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Metal nanoparticle array waveguides: Proposed structures for subwavelength devices
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Taking advantage of the coherent coupling among metal nanoparticles in a one dimensional array, and using
partial illumination of the array, we propose a waveguide device which can excite particles in the dark with
high efficiency. These array structures enable the propagation of plasmonic excitation for hundreds of microns.
The results are based on coupled dipole approximation calculations, and there are important constraints on
particle size, spacing and array size to produce these effects. The simulation shows that the incident wave
vector can be rotated 90° using a chain structure in which the illuminated particles are spaced by slightly larger
than the wavelength and the not-illuminated particles are spaced by approximately half the wavelength. We
show that the near-fields around the not-illuminated particles can be ten times higher than around the illumi-

nated particles for appropriately chosen array structures.
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I. INTRODUCTION

The optical properties of metal nanoparticles have been of
interest for nearly 150 yrs."> Advances in modern nanotech-
nology have enabled precise control in the preparation of
particles with specified sizes and shapes, and this makes it
possible to control optical properties (plasmon excitation)
such that silver particles of almost any color can be
produced.3‘6 Also, particles can be fabricated into one or two
dimensional arrays and other patterns by such techniques as
E-beam’® and nanosphere® lithography, but here the relation-
ship between array structure and optical properties is less
well understood. However this is a topic of potentially sig-
nificant interest in applications to surface enhanced Raman
scattering,”  biosensors,'%'?  nanoantennas,'3'3  optical
filters,'® and other devices. One application that has gener-
ated much past interest is metal waveguides, where it has
been suggested that chains of nanoparticles can be used to
bend and control light.!'”-2! While there are only limited ex-
perimental studies related to this concept, Maier et al.'® have
demonstrated the propagation of light using silver nanopar-
ticle chains for a few hundred nm.

Much of the original interest in nanoparticle chains was
directed at small particles (radius R<30 nm) that were
closely spaced (<100 nm).!"”"!® Here it was found that
propagation distances are short, and the ability to bend light
is limited. We have recently demonstrated a number of inter-
esting properties of chains made from large particles
(>30 nm) that are spaced by half integer multiples of the
optical wavelength.?>?* In particular, we have reported that
coherent interactions between silver particles in one or two
dimensional chains can produce extremely narrow reso-
nances in which the localized plasmons associated with each
particle are coupled to photonic modes of the chain. Strong
coupling between particles is observed when the chain is
perpendicular both to the incident wave vector and polariza-
tion directions, and when the spacing is close to the incident
wavelength. The resonance condition can also be satisfied
when the particles are arranged parallel to the incident wave
vector direction with spacings of about half the incident
wavelength. Similar two dimensional arrays were discussed
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by Carron et al.,”* and related experiments presented by
Lamprecht et al.,”> however the most optimized structure is
associated with one dimensional chains. Some of the theo-
retical predictions for one dimensional chains have been re-
cently confirmed through experiments by Hicks et al.® In
addition, there is work due to Malynych and Chumanov,?
and to Felidj?’ which shows closely related effects.

In this paper we describe a new approach to the interac-
tion of light with particle array structures in which only a
portion of the structure is directly illuminated, but emission
is detected from the not-illuminated particles. By optimizing
the geometries of the partially illuminated array, we have
designed a nanodevice which can bend light by 90° and pro-
duce particles in the dark that are more excited than those
being irradiated.

II. COMPUTATIONAL DETAILS

The coupled dipole (CD) (Ref. 28) approximation method
is used in these studies. Here the polarizability of each par-
ticle is calculated using the @, term in Mie theory>?? so ra-
diative damping and depolarization is automatically in-
cluded. Earlier calculations®” have demonstrated that higher
multipoles do not influence interparticle couplings, even for
R=50 nm particles, provided they are well separated (by half
wavelength or more). A new feature in our work is that the
incident plane wave field is truncated to mimic the effect of
partial illumination of the particle array. To illustrate how
this works, we consider an array of N particles whose posi-
tions and polarizabilities are denoted r; and «;, respectively.
The induced polarization P; in each particle in the presence
of an applied plane wave field is P;=aE,,.; (i=1,2,...,N)
where the local field E,,.,; is the sum of the incident plane
wave and the retarded fields of the other N—1 dipoles. For a
given wavelength A, this field is

