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particularly important subfield of
plasmonics is the study of near-field
coupling between noble metal na-
nostructures. A metal nanoparticle supports
localized surface plasmons, which are asso-
ciated with the collective oscillation of the
conduction electrons in the nanoparticle.
Such an oscillation can be localized on a
single nanoparticle, or it may involve many
coupled nanoparticles." Just as atoms join
together in different combinations and ar-
rangements to form molecules,® a diverse
range of new materials can be created by
combining together artificial atoms into ar-
tificial molecules. Interacting nanoparticles
in complexes can give rise to interesting
collective behavior, which is unattainable
in individual nanoparticles.*™° Specially,
the optical response of these nanoparticle
complexes'® '3 greatly depends on the spa-
tial arrangement of nanoparticles (confi-
guration)'*'® as well as the intrinsic optical
properties of individual nanoparticles
(constitution).'®
Plasmonic oligomers with high symmetry
such as heptamers are of significant interest
due to their fundamental importance as a
model system to understand the nature of
electromagnetic coupling as well as their
remarkable potential in LSPR sensing.'” Re-
cently, plasmonic heptamers have been
experimentally demonstrated using both
bottom-up'® and top-down fabrication
techniques.'®?%3® Top-down approaches
such as electron-beam lithography exhibit
advantages of accurately controlling the
size and shape of nanostructures as well as
precisely positioning these nanostructures
in space. In particular, the transition beha-
vior from isolated to collective modes in
plasmonic heptamers has been successfully
investigated by lithographically controlling
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ABSTRACT We present a comprehensive experimental study of the optical properties of

plasmonic oligomers. We show that both the constitution and configuration of plasmonic oligomers

have a large influence on their resonant behavior, which draws a compelling analogy to molecular

theory in chemistry. To elucidate the constitution influence, we vary the size of individual

nanoparticles and identify the role of the target nanoparticle from the spectral change. To illustrate

the configuration influence, we vary the positions and numbers of nanoparticles in a plasmonic

oligomer. Additionally, we demonstrate experimentally a large spectral redshift at the transition

from displaced nanoparticles to touching ones. The oligomeric design strategy opens up a rich

pathway for the implementation of optimized optical properties into complex plasmonic

nanostructures for specific applications.
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the distance between interacting nanopar-
ticles. The interference of the superadiant
and subradiant modes resulting from the
hybridization?' of the center and satellite
nanoparticles gives rise to intriguing Fano
effects.? 2

Here we take a further step and examine
the role of individual nanoparticles for the
collective behavior in plasmonic oligomers.
A defect nanoparticle is introduced in a
heptamer by gradually varying the size of one
satellite nanoparticle. Owing to the unique
symmetry of plasmonic heptamers, we are
able to demonstrate the different contribu-
tions of individual satellite nanoparticles by
using two perpendicular polarizations. The
contribution of the center nanoparticle is
also unravelled by successively varying its
size. Subsequently, we examine the role of
the spatial arrangement of nanoparticles in
plasmonic oligomers. Different numbers of
satellite nanoparticles are utilized to explore
the symmetry requirement for the formation
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Figure 1. Exemplary SEM images of gold oligomer struc-
tures, fabricated by electron-beam lithography. Top: 30°
oblique view of an octamer structure. The periodicities in
both directions are 900 nm, and the particle height is 80 nm.
The diameters of the ring and center particles are 150 nm
and 130 nm, respectively. The interparticle distance in the
ring is around 30 nm. Bottom left: Normal view of a
heptamer structure with a defect. The diameter of the
defect particle is around 110 nm. Bottom right: Enlarged
view of an octamer structure with a center particle diameter
around 230 nm.

of the collective behavior. We show that by carefully
engineering the structural symmetry, a plasmonic
quadrumer already suffices to generate Fano effects.
Our experimental observations represent an important
step toward the study of artificial plasmonic molecules
with optimized optical properties. Finally, we experi-
mentally demonstrate the intriguing transitional re-
sponse of a plasmonic heptamer by physically bridging
its center nanoparticle with a satellite nanoparticle. Our
results constitute the first study of plasmonic encoun-
ters using multinanoparticle complexes, which will
offer myriad blueprints for studying the resonant
behavior of plasmonic systems in the nearly touching
regime.>>~ %8

