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Abstract 
Metallo-dielectric structured materials, or in other words metamaterials (MTM), are in principle a well established 
composite to improve efficiency, functionality, and weight of micro-wave components. In recent times, it has been 
demonstrated that the functionalities of metamaterials can be scaled down to optical frequencies by nano structuring 
techniques. Examples include negative index materials in the near infrared and visible frequency range, cloaking 
structures, filters, and structures for improved sensing of environmental gases.  
The physical processes in plasmonic metamaterials depend strongly on the excitation of surface plasmons and the 
interaction between them.  
We have learned how to control the plasmon-photon and the plasmon-plasmon interaction for manipulating the 
electromagnetic response in a metamaterial at wavelengths well below the vacuum wavelength.  Many interesting 
and novel optical applications and devices are expected.  For instance sub-wavelength imaging, compact 
communication devices as polarisation splitters, slow light media structures, compact colour filters, and  resonators. 
All-plasmonic circuits are also the basis for ultra-dense photonic integration not achievable through the conventional 
optical integration.  
With examples of several metamaterial structures we try to illustrate the application potential of MTMs and 
comment on their fabrication feasibility to show whether metamaterials can hold their promise.  Their investigation is 
in any case a rewarding adventure.  

 

 
History of Metamaterials    
Metamaterials (MTM) are manmade metallo-dielectric composite structures with structure sizes below the operation 

wavelength of the electromagnetic vacuum wave used.  The metallo-dielectric structures allow control over the 

electromagnetic material parameters such as permittivity () and permeability (µ) or the product of both, the refractive 

index n. The history of the recent 70 years showed that metallo-dielectric structures have already been used in the field 

of microwaves and radio frequencies to reduce the weight and functionality of lens devices [1].  In those applications 

the MTM can be represented by waveguide like media [1] or by small metallic inclusions (metallic spheres) in the 

dielectric host matrix [2], replacing heavy, high-permittivity materials by much lighter composites  comparable 

permittivity.  These early attempts showed that the engineering principle applied for metamaterial designs is:  

1) design a new material by changing the effective refractive index with the help of metallic small 

composites  

2) give the new material a suitable functional shape which may deviate from the standard shapes of the 

devices made by conventional materials   

In some cases (see microwave applications [3] of MTMs) the shape of functional devices in the case of waveguides, 

couplers, and antennas can be changed to more suitable geometries.  Already in this early stage one observed a 

characteristic property of MTM structures: their scaling behaviour.  MTM structures can be scaled down from low to 

high frequencies by simply changing their geometry but maintaining the principal geometrical shape of the inclusion 

unit cell.  This can be nicely illustrated by an example of a meander line structure which is used as phase retarder.  The 

meander line structure works as an inductive (phase advance) or a capacitive (phase delay) element according to the 

polarization of the incident electromagnetic wave.  Therefore, it can work as a phase retarder at very different 

frequencies, i.e., in the low GHz range [4], in the E-band range (69-90 GHz) [5] and even in the IR-frequency range 

(25-37 THz) [6].  Thereby MTM-structures achieve a high efficiency with only a few functional layers.  Most 

importantly, in some frequency ranges there is no alternative natural material to achieve such an effect.  However, 
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principal scaling limits are also noticed.  They are induced by the kinetic energy  of electrons contributing to the 

inductance of a structures which prevents a down scaling to arbitrary small structures [7].  

In recent times new interest on MTM structures was coming up due to the publications of Veselago [8] and Pendry [9] 

who pointed out that materials with negative refractive index can play an important technological and scientific role if 

they can be realized at technological interesting wavelengths.  Pendry argued that slabs of materials with negative 

refractive index (negative index material (NIM)) not only show an imaging behaviour for travelling waves as already 

noticed by Veselago [8] but also for evanescent waves.  Combinations of positive index materials (positive index 

material (PIM)) and NIM forming complementary media [10] can cancel the optical space between two real space 

points, and can therefore work as a perfect lens. In such a lens, not only travelling waves but also evanescent waves are 

reproduced in the object image, thereby achieving a sub-wavelength resolution (see perfect lensing theorem (PLT) 

[10]).  This perfect lensing concept was exciting enough to start the race for hunting the best MTM structures for NIM.            

