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Veselago (1968)
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Negative Negative εε, , μμ, n, n Novel and unique propagation Novel and unique propagation 
characteristics in those materials!characteristics in those materials!



Left-handed (LH) materials: Novel phenomena( ) p

Negative AIR LHM,Backwards Negative 
refraction
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n<0propagation

(opposite phase 
& energy 
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• Opposite Doppler effect   Flat lenses -

sourceS E H

• Opposite Cherenkov 
radiation

“Perfect” lenses
(subwavelength 

• ……

LHMair air

resolution)

•Interesting physical systemLHMair air •Interesting physical system

•New possibilities for light manipulation 
 important potential applications



Why optical left-handed materials (LHMs)?

N l ti d ibiliti iNew solutions and possibilities in

•Imaging/microscopy 

Lith h
Exploiting the 

subwavelength resolution•Lithography

•Data storage

subwavelength resolution 
capabilities of LHMs

Data storage

•Optical communications and 
i f i iinformation processing

•….….



Going to IR and optical frequenices…

From Soukoulis et. al., 
Science 315, 47 (2007)
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Solid symbol n<0
Orange: double-ring SRRs based structures
Green: single-ring SRR based structures

Stuttgart
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Open symbol <0 Blue: slab-pair-based structures

Pink: fishnet



Negative n towards optical regime

1 4N. Mexico Karlsruhe2 μm 1.4 μmN. Mexico Karlsruhe 
FORTH&ISUFore review, see:

•Soukoulis et. al., Science 
315 (2007)315 (2007)

•Shalaev, Nat. Mat. (2007)
•Boltasseva et. al., 
Metamaterials 2 (2008)

Zhang et. al., PRL 95, 137404 (2005) Dolling et. al., Opt. Lett. 31, 
1800 (2006)

Lo est losses

Metamaterials 2 (2008)

780 nm 772 nm
Lowest losses 
(FOM=3)PurdueKarlsruhe 
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Dolling et al Opt Lett 32 53 (2007) Chettiar et al Opt Lett 32 1671 (2007)

Recently up to 
ll !Dolling et. al., Opt. Lett. 32, 53 (2007) Chettiar et. al., Opt. Lett. 32, 1671 (2007) yellow! Purdue



Optical metamaterials: Problems/challenges

High losses 

Limited fabrication 
capabilities
Current procedures: 
•difficult/time-consuming g
•expensive
•unable to produceunable to produce 

- complicated patterns
large samples- large samples 

- 3D isotropic designs



Optical metamaterials: Facing the challenges

•Design optimizations
High losses 

Design optimizations
•“Good” constituent media
•Gain media?Gain media?
•Novel approaches 
(anisotropic media, chiral

Limited fabrication 
capabilities

(anisotropic media, chiral
media, EIT)

• Advancement of fabrication 
procedures

Current procedures: 
•difficult/time-consuming procedures

• New fabrication methods 
(direct laser writing

g
•expensive
•unable to produce (direct laser writing, 

nanoimprint lithography)
• New designs, adapted to

unable to produce 
- complicated patterns

large samples New designs, adapted to 
fabrication capabilities

- large samples 
- 3D isotropic designs
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μ<0
Unit cells

(a) (b) (c) (d)
kk

Fishnet 
Zhang et al (2005)Purdue μ<0HH

Ai

Zhang, et. al.  (2005)
Ulrich (1966)

Purdue, 
2002 

μ<0
ε<0

Aim

Examine the behavior of the designs as they areExamine the behavior of the designs as they are 
scaled down targeting optical negative index 

response

Seek for optimization rulesSeek for optimization rules



Slab-pair magnetic response
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Slab-pair uniform scaling
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Magnetic resonance frequency vs length scale

Al metal
Glass substrate

Saturation value 
d d d idepends on design

Fishnet: higher

a: u.c. size

Fishnet: higher 
saturation value

Reducing a

Saturation of magnetic resonance frequency in small length 

a: u.c. size

scales (a<500 nm)



Magnetic permeability by scaling down the structures

ak

Weakening of magnetic resonance at small scales



Losses by scaling down the structures
ll

akni
t c

el
pe

r 
un

Loss 1 R T  L
os

s 

Increase of losses going to smaller scaleIncrease of losses going to smaller scale



Spectral width of negative μ regime

Δω/ωmin : constant at larger scales

tends to zero for smaller scales



Effect of resistive losses? 

