MeTaMaTeprarbl B COBPEMEHHOM
PAAVIO3IEKTPOHWVKE, I CBEPXPA3PELLIEHNE

A.H. JlarapbkoB, B.H. Kncenbs

NHCTUTYT TEOPETMYECKON 1 MPUKNAAHOM dNeKTpoanHaMmmnkm PAH



Y7o cuuTalon METaMaTepnaiom?

MeTaMaTtepyiai — 310 KOMNO3NTHBIV MaTepyali, 0CobBIE CBOMCTBA
KOTOPON0 OBYCIOB/IEHB! HE CTOJIBKO HAVIBYAYAMBHBIMI
SIEKTPOMYBVUECKNMI CBOVICTBaMW ENO KOMITOHEHTOB, CKOJIBKO
MUKPOCTPYKTYPOM.

TEpMUH «MeTaManepyaibli» 0COOEHHO YaCTO MPYMEHSIOT HO
OTHOLLEHNIO K TEM KOMNO3NTAM, KOTOPLIE AEMOHCTPUPYIOT
CBOVICTBA, HEXaPaKTEPHBIE M OOBEKTOB, BETPEUYAIOLINXCS B

NPYPO/E.

BbIGVpas CTpyKTypY, CBOVCIBa STVX MaTEPVaioB MOXHO MBMEHATH
TaKVIM 06pasoM, UTobbI OHM MMEnV 6oMEE LPOKI AVaNas0H
NEKTPOMAarHUTHBIX XapPaKTEPUCTNK, BKIOYAS OTPHLIATENBHbIV
KOSMMULIMIEHT NPENOMIIEHNS.
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OTpHULATENBHBIV KOG
NPENOMIEHNS

Ob6patHas BoiHa
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OTpyLaTENBEHOE NpPEeNoMIeHNE

L.I. Mandelshtam. Lectures given on February, 26, 1940 and on May 5, 1944//
Complete issue of works. Vol.5. Moscow. Izdatelstvo trudov AN SSSR. 1950.

“On plane y=0 these waves should meet, so called, boundary conditions. It is easy to show that only reflected wave (or only refracted
one) cannot meet those conditions. However, if both waves exist the conditions are always met. It does not though mean at all, that not
more then three waves should be present: boundary conditions permit the existence of one more wave, the forth one, that goes at angle
- 1 in the second medium. There is a silent agreement over the absence of that wave, i.e. it is postulated that only one wave propagates
in the second medium.

The wave corresponding to 1 propagates backwards the division boundary in the second medium (fig.2, left side). The wave
corresponding to - 1 propagates towards the division line (fig. 2, right side). It seems obvious that the second wave cannot exist because
the light incidents from the first medium onto the second one, and therefore, the energy should moves off the division boundary in the
second medium. But where does the energy come in? The direction of wave propagation is determined by its phase velocity, though the
energy moves with the group velocity. Thus, a logical trick is present here, which is not felt only because we got used to coincidence in
directions of energy and phase propagation. If the coincidence occurs, i.e. if the group velocity is positive, then everything is right. In the
case of the negative group velocity, the case is quite real as I have mentioned, everything changes. Still demanding the energy to move
off the division boundary we should conclude that the phase should move towards the boundary, and therefore, the direction of the
reflected wave propagation will make angle - 1 with regards to the normal (see fig. 2, right side). Such a construction may seem very
unusual, though of no surprise, because the phase velocity says nothing yet about the direction of the energy flow”.
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«[1paBOCTOPOHHME> W <IEBOCTOPOHHNE> CPEAD)

AE +k’E =0

K=w lgu [nockas MOHOXpOMaTHyeckasl BOsHa

D.V. Sivuhin, About the energy of electromagnetic field in dispersing
media. Optica i Spectroskopiya, 3, No. 4, 308-312, 1957 (/in Russian)

E ~ E g i [K,E]=2 uH K H]=-2 £
c c

BekTop k 1 BekTOp MOMHTUHIa HanpaBieHbl NPOTUBOMOIOXHO
u>0; £>0; u<0; £<0;
BekTopbl E,H u k BekTOpbl EHwu k

—

06pa3yloT npaBylo TPOMKY 06pa3yloT NeByO0 TPOMKY
T A
H

B.l'. Becenaro, 1967: S
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Ob6patHas BOJIHA

MoayanpoBaHHOE KoiEbaHWE

Modulated Wave Incident Perpendicular to PIM-NIM Swmirface

ft to Right




MeTtamaTmepvan — CnbHO AVICHEPrVPYIOLLas CPeaa
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HekoTopble CTPYKTYpPbI, MO3BOJIFIOLIME NOAYUNTE OTPULIaTENBHYIO
SMMEKTNBHYHO MarHUTHYIO NPOHNLIAEMOCTb

1.B. Pendry et al. IEEE Trans. MTT. 1999. V.47, p.2075-2084. S.A. Schelkunoff, H.T. Friis. Antennas: Theory and Practice.
e e New York: John Wiley & Sons, 1952, p. 584.

4 effects of the changes in x and ¢ on the index
; of refraction are opposite. What we ned
is a way of increasing the permeability
rather than decreasing it.

19.10 Methods for increasing the per-
meability of artificial dielectrics

Consider a loop with a capacitor (Fig.