   

The role of plasmons  
In the analysis of the perfect lens it becomes aware that surface waves (surface plasmons (SP) [11]) play a decisive 
role in the physical mechanism.  The surface plasmons are even indispensable in coupling the evanescent field to the 
‘lens device’ since only SPs, due to their dispersion relation [11], have high enough momentum to couple with the 
evanescent fields.  An analysis of the boundary conditions [12, 13] for plane waves in a NIM slab reveals that the bulk 
NIM can be replaced by two thin surface layers.  They act as phase conjugating layers [12, 14] or as resonantly 
coupled double layers [13] which are just a pair of frequency selective surfaces (FSS).  This is a basis, as we will see 
below, to overcome inevitably present losses (due to dispersion [15]) in pure NIM structures.    
 

Promises  
The coupling mechanism of plasmons in MTM-NIM structures not only opens the field for new optical applications in 
the direct sense but also to wider fields.  The coupling property between plasmons and evanescent fields is also the 
basis to couple other sub-wavelength sources such as quantum dots and dot like emitters such as nano diamonds [16] 
very efficiently to plasmon waveguide media, opening the field of quantum communication.  A review article of 
Barnes [17] showed that the integration potential of plasmons can overcome the integration density of modern SOI-
based (Silicon-on-Insulator [18]) by a factor 50-100 if we compare the SP wavelengths and decay lengths in the metal 
plasmon waveguide with the photon wavelength in vacuum or in the surrounding dielectrics.  The review article of 
Ozbay [19] shows also the potential of all-plasmonic circuits with respect to couplers, and waveguide miniaturization.  
The plasmonic circuits can overtake the function of photonic circuits at much smaller length scales comparable with 
electronic integrated circuits.  This is shown by the group of Bozhevolnyi [20] demonstrating Y-couplers, Mach-
Zehnder interferometers and ring resonator structures in the micrometer-ranges which show a smaller length scale 
than the standard photonic integrated circuits [18].  
The application of MTM-NIM structures in the field of photonics relies strongly on their homogeneity.  When this 
problem is solved fascinating, devices on the basis of PLT [10] as super scatterers [21] and super phase arrays [22] can 

be achieved.  In both applications the PLT is applied to curved spaces by transformation optics [10, 2327] thereby 
introducing optical magnification which is not possible in the simple NIM slab waveguide.  The optical magnification 
can increase the virtual dimension of an electromagnetic object appreciably compared to its physical size [10].  
Interesting applications to antennas show up, where the directivity in relation to beam steering of an antenna was 
optimized with a NIM-lens [22] even in the presence of losses [21].  Also the object (antenna or scatterers) can be 
realized in more compact way.  An antenna on this basis would be also more energy efficient.      
The scaling behaviour of MTM-structures also results in the hope that MTM-NIM applications achieved in the field of 
microwaves [3, 28], e.g. compact directional couplers, compact antennas, dual band devices, impedance matched 
lenses and compact resonators (based on complementary MTM material structures) can be transferred to the optical 
regime and also vice versa.  The ladder is normally easy to realize, but the former experiences more problems since 

MTM structures with discrete unit cells are not always in the range P/ << 1 (with P the structure size  the operation 
wavelength).  This results besides the local response of the MTM unit cells in non-local interactions.  Weak and strong 
spatial dispersion can occur by the hybridization of plasmon modes [29, 30] or by chiral effects [31].  Spatial 

dispersion effects can be even present in the limit of large values of  as the case of uniaxial wire media [32] 
demonstrates.  A closer inspection of these effects is therefore necessary to engineer MTM-NIMs.  
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Nanostructured MTM: Plasmon-Plasmon coupling / the impact of spatial dispersion    
Recently different authors [33 - 36] have analyzed the possibility of realizing nanostructured MTMs which can be 

described in a certain P/ range [35] as MTM-NIM which means a characterization by two effective parameters: 

permittivity () and permeability (µ) (Eq. 1a, b)  
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Fig. 1: SEM image of fabricated 5-layer fishnet metamaterial. The inset shows a focused-ion-beam cut of the sample 

demonstrating the layer number of the fabricated structure [30].  

