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By engineering the internal structure of artificial materials it is possible to reproduce effective electromagnetic
properties, including some which were previously unavailable in nature. Since the first experimental
demonstration of artificial composites with exotic electromagnetic properties at microwaves less than 10 years
ago, metamaterials has emerged as a rapidly growing multidisciplinary branch of science and engineering.
Significant efforts have been placed in scaling the response of metamaterials to optical frequencies as well as
demonstrate pertinent applications of the newly available technology. In this article we review recent
developments in the area of experimental realisation of electromagnetic metamaterials and their applications.
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1. Introduction

The electromagnetic characteristics of conventional
materials are determined by the interaction of electro-
magnetic waves with the internal structure of matter,
which is typically of a much smaller scale than the
wavelength such that materials exhibit the observed
bulk values for electric permittivity, ", and magnetic
permeability, �. There has been considerable recent
interest in the development of so-called metamaterials,
in which the effective electromagnetic parameters are
determined instead by the scattering from structured
arrays of subwavelength features. By carefully choos-
ing the geometry of such arrays it is possible to tailor
the effective parameters and, significantly, it is possible
to provide scattering characteristics that are not found
in nature.

Complex engineered media that exhibit customised
effective electromagnetic properties have been the topic
of research for many decades. An array of subwave-
length disks in a periodic arrangement was employed
in [1] to produce a convex lens with an effective
permittivity. ‘Imitated’ dielectrics, consisting of peri-
odic arrangements of metallic or dielectric inclusions in
a host medium have been investigated in [2] as means
to reduce the loss of natural dielectrics at higher
frequencies. Isotropic artificial dielectric media com-
posed of a three-dimensional cubic array of metal
spheres and dielectric spheres have been investigated

in [3]. In order to improve the mechanical properties,

Ward et al. [4] proposed spherical or cylindrical voids

in a relatively high dielectric constant base material.

Anisotropic dielectrics consisting of finite length of

metal strips were studied in [5]. In order to address

problems of aerospace research dealing with the

interaction of microwave radiation with plasmas,

artificial media were proposed in [6] to approximate

the behaviour of plasma. In particular, an artificial

dielectric composed of periodically spaced lattices of

resistive rods was studied and used for implementing a

wide range of parameters with medium- and high-loss

characteristics [6]. Employing such engineered plasma,

in [6] and [7] radiation characteristics from antennas in

the presence of plasma were reproduced and the results

were in good agreement with established theory.
The interest for artificial media with electromag-

netic properties not encountered in natural materials

was renewed in the 1990s, mainly by physicists and

engineers working on photonic or electromagnetic

band gap structures (PBG or EBG) [8] and other

engineered periodic structures. In the late 1990s, the

realisation of artificial surfaces with properties resem-

bling those of the otherwise non-existent magnetic

conductors had been reported and termed artificial

magnetic conductors (AMC) or high impedance

surfaces (HIS) [9]. In 1999, Pendry et al. [10] proposed

that magnetic activity can be obtained from a simple
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array of non-magnetic conducting elements. In partic-

ular, it was suggested that arrays of so-called split-ring

resonators (SRR), each of those being of subwave-

length dimensions, exhibit positive or even negative

effective magnetic permeability (�) when properly

excited by plane waves [10]. In the late 1960s,

Veselago [11] had already studied theoretically the

electromagnetic properties of hypothetical materials in

which the permeability and permittivity were simulta-

neously negative.
The discovery of Pendry in 1999 paved the way for

the experimental realisation of artificial materials

(meta-materials) with simultaneously negative consti-

tutive parameters (" and �) [12–14]. Since these

structures must be much smaller than a wavelength

the first manufactured metamaterials were demon-

strated at microwave wavelengths where tolerances are

readily achieved and metals behave almost as ideal

conductors. There is, however, considerable interest in

developing metamaterials for use at progressively

higher frequencies, ranging initially through THz,

infrared and finally optical wavelengths, but this

involves considerable challenges. In particular the

need for subwavelength internal structure in metama-

terials poses the requirement to manufacture

structures in the nanometer scale. Moreover, at optical

frequencies, metals deviate significantly from ideal

conductors, so that direct scaling of the dimensions is

not always possible. Nevertheless, the features of

optical metamaterials suggest that their manufacture

will lead to widespread use in many practical applica-

tions, including subwavelength imaging and optical

cloaking.
In this article we review recent work in the area of

experimental realisation of electromagnetic metama-

terials, with emphasis on optical and near-optical

frequencies. The article is structured as follows. An

overview of experimental realisations of metamaterials

that exhibit magnetic activity are discussed in

Section 2. Section 3 presents an overview of metama-

terials that produce an effective negative index of

refraction, while Section 4 discusses some recent

realisations of metamaterials with extreme effective

parameters, such as extreme anisotropy and near zero

permittivity. The two following sections discuss recent

demonstrations of applications of metamaterials in

superlenses (Section 5), that can resolve images beyond

the diffraction limit, and optical cloaking (Section 6).

Section 7 discusses the efforts for active metamaterials.

An overview of recent work on planar metamaterials

(metasurfaces) and their emerging applications is given

in Section 8. Section 9 is dedicated to experimental

investigations on the applications of metamaterials in

medical imaging.

2. Magnetic response

Following the prediction of the magnetic response
from split-ring resonators [10], such structures were
successfully realised in the microwave regime [12].

Shortly after, research efforts were focused on produ-
cing magnetic response at higher frequencies by scaling
the physical dimensions of the split-ring resonators and
today they are available across the spectrum up to, and

including, the visible.
In [15], magnetic response was reported for 2D

periodic planar arrays of concentric split-ring resona-
tors in the range of 1THz. The metallic array was
formed by 3 mm thick copper on 400 mm thick quartz
substrate using a photo-proliferated process [15]. To
characterise a planar array, free-space characterisation

for an oblique linearly polarised incidence was under-
taken. In particular, an obliquely incidence transverse
electric wave was employed, since an oscillating mag-
netic field perpendicular to the plane of the split-ring
resonator is required for magnetic excitation of the

array.
Stretching the frequency by two orders of magni-

tude, Enkrich et al. [16] demonstrated experimentally a
magnetic resonance response at 100THz using nano-
fabricated gold SRR-like elements arranged in periodic
quadratic arrays. This frequency was doubled in [17]

where a structure of 50 nm minimum feature size
‘u’-shaped 30 nm thick gold split-ring resonators on 1
mm glass substrate was experimentally tested. These
structures were fabricated using electron beam lithog-
raphy. In [17], a higher order magnetic resonance is

reported, pushing the frequency of magnetic responses
with split-ring resonators to 370THz (wavelength of
800 nm).

