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plethora of studies have illumi-

nated the diverse optical proper-

ties of gold and silver nanostruc-
tures. The sensitivity of the localized surface
plasmon resonances (LSPRs) to size, shape,
and surrounding media provides multiple
avenues for tuning the way nanoparticles
interact with light in imaging and sensing
systems.!* The number of possibilities for
exploiting the LSPRs further increases when
taking advantage of the interactions be-
tween the LSPRs for particles in close prox-
imity. In nanoparticle dimers, the red shift of
the LSPR maximum to longer wavelengths
can serve as a plasmonic ruler, especially
useful for measuring biomolecular
distances.””” In addition, the strong local
enhancement of the electric field between
the particles is beneficial to surface-
enhanced spectroscopies to a greater ex-
tent than the field enhancement around
single particles.® '° The spectral changes
from the LSPR of isolated nanoparticles are
most easily observable in the closely
coupled regime, where the distance be-
tween adjacent nanoparticles is on the or-
der of one radius or less." 20

A dimer is also the simplest building

block in a nanoparticle waveguide. Chemi-
cal synthesis and assembly methods yield
one-dimensional arrays of nanoparticles
having much smaller separations than what
can typically be achieved using electron-
beam lithography fabrication methods,?'~2
potentially improving the efficacy of plas-
monic waveguides.?*?® Although chemical
synthesis creates nanoparticles with few de-
fects and a very pure plasmonic response,
the resulting particles exhibit a distribution
of sizes and shapes. Thus, an assembly of
such nanoparticles will naturally contain lo-
cal irregularities in the geometries and spac-
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ABSTRACT We have explored the consequences of symmetry breaking on the coupled surface plasmon

resonances in individual dimers of gold nanorods using single-particle dark-field scattering spectroscopy and

numerical simulations. Pairs of chemically grown nanorods can exhibit wide variation in sizes, gap distances, and

relative orientation angles. The combination of single-particle spectroscopy and theoretical analysis allowed us to

discern the effects of specific asymmetry-inducing parameters one at a time. The dominant influence of symmetry

breaking occurred for longitudinal resonances in strongly coupled nanorods in linear end-to-end configurations.

In particular, we found that the normally dark antibonding dimer mode becomes visible when the sizes of the two

nanorods are different. In addition, we observed a conductively coupled plasmon mode that was red-shifted by

at least 250 nm from the bonding plasmon mode for the corresponding nontouching geometry. Gaining detailed

insight into how symmetry breaking influences coupled surface plasmon resonances of individual nanorod dimers

is an important step toward the general understanding of the optical properties of assemblies of chemically

synthesized nanorods with unavoidable irregularities in size and orientation.

KEYWORDS: gold nanorods - surface plasmon resonance - nanoparticle
dimers - plasmon hybridization - single-particle spectroscopy - plasmon coupling

ings among neighboring particles. Such
variations will influence the wavelength of
the coupled LSPRs, especially if the particles
touch each other, allowing the excitation
of charge transfer plasmons.'"% A recent
study of gold heterodimers has already
demonstrated the rich variety of properties
that arises when the two particles are inten-
tionally mismatched in size or composi-
tion.?” The variety of new phenomena that
can occur increases in complexity for dimers
consisting of anisotropic particles, such as
nanorods where the relative orientation
also becomes an important
parameter,>1328-33

The longitudinal LSPR of a nanorod is
highly tunable and sensitive to polariza-
tion, which enables individual nanorods to  Received for review May 20, 2010
act as efficient orientation sensors."3#3> The  and accepted June 30, 2010.
anisotropic shape and surface chemistry
furthermore allow for their oriented
assembly.2'?336 Despite these potentially
advantageous features, the angular degree
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Figure 1. (@) Unpolarized dark-field scattering spectrum and
SEM image (inset) of a single gold nanorod with dimensions
of (70 X 37) = 5 nm. The scale bar represents 100 nm. (b) De-
pendence of the scattering amplitude at 620 nm on the angle
of the detected polarization relative to the rod. Inset: Depen-
dence of the maximum of the longitudinal LSPR \,.x on the
aspect ratio. (c) Schematic of the geometry employed to calcu-
late integrated dark-field scattering in reflection mode in
FDTD; 0 indicates the angle of the polarization selected by
the virtual filter. (d) Simulated dependence of the scattering
amplitude at A\,,.x on 0 for the rod shown in (a).

of freedom in an assembly of nanorods complicates
predicting the interactions of LSPRs even within a
simple dimer. To address this issue, correlated scan-
ning electron microscopy (SEM) and single-particle
dark-field scattering spectroscopy have been per-
formed for gold nanorod dimers with rods in specific
geometries such as side-by-side, end-to-end, as well as
L- and T-shaped arrangements.?° Furthermore, the ef-
fect of rotating one rod with respect to the other was in-
vestigated for both nanorod dimers that were formed
by lithography?! with separations no smaller than 20
nm as well as for chemically linked nanorods with ~1
nm gaps.® While the effects of orientational symmetry
breaking have been addressed in these previous stud-
ies, to our knowledge, a detailed understanding of the
influence of size mismatch on the collective optical
properties of nanorod dimers is still missing. Symmetry
breaking due to the unequal sizes of the particles com-
posing the dimer is of particular concern for dimers
formed from chemically grown nanorods which natu-
rally exhibit a size heterogenity.

