
 

 

NORTH ATLANTIC TREATY 
ORGANISATION 

 RESEARCH AND TECHNOLOGY
ORGANISATION

 

 

 

AC/323(SET-139)TP/394 www.rto.nato.int

 

RTO MEETING PROCEEDINGS MP-SET-139 

Photonic Metamaterials for Defence 
and Security Applications 

(Les méta-matériaux photoniques pour les 
applications de défense et de sécurité) 

Papers presented at the Sensors and Electronics Panel (SET) Workshop held 

in Strasbourg, France on 10 and 11 April 2008. 

   

Published April 2008 

 

  Distribution and Availability on Back Cover   



  

The Research and Technology  
Organisation (RTO) of NATO 

RTO is the single focus in NATO for Defence Research and Technology activities. Its mission is to conduct and promote 
co-operative research and information exchange. The objective is to support the development and effective use of 
national defence research and technology and to meet the military needs of the Alliance, to maintain a technological 
lead, and to provide advice to NATO and national decision makers. The RTO performs its mission with the support of an 
extensive network of national experts. It also ensures effective co-ordination with other NATO bodies involved in R&T 
activities. 

RTO reports both to the Military Committee of NATO and to the Conference of National Armament Directors. It 
comprises a Research and Technology Board (RTB) as the highest level of national representation and the Research and 
Technology Agency (RTA), a dedicated staff with its headquarters in Neuilly, near Paris, France. In order to facilitate 
contacts with the military users and other NATO activities, a small part of the RTA staff is located in NATO 
Headquarters in Brussels. The Brussels staff also co-ordinates RTO’s co-operation with nations in Middle and Eastern 
Europe, to which RTO attaches particular importance especially as working together in the field of research is one of the 
more promising areas of co-operation. 

The total spectrum of R&T activities is covered by the following 7 bodies: 
• AVT Applied Vehicle Technology Panel  
• HFM Human Factors and Medicine Panel  
• IST Information Systems Technology Panel  
• NMSG NATO Modelling and Simulation Group  
• SAS System Analysis and Studies Panel  
• SCI Systems Concepts and Integration Panel  

• SET Sensors and Electronics Technology Panel  

These bodies are made up of national representatives as well as generally recognised ‘world class’ scientists. They also 
provide a communication link to military users and other NATO bodies. RTO’s scientific and technological work is 
carried out by Technical Teams, created for specific activities and with a specific duration. Such Technical Teams can 
organise workshops, symposia, field trials, lecture series and training courses. An important function of these Technical 
Teams is to ensure the continuity of the expert networks.  

RTO builds upon earlier co-operation in defence research and technology as set-up under the Advisory Group for 
Aerospace Research and Development (AGARD) and the Defence Research Group (DRG). AGARD and the DRG share 
common roots in that they were both established at the initiative of Dr Theodore von Kármán, a leading aerospace 
scientist, who early on recognised the importance of scientific support for the Allied Armed Forces. RTO is capitalising 
on these common roots in order to provide the Alliance and the NATO nations with a strong scientific and technological 
basis that will guarantee a solid base for the future. 

The content of this publication has been reproduced  
directly from material supplied by RTO or the authors. 

Published April 2008 

Copyright © RTO/NATO 2008 
All Rights Reserved 

 
ISBN 978-92-837-0145-3 

Single copies of this publication or of a part of it may be made for individual use only. The approval of the RTA 
Information Management Systems Branch is required for more than one copy to be made or an extract included in 
another publication. Requests to do so should be sent to the address on the back cover. 

ii RTO-MP-SET-139 



 

RTO-MP-SET-139 ES - 1    

 

 

            Photonic Metamaterials for  
Defence and Security Applications 

(RTO-MP-SET-139) 

Executive Summary 
Metamaterials are a new class of manmade ordered composites that exhibit exceptional properties not readily 
observed in naturally-formed materials. Most research in metamaterials has dealt with their exceptional 
electromagnetic properties, and thus have led to the unveiling of many promising applications in optics  
(the science of describing the behavior and properties of light, and the interaction of light with matter)  
and photonics (the science of generating, controlling, and detecting photons). One of the main reasons 
researchers have studied metamaterials so extensively recently is the possibility of creating a structure 
having a negative index of refraction (not found in naturally occurring materials). With a negative index, 
superlenses or hyperlenses (forming images that have resolutions that beat the diffraction limit) and cloaking 
devices (surrounding an object with a shell that affects the passage of light) become possible.  

The main focus of most recent research in metamaterials has been in the Radio Frequency (RF) regime,  
but because of the implications of negative indices of refraction in the visible or Infrared (IR), it was clear 
that the military community should try to gage the state-of-the-art of this new research field at those 
shorter wavelengths. To that end, in April 2008 a Workshop on Photonic Metamaterials for Defence and 
Security Applications was held. Nine of the top researchers in the world in the area of metamaterials were 
invited to speak to over 50 attendees from government, industry, and academia.  

