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Since the resonant excitation of metallic nanostructures by light can yield considerable electromagnetic 
near field enhancement, the optical properties of metal nanoparticles have been subject of many studies 
[1]. In particular, interaction between particles in multimers and arrays of nanoantennas modifies and 
influences the optical properties of the system.  The interaction properties depend on the separation 
distances to adjacent neighbors as well as on the distribution of the particles within the array. These 
effects have been broadly analyzed experimentally and theoretically in the visible spectral range for 
many different arrangements of particles [2,3] while only few studies have analyzed the IR range [4], 
where retardation is especially important.  
 
Here, we report on the effect of coupling in the electromagnetic properties of 2D gold nanorod arrays in 
the IR range (1–12 µm). We numerically and experimentally investigate the influence of interaction 
between neighboring antennas along the longitudinal and transversal direction in an ordered rectangular 
array of wire nanoantennas prepared on a silicon substrate. As an example, we show in Fig.1, the 
experimental and calculated resonance wavelength, λres vs the rod length L for nanoantenna arrays of 
three different longitudinal separation distances between the antennas, dx. A red shift of the resonance 
wavelength is clearly observed for small values of dx (40 nm) while for larger longitudinal separation 
distances (1µm) the results are almost identical to the non-interacting antennas (dx = 5µm). This 
spectral red shift for small dx can be understood in terms of coupled dipoles that include retardation. 
Regarding the transversal interaction (not shown here), significant blue shift of the extinction cross-
sections and extraordinary broadening can be experimentally and theoretically observed for transversal 
separation distances, dy smaller than λres / nsubstrate. 
 

  
 
Fig.1: (Top) Calculated and (bottom) experimental resonance wavelength vs. rod length for different 
longitudinal separation distances between rods dx .  
 
The modification of optical properties by antenna arrays due to interaction effects can be exploited for 
sensing applications like surface enhanced infrared spectroscopy (SEIRS) [5]. 
 
The sensitivity in SEIRS strongly depends on where the resonant excitation is spectrally located 
compared to the molecular vibration that is to be enhanced. Therefore, the relation between spectral 
resonance positions and geometrical properties of the nanostructures, as presented here, is essential 
for the optimization of sensing devices. 
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By interaction of metallic nanowires (NW) with electromagnetic radiation of appropriate wavelength, 
resonant surface charge density oscillations, called surface plasmons, can be excited. These 
oscillations are responsible for a large electromagnetic field enhancement in the NW near-field, which 
makes these wires suitable as functional elements in devices for e.g. highly sensitive detection of 
molecules using surface enhanced infrared spectroscopy1 and Raman spectroscopy2,3, and selectively 
killing of cancer cells by photothermal therapy 4,5.  

The even stronger field enhancements achieved by plasmon coupling at nanogaps between narrowly 
spaced nanostructures 6,7,8 have recently been, experimentally and theoretically, a subject of increasing 
scientific interest. However, controllable fabrication of nanogaps between well-defined nanostructures 
continues being an experimental challenge. 

Here, we report the synthesis of closely spaced smooth and porous nanowires by electrochemical 
deposition in etched ion-track membranes. Polycarbonate foils were irradiated at the GSI linear 
accelerator UNILAC with heavy ions accelerated to an energy of 11.1 MeV/u. The irradiated foils were 
track-etched with a 6 mol/l sodium hydroxide solution at 50° C to produce cylindrical pores randomly 
distributed in the foils. Au/Ag/Au nanowires were grown by pulsed-deposition using a single-electrolyte 
containing both silver and gold cyanide ions.  

Figure 1 shows a scanning electron microscopy (SEM) image of two multisegment nanowires. 
Segments with higher concentration of gold appear brighter than the ones with higher silver content. 

To selectively etch out the silver of the segmented nanowires, the nanostructures were treated with 
nitric acid. This results in the formation of nanogaps with sizes down to about 8 nm as shown in 
Figure 2. In addition, composition and concentration of the electrolyte, and pulse parameters 
determined the Au and Ag content of the segments, and thus the morphology of the wires after 
dissolution of the Ag. Using different concentrations of KAg(CN)2 in the electrolyte, smooth segments 
enclosing the gap (Figure 2) as well as very porous segments (Figure 3) were obtained.  

In conclusion, segmented silver gold nanowires and small nanogaps down to 8 nm were created. 
Furthermore, the morphology of the segments enclosing the gap can be varied by adjusting the 
deposition parameters. Plasmon resonance measurements on these structures are under way.    
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Figure 1: SEM image of two nanowires displaying the gold and silver segments. The inset shows a zoom in at 
higher magnification.  

 

10 nm 10 nm 

Figure 2: 10 nm gap between two smooth Au nanowires. The inset shows the gap at higher magnification. 
 
 

Figure 3: Porous nanowires enclosing a nanogap  
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The recent rise of interest in magnetoplasmonics –materials that combine magnetic and plasmonic 
functionalities– has accelerated fundamental studies of the interplay of light-matter coupling and 
magnetism in nano-sized structures. The combination of optical and magnetic properties of 
nanostructurized materials has been employed to address active tuning in nanoplasmonic devices, 
thermal magnetization switching, and enhancement of magneto-optical Kerr effect (MOKE) [1].  

The experimental exploration of the mutual relations between magnetism, magneto-optical activity and 
light-matter coupling in spatially confined geometries poses questions and brings a new impulse to the 
modeling efforts. As a first approximation, the infinite film approach has been often applied to model 
light interaction with finite size magnetic particles by researchers in magneto-optics. This approach 
worked extremely well for magnetic structures whose geometric dimensions are larger than the 
wavelength of the incident light (>1μm). However, the recent move to the nanometer range is expected 
to require a revision of the current numerical models and approximations.  

In order to address the fundamental question of the limits of applicability of the infinite film approach, we 
have compared its predictions of the optical and magneto-optical response of ferromagnetic nano-scale 
disks with those by a more specific model. The latter approach considered relies on the recently 
developed E-DDA code, based on an extension of the discrete dipole approximation [2], which has been 
specifically devised to deal with nano-scale optical objects. In order to make this comparison 
meaningful, we worked out an equivalent discretization formulation of the infinite film approach. In doing 
so, we introduced the same structural discretization used for the E-DDA approach, so that the numerical 
specifics related to the discretization process show up in exactly the same way in the two cases. More 
specifically, we considered an electric dipole interacting with an infinite number of surrounding dipoles in 
order to get an effective polarizability expression for that reference dipole. The nano-scale particle is 
then built up by inserting this reference dipole in each cell of the discretization mesh (no further 
interaction is considered). While in this modified infinite film approach the shape of the particle only 
affects the scattered field through the phase of each electric dipole, in E-DDA near field interactions 
produce additional shape effects. 

We applied these two approaches to predict the optical and magneto-optical response of Cobalt disks of 
several sizes illuminated with a wavelength of λ=632.8nm under normal incidence, in a typical 

transverse MOKE configuration (Fig. 1). The comparison of the predictions of the two methods is 
summarized in Fig. 2, which shows the optical and magneto-optical dipole moment distributions 
calculated with E-DDA and normalized to that obtained using the discretization formulation of the infinite 
film. Figure 3 shows the corresponding far-field intensity patterns calculated in the x-y plane. 

The main conclusion we can draw from the comparison is that, for large enough disks (diameter 
comparable to the wavelength), both approaches provide similar results (see Fig. 3, D equal to 1000 
and 600 nm), meaning that in these cases the infinite film approximation produces almost exact results. 
However, as the size of the disks is decreased below the wavelength, both optical and magneto-optical 
components show size-induced enhancement effects (see Fig. 3, D equal to 100 and 200 nm). It is 
worth noting that, since optical and magneto-optical contributions to the far field intensity scale nearly in 
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the same way, the normalized magneto-optical response, which is the quantity measured in 
experiments, is only weakly affected even in the case of disks of sub-wavelength size. 
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Figure 1: Transverse MOKE configuration, where the incoming light wave-vector is in the x-direction, the electric 
field linearly polarized along the y-direction, and the magnetization M being perpendicular to the scattering plane 
(considering X-Y plane).  
 

 
Figure 2: Absolute value of the y (left column) and x 
(right column) components of the induced dipole 
moment for several sizes normalized to the infinite 
film calculation. Notice that the x-component of the 
dipole moment is the “magneto-optically induced” 
component, while the y-component is the “optically 
induced” component. 

 

 
Figure 3: Far-field scattered intensity patterns and ΔI 
patterns for several sizes for both the E-DDA 
calculation and the film approach (effective). The ΔI 
patterns are obtained by computing the difference in 
scattered intensity under magnetization reversal.  
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Electromagnetic interaction of light with the interfaces of polar materials shows a sharp and well defined 
electromagnetic response in the infrared (IR) region that consists mainly of excitation of optical 
phonons. Similar to surface plasmons in the visible region, surface phonons can couple efficiently to 
infrared light in micron-sized particles made of polar materials. This interaction forming localized surface 
phonon polaritons cause antenna effects, like enhanced absorption and scattering of electromagnetic 
radiation in some particular frequencies and enhancement & localization of electromagnetic field, 
allowing micron sized-structures of polar materials to act as micro/nano antennas in the infrared. 
 
We apply the boundary element method to calculate the infrared electromagnetic response of single SiC 
disks acting as effective infrared antennas as a function of different parameters such as disk size (800 – 
1200 nm) and thickness (50 – 100 nm). We also analyzed the effect of locating a near-field probing 
metallic tip near the SiC disk to scatter light, thereby obtaining new spectral peaks connected with 
localized modes between the tip and the SiC disk. We then further investigated their application in IR 
scanning probe microscopy. A near-field map of the phononic resonances improves the understanding 
of the nature of the IR extinction peaks. Finally, the effect of placing the nanoantenna on different 
substrates is studied. 
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Figures 
 

 

 
 
 
 
 
Figure caption 
 
 

a) Near-field amplitude distribution around a SiC disk nanoantenna with size 1000 nm and 
thickness 50 nm at an incident wavelength of 12.1 micrometer. Incident field Einc is displayed in 
the figure. 

b) Same situation as in Figure a, but in the presence of a metallic probing tip. Localized 
electromagnetic mode emerges from the interaction of the metallic probing tip with the 
nanoantenna. The incident wavelength is 11.6 micrometer. 
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We present a comprehensive study of the slow light behavior in photonic crystal waveguides as key 
elements in optical buffer devices. 

 

Photonic band gap materials are now recognized as excellent candidates for novel applications in the 
area of all-optical telecommunication networks. Systems based on these novel materials could 
outperform current generation optoelectronic devices in applications related to optical buffering 
[1,4,5,8,9], low-threshold lasing [10], or interferometry [7], just to cite a few examples. 

 

In photonic crystal structures, where the dielectric permittivity varies periodically, a complete photonic 
band gap (CPBG) can appear. This gives rise to a frequency range where no light can propagate into 
the crystal structure independently of its propagation direction. If the periodicity is broken in certain ways 
(such as introducing point or line defects), localized light modes are formed around the defect region [3]. 
In this way, a photonic crystal waveguide can be tailored in such a way that light is guided from one 
point in the photonic crystal to another, no matter the geometrical complexity of the defect pathway. 
Moreover, in certain cases, light propagating through this waveguide can exhibit extremely low group 
velocity, which yields to considerable delays over the light pulse [11]. 

 

This work presents an exhaustive study of CPBG maps for two-dimensional photonic crystals based on 
the square and triangular lattices. These maps have been obtained by gradually sweeping rods/holes 
radii and dielectric contrasts. To perform the corresponding simulations, the finite element method 
(FEM) [2] and the plane wave expansion method [6] were used. FEM has also been applied to the study 
of PCWs, where harmonic propagation and eigenvalue analysis simulations have been done, showing 
that localized modes tend to present an extremely low group velocity. Finally, defect mode group 
velocity, group velocity dispersion (GVD), resulting bandwidth, and power loss are reported for different 
defect line widths in standard PCWGs. Taking into account these criteria, an optimum PCW is 
proposed, implementing the best combination of hole/rod radii, index contrast, waveguide width, and 
operational frequency bandwidth. The so obtained structures possess a great potential for the 
development of low-power consuming on-chip photonic buffers, whose impact on future 
telecommunication networks and optical computing will be of decisive importance.  
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Systems of resonant gold nanoparticles embedded in a dielectric matrix have been studied for a 

long time from a fundamental point of view [1], and present interesting optical properties. The optical 
response of such systems in the visible region of the spectrum is dominated by the Localized Surface 
Plasmon Resonance (LSPR) of the particles. As a consequence, by varying the actual amount of 
nanoparticles, effective properties like permittivity or optical  index of the composite film can be tuned, 
and at high enough loading fractions, they can exhibit large values or negative regions in the 
neighborhood of the LSPR. We study this system as a first step towards more complex systems with 
highly-engineered resonant particles which could give birth to metamaterial-type responses (e.g., 
double negativity). 

