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Chapter 1 
 

 

Introduction 
 

 

 

 

 

 

Electromagnetic wave phenomena have always attracted a great attention. There are 

countless applications like imaging, communication, data storage, sensing, and devices 

like antennas, lenses, optical fibers, lasers, light sources which are based on 

electromagnetic waves and their interactions with matter. The subject of wave and matter 

interaction includes many effects like transmission, reflection, diffraction and refraction. 

The response of isotropic and homogeneous materials to an incident wave changes 

drastically, depending on two electromagnetic parameters, namely the electrical 

permittivity (ε) and the magnetic permeability (µ). In natural bulk materials, the values 

that ε and µ can take are limited. For the majority of the materials, the value of µ is 1 and 

it can not be negative. 

 

However in 1968 Veselago [1] predicted that the existence of negative ε and µ values 

do not violate the Maxwell’s equations and simultaneously negative ε and µ result in 

wave propagation. In 1999, nearly three decades after Veselago’s work, Sir John Pendry 

published theoretical studies [2-4] that explain how one could create such a material 

artificially. The possibility of negative permeability and permittivity lead the way to 

exciting prospective applications such as a perfect lens with subwavelength resolution, or 
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miniaturization of EM devices. Soon, scientists and engineers started working on the 

possible designs to realize Pendry’s predictions all over the world [5]. The first composite 

metamaterial that has the unique property of having both negative ε and µ is demonstrated 

by Smith et al. in 2000 [6, 7]. Since then, such metamaterials have been called as left-

handed materials or negative index materials, and the interest in metamaterial research 

has grown rapidly [8-15]. After the first demonstrations of left-handed materials in 

microwave frequencies, scientists focused their efforts on designing new composite 

metamaterials operating in yet higher frequency regimes [16-25] with the ultimate goal of 

realizing photonic applications. 

 

In this thesis, first, composite metamaterials and left-handed behaviour in composite 

metamaterials are investigated in microwave frequencies. Then our investigations are 

focused on the metamaterials operating in the far infrared frequencies. The outline of this 

thesis can be summarized as follows; 

  

In Chapter 2, a theoretical background of left-handed metamaterials is presented.  

Starting with the Maxwell’s equations, negative index materials, backward wave 

propagation, negative refraction at the interface between left-handed and regular media 

and other basic aspects are described. Artificial building blocks such as the split-ring 

resonators (SRRs), continuous wires, and slab-pairs and their general response is 

discussed. Finally, a short historical review of left-handed material research is included.  

 

In Chapter 3, composite metamaterials consisting of SRRs and continuous wires 

operating at microwave frequencies are presented.  At the same time, the term left-handed 

behaviour and the criteria that determine this behaviour are discussed in detail with 

specific examples of composite metamaterials operating at microwave frequencies. 

Moreover, studies regarding a comparison of in-plane and off-plane SRR-wire placement, 

and electrical excitation of magnetic resonance (EEMR) effect are included. Finally, the 

effect of SRRs on electric (not magnetic) resonance of the composite structure is 

investigated and it was found that this effect has significant consequences regarding the 

design for LH behaviour.   
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In Chapter 4, numerical studies of left-handed materials based on the split ring 

resonator (SRR) element are presented. Microwave Studio (MWS) code is used as a 

simulation tool as well as a retrieval procedure for the calculation of effective ε and µ 

parameters. The effect of the geometry of the SRR on its negative permeability response 

is investigated extensively.� In addition, a detailed study of the dependence of the LH 

transmission on various other geometrical and material parameters of the system is 

examined. 

 

In Chapter 5, the composite metamaterials operating in the far infrared frequency 

region are investigated. Different designs operating at THz frequencies are presented. 

First, the SRR and multi-gap SRR designs are introduced. The microfabrication process 

for the fabrication of those designs and the transmission and reflection measurements 

performed by using Fourier transform infrared spectroscopy (FTIR) are discussed in 

detail. Then, the slab pair- continuous wire design is presented and the FTIR 

measurements of these samples are presented and discussed. 

 

In Chapter 6, we present our studies on switchable SRR structures created by 

incorporating proper photoconductive material in ordinary SRRs. We study various 

configurations of the photoconductive material and their effects on the switching 

properties of the SRRs by simulating the effect of conductivity variation. Three different 

configurations that are applicable under certain fabrication and/or optical excitation 

conditions are described and investigated. 
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Chapter 2 

 

Left-handed Metamaterials 
 

 

 

 

 

 

In 1968 Victor Veselago first stated that materials with combined negative 

permittivity and permeability exhibit negative index of refraction and these materials with 

negative refractive indices can alter the propagation of electromagnetic waves in 

counterintuitive and contrasting fashion to that observed and expected in ordinary 

materials [1]. For almost three decades, the idea remained as a scientifically curious 

observation until Sir John B. Pendry’s pioneering proposals for achieving negative 

permeability [2-4]. With the advent of engineered materials exhibiting negative 

permeability, the original idea of Veselago opened up the rapidly grown new field called 

left-handed metamaterials today. 

 

2.1 Left-handed Materials 
 

 

 

The term “left-handed material” (LHM) was first used by Veselago [1] in 1968. In 

his work, Veselago predicted and discussed a theoretical medium where both permittivity 

and permeability are negative. In this medium the electric field E, the magnetic field H, 

and the wave vector k, form a left-handed orthogonal set of vectors (that is why the tern 
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left-handed), and the real part of the index of refraction will be negative. The term, 

“negative index material (NIM)” is therefore, used equivalently and interchangeably with 

LHM. 

 

Below, we describe such a material similar to Veselago’s theory. 

 

In order to investigate the electromagnetic (EM) properties of a LHM, we first 

describe the EM wave behaviour when ε and µ are both negative. For an isotropic 

medium, the source-free Maxwell’s equations and the constitutive relations can be written 

as:  

t

t

∂
∂

=×∇

∂
∂

−=×∇

D
H

B
E

                                                 (2.1) 

and 

.ED

HB

ε
µ

=

=  
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In the case of plane wave solutions where all fields are proportional to )( tie ω−kz , the 

Eqns. 2.1 reduce to: 
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                                                (2.3) 

It can be observed from Eqns. 2.3 that E, H and k form a left-handed orthogonal set 

of vectors when ε and µ are both negative.  

 

The direction of the energy flow, on the other hand, is given by the Poynting vector:  

             .HES ×=                                                     (2.4) 

 

The Poynting vector, when not equal to zero, forms a right-handed set of vectors 

with E and H, independent of the signs of ε and µ. Therefore, the directions of the energy 

density flow, S, and the wave vector, k, are opposite in a LHM. In contrast,  in a regular 

right-handed material (RHM), S and k are in the same direction and such a wave is called 

a “forward wave”. Similarly, the EM wave in a LHM, where S and k have opposite 
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directions is called a “backward wave”. The directions of E, H, k and S are shown in Fig. 

2.1 for both RHM and LHM. 

 

 
Figure 2.1: (a) RHM, where E, H and k form a right-handed system, and the direction of 

k and S is the same. (b) LHM, where E, H and k form a left-handed system, and the 

directions of k and S are opposite. 

 

In a lossless, isotropic and homogeneous medium, where ε and µ are real numbers, a 

wave either propagates or decays depending on the signs of ε and µ. The dispersion 

relation in such a medium is given by:  

.22 εµω=k                                                      (2.5) 

When ε and µ are either both positive or both negative, εµω=k  is real, and the 

wave propagates; however when one of ε and µ is positive and the other one is negative, 

εµωik = is imaginary, and the wave decays exponentially. Wave propagation, in 

relation to the signs of ε and µ can be illustrated as in Figure 2.2. In the figure, a 

hypothetical ε - µ coordinate system is depicted as divided into four quadrants. All 

dielectrics, for example, would fall into the first quadrant in the context of Fig. 2.2, since 

they have ε and µ both positive. Similarly, substances with only ε negative exist in nature. 

For example, plasma media, such as ionized gas or free electron gas in metal, which have 

negative ε up until the plasma frequency belong to the second quadrant.  Materials that 

have negative permeability such as ferromagnets and antiferromagnets belong to the 

fourth quadrant. Left-handed materials, on the other hand, do not exist naturally. In the 

last decade, theoretical and experimental work towards the realization of LHMs was 

concentrated in establishing artificially µ-negative and ε-negative media separately and 

combining these together to form composite structures that have both ε and µ negative 

over a certain spectral range. The pioneering designs of Sir John Pendry were first 
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realized experimentally in the microwave region of EM spectrum and over the years, the 

demonstrated working region of LHM design was advanced towards the optical 

frequencies. 

 

 
Figure 2.2: Forward EM waves propagate in the first quadrant of the ε - µ coordinate 

system, whereas backward EM waves propagate in the third quadrant. In the second and 

fourth quadrants waves decay exponentially. 

 

2.2 Demonstration of Left-handed Materials 
 

As discussed above, LHMs were theoretically proposed almost forty years ago. 

However, their realization was delayed due to the inexistence of a naturally occurring 

negative permeability material until only after Sir J.B. Pendry proposed the split-ring 

resonator (SRR) array design to provide µ < 0 in the vicinity of a magnetic resonance at a 

frequency mω .The SRR element acts like a LC circuit when a magnetic field component 

is perpendicular to the SRR plane. Due to the resonant circular currents in the rings it 

exhibits a resonance at
LCm

1=ω  which leads to a negative magnetic permeability (µ) 

response. In the following sections, SRRs and their magnetic response, as well as the 
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continous wire medium, the companion that completes the negative µ response with the 

negative ε response for the negative refractive index, will be discussed.  

 

2.2.1  Negative Permittivity (ε < 0)  
 

Negative permittivity materials exist in nature. Plasma is a medium with an equal 

concentration of positive and negative charges, where at least one type of charge carrier is 

mobile. All plasma media, including all the metals have negative permittivity below the 

plasma frequency. The permittivity of a metal can be described by the Drude model [26]:    

. 
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ωωω
ω
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−=ε  ,                                          (2.6) 

where pω  and cω  are the plasma and damping frequencies, respectively. The plasma 

frequency is given by: 

em
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0

2
2
pω

ε
= ,                                                  (2.7) 

where n and me are the number density and effective mass of free electrons, respectively. 

The significant point about Eqn. 2.6 is that the ( )ωε  is negative below the plasma 

frequency, and as a consequence, only evanescent modes (imaginary wave vector) exist 

and radiation cannot penetrate far into the metal below the plasma frequency [27]. For 

bulk metals, the ωp/ωc ratio is very high (ωp/ωc ≈ 150 for Al, and ωp/ωc ≈ 500 for Ag) and 

the plasma frequency is at the ultraviolet (UV) region of the electromagnetic spectrum. 

Far below the UV, the absolute value of the negative permittivity is very high and metal 

is inpenetrable because of the large impedance mismatch. Pendry [4] proposed the thin 

wire array design shown in Fig. 2.3 to overcome this limitation for frequencies as low as 

the microwave regime. In this design, infinetely long thin metallic wires of radius r are 

arranged in a periodic lattice with lattice constant a. The expression for the permittivity of 

the periodic wire array is similar to that for bulk metals, with the significant exception 

that the plasma frequency which is a function of the two geometric parameters a and r is 

much smaller compared to that in bulk metals. The reason for the decrease in plasma 
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frequency is two-fold: Firstly, the effective density of electrons is reduced, and secondly, 

the effective mass of electrons is increasead as a consequence of the self-inductance of 

the wires. Taking into account these effects, the plasma frequency of the continuous wire 

array medium in vacuum is expressed as [4]: 

,
)/ln(

πc2
ω 2

2
02

p raa
=                                                (2.8) 

where c0 is the speed of light in vacuum. It is observed that, by choosing appropriate 

values for the radius and lattice constant, the plasma frequency can be moved down to 

microwave range. Note that, one key element of the thin wire medium is that the radius of 

the wires and lattice constant of the array is much smaller compared to the wavelength of 

EM radiation corresponding to the frequency ωp. Hence, an effective permittivity εeff can 

be defined such that the structure behaves as a homogeneous dielectric medium with 

permittivity εeff. In that aspect, it is important that the wires are thin enough for the chosen 

frequency of operation.  
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Figure 2.3: The periodic continuous thin wire array constructed for obtaining negative 

permittivity at lower frequencies. The plasma frequency of the structure is controlled by 

the two geometrical parameters a and r, where a is the lattice constant and r is the radius 

of the wires.  

 

2.2.2  Negative Permeability (µ < 0)  
 

As discussed previously, both negative permittivity and negative permeability are 

simultaneously required to obtain a LHM. The continuous wire medium provides the ε < 

0 response, however, µ < 0 is still needed. Due to the lack of a magnetic charge in nature, 

an analogous method to the plasma medium cannot be used. Instead, Sir J.B. Pendry [3] 

devised an ingenious method of employing an array of metallic ring resonators to enhance 

the magnetic response of the constructed medium. Figure 2.4 depicts the original 

resonator element of Pendry, made of two concentric metallic rings with splits. 
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Figure 2.4: (a) Typical SRR element. (b) Array of SRRs. Geometric parameters are: d, the 

separation between rings; w, the width of the rings; g, the split gap; r, the radius of the 

ring(s), and, a, the lattice lattice constant of the array.  

 

The element is named as the split-ring resonator (SRR) after the ring shaped metallic 

patterns with the splits. The SRR medium can respond resonantly to the magnetic 

component of EM waves under specific incidence conditions, providing negative 

permeability within a narrow frequency band immediately after the magnetic resonance. 

The magnetic resonance is a result of resonant circular currents, excited by the magnetic 

field of the incident wave, when this field has a magnetic component perpendicular to the 

plane of the SRR. These circular currents results in the accumulation of charges across 

the gaps. Therefore each SRR element acts as a series LCR circuit with the inductance of 

the rings and the capacitance at the ring gaps. The magnetic resonance frequency of such 

a circuit is given by
LCm

1=ω . The reason for the second ring is to generate an 

additional capacitance between the two rings increasing the total capacitance and 

reducing the resonance frequency, as the structure becomes more subwavelength in size. 

Pendry has employed the effective medium theory to calculate the effective permeability 

of the SRR array resulting in the following equation: 
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where F is the filling factor, and ωm and Γm are the resonance frequency, and the damping 

factor, respectively.  These depend on the geometric parameters of the SRR as follows: 
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where µ0 is the permeability in vacuum, a, d, w, r are geometric parameters as shown in 

Fig. 2.4, and σ  is the conductivity of the metal.  The functional form of the effective 

permeability in Eqn. 2.9 is plotted in Fig. 2.5. Propagating modes occur below the 

resonance frequency ωm, above which a narrow band of negative permeability exists, 

where no modes can propagate. The frequency, 

F
m

mp
−

=
1
ω

ω                                                        (2.11) 

sometimes referred to as the magnetic plasma frequency is particularly noteworthy since 

the permeability is negative only for the region mpm ωωω <<  as shown in Fig. 2.5 (for 

low loss cases). The real part of the permeability increases from 1 at 0ω = and makes a 

peak just below ω = ωm where there is an abrupt change to negative values. It increases 

from large negative values immediately above ωm, crossing 0=µ  at ω = ωmp. At 

sufficiently high frequencies, the material will stop responding resonantly and 

permeability will reach unity again. The peak value of permeability, infinite in the case of 

no loss, is bound by material loss in reality.  
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Figure 2.5: Real part of the effective permeability of SRRs, µeff, close to the magnetic 

resonance frequency, ωm.  

 

It has to be noted that the individual SRR element or a 1D-array of SRRs is 

anisotropic. The polarization of the incident EM wave plays an important role in the 

response of the SRR medium. When the magnetic field H is perpendicular to the plane of 

the SRR, the magnetically induced resonance is observed. On the other hand, when k is 

perpendicular and H is parallel to the plane of the SRR, then electrically induced (by E) 

magnetic resonance of the SRR (EEMR effect) can be observed [19, 22, 24, 28, 29].  

 

2.2.3  The Effective Medium and Composed 
Metamaterial  

 

The original concept of permeability and permittivity were created in order to 

provide a homogeneous definition of the EM properties of a medium. The macroscopic 

EM properties of a material are thus definitions of average properties and behaviour of 

the basic building elements of materials, namely atoms, and electrons while they are 
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responding to external EM waves. The sizes of these unit building blocks of the natural 

materials are much smaller than the wavelength of EM waves. Similarly, as long as the 

basic building blocks of a periodic structure is much smaller than the wavelength of the 

EM wave in interest, one can consider artificial composite materials (metamaterials) as 

homogeneous media and define macroscopic properties as an average. To satisfy this 

constraint, the size of the unit cell, or lattice constant of the periodic structure has to be 

much smaller compared to the wavelength. Then, the response of the microscopic 

structures within the unit cell can be considered as an ensemble. However, if this 

condition is not satisfied, than EM waves would be diffracted and/or refracted by the 

internal structure of the periodic media and the effective permittivity and permeability 

concepts cannot be employed. 

