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omplex metallic nanostructures sup-
porting a collective surface plasmon
resonance are currently a topic of
strong research interest. In this system, the
surface plasmon resonances of constituent
elements couple together to form collective
modes delocalized over the entire structure.
The characteristics of the collective plasmon
modes are strong functions of the details of the
nanostructure, opening new opportunities to
investigate the interaction between plasmonic
nanostructures and also to engineer the nature
of the resonance for various applications, for
example, in sensing and nonlinear devices.
Much of the current research has been direc-
ted to metal nanoparticle aggregates in which
the nanoparticle size, spacing between the
nanoparticles, and symmetry of the aggregate
could lead to different coupled plasmon
modes. " The high sensitivity to the struc-
tural parameters is of special interest because
it makes the system an excellent candidate for
mechanically tunable devices. Structural tun-
ing by mechanical stress is a natural way to
achieve wide tunability in artificial materials
and structures, which derive their properties
from structural design. Mechanical tuning has
been applied to photonic crystals, which ex-
hibit many novel properties stemming from
their periodicity.’>'® Recently, tunable nega-
tive index imaging by a flexible photonic
crystal has been reported.'” Similar strategies
have also been applied to metamaterials in
which plasmonic nanostructures were subject
to mechanical stress to distort and tune their
resonances and thereby achieve a tunable
metamaterial response.'®' It therefore seems
only natural to explore the mechanical tuning
of plasmonic nanostructures whose resonance
is highly sensitive to their structural para-
meters, and mechanically tunable resonances
have been demonstrated for a dolmen-type
resonator'® and nanoparticle dimer.?°
Fano resonances,”’ which arise from the
interference of a sharp resonance with a
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uniaxial mechanical stress. The flexible hep-
tamer structure was obtained by embedding
the seven-gold-nanocylinder complex in a polydimethylsiloxane membrane. Under uniaxial
stress, the Fano resonance exhibited opposite spectral shifts for the two orthogonal
polarizations parallel and perpendicular to the mechanical stress. Furthermore, a new
resonance was observed for polarization parallel to the mechanical stress but not for the
perpendicular polarization. The experimental results showed good agreement with the
numerical simulations. A detailed group theoretical analysis showed that the symmetry
lowering caused by the mechanical stress not only splits the originally degenerate mode but
also modifies the originally optically inactive mode into an optically active mode, which then
interacts strongly with a closely spaced mode and exhibits anticrossing behavior. The
symmetry tuning enabled by applying mechanical stress is a simple and efficient way to
engineer the nature of coupled plasmon resonances in complex nanostructures. The
mechanically tunable plasmonic nanostructures also provide an excellent platform for
dynamically tunable nanophotonic devices such as tunable filters and sensors.
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broad background, have attracted a great
deal of research interest recently due to their
asymmetric line shape, sharp resonance, and
sensitivity to a variety of parameters. Tradi-
tionally Fano resonances have been consid-
ered mostly in quantum systems.?>~2* How-
ever, Fano resonances have recently been
realized in plasmonic nanostructures and
metamaterials.>>~"*'%>~31 Dye to its narrow
line width and high sensitivity to structural
and environmental parameters, a Fano reso-
nance has great potential for photonic appli-
cations such as sensing.>? It has been reported
that in many nanoparticle aggregates the
collective plasmon modes exhibit a Fano
resonance.>> 8'8 A heptamer is one of the
reported metal nanoclusters that support a
Fano resonance,” ™ and it is predicted to
exhibit a very large Fano resonance spectral
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shift upon tuning of the surrounding media's refractive
index.® A Fano resonance in a heptamer is also highly
sensitive to the gaps between the metal nanoparticles®
and the symmetry of the heptamer.? Therefore, the
heptamer structure is a good candidate to demon-
strate a tunable Fano resonance through refractive
index tuning, structural tuning, and symmetry tuning.
For tuning efficiency, refractive index tuning is limited
by the small range of attainable refractive index
changes, while mechanical tuning, which can tune
the gaps between metal nanoparticles and the sym-
metry of the heptamer, can produce much wider
tunability and is capable of tuning structural para-
meters and symmetry simultaneously. Symmetry
breaking is of particular interest, as it could not only
lead to resonance frequency shifts but also alter the
fundamental characteristics of the modes, leading to
dramatic changes in the optical properties. Recently
the symmetry-breaking effects have been studied for
gold nanoparticle trimers.333*

