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T
he diffraction laws in optics limit the
spatial resolution of light focusing
and guiding by conventional lenses,

fibers, and waveguides to about the light
wavelength. This is in sharp contrast to the
operation of antennas in the radiowave and
microwave regimes, where subwavelength
confinement of electromagnetic energies is
a common practice. Recently, the concept
of optical nanoantennas based on plasmo-
nic metal nanostructures has emerged as a
promising route to realize optics and photo-
nics far beyond the diffraction limit.1�4 In its
inception, plasmonic nanoantennas com-
posed of single metallic nanorods or nano-
particles were proposed as subwavelength
receivers and/or transmitters of optical
fields.5,6 Subsequently, metallic gap na-
noantennas in the coupled (closely spaced)
geometries of bow-tie,7 end-to-end nano-
rod pair,8,9 and nanoparticle dimer10 were
introduced to enhance the radiation inten-
sity and efficiency. Very recently, linear na-
noparticle array antennas (similar to the
case of Yagi-Uda antennas11) have been
proposed and demonstrated for high direc-
tionality in the far-field radiation.12�14

Furthermore, a novel optical nanospec-
trometer has been proposed by utilizing
these arrays to distribute different fre-
quency contents of the emitter radiation
into chosen spatial locations or directions.15

These recent results indicate that linear
nanoparticle array antennas are indeed a
promising approach for deep-subwave-
length light confinement and transport.
To perform localization and guiding of

light in plasmonicmetal nanostructures, the

major concerns are related to internal and
external losses in these metal nanostruc-
tures. The internal losses are mostly related
to the resistive (ohmic) damping (electron�
electron scattering, electron�phonon scat-
tering, etc.) and scattering at surfaces,
roughness, or defects of metal nanostruc-
tures. On the other hand, the radiative
damping results in most of the external
losses.16�18 To overcome the internal losses,
one approach is to utilize high-quality, crys-
talline metal nanostructures, such as noble
metal nanowires19,20 and nanoparticles21,22

synthesized by chemical methods. On the
other hand, the radiative damping can be
prevented by taking advantage of the
dark modes for plasmon excitation and
propagation in strongly coupled metal
nanostructures.23�29 To generate the con-
ditions of strong plasmon coupling for me-
tal nanoparticles, a facile self-assembly
technique has been applied to prepare
branched chain networks of close-packed
metal nanoparticles.30 However, precisely
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ABSTRACT Plasmonic nanoantenna arrays hold great promise for diffraction-unlimited light

localization, confinement, and transport. Here, we report on linear plasmonic nanoantenna arrays

composed of colloidal gold nanocubes precisely assembled using a nanomanipulation technique. In

particular, we show the direct evidence of dark propagating modes in the plasmon coupling regime,

allowing for transport of guided plasmon waves without far-field radiation losses. Additionally, we

demonstrate the possibility of plasmon dispersion engineering in coupled gold nanocube chains. By

assembling a nanocube chain with two sections of coupled nanocubes of different intercube

separations, we are able to produce the effect of a band-pass nanofilter.
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controlling the coupling strength and configuration is
still very difficult. In this aspect, a more demanding
version of template-assisted self-assembly31,32 might
be required for such tasks. Recently, we have devel-
oped an alternative nanomanipulation technique for
assembly of gold octahedron nanocrystal dimers with
precisely controlled interoctahedron nanogaps.28

Here, by studying the gold nanocube chains precisely
assembled with tunable intercube separations, the
fundamental plasmonic effects can be revealed in
detail under well-prepared experimental settings, such
as the number and spacing of nanocubes as well as the
incident light direction and scattering light polariza-
tion. This approach could open the door to future
proof-of-concept experiments for discovering novel
plasmon coupling effects.

