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In memoriam: Jin Au Kong

Jin Au Kong, Professor in the Department of Electrical Engineering and Com-
puter Science at the Massachusetts Institute of Technology (MIT), contributed
tremendously to the development of left-handed media from the very begin-
ning, in 2001. His influence can be felt in all areas of this field, from theory
and numerical simulations for which he was internationally renowned, to ex-
periments that he helped conceive and carry through all around the world,
notably within MIT and the MIT Lincoln Laboratory, as well as in Asia and
Europe. The conference he created, Progress in Electromagnetic Research
Symposium, was one of the first, if not the first, to promote technical ses-
sions on left-handed media, thus contributing to the cross-fertilization of ideas
among researchers worldwide. His journals, the Journal of Electromagnetic
Waves and Applications and the Progress in Electromagnetic Research, con-
stantly call for innovative papers on all aspects of left-handed media, and have
been well regarded and well cited. Finally, his textbooks, written and pub-
lished years before the advent of left-handed media, often contain remarkable
ideas and concepts that were later rediscovered and accepted as pillars in this
new field.

Prof. Kong passed away unexpectedly on March 12, 2008, of complications
from pneumonia, before this book went to press. Many of the ideas and
concepts presented in the following pages have been directly inspired by him
and discussed at length with him, often late into the night in his office at
MIT. The course of events made it such that my efforts toward the realization
of this book have become a tribute to his work during the last 7 years. The
international community has lost one of its giants, which is in addition a
personal loss for me.

T. M. Grzegorczyk



Foreword

The past ten years have seen an astonishing explosion of interest in nega-
tive refractive index materials. First explored systematically by Veselago in
1968 from a theoretical point of view these materials remained without an
experimental realisation for more than 30 years. That had to await devel-
opment of suitable metamaterials, materials whose function is due as much
to their internal sub wavelength structure as to their chemical composition.
The added flexibility to create new materials enables properties unavailable
in nature to be realised in practice. That opened the floodgates to a host of
new experiments. '

Why the great interest? From its rebirth at the beginning of this century
negative refraction has provoked controversy. To be consistent with the laws of
causality a material has to do much more than refract negatively. For example,
it must necessarily be dispersive. Thus did many misunderstandings arise and
pioneers had to endure some testing assaults. Yet even that aspect can now
be seen as positive because controversy drew attention to the fledgling subject
and showed that negative refraction contains subtleties that even experienced
scientists did not at first appreciate. Even now we as a community are learning
from our errors and discovering new aspects of this long hidden subject. As
work progressed and news of amazing results spread beyond the scientific
community into the popular press, a broader excitement has been generated.
Some of the more extraordinary results such as the prescription for a perfect
lens, and particularly the possibility of making objects invisible, had already
been foreseen in science fiction and fed a ready-made appetite in the popular
imagination. Thus the ancient subject of classical optics has brought us new
discoveries and excitement.

This book, written by two leading practitioners of negative refraction, ar-
rives at an opportune time because there is a substantial body of results
available in the field that need to be gathered together in a systematic fash-
ion sparing new arrivals hours of wasted time trawling through the very many
papers in the literature. And yet new discoveries are continually reported.
This is work in progress and the authors must steel themselves eventually to
write a second edition!

Sir John B. Pendry
Imperial College London



Preface

Rarely in the history of science does one have the opportunity to witness an
explosion of interest for a given topic, to participate in its development from
its beginning, and to witness its growth at a pace almost exponential over a
period of about a decade. Yet, we believe that this is precisely what has hap-
pened to us, with regard to the new development of materials that are now
called metamaterials, left-handed media, or negative refractive media. Funda-
mentally rooted in the electromagnetic theory and governed by the equations
proposed by the Scottish physicist James Clerk Maxwell at the end of the
19th century, the development of these structured composite materials that
we call metamaterials could have been another incremental step in the more
general research in electromagnetics and optics. Yet, the scientific community
quickly realized that the implications and applications opened by the study of
metamaterials are unprecedented, potentially revolutionary, and scientifically
as well as technologically highly interesting and challenging. A new paradigm
of electromagnetic and optical materials has evolved today from these studies.

The study of metamaterials is often thought of as being associated with neg-
ative refraction. It is much more than that. Over the past decade, scientists
have shown how to manipulate the macroscopic properties of matter at a level
unachieved before. For decades, our world was limited to materials with pri-
marily positive permittivities and permeabilities, with some exceptions such
as plasmas, for example, whose permittivities can be negative. The research
in metamaterials coupled with the rapid advancements in micro- and nano-
fabrication technology has totally lifted this limitation, and has opened the
door to almost arbitrary material properties with some extraordinary conse-
quences across the electromagnetic spectrum, from radio frequencies to optical
frequencies. This book is devoted to a discussion of these consequences as well
as their theoretical implications and practical applications.