A non-planar variant consisting of a 1D and 2D
periodic array of gold ‘staples’ each with two outwardly
splayed footings was reported in [18] to produce a
magnetic response at around 60THz (mid-infrared).

These arrays were fabricated in gold on a zinc sulfate
substrate using interferometric lithography on photo-
resist and reactive ion etching. A thick solid layer of
gold was deposited as a ground plane, so that the arrays
could only be tested in the reflection mode. A periodic

system composed of five layers of split-ring resonators
exhibiting magnetic resonance at around 6THz was
reported in [19]. The metallic arrays, with unit cell 7 mm
were fabricated in silver and photolithographically

aligned with an accuracy of the order of 0.5 mm. The
structure was fabricated in a layer-by-layer fashion
alternating 5 mm-thick slabs of polyimide spun on
1 mm-thick silver films, which are deposited and pat-
terned using standard lift-off techniques.

In [20,21], it is argued that the scaling of split-
ring resonators to produce magnetic response at
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increasingly higher frequency has an upper frequency

limit. This can be seen by the following argument; the
energy that has to be pumped into a coil in order to
support current I is equal to the magnetic energy stored
(12LI

2). In addition to that, the kinetic energy of the
charge carriers needs to be considered. For an ideal
conductor with infinite carrier density, the carrier
velocity and kinetic energy is zero. However, for a real
metal with finite carrier density, the carrier velocity
and kinetic energy is non-zero even for finite current
flow. The carrier kinetic energy can be expressed as an
effective additional magnetic energy with an equivalent
inductance, Lkin, which adds to the coil inductance:
L!LþLkin. The kinetic inductance, Lkin, is negligible
for large coil inductances, L, but becomes dominant
for small coils. Therefore, in the limit of small split-ring
resonators, the resonant frequency becomes indepen-
dent of the size [20,21]. In [21] magnetic metamaterials
composed of 35 nm minimum feature-size gold split-
ring resonators with a fundamental magnetic reso-
nance at a wavelength of 900 nm were presented
(Figure 1). More exact calculations undertaken using
the complex dielectric function of metals as determined
from experiments in the literature have demonstrated
that the practical limit of scaling split-ring resonators
to achieve magnetic response are to be found at around
this wavelength, setting the highest frequency of
magnetic response with split-ring resonators to date
at 800 nm [17].

This limitation together with the technological
challenge to form a bulk 3D metamaterial structure
in the nanometer scale suggested the requirement for
alternative designs suitable for the visible range.

The key idea that emerged was based on pairs of

metal wires or metal plates, fabricated on either side of

a dielectric spacer [22]. Theoretical studies have shown

that a magnetic resonance with antiparallel currents

can be established in a pair of coupled nanorods or

nanostrips, which can in turn provide an effective

diamagnetic or paramagnetic response.
Extending the work in [23] for red light, a series of

prototypes involving coupled nanostrips with varying

dimensions have been tested and demonstrated to

produce a magnetic response across the visible spec-

trum [24]. The samples were fabricated by electron

beam lithography techniques on glass substrates.

Electron beam deposition was used to produce a

stack of silver and alumina layers and the paired strip

structures were obtained after a lift-off process. A

series of six samples with different dimensions were

produced. Distinct colours in different samples both in

transmission mode and reflection mode were observed

(reproduced in Figure 2) for the resonant TM

polarisation incidence (while the same colours were

observed for the non-resonant TE incidence) [24]. In

particular, and as theoretically predicted, the position

of the magnetic resonance moves towards shorter

wavelengths as the width of the nanostrip pair

decreases.

Figure 2. Optical microscope image of magnetic arrays
consisting of paired nanorods for the two orthogonal
polarisations. The size of each sample is 160mm� 160 mm.
(a) Transmission mode with TM polarisation, (b) transmis-
sion mode with TE polarisation, (c) reflection mode with TM
polarisation, and (d ) reflection mode with TE polarisation
[24]. Reproduced with permission from Cai et al., Opt.
Express 2007, 15, 3333–3341. Copyright (2007) by Optical
Society of America. (The colour version of this figure is
included in the online version of the journal.)

Figure 1. Electron micrograph of the gold split-ring resona-
tor array reported in [21] exhibiting magnetic resonance at
900 nm. The inset shows a top-view image in the same scale
[21]. Reprinted with permission from Klein et al., Opt. Lett.
2005, 31, 1259–1261. Copyright (2005) by Optical Society of
America. (The colour version of this figure is included in the
online version of the journal.)
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3. Negative refraction

Negative-index metamaterials (NIMs) were first rea-
lised and demonstrated at microwave frequencies [12]
following Pendry’s discovery of magnetic response
from arrays of SRRs in 1999. A bulk structure
consisting of an array of strip wires to synthesise a

negative permittivity and SRRs (or capacitively loaded
loops) to synthesise negative permeability was
assembled. By measuring the scattering angle from a
prism fabricated from this material (Figure 3(a)) a
negative refractive index was experimentally verified
for the first time (Figure 3(b)).

Comprehensive recent comparative reviews on the
realisation of metamaterials with negative index of
refraction can be found in [25–28]. A variant structure
of the original shown in [12] where the split rings are
substituted by pairs of short coupled wires was
demonstrated to produce an effective negative refrac-
tion for a linearly polarised incident wave at about

14GHz [29]. Another variant structure consisting of
periodic arrays of ‘H’-shaped metallic wires was
demonstrated to produce a similar effect at about
16GHz [30]. An impedance-matched, metamaterial
consisting of split-ring resonators and tuned electric
resonators instead of wires was presented in [31] to
produce negative index of refraction at around 10GHz.

A bulk metamaterial composite based on split-ring
resonators and micron-scale metallic wires is reported
in [32]. The unit cell of the metamaterial reported in
[32] contains two coplanar concentric split-ring reso-
nators, and two layers of triple wire pattern. The
patterns were fabricated in gold and on glass substrates

using UV photolithography and the bulk metamaterial
consisted of ten unit cells in the propagation direction.
One hundred such layers were assembled so that the
bulk crystal was 15 mm wide. The transmission

spectrum shows a transmission at around 100GHz.

Theoretical studies by the authors associated this

passband with a negative index of refraction [32].

