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Transforming Light with Metamaterials
(with A.V. Kildishev, W. Cai, V.P. Dracheyv, S. Xiao, U. Chettiar)

OUTLINE

e Metamagnetics across entire visible (from red to blue)
e Demonstration of “double-negative” MM (with both € & py < 0)

in the visible: n = -0.8 at 725nm; and “single-negative” n=-0.3
at 580 nm

* Nonlinear Optics with Metamaterials (see also presentation by
Natalia Litchinitser)

e Optical Cloaking & Transformation Optics
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Meta-Magnetics: from 10GHz to 200THz

Terahertz magnetism

a) Yen, etal. ~1THz (2-SRR) - 2004
Katsarakis, et al (SRR - 5 layers) - 2005

b) Zhang et al ~50THz (SRR+mirror) - 2005

c) Linden, et al. 100THz (1-SRR) -2004

d) Enkrich, et al. 200THz (u-shaped)-2005
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2004-2005 years:
from 10 GHz to 200 THZ

2007: artificial magnetism across entire visible
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Artificial Magnetic Metamaterials for Visible
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Nanorod pair Nanorod pair array Nanostrip pair

Nanostrip pair has a much stronger magnetic response

Podolskiy, Sarychev & Shalaev, JNOPM (2002) -p<0&n<O0
Lagar'kov, Sarychev PRB (1996) -p > 0

Kildishev et al, JOSA B (2006); Shvets et al (2006) - strip pairs
Zheludev et al (2001) - pairs of rods for chirality
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“Visible” artificial magnetism

M 1E

glass substrate

t=35 nm d=40 nm p=2w,

Width varies from 50 nm to 127 nm

Purdue group
Yuan, et al., Opt. Expr., 2007 - red light
Cai, et al., Opt. Expr., 2007 - entire visible

$4800 2.0kV 8.6mm x90.0k SE(M)
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Metamagnetics with Rainbow Colors
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Visible Meta-Magnetics: from Red to Blue
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Negative Refractive Index
in Optics
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Metamaterials with Negative Refraction

I’ n>0 n>0
o"' . )

.. W n° =g
‘(‘l“weZ Refraction: #
}"' 3 =t

Figure of merit
F=|n"|/n"
n<o0, fe|ul+Hle]l <O
l“ n>0 n<0
ey Single-negative:
"o YFree n<0 when €’ < 0 whereas p’ > 0
0, ‘(”"'*'9% (F is low)
I“‘)’ Double-negative:
n<o0 with bothe’ <0and p’ <0
(F can be large)
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Negative Refractive Index in Optics: State of the Art

Year and Research 1st time posted and Refractive Wavelength Figure of Merit
D : ) _ ” Structure used
group publication index, n A F=|n{/n
2005:
April 13 (2005)
Purdue ar Xiv: physics/0504091 -0.3 1.5um 0.1 Paired nanorods
Opt. Lett. (2005)
April 28 (2005) " -
UNM & Columbia | arXiv:physics0504208 2 2.0 um 05 NEEHE IR
Phys. Rev. L ett. (2005) round voids
2006:
UNM & Columbia | J.of OSA B (2006) -4 1.8 um 2.0 NETIeA S
round voids
Karlsruhe & I1SU OL. (2006) il 1.4 yum 3.0 Nano-fishnet
Karlsruhe& 1SU OL (2006) -0.6 780 nm 0.5 Nano-fishnet
: -0.8 725nm 11 Nano-fishnet
Purdue MRS Bulletin (2008) 06 210nm 06
Purdue In preparation (2009) -0.25 580nm 0.3 NEUSAE s

CalTech: negative refraction in the visible for MIM waveguide SPPs (2007)
A
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Negative permeability and negative permittivity

O Dielectric
0 Metal H
Nanostrip pair (TM) Nanostrip pair (TE) Fishnet
U < 0 (resonant) ¢ < 0 (non-resonant) gandp <0
S. Zhang, et al., PRL (2005)
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Sample A: Double Negative NIM (n'=-0.8, FOM=1.1, at 725 nm)
Sample B: Single Negative NIM (n'=-0.25, FOM=0.3, at 580 nm)

Birck Nanotechnology Center

Sample A. period- E: 250 nm; H: 280 nm MRS Bulletin (2008)
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with Alex K. Popov

Nonlinear Optics of NIMs:
Optical Parametric Amplification (OPA)

e OPA: compensating losses with OPA
(with x(2) - Opt. Lett. 2006; with x(3) - OL 2007)