RESULTS AND DISCUSSION

We fabricated a series of plasmonic oligomers with
different geometries by electron beam lithography on
a glass substrate. Figure 1 shows normal and 30° tilted
view scanning electron micrographs of selected struc-
tures. The footprint of each array is 100 x 100 um?. The
particles forming the outer ring have a diameter of 150
nm, and the center particle has a diameter of 160 nm.
The thickness of all the particles is 80 nm. The SEM
images demonstrate the good uniformity of the fabri-
cated structures over large areas. The optical response
of the plasmonic oligomers for polarization direction as
depicted next to the corresponding spectra was eval-
uated using a Fourier-transform infrared spectrometer.
The simulated extinction cross-section spectra and
field distributions at the respective spectral positions
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Figure 2. Experimental extinction spectra of the defective
heptamer structures in dependence on the defect particle
size. The spectra are shifted vertically for clarity. The mea-
sured extinction spectra are characterized by red and black
curves for the horizontal and vertical polarizations, re-
spectively. Right: Normal-view SEM images of the corre-
sponding structures with indicated defect particle sizes. The
scale bar is 400 nm. A successive overall blue-shift of the
spectra can be observed for both polarizations. The blue-
shift in the vertical polarization is stronger than that in the
horizontal polarization.

were calculated using the software package CST Micro-
wave Studio, Darmstadt, Germany (for further details,
see the Methods section).

We first study the contribution of an individual
nanoparticle in the outer ring to the collective behavior
of a plasmonic heptamer. One of the satellite nano-
particles is successively decreased in size until it
diminishes completely. The experimental extinction
spectra and corresponding SEM images of the
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structures are shown in Figure 2. The diameter of the
target satellite particle is given below each SEM image.
The introduction of the defect nanoparticle gives rise
to the drastic reduction of the structural symmetry. The
undisturbed heptamer belongs to the symmetry group
D, (Ce, if the substrate is considered), whereas the
defective heptamer is of Dy, = C;, symmetry (C;, = Cyp,
= G if considering the substrate). The defective hepta-
mer has only one symmetry axis, which is along the
center and the defect particles. The experimental
extinction spectra were taken with the electric polar-
ization parallel or perpendicular to this symmetry axis
at normal incidence. In the case of the perfect plasm-
onic heptamer (see the topmost structure in Figure 2),
the extinction spectra for the two orthogonal polariza-
tions are nearly identical, as is expected from the
symmetry considerations.!’ The slight deviations be-
tween the two spectra are likely due to fabrication
tolerances in the experiment. The distinct dip in ex-
tinction for each polarization, that is, the Fano reso-
nance, is due to the destructive interference between
the superradiant and subradiant modes in the plasmo-
nic heptamer. More specifically, the dipolar plasmons
in the center particle hybridize with the dipolar plas-
mons in the outer ring nanoparticles, giving rise to a
bright superradiant and a dark subradiant mode. In the
superradiant mode, all nanoparticles oscillate in phase,
leading to significant spectral broadening due to
strong radiative damping. In the subradiant mode,
the plasmons in the outer ring nanoparticles and the
center particle oscillate antiphase. The unique symme-
try of the perfect heptamer allows for similar yet
opposite dipole moments in the outer ring and the
center particle, hence leading to a spectrally narrow
dark subradiant mode. If the super- and subradiant
modes spectrally overlap, they can destructively
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interfere and form a Fano resonance. Its line width is
determined by the sharpness of the subradiant mode.

By subsequently introducing the defect, i.e., decreas-
ing the size of one satellite nanoparticle, a significant
suppression of the superradiant profile line width is
observable for both polarization directions. This beha-
vior can be related to the reduced dipole moment of
the superradiant mode due to the successive reduction
of the target ring particle size. This effect is polarization
independent and can hence be observed in both
spectra. Additionally a blue shift of the Fano resonance
can be observed. The shift for vertical polarization is
stronger than for the horizontal one. To understand the
spectral characteristics, the near-field distributions at
the respective spectral positions of the structure in
which the defect nanoparticle is completely absent are
presented in Figure 3. For the excitation polarization
along the defect line, the near-field distributions dis-
play the horizontal mirror symmetry imposed by the
geometry of the structure and closely resemble the
field-distributions of the undisturbed heptamer. The
removal of the ring particle leads to reduced attractive
interaction, explaining the observed blue shift. As the
local electric fields associated with the two ring parti-
cles along the excitation direction are weak compared
to the other five nanoparticles (compare Figure 3A), the
influence of its removal is minor. The observed de-
creased modulation depth of the Fano resonance is
due to the reduced dipole moment of the ring mode
upon shrinking of the defect satellite nanoparticle. In
essence, removing an outer particle along the symme-
try axis at this polarization does not strongly influence
the formation of the Fano resonance as long as the net
dipole moment of the outer ring can be effectively
compensated by the dipole moment of the center
nanoparticle. For the excitation perpendicular to the