Interestingly, even a simple system like this one  still presents significant challenges in the 
understanding of the effective optical response. On the particle scale, the exact position of the LSPR 
directly depends on the dielectric function of the metal and matrix but also on the particles’ shape [2]. 

For very small ones (around 10nm in diameter), confinement effects become important and there still 
exists uncertainty about the correct dielectric function that should be used. On the global scale, the 
volume fraction (density) and the spatial distribution of the particles in the matrix (dispersed in volume or 
located on a substrate) also strongly alter the LSPR spectrum and hence the optical response of the 
whole system. All these aspects should be integrated correctly into a suitable model. For dilute bulk 
geometries (3D), where particles are far from the substrate supporting the film, effective medium 
approaches such as the Maxwell-Garnett mixing rule, have shown to be quite satisfactory [3]. On the 
other hand, 2D-like systems with nanoparticles directly deposited on substrates require more 
sophisticated modeling tools. These have been developed during the 1970’s and 1980’s [4] and were 
later applied to determine for instance surface densities from spectroscopic ellipsometry measurements 
[5].  

In this work we analyze the optical response of polymer films doped with gold nanoparticles 
(AuNP). Different spectra are obtained by means of UV\vis transmission spectroscopy an ellipsometric 
spectroscopy for different polymer film configurations: monolayer or volume dispersion of AuNP, 
supported either by a transparent (glass) or a reflective substrate (Si\SiO2). Comparison of the results 
for the doped polymer film with those obtained for AuNP suspended in water shows strong differences 
in the width of the plasmon peak. The inclusion of AuNP’s in the polymer matrix tends to broaden this 
peak. This effect can be related to the modified dielectric environment of the nanoparticles and possibly 
to some amount of aggregation occurring during the process of polymerization [6].   

A model is proposed which takes into account the effect of the electron confinement, size 
polydispersity due to chemical synthesis and the substrate on the effective optical properties. In the 
case of thin polymer films (particle monolayers), interaction with the substrate has to be introduced by 
means of the image method. A modified polarizability is obtained by keeping only the dipole term in the 
expansion. With these physical ingredients, we propose a simple generalization of the Maxwell-Garnett 
mixing rule where we include both “volume” particles, and “surface” particles with modified 
polarizabilities (see figure 1). 



 

This extended Maxwell-Garnett model brings several noteworthy features: first, it allows us to 
study mixed 2D-3D films, by describing continuously the evolution of the effective electromagnetic 
properties when the thickness of the composite film is varied from a fully 2D-situation (monolayer of 
nanoparticle on a substrate) to a fully 3D-situation (thick films), passing through all intermediate cases. 
This is interesting as, to the best of our knowledge, only purely 2D or purely 3D models were available 
to date. Second, our model also allows to separately change the amount of particles in the bulk of the 
material and the amount sitting at the surface of the substrate. We are therefore able to study the 
influence of repulsive, attracting or neutral substrates over the global electromagnetic response of the 
composite material. 
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Figures 

 
 
 
Figure caption 

Figure 1 : (a) real part and (b) imaginary part of the refractive index. The curves were produced by 
applying the Maxwell-Garnett formula considering gold spherical inclusions in a polymer matrix. The 
volume fraction of the AuNP is 3%. For Ns=0, no substrate effect is taken into account.   
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In recent years a lot of attention has been paid to the study of the optical properties of nanostructured 

materials  with  both  plasmonic  and  magneto-optic  activity  [1].  Here  the  key  idea  is  to  use  hybrid 

nanostructures contaning both  noble  metals,  which exhibit  plasmon resonances,  and ferromagnetic 

materials, which provide the magneto-optical activity, to profit from the best of the worlds of plasmonics 

and magneto-optics. In these hybrid structures one can make use of the excitation of the plasmons 

supported by the noble metals to enhance the magneto-optical signals (Kerr effect, Faraday effect, etc.), 

which can be of great importance, in particular, for sensing applications [2]. 

The  nanostructuring  in  these  magneto-plasmonic  structures  plays  a  fundamental  role  for  several 

reasons.  First  of  all,  it  provides a  convenient  way to  couple  the light  of  an external  source to  the 

plasmons  supported  by  these  hybrid  systems,  avoiding  so  the  typical  wave  vector  mismatch  in 

unstructured systems. On the other hand, by nanostructuring these hybrid systems one can manipulate 

light at the nanometer scale in several ways. In particular, one can concentrate light in reduced volumes 

with the subsequent enhancement of the electric field. This fact leads in turn to the enhancement of the 

different magneto-optical properties of these hybrid systems.

In view of the relevance of these novel hybrid structures, and in order to guide their design, it is crucial 

to have theoretical methods that are able to describe the wave propagation in nanostructured magneto-

plasmonic  systems.  A  powerful  approach,  which  is  widely  used  to  describe  nanostructed  systems 

without magneto-optical activity, is the so-called  scattering matrix formalism [3]. In recent years, this 

method has been extended to describe also different  magneto-optical  effects in magneto-plasmonic 

systems [4].  However,  there are still  basic situations and problems that  lie  out  of  the scope of  the 

existent implementations of the scattering formalism. As an example, the Kerr and the Farady effect in 

nanostructured multilayer systems in the transverse configuration cannot be addressed with the existent 

theoretical methods. In this context, we present in this work a generalization of the scattering-matrix 

approach to describe the magneto-optics of hybrid nanostructured systems which is able to handle any 

combination of materials and to describe the magneto-optical effects in any configuration. We illustrate 

the power of the method by addressing a recent experiment where the Transverse Magneto-Optical 

Kerr Effect (TMOKE) was measured in a periodically perforated Fe film [5]. We show that, in excellent 

agreement  with  the  experimental  results,  the  excitation  of  plasmon-like  modes  in  these  structures 

enhances the TMOKE signal (see Fig. 1). More importantly, our theoretical method paves the way for 

studying  the  interplay  between  emblematic  plasmon-driven  effects,  like  the  extraordinary  optical 

transmission [6], and the magneto-optics in a wide variety of hybrid nanostructures. 
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Figures

Fig. 1:  (a) The left figure shows a schematic view of the periodically perforated Fe film studied experimentally in 
Ref. [5] and considered here in our theoretical work. Here, one can also see the angles defining the direction of the 
incident light. The central figure shows a SEM micrograph of the structure [5], and on the right hand side one can 
see the relevant dimensions of the system (lattice constant and radius of the holes). (b) Calculated reflectivity for p-
polarized light for different incidence angles along the line ϕ = 30°. (c) Calculated TMOKE signal as a function of 
the wavelength and incidence angle θ for the crystal orientation ϕ = 30°.
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The conjugation of magnetic and plasmonic moieties at the nanoscale offers a wide variety of 
opportunities, both from the point of view of theoretical understanding and for exciting applications. In 
particular, magnetic-plasmonic hybrids have been proposed as bi-functional systems for a variety of 
applications in theranostics, in which the gold shell acts as a protecting agent for the magnetic core, [1] 
as a highly functonalisable surface, [2] as an optical heater [3] or as an active optical beacon. [4] 

The most interesting aspect of this type of systems however, is probably that of conjugating the two 
functions to obtain novel effects: active magneto-plasmonics (the modulation of plasmon resonance with 
an external magnetic field) has been recently demonstrated, [5] and several reports of plasmon-
mediated enhancement of the magneto-optical response of hybrids have been described. [6-9] 

Our study uses magnetic circular dichroism (MCD) in the visible range as an information-rich tool to 
enucleate the relations between magneto-optical (MO) terms in hybrid magnetic-plasmonic systems. 

Using colloidal chemistry methods we have been able to obtain systems containing gold and ferrites in 
different geometries, that exhibit different levels of conjugation, thus a variable extent of interaction of 
magnetic and plasmonic functions, ranging from no interaction (separate gold and ferrite particles), to 
weak (particle heterodimers) and strong interaction (gold core@ferrite and ferrite core@gold shell 
particles). 

 

 

 

 

 

Our very recent results indicate that the MCD response of the hybrid magnetoplasmonic particles can 
clearly be divided into distinct components from the two moieties, and that these do not necessarily sum 
in linear way. This interesting observation represents a key factor to promote the investigation from the 
mere effect of plasmon-mediated MO amplification a more mature and fascinating level, which consists 
in the use MCD to investigate complex wavelength-dependent behaviour of magnetoplasmonic 
nanostructures. 
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The magneto-optical (MO) properties of nanomaterials that combines localize surface plasmon 
resonances (SPR) with magnetic properties is the centre of this study. In the last years an intense 
activity is being devoted to interconnect two different nanowords: the optic and the magnetic ones. 
Nanomaterials that exhibit SPR or photoluminescence in simple combination with magnetic properties 
or, more interesting, in which the magnetic and optical properties are in synergy so one part can be 
controlled by the counterpart are being looking for. The development of novel photo-detectable, 
photoswitchable and in general multifunctional nanomaterials are quite interesting for biomedicine, 
spintronics and data recording. The expected effect of the SPR on the magnetic properties is the 
change of its MO features. The few studies in hybrid core-shell nanoparticles [1] hetero-dimers 
nanostructures [2] or simply plasmonic dots on magnetic surfaces [3] have shown effects like 
enhancement of the MO signal and/or changes in the MO spectra in correspondence to the SPR. The 
origin of these phenomena is under discussion, they can be due to the effect of the strong 
electromagnetic fields (EMFs) linked to the localized plasmons but also can be related to the electronic 
and structural changes at the interface of the two parts. It is well known that the EMFs generated by the 
SPR gives rise to changes in the optical properties of the structures/compounds near the particles like 
the huge enhancement of Raman activity or the enhanced photoluminescence. Instead the influence of 
the plasmonic resonance on MO activity has not been investigated. 

In this work we present one combination of magnetic and magneto-optical characterizations of 
composite films containing magnetic and plasmonic nanoparticles well dispersed in a transparent 
matrix. Cobalt ferrite (Co0.5Fe2.5O4) and Au nanoparticles were synthesized by colloidal methods. TEM 
characterizations reveal that the two type of nanoparticles exhibit narrow particle size distributions  
being the average particle sizes: 8.6 nm for Cobalt ferrite and 7.0 nm for Au nanoparticles. Both 
nanoparticles are capped by 2.0 nm size shell of oleylamine and oleic acid. The reference 
nanocomposite has 3%wt of the Co-ferrite nanoparticles in polystyrene matrix. Three spin-coated films 
including also the gold nanoparticles were prepared with 1/4, 3/8, and 1/2 weight of Au with respect to 
the cobalt ferrite content, that corresponds to packing factors of 0.035%, 0.05%, and 0.07% 
respectively.  

The optical extinction spectra of the three Au-cobalt ferrite films exhibit similar structure characterized 
by one broad SPR peak centred around 570 nm with a large tail that extends to the nIR. Magnetic 
circular dichroism (MCD) spectra and MCD hysteresis loops were recorded in the 400 -1000 nm 
spectral range and applying a maximum field of 1.3 T. In opposite to the optical properties, the MO 
properties are strongly depending on the Au content (Figure 1). We observe a decreasing of the MO 
strength when include Au nanoparticles that depends on the Au content. Moreover, in the spectral 
region in coincidence with the SPR, the line-shapes change including  the sign. We record also MCD 
hysteresis loops at different wavelengths. This allows to observe the presence of different MO 
contributions in the different spectral regions. Considering the different transitions involved in the MO 
spectrum of the cobalt ferrite [4] we conclude that the EM field generated by the plasmons coincide with 
Charge-transfer transitions of the Co-ferrite giving rise to their strong dumping and to a new type of MO 
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transitions are activated. Also crystal-field transitions are dumped even if plasmon resonance are very 
weak. Such changes depend in one non-linear way of the Au concentration. The differences in the MO 
spectral with the Au-contain precludes the use of MO techniques due to the sensibility and selectivity to 
different magnetic and optical environments. 
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Figure 1. Magnetic circular dichroism spectra of the films containing only Cobalt ferrite nanoparticles and of the 
films including ¼%wt. , 3/8% wt. and ½% wt. of Au nanoparticles. 
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Sub-wavelength apertures periodically arranged may transmit electromagnetic waves beyond the cut-off 
wavelength with a much higher intensity than if they were isolated. It has been established that resonant 
excitation of surface plasmons creates huge electric fields at the surface that force light through the 
holes, giving very high transmission coefficients. This is the so-called Extraordinary Optical 
Transmission [1]. 

