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Negative index metamaterials

From Wikipedia, the free encyclopedia

Negative index metamaterial or negative index material (NIM) is an artificial structure where the refractive index has a negative
value over some frequency range.!!! This does not occur in any known natural materials, and thus is only achievable with engineered
structures known as metamaterials. Metamaterial refers broadly to any synthetic material with unusual refractive properties.

NIMs are constructed of the same manufactured basic parts called unit cells. For example, the unit cells of the first NIMs were
constructed from circuit board material, or in other words, wires and dielectrics. And in general, these artificially constructed cells are
stacked or planar and configured in a particular repeated pattern to compose the individual NIM material. For instance, the unit cells of
the first NIMs were stacked horizontally and vertically, resulting in a pattern that was repeated and intended (see below images).

Specifications for the response of each unit cell are predetermined prior to construction and are based on the intended or desired response
of the entire, newly constructed, material. In other words, each cell is individually tuned to respond in a certain way, based on the desired
output of the NIM. The aggregate response of the NIM is unlike the response of its constituent materials, at both the granular and cellular
level, and this aggregate response is not likely to be produced in nature. In other words, the way the NIM responds is that of a new

material, unlike the wires and dielectrics it is made from, and unlike the cells that are also made from these materials. A negative index
metamaterial causes light to

The aggregate response of the NIM is the sought after result and is in effect an average, albeit a complicated and non-linear average. refract, or bend, differently

Hence, the NIM has become an effective medium. Also, in effect, this metamaterial has become an “ordered macroscopic material, than in more common

synthesized from the bottom up”, and has emergent properties beyond its components.'?) positive refractive index
materials.

Metamaterials which exhibit a negative value for the refractive index such as negative index materials are often referred to by any of
several terminologies: left-handed media or left-handed material (LHM), backward wave media (BW media), media with negative
refractive index, double negative (DNG) metamaterials, and other similar names.”!
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Properties and characteristics

Metamaterials were first proposed by a Russian theorist Victor Veselago in 1967.1 The proposed left-landed or negative index materials were theorized to exhibit
optical properties opposite to those of glass, air, and other transparent media. Such materials were predicted to exhibit counterintuitive properties like bending or
refracting light in unusual and unexpected ways. However, the first practical metamaterial was not constructed until 33 years later and it does produce Veselago's
concepts. L IBICITIS]

Currently, negative index metamaterials are being developed to manipulate electromagnetic radiation in new ways. For example, optical and electromagnetic properties
of natural materials are often altered through chemistry. With metamaterials, optical and electromagnetic properties can be engineered by changing the geometry of its
unit cells. The unit cells are materials that are ordered in geometric arrangements with dimensions that are fractions of the wavelength of the radiated electromagnetic
wave. Each artificial unit responds to the radiation from the source. The collective result is the material's response to the electromagnetic wave that is broader than
normal ['BI7]

Subsequently, transmission is altered by adjusting the shape, size, and configurations of the unit cells. This results in control over material parameters known as
permittivity and magnetic permeability. These two parameters (or quantities) determine the propagation of electromagnetic waves in matter, Therefore, controlling the
values of permittivity and permeability means that the refractive index can be negative or zero as well as conventionally positive. It all depends on the intended
application or desired result. So, optical properties can be expanded beyond the capabilities of lenses. mirrors, and other conventional materials. Additionally, one of the
effects most studied is the negative index of refraction. eI

Reverse propagation
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When a negative index of refraction occurs, propagation of the electromagnetic wave is reversed. Resolution below the
diffraction limit becomes possible. This is known as Subwavelength imaging. Transmitting a beam of light via an
electromagnetically flat surface is another capability. In contrast, conventional materials are usually curved, and cannot
achieve resolution below the diffraction limit. Also, reversing the electromagnetic waves in a material, in conjunction with
other ordinary materials (including air) could result in minimizing losses that would normally occur, HEHEIT]

The reverse of the electromagnetic wave, characterized by an antiparallel phase velocity is also an indicator of negative
index of refraction.!'1¥]

Furthermore, negative index materials are customized composites. In other words, materials are combined with a desired
result in mind. Combinations of materials can be designed to achieve optical properties not seen in nature. The properties of
the composite material stem from its lattice structure constructed from components smaller than the impinging
electromagnetic wavelength separated by distances that are also smaller than the impinging electromagnetic wavelength.
Likewise, by fabricating such metamaterials researchers are trying to overcome fundamental limits tied to the wavelength of
light.'"BI7] The unusual and counter intuitive properties currently have practical and commercial use manipulating
electromagnetic microwaves in wireless and communication systems. Lastly, research continues in the other domains of the
electromagnetic spectrum, including visible light 11

Resonance

Negative index metamaterial response is usually linked to the resonant behavior of the unit cells. However, transmission line
components that use metamaterials may employ a different technique.