19.10). Let the impressed magnetic inten-

Fro. 19.10 Alooploaded with gty Ff, be in the positive z direction. The
spastance. counterclockwise induced current is

A.N. Lagarkov et al. Electromagnetics. 1997. V¥.17. N2 3. P.213-237. ] = ——JeuoHoS w'uC'SHy (52)
Y ——— JoL + (1/7C) = 1= &PLC
[ aj | O~

1 | | where L is the inductance of the loop and C the “-""—"""""“,J
: capacitunce in series with it. The moment of the ===
magoetic doublet equivalent to the loop is Fio. 19.11 A loop
Pw = pol S. (53) approaching reso-

Heace, the magnetic polarizability is frames.

\
a
‘ . 0 - u’yozc S2 B w’uoto(c/'do)S’
Xa S 1= ALC T — wnoto(LC/ poto
1 |
s

T T “+

| 000 0.50 1.00 1.50

A.N. Lagarkov et al. Journ. of Magnetism and Magnetic Materials, 2003. ¥.258-259. P. 161-166.
1

A.N. Lagarkov, ¥.N. Kissel.
PRL, ¥. 92, 077401, 2004.

1

2. !"q-uy GBI
Develor:ed 10+ years ago for some other purposes...




KOMMO3UThI € OTPYLATENBHON SMMEKTBHOM
AVISIEKTPUHECKOV MPOHNLIGEMOCT IO

Electrophysical properties of percolational
systems// Ed. by A.N. Lagarkov. Moscow,
IVTAN, 1990 (in Russian)

Lagarkov A.N., Sarychev A.K.,, Smychkovich
Y.R. and Vinogradov A.R, Effective Medium
Theory For Microwave Dielectric Constant and
Magnetic Permeability of Conducting Stick
Composites // T. Elect. Waves and Appl. 1992.
V 6. N99, P.1159.

Lagarkov A.N.,, Sarychev A.K. Electromagnetic
properties of composites containing elongated
conducting inclusions // Phys. Rev. 1996. V. B
53. P. 6318.



HeKoTopbLIe TUMbI BKJIFOYEHNW B COCTABE KOMO3UTHOIO MaTEplnalia

(a): A. N. Lagarkoy, L. V. Panina, A. K. Sarychev et al.,
in: MRS Spring Meeting (1990), paper S 9.3.

A. 1. Kolesnikov, A. N. Lagarkov, S. M. Matytsin et al., in
Optical and Electrical Properties of Polymers No. 214,
edited by J. A. Emerson and J. M. Torkelson/Materials
Research Society (1991).

A. N. Lagarkov, A. K. Sarychey, Y. R. Smychkovich et al,
: J. Electromagn. Waves Appl. Vol. 6 (1992), p. 1159

A. N. Lagarkov and A. K. Sarychev: Phys. Rev. B Vol. 53
(1996), p. 6318

(b), (c): S.A. Schelkunoff and H.T. Friis: Antennas: Theory and Practice (New York. Wiley 1952)

(f), (g9): A. N. Lagarkov, V. N. Semenenko, V. A. Chistyaey, D. E. Ryaboy, S. A. Tretyakov and C. R. Simovski: Electromagnetics
Vol. 17 (1997), p. 213

(h), (i): V.N. Semenenko, V.A. Chistyarv and D.E. Ryaboy, in: Proc. Of the 7th Int. Crimean Conf. “"Microwave and
Telecommunication Technology”, Sept. 15-18, Crimea, Ukraine (1997), p. 113

A.N. Lagarkov, V.N. Semenenko, V.N. Kisel and V.A. Chistyaev: J. Magn. Magn. Mater. Vol. 238-239 (2003), p. 161

(j): V.N. Semenenko, V.A. Chistyaev and D.E. Ryabov, in: Proc. of the Bianisotropics’98 7th Int. Conf. on Complex Media, June
3-6, Braunschweig, Germany (1998), p. 313




HeobbIUHOE MPENOMIEHNE, KCYNEPANHEE>

JInH3a Becenaro

l~—L—-——a’—————>!<—a’-l

Puc. 4. ITpoxoskacniie nyva cBeTa ¥uepes Iaa-
CTNHY 113 JIEBOTrO BCIUCCTRA TOAWMHOIT d.
A — MCTGUHMK M3NYUCHHA, B — NPUCMHIEK H3AYHCHIIL.

Ob6blYHag AMH3a
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HoBble YCTPOVICTBa Ha OCHOBE METAMATEPMAJIOB

AHanor yrosikoBoro otpax<aTtens Boinyknas (Kpyrosas)
dokycupyloLlas cmcrema

g =-1,4-i0,01

/- 1=-13-i0,01

ﬂ(r), un)| R

S

MEeTann3auums

AHanor nuH3bl JltoHebepra




[IpYIMEHERVE BbIMYKA0V (DOKYCHPYHOLIEN MOBEPXHOCTY

doKycupyrowme CBOMCTBa BbINYKIION BceHanpaBneHHbIN
oTpaxaroLien NoBepXHOCTH; usny4artenb, IMH3A
3KBUBalieHTHasaA anepTypa moHeGepra U T.a.

EanHCTBEHHBIN

MeTamatepuarn (hOKYCHPYIOLLNIT SNEMEHT Y
®
" —
anydyarenu
(I'IpI/IeMHI/IKVI)
®

-

\
—
O6bl4Haga gokycupyrouias \
cucrtema gl




[i0cKkme MeTaMaTepmaiibl — pacipeaeneHHbIE CUCTEMD

SneMeHTapHas sueinka UCKYCCTBEHHOW cpeapbl Mnockuin aHanor (Moaesb) MeTaBeLLeCcTBa

G.V. Eleftheriades et al
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MeTtamaTtepuanbl B KOHCTPYKLUNSAX aHTEHH

MVIKpOI'IOJ'IOCKOBbIe dHTEHHbI Ocobble TUMnbl aHTEHH BbITeKaIOLIJ,eﬁ BOJIHbI

Radiating edge

Inductor

Coaxial feed

Sketch of a L-C loaded patch antenna with three unit cells. The RE substrate is transparent.

