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ABSTRACT 

The unique and tailorable properties of metal nanostructures show great pro-

spects for future nanophotonics applications. However, the complicated interac-

tion between the nanostructures and the electromagnetic field has many aspects 

still not known. Therefore, the basic research on the optical properties of metal 

nanostructures is essential for building a solid base for the future development 

towards real applications. 

In this Work, T-shaped nanodimers and L-shaped nanoparticles, both made of 

gold, have been investigated. The goal has been to better understand the linear 

and nonlinear optical properties of the structures. The main focus has been in the 

plasmon resonances and the local electric fields, which depend on various param-

eters of the samples, and which are intimately connected. 

In T-shaped nanodimers the local fields are very sensitive to the smallest struc-

tural details. Furthermore, the changes in the local-field distribution lead to varia-

tions in the second-order nonlinear response of the samples. In the linear re-

sponse of L-shaped nanoparticles, we experimentally observed more higher-order 

resonances than anyone before. We also explained the origin of a short wave-

length resonance, which had not been well understood earlier. In each case, the 

experimental observations were confirmed by numerical simulations. 

Over the past years, the sample quality has improved significantly enabling 

fabrication of metal nanostructures with designable optical properties. Our first 

demonstrations of the new possibilities are related to resonance-domain struc-

tures. By utilizing the long-range diffractive coupling between the particles, we 

introduce a new concept for tailoring both the linear and nonlinear optical prop-

erties of arrays of metal nanostructures. The details in the mutual ordering of the 

particles can remarkably affect the diffractive coupling leading to unexpectedly 

large differences in the optical response of the samples. 
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1.  

INTRODUCTION 

Metal nanoparticles have a long historical background in staining of glass windows 

and ceramics1. The optical response of such materials was first explained by Gus-

tav Mie in 19082, and it is now understood that such intense colors arise from the 

plasmon resonances of small metal particles embedded in the material. Nowa-

days, research on metal nanoparticles and nanostructures is an extremely active 

research topic, and the research field investigating the interaction between light 

and nanoparticles is called nanoplasmonics. 

1.1. METAL NANOSTRUCTURES 

The optical properties of metal nanoparticles are based on plasmon resonances, 

which are collective oscillations of the conduction electrons in the particles. The 

resonances can greatly enhance the local electromagnetic fields, which is the ba-

sis of most of their applications. The plasmon resonances depend on particle di-

mensions, material, surrounding material and the arrangement of the particles, 

and thus, the properties can be tailored to match the requirements of different 

purposes. Furthermore, metal nanostructures can be designed to have special 

optical properties not even found in the naturally occurring materials. The unique 

properties and easy tailorability thus enables metal nanostructures to be used in 

the future nanophotonics applications. 

The theory of Mie explains the interaction between small spherical particles 

and electromagnetic field of light2. The response of spherical particles and ellip-

soids can be calculated analytically3. However, for more complicated structures, 

there is no analytical theory describing their optical properties. Thus, during the 

past decades many different types of particles and arrangements have been in-

vestigated both experimentally and by numerical simulations in order to under-

stand what types of structures can produce different desirable functions. 
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The research in the past 10-20 years has covered different types of structures, 

of which the simplest are spherical, ellipsoidal and rod-like particles3,4. More com-

plex structures include, for example, nanotriangles5, nanorings6, nanoshells7,8 and 

U-shaped split-ring resonators9,10. In addition to single particle structures, coupled 

structures with several particles have also been investigated11-13. The basic under-

standing has thus been significantly increasing with the structural complexity add-

ing new degrees of freedom for optimizing the responses. 

The applications for metal nanostructures are numerous. Weak optical pro-

cesses, like Raman scattering14,15 and second-harmonic generation16,17, can be 

significantly enhanced by strong local electromagnetic fields in metal nanostruc-

tures. In addition, the optical properties of nanostructures are very sensitive to 

the dielectric properties of the surrounding material, which forms the basis for 

plasmon sensors18,19.  

The properties of the electric field and propagation of the fields can also be 

controlled in the nanoscale. Plasmonic structures can be used for nanoscale focus-

ing20,21, plasmonic polarizers22, miniature wave plates23 and optical filters24. The 

emission pattern can be controlled by nanoantennas25,26 and plasmonic wave-

guides can control the propagation of the fields in the structures27. Metamaterials 

with negative index of refraction can be used to focus light beyond the diffraction 

limit enabling high resolution imaging and lithography28,29. 

So far the research on metal nanostructures has focused mainly on their linear 

properties, but the possibility of local-field enhancement makes the structures 

particularly interesting also for nonlinear optics. It is evident that the nonlinear 

properties will attract more attention in the near future. This Thesis presents one 

of the first systematic studies, where the linear and nonlinear optical properties of 

metal nanostructures are simultaneously studied and correlated. 

1.2. THIS WORK 

In our laboratory, the research on metal nanoparticles began already in 2001 and 

the first article was published by Tuovinen et al. in 200230. Our laboratory was 

thus among the first ones to start systematic studies of the nonlinear properties 

of metal nanostructures. The investigated particle shape was chosen to be L, be-

cause it is noncentrosymmetric, as required for second-harmonic generation, but 

it is also a simple shape with one mirror plane. Since then a lot of research has 

been done on investigating the linear and nonlinear properties of L-shaped metal 

nanoparticles. The research has addressed the resonance wavelength depend-

ence on the particle dimensions, the symmetry breaking in the optical response of 

the particles31, the chiral symmetry breaking induced by the defects in the parti-
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cles32, the effect of the defects in the second-harmonic generation from the parti-

cles33, and also the effect of higher multipoles, which are associated with the de-

fects34. 

In this Work, the linear and nonlinear optical properties of T-shaped gold 

nanodimers and L-shaped gold nanoparticles have been investigated. The T shape 

was also chosen due to its noncentrosymmetry, as required for second-harmonic 

response. In addition, both T and L shapes have fairly simple geometry and sym-

metry, which simplifies the analysis of the results. It is important to note that, in 

contrary to the common approach, the structures investigated in this Work have 

been designed from the point of view of nonlinear optics. 

The main focus has been in the electromagnetic resonances and the local elec-

tric fields in the structures. The resonances have been investigated by measuring 

the linear spectra of the structures, which were also confirmed by numerical 

simulations. The local fields in the structures have also been simulated numerical-

ly. The nonlinear response has been investigated using polarization-dependent 

measurements to address the effective tensorial properties of the samples. 

The main observation is that both the linear and nonlinear properties of metal 

nanostructures depend on the smallest details of the samples. By carefully con-

trolling the details, one can tailor the response of the structures in unprecedented 

ways opening completely new concepts in the design and optimization of metal 

nanostructures for future nanophotonics applications. 

1.3. STRUCTURE OF THE THESIS 

The introductory part of the Thesis describes all the background information 

needed to understand the results obtained in the five publications at the end of 

the Thesis. In Chapter 2, the relevant background theory is explained. It introduc-

es the electromagnetic properties of metals, which give rise to the plasmon reso-

nances. Chapter 2 also covers the basics of second-harmonic generation and the 

theory behind diffractive coupling effects.  

Chapter 3 gives a review of the research on metal nanostructures. It covers the 

different types of structures investigated and some of the most important results 

are discussed. The chapter includes also descriptions of the most interesting ap-

plications of metal nanostructures. Chapter 4 describes the samples and their 

fabrication. It also covers the experimental setups used in the optical measure-

ments and the relevant theory used for analyzing the measurement results. 

Chapter 5 covers the basic results, which are essential for understanding the 

publications. Chapter 5 also summarizes the main results from the Thesis publica-

tions. Finally, Chapter 6 concludes the Thesis and opens ideas for future research. 
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2.  

THEORETICAL BACKGROUND 

This Chapter covers the background theory in order to build a base for the follow-

ing chapters. The Chapter includes the basics of optics in metals, especially plas-

mons, which determine the optical properties of metal nanoparticles. The Chapter 

also covers the nonlinear response and how it is connected to the measurements. 

Finally, the Chapter describes the fundamentals of diffractive coupling between 

nanoparticles. 

2.1. ELECTROMAGNETICS OF METALS 

In general, the interaction between any material and the electromagnetic field 

can be described by the Maxwell’s equations and the constitutive relations35. The 

same approach is valid also for metals. In this Work we have investigated the opti-

cal properties of metal nanostructures. Thus, it is important to note that the clas-

sical approach using Maxwell’s equations is completely valid also for small parti-

cles down to a few nanometers36. 

Dielectric function 

The dielectric properties of a medium are described by the relative permittivity   

of the material, also known as the dielectric function. For dielectric materials, the 

permittivity is almost constant over a broad spectral range and also real-valued. 

For metals, the dielectric function is more complicated, as shown in Figure 2.1 for 

gold. Due to their conductivity, metals have a strong imaginary part of   and, even 

more importantly, the real part is negative and can be very large. The negative 

real part of   is essential for obtaining the plasmonic resonances in metal nano-

particles. 
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The metal response to the applied electric field can be described using a plas-

ma model, where a cloud of free electrons is considered to move against a back-

ground of positive cores. By solving a simple equation of motion for the electrons, 

the Drude model for the dielectric function is obtained36 

 

 ( )    
  
 

       
   (2.1) 

where   is the angular frequency,    is the plasma frequency of the metal and    

is the damping rate, which arises from the collisions between the electrons and 

the lattice ions. For gold, which is the metal of interest in this Work, a typical val-

ue for the plasma frequency is 1.4×1016 s-1 and for the damping rate 4.1×1013 s-1. 

Note that optical frequencies are much larger than the damping rate but much 

smaller than the plasma frequency. 

By separating the real and imaginary parts, the dielectric function can be writ-

ten as 

 

 ( )    
  
 

     
   

  
   

 (     
 )
   (2.2) 

For high frequencies, meaning short wavelengths like X-rays, the dielectric func-

tion approaches unity leading to dielectric behavior and transparence. On the 

other hand, for low frequencies the real part of   is negative, which leads to, for 

example, high reflectivity in the visible and infrared. 

Figure 2.1 shows a fit to the Drude model of the measured dielectric constant 

values37, both the real and imaginary parts, for gold. Based on the fits, the simple 

plasma model is valid for wavelengths larger than 700 nm. The real part follows 

the model fairly well over the whole range, but the model for the imaginary part 

fails at shorter wavelengths due to the interband transitions of gold.  

Figure 2.1 Measured dielectric constant values (circles) for gold from Johnson and 
Christy

37
 and a Drude model (Equation (2.1)) fitted to the values (line). Dashed line, 

which almost completely overlaps with the solid line, corresponds to the approxi-
mate model of Equation (2.6). 
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However, we are also interested in the wavelength range below 700 nm, and 

thus, a better model is required in order to take into account also the interband 

transions. We use a Drude-Lorentz model written as36 

 

 ( )    
  
 

       
 ∑

  

  
          

 

   (2.3) 

where the summation term represents the contribution of the interband transi-

tions, labeled with letter j. Usually it is sufficient to take into account only a few 

transitions to obtain a good fit to the measured permittivity values. 

Index of refraction 

In general, the index of refraction is a complex quantity. The real part of the re-

fractive index is related to the phase of propagation in a medium and the imagi-

nary part leads to absorption. The real and imaginary parts of the index of refrac-

tion as a function of wavelength for gold are shown in Figure 2.2. The index of 

refraction is related to the dielectric function as 

To illustrate the relation between the real and imaginary parts of the dielectric 

function and the index of refraction, let’s consider the dielectric function in the 

optical regime using the Drude model. For gold in the optical regime, the angular 

frequency is much higher than the damping rate and the dielectric function can be 

approximated as 

Furthermore, the angular frequency is much smaller than the plasma frequency, 

which leads to the equation 

 
 ( )  √ ( )   (2.4) 

 

 ( )    
  
 

  
  
  
 

  
  
 
   (2.5) 

Figure 2.2 Real and imaginary parts of the index of refraction of gold. Values taken 
from Johnson and Christy

37
. 
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The real and imaginary parts of the approximate dielectric function are shown in 

Figure 2.1 with dashed lines. Clearly the approximation is valid as the dashed lines 

are barely distinguishable from the solid lines. 

