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Recently, artificially constructed metamaterials have become of considerable inter-
est, because these materials can exhibit electromagnetic characteristics unlike those
of any conventional materials. Artificial magnetism and negative refractive index are
two specific types of behavior that have been demonstrated over the past few years,
illustrating the new physics and new applications possible when we expand our view
as to what constitutes a material. In this review, we describe recent advances in
metamaterials research and discuss the potential that these materials may hold for
realizing new and seemingly exotic electromagnetic phenomena.

Consider light passing through a plate
of glass. We know that light is an
electromagnetic wave, consisting of

oscillating electric and magnetic fields, and
characterized by a wavelength, �. Because
visible light has a wavelength that is hun-
dreds of times larger than the atoms of which
the glass is composed, the atomic details lose
importance in describing how the glass inter-
acts with light. In practice, we can average
over the atomic scale, conceptually replacing
the otherwise inhomogeneous medium by a
homogeneous material characterized by just
two macroscopic electromagnetic parame-
ters: the electric permittivity, ε, and the mag-
netic permeability, �.

From the electromagnetic point of view,
the wavelength, �, determines whether a col-
lection of atoms or other objects can be con-
sidered a material. The electromagnetic pa-
rameters ε and � need not arise strictly from
the response of atoms or molecules: Any
collection of objects whose size and spacing
are much smaller than � can be described by
an ε and �. Here, the values of ε and � are
determined by the scattering properties of the
structured objects. Although such an inhomo-
geneous collection may not satisfy our intui-
tive definition of a material, an electromag-
netic wave passing through the structure
cannot tell the difference. From the electro-
magnetic point of view, we have created an
artificial material, or metamaterial.

The engineered response of metamaterials
has had a dramatic impact on the physics,
optics, and engineering communities, be-
cause metamaterials can offer electromagnet-

ic properties that are difficult or impossible to
achieve with conventional, naturally occur-
ring materials. The advent of metamaterials
has yielded new opportunities to realize phys-
ical phenomena that were previously only
theoretical exercises.

Artificial Magnetism
In 1999, several artificial materials were in-
troduced, based on conducting elements de-
signed to provide a magnetic response at
microwave and lower frequencies (1). These
nonmagnetic structures consisted of arrays of
wire loops in which an external applied mag-
netic field could induce a current, thus pro-
ducing an effective magnetic response.

The possibility of magnetism without in-
herently magnetic materials turns out to be a
natural match for magnetic resonance imag-
ing (MRI), which we use as an example of a
potential application area for metamaterials.
In an MRI machine there are two distinct
magnetic fields. Large quasi-static fields, be-
tween 0.2 and 3 tesla in commercial ma-
chines, cause the nuclear spins in a patient’s
body to align. The spins are resonant at the
local Larmor frequency, typically between
8.5 and 128 MHz, so that a second magnetic
field in the form of a radio frequency (RF)
pulse will excite them, causing them to pre-
cess about the main field. Images are recon-
structed by observing the time-dependent sig-
nal resulting from the precession of the
spins. Although the resolution of an MRI
machine is obtained through the quasi-
static fields, precise control of the RF field
is also vital to the efficient and accurate
operation of the machine.

Any material destined for use in the
MRI environment must not perturb the
quasi-static magnetic field pattern, thus
excluding the use of all conventional mag-
netic materials. However magnetic meta-
materials that respond to time-varying
fields but not to static fields can be used to

alter and focus the RF fields without inter-
fering with the quasi-static field pattern.

All measurements are made on a length
scale much smaller than a wavelength, which
is 15 m at 20 MHz. On a subwavelength
scale, the electric and magnetic components
of electromagnetic radiation are essentially
independent; so to manipulate a magnetic
signal at RF, we need only control the per-
meability of the metamaterial: The dielectric
properties are largely irrelevant.

The metamaterial design best suited to
MRI applications is the so-called Swiss roll
(1) manufactured by rolling an insulated me-
tallic sheet around a cylinder. A design with
about 11 turns on a 1-cm-diameter cylinder
gives a resonant response at 21 MHz. Figure
1A shows one such cylinder. The metamate-
rial is formed by stacking together many of
these cylinders.

In an early demonstration, it was shown that
Swiss roll metamaterials could be applied in the
MRI environment (2). A bundle of Swiss rolls
was used to duct flux from an object to a remote
detector. The metamaterial used in these exper-
iments was lossy, and all the positional infor-
mation in the image was provided by the spatial
encoding system of the MRI machine. Never-
theless, it was clear from this work that such
metamaterials could perform a potentially use-
ful and unique function.

