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ABSTRACT Assemblies of strongly interacting metallic nanoparticles are the basis for plasmonic nanostructure engineering. We
demonstrate that clusters of four identical spherical particles self-assembled into a close-packed asymmetric quadrumer support strong
Fano-like interference. This feature is highly sensitive to the polarization of the incident electric field due to orientation-dependent
coupling between particles in the cluster. This structure demonstrates how careful design of self-assembled colloidal systems can
lead to the creation of new plasmonic modes and the enabling of interference effects in plasmonic systems.
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ano interference is a general phenomenon in systems

where energy transfer from an initial state to a final

state can occur via two pathways.' It arises when
these pathways destructively interfere, reducing the total
energy transfer to the final state. This effect was originally
studied in atomic' and other quantum mechanical systems
such as coupled quantum wells in semiconductors;” recently,
classical analogues to Fano interference® have been studied
in systems of interacting plasmonic nanostructures.*”'?

Plasmonic systems supporting Fano-like interference can
be characterized by a frequency diagram (Figure 1a) consist-
ing of a continuum of incident photons (I), a superradiant
“bright” mode (B) that couples to the continuum, and a
subradiant “dark” mode (D) that does not couple to the
continuum but couples to the bright mode via a near-field
interaction. The bright mode is strongly lifetime broadened
with a decay rate I'y due to radiative and nonradiative losses,
such as free carrier absorption, while the dark mode is
weakly lifetime broadened with a decay rate I'n < I'y due
principally to nonradiative losses. The frequency of the dark
mode lies within the width of the bright mode.

If the system is pumped at frequencies resonant with
both the bright and dark mode, the bright mode will be
excited by two pathways (Figure 1b): [I) — [B) and |I) — |B)
— |D) — |B). Coupling between |B) and |D) (Figure 1c)
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occurs as the near-field of one mode overlaps with and
excites the other mode. Phase shifts accumulate here be-
cause the coupling occurs at the resonances of the modes
and is dispersive;’ generally, the excitation of a classical
oscillator at its resonance incurs a phase shift ranging from
0 to . Fano-like interference occurs when the cumulative
phase shift from |B) — |D) — |B) is & so that the two
pathways shown in Figure 1b interfere destructively, cancel-
ing the polarization of the bright mode. The result is a narrow
window of transparency characterized by a minimum in the
scattering and extinction spectrum.

Classical coupling between superradiant and subradiant
modes in Fano-like interference can be modeled in several
ways that highlight the underlying physical mechanism. One
approach involves a mass-spring analogy, where the modes
are treated as masses coupled together by a spring.” The
“bright mass” is electrically charged and therefore couples
to an external electromagnetic force and is strongly damped;
the “dark mass”, not being charged, does not couple to the
external force and is weakly damped. By judicious choice
of system parameters, the Fano minimum can be resolved
in the spectrum of the bright mass amplitude. An even more
general description, presented in the SOM, can be formu-
lated by expressing the polarizability of a lossy, dipolar
oscillator as the summation of a weak and strong resonance.
Here, it is found analytically that near the peak of the weak
resonance, the narrow Fano minimum and lineshape is
recovered in the polarizability spectrum.

In many prior demonstrations of plasmonic Fano-like
interference, nanostructures were fabricated with top-down
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FIGURE 1. Schematics describing plasmonic Fano-like interference.
(a) Frequency diagram for a system supporting Fano-like interfer-
ence. There exists a bright mode, which can couple to photons in
the continuum (e.g., free space), and a dark mode, which does not
couple to the continuum. The modes are linewidth broadened with
decay rates I's and I'p, respectively, and they overlap in energy. (b)
The excitation of the bright mode at @ can occur by two paths with
degenerate energies, |I) — |B) and |I) — |B) — |D) — |B). (c) Energy
transfer between the bright and dark modes takes place by near-
field coupling, with coupling constant kK. The Fano minimum is
characterized by a combined phase shift from |B) — |D) and |D) —
|B) equal to &, so that the two paths shown in (b) destructively
interfere and cancel the polarization of the bright mode. (d) Calcu-
lated extinction spectrum and surface charge density plots for a
nanoshell quadrumer, for normal incidence and the electric field
oriented at 90°. The nanoshells have a geometry set to [r/r;] =
[62.5/85] nm, where r; and r, are the core and shell radius,
respectively, and their interparticle separation is 2.0 nm. The
structure is embedded in a dielectric ellipse with a refractive index
of 1.5. The Fano minimum, characterized by a pronounced spectral
minimum, is at 1080 nm. The peaks of the interfering bright and
dark modes are denoted by pink and black dashed lines, respectively.

