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ÐÅÔÅÐÀÒ

Îáùåå ÷èñëî èëëþñòðàöèé â ðàáîòå: 9. Âñåãî ñòðàíèö â ðàáîòå: 65. ×èñëî
ãëàâ â ðàáîòå: 3.

ÌÅÒÀÌÀÒÅÐÈÀËÛ, ÔÎÒÎÍÈÊÀ, ÑËÎÈÑÒÛÅ ÑÒÐÓÊÒÓÐÛ, ÑÐÅ-
ÄÛ Ñ ÀÍÈÇÎÒÐÎÏÈÅÉ, ÂÎËÍÛÁËÎÕÀ, ÝÔÔÅÊÒÈÂÍÀß ÑÐÅÄÀ, ÃÈ-
ÏÅÐÁÎËÈ×ÅÑÊÈÅ ÌÅÒÀÌÀÒÅÐÈÀËÛ.

Îáúåêòîì èññëåäîâàíèÿ ðàáîòû ÿâëÿþòñÿ ñëîèñòûå ïåðèîäè÷åñêèå ñòðóê-
òóðû. Öåëüþ ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå ñâîéñòâ ñòðóêòóðû ÷åðåäóþùèõ-
ñÿ ñëîåâ èçîòðîïíîãî ìåòàëëà è îäíîîñíîãî äèýëåêòðè÷åñêîãî êðèñòàëëà, îï-
òè÷åñêàÿ îñü êîòîðîãî ëåæèò â ïëîñêîñòè ñëîåâ, â îïòè÷åñêîì äèàïàçîíå ÷à-
ñòîò. Èññëåäóåìàÿ ñòðóêòóðà ïðåäñòàâëÿåò ñîáîé ñëîèñòóþ ðåàëèçàöèþ äâó-
îñíûõ ãèïåðáîëè÷åñêèõ ìåòàìàòåðèàëîâ. Â êà÷åñòâå îñíîâíîãî ìåòîäà èññëå-
äîâàíèÿ ñëîèñòûõ ñòðóêòóð â ðàáîòå èñïîëüçóþòñÿ îïåðàòîðíûå êîâàðèàíò-
íûå ìåòîäû.

Â ðåçóëüòàòå ðàáîòû áûëà ðàçðàáîòàíà êîâàðèàíòíàÿ òåîðèÿ ðàñïðîñòðà-
íåíèÿ áëîõîâñêèõ ýëåêòðîìàãíèòíûõ âîëí â ïåðèîäè÷åñêèõ ñëîèñòûõ ñòðóê-
òóðàõ. Ïîêàçàíî, ÷òî íàõîæäåíèå äèñïåðñèîííûõ ñîîòíîøåíèé è ïîëÿðèçà-
öèè âîëí Áëîõà ñâÿçàíî ñ ðåøåíèåì çàäà÷è íà ñîáñòâåííûå çíà÷åíèÿ è ñîá-
ñòâåííûå âåêòîðû ýâîëþöèîííîãî îïåðàòîðà ýëåìåíòàðíîé ÿ÷åéêè ïåðèîäè-
÷åñêîé ñèñòåìû. Îáíàðóæåíî, ÷òî â ñëó÷àÿõ âûðîæäåíèÿ ñîáñòâåííûõ çíà÷å-
íèé ýâîëþöèîííîãî îïåðàòîðà âìåñòå ñ âîçáóæäåíèåì âîëí Áëîõà âîçìîæíî
âîçáóæäåíèå íîâîãî òèïà ýëåêòðîìàãíèòíûõ âîëí, êîòîðûå ñîîòâåòñòâóþò
ïðèñîåäèíåííûì âåêòîðàì ýâîëþöèîííîãî îïåðàòîðà è áûëè íàçâàíû ïðèñî-
åäèíåííûìè âîëíàìè Áëîõà. Ïðîñòðàíñòâåííàÿ ýâîëþöèÿ çà ïåðèîä ñòðóêòó-
ðû ïîëÿ ïðèñîåäèíåííûõ âîëí èìååò ëèíåéíûé õàðàêòåð, à ñîîòâåòñòâóþùåé
ïëîòíîñòè ïîòîêà ýíåðãèè êâàäðàòè÷íûé.

