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Controlling the Fano interference in a plasmonic lattice
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2Laboratory

We analyze the influence of near-field coupling on the formation of collective plasmon modes in a multilayer
metallic nanowire array. It is shown that the spectral interference between super- and subradiant normal modes
results in characteristic line shape modifications which are directly controlled by the spacing as well as the
alignment of the stacked lattice planes. Moreover, a distinct near-field-induced reversal of particle plasmon
hybridization is reported. Our numerical findings are in excellent agreement with experimental results.
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I. INTRODUCTION

Radiative decay phenomena in atomic or solid state systems have attracted a lot of interest in recent years. For example, it is well known that light-mediated coupling in an
ensemble of resonant two-level systems results in the formation of collective states with cooperative radiative decay
characteristics.1 In particular, super- or subradiant damping
can be observed, depending on the symmetry of the induced
normal modes. Similar to studies on optical lattices,2 radiative interwell coupling in Bragg-periodic multiple quantum
well structures, i.e., resonant one-dimensional photonic crystals, has been investigated as an idealized model system.3,4
Layered metallic nanostructures supporting localized surface plasmon polariton modes5 共i.e., so-called particle plasmons兲 are excellent candidates to investigate comparable interlayer coupling phenomena in an alternative material
system. Especially with regard to future applications,6 the
control over radiative coupling will allow the design of novel
plasmonic materials with a tailored optical response.7 The
simplest approach to study collective plasmonic excitations
in a layered geometry considers stacked nanowire arrays
which form vertically aligned wire pairs. Such structures
have recently gained a lot of attention due to their capability
to mimic magnetic atoms and to modify the magnetic permeability at infrared or optical wavelengths.8–11
Fundamental properties of resonant metallic nanostructures, such as localized enhanced fields and the efficient conversion of propagating light,12 strongly differentiate them
from their atomic or solid state counterparts. In particular,
the radiative damping of localized surface plasmon modes is
generally characterized by decay times in the femtosecond
range, which effectively limits the coherent interaction
length. Moreover, the presence of strong near-field components due to particle plasmon excitations affects the radiative
interlayer coupling in an ensemble of closely spaced wire
pairs. Hence, the question arises how the formation of collective plasmonic eigenmodes is influenced 共e.g., lifetime
and energy of the normal modes兲 by adjusting the near-field
interaction.
In this Rapid Communication, we study coherent interlayer coupling in a plasmonic lattice. It is discussed how
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particle plasmon hybridization13 and the spectral interference
between super- and subradiant plasmonic eigenmodes are
controlled by tuning the geometrical properties of the lattice,
i.e., by modifying the effect of near-field interaction.
II. SAMPLE AND THEORETICAL DESCRIPTION

As schematically displayed in Fig. 1, the lattice structure
consists of two aligned and vertically spaced gold nanowire
arrays. The arrays are characterized by an identical period dx
and are displaced horizontally by ds. The propagation direction of the incident light field is along the z axis, i.e., perpendicular to the grating planes. Only p polarization 共magnetic field parallel to the nanowires兲 is considered, since no
plasmonic features are expected for s polarization. All numerical calculations are based on a scattering-matrix
formalism.14 The method has already proven its capability to
handle metallic wire structures.15,16 Only the geometrical
properties of the layered structure and the dielectric susceptibilities of gold17 and silica 共s = 2.13兲 are taken into account. Note that the essential physics is first discussed theoretically on example of an idealized structure embedded into
a dielectric 共silica兲 matrix. Our theoretical analysis is then
experimentally checked for two characteristic cases.
III. NUMERICAL RESULTS

In Fig. 2, the tunability of the optical response is illustrated by a first series of spectra. Numerically calculated re-

FIG. 1. Schematic view of the double-layer plasmonic
lattice.
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FIG. 3. 共Color online兲 Numerically obtained reflection spectra
for structures with Lsp = 30 nm 共a兲 are compared with model simulations 共b兲. Spectra are shown for ds = 0 共solid red lines兲, 100 nm
共dash-dotted blue lines兲, and the single-layer reference 共dashed
black lines兲. 共c兲 indicates the calculated shift of the antisymmetric
eigenmode for spacer thicknesses of 10, 30, 50, and 100 nm.
FIG. 2. Reflection 共solid lines兲 and absorption spectra 共shaded
areas兲 for structures with dx = 200 nm and Lsp = 30 nm 共normal incidence, p polarization兲. The lateral shift is increased from ds = 0 共a兲
to 100 nm 共f兲 in steps of 20 nm. The reflection spectra of a single
grating layer 共dashed lines兲 are shown as reference.

