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Photonic crystals

“There is Plenty
of Room at the
Bottom”

Prof. Richard P. Feynman
- December, 1959

~ California Institute of Technology
" http://www.zvvex.com/nanotech/feynman.html

2o

|4 Seoul National University




Photonic crystals

Photonic crystals

A

' ' ’
. . s . s Figure & The gresn colour of Parndes sesosinis is created by a photonic crystal. a. b,

"‘T": ‘-:-'1.',‘!'1-'&&.'&‘-".'.' ";'u.. aa -il:a]a ‘.';..'.1"'"}
LA RN . A Ty SRR RN as 8T

2um

o R[] L !'! Figure 3 Indescence in the butterfly &ompho dhatenor. a. Real colour image of the blue

3 _'{L_'_;"':g o SR AT L | indescence from a &4 rhetancorwing. b, Trarsmission electron micrograph (TEM) images

showing wing-scale cross-sections of A rhetenor. o, TEM images of a wing-scale

cross-saction of the related species A diditss reveal its discretely configured multilanrers.

* : The high occupancy and high layer number of A fiatenorin b creates anintense

[ Y le VIEISO‘-" {f‘f ”‘l’..’ { 'IQ'HH'(J 4 14.. 28(} (200 1 ) ] reflectivity that contrasts with the more difusely coloured appearance of A didius. in
which an overying second layer of scales effects strong diftraction®. Bars, a, 1 cm: b,

T8 pmic, 1.3 pm.
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Photonic crystals

Photonic crystals

Light cavities Light waveguides
(‘wires’)

Periodic electromagnetic media

Photonic bandgap: optical insulator

B Goones
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Photonic crystals
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a . guide

d : Y-coupler
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b : sharp bend

e : filter

Photonic bandgap waveguides
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c . add/drop

f . dispersive element
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Photonic crystals

Holey fibers

Itsubishi Cable
o Xl& 80um
S5 30 RE X E 11.5 um
(1550nm) 0.35dB/km
HHA 7.5mm
550nm)
0 turn <0.1dB
Fujikura

FutureGuide®-SR15
—>5& 5§ k4 15 mm

—

FutureGuide®-SR7.5

- &2 ZE 84 7.5 mm
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Optical analysis

Two categories of diffractive optics

ral diffractive opti

1. Inhomogeneous medium
(photonic crystals, holograms,
plasmonic devices)

2. Small scale structures (<104 )

- Electromagnetic theory

- Non-paraxial regime

- Rigorous modeling of
diffractive elements

diffractive optics

1. Homogeneous mediu
(free space)
2. Large scale structures

(>101)

:__'r-'j_'? Seoul National University

- Scalar diffraction theory

- Paraxial regime

- Approximate modeling of
diffractive elements
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Vectorial diffractive optics
Finite-difference time-domain (FDTD) method

O FDTD is arigorous analysis method with widely applications from
nano- to all length-scales using the Maxwell’s equations and curl

equations
E
H oE X )
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Vectorial diffractive optics

Solid immersion lens simulation (FDTD)

\Hy| [Afm] f=2%

9566

=i

396

z [nim]

=214
Ex — component Ey — component

514

-814
Extension to three-dimensional solid

immersion lens nano-focusing for high
814 514 -214 g6 306 GO =] . .
density optical memory
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Vectorial diffractive optics

Frequency domain method for the Maxwell equations

Homogeneous Maxwell equations in the spatial domain
VxE = jwuop(X,y,2)(%H, + §H, + 2H, ) Fourier

VxH =-jwege(X Y, 2)(XE, + JE, + ZE, ) transform

Homogeneous Maxwell equations in the (spatial) frequency domain

B 00 00Ot 0 0 0 gk -k E
0 g 0 0 0 0 o 0 o -k o ik e
J0 0 & 00 O E 0 0 0 K K 0 [IE,
P00 0 g, O O|H| | O JK -—jK 0 0 0 || H,
0 0 0 0 g, O/|H —_152 0 K, 0 0 0 || H,
0 0 0 0 0 pg,|t%d LS g0 00 0 fIH ]

The Maxwell equations in the spatial domain have partial differential
operators. But Maxwell equations in the frequency domain are
described by several algebraic equations.