We have therefore explored the consequences of in-
congruities of individual nanorod dimers on their
coupled LSPRs using polarization-sensitive single-
particle spectroscopy, SEM, plasmon hybridization cal-
culations, and finite-difference time domain (FDTD)
computations. The dimers of chemically grown nano-
rods were formed fortuitously during evaporation from
their aqueous solution and therefore exhibited wide
variation in mismatched sizes, gap distances, and
angles. The FDTD simulations were performed using in-
cidence and scattering geometries that matched the
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experimental setup of the dark-field scattering micro-
scope. The theoretical analysis of the experimental data
allowed us to discern the effect of specific asymmetry-
inducing parameters one at a time. Correlating these
structural variations with the intensities and peak posi-
tions of coupled LSPRs in nanorod dimers is important
for understanding how plasmon coupling depends on
irregularities that are ubiquitous in assemblies of chemi-
cally prepared nanoparticles.

RESULTS AND DISCUSSION

Gold nanorods synthesized in solution using the
standard seed-mediated growth method and stabi-
lized with cetyltrimethylammonium bromide (CTAB)?
were obtained from Nanopartz, Inc. Samples of single
nanorods and dimers supported on a patterned glass
substrate were prepared by drop casting. We character-
ized all nanostructures with SEM and dark-field scatter-
ing spectroscopy. The unpolarized spectrum of a single
nanorod with dimensions of (70 X 37) = 5 nm and as-
pect ratio of AR = 1.8 in Figure 1a shows the primary
scattering peak occurring at 620 nm. A polarization-
sensitive detection scheme allowed us to isolate the
longitudinal and transverse nature of the plasmon
modes. In Figure 1b, for example, the angle of the de-
tected polarization, 6, is varied relative to the rod’s ma-
jor axis. The maximum intensity at 620 nm occurs for 6
= 180° when the polarization is parallel to the major
axis of the nanorod, while the intensity at this wave-
length becomes zero for perpendicular polarization. As
shown in Figure 1a, the transverse LSPR is too weak to
be detected in the single-particle spectrum. Both the
wavelength of the longitudinal LSPR and absence of the
transverse mode in the single-particle scattering spec-
trum are typical of small rods that fall within the quasi-
static limit, where the aspect ratio determines the LSPR
energy.' The inset of Figure 1b confirms a linear rela-
tionship between the wavelength of the longitudinal
LSPR and the aspect ratio. Given that the widths of the
rods varied from 20 to 35 nm, this trend implies that
among the rods studied here the aspect ratio is the
most important parameter in governing the LSPR
maximum.

In the FDTD calculations, the scattering spectra were
calculated by collecting all of the scattered far-field
within a cone-shaped domain above the nanostruc-
tures defined by the numerical aperture (NA) of the ob-
jective®” and integrating the optical cross sections for
all different excitation directions. The incident k-vectors
were orientated 85° from the normal to the substrate,
consistent with the illumination NA of the objective,
and s- and p-polarizations were equally weighted. The
calculated scattering therefore represents the average
for the different excitation angles, which varied in 15°
increments around the cone. We also introduced in the
FDTD calculations a virtual polarizer having an angle 6
relative to the nanorod to select the polarization com-
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ponents of the far-field projected onto the sample
plane. This procedure allowed us to calculate both un-
polarized and polarization-dependent scattering spec-
tra for direct comparison with the experiments. The cal-
culated scattering intensity at the maximum of the
longitudinal dipole mode, Ay as a function of filter
angle 6 is shown in Figure 1d. Comparing Figure 1d
with the experimentally measured polarization depen-
dence in Figure 1b illustrates that the same cos?(0) de-
pendence is recovered and that the calculated trend
obtained by varying the filter angle is therefore a realis-
tic representation of the experimental excitation and
collection geometry. The slight offset from zero inten-
sity for perpendicular polarization in the theoretical cal-
culations (Figure 1d) is caused by numerical errors gen-
erated when modeling a spherically symmetric far-
field collection area using a virtual filter defined on a
Cartesian FDTD grid. Such an offset will therefore also
be present in the polarization dependence of the scat-
tering amplitudes for the other nanorod dimer struc-
tures such as the end-to-end dimer discussed below.

