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Pedgepar
OO0mast xapakTepUCTUKA PaOOTHI

AKTYaJbHOCTh. B koHIe XX Beka mpouecc MUHUATIOPU3ALNUNA YCTPOMCTB,

0OyCJIOBJIEHHBII Pa3BUTHEM HAayKU M TEXHOJOTHUM, C/eiaj BOIPOC 00 yIpaBIeHUU
MUKpPO- U HaHOPa3MEPHBIMU OOBEKTaMU KaK HUKOTJA akTyalnbHbIM. B 1970 romy
Aptyp Amkun omyo6nukoBan padory “ Acceleration and Trapping of Particles by
Radiation Pressure” [1], pe3yibTaThl KOTOPOH OCHOBBIBAJIUCH Ha SBJICHUH TIEPEHOCA
UMITyJIbCa  3JIEKTPOMAarHUTHOIO  TOJS HAa  OCBEIICHHBbIH  OOBEKT  (OBLI
npogeMoHcTpupoBan eme IL.H. JleOeneBbim, a Ttakke O.D.Hukomacom um T
B. Xyni10M), 1 3T0 MOCITY>KUJI0 HAYaJIOM MacIITa0HBIX UCCIEI0BAaHUI ONTHYECKOTO
MaHMMIyJIupoBanus. Bcenex 3a mnepBod paboOToOl MOSBWINCH HCCIEIOBaHUS
JICBUTAIIUH YacTHll [2], 3aXBaTa 4acTHIl, )KUBBIX KJIETOK, BAPYCOB U OAKTEpUi MpH
MOMOIII CTPYKTYPHPOBAHHBIX ( rayCCOBBIX ) My4KoB [3-5] u paboThI 1Mo 3axBary
atromoB [6,7]. T. H. «onTHYeCKHU TTUHIIETY» MMO3BOJIST 3aXBaTHIBATh M YACPKUBATH
gactuibl ¢ pasmepamu 0.1-10 MkM B oOmacth HauWOOJBIIEH HWHTEHCHUBHOCTHU
Ja3€pHOT0 U3ITYUYEHUS.

B T0 ke BpeMs1, ObUIO MOKAa3aHO YTO HA YACTHILY B DJIEKTPOMArHUTHOM I10JIe
MOXET JIeWCTBOBATh JIBA BHJA ONTHYECKUX CHJI: CHUJIA pPAacCesHHs, KOTopas
nepeMeniaeT YacTUIly B HANpaBiICHUM PACHpPOCTPAHEHHS W3JIy4YeHHS, U
IpaJuEHTHAas Cuja, BO3HHUKAIOIAs H3-32 HEOJAHOPOIHOIO MIPOCTPAHCTBEHHOIO
pacrpeiesieHus 0JIA U BOBJICKAIOIAsl YaCTHUI[bI B MAKCUMYMBI 3JIEKTPOMArHUTHOTO
nosist. Ecnu rpagiueHT nosist He10CTaTOuYeH, YaCTUIA HE MOXKET ObITh JJOKaIM30BaHa
B OIpeAeNeHHOW 00JacTh NPOCTPAHCTBA M IMOKWHET ONTHYECKYIO JIOBYIIKY.
IMeHHO TpajueHTHasl CUila JIEKUT B OCHOBE OOJIBIIMHCTBA CYIIECTBYIOUIUX CXEM

OITHUYCCKOI0  MAaHUITYJIMPOBAHUA. ?)I[GCB HC pacCMaTrpuBacTCsa cCllaracmMoc,
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CBSI3AHHOE C M3MEHEHHEM MOJISIpU3aluu U (ha3bl BHEIIHETO IOJIsA, OTBEYAIOIIEee 3a
COIMHOBOE U OpOMTAlIbHOE BpalleHWE YACTULBI, TMOCKOJIbKY 3TOT BHUJ
B3aMMOJICUCTBHS JISKUAT BHE 00JIACTH JUCCEPTAIIMOHHON paOOTHI.

Opanako, MPeAIoKEeHHBIN TPYIION AMIKHHA METOJ] TOYTH CPa3y CTOJIKHYJIICS
C CYLIECTBEHHBIMU OTpaHUYECHHMsIMU. Tak, JJIs 3axBaTa COBCEM MaJIbIX YacCTHII,
(Hanpumep, HaHOMETPOBBIX ) TpeboBasach WCIIOJIb30BaHUE CUJIBHO
c(hOKYCUPOBAHHBIX MOJIEH ¢ OOJIBIION HHTEHCUBHOCTBIO, YTO MIPUBOIMIIO K HATPEBY
YACTULIBI U OKPYXAIOIIEr0 MPOCTPAHCTBA, U JENIajJ0 HEBO3MOKHBIM YIIPABIICHUE
HAaHOpPa3MEpPHBIMU OOBEKTAMH B OMOJIOTMYECKHX cHucTemax. Kpome Toro, cramm
BOCTPEOOBAHbl ~ CXEMbl, I[O3BOJISIIOIIME  YIPaBISITh  MacCUBaMHM  YacTHUIL
OJTHOBPEMEHHO, CO3/[aBaTh YMOPAJOUECHHBIC CTPYKTYPHI U3 HECKOJIBKHX YaCTHII, a
TakKe TMepeMemiaTh YacTUIbl O 33JaHHBIM TPACKTOpPHSIM 0€3 MPUMEHEHUs
ONTUYECKUX MNUHUETOB. WHbIMM cinoBamu, TpeOOBaloOCh CAeNaTh METO
ONTUYECKOTO MAaHUMYJIUPOBAaHUS Oojiee THOKUM, TIEPEeCTPaNBAEMbIM IO
KOHKPETHbIE 33J]aul, U pa3paboTaTh HOBbIE CXEMBI JIJIsl KOHTPOJISI B3aUMOIEHCTBHUS
CBETa C HAHOOOBEKTAMH.

W3HavanbHO TapamMeTpbl ONTHYECKOTO 3axBaTa 3aBUCEIM TOJBKO OT
BBIHYK/IAIOIIET0 M3JIy4YeHHs] M CBOMCTB 4acTHIbl. Tak, BCJEJ 3a I'ayCCOBBIMHU
paccMaTpUBAINCh JPYrUe MPOCTPAHCTBEHHBIE PACTIPEACIICHUS MOJIeH, HAampumep,
Oeccenensl [8], a Takke YacTHIIBI C PE30HAHCHBIM OTKIMKOM. KoMOMHAIMS 3THX
JIByX BapHaHTOB IMpuBeJIa K OJHOMY M3 CaMbIX O0OCYXIaeMbIX CIICHAPUEB
ONTUYECKOTO MAHHUMYJIUPOBAHUS — pealm3ali T.H. «Iyda TPUTDKEHUs». B
2011 rogy OBLIO TOKA3aHO, YTO BO3MOXKHO TMOJYYUTh ONTHYECKYIO CHIY
NPUTSHKEHUSI, MaKCUMH3UPOBAaB paccesHUE BIeped 3a cueT HHTepPEepeHINH
BKJIAJIOB PAa3UYHBIX MYJBTHIIONCH, U OOECIEYNB MHUHUMAIBHYIO TPOCKIIHIO
umiysibca (OTOHA BIOJb HampaBlieHHs pacrnpocTpaHeHus cBeta [9]. Takum
00pa3oM yJajaoch peain30BaTh CUJIY OOpPaTHOTO paccesHusl (PEaKTUBHYIO CHITY),
KOTOpasi TSHET MYJbTUIOJBHYIO YacTUIy K HMCTOYHHUKY H3JIy4eHHUs Oe3 TOoYeK

paBHOBCCHA. OTO MO3BOJIHIIO CYmHIECCTBCHHO paCliMpUTb BO3MOXHOCTH, W,
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CJIEIOBATEIbHO, OOJACTH TPUMEHEHHS ONTHYECKUX CHJI, W TOJIOKHIO HAvalo
MCCJIEIOBAHUSIM ONTUYECKUX JTyUYel MPUTSKSHHUS.

Kak ToBOpmJIOCH BHINNIE, OTKIMK YAaCTHUIIBI MOXKET MOAU(PHUIIMPOBATH IOJIC
ONITUYECKOM JIOBYIIIKH, OJHAKO, CAMa YaCTHIIA HE B3aUMOJICHCTBYET C COOCTBEHHBIM
paccesiHHbIM noJieM. Eciu ske paccMaTpuBaTh HECKOJIBKO 0ObEKTOB MO/ IEHCTBUEM
ONTUYECKOW BOJHBI, TO KaXABIH W3 OOBEKTOB MOXKET BIMSTh HA OCTaJIbHBIC
nocpeacTBoM paccesHus. K mpumepy, B 1989 romy ObLI0 3KCHEpHUMEHTAIBLHO
OTKPBITO siBiieHUe onTtuueckoro cesspiBanus [10,11]. Cytes addekra cocTout B
cienyromeM. HeckosbKo yacTull U3HAYaJIbHO PAcoJIaraloTcs B AJIEKTPOMATHUTHOM
M0JIE TIPOU3BOJIBHBIM 00pa3oM, BCIEJCTBUE PACCESIHHS H3IYYCHHUS KaXKIOW H3
gacTul] (opmupyercs wuHTep(EpeHIIMOHHAsS KapTWHA, 3aBUCAIIAs Kak OT
paccesTHHBIX TOJIeH, TaK M OT BBIHYKIAIOIIETO W3IIyYCHHs. 3aTeM, TpaaueHTHas
KOMIIOHEHTa ONTHYECKOM CHJIBI  HampaBisieT YacTHIbl B  MaKCHUMYMBbI
PE3YIBTUPYIOMIETO TOJIS, T/IC ONTHYECKAs CHJIa paBHA HYJIIO, U YaCTHITH HAXOATCS
B PaBHOBECHBIX MOJIOXKEHUAX. [Ipu cMelleHnn 4acTull COOTHOIIeHue a3 MexIy
UHTEPPEPUPYIOMIUMA TIOJIIMA HW3MEHSETCS, W CHOBAa BO3HUKACT TpaTUCHTHAs
orntuueckas cuia. Creayer OTMETHTh, YTO B JAHHOM Cjlydae TPaJaueHT IOJIS
co3da€Tcsi CaMHUMM 3aXBaThbIBAEMbIMU OOBEKTAMHU, W SIBJICHHE ONTHYECKOTO
CBSI3BIBAaHUS BO3MOXXHO HAOIIOJATh JaKe MO JEHCTBHEM IUIOCKWX BOJH. Torma
YCTOMUYMBBIE TOJOXKEHHUSI YacTUI] OyAyT OPHUEHTHUPOBAHBI MEPICHIUKYISIPHO
TIOJISIPU3AIINH BRIHYKIAIOIIETO U3TyUeHUs. B 3aBUCHUMOCTH OT OpHEHTAIIMH YaCTHUI]
OTHOCHUTEJIHHO BOJIHOBOI'O BEKTOPA MAAI0OUIEr0 U3TyUEHUs pa3inyaroT NpoA0JIbHOE
W TONEPEYHOE ONTHYECKOE CBs3BIBAaHWE. Takol CHocod  ONTHYECKOTO
MaHUITYJTUPOBAHUS IMUPOKO HCIOJB3YETCSA JUIS CO3JaHHUS  YIIOPSIOYCHHBIX
MAaCCHBOB U3 YaCTHII, XOTS U UIMEET HEKOTOpbIe orpaHnyeHus. Kak v B mpeaplIymmx
ciy4asiX, HJisi CTa0WJIBHOTO 3axBaTa MajblX 4YacTHI[ TPEOYIOTCS BBICOKHE
WHTEHCUBHOCTH OITHYECKHUX TMOJIeH, KpoMe TOro, MHUHHUMAJIbHBIC PACCTOSHUS

MCKAY IIOJIOKCHUAMHU PABHOBCCHUA YaCTULl OIPaHUYCHBI I[I/I(l)paKHI/IOHHBIM
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IIPENESIOM BBIHYKJAOIIEr0 M3IYYEHUs, U HE MO3BOJIIIOT CO3AaBaTh CTPYKTYPHI C
MEHBIIINM Pa3pEUICHUEM.

Co BpeMeHeM CTajo OYEBHJHO, YTO CYIIECTBEHHO YBEIMYHUTH T'HMOKOCTH
ONTHUYECKOI0  MAHUITYJIMPOBAaHWA  BO3MOXKHO IpPU  [OMOUIM  BBEACHUS
JOTIOJTHUTENBHBIX CTEMEeHEeH CBOOOABI B CHUCTEMY. JTO MOTYT OBITh pa3iU4HbIC
BCIIOMOTaTeNbHbIE CTPYKTYPBlI, MOJIU(MUIMPYIONIUME paclpeneieHue IMoiel u
CO3JAIOIINE MAKCUMyMbl MHTEHCHUBHOCTH W3JIyYEHUs 3aJaHHOW aMIUIUTYIbl U
reOMETPUYECKOro pazmepa. bimkHue nomns o0bEKTOB COJIEPKaT SBAHECLEHTHBIC —
HE  paclpoCTpPaHSAIOIIMECS —  KOMIIOHEHTBI, KOTOpbIE  3aTyXarT IO
DKCIIOHEHIMAJBbHOMY 3aKOHY B OIIPENEJICHHbIX HampasieHUsX. lIpoekuus
BOJIHOBOT'O BEKTOpPA Ha TAKOE HAIIpaBJIEHUE SIBISETCS MHHUMOM, a Ha OCTaJbHbIE —
JEUCTBUTEIBHON BEIMYMHOM, MPEBOCXOASAIEN BOJIHOBOE 4ncio. ClenoBaTenbHO,
HBAHECIIEHTHBIE MOJISI MOTYT OBITh JIOKAJIM30BaHbl B 3HAYUTEILHO MEHbBILIEM 00bEME,
YeM pPacHpOCTPAHSIOUIMECSA, YTO JEJaeT MCIOJb30BaHUE BCIIOMOraTEIbHBIX
CTPYKTYp TEpPCHEKTUBHBIM I CO3/IaHUsl ONTHUYECKUX JIOBYIIEK C OOJIBLINM
IpaeHTOM UHTeHCUBHOCTH [12—16].

Omgnum w3 HauOosiee  paclHpOCTPAHEHHBIX  MNPUMEPOB  CTPYKTYP,
00eCreurBaOIIUX CHJIBHYIO JIOKQJIM3AlMI0 ONTUYECKUX TOJEH, SBISIIOTCS
METaJUIMYeCKHe  AJIeMEeHTbl.  YacTMYHO  3aJayd, [IOCTaBJEHHBbIE  MeEpen
UCCIIEIOBATENsIMU B 00JIaCTH ONTHYECKUX CHJI YAaJOCh PEIIUTh MCIOJIb30BaHUEM
IUTa3MOHHBIX MAaTEPHUAIOB: MeTaTHUecKuX yacTuil [17,18] u crpykTyprupoBaHHBIX
MaCCHBOB METAIUTMYECKUX AJIEMEHTOB MJIM METAJUNTMYCCKUX TOBEepXHOCTeH [19-22]
(TUIa3MOHHBIE  ONTUYECKHWE MHHIETHI), KOTOPHIE IO3BOJSIOT JIOKAJINW30BATh
ONTUYECKHE TMOJs B MajoM TMPOCTPAHCTBE, OrPAHUYEHHOM pa3MeEpaMmu
UCIIOJIb3yeMOro 00beKTa (B Cllydae JIOKAJIM30BaHHBIX MJIa3MOHHBIX PE30HAHCOB), U
JUCIIEPCUEN MOBEPXHOCTHBIX MIazMoH-TiosipuToHoB (IIIIII, B ciaydae miockux
rpanuil pazzaena). Ho B 1TaHHOM ciydae BO3HMKAJI BOIPOC O BO3MOXHBIX pa3zMepax
IJIa3MOHHOM CTPYKTYpPbl MU HEJOCTATOYHO IIMPOKOW MPUMEHUMOCTU ONTHYECKOrO

MaHUITYJIUPOBAHUA MCTAJUIMIYCCKUMHU YaCTUILIAMU. bonee TOr'0, N3-3a CPABHUTCIILHO
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HEOOJIBIIIOTO YHWCJa IUIA3MOHHBIX MATEpUAjOB B ONTHKE BO3HHUKAIOT €mI¢ JBa
BOXHBIX HEJOCTaTKa — CYIIECTBEHHbIE MOTEpU B MaTepuaylie W TNpPHUBS3KA K
KOHKPETHBIM PE€30HAHCHBIM YaCTOTaM, KOTOPBIE TAK)KE OTPAaHUYUBAIOT TPUMEHEHUE
TaKUX METOJOB.

JIoTMYHBIM OTIOJTHEHUEM OMMCAHHBIX MCCIIEIOBAHUN CTAJIO MCIOJb30BaHHUE
BCIIOMOTATEIIbHBIX CTPYKTYP JJIS YCHIICHUS U MOTU(PUKAIINA ONITHYSCKUX CHIT [23—
25]. EctecTBeHHO, 0COOBIN MHTEPEC BBI3BIBAIOT MOBEPXHOCTH, MOJIICPKUBAIOIIKE
9BaHeCHeHTHbIC mojis [12,26-29], TakuMe Kak METaUIMYECKHE IOBEPXHOCTH,
BOJTHOBO/IbI, (JOTOHHBIE KPUCTAJUTBI 1 MeTaMaTepraibl. KakIbIii U3 mepeuncIeHHBIX
TUIIOB CTPYKTYp 00JaaeT 0COOBIMU NIPEUMYIIIECTBAMH U HEJOCTATKAMHU, KOTOPhIE
3aBUCSAT OT JUCIEPCHOHHOW 3aBUCUMOCTH JHAJCKTPUYCCKONW MPOHUIIAEMOCTH
UCIIOJIB3yEMBIX ~MaTepuaioB. TeM He MeHee, JOBOJbHO Mayas 4acTh
NepeuncieHHbIX paboT paccMmarpuBaeT 3¢ GdeKT oO0paTHOro MACHCTBUSA, T. €.
ONTUYECKUX CHJI U 3(PEKTOB, BOZHUKAIOIINX 32 CUET B3aUMOJCHUCTBUS OJUKHUX
MoJIel HAHOYACTHUI[ C BO30YXKTAEMBIMH UMH K€ IBAHECHEHTHBIMU MOJAMH TaKHUX
CTpYKTyp (31ech HE HUIAET pedb O BIHUSHUM HE3aBUCHUMO BO30Y KICHHBIX
ABAHECIICHTHBIX TMOJICH Ha pa3MENICHHYI0 B HHUX YacTHIly). B To e Bpems 3To
MIPEICTABIIET OCOOBIM UHTEPEC, T. K. B OOJBITUHCTBE CYIIECTBYIOIIUX MPUIIOKEHUN
ONTHYECKUX CWJI, TaK WJIW WHA4Ye, 3aJIeHCTBOBAHBI BCIIOMOTATEIIbHBIC TPAHUIIBI
paznena cpen. bonee Toro, yacTo ux BHenIpeHUE B (POTOHHBIE MHTETPAIHHBIC CXEMBI
ropaszio MpoIle U BBITOJHEE, YeM HCIOJIb30BAaHUE JOTOTHUTEIBHBIX NCTOYHUKOB
U3JIy4eHus U (DOKYCUPYIOIIUX DJIEMEHTOB C MOCIEYOIUM U3MEHEHHEM BOJTHOBOTO
(dbpoHTa, MHTEHCUBHOCTH U HATIPABJICHHSI PACTIPOCTPAHEHUS U3ITyUCHUS.

B nanHOlW auccepTanmoHHON paboTe paccMaTpPUBAIOTCS ONTHUYECKUE CHUJIBI,
BO3HMKAIOIIME 32 CUET B3aMMOICUCTBYS OJMKHUX TOJIeH HAHOYACTHIL C TPaHUIIaMHU
paszena, TOJACPKUBAIOIIMMH  DBAHECIIEHTHBIE MOJbBI. M3yueHwe  Takux
CaMOWHIYITMPOBAHHBIX B3aUMOJICUCTBHI MMEET OTPOMHOE 3HAUYCHHE JIJIST PA3BUTHS
ONTUYECKOTO0 MAaHUITyJIMPOBAHUS B 00JIACTAX OMOMEAMITMHCKUX HCCIIEIOBaHUM,

CO3/aHUsl  CYOBOJIHOBBIX  CTPYKTYPHUPOBAaHHBIX  3JEMEHTOB  (POTOHHKH,
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MUKPOQIIIOUIUKH, a Takke JiabopaTopuii-Ha-uurne. Pe3ynbTaThl mpeacTaBaeHHON
paboOThl HOCAT Kak NPUKIATHOW, TaK W (QYHIAMEHTAJIbHBIMA Xapakrep, T. K.
JEMOHCTPHUPYIOT HOBBIE BO3MOXKHBIE CTEMEHU CBOOOJBI B CXEMax ONTHYECKOTO
MAaHMIIYJIMPOBAaHWS M MO3BOJSAIOT OLCHUTh BJIUSHHUE PA3JIMYHBIX THUIIOB
HBAHECIIEHTHBIX MO/ HA TIOBEJIEHUE HAHOOOBEKTOB.

Hcxond U3 U3I10KEHHOT0, HeJIbI0 PA00ThI SBISETCS U3YUEHUE BIUSHUS TPEX

TUIOB BCIIOMOTATENbHBIX CTPYKTYpP (METAIIMUECKUX CIIOEB, TUMEPOOITMUECKUX
MeTamMaTepuanoB U (POTOHHBIX KPUCTAILIOB), MOIAEPKUBAIOIIUX TOBEPXHOCTHbBIE
u/unn 00bEMHBIE MOJBI, HAa ONTHYECKOE MAaHUITYJIHMpPOBAaHWE HAHOYACTHIIAMU
BOJIM3M I'paHull paszena cped. s TocTHKeHUs MOCTaBIEHHOM 1esId ObUIH peleHbl
CIIeAYIOIINE 3aJa4H:

1. W3ydyeHnne BAMSHHUS TOBEPXHOCTHBIX IUIA3MOH-TIOJNSIPUTOHOB HAa
napaMeTpbl ONITUYECKOTO CBSI3bIBAHMSI HECKOJIBKUX HAHOYACTUIL;

2. N3yyenue  oNTHYECKUX  CWJI ~ BOJIM3M  TUIEPOOJIUYECKOTO
MeTamaTepuaa, UCCIe0BaHNEe BO3MOKHOCTH MOJMyUEHUS «JIy4ya MPUTSHKEHUSD) 3a

CUceT FI/IHep6OHI/I‘lCCKI/IX MOJ METaMaTtcpuraja,

3. W3yyeHne ONTUYECKOTO CBS3bIBAHMS BOJIM3U TUIEPOOIUUYECKOTO
MeTamaTepuaa;
4. HccnenoBanre ONTHYECKOTO MAHUIYJIUPOBAHUS HAHOOOBEKTaAMU

BOJIM3U OJTHOMEPHOTO (POTOHHOTO KpHCTAIIIA, U3YyUYEeHNE BOZMOKHOCTH PeaTU3aIluu
«JTy4a MPUTSKEHUSD 3a CYeT MO POTOHHOTO KpUCTalIaA.

OcHOBHBIE MOJIOZKCHHUHA, BLIHOCUMbIC HA 3allIUTYV.

1. Bo30ysxnenue OIMKHUMH MOJIIMUA YaCTHUI] TOBEPXHOCTHBIX TJIA3MOH-
NOJIIPUTOHOB U WX HUHTepdEepeHIUs MNPUBOJAT K ONTUYECKOMY CBSI3bIBAHUIO
HAHOYACTHUII, PACTIOJOKEHHBIX BOJIM3H METAIUIMYECKON MOBEpXHOCTU. PaccTrosiHue
MEXKy YCTOMYMBBIMU IIOJOKEHUSAMH YACTUL OIPEAEIISIETCA BOJHOBBIM BEKTOPOM
M1a3MOH-TIOJIIPUTOHA, MPU 3TOM YCTOWYHUBBIE MOJOKEHUS YaCTULl (POPMUPYIOTCS
BJIOJIb HAIIPABJICHUS PACIPOCTPAHEHUS MOBEPXHOCTHBIX IIJIA3MOH-TIOJISIPUTOHOB.

[Ipu pe3oHaHCHOM BO30YXXACHMHM TMOBEPXHOCTHBIX BOJH JECTKOCTb CBSI3U
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YBCIIMIMNBACTCA Ha IOPAAOK, a PACCTOAHUC MCIKAY YCTOI;'IIIHBBIMI/I ITOJIOXCHHUAMUN

3HA4YUTCIbHO MCHBIIIC AJIMHBI BOJIHBI Bo36y>1<1[afomero HU3JIy4YCHH,

2. HaxnonHoe majgeHue IIOCKOW BOJIHBI Ha YAaCTHUILy, PACIIOJI0KEHHYIO
BOJIM3M  TOBEPXHOCTH  TUNEpOOJIMYECKOTO  MeTaMmarepuana, OoOecreunBaeT
HECUMMETPUYHOE BO30YKICHHE 00bEMHBIX MO/ CTPYKTYPBI, UTO, B CBOIO OUYEPE/Ib,
IIPUBOJUT K MOSIBJICHUIO KOMIIOHEHTBI ONTHYECKOM CHJIBI, JEHCTBYIOIIEH IPOTUB
HaIpaBJICHUS MAJEHUSI BOJIHBI, pealn3ysl TeM caMbIM d(D(PEKT «iTyda NPUTSHKEHUS

BAOJIb IIOBECPXHOCTHU MCTaMaTCpHaJja,

3. NuTtepdepeHiiuss MOBEPXHOCTHBIX W OOBEMHBIX  MOJ  CJIOS
TUIepOoIMUEecKOro MeTaMmaTepuana ooOecrieunBaeT (OPMUPOBAHUE MAaCCHUBOB
CBSI3aHHBIX HAHOYACTHI], OPUEHTUPOBAHHBIX BJI0JIb HAIPABJICHUS PACTIPOCTPAHCHUS
MOA CTPYKTyphl. CHia B3aWMOJEHCTBHUS YaCTHI] W PACCTOSHHUE MEXKTY
ONMKAaUIIIMMU  YCTOMYMBBIMU TIOJIOKCHHUSIMU YACTHUIl 3aBUCAT OT TOJIIUHBI U
JTUAJIEKTPUUECKON TIPOHUIIAEMOCTH CJIOSl TUTIEPOOIMYecKOoro MeramMarepuania. Tak,
JUTSL TOJIIWHBI CJOS MEHBINE, YeM TIOJIOBMHA JJIMHBI BOJIHBI BBIHYKIAIOIIETO
U3ITy4YCHUsSI B BAKYyMe€, POUCXOIUT YBEIMUYCHHE CHIIBI B IECSITKU Pa3 MO CPABHEHUIO
CO B3aMMOJICUCTBHEM B CBOOOJHOM TPOCTPAHCTBE, U YMCHBIIICHHE PACCTOSHHSI

MCIKIY OmmKan MK YCTOP'I‘{HBBIMH IMOJIOKCHHUAMHA 4YaCTHUI B HCCKOJIBKO pa3;

4, HaxnonHoe mageHue ImIOCKOW BOJIHBI HA YAaCTHUILy, PACIIOIOKEHHYIO
BOJIM3M TIOBEPXHOCTH OJHOMEPHOTO (OTOHHOTO KpHUCTaia, oOOecrnedynBaeT
HaIpaBJIEHHOE BO30YX/I€HHE MMOBEPXHOCTHOM BOHBI biioxa. PasHocTs a3 mexay
KOMIIOHEHTaMU HaBEAEHHOIO JAMMOJIBHOTO MOMEHTa YaCTULBI H3MEHSETCS B
npenenax +m/2. 3T1o, B CBOIO 04epelb, MPUBOANT K PEATU3allU «JTy4a MPUTSHKCHUSDY
BJIOJIb TIOBEPXHOCTHM KpHUCTAUIa WM K YCWICHHMIO JaBJICHHUS HAa 4YacTUIy B

3aBHCHMOCTH OT 3HaKa pa3HOCTH (ha3.

HayuHast HOBU3HA:

1. BHepBbIe IIOKa3aHa BO3MOXHOCTb pcain3anunu OIITHYCCKOI'O

CBA3BbIBAHUS HAHOYACTHUIL ITPH ITOMOIITN I/IHTep(l)epeHHI/II/I IMOBCPXHOCTHBIX TIJIA3MOH-
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MOJIIPUTOHOB, B036y)KI[CHHbIX 0e3 MCIoIL30BaHUs BCIIOMOTaTEIbHBIX CTPYKTYp, U
HCCJICAOBAHO BJIMAHUC IINIA3MOHHBIX MCTAJJIOB Ha IIApaMCTPbl OIITHYCCKOI'O

CBJ3bIBAHUA,

2. BriepBble moka3aHa BO3MOYKHOCTh pEaTM3allUU «JTy4ya MPUTSHKESHUSD)
Opy TIOMOIIM THUMEPOOIMUECKUX MOJ MeTamaTepuaina, BO30YXKICHHBIX 0Oe3

WCIIOJIb30BaHUsI BCIOMOTATENIBHBIX CTPYKTYD;

3. BnepBHe IIOKa3aHa BO3MOXHOCTb peain3anuu OIITHYCCKOI'O
CBA3bIBAHMA HAHOYACTHI[ IIpHU ITOMOIIIHN FHH€p6OHI/ILIeCKI/IX MOa MCTaMaTcpuajia,
B036Y)KI[CHHBIX pPaCCCAHHbBIMU IIOJIAMHM 4YaCTHII. HpI/IBGIIGHa 3aBUCUMOCTDb CHIJIBI
OIITHYCCKOI'O  CBA3BIBAHHUs, a TaKXKC paCCTOﬂHI/Iﬁ MCKIOY OmDKaUIITIMU
ITOJIOXKXCHUAMUA YCTOﬁqHBOFO PaBHOBCCHA qaCTuI oT AUCIICPCHUOHHBIX

XAPAKTCPUCTHUK U TOJIIIUHBI CJIOA FHH€p6OJII/ILI€CKOI‘O MCTaMaTcpuaja,

4, BriepBbie MmokazaHa BO3MOXKHOCTh pealU3alliil «JTyda MPUTKEHUSD)
BOJIM3HU MMOBEPXHOCTH OJTHOMEPHOTO (GbOTOHHOTO KpHUcTajia.
[IpoieMOHCTPUPOBAHO, YTO CTPYKTypa MOJA (DOTOHHOTO KpHCTaUIa IMO3BOJSET
o0ecrneunTh BO30YXKIEHUE MOBEPXHOCTHBIX OJIOXOBCKUX MOJI B MPOTHUBOIOI0XKHBIX
HaIpaBJICHUSX MPU HE3HAYUTEIbHBIX M3MEHEHMSX YTjia MaJeHUs] W3JTYyYeHUs], YTO
MPUBOJUT K NEPECTPAaUBAEMOMY MEPEKIIOUCHHUIO 3HAKa ONTUYECKOW cuibl. bolee
TOr0, MOKa3aHa BO3MOXKHOCTh pealii3allii TOYHON MO3TaHON COPTUPOBKHU YaCTHIL

¢ OJIM3KUMH PE30HaHCaMU ITPHU TOMOIIH IMOBEPXHOCTHBIX BOJIH bnoxa.

HDaKTI/I‘leCKaﬂ SHAYUMOCTb IIPCACTABIICHHBIX PE3YJIbTAaTOB COCTOHUT B

pa3paboTKe HOBBIX METOJOB ONTHYECKOIO0 MAaHUIYJIUPOBAHUS, IO3BOJISIOLINX
co3JaBaTh CTPYKTYPUPOBAHHBIE MACCHBBI HAHOYACTUIl C CyOAM(pPaKIUOHHBIM
paccTostHUEM MexIy aneMeHTamu. K Tomy ke MNpeasioKeHbl HOBBIE CHOCOOBI
NEpPEMEIICHUS] YacTUIl B 3aJaHHBIX HANpPABIEHUSAX, B YAaCTHOCTH «Iy4YHd
NPUTSHKEHHS», YTO YBEIWYMBAET NPUMEHHMOCTb ONTHYECKOTO YNPABICHUS
IIOJIO’KEHUEM YaCTHL, a TAK)KE J1€JIaeT BO3MOKHOU TOYHYIO COPTUPOBKY YaCTHIL C

OIU3KUMHU CIICKTPAJIbHBIMU TIOJIOKCHUAMHU PC30OHAHCOB. Bce MECPCUNCIICHHBIC
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METOJ/Ibl MOTYT MPUMEHSTHCS B MPHIOKEHUSIX MUKPODITIOUINKH, OMOTOTHYECKUX
UCCJIeIOBAHUM Ha HaHOMACIITabe U CEHCOPHKE.

Metoabl. VccienoBanus, npeacTaBieHHbIE B JAaHHOW paboTe, MPOBOIUIUCH
ananutnuecku B cucreMe MATLAB, a Taxke B uucieHHbIX Imaketax COMSOL
Multiphysics u Lumerical FDTD Solutions. AnanuTuueckue BBIpAKCHHS IS
ONTUYECKUX CHJI B TUMOJILHOM MPHUOIMKEHUU OBLIN MOTYYEeHBI ISl yCPEIHEHHBIX
[0 BPEMEHU TOJIEW IUIOCKUX BOdH. Ilpm 3TOM, 1 aHanmM3a BCEX THUIOB
B3aMMOJCHCTBUIM B CHCTEME, MCHOIB30BAICS MNOAXO0J 3(PPEKTUBHBIX MOJEH,
MO3BOJISIIOIIMN TIOJYYUTh PACHpPE/IeTICHUE 3JIEKTPOMArHUTHOIO TMOJISI C y4E€TOM
MHO>KECTBEHHOTO [TIEpEPACCESTHUS HA YACTUIIAX M BCIIOMOTaTEIbHBIX IOBEPXHOCTSIX.
BnusgHue paznuyHBIX CTPYKTYp Ha paclpeliesieHue IMoJied B CHUCTEME ObLIO
MOJIy4YEHO C TOMOIIbI0 KO3(P(UIHUEHTOB oTpaxeHuss DpeHens, a B claydasx
MHOTOCJIOMHBIX CTPYKTyp — C IIOMOLIBIO MAaTpHUI[ pPACCESHUSA U IEPEHOca.
Boipaxxenus st 3p(HEKTUBHBIX MOJEH BKIIOYAIOT B CE0sl CIIEKTPaJIbHOE YIIIOBOE
npeacrabienue QyHkiuu ['punHa, 4TO AemaeT BO3MOXKHBIM pa3feleHUE BKIIAJIOB
Pa3IUYHBIX MOJI IO UX JUCTIEPCUOHHBIM XapaKTEPUCTHKAM.

J0CTOBEPHOCTHL TOJIYYEHHBIX PE3YJbTaTOB OOECIEYMBACTCS aJCKBAaTHBIM

noJ00pOM METOOB MCCIEAOBAaHUSA, ampoOaluy aHAJIUTUYECKUX pe3ysIbTaToOB
METOOM  YHCIEHHOTO MOJEJIHUPOBaHMS. Pe3ynpTrarel HE  OpOTHBOpEYAT
pe3yJibTaTaMu, IOJIYYEHHBIMU IPYTUMH aBTOPaAMHU.

AnpobGauus _pa6orbl. Pe3ynpratel paboThl OBUIM TPENCTABICHBI Ha

MEXIYHAPOIHBIX KOH(PEPEHIIUIX:

1. Mexnaynaponnas koupepenuuss METANANO 2018 (Coun, 2018 r.);

2. MexnayHapoaHast KOH(EpEHIMs BhIUMCIUTENbHBIX METOI0OB B HAYKE U

unxenepun (ICCMSE) 2019(Ponoc, I'peuns, 2019);
3. Mexnynapoanas 3umHsis mkosa OTU (3enenoropcek, 2019 r.);

4., Mexnynaponnas koHpepenmus METANANO 2019  (CaHkT-
[TerepOypr, 2019r.);
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5. Mexnaynapoanas 3uMHsis mkosiaa @TU (3enenoropek, 2020 1.);
6. Mexnynaponnas konpepenuns METANANO 2020 (Ounaiin);

7. Mexnynaponnas koHdepenuss Quantum  Nanophotonics 2021

(Onmnaiin).

BkJjaja aBTopa 3akiroyaeTcsi B CO3JaHUM AHAIMTUYECKUX MOJACNEH Jyis
pacueTa ONTHYECKUX CUJI B TTOJISIX BCEX PACCMATPUBAEMBIX CTPYKTYP, Pa3/IeICHUH U
aHaJIu3€ BKJIAJOB PA3JIUYHBIX TUIIOB MOJ B ONTHYECKHE CHJIbI, ONTHUMHU3ALNHU
MapaMeTpOB BCIOMOTATENbHBIX CTPYKTYp JUISI MAaKCUMH3ALUUHU TMOJYYEHHBIX
3¢ deKToB, B YETBEPTON TIJlaBe TAaKXKE aBTOPOM JUCCEPTAllMU ObUIO MPOBEIECHO
YUCJIEHHOE MOAECIUPOBAHUE ONTUYECKON criibl. MoAennpoBaHue, MpeACcTaBICHHOE
BO BTOPOH U TpeThel I1aBax, ObLIO BBIMOJHEHO coaBTOopamu. Kpome Toro, aBTop
MPOBOMII aHAJIU3 U 00pabOTKY Pe3yabTaToOB, POPMYJIHUPOBKY BEIBOJOB U TPUHUMAI
y4acTU€ B HAMMCAHWUU TEKCTOB CTaTEM.

Ilyoaukanuu. Pe3ynpTatel mo Teme wucciaenoBaHUil omyOnuKoBaHbl B 12

(ILBeHaz[uaTH) IMEYaATHBIX pa60Tax, BXOIMIINX B MEXKAYHApOIHBIC 0a3pl JaHHBIX
Scopus, WoS.

O0beM H_cTpyKTYpa padoThl. /(uccepramus COCTOUT M3 YETHIPEX TIJIaB,

3aKJTIOYEHUST W ABYX MNpuiokeHuid. [lomHbli 00bEM nHccepTaIMOHHONW PabOTHI
cocraBmsieT 215 crpanu, Bmouas 39 pucyHkoB. CIHCOK JUTEPATYPBI COIEPIKUT

160 HanMeHOBaHU.

COLAEPXAHUE PABOTDI

B nmepBoii ri1aBe nquccepTamyy MpeacTaBiIeH KPaTKU 0030p CYIIECTBYIONTUX

paboT Mo TeMaTUKE ONTUYECKUX CHJI 1 000CHOBaHUE aKTYaJIbHOCTH UCCIICIOBAHUIA.
PaccmatpuBaroTcss Hambojee pacnpoCTpaHEHHBIE CXEMbl ISl ONTHUYECKOTO
MAHUITYJIMPOBAHUS, a TAKKE ONTUYECKOE CBS3BIBAHUE U <JIYUH MPUTSKEHUSD) KaK
MPUWIOKEHUS ONTHYECKUX CUJ. J{7st peanu3aiuu Takux 3Q¢GEeKToB ¢ yIydIlIeHHbIMU

napaMeTpamMu: ONTHYECKOTO CBA3bIBaHUS (CyOan(ppakIIMOHHBIEC PACCTOSIHHS MEXKIY
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PABHOBECHBIMHU TOJIOKCHUSMH YaCTHUIl, YBEIMYCHUE J>KECTKOCTH OINTHYECKOTO
3aXBaTa) M «JIydeil MPUTHKCHUS» (YBEIMYCHUE CHJIBI, ICHCTBYIONICH HA YaCTHILY,
HOJIy4EHHE MIMPOKOMOIIOCHOTO 3(dekTa, MpUMEHEHUE I COPTUPOBKU YACTHIL)
Ipe/IaracTcs UCIMOJb30BaTh BCIOMOTATEIbHBIC CTPYKTYp, OOCCIICUMBAIOIINE
CYIIICCTBOBAHME JOMOJHUTEIBHBIX CTCIIEHEH CBOOOIBI B CHCTEME.

B JIVCCEPTALlMOHHON pabote PacCMOTPEHO HCIIOJIb30BaHUE
(i) MmeTamuueckux noBepxHoctTel, moaaepskuparomux I1ITIT; (i) moBepxHOCTEH 13
runepOoIuYecKoro Meramarepuana, mnoafaepxupaomux [T u  oO0bEMHBIC
runepoomuueckue  Moael,  (iill)  ogHOMEpHBIX  (OTOHHBIX  KPHUCTAILIOB,
TIO/IICPKUBAOIINX TOBEPXHOCTHBIE U 00BbEMHBIE MOJIBI biioxa.

CYIHCCTBGHHEUI YacTh BTOPOiI IJAaBbI INOCBJAIIICHA MCTOAaM pacucTa

ONTUYECKUX CUJI. Pe3yabTaThl, Mpe/ICTaBICHHBIC B IUCCEPTALIMU, ObUIH MOJTYYEHBI C
WCIIOJIb30BaHUEM BBIPAYKEHHUS 11 ONTUYECKOW CHIIbI, YCPEIHEHHOW IO MEPUOLY
KoJIeOaHUM MOJsi, JEHCTBYIONIEH HA AUTOIBHYIO YACTHUILY:

F :lRe{Z pi*VEi"’c] i=X,Y,z
2 L1 (1)

rie p°  KOMIUIEKCHO CONPSDKEHHBIA —JUMOJBHBIA MOMEHT YacTUlbl; E'

HaIpPSHKEHHOCTH JIOKAJIBLHOTO MOJIS B TOYKE PACTIOJIOAKEHUS YaCTHUIIbI, yUUTHIBAIOIIEE
KaK BBIHYJAIOIIEE M3JIyYEHHUs, TaK U B3aWMOJIEUCTBUE YACTHUIBI C OCTaJIbHBIMU
AJIEMEHTAaMH CTPYKTYpPHI (TpaHUIlbI pa3jesia cpell, Ipyrue 4acTulbl U T. 1.); X, Y, Z
KOOpAMHATHI YacTUllbl. B3auMOACHCTBHUS HECKOJBKMX YacTHI[, a TaKke
B3aMMO/ICHCTBUE YACTHUIl C MOBEPXHOCTHIO BXOJSAT B BBIPAXKEHUE ISl JIOKAIBLHOTO
nosis yepe3 pynkuuu ['puna [30], koTopsle, kK TOMY e, IMO3BOJISIOT OLICHUBATH
BKJIa/Ibl PA3JIMYHBIX 3BAHECIICHTHBIX MO/ CTPYKTYPHI.

Tperbsi IJ1aBa AUCCCPTAlH ITOCBAIICHA HMCIIOJIB30BAHHNIO MCTANNIMYCCKUX

HOBerHOCTCﬁ AJIs1 OITHYCCKOIO MaHUITYJIMPOBAHMA.
Panee On11a pPaCcCMOTPCHA BO3BMOKHOCTD PCATIN3AlINH «JIyHa ITPUTAKCHUA> 3a
CUCT HaIIpaBJICHHOI'O B036y}K,Z[CHI/IH IMOBEPXHOCTHLIX IIJIa3MOH-IIOJIAPHUTOHOB

(Pucynok 1 (a), [31]). /[lanHas paboTta ABIsAETCS €€ JOTHYECKUM MPOIOJKCHUECM.
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PaccmarpuBasioch  B3aMMOJEWCTBHE Mapbl JAMAJIEKTPUYECKUX  YacCTHII,
pa3MEIIEHHBIX HaJ TMOBEPXHOCTHIO MeTallia, TMOJ JACHCTBUEM IUIOCKOU
MOHOXpPOMAaTHUYECKOHN BOJHBI. J[J1s1 MPOCTOTHI aHaK3a ObLJIO BHIOPAHO HOPMATbHOE
najicHue CBeTa C TMoJispU3anueii, Mmo3Bosstonei 3¢pGeKTUBHO BO30YXAaTh
MOBEPXHOCTHBIE  TJIA3MOH-TIONIAPUTOHBI  (P-miossipusanusi). Kak BugHo Ha
cxeMmaThdeckoM m3o0pakeHnu cuctemsl (Pucynok 1 (0)), B TakoMm ciiydae UMEIOT
MECTO TPY THUIA B3aMMOJICUCTBHS: YaCTULIBI BIUSIOT JPYT HA JIpyra B CBOOOHOM
npoctpaHcTBe (ciydait aHamoruuHblii [10]), BIHMsHUME OTpa)XKEHHOTO OT MeTaia
MI0JISL YACTHIIBI HA HEE JK€ U BIIMSIHUE MOJIEW YaCTHIL APYT HA IpyTra 4epe3 OTPaKEHUE
OT TOBEpXHOCTU. JIBa MOCIeOHMX TUNA BKIOYAlOT B  ce0d  Kak

PacCIpOCTPAHSIONINECS, TAK U SBAHECIICHTHBIE MO/IBI.

/ ~
(a) e 52 (0)
% 3
7 O
Y y k
&) &
% &
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e Kspp .1
\ «‘\‘ i‘ﬁ"—
o b I‘ Directional
".u Air plasmon
€ .- excitation
L —
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Pucynok 1 — (a) Cxema peanuzanuu ONTUYECKOTO «JIyda MPUTSKEHUSD» TPH
MTOMOIIIH MOBEPXHOCTHBIX I1a3MOH-TIONIIpUTOHOB [31], (0) cxema peanuzanuu
ONITUYECKOTO CBSI3bIBAHUS 32 CUET UHTEP(HEPEHIINN TOBEPXHOCTHBIX TJIa3MOH-

TIOJIIPUTOHOB
HNanee (Pucynok 2 (a)) mpuBeleH KpaTKUW aHAJIW3 ONTHYECKON CHIIBI,
JEHCTBYIOIIEH Ha OJHY M3 Mapbl YaCTHIl B 3aBHCHUMOCTH OT PACCTOSIHHUSI MEXIY
HUMH. 371eCh W Jajnee MpPUBEIACHBI TpadUKU UId YacTHI] C paauycoM 15 HM, H

JAMDIEKTPUYECKOM  NPOHMLAEMOCTBIO &, =3. OpmHa ©M3 mapbl  YacTHIL

«3a(MKCUpOBaHa» B Haudaje KOOPJWHAT, TOTJa KaK BTOpas H3MEHSET CBOE
MOJIOKEHUE BOJIb OJHOM U3 OCEN BIOJIb IpaHulbl pasaeia. [Ipu nageHun miockom

BOJIHBI Ha MTOBEPXHOCTH (371€Ch PAaCCMOTPEHO cepedpo ¢ mapameTpamu u3 [32]), Han
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KOTOPOH PACTOJIOKEHBI YaCTHUIII, OJMKHEE MOJIe KaXKI0W W3 YacTHI] BO30YKIaeT
MOBEPXHOCTHBIC T1a3MOH-TIosipuToHbI (I1I1IT).

(a) g (0) 500

—_— L
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(=]
(=]
Q

x-gomnanenTa conw FJF
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I x10 O Heyeroiuveoe
I

L " " " ; . 8 100 1 I 1 1 1 | I 1 I
0 100 200 300 400 500 600 700 800 300 330 360 390
X, HM JLHEa BOTHEL, HM

Pucynox 2 — (a) 3aBHCHMOCTb ONTHYECKOM CHIIBI, TEHCTBYIONICH HA OJTHY U3
YaCTUL, OT PACCTOSHUS MEXKIY YaCTULAMHU, JJIMHA BOJIHBI BBIHYKIAIOLIETO
usnydenus 350 um. CuHelt 1uHMe 0003HaYeHa CUiia, C YYETOM BKJIaja
MMOBEPXHOCTHBIX IJIa3MOH-TIOISIPUTOHOB, KPACHOM — BKJIQJ] B ONTUYECKYIO CUITY
pacmpocTpaHsomuxcs Mo (Ju1st HarasgHocTH yBenudeH B 10 pa3). 3aech u nanee
BCE ONTUYECKNE CUJIbI HOPMUPOBAHbBI HA BEJIMYMHY PAIUAIMOHHOTO JABJICHUS

MJI0CKOM BOJIHBI F,. (0) 3aBUCUMOCTb PACCTOSIHUS MEXAY OMKalluMu

PABHOBECHBIMU MOJIOXKEHUSMU YaCTHIL] (CHHUE KPYTH) U IEPUOJIa TOBEPXHOCTHBIX
IUIa3MOH-TIOJIIPUTOHOB (KpacHasi JIMHUA) OT JUIMHBI BOJHBI BEIHYXK/IAIOIIETO

W3JTy4YECHUS

Ecnu numep OopreHTHMPOBAaH BIOJb MOJSIPU3ALMU MAJAIOIIEH BOJIHBI, T. €.
B0JIb pacnpoctpaneHus [IIIII, B mpocTpaHCTBE MEXAYy YaCTULAMH ITPOUCXOIUT
uHTEepPEPEHIINS TOBEPXHOCTHBIX BOJH W (OPMHPOBAHHE MAaKCUMYyMOB
AIEKTPOMATrHUTHOTO MOJisl. Tak Kak yaCTUIbl pacHoJiaraloTcs JOCTATOYHO OJIM3KO K
MOBEPXHOCTH, DBAHECIICHTHBIC «XBOCTHD) OINHMCAHHOW WHTEP(PEPEHIIMOHHON
KapTUHBI CO3/IAI0T JOCTATOYHBIA TPATUEHT MHTCHCUBHOCTH, YTOOBI ONMTHYECKAs
cuJjia BOBJICKaja 00BEKTHl B MAKCHUMYMBI 10J1s1. BKI1aibl 9BaHECIIEHTHBIX MOJT MOYKHO
OTJENUTh OT BKJIAJOB PACHPOCTPAHSIOMIMXCS B CBOOOJHOM IMPOCTPAHCTBE MOJ
IyTEM WM3MEHEHMS BEPXHETO Ipejesa BOJHOBBIX BEKTOPOB, AAOIIUX BKIAJL B

yriaooe mpenacrasienne (pyukuuu 'puna [30]. Kak BugHo m3 Pucynka 2 (a)
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untepdepennuss  IIIIII  ompenensier paccTossHUE  MEXIYy PaBHOBECHBIMHU
IIOJIOKEHUSAMH YACTHIL, @ TAK)KE YBEIMYUBACT CUITy B3aUMOJIECUCTBUS B IECATKU Pas.
Pucynok 2 (6) cCiIy>XHT HEKOTOPBIM JOMOJHEHHEM K IMPEICTaBICHHBIM paHee
pesynpraram. Tak, MOXHO BHIETb, 4YTO PACCTOSHHUS MEXKIY PAaBHOBECHBIMU
IIOJIOXKEHUSIMU YacCTHUIL[ ONPEIEIAIOTCS BOJHOBBIM BEKTOPOM ITOBEPXHOCTHOIO

TJIa3MOH MOJNAPUTOHA Ly, = 277/ Re[Kgep |, THE Kgpp - KOMIIOHEHTA BOJHOBOTO YMCIIA

[IIII1, manpaBineHHass BOOJIb TPAaHULBI paszena cped. Tak Kak NMOBEPXHOCTHBIN
IJ1a3MOH-TIOJIIPUTOH Ha TPAaHUIIE BO3TyX-cepeOpo BO30yk IAaeTcs HA JIIMHAX BOJIH,
oonbiminx 340 HM, COBHaJEHUE KPACHOM M CHHEM KpPUBBIX TaKkKe HMEET MECTO
TOJIBKO B 3TOW cCHeKTpadbHOU 00sacTu. CTOMT TakXe OTMETUTh, YTO B TaKOU
KOH(QUTypalMu IMOJIOKEHNUST PAaBHOBECHSI YACTHUI] SIBJSIIOTCS YCTOMUMBBIMHU BJOJb
o0OMX HallpaBI€HUH B IUIOCKOCTH pasjieia Cpel W paclojOKEHbl BIOJb
pacopoctpanenus I[IIIII, T. e. coBmagarOT C NONSPU3ALMEN BBIHYXIAOMIETO
nznyuyenus: (Pucynoxk 3). MoOXHO BUAETb, 4YTO BEJIUYMHA X-KOMIIOHEHTHI

OINTHUYCCKOM CHJIBI B HECKOJIBKO pas 0obIIe Y-KOMIIOHCHTBI.

e (6) ,
1 - o

1 1 X Y, \

F Y 0
; ( ( ) ’ \\ I/ .
-5 -2

800 400 O 400 800 HM
PucyHnok 3 — X- 1 Y-KOMIIOHEHTbI ONTHYECKOMN CHIIbI CBSI3bIBAHUSI B
3aBUCUMOCTH OT MOJIOKEHUS YACTULIbI OTHOCUTEIBHO JIPYToi (MOMENIEHHOM B

Hayaje KOOpAUHAT)

Takum oOpa3zoM, B TpeThel riaBe AMCCEPTALUU PACCMOTPEHO MOMEPEYHOE
ONITUYECKOE CBSI3BIBAHUE MTPU TTOMOIIX WHTEPHEPEHITNN TOBEPXHOCTHBIX TTA3MOH -

MMOJIIPUTOHOB. br1io IIOKa3aHoO, 4YTO IIapa 4YaCTul, IIOMCIICHHAA BOJIM3HU
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noBepxHocTH, noaaepxkuBatorieit 111 oOpa3oBpiBaeT CTaOMIBHBIA CBS3aHHBIN
JMMEp C paCCTOSHUEM MEXKIY MOJIOKEHUSIMU PAaBHOBECHS YACTHL], OITPEAEIAEMBIMU
BOJIHOBBIM BekTopoM [IIIII. DTo mo3BossgeT GopMUpOBaTH YCTOMUUBBIE JUMEPHI C
PACCTOSHUSIMU MEKJ1y YaCTULIAMM MHOT'O MEHBIIMMH JUIMHBI BOJIHBI U3Jy4YEHUS B
CBOOOJTHOM MPOCTPAHCTBE, M JAXkE MPEOI0IeBaTh NU(PPAKIIMOHHBINA Mpeaen, Mpu
OpaBUWJIBHOM TMMOAOOpE TMapaMeTpoB M3IYYEHHUS W MaTepuana CTPYKTYpBHI.
VYcroliunBble  MOJIOKEHUS  YacTHUILl OpPUEHTHPOBAHBI  BAOJb  HANpPABICHUS
IOJIIPU3ALIMH BBIHYKIAOIIETO U3IIyYEHUS, B OTIUYUE OT OIITUYECKOTIO CBSA3bIBAHUS
B CBOOOJHOM TIPOCTPAaHCTBE, TJI€ TaKHE TMOJOKEHUS MEepPHEHINKYISIPHBI
HAIIPaBJICHUIO pacCIpOCTPAaHEHUs BOJHBI MU €€ mnossipu3anuu. Kpome Toro,
B0o30y>kneHue IIIIII B pa3wl yBenIWuMBaeT CUIY ONTHYECKOTO CBSI3bIBAHMS, YTO
IIPUBOJUT K PE30HAHCHOMY YBEJIMYECHUIO KECTKOCTH ONITHYECKOTO 3aXBaTa YaCTHLL.

