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PREFACE

The NATO Advanced Research Workshop Bianisotropics 2002 was held in
Marrakesh, Morocco, during 8-11 May 2002. This was the 9t" International
Conference on Electromagnetics of Complex Media, belonging to a series of
meetings where the focus is on electromagnetics of chiral, bianisotropic, and
other materials that may respond to electric and magnetic field excitations
in special manner.

The first of these meetings was held in Espoo, Finland (1993), and the
following venues were Gomel, Belarus (1993), Périgueux, France (1994),
State College, Pennsylvania, USA (1995), the rivers and channels between
St. Petersburg and Moscow in Russia (1996), Glasgow, Scotland (1997),
Brunswick, Germany (1998), and Lisbon, Portugal (2000).

The present book contains full articles of several of the presentations
that were given in the Marrakesh conference. In Bianisotropics 2002, 8 re-
view lectures, 14 invited lectures and 68 contributed talks and posters
were presented. Of these presentations, after a double review process, 28
contributions have achieved their final form on the pages to follow. From
the contributions of the meeting, also another publication is being planned:
a Special Issue of the journal Electromagnetics will be devoted to complex
materials. Guest editors for this issue are Keith W. Whites and Said Zouhdi.

The chairmen of Bianisotropics 2002 conference were Said Zouhdi (Pierre
et Marie Curie University — Paris) and Mohamed Arsalane (Cadi Ayyad
University — Marrakesh), who were assisted by Scientists from Moroccan
Universities and the International Bianisotropics Conference Committee.
The organisation and arrangement of the meeting required financial as-
sistance and other support from several sources. Especially helpful in this
respect was that Bianisotropics 2002 meeting was a NATO Advanced Re-
search Workshop. This gave the organisers a possibility to enrich the sci-
entific programme of the meeting. Furthermore, the opening session of the
workshop had a special flavour by the presentation of Dr. Fausto Pedrazz-
ini, the Programme Director in the Scientific and Environmental Affairs
Division of the NATO Science Programme. He spoke about the scientific
dimension in the mission of the North Atlantic Treaty Organisation. This
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is the third level on which NATO works, complementing the political and
military aspects of the organisation.

This volume is structured in seven sections, each containing from three
to six articles. Beginning from general aspects of complex materials, the
focus changes to the characteristics of modern metamaterials and pho-
tonic band gap media. Then follows analysis and modelling of bianisotropic
structures, along with computational studies of wave-interaction in com-
plex media. After contributions on how material heterogeneities are con-
nected to wave localisation, the final section discusses engineering and other
applications of complex media and metamaterials.
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GENERAL ASPECTS OF COMPLEX MEDIA AND META-
MATERIALS



ELECTROMAGNETIC EMERGENCE IN METAMATERIALS

Deconstruction of terminology of complex media

A. SIHVOLA
Helsinki University of Technology, Electromagnetics Laboratory
P.O. Box 3000, FIN-02015 HUT, Finland

Abstract. This chapter focuses on the emergent electromagnetic properties in such heterogeneous
materials that are, in today's discussion, being more and more often called "metamaterials." More
precisely, the very concept of metamaterial is under study as also are the preconditions under which
such a term is appropriate.

1. Introduction. The power of naming things.

"Metamaterials." This word has become very common in the recent discussion of
materials research in electromagnetics, and perhaps also in some other fields of
applied and theoretical physics. At least such an impression is by no means
excluded. If this is true, what is the reason for such a state of affairs? Why is
"metamaterial" used increasingly in electromagnetics parlance, if not yet so much
in literature? Indeed, what is the exact meaning of the term?

In this presentation, I would like to problematise the use of the term
"metamaterial,” at least in the extent to which it is used exclusively to new,
especially nanoengineered, materials. The history of electromagnetics research
contains a very rich collection -of results for random, inhomogeneous, and
composite materials. A closer look at the properties of these old-fashioned
materials reveals that they could be certainly classified into the group of the
modern metamaterials, even though they may be well known and familiar to many
of us as "ordinary" materials.

That scientists name things such that they attract attention is understandable.
One can think of the recent surge of interest in PBG (photonic band gap) materials,
or photonic crystals, where artificially manufactured geometries create pass band
and stop bands for electromagnetic waves in microwave, millimetre wave, and
optical regions. Physicist-driven research on PBG's has caused irritation within the
microwave engineering community, and engineers point out (partially correctly)
that periodical dielectric materials are nothing new. But who would not feel the
desire of finding exciting and potentially money-attracting names for materials that
are the subject of one's present studies? Certainly we also in the bi-anisotropics

3
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field have to admit this as we are talking about exotic, novel, or complex materials.
But we have to remember that in some cases language can become a barrier for
communication.

In the present article the use of the new term, metamaterials, is discussed. I try
to find a meaning for it. The term is increasingly being used in literature, and I'll
analyse some of the presented definitions. It seems that with the use of the term,
there is a strong emphasis on the requirement that a metamaterial should display
properties that are qualitatively different from its components. My aim is to
problematise this requirement, at least in its strong form. I'll focus on the question
what is the difference between "ordinary" composite materials and new
metamaterials, if any. Towards the end of the article, I shall discuss some examples
of complex materials, especially from the point of view of our bianisotropics
community, and raise the question to what extent these media deserve to be called
metamaterials.

But let us start from definitions.

2. Metamaterials? What do you mean?

It is difficult to find an acceptable definition for the term "metamaterial." This
statement may sound very normative; after all, can one argue names? Of course, in
a free world everyone is allowed to use words in ways that have not necessarily
been formally approved into use by international committees, or even to use them
in a totally idiosyncratic manner. But to be able to conduct constructive discussion
where a given word has an important role, however, it is helpful if at least a group
of people agree on the meaning of this word. Sure, the question remains open how
large and representative this group must be. Furthermore, with a definition and use
of terms in new environments one should pay respect to the historical use of the
word, even if its background is on another, perhaps very different, field. This
question is not unimportant in the case where we name scientific or engineering
things and properties. One example of such a situation is the use of term
"metamaterial."

By the writing of the present text (May 2002), the term "metamaterial” has
been appearing in print for only a very short period. But some definitions exist. In
first-order literature, materials conferences and research web pages the following
definitions can be already found:

e Electromagnetic metamaterials are artificially structured composite materials
that can be engineered to have desired electromagnetic properties, while having
other advantageous material properties. [1]

e Structures composed of macroscopically scattering elements. [2]

e "Meta-materials", materials whose permeability and permittivity derive from
their structure. [3]



e MetaMaterials are a new class of ordered nanocomposites that exhibit
exceptional properties not readily observed in nature. These properties arise
from qualitatively new response functions that are not observed in the
constituent materials and result from the inclusion of artificially fabricated,
extrinsic, low dimensional inhomogeneities. [4]

e Metamaterials are defined as macroscopic composites having a man-made,
three dimensional, periodic cellular architecture designed to produce an
optimized combination, not available in nature, of two or more responses to a
specific excitation. Each cell contains metaparticles, macroscopic constituents
designed with low dimensionality that allow each component of the excitation
to be isolated and separately maximized. The metamaterial architecture is
selected to strategically recombine local quasi-static responses, or to combine
or isolate specific non-local responses. [5]

These four attempts to catch the meaning of metamaterials occur with only little
variation in the electromagnetics literature. Regarding such definitions, one
observation that can be made is that two essential properties are mentioned. The
materials should exhibit (electromagnetic) properties

0 not observed in the constituent materials, and/or
0 not observed in nature.

These are quite remarkable and very restrictive features for materials if they are
really applied to define a metamaterial. But indeed, the fact that such properties
make a compulsory requirement is in the following sense in consonance with the
authentic meaning of the compound word, meta-material.

The prefix meta comes from Greek (it is also used in Latin), and it means
"after." Often the prefix is used also for "along with," "beyond," "among," "in the
midst of," "according to," and "behind." There are numerous words in English and
other languages starting with "meta," like, for example, metabolism,
metalinguistics, metamerism, metaphysics,’ metamorphosis, metastasis, etc.
However, the common word in materials engineering, "metal," is of different
origin.

With this background in mind, it seems that in the choice and use of
"metamaterial," this meta-prefix emphasises the transcendental aspect of the

! The use of "meta" in the term "metaphysics" does not come from a very sublime sense of
"above." Rather, it originally applied to those writings of Aristotle which in the accepted
order came after (=meta) those dealing with natural science (ta physika--physics, nature)
[6]. It is helpful to remember this in today's world where the word metaphysics brings to
mind quite obscure, unclear, and transcendental overtones. Even the dictionaric definitions
for metaphysics reflect this, being like "the branch of philosophy that treats of first
principles, includes ontology and cosmology, and is always intimately connected with an
epistemology;" or more generally, "philosophy, esp. in its more abstruse branches" [7].



meaning. A metamaterial needs to be qualitatively different from its components.
New phenomena and novel properties should emerge when "ordinary" pieces are
brought together. The whole should be more than the sum of its parts. Quantitative
differences become qualitative ones.

There is a word for such a behaviour of systems. It is "emergence."

3. Emergence. More is different.

Emergence is the process of emerging. Something arises, comes up into existence.
It comes forth from concealment or obscurity. The etymology for this word leads to
the combination e (out of) + mergere (to plunge, dip, or immerse). A more
common word with the same root is "emergency” which is a sudden, urgent,
usually unexpected occurrence or occasion requiring immediate action. But about
emergence, it is important to note that it has also a more technical meaning in
science and philosophy. In evolutionary theory, it stands for the rise of a system
that cannot be predicted or explained from antecedent conditions. George Henry
Lewes, the 19th-century English philosopher of science, distinguished between
resultants and emergents—phenomena that are predictable from their constituent
parts and those that are not [Encyclopaedia Britannica]. Later, emergence theories
have been espoused by Henri Bergson, Pierre Teilhard de Chardin, Alfred North
Whitehead, and Michael Polanyi. The doctrine of emergence is sometimes stated as
part of an "evolutionary cosmogony, according to which the simpler properties and
forms of organisation already in existence make contributions to the 'creative
advance' of nature by giving birth to to more complex and 'irreducibly novel' traits
and structures"” [8].

Clearly the present-day electromagnetics use of "metamaterials" is defining the
word through the concept of emergence.

The philosophical meaning of "emergence" is connected to another essential
term, reductionism. Emergence is very often associated with antireductionistic
goals. According to a (strict) reductionist view, "higher-level" scientific theories
can be completely and exhaustively reduced to more basic fields of science, for
example chemistry into physics, biology in biochemistry, psychology in
neurophysiology, and so forth. Everything (it can be objects (ontological
reduction), theories, or whole scientific fields) in the higher level of description is
contained (even if in a non-obvious way to an amateur) in the "harder" sciences,
finally in elementary particle physics.” Clearly the concept of emergence is a
problematic phenomenon to a reductionist, or may be difficult to accept within
(philosophical) materialism. A person with inclination to a very mechanistically

2 It may be visible from the present text that I am not fully subscribing to the strict
reductionist programme. Can the great book The Brothers Karamazov by Fyodor M.
Dostoyevsky be reduced to (=be equivalent to certain ordered combinations of) the 26
letters of the English alphabet (or, more precisely, to the 33 letters of the Russian one) ?

---I doubt it. (...but feel a little uncomfortable with the doubt...)
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reductionist view may feel the temptation to call an "upper-level” field of science
just "applied" more fundamental science: chemistry as applied physics, for
example.

In dialectic materialism and Marxism—Leninism, emergence is nevertheless
something that can be accepted. According to those lines of thought, matter (in
movement) has various levels of existence and movement, physico—chemical,
biological, and social, which all have their own laws. And these laws are
independent of the other levels. However, this does not mean that living creatures
would possess properties that are not connected to physical laws. It is that they
"emerge" in systems that are sufficiently complex but it may be difficult to predict,
or even to explain how or when such qualitative changes happen.’> A simple
extrapolation upwards fails.

Indeed, an important distinction regarding reductionism comes from Philip
Anderson [9]. He criticises its strong form which claims that in materials science,
there are only "extensive" problems left, equal to device engineering.* Anderson
identifies the fallacy in this reasoning in that the reductionist hypothesis does not
imply a constructionist one. In other words, even if one could reduce a
phenomenon into the fundamental elements, one cannot start with basic laws and
reconstruct the universe. "[T]he more the elementary particle physicists tell us
about the nature of the fundamental laws, the less relevance they seem to have to
the very real problems of the rest of science, much less to those of society."

Emergence can also be appreciated in the mechanism according to which many
cellular automata operate. There, simple and local rules can create behaviour in
which new patterns may appear and objects are created. Or at least one would think
of them as reals "objects" even if they may be just little squares on the computer
screen which are turning on and off. For example, in the emergence applets of the
Media Laboratory of the Massachusetts Institute of Technology (available from
el.www.media.mit.edu/groups/el/projects/emergence) the emergence of "life" can
be seen on the computer screen.

4. Against emergence. More is less.

But somehow the slogan "the whole is more than the sum of its parts" is
counterintuitive. When we look at an ensemble, very much of the detailed structure

3 Something essential about emergence, and about quantity transforming to quality is
contained in the following anecdote (taken from the article [9]) where the two famous
American literary figures meet in Paris in the 1920's:

FITZGERALD: The rich are different from us.

HEMINGWAY: Yes, they have more money.
* V. Weisskopf [10] distinguishes between intensive and extensive research: "[I]ntensive
research goes for the fundamental laws, extensive research goes for.the explanation of
phenomena in terms of known fundamental laws.... Solid state physics, plasma physics,
and perhaps also biology are extensive. High energy physics and a good part of nuclear
physics are intensive."



is left out in the grand picture. If we have a mixture of a great number of
elementary objects, in the "real life" they are interacting in many ways. But in the
large-scale picture, all these interactions only have an effective influence. The
macroscopic picture is a certain "average" of the individual contributions, although
this averaging does not need to be a simple operation. And hence extremely many
degrees of freedom are lost when the ensemble is sensed with a coarser resolution.
Then, sure, the whole is Jess than the sum of its parts.

Indeed, an effective picture means a reduced dimensionality compared to the
corresponding macroscopic properties of the constituents. One is unable to catch
the details because there is simply too much information.

What, then, about the intuitively emergent meaning of a piece of art? Wouldn't
everyone take an antireductionist stance when it comes to literature? Why do we
feel that a poem is "more" than the information content (expressable as a relatively
short sequence of 0's and 1's) of its letters, exclamation marks and spaces between
characters? The answer to this dilemma may be in the following. Is it that when
asking such questions we are mixing up the real physical object and the measuring
instrument?’ What is a poem, after all? And where does its meaning exist?

5. Physics and metaphysics of electromagnetic materials

Can the philosophically flavoured discussion in the previous sections be made
relevant to electromagnetic properties of materials? Is it too far into the field of
metaphysics? Why, the effective modelling of heterogeneous materials is
fundamentally analysis and prediction of emergence. When higher-level
description of matter is sought using various mixing rules—even the simplest ones,
like Maxwell Garnett [12]-it quite often happens that the homogenised medium
displays properties that are astonishingly different from not only those of the
components but also from those that one would expect from the mixing process
[13]. But does the fact that the result for macroscopic material character is
unforeseen and unexpected automatically mean that the higher-level property is
emergent, especially in the evolutional and vitalist tone and meaning of the word?
It seems that this is a crucial distinction to be made in the metamaterials discussion.

5.1. IS A COMPOSITE MATERIAL METAMATERIAL?

The electromagnetics community has been working for a long time with modelling
of properties of heterogeneous materials, both in the field of natural, geophysical
materials that are random in structure in the first place, and also in the design of
artificial and composite materials where the goal is to manufacture materials with
desired properties. In the analysis of the effective properties of such materials,

° As Kari Enqvist [11] has noted, we may be especially susceptible to this fallacious
reasoning when the observing system is the human brain.
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emergence-type behaviour often takes place when we move upwards from the
microscale to meso- and macroscales and assign the medium effective properties
on the larger scale. But can we call any kind of higher-level material by the name
metamaterial?

Why not? At least all materials are composites because if we go to smaller and
smaller scales, finally we encounter atomic constituents, electrons, protons,
neutrons. On macroscale, the medium appears always as an effective average of the
lower-level constituents. These effective properties are always "emergent"
properties, and are in principle "other than" the properties of the components. They
are not plain volume averages of the corresponding inclusion properties, and
therefore all matter, even simple mixtures, deserve to be called "metamaterials."
And very often do these materials have superior properties over their components.
Take for example cellulose or cement, where the superiority is evident even from
an everyday-life point of view.

