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IN A SENSE, every material is a composite, even if the individual ingredients
consist of atoms and molecules. The original objective in defining a permittivity
and permeability was to present an homogeneous view of the electromagnetic
properties of a medium. Therefore, it is only a small step to replace the atoms

of the original concept with structure on a larger scale.
“Magnetism from Conductors and Enhanced Nonlinear Phenomena” (1999)
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First proposed by J. Pendry (1999)

H, =Hy—j+ 2 j<H, @ <1
a

72’(2

Hout:HO_l_?j >HO

Beff 7z'r2/a2

— =1— <
T o He 1120 (pon)




PEN) T KRB OHK LIS

@ a(t)
&l )

First proposed by J. Pendry (1999)

L|'+1j|dt=—di)
C dt

® =y HS




= HARECH D BREGE

L 4
I~
-
dnl

First proposed by J. Pendry et al. (1998)

2

— g(w) =1 Cr

— o(w+1y)

2 2

o 2 _ Ny € 27ZCO
@ i gomeﬁ ~ a%In(alr)



BIIDARITTIL
AT TYTIVIZE T B DERX
BEOREITICET I DEERERRS




¢ RUDAZITYTIL

k E
é“ #_k
SENH HIRES SRS
BRGEE OIS ENEE=

BORETEZLDT-

RIDAZIIT)TIL

@5GHz (A = 6cm)
Smith et al. (2000)




€ AT TITIICEHT ARV DHR

9

Composite Medium with Simultaneously Negative Permeability and Permittivity

D_R. Smith * Willie J. Padilla, D.C. Vier, 5. C. Nemat-Nasser, and S. Schultz

Department of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla, California 92093-0319
(Recetved 2 December 1999)
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FIG. 2. (a)Dispersion curve for the parallel polarization H) . The lines with the solid circles correspond to the split ring tors only.
The inset shows the orientation of the split ring with respect to the incident radiation. The horizontal axis is the phase advance per umit
cell, or kd. where k is the wave mumber. (b) Dispersion curve for the perpendicular polarization H | . The lines with the solid circles corre-
spond to the split ring resonators only. The inset shows the orientation of the split ring with respect to the incident radiation (c) Ex-
panded view of the dispersion curve shown in (a). The dashed line corresponds to the split ning resonators with wires placed uniformly
‘between splitrings. (d) Expanded view of the dispersion curve shown in (b). The dashed line corresponds to the split ring resonators with
wires placed uniformly between split rings. The insets to (c) and (d) show the orientations of the split rings with respect to the wires.
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FIG. 3.
upper curve (solid line) is that of the SER array with lattice
parameter ¢ = 8.0 mm By adding wires uniformly between
split rings, a passband occurs where u and ¢ are both negative
(dashed curve). The transmitted power of the wires alone is
coincident with that of the instrumental noise floor (—52 dB).
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FIG. 1. Resonance curve of an actual copper split ring teso-
nator (SRR). ¢ =08 mm d =02mm and r = 1.5 mm The
SRR has its resonance at about 4 845 GHz. and the quality factor
has been measured to be @ = fu/Afayp = 600. consistent with
numerical simulations.
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A transmission experiment for the case of H). The
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R. Merlin (PNAS 106(2009)1693.)

PNAS =proceedings of national academy of sciences of USA
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Mag netic resonance frequency (THz)

| I I I [ | | |
2000 2001 2002 2003 2004 2005 2006 2007

Year

Advances in metamaterials. The solid symbols denote n < 0; the open symbols denote pu < 0. Orange: data from structures
based on the double split-ring resonator (SRR); green: data from U-shaped SRRs; blue: data from pairs of metallic nanorods;
red: data from the “fishnet” structure. The four insets give pictures of fabricated structures in different frequency regions.

