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Abstract
In this paper we describe a new configuration for producing narrow
extinction lineshapes for light scattering from one-dimensional arrays of
silver nanoparticles. In this configuration, which is specifically concerned
with an array with a finite number of relatively large (radius greater than
around 30 nm) nanoparticles, the wavevector of the light is chosen to be
parallel to the array axis, while the polarization direction is perpendicular to
the array axis. This leads to narrow plasmon/photonic lineshapes when the
particle spacing is half the incident wavelength. This effect stands in contrast
to the narrow lines previously found for wavevector and polarization vector
perpendicular to the array axis, where the optimum spacing is close to the
wavelength. The results are rationalized using a semi-analytical evaluation of
the coupled dipole interaction, and it is demonstrated that the parallel and
perpendicular chains have very different dependence on the number of
particles in the chain. Results as a function of chain orientation relative to the
wavevector are also considered, as is the possibility of sensing using an array
configuration that combines the parallel and perpendicular chain directions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The unique optical properties of noble metal nanoparticles
have stimulated intense scientific research in such fields
as medical diagnostics and optoelectronics [1–7]. For a
single metal nanoparticle, the plasmon resonance, which is
a collective excitation of the conduction electrons, depends
on its composition, size, shape, and surrounding medium,
and this provides important functionality for controlling such
optical properties as extinction and scattering to signal the
presence of adsorbed molecules, and to manipulate pulses of
light [8, 9]. In arrays of nanoparticles, the electromagnetic
couplings between particles induces photonic effects that can
interact with plasmon excitation in each particle to alter the
plasmon lineshape in ways that depend on particle spacings
and polarization and wavevector directions [10–17]. If
the particle spacings are small compared to the plasmon
wavelength, then this typically produces red-shifted plasmon
bands in extinction spectra, although blue-shifted bands can
result for some choices of particle geometry and polarization.

Somewhat larger spacings (100–200 nm) can lead to important
retardation (eikr ) and radiative (1/r ) contributions to the
dipolar interactions between particles that can convert red-
shifted plasmon lineshapes into blue-shifts [10]. The present
paper is concerned with what happens for still larger spacings,
of the order of 0.5–1.0 times the plasmon wavelength (250–
500 nm for silver), where diffractive interations between the
particles are important, leading to new structures (both maxima
and minima) in extinction spectra.

In previous papers, we used a simple theoretical
method known as the coupled dipole approximation to
study the plasmon resonance lineshapes associated with light
scattering from one-and two-dimensional silver nanoparticle
arrays [12, 13]. Narrow peaks (<10 nm) in the extinction
spectra were found for the case where the array spacing is
somewhat larger than the isolated particle plasmon wavelength
and slightly smaller than the wavelength of light. It was also
found that significant peaks only occur when the particles
are larger than a minimum value (sphere radius greater than
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30 nm), and that the peaks are often accompanied by dips to the
blue of the peaks. This structure is related to results obtained
from earlier studies of surface enhanced Raman scattering
from square two-dimensional arrays by Carron et al [11] and
the influence of dipolar interactions on the plasmon in two-
dimensional Au nanoparticles by Aussenegg’s group [16, 17],
but we found that the narrowest plasmon resonances occur for
one-dimensional chains. There is also an important connection
between these results and the peaks and dips that are seen in
the transmission spectra of nanohole arrays [18–21].

Our earlier results considered chains where the array axis
is perpendicular to the wavevector and polarization directions.
In this case, a peak in the extinction spectrum with width less
than 1 nm was calculated [12]. A semi-analytical formula was
used to investigate the mechanism [22], following up Markel’s
earlier work [23, 24], and this demonstrated that the narrow
peaks are primarily determined by the strong wavelength
dependence of the sum of dipolar interactions. The dispersion
properties of these chain structures were also discussed by
Citrin [25]. By optimizing the particle size and interparticle
distance, it was recently discovered that one-dimensional
chains are very efficient in waveguide applications [26].

