pubs.acs.org/NanoLett

Actively Tuned Plasmons on Elastomerically
Driven Au Nanoparticle Dimers
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ABSTRACT We demonstrate a novel way to actively tune surface plasmons by fabricating plasmonic nanostructures on stretchable
elastomeric films. This allows reversible modification of the metal geometry on the nanometer scale. Using 100 nm scale Au
nanoparticle dimers whose spacing is stretch-tuned reveals radically different spectral tuning than previously reported for sub-10-nm
nanoparticles, but which can be explained by a revised interpretation of existing models. Tuning plasmons in this way offers a much
more robust way than lithography to interrogate the physics of localized plasmons and has applications in optimized surface-enhanced
luminescence and Raman scattering.
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Here we report the active tuning of plasmons on a single
Au nanoparticle dimer. Study of individual structures is
crucial because sample inhomogeneities otherwise dominate the scattering spectra. An individual nanoparticle dimer
is particularly interesting as it is the simplest geometry to
study plasmonic coupling between nanoparticles, allowing
improved understanding of plasmonic coupling at small
scales. It is also extremely important for many applications
since the local optical fields in the interstitial space between
two nanoparticles can be strongly enhanced by several
orders of magnitude under plasmonic resonant conditions,
which is responsible for enhanced Raman and fluorescence
signals as well as many other phenomena. The coupling
between pairs of small nanoparticles has been extensively
studied;6-10 however, we reveal that scattering from slightly
larger nanoparticles remains relatively unknown still. Here
we demonstrate active tuning of the coupling between
individual pairs of Au nanospheres (radius a ) 125 nm)
deposited on stretchable elastomeric films. The measured
dark-field (DF) scattering spectra at different stretching
distances show intriguingly different behavior from those
reported on small nanoparticles (a , λ)6-10 and are clearly
anisotropic with polarization. The experimental results are
found to be in good agreement with theoretical simulations
and demonstrate the need to update the conventional
intuition.
To clarify the effect of particle size, we calculate the total
elastic scattering cross sections of single Au nanospheres
with increasing size (Figure 1a), based on a boundary
element method.20 For small spheres (a , λ), the scattering
spectra are primarily dominated by a dipole mode (Figure
1a, a ) 10-100 nm). When the sphere size is much smaller
than the wavelength of light, retardation effects can be
ignored and thus the induced dipole moment of the sphere
illuminated by a uniform plane wave is given by a quasistatic approximation, p ∝ a3((ε - 1)/(ε + 2)), where a is the
sphere radius and ε is its dielectric function (in air). The

uning the plasmonic coupling between metallic nanoparticles is highly desirable for many applications, for
example, to develop ultrasensitive Raman and fluorescence sensors,1-3 to design highly efficient optical antennas,4 or to engineer the radiation properties of single emitters.5 Althoughtherehavebeenmanyexamplesofinvestigating
plasmonic nanostructures using arrays of lithographic
patterns6-8 or pairs of nanoparticles,9,10 these approaches
do not allow active tuning of the surface plasmons. More
significantly, it is extremely hard to control nanostructure
geometry on the 1 nm scale crucial for plasmonic resonances: a slight variation in particle shape, size, and interparticle separation can cause extreme modifications to the
plasmonic resonance and atomic mobility of the relevant
coinage metals leads to nanostructure aging. While active
plasmon tuning has been demonstrated before, it is significantly limited by the approaches adopted, involving optical,12 electronic,13 ferroelectric,14 and thermal15 tuning
mechanisms. An alternative approach is to fabricate plasmonic structures on mechanically tunable substrates, which
has been demonstrated in only a few limited examples: in
nanovoids,16 gratings,17 and plasmonic particle arrays.18 In
the latter two cases, the tuning controls optical-scale interference between emission from separate scatterers, while
in the former case the continuous nature of the metal
structure limited the mechanical tuning. Recently Tao et al19
reported using Langmuir-Blodgett techniques to assemble
silver nanocrystals into close-packed two-dimensional arrays. Compressing these arrays (irreversibly) tunes the plasmonic coupling giving dramatic color changes but also
demonstrates the need for techniques offering continuous
and reversible tuning.
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FIGURE 2. Measured dark-field scattering spectra of a single Au
nanoparticle dimer deposited on stretchable elastomeric film. From
top to bottom, the film is stretched by 0%, 27%, 53%, and 90%.
Incident light is polarized along (a) the dimer axis (x direction, as
in lower schematic) and (b) perpendicular to the dimer axis (y
direction). (middle) Dark-field microscope images of the dimer at
different stretching distances; scale bar is 1 µm.

