BABES-BOLYAI UNIVERSITY CLUJ-NAPOCA
FACULTY OF PHYSICS

Contributions to designing the optical
properties of some plasmonic metamaterials

— Doctoral Thesis Summary —

Mircea Giloan

Scientific Advisor

Prof. Dr. Simion Atilean

CLUJ-NAPOCA
2012



Contents

T a1 goTo [0 T1 o] o P TP PP TP PP PRSP PPPPPPPI 1
1. Electromagnetic plane waves in isotropic and hoogeneous media..........cccuveeveeeeeeeeeeiinnnnns 4
1.1 Maxwell’'s equations iN MACIOSCOPIC MEAIBuuu..uvrrrrrieeeaeaeaiiiiiiiiie e e e e e eeeeere e e e eeeens 4
1.2 Constitutive equations in linear, isotropicand homogeneous media ..................vvvveeeenn.. 5
1.3 Boundary conditions at the interface of tWoNedia ............ccovveeiiiiiiiiiiiiiie e 5
1.4 Electromagnetic waves. Refractive INAEX ...........ooooiiiiiiiiiiiiiiiiieeeeeee e 7
1.5 Phase velocity and group VEIOCITY ......cuueuiieiiiiieeeeei ittt 9
1.6 The(E, H, k) tNEOION .........ovvmveiieoiioiiessnnm s 10
1.7 Wave impedance. Media IMPEAANCE ..........uuuuummiiiiiaaiaeee e eeee e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeenennnn 12
1.8 Electric and magnetic fields in terms of edicother ... e 12
1.9 Poynting vector. Electromagnetic wave POWEHIOW ..............ccoeieiiiiiiiiiiiiiiieee s e 13
1.10 Electromagnetic wave refraction at the plaminterface between two media ................ 14
Y] (=T (=] o = 15
2. Molding the electromagnetic properties of mateals using metamaterials ...................vvvumn 17
2.1 The concept of metamaterial............ccccveeiiiiiiiiiiiiie e eee e, 17
2.2 Materials characterization by dielectric andmagnetic properties...........ccccccveeeeerieeeeene. 18
2.3 Homogenization of metamaterials. Effectiveonstitutive parameters............cccoeeveeeesvmne. 19
2.4 Negative permittivity MetamaterialS .......c......uuueeiiiiiiiieiiiiiiiee e 23
2.4.1 Optical properties Of MELAIS ......coueurrrmmmiiiiiie e 23
2.4.2 Periodic structures of Metallic WIr€S.........ccuuviiiiiiiiiiiiiee et 24
2.5 Negative permeability metamaterialS. .....cc. ..o 27
2.6 Negative refractive index metamaterialS ............ooovvviiiiiiiiiiiiii e 31
2.7 Electromagnetic wave propagation in a negae refractive index metamaterial............... 32
2.8 Applications of MEetamMALErIAlS ..........ueeiiiieiiiiiii e e e e e e e e e e 34
2.8.1 High reSOlULION [ENSES ... eeeeeiiccceee ettt 35
2.8.2 Controlling the propagation of electroragnetic field............ccccooeeeee s ieeeeie 37
2.9 Metamaterials fabrication teChNIQUES....ccuuuuueiiiiiiiiiei e 38
2.9.1 Microwave range operating frequencies @amaterials ...........cccceeeeeeiiriiiiiee e e 38
2.9.2 Optical range operating frequencies mamnaterialS............ccoeeeeiiiiiiiiieeeevv e e 39
RETEIEINCES ... e ettt e e et e e e et e e e e e et e e e e e e nrreeeeeaan 41
3. Models and methods for plasmonic metamaterialSn@lySisS ...........cceeeeieeeiiniiiiiiiiiiiiiieeeeeeen. 44
3.1 PlasmoniC METAMEALEIIAIS ...........coi et eeeeee ettt e e e e e e 44



