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Using electrodynamics calculations, we have discovered one dimensional array structures built from
spherical silver nanoparticles that produce remarkably narrow~; meV or less! plasmon resonance
spectra upon irradiation with light that is polarized perpendicular to the array axis. The narrow lines
require a minimum particle radius of about 30 nm to achieve. Variations of the plasmon resonance
wavelength, extinction efficiency and width with particle size, array structure, interparticle distance
and polarization direction are examined, and conditions which lead to the smallest widths are
demonstrated. A simple analytical expression valid for infinite lattices shows that the sharp
resonance arises from cancellation between the single particle width and the imaginary part of the
radiative dipolar interaction. ©2004 American Institute of Physics.@DOI: 10.1063/1.1760740#

The development of noble metal nanoparticle-based op-
tical sensors is a very active area of nanoscience research.1–6

Numerous experiments show that the spectra of nanoparticle
arrays are influenced by particle shape and size,7–9 the inter-
actions between particles10–13 and the polarization of the in-
cident light.14,15Several theoretical studies have been carried
out to provide a general understanding of the electrodynam-
ics of nanoparticle arrays.16–19 In many cases, silver nano-
particle arrays show narrow plasmon resonance peaks in
their extinction spectra, and as a result these structures are
useful in chem/biosensor1,20–22 applications where the shift
in plasmon wavelength upon analyte binding to the particle
provides the sensing transduction mechanism.

In a previous theoretical study of the extinction spectra
of one and two dimensional arrays of silver nanoparticles
with radius 30 nm,17 the wavelength and width of the plas-
mon resonance that is produced by dipole coupling between
the particles was successfully used to model recent
experiments.22 Narrow resonances were found when the par-
ticle spacing was taken to be close to the plasmon wave-
length, and both analytical theory which qualitatively ex-
plains the results,17 and numerical methods which
quantitatively explain the results18 were developed. However
the experiments did not consider array spacings that were
predicted to give the narrowest plasmon lineshapes, and all
the experiments considered two dimensional arrays with the
polarization vector parallel to the plane of the array. In this
paper, we describe an alternative array configuration that
leads to much narrower plasmon resonances for large enough
particles. This work is related to an earlier study by
Markel,23 who considered infinite one dimensional~1D! ar-
rays in the quasistatic approximation, however here we have
used a more general theory to show that finite 1D arrays with
more than 50 particles produce remarkably narrow reso-
nances if the particles are large enough. We also show that
both the absorption and scattering lineshapes are narrow. Re-

lated behavior is found for two dimensional~2D! arrays but
always with broader lineshapes. The desired array structures
should be amenable to fabrication with lithography methods,
so the structures we describe could have important conse-
quences for chem/bio detection.

We use the coupled dipole~CD! method, for both finite
and infinite lattices, to determine extinction, absorption and
scattering spectra of 1D and 2D arrays of spherical particles.
As a check, we have also performed exact T-matrix calcula-
tions ~converged multipole expansions! for some of the
structures, and the sharp resonance lineshapes that we
present later are identical to the CD results so only the latter
are presented.

The CD method is well known,24 so here we give a very
brief description. Consider an array ofN particles whose
positions and polarizabilities are denotedr i anda i . The in-
duced dipolePi in each particle in the presence of an applied
plane wave field isPi5a iEloc,i ( i 51,2,...,N), where the lo-
cal fieldEloc,i is the sum of the incident and retarded fields of
the otherN21 dipoles. For a given wavelengthl, this field
is

Eloc,i5Einc,i1Edipole,i5E0 exp~ ik"r i !2(
j 51
j Þ i

N

Ai j •Pj ,

i 51,2,...,N, ~1!

whereE0 andk52p/l are the amplitude and wave vector of
the incident wave, respectively. The dipole interaction matrix
A is expressed as

Ai j •Pj5k2eikr i j
r i j 3~r i j 3Pj !

r i j
3

1eikr i j ~12 ikr i j !
@r i j

2 Pj23r i j ~r i j •Pj !#

r i j
5
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wherer i j is the vector from dipolei to dipole j. The polar-
ization vectors are obtained by solving 3N linear equations
of the form

A< 8P>5E> , ~3!

where the off diagonal elements of the matrix,Ai j8 , are the
same asAi j , and the diagonal elements of the matrix,Aii8 ,
are a i

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

Cext5
4pk

uE0u2 (
j 51

N

Im~Einc,j* •Pj !. ~4!

