
1
S
t
i
d
s
h
w
[
r

w
m
e
m
a
m
a
w
p
i
p
N
t
t
o
w
r

t
o
t
m
a
S
m
t
c
m

N. M. Litchinitser and V. M. Shalaev Vol. 26, No. 12 /December 2009 /J. Opt. Soc. Am. B B161
Metamaterials: transforming theory into reality
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Metamaterials constitute a new area of science that is expanding our fundamental understanding of the be-
havior of the propagation of electromagnetic waves and their interactions, and providing new solutions for a
wide range of applications from optical communications and defense to biological imaging. In this brief review,
we focus on recent progress in theoretical, numerical, and experimental studies of linear and nonlinear optical
properties of negative index materials and in the emerging field of transformation optics. © 2009 Optical So-
ciety of America
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. INTRODUCTION
ome forty years ago Victor Veselago theoretically inves-
igated a fundamental question of whether the refractive
ndex of a material can take negative values, and pre-
icted a number of unusual phenomena associated with
uch negative index materials (NIMs) [1]. While NIMs
ave not been found in nature, in the past decade they
ere demonstrated first in the microwave and terahertz

2,3] and then in the near-infrared (IR) [4,5] frequency
anges using the so-called metamaterial approach.

Nowadays, the notion of metamaterials embraces a
ide range of engineered materials with a unit cell that is
uch smaller than the wavelength and with predesigned

lectromagnetic properties, while NIMs are a subclass of
etamaterials with the remarkable property of having an

ntiparallel phase velocity and Poynting vector. To date, a
ajority of NIMs experimentally demonstrated at visible

nd near-IR frequencies utilize metallic nanostructures
ith resonant magnetic response, so that both dielectric
ermittivity � and magnetic permeability � are negative
n the same frequency range [4–10]. While these first ex-
eriments proved the possibility of the realization of
IMs, several challenges are still to be solved to make

hem useful for practical applications. In particular, in
he optical frequency range these include (1) further shift
f the NIMs operating wavelength to shorter (visible)
avelengths, (2) loss reduction and tunability, and (3) the

ealization of bulk and broadband NIMs.
Recent progress in fabrication, design, and optimiza-

ion of metamaterial structures aimed at addressing some
f these issues and will be reviewed in Section 2. In Sec-
ion 3, some unique nonlinear properties of optical
etamaterials are reviewed. Since numerical simulations

re an essential component of metamaterial research, in
ection 4 we discuss several new developments in nu-
erical modeling of linear and nonlinear, passive and ac-

ive metamaterials. Finally, in Section 5, we highlight re-
ent advancements in the emerging field of graded-index
etamaterials and transformation optics.
0740-3224/09/12B161-9/$15.00 © 2
. OPTICAL NEGATIVE INDEX MATERIALS
hile the first plasmonic NIMs were realized based on a

ombination of electric and magnetic resonances, it is
ypically very difficult to obtain a system where both reso-
ances occur at the same frequency, and also, any plas-
onic resonance always increases the loss in the system.
oreover, resonant electric response is not really neces-

ary to achieve negative � since the inherently large nega-
ive dielectric permittivity of, for example, noble metals at
ptical frequencies can be used instead. By combining
oble metals with a positive � dielectric in the proper pro-
ortion, any value of � could be achieved. Therefore, such
nonresonant electric response can be combined with a
agnetic resonance to create a negative index of refrac-

ion. This general idea was realized in a so-called �fishnet�
etamaterial structure that has become a predominant

lasmonic NIM geometry (shown in the inset in Fig. 1).
sing this structure, significant progress has recently
een made towards the realization of negative index of re-
raction at visible wavelengths. The key milestones in the
abrication of two-dimensional (thin-film) plasmonic
etamaterials are summarized in Fig. 1, where n� is the

eal part of the refractive index and F= �n�� /n� is a figure
f merit, and n� is the imaginary part of refractive index
4–10].