It is important to mention here that the peak posi-
tions calculated in FDTD were not well matched to the
experiment unless the CTAB coating and the glass sub-
strate were included. The dielectric constants for glass
and CTAB were ¢ = 2.31 and 4, respectively. The latter
was chosen by tuning this value in the simulated spec-
trum of a single rod to match the experiment. We as-
sumed a thickness of 4 nm for the CTAB bilayer. Al-
though the thickness may vary around the dried
particles, our estimate is consistent with previous re-
ports.*® Simulations performed for individual rods and
dimers with and without the substrate consistently
demonstrated that the substrate induced a red shift
but no other spectral features. In addition, the nano-
rods were modeled as perfect hemispherically capped
cylinders with smooth surfaces. Such an idealization ne-
glects any defect-induced damping likely to be present
in the experimental structures. Therefore, all simulated
spectra have slightly narrower resonances.

The same experimental and computational strate-
gies were then applied for characterizing plasmon cou-
pling for a dimer of nanorods aligned side-by-side. Fig-
ure 2a plots the scattering spectrum of the dimer
shown in Figure 2c and the scattering spectra of indi-
vidual rods with aspect ratios similar to those in the
dimer. Note that the individual rods did not necessarily
have the same dimensions as the rods making up the
dimer. The inset of Figure 1b, however, shows that the
aspect ratio is the primary variable affecting the LSPR
wavelength for these rods. The dimer displays one reso-
nance peak at 620 (645) nm observed in the experi-
ment (simulation), which is blue-shifted relative to the
peaks of each individual rod at 705 (679) nm and 680
(679) nm. These spectra are consistent with the FDTD
result in Figure 2b. The electric field enhancement and
charge distributions depicted in Figure 2d,e show that
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Figure 2. (a) Unpolarized dark-field scattering spectra of a dimer
(red) with rods aligned side-by-side and individual rods with as-
pect ratios comparable to those composing the dimer (green and
blue). (b) Integrated dark-field scattering spectra simulated by FDTD
of the dimer (red) and the individual rods composing the dimer
(blue and green) without the polarizing virtual filter. (c) SEM image
of the side-by-side dimer measured in (a) and simulated in (b) show-
ing that the dimer consists of gold nanorods with dimensions of
(70 X 25) = 5 nm (top rod) and (76 X 28) = 5 nm (bottom rod) and
aspect ratios of 2.8 and 2.7, respectively. The scale bar indicates
100 nm. (d,e) Calculated electric field enhancement and charge dis-
tribution from FDTD, respectively. (f) Measured and (g) simulated in-
tensity at 620 nm showing how the side-by-side dimer peak de-
pends on the detected polarization angle 6.

the dipole modes of the individual nanorods are
aligned parallel to each other.>**° This antibonding in-
teraction has higher energy compared to the bonding
mode with its antiparallel dipolar alignment.?®4! This
finding is consistent with a mode analysis performed
within the framework of plasmon hybridization
theory.***3 The lower energy bonding mode with its op-
positely aligned dipoles has no total dipole moment
and is thus unobservable. The higher energy antibond-
ing mode has a net dipole oriented along the long axes
of the rods, consistent with the fitted cos?(0) polariza-
tion dependences in Figure 2f,g and the fact that the
scattered light intensity reaches a maximum when the
polarization is parallel to the long axes of the rods. The
small but nonzero intensity in Figure 2f,g for polariza-
tion perpendicular to the major dimer axis suggests
that plasmon coupling in this side-by-side dimer also in-
volves, although to a much smaller extent, other higher
order multipolar plasmon modes with transverse char-
acter.®

In Figure 3, we show the experimental (a) and theo-
retical (b) scattering spectra for a nanorod heterodimer
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Figure 3. (a) Unpolarized dark-field scattering spectra of an
end-to-end dimer (red) and individual rods with aspect ratios
comparable to those composing the dimer (green and blue).
(b) Integrated dark-field scattering spectra simulated by
FDTD of the dimer (red) and the individual rods composing
the dimer (blue and green) without a polarizing virtual filter.
(c) SEM image of the end-to-end dimer measured in (a) and
simulated in (b) showing that the dimer consists of gold nano-
rods with dimensions of (80 X 29) = 5 nm (left rod) and (74
X 32) = 5 nm (right rod) and aspect ratios of 2.8 and 2.3, re-
spectively. The scale bar represents 100 nm. (d,e) Electric field
enhancement (top) and charge distribution (bottom) calcu-
lated by FDTD at the maxima for the short (secondary) and
long (primary) wavelength scattering peaks, respectively. (f)
Measured and (g) simulated intensity at the maximum of the
primary (circles) and secondary (crosses) scattering reso-
nances showing how the modes illustrated in (d) and (e) de-
pend on the detected polarization angle 6.

in an end-to-end configuration with an approximate
separation of 12 nm according to the SEM image. The
spectra of individual rods with similar aspect ratios as
those which compose the dimer are also shown in Fig-
ure 3a,b. The individual rod resonances occur at 745
(700) nm for AR = 2.8 and 680 (650) nm for AR = 2.3
in the experiment (simulation). The intense lower en-
ergy peak in the dimer spectrum, which occurs near 760
nm in the experiment and near 740 nm in the simula-
tion, occurs at a longer wavelength than either of the
longitudinal dipole LSPRs for the individual particles. In
contrast, the weaker higher energy peak at 660 (635)
nm in the experimental (simulated) spectrum is blue-
shifted compared to the longitudinal LSPRs of both in-
dividual nanorods. Thus, both resonances in the scatter-
ing spectrum of the end-to-end dimer result from near-
field interactions between the rods and cannot be
accounted for by a superposition of the scattering from
the constituent particles.

