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ABSTRACT: We present experimental data on the light
scattering properties of linear chains of gold nanoparticles with
up to six nanoparticles and an interparticle spacing of 1 nm. A
red shift of the surface plasmon resonance with increasing chain
length is observed. An exponential model applied to the
experimental data allows determination of an asymptotic max-
imum resonance at a chain length of 10—12 particles. The
optical data are compared with analytical and numerical calcula-
tion methods (EEM and BEM).
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here is growing interest in the propagation of light in metal

nanoparticle assemblies because of the potential to create
optical devices smaller than the wavelength of light. The ability of
metal nanoparticle chains, with an interparticle separation less
than approximately 2.5 times the particle diameter, to accom-
modate the propagation of light arises as a result of near-field inter-
actions between nanoparticles."*'” These are due to the overlap of
the electromagnetic fields of the particles and could be exploited to
allow the integration of nanoscale electronics with micrometer scale
photonic systems.” This, along with guiding electromagnetic energy
below the diffraction limit of light, cannot be achieved with current
conventional photonic devices or waveguides.

Most attempts at creating linear chains of metal nanoparticles
have involved top-down lithographic approaches.>®” One key
limitation of these fabrication methods is that it is difficult to
obtain small separations (<10 nm) and curvatures.® On the basis
of the more efficient waveguiding observed in single crystalline
nanowires compared to their noncrystalline counterparts,9_” it
is possible that linear arrays of single nanocrystals are able to act
as a waveguide much more efficiently than noncrystalline struc-
tures. However, the arrangement of single-crystal particles into
the required linear arrays is nontrivial and remains a fundamental
challenge for the field. Self-assembly techniques are now becom-
ing robust enough to start producing structures on the nanoscale
that can be used to test theoretical models. In parallel, methods
for single particle spectroscopy have also been developed such
that particle size and shape can be compared to the scattering
spectra of single particles.'>”'® The combination of self-assembly
techniques and single particle spectroscopy may be used to
elucidate the effects of particle interactions in multiparticle
nanostructures on the optical properties of the assembly.
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The optical properties of metal nanoparticle chains have been
predicted to depend not only on the nanoparticle material, size,
and shape but also on the interparticle spacing and the number of
coupled nanoparticles within a given chain,>""7 7% a prediction
that has been upheld b;r far-field observations on lithographically
fabricated structures.>”*°

The dispersion relation for wave propagation along nanopar-
ticle chains with different compositions, nanoparticle sizes, and
interparticle separations has been calculated by agoproxjmating
the response of the particles as point dipoles,lg’ with some
calculations also taking into account next-nearest neighbor
interactions.'”*® More recently it has become clear that the
inclusion of retardation and radiative damping in the calculations
is important.'®*"** However, theoretical modeling of nano-
particle chains at small interparticle separation is challenging as
the contribution of multipolar modes increases and the effect of
next-nearest neighbor interactions at these small separations is
unknown. Furthermore, at very small interparticle separations,
quantum mechanical effects can become significant.””

While nanoparticle chains have been extensively examined
theoretically, experimentally there have been relatively few investi-
gations of linear nanoparticle arrays, especially for linear arrays of
discrete nanocrystals, due, at least in part, to the difficulty of their
assembly. In this paper we investigate the optical properties of
gold nanoparticles self-assembled into chains of differing length
(one to six particles) by directly correlating their spectral res-
ponse to their structural properties. We measure the spectral
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Figure 1. SEM images of self-assembled nanoparticle chains. Mean
diameter of gold particles is 64 nm. Interparticle spacings are estimated
at 1 nm. Scale bar = 250 nm.

response of one of the nanochains to polarized light and iden-
tified the plasmon resonance of the chain as a collective long-
itudinal mode. We show that higher-order modes and retardation
must be included in order to quantitatively reproduce the experi-
mentally observed plasmon resonances.

