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Abstract: Metamaterials are artificial composites that acquire their electromagnetic
properties from embedded subwavelength metallic structures. In theory, the effective
electromagnetic properties of metamaterials at any frequency can be engineered to take on
arbitrary values, including those not appearing in nature. As a result, this new class of
materials can dramatically add a degree of freedom to the control of electromagnetic waves.
The emergence of metamaterials fortunately coincides with the intense emerging interest in
terahertz radiation (T-rays), for which efficient forms of electromagnetic manipulation are
sought. Considering the scarcity of naturally existing materials that can control terahertz,
metamaterials become ideal substitutes that promise advances in terahertz research.
Ultimately, terahertz metamaterials will lead to scientific and technological advantages in a
number of areas. This article covers the principles of metamaterials and reviews the latest
trends in terahertz metamaterial research from the fabrication and characterization to the
implementation.

Index Terms: Metamaterials, THz optics.

1. Introduction
Metamaterials are fascinating new manmade materials that can manipulate beams of light in
surprising ways. Their structure is basically composed of subwavelength metallic resonators held
together in a dielectric. The electromagnetic properties of metamaterials are derived mainly from
these resonating elements rather than from atoms or molecules as do conventional materials [1].
The term Bmetamaterial[ coined by Walser [2] was originally defined as a 3-D periodic artificial
composite producing a combination of two or more electromagnetic responses not found in nature.
Nevertheless, some so-called metamaterial structures emerging later on did not exactly comply
with this definition. Although currently there is no scientific consensus on what constitutes
metamaterials, the common attributes that may be used to classify metamaterials are as follows [3]:
i) The structure can be described by a set of effective homogeneous electromagnetic parameters;
ii) the parameters are determined by the collective response of small conducting resonators;
iii) the resonators are placed periodically therein; and iv) the ratio of the operating wavelength to
lattice constant is of the order of ten or more. These attributes clearly distinguish metamaterials
from other manmade wave-manipulating structures, such as photonic crystals [4], metallic hole
arrays [5], [6], or frequency-selective surfaces [7].
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Metamaterials can be engineered to have a wide range of electromagnetic characteristics at
desired frequencies. This includes those characteristics not found in naturally occurring materials,
and hence the name Bmeta,[ which implies Bbeyond[ materials. In terms of the real electric
permittivity and magnetic permeability, normal dielectrics typically occupy the domain where both
quantities are positive. Negative values of the permittivity are attainable in nature through the
radiation-plasma interaction, but the occurrence of this interaction is typically well beyond the
infrared for those solid-state plasmas. Metamaterials, e.g., thin-wire lattices [8], can dilute the plasma
cloud and shift the plasma frequency to a lower part of the spectrum, resulting in a negative
permittivity at lower frequencies. In nature, negative values of permeability are rare and obtainable
from magnetic resonances in ferromagnets at submicrowave frequencies. Metamaterials, such as
split-ring resonators (SRRs) [9] and cut-wire pairs [10], can exhibit magnetic dipoles and negative
permeability in response to magnetic waves up to the optical regime [11], [12]. Free tuning of electric
and magnetic responses in metamaterials brings about the possibility to realize double-negative
materials or negative-index materials (NIMs), in which the permittivity and permeability are less than
zero at the same frequencies. Such materials have never been found in nature, because the
negative bands of the permittivity and permeability are relatively narrow and stand well apart in the
spectrum [13]. The first realization of NIMs exploits the combined operations of wires and SRRs to
produce overlapping negative permittivity and permeability at microwave frequencies, respectively
[14]. Due to this unusual behavior, NIMs have spurred a wide interest in metamaterials and become
the center of metamaterial research aimed at operation in the visible frequency range [15]�[17].

By opening a new electromagnetic response regime, metamaterials offer immense opportunities
in improving existing optical designs along with exploring unprecedented applications. Relevant
research breakthroughs and visions proposed so far encompass: superlenses breaking the
diffraction-limited image resolution [18]�[20], biosensors sensitive to small changes in the amount
and response of a sample [21], magnetic wires retrofittable into existing MRI machines for a better
magnetic coupling [22], invisibility cloaks for hiding an object from detection [23]�[26], and illusion
devices replacing the object image with a different virtual image [27]. Because metamaterial
research has recently emerged, fundamental studies, novel designs, and advanced applications of
metamaterials have yet to be fully explored. It is believed that this novel research field will have
great impact on both the physics and engineering disciplines.

This paper focuses on metamaterials that are designed to operate in the terahertz
electromagnetic regime. Metamaterials are of particular interest in the terahertz regime, where
most natural materials exhibit only weak electric and magnetic responses and hence cannot be
utilized for controlling the radiation. The introduction of terahertz metamaterials is believed to be an
important step that can further advance terahertz research and development. Based on this
motivation, this paper thoroughly reviews principles, fabrication, characterization and potential
applications of terahertz metamaterials that have emerged lately. But before looking into the
current state of research on terahertz metamaterials, some background relating to metamaterials
and terahertz radiation is discussed in Sections 2 and 3, respectively. Then, a few techniques
currently employed to fabricate terahertz metamaterials are explained in Section 4. After that,
fundamental studies of various types of terahertz metamaterials are reviewed thoroughly in
Section 5. Section 6 discusses the possibilities of extending the usable frequency band of terahertz
metamaterials that are fundamentally based on narrow-band resonances. State-of-the-art
applications of terahertz metamaterials, such as absorbers, modulators, and molecular sensors,
are surveyed in Sections 7�9. The paper concludes with a projection on the trend of terahertz
metamaterial research in Section 10.

