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Harry Potter, Invisible Cloak
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Outlines
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*Microscopic EM fields (e,b) to what we are familiar with macroscopic (E,B)
*Averaging over length scale larger than atomic length scale but below wavelength

Leads to electromagnetic material parameters €and
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Transparent media Reflective media.
Eg: Vacuum, Dielectrics (e> 0) Eg: Metals (e< 0)

EM properties

[CI
C

Electrical  Magnetic
permittivity permeability

We doun’t have materials with negative magnetic permeabilities.
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Nano-inclusions/meta-atoms ~ 10 nm

*Tailor mechanical, thermal and electromagnetic properties for interesting
physics and devices

*Unprecedented control over light
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Conventional materials: properties
derive from their constituent atoms.

Metamaterials: properties derive from their
constituent units. These units can be
engineered as we please.
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Water

Semiconductors
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Evanescont waves
Negative Index " xﬁm m”:?’"i
Materials bcal wa I'"""’” :
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... energy can be carried forward at the

group velocity but in a direction that is

anti-parallel to the phase velocity...
Schuster, 1904

Negative refraction and backward
propagation of waves
Mandel’stam, 1945

Sir Arthur Schuster Sir Horace Lamb

) . L. I. Mandel'stam
Left-handed materials: the electrodynamics

of substances with simultaneously negative
values of sand u
Veselago, 1968

Pendry, the one who whipped up the
recent boom of NIM researches

Perfect lens (2000)
EM cloaking (2006)
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Van Duyne et al.,, MRS bulletin, 2005
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e top ten adv: materials science INSIGHT

#8 About-face. After 2 years of debate, work
this year confirmed that certain oddball
materials are capable of bending light in the
wrong direction. Materials bend light and
other types of electromagnetic radiation according to a property known as their index of refraction. The bigger a
material’s index, the slower light travels through it, and the more light bends. A change in refractive index is why
a straw in a glass appears to have a kink where it enters the water. In natural materials. light always bends at a
positive angle with respect to the angle at which it entered.

See Web links on left-handed materials

But the surprising optical
properties don't arise from the
material's composition as its
structure. The first metamaterial
was a composite of metal wires and
split rings assembled on a lattice
of printed circuit boards. It was an
example of a metamaterial - an
artificial structure of repeated micro-
sized elements designed for specific
properties.

“Metamaterials derive their
properties as much from their
internal structure as from their

In 1964, a Russian physicist theorized that researchers could tailor materials to reverse the way they manipulate
passing electromagnetic radiation. Two years ago, researchers created such “left-handed” materials. They
beamed microwaves at a composite of copper rings and wires, which steered microwaves out at a negative
instead of a positive angle. Last year other teams challenged those results, but this year definitive proof came
from multiple camps.

chemical composition,” explains John
Pendry of Imperial College London,
UK. "Adding structure to chemistry
as an ingredient greatly increases

. the range of properties that we can

; access. There is a new realization that

(Credt:

2003, Top Ten Scientific Breakthroughs 2008, The Top Ten Advances in Materials

Science Over the Last 50 Years
INSIGHTS OF THE DECADE

5 THE ULTIMATE CAMOUFLAGE

Science veered toward science fiction this
year as physicists cobbled together the first
rudimentary invisibility cloak. Although far
from perfect—the ring-shaped cloak is
invisible only when viewed in microwaves of a certain wavelength traveling parallel to the plane of the ring—the
device could usher in a potentially revolutionary approach to manipulating electromagnetic waves.

See Web links on cloaking technology Now you see it. Metamaterials make it possible
to steer light around an object, creating an artifi-
dal blind spot (below). A disk version works with

microwaves (left).

a few years later, other teams reported ini-
tial success in making a superlens and related
devices called hyperlenses.

