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INTRODUCTION

The possibility of using chains of metal nanoparti�
cles for transmission of temporally�modulated and
spatially localized optical signals has attracted signifi�
cant attention of researchers in connection to the
prospects of creating optical logical elements with
sizes considerably less than the wavelength [1, 2].
Radiation effects begin to play a significant role at
optical frequencies, and, under these conditions, one
cannot consider several logical elements combined in
a single microchip as an electric network with concen�
trated parameters. In such a device, different elements
exchange energy via radiation. To eliminate this “spu�
rious” coupling, it is necessary to create waveguides
that can transmit optical signals in the form of spatially
localized excitations. Here, by localization, we mean
exponential decay of the electromagnetic field away
from a waveguide whose transverse dimensions are
small compared to the wavelength. Note that the usual
optical fibers do not satisfy this condition because it is
impossible to focus optical radiation into a spot with
dimensions less than the wavelength. In addition, an
electromagnetic wave experiencing total internal
reflection at the fiber surface can leak from the fiber
into the surrounding medium, albeit with an exponen�
tial decay in the direction transverse to the fiber. Nat�
urally, microchip miniaturization requires close posi�
tioning of the neighboring waveguides and other opti�
cal elements, which can, in turn, result in an undesired
cross�talk.

In connection to the problem outlined above and to
other possible applications (e.g., in spectroscopy),
optical plasmon waveguides (OPWs) have been exten�
sively studied in the literature. OPWs are chains of
closely positioned metal nanoparticles with dimen�
sions of the order of tens of nanometers (up to 5–8 nm

small) and capable of supporting the surface plasmon
resonance SPR [1–46]. The signal propagates in such
chains due to excitation of the so�called surface plas�
mon polariton (SPP), which is a group excitation. In
contrast, an SPR is locally excited in a single particle.

SPPs in ordered one� and two�dimensional struc�
tures have been extensively studied in recent years in
connection to numerous applications in nanoplas�
monics [47–53]. The electromagnetic field of an SPP
decays exponentially in the directions perpendicular
to its propagation direction. This property appears to
be very useful for controlling the radiation energy on
the subwavelength scale [54, 55] and for miniaturiza�
tion of optical elements [16].

There exist several methods for OPW nanofabrica�
tion. The chemically induced self�assembly (CISA)
method [56, 57] makes it possible to create chains and
two�dimensional structures of particles of very small
radius (about 5 nm) whose shape is very close to spher�
ical. Two�dimensional structures obtained by this
method can be highly ordered. However, when prepar�
ing one�dimensional chains by the CISA method, it is
impossible to avoid random branching and bending.
Moreover, it is very problematic to control the shape,
interparticle distances, length, and other geometrical
parameters of the chain in this method.

A frequently used alternative to CISA is based on
different methods of lithography [58, 59]. For exam�
ple, OPWs consisting of 80 gold particles with a radius
of 25 nm and a period (the distance between centers of
two nearest neighbors in the chain) of 75 nm were pre�
pared in [9] using electron�beam lithography (EBL).
The total OPW length was 6 µm. Considerably longer
OPWs consisting of 500 silver nanocylinders were
obtained in [60]. Highly ordered OPWs containing
700 silver nanospheroids were obtained in [24] (note
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that, in this work, we consider much shorter chains,
which are more suitable for practical use). However,
EBL permits one to create particles with the radius of
about 25 nm or larger. This is an obstacle for further
OPW miniaturization. Recent work [61] demon�
strated the possibility of obtaining OPWs on dielectric
substrates by their electrostatic functionalization using
differently configured nanotemplates to which an
electric potential was applied. Spherical silver particles
with a size of about 5–8 nm are formed in a colloidal
solution and then deposited in a straight line (tem�
plate) formed by a transverse section of a layered struc�
ture consisting of a thin metal layer between two quartz
substrates (the section is also coated by a thin quartz
layer). The interparticle distance can be controlled by
electrostatic forces and the polymeric adsorption layer
that coats the particles. Using the proposed method,
one can obtain single isolated chains of relatively small
length characterized by known nonperiodicity, and
small degree of imperfection, as well as double (paral�
lel) chains and different two�dimensional configura�
tions (corner, semicircle, etc.). The method proposed
in [61] combines a high degree of controllability of the
OPW geometry (as in EBL) and small particle sizes (as
in the CISA method).