'%% Seoul National University - @ OEQELab



Vectorial diffractive optics

Rigorous coupled wave analysis (RCWA)

Structure modeling (staircase approximation)

,' (i+1)" layer
w0

/7?7//\’ ith layer

V‘\ — % R

[

Fourier representation of the permittivity of the it layer
eV (%, y) =Y &l exp| j(G, X +G,,Y) ]

g,h
Fourier representation of the EM fields in the it" layer

Z Z [XS' n(z)+ySymn(z)+ zS!" n(z)]exp[ (k x+kyny)]

m=—M n=

HO = Z Z [xuxmn(z)+yuymn(z)+zu 0 (2 )}exp[j(kxymx+ky,ny)]

0 m=—M n=

The boundary conditions between adjacent layers are satisfied by

G ;the S-matrix method. ;
= Seoul National University - @ OEQELab



2D-binary dielectric grating showing polarization-dependent diffraction
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RCWA examples

Modal analysis of dielectric waveguide
- The eigenmode extraction from total-field by observing the eigenvalue.
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Vectorial diffractive optics

RCWA examples

3D micro-pyramid structure (15 level

Wavelength(A\.)=532nm
Period=3A\.,, Height=6A
Normal incidence

AU IOAUIOAIIUA] FiR RS a A

DL LTI [ : = = = ’ =
CRUTRLUTORDTOLD

3mmmmmmm};:::::::§
IR - XXX S X
YOIOYOIOYOION)] o o oo o e =

X-y crosssection  x-y crosssection

Seoul National University
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Vectorial diffractive optics

RCWA examples

3D micro-metal-sphere structure (15 level staircase approximation)
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Vectorial diffractive optics

Pseudo-Fourier modal analysis (PFMA)

Structure modeling (3D Fourier series)

‘ 2M 2N 2H _ )
5(X, Y, Z) = ZZ‘,M tzle ZZZH Esp eXp( J (kx,stp +K, oY T K, o ))
s=—2M t=-2N p=-

Pseudo-Fourier representation of the E-M field

Ek = ej(kx'ox+ky’0y+k2'02) Z (Ex m,n qX + Ey m,n,q 2 y+ Ez m,n,q—= )EXp( J (kxlman + ky.mnq y+ kz*m“qz))

m,n,q
Maxwell equation in the PFMA Eig:e/nv lue
— . 1 -1
-G, 0 Ky Ky Hix lfy:(z)Ey E, I E,
- -1

0 -G, ~Hy) T RE K, KKy = ﬁ E,

-1 -1 1 B
KilaRe gy =Kok, -l&. ° " w o
-1 -1 i H H
gy Rk TRk, 0 ~& T -

Eigenmode profile <

B Goones
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Vectorial diffractive optics

PFMA example

IOi A
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Longitudinally periodic and finite 2D photonic crystals

E_ ZC g Total field distribution iIs a superposition of pseudo-Fourier
~ 97 ejgenmodes with appropriate coupling coefficients.

Wavelength(A\)=532nm
Period=1.2\, radius=0.4 A\
Normal incidence




Vectorial diffractive optics

Comparison

FDTD

RCWA

PFMA

Domain

Space

Frequency

Frequency

Field representation

Finite-difference method

Piles of truncated 2D-
pseudo-Fourier series

Truncated 3D-pseudo-
Fourier series

Structure modeling

Mesh-structure

Staircase approximation
& piles of 2D-Fourier
series

3D-Fourier series

(no staircase
approximation)

Aperiodic structure

Yes

No

No

Analysis (If using PML, yes) (If using PML, yes)
Evanescent field No (Cannot separate) Yes Yes
analysis
Modal analysis No No Yes
Computation cost Very huge Large Huge

Seoul National University



Vectorial diffractive optics

Parallel computing

Parallel computing system

. \ ~
— = = =4 Total 4 nodes

node 1 : master / node 2,3,4 : slave

ill]
; 1
¢
0

JERECE —

nodel 1 layer

o

il
[l
I

AMDI\*? WS | o :

Athl
on = = = node 10 layers
. |l | " TTT¥T
O Parallel computation based on Linux MPI
0 16 x AMD MP 2000+ CPU 30 layers| ---=---- MPI
0 32G memory node 4
d 1Gbps network \_ Y,