T. Itoh n gp., 2004



TaKk i «BOJMLLEOHBI» METAMATEP/AbI?

PAIHOTEXHHKA H SJJEKTPOHHUKA, 2007, mom 52, Ne 9, ¢. 1051-1058

JNEKTPOOJUHAMMKA
U PACITPOCTPAHEHMUE PAJIMOBOJIH

VK 537.876.4

KPUTUYECKHNH B3I JAA1 HA METAMATEPUAIJIbI
© 2007 r. P. Murtpa

[lencuavsanckuil 20cyoapcmeaenusiii ynusepcumem, Jlabopamopusn mamepuanos
319EE East University Park, PA, 16802, USA
e-mail: mittra@engr.psu.edu
IMocrymina B pegakunto 23.03.2007 r.

[IpencraBieH KPHTHYECKHIT aHAIN3 BO3MOXKHbBIX IIPUMCHEHHUI METaMaTEPHAJIOB Asl yay4uIeHus paboTbl
AQHTEHHbBIX YCTPOMCTB, H YKA3aHbl HANIPABACHUA JalbHEeHIINX HEOOXOAUMbBIX HCCIeJOBaHuil B obnacTu Me-
TaMaTepHasIos.

BBEJJEHUE THX MaTEpPHAJIOB, CBsi3aHHbIE C (DOKYCHPOBKOW U
aHOMaJbHbIM npenoMieHueM (puc. 1). Tak kak JOC
B 1968 . BCCCJIaI‘O[l]paCCMOTpeJI ABAXNABI OTPH-  penxo BCTpe‘{aEOTCﬂ B npupone (ocoﬁeﬂuo JOC B
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3J'IeKT|Z)OLI,l/I HaMWYECKOE MOAEJINPOBAHNE
TOHKONPOBOJIOYHbLIX BKJI tOUEHNI

Model of the cell

Regular structure  Stochastic .
; <« structure Integral Equation :

k2 oveV' | dar

dl=v-E!

ZI +iop 1| v-v' -
L

(d — skin layer depth, a — wire radius), 7 — 1+i

Normalized current to calculate

f:ia)uol/‘Ei‘=ik|/‘Hi‘ (dimensionless)

IE solution is obtained numerically by means of Galerkin’s technique
(Moment Method with roof-top weighting and expansion functions)

I

Specific normalized electric and magnetic moments (dimensionless):

|

me/Ei [T vkl mm/Hi _

cf = =L = @l —— [l [kry, vkl
- - ) - - (0}

Electrical and £oVo ko HoVo 2kVp i,

magnetic moments

Homogenization technique to calculate g4, Mg (Mixing formulae)




Electromagnetic Model Development

Problem Description

A

Y

Unit cell

Electrical & magnetic moments

Simpler Structures to Determine

Moments Separately
Y A
] — L
i —T_ ~ €
| —— C
| i
E _ J_I_\O E X’
=
-
e Electrical moment
Y A
Livaoa | 6 m
5'\'\:\1\ >
A |
0 TR
/‘ ‘ ‘/2 X
T Magnetic moment
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Experimental Data for the Permeability and
Permittivity of the Composite Consisting of NiCr

Wire Helixes

volume fraction of helixes p =48 %, n=3, h=2 mm, D=5 mm
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anIMEHEHVIe METaMdTEPMaJiad C OTPULATENIEHBIM NOKa3aTEJIEM MNPEJIOMJIEHA
A1 KOMINEHCaUWW YTIJIOBbIX OLLIVI6OK, BHOCHMbIX OOTEKaTENEM aHTEHHB!

[lpenoMneHHble nyyun
Npv pPassitiHOM 71

YrnoBas owmnbka

Mpenomnexue nyya KomneHcauus

B CTEHKe obTekaTens Yr/10BOW OLUNBKK

S.M. Schultz et al, 2004
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The Basic Relationships for the Reseonant
Properties ofithe Spherical Dielectric Resonator

DR eigenfrequencies :

® nc
for TE-modes: 2, 23./¢’

n=123... First TE-mode (Hy; ):
ﬂ/x/g =2a

© _(2+1)c

for TM-modes:
27 4ax/g

1=123...

Magnetic dipole moment and magnetic polarizability Electric polarizability
(at high &)

1 3 3
=11+ > ctg(ka)- e =347
y 2( ., colka) ) e >3

Resonant dispersion formula
for magnetic polarizability:




Experimental Data for the Permeability. and Permittivity of

the Composite Loaded by Cubic Eerroelectric Resonators

volume fraction of inclusions p =53 %, & =500 -i20




Experimental Data for the 4" Resonance
Magnitudes ofithe Composite Consisting of
Dielectric. Resenators

70 80 90 100
concentration of inclusions p, %




R.A. Shelby, D.R. Smith, S. Schultz, Science, 292, 77 (2001)
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ITO 180 nm I

Thick Glass

100 nm

L— 700 nm

V.M. Shalaev et al.,

Optics Letters, 30, 3356 (2005)
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First detection of the negative n

-4 simulation
O  experiment

—~
c
~—'
X
Q
©
§=
<5)
=
]
O
@©
e
5)
—

600 800 1000 1200 1400 1600 1800
wavelength ( A) nm

Fig. 1. (a) Schematic for the array of nanorod pairs. (b
Field-emission scanning electron microscope images. (c) El
ementary cell.