C. Soukoulis et al. , Science, Jan.5 (2007)
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Ralnbow magnetism (Opticsl Express, March 2007)

- - Table 1. Geometric parameters of the magnetic nanostrip samples
H T—-E -—?
e w, " Sample # Botlm: Width A\.'el'ag:. Width Perlj)dltlt\' Coverage % *
k | | b

L o YT A 95 50 191 0.50

Ag f I . B 118 69 218 0.54
—_— L Lo c 127 83 245 0.52

ALO, d » ' l D 143 o8 273 0.52

- | | E 164 118 300 0.55

Ag i | | F 173 127 300 0.58

|47 p 221-":"& 4.1 * Cover ratio is calculated by the ratio of bottom width w, to the periodicity p.
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Reference: Proposed isotoropic negative index
in three-dimensional optical metamaterials
Boubacar KANTE , ..., Xiang ZHANG, PRB, 041103(R) (2012)
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Dolling et al. Opt.Lett.31(2006)1800. .
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Fig. 2. (a) Measured normal-incidence transmittance (red)
. ' and reflectance (blue) spectra for the incident polarization
Fig. 1. (a) Scheme of the negative- 1ndex metamaterlal de- configuration (solid curves) depicted in Fig. 1(a); dashed

sign and polarization configuration. The sample param- Cu{vel, torghogmtlal (l;near polariza:imll- (b) Coliresmnt}‘i‘pg
eters used in Figs. 2 and 3 are given: w,=316 nm, w, 8; dashed vertical Tine, position of Belajo—1, where fho
=100 nm, =45 nm, s=30 nm, and lattice constant a,=a, FOM is ~3.

=600 nm. (b) Top-view electron micrograph of the silver-
based structure. Inset, magnified view.
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Planar Distributed Structures With

Negative Refractive Index
Atsushi Sanada, Member, IEEE, Christophe Caloz, Member, IEEE, and Tatsuo Itoh, Fellow, IEEE

Abstract—Planar distributed periodic structures of mi-
crostrip-line and stripline types, which support lefi-handed (LH)
waves are presented and their negative refractive index (NRI)
properties are shown theoretically, numerically, and experimen-
tally. The supported LH wave is fully characterized based on
the composite right/left-handed transmission-line theory and
the dispersion characteristics, refractive indexes, and Bloch
impedance are derived theoretically. In addition, formulas to
extract equivalent-circuit parameters from full-wave simulation
are given. Open (microstrip) and closed (stripline) structures with
4 5 % 5 mm® unmit cell operating at approximately 4 GHz are
designed and characterized by full-wave finite-element-method
simulations. A 20 % 6 unit-cell NRI lens structure interfaced
with two parallel-plate waveguides is designed. The focusing/re-
focusing effect of the lens is observed by both circuit theory and
full-wave simulations. Focusing in the NRI lens is also observed
experimentally in excellent azreement with circuit theory and nu-
merical predictions. This result represents the first experimental
demonstration of NRI property using a purely distributed planar

ctrimetmrn

mensional (1-D) TL implementations with practical applica-
tions such as backward-to-forward leaky-wave antennas [8]. [9].
tight/dual-band couplers [ 10]. and zeroth-order resonators [11]
using microstrip lines or coplanar waveguides (CPWs).
Two-dimensional (2-DD) TL-based metamaterials have also
been presented by extending 1-D LH TLs to 2-D TL circuit net-
works. A 2-D LH TL circuit using LC [umped-element compo-
nents has been implemented [7] and its NRI focusing property
[11. [12] has been shown experimentally by an NRI slab lens.
A purely distributed 2-I) NRI structure would be more desir-
able because it would provide flexibility in design and fabrica-
tion and scalability to any frequency. Such a distributed structure
would also be closer to real material than circuit-type lumped-
element configuration. Thus far, only a few structures of the 2-D
distributed LH TL have been proposed [13]. [14] and demon-

strated numerically, however, no experimental result showing
ATNT s 2 - W TY LTl oY i Lo

| E-AN | H -

DFERK



Fig. 2. Open hexagonal structure. (a) General view. (b) Unit cell.

ground plane
4

center
patch

caps

¥ ground plane

(a) (b)

Fig. 3. Closed (stripline) structure. (a) General view. The top ground plane is drawn transparently for easy view. (b) Unit cell.