Spherical gold nanoparticles were prepared using the seed
mediated wet chemical synthesis developed by Rodriguez-Fernandez
et al.** Briefly, citrate seeds were prepared by bringing 100 mL of
aqueous 0.25 mM chloroauric acid (HAuCl,) to boiling tem-
perature. Seed growth was initiated by the addition of 3.5 mL of
aqueous 1 wt % sodium citrate solution. A deep red color after 20
min of boiling indicate the presence of gold nanoparticle seeds.
Growth solutions were then prepared by adding 1 mL of a 1 wt %
aqueous solution of HAuCl, to 88 mL of 0.015 M cetyltrimethy-
lammonium bromide (CTAB). One milliliter of 0.05 M ascorbic
acid was then added. Finally 10 mL of seed solution was added to
initiate growth of the seeds. Subsequent growth steps were used
to obtain a mean particle diameter of 64 nm. The nanoparticles
were assembled using thiolated single strand oligonucleotides via
a method adapted from the work of Yao et al.>* Thiolated oligo-
nucleotide strands (purchased from Geneworks) were reduced
with tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and
added to nanoparticle solutions in a ratio of roughly 100 DNA
strands per gold particle. Microliter volumes of nanoparticles
with conjugate oligonucleotide strands were then mixed together.
Assembly was initiated by adding a PBS buffer to the mixed
nanoparticles. After the assembly had proceeded for approxi-
mately S min, the assembled particles were coated onto cleaned
ITO coated glass slides for scanning electron microscopy (SEM)
and darkfield microscopy. The nanoparticles within the chain
are capped under these conditions with a mixture of the CTAB
surfactant and DNA. As is it not possible to produce only linear
chains via this method, many aggregates and nonlinear struc-
tures were evident in assembled samples. We selectively chose
chain assemblies for analysis via the SEM/FIB-DFM correla-
tion method. Nanochains of varying lengths were obtained by
varying assembly times.

Refractive index experiments were performed using samples
on ITO coated glass slides, and spectra were taken either in air or
in dibromomethane. Nanoparticle samples were imaged using an
xT Nova Nanolab SEM, and the substrate was etched using a
focused ion beam (FIB) to allow for pattern matching when viewing
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Figure 2. Normalized spectra of the nanoparticle chains in Figure 1.
Spectra were collected in air on an ITO coated glass substrate. Spectra
are numerically labeled according to chain length.
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Figure 3. Maximum wavelength of longitudinal plasmon band plotted
against number of particles in the given nanoparticle chain. Spectra were
taken in air on an ITO coated glass substrate. Data points were obtained
using a Lorentzian fit to the spectral data in Figure 2. Inset shows a plot
of both the longitudinal (blue solid triangle) and transverse (black solid
diamond) bands with increasing nanochain length. Measurements were
taken in air on ITO substrates. Exponential fits are shown for each set of
data (red lines) with the exponent fixed to have magnitude equivalent to
that determined for the longitudinal mode, but with opposite sign, for
the transverse bands to maintain an exponential fit.

samples under a darkfield microscope.'® Scattering spectra were
collected using a Nikon Eclipse TE-2000 coupled with a darkfield
condenser, with a Nikon Plan Fluor ELWD objective and focused
onto a MicroSpec 2150i imaging spectrometer coupled with a
TE-cooled PIXIS 1024 ACTON Princeton Instruments CCD
camera. Polarized scattering spectra were collected using a polar-
izer (LPVIS 100, Thorlabs) placed in the incident light path.
Figure 1 shows SEM images of the nanoparticle chains ob-
tained via DNA assembly. The samples vary from single gold
nanoparticles through to a chain six particles in length, each
comprised of gold nanoparticles that are on average 64 nm in
diameter. The oligonucleotides were selected to yield interpar-
ticle spacings of S—6 nm. However the observed spacings were
usually much less due to the large van der Waals interaction
between these large gold nanoparticles. From the SEM images of
the chains, we estimate the spacing as approximately 1 nm. This is
an upper limit as the resolution of the FEG SEM is 1 nm. The
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Figure 4. (Top) Four nanoparticle chain spectra at different polariza-
tions. Inset shows an SEM image of the nanochain. The polarizer angle
compared to the position of the four particle nanochain was known by
using the FIB marks on the substrate as a reference. The 0° angle has
been indicated on the inset SEM micrograph. The gold nanoparticles
used were 64 nm in diameter and spectra were collected on an ITO
coated glass substrate in air. The scale bar in the inset is 250 nm.
(Bottom) Scattering intensity of the longitudinal plasmon band
(870 nm) of a four particle chain resonance versus polarizer angle.