 

As discussed above, SRR arrays and wire arrays can provide negative permeability 

and permittivity, respectively. A material devised of a composition of both of these 

elements is a promising candidate for a LHM. A composite structure that includes both 

the periodic thin continuous wires and the SRRs as building blocks is proposed as the first 

demonstration of the LHMs. When the SRRs and wires do not interfere with each other, 

such a material preserved both the negative permeability of the SRRs and the negative 

permittivity of the wires and could yield a negative refractive index if the µ < 0 and ε < 0 

bands overlap. The first experimental demonstration of this type of material was 

accomplished by Smith et al. [7] in 2000, where the authors separately measured the 

transmission of the only-wire medium, only-SRR medium, and the combined composite 

medium. It was observed that the inclusion of the wires with the SRRs resulted in a pass-

band of the structure where previously the stop-band of the only SRRs system was 

measured. In the last decade, many groups have designed LHMs for operation at various 

frequency regimes and verified the existence of LH behaviour through experiments [6, 

11, 12, 30-38]. One example of a LHM operating around 100 GHz frequency range is 

shown in Fig. 2.6. In this case, the structure is fabricated using microfabrication 

techniques since the typical dimensions are on the order of a few µm.    
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Figure 2.6:  Microfabricated SRR and wire LHM [20].  

 

Transmission results obtained from the sample in Fig. 2.6 are shown in Fig. 2.7. It is 

observed that, in the measurement range, the wire-only medium is not transparent due to 

the negative permittivity. Similarly, the SRR-only medium has a narrow stop-band (dip in 

transmission) near 100 GHz, while the composite metamaterial (CMM) of SRRs and 

wires has a transmission peak in the same frequency regime. 
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Figure 2.7: Transmission spectra of SRR-only (black dotted), wire-only (red-dashed), and 

composite metamaterial (CMM) (SRR and wire together) samples [20]. 

 

Because LHMs have negative refractive index, an independent way of testing left-

handed behaviour is to look for negative angles of refraction. In such experiments, a 2D 

LHM is composed and the outer boundary of the object is shaped like a prism [39]. It was 

observed that the LH EM wave behaved consistenly with a negative index of refraction 

i.e it was refracted in the “unconventional side” of the normal direction. Furthermore, the 

wave was shown to obey the Snell’s law with the negative n value. This negative angle of 

refraction phenomenon will be discussed in the following section. 

 

2.3 Negative Refraction 
 

Consider the incidence of an EM wave at the boundary between a RHM and a LHM. 

Applying the boundary conditions and taking into account the flow of energy across the 

interface, negative refraction is achieved ie. the wave is refracted at the same side in 

respect to the normal to the interface as the incident wave. The tangential components of 

the fields are not changed at transition from the RHM to LHM, however, the normal 
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components of the fields change their direction since the permittivity and permeability 

have opposite signs across the interface. [1]. The situation is depicted in Fig. 2.8. It is 

observed that when a wave is transiting from a RHM to LHM, the normal component ⊥k  

reverses direction.  This reversal corresponds to a mirror reflection of the (E, H, k) set of 

vectors in the plane of incidence. This means that the wave refracts at the unconventional 

opposite side of the normal in contrast to the case when both media are RHM. The paths 

of the refracted and reflected waves are also shown in Fig. 2.8. The directions of S and k 

vectors are indicated by the black and blue arrows, respectively. The red arrow represents 

the reflected wave. For comparison purposes, the refraction path in an ordinary medium is 

also included as the green dashed arrow. The angle of refraction, rθ , is related to the 

angle of incidence, iθ , by Snell’s law: 
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 where ( )111 ,, nµε  and ( )222 ,, nµε  are the  permittivity, permeability, and refractive 

index of RHM and LHM, respectively. The refractive index, n, is defined by the 

equations: 

LHM,for  ,

RHM,for ,

,2

εµ

εµ

εµ

−=

=

=

n

n

n

                                              (2.13) 

When taking the square root of 2n  in Eqn. (2.13), the sign of n is chosen as to ensure 

that the square root of either the permittivity or the permeability alone has to have a 

positive imaginary part as is required for passive media [40]. 
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Figure 2.8: Refraction at the boundary between a RHM and a LHM. The directions of S 

and k vectors are indicated by the black and blue arrows, respectively. The red arrow 

represents the reflected wave. The green arrow shows what would be the direction of 

refraction if the second medium was also RH.  

 

  

2.4 Phase and Group Velocity 
 

It was mentioned earlier that phase and energy velocities are in opposite directions in 

LHMs. The phase velocity, vp, and group velocity, vg,  are defined in accordance  to the 

same definitions for RHMs: 
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where 
k
k  is the unit vector along the direction of k. The energy velocity, ve, is given by 

the equation [41]: 

,w
Sve =                                                     (2.15) 

where w and�S are respectively the time average Poynting vector, and the time average 

power density. It can be shown that the relation between the three velocities, vp, vg, ve is 

[41]: 
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and that the energy velocity and group velocity are the same, and are both in opposite 

direction to the phase velocity in LHMs.   

 

2.5 Dispersion and Dissipation in LHMs 
 

It has to be noted that simultaneously negative permeability and permittivity can be 

realized only when there is frequency dispersion [42]. To see this, let us consider the 

energy density for non-dispersive media:  
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If both ε and µ are negative, and they are non-dispersive, the energy density will be 

negative. When there is frequency dispersion, i.e. )( and )( ωµωε  are both functions of 

frequency, then Eqn. (2.17) is replaced by: 

{ } { }.)(
2
1)(

2
1 22 ωωµ

ω
ωωε

ω ∂
∂

+
∂
∂

= HEW                             (2.18) 

The energy density is always positive if, 

{ }

{ } .0)(

0)(

>
∂
∂

>
∂
∂

ωωµ
ω

ωωε
ω                                                    (2.19) 



 20

This means that )( and )( ωµωε  can simultaneously be negative, as long as the medium is 

frequency dispersive and Eqns. 2.19 are true.  

 

As discussed above, a LHM is always frequency dispersive. In addition, it has to be 

dissipative, since all dispersive materials are also dissipative.  This can be explained by 

using the Kramers-Kronig relations [26, 42] connecting the real and imaginary parts of the 

frequency dispersive permittivity and permeability. Inspection of the Kramers-Kronig 

relations reveals that the imaginary and real parts of )( and )( ωµωε  coexist in dispersive 

media, therefore, LHM have to be dissipative.  

 

2.6 LHMs Composed of Short Slab Pairs and 

Continuous Wires 

 

In the LHM designs that involve SRRs for the realization of negative permeability, the 

incident EM wave vector has to be parallel to the SRR plane as to ensure that H is 

perpendicular to the SRRs. This requirement is not a problem in the microwave regime; 

however, as the frequency of operation increases, and as the unit cell size decreases, it 

becomes very difficult to satisfy the parallel incidence condition in practical 

implementations of LHMs (multistack systems of many layers are required to cover the 

source area). To overcome this limitation, the short slab pair structure was suggested 

which can give negative permeability response for incidence normal to the plane of the 

slabs. Combined with continuous wires, the short slab pair structure can lead to left-handed 

behaviour, in the same way as SRRs and wires systems, but for normal incidence. [17, 43-

47]. In Chapter 5 of this thesis, the short slab pairs with continuous wires LHM structure 

was employed to demonstrate left-handed behavior in the THz frequency regime.  

 

In Fig. 2.9, one unit cell of this structure is shown. In part (a) of the Figure, several 

unit cells are shown. The periodicities in the x and y directions are noted as ax and ay, 

respectively. The cross section of one layer of the metamaterial is shown in part (b). The 

thicknesses of the metallic patterns and the dielectric spacer are annotated as tm and td, 
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respectively. On both sides of the dielectric substrate, the same metallic pattern is placed, 

therefore the term “pairs” is used. This pattern is depicted in Fig. 2.9 (c). The length and 

width of the short slab pairs are l and w, respectively. The short slab pairs provide the 

negative permeability of the LHM, and the continuous wires provide the negative 

permittivity. When the EM wave is perpendicular, and E is parallel to the continuous 

wires, H induces a magnetic resonance at the short slab pair, similar to that of the SRR 

structure. The magnetic resonance frequency of the short slab pairs is given by [47]: 

,12 0

l
c

b

m ε
ω =                                                   (2.20) 

where εb is the permittivity of the dielectric spacer medium. Note that the magnetic 

resonance frequency is inversely proportional to the length of the short slabs, and 

independent from the rest of the geometric properties. This interesting property has been 

verified by experimental studies [46, 48]. 
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Figure 2.9: The short slab pair and continuous wires LHM. (a)  Several unit cells of the 

structure. (b) Cross section of the structure. (c) One unit cell of the structure. The unit cell 

size in the x and y directions are ax and ay, respectively. The thicknesses of the metallic 

patterns and the dielectric spacer are tm and td, respectively. The length and width of the 

short slab pairs are w and l, respectively.  
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2.7 Retrieval Procedure of the Effective Medium 

Parameters  

 

In this section, we will present the method used in for calculating the effective medium 

parameters: the retrieval procedure. The method was first developed by Smith et al to 

calculate the effective electric permittivity and magnetic permeability from numerical or 

experimental transmission and reflection values [49]. The retrieval procedure has proven 

to be essential for metamaterial and left-handed material studies, since it provides us 

further information about the effective medium parameters and guides us in determining 

the left-handed behaviour. 

 

First, in order to simplify, we consider our metamaterial as a slab of homogenuous 

material. When a plane electromagnetic wave is incident on a homogenuous slab, the 

amplitudes of the scattered waves can be written as: 
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where k0 is the free space wavenumber, L is the thickness of the slab, z is the 

characteristic impedance, and n is the index of refraction of the material. The Eqns. (2.21) 

and (2.22) are solved as: 
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which allow us to calculate the effective permittivity and permeability as: 

., nzµzn ==ε                                                     (2.25) 
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Although these equations seem simple, there are a few problems in practice. The 

choice of the sign in Eqn. (2.24), and the branch of the cos-1 function in Eqn. (2.23), are in 

general determined by further constraints such as considering the behaviour far from 

resonance. It is required to know the length of the slab exactly, which is complicated for 

metamaterials. These ambiguities can be resolved by considering multiple slabs with 

different thicknesses and solving for unique constitutive parameters from the retrieval of 

these.  It has to be noted that, the retrieval procedure has been demonstrated to be feasible 

and valid by many studies in the field.  

 

2.8 Progress in LHMs  
 

In left-handed materials, negative permeability was realized by SRR arrays, and negative 

permittivity was realized by continuous wire arrays, separately. In the earliest experimental 

studies, overlapping in the resonance dip of SRR-only structures, the stopband of the 

wires-only structures, and a peak in the transmission of a composite structure containing 

both the wires and SRRs were considered proof of left-handedness. The basic assumption 

for this was that the SRRs and wires would behave in the same way whether they were 

measured alone or in the composite medium. However, later, it was shown that this 

assumption is not true and the plasma frequency in the composite medium is much lower 

compared to the plasma frequency of the wires alone. [50, 51].  It was shown that for some 

structures, seemingly left-handed peaks determined by the above described separate 

observation method, are indeed right handed. This resulted in the general acceptance that 

transmission measurements of the components alone are not sufficient to claim LH 

behaviour, and one needs to calculate the effective parameters. Smith et al. proposed a 

retrieval method [49] to calculate the effective permeability and permittivity of a LHM, by 

modeling the material as an isotropic homogeneous slab, and using experimental data or 

numerical calculations for obtaining the reflectance and transmittance of the slab. 

Although qualitative behavior, such as resonances of LHMs, was predicted accurately by 

the retrieval method, it was noted that there was significant deviation from theoretical 

predictions and retrieved effective parameters [49, 52-55]. These effects were attributed to 

the periodicity of metamaterials [56]. Later, specialized retrieval schemes that take into 
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account inhomogeneous metamaterials [57], anisotropic metamaterials [58], asymmetric 

unit cells, and different polarization [28, 59] effects were also devised. 

 

Since the first demonstration of artificial metamaterials, there has been a steady effort 

to realize LHMs at higher frequencies, all the way to the optical regime. The obvious 

method of scaling structure sizes from a few millimeters down to tens of nanometers 

resulted in SRR-systems operating at a few THz [29] to 200 THz [19]. Since it was not 

possible to construct micrometer and submicron scale multilayer SRR systems that would 

allow the demonstration of the magnetic resonance for propagation parallel to the SRRs 

plane, the magnetic resonance was measured at normal to SRR-plane incidence from a 

single layer, by the so called electrical excitation of magnetic resonance (EEMR) effect 

[28] in most THz and all optical experiments. At low frequency, up to a few THz, the 

magnetic resonance frequency scales up linearly as structure size scales down.  At higher 

frequencies, this scaling breaks down, the upscaling of frequency saturates, and the 

strength of resonance decreases, eventually failing to achieve a negative permeability 

value. The short slab pairs and continuous wires metamaterial was proposed to push the 

saturation regime to higher frequencies  [17, 43, 45, 47]. In this design normal incidence is 

employed, and the structure is more appropriate for nanoscale fabrication. The fishnet 

structure is a variation of the short slab pairs and continuous wires structure, able to give 

negative ε and µ at optical frequencies [60, 61] . In this structure continuous wires/stripes 

are employed in the directions of both E and H.  The former provide negative ε, while the 

latter provide negative µ. The fishnet design is considered as todays best LHM design in 

the optical regime.  

 

Although LHM at optical frequencies are realized by these new designs, the increase 

in losses is the biggest challenge [62]. One way of estimating the loss, is the figure of merit 

(FOM), defined as the absolute value of the ratio of the real and imaginary parts of the 

refractive index, ( { } { }nn ImRe ). The FOM in the existing experimental structures 

decreases from on the order of 100 for SRRs at microwave frequencies to 0.5 for fishnet 

structures at optical frequencies[18, 63]. This low FOM limits the uses of LHMs at optical 

frequencies, in applications such as the perfect lens[64, 65].  
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Chapter 3 

 

Composite Metamaterials Operating at 
Microwave Frequencies 
 
 
3.1 Introduction 

 
As it was mentioned in the previous sections, left-handed materials are composite 

metamaterials that have the unique physical property of having both the electrical 

permittivity (ε) and the magnetic permeability (µ) negative. Thus, they are artificial 

materials having a negative refractive index (n) at a frequency region in which they are 

designed to operate.  

 

Left-handed materials were first proposed by Veselago in 1968 [1]. In 2000 Smith et 

al. demonstrated the realization of the first left-handed material (LHM) which consisted 

of an array of SRRs and wires, in alternating layers [7]. Since the original microwave 

experiment by Smith et al. several composite metamaterials (CMMs) were fabricated [31, 

35] that exhibited a pass band in which it was assumed that ε and µ are both negative. 

This assumption was based on transmission measurements of the wires alone, the SRRs 

alone, and the CMMs. The occurrence of a CMM transmission peak at the stop bands of 

the SRRs and within the stop band of the wires structures was taken as evidence for LH 
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behavior. Moreover, there is a significant amount of numerical work in which the 

transmission and reflection data, losses and effective parameters of the composite 

metamaterials have been investigated [53, 54, 66-70].  

 

In this chapter the transmission properties of SRRs, continuous wires and CMMs 

made of SRRs and wires are investigated in the microwave frequency regime. Moreover, 

the criteria in identifying the left-handed behaviour at a certain frequency region are also 

discussed. Finally, the transmission properties of the SRRs for different electromagnetic 

field polarizations and propagation directions are studied in microwave frequencies. It 

was found unexpectedly that the incident electric field E couples to the magnetic 

resonance of the SRR when the EM waves propagate perpendicular to the SRR plane and 

the SRR has not mirror symmetry with respect to the incident E. This effect is called the 

effect of the electric coupling to the magnetic resonance (EEMR). Although this effect is 

found while investigating the composite metamaterials operating in microwave 

frequencies, it allowed us to study mainly the µm-scale metamaterials (see Chapter 4). 

Thus, discovering the EEMR enabled us to investigate composite metamaterials operating 

in the far infrared and optical frequency regions. 

 

3.2 Determining the LH behaviour  

 
As it was mentioned in the introduction section, in the early studies on LH materials, the 

occurance of a CMM transmission peak at the stop band of the SRRs and wires structures 

was taken as an evidence of the LH behaviour. This assumption was true only when it 

was thought that SRRs only exhibit a resonant magnetic response resulting in a negative 

effective permeability, µeff , over a finite frequency range. However, later, it was found 

that the SRRs, in addition to their resonant magnetic response at ωm, exhibit a resonant 

electric response at ωo which is similar to the electric response of a system of cut wires 

(wires of finite length along the incident E direction). In this section we will demonstrate 

that this electric response together with the electric response of the continuous wires of 

the CMM, results in a new effective plasma frequency, ωp′, which is considerably lower 
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than the plasma frequency of the wires, ωp. Therefore, here we will present new criteria 

for the identification of the LH behaviour. 