Materials

The first actual metamaterials worked in the microwave regime, or centimeter wavelengths, of the electromagnetic spectrum
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A split-ring resonator array arranged to

produce a negative index of refraction,
constructed of copper split-ring resonators
and wires mounted on interlocking sheets
of fiberglass circuit board.

The total arvay consists of 3 by 20x20 unit
cells with overall dimensions of
10%100x100 milimeters.3! The height of
10 milimeters measures a little more than
six subdivision marks on the ruler, which
is marked in inches.

Credit: NASA Glenn Rescarch Center
(hitp://www.grc.nasa.gov/WWW/RT/2005/F
wilsonl.html).

(about 4.3 GHz). It was constructed of split-ring resonators and conducting straight wires (as unit cells). The unit cells were sized from 7 to 10 millimeters. The unit
cells were arranged in a two-dimensional (periodic) repeating pattern which produces a crystal-like geometry. Both, the unit cells and the lattice spacing were smaller
than the radiated electromagnetic wave. This produced the first lefi-handed material when both the permittivity and permeability of the material were negative. This
system relies on the resonant behavior of the unit cells. Below a group of researchers develop an idea for a left handed metamaterial that does not rely on such resonant

behavior.

Research in the microwave range continues with split-ring resonators and conducting wires. Research also continues in the shorter wavelengths with this configuration
of materials and the unit cell sizes are scaled down. However, at around 200 terahertz issues arise which make using the split ring resonator problematic. "Alternative
materials become more suitable for the terahertz and optical regimes." At these wavelengths selection of materials and size limitations become important NI Bop
example, in 2007 a 100 nanometer mesh wire design made of silver and woven in a repeating pattern transmitted beams at the 780 nanometer wavelength, the far end of
the visible spectrum. The researchers believe this produced a negative refraction of 0.6. Nevertheless, this operates at only a single wavelength like its predecessor
metamaterials in the microwave regime. Hence, the challenges are to fabricate metamaterials so that they "refract light at ever-smaller wavelengths" and to develop

broad band capabilities.'21'%]
Artificial transmission-line-media

Main article: Metamaterial antennas

In the metamaterial literature, medium or media refers to transmission medium or

Equivalent circuit models of right-handed and left-handed transmission lines

optical medium. In 2002 a group of researchers came up with the idea that in contrast
to materials that depended on resonant behavior, non-resonant phenomena could
surpass narrow bandwidth constraints of the wire/split-ring resonator configuration.
This idea translated into a type of medium with broader bandwidth abilities, negative
refraction, backward waves, and focusing beyond the diffraction limit.

mim%mlmﬁ
1
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They dispensed with split-ring-resonators and instead used a network of L-C loaded
transmission lines. In the metamaterial literature this became known as artificial

& pure right-handed transmission line

Il
transmission-line media. At that time it had the added advantage of being more ] l
compact than a unit made of wires and split ring resonators. The network was both
scalable (from the megahertz to the tens of gigahertz range) and tunable. It also
includes a method for focusing the wavelengths of interest.'! By 2007 the negative
refractive index transmission line was employed as a subwavelength focusing free-

I
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space flat lens. That this is a free-space lens is a significant advance. Part of prior
research efforts targeted creating a lens that did not need to be embedded in a
transmission line.['”!

The optical domain

b. pure feft-handed transmission line

Metamaterial components shrink as research explores shorter wavelengths (higher frequencies) of the electromagnetic spectrum in the infrared and visible spectrums.