The question is therefore on scale. When we look with myopic eyes at a
medium, there is a limit below which we cannot resolve finer details. Can we find
or determine an absolute scale? One can always go to higher levels on the scale of
various materials. Then we face the problem of the measure and length of
homogenisation and the question what can be called a material. Even the mobile
radio channel has been called as a complex medium.® What a composite!

5.2. LINEARITY AND SUPERPOSITION

Scale and geometry are essential in the character of mixed matter but so is also the
constitutive response of the component materials themselves. Nonlinear media are
more complex than media with purely linear response. It would be tempting to
associate the emergent properties in material description to nonlinearity in the
constitutive relations. If the electric polarisation is not linearly dependent on the
excitation field, it is certainly difficult to foresee what kind of macroscopic
responses can a heterogeneous aggregate of such materials possess. But this kind of
a straightforward correspondence between emergence and nonlinearity is not
satisfactory, for at least two reasons.

Firstly, the principle of superposition, which according to normal textbook logic
follows from linear input--output relation, is still fully compatible with the
reductionist view where the properties of the whole can be derived and constructed
from the properties of its components. Nonlinearity may lead into difficulties in the
analysis of the problem but does not give to it any mystical and unexplainable
character. It is only that we can no longer exploit superposition and splitting of the
problem into easily solvable subproblems.

¢ See the title of the presentation by R. Prasad and D K. Kalluri in the Conference Complex
Mediums II: Beyond Linear Dielectrics, in SPIE's 46" Annual Meeting and International
Symposium on Optical Sciences and Technology, 4467, San Diego, California, 2001.



10

For the second, even simple, linear mixing problems may bring forth
macroscopic phenomena that quite often look emergent in the unexpected sense of
the word. Such phenomena, like for example, percolation, enhanced electric or
magnetic polarisation, and chirality, will be discussed later in this section.

Our eyes as receiving antennas and the image processing equipment connected
to those make their own interpretations of the random microstructure of materials.
Take, for example, the two-dimensional "material" depicted in Figure 1. There,
depending on scale, structures may be seen as emergent patterns, although the dew
formation on a day with freezing environment follows blind rules of condensation.

Figure 1. Frost and dew form patterns in which structure on a higher level clearly emerges.
(Perhaps emerges ...) This picture is from W.A. Bentley's snow archives [14].

And how blind is the process? The rules and laws governing the evolution and rest
states of the physical system may be written as partial differential equations as has
been the habit throughout the three centuries old history of mathematical physics.
No emergence is explicit in these equations. They only connect the amplitudes at a
certain spatial point at a certain time instant to the neighbouring ones. Perhaps the
alternative description in which the observed phenomena of the material world are
seen as products of rules, simple lines of code which Stephen Wolfram [15] has
advocated may catch more of the essence of these emergent phenomena.



11
5.3.  ARTIFICIAL DIELECTRICS

An earlier version of the metamaterial-term is the term "artificial dielectric" which
has a history of over a half century. In 1948 Winston E. Kock suggested to make a
dielectric lens lighter in weight by replacing the refractive material by a mixture of
metal spheres in a matrix. Kock built lenses by spraying conducting paint on
polystyrene foam and cellophane sheets. He was probably the one to coin the term
artificial dielectric, the physics of which is well documented in Collin's text on
guided waves [16] and which term is very well established in the microwave
literature (see also, [17]). Let us remind ourselves of Kock's own words [18]:

The artificial dielectric material which constitutes the delay lens was arrived at by
reproducing, on a much larger scale, those processes occurring in the molecules
of a true dielectric which produce the observed delay of electromagnetic waves in
such dielectrics. This involved arranging metallic elements in a three-dimensional
array or lattice structure to simulate the crystalline lattices of the dielectric
material. Such an array responds to radio waves just as a molecular lattice
responds to light waves; the free electrons in the metal elements flow back and
Jorth under the action of the alternating electric field, causing the elements to
become oscillating dipoles similar to the oscillating molecular dipoles of the
dielectric.

Compare this with the introductions of reports from the present third millennium
that deal with photonic band gap structures and metamaterials! Although in the
above citation the emphasis of low frequencies is conspicious and therefore does
not directly relate to more complicated resonance phenomena, this excerpt is a
good reminder for us about the fact that many ideas in materials design have been
around for a long time.

Admittedly today's treatments of the metamaterial design are more detailed.
Take, for example, the classification into mesomaterials and metamaterials by
Walser [5]. With mesomaterial design he means that ordered macroscopic
materials are synthesised from the bottom up by assembling macromolecules, like
fullerenes or carbon nanotubes (these are so-called mesoscale supramolecules). In
the more advanced and mature metamaterials design the order is the opposite:
macroscopic composites are synthesised top down by "first disassembling, then
recombining macroscopic constituents." Probably the strategy in this second
approach by Walser is more target-oriented: the desired properties of the
metamaterial to be fabricated are predetermined with stricter tolerances as in the
first, mesomaterial approach.

5.4. EMERGENCE AND REDUCTION IN ELECTROMAGNETICS: ARE
THEY COMPATIBLE?

The crucial question remains: does there exist really emergent behaviour when
electromagnetic materials are treated as mixtures and when they are synthesised
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from lower-level components? An emphatic yes is clearly the opinion of many
metamaterials investigators. Or, looking from another direction, is everything in
the behaviour of the composite on a higher level just a straightforward average of
the properties of its components and the microgeometry of its structure, which
would be a more reductionistic view? To make it easier to look for answers for
these questions, Table 1 attempts to achieve structure to the dichotomy between
emergence and reduction in the degrees of freedom in the description of
electromagnetic materials.

TABLE 1. Some differences follow regarding the status of "ordinary" composites, when the
point of view of emphasising emergence is changed to a reductionistic one. The left column
(the whole is MORE than the sum of its parts) stresses the view of qualitatively different
character of engineered metamaterials with emergent properties, while the right-hand side (the
whole is LESS than the sum of its parts) takes the more mechanistic bottom-up view of
material description where the averaging process reduces the dimensionality of the microlevel
of the matter.

The whole vs.

the sum of its MORE LESS

parts

Philosophical Idealistic, immaterialistic, Reductionist,

background holistic physicalist

Effect on the

higher level of Emergence Reduced

description dimensionality

Materials Metamaterials Classical composites

Effective medium Non-local effects and Linear mixing rules

description connections

Effects and Spontaneous symmetry breaking Continuous

phenomena extrapolation

Examples Percolation, chiral materials, Simple aggregates,

artificial (and natural) laminates, weakly
magnetism, PBG's, Veselago interacting inclusions
media

In the table the contrast between the two views appears perhaps a little exaggerated
but it is intentional: to make the translation of the philosophical thinking to the
electromagnetics level. Emergence is identified with new macroscopic phenomena
that are brought forth by the process of mixing. But it is at the same time contrasted
with the recipes of classical mixing formulas which may look quite simple
algebraic relations between the properties of the composite on one hand, and those
of the constituent materials on the other. But such a picture may need more
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elaboration. Let us take a closer look at various materials in electromagnetics and
see how they relate to the dichotomy of Table 1.

5.5. EXAMPLES OF ELECTROMAGNETIC MATERIALS WITH
EMERGENT PROPERTIES

5.5.1. Chiral materials

From the point of view of complex materials and bianisotropic description of
electromagnetic materials, the obvious example of media with intuitively emergent
properties is the class of chiral materials. In chiral media, the geometrical character
of the internal structure (the handedness) cause macroscopic effects that are
observed as the rotation of the polarisation of the propagating field plane [19]. A
man-made chiral sample could be a collection of metal helices, randomly oriented
and distributed in a neutral polymer matrix. Were one to call chiral media
metamaterials with emergent properties, the emergent character could be
interpreted in the manner that nothing in the component materials (metal and
polymer) hints to the ability of causing rotatory power but still this is the effect of
the chiral composite. The effect comes through mixing and geometry.

5.5.2.  Percolation effects

Percolation effects display themselves as large changes in macroscopic properties
of random materials when the fractional volumes of the components are varied
[20]. Percolation is an important phenomenon and it has been studied in connection
with several fields and applications: study of ferromagnetism, soil moisture, oil
penetration in rocks, the spread of epidemics, forest fires, and even in wafer-scale
integration in the manufacture of microchips. Also the macroscopic
electromagnetic properties of random materials can achieve percolatory character,
being very sensitive to the microstructure of the mixture, even if the components
have no special character in their properties.

5.5.3. Artificial magnetics

One further example of the metamaterial-type phenomenon is the creation of
magnetism without magnetic constituents. This may happen in ordinary random
materials, like wet snow where loop-forming parts of the liquid water cause
diamagnetic behaviour in the macroscopic response of the medium. The magnetic
permeability, p is not equal to that of the free space. But this effect can also be
enhanced and "artificially" produced by embedding various metallic loop-type
elements in a matrix. Swiss roll -type of scatterers are especially effective in this
respect [21]. Also in modern metamaterial design the use of split-ring resonators
(which often are adjacent, nonconnected open metallic loops) is quite common.
Because of its planar structure it is perhaps a more practical way of creating
artificial magnetism [22].
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5.5.4. Enhanced polarisation

The next example of "emergent behaviour" due to simple mixing is so-called
enhanced polarisation. This phenomenon is even theoretically visible with the use
of the most simple mixing rule, the Maxwell Garnett formula for mixtures where
spherical scatterers, small compared to the wavelength, are immersed in
homogeneous background. Figure 2 displays the results of such mixing in two
cases.

The two figures illustrate clearly the two classes of mixtures in Table 1. On the
left, the macroscopic permittivity of dry snow is a quite dull and uninteresting
average of the permittivities of its two constituents, air and ice. Nothing emergent--
-qualitatively new---can be observed. But on the right-hand figure, the real part of
the effective permittivity of the mixture where lossy spheres are embedded in air
displays much stronger polarisation (the real part of the effective permittivity is
close to 5 even if the real part of the inclusions is 2) than either of the constituents.
This happens, of course, only at a range of the volume fraction of the inclusions
(here the maximum enhancement requires around 80% fraction). And this
enhancement can be made much stronger by increasing losses in the inclusion
phase. This effect of high permittivity values is known with living matter, where
interfacial polarisation mechanisms may be drastically enhanced and observed with
biological membranes and tissues.

i) : NS L N iy I
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Figure 2. The (real part of the) effective permittivity of a mixture with spherical dielectric
inclusions immersed in free space, as a function of the volume fraction of the inclusions. Lefi-
hand side: dry snow (the inclusions are ice (permittivity £€=3.17) and background is air
(permittivity e=1)). Right-hand side: a high-loss mixture with inclusions having permittivity
€=2 - j10 in air. (Note that depicted is the real part of the permittivity.)

3.5.5. Veselago medium

The so-called Veselago medium can be deservedly called a metamaterial par
excellence. This medium has, as very often new effects and inventions do, several
different names:

¢ Left-handed medium
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¢ Medium with simultaneously negative permittivity and negative
permeability

0 Negative index of refraction (NIR) medium

¢ Double negative metamaterial

¢ Backward-wave material

Suggested in 1967 [23], this medium has been studied theoretically and
experimentally very much during the two last years or so. As can be inferred from
the various labels on Veselago medium, its nonconventional property is that both
its permittivity and permeability are negative, for a certain range of frequencies.
Practical realisations have been indeed achieved for such Veselago-medium
samples with observed properties that confirm the predictions (see, for example,
[24]). The strange effects of Veselago media include anomalous refraction,
inverted Cherenkov radiation and Doppler shift, and it is being studied for
applications involving waveguiding, radiation, and diffraction phenomena.

In many of these emergent phenomena that are created in mixtures, the effect is
a cause of a break in the symmetry that is preserved on the lower level. No wonder
that broken symmetry is an important concept in the description of magnetism. But
even in more general terms, many material effects can be said to testify to Johannes
Kepler's famous slogan (see, for example, [25]): Ubi materia, ibi geometria.

6. Conclusion: the three critiques

To conclude this treatment of emergence in electromagnetic materials, let us
summarise the critique towards the definition of metamaterial when it is
understood in the above sense that has been deconstructed from the explicit
definitions and practical use of the term.

Firstly, the requirement that a metamaterial needs to be "superior" to previously
existing materials is inherently subjective. There are figures of merit with which
people measure superiority of the materials. For example, in ferrites this measure
could be the product of low-frequency permeability and resonant frequency. But
because of this arbitrariness, a definition based on superiority is too loose to be
acceptable to classify metamaterial. Any kind of new mixture is always different
from previously existing ones and therefore possesses a unique combination of
properties. If such a set is what is wanted, we have everywhere examples of
metamaterials.

The second piece of critique is connected to the distinction between local and
non-local effects in the material response, also mentioned in Table 1. Very often
the emergent and novel property of metamaterials is assigned to the fact that the
scattering elements in the composite interact in a non-local manner, like for
example in frequency-selective surfaces or photonic crystals. Spatial dispersion is
often required for the higher-order effects. But this is not necessary, as has been
pointed out in the previous examples in this article. Even simple mixing rules are
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able to explain very non-intuitive and emergent properties for ordinary-looking
mixtures, like, for example, enhanced polarisation and percolation behaviour.

And finally, if a metamaterial should possess properties that (in addition of
being superior to those observed before) are not found in nature, the definition
might sound a little contradictory. We are, in our design and synthesis of composite
materials, working according to the rules and laws of nature.” Therefore the
results—our metamaterials—also are "natural." And if we did not find materials with
properties corresponding to these new designs yet in nature, is it only that we did
not search hard enough? Nature is extremely prodigious. All possibilities come
true. All properties, all media that are not forbidden, are there, somewhere. They
are compulsory.

7. References

1.  The www page of David Smith, University of California, San Diego.
http://physics.ucsd.edu/~drs/

2.  Weiland, T., Schuhmann, R., Greegor, R.P., Parazzoli, C.G., Vetter, A.M., Smith, D.R., Vier,
D.C., and Schultz, S. (2001) Ab initio numerical simulation of lefi-handed metamaterials:
Comparison of calculations and experiments, J. of Applied Physics, 90(10), 5419-5424.

3. Pendry, J.B. (2001), Negative p, negative €, negative refractive index, and how to exploit them.
Electromagnetic Crystal Structures, Euroconference on Electromagnetic Confinement, from
Basic Research to the Marketplace, St. Andrews, Scotland, 9-14 June 2001. (no page number)

4. Metamaterials home page of the future projects of the Defense Advanced Research Projects
Agency's (DARPA) Defense Sciences Office (DSO).
http://www.darpa. mil/DSO/future/metamaterials/metamaterials.html

5.  Walser, RM. (2001) Electromagnetic metamaterials, Inaugural Lecture, Proc. of SPIE

(Complex Mediums II: Beyond Linear Isotropic Dielectrics; Lakhtakia, A, Weiglhofer, W.S.,

and Hodgkinson, 1.J.editors), 4467, 1-15.

Chambers Twentieth Century Dictionary, 1977, (edited by A M Macdonald)

The Random House Dictionary of the English Language, Second Edition, unabridged, New

York, 1987, (Stuart Berg Flexner, editor-in-chief).

[The "abstruseness” of the Random House definition for metaphysics is evident in the following

citation from "Subjects among other things" by E. Sosa (1987) in Philosophical Perspectives,

Vol. 1, where also "metamaterial" is used in a different meaning (adjective) as in the present

article: "If we allow real status to the materially derivative, it seems arbitrary to rule out objects

that though immaterial are no more derivative; all the more so if in each case the mode of
derivation is equally well understood. So it seems ill-advised and unnecessary to strain against

=

7 The question of what kind of materials can occur in nature and which are forbidden may
bring reminiscences into mind of the controversy concerning the possible existence of non-
reciprocal bi-isotropic media, also called as NRBI media or Tellegen media [26], [27].
However, there the discussion focused on the question whether the laws of physics forbid
the possibility to manufacture these materials (in which case it would be understandable
that one cannot find those in nature). Here, with metamaterials discussion, no one is
claiming that metamaterials as such break the rules acconrding to which materials have to
exist; it is only that some metamaterials definitions exclude the natural existence of such
media, even if engineers can (and want to) manufacture those.