2. Theory of Metamaterials
Various types of subwavelength resonators, forming building blocks for metamaterials, have been
introduced during the last decade, as for example: thin wires [8], [28], Swiss rolls [9], SRRs [9],
electric SRRs (eSRRs) [29], [30], pairs of rods [10], [12], [31], pair of crosses [32], fishnets [17], [33],
etc. Some of them are designed for either an electric or magnetic response, while the others display
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a negative refractive index. At the frequencies below infrared, the basic structures of thin wires and
SRRs are sufficient to obtain the desired electromagnetic properties. Other advanced structures
deriving their characteristics from wires and SRRs have been devised to sustain the desired
properties at higher frequencies where metallic constituents lose their ideal conductivity and
fabrication becomes too difficult for basic structures.

2.1. Lattice of Thin Wires
The electric response of natural conductive materials typically takes place at high frequencies, i.e.,

at the visible or UV band for metals. This is evident from the electric plasma frequency, !ep, which
can be formulated as

!2
ep …

ne2

�0meff
(1)

where n is the electron density, e is the electron charge, �0 is the vacuum permittivity, and meff is the
electron effective mass. For example, gold with an electron density of 5:9 � 1022 cm�3 has a plasma
frequency located at approximately 138 nm or within the far UV range.

In order to achieve an electric response at a lower frequency range, e.g., in the microwave region,
the plasma frequency must be modified. According to Equation (1) the plasma frequency can be
reduced through changes in the electron density and effective mass. A metamaterial structure
made of a lattice of thin metallic wires, similar to that shown in Fig. 1, is a workable solution [8]. In
such a structure, the electron density n is diluted due to the sparseness of metal in a unit cell.
Furthermore, the electron effective mass meff is intensified because of the apparent mutual
inductance of the wires that exerts a force on the electrons. From the analysis, given that a is the
lattice spacing and r is the wire radius, the plasma frequency of the structure now becomes [8], [28]

!2
ep …

2�c2
0

a2lnða=r Þ
(2)

where c0 is the velocity of light in vacuum. It is clear that the plasma frequency of the structure can
be manipulated merely through its dimensions, a and r . By assuming infinite wire length, the
structure can be characterized by an effective permittivity that takes on a Drude model

�effð!Þ … 1 �
!2

ep

!2 þ j�!
(3)

where � is responsible for the propagation loss. At ! G !ep the permittivity becomes negative.

2.2. SRRs
Magnetism is obtainable from nonmagnetic materials, provided that the materials can support

current loops that bring about a magnetic dipole moment. By adopting this principle, SRRs, which

Fig. 1. Lattice of thin metallic wires. With an electric field parallel to the wires, the structure exhibits a
Drude electric response with its plasma frequency governed by the geometry.
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feature subwavelength conducting loops, can have a magnetic response under the proper
alignment of the electromagnetic waves [9]. As shown in Fig. 2, a unit cell of the original double
SRRs is basically composed of two concentric metallic rings with opposite splits or gaps. When the
SRR is coupled to a magnetic field component oscillating in the axial direction, the ring establishes
a current flow, which further builds a magnetic dipole parallel or antiparallel to the magnetic field.
The loop inductance and gap capacitance are equivalent to an LC resonant circuit, causing a strong
magnetic response at its resonance. The inner concentric ring contributes to the net capacitance of
the double SRR and thus lowers the resonance frequency. Hence, this ring boosts up the ratio
between the operating wavelength and lattice constant, making the SRRs appear more
homogeneous to the electromagnetic excitation. In spite of this, the inner ring can be removed
without a significant impact on the SRR�s function while shifting the resonance frequency.

A metamaterial structure composed of periodically aligned SRRs under a magnetic excitation can
be described by an effective magnetic permeability with a Lorentzian model [9]

�effð!Þ … 1 �
F!2

!2 � !2
m0 þ j�!

(4)

where !m0 is the magnetic resonance frequency, � represents the energy dissipation, and F is the fill
factor of the SRR. The magnetic resonance frequency is related to the SRR�s geometry through [9]

!2
m0 …

3lc2
0

�ln 2c
d r 3

: (5)

The magnetic plasma frequency is where the permeability crosses zero and is given by

!2
mp … !2

m0=ð1 � F Þ: (6)

At frequencies lower than the resonance the SRRs have a positive response to the magnetic field,
and between the resonance and plasma frequencies the response becomes negative. Therefore,
the structure can support paramagnetism ð�eff 9 1Þ and diamagnetism ð�eff G 1Þ, including a
negative permeability.

2.3. eSRRs
In the case that an electric field is parallel to the gap-bearing side, the SRRs in Fig. 2 can couple

to the field, leading to an electric LC resonance at the same frequency as the magnetic LC
resonance or !m0 discussed above [34]. But the structure is in some sense bi-anisotropic, since the
LC-mode electric excitation also causes a magnetic dipole in the axial direction [35]. This
secondary effect may be unwanted where only an electric response is required. The symmetry of
SRRs with respect to the electric field direction is introduced in order to suppress magnetic behavior
and retain a pure electrical response [29]. These symmetric SRRs, dubbed eSRRs (also known as

Fig. 2. Double SRRs. When excited by a magnetic field parallel to the SRR axis, the structure exhibits a
Lorentzian resonance in the effective permeability. The electric field is parallel to the gap, and hence
does not couple to the SRRs. The inset indicates the notation used for the geometrical features.
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