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Y.Zhang, B.Fluegel, A.Mascarenhas. Phys.Rev.Lett. 2003, 91, 157404

Oka3zanock, YTO HEOOXOAMMBIMHA CBOMCTBAMM 00JIaIa€T ABOMHUKOBAS TPAHUIIA
OJHOOCHBIX KpUCTa/IOB. ABTOpPSI [§]| mocTynwim enie npoiie. st cBoero
OMBITa OHU CO3JAJIM OOBEKT COOCTBEHHBIMHU PYKaMHU, COLLIU(OBAB U MPUBES
B ONITUYECKHUIN KOHTAKT JiBa Kpuctauia YV 0O4. Kak BUIHO U3 WILTIOCTPAIIUH,
¥M yJJIOCh HE TOJBKO HATJISAHO MPOJIEMOHCTPUPOBATHh OTPULIATEIILHOE
MPEJIOMJIEHUE, HO Y MOATBEPAUTH MpeACKazaHue [9] 0 BO3SMOKHOCTH MOJy4aTh
B OJJHOM U TOH K€ CUCTEME KaK OTPUIIATEIILHOE, TaK Y MOJOXKUTEIbHOE
MIPEIIOMIICHUE.
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Y10 H3BMEHHUTCH NIPHU TAKOH
3aMeHe?






BeJmunHa nmoxka3zareJisi mpeJoMJaeHusa n=(gn)!’? He MeHsIeTCSl TPH
OHOBPEMEHHOM H3MEHEHHH 3HAKOB y BEJIHYHH € H |l

Bonpoc:A 4ro usmensiercs’
Bo3MoKHBIE OTBETHI:

 Huyero He mensiercsi. 310 03HA4aJI0 ObI, YTO
JIEKTPOAMHAMMKA He 3aBHMCUT OT OIHOBPEMEHHOM
CMEHBbI 3HAKOB Yy € M L.

* CyniecTBoBaHue MATEPHAJIOB ¢ OHOBPEMEHHO
OTPHMIATEJbHBIMHA 3HAYCHUSAMHU € M L B IIPUHIIAIIE
HEBO3MOKHO, TAK KAK 3TO NPOTHUBOPEYUT KAKUM-JIH00
(pyHIaMEHTAJTIBHBIM 3aKOHAM.

e DJIEKTPOAMHAMHUKA MaTepuaoB ¢ <0 u u<0
CyLIeCTBEHHO OoT/JIn4Yaercs ot cayuas €0 u p>0
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PenieHue mpo0JIeMel

Ecmm €0 u u>0, Bektopa k, E
1 H 00pa3yioT nmpaByio
0, TPOMKY.
[kE ] — — ILlH Ecnmu <0 u u<0, Bexropa k, E
C u H o0pazyroT jieBy1o
TPOUKY.
[kH] _ _Q 8E Ho — v 3T0 0O4YEHBb BaXKHO —
BekTOp IloviHTHHTA S, 1
C BekTopa E 1 H Bcerma
S — [ FE H] 00PY3YIOT MPABYI0 TPOMKY
BEKTOPOB, HE3aBUCHUMO OT
3HAKa € U W ! 12
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e OTO YCTPOMCTBO MOXKET
(hOKyCHpPOBATh B TOUKY
| H31y4YEeHHE TOYCYHOI' O

-~ A MCTOYHHUKA, HO OTO HE
I I : JINH3a — OHA HE MOKET
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[ g g

Ho 310 ycTpoHuCTBO SIBJISAETCHA MACATbHbBIM
ONTHYECKUM MHCTPYMEHTOM - OHA
npeoopasyer 3D o0bekT B 3D u3zodOpaxkenue 0e3
KAKHX-JIM00 UCKAXKEHUH s
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330 -THE THEORY OF OPTICS - [oEAP. X111

let dV]dX, be negative. As Flo=Vod, we obtain by "differentiation
with respect to ¥

Dy o A
M+ Vap=Vogv
v ax,_ o dh
A e 22T,
or *yav-Yav )

As the second term on the left-hand side is negative, it follows
that A ‘—fi—T‘:> A, which shows that the group velocity is in the opposite

direction to the wave velocity. If there is a convection of energy
forward, the waves must therefore move backwards. In all optical
media where the direction of the dispersion is reversed, there is a very
powerful absorption, so that only thicknesses of the absorbing medinm
can be used which are smaller than a wave-length of light. Under
these circumstances it is doubtful how far the above results have
any. application. But Professor Lamb* has devised mechanical ar-
rangements in which without absorption there is a negative wave

F

Fig. 179.

velocity. One curious result follows : the deviation of the wave on
entering such a medium is greater than the angle of incidence, so that
the wave normal is bent over to the other side of the normal as indicated
in Fig. 179. This is seen at once by considering that the traces on the
refracting surface of WF and W.F,, the incident and refracted wave-
fronts, must move together. If we were to draw the wave-front in the
usual way parallel to W, FY and the waves moved backwards in the
direction A’Q', the intersection O of the refracted wave and surface
would move to the left, while the intersection of the incident wave
moved to the right. By drawing the refracted wave-front in the
direction W, F, the required condition can be secured. The individual
waves move in the direction A €, but the group moves in the direction

AQs.
* Proceedings London Math. Soc. Sec. m. Vol. 1. p. 473 (1904).

3

CHAPTER XIV.

FURTHER DISCUSSION OF THE NATURE OF mdﬁT
AND ITS PROPAGATION. 2

185._ Preliminary Remarks. Light enters into our conseious-
ness through the effects on’ our sensitive organs whose powers may be
chrea,sed”by s‘uita.ble experimental appliances. When we speak of the

nature” of light we try to form some mental picture of what consti-
tutes light before it has entered our spectroscopes or other optical
matr.umen_ts, and it becomes necessary therefore to examine what 1;m:n:h'-
fications light undergoes in passing through such instruments. If—as
an example—we were to look upon a spectroscope as an appliance
capable of analysing white light, in the manner a chemist analyses a
compounc! body by separating the constituents it contains, we might be
led to believe that the highly homogeneous radiations wh’ich leave the
spectroscope have a real existence in the light that entered it: This
—as the late Lord Rayleigh pointed out—is an error: it is the spec-
troscope that converts the white light into homogeneous 'mdiatizns;
Ha.vmg.satlsﬁed ourselves with regard to instrumental effects, we have
to consider the ultimate receiving sereen such as the retina or the
photo_gr&_q::hw plate. How much our judgment is affected by th
pec‘ulmr}tles of these receivers may be recognized if we try to Imfx ne
howlre_a‘dma.lly our impressions would be altered if our eyés were 'uilll;e
sensitive to radiations of all kinds, so as to give us simply a z:qea.sury
;J: ::ilfrigteusti;ies*.ﬁ ‘thats is'true of instrumental analysis is eqiiall;
mathematical trea 3 i
st oy tment. The process of the treatmta_nt';pay'
_186. Appli.ca.tion of Fourier’s theorem. Gouy’s trea.tﬁent
This _theoren_l gives- us the most powerful mathematical method oi‘
treating variable functions, that without necessarily being periodic
oscillate between finite limits. We begin by considering in te
d_ata.ll the series that has already been mentioned in Art. 10 ‘%Tea d
sider a ray of plane polarized light and fix our uttention. on-a. o?nio.l;;
over which the disturbance passes. If the velocity at P be o, vge may;
in the most general case, express it as a function of the time, _}"' ) Lz.i’:
g‘s fo}liu.,w t}]le motion f:mm a time £=0, to a time ¢= 7, A::cording to
w;);]::e s t e_orem, which has already been explained in Art. 10, we may

S =ay+ay cos (27¢/T") + @ cos (47t/T") + a5 cos (6wt/T)