 

We analyze theoretically resonances appearing at wavelengths beyond the cut-off of the holes [2], [3]. 
We name this phenomenon Localized Extraordinary Optical Transmission (LEOT). Interestingly, no 
surface modes are involved; therefore, the physical mechanism is valid for both single holes (SH) and 
hole arrays (2DHA). 

 

In particular, we will give analytical expressions for the LEOT peak position as a function of the film 
thickness (h), and the dielectric constants of the environment (the cover, the substrate, and inside the 
holes, 1, 3, 2, respectively) for both symmetric ( 1 = 3) and asymmetric ( 1 ≠ 3) configurations, for any 
hole shape of high aspect ratio (See Fig.1). Furthermore, the peak position is not the only spectral 
property affected by the dielectric environment, but also LEOT peak intensities are drastically modified. 

 

These results explain the unexpected fact reported by some experiments in the THz regime about 
enhanced transmission [4] through isolated holes at wavelengths red-shifted from the cutoff wavelength. 
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Figures 
 
 

 
 
    Fig.1. Transmission of light as a function of the wavelength and the dielectric constant  through a 2DHA with 

rectangular holes on it (left panel, m) and through an isolated rectangular hole (right panel) placed 

in a symmetric environment ( = 1= 3). The film thickness is chosen to be h = 1 m, for the rectangular 

holes ax m, ay m, and 2 = 1.0. The horizontal grey line in both graphs depicts the cut-off 

wavelength of the holes, and the white line in the array corresponds to the Rayleigh condition. 
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Electromagnetic metamaterials have been fabricated to obtain material properties that are not 
available in naturally existing conventional materials. These are composed of micro- and nano-
structures exhibiting the required values of permittivity and permeability in a desired frequency regime. 
Metamaterials in terahertz (THz) frequency regime have attracted much attention due to its potential 
application in lenses, switches, filters, modulators and detectors [1-5]. One of the important devices in 
the THz range is bandpass filters. These could be widely used in the field of imaging, spectroscopy, 
molecular sensing, security, drug identification.  

In this paper, a multi-layered flexible THz metamaterial narrow bandpass filter is proposed, fabricated, 
and demonstrated. The key idea of the metamaterial filter is that it consists of a combination of three 
metallic layers filled with the polyimide substrate. The top and bottom layers have a fishnet metallic 
structure working as a high-pass FSS (frequency selective surface) with 40μm unit cell and line width 
5μm and the mid-layer as a low-pass FSS has complementary metallic structure of the outer fishnet 
layers as shown in Fig. 1. The simulated transmission spectra of the single fishnet layer, the single 
square layer (complementary structure of fishnet), and the composite three layer as shown in Fig. 2.(a) 
reveal the function of each layer. The sharp transmission peak is obtained near at 1 THz frequency. It is 
also shown in Fig. 2.(b) that the transmission and the operating bandwidth can be tuned by adjusting 
the interlayer spacing parameter (s).  

The transmission properties are calculated by the finite-difference time-domain (FDTD) method, 
adopting the Drude model to take into account the dispersion of metal in THz regime. The single layer of 
metamaterial filter is fabricated by Au/Cr metal patterning with 100 nm thickness using photolithography, 
e-beam metal deposition, and lift-off process on the polyimide substrate. The multilayered structure is 
completed by repeating the above single-layer processes. Experimentally, the transmission spectra of 
the metamaterial filter were measured by using the THz Time-domain spectroscopy (TDS) with the 
frequency window from 0.2 to 2.5 THz. 

   In conclusion, we introduced the flexible narrow bandpass filter designed through intuitive and robust 
method using the fishnet metamaterial layer and its complementary layer. It will be expected to be used 
in various THz optical applications. 
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Figures 

 

 

Fig. 1: The schematic of the metamaterial narrow bandpass filter with triple layers. Top and bottom 
layers are fishnet metal layer with 40μm unit cell and line width 5μm, and mid-layer is the 
complementary structure of the fishnet layer. 

 

 

Fig. 2: (a) Simulated transmission spectra of the metamaterial filter (black solid line), the square layer 
only (blue dash line), and the single fishnet only (red dot line). (b) Simulated transmission 
spectra of the metamaterial filter with varying interlayer spacing (s) as 10 m (black solid line), 
5 m (blue dash line), and 2.5 m (red dot line), respectively. 
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Materials with combined magneto-plasmonic elements allow for a highly improved sensitivity of the SPR 
measurements when applying an oscillating magnetic field across the sensor’s magneto-optical surface.  
The aim of this work is to investigate the sensitivity of a magneto optical surface plasmon resonance 
(MOSPR) sensor chip, to refractive index variations of the medium above its surface in a microfluidic set-
up.  
The system comprises an SPR measuring unit, custom made MOSPR chip, flow chamber and magnetic 
field generator.  
The SPR measuring unit provides via an array of photodetectors the reflectivity of the incident light for a 
series of incident angles in total internal reflection conditions providing an SPR curve (reflectivity vs. 
incidence angle).  
The custom made MOSPR sensor chip has alternating gold and cobalt layers and is prepared by thermal 
evaporation in a PVD system. The metallic structure Ti/Au/Co/Au [1], with no intermediate adhesion layer 
between Co and Au proved stable under flow conditions. Titanium and Gold were evaporated from 
tungsten boats while Cobalt was evaporated from an Al2O3 crucible.  
A 100 µm deep flow chamber ensures the flow of the liquids above the surface of the sensor chip and is 
connected to a flow injection system with automatic valves. 
The oscillating magnetic field is applied via a custom made electromagnet, perpendicular to the plane of 
the propagation of the incident light within the SPR measuring unit.  
In contrast to the “classical” approach where the refractive index of the media above the surface of the 

sensor is related to the angle corresponding to the minimum value of the SPR curve, for MOSPR 
determinations, the angle pertaining for the largest reflectivity variation within the SPR curve is selected 
via the corresponding photodetector in the detection array.  
The data from this photodetector is collected at a high rate and analyzed using the Fast Fourier 
Transform. Since the frequency of the oscillating magnetic field is known, from the amplitude of the 
oscillation of the light intensity for the chosen angle of incidence one can straightforwardly derive the 
reflectivity for each direction of magnetization Rpp(M) and Rpp(-M), respectively. 

The data is processed using the formula 
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 [2], where Rpp(0) represents the 

reflectivity without magnetization.  
For comparing the sensitivity of both “classical” SPR and MOSPR methods as function of the refractive 
indices of the media presented at the surface of the sensor, the values are normalized using the formula: 
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measurement of the solution with the lowest refractive index. The results are presented in figure 1 and 
demonstrate a steeper slope and, correspondingly, ~4 times higher sensitivity of the MOSPR data in 
comparison to the classical SPR sensor chip and data processing. Adding a functionalization layer of self 
assembled thiols has no effect on the increased sensitivity of the MOSPR chip paving the way for 
biosensing applications. 
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Fig. 1 Calibration curves for SPR (Black) and MOSPR (Red) showing improved sensitivity of the latter  
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Metallic particles of sub-wavelength dimensions separated by distances smaller than their size support 
strong optical resonances. Intense fields at the separating gaps characterize these resonances, which 
are thus of interest for SERS spectroscopy. Cucurbiturils[1] are molecular linkers that result in a very 
good control of the inter-particle distance providing reproducible optical properties. We study both 
theoretically and experimentally the optical response of clusters of gold particles separated by 
Cucurbiturils. The position of each particle depends on random processes, therefore we consider the 
effect of disorder on the optical properties[2]. 

 

We are able to experimentally monitor the behavior of gold spherical clusters as they grow in size[3]. 
Notably, the lower energy extinction peak considerably redshifts up to a saturation value, and the 
Raman Signal can strongly increase as dimers or longer chains are formed.  We perform simulations 
using both BEM[4] and Open-Max [5] to better understand the experimental results.  

 

We first consider the response of the clusters to be dominated by linear chains of an average length that 
increases with the size of the cluster. Straight linear chains of increasing length present a low energy 
peak that redshifts up to a saturation value[6]. This behavior helps to understand the redshift observed 
in the experiments. Since the chains are not perfectly straight, we consider next chains with different 
degree of disorder (Figure 1). Even substantial disorder affects weakly the position of the low energy 
peak, and only moderately its strength. The spectra of the disordered chains already reproduce much of 
the observed spectral behavior of the experimental clusters. 

 

To further approach the experimental system, we consider branching clusters composed by several 
tens of spheres. Similarly to the measurements and chain simulations, a clear low-energy extinction 
peak appears at a wavelength considerably redshifted with respect to the resonance of the single 
sphere.  

 

The extinction cross-section is a property of the whole cluster and it is not straightforward to extract 
much information about the local behavior at a particular position. To obtain this local information, we 
are presently looking at the near-field spectrum obtained at the gap between the particles. This near 
fields also allow to estimate the expected SERS signal. Initial results indicate a good correspondence 
between simulated and measured results. Simulations of complex clusters with well defined gap 
distances are thus of interest for a complete understanding of optical networks.  
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Figure 1 
 
 (a)                                            (b) 

                         
 
 
(a) Extinction spectra for chains composed by 16 gold spheres and different degrees of disorder. The values for a 
straight chain oriented along -1x+1y are plotted with a red line, while the green symbols correspond to the situation 
in (b). Other traces correspond to intermediate values of disorder. The sphere radius is 10nm and the separation is 
0.9nm. Both the propagation vector and the E field are contained in the xz plane, making a 45 degree angle with 
the z axis. 
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A crucial aspect for the advance of plasmonics is the development of active elements, i.e., 
systems whose plasmonic properties can be modified by an external agent. Magnetoplasmonic 
structures combine materials with magneto-optical (MO) activity (usually ferromagnetic metals such as 
Fe or Co) and materials with plasmonic properties (typically Au [1] or Ag [2,3]). This kind of structures 
allows for a magnetic field control of the plasmonic characteristics of the system. On the other hand, 
obtaining ultrasmooth metallic structures is a crucial point for the implementation of active, high 
performance plasmonic devices[4,5]. Therefore, the elucidation of the influence on the 
magnetoplasmonic properties of the morphology of the structure to be used in those devices is of major 
interest. 

 
Two series of 10 nm Au/X nm Fe/10 nm Au structures, with Fe thickness varying between 0nm 

and 6nm, have been grown on MgO substrates. Buffer layers, namely 1 nm Fe and 2 nm Cr, were used 
to fabricate the otherwise equivalent series of samples. The Fe buffer layers were grown by PLD 
whereas the Cr ones and Au layers were deposited by MBE.  

 
Representative AFM images of the topmost surface of two equivalent samples (4.5 nm and 5 nm of 

Fe interlayer thickness, respectively) of the series grown on top of PLD and MBE buffers are shown in 
Fig. 1 (a). It is interesting to remark that both AFM images are displayed with the same scales for better 
comparison. As it can be observed, the PLD sample exhibits an ultraflat surface with global differences 
in height of around 0.5 nm over the scanned area. On the other hand, the equivalent MBE sample 
shows a rougher surface including granular structures around 7 nm in height, correlated to the different 
buffer growth technique. In Fig. 1 (b) we have plotted the Fe interlayer thickness dependence of the 
RMS roughness of the topmost layer for both series of samples, which is systematically at least a factor 
of two larger in the MBE samples than in the PLD ones for every Fe interlayer thickness. To extract 
quantitative information about the roughness of this Fe interlayer, x-ray reflectometry is a very suitable 
tool, since it allows quantifying, not only the roughness of the topmost layer in a multilayered system, 
but also the roughness of buried interfaces. The obtained results for the Fe interlayer – top Au layer 
interface from XRR measurements are also shown in figure 1 (b).  A similar trend to that mentioned in 
the case of AFM results is observed.  