In this paper, we report a dynamically tunable Fano
resonance in a gold heptamer structure embedded in a
flexible polymer membrane and present how the
symmetry lowering induced by mechanical stress
affects the tunability. The gold heptamer structure was
composed of seven gold nanocylinders embedded in a
flexible polydimethylsiloxane (PDMS) membrane.
Thanks to the high elasticity of the PDMS membrane,
the gaps between the gold nanocylinders could be
accurately tuned by mechanically stretching the PDMS
membrane, leading to tuning of the Fano resonance.
The uniaxial stress also lowers the symmetry of the
heptamer structures, causing the splitting of the orig-
inally degenerate modes and also turning an originally
optically inactive mode into an optically active mode.
The resultant split modes and the newly created
optically active modes strongly interact with one
another and lead to distinct polarization depen-
dence. In the following, we present experimental
results on mechanical tuning of a Fano resonance in
a gold heptamer and provide a detailed theoretical
study on the mode properties of the heptamer
under mechanical stress that explains the observed
behaviors.

RESULTS AND DISCUSSION

The gold heptamer was designed to have seven gold
nanocylinders with a diameter of 150 nm and height of
80 nm. The gap between cylinders was designed to be
30 nm. For reliable optical characterizations, a massive
array of gold heptamers was fabricated in an array
covering an area of 400 x 400 um?. The massive array is
formed by an 8 x 8 array of heptamers with individual
array size of 50 x 50 um?>. Figure 1a shows a schematic
diagram of a free-standing PDMS membrane with an
embedded array of heptamers. Scanning electron micro-
scopy (SEM) confirmed that high-quality heptamers were
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Figure 1. (a) Schematic diagram showing arrays of gold
heptamers embedded in a PDMS membrane and being
stretched, (b) SEM image showing arrays of gold heptamers
at low magnification, (c) close-up SEM image of single gold
heptamer from the top view, and (d) SEM image of 45° tilted
3 x 3 array of gold heptamers.

successfully fabricated with structural parameters
close to the design values. Figure Tb—d shows the SEM
images of the fabricated heptamer array. From the high-
magnification SEM image shown in Figure 1c, the dia-
meter of the gold cylinder was measured to be 147 nm.
Figure 1c also shows that the heptamer structure was
shrunk by 3.7% along the vertical direction and the gaps
between the cylinders were 33 nm along the horizontal
direction and 28 nm along the diagonal.

The heptamers were subsequently stretched along
the horizontal direction in Figure 1c. The optical ex-
tinction spectra were taken for two orthogonal polar-
izations: parallel and perpendicular to the direction of
mechanical stress. In the following discussion, we will
refer to the horizontal and vertical directions in
Figure 1c as x and y directions, respectively. The
original heptamer structure is isotropic and thus
should exhibit identical spectra for the two polariza-
tions. However, due to the slight shrinkage of the
actual fabricated heptamer along the y direction, there
was a slight shift in spectra for the two orthogonal
polarizations. As shown in Figure 2, the position of the
Fano resonance, which presented itself as a dip in the
extinction spectrum, was 829 nm for the x polarization,
while the y polarization showed a dip at 838 nm. To
confirm the small split was due to the imperfect
fabrication, which resulted in a 3.7% shrinkage in the
y direction, numerical simulations using the commer-
cial software COMSOL were carried out. Figure 2 shows
that the simulations accounting for the vertical shrink-
age in the actual fabricated structure precisely repro-
duced the Fano resonance positions of experimentally
measured spectra. The slight broadening in the experi-
mental spectra was attributed to the slight size varia-
tions (less than 2%) among the heptamers in the array.
Also, the nanostructured gold is expected to exhibit
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Figure 2. Experimentally measured and simulated extinction spectra for mechanical stress along the horizontal direction.
Stretching direction and polarizations are shown in the insets. Solid lines show experiment results, and dashed lines show

simulation results.

