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Abstract

Radio science is the study of radio waves. The behavior
of radio waves, as electromagnetic waves, is governed by
Maxwell equations. In the real world, waves interact with
material bodies and structures, and therefore the study of
wave–material interaction connects to the fundamental in-
terests of URSI. This presentation discusses the research on
the interaction of radio waves with materials from the 19th
century throughout the century-old history of URSI. The
emphasis is on the electromagnetic characterization of com-
plex media and metamaterials. Particular attention is given
to the process in which the homogenization of a micro-
scopic sample of medium leads to a macroscopic descrip-
tion which requires new and qualitatively different proper-
ties from those appearing in the microscopic scale.

1 Introduction

Maxwell’s laws of electromagnetics appear in a fascinating
simple quadruple of equations, in particular in free space
where they (aside from sources) only contain two field
quantities (the electric field E and the magnetic displace-
ment B). When the fields have connection to polarizable
matter, induced currents are generated, but the formal ap-
pearance of Maxwell equations can be preserved by intro-
ducing two response fields, the electric displacement vector
D and the magnetic field vector H. Depending of the char-
acter of matter, these response vectors are particular func-
tions of the primary electric and magnetic fields.

Electromagnetic and optical characterization of matter has a
long history that goes back to pre-URSI times into the 19th
century with works by people like O. Mossotti, R. Clausius,
L.V. Lorenz, and H.A. Lorentz, leading to important results
on the connection of a collection of particles and their effec-
tive structural parameters. And it is worth to pay attention
to the fact that also media which affect wave propagation in
a peculiar way has a long history with the studies on electro-
magnetics of chiral (handed) materials by Jagadish Chandra
Bose in 1890’s and Karl Ferdinand Lindman in 1910’s [1].
Since radio waves are in the core of URSI interests, also
this interaction with matter has a central role in the busi-
ness of URSI. It is safe to say that during the 100 years
of the existence of our Union, wave interaction with ma-
terials has received an ever increasing role in the scientific
activities on radio science, visible both in the General As-

semblies and in particular the Commission B conferences
(which by the present time go under the name Symposia on
Electromagnetic Theory) [2].

This is partly due to the strongly growing interest during the
past decades towards complex man-made materials, func-
tional and tailored structures, and metamaterials in general.
This trend is not only happening within radio science and
electromagnetics but also in optics, acoustics, and thermal
and elastomechanical materials sciences. And like in other
fields, also in radio science, a large number of conference
series and scientific journal have emerged during this cen-
tury that focus on metamaterials and complex media, some
of them having already a respectable history [3].

In terms of the present Commission struture of URSI, the
studies of wave interaction with materials falls to a great ex-
tent in Commission B (Field and Waves), although these is-
sues are also encountered and studied in Commissions F, G,
and H which deal with waves in earthly and geophysical en-
vironments. From the historical perspective, the interaction
of waves with complex matter has been of interest, in par-
ticular in connection with the waves in magnetized plasma
in the Earth’s ionosphere. This was highlighted already at
the time of the 60th birthday celebrations of our Interna-
tional Union of Radio Science, by the Honorary President
of URSI, Professor Walter Dieminger, in the Anniversary
Colloquium in 1979 [4].

2 The variety of electromagnetic response in
complex matter

In simple non-magnetic materials, the constitutive relations
between the electrical and magnetic fields and displace-
ments is written

D = εE, B = µ0H (1)

through the material permittivity ε and the free-space per-
meability µ0.

Such description with a simple permittivity ε of the
medium, although quite a useful simplification in many
cases, however applies only in limited circumstances. Nat-
ural and artificial materials cannot be described by a "di-
electric constant". The relation between the responses and



the exciting fields is rather a functional(
D
B

)
= F

(
E
H

)
(2)

Here the operator F is assumed very general, in other
words the constitutive relations may take different func-
tional forms, describing various physical mechanisms.
Such effects appear in

• lossy media, leading to complex values of the material
parameters

• magnetic media, for which the permeability µ is no
longer that of free space µ0

• anisotropic media for which the response vector does
not, in general, align with the excitation vector, lead-
ing often to birefringence (double refraction)

• non-reciprocal media, caused by, for instance, external
constant magnetic field, sometimes called gyrotropic
media

• chiral (parity-breaking) media for which there is (re-
ciprocal) magnetoelectric coupling, leading to optical
activity

• generally bianisotropic media, combining magneto-
electric coupling and anisotropy [5]

• dispersive media, for which the response parame-
ter depends on frequency (temporal dispersion, cor-
responding to a medium having memory) and/or de-
pends on wavevector (spatial dispersion, for which the
medium response is not spatially local)