3.2 Plasmonic waves at dielectric-metal INTEIT BT ........oovii e 46

3.2.1 Plasmonic waves at dielectric-metal pla interface..............cccoovvvviiiiiiiiiicmmmn e, 46
3.2.2 Surface plasmonic waves at multilayeyStems ...........cccuuiiiiiiiiiiiiee e e 52
3.2.3 Surface plasmonic waves at dielectricatal cylindrical interfaces ..........cccccevvvueeennn. 55
3.3 Models and methods for calculation of metanterials made of resonant elements............ 60
3.3.1 Average field MOel ..........oooiee oo 60
3.3.2 Spatial dispersion model for metamateaais ..................cccrrrriiii e 64
3.3.3 Scattering parameters MethOd......cccuiuuiuiiiiiiiiieee e e 67
REIEIEINCES ... ettt et e e e e e e e e e e e e e s e et e e e e e e e e e e e 71
4. Experimental results and numerical SIMUIAtioNS............oooiiiiiiiiiiiii e 74
4.1 Metallic NANOCYIINAEIS SIIUCIUIES ...t e e e e e e e e eeeeas 74
4.1.1 Fabrication of Silver NANOCYIINAEIS c..........uuuiiiiiiiiee e 74
4.1.2 Experimental analysis of fabricated SUTIUIe ...............viiiiiiiiiiiiiiies e 75
4.1.3 Experimental results verification throgh numerical simulations................c.oovv ... 77
4.1.4 Electric field intensity enhancement @as analysis.............cccovvvvvviiviiiiiceeeee e, 80
g S o] o 1] T o RS 85
4.2 Metallic films over colloidal particles SICIUIES ..........uuueiiieiiiieiiiee e 86
4.2.1 Fabrication MethOUS ..........coi e as 86
4.2.2 Optical properties analysis. Experimeat measurements and numerical
][ 0101 F= U 0] SRS 86
4.2.3 PlaSMONIC MOAES ......oeiiiiiiiiceeeiee ettt e e ettt e et e e e s s amne e e e s s e e e e e e anbne e e e e e e annnneeeas 88
T N o] o 1] o o SRR 90
(YT (=TT o[0T PP PP P PP PP PPPPPPPPPPPTR 91
5. Resonant plasmonic MetamaterialS ... uerrreriiiiiieeeeeie i e e e e e eaaee e 94
5.1. Plasmonic modes in MetamaterialS ..... o oooeeeeeeiiiiiiiiiiieeeeee e 94
5.1.1 Dipolar plaSmONIC MOUES ..........ummmeeeeerrrriiiiiiiiiaaaaaaeeeeeaeeaaaeeeeaaaaaeaeaeeeeeeeerrerrrrrn———.. 94
5.1.2 Hybridized plasmonic modes in metamatils .............coooviiiiiiiiiiiiiiiiieee e 97
5.1.3 Mechanic and electric analogy of plasm@ modes hybridization effect................... 99
5.2 TREOIELIC TESUILS ... . e e e e e e e e e e e e e e e e e e e e e e e aaaeaeeeeeeeeeeeererannnnnns 100
5.2.1 Constitutive parameters calculation usg the direct method .................cccceeieeeeen. 100
5.2.2 Plasmonic metamaterials made of triangar nanoprisms in a hexagonal lattice....... 102
5.2.3 Plasmonic metamaterials made of two ala@pped layers of triangular
nanoprisms in a hexagonal [attiCe............cceee i 111
5.2.4 Plasmonic metamaterials made of two $fed layers of triangular nanoprisms
iN & heXagonal AttiCe. ... e e e e e e e e e e e e e e 121
5.2.5 CONCIUSION. ....eeeiiiiieet ettt e e ek e e e e ea bt e e e e e e st b et e e e e nbbn e e e e e annees 128



