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e What is Negative Refraction (NR) ?

e What are the main consequences of NR?
— Electromagnetic properties of NR media.

e What are the applications of NR and
metameterials ?
— Perfect lens
- Cloaking

e How to achieve NR ?

e Alternative routes to NR ?
— The chiral route to NR.



What is negative refraction ?

Left-Handed materials

Wave equation Plane wave
7 Y
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What is negative refraction ?

Left-Handed materials
£>0, >0 £<0,u<0

E S=— ExH E

Phase velocity v,=«/k is opposite to
the direction of electromagnetic
propagation (group velocity)!



What is negative refraction ?

Energy flow and
group velocity

Phase velocity



What is negative refraction ?

Left-Handed materials: Dispersion

Electromagnetic energy [/ = ! {8(8(1)) E? +M Hz} >0
87 | Jdw 0w

‘ In LH media, e and u must depend on the frequency !

Otherwise ‘ U=8i{8E2+,qu}<O
T

80)5(50)>0 aa)ﬂ(w)>o Kramers-Kronig Complex
dw dw relations £ uw)




What is negative refraction ?

Left-Handed materials: Index of refraction

Veselago (}1958) £(w) =|e(w)|exp(d,) u(@) =|u(w)expd,)
\Im

---------------------------------------

l LR 0< ¢8 ’ ¢y ’ ¢n <7
N Re @)= |feou@

“med /) = 2 (¢. +9,+22n) m=0l

,,,,, " Only m=0 is physical — n,(@)>0

.................................. — < l&' <0 and (/<0 means n (@)< 0




What is negative refraction ?

k=(w/c,)Xn

< #<O and ﬂ<() means 7 (@) <0




What is negative refraction ?

Normal refraction

Snell-Descartes Law (1621)

air n

water I N2

Willebrord Snell van Roijen
(or Snellius) (1580- 1626)

nsen 8, = n,sen 6,

n = +/&U




What is negative refraction ?

0 0
L 6,<0 1
0, g=-1
= el V. Veselago

rays wave
(energy flow) vectors n= -~




What is negative refraction ?

Normal Negative
refraction refraction




What are the main consequences of NR?

NMEGATIVE-INDEX WEIRDNESS

Im a mediwm with a negative index of refraction, light [and all other elec coemagneticradiation ]| behaves differently tham in

coanventional positive-index metarial in 8 number of cownterintul tive wags.

POSITIVE-INDEX
MED LM

A pencilin o plass of woter
oppears bent becouse of the
water's hipher refractive imdex

Whemnlight trawels from a
madium with low refractive
imdeax[n] toone with highsar

refractive indes, it bnds t ow ard
the normal [of oahed line orriphe
ol o s oo ) .

Areceding ebject appears
redder because of the
Dopplersffect.

& charped ohject [red] tawsling
Fasber thion the speed of light
porerates & cone of Cheren kow
radiation [yellow]inthe
Forward directon.

Im & positive-idex medium, the

imdiwidual ripples of @n

elect romapne tic pulse [porple]

trarvsl imthe same dirsction as

the everall puls s shaps [ gresm]
ond the enerpy (Bl

HEGATIVE -INDEX
MIEDI LI

& pemicil embasddedina
negathve-index rmediuem
would appear to bard all the
way out of the mediom.

Whanlight trevels from s
positve-indeazmadiumiteo ore
with nep atiwe index, it bends all
the way bask to thesame sideof
the mormal.

& receding object appears bluen

The comnes points backeward.

The imdi wida ol ripples ool in
the opposits direction tot ke
pul== shape and the energy.

J. Pendry,
D. Smith,
Sci. Am. 7/2006



What are the applications of NR ?

Perfect lens: Snell's law

J. Pendry, PRL 85, 3966 (2000)
B
{L=>"1

n— -1

: e Focusing
i No dephasing between point
source and image (n=-1)

* No reflection (n=-1)

kZZ = _k

1z




Applications: Perfect lens

The Fermat's principle

“Light takes the shortest optical
path between two points.”

f‘?:c]'rz

For a lens, the shortest optical
path between object and image is:

Iﬂldl =+ szz + Hldj s ﬂld 1I1—|— sz '2—|- Hld '3

Both paths converge at the same point
because both correspond to a minimum.




