@ asia materials REVIEW ARTICLE

NPG Asia Mater. 3, 100-108 (2011)
DOI: 10.1038/asiamat.2011.146

Metamaterials and metaoptics
Ross C. McPhedran’, llya V. Shadrivov?, Boris T. Kuhlmey' and Yuri S. Kivshar*

University of Sydney and Australian National University, Australia

We discuss the topics of metamaterials—electromagnetic composites offering simultaneous control of electric and magnetic
fields through structuring on a fine scale compared with the wavelength of light—and metaoptics, including striking optical
effects achieved using metamaterial-based systems such as backward wave propagation and negative refraction. We survey fab-
rication methods and past achievements for systems working at long wavelengths and near-visible wavelengths, with emphasis
on the recent development of this field in Australia. We select several striking conceptual and technological advances made in this
rapidly developing field, such as cloaking, nonlinear metamaterials and drawable fiber-based metamaterials.

respect to electromagnetic wave propagation is generally attrib-

uted to the Russian physicist Victor Veselago [1]. He considered
what would be the consequences if one could create or find materials for
which the dielectric permittivity € and the magnetic permeability ;2 were
both negative. He deduced that one striking outcome would be that
the refractive index of the material would seem to be negative, causing
the incident and refracted waves to lie on the same side of the normal
to the interface between a ‘standard’ medium and the new medium. i i
This phenomenon is now known as negative refraction (Figure 1(a))
and is associated with other phenomena in which the sign of the
refractive index is reversed, such as Doppler shift, Cherenkov angle, Left-handed £<0,u<0 i
Goos—Hinchen shift and radiation pressure. Another consequence of a materials £ £
negative refractive index is that the electric, magnetic and wave vectors
form a left-handed triad, rather than the right-handed triad found in
dielectrics. For this reason, such materials are called left-handed media,
or sometimes double-negative media.

If one considers the conservation of momentum at the interface
between a standard material and a left-handed metamaterial in which
negative refraction is occurring (Figure 1(b)), two viewpoints are
valuable. In the first, the metamaterial is regarded as a continuous
medium characterized by an optical refractive index (or perhaps a
permittivity tensor), and thus conservation of momentum requires the
index to be negative. In the second, the metamaterial is regarded as being
composed of discrete elements (perhaps at the level of atoms or mol-
ecules, or larger) separated by a vacuum. This means that left-handed
metamaterials must have an internal structure whose strong interaction
provides momentum transfer parallel to the interface, and also in the
correct direction, much as a diffraction grating or crystal can. Hence, we
require a well-designed structured material to provide this new behavior,
and it should be structured on a scale much finer than the wavelength
of incident light if it is to be regarded as a new type of solid, rather than
just a diffraction grating or stack of diffraction gratings.

Related fields of science already exist in which structured materials
are used to give desired optical properties. One of these is the study of
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Figure 1. (a) The regions of possible permittivity (¢) and permeability (u), showing
normal refraction (top right) and negative refraction (bottom left). (b) Normal refrac-
tion (left) and left-handed refraction (right).

composite materials, for which the most authoritative account may be
found in a book by Milton [2]. This field dates back to Egyptian and
Roman times, when different colors were given to glass by mixing chosen
metallic particles into the glass matrix. Optical composite materials are
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generally used in the quasistatic limit, where the particle size is much
finer than the wavelength of incident light. One can use electrostatics
to calculate an effective dielectric permittivity or refractive index for
the particle-matrix structure, and exploit the effective permittivity or
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refractive index in Maxwell’s equations to describe the wave properties
of the structured material. The particle-matrix structure is then regarded
as an equivalent homogeneous medium—the structure is said to be
homogenizable—and the equivalent properties of the structure are said
to have been arrived at by homogenization. The general rule of thumb is
that composite structures are homogenizable if their spatial scale is 5-10
times smaller than the wavelength.

Plasmonics and photonic crystals are two other fields involving
structured materials that are designed to control light propagation
and interactions. Although negative refraction can be demonstrated
in photonic crystals [3], one essential difference between metama-
terials and the three related fields of composite materials, plasmonics
and photonic crystals is that “metamaterials make light walk on both
feet,” as aptly noted by German physicist Martin Wegener. By this
Wegener means that metamaterials incorporate elements that control
magnetic fields as well as electric fields, typically through the use of
resonances involving both types of field. With all these criteria in play
(structuring much finer than the wavelength of light, the ability to
induce both magnetic and electric resonances in the same wavelength
range, and the requirement that both permittivity and permeability be
negative), it is hardly surprising that Veselago’s visionary proposal was
neglected for more than 30 years. Around the turn of the millennium,
conditions were beginning to come together to make an attack on the
science of metamaterials. Fabrication technology had advanced to the
point at which structuring materials on the 20-50 nm scale, although
still difficult, was achievable. Sophisticated electromagnetic modeling
packages were available that allowed daring ideas involving complicated
geometries to be accurately simulated before fabrication was attempted.
However, it took one more remarkable development to launch this new
field: the famous paper by Sir John Pendry [4], which took Veselago’s
idea of negative refraction and applied it to construct, in principle, a
flat lens capable of resolving well beyond the Rayleigh diffraction limit.
The paper drew immediate critical reaction, but more importantly
initiated a fever of activity, including experimental verifications [5]
of negative refraction and numerous theoretical developments of the
Pendry—Veselago geometry.