 

In order to investigate the effects mentioned above, several sets of metamaterials 

consisting of SRRs, closed SRRs (SRRs with no gaps), CMMs and CMMs with closed 

SRRs were fabricated. The free-space microwave measurements on CMMs (consisting of 

SRRs and wire structures - either on the same dielectric board or on alternating boards) 

are performed in order to investigate the transmission properties. The CMMs studied 

here, consisting of SRRs and continuous wires, were fabricated using a conventional 

printed circuit board process, with copper patterns on 1,6mm thick FR-4 dielectric 

substrates. The FR-4 board has a dielectric constant of ~4.8 and a dissipation factor of 

~0.017 at 1.5 GHz. 

 

First, CMMs with SRRs and wire structures on the same side of the boards were 

fabricated. This in-plane CMM structure can be seen in Fig. 3.1. The geometry of the unit 

cell (u.c.) is shown in the inset of Fig. 3.2. The u.c. dimensions are ak=5 mm, aE=3.63 

mm, and aH=5.6 mm and 6.3 mm, and it contains one copper wire per SRR. The width of 

the copper wire is 0.5 mm while its thickness is 0.03 mm. For the SRRs fabricated within 

this work the ring width, ring distance, ring separation, and the gaps of the rings are all 

0.33 mm. The larger SRR side is 3 mm and the thickness of the metal is 30 µm. 
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Figure 3.1: Schematic drawing of an in-plane metamaterial composed of SRRs and 

continuous wires on the same side of the dielectric board. 

 
The periodicity along the H direction was obtained by stacking the boards. The total 

system consisted of 25x25x25 u.c. Furthermore, variations of the above CMMs were 

fabricated, containing closed SRRs (SRRs without the gaps) in the place of SRRs, as well 

as only SRRs and only wires. As it was mentioned previously, we especially need to 

measure the transmission spectrum of the CMMs containing closed SRRs in order to 

prove that the SRRs have an electric response (like a cut wire) along with the magnetic 

response and thus, this affects the plasma frequency of the system (decreases the plasma 

frequency).  

 

The transmission of EM waves through in-plane CMMs, SRRs-only and wires-only 

structures, and finally CMMs containing SRRs with no gaps was measured. The 

transmission measurements were performed in free space, using a Hewlett-Packard 8722 

ES network analyzer and microwave standard-gain horn antennas. For all measurements 

the wave propagation was parallel to the boards with the E polarization parallel to the 

wires and the continuous sides of the SRRs (see the inset of Fig.3.2). 
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The measured T spectra of SRRs-only structure (dotted line), wires-only structure 

(dashed line), and of the in-plane CMM (solid line), for aH=5.6 mm can be seen in Figure 

3.2 (a). The SRRs-only structure shows the expected T dip at 8.5–10 GHz, corresponding 

to the magnetic resonance of the SRR, while the wires-only structure shows a cutoff 

frequency at 10.5 GHz that corresponds to its plasma frequency, ωp. The CMM (solid 

line) shows a T peak between 8.5 and 9.5 GHz, i.e., within the frequency region of the 

SRRs dip. The occurrence of a CMM transmission peak within the stop bands of the 

SRR-only and wires-only structures was originally taken as clear evidence for the 

appearance of LH behavior [6, 31]. The fault with this reasoning is that it ignores the 

effects of the SRRs on the electric response of the wires. In this study these effects were 

demonstrated experimentally by closing the gaps of the SRRs. By closing the gaps of the 

SRRs in the CMM, it was expected that the magnetic resonance of the SRRs to be 

switched off and thus to really monitor only the electric response of the CMM. The 

changes in the electric response of the CMM from the closing of the gaps are expected to 

be weak, since only a small amount of metal is added (in the gaps of the SRRs), while the 

symmetry is preserved. 
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Figure 3.2: (a) Measured transmission spectra for in-plane metamaterials composed of 

SRRs and continuous wires (solid line), SRR-only structures (dotted line), and wires-only 

structures (dashed line). The latter two identify ωm and ωp. The width of the continuous 

wires is 0.5 mm. The inset shows the unit cell of the in-plane CMM (SRRs plus wires) as 

well as the electric field orientation and polarization; (b) in-plane CMM solid curve 

redrawn to show that the same threshold is exhibited (at ωp′) as in the nonmagnetic 

structure consisting of closed-SRRs and wires (dotted-dashed line). Thus the transmission 

peak in the CMM curve is actually RH and not LH; the dip in the CMM spectrum at 

~10GHz corresponds to the SRR stop band, which is shifted due to the presence of the 

wires[50]. 

 

As can be clearly seen from Fig. 3.2 (b), the T spectrum for the metamaterial with 

closed SRRs (dotted-dashed line) is almost the same with that of the ordinary CMM 

(solid line), with the main difference being the absence of the dip at 10 GHz, which 

indicates that this dip is due to the SRR magnetic response. Moreover, it is observed that 

the combination of the wires with the SRRs shifts the effective plasma frequency, ωp′, of 

the CMM to ~8.5 GHz, which is lower than the plasma frequency of the wires-only array 

(ωp~10.5 GHz). Hence, we must conclude that in the CMM ε  > 0 for f  > 8.5 GHz; 
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consequently, there should be no LH peak for f  > 8.5 GHz. Therefore, the peak observed 

at ~9 GHz ought to be RH. On the other hand, based on the same arguments one should 

expect a dip and not a peak at ~9 GHz, since in this region ε > 0 and µ < 0 (due to the 

SRR resonance). To explain this apparent discrepancy the influence of the wires on the 

magnetic resonance frequency, ωm, of the SRRs is examined. It is revealed numerically 

[71] that the currents in the wires tend, on the average, to diminish the magnetic flux on 

the SRRs and thus to decrease their effective inductance (Leff); the net result is an increase 

of the magnetic resonance frequency, since it is given by 1/ (Leff Ceff )1/2 (Ceff is the 

effective capacitance). In our case, this led to a shift of the resonance frequency from ωm 

~ 8.5 GHz to ωm’ ~ 9.5 GHz, explaining the peak at ~ 9 GHz as RH and accounting for 

the dip in the CMM T spectrum at ~10 GHz (as ε > 0  and µ < 0). To further check this 

interpretation the wires are placed off-plane and symmetrically with respect to the SRRs 

(see the inset of Fig. 3.4). In this case the currents in the wires have no net effect on the 

magnetic flux in the SRRs, and consequently we expect ωm not to be influenced by the 

wires. Our microwave measurements for off-plane CMM structures confirmed this 

expectation. 

 
For obtaining a real LH peak it is necessary ωp′ to be larger than ωm′. To achieve 

this, the width of the copper wires is doubled to 1 mm. The T data for the newly 

developed in-plane CMM are shown in Figs. 3.3(a) and 3.3(b). It is shown that ωp′ is now 

at ~10.4 GHz [dotted-dashed line in Fig. 3.3(b)]. In this case ωp′ is clearly higher than ωm′ 

and thus the observed CMM peak [see solid line in Figs. 3.3(a) and 3.3(b)], centered at ~ 

9.5 GHz, is really LH. 
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Figure 3.3: (a) Measured transmission spectra for in-plane CMMs (solid line), SRRs-only 

structures (dotted line) and wires-only structures (dashed line). The width of the 

continuous wires has been doubled to 1 mm; (b) the coincidence of the CMM solid curve 

with the closed SRRs plus wires (dotted-dashed) curve at ~10GHz determines the 

effective plasma frequency, ωp′, which is now well above the CMM transmission peak at 

~9GHz identified as left-handed. 

 

 

Finally, the transmittance of the LH peak is aimed to be improved by considering 

off-plane CMMs (theoretical results indicate higher transmittance for off-plane than for 

in-plane cases)[51]. In this case, the wires are printed on the back side of the boards 

opposite to the gaps of the SRRs. The unit cell for this case is shown in the inset of Fig. 

3.4; its dimensions are ak =5 mm, aE =3.63 mm, and aH=5.6 mm, 3.1 mm, and 2.6 mm. 

The total system consists again of 25x25x25 unit cells. 

 

The T spectrum for the off-plane CMM with aH =3.1 mm is shown in Figure 3.4. A 

well-defined peak can be clearly observed at ~ 9.5 GHz. The closing of the gaps of the 
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SRRs demonstrates that ωp′ is at ~ 10.5 GHz. Since the SRRs-only T dip is at 8.5–10 

GHz, it is apparent that the observed peak is LH. 

 

 
Figure 3.4: Measured transmission spectra for off-plane CMMs composed of SRR and 

continuous wires (solid line), SRRs-only structures (dotted line) and structures consisting 

of closed SRRs and wires (dotted-dashed line). The width of the continuous wires is 1 

mm. The inset shows the unit cell of the off-plane CMM (SRRs plus wires) as well as the 

incident field orientation and polarization. The frequencies ωm = ωm′ and ωp′ are well 

separated and the CMM peak at ~9.5GHz is clearly LH. 

 

 

As a conclusion, in this study, it is shown experimentally that the effective plasma 

frequency, ωp′, of the CMM composed of SRRs and continuous wires is lower than the 

wires-only plasma frequency, ωp. It is also demonstrated how to obtain experimentally an 

accurate value for ωp′. Furthermore, it is shown that the in-plane wires, as opposed to the 

off plane configuration, push the magnetic resonance frequency, ωm, to a slightly higher 

value, ωm′. Hence a peak in the EM wave transmission through a CMM is LH only if ωm′ 

< ωp′ and if it lies between ωm′ and ωp′. It must be noted that in contrast, the condition ωm 
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< ωp, which is widely used as a criterion for LH behavior, does not guarantee that an 

observed peak is LH, since the mutual interactions of wires and SRRs decrease the 

positive difference ωp − ωm and possibly eliminate it altogether. To demonstrate these 

effects microwave transmission measurements are presented where ωm < ωp but ωm′ > ωp′ 

and hence the observed peak was RH, as well as measurements where ωm′ < ωp′ and the 

observed peak was LH. 

 

 

3.3 Effect of Electric Coupling to the Magnetic 

Resonance (EEMR) 

 
In this study, the results for the transmission coefficient of a lattice of SRRs alone for 

different orientations of the SRR with respect to the external electric field, E, and the 

direction of propagation are investigated both numerically and experimentally. Incidence 

is always normal to some face of the cubic unit cell of this metamaterial, which implies 

four distinct orientations as it can be seen in Figure 3.5. It was considered an obvious fact 

that an incident EM wave excites the magnetic resonance of the SRR only through its 

magnetic field; hence one could conclude that this magnetic resonance appears only if the 

external magnetic field H is perpendicular to the SRR plane, which in turn implies a 

direction of propagation parallel to the SRR [Figs. 3.5(a) and 3.5(b)]. If H is parallel to 

the SRR [Figs. 3.5(c) and 3.5(d)] no coupling to the magnetic resonance was expected. In 

this study it is shown that, this is not always the case. If the direction of propagation is 

perpendicular to the SRR plane and the incident E is parallel to the gap-bearing sides of 

the SRR [Fig. 3.5(d)], an electric coupling of the incident EM wave to the magnetic 

resonance of the SRR occurs. 
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Figure 3.5: Left–hand side: SRR geometry studied. Right–hand side: The four studied 

orientations of the SRR with respect to the triad k, E, H of the incident EM field. The two 

additional orientations, where the SRR are on the H-k plane, produce no electric or 

magnetic response. 

 

This means that the electric field excites the resonant oscillation of the circular 

current inside the SRR, influencing either the behavior of ε(ω) only [as in Fig. 3.5(d)] or 

ε(ω) and µ(ω) [as in Fig. 3.5(b)]. Experiments as well as numerical results reveal that for 

propagation perpendicular to the SRR plane, a dip in the transmission spectrum close to 

the magnetic resonance ωm of the SRR appears whenever the mirror symmetry of the 

SRR with respect to the direction of the electric field is broken by the gaps of its rings 

[Fig. 3.5(d)]. It should be noted that the possibility of such electric coupling to the 

magnetic resonance does also affect the conventional orientations [Figs. 3.5(a), and 

3.5(b)], that have the direction of propagation along the SRR plane. A simple analytic 

model is given that provides an explanation for the phenomenon[28]. 

 

In order to study this phenomenon experimentally a CMM consisting of SRRs was 

fabricated using a conventional printed circuit board process as it was mentioned in the 

previous section (see section 3.2). The design and dimensions of the SRRcan be seen in 

figure 3.5. Then the total structure was constructed by stacking together the SRR 

structures in a periodic arrangement. The unit cell contains one SRR and has the 
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dimensions 5 mm (parallel to the cut sides), 3.63 mm (parallel to the continuous sides), 

and 5.6 mm (perpendicular to the SRR plane). The transmission measurements were 

performed as it was explained in the previous section (see section 3.2). 

 

 

The four nontrivial orientations of the SRR, which are shown in Figure 3.5, are 

studied. Figure 3.6 presents the measured transmission spectra, T, of the metamaterial. 

The continuous line (line a) corresponds to the conventional case shown in Fig. 3.5 (a), 

with H perpendicular to the SRR plane and E parallel to the symmetry axis of the SRR. 

Notice that T exhibits a stop band at 8.5–10.0 GHz, due to the magnetic resonance. The 

dashed line (line b) shows T for the orientation of Fig. 3.5 (b); here E is no longer parallel 

to the symmetry axis of the SRR and thus there is no longer a mirror symmetry of the 

combined system of SRR plus EM field. It should be noted that now T exhibits a much 

wider stop band at 8–10.5 GHz, starting at lower frequency. Very interesting results are 

obtained by comparing T for the two cases shown in Figs. 3.5 (c) and 3.5 (d), for which 

there is no coupling to the magnetic field since H is parallel to the SRR plane. For the 

case of Fig. 3.5 (c), where E is parallel to the symmetry axis of the SRR, no structure is 

observed around the magnetic resonance frequency (line c in Fig. 3.6), as expected. 

However in the case of Fig. 3.5 (d), where the SRR exhibits no mirror symmetry with 

respect to the incident electric field, a strong stop band in T around ωm is observed (line 

d), similar to that of the conventional case [Fig. 3.5 (a)]. This strongly suggests that the 

magnetic resonance can be excited by the electric field provided that there is no mirror 

symmetry. 
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Figure 3.6: Measured transmission spectra of a lattice of SRRs for the four different 

orientations shown in Fig. 3.5 (a), (b), (c) and (d). 

 

These observations are in good agreement with the numerical results, presented in 

Fig. 3.7. For the propagation perpendicular to the SRR we observe a stop band only if E 

is parallel to the cut-bearing sides of the SRR and ‘‘sees’’ its asymmetry (line d); 

otherwise we have transparency (line c). 
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Figure 3.7: Calculated transmission spectra of a lattice of SRRs for the four different 

orientations shown in Fig. 3.5 (a), (b), (c) and (d). The curve c practically coincides with 

the axis. The discretization of one particular SRR is shown in the inset. 

 

 
This excitation of magnetic resonance by the incident electric field can be explained 

as follows (for simplicity we consider a single ring SRR in the following discussion) : As 

shown in Fig. 3.8, the SRR ring will experience different spatial distributions of the 

induced polarization, depending on the relative orientation of E with the SRR gap. If E is 

parallel to the no gap sides of the SRR its polarization will be symmetric and the 

polarization current is only flowing up and down the sides of the SRR, as shown in Fig. 

3.8 (a). If the SRR is turned by 90° as shown in Fig. 3.8 (b), the broken symmetry leads to 

a different configuration of surface charges on both sides of the SRR, connected with a 

compensating current flowing between the sides. This current contributes to the 

circulating current inside the SRR and hence couples to the magnetic resonance. We 

directly observed both types of currents in the FDTD simulations; as an example, the 

component of the current parallel to the external electric field is shown in Fig. 3.8. The 

retrieval procedure for ε and µ indicates that the electric coupling leads to a resonant 

electric response (i.e. resonance in ε) near ωm. Also the experimentally observed 
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broadening of the conventional SRR dip for the turned SRR was found numerically as 

well (line b in Fig. 3.7). The reason is the additional electric coupling which adds an 

electric resonant response [in ε(µ)] directly below the resonant magnetic response. 

Closing the gaps of the SRR we observed both in the experiment and in the simulations 

that the dips disappeared. 

 

Figure 3.8: Simple drawing for the polarization in two different orientations of a single 

ring SRR. The external electric field points upward. Only in case of broken symmetry (b) 

a circular current will appear which excites the magnetic resonance of the SRR. The 

interior of the ring shows FDTD data for the current component J║E at a fixed time for 

normal incidence [Figs. 3.5(c) and 3.5(d)] as a gray scale plot. 

