
Chapter 4
Optical Metamaterials

Kotaro Kajikawa

Abstract Optical metamaterials show interesting optical properties originating from
their higher-order structures. We can obtain optical media with a wide range of refrac-
tive indexes: from negative to positive large values. This allows us to realize special
optical functions such as super high resolution microscopy and optical croaking. In
future, various useful optical properties will be found or created in optical metama-
terials. This chapter deals with the concept of the optical metamaterials and some
optical applications.

4.1 Introduction

Optical metamaterials [1] show high functionality originating from their higher order
structures. Similar things are found in proteins in a biological system that the func-
tionality is due to their higher-order structure. Metamaterials start to be investigated
at microwave frequencies. The original concept was that an assembly of electrical
circuits is compared to a matter, since the electromagnetic response from the electri-
cal circuits, such as LC resonators, can mimic the response from the matter. In the last
decade, this concept is extended to light frequencies. Negative index materials and
the optical cloaking technique at optical frequencies are realized, not only because of
the development of micro and nano-fabrication techniques but also the development
of design for metamaterials. The basic concept to realize the metamaterials is the
control of permittivity and permeability by designing the nanostructures. In addi-
tion, surface plasmons play an important role to control its permittivity. It is sure that
metamaterials will be an important research field as photonic materials in future.
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Fig. 4.1 Plots of existing
matters and metamaterials in
ε − μ plain

4.2 Metamaterials and Meta-Molecules

Metallic nanostructures much smaller than the optical wavelength sometimes show
interesting optical properties that are not found in existing bulk materials. Most of
them are ascribed to surface plasmons that sometimes cause a huge polarizability
at their resonance wavelength. Metallic nano-materials allow us to control not only
permittivity but also permeability because of the fast response of free electrons in a
metal. One of them is negative refractive index. The refractive index n of a matter is
written by

n = ±√
εμ (4.1)

where ε and μ are its permittivity and permeability, respectively. The permeabil-
ity of an existing material is unity because the magnetic response of a matter is
absent at optical frequencies. This is because the magnetism comes from the orbital
or spin angular momentum, whose response time is below the frequency range of
microwaves. On the other hand, the permittivity of existing materials is ranging from
−25 to 16. As a result, the real parts of the refractive indexes of the existing materi-
als are ranging from 0 to 4 at optical frequency. This is shown in Fig. 4.1, in which
existing materials are plotted. They are plotted on the line of μ = 1.

The sign of the refractive index is determined by the sign of the permittivity
and permeability [1–4]. If both are negative, the refractive index is negative. Such
materials are called “left handed materials (LHM)” or “negative index materials
(NIM)”. Metamaterials and some kinds of photonic crystals have possibility to be
LHM [5]. If we have LHM at optical frequency, incomprehensible phenomena will
appear such as negative refraction and super resolution.

An interesting thing is that a medium with negative permeability or permeability
of other than unity can be made of existing materials with permeability of unity. As
is described above, the magnetism is produced by rotational movement of electrons,
which produces angular momentum. Similar effect will appear by the current flow
in a circular coil. We can achieve μ �= 1 by a current flowing in a resonator shown in
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Fig. 4.2 Split ring resonator and its equivalent circuit

Fig. 4.2, whose size is much smaller than the wavelength of light. Such a resonance
structure has a permeability μ that is written as

μ(ω) = 1 − ω2
mp − ω2

mo

ω2 − ω2
mo + iΓmω

(4.2)

where ω is the frequency, ωmp is magnetic plasma frequency, ωmo is the magnetic
resonance frequency, and Γm is the damping constant [6]. If the resonance is strong,
the permeability μ is ranging from negative to positive. Permittivity also shows
similar relation. Therefore we can control the both permittivity and permeability
separately by the design of the LC resonance circuit. This is the concept of usual
metamaterials. Metamaterials have the refractive index of not only negative values
but also a large positive values that the existing materials do not have. Such materials
will also show attractive nonlinear optical properties.

Next we consider the similarity between metamaterials and existing matters. The
correspondence is summarized in Fig. 4.3. The existing matters can be divided into
two categories: one atoms and molecules and the other aggregates and crystals.
Atoms and molecules show their own functionality even if interactions between them
are absent, namely, they are isolated. This is because their functionality is intrinsic
and closed inside the unit. Dye molecules are semiconductor that absorbs light, even
if they are isolated in solution. On the other hand, inorganic semiconductors such as
silicone show their functionality only in a crystalline from. The isolated atoms do not

Fig. 4.3 Comparison of existing matters with metamaterials
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show the functionality appearing in a crystal. Metamaterials are similar to the atoms
and molecules, since it shows optical (electromagnetic) functionality even each unit
is separated. Hence, their unit is sometimes called meta-atom or meta-molecules.
Metamaterials are an assembly of the meta-atoms or meta-molecules and show the
optical properties as an ensemble of the whole units.