During the talks and Panel Discussion at the end of the workshop, numerous applications related to defence 
and security were discussed:  

• Optical, thermal, and acoustic cloaks for counter-detection and electromagnetic shielding 
applications;  

• The concentration of light for increased signal-to-noise ratios, increased speed, decreased size, 
and increased range in optical sensor systems;  

• Smaller and more efficient antennas and transmission lines in RF communications systems;  

• Superlenses or hyperlenses (for improved resolution in optical lithography and optical microscopy) 
and flat lenses (for reduced weight and cost of large optical sensor systems);  

• Reduced reflection in optical systems; and 

• Sub-wavelength focusing. 

It became clear that the topic of metamaterials for defence, especially for optical or photonic applications, 
should be further pursued in an Exploratory Team. 
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         Les méta-matériaux photoniques pour les 
applications de défense et de sécurité 

(RTO-MP-SET-139) 

Synthèse 
Les méta-matériaux sont une nouvelle catégorie de composites ordonnés artificiels présentant des propriétés 
exceptionnelles qui ne sont pas facilement observables dans les matériaux naturels. La plupart des recherches 
sur les méta-matériaux ont été consacrées à leurs exceptionnelles propriétés électromagnétiques, et ont ainsi 
conduit au lancement de nombreuses applications prometteuses en optique (la science descriptive du 
comportement et des propriétés de la lumière, et l’interaction entre la lumière et la matière) et en photonique 
(la science de la génération, du contrôle et de la détection des photons). La possibilité de créer une structure 
ayant un index négatif de réfraction (introuvable dans les matériaux naturels) est une des principales raisons 
qui a poussé les chercheurs à approfondir leurs études sur les méta-matériaux. Avec un index négatif,  
les superlentilles ou les hyperlentilles (formant des images dont la résolution va au-delà de la limite de 
diffraction) et les dispositifs de dissimulation (entourant un objet avec une coquille qui modifie le passage de 
la lumière) deviennent possibles.  

De nombreuses recherches récentes sur les méta-matériaux ont été tout particulièrement consacrées au 
régime des radiofréquences (RF). Cependant, du fait des implications des indices négatifs de réfraction 
dans le visible ou l’infrarouge (IR), il est certain que la communauté militaire doit essayer d’évaluer l’état 
de l’art dans ce nouveau domaine de recherche pour ces longueurs d’onde inférieures. A cette fin,  
un atelier sur les méta-matériaux photoniques pour la défense et la sécurité s’est tenu en avril 2008. Neuf 
des meilleurs chercheurs au monde dans le domaine des méta-matériaux ont été invités pour en parler à 
plus de 50 participants venant de l’administration, de l’industrie ou du milieu universitaire. 

De nombreuses applications relatives à la défense et à la sécurité ont été abordées au cours des présentations 
et lors de la discussion de la commission à la fin de l’atelier :  

• Des revêtements optiques, thermiques, et acoustiques pour la contre-détection et des applications 
de blindage électromagnétique ;  

• La concentration de la lumière pour des rapports signal/bruit plus importants, une vitesse plus 
élevée, une taille réduite, et une gamme plus large pour les systèmes de capteurs optiques ;  

• Des antennes et des lignes de transmission plus petites et plus efficaces pour les systèmes de 
communication RF ;  

• Des superlentilles ou des hyperlentilles (pour une résolution améliorée en lithographie optique et 
microscopie optique) et des lentilles plates (pour une réduction du poids et du coût des gros 
systèmes de capteurs optiques) ;  

• Une réduction de la réflexion dans les systèmes optiques ; et 

• Une mise au point des sous-longueurs d’onde.  

Il est apparu évident que les études sur les méta-matériaux pour la défense, en particulier les applications 
optiques ou photoniques, devraient être poursuivies plus tard par une équipe exploratoire.  
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Metamaterials are a new class of manmade ordered composites that exhibit exceptional properties not readily 
observed in naturally-formed materials. Most research in metamaterials has dealt with their exceptional 
electromagnetic properties, and thus have led to the unveiling of many promising applications in optics 
(the science of describing the behavior and properties of light, and the interaction of light with matter) 
and photonics (the science of generating, controlling, and detecting photons). One of the main reasons 
researchers have studied metamaterials so extensively recently is the possibility of creating a structure 
having a negative index of refraction (not found in naturally occurring materials). With a negative index, 
superlenses or hyperlenses (forming images that have resolutions that beat the diffraction limit) and cloaking 
devices (surrounding an object with a shell that affects the passage of light) become possible. 
The main focus of most recent research in metamaterials has been in the Radio Frequency (RF) regime, 
but because of the implications of negative indices of refraction in the visible or Infrared (IR), it was clear 
that the military community should try to gage the state-of-the-art of this new research field at those 
shorter wavelengths. To that end, in April 2008 a Workshop on Photonic Metamaterials for Defence and 
Security Applications was held. Nine of the top researchers in the world in the area of metamaterials were 
invited to speak to over 50 attendees from government, industry, and academia.
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Technical Evaluation Report 


Organizers and Chairs:  


Dr. Ekmel Ozbay 
Bilkent University 


Turkey 


Dr. David Cardimona 
Air Force Research Laboratory 


United States 


INTRODUCTION 
Metamaterials are artificial periodic structures with lattice constants that are much smaller than the 
wavelength of the incident radiation. Thus, the light field "sees" an effective homogeneous material. In these 
artificially structured media the electromagnetic response results from a macroscopic patterning or 
arrangement of two or more distinct materials. By properly designing the "artificial atoms" within a 
metamaterial, one can create materials with optical properties which have no analogue among natural 
substances, e.g., a negative index of refraction. These artificial composites can achieve material performances 
beyond the limitations of conventional, naturally-occurring, composites. Thus, metamaterials open a whole 
new chapter of photonics connected with novel concepts and potential applications. They gain their properties 
from their structure rather than directly from their composition. 