Ïîêàçàíî, ÷òî ïðèñîåäèíåííûå âîëíû Áëîõà â äâóîñíûõ ñëîèñòûõ ãè-
ïåðáîëè÷åñêèõ ìåòàìàòåðèàëàõ âîçáóæäàþòñÿ íà ãðàíèöàõ çîíû Áðèëëþ-
ýíà. Ïðîâåäåí àñèìïòîòè÷åñêèé è ïðåäåëüíûé àíàëèç ïîâåäåíèÿ âîëíîâîãî
÷èñëà Áëîõà ïðè ôèêñèðîâàííîé ÷àñòîòå. Îïðåäåëåíà ñâÿçü ìåæäó äèñïåð-
ñèîííûìè ñîîòíîøåíèÿìè ýôôåêòèâíîé ñðåäû è âîëí Áëîõà. Îïðåäåëåíû
ìàòåðèàëüíûå ïàðàìåòðû ýôôåêòèâíîé ñðåäû, ñîîòâåòñòâóþùåé èññëåäóå-
ìîé ñòðóêòóðå, â íóëåâîì, ïåðâîì è âòîðîì ïîðÿäêå ïî ìàëîìó ïàðàìåòðó
(îòíîøåíèå ïåðèîäà ñòðóêòóðû ê äëèíå âîëíû â âàêóóìå). Íóëåâîé ïîðÿäîê
ñîîòâåòñòâóåò êâàçèñòàòè÷åñêîìó ïðèáëèæåíèþ. Â ñëó÷àå ãèïåðáîëè÷åñêèõ
ìåòàìàòåðèàëîâ, âòîðîé ïîðÿäîê ýôôåêòèâíîé òåîðèè ïîçâîëÿåò ïðåäñêàçàòü
îïòè÷åñêóþ íåëîêàëüíîñòü, ñ ÷åì íå ñïðàâëÿåòñÿ ñòàíäàðòíîå êâàçèñòàòè÷å-
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ñêîå ïðèáëèæåíèå. Â ïðèìåíåíèè ê ñèñòåìå ÷åðåäóþùèõñÿ ñëîåâ äâóõ äèýëåê-
òðèêîâ âòîðîé ïîðÿäîê ýôôåêòèâíîé ñðåäû ïîçâîëÿåò ïðåîäîëåòü íàðóøåíèå
êâàçèñòàòè÷åñêîãî ïðèáëèæåíèÿ, êîòîðîå áûëî ïðåäñêàçàíî òåîðåòè÷åñêè è
ïîäòâåðæäåíî ýêñïåðèìåíòàëüíî.
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ABSTRACT

Total amount of �gures 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 �nding 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 di�erent from the one of Bloch waves and has linear character.
Correspondingly, spatial evolution of the corresponding time averaged energy �ux
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 �xed frequency. The relation-
ship between dispersion equations of Bloch waves in the strati�ed structure and
plane waves in the corresponding e�ective medium has been found when tangential
component of wavevector is small enough. By means of operator approach to
the problem of e�ective medium material parameters of the latter corresponding
to the structure under consideration have been found in the zeroth, �rst and
second order approximation with respect to small parameter (ratio of period of
the structure to the wavelength in vacuum). The zeroth order e�ective 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 e�ective medium can be applied to both layered hyperbolic
metamaterials and all-dielectric periodic systems. In case of hyperbolic metamate-
rials the second order e�ective medium approximation allows to predict optical
nonlocality while standard quasistatic approach does not. The second order e�ecti-
ve medium approximation also overcomes breakdown of quasistatic approximation
applied to all-dielectric lamellar periodic systems which was predicted theoretically
and con�rmed experimentally.
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ÐÝÔÅÐÀÒ

Àãóëüíàÿ êîëüêàñöü iëþñòðàöûé ó ïðàöû: 9. Óñÿãî ñòàðîíàê ó ïðàöû: 65.
Êîëüêàñöü ÷àñòàê ó ïðàöû: 3.