 
 
The MTM might be understood as a continuous material as discussed in the sense above with all benefits of a 

continuous NIM, e.g.  to realize perfect lenses and compact optical devices etc. The permeability can appear as 

artificial magnetics due to non-local spatial dispersion effects of 2
nd

 order [35] as already mentioned in the past [15]   
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(with kl = 2
nd

 order dispersion coefficient related to  kmnl [36, 39]). 
The result found in [35] is that a NIM (in the analyzed case a fishnet structure [37]) shows a homogeneous NIM 

behaviour in a very tight P range (0.15 – 0.25).  However for most of the interesting ranges of Re(µ) < 0 the 
response is based on non-local weak dispersion effects (WSD) which force the introduction of additional parameters 

 [33] in the constitutive material equations [34] (Eq. 3a,b) in addition to  and µ.   
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Equations 3a, b are a consequence of the fact that in reciprocal media (time-even-media) the polarization is due to 
electric polarization (time-even-process, chap. 7 in [38]) whereas magnetic fields (time-odd-quantity) do not induce 
directly polarization as they cannot do work classically [39, 40].  This results in a relation between currents (induced 
or external) and electric fields.  In the simplified form by a Taylor series (Eq. 3a, b) introducing 1

st
 – and 2

nd
 –order 

spatial dispersion coefficients  besides  and µ by the respective spatial derivatives of appropriate order of the 
electric field.  Indeed, in realized fishnet structures [30] (Fig. 1) we observe a layer number dependent permeability 
and permittivity if interpreted in the usual way [41- 43] (Fig. 2).  
These observations deserve as already mentioned in [30] special care in interpretation of numerical results with 
respect to NIM effects [33, 34].  Furthermore under systematic variation of the layer number one observes strong 
interaction between layers which could be nicely explained by a plasmon hybridization effect [44] of the magnetic 
plasmon modes.     
 

Examples of coupled nano systems  
Plasmonic coupling can be directly investigated in stacked nanometer structures [29] or between lateral clusters of 
plasmonic particles [50] 
The systematic variation of layer distances in 3D-U-shaped metamaterial stacks [30] shows by increasing layer 
distances a decrease of the symmetric plasmon mode in frequencies and an increase of the antisymmetric plasmon in 
frequencies.  The type of modes was identified from numerical calculations of the current distribution in the U-stacks.  
The case of stacked nanostructured MTM is most interesting for identification of plasmon-plasmon interactions.  With 
respect to a unique parameter attribution the situation is actually open.    

 

 

   
 

 
 
 
 
 
 
Fig. 2: A) Simulated reflectance 
and B) trans-mittance spectra of 2-
, 3-, 4-, and 5-layer metamaterials.  
Curves are shifted upwards for 
clarity [30].  

 

  
It is clear that in most cases of MTM structures the attribution of only two parameters  and µ is not possible [34] and 
further parameters describing magnetoelectric coupling (bi-isotropic/anisotropic, chiral effects) by 1

st
 order weak 

spatial dispersion (WSD) [35] and artificial permeability by 2
nd

 order WSD effect must be taken into account.  In 
addition higher multipole excitations in the unit cell as a further variant of a WSD –effect [40] can also be observed in 
the case of metamaterials of twisted stacked U-shaped particles [45].  From the discussion in [34] it becomes obvious 
that any non-uniform current distribution in more or less complicated metallo-dielectric inclusion geometries can 
result in 1

st 
and 2

nd
 order spatial dispersion effects.  Where 1

st
 order WSD effects can result in bi-(an)isotropy or 
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chirality and 2
nd

 order WSD effects can result in artificial magnetic effects (see Eq. 2).  The occurrence of artificial 

magnetization is due to the fact that the polarization fields (Eq. 4a, b) in  
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an electromagnetic body are not uniquely defined [39] but are undefined up to an arbitrary differentiable vector 
function Q (Eq. 4a, 4b) [35, 39, 46] which can be suitably chosen to obtain transformed fields  
which obey the standard boundary conditions known from homogeneous materials: continuous tangential field 

components of E and H and continuous normal field components of D and B. A choice of Q = jB (for e
+j  t 

dependence) according to Eq. 5 gives a new set of equations  
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of the induced polarization where the curl-term in the electric polarization [39] can be transformed and a new term of 
2

nd
 order spatial dispersion appears in the magnetic polarization µ (Eq. 2, 6c).  Eqs.  6a-6c are simplified expressions 

valid for the biisotropic case [39].   
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st
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nd

 –order spatial dispersion coefficients and  standard ,µ parameter)     