In late 2007, the Program of Work for the NATO Research Task Group SET-123/RTG-067 on 
“Nanomaterials for Sensors, Sources, and Electromagnetic Manipulation” proposed as one of its activities to 
organize a specialist meeting or a workshop on metamaterials for electromagnetic (EM) manipulation, 
specializing in “cloaking” or “stealth” applications. At the first meeting of the RTG in May 2008, a Workshop 
format was decided upon, with the overall topic to be ‘photonic metamaterials’, thus specializing in 
metamaterials for the optical regime. Chairs and Organizers were chosen to be Dr. Ekmel Ozbay of Bilkent 
University in Turkey and Dr. David Cardimona of the Air Force Research Laboratory in the US. At that time 
it was decided to propose to the SET Panel to hold the Workshop in conjunction with the SPIE Photonics 
Europe Conference in Strasbourg, France, 7-10 April 2008. With funding from NATO and EOARD (the 
European Office of Aerospace Research and Development of the US Air Force Office of Scientific Research), 
the Hilton Strasbourg Hotel was chosen as the Workshop location, since it was directly across from where 
Photonics Europe was to be held.  


THEME OF WORKSHOP 
Over the last several years there has been a surge of interest in artificial materials because of their potential to 
expand the range of EM properties in materials. Metamaterials are of particular importance in 
electromagnetism (especially optics and photonics), where they are promising for a variety of optical and 
microwave applications, such as new types of beam steerers, modulators, band-pass filters, lenses, microwave 
couplers, and antenna radomes. Microwave and optical superlenses (lenses with resolutions that exceed the 
diffraction limit) have been created, and ‘cloaking’ devices have been proposed (in fact, a cloaking structure 
has been created for microwave frequencies). 


PURPOSE AND SCOPE OF WORKSHOP 
The purpose of the proposed activity is to assemble leading experts in the field of photonic metamaterials 
(metamaterials for the optical regime, i.e., infrared, visible, and ultraviolet wavelengths) to determine the 
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state-of-the-art within this new field, including current capabilities and technological maturity, and to facilitate 
intensive information exchange and focused discussion on the possibilities to be found in metamaterials to 
address future military optical or photonic applications for NATO. 


The topics to be covered by the workshop are: (1) Metamaterials for cloaking or stealth applications in the 
optical regime, (2) Metamaterials for light concentration or enhancement, and (3) Metamaterials for other 
optical or photonic applications and devices of use in defense scenarios. 


SUMMARY OF TALKS 


1.  Vladimir Shalaev, Purdue University, USA –  
“Cloaking and transformation optics” 


Dr. Shalaev talked about plasmonic scattering for invisibility of objects that are smaller than the wavelength 
of interest [Phys. Rev. E 72, 016623 (2005)]. He then asked the pertinent question: How do we make an object 
invisible if it is larger than a wavelength? He described two techniques presently available: (i)‘stealth’ 
technology, where the radar cross-section is reduced by the presence of an absorbing paint, a non-metallic 
frame, and a shape that minimizes back-reflections; (ii) ‘chameleon-like’ technique, where a camera captures 
the scene behind an object and projects it in front of the object.  
 
He next made the interesting comment that curving space/time in general relativity (like in black holes) is 
mathematically related to cloaking with metamaterials. In discussing this “curving optical space” concept, he 
said that the spatial profile of the permittivity (ε) and permeability (μ) tensors determine the distortion of 
coordinates. He said we would like to find an ε and μ profile that would make light avoid a particular region 
of space. He mentioned that mirages are an example of this in nature (where there is a gradient in the index of 
refraction, n, due to a temperature gradient in the air).  
 
A metamaterial composed of split-ring resonators (SRRs) is one possibility he talked about. However, there is 
an intrinsic limit to scaling SRR sizes, there are high losses in resonant structures (you would loose light in the 
cloaking device), and there is a low magnetic response in the optical regime.  
 
In Cai, et al., Nature Photonics 1, 224 (2007), it is mentioned that if you have μ = 1, then no magnetic 
response is required. Also, they said that if εθ > 1 (e.g., glass), and εr changes from 0 to 1 radially, a cloak 
could be designed for any part of the spectrum (although, not every wavelength simultaneously). 
 
Dr. Shalaev mentioned that in Cai, et al., Appl. Phys. Lett. 91 (2008), it is mentioned that using a nonlinear 
transformation might avoid scattering losses. He said that “loss might be the ultimate limiting issue” in 
metamaterials used for cloaking.  
 