The FDTD field and charge plots in Figure 3d,e show
that the peaks result mainly from the interaction of the
longitudinal nanorod dipole modes. The strong en-
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hancement of the electric field within the gap and the
charge plot at 735 nm in Figure 3e demonstrate that
this mode is the bonding dimer mode with a parallel
alignment of the dipoles of each nanorod. The field and
charge plots for 635 nm in Figure 3d reveal an antipar-
allel alignment of the individual dipoles, which is char-
acteristic of the antibonding dimer mode. The experi-
mental (Figure 3f) and simulated (Figure 3g)
polarization dependences for the two modes confirm
that both are longitudinal in nature.

For a linear homodimer, the longitudinal antibond-
ing mode would be dark because antiparallel dipoles
result in no net dipole for the dimer. To understand why
the antibonding mode appears in the spectra, we then
analyzed the effects of different factors that break the
symmetry. The experimental and simulated conditions
differed from the perfectly symmetric case, and two ob-
vious sources of broken symmetry are present: the size
heterogeneity between the two nanorods and the
slight angular offset of ~10° relative to a linear
alignment.

In the FDTD simulations shown in Figure 4, we inves-
tigate both the effect of relative orientation of the
nanorods (a) and size mismatch (b). The results demon-
strate that the major factor governing the intensity of
the antibonding mode is size heterogeneity. The ho-
modimers in Figure 4a consisted of two identical (80 X
30) nm rods (AR = 2.7) with a gap size maintained at
10 nm, and the second rod was given an offset angle,
d, as a measure of the deviation from the linear geom-
etry. For the bent dimer, only a bonding mode is
present for 8 < 45°. Comparing these results to Figure
3, we conclude that it is unlikely that the offset angle of
& = 10° in the experiment is the primary factor impart-
ing brightness to the antibonding mode.

Figure 4b shows the FDTD results for heterodimers
consisting of nanorods with different sizes. The geom-
etry of the dimers is defined by the variable 3 = AR,/
AR; where the subscripts 1 and 2 refer to the left and
right rods. The spectrum for the linear homodimer (8 =
1) shows only one peak, the bonding mode. As the
value of B increases, this mode red shifts and the anti-
bonding mode begins to appear with increasing inten-
sity around 680 nm. For the linear heterodimer, the net
dipole moment of the antibonding mode is nonzero be-
cause the individual nanoparticle dipoles have differ-
ent magnitudes. This renders the antibonding mode
bright and excitable. Recently, Chu et al. observed the
antibonding mode for a dimer consisting of gold nano-
rods with similar size (3 ~ 1.1) and an angular offset of
8 = 18° using electron energy loss spectroscopy
(EELS).* However, EELS is sensitive to both bright and
dark plasmons independent of the value for §, and their
calculated optical spectra for this dimer showed that
the antibonding mode is indeed more than an order of
magnitude lower in intensity than the bonding mode.
Also, Shao et al. have studied single dimers of gold
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nanorods having a wide range of offset angles using
dark-field spectroscopy and found that the scattering
spectra for dimers with & = 40— 140° showed two peaks
while angles closer to a linear or parallel arrangement
did not induce a second observable mode.* Both of
these studies are in good agreement with our results
in Figure 4.

The plasmonic interaction between two arbitrarily
sized and aligned nanorods can be calculated using
the plasmon hybridization method.?82*#3 |n this ap-
proach, which is exact in the quasistatic limit, the plas-
mon modes of the nanorod dimer are expressed as lin-
ear combinations of the multipolar plasmon modes of
each nanorod (primitive modes). For an individual
nanorod, plasmon modes of different multipolar sym-
metry cannot interact. However, in the dimer geometry,
multipolar plasmons of different orders on different
particles can interact. These complex interactions re-
sult in hybridized dimer modes with mixed multipolar
compositions.