higher loss than the bulk, whose dielectric constants
were used in the simulations.* This should account for
some of the discrepancies between the experimental
and simulation spectra. Overall, the agreement be-
tween the simulation and experiment was excellent.
The mechanical stress lowers the symmetry and
increases the degeneracy, producing distinct beha-
viors for the two mutually orthogonal polarizations.
Figure 2a shows experimentally measured and simu-
lated extinction spectra at the induced mechanical
strain values of 0%, 7%, 18%, and 30% with polarization
parallel to the mechanical stress (x direction), as in-
dicated in the inset of Figure 2a. The Fano resonance
exhibited a moderate blue shift from 829 to 814 nm.
Here, the mechanical strain is defined as the percent
change in the center-to-center spacing between ad-
jacent gold cylinders along the x direction. Experimen-
tally, it is not possible to directly measure the strains.
We therefore determine the strain values indirectly by
first measuring the changes in the length of the
heptamer array, which could be directly imaged by
optical microscopy. In our experiments, the nominal
values of strains measured this way were 11%, 28%,
and 44%. However, the macroscopic geometrical de-
formation of the PDMS may not translate perfectly to
the microscopic geometry of the heptamer structure.
To determine the actual strain in the heptamers, we
conducted mechanical simulations using COMSOL in
which we modeled a single heptamer in a 900 nm x
900 nm size computational cell and applied the
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nominal strain values measured by the changes in array
size. In the simulations, Young's modulus and Poisson's
ratio were set to be 79 GPa and 044 for gold***” and
360—870 kPa and 0.5 for PDMS.*® Further details on the
mechanical simulations may be found in the Supporting
Information. For the nominal strain values of 11%, 28%,
and 44% measured by the optical microscope, the simu-
lations resulted in actual strains of 7%, 18%, and 30%,
respectively, and these values were then used for optical
simulations. Figure 2b shows the experiment and simula-
tion spectra for the polarization perpendicular to the
mechanical stress. In this case, the Fano resonance red-
shifted significantly from 838 to 874 nm. In addition to the
spectral shifts in the opposite directions, the extinction
spectra for the x polarization showed an additional feature
at a shorter wavelength when the heptamer is under
mechanical stress. This feature is noticeable at all strain
values in simulations and also visible in experimental
spectra for strain values of 18% and 30%. In contrast, this
feature is clearly absent in all simulated and experimental
spectra for y polarizations. The samples have been subject
to multiple cycles of stress and release, and the optical
spectra remained unchanged. The data are available in
the Supporting Information.

To gain insight into the observed behavior, we
conducted extensive theoretical studies by employing
two complementary approaches. First, the eigen-
modes of the heptamer structure were obtained
in the static limit by solving the boundary integral
eigenvalue equations for the charge distribution.3%4°
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This study allowed us to analyze the eigenmodes with the
group representation theory and thus correlate the sym-
metry of the system with that of the eigenmodes. How-
ever, since this approach is valid only in the static limit, it
cannot properly describe the retardation effects that
must be taken into account in a system with large size
features such as the heptamers investigated in this paper.
For this purpose, we also conducted numerical simula-
tions using generalized multiparticle Mie theory.*' Since
the multiparticle Mie theory can handle only spherical
particles, the following theoretical studies deal with gold
heptamers made of seven spheres, which should share all
salient features of the gold cylinder heptamers in Figure 2.
In all simulations, the experimentally determined dielec-
tric function of gold was used.*®

To briefly describe the boundary integral approach,
for a system composed of an arbitrary array of N
nanoparticles, the surface charge distribution ¢/(7)
of its jth surface plasmon mode satisfies the boundary-

integral eigenvalue equation:>>*°

I(F) = ’1—/74 i pas, (1)
27 "1 - T, ? a

where the integral is over the whole surfaces of the N

nanoparticles and n is the unit vector normal to the

surfaces of the N particles at point 7. The eigenvalue ¥

determines the system resonance frequency w; through

the electric permittivity ¢ of the array by the relationship

1+ 4
Re e(w)) = & (1 _/_{j> (2)

where ¢, is the electric permittivity of the medium
surrounding the nanoparticles. The eigenfunction o/(77)
describes the self-sustained surface charge distribution of
the jth mode of the system. By solving eigenvalue eq 1
numerically,* we can analyze the symmetry of the modes.