10.
11.
12.
13.
14.
15.
16.
17.

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

17

the immaterial, or at least against that which is sufficiently meta-material (metaphysical?) to be
distinct from the chunk of material that constitutes it at that time." (italics not in the original) ]
Nagel, E. (1979) The structure of science, Problems in the logic of scientific
explanation.Routledge and Kegan Paul, New York.
Anderson, P.W. (1972) More is different. Broken symmetry and the nature of the hierarchical
structure of science. Science, 177(4047), 393-396.
Weisskopf, V.F., in Brookhaven Nat. Lab. Publ. 888T360. Cited in [9].
Engqvist, K. (2000) Valo ja varjo (Light and shadow, in Finnish). WSOY.
Maxwell Garnett, J.C. (1904) Colours in metal glasses and metal films, Transactions of the
Royal Society (London), CCIII, 385-420.
Sihvola, A. (1999) Electromagnetic mixing formulas and applications, IEE Publishing,
Electromagnetic Waves Series, London.
Wilson "Snowflake" Bentley Digital Archives. The man & his images, CD-rom, 1,
PhotoGraphics Multimedia production, Jericho, Vermont, USA, 1999. See also, Bentley, W.A.
and Humpreys, W.J. (1962) Snow Crystals. New York: Dover.
Wolfram, S. (2002) 4 new kind of science, Wolfram Media, Inc.
Collin, R.E. (1991) Field theory of guided waves, Second Edition, IEEE Press, New York.
Brown, J. (1960) Atrtificial dielectrics, in Progress in Dielectrics, (Birks, J.B., editor) 2, 193-
225.
Kock, W.E. (1948) Metallic delay lenses, Bell System Technical J., 27, 58-82.
Lindell, L.V., Sihvola, A.H., Tretyakov, S.A., and Viitanen, A.J. (1994) Electromagnetic waves
in chiral and bi-isotropic media, Artech House, Boston and London.

Grimmett, G. (1989) Percolation, Springer, New York.
Pendry, J.B., Holden, A.J., Robbins, D.J., and Stewart, W.J. (1999) Magnetism from
conductors and enhanced nonlinear phenomena, IEEE Transactions on Microwave Theory and
Techniques, 47(11), 2075-2084.
Shelby, R.A., Smith, D.R., and Schultz, S. (2001) Experimental verification of a negative index
of refraction, Science, 292, 77-79.
Veselago, V.G. (1968) The electrodynamics of substances with simultaneously negative values
of € and u, Soviet Physics Uspekhi, 10(4), 509-514. (Translation from the original Russian
version, Uspekhi Fizicheskii Nauk, 92, 517-526, July 1967.)
Shelby, R.A., Smith, D.R., Nemat-Nasser, S.C., and Schultz S. (2001), Microwave transmission
through a two-dimensional, isotropic, left-handed metamaterial, Applied Physics Letters, 78(4),
489-491.
Sihvola, A. (2000) Ubi materia, ibi geometria. Helsinki University of Technology,
Electromagnetics  Laboratory Rep. Series, 339, September 2000. See also
http://www.hut.fi/~asihvola/memos.html
Lakhtakia, A. and Weiglhofer, W.S. (1994) Are linear, nonreciprocal, bi-isotropic media
forbidden? IEEE Trans. Microwave Theory and Techniques, 42(9), 1715-1716. (See also, ibid.,
September 1995, December 1995)
Sihvola, A.H. (1995) Are nonreciprocal, bi-isotropic media forbidden indeed? IEEE Trans.
Microwave Theory and Techniques, 43(9), 2160-2162. (See also, ibid., September 1994,
December 1995)



IDEAS FOR POTENTIAL APPLICATIONS OF METAMATERIALS WITH
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Abstract. Metamaterials with negative real permittivity and permeability possess interesting
electromagnetic properties. Owing to the presence of anomalous refraction at the boundary between
such a medium and a conventional medium, and the fact that in these media the Poynting vector and
the wave vector of a uniform plane wave are antiparallel, one can conceptually suggest a variety of
interesting potential applications for these media. In this chapter, we briefly describe some of our
ideas and speculations on potential applications involving these metamaterials. These ideas include
suggestions for phase compensators/phase conjugators, the idea of “complex medium of media” with
compensated phase, the idea for thin, compact, subwavelength cavities and waveguides, suggestions
for anomalous mode couplers, radomes and antenna covers, to name a few. We provide physical
remarks and intuitive comments on these ideas.

1. Introduction

The concept of composite materials in which both permittivity and permeability
possess simultaneously negative real values at some frequencies has recently
gained considerable attention (see e.g., [1]-[15]). This idea was originally initiated
by Veselago in 1967, who theoretically studied monochromatic uniform plane
wave propagation in a material whose permittivity and permeability were assumed
to be simultaneously negative [6]. Recently Shelby, Smith, and Schultz in their
group at the University of California, San Diego constructed a composite medium
in the microwave regime, and experimentally showed the presence of anomalous
refraction in this medium [1], [2], [3], [5]. It is also worth mentioning that
previous theoretical study of electromagnetic wave interaction with omega media
using the circuit-model approach had also revealed the possibility of having
negative permittivity and permeability in omega media for certain range of
frequencies [16].

Various names and terminologies have been suggested for metamaterials with
negative permittivity and permeability. Among these one can mention “left-
handed” media (see e.g., [1], [2], [3]), media with negative refractive index [1]-[6],
[11], [12], “backward-wave” media (BW media) [7], “double negative” (DNG)
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metamaterials [8], and negative-index media (NIM) [13], to name a few. The fact
that for a time-harmonic monochromatic uniform plane wave in such a medium the
direction of the Poynting vector is antiparallel with the direction of phase flow as
theoretically pointed out by Veselago [6], leads to the anomalous refraction at the
boundary of such a medium with a conventional medium. This is an exciting
feature that may become advantageous in design of some novel devices and
components, if/when such media can be easily constructed. It is-important to point
out that the study of the “backward” wave propagation in certain structures was a
subject of research study several decades ago, when periodic structures supporting
“backward” waves were analyzed for some applications in microwave oscillators
and amplifiers (see e.g., [17], [18], and [19]). Furthermore, some recent studies of
photonic bandgap (PBG) structures have shown the presence of anomalous
refractive properties in photonic crystals under certain conditions [20], [21], [22],
[23].

In this chapter, we present some of our conceptual, speculative ideas for potential
applications of metamaterials possessing simultaneously negative real permittivity
and permeability. In all these cases, we conceptually assume these metamaterials
to be essentially lossless and, therefore, the material parameters are taken to be
real-valued quantities. It is known that strictly speaking, no material (except the
vacuum in the classical sense) is dispersionless, and therefore the Kramers-Kronig
relations require the inclusion of dissipation. However, in our speculative ideas
presented here, we assume that the dissipation is negligible at the frequency of
monochromatic radiation of interest.

Theoretical analyses of some of these ideas have been performed, while some of
the analyses of other speculative ideas suggested here are under way.

2. Phase Compensation/Phase Conjugation Using Metamaterials with
Negative Permittivity and Permeability

It is known that in a homogeneous, isotropic, lossless medium, the wave number &
of a monochromatic uniform plane wave can be expressed as & = w.[ue , where @
is the radian frequency, and z and ¢ are the permeability and permittivity of the

medium, respectively. For a lossless metamaterial with negative real permittivity
and permeability at certain frequencies, i.e., when <0 and £<0 at given

frequencies, this wave number attains real values, and as a result, the
electromagnetic plane wave can propagate in such a medium at these frequencies
[6]. However, for such a plane wave in this medium the phase velocity is in the
opposite direction of the Poynting vector, as pointed out by Veselago in 1967 [6].
Due to this antiparallel nature of Poynting vector and the phase velocity in such a
medium, one can consider the possibility of phase compensation/phase conjugation
using these materials. In [10], we introduced theoretically the concept of phase
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compensation by these materials. Below we give a brief overview of this idea.

We first take a slab of conventional lossless material with positive real permittivity
£ >0 and positive real permeability 4 >0. In analogy with the terminology of

“double-negative” (DNG) medium suggested in [8] for metamaterials with
negative permittivity and permeability, here for conventional materials with
positive permittivity and permeability we use the term “double-positive” (DPS)
media. The index of refraction of this slab of DPS medium is shown as
n, E,/(e,,u,)/ (£,1,), where ¢, and u, are the permittivity and permeability of the
free space. Here we take n, to be a positive real quantity. The slab is infinitely
extent in the x-y plane and has the thickness d, along the z axis. For the sake of
simplicity in the argument, we assume that the intrinsic impedance of the DPS
material of this slab 7, =,/,u,/a, is the same as that of the outside region

1, =1, /¢, ,i.e., 7, =1, , although this assumption is not necessary. The refractive
index of the slab is, however, different from that of outside, i.e., n, #n,. We now

consider a monochromatic uniform plane wave normally incident on this slab.
This monochromatic wave enters the slab without any reflection, traverses the
width d,, and exits from the other face of the slab. The phase of this wave at the
end of the slab is obviously different from the phase at the beginning of it by the
amount nk d,, where k, = “’\/;;Z . Now let us put another layer of width 4, made

of a lossless DNG metamaterial, in which &, <0 and 4, <0 at certain frequencies,
next to this DPS slab. (See Fig. 1.) The index of refraction for this DNG layer is a

real quantity denoted by n, = 1/ &,,)/(g,1,) . We emphasize here that we do not

need to specify any sign for the operation of the square root appearing in the
expression of »n,. We merely state that n, is a real quantity for the lossless DNG

metamaterial here. For example, n, can be taken to be a positive real quantity. As
in the case of the DPS slab, we again assume that the intrinsic impedance of this
DNG metamaterial 7, = \/Z is the same as that of outside region, i.e., 7, =7, , but

&
its index of refraction is different from that of outside, i.e., n, #n,. As the

monochromatic plane wave exits the DPS slab, it enters the DNG layer, traverses
this slab, and leaves this DNG layer. The direction of power flow (i.e., the
Poynting vector) in the DPS slab should be the same as that in the DNG one,
because the power of the incident wave enters the first slab (without any reflection
at the first interface), traverses the first slab, exits the second interface, enters the
DNG layer and traverses it, and finally leaves the second slab. In the DPS layer,
the direction of the Poynting vector is parallel with the direction of phase velocity;
however, in the DNG slab these two vectors are antiparallel, as depicted in Fig. 1.
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Figure 1. A paired two-layer structure formed by a lossless metamaterial with
negative permittivity and permeability (a “double-negative (DNG) medium) and a
conventional lossless dielectric material with positive permittivity and permeability
(which can be termed as a “double-positive (DPS)” medium). In the DPS layer, the
direction of Poynting vector (S;) is parallel with the direction of phase velocity or
wave vector (k;), whereas in the DNG layer these two directions are antiparallel. The
DNG layer can play the role of a phase compensator. With proper choice of the ratio
of d; and d,, not the sum of d; and d,, one can have the phase of the wave at the left
(entrance) interface to be the same as the phase at the right (exit) interface, essentially
with no constraint on the total thickness of the structure.

Therefore, the wave vector k,(=n,k,) is in the opposite direction of the wave
vector k(=nk,). So, the phase at the end of the DNG slab is different from the
phase at the beginning of it by the amount -n,k d,. (As was mentioned above, n,
here is taken to be positive.) So if we consider these two layers as a single paired
DPS-DNG structure, the total phase difference between the front and back faces of
this DPS-DNG structure is nk,d, —n,k,d, for normally incident monochromatic
plane waves. This implies that the phase difference achieved by traversing the first

(DPS) slab can be decreased and even compensated by traversing the second
(DNG) slab. If the ratio of d, and d, is chosen to be d,/d, =n,/n,, then the total
phase difference between the front and back faces of this two-layer structure
becomes zero. (The total phase difference is not 2z, 4z, or 62. But instead it
can be zero!) So indeed for normally incident monochromatic plane wave the
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DNG slab at given frequencies can act as the phase compensator/phase conjugator
in this paired DPS-DNG structure. We emphasize that such phase compensation in
this paired structure does not depend on the sum of thicknesses, d, +d,, instead it

depends on the ratio of d, and d,. So conceptually, d,+d, can be any value as
long as d,/d, satisfies the above condition.! Therefore, even though this two-layer

paired structure is present, the normally incident wave traversing these paired
layers would not experience the phase difference. This feature can lead to several
interesting ideas in design of some devices and components. For instance, one can
speculate that if we put several of these paired structures next to each other, we will
have a multilayered slab with an arbitrary thickness, as sketched in Fig. 2, through
which a normally incident monochromatic plane wave can propagate while there
will be essentially no phase difference for this plane wave between the entrance
and exit faces of this multilayered stack with arbitrary width. Such multilayered
structures can also be arranged in cylindrical or spherical forms. Figure 3 shows a
cylindrical multilayered stack of DPS-DNG coaxial shells.

Another interesting speculation for such a paired DPS-DNG slab is its possibility
as antenna radomes/covers. If we consider two concentric spherical or two coaxial
cylindrical shells, one shell formed by a DPS material and the other shell by a
DNG medium in each case, as shown in Fig. 4, what would be the effects of such
paired structures if one put them over an antenna (a dipole antenna or a wire
antenna) as radomes? One can predict that by properly selecting the ratio of radii
of these shells (but perhaps essentially with no restriction on the sum of the radii),
one can achieve certain phase compensation for the spherical wave (if we have
spherical shells) or for the cylindrical waves (if we have cylindrical shells) emitted
from the antenna. If this is the case, the phase of the radiated wave at the outer
surface of the radome will be similar to the phase at the inner surface of such a
multilayered radome. Some of the aspects of this idea are currently under
analytical study.

! It must be noted that since composite materials are in general formed by embedding many small inclusions in
host media, if the thickness of a layer is “too thin” such that it does not contain many small inclusions, the layer
can no longer be regarded as a “medium”. So d, and d, can be made small, but not foo small, so that each layer

can still be considered as a composite medium.
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Figure 2. A multilayered stack of paired DPS-DNG slabs, one of which was shown in
Fig. 1. As in Fig.1, if the ratio of thicknesses of DPS and DNG slabs in each paired
structure is chosen properly, the phase difference for a normally incident
monochromatic plane wave between the entrance and exit faces of each paired
structure would be zero. By stacking these paired structures to form a multilayered
structure with an arbitrary thickness, as sketched above, one can conceptually have a
structure in which a normally incident plane wave can propagate through while the
wave experiences no phase difference between the front and back faces of this
structure with arbitrary thickness.

Figure 3. A multilayered structure formed by coaxial cylindrical DPS-DNG layers.
See the description in Fig. 2.
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DNG Sph erical Shell. DNG Cylindrical Shell

Dipole Antenna Wire Antenna

DPS Spherical Shell DPS Cylindrical Shell

Figure 4. A suggestion for spherical (left) and cylindrical (right) radomes formed by
two shells; one made of a conventional medium with positive permittivity and
permeability (a -DPS layer), and the other made of a metamaterial with negative
permittivity and permeability (a DNG layer). One can speculate that by properly
choosing the ratio of radii of these shells, the phase of the wave originating from the
antenna can be compensated, resulting in a phase at the outer surface of the radomes
similar to the phase at its inner surface.

One can also imagine forming small “objects” by having multilayered concentric
spherical shells of DPS-DNG layers. If these objects are to be used as inclusions
embedded in a host medium in order to make a more complex composite medium,
as imagined in Fig. 5, one will obtain a complex medium formed by such complex
inclusions. For each of these inclusions, proper choice of ratio of radii of
concentric DPS-DNG shells may lead to phase compensation for wave interaction
with such a complex “object”, and may lead to exciting properties for polarizability
tensors of such objects. As a result, the wave propagation through such a complex
medium formed by embedding these inclusions in host media can be quite
interesting. For instance, for such a complex medium, would it be possible to have
a monochromatic plane wave propagation while the phase difference of this wave
between any two “macroscopic” points in this “medium” is effectively
compensated and zero? Some of these conceptual ideas are currently being
studied.
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Figure 5. An idea for forming a complex medium by embedding many small
inclusions, each of which contains layers of DPS-DNG concentric spherical shells, in a
host medium. If the ratio of radii of DPS-DNG shells are chosen properly, one may
speculate having interesting polarizability tensors for this object. This in turn may
provide interesting plane wave propagation in such a complex “medium of media”.