PermeabilityMagnetic resonance 
frequency γ/1000 ak
frequency γmγm/1000π

Saturation is not affected 
Negative permeability width 

li htl ff t d b t l
by the metal loss

slightly affected by metal  
loss



Explaining ωm saturation and μ-strength reduction 
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Slab-pair effective permeability in sub-μm scale

Le is added to L in the effective circuit equation
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Explaining the observed response
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For high frequency magnetic metamaterials
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• Small L• Small Le
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Optimizing the slab-pairsOptimizing the slab-pair

Maximizing
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Optimizing slab-pair-based systems

thickthick

Requirements

• Thick & wide slabs
• “Thick” separation layerwide Thick  separation layer
• Metal of high ωp & low 
γγm



Reduced inductance compared to only slabs
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slabs necks
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Antiparallel currents in slabs and necks smaller inducedAntiparallel currents in slabs and necks  smaller induced 
magnetic moment compared to slabs-only case 



Optical metamaterials: Facing the challenges

•Design optimizationsHi h l Design optimizations
•“Good” constituent media
•Gain media?

High losses
Electrons inductance 

Gain media?
•Novel approaches 
(anisotropic media, chiralLimited fabrication 

capabilities

(anisotropic media, chiral
media, EIT)

• Advancement of fabrication 
d

Current procedures: 
•difficult/time-consuming 

procedures
• New fabrication methods 

(direct laser writing

g
•expensive
•unable to produce (direct laser writing, 

nanoimprint lithography)
• New designs, adapted to

unable to produce 
- complicated patterns

large samples New designs, adapted to 
fabrication capabilities

- large samples 
- 3D isotropic designs



Examine superlensing possibility using anisotropic left-handed 
media

Most of the currently fabricated left-
handed materials are anisotropichanded materials are anisotropic

Work done by 
N.H. Shen



Elliptic dispersion metamaterialsSuperlenses for anisotropic media?

Perfect Perfect lensinglensing conditions: conditions: 

p p

Propagating components:
Omnidirectional total 
transmission
Evanescent components: p
Excitation of dispersionless
surface plasmon modes

x

z

Aim: Examine these conditions for anisotropic materialsAim: Examine these conditions for anisotropic materials



Elliptic dispersion metamaterialsSuperlensing conditions for anisotropic mediap p

For p polarization
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conditions with planar 
t h l i
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technologies



Elliptic dispersion metamaterials“Snell’s” law for anisotropic double-negative mediap p
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Possibility for thin lenses!

Source Imaged d d Isotropic lens: dSource

d
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Possibility for thin lenses! 
(less influenced by losses)

d
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Anisotropic “perfect”  lens: Negative refraction & 
focusingfocusing

N ti f tiNegative refraction 
by an anisotropic 

d bl i l b

Focusing in an 
anisotropic double 

double negative slab negative slab

02d  l ti /50.2d  resolution /5



Optical metamaterials: Facing the challenges

•Design optimizationsHi h l Design optimizations
•“Good” constituent media
•Gain media?

High losses
Electrons inductance 

Gain media?
•Novel approaches (anisotropic 
media, chiral media, EIT)

Limited fabrication 
capabilities

media, chiral media, EIT)

• Advancement of fabrication 
procedures

Current procedures: 
•difficult/time-consuming procedures

• New fabrication methods 
(direct laser writing, 

g
•expensive
•unable to produce ( g,

nanoimprint lithography)
• New designs, adapted to 

unable to produce 
- complicated patterns

large samples fabrication capabilities- large samples 
- 3D isotropic designs



Negative refractive index in chiral media?

Chiral structure: not-identical to its mirror image

n   

Chiral structure: not identical to its mirror image
•Different index for left- and right-
handed circularly polarized wavesn    handed circularly polarized waves

•Alternative path to achieve 
negative index (Tretyakov

0 0  j    D E H

B id ti i d

negative index (Tretyakov, 
Pendry)

T i t d

0 0j    B H E

Besides negative index:
•Polarization rotation 
•Circular dichroism

Twisted cross 
structure

•Circular dichroism

Negative indexNegative index
Large polarization rotation
Large circular dichroismg

J. Zhou, J. Dong, B. Wang, et. al., PRB



Negative refractive index in chiral media

n n  n n   

Twist angle=15o

Unit cell = 15 mmUnit cell = 15 mm

FR4 substrate

Negative index at the magnetic Negat ve de at t e ag et c
and electric resonance of the 

structure



Chiral optical structures

Twisted gold crossesg

Response @ 1-2 μm

Large polarization rotationLarge polarization rotation
Large circular dichroism

Wegener’s group , Opt. Lett. 2009



Summary/Conclusions
• Magnetic metamaterial behaviour towards optical 

regime (nm scale): g ( )
magnetic resonance frequency saturates  (higher 

attainable frequency for fishnet)q y )
 permeability resonance becomes weaker
 losses increase (up to a saturation)
 negative permeability regime vanishes

• Metal dispersive response can account for all the 
above effects and can lead to design rules for high 
frequency magnetic metamaterials

• Connected SRRs can give 2D isotropic negative 
index materials at ~ 1.5 μm

• Anisotropic double negative metamaterials can lead 
to thin-film superlensing

• Chiral structures can give new possibilities in optical 
metamaterials
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