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Electromagnetic properties v.s. characteristic sizes
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Optical cloaking/invisibility

Designing space for light with
transformation optics
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Spatial profile of = & u tensors determines the distortion of
coordinate

Seeking for profile of ¢ & p to make light avoid particular region in
space — optical cloaking
Pendry et al., Science, 2006



Introduction ,

A Fhotonic Crystal 1s a structure that has a penodic physical structure with a
typical length scale on the order a wavelength

Fenodicity leads to modified light propagation, reflection and diffraction

A Fhotonic Band Gap (PBG) matenal is a photonic crystal (1D, 2D or 3D) that has
a sufficiently large index contrast to completely prevent propagation of light within
a specific frequency range (band), leading to a gap in the dispersion relation

Applications:

- reflectors based on non-metallic matenals (Bragg reflectors)
- strongly confined waveguides

- dispersion control (e.g. photonic bandgap fiber)

- laser cavities (1D, 2D or 3D)

- 3ingle photon emission



Photonic crystals

Angle dependence can be modified by structunng in multiple directions:
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Agure 1 Iimple examples of one- two- ond three-dimensiongl phaotonlc
crystals, The dilferent colors represent materials with diferent dielectnic
constonta. The defining feature of a phatonle crystal is the periodicity of
diglectrie material along ane ar mare oxes

Easy to see: at normal incidence to any main axis, ight undergoes penodic
reflections = long range propagation not possible at certain angles

For high contrast: large gaps, angle requirement not so stnngent: propagation
forbidden in large overlapping angle ranges: complete 30 bandgap



Photonic Crystals- Semiconductors of Light

Semiconductors Photonic Crystals
Periodic array of atoms Periodic variation of dielectric
constant
T @
Atomic length scales Length scale ~ A
Natural structures Artificial structures
Control electron flow Control EM wave propagation

1950°s electronic revolution New frontier in modern optics



“If only were possible to make materials in which electromagnetically waves cannot
propagate at certain frequencies, all kinds of almost-magical things would happen”

Sir John Maddox, Nature (1990)



Photonic Crystals History

1987: Prediction of photonic crystals

S. John, Phys. Rev. Lett. 58,2486 (1987), “Strong localization of photons
in certain dielectric superlattices”

E. Yablonovitch, Phys. Rev. Lett. 58 2059 (1987), “Inhibited spontaneous
emission in solid state physics and electronics”

1990: Computational demonstration of photonic crystal

K. M. Ho, C. T Chan, and C. M. Soukoulis, Phys. Rev. Lett. 65, 3152 (1990)

1991: Experimental demonstration of microwave photonic crystals

E. Yablonovitch, T. J. Mitter, K. M. Leung, Phys. Rev. Lett. 67, 2295 (1991)

1995: ”"Large” scale 2D photonic crystals in Visible
U. Gruning, V. Lehman, C.M. Englehardt, Appl. Phys. Lett. 66 (1995)

1998: "Small” scale photonic crystals in near Visible;, “Large” scale
inverted opals

1999: First photonic crystal based optical devices (lasers, waveguides)



Single interface reflection o

ight incident on layers with index mismatch = reflected wave (few percent)

n+iK, —n, Ik,

m +IK + N, +1K,
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Mote: exchange of 1 and 2 results
in same denominator but opposite
l numerator = w phase difference

lfny=1,n; =2 numerator ~ -1
sparse to dense = = phase change

5 lfny=2,n;="1, numerator ~ 1 (real)
dense to sparse = ~0 phase change



Double interface reflection

Light incident on two interfaces  (thin layer with index higher than surroundings)

Reflection at first interface: n phase change second interface: 0 phase change

= If total total Ag in layeris 180deg we obtain constructive reflective interference
Requirement for high reflectance:
thickness AJ/4n

\ (optical thickness 1/4 wave)



Double interface reflection

Reflection from 2™ interface: zero phase change; 3 interface: = phase change

= If total phase change in interlayer i1s 180deq : 2 and 3 interfere constructively

Requirement for high reflectance:
thickness of low index interlayer
also xJ4n

I (optical thickness 1/4 wave)



A
Reflection from many inferfaces '

light incident on sernes of interfaces all spaced A/2n apart
— reflected wave ~100%; no propagation in stack possible = 10 bandgap

s ol f—

I aAn 7

Mote: requirement of 0.25 wave distance
makes this approach angle dependent:

CQuestion: what is the phase change
per unit cell under this condition?