21



Merajingecknii HAaHOPe30HATOP
bopMe HOTKOBLI a <K A, AnomaabHo GosbmIoe mose

AKTHBHasA cpeaa
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I11a3MOHHBIA HAHOJIA3ep
becnopozosas cenepavusn

p=JL, L=m/(Amne?C,)
KommyTarop

KBaHTOBOEC ILIA3MOHHOE I10JIE
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YyeHble g0Ka3anu BO3MOXHOCTb CO3/1aHna HOBLIX MaTepuanos, CNOCOBHbLIX CAENaTh HEBUANMBIM NPAKTYECKN Mo6oN

agm ..,
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YMeHbLUEHE OTPaXkeHns O NoJIOCTM

CoBpeMeHHbI Mano3aMeTHbIN camoneT
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PacrnpocTpaHeHE BOIHbI Ha/, MIOCKOV NOBEPXHOCTHIO

3agayuun pagmocBsasun

ﬂepeﬂaTHW MpremHuK

HeunpeanbHas

3anaun 3NeKTPOMarHUTHOM COBMECTUMOCTU

Nanyyatenb
\ /\/ —Z OneKkTpoHHoe

YCTPOWNCTBO
E W MornoTtuTtens %
F

lMpoBoasLaa NoOBEPXHOCTb
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BbI6Op ORTMMaibHORO UMMEAAHCA MOKPLITIS

[eomeTpuns 3apaun MNOTHOCTb NOTOKA MOr/IOLLAEMOW MOLLIHOCTU

NcTouHnkK jm _

Touka
HabnoaeHus

MMnegaHcHas N1ocKOCTb

15
Re(Z /W)

‘i:’ - ONTUMaNbHOE 3HAa4YeHNE KOMMIEKCHOIro nMneaaHca

BOI_IpOCbI: MOXHO J1IM CO34aTb TaKoe pacripegerieHne nMmnegaHca Ha rnjiioCcKoCTu, 4yTOObI OHa NnornoTuna
©onee NonoBUHbI MOLLIHOCTMH, Msnyqaemoﬁ TOYEYHbIM BCEHaArpaBri€eHHbIM NCTOYHUKOM?

Ecnn pa, To kakoBo npeaenbHoe 3Ha4YeHne JonM NOrMoLLEeHHOW MOLLHOCTN?
33



[10/THOE MOJIOLIEHNE SHEPIMY UBJTYUYEHNS TOYEYHOI0 NCTOYHWKa

None Hap npoBoAsLLEN MIOCKOCTLIO
onpepenserca HTepgepeHLmen nosnen
MCTUHHOTO U 3epKaribHOrO MCTOYHUKOB

Msnyqume 3epPKasibHOro NCTOYHUKa CKauok
I'IpOTVIBO(*)a3HO No OTHOLUEHUIO K MOJIo dasbl Ha T
ANIEKTPUNYHECKOIo nany4yartend

Ay
[NpoBoasLas niockocTb AN
AN

C nomoLLblo NAacTUHbl U3 MeTamarepuarna,
aCronoXXeHHOM Me NMCTOYHUKOM M NPOBOASLLEN 0 y
P xay P AALL 3epKaJ'IbeIVI NCTOYHUK
NIOCKOCTbH, MOXXHO MOJIHOCTbIO NMNOoA4aBUTb U3JTy4YEeHNE
BO BHELLUHEE MoJ1ynpoCcTpaHCTBO

BonHbl npoTuBocgasHbl

BepxHee (BHeLUHee)

NoNynpoCTPaHCTBO Haber daszbl

MeTamatepuan > Ap




[[loie HUTEBVAHOIO NCTOYHMKA: PE3YJbTalbl PACYETOB

MNone npun HaJindnm NnNactTuHbl U3 METaMaTtTepuarlia

MakcmMMyMbl Ha
rpaHax nnacTuHb
10

NCTOYHUK

MNMone paBHO

MpoBoasiias
MJ0CKOCTb

MMone
N3Ty4eHns

MNpoBoasas
NAOCKOCTb

1.5 f

1
M CTOYHUK

V.N. Kisel, A.N. Lagarkov, Phys. Rev. E 76, 065601(R) (2007).
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[lepeHoC SHEPIM MOMF YEPES M/IOCKOCTY,
PACHOJIOXKEHHBIE BBILIE VI HME NETOYHWKA

MepeHocC 3Heprmn B NPUCYTCTBUM peasibHOM MEeTa-NNacTUHbI C NOTEPSAMM

e=p=-1-1i0,001

Metamaterial plate

. o 99.4%
0.6% < >

Transferred power

3.4:104%
' °  99.99966%

4

54.5% g,




O6yueHnEe MIockor BoHOW. [orioTnTenb Ha OCHOBE METaMaTeprasia

[Mornotutens SHEPIrnn M/I0OCKOW BOJHbI

Mo>xHO co3aaTtb TOHKKEe
[nockast BosHa BonHbl

npotuBodasHbI

MOKPbLITUS C LUMPOKNM
YIrMoBbIM AManasoHoM

Haber da3sbl

MNnJEHKa

HpMeM NMPOEKTUPOBAHUA MNMOTMMOTUTESA

A.N. Lagarkov, V.N. Kisel, V.N. Semenenko,
PIER Letters, 1, 35-44 (2008)
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CBepxpaspelleHme

Negative refraction makes a perfect lens
J.B. Pendry, Phys. Rev. Lett., 85, 3966 (2000).