For example theory and experiment have investigated smaller horseshoe shaped split ring resonators designed with lithographic techniques,!

nanorods or nanostrips,l'*! and nanoparticles as circuits designed with lumped element models ['*1

Applications

107 a5 well as paired metal

The science of negative index materials is being matched with conventional devices that broadcast, transmit, shape, or receive electromagnetic signals that travel over
cables, wires, or air. The materials, devices and systems that are involved with this work could have their properties aitered or heightened. Hence, this is already
happening with metamaterial antennas and related devices which are commercially available. Moreover, in the wireless domain these metamaterial apparatuses continue
to be researched. Other applications are also being researched. These are electromagnetic absorbers such as radar-microwave absorbers, electrically small resonators,
waveguides that can go beyond the diffraction limit, phase compensators, advancements in focusing devices (e.g. microwave lens), and improved electrically small

antennas.POIZNE2I231

In the optical frequency regime developing the superlens may allow for imaging below the diffraction limit. Other potential applications for negative index
metamaterials are optical nanolithography, nanotechnology circuitry, as well as a near field superlens (Pendry, 2000) that could be useful for biomedical imaging and

. 33
subwavelength photolnhogmphy["]

Manipulating permittivity and permeability

http://en.wikipedia.org/wiki/Negative index metamaterials

22.01.2014



. Negative index metamaterials - Wikipedia, the free encyclopedia Page 3 of 8

To describe any electromagnetic properties of a given material such as an optical lens, two significant parameters

should be noted. These are permittivity, £, and permeability, p, which could allow for accurate prediction of light ?\‘\ m | n, index
. . . . . . R
waves traveling within materials, and electromagnetic phenomena that occur at the surface between two materials v, v, ve lacity
. N 24} - 2
(inter face),P

. . . . N . narmal
For example, refractive index is an electromagnetic phenomenon which occurs at the surface (or interface) between

two materials. Snell's law states that the relationship between the radiated angle of incidence, and the resulting g
refracted angle of transmission, rests on the refractive index, 7, of the two media (materials). Mathematics provides : £
a visualization with n=:/efi. Hence, it can be seen that the behavior of the refractive index is dependent on the ‘2
association of these two parameters, as well as their quantitative values. Therefore, if designed or arbitrarily =
modified values can be inputs for &, and, u then the behavior of propagating electromagnetic waves inside the

material can be manipulated at will. This ability then allows for intentional determination of the refractive index.?**

Refraction of light at the interface between two
) media of different refractive indices, with ny > ny.
Since the velocity is lower in the second medium

For example, in 1967, Victor Veselago analytically determined that (v2< W), the angle of refraction 82 is Jess than the

light will refract in the reverse direction (negatively) at the interface angle of incidence 6;; that is, the ray in the higher-
between a material with negative refractive index and a material index medium is closer to the normal.

exhibiting conventional refractive index. This extraordinary material

was realized on paper with simultaneous negative values for ¢, and, g, and could therefore be termed a double negative
material. However, in Veselago's day a material which exhibits double negative parameters simultaneously seemed
impossible because no natural materials exist which can produce this effect. Therefore his work was ignored for three

decades.*!

In general the physical properties of natural materials cause limitations. Most dielectrics only have positive permittivities, &
> 0. Metals will exhibit negative permittivity, & < 0 at optical frequencies, and plasmas exhibit negative permittivity values
in certain frequency bands. Pendry et al. demonstrated that the plasma frequency can be made to occur in the lower
microwave frequencies for metals with a material made of metal rods that replaces the bulk metal. However, in each of
these cases permeability remains always positive. At microwave frequencies it is possible for negative p to occur in some
ferromagnetic materials. But the inherent drawback is they are difficult to find above terahertz frequencies. In any case, a
natural material that can achieve negative values for permittivity and permeability simultaneously has not been found or
discovered. Hence, all of this has led to constructing artificial composite materials known as metamaterials in order to
achieve the desired results.>")

Video representing negative refraction of
light at uniform planar interface.

Physical properties never before produced in nature

Theoretical articles were published in 1996 and 1999 which showed that synthetic materials could be constructed to purposely exhibit a negative permittivity and
[rote 1]

permeability.
These papers, along with Veselago's 1967 theoretical analysis of the properties of negative index materials, provided the background to fabricate a metamaterial with
negative effective permittivity and permeability. 2126127 See below.