0 MPI and Scalapack library for parallel linear algebra

P YN
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Plasmonics

What is a plasmon?
- “Plasma-oscillation”: density fluctuation of free electrons

Bulk
plasmon

N~~~ | Surface . §
olasmon The Lycurgus Cup (glass) Labors of the Months
British Museum Norwich, England
4th century A.D. ca. 1480
- + -
h+ . Green when illuminated from outside and
l_ l | Confined plasmon  red when illuminated from within the cup The ruby color is attributed to
Y./ in nanoparticle due to very small amounts of gold powder gold nanoparticles.
e alE about 40 parts per million)

oo

:__'r-'j_'? Seoul National University




Surface plasmon

Surface plasmon (SP)

EM surface-bound wave between a metal and dielectric surface (p-
polarized, TM wave) ko\/ &8, :9\/ &8,

- Dispersion of SP

P

The metal behaves like a plasma, having equal amounts of positive and &tén Cl&+é&,

negative charges, of which the electrons are mobile. _ .
ex) for silver-air interface, kg, = 1.03k,

The bound wave has an evanescent field which decays exponentially

perpendicular to the surface. - Propagation length, &,
SPs can be produced by photons in the attenuated total reflection device. 1 , 3 (&)
Cl&,té &,
SPs have played a significant role in a variety of areas of fundamental and Ogp = K" :;( o e dj <
. . . P m“d m
applied research, from surface sensitive technique to surface plasmon ’
resonance microscopy and a wide range of photonic applications. ex) for silver-air interface, 8sp =20 um
L4 " /a)—ck
Dielectric
+++\>/ \4/ +++ X i I >k
Metal z

Surface charges, evanescent fields, and dispersion curve for SP mode

Seoul National University _ (5 OEQELab




Surface plasmon excitation

o Excitation methods
- Kretschmann geometry, Otto geometry, SNOM probe
- Diffraction grating, bumped metal surfaces

Z?Lﬁ

AN

0. | spl

- = -

SPP excitation configurations

h. Seoul National University - @ OEQELab



Surface plasmon polaritons

Surface plasmon

T0nm 100 m Tpm 10wpwm 100 um T mm
| |

Aluminium at 0.5 nm
Silver at 1.5 um

E

B o




Surface plasmons in nanoparticles

Confined SPs in Nanoparticles

- Particle can be considered as a dipole
» Electric polarizability of a sphere a.

— &

_g —
2 %m e E,

€ = £,(W)+ig, (W) o <+ 2€m
Dielectric constant of the v\
metal particle

m m

g, . Dielectric constant of the embedding
medium. Usually real and taken

Resonant enhancement of p if independent of frequency.

‘8(&)) + 28m‘ =MIiNimum > Negative real dielectric constant ,(®)
Bohren and Huffman (1983), p.136

= Maximum|at AR 3.0

5{9"!’[} 80nm

- Uniform sphere, spheroid, rod shaped metal nano-particles ../~
- Interaction between particles, plasmonic chains =
- Focusing and guidance of light at nanometer length scales

Seoul National University

Frequency (10 Hz)
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Surface plasmon polariton

e

Ed (X, Z, t) _ E’d,oei(kxx+kzz—mt)

E_(xz,t) = E, etwtzed &

EM wave is coupled to the plasma oscillations of the surface charges

T (& oeqELab




Plasmonics: A bridge between electronics and photonics

1 THz+

Operating speed
= 9
Nw

1kHzT |

P S

100nm lum  10um 100um 1mm
Critical dimension

Transmission model

Optical waveguide

Surface plasmon
line width : < 50 nm

j¢

core size : ~ 10 um

CMOS VLSI RLC transmission line interconnection
50% signal

propagation delay Ty,

(Ismail-Friedman formula)
1

Tsom.cmos €
e, CMOS

Surface plasmon polariton wave propagation

Coupled RLC resonator transmission line

I\'

CEea— o
O f ﬂJ VYi-J W e O
T
. 1 =
it Tso%spp oc

c,SPP

I |
1t
%)
Pt
&

TSO%,CMOS > T50%,SPP

H. Ditlbacher et al., “Silver Ng
Plasmon Resonators,” Physica
95, pp.257403, 2005.

Seoul National University
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Surface plasmon dispersion relation