Applications: Perfect lens

The Fermat's principle for negative refraction

n, <0
10

» For a perfect lens (n2= —n1) the shortest optical

path between object and image is zero.

0 =md, +nyd; +mds For a perfect lens the
:”ld'l—l_HZd'Z—I_H]dI?i |mage iS the ObJeCt I




Applications: Perfect lens

Normal lens
O O
X A A
O O
4
A
To resolve two points at distance A = kx >27/ A
@
Rk =2 g <pm =@ g spre | Decay
S X X C exponentially
2r Difraction
g " A: :ﬂ R .
Resolution: e limit I




Applications: Perfect lens

n<0 = Amplification of evanescent waves !

k, can be imaginary and k., >k =w/c possible

wavefield £ ]
of object

T |

: !

No resolution
Iimit !

Sub-wavelength
imaging possible



How to achieve NR ?

What is a Metamaterial?

Conventional materials: - Metamaterials: _
properties derive from their properties derive from their constituent
constituent atoms. units. These units can be engineered.

b4

X




How to achieve NR ?

Metamaterials
Electric response: negative € Arrays of thin metallic wires

Effective parameters — A>>1r

3 GAP e<0

L e b [ I |

k

©p

£, (0)=1-——>

02

B 27
[2xIn( /7)

wp

[=5mm r=0.003
@, = 66.6GHZ



How to achieve NR ?

Metamaterials
Magnetic response: negative u Split Ring Resonators

@
800

M (0) =1+

a)zc_a)z

@, =~ GHz

inner radius = 2.0mm
width of each ring = 1.0mm
spacing between ring edges = 0.1lmm

lattice constant = 10.0mm



How to achieve NR ?

Metamaterials

David Smith and Shelly Schultz, UCSD



D. Smith

How to achieve NR ?

Transmission measurements

and S. Schultz group, UCSD

Transmitted Power (dBm)

Frequency (GHz)




Further experimental

evidence of NR

After many criticisms, p.M. valanju, et al., PRL. 88,187401 (2002).
intense debate... N. Garcia and M. Nieto-Verperinas, PRL 88, 207403 (2002).

Observation of Snell's
law for LHM

1) A. Houck et al.,PRL 90 137401 (2003)

a o0

position (cm)

Microwave regime

2) C.G. Parazzoli et al.,
PRL 90, 107401 (2003)

position (cm)

0 4 8 12 16
position (cm) from Ref.1




Applications of NR

“"Perfect” lens

Fang, N., Lee, H., Sun, C., Zhang, X., “Sub-diffraction-limited optical
imaging with a silver superlens”, Science 308, 534 (2005)

Recovery evanescent waves in an image
via the excitation of surface plasmons in

a silver slab

|
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T

60-nm resolution: 1/6 of

illuminating 1!
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Applications of metamaterials:

Electromagnetic cloaking
How to bend light ?

A simple example: refraction at a surface

Snell's law n,sen , = n,sen 6, Atmospheric seeing




How to bend light ?

Einstein’'s general theory of relativity

. :

Gravity changes geometry

Sobral eclipse (1919)

Thus gravity should bend light




How to bend light ?

General relativity @ Transformation optics

Maxwell's equations are invariant upon
changing the coordinate system

¥ ’r 12

L |6

No gravitational fields Massive objects distorts space and
thus light rays = Metric g
Einstein’s metric has exactly the same effect on light

as a refractive index




How to bend light

Maxwell's equations are invariant upon
changing the coordinate system but with scaled cand «

Electromagnetic cloak

s, © Hide the object by bending light

~“=around the object (mirage effect).
?,.;;,-;.;
e Grading the index of refraction in

the cloak using metamaterials.