3.1. Paired nanorods

As frequencies increase, the magnetic response of the

split-ring resonator saturates and therefore split-ring

resonators cannot be used to scale negative refractive

index metamaterials to optical frequencies. Instead the

coupled nanorod or nanostrip pair produces magne-

tism at optical frequencies with equivalent negative

values for the effective magnetic permeability (i.e.

�50) at certain frequencies. A schematic representa-

tion is shown in Figure 4. Moreover, the excitation of

resonant current oscillation in the strips can produce

an effective negative electric permittivity (i.e. "50). If

the frequencies where �50 and "50 overlap, then an

effective negative index of refraction is achieved [33].

Figure 3. (a) Photograph of the first NIM [12]. (b) Transmitted power at 10.5GHz as a function of refraction angle for both a
Teflon sample (dashed curve) and a LHM sample (solid curve). The two curves were normalised such that the magnitude of both
peaks is unity [12]. Reprinted with permission from Shelby et al., Science 2001, 292, 77. Copyright (2001) by AAAS. (The colour
version of this figure is included in the online version of the journal.)

Figure 4. Schematic representation of a coupled nanorods
array [34]. Reproduced with permission from Shalaev et al.,
Opt. Lett. 2005, 30, 3356. Copyright (2005) by Optical
Society of America. (The colour version of this figure is
included in the online version of the journal.)
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An experimental demonstration of paired gold
nanorods exhibiting negative index of refraction at
near infrared, is reported in [34] and simultaneously in
[35]. In [34] the thickness of the rods was 50 nm and a
silicon dioxide layer of thickness 50 nm was used as
a spacer. The fabrication procedure resulted in a
trapezoidal shape of the rods with the dimension of the
bottom rods 780 nm� 220 nm and the top rods
670 nm� 120 nm. Numerical and experimental results
in agreement demonstrated an effective negative
refractive index of about n¼�0.2 at the telecommu-
nication wavelength of 1.5mm. In [35] rods or cut-wires
of 20 nm thickness were used on either side of a MgF2

substrate. Furthermore, their width was increased until
it was equal to the length resulting in nanoscopic
square plate pairs, with transmission/reflection
responses independent of the incident polarisation, a
feature desirable for applications such as perfect lenses.

3.2. Fishnet structure

Despite the successful demonstration of negative index
of refraction at optical frequencies in [34], it is
normally difficult to arrange for the electric permittiv-
ity and magnetic permeability to be simultaneously
negative [36]. An alternative design which combines the
magnetic coupled strips (that yield �50) with contin-
uous electric strips (that yield "50) in a broad
spectrum is the so-called fishnet structure. The oper-
ation is summarised in Figure 5.

An experimental demonstration of a negative index
material with such a ‘fishnet’ structure at mid-infrared

is reported in [37]. The metamaterial structure consists
of two gold fishnet arrays of thickness 30 nm separated
by a 60 nm thick spacer of alumina. The holes were of
diameter 360 nm at a pitch of 838 nm. The metamater-
ial array was tested in a Fourier-transform infrared
(FTIR) spectrometer, where the phase information of
the reflection and the transmission was obtained using
phase masks and an interferometric arrangement. The
geometrical symmetry of the structure, which had a
square unit cell, made the metamaterial almost insen-
sitive to the polarisation of the incoming light, enabling
unpolarised light to be used for testing. An effective
index of refraction of around n¼�3 was reported at a
wavelength of about 2 mm.

A metamaterial that exhibits negative index of
refraction of n¼�2 at around 1.45 mm wavelength and
low thermal losses is reported in [38]. In order to
quantify the losses, the figure of merit is defined as the
negative ratio of the real part of the effective refractive
index, divided by the imaginary part. The figure of
merit was optimised employing low-loss materials (e.g.
silver as metal) and tuning the wire widths as well as
the metal and spacer thickness, of the design. The
optimisation introduces a dependence of the final
design on the metal (silver) plasma frequency and the
incident polarisation (the structure in [38] produces an
effective negative index of refraction for a specific
linear polarisation). The maximum figure of merit was
about 3 at a wavelength where the real part of the
refractive index is about n¼�1. For comparison, the
authors report that the figure of merit was about 0.1
and less than 1 in [34] and [37], respectively.

In [39] a metamaterial that has a negative index of
refraction at 1.5mm is reported to produce simultane-
ous negative phase and group velocity. Using standard
electron-beam lithography and electron-beam evapo-
ration, a series of fishnet structures were fabricated.
The metallic arrays were made from gold and MgF2

was used for a spacer. Employing a Michelson
interferometer arrangement with and without the
sample, the authors extracted the phase time delay
and from the shift of the pulse-envelope the group
delay was determined. Within a wavelength range,
simultaneous phase and group velocity were reported,
suggesting that the pulse envelope peak appears at the
rear end of the sample before the input pulse has
entered the front side. To further improve the losses
and reduce the operating wavelength, the metallic
arrays were fabricated in silver in [40] with MgF2 used
as spacer. The total thickness of the sample reported in
[40] is 97 nm and the lattice constant 300 nm. A similar
experimental setup as in [39] was employed within the
wavelength range 700 to 1500 nm. An index of refrac-
tion of about n¼�0.6 is reported at wavelength
780 nm with a figure of merit of about 0.5.

Figure 5. Scheme for the fishnet metamaterial with negative
index of refraction. E and B are the vectors of the incident
electric and magnetic field and k the incident wavevector [39].
Reprinted with permission from Dolling et al., Science 2006,
32, 892–894. Copyright (2006) by AAAS. (The colour version
of this figure is included in the online version of the journal.)
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A metamaterial with negative index of refraction
at wavelength 810 nm was reported in [41].
Using electron-beam lithography followed by elec-
tron-beam evaporation and lift-off, a metamaterial
consisting of two 33 nm layers of periodically perfo-
rated silver (fishnet) separated by 28 nm of alumina
was fabricated. The period of the structure is 300 nm.
This metamaterial produces two bands of negative
index of refraction between wavelengths of 799 to
818 nm and 753 to 810 nm, respectively, for two
orthogonal linear polarisations, respectively. The
former band yields negative values for both electric
permittivity and permeability (therefore termed as
double negative), while the latter yields a negative
value only for the electric permittivity (and positive for
the magnetic permeability). However, the necessary
condition for producing an effective negative index of
refraction, "0�00 þ "00�050 where "0,00 and �0,00 corre-
spond to the real and imaginary part of the electric
permittivity and magnetic permeability, respectively
(see [41] and references therein), is satisfied in both
bands. The best figure of merit reported was 1.3 and
obtained at wavelength 813 nm, where the refractive
index (real part) is approximately equal to �1. The
minimum value of the refractive index obtained at
wavelength 820 nm was �1.3 with a figure of merit of
0.9. Within the 799 to 818 nm wavelength range, the
index of refraction varied within the range �1.2� 0.1.
For the other polarisation (wavelength band 753 to
810 nm), the best figure of merit was 0.7 and obtained
at a wavelength of 772 nm where the index of refrac-
tion is approximately n¼�0.9. The lowest index of
refraction in this band was n¼�1 at wavelength
776 nm.