In the case of an infinite array of particles, it is possible
to generate an analytical solution to~3! for the case where
the wave vector is perpendicular to the array axis~or plane!
by assuming that the induced polarization in each array ele-
ment is the same. This leads to the following expression for
the polarization of each particle:

P5
asEo

12asS
and Cext54pNk Im~P/Eo!, ~5!

whereS is the retarded dipole sum

S5(
j Þ i

F ~12 ikr i j !~3 cos2 u i j 21!eikr i j

r i j
3

1
k2 sin2 u i j e

ikr i j

r i j
G , ~6!

whereu i j is the angle betweenr i j and the polarization direc-
tion. Markel23 has given analytical expressions for the dipole
sums for 1D arrays, but it is not difficult to evaluate this
numerically for 1D or 2D arrays.

Equation ~5! provides a simple way to understand the
effect of the coupling between the particles on the plasmon
resonance lineshape. For small spherical particles close to
resonance, the polarizabilityas is approximately2A/(v
2vp1 ig), whereA is a constant~which as demonstrated
later is a positive real number for small particles!, vp is the
surface plasmon frequency for the isolated particle andg is
its half-width ~note this is half the Drude width!. If this is
substituted into Eq.~5! we find

P5
2AEo

v2vp1 ig1AS

5
2AEo

v2$vp2Re~AS!%1 i $g1Im~AS!%
, ~7!

which means that the real part ofAS ~which if A is real,
means the real part ofS! determines the red or blue shift of
the plasmon resonance frequency and the imaginary part de-
termines the change in the width. In our earlier study17,22we
showed that for polarization parallel to the array, the real part
of AS is typically positive when the particles are closer to-
gether than 100 nm, and this leads to red shifts in the spectra
as the particle spacing decreases, while for larger separations
~close to half a wavelength! the real part ofAS is typically
negative and blue shifts occur. The plasmon width can either
increase or decrease with particle separation depending on

values of the interparticle distance relative to the wavelength.
Interestingly, we find that array structures exist where the
width factor in Eq. ~7!, g1Im(AS), vanishes!@Of course
deviations from the Lorentzian form in~7! can still lead to a
finite width.# Such structures involve large particles~large
value ofA!, and they occur when the radiative term inS~that
varies as 1/r i j ) dominates the dipole sum. The largest effect
occurs for 1D arrays. In this case one should take the polar-
ization perpendicular to the array axis@i.e., u i j 5p/2 in Eq.
~6!# as this leads to the largest 1/r i j contribution. This occurs
when the plasmon wavelength is slightly greater than the
array spacing, which means that the optical diffraction~pho-
tonic! mode associated with a perfectly periodic lattice
couples to the plasmon mode of each particle to produce a
combined mode with a remarkably sharp extinction profile.

We begin by considering finite length arrays in 1D and
2D and considering silver particles whose radii are 50 nm.
The dielectric constants for the coupled dipole calculations
are from Palik,25 and the sphere polarizabilities are derived26

from thea1 term of Mie theory~i.e., not quasistatic!. In both
1D and 2D arrays we take the wave vector perpendicular to
the array axis or array plane, and in 1D we also take the
polarization vector perpendicular to the axis. Figure 1 pre-
sents results~plotted as extinction efficiency, where effi-

FIG. 1. Extinction spectra of 50 nm silver nanoparticles in~a! a one-
dimensional chain of 400 particles, and~b! a two-dimensional hexagonal
array of 400 particles. In the chain, the polarization vector and wave vector
are both perpendicular to the chain. In the array, the wave vector is perpen-
dicular to the plane and the polarization vector is in the plane.
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ciency is the ratio of extinction cross section to geometrical
area of the array! for different interparticle distances in the
200–700 nm range, for an array containing 400 particles,
with Fig. 1~a! considering a 1D chain and Fig. 1~b! a 2D
hexagonal array. The isolated particle spectrum is included
for reference in Fig. 1~a!. Figure 1~a! shows a dramatic nar-
rowing and red shifting of the plasmon lineshape as particle
separation is increased. The intensity peaks at a spacing of
470 nm, with a peak wavelength of 471.4 nm and a width
~here ignoring the broad base of each peak in defining the
width! of 3.5 nm ~20 meV!. The plasmon width narrows
when we further increase the spacing, becoming 1.5 nm~7
meV! when the spacing is 500 nm, however the plasmon
intensity is also reduced. Figure 1~a! refers to a wave vector
that is perpendicular to the chain axis, but we have also done
calculations for the parallel case, and we also find narrow
plasmon resonances, but not as narrow as for the perpendicu-
lar wave vectors. However narrow resonances are only found
for polarization perpendicular to the array axis. In the general
case of arbitrary polarization direction and arbitrary wave
vector direction, the sharp structures in Fig. 1~a! would still
be a component of the lineshape. We have also studied the
effect of random fluctuations in the array spacing, and we
find that sharp lines are still present, although with dimin-
ished amplitude, when the particle location varies by as
much as 50% of the lattice spacing. These points will be
examined in detail in a future paper.27

Figure 1~b! shows that for a 2D array, the variation in the
plasmon peak with increasing particle separation is very
similar to that in the 1D chains, but the plasmon is always
broader. For example, there is a peak at 455 nm when the
separation is 500 nm with a width of 14 nm~84 meV!. Fig-
ure 1~b! refers to polarization parallel to the plane and wave
vector perpendicular to the plane. Other choices of wave
vector and polarization give broader lineshapes for a given
spacing.