RESULTS AND DISCUSSION

Far-Field Optical Imaging. We utilized chemically pre-
pared gold nanocubes with a well-defined crystal
structure as well as monodispersed size and shape.
Large and uniform gold nanocubes (169 ( 7.0 nm in
side length) were synthesized by a two-step seed-
mediated growthmethod.33 The gold nanocubes were
randomly deposited onto indium tin oxide (ITO)-
coated quartz substrates using a drop casting tech-
nique. Subsequently, the nanocubes were assembled
into tip-to-tip chains in a field-emission scanning elec-
tron microscope (FE-SEM) using an in situ four-probe

manipulator. By using this nanomanipulation tech-
nique, we can obtain one-by-one assembled nanocube
chains on ITO-coated quartz substrates with well-se-
parated individual nanocubes, exact nanocube num-
ber, and precisely controlled lattice periodicity (a)
intercube separation (s) (see Figure 1a). We assembled
nanocube chains with the tip-to-tip geometry for two
practical reasons. First, the tip-to-tip nanocube chains
have a simple plasmon coupling geometry, which is
advantageous for the analysis of coupling modes.
Second, this type of structure has a well-defined
separation between neighboring nanocubes.

Schematic representation of the optical scattering
measurement setup in ambient air is shown in
Figure 1a. Samples to be measured were placed in an
optical evanescent field produced by total internal
reflection (TIR) of light (from a 100 W halogen lamp
ora supercontinuumlaser) usingaprismglass. Inaddition,
the incident light direction was aligned to be parallel to
the chain, and the scattered light was collected through a
polarizer parallel to the chain axis (longitudinal
polarization). This polarization is chosen because it can
be related to the plasmon guiding mode, which propa-
gates toward the distal end of the chain.19

Figure 1b shows an FE-SEM image and a corre-
sponding optical scattering image taken for a chain
composed of 7 uniformly spaced nanocubes (intercube
tip-to-tip separation s ≈ 70 nm). The positions of nano-
cubes are also schematically displayed in the optical

Figure 1. (a) Schematic of the optical scattering measurement setup in ambient air. (b) FE-SEM image showing a chain
composed of 7 uniformly spaced nanocubes (intercube tip-to-tip separation: 70 ( 5 nm). Under the near-field plasmon
coupling conditions, the resonant scattering signals (in the red spectral region) only appear at the incident and distal ends of
the chain. The incident light direction is directed parallel to the chain, and the collected light passes through a polarizer
parallel to the chain axis (longitudinal direction). (c) Scattering spectra acquired at both ends of the chain [regionsmarked by
the dashed circles in corresponding colors in (b)]. (d) Measured scattering spectra for the distal ends of the chains with
different numbers of nanocubes and the same intercube spacing. (e) Resonant peakwavelength vs the number of nanocubes
in the chains.
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scattering image. Under near-field plasmon coupling
conditions, we can clearly observe the occurrence of the
dark plasmon propagating mode inside the chain, which
exhibitsnofar-fieldradiation(therefore, free fromtheeffects
of radiative damping). For chains with different numbers of
nanocubes, optical scattering images using nonresonant
and resonant laser lights are shown in Figure 2.

It is noteworthy that the resonant scattering signals
(in the red spectral region) only appear at the incident
and distal ends of the chain, indicating a waveguiding
effect. Similar to the case of plasmon waveguiding and
propagation on silver colloidal nanowires,34 far-field
light absorption/re-emission from one-dimensional
(1D) plasmonic nanostructures is confined to two chain
ends due to the strongly bound plasmon field and the
requirement of momentummatching between incom-
ing/scattered photons and propagating plasmons
in 1D metal nanostructures. The requirement of
momentum matching is relaxed only at nanostructure

discontinuities (sites with broken symmetry). Our ob-
servation is also consistent with the previous sugges-
tion that plasmonic nanoparticle chains are nanoscale
receivers and concentrators of unfocused light analo-
gous tomultiple-element radiowave antennas, such as
Yagi-Uda antennas.35