In [27] and references therein, a dual-band meta-
material structure with response blue-shifted compared
to [41] is reported. The metamaterial, fabricated in a
similar manner as in [41], produced a dual-band
response (dual and single negative) for the two
orthogonal polarisations between about 720 to
730 nm and 660 to 810 nm, respectively. Within the
former band (dual negative), the maximum value for
the figure of merit is equal to 1.05 at wavelength of
725 nm, where the refractive index was about n¼�0.8.
The minimum value of the refractive index was
n¼�1.2 at wavelength 735 nm and figure of merit
0.7. For the single negative band, the minimum index
of refraction was approximately n��0.5 at wave-
length 710 nm and a figure of merit approximately
equal to 0.5.

A 3D metamaterial consisting of cascaded fishnet
structures with negative index of refraction at wave-
lengths in the range of about 1500 nm to beyond
1800 nm for a specific linear polarisation is reported in
[42] (Figure 6(a)). The metamaterial was fabricated on

a multilayer metalo-dielectric stack using focused
ion-beam milling, which is suitable to cut features of
the order of nanometers with a high aspect ratio.
A device milled on 21 alternating films of silver and
magnesium fluoride producing 10 functional layers has
been fabricated and tested. The authors report that the
refractive index obtained remains consistent for fishnet
metamaterials with three or more functional layers. In
order to measure the index of refraction, the authors of
[42] also fabricated two prisms made of the metama-
terials with angles 5� and 4.7� and experimentally
demonstrated negative refraction of an incoming
linearly polarised incident beam (Figure 6(b)). By
measuring the beam shifting of the light after the
prism, the authors directly extracted the index of
refraction for wavelengths between 1200 and 1800 nm
(Figure 6(c)). For shorter wavelengths, the beam
refracts in the positive direction, suggesting a positive
value of the refractive index. At 1475 nm, the index of
refraction was found to approach zero. Beyond that
frequency, the beam was refracting in the negative
direction [42]. The refractive index varied from about
n¼ 0.63 at wavelength of 1200 nm to about n¼�1.23
at wavelength of 1775 nm. The figure of merit was
estimated from the transmission and reflection of
normally incident polarised light on the 21 layer
structure. A measured value for the figure of merit of
about 3.5 at a wavelength of 1775 nm where the
refractive index is n¼ 1.23 is reported.

3.3. Chirality

An alternative route to negative refraction was
proposed in [43] (and then in [44] and [45]) and
involves the use of material chirality. A chiral material
lacks planes of mirror symmetry and electromagneti-
cally is characterised by coupling between the electric
and magnetic dipoles along the same direction. As a
consequence, the degeneracy between the two circular
polarisations is broken and the index of refraction is
higher for one circular polarisation than the other.
Thus a strongly chiral medium is possible to exhibit
negative index of refraction for one polarisation and
positive for the other.

An experimental indication as a signature of
negative refraction due to chirality was reported in
[46], although the transmission levels were very low.
A recent paper [47] reported a further experimental
demonstration of chirality-induced negative index of
refraction at microwave frequencies, although the
transmission levels were still low. Negative values for
the effective electric permittivity, ", and magnetic
permeability, �, as well as refractive index, n, were
obtained by measurements in a series of samples.
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The authors suggest that the negative value of the

index of refraction n¼ ("�)1/2� � originates not from

the negative values of the " and �, but rather from

the large contribution of the chirality parameter, �.
An experimentally observed value of n¼�1.7 at about

4.5GHz with a figure of merit equal to 0.5 are reported

for right-handed circular polarisation and a sample

made on FR4 substrate.
A chiral metamaterial exhibiting opposite signs for

the effective refractive indices of the two circularly

polarised waves around 1THz has been recently

reported in [48]. The design was based on a vertical

metallic (gold) chiral resonator, where the chirality is

introduced by tilting the loop out of the plane with its

gap (Figure 7). The loop forms an equivalent inductor,

while the two bottom strips form a capacitor. The

resonator can be excited by either an electric field

across the gap or a magnetic field normal to the loop.

Therefore strong electric and magnetic responses can

be generated and the structure can be considered as a

combination of an electric and a magnetic dipole

moment [48]. Samples of 1.5 cm by 1.5 cm were

fabricated and the transmission and reflectance were

Figure 6. (a) Scan electron microscope image of a 3D fishnet prism and magnified view with the film layers visible in each
hole (inset). (b) Schematic of the experimental setup involving the 3D fishnet prism. By measuring � the absolute angle of
refraction, �, can be obtained. (c) Schematic of the experimental setup for the refraction measurement [42]. Reprinted with
permission from Valentine et al., Nature 2008, 455, 376–379. Copyright (2008) by Nature Publishing Group. (The colour version
of this figure is included in the online version of the journal.)

Figure 7. (a) Schematic of the chiral structure proposed
in [48] and (b) equivalent circuit. Parts (c) and (d ) are
scan electron microscope images of the fabricated
samples in [48]. Reprinted figure with permission from
Zhang et al., Phys. Rev. Lett. 2009, 102, 023901. Copyright
(2009) by the American Physical Society. (The colour version
of this figure is included in the online version of the journal.)
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measured using THz time-domain spectroscopy for the
two linear orthogonal polarisations. Extracting the
transmission of left and right circularly polarised waves
from these measurements, the authors demonstrated
negative values for the refractive index of left-handed
waves in the frequency range between 1.06 and
1.27THz, with a minimum index below �5. As in
[46,47], the transmission levels in this case were low.
For the right-handed polarisation, the refractive index
was positive over the whole frequency range.

