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Introduction 

Metamaterials are artificially engineered composite materials, made of densely packed 

micro– or nanostructured building blocks, displaying electromagnetic properties beyond 

those available in naturally occurring materials. Since the Greek word ‘meta’ means ‘beyond’ 

the term ‘metamaterials’ refers to ‘beyond conventional materials’. Due to metamaterials the 

classical subject of electromagnetism and optics have experienced a number of new 

discoveries and advances in research. In 1968 Victor Veselago theoretically investigated a 

material whose electric permittivity and magnetic permeability are simultaneously negative 

[1]. A number of unusual phenomena like negative refractive index and backward wave 

propagation were predicted by Veselago in this study. After more than 30 years of stagnation, 

due to the lack of experimental verification, negative refractive index materials (NIMs) have 

drawn attention of the scientific community when a negative permittivity medium was 

discovered by Sir Pendry in 1996 [2], followed by the discovery of negative permeability in 

1999 by Sir Pendry et al. [3], and the first experimental realization of a NIM by Smith et al. 

in 2001 [4]. Negative index materials have lead to the development of superlenses capable of 

imaging at resolutions beyond the diffraction limit [5]. Another application of metamaterials 

is the gradient refractive index medium which allows an unprecedented control of light 

propagation [6]. Gradient index structures designed using the transformation optics approach 

[7] lead to new exciting applications like optical cloaks or optical illusions. In this thesis I 

have analyzed the optical properties of four different metamaterials made of metallic 

elements embedded in a dielectric matrix. The optical properties of these structures are based 

on plasmonic phenomena and two of them show a negative index of refraction one in the 

visible range and the other in the near infrared range. 

 

1. Electromagnetic plane waves in isotropic and homogeneous media 

This introductive chapter presents the basic theoretical concepts that describe the main 

characteristics of electromagnetic plane wave propagation in isotropic and homogeneous 

media. Maxwell’s equations along with the constitutive (material) equations and boundary 

conditions are fully describing the electromagnetic field in matter and at the interface 

between two different media. The concept of the refractive index is related to the wave 

equation which describes the propagation of an electromagnetic wave in terms of its electric 
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and magnetic fields. The refractive index is defined as  thus  is positive for 

positive  and  and negative for negative  and . 

 

1.6 The  trihedron 

In a NIM the vectors ,  and  form a left-handed system, hence NIMs are also called ‘left-

handed’ materials (Fig. 1.1). 

 

Figure 1.1 (a) ‘Right-handed’ trihedron  in a positive index material (PIM); (b) 

‘Left-handed’ trihedron  in a NIM. 

 

1.10 Electromagnetic wave refraction at the plane interface between two media 

In a NIM the phase velocity is directed against the flow of energy. Also, at the interface 

between a positive and a negative index material, the refracted light is propagating on the 

same side of the normal as the incident light (Fig. 1.2). 

 

Figure 1.2 Light refraction at a PIM – PIM interface (a) and a PIM – NIM interface (b). 
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2. Molding the electromagnetic properties of materials using metamaterials 

The material properties are characterized by an electric permittivity and a magnetic 

permeability. Metamaterials are a new class of artificial composites which allow the molding 

of electric and magnetic response of the material by changing the geometry of the constituent 

elements. Advanced nanofabrication techniques allow the fabrication of materials with 

negative magnetic permeability and negative index of refraction in the optical range. The 

design of metamaterials with gradient magnetic permeability and electric permittivity leads to 

an unprecedented control of the electromagnetic field propagation and unusual applications 

like invisible cloaks. Negative index materials can also be used to design superlenses with 

resolution beyond the diffraction limit. 