Figure 5 shows an application of plasmon hybridiza-
tion to the end-to-end nanorod dimer discussed in Fig-
ures 3 and 4. The nanorods are modeled as prolate
spheroids of uniform electron density. The dimensions
of the dimer have been scaled down to an overall size
that is within the quasistatic regime. The insets show
the evolution of the longitudinal bonding and anti-
bonding eigenvalues as a function of the gap size for
the mode orders | = 1—3. The scaled interparticle sepa-
ration that corresponds to the heterodimer discussed
in Figure 3 is dg,, = 2.4 nm and is indicated by the
dashed line in the inset of Figure 5. Figure 5a depicts
the extinction spectrum of a linear homodimer with
each particle having an AR = 2.5, similar to the aver-
age for the experimental nanorod sample. The calcu-
lated spectrum shows only one resonance, the bond-
ing dipolar mode (green) at 570 nm (2.19 eV). The
dipolar antibonding mode (red) remains dark, with an
energy between the bonding dipolar and quadrupolar
modes.

In contrast, for the heterodimer (Figure 5b) with B
= 1.2, the antibonding dimer mode is now visible on
the blue side of the bonding peak. The charge distribu-
tion at 550 nm (2.25 eV) in the inset of Figure 5b con-
firms the assignment of the antibonding mode. A closer
inspection of the charge distribution for the antibond-
ing mode in Figure 5b shows a slight depletion of the
charge at the tip of the lower AR nanorod. This nondi-
polar charge polarization is a result of the admixture of
higher multipolar primitive plasmon modes in the hy-
bridized dimer modes.

Figure 5c,d depicts hybridization diagrams for the
homo- and heterodimers. For the homodimer, the inter-
actions are strong and the hybridized plasmon func-
tions consist of equal contributions of plasmons from
both nanorods. For the heterodimer, the interaction is
a little weaker, resulting in smaller shifts of the hybrid-
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Figure 4. Integrated dark-field scattering spectra with (a) vary-

ing angular offset, 8, from a linear alignment and with (b) in-

creasing B = AR,/ARy, i.e., increasing the length of the right rod
in increments of 10 nm. In panel (a), the rods are modeled hav-
ing dimensions of 80 X 30 nm with a 4 nm thick dielectric coat-

ing and a 10 nm end-to-end gap size. In panel (b), the dimen-

sions of the left rod are held constant at 80 X 30 nm, while the

length of the right rod is varied. For comparison, the dimer
studied in Figure 3 has 8 = 10° and = 1.21. All spectra are

normalized to the peak intensity for the linear homodimer case.

ized states from the primitive (individual) nanorod
modes (see insets). The bonding mode is dominated
by the LSPR of the higher AR nanorod and the anti-
bonding mode by the smaller AR nanorod. For simplic-
ity, the hybridization schemes in Figure 5c,d only show
the interactions between primitive dipolar plasmon
modes.

The final validation of our mode assignments can
be accomplished by rescaling the dimer from the qua-
sistatic regime where an exact mode analysis can be
performed to the actual size in the experiment. Figure
6a shows such FDTD simulations for a heterodimer with
B = 1.2. As the size of the dimer is scaled up into the re-
tarded regime, the plasmon modes are red-shifted and
broadened. However, no new modes, no mode cross-
ings, and no significant redistribution of spectral
weights of the peaks result. Therefore the two modes
in the actual heterodimer are indeed the ones inferred
from the plasmon hybridization calculations. Figure 6b
shows the normalized integrated dark-field scattering
spectra for each of the scaled dimers. Because extinc-
tion includes absorption and scattering into all angles
while scattering only includes backscattering within the
experimental collection cone, the scattering intensity
is much smaller than the extinction intensity.

Just as symmetry breaking can introduce new spec-
tral features for a linear homodimer, bringing the rods
into conductive contact also drastically modifies the op-
tical properties of the dimer. Specifically, conductive
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Figure 5. Extinction spectra calculated using plasmon hybridization theory for (a) a homodimer (8 = 1) of prolate sphe-
roids with major and minor axes of 14 and 5.6 nm and (b) a heterodimer (8 = 1.2) consisting of a 14 X 5.6 nm, AR = 2.5
nm and a 15.2 X 5 nm, AR = 3 nm prolate spheroid. The interparticle distance was adjusted to 2.4 nm (dashed line in in-
set) to approximate dg.p/Loq for the dimer shown in Figure 3, where dg,;, is the size of the gap and L,,q denotes the length
of one rod, the shorter one in the case of the heterodimer. The insets show how the eigenvalues of the bonding and anti-
bonding combinations for the / = 1—3 primitive rod modes evolve as a function of the gap size. The charge distributions are
shown for all visible peaks for each extinction spectrum: at 570 nm (2.19 eV) for the homodimer, and at 595 nm (2.09 eV)
and 550 nm (2.25 eV) for the heterodimer. Diagrams illustrate the interactions of the primitive dipoles for the (c) homodimer

and (d) heterodimer.

contact allows a dimer to support a charge transfer
plasmon mode which involves both a continuous polar-
ization of the charge distribution over both particles
and an oscillating electric current across the junction

a oo b - Integrat_ed
40x15 & 48x15 nm Scattering
— Extinction

80x30 &
95x30 nm

160x60 &
190x60 nm

Normalized Intensity

700 900 1100 700 900 1100
Wavelength (nm)