He also mentioned the need/desire for the following items: (i) A less complicated fabrication process, (ii) 
better loss features, (iii) tunability of the structure (so many wavelengths will experience the ‘cloaking’), and 
(iv) broadening the bandwidth of the response (closely related to the tunability issue, only for simultaneous 
operation).  
 
Finally, Dr. Shalaev mentioned that another possible application for this ‘cloaking’ technology is ‘shielding’ – 
where the light source inside does not leak out. 
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2.  Stefan Maier, Imperial College, UK –  
“Tailoring electromagnetic field localization with plasmonics” 


Dr. Maier talked about plasmonics (which he considered a relatively mature technology) and metamaterials 
(which he called an emerging technology) in surface-enhanced spectroscopy for use in the optical detection of 
explosives and bio-agents.  


Metamaterials for surface field concentration has been described in Science 305, 847 (2004), Nature 
Photonics 2, 145 (2008), and Materials Today 11, 15 (2008). He mentioned that the biggest challenge in this 
emerging technology is increasing the bandwidth of operation.  


He described plasmonic metamaterials having conducting surfaces with sub-wavelength structures (like holes, 
dimples, etc.) that support EM waves that mimic surface plasmon polaritons (called “spoof” plasmons). The 
wavelengths of interest in this particular field are of the order of 300 μm.  This topic was discussed by Pendry, 
et al., Science 305, 847 (2004), and connected to Drude plasmas.  


He next talked about waveguides and how to create a narrow-band defect waveguide for concentrating and 
propagating light. He described how it was very important to optimize the in- and out-coupling, which has 
been discussed in Nature Photonics 2, 145 (2008). He said that sub-wavelength confinement can be obtained 
by filling in the holes with Si. This works with plane waveguides as well as wires for cylindrical waveguides. 
He thought this might also be a way to superfocus a probe field.  


Finally, Dr. Maier talked about ring or disk nanogaps for resonance tuning of the surface enhancement, and he 
wondered about plasmon hybridization, and whether that might enhance fields to a greater extent than 
metamaterials. 


3. Shanhui Fan, Stanford University, USA –  
“Explorations of metamaterials and plasmonics” 


Dr. Fan talked about new EM effects with sub-wavelength states (broadband nano-manipulation of light, high-
index and non-Maxwellian metamaterials, and one-way EM waveguides). He described how optical and 
electrical components have been getting smaller and smaller (from 10 μm single-mode fibers to 1 μm Silicon-
on-Insulator waveguides to transistors that are less than 100 nm). He imagined that the field of plasmonics 
bridges the gap between conventional optics and nano-optoelectronics. But, the limiting factor of surface 
plasmon polaritons (SPPs) is that they exist only in the vicinity of the plasma frequency of the material they 
appear within.  


He described his work in broadband plasmonic slot waveguides (good from 1-10 μm) [Opt. Lett. 30, 3359 
(2005) and J. Lightwave Tech. 25, 2511 (2007)]. Then he described his work using these slot waveguides 
applied to input coupling waveguides [Opt. Express 15, 1211 (2007)], bends and splitters [Appl. Phys. Lett. 
87, 131102 (2005)], and dense packing [Opt. Express 16, 2129 (2008)].  


Dr. Fan then discussed high-index metamaterials [Phys. Rev. Lett. 94, 197401 (2005), and J. Phys. B 19, 
076208 (2007)] for broadband slow light and solar cells. He said that, in general, when one has a large 
dielectric constant (ε), one usually gets a small permeability (μ), so that the resulting index of refraction isn’t 
too large. He noted that ε can be controlled by the top and bottom of the structures in a metamaterial, and μ 
can be controlled by the sides. So, if you keep the top and bottom, and remove the sides, you should be able to 
keep the large dipole for large ε while removing the diamagnetic response for large μ. He described how one 
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can approach broadband high index materials by moving from a cube to plates to slit arrays.  


For his next topic, Dr. Fan moved to the realm of non-Maxwellian metamaterials, formed by interlocking 3D 
metallic structures [Phys. Rev. B 76, 113101 (2007)]. Here he talked about an effective field with large 
numbers of components. He described structures which may allow the probing of physics that is usually not 
associated with the Maxwell equations.  


Finally, Dr. Fan talked about his work in plasmonics for one-way EM waveguides. He noted that the presence 
of disorder in a typical dielectric waveguide induces radiation and back-reflection losses. Photonic bandgap 
materials (photonic crystals) surrounding the lossy waveguide should be able to eliminate radiation loss by 
eliminating all radiation modes within the bandgap. However, for each forward mode, there is a backward 
mode, so this sort of material cannot eliminate back reflections. He described how one might put a photonic 
crystal on top of a metal, and use non-reciprocal surface plasmon waves, coupled with the photonic bandgap 
effects to eliminate both the radiation and backward propagation modes [Phys. Rev. Lett. 100, 023902 
(2008)]. This should result in complete transmission independent of any scattering particles in the waveguide.  