 
The artificial magnetic effect (Eq. 6c) which is a 2

nd
 order WSD effect is dominated by 1

st
 order WSD effects if 1

st
 order 

effects in the Taylor series (Eq. 3a, 3b) are not suppressed by symmetry.  If a pure artificial magnetic effect is desired 
the bi-(an)isotropy must be suppressed by structures which contain inversion symmetries or mirror symmetries of the 

form x, y, z .  This works well at µ-wave frequencies [47] but might be critical at visible frequencies.  A suitable 
proposal using nano rings of plasmonic nano spheres is given in [48] to realize an effective permeability without bi-
anisotropy.  This is also possible with the concept of core shell particles using Mie scattering [49].  A detailed study on 
resonant coupling of plasmonic spheres experimentally and theoretically for optical frequencies is given by Hentschel 
[50].  This study exceeds studies on dimers [44] in the past and investigates in detail hexamer and heptamer particle 
clusters.  As function of inter particle distance d (20nm – 130 nm) the authors could demonstrate transition from an 
isolated single plasmon particle mode to collective modes resembling the process of molecule orbital formation.  
Even a seemingly small change in particle geometry from a hexamer to a heptamer results in a drastic change of the 
optical transmittance spectra indicating that the description  of MTM structures with rather complicated metallo-
dielectric geometries with only a few optical parameters as permittivity, permeability, chiral parameter and 
quadrupole parameter turns out to need more research.         
This can be further seen when already rather simple MTM structures such as metallic films with holes are 
investigated.  In a recent publication Gompf and co-workers [31] measured strong polarization rotation in a squared 

hole array of an Au film at oblique incidence.  The investigated structure was measured in a P parameter range (P = 

structure period,  = operation wavelength) between 1.5 – 0.23.  For these P parameter values spatial dispersion 
effects [35] should show up resulting in a description of the structure with more than two parameters.  

According to [33, 34] besides permittivity () and permeability (µ) a bi-anisotropic and quadrupole contribution (see 
Eq. 3a, 3b) can occur in the constitutive equations.  And the bi-anisotropic contribution can result in a chiral 

contribution ( symmetric) or in an medium contribution ( anti-symmetric).  The squared hole array analyzed in 
[31] should have mainly k

2
-dependend contributions since the k-linear contributions vanish in this structure with 

inversion symmetry [39] if not quadrupolar WSD-effects [34, 40] must be taken into account.  In [31] the observed 
rotation power (ODR = optical dispersion rotation) is appreciably larger than an optically active material like quartz of 
same layer thickness.  One obtains for the MTM structure compared at the same layer thickness a 5 orders of 
magnitude higher value than with the natural material quartz.  
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The difference between MTM structure and natural material might be explained by strong resonant plasmonic 
contributions [34], which are also noticed in other experiments on plasmon-induced magneto optical activity [51].  

 
Frequency Selective Surfaces (FSS) 
The plasmon enhancement of the optical response can be observed in an important class of MTM materials: 
resonantly coupled frequency selective surfaces already mentioned above [13, 14] show strong resonant plasmon 
based transmission effects.  If the FSS structure consists of metallic (Au) meander film geometries the optical 

response of the coupled films can be designed to show bi-anisotropy as -medium or to show artificial magnetism by 
plasmon enhancement 2nd order WSD effects.  
Coupled FSS structures can mimic NIM material slabs [10, 12, 13] promissing to reduce losses in the MTM-NIM.  A 
coupled FSS structure can be realized by a double meander structure.  The double meander structures show C2 
symmetry and inversion symmetry [52].  Therefore 1

st
 order dispersion effects should be small and 2

nd
 order WSD 

effects should be present.  Due to resonant plasmon coupling we observe a tremendous increase in transmittance.  
This enhancement of the 2

nd
 order effect is due to the resonant plasmon effect which can be observed already in 

single meander layers.  Thin metal films show electromagnetic surface waves (plasmons) [11]. According to the 
symmetry of the excited charge distribution, long range surface plasmon polaritons (LRSPP) or short range plasmon 
polaritons (SRSPP) with asymmetric and symmetric charge distribution can be attributed, respectively.  When a metal 
film is corrugated (meander surface) (Fig. 3 left) the dispersion relation      

 
 

 

 

 
Fig. 3: Left: Principal of a single meander 

meta surface (MMS) structure.  Px = 

corrugation period; D= corrugation depth; Wr 

= meander width; d = metal thickness.  

