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METAMATEPUAJIBI, DOTOHUKA, CJIOUCTBIE CTPYKTVYPHI, CPE-
Jbl C AHU3OTPOIINEN, BOJIHBI BJJOXA, SOOEKTUBHAS CPEJA, I'-
I[TEPBOJINMYECKNE METAMATEPUAJIHL.

OObekTOM UCCIe0BaHIS PADOTDI SIBJISAIOTCS CJIOUCTHIE TEPUOJINICCKUE CTPYK-
Typhl. Lenbio paboThl sBIgeTCS UCCIeIOBAHIE CBOMCTB CTPYKTYPhI 9epe Iy IouX-
Cs1 CJIOEB M30TPOITHOTO METaJIJIa U OJIHOOCHOTO JINDJIEKTPUIECKOrO KPUCTAJLIa, Oll-
TUYECKast OCb KOTOPOI'O JIEXKUT B IJIOCKOCTU CJIOEB, B OIITHUYECKOM JIMAIIa30He Ya-
croT. Mceneayemast CTpyKTypa TIpeJICTaBJIsieT cOOON CJOUCTYIO PEATU3AIIIO JIBY-
OCHBIX TUIEPOOJIMIeCKUX MeTaMaTepraJioB. B KauecTBe OCHOBHOI'O METOJIa UCCTIe-
JIOBAHWS CJIONCTHIX CTPYKTYP B pabOTe MCIOJIb3YIOTCsT ONepaTOPHbIE KOBAPUAHT-
HbIE METO/IbI.

B pesynbrare paboThl ObLIa pa3paboraHa KOBapraHTHasl TEOPHsI PACIPOCTPa-
HEHUsT OJIOXOBCKUX JIEKTPOMATHUTHBIX BOJH B TIEPUOAUIECKUX CJIOUCTHIX CTPYK-
typax. [lokazaHo, 9T0 HAXOXKJIEHUE JUCIEPCHOHHBIX COOTHOINEHUN W MOJISAPU3a-
U BOJTH BJjioxa cBg3aHO ¢ penieHueM 3aJ1aur Ha COOCTBEHHbIE 3HAYEHUS U COO-
CTBEHHBIE BEKTOPBI IBOJIIOIMOHHOIO ONEPATOpa JIEMEHTAPHOU STIeHKN TTepUOIH-
yeckoit cucrembl. OOHAPYXKEHO, UTO B CIydasix BHIPOXKIEHUsT COOCTBEHHBIX 3HATE-
HUI 9BOJIIOIMOHHOI'O OllepaTopa BMecTe ¢ BO30YK/IEHUEM BOJIH DBJjioxa BO3MOXKHO
BO30YKJIeHIEe HOBOI'O THUIIA 3JEKTPOMATHUTHBIX BOJIH, KOTOPBIE COOTBETCTBYIOT
MTPUCOEIMHEHHBIM BEKTOPAM 3BOJIIOIMOHHOTO OTIepaTOpa W OBIIN HA3BAHBI TIPUCO-
e MHeHHBIME BoJTHAMK Biioxa. [IpocTpancTBenHast 9BOJIONNS 32 MTEPUOJL CTPYKTY-
PHBI TIOJIsI IPUCOEIMHEHHBIX BOJTH UMEET JIMHEHHBIN XapaKTep, a COOTBETCTBYOIIEH
IJIOTHOCTH MOTOKA SHEPTWH KBaIPATUIHDI.