N
Radiative modes
(&m>
0)
............. 7 RRCCELL LI LI LU L L LU L L L L L L LR L L L LRI CeCe e e L EELEEL LR LY <
/
/ Quasi-bound modes
!
/ (_Sd < 8lm
!
.......... Y U
1
—

Ar laser: Dielectric: g,
y Bound m
Mac: 488 nm 4 5 ound modes

A = 387 nm g < —g
xg:f' 100 nm Em J

1/2
K — Q Enéy
X
C En + &4
> real k
real k

, imaginary k,
real k,

X-ray wavelengths
at optical frequencies

\ real k,
imaginary k,

large k
small wavelength

' Seoul National University -
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Surface plasmon dispersion relation

Semi-infinite metal structure

dielectric L

Metal

bounded mode

In metal, z<0
- _ Using the
Hi=(0,H,;,0)exp[j(kx—k,2)] continuity relation

El = (Exl' 0, Ezl) exp[ J (kxX - kzlz)]

: : > 0 / &E
In dielectric, z>0 ksp - |72
0 C &+ E
Hz=(0,H,,,0)exp[ j(k x+k,,2)] 0 ¥y ™ ° ™2

E2=(E,,,0,E,,)exp[j(k x+k,z)]

'%% Seoul National University - @ OEQELab




Surface plasmon dispersion relation

Finite metal slab structure

bound mode radiation mode

Char. egn. : gm—kﬂ+1 gm—k22+1 _[ Zuka -1 Enkez —1 |exp(-2k  d)
glkzm ‘92kzm glkzm gzkzm

ot £ (k)= fnku g |[ Enke g | [ Enka g |[ Enke g |exp_2k d)
glkzm 82 kzm 81kzm 82 kzm

B (2o
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Surface plasmon polaritons

S. Kitson, PRL, 77, 2670, (1996)

Metal surface relief gratings

Tig
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S. Bozhevolnyi, PRL, 86, 3008, (2001)

B o



Plasmonics

Surface plasmon excitation by Gaussian beams

and pulses in TIR geometry
Finite metal slab structure

> X

Damping
radiation

Surface
- 4

plasmon

At metal surface

Surface plasmon excited by Gaussian pul
Seoul National University

S 0zl ] At metal S ace
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Surface plasmon excitation by NSOM tips

x10° Intensity

T

Seoul National University



Surface plasmon excited by a normal incident focused
Gaussian beam by a dielectric grating coupler

Regenerated surface plasmon

V..

@ OEQELab

Seoul National University



Plasmonics applications

Beaming light from a subwavelength aperture

H. J. Lezec, A. Degiron, E. Devaux, R. A. Linke, L. Martin-Moreno, F. J. Garcia-Vidal, T. W. Ebbesen,
Scier;ce. vol. 297. no. 2. op. 8203—822. 2002.

Intensity (a.u.)
Intensity (a.u.}

400 500 600 700 800 900
Wavelength (nm)

‘AUD 500 600 700 800 900
Wavelength (nm)

—a— h=58(nm
= A=BO0nm _ \
08 \

s
=)

Al kn*ll]j:.

s \\
— W —r""/
0 5 1C 15 20 25 30 10 20 30 40
Angle (deg) Angle (deg)

Intensity (a.u.)
o
B

Intensity (a.u.)

Lot
a

—e— L=680nm

0.0

Light usually diffracts in all directions when it emerges from a subwavelength aperture, which puts
a lower limit on the size of features that can be used in photonics. This limitation can be overcome
by creating a periodic texture on the exit side of a single aperture in a metal film. The transmitted
light emerges from the aperture as a beam with a small angular divergence

!% Seoul National University - @ OEQELab




Plasmonics applications

Surface plasmon subwavelength optics
W. L. Barnes, A. Degiron, and T. W. Ebbesen, Nature, vol. 424, pp. 824-830, 2003.

Bull’s eye structure- beaming light by subwavelength structures

Slit flanked by 10 grooves (periodically distributed) at each side (geometrical parameters:
slit and grooves widths 40nm, groove depth: 100 nm, groove period: 500 nm, working
wavelength: 560 nm).

