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Canberra: Selected research activities

http://wwwrsphysse.anu.edu.au/nonlinear/ BEC condensates

Nanoantennas

Optical vortices

Photon pair generation Metamaterials

and quantum walks



Laboratory of Metamaterials in National Research




Our group In St. Petersburg

http://phoi.ifmo.ru/metamaterials//




Other recent research activities: St. Petersburg

Microwave antennas http://phoi.ifmo.ru/metamaterials//

Magnetoelastic metamaterials

Purcell effect

Transmission lines:
hyperbolic metamaterials

Graphene nanophotonics



Outline of today’s talk

Introduction: the concepts & properties
Backward waves

Invisibility cloaking

Tunable properties of metamaterials
Nonlinear metamaterials

Novel strategies: metamaterial circuitry



Light interaction with matter

° Interaction depends on and of the medium
° characterizes response to the field
° characterizes response to the field

http://wwwrshysse.anu.edu.au/nonlinear



Natural materials

* Transparent

* Non-transparent

http://wwwrshysse.anu.edu.au/nonlinear



Electromagnetic properties of materials

* Response to the electromagnetic field 1s
determined by 1nternal structure of the material

° For large wavelengths any material can be
described by and

* Classical Macroscopic Electrodynamics

http://wwwrshysse.anu.edu.au/nonlinear



Natural materials and metamaterials
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The first Paper on
Left-Handed Materials

* Viktor G.Veselago

* The Electrodynamics of Substances with
Simultaneously Negative Values of ¢ and .

Soviet Physics Uspekhi 10 (4), 509-514 (1968)

http://wwwrshysse.anu.edu.au/nonlinear
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Left-handed waves
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* If £¢>0,u>0 then (E,FI,IE) is a right set of
vectors:

k

° If £6<0,u<0 then E) 1s a left set of
vectors:

http://wwwrshysse.anu.edu.au/nonlinear



Energy flow in left-handed waves

° Energy flow (Poynting vector): §= 4i [E x H ]
T

+ Conventional (right-handed) medium
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» [Ceft-handed meditm
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Refraction of light at the LH/RH interface

Snells law:
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Negative refraction

* Negative refraction 1s a property of backward waves

and 1t has been observed 1n many materials:

+ Photonic crystals
+ Anisotropic media

» Left-handed materials Materials with

[CEIVIFare materials with
negative refraction . .
, , negative refraction
Not all materials with

negatve reitactionare ISEIVI

http://wwwrshysse.anu.edu.au/nonlinear



Positive vs. negative refraction

http://wwwrshysse.anu.edu.au/nonlinear



Negative refraction—back to 1942

Tpebys mo-opewnedy, wTobu SHEPrHA BO RTOpod cpea e
T TRAERIH pAasgela, Mu OPEXOAEM TOTNA K TOMY, 9T0 dasa 1oam

Mol men 0E TY FPpaFENY B, CACAOBATEIRND, HANPABTEHNE I-l'ﬂﬂ-ﬂl[.'ll'lln‘rpa_
HEHMA npemomacnroll noamm Gymer cocrapaRTh @ ROPMAAB yroa

Mandelshtam, 1942

“Lectures about waves”

Pme. 13
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M — ;. Kok o8 menpeewvEe Takos HOCTOEHEE, WO, KOHEYHO, HET8-
°0 VARBNTSNLHOTO B HeM ReT, rbo dasonam CHOPOGTL ame HE9STo He
FOROPET 0 HADDPARNGHWN NOTOHA P TR,
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Backward waves: Manchester, 1904

Sir Horace Lamb : 1849-1934 Sir Arthur Schuster: 1851-1934
Professor of Mathematics Professor of Physics

http://wwwrshysse.anu.edu.au/nonlinear



Unusual lenses

LLH lens does not have a diffraction resolution limit

Improved resolution is due to the surface waves

° V. G. Veselago, Soviet Physics Uspekhi 10 (4), 509-514 (1968)
° J. B. Pendry, Phys. Rev. Lett. 85, 3966 (2000)

http://wwwrshysse.anu.edu.au/nonlinear



Right- and left-handed water

http://wwwrshysse.anu.edu.au/nonlinear



How to make

a left-handed material ?

http://wwwrshysse.anu.edu.au/nonlinear



Magnetic response of a gold ring

H

Split-Ring Resonator
can produce
strong negative

magnetic response

http://wwwrshysse.anu.edu.au/nonlinear



Concept of metamaterials

magnetic
atom

electric
atom

D. R. Smith et al, UCSD

http://wwwrshysse.anu.edu.au/nonlinear



Periodic structures

Continuous medium

Photoni tal
(Effective medium) otonic crysta

http://wwwrshysse.anu.edu.au/nonlinear




Examples of metamaterials

http://wwwrshysse.anu.edu.au/nonlinear



°* Now we can engineer ‘atoms’ for
artificial materials with desired
properties — what can we do with them?