[lo pe3ynabraramMm JaHHOW TIaBbl C(HOPMYIMPOBAHO OJHO IMOJIOKEHHUE U
OMmyOJMKOBAHO 4 CTaThU.

B d4erBéproil _rjaBe auccepTalMd  PacCMaTPUBAECTCA  ONTHUYECKOE

NPUTSHKCHUE OOBEKTAa K WCTOYHUKY W3IYUYECHHUS W ONTHYECKOE CBS3BIBAHUS
HAHOYACTHII, PACTIONIOKEHHBIX BOJIM3U TUIIEPOOTMUECKOTO MeTaMaTepHaia.
['unepOomuueckne  metamarepuasnibl (MM)  mpencraBisitor  coOoif
OJTHOMEPHBIC MHOTOCIIOMHBIC CTPYKTYpPBI, COCTOSIINE W3 YePEIyIONTUXCS
CyOBOJTHOBBIX CJOEB MeTaJlla W JUAJICKTpUKa. Takue Marepuanbl MOTYT OBIThH

pPaccMOTpPEHbI B TPHUOIMKEHUU d(PPEKTUBHON CPENbl ¢ AUATOHAIBHBIM TEH30POM

g 0 0
JIADJIEKTPUYECKON MPOHUIIAEMOCTH 0 ¢, 0], rae Z-KOMIIOHCHTa
0 0 ¢

24
OpPUEHTHUPOBaHAa  NEPHNEHAUKYJSAPHO  IUIOCKOCTH  CIOEB  CTPYKTYphl IO
FOMOTE€HM3alluh, a X — BAOAb cioeB. [Ipu 5TOM BBIIOIHAETCS YCIOBUE

Re(e,) <0,Re(s,,) >0. B omimune oT npuUBEACHHBIX BhIIe MeTaiuioB, | MM moryt
noaaepxxkuBath [I1T1 u 06bEMHBIE (TUIepOOIMUecKkue) MobI (nanee I'M), koTopbie
HE pAacIpoCTPaHSIOTCS B CBOOOJHOM MpocTpaHcTBe. W3 AMCIIEpPCHOHHOTO

cooTHOIIeHWMS i1 BoJH B ' MM KOMITOHEHTa BOJTHOBOTO BeKTOpa nMeeT Buj [33]:
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kzZ =\/(k5822_kf)8ﬂ, (2)

y24

31ech K, - BOJHOBOE 4YHMCIIO MAJAIOLIET0 Ha CTPYKTYpy H3JIydeHus, K, -

KOMITIOHCHTA BOJIHOBOI'O BCKTOPpa MOAbI B MaTCpHAJIC, HAIIPABJICHHAA B/I0JIb I'PAHUIL]
pa3aciia CJIOCB. HCXOI[SI 13 CBOMCTB I‘I/IH€p6OJ'II/I‘-ICCKOFO MCTaMaTcpuaia, IJIs1 BOJIH

C ky, >k, =kor/e,, K,o OyZmeT AeMCTBUTENBHOW BETUYMHOM, a Uil MEHbLIMX K, -

MHUMOM. CrnefoBaTellbHO, B Clydae TpaHMIbl pasliela Cpell JTUAJICKTPUK
(cBOOO/IHOE  MPOCTPAHCTBO)-METaMaTepuasl  Oo0pa3yloTcsi TpU TUNA  MOJ:
pacmpocTpaHsIomuecs CBOOOJHOM IMPOCTPAHCTBE M HE PACIPOCTPAHSIONIMECS B

I'MM (k, <ko); HE PAacIpOCTPaHSIOIMIAECS HU B CBOOOAHOM IIPOCTPAaHCTBE, HU B
I'MM, T. e THOBEpPXHOCTHBIE IUIA3MOH-TIOJNSAPUTOHBI  (k, <k, <k,); HE

PaCIIpOCTPAHAIOIIUCCA B CB06OIIHOM IMPOCTPAHCTBC, W PACIIPOCTPAHAIOIINCCS B

I'MM (k, >k, ). IIlpp nmomomm npexacraBieHus ¢QyHKuuu ['puHa B 0oOpaTHOM

MIPOCTPAHCTBE BO3MOXHO OIICHUTH BKJIAJ B ONTHYCCKYIO CHITY KaKIOTO M3 3THX
TUTIOB MOJI. A NJisi CTPYKTYp U3 MeTamaTepuala CyIeCTBEHHON TOJIIIMHBI MOKHO
TaK)K€ TOJYYUTh BKJIQJ THIEPOOTMUECKHX MOJ, HCIOJB3YysS KBAa3HCTATHUYECKOE
npubkenne[34].

B nepBoi yactu 4eTBEPTOM IJIaBbl AHATU3UPYETCS ITOMEPEUYHOE ONTUYECKOE
CBSI3bIBaHME BOJIM3M TUIIEPOOIMUECKOTr0 MeTamaTepuaina. PaccMarpuBaemas cxema
aHaJOrM4Ha npuBeeHHo Ha Pucynke 1 (6) ¢ Toit mumib pa3HUIIEH, YTO B KAUECTBE
BCIIOMOTATEIILHON CTPYKTYpPhl pPaccMaTpPUBAETCS MHOTOCIOWHAS CyOBOJTHOBAs
MeTalI-audiekTpudeckas crpykrypa (I'MM). Ilpu wuccienoBaHuM ONTHYECKON
CWJIBI CBA3BIBAHUS B JAHHOM CITydae Tak)Ke MIPOBOUIIOCH pa3/iejieHUE BKIAI0B MO/
CBOOOJHOTO TMPOCTPAHCTBA, MOBEPXHOCTHBIX BOJH MeTaMarepuansa U OO0bEMHBIX
runepOoMuecknx MoJl. B kauecTBe HEKOTOPOTO YIPOIIEHUS TMPUBENEM 37€Ch
pe3ynbTaThl MOJCIWMPOBAHUS I WICATM3UPOBAHHOTO CIIydas, B KOTOPOM HE
B0o30yknatotcs [III1. 1o MoxkeT ObITh TOTyueHO B mpubIvkeHnu dPheKTUuBHON

Cpelbl, €CIIM YCTaHOBUTH K, <K,, T. €. Re(s,) <Re(e,), Tae &, - OIUDIEKTPUIECKAS

MMpOHNIIACMOCTDb BCPXHCTO MoJIynpocCTpaHcCTBa, B Hammem ciy4ac,
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Re(¢,)<Re(g,)=1. W3 »stux coobpaxenuii Obuin BbIOpaHbl 3 EKTUBHBIC
napaMeTpsl cpenbl ,, =—2+0.0661, €,, =0.5+0.0084i nus avHBI BOJIHBI Ay =920 HM.

Ha Pucynke 4 noka3zaHa 3aBUCUMOCTb ONTHYECKOW CHJIBI OT PACCTOSHHUSA
MeXy yactuiiamu. B ciydae monmybeckoneunoro Meramatepuana (Pucynok 4 (a))
TUNEpOOTNYECKHEe MOJbl HE HW3MEHSIIOT MEpPHOJ| CHJIbl CBSI3bIBaHMS, KOTOPBIN
COOTBETCTBYET TIE€PUOJy CBS3BIBAHHSA B CBOOOJHOM WIPOCTPAHCTBE, a JIUIIb
YBEJIMYUBAIOT CUJIy B3aUMOJIECHCTBUS 4acTHI. OTO OOBsACHsAeTcs TeM, uro I'M
pacupoCTpaHsoTCs B 00bEM CTPYKTYpPbl, (OPMHUPYS €IUHCTBEHHBI MaKCUMyM
MHTEHCUBHOCTH 10JIs1 BOJIM3HM YaCTHIIBI, T. €. YACTHIIBI HE MOTYT B3aUMO/IEHCTBOBATh
apyr ¢ apyrom 3a cuet I' M. OnHako, CUTyanust MOKET CYIIECTBEHHO U3MEHUTHCS,
eciu paccmatpuBath cioil MM koneunoi TonmuHbl (Pucynok 4 (6)). Beenenue
JOTIONIHUTEIBHOM ~ TpaHMLIBI  pa3fena  O0OyClaBJIMBAET  JIOTOJHUTEIbHBIC
NepeoTpakeHus: BHYTPH CTPYKTYpbl, aHaorHuHble pe3oHaHcam Dabpu-llepo B
JTUAJIEKTPUYECKOM BOJHOBOJE. Bmecte ¢ TeM, Ha 00euX TpaHHLAX pas3zelia
00pa3yroTCsl JOMOJHUTENbHBIE MaKCUMYMBbI 3JIEKTPOMAarHUTHOTO TOJIS, MEPHOA
KOTOPBIX 3aBUCUT OT TOaUMHBI [ MM W 1nusnexkTpuyeckol NpPOHMIIAEMOCTH
MaTepuaia, KOTOpas OIpeAesseT yroa pacTBopa rumnepOonnyeckux mon. Ha
Pucynke 4 (0) mnokazaHa ONTHYECKass CHJIa CBA3BIBAHUS HaJA  CJIOEM

runepOoIMYecKOro MeramaTepuana ¢ ToamuHaMu d=4,/2 u d=4,/8. [{ns cnos

OOJIBIIION TOJIIIUHBI HE HAOMIOACTCS CYIIECTBEHHOTO YCUJICHHSI B3aUMOJCHCTBUS
yactuil, T. K. 'M moryomarTcs B o0beMe Marepuajia, U IMMOBTOPHO JOCTUTAIOT
BEpXHEW MOBEPXHOCTH MeTamaTepuana (1ocjie OTpaKeHHUsI OT HIDKHEH IpaHu) co

SHAYUTCJIIbHBIM 3aTyXaHHNCM.
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Pucynok 4 —3aBUCUMOCTH ONTUYECKON CUJIBI CBA3BIBAHUS OT PACCTOSIHUS
MEXIy YyacTuliaMu BOH3M (a) noxyoeckoneuynoro [’ MM (cuHsst muHus
COOTBETCTBYET ITOJTHOW ONITHYECKOM CHJIE, YepHas — BKIJIQTy MOJ CBOOOTHOTO
MPOCTPAHCTBA, cepasi — Bkiaay [’ M); (6) BOmu3u Tonkoro ciost TMM (cunsist

WITPUXITYHKTUPHAS JTUHUS 0003HAYAET TOIIIMHY c104 d = 4, /8 cepoil ITpUXoBOi
JUHUEN oTMedeHa orubaromas s d = 4, /8, cruiomHas roixyoas auHus - d = 4, /2,

rze A, - JJIMHA BOJIHBI BEIHYKIAIOMIETO U3IYYCHHUS B CBOOOTHOM IPOCTPAHCTBE)

B T0 e BpeMs 115 TOHKOTO cnnos d = 4, /8, 3aryxanue I’ M nmpoucxonauT MeieHHee,

paccToAHUS MEXIy MakCUMyMaMmH moJigl Ha rpanuie I’ MM ymenepmarorcsa. 910
HAaXOJAUT CBOE OTPAXECHHE U B XapaKTEpe ONTUYECKOW CHJIbI, JEUCTBYIOLICH Ha
yacThlbl. PaccTossHUSA MEXIy NOJIOKEHHUSAMH YCTOMYHMBOTO PAaBHOBECHUS YaCTHIL
(moKa3aHbl CHHUMHU KPyramMH) OIpPENESIOTCS MOJAMH  JIHUAJIEKTPUUYECKOTO

BOJIHOBOJA C K, /ky =1.33, onpenesstor nepuoy cBa3biBaHus Ly ~0.754, (moka3an
orubaroiei cepoit mrpuxoBoi auHuei) u Kk, /ky; =3.11, L4 ~0.32A, (onpenemnser

paccTosiHue MEeXIy OMKalIluMU MUKaMU CHIIbl). A caMma cujia B3auMOJAEHUCTBUSA
YaCTHUIL] yBEJIMYNBACTCS Ha J(Ba NIOPSAAKA.

JloTOJIHUTENbHBIE pacUeThl MOKAa3bIBAIOT, YTO B CiIy4ae BO30YXKIACHHS Ha
rpanuie ciosg I'MM noBepXHOCTHBIX IJIa3MOH-IIOJSPUTOHOB PACCTOSHUS MEXKIY
YCTOMYMBBIMU MOJIO)KEHUSAMHU MOXKET JOCTUIaThb HE TOJBKO CYOBOJIHOBBIX (Kak

NOKa3aHO BBINIE), HO W TIIyOOKo cyOmmppakimoHHbx BenuuuH ( Lyjq =~0.121 ).

KOHerTHBIe JKC TICPUOABLI OIITUYCCKOI'O CBA3BIBAHUS M3MCHAIOTCA B 3dBUCUMOCTHU
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OT moadOpa IUCIIEPCHOHHOM XapaKTEPUCTHKH WCIOJBb3yEeMbIX MaTEpHUaOB U
TOJIIIMHBI PACCMATPHUBAEMOTO CJIOSI.

B cnyuae omTuyeckoro CBs3BIBaHUS BOJW3HM IOJYOSCKOHEYHOTO CIIOS
MeTaMaTepuaia TUIepOoTMIeCKUe MOJIBI, aXe TOMUHUPYIOIINE B PACCESHUH, HE
BHOCST BKJaJ B ONTHYECKYIO CBSI3b H3-3a OTCYTCTBUS OOpaTHOW CBS3HU
(rumepOoTMYECcKre MOIBI, BO30YK/IaeMble OJHOW YaCTUIICH, HE B3aUMOJICUCTBYIOT
CO BTOPOM Ha PACCTOSHHAX, 3HAYUTEIBHO MPEBOCXOAAINIUX PATUyChl YACTHII).
HanportuB, TOHKME MIacTUHBI U3 MeTaMmaTepuana 00eCIeunBal0T MHOTOKPATHBIC
OTpaXeHHsS OT TpaHUI], oOpa3ys HaOOp CHUJIIBHO JIOKAJTHM30BaHHBIX O00OJACTe C
rpajieHTaMd UHTEHCUBHOCTH, YIIPABIISAIONIMMHU JIBUKEHHEM dyacTull. Kpome Toro,
MOJIOBBIM aHaliM3 TOKa3bIBaeT Mpeodiaaaroniee BiausHue '™ Ha omThueckoe
CBSI3BIBAHME, UYTO NPUBOAUT K YBEIUYEHHUIO ONTUYECKUX CHJI HAa HECKOJIBKO
MOPSAAKOB M CYOBOJTHOBOMY PACIOJIOKEHUIO HaHOUYACTHUII. bonee Toro, peanusarus
STOTO SIBJICHUS TMO3BOJSICT 3HAYUTEIBHO YJIYUYIIUTh XapaKTePUCTUKUA IS
ONTHYECKOTO B3aUMOJECUCTBUS U OOECIEYUTh YIPaBJICHUE IMUPOKOTOIOCHON
XPOMaTHYECKON HACTPOMKON IMAPAMETPOB ONTHYECKOTO CBSI3bIBAHUSI.

Bo BTOpoOil yacTu TIaBbl paccMaTpUBAETCS HAKJIOHHOE MaJeHUE IJIOCKOU
BOJHbI HA OJMHOYHYI JIUAJIEKTPHUYECKYIO YACTHUIy, PACHOJIOKEHHYIO Ha

MOBEPXHOCTH THUITepOoIMUecKoro Mmeramarepuaia (PucyHok 5).

Pucynok 5 — Cxema najieHus JIOCKOM BOJIHBI HA OJJMHOYHYIO YaCTHUILy HaJl

rUnepOoIMYECKUM MeTaMaTepUaIioM
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Kak u B [31], HaKIOHHOE MajieHUE P-TIOJIIPU30BAHHOW BOJIHBI TPUBOINT K
HarnpasyiecHHOMY Bo30yxjaenuto IIIII1, HO B TO e BpeMs U K aCUMMETPUYHOMY
BO30YKJIEHUIO OOBEMHBIX MOJI CTPYKTYpbI, Ka)KJas M3 KOTOPHIX MOXET JaBaTh
BKJIAJ] B ONITUYECKYIO CUITy. B OCHOBHOM TEKCTE NUCCEPTALIMU IPUBEAECHBI CITy4au C
pa3IMYHOM BEJIMYMHOW BKJIaJa TMOBEPXHOCTHBIX BOJH ['MM. 3pech MbI
OTPaHUYMMCS JIUIThL OJHUM W3 HanbOoJee WHTEPECHBIX MOBEACHUN CHCTEMBI,
onpeaensieMbiM BiausiHMeM ['M. PaccMoTpuMm  crnieKTpajibHbIE 3aBHCHUMOCTH
MONEPEYHON ONTHYECKON CHJIbI, ICUCTBYIOIIEH Ha OJMHOYHYIO YaCTHUIy BOJIM3U
runepOonmaeckoro Mmeramatepuana (PucyHok 6). 3mech mooKUTEIbHAS BETHYNHA
JICUCTBHUIO  ONTUYECKOM  CHJIBI B

CHJIBI HaIlpaBJICHUHU

COOTBETCTBYET
pacupoCTpaHEHHMs NaJar0IEH BOJHBI, 4 OTPUIIATENbHAS — B MPOTUBOIIOJI0KHOM.
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Pucynox 6 — (a) 3aBHCHMOCTh ONTHYECKOM CHIIBI, IEHCTBYIONICH Ha
OJIMHOYHYIO YacTuily BOm3u ' MM OT IJTMHBI BOJIHBI M YTJIa TTafaeHUus &
M3JIy4eHHus Ha CTPYKTYpy. (0) Cpe3 crieKTpaibHOM 3aBUCUMOCTH ONTHYSCKOM CHIIBI
JUIs yriia ajgenust 6 =42°. Bkiaa Moz cBoOoaHoro npoctpancTa u [T
MOKa3aHbl KEATON 1 YEPHON JTMHUSAMHU COOTBETCTBEHHO (3TH BKJIa/ibl YBEJIUYECHHI B
10 pa3 s Gosbliiel HATJISITHOCTH ), @ KPAaCHOW — MOJTHAs onTH4Yeckas cuia. B
kadectBe ' MM BbIOpaHa MHOTOCTIONHAS CTPYKTypa u3 6 epruoaoB Ag [32] u
CTEKJIa C TIoKa3aTesieM IpeoMiIeHHs n =1.45, mepuos cTpyKTypbl 20 HM, a pakTop

s3amnojinenusa 0.25

W3 pucyHKOB BHIHO, YTO ONTHYECKHUH «Iyd MPUTSHKEHUsD) 00yCIIaBIUBACTCS

B OCHOBHOM BKJIaJJOM 00BEMHBIX MOJ ME€TaMarcpualia, Ipu 3TOM CTOUT OTMCTUTD,
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YTO 3/€Chb MPEACTaBIEHbl H300paXeHWs U1 MHOIOCIOMHOW  MeTasul-
JUAJIEKTPUUECKOW CTPYKTYphI, ¢ BepXHUM ciioeM u3 cepebpa. IIIII Ha rpanuie
paznena I'MM c BepxXHUM MOJYIPOCTPAHCTBOM OOECIEUMBACT JOMOJHUTEILHOE
yCHUJIEHUE BKJIa/1a TUIEPOOIMYECKUX MOJI MeTaMaTepHuaia.

Takum oOpa3zoM, B paMKax riaBbl TOKa3aHO, YTO BBEACHUE TUIEPOOTMUECKUX
METaMaTepualoB B CXEMbl ONTHYECKOrO MAaHUIYJUPOBaHUS OOECIEeYMBaET
peanu3anuio <JIydyeld NOpPUTSHKEHUS» M ONTUYECKOro cBs3biBaHuA. Ha psany c
IIOBEPXHOCTHBIMU IJIa3MOH-TIOJIIPUTOHAMY, HAa ONITUYECKUE CHJIBI B TAKMX CXEMaX
OKa3bIBAIOT BIMSIHUE OOBEMHBIE TUIEPOOIMYECKUE MOJIbI MeTamMaTepHUaloB.
bnarogaps cBOMM JuCHEpCHOHHBIM Xapakrepuctukam, ['M ¢ OoabmmuMu
BOJIHOBBIMH ~ BEKTOPAMH  MOTYT  OOECHEYUTh  JOMOJHUTENbHbIE  KaHaJbl
B3aMMOJICUCTBUS  YaCTHUIl U, CJEJOBATEIbHO, 3HAYUTEIBHO  PACIIUPUTH
BO3MOYKHOCTH CXEM ONTOMEXaHWYECKOIO MAHUITYIUPOBAHHUSI.

BbIn nosty4eHbl ONTUYECKUE CHITBI TIPUTSHKEHUS B IIMPOKOM CIIEKTPaJIbHOM
nuana3oHe. ['unepOoimyeckue  MOJABI, HMEIOLIUME  BBICOKYIO  IUJIOTHOCTb
AIIEKTPOMATHUTHBIX COCTOSIHUM, SIBISIIOTCS TPEANOYTUTENIbHBIM KaHAJIOM ISt
paccesiHusa 1 00ycCIaBIMBaOT MHUPOKONOJIOCHOCTh 3P (ekTa. ITO TaKKe MPUBOJUT
K JOIOJHUTEIBHOMY IPEUMYLIECTBY IIE€PEN ONTHYECKUM MAaHUITYyJIMPOBAHUEM
BOJIM3U OJJMHOYHOT'O METAJNIMYECKOTO CJIOS - ONTHYECKOE MPUTSHKEHHE MOYKET OBITh
JOCTUTHYTO B MH(PpAKpaCHOM CHEKTPAIbLHOM JIMana3oHe.

[To pe3ynbTaTam 3TOM TaaBbl CHOPMYIUPOBAHO J1BA TIOJIOKEHUS U BBITYIIICHO
7 myOnuKaruii.

B nsToii rs1aBe auccepTalii MPOBOJAUTCA MCCIEAOBAHUE ONTUYECKUX CHII,

JNEUCTBYIOIIMX HA 4YacCTULbI, pa3MEUIEHHbIE HaJ OJHOMEPHBIM (HOTOHHBIM
KPHUCTAJUIOM.

Onnomepnsbie hoTonnble kpuctamwibl (1D ®K), kak 1 pacCMOTPEHHBIE BHIIIIE
runepOoIMYecKre MeTaMaTepHuallbl, NPEICTaBIAIOT CcO00H  MHOTOCIOWHbIE
CTPYKTYpBl, OJHAKO COCTOSIIIME M3 JHUAJEKTPUUYECKUX CIOEB C MEPUOJIOM,

CPaBHHMBIM C JUIMHOW BOJIHBI ONTHYECKOTO M3Iy4YeHHs. Takue CTPyKTypbl TaKKe
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MOryT noajiepxuBaTh nopepxHoctHeie (IIBb — nmoBepxHocTHbie BonHbI biioxa) u
00BEMHBIE MOJIBI.

Hauném c¢ paccMOoTpeHMsT OAWMHOYHOM YaCTHIBI HaJ IOBEPXHOCTHIO
(hOTOHHOTO KpUCTAIa, Ha KOTOPYIO TIOJT YTIIOM MaJaeT IJIOCKask P-TOIsIpHU30BaHHAS
BostHa (PucyHok 7). DTa cxema aHajqoruyHa pacCMOTPEHHOM B MPEbIIYIICH riase,
OJIHAKO CIIEyET OCTAHOBUTHCS MOJIpoOHEee Ha onHOU u3 ocobenHocrerr OK. Kak
ObuT0 TOKa3aHO B pabote [31], B mpeACTaBICHHON CHUCTEME ONTHYECKas CHUIIa,
JIEUCTBYIOIAsl HA OJIMHOYHYIO YaCTHUILY MOKET OBITh 3amucaHa Kak

1
2 k?
+a,|1-a,—G,,
€

2| k? *
_€L|m[pxpz]lmaxze, (3)

0

E E,

k K|
F,=-2sin(6)Im| a, {1—050&%}
2 &

rae 6 - yroa majeHus IUIOCKOM BOJHBI Ha CTPYKTYPY, ¢, - IOJSPU3YEMOCTH
4aCTUIbl B OJAHOPOJHOM IIPOCTPAHCTBE, s, - IJUAIEKTPUYECKAs IPOHUIIAEMOCTH
BakyyMa, G, G,, - COOTBETCTBYIOIINE KOMIIOHEHTHI AMagHOi (yHKuun ['puna, E;,
- KOMIIOHEHTBI HAIPSIKEHHOCTH DJIEKTPUYECKOrO IOJIA, P,, - KOMIIOHEHTBI

HaABCACHHOI'O JUITIOJIBHOI'O MOMCHTAa HqaCTHIbI, 6XG - IMPpOU3BOAHAA

X2
COOTBETCTBYIOIIEH KOMIIOHEHTHI AuaaHON (yHKuuMU I'puHa. IlepBblii KOMIOHEHT
BBIPQXEHUS COOTBETCTBYET pPaUallMIOHHOMY JIaBJICHUIO U3JIy4eHUs Ha 3P (HEKTUBHO
MOJIIPU30BAHHYI0 4YacTully ¢ ydé€tom B3aumogencteus ¢ DK, a Bropon —
CaMOHaBEJACHHOMY BIHMSAHUIO YacTullbl yepe3 @K u Bkiatoyaer B ceOsl BKIIAJbI

IIOBCPXHOCTHBIX U 00BEMHBIX MOJ. MoxHO BUACTDH, UTO CHUJIAa FX oTpuOaTciibHa IIpu

o o k,’ .
npeo0IaIaroeil BTOPOl KOMITOHEHTE le[pX pz]lmﬁxGXZ >0, KOTOpasi B CBOIO
o

ouepe/ib 3aBUCUT OT KO3 (PUIIMEHTa OTPaKEHUSI MMAJIAI0IIEN BOJIHBI OT CTPYKTYPHI

r’(6) yepes pa3HOCTh (a3 KOMIIOHEHTOB JUIOJIFHOTO MOMEHTA!
Im[p:p2]~|ao|2‘E°‘2 sin(20)Im[ r°(6) ] (4)
Im [r P (49)] 1151 QOTOHHOTO KPHUCTAIUIA 3HAYUTEIBHO H3MEHSETCS OT JJTUHBI BOJIHBI U

yIJIa MMaJeHUs U3JIyYeHUsI HAa CTPYKTYPY M JOCTUIaeT KAK IIOJIOKUTENIbHBIX, TaK U

OTpULIATEIbHBIX 3HAYeHUI. Takum 00pazoM, pa3HOCTh (a3 MEXKIAy KOMIOHEHTAMHU
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JTUTOJIFHOTO MOMEHTa O0yclaBiMBaeT HampasiieHue pacrpoctpanenus [IBb, u,

CJICZIOBATENIbHO, 3HAK ONTUYECKOM criibl (PUCYyHOK 7).

E° E°
g Im[r°]>0 o Im[rP]<0
Kk k
Fe~Imip,“p;] FenImip,ps
-(—/ %—r:-[-p el

dy= 100 im o= 100 n

d, = 260 am n =348 I'IBE NBBE 7=348 4,=260uMm

d> =320 um n, =1.44 d» =320 um

(a) (6)
Pucynok 7 — CxemaTnueckoe n300pakxeHne naieHus MI0CKON BOJIHBI Ha
yacTuiy, pacnonoxeHnyro Hag OK. B 3aBucumoctu ot yria naaenus 11Bb
B030y>K/IaeTcs B HANPAaBJIEHUH (a) OT UCTOYHHUKA U3Ty4yeHus U (0) K HICTOUHUKY

H3JIYYCHHUA U BOSHUKACT COCTABJIAIOIIAA ONTHUYCCKON CHUJIBI FX , CBsiA3aHHasi C

peaKuuen U3Iy4YeHUs

Ha Pucynke 8 moka3zaHa criekTpajibHas 3aBUCUMOCTH ONTHYECKOUW CHIIBI, a

TaK)ke MHUMOM YacTu KoddduireHTa oTpakenus u paznoct gpa3 p, u p, mist OK,
COCTOAIEr0 M3 6 MEepuoAOB C€lI0eB C ToamuHaMu d, =260 HM, d,=320HM U
IoKa3aTeJIsIMA  IIpeaoMIeHusT n =3.48, n,=144, TOJIIMHA BEPXHEro CJIOsA
cocraBiier d, =100 HM. M3 pucyHKa BHIHO, YTO ONPENEIAKOLIMN BKJIAJ B

ONTUYECKYIO CHIIy JTa€T MTOBEPXHOCTHAsA BOJHA bioxa, KpoMme TOro, HarpaBJI€HUE
pacopoctpanenust [IBb, u, cnemoBarenbHO, HAaNpaBICHUE ONTHUYECKOW CHIIbI
OTIpeNIeSIeTC MHUMOM 4YacTu KOI(PQPUIIMEHTa OTPAXKEHUS OT CTPYKTYphl U
pa3HOCThIO (a3 MeXay KOMIOHEHTAMHM JHUIIOJIBHOTO MOMEHTa YacCTHIIbI.
OTpunaTenbHble 3HAYEHUS ONTHYECKOM CHJIBI COBIAJAIOT C MOJIOKUTEIBHOU
pa3HOCTHIO (a3, YTO COOTBETCTBYET OOJACTSIM PUCYHKA, BBIICICHHBIM KPACHBIM

LIBETOM.
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w— [lONHAA CUNA
(a) 4 == s Bknap c8o60AHOr0 Np-Ba
= BKNaA 06bEMHbIX MOA
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A, HM

-0.2
-0.5

w— m[r 7]

CEL urg(p:p/) 1-0.4

500 550 600 650 700 750 800 850 900
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Pucynoxk 8 — CriekTpasibHasi 3aBUCUMOCTb (@) X-KOMITOHEHTHI ONITUYECKON
CHJTBI, TJIC CHHSS KPUBasi COOTBETCTBYET CHJIC C YICTOM BKJIQJ0B OT BCEX MO,
YyepHasi — BKJIaly MO/, PaCpOCTPAHSIONINXCA B CBOOOTHOM MPOCTPAHCTBE, cepast
— BKJIaJy 0OBEMHBIX MOJI CTPYKTYpHI; (0) MHUMOI yacTu kKoddduimeHTa
OTPAXKEHUS OT CTPYKTYPHI (CUHSIS KpUBasi) U Pa3HOCTH (a3 MEXITy KOMIIOHEHTaMU

JIATIOJILHOTO MOMEHTA YaCTHIIbI (YUEpHAsk KpUBAas)

B ornuuue oT mpuBEJEHHBIX paHEe CIy4yacB MAHUIYJIMPOBAHUS YacCTHUIEH
npu nomonu [T u I'M, 31ech TPUCYTCTBYET HECKOJIBKO 00JIaCTeH, B KOTOPBIX
ONTUYECKasl CUJIa U3MEHSIET CBOM 3HaK. Takoe CBOMCTBO MOXKET ObITh UCTIOJIb30BAHO
JUIE TOYHOM TMOITAMHOM COPTUPOBKM YACTUI[ C OJM3KUMHU CIEKTPaIbHBIMU
MOJIOKEHUSIMA PE30HAHCOB. PaccMOTpUM ONTHYECKYIO CUIY, JEUCTBYIOLIYIO Ha
YaCTHUIy «sIAp0-000J0UKa» ¢ 000JI04KON U3 cepedpa paauycoMm 40 HM, U C SAPOM

MIPOHUIIAEMOCTBI0 ¢ =23 WU paguycoM R

core

=35,36,37 HM. [Ipn wnsmeHeHuwn

core

paguyca siipa 4acTUIbI U3MEHSIETCS TOJIIMHA METAUIMYECKONH OO0O0JIOYKH, YTO
MPUBOJUT K CMEILICHUIO PE30HAHCA B MOJISIPU3YEMOCTU YacTUIbl. (151 yacTuibl ¢
paguycoM sapa 35 HM pE30HAaHC HAaxOJIWUTCA BIadd OT paccMaTpUBAEMOM
CHEKTpaIbHOU 00JIaCTH, ¥ ONITUYECKAs CUJIAa aHAJIOTMYHA CTy4alo ¢ HEPE30HAHCHOM
gacturieii. C yMEHBIICHHEM TOJIIUHBI 000704YKH, (YBETUYCHUEM pajgryca sapa),

PE30HAHC YaCTHLbI CABUTACTCA B IJJIMHHOBOJIHOBYIO O6J'IaCTB, N Ha HJIMHaX BOJIH,
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COOTBETCTBYIOIIMX PE30HAHCY 4YacTHIbl, HaOJI0faeTcs W3MEHEHHE 3Haka
ONTUYECKON CUJIbI HA TPOTUBOMOIO0KHBIN. Tak, Ha ruHe BoHBI 720 HM HA YaCTHILY
C paxuycom siapa 36 HM OyJeT AeHCTBOBATH MOJOKUTEIbHAS CUJIA, B TO BPEMS KaK
Ha BCE OCTAJIbHBIC — OTPHIIATEIIbHASI, CXO0Kasi CUTYaIHsl HAOIIOAACTCs IJIs1 YaCTHIIBI

C paguycoM sipa 37 HM Ha JAyuHe BoJIHBI 800 HM.

% — R 35 uMm
core
3 & -o-R = 36 M

= 37 um

(
)

550 600 650 700 750 800 850 900
A, HM

Pucynox 9 — Ontnueckas cuiia, ISMCTBYIOIIAs Ha YaCTHUIIBI «SIPO-
000JI04YKay, 711 pa3HbIX pa3MepoB siapa. YepHas JTUHUS COOTBETCTBYET PAJNYCy

sapa R

ore =35 HM, CUHsS — 36 HM, KpacHas — 37 HM

Kpome Ttoro, Obia mccinepoBaHa BO3MOXKHOCTh pealu3allid ONTHYECKOTO
ces3piBanHust 3a cuer [IBb (Pucynok 10). Kak mokazaHo HMKe, ONTHYECKOE
CBSI3bIBaHME OOECIeunBaeTCs B JaHHOM ciiydae untepdepenuueit [I1Bb, Torna kax
BKJIAJIBI PACHPOCTPAHSIOMUXCA B (POTOHHOM KpHUCTAJIE WM B BEPXHEM
MOJYIPOCTPAHCTBE MOJI HECYILIECTBEHHBI. B TakoMm cllyyae mepuoj ONTHUYECKOU
CUJIbI (PACCTOSIHUSL MEXK/Ty PAaBHOBECHBIMH TOJIOKEHUSIMU YACTHUIL) ONPEIACISIOTCS
nepuoaom [I1BB, a cuna B3anmMoneicTBYS yBETMUMBAETCS. ITO AHAJIOTUYHO CITy4ato
ONTUYECKOTO CBSI3bIBAHUS 3a CUET WHTEP(EPEHIIMU MOBEPXHOCTHBIX ILIA3MOH-
MOJISPUTOHOB BOJIM3M METaJlla, OJJTHAKO B IAHHOM CITydae B3aWMOJICHCTBUE YACTHUI]
MPAKTUYECKA HE OCTAOJIIETCS C YBEIMYCHHEM DPACCTOSIHHUS MEXKIy HHUMH, T. K.

MNOTEPH B JUBJICKTPHUUICCKUX CJIOAX ®K HamHOrO MCHBIIC, YEM B MCTalJIax.
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Pucynok 10 — Ontuyeckoe cBsi3bIBaHHE HAHOYACTUL] BOJIM3HU OJTHOMEPHOTO
OK. Yepnas u cepast IMHUN NMOKA3bIBAXOT BKJIAABI MOJ, PACHIPOCTPAHAIOIINXCS B
CBOOOJHOM MPOCTPAHCTBE, U 00BEMHBIX MO DK, a CHHAS — ONTUYECKYIO CUITY C

YY€TOM BCEX TUIOB MOJ, B ToM uuciie ¢ [IBb

Takum o00pa3oMm, MBI pPaccMOTpeNd BO3MOXXHOCTb MaHUITYJIHMPOBAHUS
HAaHOOOBEKTOM, OCHOBAaHHYI) Ha IE€pepaccesHUU OJOXOBCKOW IOBEPXHOCTHOM
BOJIHBI BOJIU3U OJTHOMEPHOTO (DOTOHHOTO KpUCTA/La. bbUlo POIEeMOHCTPUPOBAHO
OPUTSHKEHUE K UCTOYHUKY U OTTAJIKUBAHHUE OT HEro, 00ecreunBaeMoe OSBICHUEM
pEaKkTHUBHOM CHJbl U3-3a HampaiieHHOro Bo30yxaeHuss IIBB. Kpome Toro,
BO3MO>KHA HACTPOMKA 3HAKA W BEJIMYMHBI ONITHYECKON CHJIbI KAK NP U3MEHEHUHU
yrila TaJeHus, TaK W JIMHBl BOJIHBI M3NMydeHUs. OCHOBBIBASICh Ha XapakTepe
ONTUYECKOU CHUJIbI, OBLI IMPEAJIOKEH MEXaHU3M COPTUPOBKU IS pa3eNICHUs YaCTHULL
I10 MOJIOKEHUIO UX ONTHYECKOI0 PE30HAHCA, TAKUX KaK, HAIIPUMEDP, HAHOYACTHUILIBI
THUIA «IAPO-000J104Kay. Tak, YaCTUIIBI C PA3TUYHBIM COOTHOLIEHUEM TOJILIIUH SApa
U 000JOYKH MOTYT OBITh OTCOPTUPOBAHBI C BBICOKOW TOYHOCTBIO, KOTOpas
o0ecreunBaeTcs ONTUYECKUM OTKIMKOM CTpYKTypsl ®K u He MoxkeT ObITh
JOCTUTHYTa APYTMMH TPAIUIMOHHBIMU mojaxogaMu. K Tomy ke, ObUIO MOKa3aHo,
yto [IBb oOecrieunBaroT CBsI3bIBAHNUE YACTHI] B HAMPABICHUU PACTIPOCTPAHCHUS C
CyOBOJTHOBBIMH DPACCTOSSHUSIMH MEXKIY YCTOWYMBBIMH TOJIOKCHUSMU YaCTHUIl H
YBEJINUMBAIOT CUITy UX B3aUMOJECHCTBHS.

[lo pesynbpraramMm naHHOW TIaBbl CHOPMYIUPOBAHO OJHO TOJOXKEHUE U

omyOaukoBaHa 1 paboTa.
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B 3aki104eHun coOpaHbl OCHOBHBIE PE3yJIbTAThI:

B X0I¢C pa6OTI)I ObL1a CO31aHa aHAJIUTHYCCKasa MOJICJIb, II03BOJIAIOIIAsA
paccunuTaTtb OITUYICCKYIO CUITY, HeﬁCTBYIOIHYIO Ha OJJHY HJIM Ha HCCKOJIBKO HaCTHI]
BOJNIM3H rpaHuObl pasaciia Cpea, U OLCHUTL BKJIIAJbl PA3JIMYHBIX THUIIOB MO/ Ha
XapaKTep ATOM ONTHYECKOW Cuibl. B paMKax ATOM MOACIIN OB IMPOBCICH aHAJIN3
OIITHYCCKUX CHII, I[efICTBYIOIHHX Ha YaCTHUIlbl BOJIM3HU: TIJIa3MOHHOTO mMeTallia,
FI/IHep6OJII/ILICCKOFO MCTaMaTCpHuajla 1 OJHOMCPHOI'O (bOTOHHOFO Kpucrajia.

1. Bruio IIOKa3aHO, 4YTO I/IHTep(i)epeHHI/IH IMOBCPXHOCTHBIX IINIa3MOH-
IMOJIAPUTOHOB oOecrieynBaeT CTAaOMJILHOE OINTHYECKOE CBSI3LIBAHHC
HaHO4YAaCTHUL BOOJIb HAIIPABJICHHUA PACIPOCTPAHCHUA ITOBCPXHOCTHBIX
BOJIH. HpI/I 3TOM CHJIa BSaHMOﬂeﬁCTBHH qacTul YBCJIMYMUBACTCA B
HCCKOJIBKO pPa3, a pacCTOAHUA MCKIAY YCTOP'I‘{HBBIMI/I ITOJIOXCHUAMU
qacTul COOTBCTCTBYIOT IICPHUOAY IIIIII n MOI'YT JOCTUI'ATb CY6BOJIHOBI)IX

BCJINYHH.

2. bbino mokaszaHo, 4To 00bEMHBIE MOJIBI TUIIEPOOIMYECKOTO METaMaTepraia
00€ecreynBaoT ONTHYECKYIO CUITY TPUTSHKEHUS BIOJIb oBepxHOCTH [ MM
K UICTOYHHUKY M3JIy4CHMS B IIMPOKOM CIEKTPAIBHOM JHAIAa30HE. A TaKke
ONTHYECKOE CBSA3BIBAHHE HAHOYACTHII, C MIYOOKO CyOaudpakiMOHHBIMU
PACCTOSIHUSIMUA MEXJIYy YacTULAMH W Ha TMOPSAOK YBEITUYEHHOW CUIION

BSaHMOHeﬁCTBHH B CJIy4dac UCII0JIb30BaHHA TOHKUX CIIOEB MCTaMaTcpuraa.

3. bwuto mokazaHo, uTo (HOTOHHBIC KPUCTAILIIBI 00ECIIEUYNBAIOT CyOBOJTHOBOE
ONTHYECKOE CBS3BIBAHUE U CHIJIy OINTHYECKOTO MPUTSHKEHHS. 3a CueT
XapakKTepa OTpaXeHUS OT (POTOHHOTO KPHUCTaJIa CTAHOBUTCS BO3MOYKHO
MEePEKITI0YaTh HANPABJICHUE EHCTBHUS ONTHUYECKON CHIIBI JTaKe B y3KHUX
CHEKTPaJIbHBIX TUAIIa30HAX, YTO MOKET ObITh MPUMEHEHO JJISI COPTUPOBKHU

qacTull C OM3KUMHU MOJI0KEHUSIMHU PE30HAHCOB.
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Synopsis

General description

Relevance. At the end of 20th century, the process of device miniaturization
due to the progress in science and technology, made the issue of manipulating micro-
and nanoscale objects more relevant than ever. In 1970, Arthur Ashkin published
the work “Acceleration and Trapping of Particles by Radiation Pressure” [1], whose
results were based on the phenomenon of the transfer of the electromagnetic field
momentum to an illuminated object transfer (it was demonstrated by P.N. Lebedev,
and by Nikolas and Hull), and this was the beginning of large-scale studies of optical
manipulation. The first work was followed by studies of particle levitation [2],
trapping of particles, living cells, viruses and bacteria using structured (Gaussian)
beams [3-5] and works on the atom trapping [6,7]. The so-called "optical tweezers"
made it possible to trap and hold particles 0.1-10 microns in size in the highest-
intensity region of laser radiation.

It was shown that a particle in an electromagnetic field can be affected by two
types of optical forces: the scattering force, which moves the particle in the direction
of radiation propagation, and the gradient force, which arises from inhomogeneous
spatial distribution of the field and attracts particles to the maxima of the
electromagnetic field. If the field gradient is not sufficient, the particle cannot be
localized in a certain region of space, and it will leave the optical trap. In most
existing optical manipulation schemes, the gradient force is employed. Here, we do
not consider the term associated with a change in the polarization and phase of the
external field, which is responsible for the spin and orbital rotation of the particle,

since this type of interaction lies outside the scope of the dissertation work.
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However, the method proposed by Ashkin's group almost immediately
showed significant limitations. Thus, to trap very small particles (for example,
nanosized ones), it required using highly focused fields of a high intensity, which
led to the heating of the particle and the surrounding space, making it impossible to
control nanoscale objects in biological systems. In addition, demand rose for such
schemes that could enable simultaneous control over arrays of particles, create
ordered structures of several particles, and also move particles along predefined
trajectories without the use of optical tweezers. In other words, the method of optical
manipulation was required to become more flexible and tunable for specific tasks,
and new schemes for control over the interaction of light with nanoobjects were
needed.

Initially, the parameters of an optical trap depended only on the incident
radiation and the particle properties. Thus, following the Gaussian field distribution,
other spatial distributions were considered, for example, the Bessel one [8], and
particles with a resonant response were studied. The combination of these two
options has led to one of the most discussed scenarios of optical manipulation - the
implementation of the so-called "tractor beams". In 2011, the possibility was shown
of obtaining the optical pulling force by maximizing forward scattering due to the
interference of different multipoles’ contributions and providing the minimal
projection of the photon momentum along the direction of light propagation [9].
Thus, the backscattering force (reactive force) was also realized, which pulls the
multipole particle to the radiation source without any equilibrium points. This
significantly expanded both the opportunities and the application area of optical
forces, and also gave rise to the research of optical tractor beams.

As was mentioned above, the particle response can modify the field of an
optical trap; however, the particle itself does not interact with its own scattered field.
If we consider several objects under the action of an optical wave, then each of the
objects can affect the other objects by means of scattering. For example, in 1989, the
phenomenon of optical binding was experimentally discovered [10,11]. This effect
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has the following nature. Initially, several particles are arbitrary located in the
electromagnetic field, and due to the scattering of radiation from each of the
particles, an interference pattern is formed, which depends both on the scattered
fields and on the incident radiation. Then, the gradient component of the optical
force directs the particles to the maxima of the resulting field, where the optical force
IS zero and the particles are in equilibrium positions. When the particles are
displaced, the phase difference between the interfering fields changes, and a gradient
optical force appears again. It should be noted that in this case, the field gradient is
created by the captured objects themselves, and the phenomenon of optical binding
can be observed even under the influence of plane waves. Then, the particles are in
stable positions when they are oriented perpendicular to the polarization of the
driving radiation. Depending on the orientation of the particles relative to the wave
vector of the incident radiation, longitudinal and transverse optical binding are
distinguished. This optical manipulation method is widely used to create ordered
arrays of particles, although it has some limitations. As in the previous cases, stable
trapping of small particles requires high-intensity optical fields; in addition, the
minimal distances between the equilibrium positions of particles are limited by the
diffraction limit of the incident radiation, and the creation of structures with a higher
resolution is not possible.

Over time, it became obvious that the flexibility of optical manipulation can
be significantly increased by introducing additional degrees of freedom into the
system. These can be various auxiliary structures that modify the field distribution
and create maxima of radiation intensity of a given amplitude and geometric size.
Near fields of objects contain evanescent, i.e. non-propagating, components, which
decay exponentially in certain directions. The projection of the wave vector onto
such a direction is imaginary, and onto the others, it is real and exceeds the wave
number. Consequently, the evanescent fields can be localized in a much smaller
volume than the propagating ones, which makes the use of auxiliary structures

promising for creating optical traps with a large gradient of intensity [12-16].
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One of the most common examples of structures that provide strong
localization of optical fields are metallic elements. The research challenges in the
area of optical forces were partially solved using plasmonic materials: metal
particles [17,18] and structured arrays of metal elements or metal surfaces [19-22]
(plasmonic optical tweezers), which make it possible to localize optical fields in a
small space limited by the size of the object used (in the case of localized plasmon
resonances), and by the dispersion of surface plasmon-polaritons (SPPs, in the case
of flat interfaces). But in this case, the question arose about the possible dimensions
of the plasmonic structure and the insufficiently wide applicability of optical
manipulation of metal particles. Moreover, due to the relatively small number of
plasmonic materials in optics, there are two more important drawbacks: significant
material losses and tie-in to specific resonance frequencies, which also limit the use
of such methods.

The use of auxiliary structures for amplification and modification of optical
forces became a logical addition to the described research [23-25]. Naturally, the
surfaces that support evanescent fields [12,26-29], e.g., metal surfaces, waveguides,
photonic crystals, and metamaterials, are of particular interest. Each of these
structures has its specific advantages and disadvantages, which depend on the
dielectric dispersion of the used materials. However, only a few of the listed works
considers the effect of the reverse action, i.e., the optical forces and effects arising
due to the interaction of nanoparticles’ near fields with the evanescent modes of such
structures excited by the same nanoparticles ( here, we do not consider the influence
of independently excited evanescent fields on a particle). At the same time, this
effect is of particular interest, since in most existing applications of optical forces,
auxiliary interfaces are involved in one form or another. Moreover, their
implementation in photonic integrated circuits is often much easier and more
profitable than the use of additional radiation sources and focusing elements with a

subsequent change in the wavefront, intensity and propagation direction.
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In this thesis, the optical forces are considered that emerge due to the
interaction of nanoparticles’ near fields with interfaces supporting evanescent
modes. The research on such self-induced interactions is essential for developing
optical manipulation in the areas of biomedical research, creation of structured
subwavelength elements in photonics, microfluidics, and lab-on-a-chip devices. The
results of the presented work are of both applied and fundamental nature, because
they demonstrate new degrees of freedom in optical manipulation schemes and
enable the evaluation of the influence of various evanescent modes on the
nanoobjects’ behavior.

