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Outline

• What are metamaterials?
• How do they differ from photonic crystals?
• What can they do?
• What is transform optics?
• Examples of some outcomes of transform 

optics.
• What is cloaking?
• Some different cloaking methods



Metamaterials- Veselago

V. G. Veselago (1968 (Russian text 1967)). 
"The electrodynamics of substances with simultaneously 
negative values of ε and μ". Sov. Phys. Usp. 10 (4): 509–14. 
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First, second and fourth quadrants: conventional or easily understood 
materials. The third quadrant gives new and striking possibilities.



Metamaterials- Veselago (2)
• First quadrant- conventional dielectrics
• Second quadrant-lossy magnetic
• Fourth quadrant- lossy electric
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Third quadrant- free propagation, but with “left-handed” 
characteristics.



Metamaterials- Veselago (3)

Normal refraction: Snell’s 
Law

Left-handed media: 
refracted ray on same 
side of normal as 
incident ray

V eselago : n=¡p²¹

Maxwell : n=
p
²¹



Negative Refraction in a Photonic Crystal
• Veselago’s idea lay dormant for 30 years: 

lack of materials with ²<0, ¹<0.
• One class of optical systems capable of 

displaying negative refraction is that of 
photonic crystals

• Animation: photonic crystal composed of 6 
layers of dielectric rods (index 3.0, radius 
0.3*period) in air; incoming beam consists of 
periodic set of Gaussian beams



Negative Refraction and Structure
• Snell’s law is an expression of conservation 

of momentum parallel to the medium 
interface

• Negative refraction apparently breaks 
momentum conservation

• Requires structured material
Homogeneous material:

niki;x = nrkr;x,
where x runs along the interface and k denotes the wavevctor
(with length 2¼=¸).
Structured material:
niki;x = nrkr;x + p2¼=dx,
where p is an integer and dx is the period of the structured material along Ox.



Sir John Pendry: Perfect Imaging
• Pendry realized that negative refraction could 

make possible imaging of a point by a plane 
dielectric slab

• Furthermore, this imaging in principle would 
be better than Rayleigh limit

• Rayleigh limit imposed by loss of information 
in evanescent orders

• Negative refraction lens can preserve 
information in evanescent orders



Sir John Pendry: Perfect Imaging(2)

Key point: evanescent waves 
emitted from source arrive at 
image point with exactly the 
same amplitude! The negative 
index region compensates the 
positive image region: all waves 
have zero optical path length!



Sir John Pendry: Building Blocks
• Negative ² material: array of perfectly 

conducting wires



Sir John Pendry: Building Blocks (2)
• Negative ² material: array of perfectly 

conducting wires: radius a, spacing d

²eff = 1¡ !2
p

!2

where
!2

p = 2¼c2

d2 log(d=a) .

²eff < 0 if ! < !p.



Sir John Pendry: Building Blocks (3)
• Negative ¹ material: Pendry proposed 

the resonant double C structure

Baena et al, Phys Rev B 2007



So What is a Metamaterial?
• Microstructured material- appears 

homogeneous at the wavelength of the 
radiation

• Differs from a photonic crystal in that both 
electric and magnetic fields are controlled

• Thus, typically will have resonances of both 
electric field and magnetic field types

• Boundary with photonic crystals  not clear cut
• Concept extended to acoustic waves, 

phonons, elastic waves, plasmons, etc



What Can Metamaterials Do?
• Make waves behave in unprecedented ways
• Negative refraction, negative Cherenkov 

effect,negative Goos-Hanchen shift, 
cloaking, perfect lens, etc, etc

• But there are problems
• Bandwidth, loss, manufacture, conceptual 

problems, etc
• Exciting field- attracting many investigators 

from different areas (physics, maths, ee)



Transform Optics (1)
• Suppose we have a problem in optics with a 

given spatial region in it
• We want to change the shape of that region
• We can apply a mapping which takes the old 

shape to the new shape
• Using that mapping in Maxwell’s equations, 

we find we need to change the dielectric 
constant and the magnetic permeability 
tensors as a function of  position

• Like general relativity- same methods of 
solution



Transformation Optics (2)

On the left- transformation of space; on the right-
transformation of material properties. Two equivalent 
viewpoints. From Schurig, Pendry and Smith- Optics Express 
2006



Transformation Optics (3)



Transformation Optics (4)
• These cloaking transformations make a 

“hole” in space in which the object to be 
hidden is placed

• Ulf Leonhardt- Science 2006-

n02 = r0
jw¡w1j ¡ 1

Refractive index distribution- hole at w1. 
Black circle is the cloaked region. Note 
range of refractive indices required.