FIGURE 1. (a) Calculated total elastic scattering cross sections of
single Au nanospheres with increasing radii a. (b) Measured darkfield scattering spectra of single Au nanoparticles of different sizes.
(inset) Dark-field microscope images of the nanoparticles, image size
2.5 × 2.5 µm. (c) Measured dark-field scattering spectra of particle
A when the elastomeric film is stretched.

particle geometry is not modified. The spectra in Figure 1b,c
are measured with incident light polarized along the x
direction indicated; however, the spectra with light polarized
along the y direction (not shown) are almost identical,
indicating that the shapes of these particles are close to
spheres. These data also confirm that the stretch-induced
change in refractive index of the substrate does not impact
the plasmon coupling, since the optical field is not concentrated at this interface.
A single pair of Au nanospheres deposited on the elastomeric substrate is now selected, and their dark-field scattering spectra are measured (Figure 2). Stretching the elastomeric film (as in Figure 2a, inset) allows active tuning of
the interparticle gaps without deforming the particle geometries, such as their size or shape. The incident light is
polarized both parallel to the axis of the dimer (x direction,
Figure 2a) and perpendicular to the dimer axis (y direction,
Figure 2b). In the former case (x) the spectra exhibit two
resonant scattering peaks. The short wavelength peak remains almost independent of the interparticle gap while the
longer wavelength peak is slightly blue-shifted and the peak
intensity decreases, as the interparticle gap increases. However when the perpendicular polarization is used (y, Figure
2b), the scattering spectra are significantly different: the
major peak obviously red shifts as the interparticle gap
increases. They are also much stronger in intensity than
those excited under x polarization. The microscope images
of the two particles at increasing stretching distances (Figure
2, middle) clearly show the widening interparticle separation. These spectral changes are repeatable as the elastomeric film is relaxed back and can be cycled, clearly
demonstrating effective mechanical tuning of localized plasmons and their resonant fields.
Such results are dramatically different from those reported from pairs of small nanoparticles.6-10 For dimers of
two small nanoparticles, usually the resonant peaks of the
scattering spectra red shift with decreasing gaps when the
incident light is polarized along the dimer axis with no

resonant condition is determined by minimizing the denominator, which gives a wavelength of 520 nm for small
Au spheres. When the sphere size increases, retardation
effects become significant. As a consequence higher order
multiple modes appear (starting with the quadrupole mode,
Q), while the dipole mode (D) red shifts to longer wavelengths in Figure 1a.
This dependence can be clearly seen in the measured
dark-field scattering spectra of single Au nanospheres with
different sizes (Figure 1b). The Au nanospheres11 (diameter
250 nm) were sparsely deposited on an transparent acrylic
elastomeric film by a drop-cast method. Dark-field scattering
spectra were measured using a modified confocally arranged
optical microscope using incident incandescent light while
scattering was collected with a high numerical aperture
objective (NA 0.8) and normalized to the incident spectrum.
Scanning electron microscope (SEM) images confirm that the
size of most nanoparticles is around 250 nm (Supporting
Information, Figure S1) with <5% size variation measured
and some facetting; however these do not strongly affect the
results here for separations greater than the facet scale.
Figure 1b shows the measured dark-field scattering spectra
of three nanoparticles of different sizes (Figure 1b, inset),
which clearly show a red shift in the peak position of the
spectra with increasing particle size, consistent with theoretical calculations. Most particles are similar to particle A,
while particle C is an exceptionally big one. The shape of
the spectra are not exactly the same as those of simulations,
which will be discussed later in this Letter.
To confirm that nanoparticle morphology and shape is
not affected by stretching the underlying substrate, the darkfield scattering spectra of particle A in Figure 1b is measured
as the elastomer film is stretched (Figure 1c). These spectra
are almost unchanged during stretching, indicating that the
© XXXX American Chemical Society
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FIGURE 3. Calculated total elastic scattering cross sections of Au sphere dimer, for geometry as inset in (a). Sphere radius (a, b) a ) 50 nm,
(c, d) a ) 125 nm. Incident polarization along x (a, c) and y (b, d) directions. Lower dashed spectra are for single spheres (multiplied by 2).