The induced electric fields near the particle surfaces
were also examined for these array structures [27], and it
was found that the dipolar interactions also produce large
field enhancements, leading to the possibility of larger SERS
enhancements than can be obtained for isolated particles or
small clusters of particles. However surface enhanced Raman
scattering applications based on these array structures are
constrained by the requirement that the field be enhanced
at both incident and Stokes shifted wavelengths, which is
difficult to achieve with a chain of nanoparticles having a single
spacing.

Recent experiments carried out by Hicks et al [14] have
at least partially confirmed theoretical predictions concerning
the plasmon lineshapes of one-dimensional silver particle
chains [12, 13]. In the experiments, one-dimensional chains
of silver discs separated by two microns were fabricated by
e-beam lithography [28]. Rayleigh scattering spectra for
these arrays revealed an extra peak that tunes with array
spacing in a fashion that is consistent with the expectations
of theory, although the width of this photonic peak was
broader in the measurements. Similar behaviour was also
noted by Lamprecht et al [16] for two-dimensional arrays. The
difference in width is likely due to the use of an incoherent
light source in the experiments, along with dephasing due
to the incident light that was not normal to the chain axis,
and indeed models that included these factors were in better
agreement with the measurements [14]. Two other factors
which were found to be crucial in producing the narrow
peak are homogeneity of the surrounding medium (i.e., index
matching fluids were used in the Hicks et al work, but not
in the other studies cited) and large particle size. If the
particle arrays are on a substrate, the dipolar interactions
between the particles are partially dephased, and a narrow
lineshape is not produced. Also, for small particles, the dipolar
interactions are too weak to produce observable diffractive
coupling. Further confirmation of these results has recently
been provided [29, 30].

In the present paper, we report another approach for
producing narrow plasmon resonance peaks using chains of

nanoparticles. In this version, the wave vector is taken to be
parallel (rather than perpendicular) to the chain axis, leading to
an optimal particle spacing that is about half of the wavelength
of light (i.e., half the spacing of our earlier array structure).
There are also important differences in the dependence of
the results on array size, and additional resonances where the
wavelength equals the array spacing are found. By combining
arrays for the parallel and perpendicular cases, we demonstrate
a new structure for optical sensing applications that is superior
for single particle or SERS studies to that which we have
considered previously.

2. Methods

We use T -matrix theory [31, 32], the coupled dipole (CD)
approximation [33] and a semi-analytical formula based on
CD to investigate the extinction spectra of one-dimensional
particle arrays. When the particles are well separated,
the CD method provides a quantitative description of the
optical properties of the array. The T -matrix theory that
we use includes higher multipole interactions, and as such it
provides an efficient method for modelling the electrodynamics
of spherical particles with arbitrary radii and separations,
enabling us to check the accuracy of the CD results when the
particle separations are small.

In the coupled dipole method, we consider an array of
N particles whose positions and polarizabilities are denoted
ri and αi. The induced polarization Pi in each particle in the
presence of an applied plane wave field is Pi = αiEloc,i (i =
1, 2, . . . , N) where the local field Eloc,i is the sum of the
incident and retarded fields of the other N − 1 dipoles. For
a given wavelength λ, this field is:

Eloc,i = Einc,i + Edipole,i = E0 exp(ik · ri)

−
N∑

j=1
j �=i

Ai j ·P j i = 1, 2, . . . , N, (1)

where E0 and k = 2π/λ are the amplitude and wavevector of
the incident wave, respectively. The dipole interaction matrix
A is expressed as:

Ai j · P j = k2eikr ij
ri j × (ri j × P j)

r3
i j

+ eikr ij (1 − ikr i j)

[
r 2

i jP j − 3ri j(ri j ·P j )
]

r 5
i j

,

(i = 1, 2, . . . , N, j = 1, 2, . . . , N, j �= i), (2)

where ri j is the vector from dipole i to dipole j .
Note that the first term in equation (2) has a 1/r

dependence on interparticle spacing, while the second has
1/r 2 and 1/r 3 variations. As a result, the first term, which
is associated with radiative dipolar interactions between the
particles, is often dominant for large array spacings.