ÌÅÒÀÌÀÒÝÐÛßËÛ, ÔÀÒÎÍIÊÀ, ÑËÀIÑÒÛß ÑÒÐÓÊÒÓÐÛ, ÑÐÝ-
ÄÛ Ç ÀÍIÇÀÒÐÀÏIÅÉ, ÕÂÀËI ÁËÎÕÀ, ÝÔÅÊÒÛ�ÍÀß ÑÅÐÀÄÀ, ÃIÏÅÐ-
ÁÀËI×ÍÛß ÌÅÒÀÌÀÒÝÐÛßËÛ.

Àá'åêòàì äàñëåäàâàííi ïðàöû ç'ÿ²ëÿþööà ñëàiñòûÿ ïåðûÿäû÷íûÿ ñòðóê-
òóðû. Ìýòàé ïðàöû ç'ÿ²ëÿåööà äàñëåäàâàííå óëàñöiâàñöÿ² ñòðóêòóðû ÷àðãó-
þøûõñÿ ïëàñòî² içàòðîïíîãà ìåòàëó i àäíàîñíàãà äûýëåêòðû÷íàãà êðûøòàëÿ
ó àïòû÷íûì äûÿïàçîíå ÷àñòîò, àïòû÷íàÿ âîñü êðûøòàëÿ ëÿæûöü ó ïëîñ-
êàñöi ñëàå². Äîñëåäíàÿ ñòðóêòóðà ²ÿ²ëÿå ñàáîé ñëàiñòóþ ðýàëiçàöûþ äâóâîñ-
íûõ ãiïåðáàëi÷íûõ ìåòàìàòýðûÿëà². Ó ÿêàñöi àñíî²íàãà ìåòàäó äàñëåäàâàííÿ
ñëàiñòàé ñòðóêòóðû ó ïðàöû âûêàðûñòî²âàþööà àïåðàòàðíûÿ êîâàðiàíòíûå
ìåòàäû.

Ó âûíiêó ïðàöû áûëà ðàñïðàöàâàíà êîâàðiàíòíàÿ òýîðûÿ ðàñïà²ñþäæ-
âàííÿ áëîõîóñêiõ ýëåêòðàìàãíiòíûõ õâàëü ó ïåðûÿäû÷íûõ ïëîñêiõ ñëàiñòûõ
ñòðóêòóðàõ. Ïàêàçàíà, øòî çíàõîäæàííå äûñïåðñiéíûõ ñóàäíîñií i ïàëÿðûçà-
öûi õâàëü Áëîõà çâÿçàíà ç ðàøýííåì çàäà÷û íà ²ëàñíûÿ çíà÷ýííÿ i ²ëàñíûÿ
âåêòàðû ýâàëþöûéíàãà àïåðàòàðà ýëåìåíòàðíàé ÿ÷ýéêi ïåðûÿäû÷íàé ñiñò-
ýìû. Âûÿ²ëåíà, øòî ² âûïàäêàõ âûðàäæýííÿ ²ëàñíûõ çíà÷ýííÿ² ýâàëþöûé-
íàãà àïåðàòàðà ýëåìåíòàðíàé ÿ÷ýéêi ðàçàì ç óçáóäæýííåì õâàëü Áëîõà ìàã-
÷ûìà ²çáóäæýííå íîâàãà òûïó ýëåêòðàìàãíiòíûõ õâàëü, ÿêiÿ àäïàâÿäàþöü
äàëó÷àíûì âåêòàðàõ ýâàëþöûéíàãà àïåðàòàðà. Ãýòû íîâû òûï õâàëÿ² áû²
íàçâàíû äàëó÷àíûìi õâàëÿìi Áëîõà. Ïðàñòîðàâàÿ ýâàëþöûÿ çà ïåðûÿä ñòðóê-
òóðû ïîëÿ äàëó÷àíûõ õâàëü iñòîòíà àäðîçíiâàåööà àä ýâàëþöûi õâàëÿ² Áëîõà
i ìàå ëiíåéíû õàðàêòàð. Ïðû ãýòûì ïðàñòîðàâàÿ ýâàëþöûÿ ø÷ûëüíàñöi ïàòî-
êó ýíåðãii äàëó÷àíûõ õâàëü Áëîõà çà ïåðûÿä ñòðóêòóðû íîñiöü êâàäðàòû÷íû
õàðàêòàð.

