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ABSTRACT

In a recent paper [Phys. Rev. Lett. 94, 197401 (2005)], we introduced a mechanism for creating artificial high refractive
index metamaterials by exploiting the existence of sub-wavelength propagating modes in metallic systems. We showed
that a perfect metal film with a periodic arrangement of sub-wavelength cut-through slits can be regarded as a dielectric
slab with a frequency-independent effective index. Here, we discuss the optical properties of such a system when the
perfect metal condition is no longer valid, e.g., in the visible and near infrared wavelength regimes. If the metal obeys a
plasmonic dispersion model, we find that films with a periodic arrangement of sub-wavelength slits support two distinct
types of guided modes: a surface mode and a set of effective dielectric slab modes. We show how the behavior of both
modes is affected by film thickness and surface properties.
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1. INTRODUCTION

Recently, there has been great interest in exploiting sub-wavelength resonances in metallic structures to create artificial
materials with unusual effective electromagnetic responses. Notable examples include high-impedance surfaces used as
an antenna substrate,' negative refractive index metamaterials, effective surface plasmon behavior on perfect metal
surface with gratings,4 and effective bulk plasmon behavior in thin-wire structures. In a recent paper,” we introduced
a mechanism for creating artificial high refractive index metamaterials by exploiting the existence of sub-wavelength
propagating modes in metallic systems. We showed that a perfect metal film with a periodic arrangement of cut-
through slits can be regarded as a dielectric slab with a frequency-independent effective refractive index. The effective
index in this system is entirely controlled by geometry, and indices that are arbitrarily high can be straightforwardly
synthesized. Such a capability is potentially important for miniaturization of optical or electromagnetic devices and for
improving resolution in imaging. More fundamentally, the refractive index is commonly regarded as an intrinsic
material property that is directly related to the underlying electronic states. By pointing out that the refractive index can
be controlled by geometry only, we added evidence to the important potential of replacing electronic states with sub-
wavelength electromagnetic resonances. This in turn could open up a new world of possibilities in optical physics. In
this paper, we summarize the results obtained for perfect metal films and we analyze the optical properties of such a
system when the perfect metal condition is no longer valid, e.g., in the visible and near infrared wavelength regimes.

2. METAMATERIALS BASED ON PERFECT METAL FILMS

The key to creating the desired effective index behavior lies in the existence of sub-wavelength propagating modes in
metallic structures. As an example, we consider a perfect metal film with one-dimensional periodic cut-through slits, as
shown in Fig. 1(a). Without losing generality, we assume hereafter vacuum for the ambient environment and the slit
regions. In the slits, regardless of how small the width is, there always exists a propagating transverse electromagnetic
(TEM) mode, with the electric field pointing in the x direction. It has been shown®'? that the presence of this mode
permits perfect transmission of light through sub-wavelength slit arrays. Here, in order to define an appropriate
effective index, we focus on the behavior of this structure in the long-wavelength limit. As it turns out, the properties of
the metal film for the transverse magnetic (TM) polarization asymptotically approach those of a dielectric slab with a

uniquely defined refractive index n and a width L , as depicted in Fig. 1(b).
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