The concept of phase compensation in the paired DPS-DNG layers can also lead to
the following idea for compact, subwavelength, thin cavity resonators, which we
proposed recently [10]. This idea will be briefly reviewed below. More details can
be found in [10].

3. Compact, Subwavelength, Thin Cavity Resonators

If we take the paired DPS-DNG layers, shown in Fig. 1, and place two perfect
reflectors (e.g., two perfectly conducting plates) at the two open surfaces of this
paired structure, as shown in Fig. 6, we will have an interesting one-dimensional
(1-D) cavity resonator. In searching for the resonant modes in this cavity, we now
remove the restriction of 7, =7, =#,, which we assumed earlier. So in general the
intrinsic impedances of the DPS and the DNG layers are not taken to be the same
as 77,. So we now have 5, #n,#n, and n,=n,#n,. We are now interested to

solve for solutions of the Maxwell equations in this 1-D cavity resonator.

The Cartesian coordinate system (x,y,z) is used here, where the plane z=0 is
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chosen to be at the perfectly conducting plate located at the left face of the DPS
material slab shown in Fig. 6, and the plane z=d, +d, is taken to be at the other
perfectly conducting plate at the right face of the DNG metamaterial slab. The
time dependence for the monochromatic solutions is taken to be exp(-iwr). For
this 1-D cavity resonator, all quantities are assumed to be independent of the x and
y coordinates. The electric and magnetic field vectors are then assumed to be
oriented along the x and y directions, respectively. Following the source-free
Maxwell equations and satisfying the boundary conditions at the interface between
the DPS and DNG layers, i.e., at z=d,, and at the perfectly conducting plates at
z=0 and z=d, +d,, we obtain the following dispersion relation in order to have
the non-trivial solutions for the fields inside this 1-D cavity resonator.

Conducting
Plates

Figure 6. An idea for a compact, thin, sub-wavelength cavity resonator. The paired
DPS-DNG structure discussed in Fig. 1 is sandwiched between the two perfectly
conducting plates. With the proper choice of ratio of d; over d,, one can have a
resonant cavity in which the ratio of d; and d, is the main constraint, not the sum of
thicknesses, d\+d,.

itan(nlkodl ) +ﬂtan(nzk0d2) =0 (€))
M, H

In this dispersion relation, the quantities n,, 4, n,, 4,, and k, are generally all
frequency dependent. It is important to note that the choice of sign for n, and n,
does not affect this dispersion relation. Either choice of sign (positive or negative
sign) for n, and n, will leave this dispersion relation unchanged. When this
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dispersion relation is satisfied, the non-trivial electric and magnetic fields in this
cavity can be expressed as

E, = E,sin(n,k,d,)sin(nk,z) )
H,= %E sin (n,k,d, ) cos (nk,z) 3)
for 0<z<d,,and
E , =E, sin(nk,d, )sin| nk,(d +d,—z C))
x2
H,=- .nzk,, E, sin(nlkod,)cos[nzk,, (d,+d,- z)] )
i,

for d,<z<d,+d,. The subscripts ‘1’ and ‘2’ denote the quantities in the regions

‘1’ and ‘2’, which are the DPS slab and the DNG metamaterial slab, respectively.
The expressions given in Eqgs. (1)-(5) are derived for the general case of two slabs
within a 1-D cavity resonator, regardless of the sign of permittivity and
permeability in any one of these slabs. However, since the first layer is assumed to
be made of a lossless DPS material, and the second layer is taken to be a lossless
DNG metamaterial, we can write u =|g | and x4, =-|g,|. Substituting these

expressions in Eq. (1), we get

n n
——2-tan(nk,d, )+ ——tan(nk,d,)=0 )
|44 | (k) Y (k)

So for a given frequency w, if £, >0, 4, >0, £ <0 and x4, <0, a non-trivial one-
dimensional solution for this cavity is obtained when the thicknesses 4, and d,
satisfy the relation
tan(mk,d) _mm| D
tan(nk,d,) | p|
It is important to note that this relation does not show any constraint on the sum of
thicknesses of d, and d,. Instead, it deals with the ratio of tangent of these
thicknesses (with multiplicative constants). So, in principle, d, and 4, can
conceptually be as thin' or as thick as otherwise needed as long as the above ratio
is satisfied. If we assume that w, d, and d, are chosen such that the small-

argument approximation can be used for the tangent function, the above relation
can be simplified as

d, |ml
From the above equation, we can see even more clearly how d, and d, must be

related in order to have a resonant mode with frequency @ in this cavity. So this
means that the constraint is not on the sum of d, and d,, but rather on the ratio of

d, and d,. Therefore, in principle, we can have a thin, sub-wavelength cavity
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resonator for a given frequency, if at this frequency the second layer acts as a DNG
metamaterial, and the ratio, d,/d, , satisfies the above condition or in general Eq.

.

Taking into account that z =| 4 | and u, =—|u,|, the electric and magnetic field
expressions for the non-trivial solutions in this 1-D cavity can be rewritten as

E, = E,sin(n,k,d,)sin(nk,z) )
nk .
H,= iwllli; E,sin(n,k,d, )cos(nk,z) (10)
for 0<z<d,,and
E,, =E,sin(nkd,)sin[ nk,(d, +d,~z)] 1)
k .
2= i::l/:z E,sin(nk.d, )cos[nzko (d,+d, - z)] (12)

for d, <z<d, +d,. Figure 7 presents the sketch of normalized magnitude of the

electric and magnetic field distributions given in the above equations for two
different sets of parameters.

It is interesting to point out that if both slabs had been made of DPS layers, the
quantities 4 and x, would have been both positive real, and as mentioned before

the form of the dispersion relation in Eq. (1) would have remained unchanged.
However, if tan(mk,d,) had been positive, the other term, tan(n,k,d,), must have

been negative in order to fulfill the dispersion relation in Eq. (1). As a result, for

such a case if d, < d
2nk

1%

for tan(nk,d,) to be positive, then 4, must have been

b4

greater than 5 in order to have tan(n,k,d,) negative. This implies that there

n2 (4

will be some limits on the sum of thicknesses d, and d&,. In the case here,
however, where we have a paired DPS-DNG structure, since x4 >0 and u, <0, the
two functions tan(mk,d,) and tan(n,k,d,) can be both positive (or both negative),

and thus, there is no constraint on the sum of 4, and 4, .
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Figure 7. Sketch of the normalized magnitude of electric ( E, ) and magnetic field
(H,) distribution as a function of z coordinate, given in Egs. (9)-(12) for the 1-D
cavity resonator described here.  In the top Panel A, we assume d,/1, =0.1,
d,12,=005, g, =¢,, g=4,, & =-2¢,, i, ==24,. In this case, the first slab occupies
the region 0<z/4 <0.1, while the second slab occupies 0.1<z/4 <0.15. In the
bottom Panel B, we take d,/4, =02, d,/4,=01, g§=¢, pm=u, &=-2¢,
#,=-2p,. Here the first and second slabs are in regions 0<z/4 <02 and
0.2<z/2,<0.3, respectively.
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Some other interesting features about this 1-D cavity resonator and the detailed
analysis can be found in [10].

4. Waveguides Containing Paired DPS-DNG Structures

A natural extension to the idea of 1-D cavity resonators described in the previous
section is the concept of guided-wave structures containing the paired DPS-DNG
layers. We have studied this problem and presented some of our results in a recent
conference [24]. Here we briefly mention one of the main findings in this problem.
We return to the structure shown in Fig. 6, but this time we consider it as a parallel-
plate waveguide with two perfectly conducting plates holding the two layers of
DPS and DNG materials. Using the same Cartesian coordinate system (x,y,z)

shown in Fig. 6, we express the electric field of the transverse electric (TE) mode

as follows
E,=E, sin(,’nlzk:—ﬂz z)e“”r for 0<z<d, (13)
E, =E,,sin [‘/nfkf — B (d,+d, - z)]e"ﬂ* for d <z<d +d, (14)

Similar to the analysis of the cavity resonator, following the source-free Maxwell
equations and satisfying the boundary conditions, we obtain the following
dispersion relation for the TE mode in this waveguide

2

ik~ an i Fa) s Y 2 ([ Fa)=0  s)

H, H

We note that when S=0, the above dispersion relation will reduce to the

dispersion relation for the 1-D cavity resonator, given in Eq. (1), as expected.
Since in this waveguide, 4 >0 and g, <0, we can substitute x =4 | and

i, =~| 4, | in the above equation and obtain the following expression

(k- Fd) T |
tan (k2 — 5dy) ik~ B | )

(16)

As in the case of the 1-D cavity resonator, here also the ratio of the tangent of the
thicknesses d, and d, (with some multiplicative constants) enters into the

dispersion relations, and essentially no constraint on the sum of d, and d, is given
here. Therefore, d, and d, can conceptually be chosen to be thin' or thick as long

as the above ratio is satisfied. As we did in the case of the 1-D cavity, if we
assume d, and d, to be chosen such that the small-argument approximation can be
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used for the tangent function, Eq. (16) can be written approximately as

4 _lml an
d, - [ 44|

which is similar to the condition we obtained in Eq. (8) for the 1-D cavity. There is
another mterestmg point about Eq. (17) for this case of parallel-plate waveguide:
The approximate expression given in Eq. (17) does not depend on B. This implies

that for this thin parallel-plate waveguide, one can, in principle, have a TE mode in
which the longitudinal wavenumber (i.e., the waveguide wavenumber S) can be

arbitrarily chosen to have any value between zero and min(nk,,n,k,). In other
words, in this peculiar case, the longitudinal wavenumber g would be independent
of d, and d,. This is one of the interesting characteristics of such a parallel-plate

waveguide containing the paired DPS-DNG layers. Several features of this
waveguide have been studied by Alu’ and Engheta, and the results will be
published in due time.

dj d2

Figure 8. An idea for a mode coupler formed by the DPS and DNG slabs.

One of the interesting concepts related to waveguides with DNG materials is the
property of anomalous mode coupling between an open dielectric slab and an open
DNG slab. Figure 8 presents the sketch of a mode coupler formed by an open DPS
slab parallel with an open DNG slab. The medium outside these slabs is assumed
to be free space. Alu’ and Engheta have studied the electromagpetic mode
coupling between layers of DNG and DPS materials, and some of their findings
have been presented in a conference [25]. This analysis has shown that the mode
coupling between DNG and DPS layers exhibits anomalous characteristics for the
direction of power coupling. This is due to the fact that in a DNG slab the direction
of the real part of the Poynting vector of a guided mode is antiparallel with the
direction of phase flow of that mode. Owing to the boundary conditions, the phase
flow direction is the same in the two slabs, and thus when an open DNG slab is in
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proximity of a parallel open DPS slab, the power coupling is anti-parallel [25].

Another interesting geometry for guided wave structures containing DNG materials
is a stack of DPS-DNG layers ‘in the form of slab waveguides, as sketched in Fig.
9.

Figure 9. Stack of DPS-DNG paired structures in the form of slab waveguide.

Following the phase compensation properties of the paired DPS-DNG layers
discussed earlier, it is anticipated that by choosing the relative thickness of the DPS
and DNG layers phase variation for guided modes in such a complex slab
waveguide will be affected notably, thus leading to interesting dispersion relations
for the guided modes in this waveguide. This problem is currently under study.

5. Radiation in DNG Metamaterials

Radiation from electromagnetic sources in structures containing DNG
metamaterials may possess interesting features due to the antiparallel nature of the
Poyting vector and the phase velocity of a plane wave in such media. In order to
understand source radiation in these media, we have studied the canonical problem
of electromagnetic radiation from a traveling-wave thin current sheet located at the
interface between a conventional DPS half space and a DNG half space [26].
Figure 10 presents the geometry of this problem.

>0 , .
mr0 - JI580,675()
DPS il x

Figure 10. From Ref. [26]. An infinitely extent thin sheet of surface current is located
at the interface between the DNG and DPS media.
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In this problem, the current source is assumed to be
J=37,8%5(y) (18)

where J, is the strength of the surface current density, g is the rate of the linear
phase change in the x direction, 5() is the Dirac delta function, and Z is the unit

vector in the z direction. In [26], we have considered both cases for the direction of
the current flow; (1) the case in which the direction of current flow is along z,
while the direction of phase variation of this traveling-wave current is along x; (2)
the case in which the current flow and the direction of phase variation both being
along the x direction. In [26], we have derived the expressions for the field
distributions and the direction of the Poynting vectors in both half spaces, and have
provided some physical remarks for the mathematical findings. In addition, we
have also mentioned a brief note about launching Zenneck waves by a line current
along this interface [26]. Here we only mention one of the interesting points about
the direction of Poynting vectors in these two half spaces.

Figure 11 illustrates the relative direction of Poynting vectors and the wave vectors
in the two half spaces. In the DPS half space (y >0), the phase flow vector and

the Poynting vector are parallel, and thus both the phase velocity and the Poynting
vectors are propagating away from the source, when ﬂ<w\/:r,_yj . In the DNG
half-space (y<0), however, the phase flow vector and the Poynting vector are
antiparallel. As a result, when ﬂ<st_2p—2 while the Poynting vector should be

pointed away from the source, the phase velocity vector should be pointed towards

the source, as sketched in Fig. 11. It is also important to note that in the DNG half
space the radiation power flows away from the source; however, unlike the case of
DPS medium, here the x-component of the Poynting vector is pointed in the sense
opposite to the direction of the current phase change along the x axis. The
mathematical steps to arrive at these conclusions are described in [26]. Moreover,

the case of 8> w, /g, 4, and/or B> w,/sz 4, have also been discussed in [26].

One can speculate that such an interfacial source can provide us with possibility of
launching waves in two directions shown in Fig. 11. This can provide an
interesting potential possibility for the radome design, such as the one speculated in
Fig. 12.

6. Summary

In this chapter, some of our ideas for potential applications of metamaterials with
negative real permittivity and permeability have been presented. For some of these
ideas, we have already shown mathematical analysis and physical explanations,
and for some of others we have speculated about their characteristics and
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electromagnetic properties. More research is currently under way to study some of
these speculations.

Figure 11. From Ref. [26]. Schematic representation of the directions of wave vectors
k, and k,, and the Poynting vectors S, and S,. The directions of power flow of the
electromagnetic radiation from the monochromatic traveling-wave current sheet J are
shown as the vectors S, and S, .

J =Le"5(y)

Figure 12. A speculative idea for a radome design. The upper half of such a radome
would be made of a conventional DPS medium, while the lower half would be made of
a DNG metamaterial. If the source is a traveling-wave interfacial antenna at the
interface between the DPS and DNG media, the direction of main beams would be
affected by the properties of the DNG and DPS media.
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Abstract. Ferromagnetic metals have attractive microwave magnetic properties, but because of
their conductivity, they can not be used under bulk form, and have to be made into composite
materials. Ferromagnetic-based composites may be categorized into C2D, C1D and COD depending
on the number of macroscopic Conducting Dimensions they have. C2D and C1D composites are
made from thin films and thin wires respectively. Considerable progress in the measurement
techniques of the microwave properties of thin films, thin wires, and related composites are reported.
Homogenization laws for C1D and C2D composites are well understood, and this establishes a
duality between permeability measurements on the composite, and on the ferromagnetic constituent.
Typical properties of the different categories of composites are illustrated. The permeability of the
magnetic inclusions is often adequately described by a conventional uniform rotation model, but the
existence of non uniform modes may provide further opportunities to synthesize other types of
permeability response. Two theoretical guidelines for the frequency response engineering are
presented. First, a definition of the effective permeability and permittivity is proposed. This definition
is based on the fact that the quantities measured experimentally are the Fresnel Reflection and
Transmission coefficients. It yields a simple expression for ¢ and p related to a proper spatial
averaging of the different fields. Some former definitions given in the literature are shown to yield
improper results. Second, an integral quantity related to the imaginary permeability is shown to be
bounded by the volume fraction of magnetic material in the composite, times the square of its
saturation magnetization. This gives a criterion to assess whether a given spectral permeability
response may be achieved or not through proper engineering of the composite response. It is also
possible to tune the microwave properties of a magnetic material through an external action. The
tuning of the permeability through a magnetic field or mechanical stress is presented. It is also
indicated that the permittivity of a wire medium can be tuned by an external magnetic field.