The approximate equation for the index of refraction can be obtained using 

Equation (2.4) and first-order Taylor expansion for the square root, which gives 

 

 ( )   
  

 
√   

  
 
 
 

 

  
 

  

 
  
  

 
   (2.7) 

Thus, the damping rate   , which leads to the imaginary part of  , is indeed relat-

ed to the real part of  . 

Equation (2.6) was obtained by assuming the angular frequency to be smaller 

than the plasma frequency. In that region the real part of   is negative. On the 

other hand, according to Equation (2.7) the real part of   is related to the imagi-

nary part of  . Thus, the negative real part of   is the dominant factor leading to 

absorption in metals. 

Skin depth 

The electric field at the metal surface always penetrates into the material. The 

depth of penetration depends on absorption, which is related to the imaginary 

part of the index of refraction. The complex index of refraction can be written as 

 
 ( )     ( )      ( )   (2.8) 

where    ( ) and    ( ) are the real and imaginary parts, respectively. The real 

and imaginary parts are plotted in Figure 2.2. By plugging Equation (2.8) to the 

exponential expression for a harmonic plane wave propagating in the z direction, 

the following expression is obtained within the scalar approximation: 

 
 ( )     

  ( )       
    ( )        ( )      (2.9) 

where  ( ) is the electric field,    the amplitude of the electric field and    is the 

propagation constant in vacuum (       ). The imaginary part of the refractive 

index is seen to lead to the attenuation of the field. The attenuation of the inten-

sity as a function of distance z is thus 

 
 ( )     

     ( )       
         (2.10) 

 

 ( )   (
  

 
)
 

(   
  
 
)   (2.6) 
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where the last expression is the Beer’s law and      is the absorption coeffi-

cient38. The relation between the absorption coefficient and the imaginary part of 

the refractive index is thus 

 

         ( )   
    ( ) 

 
   (2.11) 

The skin depth is defined as the distance from the surface at which the electric 

field amplitude has decreased to     and the field intensity to     . Thus, the 

skin depth is related to the imaginary part of the refractive index as36 

 

  
 

    
 

 

   ( ) 
   (2.12) 

The skin depth for gold as a function of wavelength is plotted in Figure 2.3 us-

ing the values from Johnson and Christy37. For wavelengths larger than 500 nm 

the imaginary part of the refractive index (Figure 2.2) is increasing as a function of 

wavelength, but the effect is compensated by the    -dependence in Equation 

(2.12), thus leading to fairly constant skin depth.  For the near-infrared wave-

lengths the skin depth is about 25 nm. In the range between 300 and 500 nm the 

imaginary part of   is fairly constant, but the skin depth decreases for shorter 

wavelengths as it is inversely proportional to  . Therefore, a peak at about 500 

nm is observed and the maximum skin depth is 43 nm.  

The skin depth is important as the nanostructures investigated in this Work are 

only 20 nm thick, and thus, the field always extends throughout the particle in the 

vertical direction. In addition, around 500 nm wavelength in the particles with 50 

nm arm width the field at the resonance penetrates through the whole particle 

also in the transverse direction. 

Figure 2.3 Skin depth as a function of wavelength for gold. 



2. Theoretical background 

10 
 

2.2. PLASMONS 

The optical properties of metals are based on the collective resonant oscillations 

of the conduction electrons in the structure, called plasmons36. There are differ-

ent types of plasmons based on how they are confined (Figure 2.4). Volume plas-

mons are not confined and they appear in the bulk metal (Figure 2.4a). They are 

longitudinal oscillations of the conduction electrons and, thus, cannot be excited 

with light because of the transverse character of the electric field oscillation of 

light. 

Surface plasmons, also known as surface plasmon polaritons, are confined in 

one dimension to an interface between two media; a dielectric and a metal 

(Figure 2.4b). They are oscillations of the conduction electrons near the metal 

surface, which also leads to an oscillating electric field. Surface plasmons propa-

gate along the interface and the electric field decays in the perpendicular direc-

tions, thus confining the energy to the interface. 

The permittivities of the materials are essential as the surface plasmons can 

exist only at interfaces between materials with opposite signs of the real parts of 

the permittivity. This is fulfilled in the case of a metal and a dielectric material. 

The permittivity of air or glass is always positive, whereas metals, like gold, have 

negative real part of the permittivity. 

For understanding the properties of surface plasmons, the dispersion relation 

is important. The dispersion relation of surface plasmons can be derived by start-

ing from the Maxwell’s equations and it takes the form36 

 

   ( )    ( )√
  ( )  
  ( )    

   (2.13) 

where    ( ) is the propagation constant of the surface plasmon,   ( ) propa-

gation constant of the excitation field,   ( ) dielectric function of the metal and 

   dielectric constant of the dielectric material. 

Based on Equation (2.13), the surface plasmon propagation constant differs 

from the propagation constant of the excitation field. Thus, the surface plasmons 

cannot be excited directly with the incident field, but special phase-matching 

Figure 2.4 Different types of plasmons. a) Volume plasmon, b) surface plasmon and 
c) particle plasmon. 
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techniques, such as prism or grating coupling, are needed to couple light to sur-

face plasmons. 

For an ideal conductor the damping rate is zero, and thus also the imaginary 

part of permittivity   [  ( )] is zero, which leads to the fact that the surface 

plasmon propagation constant     is always real valued. However, for real metals 

the dielectric constant   ( ) is complex, which leads to the imaginary part of    , 

which furthermore results in the attenuation of the surface plasmon in the propa-

gation direction. The propagation length is defined as a distance, at which the 

field intensity has decreased to     of the original value, and is  

 

  
 

   [   ]
   (2.14) 

The propagation length as a function of wavelength for metal-air and metal-

dielectric interfaces is shown in Figure 2.5. At shorter wavelengths the surface 

plasmons propagate only several hundred nanometers (Figure 2.5 inset). The 

propagation length increases as a function of wavelength reaching already signifi-

cant values of several hundred micrometers at the near-infrared. The propagation 

length depends on the materials on both sides of the interface. For example, for 

gold the propagation lengths are always larger for the metal-air interface com-

pared to the metal-glass interface. 

Particle plasmons 

In metal nanoparticles, the oscillation of the conduction electrons is confined in all 

three dimensions. Such oscillations are called particle plasmons, or localized sur-

face plasmons. The resonances in metal nanoparticles can be understood by con-

sidering the electromagnetic scattering problem for a small conducting particle in 

an oscillating electromagnetic field. 

When the particles are much smaller than the wavelength of light, the quasi-

static approximation can be used36. It simplifies the problem to a particle in an 

Figure 2.5 Surface plasmon propagation length. The propation length as a function 
of wavelength for metal-air and metal-glass interfaces. The plotted graphs corre-
spond to gold as a metal. 



2. Theoretical background 

12 
 

electrostatic field. Using the approach for a small spherical particle, it leads to the 

polarizability   of the particle as36 

 

      
  ( )    
  ( )     

   (2.15) 

where   is the particle radius,   ( ) the dielectric function of the metal and    

the dielectric constant of the surrounding dielectric material. The maximum value 

of polarizability is obtained when the denominator is minimized. The resonant 

response also leads to enhanced absorption and scattering. For small or slowly-

varying imaginary part of    the condition for the maximum polarizability is 

 
  [  ( )]         (2.16) 

which is called the Fröhlich condition, associated with the particle plasmon reso-

nance of a small metal nanoparticle. The result is valid for particle dimensions 

below 100 nm36. The resonance for polarizability also implies enhancements in 

the local electromagnetic fields. Note that the resonance enhancement is limited 

by the imaginary part of the dielectric function of metal. 

Thus, by assuming the approximate Drude model for metal (Equation (2.5)), 

the resonance frequency is obtained from the equation 

 

   
  

√     
   (2.17) 

For example, the resonance frequency of a small sphere in air is   √ ⁄         

and in a glass (     ) about       . According to the equation the resonance 

frequency red-shifts as the dielectric constant of the surrounding material is in-

creased.  

For particles larger than 100 nm, the quasi-static approximation is not valid, 

but a rigorous electrodynamic approach is needed. In 1908 Gustav Mie developed 

a theory describing the scattering and absorption of electromagnetic fields from 

spherical metal particles. In the approach, the local and scattered fields are ex-

pressed as a sum of electric and magnetic multipoles. The approach is valid inde-

pendent of the particle size, but for small particles the first electric term domi-

nates and has a dipole character, whereas for the larger particles additional terms 

are needed. 
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2.3. LOCAL FIELD ENHANCEMENT 

A characteristic property of metal nanoparticles is the enhancement of the local 

electromagnetic fields near the surface of the particles. There are two factors, 

which can enhance the local fields39. The plasmon resonances always enhance the 

local field near the resonance frequency. In addition, tiny features in the particles, 

such as sharp tips or small gaps, can further enhance the fields. 

Resonance enhancement 

At the plasmon resonance, the absorption and scattering cross sections are en-

hanced, and the local electromagnetic fields in the structure are also enhanced. 

The local field is enhanced by both the first and the higher-order Mie resonance 

modes. However, the local field intensities at the higher-order resonances are 

much lower than the ones related to the fundamental resonances. 

For a large resonance enhancement, a narrow width of the resonance is ad-

vantageous, as it typically leads to a strong response at the center of the reso-

nance. The strongest local fields are thus usually obtained close to the resonance. 

However, it has been demonstrated that the strongest local fields do not always 

exactly match the peak of the resonances40. 

Lightning rod effect 

The lightning-rod effect refers to the strong confinement of the electric fields at 

sharp tips41,42. The effect arises from the localization of the charges in a small vol-

ume, which leads to large potential differences, furthermore leading to a very 

strong local electric field. It is important to note that the lightning rod effect does 

not depend on the wavelength of the excitation field43, but it solely depends on 

the geometry of the structure. The local electromagnetic field can be enhanced 

also by other small-scale features, such as sharp corners and small gaps5,44,45. 

In addition to the designed features in the samples, the defects arising from 

the imperfections in the fabrication can also significantly enhance the local fields. 

The enhancement depends on the spatial location of the defect with respect to 

the resonance fields. The defects outside the resonance fields attract only very 

weak local field intensities, whereas the defects overlapping with the resonance 

field can significantly enhance the local field strength.  

2.4. NONLINEAR RESPONSE 

In common everyday optics, the interaction between light and matter is linear. 

However, under very strong electric field, which basically means a laser as a light 

source, the material properties can be modified. Thus, the material response to 
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the electric field, as characterized by the polarization, is not anymore linear, but 

nonlinear terms need to be taken into account. The material polarization can be 

expressed as a power series of the fundamental electric field as46 

 
 ( )   ( ) ( )   ( )  ( )   ( )  ( )      (2.18) 

where  ( ) is polarization,  ( ) electric field,  ( ) linear susceptibility and  ( ) 

the nth-order nonlinear susceptibility (   ). Note that, in general, the fields are 

vector quantities, and thus, the susceptibilities are tensors. 

The higher order terms lead to many interesting phenomena occurring in the 

material. Without going into details, the possible second-order processes are se-

cond-harmonic generation, sum-frequency generation, difference-frequency gen-

eration, electro-optic effect and optical parametric oscillation46. Similarly, the 

third-order processes include third-harmonic generation, four-wave mixing and 

intensity dependent refractive index46.  

Second-harmonic generation 

In second-harmonic generation, a fundamental field at frequency   generates an 

output field at the doubled frequency   . Depending on the material, a certain 

amount of the energy is converted into the frequency-doubled field, and the re-

maining energy stays in the fundamental field. The process can be understood on 

the level of photons, where two fundamental photons are needed to produce one 

frequency-doubled photon (Figure 2.6a). This is simply related to the conservation 

of the energy.  

Another important requirement is the conservation of momentum, which is re-

lated to the  -vectors. Matching the  -vectors of the input and output field is 

called phase-matching. In this Work, the investigated samples are thin, and thus, 

the longitudinal phase-matching is not important. Due to the requirement of the 

transverse phase-matching, two fundamental fields incident on the sample at 

different angles generate, in addition to the frequency-doubled fields in the origi-

nal propagation directions, also a second-harmonic field in the direction where 

the two fields are phase-matched, which is in the middle of the fundamental fields 

Figure 2.6 Second-harmonic generation. a) Energy level diagram for second-
harmonic generation. b) Conservation of momentum defines the propagation di-
rection of the second-harmonic beam in two-beam experiment and c) one-beam 
experiment. 
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(Figure 2.6b). In this Work, the experiments are based on single beams, which 

leads to parallel fundamental and second-harmonic beams, and the phase-

matching condition is always fulfilled (Figure 2.6c). 