Mirin et al. reported that the silver heptamer struc-
ture exhibits a Fano resonance as a result of the
interference between two modes, of which one is
subradiant (or dark) and the other is superradiant (or
bright).2 The same behavior is expected in the gold
heptamer except the frequencies would be shifted due
to the difference in dielectric function between silver
and gold. In the following presentation of our theor-
etical analysis, we use the nomenclature based on the
group representation theory.*? The heptamer structure
discussed in this paper has the symmetry of point
group Dep. Consequently, the eigenmodes can be
indexed by the irreducible representations of Dep,.
Assuming the modes are excited by normally incident
light with definite in-plane polarization, only the opti-
cally active in-plane modes are considered in this work.
Among the irreducible representations of Dgy, E;, is the
only one with a net dipole moment and thus optically
active. Furthermore, we consider only the two lowest
energy E;, modes in the unstressed gold heptamer
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Figure 3. Evolution of charge distribution with uniaxial
stress along the x direction. The first column shows the
two lowest E;, modes of the unstressed heptamer and the
B,, mode. The second and third columns show B,, and B3,
modes of the heptamer under 10% and 30% strains, respec-
tively. The resonance wavelengths of the heptamers are
also shown.

structure because all higher modes are masked off by
strong absorption by gold. In the first column of
Figure 3, we show the charge distribution of the two
lowest energy E;, modes in an unstressed gold hepta-
mer structure composed of seven identical gold
spheres where the sphere diameter is 150 nm and
gap between the spheres is 25 nm. Here the modes
shown in Figure 3a,b belong to the lowest energy E;,,
mode, and (d) and (e) to the second lowest E;, mode.
Note that the E,, irreducible representation is a two-
dimensional representation, and thus the E;, modes
are doubly degenerate with two orthogonal states
having a net dipole moment in the x and y directions,
respectively. Accordingly, the four charge distributions
shown in the first column of Figure 3 possess a net
dipole moment where (a) and (d) are x-dipoles and (b)
and (e) are y-dipoles. Depending on the energy and the
relative alignment of the dipole moment of the center
sphere to those of the six satellite spheres, the E;,
modes can be classified as dark or bright modes. The
lower energy E;, mode shown in Figure 3a,b is a dark
mode where the dipole moment of the center particle
aligns against the dipole moments of satellite particles,
making the total dipole moment small. On the other
hand, the higher energy E;, mode shown in Figure 3d,e
is a bright mode where the dipole moments align
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together to add up. The energies of these two E,,
modes were found to be 2.394 and 2.459 eV or 517.8
and 504.0 nm, respectively. These mode energy values
would be accurate only for heptamers made of very
small nanoparticles, as our model is valid in the static
limit only. For larger sizes, retardation effects will shift
and broaden the modes. The resultant overlap and
interference between the two modes lead to a Fano
resonance. The bright mode will broaden much more
significantly than the dark mode, resulting in a Fano
resonance that manifests itself in the form of a dip in
the extinction spectrum, as observed in Figure 2.

When the heptamer is under uniaxial mechanical
stress, the symmetry of the system is lowered to Dy,
The doubly degenerate E;, mode splits into two non-
degenerate modes belonging to B,, and B3, irreduci-
ble representations of the point group D,,. Figure 3
shows the evolution of charge distribution as the
mechanical stress is applied along the x direction. It
clearly shows the original doubly degenerate modes
split into x-dipole (B3,) and y-dipole (B,,) modes.
Remarkably, the nature of the modes is mostly pre-
served. That is, the bright E;, mode splits into bright
B,, and Bs, modes, while the dark E;, mode spawns
dark B, and B3, modes. Also, all modes shift to shorter
wavelengths with increasing mechanical strain values.
However, the B3, modes, which have dipole moment
along the direction of mechanical stress, shift more
than the B,, modes, with dipole moment perpendicu-
lar to the mechanical stress. This leads to the polariza-
tion dependence, as the Bz, modes interact with
x-polarized light and B,, with y-polarized light. There-
fore, as the heptamer is stretched along the x direction,
x-polarized light would show resonance features in the
shorter wavelengths than the y-polarized light. Even
when the retardation effects are included and the
resonance peaks broaden and shift, this general beha-
vior survives and leads to the experimental observa-
tion in Figure 2: the dip in the extinction spectrum due
to the Fano resonance blue-shifts for polarization
parallel to the direction of mechanical stress but red-
shifts for polarization perpendicular to it.