 

 

In summary, the propagation of EM waves for different orientation of the SRR has 

been studied experimentally and theoretically. It was found that the incident electric field 

couples to the magnetic resonance of the SRR, provided its direction is such as to break 

the mirror symmetry of the SRR. This unexpected electric coupling to the magnetic 

resonance of the SRR is of fundamental importance for the design of LHMs in higher 

dimensions. Besides, EEMR effect allows us to investigate metamaterials operating at the 

higher frequency region. A detailed discussion on this subject will be presented in 

Chapter 5. 
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Chapter 4 
 

 

Numerical Studies of Left-handed 
Materials  
 

 

4.1 Introduction 
 

 

 

In this chapter we will present a systematic numerical study of the transmission properties 

of LHMs and SRRs. The Microwave Studio (MWS) code was used as well as a retrieval 

procedure for the calculation of effective ε and µ parameters.  

 

The Microwave Studio (MWS) code is suitable for the description of a real system, 

because a large number of mesh-cells may be required for certain metamaterial 

geometries [which makes the calculation intractable for other methods like Transfer 

matrix method (TMM),]. Thus, we use the finite integration technique employed through 

Microwave Studio commercial software for transmission calculations together with a 

retrieval procedure [49], which extracts the effective electric permittivity, ε, and magnetic 

permeability, µ, by inverting the reflection and transmission results, considering our 

metamaterial as a homogeneous effective medium. 
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In the first part we will present a detailed parametric study of the SRR. The 

dependence of the magnetic resonance frequency, ωm, and of the electric resonance 

frequency, ωo, on the SRR size for a single-ring SRR in the propagation direction is 

presented and a comparison between circular and rectangular SRRs is given as well. 

Besides, a comparison between the resonance frequencies of single-ring SRRs and that of 

double-ring SRRs is given. Then the dependence of ωm on the width and depth of the 

rings, on their separation, on the ring gap and on the background material is discussed, as 

well as the influence on the SRR transmission of the SRR orientation relative to the 

incident electric field and the issue of the electric coupling to the magnetic resonance. 

Moreover, we present a detailed study of the dependence of the LH transmission on the 

dielectric constant of the substrate, on the distance between the wires and the SRRs, on 

the thickness of the unit cell and on the orientation of the SRRs relative to the wires 

(considering combined metamaterials of rectangular double-ring SRRs and wires).  

 

We also studied the effective plasma frequency of the combined system of wires and 

closed SRRs. Finally symmetric SRRs are studied. Since they do not couple with the 

incident electric field, they can be used in 2D and 3D isotropic metamaterial designs 

which have a great importance for future studies. 

 
4.2 Parametric studies of SRRs 
 
4.2.1 Single Ring SRRs 
 
In the beginning of the studies related with the SRR structure, it was thought that it is 

necessary to have a double-ring SRR in order to obtain a magnetic resonance which 

possesses a region with µ < 0. But later it was found that a single ring with a cut (a single-

ring SRR) behaves also as a magnetic resonator.  

 

First the single ring SRR studies are presented. As a start, the effect of the shape of 

the SRR is investigated. In Figure 4.1(a), the transmission as a function of frequency for a 

single-ring SRR is plotted, both for a circular and a square SRR. They both have the same 

linear dimension and metal and unit cell characteristics. It can be noted that both the 
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circular and the square single-ring SRRs give a dip in the transmission coefficient (the 

first dip in Figure 4.1(a)) which is associated with a negative µ regime (see panel (b)). It 

was found that there is no qualitative difference between those two structures. However, 

for circular and square single-ring SRRs with the same linear dimension, metal 

characteristics and gaps, the circular SRR shows, in general, higher values of ωm and ωo. 

As it will be discussed in section 4.2.2, this is due to the smaller area and the smaller ‘side 

length’. Nevertheless, the ωm and ωo dependence on the system parameters is the same in 

both cases. Therefore, due to the simplicity of the corresponding calculation, square SRRs 

were used in our studies.In this single ring resonator the inductance is provided by its 

circular or square metallic loop, while the capacitance is given by the gap (cut) of the 

ring. The second dip in the transmission of Figure 4.1(a), at ω = ωo (≈70 GHz for the 

tetragonal ring) corresponds to the electric cut-wire-like response of the SRR [51], i.e. to 

a resonance in its electrical permittivity, ε.   
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Figure 4.1: (a) Transmission (T, in dB) versus frequency for one single-ring square 

(solid curve) and a circular (dashed curve) SRR. The corresponding designs are shown 

on the left side of the panel. For the square SRR the ring width, depth and the gap all are 

0.2 mm, and the linear SRR size is 1.8 mm. The SRR is placed in air, in a computational 

cell with dimensions 3.8 × 3.8 × 3.2 mm3, along x, y and z directions, respectively. The 

boundary conditions are E║ = 0 at y = 0 and 3.8mm, and H║ = 0 at z = 0 and 3.2mm (at 

the boundaries of the computational cell). The circular SRR has outer diameter 1.8 mm 

and the computational cell and the materials characteristics are like those for the square 

one. The external field propagation direction and polarization are shown together with 

the SRR designs. (b) Magnetic permeability, µ(ω), as a function of frequency for the 

single-ring square (solid curve) and circular (dashed curve) SRR, at frequencies around 

the magnetic resonance frequency. 

 

 
4.2.2 Controlling ωm and ωo for one single-ring SRR 
 
In the LHMs studies, one of our goal is to shift the magnetic resonance frequency, ωm, 

below the cut-off frequency (ωp′), i.e. in the ε < 0 regime of the electric response of the 

combined system of SRRs and wires. The cut-off frequency ωp′ depends strongly on the 

electric cut-wire response of the SRR. So considering the fact that there is a requirement 

of ωm < ωp′ , it is very important to be able to control both the magnetic and the electric 

SRR resonance frequencies, ωm and ωo respectively. In order to control these resonance 

frequencies, a better understanding of the dependence of the ωm and ωo on the various 
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SRR parameters is needed. So their dependence on the SRR size and more specifically on 

the SRR area and side length (see Figure 4.2) is investigated as a first step.  

 

 
Figure 4.2: Two single-ring SRRs, a square one and an orthogonal one, are shown, 

together with the external electric field, E, polarization and propagation direction and the 

lattice constant, a, of the square unit cell. For the orthogonal SRR (with identical lattice, 

electric field polarization and propagation direction) the lengths, lk and lE, of the two 

sides are also shown. 

 
 
 

The ωm and ωo dependence on the SRR area for a square SRR is shown in Figure 

4.3(a).  Here, ωm and ωo are plotted as a function of a/l, where l is the side length of the 

SRR (see Figure 4.2) and a is the size of the unit cell or the lattice constant at the SRR 

plane (see again Figure 4.2). It can be seen from Figure 4.3(a) that for a single-ring square 

SRR ωm ~ 1/l, thus, ωm
2 is inversely proportional to l2, which is the SRR area. This is in 

agreement with the well accepted formula ωm
2 ~1/LC. It should be noted that the self 

inductance, L, in this formula is approximately proportional to the area of the SRR loop. 

The electric resonance, ωo, also increases as a/l increases. However, its dependence is 

weaker than that of ωm. The different dependences of ωm and ωo on a/l allows us to 

control the relative position of ωm and ωo This is something that can be proved to be of 

great power in the study of left-handed materials. 
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Other than the studies mentioned above, this time, the side of the SRR (lk in Figure 

4.2) which is perpendicular to the incident electric field direction is varied keeping lE 

constant. Then ωm and ωo are calculated to investigate the effect of this change. The 

effect of this change, i.e. the dependence of ωm and ωo on a/lk is shown in Figure 4.3(b). It 

can be seen from Figures 4.3(a) and (b) that ωo, for a single ring SRR, depends only on its 

side parallel to the electric field, following the approximate relation ωo ~ a/√lE, with a 

being the corresponding lattice constant. This is the reason that ωo is constant in Figure 

4.3(b), while ωo ~ a/√l in Figure 4.3(a). 

 

Figure 4.3: (a) ωm and ωo (in units of c/a, where c is the vacuum light velocity and a is 

the lattice constant of the square unit cell) versus a/l for a square single-ring SRR like 

the one shown in the left panel of figure 4.2. l is the SRR side length. (b) ωm and ωo (in 

units of c/a) versus a/lk for an orthogonal single-ring SRR (see figure 4.2, right panel). lk 

is the length of the SRR side which is perpendicular to the incident electric field, E. 

 
 
4.2.3 Single versus double ring SRRs 
 
In composite metamaterial studies, double ring SRRs have been used widely so far. But it 

is a well known fact that a single ring also acts as a magnetic resonator, providing a 

negative µ regime. So in this section, single and double ring SRRs will be compared and 

the benefits from the addition of a second ring will be investigated. The model presented 

in Figure 4.4 will be used in our investigations. 
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Figure 4.4: Our model double-ring SRR. g = s = w = 0.2 mm; metal depth = 0.2 mm. 

The SRR side is 1.8 mm. The computational cell and the boundary conditions used in 

the calculations are the same as those described under Figure 4.1. 

 
 

The transmission through the double ring SRR of Figure 4.4 is presented in Figure 

4.5(a). The transmission through only its outer or its inner ring SRR is presented in Figure 

4.5(b). The electromagnetic field propagation direction and polarization are as shown in 

Figure 4.4. The transmission has been calculated using MWS and considering only one 

SRR in the propagation direction. From Figures 4.5(a) and (b), it can be seen that the 

lower magnetic resonance frequency of the double ring (see the first dip in Figure 4.5(a)) 

is essentially that of the outer ring, but with a relatively small downwards shift. Detailed 

studies of the field and current distribution showed that in the double ring case the 

currents at the first resonance move in the same direction in both rings. As a result of this, 

there are opposite charges at the facing sides of the outer and inner ring. So it can be said 

that a capacitor is formed between the rings and this capacitance is added to that given by 

the gap of the outer ring, which leads to a decrease in the resonance frequency with 

respect to that of just the outer ring. 
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Figure 4.5: Transmission (T, in dB) versus frequency (in GHz) for the double-ring SRR 

shown in figure 4.4(a), and for its isolated outer and inner ring SRRs (b). The 

background material is air. 

 

The second dip of the double-ring case corresponds essentially to the magnetic 

resonance of the inner ring, with a small upwards shift (there, the currents in the two rings 

of the SRR move in opposite directions). The strength of this resonance is sometimes 

very small, showing that the magnetic response of the inner ring is screened by the 

presence of the outer one. This happens mainly in the cases where the electric field is 

parallel to the continuous sides of the SRR. 

 

Another important characteristic of the double ring is that it contains in its spectrum 

also the electric responses of its two component rings; see, e.g., the third dip of Figure 

4.5(a), which corresponds to the electric cut-wire response of the outer ring (of its longer 

side). 

 

One advantage of the double-ring SRR, compared with its outer single-ring 

resonator, as can be seen from Figure 4.5, is that the magnetic resonance of the double 

ring occurs at a relatively lower frequency; thus there is a higher probability for the 

magnetic response to lie in the ε < 0 regime of the combined system of SRRs and wires. 

Another advantage of the double-ring SRR appears when we put the rings in a periodic 
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arrangement: the array of double-ring SRRs possesses a stronger magnetic resonance, 

which might lead to a more robust LH peak for the combined system of SRRs and wires.  

 
 

4.2.4 The dependence of ωm on the system parameters 
for a double ring SRR  
 
In order to understand the behaviour of the magnetic resonance frequency ωm of a double 

ring, its dependence on various system parameters is investigated. In this section we 

present the dependence of ωm on the dielectric constant of the board, on the width, 

separation and depth of the rings, as well as on the gaps (cuts) of the rings. The SRR 

presented in Figure 4.4.is used as a model system for this study. 

 
4.2.4.1 The influence of the board dielectric constant 
 
The transmission (T) as a function of frequency for the resonator described in Figure 4.4 

is shown in Figure 4.6(a). This resonator is embedded inside a background (board) 

material with dielectric constant εb= 12.3 (corresponding to GaAs). The T for εb = 1 is 

shown in Figure 4.5(a). If we compare Figure 4.6(a) with Figure 4.5(a), it can be seen that 

as a result of the increase of the dielectric constant of the background there are reductions 

of both the electric and the magnetic resonance frequencies of the SRR. Detailed 

quantitative analysis showed that the dependence of ωm on εb is of the form ωm
2~1/ εb. 

 

The interesting point here is that ωm depends not on the average εb in the unit cell but 

on the local values of εb nearby the SRR, and especially close to the gaps of the rings 

(although we are in the low frequency regime, where average values should be adequate 

for representing any spatially modulated dielectric properties of the board). This is 

demonstrated in figure 4.6(b). Here, the T is demonstrated for the case where the 

background material consists of a thin GaAs slab and the rest is air (the GaAs slab covers 

only 6.25% of the unit cell—its thickness is 0.2 mm). In figure 4.6(b), the solid curve 

shows the T when the SRR is printed on the GaAs slab and the dashed curve shows the 

one when the SRR is moved 0.2 mm away from this slab. Neither of the two cases can be 

deduced from figure 4.5(a) using the relation ωm
2~1/ εb, with εb an average value. The 
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same amount of dielectric in the unit cell affects the transmission differently depending 

on its position. This can be explained by taking into account the strong inhomogeneity 

and the local spatial character of the field in the system, especially at the resonance 

frequencies. At the magnetic resonance, the electric field has its maximum mainly at the 

SRR outer ring gap and in the region between the rings, while along the direction 

perpendicular to the SRR plane it is not very much extended (see figure 4.7). Taking into 

account this form of the field as well as the strong influence of the dielectric constant on 

the capacitance, it is not difficult to understand the different influences of the dielectric at 

the different positions of the unit cell. It should be noted that on changing the dielectric 

constant of the total background material the T spectrum is moved to different frequencies 

but its form remains unchanged, i.e. all the characteristic frequencies depend in the same 

way on the background dielectric constant. But this is not valid if the background material 

is not homogeneous. 
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Figure 4.6: (a) Transmission (T ), in dB, as a function of frequency for the resonator of 

figure 4.4. The background material has a dielectric constant εb = 12.3. (b) T versus 

frequency for the resonator of figure 4.4, but the background material is composed of air 

plus a slab of dielectric, of ε = 12.3 and dimensions 3.8 × 3.8 × 0.2 mm3 (3.8×3.8 is the 

size at the SRR plane). The solid curve shows the T if the SRR is attached on the 

dielectric slab and the dashed curve shows the T if the SRR is 0.2 mm away from the 

slab. 
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Figure 4.7: The electric field intensity (E2) for the SRR of figure 4.4, at the magnetic 

resonance frequency. The left panel shows the field at the SRR plane and the right panel 

the field at a plane perpendicular to that of the SRR, which passes through the SRR 

gaps. 

 
4.2.4.1 The influence of the width, separation and thickness of 
the rings 
 
The capacitance between the rings depends on the ring separation and it is a component 

of the total capacitance of the SRR. So it can be expected that the magnetic resonance 

frequency depends also on the ring separation, s. 

 

This dependence is shown in Figure 4.8(a): reduction of s results in a decrease of the 

magnetic resonance frequency (see the shift of the first T dip in Figure 4.8(a)). This is 

expected, as reduction of s is equivalent to increase of the inter-ring capacitance (note that 

ωm ~ 1/√LC and for a parallel plane capacitor with separation of plates s, C ~ 1/s). From 

Figure 4.8(a) it can be seen that a 50% reduction of s results in an almost 13% downshift 

in ωm.  

 

Figure 4.8(b) shows how the transmission is affected by the ring width (w), as well 

as the combined influence of the change of both the width and separation of the rings. 

Ring width affects the inductance, L, of the loops: smaller width means larger inductance 

and thus smaller ωm. Figure 4.8(b) indicates that a 50% reduction of w results in an 

almost 15% downshift of ωm. 
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Changing both the ring separation and their width, the shift in ωm of the first 

resonance is approximately the sum of the two shifts coming from the separate changes of 

w and s.  

 

Here, it should be noted  that in all the cases of Figure 4.8 where downshift of ωm 

takes place, this shift is accompanied by a reduction of the strength of the resonance. 

Thus, although the desired condition for ωm is to be as low as possible, special attention 

must be paid that the lowering of ωm is not associated with a weakening of the magnetic 

response of the SRR. 

 

Regarding the influence of the depth of the rings on the magnetic resonance 

frequency, it seems that this is insignificant provided that the depth of the rings is a few 

times larger than the skin depth of the metal at the frequency regime of interest. 

 

Figure 4.8: (a) Transmission (T), in dB, versus frequency for the SRR of Figure 4.4 

(dotted curve), where s = 0.2 mm, and for a SRR arising from that of Figure 4.4 by 

reducing s to 0.1 mm (increasing the inner ring size). The background material is air. (b) 

The dotted curve is the same transmission as in (a) (s = 0.2 mm, w = 0.2 mm), the solid 

curve shows the T for ring width w = 0.1 mm and separation s = 0.2 mm and the dashed 

curve the T for s = w = 0.1 mm. 
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4.2.4.3 The influence of the gaps (cuts) of the rings 
 
The influence of the size (g) of the gaps of the rings is illustrated in figure 4.9. On 

reducing the gap size, ωm is reduced. The influence of the gap size in ωm seems, though, 

to be smaller than the influence of the ring separation. 