The second major phase of metamaterial research began with two
papers published in the same issue of Science in 2005 [6,7]. These papers
launched a new way of thinking about the design of electromagnetic
systems, known as transformation optics, and introduced a new goal
for designers: electromagnetic cloaking. Transformation optics applies
the methods of general relativity to electromagnetism, giving concrete
procedures for designing everything from sketched ray paths to spatially
varying material properties capable of forcing light to follow a desired
route. Researchers in the field of electromagnetic cloaking have the
ambitious goal of designing systems that are undetectable to surveillance
systems based on probe beams revealing the presence of objects. Both
the perfect lens and the electromagnetic cloak became major research
topics following the first experimental investigation demonstrating the
feasibility of cloaking [8]. Before going on to cover further developments
in metamaterials and metaoptics, we will pause to discuss some papers
that may be viewed as precursors to the remarkable developments in

these fields.
The prehistory of metamaterials and metaoptics

One characteristic of a left-handed medium is that the phase of a wave
passing through it advances in a direction opposite to that of the energy
flow. The study of such ‘backward waves’ may be traced back to at least
1904 (for a comprehensive account, see the web page by Moroz [9]).
Lamb [10] may have been the first to suggest the possibility of a system
(mechanical in his case) capable of supporting a wave whose group
velocity is in the direction opposite to its phase velocity. Schuster [11]
speculated as to whether it would be possible to translate Lamb’s result
to electromagnetic waves. Early influential works in Russian literature
regarding this question are due to Mandelshtam [12] and Dolin [13].
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Dolin’s work may be the first in a number of papers in which the ideas
of transformation optics were developed independently, to varying
degrees of sophistication. Another important source of ideas has been
the study of artificial dielectrics by electrical engineers, who are chiefly
interested in the microwave properties of metamaterials. Among these
properties are the possibility of generating an effective magnetic response
from a composite system comprising non-magnetic materials, due to
finite-wavelength effects [14], and the ability of an array of perfectly
conducting thin wires to give an electrical response alike to that of a
free-clectron plasma [15].

A similar field is the study of the optical properties of composite
materials, which can be traced back to Egyptian and Roman times, when
the technology of coloring glass by the addition of metallic particles
to the melt was developed. This field became very active in the 1970s
and early 1980s, when the challenge was to develop structured materials
capable of providing the efficient conversion of incident solar energy
to heat. Similar techniques are still under development, although the
current focus is more on efficient photovoltaic absorbers rather than
photothermal absorbers. The main question in the study of optical
composite materials is that of obtaining an effective relative dielectric
permittivity &4 of a set of metallic particles in a dielectric background
material, given that the particles and background material have dielectric
permittivities of €, and ¢,, respectively. Three main approaches are used,
which are described comprehensively by Milton [2]. The first is based on
the Maxwell-Garnett formula, or its multipole variants, and makes ¢4
a rational function with its poles and zeros on the negative axis of ¢/¢,.
The pole associated with the dipole resonance gives the plasmon con-
dition for isolated metallic particles. The second approach is based on
effective-medium formulae of the type pioneered by Bruggeman, which
give a formula for ¢4 in the form of a square root and therefore have
a branch cut on the negative axis of ¢,/¢,. The third approach is based
on a comprehensive set of bounds—the Bergman—Milton bounds—in
which the order determines the number of poles and zeros of ¢4 on the
negative axis of ¢/¢,.

It should be noted that the method used to find &4 can also be
applied to the effective magnetic permeability y4 for a composite with
magnetic contrast. The effective properties are used in Maxwell’s equa-
tions, assuming the quasistatic approximation to be valid; this requires
the particles to be much smaller than the wavelength of light, say by a
factor of 5-10. The ideas underlying the effective properties of composite
materials can also be used to design systems that deliver greatly enhanced
electric fields in localized regions for applications such as sensing and
surface-enhanced Raman scattering.

A problem in elasticity theory that may be likened to that of elec-
tromagnetic cloaking is the design of neutral inclusions. Neutral inclu-
sions are inserts into elastic bodies that do not disturb the original stress
distribution. They have been studied since 1953 [16] and continue to
be of interest today, with their analogy to cloaking now fully recognized
and exploited [17]. A similar study in electrical tomography (the detec-
tion of a conducting body’s internal structure by the measurement of
currents flowing in response to a pattern of applied voltages) was made
by Greenleaf ez al. [18]. These authors obtained what might be called
‘conductivity-cloaked’ systems in a way that parallels strongly indepen-
dent (and later) developments in electromagnetic cloaking by Pendry,
Schurig and Smith [7].

