
(upper panel) and 100 nm (lower panel). The wave and polariza-
tion vectors are chosen perpendicular to the chain axis. This is
analogous to the situation in Figure 1 (upper panel) where 50 nm
radii particles were considered. Here, the array spacings are var-
ied ranging between 300 and 420 nm (for 30 nm radii particles)
and between 400 and 1000 nm (for 100 nm radii particles). The
plasmonic response of the array shifts to a narrow spectral range
of 300-500 nm for the 30 nm radii and a broader spectral range
of 300—-1200 nm for the 100 nm radii. This is in comparison to
the 300-650 nm spectral range for 50 nm radii particles as in
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Figure 4. Extinction spectra of a 1D chain of spherical silver nano-
particles (NPs) similar to Figure 1 (upper panel), except now the radii
are 30 nm (upper panel) and 100 nm (lower panel), respectively. The
interparticle spacings are fixed at 300 nm, 372 nm, 384 nm, 396 nm,
408 nm, and 420 nm, respectively, for 30 nm radii, and are fixed at
400 nm, 500 nm, 600 nm, 700 nm, 760 nm, 800 nm, 840 nm, 900 nm,
and 1000 nm, respectively, for 100 nm radii particles.
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Figure 5. Extinction spectra of a 1D chain of spherical silver nano-
particles of radius 30 nm (in vacuum). The 1D array consists of 400
particles with the interparticle spacings fixed at 75 nm, 90 nm, 120
nm, 180 nm, 240 nm, and 300 nm, respectively. The wave vector is
chosen perpendicular to the array axis while the polarization vector is
perpendicular (upper panel) and parallel (lower panel) to it.

Figure 1. Comparing the upper and lower panels in Figure 4, we
see that the previously discussed redshift in the dipole resonance
with increased spacing spans a larger range of wavelengths for
particles of larger radii. This is due to dynamic depolarization
and radiative damping for individual particles, which redshifts
and broadens the LSPRs as particle size increases.®>® Larger
particles can also show higher multipole resonances to the blue
of the dipole resonance, but these are not included in the cou-
pled-dipole calculations. For the 30 nm radii particles, a highest
extinction efficiency of 24.96 is noted for an interparticle spacing
of 384 nm, while for 100 nm radii particles, a highest extinction
efficiency of 21.1 is noted for an interparticle spacing of 800 nm.
This is in comparison to an extinction efficiency of 27.4 for 50
nm radii particles with an interparticle spacing of 470 nm (see
Figure 1). Another feature is that the 30 nm radii particles show
slightly broader SLR peaks, that is, lower O-factors, compared
to 50 nm radii, and the 100 nm radii peak is also broader than
for 50 nm. For example, for an interparticle spacing of 384 nm,
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the plasmon resonance peaks at 384.6 nm and has a width of ~
2.8 nm compared to 2.0 nm for the most intense peak for the 50
nm particle. For 100 nm radii particles, the most intense plasmon
peak occurs at 801.7 nm for an interparticle spacing of 800 nm,
and has a plasmon width of ~3.6 nm.

Figure 5 shows the extinction spectra of a 1D chain of
400 silver nanoparticles of radii 30 nm (in vacuum) with
interparticle spacings fixed at certain values ranging between
75 and 300 nm. The wave vector is assumed perpendicular
to the array axis, and we consider two scenarios: (1) the
polarization vector perpendicular to the array axis (upper
panel), and (2) the polarization vector parallel to the array
axis (lower panel). Here, the wavelength range is chosen to
be 300—-500 nm, so these calculations consider wavelengths
that include the LSPR, and where the RA is well to the red
of the LSPR such that the LSPR mode is the lower polariton.
However, the polaritonic coupling is extremely weak in this
case so the redshift expected relative to the single particle
resonance that is in Figure 4 (upper panel) is barely apparent
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Figure 6. Extinction spectra of a 1D chain of spherical silver
nanoparticles of radius 30 nm (in vacuum). The 1D array consists of
400 particles with interparticle spacings fixed at 75 nm, 90 nm, 120
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Figure 7. Extinction spectra of a 1D chain of spherical silver
nanoparticles of radii 50 nm similar to Figure 1 (upper panel), but in
the presence of different surrounding medium as indicated by their
refractive indices (Rls). The wave and polarization vectors are perpen-
dicular to the array and the interparticle spacing is fixed at 450 nm.