A metamaterial developed to exhibit negative index behavior is typically formed from individual components. Each component responds independently and differently
to a radiated electromagnetic wave as it travels through the material. Since these components are smaller than the radiated wavelength it is understood that a
macroscopic view includes an effective value for both permistivity and permeability.[zﬂ

Composite material

In the year 2000, David R. Smith's team of UCSD researchers produced a new class of composite materials by depositing a structure onto a circuit-board substrate
consisting of a series of thin copper split-rings and ordinary wire segments strung parallel to the rings. This material exhibited unusual physical properties that had never
been observed in nature. These materials obey the laws of physics, but behave differently from normal materials. In essence these negative index metamaterials were
noted for having the ability to reverse many of the physical properties that govern the behavior of ordinary optical materials. One of those unusual properties is the
ability to reverse, for the first time, Snell's law of refraction. Until the demonstration of negative refractive index for microwaves by the UCSD team, the material had
been unavailable. Advances during the 1990s in fabrication and computation abilities allowed these first metamaterials to be constructed. Thus, the "new" metamaterial
was tested for the effects described by Victor Veselago 30 years earlier. Studies of this experiment, which followed shortly thereafter, announced that other effects had
occurred, I 1261281

With antiferromagnets and certain types of insulating ferromagnets, effective negative magnetic permeability is achievable when polariton resonance exists. To achieve
a negative index of refraction, however, permittivity with negative values must occur within the same frequency range. The artificially fabricated split-ring resonator is a
design that accomplishes this, along with the promise of dampening high losses. With this first introduction of the metamaterial, it appears that the losses incurred were
smaller than antiferromagnetic, or ferromagnetic materials,”

When first demonstrated in 2000, the composite material (NIM) was limited to transmitting microwave radiation at frequencies of 4 to 7 gigaheriz (4.28-7.49 cm
wavelengths). This range is between the frequency of household microwave ovens (~2.45 GHz, 12.23 cm) and military radars (~10 GHz, 3 cm). At demonstrated

frequencies, pulses of electromagnetic radiation moving through the material in one direction are composed of constituent waves moving in the opposite direction B2
{29

The metamaterial was constructed as a periodic array of copper split ring and wire conducting elements deposited onto a circuit-board substrate. The design was such
that the cells, and the lattice spacing between the cells, were much smaller than the radiated electromagnetic wavelength. Hence, it behaves as an effective medium. The
material has become notable because its range of (effective) permittivity €. and permeability perr values have exceeded those found in any ordinary material.
Furthermore, the characteristic of negative (effective) permeability evinced by this medium is particularly notable, because it has nof been found in ordinary materials.
In addition, the negative values for the magnetic component is directly related to its left-handed nomenclature, and properties (discussed in a section below). The split-
ring resonator (SRR), based on the prior 1999 theoretical article, is the tool employed to achieve negative permeability. This first composite metamaterial is then
composed of split-ring resonators and electrical conducting p()sts.m

Initially, these materials were only demonstrated at wavelengths longer than those in the visible spectrum. In addition, early NIMs were fabricated from opaque
materials and usually made of non-magnetic constituents. As an illustration, however, if these materials are constructed at visible frequencies, and a flashlight is shone
onto the resulting NIM slab, the material should focus the light at a point on the other side. This is not possible with a sheet of ordinary opaque material '8 1n 2007,
the NIST in collaboration with the Atwater Lab at Caltech created the first NIM active at optical frequencies. More recently (as of 2008), layered "fishnet" NIM

. UETT] . . . . . ~ . . 3 2
materials made of silicon and silver wires have been integrated into optical fibers to create active optical elements POIRE

Simultaneous negative permittivity and permeability

Negative permittivity £.q < 0 had already been discovered and realized in metals for frequencies all the way up to the plasma frequency, before the first metamaterial.
There are two requirements to achieve a negative value for refraction. First, is to fabricate a material which can produce negative permeability fr < 0. Second, negative

R o . . . 123
values for both permittivity and permeability must occur simultancously over a conumon range of frequencies 1341

http://en.wikipedia.org/wiki/Negative index metamaterials 22.01.2014



. Negative index metamaterials - Wikipedia, the free encyclopedia Page 4 of 8

Therefore, for the first metamaterial, the nuts and bolts are one split-ring resonator electromagnetically combined with one (electric) conducting post. These are
designed to resonate at designated frequencies to achieve the desired values. Looking at the make-up of the split ring, the associated magnetic field pattern from the
SRR is dipolar. This dipolar behavior is notable because this means it mimics nature's atom, but on a much larger scale, such as in this case at 2.5 millimeters. Atoms
exist on the scale of picometers.