Right: Sketch of a dispersion relation of 

photons and LR/SRSPP 

plasmons of a MMS structure charac-terized 

by the half reciprocal lattice vector Kg = /Px.   

 
of the SR/LRSPP modes [5355] can be folded into the light cone (Fig. 3, right) thus fulfilling the momentum 
conservation between plasmon and photons.  LRSPP- and SRSP- modes of the top and bottom side of the meander 
film couple resonantly showing enhanced transmission [54] (Fig. 4).  Compared to the closed uncorrugated film the 
enhancement of the transmission exceeds the value of the    
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Fig. 4: Transmission spectra (p-polarization) of an Au-MMS structure on SiO2 (nSiO2 = 1.46) dielectric layer with 

structure parameters (parameter definition see Fig. 3) Px = 400 nm, D = 40 nm, Wr = Px /2-d, d = 30 nm (Au).  Left: 

Experimental transmission spectra.  Right: Simulated transmission spectra (for Au we used Johnson-Christy dispersion 

data [56]).  The angles of incidence are coded by differently coloured traces (0° - 25°) [54].   

 
smooth film by more than a factor of 20.  We named the corrugated meander metal films as meander meta surfaces 
(MMS) [54] The resonant coupling of LR / SR plasmons form a resonant passband [57, 58] which shows negative 
dispersion [53, 54] with respect to the transversal momentum.    
 A transmission line analysis [53, 59, 60] reveals that the SRSPP modes belong to magnetic dipole excitation in the 
sense of artificial magnetics [33, 34] and the LRSPP to an electric dipole excitation.  We analyzed the single meander 
structure also with a Fourier modal method [61] (or sometimes called rigorous coupled wave analysis (RCWA) [62]) 
for solving the Maxwell equations.  In [62] we modified the RCWA on the basis of normal vector fields (NV-method 
[63]) by adopting the method of Fast Fourier Factorization [64] to find an optimized solution for application of Li’s [65] 
factorization rules.  In [61] we modified the RCWA also by LI’s factorization rules and application of adaptive spatial 
resolution (ASR) [66, 67].  From the scattering matrix algorithm we calculated transmission and reflexion for all 
diffraction orders taking into account a sufficient number (for the MMS structures 61 plane waves) of harmonic waves 
to obtain a good convergence.  In Fig. 4 a comparison between experimental and simulated single meander 

transmission spectra are depicted for different angles of incidence (0°25°).  The agreement between theory and 
experiment is quite satisfactorily if one keeps in mind that we took realistic material constants for gold [56] and used 
no further fitting in the calculation.  According to the dispersion relation of the surface plasmon polaritons (SPP) [53, 
55, 57] the passband shifts for increasing incident angle to the red.  Also the SR/LRSPP stop bands indicates negative 

dispersion with respect to the transversal momentum (kt = (/c) sin= incident angle).  As mentioned by Maslovski 
[12, 13] and Wee, Pendry [14] a negative index material may be mimicked [68] by a combination of phase conjugation 
surfaces [12, 14] in conjunction with low loss positive index materials or resonantly coupled frequency    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Fig. 5:  

Extinction (left) and 

transmittance (right) 

spectrum of a double 
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selective surfaces [13].  As an advantage of coupled FSS structures over bulk NIM-MTM the possibility appears that 
optical losses are appreciably reduced since most of the structure volume consists of low loss transparent material.  
Before we discuss applications of the resonantly coupled meta surfaces we want to discuss more in detail the 
properties of coupled meta surfaces when the distance Dspa between layers is varied.  The understanding of this 
property is very important for engineering more complicated device structures to realize magnification [10] or even 
more complicated filter functions [23, 24].  The study of resonantly coupled MMS structures ends in a surprise if the 
distance between layers is varied (Fig. 5a, b).  As seen in Fig. 5b the coupled  
MMS structure not only behaves as a Fabry-Perot cavity but also in a frequency range of plasmon resonances 
(SR/LRSPP) the resonant transmission can be kept over a rather large distance.  This effect shows that on the basis of 
plasmon polaritons large distances in a material can be bridged nearly lossless, an indispensable property for 
engineering MTM-devices with larger volumes [71].  This is also the basis to obtain superlenses 
 
 
 
 

 

 
 

Fig. 6: Principal mode dispersion of plasmon polariton- and FP-modes in a resonantly coupled double MMS 

structure.  LRSPP and SRSPP modes show for smaller distances Dspa mode splitting in s- (SR
+
, LR

+
) and as- (SR, 

LR) modes with respect to C_2.  The FP-mode series starts with respect to C2 with an antisymmetric mode 
followed by symmetric modes and so on.  Mode splitting (open circles) is observed between SPP- and FP-
modes of same symmetry [52].   