Figure 3. Simulated electric-field distributions (z-component, normalized to the incoming field strength) and extinction
cross-section spectra of the structure without the rightmost particle. Horizontal polarization: (A) antiphase plasmons are
excited in the center particle and the outer particles, in close resemblance to that of the fully symmetric heptamer structure at
the Fano resonance; (B) all nanoparticles oscillate in phase. Vertical polarization: (C) quadrupolar field distributions are
observed in the center nanoparticle, effectively reducing the attractive interaction and leading to the blue-shift of the Fano
resonance with respect to the symmetric case; (D) all nanoparticles oscillate in phase.
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defect axis, the field distributions do not show any
structural symmetry associated with this axis. Interest-
ingly, at spectral position C quadrupolar field distribu-
tions are observed in the center nanoparticle as a result
of the broken symmetry in the system. This leads to a
reduction of the attractive interaction, which effec-
tively raises the resonance energy and explains the
observed strong blue-shift of the Fano resonance.
Our experiment shows that the broken symmetry
crucially influences the optical response of the plas-
monic heptamer. Depending on the position of the
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Figure 4. Experimental extinction spectra of the plasmonic
oligomers in dependence on the number of particles in the
outer ring for horizontal polarization. The spectra are
shifted vertically for clarity. Right: Corresponding SEM
images. The scale bar is 400 nm. The center and ring particle
diameters are 160 and 150 nm, respectively. The particle
height is 80 nm. A Fano resonance emerges when the
number of ring nanoparticles is increased to three. By
further adding ring particles, the Fano resonance's modu-
lation depth increases and the resonance shape becomes
more symmetric.
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defect relative to the light polarization, the optical
response of the oligomers strongly differs, validating
the different roles of individual particles on the collec-
tive behavior of plasmonic aggregates.

Next, we study the influence of the number of
nanoparticles in the outer ring on the optical proper-
ties of plasmonic oligomers. Figure 4 shows the experi-
mental extinction spectra and the corresponding SEM
images of the plasmonic oligomers with different
numbers of particles in the outer rings. The ring and
center particle diameters are 150 and 160 nm, respec-
tively. The number of particles in the outer ring is varied
from two to six. The constituting particles are equally
spaced for each structure. As a result, the interparticle
distance decreases in the outer ring when more parti-
cles are added.

In the case of the single center particle, a dipolar
resonance can be excited. When adding two parallel
particles to the center particle, there is still a single
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Figure 5. Experimental extinction spectra of quadrumers in
dependence on the interparticle separation and a reference
trimer. The spectra are vertically shifted for clarity. Right:
SEM images of the corresponding structures, the gap
between ring and center particle is indicated below. For the
largest distances one observes isolated particle-like spectra.
Below a gap size of 55 nm (green curve), the signature of a
Fano resonance is clearly observable. Its modulation depth
increases with decreasing gap size. By removing the center
particle the Fano resonance vanishes.
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resonance visible which exhibits a broader line width
due to a stronger dipole moment. When adding a third
particle, the signature of a Fano resonance comes into
existence. By further adding particles, the modulation
depth of the Fano resonance remarkably increases
together with a slight resonance red-shift. In other
words, the strength of the Fano resonance can be
manipulated by controlling the number of particles
in the outer ring. By changing the number of particles
in the ring the coupling strength between the particles
becomes stronger and the overall number of interact-
ing particles rises. Consequently the dipolar mode of
the outer ring is red shifting. As a result the hybridized
super- and subradiant modes formed by the red-
shifted ring mode and the central particle mode are
red-shifted as well. This readily explains the overall shift
of the spectra. The red shift of the superradiant mode is
stronger then the one of the subradiant mode, hence
decreasing the spectral detuning between the two.
This manifests itself in an increasing symmetry of the
spectrum. The Fano dip is observed right in the center
of the broad superradiant mode when there is no
detuning. Additionally the dipole moment of the mode
in the outer ring is increasing, making it comparable to
the one of the center particle. Matching the dipole
moments of the outer ring and the center particle is the
key to generating a pronounced Fano resonance in the
extinction spectrum. Evidently, by carefully designing
the structural symmetry, a Fano resonance can be
already established in a simple oligomer consisting of
only four particles.® This behavior can be ascribed to
the interaction of two doubly degenerate E-modes—
belonging to the C.., symmetry of the center particle
and the G3, symmetry of the triangular ring—which
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ensures both group theoretical and geometrical com-
patibility (see Supporting Information).