Based on the foregoing, the goal of this work is the analysis of the effect of

three types of auxiliary structures (metals, hyperbolic metamaterials, and photonic
crystals) supporting surface and/or bulk modes on the optical manipulation of
nanoparticles near interfaces. To achieve this goal, the following tasks were solved:

1. Analysis of the effect of surface plasmon-polaritons on the parameters

of optical binding of several nanoparticles;

2. Study of optical forces near a hyperbolic metamaterial, and analysis of
the possibility of obtaining a "tractor beam" using the hyperbolic modes of the

metamaterial;
3. Study of optical binding near a hyperbolic metamaterial,

4, Study of optical manipulation of nanoobjects near a one-dimensional
photonic crystal, and study of the possibility of realizing a "tractor beam" using the
modes of a photonic crystal.

The scientific statements presented for the defense:

1. Excitation by near fields of particles of surface plasmon polaritons and
their interference lead to the optical binding of nanoparticles located near the
metal surface. The distance between the stable equilibrium positions of the
particles is determined by the wave vector of the plasmon polariton, and the
stable positions of the particles are formed along the direction of propagation
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of the surface plasmon polaritons. In the case of resonant excitation of
surface waves, the binding stiffness increases by an order of magnitude, and
the distance between stable positions is much less than the wavelength of the

incident wave;

2.  Oblique incidence of a plane wave on a particle located near the surface
of a hyperbolic metamaterial provides an asymmetric excitation of the
volume modes of the structure, which, in turn, generates an optical force
component acting in the opposite direction of the incident wave, thus

realizing the “tractor beam” effect along the metamaterial surface;

3. The interference between surface and bulk modes of a hyperbolic
metamaterial slab provides the formation of arrays of bound nanoparticles
oriented along the propagation direction of the volume modes. The force of
interaction between the particles and the distance between the nearest stable
positions of particles depend on the thickness and permittivity of the
hyperbolic metamaterial slab. Thus, for the slab thickness less than half the
wavelength of the incident light in vacuum, the force increases tenfold
compared to the interaction in free space, and the distance between the

nearest stable positions of the particles decreases by several times;

4.  Oblique incidence of a plane wave on a particle located near the surface
of a one-dimensional photonic crystal provides directional excitation of a
Bloch surface wave. The phase difference between the components of the
induced dipole moment of the particle varies within = /2. This, in turn, leads
to a “tractor beam” realized along the surface of the crystal, or to an increased

pressure acting on the particle, depending on the sign of the phase difference.

The scientific novelty of the work:

1. For the first time, the possibility of realizing optical binding of

nanoparticles is demonstrated using the interference of surface plasmon polaritons
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excited without the use of auxiliary structures, and the influence of plasmonic metals

on the parameters of optical binding is investigated,

2. For the first time, the possibility of realizing a “tractor beam” is
demonstrated using the hyperbolic modes of a metamaterial excited without the use

of auxiliary structures;

3. For the first time, the possibility of realizing optical binding of
nanoparticles is demonstrated using the hyperbolic modes of a metamaterial excited
by the scattered fields of particles. The dependence of the strength of optical binding
and the distances between the nearest stable equilibrium positions of particles on the
dispersion characteristics and the thickness of the hyperbolic metamaterial slab is

given;

4, For the first time, the possibility of realizing a “tractor beam” near the
surface of a one-dimensional photonic crystal is demonstrated. It is shown that the
mode structure of a photonic crystal allows the excitation of Bloch surface waves in
opposite directions when the angle of incidence of radiation changes insignificantly,
which leads to the tunable switching of the optical force sign. Moreover, the
possibility of an accurate step-by-step sorting of particles with close resonant

frequencies using Bloch surface waves is shown.

The practical significance of the presented results lies in the development of

new methods of optical manipulation that allow creating structured nanoparticle
arrays with sub-diffraction distances between the elements. In addition, new
methods for moving particles in given directions are proposed, in particular, “tractor
beams”: it makes optical control over the particles’ positions more suitable for
applications, and enables accurate sorting of particles with close resonant
frequencies. All these methods can be applied in microfluidics, nanoscale biological
research, and sensorics.

Methods. The research presented in this work was carried out analytically in
the MATLAB system, and in the numerical packages COMSOL Multiphysics and
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Lumerical FDTD Solutions. The analytical expressions for the optical forces in the
dipole approximation were obtained for time-averaged fields of plane waves.
Effective field approach was used to analyze all types of interactions in the system,
which allows obtaining electromagnetic field distribution taking into account
multiple rescattering on particles and auxiliary surfaces. The influence of various
structures on the distribution of fields in the system was obtained using the Fresnel
reflection coefficients, and in the cases of multilayer structures, scattering and
transfer matrices were used for this purpose. The expressions for the effective fields
include the angular spectrum representation of the Green's function, which allows
distinguishing the contributions of different modes according to their dispersion
characteristics.

The validity of the obtained results is ensured by adequate selection of

research methods and approbation of analytical results by numerical modeling. The
results do not contradict the results obtained by other authors.

Approbation of work. The results of the work were presented at international

conferences:
1. International conference METANANO 2018 (Sochi, 2018)

2. International Conference on Computational Methods in Science and
Engineering (ICCMSE) 2019 (Rhodes, Greece, 2019);

3. International Winter School of the loffe Physical-Technical Institute
(Zelenogorsk, 2019);

4. International conference METANANO 2019 (St. Petersburg, 2019);

5. International Winter School of the loffe Physical-Technical Institute
(Zelenogorsk, 2020);

6. International conference METANANO 2020 (online);

7. International conference Quantum Nanophotonics 2021 (online).
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The author's contribution consists of developing analytical models for the

calculation of optical forces in the fields of all the considered structures,
distinguishing and analyzing the contributions of various types of modes to optical
forces, and optimizing the parameters of auxiliary structures for the maximization
of the obtained effects; in the fourth chapter, the author also carried out a numerical
simulation of the optical force. The modeling presented in the second and third
chapters was carried out by coauthors. In addition, the author analyzed and processed
the results, formulated conclusions and contributed to the writing of articles.

Publications. The results on the research topic were published in 12 (twelve)

publications included in the international databases Scopus, and WoS.

The volume and structure of the work. The thesis consists of five chapters,

a conclusion and two appendices. The full volume of the thesis is 215 pages,

including 39 figures. The list of references contains 160 titles.

MAIN CONTENTS OF THE WORK

The first chapter of the thesis provides a brief overview of the existing works

on optical forces and justification of the relevance of the research. The most common
schemes for optical manipulation are considered, as well as optical binding and
"tractor beams" as applications of optical forces. To implement such effects with
improved parameters: optical binding (sub-diffraction distances between
equilibrium positions of particles, increased stiffness of optical trap) and "tractor
beams" (increased force acting on a particle, obtaining a broadband effect, and
application for sorting particles), it is proposed to use auxiliary structures providing
the existence of additional degrees of freedom in the system.

In the thesis, the use of following structures is considered: (i) metal surfaces
supporting SPPs; (ii) surfaces of hyperbolic metamaterial supporting SPPs and bulk
hyperbolic modes; (iii) one-dimensional photonic crystals supporting surface and
bulk Bloch modes.
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An essential part of the second chapter focuses on calculation methods for

optical forces. The results presented in the thesis were obtained using the expression
for the optical force averaged over the oscillation period of the field acting on a

dipole particle::
F =%R{Z pi*VEi'“] i=X,Y,2 (1)

where p* is the complex conjugate dipole moment of the particle; "™ is the local
electric field at the particle position, which takes into account both the incident light
and the interaction of the particle with the other elements of the structure (interfaces,
other particles, etc.); x,y,z are the particle coordinates. The interactions between
several particles, and the interaction of particles with the surface are included in the
expression for the local field in terms of Green's functions [30], which, moreover,
allow an estimation of the contributions of various evanescent modes of the
structure.

The third chapter of the thesis focuses on the use of metal surfaces for optical

manipulation.

Previously, the possibility of realizing a "tractor beam™ due to directional
excitation of surface plasmon-polaritons was considered. (Figure 1 (a), [31]). This
work is its logical continuation.

The interaction of a pair of dielectric particles placed above a metal surface
under the action of a plane monochromatic wave was considered. To simplify the
analysis, we chose light with normal incidence and a polarization that enables
efficient excitation of surface plasmon polaritons (p-polarization). As can be seen in
the schematic representation of the system (Figure 1 (b)), in this case, there are three
types of interaction: particles affect each other in free space (a case similar to [10]),
the particle's field reflected from the metal affects the particle itself, and the
particles’ fields affect each other through surface reflection. The last two types

include both evanescent and propagating modes.
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Figure 1 — (a) The scheme of an optical "tractor beam" using surface
plasmon polaritons [31], (b) scheme of optical binding implemented using due the
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Figure 2 — (a) Dependence of the optical force acting on one of the particles
from the distance between the particles, the incident wavelength is 350 nm. The
blue line denotes the force, taking into account the contribution of surface plasmon
polaritons, and the red line denotes the contribution of the propagating modes to
the optical force (for clarity, it is increased by a factor of 10). Hereinafter, all the
optical forces are normalized to the radiation pressure of a plane wave, F,. (b)
Dependence of the distance between the nearest equilibrium positions of particles
(blue circles) and of the period of surface plasmon polaritons (red line) on the

incident wavelength

Further (Figure 2 (a)), a brief analysis is provided of the optical force acting

on a particle in the pair of particles, which depends on the distance between them.
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Hereinafter, graphs are given for the particles with a radius of 15 nm and a

permittivity ¢, =3. One particle of the pair is "fixed" at the origin, while the other

one moves along one of the axes along the interface. When a plane wave falls on the
surface (here, we consider silver with properties from [32]), and the particles are
placed above this surface, the near field of each particle excites surface plasmon
polaritons (SPPs). If the dimer is oriented along the polarization of the incident
wave, i.e., along the SPP propagation, then in the space between the particles,
surface waves interfere, and electromagnetic field maxima are formed. Since the
particles are located close enough to the surface, the evanescent “tails” of the
described interference pattern create an intensity gradient sufficient for the optical
force to attract objects to the field maxima. The evanescent modes’ contributions
can be distinguished from the contributions of modes propagating in free space by
changing the upper limit of the wave vectors contributing to the angular
representation of Green's function [30]. As can be seen from Figure 2 (a) the SPP
interference defines the distance between the equilibrium positions of the particles,
and also increases the force of interaction tenfold. Figure 2 (b) serves as an addition
to the previously presented results. Thus, it can be seen that the distances between
the equilibrium positions of the particles are determined by the wave vector of the

surface plasmon polariton Ly, =27/ Re[kg, |, Where kg, is the component of the SPP

wavenumber directed along the interface between the media. Since the surface
plasmon-polariton at the air-silver interface is excited at wavelengths larger than 340
nm, the red and blue curves coincide only in this spectral region. It is also worth
noting that in this configuration, the equilibrium positions of the particles are stable
along both directions in the interface between the media and are located along the
SPP propagation, i.e., they coincide with the polarization of the incident radiation
(Figure 3).1t can be seen that the magnitude of the x-component of the optical force

Is several times greater than its y-component.
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Figure 3 — x- and y-components of the optical binding force, depending on the

position of a particle with respect to the other particle (placed at the origin)

Thus, in the third chapter of the thesis, transverse optical binding using the
interference of surface plasmon polaritons is considered. It was shown that a pair of
particles placed near the surface supporting SPP forms a stable coupled dimer with
the distance between the equilibrium positions of the particles defined by the SPP
wave vector. This enables the formation of stable dimers with distances between
particles much smaller than the radiation wavelength in free space, and even
overcoming the diffraction limit with the proper selection of the radiation parameters
and the material of the structure. Stable positions of particles are oriented along the
direction of polarization of the incident radiation, in contrast to optical binding in
free space, where such positions are perpendicular to the direction of wave
propagation and its polarization. In addition, the excitation of SPP significantly
increases the strength of optical binding, which leads to a resonant increase in the
stiffness of optical trapping of particles.

Based on the results of this chapter, one scientific statement was formulated,
and four articles were published.

The fourth chapter of the thesis the optical attraction of an object to the

radiation source, and optical binding of nanoparticles located near a hyperbolic

metamaterial, are considered.
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Hyperbolic metamaterials (HMM) are one-dimensional multilayer structures
consisting of alternating metal and dielectric subwavelength layers. Such materials
can be considered in the effective medium approximation with a diagonal

& 0O O

permittivity tensor | 0 &, 0 |, where the z-component is oriented perpendicular

0 0 ¢

2z

to the plane of the structure layers before the homogenization, and x-component is

oriented along the layers. In this case, the condition Re(e, ) <0, Re(e, ) >0 is fulfilled.

Unlike the above metals, HMMs can support SPPs and bulk (hyperbolic) modes
(hereinafter, HMs), which do not propagate in free space. From the dispersion
relation for the waves in an HMM, the component of the wave vector has the
form [33]:

kzZ :\/(kggzz_kf)g_xxv (2)
&

ZZ

here, k, is the wave number of the incident radiation, k, is the component of the

wave vector of the mode in the material, directed along the interfaces between the
layers. Based on the properties of a hyperbolic metamaterial, for the waves with

K, >k =Kon/E5» Ky Will be real, and for smaller k, it will be imaginary.

Consequently, in the case of an interface between the dielectric (free space) and the
metamaterial, three types of modes are formed: the one that propagate in free space

and do not propagate in the HMM (k, <k,); the ones that propagate neither in free
space nor in HMM, i.e., surface plasmon polaritons (k, <k, <k ); and those that do
not propagate in free space, and do propagate in the HMM (k, >k, ). Using the

reciprocal space representation of the Green's function, it is possible to estimate the
contribution of each of these modes to the optical force. And for the structures made
of a metamaterial of significant thickness, the contribution of hyperbolic modes can
be also obtained using the quasi-static approximation [34].

In the first part of the fourth chapter, transverse optical binding near a

hyperbolic metamaterial is analyzed. The considered scheme is similar to the one
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shown in Figure 1(b), and the only difference is that as an auxiliary structure,
multilayer subwavelength metal-dielectric structure (HMM) is considered. In the
study of the optical binding force in this case, the contributions of free space modes,
surface waves of the metamaterial, and bulk hyperbolic modes were also
distinguished. For simplicity, here we present the simulation results for an idealized
case where SPPs are not excited. This results can be obtained via effective-medium

approach if we choosek, <k,, k,<k,, 1.e. Re(¢,)<Re(g,), where ¢ is the
permittivity of the upper half-space; in our case, Re(s,)<Re(g,)=1. Using these

considerations, the effective parameters of the medium were chosen as
&, =—2+0.066i, ¢,, =0.5+0.0084i for the wavelength A, =920 nm.

Figure 4 shows the dependence of the optical force on the distance between
the particles. In the case of a semi-infinite metamaterial (Figure 4 (a)), hyperbolic
modes do not change the period of the binding force, which corresponds to the period
of binding in free space, but only increase the particle interaction force. The reason
is that HMs propagate into the bulk of the structure, forming a single field intensity
maximum near the particle, i.e., particles cannot interact with each other vie the HM.
However, the situation can change significantly if we consider an HMM slab of finite
thickness (Figure 4 (b)). Introducing an additional interface causes additional
re- reflections inside the structure, similar to Fabry-Perot resonances in a dielectric
waveguide. At the same time, additional electromagnetic field maxima are formed
at both interfaces, and their period depends on the HMM thickness and permittivity
of the material, which determines the open angle of the hyperbolic modes. Figure
4 (b) shows the optical binding force above a hyperbolic metamaterial slab of a
thickness d =4,/2 and d = 4,/8. For the thicker slab, no significant enhancement of

the particles’ interaction is observed, since HMs are absorbed in the bulk of the
material, and they reach the upper surface of the metamaterial again (after the

reflection from the lower face) with a significant attenuation.
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Figure 4 — Dependence of the optical binding force on the distance between the
particles near (a) a semi-infinite HMM (the blue line denotes the total optical force,
the black line denotes the contribution of free space modes, and the gray line
denotes the contribution of HM); (b) near a thin HMM slab (the blue dash-dotted

line denotes the slab thickness d = 4,/8; the gray dashed line marks the envelope
for d = 4,/8, and the solid blue line is for d = 4,/2,), where 4, is the wavelength of

the incident radiation in free space

At the same time, for the thin slab with d = 4, /8, the HM decay occurs slowly,

and the distances between the field maxima at the HMM boundary decrease. This is
reflected in the nature of the optical force acting on the particles. The distances
between the stable equilibrium positions of particles (shown in blue circles) are

defined by the modes of the dielectric waveguide with k,/k,=1.33, and they
determine the binding period L4 ~0.75%, (shown by the envelope gray dashed line)
and k,/k, =311, L4 ~0.32), (determines the distance between the nearest force
peaks). The particle interaction force itself increases by two orders of magnitude.
Additional calculations show that in the case of excitation of surface plasmon
polaritons at the HMM slab surface, the distance between stable positions can reach
not only subwavelength values (as shown above), but also deep sub-diffraction
values ( L,y =0.12% ). Specific periods of optical binding vary depending on the

dispersion characteristics of the used materials and the thickness of the considered
slab.
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In the case of optical binding near a semi-infinite metamaterial slab,
hyperbolic modes, even those that dominate in scattering, do not contribute to the
optical binding due to the lack of feedback (hyperbolic modes excited by one particle
do not interact with the other particle at distances significantly exceeding the particle
radii). In contrast, thin metamaterial slabs provide multiple reflections from the
boundaries, forming a set of highly localized regions with intensity gradients that
control the particles’ motion. In addition, mode analysis shows the predominant
effect of HM on optical binding, which leads to optical force increasing by several
orders of magnitude and to subwavelength arrangement of nanoparticles. Moreover,
the implementation of this phenomenon can significantly improve the characteristics
for optical interaction and provide control over broadband chromatic tuning of
optical binding parameters.

In the second part of this chapter, the oblique incidence of a plane wave on a
single dielectric particle located on the surface of a hyperbolic metamaterial is

considered (Figure 5).

Figure 5 — Diagram of the incidence of a plane wave on a single particle located

above a hyperbolic metamaterial

Similar to [31], the oblique incidence of a p-polarized wave leads to a
directional excitation of SPP, but at the same time, to an asymmetric excitation of
the bulk modes of the structure, each of which can contribute to the optical force. In
the main text of the thesis, cases with different values of the contribution of HMM

surface waves are presented. Here, we will focus on only one of the most interesting
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system behaviors determined by the HM influence. Let us consider the spectral
dependences of the transverse optical force acting on a single particle near a
hyperbolic metamaterial (Figure 6). Here, the positive value of the force corresponds
to the optical force acting in the direction of propagation of the incident wave, and
its negative value - to the opposite direction. It can be seen from the figures that the
optical “tractor beam” is mainly defined by the contribution of the volume modes of
the metamaterial; it is worth noting that the presented images are obtained for a
multilayer metal-dielectric structure with an upper layer of silver. The SPP at the
interface between the HMM and the upper half-space provides an additional

enhancement of the contribution of the metamaterial hyperbolic modes.
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Figure 6 — (a) Dependence of the optical force acting on a single particle near an
HMM on the wavelength and angle of incidence of radiation on the structure, 4.
(b) A slice of the spectral dependence of the optical force for the angle of incidence
0 =42". The contributions of the free-space and SPP modes are shown by yellow
and black lines, respectively (these contributions are increased by a factor of 10 for
clarity), and the red line denotes the total optical force. HMM is a multilayer
structure consisting of 6 periods of Ag [32] and glass with a refractive index, a

period of the structure is 20 nm, and the filling factor is 0.25

Thus, in this chapter it was shown that the introduction of hyperbolic
metamaterials into optical manipulation schemes enables “tractor beams” and
optical binding. The optical forces in such schemes are influenced not only by
surface plasmon polaritons, but also by hyperbolic volume modes of metamaterials.

Due to their dispersion characteristics, HMs with large wave vectors can provide
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additional channels of particle interaction and, therefore, significantly expand the
capabilities of optomechanical manipulation schemes.

Optical pulling forces were obtained in a wide spectral range. Hyperbolic
modes with a high density of electromagnetic states are the preferred channel for
scattering and are responsible for the broadband effect. This also leads to an
additional advantage over the case of optical manipulation near a single metal layer:
optical attraction can be achieved in the infrared spectral range.

Based on the results of this chapter, two scientific statements were formulated

and seven papers were published.

In the fifth chapter of the thesis, optical forces acting on the particles placed

above a one-dimensional photonic crystal are studied.

One-dimensional photonic crystals (1D PC), similar to the hyperbolic
metamaterials considered above, are multilayer structures; however, they consist of
dielectric layers with a period comparable to the wavelength of optical radiation.
Such structures can also support surface (BSW, Bloch surface waves) and bulk
modes.

Let us start by considering a single particle above the surface of a photonic
crystal, with an incident p-polarized plane wave (Figure 7). This scheme is similar
to that considered in the previous chapter; however, we should give more detail on
one of the PC features. As shown in [31], in the presented system, the optical force

acting on a single particle can be written as
2 k2 -+
+a, {1—0{0—622}
&y

where ¢ is the angle of incidence of a plane wave on the structure, «, is the

E/ E,

k k2 | 2| k2 .
F, ==2sin(6)Im| a, | 1-2, -G, -~ 1Im[ p;p, |Im3,G,, (3)
& &

polarizability of the particle in homogeneous space, ¢, is the vacuum permittivity,

G,. G, are the corresponding components of the dyadic Green's function, E?, are

XX !

the electric field components, p,, are the components of the induced dipole moment

of the particle, and ¢,G,, is the derivative of the corresponding component of the
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dyadic Green's function. The first component of the expression corresponds to the
radiation pressure on the effectively polarized particle, taking into account the
interaction with the photonic crystal, and the second component describes the self-
induced influence of the particle via the PC and includes the contributions of surface

F

and bulk modes. It can be seen that the force "x is negative when the second

2
component prevails: K lm[ P, pz] Imo,G,, >0, which in turn depends on the reflection
€y

coefficient of the incident wave from the structure, r?(#), through the phase
difference of the dipole moment components:

In1[p:p;]~|abf‘E°rsh1(29)hn[rp(9)]. (4)
For a photonic crystal Im[rp (9)] significantly changes with wavelength and angle

of incidence, and it reaches both positive and negative values. Thus, the phase
difference between the components of the dipole moment determines the direction

of propagation of the BSW, and, therefore, the sign of the optical force (Figure 7).
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Figure 7 — Schematic representation of a plane wave incident on a particle
located above the PC. Depending on the angle of incidence, the BSW is excited in
the direction (a) from the radiation source and (b) towards the radiation source, and

a component of the optical force F, arises, associated with the radiation response

Figure 8 shows the spectral dependence of the optical force and the imaginary

part of the reflectance and phase difference between p, and p, for a PC consisting
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of six periods of layers with thicknesses of d, =260nm and d, =320nm, refractive
indices n, =3.48 and n, =1.44, and the thickness of the upper layer is d, =100 nm. It

can be seen in the figure that the surface Bloch wave makes the main contribution
to the optical force; in addition, the direction of BSW propagation, and, therefore,
the direction of the optical force is determined by the imaginary part of the reflection
coefficient from the structure and the phase difference between the components of
the particle dipole moment. Negative values of the optical power coincide with a
positive phase difference, which corresponds to the areas in the figure highlighted

in red.
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Figure 8 — Spectral dependence of (a) the x-component of the optical force: the
blue curve denotes the force with the contributions from all modes, the black curve
denotes the contribution of the mode propagating in free space, and the gray curve

the contribution of the bulk modes of the structure; (b) the imaginary part of the
reflection coefficient from the structure (blue curve) and the phase difference

between the components of the particle dipole moment (black curve)

In contrast to the above cases of manipulating a particle using SPPs and HMs,
here, in several regions the optical force changes its sign. This property can be used
for accurate step-by-step sorting of particles with close resonant frequencies. Let us

consider the optical force acting on a "core-shell" particle with a silver shell 40 nm
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in radius, and with a core with permittivity __=2.3 and radius R

ore ore =39,36,37 NM
(Figure 9). When the radius of the particle core changes, the thickness of the metal
shell also changes, which leads to a shift in the resonance of the particle
polarizability. For a particle with a core 35 nm in radius, the resonance is far from
the considered spectral region, and the optical force is similar to the case with a non-
resonant particle. As the shell thickness decreases (and the core radius increases),
the resonance of the particle shifts to the long-wave region, and at the wavelengths
corresponding to the resonance of the particle, the sign of the optical force changes
to the opposite one. So, at a wavelength of 720 nm, a positive force will act on a
particle with a core radius of 36 nm, while a negative force will act on all the others;
a similar situation is observed for a particle with a core radius of 37 nm at a

wavelength of 800 nm.

550 600 650 700 750 800 850 900
Wavelength, nm

Figure 9 — Optical force acting on the "core-shell" particles for different sizes of

the core. The black line corresponds to the core radius R_, =35 nm, blue to 36 nm,

core

red to 37 nm

In addition, the possibility of realizing optical binding due to BSW was
investigated (Figure 10). As shown below, optical binding is provided in this case
by the interference of BSW, while the contributions of the modes propagating in the
photonic crystal or in the upper half-space are insignificant. In this case, the period
of the optical force (the distance between the equilibrium positions of the particles)
Is determined by the period of the BSW, and the force of interaction increases. This
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Is similar to the case of optical binding due to the interference of surface plasmon
polaritons near the metal; however, here, the interaction of particles virtually does
not weaken as the distance between them increases, since the losses in the dielectric

layers of a PC are much smaller than in metals.

— Total force
- Free-space modes contribution

== Volumetric modes contribution

Distance / A
Figure 10 — Optical binding of nanoparticles near a one-dimensional PC. The
black and gray lines show the contributions of the modes propagating in free space
and the bulk modes of the PC, and the blue line shows the optical force taking into

account all the types of modes, including those with BSW

Thus, we have considered the possibility of manipulating a nanoobject based on
rescattering of a Bloch surface wave near a one-dimensional photonic crystal.
Attraction to the source of light and repulsion from it was demonstrated, provided
by the appearance of the reactive force due to the directional excitation of the BSW.
In addition, it is possible to tune the sign and magnitude of the optical force by
changing either the angle of incidence or the radiation wavelength. Based on the
nature of the optical force, a sorting mechanism has been proposed to separate
particles according to their optical resonance position, for example, for core-shell
nanoparticles. Thus, particles with different ratios of core and shell thicknesses can
be sorted with high accuracy, which is provided by the optical response of the PC
structure and cannot be achieved by other traditional approaches. In addition, it was

shown that BSWs provide binding of particles in the direction of propagation with
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subwavelength distances between the stable positions of particles and increase the
strength of their interaction.
Based on the results of this chapter, one scientific statement was formulated and one

work was published.

In the conclusion, the main results are presented:

In the course of the work, an analytical model was created that allows
calculating the optical force acting on one or several particles near the interface
between the media, and estimating the contributions of various types of modes to
the optical force behaviour. Within the framework of this model, the optical forces
were analyzed acting on particles near: a plasmonic metal, a hyperbolic
metamaterial, and a one-dimensional photonic crystal.

1. It was shown that the interference of surface plasmon polaritons provides
stable optical binding of nanoparticles along the propagation of surface
waves. In this case, the force interaction increases by several times, and the
distances between the equilibrium positions of particles correspond to the

SPP period and can reach subwavelength values.

2. It was shown that the bulk modes of a hyperbolic metamaterial provide an
optical pulling force along the HMM surface acting towards the source of
light in a wide spectral range. They also provide optical binding of
nanoparticles, with deep subdiffraction distances between the particles and
the interaction force increased by order of magnitude in the case of using a

thin metamaterial slab.

3. It was shown that photonic crystals provide subwavelength optical binding
and optical pulling force. Due to the nature of the reflection from the

photonic crystal, it becomes possible to switch the direction of action of
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the optical force even in narrow spectral ranges, which can be applied for

sorting particles with close resonant frequencies.
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1. MaHunyJupoBaHue 00bEeKTAMM NPH
MOMOIIM ONITHYECKOT0 U3JIYYeHU A

1.10nTHyeckue cUJIbI M UX IPUMEHEHUE B COBPEMEHHOI HAyKe

OnTuyeckue CUibl HANUIA HIMPOKOE NMpUMeHeHHe B XX BeKe, XOTs BIEpPBbIC
NpUBJIEKIN cebe BHUMaHUEe HamHoro pausine. [Ipeanonoxxenne Moranna Kemepa 06
U3MEHEHUH TPACKTOPUU XBOCTOB KOMET MOJ JCHCTBUEM COJIHEUHOTO W3IIy4YCHHUS
(1619 r.) nayo TOIYOK U3YUCHHUIO ONITHUCCKUX CHII, XOTS M OBLIO BEPHBIM JIMIIb OTUACTH.
B cepenune 18-ro Beka ne Mepan u {1ode nonsITanuch U3BMEPUTH AaBICHUE U3TYUCHUS
B Ja0OpaTopuu, OJHAKO HE TOJYYMJIM BHATHBIX pe3ynbratoB. [lozmuee (1792 r.) A.
benner uccrnenoBan BIMSHUE CBeTa Ha Oymary, MOJBEIICHHYI0 Ha TOHKOM HUTH B
BaKyyMe, 1 HE CMOT TMOJATBEPAUTH CYIIECTBOBAHUE ONTUYECKUX CHI. B TO ke Bpems
pe3yJIbTaT 3TOr0 HKCHEPUMEHTa MO3BOJMJ CAENATh BBIBOABI B TOJIb3Y BOJHOBOM
IIPUPOJBI AJIEKTPOMAarHUTHOro usnydeHus. B 1825 roxy PpeHens mpoBeEn CEPUIO
HKCIIEPUMEHTOB U 3aKJIIOYWI, YTO HAOJII0aeMble UM CHJIbI HE UMEIOT MarHUTHOW WM
anexkTpuueckol mpuponsl. B 1873 romy VY. Kpykc npeamosioxun, 4to BpallleHHE
JonacTeu ero paaruomMerpa oOyciIOBIECHO AaBICHUEM U3ITyYE€HHUs, OJJHAKO BIIOCIEACTBUU
n3mepenus (nposenensl Kpykcom u L{€nnbHEepoMm) nmokas3anu BEJIMYMHBI B THICSYU Pa3
MIPEBOCXOSAIINE 0KUAAEMOE JABJICHUE CBETA.

B 1873 romy . MakcBe1 B paMKax 3JIEKTPOMarHUTHOM TEOPUH CBETA MOKa3all,
YTO JIaBJICHUE BO3HUKAET B pE3YyJIbTaT€ €ro OTPaKCHHsS WIH TMOIJIOIIECHUS H
MPEANOJIONKUI, UYTO CGHOKYCUPOBAHHBIE JTy4Yd OT DJIEKTPUYECKON JIaMIbl OKaXyT
CYIIECTBEHHOE [IaBJICHUE HAa METAJUIMYECKUN IUCK B Bakyyme. Uepe3 Tpu roja A.
bapronu cnenan BBIBOJABI O CYIIECTBOBAHWU JABJICHUS OT MOTOKOB DHEPTUU JIFOOBIX
BUJOB Ha OCHOBAaHWUM BTOpOro 3akoHa tepMoauHamukud. B 1900 u B 1901 romax
HesaBucumo apyr ot aApyra I1. H. Jlebenes [35], D.®. Hukosc u I'.®. Xymn [36] npoBesu
HKCIIEPUMEHTHI MO0 M3MEPEHUIO PAJAUAIIMOHHOTO JIABJIEHUS C TOMOIIbIO TOHKHUX
MeTtaummueckux (JIebemneB) u CTeKIISTHHBIX, TOKPBITBIX TOHKUM ciioeM cepebpa (Hukorc

u XyJul) JoNacTei, IPUKPEIUIEHHBIX K KPYTHIIbHBIM BecaMm. VccnenoBanusi IpOBOUIHCH
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npu pa3zauyHeix napamerpax, I[I. H. JleGexgeB cTporo cienoBal BbIBEICHHOM
MakcBemiom Teopuu, Torna kak Hwuxonc u Xyl ObITaquCh CBECTH TOTPEIIHOCTH
U3MEpPEHUd, OOyCIIOBJIEHHBIX HAaJM4YHMEeM raza B Kojbe, k MUHUMyMy. Tak, JleOenes
paccMaTpuBaj CUCTEMY MpH HU3KOM JaBJieHUHM, B TO BpeMsa kak Hukonc u Xy
paboTanu rnpu OOJIBIIKX JABICHUAX T'a3a, U3yUHB 3aBUCUMOCTD BIIUSHUA ra3a OT BPEMEHH
3aCBETKU CUCTEMBI.

D10 OBUIO TEpBOE TOJATBEPXKIACHUE TEOPUU JlaBlieHUS cBeTa Makcpeia,
c(OpMYJIUPOBAHHON B paMKaxX KJIACCUYECKOM 3JEKTPOJAMHAMHKUA. MHOro mo3xe, B
1970 rony, ApTyp AIIKUH NPOJIEMOHCTPUPOBAJ YCKOPEHUE U 3aXBaT MUKPOPA3MEPHBIX
YACTHIl TPU TOMOINM JIa3epHOro u3IydeHus [1] W mpenckazan NepCHeKTUBHOCTh
UCIIOJIb30BAHUSL TAKOW CXEMBbI JIJIsl MAHMUITYJIMPOBAHMS KUBBIMH KIJIETKAMH, aTOMAMH U
mosekyinamu. (CTOUT OTMETUTh, YTO NPHMEPHO B 3TO K€ BpEeMs IpyIa PyCCKUX
¢u3MKOB 1MOA pPyKOBOACTBOM Bmanunena JletoxoBa mpoBoJWiIa HUCCIEIOBAHUS IO
3aXBaTy W OXJIQKJCHUIO aTOMOB IPH IMOMOIIM ja3zepHoro uanydenus [37,38].) Ilox
JEMCTBUEM CBETOBOTO JIABJICHHMSI MUKPOYACTHIBI NMEPEMEIIAINCH BJIOJIb HAIPaBICHUS
pacnpocTpaHeHUs CBE€Ta OT OJMHOYHOIO MCTOYHHMKA, a MPH HCHOJIB30BAHUM JIBYX
IPOTUBOHANPABICHHBIX HCTOYHUKOB — 3aXBaThIBAIUCh B O0JACTH, TA€ JaBJICHUS
KOMITEHCUPOBAJIH JIpyr Apyra. [IpeanoxkeHHblil MeTO] TakKe OCHOBBIBAJICS Ha Iepeiaye
UMITYJIbCa U3IIYyYeHUS] OOBEKTY, OAHAKO JaIbHEHIINE UCCIEA0OBaHMS OKAa3au €Ile OJIHY
BO3MOKHOCTh 3aXBaTa 4acTHUI] CBeTOM. B cBoux mocneayromux padotax [3,4] Amikun
MPOJEMOHCTPUPOBAJ, YTO ONTHYECKUM 3aXBaT BO3MOXHO OCYIIECTBUTH MPHU MOMOIIH
OJIMHOYHOI'0 MCTOYHMKA H3JIyYEHHS, €CIU PaCIpPEACIICHUE 3JIEKTPOMAarHUTHOTO IOJIS
HEOJTHOPOJIHO. Y AalloCh CTAOMIIBHO YJIEP’KUBATh M MEpPEeMeIaTh YaCTHUIIbI C pa3MepaMu
0.1-10 MKM B TIyYKax C TayCCOBBIM paclpeesiecHueM MHTeHCHUBHOCTH [39], mpu 3ToM
NOPSIOK ONTUYECKOM CUJIbI B €AMHUIIBI TMKOHBIOTOHOB JOCTUTANICS JJI1 MUJIJIMBATTHON
MOIIIHOCTH JIa3€pHOT0 MCTOYHMKA. YacTUIbl 3aHMMalld PABHOBECHBIE MOJIOKEHUS B
00JacTAX € MAaKCUMaJlbHOM HMHTEHCHBHOCTBIO 3JIEKTPOMAarHUTHOTO TMOJs, B cllydae
BBICOKOH (DOKYCHPOBKH IyUKa y/IaBaJlOCh 3aXBATUTh YACTHUILYy BO BCEX TPEX MU3MEPEHUSIX
OJIHOBpeMeHHO. Tak ObUIM OTKpBITHI JABa BHJAA CHJI, JIEUCTBYIOIIMX Ha YacTULbI B

OINTNUYCCKUX IOJIIX, — CUJIa PACCCAHUSA (OHa JKC HaBJICHUA M3JTY4YCHUSA B OJHOPOJIHOM
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MPOCTPAHCTBE) U TpajueHTHas cuia. [I[puMeHeHre ONTHYEeCKUX CHJI ISl OXJIAXICHUS
[6,40] u 3axBara [41] HeliTpanbHBIX aTOMOB ObLIO OTMeueHO HoOeneBckoii npeMueii B
1997 romy, xpome Toro, B 2018 romy mpemusi Oblia TPHUCYXKIEHA 3a MPUMCHCHHE
ONTUYECKUX CUJI B OMOJIOTUYECKUX CUCTEMAX.

C xonma XX Beka ONTHYECKOEC MAaHHUIYJIUPOBAHHE OOBEKTAMH CTPEMUTEIHHO
pa3BUBAETCS KaK JJIsl UCCIIENOBaHUS (PyHIaMEHTAIbHBIX SBICHUN JJICKTPOMAarHETH3Ma,
TaK U JJIs1 CO3/IaHMs HOBBIX MOJIXO0/I0B K YIPABICHUIO MaTepueit. TO MO3BOJIMIIO CO3/1aTh
METOIMKH MPEIU3UOHHOTO YIPABIICHUS HAHO- U MUKPOOOBEKTaMHU, CPEIA pa3HOOOpa3us
KOTOPBIX CTOUT OTJIEJIbHO OTMETUTH

- 3aXBaT YaCTUIl IIPHU MOMOIIM ONTHUYECKOTO Jiyda C TPaJUEHTOM paclpeeIeHus
WHTCHCHBHOCTH (4allle BCEro rayccoB My4oK, peske — Diipu u beccens) [3];

- QUHAMHYECKHUi (rojorpaduveckuii) ontudeckuid nuHier [42—44], xoTopsblit
MO3BOJISIET 3aXBaThIBaTh YACTHIIBI B TPEX H3MEPCHMSIX, CO3JaBaTh MACCHUBBI YaCTHII,
COPTHUPOBATh W OTCICKMBATh HMX IEPEMEIIEHHe 3a CYEeT CO3JaHMS MHOXKECTBA
ONTUYECKUX JIOBYIIEK OT OJMHOYHOTO HWCTOYHHKA W3Iy4YEHUS TPU TTOMOIIH
JOTIOJTHUTEBHBIX THPPAKITUOHHBIX CUCTEM;

- ONTHYECCKHIA BOJIOKOHHBIM muHIET [45,46], OCHOBaHHBIN HAa B3aWMOJCHCTBHH
YaCTHII, PACIIOJIOKCHHBIX Ha BBIXO/IC ONITHYECKOTO BOJIOKHA (OTHO- WIIA ABYXMOIOBOTO),
C ero manydeHueM. Takke MPUMEHSETCS JJISI COPTUPOBKU M YHOPSIOUYMBAHUS JKUBBIX
KJIETOK M BKJIFOYAET B c€0s1 HECKOJIBKO peau3alliii C pa3HbIM KOJUYECTBOM ONMTHYECKUX
BOJIOKOH.

Ha ceromusmbuii neHs Onaromapss ONTHYECKUM CHJIAM CTald BO3MOXKHBIMH
yrpaBjiIeHWE YacCTHIAMHU pa3jMyHBIX pasmepoB, Gopm [47-51] u ¢ pasauyHBIMU
nokasaresiMu tipenomiienus [3,52], a Taxke paboTa ¢ OMOJOrHYECKUMU OOBEKTaMH,
HarpuMep, OJAMHOYHBIMU JKUBBIMH KJICTKaMH, BUpycamu U Oaktepusmu [4,5,39,53,54].
BbL1 paccMOTpeH psT HHTEPECHBIX 3a7a4d 00 ONTHYECKUX CHIIaX B CTPYKTYPHUPOBAHHBIX
nmy4Kax cliokHou (opmbl [8,55], B ToM umcIie, MO3BONISIONUX TOOWBATHCS BpaIlCHUS
qactur [56-59], ux npuTHKEeHUS K WCTOYHHMKY wu3nmydeHus [9,60,61], m maxe
ontudeckoro csa3piBanus [10,11,62].. CieayeT OTMETHTD, YTO PE3YJIbTaThl, IOJyUYECHHBIC

Ipru HMCCICAOBAHMU OITHYCCKUX CHII, JOKa3aJix CBOK IPHUMCHUMOCTL B o0iacTn
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OMOJIOTMH, KBAHTOBOM ONTHKM M CO3JaHUMM HOBBIX MarepuanoB. Tak, TO4YHOE
MaHUITYJIUPOBaHHE OMOJIOTMYECKUMHU MHUIIEHSMU TPU MOMOIIU ONTHYECKOTO 3axBaTa
o0ecrieunyio IMOHMMaHWE BHYTPHKJICTOYHBIX MOJICKYJISIPHBIX MporeccoB [63,64],
yIpaBJICHUE OTACIBHBIMHM KJIETKAMH IN VIVO TMO3BOJMIO KOHTPOJIMPOBATH KICTOUHYFO
TUHAMUKY [65—67]. st KBaHTOBBIX UCCIIEOBAaHUH, KaK YK€ TOBOPHIIOCH BHIIIIE, TAKUMH
NPWIOKCHUSAMH SIBJIITFOTCS  3aXBaT W OXJIAXJACHHWE artoMoB [6,7,41], co3manue
HAaHOMEXaHUYECKUX OCHMILIATOPOB [68], ynpaBieHne CIMHOBBIME COCTOSIHUAMU [69] u
npyrue. B3aumoseicTBue cBeTa C MEXaHMYECKHMMH pPE30HATOpaMH JIETJIO B OCHOBY
CO3/1aHUSl ONTOMEXAHUYECKUX CUCTEM, U3MEHSIOIINX CBOU F€OMETPUUECKUE MTapaMeTPhl
noj nedictBueM uainydeHus [70-72]. Onrtuueckue MUHICTBI 00ECIICYMBAIOT CO3/IaHHUEC
(cOOpKy) HaHO- 1 MUKPOCTPYKTYP B ONTO3IEKTPOHHBIX U OMO(OTOHHBIX YCTPOUCTBAX, a
TaK)Ke CO3JaHIEe MaCCUBOB HAaHO- U MUKPOCTPYKTYP, B TOM UUCIIE, B KUAKUX KpUCTAIIaxX
[73-77].

B nanHoi#t paboTe peub MOKAET O TaKUX d(PPEeKTax Kak ONTUYECKOE CBI3bIBAHUE U
OPUTSHKEHUE HAHOYACTUIl K MCTOYHMKY u3iydeHus. [Ipexxne uem mnepedTd k
OpPUTHHAIBLHBIM Pe3yJbTaTaM, Mbl 00CYTUM HECKOJBKO BaXKHBIX MOHATUH, OTHOCSAIIUXCS

K pa60Te OIITOMCXaHUYCCKHNX CHUCTCM.

1.293¢¢exkTUBHOCTH ONTHYECKUX JIOBYLIEK. ONTHYECKOE CBA3bIBAHNE

[Ipy wW3yyeHWHW  ONTHYECKUX TMHHIETOB YAOOHO BBECTH  BCIWYHUHY,
XapakTepu3yronyr 3¢h(OEKTUBHOCTh 3axBaTa OOBEKTA W BEPOSITHOCTH TOTO, YTO OH
MOKWHET OINTHWYECKYIO0 JIOBYIIKY. bBBIIO YCTaHOBJICHO, YTO YCTOWYMBBIA 3aXxBaT
OCYIIECTBJISIETCS B Cllydac TpagucHTa MHTCHCUBHOCTH TIOJIA, KOTOPBIA OOCCIICUMBACT
TIIyOMHY TMOTEHIIMAIBLHON SIMbI Ha TOPSIOK TPEBOCXOMSIIYI0 SHEPIHIO TEIJIOBOTO

asmwxennst dacturpsl (U >10k,T ) [3]. INotenmmanshyio sHepruro U B MakcuMmyme

MHTEHCUBHOCTU MOKHO IIPEICTaBUTh MO aHAJIOTUU C SHEPruel KoneOaHuil Mpy>KUHbI

U= (1.1)

rac AX - BeIMYMHA CMCIICHUSA YaCTUIbI U3 ITOJIOKCHNA PABHOBCCHA (Ha qacTuy HC

,HCﬁCTByeT OIITHUYCCKAasA CuJjia, AJIs1 rayCCOBOI'O ITydKa — ICHTP obnactu BaXBaTa), K -T.H.
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«GKECTKOCTBY», XapaKTepU3yET BEJIMUYMHY BO3BPAIIAIOLIEN CHIIBI, KOTOpas MOJECUCTBYET
Ha YacCTUIly IIPU CMELICHUH.

B mpocreimem ciaydae B3aUMOAECHCTBHS J1a3€PHOIO M3IIy4YEHHMS C TayCCOBBIM
npoduiieM ¢ OJUHOYHOM YacTUlled B CBOOOJHOM IMPOCTPAHCTBE KECTKOCTH 3axBaTa
3aBHCHUT OT MaKCHMaJIbHOW MHTEHCUBHOCTH IOJIA U pa3Mepa MiITHa (HOKYCHPOBKU. ITO
O3HAuYaeT, 4TO CTAaOWJIBHBIA 3aXBAaT HAHOYACTHUI[ MOXXET BBI3BIBATH MPOOJIEMBI, T. K.
o0nacTh (OKYCHUPOBKM OrpaHWYeHa JU(PPAKIMOHHBIM TMPEAEIOM, a BBICOKHE
MHTEHCUBHOCTU MOTYT MPUBOAWTH K IEPErpeBy yIpasisieMoro oobekrta. OpHaxo,
OTpaHUYCHMs] TIO0 pa3Mepy MsATHA (POKYCUPOBKH BO3MOXKHO OOOWTH, HCHONB3YSA
ABAaHECIEHTHbIE NOJiA. OHU HE MOTYT CYIIECTBOBAaTh B OJHOPOJHOM MPOCTPAHCTBE, U
BO3HMKAIOT, KaK MPaBUJIO, HA TpaHULAX paszesia cpeld, Oyap TO MIOCKAs MOBEPXHOCTh
WM HAHOCTPYKTYpa clIokHOU (hopmbl. JJig Takux 1oJied XOTs Obl 0JIHAa U3 KOMIIOHEHT
BOJIHOBOTO BEKTOpa sIBJIsIeTCS MHUMOU BenmunHou [30], uto obecrneunBaet 3aryxaHue
AJIIEKTPOMArHUTHOM BOJIHBI BJIOJIb JAHHOTO HampasiieHus. [Ipu 3ToM BOIHOBOE YHCIIO
TaKOU BOJIHBI OCTAE€TCSl PABHBIM 3HAYECHHIO B OJJHOPOJHOM MPOCTPAHCTBE, a OCTAJIbHBIE
KOMITOHEHTBI BOJTHOBOT'O BEKTOpA OCTAIOTCS IEHCTBUTEIbHBIMU YUCIAMU U TPEBOCXOASAT
BOJIHOBOE YKCJIO. IMEHHO 3TO CBOMCTBO U MCIOJIB3YETCS IS YIIYULIEHHOU JIOKAIU3aIUU
ONTUYECKUX IOJIEN B MaJIOM 00bEME MPOCTPAHCTBA U CO3AAHUMU ONTUYECKUX JIOBYILIEK C
OOJIBIIIMM TPAJMEHTOM HHTCHCUBHOCTH [12—16].

N3HayanbHO B Ka4yeCcTBE HWHCTPYMEHTa Uil YCUJIEHUS B3aUMOJECUCTBUS
AIIEKTPOMATrHUTHOTO M3JIY4YEHUsT C MaTepueld MCHOJIb30BAIUCH BCIIOMOTATENIbHbBIE
METAJUTMYECKUE CTPYKTYPbI, MOJIEPKUBAIOIINE JTOKAJIM30BAHHBIE U MOBEPXHOCTHBIC
mia3MoH-iosisipuTonbl (IITIIT) — dacTHBIN ciydail BaHECHEHTHBIX BOJH. Tak ObLI
pPacCMOTpPEeH 3axBaT OJHOM W HECKOJbKHMX MeTanueckux gactur [17,18], rme
COOCTBEHHBI OTKJIMK YaCTHUIBI TMO3BOJST A(h(EKTUBHEE B3aUMOJCHCTBOBATH C
U3ITy4eHHEM, a TaKXKEe MPUMEHEHUE BCIIOMOTATENbHBIX CTPYKTYPUPOBAHHBIX MAacCCHUBOB
METAJUIMYCCKUX JJIMEHTOB WJIM METAJUIMYeCKHX moBepxHocted [19-22], T. H.
IJIa3MOHHBIE ONTUYECKHE MUHIETHI, B KOTOPBIX HCCIEAYEeMasl YaCTHIIA 3aXBaThIBAJIACh
OJIMYKHUM MOJIEM MOUIOKKU. B citydae ucnonib30BaHUs METAJUTMUECKUX YACTHI B CXEMax

OIITHUYCCKOI'0 3axBaTa JIOKAJIM30BAHHLIC INNIASMOHHBIC PC30HAHCBHI YACTHIL ITO3BOJIAIOT



67

OTpaHUYUTh ONTHYECKHUE TMOJS B MajOM IPOCTPAHCTBE, OIPAaHUYEHHOM pa3MepaMu
UCIIOJIb3yeMOro 00beKTa. A B cliydae 3axBaTa JIUAJICKTPUUECKUX YaCTHIL (UTO SIBISIETCS
Oonee oOMM ciydyaeMm) BOJM3M METAUIMYECKUX MMOMIOXKEK - JUCIepcueit
PE30HAHCHBIMU CBOMCTBaMU TMOBEPXHOCTHBIX IUIA3MOH-TIONSIPUTOHOB. [IpuMeneHue
IUIa3MOHHBIX ~ CTPYKTYpP MO3BOJWIO  CYIIECTBEHHO PAaCHIMPUTh  BO3MOKHOCTH
ONTHUYECKOT0 MAaHHUITYJIUPOBAHUS, OJHAKO W B JIaHHOM CIIy4yae€ CYIIECTBOBAN psA
OTpaHUYCHHI: MHUHUMAJbHBIE pa3Mepbl CO37JaBa€MON METANIMYECKOH CTPYKTYpPHI
OTpaHUYEHbl  Pa3pElIEHUEM  CYIIECTBYIOMIMX  SKCIEPUMEHTAIBHBIX  YCTAHOBOK;
NOTPEOHOCTh B MAHUITYJIUPOBAHUU TUIIEKTPUUECKUMU 00BEKTaMU; OOJIbIINE TOTEPHU B
MeTajljiax, YTo MPUBOJUT K CYIIECTBEHHOMY HarpeBy YIIPaBJIIEMOIo OObEKTa U JIeNaeT
METOJ HENPUMEHUMBIM B OHOJOTMYECKUX HCCIEAOBAHUSAX; OTPAHUYEHHOE YHCIIO
CYLIECTBYIOIIMX IUIA3MOHHBIX MAaTE€pUalioB, YTO IO3BOJSET YNPABICHHE TOJIbKO Ha
ONPEJEICHHBIX PE30HAHCHBIX [JMHAX BOJIH, U COOTBETCTBEHHO YMEHBILIAET CIIEKTP
BO3MOJKHBIX MTPHUIIOKEHUH.