Figure 6. Calculated spectra for the heterodimer with § =
1.2 with different nanorod sizes from the quasistatic regime
to dimensions similar to and larger than the experimental
case. Spectra in (a) are normalized to the extinction, while
each plot of integrated scattering simulated with the dark-
field geometry is normalized to itself in (b).
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between the two nanoparticles.”"'® Figure 7 shows the
spectra for a linear and bent (8 = 40°) touching dimer.
The geometries are depicted in panels e and h, and the
corresponding spectra are given in panels a and b.
Both spectra exhibit a long wavelength rising feature,
suggesting a peak beyond 1100 nm, the upper limit of
the CCD spectrometer.

It is very difficult, however, to confirm experimen-
tally that the two nanorods are indeed touching. An
SEM has limited resolution and could potentially melt
the dimer at the highest magnification. To verify that
the observed scattering spectrum results from metallic
contact of the rods and not just an overlap of their di-
electric coating, we resort to theoretical simulations.
The inset in Figure 7a shows that the energy of the
bonding mode red-shifted by ~160 nm when the envi-
ronment in the junction was changed from vacuum (e
= 1) to CTAB (e = 4). However, further increasing ¢ to
an unrealistically high value of 8 only shifts the peak 30
nm to ~880 nm. This limited shift suggests that the
nanorods are in conductive contact and that the low
energy mode arises from the charge transfer plasmon.

Figure 7c shows the scattering spectra calculated
for varying dimer separation and conductive overlap.
As d decreases from 2 to 1 nm, the principal peak corre-
sponding to the bonding dimer plasmon red shifts
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Figure 7. (a) Experimental unpolarized dark-field scattering spectrum of a linear dimer comprising rods with dimensions of
(77 x 29) = 5 nm (left) and (72 X 34) = 5 nm (right) shown in the SEM image in (e). (b) Measured scattering spectrum of the
bent dimer with & = 40° in (h), comprising rods that are (72 X 38) = 5 nm (top) and (78 X 38) = 5 nm (bottom). The ar-
rows in (a) and (b) indicate the predicted A, of the individual rods within each dimer based on the aspect ratio depen-
dence in Figure 1b. The inset of (a) shows FDTD calculations of how A, of the dipole bonding mode evolves as a function
of the dielectric constant of the material between a linear dimer with a 1 nm gap distance. The spectra in (c) are the inte-
grated scattering intensities calculated by FDTD as a function of gap between the rods (d = 2, 1, 0, —1, —2 nm). A simula-
tion of two particles in conductive contact with d = —1 nm and & = 40° is shown in (d) to accompany (b). (f) Calculated elec-

tric field enhancement (top) and charge distribution (bottom) for the linear touching dimer with d = —1 nm (red curve in
c) at 619 and 1075 nm. Likewise, (g) shows the electric field enhancement and charge distribution at 610 and 1032 nm for

the bent touching dimer withd = —1 nm.

from 690 to 720 nm. When the rods begin to make con-
ductive contact at d = 0 nm, the bonding plasmon
mode blue shifts to 619 nm and a charge transfer plas-
mon appears at a wavelength beyond 1100 nm, which
is not accessible with our detector. The sudden blue
shift of the bonding plasmon mode for d = 0 is due to
the interaction with the low energy charge transfer
plasmon mode. With increasing conductive overlap,
both resonances blue shift. This blue shift can be quali-
tatively understood from the dependence of the plas-
mon energies of individual nanorods on their aspect ra-
tios. Making d more negative in the simulation
corresponds to reducing the length of an almost con-
tinuous single nanorod structure. The charge transfer
plasmon resembles a dipolar (/ = 1) nanorod resonance,
and the bonding dimer plasmon resembles an octupo-
lar (I = 3) mode of a nanorod that, in this particular case,
is approximately 150 X 30 nm. The interactions that oc-
cur for dimers with d = 0 result from conductive inter-
actions between the particles and do not depend on
the dielectric surrounding. We therefore omitted the
CTAB coating in the simulations in Figure 7.
Comparing the series of simulated spectra in Figure
7c¢ to the experimental scattering spectrum in Figure
7a shows that the best qualitative agreement is reached
for an interparticle distance of d = —1 nm (red curve)
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for this linear touching dimer (Figure 7e). We have also
performed extensive classical electromagnetic simula-
tions for subnanometer separations. In this region, the
capacitively coupled bonding dimer resonance red
shifts monotonically with decreasing interparticle dis-
tance, as also shown in Figure 5. Within classical meth-
ods, shifting this mode beyond 1100 nm would require
subangstrom separations.*> At such small separations,
however, quantum effects such as tunneling and
screening would remove this mode, effectively result-
ing in a charge transfer plasmon.?®

The bonding dimer plasmon is too weak to be ob-
served experimentally in Figure 7a. Expanding the de-
tection window to shorter wavelengths by changing
the center wavelength of the grating from 950 to 650
nm did not yield an observable peak either. The energy
and intensity of this mode depends strongly on d, as
shown in Figure 7c, and also on the touching profile,
which is extremely difficult to access from the SEM im-
ages. A more detailed investigation of the touching pro-
file for conductively coupled plasmons will be pre-
sented in a future study.