To gain further insight about the formation of
a Fano resonance in the quadrumer cluster, we fabri-
cated a distance-dependent series. The experimental
extinction spectra and corresponding SEM images are
shown in Figure 5. The ring and center particle dia-
meters are 150 and 160 nm, respectively. The distance
between the center particle and the ring particles is
varied between 25 and 115 nm.

For large gap sizes single-particle-like spectra are
observed as the particles are not or only very weakly
coupled via the near-field to one another. For a gap size
of 55 nm the signature of a Fano resonance comes into
existence. Its modulation depth is increasing for decreas-
ing distance. Strikingly, the Fano resonance vanishes
completely when the center particle is removed from
the 25 nm gap structure. The resulting trimer spectrum
closely resembles an isolated particle spectrum, indicat-
ing that the particles are only very weakly coupled. The
formation of a Fano resonance is hence only possible
because of the coupling of the three ring particles to the
center one. The ring particles are too far apart from one
another to efficiently interact via their respective near
fields. This is in contrast to the heptamer structure where
the six ring particles can efficiently couple to one another.
Upon removal of the center particle the hexamer spec-
trum still shows evidence of coupling as it does not
resemble a single-particle-like spectrum.'®

Our interpretation is confirmed by extinction cross
section and electric field distribution simulations for a
20 nm gap size quadrumer and for a trimer which are
shown in Figure 6. For the strongly coupled quadrumer
one observes a well-modulated Fano resonance. The

Figure 6. Simulated electric-field distributions (z-component, normalized to the incoming field strength, horizontal
polarization) and extinction cross-section spectra of a 20 nm gap quadrumer and a trimer that is obtained by removing the
quadrumer's center particle. The simulated spectra agree very well with the experimentally obtained spectra of Figure 5. (A)
The field distribution shows an out of phase oscillation of the center particle and the three ring particles, which is the
signature of the subradiant mode. (B) All plasmons oscillate in phase. Strong coupling between the particles is observed, as is
expected for the signature of the superradiant mode. (C and D) Only isolated plasmons are visible in the field distribution. All

plasmons oscillate in phase with no observable coupling.
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near-field distribution at spectral position A shows a
pronounced antiphase oscillation of the plasmons in
the ring particles with respect to the center one
(subradiant mode). At the long wavelength extinction
peak (spectral position B) all particles oscillate in phase
as is expected for the superradiant mode. In case of the
trimer all particles oscillate in phase and show only very
weak mutual coupling (spectral positions C and D).
These observations confirm our finding that the col-
lective behavior of the quadrumer cluster is indeed
mediated by the center particle alone. Removing it
leaves isolated particles showing nearly no near-field
coupling.

The center nanoparticle also plays a key role in
determining the resonant behavior of plasmonic oligo-
mers. Figure 7 shows the experimental extinction spec-
tra of a series of plasmonic octamers, where seven
nanoparticles form the outer ring. The diameter of the
center particle is subsequently enlarged from 110 to 230
nm as shown in the corresponding SEM images. For the
octamer with a missing center particle, one can observe
a broad resonance with a long and unstructured tail
toward the longer-wavelength side. A Fano resonance
emerges as a kink on the right spectral slope when the
center particle diameter is increased to 150 nm. By
further enlarging the center particle diameter, the

modulation strength of the Fano resonance becomes
more pronounced, and the Fano resonance gradually
shifts to the red. Also, the resonance profile of the
superradiant mode is significantly broadened.