Metamaterials and Resonant Response
Why does a set of conductors shaped into Swiss
rolls behave like a magnetic material? In this
structure, the coiled copper sheets have a self-
capacitance and self-inductance that create a
resonance. The currents that flow when this
resonance is activated couple strongly to an
applied magnetic field, yielding an effective
permeability that can reach quite high values.
At the resonant frequency, a slab of Swiss roll
composite behaves as a collection of magnetic
wires: A magnetic field distribution incident on
one face of the slab is transported uniformly to
the other, in the same way that an electric field
distribution would be transported by a bundle of
electrically conducting wires. In real materials
of course, there is loss, and this limits the
resolution of the transfer to roughly d/�Im(�),
where d is the thickness of the slab and Im(�) is
the imaginary part of the permeability. This
field transference was demonstrated (3) by ar-
ranging an antenna in the shape of the letter M
as the source and mapping the transmitted mag-
netic field distribution (the fields near a current-
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carrying wire are predominantly magnetic). On
resonance, the Swiss roll structure transmitted the
incident field pattern across the slab (Fig. 1B), and
the resolution matched that predicted by theory.

The image transference was also demon-
strated in an MRI machine (4). Here, the same
M-shaped antenna was used both as the source
of the RF excitation field and as the detector for
the signal, and the metamaterial was tested
twice over. First, it had to transmit the excita-
tion field without degradation of spatial infor-
mation so that the required spin pattern was
excited in the sample. Second, the signal from
that spin pattern had to be conveyed faithfully
back to the receiver. This experiment demon-
strated that a high-performance metamaterial
could act as a magnetic face plate and convey
information from one side to the other without
loss of spatial information (Fig. 1C).

Medical imaging is but one example of the
potential utility of artificial magnetic materials.
Although artificial magnetic metamaterials

have unique properties, at these lower frequen-
cies magnetism is also exhibited by existing
conventional materials. As we look to higher
frequencies, on the other hand, conventional
magnetism tails off and artificial magnetism
may play an increasingly important role.

A frequency range of particular interest occurs
between 1 and 3 THz, a region that represents a
natural breakpoint between magnetic and electric
response in conventional materials. At lower fre-
quencies, inherently magnetic materials (those
whose magnetism results from unpaired electron
spins) can be found that exhibit resonances. At
higher frequencies, nearly all materials have elec-
tronic resonances that result from lattice vibrations
or other mechanisms and give rise to electric
response. The mid-THz region represents the
point where electric response is dying out from the
high-frequency end and magnetic response is dy-
ing out from the low-frequency end: Here, nature
does not provide any strongly dielectric or mag-
netic materials.

Metamaterials, on the other hand, can be
constructed to provide this response. At high-
er frequencies, the split ring resonator (SRR),
another conducting structure, can be conve-
niently used to achieve a magnetic response
(1). The SRR consists of a planar set of
concentric rings, each ring with a gap. Be-
cause the SRR is planar, it is easily fabricated
by lithographic methods at scales appropriate
for low frequencies to optical frequencies.

Recently, an SRR composite designed to
exhibit a magnetic resonance at THz frequen-
cies was fabricated (5). The size of the SRRs
was on the order of 30 �m, 10 times smaller
than the 300-�m wavelength at 1 THz. Scat-
tering experiments confirmed that the SRR
medium had a magnetic resonance that could
be tuned throughout the THz band by slight
changes to the geometrical SRR parameters.

Both the Swiss roll metamaterial and the
THz SRR metamaterial illustrate the advan-
tage of developing artificial magnetic re-

sponse. But metamaterials can take us even
further, to materials that have no analog in
conventional materials.

Negative Material Response
A harmonic oscillator has a resonant frequen-
cy, at which a small driving force can pro-
duce a very large displacement. Think of a
mass on a spring: Below the resonant fre-
quency, the mass is displaced in the same
direction as the applied force. However,
above the resonant frequency, the mass is
displaced in a direction opposite to the ap-
plied force. Because a material can be mod-
eled as a set of harmonically bound charges,
the negative resonance response translates
directly to a negative material response, with
the applied electric or magnetic field acting
on the bound charges corresponding to the
force and the responding dipole moment corre-
sponding to the displacement. A resonance in
the material response leads to negative values

for ε or � above the resonant frequency.
Nearly all familiar materials, such as glass

or water, have positive values for both ε and
�. It is less well recognized that materials are
common for which ε is negative. Many
metals—silver and gold, for example—
have negative ε at wavelengths in the vis-
ible spectrum. A material having either (but
not both) ε or � negative is opaque to
electromagnetic radiation.