 
The experimental SPP wavevector modulation ( k/k)SPP was extracted from the Reflectivity and 

Transverse Kerr signals measured both under SPP excitation (Kretschmann configuration) by means of 
the formalism detailed in ref. [2]. In Fig 2 we present in symbols the experimentally obtained modulation 
as a function of the Fe interlayer thickness for both series of samples. As it can be seen, k/k increases 
with Fe interlayer thickness for both series of samples, with systematically larger values for the PLD 
samples, specially for Fe thickness above 2.5 nm, whereas the observed modulation is similar for both 
series below this value. Besides, experimental values are in agreement with the simulated ( k/k)SPP 
(lines) using the Transfer Matrix Method and the actual MO constants from 6 nm Fe layers of both PLD 
and MBE sets of samples. The most relevant result is the magnitude of the SPP wavevector modulation 
obtained in the PLD series, which doubles that measured in the MBE ones for the samples having a Fe 
thickness above 2.5 nm. This difference is ascribable to the reduced effective MO constants of the Fe 
interlayer for the MBE series. This reduction of the effective MO constant can be mainly explained in 
two ways. On the one hand, a system with a rough interface can be optically considered as an effective 
medium composed by Fe and Au, and therefore with effective MO constants lower than those of bulk 
Fe. On the other hand, a purely interfacial effect where the properties of the Fe and Au atoms at this 
interface are different from bulk; structures with rough interfaces, and as a consequence of it with a 
larger interfacial area than equivalent structures with sharper interfaces, would exhibit reduced MO 
constants as it has actually been reported. In our specific case, this would explain the reduced SPP 
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wavevector modulation in the MBE samples, with rougher interface, with respect to the PLD ones. The 
use of deposition techniques that allow fabricating ultraflat magneto-plasmonic structures will facilitate 
obtaining novel devices whose plasmonic properties will be largely modulated by the application of a 
magnetic field.  
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Figure 1: (a) AFM images for representative 
4.5 nm and 5 nm Fe thickness of the PLD (left 
column) and MBE (right column) structures 
respectively. The AFM images have the same 
scale (7 nm vertical and 400 nm lateral). (b) 
Evolution of the surface (triangles) and Fe 
interlayer (circles) roughness, measured by 
AFM and XRR, respectively, with the Fe 
interlayer thickness for PLD (full symbols) and 
MBE (empty symbols) structures. 
 
 
 
 
 
 
 

Figure 2: In the two remarked low (<2.5nmFe) 
and high (>2.5nmFe) thickness regions, Fe 
interlayer dependence of experimentally 
(symbols) and simulated (continuous lines) 
( k/k)SPP with actual MO constants from PLD 
(diamonds) and MBE (triangles) sets are 
shown. 
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The development of highly effective nonlinear optical (NLO) and optical limiting (OL) materials for 

application in protection from strong laser radiation is urgent [1]. Oxide semiconductors with high 

dielectric constants are good candidates for NLO and OL applications [2, 3]. Some homogeneously 

translucent titanate nanobelt suspensions demonstrated interesting physical and chemical properties 

due to strongly anisotropic structure different from those of the corresponding bulk material and those of 

isotropic nanoparticles. Such samples display remarkable NLO and OL effects at 532 nm, originating 

from nonlinear scattering [1]. 

 

This research is related to the NLO response of the potassium titanate nanoparticles characterized with 

plate-like shape as well as their aggregated forms. The NLO properties of the titanate suspensions were 

investigated in the region of fundamental absorption band using the Z-scan technique with open 

aperture at 337 nm and measurements of extinction spectra in UV and visible regions (300-600 nm). 

Various potassium titanate systems based on amorphous K2O·4.2TiO2 were examined. The parent 

potassium polytitanate was produced by molten-salt synthesis with the treatment of TiO2 particles in the 

molten mixtures of KNO3 and KOH at 500 oC [4]. Further, potassium polytitanate particles were 

ultrasonically dispersed in distilled water and treated with different cationic and non-ionic surfactants to 

obtain the suspensions characterized with different particles size distribution. The NLO response of the 

two suspensions was investigated: 1) consisted of single platy potassium titanate particles (effective 

diameter of 158 nm and thickness of 28 nm); 2) consisted of aggregated particles with the effective 

diameter of 1.93 µm. 

 

The aqueous dispersions of pure TiO2 (anatase) nanoparticles (25 nm) and colloidal Ag nanoparticles 

(40 nm) were also examined to compare non-linear optical response.  

 

Z-scan measurements with open aperture were carried out with nitrogen laser radiation (λ=337 nm, 

average output power 40 mW, pulse duration 10 ns, repetition rate 1 kHz). The focal length of the used 

lens (fused silica) was equal to 30 mm, which gave the waist diameter and length in our Z-scan system 

equal to 6.5 m and 390 m, respectively. The peak value of power density of laser radiation was equal 

to 1.0∙10
12 W/cm2 approximately. The wavelength used corresponds to the spectral region of 

fundamental absorption of the wide variety of titanate-based systems. 

 
 
It was shown that Ag and titanate-based systems exhibited different character of non-linearity. The 

extinction of Ag nanoparticles, for which a surface plasmon resonance near 400 nm is characteristical, 

falls down with a power density increasing. This phenomenon is obviously caused by positive non-linear 

absorption at the edge of surface-plasmon resonance [5-6].  
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At the same time, all the studied titanate samples exhibit the decreasing extinction with a power density 

increasing for the probe light (optical bleaching). For titanate-based nanoparticles the non-linear 

extinction can be approximated by the following relationship [7]: 

2
110 satIII ,                                                 (1) 

 

where 0  is the “base-line” for the extinction coefficient (evaluated, e.g., from spectral measurements 

at low intensities of the probe light; Isat  is the characteristic value of saturation intensity; β1, β2   are the 

dimensionless parameters, which are determined by predominating type of the optical bleaching 

mechanism. It was noted that, besides the non-linear absorption, the non-linear scattering also can 

contribute to optical bleaching near the fundamental absorption maximum. 

 

The results of comparative analysis of phenomenological parameters  Isat , β1, β2   for the examined 

titanate-based systems are presented; the potential of their application for characterization of dispersed 

nanomaterials with specific optical properties (e.g., photocatalysts, dye-doped random media with 

optical gain, etc.) are discussed.  
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Figure  

 

Experimental (1) and theoretical (2, Eq. 1) data on the normalized extinction coefficient 0  versus the probe 

light intensity thI . (for 2: 2.3,5.0 21 , Isat = 5.26×10
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A combination of unique magneto-optic (MO) non-reciprocity and photonic band gap in periodic 
structures is promising for efficient enhancement of optical isolation [1,2]. One very interesting concept 
that appears by combining magneto-optics and photonic crystal (PhC) effects is the possibility to obtain 
one-way band gaps [3]. We have recently theoretically proven the existence of such unidirectional 
regimes for TE modes in 2D integrated uniformly transversely magnetized magneto-optic photonic 
crystals [1]. 

In this paper we model and optimize rectangular magnetophotonic crystal structure shown on 
Fig. 1. This precise motif symmetry with its purely rectangular features is perfectly adapted for RCWA 
 modelling. Its Brillouin zone along with its irreducible part is given in Fig. 1. The right pane shows the 
impact of the symmetry reduction on the resulting isofrequency contours in the Brillouin zone. These 
have been calculated using a standard plane wave expansion technique taking into account the 
anisotropic nonreciprocal character of the permittivity [4]. The model uses transparent magneto-optic 
material in transverse geometry (Bismuth iron garnet (εxx = 6.25 and εyz = 0.1 i) at wavelength λ = 1300 
nm). We have plotted a single isofrequency contour (reduced frequency f∗  = 0.4545) of the second 
photonic band at a frequency halfway those of the now non-degenerate K and K points. As expected 
from the symmetry arguments elaborated in the left panel of the Figure, a local interior gap without 
inversion symmetry in the reciprocal space opens up. This makes for an extremely compact one-way 
mirror that can be used as for instance a novel integrated isolator. 

Transmission through the finite magneto-photonic crystal was modeled using Rigorous Coupled 
Wave Analysis (RCWA). Optical field in the anisotropic structures containing a periodic grating can be 
on the basis of Bloch theorem expressed using a Fourier expansion into plane waves [5-7]. In the 
following we consider the structure with the period of Λ = 590.85 nm (f∗  = Λ/λ = 0.4545), the angle of 
incidence φ = 17.94 (Ny = n sin φ = 0.693), and the filling factor of the air holes f = 0.4. In backward 
direction the transmission rapidly decreases (reach value 10-5 for 22 double periods of air holes), which 
corresponds to exponential decay of optical field and photonic bandgap behavior. However in forward 
transmission we obtain value of 30%, which can be more optimized. Figure 2 shows calculated field (the 
x-component of the magnetic field Hx ) inside the structure. Left subplot shows the complete structure of 
22 double-periods of air holes in forward and backward regime. Note that the color scale is logarithmic 
to visualize strong decrease of the field in backward direction. In the forward direction (structure is 
illuminated from the top) the optical field is amplified in the structure and the structure is partially 
transparent (orange color on the bottom). However, in backward direction (illumination from the bottom) 
the field is exponentially decreasing and the photonic structure block the transmission (blue color on the 
top). Right subplot shows a detail of the field distribution in the central area of the structure. It is clearly 
visible that the field is concentrated in between air holes. 
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 Figures 

 
Figure 1. Scheme of photonics crystal structure in real and reciprocal space (left panel). The isofrequency contour 
at a reduced frequency of  f

∗
 = λ = 0.4545 of the uniformly magnetized MO PhC. 

 
Figure 2. Field in the photonic-crystal structure 
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Commonly materials for plasmonic applications are gold and silver, as they provide low damping and 
negative value of real part of the permittivity. Nowadays, there is a need of new materials, which can 
provide both plasmonic excitations and magneto-optical activity. Co2-based half metallic Heusler 
compounds are promising materials for this purpose, as there are several similarities in electronic band 
structure for exited states between gold, silver and the majority band of Co2-based Heusler compounds. 
Namely in both cases the 3d-electrons are buried below the Fermi level and the electrons on the Fermi 
level are dominated by 4s electrons. Hence, for photon energies smaller than Heusler’s minority band 
gap size (being typically 1eV), only majority electrons contribute to the photon absorption. Hence, for 
photon energies smaller than the minority electron gap size, the Heusler compounds are promising to 
provide similar optical properties as gold or silver. Furthermore, Co2-based Heusler compounds have 
magneto-optical Kerr effect of similar strength as other 3d-ferromagnets (Fe, Co) as well as they provide 
high Curie temperature (up to 1000K) [1]. Hence, the half-metallic Heusler compounds are promising 
materials for magneto-plasmonic applications. 

Within this contribution we present complex refractivity index, determined in range from mid-IR to near-
UV, of half-metallic Heusler compounds Co2FeAl0.4Si0.6 and Co2FeGa0.5Ge0.5. Their composition 
optimizes half-metallic behavior [2], i.e. reducing contribution of minority band to the optical absorption 
for small (below 1eV) photon energies. 
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Plasmonic systems are mainly studied by optical spectroscopy and electron energy loss spectroscopy 

(EELS). We show here that the discrete dipoles approximation (DDA) is an efficient tool for numerical 

simulations and for the interpretation of experimental data obtained with both techniques [1], including 

for the effect interaction with a substrate and the coupling between nanoparticles. 

Silver nanoparticles with triangular shape have been extensively study experimentally in the last year. 

The  experimental  size  and  aspect  ratio  dependance  of  their  optical  and  EELS  response  is  well 

described by DDA [2]. These modes have a symmetric charge distribution and result from the strong 

coupling of the upper and lower surface of the triangle. In other the explain the experimental results, we 

also explored the limit  of very small  and very large aspect ratio of  particules and we analyzed the 

retardation effect on the mode excitation probability. We have also simulated the effects of the coupling 

between nanoparticles, with the substrate and with the environment. 

Coupling between nanoparticles can result  in induced transparency or Fano resonances. We report 

here on this effect with the example of noble metal nanorods as experimentally studied in [3] and of 

nanotriangle mentionned above (see Figure)
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The study of magnetic nanostructures has a great interest from both, fundamental and technological 
point of view. At the nanoscale standard characterization tools can become uselessness and new kind 
of techniques are needed. Scanning probe microscopes (SPM) are very suitable in this length range for 
manipulation and characterization. The most popular SPM used to explore the magnetic properties is 
the MFM (Magnetic Force Microscopy) technique. The main problem of this microscopy system is the 
magnetic tip:  it can strongly modify the magnetization configuration of the sample under study [1]. 
Another SMP technique called NSOM (Near field Scanning Optical Microscopy) has a great interest 
because it avoids this magnetization modification problem [2]. The NSOM with magneto-optical 
capabilities is a valuable technique to study the magnetic properties of the nanostructures as the 
conventional magneto-optical characterization does at larger scales [3]. 
 
Our group has been working with a M-O NSOM for the last years and the develop presented in this 
contribution is focused to understand certain aspects of our M-O NSOM experiments in order to get a 
deep understanding of the origin of the image formation. For this purpose we have developed a code 
based on the 2D-FDTD algorithm for the Maxwell equations [4]. As all possible materials need to be 
simulated with this algorithm we have had to extend the FDTD code to take into account metals with 
magneto-optical response. The main output of the code are the amplitude distributions over the 
simulation space of the Electric and Magnetic fields [Fig1]. With the 2D fields configuration we can 
simulate the Transversal Magneto Optical Kerr Effect (TMOKE) at the nanoscale [5].  
 
First of all we have simulated the dependence of the magneto-optical response of a cobalt thin layer 
both uncoated and coated with a non magneto-optical media. The purpose of the last coating is to 
enhance the mageto-optical response from the Co layer at nanometric scale [6]. We have varied the 
magneto-optical response for different cobalt layer thickness and several values of the collector’s angle. 
We have found a strong and non monotonic dependence of the magneto-optical response with the 
angle [Fig2].  
 