processing, using electron beam lithography or focused ion
beam milling.®'*~'* An alternative to top-down fabrication
is the bottom-up assembly of metal—dielectric colloids.
Recently, it was demonstrated theoretically’ and experi-
mentally'' that self-assembled clusters of seven metal—
dielectric colloids support strong Fano-like resonances. With
these clusters, the coupling between particles is strong and
the Fano-like resonance can be tuned from the visible to the
near-IR by varying structural parameters such as the particle
geometry and interparticle separation.

In this Letter, asymmetric quadrumers of polymer-coated
gold nanoshells are investigated as model systems for Fano-
like interference. Individual clusters are assembled and
analyzed with dark field scattering spectroscopy; details of
the fabrication and experimental setup have been reported''
and are discussed in the Supporting Information (see Figure
S1). Nanoshells are spherical silica-core metal-shell nano-
particles with plasmonic resonances that are tunable based
on their core—shell aspect ratio.'>'® They are useful ele-
ments for cluster assembly because their synthesis and
packing into clusters are highly controllable. Furthermore,
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clusters built from such isotropic colloidal units will generally
support bright electric dipole modes for all incident electric
field orientations, providing much flexibility in Fano-like
resonance engineering. This work builds on the previous
study'' of seven-particle clusters, where the observed Fano-
like resonance was isotropic in the plane of the structure.
Here, only four particles are involved, which considerably
simplifies the bottom-up assembly of the cluster. Further-
more, the analysis of this asymmetric quadrumer, together
with the symmetric quadrumer, supports the detailed study
of Fano-like resonances in the context of symmetry breaking.

To understand the origin of Fano-like interference in
asymmetric clusters, it is useful to first examine the scatter-
ing spectra of a single nanoshell and of symmetric dimer
and trimer clusters (Figure S2 in Supporting Information).
These spectra each contain a bright electric dipole peak, but
there are no Fano minima that strongly overlap with these
modes. These structures do support many dark modes;
however, they are either strongly blue shifted relative to the
bright mode or do not couple to this mode due to symmetry
considerations (discussed in detail later). To create dark
modes that strongly overlap with and couple to the bright
mode, additional mode engineering is required.

In one approach, spherical particles of different sizes or
types can be packed into clusters; asymmetry can modify
the dark modes and enable their strong interference with
the bright mode.*”'"7?° Symmetry breaking has been
previously utilized in colloidal systems involving solid
gold—silver nanosphere dimers,?' gold nanosphere—nano-
shell dimers,** and nearly concentric gold nanosphere—nano-
shell particles.?® In another approach, additional identical
nanoparticles can be added to create larger clusters. Here,
new dark modes are created”**>*** that contribute to strong
Fano-like resonances. This approach is the basis for the
heptamer cluster,”''~'> which comprises seven identical
particles packed in a hexagonal lattice. Strong Fano-like
interference results from the interaction between the bright
mode and a new type of dark mode, where the polarization
of the outer ring of six particles is oriented oppositely to that
of the inner particle. This approach is advantageous because
identical nanoparticles are used, which simplifies cluster
fabrication based on self-assembly. In the present study, we
show that the asymmetric quadrumer is the simplest close-
packed structure of identical spheres that supports strong
Fano-like resonances.

We begin our analysis by examining the calculated
extinction spectrum of the asymmetric quadrumer (Figure
1d). The bright mode is peaked at 900 nm, and its broad
linewidth spans the entire wavelength range shown. The
surface charge density plot for this mode at its peak intensity
shows that the charge distribution on each nanoshell is
predominantly dipolar and oriented in the same direction,
resulting in strong scattering due to the constructive interfer-
ence of their radiating fields. Fano-like interference is char-
acterized by the narrow dip at 1080 nm. The corresponding
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FIGURE 2. Scattering spectra of the quadrumer. TEM image and
spectra of an asymmetric quadrumer. The orientation angles of the
incident electric field relative to the cluster are shown in the TEM
image. The experimental spectra show a Fano minimum at 1080
nm that varies with orientation angle and is strongest at 90°. The
calculated spectra also show a Fano minimum with a similar
resonant wavelength and dependence on orientation angle.

charge density plot at the Fano minimum shows only the
dark mode, indicating resonant energy storage in this mode
and suppression of the bright mode. The total dipole mo-
ment of the dark mode is small because the dipoles of the
two nanoshells in the center are oriented oppositely to the
top and bottom nanoshells. As a result, the scattered fields
from the nanoparticles interfere destructively and the mode
becomes subradiant.