The final precursor to the era of metamaterials [19,20] is marked
by studies of the quasistatic properties of arrays of coated cylinders.
Researchers identified that a cylinder composed of a core (radius 7,
dielectric permittivity €.) and a shell (7, dielectric permittivity ¢,), when
placed in a matrix material of dielectric permittivity ¢,,, would have two
possibilities for resonance. In the first, for €, + ¢ = 0, the shell and core
form a resonant combination and the effective permittivity of the array
is exactly that of a solid cylinder with &, extending out to the shell radius
7.. In the second, for ¢, + €,, = 0, the remarkable result is that the effective
permittivity of the array is exactly that of a solid cylinder with ¢, extend-
ing out to the magnified radius /7.
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Figure 2. A cluster of seven polarizable dipoles about to enter the cloaking region
(dashed circle) of a coated cylinder. Adapted from Ref. 22 (© 2007 OSA).

With the advent of research into cloaking, these results were taken
up again [21,22]. It was discovered that these resonances could be
used to provide external cloaking, in which a coated cylinder with a
core of permittivity €. = ¢, and a shell of permittivity € = —¢,, could
cloak polarizable systems of dipoles placed in a region outside it.
This process is illustrated in Figure 2, a frame from an animation by
Nicorovici et al. [22]. Here, a cluster of seven polarizable dipoles placed
in an external electric field is about to enter the cloaking region of
a coated cylinder. The induced charges on the core—shell and shell-
matrix boundaries are evident; these will create a reaction field that
cancels out the applied field near each polarizable dipole, thus render-
ing the cluster invisible when in the cloaking region. A related type of
external cloaking [23] uses the concept of complementary media, due
to Pendry [4]. The work of Alu and Engheta [24] provides a bridge
between the external cloaking ideas of Milton and co-workers and the
literature on cloaking and neutral inclusions for electromagnetism
and conductivity.

Tunability of metamaterials

Theoretical predictions [25-28] and experimental fabrication and mea-
surements [29,30] have both proved the possibility to create novel types
of microstructured materials capable of demonstrating many unique
properties not found in nature, including a negative index of refraction.
One of the first realizations of such a composite material was created by
a lattice of wires and split-ring resonators, which was shown to possess a
negative real part of its magnetic permeability and dielectric permittiv-
ity at microwave frequencies. Figures 3(a—d) show several examples of
microwave metamaterials and metamaterial-based structures fabricated
in Canberra for operation with microwaves. This includes metamate-
rial created by a square lattice of nonlinear split-ring resonators [31]
(Figure 3(a)), a slab of nonlinear electric metamaterial composed of
electric resonators [32] (Figure 3(b)), magnetic metamaterial based
on cut-wire pairs [33], which allow us to create truly two-dimensional
metamaterials suitable for scaling to optical frequencies (Figure 3(c)),
and a cloaking device based on spiral elements (Figure 3(d)) similar to
the structure suggested by Tretyakov ez al. [34].

Metamaterials are prominent for the exceptional opportunities they
offer in tailoring the macroscopic properties of materials through appro-
priate choice and arrangement of their structural elements [35,36].
In this way, it is not only possible to design a metamaterial for a
required functionality, but also to implement further adjustment
capabilities at the level of assembly. This makes metamaterials different
from conventional materials and provides exciting opportunities for
implementing tunability.
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Figure 3. Examples of microwave metamaterial structures fabricated in Canberra. (a)
Nonlinear tunable magnetic metamaterial created by a square lattice of nonlinear split-
ring resonators. Each split-ring resonator contains a varactor that provides a power-
dependant nonlinear response. Adapted from Ref. 31 (© 2008 OSA). (b) Nonlinear
electric metamaterials. Adapted from Ref. 32 (© 2009 AIP). (c) Magnetic metamaterials
based on cut-wire pairs. Adapted from Ref. 33 (© 2008 OSA). (d) Metamaterial cloaking
device based on a lattice of spiral elements.

Tunable metamaterials have the ability to continuously change their
properties in response to certain external influences or signals, with the
mechanism of tunability being intrinsic to the metamaterial. The key
means of tuning a resonant metamaterial lies in affecting the system
so as to change the parameters of the resonance. The characteristics of
the metamaterial can therefore be varied, enabling tunable transmis-
sion. Generally speaking, we can outline several different strategies to
achieve tunability in metamaterials. The first of these is to modify a
basic element of the composite structure, such as a split-ring resonator
or a cut-wire pair. For microwaves, this is achieved by introducing a
varactor diode as an externally or nonlinearly tunable element. This
causes a shift in frequency of a split-ring resonator and, for a composite
structure, allows either the magnetic or electric response (or both) to be
controlled by changing the incident power [37-40]. The second tech-
nique is to select a tunable substrate that supports layers of elements
such as split-ring resonators; one can employ the specific properties
of the substrate to achieve a tunable response for the whole struc-
ture [41-43]. Similarly, the substrate may change its properties under
external illumination. The third technique is to engineer the structural
geometry of the metamaterial, which modifies near-field coupling
between the elements—known as structural tunability [44,45]. The
most straightforward lattice-tuning approach is to vary the lattice
constant 4. It was shown [46] that the resonance frequency can be
remarkably shifted in this way, and this prediction was confirmed
by microwave experiments [44]. Accordingly, a slab of metamaterial
can be tuned between transmission, absorption, reflection, and then
back to transmission. A clear disadvantage of this method is that
significantly varying & implies a corresponding change in the overall
dimension of the metamaterial along z, which might be undesirable
for certain applications.