flection and absorption spectra are plotted for plasmonic lattices with a constant period of dx = 200 nm, a nanowire cross
section of 100⫻ 15 nm2, and a spacer thickness of Lsp
= 30 nm. Only the lateral displacement ds is modified and
stepwise increased. For reasons of simplicity, the lattice
structure is embedded in a homogeneous silica matrix. The
additionally plotted spectra of a single reference lattice are
characterized by one spectrally broad particle plasmon resonance, corresponding to the optically active symmetric
eigenmode of the lattice 共in-phase oscillation of the valence
electrons in all wires, dashed lines in Fig. 2兲. The period is
chosen such that near-field interaction between adjacent
wires is minimized and only the zeroth-order diffraction
channels are propagating. The spectral response clearly
changes when a second identical grating layer is placed
within a few nanometers above the first layer. The plasmonic

double-layer structure exhibits two pronounced resonances
共i.e., lifted degeneracy兲 due to the interaction of the plasmon
modes of the individual lattices. Figure 2共a兲 resembles the
prominent case of wire pair structures.8,9 The high-energy
resonance is associated with the symmetric or superradiant
eigenmode 共i.e., electric resonance兲. As indicated by the inset, the impinging light induces a parallel electron flow in the
wire pair. The antisymmetric or subradiant eigenmode 共i.e.,
magnetic resonance兲 is found at a lower energy and is characterized by opposing currents. The subradiant nature of the
mode, i.e., the suppression of radiative damping, results in a
prolonged lifetime 共narrow spectral bandwidth兲 and a pronounced absorption peak. Note that the spectral overlap of
the long-living subradiant mode and the spectrally broad superradiant mode leads to the typical Fano-type interference,18
inducing asymmetric line shapes in the reflection spectrum.
In Fig. 2, the tunability of the optical response becomes evident when increasing the lattice detuning ds. The modified
near-field interaction changes the eigenmode properties and
hence the surface plasmon interference conditions. The most
striking feature is the strong blueshift of the antisymmetric

FIG. 4. 共Color online兲 Calculated reflection 共upper row兲 and absorption 共lower row兲 contour maps for lattice structures with dx
= 200 nm plotted as a function of Lsp. The lateral shift is increased from ds = 0 共a兲 to 100 nm 共f兲 in steps of 20 nm. The spectral position of
the localized plasmon mode of a single grating layer is indicated by dashed horizontal lines.
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eigenmode, which shows up as a pronounced reflection minimum within the symmetric surface plasmon resonance.
The Fano-type line shapes in the far-field reflection spectra R共兲 = 兩r共兲兩2 can be well described by a phenomenological model7,19,20 assuming
r共兲 = ar +

− b ⌫ e i j

j j
,
兺
ប

−
E j + i⌫ j
j=s,a

共1兲

where ar specifies the amplitude of a constant background,
and b j and  j characterize the amplitude and phase of the
two localized surface plasmon eigenmodes. The spectral position and the linewidth of the individual resonances are
specified by E j and ⌫ j, respectively. Figure 3 shows numerical calculated reflection spectra 关Fig. 3共a兲兴 and the corresponding fits 关Fig. 3共b兲兴 using Eq. 共1兲 for three characteristic
cases extracted from Fig. 2. For the single-layer reference
spectrum, the fit includes only a single resonance at Es
= 1.75 eV with a total linewidth ⌫s = 250 meV. In the case of
ds = 0 nm, excellent agreement is found using two resonances: a symmetric 共antisymmetric兲 mode at Es = 1.93 eV
共Ea = 1.38 eV兲 with ⌫s = 380 meV 共⌫a = 60 meV兲 and s = 0
共a = 0.98兲. This quantitative analysis provides important
information on the coupling mechanism. For example, a lattice displacement of ds = 100 nm affects the spectral positions
of both resonances, and Es 共Ea兲 is shifted to 1.6 eV
共1.76 eV兲. Furthermore, while the linewidth of the subradiant mode ⌫a is not modified, ⌫s is increased to 450 meV.
The physical origin of the spectral shifts can be understood when regarding the restoring forces induced by the
collectively displaced nanowire conduction band electrons.
For example, the appearing restoring forces in a structure
with ds = 0 nm are reduced 共increased兲 in case of the antisymmetric 共symmetric兲 mode. The surface charge distribution at
the upper wire is facing the opposite 共identical兲 charge distribution of the lower wire. This fact is continuously changed
when the displacement is increased to ds = 100 nm. Now the
oscillating charges at the upper wire perceive the arising surface charges at the edges of both neighboring wires of the
lower lattice plane. Effectively, the restoring forces are altered such that symmetric and antisymmetric modes change
their Lsp-dependent frequency characteristics.
As expected, the induced spectral shifts are characterized
by a strong spacer layer thickness dependence. The dispersions of the antisymmetric surface plasmon modes, extracted
from our numerical calculations, are displayed in Fig. 3共c兲.
These curves indicate that already a spacer thickness of approximately Lsp = 100 nm is sufficient to avoid the near-field
induced ds dependence.
A more complete picture of the particle plasmon hybridization scheme is gained from Fig. 4. The calculated reflection and absorption contour maps are shown in dependence
on the vertical shift ds. The calculations impressively reveal
that the spacer-dependent interlayer coupling can indeed be
classified into two regimes. Radiative coupling is the only
interaction mechanism for structures with Lsp ⬎ 100 nm 共farfield regime兲, while spectra for smaller separations show an
additional dependence on strong near-field components
共near-field regime兲. In particular, the spectral response is not

