D Absorption
x =X +ix"
k= w\eu, =kor/1+ x k\/l—[—x + 5x”

B—jze=kovV1+X +jx"
_ -1
k=p0-jsa
U = Aexp(—jaz)exp(—jBz)

B = nk,
10:
b o e _ fHe _ o
"2 B € v1+x
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Weakly absorbing media

n~+\14+x
Ko

TP i, I
n

Strongly absorbing media
n~/(—x")/2
a = 2k,\/(—X")/2
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D Dispersion

Refractive index

Delayed & broadened

Original
pulse pulse
R . B
Dispersive Medium
0 t 0 t
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oD Kramers-Kronig relations

() =~ /0 T xs) 4

T 2 — y?

') = 2 /0 T x(8) 4

m V2 — g2
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D Lorentz oscillator model

FO— 4 wat = —
dt2 dt U T » F #* il -
Ne?
X0 = )
€oTNW(
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D Lorentz oscillator model

Vo
V) ='Xo :
x(¥) Xug——z/z—l—juAy
V2 (v — 12 viv Av
X (W) = X0 V) X'(V) = —Xxor5—s 2
(v —v2)" + (v Av)? (v§ —1v?)" + (v Av)
X®) ~xo | T

Av —] | XoQ
<AV J
= l k‘ . -
T o ﬁ v Y v
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Near resonance

VoA

X" (v) = —xo

¥ = VH

A X (v)

X' (v) = 2

Far from resonance

2
Yo

X(V)NXOVS—V2

W7
0 |
A} <
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a(v) ~ — (z:(:) X" (v) n(v) = ng

a(v) ) n(v)
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Sellmeier equation
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Material Sellmeier Equation Wavelength
(Wavelength A in pm) Range (pm)
0.6962)2 0.4079\2 0.8975)2
il 2 _ 21-3.71
Fusedsilica  n™ =1+ 35— (0.06820)7 T X2 — (0.1162) T X2 — (98062)7 U2
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. - 1. 36-1
- m =1t T 030152 T M= (Li347)2 T X2 = (1104.0) el
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4 " (040822 T X —@r.a)
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0 n2 = 27359 + g oo — 0.01354)
0.01224
2] s st i 2
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S Optics of conductive media

oD

VXQ{:'@“{‘#H n = /o /2we,
VxH=jwD+J a = \/2wi,o
J =oh n= (14 j)vVwio/20
V x H = jwe E

o
€ = €+ —

Jw
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S Optics of conductive media
- Drude model

g0
o= :
1 4+ jwr
a0
£e = BT = :
‘ jw(l + jwr)

2
€c — € _ %
€ 0] wz

wp = \/00/€0T
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@@ Pulse propagation in dispersive media

Weakly dispersive medium
0 z a
Pulse atz=0 \ \ Pulse at z
41k A(t-z/v) expliwy(t—z/c)]

A(r) exp(jwgt)

C dn
- Co B iy — |
v deo N "D,
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@@ Pulse propagation in dispersive media

z=0 =2 Z2=2
/1\
t

t

~Y

Dispersive medium
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P Normal and anomalous dispersion
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oD Single resonance medium
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b Fused silica
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E(r) = Egexp(—jk - 1)
H(r) = Hpexp(—jk - r)

kXHO = —LLJEEO

k x Eg =wqu

k= w\/eu
_ Eo _wp
"= H, &k
L
TV e o oSt
nko—j% = W+/€W
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oD Doubly negative metamaterials
e=—le|] w=-—uy
kXHOZLd|€|E0

k x Eg = —wII.L'Hg_

A=

E = Eyexp(—jkz)X

H = H 0 exp( _J kZ) y (a) Ordinary material (b) Doubly negative material

n = —co\/|el|u|

(lel — Re{e}) (lul — Re{n}) > Im{e} Im{n}  Left-handedness
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% Left-handed material

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

k sin @ = k; sin q,.