1. Introduction

Magnetic materials are important for a variety of use at microwave frequencies.
They are“used as non reciprocal media, or to provide high impedance properties,
or for Electro Magnetic Compatibility issues. Ferrites and Garnets have been the
most used magnetic microwave materials up to now. However, ferromagnetic
metals have better intrinsic magnetic properties, due to their high saturation
magnetization, and they are already preferred to ferrites for a variety of use, such
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as inductors, or write heads for magnetic recording technology. However, the
main limitation to the use of ferromagnetic materials at microwave frequencies is
their conductivity. Because of their large conductivities, ferromagnetic metals can
not be used in bulk form at microwave frequencies, since the waves penetrate only
on a very small length. To overcome this limitation, ferromagnetic elements are
mixed with an insulating matrix that provides the small permittivity that is
necessary for a sufficient interaction with the incoming waves. A convenient
classification of ferromagnetic-based microwave composites can be based on the
number of macroscopic dimensions along which the composite is a conductor.
Typical composite topologies based on ferromagnetic metals that are Conducting
along 2 Dimensions (C2D), Conducting along 1 Dimension (C1D) and
Conducting along 0 Dimension (COD) are presented on Fig. 1.
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Figure 1. Ferromagnetic-based composite topologies ; a) composite Conducting along 2
Dimensions (C2D); b) composite Conducting along 1 dimension (C1D); ¢) composite
Conducting along 0 Dimension (COD).

Typical properties of these composites will be reviewed in this paper, and recent
improvements in the characterization techniques will be presented. If the choice of
a proper composite topology is of foremost importance to engineer microwave
materials with a desired response, the optimization of the magnetic properties of
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the individual inclusions is also a crucial parameter. It will be shown that the
uniform gyromagnetic response of magnetic thin films and wires is well
understood, but that it is also possible to take profit from non-uniform excitations
in order to obtain different types of microwave responses.

Different definitions for the effective permeability and permittivity of a composite
have been proposed, some of them incompatible. The proper definitions that
should be used at microwave frequencies are reminded and illustrated. Besides, a
sum rule has been recently derived, that gives some bounds of on the permeability
levels as a function of the saturation magnetization of the composite constituents.

2. Engineering the microwave response of magtetic composites

The classification of ferromagnetic-based composites according to the number of
macroscopic conducting dimensions is a natural approach. The demagnetizing
coefficient is zero along a direction where the inclusion is very long, and this
classification gives an indication of the number of space dimensions where the
demagnetizing coefficients associated to the inclusion are zero. The
demagnetizing effects have a strong influence on the effective properties of the
composites, and on the microwave response of a ferromagnetic element. It is well
known indeed that the gyromagnetic response of a magnetic element is dominated
by its shape and the orientation of its magnetization. This classification is also
useful, since the elaboration techniques of the different types of inclusions
generally depend on their shape and dimensionality. The properties of the C2D,
C1D and COD composites are indeed associated to the properties of thin films,
wires, and powders. It will be shown that for a given shape of a magnetic
inclusion, the microwave properties can be very different depending on the
magnetic domain topology inside the element.

The C2D and C1D composites are anisotropic. There is a very strong contrast in
the eigen-values of the permittivity tensor, depending on the direction. The
modulus of the permittivity along the conducting direction is typically 10° or
larger, while it is only a few units normal to the elongated inclusions. As the
percolation theory has been found useful to describe the properties of
inhomogeneous media, these composites can be described as materials that are
percolating or not depending on the direction under consideration. The C1D and
C2D composites can be denominated “strongly anisotropic materials”, to account
for the very large contrast of permittivity and index depending on the direction in
these materials. The analysis of the propagation of electromagnetic waves in a
strongly anisotropic material is indeed simpler than for the general case of
anisotropic materials [1]. In particular, the Poynting vector is channeled by the
conducting laminations in a C2D.



42

2.1 PROGRESS IN MICROWAVE CHARACTERIZATION OF
FERROMAGNETIC THIN FILMS, WIRES, AND RELATED COMPOSITES

A prerequisite to the development of C2D and C1D microwave composites is the
availability of suitable microwave characterization techniques for the composites
and the constitutive ferromagnetic elements. The development of microwave
characterization techniques can be separated in two approaches.

PN
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Figure 2. Electrical engineering approach to the conception of permeameters : principle of
a) single loop and b) two loops permeameters.
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Figure 3. Reflection-Transmission approach in the conception of permeameters : a) normal
incidence approach ; b) grazing incidence configuration. The reflection coefficient is also
indicated, for the air-medium interface (not for finite thickness layer).

The electrical-engineering approach has often been preferred to develop
permeameters that measure the permeability of ferromagnetic thin films (fig. 2). In
the single-coil approach, the sample is inserted in a coil, and the change in the
inductance of the loaded coil is related to the permeance of the sample. The
permeance is the product of the permeability of the sample by its thickness. In the
two-coil approach, the sample is inserted inside two coils, generally named driving
coil and pick-up coil. This behaves like a transformer, and a conventional electrical
engineering approach allows the determination of the permeance from the
characteristics of the transformer. These measurement setups are very efficient at
low frequencies, but the measurement quality generally degrades when increasing
the frequency. A reason is that propagation effects are generally neglected, but they
may no longer be negligible when the sample size is not very small compared to
the wavelength. One of the best two-coil setup is certainly that designed by
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Yamaguchi [2], that allows measurements up to 3 GHz. It should be noted also that
two-coil systems can measure off-diagonal elements of the permeability tensor [3].

Another approach to high frequency measurements is the transmission-line
approach. The driving idea is to place a sample in a transmission line, and to
measure the reflected and transmitted wave using a network analyzer (see fig. 3).
Both the permeability and the permittivity can be deduced form the Fresnel
reflection and transmission coefficients [4]. Different constraints on sample size,
geometry, and bandwidth, are associated with the different types of guiding
structures. The coaxial line is particularly convenient, as it is single mode over a
wide frequency range. Using the APC-7 standard with 7 mm outer diameter,
measurements can be performed from low frequencies up to 18 GHz. When
dealing with thin ferromagnetic films, the problem is that for normal incidence (fig.
3a), the wave is completely reflected. The reflection coefficient at a boundary
between air and a material is R=(Z-1)/(Z+1) with Z’=p/e. The permittivities of
ferromagnetic metals are given by e=-jo/go, and they exceed ~j10 at several GHz.
As a result, |Zl is very small compared to unity, and the reflection coefficient is
very close to —1. The transmission coefficient is close to zero. As a consequence,
the measurement of R and T under normal incidence reveals that the material is a
good conductor, but does not carry significant information on the permeability. Let
us now consider a wave arriving on the metal surface under oblique incidence at an
angle 6, (cf. Fig. 3b), for a linear polarization with the E field in the incidence
plane and H parallel to the interface. This is the polarization denominated “p”
polarization in the vocabulary of spectroscopists, or “TM” polarization in the
vocabulary of microwave engineers. The index of the metal is large, and according
to Snell’s law the angle of refraction is close to zero. The reflection coefficient
writes :

R = (Z-c0s60,)/( Z+cosBy) 1)

The key point is that at grazing incidence, | cos@o | can be close to zero, like| Z| .
This opens the possibility that non-trivial information on the permeability of
strongly conducting materials may be obtained when measuring the reflection
behavior for such incidence. And indeed, all the different thin film permeameters
developed using transmission lines are with the propagation vector and H parallel
to the film plane. We developed in the laboratory a technique that can be viewed
either as a single coil technique, or as a shorted microstrip transmission line
technique [5] (fig. 4a). It has been shown that this technique can be extended up to
6 GHz, by properly taking into account the propagative aspects. Inter-comparisons
have been performed with the two-coil technique, which validates the approach [6].
A coaxial perturbation technique [7] has also been developed, which presents
several advantages, in particular it does not require a reference sample with known
permeability for calibration. However, it is restricted to flexible materials.

Microwave measurements under normal incidence on strongly anisotropic
materials such as C1D and C2D can be performed, provided the electric field is
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normal to the conducting direction(s). The coaxial line is a very attractive type of
transmission line since it is single-mode up to elevated frequencies, and therefore it
allows precise wide-band reflection-transmission measurement on small samples.
We developed the wound torus method. It consists in manufacturing a torus
suitable for coaxial line measurement, by winding a flexible ferromagnetic sheet
deposited on a flexible insulator [8, 9], or winding an insulated wire [10] into such
a torus (see fig. 4b and fig. 5).

Network Analyzer Coaxial line APC-7
S ——
4 Wound torus
Thin film sample
Single coil cell = shorted microstrip line
a) b)

Figure 4. Sketch of a) a single coil permeameter ; b) wound torus measurement set-up.

Figure 5. a) Fabrication of a wound torus ; b) micrograph of a wound C2D torus. The ruler
indicate the cm.
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In this way, the elongated conducting elements are parallel to the magnetic field
and normal to the electric field for the fundamental propagation mode. As a
consequence, the reflection and transmission coefficients on this sample yield the
permeability along the wires (or planes), and the permittivity normal to the
conducting elements. These quantities are for the composite material. In the case of
the permeability, there is a very simple relation between the parallel permeability
Memo Of the constitutive elongated metallic elements and the permeability of the
COMPOSite Peomposites aS @ function of the metal volume fraction f. It writes :

”composite =fA. uferro+( 1 'f) (2)

The factor A accounts for the skin effect. Its expression depends on the
dimensionality of the inclusion. In the case of C2D materials, it writes :

A = tg(ka)/(ka) 3)

where 2a is the thickness of the metallic layer, and k the wave-vector in the
ferromagnetic material.
In the case of C1D materials, it writes :

A =2J,(ka)/[kalo(ka)] @

where 2a is the diameter of the metallic wire, and J,, J, are Bessel functions.

It should be noted that the permeability measured directly on a thin film or wire
using a permeameter is the quantity A.pgm- It is convenient to call it “apparent
permeability”, whereas s, is denominated “intrinsic permeability”. The above
relations express a straightforward duality between the properties of the C1D or
C2D composites, and the apparent permeability of the elongated magnetic element.
As a consequence, experimental results on wound torus can be either presented in
the form of composite permeability, or apparent permeability. The wound torus
method allows the determination of the permeability of thin films and wires up to
18 GHz, which is to our knowledge the highest frequency capability demonstrated
by any type of permeameter [8]. Another advantage is that the wound torus method
does not require a sample with known permeability for calibration. Several groups
in the world are now using this technique [11, 12, 13]. However, this method is
restricted to flexible wires and thin films.

2.2 C2D COMPOSITES

The Laminated Insulator Ferromagnetic on the Edge (LIFE) composites can be
made from thin ferromagnetic layers deposited on thin flexible plastic sheets [9].
Mylar and kapton substrates with a thickness in the 3.5 pym to 12 pm range are
convenient for that purpose. Figure 6a gives a micrograph of such a composite.
Microwave measurements on C2D composites using the wound torus method
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indicate that the permittivity is rather small as expected [9], and generally close to
4-j0. The permeability of a LIFE composite containing a volume fraction f=28% of
ferromagnetic material is represented on figure 6b. Permeability levels at high
frequencies are high. The product of the low frequency real susceptibility by the
gyromagnetic resonance frequency F; (defined by p’(F,)=1) is found to exceed 200
GHz. For conventional spinnel ferrites, this product is bounded according to
Snoek’s law, and does not exceed 10 GHz. This LIFE material appears to have a
figure of merit 20 times larger than any conventional ferrite.

20 um
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Figure 6. a) Optical micrograph of a LIFE composite ; b) complex microwave
permeability : experimental results obtained using the wound torus method (squares), and
simulation (line).

The properties of LIFE materials have been investigated in several further works
[14, 15, 16]. A straightforward way to engineer the frequency response of LIFE
materials is to use ferromagnetic layers with specific magnetic response. The
permeability response of a layer can be tuned trough the composition, the
experimental deposition conditions, and further annealing procedure [17, 18]. The
increase of the resonance frequency can also be achieved trough patterning [19].
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2.3 C1D COMPOSITES

C1D composites were first made using varnished nickel or copper wires [10]. More
recently, Amorphous Glass-Covered Wires (AGCW) turned out to be extremely
attractive to make CID composite materials [20, 21]. These wires have a
ferromagnetic amorphous core surrounded by a glass shell [22]. The cross section
of an amorphous glass-coated wire is sketched on figure 7.

Figure 7. Optical micrograph of the cross section of an amorphous glass-coated microwire.

The glass shell brings an electrical insulation, that avoids short circuits between the
wires in the C1D composite. The glass shell is also known to exert a large stress on
the amorphous core, and it has been shown that the anisotropy inside the
ferromagnetic core is dominated by magnetostrictive effects. For negative
magnetostriction wires, the magnetization is expected to be essentially
circumferential, as represented on figure 8b. Hysteresis measurements yield the
anisotropy field that accounts for the stiffness in the circumferential direction (fig.
8a). This domain configuration is very similar to that of a soft thin film that would
be curved into a torus around its hard axis direction. It has been shown that the
microwave response of such a wire can be described by the conventional
gyromagnetic equations, using the same demagnetizing coefficients as for a thin
film [23].
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Figure 8. a) Typical hysteresis loop for an excitation along a negative magnetostriction
AGCW ; b) sketch of the proposed magnetization configuration for a negative
magnetostriction AGCW.

The apparent permeability computed from the experimental value of the anisotropy
field and saturation magnetization, taking into account the skin effect through the
factor A, is in good agreement with the measurement {24]. This is illustrated on
figure 9. This holds especially for thin core diameter. The behavior of wires with

core diameter larger than 12 pm is only qualitatively described by this model, as
discussed in [24].
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Figure 9. Apparent permeability of an AGCW measured using the wound torus method,

and comparison with the apparent permeability computed from the gyromagnetic
equations.

2.4 COD COMPOSITES

Composites made of ferromagnetic powders diluted in an insulating matrix have
been used for a variety of applications. A significant number of works have been
dedicated to the understanding of the effective permeability and permittivity as a
function of the volume fraction of the magnetic powders. The influence of the skin
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effect has been observed and accounted for [25]. The extended Bruggeman model
has been shown to give a fair account of the permeability of a COD composite as a
function of the filler volume fraction. COD composites generally exhibit
permeability levels that are significantly smaller than C1D and C2D composites.
The advances in the field of COD should now not so much be expected in term of
composite topology or composite understanding, but rather. in term of optimization
of the ferromagnetic powder.

A significant advance has been the manufacturing of ferromagnetic powders in the
FeCoNi system using the polyol process [26]. This chemical route leads to large
collections of particles with spherical shape and very narrow size distribution, as
illustrated on figure 10. The diameter can be adjusted from several nanometers up
to a few microns, by properly adjusting the nucleation conditions [27].

Figure 10. Scanning Electron Microscope image of Fe0.13-[Co80Ni20]0.87 particles
obtained through the polyol process. Average diameter is 204 nm, standard deviation is as
low as 6=25 nm.

It has been observed that composites obtained by dispersing these fine particles
exhibit sharp imaginary permeability peaks [26], in contrast with conventional
powders such as carbonyl iron powders that exhibit very broad beaks, as illustrated
on figure 11.
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Figure 11. Intrinsic imaginary permeability of ferromagnetic powders deduced from
experimental measurements on COD composites, and inversion of Bruggeman law :
comparison between conventional carbonyl iron powder (smooth curve) and submicronic
polyol powder (curve with sharp peaks).

These sharp peaks have been shown to be due to exchange resonance modes [28,
29]. Further investigations have shown that 3 different regimes can be observed :
for very small particles of the order of ten nanometers in diameter, a single sharp
peak is observed, in association with the superparamagnetic behavior. For larger
particles up to a fraction of pm in diameter, multiple sharp peaks are observed. For
particles in the um range, only a broad resonance is observed, and exchange
resonance modes are no longer visible [30].