To prove this concept of structural tunability, Lapine ez al. [45]
opted for a small reconfigurable system comprising single-split rings
(2.25 mm mean radius, 0.5 mm strip width, I mm gap) printed with
a period of 2 = 7 mm on 1.5 mm-thick circuit boards. They used five
resonators in the propagation direction x and only one period along
75 30 boards were stacked together in the z direction with a minimal
possible lattice constant of 7/ = 1.5 mm used for the measurements.
The estimated resonance frequency of a single resonator (in a dielec-
tric environment) was about 4.9 GHz, although the resonance of the
dense metamaterial was significantly shifted to lower frequencies. To
minimize the undesirable bianisotropic effects associated with single-
split rings, the boards were assembled so that the gaps were oppositely
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Figure 4. (a,b) Two ways of structurally tuning the split-ring resonator interaction.
(c,d) Experimentally measured shift of magnetic resonances. Adapted from Refs 48
(© 2010 APS) and 84 (© 2011 APS). In (c), the curves with dips from left to right cor-
respond to an increasing lattice shift [45].

oriented in adjacent layers, resembling the logic of broadside-coupled
split-ring resonators [47]. Transmission measurements (using a Rohde
and Schwarz ZVB Network Analyzer) were performed for various
lattice shifts in a WR-229 rectangular waveguide.

The experimental transmission spectra of these measurements,
shown in Figure 4, demonstrate excellent tuning of the resonance
frequency. Furthermore, comparing the experimental resonance shift
with theoretical predictions shows [45] that the experimental system
demonstrates an even higher efficiency. This effect can be explained
by accounting for mutual capacitance between the resonators, which
is neglected in theoretical calculations. Indeed, for the broadside-like
configuration of rings, mutual capacitance between the resonators is
distributed along the whole circumference [47]. When the resonators
are laterally displaced, the mutual capacitance decreases, and this effect
adds to the increase of resonance frequency imposed by decreased
inductive coupling.

Recently, Powell ez al. [48] analyzed the near-field interaction
between the resonant subwavelength elements of a metamaterial and
presented a method for calculating the electric and magnetic interac-
tion coeflicients. They demonstrated that by adjusting the relative
configuration of the neighboring split-ring resonators it becomes
possible to manipulate this near-field interaction and therefore tune
the response of the metamaterial. Powell ez /. [48] used the results of
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this analysis to explain previous experimental observations when tuning
microwave metamaterials [45].

Nonlinearity in metamaterials

The possibility of controlling the effective parameters of a metamate-
rial by exploiting the nonlinear response of split-ring resonators was
suggested theoretically some time ago [49-51], but only recently have
these ideas been implemented in a novel type of nonlinear tunable
structure [31,52]. A similar approach can be employed for creating
nonlinear electric metamaterials [32]. However, such methods become
increasingly difficult to implement at higher frequencies. Some alter-
native approaches developed very recently employ an analogy with
natural materials that demonstrate different properties depending on
their specific crystalline structures [45]. Metamaterials allow us to
realize great opportunities for designing unique structures with desired
response functions and implementing convenient mechanisms for
achieving tunability. More importantly, the range of tunability for a
given property in a metamaterial can be much larger than in a natural
material, as the lattice effects can be made much stronger through
a higher efficiency of collective effects in the lattice, achieved by an
appropriate design.

Single nonlinear split-ring resonator

Effective control over the resonant conditions of a split-ring resonator
is achieved by adding the capacitance of a diode in series with the
distributed capacitance of the outer ring of the resonator at a point
of maximum in the electric current. The series application of the
diode provides a simple mechanism for achieving both tunability
and nonlinearity that is suited to the formation of metamaterials,
particularly with recent developments in magnetic thin-film and
microwave nonlinear materials. The symmetry and simplicity of such
systems also lends them to greater integration, allowing the structure
to be translated more readily to the terahertz and optical frequency
domains. To study both the tunability and nonlinearity of metamateri-
als, Shadrivov ez al. [37] used a single archetype split-ring resonator
constructed on fibreglass (FR4, ¢, = 4.4) with copper metallization.
The resonator had an internal ring radius of 2.56 mm. Both rings had
a linear width of 1.44 mm, and the separations between the rings and
ring slots were 0.32 mm. For a negative bias voltage of —10 V (not
shown) the resonant frequency can be shifted to 2.9 GHz, whereas for
a positive voltage of 1 V the resonant frequency decreases to 2.27 GHz.
This particular varicap diode and split-ring resonator structure has a
tuning bandwidth of 0.63 GHz, which is equivalent to a tuning range
of approximately 26%. Different tuning regimes can be achieved by
adding an inductive coil in parallel with the varactor [38]. The coil can
change the sign of the nonlinearity and thus eliminate the memory
effect caused by charge accumulation across the varactor. In addition,
at higher powers the nonlinear response of the split-ring resonator
becomes multi-valued, which paves the way for creating bistable
tunable metamaterials [38]. The varactor diode introduced in the split-
ring resonator alters the resonant frequency w,, giving