The polarization vectors are obtained by solving 3N linear
equations of the form

A′
∼P∼ = E∼ , (3)

where the off diagonal elements of the matrix A′
∼ , A′

i j are

the same as Ai j , and the diagonal elements, A′
i i , are α−1

i .
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After obtaining the polarization vectors, we can calculate the
extinction cross section using:

Cext = 4πk

|E0|2
N∑

j=1

Im(E∗
inc, j · P j). (4)

A simple analytical solution [33] to (3) can be obtained in
the case of an infinite array of particles for the case where
the wavevector is perpendicular to the array axis (or plane) by
assuming that the induced polarization in each array element
is the same. This leads to the following expression for the
polarization of each particle:

P = αs E0

1 − αs S
= E0

1/αs − S
(5)

and the extinction cross section for each particle

Cext = 4πk Im

(
P

E0

)
= 4πk Im

(
1

1/αs − S

)
, (6)

where S is the retarded dipole sum

S =
∑

j �=i

[
(1 − ikri j)(3 cos2 θi j − 1)eikrij

r 3
i j

+ k2 sin2 θi j eikrij

ri j

]
.

(7)
The polarizability in equation (6) is

αs = 3a1

2k3
(8)

where k is the wavevector of the incident wave, and a1 is
the expansion coefficient in Mie theory associated with the
scattered electric fields around the particles. This is given by

a1 = µm2 j1(mρ)[ρ j1(ρ)]′ − µ1 j1(ρ)[mρ j1(mρ)]′
µm2 j1(mρ)[ρh1

1(ρ)]′ − µ1h1
1(ρ)[mρ j1(mρ)]′ . (9)

In this expression, ρ = kr , where r is the radius of the
particle, m is the ratio of the indices of refraction inside and
outside the particle, µi, µo are the magnetic permeabilities
inside and outside, and j1, h1 are the usual spherical Bessel
functions. Note that because the polarizabilities are taken from
Mie theory, radiative damping and depolarization effects are
included that broaden the resonances for large particles. These
broadening effects are partially cancelled by the radiative
dipolar interactions, which is one of the reasons why narrow
lineshapes can be produced by particle arrays [22]. Indeed, in
our earlier work, we used equation (5) to show how coupling
between the particles leads to a sharp peak in the plasmon
resonance lineshape [12, 13, 33].

Now let us generalize this derivation to consider a general
three-dimensional periodic array. Here equation (5) still
applies, but the dipole sum is modulated by an extra term eikz

(where z measures the distance along the wavevector). If we
take the polarization to be in the X direction, then equation (7)
is replaced by:

S =
∑

j �=i

eikz j

[
(1 − ikri j)(3x2

i j − r 2
i j )e

ikrij

r 5
i j

+ k2(y2
i j + z2

i j )e
ikrij

r 3
i j

]
=

∑

j �=i

eik(rij z j )

×
[

(1 − ikri j)(3x2
i j − r 2

i j)

r 5
i j

+ k2(y2
i j + z2

i j )

r 3
i j

]
(10)

where z j j is the Z axis coordinate of the particle j relative to
the particle i , etc.

In equation (10), the first term in the square bracket
corresponds to the short range dipole interaction. This leads
to strong interactions between particles for the case where
the array is a chain along the polarization direction [34, 35].
The second term represents the long range interaction. In this
case, if the chain is parallel to the polarization direction (X
axis), then the long range term is zero, and narrow lines are
not produced [12]. The best structures for generating long
range interactions are chains in the Y Z plane, especially a
one-dimensional chain along the Y axis which is what we
considered previously [12]. For one-dimensional chains in the
Y Z plane, to have the in-phase interactions, we may easily
derive from equation (10) that

k(ri j + zi j ) = n2π ri j + zi j = nλ. (11)

Thus if θ is the angle between the chain and wavevector
directions, the optimum spacing is:

ri j = nλ

1 + cos θ
. (12)

This is same result that Carron et al [11] derived for two-
dimensional square arrays, and it leads to r = nλ when the
chain is perpendicular to the k-vector direction (matching our
earlier result [12, 13]), and r = nλ/2 for the parallel case. It is
this latter case that we will examine in detail below.