5.3 Polarization insensitive negative refractivendex metamaterial ................ccoooevvvvienn.. 129

5.3.1 The structure of the constituent nanolements of the studied metamaterials........... 29
5.3.2 Symmetric and anti-symmetric hybridizeglasmonic modes inversion ..................... a3
5.3.3 Effective parameters of the studied mamnaterials...........ccooeevvvieeeeeeeesc e 133
IR 0] o o1 U1 [ o AP PPPSRRRR 135
] (=] = o =S 136
6. General conclusions and PEISPECLIVES ......ccceeeiiiiiiiiiiiiiiee e a e 140
Appendix A. Finite Differences Time Domain (FDTD) mmerical method..............ccccvvveeeennnn. 44
Appendix B. Lumerical FDTD Solutions application description...........cccoovveviiieieeeeeeieiieieeeee, 148
B.1 Geometrical structure and materials definitdn ............cccccveiiiiiiiiiiiiiie e 148
B.2 Simulation area and SiMUulation tIME .....ccc..eeiiiiiiiiiiiirrr e e e e e eeee 149
B.3 Electromagnetic radiation SOUICES......couiiiiiiiieeeeeiieiieeeeeeeeeeeeeae e 150
B.4 Electromagnetic field components monitoringpoints definition ...........cccccccevveeeeiiiiieeans 151
B.5 Using an additional Mesh ..........oo e 151
B.6 Lumerical SCripting LANQUAGE..........ci et eree e e s s e e e e e e e e e e e e e e aeaaes 152
] (=] (= o = S 153

Keywords: Metamaterials, Negative index, Plasmons, Hybriibrat Near-field
enhancement, Enhanced optical transmission.



Introduction

Metamaterials are artificially engineered compositaterials, made of densely packed
micro— or nanostructured building blocks, displayialectromagnetic properties beyond
those available in naturally occurring materiaisic8 the Greek word ‘meta’ means ‘beyond’
the term ‘metamaterials’ refers to ‘beyond convemdi materials’. Due to metamaterials the
classical subject of electromagnetism and opticge heaxperienced a number of new
discoveries and advances in research. In 1968 Vitselago theoretically investigated a
material whose electric permittivity and magnetarrpeability are simultaneously negative
[1]. A number of unusual phenomena like negativieantive index and backward wave
propagation were predicted by Veselago in thisystAdter more than 30 years of stagnation,
due to the lack of experimental verification, négarefractive index materials (NIMs) have
drawn attention of the scientific community whenneagative permittivity medium was
discovered by Sir Pendry in 1996 [2], followed I tiscovery of negative permeability in
1999 by Sir Pendry et al. [3], and the first expwntal realization of a NIM by Smith et al.
in 2001 [4]. Negative index materials have leatht development of superlenses capable of
imaging at resolutions beyond the diffraction lif}. Another application of metamaterials
is the gradient refractive index medium which aloan unprecedented control of light
propagation [6]. Gradient index structures desigm&dg the transformation optics approach
[7] lead to new exciting applications like optiadbaks or optical illusions. In this thesis |
have analyzed the optical properties of four d#fer metamaterials made of metallic
elements embedded in a dielectric matrix. The appeoperties of these structures are based
on plasmonic phenomena and two of them show a inegiadex of refraction one in the

visible range and the other in the near infraredjea

1. Electromagnetic plane waves in isotropic and hoageneous media

This introductive chapter presents the basic thmadeconcepts that describe the main
characteristics of electromagnetic plane wave mrapan in isotropic and homogeneous
media. Maxwell's equations along with the consivteit(material) equations and boundary
conditions are fully describing the electromagndteld in matter and at the interface
between two different media. The concept of theactive index is related to the wave

equation which describes the propagation of anrelea@gnetic wave in terms of its electric



and magnetic fields. The refractive index is defisn = /e,.+/u, thusn is positive for

positivee,. andu,. and negative for negativg andy,..

1.6 The(_f, H, E) trihedron

In a NIM the vectors, H andk form a left-handed system, hence NIMs are alseddkeft-
handed’ materials (Fig. 1.1).
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Figure 1.1 (a) Right-handed' trihedror(E, H, k) in a positive index material (PIM)b)
‘Left-handed’ trihedror(E, H, k) in a NIM.

1.10 Electromagnetic wave refraction at the planenterface between two media

In a NIM the phase velocity is directed against tloev of energy. Also, at the interface
between a positive and a negative index matehal,réfracted light is propagating on the

same side of the normal as the incident light (Eig).
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Figure 1.2 Light refraction at a PIM — PIM interfa¢a) and a PIM — NIM interfacéb).