Then things got really strange. In May
2006, Pendry and colleagues and, indepen-
dently, Ulf Leonhardt, a theorist at the Uni-
versity of St. Andrews in the United King-
dom, reported that metamaterials could be
used to render an object invisible by steering
light around it the way water streams around
a boulder. Just 5 months later, Smith, his
postdoc David Schurig (now at North Caro-

The disappearing act began in May. when two independent analyses predicted that it should be possible to ferry
electromagnetic waves around an object to hide it All that was needed was a properly designed shell of
“metamaterial " an assemblage of tiny metallic rads and c-shaped rings. The waves churn the electrans in the
rods and rings, and the sloshing affects the propagation of the waves. Both analyses specified how to sculpt the
properties of the | and left it to experimenters to design the materials to meet those specs.

In Octaber, the team that made one of the predictions did just that—
almost. Physicists at Duke University built a ring instead of an all-
concealing sphere. They made some approximations that rendered
the cloak slightly reflective. Still, the thing whisked microwaves
around a plug of copper. proving that the method works. Cloaks for
visible light are likely years off, as researchers must figure out how to

make metamaterials that work at such short wavelengths. Even then,
the cloak would be a bust for spying because it would be impossible
to see out of it

View larger version:
»In this page »In a new window

The real breakthrouoh mav lie in the theoretical tools used to make

2006, Top Ten Scientific Breakthroughs

lina State University in Raleigh), and other
colleagues unveiled such a ring-shaped
cloakmg g device.

The device wasn't perfect; it worked only

2010, InS|ghts of the Decade
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B Electromagnetic B Acoustic [ Extreme -parameter and other
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N==x.&u
In naturally exiting substances permittivity and permiability are positve (except the
cases of noble metals like gold silver etc where permitivitty is negative for certain range

of frequency). o

Now lets consider that :

_.__mormal

u<0
<0

ARz KK
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Drude model for permittivity: Silver parameters: £,=5.0
2
a —
S(QJ)=$U— P | w,=9216 eV
a)(a)—l-:F) [[=0.0212 eV
50

,‘.;;;

|| © Re(e), experiment
© Im(e), experiment

Permittivity of Silver
S
o

-200} |—Re(e), Drude
~—Im(e), Drude
250 500 1000 1500 2000

Wavelength (nm)
Experimental data from Johnson & Christy, PRB, 1972
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!
Negative &' : metal with negative € and dielectric with &' positive
composite (dilute metal)

- — ,"”; | /‘
PoSif.8 F. =) O

Random mixing metal A periodic stack of A periodic array of thin
particles in dielectric host metal/dielectric layers metal wires in lattice

By carefully adjusting the ratio of metal to dielectric, the effective permittivity can
be changed.

R s 7L L Y
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Periodic metal-dielectric plates with effective index of less than 1

828 Proceedings of the I.R.E. and Waves and Elecirons November

Metal-I.ens Antennas’
WINSTON E. KOCK?, 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 'm'“ili" '*
Nl V

|

i

. ' ! l
"I

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

len:!
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Magnetic coupling to an atom: ~ 4z =eh/2m,c = aea, (Bohr magneton)
Electric coupling to an atom: ~ €d,

Magnetic effect / electric effect =a?=~(1/137)?< 10 4

*... the magnetic permeability p(e) 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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¢ %o 5 A bulk metal has no
~
Sop s, magnetism in optics
g, 2: m
o, Y
(2 /OO
@opd 25
'
A metal ring: weak
magnetic response
cut the ring to Split-ring resonator (SRR)
introduce resonance
A split ring:
magnetic resonance
2 . s
& e B
0
)
c“ove Double SRR:
\cé“ e“‘ enhanced magnetic
W g‘s‘ od resonance
00 o o
& o°
&

L)), %‘ﬁiﬁj'ﬁ‘k‘%
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SRR C-shaped Rod Nanostrip (or nanorod) Pair

glass substrate

t=35 nm d=40 nm p=2w,

Visible range design
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Magnetic field distribution: negative response