Grooves

5 10 15 20
Z (mm)

25
B €2 ococLa

o FF . . .
Q%‘E Seoul National University




Metal-gap waveguide analysis

A=532nm, TM

\/
\/

\/ Ag clad
n=1.52 l

Ny

- AN

grating period / width / height
= 500nm / 250nm / 80nm

3 B 1

Reflection is
decreased

J

Seoul National University

surface grating

Metal-gap waveguide with bottom surface grating

25

41.5

flat surface
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Metal-gap waveguide analysis

Metal-gap waveguide with upper surface grating

« A=532 nm, TM
I) 2 2 20 2N |

_I.I;'I.II.I.I.I_

fi=1.52 Ag clad

grating period / width / height
=500 nm /250 nm /80 nm

Flat surface

Seoul National University



Off-axis directional beaming (applied Physics Letters)

propagation evanescent
components components

X X107 S i
8
Ag
E : :
Z| 100 nm =—>| | = € - &
" [y t ‘b
Grating C N 4 3
‘.
L °?
2
$00 200 -100 0 100 200 300

Diffraction order

propagation evanescent
components components

X < - N
x 10°
Ag [ o ;@
Z| 100 nm— | }— _ Q) : @; .
e 6} o
= — ‘ %
Grating D, E Grating A, B N = :fi ; #
: ER
2 V :

diverging  converging

10 5 0 5 10 800 200 100 0 100 200 300
x [um] Diffraction order

S. Kim, H. Kim, Y. Lim, and B. Lee, “Off-axis directional beaming of optical field diffracted by a single subwavelength
metal slit with asymmetric dielectric surface gratings,” Applied Physics Letters, vol. 90, no. 5, 051113, 2007.

Seoul National University - @ OEQELab
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Vector field microscopic imaging of light (Nature Photonics)
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SPR biosensors

Proteins

Ligands

P-Polarized Light

"2 seoul National University _ @ OEQELab
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Multiple SPR on multilayer structures

y ‘? L ‘ATR;_dewce L E
e | Polarizer :

@ —_— ?‘F{otatiohal stage-'._'-:'_'-':

AZ1512 (‘ZLO S
rpm for 30sec)

L

-
o

i

: I”. cin -‘L;' i [ I: ) ,L_I“.I.' £ .‘:— :;. i i
__ AZ 1512 (2000 rpm féf 30sec 000 rpm fbf 30se
. Seoul National University OEQELab



K. Choi, H. Kim, Y. Lim, S. Kim, and B. Lee, Optics Express, vol. 13, no. 22, pp. 8866-
8874, 2005.

SPR analysis

Visualization of SPR using R-TMM and Gaussian angular spectrum decomposition

1

i N
i bt iRk R bR k‘ll‘!l’ll'llli"l A
— % AT _ L L LLLE L L) S
Y \\{\ . 5 R
; \w 5 i Iy 'j”..'-’
é é ‘ £ Ji !;
7 D 5 10 s i . s

X-axis [pm] X-axis [pm]

MSPR excitation with A = 632.8 [nm] @ 35 [*]

MSPR excitation with A = 532 [nm] @ 35 [°]

Z-axis jum]
z-axis jum]

5 0 5 10 15 20 5 0 g
x-axis [um]

Seoul National University

x-axis [pum]
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Surface plasmon applications

O SPP Applications
- Surface sensitive techniques, SPR microscopy - Foio i
- SPR technologies and a wide range of g

photonic ICs.

Waveguides of surface plasmons
Surface plasmon Bragg reflectors
Bio- and flow-sensors using SPR |
Light transmission enhancement

Laser beam shaping I'...'.MI 2.5um
||||||||||

I3r1qq
reflecting

gold film

30 um

o
n

1, (Arbitary units)

370 470 570 B70 0
Wavelength (wm)

Ag Film with hole arrays 5 : _1n_ 1s
(Period = 300, 450, 550nm AL
Hole diameter=155,180,225nm)

40 nm thick, 2.5 um wide gold stripe
lying on a glass substrate

J. C. Weeber et al., Phys. Rev. B 64, 045411(2001).
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A. Degiron et al. Appl. Phys. Lett. 81, 4327 (2002).
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Plasmonics applications