2. Molding the electromagnetic properties of mateals using metamaterials

The material properties are characterized by armtrade permittivity and a magnetic
permeability. Metamaterials are a new class ofiegl composites which allow the molding
of electric and magnetic response of the mateyiaianging the geometry of the constituent
elements. Advanced nanofabrication techniques allbe fabrication of materials with
negative magnetic permeability and negative indexetraction in the optical range. The
design of metamaterials with gradient magnetic gatolity and electric permittivity leads to
an unprecedented control of the electromagnetid fieopagation and unusual applications
like invisible cloaks. Negative index materials a@Bo be used to design superlenses with

resolution beyond the diffraction limit.

3. Models and methods for plasmonic metamaterialsnalysis

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

using plasmonic resonant elements [8, 9] and tbergkis using plasmonic waveguides [10,
11]. The electromagnetic properties of plasmonic/egaides made NIMs are based on
plasmonic modes of the constituent waveguides withie electromagnetic properties of
plasmonic resonant elements made NIMs are baserksmnant plasmonic states of the
constituent elements. In this chapter is presetitedheory of plasmonic modes for metal-
dielectric interfaces with different geometries][IPhe spatial dispersion model, described in
this chapter, explains the relationship betweerldbal field response and the macroscopical
behaviors for artificial metamaterials composedgefiodic resonant structures [13]. The S-
parameter retrieval method used to determine tmstitotive parameters of an effective

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

the end of the chapter.

4. Experimental results and numerical simulations

In this chapter are presented experimental andrékieal results of analyzing the

electromagnetic properties of two dielectric-mstalictures.



4.1 Metallic nanocylinders structures

Two-photon micro fabrication is a standard techeigged for producing metallic micro-and
nanostructures. In fabrication process we usedsavi@hed 1064 nm Nd-YAG laser as a
source for two-photon reduction of silver ions freitver nitrate (AgNQ) dissolved in a poly
4-styrensulfonic acid (PSS) solution [15, 16]. M=t nanocylinders could be obtained
because of the high spatial selectivity of the photon photo reduction process of silver
positive ions (Ag). Typical fabricated nanocylinders diameter anchgth were
approximately 200 nm andbn respectively. The fabricated nanocylinders arbezided in
a dielectric PSS polymer film of refractive indeixl1o4 which is deposited on a microscope

slide. The cylinders are arranged in a squareéattaving the periodicity constant a=800 nm.

incident light

stack of images

(®)

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

The three-dimensional propagation of visible lighing the cylinders has been characterized
by wide field transmission microscopy with a higlmrerical aperture microscope objective
(NA=1.4). Light propagation through the structuteng OX axe was analyzed using a CCD
camera and a visible - near infrared spectrométer.different x values pictures of the
structure in YOZ plane were captured (see figui€ad) and further assembled in a stack in
the succession of increasing x which correspondthéolight propagation direction (see
figure 4.1(b)). Cross sections through the resglitack provide us useful information about

the light intensity inside the structure along grepagation direction. Intensity distribution



along the cylinders and between cylinders for \sitange wavelengths are presented in
figure 4.2.

stack cross sections

= S D
(®)

Figure 4.2 (a)Light distribution on plane M (up) crossing theioglers, and plane N (down)
placed between cylinders (see fig(ng).

The electromagnetic field distribution along thiwesi cylinders were computed using FDTD
method. In the case ofm long cylinders, simulation results, show two areénear-field
intensity enhancement along the cylinders surfacevavelengths ranging from 600 nm to
750 nm. When the length of the cylinders is reduae® um only one area of near-field
intensity enhancement along the cylinders surfacele observed for wavelengths ranging
from 600 nm to 750 nm. Figure 4.3 shows volume \(&sus field enhancemerit € E-E’/

Eo Eo) variation for wavelength equal to 600 nm. We sae that the field enhancement



volume for the first zone of um long cylinders and for 3im long cylinders are
approximately the same, hence the cylinders lehgthalmost no influence upon near-field

intensity enhancement [17].
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Figure 4.3Volume of the enhanced fields around a cylinder\®fsus electromagnetic field

enhancement). The wavelengths of incident lightlis=s 600 nm.