In a second numerical experiment we have simulated a NSOM scanning over an inhomogeneous flat 
surface. The sample consists in a non magnetic matrix with cobalt stripes embedded inside. The 
objective of this experiment is to show the submicrometric resolution of the NSOM technique far above 
the Rayleigh’s criterion.  
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Figure1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Amplitude distribution of the different Electric and Magnetic fields components over the simulation space. The 
black line at the right represents the collector’s position. 

 
Figure2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Dependence of the magneto-optical response measured as a function of the detector’s angle for several 
position of the tip over the magneto-optical layer. 
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During the last decades, arrays of periodic nanostructures have attracted an increasing interest of 
researchers and technologists. In particular, the fields of nanophotonics and optical metamaterials have 
undergone a significant progress. Traditional electron-beam and focused ion beam lithographies allow 
fabricating nanostructures with an unprecedented precision. However, their throughput is low and the 
fabrication of even a 1 cm2-area pattern requires enormous time. On the other hand, modern optical 
lithography can as well be used for fabricating nanopatterns but on much larger surface areas in a much 
shorter time. For complicated patterns, high-precision photomasks still have to be fabricated by using 
the two above mentioned techniques, but for simple geometries, such as periodic nanostrip and 
nanopillar arrays, the exposure of a photoresist with interfering laser beams and a simple post-
processing can yield rather high-quality periodic nanopatterns. 

 

We report on the development of an optical interference lithography technique that is based on using 
azobenzene functionalized polymers (azo-polymers) instead of conventional photoresists. Starting with 
recording a surface relief grating in a thin polymeric film, spin-coated on a stack of intermediate layers 
on a silicon substrate, we finally perform reactive ion etching (RIE) of the substrate and obtain the 
desired structures. Large-area patterns (1cm2 or so) with feature sizes on the order of 100 nm can be 
fabricated by using this fast and straightforward technique.  

 

An advantage of this technique is the relative simplicity of obtaining surface relief gratings in azo-
polymer films. The grating formation in the azo-polymers we use is governed not only by the irradiance, 
but also (and especially) by the polarization distribution within the illuminating interference pattern. 
Owing to this, grating inscriptions can be done under ordinary room illumination [1, 2]. Furthermore, no 
chemical development of the irradiated azo-polymer film is needed. We can use one or several 
subsequent illuminations of the azo-polymer film with different interference patterns to produce one- or 
two-dimensional patterns of the modulated film thickness. With more than two subsequent illuminations, 
rather complicated patterns can be obtained. 

 

A thin layer of Al2O3 beneath the azo-polymer film is needed to obtain a hard mask from the inscribed 
surface relief grating in the polymer for etching silicon. An example of a hard mask obtained in this way 
is shown in Fig. 1. Figure 2 shows a mask prepared for fabricating a periodic nanopillar array; this mask 
is obtained by using two subsequent illuminations of the polymer film with two orthogonal interference 
fringe patterns. Further reactive ion etching yields either rounded (Fig. 3) or flat (Fig. 4) bottom profiles, 
depending on the processing parameters. Periodic nanopillar arrays with different sizes and bottom 
geometries are shown in Figs. 5 and 6. The silicon nanostrutures like these can be further processed, 
e.g., by covering them with metal for applications in plasmonics or nanoimprinting. They also can find 
applications in diffractive optics and surface enhanced Raman scattering spectroscopy, as well as in 
fabricating metamaterials and hydro- and oleophobic surfaces. 
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 Figure 1. SEM image of a hard mask with 
remaining azo-polymer on the top of it after 

single exposure. 

 Figure 2. SEM image of a hard mask obtained 
by using  two subsequent exposures of the 

azo-polymer. 
 

 
 Figure 3. SEM image of a silicon substrate 

etched with a hard mask by inductively 
coupled plasma RIE (ICP-RIE). 

Figure 4. SEM image of a silicon substrate 
etched with a hard mask by conventional RIE. 

 

 Figure 5. SEM image of a silicon nanopillar 
array etched with a hard mask by RIE. 

Figure 6. Silicon nanopillar array etched at 
different processing parameters compared to 

that in Fig. 5. 
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Metal nano-objects and nano-structures have recently attracted much interest  due to their possible use in new 
nanoscale optical  devices (nano-antennas,  negative refraction lenses,  surface wave guides) [1],  for  biomedical 
application and for the control of the light emission, absorption and scattering (Raman-Brillouin and Rayleigh 
scattering) in surface-enhanced spectroscopies (SERS, SEIRA) [2].  We focus here on the interaction between 
localized surface plasmons (LSP) and acoustic vibrations of metallic nano-objects. The coupling between acoustic  
vibrations and LSP still presents several theoretical challenges to correctly interpret Raman-Brillouin and pump-
probe experiments. Indeed, a lot of theoretical and experimental works have been devoted to the understanding of 
shape,  size,  matrix  and  ordering  effects  on  the  LSP whereas  only  few deal  with  their  dynamical  properties 
(coupling mechanisms to the acoustic vibrations and inelastic light scattering properties). 

Methods

We present a  theoretical  study of the interactions between acoustic  vibrations (Fig.  1a) and localized surface  
plasmons (Fig. 1b) [3,4]. In this work, we introduced the  concept of Raman pressure for the first time. It is used as 
a theoretical tool for the interpretation of resonant Raman scattering mediated by surface plasmons in metallic  
nano-objects. This physical quantity represents the electromagnetic energy density excited by the Raman probe 
and modulated by acoustic vibrations of the nano-object (Fig. 1c). The Raman pressure is a local quantity and can 
be mapped in the near-field region, thus providing a clear picture of the interaction between LSP and acoustic  
vibrations  which  give  rise  to  inelastic  scattering  measurable  in  the  far-field.  The  surface  plasmons/acoustic 
vibrations coupling is calculated using the Boundary Element Method [5,6].

Figure: (a) Deformation of a silver nanocolumn induced by an acoustic vibration mode. (b) Near-field distribution  
associated with the LSP of the nanocolumn. (c) Modulation of the near-field by the acoustic vibration mode close to  
the nanocolumn surface.

Results

We show results on spherical nanoparticles, dimers, and nanocolumns. These results clearly show that for every  
particular acoustic vibration mode, the modulation of the LSP strongly depends on the size, the shape, the defects 
of the nano-object,  and on the interaction between the nano-objects.  The calculations/simulations allow us to 
understand and correctly interpret the activation of acoustic vibration modes and their relative Raman-Brillouin 
intensities.
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Tuning the optical response of both photonic and plasmonic devices as well as their hybrid structures is 
a challenging issue. Recently it has been shown that colloidal self-assembled photonic crystals 
deposited on metallic substrates can yield large field enhancements at well defined wavelengths 
depending mainly on the diameter of the spheres [1]. It has also been demonstrated that such hybrid 
modes are strongly dependent on the morphology of the samples, or ,for example, changes on the 
surrounding media refractive index, as large as those of the best performing plasmon resonances based 
sensors[2].  

 

In this work we present a complete theoretical and experimental study on how the filling fraction can 
strongly modify the modes of hybrid photonic-plasmonic crystals working in the visible-NIR range.  By 
continuously reducing the diameter of polystyrene spheres deposited on gold substrates while keeping 
the lattice constant unchanged, we will show that not just the modal position, but also the field 
confinement can be strongly modified [3]. Evidence on this modification is carried out by mean of normal 
incidence reflectance measurements.  As a proof of principle for application, dye doped spheres 
emitting in the visible range have been treated on the same way in order to strongly modify the 
spontaneous emission. This method allows tuning of the spontaneous emission (both angular and 
spectroscopic) with a very simple process. 

 

Finally, this system is compared to well known plasmonic and photonic tunable systems showing its 
potential in future applications as for example solar cell, organic light emitting devices or sensing.   
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Figure 1. a) Normal incidence reflectance (grey) and emission (black) for close-packed lattice of  red 
dye dopped PS 520 nm polystyrene spheres on gold substrate . b) Evolution of emission with filling 
fraction variation. G1, G2 and G3 are the best  define modes shown  as dips in reflectance in a). 
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We investigated theoretically light interaction with a freestanding structure of subwavelength thin 
rectangular gold posts arranged periodically in a 2D-lattice. The time-domain approach used is based 
on an efficient pseudo-spectral solver. The transmission response of the system shows a resonant 
behavior corresponding mainly to the excitation of localized plasmons of individual posts. When metallic 
wires interconnect the posts, besides polarization resonances of individual posts (Fig. a) and wires, we 
emphasized the appearance of resonances which correspond to charge transfer between neighboring 
metallic objects of the pattern (Fig. b). The dispersion of these resonances crosses the light line, leading 
to propagating bound states of surface plasmon polariton character. 

 

 

 
 
 
Figure z-component of the electric field distribution at the resonance frequency in the vicinity of the surface 

structure for: a) a polarization resonance (=450nm) and b) a charge transfer resonance (=850nm). The period of 
the structure is D=300nm, the thickness of the posts and wires is 50nm; here the incident light wavevector 

component kx=G/4, with G=2/D. 
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Surface plasmon polaritons (SPPs) are quasi-two-dimensional electromagnetic excitations that 

propagate along a dielectric-metal interface. They have field components decaying exponentially into 

both neighboring media, which makes them suitable for many possible applications, including 

miniaturized optical devices. For this reason, it is essential the development of “active” plasmonic 

configurations, which requires a system where we are able to manipulate plasmon properties with an 

external agent. Thereby, magnetic field seems a promising choice to play that role, since it is able to 

modify the dispersion relation of SPP at reasonable values and at a high switching speed [1]. In fact, 

when we apply the magnetic field, both the real and the imaginary part of the SPP wavevector kSP are 

modified. This effect is related to the non-diagonal elements of the dielectric tensor, εij that appear 

when applying a magnetic field. Those are too small for noble metals (the ones typically used in 

plasmonics), while for ferromagnetic metals (whose optical losses are however larger), they are much 

higher at easily achievable magnetic field magnitudes. Therefore a compromise can be achieved by 

using multilayers of noble and ferromagnetic metals [2, 3]. 

In the present work, we analyze the magnetic field induced SPP wavevector modulation (k) in 

Au/Co/Au films as a function of the wavelength and the position of the Co layer inside the trilayer. 

 

The experimental analysis of the SPP wavevector modulation has been performed via surface 

plasmon interferometry with tilted slit-groove microinterferometers [4]. A sketch of a magneto-

plasmonic interferometer is shown in Fig. 1. Illumination with a p-polarized laser beam at normal 

incidence results in the excitation of SPPs at the groove that propagate towards the slit, where they 

are reconverted back into free-space radiation (ISP) and interfere with light directly transmitted through 

the slit (Ir).The total intensity collected from the slit is: 

2
02 · ( · )

i i
SP SPk d k d r

DC r SP SP r spI I I e I e I cos k d      , 

where kr
SP and ki

SP are the real and imaginary part of the SPP wavevector respectively, is an 

arbitrary phase and d is the groove-slit distance.  

When the light intensity transmitted through the slit is recorded by scanning a photodiode along the slit 

axis, a series of maxima and minima appears as a consequence of the different slit-groove distance 

for each slit position. To detect the magnetic modulation, we apply an external periodic magnetic field 

high enough to saturate the sample (about 20 mT) in the direction parallel to the slit axis. This 

generates a variation in the SPP wavevector, therefore shifting the interference pattern. Then, at each 

point of the slit, with a lock-in amplifier we measure the variation of intensity associated with this 

pattern shift, IMP, which constitutes the magnetoplasmonic interferogram. Actually, when applying the 

magnetic field, both the real and the imaginary part of the SPP wavevector kSP are modified and the 

IMP signal can be expressed, up to a first order approximation, as: 
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Here ΔkSP represents the kSP modulation with the sample magnetization and it is defined as ΔkSP 

=kSP(M)-kSP(-M). As we can see in the equation, the modulation of kr
SP (kr

SP) is related to the 

amplitude of the magnetoplasmonic signal, while the modulation of ki
SP (ki

SP) induces a phase shift 

() between the optical and the magnetoplasmonic signal. We would like to notice here that for 

ki
SP=0 the optical and magnetoplasmonic interferograms are shifted by exactly 90º due to the cosine 

and sine dependence of each magnitude, and according to our definition  is zero in that case. 