N
Eloc,i = Einc,i + Edipole,i = EoeXP(ik ' ri) - 2 Aij . Pjv
j=1
JFi
i=1,2,...,N, (1)

where E, and k=2/\ are the amplitude and wave vector of
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FIG. 1. Schematic of the optical excitation process being mod-
eled. This picture shows a linear array along the Y axis that is
illuminated by a plane wave whose wave vector points along Z, and
whose polarization vector points along X. Particles with positive Y
values are shielded from direct illumination (shaded area), but can
be excited through interactions with radiation scattered from par-
ticles having negative Y values. The radiative dipolar emissions of
these particles are represented by dotted circles around each par-
ticle. Note that the particles having negative Y can have a different
radius and spacing than those for positive Y.

the incident wave, respectively. The dipole interaction matrix
A is expressed as
Ay-Py= 2 !X(r!XP!)
r..

ij
[1/ J 3rlj( ij P)]
t/

N #0), 2)

+ (1 - ikr;;)

(i=1,2,...,N,j=12, ...

where r;; is the vector from dipole i to dipole j. Note that the
first term in Eq. (2) has a 1/r dependence on interparticle
spacing, and thus is dominant for the large array spacings we
consider in this study.

In truncating the incident plane wave field, we simply
omit the plane wave in Eq. (1) for those particles that are not
illuminated. This implicitly assumes that the particles are
shielded by a perfect absorber which prevents light from
reaching those particles, does not lead to reflection or scat-
tering, and does not interfere with the dipole interactions
between the particles. Since the particles are well spaced
(hundreds of nm), it is not hard to imagine shielding a se-
lected portion of the array with an absorbing film. Previous
work® has demonstrated that if two chains of particles are
separated by 2 wm or more, they have essentially no influ-
ence on their dipolar couplings, so we assume that the shield
would have to be similarly removed from the particles.

The polarization vectors in Eq. (1) are obtained by solving
3N linear equations of the form

A'P=E, (3)

where the off-diagonal elements of the matrix A’, A are the

same as A;;, and the diagonal elements, A/, are a . After
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obtaining the polarization vectors, we can calculate the dif-
ferential scattering cross section using

E P -

A - P))Jexp(- (4)

ua |E0|2

where 71 represents the unit vector along the scattering direc-
tion, with the sum including all particles. The polarization
vectors can also be used to calculate the electric field E
around the particles using an expression similar to Eq. (1),
but with the sum including all the particles in the array.

In our previous work, we considered the extinction spec-
tra and near-field behavior associated with one dimensional
silver nanoparticle chains,®?>232% showing that narrow reso-
nance lineshapes can be produced when light interacts with
chains with the polarization perpendicular to the chain, and
the wave vector either perpendicular or parallel to the chain.
If the wave vector is perpendicular, then this leads to a reso-
nance condition when the particle spacing is approximately
an integer multiple of the wavelength, while in the parallel
case, resonances are found at spacings that are a half integer
multiple of the wavelength. In this paper, we use both types
of resonances, again considering one dimensional chains of
silver spheres. The dielectric constants of silver are from
Lynch et al.*® The particles considered in this study have a
radius R=50 nm, which is large enough that size dependent
corrections to the metal dielectric constants are unimportant.

III. RESULTS

To study near-field effects, as well as applications to
waveguides that can bend the direction of propagation by
90°, we consider the electric fields |E|? for a one dimensional
chain of particles whose axis is perpendicular to the wave
vector and polarization directions. Figure 1 presents a sche-
matic which shows the array structure and electromagnetic
fields that are involved. We assume that the chain is partially
illuminated, and we examine the field that is induced in the
particles that are not illuminated. We take the wave vector to
define the Z axis of a coordinate system, and the polarization
direction to define the X axis. The chain is taken to be per-
pendicular to the polarization direction, and only particles
having Y <0 are illuminated. In our initial calculations we
consider that all the particles have the same radius and spac-
ing, but later we will relax this assumption for reasons that
will be apparent.

