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ABSTRACT  

This review paper is based on the brief history, classification 

and utilities of metamaterial in various fields. An introduction 

to metamaterials followed by a detailed elaboration on how to 

design unprecedented electromagnetic properties of 

metamaterials is presented. Further we discussed the different 

structure approaches of metamaterials and their advantages.  

Finally, we offer an outlook on future directions of 

metamaterials research. 
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1. INTRODUCTION 

The first metamaterials were developed by W.E. Kock in the 

late 1940s. Victor Veselago wrote an article in 1968 about the 

possibility of metamaterials having a negative refractive index 

[1]. Vaselago theoretically investigated plane wave 

propagation in a material whose permittivity and permeability 

were assumed to be negative simultaneously. He theoretically 

showed that for a monochromatic uniform plane wave in such 

a medium the direction of Poynting vector is anti parallel to 

the direction of the phase velocity, which was different to the 

case of plane wave propagation in conventional simple media. 

Before going in the technical aspects of metamaterials, we 

shall first define the meaning and scope of the word. The 

prefix “meta” comes from Greek and means “after” or 

“beyond”. In English it is used to either denote that something 

has occurred later, derived from a Transformation , is a more 

highly organized or specialized form of, or transcends 

something else [2]. The term of metamaterial was given by 

Rodger M. Walser, University of Texas at Austin, in 1999. He 

defined metamaterials as- “Macroscopic composites having a 

synthetic, three-dimensional, periodic cellular architecture 

designed to produce an optimized combination, not available 

in nature, of two or more responses’’. Since then, many other 

definitions have been suggested in the literature to describe 

the same term. Based on Wikipedia the ‘Metamaterial’ is 

defined as-‘ä material which gains its properties from its 

structure rather than directly from its composition’. 

Due to lack of experimental verification and lack of non-

existence in nature LHM or metamaterials did not attract 

attention of scientific community over 30 years. The first  

revolution in LHM or metamerials occurred in 1996 when 

Pendry et all realised the artificial electric plasma using wire 

medium whose permittivity and permeability is negative [3]. 

The artificially magnetic plasma whose permeability is 

negative was discovered by Pendry and his co-workers in 

1999 [4]. In this work, the well-known split-ring resonators 

(SRR) are used to achieve the magnetic response. The first 

artificial LHM was made by Smith et al. in 2001 using the 

combination of wires and SRRs [5]. In this famous 

experiment, the negative refraction phenomenon was verified. 

LHM suffers from the large loss and narrow bandwidth, 

despite the good properties,. Hence scientists seek other 

features of metamaterial beyond the negative refraction. Then 

the second revolution on metamaterial came in 2005 when the 

gradient refractive index medium was realized to bend 

electromagnetic waves [6], and in 2006 when the optical 

transformation was proposed to make invisible cloaks and to 

control the propagation of electromagnetic waves using 

metamaterials [7, 8]. 

Metamaterials, built from the molecular level up, can provide 

many interesting properties-       Negative index of refraction, 

precise manipulation of waves (electromagnetic, acoustic and 

seismic), material chirality. Metamaterials gain their 

properties from structure rather than from composition. Atoms 

are chosen based on size and molecular ordering rather than 

on their macroscopic properties. Specific shape of overall 

structure defines the wave bending properties of the final 

material. 

2. METAMATERIALS 

CLASSIFICATION  
On the basis of µ and ɛ, material can be classified according to 

diagram shown in figure 1. 

2.1 Zero Index material 
Metamaterials, in which the permittivity and/or permeability 

are near zero and thus the refractive index is much smaller 

than unity, fall at the origin of the Fig.1. These lie at the point 

of intersection of various types of materials. 

 

Fig 1: The nomenclature of metamnaterials, based on 

values of the real parts of their permittivity and 

permeability 
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2.2 Double positive (DPS) material 

In Fig. 1, the first quadrant (ε > 0 and μ > 0) represents 

Double positive material (DPS).They are called so because 

both permeability and permittivity are more than zero. They 

are also called right-handed materials (RHM), which support 

the forward propagating waves. 

 

2.3 The permittivity/Epsilon-negative 

(ENZ) materials 

In Fig. 1.the second quadrant (ε < 0 and μ > 0) denotes ENZ 

(electric plasma), which support evanescent waves. In many 

metals the negative value of the electric permittivity occurs 

below the plasma frequency at the optical frequency range. 

