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Abstract

Eigenmodes in a typical fishnet metamaterial have been clarified based on precise numerical analysis.
The lowest mode in energy splits into two branches at in-plane wave vector/of). The lower

branch is found to be the mode of in-plane negative group velocity, responsible for negative refraction
in fishnet metamaterials.

1. Introduction

Fishnet metamaterials (MMs) have attracted great interest as MMs of effective negative refractive index
[1]. The concept of effective refractive index comes from the assumption of homogenization of linear
optical responses in MMs. From purely structural point of view, fishnet MMs are periodically perforated
metal-insulator-metal (MIM) waveguides. It is therefore possible to examine the eigenmodes. To our
knowledge, the eigenmodes have not been clarified so far. By analysing the eigenmodes, it is expected
to obtain the firm ground characterising the resonances in fishnet MMs and moreover to reveal how the
features of the eigenmodes are related to the effective refractive index. In general, eigenmodes provide
rich physical insights in plasmonic crystals [2, 3].

In this paper, we focus on to analyse a typical fishnet MM and especially to clarify the lowest eigenmode
associated with the effective negative refractive index. In Sec. 2, the concrete structural parameters and
optical configuration are shown. In Sec. 3, the dispersion relation of eigenmodes is shown and described
by an analytical equation, and the resonant features of electromagnetic (EM) power flow are exhibited,
based on precise numerical analyses. In Sec. 4, concise conclusions are given.

2. Structure of fishnet MM and optical configuration

Figure 1 shows a fishnet MM of (Au/ADs/Au) on quartz substrate (pale blue). The structural param-
eters are set to be almost same with the ones in Ref. [1]: the air holes (white) of 400 nm diameter are
arrayed in the square lattice of 830 nm periodicity, and the thickness of the three layers in the fishnet MM
is 30, 60, and 30 nm. The andy axes are set to be parallel to the square array. In the configuration,
the fishnet MM is assumed to periodically spread inthelane and is optically probed by plane wave
travelled from air. We here concentrate on this configuration corresponding to experiment. Effective
refractive index is usually extracted at the normal incidence, that is, wave \ggfiar

ISBN 978-952-67611-0-7 - 856 - © 2011 Metamorphose-VI



Metamaterials '2011: The Fifth International Congress on Advanced Electromagnetic Materials in Microwaves and Optics

Fig. 1: Fishnet MM, coordinate axes, and optical configuration. Fishnet MM is composed of stacked
layers of air-hole array (white). Yellow and dark blue denote Au angDA| respectively. Pale blue
denotes quartz substrate.

3. Features of the lowest eigenmode

Figure 2(a) shows reflectance (R) and transmittance (T) spectrappdiarization (i.eincident electric

field E;, parallel to thezz plane). These spectra were computed with the improved modal Fourier
method [4] coupled with scattering matrix method [5]. R spectra of incident arfigle 8 are plotted

with offset. The permittivity of Au was taken from the literature [6]. The present issue is the lowest
mode located at 0.60 eV and thcident angle, though the R dip and T enhancement are not prominent
compared with the reduced surface plasmon polariton (SPP) at 0.95 eV amhich is consistent with

the experimental report [1].

Figure 2(b) shows dispersion plots (closed and open circles, and closed oblique squares) extracted from
the R dips in Fig. 2(a). The dispersions are plotted in the plane of normalipadallel in-plane wave
vectorka /27 and photon energy in eV, where thelenotes the periodicity. The red closed circles show

the lower branch of the lowest mode ungepolarization. The red open circles present the reduced
SPP associated with diffraction. The two decreasing branches are almost linear; on the other hand, the
tangents are quite different. We introduce an equation for the dispersion of the lower branch of the lowest
mode,

da
= —c(k—2
“ c(k 7T/a)\/dA + (4me/wy) coth(wpdar/c)’
and show it with blue dashed line in Fig. 2(b), whelrg andd,,; respectively denote the thickness of
Al,O3 and Au layersyw, is the plasma frequency of Au defined in Drude model [6], arsthe velocity
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Fig. 2: (a) R spectra (red) displayed with offset from incidence anglo®@5 at 5 step. T spectra at

normal incidence (blue). (b) Dispersion unddieft) andp (right) polarizations, shown with circles and
oblique squares. Blue dashed line is the dispersion evaluated from Eq. (1).
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Fig. 3: In-plane time-averaged EM power flow of the lowest mode at (a) lower and (b) upper branches.

of light in vacuum. Equation (1) stems from a dispersion equation for a non-perforated MIM waveguide
[7]. Here itis reduced in the first Brillouin zone and results in Eq. (1), which well reproduces the lower
branch. Equation (1) means that the group velocity in plane is negativéik) < 0.

Figure 3 shows in-plane time-averaged EM power flow (or Poynting flux) of the lowest mode: (a) the
lower branch at 0.505 eV and 3@nd (b) the upper branch at 0.620 eV and.1The unit cell in the

xy plane is displayed (thg axis is set as shown in Fig. 1). Color plot shows the intensity and arrows
denote three-dimensional vectors on thesection in ALO3 layer with air hole. The Poynting flux was
evaluated by finite element method (COMSOL Multiphysics). Obviously, negative Poynting flux for the
x-component of incident wave vector is realised only at the lower branch [Fig. 3(a)].

4. Conclusions

A typical fishnet MM has been analysed as a perforated MIM waveguide. It is directly shown that the
lower branch of the lowest mode has in-plane negative Poynting flux. The negative group velocity is
also derived from the dispersion equation. Negative refraction effect [8] comes from the feature of the
eigenmode. The present analysis also implies the potential to realise negative refractive media at the
longer wavelength ranges, based on MIM waveguides.
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