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Abstract: Last decade has been increasing interest in metamaterial research, however metamaterials are sometimes
regarded as left handed materials (LHM) or negative index materials but the recent progress in the field has shown that
metamaterials are far beyond LHMS. In this paper we provide further advancement in the field of structured electromagnetic

from LHM to invisible cloak.
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1. INTRODUCTION

The first known [1-3] metamaterials (MMs) i.e.
ruby glass with gold nano-particles embedded were
used by artist and craftsmen for making art pieces
centuries ago. The Lycurgus cup exhibited in the
British museum and the Roman glass challis are
famous examples (Fig. 1) exhibiting properties of
these man-made materials with subwavelength
inclusions. The scattering property of the material
offered the cup a unique beauty, appearing green
when viewed in reflected light such as daylight but
reddish with light transmitted through the glass [4].
Scientists and engineers quest to build a microscope
to glimpse a DNA with the naked eye and to create a
cloak that makes an object invisible provoked them
to fabricate structured and composite materials
that either mimic known materials responses or
qualitatively new physically realizable response
functions that do not occur or may not be readily
available in nature and in which controlled of light
is not limited by the properties of optical materials
that are existing, instead to create material that never
were, by tailoring the elements of artificial structure
down to the subwavelength scale. Effective medium
theory, negative permittivity, negative permeability,
Plasmon Polaritons, theory of periodic structures,
resonant element small relative to the wavelength,
frequency filters made of periodically arranged
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resonant elements, slow wave structure, super-
directivity  super resolution, sub-wavelength
focusing and imaging, inverse scattering, bi-
anisotropy, photonic band gap material, waves on
nanoparticals were alive at the time of the upsurge
and could be regarded as various forerunners [5] of
the subject of metamaterials. For MMs with negative
permittivity and permeability several names and
terminology have been suggested such as “Left
Handed” media, “media with negative refractive
index”, “backward wave media”, “double negative
(DNG) metamaterials”. LHM has unavoidable
disadvantages of big loss and narrow band width
and such disadvantages restricts the application
of LHM while metamaterial has a much broader
definition than LHM which does not require the
negative permittivity or negative permeability and
hence opens a completely new area. Metamaterials
are typically constructed of ‘“atoms” that have
engineered electromagnetic response. The properties
of the artificial atoms are often engineered to produce
non-trivial values for the effective permittivity and
effective permeability of lattice of identical atoms.
Such value includes relative permittivities and
permeabilities that are less than 1, close to zero, or
negative. Traditional metamaterials utilizes wires to
influence the dielectric properties by manipulating
the effective plasma frequency ofthe medium[6]. The
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magnetic properties of split ring resonators (SRRs)
are utilized to create a frequency band of subunit
negative or near-zero magnetic permeability [7]. The
sole of MMs is the ability to control electromagnetic
waves. Further, one way to define MMs as artificially
structured materials which attains its properties
from the unit structure rather than the constituent
materials [8]. MMs have an in-homogeneity scale
that is much smaller than the wavelength of interest,
and its electromagnetic response is expressed
in terms of homogenized material parameters.
Metamaterials are also considered as materials in
either a thermodynamically meta-stable state (a
shallow local minimum) or an unstable state (no
minimum). The major challenge is to stabilize
these metamaterials by kinetically slowing down
their conversion to the stable thermodynamic
phases. Most recently Johri and Paudyal [9] briefly
discussed about technological impact of LHMs and
their physical significance.

(a) (b)
Figure 1 (a and b): The Lycurgus Cup 1958, 1202.1 in
reflected (a) and transmitted (b) light. Scene showing
Lycurgus being enmeshed by Ambrosia, now transformed

into a vine-shoot. Department of Prehistory and Europe, The
British Museum. © The Trustees of the British Museum [10]

The idea of a device which makes object invisible
to the eye has a very long history, starting from
folklore of many nationalities; we all have heard
about various “invisibility hats” or “invisibility
cloaks” such as the cloak of Harry Potter, main
character in J K Rowling’s novels, but can such
a device be practically realized, at least in some
limited frequency range? Can a finite size body
be made invisible for electromagnetic radiation?
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Scientists have been thinking for these questions
for a long time. Cloaking and invisibility have, in
recent years become facts instead of fiction, after
the discovery and realization of various types of
metamaterials and plasmonic materials. Many
different techniques exist to obtain cloaking from
electromagnetic or acoustic waves accordingly we
define cloaking as a device which makes an object
“invisible” for electromagnetic radiation in a certain
frequency range [11]. In this paper we restrict
ourselves only to recent advances and breakthroughs
that this field experienced and unforeseen explosion
at the beginning of the twenty-first century [12-14].
The article will be useful to the interested readers
as stepping stone towards more advance research
currently underway in the field.