Plasmonic nanolithography

W. Srituravanich, N. Fang, C. Sun, Q. Luo, and X. Zhang,
Nano Letters, vol . 4, no. 6, pp. 1085-1088, 2004.

UV illumination

Metal mask : 90nm holes, 170nm period

Surface plasmons

1. Much shorter wavelength compared to the excitation light wavelength

2. E-field intensity of surface plasmons can be boosted by several orders of magnitude
compared to the excitation light

ﬁﬁ; Seoul National University - @ OEQELab



Plasmonics applications

Nano metal rod memory

R/W Lights w.r.t. Stectrums

Spindle

Long axls: mean &% nm, s d. & nm

Nano Metal Rod -

a
_'\ Short axis mean 17 nm, 8.4 45 nm
F |

Reading at

760nm

690nm

950nm

Swinburne University
of Technology
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Surface plasmon polaritons

Resonant surface plasmon couplings (SuperLens)

Superlens-based nanopatterning

- A flat plane of NRM behaves as superlens and amplifies evanescent waves in near-field
through a series of plasmon resonances.

- This allows super-resolutions below diffraction limit.

- Experimentally achieved improvements in UV range: 5-10x beyond the operating wavelength

- Applicable for direct imaging of evanescent modes, thus for immediate recognition of analytes

- Also applicable for nanopatterning through subwavelength contact lithography

Photoresist

Ad 35 nm
PMMA 40 nm

mIIiIm

Cr 50 nmmask with
inscribed objects

Quartz support

i1 ir

UV exposure (365nm)

/

Thin silver film

B Goones

‘%' Seoul National University




Plasmonics applications

Resonant surface plasmon couplings (LED)

Ultrahigh efficiency LED via plasmon light extraction

46x PL enhancement for wafers with periodicities of 480nm and 650nm.




Plasmonics applications

Nanodot focusing array

(A) SEM image of a nanodot focusing array coupled to a 250-nm-wide Ag
strip guide.
(B) NSOM image of the SP intensity showing subwavelength focusing.

W. Nomura, M. Ohtsu, and T. Yatsui, Appl. Phys. Lett. 86, 181108 (2005).
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Plasmonics applications

Plasmonic toolbox: , e(w), d - engineer A(w)

Plasmonic modulator & IC Plasmonic multiplexer & Concentrator

flow call with
circulating dye salution (gain madium)

BET prism with
thin silvar film

@ 580 nm

http://www.plasmonanodevices.org/
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Active plasmonlcs Electrlcalloptlcal active switching/amplification of SPP

External .
Ophcal Input Control ptical Ou
Slgnal . Sinaltpu
o

Mm?\mmww.u
.99 909

A. V. Krasavin et al.,
Appl. Phys. Lett. 84, 1416 (2003).

A. V. Krasavin et al.,
Appl. Phys. Lett. 85, 3369 (2004).

* Modulators and switches

Control Outgoing
light wave

T. Nikolajsen et al.,
Appl. Phys. Lett. 85, 5833 (2004)

Incoming
light wave

QOutgoing
light wave

DG . . i
"% Seoul National University



Negative refractive index materials

|_eft-handed material

= V.G. Veselago, Soviet Physics Uspekhi 10, 509 (1968)

kgin 9 = k; sin g,.

Opmako moclefHee PABEHCTEBO JHOBAETBODAETCS KAK IPE YIIe Py,
TaK H OPH YIIe T — .

Tpebya mo-mpemEeMy, WT00H SHEPTHA BO BTOPOH CPOfe OmmMeKata
OT IPAHMOE Pasfensa, ME DPHEXOAEM TOIGA K TOMY, 9T0 dasa moikEa
nafesams Ta 9TY TPARRLY H, CAEHOBATENLHO, HATPABICHEE PACIPOCTDA-
HEEES OpEMOMAEHHOH BOAHE GYNET COCTABIATE ¢ HOPMAIB Yroa

y"
Pme. 12 . Pae. 13

n — ;. Hax Bm HenpEBw4HO Taxoe moCTpoeHEEe, HO, KOHEYHO, HETe-
T0 YARBETeJBHOrC B HeM HeT, ®0o (asoBas cCKOpOCTE eme HEYEro He
TOBOPHET 0 HaNpABIEHHE COTOKA SHEPTHE.