surfactant molecules (the majority of which are CTAB) coating
the gold nanospheres are 1.0—1.5 nm long, so complete inter-
digitation of the surfactant molecules would also lead to a particle
spacing in the order of 1 nm and is consistent with our previous
work.”?” The scattering spectra obtained for the nanoparticle
chains of Figure 1 are shown in Figure 2, the data for the longi-
tudinal plasmon resonance maxima are given in Table 3 of the
Supporting Information. As the nanoparticle chain length in-
creases from one to six particles, the wavelength of the plasmon
resonance with largest scattering intensity red shifts significantly.
The observed red shift progressively decreases with chain length
and begins to plateau. This resonance is identified as a longi-
tudinal coupling mode along the length of the nanoparticle chain,
and this is borne out by its response to polarized excitation light
(see below) and is also consistent with the plasmon hybridization
model”®*” and dispersion relation calculations.”® A second, less
intense resonance was observed at wavelengths ranging from 500
to 600 nm (see inset of Figure 3), which is attributed to the mode
transverse to the axis of the nanoparticle chain. This resonance
blue shifted only slightly with an increase in the chain length. The
experimentally observed red shift of the longitudinal coupled

mode as a function of nanoparticle chain length was fitted to the
empirical formula

A=A + (do —Ao)(1 — e N) (1)

where A = 520 nm, the measured single particle surface plasmon
wavelength on a substrate and in air (ie., under the same
experimental conditions as the nanoparticle chains), N is the
chain length, 7 is the fitted parameter, and A, is the predicted
asymptotic wavelength of an infinitely long nanoparticle chain. In
Figure 3 the observed relationship between the energy of the
maximum plasmon absorption and chain length is plotted. The
exponential fit gives 7 = 2.89 and A, = 1028 nm, which occurs at
a chain length of approximately 10—12 nanoparticles. Such an
exponential trend is in accordance with the theoretical models of
Maier et al.” and Fung et al." and a plateau at a chain length of
approximately 10 has been theoretically predicted for nano-
particle chains at small interlparticle separations (<S nm) using
rigorous approaches.”'****" Figure 4 shows the spectral re-
sponse of a four-particle length nanochain when exposed to exci-
tation light of varying polarizations. Spectra were taken at 10°
increments of the polarizer and a plot of plasmon band intensity
versus polarizer angle can also be seen in Figure 4. The spectra
show a decrease in intensity as the polarization of the electric field
is changed from parallel to the chain axis to perpendicular to the
chain axis. Note that the orientation of the nanoparticle chain
with respect to the incoming light vector is known, due to the use
of orienting FIB etch marks.

For a perfectly linear chain exhibiting a dominant longitudinal
plasmon resonance, it would be expected that, when the incident
light is polarized perpendicular to the chain, no longitudinal reso-
nance should be evident (the polarization discrimination of the
optical filter used in these experiments in the range 600—1200 nm
is >100000: 1). Although the four-particle chain is almost
perfectly linear, the longitudinal resonance could not be com-
pletely removed from the spectra, even when rotating in 2° inter-
vals around the point of lowest scattering. This was the case for
all chains investigated (see for example the S-particle chain in
Figure 3 in the Supporting Information).

“Polarization” refers to the polarization density P, which is
related to the incident electric field E by

P = aE (2)

