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What are Metamaterials?
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First NRI/Left-Handed Test Structure

L

D.R. Smith, S. Schultz, et. al., UCSD, PRL 84, 4184 (2!
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Materials & Metamaterials

ﬂ E,H ~exp[in(w/c)z]

>0
p>0

e<D
p>0
Electrical Plasma

(Metlals at optical
wavclcngths)

Evanescent waves

Common
Transparent £

Evanescent waves

Negative Index H Magnetic Plasma

- (Not naturally occurring at
Materials optical wavelengths)
g<0 >0
pu<0 p<0

Pendry,1996 Cloaking




Milestone of NRI development

\
:

| Veselago first

studies the effect a proposes metal proposes Split

negative
permittivity and
permeability has
on wave
propagation

Pendry

wire structures
to realize a
negative
permittivity(-€)

Realizing a Negative Permittivity

Smith is the first
in the world to

Pendry

Ring realize a 4
Resonators medium with
(SRR’s) to effective

realize a
negative
permeability(-p)

negative index
of refraction



. Milestone of NRI development (cont.) 100 nmW

Wavelength

Magnetic resonance frequency (THz)

| | I | | | | | !
2000 2001 2002 2003 2004 2005 2006 2007 2008

Year

Advances in metamaterials. The solid symbols denote n < 0; the open symbols denote pu < 0. Orange data from structures
based on the double split-ring resonator (SRR); green: data from U-shaped SRRs; blue: data _
red: data from the “fishnet” structure. The four insets give pictures of fabricated structures | Science 3 15,47 (2007).
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What is a metamaterial?

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

properties.

Leta = meta = beyond (Greek)

A natural material with its A metamaterial with artificially
atoms structured "atoms”



Photonic crystals vs. Optical metamaterials:

connections and differences

0 1 o all

a<<A. a~A. a>>4,

Effective medium Structure dominates. Properties described

description using Properties determined using geometrical optics
Maxwell equations with by diffraction and and ray tracing

T interference

Example: Example: Example:

Opftical crystals 1'::?.{?{}1‘{?.'4?1’(‘.5' rm'.ﬁ'.i'_fﬂéﬁi‘ Lens system
_Metamaterials > Phased array radar Shadows

X-ray diffraction opfics

i




MR 25451 Natural Crystals

... have lattice constants much smaller
than light wavelengths: a <<A

... are treated as homogeneous media
with parameters ¢ 4 n, Z (tensors in
anisotropic crystals)

... have a positive refractive index: n > 1

... show no magnetic response at optical
wavelengths: y =1




MRl ZEA Photonic crystals

... have lattice constants comparable

to light wavelengths: ¢ ~ 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 g 1, n, Z

... often behave like but they are not
true metamaterials



Metamaterials: Properties not found in nature?

Invertebrate superposition eyes-structures

that behave like metamaterial with
negative | Teiractive—index

(refractionT)

D.G. Stﬂvt'l‘lgﬂ lepirtment of Mewmwbophysics, Univesily of Gronngen, NLS247 AG Gromnmgen, the MNethe clands
DL G Stavengai@rug. nl




Metamaterials: Artificial periodic structures?

Lycurgus Cup (4'" century "Hot-spots” in fractals
AD)

_——

a0 nm

Ancient (first?) random
metamaterial (carved in Romel!) Shalaev, Nonlinear Optics of Random Media,

with gold nano particles Springer, 2000; see also papers by Stockman




Light-matter interaction vs. structure size

structure

size

interaction

description

realization

atomic
lattice

[¢]

electronic
phononic

dielectric
function

£(®), (n(o))
- n(®)

nature
(chemistry)

meta- photonic waveguide

material

crystal array

~100 nm ~500 nm ~10 ym

plasmonic

bi-anisotropic
function

g(k.0), p(k.o)

n(k.®)= iJ e(k.0)u(k.m)

k. o)

Z(k.w)=2,%* T

nanotechnologies
[metal-dielectric]

|l—|+

diffraction
diffraction

photonic band structure
(multiple modes)

k()

microtechnologies
(dielectrics)



Negative refractive index ‘1

— A new concept/frontier in optics .



One of the most important and very interesting
characteristics of metamaterials is the negative refraction

Negative

Positive refraction

refraction
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Negative refraction by left-handed media

ordinary refraction negative refraction
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Wavelength of incident beam: 1um
Electric field normal to this plane
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Backward waves

S (power)
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More Choices
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Diffraction free imaging

Ordinary dielectric Negative-index material Ordinary dielectric

Internal focus

ObjeCt |mage

...
.
.
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Refracted light -
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source refocu Q
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> <€ >
/ d d-/
Ray-model analysis of the double-focusing\effect n am heterostrul%
shown is the amplification of the source’s near-field.