Contrast dependent band gap

Magnitude of the bandgap depends on index contrast
Mo contrast, no reflections, no gap

Weak contrast, reflected beam only enhanced if many interfaces contnbute
with exactly the comect phase: highly frequency selective: small gap
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Patterned membrane

Light propagation at center of bandgap: ‘external reflection’ due to destructive
interference inside penodic lattce = guiding in “hne defect’ possible
Mote: vertical confinement achieved here by conventional index guiding
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Natural Photonic Crystals:
Structural Colors through Photonic Crystals

Periodic structure - striking color effect even in the absence of pigments



Artificial Photonic Crystals

Requirement: overlapping of frequency gaps along different directions

" High ratio of dielectric indices
= Same average optical path in different media
= Dielectric networks should be connected

Woodile structure Inverted Opals

S. Lin et al., Nature J. Wijnhoven & W. Vos, Science (1998)
(1998)



Photonic Crystals: Opportunities

Photonic Crystals
complex dielectric environment that controls the flow of radiation
designer vacuum for the emission and absorption of radiation

Passive devices
dielectric mirrors for antennas
micro-resonators and waveguides

Active devices
low-threshold nonlinear devices
microlasers and amplifiers
efficient thermal sources of light

Integrated optics
controlled miniaturisation
pulse sculpturing




Super-lens and Super-prism effects
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Three-Dimensional Invisibility Cloak
at Optical Wavelengths

Tolga Ergin,“**t Nicolas Stenger,™** Patrice Brenner,” John B. Pendry,” Martin Wegener™**

We have designed and realized a three-dimensional invisibility-cloaking structure operating at
optical wavelengths based on fransformation optics. Our blueprint uses a woodpile photonic
crystal with a tailored polymer filling fraction to hide a bump in a gold reflector. We fabricated
structures and controls by direct laser writing and characterized them by simultaneous
high—numerical-aperture, far-field optical microscopy and spectroscopy. A cloaking operation with
a large bandwidth of unpolarized light from 1.4 to 2.7 micrometers in wavelength is demonstrated
for viewing angles up to 60°.

Wavelength (um)
Wawvelangth (um)

¥ position z % position
Fig. 3. Optical characterization of the 3D structures (see Fig. 2) with unpolarized light in bright-field
mode. The image intensity & shown on a falsecolor scale. The horizontal axis is a cut through the
middle of the structure along the x direction (compare to Fig. 1A) the vertical axis is wavelength. (A) A

bump without a cloak. The bump is immediately visible. (B) Result for a bump with a doak that
approaches the expectation for an ideal cloak (constant intensity).

Fig. 2. Target refractive index (1) dis-
tributions (top) and oblique-view electron
micrographs of fabricated structures after
FIE miling (bottom). (A) A bump without
a cloak. (B) & bump with a cloak. Note
that the obligue view in the electron
micrographs compresses the y direction.

Science 328, 327 (2010)



insight review articles

Photonic structures in biology

Pete Vukusic and J. Roy Sambles : ‘f E'i. YT

i Ta T - - il c
Thin Film Photonics, School of Physics, Exeter University, Exeter EX4 401, UK (e-madl: PVukusic Sex.ac. uk) Fiqure 7 Anti-reflective nipple arays. &, The anti-reflactive nipple amays on
o e e R ottt s ofaeiopleran e appcarenlica 1 bosefoure i onlhe
Millions of years before we began to manipulate the flow of light using synthetic structures, biological transparent wings of certain hawkmoths. This image shows a transparent wing

s¥stems were using nanometre-scale architectures to produce striking optical effects. An astonishing variety  Seclionwithamippie aray on both Surfaces. The inset mage shows (e magniied
of natural photonic structures exists: a species of Brittlestar uses photonic elements composed of calcite to”  Polieofasngienipie. Bars,a, 1 D, T inset, 100 .

collect light, Morphe butterflies use multiple layers of cuticle and air to produce their striking blue colour and

some insects use arrays of elements, known as nipple arrays, to reduce reflectivity in their compound eyes.

Natural photonic structures are providing inspiration for technological applications.

Figure 3 ndescence in the butterfly Moo metenor. a, Real colour image of the blue
iridescence from a M. sheternorwing. b, Transmission electron micrograph (TEM) images
showing wing-scale cross-sections of M. rhetenor. ¢, TEM images of a wing-scale
cross-saction of the refated species M didis reveal its dscretely configured mulilayers,
The high ocoupancy and high ayer rumber of M. nhetenorin b creates an intense
refiectivity that contrasts with the more diffusaly coloured appearance of M. difus, in
which an averlying second fayer of scales effects strong diffracion”. Bars. a, 1 cm: b, Figure 5 Sinuctural colourin ora, a, Blue idescence fs prevalent inthe fem- e ropical
A ok s understory plants of the genus Selaginafla. b, TEM section of a juvenile Ieaf from the plant
Diplazium iomemism. [Both images reproduced with permission from D. Lee.)