Light cannot get into a metal, or at least it
cannot penetrate very far, but metals are not
inert to light. It is possible for light to be
trapped at the surface of a metal and propa-
gate around in a state known as a surface
plasmon. These surface states have intriguing
properties which are just beginning to be
exploited in applications (6).

Whereas material response is fully charac-
terized by the parameters ε and �, the optical
properties of a transparent material are often
more conveniently described by a different pa-

rameter, the refractive index, n, given by n �
�ε�. A wave travels more slowly in a medium
such as glass or water by a factor of n. All
known transparent materials possess a positive
index because ε and � are both positive.

Yet, the allowed range of material re-
sponse does not preclude us from considering
a medium for which both ε and � are nega-
tive. More than 35 years ago Victor Veselago
pondered the properties of just such a medi-
um (7). Because the product ε� is positive,
taking the square root gives a real number for
the index. We thus conclude that materials
with negative ε and � are transparent to light.

There is a wealth of well-known phenom-
ena associated with electromagnetic wave
propagation in materials. All of these phe-
nomena must be reexamined when ε and �
are simultaneously negative. For example,
the Doppler shift is reversed, with a light
source moving toward an observer being
down-shifted in frequency. Likewise, the

Fig. 1. (A) A single element of Swiss rollmetamaterial. (B) An array of such
elements is assembled into a slab and the RF magnetic field from an
M-shaped antenna, placed below the slab, is reproduced on the upper

surface. The red circles show the location of the rolls, which were 1 cm in
diameter. (C) The resulting image taken in anMRImachine, showing that
the field pattern is transmitted back and forth through the slab.
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Cherenkov radiation from a charge passing
through the material is emitted in the opposite
direction to the charge’s motion rather than in
the forward direction (7).

The origin of this newly predicted behav-
ior can be traced to the distinction between
the group velocity, which characterizes the
flow of energy, and the phase velocity, which
characterizes the movement of the wave
fronts. In conventional materials, the group
and phase velocities are parallel. By contrast,
the group and phase velocities point in oppo-
site directions when ε � 0 and � � 0 (Fig. 2).

The reversal of phase and group velocity
in a material implies a simply stated but
profound consequence: The sign of the re-
fractive index, n, must be taken as negative.

After the early work of Veselago, interest
in negative index materials evaporated, be-
cause no known naturally occurring material
exhibits a frequency band with � � 0 and
also possesses ε � 0. The situation changed
in 2000, however, when a composite struc-
ture based on SRRs was introduced and
shown to have a frequency band over which ε
and � were both negative
(8). The negative � oc-
curred at frequencies above
the resonant frequency of
the SRR structure. The neg-
ative ε was introduced by
interleaving the SRR lattice
with a lattice of conducting
wires. A lattice of wires
possesses a cutoff frequen-
cy below which ε is nega-
tive (9); by choosing the pa-
rameters of the wire lattice
such that the cutoff frequen-
cy was significantly above
the SRR resonant frequen-
cy, the composite was made
to have an overlapping re-
gion where both ε and �
were negative. This prelim-

inary experiment showed that Veselago’s hy-
pothesis could be realized in artificial struc-
tures and kicked off the rapidly growing field
of negative index metamaterials.

Negative Refraction and
Subwavelength Resolution
Experimentally, the refractive index of a
material can be determined by measuring
the deflection of a beam as it enters or
leaves the interface to a material at an
angle. The quantitative statement of refrac-
tion is embodied in Snell’s law, which relates
the exit angle of a beam, �2, as measured with
respect to a line drawn perpendicular to the
interface of the material, to the angle of
incidence, �1, by the formula

sin(�1) � nsin(�2)

The refractive index determines the
amount by which the beam is deflected. If
the index is positive, the exiting beam is
deflected to the opposite side of the surface
normal, whereas if the index is negative,
the exiting beam is deflected the same side
of the normal (Fig. 2).

In 2001, a Snell’s law experiment was per-
formed on a wedge-shaped metamaterial de-
signed to have a negative index of refraction at
microwave frequencies (10). In this experiment,
a beam of microwaves was directed onto the
flat portion of the wedge sample, passing
through the sample undeflected, and then re-
fracting at the second interface. The angular
dependence of the refracted power was then
measured around the circumference, establish-
ing the angle of refraction.

The result of the experiment (Fig. 3) in-
dicated quite clearly that the wedge sample
refracted the microwave beam in a manner
consistent with Snell’s law. Figure 3B shows
the detected power as a function of angle for
a Teflon wedge (n � 1.5, blue curve) com-
pared to that of the NIM wedge (red curve).
The location of the peak corresponding to the

negative index material (NIM) wedge implies
an index of –2.7.