Although many unique physical properties can readily
e demonstrated in two-dimensional metamaterials, some
ractical applications require bulk structures. Therefore,
onsiderable efforts have been made in the area of fabri-
ation of three-dimensional metamaterials at optical fre-
uencies [11–13]. Two examples of fabricated structures
re shown in Fig. 2.
A major drawback of the above approach, however, is

ignificant losses inevitable in these resonant structures.
ndeed, as shown in Fig. 1, the best figure of merit
chieved to date is only �3. Losses in plasmonic metama-
erials have various origins and are still not completely
uantified. Some known sources of loss originate from
urface roughness, quantum size and chemical interface
009 Optical Society of America
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ffects, the resonant nature of their magnetic response, or
he fundamental loss properties of metals. Therefore, sev-
ral methods have been proposed to reduce or compensate
he losses in metamaterials, including incorporation of
ain media into the metamaterial design [14–16] and
ptical-parametric amplification [17–23] discussed in Sec-
ion 3. Significant, even complete compensation of absorp-
ion losses and even lasing was predicted theoretically
nd demonstrated experimentally in various plasmonic
ystems [24–38].

Theoretical estimations of the necessary gain levels
nd initial numerical simulations of realistic loss-
ompensated NIMs have been performed by Klar et al.
15] who proposed immersing the NIM comprising of the
ouble silver strips into the gain medium. It was found
hat the structure becomes transparent at a gain level of
2·103 cm−1. The required amount of gain can be
chieved by applying dye molecules such as rhodamine
G or semiconductor quantum dots such as CdSe on top of
he NIM. Also, recent studies suggested that placing the
ain material between the metal strips significantly re-
uces the required gain because of the enhanced local

ig. 1. (Color online) Optical negative-index materials timeline.
elds in that area [16].

F
v
m

An alternative solution to the realization of low-loss
IMs is the development of nonresonant and nonmag-
etic approaches to NIMs. One such approach is based on
he fact that in a special case of anisotropic materials
howing axial symmetry, uniaxially anisotropic materials
roduce, under certain conditions, antiparallel phase and
nergy velocity [39–43]. Very recently, the first proof-of-
rinciple experimental demonstrations of negative refrac-
ion and subdiffraction negative and positive index modes
n strongly anisotropic semiconductor waveguides have
een reported at mid-IR frequencies [44–46].
The basic idea behind this approach can be understood

s follows. Figure 3 shows isofrequency curves and rela-
ive directions of the vectors S and k for a lossless isotro-
ic medium and for the two cases of uniaxial anisotropy
�x ,�z�0 and �x�0, �z�0). In the anisotropic case the op-
ical axis is pointing along the x axis. Since ordinary
aves are not affected by the anisotropy, only extraordi-
ary polarization is considered. In the isotropic case, the
ave vector surfaces are circles, and therefore S
�k��k��k, i.e., vectors S and k are collinear [Fig. 3(a)].
or �x��z, �x ,�z�0, the wave vector surfaces become el-

ipsoidal and, as a result, the angle between S and k is
onzero [Fig. 3(b)]. Finally, for a material with negative
ransverse dielectric permittivity �x�0 and positive in-
lane permittivity �z�0, the dispersion relation becomes
yperbolic. The curvature of the hyperbola is such that
he signs of Sz and kz are opposite [Fig. 3(c)].
ig. 2. (Color online) (a) Diagram and SEM image of the 21-
ayer fishnet structure consisting of alternating layers of silver
Ag) and magnesium fluoride �MgF2�, adapted from [12]. (b)
ield-emission scanning electron microscopy images of the four-

ayer split-ring resonator structure [13].
ig. 3. Isofrequency curves and relative directions of the wave
ector k and the Poynting vector S for (a) isotropic material, (b)
aterial with � , � �0, (c) material with � �0, � �0 [43].
x z x z
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The z-component of the Poynting vector for the extraor-
inary wave can be written as