JIVH3a BECEiano — <KCYynepAnH3a>

Teopernyeckn aHanms:
KPUTUUECKAS POJib MOTEPL

OKCHEPVIMEHTIAIEHOE

NOATBEPKAEHNE ShdexTa
CBEPXPA3pPELLEHNS
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CBepxpaspelleHe npy oTpuLaTeNbHOM &

J0nm
9

object image
plane plane

1.B. Pendry, Phys. Rev. Lett., 85, 3966 (2000).

object
intensity - |‘L-"|"

-100 0 +100
X-axis (nanometers)
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image
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‘ 9

image with
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DoTonnTorpadusl C NCHOIb30BAHNEM TOHKOM CEPEOPSHON MAEHKN

TYYIYEIYY

385 nm lllumination

Fig. 1. Optical superlensing experiment. The An arbitrary object “NANO” was imaged I_Jy sil_ver
embedded objects are inscribed onto the 50- superlens. (A) FIB image of the object. The linewidth of
nm-thick chrome (Cr); at left is an array of 60- the “NANO” object was 40 nm. Scale bar in (A) to (C), 2

nm-wide slots of 120 nm pitch, separated from : ) ’
the 35-nm-thick silver film by a 40-nm PMMA mm. (B) AFM of the developed image on photoresist with
spacer layer. The image of the object is recorded a silver superlens. (C) AFM of the developed image on

by thf photoresist on the other side of the silver photoresist when the 35-nm-thick layer of silver was
superlens. replaced by PMMA spacer as a control experiment.

N. Fang et al., 2005
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[lone ToYeyHoro NCTOYHMKA

j=0(r)= A=G(r,r")

e—ifl(X—X')—ifz(y—y')—iés(z—z’) 1 e i
d§1d§2d§3=5 R

512+§22+§3,2_k2

[1ByxMepHasa 3afaya
(U3ny4YyeHue HUTK ToKa)

o _e—ig(x—xo)e—\/fz—kz Y=Yo |
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1
G(X, y):472'_-[o x/—éz_kz
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[loie HUTEBMAHOIrO MCTOYHMKA, PaCrioJIOKEHHOIO B Ha4aJi€ KOoOpAWNHAT

(MCTOYHUK — B HayaJjie KOOPIUHAT):

- L _
e '5Xe X sy df e—ik(xsingo+y003(p):

\/kz_gz y K

P

N
>

X
3aMeHa NMepeMEHHON UHTETPUPOBAHUS: Mnockas BonHa

E=ksing; d&=kcospdp G -
.
k=2 =k 1-sin?p =tk cose o

72 gikxsingFikycosg = YnogoR crexp
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Representation of the fields of filamentary source

Ax,y,2)= Ij{x',y',z’)G[x,y,z, x',y',z’}a’V'
1o

—1& (- x)- 15 (- »))
g+ s -k

@6,de)

Gl d)=gs ] | cxpl

13
K =oe i

a1 Remple 8- pEJE B Go-x) v—x' <0 Source
G[I,_}-’,E,XJ,J},E}— E_J- ( Jfﬂ_kﬂ )dfj x-x >0

Evanescent modes: & =%°
Propagating modes: & <k’
Incident field:

s L el iE -y EAE K (- )
A= ( JE i )d§ Field at x>a:

LT
A=E£=xpt Tl €4 '




Decay: of the evanescent modes

e —0o (X=Xp)

R (&)=

O

kz &)". g <Re(ky).
£2-k2J”?, £/ > Re(k,)’




Growth of the evanescent modes

eqo(x+2a+x0)

do

ke -£2)7, & <Re(ky).
Q=| (o2 ,2V2 ’
(£2-K2)7, &> Re(k,)




Evanescent modes nearby LHM slab and half-space

Source plane

LHM slab

Thick & absorptive




OrpaHn4eHnst Ha Ka4ecTBO (POKYCUPOBKMU
3N1EKTPOMArHUTHOrO MO

[nocKkocTb ReF (&),

«MpeanbHoe»
n306paxkeHns Re f (&)

n3obpaxeHue:
e=u=-1
F (&) =f($) =Y,

NCTOYHUK

: <K
l, T . Py
A= 2 [op(Hig)F(£)ds h=Ail2:
- : £=p=—1-10.01
i ImF (),
Im f (&)

&= u=-1-10.00005

CneKTpaanaﬂ MJIOTHOCTb rnpoweawero nond, pacCintaHHaa B NJIOCKOCTU M306pa)KeHM$I

F(£) = —4ugexp (q0 (X, — x))exp (2aq0) Cnyyan ManbIx .I'IOTepb 1
(,uqo _q)z eXp(_ Zaq)_(ﬂqo + Q)Z exp (2aq) u=-1 sc=-l-la, a<<

o <rey) [l -e2)2 e <Re( FE)~ f(Ha+a)”
1Ko = V6= Re(Ky), _ |\ = 6| <Re o, .
q°_[(éz—k§?/2,é>Re(ko>’ {(gz_kz)f/{gme(k) A=a(2,)" exp(4aq,)




DOoKyCHpPOBKa MO MAACTVHON 13 METaMaTepyaia

= u=-1-i0.01 Cny4an «TONnCcTon»
MNaCTUHbI

NcToYHUKHU
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ONEKTPOANHaMNYECKOE MOAENVPOBaHNE
Vl3ny'—|eHme ABYX HUTEBUAHBIX NCTOYHNKOB

NCTOUYHUKMU

e~l, u=1:
obblyHas cpeaa

NICTOYHUKM

al
L

LHM-nnactuHa
0.0324 | Re(£)<0, Re( 1)<0




2003 r., UTT12 PAH

1. Bnepsble B crnewumanbHO NOCTaBIEHHOM SKCMEPUMEHTE MOSTYYEHO
pasfesibHOE N306parkeHne NCTOYHMKOB, PAacCTOSIHUE MeXAY KOTOPbIMU
CYLLECTBEHHO MEHbLLE ASIMHbI BOJHbI.