in the 300 nm separation result (corresponding to the closest
overlap of the RA and LSPR). However, the spacings consid-
ered here are such that near- and intermediate-field interac-
tions can play a role. Indeed, the LSPR resonance that is near
370 nm for 300 nm spacing is blueshifted in the upper panel
as spacing is decreased (a result that is similar to what was
observed long ago'*®') and redshifted in the lower panel.
This is similar to effects found with H- and J-aggregates of
dye molecules (where only near-field interactions are usu-
ally considered), where dipole alignment perpendicular to
the array axis (H-aggregate) leads to blueshifted absorption
spectra as the intermolecular coupling gets stronger, while
alignment parallel to the axis (J-aggregates) leads to red-
shifted spectra. We also see that the plasmon in the upper
panel gets dampened as it blueshifts while the lower panel
shows the integrated intensity is higher but broadens as the
spacing decreases. This behavior arises because the silver
dielectric function becomes lossier in the blueshifted case,
especially for wavelengths around 350 nm, while depolariza-
tion and radiative damping effects lead to broadening of the
line shape in the redshifted case.

Figure 6 shows the extinction spectra of a one-dimen-
sional chain of 400 silver nanoparticles of radii 30 nm (in
vacuum) with interparticle spacings fixed at values smaller
than the wavelength ranging between 75 and 300 nm (non-
SLR case). In contrast to Figure 5, here we consider the wave
vector parallel to the array. The polarization is perpendicular,
so we compare Figure 5 (upper panel) with Figure 6. We see
in Figure 6 that the plasmon redshifts with decreasing separa-
tion, which is the opposite result to Figure 5 (upper panel).
This is because although dipole alignment is perpendicular
to the axis, the parallel wave vector in combination with a

plasmon wavelength that is a few times larger than the spac-
ing causes the dipoles to slowly oscillate in sign along the
array. This leads to a combination of attractive and repulsive
interactions that are dominated by the attractive interactions
in this case.

Similar to individual plasmonic nanoparticles,
particle arrays that support SLRs are also sensitive to changes
in the refractive index (RI) of the surrounding medium. Fig-
ure 7 shows the extinction spectra of 1D chains of 400 spheri-
cal silver nanoparticles of radii 50 nm where the wave and
polarization vectors are perpendicular to the array axis and
the interparticle spacing is fixed at 450 nm. We considered a
series of background refractive indices that correspond to air
(RI=1.00), water (RI = 1.33), organic molecules (RI = 1.43),
common solvents (RI = 1.52), and high-index materials (RI
=2.00). The SLR peak is found to gradually shift to longer
wavelengths for higher indices. This is not surprising given
that the diffraction wavelength is proportional to the RI. There
is also a redshift in the broad LSPR peak with increasing RI
(also not surprising), and this makes it possible to have high
intensity SLRs at 900 nm, in contrast to the sharp cutoff in
SLR intensity that we see around 600 nm in the vacuum case
in Figure 1 (upper panel). Another feature of Figure 7 is that
there is a RA dip at 450 nm for RI = 2.0 (and similar dips
at half the SLR wavelengths in the other curves, but harder
to see). This corresponds to RAs associated with the second
harmonic diffraction, which is an effect that is included in the
coupled-dipole method due to the nonlinear frequency depen-
dence of the dipole interaction in Equation 2. This result is
related to past work on plasmon-enhanced second harmonic
diffraction®® but no SLR is seen for RI = 2.0 near 450 nm as
the hyperpolarizability response in the induced polarization is
not included in Equation 1.

8967 nano-
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Figure 8. Extinction spectra of a 1D chain of spherical silver nano-
particles of radii 50 nm at an interparticle spacing of 470 nm (similar
to Figure 1) but with positional disorder having different disorder
amplitudes. The wave and polarization vectors are perpendicular to
the array.
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Figure 9. Extinction spectra of a 1D chain of spherical gold nanopar-
ticles (NPs) similar to Figure 1. The interparticle spacings are fixed at
400 nm, 450 nm, 490 nm, 530 nm, 550 nm, 570 nm, 600 nm, and 700
nm, respectively.