’ + ‘bl sin (2w¢/T) + by sin (4 /T') + by sin (6x£/T) ... (1)
Asgsuming tl_mt it is always possible to express v in terms of such a series
we may easily determine the value of any coefficient a, by mu]tiplying)

< . * Bchuster, Phil. Mag. Vol. xxxvIr. (1894).
: 22—2

>

Schuster A., “An Introduction to the Theory of Optics”, (1904)

20



A split ring structure etched into copper circuit board plus copper wires to give
negative L and negative € (courtesy David Smith and Shelly Schultz, UCSD).
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2-D composite medium : split ring resonators (SRR

As predicted by Pendry W(®)<0 in one SRR

-25

T T

L B i B

Transmitted Power (dBm)

-50

4.7 4.8 4.9 & 5.1 5.2 5.3 5.4 5.5

) provide pw(w)<0 Frequency (GHz)

while metallic wires provide &(w) < 1, for overlapping w. FIG. 1. Resonance curve of an actual copper spi ring reao-

Lattice constant is 8 mm

TRANSMITTED POWER (dB)

0
-10
.| only
§ W(®)<0 in SRR array
-3af
—r both
50l W(®)<0 and g(w) < 1
45 55 6 %5
FREQUENCY (GHz)

nator (SRR). ¢ = 0.8 mm, 4 =0.2mm, and r = 1.5 mm. The
SRR has its resonance at about 4.845 GHz, and the quality factor
has been measured to be @ = fo/Afzus > 600, consistent with
numerical simulations.

A way to 3-D:

L.

X

—n
a

Fig. 14, Building 3-D symmetry: each successive restacking of the structure
adds a ring to another side of the unit cell.
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Experimental Verification and Simulation of Negative Index of Refraction Using Snell’s Law

C. G. Parazzoli, R. B. Greegor, K. Li, B. E.C. Koltenbah. and M. Tanielian
Boeing Phantom Works, PO, Box 3999, Seartle, Washingron 95124
Waveguide
Detector
(1.016em X 2.238cm)

Rotation Arm

MAGMETIC

; N J
X lsosem! Varable {23emto6sem) |

FIG. 2. Schematic of the setup used in the Snell’s law experi-
ment showing the conical horn, lens, sample, and waveguide
detector. The measurements were made in the focused and
collimated mode at 33 and 66 cm away from the sample.

OPEN .
_ — NIM (EXP) 33cm
1 - - - - NI {EXP) 66cm
—— Teflon (EXP) 33cm
X ul o8 - - - - - Teflon (EXP) 66cm
OPEN %%
Z 0.4 -
z 0.2 A
[ = T T T
ELECTR -0 -40 -20 o 20 40 60 80 100
Refraction Angle (Deg.)
(a)
1.2
= HNIM (EXP) 33cm
a4 = Teflen (EXP) Tlem
MAGMETIC E o8 -
= 0.6 -
FIG. 1. Unit cell of the 901 HWD structure used in the 027
. - - . - . (o]
numerical simulations. The direction of propagation of the 50
electromagnetic field is along the x axis, the electric field is """‘“‘(‘;“"“"‘D""’
oriented along the 7 axis, and the magnetic field is along the v
M FIG. & (color). {a) Measured angular profile of the normal-
axis. C = (1025 <m, D = uﬂ}ﬂ cim, G = ﬂﬂ""'ﬁ cm, H = ized electric field amplitude E_(r). at a constant frequency f —
_ _ _ —4 12.6 GHz for detector distances of 33 and 66 cm from the
00254 em, L =033 cm, § = 0263 cm, T = 17.0 < 107 cm, Teflon and 901 HWD NIM wedges. (b) Measured 33 cm data
w - ﬂmj cm, ﬂnd ".,—" — U‘E_S_S CInl. compared to simulated results at 33, 66, and 238 cm ( 100A)

from the Teflon and 901 HWD NIM wedges.
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Experimental solution of negative refraction problem
D.R.Smith &al, Science, 292,77(2001)

78

Fig. 1. Photograph of the lefe- .
handed metameterial (LHM)
sample. The LHM sample con-
sists of square copper split ring
resonators and copper wire strips
on fiber glass circuit board ma-
terial, The rings and wires are on
opposite sides of the boards, and
the boards have been cut and
assembled into an interlocking
lattice.

Fig. 2. Diagram of experimental
setup. The sample and the mi-
crowave absorber were placed
between top and battom paral-
lel, circular aluminum plates
spaced 1.2 cm apart. The radius
of the clrcular plates was 15 cm.
The black arrows represent the
microwave beam as would be re-
fracted by a positive index sam-
ple. The detectar was rotated
around the circumference of the
crcle in 15° steps, and the
transmitted power spectrum was
measured as a function of angle,

0, from the interface normal The detector was a wavegu

standard X-band waveguide, whose opening was
shown is positive in this figure.

ide to coaxial adapter attached to a
2.3 cm in the plane of the circular plates. & as

quency, "mk;w s the “mn’gn’enc plasma fre-
quency,” i = V=1, and
e(w) wl, — Wi,
B g e s i
E; w =, e

where w,, i the electronic resonance fre

Normalzad power {linear scale)

of
p

= I

™ ¢ W
Angle from nomal (dagy

Fig. 3. Transmitted power at 10.5 GHz as a
function of refraction angle for both a Teflon
sample (dashed curve) and a LHM sample {salid
curve). The two curves were normalized such
that the magnituda of bath peaks is unity. For
the Teflon sample, the refracted power peak
was measured to be 27°, corresponding to a
positive index of refraction of 14 = 0.1. For the
LHM sample, the peak was.at —61°, from which
‘we deduce the index of refractiontobe 2.7 =
0.1. The beam width is set by diffraction at the
exit of the incident channél and the angular
sensitivity of the detector and is similar to the
beam width that is measured without a sample
in place.

6 APRIL 2001 VOL 292 SCIENCE www.sciencemagorg

* Very important
problem - how
1sotropic are left-
handed composite
materials ?

* End second question -
how to decrease their
frequency dispersion?

26



78

Device for direct observation
of negative refraction in composite material

VHAFLIL Satnes Jeimma mespr— s ooom oo

Fig. 1. Photograph of the left-
handed metamaterial (LHM)
sample. The LHM sample con-
sists of square copper split ring
resonators and copper wire strips
on fiber plass circuit board ma-
terial. The rings and wires are on
opposite sides of the boards, and
the boards have been cut and
assembled into an interlacking
lattice.

Fig. 2. Diagram of experimentat
setup. The sample and the mi-
crowave absorber were placed
between top and bottom paral-
lel, circular aluminum plates
spaced 1.2 ¢m apart. The radius
of the circular plates was 15 cm.
The black arrows represent the
microwave beam as would be re-
fracted by a positive index sam-
ple. The detector was ratated
around the circumference of the
cirde in 1.5° steps, and the
transmitted power spectrum was
measured as a function of angle,

9, from the interface normat. The detector was a wave
standard X-band waveguide, whose opening was 2.3 cm in

shown is positive in this figure.

Microwave absorber

guide to coaxial adapter attached to a
the plane of the circular plates. 0 as

LT e s oo

quency, . is the “magnetic plasma fre-
quency,” ¥ = V=1, and

elw 2 — w2
) o [e— wc,p co (2)

Eq w — @’ -+ iy

[ty

where o, is the electronic resonance fre-

L= g
$a o3 a -

e
¥

Normalized power {linear scale)

[=]

Angle from nommal {deg)

Fig. 3. Transmitted power at 10.5 CHz as a
function of refraction angle for both a Teflon
sample {dashed curve) and a LHM sample (solid
curve). The two curves were normalized such
that the magnitude of both peaks is unity. For
the Teflon sample, the refracted power peak
was measured to be 27°, corresponding to a
positive index of refraction of 1.4 = 0.1. For the
LHM sample, the peak was.at —61°, from which
we deduce the index of refractiontobe 2.7 =
0.1. The beam width is set by diffraction at the
axit of the incident channel and the angular
sensitivity of the detector and is similar to the
beam width that is measured without a sample
in place.