As discussed before, the plasmon resonances enhance the local electromag-

netic field, which interacts with the local surface nonlinearity of the particles lead-

ing to enhanced nonlinear response. By considering the plasmon as an oscillator 

in the Lorentz model, an equation describing the dependence of the second-order 

nonlinear susceptibility on the resonances can be written as46 

 

 ( )  
 

  ( ) (  )
    (2.19) 

where the complex denominator function is  

  
 ( )    

            (2.20) 

where    is the resonance frequency and   is the damping constant, which is 

actually related to the full width half maximum   of the resonances  as 

 
       (2.21) 

Note that when this model is taken to the Drude limit (    ), the present and 

Drude damping rates are related by       (Equation (2.1)). The effect of the 

resonance at the fundamental frequency is straightforward as stronger and nar-

rower resonance always leads to stronger second-order response. However, the 

effect of the resonance at the second-harmonic frequency is not trivial. Of course, 

the resonance can further enhance the second-harmonic response, but at the 

same time the resonance can also lead to increased attenuation of the generated 

second-harmonic field in the structure.  

Nonlinear response tensor 

In principle, second-harmonic generation is described by the incident light interac-

tion with the material through the second-order susceptibility tensor. However, in 

nanostructures the second-order susceptibility is a locally varying quantity, and 

also, the local electromagnetic field at the fundamental frequency is strongly vary-

ing in space. Thus, the detailed approach for obtaining the nonlinear response of 

nanostructures would require accounting for the local field variations, the nonlin-

ear susceptibility tensors, the generated nonlinear sources, and the coupling of 

the incoming and outgoing fields to the local fields. That approach is very chal-

lenging even computationally. Therefore, a simplified approach is used, where the 
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sample is threat as a “black box”, and only the input and output polarizations are 

considered47.  

The incoming and outgoing fields are connected by the nonlinear response 

tensor (NRT) components     , which is defined as47 

 

  (  )  ∑      ( )  ( ) 

  

  (2.22) 

where   (  ) is the outgoing second-harmonic field, and   ( ) and   ( ) are 

the incoming fundamental fields.  

Nonlinear response tensor is a macroscopic parameter, which therefore avoids 

all the difficulties related to the effects in the nanoscale. The main disadvantage is 

that the tensor components depend strongly on the experimental setup. Howev-

er, the approach gives useful information about the macroscopic response of the 

sample. 

In our measurements the sample is always measured at normal incidence, and 

therefore only the transverse components of the fields are included. In the sam-

ples discussed in this Thesis, the coordinate system is fixed based on the sym-

metry of the sample and the fields are expressed in the same coordinates. The 

fields are polarized in the (x,y)-plane and the propagation is in the z direction. We 

typically use a coordinate system, where y polarization is chosen to be along the 

mirror symmetry plane and x polarization perpendicular to that. The j polarized 

second-harmonic output field is then obtained from the equation 

 
  (  )        

 ( )        
 ( )         ( )  ( )   (2.23) 

where j is either x or y and Ajkl are the nonlinear response tensor components. 

Note that the factor of two comes from the fact that for second-harmonic genera-

tion the latter two tensor component indices are interchangeable (Ajxy=Ajyx). 

As second-harmonic generation is an even-order nonlinear optical process, it is 

very sensitive to the symmetry of the structures46. As a common example, the 

second-harmonic signal in the forward direction from a sphere or a round particle 

is zero due to the centrosymmetry of the particle. For more complicated particles, 

Figure 2.7 Ideal and broken symmetry. a) An ideal particle with a symmetry plane 
in y direction. b) A particle with symmetry broken by defect. 
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electric-dipole-type selection rules can be applied in order to figure out the van-

ishing tensor components. In general, if y is the symmetry axis and x perpendicu-

lar to it (Figure 2.7a), the tensor components with odd number of x are forbidden, 

which can clearly simplify the Equation (2.23). 

On the other hand, in the real samples defects in the particles can break the 

ideal symmetry (Figure 2.7b), which leads to nonzero forbidden components. The 

symmetry breaking due to the defects is more discussed in the next Section. 

Circular difference response 

The structures investigated in this Work ideally have a mirror plane, which means 

that they are achiral. However, due to imperfections in the fabrication process, 

the real samples can have small defects or larger deformations, which break the 

ideal symmetry and make the samples chiral. The chirality can be investigated by 

comparing the optical responses for left- and right-circular polarizations. In princi-

ple, the chirality could be investigated by comparing the response for circular 

polarizations at the fundamental frequency, but usually the defects are so small 

that the difference would be marginal. However, second-harmonic generation is 

extremely sensitive to the symmetry of the particles, and thus, even small-scale 

defects in the particles can lead to remarkable differences in the second-harmonic 

responses for the two circular polarizations.  

The circular difference response (CDR) at the second-harmonic frequency is de-

fined as the difference between the second-harmonic intensities for the circular 

polarizations of the fundamental field divided by the average of those two quanti-

ties32 

 

     |
    (  )      (  )

    (  )      (  )
|   (2.24) 

The sign of the circular difference response value would give information about 

the handedness of the sample, but as here we were only interested on the level of 

symmetry breaking the absolute value was taken. 

As the chirality is related to the symmetry breaking of the sample, also the ide-

ally forbidden tensor components are not forbidden anymore. It is rather straight-

forward to show the relation between the circular difference response and the 

forbidden tensor components. For circular polarizations we know that 

 
  ( )      ( )   (2.25) 

where   refers to the different circular polarization states. Furthermore, the x 

and y components of the second-harmonic output field can be written as 
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   (  )        
 ( )        

 ( )          
 ( )   (2.26a) 

   (  )        
 ( )        

 ( )          
 ( )   (2.26b) 

As discussed before, our coordinate system is chosen to have the symmetry plane 

along the y direction. Thus, for ideal samples, the tensor components with odd 

number of x are symmetry forbidden. Therefore, for an ideal sample, the output 

fields can be written as 

   (  )           
 ( )   (2.27a) 

   (  )        
 ( )        

 ( )   (2.27b) 

For the x polarized output, the first two terms vanish and the phase of the output 

field indeed depends on the handedness, but the measured intensity does not. 

For y polarized output, the term depending on the handedness of the input polar-

ization vanishes. Therefore, for an ideal sample, with forbidden tensor compo-

nents equal to zero, the second-harmonic intensity is equal for the left- and right-

circular polarizations, leading to zero circular-difference response. 

However, if the imperfections in the samples break the ideal symmetry, the 

values of the forbidden tensor components are increased furthermore leading to 

difference in the Equation (2.26) for the two circular polarizations. The values of 

the circular-difference response can be thus used to measure the level of the 

symmetry breaking in the samples. 

2.5. DIFFRACTIVE COUPLING 

The optical properties of metal nanoparticles based on particle plasmons were 

discussed in Section 2.2, where the approach implicitly assumed only single parti-

cles. However, the extinction cross section of a single particle is very small, and 

thus, arrays of particles are typically used in experiments. Then, however, the 

total response of the whole sample may not be a simple sum of the responses of 

single particles.  

The response can be affected by near-field coupling between the particles13,48-

51. When moving two cylindrical particles closer to each other, clear modifications 

in the spectra have been observed13, and similar observations have been obtained 

also for coupled nanorods48. In split-ring resonators, the coupling of the induced 

magnetic dipoles has been demonstrated to result in the splitting of the reso-

nance peak for the eigenpolarizations49. Also two-layer structures of split-ring 

resonators with varying mutual orientation of the top and bottom particles have 

been investigated50. 
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In more typical cases, however, the basic units are single particles, which are 

arranged in a square array with a period of several hundred nanometers. The ra-

ther large separation between the particles usually makes the near-field coupling 

relatively unimportant, but the particles can still be coupled through long-range 

effects.  

As discussed before, the plasmon resonances of the particles lead to significant 

scattering of the electric field. The scattering occurs into all directions, also in the 

plane of the particles, and thus it is clear that the scattered field from one particle 

will hit other particles and modify their local fields. Whether this is important or 

not, depends on the overlap between the plasmon resonances and the array res-

onances. 

Propagating surface modes and resonance-domain 

In the plane of the particles, the scattered fields from different particles interfere 

with each other. Depending on their relative phase, which depends on the optical 

distance between the considered particles, the fields may have destructive or 

constructive interference. A phase difference of    between the scattered fields 

from two neighboring particles is exactly the same situation as in traditional dif-

fraction by a grating. The only difference is that here the diffractive mode is not 

coupled out of the grating but it propagates in the plane of the particles, resulting 

in a type of a surface mode.  

Because of the diffractive character of the effect, it can be called diffractive 

coupling. The grating can couple light into the propagating modes both on the 

substrate side and on the air side. Structures, where the particles are coupled 

through the substrate modes and there are no diffraction orders propagating in 

free space, are called resonance-domain structures. 

The diffractive coupling between the particles comes into play at certain wave-

lengths, which can be derived from matching the tangential components of the 

wavevectors at the interface as illustrated in Figure 2.8a. Thus we can write 

 
        

        (2.28) 

Figure 2.8 Propagating surface modes. a) Coupling incident light to the grating 
mode. b) Two-dimensional grating. 
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where       is the propagation constant of the propagating surface mode,   
    is 

the tangential component of the incident wave vector and   is the length of the 

grating vector. The matching of the  -vector components can be also seen as con-

servation of momentum, when the grating vector contribution to the incident 

wave is considered as momentum. Our measurements are performed at normal 

incidence, which leads to zero tangential component of the incident wave. 

We have investigated two-dimensional array structures, and therefore, the 

grating can contribute in both x and y directions. The absolute value of the total 

grating vector is thus 

 

  √(   )
  (   )

 
         

  

 
   (2.29) 

where       are the grating vector components,     correspond to different dif-

fraction orders and   is the array period, which is equal in x and y directions. 

The propagating mode wavenumber can be written in terms of wavelength as 

 

       
  

 
   (2.30) 

where   is the refractive index of air or substrate and   is the vacuum wavelength. 

In certain structures the index of refraction can be also an effective parameter 

defined by the structure. By combining Equations (2.28), (2.29) and (2.30) the 

equation for the diffraction wavelength can be derived as 

 

     
 

√     
   (2.31) 

Diffractive coupling occurs at clearly different wavelengths on the air and sub-

strate sides. According to Equation (2.31), the higher order diffractive modes are 

always shifted to shorter wavelengths. Thus, a certain diffractive order on air side 

can overlap with a higher order diffractive mode on the substrate side, which 

makes the coupling even more complicated. 

Fano resonances 

Usually the resonance of any kind of a simple system has a Lorentzian lineshape, 

which is a symmetric lineshape. A resonance of a single metal nanoparticle is Lo-

rentzian and, without coupling between the particles, the resonance peak of an 

array of particles also has Lorentzian shape. On the other hand, real fabricated 

nanoparticles always have some variation in the dimensions of the particles, 

which leads to different central wavelengths of the resonances. Such inhomoge-

neous broadening has a Gaussian profile. The resonance of the whole array is a 
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sum of the resonances of single particles, which is a convolution of Lorentzian and 

Gaussian profiles, generally known as the Voigt profile38. However, the resonance 

still has a symmetric lineshape. 

In 1961 Ugo Fano discovered a new type of resonance, now named after him 

as Fano resonance52. The main feature is that the resonance is asymmetric. In 

general, the Fano resonance arises from interference between a narrow reso-

nance and a continuum or a broad resonance53.  

In metal nanostructures Fano resonances can be obtained in different ways. 

One demonstration is an asymmetric ring/disk cavity structure54, where the inter-

action between the ring and disk resonances leads to two resonance modes, one 

of which is very narrow and the other one very broad. By designing appropriate 

sample dimensions, the resonances can be tuned to overlap leading to the asym-

metric Fano resonance. 

In periodic structures of metal nanoparticles the Fano resonances can arise 

from the interplay between the plasmon resonance, which is a rather broad reso-

nance, and an array resonance, which is basically a discrete resonance55. In gen-

eral, such interplay can lead to for example cutting of the resonance56-58, a drop in 

the resonance55,56 or even bigger changes in the resonance peak. Although the 

resulting resonance might not always be asymmetric, the resonances are still of-

ten called ‘Fano resonances’. 