The splits in the rings create a dynamic where the SRR unit cell can be made resonant at radiated wavelengths smuch larger than the diameter of the rings. If the rings
were closed, a half wavelength boundary would be electromagnetically imposed as a requirement for resonance.”!

The split in the second ring is oriented opposite to the split in the first ring. 1t is there to generate a large capacitance, which occurs in the small gap. This capacitance
substantially decreases the resonant frequency while concentrating the electric field. The individual SRR depicted on the right had a resonant frequency of 4.845 GHz,
and the resonance curve, inset in the graph, is also shown. The radiative losses from absorption and reflection are noted to be small, because the unit dimensions are
much smaller than the free space, radiated wavelength.l?)

When these units or cells are combined into a periodic arrangement, the magnetic coupling between the resonators is strengthened, and a strong magnetic coupling
occurs. Properties unique in comparison to ordinary or conventional materials begin to emerge. For one thing, this periodic strong coupling creates a material, which
now has an effective magnetic permeability g in response to the radiated-incident magnetic field.®!

Composite material passband

Graphing the general dispersion curve, a region of propagation occurs from zero up to a lower band edge, followed by a gap, and then an upper passband. The presence
of a 400 MHz gap between 4.2 GHz and 4.6 GHz implies a band of frequencies where per < 0 occurs.

(Please see the image in the previous section)

Furthermore, when wires are added symmetrically between the split rings, a passband occurs within the previously forbidden band of the split ring dispersion curves.
That this passband occurs within a previously forbidden region indicates that the negative g for this region has combined with the negative p to allow propagation,
which fits with theoretical predictions. Mathematically, the dispersion relation leads to a band with negative group velocity everywhere, and a bandwidth that is
independent of the plasma frequency, within the stated conditions.!

Mathematical modeling and experiment have both shown that periodically arrayed conducting elements (non-magnetic by nature) respond predominately to the
magnetic component of incident electromagnetic fields. The result is an effective medium and negative pp over a band of frequencies. The permeability was verified to
be the region of the forbidden band, where the gap in propagation occurred - from a finite section of material. This was combined with a negative permittivity material,
gt < 0, to form a “lefi-handed” medium, which formed a propagation band with negative group velocity where previously there was only attenuation. This validated
predictions. In addition, a later work determined that this first metamaterial had a range of frequencies over which the refractive index was predicted to be negative for
one direction of propagation (see ref #1%). Other predicted electrodynamic effects were to be investigated in other research.®]

Describing a left-handed material

From the conclusions in the above section a left-handed material (LHM) can be defined. It is a material which exhibits B
simultaneous negative values for permittivity, ¢, and permeability, p, in an overlapping frequency region. Since the values are Conventional
derived from the effects of the composite medium system as a whole, these are defined as effective permittivity, g, and Material
effective permeability, perr. Real values are then derived to denote the value of negative index of refraction, and wave vectors.
This means that in practice losses will occur for a given medium used to transmit electromagnetic radiation such as microwave, 8
or infrared frequencies, or visible light - for example. In this instance, real values describe either the amplitude or the intensity of =~ == = = = = o oo e o

a transmitted wave relative to an incident wave, while ignoring the negligible loss values.FIP] -8
S a
Isotropic negative index in two dimensions Lefi-handed
metamaterial
‘In t'he above sections ﬁ.rst fabricated metamat.erlal was constr‘u{:ted with resonating elem_ents, Wthh'CXhlb.ﬂCd one d;recnf)n of A comparison of refraction in a
incidence and polarization. In other words, this structure exhibited left-handed propagation in one dimension. This was discussed negative index metamaterial to that in

in relation to Veselago's seminal work 33 years earlier (1967). He predicted that intrinsic to a material, which manifests negative
values of effective permittivity and permeability, are several types of reversed physics phenomena. Hence, there was then a
critical need for a higher dimensional LHMs to confirm Veselago's theory, as expected. The confirmation would include reversal
of Snell's law (index of refraction), along with other reversed phenomena.