II. PLANAR LH DISTRIBUTED STRUCTURES Although the mode guided by the structure is microscopically
hybrid, it 1s essentially compatible with the TEM mode and can

. . . - e an e . - ar - e
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¥
Fig. 4. Eguivalent circuit of the unit cell of the 2-D CRLH TL. =
since this structure 1s closed by two ground planes, it supports
a pure LH mode in the whole spectral domain. whereas the LH ———
mode of the open structure couples with the RH surface wave 0 I ibmcud J
mode in the long wavelength wave region where 7 < ;. These 4 2 8 s 4

characteristics will be shown in Section IIL
Fip. 5. Dispersion diagram of the structure. Solid line: balanced case (Lg, =

LU oH, ', = LG pF, Ly, = 1.0 nH, 'y, = 1.5 pF). Dashed line: unbalanced

Il THEORY case (Ly, = 06 oH, Ty, = 1.0 pF, Ly, = 1.0 oH, €'y, = (L0 pFL. The I',

A. Dispersion Relation A, and M represent the high symmetry points (A 0 = hya = ), (kzu =
i kg = 1), and (£ 20 = kyu = @ ), respectively in the spectral domain.

The equivalent circuit of the unit cell of the proposed 2-D

structures 1s shown in Fig. 4. The unit cell consists of a series - <,[ 1 [ E W ( E Hr.;?o '“{
ranacitanca and a chint indonctanca iT H ramnonantel ac wall ac 'Ll' = '.'-Q‘E J‘ B 7 =, T ]
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Fig. 1 Operational-amplifier-based NICs with symmetric architecture of impedance elements Z;=Z, and
Z7=Z, The sign of an impedance Z; will be reversed as —Z; by the NIC. (a) NIC1. (b) NIC2.
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Fig. 1. Real and imaginary parts of the optical dielectric function
of Ag:  =olid curves, values that we calculated using the BB model;

dashed curves, the LD model.  Also shown are the selected exper-
imental data points from Dold and Mecke & Winsemius et al 17
and Leveque et al.*®
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Fig. 2. Real and imaginary parts of the optical dielectric function
of Au:  =olid curves, values that we caleulated uzing the BB model;
dashed curves, the LD model. Also shown are selected experi-

mental data points from Dold and Mecke!® and Théye.?

1 August 1998 / Vol. 37, No. 22 / APPLIED OPTICS 5275

Rakic, Applied Optics (1998).
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of Cr:  =ohd curves, values that we calculated using the BB model;
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Pendry, "Negative Refraction Makes a Perfect Lens,”
PRL (2000).
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electrostatic limit

. o WL
conclude that with this new Iens baoth p.'opagarmg and
evanescen! waves confribute to the resolution of the
image. Therefore there is no physical obstacle to perfect
reconstruction of the image beyond practical limitations
of apertures and perfection of the lens surface. This is the
principal conclusion of this Letter.

No scheme can be of much interest if the means of
realizing it are not available. Fortunately several recent
developments make such a lens a practical possibility, at
least in some regions of the spectrum. Some time ago it
was shown that wire structures with lattice spacings of the
order of a few millimeters behave like a plasma with a
resonant frequency, wep. in the GHz region [2]. The ideal
dielectric response of a plasma is given by

w:;p

g=1—=— (24)

o=

and takes negative values for @ < w.,. More recently
we have also shown [3] that a structure containing loops
of conducting wire has properties mimicking a magnetic

plasma,
.
i

gl — —F, (25)

and, although the analogy is less perfect. it has been shown
that —wvre u has been attained in these structures [4]. Thus

and the magnetostatics claim the 5S-polarized Telds.
In the electrostatic limit,

w & cpfk2 + k2. 27)

It follows from (14) that

lim k. = lim \/i + k2 — @? r_._-,
ky HEy—= ey R

— iyk2 + K2 (28)

2

and, from (17)

lim kI + kI — epw’cy

‘—&2—":

=ik + R =k (29)

Hence in this limit we see that, for the P-polarized fields,
dependence on u is eliminated and only the dielectric func-
tion is relevant. The transmission coefficient of the slab
becomes

lim k' =

k2+ k2w ©

i, Fo g 2 2
ki | K+E—e ek, + kL kL + gk,
explik!d
s

_ 4eexplik-d)
e+ 12 = (e — 1)2exp(2ik.d)’ e

| and hence. in this limit, we need only assume
4eexplik, d)

lim lim Tp = lim

ge—— Lkl +kl—x=

to obtain focusing of a quasielectrostatic field, without
placing any conditions on g. It is interesting to note that