2.5 USING THE NON UNIFORM RESPONSE OF MAGNETIC INCLUSIONS

It has been shown [8, 9, 14, 20, 21] (see Egs. 2-4, Fig. 6b and 9) that the
microwave response of many C1D and C2D composites could be interpreted in
term of uniform gyromagnetic resonance of the ferromagnetic element, plus skin
effect, plus dilution. The skin effect factor A in Eq (2) does not change
significantly the resonance frequency F, (defined by p’(F,)=1), but it broadens
significantly the imaginary permeability peak. The dilution essentially impacts the
magnitude of the effective permeability. As a consequence, the engineering of the
microwave response of a C1D or C2D composite made of a ferromagnetic
elongated element with uniform gyromagnetic response is rather straightforward. It
basically consists in adjusting the resonance frequency through the material
parameters of the inclusion [18, 19, 24], and tuning the broadening and the
amplitude of the permeability through the thickness of the inclusion and the
volume fraction.
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Figure 12. a) Kerr Optical micrograph of the stripe domain structure of an amorphous
CoFeZr layer; b) experimental (dashed curve) and theoretical response (full curve) of a
CoFeZr with stripe domain structure, according to [31].

But in some cases, ferromagnetic elements can exhibit a response that is much
richer than conventional gyromagnetic resonance. This is the case for example
when a significant anisotropy normal to the film plane gives rise to a so-called
stripe domain structure (Fig. 12a). Then, several narrow peaks can be observed on
the permeability spectrum, in both direction of the film plane (Fig. 12b) [17]. The
permeability exhibits a significant hysteresis, associated with the so-called
rotatable anisotropy of the films. In a first approach, a film with stripe domain
structure can be described as a system with two populations of domains in
interaction, the magnetization precession being uniform within each population of
domains. This description leads to an analytical expression of the first two
resonance modes in the film plane, and accounts for the small linewidth of the
peaks [32]. More recently, a numerical dynamic micromagnetic approach lead to
an excellent agreement between the computed and the measured permeability [31].

Another example of non-uniform modes is observed in the small submicronic
polyol made particles. It has been demonstrated that the sharp peaks observed in
these materials are associated to non-uniform exchange-driven modes [29].
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3. Guidelines for the design of microwave composites

3.1 CHOICE OF A PROPER DEFINITION FOR THE EFFECTIVE
PERMEABILITY AND PERMITTIVITY

The notion of effective permeability and permittivity has been introduced above. It
is a very usual approach to account for the properties of a composite through its
effective properties. Significant efforts have been dedicated to the development of
effective medium theories. However, very little attention has been paid until
recently to the fact that no clear definition of the effective permeability and
permittivity of a composite had been given. In fact, different approaches lead to
incompatible values of effective parameters when skin effect is not negligible [13],
because they rely on different definitions. As permeability and permittivity values
are obtained through reflection — transmission measurements, it was found
necessary to establish a definition of the effective quantities, so that the
conventional expressions of the Fresnel coefficients using the effective quantities
are valid. Using this approach, it has been shown that [33] :

ucomposite=<B>/Hinsulator (5 )
8composite=Dinsulator/ <E> (6)

where the brackets correspond to the spatial average over the whole volume of a
periodical cell in the composite, and Hinsuators Dinsulator are the fields in a plane
containing no conductive element, and normal to the electric field. The hypothesis
and approximations associated with these results are discussed in full detail in ref.
33.

An important consequence of this result is to provide a justification to Eqs 2 to 4. It
allows the computation of the effective properties of C1D and C2D composites
made of hollow inclusions [34]. In addition, the form of Eqs 5-6 is very convenient
to deduce effective parameters from numerical resolution of Maxwell equations in
an inhomogeneous material. This approach may be helpful in the development of
metamaterials, which are sophisticated composites in which skin effect can not be
neglected.

3.2 BOUNDS ON THE MICROWAVE PROPERTIES AND SUM RULES

The intuition suggests that there is a connection between the microwave
permeability levels that can be attained, and the saturation magnetization. In the
case of ferrite materials with cubic symmetry, Snoek’s law [35] indicates that the
product of the low frequency real permeability p’; by the gyromagnetic resonance
frequency F, is related to the saturation magnetization 4nM; by :
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p,'F, =§(ac-4erx) )

In the case of a saturated thin film, it is easily shown that this law takes the form :
pF?=(xd4nM,) @®)

However, Snoek’s law gives no indication on the microwave permeability levels.
In addition, it is not valid for composite or inhomogeneous materials. Recently, we
derived a general sum rule, which is valid for a wide class of soft magnetic
materials and composites [36] :

I

max

+o0 p \
I = [Fu "(F)dF <t (vam ) = 9
X 5[ p"(F) 2d(94 ;) ©)

where F is the frequency, and f is the volume fraction of the ferromagnetic
constituent in the composite (f=1 in the case of bulk magnetic material). d is the
number of directions in space where the permeability is p(F) : d=3 in the case of
an isotropic material, and d=1 in the case of a LIFE material made from films with
uniaxial magnetization. This relation is valid in the case where skin effect is
negligible. Exchange driven modes are not taken into account either.

In the relation (9), the left quantity I is related to the microwave losses. It is easily
determined from permeability measurements performed with a network analyzer,
and a proper measurement cell. The bound I,/d is determined from static
magnetic measurements, and from tabulated values of the gyromagnetic factor ¥,

that is close to 3 MHz/Oe for most ferromagnetic materials.

In the case of soft ferromagnetic films with well-defined in-plane magnetization
and LIFE composites made from such films, it has been shown that the bound is
attained [37] :

Ix=Imax ( 1 0)

The validity of Eqs 9-10 has been assessed by experimental results on a large
variety of materials [38], either bulk or composite, with a large variety of dynamic
response as reported on Fig. 13.

Hexagonal ferrites with in-plane anisotropy are an interesting class of microwave
materials, but relation (9) does not apply as these materials exhibit very large out-
of plane anisotropy fields, and hence the soft material hypothesis is not verified.
But it has been shown that a sum rule can be derived, that takes into account this
out of plane anisotropy, and that it is in excellent agreement with experimental
results [39].
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LIFE composite ; c) a sintered ferrite.

This sum rule gives precise indications for engineering the response of magnetic
materials. As an example, it gives a very straightforward indication on the minimal
weight of thin magnetic absorbers [36]. It also opens significant possibilities in the
field of instrumentation. In particular, it is useful to check the validity of high
frequency measurements of permeameters [5].

4. Tuning the microwave response of a magnetic material
4.1 TUNING p TROUGH AN EXTERNAL FIELD

A very straightforward way to tune the microwave response of a magnetic material
is to apply an external static magnetic field. The evolution of the permeability with
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the applied field is in most cases well understood from the gyromagnetic resonance
equations [14].

A tunable microstrip filter has been manufactured using this principle [15, 40].
This filter is sketched on Fig. 14a), and the transmission coefficient is given on Fig.
14b and 14c. When the field is applied along the easy axis, the stopband shifts to
higher frequencies, due to the shift in the gyromagnetic resonance frequency (Fig.
14b). In contrast, when a field is applied normal to the easy axis and is strong
enough to change the orientation of the magnetization in the material, the

permeability along the microwave H field is unity, and a flat transmission response
is observed (Fig. 14c).
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Figure 14. a) Sketch of a microwave filter consisting of a LIFE material inserted in a
microstrip line ; b) operation with an external magnetic field along the microstrip line ; c)
operation with an external magnetic field normal to the microstrip line and in the
lamination plane.

4.2 TUNING p TROUGH AN EXTERNAL STRESS

Another way to tune the microwave response of a material is to exert a significant
stress. The effect of stress on the microwave properties of ferrites has been studied
[41]. The evolution of the microwave permeability of ferromagnetic thin film when
a parallel tensile stress is applied can be observed using a thin film permeameter
[42]. A thin film deposited on a plastic substrate is preferred, because a large stress
can be exerted using only moderate forces. The evolution with stress of the
microwave permeability of an amorphous CoFeSiB material is presented on figure
15a). It can be seen that the square of the resonance frequency increases linearly
with the stress, as predicted for a material with negative magnetostriction. The
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saturation magnetostriction coefficient A; can be extracted from the slope of the
variation [42], and is —5.8 107 in the case of Fig. 15. Magnetostriction coefficients
as low as —0.5 10”7 can be measured using this method.
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Figure 15. a) Evolution of the microwave permeability along the hard axis of a thin
amorphous Co-based film deposited on a mylar substrate, for a tensile stress along the hard
axis ; b) square of the gyromagnetic resonance frequency as a function of the applied stress
(triangles) and best linear fit (line).

4.3 TUNING € TROUGH AN EXTERNAL MAGNETIC FIELD

Recently, we have demonstrated that it is possible to tune not only the permeability
of a magnetic-based composite, but also its permittivity. This result has been
obtained on a wire medium consisting of parallel highly diluted amorphous glass-
covered wires. The permittivity has been shown experimentally to be tunable using
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an external magnetic field. At some frequencies, the sign of the real permittivity
could be changed by increasing the external field [43].

5. Conclusion

Ferromagnetic materials now appear as extremely attractive microwave materials.
Their conductivities used to be a strong limitation to their use at high frequencies,
but thin films, microwires and small powders can be turned into composites with
very attractive properties. The effective permeability of these composites can be
related to the properties of the inclusions through accessible models, based on a
proper definition of the effective properties of a composite. Significant progress
has been made also in the field of microwave measurements of ferromagnetic
constituents or composites. The properties of these materials can be engineered, in
particular through the material parameters of the magnetic inclusions, but clear
limits have been established that relate the microwave magnetic response to the
saturation magnetization of the materials. The ferromagnetic-based composites are
also attractive to make agile microwave devices. Not only the permeability, but
also the permittivity of the composites can be tuned. If the application of an
external field is a very simple way to tune the microwave response of a magnetic-
based composite, it is also possible to use the stress dependence of most magnetic
materials in order to control the response through the application of a stress.
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A FLAVOUR OF CONSTITUTIVE RELATIONS:
THE LINEAR REGIME
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Abstract. Constitutive relations supplement the Maxwell equations to provide a selfcon-
sistent and complete description of electromagnetic processes in materials. Some of the
basic aspects relating to the characterization of different types of materials in terms of
constitutive relations are reviewed in this contribution. Special emphasis is placed upon
the different interpretations of time-domain and frequency-domain formulations. Some
selected case studies show how nonlocality in time is equivalent to locality in frequency.
The genesis of constitutive relations is exemplified through two mechanisms: a simple
model for an electron plasma which leads to anisotropy and a homogenization technique
from which a very general class of composite mediums, so-called Faraday chiral mediums,
emerge. In the linear regime, the general bianisotropic medium, characterized by four
constitutive dyadics (second-rank cartesian tensors) is the most general type of medium.

1. Introduction

The mathematical formalism developed by James Clerk Maxwell governs
the description of all classical electromagnetic processes, be they propa-
gation, radiation, scattering and the likes. All of those take place in a
medium of some description. The mathematical characterization of medi-
ums is therefore an important task that lies at the very basis of classical
electromagnetic theory.

“What is a medium?” (Or “What is a material?”, these two terms
being used synonymously in this paper.) One can begin with the classical
vacuum and ask if it can be called a medium after all, as it is devoid
of any material interactions. More appropriately, therefore, the classical
vacuum is a reference medium. Beyond the classical vacuum, in the realm of
real physical materials one can further ask “What is a complex medium?”
A question of that nature is very central to a whole series of specialist
conferences, such as the Bianisotropics conferences, see for example [1, 2, 3],
or the Complex Mediums conferences [4, 5, 6] as well as to recent books
[7, 8,9, 10]. Relating to the electromagnetic properties of a certain material,
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the term complex remains only very loosely defined and encompasses vastly
different research topics. A sensible view and working hypothesis considers
any bulk medium with an internal structure more complicated than that of
a linear, homogeneous, isotropic dielectric-magnetic medium to be complex.

Whether a medium is simple or complezr, constitutive relations must
deliver a description of its electromagnetic properties. Therefore, they must
provide a basis for a classification of mediums by certain criterions: distinc-
tions on the basis of linearity versus nonlinearity, isotropy versus anisotro-
py/bianisotropy, homogeneity versus nonhomogeneity, spatial and/or tem-
poral dispersion, and so on. A thorough study of constitutive relations will
thus contribute towards a better understanding of electromagnetic com-
plexity. The purpose of this contribution is to highlight some fundamental
aspects associated with the delineation of constitutive relations, investigate
their genesis in certain physical models of bulk matter or from homogeniza-
tion formalisms. Furthermore, to study their mathematical structure as it is
constrained by physical and mathematical conditions. The topic is vast and
the author makes no claim to providing a comprehensive presentation in
such a limited space; rather it is hoped that the selection of covered topics
will whet to reader’s appetite for further study of this interesting topic. The
most significant restriction is that linear mediums shall be considered only;
for constitutive relations pertaining to nonlinear electromagnetic response,
the reader is referred to the literature [11, 12, 13].

In the following, Section 2 defines the two approaches to electromagnetic
field analysis in the space-time and space-frequency domains, respectively.
In Section 3, some fundamental comments of the role that constitutive
relations play, are made. In Section 4, an exposition of constitutive rela-
tions for different types of mediums with increasing complexity is given
before turning to bianisotropic mediums in Section 5 where such topics as
symmetries, constraints and homogenization formalisms are covered.

The mathematical approach will be through the standard vector calcu-
lus of 3-vectors and 3x3-dyadics (second rank cartesian tensors). Alterna-
tive descriptions utilize the covariant tensor formalism [14] or the technique
of 6-vectors and 6x6-dyadics [15, 16].

The following notational conventions are used: vectors are in bold face
while dyadics/tensors of second rank are in normal face and underlined
twice. Contraction of indexes is symbolized by a dot; that is, a * b stands for
> ab;, whereas A = ab is a dyadic with elements Asj = a; bj. The triplet
of cartesian unit vectors is denoted by (u.,uy,u;), and the position vector
by x = zu; +yuy + zu,. The unit dyadic is I =uzu;+uyuy+u;u,, and 0
is the null dyadic. The superscript ~! indicates inversion of a dyadic. Time-

dependent quantities are distinguished by a tilde above their respective
symbols.
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2. The Maxwell Equations

2.1. THE SPACE-TIME DOMAIN

Classical electromagnetic theory is governed by the Maxwell equations. For
fields depending on the spatial variable x and time ¢, they are given by

-Q-D—(a’—t"—t)JFVx H(x,t) = Jo(x,t), (1)
v B, 0+ 200 - g, @)
V « D(x,t) = pe(x,t), (3)
V. ﬁ(xat) :ﬁm(x’t)' (4)

Therein, B(x ,t) is the dielectric displacement, E‘(x ,t) is the electric field,
H(x,t) is the magnetic field and B(x,t) is the magnetic induction; whereas
Jo(x,1), Jn(x,1), Pe(x,t) and pm(x,t) are the electric and magnetic cur-
rent and charge densities, respectively. Magnetic charge and magnetic cur-
rent densities are fictitious quantities; however, their introduction into the
Maxwell equations serves a dual purpose: the equations acquire a higher
degree of symmetry (and show an associated invariance with respect to
certain types of duality transformations [17]) and in some applications
such usage leads to a simplified analysis, see the literature for more details
(18, 19].

The two divergence relations (3) and (4) are generally viewed as con-
sistency conditions in electromagnetics and not as independent differential
equations. They will not play a role in the following. Indeed, they can be
viewed as being implied by (1) and (2) provided it is assumed that the
current and charge densities fulfil

V. jp(X,t)‘l‘ ——6pp(§1(’t) =0, p=em. (5)

Henceforth, all sources are supposed to comply with the continuity equa-
tions (5).

2.2. THE SPACE-FREQUENCY DOMAIN

All the fields introduced previously are real-valued vector fields depending
on position x and time ¢. A significant amount, probably the vast majority,
of electromagnetics research dealing with simple and complex mediums
alike is performed for frequency-dependent fields, however. One can apply



64
a Fourier transform with respect to time

W(x,t):/W(x,w) exp(—iwt)dw, W=D ,E, B, H,J.,Jm,pec;pm,
(6)

which entails that (1)-(4) are transformed into

iwD(x,w) +V x H(x,w) = Je(x,w), (7
V x E(x,w) — iwB(x,w) = =Jn(x,w), (8)
V « D(x,w) = pe(x,w), 9)
Ve B(x,w) = pm(x,w), (10)
whereas the continuity equations (5) turn into
Ve Jp(x,w) — twpp(x,w) =0, p=em. (11)

The two systems of vector partial differential equations (1)—(5) and
(7)—(11) are equivalent starting points for electromagnetic field analysis.
It must be appreciated, however, that there is a fundamental difference
between these two systems: (1)—(5) contain real-valued (and thus measur-
able) field vectors depending on x and ¢, while in (7)—(11) the involved
field quantities are complez-valued field phasors, depending on x and an-
gular frequency w. As such they are simply mathematical constructs and
significant consequences of this distinction are discussed in more detail in
a later section.

