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Local plasmonic coupling between a triangular gold island pair is observed with high spatial
resolution (10 nm) by an apertureless scanning near-field optical microscope. The measured local
field distribution is fully reproduced by three dimensional numerical simulations. Our results show
a strong near-field coupling between two adjacent gold triangles, which gives direct evidence to the
C 2012 American Institute of Physics.
local field enhancement in plasmonic nanoantenna effect. V
[http://dx.doi.org/10.1063/1.3700725]

Localized surface plasmon resonances (LSPRs) of metallic nanostructures have attracted much attention because
of various promising applications, including optical nanoantennas,1,2 surface-enhanced Raman spectroscopy (SERS),3,4
enhanced linear and nonlinear photoluminescence processes,5,6 single molecular detection,7,8 universal plasmon
ruler for precise gap distance measurement,9–11 and so on.
The near-field interactions between two metallic nanoparticles are strongly dependent on the distance between the
particle pair.2,12,13 These interactions will strongly enhance
the local field at the gap between two adjacent particles,
which could form different types of resonance optical antennas such as dipole antennas (rectangular shape)1 and bowtie
antennas (triangular shape).2
Since a strong interaction of their localized surface plasmon resonances of metallic nanoparticles only happens at
very short distances (e.g., tens of nanometers), it is impossible to measure the enhanced local field with that sensitivity
in the far field, due to the limitation of the spatial resolution
of conventional far-field optical microscopes such as the
two-photon photoluminescence (TPPL) measurement1,2 and
total internal reflection (TIR) microscopy.14 Apertureless
scanning near-field optical microscopy (apertureless
SNOM), with the assistance of a sharp tip, has been applied
to overcome these limitations and probe the plasmonic
resonances of various metallic structures.15–17 However,
direct near-field mapping at the gap between two strong
interacting particles has not been achieved yet. In this paper,
we report our direct mapping of plasmonic coupling between
two triangular gold islands with our aperturelss SNOM. High
spatial resolution down to 10 nm is obtained, showing clear
plasmonic coupling at the narrow gap between two adjacent
gold islands.
The apertureless SNOM experimental setup [schematically shown in Fig. 1(a)] is based on an atomic force microscope (AFM, Multimode, Veeco Inc.) operated at its tapping
mode with full tip oscillation amplitude of 10 nm. A silicon
tip (Nanosensors, ATEC, 10 nm in radius) is used to avoid
the strong influence of a metallic tip on the sample.18,19 Linearly polarized (p-polarized with respect to the sample sura)
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face) light at 800 nm from a Ti: Sapphire laser is focused
onto the tip-sample junction at an angle of 30 with respect
to the sample surface via an aspheric lens. Both in-plane
(jEyj) and out-of-plane (jEzj) components of the incident field
interact with the sample. The focus size is 2 lm in radius
and the incident power is 4 mW. Back-scattered light is
collected by the same lens and detected by a heterodyne
detection system20 with a frequency shifted (M ¼ 80 MHz)
reference beam through an acousto-optical modulator
(AOM). A second harmonic demodulation of the tip oscillation frequency (X  250 kHz) is used to suppress the linear
far-field background.15,21 Both near-field optical amplitude
and phase information are extracted by demodulating the frequency of M þ 2X. The AFM topographic and optical
images are simultaneously acquired while the sample is
scanned in the x-y plane as defined in Fig. 1(a).
The sample of triangular gold islands on a glass substrate is obtained by evaporating gold on a projection Fischer
pattern in a hexagonal array with 230 nm periodicity. The
typical size of the gold triangular islands is 100 nm and
most of the islands are separated from each other with a distance of 100 nm. Figure 1(b) shows the topography of a
single gold island and its optical near-field distribution is
shown in Fig. 1(c), exhibiting a local field enhancement at
the top edge of this particle. The apertureless SNOM signal
predominantly detects the out-of-plane jEz-nfj component of
the local field because of the asymmetry of the AFM tip in
the z and x/y directions.15,16 Thus, for a comparison, we use
the CST microwave studio code based on a finite integration
technique to simulate the optical near-field distribution of
the gold islands, with a minimum mesh size of 1 nm. The geometry and the excitation conditions are the same as that in
the experiments with an angle of incidence of 60 and
p-polarization. The Drude model is applied for setting the
permittivity of gold (  25.8 þ 1.6i) at the excitation
wavelength (k ¼ 800 nm).22 The calculated near-field jEz-nfj
distribution of the single gold island is shown in Fig. 1(d),
which is consistent with the experimentally obtained image.
Since the distances between most of the gold islands are
relatively large (>100 nm), strong plasmonic interactions
between particles cannot happen. However, some gold
islands are very close to each other with a quite narrow gap
below a few tens of nanometers, which provides the
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FIG. 1. (a) Schematic of the apertureless SNOM
experiment for mapping the local field distribution of
gold islands. Topography (a), measured optical amplitude (b), and simulated (c) z-component, jEz-nfj, of the
optical near-field images for a single triangular gold
island.