 
 
 [14, 72-75].  A detailed study [52] of the interaction between FP-modes (hyperbolic curves in Fig. 5a, b) shows a 
complex mode interaction seen in more detail in the extinction spectrum (Fig. 5a).  A closer inspection [52] of the 
symmetries of plasmon- and FP-modes reveals that SPP- and FP- modes of same inversion- or C2- symmetry show 
strong mode splitting (Fig. 6, and Fig. 5a).  In addition, with decreasing meander distance Dspa the SPP modes, both SR- 
and LRSPP modes show increasing splitting in symmetric / antisymmetric modes (Fig. 5a, and Fig. 6) according 
symmetry operation C2  thereby shifting the C2 even modes (LR

+
, SR

+
) to higher frequencies and the C2-odd modes 

(LR, SR) to lower frequencies.  Since the first FP-mode is C2-odd one observes a strong mode splitting between the 

FP and the antisymmetric LR
 and SR

 plasmon modes suppressing the resonant transmission through the double 
surfaces for the first 250 nm (Fig. 5b) in the given case.  The effect appears to be rather stable since for the Ag-
material parameters experimentally given  parameters [69, 70] are introduced.            
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Applications of FSS   
MTM structures which can mimic negative index behaviour can be used for near field imaging [8, 9] and further 

applications of the perfect lens theorem (PLT) [10] as super scatterers and super phase arrays [14, 21-27].  As 

mentioned above the MMS-structure is indispensable for coupling evanescent fields with plasmon fields to realize 

practical devices based on PLT.  This can be demonstrated with a resonantly coupled double MMS structure 

(Fig. 7).  Based on surface wave excitation we show in Fig. 7 an excitation of a double meander matrix by a sub-

wavelength source.  The sub-wavelength source excites in the first MMS layer resonantly surface plasmons  
 

 
 

 
 

 
 
Fig. 7:  
Near field profile of a 

sub-wavelength object 

after imaging by a 

double Ag-MMS perfect 

lens in vacuum [54].  

Inset: Intensity profile at 

z ~ 

(parameter defini-tion 

see Fig. 3) Px = 500 nm; 

D = 40 nm; d (Ag) = 20 

nm; Dspa= 100 nm.  

Material parameters see 

[69, 70]. 

 

 
which are resonantly coupled to the second surface.  Despite of the weak oscillation amplitude in the first layer one 
observes huge plasmon amplitude in the second MMS structure due to resonant coupling.  The field distribution of 
the sub-wavelength source is then imaged in the free space below the 2

nd
 meander surface as already reported for 

matrices with spherical inclusions in the matrix [76].  The inset shows the sub-wavelength imaging effect.  For a 
working wavelength of 560 nm we obtain an FWHM of 190 nm for a slit width of 100 nm.  The description of the 
present material sheet (Au-metallo-dielectric double meander layer) in terms of effective parameters appears 
challenging.  Since due to inversion symmetry in the double meander layers 1

st
 order effects can be assumed to be 

cancelled by symmetry [39] and resonant quadrupolar contributions due to 2
nd

 order weak spatial dispersion (WSD) 
effects (Eq. 3a,b) must be taken into account. The quadrupolar contributions can be comparable to dipolar 
contributions [40] in case of resonance as analyzed for dimers [34].  Therefore a simple 2-parameter description with 

effective material parameters ( and µ) can be critical.  Over all, at a first glance the double meander structure seems 
to behave as a NIM slab fulfilling the perfect lens behaviour.  This implies also that a double meander structure fulfils 
the condition of a complementary material which results in a zero optical length between object and imaging (total 
refractive index appears as zero [53]).  On the same footing one can try to combine the PLT with transformation 
optics to obtain magnification [14, 21, and 22].  An approach can be realized by introducing curved surfaces [10, 71].  
Instead curved surfaces, already analyzed in [21-24] another quite general approach is based on zoomed lateral 
gratings [71].  With respect to the constitutive material equations there seems a difficulty to describe a system due to 
the absence of inversion symmetry in zoomed gratings, since bi-anisotropic effects [39]  can show up destroying 
negative index behaviour [33, 34].  On the other hand the resonant plasmon excitation in resonantly coupled MMS 
can give different weights on the coefficients of 1