4.2 Metallic films over colloidal particles structues

Two-dimensional colloidal crystals (CC) were preggzhrfrom polystyrene (pS) spheres
(Polysciences) with a diameter of 450 nm. The C@wabtained by using a self-organization
method often named drop-coating. It involves disjeg a drop of colloidal solution onto a
hydrophilic glass surface, and allow the solventdur case water) to evaporate, leaving a
close-packed hexagonal array of colloids on thestsate [18]. Silver films were deposited by
means of vacuum thermal evaporation, and film tiéds was monitored by a quartz crystal

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

The optical transmission and reflection measuremerdre performed on a Jasco V-530
spectrophotometer using unpolarized light. An ogapierced screen was used as a mask to
limit the spot diameter to about 2 mMmComputer simulations of the electromagnetic
response of the structure are performed using eeftiimensional finite-difference time

domain algorithm (FDTD) [19]. Figure 4.4 preseriie experimental and simulated spectra



of transmittance (T), reflectance (R), and abswcbaA=1-T-R) for the analyzed structure,
at normal incidence. The light is propagating fratmove the silver film and is exiting

through the glass substrate.
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Figure 4.4 Comparison of simulated (thin red lines) and expental (thick black lines)
transmission (T), reflection (R), and absorption) @pectra of silver film over colloidal
crystal (AgFoCC).

Experimental measurements and computer simuladomsn good agreement and show that
strong absorption is present at wavelengths lotiger the transmission maximum, different
than what is usually observed in enhanced optieaakmission (EOT) through optically thick
film perforated with regular arrays of nanohole8,[21]. In order to explain the transmission
and absorption spectra the component of the etd@did intensity parallel to the propagation
direction E,) was computed near the silver film deposited dkerpolystyrene spheres and
analyzed for the wavelengths corresponding to thgimum values of transmissioa{) and
absorption {,). Figure 4.5 shows the real part of thg component of the electric field
intensity for A; = 580 nm and 4, = 670 nm. Analyzing the field distribution one can
identify a symmetric and an anti-symmetric plasroomhode corresponding to the
wavelengthl, = 670 nm respectivelyl; = 580 nm [22, 23]. Figure 4.6 shows the electric

charge distribution for these hybridized plasmanades [24].
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Figure 4.5 Distribution of the real part of, for 4, = 670 nm (a) andA; = 580 nm (b)
correspond to symmetrieo_) and anti-symmetri¢w,) plasmonic modes respectively. The

polarization of the incident light is parallel tor@uis.
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Figure 4.6 Electric charge distribution on the silver film fages for the symmetrigo_) (a)

and anti-symmetri¢w,.) (b) plasmonic modes.
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5. Resonant plasmonic metamaterials

In this chapter are presented two original theoa¢tiesults of negative index materials based

on plasmonic resonant nano-elements.
5.2.2 Plasmonic metamaterials made of triangular nmeoprisms in a hexagonal lattice

In this section we analyze theoretically the elmoiagnetic properties of a metamaterial slab
made of gold triangular nanoprisms arranged inxadpenal lattice. This structure is suitable
for fabrication using self-assembly sphere lithgina (SSL) technique [25]. Using different

diameter polystyrene spheres combined with chengitdling technique one can adjust the
dimension of the fabricated triangular nanoprismesweell as the lattice constant of the

hexagonal lattice.
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Figure 5.1 Constitutive parameters: permittivifa), permeability(b), and refractive index

(c). Polarization of the incident light is paralleldoe side of the triangular nanoprisms.

For nanoprisms dimensions and lattice constantsemrange of hundreds of nanometers the
structure presents reflection and transmissionoresgs at optical frequencies due to the
plasmonic resonances of the constituent nanopestidThe geometrical dimensions of the
simulated structure are the following: hexagontida constant a=450 nm, triangular prisms
side length L=165 nm, and prisms thickness h=30 frollowing the retrieval process of the
constitutive parameters, the real and imaginarytsparf the relative permittivity and

permeability are obtained as presented in figute Analyzing the real and imaginary parts

9



of the relative permittivity, we can observe theegence of a typical electric resonance

around the frequency of 426 THz.