2. BRIEF HISTORY FROM LEFT HANDED
MATERIAL TO INVISIBLE CLOAK

The pursuit of artificial material for electromagnetic
application is not new, this activity has a long history
in modern science, first artificial electromagnetic
metamaterial was engineered by J C Bose [15] when
he worked and experimented on the constructed
twisted elements (Fig. 2) that exhibit properties
nowadays known as chiral characteristics. Horace
Lamb [16] in 1904 and Henry Pocklington [17] in
1905 pointed out that mechanical system such as
certain loaded chains can have the phase and group
velocities in the opposite direction. Lindell [18] in
1914 studied artificially chiral media formed by an
ensemble of small wire helices. Arthur Schuster
[19] showed that this behavior could also be related
in optical systems.

Figure 2: Twisted jute elements example of Chiral molecules [15]

Prof. Mandelstam from Moscow University in 1940
published a remarkable paper where he indicated
the possibility of negative refraction caused by
anti-parallel direction of group velocity and wave
number of electromagnetic wave [20]. The negative
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refraction and backward wave media had been
discovered theoretically much earlier [21-24].
In 1948 Kock [25] introduced the concept of the
artificial dielectric in order to realize light weight
lenses at microwave frequencies. Malyuzhinets in
1951 [23] studied Sommerfield radiation condition
in backward wave media, he showed that phase
velocity of waves pointed from infinity to source.
In 1957 Sivukhin [24] published his work that
showed the specific properties of a matter with
a negative € and p. The inverted Doppler Effect,
Cerenkov Effect in isotropic medium and negative
refractive index were examined as early as in
1959 by Pafomov [26]. In 1960 backward wave
structures had been developed for the design of
microwave tubes [27-29]. Negative refraction was
discovered even in periodical media [30]. Dollin
(1961) described an inhomogeneous anisotropic
magneto dielectric structure, such that a planer wave
falling from infinity on this body “passes through it
without distortion” [31]. These hypothetical media
were systematically studied by Victor Veselago
[32] in the 1968. As another example of early work
on cloaking was of Kerker who published a paper
entitle “invisible bodies” in 1975 [33]. Due to lack
of experimental verification, research in LHMs was
dormant for about three decades. In 1996, Pendry et
al. [6] discovered the artificial electric plasma using
the wire medium whose permittivity is negative.
This work was followed by discovery of artificial
magnetic plasma having negative permeability in
1999 [7]. In the mean time, Rodger M Walser at
University of Texas at Austin synthesized the term
of metamaterial and defined it as “microscopic
composites having a synthetic three dimensional,
periodic cellular architecture designed to produce
an optimized combination, not available in nature
of two or more responses to specific excitation
[34]. In 2000 Smith, et al. [35] demonstrated that
it is possible to fabricate an artificial material with
electrodynamic characteristics that can be described
by a negative index of refraction i.e. Negative Index
Material or Left Handed Materials [8]. Shelby et al.
[36] constructed a prism shaped section from such
a metamaterial and their sample consists of square

copper split ring resonators and copper wire strips
on fiber glass circuit board material. The rings
and wires are on opposite sides of the boards, and
the boards have been cut and assembled into an
interlocking lattice. They have been able to observe
the negative refraction, as illustrated in Figures 2a
and 2b.

Negatively Refracted
Wave
Surface , Normal
| Plasmon
Wave
—_————————t -
>
Positively
Slit Refracted Wave

Figure 2a: Negative vs Positive refraction [37]

Figure 2b: Photograph of first experimentally realized the left
handed metamaterial [36].