Although the experimental results ap-
peared to confirm that the metamaterial
sample possessed a negative refractive in-
dex, the theoretical foundation of negative
refraction was challenged in 2002 (11). It
was argued that the inherent frequency-
dispersive properties of negative index ma-
terials would prevent information-carrying
signals from truly being negatively refract-
ed. The theoretical issue was subsequently
addressed by several authors (12–14 ), who
concluded that, indeed, time-varying sig-
nals could also be negative refracted.

Since this first demonstration of nega-
tive refraction, two more Snell’s law exper-
iments have been reported, both using
metamaterial wedge samples similar in de-
sign to that used in the first demonstration.
These experiments have addressed aspects
not probed in the first experiment. In one of
the experiments, for example, spatial maps
of the electromagnetic fields were made as
a function of distance from the wedge to the
detector. In addition, wedge samples were
used with two different surface cuts to
confirm that the angle of refraction was
consistent with Snell’s law (15 ). In the
second of these experiments, the negatively
refracted beam was measured at much far-
ther distances from the wedge sample (16 ).
Moreover, in this latter experiment, the
metamaterial sample was carefully de-
signed such that material losses were min-
imized and the structure presented a better
impedance match to free space; in this
manner, much more energy was transmitted
through the sample, making the negatively
refracted beam easier to observe and much
less likely to be the result of any experi-
mental artifacts. These additional measure-
ments have sufficed to convince most that
materials with negative refractive index are
indeed a reality.

Fig. 2. Negative refraction in operation:
On the left, a ray enters a negatively
refracting medium and is bent the wrong
way relative to the surface normal, form-
ing a chevron at the interface. On the
right, we sketch the wave vectors: Nega-
tive refraction requires that the wave vec-
tor and group velocity (the ray velocity)
point in opposite directions.

A B

Fig. 3. (A) A negative index metamaterial formed by SRRs and wires deposited on opposite sides lithographically on
standard circuit board. The height of the structure is 1 cm. (B) The power detected as a function of angle in a Snell’s law
experiment performed on a Teflon sample (blue curve) and a negative index sample (red curve).
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Having established the reality of negative
refraction, we are now free to investigate other
phenomena related to negative index materials.
We quickly find that some of the most long-
held notions related to waves and optics must
be rethought! A key example is the case of
imaging by a lens. It is an accepted convention
that the resolution of an image is limited by the
wavelength of light used. The wavelength lim-
itation of optics imposes serious constraints on
optical technology: Limits to the density with
which DVDs can be written and the density
of electronic circuitry created by lithography
are manifestations of the wavelength limita-
tion. Yet, there is no fundamental reason why
an image should not be created with arbitrari-
ly high resolution. The wavelength limitation
is a result of the optical configuration of
conventional imaging.

Negative refraction by a slab of material
bends a ray of light back toward the axis
and thus has a focusing effect at the point
where the refracted rays meet the axis (Fig.
4A). It was recently observed (17 ) that a
negative index lens exhibits an entirely new
type of focusing phenomenon, bringing to-
gether not just the propagating rays but also
the finer details of the electromagnetic near
fields that are evanescent and do not prop-
agate (Fig. 4B). For a planar slab of nega-
tive index material under idealized condi-
tions, an image plane exists that contains a
perfect copy of an object placed on the oppo-
site side of the slab. Although realizable mate-
rials will never meet the idealized conditions,
nevertheless these new negative index concepts

show that subwavelength imaging is achiev-
able, in principle; we need no longer dismiss
this possibility from consideration.

This trick of including the high-resolution
but rapidly decaying part of the image is
achieved by resonant amplification of the fields.
Materials with either negative permittivity or
negative permeability support a host of surface
modes closely related to surface plasmons,
commonly observed at metal surfaces (6), and
it is these states that are resonantly excited. By
amplifying the decaying fields of a source, the
surface modes restore them to the correct am-
plitude in the image plane.

The term lens is a misnomer when describ-
ing focusing by negative index materials. Re-
cent work (18, 19) has shown that a more
accurate description of a negative index mate-
rial is negative space. To clarify, imagine a slab
of material with thickness d for which

ε � –1 and � � –1

Then, optically speaking, it is as if the slab
had grabbed an equal thickness of empty
space next to it and annihilated it. In effect,
the new lens translates an optical object a
distance 2d down the axis to form an image.

The concept of the “perfect lens” at first met
with considerable opposition (20, 21), but the
difficulties raised have been answered by clar-
ification of the concept and its limitations (22,
23), by numerical simulation (24, 25), and in
the past few months by experiments.