As the Fano resonances arise from coupling effects, they are very sensitive to 

even small changes in the sample geometry or dielectric environment. This high 

sensitivity can be very useful in many applications, for example in sensing. Fur-

thermore, the obtained Fano resonances are often very narrow and strong, which 

can be beneficial in many applications. 
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3.  

METAL NANOSTRUCTURES 

Metal nanostructures enable strong confinement of electromagnetic fields and 

manipulation of light in the nanoscale. These interesting properties show great 

prospects for future applications. In this Chapter, a review of research on metal 

nanostructures and their applications is given. Finally, challenges related to the 

nanostructures’ use in nanophotonics applications are discussed. 

3.1. NANOPARTICLES 

Metal nanoparticles have a long historical background in staining of glass windows 

and ceramics1. The colors are due to the absorption of light by small metal nano-

particles embedded in the material. In 1908, Gustav Mie presented a theory ex-

plaining the interaction between small spherical particles and electromagnetic 

field of light2. The response of spherical particles and ellipsoids can be calculated 

analytically3. However, for more complicated structures, there is no analytical 

theory describing their optical properties. Thus, during the past decades many 

different types of particles and arrangements have been investigated both exper-

imentally and by numerical simulations. 

As discussed in Chapter 2.2, the optical properties of metal nanoparticles are 

based on particle plasmons. The response of the particles is highly dependent on 

several parameters of the structures, such as dimensions, material, surrounding 

material and the mutual arrangement of the particles.  

In the case of a spherical particle, increasing the size of the particle in the plane 

of light polarization shifts the resonances towards longer wavelengths. For ellip-

soids and rods, the ratio between the long and short axis is important, as the in-

crease in the aspect ratio always shifts the long-axis resonance to longer wave-

lengths4,59,60. The same is typically valid also for more complicated structures, 

where the long axis then refers to the total length of the structure and the short 

axis is related to the width of the structures.  
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The samples are often investigated as 2D-structures with constant thickness, 

and thus, the effect of the thickness is usually not considered in analyzing their 

response. However, when the thickness is comparable to the skin depth of the 

metal, the fields on top and bottom of the particle are coupled together, which 

shifts the resonances to longer wavelengths when the thickness decreases61,62. 

The change in the effective refractive index of the surrounding material can 

simply shift the resonance wavelength60,63, or it can also more strongly modify the 

response64. The change in the refractive index can be due to having a substrate 

under the particles instead of air, or the dielectric properties can be modified in a 

more complicated way for example by burying a particle partly in a dielectric ma-

terial. The dielectric materials are often described by an effective parameter, 

which is the average index of refraction of the surrounding materials. 

Over the past decades, different types of structures have been investigated 

(Figure 3.1), like for example bars65,66, nanowires67-70, triangles5,45, nanorings6, 

nanoshells7,8 and split-ring resonators, which are considered more in the next 

Section. In the past, we have mainly focused on L-shaped particles30,31, which have 

been investigated also by others66,71-73. 

Structures with two particles, instead of only single particle, have also been in-

vestigated. The coupling between cylindrical particles shifts the resonances, when 

the particles are moved closer to each other11-13,74-76. When the particles are very 

close to each other or touching each other, the resonances can be even more 

clearly modified. Another example of coupled structures is the sandwich struc-

tures, where a layer of dielectric material separates the particles77-80. The coupling 

has been shown to shift the resonances, but it can also lead to additional reso-

nances due to the coupling. 

Figure 3.1 Examples of different types of metal nanoparticles and -structures. 
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In general, in a coupled structure, there are actually two types of modes, which 

can occur51. Let’s consider, as an example, the modes in the coupled cylindrical 

particles, shown in Figure 3.1, where the arrows show the direction of the electric 

field. In one mode, the electric fields at the two particles are in the same phase 

(solid arrows), and that mode is called a symmetric mode. As it efficiently couples 

with the excitation field, it is also called a bright mode. The other mode is an anti-

symmetric mode, where the fields at the two particles oscillate at the opposite 

phases (dashed arrows). The dipole moment of the antisymmetric mode is zero, 

and thus it cannot be easily excited, and therefore it is often called a dark mode. 

However, the excitation of dark modes has been demonstrated theoretically81,82 

and also experimentally83.  

3.2. SPLIT-RING RESONATORS 

In principle, split-ring resonators are just one type of nanoparticles, but they are 

investigated so actively that they deserve a more detailed discussion9,10. The 

shape of the split-ring resonator is shown in Figure 3.2. The most interesting 

properties are based on the resonance in Figure 3.2a, where the electric field os-

cillation occurs over the whole length of the structure84. The oscillation is related 

to the horizontal polarization of the excitation field.  

As the currents in the structure rotate around the center of the structure, it 

can be understood as a coil having also a strong magnetic field at the center of the 

structure49. Furthermore, the ends of the U-shape have dielectric material in be-

tween, which corresponds to a capacitor. Thus, the structure can be considered as 

an LC-oscillator and the resonance is often called as LC-resonance85,86. It can also 

be called magnetic resonance due to the strong magnetic dipole induced in the 

structure. Due to the magnetic nature and the nanoscale size, the split-ring reso-

nators are also called nanomagnets87. 

The vertical polarization of the excitation field can be used to excite another 

resonance, where the field oscillates between the center of the bottom bar and 

the both ends of the bar (Figure 3.2b)84. This resonance is often called plasmonic 

resonance. It is important to note that the resonance in Figure 3.2a is also plas-

monic, but due to its magnetic character different naming is often used. 

Figure 3.2 Resonances in split-ring resonators. a) LC-resonance/magnetic reso-
nance. b) Plasmonic resonance. 
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The resonances in Figure 3.2 are basically related to single particles. However, 

coupled split-ring resonators can lead to completely new and tunable 

resonances50 or the coupling can simply just shift the resonance88, depending on 

the mutual arrangement of the units. Also, increasing the thickness of the struc-

tures has been observed to shift the resonances to shorter wavelengths89. 

3.3. NANOAPERTURES 

In addition to nanoparticles on a substrate, also complementary structures with 

holes, called nanoapertures, in a metal film have been investigated. From elemen-

tary considerations, one can expect that the electric field does not pass through 

an aperture with dimensions smaller than the wavelength of the incoming field90. 

However, sub-wavelength arrays of holes in a metal film can lead to enhanced 

transmission90-92. The transmission peaks can occur at much larger wavelengths 

than the diameter of the holes and the transmission normalized to the area of the 

holes can be more than unity. The results were originally explained by surface 

plasmons induced by the coupling between the incoming light and the periodic 

structure. Later it has been proposed that the enhanced transmission would result 

from a waveguide-mode resonance and diffraction93.  

Another interesting aperture structure is complementary split-ring resonator, 

where the structures are holes in a gold film. Both by numerical simulations and 

experiments it was found that the resonances in a split-ring resonator for one 

eigenpolarization actually correspond to the resonances in a complementary 

structure for the other eigenpolarization94,95. Furthermore, the local electric field 

distributions in a split-ring resonator are similar to the local magnetic field distri-

butions in a complementary structure94. This behavior of the structures originates 

from the Babinet principle96.  

The second-order nonlinear response of aperture structures has been also in-

vestigated. The second-harmonic generation has been found to depend on the 

symmetry and arrangement of the apertures97, which is similar to the behavior of 

the nanoparticles. Also second-harmonic generation from complementary split-

ring resonators has been measured and the signal levels agreed very well with the 

traditional structures95. 

3.4. METALLIC PHOTONIC CRYSTALS 

In general, the term photonic crystal refers to a structure, where the index of re-

fraction varies periodically in the scale of the wavelength98. Such structures can be 

used for guiding light in very small dimensions. Similarly, metallic photonic crystals 
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refer to materials, where the optical properties of metal nanostructures are modi-

fied by the periodicity of the structure. The resonance-domain structures dis-

cussed in Section 2.5 can be also considered as metallic photonic crystals as their 

properties are modified by the periodic structure. 

Already in the 90’s, arrays of metal spheres in a dielectric support medium and 

periodic arrays of dots on a silver film have been shown to have a full photonic 

band gap99,100 , which means that for certain wavelengths no light is coupled into 

the structure.  

More recent publications have considered periodic arrays of gold nanoparticles 

or grating lines. The resonance-domain effects have been demonstrated to result 

in drops in the extinction spectra56, where the wavelength of the drop depends on 

the period. The wavelength of the resonance-domain effects depends also on the 

angle of incidence101. By carefully designing the structures, the resonances can be 

significantly cut from one side leading to very narrow resonances, where the am-

plitude can be also enhanced57,58.  

3.5. METAMATERIALS 

Metamaterials are artificial materials with designed properties not found in na-

ture102. Some people relate metamaterials only with magnetic resonances and 

negative index of refraction, but we support a broader definition of designer 

structures. The optical properties of metamaterials can be artificially tailored by 

their structural parameters, something which is not possible in naturally occurring 

materials. This is expected to enable the use of metamaterials in various applica-

tions of the future. 

The metamaterials often consist of arrays of metal nanoparticles, where the 

optical properties are typically defined by the properties of the individual parti-

cles, but can be furthermore modified by the macroscopic structure and the mu-

tual arrangement of the individual particles. 

Metamaterials are often considered as effective media, where conceptually all 

the individual particles are replaced by a macroscopically homogeneous 

medium103. However, the periodicity of the array structure can couple light into 

the surface modes, which can remarkably affect the optical response. The cou-

pling depends on the angle of incidence and the effective parameters can be de-

fined also for oblique incidence104. For wavelengths much larger than the period, 

the coupling can be neglected and the effective medium approach is valid. How-

ever, for typical metamaterial samples with periods in the range of several 100 

nm, the response often depends on the angle of incidence, and thus, it is not fully 

justified to call them effective materials. 
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Negative index of refraction 

Metamaterials can be designed for various purposes, but quite often they are 

associated with the possibility of obtaining negative index of refraction102,105. The 

general condition to obtain negative index of refraction is that the real parts of 

both the permittivity   and permeability   are negative106,107. For metals in the 

optical regime the real part of the permittivity is negative (Figure 2.1). The effec-

tive permeability can be artificially modified by proper design of the structures 

and negative real part of   can be obtained near certain plasmon resonances. For 

example, by using split-ring resonators, the magnetic resonance (Figure 3.2a) can 

be utilized to obtain the negative real part of  , and thus, the negative index of 

refraction. 

The negative index of refraction actually refers to the negative real part of the 

refractive index. However, for metal structures the imaginary part is also signifi-

cant, as it is associated with losses. Therefore, for optimizing the structures one 

needs to consider both the real part and imaginary part of the index of refraction. 

A figure of merit (FOM) describes the performance of the structure and is defined 

as108 

  

     
   
   

   
(3.1) 

where     and     are the real and imaginary part of the index of refraction, 

respectively. For optimizing the structures the figure of merit should be as large as 

possible. 

Different kinds of structures with negative index of refraction have been 

demonstrated. One of the first demonstrations was an array of nanorod pairs, 

where negative index of refraction was obtained at 1.5 μm109. By using a net 

structure much higher negative refractive index associated with significantly lower 

losses was achieved108. By optimizing the properties of the net structure, negative 

index of refraction was soon demonstrated also near the visible wavelengths at 

780 nm110. By using metal-dielectric-metal waveguides, negative index of refrac-

tion wavelength was pushed down to 500 nm region111. In addition, many papers 

have been published on obtaining negative index of refraction at microwave fre-

quencies112-114. 

3.6. APPLICATIONS 

The unique optical properties, easy tailorability and extremely strong local fields 

in metal nanostructures show great prospects for nanophotonics applications. The 
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structures have been already utilized in several applications and even more excit-

ing applications are expected to appear in the future. 

Surface-enhanced effects 

The strong local fields in metal nanostructures or rough surfaces can be utilized to 

significantly enhance originally very weak signals. For example, Raman scattering 

from molecules or second-harmonic generation are typically very weak processes. 

However, they both depend on higher powers of the local electromagnetic field, 

and thus, the strong local electric fields can significantly enhance the signals115. 