The aim of this work is to study numerically the
extinction spectra and transmission (waveguiding)
properties of typical OPWs obtained by electrostatic
functionalization of the substrate. In this paper, we
focus on relatively short waveguides with different
configurations (corners, semicircles, double chains)
and take into account the typical disorder. Note that,
in earlier works, spectral and transmission properties
of OPWs were considered, in most cases, separately. At
present, there is no direct reference in the literature to
the degree and character of correlation between these,
generally speaking, interconnected OPW properties.
For this reason, it is interesting to consider both char�
acteristics simultaneously and in the context of the
same model, as it is done below.

MODEL

Dipole Approximation

Many theoretical studies of OPW optics are based
on the dipole approximation [4, 7, 11, 12, 15, 18–22,
25–27, 49, 51, 62, 63], which is also used in this work.
This approximation is the simplest model capable,
however, of describing many physical effects taking
place in an OPW. Note that the dipole approximation
is inapplicable to very small interparticle distances.
The criterion of applicability of the dipole approxima�
tion depends on SPP polarization. One can state that,
in the case of transverse polarization, the dipole
approximation remains applicable for very small inter�
particle distances (e.g., it is still applicable for the ratio
of the center�to�center distance to the diameter of
spherical particles ). For longitudinal polariza�1.2ξ ≈

tion, the approximation becomes inapplicable even for
. In this case, one should take into account

higher�order multipoles [5]. In this work, calculations
were performed for the OPW parameters that guaran�
tee applicability of the dipole approximation with a
reasonable accuracy. In this subsection, basic equa�
tions of the dipole approximation are presented for the
reader’s convenience.

Let us consider N similar spherical nanoparticles
with the radius a whose centers are positioned at the
points , . Dipole moments  induced in
the nanoparticles and oscillating at the frequency 
are coupled to each other and to the incident mono�
chromatic field  (the time dependence

 is omitted in all expressions below) by the
coupled�dipole equation [63]:

. (1)

Here,  is the particle polarizability; En =  is

the external field at the point ; and  is the inter�
particle interaction tensor (the Green function for the

electric field in free space). The Green’s function 
yields the electric field created at the point  by a
point dipole located at the point . If  is
the translation vector between two particles n and m,
one can write

, (2)

where  is the unit tensor, the symbol  denotes the
tensor product, and functions  and  are
defined by the following formulas:

(3)

Furthermore, the polarizability of a nanoparticle
with a spherical shape has the form

, (4)

where  is the quasi static polarizability, k =

 is the wave number in the surrounding

medium, and  is the first radiative correction to
the imaginary part of inverse polarizability (account�
ing for this correction is important for ensuring energy
conservation in the system [64]). The quasi static
polarizability

(5)

is defined by the well�known Lorenz–Lorentz for�
mula where  and  are dielectric permittivities of the
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particle material and surrounding medium, respec�
tively. Here, the former quantity can be complex and
the latter is usually assumed to be purely real.

Accounting for the Finite�Size Effects

It is well�known that the dielectric permittivity of
nanoparticles differs from that for macroscopic sam�
ples, due to the finite�size quantum effects [65–68].
This difference can be easily taken into account when
the Drude formula is used in calculations. In this
work, however, we use experimental data [69] that take
into account not only the contribution of free elec�
trons, but also that due to interband transitions and to
the additional resonances that are apparently present
in the microwave spectral region and are related to the
excitation of phonons in crystalline silver. In this situ�
ation, in order to take into account the finite�size
effects, one can use the method proposed in [70],
namely, write

, (6)

where  are the tabulated values of dielectric permit�
tivity of silver [69];  is the Drude relaxation constant
for electrons in a macroscopic sample;  is the

plasma frequency (for silver,  Hz and

 Hz [69]); and, finally,
. Here, l is the mean free path of

electrons (for silver,  nm [71]). Thus, the addi�
tional losses caused by electron collision with the
nanoparticle surface are taken into account in the cor�
rection to the relaxation constant [68].