Although the metamaterials exhibit their optical functionality of each unit, their
aggregates or crystals will also show a new or additional functionality, like molecular
aggregates or molecular crystals. An example is that gold bisphere shows a strong
red-shifted resonance band, which is not observed in isolated gold nanospheres.
As is discussed above, similarity of metamaterials to existing atoms and molecules
provides great insight to develop a new class of optical materials.

4.3 Negative Index Materials

One of the interesting optical properties of metamaterials is negative refractive index.
Let us consider refraction at a boundary as shown in Fig. 4.4a. Light is incident to
medium 2 from medium 1, whose refractive indexes are n2 and n1 respectively, at
an angle of incidence θ1. The Snell’s law gives the angle of refraction θ2

n1 sin θ1 = n2 sin θ2. (4.3)

This law is equivalent to conservation of in-plane component of wavevector across the
boundary. For negative n2, the angle of refraction θ2 is negative, as shown in Fig. 4.4b.
This phenomenon is different from diffraction. One may understand the difference
when light is traveling in a NIM. Suppose that light is traveling the direction z. In a
usual medium, the phase of light is proceeding to the same direction. However, in
the case of NIM, the phase of light in the NIM proceeds in the opposite direction.
This means that a more distant object looks closer. There are many other interesting
phenomena observed in the NIM, exemplified by the inverse Doppler effect and
inverse Cherenkov radiation.

Fig. 4.4 Refraction at
boundary. a n > 0 and
b n < 0

(a) (b)
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In NIM, both permittivity and permeability are negative. To fabricate such
medium, the control of permeability is necessary. Negative permittivity is rather easy,
since existing matters such as metals have negative permittivity. In contrast, produc-
tion of a medium with negative permeability is a thorny problem. At microwave
or terahertz frequencies, this can be realized by using an array composed of ring
resonators as shown in Fig. 4.3. The dimension of the resonators is in the order of
micrometer or millimeters [7, 8]. However it is difficult to fabricate such ring res-
onators at optical frequencies because of the following two reasons: (a) it is too small
and (b) losses in metals are remarkable at optical frequencies. A few structures are
proposed instead of the use of the ring resonators. Metallic rod-pairs show negative
index in the infrared frequency range [9] and nanometer fishnet structures show neg-
ative index at visible wavelengths [10, 11]. The latter structure can be extended to
bulky NIM having a thickness. Later, bulky NIMs of a stack of fishnet structure is
reported, [12] which work at a wavelength of 1.5 µm and the refraction at negative
angles is observed. The optical property appearing as a result of the control the perme-
ability, other than NIM, is a Brewster angle for s-polarized light. This is theoretically
predicted [13] and experimentally realized at a microwave frequency [14]

4.4 Effective Medium Approximation

Metamaterials are composite medium composed of metallic nanostructures and
matrix media such as air. To calculate the optical constants of metamaterials, such as
refractive index and susceptibilities, the homogenization treatment is necessary. The
effective medium approximation (EMA) is mostly used. There are four kinds of EMA
methods: (a) the parallel capacitor model, (b) serial capacitor model, (c) Maxwell
Garnett model and (d) Bruggeman’s EMA. Let us consider a composite of two media
1 and 2 with permittivity ε1 and ε2. Suppose the volume fraction f1 of medium
1. The models of the two-component composite are schematically illustrated in
Fig. 4.5. The parallel capacitor model is the simplest approximation. The two media
form capacitors, which form a parallel circuit. Then the effective permittivity εeff is

(a) (b)

(c) (d)

Fig. 4.5 Schematics of (a) the parallel capacitor model, (b) serial capacitor model, (c) Maxwell
Garnett model and (d) Bruggeman’s EMA
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described as
εeff = f1ε1 + (1 − f1)ε2. (4.4)

In this model, it is assumed that no interaction exists between the two media. In
contrast, the serial capacitor model considers strong interaction between the media.
The capacitor from a serial circuit as described in (b). Then the effective permittivity
εeff is described as

ε−1
eff = f1ε

−1
1 + (1 − f1)ε

−1
2 . (4.5)

In the Maxwell Garnett model, it is assumed that spheres of medium 1 dispersed
in medium 2. Then the effective permittivity εeff is described as

εeff − 1

εeff + 2
= f1

ε1 − 1

ε1 + 2
+ (1 − f1)

ε2 − 1

ε2 + 2
. (4.6)

The Maxwell Garnett model is equivalent to the Claudius-Mosotti relation, used
to relate the refractive index and molecular polarizability. The Bruggeman’s EMA
is proposed as a result of development of the Maxwell Garnett model. In this model
the effective permittivity εeff is described as

f1
ε1 − εeff

ε1 + 2εeff
+ (1 − f1)

ε2 − εeff

ε2 + 2εeff
= 0. (4.7)

Figure 4.6 summarizes the effective permittivity as a function of f1 using the
four different EMAs. In (a), the calculation was made for a dielectric medium with
permittivity ε1 = 2.5 is dispersed in a medium 2 with ε2 = 1. In (b) it was made for
a metallic medium ε1 = −3.17 + 3.11i (Au at 510 nm) is dispersed in a medium 2
with ε2 = 1. The calculated results are very different in the case of (b). Although the

(a) (b)

Fig. 4.6 εeff as a function of f1 using (i) the parallel capacitor model, (ii) serial capacitor model,
(iii) Maxwell Garnett model (MG) and (iv) Bruggeman’s EMA (B). a A dielectric medium
with permittivity ε1 = 2.5 is dispersed in a medium 2 with ε2 = 1. b A metallic medium
ε1 = −3.17 + 3.11i (Au at 510 nm) is dispersed in a medium 2 with ε2 = 1
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Bruggeman’s EMA has two solutions B+ and B− in (b), B+ is real. The application
of EMA to metamaterials should be carefully.