4.  Maria Kafesaki IESL-FORTH and University of Crete, Greece –  
“Status of left-handed and negative index materials for applications” 


Talking for Dr. C. M. Soukoulis (Iowa State University and FORTH) who could not make it, Dr. Kafesaki 
described the status of left-handed and negative index materials [Science 315, 47 (2007)] for zero reflection, 
perfect focusing and flat lenses. She mentioned that left-hand materials (LHMs) have lattice periods much 
greater than the wavelength of interest, while photonic bandgap (PBG) materials have lattice periods of the 
order of the wavelength of interest. Her vision of possible applications include: near-field optical microscopy 
and nanolithography, wireless and optical communications with RF sensing, and antenna and microwave 
device miniaturization. However, we need breakthroughs and new concepts in materials processing at the 
nanoscale for n < 0 in the THz (terahertz) and optical regime. She noted that the number of publications on 
LHMs has exploded from around 20 in 1999 to over 450 in 2006.  
 
Dr. Kafesaki described how the use of multilayer processing (with a “fishnet’ design, for example) can be 
used to fabricate metamaterials that give both negative ε and μ, as well as negative n. She described how the 
“2-cut split-ring resonator” was transformed into the “fishnet” structure [Opt. Lett. 31 1800 (2006), Opt. Lett. 
31, 3620 (2006), Science 312, 5775 (2006), Opt. Lett. 32, 53 (2007)] that shows much promise for low-loss 
negative index materials.  
 
The applications she envisions include: optical switching, zero reflectance (as an anti-reflection coating), 
modulators (phase, electro-optic, etc.), zero index of refraction, optical isolators, magnetic levitation, and the 
miniaturization of RF devices. She said that a key idea is the direct control of the magnetic component of EM 
waves to get magnetic effects at THz and optical frequencies. She described optical switching using nonlinear 
photonic metamaterials; zero reflection for any incident angle using a metamaterial with an index of 
approximately -1 when surrounded by air (n = 1); electro-optic modulators using layers of the ‘fishnet’ 
structure; zero-index materials for beam collimation, beam steering, and beam concentration; optical isolators 
(transmitting light in only one direction) using optical activity and optical chirality of thin-film metamaterials 
(using bilayered metamaterials consisting of pairs of mutually twisted planar metal patterns rather than using 
the Faraday effect with bulky permanent magnets that are required now).  
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5.  Nader Engheta, University of Pennsylvania, USA –  
“Metaplasmonic materials, nanocircuits with light, and wireless elements at nanoscales” 


Dr. Engheta talked about metaplasmonic materials, and how to get ε-near-zero (ENZ) and μ-near-zero (MNZ) 
materials. He also talked about using such materials to squeeze waves through narrow channels and bends 
(called ‘supercoupling’) [Phys. Rev. Lett. 97, 157403 (2006), Phys. Rev. B 76, 245109 (2007), Phys. Rev. 
Lett. 100, 033903 and 245109 (2008)]. He described some experimental verifications of this in Appl. Phys. 
Lett. 91, 234109 (2007), Phys. Rev. Lett. 100, 023903 (2008), and Phys. Rev. Lett. 100, 033903 and 245109 
(2008). When ε  0, then n  0. This implies that the group velocity becomes large, and thus the phase 
becomes quite uniform. One problem to be overcome is the impedance mis-match between the n = 1 material 
and the n ~ 0 material [Phys. Rev. Lett. 97, 157403 (2006)]. He said that as the cross-section of the narrow 
channel becomes very small, the reflection goes to zero (when this narrow channel is composed of an ENZ 
material). In this channel that connects two waveguides, the electric field becomes very large. Experimental 
verification of the above was accomplished in the microwave regime. Optical waveguides are more complex 
and more difficult – and resemble the enhanced transmission through holes phenomenon, even though the 
channels can be very long.  
 
He next introduced his concept of circuits with light at nanoscales, or optical lumped circuit elements – which 
he calls ‘metactronics’ (‘meta-nanocircuits’, metamaterial-inspired nanoelectronics) [Phys. Rev. Lett. 95, 
095504 (2005), J. Opt. Soc. Am. B 23 (2006), J. Appl. Phys. 0703600 (2007), and Science 317 (2007)]. He 
showed how to get capacitors, inductors, and resistors using nanoparticles with Re(ε) > 0, < 0, and Im(ε) not 
equal to 0, respectively. He said that SiO2 nanoparticles can behave like capacitors and Ag nanoparticles can 
behave like inductors. A SiO2 nanoparticle surrounded by a coating of Ag can behave like an LC circuit. 
Using these concepts, he described his ideas concerning nanoparticle arrays as optical nanoantennas [Phys. 
Rev. B 76, 245403 (2007)], using Ag-coated SiO2 nanoparticles. He noted that an RF antenna can be tuned by 
connecting a wire antenna to an LC circuit. He compared that to the above ideas of LC circuits using 
nanoparticles. His concept for a nano-optics antenna is to connect a silver nanowire to the LC-equivalent in 
nanoparticles (e.g., silver nanoparticles separated by dielectric nanoparticles).  
 