Figure 1c shows the scattering spectra taken from
both ends of the chain, corresponding to regions
marked by dashed circles in corresponding colors in
Figure 1b. For the distal chain end (red curve), the
resonant peak is red-shifted about 40 nm compared to
that of the incident end (blue curve) of the chain.
Figure 1d presents the measured scattering spectra
for the distal ends of the chains with different numbers
of nanocubes and at the same intercube spacing.
A plot of the resonant peak wavelength versus the
number of nanocubes in the chains is displayed in
Figure 1e, which shows an increasing red shift with
increasing number of nanocubes. The red shift starts to

Figure 2. FE-SEM and optical scattering images of plasmon-coupled (intercube tip-to-tip separation: 70 ( 5 nm) and
uncoupled (without plasmon coupling; intercube tip-to-tip separation: 210( 8 nm) nanocube chains composedof 3, 5, 7, and
9uniformly spacednanocubes at varying incident laserwavelengths. It shouldbenoted that theplasmonguidingmodesonly
occur for coupled chains at a resonant wavelength (650 nm).

Figure 3. FDTD simulation results of optical scattering from two kinds of nanocube chains under plasmon resonant
conditions. Two videos showing the detailed scattering and coupling processes are included in Supporting Information.
Screenshots from the videos show electric-field patterns in cross-sectional view (a) for a plasmon-coupled chain with an
intercube separation of 70 nm, and (b) for an uncoupled (without plasmon coupling) chain with an intercube separation of
210 nm. The dashed lines depict the wavefronts, which propagate to the far-field. (c,d) Simulated far-field images obtained
from (a) and (b), respectively. FDTD simulation parameters are described in Methods.
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saturate after a critical chain length (i.e., a certain
number of nanocubes). This is in agreement with the
dispersion relations of propagating plasmon waves
confined in metal nanoparticle chains theoretically
studied by other groups.36,37

Finite-Difference Time-Domain (FDTD) Simulations. Figure 3
shows the 3-D simulation results performed by the FDTD
method for coupled and uncoupled chains composed
of 7 uniformly spaced gold nanocubes with intercube
separation of 70 nm (Figure 3a,c) and 210 nm (Figure 3b,
d), respectively. The incident light is under plasmon
resonant conditions. Here, we show both the vertical
cross sections of electric-field (Ex) patterns (Figure 3a,b;

screenshots of the video included in Supporting
Information) and simulated far-field images (Figure 3c,d).
The depicted wavefronts in Figure 3a reveal that the
far-field radiationoriginates fromtwopoint sources at the
incident and distal ends of the plasmon-coupled chain.
Inside this chain, the incident light is converted to a
confined plasmon wave propagating along the chain
direction (see details in the video included in Supporting
Information). On the contrary, the incident light can be
scattered into the far-field by the uncoupled chain, as
shown in Figure 3b. The scattered light from the un-
coupled chain exhibits different fringe patterns, which
can be adjusted by changing the incident light wavevec-
tor. A video showing the detailed scattering and far-field
propagating processes can also be found in Supporting
Information. In addition, according to the simulated
electric-field distributions, strong near-fields locate
around gold nanocubes, independent of the intercube
separation. Thus, the most appropriate way to identify
the presence of a dark plasmon mode is far-field optical
imaging. In Figure 3c,d, the simulated far-field images
confirm that the experimental observation of a dark
plasmon propagating mode critically depends on the
distance of intercube separation.

To confirm the plasmon waveguiding effect, we
have also performed a FDTD study using our experi-
mental parameters. Figure 4 shows the FDTD simula-
tion results for light scattering from a plasmon-coupled
chain under local excitation at a nonresonant wave-
length of 450 nm (Figure 4a) and at a resonant
wavelength of 650 nm (Figure 4b). As shown in

Figure 4. FDTD simulation results of optical scattering from
plasmon-coupled nanocube chain (intercube separation:
70 nm) under local excitation. The excitation light is located
at the left end of the chain and restricted to within a
diameter of 100 nm. The intensity patterns in cross-sec-
tional view correspond to local light excitations (a) at a
nonresonant wavelength (450 nm) and (b) at a resonant
wavelength (650 nm).