Figure 2 presents results for chain sizes of 401 and 801
particles. The particles have 470 nm spacings, the particle
radius is 50 nm, and the incident wavelength is 470.3 nm
which is slightly to the blue of the resonance wavelength
471.4 nm. Following Quinten et al. 3! we measure local in-
tensity by determining |E|*> (normalized to its incident
asymptotic value) 1 nm away from each particle and along
the polarization direction. Figure 2 shows how this intensity
declines with increasing distance from the illuminated par-
ticles. However, even at the end of the chain, i.e., 94 um and
188 um from the last illuminated particle for the 401 and
801 particle arrays, respectively, |E|? is still larger than its
incident value.
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FIG. 2. (Color online) |E|? versus Y for a linear array of spheri-
cal particles (50 nm radius) having 400 and 800 particles. Only
particles with ¥ <0 are illuminated.

The dependence of wave propagation on particle radius
has been studied by considering R=100 nm. In this case, the
most intense plasmonic/photonic resonance occurs when the
interparticle distance is 800 nm and the incident wavelength
is 800.6 nm. Calculations similar to those in Fig. 2 show that
for R=100 nm, the intensity falls off more slowly with dis-
tance from the last illuminated particle than for the 50 nm
particles. For example, for Y=100 um, |E|? is 9.5 while the
corresponding value is 3.4 for R=50 nm.

Another factor that influences wave propagation is the
index of the surrounding medium. To study this, we consider
particles embedded in glass, for which the index of refraction
is assumed to be 1.5. 801 particles with R=50 nm are in-
cluded in the simulations with 401 particles being illumi-
nated. The interparticle distance is taken to be 470 nm, and
this leads to a resonance wavelength of 705.3 nm (roughly
the spacing times the index). The calculations show that the
wave amplitude decays more slowly than in vacuum. For
example, for Y=100 um, |E|* for particle arrays in glass is
8.9 while the corresponding value is 3.4 for particle arrays in
vacuum.

Note that when the array is along the Y axis, wave vector
is along Z and polarization is along X, the light propagation
direction in the not-illuminated region is mostly along the Y
axis, i.e., perpendicular to the initial propagation direction.
This means that the particle array in the not-illuminated re-
gion has the wave vector direction parallel to the array axis.
In this case, one can achieve a photonic resonance in a dif-
ferent way than when the axis is perpendicular to the array
axis, taking the spacings between particles to be half the
wavelength. However there are also restrictions on what
wavelength ranges lead to sharp resonances, and in particular
sharp resonances are only found for wavelengths longer than
500 nm.? For example, R=50 nm particles produce a sharp
resonance at 510 nm with a particle spacing of 240 nm.
Therefore, in order to combine this resonance in the not-
illuminated region with a resonance at the same wavelength
in the illuminated region, we need to use different size par-
ticles in the two regions. If we use R=50 nm in the not
illuminated region, the desired particle size in the illuminated
region is R=60 nm, as this gives a resonance at 513 nm for a
particle spacing of 510 nm.

Based on the considerations of the preceding paragraph,
an optimum efficiency waveguide has been constructed using
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FIG. 3. (Color online) (a) |E|* versus Y for a chain of 801
particles, in which the left 401 particles (those which are illumi-
nated) have a radius of 60 nm and a spacing of 510 nm, while the
right 400 particles (those not illuminated) have a radius of 50 nm
and a spacing of 240 nm. (b) Electric field contour plot for particles
in the chain in (a), showing particles close to the junction between
the illuminated and not-illuminated particles. (c) |E,|*> as a func-
tion of the distance from the illuminated region.

a total of 801 particles, of which 401 particles have a radius
of 60 nm, are spaced by 510 nm and are illuminated while
the remaining 400 have a diameter of 50 nm, are spaced by
240 nm and are in the dark. This leads to efficient propaga-
tion of light in the dark region for a wavelength of 510.5 nm.
The results are presented in Fig. 3(a) for the same format
as in Fig. 2, and also considering 401+800 and 401+ 1200
particle arrays. Figure 3(b) presents electric field contours for
the chain with 401+400 particles. Figure 3(c) shows the lo-
cal field from Eq. (1) (plotted as |E,,.|?) at the center of each
particle as a function of distance from the illuminated region
along the chain. This field, when compared to the incident
field intensity, provides a measure of transmission efficiency
of the array structure to yield light (not a near-field excita-
tion) at each particle. This is similar to a definition used
previously by Brongersma et al.,'” and it is a useful property
for device applications as any particle can be replaced by
other structures (such as semiconductor particles or nonlinear
optical materials) without significantly impacting |E,,|*.
Figure 3(a) shows that the wave can propagate for hun-
dreds of microns with this structure. Even for distances that
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FIG. 4. (Color online) |E|? associated with particles in the same
chain as in Fig. 3, here showing the influence of the number of
illuminated particles.