FIG. 5. 共Color online兲 Reflection 共R兲, transmission 共T兲, and absorption 共A兲 spectra for lattice geometries with dx = 200 nm. The
experimental spectra in 共b兲 for a structure with ds = 0 nm and Lsp
= 25 nm are compared with corresponding numerical results in 共c兲.
The experimental and numerical spectra for lattices with ds
= 100 nm and Lsp = 17 nm are shown in 共e兲 and 共f兲.

sensitive to the exact lattice alignment in the far-field regime
for Lsp ⬎ 100 nm: identical reflection and absorption spectra
are obtained for arbitrary displacements ds when Lsp
⬎ 100 nm. Pointing out that Bragg-spaced lattices and resonant band gap formation will be separately addressed in a
forthcoming presentation, we restrict ourselves to the discussion of the near-field regime. The commonly discussed plasmon hybridization into symmetric and antisymmetric modes
is illustrated in Fig. 4共a兲. The reflection maximum of the
symmetric mode at higher energies is continuously increased
in energy until the limit of touching wires is reached. In
contrast to the symmetric mode, the subradiant antisymmetric mode at lower energies can be traced in the reflection as
well as in the corresponding absorption maps. Starting from
approximately 1.5 eV, the spectral width and the photon energy are reduced when the spacer thickness is decreased. It is
important to remark that the energy splitting of sub- and
superradiant modes should vanish in a system without near-
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field interaction when Lsp approaches zero. Similar to Braggspaced lattice planes, radiative interaction would then result
in two degenerate surface plasmon modes: a superradiant
mode characterized by effective coupling to the radiation
field, and an optically inactive subradiant mode. Surprisingly,
the displacement of the lattices induces a complete inversion
of the plasmon hybridization scheme. As demonstrated in
Figs. 4共b兲–4共e兲, the antisymmetric eigenmode starts to bend
upwards while decreasing the spacer thickness. The complete
inversion is found for a maximum shift of ds = 100 nm in Fig.
4共f兲. Now the crossing of the symmetric and antisymmetric
surface plasmon modes results in a Fano interference and
hence a nearly complete suppression of the reflection within
a narrow band.

and 5共c兲, the subradiant mode 共⬇1.65 eV兲 is redshifted in
comparison to the superradiant mode 共⬇2.1 eV兲. As displayed in Figs. 5共e兲 and 5共f兲, the spectral position of the
subradiant mode is increased in energy 共⬇2.1 eV兲 and is
now located above the superradiant mode. Note that inhomogeneous broadening affects the Fano features in the experimental spectra. Particularly, the reflection spectrum in Fig.
5共b兲 shows slight deviations close to the position of the subradiant mode. This observation might be related to the fact
that the exact shape of the upper nanowire slightly deviates
from the lower one. Future experimental work has to be focused on the fabrication of plasmonic lattices with asymmetric wire alignments and small spacer thicknesses, which requires the use of planarization techniques.

IV. EXPERIMENTAL VERIFICATION

V. CONCLUSION

Experimental results show excellent agreement with our
numerical predictions. For example, measured reflection,
transmission, and absorption 共A = 1 − R − T兲 spectra are shown
in Fig. 5 for two characteristic lattice geometries. Extreme
ultraviolet 共euv兲 interference lithography has been used to
fabricate large area 共1 ⫻ 1 mm2兲 plasmonic lattices with periods of dx = 200 nm and wire cross sections of 100
⫻ 20 nm2. The first example is a double-layer structure with
ds = 0 nm and Lsp = 25 nm. As shown in Fig. 5共a兲, the wire
pairs have been fabricated by evaporating Au and MgF2 layers before the final lift-off step. The lattice 共ds = 100 nm兲 in
Fig. 5共d兲 is simply based on the structured hydrogen silsesquioxane 共HSQ兲 photoresist layer 共HSQ = 1.69兲 as an appropriate spacer 共Lsp = 25 nm兲. Thus, only a single evaporation
step without lift-off is required.
The spectra in Fig. 5 clearly reveal the expected spectral
modifications, although the geometry of the investigated
structures is less symmetric 共i.e., no SiO2 coverage of the
grating兲. In particular, the near-field-induced inversion of the
plasmon hybridization can be directly observed. In Figs. 5共b兲

In conclusion, we have studied the influence of near-field
interactions in a radiatively coupled plasmonic lattice. It has
been demonstrated that plasmon hybridization can be reversed by directly controlling the near-field-induced coupling. In particular, the spectral interference between superand subradiant modes can be altered by simply modifying
the symmetry of the lattice. The discussed fundamental phenomena will allow a broad range of applications, including
the design of novel metamaterials, filters, and sensors.
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