Bwmecte ¢ Tem, mocne OTKpBITUS ONTHYECKOIO MUHIIETa BO3HUKIIA TOTPEOHOCTH B
co3/laHuM OoJjiee TUOKUX CXEM YIIPaBJICHHS TMOJOKEHUEM 4YacTUll, B YaCTHOCTH,
MacCHBaMH YaCTHUIl U CO3JaHUS M3 HUX YIOPSIOYEHHBIX CTPYKTYyp. B 1989 rogy Onuna
NPe/IO’KEHA CXeMa JIJISl «CBS3BIBAaHHSI MATEpUH B oprann3oBaHHbIe hopmbl» [10], B ueMm-
TO CXOXas ¢ roJorpaduyecKuM ONTUYECKUM MUHIIETOM. MaciuTaOHOMY MCCIEI0BAHUIO
ONTUYECKOTO CBS3BIBAHUS IMOJIOKUJI Hadajlo 3KCHepuMeHT rpynnsl bépHca, @ypHbe u
['onoBuenko [10], mokasaBmmMi CIIOCOOHOCTh 4YAaCTHII K CaMOOPTaHU3ALMU IO
JeICTBUEM HECTPYKTypHpOBaHHOrO moiid. Tak, ObUIO MOKa3aHo, YTO MPU HOPMAIBHOM
NaJIeHUH BOJIHBI HA MACCUB MHUKPOCKOIHMUYECKHUX MOJUCTEPUHOBBIX cdep popmupyercs
UHTEpPPEPEHIIMOHHAST KapTHHA MEX]y MOJSMU, PACCETHHBIMHU KaXKI0M M3 YacTuil. 3a
CUET TOr0 BO3HUKAET CYIIECTBEHHAs ONTHUYECKas TpaJueHTHAasl CUJIa, HalpaBJIAoIas
YacTUI[bl B MAaKCUMyMbl HMHTEp(PEpEeHIIMOHHON KapTUHbL. Takoe B3auMojeicTBUE
ABJIETCS AAJIbHOACHCTBYIOUIUM, a 3HAK ONTHYECKOW CHIIbI KOJIEOJETCs ¢ MEpPUOJIoM,
KpaTHBIM JIJIMHE BOJIHBI MAJAIOUIET0 M3IIyYeHHUs, TaKUM 00pa3oM, YTO B MaKCUMyMax
MHTEHCUBHOCTH CHJIa PaBHA HYJIIO — MOJIOKEHUS PABHOBECHS YACTHI] — UTO MPUBOAUT K

(GOpMHPOBAHUIO MAaCCHUBOB CBSI3aHHBIX YaCTHI[ B OpPraHU30BaHHBIX ¢opmax (C
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MOCTOSIHHBIMU PAcCTOSHUSAMH Mex1y dactuiniamu). Ciyyau, B KOTOPBIX OINTHYECKOE
U3JIy4YCHUE PAaCHpOCTpaHsIeTCs MO HOPMAJM K OCH, COSAMHSIOUICH YacTUIIbl, Ha3BaIU
MOTIEPEYHBIM ONTHYECKUM CBSI3BIBAHMEM, a €CJIM HalpaBlIEHHUE PacIpOCTPAHECHUS
U3JTy4YCHUsI COBMAJAET C OCBIO, COCNUHSIONICH YaCTHUIlbl, - MPOAOIbHBIM ONTHYECKUM
cBsi3pIBaHueEM [78,79].

[Tpu monepeyHOM ONTHYECKOM CBS3BIBAHUU JABJICHHUE M3IyUYEHUS HE OKa3bIBACT
BJIIMSIHAE HA PACCTOSHUS MEXKIY YCTOHYMBBIMH TOJIOKEHUSIMHU YaCTHII, TOTAA KaK MPH
IPOAOIBLHOM TPUXOIUTCS HCIOJNB30BAaTh JOIMOJHUTENBHBI HCTOYHUK, YTOOBI HE
NO3BOJIUTh YaCTUIAM MOKUHYTh ONTHYECKYIO JOBYUIKY. B mepBoM skcrepumeHTe 1o
NOTIEPEYHOMY ONITUYECKOMY CBSI3bIBAHHUIO pacCMaTpuBajach CaMOOPraHU3allvs YacTHUI] B
KOJUTOMJIHOM pacTBOpe, NOMEIIEHHOM Ha TMoAnoXkKy. I[lpu oOmyuenum ob6pasia
OJMHOYHBIM  Iy4ykoM  OousiblIoro  Auamerpa  HaOmoganoch  (GOpMHUPOBAHHE
KPUCTAIUTMYECKONH CTPYKTYpbl B IICHTpE IydKa C MajbIMA PACCTOSHUSMU MEXITY
yactuamMu. Toraa ObUIO PElIeHO UCII0JIb30BaTh U3TyUEHUE, TPeoOpa3oBaHHOE B (OpMY
JEHTBI, C OAHOPOJHBIM paclpeAesieHUeM HHTEHCUBHOCTH. YacTHLbl CMEIalINCh K
MOBEPXHOCTH oOpasiia MojA IEHCTBHEM CHIIBI PACCESIHHS, W JIOKAIH30BBIBATUCH B
HOTIEPEYHON MIIOCKOCTH 3a CUET IrpaJlu€HTa HHTEHCUBHOCTH TOJISL, C YUYE€TOM PAaCCEsHUs

CB€TAa Ha 4YaCTUllax.
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B pabore TarapkoBoii wu np. [78] mnpencraBneHa HarisgHas —cxema
IPOCTPAHCTBEHHOIO  paclpeiesieHus HECKOJIBKMX  YaCTHI] nojue IBYX
POTUBOHANPABICHHBIX HEKOTepeHTHBIX My4KkoB (Pucynok 1.1). Obmacti pokycupoBKu
OBUIM CMEILIEHbI TAKUM 00Pa30M, UTO CUJIA IABJICHUS U3Iy4EHUs IPOTAIKUBAJIA YaCTULIbI
K TOJIOKCHHUIO MEXy (POKYyCaMU IyYKOB, IJI€ CHIIBI OT UCTOYHHUKOB KOMIIECHCHPOBAIN
npyr apyra. I'pagueHTHas cuia yAepKMBajla YacTHUIbl B IMONEPEYHOM IUIOCKOCTH,
JUaMETpPbl MYYKOB 3HAYUTENIBHO OOJbIIE, YEM HCHOJIb3YEMBIE [UIsI ONTUYECKOTO
nuHIETa. B 1IeHTpe JI0BYIIKM YaCcTUIbI HE COOMPATUCh BMECTE, 4 3aHUMAJIM PABHOBECHBIE

IMOJIOKCHUA C pACCTOAHHUAMHA B HCCKOJIBKO THAMCTPOB YaCTHII.

(a)

(6)

Pucynok 1.1 — IIpoionpHOE ONTHYECKOE CBSI3bIBAHUE B MOTEHIIMAIBHOM sIME,
00pa3oBaHHOM TTapOX MPOTUBOHAMPABIEHHBIX MMyYKOB. JKCIIEPUMEHTAJILHbIE TAHHBIC U

cxema pacnpezeneHus (a) AByx, (0) Tpex u (B) cemu vactuil [ 78]
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B »aTux OKCIICPUMCHTAX pacCMAaTpUBAJINCh MHUKPOHHBIC 4YaCTULBI, IIO3TOMY
PaCCTOAHUA MCKIAY HHUMH Ha IMPAKTHUKC HCUYUCILINCH HCCKOJIBKMMHU JJIMHAMHKW BOJIH
BBIHYKAAOOICTO H3JTyUYCHUA. HpI/I HCITIOJIb30BAHMN HAHOPAa3MCPHBIX 00BEKTOB TaKHe
PaCCTOAHUA MOTYT OBITH CYHICCTBCHHO MCHBIIC, U OI'PAHUYUBAIOTCSA I[I/I(bpaKHI/IOHHLIM

peesioM.

(a) (6)

Pucynox 1.2 — IlonepedHoe ONTHYECKOE CBSA3BIBAHKE MMAPHI INTA3MOHHBIX YaCTHIT

BOJIM3U JUAJICKTPUUECKON MOJIOKKH. () MPUHIIMIIMATIbHAs cxema; (0) n300paskeHus

WU3MEHCHHS PACCTOSIHUS MKy YaCTUIIAMU B Pa3HbIC MOMEHTHI BpeMeHH [18]

N3HayanbHO, ONTHYECKOE CBS3BIBAHUE TAKXKE UMEJO PsAJi OTPaHUYEHUM, OYEHb
CXOJIHBIX C OTPAaHMYCHHUSIMU ONTHUYECKOrO0 MHHIIETA. JTO U CJIOXKHOCTh 3axBaTa
HaHOYaCTHII, © HEBO3MO>KHOCTh BAPbUPOBATH PACCTOSHUS MEXKAY YaCTUIIAMHU U TIOJTy4YaTh
MJIOTHOYIAKOBAHHBIE CTPYKTYpPhl M3-3a MudpakiuoHHOro mnpenaena. OgHaKo, TaHHBIA
METO/I TTO3BOJISIIT OJTHOBPEMEHHO YIIPABIISITH OOJNBIIMMHA MAaCCUBAMU OOBEKTOB, TIPH STOM
HE TpeOOBa MPEABAPUTEIHLHOTO CTPYKTYPUPOBAHUS AJICKTPOMArHUTHOTO TMOTEHITMATA
(@ dexT nmeeT MeCTo U MO IEUCTBUEM IIJIOCKOW BOJTHBI), @ MPU U3MEHEHHUH MO0 KEHUS
OJHOM W3 YacCTHIl, BCIEI 3a HEWM CMEIAIuCh W OcCTajbHble. MHTEpEC K 3TOMY
HaIPaBJICHUIO TIPUBET K MOSBJICHUIO OOJIBIIIOTO KOJIUYECTBA UCCIICIOBAHUMN, B KOTOPBIX
ONTUYECKOE CBS3bIBAHWE HAOIIOANOCH JUJIi OOBEKTOB pa3IMYHBIX (pOpM U pa3MepoB
[11,62,80,81]. Cpenu HUX CTOUT OTACIBHO YHOMSHYTh pPabOTy MO ONTHYECKOMY
CBSI3BIBAHUIO MeTAJUIMYEeCKuX yacTuil [18], rae moka3aHo CyIIeCTBEHHOE YBEIHUYCHHE

CHJIBI BBaHMOHCﬁCTBHH qacTull 3a CUYCT JIOKAJIM30BAHHBIX IINIA3MOHHBIX PC30HAHCOB
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(Pucynok 1.2), onTHYeCKOMY CBSI3BIBAHHMIO YACTHUI] BOJIM3U TUICKTPUICCKOM MOIIIOKKH
[24], onTuveckoMy CBSI3BIBAHHMIO B TOJIC HE3aBHCHMO BO30YXJICHHOW 3BaHECIICHTHOM

BOJIHBI Ha TpaHuIle pasneia cpen [26].

1.3 OnTnyeckne «J1y4YH NPUTSIKEHHD)

Emé ogHnM MHTEpEeCHBIM MPUMEHEHHWEM ONTHYECKUX CHII SBIISICTCS pealu3aius
TaKOro KOHTPUHTYUTHUBHOTO SIBJICHUS KaK «JIy4d HOPUTSDKEHHUs» — O] JACHCTBUEM
ONITUYECKOM CHUITBI YACTHIIA ABMIKETCS MO HAMPABIECHUIO K ICTOYHHUKY M3JIy4YCHHUS, IPOTUB
pacmpocTpaHeHusl cBeTa. M3 oOmmX MPUHIMIIOB MEXaHW3Ma MepeJadyd UMITyJIbca OT
(GOTOHOB Marepuu CIEIyeT, 4YTO 4YacTHIa NOJ JEeHCTBUEM CBETOBOIO IIy4yKa C
OJTHOPOJIHBIM pacIpeieNieHNeM HHTCHCUBHOCTH Oy/IeT OTTaKUBATHCA OT UCTOYHHUKA 32
cu€T paIuallMOHHOTO JlaBiieHus. Ho Tak:ke BO3MOXKHO MOIU(PUIIMPOBATH pacpe/ieiIeHUE
nojiel B CHCTEME TakuM o0O0pa3oM, 4YTOObI IBMKEHHE MPOUCXOAMUIO B OOpaTHOM
HaIlpaBJIEHUH, KAK €CJIM YaCTULEH HCcITycKaeTcs 0oJiblie OTOHOB, YEM Ha HEE JEHCTBYET
u3HavaiabHO [82]. Hampumep, paccMaTpuBaTh B3aUMOJICHCTBHE CBETA C YaCTHIICH HE B
OJIHOPOJIHOM IPOCTPAHCTBE (TaK, HA TPaHUIAX pa3jesa JUIJIEeKTpuIeckux cpea dhdext
pPEaTM30BBIBAJICS 332 CYET Pa3HHIIBI MMITYyJIbCOB CBETa B pa3HbIX Marepuaiax [83]),
UCITIOJIB30BATh VISl MAHUITYJIMPOBAHUS OOBEKTHI CO CIIOKHBIM OTKJIMKOM WJTH KaKUM-TTHO0
o0pa3oM M3MEHATh XapaKTePUCTHKU BbIHYXAaromero wuanydenus [9,60,84,85].
HecMmoTpst Ha TO, 4TO BIIEpBBIC CXOXKHUM 3P PEKT ObLT onucaH B akyctuke [86], on Takxke
BbI3BaJl IIMPOKUH WHTEpEC B ONTHYECKUX HCCIEAOBaHMUIX, T. K. oOecredwmBal
JIOTIOJTHUTEIHHBIE BO3MOKHOCTH MTPH ONTHYECKOM MaHUITYJIMPOBAHUN O0BEKTAMHU.

Hlo pa6or 2011 roma KOHIEMIUS «OTPUIIATEIHHOTO CBETOBOTO JABJICHHS
oOcy Kaanach i cpel U3 Mmetamarepuaia [87], kpoMe Toro, ObLIa MpeIIoKeHa cXema ¢
IByMs. HMHTepGEpUPYIONIMMH  COHAIpaBlICHHBIMU Myukamu beccens [88], mnpu
u3MeHeHUu (a3bl CBETa, U, CIEJOBATEIBHO, MHTEP(PEPEHIIMOHHON KapTHHBI, YaCTUIIBI
NepPEeMEIANINCh B JIOBYIIIKE BJIOJIb PACIIPOCTPAHCHUS U3TYUYEHHS B 000MX HAIIPABIICHUSX.
B 2010 rogy 6b11u copMyIMpOBaHbBI YCIOBHS, MPU KOTOPHIX MOTYT 00€CHEUHBATHCA

«JIy4¥ TIPUTSHKCHUsD B Henudparupyrommx mydkax [85]. B nemnom nmeHHo OeccelneBbl
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(Hemudparupyromme) Mydkd ChITpad OCHOBHYIO POJIb Ha IEPBBIX 3Tamax H3yYeHUs
MEPEMEIICHUS YacTHIBl K HCTOYHHMKY wu3nydeHus. Tak, B 2011 romy mnokaszaHa
BO3MOXKHOCTh pEaM3aIlii ONTHYECKOW CHJIbI, TSIHYIIEH 4YacTUIy K HCTOYHHUKY
u3aydeHus: 0e3 paBHOBECHBIX ImojiokeHui [9]. B ocHOBe 3TOro SIBICHUS JICKHUT
MaKCUMU3AIMSI PACCESHHS YAaCTHUIIBl MO0 HANPABJICHHUIO TAJACHUS HW3IyYCHHS 3a CUYET
uHTEepPEPEHITMN  MYJIbTHUIIONBHBIX BKJIAJIOB B cHCTeMe. O(PHEKT MPUTIKCHUS
oOecrieunBaeTcs OJHOBPEMEHHBIM BO30YKICHHEM HECKOJIBKUX MYJIBTUIIONCH B YaCTHIIE
¥ MaJIOH MPOEKIIMEH MOTHOTO UMITYJIhca (J)OTOHA BIOJIL HAIIPABICHUS PACIIPOCTPAHCHHUSI
cera. Cxoxuii 3¢G@dEeKT I HemapaKCHaIbHBIX OECCENIeBBIX ITYyYKOB OBLI TaKkKe
npozaemMonctpupoad B [60]. Takske Obliia pacCMOTpeHa CUCTEMA, B KOTOPOM KpeMHHEBast
METAIOBEPXHOCTh MOAM(PUIIMPOBANIA TayCCOB IYYOK B CYNEPIO3MINIO S- U P-
MOJISIPU30BAHHBIX 0€CCENIeBBIX MYYKOB, UTO U 00ECIIEUUBAJIO MEPEMEIICHUE YAaCTUIIBI Ha
CyIIeCTBEHHBIC paccTosHuS [89].

Kak yxe TOBOpPWIOCH BBINIC, JUIsI YMNPABICHUS MHKPO- M HAHOOOBEKTAMH
MOCPEACTBOM ONTHYECKUX CHJI YacTO MCHOJIB3YIOTCS BCIIOMOTATEIbHBIE CTPYKTYPHI.
«JIyun mpuTsbKeHus» He cTanu uckinodeHueM [89-92]. OtaenbHO CTOUT BBIICIHUTD JIBE
paboThI, IMOCIY)KUBIINE OCHOBAaHUEM JUIS HCCICIOBAaHUN B JaHHOW JIHCCEpTaIluu
(Pucynok 1.3).

B 2013 romy Obulo MOKa3aHO, YTO YACTHIA, MTOMEIIEHHAs HaJ BOJIHOBOJHOMU
CTPYKTYpOH MOKET oOecredyrBaTh HaIlpaBJIEHHOE BO30YKJICHHE SJIEKTPOMArHUTHBIX
BoiH [93]. DTa cuTyanus okaszanach KpaWHE IEPCIICKTHBHOH C TOYKH 3PCHUS
IPUIIOKEHUS K ONTHYECKOMY MaHUIyIupoBaHuto. Tak, B 2015 romy 6b110 moka3aHo, 4To
IpH CMEHE TOJSAPHU3AIMH TAJAroNIero M3ydeHus (paBas WM JieBas ITUPKYJISpHA
MOJIApU3AIlMM)  BO3MOXKHO  TIOJIYYMTh  HANpaBJICHHOE  BO30Y)KJICHHE  MOJT
JUDJIEKTPUYECKOTO BOJHOBOJA W, KaK CJICACTBHE, PEAKTUBHYIO ONTHUYECKYIO CHIIYy B
IIPOTUBOIOJIOXKHOM Hamnpapiienuu [23]. B naHHOM citydae cieyeT OTMETHTh HECKOJIBKO
OCOOCHHOCTEH: YacTHUIla JIOJDKHA OBITh IUPKYJSIPHO TOJIIPU3YEMOH, 4TO 00CCIICUnBacT
BpaIeHne JUTOJIBHOTO MOMEHTA M HaIllpaBJICHHOE BO30YK/ICHUE BOJIHBI; IEPEMEIICHUE
YJACTHIIBI K MM OT UCTOYHHKA U3ITyYCHHs IPOUCXOIUT BIOJIb TPAHMIIBI pa3jieia Cpel, B

OTJIMYME OT NpeabLAYIUX cirydaeB. [IpakTnuecku B TO K€ BpeMsl BbIlLIa BTOpas padora,
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I7Ie paccMaTpUBAIOCh HAKJIOHHOE MaJieHUE IUIOCKOW P-TOJISPU30BAHHON BOJHBI Ha
JUTIOJIBHYIO YaCTHUIly HaJ METAJUTMYECKOW MOJI0KKON. 3/1eCh peakTUBHAsI ONTHYECKas
CHJIa TaKXKe HalpaBjieHa BJOJb TpAHUIBl pa3fesia JAByX cpea U 0oOyCIIOBJICHA
HaIpaBJICHHBIM BO30YXKJEHUEM IOBEPXHOCTHOro IutazMoH-noisiputona ([IIIII). B
OTJIMYME OT IpeablAyIel paboThl, KIIFOUEBYIO POJIb 3/1€Ch UTPAET HAKIOHHOE MaJCHHE
U3ITy4YEHHS], U CHJIa MEHSIET CBOE HAINPABJIEHUE U YMEHBIIAETCS MO aMIUIUTYJIE C YIJIOM

HaJICHUS WJIH )K€ OTJIaJICHUEM OT PE30HAHCHOTO yciioBus Bo30yxaenus [TITIT [31].

(6)
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Pucynoxk 1.3 — Peanuzanus «J1y4a NpuTSHKEHUS» BIOJIb TPAHUIIBI Pa3ziesa Cpel.
(a) 3a cuét HanpaBJIICHHOTO BO30YKAEHUS BOJHOBOHON MOJBI MO ACHCTBUEM
[UPKYJISIPHO TOJISPU30BaHHOTO M3nydeHus [23]; (0) 3a cyét HampaBICHHOTO
BO30Y>K/JIEHUS TOBEPXHOCTHOTO 11azMoH-niossiputona (I1I1I1) mox neiictBuem
HaKJIOHHOTO MaJeHUs IJIOCKOU P-TIOISIPU30BAHHOM BOJIHBI HA TUDJIEKTPUUECKYIO

gactuiyy [31]

B 3akitodueHne CTOUT OTMETUTh, 9TO 3PP EKT MPUTHKEHUS K UICTOYHHUKY U3TTyUCHUS
o0ecreynBaeT JOMOJHUTEIBHBIE BO3MOXKHOCTH JIJIsl YIIPABIICHUS HAHOOOBEKTAMU U YXKE
HAITd CBOE NMPHMEHEHHE NPHU TPAHCIOPTUPOBKE M COpTUpOBKe yactuil [55,94,95].
JlanHasi auccepraimoHHasi paboTa BBITIOJIHEHA B paMKaxX Pa3BUTHS TEMbI YIIPaBICHUS
HAaHOOOBEKTAMHM TIPH ITOMOIIHM 3BAaHECIICHTHBIX BOJIH Ha TPAHUIIC pa3jieia Cpell ¥ MOKET

OBITH YCJIIOBHO pa3jiejicHa Ha JBE I'PYIIbI: UCCICAOBAHUS ONTHUYECKOTO CBS3bIBAHUS U

cun nputskenus (Pucynok 1.4).
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MpuUTAXKeHMe YacTULbI K > ™" OonTuyeckoe
MCTOYHUKY Mpu ) B @ GS! -~ cBA3bIBaHME MpU
Hanpas/JeHHOM ) nomoLLu

8036y aeHuu MMN uHTeppepeHuun MMM

MpuUTAXeHne YacTULbl K
MCTOYHMKY MPU aCUMMETPUYHOM
B036YyKAeHUM rMNep6oanyecknx

Moz, MeTamaTtepuana

. OnTuyeckoe cBA3bIBaHUE
86131 runep6onuyeckoro
MeTamaTepuana

OnTuyeckoe cBA3bIBaHUE
4acTuy, Npu nomMmoLn
NOBEPXHOCTHbLIX BOMH bnoxa

MpUTANKEeHUE U OTTa/IKUBAHUE
Y4acTuubl OT UCTOYHUKA NpU
Hanpas/ieHHOM BOBﬁy)Kﬂ.eHMM
ﬂOBerHOCTHOVI BOJIHbI bioxa

Pucynok 1.4 — Cxemarndeckoe n300pakeHIE UCCIET0BaHU, MPOBEICHHBIX B

paMKax JUCCEPTAIMOHHON pabOThI
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2.MeToabl pac4éTa ONTHYECKHUX CHJI

B coBpemennnix  mpunoxenusx — [53,54,96,97]  TpeOyercs  TouHOE
MO3UIIMOHUPOBAHKUE YACTHUI] M UX MEPEMEIICHUE 10 CIOKHBIM TpaekTopusiMm. [Ipu s3Tom
pabota Ha HaHOMacmTabe 3acTaBisieT OTKa3aTbCsl OT TPOMO3JKUX DIEMEHTOB
ONTUYECKUX cXeM. YaCTUYHO TMOCTaBJICHHBIC 3aJlayd BO3MOKHO PEIIMTh BHECEHUEM
JIOTIONIHUTEIBHBIX ~ CTEMEeHe CcBOOOABI B  CHCTEMY, T. €. HCIHOJb30BaHUEM
BCIIOMOTATENbHBIX CTPYKTYpP, KOTOpbIE MOAW(DUIMPYIOT DJIEKTPOMArHUTHBIE TOJS B
[26,98-100]. JlocTaTOYHO WHTEPECHBIM M B TO € BpPEMsS MPOCTHIM B pealln3alluu
SBIISIETCSl Cllydal TUIOCKMX TPaHHUIl pazjaena cpea. HecMoTps Ha mpoCTOTy OmMucaHWs,
HAJIM4KME BTOPOU CPEIlbl MOXKET CYIIECTBEHHO M3MEHSTh XapaKTep ONTUYECKUX CHII U
N03BOJIIET HAOJII0JaTh MHOKECTBO ONITOMEXaHNYECKUX 3D (PEKTOB.

B »9Toif rmaBe MBI paccCMOTPUM METOABI Ui pacuéra ONTUYECKUX CHII,
JIEUCTBYIOIMX HA YACTHUIIBI BOJU3U MIJIOCKUX TPAHUI] pasjiesia Cpe/i: TEH30p HaINPsIKEHUN
MakcBemia; OUNOJIbHOE MPUOJIMKEHUE ISl ONTUYECKOM CHJIbl, YCPEIHEHHON IO
BpeMeHH;, MeToJ 3(h(EKTHBHBIX TOJEH, MOMyUYEeHHBIX Yepe3 CHEKTPAIbHOE YTIOBOE
paznoxxenue ¢pyHkuuu ['puHa. By ryT 3anucanbl OCHOBHBIC BBIPAKEHUS IJIs1 ONITUYECKOTO
CBSI3BIBAHUS TAphl YACTHUI[ W ONTHYECCKOW CHIIBI TIPUTSHKCHHS OJWHOYHOW YaCTHIIHI,

PACIIOJIOKEHHBIX HaJl TPAaHULEH pa3aesa AByX Cpell.

2.1Ten30p Hanpsizkenuii MakcBessia U Cuiia, ycpeIHEHHAS 110 BpeMeHH

[TosyunTh 3HaYE€HHE ONTUYECKON CHUJIbI, IEMCTBYIOLIECH HA MPOU3BOJIBHOE TEJO B
AIIEKTPOMArHUTHOM I0Jie (OT 2JIEMEHTAPHOTO CIydasi TIJIOCKON BOJHBI 10 KOMITJIEKCHBIX
MOJICH, BKIIFOYAIONIMX JIFOOBIC PAaCTIPOCTPAHSIONINECS U ABAHECIICHTHBIE KOMIIOHECHTHI)
BO3MOXXHO 4€pe3 TEeH30p HampsbkeHud MakcBesia. JTOT MOAXO0[ MO3BOJSIET OMUCATh
nepeadyy MeXaHW4YeCKOro UMITyJbCca OOBEKTY, MOMEIICHHOMY B 3JIEKTPOMAarHUTHOE
T0JIe, KaKuM OBl CJIOKHBIM OHO HH ObLTO. TEeH30p HaNpsHKEHU, 3aBUCSIIIUN OT BPEMEHH,

BBITJISLAMT ciemyronmm oopazom [30]
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T= {gong ®E+ pou ,HOH —%(gongz + o1t H Z)T} =

[ E? H? T (2.1)
gogm[Ef _7j+ﬂ0ﬂm(Hf _7J gongxEy +:uO:umeHy gOSmEsz +:u0/umeHz
. E . H?
gongxEyJ'_tuO:umeHy Eobm Ey_7 + Holly Hy_T EOSmEyEz"_tuO:umHsz
. E° . H?
gongsz"—:uO:umeHz gongyEz+:u0/umHsz Eo€m Ez _7 + UMy Hz _7

rac E - BCKTOP HAIPSKCHHOCTH JJICKTPHUYCCKOI'O I10JIA, H - BCKTOP HAIIPSKCHHOCTH

MarHuTHoro noist. E;, H, - koMnoHeHTsl BekTOpa, rae i =X, Y, Z. &, - AUIIEKTpUIEcKast
IIPOHULIAEMOCTh BaKyyMa, f{, - MarHUTHAs IOCTOSHHASA, &, M, - AUDIEKTpUYECKas U

MaravuTHas IIPOHHIOACMOCTH CpPCAbI, B KOTOpOﬁ pacCMaTpuBacCTCA SJICKTPOMATIHUTHOC
I10JIC (BHG O6’b€KTa). 3aBUCHUMOCTD BEJIUUMH OT BpPpCMCHHA { ¥ moJioxeHus B IMPOCTPAHCTBC

I OIIyIICHHI. Mexaandeckasi criia MOKET OBITh 3aITFCaHa Kak

(F)=[(7)-n(r)da 2.2)

ov
I7ie YyriIOoBbIMH CKOOKaMHM TOKa3aHO YCPEAHEHHE BEIMYUH IO MEPUOay KoJeOaHUi
AJIEKTPOMAarHUTHOrO MOJs; N - HOpPMalb K TOBEpXHOCTH OV , orpaHMuYMBaroueit
NPOM3BOJILHBIA 00bEM V BOKPYTr 0OBEKTa, CHJIy Ha KOTOPBIA MBI BhlUMCIsseM; da -
3JIEMEHTapHas IUIOLIa/IKa 3TOW MOBEPXHOCTU. BrIOOp MOBEPXHOCTH MHTEIPUPOBAHUS B
CUCTEME M3 HECKOJIbKMX JJIEMEHTOB TpeOyeT HEKOTOpPOl OCTOPOKHOCTH, OH JOJKEH
BKJIIOYATh B c€0sl TONBKO OOBEKT, CUJIbI HA KOTOPBI MBI paccuuThiBaeM. Hanpumep, B
IpocTeiIleM ciy4yae CUCTEMbl «4acTHLla +BOJIHOBOAHAS CTPYKTypa» OV HaxoAuTcs B
OJIHOPOJTHOM MPOCTPAHCTBE M HE MEPECEKAET IPaHully pasjena Cpei, IpU BBIYUCICHUN
K€ CUJIbI, IEUCTBYIOIIEH HA OJHY M3 Maphl YACTHULl, BHYTPH 00BEMA HAXOIUTCS TOJIBKO
BbIOpaHHas yactuua. [IpenmyiiecTBoM 3TOro Metoa SBISETCS TO, YTO B BBIPAXKEHUU
(2.2) HeT marepHaIbHBIX CBOWMCTB OOBEKTA, 3TH JAHHBIC BXOJST B 3HAYCHHS TIOJICH B
TeH3ope HampspbkeHuid MakcBemna. Kak yke roBopwiock Bbime, 00béM V' MOXHO
BBIOpaTh MPOU3BOJBHBIM 00pa3oM Kak B OJMKHEHW, Tak U B JaJbHEW 30HE OOBEKTa,
OJIHAKO €CTECTBEHHO CJIElyeT Yy4YWUThIBaTh M BHEUIHee (Majaroliee) M paccestHHOEe

00BEKTOM IIOJIE.
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Onucanne ONTUYECKUX CHJI Yepe3 TEeH30p HampspkeHud MakcBeiia 0COOCHHO
pacipoCTpaHEHO TMPHU YHCICHHBIX pacuérax CIIOKHBIX CHCTEM, HalmpUMep, B TaKHUX
nakerax HpHKIagHBIX nporpamMm kak COMSOL Multiphysics u Lumerical FDTD
Solutions. B 0GonbIIMHCTBE CITy4aeB BBIUMCICHUH MOXHO MCIIOJIB30BaTh MOJICIh
aOCONIFOTHO  TBEPIOrO Telda W HE  YYHTHIBATh  DJIEKTPOCTPUKIMOHHBIE U
MarHUTOCTPUKITMOHHBIE Y (DEKTHI.

Bripaxenue (2.2) 11 ONTUYECKON CHITBI MOXKET OBITh IOJIy4eHO B 00Jiee IBHOM U
TIOJITAIOIIEMCSI aHAIM3Y BHJIE, €CIM CYMTATh YaCTHINY JUIOJIbHOM. Toraa ycpeaHeHHas
110 BPEMEHH ONTHYECKas ChJja, ICHCTBYIOIIAs Ha YaCTHILY, B JUIOJIHLHOM MPUOIMKCHUN

MOJKeT ObITh 3anucana kak [30]:

F=%Re D BVE” |, i=xy,z (2.3)

rac pi - | -Tast KOMIIOHEHTA JUITIOJIBHOIO MOMEHTA [0 YaCTHUIHI, Eiloc - | -Tast KOMIIOHEHTA

JIOKAJIBHOTO TOJISI B TOYKE PACIIOJIOKEHUS JUMOJIA (LIEHTP YacThllbl). B ciydae Hamuyus
B CHUCTEME HECKOJbKMX 4YacTUI[ WA JOMOJHUTEIbHBIX JJIEMEHTOB, HAIPUMED,
IJIA3MOHHBIX TOBEPXHOCTEH M TMEPUOAMYECKUX CTPYKTYp ((OTOHHBIE KPUCTAILIBI,
MeTMaMaTepuasabl) B BBIPAKCHHUSAX [JIs JOKAJBLHOTO TMOJS W JUNOJHHOTO MOMEHTa
YacTUIbl, HAa KOTOPYIO JEWCTBYET ONTHYECKas CUJla, CIEAYEeT YYUTHIBATh
MHOKECTBEHHBIC MEePEPaACCESHUS U TIEPEOTPAKEHHS CBETA OT BCEX OOBEKTOB CUCTEMBI.
3necb U jJanee 00O3HAUYECHHE YCPEIHEHHs] 1O BpPEMEHM omylieHo. [ mockoi

na1afoIIeH BOJIHBI CHITY MOXHO TaKKe 3amucarth B cieayromieM Buze [30]:

! "
Q 2« 2
F:TOV(E"’C) +?°(E'°°) ) (2.4)
3nech HOJISIPU3YEMOCTD YaCTHUILIBI o, = o +iag 1MeeT BHL
_ s . — 3 &p " &m
a, 3 ;A =4y R P rae K - BOJHOBOE 4YHCJIO MAJAIOIIETO
: g, +2¢
1-1 a, P m

es
67,

u3Iy4eHus, R - paauyc chepuueckoii YacTuiibl, &, - TUIIEKTPUYECKast IPOHUI[AEMOCTh

qacTUulpl, &, - AUAJIEKTpUYECKas IMPOHUIAEMOCTh BHEIIHEH cpeapl. ¢ - dasa
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QJIICKTPHUYCCKOTI'O ITI0JIsA, 3aBHUCAIIAA OT BOJIHOBOI'O BCKTOpA HU3IIYUCHHA TaAKHUM 06pa30M,

yro V¢ =K. IlepBoe ciaraemoe B BbIpakeHUHU (2.4) ONMUCBHIBACT TPATUCHTHYIO CHILY,

KoTopasi OOyCIIOBJI€Ha HEOJHOPOAHBIM  MPOCTPAHCTBEHHBIM  pacIpeeIeHUEeM
AJEKTPOMArHUTHOTO  MOJISI W MNPONOPUHOHANbHA  JEHWCTBUTEIBHOM  4YacTH
MOJIIPU3YEMOCTH 4YacThllbl. BTopoe cnaraemoe — cuiia paccesiHus — OOyCIOBJIEHA
MIEPEHOCOM HMITYJIbCa JJIEKTPOMArHUTHOM BOJHBI HA YACTUIy W MPONOPUHOHAIbHA
MHHMOM 4YacTH MOJSPU3yeMOCTH 4YacTulbl. [loCKONBKY 3lech paccMaTpUBaeTCs
IIPOCTEUIIINH CITy4Yal JEUCTBUS INIOCKOU JMHENHO MOISPU30BAHHON BOJIHBI HA YACTHULLY,
TO CHUH-OPOMTAJIBHBIMH  B3aMMOJICHCTBHSAMH MOXXHO TpeHeOpeur [101]. U3

MMPUBCACHHOI'O BBIPpAKCHUA MOKXHO CACIIATH HCCKOJIBKO BBIBOJIOB! 1) JaCTHulbI C Sp > &

MNepEMCIIaOTCA B HAIIPABJICHHUN MaKCHUMaJIbHOM MHTCHCUBHOCTH IT10JIA 1o 1 ﬂCﬁCTBHCM

TPaJMEHTHON CUIIBL, JUISL &, < &, CUIIa HATIPABJICHA B 00OPATHYIO CTOPOHY (BBITAJKHBaHHUE

U3 JIOBYLIKH); 2) B OJHOPOJHOM IIOJ€ TUIOCKOM BOJHBI 0€3 UCIOIb30BaHUS
BCIIOMOTATENIbHBIX CTPYKTYp 4YacTHIla HE MOXET ObITh 3axBay€Ha B ONTHYECKYIO
JOBYIIKY, T.K. OTCYTCTBYET TpaJUEeHT ToJig; 3) CHJla paccesHus MepeMelaeT
MOTJIONIAOIIYIO0 JUIOJIBHYIO YaCcTHUIy B HAlpaBJICHUU PACOpPOCTPAaHEHHs Mois; 4) s
HETOTJIOMIAIOIIMX YaCTUI[ CHUJIa pacCesHUs CTPEMHUTCS K HYJII0; 5) CHIIBHO
c(hOKYCHPOBAHHBIN JIA3EPHBIA MyYOK MOXKET 3aXBAaTUTh YACTUILY B TPEX U3MEPEHUSIX, a
€CJIM MYYOK HEJOCTaTOYHO C(OKYCHPOBAH - YACTUIIA MOXKET OBITh BBITOJIKHYTa W3

JIOBYIIIKH CHIION paccesiHus.

2.201uH0YHAA YacTHIa BOJM3H rapHUIbI pa3jaesia cpes

PaccmoTpuM cuctemy, aHaJOTHUHYIO TipezcTaBicHHOM B padore [31] (Pucynok
2.1). IlycTph Ha yacTHILy, pacIoJIOKEHHYIO HaJl TUIOCKOM rpaHuLiel pa3ziena cpe, najaet
p-ToJIsipr30BaHHas BOJHA MOJ MPOM3BOJBHBIM yriaoM oT 0 go 90°. Ontuyeckyro cuity

MOYKHO TIpeJICTaBUTh B BUE (2.3) , T/Ie T0JIe B CUCTEME COCTOUT U3 IBYX KOMIIOHCHTOB:

E =E° +E° (2.5)
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rne E° orBeuaer 3a BKJIAN BBIHYKIAIOIIETO0 U3JIYyUYCHHUSI C YUYETOM €ro OTPaKEHHUS OT
rpanuipsl, a E* - 3a BKiIag B3aMMOIEHCTBUS pacCESHHOIO YaCTUIEH MO ¢ TPaHUIEH

paznena. E* ompenensierca dynkmueii I'puna.

Pucynox 2.1 — Cxema B3anMOJICHCTBHS OAMHOYHOM YaCTUIIBI C TPAaHUIIEH pa3jiera

cpen

3I[CCB CTOUT YUUTBIBATB, YTO I[HHOJIBHBIﬁ MOMCHT YaCTHIbI TAKKEC U3MCHACTCA I1O[,
I[GﬁCTBHGM OTPAKCHHOT'O OT I'pPaHHIbI pa3iciia U3IYyUCHUA OUIIOIA, YTO IIPHUBOIUT K

CaMOCOTJIaCOBAaHHOM 3ajiaue

2
p=ao(E0+ESi):ao E°+k—é(r0,r0)p (2.6)
‘9m‘90

rae K - BOJHOBOE YHCIO BEpXHETO MOJIYMPOCTPAHCTBA, G(ro,ro) - TEH30p (PYHKUIHUH

['puHa B cCHEKTpadbHOM YIJIOBOM TipeactaBieHun. G (ro 1o ) ONMCBHIBAET BIIMSTHUE
U3JIy4EHUs JUIIOJBbHON YaCTUIBI C IEHTPOM B KOOPAMHATAX Iy = X, Y,, Z, Ha IIOJI€ B 3TON

K€ TOYKEC IIOCJIC OTpAKXCHHUA OT I'paHUIbI pasaciia CpCEa. Tor;[a MOXHO ITOJYYHTb

BBIPpAKCHHUA JI1 JUIIOJIbHOIO MOMCHTA U IIOJISI B CUCTCMC B ABHOM BHAC!

2 -1

p=a,| -« G(r,r,)| E
gogm
2.7)
, ) E? E%cos@e™* (e™* - rP(Q) e"®)
E”=|T-0,—G(r,1,)| E°, E°=| 0 |= 0
£,E

m E? E%singe™® (g™ + rP(Q) e*®)
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-

| - egunnunas matpuma, € - yroia majcHUs BOJHBI B IUIOCKOCTH XZ, rp(H) -

KOO(QQHUIUCHT OTPaKCHUS JUIS P-TIOJSAPH30BAHHOM BOJHBL, K , - KOMIIOHEHTHI

BOJIHOBOT'O BEKTOPA.
[MoncraBisas 3TH BeIpakeHUs B (2.3), 3amuileM BBIPAKCHHS Ui TONEPEYHOM

COCTaBJIHIOHleﬁ ONTUYECKON CHUJIBI:

2 k?

_ 5 -1 -1
szlksin(e)lm a,|1-a, K G, ‘Ef +a,|1-a,—G,, ‘Ef
2 Eon Fo%n

- (2.8)

2

k? .
———1Im[ p;p, |Imo,G,.

Ogm

ITepBoe cnaraeMoe — JaBJI€HUE U3IIYUYEHHUS — COOTBETCTBYET ACHCTBUIO AJAOIICH
U OTpaXCHHOU BOJIH Ha 3(PPEKTUBHO MOJSIPU30BAHHBIN JTUIIOJNb, BCET/Ia HAPABIECHO OT
MCTOYHMKA (BemnuuHa Oouibilie HyIsi). BTopoe ciaraeMoe OnuchbiBaeT cCaMOHABEICHHOE
BJIMSTHUE YACTUIIBI Y€pPe3 MOIOKKY U BKIIIOYAET B ce0sl BKJIA]T OMMKHUX TOJICH YaCTHIIBI.
MIMeHHO B 3TOM BBIpaXXCHUU CONEPKUTCS OCHOBHAS MH(OpMaIUs 0 MOJIaXx CTPYKTYPHI B
HIDKHEM IIOJYTIPOCTPAHCTBE U UX BKJIAJE B ONTHYECKYIO CHITY. 3HAK, a CJIIEA0BATENBHO, U
HAIIPABJICHUE ATOM COCTABISAIOLICH ONTHUYECKOW CHJIBI 3aBUCUT OT JBYX MHOYKUTEJIEH:
(1) MuuMas yacth npousBoAHOW (GyHKUMU ['puHa, U (2) MHUMAas 4acTh MPOU3BENCHUS
KOMIIOHEHT AUIOJIbHBIX MOMEHTOB.

@Oyukius ['puna st oguHOYHON yacTuilbl umeeT Bu [30]

_— kr® —k’rP 0 0
Gt 1) = 5 'kz [ o wr-kr o et (2.9)
T
o 0 0 2k?2r®
r’,r° - Ko>pQUIHMEHTH OTpaKEHUS IO S- M P-IOJAPU30BAHHOTO H3JIyUEHHMS.

[TockonbKy pedb ueT 00 X-KOMIOHEHTE ONTHYECKON CHUITBI, PACCMOTPUM TOJBKO OJTHY
NpOU3BOIHYI0 PyHKIMU ['puHa
w 0 0 r°(k ke’
0.G(r,,r,)= s | 0 0 0 dk, (2.10)
T .
ol —rP(k ke 0 0
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B bopmyre (2.8) 0,G,, = ° (kYKo dk |

[ ()~ ki (k) ek,

j Zxpk2rPetingk
K,

2

“ 87zk2

WuTerpupoBaHue 1o nomnepeyHol KOMIIOHEHTE BOJTHOBOTO BEKTOPa K, MOXKHO pa3OUTh

) k
Ha HHTCPBAJIBI J‘ = j+
0 0

rne Kk, e[O,k] JUI  BKJIaJla PacHpOCTPaAHSIOUIAXCS

xe—38

HCOBAHCCICHTHBIX ) KOMIIOHCHT I10JIs1 AUIIOJISI B BEPXHEM I10 IIPOCTPAHCTBC k (S k,OO
s Ny

I BKJIada 9BAHCCHCHTHBIX KOMIIOHCHT IIOJISA JUITIOJIA. OTO T03BOJISIET OLICHUTD
3(1)(1)GKTI/IBHOCTB BBaHMOﬂGﬁCTBHH HJaCTHUIBbI C HO,Z[JIO)KKOﬁ C TOYKH 3PCHHUA OIITHICCKHUX

cuil. 3Hak 0,G,, Bcerzaa Ooublie HyJIs B CITydae, KOIrla 9BaHECIICHTHBIMU KOMIIOHEHTAMHU

MOTYT BO30YyXJaTbc OOBEMHBIE W/MIIM MOBEPXHOCTHBIE MOJbl HUYKHETO Marepuana
(oTHOCHTCS K ciayyaro Bo30OyxeHust OmkHuMu nossimu yactull [T 1 BonHOBOAHBIX
moj [23,31,102]).

MHuMasi 4acTb NPOU3BENCHHUS KOMIIOHEHT JUIIOIBHBIX MOMEHTOB, B CBOIO
odepesib, 3aBUCUT OT MHUMOM YacTu ko3(puiinenTa oTpakeHusi OT CTPYKTYpHI (T. €. OT

JJIMHBI BOJIHBI U YTJIa IAACHUSA I/I3queHI/IH):
Im| p;p, |~ |a0|2‘E°‘ZSin(2<9) Im[rp (0)e2ik°°s(9)z]. (2.11)

MakcuManbHBIH BKJIaJT B ONTHYECKYIO CHITY JOCTHUTaeTCsl MPH pa3sHOCTH (a3 Mexmy
KOMITOHCHTAMH JIMIIOJIBHOIO MOMEHTa B *7 /2, /2 COOTBETCTBYET MOSBICHHIO
NPUTSHKCHUS K MCTOYHHMKY H3iydeHus Baoiab OX, —z /2 ycuiuBaeT paaualroOHHOE

JAaBJICHUC W OTTAJIKMBACT YAaCTHILY. JIJ'ISI paln3anuu «Jiyda MNPUTAKCHHA» BCIMYHNHBI

0,G,, u Im[ P, pz] JOJDKHBI OBITH TOCTaTOYHO BEJIMKH, YTOOBI BTOPOE ClaraeMoe Io

MOJIYJIIO TIPEBOCXOMIO TiepBoe B BbipaxkeHun (2.8). J{i1si ManbIx pacCTOSHUNA MEXIy
LIEHTPOM YaCTHIIbl U MMOBEPXHOCTHIO SKCIOHEHTY MOXHO CUMTATh PAaBHOM €IMHULE, U
OTPAaHUYUTHCS aHAJIM30M MHUMOM 4YacTh KOI(PQPUIMEHTa OTpakeHusa. Takke u3
dopmysl (2.11) odeBUIHO, YTO MTPH HOPMAITEHOM IAJCHUN BOJHBI HA CTPYKTYPY BKIJIA]

9BAHCCHCHTHBIX MO OTCYTCTBYCT.
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2.3I1apa yacTui BOJIM3M rPaHUIBI Pa3/ieia cpea

AHanu3 ONTHYECKUX CHII, I[GﬁCTB}GOHlI/IX Ha IIapy 4YacTHIl BOJIM3HU I'paHHUIbI
pasaciia Cpea 3HAYUTCIIbHO CIIOKHCC ITPUBCACHHOTO B IIPCABLIAYIICM pa3ICiic, IOCKOJIbKY
MIPUXOUTCS pacCCMaTPpUBATh CIIE JBA KaHAJa B3aUMOJACHUCTBUSA. TakK, pe3yJIbTUPYIOIIECE
IIOJIC B CUCTEMC MOJKHO IIPCACTABUTDL B BUIC!:

E*=E°+E"+E" +E™, (2.12)
E . COOTBCTCTBYCT B3aUMHOMY BJIMAHUIO (I/I U3MCHCHHIO JUIIOJIbHBIX MOMCHTOB) qacCTHuI

JIPYT Ha JIpyTa B OJHOPOHOM TIpocTpaHcTBe, E™™ - B3auMHOMY BIIHSHMIO YaCTHI] Yepes3

OTpa’keHHE OT IpaHuIlsl pa3jeina (PucyHok 2.2).
ED

-
- -

Esubs

Pucynoxk 2.2 - Cxema B3anMOIeHCTBYSI TTApbl YaCHIl BOJIM3Y TPaHUIIL pas/esia

cpen

TOFI[a JAUITOJIbHBIC MOMCHTBI K&)I(I[Oﬁ M3 I1apbl YaCTHIL:

2

k2 ~ K ~ fs ~ subs
P, =y E"1+—G(r1,r1)p1+—(Gf (r,r,)+G*° (rl,rz))p2

gogm gogm

(2.13)

2 2

K ~ K ~ fs ~ subs
P, = a, E"2+—G(r2,r2)p2+—(Gf (r,,r,)+G** (rz,rl))p1

gogm gogm

Nuanexcet 1 m 2 cOOTBETCTBYIOT monoxeHMsM I, =(X,Y;,2), L =(X,Y, 2,),
G®(r,r,), manee G,, ommuchiBacT mome CoO31aBaeMoE NMIONEM P, B TOUKe I
(amanormano s G,;=G®(r,r)) 0e3 ydera B3auMOAEHCTBAS HacTHI Hepes

NepeoTpaKEeHNe OT TPaHuub pasfena cpex. G**(r,r,) manee G;7° omuceiBaer mome
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co3ziaBaeMoe JuIoNeM P, B Touke I, (amanormuno mis G3Y°=G*™(r,,r,)) 3a cuér
B3aHUMOJCHCTBHS YacTUIl 4Yepe3 IIEePeOTPAXCHHE OT TPaHWIBl pasiena Cpe.
Gi=G(r,rn) u G}, =G(r,r,) ananornuust dynkuun G(I,,I,) U3 npeaslLyLiero

pasaciia.
4 3 PCHICHUA CaMOCOIJIAaCOBAHHOM 3aJa4M IMOJIYYHUM JUIIOJIbHBIC MOMCHTBI YaCTHUIL:
2 K2 2 K2 . +
pi — T—%i —G|S|I _aOi N Gi1;5+subs T—%i _Gj; aolefTsubs x

gogm ‘90 gm gogm

(2.14)

2 -1

2
X ay E°'+k—éijs+5“bs T—0y,—G5 | a,,E” | j=12 i=21

‘90 gm ‘90 gm

PaccMoTpum mpocTedIIni  ciy4adl HOPMAJIBHOTO MAJEHUs CBETAa HA Mapy
01 02 0 ~ s ~ si ~ si
OIWHAKOBBIX 4YacTull o, =0, =0, 1 E-=E"=FE", G, =G,,=G". Torma sto

BBIPQKEHUE MOYKHO YIPOCTUTH, YUUTBIBAS, YTO Gi;m”bs = Gigs + GisjUbs ;
2 ) -1 -1

2
T ~ si 2 k = fs+subs | T k ~ si ~ fs+subs
pi={l-a,—G " —a,| — | G; | —a,——G" | Gy X

‘90 gm 80 gm

(2.15)

2 2 -1

XOZOEO T+k_éigs+subs T_aojk_ési a, |, j:1,2 i=2,l

Eon EoEn

Kak Oputo ckazaHo B TpeAplayIeM paszjeie, NpU HOPMaJIbHOM IaJeHUU

U3JTydeHHs Ha CTPYKTYpY BKJIaa G* B ONTHYECKYIO CHITy HE3HAYUTEIbHBIA — BO3MOXKHO
TOJIKO HECYIIECTBEHHOE YBEJIWYCHHUE AUIOJIBHOTO MOMEHTa 4acTullpl. [loaTomy mpu

aHaJIN3€ BJIUSHUS IJIOCKOU I'paHUIBI pa3acia Ha OIITHYCCKOC CBA3bIBAHUC YaCTHUIL MOXKHO
~ fs ~ subs
OIrpaHUYIUTBECA PACCMOTPCHHUCM BKJIaJ10B G un G . I[J'IH OoTpaxkarommx TI'paHUIL

paszena, a TeM OoJiee eClM YBAHECIICHTHBIE BOJHBI OT JUMOJBHBIX YaCTHUIl B BEPXHEM
MOJIyIIPOCTPAHCTBE TMPEOOPA30BBIBAIOTCS B PACHPOCTPAHSIOUIMECS 32 CYET T'PAaHULIBI

pasaena (cm. [23,31,103,104]), onTudeckoe CBA3BIBAHNE MOYKHO MPUOIMKEHHO OLCHUTh

gepes G
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0

7S subs _ L YE \/ i[kx(Xiij)+ky(yi*yj)+kz1(zi+zj)J
G —87Z2_H[M +MP e dk,dk,,
k2 —kk, 0
7S rs(kka ) g X2 y
M :k (k2 liz) _kxky kx 0 ! (216)
+
ZI\TX y I 0 0 0
- _rp(k k ) I kszl I(xkykzl kx(kf +k§)
MP =0t kkyky k7K, k, (k2 +k2)
ke(k; +k) g ) y2 , Y2 i y
V| ok (k2 kD) k(K2 +kD) (K2 +K2) Tk,

BCpXHUE HUHJCKCHI S, P 0003HAYaIoT KOB(l)(i)I/IIII/IGHTBI OTPpAKCHUA U IIOABIHTCTPAJIbHBIC

MaTpHIbI 1] S- U P-IIOJISIPU30BAHHBIX BOJIH. kzl COOTBCTCTBYCT KOMIIOHCHTC BOJIHOBOT'O

BEKTOpa B BEpXHEM MOJynpocTpaHcTBe. B Beipaxkenusx (2.16), (2.9) u (2.10)
KO PUIIMEHTHI OTpaKEHUsT OTMEUEHa 3aBUCHUMOCTh OT IOMEPEYHBIX KOMIIOHEHT
BOJIHOBOT'O BEKTOPA, T.€. BRIUUCIISICTCS OTPAXKEHUE KaK JJIsl pACIIPOCTPAHSIOIINXCS, TaK U
JUISL OBAHECIEHTHBIX KOMIIOHEHT (B 3aBUCUMOCTH OT TONEPEYHON KOMIIOHEHTHI
BOJIHOBOTO BekTopa). B BhipakeHnu (2.11) xkodpHIMEHT OTpaKeHHsS OIMHCHIBACT
B3aMMO/ICHCTBUE BHEIIIHETO U3JIYYEHUS CO CTPYKTYpOW U 3aBUCHUT OT yTJia najeHus. B
JAHHOM KOHTEKCTE CJIElyeT OTMETUTh, YTO IJIs1 OTPaXEHUs OT TPaHMIIbl pasjelia
OJHOPOAHBIX cpea (MeTaul, TUNEpOOTUYECKH MeTaMarepual B MNPUOIMKEHUU
addexTrBHON cpespl) B paboTe UCTHOJIb30BaIuCh K03 duimenTsl OpeHes, Toraa Kak
JUTSL OTPAKEHUSI OT MHOTOCIIOMHBIX CTPYKTYP ((DOTOHHBIN KPUCTAILI, TUTIEPOOTNIECKUI
MeTamaTepuan) — Metoa MaTpuil paccesaus [105,106].