For the frequencies lying below the plasma frequency, the real 

part of electric permittivity is negative and dominates the 

imaginary part. The geometrical parameters of the structure 

determine the value of plasma frequency. So by suitably 

adjusting the geometrical parameters of the structure, a value 

of negative permittivity can be achieved. 

2.4 The double negative (DNG) materials 

In the Figure 1, the third quadrant (ε < 0 and μ < 0) denotes 

the left-handed materials (LHM), which was proposed by 

Veselago in 1968, supporting the backward propagating 

waves. Such materials do not occur in nature so, this class of 

materials has only been demonstrated with artificial 

constructs. The DNG meatmaterials also show negative 

refraction properties. Ability to provide phase compensation 

or phase conjugation due to their negative refraction is one of 

the interesting features of DNG media. Because of its 

dispersive nature the DNG medium, might also be used for 

time-domain applications as an effective dispersion 

compensation device. 

2.2 The permeability/Mu-negative (MNG) 

metamaterials 

The fourth quadrant (ε > 0 and μ < 0) represents magnetic 

plasma, which supports evanescent waves. When this property 

is realized in metamaterial design it is known as µnegative 

metamaterial. These metamaterials are made from SRR’s. It is 

the metal split ring resonator structure (SRR) shown in figure 

3. It was first proposed in [8]. It is basically a sub wavelength 

magnetic resonator made of inductive metallic rings loaded 

with capacitive gaps if the excitation magnetic field H is 

perpendicular to the plane of the rings, so as to induce 

circulating current in the rings, which in turn give rise to a 

magnetic dipole moment.  

3. DESIGNING OF METAMATERIALS 

Sub wavelength resonators of various types, forming building 

blocks for metamaterial are introduced in the past years, as for 

example: thin wires [9], [14], Swiss rolls [9], SRRs [10], 

electric SRRs (eSRRs) [15], [16], pairs of rods [11], [12], 

[17], pair of crosses [18], fishnets [13], [19],etc. Some of them 

display negative refractive index while, some of them are 

designed for either magnetic or electric response. The basic 

structures of SRRs and thin wires are sufficient to achieve the 

required electromagnetic properties at frequencies below 

infrared. 

3.1 Lattice of Thin Wires 
The ε negative metamaterials are realised from this structures. 

At high frequencies, i.e.at the visible or UV band for metals, 

the electric response of natural conductive materials typically 

takes place. This is evident from the electric plasma 

frequency, wep, which can be formulated as 

 
         

   

       

  

n= electron density, εο = vaccum permittivity, meff =electron 

effective mass, e =electron charge. 

 

Fig 2: Lattice of thin metallic wires 

The plasma frequency must be modified in order to achieve an 

electric response at a lower frequency range e.g. microwave 

region. In the equation (1) through changes in the electron 

density and electron mass the plasma frequency must be 

reduced. 

A metamaterial structure made up of thin metallic wires, 

similar as shown in fig. is a workable solution [20]. The 

structure consists of thin parallel conducting wires. When 

excitation electric field is parallel to the axis of the wire so as 

to induce a current along them and generate equivalent 

electric dipole moment. From the analysis, given that a is the 

lattice spacing and r is the wire radius, the plasma frequency 

of the structure now becomes 

   
  

    
 

     
 

 
 
               (1) 

The structure can be characterised by an effective permittivity 

that takes on a Drudes model, by assuming infinite length 

wire. 

 
           

   
 

      

 

Where is responsible for the propagation loss. At w < wep the 

permittivity becomes negative. 

3.2 SRRs 

A unit cell of the original double SRRs is basically composed 

of two concentric metallic rings with opposite splits or gaps. 

A current flow is established by the rings, which further builds 

a magnetic dipole parallel or anti parallel to the magnetic to 

the magnetic fields when the SRR is coupled to a magnetic 

field component oscillating in the axial direction. The loop 

inductance and gap capacitance are equivalent to an LC 

resonant circuit, causing a strong magnetic response at its 

resonance. The resonance frequency is lowered since the inner 

concentric ring contributes to the net capacitance of the 

double SRR. The ratio between the operating wavelength and 

lattice constant is hence boosted up by the ring, making the 

SRRs appear more homogenous to the electromagnetic 

excitations. Inspite of this, the inner ring can be removed 

without a significant impact on the SRRs function while 

shifting the resonance frequency. Lorentzian model describes 
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a metamaterial structure composed of periodically aligned 

SRRs under a magnetic excitation by an effective magnetic 

permeability [21] 

 
              

   

            

 

 

Fig 3: Double SRRs 

Where wmo is the magnetic resonance frequency, г represents 

the energy dissipation, and F is the fill factor of the SRR. The 

magnetic resonance frequency and the SRRs geometry are 

related with each other through [21]. 