Sz =
kz

2��x
H2. �1�

herefore, if �x�0, Sz is also negative, and therefore, Sz is
pposite to the direction of the wave vector component kz.
his opposite directionality leads to a (effective) negative
efractive index of refraction. In particular, an effective
egative refractive index has been predicted in a
aveguiding system when anisotropic material with �x
0 and �z�0 is used as a core of a planar (in the y–z

lane) waveguide with metal walls. In this case negative
roup velocity modes arise; for these modes the wave vec-
or and the energy flux are antiparallel. In summary,
trongly anisotropic waveguides possess the most impor-
ant characteristic of NIMs—antiparallel directions of
ave vector and Poynting vector, and have a potential for

he realization of low-loss metamaterials.
Finally, to take full advantage of the refractive index

ngineering in metamaterials, a method to tune the elec-
romagnetic response of the metamaterial is required.
he very first designs of tunable optical metamaterials
ere based on changing the dielectric function of the nem-
tic liquid crystals using linear effects, either using DC
oltage or thermal sources [47,48]. Recently, a new ap-
roach that utilizes the strong Kerr nonlinearity of the
ematic liquid crystals �n2�10−2 cm2/W� to control the
efractive index in optical metamaterials was investi-
ated [49]. Numerical simulations predicted transmission
inimum shifts comparable to the relative changes in-

uced previously in metamaterials in the microwave
ange. Moreover, since the new approach employs the sig-
ificant near-field enhancement of the electric field, and
hus, the localized nonlinear response, the resulting opti-
ally tunable shift is larger than the shift induced with a
niform linear bias-field of a similar magnitude. One of
he limitations of this approach is the relatively slow non-
inear response of the liquid crystals. In order to overcome
his limitation, semiconductor nonlinearities with pico-
econd response time could potentially be explored.

. NONLINEAR OPTICS IN
ETAMATERIALS
etamaterials necessitate the reconsideration of many
ell-known nonlinear optical phenomena, including har-
onic generation, parametric processes, optical bistabil-

ty, modulational instability, and soliton propagation
17–23,50–62]. One of the most remarkable properties en-
bled by antiparallel wave and Poynting vectors in NIMs
s a novel, backward phase-matching mechanism. Back-
ard phase-matching in combination with the strong fre-
uency dependence of the metamaterial parameters was
hown to facilitate new regimes of second-harmonic gen-
ration (SHG) [17,53] and optical parametric amplifica-
ion (OPA) [17–23].

The basic idea of the backward phase-matching mecha-
ism can be described as follows. For example, let’s as-
ume that the metamaterial is a NIM at the fundamental
requency � and it is a positive-index material (PIM) at
1
he second-harmonic frequency �2. If the energy flow of
he fundamental frequency travels from left to right, the
hase of the wave at the same frequency should move in
he opposite direction, that is, from right to left. The
hase-matching requirement k2=2k1 can be satisfied if
he phase of the second harmonic also travels from right
o left. Since the second harmonic propagates in the PIM,
ts energy flow is co-directed with the phase velocity and,
herefore, the energy propagates from right to left as well.
n the contrary, in conventional PIM materials, the wave
nd Poynting vectors propagate in the same direction at
oth the fundamental and second-harmonic frequency
nd backward phase-matching generally does not occur.
One of the important differences between the SHG in

he NIM and PIM cases is reflected in the Manley–Rowe
elations given by �A1�2− �A2�2=C, where A1 and A2 are
lowly varying amplitudes of the fundamental and
econd-harmonic waves, respectively. In the conventional
IM case, the Manley–Rowe relations require that the
um of the squared amplitudes is constant; however, in
he NIM case their difference is constant. It is noteworthy
hat similar relations are typical to distributed feedback
tructures; however, in the case of metamaterials the ef-
ective feedback is facilitated by the NIM–PIM structure
tself. In the limit of a semi-infinite NIM, both the funda-