Purdue university—Nanophotonics & D.R. Smith at Duke University—
Metamaterials ECE 695s

http://people.ee.duke.edu/~drsmi

http://cobweb.enc.purdue.edu/~ece695s th/pubs_smith.htm

Metamaterials. Negative
refraction.




What is a metamaterial?

Metamaterials are engineered composites tailored for specific
electromagnetic properties that are not found in nature and not

observed in the constituent materials

Leta = meta = beyond (Greek)

A natural material with its A metamaterial with artificially
atoms structured “"atoms”



Why need metamaterials?

e, w diagram:
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General properties of electromagnetic resonances

Resonance described by Lorentz line shape

Away from resonance
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Electrical metamaterials

Drude model for noble metal: negative € in nature

Drude model for permittivity: Silver parameters: ¢,=5.0
B (dl; @, = 9.216 eV
s(w)=2¢g,— : S
o(o+il') [[=0.0212 eV
50

O
T

O Re(g), experiment

Permittivity of Silver
o &
(] o

-150¢ _
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-200+ |—Re(g), Drude
Im(g), Drude
-250 ' ' '
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Wavelength (nm)

Experimental data from Johnson & Christy, PRB, 1972



Example of electrical

metamaterials: metal wires arrays
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The effective ¢ is described with modified o == Real
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Plasma frequency depends on geometry
rather than on material properties

Pendry, PRL (1996)



Magnetic metamaterials

Optical magnetic response: a missing hand of light in nature

Natural magnetic responses (Ferromagnetic /
Ferrimagnetic / Antiferromagnetic resonances) typically occur
at lower than a few GHz

There are no free magnetic monopoles; therefore no
magnetic plasma

All conventional optics (lenses, mirrors, crystals, ...)
essentially have nothing to do with magnetic fields

Magnetic coupling to an atom: ~ (i, =eh/2m,c=aea, (Bohr magneton)
Electric coupling to an atom: ~  eq,
Magnetic effect / electric effect ~a? ~(1/137)2

... the magnetic permeability g(«) ceases to have any physical meaning at relatively low

frequencies...there is certainly no meaning in using the magnetic susceptibility from

optical frequencies onwards, and in discussion of such phenomena we must put p=1."
Landau and Lifshitz, ECM, Chapter 79.




Negative permeability

Megative £ can be obtained in metals (recall Drude model, Lorentz model)
but negative (isotropic) p does not appear to occur in nature

Magnetism from Conductors and Enhanced Nonlinear Phenomena,
J. B. Pendry et. al, IEEE Transaction on microwave theory and technigues 47, 2075 (1808)

Abpracs—We shew char mderasnucores budlt from nenmag-
ot e comducting sheets exhibal an efective magoetic penmeabality
ji.r. wWhich can be tuned to valwes oot accessible im natwrally
orreirig materials, includiog large imagimary compoments of
jiod. The microstraciues 5 on 2 scals moch lese than the wave-
mﬂ o nl:l.l._i.mg. iz mat resolred by imeddemt microwaves, and

uses a very bow demsuy of metal so that streciures can be

extremely lightweight. llnw_ﬁmw
internal capacitance and mductancg. aml resesant smbancement
combdiwed with compression of elecirical energy neo a very small
volime Ireatly emhamoss the energy depsiry ar vinical Iogarions
in it strochme, easily by faciors of a milion amd pessibly
br much more, Weakly nenlinear maserials placed at these
crigical locarsoms wild show greafly embamied effects raksing the
Fll!l-'E-':-ltli"l':- af I:I:I-ill:lhl'i:rlll'lﬂg acrive caruergras whose ]:ll'll-]:lli-lllli"-
can ke smaiched at mall Betwesn mamny states.

Iwdex Terms— Effectvd permeability, nonlinsariny, plotsmic
erysials.