Negative refraction by a slab of materials bends a ray
of light back toward the axis and thus has a focusing
effect at the point where the refracted rays meet the
axis (Fig. 3A)[38]. In 2000 Pendry [39] analyzed
that a negative index lens exhibits an entirely new
type of focusing phenomenon, bringing together not
just the propagating rays but also the finer details of
the electromagnetic near fields that are evanescent
and do not propagate (Fig. 3B) [38].
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Figure 3: Perfect lensing in action: (A) the far field and (B)
the near field using a slab of left handed material.
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For a planar slab of negative index material under

idealized conditions an image plane exists that
contains a perfect copy of an object placed on
the opposite side of the slab. Although realizable
materials will never meet the idealized conditions,
nevertheless, these new negative index concepts
show that wavelengths imaging is achievable. In
2004 Smith et al. [38] realized the gradient reflection
index medium to bend electromagnetic waves.
Pendry and his co-workers [40] proposed optical
transformation to make invisible cloaks to control
the propagation of electromagnetic waves using
left handed materials in the microwave regime.
Experimental realization of invisible cloak in the
microwave regime [41,42] and at optical frequencies
[43-46] have been performed in two dimensional
(2D) wave guide geometries. In other words these
structures are immediately visible from the third
dimension. Cloaking works only in the plane, the
view angle is effectively zero in one direction
nevertheless, these structures have supported the
validity of the concepts both transformation optics
and metamaterials. Recently Ergin et al. designed
and realized a three dimensional invisibility cloaking
structure operating at optical wavelength based on
transformation optics [47] as visualized in Fig 4.

Figure 4: Blueprint of our 3D carpet-cloak structure [47].

Now the field has become a hot topic of scientific
research and debate. A large number of publications
are coming every year and it is not possible to cite
all of them. We concentrate only on the pioneer
developments which had a great impact on the
physics, optics and engineering communities.

21

3. OVERVIEW OF THE MATERIALS:
Maxwell’s equations resolve how electromagnetic
waves propagate within a medium. The Maxwell’s
equation for a plane harmonic wave exp [i (k. r—wt)]:
kXE = ouuH and kxH = -we ¢E,
where H and E are the magnetic and electric fields
respectively [48]. Taking a medium with negative
real parts of € and p with the imaginary parts being
small at some frequency (w), the vectors H, E and k
will now form a left-handed harmony, which gives
name for such materials as left-handed materials.

Metamaterials have much broader scope than LHM
as shown in the Fig. 5 [49]. In the € - p region there
are several different material properties such as the
point u=-p_and &=-g represent an anti-air in the
LHM region, which will produce a perfect lens, the
point u=0 and &=0 represent a nihility, which can
yield a perfect tunneling effect, the p=¢ in both RHM
and LHM region represents impedance matching
materials, which have perfect impedance matching
with air, resulting no reflections. Also, the vicinity of
u=0is called p—near zero material, and the vicinity of
€=0 is called &— near zero material which has special
properties. The first quadrant (e>0, p>0) represents
right handed electromagnetic propagating wave.
Further Maxwell equation states that electric field
E, the magnetic field H and the wave vector K form
a right handed system. While in the third quadrant
(<0, p<0) represents the backward propagating
waves as proposed by Veselago [32] in the left
handed material. At the same time in second (<0,
p1>0) and in fourth (>0, p<0) quadrant representing
electric and magnetic plasma respectively which do
not allow any propagating waves inside them i.e.
supports propagation of evanescent waves.
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Figure 5: Overview of materials in the € — p domain. The
two axes correspond to the real parts of permittivity and
permeability respectively [49].

4. ELECTROMAGNETIC CLOAKING WITH
METAMATERIALS:

The device that can hide an object from external
electromagnetic radiation in a certain band of
frequency is known as cloaking of course, the most
exciting application is envisaged is working in the
visible part of the spectrum. An object is invisible
if it does not reflect waves back to the source and in
addition, it does not scatter waves in other direction,
and, furthermore, it does not create any shadow
which means there is no scattering in the forward
direction. From these conditions it follows that the
object neither reflect nor absorb any power. In other
words we can say the object should not disturb the
fields existing outside the objects. More scientific
way to explain cloaking [50] of electromagnetic
wave is possible due to time invariant coordinate
transformation of the governing Maxwell’s
equations. Such invariant transformation map a
particular region in free space to spatial domain
with position dependent and anisotropic material
parameters (such as permeability and permittivity in
electromagnetic), as in Figure 6.
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Figure 6: Optical cloaking with metamaterials: A two
dimensional (2D) cross-section of rays striking the system,
diverted within the annulus of cloaking material contained
within R <r<R, to emerge on the far side undeviated from

their original course [40].