* Can we make an 1nvisibility cloak?

http://wwwrshysse.anu.edu.au/nonlinear



Principle of invisibility cloak

* Guide light around the object, so that 1t appears
on the other side of the object unperturbed.
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How does it work

° Complex mathematical approach
“Transforming Space’

° Challenging manufacturing requirements
° The first microwave cloak (by D. Smith)

D. Schurig et al, Science 314, 977 (2006)

http://wwwrshysse.anu.edu.au/nonlinear



Earlier suggestions: 196

H3IBECTHS BbBICHIHX YYEBHBbBLIX SABEINEHUN
Tox IV, Ao 5

PATHOQHIHKA

O BO3MO)KHOCTH CONOCTABJIEHHU

5 TPEXMEPHBIX 3JIEKTP(.
MATHHTHBIX CHCT

EM C HEOLHOPOJ HbIM AHU3SOTPOITHBIM
BAHNGJHHEHUEM '

J. C. Hoaiun

[Tokazawo, yto, ocHoRRIBAGCH Ha HHBA

OTHOCHT@/ILHO OfnpeleseHHOro BHAa npecbpazoBannii METPHKH TNPOCTPAHCTBA I

NIPOHHI aeMOCTeH CPelBl, MOKHO HCCAeA0BaTh TPEXMEDHEIE CHCTEeMbl ¢ HEeOHdHO-
POOHLEIM aHH2O0TPOMHBIM 3aTNOJHEHHEM oyTen

X CONOCTaB/eHHs ¢ APYTHMH, 60-
JIE€ NPOCTBIMH TDEXMEPHLIMH CHCTEeMaM.

PHAHTHOCTH VpaeHeHnfi Makcpenna,

L. S. Dolin, Izv. VUZov Radiofizika 4, 964-967 (1961)

http://wwwrshysse.anu.edu.au/nonlinear



Cloaks of a complex form

> The transformation are used to find the fields inside the cloak

Coordinate transformation gives
a recipe for creating the cloak

~m 1 OX" OX"
e =——————c
\/E 0x“ Ox

~mn __ L af’n ax/n mn
“ @ ox" ox’ a

and the field distribution in the cloak

N.A. Zharova, I.V. Shadrivov, A.A. Zharov, Yu.S. Kivshar (2008)

http://wwwrshysse.anu.edu.au/nonlinear



“Invisibility” means *“publici

Australians join race for invisibility

Weaving Harry
Potter magic

EVONNE BARRY

AN “invisibility ecloak” that
could make people and objects
see-through is being devel-
oped by Australian scientists.

Turning science fiction into reality,
researchers from the Australian Na-
tional University in Canberra have
created a material that — when
wrapped around a solid object —
makes it appear transparent.

The concept was dreamed up by a
British scientist and now Australian
academics have joined the interna-
tional race to put it into practice.

Dr David Powell, an electronics
engineer, said his team at ANU’s
Nonlinear Physics Centre had built
“artificial atoms” capable of produc-
ing the hi-tech illusion.

“The concept has been proved.
We're hoping to' see ' real device
within the next dex:ade\ qd ‘_ 2

.

1. LWrmtrmuromla
eye to an object being viewed.
2. The object is cloaked
by a piece of ‘smart

- metamaterial' which
bendsliglnaroundm
letting it bounce back,
3. The viewer sees
whatever is behind the-
cloaked object as the
light rays bounce back.

The real-life version of Harry Pot-
ter's invisibility cloak is so far con-
fined to a 30cm squared piece of
“smart metamaterial” in Dr Powell's
laboratory.

The metamaterial is made up of

“kind of artificial atoms”,
times bigger

' 1*They are a million
.&lauateﬂaﬁdxﬂ.lndwhathapﬁens

is that these artificial atoms do
things that real atoms can’t do.
“They can bend light in strange
ways, and that’s where the ‘invisibil-
ity cloak’ comes into it. It bends light
around the object, rather than
bouncing off it,”” Dr Powell said.
The result is that the light by-
passes the “cloaked” object, hitting

“Herald Sun”; March 2008

the scene behind it instead. This is
why the background becomes
visible, not the “invisible” object in
the foreground.

Dr Powell says “metamaterial” has
turned conventional scientific theory
on its head because of its ability to
manipulate the natural passage of
light.

“A good analogy is what happens
when you throw a stone into a pond.
Normally the ripples go away from
the stone. But what happens to the
lightwaves (when they hit the invisi-
bility cloak) is like the ripples going
towards the stone instead.”