Figure 5. (a) FE-SEM images of a nanocube chain partitioned into two sections, A and B, with different tip-to-tip separations.
To form theA/B chain for the present study, two different tip-to-tip separations of 30 nm (LHS) and 70 nm (RHS) were adopted
during nanocube chain assembly. (b) Schematic drawings of the A/B chain, which are resonant or nonresonant at different
incident laser wavelengths. (c) Optical scattering images of the A/B chain for the incident laser wavelengths at 475, 500, 525,
550, 575, 600, 625, 650, 670, and 690 nm. The laser incident angle is 55�, and a polarizer parallel to the chain axis is used to
collect the scattered light. The complete A/B chain is nonresonant at 475�550 nm and resonant at 670�690 nm. At
550�650 nm, only the LHS section is at resonance.

A
RTIC

LE



CHEN ET AL. VOL. 5 ’ NO. 10 ’ 8223–8229 ’ 2011

www.acsnano.org

8227

Figure 4a, under nonresonant excitation conditions,
light would not propagate along the chain but would
be scattered out or reflected. In contrast, as shown in
Figure 4b (under resonant excitation conditions), light
propagates toward the distal end of the chain. This
simulation result can also be used to explain the far-
field optical images shown in Figure 2, where the
incident TIR light excites the whole chain. Under these
conditions, the gold nanocubes behave as individual
light scattering centers and the grating effect plays an
important role in resulting images. More experimental
results of scattering images under nonresonant condi-
tions can be found in Figures S4 and S5 in Supporting
Information.

A/B Plasmonic Chain Served as 1D Optical Band-Pass Filter.
In our measurements, we find that both the number
and spacing of nanocubes are important parameters to
manipulate the plasmon dispersion relations in the
plasmon-coupled chains. On this basis, we demon-
strated the important feature of plasmon dispersion
engineering by precise controlling of intercube spa-
cing. Figure 5a shows FE-SEM images of a nanocube
chain partitioned into two sections, A and B, with
different tip-to-tip separations. To form the A/B chain
for the present study, two different tip-to-tip separa-
tions of 30 nm (left-hand side, LHS) and 70 nm (right-
hand side, RHS) were adopted during nanocube chain
assembly. It should be noted that both separations are
within the plasmon coupling range. In Figure 5b, we
show the schematic representations of the A/B chain
which are partially resonant or totally resonant at
different incident laser wavelengths due to the differ-
ence in dispersion bandwidths of chain sections A and
B. Figure 5c shows optical scattering images of the
A/B chain for the incident laser wavelengths at
475�690 nm. To acquire these images, the laser
incident angle was set at 55� and a polarizer parallel
to the chain axis was used to collect the scattered light.
These images show that the complete length of the
A/B chain is nonresonant at 475�550 nm and resonant

at 650�690 nm. At the resonance wavelength, the
scattering into far-field photons only occurs at the ends
of the chain. As a result, electromagnetic energy can be
guided below the diffraction limit along the length of a
closely spaced gold nanocube chain, converting the
optical field into nonradiating surface plasmons. In
contrast, at 550�650 nm, only the LHS section is
resonant and we have a partially resonant case. For
excitation at 670 nm, we find a localization of the
scattered light at the middle of the chain, indicating
that this photon energy corresponds to the interface
mode energy of the A/B chain. This result presents the
direct experimental evidence for controlled energy
transport along plasmonic waveguides by plasmon
dispersion engineering. Especially, we show that 1D
optical band-pass filter can be formed at a designable
wavelength region (in this case, ∼670�690 nm) by
choosing suitable intercube separations.