Cloaking should not be confused with the stealth
technology. Stealth technologies minimize only the
power reflected back to the probing radar (the back
scattering cross section or “radar cross-section”).
This can be done either by covering an object with
an absorbing layer or by shaping the object so that
the field scattered towards the illumination direction
is minimized. Obviously, even an ideal stealth air
craft invisible if observed from the side or from the
back. It can be shown that absorbing coverings and
object shaping cannot reduce the total scattering
cross section by more than 50 percent. The concept
of invisibility has been closely related to cloaking
in recent literature [51]. One of the big challenges
the realization of metamaterial cloak working for
arbitrary polarization of the incident field is need to
design the materials whose permittivity is equal to
the permeability.

5. APPLICATION:

Recent advances made in the field of artificially
structured materials from LHM to invisible cloaking
can be expected to have numerous applications in
near future but some of these are [52-59] in the
near field technologies, photonic crystals [60-69]
and plasmonics combined with innovation on high
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dielectric antennas, wireless systems and photonic
circuits open the prospect of integrated circuits,
sensors (chemical, biological and individual
molecule), medical scanners, display and images
which have the potential to outperform conventional
technology and create many commercial
opportunities. Some of the limitations that metallic
lenses have such as imperfect matching with the
free space can be overcome by these materials.
The backward wave propagation in LHM with
opposite direction of the group and phase velocities
provides new applications including delay time
filter and phase shifters from microwave to optical
frequencies. Development and applications of
metamaterials structures utilizing super conducting
elements [70] due to their low loss, compact
structure and nonlinear properties make them ideal
candidates for realization of the landmark predictions
of metamaterial theory including evanescent wave
amplification, transformation optics, illusion optics,
energy storage devices, parametric amplification
of negative index photons, low loss microwave
plasmonics analogous to optical plasmonics can be
developed using superconducting thin films.

The fabrication of LHMs with magnetic response at
THz and optical frequencies can be used for such
application as compact cavities, tunable mirrors,
security imaging, bio-molecular finger printing
and remote sensing. Further unlike electrical
networks and filters which primarily control voltage
and current quantities in the frequency domain,
transmission line metamaterials should also control
the electromagnetic field distribution in the spatial
domain (e.g. for deranging lenses, cloaks etc.).

Although the progress of cloaking device design is
in the initial step, the underlying technology offers
a unique approach to control electromagnetic wave
propagation by complex media, controlling of
electrons in inhomogeneous crystal systems, cold
atoms in an optical lattices, radiation shielding,
particle beam steering will have great potential in
various radio frequency and optical application in
the future.
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6. CONCLUSION:

The past few years have illustrated the power of
the metamaterial approach, because new material
responses, some with no analog in usual materials,
are now available for exploration. Pioneering
experiments have been carried out in the radio
frequency and microwave domains with millimeter
or micrometer scale structures, but there is now a
strong motivation for extending them to the optical
domains using nanometer scale structures available
with nanotechnology.

The present study provides a technical overview
of the rapidly emerging metamaterial technology
offering a wealth of new phenomena in optics and
electromagnetism including negative refraction
near field focusing, artificial magnetism, optical
invisibility and the amplification of the evanescent
waves. Thearticle discusses therecentadvances inthe
field and practical applications of possible devices.
These artificial structures with electromagnetic
response tailored to a particular objective such as
the magnetic mirror [71] or an electromagnetic
cloaking device [40] along with other several future
devices which will pave the way to replace several
conventional devices. The technology has potential
applications, especially in optics, photonics, the
science and technology utilizing lights, medicine
and telecommunication. This article briefly presents
all experimental and theoretical aspects of rapidly
developing field ranging from basic science to
applications and products.
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