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Natural Optical Materials
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Materials & Metamaterials
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What is a metamaterial?

Metamaterial is an arrangement of artificial structural elements,
designed to achieve advantageous and unusual electromagnetic
properties.

pueta = meta = beyond (Greek)

A natural material with its A metamaterial with artificially
atoms structured “atoms”
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Photonic crystals vs. Optical metamaterials:
connections and differences

0 1 co cz/ﬂ,

a<<A. a~A. a>>A.
Effective medium Structure dominates. Properties described
description using Properties determined using geometrical optics
Maxwell equations with by diffraction and and ray tracing
u, e n,Z Interference

Example: Example: Example:
Optical crystals Lens system
Phased array radar Shadows
X-ray diffraction optics




PURDUE C&'Ef’in e Birck Nanotechnology Center

Natural Crystals

... have lattice constants much smaller

than light wavelengths: a <<A

... are treated as homogeneous media
with parameters &, u, N, Z (tensors in

anisotropic crystals)

... have a positive refractive index: > 1

... Show no magnetic response at optical

wavelengths: u =1
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Photonic crystals

... have lattice constants comparable

to light wavelengths: a ~ 4

... can be artificial or natural

... have properties governed by the
diffraction of the periodic structures

.. may exhibit a bandgap for
photons

... typically are not well described

using effective parameters &, K, N, /

... often behave like but they are not
true metamaterials
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Metamaterials: Properties not found in nature?

Invertebrate superposition eyes-structures

that behave like metamaterial with
negative
(refraction!)
D.G. St:l\f"t"l'lgﬂ Department of Neurobiophysics, University of Groningen, NL 9747 AG Groningen, the MNetherlands

D.G.Stavenga@rug. nl
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Metamaterials: Artificial periodic structures?

Lycurgus Cup (4" century “Hot-spots” in fractals

Ancient (first?) random

metamaterial (carved in Rome) Shalaev, Nonlinear Optics of Random Media,
with gold nano particles Springer, 2000
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Early (first?) Example of Meta-Atoms

Artificial chiral molecules

In order to imitate the rotation produced by liquids like sugar
solutions, I made small elements or “ molecules ” of twisted jute, of
two varieties, one kind being twisted to the right (positive) and the
other twisted to the left (negative). I now interposed a number of,
say, the positive variety, end to end, between the crossed polariser
and analyser; this produced a restoration of the field. Thesame was
the case with the negative variety. I mow mized equal numbers of
the two wvarieties, and there was now mno vestoration of the field, the
rotation produced by one variety bevng counteracted by the opposite
rotation produced by the other.

Jagadis C. Bose, Proceeding of Royal Soc. London, 1898

77
“On the Rotation of Plane of Polarization of Electric Waves by a Twisted Structure
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Early Electric Metamaterial: Artificial Dielectrics

Periodic metal-dielectric plates with effective
iIndex of less than 1

Proceedings of the I.R.E. and Waves and Electrons November

Metal-LLens Antennas’
WINSTON E. KOCKt, SENIOR MEMBER, LR.E.

velocity.! This same property is acquired by waves con-
fined between conducting plates which are parallel to
the electric vector and spaced apart a distance greater
than one half wavelength. A row of such parallel plates
accordingly constitutes a refractive medium with index
of refraction less than unity. Such a medium, when cut
to the proper profile, can be used to produce a focusing
or lens effect in a manner similar to that of a dielectric
iens.|

W. E. Kock, Proc. IRE, Vol. 34, 1946
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Noble metal: ¢ < 1 In nature

Drude model for permittivity: Silver parameters: g,=5.0
w, ®,=9.216 eV
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Experimental data from Johnson & Christy, PRB, 1972
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Array of Thin Wires and Tunable Plasma Frequency

IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION

Plasma Simulation by Artificial Dielectrics
and Parallel-Plate Media*

J. Brown, Proc. IEE 100 (1953)
W. Rotman, Trans. IRE AP 10 (1962)
J.B. Pendry, et al., Phys. Rev. Lett. (1996)
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Electrical metamaterials:

metal wires arrays with tunable plasma frequency

——a ——

/ 2
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%) a “l = 1
A periodic array of thin metal wires with T o s )
r<<a<<\ acts as a low frequency p|asma ; Reduced Frequency (0/m)
-2--
The effective ¢ is described with modified o, = Real
== Imaginary
_4.-
Plasma frequency depends on geometry

rather than on material properties Pendry, PRL (1996)