6 APRIL 2001 VOL 292 SCIENCE  www.sciencermnag.org
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Near-Perfect Imaging in a Focusing System Based on a Left-Handed-Material Plate

A N. Lagarkov and V. N. Kissel™

Different ways exist to ensure the effective dielectric
properties of a composite &' <2 0. A highly homogeneous
medinm may be produced using elements of one type,
namely, spirals arranged in a special manner [4].

HF oscillstor

El

FIG. 2. Schematic of the experimental facility.

Mo plate LHM plate

Y. mm

30 4

1.5 L6 1.7 1815

a1 L GHz

IEIl, dB

2 3 f=171 G

0E s l_,;,-r_‘f_\ 1 — oo plate:

:‘/{:, \'\/ 2 2 — quartz plabe;

£ e SRR 3=LHM plate;

B =~ .

7/1 \\ .j/ \Y\ f=1 664 GHz:
-0 7 ¥, 1,\ 1-LHM plate
A D b i by bias

-30 -15 0 15 a0 .
¥. mm cl

FIG. 3. The results of measurements of the field amplitude on
different frequencies, with the receiving antenna moving par-
allel to the plate.
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HpI/IMCHCHI/Ie METaMaTcpHrualia C OTPUIATCIbHBIM ITOKA3aTCJICM IIPCIIOMJICHUA MJIA
KOMIICHCAIINH YIJIOBBIX OH_II/I6OK, BHOCHMBIX OOTEKaTeIeM aHTECHHBI

[MpenomneHne ny4a

Yrnosaga owwnoka
B CTEeHKe obTtekaTens

KomneHcauusa
YrrnoBoun oLnobKn

29
S.M. Schultz et al, 2004



IlyyeBag kapTuHa, paccynMTaHHasa B NpeanosiokeHnmn R,>>A.
Jlyun cooTBETCTBYIOT HaNpaBneHNIO NepeHoca IHEPTUN.
O6nactb paguyca R1 ckpbiTa OT HabntogaTens.

JTrobon npegmeT, pasMeLleHHbIN BHYTPU 3Ton obnacTtu, byaeT HeBUAUMbIM.
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[lepBbIN 3KCNEPUMEHT, NOATBEPXKAAOLLNA
adbdekT «HeBmanmocTn» B CBY gmanasoHe

31



KoMIieHcalus HapylIeHUN
IJIOCKOCTH 3€pKajia

2]
El
E

Broadband Ground-Plane Cloak
R. Liu, et al.
Science 323, 366 (2009);



KOHCTpYKIIMSA KOMIIEHCATOpAa

Fig. 2. The design of
the nonresonant ele-
ments and the relation
between the unit cell ge-
ometry and the effective
index. The dimensions of
the metamaterial unit
cellsare =2 mm, Wy =
0.3 mm, we = 0.2 mm,
and a varying from O to
17 mim.

www.sciencemag.org  SCIENCE  VOL 323

2
o
&
=
E
k-
g
=]
=
-
e
2
-
-]
e

16 JANUARY 2009

a(mm)

367



i L] R
TRt rnnnl |
tunnl IIJ[lI

¥
100 nm

Mﬁll‘nm
Slﬂz 5I}nm Ti 5 nm
Au 50 nm

g

3 ITO 180 nm

L=z

—»E 3
S

Thick Glass

100 ni'i,l_‘
L— 700 nm

le— 700 nmh —l

34



Cr

_ Cluartz

ttettttt
365 nm Hlumination

Fig. 1. Optical superlensing experiment. The
embedded objects are inscribed onto the 50-
nm-thick chrome (Cr); at left is an array of 60-
nm-wide slots of 120 nm pitch, separated from
the 35-nm-thick silver film by a 40-nm PMMA
spacer layer. The image of the object is recorded
by the photoresist on the other side of the silver
superlens,

An arbitrary object “NANQO” was imaged by silver

superlens. (A) FIB image of the object. The linewidth of
the “NANQO” object was 40 nm. Scale bar in (A) to (C), 2
mm. (B) AFM of the developed image on photoresist with
a silver superlens. (C) AFM of the developed image on
photoresist when the 35-nm-thick layer of silver was
replaced by PMMA spacer as a control experiment.
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b ] z [

r . .
. . 100 Am
Figure 1| Nanofabricated medium with magnetic response at optical
frequencies. a, Scanning clectron micrograph (viewed at an angle) of an
array of Au nanopillars. b, €, Numerical simulation of the distribution of
deatric currents (arrows) inside a pair of such pillars for the symmetric and
antisymmeetric resonant z-maodes, respectively. The non-oylindrical shape of
pillars is important to provide an efficient coupling to incident light, and was
intentionally introduced in our design throngh a choice of microfabrication
procedures,
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OCHOBHOM PE3YJIbTAT — €CJIM Mbl UMEEM
MaTepHaj ¢ OTPULATECIbHBIM
OPEIOMIICHUEM, TO OH MOKET ObITh OITMCaH
Ha SA3bIKE, KOTOPbIM OCHOBAH HA MOHATHUAX
OTPHULATEILHOIO N U OTPULATEIBHOTO K.



Ho — npu oTpruIaTeIbHOM N MHOT'HE
M3BECCTHBIC (DOPMYJIbI DJICKTPOJAMHAMUKA 1
OIITUKH OKA3bIBAIOTCS HEBEPHBIMU U
NOJLKHBI OBITh MOAU(PUIIUPOBAHBI — CMOTPH
CJICIYIOIIAN CIIan



YacTo npuMeHsieMOe€ «<HEMarHUTHOE NPUOIMKECHUEY, TIPU

KOTOPOM IIPUHUMAECTCS , MO2KET IIPUBOIUTH K
CYILIECTBEHHBIM OIIIMOKaM

Du3HuyecKHnii 3aK0H Hemaruurnoe npudinkeHne Tounas popmy.ia
CHennnye, lonnaep, . . _ . . . _ _
Heporicos sing/siny =n,, =4j¢,/ ¢ | sing/siny =n,, —\/52;32;’31;11

n-z—n-Jm

emng,#{D,Tun{O

D®penenn n CcoS@— N, COS Z,COSp— £ COS
n=veolz=\elu| "~ — ro== o
ncose +n,cCosy Z,COSp+ Z COSy

Kosppuunenr orpakenns r = (n1 _ ng)](n1 4 ”2) r = (z2 _ 21)](22 i 21)

MNpH HOPMAJIBRHOM NMATCHHHA
CBCTAa HA I'PpaHHLOY pa3ic/ia
YeaoeHe oTCyTCTBHSA — —

yr n1 T nE z1 o ZZ
OTpaRCHHNA

b =
procrep tggo n rg@ _ £, &0, — &L,
&y EH, — S,




The more complicated question 1s about negative
k. Does 1t mean, that instead of light pressure, like
in vacuum, we have in LHM, following relation
P=hk, light attraction?

e This problem could not be resolved, if we do not know,
what 1s a value of light pressure in more simple case,
namely 1n materials with positive n>1 and k=nw/c
>k,=o/c

* Sorry, at present this problem has many approaches,
but not a single convincing decision.



energy, linear momentum and mass transfer from emitter to
recerver 1n vacuum, following Einstein’s paper

Ann. Phys..20, 627 (1906)

receiver

\% JA\Y |
X=Vt=pL/Mc
A

Am=pL/cL=E/c?