a conventional material having the
same, but positive refractive index.
The incident beam 8 enters from air
and refracts in a normai (8') or

In the beginning of 2001 the existence of a higher dimensional structure was reported. It was two-dimensional and demonstrated metamaterial (-87.

by both experiment and numerical confirmation. It was an LHM, a composite constructed of wire strips mounted behind the
split-ring resonators (SRRs) in a periodic configuration. It was created for the express purpose of being suitable for further experiments to produce the effects predicted
by Veselago.[!

Experimental verification of a negative index of refraction

A theoretical work in published in 1967 by Soviet physicist Victor Veselago showed that a refractive index with negative
values is possible and that this does not violate the laws of physics. As discussed previously (above), the first metamaterial
had a range of frequencies over which the refractive index was predicted to be negative for one direction of propagation. It
was reported in May 2000 11134331

Wire

In 2001, a team of researchers constructed a prism composed of metamaterials (negative index metamaterials) to
experimentally test for negative refractive index. The experiment used a waveguide to help transmit the proper frequency

and isolate the material. This test achieved its goal because it successfully verified a negative index of refraction.'l*I36]
[37](38][39][40]

Cireusit
board

Split-ring
rasenators E

The experimental demonstration of negative refractive index was followed by another demonstration, in 2003, of a reversal
of Snell's law, or reversed refraction. However, in this experiment negative index of refraction material is in free space

from 12.6 to 13.2 GHz. Although the radiated frequency range is about the same, a notable distinction is this experiment is
conducted in free space rather than employing waveguides.*'! an outer square with a split on the other side.

Split-ring resonator consisting of an inner
square with a split on one side embedded in

Split-ring resonators are on the front and

Furthering the authenticity of negative refraction, the power flow of a wave transmitted through a dispersive lefi-handed right surfaces of the squarc grid, and single
material was calculated and compared to a dispersive right-handed material. The transmission of an incident field, vertical wires are on the back and left
composed of many frequencies, from an isotropic nondispersive material into an isotropic dispersive media is employed. surfaces 13!

The direction of power flow for both nondispersive and dispersive media is determined by the time-averaged Poynting
vector. Negative refraction was shown to be possible for multiple frequency signals by explicit calculation of the Poynting
vector in the LHM. 1
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Fundamental electromagnetic properties of the NIM

In a slab of conventional material with an ordinary refractive index — a right-handed material (RHM) - the wave front is transmitted away from the source. In a NIM the
wavefront travels toward the source. However, the magnitude and direction of the flow of energy essentially remains the same in both the ordinary material and the
NIM. Since the flow of energy remains the same in both materials (media), the impedance of the NIM matches the RHM. Hence, the sign of the intrinsic impedance is

still positive in a NIM, 1]

Light incident on a left-handed material, or NIM, will bend to the same side as the incident beam, and for Snell’s law to hold, the refraction angle should be negative. In
a passive metamaterial medium this determines a negative real and imaginary part of the refractive index PI14]

Negative refractive index in left-handed materials

In 1968 Victor Vesclago's paper showed that the opposite directions of EM plane waves and the flow of energy was derived from
the individual Maxwell curl equations. In ordinary optical materials, the curl equation for the electric field show a "right hand rule”
for the directions of the electric field E, the magnetic induction B, and wave propagation, which goes in the direction of wave vector
k. However, the direction of energy flow formed by E x H is right-handed only when permeability is greater than zero. This means
that when permeability is less than zero, e.g. negative, wave propagation is reversed (determined by k), and contrary to the direction
of energy flow. Furthermore, the relations of vectors E, H, and k form a "left-handed" system — and it was Veselago who coined the
term "left-handed” (LH) material, which is in wide use today (2011). He contended that an LH material has a negative refractive
index and relied on the steady-state solutions of Maxwell's equations as a center for his argument, !

el B
o

The left-handed orientation is
shown on the left, and the right-

After a 30-year void, when LH materials were finally demonstrated, it could be said that the designation of negative refractive index .
handed on the right.