1/2

o m
C

eff

w =w, 1+

Here, C4 and Cpy are the capacitances of the varactor diode and split-
ring resonator, respectively, and w, = (Lgpg Copp) ™2, where L is conduc-
tance. Shadrivov ez al. [37] found that the diode discharges very slowly
without the coil. It was therefore necessary to scan gradually through
the frequency range to ensure that the measurements at each frequency
were not affected by the rectification occurring at another. The resonant
frequency was determined from the minimum of the reflection coeffi-
cient. The configuration without the coil shows a stronger nonlinearity,
but it has a pronounced memory effect that slows down the response to
changes in the input power. Additionally, the resonator without the coil
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was found to be highly sensitive to interference from electrical wiring
within the building [37]. This problem is largely eliminated once the
resonator is placed inside the cavity. These results pave the way for the
creation of nonlinear active metamaterials composed of tunable split-
ring resonators, as discussed below.

Nonlinear magnetic metamaterials
Nonlinear magnetic metamaterials operating at microwave frequencies
can be fabricated by modifying the properties of split-ring resonators
and introducing varactor diodes in each element of the composite struc-
ture [37,38], such that the whole structure becomes dynamically tunable
by varying the amplitude of the propagating electromagnetic waves. In
this way, one can demonstrate the power-dependent transmission of the
magnetic metamaterial at higher powers [31,52], as suggested earlier
theoretically [49], thus experimentally realizing the nonlinearity-depen-
dent enhancement or suppression of the transmission in a dynamically
tunable magnetic metamaterial. Metamaterial samples (Figure 3(a)) were
fabricated from 0.5 mm-thick Rogers R4003 printed circuit boards with
a nominal dielectric constant of 3.4. Shadrivov et 2/ [37] made dielec-
tric boards containing the appropriate slot allocations with tin-coated
copper nonlinear split-ring resonators. A photograph of one of several
nonlinear metamaterial structures is shown in Figure 3(a). Each split-
ring resonator contains a variable-capacity diode (Skyworks SMV-1405)
that introduces a nonlinear current—voltage dependence and results in a
nonlinear magnetic dipole moment for each split-ring resonator [37]. In
terms of effective medium parameters, the manufactured structure has
both nonlinear magnetization and nonlinear effective magnetic permit-
tivity [49]. Arrays of split-ring resonators formed a two-dimensional
square lattice with 29x4x1 unit cells, each measuring 10.5 mm in width.
To identify the effect of the nonlinearity, Shadrivov ez al [37]
measured the transmission properties of the tunable magnetic meta-
material for different values of the input power. To measure the elec-
tromagnetic field scattering for the samples, the metamaterial slab was
placed in a parallel plate waveguide. The planes of split-ring resonators
were aligned perpendicular to the parallel plate surfaces. The input
antenna, which consisted of a teflon-coated conductor measuring
1.26 mm in diameter and 11 mm in length, was placed at the midpoint
of the lower plate, 2 mm from the metamaterial slab and in front of
the central unit cell. The teflon coating improved the energy coupling
into the waveguide for the wavelengths of interest. The antenna was
positioned perpendicular to the bottom plate so that the excited electric
field was polarized perpendicular to the plane, and thus parallel to the
wires. The magnetic field of the wave was comprised primarily of an
in-plane component that effectively excited the split-ring resonators.
Close positioning of the source antenna to the metamaterial was chosen
to funnel high electromagnetic power into the metamaterial sample for
observing nonlinear effects. Shadrivov ez a/. [37] noted that although
different positioning of the source antenna with respect to the central
unit cell of the metamaterial gave slightly different quantitative results
for the measured transmission, all the results were qualitatively identical.
This effect appeared due to different antenna impedance matching to
the sample. An identical antenna was placed in the center of the top
plate and then used as a receiver for spectra measurements and for raster-
scanning the electric field distribution in the horizontal plane. The input
antenna was excited using an Agilent E8364A Vector Network Analyzer
whose output was amplified by an HP 83020A 38 dB amplifier. For
the transmission measurements, the receiving antenna, which was also
connected to the network analyzer, was located 2 cm behind the meta-
material slab and in front of the central unit cell of the metamaterial.
Measurements of the electric field inside the waveguide were evaluated
in terms of the magnitude and phase of the transmission coeflicient S,,
between the input of the source and the output of the receiver antenna.
Due to the two-dimensional nature of the parallel plate waveguide, as
well as the symmetry of the sample, the electric field in the scanned
area was expected to remain polarized mainly perpendicular to the plane
of the plates.
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Figure 5. Experimentally measured transmission coefficients of a nonlinear
magnetic metamaterial at different power levels. Adapted from Ref. 31 (© 2008 OSA).