Applications of metamaterials

T——— - -::ﬂ‘_m__

perfect lens optical cloaking

£ ==1
£ ?.-1'

J. B: Pendry, O Sthung, and DR, Smith,
Scierce 312, 1750 {2008]

n=-1 n=1i

[x Schung efal Sceence 314 97T {2006)
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The main feature of this plane is its reduced RADAR cross section
which results mainly due to its very odd mechanical design.







Electromagnetic Cloaking

An electromagnetically
cloaked object has no
shadow

Cloakme means to
render thmes mvisible to
electromagnetic waves

‘ Radar Tx ‘ Radar Rx
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We can use metamaterials as an
invisibility cloak

LIGHT
SOURCE

LIGHT




Straight field line in Distorted field line in
Cartesian coordinate distorted coordinate

Spatial profile of ¢ & u tensors determines the distortion of coordinates
Optical metamaterials provide unprecedented control of electromagnetic fields. If we can
change the path of light at will ...

Pendry et al., Science, 2006
_______________________________________ - Leonhard, Scieace, 2006

Pendry, Smith, “Controlling electromagnetic fields,” Science 3

D. Schurig et al., “Metamaterial electromagnetic cloak at microwave frequencies,” Science 3
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C (X, Y, z) fE= S’ (u, v, W) S£%%d]
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Maxwell's equations have &, =&, —Lz

exactly the same form in -
L LL

any coordinate system : Wy
J{'fu = )('tu L:._'

Seeking for profile of £ & u to make light avoid particular regioh in space — optical
cloaking

Pendry, Science, 2006
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Microwave
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INVISIBILITY metamaterials
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Light rays could In \
theory be bent around an

object Inside the cloak, making o
it seem Invisible -
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Y
HOW A CLOAKING DEVICE MIGHT WORK

Researchers have theorized that
plasmonic materials could render _ Metamaterial shell
objectsinvisible. In one proposal, the
cloaking device would be a thick shell
constructed of metamaterials, which
exhibit unusual optical properties.
This shell could bend electromagnetic
radiation aroundits central cavity, in
which a spaceship could be hidden. A
spacetelescope pointed at the shell
would see only the galaxy behind it.

Spacetelescope

Light from galaxy

Spaceship

PHIL SAUNDERS Space




R A (E2 5

Proaress Towards True Invisibility on May.17, 2009, under Science
www.codingfuture.com

+2
I C1 is the gradient index cloak

and C2 is a uniform index

background.

| The cloak will transform the
shape of the bump back into a

-2 virtually flat object.

Theory: J. Li, J. Pendry
GHz: Smith et al (Duke)
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Meta-atom

1D 2D

R4 ex=l
w0 w=i

Electrical plasma | Transparent dielectrics

Zero-index

" materials  ——5

i e=p=l

& * _,;,a_,,, - f__,;:f : Negative-index Magnetic plasma
- materials

g Ex
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Chain Metasurface Metamaterial

I

Negative index materials |  Super resolution |  Giant artificial chirality {

Electromagnetic cloaks | Nonlinear optics |  Optical magnetism
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arbitrarily-shaped object

eam  Science 349, 13




Cloaked reg[nﬂ '

Changing polarization state of the incident light, can
on and off of the invisibility function. N [Scicncs 348!
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Metasurface invisibility skin cloak for a 3D arbitrary shaped obj;éct

Science 349, 1310 (JIS) |
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Mach-Zehnder interferometer setup for obtalﬂlg the phas
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We need to add magnetic
effects where none n
seems to exist

We need to make
metamaterials
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How on earth ;;l\‘

“these be created??