 

3. Models and methods for plasmonic metamaterials analysis 

Two different approaches are used to fabricate negative index materials (NIMs). The first is 

using plasmonic resonant elements [8, 9] and the second is using plasmonic waveguides [10, 

11]. The electromagnetic properties of plasmonic waveguides made NIMs are based on 

plasmonic modes of the constituent waveguides while the electromagnetic properties of 

plasmonic resonant elements made NIMs are based on resonant plasmonic states of the 

constituent elements. In this chapter is presented the theory of plasmonic modes for metal-

dielectric interfaces with different geometries [12]. The spatial dispersion model, described in 

this chapter, explains the relationship between the local field response and the macroscopical 

behaviors for artificial metamaterials composed of periodic resonant structures [13]. The S-

parameter retrieval method used to determine the constitutive parameters of an effective 

medium once the reflection and transmission coefficients are known [14], is also presented in 

the end of the chapter. 

 

4. Experimental results and numerical simulations 

In this chapter are presented experimental and theoretical results of analyzing the 

electromagnetic properties of two dielectric-metal structures. 
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4.1 Metallic nanocylinders structures 

Two-photon micro fabrication is a standard technique used for producing metallic micro-and 

nanostructures. In fabrication process we used a Q-switched 1064 nm Nd-YAG laser as a 

source for two-photon reduction of silver ions from silver nitrate (AgNO3) dissolved in a poly 

4-styrensulfonic acid (PSS) solution [15, 16]. Vertical nanocylinders could be obtained 

because of the high spatial selectivity of the two-photon photo reduction process of silver 

positive ions (Ag+). Typical fabricated nanocylinders diameter and length were 

approximately 200 nm and 5 µm respectively. The fabricated nanocylinders are embedded in 

a dielectric PSS polymer film of refractive index of 1.4 which is deposited on a  microscope 

slide. The cylinders are arranged in a square lattice having the periodicity constant a=800 nm. 

 

Figure 4.1 The light propagation along the cylinders was analyzed using a CCD camera. 

The three-dimensional propagation of visible light along the cylinders has been characterized 

by wide field transmission microscopy with a high numerical aperture microscope objective 

(NA=1.4). Light propagation through the structure along OX axe was analyzed using a CCD 

camera and a visible - near infrared  spectrometer. For different x values pictures of the 

structure in YOZ plane were captured (see figure 4.1(a)) and further assembled in a stack in 

the succession of increasing x which corresponds to the light propagation direction (see 

figure 4.1(b)). Cross sections through the resulting stack provide us useful information about 

the light intensity inside the structure along the propagation direction. Intensity distribution 
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along the cylinders and between cylinders for visible range wavelengths are presented in 

figure 4.2. 

 

Figure 4.2 (a) Light distribution on plane M (up) crossing the cylinders, and plane N (down) 

placed between cylinders (see figure (b)). 

The electromagnetic field distribution along the silver cylinders were computed using FDTD  

method. In the case of 5 µm long cylinders, simulation results, show two areas of near-field 

intensity enhancement along the cylinders surface for wavelengths ranging from 600 nm to 

750 nm. When the length of the cylinders is reduced at 3 µm only one area of near-field 

intensity enhancement along the cylinders surface can be observed for wavelengths ranging 

from 600 nm to 750 nm. Figure 4.3 shows volume (V) versus field enhancement (Γ = E·E*/ 

E0· E0
*) variation for wavelength equal to 600 nm. We can see that  the field enhancement 
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volume for the first zone of 5 µm long cylinders and for 3 µm long cylinders are 

approximately the same, hence the cylinders length has almost no influence upon near-field 

intensity enhancement [17]. 

 

Figure 4.3 Volume of the enhanced fields around a cylinder (V) versus electromagnetic field 

enhancement (Γ). The wavelengths of incident light is λ = 600 nm. 

 

4.2 Metallic films over colloidal particles structures 

Two-dimensional colloidal crystals (CC) were prepared from polystyrene (pS) spheres 

(Polysciences) with a diameter of 450 nm. The CC were obtained by using a self-organization 

method often named drop-coating. It involves dispensing a drop of colloidal solution onto a 

hydrophilic glass surface, and allow the solvent (in our case water) to evaporate, leaving a 

close-packed hexagonal array of colloids on the substrate [18]. Silver films were deposited by 

means of vacuum thermal evaporation, and film thickness was monitored by a quartz crystal 

microbalance, to about 50 nm on all the samples discussed in this study. 