YETBEPTAA JEKIHA
.V 1944 1)

Qi OeQELab
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Metamaterial news feature

Alens less ordinary

In the 1960s, a Russian physicist considered the properties of a material
that didn't yet exist. Now researchers appear to have fulfiled his predictions
— but is everything as it seems? Liesbeth Venema investigates.

here are some truths in physics on
T which we have come to depend. Light
rays, for example, bend when they
cross the boundary between two materials.
That's why an oar dipped into water appears
to bend towards the surface, and why the
pool itself looks shallower than it really is.
But this familiar phenomenon, called
refraction, is beginning to look less straight-
forward. In the lab of David Smith, a physicist
at the University of California, San Diego, a
strange array of metal wires and loops has
been pieced together. In April 2001, Smithand
his team showed that thisconstruction, which
they refer to as a ‘'metamaterial’ has a peculiar
property: it bends electromagnetic waves in
the opposite direction to normal materials',
If a pool of water had this property,
known as negative refraction, oars would
bend away from the surface, and the pool

% Seoul National University




Negative refractive index materials

Light propagation In negative index material

/

Negative refraction Formation of
an open cavity Imaging by a slab

T
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Negative refractive index materials

Split ring resonators

= J.B. Pendry et al., IEEE transactions on microwave theory and
techniques 47, 2075 (1999).
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Negative refractive index materials

Coordinate transform

= G.R. Newkome et al., Science 312, 1782 (2006).

A ,V‘ B

y
7 :
: 7
U
When the coordinate is transformed, the Maxwell equations have

... exactly the same form but the £an by a comma tor.
i Seoul National University OEQELab




Negative refractive index materials

Basic concept of cloaking

region r<R, |===»| region R;<r<R,

r'=R +r(R,-R)/R,
0'=6
=9
g = ,U'r- _ Rz (I"— R1)2
R, - R, r'
Any radiation attempting to penetrate ' ' R,
the secure volume is smoothly guided Co=Ho= R, — R,
around by the cloak to emerge traveling R
in the same direction as if it had passed Eyp=HMy= R —2R1
through the empty volume of space. ?

>
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Negative refractive index materials

4
by
Fop, o

[

Simulation of cloaking structures

(suun "qJe) pjaly 0L30Be

0.4
06 —04 —02 00 02 04 06
meters

A : ldeal parameter & lossless B : Ideal parameter & lossy

12 seoulNaflondl Drifdrary maton REReduced approdmaign .



Negative refractive index materials

Microwave cloaking structure

= D. Schurig et al., Science, in press (2006).
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cdlOIMIt =H &3 & 0l=

Charles H. Townes (1915-)

“HEEC Sclstis2 dAsstd S=J(00 CHoll A
SUAL, MSSA=2 W 2SS = LAl
= RJALCH oF A2 Ml 2XF MIAItH&E 2= 2ol el Ol Ch
(radar) JHE S <ol SstAS0 HHUS LGS0 &M
2ot HRND, =cIstA=S0| MASS0 E2E =

UA = RALCE”

(IEEE J. Selected Topics in Quantum Electronics, Nov./Dec.
Issue, 2000)
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Introduction

Lord Rayleigh

|.' ;(I-.. 4 i \ ;
g "\
e P =

zuus."'aSJ.?z_‘;u: 45:06

“...If it were possible to introduce at every part of the aperture of the grating an arbitrary
retardation, all the light might be concentrated in any desired spectrum. By supposing
the retardation to vary uniformly and continuously we fall upon the case of an ordinary
prism; but there is then no diffraction spectrum in the usual sense. To obtain such it
would be necessary that the retardation should gradually alter by a wave-length in
passing over any element of the grating, and then fall back to its previous value, thus
springing suddenly over a wave-length. It is not likely that such a result will ever be
fully attained in practice; but the case is worth stating, in order to show that there is no
theoretical limit to the concentration of light of assigned wave-length in one
spectrum...”

Encylopaedia Britannica, 9t ed., Vol. 24, “Wave Theory

of Light” (New York, Charles Schribner’s Sons, 1888), p. 437
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