Extinction Spectra

To calculate the extinction spectrum, we assume an
external field in the form of a plane wave En =

, where  is the vector amplitude of the
plane wave. The extinction cross section for OPW is
defined by the formula

. (7)

Also the extinction, scattering, and absorption cross
sections are connected by the relationship

. Since, in the spectral range considered
here, the contribution of scattering is insignificant, the
extinction and absorption spectra practically coincide.
We will therefore refer to the extinction spectrum as to
the plasmon absorption band. For example, the
extinction efficiency

(8)
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is a dimensionless characteristic determining the plas�
mon absorption band.

Transmission Properties

We assume that an SPP is excited at a given point in
the chain (say, n = m) by a near�field optical probe [3].
In this case, the external field, regardless of the actual
shape of its electromagnetic wave front, can be written
as . Strictly speaking, the field of any near�
field probe is different from zero everywhere in space,
and the presented formula is, therefore, not exact.
However, this approximation is physically justified
because of the cubic spatial decay of the near�field of a
dipole. In this case, using the terminology adopted in
[49, 72], the solution to Eq. (1) with the right�hand

side  can be written as , where

 is the Green’s function for the chain. Note that

the tensor  is strictly diagonal for strictly linear
OPWs. However, for the objects considered in this
work, this is not so. Nevertheless, all components of

 can be found from a numerical solution of Eq. (1)
by using different polarizations of the external radia�
tion (different directions of the vector ).

To characterize the propagation of an optical signal
excited by an external electric field on the first (or last)
particle of the chain (m = 1), we use the normalized
Green function [3]

. (9)

This function quantifies the rate of excitation decay
on the nth (intermediate) particle of the chain as com�
pared to the first (m = 1) particle. In addition, we refer
to the function  (n = N) as to OPW transmission
spectrum, although this term does not quite corre�
spond to the established terminology.

NUMERICAL SIMULATIONS

Geometry of the OPW Samples Under Investigation 

The geometry of samples used in numerical simu�
lations is illustrated in Fig. 1. We considered single
(straight, curved, and corner) and double OPWs con�
sisting of 11 and 22 nanoparticles. Every spherical par�
ticle has the radius a = 8 nm, and the closest neighbor
center�to�center distance h varied from 24 to 32 nm.
For the smallest interparticle separation, h = 24 nm,
we have  so that the dipole approximation is
valid for all polarizations. When simulating double
OPWs (Fig. 1c) [61], closest neighbors were placed at
the vertices of equilateral triangles with the side .

A numerical method to simulate disorder in
straight single OPWs has been introduced in [61]. The
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degree of “defectiveness” of the OPWs such as the one
shown in Fig. 1b is determined by the expression

, (10)

where  is the set of all closest neighbors in the chain
and  is the angle between the positive direction of
the Х axis and  is the radius vector connecting the
nth and mth particles. The degree of defectiveness is
zero for an ordered chain with equidistant arrange�
ment of particles and  for the disordered chain
shown in Fig. 1b.

The corner� (Fig. 1d) and semicircle�shaped
(Fig. 1e) OPWs consist of 11 nanoparticles each. For
the semicircle, the directly measured center�to�center
distance is about 99.5% of the center�to�center dis�
tance  measured along the circular arch connecting
the particle centers.

We assume that the surrounding medium is water
with the dielectric permittivity  = 1.78 (neglecting
the dispersion); this value is close to the permittivity of
the polymeric adsorption layer of particles [61].

Spectral Characteristics

We now proceed with comparing the transmission
spectrum (wavelength dependence the quantity 
defined in (9)) and plasmon absorption spectra (wave�
length dependence of the extinction efficiency 
defined in (8). Note that the transmission spectrum
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quantifies the decay of optical excitation in OPWs as a
result of Ohmic, as well as radiation losses. The latter
are absent in strictly periodic linear chains but can take
place in a curved region, due to the presence of
defects, and at the chain ends, where the periodicity is
broken.