ental and second-harmonic waves disappear at infinity.
herefore, a 100% conversion efficiency of the incoming
ave at the fundamental frequency to the second-
armonic frequency propagating in the opposite direction

s expected. As a result, the NIM slab acts as a nonlinear
irror.
An important potential application of backward phase-
atching realized in NIMs is the compensation of losses.
ecently, a new approach to overcome losses in metama-

erials over the entire negative-index frequency range
as proposed [20]. The proposed technique is based on a
ell-known three-wave mixing process that takes place in
onlinear media exhibiting second-order susceptibility (in
�2� materials), and induces optical parametric amplifica-
ion. In optical parametric amplification, the photon flux
n the signal wave grows through coherent energy trans-
er from a higher-frequency strong pump wave. A photon
rom an incident pump laser is divided into two photons,
ne of which is a photon at the signal frequency. The
trong pump field with angular frequency and wavenum-
er ��3 ,k3� and a weak signal with ��1 ,k1� generate a dif-
erence frequency idler with ��2 ,k2�. The OPA process re-
uires both momentum and energy conservation.
omentum is conserved when the phase-matching condi-

ion for the wavevectors, k3=k1+k2 is satisfied, whereas
nergy conservation requires that �3=�1+�2.

Metamaterials represent a unique environment for the
ealization of a backward OPA. Indeed, an OPA with
ounter-directed energy flows can be realized with all
hree waves having co-directed wave vectors, as shown in
ig. 4(a). Indeed, if the pump and idler wave propagate in
he positive-index regime, and the signal wave frequency
elongs to the negative-index regime, the energy flow of
he signal wave will be antiparallel to that of the pump
nd the idler. This will create an effective feedback
echanism. Such a NIM-based OPA was shown theoreti-

ally to exhibit peculiar oscillatory distributions of the
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elds shown in Fig. 4(b). As a result, the scheme supports
scillations without a cavity as each spatial point serves
s a source for the generated wave in the backward direc-
ion.

Another remarkable property of such a NIM-based
PA, illustrated in Fig. 4(c), is that the originally lossy
IM becomes transparent (or even amplifying) for a
road range of pump field intensities and slab thick-
esses, provided that the absorption (loss) coefficient at
he idler frequency is equal to or larger than that at the
ignal frequency. A significant advantage of the OPA ap-
roach as compared to other loss-compensating tech-
iques is that it is not limited to the narrow wavelength
ange defined by the laser transitions of the laser gain
edia such as rhodamine 6G or quantum dots and, there-

ore, can be made tunable in a wide frequency range.

. NUMERICAL MODELING AND
PTIMIZATION METHODS
ue to the complexity of metamaterial structures, nu-
erical simulations are of paramount importance in
etamaterial research. Conventional modeling tools have

o be tailored, and new tools need to be developed to ac-
ount for the subwavelength and dispersive nature of
etamaterial structures, singularities, and instabilities

aused by high-index contrast, the presence of metals,
nd interfaces between positive- and negative-refractive
ndex materials, and an extremely large number of unit
ells. Finally, software developed for modeling conven-
ional optical materials and devices usually does not take
nto account any magnetic properties, as it is commonly
ssumed that ��1 at optical frequencies.
Although the field of optical metamaterials is relatively

ew, there are a number of numerical approaches and
ools developed for design, optimization, characterization,
nd modeling of linear and nonlinear wave propagation in
etamaterials. In this section, we review some of these

ewly developed methods.
The typical design of metamaterials starts with the

nit cell, such as a pair of nanorods, coupled strips, or a
shnet structure. The dimensions of these unit cells and
he material properties form a hyperspace for the global
ptimization problem [63]. Several optimization methods
ave been developed and applied to designing of metama-
erials, including: (1) simulated annealing [63,64], (2) ge-
etic algorithms [65], and (3) particle swarm optimization