st
 – and 2

nd
 – order magnetoelectric coupling.  We tested the 

concept numerically using RCWA [61, 62] discussed also in this conference by Schau [71].  Analyzing an MMS stack 
with different periods (input period 200 nm, output period 400 nm) we demonstrate that enhanced transmission 
(80%) at the passband of the 400 nm MMS structure (output surface) can be achieved if metal thicknesses and 
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corrugation depths of the MMS stack are suitably chosen [54].  The present results on imaging with magnification do 
not represent the complete solution for a hyperlens on the basis of meander stacks.  These first results are however 
promising as the magnification function seems realizable without relying on a continuous NIM structure [10].  The 
result seems also robust as realistic material data according to Johnson-Christy [56] were taken into account.   

 
Perfect absorber layers 
The FSS concept mentioned above can be used to suppress back-reflection from dielectric lossy layers.  This can be 

useful for cloaking purposes [26, 27] and stealth technologies [39, chap. II] Especially MTM structures with shaped 
inclusions (Omega materials [39]) were of interest in the past.  These structures are also of fundamental interest in 
spectroscopic applications (suppression of stray light) and sensor technology.  Very recently new polarization 
independent designs [77] where coming up.  In these designs polarization independent impedance matching was 
obtained by simple flat Ag cylinders in conjunction with an absorbing thick Ag-layer using the artificial magnetic mode 
based on the 2

nd
 order WSD-effects (Eq. 3a, b) since the cylindrical array shows inversion symmetry.    

 
 
What comes next?  – A conclusion    
From the present status of the analysis of  metamaterials we see that the structure parameter P/ gives us an important 

measure to recognize whether pure material effects (artificial permeability and artificial permittivity) or spatial 

dispersion effects [33, 35] are prevailing in the optical response of nanostructured MTM.  e.g. fishnet structures [29, 

37].  From the continuous point of view (P/  0) fascinating possibilities such as perfect lensing [10] (both travelling 

waves and evanescent waves), super scatters in conjunction with the super phase array [21, 22] to solve, e.g. the 

compactness-directivity problem of optical antennas can be thought of up to recent proposals in transformation optics 

as cloaking [24, 26], illusion optics [26, 27, 78] and many more.  

 We see, however, from the analysis of e.g. wire media [32] that spatial dispersion effects can play an important role 

and can not be neglected even in the case of very long wavelengths.  On the other hand spatial dispersion effects can be 

used to engineer negative permeability effects [35].  Bianisotropy suitably used can lead to chiral media [39] or Omega 

media [79] which can be used in applications such as reflectance control [39], perfect absorber [77], or polarization 

control [30, 80].  

Apart from the structure symmetry which dictates the spatial dispersion effects we see also that the symmetry of the 

inclusion in a unit cell influences strongly the optical response via weak dispersion effects (WSD) in dimers [44, 81] or 

oligmers [48, 50] or core shell particles [49].  In MTMs with such inclusions bianisotropic (1
st
 order spatial dispersion 

effects) might be suppressed with respect to 2
nd

 order dispersion effects realizing pure artificial magnetism.  

The selective control of interaction mechanisms in the metamaterials can be especially forced as demonstrated by 

resonant plasmon coupling effects [51, 53, 54].  An important field in this respect is also resonant plasmon-photon 

coupling [16, 82-84] which paves the route to plasmonic quantum applications.  

The strong role of plasmons in metamaterial response reveals another field of application as photonic integration. Since 

photonic integration possess a natural limit due to the photonic wavelength. Efficient photon-plasmon coupling opens 

now the path for ultra-dense integrated plasmonic circuits [20, 85, 86]. In analogy to integrated all-photonic circuits 

[86- 88]  all-plasmonic circuits can be thought of more suitable since non-linear effects inherent in the plasmonic 

system [89] are already present. This would open a new field of Nanoprocessing of optical data comprising analogue 

techniques (imaging [90]) with digital techniques (integrated plasmonic circuit [20, 86]) with quantum digital 

techniques) coupling of single photon to single plasmon sources [16, 82] for communication and metrology 

applications.       
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