The optical transmission and reflection measurements were performed on a Jasco V-530 

spectrophotometer using unpolarized light. An opaque pierced screen was used as a mask to 

limit the spot diameter to about 2 mm2. Computer simulations of the electromagnetic 

response of the structure are performed using a three-dimensional finite-difference time 

domain algorithm (FDTD) [19]. Figure 4.4 presents the experimental and simulated spectra 
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of transmittance (T), reflectance (R), and  absorbance (A=1-T-R) for the analyzed structure, 

at normal incidence. The light is propagating from above the silver film and is exiting 

through the glass substrate. 

 

Figure 4.4 Comparison of simulated (thin red lines) and experimental (thick black lines) 

transmission (T), reflection (R), and absorption (A) spectra of silver film over colloidal 

crystal (AgFoCC). 

Experimental measurements and computer simulations are in good agreement and show that 

strong absorption is present at wavelengths longer than the transmission maximum, different 

than what is usually observed in enhanced optical transmission (EOT) through optically thick 

film perforated with regular arrays of nanoholes [20, 21]. In order to explain the transmission 

and absorption spectra the component of the electric field intensity parallel to the propagation 

direction ( ) was computed near the silver film deposited over the polystyrene spheres and 

analyzed for the wavelengths corresponding to the maximum values of transmission () and 

absorption ( ). Figure 4.5 shows the real part of the  component of the electric field 

intensity for  and . Analyzing the field distribution one can 

identify a symmetric and an anti-symmetric plasmonic mode corresponding to the 

wavelength  respectively  [22, 23]. Figure 4.6 shows the electric 

charge distribution for these hybridized plasmonic modes [24]. 
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Figure 4.5 Distribution of the real part of  for  (a) and  (b) 

correspond to symmetric  and anti-symmetric  plasmonic modes respectively. The 

polarization of the incident light is parallel to OY axis. 

 

Figure 4.6 Electric charge distribution on the silver film surfaces for the symmetric  (a) 

and anti-symmetric  (b) plasmonic modes. 
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5. Resonant plasmonic metamaterials 

In this chapter are presented two original theoretical results of negative index materials based 

on plasmonic resonant nano-elements. 

5.2.2 Plasmonic metamaterials made of triangular nanoprisms in a hexagonal lattice 

In this section we analyze theoretically the electromagnetic properties of a metamaterial slab 

made of gold triangular nanoprisms arranged in a hexagonal lattice. This structure is suitable 

for fabrication using self-assembly sphere lithography (SSL) technique [25]. Using different 

diameter polystyrene spheres combined with chemical etching technique one can adjust the 

dimension of the fabricated triangular nanoprisms as well as the lattice constant of the 

hexagonal lattice. 

 

Figure 5.1 Constitutive parameters: permittivity (a), permeability (b), and refractive index 

(c). Polarization of the incident light is parallel to one side of the triangular nanoprisms. 

For nanoprisms dimensions and lattice constants in the range of hundreds of nanometers the 

structure presents reflection and transmission responses at optical frequencies due to the 

plasmonic resonances of the constituent nanoparticles. The geometrical dimensions of the 

simulated structure are the following: hexagonal lattice constant a=450 nm, triangular prisms 

side length L=165 nm, and prisms thickness h=30 nm. Following the retrieval process of the 

constitutive parameters, the real and imaginary parts of the relative permittivity and 

permeability are obtained as presented in figure 5.1. Analyzing the real and imaginary parts 
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of the relative permittivity, we can observe the presence of a typical electric resonance 

around the frequency of 426 THz. 

5.2.3 Plasmonic metamaterials made of two overlapped layers of triangular nanoprisms 

in a hexagonal lattice 

In order to achieve a magnetically active metamaterial we added an identical layer of 

nanoprisms. The resulting bi-layered metamaterial has a spacing of s=30 nm between layers. 

 

Figure 5.2 Material parameters: permittivity (a), permeability (b), and refractive index (c). 