CONCLUSIONS

In summary, size- and shaped-controlled gold nano-
cubes have been successfully applied to assemble
high-quality gold nanocube chains. Using these chains,
we are able to measure the dispersion relations of
coupled plasmons with respect to the number of
composing nanocubes and the intercube distance. In
contrast to the existing results in the literature, we find
that the plasmon coupling in gold nanocrystal struc-
tures can extend over a long spatial range (a few
micrometers), resulting from the superior plasmonic
properties of gold nanocubes. In addition, we confirm
that plasmonic waveguiding can only occur when the
intercube distance is very small (much smaller than the
nanocube feature size; under near-field plasmon cou-
pling conditions). Under these conditions, we demon-
strate the important feature of plasmon dispersion
engineering in gold nanocube chains. The results could
have important implications for plasmonic wave-
guides, filters, and antennas operating beyond the
diffraction limit.

METHODS
Synthesis of Large Au Nanocubes. Large Au nanocubes were

synthesized by a two-step seed-mediated growth method.33

The first seed Au nanocrystals were synthesized by swiftly
adding 600 μL of ice-cold 10 mM NaBH4 aqueous solution to
7.8 mL of an aqueous solution of cetyltrimethylammonium
bromide (CTAB, 78 μmol) and HAuCl4 3 4H2O (2.5 μmol). The
brownish solution containing ∼4 nm Au nanocrystal solution
was obtained after vigorously stirring for 2 min. The second Au
nanocube seeds (side length: 43 nm) were synthesized by
adding the ∼4 nm seed solution to the growth solution,
following the previous report. The growth solution was pre-
pared by adding 600 μL of 0.1 M L-ascorbic acid aqueous
solution to 4.8 mL of an aqueous solution of CTAB (80 μmol)
and HAuCl4 3 4H2O (1.0 μmol) to form a colorless solution. A 2.5
μL portion of 10-fold diluted seed solution was introduced to

the growth solution with slow stirring. Storing still at room
temperature for 12 h gave the pale red solution containing Au
nanocubes with edge size of 43( 1.9 nm (Figure S1a, Support-
ing Information, the second Au nanocube seeds) by the
slow reduction of Auþ to Au0. The second Au nanocube seeds
were purified by centrifugation. Subsequently, a 400 μL portion
of the second seed solution was poured in 28 mL of another
growth aqueous solution containing CTAB (800 μmol) and
HAuCl4 3 4H2O (6.0 μmol) to which 3.6 mL of 0.1 M L-ascorbic
acid aqueous solution was added. The large Au nanocubes with
edge size of 169 ( 7.0 nm were formed after 1 day growth
without stirring (Figure S1b). The concentration of second seed
dispersion was controlled at 44, 20, 10, 5, and 2.3 μM so that the
molar ratio to growth solution was changed. A spontaneous
precipitation of these large Au nanocubes was used for
purification.
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Optical Measurement Setup. The chain sample was positioned
onto a glass prism, and an index-matching silicone oil was
placed between the sample and the prism. Scattering light was
collected by an optical microscope with a 100� objective lens
(Olympus MPLN, NA = 0.9) and a spectrometer (Ocean Optics,
QE65000) (Figure S3). We recorded the scattering images using
a color digital camera (Canon EOS 1000D).

FDTD Simulation Parameters. The finite-difference time-domain
(FDTD) simulations38 were performed with a commercial pack-
age (Lumerical FDTD solutions v.7.5) for plasmon-coupled and
uncoupled gold nanocube chain systems. The gold nanocubes
with a side length of 175 nm were placed on an ITO-coated
(140 nm) silica substrate with a vacuum gap of 3 nm. The
incident light was TM-polarized and with incident angle of 60�
and wavelength of 700 nm. The dielectric functions of gold and
ITO were adopted from the experimental data reported by
Johnson and Christy39 and Laux et al.,40 respectively. The
refractive index of silica was assumed to be 1.46. We used a
non-uniform mesh volume with a minimum step size of 3 nm.
The far-field images were obtained by simulating the light
path through an optical microscope, where an objective lens
(NA = 0.9) was used to collect the scattered light, and a lens was
used to focus the collected light onto the display screen.
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