By using surface-enhanced Raman scattering (SERS), the signal can be en-

hanced by several orders of magnitude, which enables the detection of even sin-

gle molecules14,15. The enhancement can be obtained by using different methods, 

like for example, colloidal silver particles in a solution14, gold-silica nanoshells in a 

solution116, periodic arrays of spherical gold nanoparticles near a silver film117, 

nanoparticles fabricated to the facet of a fiber118, or arrays of bridged 

nanocones119. Similarly, second-harmonic generation can be significantly en-

hanced by the nanoscale roughness of the surfaces16,17. 

Plasmon sensors 

The properties of both surface plasmons and particle plasmons are sensitive to 

the surrounding material. Thus, even small changes in the surrounding environ-

ment can significantly affect the resonances, and enable the plasmons to be used 

as sensors. 

The sensors based on surface plasmons can be realized, for example, by meas-

uring the intensity of the outgoing wave or by examining the angular dependence 

of the excitation120. The increase in the sensitivity by using multiple wavelengths 

has been also reported121. 

The particle plasmon sensors are based on the fact that the resonance wave-

length depends on the surrounding medium18,19. Thus, the changes in the dielec-

tric properties of the surrounding material shift the resonance wavelength, and 

the magnitude of the shift can be further used to estimate the change in the re-

fractive index, and even to estimate the concentration of the added material.  

The effect has been used, for example, in nanoscale optical biosensors122,123, 

and also real-time optical sensors with very high sensitivity124. Closely spaced cou-

pled particles have been demonstrated to increase the sensitivity significantly 

compared to arrays of single particles125. Typically the particles are directly on top 

of the substrate, but also a different approach based on using a dielectric pillar 

between the substrate and the particle has been introduced in order to reduce 

the effect of the substrate126. 
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Negative index of refraction 

Several applications for negative index of refraction have been proposed29. Met-

amaterials with negative index of refraction can be utilized to build a perfect 

lens28,127, which enables focusing light beyond the diffraction limit. The main fea-

ture of a perfect lens is that, in addition to the far field radiation, it focuses also 

the evanescent waves, which carry the information about the finest details of the 

object, and which are not recovered by the traditional lenses.  

A perfect lens can be used for sub-diffraction optical imaging as demonstrated 

by using a silver superlens at 365 nm128. By using a multilayer structure with alter-

nating layers of positive and negative index of refraction, a magnifying superlens 

in the visible region, which could be integrated into a far-field microscope, has 

been demonstrated129. Similar to superresolution imaging, a perfect lens can also 

be used for high-resolution optical lithography. 

Nanoantennas 

The concept of nanoantennas has been introduced in general for structures that 

can be used to control the coupling between the local fields and radiation 

fields130.  The coupling can be done by utilizing the plasmon resonances of the 

structures or by the lightning rod effect, which relies on small features such as 

sharp tips or nanoscale gaps. The most common approaches are bowtie 

antennas131-133 and dipole antennas made of simple nanorods132. 

One application of nanoantennas is in controlling the emission of light from 

molecules or other emitters25,26. Nanoantennas with unidirectional emission pat-

tern have been demonstrated by using a pair of interacting nanorods134 or a row 

of nanorods, which acts as an optical Yagi-Uda antenna135. 

Nanoscale light manipulation 

Metal nanostructures can be used in several ways to manipulate the electric field 

properties and propagation of the field in the nanoscale. Nanofocusing has been 

demonstrated with a plasmonic lens using radially polarized light20 and also in a 

tapered plasmonic structure21. A traditional wire grid polarizer is based on parallel 

conducting wires136 and also arrays of elliptical nanoholes or nanoparticles can be 

utilized for polarization dependent transmission22,137. Chiral helix structures can be 

used as circular polarizers138 and plasmonic polarizers can even be integrated di-

rectly on semiconductor lasers139. Also miniature wave plates23 and optical filters24 

can be realized by plasmonic structures. 

The propagation of fields on the nanoscale can be controlled by plasmonic 

waveguides. They can control the propagation of surface plasmons, also around 

bends, and the field can also be coupled to conventional silicon waveguides27. 

Parallel metal nanowires can guide plasmons in the gap between the wires and 
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the relative arrangement of the wires can be used to control the properties69. 

Combining surface plasmons in a Y-shaped waveguide has been also demonstrat-

ed140.  

By utilizing different ways for controlling the electric fields in the nanoscale 

one can design full photonic circuits in the nanoscale141,142. All the basic circuit 

elements, like nanoresistors, nanocapacitors and nanoinductors, can be obtained 

by plasmonic structures143. 

Other applications 

Other possible applications worth mentioning are optical data storage144, nan-

nolasers based on stimulated emission of surface plasmons145, applications for 

biological imaging and biomedicine59, and the possibility to merge photonics and 

electronics in the nanoscale146. 

3.7. CHALLENGES 

Although metal nanostructures have great prospects for future nanophotonics 

applications, there are still big challenges to overcome. Some of the challenges 

originate from the fundamental properties of metals. The plasmon resonances, 

which are the basis of most of the applications, are associated with strong absorp-

tion and scattering of the incoming field, which causes significant losses in the 

structures.  

In addition to such fundamental problems there are significant challenges re-

lated to the fabrication of the nanostructures. First of all, the smallest obtained 

linewidth limits the size of the structures, which is essential as rather small struc-

tures are needed to have the resonances in the optical regime. There are also 

differences between various structures. For example, split-ring resonators, which 

are one of the most common plasmonic structures, tend to have very long overall 

length, which easily shifts the resonances to the infrared. 

The linewidth also limits the array period of the structures, typically to a few 

hundred nanometers, which can open diffraction orders in the substrate affecting 

the resonances. Such resonance-domain effects are very often detrimental alt-

hough they can be also utilized to control the optical response of the structures as 

demonstrated in Publications 4 and 5. 

Some of the challenges are related to the imperfections in the fabrication pro-

cess. Variations in the dimensions of the particles in the sample array lead to in-

homogeneous broadening of the resonances peaks. Incorrect fabrication parame-

ters can affect the dimensions of the particles shifting the resonance away from 

the designed wavelength.  
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Furthermore, the fabrication process always results in some defects on the sur-

face of the particles. The defects can act as hot spots attracting very strong local 

electromagnetic fields, which can affect the resonances, but more importantly, 

they affect the local electromagnetic fields in the structure. The defects are par-

ticularly important for second-order nonlinear processes, like second-harmonic 

generation, where the defects can break the symmetry leading to significant for-

bidden second-harmonic signals. 

Yet another challenge is that the structures usually behave as designed only 

over very narrow wavelength range, although quite often it would be beneficial to 

have a broadband operation range.  
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4.  

SAMPLES AND MEASUREMENTS 

This Chapter describes the fabrication process and different types of samples in-

vestigated in this Work. It also includes a detailed description of the measurement 

setups for the linear and nonlinear measurements. Also the theory needed for 

analyzing the measurement data is presented. Finally, numerical methods for 

simulating the response of the structures are briefly explained. 

4.1. SAMPLE FABRICATION 

Electron-beam lithography 

The samples were fabricated using traditional electron-beam lithography (EBL) 

illustrated in Figure 4.1147. A fused silica substrate was first coated with a layer of 

electron-beam resist, which is sensitive to the energy of the electron beam. Then, 

a copper layer was deposited on top of the resist to prevent charging of the sam-

ple during electron-beam exposure. Next, the designed structure was written on 

the resist with electron-beam lithography followed by the development process, 

which results in the desired pattern in the resist layer. Depending on the type of 

the resist, the development step removes either the areas exposed to the elec-

Figure 4.1 The steps of sample fabrication. a) Deposition of resist and copper layer. 
b) Electron-beam writing. c) Development. d) Chromium and gold evaporation. e) 
Lift-off. f) Deposition of protective layer of evaporated quartz. 
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tron-beam or the areas not exposed. A thin adhesion layer of chromium and the 

gold were then evaporated on top of the structure. In the lift-off process, the 

sample is placed into a solvent bath, which dissolves the resist and removes the 

metal on top of it, resulting in the final gold nanostructures on the substrate. Fi-

nally the whole sample was covered with a 20 nm thick layer of evaporated quartz 

for protection. 

Electron-beam lithography enables fabrication of very small metal nanostruc-

tures with good quality. The smallest linewidths in our samples have been 50 nm, 

but fabrication of 10 nm lines has been reported148. The writing pattern is defined 

with a simple black-and-white bitmap, which enables fast modification of the pat-

tern and fabrication of more complex structures. The main disadvantages are the 

high prices of the fabrication equipment and facilities, and rather slow fabrication 

speed. 

Sample material – Gold 

The most commonly used material for metal nanostructures is gold, which has 

good plasmonic properties. Silver would be even better as the interband transi-

tions are further away from the typical wavelengths of plasmon resonances. For 

gold, the interband transitions occur at wavelengths below 620 nm, so already in 

the visible region, whereas for silver the transitions come into play only below 330 

nm. Another advantage is the lower damping rate of silver149. However, silver 

oxidizes quite easily, which can be a problem as the silver oxide layer would modi-

fy the dielectric environment of the structure, and thus, also the optical proper-

ties of the structures. 

Also other options, like different metals, metal alloys, semiconductors and gra-

phene, have been investigated as possible plasmonic materials149. Different mate-

rials also lead to differences in the quality of the final structures150. Each material 

also has their own challenges in the fabrication, and thus, the fabrication skills are 

most developed for the most commonly used materials. The quality issues are 

very important as defects and deformations can significantly affect the optical 

responses of the structures, especially the nonlinear ones10,31-33,151-153. 

4.2. SAMPLES 

In this work, T-shaped nanodimers and L-shaped nanoparticles arranged in regular 

square arrays have been investigated. In addition, samples with modified mutual 

arrangements of the L particles have been studied. 
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T-nanodimers 

Our T-shaped gold nanodimers consist of two bars, a horizontal and a vertical bar, 

which are both nominally 125 nm wide, 250 nm long and 20 nm thick (Figure 

4.2a). The bars are separated by a small gap, which is varied between different 

sample areas to investigate its effect on the linear and nonlinear optical response 

of the T-dimers. All the sample areas are 1x1 mm2 and they were fabricated on 

the same substrate for reliable comparison. The coordinate system, shown in Fig-

ure 4.2b, is defined by the eigenpolarizations of the particle along the symmetry 

axis (y) and perpendicular to that (x). The particles are arranged in a square array 

with a period of 500 nm. 

L-nanoparticles 

The geometry of the L-shaped gold nanoparticles is shown in Figure 4.3a. The 

investigated samples have two different arm widths; 50 nm and 100 nm. The arm 

length between different sample areas is varied from 100 to 300 nm in the 50 nm 

wide particles and from 150 to 300 nm in the 100 nm wide particles, both in steps 

of 50 nm. The thickness of the particles is 20 nm. The sample areas are 1x1 mm2 

and all the samples were fabricated on a single substrate for reliable comparison. 

Similar to the T-shape, the coordinate system is based on the symmetry of the 

particles with one eigenpolarization along the symmetry axis (y) and another one 

perpendicular to that (x) (Figure 4.3b). For the L-particles in Publication 3 the 

Figure 4.3 L-shaped nanoparticles. a) The geometry of the L sample. The dimen-
sions are varied between different samples. b) The coordinate system. c) Scanning 
electron microscope image of a sample array. 

Figure 4.2 T-shaped nanodimers. a) The geometry of the sample and the dimen-
sions of the horizontal and vertical bars. The gap size is varied between different 
samples. b) The coordinate system. c) Scanning electron microscope (SEM) image. 
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eigenpolarizations are labeled a and b. The particles are arranged in a square ar-

ray with a period of 500 nm. 

Resonance-domain metamaterials 

The effect of the mutual arrangement of the L particles in a 2-by-2 particle cell 

was also investigated using sample layouts shown in Figure 4.4. In every sample, 

the particles are identical L-shaped gold nanoparticles with the arm length of 250 

nm, arm width of 100 nm and thickness of 20 nm. The particles are arranged in a 

square array and the spacing between the particles is 500 nm.  