= —ik.d) = +4/k2 + kid 31
e—-1 (g + 1P — (e — 1P exp(2ik.d) S o 5 L &R

the higher order Fourier components of the potential are
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3B5 nm lllumination Fig. 4. An arbitrary object "MANO" was imaged by silver superlens, (A) FIB image of the object
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Fig. 1. Optical superlensing experiment. The The linewidth of the "NANO" object was 40 nm. Scale bar in (A) to (C), 2 um. (B) AFM of the
botdid whlate e bl st the’ 5O developed image on photoresist with a silver superlens. (C) AFM of the developed image on

i e 4 c f 60 photoresist when the 35-nm-thick layer of silver was replaced by PMMA spacer as a control

nrn-thildn:k clhrcrm: ‘{Igirj] - lE‘.‘t : Lk array;f 3 experiment. (D) The averaged cross section of letter "A" shows an exposed line width of B9 nm

ﬂr:z'gs_sri_iﬁ; 5il1.lernlrinlrrF|”TJ§r ::Ea:lr_la:j Pr-":ﬁ"in.;. (blue line), whereas in the control experiment, we measured a diffraction-limited full width at half-

spacer layer, The image of the abject is recorded maximum line width of 321 + 10 nm (red line).

by the photoresist on the other side of the silver

superlens.

Fang & Zhang, “Sub—Diffraction-Limited Optical
Imaging with a Silver Superlens,” Science 2005.
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Controlling Electromagnetic Fields g, = ‘L%
J. B. Pendry, et al. %u
Science 312, 1780 (20086): W=y 9”5;_9* | ekc.
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Wave impedance
Z=lu/le

Refractive index
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Metamaterial Electromagnetic Cloak at Microwave
Frequencies

D. Schurig, et al.

Science 314, 977 (2006);
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First step to real-time
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2 Surface plasmon excitation

Surface Plasmons. coherent oscillations of
electron density at metal/dielgctric interface
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HL: Halogen Lamp

P1,P2: Polarizer

LCR: Liquid Crystal Retarder
W1W2: Walk-off Prism
HP: Half-Wave Plate

SA: Sample

SU: Substrate

|e : Polarization direction
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@ Negarive Refraction

€ Metamaterials and Science on
Invisibility, Newton Lecture 2013 (J.
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€ Smart Materials (5 of 5) Invisibility
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*s Metamolecule design

Nanoantenna
Cut wire pairs
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Polarization independent visible color filter
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with surface plasmon enhanced

transmission through a subwavelength array of holes.

Appl Phys Lett 98(9):093113
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Yu, ..., Capasso,...(Harvard),
“Light Propagation with Phase Discontinuities: Generalized
Laws of Reflection and Refraction,” Science (2011).
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the two paths (blue and red) cross the boundary.
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Fig. 1 —a) Schematic of the reflection and refraction in 3D: ¥; is the angle of incidence; IJ; is the angle of ordinary refraction; 9 and @ are
the angles of out-of-plane anomalous refraction. The subscript 7 refers to angles of reflection. Inset: scanning electron microscope image of
the plasmonic antenna array used in the experiment. The angle @ describes the direction of the gradient 7. The polarization of the incident
field is indicated. b) Measured far-field intensity as a function of the angular position of the detector¥ and ¢ for an incident angle
Y, = —8.45° and @ = 90°. The inset shows the angular distribution of the intensity at a fixed ¢ = —38° (green curve) and at a fixed
Y = —30° (red curve).
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Predicting nonlinear properties of metamaterials

from the linear response

Kevin O'Brien'’