In fact, by increasing the center particle diameter,
several structural parameters of the octamer are chan-
ged simultaneously. First, due to the decrease of the
interparticle distance, the coupling strength between
the center particle and the ring particles increases,
rendering the formation of the super- and subradiant
modes possible. For the cases with center particle
diameters smaller than 150 nm, the spectra closely
resemble that of the structure without the center
particle. Starting from a center particle size of about
150 nm the signature of the Fano resonance comes
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Figure 7. Experimental extinction spectra of the plasmonic
octamers in dependence on the center particle diameter for
vertical (left column) and horizontal (right column) polar-
izations. The center particle diameter is indicated in the
corresponding SEM images. The scale bar is 400 nm. The
signature of the Fano resonance appears when the center
particle diameter is increased to 150 nm. The modulation
depth is improved with an increase in the center particle
diameter. The Fano resonance becomes more symmetric,
and the superradiant mode profile is significantly
broadened.
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Figure 8. Experimental extinction spectra of the plasmonic
heptamer structures in dependence on the lateral displa-
cement of the center nanoparticle to the right for vertical
(left column) and horizontal (right column) polarizations.
The nominal displacement d of the middle particle from its
center position is given below the corresponding SEM
images (middle column). The scale bar is 400 nm. For the
horizontal polarization, a strong new resonance mode
appears at a long wavelength and it gains in strength with
increasing displacement. This is due to the formation of a
conductive bridge between the center particle and the
adjacent rightmost particle that are clearly visible in the
SEM images. The Fano resonance disappears in the process.
For the vertical polarization, the overall spectra are nearly
unchanged.
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into existence. This behavior shows that the collective
super- and subradiant modes have formed. The poor
modulation depth of the Fano resonance is hence
caused by dipole moment mismatch between center
particle and the dipolar ring mode rather than by
insufficient near-field coupling. Further increasing the
center particle diameter and hence its oscillator
strength leads to a better match of the dipole mo-
ments. This increases the modulation depth of the
Fano resonance. In contrast to the heptamer, the
dipole moments are no longer matched in the octamer
with equally sized nanoparticles (see the green curvein
Figure 7). Second, the resonance position of the center
particle shifts to the red due to the increase of the
center nanoparticle diameter. This partially accounts
for the overall red-shift of the spectrum. Additionally,
the red-shift of the center particle resonance reduces
the position detuning between the super- and sub-
radiant modes, leading to a more symmetric Fano
resonance in the spectrum. The strong spectral broad-
ening is due to the significantly increased overall
dipole moment of the superradiant mode upon
growth of the center particle. The spectral differences
between the two excitation polarizations can be attrib-
uted to fabrication tolerances.

Finally, we show that breaking the symmetry of the
heptamer by displacing the center particle from its
center position enables intriguing resonant behavior.
Essentially, using this scheme, one can study the
consequence of symmetry breaking as well as the
formation of a true defect by physically bridging the
center particle and one ring particle. Figure 8 displays
the experimental extinction spectra and 30° tilted view
SEM images. The nominal displacement d is indicated
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below each SEM image. When the displacement is
enlarged (the center nanoparticle is gradually dis-
placed to the right, see Figure 8), more and more
center particles within an oligomer array (100 x 100
um? size) touch their adjacent ring particles.

For the incident polarization parallel to the displace-
ment axis, a new pronounced resonance is visible at a
long wavelength around 1250 nm. To elucidate the
spectral characteristics, field distributions at the re-
spective spectral positions are presented in Figure 9.
It is apparent that at resonance B strong dipolar
plasmons are excited in the dumbbell-like structure
formed by the two touching particles. The neighboring
isolated particles mostly oscillate in phase. At this
resonance, the spectral response is dominated by the
dipolar plasmons in the dumbbell-like particle, which
exhibits strong local electric fields as shown in
Figure 9B. The amplitude of resonance B increases with
enlarging the displacement because more and more
dumbbell-like structures are formed in the array. SEM
examination of the sample reveals that in the biggest
displacement case (see the topmost spectrum in
Figure 8), the dumbbell-like structure is formed in
nearly every heptamer in the array. The increasing
displacement decreases the effective length of the
dumbbell-like structure, thus giving rise to the ob-
served blue-shift of resonance B. The Fano resonance
is subsequently smeared out by this long wavelength
mode and vanishes completely.

Interestingly, the field distributions at the extinction
dip (see spectral position A in Figure 9) still exhibit an
antiphase plasmon oscillation in the remaining five
ring particles and the dumbbell-like defect structure.
Nevertheless, due to the strong spectral position

Figure 9. Simulated electric-field distributions (z-component, normalized to the incoming field strength) and extinction
cross-section spectra of the heptamer structure, in which the center particle is displaced by 10 nm toward the rightmost
particle. Horizontal polarization: (A) dipolar plasmons excited in the dumbbell-like structure oscillate antiphase compared to
those in the outer ring nanoparticles. Due to the strong mismatch of the resonance positions as well as the dipole moments of
the dumbbell-like structures and the outer ring, the Fano resonance cannot be formed (B) fields are mostly confined in the
dumbbell-like structure and the plasmons oscillate in-phase with those in the outer ring nanoparticles. Vertical polarizations:
(C) similar plasmon oscillations as those in a perfect heptamer at the Fano resonance are observed; (D) all particles oscillate in

phase.
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detuning and dipole moment mismatch between the
defect particle and the ring particles, no Fano reso-
nance is established in this case. In contrast, for the
incident polarization perpendicular to the displace-
ment axis, the spectra are mainly unchanged. Even
though the center and ring particle touch each other,
nearly identical spectral features at the original spectral
positions are observed. The corresponding field dis-
tributions as shown in Figure 9 panels C and D validate
that the plasmon configurations are nearly the same as
those of an undisturbed heptamer. Dark-field measure-
ments based on single plasmonic heptamers will be
greatly helpful to reveal the effects of the conductive
bridge?®~?® by measuring individual structures with
different touching junctions.