To analyze the power-induced shift of the magnetic resonance due to
the action of the varactor diodes introduced into the split-ring resona-
tors, Shadrivov ez al. [37] measured the transmission of the magnetic
metamaterial for different values of the input power. Figure 5 shows
the dependence of the transmission coefficient on the frequency for
three different values of the input power. The resonant frequency was
shifted to the right when the input power grew, in a manner similar to
the nonlinearity-induced effects observed for a single split-ring resona-
tor [37,38]. These results show that choosing the operational frequency
to be near the resonance allows us to change the transmission prop-
erties of the metamaterial dynamically by varying the input power. If
the parameters of a metamaterial vary and cross the boundary between
positive and negative values of the effective magnetic permeability, struc-
tural properties such as transmission will be switched as well, so that
the material itself will change from opaque to transparent. Because the
intensity of electromagnetic waves generated by a point source is non-
uniform, a shift of resonances for individual split-ring resonators is inho-
mogeneous inside the metamaterial structure. Resonators closer to the
source will experience stronger fields and thus it is expected that only the
central part of the metamaterial will become transparent. Experimental
results confirmed this effect by revealing a narrow aperture of the beam
emerging from the metamaterial [31].

In the same metamaterial sample, Shadrivov ez al. [37] observed the
opposite effect when the transmission was suppressed by the nonlinearity
at the high-frequency side of the resonance. Although the metamaterial
was transparent for low powers, the growth of the wave amplitude made
part of the metamaterial opaque and therefore prevented the radiation
from propagating through the sample.

Nonlinear electric metamaterials
Given that a nonlinear shift of the resonance results in a very strong
nonlinear magnetic response for split-ring resonators, Powell ez al. [32]
took an approach similar to the design of nonlinear electric resonators to
demonstrate a strong nonlinear electric response [32]. Their structure is
shown in Figure 3(b), in which two perpendicular sets of boards have been
introduced to create a relatively isotropic response. Within each resona-
tor, an additional gap was introduced and a varactor diode placed inside,
which provides an additional series capacitance for tuning the resonant
frequency. The lattice period was 11 mm, and the resonators were fabri-
cated on copper-clad FR4 with a width and height of 8 mm, a track width
of 1 mm, outer gaps of 0.4 mm separation and a length of 2.4 mm.
Powell et al. [32] measured the transmission response at incident
powers of 10, 20 and 30 dBm, as shown in Figures 6(a—c). At the lowest
incident power (10 dBm), there was negligible tuning of the response
by the incident wave, and thus the transmission response in this case
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Figure 6. (a—c) Experimental nonlinear transmission response at incident powers
of 10, 20 and 30 dBm for different orientations of a nonlinear electric metamaterial.
Adapted from Ref. 32 (© 2009 AIP).

was essentially linear. The large insertion loss away from resonance was
due to the deliberately mismatched receiving probe, which was designed
for minimal perturbation of the fields within the structure. Figure 6(a)
shows that the higher-frequency mode did not shift its frequency with
a change in incident power. This mode consisted of two current loops
flowing in the same direction, whose magnetic dipole moments add con-
structively. The accumulated charges across the gaps were travelling in
opposite directions and therefore resulted in a vanishing electric dipole
moment. As there was no net current through the central conductor, the
nonlinear response of the varactor diode did not come into play. These
mode configurations, and the stop-band locations, were confirmed by
numerical simulations of transmission performed in CST Microwave
Studio using a single element with electric boundaries in the vertical
direction and magnetic boundaries in the horizontal direction.

For comparison, Powell ez a/. [32] individually investigated the two
different circuit board orientations (normal or parallel to the direction of
propagation). The nonlinear transmission responses for these structures
are shown in Figures 6(b) and (c), respectively. A significant nonlinear
response occurred in both cases. When the boards were perpendicular to
the direction of propagation, the higher-frequency magnetic stop-band
did not exist. This is due to the symmetry of the fields across the gaps
and the lack of any magnetic field component normal to the rings. We
note that because the experiment used a cylindrically symmetric source,
there was some component of the wavenumber normal to the nominal
propagation direction, and hence some vestige of the second resonance
remained. Also worth noting is the fact that both resonances were
noticeably modified in the isotropic configuration, compared with when
they were measured separately. This is likely to be due to the strong elec-
trical interaction between the nearest-neighbor boards in the orthogonal
directions, as their gaps were in close proximity.
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metamaterials to develop a structure with nonlinear optical activicy—
a polarization rotation that depends on the strength of the incident
field [53]. This effect is almost negligible in natural crystals and has
therefore not yet been used for real-life applications. Using metamateri-
als, we can achieve this effect by engineering the chiral response and
carefully placing nonlinear elements within the structure. Such a meta-
material is designed to operate at microwave frequencies and consists
of a pair of metallic wires, twisted so that they are no longer parallel,
as shown in the inset of Figure 7. We can see that the structure is chiral
because its mirror image is not identical to the original. Nonlinearity is
introduced by cutting each wire and inserting a varactor diode. Further
details of the design and the experimental techniques can be found in
Ref. 53. The response of the structure exhibits a strongly resonant feature
caused by the excitation of currents in the left-handed metamolecule
by the left-handed circularly polarized wave. At the same time, the
right-handed circularly polarized wave does not noticeably excite any
resonances in the structure. Changing the power of the incident wave
shifts the resonance of the gyrotropic response to a higher frequency.
Importantly, such a shift of the polarization rotation resonance leads to
a giant nonlinear gyrotropy. Experimental results indicate a peak value
of 15 deg W+, which is 12 orders of magnitude stronger than results
previously observed for LilO; at optical wavelengths.