3. Results and discussion

We first consider a one-dimensional chain of 50 nm radius
spherical silver particles with different interparticle distances.
200 particles are included for the parallel case and 400 particles
for the perpendicular arrangement, with the polarization vector
in all calculations taken to be perpendicular to the chain axis.
The dielectric constants of silver are from the handbook of
Lynch et al [36].

The extinction spectra from T -matrix calculations are
shown in figure 1 (top) for the case where the chain is parallel
to the wavevector direction, and CD results are presented for
the perpendicular case in figure 1 (bottom). (The CD and T -
matrix results are identical with respect to the narrow peaks
for the latter case, which refers to larger particle separations,
as demonstrated previously [12].) For the perpendicular
wavevector, a broad plasmon resonance is seen for small
interparticle spacings (200 nm) that is blue-shifted from the
isolated particle resonance (dotted curve) showing the effect
of static dipolar interactions. This resonance red-shifts as the
particle spacing is increased, and gradually splits into two
peaks, a broad one at around 400 nm, and a narrow one at
a wavelength that is slightly larger than the particle spacing.
The most intense of the narrow resonances occurs at a spacing
of 470 nm, a width of 3.5 nm and a maximum extinction
efficiency of 22.

For the parallel case, the resonance is red-shifted from
the isolated particle resonance for small interparticle spacings
(110 nm), and then blue-shifts as the spacing is increased up
to 200 nm. For larger spacings, the lineshape splits into two
peaks, a broad one at around 450 nm, and a narrow one at
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Figure 1. Extinction spectra of a one-dimensional chain of 50 nm
silver particles with different interparticle distances and orientations.
Top: parallel to the wavevector direction. Bottom: perpendicular to
the wavevector direction.

a wavelength that is close to half the particle spacing. The
highest intensity of resonance peaks occurs at 260 nm spacing.
Here the resonance wavelength is at 524 nm, and the width of
the resonance peak is 10 nm with an extinction efficiency of
23.

After examining the distance dependence of the spectra,
we investigate the extinction spectra of a one-dimensional
chain as a function of the number of particles in the chain.
These results are presented in figure 2, with figure 2 (top)
showing the parallel wavevector case for a spacing of 260 nm,
and figure 2 (bottom) the perpendicular case for a spacing
of 470 nm. The chain size varies from 2 to 300 particles.
For both cases, it takes about 50 particles to generate a
narrow resonance, but there are important differences in the
variation of the results with particle number. Figure 2 (bottom)
shows that convergence of resonance lineshape with increasing
particle number is relatively fast for the perpendicular case,
with very little change between 300 and 400 particles. Figure 2
(top) shows much slower convergence with particle number for
the parallel case, and indeed the results are not close to being
converged with 300 particles.

As long as the particle spacings are larger than around
200 nm, it is possible to use the CD method instead of T -
matrix theory to model the narrow plasmon lineshapes with
essentially no error in the results. This enables us to study
the behaviour of the spectra for much larger particle numbers,

Figure 2. Extinction spectra of a one-dimensional chain of 50 nm
particles. Top: chain parallel to the wavevector direction for a
spacing of 260 nm with chain size varying from 10 to 300 particles.
Bottom: chain perpendicular to the wavevector direction for a
spacing of 470 nm with chain size varying from 2 to 400 particles.