The starting point is the Standard array, where all the particles are oriented 

the same way (Figure 4.4b), similar to the sample in Figure 4.3b. For Sample A, the 

particles in every other column are rotated by 90° (Figure 4.4c). The rotation of 

the particles also changes the symmetry of the whole structure leading to the new 

eigenpolarizations, u and v. From Sample A to Sample B the adjacent particles in 

every other row are pairwise interchanged (Figure 4.4d). This does not change the 

symmetry of the sample compared to Sample A, and thus, the eigenpolarizations 

are the same u and v. Sample C has four-fold symmetry (Figure 4.4e), which 

should lead to an isotropic optical response. There is no single symmetry plane, 

and thus, the eigenpolarizations can be more freely chosen. Therefore the same 

coordinate system as for the Standard array is used. 

Figure 4.4 Arrays of L-shaped gold nanoparticles with modified mutual ordering. a) 
The dimensions of the L particle used as a building block for the arrays. The particle 
layouts of samples b) Standard array, c) Sample A, d) Sample B, and e) Sample C. f) 
Scanning electron microscope image of Sample B. 
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4.3. LINEAR MEASUREMENTS 

The linear optical properties of the samples were investigated by measuring ex-

tinction spectra with a setup shown in Figure 4.5. The extinction spectra include 

both absorption and scattering, as with the current measurement setup we can-

not distinguish those from each other. Both the absorption and scattering con-

tribute to the resonances, but at shorter wavelengths the absorption dominates 

whereas at longer wavelengths scattering dominates. In the end, however, meas-

uring only a sum of those quantities is not a problem as both contribute to the 

same resonances. 

The measurements were performed at normal incidence using a standard hal-

ogen bulb as a broadband light source. The light was coupled to the measurement 

setup with a multimode optical fiber with a core diameter of 200 μm. The light 

from the fiber output spreads into a large cone, which was collimated using a 

microscope objective. As the measured samples were strongly dichroic, control-

ling the polarization was needed, and it was done with a high quality calcite polar-

izer.  

The sample areas were quite small, in the order of 1 mm x 1 mm, and there-

fore, a 500 μm diameter pinhole in front of the sample was used to illuminate 

only the desired sample area. After the pinhole the beam slightly diverges, but can 

be still assumed to be a plane wave. Using even smaller pinhole would lead to a 

more diverging beam, which could also affect the measured spectra. After the 

sample the light was focused with a microscope objective into a fiber connected 

to a spectrometer. Indeed, two spectrometers, Avantes AvaSpec-2048 for the 

visible and Avantes NIR256 for the near-infrared, were used to cover a broad 

spectral range from 400 nm to 1700 nm. The visible-region spectrometer would 

support also shorter wavelengths down to 323 nm, but the low intensity of the 

light source over that region leads to poor signal-to-noise ratio, and thus, impre-

cise results. 

 

Figure 4.5 Setup for measuring extinction spectra. 
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4.4. NONLINEAR MEASUREMENTS 

Several different nonlinear measurements were performed in order to address 

the nonlinear properties of the samples. All the measurements were based on 

measuring polarization-dependent second-harmonic generation from the sam-

ples, but the details in the polarization control were different.  

Nonlinear response tensor components 

The nonlinear response tensor components were discussed in Section 2.4. All the 

possible input-output combinations are shown in Figure 4.6. All the measure-

ments in this Work are performed at normal incidence, and therefore, all the ten-

sor components including z are neglected (grey font color). 

Furthermore, as the second-harmonic generation is an even-order nonlinear 

process, some of the tensor components vanish due to the symmetry of the struc-

tures. The coordinate systems for T dimers and L particles are chosen so that the 

mirror plane of the structure is along y-axis for both shapes (Figure 4.7). Thus, 

their symmetry properties are similar. For ideal samples, the tensor components 

with odd number of x are forbidden47. Thus, the only allowed in-plane tensor 

components are Ayxx, Ayyy and Axxy=Axyx (encircled with dashed lines in Figure 4.6). 

Second-harmonic generation (Publication 1) 

The second-harmonic generation measurements were performed using a setup 

shown in Figure 4.8. The source for the fundamental laser light was an Nd:glass 

femtosecond laser (wavelength 1060 nm, pulse length 200 fs, repetition rate 82 

MHz, average power 300 mW). In Publication 1, the second-harmonic signal was 

Figure 4.6 Second-order nonlinear response tensor components. The components 
including z (gray font) are neglected as the measurements are always performed at 
normal incidence using plane waves. The allowed components are shown with 
dashed lines.  

Figure 4.7 The coordinate systems for T-shaped nanodimers and L-shaped nanopar-
ticles. 
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measured as a function of the input intensity, which was controlled using a com-

bination of a half-wave plate and a polarizer.  

To address the tensorial properties of the samples the measurements were 

performed for different input-output polarization combinations. The linear input 

polarization was first cleaned with a high-quality calcite polarizer and then rotated 

to the desired polarization with a half-wave plate. The measured polarization 

component of the second-harmonic signal was defined with an analyzer.  

To measure only one sample area at a time and also to have sufficiently strong 

intensity at the sample a focusing lens was used, but with a relatively long focal 

length to keep the beam close to a plane wave. Note also that the lens was on 

purpose placed before the polarization control to ensure well defined polarization 

states. To make sure that the measured second-harmonic signal was coming only 

from the sample itself, not from the optical components, a visible blocking filter 

was used before the sample and an infrared blocking filter right after the sample. 

In addition, a bandpass filter with a center wavelength at the second-harmonic 

wavelength was used at the input of the detector to minimize the effect of possi-

ble background. 

For detecting the weak second-harmonic signals, a sensitive photomultiplier 

tube combined with a lock-in amplifier was used154. The fast repetition rate laser 

was basically considered as a continuous wave laser, which was then modulated 

with a chopper. By using the lock-in technique, the sensitivity of the measurement 

system can then be significantly improved. 

Circular difference response (Publication 2) 

The chiral symmetry breaking of the samples was measured by circular difference 

measurements using a setup shown in Figure 4.9, which is very similar to the set-

up shown in Figure 4.8. To address the circular polarization states, instead of a 

half-wave plate, a quarter-wave plate was continuously rotated. Also, an analyzer 

was not used in these measurements. 

Figure 4.8 Setup used for measuring second-harmonic generation from T-
nanodimers (Publication 1). 
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We also fitted the measurement data to a model based on Equation (2.23), 

where the electric fields are the fields modulated by the quarter-wave plate and 

defined as  
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where   is the angle of the quarter-wave plate measured from x axis. To reduce 

the effect of the noise on the results, the second-harmonic intensity values for the 

circular polarization states are taken from the fitted curves.  

Second-harmonic generation (Publication 5) 

The second-harmonic generation measurements in Publication 5 were performed 

using a setup shown in Figure 4.10, which is very similar to the one used in Publi-

cation 1 and discussed above. Instead of varying the input intensity, a constant 

intensity was used and a half-wave plate was used to continuously rotate the line-

ar polarization state. 

A theoretical model was also fitted to the measured data. The fundamental 

light from the laser, and after the polarizer, was x-polarized and it was rotated 

Figure 4.10 Setup used for measuring second-harmonic generation from L-shaped 
nanoparticles (Publication 5). 

Figure 4.9 Setup used for circular difference measurements from T-nanodimers (Pub-
lication 2). 
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with a half-wave plate. After the half-wave plate, the electric field x and y compo-

nents at the fundamental frequency are 

 
  ( )    ( )    (  )     ( )    ( )    (  )   (4.2) 

where   ( ) is the fundamental field amplitude,   is the angle between the sam-

ple x coordinate and the fast axis of the half-wave plate. By using Equation (2.23), 

the second-harmonic output field as a function of   is 
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which is then used as a fitting model for the measured data. This model is pre-

sented here in the (x,y)-coordinate system, but takes an equal form also in the 

(u,v)-system, which is used for some of the samples in Publication 5. 

Another difference in the setups was the detection system. A sensitive photo-

multiplier tube was still used as a detector, but now combined with a photon 

counting card. In principle the system would enable the detection of even single 

photons, but the presence of the background limits the detection sensitivity. By 

covering the whole measurement setup with a black cardboard box and using a 

bandpass filter at the detector input, we have decreased the background to a few 

photons per second. Thus, already signals with ten photons per second can be 

easily measured. 

4.5. ORIENTATIONAL AVERAGE 

In Publications 4 and 5, we discuss the linear and nonlinear properties of reso-

nance-domain metamaterials, where the mutual orientation between the parti-

cles is modified (Figure 4.4). In a simple approach without coupling between the 

particles, both the linear and nonlinear response of the samples would be orienta-

tional averages of the responses of the individual particles. 

Linear response 

In the Standard array (Figure 4.4b) the eigenpolarizations are defined by the 

symmetry of the particles, and thus, one eigenpolarization always couples to only 

one of the particle resonances. In Samples A and B, the eigenpolarizations u and v 

always couple to both x- and y-polarized resonances of the individual L particles. 

This should lead to isotropic response, if there is no coupling between the parti-

cles. Furthermore, Sample C has four-fold symmetry, which would also imply iso-

tropic response. 
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The linear response of the structures is described by the macroscopic response 

tensor    , similar to the nonlinear response tensor described in Section 2.4. To 

predict the response without coupling, let’s consider the response tensor of the 

modified samples, which can be calculated as an orientational average of the ten-

sor components of the individual particles using an equation155 
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where     are the tensor components of the modified sample,     are the com-

ponents of the single particle,    is the number of particles in a unit cell and co-

sine-factors give projections of the particle tensor components into the unit cell 

coordinates. The summation is performed over all the components     and over 

all the particles in the unit cell. It is important to note that each particle in the unit 

cell needs to be taken into account as the cosine-factors depend on the orienta-

tion of the particle. 

As Sample A has only two particles in the unit cell (Figure 4.11a), it is easiest to 

show the derivation for that. The cosine factors for different combinations are the 

following: 
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Figure 4.11 The eigenpolarizations of the samples coupling to the resonances of L 
particles.  
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Note that the sign of the angle does not need to be taken into account as cosine is 

an even function. The predicted susceptibilities for Sample A can be then derived 

using Equation (4.4), which gives: 
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where the cross-terms     and     are assumed to be zero as the individual L 

particle is achiral. The equations for the output fields are written as 
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where the input polarizations    and    as a function of the linear input polariza-

tion angle are 

 
           
            

(4.7) 

By using the results in Equation (4.5), the total output field, simplified by trigono-

metric identities, can be written as 
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There is no angle dependence in the output field. Thus, without coupling between 

the particles, the response would be isotropic. 

The only difference between Samples A and B is the ordering of the particles, 

which does not affect the orientational average. Thus, the result obtained for 

Sample A is valid also for Sample B. 

Although for Sample C the isotropic response is more evident already from the 

sample layout, a similar approach as for Sample A can also be used to predict the 

tensor components for Sample C, which gives 

 

    
 

 
    

 

 
         

          
 

 
    

 

 
   

 (4.9) 

The predicted tensor components are the same as for Sample A, shown in Equa-

tion (4.5), although in different coordinates. Thus, by using a similar procedure as 
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before, it can be shown that the linear response of Sample C is isotropic, as it 

should be based on the symmetry. 

Second-order nonlinear response 

The nonlinear response of the Standard array is defined by the response of the 

individual particles. If there would be no coupling between the particles, the re-

sponse of Samples A, B and C would be obtained as orientational averages of the 

responses of the individual particles. However, as an even-order nonlinear pro-

cess the second-order response is extremely sensitive to the symmetry of the 

structures. Therefore, it is important to note, that the Samples A and B now have 

a symmetry plane along v direction, and furthermore, Sample C is centrosymmet-

ric, which should forbid the second-harmonic signal. 

To give more insight to the effect of symmetry and to investigate the effect of 

the coupling between the particles, it is interesting to predict the response of the 

modified samples based on the orientational average, which is defined using the 

equation155 
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where     
( ) are the nonlinear response tensor components for the individual par-

ticles,    is the number of particles in the unit cell and cosine-factors project the 

original tensor components to the coordinates of the modified sample. 

In the Standard array, the response of the whole sample is defined by the re-

sponse of the individual particles. Therefore, the nonlinear response tensor com-

ponents of the Standard array can be used to predict the response of the modified 

samples. Due to the high quality of the samples, the ideally forbidden tensor 

components of the Standard array, the ones with odd number of x, can be ne-

glected in the summation. Thus, the summation takes into account the compo-

nents yyy, yxx, xxy and xyx. Note that the latter two components need to be taken 

into account separately as their cosine-factors in the summation might differ alt-

hough the tensor component values are equal. 