    
    

    
 

   
  
 

  

 

The magnetic plasma frequency is the frequency where the 

permeability crosses zero and is given by 

 
     

   
 

     

  

The SRRS have a positive response to the magnetic fields at 

frequencies lower than resonance and the response becomes 

negative between the resonance and plasma frequency. This 

structure supports paramagnetism           (μeff > 1) and 

diamagnetism (μeff < 1), including a negative permeability. 

3.3 SRRs/Wires Combination 
The 1st DNG metamaterial realised by Smith et al. in 2000 

was actually a combination of the thin wires based ENG 

structure and the SRR based MNG structure [22]. It was 

assumed that the new composite material exhibited a 

macroscopic permittivity equal to that of the thin wire ENG 

medium and a macroscopic permeability equal to the 

permeability of the SRR based MNG medium. In the Fig.4 is 

shown such a combination of SRR and wires. 

 

Fig 4: SRRs/Wires Combination 

4. APPLICATIONS OF 

METAMTATERIAL 

4.1 Superlenses 

 Super lens or perfect lens is an optical lens with resolution 

capabilities that go significantly beyond ordinary lens. It is 

able to do this by beating the diffraction limit that 

conventional lenses have, by using a metamaterial with 

negative index of refraction. Standard diffraction theory 

imposes a resolution limit when imaging using conventional 

lenses. This fundamental limit is called diffraction limit, is 

accredited to finite wavelength of the electromagnetic waves. 

In 2000, John Pendry extended the analysis of Veselago’s lens 

to include evanescent waves and observed that such lenses 

could overcomethe classical diffraction limit. The first super 

lens in the microwave regime was realized in 2004 [23], 

which demonstrated resolution three times better than the 

diffraction limit. Later Fang et. al, proposed the first optical 

super lens using thin silver film [24] which break the 

diffraction limit and produce sup er resolution images [25]. In 

2010 a nano wire array proto type described as a three 

dimensional metamaterial nano lens [26]. Super lenses find 

great application in super resolution medical imaging, optical 

imaging, and non destructive detection. The big obstacle of 

superlens in applications is the loss. 

4.2 Cloaking Devices 

Cloaking devices were investigated in the late 1980s and early 

1990s [27].For general meatmaterials, the cloaking devices 

have attracted more and more attention. Metamaterials have 

provided basis to realize a practical cloaking device by 

successful demonstration of invisible cloaks experimentally in 

the microwave regime [28,29]. The idea was first published 

by Prof. Sir John Pendry in 2006. Transformation optics is a 

novel method for the design of invisibility cloak-a-material 

that can  be used to hide the object from detection [30,31].If 

an object is covered with such a metamaterial then that will 

mean that light waves will flow around the object and hence, 

will not be detected. In 2009,a group of scientists announced 

cloaking at optical frequencies. In this case the cloaking 

frequency was centred at 1500nm (in infrared region) 

[32].The metamaterial acoustic cloak is designed to hide 

objects submerged in water. Cloaking devices find their main 

application in stealth technology.  

 

4.3 Antenna Technology 

There are class of antennas which use metamaterials for 

increasing the overall performance of electrically small 

antennas. Metamaterial based antennas exhibit several other 

useful properties such as high directivity, improved 

efficiency-bandwidth performance, stepping up of radiated 

power etc. [33, 34]. Metamaterials when used in the ground 

planes, surrounding the antennas, offer improved isolation 

between radio frequency or microwave channels (MIMO) 

antennas arrays. They have also been used to increase the 

beam scanning range in leaky wave antennas by using both 

the forward and backward waves. Various metamaterial 

antennas systems have been employed to support surveillance 

sensors, communication wires, high frequency battlefield 

communication, navigation systems and control systems [35, 

36].  

4.4 Absorbers 

A metamaterial absorber is a type of metamaterial intended to 

efficiently absorb electromagnetic radiation such as light. 

Metamaterial absorbers, manipulate the loss components of 

metamaterial permittivity and magnetic permeability, to 

absorb large amount of electromagnetic radiation [37]. The 

metamaterial utilizes tiny geometric shapes to absorb both the 

electrical and magnetic properties of electromagnetic waves.  