It should also be noted that, in the general case,
absorption spectra of OPWs depend not only on polar�
ization of the external radiation (direction of the vec�
tor ), but also on direction of the wave vector . It
can be seen from the data of Fig. 2a that the strongest
dependence of plasmon�absorption spectrum of a
double OPW on the wave vector  direction takes place
when the polarization vector is aligned with the Y axis.
When the polarization is aligned with the X or Z axis,
the corresponding spectra do not exhibit a noticeable
dependence on the wave vector direction. Similar
trends are also observed for single chain OPWs (data
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Fig. 1. Schematic illustration of the geometry of OPW
samples used in numerical simulations: (a) equidistant sin�
gle chain, (b) disordered single chain, (c) equidistant
ordered double chain, (d) equidistant ordered corner�
shaped chain, and (e) equidistant ordered semicircle�
shaped chain.
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not shown). For semicircle�shaped OPWs (Fig. 2b),
we observe a weak dependence of the absorption spec�
tra on the wave vector  for the polarization vector
aligned with either X, Y, or Z axis (data for Z�polariza�
tion are not shown in the figure). The latter observa�
tion is also valid in the case of a corner�shaped OPW
(data not shown). In what follows, we consider the fol�
lowing two cases: (i)  and (ii)  for

.

Figures 3a and 3b present the transmission spectra
of ordered and disordered single linear OPWs with dif�
ferent center�to�center distance  and for different
polarization of the external radiation. It can be seen
from the data of the Figure that the most efficient SPP
propagation is observed in chains with the smallest
center�to�center distance (h = 24 nm) and for the lon�
gitudinal polarization (directed along the X axis). The
wavelengths at which the SPP experiences the slowest

decay  lie in the interval of 395–405 nm.
An increase of the center�to�center corresponds to a
decrease of the maximum value of . For chains with

h = 28 and h = 32 nm, we have  and

, respectively. In the case of transverse
(directed along the Y axis) polarization,  on h
weakly for 24 < h < 32 nm and takes values in the inter�

val  ≈ . In addition, it can be
seen from the figure that introduction of disorder has a

k
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minor effect on the transmission spectra for the OPWs
so far considered. The effect of disorder is more pro�
nounced for the longitudinal polarization and for
small interparticle separations; still, it remains insig�
nificant even in this case [3].

For comparison, Figs. 3c and 3d show the extinc�
tion spectra for the same OPWs that were used to com�
pute the data of Figs. 3a and 3b. It can be seen from the
figure that the peaks in extinction and transmission
spectra are correlated but do not quite coincide. This
lack of coincidence is explained by noting that we
assume that the external field illuminates the whole
chain when the extinction spectra are calculated but
only the first particle in the chain when  is calcu�
lated. Thus, the right�hand sides in the coupled�dipole
equations (1) are different in these two cases, which
results in different oscillator strengths of the optical
resonances that are excited in the system. In addition,
formula (7) involves calculation of the imaginary part
while the formula (9) involves the calculation of the
absolute value, which can also lead to different spec�
tral dependences. The resonance wavelengths them�
selves certainly do not depend on the excitation type.
Note also that peaks in the absorption spectra of a
chain approach the peak of an isolated particle when
the interparticle distance h is increased. Because the
spectral properties of ordered and disordered OPWs
differ insignificantly, we consider below only strictly
ordered OPWs with different geometry.
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Figure 4 presents (a) transmission spectra and (b)
absorption spectra of double OPWs for the three exter�
nal field polarizations aligned with each of the coordi�
nate axes (Fig. 1). It can be seen that, when the polar�
ization is parallel to the X axis, the transmission and
absorption spectra of single and double OPWs are very
similar. At the same time, SPPs in double OPWs prop�
agate almost as efficiently and at the same resonant
wavelengths as in single OPWs with the same interpar�
ticle separation. When the polarizations are directed
along the Y and Z axes, the spectral properties of single
and double chains exhibit differences because the
electromagnetic interaction of the neighboring chains
becomes significant in double OPW for this particular
polarization.