 
Figure 4.9: (a) Transmission coefficient (T ), in dB, versus frequency for the SRR of 

Figure 4.4 (dotted curve; SRR gap size g = 0.2 mm) and for the same type of SRR but 

with gap size g = 0.4 mm (solid curve). (b) The dependence of the magnetic resonance 

frequency, ωm, on the size of the SRR gaps is shown. The background material is 

everywhere air. 

 

 
4.3 SRR orientation relative to the electromagnetic 
field: second electric coupling 
 
In one-dimensional (1D) LH materials there are two possibilities for the SRR orientation: 

either the one shown in Figure 4.4, i.e. the electric field, E, parallel to the SRR sides 

bearing the cuts, or its 90◦ rotated case, i.e. E perpendicular to these sides. These two 

geometries are those marked (B) and (A) in the left panel of Figure 4.10. 

 

The transmission for these two geometries as a function of frequency is shown in the 

right panel of Figure 4.10. What can be seen there is that the lower magnetic resonance 

frequencies of the SRR are almost the same in the two orientations. What is changed is 
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the frequency of the electric cut-wire response (see the third dip of each curve-at ~58GHz 

and ~70GHz), which is higher for the geometry (B). 

 

 
Figure 4.10: Left panel: the four possible orientations of the SRR relative to the 

electromagnetic (EM) field propagation direction and polarization. Right panel: 

transmission coefficient (T , in dB) versus frequency for an SRR with the parameters 

those of figure 4.4, oriented with respect to the EM field as in configuration (A) (solid 

curve) and as in (B) (dashed curve). (A) and (B) are shown in the left panel. 

 

Examining periodic systems of SRRs, where due to the interactions among the SRRs 

the transmission dips become broader, it was found that the T dip corresponding to the 

magnetic resonance frequency is broader and deeper for the geometry (B). This broader 

dip, though, was not associated with a broader LH peak when the SRRs are combined 

with wires. The LH peak for the case (B) was rather narrower and weaker. This was a 

puzzling result in the beginning. The issue was resolved during the studies related with 

two-dimensional (2D) and three dimensional (3D) materials, where for the orientation of 

the SRR relative to the EM field two additional possibilities are involved, those marked 

(C) and (D) in Figure 4.10. These two orientations should be magnetically inactive, as the 

incident magnetic field is in the plane of the SRR, and thus unable to excite resonant 

circulating currents around the SRR rings. 
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Surprisingly, studying the orientation (D), we found [28] a dip at the magnetic 

response frequency of the SRR (see Figure 4.11). Similar results were obtained also by 

Gay-Balmaz et al [72]. This dip is again due to resonant currents circulating around SRR 

rings. There a question appeared. How are these circulating currents excited, since it 

cannot be through the external magnetic field? First it was found that they are excited 

through the external electric field. The possibility of coupling with the electric field is 

given by the asymmetry of the SRR with respect to this electric field (see Chapter 3, 

section 3.3).  

 

 
Figure 4.11: Left panel: transmission coefficient (T , in dB) versus frequency for an SRR 

with the parameters those of Figure 4.4, oriented with respect to the EM field as in 

configurations (C) (solid curve) and (D) (dashed curve) 

 
 

As shown in Figure 4.11, for the configuration in Figure 4.10 (D), the asymmetry of 

the SRR with respect to the external E leads to a charge distribution asymmetry, which is 

compensated through a circular current. Thus, not only the magnetic field but also the 

electric field of the incoming wave can couple to the resonance of the circulating currents 

in the SRR. As it was also mentioned in Chapter 3(section 3.3), the most important effect 
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of this coupling, which will be called here second electric coupling (to be distinguished 

from the electric coupling through the cut-wire-like resonance, at ωo), is an electric 

resonant response (a resonance in ε) around the SRR magnetic response frequency, ωm. 

Detailed studies showed that this electric response, which comes from the non-zero 

average electric polarization of the (asymmetric) SRR, occurs in fact at a frequency 

slightly shifted from ωm (slightly above ωm in most of the cases studied). A possible 

result of this resonant ε is the addition of a right-handed transmission peak close to ωm 

when the SRRs are combined with wires, which peak may diminish or even destroy the 

LH behaviour.   

 

It should also be noted that the asymmetry as a result of which we have the second 

electric coupling is present also in the configuration (B) of Figure 4.10. This might be the 

reason for the broader—than that of (A)—magnetic dip in the periodic SRR system, 

which is not associated with a broader LH peak of the combined system of SRRs and 

wires. The problem of the asymmetry-mediated electric coupling will be present in all 

higher dimensional LHMs apart from some special cases which only work for a particular 

orientation or a constrained direction of propagation. The most secure solution of the 

problem is the invention and employment of more symmetric SRR designs which will be 

presented in the following sections. 

 
 
4.4 Parametric studies of LH materials  
 
In this section, the results of a parametric study of LH materials will be presented. This 

study was done using model systems with parameters close to those of LH structures 

which can be or have been constructed experimentally. 

 

Throughout this study the influence of several parameters on the LH regime (on the 

LH transmission window and the maximum transmitted power) is investigated. Those 

parameters are as follows: 

(i) the board dielectric constant, εb; 

(ii) the position of the wires relative to the SRRs; 
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(iii) the thickness of the unit cell; and 

(iv) the loss parameter of the boards, εb
′′. 

 

The aim of this study is to give the optimum parameters for obtaining a true broad 

LH transmission band with large transmitted power. This study plays an important role 

and will be very useful for designing the next generation of LHM experiments. 

 

The structures studied in this study are made up of a tetragonal, double-ring SRRs 

and continuous wires, patterned on thin dielectric boards which are separated by air.  

 
 
4.4.1 The influence of the board dielectric constant  
 
Studies concerning the dependence of the LH peak on the dielectric constant of the board, 

εb, showed that εb influences only the position of the LH peak, leaving its height and 

width almost unaffected (for lossless boards). The dependence of the LH peak position on 

εb follows the dependence of the magnetic resonance. As it is discussed in the Section 

4.2.5, on increasing εb the LH peak is moved to lower frequencies, with the peak 

frequency inversely proportional to the square root of εb. 

 
 
4.4.2 The influence of the position of the wires relative 
to the SRRs.  
 
For examining the influence of the relative SRR wires position, the wires parallel to the 

imaginary line connecting the cuts of the SRR rings are considered. The configurations 

shown in Figure 4.12(a) are examined. 

It was found that the optimum position of the wires is that of configuration (B) of 

Figure 4.12(a), i.e. the wires attached at the back of the dielectric boards, just behind the 

cuts of the rings. Although it is easier to fabricate configuration (A) experimentally [6], it 

gives a narrower and somehow lower LH peak (see figure 4.12(b)). Thus, configuration 

(B) is optimum for the LH transmission. 
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Investigating the effect of moving the wire paralel to itself along the H direction for 

the configuration (B), it was found that for cubic unit cells the distance of the wire from 

the resonator plane does not influence the LH peak very much. 

 

Figure 4.12: (b) Transmission coefficient (T, in dB) versus dimensionless frequency for 

the structures shown in the left panel, (a). The solid curve shows the T for configuration 

(A), i.e. wires next to the SRRs, and the dashed curve that for configuration (B), i.e. wires 

at the back of the board. The board is a thin dielectric layer (thickness = a/14) of 

dielectric constant εb = 12.3. The rest of the background material is air. The unit cell is a 

cube, with lattice constant a; the SRR has outer side length 9a/14 and its other 

characteristic lengths are a/14. The wire has a cross-section at the H–k plane of (a/14) × 

(a/14). 

 

 

 
4.4.3 The influence of the unit cell thickness (the lattice 
constant along the direction perpendicular to the SRR 
plane)   
 
 

In Figure 4.13, the evolution of the LH transmission peak of Figure 4.12(b), configuration 

(B), is presented, as one changes the unit cell thickness, aH (i.e. the distance of two 

successive SRR + wire planes along the H direction -see Figure 4.12(a) ). It can be 
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noticed that as the successive SRR + wire planes come closer, the LH peak becomes 

much broader. The reason is the broadening of the negative µ regime due to the increasing 

amplitude of the magnetic resonance of the approaching SRRs, i.e. due to the stronger 

interaction among the SRR magnetic resonances. Moreover, as a result of the reduction of 

the unit cell size in the continuous wire lattice, there is an increase of the cut-off (plasma) 

frequency, ωp, of the wires and thus an increase of the cut-off frequency, ωp′, of the 

combined SRRs + wires system. Thus the LH peaks become more clearly resolved and 

separated from the neighbouring right-handed T shoulders. 

 

4.4.4 The influence of the loss parameter (conductivity 
or ε’’b) of the dielectric boards 
 
The ε b′′ (imaginary part of the dielectric constant) of the boards was proved to be one of 

the most critical parameters [54, 66, 70] for the left-handed transmission. An example of 

its influence is shown in Figure 4.14. It can be seen that even small ε b′′ values can lead to 

a very large T reduction. This parameter is critical even if the dielectric boards are very 

thin, since, especially for high index boards, there is a high concentration of field inside 

the boards. 
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Figure 4.13: Transmission coefficient (T) versus dimensionless frequency for the 

geometry (B) of Figure 4.12, for three different unit cell sizes, aH, in the direction 

perpendicular to the SRR plane. The other parameters are those mentioned in Figure 

4.12. a = aE = ak is the lattice constant (unit cell size) in the plane of the SRR. 
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Figure 4.14: The evolution of the transmission coefficient (T ) of Figure 4.13, dotted–

dashed curve, as one adds to the dielectric constant of the board an imaginary part, ε b′′. 

The horizontal axis is a dimensionless frequency, normalized with the unit cell size at 

the SRR plane, a, and with the vacuum light velocity, c. 

 
4.5. The combined metamaterial electric cut-off 
frequency, ωp′ 

 
It was recently recognized [51] that the electric response of the LHMs is not due only to 

the electric response of the metallic wires; it is also strongly affected by the electric 

response of the SRRs. The SRRs respond electrically like a system of cut wires, 

exhibiting a resonance at a frequency ωo. (This response can be demonstrated by closing 

the SRRs, destroying thus their magnetic response.) 

 

As a result of the presence of the SRRs, the electric cutoff frequency, ωp′, of the 

combined system of wires and SRRs (or closed SRRs) is always lower [30, 50] than the 

cut-off (plasma) frequency of the continuous wires alone (ωp). The role of the SRRs in 

the formation of the electric response of the combined system of SRRs and wires is 

illustrated in Figure 4.15. 
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Figure 4.15: An illustration of the electric response to an incident EM field of a system 

of continuous wires (left panels), of cut wires (or SRRs or closed SRRs) (middle panels) 

and of the metamaterials of wires plus cut wires or SRRs (right panels). Both the 

electrical permittivity ε(top panels) and the resulting transmission coefficient T (bottom 

panels) as a function of frequency are shown, and the characteristic frequencies, ωp, ωo 

and ωp′, of these systems are marked. It is shown that the combination of a system of 

continuous wires with a system of cut wires (or SRRs) results in a spectrum with 

remarkable differences compared to that for the system of continuous wires only. 

 

The dependence of the cut-off frequency ωp′ on (i) the depth and width of the 

continuous wires, (ii) the thickness and width of the SRR rings will be discussed in the 

following sections. 

 
 

4.5.1 The influence of the thickness and width of the 
continuous wires 
 
It is clear from the previous discussion (and from Figure 4.15) that ωp′ can be increased 

through increase of ωp of the continuous wires, although it would remain lower than ωo. 

Our studies showed that ωp of the wires increases as the width of the metallic wires 

increases. Calculations of the transmission coefficient through the combined system of 

closed SRRs and wires showed that ωp′ also increases as the width of the metallic wires 

increases, but the increase depends also on the relative position and distance of ωp and ωo. 
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The thickness of the wires has an effect similar to that of the width on ωp: increasing 

the thickness leads to increase of both ωp and ωp′ 

 
4.5.2 The influence of the thickness and width of the 
SRR rings 
 
Detailed transmission studies showed that the width of the SRR rings has almost no effect 

on ωp′. The same is true also for the metal thickness of the SRR. This is of great 

importance as the thickness and width of the SRRs have considerable effects on ωm. 

Thus, since ωm is controlled only by the SRRs while ωp′ is controlled also by the wires, 

the electric and magnetic responses of the LHMs can be controlled independently.   

 
 
 
 
4.6. Symmetric SRR structures 
 
The general problem with the rings of only one gap (cut) in the SRR designs considered 

so far is the inherent asymmetry of the resulting SRRs. As discussed in Section 4.3, this 

will lead to the occurrence of the electric coupling to and response from the magnetic 

resonances (EEMR) [28] .This is an unwanted feature for fabricating higher dimensional 

systems. Marques et al considered bianisotropy in SRR structures and developed an 

analytical model for evaluating the magnitude  of cross-polarization effects [59]. 

 

To avoid this EEMR, more symmetric SRRs should be used. The idea in the design 

of more symmetric SRRs is to keep the inductance provided by the loop of the SRR ring 

but to distribute the capacitance of the single gap to two or four gaps, symmetrically 

around the ring, as shown in Figure 4.16. This will lift the asymmetry of the SRR plane 

and therefore eliminate EEMR. 
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Figure 4.16: Five SRR designs, more symmetric than the conventional and most 

commonly used SRR presented in Figure 4.4. The advantage of these symmetrized 

SRRs is the avoidance of the electric excitation of the magnetic resonance, described in 

Chapter 3. The disadvantage is the higher magnetic resonance frequency, due to the 

many gaps (cuts). 

 

The problem arising in this kind of design is the difficulty of maintaining the 

capacitance of the single-gap ring, as the gaps act like capacitors in series, leading to a 

considerable lowering of the total capacitance and thus to an increase of ωm. (The 

magnetic frequency for a ring with n gaps equal in size goes as ω2
m (n gaps) ~ n ω2

m 

(1gap).) This is a disadvantage of the design as it decreases the probability of ωm lying 

below the cut-off frequency of the electric response of the system. 

 

One solution to the problem could be a decrease in the size of the gaps, although this, 

in many cases, is limited by technology. Another solution could be a modification in the 

designs, with the capacitance of the gaps being increased. Such modifications for two of 

the structures of Figure 4.16 are  shown in Figure 4.17. The result from such a 

modification is usually a lowering of ωm but not always an improvement in the 

transmission picture, as the strength of the magnetic resonance and the width of the µ < 0 

regime are affected as well.  
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Figure 4.17: Modifications, (a’) and (b’), (b’’), of two of the SRR designs presented in 

Figure 4.16. These modifications result in lower magnetic resonance frequency 

compared with their original SRRs, (a) and (b). 

 

Four of the most promising SRR designs which emerged from our studies on more 

symmetric SRRs are shown in Figure 4.18. 

 

As a conclusion, the magnetic and the electric response of single-ring and double-

ring SRRs, both circular and rectangular are investigated. The dependence of the 

magnetic resonance frequency, ωm, and of the electric resonance frequency, ωo, of the 

SRR on the length, width and thickness of the metallic sides for different kinds (circular 

or square, single- or double-ring) of SRRs was examined. It was found that both ωm and 

ωo for circular and rectangular SRRs are qualitatively the same and therefore most of our 

studies were done for rectangular SRRs because of the simplicity of the corresponding 

transmission calculations. 
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Figure 4.18: Four of the most promising ‘symmetric’ SRR designs.            

 

The transmission characteristics of LH structures composed of square SRRs and 

wires were also studied. The dependence of the LH transmission peak on the real (εb) and 

imaginary (εb′′) parts of the dielectric constant of the dielectric boards was examined. εb′′ 

was proved to be one of the most critical parameters for the LH transmission, as even a 

small change of it can lead to a very large reduction of the LH transmission peak. 

 

Among the possible configurations of SRRs and wires that were examined, the best 

for producing the most robust LH transmission peak was found to be the one that has 

square SRRs on one side of the dielectric board and wires on the other side of the board, 

just behind the cuts of the rings of the SRRs. The dependence of the LH transmission 

peak on the unit cell thickness and on the distance between the SRRs and the wires for 

this configuration were also examined. 

 

Moreover, the role of the SRR orientation relative to the incident EM field and the 

resulting issue of the electric coupling to the magnetic resonance (the coupling of the 

external electric field to the resonance of the currents circulating around SRRs) were 

investigated. This coupling, which represents an unwanted feature as it is associated with 

a resonance in the electric response of the system, is a result of lack of symmetry and will 

always be present in 2D and 3D LH structures composed of non-symmetric SRRs. In the 

attempts to avoid this coupling highly symmetric SRR structures and their behaviour in 

2D and 3D LH media were examined. Some optimum designs, which may constitute 

components of promising 2D and 3D LH structures were identified. 