E has a polarization, which refers to how it is aligned to a given
reference coordinate system. For nanoparticles exhibiting dis-
order (i.e., variations in interparticle distances and orientations)
in the direction of the incident field, the induced polarization in
the particle chains and therefore the resultant plasmon mode is
not parallel to the polarization of the incident field. In this case
there is an anisotropy in the polarizability of the nanoparticle
chain. Despite this, for longitudinal excitation, the effect of even
6.25% disorder (1 standard deviation) is predicted to have a
marginal effect on induced dipole moments in nanoparticle
chains for which the dipole approximation is valid.** A small
degree of disorder in the particle size or shape for long arrays of
nanoparticles has also been predicted to have minimal effect,®®
although this may be more prominent for short nanoparticle
chains such as those described here. Therefore, despite the slight
curvature observed in the longer nanpoarticle chains shown in
Figure 1, the effect of disorder on the energy of the longitudinally
coupled plasmon mode is expected to be minimal.
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Figure 5. Plot of the experimental longitudinal plasmon wavelength
versus chain length for nanochains in air (black solid triangle) and
dibromomethane (red solid triangle) and predicted plasmon wave-
lengths using BEM in both air (black solid square, RI = 1.28) and
dibromomethane (red solid square, RI = 1.54). Raw data are given in the
Supporting Information.

The experimentally measured plasmon resonance energy of
the nanoparticle chains may be used to gain insight into the wave-
guiding potential of infinitely long nanoparticle chains with the
same nanoparticle size and interparticle separation as the systems
synthesized here. The dispersion relation for wave propagation
along nanoparticle chains with interparticle separation >1/2d
(where d is the particle diameter) has been calculated approx-
imating the response of the nanoparticles as point dipoles.'”*°
For these nanoparticle chains, consisting of relatively large nano-
particles (64 nm diameter) with very small interparticle separa-
tion, retardation, next-nearest neighbor effects, and the inclusion
of higher order modes are expected to be important. However,
some physical insight may be gained from relationships derived
via calculation of the waveguiding dispersion relation when model-
ing the nanoparticles as point dipoles (i.e., within the electrostatic
approximation).

In the far-field excitation geometry, all the particles in the
chain are excited in phase and the change in energy of the chain’s
collective resonance mode compared to the localized plasmon
resonance of a single, uncoupled particle is related to the k = 0
modes of the dispersion relation. These energy differences can
thus be used to estimate the attenuation length of propagating
plasmon modes within the electrostatic approximation.>”** Extra-
polating the red shift of the coupled longitudinal chain resonance
to >12 spheres (i.e,, to its plateau), 1028 nm (1.206 eV), it may be
calculated that the bandwidth available for energy transport via
the longitudinal mode in an infinite linear array of nanoparticles
of the same size and interparticle separation, By is 1.974 eV (By =
2|Eq — Ep| where E, is the energy of the localized surface
plasmon resonance of a single sphere, 565 nm (2.193 eV)) while
the equivalent value for the transverse mode is 86 meV (where Er
is 553 nm (2.236 eV) from the inset of Figure 3). Using far-field
measurements on single, isolated spheres allows the homoge-
neous line width of the plasmon resonance to be measured as
I' = 367 meV (average of two spheres). Note that for this system
I is quite large due to the (relatively) large size of the spheres
used. Thus, for transport of light via the longitudinal mode at the
single particle resonance (2.193 eV), where it is predicted by the
dipole approximation to be most eficient, according to ay, =

I'/(B.d), the attenuation factor ay is 2.9 x 10° m™ ', and the
energy loss, 20y, is 5.7 X 10° m™" or 3 dB per 175 nm. This
represents a relatively small energy loss compared with other
experimentally determined values.”” While T is relatively large
for this system it is more than compensated for by the extremely
strong near-field interaction of the closely spaced nanoparticles.
Note that these calculations do not take into account absorptive
losses.

Given the limitations and obvious disadvantage that the point-
dipole model used to derive the above relationships will break
down for the structures synthesized here, it is pertinent to com-
pare more rigorous calculations. More recent theoretical inves-
tigations into waveguiding within linear nanoparticle chains
which include retardation have shown that for even moderately
small nanoparticle chains dynamic effects are important>>** and
that modes with energy below the light line are expected to be
less lossy; thus, provided the longitudinal mode here is below the
light line, the above calculation would overestimate the energy
loss. In addition, contribution of higher order multipoles to the
waveguiding modes in closely spaced systems have been theore-
tically investigated.'®*" These calculations predict the emergence
of low-loss subradiant modes which support the propagation of
plasmons along the nanoparticle chain as the particle separation
becomes smaller.®>’ The subradiant modes are predicted to be
higher energy than the lowest energy longitudinal mode, appar-
ent as a shoulder/s on to the high energy side of the longitudinal
mode for silver chains of >5 particles and for the system geometry
investigated these lie below the light line. For gold nanoparticle
chains these resonances might be expected to be broader, and it is
possible these may appear as a broadening on the high-energy
side of the longitudinal resonance of the coupled structure for
chains n > S. Inspection of the spectra in Figure 2 reveals a
significant asymmetry of the longitudinal plasmon resonances for
the five and six particle chains in support of this.