Xiaobo Yin"? and Xiang Zhang"-zﬂ*

The discovery of optical second harmonic generation in 1961
started modern nonlinear optics™3. Soon after, R. C. Miller
found empirically that the nonlinear susceptibility could be
predicted from the linear susceptibilities. This Important
relation, known as Miller's Rule**, allows a rapid determination
of nonlinear susceptibilities from linear properties. In recent
years, metamaterials, artificial materials that exhibit intriguing
linear optical properties not found in natural materials®, have
shown novel nonlinear properties such as phase-mismatch-free
nonlinear generation’, new quasi-phase matching capabili-
ties®® and large nonlinear susceptibilities® ™. However, the
understanding of nonlinear metamaterials is still in its infancy,
with no general conclusion on the relationship between linear
and nonlinear properties. The key question Is then whether
one can determine the nonlinear behaviour of these artificial
materials from their exotic linear behaviour. Here, we show
that the nonlinear oscillator model does not apply in general

, Haim 5wt:h«:n.'h".-".lci"'z'ﬂr Junsuk Rho'?, Alessandro Salandrino', Boubacar Kante,

materials at optical'®* and microwave™ frequencies. Researchers
have found that in some cases, such as the third harmonic emission
from bow-tie and double-bar nanostructures'®, Miller's rule or its
equivalent nonlinear oscillator model* fairly accurately predicts the
nonlinear susceptibilities. However, the general validity of Miller’s
rule in optical metamaterials for arbitrary nonlinear processes, and
specifically for second-order susceptibilities, is not known. Here we
show experimentally that Miller’s rule fails to describe the second-
order susceptibility of metamaterials and predicts an incorrect opti-
mum geometry for generating the highest second-order nonlinear-
ity. We however demonstrate the optimal geometry can be correctly
predicted with a more general nonlinear scattering theory. This
general principle describes not only second-order but also higher-
order nonlinear optical responses of plasmonic nanostructures over
a broad wavelength range. The predictive capability of nonlinear
scattering theory enables rapid design of optimal nonlinear nanos-
tructures for sensing and integrated photonics.
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Asymmetry ratio

R= L /Ly

Figure 1| Schematic of the metamaterial array. Nonlinear light generation from metamaterial arrays in which the geometry of the nanostructures varies
gradually from a symmetric bar to an asymmetric U-shape. The second-order susceptibility is expected to be extremely sensitive to the symmetry of the
metamaterial. a, Definition of the parameter space: the total length and asymmetry ratio of the nanostructures is changed throughout the array. Further
details on the sample design are given in Supplementary Fig. 4. b, Schematic of the second and third harmonic generation as a function of the
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Electrifying photonic metamaterials for
tunable nonlinear optics

Lei Kang"*, Yonghao Cuil*, Shoufeng Lanz'*, Sean P. RDdriguesl'z, Mark L. E‘nn:mgers.rna3 & Wenshan Cai'?

Metamaterials have not only enabled unprecedented flexibility in producing unconventional
optical properties that are not found in nature, they have also provided exciting potential to
create customized nonlinear media with high-order properties correlated to linear behaviour.
Two particularly compelling directions are active metamaterials, whose optical properties can

be purposely tailored by external stimuli in a reversible manner, and nonlinear metamaterials,
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<  OR in a metamaterial absorber
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€ Fig.S1: Fabrication flowchart of the
rﬂ'etamaterial absorber with electric contacts
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@  Fig.S2: Experimental setup for characterizing
9 nonlinear effects in a metamaterial device




. Fig.2 Nonlinear optical signals from the
9 metamaterial absorber without the application
of electrical control
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e Fig.S3: Simulation results for the
< linear spectrum of the metamaterial
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Fig.3 Electrically tunable SHG in

the metamaterial absorber
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e Fig.S4: Correlation between the linear resonance
9 behavior and the EFISH generation efficiency of the
metamaterial absorber
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Fig.S5: Simulation results for the

€ o distribution of the EFISH signals in both

the near- and far-fields.
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Surface plasmon drag effect in a dielectrically
modulated metallic thin film

Kurosawa&lIshihara, OptExp(2012)
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Photo-induced voltage in
nano-porous gold thin film

Marjan Akbari,1 Masaru Onoda2 and Teruya
Ishihara 1;

2

Z  Longitudinal Z  Transverse

Fig. 1. (a) AFM image of NPG film shows that it is a network of pores and gold. (b)
Two configurations for measuring PIV in NPG. The arrow shows definition of the positive
incident angle (8) in the configurations.
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