* Material comprised of
artificial molecules

» Effective € and effective n
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Camera

B 1.5 Z@SRALSHARRBRREFT . (a) SRy =88 '
R e B A, (b) AHARKXRER; (c) ARBITAXF
=, Nature 455, 376-379 (2008).
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8RO

on dielectic board

Depositing metal (Sn or Cu)
e,=4.4

Thickness of board =0.45 mm

| :CE%_:C_E_.. _.
] uﬁ@m%;r_@
@@@@E@@@@EE

Bilkent and ISU, APL 81, 120 (2002)

=(.33 mm

=w

7

Parameters
3 mm, d

/




Normally, the
structure consis
of multi-layers so
as to form -p. \
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A 2-D Isotropic Structure UCSD, APL 78, 489 (2001)
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Opt. Lett. 30, 3356-
3358 (2005)



Nanowires
Shalaev et al. ArXiv:physics/0504091 (2005)
e*] H

g

Negative
permeability

2,0 1.0
Wavelength (um)



STONSHREL | — |
t(Au)=45nm s(MgF,)=60nm
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Zhang et al., PRL 95, 137404 (2005). ~ Opt. Lett. 31, 1800 (2006).

T mm
Realization n<0 at 1.5mm, K'ad j
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Magnetic resonances at 1.5 ym

Normal
Incidence
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Enkrich et al. PRL 95 203901 (2005)
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. .. .
THE SUPERLENS

Arectangular slab of negative-index material forms a superlens. Light [yellow
lines) from an object [otleft] Is refracted at the surface of the lens and comes
together again to form a reversed Image Inside the slab. The light Is refracted
agaln on leaving the slab, producing a second Image [or right]. For some
metamaterials, the Image even Includes detalls finer than the wavelength of light
used, which s Impossible with positive-index lenses.




Farfield
Image

So-called “superlens” claimed by Zhang Xiang, et. al.
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SRR: the first magnetic metamaterials

<,
i 49,}. A bulk metal has no
'%, . magnetism in optics
» 0‘9'
0 - /
%, %

?"f' Split-ring resonator (SRR)

A metal ring: weak
magnetic response

cut the ring to
introduce resonance @ H

A split ring:
magnetic resonance

8
(\o\ Double SRR:
e &° enhanced magnetic Theory: Pendry et al., 1999.

oo‘e @e'(;e IeSonance Experiment: Smith et al., 2000.




Embedding a metal split-ring and a
metal rod creates left-handedness

Mngne_‘ri omm.
(Negative p)




e
Split-Ring is an LCR Circuit

AC INDUCED E.M.F.

current g




LHM — Resonant Approach

» 1967: LHM were first proposed by Russian Physicist Victor Veselago
+ 2001: LHM realized based on split ring resonators - Resonant Approach towards LHMs.

SRR

metal wire

SER-based LHM unit-cell

Split ring resonator SRR: at resonance provides u<0
metal wire: provides £<0

« SRR-based metamaterials only exhibit LH properties at resonance - inherently narrow-band
and lossy.
« SRR-based LHMs are bulky - not practical for microwave engineering applications.

N
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The effective permeability can be ex-
ressed in the form

Fo®
Penl®) = 1 = o w3 + ilw
= P 0) + ip (o) (1)

where F'1s a geometrical factor, w, 1s the res-
onance frequency, I is the resistive loss in the
resonating SRR, and .. and p”_ are the real |
and 1maginary magnetic permeablllty functions.

5 MARCH 2004 VOL. 1494, 303, §i-‘



esonance frequency: w, =

- Magnetic plasma frequency:

2 2
7,0’ Cr’

3
7 1, Cr’

3

@
" N7 u,Cr’(1-m?/a’)

Typical value: ¥ = 2.0 mm

da :S.OX10_3m,d :1.0X10_4m; u“". IHE TeoE T 48 T

fo=2.94GHz, f,, =4.1TGHz

1.5

Z/\H—-
1.0

0.5

L LT,

GHz
Dispersion of m . with fre

Pendry J.B. et al, [IEEE MTT 47,
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cos nkA = n, is the refractive
(n + l)t +rt (n - 1) 1ndex of the substrate
B ]




Monochromatic Wave, No Modulation, No information

l Mono matic Waxe: No dulation
NOTHING To\Cross e Frogm Left to ht

Carrierf Goes|Right in Pl arriey] (roeq Left in NI

dani rs Do Not (ross AIM —INIM o

This shows a strictly monochromatic (single frequency) wave (red curve) with no
modulation (blue flat line, no markers). Note how the carriers go towards the PIM-NIM
surface but not across it. Since there is no modulation present, can you see anything
crossing the PIM-NIM surface from left to right? Clearly not.

So this movie cannot represent any signal or information or energy launched from left
and crossing the PIM-NIM surface to right.