SRR: the first magnetic metamaterials
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Calculations of isotropic structure '

Approach: dense array of split nngs: Calculated response for copper split
nngs shows resonance at GHz
Plares st ing seusirs (10 GHz = L ~ 3 cm > lattice spacing)
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Negative-index metamaterials

Negative refractive index: A historical review

... energy can be carried forward at the

group velocity but in a direction that is

anti-parallel to the phase velocity...
Schuster, 1904

Negative refraction and backward
propagation of waves
Mandel’stam, 1945

L. I. Mandel'stam

Left-handed materials: the electrodynamics
of substances with simultaneously negative
o values of eand u

Veselago, 1968

Pendry, the one who whipped up the
recent boom of NIM researches

V. G. Veselago
Low frequency plasmonic structure (1996)

High frequency magnetic structure (1999)
Perfect lens (2000) A
Optical cloaking (2006) Sir John Pendry




Lefi-handed media (LHM). maternials with negative £ and negalive p

Victor Veselago first discussed the properties of matenals with negative £ and u -

THE ELECTRODINAMICE OF SUBSTANCES WITH SIMUETANEMIZELY ¥EGATIVE
VALUES OF ¢ AND p

V. & YESELAGD

P, H, Lebedew Fhyelop Instube, Acndemy =f Bcleoces, U A, 59.0

1. INTRODUCTION

TJ-I!E dieleciric constant € and the magnebo permes-
hility = e this fundamenial characterieris guantities
whick delermine the propegatioa of eleokiromagoekis
wares |o mallsr. This is due to the faef that tbey are
ihe only paromeiorg of the sobatnie Lhgt appear in
tha disporsich eguation
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Here n' In the square of the [ndex of refreaction of
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At = gy B
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End u &8 roal mombers, I ean b sesn [Pam 420 amd
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i hoz mo eflecl on these relofions.

Thia situaiion can
be interpreted in varlous ways. Firsd, we map admit
chat the propereias of & AebREnee 40 gefuplly not
affected by a slmolmnaces shangs of o signe of ¢
and . Secand, it might be that for ¢ and @ bo b
simultanacasly negatlve contradicts scooe Dl -
Eeida) el af nelure, aigd Eppelare np subdabmos
with ¢ 0 and u < 0 can exist. Finally, it could be
afmiited thed submtinges with megative € apd g have
some properies differesnt from those of substanccs
widly pomltive o asd @, AR wa ghEll ses in what fol-
lows, the third case s bthe one that Is reallzed. I
miuat he amphafized ihal thore kas oot #o fac been
any SKpETiment in wheth 0 subsmess With & < U o
pos 0 weld he gbheres], We osn, bowever, at cooe
give o mumbsr of argements ps to where and how oze
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afier in the s=cond part of this article we shall ¢oa-
slger quastlons Connggtod with e phyeical realizpn=
tan of subelamoes with ¢ < o amd §< 0.



Refraction in Right and Left-Handed Media

n,sing, =n sing, [ & >0 n,siné, =n,sind, | &2 = 0
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R — — H k » Inverse Snell law
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E ¢ Inverse Light pressure
k - s ...
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Experimental realization

The existence of artificial ‘atoms’ yielding u < 0 makes it possible to construct

a matenal with £<0 and u<0:

VOLUME &84, MUMBER 15 PHYSICAL REVIEW LETTEERS L MLaw 2000

Comnposite Medinm with Simultanesnsly Negartive Permeability and Pevmdrivin

OB Sowth * Wilke J. Padilla, . C. Vier, 5. C. Nemmt-Masser, and 5. Schnliz
1, IO Ciissom Dvve, La Jolls, Callfconia 92695-0510

D arr g q_:"_.l-'-'.h_-:.-.;'-_l:. (AR o .;::."'-!_‘:-..'|r.;:-n-|r.-:-. San i
(Recerwed T December 199%)
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frrms 2 “lefi-handed™ medmm, for which 1t has been prechcied that snch phenomena as the Dopples
effect, Cherenloov radinisen, and sven Spell's low are wwerted It 16 now pocuble thaongh saicrowave

expeTEnents w0 test for these effecss using thas new metamarggal
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Measuremenis and calculations

Measured magnetic resonance of Calculated dispersion curves for
2D spht nng structure nngs only, and nngs + rods
E (providing negative € for certain & )
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Calculations show that this amisotropic structure exhibits negative group velocity



Transmission expernment |

Fredictions confirmed by measurement!

=

j ’ Split nngs only:

E EM wave transmission impeded

g - at frequencies where p < 0

E

v Adding parallel wires to unit cell,

e e<0 obtained. In this case,
transmission 1s enabled in a small

5.2 - 5.3 E a.=
Freguency {(GHz)

frequency band where e<0 and u<0

FIG. 3. A maredmesand) expendnest for the case of My, The
wpper carve [solxd Ime) 1= that of the SRR amy wath |athce
paramee @ = 30 wen. By addieg wises mufesaly beraern
split nings, a passhand ocours where @ and £ are both Degatiee
idishied cunvel, The Wadssninsd poaver af e woes alome 15
coarrcident wirk tat of the ssremennl nose Boor [ 32 dBY

Mext step: demonstrate negative refraction?