To confirm this, scattering and absorption cross
sections were calculated for heptamers made of spher-
ical gold particles with diameters ranging from 50 to
150 nm, using the generalized multiparticle Mie theory.
For small sphere sizes, both the absorption and scat-
tering spectra exhibit a single peak centered around
520 nm, which is a superposition of the two closely
spaced E;, modes. As the sphere sizes are increased,
the two modes exhibit red shifts and broadening. The
bright mode experiences strong radiation damping,
and therefore it quickly disappears in the absorption
spectra and produces a strong and broad band in the
scattering spectra. The dark mode suffers from much
less radiation damping and thus persists as a peak in
the absorption spectra with relatively narrow line
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Figure 4. Scattering spectra of gold heptamers made of
150 nm spheres for (a) x-polarization and (b) y-polarization
for various mechanical strain.

width. In the scattering spectra, the overlap between
the two modes results in a dip, which is one of the
well-known signatures of Fano resonances. For sphere
diameters of 150 nm, both the absorption peak and the
scattering dip occur at 650 nm.

When the heptamers are subject to uniaxial mecha-
nical stress, the qualitative behaviors of the absorption
and scattering spectra remain similar. However, the
peak shift with increasing sphere diameters depends
on the strain and polairzation. Figure 4 shows the
scattering spectra for heptamers made of 150 nm
gold spheres. With increasing mechanical stress along
the x direction, the Fano resonance blue-shifts for
x polarization but red-shifts for y polarization. The origin
of this distinct polarization dependence can be traced
back to the behaviors of B,, and B3, modes discussed
earlier. The y-polarized light excites B,, modes, which
exhibit a much smaller blue shift than the B3, modes,
which are excited by the x-polarized light. The retarda-
tion effect in the large size heptamers then leads to red
shifts, resulting in the B,, mode shifting to the red of
the original E;, mode of the unstressed heptamer
while the Bs, mode appears to the blue of the E,,
mode. Also, the dip remains distinct in the y-polarization
spectra as the heptamer is stressed, whereas the dip
becomes shallower with stretching in the x-polarization
spectra. This behavior can also be seen from Figure 3a,b.
The three modes shown in Figure 3b have almost
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identical charge distributions, and this shows that the B,
mode originating from the dark E;, mode of the un-
stressed heptamer remains dark under mechanical stress.
From this observation, we anticipate the Fano dip would
remain distinct under mechnical stress for y polarization.
In contrast, Figure 3a shows that the dark B3, mode
becomes brighter with stretching. Under mechanical
stress along the x direction, the coupling between the
three spheres along the x axis becomes significantly
weaker. This leads to the dipole moments of the two
spheres on either side of the center sphere almost
vanishing and also the dipole moments of the upper
and lower spheres aligning almost vertically. As a result,
the x-dipole of the center sphere is no longer canceled by
the surrounding spheres, and this consequently results in
a diminishing dip in the scattering spectrum.