5.2.3 Plasmonic metamaterials made of two overlapgdayers of triangular nanoprisms

in a hexagonal lattice

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

nanoprisms. The resulting bi-layered metamateraldspacing of s=30 nm between layers.
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Figure 5.2 Material parameters: permittivia), permeability(b), and refractive indefc).

The retrieved constitutive parameters: permittivipermeability, and refractive index are
presented in figure 5.2. The analyzed metamatslédd made of two layers of overlapping
equilateral triangular nanoprisms arranged in aaberal lattice, presents both a magnétic (
=397 THz) and an electric resonante442 THz) corresponding to the anti-symmetric and

symmetric hybridized plasmonic modes, respectiv@lile magnetic resonance exhibits

10



values going close to zero for the real part of geemeability, while the electric resonance

exhibits negative values for the real part of thenpttivity.

5.2.4 Plasmonic metamaterials made of two shiftedyers of triangular nanoprisms in a

hexagonal lattice

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

between layersd() in the direction of the electric field polarizari.

ef fective parameters (d, = 90 nm) average parameters (d; = 28 nm)
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Figure 5.3 Effective constitutive parameters: permittiv{fy), permeability(c), and refractive
index (e). Average constitutive parameters: permittiiy, permeability(d), and refractive
index(e).

For a sufficiently large displacemesiyt=120 nm, the hybridization scheme is slightly iredr
with the symmetric mode at a lower frequency tHandnti-symmetric mode and a negative
refractive index is achieved at optical frequendiesween 430 and 450 THz. Figure 5.3
shows the effective constitutive parameters for esamaterial thickness a,b=90 nm and

also the average constitutive parameters for &rletss ofl, =28 nm.
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5.3 Polarization insensitive negative refractive idex metamaterial

Hexagonal arrays of gold nanoelements witls@@nmetry are studied as a metamaterial slab
of reduced anisotropy. Tri-dimensional (3D) finddference time domain (FDTD)
simulations are used to calculate the reflectedteartsmitted electromagnetic field for two
waves normally incident to the slab with mutuallgrpendicular polarizations. S-parameter
method is used to retrieve the constitutive paramsefor each polarization. While dipolar
plasmonic resonance in the case of one layer mégaalaslab leads only to negative values
of permittivity, using two layers of asymmetric me@tements leads to a negative refractive
index metamaterial in the near infrared range (1B83-THz) as a result of hybridized

plasmonic states inversion.

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

Figure 5.4 The asymetric resonant nanoeleme(d$ and (b). Elementary cell used in

simulationg(c).

The design of nanoelements is presented in Fig.&k(d (b). Three isosceles trapezoids, of
which parallel sides are forming two equilater@rngles, can be defined in two ways, as
shown in Fig. 5.4(a) and (b) (left), respectivélre constituent nanostructures of the studied
metamaterials are obtained by translating thesettrapezoids so that the common vertices
of the trapezoids and the inner equilateral triarage translated into the center of the triangle
(see Fig. 5.4(a) and (b) right). In this way twdfetient kinds of “meta-atoms” mutually

asymmetric are created. The resulting “meta-atogei be dimensionally characterized

12



through the circumradii length of the inner and esuequilateral trianglesy and R

respectively.
5.3.2 Symmetric and anti-symmetric hybridized plasronic modes inversion

Figure 5.5 presents the transmission spectra faingle layer metamaterial (blue), a
symmetric double layer metamaterial (green), anagmmmetric double layer metamaterial

(red). Hybridized plasmonic modes inversion océarthe case of asymmetric metamaterial.
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Figure 5.5 Hybridized plasmonic modes inversion occurs for idaypered asymmetric

metamaterial for each polarization direction Y and OZ(b).