ig. 4. (Color online) Optical parametric amplification in NIMs.
a) Schematic representation of backward OPA in a NIM slab. S1,
2 and S3 are the magnitudes of the Poynting vectors of the sig-
al, idler and pump beam, respectively, and k1, k2 and k3 are
heir wavevectors. (b) Signal (solid curve) and idler (dashed
urve) field distributions inside the NIM. All waves propagate in
he z-direction and the signal enters NIM at z=L, where L is the
lab thickness. (c) Signal amplification in the NIM slab. g is a
onlinear coupling coefficient [21].
66]. The efficient design procedures incorporate realistic
abrication constraints, constraints on material proper-
ies that can be employed, and an understanding of the
abrication process itself.

An important aspect of realistic metamaterial design is
elated to the fact that plasmonic structures are typically
ery lossy. Therefore, the realization of the exceptional
lectromagnetic properties and novel functionalities asso-
iated with metamaterials requires a significant reduc-
ion of their losses. Recently, a new self-consistent,
requency-domain model of a gain system for the study of
oss compensation in negative-index materials (NIMs) in
pump-probe configuration was proposed [16]. While pre-

iously developed approaches assumed a certain pump-
eld distribution rather than solving the actual nonlinear
roblem, generally, gain systems are described by a satu-
able absorptive response, and therefore, they are inher-
ntly nonlinear. As a result, the gain induced by the pump
ight may not be uniform in space. The pump-probe con-
guration requires a two-step solution: The first step in-
olves the solution of the nonlinear equations for the
ump; the second stage of the solution process involves
olving the equations governing the probe light distribu-
ion. Using this approach, it was shown that complete
ompensation can be obtained for emitters with realistic
ain coefficients if they are incorporated into the spacer
ayer where the field enhancement is maximal [16].

In the past few years, a number of unusual nonlinear
ave interactions were predicted to occur in metamateri-
ls. In a majority of theoretical studies to date, nonlinear
etamaterials were considered as uniform media with

rescribed dielectric permittivity and magnetic perme-
bility, and the nanostructured nature of these artificial
aterials was not taken into account. Local field enhance-
ent and other effects are likely to alter nonlinear inter-

ctions of electromagnetic waves with metamaterials.
herefore, availability of efficient and reliable numerical
odeling tools that take into account actual nanostruc-

ure and near-field effects is essential for developing fu-
ure nonlinear applications of metamaterials.

Recently, an efficient method for introducing third-
rder nonlinearities in optical nanostructured materials,
ncluding photonic metamaterials, was developed [67,68].

hile a standard TM representation using cubic nonlin-
ar susceptibility is problematic due to an intractable im-
licit equation, the new method uses scalar H-field fre-
uency domain formulation. It was shown to produce fast
nd accurate results without superfluous vector E-field
ormalism. The 2D H-field formulation was found to ex-
ibit a substantially faster performance and converged
ver a broader range of nonlinearities compared with the
D formulation.

. GRADIENT-INDEX AND
RANSFORMATION OPTICS
etamaterial technology opens nearly unlimited opportu-

ities in refractive index engineering, offering exceptional
exibility with respect to the profile, depth, and absolute
alue of the refractive index change, and precise control
ver its distribution, enabling unprecedented opportuni-
ies for light manipulation.
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It is worth noting that the most unusual properties of
IMs are revealed at the interface of positive- and
egative-index materials. Particularly, the right-handed
riplet formed from the electric and magnetic fields and
he wave vector in the PIM undergoes an abrupt change
o form a left-handed triplet in the NIM. A topologically
ritical phenomenon such as this leads to antiparallel di-
ections of the wave and Poynting vectors in the NIM.