OyHkuusg ['puHa 11 B3aUMOAECHCTBUS YACTHUILl Y€pEe3 MEPEOTPAKECHUSA, KaK U B
NpEeAbIIyIIEM pa3lielie, MO3BOJIAET pa3AeiUTh BKIAbl PACHPOCTPAHSIONIUXCA U

9BAHCCHCHTHBIX KOMIIOHCHT IT0JISI B OIITHYCCKYIO CHUITY.



85

3.0nTu4eckoe CBSI3bIBAHME MPH MOMOIIH
UHTEep(epeHIINN MOBEPXHOCTHBIX
IJIA3MOH-TIOJIAPUTOHOB

Onrtrueckoe CBS3BIBAHUE B OCHOBHOM pEAIM3YETCA IS MUKPOYACTHL, €ro
3G ()EKTUBHOCTh CYIIECTBEHHO CHIDKAETCSI C YMEHBIIEHUEM pa3Mepa OOBEKTOB.
[TockonbKy OCHOBHOW MeXaHH3M (OPMUPOBAHUS CTPYKTYPHPOBAHHOTO IMOTEHIIMATA —

I/IHTep(i)epeHHI/IiI PaCCCAHHBIX oJjeu qacTul, KCCTKOCTb 3axBaTa 4YaCTHUIBI B

PABHOBECHOM TI0JIOKEHHUH 0OPaTHO TIPOIIOPIMOHANBHA pafguycy dacTunsl ~ R°. Takum
oOpa3oM, IJIi YCTOMYMBOTO 3axBaTa W (POPMHUPOBAHHUS YIOPSAOYEHHBIX KIACTEPOB
CyOBOJTHOBBIX YaCTHUI TPEOYIOTCS ONTHUYECKHE MOJS BBICOKMX MHTEHCHUBHOCTEH. JTO
OrpaHUYCHUE MOKHO 00OMTH MCIOJIb30BaHUEM pe3oHaHCHbIX yacTull [18,107,108] wim
(dbopMHpOBaHHEM MaKCHMYMOB MHTCHCHBHOCTH Ha HepoBHOW moepxHoctu [109,110].
Kpome Toro, wHTEepecHoi 3amadeil siBisieTcss (OpMUPOBAHHE KIACTEPOB YACTHUI[ C
CyOBOJTHOBBIMHM PACCTOSHUSIMH, T. €. MPEOJOJCHUS TU(PaKIMOHHOTO Tpezaena. JTa
npoOsiemMa OOBIYHO peIIaeTCs TMOMEIICHHEM YacTHUIl B HE3aBUCHUMO BO30YKJICHHBIE
9BaHECIICHTHBIC MmoJIst 1Mo cxeMe Kpeumana [26,111].

B »sT0i1 1maBe OyaeT paccCMOTPEHO TOMEPEYHOE ONTHYECKOE CBS3bIBAHUE
HAHOYACTHUII 32 CYET MHTEPPEPEHITMN MOBEPXHOCTHBIX Ia3MoH-mosiputonoB (III1IT).
[Tapa mUANEKTPUYECKUX YACTHI] pacCMaTPHUBAETCS BOJIM3M IJIOCKOW TpAaHMIIBI pasjeria
Cpel METaUI-AUAJICKTPUK, W OJIMKHUE TOJs KaXIOW W3 YacTHI] O00YyCIIaBIMBAIOT
B0o30yxnenue IIIIII. B nanHom ciiyyae He TpeOyercs mpumeHeHue cxem OTTO WiH
Kpeumana, 4To CyIIecTBEHHO yIPOIIAET PacCMAaTPUBACMYIO CHCTEMY IO aHAJIOTHH C
W3BECTHBIM CJIy4aeM B3aWMOJICHCTBHS YaCTHI[ BOJM3HM IUAJICKTPHUYECKOro cios [24].
Takxe, B OTIMYME OT MPEeAbIAYIIMX ciydaeB [26,111], rae sBaHECIICHTHBIC OIS
SIBJITFOTCS TIO CYTH BHEIITHUMH JIJIS1 YACTHI, 3/I€Ch PEIIAeTCsl CaMOCOTIIacCOBaHHAs 3a/1a4ua

c usmeHenueMm (assl [I1I1 npu cmeriennn XoTst Ob1 OJJHOM U3 YACTHIL.
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3.1Bausinue  MeTa/LUIMYecKOl  MOBePXHOCTH Ha  3PPEeKTUBHYIO
NOJISIPU3YEMOCTh YACTHI

PaCCMOTpI/IM mapy AIUSJICKTPHUYCCKUX YaCTHUIl, ITOMCIICHHBIX BOJIM3H TIIIOCKOM

METAJUINYECKON MOBEPXHOCTH C TUDIIEKTPUYECKON IPOHULIAEMOCTBIO &, TIOJ] ACHCTBUEM

m10ckoi BosHBI (Pucynok 3.1). PasnuyHbie THITBI B3aMMOIEHCTBUN YacTHI] (OTTMCAHHbBIE

B IIPEABIAYIIEM pasfiere) 0003HaYeHBI Yepe3 COOTBETCTBYomue GyHknuu [ 'puHa.

Pucynok 3.1 - B3aumoieficTBre mapsl 4acTUIl BOJIM3M IpaHUIIA pa3jierna

METaJII (85 ) -AH3IeKTPUK (gm) [112]

JIns HOpMaNbHOIO NANEHUS IUIOCKOW P-IOJSPU30BAHHON BOJIHBI BBIPAXKEHUE

(2.15) no3BossieT BBECTH MOHATHE YPPEKTUBHOMN MONSIPU3YEMOCTH YaCTHIIBI, €CITH HET
0
HaOera (a3l MeX Ay yacTuliamu st E-.

loc <eff =0
p,=a,E" =a E°,

ff T kz ~ si k2 ’ ~ f bs| T ~ si h ~ f b
&ie — | —0!0 GSI _ag Gijs+su S | _ao GSI GlTsu S x (31)
Evén Eom EoEnm

2

2
X T+k—égs+s“bs T—aoj—éSi a, |, j=12 i=21.

80‘9m gogm

Tenepb NONAAPU3YEMOCTH SIBISIETCS TEH30POM U BKJIIOYAET B ceOs: 1) caMoHaBeneHHOe
JNEHUCTBHE YACTHUILBI Yepe3 NOMJIO0XKKY; 2) B3aUMOJEHCTBHE 4YaCTUL B BEPXHEM
MOJYIPOCTPAHCTBE M Yepe3 MOIOKKY. Bo30ykaeHne MOBEpXHOCTHBIX IJIa3MOH-

nonsiputoHoB (I1III1) Bouser Ha oba 3T KOMMOHEHTa mojspuzyemoctu. Jlyis Gosee
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2 -1
TOYHOTO aHaiu3a BhyiemuM &° ° =a,|1-a,—G® | ., KoTopas COOTBETCTByeT

o
U3MEHEHUI0 3 (EKTUBHOM MONAPU3YEMOCTH OJUHOYHON YaCTUIIBI TIPU B3aUMOICHCTBUU
C TOJJIOKKOM, TOrjma Kak o"z?ﬂ TaK)K€ BKJIIOYAET B ce0s B3aUMOJICUCTBUS MEXKIY
yactunamu. Ha Pucynke 3.2 nmokasanbl 1eicTBUTENbHAS. 1 MHUMAs 4acTH () (PEKTUBHBIX
MOJISIPU3YEMOCTEN &?ﬂ's (IITpuxoBasi JIMHUA) U o"z?ﬁ (crutomHast JUHMS) JJIS CiIydas

cepeOpsIHOM MOUIOKKHU ¢ AUIIEKTPUUECKOHM MpoHULaeMocThio &, [32]. MoxHO BHIETS,

4yT0 3(pPEKTUBHBIE MOJIAPU3YEMOCTH UMEIOT PE30HAHC HA JJIMHE BOIHBI OKOJIO 350 HM.

(a) 044

Re(a™)

Imik,,.Vk

00 T
A, HM

300 400 500 GO0 700
A, HM

Pucynox 3.2 - CriexTpsl (a) 1eicTBUTEIBHOM U (0) MHIUMOM YacTel xx-
KOMIOHEHTHI TEH30POB 3((DEKTUBHOM MOJIAPU3yEMOCTH &fﬁ * (CUHSS IITPUXOBAs
JIUHUS) U &?ﬁ (KpacHas CIUIONIHAs JIMHUS ) TOKA3aHbl BMECTE C MOJSPU3YEMOCTHIO

OJMHOYHO 4aCTHUIbl B CBOOOIHOM IIPOCTPAHCTBE (, (4epHAasl IyHKTUPHAsI JIUHUS).
Tonspu3yeMoCTH HOPMUPOBaHbI Ha 47£,R® 1 TIocuMTaHbI 1715 chepuaecKux
HaHo4acTull ¢ paguycom R =15 nwm, &, = 3, pacIoJIOKEHHBIX HaJ TOIOKKON B
z =20 um. BeraBka nokassiBaet 3aBucumocts nepuoza I Ly, =27/ Re(Kg,,) 1
MHHMO# yacT BoHOBOTO BekTopa [T Kepp OT ATTMHBI BOTHBI H3ITy4YEeHUS B BEpXHEM

noaynpoctpancTse [112]
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N3 BcTraBku Ha PrucyHke 3.2 Takke BUIHO, YTO 3TO COBIAJAET C YCIOBUEM PE30HAHCHOTO
B0o30y>xaenus [I1I1 va rpanuie pasgena Bo3myx-cepeOpo, U OMUCHIBAECTCS YCIOBHEM

RE[&'S (C())] +1=0 . Kak HN3BCCTHO, TAKOC COOTHOIICHUC COOTBCTCTBYCT MAKCHUMAJIbHOMY

3HaueHHI0 BoiHOBoro Bekropa I K, =K./&(&, +1), ecnmu audmekTprdeckas
MPOHUIIAEMOCTh BEPXHETO MONYHNPOCTPaHCTBA &, =1. CyIIeCTBEHHOE YBEIHMYCHHE

MHUMOW 4acTd H(P(PEKTUBHONW MONAPU3YEMOCTH CBHUICTEIBCTBYET O CHIBHOM

nepepacCcCcsaHnnun CBCTAa B HOBerHOCTHBIfI IJIa3MOH-IIOJIAPHUTOH.

3.20nTH4ecKoe CBA3LIBAHNE YaCTHI BOJIM3H MeTaJLj1a

OmnpenenuB 3¢pQPEKTUBHbIE TOJIAPU3YEMOCTH U AUMOJIbHBIE MOMEHTBI YacCTHIL,
MOYKHO TOJTyYUTh ONTUYECKYIO CHITy (BbIpaxkeHHe (2.3)), TeHCTBYIONIYIO Ha KOKIYIO U3
yacThll CUCTeMbl. B nanpHeimem OyaeM TOBOPHUTH TOJBKO 00 ONTHYECKOW CHIIE,
JeHCTBYIOIIEN Ha BTOPYIO YacTHUILy, TOT/1a KaK IIepBasi COBMEILIEHA C Ha4aJOM KOOPAUHAT
B tuiockoct XV. LleHTphl 00enx 4acTuil HaXOIATCSA Ha OJIMHAKOBOM PACCTOSIHUU Z OT
noBepxHocTu. J[is TOoro urToObl OINpeneauTb PAaBHOBECHBIE TOJIOKEHHUSI YaCTHUIIbI
OCTPOUM 3aBHUCHUMOCTb X-KOMIIOHEHThI ONTUYECKOM CHJIbI KaK (DYHKIUIO OT PaCCTOSIHUS
Mexay dactunamu x (Pucynok 3.3 (a)). Bennunna HopMupoBaHa Ha CHITy ONTHYECKOTO

JABJICHUS, JEHUCTBYIONIYID Ha Ty JK€ 4YacTUIly B CBOOOJHOM TIPOCTPAHCTBE
1 0 2 0
F =Ek|ma0‘E ‘ (oTpakeHHE OT MOJUIOKKH B BBIpOXCHHH I mojii E- 3mech He

YUHUTBIBAETCS). MOXKHO BUAETH, YTO CHJIA U3MEHSETCS M0 MEPUOJUUYECKOMY 3aKOHY C
pacCTOSHUEM  MEXAY  YacTHIAMHU. 910 0OBsICHSETCS (dbopmHpoBaHUEM
UHTEPPEPEHIIMOHHON KApTUHBI BOJM3M METAUIMYeCKOM moBepXHOCTU. HyreBbie
3HAQYEHUS OINTHYECKOM CWIIBI COOTBETCTBYIOT MAaKCMMyMaM HMHTEHCUBHOCTH IIOJISI U
0003HAYalOT PAaBHOBECHBIE MOJIOXKEHUS 4YacTULl (YCTOMYMBOE PAaBHOBECHE OTMEUYEHO
LBETHBIMHU TOYKAMH U COOTBETCTBYET MOSIBJICHUIO BO3BPAILAIONIEH CUIIBI IIPU CMELIEHUN
YAaCTULIbI, U HEyCTOMYMBOE, B IIPOTUBHOM ClIy4yae, OTMEUYEHO OenbiMu TouKamu). Ilpu

BSaHMOHCﬁCTBHH qcpe3 OVOKHHUE TIOJIS HaCTUObI IPUTATUBAIOTCA OAPYT K APYTY, 3a CUCT
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B3aMMOJICHCTBUS TUNOJbHBIX MOMEHTOB, YTO COOTBETCTBYET OTPULIATEIIBHOW BETNYUHE
B JieBOM wyactu rpaduka. Jmg Toro urobnl omnpenenuts poas IIIIIT B cume
B3aMMOJICUCTBHS YaCTHI] Mbl MCKIIIOUMJIN WX BKJIAQJ MyTEM WHTETPUPOBAHUS (DYHKITIH
['puHa TONMBKO TO MOJaM CBOOOJHOTO MPOCTpaHCTBa (IMoMepeyHass KOMIIOHEHTa

BOJIHOBOTO BeKTOpa orpanuduBaercs K, <K, 11 uHTErprpoBaHus 1o BceM MoaaM K,

)-

BXOJHUT BO BTOPOC CllaracMoc

o — 8

k
0

~e— 8
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Pucynox 3.3 - (a) x-kOMIOHEHTa ONTHYECKOM CruTbl. CIIIONIHAS CUHSS JTUHUS
COOTBETCTBYET CUJIE, IOCYUTAHHOU C YUETOM BCEX KaHAJIOB B3auMoaeucteus. KpacHas
MITPUXOBAsS JTUHUS 0003HAYAET B3aMMO/JICHCTBHUE YACTHUI] B TOM K€ HaIllpaBJICHUU B
OJIHOPOJHOM CBOOOIHOM MpocTpaHcTBe. L{BeTHBIMU TOUKaMu 0003HAUYEHBI TTOJIOKEHUS
YCTOMYMBOTO PaBHOBECHUS YaCTHIL (TIPU CMEIIEHUH JACHCTBYET BO3BpAIlAtOIIas CHIIa),
OeJIbIMU — HEYCTOMUUBOTO. (0) )-KOMIIOHEHTa ONTHYECKOU CUJIBI IEMOHCTPUPYET
CTAOMJIBHOCTh ONTHYECKOTr0 CBsA3bIBaHMs BA0Jb OY. CruiouiHas CUHSAS U IITPUXOBas
KpacHasi JINHUU OIKCHIBAIOT B3aUMOICHCTBHE C YUETOM U 0€3 B3auMOIEHCTBUS YaCcTHULL
yepes [T ayis nonoxkenuii paBHoBecus, 0003HaUeHHbIX Kak 1 u 2 Ha (a). ['paduxu
MOCTPOCHBI JIJIS JTMHBI BOJIHBI H3JIyYCHHS B CBOOOTHOM TTpocTpancTBe A =350 HM.
3HauYCHUSI CUJIbI, TIOKA3aHHBIC KPACHOW IMITPUXOBOM JIMHKUEH yBenudeHsbI B (a) 10 u (0)
20 pa3 coOTBETCTBEHHO. (B) PaccTostHus Mex 1y OIMKaIIMMU TTOJIOKEHUSIMU

yCTOMUMBOr0O paBHOBECHS, IT0JIyueHHbIE U3 (a) B cpaBHEHUU ¢ L., =27 / Re(kg,,) . (1)

CpaBHEHHE ONTHYECKON CHIIbI, MOCUMTAHHOW MPU MOMOLIH HuaaHon ¢pyHkuuu ['puna ¢

nanaeiMu COMSOL Multiphysics [112]
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B orTcyrcTBHE MOBEPXHOCTHBIX IJIA3MOH-TIOJIIPUTOHOB  CHJIa  B3aUMOJIEUCTBUS
YMEHBIIAETCS Ha TMOPSJAOK, a MEpUOJl CUJIbI (PacCTOSHUE MEXIY MOJIOKEHUSIMU
YCTOMYMBOI'O PaBHOBECHSI) YBEJIIMUYMBAETCS U COOTBETCTBYET JUIMHE BOJIHBI U3ITyUYECHHS B
BEpPXHEM MOIYNPOCTPaHCTBE. bosee Toro, nojaoKeHus paBHOBECHU S, OTMEUEHHBIE CUHUM,
CTaOWJIBHBI OTHOCUTENILHO HANIPABICHUH X U Y, YTO OTJIMYACT 3TOT CIIy4aii OT CBA3BIBAHUSA
Y4acTHIl B CBOOOTHOM MPOCTpaHCTBE. B OTCYTCTBHE MIIa3MOHHOM TpaHMIIbI pa3jienia cpea
B Hamed koHpurypauuu (GopMUpOBaHME MacCHMBa 4YacTHI[ HaOI0aanoch Obl
TIepHeHANKYIApHO HANPABIEHUIO MOMAPH3ANMM Majaromero mimyderns E°. OmHako
Bo30Oyxnaenue IIIIII 3actaBnsier (QopmMupoBaTh yCTOWYUBBIE MOJIOKEHUS YACTHUIl B
MakCUMyMaX  WHTEepGEpEHIIMOHHOW  KapTHUHBI, T. €. BJIOJb  HaIpaBJICHUS

pacnipoctpanenus I Pucynok 3.3 (6) niumocTpupyeT 3aBUCUMOCTS Cuitbl F, BOIM3M

ITOJIOXKCHUA YCTOﬁqHBOFO PaBHOBCCHS OT yIJla B HOHGpG‘lHOﬁ IINTIOCKOCTH (CM. BCTaBKY).

3aBUCUMOCTb IIEpUOJA ONTUYECKOro CBA3bIBaHMA U nepuona IITIII (LSPP) oT

JUTMHBI BOJTHBI TIAJAFOIIETO M3TydeHus Mmoka3aHa Ha Pucynke 3.3 (B). Ilox mepuomom
ONTUYECKOTO CBSI3bIBAHUS TOHHUMAETCS PACCTOSIHUE MEXIY ABYyMS OMMmKallmmMu
MOJIOKEHUSIMA  YCTOMYMBOTO paBHOBecusi yactuilbl. Korga ycioBue BO30YyXKACHUS

MOBEPXHOCTHON  BOJIHBI  BBIMOJHSACTCS (12350 HM), nepuoj  OMNpenenseTcs

napametpamu [IIIII, uro oOecreunBaeT paccTOSHUS CYIIECTBEHHO MEHBIIWE, YEM B
CBOOOJHOM IPOCTPAHCTBE. DTO CYIIECTBEHHO oOTiaMyaetcs oT paborer [107], rae
pPacCMOTpPEHBI ONTHUYECKHE CHJIBI MEXAY Mapold 4YacTUll HaJ METaUInYecKOn
MOBEPXHOCTHIO B PEKUME B3aUMOCHCTBHS ONMIKHUX MOJIEH YaCTHIL.

Hamm pe3ynbTaTsl MOATBEPKIAIOTCS YHCIECHHBIM MOJEIMPOBAHUEM B IaKETe
COMSOL Multiphysics (Pucynoxk 3.3 (r), KpacHast KpuBasi), cujia OblLIa BEIYUCIICHA TTPH
MOMOIIIM HMHTETPUPOBAHMS TEH30pa HampspkeHud MakcBemia 1o chepudeckoi
MOBEPXHOCTH, OKPY>Kalolllel yacTuily. BeipaskeHust, HoJydeHHbIE TPU TOMOIIY (PYHKIIUU
['puHa, XOpOIIO COINAcylTCs C YHMCICHHBIMU JaHHBIMH JaK€ Ha PACCTOSHUSAX,
CPaBHUMBIX C pa3MepaMH HaHodacTul. B gaHHOW KoH(Urypauuu, IUMOJIBHOE
NpUOIMIKEHUE OKA3bIBAETCSl JOCTATOYHBIM, MYJIBTUIIOJIBHBIE KOMIIOHEHTBI BBICHIMX

MOPAAKOB HC BHOCAT CYIICCTBCHHOI'O BKJIa/ld B OIITUYCCKYIO CHITY, YTO IIOATBCPIKIACHO
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pe3yJbTaTaMu MOZCTUpOoBaHus U JaHHbIMU U3 [113]. Bosiee Toro, Hamu OBLIO OTYYCHO

npubIM3UTENIbHOE BhIpaxkeHue /i Bkiaga [T B ontuueckyro cuiy:

3 2
F.=z|p| Re %Hl‘”(ksppx) xexp(—Im(k,)z). (3.2)

3nech K, =+k?—kZ,, k,, =&k’ —kZ, z-xkommonenTs Bektopa I B BepxHeM

1
TOTYTIPOCTPAaHCTBE U B MeTasie cooTsercTenno. HY(q) - dynkuus Xaukens mepsoro
poJia IepBOro nopsAjaka, P, - X-KOMIIOHEHTa AMIIOJIBHOTO MOMEHTA YacTullsl. B naHHOM

cnydyae ¢yHkuus XaHkens onuckiBaer moay [T, Bo30yXIeHHYHO IUIOJBLHBIM
MOMEHTOM YAaCTHUIIbI, U PACIPOCTPAHSIONIYIOCS BIOJb T'paHULBl pa3nena cpen. Hymm
(YHKIIUH COOTBETCTBYIOT PAaBHOBECHBIM IOJIOKEHUSM B ONTHYECKOM CBSI3BIBAaHUU. Z-
KOMIIOHEHTA BOJIHOBOTO BEKTOpPA SIBJISIETCA KOMIUIEKCHOW BeIW4YMHOM, Tak kak [ITIIT —
JIOKJIM30BaHHAs BOJIHA, U SKCIIOHEHTA OTBEYAET 3aTYXaHUIO CBSI3U JUITOJIBHOTO MOMEHTA
c [IIIII ¢ yBenmnueHnEM pacCTOAHUSA MEXKTY YACTULIEH U METAJUNIMYECKON ITOBEPXHOCTHIO.

Beipakenue (3.2) ObLIO MOJMYYCHO NMPUMEHEHHUEM HHTETpalibHOW TeopeMbl Komm k
dbyskupm T'puaa G™ (ypasrenue (2.16)), 3amucanHoil uepe3 ¢GyHKImm bBeccens B

HMJIMHAPUYECKUX KoopauHaTtax cM. [Ipumnoxenue A.

OTOeNnbHO CTOMT OTMETUTH, YTO NPHU IOINEPEYHOM OINTUYECKOM CBSI3BIBAHUH B
CBOOOJHOM TIPOCTPAHCTBE HET TOJIO)KEHUH YCTOMYMBOIO paBHOBECHUS BJOJb
HanpasieHus x [11]. Dra pasHuia Mexay CBSI3bIBAHHEM B CBOOOJHOM MPOCTPAHCTBE U
npu niomoru IIIIT moxxer ObITH OOBACHEHA pa3HUIIEH AUArpaMM paCCESHUS TPU
cBsi3biBaHMM 3a cU€T poToHOB U [IIII1. Pucynok 3.4 wumrocTpupyeT mpoCTpaHCTBEHHOE
pacnpeieseHue NONEePEYHbIX KOMIIOHEHT ONTHYECKON CUIIbl. MOYXHO BUIETh U3MEHEHUS
UHTEPPEPEHIIMOHHON KapTHUHBI MPU BKIOYEHUU B CUCTEMY BIMSHUS MOBEPXHOCTHBIX
M1a3MOH-TIONIIPUTOHOB. Kak M3BECTHO, OINTUYECKOE CBS3bIBAHME B CBOOOJHOM
IPOCTPaHCTBE (DOPMUPYET MONOKEHHSI YCTOMUMBOIO paBHOBECHS MEPHEHAUKYISIPHO K
NOJISIpU3alMi MaJarolie BOJHBI B COOTBETCTBHM C JIMarpaMMOM HAmpaBlIEHHOCTH
m3nyuennst aunois (Pucynok 3.4 (a, 6)). Onrtuueckoe CBSI3BIBAHWE TIPU TIOMOIIU
untepdepenuu IIIII1, nanpotus, obecrneynBaeT cTabuiabHbIE KOH(YUTypalMu BIOJb

noJjsipu3anvii, T. €. B HaIIpaBJICHHH, B KOTOPOM pPaCIpOCTPaHAIOTCA IOBCPXHOCTHLIC



93

Mozel (Pucynok 3.4 (B, 1)). Takyke OTMETHM, YTO aMIUIUTYJIa ONITUYECKOTO CBSI3bIBAHUS

Bo3pacTtaeT npu Bo30yxaeHuu TTI1I1.

S (a) (6) 0.8
= 04 F - 04
C 02 Fx y M- '
C y N 0
oM ] /

L.y ey

-0.6 -0.8

°B ®) (r) 2
= ? I:x FY 1
E y (( ” 7 \ 0
O ; \\ /, P

5 2

800 400 0 400 800 (HM)
Pucynok 3.4 - JIBymepHbie KapThl cuil F, ¥ F), 17 ONTHYECKOTO CBA3BIBAHUS
BOJIM3M METAJUIMYECKOU MOBEPXHOCTU U B CBOOOTHOM MpOCTpaHCTBE. PazHble
HaIpPaBJIEHHOCTh IMAarpPaMM PacCEsIHHs 00ECIEUNBAIOT PA3TUYHYI0 OPUEHTAIUIO
MOJIOKEHUHN YCTOWYMBOTO paBHOBecHS. berasi 001acTh COOTBETCTBYET OOJBIITUM
aMIUTUTYJ]aM ONTHUYECKUX CHJI TPH COJMMKEHUH YacTull, paanyc Takux odnacteit 100 Hm, u

Ha JJAHHBIX PACCTOSIHUSAX OTCYTCTBYIOT MOJIOKEHHUs paBHOBecHs [112]

3.37KecTKOCTH ONITHYECKOTO CBSI3bIBAHMS
BaxupiM  mapaMeTpoMm,  XapakTEpPU3YIOUIMM  YCTOMYMBOCTH  ITOJOKEHUU

PABHOBCCHA ABJIACTCA KECTKOCTh ONTHYECKOro 3axmara. Kak roBOpHUJIOCH BLIIIC, B
PAaBHOBCCHLIX IMOJIOXCHHAX, CHIIA, ﬂeﬁCTBYIOmaH Ha KOKAYIO U3 YaCTHIL, paBHA HYJIO,
HO, ITpH CMCIICHUH YaCTHUIIbI, BOZHUKACT BO3Bpalliaronias Crujia:

F, =—x, aX (3.3)

K, - JKXCCTKOCTb BJOJIb HAIIPABJICHUS X. O,Z[HaKO, 9TO l'IpI/I6JII/I)K€HI/I€ YUYUTBIBACT TOJIBKO

IrpaIu€HTHYIO KOMIIOHCHTY ONTUYECKON CHIIBI U HGﬁCTByeT TOJIBKO BOJIM3H IOJIOKEHUM
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PaBHOBCCHA (O6HaCTI>, rac HpI/I6J'II/I}KCHHO MOXHO 3aIIucaTtb MNOTCHIMAJI

BeipakeHueM (1.1)). Mbl paccMaTpruBaeM HAHOYACTHIIBI CYIICCTBEHHO MEHBIIIHME JTUHBI
3
BOJIHBI, JJII KOTOPBIX Im(oceff )= (a2 / /1) < Re(oceff ), TakuM 00pa3oM, CHJION

paccesaHusd, KOTOpas IIPOIopHrOHaIbHA MHHMMON 4YacTH NoJIpU3yCMOCTH YaCTHIIbI,
MOXHO HpCHC6pC‘-IB. KECTKOCTL ONTHMYECKOIO CBSI3LIBAHUS 3aBUCHUT OT MEXaHHU3Ma
B33HMO,Z[CI>'ICTBPI$I qacTul, U, KaK BUJHO U3 PI/ICYHKa 35, YBCIINYNBACTCA 3a CU€T BKJIaJda

[IIIII. beina mocTpoeHa creKTpajibHas 3aBUCUMOCTD KECTKOCTH K, IIEPBOTO IOJI0KECHHS

paBHOBECHUA OJIA Pa3JIMYHBIX paCCTOHHI/Iﬁ MCXKIY YacTHOaAMH W MCTAJIJIOM. YtoO05I
HCKIIIOYHUTD 3aBUCMMOCTDb OT HHTCHCUBHOCTH HaKa4YKH, BCJIIMYHMHA ObLIa HOPMHUPOBAHA HAa

Kk, =F,/ R - xéctkocTb cucremsl, B KOTOpoii cuia naBineHus F; neicTByer Ha yactully,

CMEILEHHYIO U3 PAaBHOBECHOTO COCTOSIHUSL HA PACCTOSIHUE, paBHOE €€ panuycy. BuaHo,
YTO KECTKOCTh ONTUYECKOTO 3aXBaTa UMEET PE30HAHCHBIN XapaKTep, COOTBETCTBYOIINN
Bo3Oyxaenuto I Ha mmuHax BonH Oonbmmx, yem 350 vm. [lpu yBenuyeHuu
PacCTOSIHUASL MEXJY YAaCTHULIAMU W TPAHULEH pasziena cpell )KECTKOCTh CTPEMHUTEIBHO
yoObIBaeT, moromy kak B3ammojericteue c¢ [T ocnabGeBaer. T1a 3aBUCUMOCTD MOXKET

OBbITh 00BsICHEHA BhIpaskeHUEM (3.2).

4r Z=15HM

K./Kg

340 360 380 400
A. HM

Pucynox 3.5 — )KEcTkoCTh MOI0KEHNSI PABHOBECHSI ONITUYECKOTO CBSI3bIBAHUS B

eqNHNLaxX Kk, =F, / R, TOCTpOEHHAs OT JJIMHBI BOJHEI [TAJAIOIIET0 N3TYUECHHUS.
0 0 9

CHCKTpBI IMOCTPOCHBI AJI pa3IMYHbIX paCCTOHHI/Iﬁ Z OT LICHTpa YaCTHUILIbI 10

noBepxHoctu [112]
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B wupeanusupoBaHHOM ciydae MalbIX IIOTEPb B CPEAax JErKO IIOJIYyYUTh
BBIpDQXKEHUE U1 JKECTKOCTH ONTUYECKOI'O CBA3BIBAHHWSA B IIEPBOM IIOJIOXKCHUU
YCTONYMBOI'O PABHOBECHS:
2 k53PP |k1z|2 |k22|
kz(l_gs)

K, z7I|pX|

Y, (ay) x exp( -2k, |2). (3.4)

Y,(qQ) - mmimaapudeckas QyHknus BeOepa Broporo mopsiaka, (, - TEpBBIH
nonoKuTeNbHbI KopeHs Y,(Q) =0 - mmimuapuyeckoit ¢ynkumm BebGepa mepsoro

nopsizika. B pexxume Bo30yxknenust IIIIIT 6e3 omuueckux morepb, BOJIHOBOM BEKTOP

ITOBEPXHOCTHOM BOJIHBI M3MEHSETCA B IIpeaenax (k,+oo), IUIsT BEPXHEW T'paHULbI
l1+&, —>0, 4YTO COOTBETCTBYET CIy4al0 pPE3OHAHCHOIO BO30YXKIECHUS BOJIHBIL.

MakcumanpHas JKECTKOCTh ONTHYECKOIO CBSI3BIBAHUS AOCTUTACTCA IIPpHU BOJHOBOM

BekTope IIIII Ky, ®6/z>k. Torma makcumanbpHasi KECTKOCTh N -TOTO MOJIOKCHUS

PaBHOBCCHUA Y6LIBa€T C paCCTOAHHUCEM OT ITIOBCPXHOCTHU 110 3aKOHY 276 .

1
K~ P (1/2) 25 Y200 ) (3:5)

0,,,; COOTBETCTBYET MOJOXKUTEIBHBIM KOpHAM ypaBHeHuA Y,(Q,,,,) =0.

Taxum 00pa3om, B 3TOH I1aBe Oblila pacCCMOTPEHA Napa HAHOYACTHII, TOMEIIEHHbIX
BOJIM3U MMOBEPXHOCTU METAJIa U MPOAHAIU3UPOBAHA ONITUYECKAs CUJIA B3aUMOICUCTBUS
yacTull. bb1o MokazaHo, yTo UHTEPPEPEHIIMS TOBEPXHOCTHBIX MJIa3MOH-TIOJISPUTOHOB,
BO30Y>KIEHHBIX OJIMKHUMH TOJSIMM YacTHULl, OINpeAessieT XapaKTep B3auMOJEHUCTBUS
yacTul. OJTo oOecrneunBaer (OPMHUPOBAHME YCTOMYMBBIX KOH(Urypamui ¢
CYOBOJIHOBBIMHM PACCTOSIHUAMU MEXKAY YacTHIIAMU TPU PE30HAHCHOM BO30YKIECHUU
[IIII1. bonee TOro, CTPyKTypa MOBEPXHOCTHBIX BOJIH JIEJIAET BO3MOXKHBIM ONTHUYECKOE
CBA3BIBAHME MEXKAY JUINOJBHBIMU YAaCTHIAMU BIOJIb OPUEHTALlMM KX JAUNOJIBHBIX
MOMEHTOB, B OTJINYHE OT ONTHYECKOTO CBSI3bIBaHUS B CBOOOJHOM IPOCTPAHCTBE, MPH
KOTOPOM YCTOMYMBBIE MOJIOKEHUSI (POPMUPYIOTCS MEPHEHAUKYJSPHO K OpPUEHTAIUU

JUIIOJIBHBIX MOMCHTOB 4YaCTHII. Taxke OBUIO IOKa3aHO YBCIIMYCHUC JKECTKOCTH
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ONTUYECKOTO 3axBaTa 4YacTHII Ha TMOPAJOK 3a CYET B3aUMOJICHCTBUS depes
untepdepenturo II1I1.

[To pe3ynbraTam raaBel CHOPMYIHMPOBAHO CIIEIYIOIIEE MOJIOKEHHUE:

Boszoysicoenue  OnudcHUMU  NOAMU  YACTMUY — NOBEPXHOCMIHBIX — NIAASMOH-
NONAPUMOHO8 U UX UHMepgepeHyus Npugoosim K ONMUYECKOMY CEA3bl6AHUIO
HaHo4acmuy, PAcnoJIONCEHHbIX GONU3U Memaliudeckou nosepxrHocmu. Paccmosinue
MeAHCOY YCMOUUUBLIMU NOJONCCHUAMU YACMUY ONPEeOensemcss 80JHOBbIM BEKMOPOM
NIA3MOH-NOJAPUMOHA, NPU DMOM YCMOUYUBbIE NOJONCEHUS HaACmuy QopmMupyiomcs
800/lb HANPABILEHUSI PACNPOCMPAHEHUS. NOBEPXHOCMHBIX NAAZMOH-NOAAPUmMonos. Ilpu
PE30HAHCHOM B030YHCOEHUU NOBEPXHOCMHOU BOIHbL HCECMKOCb CEA3U YEeIUUUBACMCS
Ha NOPs0OK, a PACCOSHUE MeNHCOY YCIMOUUUBHIMU NOJIOHNCEHUAMU SHAYUMETbHO MEHblULe

OJIUHBL BOJIHBL B030YHCOAIOWE20 U3TYYEHUSL.
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4.0OnTuyeckKue CHJabl BOJIU3H
rUnepooJIM4YecKOro MeramMmarepualaa

Kak ObL10 MOKa3aHo B MpeAbIAyIIEeM paszelie, BBeICHUE B CUCTEMY IUIa3MOHHOMN
IpaHUlIbl pas3zesia cpea Mmo3BoiisieT 3(P(PEKTUBHO HUCIOJB30BaTh PACCESIHUE CBETa Ha
YacTUIAX JUIsl YIOPaBICHUS ONTUYECKUMH cujlaMH. JIOTHYHBIM MPOAOJIKEHUEM
UCCJICIOBAaHUN SIBJISIETCS BHECEHHME B CHCTEMY Oojiee CIOXKHBIX CTPYKTYp, Ye€M CIION
Metaia. CTpPYKTYpUpPOBaHHBIE Cpebl, Takue Kak (POTOHHBIE KpPUCTAUIBl WIIU
MeTamaTepuaybl, O0O0CECIIEUYMBAIOT JOMOJHUTEIbHBICE BO3MOXKHOCTH IEpEeCTparBaHUS
KaHaJIOB PacCesiHUS, MOCKOJIbKY MOIJEPKUBAIOT KaK MOBEPXHOCTHBIE, TaK U 0OBEMHBIE
Moabl. KpoMme TOro, u3MeHeHUe MapaMeTpoB DJIEMEHTOB TaKUX CTPYKTYP MO3BOJISIIOT
BJIUSITh HA JUCIEPCHOHHBIE CBOMCTBA MX COOCTBEHHBIX Mona. K mpumepy, nsmeHeHue
COOTHOLIEHHS  Pa3MEPOB  METAJUIMYECKMX W AUDJIEKTPUYECKUX  AJIEMEHTOB
MeTamaTepuaia mo3BOJISIIOT BAPbUPOBATH MOJI0KEHUE PE30HAHCA CTPYKTYPhI B IIUPOKOM
nuana3zoHe JUIMH BOJMH. OHUM U3 HaumOoJiee HUCIHOJb3YEeMbIX MPEUMYINECTB TaKUX
CTPYKTYp SIBJISICTCS aHU30TPOIHBIN OTKIUK MIPU B3aUMOJEHCTBUU C DJIEKTPOMArHUTHBIM
nznydenrneM.  CyOBOJIHOBBIE  TEPUOAMYECKHE  CTPYKTYphl —  AQHHU30TPOITHBIC
Metamatepuansl [114—117] — MmoryT nmpuMeHsITbCs B T. H. MackupoBke (cloaking) [118—
120], pabore ¢ uzoOpaxkeHueM co cBepxpazpemieHueM [121,122], nepenaue sHepruu
[123—125], n nmaxe mjisi ONTOMEXaHUYECKOTO MAaHMIYJUpOBaHUA. B yacTHOCTH, HJid
peanu3anuu «iyda TPUTSKEHUS YaCTHUIIbI, HAXOMSIICHCS BHYTPU MeTamarepualia u3
npoBosioB [126] (uro cxoxke ¢ mepBbIM mnpeanonoxeHuem B. I. Becenaro [87]),
OTTAJIKMBAHUIO YACTHUIBI OT MOBEPXHOCTU OAHOMEpPHOro Meramarepuana [127], u ,
BO3MOKHO, JieBUTanuu [104].

B nmanHoO# TraBe OyneT paccMOTpeHa BO3MOXKHOCTH pealn3allid ONTHYECKOTO
CBSI3BIBAHMSI M ONTHYECKOTO <JIyda TMPUTSHKEHUS» 3a CUET MOJ TUIEPOOTUYECKOTO
MeTamaTepuana. byaeT mpoBeaeHO pa3AesieHUuEe BKJIAI0B MOBEPXHOCTHBIX U 00BEMHBIX
MOJI MeTamarepuvalia B ONTHYECKHEe CHIbl. Hanmmdme ere omHON cTerneHu CBOOOMIBI 1O

CPABHEHUIO C MJIa3MOHHBIM METAIIIOM (0OBbEMHBIE MOIbI CTPYKTYPbI) HE TOJIBKO JIeJaeT
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BO3MOXKHBIM 0OoJjiee THOKOE€ ONTHYECKOEC MaHMMYJIUpOBaHUE OOBEKTaMH, HO U

CYHICCTBCHHO YCJIOXKHACT aHAJIW3 U OIITUMHU3ALUIO ITOJTYUYCHHBIX PE3YIbTaTOB.

4.1Moapbl runep00JIM4ecKOro MeraMarepmasa
PaccMOTpUM ~ MHOTOCIIOMHYHO — METAJUI-IUIJIEKTPUYECKYKD  CTPYKTYpy — —

runepOoIrYeckuii MeTamarepuan, — u3o0paxeHHyro Ha Pucynke 4.1. B stom ciydae

OLIEHKY Pa3IMYHbIX KaHAJIOB B3aUMOIEHCTBUS YaCTHI] C MOIIOKKON MOXHO IIPOBECTH,
anammsupys ynakmmo I'puaa G, G¥ B o6paTHOM mpocTpancTse (K-MpocTpaHCTBe).

CriekTpanbHOE YTJIOBOE MpeICTaBIeHIE TUaaHON QyHKIK [ prHa MO3BOJSET BHIACIUTH
TPU BHUJA KAHAJIOB B3aMMOJEWUCTBUA: PACIPOCTPAHSIOUIMXCSA (HEIBAHECUEHTHBIX B
CBOOOJTHOM MPOCTPAHCTBE) MOJ; IOBEPXHOCTHBIX BOJIH (B cllydae MeTamia |
rUNepOOIMYECKOr0 MeTaMaTepuaia — MOBEPXHOCTHBIX IUIa3MOH-TIOJNSPUTOHOB, [
¢bOoTOHHOTO KpHUCTaIa — TMOBEPXHOCTHBIX BONH brioxa); m o0beMHBIX MOj (AJis

rurepOoIMIecKoro MeramaTepuana — rurnepoonudeckue Mojsl [120,128-131]).

Pucynok 4.1 — Ontuyeckoe cBsi3pIBaHHE BOJIM3U TUIIEPOOIUYECKOTO
meTtamatepuana. OObEMHbBIE MO/IBI MeTaMaTepHrala 00ecednBaoT JOMOJHUTEIbHbIE

KaHaJIBI B3aUMOJIEHCTBUS

Takast cTpyKTypa MOKET OBITh TPECTaBICHa KaKk TOMOTEHU3MPOBAaHHAS, U TOT/Ia
e€ IUAIIEKTPHUYECKast IPOHHUIIAEMOCTh OyeT UMETh BU THaroHaaIbLHOro Ten3opa [33,132]

C KOMIIOHEHTaMH &, =&, # &, , TJIe TUINEPOOINYECcKas JUCIEPCUs MOJ CTPYKTYpbI

77°
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MPOSIBIISIETCSL  TIPU Re[exx]<0 u Re[szz]>0. 3HaueHHUs] KOMIIOHEHTOB TEH30pa

JOVRJIEKTPAUYECKON NPOHMUIIAEMOCTH TAKXKE M3MEHSIOTCA C JUIMHOM BOJHBI BHELIHETO
U3Jy4EeHUs, 4TO Oy/IeT UCHOIb30BAaHO B JalbHEHIIEM IIPU PACCMOTPEHNUHN CIIEKTPAIbHOM
3aBUCHUMOCTH ONITUYECKOM CHUIIBI.

YToObl pa3nuuuTh BKIAABI Pa3HBIX TUMOB MOJ B GyHKIMHU ['puHa, cieayer HalTH
X O0JIaCTH CYIIECTBOBaHHS B K-pocTpaHCTBE MpHM TIOMOIIM JAUCIEPCHOHHOTO
cooTHoueHus. [IpomonbHas KOMIOHEHTa BOJIHOBOTO BEKTOpa B THIEPOOIMYECKOM

meTamatepuaine nmeeT Bua [130]:

_ 2 2y €
k, = [(ke, -k )™, (4.1)
gzz
rac kO - BOJIHOBOE€ YHCJIO IIIOCKOH BOJIHBI B BaKyyMC, kx - IIOIICpCUYHAasl KOMIIOHCHTA
Re[e, |
BOJIHOBOTO BEKTOpA B THMIIEPOOIMYECKOM MeTamarepuane. B ciydae m<0 B
e|le
7z

THIepOOIMYECKOM  MeTamMaTepuane MOTYT  paclpoCTpaHiaTbes Moabl ¢ K

X!

MMPCBOCXOAAIINMHA KPUTHYCCKOC 3HAYCHNC

K, =K,/

cr

(4.2)

y24

xorga K,, mpuoOpeTaer 1eHCTBUTENBHOE 3HAUECHHE.

[IpowsmtocTpupyeM — CHEKTpPalIbHOE  TMOJOKEHHE MOJA  THMHepOOIMYECKOro
MeTaMarepuaia npu mnomou KodpuirueHtoB OpeHens sl OTPKEHHS IUIOCKON

BoJHBI OT [130]. st S- 1 P-nOSsIpU30BaHHOMN BOJHBI KOA((MHUIIMEHTHI OTPAXKCHHS UMCIOT

BU/I:
rP = gxxkzl — gmk22 rs = I<zl — kzZ (4 3)
gxxkzl + gmeZ I(zl + kzZ
3mech K ,, K,, — IpogosbHbIe (epreHANKYIISPHbI K TPAHHUIIE pa3iesia Cpe/l) KOMIIOHCHTHI

BOJIHOBOT'O BEKTOpa B TUNIEPOOINUECKOM MeTaMaTepraie U BEpXHEM MOTYIIPOCTPAHCTBE
COOTBETCTBEHHO.
Nzydyenne xodpduimentoB DpeHens MO3BOISIET ONPEACTUTh YCIOBHUS Jif

B036y}KI[CHI/Iﬂ 00BEMHBIX MOJ ME€TaMaTepualia i IOBEPXHOCTHOT'O INIaA3MOH-IIOJIAPHUTOHA
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Ha TIpaHulC pasacia Cpea. TaK, INIOCTOSAHHAA PacClpOCTpaHCHUA IMOBCPXHOCTHOT'O
IIAa3SMOH-TIOJIIPUTOHA (B036Y)KI[36TCSI TOJIBKO P-IOJIApHU30BAHHBIM H3queHHCM) NMCCT

BUJI:

K n (£ —5n) (4.4)

kSPP =% 2
E

Kak BuaHO u3 npuseneHHoro BbipakeHusd, II1I1 Bo30yxaaeTcss TOIBKO MpU YCIOBUU
Re[gzz] > Re[gm], YTO 00ECIEUMBACT MHUMYIO Z- U JCHUCTBUTEIBHYIO X-KOMIOHEHTHI
BostHOBOrO BekTopa [IIIII. Ycnosue pesonancuoro Bo3Oyxaenus III1I1 cooTBeTcTBYeT
oOpallleHUIO B HOJIb 3HaMeHaTeNs B ypaBHeHUH (4.4), 9TO HE MOXET OBITh PeaTM30BaHO

TUISI Re[gxx]<0, Re[szz]>0. B TO ke Bpems, MHHHMAJIbHO BO3MOXHOE 3HAYCHHE
3HAMCHATeNs. COOTBETCTBYeT ycnosuo Re[e,]|—0, Re[e,]|—>o,u Bo3GyxneHuro
IIIIT BGnwM3K pesonaHca. B mpyrom ciyuae, Re[e,]|>0, Re[s,]|<0 nosepxuocTHbIe

BOJIHBI HE MOTYT CYIIECTBOBaTh, T.K. MPOJOJIbHAS KOMIIOHEHTa BOJIHOBOTO BEKTOpa
JIEVCTBUTEIBHA.