In our study we analyze theoretically the electrgnedic properties of three metamaterials,
one single layered and two double layered slab®fathem having the hexagonal lattice
constanb=450 nm. The constituent “meta-atoms” are made fgoid with dimensions given
by r=50 nm andRr=150 nm, as mentioned in the previous section,thimknessh=30 nm.
Reflected and transmitted light through the metanmt slab at normal incidence are
obtained by performing computer simulations usingthaee-dimensional (3D) finite-
difference time domain algorithm (FDTD). We considglso a surrounding medium
refractive index on=1.5. In order to analyze the polarization dependeof the materials

transmission two waves with mutually perpendicplalarizations are used.

13



5.3.3 Effective parameters of the studied metamatels
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Figure 5.6 Effective constitutive parameters for the doublefaasymmetric metamaterial.

Refractive indexa), electric permittivity(b), magnetic permeabilitc).

The asymmetric double layered structure shows thatsymmetric and anti-symmetric
plasmonic modes frequencies can be equalized or shghtly inverted by controlling the
interaction between the constituent nanostructuasswe saw in the previous section.
Analyzing the real and imaginary part of the refatipermittivity (Fig. 5.6(b)) and
permeability (Fig. 5.6(c)) we can observe the elea@nd magnetic resonances around the

same frequencyse= famag=158 THz for both polarizations. Also a negativalrpart of the
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refractive index 1f') is obtained in the range of frequencies from T%& to 172 THz for

both polarizations (Fig. 5.6(a)).
6. General conclusions and perspectives

1.a) Vertical silver nanocylinders have been fabricat®d two-photon microfabrication

technique. The three-dimensional propagation ofblslight along and between the
nanocylinders has been characterized by wide-fi@dsmission microscopy. Transmission
spectra were collected with a fiber coupled spectiter and optical images were taken with
a camera using an inverted microscope. Intensithaecements occur along the
nanocylinders surfaces for wavelengths in the lg@siange. Finite-difference time domain
(FDTD) simulations are in good agreement with thgpegimental results. The

electromagnetic field enhancement was evaluatedrder to analyze the suitability of the

studied structures for sensing applications.

1.b) Metal films deposited over two-dimensional colldidaystals (MFOCC) constitute a
low-cost periodic structure with interesting phatorand plasmonic properties. It has
previously been shown that this structure exhibitbehavior similar to the well-known
Extraordinary Optical Transmission (EOT) of metallhole arrays in planar films.
Transmission and absorption spectra were expldiyeanalyzing the near field distribution
which shows the presence of two hybridized symmeamd anti-symmetric plasmonic

modes.

2.a) Mono and bi-layered structure made of gold tridagnanoprisms in a hexagonal lattice
were theoretically analyzed. A metamaterial slaldenaf one layer presents an electric
resonance, leading to negative values of perntiffidiue to the dipolar plasmonic resonance
of the constituent nanoprisms. A metamaterial stalle of two layers, with no displacement
between layers, presents both a magnetic and amieleesonance corresponding to the anti-
symmetric and symmetric hybridized plasmonic modespectively. Introducing a shift

between layers, in the direction of the electrieldi we demonstrated that the coupling
between the localized plasmons, on the surfacéefptisms from different layers, can be
controlled. For a sufficiently large displacemehg hybridization scheme is slightly inverted
with the symmetric mode at a lower frequency th@nanti-symmetric mode, and a negative

refraction index is achieved at optical frequen¢30-450 THz).

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

electromagnetic properties of single and doublerday metamaterials consisting of gold
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nanoelements arranged in a hexagonal lattice. Astnurdouble layered metamaterial slab,
with asymmetric nanostructures geometry in onerlayth respect to the other, demonstrates
that controlling the coupling between the localizpthsmons, on the surface of the
nanoelements from different layers, the hybridipeasmonic modes can be slightly inverted
so that the symmetric mode appears at a lower érexyu then the anti-symmetric mode.
Consequently a negative refraction index is acliesmenear infrared frequencies (158 - 172
THz). Due to the hexagonal lattice and to the’¥@€ational symmetry (§ of the constituent
nanoelements the electromagnetic parameters osttidied metamaterial are polarization

insensitive.
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