change for perpendicular polarizations. This behavior is
reproduced theoretically by the total elastic scattering cross
sections of a Au sphere dimer (radius a ) 50 nm) under (a)
parallel and (b) perpendicular polarization illumination (Figure 3a,b), for the configuration depicted (inset). The typical
behavior of dimers of small nanoparticles is seen, with single
scattering peaks which red shift for decreasing interparticle
gap in x polarization but show no change for y polarization.
However for large particle dimers, the situation is significantly different. In Figure 3(c,d) we show the calculated total
elastic scattering cross sections of a pair of Au spheres with
radius of 125 nm, under (c) parallel and (d) perpendicular
polarizations which reveal more complicated spectra quite
different from those of smaller nanoparticles. These spectra
can be discussed within three regions corresponding to
different interparticle separations.
(i) Close distances (d < a): With polarization parallel to the
dimer axis (Figure 3c), at close distances the dipole modes
(Dx) red shift as the interparticle gap decreases, similar to
the case of small nanoparticle dimers. An additional peak
© XXXX American Chemical Society

also appears at short wavelength due to the quadrupole
mode (Qx), which is unaffected by morphology. When the
polarization is perpendicular to the dimer axis (Figure 3d),
the scattering spectra vary little at close distances (from d )
5-100 nm). However there is a significant difference from
small particle dimers (which show spectra almost identical
to those of single spheres under y polarization) indicating
that the coupling between two small nanoparticles under
perpendicular excitation is weak. For large sphere dimers
the spectra are modified from that of single spheres, indicating strong coupling between the two spheres even under y
polarization.
(ii) Medium distances (d comparable to a): Dramatic
changes emerge for gaps comparable to the sphere size, a
range here spanning 100-500 nm in Figure 3c,d. In this
region, there is very strong coupling under y polarization,
which is even stronger than under x polarization excitation,
an unusual phenomenon not seen in small particle dimers.
In Figure 3d a strong resonant peak red shifts away from
the largely unaffected quadrupole mode (Qy) as the gap
C
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FIGURE 5. Schematic charge distributions on a pair of spheres under
broadside illumination with (a) parallel polarization along the dimer
axis (x-pol) and (b) transverse polarization perpendicular to the
dimer axis (y-pol). In the former case, the charges accumulated at
the two surfaces facing each other form a strong electric dipole,
which dominates the scattering spectra at close distances, as shown
in parts a and c of Figure 3. In the latter case, the charges are mostly
accumulated on the surfaces perpendicular to the dimer axis;
therefore, the two spheres have a longer interaction distance d′
which is at least at the order of sphere diameter. In the case of large
spheres, they scatter strongly along the dimer axis (as arrows
indicate), therefore resulting in interference fringes as interparticle
distance increases, as shown in Figure 3d.