In a recent experiment, a two-dimensional
version of a negative index material has been
assembled from discrete elements arranged on a

planar circuit board (26). A detail of the exper-
iment (Fig. 4C) shows the location of a point
source and the expected location of the
image. Figure 4D shows the experimental
data, where the red curve is the measured
result and lies well within the green curve,
the calculated diffraction-limited result. A
more perfect system with reduced losses
would produce better focusing.

The conditions for the “perfect lens” are
rather severe and must be met rather accu-
rately (23). This is a particular problem at
optical frequencies where any magnetic ac-
tivity is hard to find. However, there is a
compromise that we can make if all the di-
mensions of the system are much less than
the wavelength: As stated earlier, over short
distances the electric and magnetic fields are
independent. We may choose to concentrate
entirely on the electric fields; in which case it
is only necessary to tune to ε � –1 and we
can ignore � completely. This “poor man’s”
lens will focus the electrostatic fields, limited
only by losses in the system. Thus, it has been
proposed that a thin slab of silver a few
nanometers thick can act as a lens (17). Ex-
periments have shown amplification of light
by such a system in accordance with theoret-
ical predictions (27).

Photonic Crystals and Negative
Refraction
Metamaterials based on conducting elements
have been used to demonstrate negative re-
fraction with great success. However, the use
of conductors at higher frequencies, especial-
ly optical, can be problematic because of
losses. As an alternative, many researchers
have been investigating the potential of neg-
ative refraction in the periodic structures
known as photonic crystals (28). These ma-
terials are typically composed of insulators
and therefore can exhibit very low losses,
even at optical frequencies.

In photonic crystals, the size and period-
icity of the scattering elements are on the
order of the wavelength rather than being
much smaller. Describing a photonic crystal
as a homogeneous medium is inappropriate,
so it is not possible to define values of ε or �.
Nevertheless, diffractive phenomena in pho-
tonic crystals can lead to the excitation of
waves for which phase and group velocities
are reversed in the same manner as in nega-
tive index metamaterials. Thus, under the
right conditions, negative refraction can be
observed in photonic crystals.

In 2000, it was shown theoretically that
several photonic crystal configurations could
exhibit the same types of optical phenomena
predicted for negative index materials, in-
cluding negative refraction and imaging by a
planar surface (23).

Since then, several versions of photonic
crystals have been used to demonstrate neg-

Fig. 4. Perfect lensing in action: A slab of
negative material effectively removes an
equal thickness of space for (A) the far
field and (B) the near field, translating the
object into a perfect image. (C) Micro-
wave experiments by the Eleftheriades
group (26) demonstrate that subwave-
length focusing is possible, limited only
by losses in the system. (D) Measured
data are shown in red and compared to
the perfect results shown in blue. Losses
limit the resolution to less than perfect
but better than the diffraction limit
shown in green.
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ative refraction. For example, a metallic pho-
tonic crystal, formed into the shape of a
wedge, was used in a Snell’s law experiment
(29). In an alternative approach, the shift in
the exit position of a beam incident at an
angle to one face of a flat dielectric photonic
crystal slab was used to confirm the effective
negative refractive index (30). Although
these experiments have been performed at
microwave frequencies, the same negative
refracting structures scaled to optical fre-
quencies would possess far less loss than the
metamaterials based on conducting elements.

Photonic crystals have also been used to
demonstrate focusing (31). Images as
sharply defined as �/5 can be obtained at
microwave frequencies with the use of pho-
tonic crystal slab lenses (32). The work in
photonic crystals is an example of where
the identification of new material parame-
ters has prompted the development of sim-
ilar concepts in other systems.

New Materials, New Physics

We rely on the electromagnetic material pa-
rameters such as the index, or ε and �, to
replace the complex and irrelevant electro-
magnetic details of structures much smaller
than the wavelength. This is why, for exam-
ple, we can understand how a lens focuses
light without concern about the motion of
each of the atoms of which the lens is com-
posed. With the complexity of the material
removed from consideration, we are free to
use the material properties to design applica-

tions or study other wave propagation phe-
nomena with great flexibility.

The past few years have illustrated the
power of the metamaterials approach, be-
cause new material responses, some with no
analog in conventional materials, are now
available for exploration. The examples pre-
sented here, including artificial magnetism,
negative refraction, and near-field focusing,
are just the earliest of the new phenomena to
emerge from the development of artificial
materials. As we move forward, our ability to
realize the exotic and often dramatic physics
predicted for metamaterials will now depend
on the quality of metamaterials.
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