Opmaxo mociefHEe PaBEHCTBO mom:ernnpﬁe'ma KAK OPE YIae ¢,
TAK B OPHE YIIe 7t — ¢y,

Tpebya nmo-mpemseMy, wrTolH 9HEPTHA BO BTODOHE Cpefe ommexata
OT IPAHANE PASTENA, ME DIPHXONEM TOIZA K TOMY, 9To (asa fomu=Ea
reabceamy ma 9TY TPATENY H, CICKODATCILIO, HATPADICENSC PACOPOCTPa-
HEEEA OpeaoMAeHHO# BoaHE! OyHer cocTaBIATE ¢ HODMAMABKD Yroa

¥
Pme. 12 : Prme. 13

7t — ;. Kax au menpmsumuHo Takoe mocTpoeHEe, HO, KOHGTHO, HETE-
T'o JAEBETeNbHOTO B Hem HeT, B0o0 gazopas CKOPOCTH eme HAWTEro He
TOBOPET 0 HAaNOpPaBAeHHE LOTOKA PHOPIHH.

YETBEPTAH JEKIOHA
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Victor Georgievich Veselago graduated from Moscow University in 1952, and was
with P.N. Lebedev Physical Institute, Moscow, from 1952 to 1983. From 1983 up
to now, he is the head of laboratory of magnetic materials in A.M. Prokhorov
Institute of General Physics. He received his PhD degree in 1959, for
radiospectropy investigation of molecular spectra, and degree Doctor of Science
(solid state physics) in 1974 for investigation of solid state in high magnetic field.,
both in P.N. Lebedev Institute. From 1980 until now, is a professor of applied
physics in Moscow Institute of Physics and Technology. The area of scientific
interest of V.G. Veselago is magnetism, solid-state physics, electro-dynamics. In
his papers, published in 1966-1972 was at the first time considered
electrodynamics of material with negative value of refraction index (so called
Left-Handed Materials, LHM). V.G. Veselago is a winner of State Prize for
science of USSR (1976), and a winner of academician V.A. Fock prize (2004). He
Is also an Honored Scientist of Russian Federation (2002). He is an active expert
in Russian Foundation for Fundamental Research, Russian Foundation for
Humanitarian Research, and is vice-chairman of physics section of Supreme
Attestation Committee of Russia (VAK). He is a founder and vice-editor of the
electronic, scientific journal " UccaenoBano B Poccun Investigated in Russia.”
Married, has 3 daughters and 1 son. His favorite animal is lady-cat, Fifa. His
hobby is of railways (real, not models).
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A lens less ordinary

In the 1960s, a Russian physicist considered the properties of a material
that didn't yet exist. Now researchers appear to have fulfilled 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 this construction, 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

Metamaterials

news feature
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%’ Light propagation in negative index material

/

n

Negative refraction Formation of

an open cavity Imaging by a slab
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Split ring resonators

= J. B. Pendry et al., IEEE Transactions on Microwave Theory and
Techniques 47, 2075 (1999).

®Boeing cube R
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Coordinate transform

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

A

/

7

s

When the coordinate is transformed, the Maxwell equations have
exactly the same form but the & and u are scaled by a common factor.

A0
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Any radiation attempting to penetrate
the secure volume is smoothly guided

Basic concept of cloaking

region r<R,

around by the cloak to emerge traveling

In the same direction as if it had passed
through the empty volume of space.

§@g Seoul National University

= region R ,<r<R,

r'=R +r(R,-R)/R,
0'=6
¢ =¢

R, (r-R)?
8'r=ﬂ'r'—R2_2Rl( rl.?i)
Eg =My = %

Rz_R1
“o :ﬂl"":RR—ZR

2 1

Center for Active Plasmonics

Application Systems



Simulation of cloaking structures

(syun *que) pjaly olIoR|9

4
-06 04 0.2 00 0.2 04 0.6
meters Pendry

A : ldeal parameter & lossless B : Ideal parameter & lossy
C : 8-layers approximation D : Reduced approximation
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% Microwave cloaking structure

= D. Schurig et al., Science (2006).
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