Figure S shows the longitudinal plasmon wavelengths of
nanoparticle chains with lengths of one to four particles both in
air (that is, at the ITO—air interface) and in dibromomethane
(n = 1.54, the particles on the ITO substrate were immersed
in the liquid) which closely matches the refractive index of the
ITO-coated glass substrate.

To further investigate the physical nature of the modes
observed, we employ the electrostatic eigenmode approximation
(EEM).>***” Within this formulation, the surface plasmon reso-
nances of nanoparticles are attributed to oscillating surface charge
distributions o(f) . For an arbitrary array of N nanoparticles,
these charge distributions can be written as a superposition of the
“normal modes” of each particle of the ensemble

o(t) =

ﬁMz

2, a,0,(¥) (3)

1

this collective or ensemble charge distribution satisfies an
eigenvalue equation

A [ (f—71,)
= 2 jds, (4)

o(T)

where A are the eigenvalues which are related to the resonance
wavelength (frequency) of the surface plasmon modes in the
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coupled nanoparticles

1+ A
A (5)

Here, 4 is the peak wavelength of the surface plasmon resonance,
em(4) is the (wavelength dependent) permittivity of the metal,
and &, that of the (uniform) background medium. For a single
spherical nanoparticle A = 3 (dipolar mode) this equation
reduces to the familiar resonance condition £y;(1) = —2¢, (the
Frohlich mode) We have previously shown that the eigenvalue
eq 4 for a system of interacting particles can be written in terms of
the noninteracting constituents, a procedure that results in an
eigenvalue equation for the coefficients in eq 3°°

em(A) = &

-3 (©

K-
A

Y

The nontrivial solutions to this last equation are the roots of
the characteristic equation: det{(K —27/A) 1} = 0. The off-
diagonal elements of the matrix K describe the electrostatic
interactions between the particles. As a starting point, one can
assume that the leading term in the interaction is the dipole—
dipole coupling and that, furthermore, only nearest-neighbor
coupling is non-negligible. With these simplifications, the matrix
K takes on the following general form, for a uniformly spaced
linear chain containing N identical nanoparticles

21

— C o
Y
27
c — C )
K~ Y 7
27
0o C —
Y

NxN

where the diagonal elements contain the eigenvalues y = 3 of the
individual particles (spherical symmetry, dipole mode only). C is
the dipole—dipole coupling constant which is given by the
familiar expression

1 A N
Csz (3(P1'd12)(P2'd12) _Pl'Pz) (8)
12

dy,, being the center to center distance between particles 1 and 2,
and p the dipole moment. We can divide the elements of K by C
and defining x = 27t/ C, we get the following tridiagonal matrix

x 0
1 x 1
0 1 «x (9)

NxN

The advantage of rewriting the coupling problem in terms of a
tridiagonal matrix is that the eigenvalues and eigenvectors of such
matrices have exact algebraic forms for any value of N.*° For the
matrix K, the lowest energy eigenvalue is given by

1_1+C T (10)
Ay y 7 C\N + 1

corresponding to “hybridized” surface plasmon modes where all
the dipoles are oriented in the same direction along the length of
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Figure 6. Plot of the surface plasmon resonance of linear chains

embedded in a dielectric medium of refractive index n = 2 for different
values of the nearest-neighbor coupling constant C, using eq 10.