4. Extreme effective parameters

Materials with extreme parameters or extreme proper-
ties, such as near zero permittivity, extreme anisotropy,
or very large permittivity, may also have a number of
interesting applications. A highly anisotropic magnetic
metamaterial consisting of an array of ‘swiss rolls’,
which act as magnetic wires, was demonstrated in [49]
to transfer an input magnetic field pattern with a
spatial resolution equal to the roll diameter. An array
of 271 individually tuned rolls of about 10 mm each
was assembled and demonstrated to transfer the
magnetic flux produced by a pair of anti-parallel
wires in the shape of the letter M to a distance of about
70 mm at 21.3 MHz [49]. The peak value of the
permeability reported for the swiss rolls in [49] was
about 35 and the quality factor was about 60.

Transfer of images with subwavelength resolution
has also been demonstrated by an array of parallel
conducting wires exhibiting strong spatial dispersion
[50] (Figure 8). Operating in the canalisation regime,
the subwavelength resolution is not based on a
resonant effect, offering 18% bandwidth for a �/15
resolution. Although to a certain extent this is an
electrical equivalent of [49], the magnetic wires formed
by the swiss rolls are resonant and therefore inherently
narrowband and lossy. In contrast, the low losses due

to the non-resonant operation of the lens in the
canalisation regime allows for transmitting a sub-
wavelength image at large distances without significant
distortion [51]. The bandwidth of a wire medium lens
is determined by the matching condition, which
requires a Fabry–Pérot resonance to be formed along
the length of the lens.

Recently experimental observation of negative
refraction in a bulk metamaterial consisting of closely
spaced nanowires has been reported [52]. The sample
was prepared by electrochemical deposition of silver
nanowires in a porous alumina template formed by
electrochemical anodisation. The sample was illumi-
nated by a polarised diode laser beam at different
angles through a slit of 1 mm etched through a 250 nm
thick silver coating film [52] and the transmitted light
was mapped by scanning an optical fibre at the other
end. As a result of the hyperbolic dispersion of the
nanowire medium, incoming transverse magnetic
polarised beams at wavelength of 660 nm and 780 nm
underwent negative refraction (despite the fact that the
phase velocity remained positive). In particular the
group refractive index was found to be �4 for this
polarisation at 780 nm, while the phase refractive index
was positive. In contrast, transverse electric waves
underwent positive refraction. Calculations by the
authors in [52] suggest that negative refraction occurs
also for longer wavelength. Moreover, the light inten-
sity at normal incidence was measured to decay by
about 0.43 mm�1, a loss that corresponds to a few
orders of magnitude lower than that of the single layer
metamaterial reported in [53]. The broad bandwidth
and low loss characteristics are in accordance with the
non-resonant operation of the wire medium.

Energy squeezing and tunneling through an ultra-
narrow waveguide channel that mimics epsilon near
zero (ENZ) permittivity properties was experimentally
demonstrated in [54–56]. A multilayered printed circuit

Figure 8. Distribution of the electric fields in the source (a) and image (b) plane for the wire medium lens reported in [49,50].
Reprinted figure with permission from Belov et al., Phys. Rev. B. 2006, 73, 033108. Copyright (2006) by the American Physical
Society. (The colour version of this figure is included in the online version of the journal.)
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based on complementary split-ring resonators to pro-

duce the resonant electric response and achieve the

effective zero permittivity near the plasma frequency

was demonstrated in [54] (see Figure 9). In [55], the

ENZ medium was constructed by a waveguide operat-

ing close to cutoff. The same principle has been realised

in [55], where the ENZ channel consists of a planar

waveguide in which complementary split-ring resona-

tors are patterned on the lower surface. Realisation of

a non-resonant material with extremely large index of

refraction at microwaves has been demonstrated in [57]

using an array of crossed metallic wires.

5. Superlenses

In 2000, Pendry suggested that a slab of material with

negative index of refraction can act as a ‘perfect lens’,

restoring subwavelength details by means of enhancing

the evanescent fields [58]. This theoretical prediction

has attracted significant interest as it offered a method

for overcoming the diffraction limit in near field lenses.

Recent comprehensive reviews on superlenses can be

found in [25,59].
The first demonstration of focusing using a planar

metamaterial slab was realised in the microwave, using

a two-dimensional network of lumped inductors and

capacitors [13]. A similar structure was reported to

produce an image below the diffraction limit (at �/5) at
approximately 1GHz in [60]. A variant topology based

on the fully uniplanar coplanar strip transmission line

suitably loaded with lumped inductors and capacitors

was recently employed to demonstrate free-space

subwavelength near field imaging at around 2GHz

[61]. An alternative realisation in the microwave regime

involved wires and split-ring resonators forming a

two-dimensional waveguide and produced a focused

image [62].

When the scale of the distance between the slab and
both the object and its image, as well as the slab’s
thickness, is deeply subwavelength, the electrostatic
limit can be applied. In this case, the electric and
magnetic responses of a material decouple, and only
one material property, namely either the electric
permittivity " or the magnetic permeability �, needs
to be negative to produce a superlens effect for
transverse magnetic or transverse electric polarisation
[58]. An arrangement of swiss rolls exhibiting an effec-
tive magnetic permeability of �¼�1 was demon-
strated to image with a resolution of approximately
�/64 at about 25 MHz and distance 120 mm [63].
A magnetoinductive planar lens consisting of broad-
side coupled split-ring resonators was demonstrated in
[64] to focus a spot an order of magnitude smaller than
the free space wavelength of the incoming field.

Since metals at the UV or visible frequencies exhibit
an effective negative permittivity, this observation
paved the way for the use of subwavelength metal
sheets to obtain near-field focusing for TM polarised
light. An experimental demonstration involved a 35 nm
slab of silver to image objects placed 40 nm away on a
photoresist under ultraviolet illumination at 365 nm
and achieved resolution of 60 nm (�/6) [65].
Independently, Melville and Blaikie [66] also produced
subwavelength features by virtue of a thin metal sheet.
By replacing the silver with silicon carbide, which
provides a better performance in terms of losses,
Taubner et al. [67] achieved improved resolution of
�/20 using the optical phonon resonance enhancement.
A different experiment reports that an array of
quasicrystal nanoholes in a metal screen can image a
point source a few tens of wavelengths from the array
into a spot on the other side of the array [68].