PaccmorpuM mozppobuee cayuait Refe, |<O0,Re[e,]|>0. Pucynox 4.2 (a)
WLTIOCTPUPYET MOJIOBYIO CTPYKTYPY TOMOT€HU3UPOBAHHON MOTy0ECKOHEYHON CHCTEMBI
AQ/Ta;0Os ¢ dakTopom 3amosiHeHHs (OTHOLICHWE TOJIIMHBI METAUIMYECKOTO CJI0S K
tomuuHe oxHoro mepuona) 0.133. Ha pucynke mnpencraBieHa MHUMas YacTb
kod(pduneHTa OTpaKeHUs, KOTopas COJACPXKUT HHPOpPMAIMIO 000 BCEX THUIAX
mox [130], or momepe4HOro KOMIHOHEHTa BOJTHOBOTO BEKTOpa K, M 9acTOTBI U3ITyUYCHUS
@ . CruiourHasi ¥ MyHKTUpHas Oernble TuHUM Ha Pucynke 4.2 (a) 0603Haual0T CBETOBYIO
muno  K,(w)=w/c wn Bemmumny K, (w) w3 ypaBHenus (4.2); cuHAA JIUHHA
COOTBETCTBYET TUCIICPCHOHHONW KPWUBOW JI TOBEPXHOCTHOTO IIA3MOH-TIOJSPUTOHA

Kepp () 13 ypaBHeHus (4.4); xapakTep runepOoIMIeckux MOA 0003HaYCH I TPUXOBBIMH
ceppIMH  IUHHSAMH. IloBeneHue Im[r p} coriacyercsi ¢  IPUBEIECHHBIMU

JVCTIEPCHOHHBIMHA XapaKTEPUCTUKAMM.
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Kaxk BuHO U3 ipuBeIeHHBIX TpauKOB, B MOJOBOM CTPYKTYpe THIEPOOTUYECKOTO
MCTaMaTCpHrajla MOXHO BbIACJINUTL TPpU THUIIA BOJIH: 00BEMHEIC I‘I/IHep6OJII/ILI€CKI/I€ MOJBI C
k, >k

«r» TIOBEPXHOCTHBIH IIIa3MOH-TIOJIIPUTOH B oOnactu Mmexny K, m K., Tak drto

pazHocTh Mexay Humu onpenensier Bkian [T, u Moabl cBOOOHOTO MPOCTPaHCTBA

0<k, <k,. B uactHocty, s k, — K, (Re(e,) < &, =1) poxs I1III mana o cpaBHEHHIO

C TUNEpOOIMUYECKUMU MOJaMU U MOJIaMU CBOOOJHOTO MPOCTPAHCTBA. DTOT CIICHApU
nokazad Ha Pucynke 4.2 (0) (kpacHass JWHHS), YTOOBI TIOMYEPKHYTH BKIIAT

runepoomdeckux moa B orcyrersue [T TTockonbky 3neck u nanee &, =1, T0 k = kO.

(6)
g Moant —

. [cpeamn

T~ nnn —

ko <10 kM 10

Pucynok 4.2 — (a) Kapra 3aBucuMOCTH MHUMO# 9acTu KO3 PHUIEHTA

OTPaXCHUs OT X-KOMIIOHCHTBI BOJTHOBOI'O BEKTOPA U YaCTOTHI naz[a}omeﬁ BOJIHBI.

Brigenum 3xech yacTotsl @ =2.05-10"° 1 w=1.4-10" pan/c n 0603HaunM ux A u B
COOTBETCTBEHHO (TT0Ka3aHbl KPACHBIMH JTMHUSMH). JIMHUA A COOTBETCTBYET JUIMHE

BoTHBI A =920 HM U mapameTpamu 3(HEKTUBHOM CPEIbI

&, =—1.714+0.075i, &, =5.392+0.0084i, muaus B - 4 =1350 um,
&y =—8.94+0.33i, &,=519+0.0118i. Cunsas xpuBas orBeuaet Ky, , O€iIbIe INHUH

COOTBETCTBYIOT AUCIIEPCHOHHOM 3aBUCUMOCTH K, 1 K_, , Cepble — HEKOTOpBIM

cr!

00BEMHBIM MOJIaM MeTaMmarepuana; (0) Maumas yacth K03 (HUIMEHTa OTPAKEHUS OT X-
KOMIIOHEHTBI BOJTHOBOT'O BEKTOPA. 3aBUCUMOCTH MOCTPOEHBI 1 3 HaOOpOB

napameTpoB: A (cuHsis nuHus), B (uepnast munus) u C - uaeanm3upoBaHHbId ciiydait 6e3

Bkmana [IIIIT: 4, =920 um, &, =—2+0.075i, ¢,, =0.5+0.0084i - (kpacHas nuHHSA).
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Ha pucyske oGo3nauenbl o6mactu k, €[0;k] ms pacnpocrpansomuxcs Moz B
coGoxHoM npoctpanctee, K, € (K;k, | ms Brnana ML, k, e (k) wrs

cr?

runepooamaeckux Mo [133]

Takum obOpazom, ¢yHkius ['puHa 11 B3aMMOACHCTBUS YaCTHUI[ C TOAJIOXKKON

MOJKET OBITh MMpCaACTaBJICHA KaK

é subs __

O Ly X

kcr o0
M(k,)dk, + j M % (k, )dk, + j M(k)dk,, j=12; i=1,2. (4.5)
k Ker

[MoapaTerpansuas Matpuria M =MP + M® Gelia paccMoTpeHa padee. AHAJIOIMYHOE

Pa3aciICHUC HA CYMMY TpéX HHTCTPAJIOB BO3MOKHO 3aIllUCAaTh U IJIA G*.

k
Brenem ciacayronmume 0003HaYCHUS HHTCPBAJIOB UHTCTPHUPOBAHUA: I :j - BKJIaJ
0

B (yskmuio ['puHa (M, COOTBETCTBEHHO, B  OINTHYECKYIO CHIy) MO,

kcr
pacpoCTpaHsIOMKUXCsl B CBOOOIHOM mpocTpaHcTre; |l = j - BKJIaJl TOBEPXHOCTHOTO
k

masMoH-nosaputonHa (ecam IIIIIT cymectByror mnst cTpykrypsl, K, >K,&, >¢.);

o0

Il :I - 00bEMHBIE (TUMEpOOIMUECKUE) MOJBI MOJUIOKKUA. BKiiam 00BEMHBIX MO
kcr

MOXXHO OLIEHHTh B KBasucTaTndyeckoM mnpuOmmkennn K, /K —oo, cuuras, 9T0
KOA(PGUIUCHTBI OTPAKEHUSA 3aBUCAT TOJILKO OT JUAJICKTPUUYECCKUX IPOHHUIAEMOCTEH,
k, >k [104,127,131].

BenuuuHBI BKJIAJOB TOBEPXHOCTHBIX M OOBEMHBIX MOJI H3MCHSIOTCS B
3aBUCUMOCTH OT MapaMeTpOB MarepHaya (822), u, ciuenoBarenbHo, K, . Ha Pucynke
4.2 (0) moka3aHa MHHMas 4acTh KodddurmenTa otTpakeHns oT K, Uit TpEX pa3ImyHbIX

@, COOTBETCTBYIOIIMX pasanunbiM mapamerpam: (1) mumams A (41=920 =M,

&, =—1.714+0.075i, &,=5.392+0.0084i), k, cymecrtBenno Oompme K, m BriIan

[ITIIT ABJISIETCS JIOMUHUPYIOIIHM; (2) JIUHUS B (A =1350 um,
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e =—8.94+0.33i, ¢, =519+0.0118i.), wmmpuna mnuxa IIIIII meHbIe, YeM B

IpeIbIIyIIeM ciiydae, U 0ojiee SpKO BhIpaXXEH BKJIaM O0OBEMHBIX Mox; muHUS C, mmis
HJ1eaTU3UPOBAHHOTO MeTaMmaTepuana v napaMeTpaMu ( A=920 um,

&, =—2+0.075i, ¢,=05+0.0084i), k, wmenmpme Kk, m1a Takoro Mmarepuaia

cr
B0o30y>kaenue 1111 Ha rpanuiie paszuena ¢ BO3LyXOM HEBO3MOXHO, U B3aUMOJICUCTBUE
YaCTHUIBl C TMOMJIOKKON MPOUCXOAUT dYepe3 MOJbl CBOOOJHOTO MPOCTPAHCTBA U
TUNepOOTMYEeCKUX MOJ  MeTamarepuana (IpPUMEpPHOE COOTHOIICHHE  BKJIAJOB

[ =251 ). Ot cinyyam OynyT B JajIbHEWIIEM PACCMOTPEHBI B TPUMEHEHUU K

onTudyeckuMm cuiiam. Crenyer OTMETHTh, YTO KaXKAbld U3 ATUX HMHTETPAJIOB JIBAXKIbI
YUUTHIBACTCSI B BBIPAKEHUM [JII ONTHYECKOM CuHiibl 4epe3 3(PGEeKTUBHOE T0JIe
(BeIpaskeHue (2.3) TakuM 00Opa3oM, pa3HHIIA B BEIWYMHAX CHJI OOJIBIINE, YeM pa3HHIIA
MEK]ly UHTErpalaMHu.

Kpome Toro, uHTErpasibHOE pa3feieHue BKIAJ0B pPa3IMYHBIX MOJ, 3a/JaHHOE B
ypaBHeHUH (4.5), HanboJIee HATJIAAHO B CIydyae OJMHOYHOMN YacCTHIIBI, pa3MEIICHHOMN HaJT
noJy10kKou. [Ipu BBeieHMH B CUCTEMY BTOPOU YaCTULIBI BO3HUKAET EPEKPECTHAS CBA3b

MEXTy pa3IudHbIMU WwieHamu. JlaHHblil 3G dexT OyaeT noapoOHee pacCCMOTPEH HIKE.

4.20nTHYeckoe  CBSI3bIBaHME  BOJM3M  NMOJYOECKOHEYHOT0  CJIOA
rUNepooJTUIEeCKOro MeTaMmaTepuaJia

[locne paspeneHus BKJIAAOB pAa3IMYHBIX MOJA B (QyHKUMIO ['puHa, MOXKHO
pPacCMOTPETh CaMOCOIVIACOBAHHYIO 3a/1adyy O PACCESHHWH Ha Iape 4YacTUll (BBIPAKEHUE
(2.14)) w npoaHaTU3UpOBaTh  BIHUSHHE  MOJYOSCKOHEYHOIO  AHHU30TPOITHOTO
MHOTOCJIOMHOTO0 MeTaMarepuaia Ha mapaMmeTpbl ONTUYECKOro cBA3biBaHUs. Haunbonee
BaKHBIMU XapaKTEPUCTUKAMH ONTHYECKOTO CBA3BIBAHUS, KaK YK€ TOBOPHIIOCH PaHEE,
ABJIIOTCS TEPUOJL U  JKECTKOCTb, KOTOpPbIE U  OMNPENEISIOT  BO3MOXKHOCTH
cTpykrypupoBanusi HaHodactuil B 2D u 3D wmaccuser [11,134,135]. Beime Obuio
MOKa3aHO, YTO MHTEp(EepeHINs MOBEPXHOCTHBIX IJIa3MOH-TIOJSIPUTOHOB 00ECTIEYNBACT
CBSI3bIBAHUE YACTHUI] C CYOBOJHOBBIM pa3pEIICHUEM M YBEIUYEHHOW KECTKOCTBIO

3axBata[112]. Vicronp30oBaHue I aHAJIOTUYHBIX IIEJICH MOJUI0KEK U3 MeTamaTepraa
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ABJISIETCSL O0JI€€ MEePCHEKTUBHBIM, T. K. B JAHHOM CJIy4ae MOTYT OKa3blBaTh BIIMSHUE U
00BEMHBIE MOJIBI METaMaTEpUaa.

3/1ech MBI TAKXKE pacCMATPUBAEM Napy OJMHAKOBBIX JUIOJIBHBIX YACTHIL, OHA U3
KOTOpPBIX 3a()MKCHPOBAaHA B HaYajie KOOPAUHAT, a BTOPasi MEHSIET CBOE MIOJIO’KEHUE BJI0JIb
pacmnpocTpaHeHHs TOBEPXHOCTHBIX M 00BEMHBIX MO CTPYKTYpHI. [lepros ontudeckoro
CBSI3BIBAHUSL OMPEEIACTCA KaK pacCTOSHUE MEXAy ONMmKalIiMU MOJI0KEHUAMU
YCTOMYMBOI'O PABHOBECHS YACTHIL, @ )KECTKOCTh — KaK OTHOLICHUE BO3BPAILAIOIEH CUIIBI,
JEHUCTBYIOIIEH HA YACTUIY, K BEJIMYMHE CMELIEHUS YaCTHULIbI U3 TOJIOKEHNS PABHOBECHUS

k=—AF, [/ AX (MoXeT OBITh BBEIECHO TOJIBKO BOJHM3H IIOJIOKCHUS PAaBHOBECHS, TJIE
xapakrep F, (X) MMEET JINHEWHBIN XapakTep). II0CKoNbKy, B OTIIMYHE OT METAIUINYECKON

MOBEPXHOCTH, pealn3aiuii THIepOOUIeCKOro MeTaMaTepraia MOXKET CYIIeCTBOBATh
OOJIBIIIOE KOJHMYECTBO HA PA3IMYHBIX JUTMHAX BOJH, JIajee pPa3’yMHO HCIOJIb30BaTh
Oe3pa3MepHbIe mapameTpsl. Tak, MeproJ ONTHYECKOTO CBA3bIBaHUS L., W paccTosHMS
MEKy 4aCTHIIaMU OyayT HOPMHPOBAHBI Ha JJIHMHY BOJHBI BHIHYKIAIOMICTO HU3IYUCHHUS
1 0[2

A, a CHIIBI — Ha IaBJIeHHE W3nydeHus F, = Ek Im ao‘E ‘ .
PaccMOTprM oONTHYECKOE CBS3bIBAaHME BOJM3HM MOMJIOXKKH H3 MaTepHaia C
napametpamu A, C (Pucynok 4.2 (0)), mis mpeodbnamaromero Bkiaaa [T (A), u

runepooanueckux Mo (C).

[

= Hre BRIajk 0.1
= [ 11111
'
= Mok £, 0.2
1.5 2 06 08 | 1.2 14 1.6 1.8

= Bre prnaner
o I'M
= Mous £,

[ 3=

PI/ICYHOK 4.3 — 3aBUCHMOCTH CHJIBI OIITHYECKOT'O CBS3LIBAHUS OT PaCCTOSAHUA

MEXy YaCTHUIIaMU. (a) COOTBETCTBYET HaOOpy mapameTpoB A4, (6) COOTBETCTBYyET
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Habopy nmapametpoB C. CuHell TnHuel 0003HauYeHa MOJIHAS CHJIa ONTHYECKOTO
CBSI3BIBaAHUS YaCTUIl BOJM3H aHU30TPOITHOTO MeTamaTepuaa, KpacHOM JIMHUEH
0003Ha4Y€eH BKJIAJl TOBEPXHOCTHOT'O TUIA3MOH-TIOJISPUTOHA, CEPbIE KPYTH COOTBETCTBYIOT
BKJIaJly TUNIEPOOIUYECKUX MO/, @ YEPHAs JTMHUS — ONTUYECKOE CBSA3BIBAHUE BAOIb TOTO

Ke HaIlpaBJICHHS 3a CYET MO CBOOOTHOTO IpocTpancTBa [133]

Ha Pucynke 4.3 moka3aHbl ONTHUYECKHE CHIBI g oboux ciydaeB. CHHHME JUHUU
COOTBETCTBYIOT ONTUYECKON CHJIE C YUYETOM BKJIQJIOB BCEX MOJ, YEPHBIE — BKJIAJY MO/

cBoboHOTO NpocTpancTBa K, <k . Brman III1 st cirygas A moka3aH KpacHOM JTMHHEH

(B cayuae C 1o ompeaelieHHIO TaKOW BKJIaJ paBeH HYIN0). Bximam B cuiay oT
runepooJInyeckux Moj 0003HaueH cephIMH KpyramMu. B ciaydae A omnrTuueckas cuia
MOJHOCTHIO 3aBUCHUT OT mapametpoB IIIIII, Torma kak BKIIaabl OCTaIbHBIX THUIIOB MO/
He3HauuTeabHbl. B cioywae C, BKiagsl B CHJIy MOJI CBOOOJHOTO IIPOCTPAHCTBA M
OOBEMHBIX MOJ MeTamaTepuasga MPAKTUYECKH PaBHBI, a CaM XapakTep OINTUYECKOTO
CBSI3BIBAHUSI MOYTH HE OTIWYACTCSA OT B3aMMOJCHCTBUS Mapbl YACTHI] BAOJb ITOTO XKE
HalpaBJICHUS B CBOOOJHOM TIPOCTpaHCTBE. Tak, BKJIAM THUNEPOOTUYCCKHX MOJ
YBEJIMUMBAET aMIUIUTY Ty CHJIBI B JIBa pa3a (4To BCE e1lle Ha HECKOJIBKO MOPSIKOB MEHbIIIE
ontudeckoro cpsi3biBaHus 3a cu€t I[IIIII) u cmemaer noJOXKEHUS YCTOMYHBOTO

pPAaBHOBECHS Ha MaJlyl0 BEJIMYKMHY, 4TO HE BiuseT Ha nepuon L, , . Takum oOpasom, mis

HOPMAaJILHOTO MaJICHUsI TUIOCKOM BOJIHBI HA YACTUIIBI HAJT TTOTYOECKOHEYHOM MOIJI0KKON
U3 TUIEPOOIMUECKOTO MeTaMarepuasia 00bEMHBIE MOJIbI, BO30YXXJIEHHBIC ONMXKHUMU
MOJISIMHU OJJHOW YaCTHIIBI, PACTIPOCTPAHSIOTCS B 00hEME HE B3aUMOJCHCTBYS CO BTOPOI
qJacTulle, 1 HaoO0OpoT. B TO e BpeMmsi, MOBEPXHOCTHBIE U PACHPOCTPAHSIONIUECS B
CBOOOJTHOM TMPOCTPAHCTBE MOBI MIPH MEPEPACCESTHUU MOTYT YAaCTUYHO TEPEXOJUTHh B
rUNepOOIMUeCKre MOJIbI MeTamaTepuala, y KOTOPBIX MOXET OBbITh HapyIlleHa
CUMMETPHS, YTO JACT JOMOJHUTEIBHBIN BKIIAJ B CHIIy ONTHYECKOTO CBs3biBanus [131].
[Ipu »TOM, HM B OJHOM M3 PACCMOTPEHHBIX CIy4aeB, TUMEPOOIUYECKUE MOJBI HE

HU3MCHAIOT MapaMETPhI OIITHYCCKOI'O CBA3LIBAHMA.
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4.30nTHYecKkoe  CBsI3bIBAaHHWE  BOJIM3HM  CJOS  THNEPOOJIHYECKOro
MeTaMaTepHaJIa KOHEYHOH TOJIIIUHBbI

N3 mpeapiaymiero pasjaena MOXHO cCJejaTh BBIBOJI, YTO MPHYMHOM CJ1abOro
BIIUSTHUS TUTIEPOOTMYECKUX MO Ha ONMTHUYCCKOE CBS3BIBAHKE SBISICTCS HEIOCTATOUYHOE
B3aHMOJICMCTBUE C HUMH YacCTUIl, T. K. MOJbI MEPEHOCAT YaCTh PACCESIHHOW YaCTHUIIEH
SHEPruu Ha OECKOHEYHOCTh, HE JIOCTUTas BTOPOM dacTHIlbl. OJIHAKO, 3TO OTpaHUYCHUE
BO3MOKHO OOOWTH, €CIIM paccMaTpuUBaTh HE MOTYOSCKOHEUHYIO MOJIOKKY, a CIOU W3
TUIIEPOOIMUECKOTO MeTaMaTepuania KOHEYHOM TouHbl. Tak, BKIaa B CBSA3BIBAHUE
OyIyT 1aBaTh MAaKCUMYMBI 3JIEKTPOMAarHUTHOTO T0JIs1, 00pa3yIoIIKecs: Ha TPpaHuIlax cpel
M3-32 MHOTOKPATHBIX TEPEOTpakeHUH OOBEMHBIX MOj. (Cxema TaKoro ONTHYECKOTO

CBJA3BIBaAHMA IIOKAa3aHA HA PI/ICYHKG 4.4,

Pucynok 4.4 — OnTudeckoe CBSI3bIBAHUE BO3JIE CI0S TUIIEPOOTMUECKOTO
MeTamaTepuana KOHEYHON TOMIIUHBL. OTpaskeHus: OT IPaHuIl CJI0si 00Pa30BbIBAIOT
00JacTH BHICOKOW MHTEHCUBHOCTH 3JIEKTPOMArHUTHOTO TIOJISt M 00ECTIeUnBaIOT

CTaOWJIbHBIN 3aXBaT YaCTUI] B MAKCUMyMaxX MHTEHCHMBHOCTH [133]

B ommmume oOT OOBMHBIX JUIIEKTPUYECKHX BOJIHOBOAOB, K, B cIioe

TUNepOOJMYECKOr0 MeTaMarepuaga MOMKET JOCTUIraThb 3HAYEHMH CYIIECTBEHHO
IPEBOCXO/ISAIIMX BOJHOBOM BEKTOP MaAaroIieil BOJIHBI B CBOOOJIHOM MPOCTPAHCTBE, YTO
MOKET 00€CIeunBaTh YMEHBIIEHUE PACCTOSHUN MEXKAY MOJOXKEHUSIMH yCTOHYHMBOIO
PaBHOBECHsI YaCTUI] B HECKOJIBKO pa3. bosiee Toro, 310 nenaeT BO3MOKHBIM M3MEHEHUE
[IapaMeTPOB ONTHUYECKOIO CBA3BIBAHMA C BAPBUPOBAHMEM MaTepuala IOIJIOXKKH,
TOJILLMHBI CJIOS, JNIMHBI BOJIHBI BBIHYXAAIOLIETO U3IIyYECHUS U T. 1..

dopmanu3m, OMUCAHHBIN A7 Cllydas MoJyOeCKOHEYHON MOJIIOKKHU, TaKke OyaeT

HCIIOJIB30BAH U B 9TOM pPasCiic, C TCM HCKIHOYCHUCM, YTO BKJIA/L 00BEMHBIX MO 34€Ch
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IPUAETCA OLEHHUBATh TOJIBKO 4YE€pe3 BKJIAAbl HHTETPaAioB, T. K. KBa3UCTATUYECKOE
npUOIMIKEHNE HEKOPPEKTHO JUIsl MOJJIOXKEK Mayiol ToiaumuHbl. OCHOBHas pa3HULa B
ONMCAHWM JIBYX CIIy4aeB BbIpakaeTcsi B KOA((PHUIMEHTE OTpPa)XKEHUs OT CTPYKTYPBI,

KOTOpasd B CJ1ydac CJIOA NMCCT BHUI:

r —rexp(2ik,,d)

Moy = > _ (4.6)
1—(r)“exp(2ik,,d)

rae d o0o3HaYaeT TOMIIUHY CIIOS.
JIOTIOJIHUTENIbHBIE MEPUOJUYECKHE MAKCUMYMBI TOJIsl, CBSI3aHHbIE C €IIE OJIHOM
rpaHulICH pa3ena cpell ¥ IEPEOTPAKECHUIMU MEXKIY IByMs TpaHUIIaMU, TIPOSIBIISIIOTCS B

ko3 uienTe oTpaxkeHus: P-moisipuzoBanHoi BomHbl [, (K, ). PaccrosHus mexmy

MakCUMyMaMH TIOJISI Ha TpPAaHULAX, M, CIENOBATENbHO, MEXAY CBA3BIBAEMBIMU
YaCTUIIAMH, 3aBHCAT OT TOJIIMHHBI Ci0si 0 M yria MeXay HampaBJICHUEM TPYIIIOBOM
CKOpPOCTH B Me€TamaTepuasie 1 HOpMAJIX K IIOBEPXHOCTH.

PaccmoTpum onTuyeckoe CBs3bIBaHME Han ciioeM ¢ mapamerpamu A u C ¢

tommmHamu d =A4/2,d=1/8, A =920 am.
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Pucynok 4.5 — (a, B) 3aBUCUMOCTb MHUMOW YacTH KO3(P(DUIIMEHTA OTPAKEHUS OT
MOTEPEYHON KOMIIOHEHTHI BOJIHOBOT'O BEKTOpa U (0, I') cUjla ONTUYECKOTO CBS3bIBAHUA.
3aBUCHUMOCTH TIOCTPOEHBI [T apameTpoB A (a, 0) u 1yt mapametpos C (B, T).
CrutonHble JIMHUM TTOKA3bIBAIOT KOADPUIIMEHT OTpaKEHUS U ONITUYECKYIO CHITY ISt
ciost TomuHoi d = A/ 2, ITpUXoBbIC TUHUN MTOKA3bIBAIOT 3aBUCUMOCTH IS CIIOS
tonmuaoit d = A /8 npu A =920 um. YEpHbie cTpeniku Ha (a, B) TOKA3bIBAIOT
nosoxenue K, . st mapamerpos C pacnonoxeno 1o K . Cepble ToUeUHbIC TMHIN
MOKa3bIBAOT OTMOAOIIUE [Tl ONTHYSCKOM critbl Haj cioeM d = A /2. BeraBku Ha

6, I') WUTIOCTPHPYIOT MPOCTPAHCTBEHHOE pacipeaesieHne E ° paccesHHOTO mosst Haf
X

cioem tosuuoi d =A/2 (cneBa) u d =4 /8 (cnpasa) [133]

Ha Pucynke 4.5 nmokazaHa MHuUMas 4acTh Kod(duimeHta otpaxeHus (a, B) U

onTrueckas cuna (0, r). OTMeTuM, uTo B criekTpe Im [r p:| MOSIBJISIFOTCS JOTIOJTHUTEIbHBIC

MUKW, COOTBETCTBYIOUIME NMEPEOTPAKEHUSIM Ha TpaHulax pazaena cped. Ha pucynke

IPHUBEICHBI 3HAYCHHS Im[rp] tonbko st K, /K <10, T.x. KaXIbli cIeayomuil muk

CYLIECTBEHHO MEHBIIE MPEABIIYIIETO, U JTA€T MEHBIIWM BKJIAJI B ONTHYECKYHO CHUILY.
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OnHako MpH BBIUUCIEHUH CHIIBI YYUTHIBAIHCH Bce Bo3MoxkHbIE K, @ 0<K /K<, n

NOJYYCHHbIC 3HAa4YeHUs TOYHbI. C YMEHBIICHHUEM TOJIIHMHBI CJIOS YBEIMYMBACTCS
paccTosIHUE MEXTY THKaMH B KO3 duimenTe otpaxkeHnus (B K-nmpocTpaHcTBe), a HEpro/I
CHJIBI OTITUYECKOT'O CBSI3bIBAHUS YMEHBIIIACTCS.

CpaBnuBas Pucynok 4.2 (6) u Pucynok 4.5 (a) MOXHO BHJIETb, YTO BKJIAJl
MOBEPXHOCTHOTO IUIa3MOH-TIOJIIPUTOHA CTAHOBUTCS MEHbIIE (3HAYCHHS MHTEIPAJIOB M3
dopmyitel (4.5) cootHocsaTes kak |l =31 mist monmybeckonewHoi mommoxku, Il ~2.3 1
wis d=A/2 u Il =21 qna d =4/8 (Pucynok 4.5 (a)). st Toukoro cinos d =4/8
Brman IITIIT k /k=1.044 u k, /k=1.84 MOXHO cuMTaTh MayibIM Uil CyOBOJHOBBIX
PaACCTOSIHMIA MEXIY YacTUI[AMH, U OH NMPAKTHUYCCKH HE BIMSICT HAa ONTHYCCKUE CHIIBI
(Pucynox 4.5 (0)), B orimmume ot rumepbonmueckoir moxsl K, /k=8.8 (Il =71),
OnpeneNsomeil xapakrtep onrtudeckoro cBszpBaHus (L, =<1/8.8~0.114). B 10 *e
BpeMsL, JIUIsl OOJIBIIEH TOMIIUHBI TUTIEpOOIUecKoro Mmetamatepuana, d = A/ 2, xapakrep
ontuyeckoro cBs3piBaHus 3aBucut kak ot T (k, /k=1.17 u k /k=1.2), tak u ot

00BEMHBIX MOJI. DTO IMPUBOIAUT K 0OJIee CIIOKHON 3aBUCHMOCTH ONTHYSCKOW CHIIBI OT

PACCTOSIHUS MKy YacTUIaMu: Turepoommueckre Mosl ¢ K /K >3.08 oOycnasnuBaroT
cyOBONIHOBOE CBs3bIBaHME ¢ mnepuogoMm L., =1/3.08~0.32, kpome Toro, IIIIII

MOJYJIUPYET OTHOAIOIIYI0 JUISl TaKUX KoJiecOaHWM (CM. cepble TOUYCUHBIC JIMHHM Ha
Pucynke 4.5 (6, 1)) ¢ mepuogom = 0.85. Kak ObIO CcKa3aHO BBINIE, BCE PACCTOSTHUS
HOPMUPOBAHbI HAa JJIMHY BOJHBI 920 HM.

B cnyuae cios ¢ mapamerpamu C (Pucynok 4.5 (B, r)) I He Bo30yskmaeTcs 1o
W3HAYAJIBHBIM YCJIOBHUAM (T. K. B MPEABIIYIINX pa3fenax ObLIM BBIOpaHBI MapamMeTpPhI
MaTtepuaa, 4ToObl pacCCMOTPETh BKJIaJ OOBEMHBIX MO/ B ONITUYECKYIO CHITY B OTCYTCTBHUE

[IIIT), k,/k=0.7<1 u ontuueckas cuia 3aBUCUT TOIBKO OT OOBEMHBIX MOJ

MeTamMarepuaia M MOJ CBOOOJHOTO MpoOCTpaHcTBa. /[l MOJyBOJTHOBOrO CIOS

MeTaMarepuana, BKIaa JaloT Moasl cBobogHoro mpoctpanctsa ( I1=0, Il ~1) ¢
ManeiMH K., a Takke rumepbommueckuMu Mojamu (Oonbimue K, addexkTuBHEe

NOTJIOIIAIOTCS B 00BbEME MaTepHaia). B ciiydae TOHKOro €iosi aMIUIUTyAa ONTUYECKON
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CHJIbl YBCIIMYHMBACTCs IMOYTH HA ABa IMOpAAKaA, a ICPHUOAUMYHOCTE COOTBCTCTBYECT JABYM

SIPKO BBIPAKEHHBIM NUKaM B Kodddurmente orpaxenus: K, /k=1.33 (L, =0.75),
noKa3aHHOM cepoil ormbaromeit, u Kk, /k=3.11 (L;,~0.32, Il =6.31). Takum

o0pa3oM, MpU YMEHBUIEHUH TOJIIUHBI CJI0S TUIEPOOINYECKOr0 MaTepuaia BO3MOXKHO
100UThCS (POPMHUPOBAHMS YCTOMUMBBIX MAaCCHBOB YACTHUI] C MEPHUOJAOM CYIIECTBEHHO
MEHBIINM TU(GPAKIUOHHOTO Mpeiesia BHEIIHETo U3ilydyeHus. Kpome Toro, cymecTBeHHO
YBEJIMUMBAECTCS CWJIA B3aUMOJCHCTBHS YACTHUII, B HECKOJIBKO pa3 JaXxe B CPABHEHUU C
ONTHUYECKUM CBsi3biBaHMEM 3a cueT uHreppepenuun [IIIII, mockoyibky B Takoii

KOH(l)HpraHI/II/I KOMIIOHCHTBI PACCCAHHBIX MMoJIe C BBICOKMMH 3HA4YCHUSIMU kx

3¢ (EeKTUBHO B3aUMOAECUCTBYIOT C 0ObEMHBIMU MOJJAMHU METaMaTepHaa.

351ech, Kak ¥ B IPEbIIYIIEM CIy4Yae, pACCMOTPEHBI MTOJIOKEHUSI PABHOBECHS BIIOJIb
OX, 0AHAKO CTOUT OTMETHUTb, YTO ATH IOJIOKEHHUS] PABHOBECHS TAKXKE YCTOWYUBBI U
Broiabp QOY, wucxons H3 CTPYKTypbl IOJIEH TOBEPXHOCTHBIX M OOBEMHBIX MOJ
meTtamatepuana. [Ipu oneHke mpomonbHON ontudecko cuiel (Bmonbs OZ) ciemyet
YUMTBIBATh cUiTy Ban-nep-Baanbca, KoTopas NpUTATrMBaeT YaCTHUIIBI K IOJJIOKKE, TaK ke
KaK ¥ rpaJiIMeHTHasi KOMIOHEHTa ONTUYECKON CUIIbl (00YyCIIOBIEHHAS! IBAaHECLUEHTHBIMU
MOJISIMU MOJI TIOJIJIOKKH ).

IIpeacraBieHHbIN BbIIIE KAYECTBEHHBIN aHAJIN3 BKJIAJO0B PAa3JIMYHbBIX TUIIOB MO/ B
ONTUYECKYIO CHITY SIBISIETCS B HEKOTOPOM cTeneHu npudmmkenreM. Heckobko TUIIOB
MOJI TOJIOXKKHA MOTYT c(hOpMUPOBATh XapaKTep KPUBOW HE CBOMCTBEHHBIN KaXKIOU U3
HUX 10 oTAenbHOCTH (Kak B ciydae c IIIIII, tak u 6e3 Hux). OgHaKo, MPUBEACHHBIM
aHaJIM3 CYIIECTBEHHO YNPOIIAeT TIOHMMAaHUE BO3MOXHBIX THIIOB peaU3aliu
ONTUYECKOTO CBS3BIBAHUS BOJIM3M TaKUX CIOXKHBIX CTPYKTYp Kak TMIIEpOOIMYECKUN
MeTaMarepuani, U Jake MOMOTraeT MPOBECTH YUCICHHYIO OLEHKY, KaKk ObUIO MOKa3aHo
Hamu paHee. CreayeT NMOAYEPKHYTh, YTO B CIy4dae B3aMMOJECHCTBHS C TMOJJIOKKON
yacThll OOJIBIIET0 pa3Mepa, pacHpelesieHne PACCESHHBIX MOJIEH YCIOXKHSAETCS, U 3TO
MOKET MPUBECTU K MEHEE BBIPAKEHHBIM IMHKaM B MPOCTPAHCTBEHHOW 3aBUCHMOCTH
ONTHYECKOU cuiibl. Kpome Toro, npu pacCMOTPEHUH ABYX Pa3HbIX B3aUMOJAEUCTBUI (CO

Bikiagom IIIIII m 0e3 Hero), Mbl MNPEUIOKUIN CHOCOO YCHUIIEHUS ONTHYECKOTO
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CBS3BIBAHUSI HA HECKOJBKO MOPSAKOB MO CPABHEHUIO CO CBSI3bIBAHMEM B CBOOOIHOM
NPOCTPAHCTBE, U HA MOPSIOK OOJIbIIE, YeM B CIIy4ae METaIMUECKOM Mo toxKku [112].
bonee TOro, ™Mbl MOKa3aad, YTO BO3MOYKHO II€PECTPaUBaTh PACCTOSHHUS MEXKIY
CBSI3BIBAEMBIMH YaCTHUI[AMHU, U JOCTUTaTh KaK TTyOOKO CYOBOJHOBBIX BEJIIMYWH, TaK U
CPAaBHUMBIX C JJMHON BOJHBI BBIHYXAAIOUIETO H3JIy4YeHUs. BiusHHEe OTKIHMKA OT
OOBEMHBIX MOJ THUIEPOOIMYECKOTO MeTaMaTepuaia B Cllydae TOHKHX MOAJIONKEK
MO3BOJISIET ¢ OOJIBIIEH TOYHOCTHIO MEPECTPAuBATh TAPAMETPhI ONITUYECKOTO CBA3BIBAHUS

C UBMCHCHHCM I1apaMCTPOB MCTaMaTcpHrasa.

4.4CHeKTpaHLHaﬂ 3AaBHCHUMOCTD OIITHYE€CKOT0 CBA3bIBAHUA

B mpenpimymmx pazaenax Mbl pacCMaTpPUBAIN MOJTyOCCKOHCUHBIH W KOHCUYHBIH
CJIOM THUIEPOOJIMYECKOro MeTamarepuana, coctosmme u3 Ag [32] u Ta,Os [136]. bruta
MPOJIEMOHCTPUPOBAHA 3aBHCHUMOCTh ONTHYECKOTO CBSI3bIBAHMS OT IapaMeTpPOB
CTPYKTYpbI Uepe3 npuoimkeHue 3hpexTuBHoM cpenbl. B 1aHHOM pasjesie 0CTaHOBUMCS
Ha CHEKTPAJIbHOM 3aBUCMMOCTH ONTHYECKOM CWIBI [UIA OIPENCICHHOM IMapbl
MaTepuanoB. 31ech TpapuKd TOCTPOCHBI JII MHOTOCIOWHOW CTPYKTYpPBI, pacyeT
npoBouiIcs 6e3 mpubamxeHus 3hHEKTUBHOM Cpe/ibl, MPU TOMOIITY MaTPHUIL TEpEeHOca.

Ha Pucynke 4.6 (a) moka3aHa 3aBUCHMMOCTb MHHUMOW 4YacTH Kod(duimeHrta

OTpaXCHMS OT YacCTOTHI M3Iy4eHHs M OT K, I TOJIIMHBI MeTamarepuana 115 HM.

MO’XHO BUIETh, YTO KOJIMYECTBO MHUKOB, COOTBETCTBYIOIINX THIIEPOOTNISCKUM MOJaM
(oxBUBaJICHTHO pe3oHaHcaM Dabpu-Ilepo B AMAIEKTPpUUECKOM BOJHOBOJE) U JAIOIINX
BKJIAJl B ONTHYCCKOEC CBS3BIBAHUE, PACTET C YMCHBIICHHUEM YacTOTHI (YMEHBIIIACTCS
cootHomieHue d / A), ¥ clieoBaTenbHO, XapaKTep ONTUYCCKOM CHIIbI CTAHOBUTCS OoJiee

CJIO’KHBIM.
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Pucynok 4.6 — CnektpanbHasi 3aBUCUMOCTb MHUMOW 4acTH KO3 dHUIIUEeHTA
OTpPa)KCHHUS U TTapaMeTPaMH ONTHYECKOTO CBSA3BIBAHUS IS CTPYKTYphl u3 AQ [32]
Tay05 [136] ¢ obmieit TommuHoM moutokku 115 HM U pakTopom 3anoaaenus 0.133.

(a) mEHUMAs YacTh KO3 PuiMeHTa oTpaxeHus; (0) mepuo ONTUUECKOTO CBSI3bIBAHUS OT

JaCTOTBI/YTMHBI BOJIHBI BEIHY KAroMIero n3nydenus [133]

PaccrosiHre Mexy TOJIOKEHUSIMU paBHOBecHs mapbl dacTull (Pucynok 4.6 (0))
TENepb 3aBUCUT OT JUIMHBI BOJIHBI 4Y€pe3 JUCIEPCHOHHBIE XapaKTEPHUCTUKHU
NEePUOINYECKON CTPYKTypbl. [lepmon onTuyeckoro CBA3BIBAHUS 3aBUCUT KakK OT
COOTHOIIIEHHSI TOJIIMHBI CI0S K JJIMHE BOJHBI U3JIyUYEHHS], TAK U OT JUAJIEKTPHUUECKOU
IpoHHIIaeMocTu cioeB. llociennue nmapamerpsl UMEIOT MOHOTOHHYIO 3aBHCHUMOCTB OT
gactoThl [114], 1 modTOMY U3MEHEHHE MEePHOIa ONTHYECKOTO CBSI3bIBAHUS MOHOTOHHO.
JUis pyrux JUIMH BOJH, TA€ JUCIEPCUOHHBIE 3aBUCHUMOCTH MMEIOT 0OJee CIIOKHBIM
XapakKTeP, BO3MOKHO CMEIICHHUE IMOJOKEHUH yCTOWYMBOIO PAaBHOBECUS U U3MEHEHMS
XapakTepa KpUBOH, npeactaBieHHON Ha Pucynke 4.6 (6). OTa qomoHUTENIbHAS CTENECHb
cB0OOABI O0Ecne4YnBaeT BO3MOXHOCTh MEPECTPOMKH MapaMeTpoB  ONTHYECKOTO
CBSA3BIBaHUSI 0€3 M3MEHEHUs CTPYKTypbl MeTamarepuana. CienyeT OTMETHThb, YTO HE
TOJNBKO 1711 A((EKTUBHBIX MAPaMETPOB, HO W I CJIOMUCTBIX CTPYKTYp IOKa3aHa

BO3MOYKHOCTH YIIOPSIIOYMBAHUS YACTHUI] C CYOAUBPAKIIMOHHBIMEI PACCTOSHUSMU.
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4.5«Jlyuu npuTsizKeHUs» BOJIM3M rUnepooIm4ecKkoro MeraMarepuasa

PaccmoTpum B3amMoAeHCTBHE TIOCKOW BOJIHBI C OJWHOYHOM 4YacTHUIICH BOJIHM3U
rpaHuIbl pazaena cpen. Torma ¢yHknus ['puHa OyaeT ONMMCHIBATH CAMOHABEICHHOE

JEUCTBUE YacTHUIBl 4Yepe3 TuIepOoIMdeckuil wMmeramatepuan, a d3(dexTuBHas

nosspr3yeMocTh u3 ypasuenus (3.1) @ =@, tax xak OTCYTCTBYIOT npyrue KaHAIbI
j i

B3aMMOJICHCTBUS C OKPYKEHHUEM YacCTHULIbl. B TakoM citydae BeIpaKeHUE I ONTUYECKOU
CHJIBI, JICHCTBYIOIICH Ha YaCTHILy, MOXKHO 3amucaTh B Buje (2.8).

[lepBoe cnaraemoe COOTBETCTBYET JEHCTBUIO MAJAIOIICH MJIOCKON BOJHBI (C yUETOM €€
OTpaXEHUs OT TMOJIOXKKK) Ha dS(PPEKTUBHO TMOJNSIPU30BAHHYIO YACTHUILY, H, IS
JIATIOJIBHOM YacTUIbl, BCErJa MOJIOKUTENBHO, T. €. COOTBETCTBYET OTTAIKHWBAHUIO
YacTUIBl OT MCTOYHMKA M3JIy4yeHHs. B TO e BpeMsl BTOPOE ClaraéMoe OIHUCHIBACT
CaMOMHIYIIMPOBAHHOE JCHCTBUE YACTHUIBl Yepe3 TUIEepOOIMYECKU MeTaMaTepuall U
BKJIIOYAET B ce0s JIEMCTBME PBAHECLIEHTHBIX MMOJIEH BCEl CTPYKTYphl. TakuM oOpazom,
TOT KOMIIOHEHT OMNMCBHIBAET IPAKTUYECKH BCE BO3MOXKHBIE BHUAbl BO3JCHCTBUS
runepOoMIeckoro Meramarepuana. Kak Mo>kHO BUIIETh, 3HAYEHUE BTOPOTO CJIAraeMoro
ompenensercs IByMs komnoHeHTamu: (1) MHHMMasi 4acTh MPOU3BOJHOU OT (DYHKIUU
['puna, KoTOpas TMOJOXHUTENbHA JJII BCEX MOIJOXKEK, MOAAECPKUBAOIINX
MMOBEPXHOCTHBIE BOJHBI, OMNpPEAEIsSeT BEIMYUHY CAMOMHAYIIMPOBAHHOW ONTHUYECKOU
CWJIBI, U (2) MHUMOM 4aCThIO TPOU3BEICHUSI KOMIIOHEHT JUTIOJIBHOTO MOMEHTA YaCTHIIbI,
3aBUCSIIMX OT yIJia majeHus uinydenus. Kak ObUTO mMoka3zaHO paHee, MHUMas 4acTh

ko3 duieHTa oTpakeHusl B cliyyae MPUMEHEHHs TUIEepOOIMYECKOro MeTamaTepuana

MOJIOKUTENIbHA Im[rp(ﬁ)]>0 (Pucynox 4.2), a 3HAYMT ONTHYECKAas CHIIA,

JIEUCTBYIOIIAs HA YaCTUIly BOJHM3M TPaHMIIBI pasfiesia cpel, OyneT OTpHIaTeIbHOM,
qyacTuIlla OyJIeT MPUTATUBATHCS K UCTOYHUKY U3JTydeHUs. MakcuMaabHOE 3HAYEHUE CUITBI

IPUTSHKEHHS JOCTUTACTCS TPH MaKCUMAaJIBHON pa3sHocT (a3 Mexny p, u p, - 7/ 2.
PaccmoTprm  3aBUCHMOCTD  ONTHUYECKOW  CHIJIBI  OT  JIUAJIEKTPUYECKOU
npoHuiaeMoctu Meramatepuaia (Pucynok 4.7). BuaHo, 4To ¢ pocTOM NOTEPh BEJIMUUHA

cuiibl ObICTpO yObIBaeT. Eciu He paccmaTpuBaTh MeTaMaTepuasbl ¢ JTUAIEKTPUUECKON
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MIPOHUIIAEMOCTbBIO OJIM3KON K HYJIIO (Re[szz] <0.1), To oNTUMATBHBIM SBIIICTCS PEKHM C
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Pucynok 4.7 — JIBymMepHbI€ KapTbl ONTHYECKOW CHUJIBI, IEHCTBYIOLIEH Ha
YaCcTULIBI BOJIM3M aHU30TPOITHOI'O MaTeprasa B 3aBUCUMOCTHU OT JEHCTBUTENbHBIX
3HaYeHUI TeH30pa (P PEeKTUBHOM TUITEKTPUIECCKON TPOHUIIAEMOCTH.
PaccmoTpens! aBe BenmuuHbI oTeps (8) £, & =0.02, (0) £/, =0.2. Ha

CTPYKTYpy mof yriioM 35° magaeT miockas BojHa ¢ A = 920 M

W3 Beipakenus (4.5) MOXKHO pa3ieiWTh BKJIAIbI MOJI, PACIPOCTPAHSIONIMNXCS B
CBOOOIHOM MPOCTPAHCTBE, B TUTIEPOOIMYECKOM MeTamaTeprase U Ha TPaHMIIe pas3nera
cpen. B runepbonnueckom pexume K03QpPUIHMEHT OTPaKEHUs. OT CTPYKTYPY CTPEMUTCS

K IMOCTOAHHOMY 3HAUCHHIO JJIA OOIBIINX kx U MOXXET OBITh BBEIYHCIICH IIpHU IMOMOIIHU

KBasucTatudeckoro mnpubmmkenust r” =rP(k, — o). Torma BkiIag OOBEMHBIX MO

BBIYMCIIICTCSI TSt Takoro 3Hauenus I” = (&€, 1)/ ({e,&, +1):

p
5.6 3r;

= —® 4.7
T Ankl(2k,z)* (4.7)

N3 »storo BbIPpAXXCHUS BHUAHO, 4YTO BKJIag MOA CHMMCTPHUYCH OTHOCHTCIIBHO

NEpEMCHbI MCCTAMH KOMIIOHCHT TCH30pa I[HBJICKTPH‘ICCKOI;'I MMPpOHUIACMOCTH, YTO
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FOBOPUT O BO3MOXHOCTH HCIOJIB30BAHUS. KAK MHOTOCIOWHBIX CTPYKTYp, Tak H
IEPHOINYECKOM CPEIBI U3 TIPOBOJIOB.

CpaBHUM 3HAYEHHS ONTHYECKOW CHJIbI, MOJIYYEHHBIE B KBA3UCTATHYECKOM
npubmkernu (Pucynok 4.8), ¢ mosnubiM 3HauenueM (Pucynok 4.7 (0)). Pasuuip B
BEJIMYMHAX, TPEJICTABIEHHBIX HA PUCYHKAX, COCTABJIAKOT €IMHMIbI POLEHTOB, YTO U
COOTBETCTBYET BKJIAJLy TIOBEPXHOCTHBIX M HEIBAHECIIEHTHBIX BOJH B cucTeme. Crenyer
OTMETHTh, YTO, €CIM B Cllydae «IyYa NPUTSDKEHHS» 3@ CYET HAIPABJICHHOTO
BO30YK/ICHHUSI TOBEPXHOCTHON BOJIHBI PEYb IIUIA O PEAKTHBHON KOMIIOHEHTE ONTHYECKOM
CUJIBI, 371€Ch OTPHIIATENBHBIM 3HAK ONTUYECKOW CHIIBI OOYCIIOBJIEH aCMMMETPUYHBIM
BO30YKIICHHEM THIIEpOOIMYECKHX MO MeTamarepuaia. boiee Toro, KBasucraruieckast
cocTaBistfolas (BKiag OObEMHBIX MOJ MeTamarepualia) IOMHHHPYET B Xapakrepe
npousBoaHON (GyHKiuu ['puHa, T. €. BKIAJbl HOBEPXHOCTHBIX MOJ M MO CBOOOHOTO

IIPOCTPAHCTBA HC3HAUYNTCIILHBI.
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Pucynok 4.8 — OnTuueckas cuia, AeHUCTBYIOINIAs Ha YaCTHUILy BOIU3H
TUIepOOINUECKOTO MeTaMaTepraia B KBa3UCTAaTHUECKOM MPpUONIKeHNH. Bennunaa
noTepb Marepuana &, & =0.02
PaccMmoTpuM crieKTpanbHYHO 3aBUCUMOCTh ONTHYECKON CHJIbI MPUTSHKCHUS IS
pE€aibHOM CJIOMCTOM CTPYKTYpPBI, COCTOSIIEM U3 S map YEpPEeAyHOIIMUXCA CIOEB
cepeOpo/CTeK0, C BepxHUM clioeM wu3 Metamwia. Kak BugHo u3 Pucynka 4.9,
MaKCUMaNbHBIA 3PPEKT MPUTSKEHUST JOCTUraeTcs Ha JIuHe BouHbI S00 HM Mpu yrie

naacCHusA 42°, Pa3HI/II_Ia B aMIINIUTYAC 00BACHSICTCS Pa3INIKUCM B AJIMHC BOJIHBI MUHHMYMa
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CUJIbl, 4 TAKKC HCIIOJHBIM COBIIAACHHUEM BCIIMYHWHBI IIOTEPbL B MaTCcpHAJIC. MoxxHOo
BHUACTb, YTO OITHYCCKOC IIPHUTHKCHUC PCAINU3YCTCA B MIHUPOKOM CIICKTPAJIbHOM
AWara3oHe — COTHHU HAHOMCTPOB, IIPU 3TOM OCHOBHOM BKJIad BHOCUTCsA 00BEMHBIMH
MOIAaMH CTPYKTYPBI. 3ILCCL CJIeayCeT OTMCTUTD, YTO IIPU HCIIOJIB30BAHHUH ITJIA3MOHHOI'O
MCTaJllIa B KAYCCTBC BCPXHETO CJIOA CTPYKTYPHI, BKJIAJd IIOBEPXHOCTHBIX MO YCUIINBACT
BSaHMOHeﬁCTBHe H3JIyYCHUS YaCTHIbI C 00BEMHBIMH MOJaMu Marcpualia. B JaHHOM
ClIy4dac BOCIIOJb30BATLCA KBA3UCTATUYCCKHUM HpI/I6J'II/I)KCHI/IeM HpO6J’IeMaTI/ILIHO, T. K.
PCUb I/II[éT 0 TOHKHUX CJIOAX, IIO3TOMY BKJIa/Jlbl TUIIOB MO/ OLCHHUBAJIMUCH IIPHU IMOMOIIIA

W3MEHEHUS TPaHUIl MHTErpupoBanus B pyHkiuu ['puna.
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Pucynox 4.9 — Ontudeckas cuia, 1eHCTBYIOMIAS HA YaCTHUITY BOJTU3H
MHOT'OCJIORHOM CTPYKTYphI U3 5 neproaoB Ag [32] u ctekia ¢ mpoHUIIaeMocThio 2.25.
Tonmuna nepuoaa 20 um, ¢aktop 3anoaHenus 0.2. (a) 3aBUCUMOCTb OT yTJjia NajeHus u
JUTMHBI BOJTHBI TIAJAIONIET0 U3TydYeHuUs], (0) CTIeKTpalibHasi 3aBUCUMOCTb JJISI yTJia
najgenus 42°. Bkinaa BceX TUIIOB MO/ TTOKa3aH KpacHOM, MOJT CBOOOHOTO IIPOCTPAHCTBA
— xénrol, cymmapusbiil Bkiag [T 1 Mmoa cBOOOAHOTO MPOCTpaHCTBA — YEPHOUI
KpUBOU. 316Ch HOPMHUPOBKA OCYIIIECTBIISICTCS Ha CHITY PaUallMOHHOTO JIaBJICHMUSI,

3aBUCSIIYIO OT JIJTUHBI BOJIHBI, YTO M OOBSACHSET oTiinune oT Pucynka 4.8

Takum oOpa3oM, MOKa3zaHa BO3MOXKHOCTh pEaM3alMi ONTHYECKOTO «Iyya
NPUTSHKCHUSD TP TIOMOIIM  aCHMMETPHYHOTO BO30YXKIEHHUS OOBEMHBIX  MOJT
runepOonrdeckoro Meramartepuana. [lo cpaBHeHHIO ¢ MPOAEMOHCTPUPOBAHHBIM paHEe
adexkToM BOIM3M OJHOPOAHOTO METaula, B PACCMOTPEHHOM Cilydae MPUTKECHHE

Ha6J'IIO,IIa€TCH B IIHUPOKOM CIICKTPaJIbHOM AHAIIa30HC M MOKCT OBITH C JIETKOCTBIO
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HAaCTpOCHO Ha 3aJdaHHYIO [UIMHY BOJIHBI BHCIOHCTO HU3JIYYCHHUA HU3MCHCHHCM

Tr€OMETPUYECKUX TTapaMETPOB CTPYKTYPHI.