Modifying the structure such that only one wire contains a nonlinear
inclusion will lower the symmetry of the system, and we can use this
feature to allow the propagation of left-handed circularly polarized waves
in only one direction—an electromagnetic diode regime. Measurements
for a left-handed circularly polarized wave scattering on a left-handed
asymmetric chiral metamolecule are shown in Figure 7. When the ampli-
tude of the incident wave is small, the structure exhibits a linear response
and the transmission coefficients in both directions are equal. However,
in the nonlinear regime a high-intensity incident wave causes consider-
ably different transmission properties in opposite directions, with the
maximal intensity contrast between the two directions being 18 dB.

Nonlinear parametric interactions

Aside from the possibility of tuning the response of nonlinear meta-
materials using various inclusions, a range of new parametric nonlinear
phenomena were predicted and even demonstrated experimentally in
composite structures, including novel phase-matching schemes for wave
mixing. The most notable of these is the ‘nonlinear optical mirror’ [54],
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in which a nonlinear negative-index medium emits the generated fre-
quency towards the source of the pump. The use of optical parametric
amplification was suggested as a possible remedy to the problem of losses
in metamaterials [55].

The unique phase-matching schemes available for metamaterials
allow us to achieve parametric amplification in a cavity-free configu-
ration, whereby pumping of the strongly attenuated backward wave is
performed by a higher-frequency forwards pump wave. Although a
wide range of nonlinear processes have already been demonstrated in
nonlinear metamaterials, including frequency generation, parametric
amplification and bistability, the experimental set-ups have so far been
constrained to subwavelength interaction lengths for fear of the destruc-
tive effects of phase mismatch. As such, the achieved conversion efficien-
cies are only a fraction of their potential. However, phase matching is an
exciting subject that involves the entire set of linear and nonlinear prop-
erties, bringing to bear the full capabilities of nonlinear metamaterials to
manipulate light ac will. Using this approach, the theoretical concept of
a nonlinear optical mirror that generates and sends the second harmonic
of incident radiation towards the fundamental frequency source was
recently demonstrated experimentally in a bulk negative-index non-
linear metamaterial [56], along with two other novel phase-matching
configurations, utilizing periodic poling to switch between the three
phase-matching domains.

Transformation optics across the spectrum

The ideas of transformation optics are very general, extending across
a wide variety of different wave types and frequency regions. A recent
review article [57] surveyed the different wave types and govern-
ing equations for which transformation optics has been considered:
chiefly water waves [58], plasmonics [59] and elastodynamic waves
(phonons [60], platonics [61] and acoustics [62]). We recall our
comment in the Introduction that some features of metamaterials were
indeed anticipated in the literature on elastic waves [10].

Even in the context of Maxwell’s equations, scale-invariance
guarantees that basic ideas can be applied from the ultraviolet region
(wavelengths of around 300 nm) through to the radio-wave region
(wavelengths in the meter range). What of course distinguishes each
different wavelength region is the ease with which structures can be
fabricated, the choice of materials available, the ability to probe electro-
magnetic fields within the structures and the range of applications for
the final devices.

Much attention is currently being devoted to metamaterials for the
visible and near infrared regions, with one major preoccupation being
to overcome the effects of metallic loss [63—65]. However, we stress
that interesting materials such as restrahlen crystals [66] exist in the
mid-infrared region. We have also seen that many interesting concepts
relating to linear and nonlinear metamaterials can be tested and imple-
mented in the microwave region. Much of the electromagnetic spectrum
is therefore suitable for the implementation of transformation optics,
and is indeed already under active investigation.

Metamaterials: making a short story long

The reality of metamaterials and their huge potential for novel applica-
tions have been demonstrated in a number of experiments that span
from radiowaves all the way to visible light. The fabrication techniques
for metamaterials in these experiments depend largely on the wavelength
of operation. For radio- and microwaves, individual resonators are milli-
meters or even centimeters in size, and can readily be made using printed
circuit board technology. However, creating 3D materials requires a
large number of such boards to be assembled. Printed circuit boards
can still be used for planar terahertz metamaterials, where resonators
are tens to hundreds of micrometers, but volumetric assemblies become
more difficult to achieve in this regime. In the infrared and visible
range, however, higher precision fabrication tools are required—a topic
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Metal/dielectric preform (cm scale)

Figure 8. (a) Schematic of a metal-dielectric preform drawn into a metamaterial
using fiber-drawing technology. (b) Scanning electron microscopy image of the
cross-section of a fabricated indium slotted cylinder with a magnetic resonance in
the terahertz region. Adapted from Ref. 82 (© 2011 OSA). (c) A 590 um indium-filled
poly(methyl methacrylate) fiber, with plasma frequency in the terahertz region.
Adapted from Ref. 75 (© 2010 AIP).

recently reviewed in Ref. 67. Metamaterials with a single or few layers
of resonators can be produced using electron beam, focused ion beam
and nano-imprinting lithography, or even directional evaporation tech-
niques; fully three-dimensional metamaterials can be fabricated using
direct laser writing with non-diffraction-limited photopolymerization
(using stimulated emission depletion schemes, for example) followed
by full or partial metallization—a versatile but somewhat slow process
that can deliver only one small sample at a time. The self-assembly of
metallic clusters, as well as using nanostructured porous materials as
templates, can also yield unusual magnetic and electric properties. Of all
these, it seems only self-assembly can lead to the large-scale fabrication
of volumetric metamaterials, but with limited geometries and regularity.