is unique to LH systems; even when compared to photonic crystals. Photonic crystals, like many other known systems, can exhibit
unusual propagation behavior such as reversal of phase and group velocities. But, negative refraction does not occur in these
systems, and not yet realistically in photonic crystals.[“]m““]

Negative refraction at visible frequencies

As of July 2013; in previous years, several anomalous studies have announced negative refraction at one single frequency or other in the visible spectrum. But the
results of two such demonstrations are considered ambiguous by later studies. Another most recent, published, demonstration at one single visible frequency is still not
the norm, or common, for the large body of work that has been produced in the field of metamaterials. To date, hundreds of scientific, peer reviewed, articles have been
published regarding some aspect of metamaterials. In contrast, an insignificant number of studies have been published which claim apparent results in the visible
spectrum. In an encyclopedia article such as this it is problematic to give undue weight to such studies, until these become common, or part of the norm, for

metamaterials.[*¥)

Moreover, although previous research efforts (http://media.caltech.edu/press_releases/12959) have announced negative refraction in the visible light spectrum (a single
frequency), one April 2010 report stated that it was "the first one that operates on visible light." Also as before, the stated achievement is for one single frequency in the

visible spectrum. In other words there is no broad band ability. 101511

Experimental verification of reversed Cherenkov radiation

Besides reversed values for index of refraction, Veselago predicted the occurrence of reversed Cherenkov radiation (also known simply as CR) in a lefi-handed medium.
In 1934 Pavel Cherenkov discovered a coherent radiation that occurs when certain types of media are bombarded by fast moving electron beams. In 1937 a theory built
around CR stated that when charged particles, such as electrons, travel through a medium at speeds faster than the speed of light in the medium only then will CR
radiate. As the CR occurs, electromagnetic radiation is emitted in a cone shape, fanning out in the forward direction.

CR and the 1937 theory has led to a large array of applications in high energy physics. A notable application are the Cherenkov counters. These are used to determine
various properties of a charged particle such as its velocity, charge, direction of motion, and energy. These properties are important in the identification of different
particles. For example, the counters were applied in the discovery of the antiproton and the J particle. Six large Cherenkov counters were used in the discovery of the J
particle.

It has been difficult to experimentally prove the reversed Cherenkov radiation P23

Other optics with NIMs

Theoretical work, along with numerical simulations, began early in the decade of the new 2000 millennium on the abilities of the DNG slab for subwavelength focusing.
The research began with Pendry's proposed "Perfect lens." Several research investigations that followed Pendry's concluded that the "Perfect lens" was possible in
theory but impractical. One direction in subwavelength focusing proceeded with the use of negaiive index metamaterials, but based on the enhancements for imaging
with surface plasmons. In another direction researchers explored paraxial approximations of NIM slabs.P’!

Implications of negative refractive materials

The existence of negative refractive materials can result in a change in electrodynamic calculations for the case of permeability =1 . A change from a conventional
refractive index to a negative value gives incorrect results for conventional calculations, because some properties and effects have been altered. When permeability pt

has values other than 1 this affects Snell's law, the Doppler effect, the Cherenkov radiation, Fresnel's equations, and Fermat's principle.[”}

The refractive index is basic to the science of optics. Shifting the refractive index to a negative value may be a cause to revisit or reconsider the interpretation of some

. 23
norms, or basic laws.?

US patent on left-handed composite media

The first US patent granted for a fabricated metamaterial is U.S. Patent 6,791,432 (http://www.google.com/patents/US6791432), titled "Left handed composite
media." The listed inventors are David R. Smith, Sheldon Schultz, Norman Kroll, Richard A. Shelby.

The invention achieves simultaneous negative permittivity and permeability over a common band of frequencies. The material can integrate media which is already
composite or continuous, but which will produce negative permittivity and permeability within the same spectrum of frequencies. Different types of continuous or
composite may be deemed appropriate when combined for the desired effect. However, the inclusion of a periodic array of condueting elements is preferred. The array
scatters electromagnetic radiation at wavelengths longer than the size of the element and lattice spacing. The array is then viewed as an effective medium. 5

Anomalous dispersion
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Propagation of a Gaussian Light Pulse through an Anomalous Dispersion Medium.** 15 However the speed of transmitting information is always limited to ¢ BN
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