[Tokazano, 9TO TMpHCOEIMHEHHBIE BOJHBI DJjioxa B JIBYOCHBIX CJIOWCTHIX TH-
1epboJInuecKux MeraMarepuasiax BO30YKJIAIOTCH Ha I'paHUIaX 30HbI Dpusiio-
sHa. [IpoBejieH acMMITOTHYECKUiT W MpeJeTbHbI aHAJIN3 MOBEJICHUS BOJTHOBOTO
qucyia Bioxa nmpu ¢ukcuposannoit yacrore. Onpesenena CBA3b MEXY JUCIED-
CHOHHBIMU COOTHOIEeHusIME (P HeKTUBHON cpejibl u BosiH Bioxa. Onpesesenbl
MaTepHuaJibHble MapaMeTpbl 3(MMEKTUBHON Cpebl, COOTBETCTBYIOIICH HCCeTye-
MOii CTPYKTYype, B HYJEBOM, IMEPBOM U BTOPOM IOPsAJIKE M0 MAJOMY MapaMeTpy
(oTHOIIIEHUE TIeprojia CTPYKTYPBI K JJINHE BOJIHBI B BakyyMme). Hyseroii mopsiiok
COOTBETCTBYET KBa3UCTATUYECKOMY HpubJinKenuto. B ciiydae ruiepOosimyecKux
MeTaMaTepuaJoB, BTOPOit MOpsiioK 3 (MEKTUBHON TEOPUH MO3BOJIAET MPEJICKA3ATH
ONTUYECKYIO HEJIOKAJIBHOCTD, C YeM He CIPAaBJISIeTCsS CTaHapTHOE KBa3UCTATHIe-
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cKoe IpubJImKenne. B mpuMenennn K cucreMe depeiyomuxcs CJI0eB JBYX TU3JICK-
TPHUKOB BTOPOIi MOPsI0K 3D PEKTUBHOI Cpe/ibl I03BOJISET IIPE0JI0JIeTh HaPYILIeHne
KBa3UCTATUIECKOIO TPUOJIMXKEHUsI, KOTOPOe ObLIO IPEJCKA3aHO TEOPETUIECKU U
HOJITBEPKJIEHO IKCIIEPUMEHTAJIHHO.



ABSTRACT

Total amount of figures in the diploma paper is 9. Total amount of pages in
the diploma paper is 65. The number of chapters is 3.

METAMATERIALS, PHOTONICS, LAMELLAR STRUCTURES, ANISO-
TROPIC MEDIA, BLOCH WAVES, EFFECTIVE MEDIUM, HYPERBOLIC
METAMATERIALS.

Object of the research are lamellar periodic structures. The aim of the research
is to investigate optical properties of the system of alternating layers of isotropic
metal and uniaxial dielectric crystal, optical axis of the crystal lies in the plane of
layers. The structure under consideration represents itself a lamellar realization of
biaxial hyperbolic metamaterials. As a basic research technique operator covariant
methods are used.

In the result, covariant theory of propagation of Bloch electromagnetic waves
in periodic lamellar structures has been developed. It has been shown that the
problems of finding dispersion equations of Bloch waves and their polarization are
tightly related to the eigenvalues and eigenvectors problem for evolution operator
of the unit cell of the structure. It has been found that when eigenvalues of
evolution operator of the unit cell degenerate a new type of electromagnetic waves
besides Bloch waves can excite. This new type of waves was called as adjoined
Bloch waves. Spatial evolution of adjoined Bloch waves over period of the structure
is substantially different from the one of Bloch waves and has linear character.
Correspondingly, spatial evolution of the corresponding time averaged energy flux
density over period of the structure is quadratic.

The problem of propagation of Bloch waves in lamellar biaxial hyperbolic
metamaterials has been investigated. It has been revealed that adjoined Bloch
waves excite when values of parameters of the frequency and tangential component
of wavevector correspond to the edges of Brillouin zone. Asymptotic and limit
analysis of Bloch wavenumber has been conducted at fixed frequency. The relation-
ship between dispersion equations of Bloch waves in the stratified structure and
plane waves in the corresponding effective medium has been found when tangential
component of wavevector is small enough. By means of operator approach to
the problem of effective medium material parameters of the latter corresponding
to the structure under consideration have been found in the zeroth, first and
second order approximation with respect to small parameter (ratio of period of
the structure to the wavelength in vacuum). The zeroth order effective medium
approximation corresponds to the quasistatic approximation. As the structure of
our concern represents itself a more general structure than a system of alternating
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isotropic layers its effective medium can be applied to both layered hyperbolic
metamaterials and all-dielectric periodic systems. In case of hyperbolic metamate-
rials the second order effective medium approximation allows to predict optical
nonlocality while standard quasistatic approach does not. The second order effecti-
ve medium approximation also overcomes breakdown of quasistatic approximation
applied to all-dielectric lamellar periodic systems which was predicted theoretically
and confirmed experimentally.