 

Thus, through the comparison of both interferograms we are able to determine the modulation of both 

the real and imaginary part of kr
SP. We have performed this analysis as a function of the wavelength 

and Co position. Figure 2 shows the spectral evolution of kr
SP and ki

SP for three different Co 

positions. As can be shown, Δkr
SP decays exponentially as the position of the cobalt layer goes deeper in the 

trilayer, a behaviour that can be correlated with the exponential decay of the SPP field inside the metal [4, 5]. 

Regarding the wavelength dependence, kr
SP decreases as the wavelength increases. This behaviour is related 

to the dispersion relation of the plasmon, which is associated with the electromagnetic field inside the metal layer. 

The higher the wavelength, the closer the plasmon is to the light line, and the more its electromagnetic field is 

spread on the dielectric. On the other hand, for lower wavelengths, the SPP electromagnetic field appears more 

confined at the interface, probing more inside the metal layer, where the magnetic activity lies.  

 
References: 
 
[1] R. F. Wallis, J. J. Brion, E. Burstein, and A. Hartstein, Phys. Rev. B 9 (1974) 3424. 
[2] J. B. González-Díaz, et al. Phys. Rev. B 76 (2007) 153402. 
[3] E. Ferreiro-Vila, et al. Phys. Rev. B 80 (2009) 125132. 
[4] V. V. Temnov, et al. Nat. Photonics 4 (2010) 107. 
[5] D. Martín-Becerra et al., Appl. Phys. Lett. 97, 183114, (2010)  
 
 
Figures: 

                   
Figure 1: Sketch of the magneto-
plasmonic micro-interferometer. 

Figure 2: Spectral evolution of the magnetic modulation of  real 
and imaginary part  kr

SP and ki
SP the real part of kSP with the 

position of the cobalt layer and the incident wavelength. 
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Microfluidics provides the ability to analyze small sample volumes and reagents, which leads to lower 
assay costs as well as sample preparation automation. The integration of these existing techniques 
provides a number of advantages and challenges when combined with an optical detection platform, 
such as MOSPR (magneto-optical surface Plasmon resonance). In this work a discussion about recent 
advances in combining biomolecular microarrays, microfluidics and MOSPR biosensing is presented 
and its advantages are discussed. 
Actually, microfluidic technologies are capable of controlling and transferring tiny quantities of liquids 
which allow chemical and biochemical assays to be integrated and carried out on a small scale. Such 
technologies provide to manipulate the fluids and improve the mixing or the separation phase or to 
increase the temperature of the fluid (some reactions needs high temperature) and reduce the time for 
analysis. The fabrication of microfluidics device is based on standard photolithography techniques for 
master realization [1,2].  
In this work we have developed a single microfluidic channel for application in a magneto-optical 
surface plasmon resonance device (Fig.1). The typical dimension of the channel are: 100 m x 30 m x 
1,5 cm (width, height, length). Before the realisation of the device the performances of the system has 
been evaluated by computational simulations with  finite elements analysis. 
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Fig.1: Typical single channel MOSPR microfluidic device 
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The intensive development of contemporary biotechnology, biochemistry and medicine is based on 

the purposeful synthesis and application of mineral, polymeric and hybrid nanoparticles with 
predetermined size and controlled functional properties.  

Molecular design and controlled synthesis of novel oligoperoxide based surface-active block, 
comb-like functional oligoelectrolytes and nanogels of controlled size distribution, porosity, functionality, 
and biocompatibility were proposed and studied. These substances are capable to form poly dentate 
coordinating complexes of lanthanide (Ln) (Eu, Pr, Ce, Tb) possessing luminescent ability in wide 
wavelength range. Other developed route of the obtaining water based nanosized luminescent 
functional composites consists in encapsulation of low molecular weight organic complexes, for 
instance, Eu(TTA)3TFFO, Yb(TTA)3, Tb(AA)3, where TTA - thenoyltrifluoroacetone, TFFO - triphenyl 
phosphineoxide, AA - acetyl acetone, using various techniques, namely: 

 
1)  formation of intermolecular complexes of oligoelectrolyte surfactant and low molecular 

lanthanide - containing substances; 
2) solubilization of water insoluble lanthanide - containing complexes in hydrophobic zones of 

micelle-like structures or porous formed by surface-active oligoelectrolytes or nanogels in water; 
3) nanoencapsulation of water insoluble lanthanide - containing complexes in polymeric 

nanoparticles via multi-stage water dispersion polymerization initiated with oligoperoxide metal 
complexes. 

 
We have developed also the promising techniques of the synthesis of luminescent (fluorescent), 

magneto-responsible, X-ray detectable functional nanoscale vehicles for enzymes, proteins, drugs and 
markers of biological objects including pathological and tumor cells. There are monodisperse polymeric, 
ferric oxide, gold and silver particles with predetermined size, charge, functionality. Novel functional 
nanocomposites consist of polymeric including fluorine-containing or siliceous, Fe3O4, Fe2О3, Pd, silver, 
gold core and functional oligoelectrolyte based shell. The shell and/or core of luminescent or X-ray 
detectable markers contain phosphor of organic or mineral nature including complexes of rare earth 
elements. The size of polymer nanoparticles is in the range of 30÷300nm. The size of hybrid polymer-
mineral nanoparticles is 5÷30nm. Functional hybrid nanoparticles contain functional shell, which 
provides biological compatibility and ability to dispersion in physiological solution as well as to 
interaction with cell membranes of pathological including tumor cells. These carriers have been 
successfully tested as magnetic and luminescent markers for detection, separation and killing 
pathological cells as well as for the study of phagocytosis by granulocytes of human blood.   

As a result stable water systems consisting of the functional carrier including luminescent 
substances in the core, porous or micelle hydrophobic zones of polymer nanoparticles (70-300 nm), 
nanogels (100-700 nm) or micelle-like structures (50-200 nm), respectively are formed (Fig.). Besides -
COOH, -S03H, -SH, -N(CH3)2 groups, the developed nanocomposites contain desired amount of 
ditertiary peroxide fragments capable to initiate grafting functional reactive spacers of desired length for 
covalent attachment of cell recognizing vectors of natural origin (lectins, antibodies etc.). The polymeric 
nanogels were filled with antimicrobial or anticancer drugs including water insoluble ones also. 

Functional   nanocomposites including nanogels that can bind specific proteins and interact with 
cell membrane, particularly with rte apoptotic cells, bacteria and fungi were successfully examined as 
luminescent markers and drug carriers. 
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Figure 1  
TEM-image of functional polystyrene particles containing fluorescein in the core and the scheme of 
obtaining lectin-particle conjugate. 
Figure 2  
Emission (excited at 390 nm) and luminescence excitation (for 615 nm emission) spectra ofEu (TTA)i in 
the micelle hydrophobic zones of polymer nanoparticles 
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During the last fifteen years, metallic nanoparticles have attracted the attention of many 
researchers due to the double possibility of localizing light in nanometric dimensions and getting 
high intensity local fields (excitation of Localized Plasmon Resonances, LPR’s). Their use as 
plasmonic sensors has found many nanotechnology applications in biosensing [1], nanocircuitry 
[2], spectroscopy [3], photovoltaic devices [4] and microscopy [5]. Typical plasmonic sensor 
tools are made of Silver and Gold. Nanoparticles made of these metals show LPR’s in the VIS-
NIR range [6]. Because of the enormous impact of these tools in biosensing applications and 
also because many biological molecules and matter respond in the UV part of the spectrum [7], 
it is necessary to investigate and design plasmonic tools able to work at shorter wavelengths. 
Aluminium [8] and Gallium [9] have recently shown to be two possible candidates to cover this 
spectral range. The purpose of this contribution is to show a numerical comparison through the 
DDA method (Discrete Dipole Approximation) between these metals and the conventional Gold 
and Silver when nanoparticles made of these materials are located on dielectric substrates. The 
hemispherical particle shape will be taken as a basic geometrical model to develop this 
comparison, in part stimulated by the experiments performed in [9].   
 
 
Figure 1 left shows the real part of dielectric constant of Aluminium, Gallium, Gold and Silver. 
The spectral response of spherical isolated nanoparticles (R=20nm) are plotted in Figure 1 
right, where we show the normalized spectral absorption efficiency for each metal. As can be 
seen, Gold and Silver have a plasmonic resonance in the visible and near-ultraviolet zone, 
respectively; while Gallium presents a peak in 3.5 eV and the Plasmon resonance of Aluminium 
is outside the range represented (UV zone). 
 
 
In Figure 2 we represent the spectral absorption efficiency of a hemispherical particle (R=20nm) 
on a sapphire substrate. Our model takes into account two factors: the incident polarization and 
the angle of incidence. We simulated two polarization states: S and P (perpendicular and 
parallel components to incidence plane, respectively). A comparison with the isolated particle 
case shows both the effect of the substrate and particle shape on the positions and structure of 
the spectra. Particularly notorious is the big shift undergone by the Al resonance due to the 
presence of the substrate. Concerning the resonant spectral position for each metal, Gold and 
Silver are in 2.1eV (590nm) and 2.6eV (476nm) respectively, i.e. in visible range. On the other 
hand, Aluminium has a LPR in 3.9eV(318nm) and Gallium presents two clear resonances, one 
in 2.5eV (496nm) associated to S polarization and other in 4.7eV (264nm) associated to P 
polarization. The choice of incidence angle is also important. At normal incidence S and P 
polarizations cannot be distinguished (both components are parallel to the substrate). However, 
for angles different to normal, P component (parallel to the incidence plane and perpendicular to 
the substrate) increases, leading to changes in her spectral response.  
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Figure 1. Left: Comparison of the real part of dielectric constant for Aluminium, Gallium, Gold 
and Silver. In addition, it includes a line-mark of Re(ε) = -2. Right: DDA calculations of the 
normalized absorption efficiency (Qabs) of isolated spheres (R=20 nm) made of Aluminium, 
Gallium, Gold and Silver respectively. 
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Figure 2. DDA calculations of the absorption efficiency (Qabs) of Aluminium, Gallium, Gold and 
Silver hemispherical nanoparticles (radius 20nm) on Sapphire substrate. P (dashed lines) and S 
(solid lines) incident polarization are shown for different angles of incidence: 0º (red lines), 30º 
(orange lines), 50º (green lines) and 70º (blue lines). Silver and Gold have LPR’s in the visible 
zone (1.50-3.10 eV), Aluminium and Gallium in UV zone (>3.10 eV). 
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Introduction 

Creating compact on-chip non-reciprocal components is of fundamental interest in integrated optics at 
telecom wavelength of 1.55 µm. Today a lot of integrated functions are available commercially such as 
lasers, couplers, filters, modulators, but there is a lack of non-reciprocal integrated functions like optical 
isolators and circulators. Commercial optical isolators are expensive bulk components operating in the 
Faraday configuration (with a longitudinal external magnetic field) not suited for integration. They are 
based on garnet magneto-optical material which has very low absorption at telecom wavelength. 

Integrated optical isolators based on Mach-Zehnder designs in the Kerr configuration (i.e. with a 
transverse external magnetic field with respect to the propagation direction) have been proposed using 
also garnet as magneto-optical material [1]. There have been a large number of demonstrations of 
stand-alone optical isolators and circulators based on iron garnet waveguides, but they have not 
become commercial devices due to their lack of compatibility with InP or Si-based photonic platforms. 
Up to now, the expensive technique of wafer bonding is necessary to combine garnets with InP- or Si- 
based semiconductor materials [2].  

Another approach is the use a ferromagnetic material like FeCo which exhibits a much larger magneto-
optical activity, thus leading to more compact devices. Moreover FeCo is fully compatible with InP or 
Silicon chips. Recently, FeCo has been used in an integrated laser system with direct isolation 
operating at 1.3 µm wavelength, demonstrating isolation ratio close to 100 dB/cm [3]. 

As a metal, FeCo can sustain surface plasmon polaritons. In this paper, we study so-called magneto-
plasmonic waveguides combining both magneto-optical and plasmonic properties. We investigate 
numerically the non-reciprocal properties of such waveguides to assess their potential for optical 
isolators. 

Results 

We study compact SOI ridge waveguides with a FeCo capping layer of varying thickness on top. The 
waveguides have a typical width of 500 nm and a height of 220 nm and are embedded in a SiO2 matrix. 
Finite element simulations were performed to analyze the modes supported by the waveguides as a 
function of the FeCo thickness. The refractive indices of Si and SiO2 were taken as 47.3Sin , 

44.1
2SiOn  and the complex permittivity tensor of FeCo, with external magnetization applied along the 

x axis was taken as

ii

ii

i

FeCo

29108.17.10

8.17.129100

002910

. 