 68

 

 
 
 
 
 
 
 

 

Chapter 5 
 

 

Composite Metamaterials operating in the 
THz Frequency Regime 
 
 
5.1 Introduction 
 
We have already discussed the unique physical properties of the left-handed materials and 

how to build a LH material in our previous chapters. Since the first experimental 

demonstration of LHMs by Smith et al. [7], there has been a great effort to push upwards 

the frequency range at which negative µ and/or LH behavior occur, from the GHz range 

to the infrared and optical regime. As discussed in Chapter 2, the natural course of the 

development of the LHM field has been from the microwave towards the THz and optical 

frequencies [19, 21-23, 29, 73]. Similarly, we also have begun our studies on large scale 

structures designed for the microwave regime in order to quickly develop a better 

understanding of the physics and LH behaviour of metamaterials. Subsequently, we have 

shifted our designs to smaller geometries that work at the THz frequency regime. 

 

In this chapter, first we will present the structures which are designed to operate in 

the THz frequency regime. Starting with the split ring resonators, mutli-gap split ring 

resonators and cut and continuous wire pair designs will be introduced. Then, the 
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transmission and reflection simulations of the designed structures will be shown 

accompanied by their retrieval results. After a brief summary of the fabrication process, 

we will present the experimental results which are in good agreement with the 

simulations and the retrieval.  

 

 
5.2 The Fabrication, Simulation and the Experiments of 
Designed structures  
 
At the THz and the optical frequencies the freedom to manipulate the geometry of the 

structures is quite limited. So, although we investigated the magnetic resonance of split 

ring resonators (SRRs) which operates at THz frequencies as a start, we studied the cut 

and continuous wire slab pairs to simplify the fabrication and characterization of negative 

µ and/or LH metamaterials. 

 

 
 
 
5.2.1 Split-ring resonators operating at THz frequencies  
 
We had discussed the transmission and reflection properties of the SRRs as well as their 

magnetic resonance in the previous chapters. It was mentioned that besides the magnetic 

field normal to the SRR plane, an electric field parallel to the gap-bearing sides of the 

SRR [see the orientations of Figs. 5.1(b) and 5.1(d)] can couple to the SRR [72]. This 

excites the oscillating resonant current around it and causes the electric excitation of the 

magnetic resonance (EEMR) effect.  

 

The EEMR effect provides new opportunities for characterization of the SRR since it 

seems to allow excitation of the magnetic resonance for propagation even normal to the 

SRR plane. Numerical calculations of the effective permittivity and permeability of a 

metamaterial consisting of SRRs structured on a nanometric scale had been presented 

[74]. They showed that metallic resonators could provide a means to obtain a negative 

effective permeability at up to telecommunications wavelengths. Moreover, Yen et al. 
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showed [29] that SRRs could indeed exhibit a magnetic response at terahertz frequencies. 

They performed ellipsometry measurements at 30° for one SRR layer and observed a 

resonant peak, centered at 1.25 THz, in the ratio of reflectances of the two possible 

magnetic field polarizations, which they attributed to the magnetic response of the 

constituent SRRs. Linden et al. [24] demonstrated experimentally a magnetic resonance 

response of a SRRs system at 100 THz. 

 

All the systems mentioned above were composed of only one layer of SRRs. We 

managed to fabricate, for what is to our knowledge the first time, a micrometer-scale 

metamaterial consisting of five layers of single-ring SRRs (a photograph is shown in Fig. 

5.1) which operates around 6 THz. 

 

Figure 5.1: Left, Single unit cell of the SRR geometry studied, in all possible EM field 

propagation directions and polarizations [(a)–(d)]. Right: top view photograph of the SRR 

metamaterial fabricated by a microlithography process. 

 
 

The SRR metallic structures are fabricated in a layer-by-layer fashion, alternating 

layers of polyimide and silver. We used a standard spin-on polyimide (DuPont Pyralin SP 
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series PI-2525) with a dielectric constant of 2.5. The sequence of layers starts by spinning 

and curing a 5-µm-thick layer of polyimide on a Si substrate. A 1-µm-thick silver film is 

deposited on top and patterned by use of standard lift-off techniques. Another layer of 

polyimide is spun on over the metallic SRR and cured. The thickness of this polyimide 

layer is 5 µm. Another metal layer is deposited and patterned, with this second layer of 

SRRs aligned directly over the first. The sequencing of layers continues with another 

thick polyimide layer followed by a third metallic SRR pattern and so on. The layer-to-

layer alignment was done with a Karl Suss MA6 aligner and UV photolithography. The 

alignment accuracy is of the order of 0.5 µm. After the fabrication, the polyimide-

encapsulated metallic SRR structure is removed from the Si substrate.  

 

Because the polyimide has two absorption bands centred about 15 and 30 µm, we 

chose the dimensions of the periodic SRRs to have a resonance frequency near 6 THz 

(wavelength of 50 µm), safely below the absorption bands. The unit cell of the structure 

has dimensions of 7 µm x 7 µm in the SRR plane and 5 µm in the perpendicular direction; 

the SRR side length is 5 µm, and the other characteristic lengths (ring width, ring depth, 

gap) are all 1 µm. The total metamaterial has an area of 25 mm x 25 mm. A photograph of 

the metamaterial is presented on the right-hand side of Fig. 5.1. 

 

The transmission measurements were taken with a Bruker IFS 66 v/S Fourier-

transform infrared spectrometer (with a collimated beam) and a polarizer at a frequency 

range of 3–10 THz. The results are presented in Fig. 5.2. One can readily observe that for 

polarization (d), with the electric field parallel to the gap-bearing SRR sides, the 

transmission spectrum shows a gap at approximately 5–8 THz [curve (d) of Fig. 5.2], 

which we claim to be due to the EEMR effect. This interpretation is further supported by 

the absence of this gap for the other polarization [curve (c)], where the SRR is symmetric 

relative to the incident E. In orientation (c) we observe only a cutoff frequency at 8 THz, 

corresponding to the electric cutwire SRR response [for orientation (d) this response is 

observed in slightly higher frequencies]. 
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Figure 5.2: Measured transmission spectra for the configurations shown in Figs. 5.1(c) 

and 5.1(d). 

 

 

To conclusively verify the origin of the gap at ~ 6 THz and thus the existence of 

EEMR in this regime, we studied this system theoretically as well. First we reproduced 

the experimental data by use of transmission and reflection calculations, and then we 

inverted these data to obtain the effective parameters ε and µ of the metamaterial. 

 

In Fig. 5.3 we show the calculated transmission for the cases presented in Fig. 5.2 as 

well as for the orientation in Fig. 5.1(a). The transmission was calculated with the finite 

integration technique (employed through Microwave Studio commercial software) and 

treating the metal as a dispersive medium following the Drude dispersion model [(ε = 1-

ωpm
2/ (ω2+iωγ), with ωpm=13.66×1015 rad/s and γ=2.73×1013 s-1) (Ref. 14)]. For the 

polyimide background we used dielectric constant ε=2.5 and loss parameter tanδ=0.03. 

Comparing Fig. 5.3 with Fig. 5.2(a), one can see that the agreement between theory and 

experiment is very good, adding credibility to our interpretation. Moreover, we obtained 

theoretically a transmission dip around 6 THz for the orientation in Fig. 5.1(a), where the 

excitation of the resonance at ωm is purely magnetic, thus verifying the existence of a 

magnetic resonance associated with a negative µ at ~6THz. Closing the SRRs for the 
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configuration of Fig. 5.1(a), thus destroying the oscillating current behavior at ωm, [50, 

51] the dip at ~6 THz disappears, as expected. 

 

 

 
Figure 5.3: (a) Calculated transmission versus frequency for the configurations shown in 

Figs. 5.1(c) (dashed curve) and 5.1(d) (solid curve). (b) Calculated transmission for the 

configuration in Fig. 5.1(a). 

 

To offer further and definite proof of the existence of negative magnetic response in 

our metamaterial around 6 THz, we employed a retrieval procedure [49] to extract the 

effective ε and µ from the theoretical reflection–transmission results, considering our 

metamaterial as a homogeneous effective medium. Since, for a propagation direction 

perpendicular to the SRR plane, the magnetic resonance results to resonance of only the 

permittivity ε(ω), we inverted the scattering data also for the orientation of Fig. 5.1(a), 

where the magnetic resonance of the SRR appears in µ(ω). The inversion results concern 

only one unit cell of the metamaterial along propagation direction and are shown in Fig. 

5.4. Figure 5.4(a) shows effective ε (real part) for the orientations of Figs. 5.1(c) and 

5.1(d) [notice the negative ε around 6 THz for Fig. 5.1(d)], while Fig. 5.4(b) shows µ 

(real part) for the orientations in Figs. 5.1(c) and 5.1(d), as well as Fig. 5.1(a); clearly, the 

solid curve in Fig. 5.4(a) and the thick dashed–dotted line in Fig. 5.4(b) exhibit the same 

strong resonance at the same frequency, providing one more verification of the EEMR 

effect. 
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Figure 5.4: (a) Real part of the effective permittivity of the SRR metamaterial shown in 

Fig. 5.1, for propagation direction and EM field polarization those of Fig. 5.1(d) (solid 

curve) and Fig. 5.1(c) (dashed curve). (b) Real part of the effective permeability of the 

SRR metamaterial for the orientations of Fig. 5.1(d) (solid curve), Fig. 5.1(c) (dashed 

curve), and Fig. 5.1(a) (dashed–dotted curve). 

 

After demonstrating a magnetic resonance response at 6 THz through the EEMR 

effect, additional measurements were performed to excite the magnetic SRR resonance 

directly and show that our SRR metamaterial behaves as a negative µ material. In order to 

achieve that, an external magnetic field perpendicular to the SRR plane should be 

introduced. In principle, one way to achieve this is by employing a propagation vector k 

parallel to this plane; this is practically impossible for very thin structures. A possible 

solution to the problem is to employ oblique incidence, producing a k component at the 

SRR plane, k║. For oblique incidence one can achieve an H component perpendicular to 

the SRR plane, H⊥⊥⊥⊥. H⊥⊥⊥⊥ induces a circular current flow inside the SRRs, which in turn 

produces just above the resonance frequency a large magnetic dipole moment antiparallel 

to H⊥⊥⊥⊥, leading thus to a negative µ. 

The oblique incidence transmission/reflection measurements have been taken using 

the same setup as in the normak incidence case. Starting from normal incidence (H⊥⊥⊥⊥ =0, 

corresponding to φ=90°, where φ is the angle between the propagation vector k and the 
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SRR plane) in configurations (a) and (b) of Fig. 5.5 and changing φ, we produce a 

gradually increasing H⊥⊥⊥⊥ and we observe the evolution of the transmission and reflection 

spectra resulting from the interaction of SRRs with H⊥⊥⊥⊥. . 

 

Figure 5.5: (Color online) (Left) Photo of the structure studied. (Right) SRR and external 

magnetic field configurations studied; (a) electric field (E) parallel to the SRR sides with 

no gap and (b) E parallel to the SRR sides with the gap. 

 

In Fig. 5.6(a) we present the reflection spectra of the SRR metamaterial at oblique (φ 

=77°, 70°, 60°, 50°) incidence, for configuration (a) of Fig. 5.5 (E parallel to the no-gap 

sides of the SRRs). At the minimum obliqueness case (φ =77°), the reflection (R) 

spectrum shows a weak peak at around 6 THz [dashed curve in Fig. 5.6(a)], which for 

growing obliqueness (decreasing φ) strengthens and broadens (~5.5–7.5 THz). For 

configuration (a), coupling of the incident E to the magnetic resonance of the SRRs 

(EEMR) cannot occur, since SRRs are symmetric with respect to E [28] 

Thus, the changes in the R spectra with decreasing φ are exclusively due to the 

interaction of the SRRs with the increasing H⊥⊥⊥⊥. H⊥⊥⊥⊥ results in the excitation of circular 

currents in the SRRs and thus to the excitation of the magnetic SRR resonance. Thus, the 

peak in the R spectra at ~5.5–7.5 THz, for oblique incidence, can only be a result of 

negative µ in that frequency regime. 
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The transmission (T) spectrum for the same SRR metamaterial and the same 

measurement procedure is depicted in Fig. 5.6(b). The dashed curve refers to normal 

incidence (φ =90°). The oscillations observed in the T spectrum are due to the polyimide 

multilayer structure. However, at oblique incidence (φ =80°, 60°) H⊥⊥⊥⊥ excites the magnetic 

resonance. This is manifested also in the T spectrum with the evolution of a dip at 5.5–7 

THz for φ =80°, which broadens and deepens at φ =60°. However, this T dip is not as 

pronounced as the respective R peak of Fig. 5.6(a), most probably due to multiple 

scattering effects at the interfaces between the adjacent Ag/polyimide layers as well as 

due to absorption. In the inset of Fig. 5.6(b) we show the calculated T spectrum for φ =0° 

(k is parallel and H is perpendicular to the SRR plane).  
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Figure 5.6: (Color online) (a) Measured reflection spectra at oblique incidence for our 

five layer SRR system for configuration (a) of Fig. 5.1 (shown also in the inset). One can 

observe the evolution of a reflection peak as the angle φ changes (φ is the angle between 

k and the SRR plane). (b) Measured transmission spectra as φ changes for configuration 

(a) of Fig. 5.1. In the inset of (b) the calculated transmission spectrum for φ =0° is also 

presented. 
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In Fig. 5.7(a) the reflection spectra of the SRR metamaterial are presented for 

configuration (b) of Fig. 5.5 (E parallel to the gap-bearing side of the SRRs). In the case 

of minimum obliqueness (φ =77°) the R spectrum shows a well-defined peak [dashed 

curve in Fig. 5.7(a)], which is attributed to the EEMR effect, present in all cases. For 

stronger oblique incidence (φ =70°, 60°, 50°) the peak in R remains almost unchanged in 

shape and amplitude, despite the emergence of H⊥⊥⊥⊥. One would expect the R peak to 

broaden and strengthen for increasing oblique incidence due to the addition of the H⊥⊥⊥⊥ 

excitation of the magnetic resonance [H⊥⊥⊥⊥ produces a resonance structure in µ(ω), in 

addition to the resonance structure in ε (ω) produced by E (for configuration (b)]. 

However, theoretical calculations of the effective ε and µ parameters extracted from the 

corresponding theoretical reflection-transmission results (considering the SRR 

metamaterial as a homogeneous effective medium) show that the resonance in ε is much 

stronger and wider than that in µ and thus dominates the reflection and transmission 

spectra. This large strength ratio of the two resonances explains the fact that the R peak 

observed in our measurements due to the EEMR effect remains almost unaffected by 

increasing oblique incidence. Our conclusions are further supported by the corresponding 

oblique incidence transmission measurements [see Fig. 5.7(b)], which show no altering of 

the well-studied T dip, attributed to the EEMR effect, as one goes from normal to oblique 

incidence. The dip does not change with decreasing φ, which implies that the resonance 

in ε masks the occurring resonance in µ. In other words, in configuration (b) the electric 

field is the dominant driving force of the resonance. 
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Figure 5.7: (Color online) (a) Measured reflection at oblique incidence for configuration 

(b) of Fig. 5.1 (shown also in the inset). The angle mentioned in the legends is the angle 

φ between k and the SRR plane. (b) Measured transmission spectra for configuration (b) 

of Fig. 5.1 as φ changes. 
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In conclusion, a mechanically flexible periodic structure consisting of alternating 

dielectric and SRR metallic layers was microfabricated. By direct transmission 

measurements under normal incidence, supported by theoretical results, we have 

demonstrated a magnetic resonance response at ~ 6 THz through the EEMR effect. The 

magnetic resonance response of our SRR system was demonstrated further and more 

directly using oblique incidence transmission and reflection measurements. There, the 

resonance is manifested by the emergence of a reflection peak and a corresponding 

transmission dip as the obliqueness of incidence increases in the symmetric configuration 

(a) (E parallel to the no-gap sides of the SRR); for this configuration and for oblique 

incidence, a component of H perpendicular to the SRR plane emerges, which is the only 

cause of the excitation of the magnetic resonance; hence, the latter appears as a resonance 

in µ(ω). For the configuration with E parallel to the gap-bearing side of the SRRs, the 

same resonance is excited mostly by the electric field, resulting to an electric response of 

the system, i.e., a resonance in the permittivity ε (ω), while the magnetic field component 

for oblique incidence plays a minor role in exciting the SRR resonance. Thus, our results 

provide further evidence for the existence and the importance of the EEMR effect and 

prove definitely the existence of magnetic response with negative magnetic permeability 

in our SRR system in the ~6 THz regime. 
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5.2.2 Multi-gap split ring resonators  
 

In this study we have fabricated and characterized multigap SRR metamaterials 

showing a magnetic response at THz frequencies (up to 14 THz). The fabrication method 

has already been explained in the previous section (5.2.1). Our SRR metamaterials are 

composed of single-ring silver SRRs, fabricated in polyimide. The SRRs size is 5×5 µm2 

while the u.c. dimensions are 7×7×5 µm3. All the other characteristic lengths (ring-width, 

ring-depth, and gap) are of 1 µm. The mask permits fabrication of a multi-stacked 

structure with a polyimide layer between successive layers of SRRs. Also the mask has an 

area covered with SRRs of 25×25 mm2 designed to permit easy handling of the sample 

and good interaction between probing beam and the sample. SRR structures with two (2) 

gaps (symmetric and asymmetric) and three (3) gaps were fabricated through a standard 

photolithography technique. They consist of two (2) metallic layers (silver) of SRRs 

embedded in three (3) layers of polyimide (see Fig. 5.8). The existence of multiple gaps 

allows achieving higher magnetic resonance frequencies in the same unit cell 

configurations and scale; therefore avoiding additional fabrication and characterization 

difficulties. 