In contrast to the experimental spectrum of the lin-
ear dimer (Figure 7a), a simulation shown in Figure 7d
of the bent touching dimer (Figure 7h) assuming a con-
ductive overlap of d = —1 nm results in an excellent ac-
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count of the experimental spectrum in Figure 7b. The
intensity of the bonding dimer mode is strongly en-
hanced compared to the charge transfer plasmon in
both experiment and simulation, presumably due to
the significant angular offset. These results are consis-
tent with a recent study on near-field imaging of the in-
duced electric fields in touching and nearly touching
nanocubes.” It should also be mentioned that conduc-
tive contact is unlikely to occur for rods aligned side-by-
side because CTAB binds preferentially to the {100}
sides of gold nanorods instead of the {111} ends, leav-
ing the tips mostly unprotected and hence allowing
much smaller end-to-end distances.*

The charge distributions calculated ford = —1in
the case of the linear, Figure 7f (right) at 1075 nm, and
bent, Figure 7g (right) at 1032 nm, touching dimers
both represent a dipole mode delocalized over the en-
tire length of the dimer. This is typical for a charge trans-
fer plasmon where the charge on each nanorod oscil-
lates because of an alternating electric current across
the junction. The higher energy modes at 619 nm (Fig-
ure 7f, left) and 610 nm (Figure 7g, left) for both het-
erodimers are essentially screened bonding dimer plas-
mon modes where the capacitive coupling has been
reduced by electrically “short circuiting” the junction
due to the metallic contact.

Mulvaney and co-workers have previously observed
two LSPR peaks for end-to-end dimers of chemically
prepared nanorods with smaller average diameters of
15 nm.?° In particular, a strongly coupled linear dimer
with nanorods of very similar size yielded two peaks,
which were assigned to a lower energy dipolar bond-
ing LSPR and a higher energy bonding multipolar mode
which is expected to be optically active at small separa-
tions due to additional hybridization with primitive di-
polar modes.'2° The antibonding mode was ruled out
as the origin of the second higher energy peak due to
the absence of two distinct peaks for a different linear
dimer consisting of two very differently sized rods. As
seen in Figures 4—6, such a dimer is expected to yield
an observable antibonding mode in the nontouching
configuration. Two modes can also arise from dimers
with touching particles, but these modes are funda-
mentally different, as illustrated by the charge distribu-
tions in Figure 7f,g, especially for the lower energy
charge transfer plasmon. However, it is nearly impos-
sible to precisely determine the gap size and distinguish
if the nanorods are touching given the resolution of
SEM. The trends observed in this work, however, are
consistent with recent studies of (barely) touching
nanoparticles, which have specifically addressed spec-
tral changes due to creating or modifying the conduc-
tive contact region, strongly suggesting that mixing of
primitive rod modes does not sufficiently describe the
optical response of nanostructures in the presence of
metallic contact.””'°
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CONCLUSIONS AND PROSPECTS

We have investigated the role of symmetry break-
ing and conductive overlap on the plasmon coupling
in gold nanorod dimers through correlated SEM imag-
ing, polarization-sensitive single-particle dark-field scat-
tering spectroscopy and simulations using both FDTD
and plasmon hybridization theory. In the FDTD calcula-
tions, we were able to match the experimental condi-
tions very closely including the CTAB coating, glass sub-
strate, and the excitation and collection geometries.
Plasmon hybridization analysis enabled us to further
verify the mode assignments. We found that symmetry
breaking due to a size mismatch had the strongest ef-
fect on the collective plasmon modes. For a het-
erodimer, where a mirror plane in the junction is ab-
sent, antibonding dimer modes that would not be vis-
ible for a homodimer appear clearly in the spectrum.
When a conductive overlap is present between the two
particles, a low energy charge transfer plasmon mode
appears prominently in the spectrum. These results are
important for understanding the plasmonic properties
of self-assembled aggregates of chemically synthesized
nanoparticles which are prone to imperfections in the
form of irregular spacings, random orientations, and in-
homogeneous sizes of the individual nanoparticles.
The trends established here can then be extended to
more complex assemblies having a larger number of
constituent nanoparticles, which are currently of spe-
cial interest for plasmonic antennas, waveguides, and
substrates for surface-enhanced spectroscopies.