It is progress in a different field of optics—the study of photonic
crystal fibers [68]—that sparked the idea of an alternative technique
suitable for the mass-production of metamaterials. Photonic crystal
fibers are optical fibers (typically strands of glass or polymer) thinner
than a human hair that contain arrays of micrometer-sized holes. They
are fabricated by first assembling a macroscopic preform, in which
holes are of the order of 1 mm in size. The preform is then heated and
stretched in a furnace, during which the glass softens and is drawn like
cooked sugar (Figure 8). During this drawing process, the cross-section
of the preform can be preserved so that the array of holes is simply scaled
down to microscopic or even nanoscopic dimensions. A very similar
process known as the Taylor-wire process has been used to fabricate
individual microscopic metallic wires for almost a century [69,70].
Irregular arrays of multiple thin metallic wires embedded in glass have
also been demonstrated by drawing down metallic powders encapsulated
in glass [71]. Bringing these two processes together, fibers with regular
arrays of microscopic metallic wires were demonstrated at the University
of Bath in 2008 [72], and almost simultaneously using a slightly dif-
ferent process at the University of Erlangen [73]. The direct-drawing
process lends itself well to mass-fabrication, as a single macroscopic
preform machined by conventional means can produce kilometers of
fibers containing arrays of microscopic wires.

Wire arrays are one of the most basic metamaterials; their effec-
tive dielectric permittivity along the wires can be tuned between that
of a metal and that of a dielectric, and they can exhibit low-frequency
plasmon resonances [25]. Wire arrays can also be made to have extreme
birefringence, whereby they behave as a metal in one direction and as
a dielectric in another—a useful property for devices such as hyper-
lenses [74]. Tuniz et al. were the first to use fiber-drawing techniques
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to demonstrate electric metamaterials [75]. Their fibers comprised
a hexagonal array of indium wires measuring 10 pm in diameter in a
polymer fiber, and were designed to operate at terahertz frequencies.
Shortly after, Mazhorova ez al. demonstrated the integration of similarly
drawn metamaterials into a substrate [76]. Operation at infrared or
visible frequencies will require thinner wires made out of low-loss metals
such as silver or gold. Tyagi e al. [77] have recently shown that gold
wires with diameters of the order of 100 nm can be included in optical
fibers using the direct-drawing technique, and hole diameters down to
30 nm have also been demonstrated. Badinter ez a/. have successfully
drawn arrays comprising many thousands of metal wires with individual
diameters measuring just a few tens of nanometers [78]. At such dimen-
sions, metamaterials could operate in the visible spectrum, and indeed
Tuniz et al. have shown that a regular array of 30 nm-diameter silver
wires could achieve the dream of true optical invisibility, at least over a
particular range of wavelengths and angles [79].

Although arrays of wires are indeed valuable, they do have limitations.
In particular, they can suffer from strong spatial dispersion [80] and offer
next to no control over the magnetic properties of the material. The latter
could be achieved using non-circularly symmetric metallic inclusions in
the fiber geometry [81,82], but such longitudinally invariant magnetic
resonators would also suffer from spatial dispersion. Patterning along the
length of the metamaterial could alleviate both problems, thus providing
real three-dimensional metamaterials. Designing metamaterials for tera-
hertz and infrared light will require laser-machining using pulsed lasers to
interrupt wires at appropriate length scales during the drawing process,
whereas for the length scales required for the visible spectrum one could
potentially make use of phase separation during the drawing process to
achieve longitudinal patterning down to tens of nanometers [83].

Conclusions

We have discussed the main concepts of metamaterials, including the
methods of fabrication, properties of the composites that allow simul-
taneous control of electric and magnetic fields through structuring on
a scale much smaller than the wavelength of light, and optical effects
achieved using metamaterial-based systems, such as backward wave
propagation and negative refraction. Metamaterials are prominent for
the exceptional opportunities they offer in tailoring the macroscopic
properties of materials through appropriate choice and arrangement of
their structural elements. In this way, it is not only possible to design a
metamaterial for a required functionality, but also to implement further
adjustment capabilities at the level of assembly. This makes metamateri-
als different from conventional materials and opens exciting opportu-
nities for implementing tunability. We have discussed several ideas for
implementing the tunability of metamaterials by tailoring the near-field
interaction between the structured elements and by employing nonlinear
elements. We have also emphasized the recent development of this field
in Australia. In particular, we have discussed several striking conceptual
and technological advances made in this rapidly developing field, includ-
ing cloaking, nonlinear metamaterials and drawable metamaterials.
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