Without FeCo, the reference SOI waveguide supports two fundamental TE and TM photonic modes with 
an effective index of 2.43 and 1.84 respectively. For thin FeCo thickness on top of the waveguide, i.e. in 
the range 0-20 nm, both TE and TM modes show a smooth evolution of their effective index, as shown 
in Figure 1a. Above 20 nm of FeCo, plasmonic modes, with a maximum field intensity at the interface 
between FeCo and Si start to appear. These modes are typical of dielectric-loaded surface Plasmon 
polariton waveguides (DL-SPP) [4]. 
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The non-reciprocity NR induced by the magneto-optical material FeCo is defined as the relative 
difference between the effective index of the forward and backward propagating modes under saturated 
magnetization with respect to the effective index under zero magnetization. The non-reciprocity 

therefore reads
)0(

)()(

Mn

MnMn
NR

eff

effeff . For each mode, magnetization is applied in the Kerr 

configuration in order to avoid polarization conversion. For the TE mode, magnetization is applied along 
the y axis, whereas for the TM photonic and DL-SPP modes, magnetization is applied along the x axis. 
Results are presented in Figure 1b. For the TE and TM photonic modes, there is an optimal FeCo 
thickness for which the non-reciprocity is maximum. The optimal FeCo thickness is 25 nm for the TE 
photonic mode with a relative effective index variation of 0.4 10-3 and 15 nm for the TM photonic mode 
with a relative effective index variation of 3.6 10-3. For the DL-SPP fundamental mode, the behaviour is 
different. The non-reciprocity increases exponentially and progressively reaches saturation. The relative 
effective index variation reaches 9 10-3 for a FeCo thickness of 50 nm. The corresponding Mach-
Zehnder isolator devices defined by effnL 80 are 215 µm for the TE photonic mode, 32 µm for 

the TM photonic mode and only 7 µm with the DL-SPP mode. 

Conclusion and persepctives 

We have studied numerically a magneto-plasmonic waveguide consisting of a classical silicon ridge 
waveguide with a magneto-plasmonic layer of FeCo on top. For a FeCo thickness above 20 nm, the 
waveguide supports a plasmonic guided mode, for which the relative non-reciprocal effective index 
variation between forward and backward propagation reaches 9 10-3, allowing to reduce the size of 
optical isolator devices down to 7 µm. These waveguides can be fabricated on 300 mm wafers using 
standard microelectronic tools. Other more compact waveguide configurations like metallic slot 
waveguides can be envisioned in the future [5]. 
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Figure 1: (a) Effective index of the modes supported by a silicon ridge waveguide with a FeCo layer of varying 
thickness on top. The associated electromagnetic field maps are represented as insets; (b) Relative effective index 
variation between forward and backward propagating modes illustrating the amount of non-reciprocity effect in the 
Si/FeCo magneto-plasmonic waveguide. 
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In the last decade, great deal of attention has been brought to artificially tailored materials exhibiting  

electromagnetic properties non-attainable in naturally occurring media. The so called metamaterials can 

present extraordinary properties such as a negative refractive index [1]. One of the current open issues 

in this field is pushing these properties from the microwave range of the electromagnetic spectrum to the 

visible range [2]. One major difficulty in this task is achieving a strong magnetic response capable of  

generating a magnetic moment strong enough as to obtain a negative effective permeability. Most of the 

many attempts are based on designs with a profound analogy with the canonical split-ring design, but 

taking  advantage  of  the  plasmonic  behaviour  of  metals  at  visible  frequencies  [3,4].  One important 

drawback of these designs is the inherent absorption of metals, which prevents from making an effective 

bulk material.

Our theoretical proposal is, instead of using metals, to take advantage of the strong confinement of the  

field that happens in high-permittivity dielectrics. Following the proposal of L. Jelinek and R. Marqués [5]  

we present several designs that could lead to the realization of left-handed bulk media in the IR-visible 

frequencies.  These  include  the  SiC  torus  configuration,  the  SiC  spherical-shell  (see  Fig.1)  for  the 

magnetic response in the IR regime, and the α-hexagonal Si spherical-shell for the visible regime.

Finally, a 2D medium is also shown to exhibit left-handedness in the near-infrared based exclusively in 

dielectric  cylinders.  The  effect  is  a  consequence  of  the  excitation  of  dipolar  magnetic  resonances 

together with an appropriate election of the lattice spacing (see Fig.2).
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Figures.

(a) (b)

Fig.1: Dielectric Ring (a) and Shell (b) made of SiC. The incident magnetic field is directed along the y-axis. The  
induced displacement currents generate a strong magnetic response reversing the field inside the structures.

 

Fig.2: Dielectric cylinder made of Si with R=50nm serves as the unit cell for the 2D left-handed medium.  
The incident magnetic field is directed along the y-axis. As is readily observed a strong magnetic dipolar  
mode is excited in the structure.
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Optoelectronic Cholesteric liquid-crystal-polymers (ChLCP), synthetized in our lab [1], when dispersed in 
solution, self-organize on metal surfaces, such as: Si(111); Pt / TiO2 / SiO2 /Si(001), Ag, Au, either 
colloidal spheres or thin layers [2].  

Under spin coating controlled conditions growth has been obtained in multilayer ordered structures, 
Figure 1. 

Their HELICAL MACROMOLECULES, Figure 2, uncoil and get adsorbed on the metal via π-interaction, 
with the aromatic rings extended parallel to the interface and the aliphatic chains directed towards the 
bulk solution, according to the scheme depicted in Figure 3. 

The interaction of these ChLCP with metals could be applied to the design of functionalized surfaces  
provided with physico-chemical properties of interest. 

 

Besides, our synthetic cholesteric liquid-crystals, exhibit OpticalRotatory Dispersion(ORD), complex 
Circular Dichroism (CD) patterns, transmitance  and reflectance, with potential application in various 
areas of nanotechnology, such as: CHLC DISPLAYS WITH PHOTOCHROMIC RESPONSE [3], FIBER 
COUPLED CHOLESTERIC LIQUID CRYSTAL LASERS [4], BIOSENSORS IN RECOGNITION 
PHENOMENA and MEMs [5].  
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 Figure 1. Multilayered structure of ChLC polymer grown by spin coating. 
 

                                 
 
Figure 2: ChLC polymer helical molecule          Figure 3: Adsorption of extended ChLC polymer on Ag thin layer. 
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In the last decade fundamental advances have been achieved in the fields of molecular electronics [1] 
and plasmonics [2]. In particular, the optical properties of plasmonic dimers with different shapes have 
been deeply studied and explained using exact numerical calculations and hybridization models [3]. 
Recent experiments, such as the simultaneous measurements of electronic conduction and Raman 
spectroscopy in molecular junctions [4], have suggested the possibility of sensing individual molecules, 
connecting both fields. 
 
Following this emerging connection, we related optical properties to transport processes in a recent 
letter using a model consisting of a conductive bridge linking two gold nanoshells [5]. For the sake of 
simplicity, we modelled the linker as a pure conductor with real conductivity so that the variation of 
conductivity affected only the imaginary part of the dielectric function characterizing the junction. Now, 
boosted by the recent interest in molecular switches [6], we have improved this simple model to make it 
more realistic. In this work, we study the effect on the optical response of a molecular junction bridging a 
gold nanoparticle dimer, where the dielectric response of the junction is characterised by a Lorentz 
model, which takes into account the resonant frequency ω0 of the linking molecule. In this work, both the 
real and imaginary parts of the dielectric function characterizing the junction are affected by the nature 
of the linker.  
 
As a first step, we have considered junctions with transition frequency ω0 = 1.51eV - (λ0 = 820nm), 
corresponding to rotaxane molecules [6]. Fixing the radius of the gold particles (R = 50nm) and the 
separation distance between them (d = 1nm), the plasmonic resonance of the disconnected dimer is 
found at λp = 665nm, below the transition wavelength of the molecular linker. Then, we connect the gold 
particles with a cylindrical molecular region of radius a mimicking the molecules, and we observe the 
evolution of the far-field and near-field properties of the whole system as the bridge becomes wider. 
Electromagnetic fields and optical extinction spectra are obtained by solving Maxwell’s equations 

exactly with the Boundary Element Method (BEM) [7].  
 
Figure 1(a) shows the evolution of the optical extinction spectra of our system as the radius of the 
molecular junction is increased up to 35 nm. As for the pure conductor, we observe that the Bonding 
Dimer Plasmon (BDP) mode, arising from the coupling between the dipole modes of the individual 
nanoparticles (initially found around λBDP = 665nm), is slightly blue-shifted as the radius of the linker is 
increased. In contrast to our previous study, for longer wavelength values, in addition to the appearance 
of a Charge Transfer Plasmon (CTP) mode around λCTP = 970nm, where a real charge transfer between 
the particles occurs, we also observe the emergence of a new resonance between the BDP and the 
CTP modes.  
 
For small molecular junctions, in contrast to the pure conductor case, where the CTP mode vanishes 
with a dramatic red-shift towards longer wavelength values as size is decreased, the CTP mode 
disappears slightly blue-shifting as the linker size is reduced. These BDP and CTP resonances are 
prominent for small sizes of the molecular linker, whereas the new resonance gains spectral weight 
dramatically as the linker size is increased, suggesting a strong influence of the molecular transition in 
the optical behaviour of the system. The nature of the three different resonances described above is 
analyzed with the help of near-field contour plots.  
 
The results are generalized to consider molecular linkers presenting different resonances in the range of 
λ0 = 400-1200 nm (Figure 1(b)). In this case, where we have fixed the radius of the molecular linker to 5 
nm, we observe that the position of the BDP remains unaltered, whereas its intensity is stronger for 
longer λ0 values. In contrast, the CTP mode presents a parabolic red-shift and loss of spectral weight as 
the resonance of the connecting molecules λ0 is found at longer wavelength values. 
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We believe that the study of this kind of spectral changes in plasmonic cavities connected by molecular 
linkers might lead to control the switch on and off of the different emerging plasmon modes. 
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Figure 1: (a) Evolution of the optical extinction spectra of a molecular junction bridging a gold 

nanoparticle dimer as the radius of the molecular linker a is increased. The dashed lines indicate the 

spectral position of the considered molecular transition at 1.51eV (λ0) and the initial spectral position of 

the BDP mode (λBDP), which also appears when the dimer is disconnected. (b) Plasmonic resonances of 

a gold nanoparticle dimer connected by a molecular bridge of radius a = 5 nm formed by different 

molecules, as a function of their resonance wavelengths. 
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Polarized photons are powerful probes to enucleate magnetic properties of nanoparticles: their 
interaction with materials returns information in which spin population and spectroscopic attributes are 
intertwined. In particular, the possibility of using photons of different energy allows to separate 
contributions arising form different phases of the material and to link magnetic properties to single 
electronic transitions or delve into more elaborate physical mechanisms otherwise very hard - if not 
impossible - to observe. 
We recently carried out an extensive magneto-optical (MO) study using magnetic circular dichroism 
(MCD) at cryogenic and room temperatures on magnetite and cobalt ferrite nanoparticles to correlate 
structural and stoichiometric parameters to their MO response, and found clear correlations between 
particle composition and MCD spectrum. 
In addition to this by recording hysteresis loops using as a probe light of different wavelengths (i.e. 
sampling different spectral regions), we found that coercivity in cobalt ferrite depends strongly (>30%) 
and linearly on the wavelength used as a probe (see figure). Comparison SQUID-based experiments 
carried out under irradiation confirm that the effect is not due to light-induced heating or charge transfer 
due to photon absorption. The mechanism underlying this effect is still under debate and is likely to be 
related to the polarisation of valence band transitions of the material with respect to the axes of 
anysotropy of single cobalt ferrite nanocrystals. 
 
 
Figures 

 

 
 
(Top) MCD spectrum of a Cobalt ferrite nanoparticle sample at 2 K under 5 T applied field. (Bottom left) 
wavelength-dependent coercivity (2 K) of the same sample and (Bottom right) plot showing the linear 
dependence of coercivity vs wavelenght 
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We present an advanced numerical formulation to calculate the optical properties of 3D nanoparticles 

(single or coupled) of arbitrary shape and lack of symmetry [1]. The method is based on the (formally 

exact) surface integral equation formulation, implemented for  parametric surfaces describing particles 

with arbitrary shape through a unified treatment that we call flexible surfaces based on the so called 

Gieli's formula [2].

Flexible surfaces can be consider an extremely appealing tool in a numerical  implementation  of a 

scattering method, since selecting a few number of parameters can lead to very different surfaces, that 

mimic the most common shapes of nanoparticles experimentally synthesized on plasmonics, as sphere, 

cubes, cylinders and stars.  Moreover this remarkable feature of the flexible surfaces not only saves 

computational time, since we only have to implement  a program to achieve different shapes instead 

one program each, but also avoids problems in the implementation of the scattering method related to 

the matching and sharpness of the surfaces.