All the superlenses described above are in a sense
near field transferring devices, as they are only capable
of projecting a subwavelength image in the near field.
Since the subwavelength information is coded in the

Figure 9. (a) Distribution of the normal component of magnetic field showing nearly uniform phase between the two reference
planes and total transmission through a ultranarrow epsilon near zero (ENZ) channel. (b) Simulation plot of the real part of the
Poynting vector distribution, showing energy flow constriction through the ‘effective ENZ’ region [55]. Reprinted figure with
permission from Edwards et al., Phys. Rev. Lett. 2008, 100, 033903. Copyright (2008) by the American Physical Society.
(The colour version of this figure is included in the online version of the journal.)
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evanescent waves, which decay exponentially away
from such lenses, imaging in the far field is not directly
feasible. In order to achieve far-field superlenses, the
evanescent fields need to be converted into propagat-
ing waves, which can then be imaged by a conventional
lens in the far field. One approach to achieve this
conversion was proposed by Liu et al. [69,70], where a
silver superlens was structured with additional corru-
gations on its top surface, so that it converts the
enhanced evanescent waves into propagating ones. In
conjunction with a conventional optical microscope,
this system was capable to image two nanoslits of
50 nm width, separated by 70 nm when illuminated by
a 377 nm wavelength.

A different approach to convert evanescent waves
into propagating ones was independently proposed by
Jacob et al. [71], and Salandrino and Engheta [72] and
involves anisotropic metamaterial with hyperbolic
dispersion, which can provide magnification in a
cylindrical geometry. Evanescent waves entering such
an anisotropic medium become propagating and,
significantly, their large transverse wavevectors are
gradually compressed as they propagate outwards. If
the waves propagate long enough in such a cylindrical
anisotropic lens, they can eventually become propagat-
ing in air or the surrounding dielectrics. Because of the
hyperbolic function associated with the dispersion in
such a metamaterial, this lens is termed hyperlens.

The first optical hyperlens was reported in [73] (see
Figure 10). Quartz molded with a cylindrical cavity
was used as a substrate on which 16 alternating films of
35 nm silver (Ag) and 35 nm Al2O3 were conformally
deposited. Combining this hyperlens with a conven-
tional optical microscope, an image with 130 nm
resolution was directly observed in the far field for a
system at wavelength 365 nm, limited by diffraction at
260 nm. A variant experiment was based on two-
dimensional surface plasmon waves. The hyperlens in
this case was a concentric polymer grating on a metal
surface and was employed in conjunction with a
conventional optical microscope [74,75].

6. Cloaking

Electromagnetic cloaking using metamaterials is based
on the concept that a metamaterial can be used to
render a volume effectively invisible to incident radi-
ation. The design process for the cloak involves a
coordinate transformation that squeezes space from a
volume into a shell surrounding the concealed volume,
so that the concealed volume plus the cloak appear to
have the properties of free space when viewed exter-
nally; the cloak neither scatters waves nor imparts a
shadow in the transmitted field [76]. The first practical
realisation of such an electromagnetic cloak was
reported in [76], where a copper cylinder was ‘hidden’
inside a cloak constructed by quasi-periodic resonant
metallic split-ring resonator inclusions. The cloak in
[76] was demonstrated for a particular polarisation at
microwave frequencies (8.5GHz). By tuning the geo-
metric parameters of split-ring resonators, the authors
were able to obtain decreased scattering from the
hidden object while at the same time reducing its
shadow, so that the cloak and object combined began
to resemble empty space. Due to the resonant opera-
tion of the employed metamaterial, the cloak operated
over a narrow band.

A similar experimental setup based on a circular
cylinder annulus that behaves as an approximate cloak
(nonzero scattered and nonzero interior fields) at
optical frequencies was reported in [77]. The cloak in
[77] was based on plasmonic nonmagnetic metamater-
ials producing reduced visibility at 500 nm [77]. Layers
of polymethylmethacrylate (PMMA) deposited on a
gold film surface were employed, so that stripes of
PMMA separated by uncoated regions containing
gold–air interfaces were formed.

A variant cloaking design involves a perturbation
on a flat conducting plane, under which an object can
be hidden [78,79] (see Figure 11). In this case an object
that is placed under a curved reflecting surface is
concealed by imitating the reflection of a flat surface.

Figure 10. Schematic representation of the first far-field
hyperlens experiment [73]. Reprinted with permission from
Liu et al., Science 2007, 315, 1686. Copyright (2007) by
AAAS. (The colour version of this figure is included in the
online version of the journal.)
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An experimental demonstration of such a ground-
plane cloak was reported in [78] for a single plane of
incidence and transverse electric polarisation at micro-
wave frequencies. The design was based on non-
resonant metallic (copper) elements printed on thin
(0.2026mm) FR4 substrate. Due to the non-resonant
nature of this cloak, the operation bandwidth is
broadband, measured by the authors between 13 and
16GHz, and exhibits very low loss.

The proposed ground-plane cloak is suitable for
scaling towards optical frequencies [78,79]. The first
experimental demonstration of such an optical ‘carpet’
cloak was reported in [79]. A dielectric carpet cloak
was fabricated in a 250 nm thick silicon (Si) slab
waveguide. The cloak region was obtained by milling
holes of constant diameter (110 nm) through the Si
layer, thus varying the effective index of refraction.
The design is isotropic in two dimensions. Moreover,
the non-resonant operation allows for low-loss and
broadband operation. The 2D implementation was
demonstrated in the wavelength range of 1400 to
1800 nm.

Specially designed tapered waveguides have been
shown to emulate metamaterial devices requiring
anisotropic dielectric permittivity and magnetic per-
meability [80]. By filling a specifically shaped wave-
guide with an anisotropic dielectric, independent
control over the effective magnetic and electric proper-
ties domain can been achieved across a broad band and
with low loss. In this manner, partial two-dimensional
waveguide cloaking in the visible frequency has
been demonstrated at 515 and 488 nm, on a scale
roughly 100 times larger than that of the incident
wavelength [80].

7. Tunability

Attempts to dynamically control the frequency
response of metamaterials have been partially moti-
vated by the narrowband operation incurred by the
resonant nature of metamaterial realisations. Other
implementations have targeted to modulate incoming

radiation using dynamically tuned notch filters [81]. A
series of techniques have been employed to tune
metamaterial arrays in microwaves, including varactor
diodes [82], photoexcitation of carriers in an amor-
phous space [83] and exploiting the properties of
nematic liquid crystals [84–86]. In the following we
focus on some recent efforts to produce tunable
metamaterials at infrared and optical frequencies.