Electric displacement forms a loop and work as a magnetic dipole
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aﬂu T T T T T T T T T T T T 1 ﬂ
] ==m== Experimental
750 —&— Analytical 0.5
=== Permeability ’

700- T
00 @
T 650 | 3
< .05 8
< 600 =)
~ 10 2
550 =
. * T
500 - " No 15 —

450 2.0

50 60 70 80 90 100 110 120 130
Strip width, w (nm)

A, as a function of strip width “w”: experiment vs. theory
Negligible saturation effect on size-scaling (as opposed to SRRsS)
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+ Negative magnetic metamaterial =
Negative index metamaterial
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In 2000, SRR
structure combined
+ metal wire
provides negative
refractive index.
(@5GH2z)

,,,,,

o |
L Jﬂ"‘\ / In 2001, experiments
HE A directly confirm that LHMs
st Y / do indeed exhibit negative
1oy . 1 refraction.(@10.5GHz)
z Pm—

e T Y L o T

Smith, et al., UCSD, PRL (2008) ) w4 i 2 4 £ /%
Shelby, et al., UCSD, Science:{2004:)sn mstmure of recinotocy
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1000}
£ | | |
=) E E | | .
< 1500} ++ + Progresses
5 ‘ E Our Results
2000 " + + | : ; ; :
05 06 07 08 09 10 11

Year

3. Tunable and loss free is realized.

SCB 24 nm 300 nm

¥
35 nm

A—
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35 nm

Il Alumina Silver



Outlines

=, REH
AR BRI
- R oA e

_______________________________ m%ﬁﬁrfk’?

K f HARBIN INSTITUTE OF TECHNOLOGY



G B R

Waves scattered by an object have all the Fourier components: k& \/k —ki—k

The propagating waves are limited to: k. = [k? + k? <k

2z 2x
¥ ¥ 0 — A}(/"y:?)}(k—:l)
4
To resolve features A, we must have : 5. ;3 k = Ji +EE k> k<0
Conventional lens NIM slab lens
X

r— v ik oo
L 2

Propagating waves F

Evanescent waves
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0. Hess, University of Surrey

Amplification of Evanescent Waves Enables sub-Almage

This has led to the desire to view live biological cell interactions in a real time, natural environment,
and the need for subwavelength imaging.

i HARBIN INSTITUTE OF TECHNOLOGY



AR I B3 1 S e SR

PR

Ag(3snm) '
PMMA (40nm) /

>

Quartz Cr(50nm)

tttttttt

365 nm lllumination

Left: An array of 60nm wide slots of 120nm pitch. The imageB

IS recorded in the photoresist placed on another side of

silver superlens.

Right: Atomic force microscopy of a developed image. C

Superlens imaging of a 60 nm object (A/6). L\ ]
N. Fang et al., Science (2005) 2

S A VT 773 92
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Surface Roughness and loss are two big issues.

Gain media is used to compensate the loss of metal.
The resolution can be reduced to A/50.

Can be used for sensing and data storage.

negative index
optical'metamateri

Nanolaser array Matl
AT AT AT AT AT AT AT AT AT ATATATATATATA
Super
lens “ “ “ “
Disk - Pump laser/Z i - Probe laser/# Il
Optical storage device design Diagnosis for pathological changes
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Fermat:
S Sndl =0
/ n=ver)u(l)
/ “curving” y
y A optical space L
L “
X
Straight field line in D_istorted field I_ine in
Cartesian coordinate distorted coordinate

Spatial profile of ¢ & p 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
_______________________________________ 1 eonhard, Science, 2006
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C (¥, 2) JE52I S’ (u, v, w) L7 [H]
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.
X
Maxwell's equations have

exactly the same form in
any coordinate system

Seeking for profile of ¢ & p to make light avoid particular region in space — optical
cloaking
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x=position (cm)

D. Schuriget al., Science Express (2006)
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Metallic wires oriented along the radii

provide the necessary graded refractive

index.

A dispersion of gold Au nanorods in an

isotropic dielectric fluid can achieve tunable

effect.