3. Why Constitutive Relations?

;From the viewpoint of the previous section, where it was argued that the
Maxwell ‘divergence’ equations are implied by the Maxwell ‘curl’ equations
if only the continuity equations hold, the following active system of partial
differential equations is at one’s disposal. For fields depending on space—
time:

—%’Z’”Jﬂx H(x,t) = Jo(x, 1), (12)
V x E(x,t)+8—'—%a);’—t)=—jm(x,t); (13)

while for field phasors depending on space-frequency:

iwD(x,w)+V x H(x,w) = J.(x,w), (14)
V x E(x,w) —iwB(x,w) = =Jn(x,w). (15)
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These two systems are repeated here such that one can see very clearly that
(12), (13) and (14), (15), respectively, do not provide a sufficient number
of differential equations to derive a solution for the fields or phasors. In
both cases there are twelve unknown components: three each for the field
vectors D(x,t), E(x,t), H(x,t), B(x,t) in the time-dependent case; and
three each for the field phasors D(x,w), E(x,w), H(x,w), B(x,w) in the
frequency-dependent case (the source terms on the respective right-hand
sides are presumed to be prescribed), while the two systems only provide
six partial differential equations each. As a consequence, six further rela-
tions (two vector equations) must be added in each case for a selfconsistent
description of the electromagnetic field. Initially, we specify these relations
in a very general form as the vector equations

11, {E(x,t),f)(x,t),ﬁ(x,t),B(x,t)} =0, p=em, (16)
U, {E(x,w),D(x,w),H(x,w),B(x,w)} =0, p=em. (17)

Therein, I1, , and W ,,, respectively, denote some general functional depen-
dence between the involved fields and phasors. The relations (16) are the
constitutive relations for space-time dependent fields, while (17) are the
constitutive relations for space-frequency dependent field phasors. What
specific functional dependence is present in (16) or (17) depends on a
number of issues.

(i) In which kind of material(s) does the electromagnetic process take
place: what is the global structure?

(ii) What constraints do physical conditions (such as symmetry require-
ments in crystals, for example, or reciprocity conditions) impose on the
constitutive parameters: what are the intrinsic properties?

(iii) Are there structural conditions such as mathematical uniqueness re-
quirements that constrain the constitutive properties further?

A selfconsistent problem is thus described by the Maxwell equations plus
the constitutive relations that provide specific information about the mate-
rial that is being considered. It is added parenthetically that the delineation
of a complete electromagnetic problem further requires the specification of
boundary and/or initial conditions, but that topic is not considered here.

Therefore, in a brief intermediate summary, electromagnetic field anal-
ysis requires

(A) the solution of (12), (13) and (16) for time-dependent fields, or
(B) the solution of (14), (15) and (17) for frequency-dependent field pha-
SOTrS.
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4. Linear Constitutive Relations: A Flavour

4.1. THE CLASSICAL VACUUM OF ELECTROMAGNETICS

D(x, 1) = e B(x, 1), fi(x,t)zuiB(x,t), (18)

provide the simplest implementation of constitutive relations and relate to
the classical vacuum. As €, and p, are true constants (permittivity and
permeability of vacuum, respectively, e,po = 1/c%, where c is the speed of
light in vacuum), the corresponding constitutive relations for the frequency-
dependent field phasors, which follow from the inverse Fourier transform,
are identical in appearance as per

D(x,w) = ¢ E(x,w), H(x,w)z;}gB(x,w). (19)
It is important to realize that the vacuum is the only ‘medium’ for which
this equivalence holds. Its primary role is that of the reference medium of
classical electromagnetism.

The constitutive relations of the vacuum also define a minimum ma-
thematical structure for constitutive relations in general. When delineating
general functional dependencies as in (16) or (17), one must aim to exclude
pathological or contradictory, i.e., mathematically inconsistent, formula-
tions. One can require that the constitutive relations of any material must
be reducible to those of the classical vacuum when all material interactions
are removed.

4.2. HOMOGENEOUS ISOTROPIC DIELECTRIC-MAGNETIC MEDIUMS

The linear, homogeneous, isotropic, dielectric-magnetic medium is the most
widely employed material of electromagnetics research. Its frequency-dom-
ain constitutive relations are given by

D(x,w) = ge(w) E(x,w), H(x,w) o) B(x,w). (20)
The true constants €, and p, are supplemented by two (dimensionless)
constitutive parameters: relative permittivity e(w) and relative permeability
p(w), both dependent on the circular frequency w.

For this medium, one encounters for the first time the fundamental
difference between constitutive relations in the frequency domain and in the
time domain. For convenience, we first introduce an electric susceptibility
Xe and a magnetic susceptibility function x,, as per

€w) =1+xew), p'w)=1-xmWw), (21)
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(note that x,, was introduced for the benefit of the mathematical repre-
sentation as in [20] and does not correspond to the standard definition of
a magnetic susceptibility [21]). On using the Fourier transform (6) that
connects the time and the frequency domains, it can be seen that (20) and
(21) lead to

- - +o0 -
D&J):%E&Jy+/ €0 Re(T) B(x,t — 7) dr, (22)
fﬂ&ﬂzjiﬁaﬁy—/ﬂoixmhﬂﬂxt—ﬂdr (23)

—o0 Mo

In these formulas, the electric and magnetic susceptibility kernels x.(t) and
Xm(t) are the Fourier transforms of the susceptibilities defined in (21):

Xp(t) = / Xp(w) exp(—iwt) dw, p=-e,m. (24)

The representation in (22) and (23) provides a very instructive interpre-
tation in separating the material response of the medium into a contribution
from the reference medium (the vacuum) and the actual material interac-
tion. Indeed, it is motivated by the standard approach in describing the
material properties of matter in the form

D(x,t) = &
A(x,t) = -

~()+15(xt) (25)
Buw—;M&n (26)

in terms of an electric polarization P(x,t) and a magnetic polarization
M(x,t). These terms can be clearly identified as the convolution integrals
in (22) and (23), respectively.

To interpret the constitutive relations (22) and (23) correctly [20], one
must first realize they are nonlocal with respect to time. Indeed, if one
imposes the requirements that (i) no material medium can respond before
it is stimulated and (ii) no material can have an instantaneous response (in
other words, it must be causal), one is led to the conditions

Xe(t) =0,  Xm(t)=0, t<0. (27)

The constitutive relations (22) and (23), together with (27) provide the
proper material description of a causal, linear, homogeneous, isotropic,
dielectric-magnetic medium and we note that (27) is also in accordance
with the Kramers-Kronig relations [18].

In fact, the use of constitutive relations that technically apply only
for frequency-dependent field phasors to conduct a time-dependent field
analysis remains an issue of considerable confusion in the research literature
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to the present day, see, for example (22, 23, 24, 25, 26]. Such continuing
practice is surprising in view of the observation that appropriate treatments
through convolution integrals and causality conditions exist both in older
(14, 18] and much more recent publications (27, 28, 20, 29].

4.3. BEYOND ISOTROPY

In all circumstances, at least from a principal perspective, the macroscopic
formulation facilitated by the Maxwell equations plus constitutive relations
must be based upon a microscopic model of electromagnetic (and possibly
other) interactions. Because of the difficulty of solving truly atomistic prob-
lems involving bulk matter due to the large number of particles involved,
exact representations must however be replaced by phenomenological or
approximative models.

The example considered here is of a plasma of electrons in thermal mo-
tion. For simplicity, a homogeneous, collisionless, incompressible fluid model
is employed [30]. The physical system comprises electrons in a classical
vacuum, and we describe the state of the system with E(x,t), B(x,t) and
an average electron velocity v(x,t). The Maxwell equations for vacuum are
thus augmented by an electric current density due to the electrons’ motion
as per

OE(x ,t)

_60T+V>< H(x,t) + no g ¥(x,t) =0, (28)
5 H(x,t
V x E(x,t)+ﬂo§E—g§"—):0- (29)

These equations are supplemented by the equation of motion for a charged,
inviscid and incompressible fluid, given by

ov(x,t)
ot

Therein, —nyq and nym are the background electron charge and mass
densities, respectively. The model further contains a static magnetic field
By = Bobg of strength By and fixed direction in space (bgp is a unit
vector) that influences the electrons’ motion. The Lorentz force density
~Toq (E + Vv X Bo) is clearly recognizable in (30). No externally prescribed
source terms have been added to the system (28)—(30).

The aim is to obtain an effective electromagnetic formalism by elimi-
nation of the non-electromagnetic variable v(x,t). Straightforward mani-
pulations permit recasting of (28)-(30) in the form (12) and (13) (setting
Je = J,, = 0 there), provided these two equations are supplemented by the

anE(x,t)—!-nom —noqBobg x V(x,t) =0. (30)
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constitutive relations

- - - 1 -
D(x,t) = €& x BE(x,t), H(x,t):M—B(x,t). (31)
° 0
The effective electromagnetic medium has the same magnetic behaviour
as the vacuum but the elimination of V(x,t) has manifested itself in a
complicated constitutive relation linking D(x,t) and E(x,t). In (31),
is a linear dyadic operator in space and time defined by

o2 217"
. 219
ex=1+w, 5‘t2£ (b0><1> 8t] , (32)
which be can be manipulated into
w2 Wew?
ex = (1 I-bobg) + —5—L— by x [
£* ( + +3tt>(: 0 O) (w2 + ) O 02
w2
it

The last expression was obtained by using simple dyadic manipulations
[31]; wf, = nyq%/me, is the plasma frequency while w. = qBy/m is the gyro
frequency (0; = 0/0t, Oy = 6%/0t?).

The operator representations in (32) and (33) are only formal ones but
they exhibit a new feature not discussed before: D(x , t) and E(x,t) are not
parallel anymore, and one is dealing with an anisotropic medium. Temporal
dispersion is present by virtue of the presence of (inverse) time derivatives
in the operator. Of course, one needs to clarify how to calculate inverses
of composite operators containing temporal derivatives. One can assign the

meaning
(2) sw= [ sear, (34
and
9(6) = — 5= 1(t) & (a+0u)glt) = £(0). (3)

This interpretation is equivalent to the use of convolution integrals as in
(22) and (23) in the previous section. Again, it is in the frequency domain,
that a clearer interpretation of (31)—(33) emerges. By using the inverse
Fourier transform, the frequency-domain constitutive relations

D(x,w) = e¢(w) * E(x,w), H(x,w)= iB(x,w) , (36)
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result, with

€(w) = e1(w) (L—Dbobo) +iex(w)bo x L+ €(w)bobo. (37)
The constitutive parameters are
w? wWew? w?
— P - _ P =1--P
€1(w) = 1—‘*’_2:_‘;2, ea(w) = S ew)=1 R (38)

It is easy to see that the transition from the operator €* to the dyadic
€(w) can be formally facilitated by the simple substitution 8/0t — —iw.
These constitutive relations describe a gyrotropic medium of electric type. A
similar dyadic structure for the magnetic properties describes a gyrotropic
medium of magnetic type as exemplified by ferrites. Macroscopically, it is
characterized by an anisotropy due to the presence of the distinguished
direction bg and three constitutive parameters €, €2, €. Beyond that, how-
ever, the physical model that was employed to study the electron plasma
has also provided in (38) the exact (on the basis of the chosen model)
dependence of those constitutive parameters on the circular frequency w
and on the fundamental plasma parameters, the plasma frequency w, and
the gyro frequency we.

The preceding derivation has shown that nonlocal behaviour in time is
equivalent to local behaviour in frequency: the frequency-domain constitu-
tive relations permit a local relation between D(x,w) and E(x,w) which
is considerably easier to handle than the dependence of D(x,t) on E(x,t)
via convolution integrals.

4.4. BEYOND HOMOGENEITY

Constitutive parameters that do not vary in space describe a homoge-
neous medium. While it is easy enough to postulate a nonhomogeneous
medium by defining the constitutive parameters as arbitrary functions of
position x, actual field solutions can not be expected to emerge without
specifying mathematical functions that detail such dependencies. Not sur-
prisingly, the mathematical analysis becomes significantly more difficult
when nonhomogeneous mediums are considered.

In the following we focus on a specific type of nonhomogeneity that
manifests itself as periodicity. Well-studied examples are cholesteric liquid
crystals (CLCs) with frequency-domain constitutive relations given by [32]

D(x,w) = e ¢(x,w) * B(x,w), H(x,w) = %B(x,w), (39)

where now

€(x,w) = €a(w) L+ [ep(w) — €a(w)] u(2) u(z), (40)
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with Tz . Tz
u(z) =u, cos = +uy sin o~
This describes a helicoidal structure with periodicity along the z axis, with
€a(w) and €p(w) as scalar parameters and u(z) as the local optical axis
or director of the medium. The medium has a periodicity of Q in the 2-
direction as per €(z + ,w) = €(z,w) and is technically a twisted, uniaxial,
dielectric medium. -
A speculative generalization of such a helicoidal structure led to the

postulation of so-called helicoidal bianisotropic mediums [33] specified by

(41)

D(x,w) =€ [g“(z,w) cE(x,w) +a,(z,w) * H(x,w)} . (42)
B(x,w) = fio | @y, (2,0) * B(x,w) + gy, (2,w) -H(x,w)] . (43)

where the nonhomogeneous constitutive dyadics «
sentations

,,,(2,w) have the repre-

a,(zw)=8(z)+f )+ 57(z), A=12 v=12  (44)

The unitary dyadic S(z)

Tz . T2
S(z) = cos O (uz uz + uy uy) + sin a (uyuz —uguy) +u,u,, (45)
is responsible for the rotational nonhomogeneity of the helicoidal bian-
isotropic medium while the dyadics ﬂ/\ (w) must conform to the require-
=AV

ments of Lorentz covariance and obey the Post constraint (see (61) in
Section 5) and be consistent with the Kramers—Kronig relations to be
causal. Reciprocity and losslessness may impose additional requirements
on the constitutive parameters {18, 14, 34, 35].

Since the original conceptualization of helicoidal bianisotropic medi-
ums research has progressed rapidly, both theoretically and experimentally,
towards sculptured thin films (STFs) which provide many interesting appli-
cations in optical and other technologies [36]. The constitutive characteriza-
tion of STF's, in their various specifications, can exceed that of the helicoidal
bianisotropic mediums even further in complexity; the unitary dyadic S(z)
may be a product of three different rotation dyadics because of the need to
introduce as many as three rotation angles to describe the morphology of
these highly complex mediums. A comprehensive review of STFs should be
consulted for details [37]. Furthermore, the interested reader is directed to
review presentations at previous Bianisotropics conferences [38, 39]. These
and the many papers in the Complez Mediums conferences [4, 5, 6] and
a predecessor conference [40] dealing with various aspects of STFs further
exhibit the great significance of these nano-engineered materials.
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5. Bianisotropic Mediums

5.1. GENERALITIES

We rewrite the very general constitutive relations (16) and (17) in the form
D(x,t) = Lp {E(x,t),B(x,t)}, (46)
H(x,t) =Ly {E(x,t),ﬁ(x,t)} , (47)

for time-dependent fields, and

D(x,w) = Lp{E(x,w),B(x,w)} , (48)
H(x,w) =Ly {E(x,w),B(x,w)}, (49)

for frequency-dependent field phasors, whereby L p,H and Lp g are certain
linear operators. While these are still very general representations, they re-
flect the fact that for all practical purposes, constitutive relations are being
substituted into the Maxwell equations, leading to an elimination of two of
the unknown field vectors (or phasors). Implicit within such a procedure
is a decision which two of the four field vectors are to be eliminated. In
the time domain, a clear distinction is provided by the understanding that
BE(x, t) and B(x, t) emanate from the fundamental microscopic fields (and
it is E(x,t) and B(x,t) that appear in the fundamental electromagnetic
quantity, the Lorentz force), while D(x,t) and H(x,t) are macroscopic
fields induced by the presence of material interactions [18, 14, 41]. As a
consequence, (46) and (47), upon substitution into (12) and (13) lead to
a field analysis in terms of E(x,t) and B(x,t). Once these are obtained,
D(x,t) and H(x,t) can be calculated, if so desired, from (46) and (47).