The TEM image and scattering spectra for an asymmetric
quadrumer are presented in Figure 2 for different orienta-
tions of the incident s-polarized electric field relative to the
cluster. Unlike the extinction spectrum in Figure 1d, these
scattering spectra do not include contributions from absorp-
tion. In addition, higher order modes, including the Fano-
like dark mode, can couple directly with the incident light
due to retardation effects created by the large incidence
angle;*” as a result, higher order mode peaks become visible
throughout the spectra, and the Fano-like minimum be-
comes slightly less pronounced. At 0° orientation, the
spectrum shows a smooth, broad electric dipole peak; at
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45°, a narrow Fano minimum emerges at 1080 nm, which
increases in magnitude for larger orientation angles. Calcu-
lated scattering spectra are also plotted in Figure 2 and show
good agreement with the experimental spectra. As observed
experimentally, these spectra display a clear Fano minimum
at 1080 nm that is anisotropic with the orientation of the
incident electric field.

These quadrumers are modeled with an interparticle
separation of 2.0 nm and a nanoshell geometry of [r, r,] =
[62.5, 85] nm, where [ry, 12] correspond to the silica core
and nanoshell radii, respectively. These nanoshell geom-
etries are consistent with those from the experimental TEM
image. It is difficult to definitively resolve interparticle
separations on the order of 2 nm because TEM images are
two-dimensional projections of three-dimensional structures;
sample properties such as particle faceting and depth-of-field
limitations in the TEM image can limit the resolution of this
measurement.”® A spacing of 2.0 nm is chosen by modeling
clusters with various separations and choosing the calculated
spectra that best matched those from the experiment. It is
noted that, while these spacings are small, they are not in a
regime that supports electron tunneling within the gaps,
which typically occurs at distances smaller than 1 nm.?"?®
The simulated incidence angle, incident polarization, and
numerical aperture of the collection objective match those
of the experiment and are defined in the Supporting Infor-
mation. The thin film substrate support is justifiably ne-
glected in these calculations (see Figure S3 in Supporting
Information). While a single set of spectra is shown here,
the observed Fano minimum is a robust feature and is
observed in nearly all individual asymmetric quadrumer
structures. This was the case even when the quadrumer
comprisedamoderately polydisperse distribution of nanoshells
(see Figure S4 in the Supporting Information).

The pronounced anisotropy of the Fano-like resonance
in Figure 2 is caused by differences in the quadrumer
geometry along its two symmetry axes. In particular, the
interaction between the two central nanoshells of the cluster
qualitatively changes as the polarization of the dark mode
shifts from one axis to the other. To understand the underly-
ing plasmonic interactions responsible for this anisotropy,
we begin by analyzing the symmetric quadrumer, shown in
Figure 3a. This structure supports an isotropic spectral
response in the plane of the cluster due to its high degree of
symmetry.”” The two central nanoshells are separated by a
large gap and couple very weakly with each other. The
extinction spectrum of this structure reveals a broad, super-
radiant bright mode centered near 1000 nm. As with the
bright modes in the asymmetric quadrumer, this mode
consists of individual nanoparticle dipolar plasmons oscil-
lating in the same orientation. A Fano-like resonance weakly
overlapping with the bright mode is observed at 710 nm.