Äàñëåäàâàíà çàäà÷à íà ðàñïà²ñþä áëîõà²ñêiõ õâàëü ó ñëàiñòûõ äâóâîñ-
íûõ ãiïåðáàëi÷íûõ ìåòàìàòýðûÿëàõ. Âûÿ²ëåíà, øòî äàëó÷àíûÿ õâàëi Áëî-
õà ² iõ óçáóäæàþööà ïðû çíà÷ýííÿõ ïàðàìåòðà² ÷àñòîòû i òàíãåíöûéíàé
êàìïàíåíòû õâàëåâàãà âåêòàðà ÿêiÿ àäïàâåäàþöü ìåæàì çîíû Áðiëëþýíà.
Ïðàâåäçåíû àñiìïòàòû÷íû i ëiìiòàâû àíàëiç ïàâîäçií õâàëåâàãà ëiêó Áëîõà
ïðû ôiêñàâàíàé ÷àñòàöå. Âûçíà÷àíàÿ ñóâÿçü ïàìiæ äûñïåðñiéíûìi ñóàäíî-
ñiíàìi ýôåêòû²íàé ñåðàäû i õâàëü Áëîõà äàçâîëiëà äàñëåäàâàöü ïàâîäçiíû
õâàëåâàãà ëiêó Áëîõà ïðû ìàëûõ çíà÷ýííÿõ òàíãåíöûéíàé êàìïàíåíòû õâà-
ëåâàãà âåêòàðó áëîõàâñêàé õâàëi. Ç âûêàðûñòàííåì àïåðàòàðíàãà ïàäûõîäó ²
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òýîðûi ýôåêòû²íàé ñåðàäû, âûçíà÷àíû ìàòýðûÿëüíûÿ ïàðàìåòðû àïîøíåé,
àäïàâåäíàé äîñëåäíàé ñòðóêòóðû, ó íóëÿâûì, ïåðøûì i äðóãiì ïàðàäêó ïà
ìàëîìó ïàðàìåòðó (ñòà²ëåííå ïåðûÿäó ñòðóêòóðû äà äà²æûíi õâàëi ² âà-
êóóìå). Íóëÿâû ïàðàäàê àäïàâÿäàå êâàçiñòàòû÷ýñêàìó íàáëiæýííþ. Òàê ÿê
äàäçåíàÿ ñòðóêòóðà ²ÿ²ëÿå ñàáîé áîëüø àãóëüíû âûïàäàê, ÷ûì ïåðûÿäû÷-
íûÿ ñiñòýìû içàòðîïíûõ ñëàå², òî ÿå ýôåêòû²íóþ ñåðàäó ìîæíà ïðûìÿíiöü
ÿê äà ñëàiñòûõ ãiïåðáàëè÷íûõ ìåòàìàòýðûÿëà² òàê i äà ñiñòýìû ïëàñòî² äâóõ
içàòðîïíûõ äûýëåêòðûêà². Ó âûïàäêó ãiïåðáàëè÷íûõ ìåòàìàòýðûÿëà², äðó-
ãi ïàðàäàê ýôåêòû²íàé òýîðûi äàçâàëÿå ïðàäêàçàöü àïòû÷íóþ íåëàêàëüíà-
ñöü, ç ÷ûì íå ñïðà²ëÿåööà ñòàíäàðòíàå êâàçèñòàòû÷íàå íàáëiæýííå. Òàêñàìà
äðóãi ïàðàäàê ýôåêòû²íàé ñåðàäû äàçâàëÿå ïåðààäîëåöü ïàðóøýííå êâàçè-
ñòàòû÷íàãà íàáëiæýííÿ ² ïðûìÿíåííi äà ïåðûÿäû÷íàé ñiñòýìû ïëàñòî² äâóõ
äûýëåêòðûêà², ÿêîå áûëî ïðàäêàçàíà òýàðýòû÷íà i ïàöâåðäæàíà ýêñïåðûìåí-
òàëüíà.
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