Finally, Dr. Engheta talked about his ideas in cloaking, based on scattering cancellation [IEEE Trans. Ant. 
Propag. 51 (2003), Phys. Rev. E 72, 016623 (2005), Opt. Express 15, 3318 (2007), Phys. Rev. E 75, 036603 
(2007), Opt. Express 15, 7578 (2007), and Phys. Rev. Lett. 100, 113901 (2008)]. He described the possibility 
of getting multi-wavelength cloaking using a multi-layered structure.  
 


6.  Sergei Tretyakov, Helsinki University of Technology, Finland –  
“Various approaches to cloaking using metamaterials in the microwave and optical 
domains” 


Dr. Tretyakov defined “cloaking” as a device that minimizes the total scattering cross section of an object for 
arbitrary illumination, and “stealth” as a technology that minimizes the backscattering cross section of an 
object for arbitrary illumination. A general cloak will hide an arbitrary object (arbitrary to some extent). 
Sometimes specific objects (having specific ε) can be made “hardly visible” by some techniques (like layering 
around the object another material that has an ε that will cause a cancellation of scattering from the object).  
 
He described the Pendry-Schurig-Smith cloak [Science 312, 1780 (2006)] as a spatial transformation that 
makes “a hole in space” so that the region within the cloak “does not exist” as far as the light is concerned. He 
noted that the first step towards realization of this sort of cloak was built by researchers at Duke University 
using copper rings patterned onto fiberglass sheets perpendicular to the radial direction surrounding the object 
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to be cloaked, and worked for a particular polarization of an incident RF field. He noted that Cai, et al. 
[Nature Photonics, April (2007)] described a cloak in which metal wires are aligned radially around the object 
to be cloaked, and works for the other polarization of an incident RF field. Then, Asghar at Helsinki 
University of Technology combined these two ideas (perpendicular rings connected to radial wires) to 
produce a cloak that works for both polarizations. One problem for realizing this sort of cloak in the visible is 
to fabricate electrically small but resonant nano-sized spiral metal particles. Another interesting fact he 
pointed out is that if you put an antenna inside one of these cloaks, it won’t radiate out (radiation can’t get in, 
or out). 
 
Dr. Tretyakov then introduced his new concept of a transmission-line mesh cloak, which is composed of an 
area filled with a conducting mesh. He said that with this sort of mesh cloak, if you put an antenna within the 
open areas of the mesh, it will radiate out, but will not be seen. To create a cylindrical cloak, you could put 
perfectly electrically conducting (PEC) rods in the cylindrical axis direction [IEEE Trans. Antennas 
Propagation 56, 416 (2008)]. He showed that an application of this mesh cloak is to create an ‘invisible’ 
nonreflecting lens. He suggested that a possible realization in the visible is to fabricate nano-transmission 
lines formed by arrays of metal and dielectric nanoparticles.  
 
One of Dr. Tretyakov’s conclusions was that fundamental limitations (mainly dispersion) will probably not 
allow “perfect” cloaking in practice. 
 


7.  Sir John Pendry, Imperial College, UK –  
“Metamaterials open new horizons in electromagnetism” 


Sir John Pendry was the Keynote Speaker for this Workshop, as he was the first (in collaboration with 
Professor David Smith of the University of California, San Diego, now at Duke University) to create a 
metamaterial structure that had a negative index of refraction. He began his talk by describing his recent work 
on “extremely dark materials” for stealth applications. The material was a low-density nanotube array that 
absorbs visible light, and has an effective index of refraction of 1.026 and a reflectance of 0.02% (where the 
NIST standard for ‘dark’ materials presently stands at 1.4% reflectance).  
 
He next compared the “transformational optics” [J. Mod. Opt. 43, 773 (1996)] that describes negative index 
materials to Einstein’s General Theory of Relativity, relating the gravitational matrix of relativity to the index 
of refraction in optics. He noted that for EM invisibility, a region of space needs to be surrounded by a 
negative index material. Then, transformational optics would compress the trajectories of all incident rays so 
that they avoid the central region and remain confined to the negative index region. He referred to a cloaking 
concept of Shalaev’s in Nature Photonics 1, 224 (2007), that was composed of metallic wires oriented along 
radii that provided the necessary graded refractive index for RF radiation (see Dr. Shalaev’s talk summary 
above).  
 
Dr. Pendry next described several applications of engineered permittivities: a magnifying hyperlens, a 
“perfect” corner reflector, an open cavity in a photonic crystal, stopping different frequency components of a 
guided wave packet in a waveguide, and sub-wavelength focusing. Using concentric rings (or cylinders in 2D 
or spheres in 3D) of alternating Ag (ε < 0) and SiO2 (ε > 0) [Opt. Express 14, 8247 (2006)], one can create a 
magnifying optical hyperlens. The Zhang Group at the University of California, Berkeley has experimentally 
projected a line-pair object in the near-field with a width of 35 nm and a spacing of 200 nm to a 2x magnified 
image in the far-field, where the diffraction limit was 260 nm. Under certain incident-light conditions, the 
direction of each incident wave vector can be reversed in a negative-index corner reflector. A combination of 
air and photonic crystals with effective refractive index equal to -1, can have a net index < 1 and can form an 