Modulated Wave Incident Perpendicular to PIM-NIM Surface

Only Modulation K#eps Going Fromw]eft to Right
|I

farriel Goes Right in PIM Carri¢r Gods Left jh NI

Cakrierg Do Not Crosg § ate Fro Leftto F gl’lt

PIM NIM

This shows a modulated wave (made of many frequencies) that starts from left. The (red curve) is the carrier,
and the (blue line) is the modulation. Note how the carriers go towards the PIM-NIM surface but not across
it. The modulation crosses the PIM-NIM surface from left to right. 1
In NIM, the modulations and carriers travel in opposite direction because this wave is incident perpendicular
to the surface. However, this 1s not true when the wave 1s incident at an angle. Also, here the decay of
modulation after entering NIM is artificially suppressed. You will see both effects in later movies.
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Incident Working

Material light source  wavelength

Ag Plane wave 400nm~700nm
TEEREN

Yongqi Fu, et. al. Plasmonics, 6:28_1—_2?%7 (2011).
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Parameters

Width: Tum

Plane wave
\ wavelength 688nm
; g(Ag) -19.694+1.2432*1
=S,/S 0.1895
Lateral size 16nm
C()I;littt;rclfL g
g(X) 1.5306 + 0.00431
(z) -2.9215 + 0.23561
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Yongqi Fu, et. al. Plasmonics, (i press)
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ff;ippe ith Unix system and
DL user programming function.
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VB6 UHR electron beam lithography
machine installed at the Cavendi£
Laboratory ’

=
1=
e
p—
L

; _ gty /



Science 268, 1466 (1995).
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PHASE & GROUP VELOCITIES

Fhase Group
velocity - velocity

University of Texas at Austin



(a) (b)
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: 0, Snell’s Law

incident Sm(@l) n,
PIM | PIM S; 8 =
(vacuum)|(n=0) =0 lIl( t) n;

This 1s the familiar positive refraction. Note how the front crosses the surf: n

such a way that Snell's law is satisfied. No part of the front stops or goes at odd
speeds.

The next movie shows how a front can never cross from PIM to NIM so as to satisfy

a negative Snell's law. e

:



This sequence shows
the problem with
negative refraction
of causal signal

PIM

NIM

T=0
First assume that
front canrefract

negatively and
move forward

w10 the dotted line.

A

incident

Transmitted *
No. Direction 1s
wrong to call it
“transmission

This shows why no front can bend in a negative way and keep going forward. ‘

this the wave front would have to pivot around the "bottom" point - the bottom poi
would have to stop while all others would keep going at different speeds. But the
of each point is fixed in each medium. So this is not possible. Also, if we consi
only half the beam, the "pivot" point would change. But what decides which is
point? Nothing. Or maybe the wave front appears on right before arriving at surf:

m




PIM NIM [

Phase ray arrows in ,-7?\

the NIM (LHM) are 5?'7:\\5 /7 5
» pointing in the wrong | 44" s p
(forward) direction, i y \ =
implying forward %g x / |

energy flow. Group
rays do not focus.
:-—L— § ——sb— - —

FIG. 4. Passage of rays of light through a plate of thickness d

i 7 ode of & left-handed substance. A ~ source of radiation; B — de-
Time Evolution of s ol wiefpemies = _ _
This error is copied

Plane Phase Front by most later authors.

-
This shows how the phase fronts that satisfy a negative Snell's law come towards t
PIM-NIM surface, rather than crossing it from left to right. These canno
interpreted as anything going from left to right, i.e., this does not represent ca
wave front propagation along a ray as depicted by Veselago. Note that Vesel
shows forward direction on arrows in NIM. That is wrong because these are ph}ie

rays. If you still do not believe how simple but true this is, try to find anything that
is going from the left to the right of the surface in this movie that would correspond
to the right-moving arrow on the rays shown in the figure on right.



PHASE & GROUP RAYS CONFUSED!

We have added red arrows to show the correct directions

Veselagolll D.R. Smith, et al [6]

PIM NIM PIM o) B
Se S
. PIM
‘_/\ 5
»-i e S el NS Biroush a Richi-H # i 5
m‘ ke d’ Eﬁtw & i A e 1) Rays from o pomt sour mzmy through a Right-Handed ¢ lul will dier: eilsl.
= mrwree of mdintien; B — da- 1 real et

tator of el Liskdom

UCSD Website [10/13/011

nnnnnnnnn

. . 4 PIM E’;M- PIM @ PIM NIM  PIM PIM NIM | PIM
Time Evolution of S <SP
| Plane Group Front} “~. § -~

httpe/iwrwrwe- physicsncsiledn/Thonedia~»hatishtml

how the group front crosses the surface in such a way that positive Snell's 1
1s satisfied.
So this 1s the right group ray diagram with positive refraction for all medli