In [87] a THz metamaterial device consisting of an
array of gold electric resonator elements on a semicon-
ductor substrate (1 mm of n-type GaAs) has been
reported. The array design is based on double SRRs
connected on the split gap side. The interface of the
array with the substrate forms a Schottky diode and the
structure has been designed to enable voltage control of
the conductivity of the substrate at the split gaps. The
array elements were electrically connected using con-
ducting wires, in order for the entire array to function
as a voltage gate. By applying a bias voltage, the
transmission of linearly polarised normally incident
plane waves has been modulated by 50% at 720GHz.
Variant geometries of the combined array/biasing
structure that reduce the equivalent array resistance
or capacitance have been demonstrated to improve the
modulation to frequencies over 100 MHz [88].

A variant structure consisting of a doubly periodic
Jerusalem cross array where each row is electrically
connected with metallic wires has been demonstrated
to perform as a THz phase shifter [81]. The metallic
elements of the array lay on an n-doped GaAs
substrate forming a Schottky diode as described
above. By reverse biasing this diode, an increase in
depletion occurs, which controls the transmission of
linearly polarised normally incident plane waves at
810GHz corresponding to the resonance of the array.
At the slightly higher frequency of 860GHz, the
amplitude of the transmission is constant at 60%
(within 10%) for different biasing voltages. However,
the transmission phase was demonstrated to vary by
0.56 rad for bias voltage between 4 and 16 V [81],
producing a THz phase shifter.

Optically based tunability has also been demon-
strated where rather than voltage bias, the excitation of

Figure 11. Ray tracing of a beam incidents illuminating on (i) a conducting ground plane, (ii) the ground plane with
perturbation, and (iii) the perturbation covered by a ground-plane cloak [78]. Reprinted with permission from Liu et al.,
Science 2009, 323, 366–369. Copyright (2009) by AAAS. (The colour version of this figure is included in the online version of
the journal.)
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free charge carriers in the semiconducting substrate
was achieved by optical pumping [89]. A planar array
of SRRs was fabricated from 3 mm thick copper on a
670 mm thick high resistivity gallium arsenide (GaAs)
substrate. Optical pulses of 50 fs at 800 nm timed to
arrive 5 ps before the peak of the THz waveform were
employed to excite the carriers across the 1.42 eV band
gap in GaAs. This has been demonstrated to shunt the
metamaterial resonance and modify the transmission
of a linearly polarised normally incident plane wave at
500GHz by more than 70%. Improvement in switch-
ing time was reported in [90] for optically excited
devices fabricated on ErAs/GaAs nano-island super-
lattice substrates. The fast carrier recombination in the
ErAs/GaAs superlattice substrates resulted in a switch-
ing recovery time of 20 ps [90].

Photoexcitation of a silicon substrate has also been
employed to produce frequency agile THz metamater-
ials [91]. A periodic array comprising of variants of
split-ring resonators was fabricated in gold on a
530 mm sapphire substrate. Silicon patches were rea-
lised on the other side of the substrate, forming
capacitor plates at the open ends of the split-ring
resonators. Optical pumping of the device by 30 fs
pulses with a centre wavelength at 800 nm excited the
charge carriers across the 1.12 eV band gap of silicon.
By changing the conductivity of the silicon, and hence
effective capacitance, tunability in the transmission of
linearly polarised normally incident waves by up to
20% was experimentally demonstrated.

By adding drops of silicon nanospheres/ethanol
solution to the surface of the sample near the split-ring
elements, Driscoll et al. [92] demonstrated a process for
tuning the magnetic resonance of a fixed SRR array.
Gold split-ring resonators were patterned on a 1 mm
thick silicon substrate coated with a thin 6 mm layer of
benzocyclobutane, so that the magnetic resonance of
the standalone array occurs at 1.2THz. Passive tuning
was subsequently accomplished by adding dielectric
material to alter the capacitance of the split-ring
resonators. Droplets of 30 ml of 0.2% solution of
silicon nanospheres with 50 nm diameter suspended in
ethanol were applied on the array and the sample was
subsequently heated to 60�C in order to evaporate the
ethanol. Repeated applications of such drops deposited
additional silicon nanospheres, decreasing the reso-
nance in steps of about 50GHz. It is reported in [92]
that the addition of silicon nanospheres does not
significantly increase the thermal losses. Moreover by
submerging the sample for about 30 s in an ultra-
sonically agitated ethanol bath, most of the silicon is
removed and the resonance returns to nearly its
original frequency.

An alternative approach involves thermally con-
trolled metamaterials and is based on the variation of

the refractive index of nematic liquid crystals via phase
transitions incurred by the ambient temperature [93].
The experiment reported in [93] is based on coupled
metallic nanostrips covered with aligned nematic liquid
crystals. By varying the ambient temperature within
the range 20�C to 50�C, the magnetic response of the
sample shifts from a wavelength of 650 to 632 nm. The
magnetic response wavelength of the metamaterial is
effectively tuned through control of the ambient
temperature.

7.1. Active metamaterials

In order to compensate the thermal losses in photonic
metamaterials, Plum et al. [94] reported functionalised
complementary arrays of asymmetrical split-ring reso-
nators with semiconductor quantum dots. The quan-
tum dots, with the emission peak at 1050 nm, were
deposited on the metamaterial array as a suspension in
toluene and then dried. Upon deposition of the dots, a
red shift of the transmission spectrum from 860 to
1000 nm was observed, which was attributed to
increased effective permittivity of the dielectric envi-
ronment. In addition, broadening of the resonance
from about 70 to 105 nmwas observed and attributed to
the additional resonant absorption losses by the QDs.
Subsequently the dots were optically pumped at 532 nm
with intensities of up to 50Wcm�2 using a frequency
doubled continuous wave YAG laser. Optical pumping
of the quantum dots lead to a pronounced modification
of the metamaterial’s transmission spectrum at the
trapped-mode resonance, occurring on the background
of the dots’ luminescence. By comparing the pump
induced change of the differential transmission signal
for two perpendicular polarisations, the authors con-
cluded that metamaterial specific to gain occurs and
attributed this to strong interaction between the
pumped quantum dot film and surface plasmon
modes excited on the metamaterial surface.