Technical Evaluation Report 


RTO-MP-SET-139 T - 7 


 


 


open optical cavity. In a tapered left-handed waveguide (with both ε and μ < 0) the different frequency 
components of an incident guided wave packet can be stopped without being reflected [Nature 450, 397 
(2007)]. Surface plasmons (electron density waves) result from a negative ε, have an electrical character, and 
are dispersive.  Sub-wavelength focusing requires two magneto-electric surface modes that are not dispersive. 
Loss is a big problem in plasmonic applications. Many plasmonic applications require resonances with high 
quality factors, or surface plasmons that propagate over large distances. Silver (with the best defined plasmon) 
has dominated the plasmonics field. However, an order of magnitude decrease in losses is required for most 
useful applications. He said that we should “talk to materials people and persuade them to seek better 
materials.”  
 
Finally, Sir Pendry talked about Mark Stockman’s Theorem on loss in negative index of refraction materials. 
Stockman argued that his theory necessarily implies some loss whenever μ or ε are < 0. Pendry claimed that it 
should be physically possible to concentrate all the loss in a delta function at the resonant frequency, leaving 
all other frequencies free of loss. Thus, he says, “Stockman’s Theorem places no meaningful bounds on loss 
in the presence of negative refraction.” Sir Pendry concluded that losses are, indeed, an issue, but certainly 
NOT an insurmountable one. New  materials, possibly alloys, will be needed.  
 


8.  Didier Lippens, Universite des Sciences et Technologies de Lille, France –  
“Cloaking via Mie resonances (EM wave control)” 


Dr. Lippens listed several new functionalities possible with negative index materials: smart mirrors, balanced 
phase-shifters (for backward or forward wave propagation), superlens/hyperlens (for focusing below the 
diffraction limit in the near/far fields), and transparency cloaks. He mentioned that in the Drude model, if the 
incoming light frequency is less than the plasma frequency, then you can have ε < 0, whereas for frequencies 
greater than the plasma frequency, you have ε > 0. He briefly described single split-ring resonators (SRRs) 
and double SRRs (both concentric and parallel to each other), as well as Ω-shaped rings, as elements in 
metamaterials for affecting the magnetic properties. He made the important observation that “engineering the 
index is NOT the whole story, but one must match impedances.”  
 
Dr. Lippens described some work on tunability of the resulting resonance phenomena using liquid crystals. He 
also described the design of an EM cloak using Mie resonances [Opt. Exp. (2008)], with both a layer-by-layer 
homogeneous model and a BST microstructure model.  
 
Finally, Dr. Lippens talked about negative index materials with photonic crystal (PhC) technology (he showed 
experimental demonstrations of a flat lens using a PhC). He described a possible cloak using PhCs, in which 
light is directed around an interior region [Appl. Opt. 47, 1358 (2008)].  
 


9.  Ekmel Ozbay, Bilkent University, Turkey –  
“Negative refraction and subwavelength focusing using metamaterials” 


Dr. Ozbay talked about negative index materials in the GHz (gigahertz) regime. His group is attempting to 
achieve negative refraction and subwavelength imaging using photonic crystals (PhCs); they are looking at 
composite metamaterials with true left-handed transmission, negative refraction, and subwavelength focusing; 
and they are investigating planar metamaterials, fishnet structures, and miniaturized metamaterials and 
antennas.  
 
In PhCs, the negative index range seems to occur just below the bandgap. Negative index, and superlensing, 
has been observed in the GHz regime. His group has been able to get both ε and μ negative around 4 GHz, for 
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composite metamaterials composed of alternating layers of SRRs and wires. They found that the negative 
refractive index values obtained from refraction and phase shift experiments were in good agreement [Appl. 
Phys. Lett. 86, 124102 (2005)]. They also found that there is an optimum thickness of the composite 
metamaterial when used as a flat lens for both transmission and sub-wavelength resolution.  
 
When working with a fishnet structure, Dr. Ozbay found that the structure operates well for both TE and TM 
polarizations, in fact for any arbitrary linear polarization, due to its symmetric geometry. He also found that a 
transmission band appeared where both wire-pair-only and a slab-pair-only arrays do NOT transmit EM 
waves. His group has also investigated various cutwire/wire bilayer structures, multi-SRRs, and spiral 
resonators as metamaterials.  
 
Finally, Dr. Ozbay described some security applications of metamaterials: 


Detectors (better coupling, higher efficiency, wavelength selectivity, improved noise performance, UV, 
IR, THz) 


Counter-detection (cloaking, reduced thermal emission, thermal signature modification) 
Sensors (THz metamaterials, plasmonic metamaterials, enhanced nonlinearities) 
Imaging for Security (THz metamaterials) 
Smart RF Systems (small electrical antennas, metamaterial transmission lines, perfect absorbers) 
 


THE PANEL DISCUSSION 


At the end of the Workshop, a discussion was led among the speakers and participants. The following 
questions and comments were made: 


Will cloaking work for a range of wavelengths? Will it work with losses included? Can any material be put 
inside a cloak? “Possibly” was the answer to each of these questions. 