4.5 Super Resolution

The super resolution, a resolution over diffraction limit (approximately a half wave-
length of light), is one of important applications of NIM. Veselago proposed a perfect
lens of NIM, which enables us the super resolution microscopy [2]. The lens is a
thin slab of NIM with a refractive index of −1. This utilizes the fact that the angle of
refraction is equal to angle of incidence with the opposite sign, as shown in Fig. 4.7.
An image of the small object is formed on the other side of the super lesns. In prac-
tice, however, this type of super resolution is difficult. The metamaterials cannot be
regarded as a continuous medium because the resonance unit of the metamaterials
is usually large in the order of 100 nm. Therefore no demonstration of the super
resolution was made so far at optical frequencies.

Another super resolution is proposed by Pendry, [3] in which a metallic slab is
used, as shown in Fig. 4.8. An object smaller than the wavelength of light forms an
image adjacent to the metallic slab through evanescent wave and surface plasmons.
Feng et al. demonstrated the super resolution that a chromium thin wire is imaged in a
polymer photo-registration film through a 35 nm thick silver film [15]. The structure
of the image was probed by atomic force microscope. In this case, the image is not
magnified, so that we need to probe the image by the method other than the optical.
Zhang et al. reported an optical setup to magnify the image [16]. The geometry is
shown in Fig. 4.9. It was demonstrated that two lines separated by 150 nm was imaged
using a conventional lens. The observation could be made with a CCD detector. In
contrast to the scanning near-field optical microscopy, which also provides optical

Fig. 4.7 Super resolution
with a perfect lens of a NIM
slab proposed by Veselago [2]

Fig. 4.8 Plasmonic super
resolution [13]
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Fig. 4.9 Super resolution
with magnification [14]

super resolution, we can observe the objects at a video rate. Optical microscopy can
be made the objects in a liquid such as water. Hence it will be a powerful tool in
biology.

4.6 Cloaking

Another interesting application of metamaterials is optical cloaking. Cloaking is a
technique that makes an object invisible. One possible way is to cloak the object
with a medium designed in such a way that the light detours the object, as shown
in Fig. 4.10. Leonhardt proposed the spatial distribution of the refractive indexes in
order to perform cloaking [17]. For this purpose, however, we need unrealistic range
of refractive indexes from 0 to 36. Pendry and Smith proposed a cloaking using
anisotropic metamaterials, and later they experimentally demonstrated the cloaking
at the microwave frequencies [18, 19].

In the Pendry and Smith’s proposal, the medium with μ �= 1 is required. This is not
convenient for cloaking at optical frequencies. Shalaev et al. proposed a structure for
cloaking in which metallic nanorods are distributed whose long axis is aligned along
the radial direction of a cylinder, as shown in Fig. 4.11 [20]. In this method, only
spatial distribution of permittivity is required. The dielectric matrix has a positive
permittivity, whereas the metallic nanorod has negative one. The effective permit-
tivity of composite materials of the nanorod and dielectric matrix can be ranged
from negative to positive by changing the density of the nanorods. They designed
a cylindrical composite system working as a cloaking medium. The medium with

Fig. 4.10 Cloaking a object
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(a) (b)

Fig. 4.11 Cloaking with nonmagnetic (μ = 1) materials [20]

Fig. 4.12 Cloaking by core-shell structure

the effective permittivity depends on the distance from the center, since the density
of the nanorod decreases. The medium with the permittivity distribution works as a
cloaking medium, according to their theoretical calculation. They demonstrated the
cloaking behavior by numerical simulation.

A different approach to cloak an object is proposed by Alu and Engheta [21].
They use optical response of a core-shell structure. Suppose a system that a spherical
cloaking object with a diameter a and permittivity εa is surrounded by a shell with a
thickness b and permittivity εb, as shown in Fig. 4.12. When the core-shell particle is
much smaller than the wavelength of light, the total polarizability a can be described
as [22]

α = 4πb3 (εb − 2εs)(εa + 2εb) + ( a
b

)3
(εa − εb)(εs + 2εb)

(εb + 2εs)(εa + 2εb) + 2
( a

b

)3
(εb − εs)(εa − εb)

(4.8)

where εs is the permittivity of ambient medium. When the numerator of Eq. 4.8 is
zero, the polarizability is absent. This means that the particle is invisible and the
core is cloaked. They calculated and showed the possibility of the cloaking at visible
wavelengths, if the shell is made of a medium with negligible loss. This method is
not universal, but is a possible method to realize cloaking.
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