The derivation is performed again for Sample A as it has only two particles in 

the unit cell. The cosine factors are the same as presented earlier. The compo-

nents with odd number of u become zero in the summation as they should due to 

the symmetry of Sample A. The predicted allowed nonlinear response tensor 

components are 
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The orientational average of Sample B is equal to Sample A, and thus, the ob-

tained nonlinear response tensor components are the same also for Sample B. For 

Sample C, the derivation can be done in a similar way resulting in vanishing of all 

the tensor components.  

4.6. NUMERICAL METHODS 

The work presented in this Thesis is mainly experimental. However, theoretical 

simulations have also been performed to support and explain the experimental 

results. For the T-nanodimers, the extinction spectra and the local electric fields 

were simulated using the Fourier modal method. The code was written in Univer-

sity of Eastern Finland. For L-nanoparticles the simulations were performed using 

a finite-difference time-domain method with a code written by a colleague in 

Tampere University of Technology. The numerical simulations were very useful for 

supporting the experimental observations. 

Fourier modal method (FMM) 

The Fourier modal method is also known as rigorous coupled-wave method156. It is 

mostly used for dielectric diffraction gratings but can also be used for metal 

nanostructures. In the Fourier modal method, the computations are done in the 

frequency domain. Thus, the permittivity values of the materials measured as a 

function of wavelength can be conveniently used.  

The main points of the method are the discretization of the nanoparticle and 

expanding the electromagnetic fields into Fourier series. The size of the discretiza-

tion unit defines the smallest particle details that are taken into account. The 

number of Fourier components taken into account for the fields defines the 

smallest possible local field features. 

For simulating the spectra, less Fourier components are sufficient, but to be 

able to precisely simulate the local fields in the structures a rather large number 

of Fourier terms are needed. On the other hand, increasing the number of terms 

exponentially increases the calculation time. This is partly the reason why Fourier 
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modal method is good for simulating the spectra, but is not very well suited for 

the electric field calculations. 

We note that the simulated local fields are not precise enough for quantitative 

analysis, but can be used in a qualitative way. The results have been qualitatively 

confirmed by simulations using the finite-difference time-domain method (see 

next Section). 

Finite-difference time-domain (FDTD) 

The finite-difference time-domain method is very commonly used for modeling 

electromagnetic problems. In the method the structure is discretized, and also, 

the time-dependent Maxwell’s equations are discretized. In the finite-difference 

time-domain method, as its name suggests, the computations are performed in 

the time domain. It is very beneficial for calculating the spectra as a short pulse 

with a broad spectrum can be used as an excitation to calculate a broad spectral 

range at once. This significantly reduces the time needed for spectral simulations.  

However, the spectrally measured permittivity for the material cannot be di-

rectly used, but a model needs to be fitted to the measured values, and then, the 

model function is Fourier transformed into frequency space. The most commonly 

used model for the gold permittivity is the Drude model, which, however, fails at 

the shorter wavelengths. Thus, we used a Drude-Lorentz model as explained in 

Section 2.1, which takes into account the interband transitions leading to a better 

fit also at shorter wavelengths157. 
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5.  

RESULTS AND DISCUSSION 

This Chapter summarizes the results obtained in the Publications. It also includes 

important results, which were not published in the articles, but are relevant for 

understanding the whole picture of this Thesis. 

5.1. T-SHAPED NANODIMERS 

Second-harmonic generation from T-shaped gold nanodimers was considered in 

Publication 1 and the chirality of the nanodimers in Publication 2. This Section 

describes the basic linear properties of the dimers, demonstrate the locations of 

the strong local electric fields in the structures and summarize the obtained re-

sults from the publications. 

Extinction spectra 

The investigated T-shaped nanodimers consist of two similar bars, which have the 

fundamental resonances related to the short and long axis of the bar (Figure 

5.1a). The extinction spectra of an array of bars are shown in Figure 5.1c with 

dashed lines.  

The extinction spectra of an array of T-nanodimers, shown in Figure 5.1c with 

Figure 5.1 Linear response of T-nanodimers. a) Bar and b) T-shaped nanodimer with 
the coordinate system and SEM images. c) Comparison of the measured extinction 
spectra of a T-shaped nanodimer (30 nm gap) and a bar. 
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solid lines, have two peaks for both eigenpolarizations. The x polarization couples 

to the long axis of the horizontal bar and to the short axis of the vertical bar. Simi-

larly, y polarization couples to the short axis of the horizontal bar and to the long 

axis of the vertical bar. Furthermore, as the bars are located close to each other, 

the coupling between the bars could modify the resonances. However, based on 

the measured spectra, the peak locations for the nanodimers are very close to the 

ones for the bars. The resonances related to the width of the bar are not affected 

at all. The resonances related to the length of the bar are slightly shifted, but it 

can be simply due to small differences in the lengths of the bars. 

Local fields 

As discussed before, the resonances in the extinction spectra are related to strong 

local electromagnetic fields in the structure. In the case of a bar, the local electric 

fields for a polarization along the long axis are located at the ends of the bar.  

In T-dimers, the resonance for x polarized input field leads to the strong fields 

at the ends of the horizontal bar (Figure 5.2). However, the fields below the bar 

are slightly different compared to the fields above, which shows that the gap does 

affect the local fields, although only slightly for x polarization. For y polarized in-

put, the local fields are concentrated to the ends of the vertical bar. Now the gap 

significantly affects the local field as the field in the gap region is much stronger 

than the field at the bottom end of the bar. 

For both polarizations, the local fields are clearly related to the bar resonant 

with the excitation wavelength for the given polarization. However, the field dis-

tributions are not equal to the field distributions of a single bar. First of all, the 

coupling between the bars can affect the local fields, but the coupling is expected 

to be relatively weak as the resonance wavelengths corresponding to the length 

and width of the bar are clearly separated. On the other hand, the gap can never-

theless attract very strong field intensities, which can affect the fields in the whole 

Figure 5.2 Distributions of the local electric field amplitude at 1060 nm excitation 
wavelength for a T-nanodimer with 10 nm gap for x and y input polarizations 
(shown with white arrows). The local fields are simulated for three-dimensional 
structures using Fourier modal method (FMM). The color bar shows the local field 
amplitude scaled to the excitation field. 
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structure. 

Figure 5.2 shows the total electric field amplitude distribution in the structures 

as it was used for illustrative purpose. However, for analyzing the effect of the 

local field distribution on the nonlinear response, plotting a certain component of 

the local field is more useful, as was done in Publication 1. 

Second-harmonic generation 

In Publication 1, we discuss the second-harmonic generation from arrays of T-

shaped gold nanodimers. The second-harmonic signal as a function of the gap size 

was investigated, and the obtained dependence was not trivial at all. In general, 

small gap sizes lead to stronger second-harmonic response than the larger gap 

sizes. However, for certain gap sizes the signal almost vanishes, and on the other 

hand, even rather large gap sizes can lead to surprisingly strong signals. 

 The results were explained by considering the distributions of the x- and y-

polarized local fields in the structure. We demonstrated that even very small dif-

ferences in the structure can lead to clear differences in the symmetry of the local 

field distribution and in the second-harmonic response of the structures. Such 

subtle differences in the symmetry of the local-field distributions can thus explain 

the surprising results in the measurements. 

Chirality 

In Publication 2, we discuss the chirality of the T-nanodimer samples. We investi-

gated the chirality as a function of the gap size by comparing the second-harmonic 

responses of the structure for left- and right-circularly-polarized light. Although 

the ideal T-shape is not chiral, in the real samples the vertical bar was slightly tilt-

ed with respect to the horizontal bar making the samples chiral. We observed that 

both the gap size and the tilt of the vertical bar affected the local electric-field 

distributions.  

The measurement results were explained by comparing the local fields for the 

two circular polarization states. We demonstrated that even small changes in the 

geometry, and especially in the symmetry of the structures, can significantly affect 

the local fields, which can be observed as a remarkable circular-difference in the 

second-harmonic response. 

5.2. L-SHAPED NANOPARTICLES 

The linear properties and local electric fields of L-shaped gold nanoparticles are 

considered in Publication 3. Here we discuss the resonance wavelength depend-
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ence on the sample dimensions, the characteristics of the local field distributions 

and briefly summarize the results in the publication. 

Extinction spectra 

Due to their anisotropy, the L-shaped gold nanoparticles are strongly dichroic with 

two fundamental plasmon resonances, one related to the polarization along the 

mirror axis of the L-shape (y) and the other one perpendicular to that (x) (Figure 

5.3a). The resonance wavelengths depend on the dimensions of the structure. 

Increasing the length of the arm shifts the resonance to longer wavelengths 

(Figure 5.3b) and increase in the arm width to shorter wavelengths (Figure 5.3c).  

Thus, by changing the dimensions of the L particles the resonances can be easi-

ly tuned over very large spectral range, which is important for example for nonlin-

ear optical properties, where the resonance can be tuned to match the wave-

length of the fundamental laser light.  

Arm-width-related resonance 

In Figure 5.3b, at about 550 nm there are rather broad and weak resonances, 

which are related to the field oscillation over the width of the arm of the L-shape. 

The same resonances are observed in Figure 5.3c at a longer wavelength of about 

650 nm due to the wider arms of the shape. 

 In Publication 3, we explain the nature and origin of this resonance. Earlier the 

resonance has been interpreted to be, for example, a volume plasmon, which 

should not be excitable by light72. However, with the support of local field calcula-

tions we demonstrated that the resonance is indeed a normal particle plasmon 

related to the arm width. In fact, at about 500 nm the skin depth of gold is signifi-

cantly increased (Figure 2.3), which means that the field penetrates deeper into 

the structure and can therefore be misinterpreted as volume effect. 

Figure 5.3 Linear response of L-nanoparticles. a) L-shape, the coordinate system 
and scanning electron microscope image. Measured extinction spectra for particles 
with b) different arm lengths (width fixed to 50 nm) and c) different arm widths 
(length fixed to 150 nm). 
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Higher-order resonances 

The fundamental resonances in Figure 5.3 are the strongest resonances, associat-

ed with the strongest local fields, and thus, the ones usually considered. There can 

be also higher-order resonances, which, however, are usually very weak and can 

overlap with other short-wavelength resonances, like the arm-width resonance. 

Nonetheless, the higher-order resonances can provide additional tools for tuning 

the optical properties of metal nanostructures. 

To observe the higher-order resonances there are two important require-

ments. First of all, a sufficiently large structure is needed to shift the resonances 

away from the arm-width resonance, and also, to enhance the resonance by the 

larger volume of the structure. Secondly, good sample quality is required to avoid 

inhomogeneous broadening of the resonance, which would fade it out.  

   In Publication 3, we have observed four higher-order resonances, two for both 

eigenpolarizations, for an array of L-shaped nanoparticles with 300 nm arm length 

and 50 nm arm width. It is more than anyone else has observed for samples with 

similar dimensions, which is a significant achievement and a proof of very good 

sample quality. The closest experimental results in terms of the number of ob-

served resonances are the work by Sheridan et al.158, where they observed three 

higher-order resonances. However, they investigated crescent shaped structures 

with a total length of about 1200 nm, which is over twice the total length of our L 

shapes. 

Local fields 

The local fields for an L-shaped nanoparticle at the fundamental resonances are 

shown in Figure 5.4. The field distribution for x polarization is similar to that of a 

bar with the strong local fields concentrated to the ends of the L-shape. Note, 

however, that the resonance cannot be considered simply as a resonance of a 

bent bar as the resonance wavelength does not match the one of a bar with 

Figure 5.4 Local electric field distributions at the fundamental resonances for an L 
particle with 50 nm arm width and 200 nm arm length for x and y input polariza-
tions. The excitation wavelengths are 1583 nm for x polarization and 985 nm for y 
polarization. The local fields are simulated for three-dimensional structures using 
FDTD. The color bar shows the local field amplitude scaled to the excitation field. 
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equivalent length. 

The field distribution for y polarization has three hot spots and the charge os-

cillations occur along the arms of the structure. We note that such a resonance 

cannot be excited in a bar since asymmetry is required in the direction of the po-

larization. In Publication 3, the fields at the fundamental resonances as well as the 

fields at the higher-order resonances and arm-width-related resonances are 

shown and discussed in more detail. 