especially if we use the semi-analytical formula based on
equations (5) and (10). Figure 3 presents extinction spectra
based on this approach for arrays with 500 particles and a
parallel wavevector. These results are analogous to those in
figure 1 (top), however the number of particles is larger, so the
results show quantitative differences. In particular, when the
particle distances varies from 250 to 300 nm (compare figure 1
(top) and 3 (bottom)), the sharp peak is narrower and more
intense for the larger particle number. Indeed, for a spacing of
290 nm, the peak occurs at 590 nm with an extinction efficiency
of 24 and a width of 2 nm. Note also that for spacings of
300 nm and higher, a second sharp peak appears in figure 3
(top) at a wavelength that is about equal to the spacing (this is
most noticeable for the 500 nm spacing). This is the n = 2
peak in the formula r = nλ/2 that we gave earlier, and we see
that this peak is a dip when it occurs to the blue of the isolated
plasmon wavelength and a peak when it occurs to the red. The
origin of the switch from a dip to a peak is similar to that
described in our earlier work [25] and it arises from a change
in sign of the real part of the isolated particle polarizability as
one tunes through the plasmon resonance peak at 470 nm.

In the following paragraphs, we discuss the convergence
of the calculations based on equations (5) and (10) with respect
to particle number for very large particle numbers, considering
a one-dimensional chain parallel to the wavevector. Figure 4
presents results for spacings of 250 and 280 nm for particle
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Figure 3. Extinction spectra of a one-dimensional chain of 50 nm
particles (500 particles) parallel to the wavevector direction, with
different spacings. This result is from the semi-analytical formula.
Bottom plot highlights the 250–300 nm region.

numbers from 101 to 100 001. Figure 4 (top) shows results
for a spacing of 250 nm, where there is a dip at roughly
500 nm wavelength. When 101 particles are included in the
calculations, the resonance peak occurs at 518 nm with a width
of 33 nm. The resonance wavelength red-shifts to 618 nm
when 100 001 particles are included, and the width is increased
to 52 nm. The corresponding peak intensity is increased from
17 to 21. Figure 4 (bottom) plots analogous results for a
spacing of 280 nm. When 101 particles are included in the
calculations, a peak with 3 nm width is found at 561 nm. As the
particle number increases to 10001 particles, this narrow peak
broadens (width = 43 nm) and red-shifts (to 605 nm). This
surprising tunability of the plasmon resonance wavelength and
width for very large particle numbers (arrays that are 6 mm
in length) arises from the extremely long range of the dipole
sum. Although it is unlikely that this would be of use in
practical applications, we note that broad resonances like this
allow for easier use of these structures in SERS studies, where
enhancement at both incident and Stokes shifted wavelength
can be achieved [27].

To understand the origin of the tunable width of the
plasmon resonance with particle number for the parallel case,
we examine the retarded dipole sum in equation (10). The
real and imaginary parts of the dipole sum for the chain
considered in figure 4 (bottom) with a spacing of 280 nm
are presented as a function of particle number in figure 5.

Figure 4. Extinction spectra of a one-dimensional chain of 50 nm
particles with spacings of 250 nm (top) and 280 nm (bottom) based
on the semi-analytical formula. The chain size varies from 101 to
100 001 particles.

This figure shows that the imaginary part of the dipole sum
converges very quickly with particle number, while the real
part grows linearly with the logarithm of the particle number.
This behaviour is related to the conclusions of our earlier
analysis [25], where we demonstrated for the perpendicular
case that the real part of the dipole sum would diverge
logarithmically at the resonance wavelength, however here we
see that the logarithmic divergence occurs over a wide range
of wavelengths for the parallel case. This arises because
the exponent ik(ri j + z j ) in equation (10) vanishes whenever
z = −ri j , which happens for all the particles j in the array
which are ‘in-front’ of particle i . When this exponent vanishes,
the terms in the dipole sum add constructively, independent of
wavelength. Physically this arises because the phase of the
plane wave field at particle i is the same as that of the retarded
dipole interaction arising from any particle j that is in front
of i .