The retrieved constitutive parameters: permittivity, permeability, and refractive index are 

presented in figure 5.2. The analyzed metamaterial slab made of two layers of overlapping 

equilateral triangular nanoprisms arranged in a hexagonal lattice, presents both a magnetic (f-

=397 THz) and an electric resonance (f+=442 THz) corresponding to the anti-symmetric and 

symmetric hybridized plasmonic modes, respectively. The magnetic resonance exhibits 
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values going close to zero for the real part of the permeability, while the electric resonance 

exhibits negative values for the real part of the permittivity. 

5.2.4 Plasmonic metamaterials made of two shifted layers of triangular nanoprisms in a 

hexagonal lattice 

In order to design a metamaterial with a negative index of refraction we introduced a shift 

between layers (dy) in the direction of the electric field polarization. 

 

Figure 5.3 Effective constitutive parameters: permittivity (a), permeability (c), and refractive 

index (e). Average constitutive parameters: permittivity (b), permeability (d), and refractive 

index (e). 

For a sufficiently large displacement dy=120 nm, the hybridization scheme is slightly inverted 

with the symmetric mode at a lower frequency than the anti-symmetric mode and a negative 

refractive index is achieved at optical frequencies between 430 and 450 THz. Figure 5.3 

shows the effective constitutive parameters for a metamaterial thickness of d2=90 nm and 

also the average constitutive parameters for a thickness of d2
’=28 nm. 
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5.3 Polarization insensitive negative refractive index metamaterial 

Hexagonal arrays of gold nanoelements with C3 symmetry are studied as a metamaterial slab 

of reduced anisotropy. Tri-dimensional (3D) finite-difference time domain (FDTD) 

simulations are used to calculate the reflected and transmitted electromagnetic field for two 

waves normally incident to the slab with mutually perpendicular polarizations. S-parameter 

method is used to retrieve the constitutive parameters for each polarization. While dipolar 

plasmonic resonance in the case of one layer metamaterial slab leads only to negative values 

of permittivity, using two layers of asymmetric nanoelements leads to a negative refractive 

index metamaterial in the near infrared range (158-172 THz) as a result of hybridized 

plasmonic states inversion. 

5.3.1 The structure of the constituent nano-elements of the studied metamaterials 

 

Figure 5.4 The asymetric resonant nanoelements (a) and (b). Elementary cell used in 

simulations (c). 

The design of nanoelements is presented in Fig. 1(a) and (b). Three isosceles trapezoids, of 

which parallel sides are forming two equilateral triangles, can be defined in two ways, as 

shown in Fig. 5.4(a) and (b) (left), respectively. The constituent nanostructures of the studied 

metamaterials are obtained by translating these three trapezoids so that the common vertices 

of the trapezoids and the inner equilateral triangle are translated into the center of the triangle 

(see Fig. 5.4(a) and (b) right). In this way two different kinds of “meta-atoms” mutually 

asymmetric are created. The resulting “meta-atoms” can be dimensionally characterized 
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through the circumradii length of the inner and outer equilateral triangles, r and R 

respectively. 

5.3.2 Symmetric and anti-symmetric hybridized plasmonic modes inversion 

Figure 5.5 presents the transmission spectra for a single layer metamaterial (blue), a 

symmetric double layer metamaterial (green), and an asymmetric double layer metamaterial 

(red). Hybridized plasmonic modes inversion occurs in the case of asymmetric metamaterial. 

 

Figure 5.5 Hybridized plasmonic modes inversion occurs for a bi-layered asymmetric 

metamaterial for each polarization direction OY (a) and OZ (b). 

In our study we analyze theoretically the electromagnetic properties of three metamaterials, 

one single layered and two double layered slabs all of them having the hexagonal lattice 

constant a=450 nm. The constituent “meta-atoms” are made from gold with dimensions given 

by r=50 nm and R=150 nm, as mentioned in the previous section, and thickness h=30 nm. 