- .

D

o A —

Golovin etal., Ar;plied Physics Letter (2009)
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dielectric host

metal wires

W. Cai et al., Nature Photonics (2007)"
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Proaress Towards True Invisibility on May.17, 2009, under Science

www.codingfuture.com

+2
l C1 is the gradient index cloak
! and C2 is a uniform index
(0 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)

mﬁ%&%@m‘)
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Operation wavelength:
1.4 pumto 2.7 pym
Viewing angle: 60 degrees

LA

Bump:
y(X) = hcos® (zx/ w)

for |x|<wr/2 N N AN NN DR AR
> - £ 00,0 0,0, 0,000, 8,00 84
d.d.0.4.4.4 A, 0,0. 00004,

048 60 40 0-0-0-0~A0
" o S N |

height of the bump : h=1 pm T T T Tt RND RN
full width of the bump: w=13 um | 0,00 acbeicacacs s

111111

Cloak:
26 pm nx d!reCt!On Inside the cloaking, the local effective refractive index is controlled by
10 HM Ny direction the volume filling fraction of polymer.

Tolga Ergin et al (Wegener group)., Science express 2010

------------------------------- o) bl = 4 5%
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Illusion device can remotely

change the optical response '
region 1 -

restoring medium

region 2
complementary medium A8,
- Ilusion *

region 3 i ol

folding region including the man (a)

region 4 a man (object) a woman (illusion)
compressing region including the woman jermeeeeeeeeene e et .

o) D, g3 y® ¢ 4 (4

TR m T 8 A - .\" i 3 : 4 :
" | L | e = ) "N @) : :
o }ﬂmh' :5 = \‘ i ,:S - :s ‘,‘. ? ’..' “”. ”’.'
| ] Bt ] BT P —— (d) e

Yun Lai et al., PRL(2009)
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Allows:
Invisibility cloaks ([& 5~} 5%)

Stealth paint on planes (&£ §
DIRZR S

See through gloves for surgeons

AN REFAD

A person wearing a real
Take away blind spots for drivers "mvisibiity cloak”made of
incars (HRRIREFEMLE RO

Virtually anything in the military
ranging from clothes for soldiers
to invisible planes (G244 ML)

01 et aph b i Achkido Stealth

The type of plane that would benefit figp
attacks and landing would bemvch easieramdsafexsoLocy
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Fermat: ofndl =0
= Ve(r)u(r)

curving optical space

Light Concentrator Optical Black Hole
(also, Schurig et al) (Zhang group; Narimanov,Kildishev)

R=20um, Rc= 84pm A= 15pm
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I160

120

X 1U
14
112
10

Lossy circular inner core—ELC resonator (20 layers)
Lossless circular shell—I-shaped metamaterials (40
layers)

Y Axis (mm)
w
> ™

S

N

12}
10}

100 200 300 100 200 300
X Axis (mm) X Axis (mm)

:

Gaussian beam :Absorbing rate
99.94%, 98.72%

8
6
4k
2
0

Other sources also can work!

o) A 2 4 5%
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Light rays

Greenleaf etal., PRL(2007)

“- e '”’ HARBIN INSTITUTE or TECHNOLOGY



Outlines

&, BEE®

-7 X SnellEH
— V&5

""""""""""""""""""""" fa el

i b,
MUY HARBIN INSTITUTE OF TECHNOLOGY



Maupertuis felt that “Nature is thrifty in all its
actions”, and applied the principle broadly:

“The laws of movement and of rest deduced from
this principle being precisely the same as those
observed in nature, we can admire the application
of it to all phenomena. The movement of animals,
the vegetative growth of plants are only its
consequences ...”