5.3. QUALITY OF THE SAMPLES 

Arrays of L-shaped gold nanoparticles have been investigated for quite a long time 

in our research group. Over the years, the quality of the samples has increased 

significantly due to better facilities and equipment, and also, development in the 

fabrication skills. In an old sample from 2004, the L shape is barely recognizable 

(Figure 5.5a), whereas the new particles with similar dimensions have really good 

sample quality with almost perfect L shape and even straight parts at the ends of 

the arms (Figure 5.5b). Even samples with the fairly small linewidth of 50 nm show 

good quality although they approach the limiting resolution of the current fabrica-

tion system (Figure 5.5c). 

From the point of view of future applications, good sample quality is essential. 

In low quality samples, the optical properties are often dominated by the defects, 

and thus do not match the designed properties. Therefore, with low quality sam-

ples, it is practically impossible to optimize the structures for certain functionali-

ties. 

Linear spectra 

The effect of the sample quality is already seen in the linear spectra. Table 5.1 

shows comparison of the full-width half-maximum (FWHM) values for an old 

sample31 and new samples. The new set of samples does not have a sample with 

exactly the same parameters as the old one. Therefore the resonance wave-

Figure 5.5 Scanning electron microscope image of a) a sample from 2004, b) a sam-
ple with 100 nm arm width from 2009 and c) a sample with 50 nm arm width from 
2009. 
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lengths do not match precisely either, which complicates the comparison as the 

peak width always decreases with decreasing wavelength. Thus, the table shows 

two new samples and an estimate of the FWHM linewidth at the old sample reso-

nance wavelength. The estimate is done by simply assuming a linear dependence 

between the linewidth and the resonance wavelength, which is sufficient for the 

comparison. 

Table 5.1 Comparison of the widths of the resonances for old and new samples. 

Sample Arm length Arm width Period 
Resonance 
wavelength 

FWHM 

Old
31

 190 nm 110 nm 400 nm 1030 nm 180 nm 
New 150 nm 100 nm 500 nm 1230 nm 140 nm 
New 200 nm 100 nm 500 nm 910 nm 90 nm 
New / Estimate - - - 1030 nm 110 nm 

By comparing the linewidth of the old sample and the respective estimate 

from the new samples, the effect of the sample quality on the resonance width is 

clear. The peak of the new sample is approximately 40 % narrower. This is ex-

plained by the smaller variation in the sample dimensions leading to less inhomo-

geneous broadening of the resonance. 

Second-order nonlinear response 

As discussed in Publication 1, second-harmonic generation is extremely sensitive 

to the symmetry of the local electric-field distributions. Small defects in the parti-

cles can attract very strong spatially confined fields, which can greatly modify the 

field distributions and affect the second-harmonic generation. In the older sam-

ples, it was found that, in some cases, the defects played an important role in the 

nonlinear response of the structures33,159. In the second-harmonic measurements, 

the ideally forbidden tensor components were always large, and for some sam-

ples, even dominant. 

Table 5.2 Comparison of the tensor components for the old and new samples. The 
values are normalized to the dominant allowed component. The symmetry forbid-
den components are shown with grey background. 

Sample xxx xyy yxx yyy 

Old
159 

0.13 1.43 0.73 1 
New

160
 0.13 0.01 1 0.04 

New (Publication 5) 0.05 0.09 0.41 1 

 

The comparison of the old and new samples on the level of nonlinear response 

tensor component values is shown in Table 5.2, where the forbidden components 

are shown with grey background. In the new samples with significantly increased 

sample quality, the influence of the defects is greatly suppressed, and the forbid-



5. Results and discussion 

54 
 

den components are always much smaller than the corresponding allowed com-

ponents160. Note, furthermore, that the relative second-harmonic intensities are 

squares of the values shown in the table, which further suppresses the influence 

of the forbidden components.  This is an essential achievement towards nonlinear 

metamaterials with truly designable optical properties. 

5.4. RESONANCE-DOMAIN METAMATERIALS 

Resonance-domain metamaterials are arrays of nanoparticles, where the particles 

are diffractively coupled by propagating surface modes although no diffraction 

orders propagate in free space. The diffractive coupling greatly affects the linear 

spectra of the arrays, which are shown and explained in Publication 4. The reso-

nance-domain effects arise from the interplay between the plasmon resonance 

and the grating resonance, and therefore the obtained resonances could also be 

called Fano resonances (Section 2.5). The diffractive coupling can also be used to 

control the nonlinear response of the arrays as discussed in Publication 5. 

Approach of individual particles 

In traditional molecular optics, especially with organic molecules, the intermo-

lecular interactions are typically very weak, and therefore the optical response of 

a set of molecules can be obtained as the orientational average of the responses 

of individual molecules. In metal nanostructures, without coupling between the 

individual particles, the overall response of the sample can be predicted based on 

a similar approach. The orientational average for the linear and second-order 

nonlinear response of arrays was discussed in Section 4.5. 

Extinction spectra 

The main result in Section 4.5 was that without coupling between the particles the 

linear optical responses of Samples A, B and C should be equal and also isotropic. 

Based on the measured spectra, as discussed in Publication 4, the simple ap-

proach is not valid, but there are significant differences in the spectra of Samples 

A, B and C.  

The results are explained by the diffractive coupling between the particles. The 

changes in the mutual orientation of the particles double the period in one or two 

array directions opening diffraction orders, which were designed to occur at the 

wavelengths of the resonances. Such coupling between the particles significantly 

affects the linear response of the arrays. In particular, two very similar samples, 

with the only difference in the ordering of the particles, have completely different 

spectral responses with either very narrow or ultra-broad resonances.  
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Local fields 

The diffractive coupling between the particles arises from the interference be-

tween the particle plasmon and the field scattered from the other particles. Thus, 

in addition to the changes in the spectra, the coupling can affect also the local 

electric field distributions. As an example, the local fields of Samples A and B for 

the eigenpolarizations u and v are shown in Figure 5.6. 

The local field amplitudes are related to the resonances in the linear spectra in 

a straightforward way. The local field maximum for Sample A is about half of the 

maximum value for Standard array (Figure 5.4), which corresponds to the differ-

ence in the resonance amplitudes in the spectra. Similarly, the local field maxi-

mum for Sample B is close to the maximum for Standard, which corresponds to 

almost equal resonance amplitudes. 

 Furthermore, the coupling can cause even more significant changes in the lo-

cal fields. The local fields in Figure 5.6 should be compared to the Standard array 

local field for y polarization, shown in Figure 5.4, which is symmetric with respect 

to the y axis due to the symmetry of the particles. In Sample A, the field distribu-

tions are clearly modified and are not symmetric within a single particle. However, 

the fields are symmetric with respect to the unit cell symmetry plane in v direc-

tion, as should be. Furthermore, the field distributions are clearly different for u 

and v polarizations, which is most likely related to the difference of the corre-

sponding plasmonic resonances. 

In Sample B, slight asymmetry of the resonances can be also observed. Fur-

thermore, the distributions for the eigenpolarizations are very similar, which cor-

relates with basically equal plasmon resonances. 

 

 

Figure 5.6 Local electric field distributions in the resonance-domain structures. The 
local fields at the resonances of Samples A and B for u and v polarizations. The exci-
tation  field  polarization  is  shown  with  a  white  arrow  and  the  excitation  
wavelength at the bottom of the field images. The local fields are simulated for 
three-dimensional structures using FDTD. The color bar shows the local field ampli-
tude scaled to the excitation field. 
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Controlling second-harmonic generation 

In Publication 5, we demonstrate a new concept for tailoring the second-order 

nonlinear response of arrays of metal nanostructures by controlling the mutual 

orientation between the particles. The changes in the particle ordering affect the 

symmetry of the samples, which significantly affects the second-harmonic re-

sponse. The traditional approach of molecular optics, where overall response of 

the sample is obtained as the orientational average of the responses of the indi-

vidual particles, explains the polarization dependence of the response, which aris-

es from the symmetry of the structures. 

However, the approach does not take into account the interparticle coupling, 

which depends on the details of particle ordering and can significantly affect the 

response. In the Publication, we demonstrate the possibility to either suppress or 

enhance the second-harmonic response by small changes in the particle ordering. 

By a minor change in the particle ordering the second-harmonic signal can be 

enhanced by a factor of up to 50. The differences in the responses are explained 

in terms of the diffractive coupling between the particles, which is discussed in 

more detail in Publication 4.  
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6.  

CONCLUSIONS AND FUTURE 

The plasmon resonances and local electric fields, as well as their effect on the 

linear and nonlinear response of metal nanostructures, have been investigated. In 

T-shaped nanodimers, the local electric field distributions play a key role in the 

second-order nonlinear response of the structures. Even small changes in the 

particle geometry can significantly affect the nonlinear response.  

In L-shaped particles, the improvements in the fabrication process have result-

ed in very good sample quality, which has several benefits. First of all, multiple 

higher-order resonances have been experimentally observed, due to the high 

sample quality. Secondly, the optical properties of the high-quality samples can be 

precisely designed, as demonstrated by essentially vanishing forbidden second-

order tensor components of L-shaped nanoparticles. This is a significant im-

provement, opening the path towards structures with designable properties and 

applications. 

The possibility for controlling the optical properties in a more precise way has 

been utilized in the form of resonance-domain structures, where the samples 

were designed to have strong diffractive coupling between the particles. By tailor-

ing the mutual orientation of the particles, the diffractive coupling, and further-

more the polarization-dependent linear and second-order nonlinear responses, 

can be controlled in a completely new way. 

In earlier works, samples have suffered from the low quality, which has led to 

broad resonances in the linear response and strong forbidden signals in the se-

cond-order nonlinear response. In the low quality nanostructures, defects play an 

important role in the optical properties, and thus, designing structures with de-

sired optical properties is not straightforward. Especially, designing second-order 

nonlinear metamaterials has been practically impossible.  

In the recent samples, the quality of the nanostructures has finally reached a 

level, where the imperfections in the structures do not contribute significantly to 

the optical response. Thus, we are finally at the point, where designing nonlinear 
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metamaterials is becoming possible. This opens a vast range of possibilities for 

designing nonlinear materials at the effective medium limit. 

An open fundamental question regarding the second-order nonlinear proper-

ties of metal nanostructures is whether the response originates from the bulk of 

the metal or the surface of the structures. That knowledge is important to be able 

to optimize the locations of the strong local fields for the strongest possible non-

linear response. For example, if the response originates from the surface of the 

structures, currently only small part of the surface is exploited, which could be 

solved by proper sample designs. 

In the future, the research on resonance-domain metamaterials, which are the 

first realization of samples with improved quality, will be driven forward. Current-

ly the understanding of the effects is on the qualitative level, but more quantita-

tive understanding would be beneficial for designing structures with optimized 

properties. That requires both experimental studies of various resonance-domain 

samples and also deeper understanding of the physics behind the phenomena. As 

an example of the progress, in recent samples the resonance-domain effects have 

led to even narrower resonances than the ones observed in Publication 4.  

In addition to the long-range coupling in resonance-domain structures, near-

field coupling can also be utilized for tuning the optical responses. Thus, in addi-

tion to the single-particle structures, structures composed of several particles are 

also particularly interesting. The T-shaped nanodimers investigated in this Work 

are such structures, but for the current samples the plasmon resonances of the 

horizontal and vertical bars for a certain polarization occur at very different wave-

lengths. Thus, the plasmonic coupling between the bars has been relatively weak. 

In the future, it will be interesting to investigate new dimer, or more generally 

oligomer, structures, where the plasmon resonance wavelengths of different 

parts are designed to match, which would lead to stronger interparticle coupling. 

All the second-harmonic measurements presented in this Thesis have been 

performed at a fixed laser wavelength. In the future, it will be interesting to use 

laser sources tunable over broad spectral range. Tuning the fundamental or har-

monic wavelength either close to the resonance or away from the resonance ena-

bles more detailed investigation of the effect and importance of the plasmon res-

onances. 

The research on nanoplasmonics, both in our laboratory and in other research 

groups, is strongly going forwards. A lot of unknown issues have been already 

addressed, but during the journey plenty of new questions have arisen. To 

achieve full understanding of the optical properties of metal nanostructures, a lot 

of work is still needed. Hopefully it will all be worth the effort and one day there 

will be real everyday applications. 
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