In figure [1] we show a sort of surfaces achievable by a flexible surface called SuperShape [3] described 

by the following parametric equations:

In order to show the flexibility and reliability of the formulation, we plot in figure [2] the surface field at the 

resonance wavelength for a 5-fold star made of silver. In figure [3] we study the dependence of the 

scattering cross section of a insulate cube made of silver on the sharpness of the edges. The scattering 

cross section shows a blue shift when the sharpness of the vertex increase. Finally, figure[4] shows the 

electric field on the surface of a spherical dimer made of gold, it illustrates the fact this approach deals 

with all sorts of complex surfaces as the star in figure[1] along the less complex ones as spheres.

The implementation of  flexible  surfaces in the 3d scattering methods based on the green theorem 

makes it specially suitable for complex scattering problems in Nano-Optics and -Photonics.
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Figures

Figure1 .-  Geometrical shapes achievable to the SuperShape changing the parameters.

 Figure2 .- Electric field on the surface of a silver nanostar with r=50nm at λ=531nm

Figure3.- Scattering cross section for silver nanocubes L=50nm with increasing sharpness

Figure4.- Electric field on the surface for a gold dimer with r=15nm and gap=2nm at resonance wavelength 
λ=535nm
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 The statistical properties of light transport and emission in disordered media has been a matter of 
intense research during the last century. Being the basis of coherent multiple scattering of waves well 
known, the phenomenon itself is not yet fully explored and understood. These multiple wave scattering 
effects are at the heart of emerging behaviors like Anderson localization of light and electrons, band 
structure in crystalline solids or photonic crystals (PhC), among many others. 

   Although the limits of perfectly ordered systems on the one hand, and uncorrelated and relatively 
weakly scattering systems on the other hand, are quite well understood. There is a gap between both 
limits which is largely unexplored.  In particular, it has been shown in many different situations that 
disordered systems exhibiting certain structural correlations can share properties of both crystalline and 
fully disordered systems. For instance, the conductivity of liquid metals [1] or the cornea transparency 
[2] can be understood in the same footing: a disordered but correlated system can present spectral 
regions of high transparency for electron or light transport. 

     The effects of disorder in an initially ordered structure, such as a PhC, might lead to strong Anderson 
localization, as the scattering mean free path can be severely reduced in the band edges [3]. Also, 
strongly correlated charged colloids can scatter light in such a way that the transport mean free path 
presents a strong chromatic dispersion [4]. Even in the absence of practically any long range 
correlations, the structure of the scatterers itself can be used to modify the light emission and transport 
properties of a disordered system in such a way that transport parameters [5], or even the threshold of a 
random laser [6], can present resonances which can be tuned in advance. 

      The effect of correlations in a disordered structure regarding light emission properties of single 
fluorescent emitter has been a matter of much less intense research efforts. It is clear that the structure  
surrounding a single emitter can largely alter its emission dynamics [7]. In the last years, several groups  
considered such effects in a statistical way suitable for the description of disordered systems [7,8,9]. In 
particular, in ref.[9] it was shown that several structural properties near a phase transition can be 
accessed via fluorescence intensity fluctuations. 

   Is has been theoretically proven that near field scattering in random systems alters fluorescence 
dynamics in such a way that microscopic information about the surroundings of a single emitter can be 
obtained from lifetime fluctuations or from the shape of the statistical distribution tails [10,11]. 

 

    In this presentation, we theoretically show how, in the previous context, fluorescence emission rate 
statistics are largely altered due to the appearance of structural correlations in a disordered system. 

   We have developed a model of point resonant interacting scatterers which are placed at random. 
Emission dynamics of a single emitter is calculated for each sample of an ensemble of structural 
realizations of the system. 
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  While keeping constant the scattering properties of single scatterers, the global geometry, and 
scatterers density, the structural correlations are controlled changing the temperature of the interacting 
set of scatterers. 

  It is shown that fluorescence decay rate statistics of a the single emitter correlates with the structural 
phase transitions of the system. In the low temperature limit, the structure freezes in an face center 
cubic lattice. This structure presents a gap (frequency range of low photonic density of states) 
corresponding to a vanishing fluorescence decay rate. As usual, it also presents narrow frequency 
windows of high density of states, corresponding to band edges of the perfect infinite crystalline 
structure, leading to high decay rates. 

  At frequencies corresponding to both a band gap and a band edge, we perform decay rate statistics 
varying the temperature of the system. It is shown that, at low temperature, decay rates hardly 
fluctuates and its average value corresponds to the crystalline one. On temperature raising, fluctuations 
of decay rate grow, and the averaged values undergoes a relatively sharp transition to a different value. 
This transition can be identified with a structural phase transition in the system.  
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Metal antennas and transmission lines are common devices for receiving and transporting signals in the 

radiofrequency regime. Here, we demonstrate that by reducing the size down to the micrometer range, 

these devices can be operated at infrared frequencies (~30 THz) [1,2].  We apply our recently 

introduced vector near-field microscopy technique [3] for directly visualizing the reception and transport 

of infrared energy [4]. The combination of antenna plus transmission line is a promising platform 

technology for designing future mid-infrared devices which require subwavelength-scale integration. 

 

The transmission line that is used here consists of two parallel wires that are isolated by a small gap 

(Fig. 1b). This structure is the miniature version of a very common TV cable known as the ladder line for 

connecting the roof antenna with the television set. A dipole antenna is connected to one end of the 

transmission line for converting free-space radiation into a confined mode. By illuminating the antenna 

with infrared radiation (λ ≈ 10µm), a surface wave is launched which is travelling along the transmission 

line to the right side. Fig. 1c shows the momentary near-field distribution of the surface wave that is 

tightly bound to the metal wires. The image reveals that the surface mode has an asymmetric charge 

distribution. Moreover the image allows for determining the wavelength of the surface mode. Numerical 

calculations confirm the experiment with excellent agreement (Fig. 1a). 

 

Based on these transmission lines, we compress infrared energy to a nanoscale focus spot of 60 nm 

[4]. This is achieved by tapering the end of the transmission line, i.e. gradually reducing the lateral 

dimensions. By propagating along the taper, the surface mode is compressed to deep subwavelength 

scale dimensions (λ/150). Interestingly, we observe that the wavelength of the surface wave is still of 

the order of the free-space wavelength. This is in strong contrast to plasmon compression where the 

field confinement is connected with a large increase of the wave vector. 

 

The compression of infrared surface waves with tapered transmission lines opens the door for the 

development of ultra-small integrated infrared sensor and spectroscopy devices for chemical and 

(bio)medical diagnostics. 
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Figures 
 

 
 
 

Fig. 1: Energy transport and propagation properties in two-wire transmission lines. (a) Topography image of an 

antenna-coupled two-wire transmission line, consisting of two 40nm height Au wires, 200nm wide, separated by a 

300nm wide gap, on a Si substrate. (b) Experimental near-field image taken at λ = 9.3 µm, showing 

Re(Ez)=|Ez|cos(φz). (c) Numerically calculated near-field image showing Re(Ez)=|Ez|cos(φz). 
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The spontaneous emission rate of a single emitter (e.g., atom, molecule, quantum dot) depends on 
the environment. The control of the decay rate through the Photon Local Density of States (PLDOS) 
was first pointed out (at radio frequencies) by Purcell [1]. Modifications of the spontaneous decay rate of 
molecules close to metallic surfaces [2,3] or atoms in simple cavities [4] are well known examples 
nowadays. Nanometer scale objects behave as nanoantennas for single-emitter fluorescence 
modifying the   radiative emission  rate as well as the far-field angular radiation pattern [5].   
 
Theoretical discussions are usually based on electric dipolar interactions. Analytical formulas based on 
a dipole–dipole model have been derived [6] for radiative, ΓR, and non-radiative, ΓNR, decay rate versus 
the distance between a single emitter close to a metallic nanoparticle. ΓR is dominated by a z0

-3 
dependence, a z0

-6 dependence being visible at plasmon resonance. 
 
A drawback when using metallic objects is the presence of absorption, which creates additional non-
radiative channels. Resonant dielectric structures provide an alternative way to control both field 
enhancements and emission rates [7]. Very recently it has been shown [8,9] that submicron silicon 
spheres present non-absorbing dipolar magnetic and electric resonances in the near infrared.  
 
As it is known, small dielectric particles present an electric dipolar response. However, as the size 
increases (or the wavelength deacreases) the first Mie-resonance always corresponds to a magnetic 
dipolar resonance. In absence of absorption, at resonant conditions, the extinction cross section   does 
not depend on the particle size or material properties. 
 
In this work we study the spontaneous decay rate of a single (electric) dipole emitter close to a 
dielectric resonant subwavelength particle using an analytical approach. As we will show,  both lifetime 
and angular emission near a dielectric particle at the magnetic resonance present unexpected 
properties that differ from those predicted for metallic nanoparticles. Lifetime near magneto-optical 
particles will also be discussed [11]. 
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Microcylinders and microspheres, as well as their arrangements such as in photonic molecules and 
waveguiding chains, have been a subject of active research. These microcavities present new effects 
on enhancement, confinement, spectroscopic splitting and transport of optical energy [1]. On the other 
hand, near field optics has shown the relevance of some of these effects at the subwavelength scale. 
This takes place via eigenmodes such as whispering gallery modes (WGM) in sets of dielectric 
nanoparticles, and localized surface plasmons (LSP) in metallic ones.  

In addition, extraordinary, or enhanced, optical transmission through subwavelength apertures is a 
resonant effect that has received much attention in connection with its importance for light 
concentration, detection and wavefront steering [2]. Here we inquire on the interplay between the 
transmission characteristics of nanoapertures and its coupling to morphology dependent resonances 
(MDR) in nanocylinders in front of them; these being  WGMs, and LSPs. 

When the apertures make a metallic grating, the set of particles is a photonic crystal (PC). The role of 
Mie resonance propagation in both dielectric and metallic PCs has been a subject of interest as regards 
its influence on the crystal bandgap size and position. An interplay between both the band structure and 
the excitation of particle resonances rules the enhancement and propagation of the light through the 
PC-slit grating system. This process is favored by the high field concentration inside, or around, the 
particles, for either WGMs or LSPs, respectively. 

We address different sets of either dielectric or metallic nanocylinders in front of a subwavelength 
metallic slit [3]. Next, we extend this study to photonic crystals close to gratings of such slits. The effects 
on light transmission and localization in the system when morphology-dependent resonances are 
excited in the particles, are analysed. 

Calculations are done both by the finite element method and using FDTD simulations. We discuss the 
effect of these excitations on extraordinary transmission by either the slit or the array.  

We show the dominant role of the MDR over the aperture resonances, as regards the resulting 
transmitted intensity and its concentration in the cylinders. When sets of these particles are placed in 
front of the slit, like linear or bifurcated chains, with or without bends, one can control the localization 
and enhancement of MDRs by appropriate design of the parameters. So that these surface waves are 
coupled by both waveguiding of the nanocylinder eigenmodes and by scattered propagating waves.  

For the case of PCs, by changing the crystal parameters we can select the frequency range in which a 
partial PC bandgap and a MDR appear. This allowing us to manipulate the light transmitted through the 
grating [4]. 

The excitation of Mie resonances of nanocylinder sets and PCs placed in front of subwavelength slits, 
dramatically enhances the extraordinary resonant transmission that these apertures would produce 
alone. The transmitted intensity concentrated either inside or on the nanoparticles (according to whether 
they are WGMs or LSPs, respectively), is scarcely influenced by the transmission characteristics of the 
slits, and can be further enhanced by introducing corrugation on the slab surface by focalization onto 
the particle set.  
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We conclude that the arrangements of metallic nanoparticles is not superior to that of dielectric ones as 
regards localized enhancements of transmitted light. In addition, transmission by WGMs is substantially 
less dissipative than by LSPs. These last are useful, notwithstanding, when they play the role of e.g. 
nanoantenna or spaser emitters. 
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Figures 
 

 
Map of |H| when a linear chain of Ag cylinders (radius= 30nm; 
distance between cylinders= 100nm) is at 346nm from a slit  
practized in a Tungsten slab (slab width= 2610nm; slab  
thickness= 237.55nm; slit width= 39.59nm). A p-polarized plane  
wave at λ= 400 nm incides from below. Localized surface  
plasmons are excited around the cylinders. 
 

 
A Si cylinder photonic crystal (radius= 200nm; horizontal  
period= 826.87nm; vertical period= 600nm) in front of a  
perfectly conducting corrugated grating (refractive  
index= i32; period= 826.87nm; slab width= 8·period; slab  
thickness= 283.5nm; slit width= 118.12nm; corrugation  
period= period; corrugation amplitude= 99.2244nm). A  
p-polarized plane wave at λ= 945 nm incides from below.  
Whispering gallery modes are excited inside the cylinders. 
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