Reflected and transmitted light through the metamaterial slab at normal incidence are 

obtained by performing computer simulations using a three-dimensional (3D) finite-

difference time domain algorithm (FDTD). We consider also a surrounding medium 

refractive index of n=1.5. In order to analyze the polarization dependence of the materials 

transmission two waves with mutually perpendicular polarizations are used. 
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5.3.3 Effective parameters of the studied metamaterials 

 

Figure 5.6 Effective constitutive parameters for the double layer asymmetric metamaterial. 

Refractive index (a), electric permittivity (b), magnetic permeability (c). 

The asymmetric double layered structure shows that the symmetric and anti-symmetric 

plasmonic modes frequencies can be equalized or even slightly inverted by controlling the 

interaction between the constituent nanostructures, as we saw in the previous section. 

Analyzing the real and imaginary part of the relative permittivity (Fig. 5.6(b)) and 

permeability (Fig. 5.6(c)) we can observe the electric and magnetic resonances around the 

same frequency f3el= f3mag=158 THz for both polarizations. Also a negative real part of the 
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refractive index (n') is obtained in the range of frequencies from 158 THz to 172 THz for 

both polarizations (Fig. 5.6(a)). 

6. General conclusions and perspectives 

1.a) Vertical silver nanocylinders have been fabricated by two-photon microfabrication 

technique. The three-dimensional propagation of visible light along and between the 

nanocylinders has been characterized by wide-field transmission microscopy. Transmission 

spectra were collected with a fiber coupled spectrometer and optical images were taken with 

a camera using an inverted microscope. Intensity enhancements occur along the 

nanocylinders surfaces for wavelengths in the visible range. Finite-difference time domain 

(FDTD) simulations are in good agreement with the experimental results. The 

electromagnetic field enhancement was evaluated, in order to analyze the suitability of the 

studied structures for sensing applications. 

1.b) Metal films deposited over two-dimensional colloidal crystals (MFoCC) constitute a 

low-cost periodic structure with interesting photonic and plasmonic properties. It has 

previously been shown that this structure exhibits a behavior similar to the well-known 

Extraordinary Optical Transmission (EOT) of metallic hole arrays in planar films. 

Transmission and absorption spectra were explained by analyzing the near field distribution 

which shows the presence of two hybridized symmetric and anti-symmetric plasmonic 

modes. 

2.a) Mono and bi-layered structure made of gold triangular nanoprisms in a hexagonal lattice 

were theoretically analyzed. A metamaterial slab made of one layer presents an electric 

resonance, leading to negative values of permittivity, due to the dipolar plasmonic resonance 

of the constituent nanoprisms. A metamaterial slab made of two layers, with no displacement 

between layers, presents both a magnetic and an electric resonance corresponding to the anti-

symmetric and symmetric hybridized plasmonic modes, respectively. Introducing a shift 

between layers, in the direction of the electric field, we demonstrated that the coupling 

between the localized plasmons, on the surface of the prisms from different layers, can be 

controlled. For a sufficiently large displacement, the hybridization scheme is slightly inverted 

with the symmetric mode at a lower frequency than the anti-symmetric mode, and a negative 

refraction index is achieved at optical frequencies (430–450 THz). 

2.b) In this work we studied, using tri-dimensional FDTD computer simulations, the 

electromagnetic properties of single and double layered metamaterials consisting of gold 
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nanoelements arranged in a hexagonal lattice. Asymmetric double layered metamaterial slab, 

with asymmetric nanostructures geometry in one layer with respect to the other, demonstrates 

that controlling the coupling between the localized plasmons, on the surface of the 

nanoelements from different layers, the hybridized plasmonic modes can be slightly inverted 

so that the symmetric mode appears at a lower frequency then the anti-symmetric mode. 

Consequently a negative refraction index is achieved at near infrared frequencies (158 - 172 

THz). Due to the hexagonal lattice and to the 1200 rotational symmetry (C3) of the constituent 

nanoelements the electromagnetic parameters of the studied metamaterial are polarization 

insensitive. 
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