FIGURE 4. Plasmon resonance positions as a function of interparticle
gap (normalized to particle radius), for x-pol (open and solid
triangles) and y-pol (open and solid circles). Theory for a ) 125 nm
(red) and a ) 50 nm (green), experiment (blue). Single sphere a )
125 nm (black triangle). Linear fits for y-pol on dimer with a ) 125
nm (dotted) or a ) 100 nm (dashed) spheres.

4. Only the longest wavelength dipole mode red shifts as the
gap decreases, and at large distance the modes tend to those
of the single sphere.
To qualitatively interpret these results, we show schematic diagrams of the charge distributions on the dimer
under different polarizations (Figure 5), which are supported
by numerical simulations. Under x polarization (Figure 5a),
at very close distances, large charge densities with opposite
signs accumulate at the sphere surfaces near the gap facing
each other, forming a strong dipole which dominates the
scattering spectra. This dipole sensitively depends on the
interparticle gap, resulting in a quasi-exponential red shift
of the dipole mode as the dimer gap decreases. At medium
distances (d ) 200-500 nm), the coupling between the two
spheres is weak, as the dipoles of the two spheres point
parallel to each other and radiate weakly in that direction.
Under y polarization (Figure 5b), most charges are distributed at the top and bottom surfaces of the spheres (simulation results indicate a slight sideways shift away from the
upper and lower points as a result of repulsive forces
between the two spheres). Considering the dipoles as located
at the sphere centers implies that the dipole interaction
distances (d′) are on the order of the sphere diameter;
therefore a small change of interparticle gap at close distances does not induce significant changes to the scattering
spectra, as found in Figure 3d. As the two dipoles are
coaligned perpendicular to the long axis of the dimer, they
radiate strongly in the direction along the dimer axis,
therefore strongly coupling to each other through multiple
scattering processes.21 This phenomenon is not observed on
small particles, because for small spheres, the scattering
cross sections are so weak they are negligible compared to
the incident field at such distances. However as particle size
increases, the scattering strength increases significantly (the
scattering intensity of the 125 nm sphere in Figure 1a is 20
times that of the 50 nm sphere). As it becomes comparable
to the incident field, the multiple-scattering process between

increases. Under x polarization the coupling is weak and the
spectra are similar to that of single sphere (dashed line),
apart from the long tail in the longer wavelength region. As
the particle gap increases, the longer-wavelength tail diminishes, and the spectra tend to those of single spheres.
(iii) Large distances (d . a): Here for d > 5000 nm, the
scattering spectra in both polarizations resemble the sum
of two individual spheres (dashed spectra), apart from extra
interference fringes, because the coupling between the two
particles at such distances is very weak.
To further discuss the simulation results shown in Figure
3, we plot in Figure 4 the peak positions of the modes as a
function of the interparticle gap, d (normalized to the sphere
radius a). For smaller spheres (a ) 50 nm), under x polarization (green triangle) the peak position red shifts exponentially with decreasing gaps at close distances, while it is
almost unchanged for y polarization (green circle). For large
particles (a ) 125 nm), under perpendicular polarization, the
peak position (red circle) was mostly unchanged at close
distances, then red shifts linearly with increasing interparticle gap d. The quadrupole modes (red, filled circles) remain
mostly unchanged. For x polarization, at close distances, the
dipole mode red shifts exponentially with decreasing interparticle gap, similar to that of dimers of small nanoparticles.
The strong dipole peaks at close distances weaken significantly in intensity as the gap increases, making determination of the peak positions more difficult. In this medium
distance region (150 < d < 500 nm), the spectra can be best
fit with three Gaussian functions. The results reveal an
almost unchanged quadrupole mode around 540 nm (solid
red down triangle), and two other modes with longer
wavelengths (red solid and open up triangle). For comparison, we also similarly fit the single sphere (a ) 125 nm)
spectrum giving the black triangles on the right side of Figure
© XXXX American Chemical Society
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found here between theory and experiment is indeed rather
sensitive to the precise size of the nanoparticles, so that y-pol
scattering spectra for a ) 100 nm spheres give very different
results (Figure 4, black dashed line). This suggests scanning
dimer separations is an effective tool for distinguishing
nanoparticle sizes in situ. We estimate sphere sizes accurate
to within 10 nm, with strain control of 1% allowing nanometer-scale precision when optimized.
In conclusion, we report a novel way to actively tune the
plasmonic properties of nanostructures, by fabricating
metal-elastomer nanostructures. Mechanically stretching
the elastomeric films allows real-time tuning of the interparticle gaps without deforming the actual particle stucture. We
demonstrate active plasmon tuning of individual Au nanoparticle dimers and thus reveal for sizes just above 100 nm
dramatically different behaviors from those of small nanoparticles. This technique may be further exploited for applications in a wide variety of areas. Though the reported
interparticle distances here are in the range of hundred
nanometers, this elastomeric method can also be used to
tune interparticle separations at very short distances, therefore maximumly optimizing the field enhancements at the
interstitial spaces of two nanoparticles, which is essential for
producing extremely high surface-enhanced Raman scattering signals for the detection of single molecules.23 For
example, one can fabricate bowtie or dimer nanostructures
first by lithographic methods and then transfer them onto
elastomeric films. Alternatively one can use molecular linkers to bind two particles together with a weak bond which
can be broken by stretching, and thus allow fine-tuning of
interparticle distances (experiments in progress).