the particle chain. The first term in this equation depends on the
eigenvalue y of the noninteracting nanoparticles, (for spheres
y = 3 for the dipolar plasmon mode). The last term depends only
on the number of particles in the linear chain (N) and the
coupling constant C. For N = 1, the model correctly predicts that
the eigenvalue of the coupling matrix is y and, consequently, the
surface plasmon frequency (or wavelength) corresponds to that
of a single particle. This equation predicts, in agreement with our
experimental observations, that in the limit where N approaches
infinity, the surface plasmon resonance wavelength reaches an
asymptotic value that is controlled by the geometry of the indi-
vidual particles (through the parameter y), the dielectric con-
stant of the uniform surrounding medium (implicitly related as
implied by eq S), and the magnitude of coupling constant C

1+ y(C/m + 1)

lle) = & T

(11)

In Figure 6 we show how this asymptotic limit changes with
the value of C. Numerical calculations for a dimer of 64 nm
diameter Au spheres with a spacing of 1 nm give a longitudinal
dipole—dipole coupling constant Cyqq = 0.9957 giving the results
shown in Figure 7.

Clearly, the model underestimates the wavelengths of surface
plasmon resonances of the chains. This is not surprising since at
the short interparticle distances observed experimentally, the
contributions to the coupling by higher order multipoles should
be considered. If we include more than the dipolar plasmon
mode to describe the interparticle coupling, the matrix shown in
eq 7 increases in size and its symmetry is no longer tridiagonal.
For each particle, the diagonal elements must include factors related
to the wavelength of each plasmon mode (i.e., elements for the
dipole 271/3, quadrupole 277/5, etc.>®). The nondiagonal ele-
ments will consequently include additional interactions such as
dipole—quadrupole, dipole—octupole, etc., which are not sym-
metric with respect to inversion (i.e., dipole—quadrupole cou-
pling of particle 1 to 2 is not equivalent to quadrupole—dipole
coupling of particle 2 to particle 1). However, one can use the
partitioning method developed by Lowdin*' to derive an
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Figure 7. Plot of the surface plasmon resonance (nanometers) as a
function of the number of particles, N, in a linear chain. (a) on glass in air
and (b) in dibromomethane (index matching). For both of these, the
experimental data are shown using the solid blue circles (with the points
connected by a solid blue line) and labeled “exp”; the calculated response
using the dipole—dipole model (corresponding to eq 8 using = 3 and
C =0.9957) is the solid black line, labeled d-d; the calculated response
including corrections from higher-order multipolar coupling as dis-
cussed in the text is shown by the dashed green line and labeled “Eff”. For
(a), an effective medium dielectric constant for the surroundings with
dielectric &, = 1.562% as reported previously,*® while for (b) the
essentially uniform background medium was taken to be ¢, = 19627,

“effective” dipole—dipole coupling matrix (an N by N problem)
that contains the perturbations caused by higher-order multipole
interactions (details in the Supporting Information). With this
partitioning, the coupling matrix takes on a form that is similar to
that of eq 7, except that y and C are replaced by “effective” values.
With this approach, the resulting interaction matrix is tridiagonal
and its eigenvalues are therefore those given in eq 10 but with the
modified values of  and C. Considering coupling up to the
fourth multipolar mode gives Y4 = 2.3187, a value that is lower
than the ideal = 3 for a dipole and C.q = 1.3984 a value higher
than the dipole—dipole coupling constant (these values corre-
spond to 64 nm spheres with 1 nm spacing). The predictions of
this effective model, also shown in Figure 7, are in closer agree-
ment to the experimental data. A better quantitative description
of the data could be obtained by including more multipoles in the
interparticle interaction (see Supporting Information). While it
is expected that inclusion of interparticle coupling beyond the
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Figure 8. Calculated BEM models of nanoparticle chains along with the
experimental data (red solid circle) from Figure 3. Chain lengths vary
from one to six particles in length with spacings of 1 (blue solid triangle),
2 (green solid square), and S (black solid diamond) nm. Simulations
involved 64 nm diameter gold nanoparticles in a medium with homo-
geneous refractive index of 1.28.

nearest neighbors will be required for a fully quantitative des-
cription of the data, the error introduced by neglecting these
effects is small. Additionally, in these EEM calculations, no
retardation effects were considered which are expected to con-
tribute to the observed discrepancies, especially for longer chains.