This cluster actually supports a host of dark modes, some
of which strongly overlap in energy with the bright mode.
An example is the magnetic mode,*>*? which supports a
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FIGURE 3. Symmetry breaking in quadrumers. (a) Calculated extinc-
tion and absorption spectra of a symmetric quadrumer. Dark modes
capable of coupling with the bright electric dipole mode are all
strongly blue shifted relative to the bright mode, and the structure
therefore supports only a strongly blue shifted Fano-like resonance
at 710 nm. (b) Calculated absorption spectra of dark modes for the
symmetric and asymmetric quadrumer. The dark mode of the
symmetric quadrumer and asymmetric quadrumer with 0° polariza-
tion orientation does not strongly overlap with the bright mode,
while the dark mode of the asymmetric quadrumer with 90°
polarization orientation strongly overlaps with the bright mode. This
mode is strongly red shifted compared to the other dark modes due
tolongitudinal capacitive couplingbetween the two central nanoshells,
which is characterized by an attractive Coulomb interaction between
the surface charges of these nanoshells.

circulating displacement current and is slightly red shifted
relative to the bright mode peak. The reason why many of
these dark modes do not contribute to Fano-like resonances
can be understood from group theory, which can be used
to classify modes into different irreducible representations
based on their symmetry. These representations form an
orthogonal basis for the optical modes, and as such, only
modes with the same irreducible representation can couple
with each other. In prior analysis,?” it was shown that
optically active modes belong to the 2E, irreducible repre-
sentation. Therefore, only dark modes with 2E, symmetry
can couple with the bright cluster mode and contribute to
Fano-like interference. The magnetic mode in the example
above has A,y symmetry and cannot couple with the bright
mode; it consequently is not clearly observed in the scatter-
ing spectrum. An examination of all 2E, modes of the
symmetric quadrumer shows dark modes all strongly blue
shifted relative to the bright electric dipole cluster mode,?>
resulting in Fano-like resonances that are strongly blue-
shifted relative to the bright mode.

To clearly show the energies of the quadrumer dark
modes in various cluster configurations, dark modes are
directly simulated by exciting dipoles of the individual
nanoshells with orientations shown in the insets of Figure
3b. In all cases, the dipole moments of the two central
nanoshells oppose those of the top and bottom nanoshell,
similar to that in Figure 1d. The dark mode spectrum of the
symmetric quadrumer shows the mode near 710 nm that
is responsible for the Fano minimum in Figure 3a. As the
symmetric quadrumer deforms into an asymmetric quadru-
mer, the gap between the two central nanoshells reduces
and the two particles strongly couple, leading to a highly
polarization-dependent modification of the dark mode. The
bright mode of the quadrumer also becomes orientation-
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dependent upon symmetry breaking; however, this depen-
dence is not very strong: for all polarization orientations, this
mode is characterized as a broad feature peaked between
800 and 1100 nm (Figure 2). This mode is somewhat
insensitive to orientation because, for all polarization orien-
tations, there is strong longitudinal capacitive coupling
between nanoshells along the polarization direction. This
coupling is characterized by a strong Coulomb attraction
between the surface charges of the nanoshells, resulting in
a strong mode red shift for all orientations. Additionally, the
mode is strongly linewidth broadened for all orientations
because the dipoles of the individual nanoshells are always
aligned in the same direction, yielding superradiance.

For nanoshell polarizations oriented at 0°, the dark mode
appears at 680 nm. As with the dark mode of the symmetric
quadrumer, this mode contributes a Fano-like resonance
that does not strongly overlap with the bright mode con-
tinuum. In this mode, the dipoles on the central nanoshells
are parallel with one another, such that there exists Coulomb
repulsion between the surface charges of the nanoshells.
This causes the dark mode to blue shift slightly relative to
that of the symmetric quadrumer, which does not support
such coupling between the central nanoshells.

The spectrum of the asymmetric quadrumer with nanoshell
polarizations oriented at 90° shows a strongly red shifted
mode at 1100 nm. Here, the dark mode resonance is near
the peak of the bright cluster mode (Figure 1d) and contrib-
utes to a strong Fano-like resonance (Figure 2). The substan-
tial red shift observed for this particular symmetry breaking
arises due to the strong longitudinal capacitive coupling
between the two central nanoshells, similar to that sup-
ported by the bright mode described earlier. The fact that
this dark mode is shifted to the red side of the bright mode
(Figure 1d) indicates the presence of strong higher-order
mode coupling (i.e., quadrupolar, octupolar, etc.) between
nanoshells in this cluster. This additional coupling between
neighboring nanoshells leads to further enhanced longitu-
dinal capacitive coupling between nanoshells and further red
shifts the mode; these contributions of multipolar coupling
to red shifting can be quantified using plasmon hybridiza-
tion.*® These multipolar charge distributions on the nanoshells
in the cluster can be inferred from the surface charge plot
of the dark mode in Figure 1d, which displays highly
nondipolar charge distributions on the nanoshells.