Until recently, most of the studies have been focused on
brupt transitions from PIMs to NIMs in homogeneous
tructures. However, recently it was realized that a num-
er of remarkable phenomena occurs in metamaterials
ith material properties gradually changing from posi-

ive to negative values, or so-called as transition metama-
erials [69–71]. In particular, it was shown that in the
ase of a smooth (gradual) refractive index change from
ositive to negative values, as illustrated in Fig. 5 upper
lot), one can observe the resonant field enhancement of
he Hx component near the zero-refractive-index point un-
er oblique incidence of the TE wave in such a gradient-
ndex metamaterial layer. In a simplified way, the origin
f the anomalous field enhancement shown in Fig. 5 lower
lot) can be understood as a spatial analog of the well-
nown resonance occurring in the spectral domain when,
or example, light interacts with a harmonic oscillator. It
s noteworthy that, because the wavelength of light be-
omes very large in the vicinity of the zero-index point,
he system can effectively be considered as static-like. In
he TE wave case, the magnetic field has a nonzero com-
onent in the direction of propagation, and the magnetic
eld energy accumulates in the vicinity of the zero-index
oint in space. Such a thin layer near the zero-index point
an be considered to be a short solenoid that stores the
agnetic field energy. In this case, H anomalously in-

ig. 5. (Color online) The real parts of the dielectric permittivity
nd magnetic susceptibility as functions of a longitudinal coordi-
ate (upper plot), and the absolute value of the normalized mag-
etic field component as a function of normalized longitudinal

lower plot).
reases as the refractive index tends to zero. Finally, ow-
ng to the singularities of the magnetic field components,
he x and z components of the Poynting vector are also
ingular at the zero-index point. These findings may en-
ble a variety of applications in microwave, terahertz,
nd optical metamaterials, including subwavelength
ransmission, wave concentrators, and low-intensity non-
inear optical devices.

The enormous potential of refractive-index engineering
n metamaterial structures can be further exemplified by
ecent progress in the field of transformation optics that
nabled novel opportunities in the design of graded-index
tructures [72–84]. First applied to the development of
he cloak, transformation method is now considered a
ery general and powerful design tool that offers unpar-
lleled opportunities for controlling light propagation
hrough careful refractive-index engineering.

The basic idea of transformation method [72,85,86] is
hat, in order to guide waves along a certain trajectory, ei-
her the space should be deformed, assuming that mate-
ial properties remain the same, or the material proper-
ies should be properly modified. The latter approach is
sually employed. More specifically, under a coordinate
ransformation, the form of Maxwell’s equations should
emain invariant while new � and � would contain the in-
ormation regarding the coordinate transformation and
he original material parameters. Therefore, in order to
esign a particular property/light trajectory, it is possible
o design an anisotropic material with prescribed compo-
ents of permittivity and permeability tensors calculated
hrough a particular coordinate transformation.

The general design approach using the transformation
ethod includes two main steps. In the first step, a coor-

inate transformation of the space with the desired prop-
rty is built. In the next step, a set of material properties
s calculated that would realize this property of the trans-
ormed space in the original space using the following
quations:

�i�j� = �det��i
i���−1�i

i��j
j��,

�i�j� = �det��i
i���−1�i

i��j
j��,

i,j = 1,2,3, �2�

here it was assumed that the original space is isotopic,
ransformations are time invariant, and �	

	�=�x	� /�x	 are
he elements of the Jacobian transformation matrix.

Recently, various functionalities and novel device appli-
ations enabled by this approach have been proposed, in-
luding light concentrators [78], lenses [79], gradient-
ndex waveguides and bends [80,81], black holes [82], and
ven illusion devices [83]. Some of these devices are illus-
rated in Fig. 6. Unfortunately, many of these devices, in-
luding the first cloaking devices, were inherently nar-
owband. Indeed, since the refractive index of the
loaking shell was designed to vary from zero to one, the
hase velocity of light inside the shell is greater than the
elocity of light in a vacuum. While this condition itself
oes not contradict any law of physics, it implies that the
aterial parameters must be dispersive. Therefore, one of

he remaining challenges is the realization of broadband
ransformation-optics-based applications.