Return back to text on previous slide, namely to very
famous equation E=mc? .
E=mc?=m*c*c
What does it mean two chars “c” ?
“c” means only constants? Or they have some
definite physical meaning?
Answer — red equations on previous slide.
One “c” is “Ccgr' - group velocity of light,

€ )

the second “c” is “cpn” - phase velocity.

May be “c

This result 1s very important !




There is a natural question - what happens if the space
between the emitter and the receiver does not fill the
vacuum, but a substance with the phase and group velocity
Von and Vg,?

Should not we in this case replace the equation
E=mc?>on E=mVp,Vg?

And what about sign of E if Vpn and Vg, has opposite

directions.



IlpeacraBiieHHast padoTa MOCBAIIEHA
ONpPEeaeJCHUIO0 CBA3H MEKIY
yHepruen E, umnyiascom P u maccoun
AM, nepeHOCUMBbIMH OT U3JIy4YaTe i
K IPUEMHUKY IIPHA PACHIPOCTPAHCHUU
IIEKTPOMATHUTHOU BOJIHBI
BEILECTBE, B TOM YHCJI€ B BEIIECTBE C
OTPUIATEIbHBIM KO3(P(PUIITUECHTOM
[P eJIOMJICHUS



JTa padora ABJsAeTCcHa JaJbHeH UM
Pa3BUTHEM CTATHU A.DUHINTEHHA,
ONYyOJIMKOBAHHOM B XKYpHaJie

Ann.Phys.20, 627-623, (1906) B KOTOPOM
BLIBOJIUTCH U3BECTHOE cooTHOIIeHue AM
=E/c? pjis ciaydasi, KOrjaa u3JaydyeHue
PACIIPOCTPAHAETCH OT M3JyUYaTess K
IIPUEMHHKY B BAKYYME.



light pressure and energy and mass transfer by radiation
in vacuum, following Einstein’s paper
Ann.Phys.20, 627-623, (1906)

receiver

t=L/c
p=E/c=hk
V=p/M

AX=Vt=pL/Mc

Am=pL/cL=E/c?



IIpoBeIeHHBIN HAMHU AHAJU3 CTATHH
JUHIITENHA M0KAa3aJ1,9T0 ABa
MHOKUTEJISA ¢, BXoasiuiue B popmyny AM
=E/c? He ecTh NPOCTO KOHCTAHTHI, a
HMEIOT COBEPIIECHHO OIIpeae/IeHHbIN
(bu3MYeCKUMN CMBICJI, 2 HMEHHO OAUH
MHOKHUTEJb € eCTh (ha30Basgi CKOPOCTh
CBETA Cpp, A BTOPOH MHOKHUTEID €CTh
rpynmnoBasi CKOPOCTb CBETA Cyy .



Takum 00pa3oM COOTHOLIECHME
AM =E/¢2
MOKET OBITH 3aIIMCAHO B BHJIE
AM =K/ CphCgr



AM =E/CZ % AM =E/Cpthr




B cBoer padoTe DUHINTEHH UCIIOJIb3YyeT
COOTHOIIEHHME MEKAY UMITYJIbCOM U
JHEPIrUueH FIECKTPOMATHATHOI'O
u3jaydyenus B Buae P=E/v, koropoe
BbITekaeT U3 popmya E=hw u P=hk,
OTBEYAKINMX NPUHIHUIY
KOPIYCKYCKYJISAPHO-BOJHOBOI'0
ayajausma. llpu 3ToMm o4eBHIHO, YTO
CKOPOCTH V HMeEEeT B JaHHOM CJy4ae

CMBICJI (DA30BOH CKOPOCTH Vph.



IIpeacTaBuM cede Tenepb, YTO BCe MPOCTPAHCTBO
MeKIY M3JydaresieM U IPHEMHHKOM 3aM0JTHEHO

MPO3PAYHOH Cpeaou ¢ Pa30BOM CKOPOCTHIO Vph H
IPYHIIOBOH CKOPOCTBHIO Vg

Toraa npeacraBiasiercss OYeBUIHBIM, YTO
(popmyia
AM =E/ CphCgr
A0JKHA OBITH 3aMEHEHA HA
AM =E/Vpthr



N3 cooTHOLLIEHU A

AM =E/ Vpthr

cpasy cjeayer, YToO B MaTepuaJiax ¢
OTPUIATECIbHBIM KO3(PPUIITUECHTOM
PEJTOMJICHHUS MAaCCAa MEPEHOCUTCH
U3JIYYCHHEM HE OT HCTOYHHUKA K
IIPUEMHUKY, a HA000pPOT, OT
IIPUEMHUKA K HCTOYHMKY



Kpome TOro, B TaAKMX Marepuajiax
CBETOBOE /IaBJICHHUE 3aMEHAETCS HA
CBETOBOC NIPUTHKEHHE, TAK KaAK
BOJTHOBOU BEKTOP K, BXOAAIIIMHA B
BbIpaskeHue 1J1s uMminyJabca P=hKk,
OKAa3bIBACTCHA B TAKUX MaTePHaIAX
OTPHUIIATEIBbHBIM.



Yr10 HAZO cae1aTh, YTOODI

«CIIACTH» COOTHOILIEHHUE
AM =E/c2 ?

Hy’KHO 0TKa3aThCS OT
COOTHOIIICHUSA

3AMCHHUB €10 HA
P= Evy,/c2



OaHako
COOTHOUICHME
P=E/vpn=hk
BXOAUT B TEH30P MHUHKOBCKOIO U

COOTBETCTBYET MPEIAINOJI0KCHHUI0, YTO

CBET 3TO BOJIHA.

A COTHOILICHHE

P= Evg/c?
BXOJIMT B TEH30p AOparamMa u
COOTBETCTBYET MPEIANOJI0KCHHUI0, YTO
CBET 3TO YaCTHIIA.



WHY TENSORS?
Tensors are the sources for calculations of
ponderomotive forces

Both tensors have similar component, except value of linear
momentum density g

f:a]:'k T = eaB ge
l axk * S/c W

ik=1,2,3,4
a,f=1,2,3



T 0, gc
“ ISl W




TakuMm 00pa3oM pa3peuniaercs

“Minkowsky-Abraham controversy”.
Iloka3zaHHOE HAMM OTCYTCTBHE Y

TeH30pa A0paramMa peJsaTUBUCTCKOH
NHBAPUAHTHOCTHU CBSI3AHO IIPOCTO C TEM,
Y10 AOparamM M3MeHUJ B CBOEM TEeH30pe

KOMIIOHEHTHI Tis 0OCTAaBHUB BCe

OCTAJIbHBbIE KOMIIOHEHTHI TAKUMH K€,

KakKk B TeH30pe MHUHKOBCKOIO .



Bcesikas HoBas MHTEpecHas padoTa

IIPOXOAUT TPH I3TAlld KPUTHUKMH.

1.9TOro He MOKET OBITh, IIOTOMY YTO
3TOr0 HE MOXKET ObITh HUKOLJIA.

2. J1a, 3TO BEPHO, HO 3TO JABHO
MU3BECTHO.

3. A TBI TO TYT IpUYEM?



Croacu0o0 3a BuuMmanue!