[To pe3ynbraTaM JaHHOM II1aBbl CHOPMYIUPOBAHO JIBA MTOJOKCHHUS

1. Haxnounnoe nadenue niockou 80JHbl HA YACMUYY, PACNOJIOHNCEHHYIO 80IU3U
NOBEPXHOCMU  2unepbouiecKoeo  memamamepuaia,  obecneyusaem
HecuMMempu4Hoe 8030yJicoeHuUe 00bEMHBIX MOO CIPYKMYPbl, YMO, 8 CE0I0
ouepedb, NPUBOOUM K NOAGIEHUID KOMNOHEHMbl ONMUYECKOU CUIbL,
oeticmayrowell npomue HanpasieHus NAOeHUsl BOJHbL, PEaru3ys mem Camvlm
aghghexm «nyua npumsadxcenuny 00Jb NOBEPXHOCMU Memamamepuand,

2. Uumepgepenyus nosepxHOCMHbIX U 00bEMHBIX MOO CLOS 2UNEPOOIULECKO20
Memamamepuana obdecnequsaem GOpMUposanue MACCUBO8 CEA3AHHBIX
Hanowacmuy, OpUEHMUPOBAHHLIX 6001b HANPABILEHUS PACHPOCMPAHEHUs
M00 cmpykmypol. Cuna 63aumooeucmeuss Yacmuy U pacCmosHue mexncoy
OnuMICAUUWUMY  YCIMOUYUBHIMU — HOJONCEHUAMU — 4aACMUY — 3a8UCIm  Om
MONUUHBL U OUINEKMPUUECKOU NPOHUYACMOCIU CI0SL 2UNepOOULeCKO20
memamamepuana. Tax, 01 moawuHvl C10s MeHbUle, YeM NON0BUHA OJIUHbL
BOJIHbL BLIHYAHCOAIOWE20 U3NYHUEeHUS 8 BAKYyMe, NPOUCXOO0UMm YeeaudeHue
CUbl 8 0ecsIMKU pa3z no CPABHEHUIO CO 83aUMOOeucmeuem 6 c60000HOM
npoOCMpancmee, U YMEHbUEHUe PACCMOAHUSL MeHCOy  Oaudcaiuuumu

ycmoﬁquebmu NOJOAHCEHUAMU YaCMUY 6 HECKOJIbBKO pdas3.
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5.0nTrnveckure CHJIbI BOJIM3H OJTHOMEPHOIO
(pOTOHHOTO0 KpHUCTAJLIIA

B npenpinmymmx paszgenax moapoOHO 00CYk Aanoch NMPUMEHEHUE IJIa3MOHHBIX
pPE30HAaHCOB ISl  ONTHYECKOr0  MaHumnyiaupoBaHus. (OJHaKo, MCIOJIb30BaHUE
METAJUIMYECKUX CTPYKTYP CBSI3aHO C CYLIECTBEHHBIMU ONTUYECKUMU MOTEPSIMU, H, KaK
CJIEICTBHME, HArpeBOM DJJIEMEHTOB CHCTEMBbI. B KayecTBe allbTEpHATUBBI BO3MOXKHO
UCIIOJIb30BaTh JAUAJIEKTPUYECKUE CTPYKTYphI, HAIpUMEpP, (POTOHHBIE KPHUCTAIUIbI. XOTS
JOBOJIBHO ~ CJIO)KHO  pPEaIM30BaTh JIOKAJbHOE YBEIMYEHHUE IO AHAIOTMYHOE
METAJUIMYECKUM CTPYKTYpaM, OJHAKO JUIsl MHOTMX IIPUJIOKEHUI TOCTAaTOYHO OTCYTCTBUS
HarpeBa NpH HAOMIONEHHH TOro ke d(pdekra, MycTh U MEHEEe BBIPAKEHHOTO.
[TpeumymiecTBaMu (POTOHHBIX KPHUCTAJIOB SIBISIOTCA: 1) MpOCTOTa MX M3TOTOBJIEHUS,
MOCKOJIbKY pa3Mep 3J€MEHTAPHOU SYEHKH MOXKET ObIThb CPaBHMM C JUIMHOM BOJIHBI, B
OTIMYME OT METamarepuaia; 2) Majible IOTepH, U, CIEN0BaTENbHO, 3) MaJblii HArpeB U
Majioe 3aTyXaHHWe BOJH B KpHCTajuie U Ha ero rpanunax [129,130]. K tomy xe, B
3aBUCHUMOCTH OT TIOKa3arenerd mnpesnomieHus 3eMeHToB DK BO3MOXKHO H3MEHATH
BosiHOBOM BekTop [IBbB (moBepxHocTHOM BoiHBI bioxa) — ananora [T B ¢pororHOM
Kpuctajuie. B Hacrosmee Bpems mnoBepxHOCTHble BOJHbI DK npumenstorcs B
YCTPOMCTBAaX  JETEKTUPOBAHUS [139-143], nepenaye  HU300pakeHHs  CO
cBepxpazpenienueM [141,144—-148] u onromexanuke [149-151].

He Tak naBHO ObUIO NPEIIOKEHO HCIOJIB30BAHUE OJAHOMEPHBIX (DOTOHHBIX
kpuctauioB (1D ®K) nns mepemenieHus 4acTHilbl BIOJb IMOBEPXHOCTH (YacTULA
MOMeEIIAJIach B T0JIe HAMPaBICHHOW MOBEPXHOCTHOW BOJHBI bioxa, BO30yXICHHOU IO
cxeme Kpeumana) [152—154]. B aToMm paznesie Mbl OCTAHOBUMCS Ha peaIM3allUM «Tyda
NPUTSDKEHHUSD W ONTUYECKOM COPTHUPOBKE 4YacTUL NPU IOMOLIM HAlpaBJIE€HHOTO
nepectpanBaeMoro Bo30Oyxxaenus [1Bb [155,156]. K npumepy, xapakTep oTpaxeHUsI OT
®K no3BoJisieT U3MEHATh HanpapieHue Bo30yxaeHus [IBb npu otHocuTensHo Masoit
CMEHE yIVIa MaJeHHs WU JJIMHBI BOJIHBI BHEIIHErO U3IY4YEHUs, YTO MPUBOAMUT K CMEHE

HaIrpaBJICHUA peaKTHBHOﬁ KOMITIOHEHTBI OITUYECKOM CHUJIBI.
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5.101paxkenue oT GOTOHHOI0 KPUCTAJIA

Kak Oplmo mokazaHo paHee, CHiia, JCHCTBYIOIIAsS HA OJMHOYHYIO IUTOJBHYIO
qacTUIly BOJM3M TPaHUIBI pa3fena Cpell, 3aBUCUT OT MHUMOM 4YacTu KO3(PQPHUIMCHTA
orpakenus (Boipakenus (2.8), (2.11)). PaccMoTpuM 3aBHCHMOCTH 3TOM BEJIMUYHUHBI OT
MOTIEPEYHON KOMITOHEHTHI BOJTHOBOTO BEKTOpa M3IIYYCHHS, MAJAroNiero Ha (GOTOHHBIN
KPHUCTAJLI, ¥ OT JUTMHBI BOJIHBI BBIHY KIaro1ero u3nyueHus (Pucynok 5.1). Kak BuaHo 13

PUCYHKA, IPH B3aWMOJEHCTBUU MAJAIOLIEH MJIOCKOW BOJHBI C (POTOHHBIM KPUCTAJLIIOM

st K, e[O,k] rapaMmeTp Im[rp(é’)} MOXET JOCTUTaTh KaK IOJIOKUTEIIbHBIX, TaK U

OTPHULATCIIbHBIX 3HAYCHUM B OTHOCHUTEIILHO IMUPOKUX CIICKTPAJIIbHBIX JHWAIla30HAX, YTO
TOBOPUT 00 M3MCHEHHUHN 3HAKa pPasHOCTHU cpa3 MCXKIY KOMIIOHCHTAMH IIOJIS Ha I'PaHUIC

®K. B oOnacti »BaHECHEHTHBIX MOHI K, e(k,oo) , KOTOpBIE BO30YXXIAIOTCA TMpHU

B3aUMOJICUCTBUU OmkHero mojigs 4dactuiel ¢ DK, mMHuMas yacte koddduimenta
OTPa)KEHUS BCETIa MOJOKUTENIbHA, U CYIIECTBEHHO OTIM4aeTcsi oT 0 TOJIBKO B Ciiyyae
BO30YKJE€HUSI COOCTBEHHBIX MOJI CTPYKTYpbl. Tak, IIUPOKUNA MUK COOTBETCTBYET
BO30YKJICHUIO TTOBEPXHOCTHOM OJIOXOBCKON MOJIBI, TOT/IA KaK Y3KHE MUKU — O0BEMHBIX
MOJ, CTPYKTYphl. Kak yxe roBopuioch paHee, aHAIMTUYECKU OLIEHUTh BKJAJ TE€X WIIU
MHBIX MO/JI BO B3aUMOJICHCTBHUE YACTHI] C MOJIJIOKKON MOXKHO ITyTEM MU3MEHEHUS TIpeena
uHTerpupoBanusi Gpysukiuu ['puna. Tak, B auamazone anuH BoiaH oT 500 mo 900 M
(mrpuxoBast auHUA A”) BKIag o0beMHBIX MoJ (pe3oHaHcoB Dabpu-Ilepo) mokHO

OLICHUTh TPU UHTETPUPOBAHUM K, e(k,A'=1.53k], a BKJIA]] MTOBEPXHOCTHON MOJIBI

K, € (A',oo). Paznenenue BkIagoB 1151 OOJBIIKMX JJIMH BOJIH pUBeeHO B [Ipunoxxenun

A.
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Pucynok 5.1 — Maumas yactb kodpuiiuenta orpaxkeHus: or OTOHHOTO

kpucTamia ¢ 5 nepuonamu. [lokazarenu npenomnenus cioés N, =3.48, N, =144, a
tommuHbl 0, =260 aM 1 d, =320 HM. TonmuHa BEPXHETO CI0S COCTABIISAET
d,, =100 uMm. B obnactu k, € [O, k], /i€ CYIIECTBYIOT MOJIbI CBOOOTHOTO MPOCTPAHCTBA,

HU3MCHCHHC 3HAKa KOS(l)(I)I/IL[I/ICHTa OTPaXCHUA 3aBUCUT KaK OT yIJia, TaK U OT AJIMHBI

BOJIHBI BBIHY’K/IQIOIIETO M3TyueHns. B o6mactu sanecuenTHBIX Mox K, € (k, oo)

IIUPOKUH SIPKUI TMK COOTBETCTBYET BO30YXACHUIO TOBEPXHOCTHOM OJIOXOBCKOM
BOJIHBI, @ HECKOJIbKO aHCamMOJIel y3KHX MUKOB — 00bEMHBIM MOIaM (POTOHHOTO
KpucTtajia. A’ 0003Ha4aeT MaTeMaTUYECKUM Mpeies UHTETPUPOBAHUS JJIs1 OIICHKU
BKJIaZIOB OOBbEMHBIX M IOBEPXHOCTHOM MOJIbI, A’’ OTMEUaeT AJUHBI BOJIH, AJIsl KOTOPBIX

BO3MOKHO paCCMaTpHUBATb TaKOC HpH6HH)KeHHe

st Im[r P (6’)} >0 MOABI KpUCTAJIA TAOT OTPUIIATEIILHBIN BKJIa/ B ONITHYECKYIO

CUJIy, CTAHOBUTCSI BO3MOYKHBIM MOJIYYEHUE «JTy4ya MPUTSLKEHUsD». s Im[rp(ﬁ)} <0

Mosbl @K nmaroT MOJOXKUTENbHBIM BKJIaJ B ONTHYECKYIO CHIIY, W, CJIEI0BATEJBHO,
n00aBKy K CWUJIE paJualliOHHOrO naaBieHus. VHaue roBops, 3HAK MHUMOM YacTH
Koa(uieHTa oTpaxeHus najarolen rmockoi BoHbl oT noBepxHoctu @K onpenensier

3HAaK pa3HOCTH (a3 Mexay P,, P, ¥ HaIlpaBJIEHHE BPAIIECHUS JUIIOJIBHOTO MOMEHTA. JTO,

B CBOIO O4YCPCIb, oOecrneynBaeT HaIripaBJICHHOC B036y}K,Z[CHI/Ie HOBerHOCTHOﬁ BOJIHBI

bnoxa (I1BB) [93,157,158]. B cirydae ¢poToHHOTO KpUCTAIlIa, B OTIIHYUE OT IOIOKKH
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n3 McETamia HuiIn FI/II'[ep6OJII/I‘ICCKOI‘O MCTaMaTcpuala, KaK IIOJIOXKHUTCIIbHBIC, TaK H

OTPHULATCIIbHBIC BCIIMYHHBI |m|:r P (H )] MMECIOT MeCTO B OoJiee IIUPOKUX CIICKTPAJIbHBIX

AuarasoHax U MOryT IPUBOAWUTH K IICPCKIIFOUYCHHUIO MCKAY PCKUMAMU IPUTKCHUA U

OTTAJIKMBAaHUS YaCTHUI OT UICTOYHHKA N3JIYyUCHH.

E° E°
Im[rP]>0
k k

*
FerImip, p,] FeeImip, p.]
e — . ' - ( —

dy= 100 M clyy= 100 Hm

b Im[rP]<0

d, = 260 1M n =348 nes NBE 7 =348 d =260 am

d> =320 um n, =1.44 m =144 dy =320 um

(a) (6)

Pucynok 5.2 — Cxemarndeckoe n300pakeHIE HAIIPABICHHOTO BO30YKICHUS

[1Bb. (a) mpu Im[r P (9):| >0 IIBb pacmpoctpansieTcs B MOJI0KUTEILHOM HAMPaBICHUN

B110J1b OX M BO3HHMKAET T.H. «Iy4 IPHUTDKCHHS; (0) Im[r P (6’)} <0, IIBb

pacmpocTpansieTcs B oTpunareabHoM HanpaiaeHnn OX u Bkiaag @K maer

HOHOHHHTCHLHBIﬁ BKJIaJl B CUJTY paCCCAHUSA

OcranoBuMcs TojipoOHEee Ha OOBSICHEHHHM JaHHOTO ToBeneHus. D eKkTuBHOE
HaIpaBJICHHOE BO30YXKICHUE TOBEPXHOCTHOM OJOXOBCKOW MOMABI JOCTUTACTCS TPHU
HUPKYJSIPHON MOJSPU3ALMH YaCTHUIIBL, T. €. IPU JOCTUKEHUU JABYX YCIOBUH: 1)pa3zHOCTH

da3 mexny p, u p, (umm Mexay E° u EC) paHoit + 7/ 2; 2) paBeHCTBE UX aMILTHTYI.

OT1o obecrieunBaeT aCUMMETPUYHOE paccesHue Ha naurone u Bo30yxkaenue [IBb B
noJ0XHUTeIbHOM Hanpasienud OX npu pasnoctu pa3 7 /2 (Pucynok 5.2 (a)), a Takxe
MOSIBJICHUE OTPUIATEIILHON KOMIOHEHTHI ONTUYECKOW CUIIbl. B TO e BpeMsi pa3HOCTh
daz3 —z/2 npUBOAMT K BO30OYXKIECHHIO IMOBEPXHOCTHOM MOJBI B OTPHUIATSIHHOM

HaIpaBJIeHUHU U PEAKTUBHOMY YCHJICHUIO MOJOKUTEIbHON KOMIOHEHTHI CHIlbl (PrcyHOK

5.2 (6)).
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[pn nanpHeimeM anann3e Ml OyeM ncmonabs3oBaTh npexen K, =1.53k ms Toro,

9qTOOBI pa3IeIUTh BKJIaJIbl 00OBEMHBIX M IIOBEPXHOCTHHIX MOJI B Auamnazone 500 — 900 am.

Unrerpuposanne ¢ynkuun ['puna B obmactu K, >1.53K omuceiBaer Bkian [IBB B

ONTHYECKYIO CHITY, T. K. IPUCYTCTBUE OOBEMHBIX MOJI B 3TOM 00JIACTH HE3HAUUTEIBHO.
Opnako, my1st 11uH BoJH, Oobmmx 900 HM Takoe pasaeicHue MPOBECTH CIIOKHEE, TTHK
[IBb nexur Mexmay ABYMs CHEKTpPadbHBIMU OO0JACTAMU, B KOTOPBIX MPHUCYTCTBYIOT

00BéMHBIE MOIBEI DK.

5.2 AHaJan3 ONTHYECKOH CHJIbI BOJIM3HM (DOTOHHOT0 KPHCTAJLIA

PaccMoTpum cieKTpaibHYIO 3aBUCUMOCTH ONTHUYECKOW CHIIBI, JICHCTBYIOIIEH HA
gactuiyy BOmm3m moBepxHocTH DK (Pucynox 5.3 (a)). Bumno, d9rto MombI,
pacmpocTpaHsomuecs B CBOOOTHOM TPOCTPAHCTBE, a Takke 00beMHbIe MOl DK mator
HE3HAYUTEIbHBIN BKJIAJ B UTOTOBYIO CUJTY, T. K. UX BEJIMYMHBI CYyIIECCTBEHHO MEHBIIIE

CUIBbl PAaJUALUOHHOIO JABICHUS IUIOCKOM BOJIHBI B CBOOOJHOM IIPOCTPAaHCTBE
1 o2 .
F = > kime, ‘ E ‘ . bonee Toro, Benmm4rHa ONTUYECKON CUIIBI TIOYTH ITOJIHOCTBIO 3aBHCHUT

OT BO30Y>KJE€HUSI MMOBEPXHOCTHOM BOJHBI. Kak ynmoMuHamoch paHee, 3HaK OMTHYECKOM

CWJIBl omlpenensercs pasHuLed ¢a3 Mexay P, U P, (WM 3HaAKOM Im[rp(ﬁ)]).
Im[rp(é?)}>0 (xpacubie oOmact, PucyHok 5.3 (0)) COOTBETCTBYET NPUTSIKECHHUIO

YaCTHUIBI K UCTOYHUKY W3IyYCHHUs BIOJb MPAHUIIBI pa3jieia cpea u pasnoctu a3 7 /2,

[lukyu BceX BKJIAJIOB B ONTHUYECKYH) CHJIY COOTBETCTBYIOT NMHUKaM B KO3 uimeHrte
(5 £

OTpakeHHsI ¥ MaKCHMaIIbHOH pa3HocTH (a3 arg(p,p,). HecymecrBenHsle pa3nuyuuns B

IIMPUHE KPACHBIX 00JacCTe Ha JABYX PUCYHKAX OOBSCHAETCS TEM, UTO OTpHUIATEIbHAs

cuita, oOycioBieHHas Bo30yxnenuem [IBb He Bcerja moaHOCThIO KOMIICHCUPYET CHITY

paccesnus csera (ypasHenue (2.8)). IIpy n3MeHeHUH 3HAKA Im[r P (6’)} MEHSET 3HaK

Bkiaza [IBb B peakTUBHYIO KOMIIOHEHTY CHUJIBI.
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Pucynox 5.3 — (a) cnekTpanbHas 3aBUCHMOCTb ONTHYECKOUN CrUTbl. CHHSS TUHUS
COOTBETCTBYET ONTHYECKOM CHJIE C YUYETOM BKJIAJIOB BCEX MO CTPYKTYPBI, YEpHAS —
BKJIaJTy MOJT CBOOOTHOTO MIPOCTPAHCTBA B onTHUecKyto cuiy (¢. ['puHa uHTerpupyercs

no k, =k, cepast — o6pemubIX Mo DK, KOTOpBIE HE PACIPOCTPAHAIOTCS B BEpXHEM
nonynpoctpancTse (narerpuposanue 10 K. =1.53K). KpacHbiM BbIaeIeHBI 0071aCTH,
COOTBETCTBYIOIIIME OTPHUIATEILHON ONTHYECKOM CHJIE, T. €. KITPUTHKEHUIO)» YACTHUIIHI
10 HAMPABIICHUIO K UICTOYHUKY M3JIydeHHs. Bce cuiibl HOpMUPOBAHBI Ha paUalliOHHOE
JIaBJIEHUE B OTCYTCTBHE NOJUIOKKH. (0) PasHocTh a3 Mexny p, u p, (4epHas TMHUA);
¥ MHUMas 4acTh KodhdumuenTa orpakenns o @K maockoil BOJIHBI, MaIal0IIEH MO/

yriom @ =15°. KpacHbIM BblIeNIEHbI 001aCTH Im[r P (6?)} >0

Takum 00pa3oM, Mbl TPOJEMOHCTPUPOBAIM, YTO XapakTep ONTUYECKOW CHUJIbI
3aBUCHT OT cBOMCTB @K U yria nageHus mi0CKON BOJIHBI HA CTPYKTYpy. M3MeHss JnHy
BOJIHBI TMAJAIOUIer0 MW3JIYYEHUS W/WIM Yrol TaJeHHUs BO3MOXHO HE TOJIBKO
nepecTpanuBaTh BEJIMYMHY ONTUYECKOM CUJIbL, HO U €€ 3HaK. PucyHok 5.4 nmmoctpupyet

BO3MOXHOCTB IICPCKIIIOYCHUSA MCIKAY «IIPUTSKCHUCM» W OTTAJIKMBAHHUCM YaCTUIbLI IIPU
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BAapbHUPOBAHUH KAXKJA0T'O U3 IapaMCTPOB. OnTthyeckas cuia MOXKET IMPEBOCXOAUTH CUITY

panMaIMoOHHOIO JaBJIecHUS B JecATkU pa3. Ha Pucynke 5.5 npuBeneHbI crieKTpalibHbIC
3aBUCUMOCTH ONTHUYCCKOM CHIIBI JIJIs yTJI0B majgenus 6@ =367, 757, a Takxke pasHocTH (a3

MCKAY KOMIIOHCHTAMH OUIIOJIbHOI'O MOMCHTA. MosxHOo BUJICTb, YTO JAKC IIPU 0OIBIINX

3HaUYCHMUSIX Yyriaa 6, pa3HOCTh (a3 MOXKET JIOCTUTaTh |7z/ 2|. Onnako, o06JsacThb

OTPHUHATCIIbHBIX 3HAQUCHUN OITUYECKOM CHIJIBI Maja JJIs1 0=36" mu IMPAKTHYCCKHU

OTCYTCTBYeT i1 @ =75". DTO MOXHO OOBSICHUTH TEM, UTO YBEJIUYMBAETCA BKJa]
IJIOCKOM BOJIHBI, KOTOPBIA TAKXE 3aBUCUT OT yria najaeHus. Kpome toro, n3 Pucynka
5.5(0) BHIHO, YTO BO3MOXHO TMOJYYUTh HYJEBYIO TOMEPEUYHYI0 KOMIIOHEHTY
ONTUYECKOM CHJIBI, JEWCTBYIOIIEW HA YacTHIly, 32 CYET KOMIIEHCAlMM PEAaKTUBHOU
KOMITOHEHTBI CUJIbl U CHJIbI, OOYCIIOBJICHHOW pAacCesTHUEM HM3Iy4Y€HUs Ha 4dacTule (Ha
JUTUHE BOJHBI 0K0JI0 800 HM).

1000

900

800

A, HM

700

600

0 10 20 30 40 50 60 70 80 90
0,°

Pucynok 5.4 — 3aBUCHMOCTD ONITUYECKOM CHIIBI OT JJIMHBI BOJIHBI U yTJia A eHUs

BBIHYKJIAOIICTO U3JTYyUCHUA

(6) o4l

paza, ™
.

500 550 600 650 700 750 800 850 900

A, HM

Pucynoxk 5.5 — Ontudeckas cuia (CUHSSI IMHUSA) U Pa3HOCTH (pa3 KOMITOHEHT

JUTIOJIBHOTO MOMEHTA YacTHIlbl (depHas nuHus) A (a) 8 =36 u (6) =175



125

CpaBHUM aHATUTHYECKUE NAHHBIC C pe3yJbTaTaMH MOJICIHPOBAHUS B TaKeTe
Lumerical FDTD Solutions (Pucynok 5.6). Kpusble, mmmocTpupyroniye pe3yabTaThl
AHAJMTUYECKOW MOJICIH ¥ YHCICHHOTO pacueTa, COBIAIAIOT C BRICOKOH TOYHOCTBIO, YTO

TOBOPHUT O JOCTOBCPHOCTH ITOJTYUCHHBIX PE3YyJIbTATOB.

4+ ¥ — (. [puna
O Lumerical

500 550 600 650 700 750 800 850 900
A, HM

Pucynox 5.6 — CpaBHeHHEe aHATUTUYECKON MOJIEH (CUHSISI JIMHUA) C
pe3ynbTaTaMu MOJICTUPOBaHMs (YepHBIe KpyTH). Yactuia paauycom R=16 aMu ¢

JIIDIIEKTPUYECKON POHUIIAEMOCTBIO &, =3 PACIIOIOkKEHA HA BHICOTE 4 HM HAJ

TIOJIJTO’KKOM (1IeHTp JacThlbl B Z = 20 HM)

5.3CopTHpoBKa yacTull BOJIM3M (POTOHHOI0 KPUCTAJLIIA

OnmHuM u3 HamOosiee TEPCIEKTUBHBIX MPUMEHEHUH ONTUYECKUX CHII SBISCTCS
ONTHYECKass COPTUPOBKA YACTHIl, B T.d4Y. pe3oHaHCHBIX [55,159]. CnekrpanbHas
3aBUCUMOCTh 3HAKA ONTHUYECKOW CHIIBI BOJIM3M (DOTOHHOTO KpHCTaJIa 0OecTeunBacT
BO3MOYKHOCTh COPTHPOBKH YaCTHUI] CO CXOKUMH PE30HAHCAMHU, BHE 3aBUCHMOCTH OT THIIA
CaMoro pe3oHaHca. 37ech Mbl pacCMaTpHUBaeM IJIa3MOHHBIC HAHOYACTHIIBI THITA «SAPO-
000JI09Ka» ¢ MOCTOSHHBIM BHEIIHUM paguycoM R =40 HM U nepeMeHHBIM PaguyCcoM
[MonsipuzyemocTh Takoi yacTuibl umeeT Bun [160]:

saapa R

core *

a(t):ore—shell _ R3 (‘9core + 26‘shell )(‘9shell — & ) + f (gcore ~ Eshell )(gm + 2‘c"shell ) ’ f— (Mjg . (51)
(gcore + 2‘g‘shell )(gshell + ng ) +2f (‘gcore ~ Eghell )(‘gshell - gm)
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[Tonoxenue pesoHaHca TAKOW YaCTUIbI 3aBUCUT OT COOTHOILIEHUS TOJILIUH SApa U
000JI0uKM yacTullpl. BBegem mnsg Takod dvacTUIbl 3(Q(PEKTUBHYIO MOISPU3YyEMOCTb

YacTUIbI, KOTOpas yYUTHIBACT B3auMojercTtBue ¢ @K, U MOXKET WLIIOCTPUPOBATH
v < eff
CMEIIICHUE PE30HAHCa YaCTHIIbI 3a CUET TAKOTO B3aUMOACHCTBUSA a®® mo aHayorum c

BeIpakeHueM (3.1):

@ =, |1-a,—G" | . (5.2)

2

500 600 700 800 900
A, HM

Pucynok 5.7 — Ontrueckas cuia, JEHCTBYIOLIAs HA PE30HAHCHYI0 HAHOYACTHUILY
BOm3u OK. benblit 11BET COOTBETCTBYET OTPUIIATENBLHOM CHIIe, YEPHBIN —
noJioxkuTenbHON. KpacHble 06s1acTu 0ToOpakatroT H3MEHEHHUE XapaKTepa CUJIbI C
NPUTSHKEHUS YaCTHIIBI, 10 OTTaJIKMBaHUA. Ha BcTaBke mokazaHa edCTBUTENbHAS YACTh

XX-KOMITOHEHTHI TeH30pa 3 (PEeKTUBHOMN TONIAprU3yeMOoCcTH yacTuibl Juist R =355 HMm

core

(u€pHas cruiolHas JuHus), R

ore =30.O HM (CHHSISI LITPUXOBAs JINHUA),

R.oe =37.5 HM (kpacHas nuHus). Taxke Moka3aHbl YaCTULIBI C PA3HBIMU

COOTHOHICHHUAMU paanyCoOB AZipa U 000JI0YKH

BcraBka Ha Pucynke 5.7 WUIIOCTpUpPYET XX-KOMIOHEHTY 3¢ (dEeKTUBHON
MOJIIPU3YEMOCTH HAHOYACTHUIIBI ISl PA3IMYHBIX TOJIIUH SApa C MPOHUIIAEMOCTHIO

E..=2.3ucAgobonoukoii ¢ &

ore , [32]. Tak, BHenHUit paanyc gacTuis R

shel | OCTaeTcs

shel
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HCU3MCHHLIM, a paanycC sgapa UBMCHACTCA B AUAIIa30HEC Rcore

=35.5—-38 um. Ha Pucynke
5.7 moka3zaHa ONTUYECKas CHJIa, ACHCTBYIOIIAas HA YACTHILY, B 3aBUCUMOCTH OT JIJTUHBI
BOJIHBI M3JIyYEHUs M OT paauyca sapa 4vactuupl. C yBeaMUYeHUEM paauyca sapa
(YMEHBIIIEHHE TOJIIUHBI 000JI0YKH ) MBI U3MEHSIEM CIIEKTPAJIbHOE MOJIOKEHNE pe30HAHCa
YacTUIlbl (WM MOJOKEHUS U3MEHEHUs 3HaKa JCUCTBUTEIBHONU YacTH MOJISPU3YEMOCTH

YaCTHUIIhI) TAKUM 00pa30M, 4TO OH COBIIAJAET C TOJIOKCHUSAMH MUKOB B KO3 uimeHnte
otpakenns or ®K. B cmyusae Re(e™ ™)<0 x arg(p)p,) moGaBmsercs

JIOTIOJIHUTENBHBIN cABUT a3kl Ha 77, ONTHUYECKAs CUla MU3MEHSET CBOW 3HAK, W, B
pe3ysbTaTe, dYacTUIIBl C Pa3IMYHBIMH pajguycaMd OOOJIOYKH JIEMOHCTPHPYIOT
MIPOTHUBOMOJIOKHOE TOBEICHUE. M0KEM BUIETh, YTO U3MEHEHUE 3HAKA ONTUYECKOM CHUIIBI

MMEET MECTO Ha JJIuHEe BOJHBI 725 HM, (R

ore =39.0 HM nputskenue, R . =36 HM

core

napinenne Baoar DK), 750 am (R

core

=35.5,36 um mnputskenue, R =36.5 Hm

core

nasnenne Baoas OK), 800 um ( R =37 HM JIaBJICHHE

core

=35.5, 36, 36.5, 37 am nputrsbkenue, R =37.5 nm

core

=36, 36.5 HM nputskenue, R,

o OK), 850 u 900 um ( R

core
nasnenue Baoiap @DK). Haubonee mnokazarenpHble NpUMEpPhl HM3MEHEHHUS 3HAKa
ONTUYECKOM CHUJIbl BBIJAEIEHBI KpPAacHbIM LBeTOM. Kak moka3aHoO BbIlll€, W3MEHECHHE
YaCTOThl  BBIHYXKJAIOIIETO  M3JYYEHUST MOXKET O0O0ecrneyuBaTh IEPEKIIOUCHUE
HaIpaBJICHUS JBUKCHUS YACTHI[ ONpeJeeHHoro tuma. JlaHHas cxema oOecrieduBaeT
BO3MOKHOCTh TOYHOM COPTHUPOBKHM YACTHUIl C PE3KUM MU3MEHEHMEM 3HAKa ONTHUYECKOMU
CHUJIBI, TPU STOM IIMPUHA TTUKOB ONTHYECKOW CUJIbI COCTABIIAECT AECATKA HAHOMETPOB.
[TogBons wtor, Obul0 mpoaemoHcTpupoBaHo, uto [IBb ®K saBmsrorcs
MEPCHEKTUBHBIMU ISl TPEIU3UOHHOW COPTUPOBKM HAHOYACTHI], YTO TO3BOJISIET
pa3iinyaTh HAHOYACTHUIBI C MaJlbIMU CIIBUTAMU MEXKIY pe3oHaHcamMu. CTOUT Takke
OTMETHUTbh, YTO TAKWE YACTULBI MPAKTHYECKU HEBO3MOKHO OTCOPTUPOBATH ITPU MOMOIIMN

OOBIYHBIX OIITHYECKUX IMUHIICTOB.

5.40nTHYecKoe CBA3BIBAHUE 32 CYET MHTep(epeHUNH MOBEPXHOCTHBIX
BOJIH bJiioxa

Ha 3aBepiuaromem srane ueciae10BaHuil Obliia H3y4eHa BO3MOKHOCTb PEAIN3aluu

ontuyeckoro cBs3biBaHus 3a cuet [IBb (Pucynok 5.8). 3nech npuBeneHa ontuyeckas
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cuia, JEUCTBYIOIAsl HA Mapy 4YacTHIl BOJU3H (OTOHHOTO KpUCTaIIa IPU HOPMATbHOM
MaJCHUN W3JTy4YEHUS Ha CTPYKTYpy. AHAJOTMYHO CJIy4Yar0, ONMMCAaHHOMY B IjaBe 3,
ONTUYECKOE CBsA3bIBaHME obOecrieunBaeTcs unrepdpepenuueit [1Bb, Torna xak Bkiiasi
pacnpocTpaHsOmMUXcs B GOTOHHOM KPHUCTAJIJIE UM B BEPXHEM IMOIYNPOCTPAHCTBE MO/
HECYIIECTBEHHBI. B Takom cilyyae mepuoj]i ONTHUYECKON CHIIBI (PACCTOSHUS MEXKIY
PABHOBECHBIMHU TIOJIOKEHUSIMUA 4acTull) onpeaesnstorcss nepuojgom I[IBB, a cuna
B3aMMOJICHCTBUSl YBEJIMYMBAECTCS, OAHAKO B3aMMOJICHCTBUE YACTHI] NMPAKTUYECKU HE
0CJIA0JISIECTCS ¢ YBETUYCHUEM PACCTOSTHUS MEXKTy HUMHU, T. K. IOTEPU B TUICKTPUUECKUX
cinosix OK nHamHoro Menblie, uem B Metasuiax. [lapamerpsl poTOHHOTO KpHCTaIa TaKUe
K€, KaKk U IIPU UCCIIEIOBAHUY «JTy4a MPUTSHKEHU. BUAHO, YTO ONTUYECKOE CBA3bIBAHUE
onpeensaeTcss UCKIIoUnTeNbHO BKiIagoM [1BB, a Bkiaasl Mo cBOOOIHOTO MPOCTPAHCTBA
u 00bEMHBIX Mo DK Ha MOpsSI0K MEHbIIe WTOTOBOM cuiibl. [lepmon omTuueckoro

cesspiBanua L, =0.534 npu A=700HM, 4YTO COOTBETCTBYET JAUCIEPCHOHHOU

xapakrepucTthke u3 Pucynka 5.1. I3MeHss nokazaTenu npeaomiieHus cao€B POTOHHOTO
KPHUCTAJJIa BO3MOKHO IMOJYYUTh 3HAYEHHsI BOJIHOBOTO BEKTOPA NMTOBEPXHOCTHOMU BOJIHBI

Kooy = 3K, 1, cienoBarensio L. . ~0.334. Takum 00pa3oMm, CyIIeCTBYET BO3MOKHOCTD
BSW ind

dbopMHUpOBaHUS MAacCCHUBOB M3 YacTHI] C CyOMu(PaKIIMOHHBIMU PACCTOSHUSIMU MEXITY
HUMH, TIPU STOM, MPU UCIIOJIH30BAHUU OOJIBIIIOTO KOJWYECTBA YaCTHIL )KECTKOCTh OyIeT
YBEJIMYHUBATHLCS B pasbl, MOCKOIbKY [IBb OyayT pacmpocTpaHsiThes OT KaK10H YacTHIIbI
Ha OOJbIINE PACCTOSIHUSA. YBEIUYEHUE >KECTKOCTH ONTHUYECKOTO CBSI3BIBAHUS IS
OOJBIIOr0 YHMCIA YaCTUIl MPU HUCIHOJIb30BAHUU MOJ JTUAJNIEKTPUUYECKOrO BOJIHOBOAA

noka3ano B padore [103].
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Pucynox 5.8 - OnTudeckoe cBsA3pIBaHNE HAHOYACTHI] BOJIM3H o HOMEepHOTO DK.
UepHas u cepasi TUHUU MMOKAa3bIBAIOT BKJIaAbl MOJI, PACTIPOCTPAHSIIOLINXCS B CBOOOTHOM
pocTpaHcTBe, U 00BEMHBIX MO DK COOTBETCTBEHHO, a CHHSISI — ONITUYECKYIO CUITY C
Y4Y€TOM BCEX THUIIOB MOJ, B ToM uncie ¢ [IBb. [TapameTpsl yacTui u pacctosiHust 10
ITOJJI0KKHA COOTBETCTBYIOT OIIMCAHHBIM B IPEABIAYLIEM pa3eiie, JJIMHA BOJHBI

nazatomiero uznydenust A =700 am

[To pe3ynbTaTaM JaHHOM I1aBbl CPOPMYIUPOBAHO OJHO MOTOKEHHUE:

Haxnonnoe naoenmue niockou 6071HbI HA YACMUYY, DACHOJONCEHHYIO BOIU3U
HOBEPXHOCMU OOHOMEPHO20 (DOMOHHO20 Kpucmaiida, obecnedusaem HANPAGIeHHOE
6030ydicOeHUe no8epxHOCmHoU 60Hbl broxa. Pasnocmu haz medicoy xomnonenmamu
HAB8e0EHH020 OUNONLHO20 MOMEHMA YACcmuybl usMeHsemcs 6 npeoenax *mw/2. Omo, 6
C8010 ouepedb, NpueOOUm K pearu3ayuu «iyya NPUmANCeHUs» 800Jb NOBEPXHOCMU

Kpucmasiia ujiu K yCuienHuro oasnenus Ha uacmuyy 6 sasucumocmu om 3HaKa passocmu

Qas.
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3aKJII0OYeHHEe

B nuccepranmonHoil paboTe pacCMOTPEHbI ONTHYECKUE CUIIbI, BO3HUKAIOLIUE 32
CU€T PBAHECIICHTHBIX MOJI, BO30YKAEHHBIX OJMKHUMU MOJISIMU YaCTULl BOJU3H IITOCKOMN
rpaHuLbl pa3aena cped. bbuio pacCMOTPEHO B3aMMOJEHCTBUE OJHOW YAaCTHUIIBI U Hapbl
YacTHI] C TAKUMHU CTPYKTypaMH KaK MeTajlInyecKasl MOBEPXHOCTb, TUIEPOOTMUECKUIM
MeTaMaTepuan v (POTOHHBIA KPUCTAIUT U TTOTYUYEHBI CISAYIOIINE PE3YIbTAThI:

1. Pemena camocoriiacoBaHHas 3aja4ya O BIMSHUM OJIMXKHUX TOJIEH OJHOW M mapbl
YaCTULl, OTPAXKEHHBIX OT TPAHULBI pa3leiia Cpel, Ha paCHpENeCHUE IOJIEH B
CHUCTEME, TUMOJIBHBII MOMEHT YACTHIbl U ONTUYECKYIO CUITY, ACHCTBYIOIIYIO Ha
YaCTULBI.

2. Pa3But dopmasiizmM Ha OCHOBE CHEKTPAJIBHOIO YTIOBOTO Pa3JIOKEHHS JTHATHOM
¢ynkuun ['pyHa, TO3BONSIOIIMN  pa3leauTh BKJIaAbl MOJ  CBOOOJHOTO
IIPOCTPAHCTBA, MOBEPXHOCTHBIX MO/ Ha TPaHUIIE pa3zelia Cpe/l, a TAKKe 00bEMHBIX
MO/T HI>KHEW CPEIbL.

3. BnepBeie paccCMOTPEHO ONTHYECKOE CBS3bIBAHWE TIMaphl YacTHI[ BOJU3H
MOBEPXHOCTH METaJJIa, TOKa3aHo, YTO UHTEP(EPEHITNs TOBEPXHOCTHBIX IJIA3MOH-
MOJISIPUTOHOB, BO30YXKIEHHBIX OMMOKHUMHM TIOJSIMA  YacTUl, OOECIeYuBaET
dbopMHpoBaHrE YCTOWYUBBIX KOH(UTypalmii BIOIh HAMPABICHUS MOJIPU3AIIH
BHEIIHEr0 u3iydeHus. Cuia ONTUYECKOrO0 B3aMMOJICWCTBHS YacCTHUI] B TaKOH
CUCTeME B pa3bl IMPEBOCXOJAUT AHAJOTMYHYH) BEJIMYMHY B CBOOOJHOM
MPOCTPAHCTBE, & PACCTOSIHUSA MEXAY IOJIOKEHUSIMU YCTOMYMBOIO PABHOBECHS
YaCTHUI[ JIOCTUTAIOT CYOBOJHOBBIX BEIUYUH JUIsI PE30HAHCHOTO BO30YKIACHUS
TTIIT.

4. PacCMOTPEHO ONTHUYECKOE CBS3BIBAHME YACTHUI[ BOJM3U TOTyOECKOHEYHOTO M
BOJIM3M TOHKOTO CJIOSl TMIEpOOJIMYECKOro MeraMmarepuana. BrepBbie mokasaHo,
YTO MEXAaHW3M OINTHUYECKOTO  CBSI3BIBAHHWS  BOJMU3M  TOJyOECKOHEYHOTO
MeTaMmaTepuaia aHaJOTHYeH CBs3bIBaHUIO 3a cuy€T uHTepdepenuun IIIIIT Ha

IMOBECPXHOCTHU MCETAJa. B 10 Xxe BpEMsA HCIIOJIB30BAHUC mnep6om/mec1<1/1x
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MeTaMaTepuanioB CyOBOJHOBOW TOJIIMHBI MOTYT OOECHe4YMBaTh IEPUO]
ONTUYECKOTO CBS3bIBAHUS CYIIECTBEHHO MEHbIINUN AUGPAKIUMOHHOTO Mpesena, U
YBEJIIMUMBAECT CWJIy B3aMMOAECUCTBHs dYacTul. lIponemMoHCTpHpOBaHO, YTO 3TO
CTAHOBUTCS BO3MOXXHBIM  OJlaroiapsi MHOXKECTBEHHBIM  MEPEOTPAKEHUSIM
runepO0IMYEeCKUX MO MeETaMaTeprualia OT TPaHMI] pa3jiesia Clos.

BrnepBbie mpoaeMOHCTpUpOBaH JPQPEKT «JTyda NPUTSKEHHUs i1 YaCTULIBI,
MOMEIICHHOW BOJIM3U TUIMEPOOIUYECKOTO MeTaMmaTepuala TIpu HaKJIOHHOM
MMaJICHUN TUIOCKOW BOJHBI. [IOKa3aHO, 4TO B OCHOBE JAHHOIO SIBJICHUS JIEKUT
aCUMMETPUYHOE BO30YXKAeHHE 00BEMHBIX MOJI METaMaTepHuaIa.

Brnepsrie mpomeMoHCTpUpoBaH S(DPEKT «Jiyda NPUTHKEHUS» IS YaCTHUIBI,
MOMEIICHHOW  BOJM3UM  OJHOMEpPHOTO  (POTOHHOTO KpuUCTala 32  CYET
HalpaBJI€HHOrO BO30YXI€HUS TOBEPXHOCTHOU BosHbI bioxa. [TokazaHo, 4To pu
HE3HAYUTEIPHOM CMEHE JUIMHBI BOJIHBI WM YyIVIA IAJCHHsS W3JIYyYEHHs Ha
CTPYKTYpY, HampasieHue  pacnpoctpaHeHuss [IBb  u3mensercs  Ha
IIPOTUBONOJIOKHOE, KaK W HAIIPaBJICHUE PEAKTUBHOW KOMIIOHEHTHI ONTHUYECKOU
CUJIBL. JTO, B CBOIO OUYEPEIb, MOXKET OBITh UCIOJIB30BAHO JJISI TOYHOW COPTUPOBKHU
YacTHULL ¢ OJU3KUMHU CIIEKTPAIbHBIMU MOJIO0KEHUSIMH PE30HAHCOB.

Bnepsbie nokazaHa BO3MOXHOCTh PEAIM3alUHA ONTUYECKOTO CBSA3BIBAHUS YACTULL
MpY OMOIIM UHTEephEpPEHIIMU MTOBEPXHOCTHBIX BOJH biioxa. B 3aBucumMocTu ot
nucnepcroHHol xapaktepuctuku [I1Bb Takske BO3MOXKHO MOTYyYnTh CyOBOJHOBBIE

pPacCTOAHUA MCKIY YCTOfIQHBBIMH ITOJIOXKCHUAMH YaCTHII.
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Ipuaoxkenue A. JlonoJTHUTEIbHBIE
MaTepPHUAJIbI

(cnpaBoO4YHOE)

A.l IlpeacraBiaenue auaanoii pyHkuuu I'puHa B MUIMHAPUYECKHUX
KOOPAMHATAX M AHAJTUTHYECKOE BbIPAKEHHE IS CHJIbI ONITHYECKOI0
cBA3bIBaHMA NpH noMoiy uHTpedepenuun HITIT

Huannas ¢yskius ['puHa JUisi OTpaKeHUsS OT TPaHUIBI pasfiena cpea

( BeIpakenue (2.16)) B MWIMHIPHYSCKUX KOOPIUHATAX UMEET BHUI:
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MOJIBIHTETPaIbHBIE BRIpaXKECHHS uepe3 PyHKIuu beccens mepBoro poja mopsijaka N
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f(s.p.0)= 27z£sin2((p)30(3p)+ Jlg;p)cos(Z(p)],

a(s, o) = 2%(0032(¢)J0(5p)+ Jlg:)p)cos(zw)j,

h(s, p,@) =753, (sp)sin(2p), (A.2)

t(s, p,p)=27isd,(sp)cos(p),

w(s, p,p)=27xisd,(sp)sin(p).
B paccMOTpeHHOM CXEMe€ OINTHYECKOTO CBS3bIBAHUSA HA CTPYKTYpYy
HOpMaJbHO IIa/JIa€T BOJIHA, MOJSApU30BaHHas BHoJb OX. DTO 3HAYUT, YTO

OIITHYCCKYIO CUJIY MOKHO HpI/I6J'II/I)K€HHO 3aIInucaThb KakK

X T XX

F, :%Re(pxa Es")=27k*|p,| Red,Gi™. (A.3)
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kS.okZ2K
spPR1z22; Hl(l)(ksppx) XeXp(—|m(klz)Z) (A.6).