It is inevitable that such a growing field has attracted much attention in
the scientific as well as in the more popular literature: the number of scientific
articles has been in constant and almost exponential growth since about the
year 2000, many popular articles have been published in scientific as well as
nonscientific journals, while technical reviews and a few books have already
been devoted to this field. It therefore appears ambitious at best and risky at
worst to attempt the publication of an additional reference in this arena.

Nonetheless, we think that such an addition is necessary and was, in fact,
missing. The extremely large number of scientific papers published is certainly
vivid proof of the rapid evolution of this research area, but getting familiar



with and appreciating so much information also represent a daunting task
for the student or researcher who is new to this field. In addition, the large
number of new articles appearing on a weekly basis may also appear difficult
to track, even by the expert researcher. It is with this spirit that we have
targeted this book at as vast an audience as possible: the reader unfamiliar,
but interested in this field, will find in the following pages the synthesis and
organization of what we believe to be the most important and influential
papers related to metamaterials, whereas the expert reader will hopefully
find a useful viewpoint and detailed explanations of some of the most recent
papers at the time of this writing, touching on as many aspects of this field
as possible.

An additional motivation to undertake the writing of this book was our
feeling that a coherent reference presenting the history, development, and
main achievements of metamaterials was missing. Although some excellent
books are already available to the reader, they are usually focused on either
a very specific aspect of this field, or a compilation of chapters written by
renowned scientists. In the present book, we have tried to remedy what we
believe are limitations of the previous two formats by offering a book covering
a wide variety of topics, yet having a coherence across chapters that enables
the reader to cross-reference similar topics and, hence, to delve deeper into
their presentation and explanation.

Naturally, it is impossible to present in a short book all aspects of a given
scientific field, all the more when this field has become so vast and complex
as the one the present book is devoted to. In addition, and despite our best
efforts, our grasp of the field is also incomplete and is being refined by the
day. We would therefore like to apologize upfront to those authors who may
feel that their work is misrepresented or underrepresented in the following
pages. May they put it on the account of our limited knowledge and not on
our judgment of the quality of their contributions.

Finally, we must remark that it has been very difficult to write a book
on an emerging area: it has almost been like writing about the personality
of a growing teenager. New topics of today might disappear tomorrow or,
instead, might reveal unexpected promises and become the front-runners of
this research field. Metamaterials of the future will necessarily be robust
and reliable, multifunctional, and reconfigurable to perform satisfactorily in’
various demanding environments. Today’s metamaterials are quite primitive
by these standards and developments are happening at breathtaking speeds.
These have been the reasons why we decided not to have a concluding chapter
- this book is an ongoing account of metamaterials.

S. A. Ramakrishna
Kanpur, India

T. M. Grzegorczyk
Cambridge, Massachusetts, USA
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1

Introduction

This book is devoted to the description of metamaterials, their origins and
physical principles, their electromagnetic and optical properties, as well as to
their potential applications. This field has witnessed an immense gain of in-
terest over the past few years, gathering communities as diverse as those from
optics, electromagnetics, materials science, mathematics, condensed matter
physics, microwave engineering, and many more. The field of metamaterials
being therefore potentially extremely vast, we have limited the scope of this
book to those composite materials whose structures are substantially smaller,
or at the least smaller, than the wavelength of the operating radiation. Such
structured materials have been called metamaterials in order to refer to the
unusual properties they exhibit, while at the same time being describable as
effective media and characterized by a few effective medium parameters inso-
far as their interaction with electromagnetic radiation is concerned. We also
include in this book a chapter on photonic crystals, which work on a very
different principle than metamaterials, but which have been closely connected
to them and have been shown to exhibit many similar properties.

The metamaterials discussed in this book are designer structures that can
result in effective medium parameters unattainable in natural materials, with
correspondingly enhanced performance. Much of the novel properties and
phenomena of the materials discussed in this book emanate from the possibil-
ity that the effective medium parameters (such as the electric permittivity and
the magnetic permeability) can become negative. A medium whose dielectric
permittivity and magnetic permeability are negative at a given frequency of
radiation is called a negative refractive index medium or, equivalently, a left-
handed medium, for reasons that will become clear shortly. In this book,
we do not, however, discuss another important and powerful manner of at-
taining extraordinary material properties — that of coherent control whereby
atomic and molecular systems are driven into coherence by strong and coher-
ent electromagnetic fields (Scully and Zubairy 1997). Due to the extremely
coherent nature of the excitation and response, the quantum mechanical na-
ture of the atoms and molecules is strongly manifested in these cases and the
description of the atomic systems relies necessarily on quantum mechanics.
In contrast, we remark that since the sizes of the metamaterial structures
we are interested in are microscopically large (compared to atomic sizes) and
the resonances reasonably broad, it is the classical electromagnetic properties
that are apparent. Hence, we ignore the quantum mechanical nature of light