This is how the group refracts positively (both in NIM and in PIM). ?v
even for NIM. The standard ray diagrams on the right are all wrong. "
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When a modulated wave (made of many frequencies) is incident at an angle to PIM/NI
surface, the modulation (wide gray bands) and the carriers (sharp black-white narrow bands)

in entirely different directions. RIS, VA B IEFETT FAF

Remember how they went in opposite directions (180°) when the wave was incident
perpendicular to surface? Well, here the angle between phase and group is 90~180°. Note how
the carriers go towards the PIM-NIM surface but not across it. The modulations cross the
PIM-NIM surface from left to right, and keep going upwards, i.e., modulations refract at

positive angles. - n




NIM

This shows the wave from last movie along one line perpendicular
PIM-NIM surface. The long modulation on the incoming pulse almost
stagnates because the group speed is so slow and positive. The 1arg§

angle between the phase and group makes the pulse decay rapidly }
NIM.



Fnvelope would be this
if no decay occured in NIM,
It it decays to  this.

f
\.//6 %’fﬂ

Note how pliase goes
baclovard but envelope
goes forward m NIM.

l
Decayed Signal l
Another movie showing pulse decay after imhomogenization b['

refraction. Here an extra envelope (modulation) 1s shown (red curve) that
does not decay. The decay of the actual pulse can be compared to this red line:
that 1s how big the pulse would be if it did not decay. Also see how the
carriers go backwards in NIM, and how their values match at the surface but
how their slopes do not match. i |
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Creating Magnetism Without Magnet at High f

Diffraction-free Negative Superlens

DNA Image

—0.34 nm

Artificial Plasma with Negative g

Electric metamaterial structure




PLANE WAVES IN PIM & NIV
k xE = opH k xH = —weE

(Proof: pp.296-7, JJackson,Classical Electrodynamics, 3rd Ed. 1998.)
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Does the object need to
be inside the cIoak"

BACKGROUND FIELD
= N=DISTUREKD

METAMATERIAL

COATED CYLINDER
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Figure 4. Limitation of resolution in lenses. a) Conventional lenses need a wide aperure for good resolution but
even 50 are limited in resolution by the wavelength employved. ) The missing components of the image are contained
in the near field which decays exponentially and makes negligible contribution to the image. ¢) A new lens made from
a slab of negative material not only brings rays to a focus but has the capacity d) to amplify the near field so that it
contributes fo the image thus removing the wavelength limitation. However the resonant nature of the amplification
places sever demands on materials: they must be very low loss.




d

i
medium?2

two complementary media have an optical sum of zero

Figure 6. Generalizing the perfect lens: a) an n=-1 slab draws light to a perfect focus; b) shows how the focus is

achieved by the negative slab ‘unwinding’ or negating the phase acquired in passing through free space; c) focusing
can occur through two more complex objects provided that one is the inverse mirror image of the other; d) a graphical
statement of the optical cancellation mirror antisymmetric regions of space optically annihilate one another. A negative

medium is in effect a piece of optical antimatter. . .
Optical antimatter
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Pendry & Ramakrishna J. Phys: Cond Matter 15 6345 (2003)
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n << 0. However, the minimum value of w ¢ 1S not negative
(for both the measurement and the modeling results) as a
result of the large scattering loss. The refractive index 1s
expressed in terms of the permittivity and permeability as
n=2\(e u —eyp) +ile;pup+eruq) and Im(n) >0,
where e = ¢, +ie, and u = uy +iu,. To achieve a
negative Re(n) with & <0 and u; >0, —&;u, must be
larger than &,u,, as 1s the case near the metamaterial
resonance.




we show that a simple Lorentz model nicely fits the simulation. In the Lorentz
model, the permeability 1s expressed as:

Jo, ‘ (1)

(@)= U, —————
=Wy +jH

here f 1s a fill factor and y.. 1s the effective permeability for wavelengths far above the

resonance.
9 i

1 —r +¢ ~:
2t

cos nk\ =

A 1s the total thickness of the sandwiched metamaterials

The transmission (7=(¢|> ) and reflection (R=|r|* ) spectra are measured]
with a Lambda 950 spectrophotometer from Perkin-Elmer using |
linearly polarized light. Two different light polarizations have been used,
one with the electric field parallel the nanorod pair major axis and the
other with the electric field perpendicular to this axis.