Now let us consider one dimensional arrays based on
particles with radii 30 and 100 nm. Results analogous to
those in Fig. 1~a! for arrays of 400 particles are presented in
Fig. 2. For the 100 nm particles@Fig. 2~a!#, we see behavior
analogous to Fig. 1~a!, but the most intense plasmon peak
occurs at 802.0 nm for 800 nm spacing, and the plasmon
width is 3.5 nm~7 meV!. Narrower peaks are again found for
larger separations; for example the width is 2.7 nm~5 meV!
for a spacing of 840 nm. The results in Figs. 1~a! and 2~a!
show that we are able to generate narrow plasmon peaks over
the whole visible range by changing particle size and inter-
particle distance. In addition, we see that the minimum width
for the larger particle size is about the same as that for the
smaller one. This is to be contrasted with the isolated particle
widths, which are much larger for the larger particles due to
radiative damping effects. Also, note that intense plasmon
resonances are only obtained for wavelengths that fall within
the general envelope of the isolated particle lineshape.

In previous work by Zhaoet al.17 the extinction spec-
trum of a 1D silver nanoparticle array with 30 nm particles
and perpendicular polarization was briefly considered. They
found that the plasmon narrowed when the interparticle dis-
tance was taken to be larger than 180 nm; however the larg-

est spacing considered was 300 nm so sharp resonances
analogous to those in Figs. 1~a! and 2~a! were not observed.
Figure 2~b! shows results for 30 nm particles that have been
extended to a spacing of over 400 nm. Here we again see
sharp peaks analogous to Fig. 1~a!, but the peaks are broader
and less pronounced. When the spacing is 384 nm, the plas-
mon wavelength is 386 nm and the width is over 15 nm~125
meV!. We also studied particles with a 20 nm radius and did
not find sharp peaks appearing for any separation.

To further characterize the narrow plasmon peaks, we
have calculated scattering and absorption efficiencies for 50
nm particles, analogous to the extinction spectra that were
presented in Fig. 1~a!. The results are shown in Figs. 3~a!
~scattering! and 3~b! ~absorption!. By comparing Figs. 3~a!
and 3~b! we find that scattering efficiencies are typically
about twice as large as absorption. This ratio increases from
1.8 for an interparticle spacing of 200 nm to 2.1 for a spacing
of 470 nm~the wavelength of peak extinction!, and to 3.5 for
a spacing of 500 nm. Perhaps the most important result in
Fig. 3 is that the absorption and scattering spectra have es-
sentially the same widths, which implies that the same
mechanism for narrowing applies.

We now use the infinite lattice formula to evaluate the
extinction cross section for one dimensional arrays of 50 nm
particles. Figure 4~a! presents the results, and the retarded
dipole sumS that is used in the evaluation of Eq.~5! is
presented in the inset to the figure. In this case the plasmon
peak intensities are higher and the widths narrower than the

FIG. 2. Extinction spectra of one dimensional chains analogous to those in
Fig. 1~a! for particles whose radii are~a! 100 nm and~b! 30 nm.
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400 particle array results in Fig. 1~a! for a given spacing. For
500 nm spacing, the peak extinction efficiency is 27 and the
plasmon width is 0.6 nm~3 meV! for the infinite array while
the corresponding values for the 400 particle array are 16 and
1.5 nm ~7 meV!, respectively. For 600 nm spacing, the ex-
tinction efficiency rises to 42 and the width drops to the
incredibly narrow value 0.0002 nm (731024 meV). For 650
nm spacing the intensity falls to 15 and the width is still
0.0002 nm. We should also note that the plasmon wavelength
is closer and closer in value to the interparticle spacing as the
spacing gets larger. When the distance is 470 nm, the plas-
mon wavelength is 471.4 nm, so the difference between the
plasmon wavelength and the spacing is 1.4 nm. At 500 nm
spacing, the plasmon wavelength is 500.2 nm and the differ-
ence is reduced to 0.2 nm.