Megative refraction observed

In 2001, three years after Pendry’s split nng proposal and close to 40 years

after Veselago's first paper on negative refraction:

Experimental Verification of a

Negative Index of Refraction
R. &. Shelby, D, R. 3mith, 5, Schultz

We prezent sxper imental soattermg Jaks atmiorosy sve Frequznu:-: on & shruc-
Eurid malhmaterial that edhilaine o Fraquency Baad where the &fMective indes
of refraction §v) i= negathes, The matenal consists of a tao-dimersionsl arey
of repaated wnit colls of coppar strips and split ring resonators on interlocking
shrips of starderd circurt Boped msterniel, By mesmeing the scattering angle of
the transmigted beam through a prism febricated from this meterial, we de-
torming the affectve n, approprisis to Snells law. These csparimenis direcihy
confirm the predction: of Mgewel's squetions that n is given by the negative
squiare reot of eou for the frequendes where both the permittvity () and the
parmaadi bty (i) are negatve. Coafigurations of grometrical sptical desiges are
now passible that coald net be reslized by positive index materials

W sciencernagorg  SCEMNCE VOL 252 & APRIL 20407

Expenments at microwave frequencies
Approxaimately 2D isotropic response (2 onentations of nngs)
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Refraction in negative index media (NIM)
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Three-dimensional optical metamaterial with a
negative refractive index

Jason Valentine'#, Shuang Zhang'*, Thomas Zentgraf'*, Erick Ulin-Avila', Dentcho A. Genov', Guy Barta
& Xiang Zhang'?

Figure 2 | SEM image of NIM prism and schematics of experimental setup.
a, SEM image of the fabricated 3D fishnet NIM prism. The unit cell size is
identical to that shown in Fig. la. The inset shows a magnified view with the
film layers visible in each hole. b, Geometry diagram of the angle
measurement; & corresponds to the position difference of the beam passing
through a window in the multilayer structure (n = 1) and prism sample. By
measuring 4, the absolute angle of refraction = can be obtained.

. . ) €, Experimental setup for the beam refraction measurement. The focal
Figure 1| Diagram and SEM image of fabricated fishnet structure. length of lens 1 is 50 mm and that of lens 2is f; = 40 mm. Lens 2 is placed in a

a, Diagram of the 21-layer fishnet structure with a unit cell of p = 860 nm, . .. .. ..
@ = 565 nm and b = 265 nm. b, SEM i of the 21-layer fishnet structure 2f configuration, resulting in the Fourier image at the camera position.

with the side etched, showing the cross-section. The structure consists of
alternating layers of 30 nm silver (Ag) and 50 nm magnesium fuoride
{MgF,), and the dimensions of the structure correspond to the diagram in
a. The inset shows a cross-section of the pattern taken at a 45° angle. The
sidewall angle is 43" and was found to have a minor effect on the
transmittance curve according to simulation.




Super-Resolution: Amplification of evanescent waves

el

Wawves scattered by an object have all the Fourier components k. =.|k, _;(f _,f;,f
The propagating waves are limited to: k,=.\Jk, +k <k, '
To resolve features A, we must have A =27lk, <A, A<i= k =k +k] >k, kI<0

The evanescent waves are “re-grown” in a NIM slab and fully recovered at the image plane
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Optical super- and hyper-lens

Ordinary Lens:
evanescent field lost \WWWWW

Super Lens:

evanescent field enhanced
but decays away from the lens
* LIMITED TO NEAR FIELD

* EXPONENTIALLY SENSITIVE
TO DISORDER, LOSSES,...

Hyper Lens:

evanescent field converted
to propagating waves (that do
not mix with the others)




Optical hyper-lens
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Circuits with Light at
Nanoscales: Optical Nanocircuits
Inspired by Metamaterials

Nader Engheta
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Fig. 1. Subwavelength nanoparticles as lumped nanodrcuit elements at optical frequencies, and the
collections of such nanoparticles. (A) A nanoparticle, with subwavelength size, when illuminated by a
monochromatic optical signal, can effectively play the role of a lumped optical circuit element,
depending on the permittivity of its materal (2). (B) An optical nanomodule, formed by a material
nanopartide with subwavelength size, covered on its sides by layers of material with a very low real part
of relative permittivity and on its two ends by layers of material with a very high real part of relative
permittivity. This may perform as an insulated, lumped optical nancelement with two connecting
terminals. (C) |lustration of the concept of mn-dreuits, several lumped optical nanomodules of (B),
arranged next to each other, with a subwavelength dimension. When this mn-circuit is excited by an
optical signal, the optical electric fields and displacement currents in these elements are tailored and
patterned such that this collection of particles may behave approximately as the cirasit shown on the

left in a specific frequency band.
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