PacripoctpaHeHune cBeTa B MpO3pavyHOM

BCILICCTBC C IIOIJIOTHUTCIICM HA KOHIIC

S S
—> —>
—> —>

Go r]GO
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T polerizaticnm -4— TE polarizatiom t

(=]
a
o m
oo
- o
.20
[ § o = 100 am
15
s //.—/\ - g Jodk
o.na /
cuna /

o7

Reflection

538 o]

Wuvelan-glh [|..|In:|

Figure Z | Experimental reflection spectra for ouw nanostructured

media. Green and red curves are for T and TE polarizations of normal
incident light, respectivdy. Micrographs of the studied samples are shown
on the right. For all the samples, pillars have the same separation

5 = 140 nm, height i = 20 nm and average diameter d = 110 nm. Spectra
a, b, are for the sample of ¢, d, but covered with an optically thin layer of
glycerine: for , d, the lattice constant & = 400 nm; for e, f, a = 600 nm;

. h, ﬂc'ﬁurmlatcdpﬂlarsmthn = 600 nm. The top photographs shom
images of the sample a, b, in white light for two polarizations.

62



enar s

N e

cpemax HampapieuHusi asoBod W rpynnoBoH CKoOp

(¢ onmoOli oOroBopkoii,
HOCTh B3JIEKTPOMArHUTHON sgmeprumm (7) — cyleCTBeHHO HOJOKHTENLHAA Be-

apaagHa. B cayvuae
:(EE®") = u (HH"). Iloatomy

MOFKET
w ur
KoTOpoOi A% —

CuyxuH /[.B.,Ont. u Cnexrp., 3, 308, (1957)

—— e — m—— e e prrreeaaaes

—r - —

OCTEeH MOJHKUBI COBOANATL
O HROTOpPOH cKazaso HMKe). [elficTBATesILHO, NOIOT-

OJIOCKOU OOHOPOAHOM MOHOXPOMATUYECKOH BOJIHBI

d(wa)+%.d(mp)>()- (13)

dw dw

9TO HEePaBeHCTBO MOJIAKHO COGMIONATHCA AJMA OGHX CPel, Y KOTOPHX 3HAKH :
T . COBOAZAIOT, IIOCKOJBLKY OHO BLIBEIGHO B NPEANOJIOMKEHHH, 4YTO B CPEie

pPacaopoCcTpaHATBCA OQIHOpODHAas MOHOXpOMATAYEeCKAass BOJIHA, JJIf1

2
= s+ >0. B Tom jxe mpemmonomeHUH HMeeT CMEICI TOBOPWTI

412 A. B. Cusyzun

——

w2

LI & i : ¥ :
pymioBon crxopoctH. C HOMOIUBIO k‘2—‘_~_-c—23p. MOHO npeofpasosarn (13)

K BHRY

13 d(!\
S g T p gt > U, (14)
[\ (‘ ¥ ‘ ) & N
ac¢ vy — pasopas, a Ur — Ipynnosas cropocru. Ecern >0, a, cunejlona-

TeAbHO, g >0, ro vy >0, T. e. Hanpasjerus $aszoBoOi i TPYOOOBOW CK)-
pocrenm coBmazarwT. B stom C/1y9ae BOMHOBON BeKTOD Hpomemmed BoONHp k
HaHEaBJIeH OT TpaHMIBl pasaesa B CTOPOHY BTOPOH Cpemsl. I
. n;g};{aﬁp<0, a cJegoBaTelbHO, <0, 710 Vpvr <_ 0O, T. 0. dasonaa n
Fpy CKOPOCTH HampaBJIeHBI IPOTRBOLOJONHO. KEcau 66l 9ToT cirvaafi
OBLZI BO3MOKEH, TO BOJHOBOMN BEKTOp npowennicd BosHLI k, 66171 611 Hm{p-mm
JIeH K T'paHMIle pasgesa, T. e. g CTOpPOHY HepRoii Cpeﬂ,’ﬁ?l. Cpennt ¢ =<(‘ii
u p <0 memsBecTHLL. Bonpoc o APIMITOUaTLHONT BO3SMOMKHOCTIT € V1) ¢

BAHNA TAKWX cCpeX He BHISACHEH. vHeEes

[ T
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IIpoxoKIeHne cCBeTa HACKBO3b YEPE3 MPO3PAYHOE,

Fi

HEeOoTpakaromiee Teiao (reomerpust 1)

\

Fs=0

F1=-F2=E(1-n)/c

daszoBasi ckopocTb Vph=c/n,

rpynrnoBas CKOPOCTb Vgr

[noTHOCTE NOTOKa aHeprum E

NAOTHOCTb NoToka nmnyrnbca G=E/c

MnoTHOCTb NOTOKa 3Heprum E , NNoTHOCTb
notoka umnynsca G=En/c=E/Vph

F>



[IpoxoxkaeHne cBeTa BHYTPU IIPO3PAYHOrO,
HeoTpaxkaromiero tena (reomerpus 1)

Fs= F.= —>

O 0 F»

o



[IpoxoxkaeHre KOPOTKOTO BOJTHOBOTO MAKETA YEPE3 TPAHUILY
IpO3pavyHoOro HeoTpaxkaroniero tena (reomerpust 1)

Po =(1-n)W/c, ummysc,
MEepEeIaHHbIN OT MOJS K
MPO3pPAYHOMY TEITY

dasoBasi CKOpOCTb Vph=c/nTrpynnosaﬂ ckopocTb Vgr

Sueprus naketa W , umnysibc P=W/c OHeprus naketa W , nmnynsc P=Wn/c=W/Vph



MangenapmraMm, JKOTO, 15, 475, 1945

MaTepuanbl ¢ NPOCTPaHCTBEHHO
MOAYNMUPOBAHHLIMW NapamMeTpamu,
NO COBPEMEHHON TEPMUHOSIOTUN
9TO — POTOHHbIE KpUcTanmbl
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Lamb H., Proc. London. Math.Soc. 1, 473, (1904)
Pocklington H.C. Nature, 71 , 607, (1905)

MaTtepuanbl ¢ NPOCTPaAHCTBEHHO .
MOAYNMPOBaHHBIMI NapaMeTpamu,|  —s, (ﬁ Ph)
NO COBPEMEHHOW TEPMUHONOINMU or

9TO — POTOHHbIE KpUcTanmbl
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Mamoxunen I'.[1., XKT®, 21, 940, (1951)

Bameuanue no nosoay NPUHLUNG USAYHCHUR 941:

goviKa M3 KOHACHCATOPOB H camounaykuuii (puc. 1), B To BpeMmsa Kak
w¢ vpaBrenus (4) Taxo#l MOA€AbIO aBAneTcA uenouka mHoro suaa (puc. 2).

i{3BecTHO, YTO NPaBHAbHOE PELWICHME AAH YCTaHOBHBLUMWXCA koAaebanwil,
«313HHBIX HMCTOYHMKOM B OecxoHe4yHOH 06AaCTH, MOMKHO NOAYYHMTb, KakK
pe LEA
fusf T . . L
e u(x, y,z)= lim v(x, g, z, t; ),
lg>—m

T (x, y, z, t; t,) — ptlIeHHEe BOAHOBOI'O YPaBHCHHA AAA CAYy4asA, xoraa
g t<t, Bo BCeEH OOA4CTH MMEA MECTO NOKOH, a ¢ momenTa { = f, Hauyana
«acTBOBATL M3AYUATeAb, COsepWaiouil korebanus mo 3akoHy e,

JAsi nOAydeHHs HWHTEPECYIOILEro HAC BbIBOAd MOKHO OrpaHMYMTDCA
vanoMepHbiM cayuaem. Pacemorpum B o6aactn x> 0 n npa t >, pelwieHna
spABHEHHH {4)‘ u (5) npu ycavsusix: npu t=t,; v=uv =0 u npn t >t
'_:0-; 'L|=("w

B e " T

Mbi BMaHM, 4TO BO BTOpOM CAydYae, B MPOTHBONOAOKHOCTb HEPBOMY,
o AHBI PAacCHpOCTPAHANTCA HE OT W3AYYATEAA (PAacmOAOKEHHOTO B TouKe
1=0) B GeckoHewHOCTb, a HAYT U3 OECKOHEUHOCTH K M3AydaTeAl. JTOT
#3IVABTAT CMPABEAAMB AAs ypaBaeHns () Takxe B ABYX- H TPEXMEpPHOM
wvuanx, Momno cuntatb, uTO cpeda 00AajaeT B MEPBOM CAYYae MOAO-
ee1eAbHOH (Da30BOH CKOPOCTBIO, & BO BTOPOM — OTPHLATEAbHOI.