A.K. Popov and V.M. Shalaev - OL 31, 2169 (2006) and OL (2007)

Laser Physics Letts 3, 293 (2006); APB 84, 131 (2006);
JOSA B 23, 535 (2006) (with Gabitov, Litchintser, et al)

early work on SHG: Kivshar, et al; Zakhidov et al (2005)
SHG Experiment in SRRs: Klein et al, Science 313, 502 (2006)
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Three-dimensional Optic_a Metamaterials with a
Negative Refractive Index

Stacking: alternating layers
50 nm of MgF2 and 30 nm of Ag

Valentine, et al., Nature (2008)

also work by the Wegner & Giessen groups

V ' 3D NIMs enable new means

#"_ ¥ to compensate for loss — OPA!
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Optical Parametric Amplification (OPA) in NIMs
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OPA in NIMs:
Loss-Compensator and Cavity-Free Oscillator

3
I Backward waves in NIMs ->
2 Distributed feedback & cavity-like
5‘1_ : amplification and generation
—

00 05 1 gL 15
Ak =0
g :(\/C‘{aﬁ/glgzlﬂlﬂz X87T/C))(<2)h3 ha :‘ai(z)/au

Resonances in output amplification and DFG

a,L=1,al=1/2

" =la@/ay

e OPA-Compensated Losses
e Cavity-free (no mirrors) Parametric Oscillations
e Generation of Entangled Counter-propagating LH and RH photons




Optical Cloaking
&

Transformation Optics

VMS, Science, Oct. 17, 2008
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Designing Space for Light with
Transformation Optics

Fermat:
ofndl = 0
n = Ve(r)u(r)

“"curving” y
optical space X \\‘.E

{
Straight field line in Distorted field line in
Cartesian coordinate distorted coordinate

Spatial profile of ¢ & p tensors determines the distortion of
coordinate

Seeking for profile of ¢ & y to make light avoid particular region in

space — optical cloaking Pendry et al., Science, 2006

Leonhard, Science, 2006
Greenleaf et al (2003)
L. S. Dolin, Izv. VUZ, 1961
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HJBE(THH BbICUHIMX YYHEBHLBIX 5:‘\5EﬂfHHC

PfJ !I JOUIHK/ 1
Tom fl/ N 5 ,Q' G R2 @@ 0 O ;
rR) dR |
leal = Doy | 3
g, e M s ki
0 BO3MO)XHOCTH COMOCTABJIEHHSI TPEXMEPHBIX 3 R Wirds dr(R)/dR \
MATHHTHbBIX CHCTEM C HEOJIHOPOJAHBIM AHU3OTP@ |
3AMOJIHEHHEM | |
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TMoka3ano, 4¥To, OCHOBHLBAACH HA HHBAZPHAHTHOCTH YpasHenmit Mas
OTHOCHTE/IbHO ONpPe]eieHHOro BHAA npeoﬁﬁaaoaamm METPHKH npocr;’:

Kak Buzno, npu ycaosuu (4) g, =ty :—:l. [aockas BoM

I'ID()HHIEE}C_\H}CTN! cpeabl. MOYHO HCCAeA0oBaTb TPeXMEPHbi€ CHCTEMB! C

POAHBIM \'JU."LJ(JI’p("‘hhi 4d1)i|ﬂ.kHL\i nyTeM HX CONOCTaBJACHHS C ."‘t'? -y

iee MpoCTIMI TpexepiL - mas 13 GECKOHEYHOCTH HA HEOAHOPOAHOCTH C Tapamerpamu (9]
I yepe3 Hee Ge3 HCKaMeHHH. :

eJ10BaTENbCKHA panuObH3INYeCKHII MHCTHTYT INMoctynuaa B penakuuio
‘mpi [OpbKOBCKOM YHHBEpPCHTETE Il mapra 1961 r.

l POSSIBILITY OF COMPARISON OF THREE -~-DIMENSIONAL

LECTROMAGNETIC SYSTEMS WITH NONUNIFORM
' ANISOTROPIC FILLING

L. 8. Dolin

s shown that it is possible to investigate three-dimensional systems with
anisotropic filling by comparison them with other, more simple three-dimen
ms., The examination is made basing on an invariance of Maxwels equations
pthe certain type of transformation of space metric and medium permeability
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Camouflaging bumps on a metal surface

v
physical virtual

system n system
y m
@ 0
object to 2 w
X
conceal \/
Perfect Conductor

J. Li, J. B. Pendry, “"Hiding under the carpet: a new strategy for
cloaking”

D. Smith, et al - MW experiment (Science -2009)

Zhang etAaI — ontical exneriment(Nature Materials -2009)
B
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dptical Cloaking with Metamaterials:
Can Objects be Invisible in the Visible?