To understand how the results in figure 5 determine
the behaviour in figure 4 (bottom), in figures 6 and 7 we
compare the imaginary and real parts, respectively, of the
dipole sum with the inverse polarizability 1/α that appears
in the denominator in equation (5). In order for the induced
polarization P in equation (5) to become large, it is necessary
for both the imaginary and real parts of the denominator to be
small or zero at the same wavelength.

Figure 7 shows that there is a sudden step in the imaginary
part of the dipole sum at about 560 nm which makes this sum
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Figure 5. Real and imaginary parts of the dipole sum for a chain
parallel to the wavevector direction with a spacing of 280 nm, and
particle numbers varying from 101 to 100 001.

Figure 6. Imaginary part of the dipole sum for a chain parallel to the
wavevector direction with a spacing of 280 nm. The imaginary part
of the reciprocal of the polarizability for a single particle is also
plotted.

Figure 7. Real part of the dipole sum for a chain parallel to the
wavevector direction with a spacing of 280 nm. The real part of the
reciprocal of the polarizability is also plotted.

very close in value to 1/α at longer wavelengths. Thus it is
not surprising that there can be a sharp peak or dip in figure 4
(bottom) at a wavelength slightly longer than this, however
the sharp structure is due to the real part of the dipole sum.
Figure 7 shows that the real part of the dipole sum has a sharp

Figure 8. Real part of the dipole sum for a chain perpendicular to the
wavevector direction with a spacing of 470 nm. The reciprocal of the
polarizability for a single particle is also plotted.

peak at 560 nm which crosses the real part of 1/α near 560 nm
for the 101 particle case, but not for the 100 001 particle case.
For the 101 particle case, this leads to a sharp peak, since the
real and imaginary parts of the denominator in equation (5) are
small at the same time. However for the 100 001 particle case,
the real part of the denominator grows larger in magnitude as
one tunes through the peak, and this leads to a dip rather than
a peak.

Examination of figures 6 and 7 also provides an
explanation for other features in figure 4. For example, there is
a ‘valley’ in the 1/α term in figure 6 at 310 nm wavelength
that arises from interband transitions in silver. This valley
produces the minimum at that same wavelength in figure 4
(top). Figure 7 shows a maximum in the dipole sum at 280 nm
as well as the one at 560 nm that we discussed above. The
280 nm peak also produces a sharp structure in extinction
spectra (not shown in figure 4), but since there is no intersection
between the dipole sum and 1/α at this wavelength, the sharp
structure is a dip rather than a peak.

Another feature arises from the crossing at 470 nm in
figure 7 between the 1/α curve and the dipole sum with 101
particles. This crossing leads to a peak at that wavelength in
figure 4 (bottom), but because it is a crossing of two relatively
flat curves, the peak is broad. Also, since the crossing occurs
at a point where the imaginary terms in figure 6 are well
separated, the intensity at this wavelength is relatively low. A
similar crossing occurs between the 100 001 particle curve at
1/α in figure 7 at 620 nm. This leads to the peak at 620 nm
in figure 4 (bottom), but again note that it is relatively broad
due to the fact that the curves in figure 7 are relatively flat
where they cross. Moreover, we see in figure 7 that as the
number of particles increases, the crossing with the 1/α curve
gradually red-shifts. This is the origin of the tunability of the
long wavelength peak in figure 4, and it shows that in the
limit of an infinite chain of particles, the resonance will shift
to infinite wavelength. This also explains why the width of this
peak gradually increases as particle number increases.

To complete this analysis, we show a plot similar to
figure 7, but for the case where the wavevector is perpendicular
to the chain axis. This is presented in figure 8 for a chain
with a spacing of 470 nm, for wavelengths close to where
the sharp peak in figures 1 (bottom) and 2 (bottom) occurs at
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Figure 9. Extinction spectra of a chain with angles 30◦ (top) and 60◦
(bottom) from the wavevector direction.