[Ipu BOpMyAMpOBKE YCAOBHA H3AYYEHMS B 3aAa4aX AHQPpAKUHH
#NYCOHAGABHBIX BOAH O6bIUHO NOApasyMesaerci [MHOrA@  MoAvaAuso,
Al OTCYTCTBYeT CCbiAka Ha ypaBHenue (4)], uro (asoBas CKOPOCTD mOAO-
erreAbHa, MexAy TeM, kak mokasbiBacT NpuBEAeHHbA NPHMEP, BO3MOXKEH
WOTHBOMOAOKHBIA CAydadl. B 10 Xe Bpema HanmpasAeHue PacnpoCTpaHeHHA
mcpIHH BCETAd NOAOKMTEADHO, T. €. COBNAAaeT C HANpaBACHHEM OT 69
® TUHHKA.



Transmission line also may be left !
o LH TL as the DUAL of the RH TL

[I

Conventional RH TL (lossless)

LH TL (lossless)

' = jool' (Q/m)
——

Y'= joC" (Sfm) =

dz lenoth

low

- pass

=AZ'Y = joL'C’

B =w~L'C' — linear

[v,=w/p=1/L'C" >0

11 = dofdp =1/L'C" >0

= FE = csle — non- dlSpE‘lSl\E‘

1/4’/} —.J Jol' )/ }(J(

)= JLJC

= ]/ ,ff}f El/m

II
Il ouaL > ¥ =1f(joL’)(s/m)
high - pass
= leneth )

y=iB=NZ7 =~ j[ldT'C)

p=- 1/({11\/ L'C’ )—> nonlinear

[v =—*dL'C" <0
11{£{=+n JL'C' >0

v, =-—v, = fcl(w)—> dispersive

7= \/(‘;'mC.") l/(j(:_-)L’) = JLC

JAY)



LHM, peanu3oBaHHBbINI
HA OCHOBE JJIEMECHTOB
JIUHUU Nepeadu

A
=,
N

Fig. 1. Umit cell for the 2D transmussion line NRI metamaterial

Fig. 3. Experimentl prototype. The PRI region measures 21x21 eells (1031 03mm), and
the adjacent NRI region measures 2140 cells (103mmx200mm). The inset magnifies a single
NRT umit cell, consisting of a microstnip gid loaded with surface-mounted capaciiors and an
inductor embedded tnto the subsirate at the ceniral nods. The near-field detectmg probe is also
deptcted, and the arrow 1ndicates the loeation of the vertieal excitation probe,
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5,,Ll>0 k—C:n>O
0

BajxHO — BeJIMYHHBI €,1,N —
SABJSIOTCH CKaJasipaMu!
Marepuaj U30TpoIeH!

S Kk

& <0 k—C:n<O
w

72



O BO3MOKHOM KJIaCCU(PUKALINHU




Meramarepualibl B 3aJIJaYHUKE 10
pu3uke

§ 3. dnexTpuyeckoe none B Bewecrse.
JHEpPruA 3NeKTPHYECKOro nons.
JHEPreTHYECKHH METOR BLIYHCACHHS NOHAEPOMOTOPHLIX CHA

3.1. Ha cko/pKo OTIMyaeTCs OT eAMHMUBL AMINEKTPUYECKAS MOCTO-
SHHASL € «MAEANBHOTO Ta33», COCTOSMUIETO M3 HOMbLIIOrO KONMUECTBA TPO-
BOAAUMX IWAPUKOB PaxuycoM r. [LnoTHOCTH (KOHIEHTpALud) WAPHKOB
n Mana, Tak uto rin<<|,

6.26. Hackonbko OTAMUACTCd OT CIMHUMLULI MATHWUTHAH MNOCTOXHHAH
W «MACAJIbHONO rdaia», COCTOSIICTO K3 6D.’TI:II]D["U yHCIa CBCPXNpoOBOIHA-
HiMX IapukKoB paanycoMm r? KoHueHTpauust WAPMKOB 1 Majaa, Tax uTo
nri<<l,
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HepBaﬂ CTaTbsl C YHOMUHAHHUEM O BOZMOKHOCTH CO3TaHUA
KOMIIO3UTHBIX I[I/I3.]1€KTPI/IKOB?

SOVIET PHYISICS JE TP VOLUME 21, NUMBER S NOVEM-BER, 139605

DAITNT T E AL ETAT ZIS AR TICI.ES LN AN E1I.EOCTROMA GNEITIC Fragl.n

L. P. GOR’HKOV and G. M. ELIASHBERG
Institute of Chemical Physics, Academy of Sciences. U.S.S.R.
Submitted to JET P ed.tor December 2, 19642
J. Expt]l. Theocret. Phys. (U.S.8.R.) 48, 1407 1418 (May, 1965)

We consider some properties of metallic particles with dimensions so smell that the spec-—
trurm of the electronic excitations becomes discrete. The existence ©of microscopic rough-—
nesses on the particle surfaces makes 1t imposaible to calculate the detailed ievel distraibution
in the spectrum of each 1ndividual particle. At the same time, the mean level dens.ty is still
determined by the macroscopic characteristics of the metal. This circumstance allows us tao
describe the level distribution statastical.y, in a manner sirmiiar to that emploved in nuclear
physics to find the distxibution of the highly excited levels of the atomie nucleus. The formu-—
las obtained for the electric polar.zability in a high-freguency field, especially the part of the
polarizability responsible for the absorpticon, contain explicitly the binary coxrelation funcrion
mmiroduced n Dyson’s well -kpovwn papers. It is shown that 211 toxse types oOf level sStalistaics
proposed by Dyson are realized in the objects ander stuady under different conditions. It
therefore becomes poss.ible to observe in the level scheme of a2 randomm system a long-—range
order that leads 1o strong oscillations aof the asbsorption when the fie.d freguency 1s varied.
Formulas are also obtained for the apecific heat and for the paramagnetic -rescnance inten —
=ity in minute metallic particles. The possibility of experiment=_ly obsexving the phenomena
in guestion is discussed. )

842 L. P. GOR'KOV ana G. M. ELIASHEBERG

electron travels from wall to wall {(~v/a), and crently gtrong to mix the evels of the system. In
the field intensitiae are small compared with Lbe these fields the system will have the usual metallic
internal fields propertles Vag far asa we know, co one bas called

eBc € attention tg the anomalously lgrge values of the
' | polarigability of minute metallic particles 1n weak
the interaction of & “‘metallic’” small particle with ! fields. Yet, apparently, this circurgstance uncovers
toe field can be considered by using pertarbation a possibility of producing artificial dielectrics with
theory for & qiantin, system. Ia this range of large controiiable dielectric consiants.



