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Abstract: This presentation deals with electromagnetic wave–material interaction from the point of view of qualitative
changes in the material response as the structure of the material is complex in some sense. It is argued that much of
such complexity in the level of metamaterial description can be understood from the platform of electromagnetic (even
electrostatic) mixing rules and homogenisation principles.

1. INTRODUCTION

In electromagnetics—which connects to most of the commissions of the International Union of Radio Science,
URSI, but with the main commission being B (Fields and Waves)—a very active field of study is the behaviour
of complex materials in terms of how waves interact with them [1, 2, 3, 4]. To be sure, there are difficulties
in trying to label such materials: how complicated should the behaviour be so that they deserve to be called
“complex.” In the loosest sense, very often so is done in connection with media displaying any deviation from
the simple isotropic material response.

Let us, therefore, just list the following classes as examples of complex, exotic, strange, or unconventional
materials:

� magnetic and gyrotropic materials

� chiral, omega, magnetoelectric, and bian-
isotropic materials

� Tellegen media and other non-reciprocal ma-
terials

� artificially enhanced non-linear materials

� photonic crystals, or PBG, EBG materials
(photonic/electromagnetic band gap struc-
tures)

� materials with negative refractive index, with
simultaneously ������� and �	�
��� ; media
capable of supporting backward waves

� two-dimensional materials, e.g., frequency
selective surfaces

� smart materials and metamaterials

As an example of a complex material caused by simple
geometrical pattern, here a sample of chiral material
manufactured by the company Finnyards Ltd. Material
Technology. Metal helices are randomly distributed
(both in position and in orientation) in an epoxy ma-
trix. The size of a single helix is around 1 mm. This
sample shows its strongest chiral activity at around
8 GHz.

2. SPECIAL MATERIALS AS INHOMOGENEOUS OR RANDOM MEDIA

In a certain sense, common to all strange materials is the fact that the unexpected behaviour arises from in-
homogeneities. Of course, a plain homogeneity responds to electromagnetic wave in an uninteresting manner.
Certainly also, an arbitrarily random inhomogeneity may contribute to the macroscopic polarisability density
just in an average way, creating no special new effects. But it is very often the case that a seemingly innocent



inhomogeneity pattern in a material may be a cause for a qualitatively new type of macroscopic response. This
is due to the intricate connectedness of electric and magnetic fields with the material geometry. Ubi materia, ibi
geometria, according to Johannes Kepler’s credo from 1601 [5]. One of the messages of this presentation will
be that the emergent complexity in such “higher-level” materials can be understood in many cases very clearly
with the use of classical mixing rules [6, 7, 8] and homogenisation principles.

An example of the numerical analysis of quasirandom structures from reference [9]: the electric flux in comple-
mentary two-phase materials. On the left, a Swiss cheese mixture (the background medium has lower permit-
tivity than the spherical inclusions). On the right, a raisin pudding mixture (the background medium has higher
permittivity than the spherical inclusions). The flux density, naturally, favors regions of higher permittivity.
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