In addition to the diminishing Fano dip, the scatter-
ing spectra for x polarization also show an additional
dip at shorter wavelengths. The additional dip is
apparent in the spectra for 30% and 45% strain for
x polarization but is clearly missing in all spectra for
y polarization. This is a unique feature of heptamers
under stress that has not been reported before.
The origin of this second dip can be found by the
group theoretical analysis. Briefly reiterating, in the
unstressed heptamer structure possessing Dej, Symme-
try, only the E;, modes have nonzero dipole moments
and thus are optically active. When the symmetry is
lowered to D,, by uniaxial stress, the E;, modes split
into B,, and B3, modes, which interact with x- and
y-polarized light, respectively. Since the unstressed
heptamer has two E;, modes in the frequency range
of interest, we obtain two B, and two B3, modes,
producing a Fano resonance just as in the original
unstressed heptamer. However, what is missing in this
narrative is that the optically inactive B;, mode in the
unstressed heptamer becomes an optically active Bs,
mode under uniaxial stress along the x direction. As
shown in Figure 3¢, the charge distribution calculated
by the boundary integral method reveals that this Bs,,
mode is also a dark mode where the dipole moment of
the center sphere aligns antiparallel against those of
the satellite spheres, thereby producing a second Fano
dip in the scattering spectra. In constrast, there are no
other modes of the unstressed heptamer evolving into
the B,, mode within the frequency range we investi-
gated, and thus we do not see any additional dip for
the y polarization. In Figure 4a, the second dip in the
x-polarized spectra is clearly observed only at large
strain values. A possible reason the second dip is not
resolved for small strain values is that the resonance
wavelengths between the two Bs, modes arising from
the By, and dark E;, modes are too close to be resolved
in the spectrum. The gold cylinder heptamer structure
in Figure 2 showed the same general behavior, but in
this system the second Fano resonance was present
even for small strain values.
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Figure 5. Resonant wavelengths of the three lowest energy
optically active modes as a function of mechanical strain
values. Only the modes interacting with x polarization are
shown in (a), and the modes interacting with y polarization
in (b). The resonance wavelengths are calculated for the
heptamers made of 150 nm gold spheres by the boundary
value integral method.

To gain further insight, we calculated the mode
wavelengths of E;, and B;, modes of the unstressed
heptamer by using the boundary integral method and
followed how the wavelengths shift under mechanical
stress. As shown in Figure 5, all modes exhibit blue
shifts. For y polarization, the two E;, modes simply shift
to shorter wavelengths, as shown in Figure 5b. For
x polarization, however, the behavior is complicated by
the presence of a By, mode located close to the higher
energy E;, mode. As a result, while the low-energy E;,
mode remains largely isolated and shows a steady blue
shift with increasing mechanical stress, the high-
energy E;, mode and B;, mode, both of which become
Bsu, modes under stress, interact strongly and exhibit
anticrossing behavior. As shown in Figure 5a, the Bz,
mode arising from the B;, mode stays at longer
wavelengths than the B;, mode spawned by the bright
E,, mode until the mechanical strain value exceeds 15%,
but the order is reversed at higher strain values. Careful
examination of charge distributions near the anticrossing
point revealed that the charge distributions show
clear signs of mixing between the two modes. As shown
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in Figure 3¢,d, when the heptamer is unstrained (0%), the
B,, and E;, modes have distinct charge distributions.
Among other things, the center particle of the E;, mode
arising from the B, mode has a hexapole-like charge
distribution, while the center particle of the bright E;,
mode has a dipole-like charge distribution. For the mech-
anical strain values of 10% at which anticrossing occurs,
the center particle of the two Bs, modes exhibits a
hexapole-like charge distribution, clearly showing the
mixing of the two modes. For a larger strain value of
30%, which occurs beyond anticrossing, the center particle
of the lower Bs, mode in Figure 3c recovers the purely
dipole-like charge distribution, whereas the higher Bs,
mode in Figure 3d has a hexapole-like distribution. Charge
distributions for additional strain values are provided in the
Supporting Information, as further evidence of mode
mixing. Additionally, the anticrossing behavior results in
the middle B3, mode wavelength becoming almost in-
dependent of applied stress at high strain values, while the
highest energy Bs, mode continues to show significant
blue shift with increasing mechanical stress. This result,
combined with the retardation effect, explains why the
longer wavelength Fano dip stops shifting to the blue but
actually shows a slight red shift in Figure 4, whereas the
shorter wavelength dip continues to show a blue shift.
Anticrossing of mutually interacting states is a univer-
sal phenomenon. In quantum physics, anticrossing of an
interacting two-level system is well known.** Anticross-
ing is also routinely observed in optics. For example,
anticrossing of a band-gap-guided mode and an index-
guided mode in a photonic crystal waveguide is known
to produce slow group velocity.** In plasmonics, anti-
crossing behavior due to the strong mixing between a
molecular exciton and a surface plasmon polariton has
been observed.* In our structure, anticrossing is ob-
served as the interaction between the two B, modes is
tuned by the applied mechanical stress. It is intriguing to
discover that the originally optically inactive mode could
become optically active under mechanical stress and
strongly interact with the other optically active modes.
This opens new possibilities for dynamically tuning and
engineering resonances in the plasmonic nanostructures.