An ‘easier’ application of the cloaking technology might be EM Shielding. 


Tunability might be possible using liquid crystals, and their voltage-tunable properties. 


This is an excellent time to fund materials development! 


Power consumption is very important. 


Cloaking is possible! Broadband cloaking is NOT impossible! 


Optical Transformations will change the parameters of optics! 


There has been great progress in dispersion control in optical fibers. Metamaterials should take advantage of 
this progress. 


Thermal and acoustic cloaks follow the same transformations as the optical cloaks talked about in this 
workshop. In the near-field scale, metamaterials can affect thermal transport properties, and thermal science in 
general. 


When one concentrates light into the deep sub-wavelength regime: 
- one can increase the signal-to-noise ratio 
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- one can increase speed, decrease physical size, and increase optical signal in optical components 
for information processing 


- in plasmonic structures, once a device is designed, large-scale production should not be a problem 
 
There could be great opportunities in the time domain, not just the spatial domain. 


Metamaterials might lead to new approaches to amplification! 


In the RF regime, lots of work is being done in antennas and transmission lines. Metamaterials have already 
been shown to have applications here, and this regime serves as a testbed for ideas in the optical regime. 


Application to antennas is to make them smaller and more efficient. If you use the antenna as a filter, then you 
WANT it to be narrowband (natural for resonant metamaterials). 


Tunability is of use in the RF, as well. 


Direct Voltage or Optical or Mechanical control of metamaterial devices would be desirable. 


In the THz regime, high-power sources and good detectors do not yet really exist. Can metamaterials help 
here?  


In the THz regime, some semiconductors have εreal < 0, but εimaginary is NOT small (i.e., loss is not small).  


Any applications in metamaterials related to energy? 
- battery efficiency can be improved using plasmonics 
- should be able to engineer loss, improve efficiency, and utilize the near-field concentration effect 


to modify solar cells 
 
How about ‘active’ metamaterials? 


- maybe the chameleon effect (for camouflage). 
 


RECURRING THEMES THROUGHOUT THE WORKSHOP 


- “curving optical space” by designing a material’s permittivity and permeability 
 


- losses in the designed metamaterials: might be the ultimate limiting issue 
o perhaps using a nonlinear transformation would eliminate some losses 
o perhaps surrounding a lossy metamaterial with a photonic bandgap material will be a way to 


stop losses (in waveguides, at least) 
o perhaps new structure designs (such as the ‘fishnet’ structure) will reduce losses 


 
- the ‘resonant’ character of most metamaterials – thus not allowing the desired response to occur for a 


broad spectrum of incident light 
o perhaps varying the permittivity radially around an object (either continuously, or in a multi-


layered structure) might allow the object to be cloaked in many wavelengths 
o perhaps broadband high-index metamaterials will be a solution 
o perhaps liquid crystals might be able to tune resonances 
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- Rather than ‘cloaking’ an object, how about the opposite: ‘shielding’ an object, i.e., keeping radiation 
confined within a region of space 


 
- Plasmonics coupled with metamaterials – meta-plasmonic materials or plasmonic metamaterials 


 


CONCLUSIONS 


During this Workshop, numerous applications related to defense and security were discussed, as were 
numerous areas that required further research. The possibilities of optical, thermal, and acoustic cloaks were 
discussed for counter-detection and electromagnetic shielding applications. Such cloaks could provide 
invisibility, or merely stealth, capabilities. But they could also reduce acoustic or thermal emissions, modify 
thermal signatures, and change thermal transport properties. The concentration of light using metamaterials 
may produce optical or RF signal amplification, and may result in increased signal-to-noise ratios, increased 
speed, decreased size, and increased range in optical sensor systems. Metamaterials have been studied quite 
extensively in the RF regime, where smaller and more efficient antennas and transmission lines have been 
investigated, and miniaturization of RF devices becomes possible. Negative index materials could lead to 
reduced reflection (for antireflection coatings) and subwavelength focusing in optical systems, superlenses or 
hyperlenses (with resolutions that exceed the diffraction limit in the near field or far field, respectively, useful 
in optical lithography and optical microscopy – there was even talk of a magnifying hyperlens), and flat lenses 
(for reduced weight and cost of large optical imaging systems). Such materials also show promise for 
improved optical components such as: switches, modulators, isolators, perfect reflectors, smart mirrors, and 
balanced phase-shifters. They also show promise for improved optical beam steering, beam collimation, and 
beam concentration. Meta-plasmonic materials (or plasmonic metamaterials) produce surface-enhanced 
spectroscopy, for improved optical detection of explosives and bio-agents. Metamaterials can be used to 
improve optical waveguides (coupling efficiencies, transmission, etc.), and may even be of use in THz 
imaging. Finally, there was mention of metamaterials and plasmonic metamaterials being used to improve 
battery efficiencies and improve the efficiency and absorption of solar cells. 
 
Metamaterials seem to be on the brink of great breakthroughs, and show promise in many diverse areas. 
 


RECOMMENDATION 


Recommend topic of metamaterials, especially for optical or photonic applications, be further pursued in an 
Exploratory Team.  
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