8. Metasurfaces

Surfaces with tailored surface reactance, leading to
prescribed boundary conditions, based on the ‘fakir’s
bed of nails’ were proposed in [95]. Theoretical and
experimental results [96] implied control over the
guiding, radiating and scattering properties of such
surfaces, with prescribed field distributions and radi-
ation patterns. A metallic electromagnetic structure
that is characterised by having high surface impedance
was proposed in [9]. The structure consists of metallic
patches printed on a grounded dielectric substrate and
connected to the ground with metallic vias. This
surface has been demonstrated to produce in-phase
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full reflection of incident plane waves and suppression
of all propagating surface (and possibly leaky) waves.
Reflecting the duality of the former property to that of
the Perfect Electric Conductors, these surfaces have
also been termed Artificial Magnetic Conductors and
more recently Magnetic Mirrors [97,98]. Variations of
these surfaces that omit the grounding vias have been
demonstrated, suitable for easier manufacture and
scaling to higher frequencies [97,99]. These structures
resemble Frequency Selective Surfaces [100] printed
on grounded dielectric substrates and planar reflectar-
rays [101].

An optical structure that reflects normally incident
linearly polarised beams with wavelength in the range
of 550 to 760 nm with a near zero phase has been
reported in [98]. The structure consisted of a planar
fishscale of 50 nm thick aluminum nanowires patterned
on 50 nm of silicon dioxide and supported by a flat
150 nm aluminum mirror.

An emerging application of metamaterial surfaces
is their use in planar electromagnetic absorbers. In
[102], a metamaterial-based flat absorber was experi-
mentally demonstrated at around 11.5GHz. The
design was scaled to about 1.2 THz in [103], where
absorption of 70% at 1.3THz is reported. A variant
design with a more stable angular response is reported
in [104], exhibiting absorption of 0.97 at 1.6 THz. In all
the above, absorption occurs for a specific linear
polarisation. More recently, an absorber which is
nearly insensitive to the polarisation of the incoming
beam was reported in [105] to produce absorption of
77% at 1.145THz.

9. Metamaterials for medical imaging

The potential of metamaterial technology in applied
engineering has been evident since the early days of the
field. The possibility to localise electromagnetic fields
beyond the diffraction limit opens up new possibilities
for subwavelength sensing (imaging) and curing. For
example, photolithography at the nanoscale, data
storage as well as imaging and hyperthermia systems
are among the applications that could benefit from
metamaterials. An application that stands out for its
social impact is in the field of medical imaging. In this
section we report some recent experimental demonstra-
tions of RF metamaterials in medical imaging systems
and in particular in Magnetic Resonance Imaging
(MRI).

The first experimental demonstration of a practical
metamaterial in an MRI system was reported as early
as 2001 [106]. A Marconi Medical Systems (Cleveland,
Ohio) Apollo 0.5 T MRI machine operating at 21.3
MHz was used. The experiment involved an object to be

imaged (one of the author’s thumbs) at a distance of
200 mm from a 10 mm thick water phantom (used to
provide a reference plane), adjacent to which was
located a receiver coil. When the 200 mm gap was filled
with an inert plastic block, only the water phantom was
visible, while all the image of the object was lost. The
authors then filled this gap with a metamaterial
consisting of swiss rolls of height 200mm. The
metamaterial was designed so that at the frequency of
the exciting RF pulses (about 21.3MHz) would pro-
duce a maximum magnetic permeability of �¼ 2.23.
Repeating the same experiment in this case, the authors
managed to image the object in good agreement with a
reference measurement that they repeated using the
coils integrated in the MRI machine.

A similar experimental demonstration involving a
wire medium metamaterial was reported in [107]. A 3
tesla Siemens� MRI scanner was used that operates at
123.243MHz. A wire medium was designed with the
spacing between the wires equal to �/243 at the
operating frequency and total length slightly longer
than �/2, in order to achieve the Fabry–Pérot matching
condition. The object to be imaged was placed in the
MRI magnet and the detector coil was located at the
other end of the wire medium. Despite the experimen-
tal tolerances and the fact that the wire medium only
transmits TM waves (hence the experiment has an
inherent 3 dB loss), the authors demonstrated imaging
of both a clear object (bottle of water) and a more
detailed object (one of the author’s hands).

Figure 12. Image of the knees of one of the authors without
the lens (left-hand side) and with the lens between the knees
(right-hand side) [108]. Reprinted with permission fromFreire
et al., Appl. Phys. Lett. 2008, 93, 231108. Copyright (2008) by
the Americal Institute of Physics. (The colour version of this
figure is included in the online version of the journal.)
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A variant experiment is reported in [108], where a
metamaterial is used to extend the range of MRI by a
single coil. The experimental setup is shown in
Figure 12 and involved a General Electric 1.5 T MRI
machine operating at 63.85 MHz. A magnetoinductive
metamaterial consisting of copper loops loaded with
nonmagnetic capacitors (from the series ATC100B
specially designed by American Technical Ceramics
Corp., NY, USA) was designed to produce an effective
magnetic permeability of �¼�1 at the operating
frequency and therefore acts as a near field superlens.
A surface coil acting as a receiver was placed on the side
of the left-hand side of an author’s knee and two
experiments were repeated with and without the
metamaterial slab between the two knees (Figure 12).
As shown in the result reproduced in Figure 12, both
knees are imaged when the metamaterial lens is
included, while the right-hand side knee is increasingly
fading away from the coil in the absence of the lens. The
lens refocuses the signal emitted from the right-hand
side knee, which can then be picked up by the coil,
extending the imaging range of the surface coil.

10. Outlook

The beginning of the field of metamaterials can be
placed about 10 years ago, with Pendry’s suggestion of
the possibility for engineered composites with magnetic
response [10]. Since then, metamaterials represent a
rapidly growing area of research which calls for
expertise across several branches of physics, engineer-
ing and mathematics. Although the scattering and
propagation of electromagnetic fields in periodic
structures has been studied for many decades
[109,110], the collective, consistent and coordinated
activity that was initiated within the field of metama-
terials has produced a significant volume of theoretical
and experimental results. The progress achieved since
the first experimental demonstration of metamaterials
has been striking. Since the experiment reported in [12],
metamaterials have been brought from microwave to
optical frequencies. New and exciting proof-of-concept
demonstrations such as subwavelength imaging and
cloaking have been achieved adding extra momentum
to the field. However, to functionalise metamaterials
into practical applications there are still as many
remaining goals to be achieved, including for example
the realisation of isotropic three-dimensional compo-
sites with reduction of losses that operate over a broad
bandwidth and which further are dynamically con-
trolled. The recent remarkable achievements and the
remaining big challenges promise exciting develop-
ments within the area of metamaterials in the future.
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