 

 

 

Figure 5.8: A single unit cell of all the SRR geometries studied (a): 3-gap SRR, (b): 2-gap 

asymmetric SRR, (c): 2-gap symmetric SRR. 

 

 

 

 

(a) (b) (c) 
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The transmission measurements of our structures were taken as it is explained in the 

previous section. But this time our frequency range is extended (2-21 THz) and all the 

measurements were taken for the case where the EM wave propagation is perpendicular 

to the SRR plane. 

 

For the 3-gap case the transmission measurements are shown in Fig.5.9, for various 

external E polarizations. It can be seen that going from the 0º polarization (where the 

SRRs are symmetric with respect to E) to the 90º polarization, there is a clear evolution of 

a transmission dip, which is a clear indication of the presence of a magnetic resonance in 

this regime, excited by the external electric field through the EEMR effect. 
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Figure 5.9: Measured transmittance spectra for three-gap SRR structures with 5×5µm2 

size (two layers, see Fig. 5.8a). In all cases the propagation of the EM waves is 

perpendicular to the SRRs plane. The solid black curve shows T for a polarization with E 

parallel to the sides of the SRRs with the two gaps, while the solid olive curve shows T 

for E parallel to the sides with one gap (as shown in the right panels). All the intermediate 

polarizations are also presented for comparison reasons. The dip at ~13 THz which 

appears going from 0º to 90º polarization is a clear indication of a magnetic resonance in 

that regime. 

 

A major problem for the operation of multidimensional LH structures is the 

occurrence of the Electric Excitation of the Magnetic Resonance (EEMR effect) for 

certain polarizations of the external E-field with respect to the SRR geometry. To solve 

this problem it is required to fabricate symmetric SRR structures, like multigap SRRs. We 



 84

have thus tested two-gap symmetric SRR structures in the THz frequency regime (Fig. 

5.8c), and compared their transmittance characteristics with the asymmetric ones of two-

gaps (Fig. 5.8b) and three-gaps (Fig. 5.8a). 

 

For the 2-gap asymmetric SRR case the calculated transmission spectra are presented 

in Fig. 5.10, and the transmittance measurements are shown in Fig. 5.11 for various 

external E polarizations. It can be noted that for both E polarizations there is no mirror 

symmetry of the SRR with respect to E and thus a dip in the T spectrum appears at ~9 

THz (observed both in the simulations as well as in the measurements), which is a clear 

indication that a magnetic resonance occurs at this frequency. 

 

 

 

Figure 5.10: SRR structure with two gaps (asymmetric, Fig.5.8b): Calculated transmission vs. 

frequency for the configuration shown in the inset. The dip at around 9 THz shows the 

location of the magnetic resonance. 
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Figure 5.11: Measured transmittance spectra for two-gap SRR asymmetric structures 

with 5×5 µm2 size (two layers, see Fig. 5.8c). In all cases the propagation of the EM 

waves is perpendicular to the SRRs plane. The solid red and magenta curves show T for 

both polarizations of E, i.e. parallel to the sides of the SRRs with one gap at each time. 
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For the 2-gap symmetric SRR case the measured transmission spectra are presented 

in Fig. 5.12, and the transmittance measurements are shown in Fig. 5.13 for various 

external E polarizations. It can be seen that for both E field polarizations there is mirror 

symmetry with respect to the SRR geometry, and there is no dip in the T spectrum in the 

low frequency regime. It can be thus concluded that for this symmetric case there is no 

electric excitation of the magnetic resonance. As it was already discussed in Chapter 4, 

this is an advantage when one wants to build multi dimensional metamaterials. 

Symmetric SRRs are needed in designing 2D and /or 3D structures. 

 

 
Figure 5.12: Measured transmittance spectra for two gap SRR symmetric structures with 

5×5 µm2 size (two layers, see Fig. 5.8 (b)). In all cases the propagation of the EM waves 

is perpendicular to the SRRs plane. The solid purple curve shows T for a polarization with 

E parallel to the sides of the SRRs with no gaps, while the solid red curve shows T for a 

polarization with E parallel to the sides of the SRRs with the gaps. 
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Figure 5.13: Measured transmittance spectra for two-gap SRR symmetric structures with 

5×5 µm2 size (two layers, see Fig. 5.8 (b)). The solid purple curve shows T for a 

polarization with E parallel to the sides of the SRRs with no gaps, while the solid black 

curve shows T for a polarization with E parallel to the sides of the SRRs with the gaps. 

All the intermediate polarizations are also presented for comparison reasons. 
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From the THz measurements performed on the multigap SRR metamaterials and the 

corresponding Microwave Studio simulations we can conclude that the presence of two 

symmetric gaps in the SRR leads to the elimination of the electric excitation of the 

magnetic resonance (the so-called EEMR effect) due to the mirror symmetry in the SRR, 

while the EEMR effect is present in the asymmetric structures for perpendicular 

propagation and the electric field parallel to the gap-bearing sides of the SRRs. Moreover, 

as it was expected, by increasing the number of the gaps in the SRRs the magnetic 

resonance frequency moves upwards. For example, in the three-gap structure the gap in T, 

which is related to the magnetic resonance of the SRRs, occurs at ~13 THz while for the 

one-gap SRR structures (reported previously) the resonance was observed at ~6 THz. 

 

5.2.3 Short slab-pair and continuous wire metamaterials 
 

To simplify the fabrication and characterization of negative µ and/or LH metamaterials, 

new improved and simplified designs have been introduced, involving pairs of short-slabs 

as magnetic resonators. According to theoretical and experimental studies, the parallel 

short-slab pairs structure allows replacing the SRR as magnetic resonator [17] but also 

could possibly give simultaneously negative ε, and negative µ, therefore negative n [45, 

47]. Since the existence of simultaneously negative ε and µ in short-slab pair structures 

can occur only under extreme conditions [46], a modification of the structure, consisting 

of continuous wires in addition to the slab pairs, has been proposed, and the occurrence of 

negative index, n, in the microwave regime has been demonstrated unambiguously, both 

theoretically and experimentally [44, 46, 48, 75]. The short-slab pairs arrangement (with 

or without continuous wires) has obvious advantages compared to the conventional SRR 

plus wires design: It is simpler in fabrication and, moreover, LH behavior can be achieved 

for incidence normal to the short-slab pairs plane, thus enabling the observation of 

negative index behavior with only a few, if not only one, short-slab pairs layer. The latter 
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feature could facilitate the realization and characterization of high-frequency LH 

metamaterials.  

 

In this study, we have designed, fabricated, characterized and analyzed a µm-scale 

structure consisting of short-slab pairs and continuous wires (see Fig. 5.14) targeting the 

observation of LH behavior in the far infrared frequency regime. Our short-slab pairs 

metamaterial is composed of Ag/Ti slab pairs, that are embedded in a dielectric matrix, 

while two continuous wires are added on either side of each pair, as shown in Fig. 5.14, to 

ascertain a wide negative ε region. For EM waves incident normally to the short-slab 

pairs structure and the electric field polarized parallel to the continuous wires (see Fig. 

5.14), the short-slab pairs will exhibit a magnetic resonance, providing a negative µ 

region, and the continuous wires will lead to negative ε, thus providing the possibility to 

achieve LH behavior. The elements of the pairs are separated by a dielectric spacer of 

small thickness, ts. The unit cell (u.c.) of the system is presented in Fig. 5.14(a) (3D view) 

and Fig. 5.14(b) (cross section). The dimensions are αE = 20µm, αH = 16µm, αk= 1.9µm 

where α are the respective lattice constants in the directions of E, H and k of the normal 

incident electromagnetic wave. The slab length is l = 16.5µm, its width is w = 8µm, the 

thickness of the dielectric spacer between the elements of the pairs is ts= 0.7µm, the 

continuous wire width is w' = 2µm and finally the continuous wire to short-slab distance 

(from metal edge to metal edge) is d=1 µm. The metamaterials have been fabricated on 

silicon wafers in a layer-by-layer method, alternating layers of dielectric and silver to get 

one or three u.c. A spin-on polyimide (DuPont Pyralin SP series PI-2525) with a 

dielectric constant of 2.5 has been used as matrix material, while silicon has been applied 

as the high-index dielectric spacer between the pair elements. The layer-to-layer 

alignment has been done using a Karl Süss MA6 aligner and UV photolithography. The 

alignment accuracy is of the order of 0.5 µm. After the fabrication, the polyimide-

encapsulated metallic structures have been removed from the silicon substrates. The total 

area of each structure is 25×25 mm2.  
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Figure 5.14: (a) A single unit cell of the slab-pair metamaterial under study, (b) k-H 

cross section of the slab-pair metamaterial, passing through the middle of the u.c. along 

E direction (metal thickness 0.1 µm, polyimide 0.5 µm, Silicon 0.7 µm). The Figure 

scaling in the two different dimensions is dissimilar. CW denotes the continuous wires.  

 
 
 
 
 
 

The transmission measurements have been taken using a Bruker IFS 66v/S FT-IR 

spectrometer (with a collimated beam) and a polarizer, at the frequency range of 1.5-10 

THz, at normal incidence whereas the reflection measurements were taken at almost 

normal incidence (77°). The transmission and reflection simulations have been performed 

using the Microwave Studio commercial software, and considering one and three u.c. 

along the propagation direction and periodic boundary conditions along the lateral 

directions. The metal has been treated as a dispersive medium following the Drude 

dispersion model (ε = 1-ωpm
2/ (ω2+iωγ), with ωpm=13.66×1015 rad/s and γ=2.73×1013 s-1). 

For polyimide and silicon the dielectric constants that have been used are εp=2.5 and 
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εSi=11.9 respectively, while the corresponding loss parameters are tanδp=0.03 and 

tanδSi=0.04.  

 

In Fig. 5.15 (a) the reflection (R) spectrum of a slab-pair metamaterial consisting of 

one unit cell (u.c.) along propagation direction is presented, at almost normal incidence 

(77°), and E parallel to the continuous wires. Two dips can be clearly observed, a broad 

one, which is located at ~3.5-5.5 THz, and a narrower one, at ~2.4-3.2 THz. In Fig. 

5.15(b), the transmission (T) spectrum of the same slab-pair metamaterial is depicted for 

normal incidence (E parallel to the continuous wires) (See Fig. 5.14(a)). At a first glance, 

one can observe a broad peak centered at ~4.4 THz. It can be noticed though that this 

broad peak contains a small shoulder, at ~2.9 THz, which is close to the position of the 

narrow R-dip observed in Fig. 5.15(a). This T-shoulder and the associated R-dip are due 

to the LH behavior of the system in the frequency region 2.4-3 THz, as it is further 

confirmed from corresponding numerical study.  

 

Figure 5.15: (a) Measured reflection spectra for our slab-pairs metamaterial, for one u.c, 

at close to normal incidence (77°) as defined in Fig.5.1, (b) corresponding measured 

transmission spectra. 
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Numerical reflection and transmission results for our system (one u.c. along 

propagation direction) at normal incidence are shown in Fig. 5.16. It can be seen that T 

(dashed line) shows a small peak, while R (solid line) exhibits a corresponding dip, 

centered at ~2.7 THz. These spectral features are in very good agreement with the 

experimental results presented in Fig. 5.15, thus providing evidence for the occurrence of 

LH behavior at ~2.7 THz. To unambiguously confirm that the transmission peak and the 

reflection dip at ~2.7 THz (observed both experimentally and numerically in our 

structures) are due to negative effective refractive index behavior, we have calculated the 

effective ε, µ and n versus frequency from the numerical transmission and reflection data, 

via the standard retrieval procedure [49, 76]; the extracted ε, µ and n are shown in Figs. 

5.17(a), 5.17(b) and 5.17(c) respectively. The graphs show that the real part of the 

permittivity is negative up to almost ~4.5 THz, while the real part of the permeability is 

negative over a narrow frequency band ranging from ~2.6-3 THz. This in turn results in 

negative n at the frequency region of ~2.6-3 THz as is confirmed in Fig. 5.17(c). (The 

slightly broader negative n regime compared to that of negative µ comes from the fact 

that negative n can also be achieved for a negative ε combined to positive µ but with large 

Im(µ) values. This negative ε-high Im(µ) regime corresponds to very high losses (see the 

large Im(n) in Fig. 5.17(c)) and is not considered here as negative index propagation 

regime. It is thus clear that all the obtained results, namely measured and calculated T and 

R, as well as the effective parameters ε, µ and n, point to the occurrence of a negative 

refractive index propagation regime at ~2.6-3 THz for our one u.c. short-slab 

pair/continuous wires metamaterial.  
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Figure 5.16: Calculated transmission (dashed line) and reflection (solid line) vs. 

frequency for one u.c. of our slab-pair metamaterial. 
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Figure 5.17: Real (solid line) and imaginary (dashed line) parts of the effective 

permittivity [panel (a)], permeability [panel (b)] and refractive index [panel (c)] 

calculated from the transmission and reflection data shown in Fig. 5.16.  
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To add further proof to our arguments and examine further the behavior of our 

metamaterial, i.e., quality and robustness of LH behavior, we have conducted the same 

measurements and calculations for three layers of the metamaterial, i.e. three u.c. along 

propagation direction. The corresponding data are presented in Figs. 5.18-5.19. In 

particular, the T- and R-spectra measured are illustrated in Fig. 5.18, showing the 

occurrence of a T-peak and a corresponding R-dip centered at ~2.3 THz. It is in this 

frequency region that we claim the occurrence of negative n, i.e. left-handed, behavior. 

(The slight difference between the one u.c. and three u.c. results are possibly due to the 

non-uniformity in the thickness of the layers of the samples and the interaction between 

adjacent layers along propagation direction. We suspect that the existence of an electric 

resonance nearby may play a role, given the fact that the relative excitation strengths of 

the two resonance depend on the incident angle and other aspects of the experiment). The 

numerical T and R results are presented in Fig. 5.19 and are in quite good agreement with 

the experiments. According to the corresponding calculations, the double peak structure 

that appears between 3.5-5.5 THz can be attributed to Fabry-Perot oscillations.  
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Figure 5.18: (a) Measured reflection spectra of three u.c. slab-pairs metamaterial at close 

to normal incidence (77°), (b) measured transmission spectra for three u.c. of the 

metamaterial.  

 

 

 

 

 
Figure 5.19: Calculated transmission (dashed line) and reflection (solid line) vs. 

frequency for the three u.c. slab-pairs metamaterial.  
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Additional investigating simulations show that by reducing the thickness of the high-

index dielectric (silicon) of our structure to 0.25 µm or replacing it with a low-index 

material (polyimide), the negative index behavior disappears. This is due to the fact that 

reducing the thickness of the high-index silicon leads to a decrease in the strength of the 

magnetic permeability, thus negative µ is not achieved; On the other hand, replacing Si 

with polyimide shifts the magnetic resonance to frequencies higher than the plasma 

frequency of the system, where the left handed behavior can not be observed.  

 

As a conclusion, we have fabricated a µm-scale metamaterial composed of slab-pairs 

and continuous wires, by means of a photolithography technique. Both one and three 

layers of metamaterial (u.c. along propagation direction) have been fabricated. 

Transmission and reflection measurements under normal incidence have given indications 

that our metamaterial shows negative refractive index behavior at 2.6-3 THz. Simulations 

of both transmission and reflection as well as inversion of the obtained data for 

calculating the effective parameters ε, µ and n, confirm the existence of a negative 

refractive index regime at ~2.4-3 THz. The slab-pair and continuous wires design opens 

new paths for the realization of negative index materials at optical frequencies.  
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Chapter 6 
 

 

Switchable Composite Metamaterials 
 

 

 

 

 

 

 
6.1 Introduction 
 
The left-handed (LH) behaviour of composite metamaterials at microwave and far 

infrared frequencies were presented so far. In this chapter, the photoconductive switching 

properties of split ring resonators (SRRs) are investigated.  