In order to achieve more quantitative agreement, we performed
boundary element method (BEM) calculations for nanoparticle
chains consisting of one to six particles in length, using the
program BEMAX developed by de Abajo.**** The parameters
utilized in these calculations are noted in the Supporting Infor-
mation. The effect of nanoparticle spacing was also investigated
by modeling these chains with spacings of 1, 2, and $ nm.
The energy of the plasmon resonance as calculated by BEM
for different chain lengths are shown in Figure 8. As the inter-
particle separation decreases, the calculations tend toward the
experimental results. The model neglects to take higher order
coupling into account and therefore would not be expected to
exactly predict the experimental data.**** The BEM models,
shown in Figure 8 exhibit the same exponential relationship
between chain length and plasmon band as the experimentally
determined results.

However, it can also be seen that changing the particle spacing
drastically affects the rate at which the surface plasmon peak
wavelengths reach the asymptotic (N — o) value. Larger inter-
particle spacings result in the plateau of the exponential occurring
at shorter chain lengths, consistent with a decreased interparticle
coupling as predicted by our simple analytical model (see Figure 6
and eq 11). As the particle spacing is decreased for a given particle
chain, the plasmon resonance red shifts as expected®'®"”

However, significant differences between experiment and
theory remain. The inability of both the electrostatic eigenmode
method (EEM) and the boundary element method (BEM) to
quantitatively reproduce the data is a result of several factors.
First, as inferred from the EEM, the short interparticle distances
realized in our experiments imply strong coupling of a high
number of multipolar modes. The results presented in Figure 7
were limited to a relatively small number of such multipoles and,
in general, the EEM will asymptotically approach the experimental
results as this number is increased. We have assumed in our

4185 dx.doi.org/10.1021/nl202080a |[Nano Lett. 2011, 11, 4180-4187



Nano Letters

models that the nanoparticle chains form perfect straight lines
and thus made assumptions regarding their nearest-neighbor
coupling. However, as shown in our SEM images, some chains
show a degree of curvature which is expected to introduce some
“off-diagonal” disorder in the coupling matrix (within the EEM)
and therefore alter the collective surface plasmon resonance.
For the longest chain studied, the length of the resulting assembly
is about 400 nm. At this size scale retardation effects must be
considered, effects that were not included in our EEM model
and thus contributed to the observed experiment—theory mis-
match. A third point to consider is that in both of our models we
have assumed the nanoparticle chains to be surrounded by an
infinite and homogeneous (nonabsorbing) dielectric. Vernon
et al** and Knight et al,* however, have demonstrated that
interactions with the substrate will lead to significant spectral
shifts. Finally, it is possible that at the interparticle separations
of the chains measured here, quantum mechanical effects may
become important and these are not considered by either the
EEM or BEM.

In conclusion, the light scattering properties of self-assembled
gold nanoparticle chains have been investigated and compared to
both a semianalytical and a numerical model. It has been shown
experimentally that the magnitude of the red shift of the plasmon
resonance asymptotes to a finite value with increasing chain
length and that the resonance peaks arise due to the presence ofa
single resonant mode. On the basis of the electrostatic eigenmode
method, we have derived an analytical expression to describe the
interparticle coupling in these chains, which explains most of
the observed trends, in particular the asymptotic chain plasmon
mode was found to depend on the interparticle coupling strength
and the dielectric constant of the background medium. We have
shown that both the BEM and EEM fail to reproduce quantita-
tively the plasmon resonances of the self-assembled gold nano-
particle chains. From our analysis of the coupling with the EEM,
we found that the main shortcomings arise from our initial assump-
tion of nearest-neighbor coupling and consideration of inter-
particle coupling of only a finite number of plasmonic multipolar
modes. Both our experimental and theoretical results pave the
way for a rational design of plasmonic assemblies.

B ASSOCIATED CONTENT

© Ssupporting Information. Additional details on next-
nearest dipole—dipole coupling and effective dipole—dipole
coupling, and boundary element method calculations, and a
figure showing scattering spectra of a five-particle nanochain.
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