16



PURDUE C‘%”Eer?ineerin " Birck Nanotechnology Center

Metal-Dielectric Composites and Mixing Rules

{%ZQQ+%Q

£, =66, /(Cg, +C,8)

Maxwell-Garnett (MG) theory:

fel@)-6(0) _, al0)-50)  ros

Evs (@)+ 2, (@) &(0)+ 2z, ()

Effective-Medium Theory (EMT):

E. —E& Ey— €&
m eff +(1—f) d eff

&, +(d-De, & +(d-Dey N
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Composites with “elongated” inclusions

Depolarization factor:

J' ® ai aj ak dS Lorentz depolarization factor for a spheroid with aspect ratio o:1:1

0 2(S+ai2)3’2(s+aj?)l’z(s+ak2)1’2 1

o
©

Screening factor:

x=(1-0q)/q

o
o))

o
~

p(1:1:1)=1/3

f m eff 4 (1_ f ) d eff _ O 10 1 100 101

En T KE Ey + KE 4 Aspect ratio, a:1:1

Clausius-Mossotti yields
shape-dependent EMT:

-
N

Depolarization factor, p

H
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y =i{—i\/52 +4K8m€d} F=[(c+D) f 1 +[x—(x+1) fle,
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Absence (or very weak: p~=1)
Optical Magnetism in Nature

Magnetic coupling to an atom: — Uy = eh/2mec = €d, (Bohr magneton)

Electric coupling to an atom: — €4,

Magnetic effect / electric effect o2 ~(1/137)2 < 10 4

“... the magnetic permeability p(w) ceases to have any physical meaning at
relatively low frequencies...there is certainly no meaning in using the magnetic
susceptibility from optical frequencies onwards, and in discussion of such
phenomena we must put p=1."

Landau and Lifshitz, ECM, Chapter 79.
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SRRs: first magnetic metamaterials

A bulk metal has no
magnetism in optics

Split-ring resonator (SRR)

A metal ring: weak
magnetic response

cut the ring 10
introduce resonance

A split ring:
magnetic resonance

Double SRR:
enhanced magnetic Theory: Pendry et al., 1999.

resonance Experiment: Smith et al., 2000.
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Artificial magnetic resonators:
Earlier form and Today’s design

SRR for GHz magnetic resonance (Hardy et al., 1981):

213 Rev. Sci. Instrum. 52(2), Feb. 1981 0034-6748/81/020213-04%$00.60 © 1981 American institute of Physics 213

Split-ring resonator for use in magnetic resonance N
from 200-2000 MHz P
W. N. Hardy and L. A. Whitehead %
}/.

N\
Modern magnetic units for optical metamagnetism:

H*V" E

/ '
4

C-shaped Rod Nanostrip (or nanorod) Pair
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Limits of size scaling in SRRs

Direct scaling-down the SRR dimensions doesn’t
help much... 400

Loss in metal gives kinetic
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Progress in Optical Magnetism Metamaterials

Terahertz magnetism

a) Yen,etal.—~ 1THz (2-SRR) — 2004
Katsarakis, et al (SRR — 5 layers) - 200t

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

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

d) Enkrich, et al. 200THz (u-shaped)-2005

MMM MM

_ MMM

2004_2007 yearS. ' u u u u u ||5p|n; 22 0
from 10 GHz to 500 THZ . pd  CRTRTRTRTR ul
ML . L

RMML 2
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Magnetic Metamaterial: Nanorod to Nanostrip

E Dielectric
0 Metal

Nanorod pair Nanorod pair array Nanostrip pair

e Nanostrip pair has a much stronger magnetic response

Lagar’kov, Sarychev PRB (1996) - u >0

Podolskiy, Sarychev & Shalaev, JINOPM (2002) ~-p<0&n<20
Kildishev et al, JOSA B (2006); Shvets et al JOSA (2006) — strip pairs
(Svirko, et al, APL (2001) - “crossed” rods for chirality)
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Visible magnetism: structure and geometries

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 — all the visible
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Negative Magnetic Response

Max: 6,405
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Negative Magnetic Response
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Magnetic Colors: visualizing magnetism

Resonant TM Non-resonant TE Resonant TM Non-resonant TE
Transmission Transmission Reflection Reflection
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Sample # Cai, et al., Opt. Expr., 15,
Width w (nm) 3333 (2007)
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Magnetism across the whole visible
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A, as a function of strip width “w’: experiment vs. theory
Negligible saturation effect on size-scaling (as opposed to SRRs)
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