The plasmon resonance behavior in Fig. 4~a! can be un-
derstood based on Eq.~5! and the real and imaginary parts of
Swhich are plotted in the inset to the figure. The inset shows
that the real part ofS has a very sharp peak whenl equals
the spacingD, while the imaginary part ofSshows a sudden
drop, going through zero atl5D. The sharp peak occurs
when Im(S) is most negative, corresponding tol slightly
greater thanD. From Eq.~6!, for a one dimensional chain
and u i j 5p/2, the dipole sum is dominated by the term
( j Þ i(k

2eikr i j /r i j ). This sum can be done analytically, yield-
ing an imaginary part (2k2/D)(p2t), where t52p(D

2l)/l for l,D andt52pD/l for l.D. Thus the imagi-
nary part of the dipole sum becomes68p3/D3 on either
side of the sudden drop atl5D. Equation~7! then indicates
that the width can go to zero provided thatg<8p3A/D3.
For a sphere in the quasistatic limit, and using the Drude
model for the dielectric constant, one can show thatA
5 1

2vpr 3, where the plasmon frequencyvp is about 3.5 eV
for Ag andr is the radius. SinceD cannot be less than about
350 nm~as the plasmon resonances are all broad forl,350
nm due to interband effects!, this puts a lower bound on the
radius that produces zero width given byr 5(D/2p)
3(2g/vp)1/3. If we takeg to be 0.12 eV~which provides a
reasonable fit to silver properties!, the minimum radius is
found to be 23 nm, in agreement with our numerical evalu-
ation.

The results for 1D arrays having different numbers of
particles, all with radius 50 nm and a spacing of 470 nm, are
presented in Fig. 4~b!. This shows that arrays with 10 par-
ticles give broad spectra, but 50 particles produce a width of
about 10 nm and the width continuously narrows with further
increases in array size. The extinction efficiency increases as
the width decreases, varying from 12 for 50 particles to 20
for 200 particles. Note also that there is a slight blue-shift in
the plasmon wavelength in going from 50 to 400 particles.

FIG. 3. Scattering and absorption spectra of a 400 particle one dimensional
chain of 50 nm radius particles whose extinction spectrum is plotted in Fig.
1~a!.

FIG. 4. ~a! Extinction spectra of an infinite one dimensional chain of 50 nm
silver nanoparticles. Inset shows the real and imaginary parts of the normal-
ized dipole sum for a spacing of 470 nm. Both real and imaginary parts have
been scaled by 0.001.~b! Extinction spectra of one dimensional chain of 50
nm particles for a spacing of 470 nm with chain size varying from 10 to 400
particles.

10874 J. Chem. Phys., Vol. 120, No. 23, 15 June 2004 Zou, Janel, and Schatz

Downloaded 17 May 2011 to 162.105.246.83. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



This shift arises because the imaginary part ofS exhibits a
sharper drop atl5D as particle number increases.

Using CD methods for finite and periodic lattices, we
have studied the extinction spectra of one and two dimen-
sional arrays of spherical silver nanoparticles. Narrow peaks
whose widths a few nm are obtained, corresponding to en-
ergy widths of a few meV or less. We find that one dimen-
sional chains for which polarization and wave vector are
both perpendicular to the chain axis have the narrowest plas-
mon resonances. By changing the particle size and interpar-
ticle distance, we are able to obtain narrow peaks throughout
the visible region. We find that the narrow peaks only appear
in arrays with nanoparticle radii of 30 nm or greater. The
narrow plasmon lineshapes can be produced for arrays of 50
particles, but the narrowest lines~nominally zero width in
some cases! are for infinite chains.

The origin of the narrow peaks was examined using the
infinite lattice model, and we find that for large enough par-
ticles the imaginary part of the retarded dipole sum can be-
come sufficiently negative to cancel the single particle width.
This occurs when the real part of the dipole sum is positive,
so the plasmon peak is red-shifted from the isolated particle
result. To achieve this cancellation it is essential for the
wavelength to be slightly larger than the interparticle separa-
tion, as the detuned radiative dipolar interaction has a large
negative imaginary part under these circumstances. Note,
however, that there is always a broad ‘‘tail’’ to the lines we
describe, which is an indication that the interference narrow-
ing that we highlight here only operates over a small window
of wavelengths and does not in the broader sense ‘‘quench’’
plasmon dephasing effects that are responsible for the intrin-
sic width of the plasmon.

The present results should be of significant importance
to attempts to make plasmon-based chemical and biological
sensors that use the change in the plasmon wavelength with
analyte binding to determine concentration. In studies to be
reported later27 we find that although the plasmon wave-
length shift with analyte binding is smaller for the 1D arrays
than for isolated particles, the ratio of shift to width is larger
by at least a factor of two, which means that the arrays will
provide better sensitivity. We note that the structures needed
for the present mechanism involve relatively large particles
~.30 nm radius! and large spacings, both of which are ame-
nable to preparation by a variety of lithographic methods. In
addition, the same physical mechanism should work for par-

ticles of any shape, and for particles fabricated on a sub-
strate.
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