POOEPAT

ArynbHast KOJIBKACIh LII0CTpaIbii y npaipl: 9. Yesiro craporak y mpatbi: 65.
KoJsibkacip yacrak y npalbl: 3.

METAMATOSPHBIAJIBI, ®ATOHIKA, CJIAICTBIA CTPYKTVYPHI, CP2-
bl 3 AHIBATPAIIIEIN, XBAJII BJIOXA, SOEKTHIVHAS CEPAJIA, I'ITIEP-
BAJITYHBIA METAMATOPBIAJIHIL.

A6’ekram JlaciielaBadtl npaibl 3’ yJIsonia CaaiCTbisi HEPbIsjibIYHbIS CTPYK-
Typbl. MaTait nparps! 3’ayasernia gacie aBanie yaaciiBacisgy CTPYKTYPbl 9apry-
IOMITBIXCS TIJIACTOY 13aTPOIMHOT METAJTY 1 8 THA0OCHATA, JIBIJIEKTPHIYHATA, KPBITITTAJIS
y alTBIYHBIM JIBIATA30HE YaCTOT, alThbluHas BOCH KPBIMITAJS JISXKBIIL Y IJI0C-
Kacti ciaey. ocmennast cTpykTypa yayiisge caboi caaicTyio paasiizalblio JBYBOC-
HBIX TinepbaigTHbIX MeTaMaTIPhIAaay. ¥ dKacll acHOYHara MeTary J1acje/laBaHHs
cJalcTail CTPYKTYPBI Yy TPaIlbl BHIKAPBHICTOYBAIONIA allepaTapHbis KOBaplaHTHBIE
MeTa/Ibl.

Y BBIHIKY Mpalibl Oblja pacipaliaBaHa KoBapiaHTHasl TIOPBIA paciayCiojK-
BaHHsI OJIOXOYCKIX 3JIEKTPAMarHiTHBIX XBaJb Y MEPbIsiJIbIYHBIX MJIOCKIX CJIaICThIX
crpykrypax. [TakazaHna, 111mo 3Haxo/pKaHHe JIbICIIEPCIHBIX Cya IHOCIH 1 TaJisipbi3a-
bl XBaJTh bByioxa 3Bg3ana 3 palmHHeM 3a/1a9bl Ha YIaCHbId 3HAUIHHA 1 YIaCHBIA
BEKTapbl 3BAJIONbIiHATA allepaTapa 3JIeMeHTapHall S99kl IepblisgjbluHail clcT-
9Mbl. Bbisiyiiena, 11To ¥ BbIajKax BbIPAJKIHHS YIACHBIX 3HAUIHHSY IBAJIFOIbI-
Hara, aieparapa dJieMeHTapHail siudiiki pazaMm 3 y30y/2K9HHEM XBaJib DJioxa mar-
YbIMa Y30y/2KIHHE HOBara THINY 3JEKTPAMArHITHBIX XBaJib, AKid aJIaBsaIaionb
JlaJy9aHbIM BEKTapax 3BaJlolbliiHara aneparapa. ['SThl HOBBI ThINT XBaJsiy ObIY
Ha3BaHbI JlaydanbiMi xBaJisiMi biioxa. [IpacropaBast aBaJiiolbis 3a 1epbis)| CTPYK-
TYPBI TOJIS JAJTYIaHbIX XBaJIb iICTOTHA aIPO3HIBACIIIA a1 IBATIONDI XBaady bioxa
1 Mae JiHeitHbl XapakTap. [Ipbl raThiM mpacTopaBas 3BAIONbIS MTYBLILHACII TaTO-
Ky SHEeprii jlaJy4aHbiX XBaJib DJioxa 3a 1nepbisji CTPYKTYPbl HOCIIIb KBaJIPAThITHbI
xapaxkTap.