ST

J.B. Pendry, D. Schurig, D.R. Smith,
Science 312, 1780 (2006)



Electromagnetic cloak

Metamaterial cloak
for microwaves

D. Schurig et al. Science 314, 977 (2006)
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A cloaking experiment at 8.5GHz.



Electromagnetic cloak

Towards the visible...the carpet cloak!

Idea: ]. Li and J. B. Pendry, PRL 101, 203901 (2008).

Experiment: ]. Valentine et al., Nature Materials (2009)
L. Gabrielli et al., cond-mat 0904.3508 (2009)

B

U.C. Berkeley (2009) Felipe Pinheiro, Ciéncia Hoje junho (2009)



Electromagnetic cloak

Towards the visible
...the carpet cloak!

Near Infrared

Fig. 3. Optical carpet cloaking at a wavelength of 1540 nm. The results for a Gaussian beam reflected
from (A) a flat surface (B) a curved (without cloak) surface, and (C) the same curved reflecting surface
with cloak. The left panel shows the schematics. The middle panel shows the optical microscope
images and normalized intensity along the output grating position. The curved surface scatters the
incident beam into three separate lobes while the cloaked curved surface maintains the original profile,
similar to reflection from a flat surface. The experimental intensity profile agrees well with the intensity
profile (|Ezf2) from 2D simulations (right panel).

U.C. Berkeley (2009)

! &
F 3
F 3



Electromagnetic cloak

U.C. Berkeley (2009)




Electromagnetic cloak

@ Original Arti

Perspectives for the future... W“

—
—_—

Herbert G. Wells (1897)

THE INVISIBLE MAN




Frequency (GHz)

Alternative routes to NR ?

\> Photonic crystal
o
. |
|: v, I |

4

=k
=
——

o
L |

Soukoulis group (Iowa)

NR at the interface
air-photonic crystals
(square array of alumina

200 nm
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rods in the air)

Shalaev group (Purdue)

Parallel "nanorods" of gold
that conduct
plasmons in the near-infrared.



Alternative routes to NR ?

The chiral route to NR
J. B. Pendry, Science 306, 1353 (2004)

@
Isotropic chiral media k: =t x)—

If the chirality parameter M >n = p

Co

Ingredients = Resonance + Chirality

Homogeneous
chiral medium

Homogeneous
achiral medium with
resonant dipoles

Homogeneous

chiral medium with
resonant dipoles

ik

Itk

CET

w_k_,

‘.h'l. ........................

i ek,
K,

|n:u/t-£‘. .

v, opposite to energy flow (NR)
for one polarization state

NRB



What is

A Chira sYIAD

"I call any geometrical figure, or group of

points, chiral, and say that it has chirality,
if its image in a plane mirror, ideally realized,
cannot be brought to coincide with itself “.

Lord Kelvin, Baltimore Lectures, 1884




Some Manifestations

of Chirality in Nature

"I am inclined to think that life, as manifested to us, must be a
function of the dissymmetry of the universe and of the consequences
it produces.... Life is dominated by dissymmetrical actions. I can
even foresee that all living species are primordially, in their
structure, in their external forms, functions of cosmic dissymmetry."

-Louis Pasteur (c. 1850, Vallery-Radot)

Parity violating "vector-axial vector" theory of the weak
Discoverv of the optical rotatory power of interaction by Feynman, Ge”'Mann, Marshak and
light by Arago (1811). Sudarshan (1958).



The chiral route to NR

Chiral planar metamaterials
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Nature Photonics 3, 133 (2009)
PRB 79, 035407 (2009)
Viewpoint in Physics 2, 3 (2009)
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N. Zheludev group, Southampton, UK



Conclusions

eMetamaterials offer an enormous potential for
new physics and applications.

eSuper lens = Overcomes the diffraction limit
eEmerging field — Transformation optics
*Cloaking at visible frequencies.

*New chapters should be added to textbooks
on Electrodynamics.

*Nice example of a contemporary research
topic that can be presented to high-school
students.

*Old and well-established conceBts of physics
can be the subject of a lively debate.