Nanostructures supporting strong Fano-like interference
have a range of applications. One is nanoscale waveguiding,
where the propagation of radiation along a chain of nano-
structures at their Fano minimum can yield highly dispersive
and relatively scatter-free waveguiding. These structures can
also be used as optical cavities because they can store large
amounts of energy in the dark mode. Their integration with
gain media can lead to light amplification at this mode. An
application for individual passive structures is localized
surface plasmon resonance (LSPR) sensing, in which shifts
in plasmon resonance energy are measured as a function
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FIGURE 4. Calculated spectra of quadrumers in different dielectric
environments. (a) The Fano minimum is highly sensitive to the
surrounding dielectric environment and red shifts in the extinction
spectra when embedded in either a small or large elliptical disk with
dielectric constant € = 2.5. The thin disk (middle) has dimensions
[Ri, R2] = [179, 116] nm and is 30 nm thick, and the larger, thick
disk (bottom) has dimensions [R;, R,] = [284, 221] nm and is 250
nm thick. R, and R, are the major and minor axes, respectively, and
the disks are aligned with the equatorial plane of the cluster. (b)
Scattering spectra of a quadrumer embedded in environments of
different index of refraction. (c) The calculated figure of merit,
determined in part by the change in Fano minima energy as a
function of local refractive index, is 6.7. The inset shows the
calculated nm/RIU to be 647.

of the refractive index of the environment. Structures sup-
porting Fano-like resonances are ideal for nanoscale LSPR
sensing because they are particularly sensitive to the sur-
rounding environment and have relatively narrow line-
widths.”?'2!-32 Calculated extinction and scattering spectra
of the quadrumer in different dielectric environments are
shown in Figure 4 and exhibit large sensitivity to the local
environment. Figure 4a shows that even a thin dielectric disk
insert can cause a significant red shift of the spectral position
of the Fano minimum; this is consistent with the fact that
most of the energy of the mode is localized at the gaps where
the nanoshells are most closely spaced.””

The sensitivity of an LSPR sensor can be characterized
by the figure of merit (FoM) defined as (AE/An)/(linewidth),>*
where AE/An is the shift in surface plasmon resonance
energy as a function of refractive index and the “linewidth”
corresponds to the width of the plasmon resonance. For
Fano-like resonances, the linewidth can be defined as the
energy difference between the Fano minimum and the
closest neighboring peak;” it is otherwise difficult to consis-
tently define the linewidths of such highly asymmetric
lineshapes. The AE and An parameters plotted in Figure 4c,
taken from the scattering spectra in Figure 4b, yield a FoM
of 6.7, which is similar to those experimentally and theoreti-
cally measured in related Fano structures.”'*>" This FoM is
greater than those measured in individual gold and silver
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nanoparticles, which range from 0.9 to 5.4,®> demonstrating
the utility of Fano-like resonances in LSPR sensing. Another
parameter that is used to characterize LSPR sensors is nm/
RIU, which gauges the change of mode peak wavelength as
a function of refractive index; as shown in the inset of Figure
4c, the nm/RIU of the quadrumer is 647. In practice, the
polymer spacer in self-assembled quadrumers would need
to be removed for the structure to support large FoMs and
nm/RIUs. This may be achieved by various forms of chemi-
cal removal and may be expedited by judicious choice of the
polymer; this will be the subject of future study.

In conclusion, we have demonstrated that the asym-
metric quadrumer cluster supports a pronounced Fano
minimum. The strength of this resonance strongly depends
on the polarization of incident electric field, which is due to
orientation-dependent capacitive coupling within the cluster.
While this resonance was demonstrated using nanoshells,
it is general to plasmonic systems of spherical particles such
as solid spheres and hollow shells; the existence of the bright
and dark modes as eigenmodes with the same irreducible
representation originates from the symmetry of the quadru-
mer geometry itself. It is noted however that this analysis
cannot be generalized to clusters comprising nonspherical
particles such as cubes, as higher order mode coupling
between such particles is different from spheres and is
strongly orientation dependent. This structure has potential
for a number of applications including LSPR sensing; its FoM
and nm/RIU are calculated to be 6.7 and 647, respectively.
This study demonstrates that simple, self-assembled nano-
structures indeed have the capacity for interesting and
unique optical modes and that they will play a large role in
the swiftly growing field of coherent plasmonic engineering.
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