are over 100 um from the illuminated particles, |E|? is 50%
of that in the illuminated particles. Increasing the number of
the particles in the dark to 800 or 1200 does not change the
overall picture of the energy propagation. Since 510.5 nm is
close to the resonance peak wavelength of the portion of the
particle arrays that are not illuminated, there is a bump in
Fig. 3(a) for slightly positive Y that shows higher polariza-
tion in the not-illuminated particles than for illuminated par-
ticles. If the incident wavelength is 513 nm, this is not ob-
served. The results in Fig. 3(c) indicate that |E,|*> can be
enhanced by as much as a factor of 5.6 compared to the
incident intensity for particle locations close to the illumi-
nated region. In fact |E,,|” is greater than unity for particles
that are as much as 150 um from the illuminated region.

One issue still missing in this analysis is how many par-
ticles need to be illuminated in order to produce the behavior
in Fig. 3. Figure 4 shows the energy distributions in chains
with different numbers of particles illuminated. In the simu-
lations, 400 particles with 50 nm radius and 240 nm spacings
are included in the dark region, and the number of illumi-
nated particles is varied from 51 to 401. Figure 4 shows that
400 particles are enough to make the intensity in the dark
region comparable to that in the illuminated region. This is
consistent with our previous studies?? showing that 400 par-
ticles are enough to converge the dipole interactions in a one
dimensional chain.

We have also examined chains in which both ends are
illuminated, and only particles in the center of the chain are
in the dark. In the calculations, 401 particles with R
=60 nm and a 510 nm interparticle distance at each end are
illuminated. The particles at the center of the chain have R
=50 nm and an interparticle distance of 240 nm. The particle
numbers in the dark are varied from 100 to 400. The incident
wavelength is chosen to be 510.5 nm which is optimized to
generate the highest local electric fields around the particles
in the dark. Peak values of |E|> 1 nm away from the particle
surfaces are evaluated.

Figure 5 presents results for the case where 200 particles
are placed in the dark region. Here we see that the intensities
for the particles in the dark are as much as 10 times those of
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FIG. 5. |E|? associated with a chain that consists of two illumi-
nated groups of 401 particles (60 nm radius separated by 510 nm)
that are spaced by a group of 200 particles (50 nm radius separated
by 240 nm).

the illuminated particles. This enhancement is reduced to 7
and 6 when 100 and 400 particles are included in the center
region.

IV. CONCLUSION

In summary, we have investigated the characteristics of
one dimensional waveguides composed of a chain of silver
particles that are partially illuminated at wavelengths where
mixed plasmonic/photonic resonances may be excited. The
results show that it is possible to bend the direction of propa-
gation by 90° by suitably choosing particle size, spacing and
the index of the surrounding medium. The optimized wave-
guide structure is a one dimensional chain that consists of
different particle sizes and interparticle distances in the illu-
minated and not-illuminated portions of the chain. In particu-
lar, particles in the illuminated part of the chain should have
a spacing that is close to the wavelength (as this produces a
photonic resonance when the wave vector is perpendicular to
the chain axis), while those in the not-illuminated part should
have a spacing that is approximately half the wavelength (as
this produces a resonance when the wave vector is parallel to
the chain axis). We have also demonstrated that it is possible
to design arrays in which the induced polarization in the
not-illuminated particles is higher (by as much as a factor of
10) than that in the illuminated particles. These array
structures should be of use in the design of plasmonic
devices'” where the propagating excitation in the
not-illuminated particles is manipulated and controlled, and
they may also be useful for dark-field microscopy applica-
tions, including single particle sensors based on Rayleigh or
Raman scattering.
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