CONCLUSIONS

We studied the influence of individual particles on
the collective behavior of plasmonic oligomers. We
found that the defect position within the plasmonic
oligomer plays a major role for the optical response.
This indicates that particles at different spatial posi-
tions contribute unequally. The spectral overlap of the
super- and subradiant modes can be tuned by the
coupling strength, the center particle size, the outer
ring particle size, and the number of ring particles. It is
noteworthy that already a three-particle ring around a
center particle can closely resemble the spectrum of an
undisturbed heptamer. Upon a shift of the center
particle toward the outer ring until touching, a pro-
nounced long-wavelength mode appears for the in-
cident polarization along the touching bridge. The
Fano resonance diminishes owing to the occurrence

METHODS

The structures were defined on a glass substrate by electron-
beam lithography in a positive resist (PMMA) followed by
thermal evaporation of a 3 nm Cr adhesion layer and 80 nm
gold followed by a lift-off procedure. The footprint of each array
is 100 x 100 umZ Electron micrographs of the fabricated
structures where obtained by field-emission scanning electron
microscopy (SEM), using a Hitachi S-4800. Figure 1 shows 30°
tilted and normal incidence images of selected structures under
investigation. The particles forming the outer ring have a
diameter of 150 nm, and the center particle has a diameter of
160 nm. The thickness of all the particles is 80 nm. The SEM
images demonstrate the good uniformity of the fabricated
structures over large areas. The slight conical shape of the
particles is caused by the lift-off procedure.

The optical response of the plasmonic oligomers was eval-
uated using a Fourier-transform infrared spectrometer (Bruker
IFS 66v/S, tungsten lamp), combined with an infrared micro-
scope (15x Gassegrain objective, numerical aperture NA = 0.4,
liquid nitrogen cooled MCT 77 K and Si diode detectors) giving
extinction (1-transmittance) spectra. For excitation of the struc-
tures, light at normal incidence was used and the polarization
direction is depicted next to the corresponding spectra.

The simulated extinction cross-section spectra and field
distributions at the respective spectral positions were calcu-
lated using the software package CST Microwave Studio, Darm-
stadt, Germany. An experimentally measured dielectric function

HENTSCHEL ET AL.

of the new mode. On the other hand, for the incident
polarization perpendicular to the bridge, the Fano
resonance is very robust against the defect introduced
by physically connecting the two particles.

For future investigations, we envision plasmonic
molecules of increasing complexities. As in molecular
physics, atoms join together in different combinations
and configurations to form molecules. Analogically,
this can be accomplished by using particles with
different sizes and even different materials.>' Metals
with different plasma frequencies, for example gold
and aluminum disks of an identical size, can lead to
different spectral positions of their particle plasmon
resonances. This offers an additional degree of free-
dom to vary the particle resonance position while
conserving the structural symmetry of the system. As
we have shown, it is possible to design structures of
particular symmetries to generate independent spec-
tral features at different polarizations. This might be
useful in differential diagnostics applications. Introdu-
cing vertical coupling between the oligomer
constituents is possible by building three-dimensional
artificial plasmonic molecules using a layer-by-layer
technique.3*** The resulting interaction can be much
stronger than lateral coupling. Additionally, the excita-
tion of antisymmetric modes is facilitated by retarda-
tion effects.>** It is also remarkable that the electric
fields at the Fano resonance are extremely localized in
the gaps between the oligomer constituents.>® This
might make our geometry highly useful for practical
applications, such as surface-enhanced Raman
scattering,'” plasmonic sensing,’” higher-order harmo-
nics generation,>® etc.

of gold was utilized in the simulations.?® In the calculations, we
embedded the plasmonic nanoparticles in a homogeneous
medium with an effective refractive index n = 1.25 in order to
account for the presence of the glass substrate. The assumption
of ahomogeneous medium is justified as only laterally polarized
modes are studied. In the case of out of plane modes the air/
glass interface would play a significant role.
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