Equivalently, (48) and (49) entail a field analysis in terms of E(x,w)
and B(x,w). However, devoid of direct physical observability, field phasors
are complex-valued quantities that can be used interchangeably. The bulk
of all frequency-domain electromagnetics research is actually carried out
in terms of E(x,w) and H(x,w), based on writing (48) and (49) in the
alternative form

D(x,w) = Lp {E(x,w),H(x,w)}, (50)
B(x,w) = Lp {E(x,w),H(x,w)} . (51)

In the linear case considered here, a one-to-one correspondence between
the E, H (often called the Tellegen representation) and the E, B formalism
(often called the Boys—Post representation) can easily be facilitated for the
general case of a bianisotropic medium [42, 43]. Inclination towards the
use of E(x,w) and H(x,w) in frequency-domain analysis is based on the



73

conveniences (i) that substitution of (50) and (51) does not affect the terms
involving spatial differentiation in (14) and (15); (ii) that boundary condi-
tions on material interfaces are generally formulated in terms of E(x,w)
and H(x,w) and (iii) that E(x,w) and H(x,w) define the Poynting vector
(an issue that is of some importance in the engineering literature).

The previous discussion led to the impression that electromagnetic field
analysis, whenever it involves complex mediums, is more complicated when
pursued in the time domain than in the frequency domain. In addition to
the necessity to take into proper account material responses that may be
anisotropic or nonhomogeneous, time-domain formulations require compli-
cated convolution integrals in their constitutive relations such that causality
requirements are fulfilled. Therefore, a frequency-domain approach to a spe-
cific problem is often more feasible. Thus, the electromagnetic field analysis
shall henceforth be performed in the frequency domain. The final results
may, if so desired, be transferred into the time domain by the appropriate
Fourier transforms.

The various operators £, defined in (46)—(51) are linear for linear re-
sponse properties. The most general type of linearity has been termed
bianisotropic. A linear bianisotropic medium can thus be characterized by
frequency-dependent constitutive relations given by

D(x,w) = ¢(x,w) * B(x,w) + o(x,w) * B(x,w), (52)
H(x,w)zﬁ(x,w)'E(x,w)+g‘1(x,w)-B(x,w). (53)

Therein, in the Boys—Post representation, €(x ,w) is the permittivity dyadic,
p(x,w) is the permeability dyadic, while_g(x ,w) and B(x,w) are the two
magnetoelectric dyadics. The dispersive nature of the medium is taken
care of by their dependence on w while the argument x indicates that the
bianisotropic medium may also be nonhomogeneous. Alternatively,

D(x,w):gT(x,w)°E(x,w)+£T(x,w)'H(x,w), (54)

B(x,w):gT(x,w)-E(x,w)+ﬁT(x,w)-H(x,w), (55)
is called the Tellegen representation (hence the subscript 7); the terminol-
ogy for the constitutive dyadics €., B ¢, and ¢ remains the same.

The two sets of constitutive relations (52), (53) and (54), (55) are linked
through the identifications [42]

_ R |
g_:'E_T g —H—T gT’ g é’[‘ gT, (56)
=—ple = 57
B=-ty "Sp B=Lrs (57)
or, vice versa,
Er=e-a pf, E.=acp, (58)
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(59)

oy

=-ub

=
=

T T

Regardless which representation is chosen, the four constitutive dyadics
contain the full information of the electromagnetic response of the bian-
isotropic medium. They provide a vast parameter space with a multitude of
specializations relating to different types of mediums. Specific structures in
the constitutive dyadics/tensors, or generally, operators, give rise to specific
electromagnetic effects. And so, for many decades, a vast variety of differ-
ent types of linear (and nonlinear), homogeneous and nonhomogeneous,
isotropic, anisotropic and bianisotropic mediums have been studied.

There is consequently an extensive playground between the maximum
of 4x9 = 36 complex-valued constitutive parameters and the greatest sim-
plification to only two quantities. The latter arise when the reduction to
a linear, homogeneous, isotropic, dielectric-magnetic medium is considered
where ¢ = €pe I, o = pop I, @ = 8 = 0. Many of the mediums thus obtained
and characterized by certain properties have well-known names, such as
chiral, uniaxial, biaxial, gyrotropic, and have been studied extensively in the
literature. The reader is referred to a various attempts towards consistent
classification schemes (42, 43, 9].

5.2. SYMMETRIES AND CONSTRAINTS

Theoretical exploration of the vast parameter space, spanned by the four
constitutive dyadics can very quickly become very difficult and a reduction
of the number of constitutive parameters is thus desirable. Needless to
say, specializations and/or simplifications in general medium descriptions
should be founded on two important principles: (i) they must be based on
sound physical and mathematical considerations and (ii) they must contain,
at least in the form of a principal mechanism, a scheme how such a medium,
if it does not exist in natural form, can be manufactured.

A popular approach to the reduction of this large parameter space is
the exploitation of symmetries. Symmetries in constitutive relations can
occur because they appear intrinsically in the studied materials; well-known
examples are provided by crystals. Furthermore, symmetries may be im-
posed, as one may demand, for example, that a specific medium should be
Lorentz-reciprocal [44], for example in the Tellegen representation:

len

T: 7'1117 é :—CT, g = 7;7 (60)

Hen
=

(superscript T indicates transposition). AEqually, there may be conditions
based on appropriate approximations; for example, absence of dissipation.
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In addition, one finds that a structural and uniqueness constraint, the
Post constraint, must be fulfilled by any bianisotropic medium [14, 34]:
Trace [g(x,w) - B(x ,w)] =0, (61)

for constitutive relations expressed in the Boys—Post form or
-1 . =
Trace [gT (x,w) (QT(x,w)—}-gT(x,w))] =0, (62)

in the Tellegen form. The Post constraint is an algebraic condition, rele-
vant whenever magnetoelectric coupling is present. All purely anisotropic
mediums fulfil (61) identically, as can be seen by substituting a(x,w) =
B(x,w) =0 into (61) or, equivalently, §T(x,w) = QT(X ,w) =0 into (62),
respectively. The Post constraint thus reduces the constitutive parameter
space by one complex-valued quantity.

The above relations make it clear that the Post constraint is not a
reciprocity condition, see (60). However, the Post constraint has its most
important consequence for biisotropic materials in the observation that
under the appropriate reductions of the dyadics in (61) and (62), the
recognizable existence of nonreciprocal biisotropic mediums is negated. The
repercussion is that the isotropic chiral medium is the most general isotropic
medium that contains magnetoelectric coupling. For more details on this
issue the reader is referred to a recent comprehensive review [34], that
contains a literature survey, detailed evaluation of experimental and theo-
retical background as well as an analysis of opposing views that have been
expressed on this subject.

5.2.1. Biazial bianisotropic mediums

Biaxial bianisotropy provides an instructive example how a very specific
structure in the constitutive relations arises from a simple symmetry re-
quirement. In this instance we demand that the (homogeneous) bianisotro-
pic medium as a whole is characterized by two distinct (crystallographic)
axes. We then obtain the constitutive relations as [45]

D(x,w) = € ¢,,(w) * E(x,w) + (1/n0) @), (w) * B(x,w), (63)
H(x,w) = (1/m0) B, () * B(x,w) + (1/po) g, (w) * B(x,w), (64)

=bi

(Mo = V/1to/€0 )- The dimensionless constitutive dyadics are given by [45]

€4;(w) = €a(w) L+ ep(w) (Um Un + Up um) | (65)
a,. (W) = aa(w) L+ ap(w) (Um un +up ) (66)
B,.(@) = Ba(w) L+ Bp(w) (U tn + U um) (67)
1 W) = 0a(w) L+ 0(w) (U Uy + Uy ) - (68)

=b
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In the foregoing expressions, u,, and u, are the two distinguished axes of
the biaxial structure. The biaxial bianisotropic medium is a nonreciprocal
medium. It is characterized by the eight complex-valued and frequency-
dependent constitutive parameters eq, €, q, @, Ba, Bb, 0a, 0p (the last
two being essentially inverse permeability scalars), plus a real-valued angle
¢, whereby cos ¢ = u,, * u,.

In a further illustration of previous developments, the Post constraint
(61), for the biaxial bianisotropic medium simplifies to

3(ag— Ba)+2(ap— Pp) cosp =0, (69)

thus reducing the number of unconstrained medium parameters from 8x2
+ 1 = 17 to 15 real-valued quantities.

The theoretical characterization of biaxial bianisotropic mediums as
given in [45] provided the basis for detailed numerical homogenization
studies [46, 47, 48] and a comprehensive review of these results can be
found elsewhere in this book [49].

5.3. HOMOGENIZATION FORMALISMS

Previously, in Section 4.3, an instructive example detailed how constitutive
relations emerge due to the coupling of the electromagnetic field vectors to
a non-electromagnetic field. A different but exceedingly valuable approach
to the delineation of constitutive relations is provided by different types of
homogenization formalisms.

The aim of any homogenization formalism is to derive or at least provide
solid estimates for the constitutive parameters of a homogenized composite
medium based on a knowledge of the constitutive parameters and various
geometrical /topological quantities pertaining to two or more constituent
mediums. Homogenization formalisms operate within well defined limits of
applicability. Best known among the various formalisms are those associated
with the names of Maxwell Garnett and Bruggeman [50] and variations
thereof [51]. A vast amount of literature on homogenization exists. We refer
to it for introductory works [52] as well as detailed reviews [53, 54]. Very
recent work has also provided significant progress with another homogeniza-
tion formalism, the strong-property-fluctuation theory (SPFT) [55, 56, 57]

(these references may also be consulted for historical background of the
development of the SPFT).

5.3.1. Faraday chiral mediums
Let us, for illustrative purposes, homogenize a chiroferrite composite me-
dium by following the given recipe. We take two component mediums, the
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first one a magnetically biased ferrite characterized by [31]
D(x,w) = e (w) B(x,w), (70)
B(x,w) = po [ (@) (L~ wu) +ipf (w)u x L+ pf(w) wu] - H;(71)
e/ is the relative permittivity scalar, u/, ,ug and pf are relative permeability
scalars. One may compare these constitutive relations of a gyrotropic me-

dium of the magnetic type with (36) and (37) for a gyrotropic medium of
the electric type. The second component is an isotropic chiral medium [58]:

D(x,w) = € €°(w) B(x,w) + iy/Epo £ (w) H(x, w), (72)
B(x,w)=— Mg( E(x,w) + po p° (w JH(x,w), (73)

wherein €, u€ and £° are the relative permittivity, relative permeability
and the chirality parameter, respectively.

The ferrite medium and the isotropic chiral medium are then mixed in
a certain volumetric proportion and the Bruggeman formalism [50], for
example, can be successfully employed to extract the properties of the
homogenized composite medium (HCM). Upon usage of the constitutive
relations (70)-(73), this procedure yields

D(x,w) = ¢ gHCM(w) *E(x,w) + i/elo éHCM(w) *H(x,w), (74)
B(x,w) = —iy/efo M (W) * B(x,w) + pop M (w) « H(x,w)(75)

Each of the three constitutive dyadics gH CM, HH M §H M is of the form:

oM (@) = oM (w) (L~ uu) +ia) M (@) ux [+ ol (w) uu, (76)

which can be recognized as of gyrotropic type again. A medium described by
(74)—(76) is called a Faraday chiral medium,; in this instance, a chiroferrite.
The detailed numerical homogenization results given in [59] fully confirmed
the correct characterization of chiroferrites on purely theoretical grounds
[60]. By following a similar procedure, whereby the ferrite is replaced by a
magnetically biased (cold) plasma (as described by (36) and (37)) leads to
a Faraday chiral medium, again described by (74)-(76), this time termed
chiroplasma; see [61] for comprehensive homogenization studies.

6. Conclusion

Theoretical, numerical and experimental investigations in the electromag-
netics of complex mediums all require a clear understanding of constitutive
relations. These supplement the Maxwell equations (together with bound-
ary and/or initial conditions) to provide a complete specification of elec-
tromagnetic field problems. The more complex a medium is that requires
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characterization, the more complex the constitutive relations which link the
involved electromagnetic fields or phasors will be. Constitutive relations
can be linear or nonlinear, homogeneous or nonhomogeneous, isotropic
or anisotropic/bianisotropic, local or nonlocal in space and/or time; their
mathematical expression can be in differential, integral or algebraic form.

Here, the focus was to provide a basic introduction into constitutive
relations in the linear regime. For such a wide-ranging topic only a flavour
of the many important issues could be addressed. Special emphasis was put
on the important conceptual differences between the time domain and the
frequency domain. A variety of different complex mediums that play an
important role in electromagnetics and optics research were described with
regard to their emergence from simple underlying physical models or as the
outcome of different types of homogenization formalisms.
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ELECTRODYNAMICS OF MEDIA WITH SIMULTANEOUSLY
NEGATIVE ELECTRIC PERMITTIVITY AND MAGNETIC
PERMEABILITY

V.G.VESELAGO
Moscow Institute of Physics and Technology
9 Institutski per. Dolgoprudny, Moscow district, 141700, Russia

Abstract. This chapter concentrates on basic properties of materials that can be characterised by
having simultaneously negative permittivity and permeability. Poynting vector, Doppler effect,
Cherenkov radiation, Snellius law, Fermat principle, possible devices, and experimental work on such
materials are discussed.

1. INTRODUCTION

For the last two years we all became the observers of great interest to materials
with simultaneously negative values of electric permittivity € and magnetic
permeability p. It is necessary to note that highly interesting and unusual

electrodynamic properties of such materials were considered in our old works [1-
4]. However, these works did not get further development at that time, since neither
us, nor other authors could manage to realize materials with simultaneously
negative values of both € and p. Already in [1-4] it was shown that the main

electrodynamic properties of such materials could be seen from the well-known
equations changing the sign of the index of refraction n. Because of this fact, we
introduced the concept of index of negative refraction [1]. It became also obvious
that the class of "materials with negative n" is much broader than the class of
"materials with simultaneously negative values of € and p. Materials with

negative n are characterized by the opposite directions of the phase and group
velocities. Such materials (or structures) are often called “materials with negative
group velocity,” and they are known for enough long time. As an example we can
mention the backward-wave microwave tubes.

The materials, which exhibit negative refractions, were named in [1,2] as "left-
handed materials". This term, well sounding in English, has no euphonic
translation into Russian, and so we shall name materials with n <0 "materials
with negative refraction", or "negative-index media" - NIM. Accordingly, usual
materials with n > 0 it is possible to mark as PIM.
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After appearance of papers [1-4] for a long time there were no publications on this
problem until paper [5] appeared, followed by [6], in which R. Shelby, D. R.
Smith, S. Schultz, et al. from the University of California at San Diego
communicated on creation of artificial composite materials with negative values of
€ and p in the centimeter wave band. This composite material is a combination of
small metallic wires and rings, positioned in space in a sort of lattice. As was
reported in paper [6], direct experiments shown that such a structure can be really
characterized by negative values of € and W, and, as a result, by a negative value
of the refraction index n.

2. MAIN ELECTROMAGNETIC PROPERTIES OF MATERIALS
WITH NEGATIVE ¢ AND p

In most equations of electrodynamics the values of € and p are present as a
product gp, for which a simultaneous change of the signs of both multiplicands is

not essential. This completely pertains also to the value of the refractions index n.
However, from general considerations it is obvious that a simultaneous change of
the signs of € and p must bring about some essential changes to electrodynamic

characteristics of material. To find these changes, it is necessary to use equations of
the 1-th order, in which &€ and p enter separately. Such equations are the Maxwell

equations and material equations. Let us write them for a uniform plane wave,
propagating in an isotropic material:'

[kE] = -(cguH 6))

[kE]=—¢H @
[

D=¢E 3)

B=pH €y

From equations (1-2) it is immediately seen that for positive € and p vectors
E,H and k form a right-hand system of orthogonal vectors, but for negative &
and p the system becomes left-handed. At the same time the Poynting vector S

S =[EH] &)

! Note that in the Russian literature, the vector (cross) product is often denoted by putting
the two vectors inside square brackets. (editors)
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always forms with vectors E and H a right-hand triple of vectors.
Now is important to remember that vector Kk is directed parallel to the phase
velocity Vph> SO if € and p are negative, vector Vph and vector S are

oppositely directed. Usually in this case one speaks of “negative group velocity”,
but a more correct name is “negative phase velocity”. Exactly, such terminology
takes into account the fact that the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>