SARIRFE T 17445 KK T /MEEREL, X
FEE W], X TrARERIS, FHEGR
T/ Ma. e SUEFEAMIRR &, 3]
P, SREE LR [RIEAR A H ik
FERfTE e, A ERD. e XEREN
WM ah i 55 7% 5 B 2 ()3

L g %‘ﬁiﬁ-; 'fk‘?
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The action functional from point
AtopointBis

B
50=f p-dq
A

where p is the momentum, and q
is the coordinate.

From the principle of least action
the true path of a system from
point A to point B is a stationary
point of the functional.

It works for any physical system!
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“Fermat's principle applied to phase
waves is identical to Maupertuis'
principle applied to the moving body;
the possible dynamic trajectories of
the moving body are identical to the
possible rays of the wave.”

Maupertuis’ principle

5SU=SI p-dq=0
A

Fermat’s principle o = hk

B B
5¢=5f k-dl=0—:r5f dl-n=0 _
) ’ > jdq) 0

A ‘.”. f HARBIN INS’HTLITE OF TECHNOLOGY



Snell &

77 N\
% 4 Incident medium

interface

NN Z

Figure 4.19 The refraction of waves. The atoms in the region of j:ﬂ: %?J‘ K /% E&EEE /'{_:_': 7\[6‘])/? 7X_\‘ 'I:EI 7\[6

B % % . N AW ~ h)
?;n:;ﬁsgseolj g;ef ;:r:;n::fhrr;gtr::gg;nmr.eradlate wavelets that combine H(J /BZ HU ﬂé ){j( , }jﬁ u Z_\‘ % E/E ,f%

I A2 BT T A YV [@mem

Q HU ﬂ:iji ’ ﬁﬁ w\ |\ z~ E:é:%\ o Eye X}Wﬂe”o o To eye, object
= - ) appears to be
n,sin6, =n,sing,
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g Ay Iy
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Refraction at Surface of Water




Positive {converging) lens —_ =

NPT e e m e R T B
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Fresnel lens
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" X (Generalized) Snell’s Law

B

J‘d ~0 Principle of least action ==pThe
¢= momenta difference between blue

A and red path is zero

For reflection

siné, — sinf; = n; 'ky Ve
For refraction
nesin@, — n;sing; = kg 1V

Tkon; Sin(B;)dx + (O + dD)] —
[kon; sin(8,)dx + @] = 0

2

=1 R A AL SRAL AR I

{5, MR¥Em/IAANL, ATEA 4 S m e dD)
13 B3 55 A A0 S A AT A % = "”“5‘“(— m 2mn, E)
PR K . | ho |dD)|

L E}c:arcsm(l—m|a|))

M. Yu, et al. Science, 2011 (Capasso Group)
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1 Artificial chiral molecules

In order to imitate the rotation produced by liquids like sugar
solutlons, 1 madelsmall elements or 1 molecules ” of twnsted 'uté, of
o
other twisted to the left (negative). T now mtcrposed a numbex 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 now mized equal numbers of
the two warieties, and ithere was now no vesloration of the field, the
rotalion produced by ome vartely being counicracted by the opposite
rotation produced by the other.

D I3

ch
a
=)
=
1
%
E
‘b

Jagadis C. Bose, Proceeding of Royal Soc. London, 1898
“On the Rotation of Plane of Polarization of Electric Waves by a Twisted Structure”
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\ Cloaked area

Cloaking is achieved by guiding light around
the hidden region. This can be achieved using
a smoothly varying refractive index — difficult
In practice.

A waveguide has an effective refractive index
determined by its height. Varying the height
tunes the refractive index — a much simpler
procedure.

_Smolyaninov_et al., Physical Review Letters (2009)  _ .
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“Stenciling" 10,000
gold resonators onto
a 1 cm square of silk

Just work at terahertz range, but not optics range.

Silk is compatible to metamaterials. Other materials would b
rejected by the human body, but not silk-based implants.

Invisible silk allows radiologists and doctors to wrap various -‘,‘ AN
organs or tissues and see through them. i :\
http://mww.huffingtonpost.com/2010/08/11/invisibility-cloak-made-f n_679170.html
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