the two spheres plays an important role, significantly modulating the scattering spectrum. The spectral positions of the
major scattering peaks (Figure 4, red circle) as a function of
interparticle gap, d, can be well fit with a linear relationship
indicative of interference effects, λ ) 0.56d + 504 nm (black
dotted line), similar to a Fabry-Perot cavity. As the gap
further increases, more interference fringes appear (Figure
3d). We note that these interference features are rather
robust and insensitive to the illumination or detection
conditions.
Comparing experimental (Figure 2) and simulation results
(Figure 3c,d) shows good agreement where the gaps between the two Au nanoparticles are in the range 190-370
nm. Larger experimental dimer separations were determined from optical images, as the center-to-center distances
were clearly resolved (see middle images Figure 2). Confirmation of the linear dependence of separation on applied
strain then allowed us to calibrate gaps that could not be
directly optically resolved. Both experiment and theory show
strong polarization-anisotropy with y-pol stronger than the
x-pol scattering. Under y-pol, both show the peak positions
(blue and red circles) red shift linearly with increasing
interparticle gaps. Quadrupole modes around 540 nm seen
in both remain mostly unchanged with interparticle gap.
Under x-pol, both show the long wavelength dipole mode
shifts with gap separation (blue triangle). This strongly
supports our conclusions of effective stretch tuning of these
dimers.
The remaining discrepancies between measured spectra
and simulations can be tracked down to more complicated
theoretical angular scattering than previously reported,
depending not only on the incident light direction and
polarization but also on the precise collection angles. In
simulations here incident plane waves are used and the
scattered light is collected through the full 4π solid angle,
while in experiments illumination occurs through a dark-field
objective and light is collected in a backscattering configuration within limted collection angles. While a more detailed
investigation will be reported elsewhere, this is already seen
in a recent paper on single nanoparticles,22 and dimers
exacerbate the situation greatly.
Overall a straightforward picture of the coupling between
two spheres is produced: the scattering spectrum of a dimer
follows the scattering spectrum of a single sphere modulated
by the coupling effect between the two spheres, an analogue
to double slit interference. At close distances the coupling
effect is so strong that the spectra are significantly modified,
while as the gap increases coupling weakens and the dimer
spectrum recovers to the single sphere case. The combination of interferometric coupling and resonance shifts leads
to multiple peaks in the scattering spectra which can often
appear asymmetrically broadened. Sometimes experiments
resolve clear multiple peaks (Figure 2b, y-pol, 90% extension) not present in simulations, possibly due to erroneously
broad single sphere scattering peaks.22 The good agreement
© XXXX American Chemical Society
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