2. YcTaHOBMAEHbI NPUYMHbBI, OrPaHNYNBAIOLLNE pa3peLlatoLLyto
CNOCOBHOCTb (POKYCUPYIOLLIEN CUCTEMbI HA OCHOBE M/I0CKOW MIACTUHbI
U3 MaTepUasnioB C OTpULIATENbHBIMU AN3NEKTPUYECKON U MAarHUTHOW
NPOHMULIAEMOCTSIMMA.

A.N. Lagarkov, V.N. Kissel, Proc. of ICMAT2003, Singapore (2003),
A.N. Lagarkov, V.N. Kissel, Phys.Rev.Lett.,, 92, 077401 (2004)
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SKCHEPMEHT B Ananas3oHe CBY

Pa3MelleHne nnacTtuHbl B CTpyKTypa nnacTuHbl
COCTaBe YCTaHOBKMU n3 LHM komno3uTa

P ( Cnwnpanu c
N3nyvarowme amnonu P ! .. «npaBou»

(MCTO4HMKN) HaMOTKOW

2eHepamopy

>k CBY
MPUEMHUKY

Cnwnpanu c
«J1eBon»
HaMOTKOMN

KacceTtbl ns
neHonmnacTta




IaMepeHne Habera dasbl

Bua ceepxy
NCTOYHUKM

LHM

@
- |IIII|IIII|IIII|IIII|IIII| -
30HA
K CBY npunemHuky

f=1.71 GHz
1 - quartz plate
2 - LHM-plate
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Measurement of the field behind the plate

Case 1: dummy material plate (e=p=1)

Source 1 Source 2

dummy plate, e= =1

— |IIII|IIII|IK\|IIII|IIII|
Y
A\\\AProbe

f,=1.71 GHz =R YEEnn
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iamepeHne nosas 3a LHM-naactHom

NcTouyHuk 1 NCTOYHUK 2

LHM-nnactuHa

A.N. Lagarkov, V.N. Kissel, Phys.Rev.Lett., 92, 077401 (2004)
see also Proc. of ICMAT2003, Singapore (2003)

__|IIII|IIII|I1“A|IIII|IIII|__' Y

30HA

15y, an®

f,=1.664 1T, A~ 180 mm
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YacToTHad 3aBUCVIMOCTb
KOSMMULIMEHTA NPOXOXKAEHNS

MeTamaTtepunan ¢ pe3oHaHCHbIMU BKIOYEHUSMA

!\

I I1.05 I 1

|1 1
I_5

_ a=0.1;
, O=ojog=1/T 501




KaKOBO COOTBETCTBYE MeXay ABNEHVNSMN B
PEANIBHBIX 0OPasLiaXx METaMaTeEpasioB
(KOMIE3MTOB) ¥ NPOLECCaMV B MAEANBHBIX
OAHOPOAHEIX CPEAaX C OmpMLUamenbHbIMU & W 12
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Metamaterials and Superresolution:
From Homogenization to Riogorous Approach

Fa

Homogenized model Experimental sample Real & MNP -~ More realistic
SUETE N _ thin wire model

Propagating
modes (rays)

A lot of questions...

Source . .
Irterface™:

Fiowy o outline?

LHM

Evanescent
miodes
I

What is the correspondence

’
Source between the models:

Thin (=3/30) }
>,

How an image appears? o
@ Established phenomena, _ . o .
terminology etc. What is the "LHM-free space” interface™

What should replace a ray representation?
V. Kissel, A. Lagarkov, Phys. Rev. B 72, 085111, 2005




VIHTErpanbHOE YpaBHEHNE
OTHOCUTENBHO TOKa B NPOBOAHNKAX

Ons 60nblUIMHCTBA MeTaMaTepuanos UCMOIb30BAHME MaTEPUAsIbHBIX YPaBHEHWI
=ggpk, B=pypyH COMHUTENBHO

YpaBHeHue NOoKNMHITOHA
[nactuHa

- 1 62 ! I M3 KOMMNO3UTa
ZI + i [ 1 V- - A=y
i

k2 ovoV'

5

YyeT KOHEYHON NPOBOAMMOCTM MPOBOOKY
1 CKUH-3hdekTa: 1+1

Z= """
2raod

I'Iepexop, OT CrMparni K Konby ¢

Harpy3Komn:
\.\/‘

DKBMBAJNIEHTHBIV UMMNeAaHC (EMKOCTb)




[afeHne MMOCKoM BOIHbI Ha MAACTVHbI 13 METaMaTepyana

dazoBasd CKOPOCTb BOSIHbI

I I I I A A A A

PN N R S T N N S S S S S S R S S S S S S S S S S S S
A A A A A A A A4 AR R XX xR

AAAAAAAA LA A AL AL AR R xR XXX XX
AA 22 A A AR xR RX

P AP ASSESEOGSSO r 2 2F B I B U S S R S

A A A A A A

AAAAA A S
A AAAAS

P AL A A A
P4 AR

0
llagarolyas BoJsiHa

YBENNYEHME LIMPUHBI NIACTUHBI HE NPUBOAUT K POCTY ee 3hdeKTUBHOM TONLNHbI
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lose, paccunTaHHOE BOMNBY SKCHEPVMEHTAIbHOM MAACTVHbI