470 nm. Only the real part of the terms in the denominator
of equation (5) are included in the plot, as the imaginary part
is analogous to that in figure 6 except that the drop of the
imaginary part of the dipole sum at 560 nm occurs at 470 nm
instead. We see in figure 8 that the two curves cross twice
near 470 nm, and that the results for different particle numbers
are much more similar than they are in figure 7. The crossing
just below 470 nm does not lead to a sharp peak because the
difference in imaginary terms is still large at that point, but the
crossing just above 470 occurs at a point where the difference
in imaginary terms is small, so this gives the sharp peak. This
provides a simple way to visualize results that were previously
explained in [14].

To further explore the predictions of equation (12), we
now consider extinction spectra of one-dimensional chains
that are oriented at different angles relative to the wavevector
direction. These results are presented in figure 9, and we see
that the narrow peaks closely follows the rule ri j = nλ

1+cos θ
.

One array structure that one could be of interest to sensing
applications that follows from the analysis we have presented
is a ‘+’ shaped array in which resonances associated with
both parallel and perpendicular wavevectors are tuned to the
same wavelength. There are many possible ways to do this,
such as having the spacing in one direction be about half
that in the other direction, however one especially interesting
choice involves taking the two array spacings to be identical.
Figure 10 presents extinction spectra for this structure, here

Figure 10. Extinction efficiency of the ‘+’ array configuration, along
with the contribution to this extinction associated with the central
particle in the structure.

considering arrays with 400 particles (so that the total number
of particles is 799), with each particle being a 50 nm silver
sphere, and a spacing of 480 nm. The contribution to
the extinction spectrum from just the central particle in the
structure is also plotted.

The results in figure 10 show a sharp resonance at 481 nm
with a width of 2 nm. Significantly, the contribution of the
central particle in the array to the extinction is about double
that of the overall efficiency. This means that this particle
represents a ‘hot spot’ in the array, with very large polarization,
and a very strong effect on optical properties if the resonance
wavelength of this particle is shifted as a result of adsorption
of molecules on the particle. Electric field contour plots in
the X Z plane through the centre of the central particle and the
particle next to it (along the Y axis) are shown in figure 11.
Figure 11 shows that the peak intensity (|E|2) of the electric
fields near the central particle is 1600, whereas the value is
780 for the particle near it. In earlier work [11], a one-
dimensional chain of 50 nm silver particles (for perpendicular
wavevector) was found to have a maximum |E|2 of 700, so we
see that the field associated with the central particle is more
than a factor of two larger than was obtained with a single
chain. Furthermore, this extra enhancement occurs for just one
particle in the structure, so measurements associated with just
that particle would be interesting, including the variation of the
scattered light from that particle due to adsorbed molecules,
and SERS measurements for that particle.

4. Conclusions

In this paper we have described the extinction spectra of one-
dimensional chains of spherical nanoparticles under a variety
of conditions that lead to the formation of sharp peaks in the
extinction (and also scattering) spectra. Although the case of
chains perpendicular to the wavevector was studied in some
depth in earlier work, the parallel case was not considered,
and our analysis was in fact generalized to describe chains
making an arbitrary angle with the wavevector. We find that the
parallel case leads to two important properties of the plasmon
lineshape: the appearance of sharp peaks at roughly twice
the particle spacing, and also at the particle spacing, and the
tunability of peak wavelengths for very large particle numbers
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Figure 11. Electric field contour plot for particles of the ‘+’ array
configuration. Top: results for the central particle. Bottom: results
for the particle next to the central particle.

(105). We examined the mechanism of these results, and we
demonstrated the usefulness of plots that examine the real and
imaginary parts of the dipole sum. Only when both the real and
imaginary parts of the dipole sums are close the corresponding
component of the reciprocal of the polarizability, can a narrow
resonance peak occur. Finally we demonstrated how to use a
combination of parallel and perpendicular clusters structures
to combine the photonic resonances, leading to larger induced
polarization, with potential applications in sensing.
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