Boston College—designed “perfect absorber of light” with 

metamaterials. This property of metamaterials can be 
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incorporated into solar cells to enhance sensitivity for greater 

energy conversion. Future applications of metamaterial 

absorbers include emitters, spatial light modulators, 

camouflage and use in thermo photovoltaics. 

4.1 Biosensors 
Biosensors are essential in many areas, such as disease 

diagnostics, environmental monitoring, and food safety, and 

they are also vital tools in the investigation of biological 

phenomena. Fluorescence-based methods have proven useful 

in analyzing both genomic and proteomic microarrays [38, 39] 

and in imaging, including single molecule detection inside 

living cells [40,41]. Recently, biosensing technologies based 

on metamaterials have attracted significant attentions from the 

microwave to optical frequency because of their cost-efficient 

and label-free biomolecule detection, the metamaterial-based 

sensors are classified into three types according to operating 

frequency of sensing biomolecule and component: microwave 

biosensor, terahertz biosensor and plasmonic biosensor.  

5. RESEARCH AREAS OF 

METAMATERIAL 

5.1 Seismic metamaterials 

Seismic metamaterials are metamaterials which are designed 

to neutralize the adverse effects of seismic waves on artificial 

structures, which exist on or near the surface of the 

earth.[42][43][44] For seismic metamaterials to protect 

surface structures, the proposal includes a layered structure of 

metamaterials, separated by elastic plates in 

a cylindrical configuration. Seismic metamaterial have the 

ability to manipulate seismic waves which are created by 

earthquake. the idea is proposed that if the metamaterial used 

as ring around  a building foundation then there have 

possibility that it diverts the most destructive seismic waves 

around the entire building [45], [46].  

5.2 Acoustic Metamaterials 
Acoustic metamaterials are artificially fabricated materials 

designed to control, direct and manipulate sound in the form 

of sonic waves. Sonic waves may now be extended to 

negative refraction domain. These can be applied to superior 

lenses for ultrasound machines. Walls of the material could be 

built to soundproof houses or it could be used in concert halls 

to enhance acoustics or direct noise away from certain areas. 

These also find applications in military may to conceal 

submarines from detection by sonar and to create a new class 

of stealth ships [47].  

5.3 Tunable Metamaterials 

Regular metamaterial only respond to one frequency or 

frequency band contrary to that tunable metamaterial has the 

ability to randomly adjust frequency change in the refractive 

index. Electromagnetic band gap (EBG), also known as 

photonic band gap (PBG), and negative refractive index 

material (NIM) are the ongoing research area of this domain. 

Scientists are developing a new metamaterial design which 

allows will show the switching property. The device can 

switch from a normal flat mirror to a focusing/defocusing 

mirror without changing its shape [48], [49]. Tunable 

metamaterials uses an anisotropic liquid crystal to allow 

frequency tuning. These metamaterials find application in 

several electronically tuned microwave systems in defence, 

space and commercial communications applications.  

 

5.4 Metactronics 

Metactronics is an approach based on metamaterial for 

designing future electronics on a nano scale. The unique 

light‐properties of metamaterials enable use of light in 

designing electronic circuitry faster and more precisely. This 

concept was given by the professor Nader Engheta in 2007. 

Metactronics provide a mechanism for tailoring, patterning 

and manipulating optical electric fields. Nano particles will 

play the role of lumped nanocircuit elements. These optical 

nano electronics will work with light instead of electron 

transport [50].  

5.5 Power Harvesting Metamaterial 
Metamaterials are well-suited for electromagnetic power 

harvesting. Power harvesting devices convert one type of 

energy to another. Researchers say the power-harvesting 

metamaterial could potentially be built into a cell phone, 

allowing the phone to recharge wirelessly while not in use. 

This feature could, in principle, allow people living in 

locations without ready access to a conventional power outlet 

to harvest energy from a nearby cell phone tower instead. 

Improve the energy efficiency of appliances by wirelessly 

recovering power that is now lost during use [51], [52].  

6. CONCLUSION 

All experimental and theoretical demonstration of 

metamaterials shows that metamaterials have become an 

extremely fertile research area. The super resolution imaging, 

the nanostructure metamaterials or metactronics, light 

harvesting for improved solar cell technology and power 

harvesting are the modern trend of metamaterial applications. 

The unique electromagnetic properties provided by 

metamaterials attract considerable attention of researchers 

from multiple disciplines. Many other fascinating discoveries 

and applications are waiting for us to explore.  
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