possibility for the particles to interact with each other. Figure
2(a) shows the topography of a typical triangular gold island
pair with a gap of 10 nm between two particles. The simultaneously recorded optical amplitude image [Fig. 2(b)]
exhibits the evanescent optical near-field distribution within
tens of nanometers above the triangular gold island pair. At
the gap of the triangular gold island pair, two bright areas are
observed with a narrow dark slit (10 nm in width) in
between, which gives the evidence of the direct plasmonic
coupling of these two islands, in their Ez-nf component, at a
very short distance. The coupling is further demonstrated by
a phase jump of U  p from one particle to the other [Fig.
2(c)], that is, a sign change between the two islands due to
the field coupling.
The observed plasmonic coupling between two adjacent
gold islands can be simply understood as follows. When two
metallic particles are far away from each other, their LSPR
could be excited by proper incident wavelengths independently because LSPR are spatially confined within tens of
nanometers around the particle surface, e.g., the single gold
island in Fig. 1. When two particles are very close to each
other, e.g., the triangular gold island pair in Fig. 2, the LSPR
of one particle starts to feel that of the others. Due to the
plasmonic coupling between the two adjacent particles, a
new eigenmode of the joint LSPR is formed. Especially,

when the size and shape of the particle pair is on resonance
with the incident wavelength, a resonant optical nanoantenna
is formed with a huge local field enhancement at the gap.1,2
Figure 2(d) schematically shows the interaction at the gap
between two adjacent particles. In the space just above the
gap, the local field is dominated by its in-plane component
instead of the out-of-plane z-component, which explains the
origin of the two bright areas with a narrow dark slit in
between observed in the optical amplitude image at the gap
[Fig. 2(b)]. The p phase jump [Fig. 2(c)] is also from the
local field coupling which changes the direction of Ez from
“up” at one particle to “down” at the others.
For a further comparison, the simulated Ez-nf -field distributions is shown in Fig. 3, reproducing both the experimental amplitude and phase distributions. It confirms the
high-resolution images of the electric field distribution near
the triangular gold island pair and shows the plasmonic coupling at the gap between the two islands. Fig. 4 shows the
cross section profiles of the line A!B in Fig. 2, for both
experiment ((a) and (b)) and simulation ((c) and (d)) results.
They exhibit large spatial variations on a length scale as
short as 10 nm for the optical amplitude and 6 nm for the optical phase, respectively.
In summary, our experiments reveal the direct plasmonic coupling of a gold triangular island pair with a narrow
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FIG. 2. Topography (a) and corresponding optical amplitude (b) and phase (c)
images for a triangular gold island pair.
The optical signal (b) and (c) is dominated by the out-of-plane z-component
of the electric field, jEz-nfj. Schematic (d)
shows a field distribution model around
a narrow gap between two particles. The
incident polarization is parallel to the
particle pair axis.

gap. The eigenmode of the gold triangular pair system is
fully mapped with a spatial resolution as high as 10 nm,
which is in agreement with our three-dimensional numerical
simulation. This observation provides detailed near-field distribution for understanding the interaction of adjacent nanoparticles, which is crucial for the optical nanoantenna effect.
The high spatial sensitivity of the optical near-field distribu-

tion of interacting nanoparticle systems emphasizes the importance of structure and shape control of plasmonic
nanostructures for their nanophotonics applications, especially in optical nanoantennas. Finally, we expect further
improvement with ultrasharp dielectric tips for a more precise full field mapping, especially for the strongly enhanced
local field within the nanoantenna gaps.

FIG. 3. Calculated z-component, jEz-nfj,
of the optical near-field at 10 nm above
the triangular gold island pair for
800 nm excitation: (a) amplitude and (b)
phase. The black contours show the
shape of the structure with 20-nm thickness used for simulation.
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FIG. 4. The cross sections of the measured near-field optical amplitude (a) and phase (b) distributions along the cross lines A!B in Figs. 2(b) and 2(c), respectively, with a spatial field variation scale as short as 10 nm in experiment. Cross sections of the calculated field amplitude (c) and phase (d) along the same
line as that in experiment.
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