To address this challenge, the transformation method
as applied to design a broadband cloaking device that
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unctions in a wavelength multiplexing manner shown in
ig. 7 [84]. The basic idea can be understood as follows:
ince the anisotropic constituent materials of a cloak for
ne wavelength cannot be transparent at other frequen-
ies, cloaks for all the wavelengths being considered have
o share the same outer boundary—the physical boundary
f the device. The inner boundary and the transformation
or each operating wavelength, however, are unique, as
hown in Figs. 7(a)–7(c).

Recently, two other, very different designs of optical
loaks that address the narrowband issue were proposed
nd experimentally demonstrated. One of them is a so-
alled carpet cloak that is made of a dielectric and oper-
tes in a broad range of wavelengths [87–90]. The basic
dea behind this approach is illustrated in Fig. 8(a). The
arpet cloak compresses an object in only one direction
nto a conducting sheet. When the object is placed under a
urved reflecting surface with the carpet cloak on top of it,
he object appears as if it was the original flat reflecting
urface, so it is hidden under a “carpet.” This approach
voids both material and geometry singularities. The

Fig. 6. (Color online) Examples of gradient-index str

ig. 7. (Color online) Simulated schematic of a cloaking system
or multiple wavelengths or a finite bandwidth, with �1��2

� , shown in (a), (b), and (c), respectively [84].
uctures designed using the transformation optics approach.
3

ig. 8. (Color online) (a) Optical carpet cloaking [87]. (b) Ta-
ered waveguide acting as an optical cloak [91].
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loak region is obtained by varying the effective refractive
ndex in a 2D space. This index profile is designed using
uasi-conformal mapping. The carpet-cloaking approach
olves several problems associated with other approaches.
he approach can be implemented using nonresonant el-
ments (e.g., conventional dielectric materials) and,
herefore allows for achieving low-loss and broadband
loaking at optical wavelengths. Indeed, this approach
as already demonstrated in a broad range of optical
avelengths extending from 14 to 1800 nm.
Finally, very recently another extremely simple ap-

roach to cloaking was proposed and experimentally dem-
nstrated. In this approach, the metamaterial requiring
nisotropic dielectric permittivity and magnetic perme-
bility is emulated by a specially designed, tapered wave-
uide [91]. It was shown that the transformation optics
pproach allows us to map a planar region of space filled
ith an inhomogeneous, anisotropic metamaterial into an
quivalent region of empty space with curvilinear bound-
ries (a tapered waveguide).
This approach leads to low-loss, broadband perfor-
ance in the visible wavelength range. A schematic of the

loak is shown in Fig. 8(b). A double convex glass lens
oated on one side with a gold film is placed with the gold-
oated side down on top of a flat gold-coated glass slide.
he air gap between these surfaces can be used as an
diabatically changing waveguide. In fact, this geometry
s identical to the classic geometry of the Newton rings ob-
ervation.

It is well known that the modes of the waveguide have
utoff wavelengths. It turns out that, for a particular
ode in the waveguide of Fig. 8(b), the cutoff radius is

iven by the same expression as that of the radius of the
orresponding Newton ring; thus, no photon launched
nto the waveguide can reach an area within the radius
rom the point of contact between the two gold-coated sur-
aces. This approach leads to low-loss, broadband cloaking
erformance. Importantly, the cloak that has already
een realized with this approach was one-hundred times
arger than the wavelength of light, a property that was
ot demonstrated with any other cloaking techniques to
ate.

. SUMMARY
n summary, over the past ten years, enormous progress
n the field of metamaterials has been made. As a result,
ascinating theoretical predictions were transformed into
n even more amazing reality of materials with proper-
ies far exceeding those available in nature. These new
aterial properties and device functionalities enabled by
etamaterials technology have a strong potential for con-

ributing to nearly all areas of fundamental and applied
cience and technology, including imaging, defense, tele-
ommunications, optical computing, and sensing.
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