Transformation Optics (5)
• Experimental confirmation:  theoretical 

transformation

• Electric field along axis of cylinder- only three 
components relevant

r0 = ( b¡a
b )r + a; µ0 = µ; z0 = z

²r = ¹r =
r¡a

r
; ²µ = ¹µ =

r
r¡a

²z = ¹z = ( b
b¡a )

2( r¡a
r )

²z = ( b
b¡a)

2¹r = (r¡a
r )¹µ = 1



Transformation Optics (6)

Schurig et al, Science, 2006



Transformation Optics (7)



Transformation Optics (8)
• Fancier things:

Rahm et al, Photonics and 
Nanostructures, 2008



Transformation Optics (9)
• Wormholes!

Greenleaf et al, PRL, 2007



Early Example of Transformation Optics



Early Example of Transformation Optics 
(2)

Cartesian system: Maxwell's equations

curlE0 = jk´0H0, curlH0 = ¡ jkn2

´0
E0

The transformation of coordinates is represented by a metric tensor glm.
The transformed Maxwell's equations are
²ilmp

jgj
@Em

@xl = jk´0g
ilHl,

²ilmp
jgj

@Hm

@xl = ¡ jkn2

´0
gilEl.

• Gain: boundary conditions easier on flat 
surface.

• Loss: medium above surface replaced by 
inhomogeneous, anisotropic media, which is 
given by the metric tensor of the coordiante 
transformation.



Cloaking and stealth technology
• Cloaking is related to older fields: optical 

composite materials, artificial dielectric and 
stealth technology

• Purpose of latter two is narrower: centred 
around avoidance of radar detection or sonar 
detection

• Wavelength range much narrower than for 
cloaking

• Two techniques- shaping to avoid reflection, 
coatings to absorb probe radiation



Cloaking and stealth technology (2)
• Many results are classified
• Some of the Russian stealth technology 

seems flavoured by Veselago; anticipates 
aspects of metamaterials for cloaking

• Cloaking work aims for broader wavelength 
range- includes visible and near infrared

• Short wavelengths require much better 
lithography

• Also material losses in metals more of a 
problem



Cloaking by plasmonic resonance (1) 

Core: 
radius rc, 
dielectric 
constant c

Shell: radius rs, 
dielectric constant 

s

Matrix: 
dielectric 
constant m

Line of core-shell 
resonances: c+ s=0

Line of shell-matrix 
resonances: s+ m=0

Nicorovici et al, Proc Roy Soc. A, 1993



Shell-Core Resonance
• The shell hides itself (cloaks itself) by making 

the core behave as if it extended out to rs, 
not rc

Shell-core 
resonance

²c + ²s = 0



Shell-Matrix Resonance
• The shell magnifies the core by making it 

behave as if it extended out to rs
2/rc, not rc

Shell-matrix 
resonance

Homeopathic behaviour: the smaller the core, the bigger 
its effect after magnification by the shell! Limited of course 
by the requirement that rs

2/rc not correspond to 
intersecting cylinders.

²s + ²m = 0



Ghost Sources
• Interaction of a charge at r0 with the coated 

and enlarged cylinders

q

r0

qg

a2/r0

qg

The ghost source is in the matrix medium if

r0 > a; a2

r0
> rs or a < r0 <

a2

rs

Pendry perfect image!



Cloaking by plasmonic resonance (2)
• This resonance mechanism can be used for 

long-wavelength (quasistatic) cloaking
• The core and matrix dielectric constants 

must be the same (if they are not, the 
cloaking system may be visible even if it 
cloaks: the ostrich effect)

• The coated cylinder can then cancel out the 
local field acting on an external polarizable 
particle (if it is in the cloaking region)

• Result: the particle is hidden from external 
electric fields



Cloaking by  plasmonic resonance (3)

Optics 
Express: 15, 
3614 (2007)

s=-1+i*10-12

Cloaking 
radius: 

R# =
q

r3s
rc



Cloaking by plasmonic resonance (4)
• This sort of resonant cloaking has been 

studied up till now in the long wavelength 
limit, in 2D

• Currently extending it to shorter wavelengths
• Also studying interaction effects among 

systems of cloaking particles
• Has to be extended to spheres
• Problem is of course getting ²s =¡1