For comparison, Figs. 4–6 present extinction and
transmission spectra (for the transverse and longitudi�
nal polarizations) of straight, ordered chains as these
are the OPWs with the best transmission characteris�
tics.

Figure 5 shows spectra of corner�shaped OPWs
(Fig. 1d) for different polarizations of the external
field. As can be seen from the figure, when the polar�
ization is directed along Х and Z axes, the chain spec�
tra exhibit two maxima and are equal, approximately,
to the sum of the spectra of the chain straight seg�
ments, which are equivalent to those of straight single
OPWs. Indeed, for the polarization considered, one
segment of the chain is parallel to the polarization vec�
tor plane while the other segment is orthogonally to it.
And in the case of Y�polarization, the spectral maxima
for the chain as a whole and for the chain segments
taken separately are very close to those of a single
straight chain (Fig. 5b). In addition, we have found
that the most efficient propagation of SPPs in such
OPWs is possible when the polarization is parallel to
the Х axis (Fig. 5a) and when the excitation wavelength

is either 391 or 405 nm. Here, . For
the polarization of the incident field considered,
polarization of the SPP experiences a rotation at the
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vertex (at the corner particle). As a result, the SPP
acquires upon propagation a polarization component
not contained in the incident field. The appearance of
a transverse polarization component decreases the
efficiency of signal propagation in such unfavorable
OPW geometry by only the factor of 2.5 as compared
to the case of an ideal single OPW.

Similar trends in plasmon absorption spectra are
also typical for the semicircle�shaped OPWs (Fig. 1e).
It can be seen from Fig. 6b that, when the external
field is Y�polarized, the absorption spectrum has a sin�
gle maximum that coincides with the maximum of the
spectrum of an equidistant single chain; at the same
time, for other polarizations (X and Z), the spectrum
has two maxima, whose presence is caused by the two�
dimensional OPW geometry in the XOZ plane. The
distinctive feature of SPP propagation in such a chain
(when the polarization is directed along the Z axis) is
the possibility to transfer plasmon excitation energy

with somewhat higher losses  as com�2( 4 10 )NF −

≈ ×

pared to the case of an ideal single�path OPW
(Fig. 6a). This is explained by the rotation of the SPP
polarization plane upon propagation along the chain.
Note also that, when the polarization is perpendicular
to the plane of a semicircle�shaped OPW, the observed
SPP propagation is approximately a factor of 2 more
efficient than in the case of the same polarization of
the external radiation for a single straight OPW.

CONCLUSIONS

In this work, we have compared the extinction and
transmission spectra of OPWs consisting of spherical
silver nanoparticles. Different geometrical OPW con�
figurations have been considered. As follows from the
general form of the spectral solution to the coupled�
dipole equations (1), the peaks in both spectra are cor�
related and the small differences in the peak positions
is explained by the dependence of the OPW modes
oscillator strengths on the form of the external field 
(that appears in Eq. (1)). It was shown that introduc�
ing weak disorder or structural imperfections of a
chain (random displacements of particles both along
and perpendicularly to the OPW axis) has no signifi�
cant effect on the OPW transmission properties.
Studying the transmission spectra permits one to
determine the wavelength at which the decay of the
optical signal (the surface plasmon polariton or SPP)
upon propagation along the OPW is minimal. If the
optimal wavelength is used in every case considered,
the longitudinally�polarized SPPs propagate with less
decay compared to the case of transverse polarization.
Note, however, that this result can change if nonspher�
ical particles are used.

It was found that the smallest decay of the optical
signal can be achieved in an OPW in the form of a
straight single or double chain. A stronger decay was
observed in the case of chains having the shapes of a
circular arc or a corner. However, OPWs of this type
exhibit another important physical effect—rotation of
the SPP polarization plane.

Calculations of the transmission spectra of chains
with a larger number of spherical particles predict a
stronger decay and an insignificant shift of the maxima
of the transmission spectra towards the longer wave�
length for the longitudinal polarization of the external
field and towards shorter wavelengths the for the trans�
verse polarization (relative to the direction of the
chain).
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