30H7,

- |IIII|IIII|\_/II|IIII|IIII| -

LHM nnactuHa

NcTouHuk 1 NCcTOYHUK 2

A=~ 180 MM

-1 -08 -06 04 02 0 02 04 0.6 O.ﬁ( 1
Y




7

H 3/1IeMEeHT CUCTEeMbl

1l

Pr: |Arg(E)-Arg(H)| = 0°
3r: |Arg(E)-Arg(H)| = 90°

CBOWCTBa CUCTeMbl <JInHenHbIV

NMPOBOAHNK + KOMbLIO>
ScBYICIMOGCTHBNI OIS0} [9elSHOEIV] Eb?:]B
BOB@/)K,L&EJ}OH&’AX 10),40) =)

90

E(®)

DNEeKTPUUYECKUN n
MarHUTHbIA MOMEHTbI

Ce~1,~E
270

Bo36y>xaeHne noseM rapmMoHMK

- 3aTyXaroLmx
- PacripoCTPaHAIOLMXCS

Arg(C®)—Arg(C™") =




,Cl,pyrme 3dfidyil, IMEIIUNE KaK qDYHD,aMeHTaJ'IbHOG, TdK U HPUKIIaAHOE SHAYEHNE

BO3MOXXHOCTH KOMNEHCaLINN HOTEPL B
METaMaT€EpUaliaXx P MOMOLUN dKTMBHBIX CPEA

NOmIOLLIEHNE SHEPVV BCEHAMPABIEHHORO
NCTOYHVKE

BecrpoBoaHas NeEpeaaya SHEPIMN B CUCTEMAX C
METaMaTepyanamy
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lone B6/3N MMacTinHbl 13 METABELLIECTBA C NOTEPAMM

NcTouHuKM MoTtepa
paspeLueHns

Rk
Mnockoctb ~ 98 g4
n306paxxeHns

e=u=-1-10.2 E=u= 0. c o &=u=-1-10.05

b

1

{ YBenuueHve TonwmHbl ’

0.4 06 08

Al

MOXHO N ¢ NOMOLLbLK «aKTUBHbIX» BKJTHOYEHUN KOMIMNeHCcupoBaTb notepu B nniactuHe «b» n noJsfiyumTb Ka4yecTBO «B» ?
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KoMMAEeHcalnsa NoTePb B METABELLIECTBE
HPU UCTHOJIB3OBAHUWN aKTNBHbBLIX BKJIFOYEHMI Masioro PA3MEPA

McTouHnKkmn CTOuHMKH

MnockocTb
n306paxkeHunst

UTN3 Pacuer MeToAoM 06BEMHBIX MHTErPaibHbIX YPaBHEHNI -




Deterioration of resolution at increasing the overall size of inclusions
Substance: ¢ = p =-1-1i0.2 (75% vol.), active portion: ¢ = pu* =-1 +1i0.15 (25% vol.)

A=2/150 A=2/15

Sources

Sources

Active compensation may be efficient if the size of inclusion is at least few time less
than the resolution interval 66



Mopaenb MeraMatnepyana (KoMnosuTa) ¢ akTMBHBIMY BKITHOYEHSMY

lNpoBOAHMK C NOTEPSAMU PaccTosHue mMexay

NcTouYHukamm d=A/6

Al16

EMKOCTHbIE Harpy3ku

[
PeakTnBHOE COMpPOTUB/IEHME XC —R—

C onpeaensieT pe3oHaHCHYI YacToTy

R>0 — pononHuTenbHbie notepu

R<0 — akTvBHbIN BBOA 3HEPrUM (YCUIEHME)




[lone B6An3N MAaCTVHbI C akTMBHBIMY BKJIHOYEHNSIMA

Mone 3a nnacTuHom

MegHble BkoyeHus, F = 1.05 f,

MecToronoxetive ° ' MoyTv naeanbHbIN NPOBOAHMK,
NNacTWHbI ; p =61010 Om'cm

bes3 komMneHcaumn noTepb

AKTUBHbIE BK/TIIOUYEHUS B NIMHENHBIX NpoBOAHUKaX

BO3MOXXHOCTM KOMMEHcaumMn NnoTepb B
KOMMNO3NTE C OTHOCUTEJIbHO KPYTMNHbIMU

BK/TIOYEHUSAMM [IOBOJTIbHO OrpaHMYeHbI
68



,Cl,pyrme 3dfidyil, IMEIIUNE KaK qDYHD,aMeHTaJ'IbHOG, TdK U HPUKIIaAHOE SHAYEHNE

BO3MOXXHOCTH KOMNEHCaLINN HOTEPL B
METaMaT€EpUaliaXx P MOMOLUN dKTMBHBIX CPEA

NOmIOLLIEHNE SHEPVV BCEHAMPABIEHHORO ]
NCTOYHVKE

BecrpoBoaHas NeEpeaaya SHEPIMN B CUCTEMAX C
METaMaTepyanamy
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I/I3MepeHme XaPaKTEPUCTUK MNOIJIOTUTEINIA Ha OCHOBE METaMaTEPNAlld

OKcnepuMeHTanbHas ycTaHoBKa A1
N3MepeHUs! YrnoBbIX 3aBUCUMOCTEN MMokpbiThe Ha ocHoBe MeTamatepuana (MM)
Y — OO6Laa TonwmHa NoKpbITUA ~A/6

oL - oTpaxaresnb MepneHaukynsipHas nonspusauus
7\ paLieHue, o o P b

MagatoLas C \_/
BOIHa ~ - C '\

<
-

OTpaxeHHas
BOJSIHa

Wcecneoyemoe
M3amepuTtenbHas noKpbITHe

annapaTtypa ‘ L ———— be3 nokpbITns
< finghia L MneHka

N S 1 28 |20 | WM
F~2.91Tu (g=30—i1.8;y=4.2—i2.25)//_ : ——————— MM+nreHka

(£=—1.3—i3.5;u=—0.54—i0.37) MpoBoaHMK - R L R R L PRI |
15 0 45 90

o, rpag.