CONCLUSIONS

In conclusion, we have experimentally demon-
strated dynamic tuning and symmetry lowering of

METHODS

The heptamers were fabricated by an electron-beam litho-
graphy and lift-off process. The fabrication procedure started
with a silicon wafer with a 100 nm Cr film thermally evaporated
on it. The Cr layer serves as a protection layer for the PDMS
membrane during the silicon dry etch process, preventing
overetching and reducing undesirable cracks in the PDMS
membrane. A bilayer of a polymethyl methacrylate (PMMA)
resist and copolymer was coated on top of the Cr, and electron
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the Fano resonance in a gold heptamer structure and
presented an extensive theoretical study explaining
the observed behaviors. The original unstressed hep-
tamer structure exhibits a distinct dip in the optical
extinction spectra due to the Fano resonance originat-
ing from the two interacting E;, modes. When uniaxial
stress is applied, the Fano dip blue-shifts for x polariza-
tion but red-shifts for y polarization. Furthermore, there
appears a second dip for the x polarization when the
mechanical stress is large. Group theoretical analysis
showed that the uniaxial mechanical stress lowers the
original Dg;, symmetry of the heptamer to D,,, and
consequently the optically active doubly degenerate
E;, mode of the unstressed heptamer splits into Bz,
and By, modes, which have x- and y-direction dipole
moments and thus interact with x- and y-polarized
light, respectively. Furthermore, the originally optically
inactive B;, mode of the unstressed heptamer be-
comes an optically active Bs, mode under mechanical
stress and begins interacting strongly with a nearby Bs,,
mode, strongly influencing the optical spectra ob-
served under mechanical stress. The charge distribu-
tion calculated by the boundary integral method in the
static limit clearly showed how each mode shifts
and interacts with other modes. Accounting for the
retardation effects for larger sizes by using the multi-
particle Mie theory, the experimentally observed be-
haviors were explained well and were also directly
confirmed by the simulations using the finite element
method.

Mechanical tuning of plasmonic nanostructures offers
anew pathway to actively tunable nanophotonic devices.
Mechanical tuning is particularly effective for plasmonic
nanostructures exhibiting coupled plasmon resonance,
which is highly sensitive to the structural parameters.
Mechanical tuning also allows one to control the sym-
metry of a nanostructure, upon which optical properties
are critically dependent. It is intriguing to discover that
the originally optically inactive mode could become
optically active under mechanical stress and strongly
interact with the other optically active modes. This opens
new possibilities for dynamically tuning and engineering
resonances in plasmonic nanostructures. Dynamic tun-
ability and on-demand control afforded by mechanically
tunable nanophotonic devices could enable a new class
of novel photonic devices.

beam lithography was carried out to define the heptamer
structure. Gold (80 nm) was then thermally evaporated onto
the patterned resist, and the final gold heptamer structure was
obtained by lift-off. A monolayer of (3-mercaptopropyl-
)trimethoxysilane (MPTS) was deposited on the gold surface
to function as an adhesion promotion layer and to improve
contact between gold and PDMS."® Monolayer coating was
carried out in a 1% solution of MPTS in methanol. After over-
night immersion in the solution, the gold heptamer was rinsed
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in methanol to remove excess MPTS on the surface. PDMS with a
thickness of 850 um was spin-coated on the heptamer structure
to completely cover the heptamer structure and was cured at
100 °C for 2 h. Finally, the silicon substrate was completely dry
etched by SFg-based reactive ion etching, leaving the heptamer-
embedded PDMS membrane with Cr protection layer at
the bottom. After removal of 100 nm Cr, a completely free-
standing PDMS membrane with a heptamer structure was
obtained.

Mechanical stress was applied to the PDMS membrane by a
custom-made device, where an aperture at the center is
surrounded by a rigid frame and a linear translation stage
controlled by a micrometer. The length, width, and height of
the platform are 7.5, 5.0, and 1.3 cm, respectively. The aperture
in the center over which the flexible heptamer structure is to be
attached has a square shape with a side of 2.5 cm. One end of
the PDMS membrane is glued to the rigid frame, and the other
end to the movable translation stage with which mechanical
stress is applied in a controlled fashion.
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