HacnenaBana 3ajada Ha pacraycroj OJ0XajCcKixX XBaJib y CJIAICTBIX JIBYBOC-
HBIX TinepOaidvHbIX MeTaMaTdpbidjaX. Boidyiena, mTo Jajaydanblsd xXBaji BJio-
xa ¥ ix ys30y/pKalolia Ipbl 3HAUSHHSX IapaMerpay 4acTOThl 1 TaHeHIIbIAHA
KaMIIAHEHThI XBaJleBara BeKTapa sKisi ajillaBe/lalolb MexKaM 30Hbl DpljjiiosHa.
[IpaBe3enbl aciMOTATBIYHDI 1 JTIMITaBbl aHaJi3 MaBOA3IH XBaJjeBara Jiky bioxa
npbl QikcaBanaii dacrare. BbizHadaHast CyBsi3b HMaMiXK JIbICIIEPCIiHBIMI CyaJIHO-
cinami adekThIyHal cepajbl 1 xBaJib bJjioxa jgaspBosiijia jaciegaBallb 1aBOJI31HbI
XBaJjieBara Jiky bBjoxa mpbl MaJbIX 3HATIHHAK TAHTEHIIBINHANR KaMIAHeHThl XBa-
JleBara BeKTapy OJioxaBCcKail XBaJii. 3 BhIKApPBICTAHHEM alepaTapHara MajibIXoy ¥
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TIOPBI IPEKTHIYHAN cepaibl, BEI3HAYAHBI MATIPBISIBHbBISA TTApAMETPhI allOIIHEeH,
aJillaBeIHANl JToceIHail CTPYKTYPbI, Y HYJSIBBIM, MEPIIbIM 1 IPYTIM HapajiKy mIa
MaJIOMy lapamMeTpy (CTayﬂeHHe MEPBISTY CTPYKTYPBI Jla JIayKbIHl XBaJal § Ba-
kyyme). HysisiBbl napajiak ajassijiae Kpasicrarbiaackamy HabsixkouHo0. Tak sik
JajI3eHast CTPYKTypa Ysayisge caboit OOJBIN aryabHbI BBITAIAK, UbIM TTepPbIsIbIU-
HbIS CICTAMBI 13aTPOIHBIX CJIacy, TO sie 3(PEKTHIYHYIO cepajy MOXKHA MPbIMSIHIIb
SIK Jla CJIAICThIX TiepbaJuIHbIX MeTaMaTIPbisiay Tak 1 jia CICTIMbI IJ1aCTOY JIBYX
13aTPOMHBIX JIBIAJIEKTPBIKAY. ¥ BBIMAJKY TiMepOaJuIHbIX METaMaTIPIAIAY, Jpy-
ri mapajiak 3peKTbIyHall TIOPHI Ja3BaJjsge MpajiKasallb alTbIYHyI0 HeJlaKabHa-
Cllb, 3 UYbIM HE CITpayJisieliila craHjapTHae KBa3ucrarbiunae HabJixkanue. Takcama
JIpyTi napajiak 3pekThiyHall cepa/jibl Jla3BaJisie rnepaajiosellb napyisHHe KBa3u-
CTaThITHATA HAOJIKIHHSA § TPBIMSIHEHH] 1 MePbIIbITHANR CICTIMBI MJIACTOY JIBYX
JIBIRJIEKTPBIKAY, SKOe ObIIO MMPaJIKa3aHa TIapPIThIYHA 1 MaIBep/PKaHa SKCIIePhIMEH-
TaJbHA.
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