Graphic of the Technical Concept: The g(®) —(w) Diagram,
or a simple classification

Plasma: o M Usual dielectrics,
- electronic in metals 4 ferroelectrics
- 10n1c 1n ionosphere 7 I positive: n=(gp)!2 >0

EM waves reflected totally
n has imaginary part because ey <0
n=(gpn)’?=n’+in”’

EM waves propagate through

»

R S A e e B
eU >

No isotropic material exist

L-H matter
n=-(ep)'"* <0

Victor Veselago

| | with p<0
predicted in 1967

e

Anisotropic Ferromagnets

H v 1n Magnetic field:

n* =g (W+- W)
n<Oat p; <p,

v/4
Negative n

76



e OTO YCTPOMCTBO MOXKET
(hOKyCHpPOBATh B TOUKY
| H31y4YEeHHE TOYCYHOI' O

-~ A MCTOYHHUKA, HO OTO HE
I I : JINH3a — OHA HE MOKET
/I8 c()OKyCHUpPOBaTh B TOUK
p | yCHpOBaT y
“ mapaIeIbHbIA MyJeK
| | JIydeii, ¥ OHA HE UMEET
Y OITUYECKOU OCH
[ g g

Ho 310 ycTpoHuCTBO SIBJISAETCHA MACATbHbBIM
ONTHYECKUM MHCTPYMEHTOM - OHA
npeoopasyer 3D o0bekT B 3D u3zodOpaxkenue 0e3
KAKHX-JIM00 UCKAXKEHUH -






0

5(.[:1::!!)




BeJmunHa nmoxka3zareJisi mpeJoMJaeHusa n=(gn)!’? He MeHsIeTCSl TPH
OHOBPEMEHHOM H3MEHEHHH 3HAKOB y BEJIHYHH € H |l

Bonpoc:A 4ro usmensiercs’
Bo3MoKHBIE OTBETHI:

 Huyero He mensiercsi. 310 03HA4aJI0 ObI, YTO
JIEKTPOAMHAMMKA He 3aBHMCUT OT OIHOBPEMEHHOM
CMEHBbI 3HAKOB Yy € M L.

* CyniecTBoBaHue MATEPHAJIOB ¢ OHOBPEMEHHO
OTPHMIATEJbHBIMHA 3HAYCHUSAMHU € M L B IIPUHIIAIIE
HEBO3MOKHO, TAK KAK 3TO NPOTHUBOPEYUT KAKUM-JIH00
(pyHIaMEHTAJTIBHBIM 3aKOHAM.

e DJIEKTPOAMHAMHUKA MaTepuaoB ¢ <0 u u<0
CyLIeCTBEHHO OoT/JIn4Yaercs ot cayuas €0 u p>0



YacTo npuMeHsieMOe€ «<HEMarHUTHOE NPUOIMKECHUEY, TIPU

KOTOPOM IIPUHUMAECTCS , MO2KET IIPUBOIUTH K
CYILIECTBEHHBIM OIIIMOKaM

Du3HuyecKHnii 3aK0H Hemaruurnoe npudinkeHne Tounas popmy.ia
CHennnye, lonnaep, . . _ . . . _ _
Heporicos sing/siny =n,, =4j¢,/ ¢ | sing/siny =n,, —\/52;32;’31;11

n-z—n-Jm

emng,#{D,Tun{O

D®penenn n CcoS@— N, COS Z,COSp— £ COS
n=veolz=\elu| "~ — ro== o
ncose +n,cCosy Z,COSp+ Z COSy

Kosppuunenr orpakenns r = (n1 _ ng)](n1 4 ”2) r = (z2 _ 21)](22 i 21)

MNpH HOPMAJIBRHOM NMATCHHHA
CBCTAa HA I'PpaHHLOY pa3ic/ia
YeaoeHe oTCyTCTBHSA — —

yr n1 T nE z1 o ZZ
OTpaRCHHNA

b =
procrep tggo n rg@ _ £, &0, — &L,
&y EH, — S,




OTpHUIIaTEIbHOE MPETOMIIEHHE BO3MOXKHO

TOJIBKO B CPEJI€ C YaCTOTHOM IUCIIEPCUEN

Bripazenue 01 SHepruu

) ~
Clem c\ uw
W — (_)E2 + (,.,# )HE
10, e
A’ A’
mvers & =1——2L 4 = 1 mag

@’ @°
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Exotic Left-Handed Material

The mixture of electron plasma and
gas of magnetic monopoles
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FIG. 3 (color online). The magnetic field of the Gaussia
beam undergoing reflection and refraction for (a) ¢ = 2.5
(b)yt = 4515, (c) t = 10515, (dy r = 158, and (e) r = 3l1y. 21
is the time difference between the outer and the inner rays t
reach the interface: £y = L5357, where T is the period 27/ .

in Fig. 3{e). We present the results in terms of the tim
difference, 2f;. between the arrival of the outer and th
inner rays at the interface. Figure 3(a) shows the result
for r= 2.5f3 = 3.77T = 5008¢. Notice that no refracte
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The magnitude of the Poynting vector
foran EM wave propagating along a 30° direction. The time is
6200 simulation steps, and is the same as the one shown in
Fig. 3(e).
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What 1s the overcoming of diffraction limit
or subwavelenght resolution?

Diffraction limit or subwavelenght
resolution can be determined by nonequality
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Transfer function of LHM slab as a function of normalized wave

number. Thickness of slab is L=0.142, y is dissipation value.
From X.S.Rao and C.K.Ong, cond-mat/0304474
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Focusing by Plano-Concave lens using Negative Refraction
P. Vodo, P. V. Parimi, W. T. Lu, and S. Sridhar
cond-mat/0502595

HPE510C

Absorber

Scanned area

Fig. 1 Schemartic diagram of the microwave focusing
experumental set up.
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Focusing by Plano-Concave lens using Negative Refraction
P. Vodo, P. V. Parimi, W. T. Lu, and S. Sridhar

cond-mat/0502595
A clear focusing point 1s observed

in the frequency range 9.265-9.490 GHz.
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Fig. 2 Focusing by a plano-concave PhC lens having radiu
of curvature 13.5 cm. The focus point observed at 9,31
Ghz is 10.1 cm from the concave lens surface. A

photograph of the PhC 1s superimposed on two Matlab
surface plots to obtain the final figure. Dark strip in the
center is a schematic representation of the area between th
lens and the incoming wave. On the left side, field map of
the incoming plane wave 1s shown (real part of transmissic
coefficient) and on the right side, intensity  of the focus

point. Scale: on the left. from — 0.025 to 0.025 . on the

right side from 0 to 1.6 = 107 . Dimensions of the figurn
are 49 » 34 em?. PhC lattice spacing is 1.8 cm and the

packing density of the square lattice 1s determined from th
ratio 1/a = 0.175 .

To wvalidate that focusmg i1s due to negative refraction an
immverse experiment 1s carried out, i which a point source 1s

kept at the observed focal point of the lens.
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DOTOHHBIA KPUCTAJLI, COCTOSIIUMA
U3 AJJIOMMHHMEBBIX LIThIPed B
reKCaroHaJbHOM MJIM KyOH4YeCKOM
PACHOJIKeHUH

Yactora ~ 14 I'rix

Hoaoxeno E.Ozbay, K.Guven,
K.Aydin, K.B.Alici Ha

KOH(pepeHuuu B JInie, HOSIOPb
2004
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Fig. 2 Schematic top view of the refraction experiment setup consisting
of emitter (horn antenna), 2D PC (cubic or hexagonal), receiver
{monopole antenna) and the network analyzer.