O6bI4HOE MoKpbITUE MapannenbHas nonspusaums

Pr, b

MapannenbHas nonspusauns, 150 MM yronkoBbIv oTpaxartesnb ’\ /
Ws\/ i :\
i AN N \//

_ 2N

g

Pr, nb
0

— Bes nokpbiTus

S
‘ p“‘ﬁ”""‘ 15 30 60 75 90

>| 0 TPap.

|l
<

60 75 90
a, rpag. LLinpokuii yrnosow AnanasoH apdeKTUBHOIO NOrmnoLLeHns

A.N. Lagarkov, V.N. Kisel, V.N. Semenenko, PIER Letters, 1, 35-44 (2008)




,Cl,pyrme 3dfidyil, IMEIIUNE KaK qDYHD,aMeHTaJ'IbHOG, TdK U HPUKIIaAHOE SHAYEHNE

BO3MOXXHOCTH KOMNEHCaLINN HOTEPL B
METaMaT€EpUaliaXx P MOMOLUN dKTMBHBIX CPEA

NOmIOLLIEHNE SHEPVV BCEHAMPABIEHHORO
NCTOYHVKE

BecrpoBoaHas NeEpeaaya SHEPIMN B CUCTEMAX C
METaMaTepyanamy
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GecnpoBoaHad NepeAaada sHeprinm

W 4SS \/x

C IJI éapﬂnKa MOBUMbHBIX TeNehoHOB,

nneepos, poToannapaTos U T.1.

Receiver

BecnpoBoaHoe NuTaHue
ObITOBON TEXHUKM
TB Sony: R=0,5 M,
P=60 BT, KINJa=60..80%

L
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N3nyyartenb

[lepeaaya sSHEPN C UCH0JIb30BaHVEM
METaMaTEPWa/IOB

MNpremMHuk

7.
—— ——

MNepepatoLas MNpuemHas
aHTEHHA aHTEHHa
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MoandyKaLms YCTPoMCTBa

KoHUEHTpaLust BAVKHMX NOMeit y rpaHmLbl

[na yBennyeHust pacctosiHms
MeXay aHTEHHaMM MOXXHO
BblbpaTb -1< ¢,u <0

-1 <e=u<0 u

-d.| D

MpuatoMm [S< a, D>>d,

HO BO3HMKAIOT cneumdunyeckme
NCKaXKEHNS (DOKYCUPOBKU




lpYMEHEHVE C/I0A METAaMaTepyana ToMLLMHON OKOJIo A/6

£=pu=-0.7-i0,03

be3 MeTaMatepuana

Cnon meTamatepuana c d~ 1/6 obecneumBaet
(pOKYCMPOBKY pacnpoCTPaHSIOLLMXCS raPMOHMK U

AOCTaTOYHYIO KOHLEHTPpALMIO 6/IMXKHUX Nonen &=p=-0.7-1003




[IPUMEHEHVIE AOMNOIHNTENBHORO C/oS

&=pu=-0.7-i0,03 &=pu=-0.7-i0,03

30Ha pa3MeLleHus
npueMHuKa

N3nyyaTtenb

d=~1/6

M3nyyatens
WN3nyuartens

£=pu=-0.7-i0,03

JloNoNHUTENbHBLIN CNOM MeTaMaTepvana, pa3MeLleHHbIM B6IM3K NPUEMHOMO YCTPOUCTBA,
obecneuynBaeT yBeNMYEHNE AaNbHOCT Nepeaadn SHEPrm




BivykHEe noJsie MarHUTHORO UCTOYHVKA F=2 4Ty

B CPEAE C AVBJIEKTPNYECKVMM NOTEPAMU A=125 MM
o MeTamaTepuan .

COFﬂaCY*OCU:gE om = 110,03 £=3.5-i0,03

y p=1
£=35-i0,03 _—

30Ha pa3MeLleHus
NnpueMHuKa

[pMMeHeHne MeTamaTepmana No3BOJISET YNyULLNUTb paaNONpPO3padHOCTb C/10S C MOTEPSIMU
77




[pYIMEHEHVE TOHKOC/IOMHORO METaMaTEPNaia
(LueneBoy pELLETKN) AAg YayULLEHVS NEPEAAUN SHEPIMM

[NageHne NocKon BOMHbI Ha ™ L~ MeTanmeckas onra

NOrNOLAOLWNA ANINEKTPUYECKNIA CNOW / Wwenb

KoHaeHcaTop (C=0,5 n®)

[INaneKTpuK C Pewertka 2

NnoTEPAMU
&=5-15
u=1

ohe
F=6..7 Ty =1
A=43..50 MM

PaBMepr AOaHbl B MUWIJIMMETPaxX




[IDOCBET/ISIOLIEE CBOVICTBO CUCTEMBI
MarHUTHBIX nanydarenen (Luenen)

KoadhdurumeHT NnpoxoxxaeHust

7«_{

6.4 6.6 _ 6.4 6.6 6.8
F, GHz

Croit 6e3 pelLeTok A*=1-T>-R*  [loNsl SHEPrunm, NOrnoLWeHHON C/I0eM

Cnown c pelueTkamm

anIMEHeHVIe LeneBbIX PELWETOK
NO3BOJINJ10 YBEJINYNTDL MNMPO3Pa4YHOCTb
c/104 N CHU3UTb NOTEPU SHEPTUN
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