 

As it was discussed in the previous chapters, the SRR element consists of metallic 

rings with gaps that act like a capacitor–inductor (LC) circuit when a magnetic field 

component is perpendicular to their plane. Due to the resonant circular currents in the 

rings they exhibit a resonant magnetic response at ωm = 1/(LC)1/2 associated with these 

resonant circular currents [6, 30, 50]. Due to this resonance SRR elements generate the 

negative magnetic permeability (µ) response and they have great importance in LH 

studies. 

 
A significant challenge in LH materials research is the tuning and switching of such 

materials. The all-optical switching of the electromagnetic response of SRRs at THz 
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frequencies by the photoexcitation of carriers in the sample substrate is reported by 

Padilla et al [25].  

 
In our study, the effect of conductivity variation as a proposed method for the 

achievement of photoconductive switching properties of split ring resonators (SRRs) is 

investigated through simulations. Three different systems that are applicable under certain 

fabrication and/or optical excitation conditions are described and investigated. 

 
6.2 Optically switchable split ring resonators 
 

In our studies, simulations were performed for three different physical configurations 

(herein after referred to as models) and the finite integration technique employed through 

Microwave Studio commercial software was used for transmission calculations. These 

three models are illustrated in Fig. 6.1 a–c. The left panels shown in Fig. 6.1 illustrate the 

general view of one metamaterial unit cell, whereas the right panels show the gap region 

in closer detail. In the first model (Fig. 6.1 a), the effect of a photoconductive substrate is 

investigated by way of increasing the conductivity (σ) of the substrate region to 

symbolize illumination with higher optical powers.  

 

In comparison, model 2 (Fig. 6.1 b) employs insulating substrates. Split ring 

resonators are placed atop thin films of deposited or epitaxially grown photoconductive 

material. It is noteworthy that model 2 is also applicable to photoconductive substrates for 

which the optical absorption coefficient (α) is so high that the photogeneration of carriers 

is confined to a thin surface layer. On the other hand, model 1 better suits 

photoconductive substrates with low α, due to the possibility of photogeneration 

throughout the entire substrate. The last model includes photoconductive material in a 

localized area slightly larger than the split ring gap regions beneath the gaps. To realize 

such a structure, a two step micro-fabrication sequence must be employed: first the 

photoconductive gap regions must be defined by way of chemical or physical etching, 

followed by the deposition of the resonator pattern. Even when the entire substrate is 

illuminated, photogeneration for such a structure is limited to the gap regions only. In 

addition, model 3 also describes those situations where the photogeneration of carriers is 
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localized at the gap region by use of a focused laser beam, even if the photoconductive 

layer or substrate is not patterned. Models 2 and 3 are both appropriate for describing 

front- and substrate-side optical illumination, whereas model 1 is suited only for front-

side illumination because of the thick photoconducting substrate. 

 

 
Figure 6.1: Schematic illustration of the three models used in the simulations. 
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The exact dimensions used in the simulations are listed in Table 6.1. The structure in 

model 2 and 3 is known to yield a magnetic resonance dip (µ < 0) between 95 and 108 

GHz when fabricated on glass substrates (ε = 4.82). For model 1, the structure is rescaled 

such that the resonance will occur around 90–100 GHz when fabricated on Si substrates 

(ε = 11.9). In models 2 and 3, the thin photoconductive layer is modeled by a 1 µm thick 

ZnO (ε = 8.5) film. For all models, the substrate thickness is 150 µm, and the 0.5 µm-

thick conductors of the resonators are modeled as perfectly conducting. The schematic 

SRR unit cell and the relative orientation of the electromagnetic excitation are shown in 

the inset of Fig. 6.2. The magnetic field is perpendicular to the SRR plane and the 

directions of electric field and propagation are as shown. For all of the simulations; the 

number of unit cells employed was chosen as 3 in the propagation direction, while 

periodic boundary conditions along the other two directions have been used. The 

calculated transmission spectra for the three SRR models when there is no illumination 

are shown in Fig. 6.2. A magnetic resonance dip is observed at 88 GHz for model 2, at 90 

GHz for model 3, and at 95 GHz for model 1. Although the in-plane geometry of models 

2 and 3 are identical, the 2 GHz shift in the resonance frequency is expected due to the 

presence/absence of the thin photoconductive layer which contributes by a different 

dielectric constant. The magnetic nature of the resonance dip is verified by closing the 

SRR gaps by perfect electrical conductor (PEC) in simulations and observing of the 

disappearance of the dip. For all three models the minimum of the transmission dip is 

observed around -60 dB. 
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 Model 1 Model 2 Model 3 
Substrate material Si (ε = 11.9) Glass (ε = 4.82) Glass (ε = 4.82) 
Substrate thickness 150 µm 150 µm 150 µm 
Photoconductive layer substrate  1 µm-thick ZnO  

(ε = 8.5) 
1 µm-thick ZnO  
(ε = 8.5) across gaps 

Periodicity in SRR 
plane ak = aE 

164.2 µm 262.7 µm 262.7 µm 

PEC thickness 0.5 µm 0.5 µm 0.5 µm 
Split ring gap 4.5 µm 7.2 µm 7.2 µm 
Inner ring inner radius 26.9 µm 43 µm 43 µm 
Inner ring outer radius 42 µm 67.2 µm 67.2 µm 
Outer ring inner radius 50.4 µm 80.7 µm 80.7 µm 
Outer ring outer radius 67.2 µm 107.5 µm 107.5 µm 

 
Table 6.1. Parameters used in simulations for the three models. 
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Figure 6.2: Calculated transmission coefficient for the three models shown in fig. 6.1 

when no optical excitation is present. The pronounced transmission dips in the spectra 

are due to the SRRs magnetic resonance. Inset shows the orientation of the E-field, H-

field, and wave vector. 

 
 

Then, the effect of photoexcitation was investigated for the three models by varying 

the conductivity (σ) of the respective photoconductive layers. Because of the limitations 

imposed by the simulation toolbox, the conductivity was assumed to be a constant 

throughout the photoconductive layer. Although this assumption may not model the 

optical absorption process accurately for some cases, it is a valid approximation for low 

absorption coefficients and/or thin absorbing films. Fig. 6.3 shows the transmission 

spectra calculated for model 1 as a function of the substrate conductivity. The two lower 

σ values (0.1 and 1 S/m) represent the typical conductivity values for commercial Si 

substrates. It is observed that the transmission dip occurs at -53 dB and -36 dB for σ = 0.1 

S/m and σ = 1 S/m, respectively. When the conductivity of the substrate is increased 

gradually (equivalent to a gradual increase of photogeneration throughout the entire 

substrate), the resonance is observed to disappear gradually. For a sufficiently large 
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increase in conductivity, the resonance can be completely switched off. For example, an 

increase from 1 S/m to 30 S/m in σ results in the total disappearance (dotted purple curve) 

of the resonance. For σ = 30 S/m, the transmission level drops to -15 dB as a result of the 

increased total loss in the structure. 

 

 
Figure 6.3: Calculated transmission spectra for model 1 of Fig. 6.1 as a function of 

frequency for various conductivity values of the photoconducting substrate. 

 

Analogous calculations to the one described above were performed also for models 2 

and 3, where the effect of a conductivity increase of the thin photoconducting layer was 

investigated. Fig. 6.4 shows the transmission spectra that were calculated for model 2. 

The two lower σ values (0.3 S/m and 5 S/m) represent the range of conductivity values 

when the structure is not illuminated with sufficient optical power. It is observed that the 

transmission dip approaches -60 dB and -36 dB for s = 0.3 S/m and σ = 5 S/m, 

respectively. As the conductivity of the thin film photoconductive layer is increased the 

resonance is observed to disappear gradually. If the photoconductivity is increased as 

much as 300 S/m (dotted purple line), the resonance dip disappears. Similar to the model 

1, the transmission level of the structure drops to -10 dB for this high conductivity value 

as a result of the loss associated with the thin conducting layer. Fig. 6.5 shows the 

calculated transmission spectra for model 3. It is observed that the non-illuminated 
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transmission dip approaches -54 dB and -35 dB for σ = 1 S/m and σ = 10 S/m, 

respectively. When the conductivity of the photoconductive material across the gaps is 

increased, the resonance is observed to disappear gradually in similar fashion to the other 

two models. Finally, a 100-fold increase of conductivity, from the non-illuminated value 

of 10 S/m (solid red curve) to 1000 S/m (solid purple curve), causes the complete switch 

off of the resonance. In contrast to the first two models, where the transmission levels 

away from the magnetic resonance showed a considerable drop by increasing 

conductivity, here the transmission level remains at around -5 dB even for 1000 S/m 

conductivity. 

 

Comparing the results of Figs. 6.3–6.5, several observations are made: First, the 

conductivity value to achieve complete switching is highest for model 3 and lowest for 

model 1. Similarly, the proportional increase in conductivity required to achieve any fixed 

amount (in dB) of switching is also highest for model 3 and lowest for model 1. These 

observations are better displayed in Fig. 6.6, wherein the depth of the respective 

resonance dips are plotted for the three models as a function of conductivity. It is seen 

that the resonance depth is highest for model 3 (least switching), and lowest for model 1 

(largest switching). This is expected since the volume where the material conductivity is 

modulated is highest in model 1 and lowest in model 3. However, it has to be noted that 

model 3 is still the most efficient when required photoconductivity change multiplied by 

the photo-absorbing volume is considered. This is the proper way of comparison, because 

the product of the required photoconductivity change and optically absorbing volume is 

directly proportional to the number of absorbed photons, hence to the required incident 

power. Fig. 6.7 compares calculated resonance depths for the three models as a function 

of the product of photoconductivity and optically absorbing volume. It is observed from 

Fig. 6.7 that model 3 is approximately four and two orders of magnitude more efficient 

than models 1 and 2, respectively. 

 



 106

 
Figure 6.4: Calculated transmission spectra for simulation model 2 of Fig. 6.1 as a 

function of frequency for various conductivity values of the thin photoconducting film. 

 
After having defined the required designs and conditions to achieve satisfactory 

switching, the fabrication of those systems and the experimental validation of the results 

described above are investigated. Here, the fabrication and the non-illumination 

characterization of the model 1 described above is presented. SRR arrays were fabricated 

on 450 µm-thick Si substrates with 2 S/m conductivity. First, the model 1 SRR pattern 

described in Table 1 was defined by photolithography. Then, 100 A° Ti/5000 A° Au 

metal patterns were deposited by thermal evaporation and subsequent lift-off. Fig. 6.8(a) 

shows several examples of fabricated samples. The larger samples at the left and bottom 

of the figure are designed for lower frequency experiments. The stack of planar samples 

sandwiched between glass spacers is the bulk 100 GHz test sample. A detail of one of the 

planar samples can be seen in Fig. 6.8(b). The millimeter wave measurements were 

carried out by using a HP 8510C network analyzer. First, the signal from the network 

analyzer was converted up in frequency to the 75–115 GHz range by using a multiplier 

source unit. The signal was transmitted by a horn antenna and the transmission through a 

stack of samples was measured by a second horn antenna and mixing detector 

combination. Stacking of approximately 20 samples was necessary in order to cover the 

entire antenna aperture. Fig. 6.9 shows the measured transmission through 36 consecutive 

SRRs in the propagation direction. The measurement orientation was same as that is 
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indicated in Fig. 6.2. A -60 dB resonance dip was observed between 108 GHz and 115 

GHz. The spectral shift from simulations is due to deviation from the design during 

fabrication. The transmission level for non-resonant frequencies was around -20 dB, 

which is consistent with the increased loss associated with the large number of SRRs in 

the propagation direction. To test the optical switching, it was necessary to be able to 

illuminate the sample. However, the stack of samples was too tightly packed and had no 

optical clearance. We were not able to observe the SRR resonance when the stack was 

disassembled and a single layer of substrate was tested. This is because a single layer is 

too thin to cover the antenna aperture. We are currently investigating different stack 

geometries where we will be able to effectively cover the antenna aperture as well as have 

enough optical clearance to test switching characteristics. 

 

 
Figure 6.5: Calculated transmission spectra for model 3 of Fig. 6.1 for various values of 

conductivity of the photoconducting material covering the SRR gaps. 
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Figure 6.6: Calculated resonance depth (dB) for the three models as a function of 
conductivity. 
 
 
 

 
Figure 6.7: Calculated resonance depth (dB) for the three models as a function of the 

product of optically absorbing volume and photoinduced conductivity (this product is 

proportional to the absorbed optical power). 
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Figure 6.8: Fabricated samples: (a) larger, lower frequency samples, and the stack of 

planar samples for 100 GHz operation. (b) Photomicrograph of sample. 

 
 
 
 

 
Figure 6.9: Measured transmission spectra of SRRs fabricated on Si substrates according 

to model 1. 
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In conclusion, the effect of conductivity variation as a proposed method for the 

investigation of the photoconductive switching properties of SRRs was simulated. Three 

different simulation models that are applicable under certain fabrication and/or optical 

excitation conditions were described. It was calculated that for a large range of dark 

conductivity values, it is possible to achieve switching by the careful selection of the 

appropriate model and excitation conditions. SRR structures on Si substrates were 

fabricated and a -60 dB resonance dip between 108–115 GHz was measured. Next, these 

structures will be tested under optical excitation.  
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Chapter 7 
 

 

Conclusion 
 

 

 

 

 

 

The main purpose of this thesis was to develop a better understanding of the physics of 

metamaterials. During our studies, we focused on the left-handed materials and their 

applications both in microwave and in THz frequency regimes. Firstly, we investigated 

the criteria to determine left-handed behaviour in metamaterials while working on 

structures operating in the GHz frequencies. Later, we investigated the possibility of 

building metamaterials which operate in the far infrared frequencies. During the course of 

the study, we used numerical and experimental techniques to characterize metamaterials 

with negative permittivity, negative permeability and negative index of refraction. The 

outline of the thesis can be found in Chapter 1. 

 

In Chapter 2 of the thesis, we presented a theoretical background of left-handed 

materials. The definitions of negative index materials, backward wave propagation, 

negative refraction at the interface between left-handed and regular media and other basic 

aspects are described. Artificial building blocks such as the split-ring resonators (SRRs), 

continuous wires, and slab-pairs and their general response is discussed. Finally, a short 

historical review of left-handed material research is included.  
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We discussed the criteria to identify a negative index material in Chapter 3. During 

this study, we investigated the transmission properties of the SRRs as well as the 

continuous wires and CMMs consisting of SRRs and wires in the microwave frequency 

regime. In addition to this, the propagation of EM waves for different orientation of the 

SRRs has been studied both experimentally and theoretically. We realized that the 

incident electric field couples to the magnetic resonance of the SRR, provided its 

direction is such as to break the mirror symmetry of the SRR. This effect (EEMR) has 

great importance while studying metamaterials operating in higher frequencies since it 

enables characterization with normal incidence to SRR plane and as little as even a single 

unit cell in the propagation direction.  

 

In Chapter 4, a detailed parametric study of the SRRs is presented. The dependence 

of the magnetic and electric resonance frequencies on the SRR’s geometrical parameters, 

shape and configuration for a single-ring SRR in the propagation direction is presented. 

The effect of background material and SRR orientation relative to incident EM field is 

studied. It was found that the loss of the dielectric boards greatly affects the LH 

transmission peak. The CMM configuration with SRRs on one side and wires on the other 

side of the boards and aligned with SRR gaps was found to be the most robust 

configuration. Finally, the issue of the electric coupling to the magnetic resonance was 

investigated and found to be present in all systems that lack symmetry. Some optimum 

designs, which are highly symmetric and which may constitute components of promising 

2D and 3D LH structures were identified. 

 

In Chapter 5, the electromagnetic properties of µm- scale SRR and slab-pair 

metamaterials were investigated. We managed to fabricate, for what is to our knowledge 

for the first time, a micrometer-scale metamaterial consisting of five layers of single-ring 

SRRs which operates around 6 THz. Other than the measurements performed through 

EEMR effect, we also performed oblique incidence transmission/reflection measurements 

in order to demonstrate the magnetic response by exciting the SRRs with an external H-

field. In addition, multi-gap SRRs were investigated and the elimination of the EEMR 

effect through mirror symmetry was achieved. Moreover, as it was expected, we observed 
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that by increasing the number of the gaps in the SRRs the magnetic resonance frequency 

moves upwards. Besides the SRR and multi-gap SRR structures we fabricated a µm-scale 

metamaterial composed of slab-pairs and continuous wires and characterized this 

metamaterial to demonstrate negative refractive index behavior at 2.6-3THz under normal 

incidence condititons.  

 

Our work on switchable SRRs is presented in Chapter 6. Here, we analyzed 

numerically the dependence of switching on the relative configuration of photoconductive 

material and ordinary SRRs. The effect of photoabsorption is simulated through a 

variation of the conductivity of the photoconductive material. We have found that the 

configuration where photoconductive material is limited to the immediate proximity of 

the SRR gaps exhibits the most significant change in resonance. A sample metamaterial 

was fabricated on photoconductive substrate and the SRR resonance was verified.  
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