(a) Negative Refraction

1.0 I 415
-t —«—VWthout PC (Exp)
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€024
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(b) Posilive Refraction

==y ith Siab [Exp)
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0.0 —buauest-

Detuning (cm)
Fig. 3 (a) Refraction through the photonic crystal. Grey dots (grey
curve) denote the measured (simulated) average intensity at the at the
air-PC interface without PC. Black dots (black curve) denote the
measured (simulated) power at the PC-air interface. (b) Same as in (a)
but refraction through a crystal of polystryene pellets
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[TpoxokneHue cBeTa yepe3 MIacTUHy U3 POTOHHOTO

KpHCTaJLIA

C.Luo, S.G.Johnson,J.D.Joannopoulos, J.B.Pendry, PRB 65, 201104, (2002)
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HEMUICM, OCYIIECTBIACTCA MMEHHO BTOT TPeTHil eaywair. Hysno noguepkuyrs
UTO JI0 CHX IOP HET HM OJHOTO DKCHEPUMERTA, B KOTOPOM HAGTIONATHCE Git
BemecTsa ¢ e < 0 1 p <= 0. Onraxko ceifyac MONAO RHCKABATE PAX COOOpae-
IHil O TOM, TJIe M KaK Takue Beu[ecTRa meKaTh. TAK KAK DAGKTPOIMEAMIA
BemecTe ¢ & < () w p << 0, HA HaUI BATAAL, HpeNCTABTACT HECOMHENHEH WHTe-
PEC BHE 3ABHCHMOCTH OT HANWIHA B HANIMX DYKAX TAKHX RENECTR CEroINA
TO MEl BHAMANE PACCMOTPUM ee 4HcTo dopMalibio. 3ateM Bo Bropol nﬂm];mn;

CTATRH OYNYT PACCMOTPEHK BONPOCH, CBAAAHAHE ¢ GHINUCCKHM OCYULECTRIE -
HHUeM BenecTB ¢ & <= O u p = (),

Becenaro B.I'., 1967
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Figure 4: From the famous review paper by Prof. V.G. Veselago (1967) [F9].
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Figure 5: Wire media in the 1960s [12].

v
1
;\ o uﬂ;;ﬁCS’
‘m = T=LC
A |0 X

Figure 6: Split rings in the 1950s [13].

100



§

Cnesa nanpaBo: D.Sidjanski, npesunent ponga LATSIS, Becenaro B.I'.,
Pendry J.B., Martin O.J.F. u Mosig J.R., opranuzatopsl cumMIio3uyma,
IJIaBHAs JaMa U3 OPrKOMUTETA

101




[1] D. R. Smith. W. Padilla. D. C. Vier. S. C. Nemat-Nasser. S. Schultz. Phys.Rev. Lett. 84,
4184 (2000).

[2]. R.A.Shelby, D.R.Smith. S.Shultz, Science 292, 77 (2001)

[3] C.G. Parazzoli, R. B. Greegor. K. Li. B. E.C. Koltenbah. and M. Tanielian. PHYSICAL
REVIEW LETT ERS week ending 14 MARCH 2003 VOLUME 90, NUMBER 10

[4] B.I'.Becenaro YdH, 92, 517 (1967)

[53] B.I'.Becenaro YH. 172, 1215 (2002)

|6 |http://physics.ucsd.edu/~drs/left home.htm .

[TepBhIe TPH CCBUIKH COIEPHKAT IKCIEPUMEHTAIBLHBIC PE3VILTATEL,

Most ctapas W ceiuac tpyanoaoctyriiasg crates |4 seokena B MHTEPHETE no anpecy
hitp://zhurnal.ape.relarn.ru/-vov/

Tam e BEUIOKECHBI €111¢ HECKOILKO MOUX padOT M0 JIaHHOH TEeMaTHKE, B TOM HYHC/IC MOC/ IS/ IH
padoTa | 3].

MHOrouHCAeHHBIC MOJIHOTEKCTOBBIC BEPCHH PadOT JIPVIHX aBTOPOB MOWKHO HAHTH B
MHTEPHETE B npekpacnoii nojabopke |6




330 -THE THEORY OF OPTICS - [cHA®. XTI

let dV/dA, be negative. As ViA,= VoA, we obtain by differentiation

with respect to ¥ 'VCH’:A.PTER V XIV 3

AR Y TR

ra 7P, D ' :
o+ VIp=Voap FURTHER DISCUSSION OF THE NATURE OF LIGHT -
or ra T8 g dh ~ AND ITS PROPAGATION. =2
| v,av=Vav: imi orks. L fo our conscions-
. ) 185. Preliminary Remarks. Light enters into our conscious-

As the second term on the left-hand side is negative, it follows

that A %l:> A, which shows that the group velocity is in the opposite
direction to the wave velocity. If there is a convection of energy.

forward, the waves must therefore move backwards. In all optical
media where the direction of the dispersion is reversed, there is a very
powerful absorption, so that only thicknesses of the absorbing medium
can be used which are smaller than a wave-length of light. Under
these circumstances it is doubtful how far the above results have
But Professor Lamb* has devised mechanical ar-

any application.
ch without absorption there is a negative wave

rangements in whi

F

Pig. 179.

velocity. One curious result follows: the deviation of the wave on
entering such a medium is greater than the angle of incidence, so that
the wave normal is bent over to the other side of the normal as indicated
in Fig. 179. This is seen at once by considering that the traces on the
refracting surface of WF and W, F,, the incident and refracted wave-
fronts, must move together. If we were to draw the wave-front in the
usual way parallel to W, F and the waves moved backwards in the
direction A'Q, the intersection O of the refracted wave and surface
would move to the left, while the intersection of the incident wave
moved to the right. By drawing the refracted wave-front in the
direction W, the required condition ecan be secured. The individual
waves move in the direction A, but the group moves in the direction

A Qg-
* Praceedings London Math. Soc. Sec. . Vol. 1. p. 473 (1904).

ness through the effects on' our sensitive organs whose powers may be
}‘ncreased”by suitable experimental appliances. When we speak ofyth
nature of light we try to form some mental picture of what i;t)mstiej
tutes light before it has entered our spectroscopes or other optical
instruments, and it becomes necessary therefore to examine what and.i-
fications light undergoes in passing through such instruments. If—as
an example—we were to look upon a spectroscope as an appliance
capable of analysing white light, in the manner a chemist analyses a
eompounq body by separating the constituents it contains, we might be
led to believe that the highly homogeneous radiations which leave the
spectroscope have a real existence in the light that entered it: This
—as the late Lord Rayleigh pointed out—is an error: it is the spec-
troscope that converts the white light into homogeneous radia.t-ilt;us;
Ha.vmg_satlsﬁed ourselves with regard to instrumental effects, we hav
tp cons:der‘ the ultimate receiving screen such as the reﬁ;a or the
phqtqgrz?,p_hlc plate. How much our judgment is affected b the
peculiar}tles of these receivers may be recognized if we try to u.ni e
how _re.a‘dmally our impressions would be altered if our eyes were 'uglll;('3
sensitive to radiations of all kinds, so as to give us simply'a mege,;rg

* of their intensities*® ~What is true of instrumental analysis is equally

true of its mathematical treatment. Th :
I e proc 3 et
afféct our conclusions. Tnetesef the treattl?fa_nt.;pay-

186. Application of Fourier’s théorém :
: _ . Gouy’s treatment.
This theorem gives- us the most powerful mathematical method of

treating variable functions, that without necessarily being periodic

-oscillate between finite limits. We begin by considering in greater

detail the series that has already been mentioned in Art. 10, We eon-

~sider a ray of plane polarized light and fix our attention on a point P

over which tl}e disturbance passes. If the velocity at P be », we may

in the most general case, express it as a function of the time, J" ® ’L‘Zf’;

;s -fo!low :Ee motion from a time #=0, to a time ¢= 7, A::cordi-ng to
ourier’s the i ined in

i .orem, which has already been explained in Art. 10, we ma;

S =as+a cos (272/T") + @y cos (47t/T") + a, cos (6w T)

. : +.b1 sin (2#t/T) + by sin (4/T") + bysin (6x¢/T) "......(1).

Assuming that it is always possible to express v in terms of such a saries

" el

- we may easily determine the value of any coefficient a, by multiplying

, . * Schuster, Phil. Mag. Vol. xxxvm. (1894),
- , ‘ 229 -
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