Advances in lithography techniques have enabled the fab-
rication of nanoparticle arrays with a high degree of period-
icity. However, if the array spacings deviate from a perfect
lattice, the linewidth and intensity of the lattice resonance
are affected. As a result, the effect of array disorder on SLRs
can be important. This is illustrated in Figure 8 where we
considered a 1D chain of 400 spherical silver nanoparticles of
radii 50 nm. The incident wave and polarization vectors are
chosen perpendicular to the array axis. Here, we start with
a perfect lattice with interparticle spacing of 470 nm (0%
disorder) as in Figure 1 (upper panel), and then deviations
from a perfect lattice are considered. This is achieved by the
inclusion of position perturbations of different amplitudes
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to the unperturbed nanoarray with gaussian-distributed ran-
dom displacements corresponding to standard deviations
of 5%, 10%, and 20%, respectively. The sharp extinction
peak with peak intensity of 27.4 for the perfect lattice gradu-
ally decreases to 22.2, 12.8, and 5.4 as the array disorder
increases to 5%, 10%, and 20%, respectively. The SLR peak
also gets slightly blueshifted due to the disorder that results
in a weaker interaction between the particles and thereby
leads to the quenching of the dipole sum.

The plasmonic response of an array also depends on the
element that each nanoparticle is made up of. To study this,
we consider a 1D chain of 400 nm spherical gold nanoparticles
of'radii 50 nm (in vacuum) in Figure 9 analogous to Figure 1.
The wavelength-dependent optical constants of gold are again
taken from Johnson and Christy.®> The wave and polariza-
tion vectors are chosen perpendicular to the array axis and the
interparticle spacing is fixed at values ranging between 400
and 700 nm. The extinction spectrum of an individual gold
nanoparticle (which shows a typical LSPR peak near 520 nm)
is also plotted as a guide to the eye. In this case, we see that the
SLR spectra for gold extend up to 700 nm, but are otherwise
similar to silver for wavelengths above 520 nm. The highest
extinction efficiency of 10.2 is noted for an interparticle spac-
ing of 550 nm. This is weak in comparison to the analogous
silver case. The width of the peak is ~8.4 nm. We also see RA
response for interparticle spacings of 400 nm, 450 nm, and 490
nm, but in contrast to silver, these RAs show up as peaks rather
than as dips. This change arises because the dielectric response
of gold at short wavelengths (below 500 nm) is dominated by
interband transitions, rather than plasmon excitation, such that
the polarizability of gold has a positive real part in this wave-
length range, in contrast to the negative real part for silver.

Conclusion

In this Review, we have used the coupled-dipole method
to study the electrodynamics of 1D and 2D arrays of silver
and gold nanoparticles, with an emphasis on the properties
of LSPRs, SLRs, and RAs as a function of array structural
properties (lattice spacing and number of particles, of nano-
particle radius, of refractive index, and of the direction of
the incident wave and polarization vectors of light). In addi-
tion, we have interpreted the results in terms of the physi-
cal mechanisms that determine the variation of LSPR and
SLR resonant frequencies and widths with lattice spacing
for different choices of array structures and incident light
properties. The coupled-dipole method is not capable of
describing the contributions from higher-order multipolar
LSPRs to the array properties, but previous studies have
demonstrated that higher-order multipoles do not influ-
ence the radiative coupling for particles of radii 50 nm or
smaller, provided they are separated by half the wavelength
or more,'>?” which is almost always the case in what we
considered. However, for relatively large nanoparticles
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multipolar LSPRs can play a role, as has occasionally
been found.® In this case it is possible to use the coupled
multipole or finite-difference time-domain (FDTD) meth-
ods to study the arrays, but for carrying out a broad survey
such as has been done in this Review, the coupled-dipole
method is extremely useful. Almost all the experimental
studies of particle arrays have been done for 2D arrays;
one exception is the work by Térma and co-workers on 1D
arrays.”’ However, we have demonstrated that the 1D arrays
of most interest to this article often give results that are
similar to 2D arrays, but subject to important differences in
array symmetry and photonic band structure effects.
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