• media with varying dimensionality: tridimensionally
voluminal, planar two-dimensional structures (meta-
surfaces, metaboundaries), one-dimensional met-
alines, or even media characterized by a fractal dimen-
sion

• photonic crystals (electromagnetic band gap struc-
tures) are often treated as complex media for their
strong spatial dispersion, in other words the wave ex-
periences different refractive index depending on the
propagation angle

• non-linear media for which the response of the
medium to a sum of two excitations is not neecessarily
the same as the sum of the responses of the excitations
separately

• media whose internal composition allows cross-
coupling between different physical processes besides
electromagnetic ones (having thermoelectric or piezo-
electric couplings, for example); for such media the
description in Equation (2) needs to have a third row,
like in tri-isotropic media [6]

3 Levels of material description in electro-
magnetics

If a medium with a given permittivity were absolutely ho-
mogeneous down to the most microscopic level, its macro-
scopic response would show the same dielectric behavior as

Boundary condition

Interface toward a medium with constitutive material dyadics

Effective medium as a collection of (multi)polarizabilities

True physical structure

Figure 1. Electromagnetic description of heterogeneous
matter with different scales of materialization. (Modified
from [8], with permission.)

this only building-block material. However, media which
may appear uniform and homogeneous when looked at a
coarse scale, always consist of small-detail structure which
becomes visible when it is observed with higher resolution.
This structure, when homogenized, may lead to the need
of new type of response parameters on a larger scale. For
example, a laminar microstructure consisting of dielectri-
cally isotropic layers leads to anisotropic macroscopic per-
mittivity (the permittivity depends on the direction of the
excitation field, and is no longer a scalar but needs to be
expressed as a dyadic). Therefore one can say that on the
higher level, new properties appear. Anisotropy is one ex-
ample of such emergent phenomenon. Chirality is another.
Structural colors of butterfly wings are still another beauti-
ful manifestation of such emergence, and in the design of
metamaterials, many further examples have been generated
[7].

The process of homogenizing a microstructure and moving
between the levels in the characterization of materials can
be understood as illustrated in Figure 1. The true inhomo-
geneities (polarizable particles) of a material medium in the
bottom layer are modeled by electric and magnetic dipoles
and multipoles that interact with their neighbors. A lot of
details are lost, and the effects of the primary particles are
simplified into multipoles. At the next level, the homog-
enization is performed by taking into account the interac-
tion between adjacent multipoles by proper mixing princi-
ples, leading to effective constitutive parameters (scalars,
dyadics, tensors; which can be anisotropic, magnetoelec-
tric, dispersive, depending on the degree of complexity of
the microstructure).

The uppermost level in Figure 1 is needed in case of meta-
surfaces and boundaries. Boundary conditions [9] are ideal-
ized concepts with which electromagnetic problems involv-
ing material structures can be mathematically efficiently
modeled when the interfaces have strong material con-
trasts, like in connection of PEC and PMC (perfect elec-
tric/magnetic conductor) bodies. The materialization of



such boundaries requires analysis of the response of po-
tential materials to physically realize such effective bound-
aries. This process is contained in the arrows between the
two uppermost blocks in the figure.

4 Conclusion

All samples of materials, both natural and man-made, dis-
play fascinating inhomogeneities when observed into their
microscopic landscape. The structure, be it regular, amor-
phic, or random, can have an enormous amount of geo-
metrical degrees of freedom. Electromagnetic fields pen-
etrate into every microscopic structural detail within the
medium. The effective behavior after homogenization, in
the macroscale, may be radically different from the dielec-
tric response of the separate component materials that form
the mixture, and this can lead to any of the complex re-
sponses enumerated above in Section 2.

The process described in Figure 1 considers only a single
step in going upwards (or downwards) in the scales of mat-
ter. It is important to bear in mind that there is a long "way"
from our everyday life scale (of meters) down to the atomic
levels (of ångströms). This fact has been concisely dis-
tilled by R.P. Feynman into his famous slogan from 1959:
"There’s plenty of room at the bottom" [10].

Hence this homogenization process, from lower level to up-
per, may need to be performed repetitively: the output of
a lower-level homogenization serves as input material pa-
rameters to the new homogenization at a scale with larger
spatial characteristics. These properties are already emer-
gent, and again they will be transferred to the next "gen-
eration". Generation as a metaphor is in my opinion very
suitable in this connetion due to the fact that like children,
the homogenized-level quantities inherit the "genes" from
their more fundamental level but the inheritance does not
lead to averaging; like children, they are something qualita-
tively different from their parents [11].
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