[GHz-cloak: Duke team]

photonics

Invisibility cloaks for the visible

JLAMELRL GHT RRLEETES
=am i end et aclidion

Nature Photonics (April, 2007)
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Structure of optical cloak: "Round brush”

Cai, et al., Nature Photonics, 1, 224 (2007

4 - | W oV Unit cell:

dielectric host

T

metal wires

Flexible control of &, ;

Negligible perturbation in &,
metal needles embedded in
dielectric host
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Cloaking performance: Field mapping movies

Non-magnetic cloak @ 632.8nm with silver wires in silica

Example:
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Cloak ON

Cloak OFF
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Bandwidth problem in electromagnetic cloak

Fermat's

. VvV, = C¢/n V. < C
principle P / \ S
V, Z V
Curved wave v Refractive v Phase velocity v P 7S
: ) _ Dispersive
trajectory index n<1 V,>C :
material

w - operating frequency
Aw - operating bandwidth
s — geometrical cross-section
As - scattering cross-section

For n<0, see also M. I. Stockman Chen, et al., PRB, 76, 241104 (2007)
PRL 98, 177404 (2007)




Physical boundaries the
cloaking device

Virtual inner boundary for
different wavelengths

Birck Nanotechnology Center

Combination of techniques:

e Virtual inner boundary

* Dispersion control

e Active medium or EIT?
ou,

(%Zj(awj”

Kildishev, et al (NJP, 2008)




Broadband Optical Cloaking
in Tapered Waveguides

[.I. Smolayninov, V.N. Smolyaninova, A.V. Kildishev
and V.M. Shalaev

(PRL , May 29, 2009)
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Emulating Anisotropic Metamaterials

with Tapered Waveguides

| (a)
planar boundary TO‘L spherical boundary
Z{}- \\\ p
- — A space between a spherical
0 P0 and a planar surface (a) mapped
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Broadband Optical Cloak
in Tapered Waveguide

lens

gold film

glass substrate
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Fermat Principle and Waveguide Cloak

\ Cloaking Hamiltonian: (Narimanov, OE, 2008 )

2 ; ; —2
Nl = (w/c) :k‘ﬁ —I—Zijf)(p—b)
const )
(Fermat) ‘

—— ——
—_

Dispersion law of a guided ; e

mode (wfe) =824 (/o) +[mfao)]}

- —_
—~— —_—

Nefr = C/ Cppase = CK/ w> 0
near cutoff

A 4
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Broadband Cloaking in Tapered Waveguide

cut-off A4 (Nggs = 0)

20 lens Az - cut-off A (Nef = 0)
-nm | I
gold film P i | laser
) § [ beam
100-nm 9 —— - =
gold film |
glass substrate

Cloaked area

(e =5+ () +[mato)] =+ K-
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A=515nm A=488nm
n=15 - g e

glass substrate

lens A 2 gold particle
30-nm N\ | /
gold film ___ D | n=15 laser
100-nm _dI | beam
gold film -~ I
|

(pe) =8 + () +[fato)]
=k +k(p—b)"

gold wire gold wire
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Engineering Meta-Space for Light:
via Transformation Optics
Kildishev, VMS (OL, 2008); VMS, Science 322, 384 (2008)

Fermat: ofndl =20
n = Ve(r)u(r)

curving &

nano”crafting”
optical space

Planar hyperlens  Light concentrator Optical Black Hole
Magnifies; no loss problem (also, Schurig et al) (Narimanov, Kildishev)
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Highlights of Purdue “"Meta-Research”

1 FERLEEEEEEREES
MH!HIH =
i Ffiiii)

It!'!!l'llljtilllll!!t 1l Purdue Photonic Metamaterials

Pttt (a) 1-st optical negative-index MM (1.5 um; 2005)
AAAR AL (b) Negative index MM at shortest A (~580nm; 2009)

(c) 1t magnetic MM across entire visible (2007)

Transformation Optics with MMs:
Flat hyperlens, concentrator, and cloak
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Cast of Characters:
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Andrey K Sarychev
Vladimir M Shalaev
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