The appearance of a distinct charge transfer plas-
mon in the optical spectrum of nanoparticle dimers
opens new directions among plasmonic applications.
In a recent fully quantum mechanical calculation of the
optical properties of nanoparticle dimers, it was shown
that conductive coupling can occur through electron
tunneling even at dimer separations as large as 1 nm
and does not require direct physical contact between
the particles.?® Using chemical linkers, it may be pos-
sible to control the width of the dimer junctions with
(sub)nanometer accuracy. Furthermore, using conduc-
tive molecules as linkers may enable conductive cou-
pling even for dimer separations beyond 1 nm. Dimers
with small interparticle gaps present interesting experi-
mental and theoretical challenges in plasmonics, which
require further studies using higher resolution spatial
imaging, direct mapping of the charge distributions for
the different plasmon modes, and quantum mechani-
cal modeling in addition to electromagnetic simula-
tions. For larger, more realistic structures in close con-
tact, quantum mechanical calculations would not be
possible due to the large number of electrons. Instead,
one would have to resort to classical electromagnetic
calculations, such as FDTD, and modeling the individual
nanoparticles using nonlocal dielectric functions.
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METHODS

Dark-Field Scattering Spectroscopy. Individual gold nanorods and
dimers deposited on patterned glass substrates were located ex-
actly in both an SEM (FEI Quanta 400), operating in wet mode
to offset charging on the nonconductive substrate, and a home-
built single-particle spectrometer with a cooled Si CCD cam-
era.”” SEM images were typically taken at a magnification of
60 000, and the error in determining the nanoparticle size was
about 5 nm. Dark-field excitation was performed in a reflected
light geometry using an inverted microscope (Zeiss, Axiovert
200) with a halogen lamp as an excitation source. To allow for
coarse and fine adjustments of the sample, a home-built sample
holder was attached to a manual translational stage and
mounted on an xyz piezo scanning stage (Physik Instrumente,
P-517.3CL) connected to a surface probe microscope controller
(RHK Technology, SPM 1000). Scattered light was collected using
a Zeiss Epiplan-Neofluar 50</0.8 objective and, after passing
through a 50 wm pinhole and a polarizing beam splitter, focused
onto two avalanche photodiode detectors (Perkin-Elmer, SPCM-
AQR). Images were collected point by point by scanning the
sample. We used filters of known optical density in the detec-
tion path as necessary to prevent saturating the detectors. Scat-
tering spectra were acquired with a spectrometer (Princeton In-
struments, Acton SP2150i) and a CCD camera (Princeton
Instruments, PIXIS 400BR). When taking a spectrum, the scan-
ning stage moved the sample to the desired location so that only
the scattered light from the selected location could pass through
the pinhole. The scattered light was directed to the entrance of
the spectrometer using a motorized flipper mount (New Focus),
dispersed by a grating (300 L/mm, blaze wavelength: 500 nm),
and detected by the CCD camera. The spectra were averaged
over six frames, each having an integration time of 30 s. The
background was measured at a region with no nanoparticles
present, dark counts were measured with the lamp off, and we
corrected for the lamp and optical components by dividing by
the spectrum of a white light reflectivity standard (Labsphere,
SRS-99-010). A polarizer was placed in the detection path after
the pinhole to measure the polarization dependence of the scat-
tered light. A depolarizer followed the polarizer to avoid any po-
larization bias due to the spectrometer. The center wavelength
of the grating was set to 650 nm. To extend the detection win-
dow to wavelengths beyond 1000 nm, the center wavelength
was changed to 950 nm and a 610 nm long pass filter was in-
serted to remove secondary reflections by the spectrometer
grating.

FDTD Simulations. Electromagnetic simulations of the plas-
monic properties for the different nanorod dimer structures
were carried out using the FDTD method. The gold metal was
modeled using a Drude dielectric function with parameters fit-
ted to the experimental data for gold. This fit provides an accu-
rate description of the plasmonic properties of gold for wave-
lengths larger than 500 nm.*® The individual nanorods were
modeled as cylinders with two hemispherical end caps. The cal-
culations included the detailed modeling of the geometry of the
dark-field scattering microscope and also the glass substrate
which was modeled as an infinitely thick dielectric layer of per-
mittivity e = 2.31.37

Plasmon Hybridization. The individual nanorods were modeled
as prolate spheroids with aspect ratios defined as the ratio of
their major to minor axes. The physical sizes of the dimers were
scaled down to the quasistatic limit by dividing all dimensions by
a common scaling factor. The calculations were carried out in-
cluding all primitive nanorod plasmon modes up to multipolar
order Imax = 50, although the calculations typically converged for
Imax = 15. The dimers were assumed to be in vacuum, with each
nanorod having a bulk plasmon frequency of wg = 8.95 eV, a di-
electric constant of e.. = 9.5 representing the polarizable back-
ground of the metal, and an intrinsic damping of y = 0.069 eV as
appropriate for a Drude fit to the dielectric function of gold.
The incident electrostatic field was polarized along the long axis
of the dimers.
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