Dr Powell, who has joined forces
with ANU professors Ilya Shadrivov
and Yuri Kivshar and student Ste-
ven Morrison to work on the cloak,
said it was hard to predict its future.

“It’s wildly speculative at the mo-
ment,” he said.

http://wwwrshysse.anu.edu.au/nonlinear



Different approaches to cloaking

Carpet Cloak: On a surface

D. Smith, APL (2008)

U. Leonhardt,
Science (2009)

Jensen Li & Pendry, PRL (2008)
R. Liu, C. Ji, and D. Smith, Science (2009)

N. Engheta, PRL (2008)

Smolyaninov,&Shalaev PRL (2009)

http://wwwrshysse.anu.edu.au/nonlinear




Metamaterials: Hypes and highlights

- Optical Magnetism 5 Negative Refractive Index = 1 Cloaking
Linden et al., Science (2004) Valentine et al., Nature (2008) Pendry et al., Science (2006)
[ Optical Circuits Superlens Hyperlens

Engheta, Science (2007) Fang et al., Science (2005) | Liu et al., Science (2007)|| Gansel et al. Science (2009

Current: Optical properties are fixed at the time of fabrication
Future: Active, tunable & reconfigurable metamaterials



Metamaterials: control of ¢ & n

artificial metamaterial

Two independent
channels for control of
Light wavelength e|ectric and magnetic

properties of light

Negative refraction Perfect absorber " Unidirectional scattering —
| X
n ==, / |
Veselago, Sov Phys Uspekhi (1968) h >z
Pendry, Phys Rev Lett (2000) Ly
_ A=1.55 um
Liu et al. PRL 104,

207403 (2010) Liu et al., ACS Nano 6, 5489 (2012)



Nonlinear response in metamaterials

P=g(y" -E+y?:EE+ yEEE +..)
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Two independent channels for control (enhancement) of
nonlinearity or emission: electric and magnetic



Why nonlinear metamaterials

Frequency

Magnetic
permeability

Phys. Rev. Lett. 91, 037401 (2003)

http://wwwrshysse.anu.edu.au/nonlinear



Nonlinearity-induced transparency

Optics Express 13 1291 (2005)

http://wwwrshysse.anu.edu.au/nonlinear




Nonlinear metamaterial for microwaves

Nonlinear electronic components provide
required response

Second and third order nonlinear response
+ Resonance shift

+  Harmonic generation

http://wwwrshysse.anu.edu.au/nonlinear



Nonlinear magnetic metamaterials

Induced transmission
Suppressed transmission

http://wwwrshysse.anu.edu.au/nonlinear



Nonlinearity-suppressed transmission

http://wwwrshysse.anu.edu.au/nonlinear



Nonlinearity-induced transparency

http://wwwrshysse.anu.edu.au/nonlinear



Optical metamaterials in Canberra

Fishnet metamaterials

Regular and disordered Negative Index @ 1.45um
lattices of meta-atoms
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Liquid crystal tuning and switching

Electro-optical mode switching in SRR metamaterials:

Liquid-crystal cell Experimental spectra




Functional metasurfaces

Switching mechanism:




Towards metamaterial circuitry: Hybrid fabrication

|. Staude et al, Adv Mat (2013)



Optical characterization: magnetic resonance

|. Staude et al, Adv Mat (2013)



All-Dielectric Nanophotonics

http://wwwrsphysse.anu.edu.au/nonlinear/

http://phoi.ifmo.ru/metamaterials//



Electric and magnetic response of nanoparticles

Metal nanoparticle Metal split-ring
with electric response with magnetic response

Dielectric nanoparticle
with magnetic response



Experiment: Si nanoparticles

A. Kuznetsov et al, Sci. Rep. (2012)
A. Evlyukhin et al Nano Lett (2012)



Optics in 2012

Optics & Photonics News, December 2012




Dispersion engineering

Miniaturization

A

Electrical Common
Plasma Materials
NG Magnetic
Index Plasma
Materials
Materials

Artificial Magnetism
Negative Index

Zero-index

Devices

Smaller
Thinner

Lightweight

Strong Field Localization

|2

E

Applications

Antennas
Sensors
Absorbers



Novel approaches for controlling light

with nanostructured matter--metamaterials
Nonlinear effects in metamaterials

Novel ideas for metamaterial integration

New trends-- functional metadevices and all-
dielectric nanophotonics

nawure
mater la-ls PUBLISHED ONLINE: 23 OCTOBER 2012 | DOI: 10.1038/NMAT3431
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From metamaterials to metadevices

Nikolay I. Zheludev'?* and Yuri S. Kivshar?