FX:7Z'|pX|2Re m

A.2 Pa3nenieHue BKJIQJA0B B ONTHYECKYI0 CHJIY BOJM3U (DOTOHHOTO
KpHucTaLia

Kak mnokaszaHo B paszene S OCHOBHOIO TEKCTa, pa3/elieHHE BKJIAJ0B
MOBEPXHOCTHOW 1 00BEMHBIX MO DK B ONTHYECKYIO CHITY B TUAITa30HE JJIMH BOJTH
900 — 1000 uM mpoBoAMTH ciioxkHee, T. K. [IBb pacnonoxxena Mmexay 00bEMHBIMU
Moaamu. OTHAKO TIPH HUCCIACAOBAHUM ONTHYCCKON CHIIBI B Y3KOM CIIEKTPATEHOM

AUAIIa30HC TAKOC pas3ACICHUC ITPOBCCTH BO3MOIKHO. Kak moka3ano Ha PI/ICYHKG

5.1 (a) B auama3one Ky E[O, A} CYILIECTBYIOT KaK MOJIbI CBOOOHOTO MPOCTPAHCTBA,
tak 1 00bEMHBIE Moael DK. [Ipu Kk, >B - Tonbpko o0BEMHBIE MOmbl. OnHA W3

00BLEMHBIX MOJ TaK)X€ HMEET MECTO B JIHana3oOHE kxe[A, B} JUIST JUTHH BOJIH

oonmpmmx 980 HM, €€ BKJIaI MOXHO OOCHUTBH, TaAKKC HN3MCHAA IIPCACIIbI
HHTCTPUPOBAHUA HA 9TOM MaJIOM OTPEC3KCE. BKJ'IaI[BI B OIITUYCCKYIO CHUIIY ITOKa3aHbI

Ha Pucynke (0).
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Pucynoxk A.1 — (a) Muumast yacth koddduimenta orpaxenus or @K. Kpacubie

mann Ak, =1.365K u B: Kk, =1.545k o6o3nauator nuamnason [1BB. (6)

3aBHCHUMOCTD ONITUYECKOM CUJIBI OT JJIMHBI BOJIHBI IMaAA0IICTO U3JTYUCHHA. ‘—IepHaﬂ

IITPUXOBAs TUHUS 0003HAYAET BKJIAJ MOJI CBOOOHOTO MPOCTPAHCTBA, cepast

JINHUAS — OO BEMHBIX MO kxe[k,A} ¢duoneroBeiM 0603HaueH Bkiag [IBB K, e[A, B}




149

Kak 1 B 0cCHOBHOM TEKCTC, OIITUYCCKOC IIPUTSXKCHUEC TYT p€aIn3yCTCA 3a CUET
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ABSTRACT: Auxiliary nanostructures introduce additional flexibility into
optomechanical manipulation schemes. Metamaterials and metasurfaces capable
to control electromagnetic interactions at the near-field regions are especially
beneficial for achieving improved spatial localization of particles, reducing laser
powers required for trapping, and for tailoring directivity of optical forces. Here,
optical forces acting on small particles situated next to anisotropic substrates, are
investigated. A special class of hyperbolic metasurfaces is considered in details
and is shown to be beneficial for achieving strong optical pulling forces in a broad
spectral range. Spectral decomposition of Green’s functions enables identifying
contributions of different interaction channels and underlines the importance of
the hyperbolic dispersion regime, which plays the key role in optomechanical
interactions. Homogenized model of the hyperbolic metasurface is compared to
its metal-dielectric multilayer realizations and is shown to predict the
optomechanical behavior under certain conditions related to composition of
the top layer of the structure and its periodicity. Optomechanical metasurfaces open a venue for future fundamental
investigations and a range of practical applications, where accurate control over mechanical motion of small objects is required.
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KEYWORDS: optical pulling forces, optical tweezers, hyperbolic dispersion, multilayer, surface plasmon, tractor beam,
anisotropic substrate, nanoparticle

ontrol over mechanical motion of small particles with stiffness within the trap is to introduce auxiliary nanophotonic

laser beams opened a venue for many fundamental or plasmonic structures that enable operation with nano-
investigations and practical applications.'™ Optical tweezers confined near fields. Plasmonic tweezers, for example, utilize
became one of the most frequently used tools in biophysical localized resonances of noble metal nanoantennas and provide
research, since they enable measuring dynamics of processes, significant 1mprovement in trap stiffness and spatial localization
control, and monitor forces on pico-Newton level; for example, of trapped objects.® Optical manipulation with other amuhary
see refs 4 and S. tools, for example, endoscopic techmques,) nanoapertures, 10

Classical optical tweezers, including the extension of the nanoplate mirrors, and integrated photonic devices'”"*'* was

concept to holographic multitrap configurations,” are based on also demonstrated. A special attention was paid to particles
diffractive optical elements, and can provide trapping stiffness trapping next to surfaces, since a typical experimental layout of
at the expense of an increased overall optical power. This a fluid cell may include substrates of different kinds, for
limitation also applies to trapping with structured and
superoscilatory beams (e.g., see ref 7). A promising solution Received: June 8, 2018
for achieving improved localization and the highest possible Published: October 17, 2018
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example, see refs 15 and 16 and others. Furthermore,
controllable transport over surfaces enables a range of particles
sorting applications.'” Here, additional advantages of carefully
designed surfaces in application to optomechanical manipu-
lations will be investigated.

Introduction of additional flexibilities and degrees of
freedom into manipulation schemes is required for achieving
ultimate optomechanical control over particles’ motion.
Tractor beams are a vivid example of a peculiar phenomenon,
where a particle moves against the global beam propagation
direction toward a light source. Structured illumination was
initially used for demonstration of this effect.'” "’ Remarkably,
unstructured light, for example, plane wave, can result in
pulling force on particles, situated above planar substrates.””*"
Besides a special case, where beads were partially immersed
into a media,”® more practical configuration with a particle
above the substrate was considered in ref 21 and pulling forces,
owing to unidirectional excitation of surface plasmons, were
predicted. Other recently reported phenomena of the optical
forces, tailored with planar surfaces, include the force
enhancement with Bloch modes.””*’ An extended review on
optical forces acting on a particle above a substrate is given in
the Supporting Information, A.

Another approach to tailoring optomechanical interactions is
to utilize the concept of metamaterials, which allows achieving
control over 2propagation of light via subwavelength structuring
of unit cells.”* A special class of metamaterials is a hyperbolic
medium,” which enhances the density of electromagnetic
states and, as the result, enables controlling efficiency of
scattering channels. Hyperbolic metamaterials, based on
vertically aligned metal nanorods, were assessed as a platform
for flexible optomechanical manipulation.”®*” While a set of
peculiar effects, including tractor beams, were predicted by
employing homogenization approach,”” consideration of near-
field interactions within actual unit cells of the nanorod arrays
require more detailed numerical analysis.”® From a practical
standpoint, optomechanical manipulation inside metamaterials
may face additional challenges and undesirable constraints can
emerge. On the other hand, metasurfaces (e.g”* %) (in
particular, hyperbolic) can share several advantages: delivering
high density of electromagnetic states for tailoring scattering
properties and providing direct physical access to manipulated
objects (here they are located above the structure and not
inside). Hyperbolic metasurfaces have already demonstrated
superior characteristics in controlling surfaces waves and
scattering, for example, see refs 31 and 32. Here,
optomechanical interactions over hyperbolic metasurfaces
will be analyzed and a set of new effects will be predicted. In
particular, tailoring electromagnetic interactions with a particle
by opening high density of states scattering channels will be
shown to deliver puling forces in a broad spectral range owing
to the hyperbolic nature of wave dispersion in the metamaterial
substrate. This effect also makes the distinctive differences
between this new approach to previously reported inves-
tigations (e.g, ref 21).

The proposed configuration, subject to the subsequent
analysis, is depicted in Figure 1. A small dielectric bead is
situated in a close proximity of layered metal-dielectric periodic
substrate, which supports hyperbolic regime of dispersion of
bulk modes. The structure is illuminated with a plane wave,
which excites both surface plasmon and volumetric hyperbolic
waves, owing to the scattering from the particle. The interplay
between resonant and nonresonant contributions of different

4372

Figure 1. Optomechanically manipulated subwavelength dielectric
particle next to anisotropic (hyperbolic) metasurface, illuminated with
an obliquely incident plane wave. The origin of Cartesian coordinates
is the point at the substrate—air interface below the geometric center
of the particle.

types of electromagnetic modes gives rise to strong pulling
forces, which will be analyzed hereafter. Green’s function
formalism enables identifying contributions of different
scattering channels to the overall optical force and, as a result,
to develop clear design rules for tailoring optomechanical
interactions.

The manuscript is organized as follows: general Green’s
function formalism in application to optical forces will be
revised first and then applied to the case of the homogeneous
hyperbolic metasurface. Conditions for achieving optical
pulling forces will be derived and contributions of surface
and volumetric waves will be identified. Analysis of a realistic
layered structure will be performed and additional peculiar
optomechanical effects will be discussed. Details of mathe-
matical analysis and several optimization routines appear in the
Supporting Information.

B DIPOLE PARTICLE OVER ANISOTROPIC
SUBSTRATE: GENERAL FORMALISM

Optical forces, acting on a small subwavelength particle,
obeying dipolar approximation, can be expressed by”’

F = %Re(aEmt- jEtOt*), where E™ is a local field at the

particle location, « is particle’s complex polarizability taking
into account radiation reaction, and subscript indexes stay for
directions in the Cartesian coordinate system.*" If a particle is
situated next to a photonic structure, self-consistent electro-
magnetic field contains rescattering contributions between all
the constitutive elements. In the case of a small particle next to
a flat surface, transversal optical force can be calculated self-
consistently via®'

1

ks

Re(aE*0.E") + lalP o up Im(EE* N Im(9,G,,) 1)
where G,, is a component of the Green’s function tensor G ofa
dipolar scatterer above a substrate, E° is the electrical field of a
wave incident and reflected from the substrate (calculated
without a particle), and y, and g; (=1 in subsequent analysis)
are permeabilities of vacuum and upper half-space. Green’s
function appears in both expressions for the total field E* and
the force F(see Supporting Information, B for details). Both
summands in eq 1 influence transversal optical force F,,
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however, for realistic materials the first term is positive and
comparable with free-space force magnitude, while the second
one might take large values, resulting from Green’s function
component (0,G,,) and excitation conditions, given by
Im(EX'EP™). The product Im(EYX'EP™)Im(0,G,,) with an
appropriate sign might change the overall balance and result in
an attracting force (see Supporting Information, Q).

Green’s function encapsulates the response from the
auxiliary layered structure, which manifest itself via reflection
coeficients r, and r, for s and p polarizations. Here, the whole
set of the plane waves, including propagating and evanescent
ones, should be taken into account. Evanescent components
are generated by the particle, which are near-field coupled to
the surface. In the case of a hyperbolic substrate, both surface
and bulk waves can be supported (note that hyperbolic
metamaterials convert evanescent fields into propagating ones
owing to the peculiar law of dispersion). The excitation
efficiency of different modes depends on density of states
(DOS); in the case of surface plasmons it has strongly resonant
behavior, while hyperbolic bulk modes have high DOS over a
broad spectral range. Those properties enable separating
different electromagnetic channels via the Fourier spectrum
representation of the Green’s function and, as a result, identify
the main contributing mechanism for achieving strong opto-
mechanical interactions.

It is worth noting that Green’s functions in flat layer
geometries (one among possible ways to construct an artificial
hyperbolic metamaterial) has analytical expressions, allowing
direct comparison between performances of homogenized
media and its possible realization. From the applied standpoint,
fabrication of nanometre thin layers is possible with atomic
layer deposition techniques, for example, see refs 35—37, which
makes the theoretically developed concept to be attractive
from the experimental perspectives.

B OPTICAL ATTRACTION, MEDIATED BY
HYPERBOLIC SUBSTRATES

The impact of homogenized anisotropic substrates on optical
forces will be studied next. Figure 2a,b shows transversal force
F, acting on a small dielectric particle above a uniaxial crystal
as calculated with eq 1. The force map is built as a function of
real parts of dielectric permittivities along the two main axes €,
=g, + igy and €, = g, + ie, of the crystal. Regions of positive
and negative values of the force are displayed with gray and
color legends, respectively. Each quadrant (marked on panel

F
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Figure 2. Color maps of optical forces (in fN mW™' ym?®) acting on a
particle (¢ = 3, R =15 nm, z = 15 nm) above an anisotropic material,
as the function of real parts of the substrate tensor parameters €,,€..
Material losses are set to (a) e2,e2 = 0.05, (b) £/,&/ = 0.3. Plane wave
is incident at 35° in respect to the normal, A = 450 nm. Balances
between the force components at the regime, marked by point A, will

be analyzed in Figure 3.
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(a)) on the force map corresponds to a different regime of the
substrate’s dispersion. The first quadrant shows the normal
elliptical regime of dispersion, which does not support any
surface waves and high DOS volume waves. As a result, an
attraction force cannot be achieved. The third quadrant, where
both components of the tensor are negative, corresponds to
the regime of surface plasmon modes, while the bulk substrate
does not support any propagation of waves within its volume.
In this case, a strong attraction can be achieved owing to the
surface mode, as was previously demonstrated,”’ owing to
unidirectional excitation of plasmons. Clear resonant plas-
monic branch is seen on the force map. The width of the force
resonance becomes wider with the increase of the material loss
(panel (b)). Quadrants II and IV support the regime, when
both surface plasmon and hyperbolic bulk modes can be
supported. Remarkably, the main difference in the force
behavior (no attraction at the forth quadrant) emerges owing
to the orientation of the polarization of the incident field with
respect to the negative component of permittivity tensor. This
behavior can be retrieved by analyzing the balance between
Im(0,G,,) and Im(E,E¥), see Supporting Information, Figure
S1 and the corresponding discussion.

While the regime of the second quadrant supports the
surface waves, a clear plasmonic branch in the force map is not
observed. The balance between different contributions will be
analyzed next; it is worth re-emphasizing that hyperbolic
materials can support both surface and bulk waves. Volumetric
waves with hyperbolic dispersion have nonresonant features,
whereas existence of surface modes can be identified via
observation of poles in the reflection coefficient. Those
coeflicients for the case of the uniaxial crystal with an optical

axis, pointing perpendicular to the interface, are given by’ "’

. — ek?
_ éxklz 6lklz
=

Exklz + ElkZZ
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z
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where k, is a wave vector of incident radiation in vacuum, &,
and k; = [ k, are the permittivity and the wave vector in the

upper half-space (air is considered hereafter) with components
ky k, ki, and k, = (k2 + kf)o'5 is a transversal component of
the wave vector. The branch of the square root solution in eq 2
should be chosen with imaginary part of k%, (wave vector in the
substrate) positively defined for a wave to decay away from the
interface. At the same time, for idealized lossless hyperbolic
materials, having different signs of €,¢;, component of the wave
vector kb, acquires real part for k, = k., > k;. It implies that at
this condition evanescent waves scattered by the particle
transform into propagating volume modes inside the hyper-
bolic substrate.”” On the other hand, the pole in the reflection
coefficient (eq 2) gives the dispersion of the surface plasmon
propagating over an anisotropic substrate:

0.5
(81 B Sx)glgz

2

pl _
kp =k,
& T &¢&

()

Surface plasmon resonance condition is fulfilled once the real
part of the denominator of in eq 3 goes to zero.

In order to find the contributions of surface and volumetric
waves to the pulling force, the integral representation of
Green’s function can be used. At the close proximity of a
particle to the substrate (z < 1), several contributions to the
derivative 0,G,, can be identified:
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This splitting of integral into g%, gPl, and g]‘b summands
underlines the contribution of the free space propagating (in
the air superstrate), plasmon, and hyperbolic modes. Linking
those parts of the integral with the beforehand mentioned
physical interpretation can be done under several approx-
imations. First, the particle should be located in the close
proximity of the substrate in order to excite both plasmon and
volume modes efficiently. Second, the plasmonic mode should
have a narrow pole in the reflection coefficient, which is
perfectly satisfied in the case of the low loss hyperbolic
material.

Three spectral intervals, underlined in eq 4, can be identified
by observing the imaginary part of the reflection coefficient r,,
Figure 3a (s-wave reflects similar to pure metal case and r, does

0.G
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Figure 3. (a) Reflection coefficient for hyperbolic material as a
function of transversal component of the wave vector k, The
parameters of the system correspond to point A from Figure 2a with
e, =—0S5, ¢, = 1.1, €/, ¢/ = 0.01. (b) Green’s function derivative
0,G,, (both real and imaginary parts) above the anisotropic substrate
at coordinate z = 15 nm. Two cases are plotted: €, = —0.5, ¢, € [0,10]
(red lines) and, vice versa, €} € [0,10], &, = —0.5 (green lines). Black
dots correspond to approximate value ¢">* (eq 5). Imaginary part of
the permittivity was taken to be &f,e; = 0.0S.

not contribute to 9,G,,). As it is shown by eq S8 in Supporting
Information, A, Im(d,G,,) is primarily defined by Im(rp) and
the proposed separation of different modes contributions to

the optical force given by eq 4 and is justified.’’ In the
hyperbolic regime, the reflection coeflicient is virtually
constant at lar%er k, and using ry> = r,(k,/k; — o0) for

P
evaluation of gj‘ (one of the summands in eq 4) is a rather

good approximation. With ry° = (\/£€, — &)/((&€, + &)
the term g™ can be analytically integrated to the simple form:

o0
3rP

hbap _
4k 12k 2)*
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Note that the exact value of k., has only a minor contribution
to the integration of gl‘b’ap as long as k.z is small (this is the
manifestation of the nonresonant nature of high DOS in
homogeneous hyperbolic metamaterials). ¢"™* is symmetric
with respect to €,¢, as follows from the expression for ry’.
Figure 3b demonstrates the plot of the term g">* together with
actual value of 0,G,,. Here either ¢, or € is fixed to —0.5, while
another component is varied and 0,G,, is evaluated. Note that
&> has the same value if £, and & interchange their roles,
while 0,G,, demonstrates a slight difference in the real part. It
is evident that g™ strongly prevails the overall value of 9,G,,
and all other contributions (see eq 4) can be neglected. As a
result, pulling forces, observed in quadrant II (Figure 2),
mainly arise due to volume hyperbolic modes. Finally, it is
worth noting, that optical forces are not symmetric in respect
with interchanging the roles of € and €, since the polarization
of the excitation and direction of propagation affects differently
the value of Im(EL'E™*) (eq 1), see the Supporting
Information, C.

B MULTILAYER SUBSTRATES FOR NEGATIVE
TRANSVERSAL FORCE

Metal-dielectric multilayers are one among probable realiza-
tions of hyperbolic metamaterials.’® The goal of the
subsequent studies is to compare performance of realistic
composites with their homogenized counterparts, investigated
in the previous section. Silver layers interchanging with a
transparent dielectric (e.g., made of porous polymer, refractive
index n 1.05) will be studied next. Effective material
properties can be attributed to those composites if the
periodicity of the structure and thicknesses of layers are
significantly smaller than the wavelength. In this case, the
effective dielectric tensor is given by ¢, = &,f; + &,(1 — f,), €, =
(fer! + (1 = f))&5 ")™Y, where €,,¢, are permittivities of metal
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Figure 4. (a) Transversal force F, acting on a particle, as a function of the wavelength. (b) Imaginary part of the reflection coefficient for semi-
infinite Ag-polymer multilayer composite as the function of the transverssal component of the wave vector. Red (blue) lines correspond to the case,
when the top layer, interfacing the air, is metal (dielectric). Black line is obtained within the effective medium approach; green crosses correspond
to approximation given by eq S; black dots correspond to numerical simulation of a particle a distance z = 16.5 nm above anisotropic substrate. A
set of multilayer periods P is specified in the legend. Other parameters are R = 15 nm, € = 3, z = 15 nm, and f; = 0.2, and the structure is illuminated

by a plane wave incident at 35°.
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and dielectric, f; = d/ is filling fraction of metal of thickness d
in the unit cell of period .** While this homogenization
approach works extremely well in the case of a small dielectric
contrast between the constitutive materials, it might face
several limitations, if plasmonic layers are alternatin§ with
positive epsilon dielectrics.”> Spatial dispersion effects,”" fast-
decaying evanescent waves next to metamaterial—air inter-
faces,” local near-field corrections,”® and others should be
taken into account,””*” depending on a specific phenomenon
under consideration. Hereafter, homogenization approach to
layered metamaterials is assessed in application to optical
forces (see also Supporting Information, D).

The exact reflection coeflicients for semi-infinite multilayer
are obtained according to the approach developed in.*’ The
material composition of the first layer (either metal or
dielectric) has a crucial impact on the pulling force. This
effect is solely related to the realization of the metamaterial
and, of course, cannot be observed in the studies of the
homogenized substrate. Those three different scenarios, first
metal layer, first dielectric layer, and homogeneous substrate
are considered hereafter. Figure 4a demonstrates the value of
the pulling force (negative value = pulling), as the function of
wavelength of the incident radiation (the silver filling factor is
fixed at f; = 0.2). Corresponding homogenized substrate has
effective parameters, corresponding to point A in Figure 2a.
Results of a finite-element method (FEM) simulation,
performed with Comsol Multiphysics, are shown with black
dots. The values of the force for the homogenized case
typically lie in between those of multilayer realizations with
either dielectric (blue lines) or metal (red lines) top layer. If
metal is set as an outer layer, maximum force amplification is
achieved. At the longer wavelengths (infrared) regimes of
metal or dielectric top layer can give an order of magnitude
difference in force values (see Supporting Information, Figure
S3). As it is expected, multilayers with smaller period (P in the
captions; closely resembling the homogenized description)
have broadband spectra, while larger periods give sharper
features and a slight blue shift of the resonant frequency. The
homogenized model perfectly predicts the behavior of the
multilayer composite, if the period of the latter is as small as
0.5—1 nm, which seems to be unrealistic with the current
fabrication technologies. Furthermore, in order to underline
features, provided by multilayers versus homogeneous
substrate, the particle was chosen to touch the outer layer of
the composite. As the distance to substrate is increased, the
discrepancies between two approaches become minor.”’ In
order to verify the validity of the developed theoretical
approach, full wave finite element numerical simulation was
performed (black dots). A 30 nm particle above homogeneous
substrate was investigated. Qualitatively good agreement
between the numerical and analytical results was achieved.
The discrepancies are attributed to the finite volume of the
particle, which was fully accounted in the case of FEM
simulation and was considered in the dipolar approximation in
the analytical theory.

Additional optimization over the layers’ parameters in order
to achieve maximal pulling force can be performed and is
discussed in the Supporting Information, D and E. It should be
noted that many experimental investigations of optical forces
are done with particles, dissolved in liquid solutions. In such
environments, optically denser particles can be used in order to
achieve sufficient force amplitude, see the Supporting
Information, F.
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To get a deeper insight into the differences between
homogenized and layered cases, the imaginary part of the
reflection coeflicient was plotted, as the function of the
transversal component of the wave vector of incident wave,
Figure 4b. Metal-dielectric stacks with different periodicity, but
with the same filling factors (homogenized parameters are
supposed to be the same), were investigated. Multilayer
substrates feature strongly nonuniform dependence of Im-
(rp(k/,)). The lowest reflectivity of evanescent waves is
obtained in the case, where the top layer is the dielectric. As
a result, the lowest pulling force values are obtained (see panel
(a)). As metal layer is placed on the top, situation changes
drastically. Sharp peak in r, at k, slightly exceeding k; is linked
with the existence of the long-range plasmon (LR-SPP).
Furthermore, at k, > k; reflection coeflicient obtains
significant values in the allowed zone of the periodic structure.
Here the reflection coefficient exceeds r;’ (characteristic to
homogeneous hyperbolic material at large k,) due to the short-
range plasmon (SR-SPP).** Convolution of such rp(k,),
enhanced by short-range plasmon, with an exponentially
decaying term in the integrand of eq 4 defines features,
characteristic to different periods of the unit cell.

Concluding this part of the investigation, both volume
modes and SR-SPP, linked with Im(r,(k,)), are crucial for
optical forces. Increasing Im(r,(k,)) at the region of
evanescent waves can lead to the enhancement of the puling
force. As for SPP resonance at the bulk metal interface,
considered previously in ref 21, it is also characterized by
Im(r,(k,)) increase for a broad range of evanescent k.
However, in this case, the effect is associated with a sharp
spectral resonance (plasmonic branch). For low-loss metals, it
results in strong pulling forces, for example, for Ag substrate
tractor beam takes place at wavelength around 340 nm,
corresponding to SPP resonance. Besides narrow-band spectral
dependence, the amplitude of pulling force will drop
significantly with an increase of absorption in metal, what
complicates the experimental applications of SPP resonance-
assisted tractor beam in the visible range. Note that different
physical trends are expected for optical forces due to different
kind of modes at the substrate interface and within the bulk. In
particular, spectral features and loss dependence of volumetric
modes can be tailored and subsequently employed for
achieving significant values of pulling forces.

While the beforehand studies of the forces were performed
on the configurations, where the metal was chosen to be silver,
other plasmonic materials are of a potential interest (especially
with the development of other promising alternatives).
Hereafter, Au (3—5 nm) and Ag (1.5—3 nm) thick layers will
be compared with each other and with semi-infinite substrates,
made of a solid metal (traditional plasmonic substrate). Figure
S summarizes the results. The pulling force at pure metal
substrate emerges solely owing to the interaction with surface
plasmon polaritons at the resonance. Bulk silver, having smaller
optical losses than gold, provides very strong optical force,
while gold substrate gives very low force amplitude. Single
isolated Ag layer can also provide a pulling force due to SR-
SPP, however, this effect is relatively weak and is not presented
here. For both Au and Ag multilayers the force spectra are red-
shifted with respect to the bulk substrates. In addition, the
force bandwidths are significantly wider for the layers.
Remarkably, in the multilayer hyperbolic case, pulling forces
are much stronger than for a bulk Au substrate and less
affected by material loss—both gold and silver layers show
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Figure S. Transversal force F, acting on a particle (R =15 nm, ¢ =3, z
= 15 nm) for different types of substrates: silver (green line), gold
(yellow line), Ag-polymer multilayer (red and blue lines), and Au-
polymer multilayer (black and gray lines). In legend dyy, da,, d, are
specified in nm and stand for Ag, Au, and polymer thicknesses.
Multilayer is terminated with metal; plane wave is incident at 35°.
The inset shows magnetic component H,* of the field scattered by the
particle above the homogeneous hyperbolic substrate (for the
effective model of Ag-polymer multilayer fy, = 0.2 at 4 = 450 nm),
z =16 nm, @ = 35°

similar amplitudes. Broadband force enhancement is achieved
with multilayer substrates in the whole visible range from 400
to 800 nm. Unlike purely plasmonic case, hyperbolic modes
are less affected by losses. It is worth noting that virtually any
metal provides noticeable negative force (Supporting In-
formation, E) and is suitable for optomechanical applications.

Inset in Figure 5 shows a FEM simulation of magnetic field
scattered by a particle (excluding background field given by the
incident and reflected plane waves) for the homogeneous
hyperbolic material. Highly confined high-k volume modes are
seen in the substrate and are typical to hyperbolic metamaterial
(e.g., see ref 45). The asymmetric scattering pattern within the
substrate visualizes the puling force effect and the impact of the
metamaterial. The substrate opens the high DOS channels and
allows tailoring forces by breaking the symmetry of the
momentum, carried out by the scattered waves. Furthermore,
high-k waves carry more momentum in comparison to free
space counterparts and, as the result, recoil force values
increase.

Summarizing, multilayered metamaterials can be used as
effective substrates for achieving negative optical forces, which,
compared to the plasmonic substrates, provide a set of new
features: (1) broadband pulling force (instead of narrowband
response at the surface plasmon resonance or a weak response
at SR-SPP), (2) tuning the position of the force spectra by
appropriate design of the multilayer structure, and (3) large
negative force for multilayers with lossy metals.

B CONCLUSIONS

Optical forces mediated by hyperbolic metamaterials interfac-
ing dielectric homogeneous space (e.g., air or water, in the case
of fluidic applications) were theoretically investigated. Strong
optical pulling forces were obtained over the broad spectral
range and this new effect is attributed to the hyperbolic type of
dispersion of electromagnetic modes. Analytical formalism of
the phenomenon was developed and it relies on the self-
consistent expressions for the total field at the particle location,
given with the help of electromagnetic Green’s function.
Spectral decomposition of the Green’s function enabled
identifying contributions of different interaction channels
into the total optical force. In particular, long-range surface
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plasmon polaritons having sharp resonance in k-space were
separated from the hyperbolic bulk modes for the case of
homogeneous hyperbolic material. Hyperbolic modes, having
high density of electromagnetic states over a broad spectral
range, are the preferable channel for scattering. It was shown
that the hyperbolicity of the substrate plays the key role in
delivering the overall effect in the broad spectral range.
However, multilayered realization of the metamaterial, when
the top material interfacing the air is metal, introduces an
important contribution to the value of the pulling force. The
broadband property and tunability of the hyperbolic metasur-
face have an additional key advantage over a single metal
layer—optical attraction can be achieved at the infrared spectral
range, which is highly important to many optomechanical
applications. Metasurfaces, designed to control near-field
interactions, open a venue for flexible optomechanical
manipulation schemes. While the effect of optical attraction
was demonstrated here, other important fundamental
phenomena and applications, such as optical binding, sorting,
trapping, to name just few, can be enabled by carefully
designed optomechanical metasurfaces.
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Abstract. Optical forces acting on nanoobjects can be enhanced, inverted or cancelled out by
the presence of carefully chosen environment. Here we consider metamaterial substrate which
can modify optical forces through the excitation of surface waves and volumetric hyperbolic
modes. Both types of interaction channels will be discussed in the present work where we
show new effect of pulling forces on subwavelength dielectric particles above multilayer
hyperbolic substrates.

1. Introduction

A special class of metamaterials - hyperbolic metamaterials - can support both volumetric modes
and surface waves and are especially interesting for optomechanical applications. Hyperbolic
metamaterials based on vertically aligned metal nanorods were assessed as a platform for flexible
optomechanical manipulation [1], [2]. While a set of peculiar effects including tractor beams were
predicted by employing homogenization approach [1], consideration of near-field interactions within
actual unit cells of the nanorod arrays require more detailed numerical analysis [2].

In this work we focus on metamaterial multilayer substrates for optomechanical applications. For a
particular substrate, surface waves, being the key for effects such as tractor beam [3], anti-trapping in
Gaussian beam [4], anisotropic binding [5], have many in common if certain peculiarities in the
excitation process and interaction mechanism are omitted. Leaving out these differences and
concentrating on the main features, we study a basic setup exceptionally sensitive to surface waves
and modes in the structure, that is a particle over the metamaterial substrate illuminated by a plane
wave.

2. Formalism
The force on a dipole particle with polarizability o near semi-infinite substrate, Fig. 1, can be written
as [6]

F - % Re(@E™8,E% )+ | a F w?u, INEPE™)Im(, G,), (1)
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where E™ is a local field at the particle location, EC is incident field, G is Green’s function. Green’s
function defines structure response to incident field and enters both expression for total field E* and
1

the force F.

Figure 1. Optomechanically manipulated subwavelength dielectric particle (¢ =3, R = 15 nm,
z = 15 nm) next to anisotropic (hyperbolic) metasurface. Plane wave of p-polarization is incident
at 35°.

Green’s function encapsulates the response from the auxiliary layered structure, which manifest itself
via reflection coefficients rs and r, for s and p polarizations:

i
6XGXZ :Wj‘rpkpe 12 dkp 2
0

Hyperbolic materials can support both surface and bulk waves. Volumetric waves with hyperbolic
dispersion have non-resonant features, whereas existence of surface modes can be identified via
observation of poles in the reflection coefficient. Those coefficients for the case of the uniaxial crystal
with an optical axis, pointing perpendicular to the interface, (e, ¢: are permittivities along main axes) are
given by

p
— Sxklz _glk22

p p’
gxk:l.z +81k22

0.5
& 0.5
=[S ) k= (e

z

€)

where k, is a wave vector of incident radiation in vacuum, ¢, and k, =,/ k, are the permittivity and the

wave vector in the upper half-space (air is considered hereafter) with components kx, ky, ki, and
k, = (k2 +k2)°® is a transversal wave vector. The branch of the square root solution in Eq. (2) should be

chosen with an imaginary part of k? (wave vector in the substrate) positively defined for a wave to
decay away from the interface. At the same time for idealized lossless hyperbolic materials, having
different signs of permittivities along the two main axes and of the crystal ¢’, s, wave vector k?,
acquires real part for k =k, >k, . It implies that at this condition evanescent waves scattered by the

particle transforms into propagating volume modes inside the hyperbolic substrate.

3. Multilayer substrates for negative transversal force

For a setup with a particle over substrate excited by a plane wave, we start by overview of arbitrary
uniaxial anisotropic substrates to identify dielectric parameters when strong response of optical forces
takes place compared to free space. While certain types of dielectric permittivity tensors are hardly
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accessible, hyperbolic materials are very promising and are given by feasible multilayer geometries.
Metal-dielectric multilayers are studied to find suitable geometric configurations. For hyperbolic
isotropic and multilayered materials an emphasis is made on the difference in optical forces caused by
surface waves and volumetric modes in such structures. Figure 2 shows that surface and volume
modes in substrates with hyperbolic dispersion can lead to pulling forces over a broad wavelength
range.

The material composition of the first layer (either metal or dielectric) of multilayer substrate has a
crucial impact on the pulling force. This effect is solely related to the realization of the metamaterial
and, of course, cannot be observed in the studies of the homogenized substrate. Those three different
scenarios are considered hereafter. Fig. 2(a) demonstrates the value of the pulling force as the function
of wavelength of the incident radiation (the silver filling factor is fixed at f1 = 0.2). The values of the
force for the homogenized case typically lie in between those of multilayers with either dielectric
(light blue lines) or metal (dark blue lines) top layer. If metal is set as an outer layer, maximum force
amplification is achieved. At the longer wavelengths (infrared) regimes of metal or dielectric top layer
can give an order of magnitude difference in force values. As expected, multilayers with smaller
period (closely resembling the homogenized description) have broadband spectra while larger periods
give sharper features.

P=10
P=12
P=5nm
P=8
P=10
P=12

0.6 0.8
A, pm

Figure 2. (a) Transversal force £ acting on the particle, as the function of the wavelength. (b)
Imaginary part of the reflection coefficient for semi-infinite Ag-polymer (n=1.05) multilayer
composite as the function of the transverse wave vector. Dark (light) blue lines correspond to the case,
when the top layer, interfacing the air, is metal (dielectric). Black line is obtained within the effective
medium approximation. A set of multilayer periods is specified in the legend. Other parameters are:
R =15 nm, & =3, z= 15 nm, the structure is illuminated by a plane wave, incident at 35°.

4. Conclusions

The optical force acting on a nanoparticle near a planar substrate is governed by incident light and
excitation of surface and volume modes of the substrate. Plane wave results in pulling forces towards
the source for certain types of anisotropic substrates and multilayers. For multilayer substrate, top
metal layer interfacing the air introduces additional enhancement of value of the pulling force.
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Abstract — The optical force acting on a nanoparticle near a planar substrate is governed by
incident light and excitation of surface and volume modes of the substrate. We study system
configurations leading to significant enhancement of optical forces, for example, plane wave
results in pulling forces towards the source for certain types of anisotropic substrates.

I. INTRODUCTION

Figure 1. Optomechanically manipulated subwavelength dielectric particle (¢ =3, R = 15 nm, z = 15 nm) next to
anisotropic (hyperbolic) metasurface. Plane wave of p-polarization is incident at 35°.

Optomechanics is a powerful tool at nanoscale relying on unique properties of light to manipulate matter non-
invasively. Biological samples and nanoparticles can be arranged according predefined pattern what is very
important for nanophotonics, chemistry, biology and other scientific directions. The ways to control spatial
position of particles range from free-space optics to utilization of auxiliary nanostructures for field and force
shaping. While nanostructures localize particles at particular positions, i.e. at hot spots of high field intensity [1],
very simple planar substrate can serve as a platform for divers operations with nanoobjects [2, 3]. Here we are
interested in the direction and strength of optical force when substrate is made of arbitrary anisotropic (i.e.
hyperbolic) metamaterial [4, 5].

Recent progress in metamaterials span over fascinating applications relying on the control over the flow of light
with transformation optics [6], spin Hall effect [7], subdiffraction resolution [8], surface waves at metasurfaces
[9], [10], ect., what strongly motivates their application in the field of optomechanics.
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II. THEORETICAL FORMALISM

The force on a dipole particle with polarizability a near semi-infinite substrate can be written as [11]
F,= %Re(aE'"'axE‘“H o @ g, In(EZEZ") Im(@, G.), M
where E® is a local field at the particle location, E° is incident field, G is Green’s function. Green’s function

defines structure response to incident field and enters both expression for total field E** and the force F.

[II. DISCUSSION

The force map is built as a function of real parts of dielectric permittivities along the two main axes
e =& +ie’ and g =g, +ig] of the crystal. Regions of positive and negative values are displayed with

grey and color legends respectively.

F
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Figure 2. Colour maps of optical forces (in fN mW-'pum?) acting on a particle (¢=3, R=15 nm, z=15 nm) above
an anisotropic material, as the function of substrate tensor.

IV. CONCLUSION

Auxiliary metasurfaces introduce additional degree of freedom into optomechanical manipulation schemes.
Here, optical forces, mediated by hyperbolic metamaterials, interfacing dielectric homogeneous spaces (e.g. air
or water, in the case of fluidic applications) were investigated. Strong optical pulling forces were obtained over
the broad spectral range and this new effect is attributed to the hyperbolic type of dispersion of electromagnetic
modes. Analytical formalism of the phenomenon was developed and it relies on the self-consistent expressions
for the total field at the particle location, given with the help of electromagnetic Green’s function. Spectral
decomposition of the Green function enabled identifying contributions of different interaction channels into the
total optical force. In particular, surface plasmon polaritons, having strongly resonant behavior, were separated
from the hyperbolic bulk modes for the case of homogeneous hyperbolic material. Hyperbolic modes, having
high density of electromagnetic states over a broad spectral range, are the preferable channel for scattering. It
was shown that the hyperbolicity of the substrate plays the key role in delivering the overall effect in the broad
spectral range. Nevertheless, for multilayered realization top metal layer interfacing the air, introduces an
important contribution to the value of the pulling force. The broadband property and tunability have an
additional key advantage over a single metal layer — optical attraction can be achieved at the infrared spectral
range, which is highly important to many optomechanical applications. Metasurfaces, designed to control near-
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field interactions, open a venue for flexible optomechanical manipulation schemes. While the effect of optical
attraction was demonstrated here, other important fundamental effects and applications, such as optical binding,
sorting, trapping, to name just few, can be enabled by carefully designed optomechanical metasurfaces.
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Abstract. In this work we consider optical binding of two dipolar nanoparticles near plasmonic
substrates, that introduces additional degree of freedom into the system and allows precise and
versatile control over the particles’ position. It is shown, that surface modes allow to overcome
diffraction limit and increase stiffness of optical trapping by an order of magnitude.

1. Introduction

Through the last decades optical forces attracted a significant interest due to their applicability in
biological, chemical and optoelectronical research. For ensembles of particles optical forces can lead
to an optical binding effect [1], that is self-organization of the particles caused by light rescattering.
One of the most important optical binding characteristics are locations of stable positions of the
particles and stiffness of the optical trap. Usually, precision of the particles’ positioning is restricted by
incident light wavelength and is hard to vary. Also, for stable trapping one needs to improve trap
stiffness what requires high intensity of incident field. It was shown earlier, that the presence of a
substrate with surface [2] or volumetric modes [3] affects drastically optical force on a single particle,
and helps to improve trapping, or, for certain conditions, obtain anti-trapping effects [4].

2. Calculation of the optical binding force near the substrate

In this work we investigate the simplest case of two dipolar nanoparticles placed above the substrate
and illuminated by a plane wave, figure 1.

free space
interaction

J ‘ “
s \} } self induced

.
>
X

interaction via substrate

€

S

Figure 1. The scheme of the structure. Plane wave is polarized along x direction and incident along z.
Origin of the coordinates coincides with the first particle’s position, and the second has coordinates (X,
Y, 2). Dielectric permittivity of the particles € =3, radius R=15 nm.
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The force acting on a small particle is described as follows:

F= %Z Re(p; VE), (1)

where pi is the i component of particle induced dipole moment, and E{" corresponds to the local field
at the location of the particle, i=x,y,z.
General expression for local field at the location of one of the nanoparticles is obtained by using

Green’s function formalism:
2 2

k k
Ez :E0+_Glp1+_GZp2' 2

160 &€&y

Here, p1, p2 are induced dipole moments for the first and second nanoparticles correspondingly, Eo is
incident field with wave vector k, and eo, £ is vacuum permittivity and permittivity of the upper half-
space. Green's functions Gi, G, for the first and second dipoles consist of the free space binding
contribution, self-induced contribution through the substrate and multiple rescattering by the particles
through the substrate.

3. Enhancement of optical binding

Figure 2 illustrates that surface plasmon polariton at the metal-dielectric interface enhances optical
force by an order of magnitude in comparison with homogenous space. The distance between
equilibrium positions of the particles can become smaller than diffraction limit due to dispersion
relation of the plasmon. For example, the first equilibrium position at the substrate is around 140 nm,
but it is approximately 400 nm for optical binding in a free space.

1r

=+=Optical binding near plasmonic substrate
#* Free space binding

051

051

Optical binding force, arb. units

15 . . . . . . . )
100 200 300 400 500 600 700 800 900

Distance between the particles, nm

Figure 2. The optical binding force dependence on the distance between two dipoles. Blue line
corresponds to the interaction in a free space, and red line in vicinity of the plasmonic substrate (silver
with permittivity &s=-1.75+0.3i). For convenience the value for free space binding is multiplied by 10.

The incident light wavelength is 350 nm.

Thus, in this work we analyze optical binding near to plasmonic substrates. It is shown that surface
plasmon polariton interference plays crucial role in the interaction of nanoparticles. We demonstrate
that two nanoparticles placed near metallic interface can be stably bounded at distances defined by
surface plasmon polariton. While the classical diffraction limit prevents achieving deeply
subwavelength arrangements, auxiliary nanostructures enable tailoring optical forces via additional
interaction channels. In addition, the enhancement by one order of magnitude of the optical binding
force is possible owing to the resonant surface plasmon polariton excitation. Moreover, stable
configurations are formed along incident light polarization direction, while for binding in free space
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they are mutually perpendicular. That makes possible control over a nanoparticle trajectory on
subwavelength scales and opens opportunities for optical-induced organization of particles on a
plasmonic substrate with different periods along the field polarization as well as perpendicular to it.
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Optical binding allows creation of mechanically stable nanoparticle configurations owing to formation
of self-consistent optical trapping potentials. While the classical diffraction limit prevents achieving deeply
subwavelength arrangements, auxiliary nanostructures enable tailoring optical forces via additional interaction
channels. Here, a dimer configuration next to a metal surface was analyzed in detail and the contribution of
surface plasmon polariton waves was found to govern the interaction dynamics. It is shown that the interaction
channel, mediated by resonant surface waves, enables achieving subwavelength stable dimers. Furthermore,
the vectorial structure of surface modes allows binding between two dipole nanoparticles along the direction
of their dipole moments, contrary to vacuum binding, where a stable configuration is formed in the direction
perpendicular to the polarization of the dipole moments. In addition, the enhancement by one order of magnitude
of the optical binding stiffness is predicted owing to the surface plasmon polariton interaction channel.
These phenomena pave the way for developing new flexible optical manipulators, allowing for control over a
nanoparticle trajectory on subwavelength scales and opening opportunities for optical-induced anisotropic (i.e.,
with different periods along the field polarization as well as perpendicular to it) organization of particles on a

plasmonic substrate.

DOI: 10.1103/PhysRevB.99.125416

I. INTRODUCTION

Light carries momentum which can influence matter
through optical forces, enabling manipulation of micro- and
nanoscale objects [1] and even atom ensembles [2]. The
methods of optical tweezing [3,4] rely on attraction of small
objects to regions of high field intensity. Spatially nonuniform
intensity distributions used for positioning microobjects at
a predefined pattern can be achieved with a nanostructured
environment or by interference of several beams. Yet, since
the early years of optical tweezing experiments, it has been
discovered that several particles tend to self-organize under
homogeneous illumination [5,6]. This effect is referred to as
transverse optical binding. The interference between incident
and scattered light, owing to its interaction with particles, re-
sults in the formation of a set of potential wells defining stable
positions of particles. Optical binding has been intensively
studied both theoretically [7-11] and experimentally [12—-16],
including as a prospective method for self-organization of
particles. However, the strength of optical binding drops
rapidly with nanoparticle size as the scattering is proportional
to the nanoparticle radius R as ~RS. On the other hand, the
viscous damping is also reduced for smaller particles, which
makes the fluctuations and stochastic processes in liquids
to be more influential. As a result, for reliable optical con-
trol of subwavelength nanoparticles, strong optical fields are

2469-9950/2019/99(12)/125416(11)
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required. In order to achieve this with available laser intensi-
ties, the optical binding can be enhanced by localized plasmon
resonances of the nanoparticles [8,17,18]. The localized plas-
mons can improve trapping efficiency at hot spots of a cor-
rugated metal surface [19,20] or provide particle acceleration
against beam direction in plasmonic V-grooves [21]. Three-
dimensional structures of plasmonic particles or alternating
metal-dielectric layers, such as metamaterials [22-24], can be
also employed to trap or manipulate nanoparticles, e.g., for
realization of optical pulling forces attracting nanoparticles to
a light source [25,26]. In the context of optical binding, flat
metal surfaces may be also very relevant. The excitation of
propagating surface plasmon polartions (SPPs) and induced
optical thermal forces are responsible for self-organization of
micron-sized nanoparticles [27]. Moreover, the direct momen-
tum transfer from SPP to micron-sized particles [28,29] can
be used for enhancing the optical forces near planar metallic
surfaces, which can be used for sorting and ordering of
nanoparticles [15,30,31]. Recently, it was suggested that SPP
modes can open the way for manipulating the optical forces
acting on nanosized particles by the directional excitation of
the propagating SPP modes [32-37].

Here, we propose another mechanism of transverse optical
binding via excitation of SPP modes (SPP binding) near
a metallic planar interface. This mechanism is based on
far-field interaction through the interference of SPP waves

©2019 American Physical Society
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and it is different to the formation of resonant nanoparticle
molecules due to their near-field interaction [17,18,38,39].
Compared to common transverse binding in a free space
(photon binding) [40], the proposed approach has several
advantages: (i) It can enhance the binding effect for small
nanoparticles due to the resonant excitation of SPP modes;
(ii) the distance between the bound pair of nanoparticles is
defined by the SPP effective wavelength and, thus, can be sig-
nificantly smaller, surpassing the diffraction limit; and (iii) the
binding occurs in the direction of dipole polarization in accor-
dance with the directivity of SPP emission, which differs from
the case of a free space binding, where stable configurations
are formed in the direction perpendicular to the dipole mo-
ments. In this paper, we theoretically show how SPP-based
transverse optical binding can bring new features.

II. MODEL AND MAIN EQUATIONS

We consider two identical nanoparticles placed close to a
planar metallic interface at coordinates r; and r; in the field of
a normally incident plane wave (see Fig. 1). We assume that
the nanoparticles have radius R and are made of a dielectric
material with permittivity €. In the dipole approximation, the
radius of the nanoparticles R is much smaller than the typical
scale of the electric field variations. In this limit, the time-
averaged optical force acting on a nanoparticle is given by the
expression [41]

1 *
F= 2ReZinE,(r, w), (1
where E;(r, o) is the ith component of a local field.

The dipole moment of a nanoparticle p(r) is defined as
p(r) = a(w)E(r), where o(w) is the vacuum dipole polariz-
ability corrected with account for retardation effects:

ik

(e 7)) 67T8()

E—¢&1

, o = 4 eR® ,
0 0 &+ 2¢;

@

o

where k is the wave vector in a free space, &g is the vacuum
permittivity, and «q is the static polarizability, assuming the
particle is a sphere. The local electric field includes the

Einc(r)

FIG. 1. The scheme of the problem. Nanoparticles with permit-
tivity e are positioned at equal distances from a surface z; = 7z, = z.
The incident wave is described by the wave vector k and the electric
field Ejpc(r). We assume that the permittivity of the upper half-space
is ¢; = 1 and ¢, is the permittivity of silver substrate.

incident plane wave, the multiply rescattered field between
particles via free-space and substrate channels, and the self-
induced contribution of each particle through the reflection
from the substrate. The local field is given by

k2~ k2~
E(r) = Eo(r) + €—°G<r, r)p: + g_OG("’ rop. (3
0 0

Here, the first term on the right-hand side E; is the
amplitude of the external plane wave E;,.(r) with the term
corresponding to the reflection from the metallic substrate
taken into account, while the second and third terms corre-
spond to the field generated by the first and second nanopar-
Eicles, respegively. The total Green’s functign G(r,rg) =
Go(r, ro) + Gs(r, o) is a sum of the scattered G, and vacuum
Gy components, respectively [43]. The sum of terms on the
right-hand side of Eq. (3) are the fields of the two excited
dipoles, resulting in the formation of the interference pattern.
The polarizability tensor can be simplified with respect to the
self-action Green’s function component G,(r;, 1;):

ey k2 ~ . .
Pi = O ¢ |:Eo(l‘i) + iG(l‘i, I‘j)Pj], i=1,2,j=21

Here, we have introduced the effective polarizability tensor
o . as follows:

‘ . K2 -1
& o (i, 0) = a(w)[l — ()2 G, (x;, 1y, w)} ,
, -

i=1,2, “

if 7 corresponds to the unitary dyad. This tensor gives a
correction of a vacuum polarizability «(w) accounting for the
nanoparticle self-action_through the substrate [33,43]. This
tensor is diagonal, as is G4(r;, ;) in the case of a flat isotropic
substrate [43].

Without loss of generality, we fix the position of the first
particle in the origin of the coordinate system at x; =0
and y; = 0 and will consider the force acting on the second
particle only. Computing the field at the point of the dipole
according to the expression in Eq. (3), one can achieve a
system of equations for the dipole moments p; and p, (see
Appendix A), and, in the special case of normal incidence of
the plane wave, the expression for the dipole moments can be
simplified even further:

&)

~R
Pi = ai,effEO(ri )

~ k2
af g (ri, 0) = a(w)[l — a(w)—Gi(r;, 13, @)
, o

4 —1
—g—za(a))G(r,-, ) o (1), @)G(r), l'i)]
0

K .
X [1 + S—G(l‘i, ) o (T, w)],
0

i=1,2 j=21. (6)

Now, the polarizability &%, (see Appendix A for the de-
tails) includes all the interaction channels: (i) the self-action
of the nanoparticles through the substrate and (ii) the cross-
action of the two nanoparticles via the vacuum and the

125416-2



172

OPTICAL BINDING VIA SURFACE PLASMON POLARITON ...

PHYSICAL REVIEW B 99, 125416 (2019)

(a) 0.44 - —_— O
= £
XX,€
§ 0.42
3 - e e - e -
Eﬂ)
()
,
1
08 .2
06 &
(b) 5
04 E
—~ !
g 0.2
2 0

Vacuum wavelength (nm)

300 400 500 600 700
Wavelength (nm)

FIG. 2. The spectrum of the real (a) and imaginary (b) parts of
the xx components of the effective polarizability tensor &y (blue
dashed line) and &%; (red solid line) shown along with the vac-
uum polarizability o (black dash-dotted line). The polarizability is
normalized over 47 &,R® and calculated for a spherical nanoparticle
of radius R = 15 nm with ¢ = 3 whose center is located above the
surface at z = 20 nm. The inset shows the dependence on the vacuum
wavelength of the SPP typical period, denoted as Lgpp = 27 /kspp
(upper x axis), and the imaginary part of the SPP wave vector (lower
x axis). The dielectric permittivity of the silver substrate &, was taken
from Johnson and Christy [42].

substrate. Moreover, it is worth mentioning that though the
effective polarizability tensor & is diagonal, the tensor &fff is
nondiagonal, as the presence of the second nanoparticle does
not preserve translational symmetry of the system.

The excitation of SPP modes affects both the effective
polarizability due to the substrate mediated self-action and
the cross action of the nanoparticles. The spectra of the real
and imaginary parts of the xx components of &% (solid line)
and &} (dashed line) are plotted in Figs. 2(a) and 2(b),
respectively, for the case of a silver substrate. The vacuum
polarizability « is also shown in this figure with a dash-dotted
line. We observe that the effective polarizabilities have a
resonance at around 350 nm. From the inset of Fig. 2, one
can see that this wavelength corresponds to the SPP resonant
excitation for the silver/vacuum interface, which is defined
by the condition Re[es(w)] + 1 =0, and also corresponds
to the maximal value of the real part of the SPP wavevector
kspp = ko /€5/(e5 + 1), where ¢ is the permittivity of the
silver substrate [42]. In the inset, the effective wavelength of
the SPP mode defined as Lspp = 27w /Re(kspp) is also shown.

The strong enhancement of the imaginary part of the effective
polarizability is a sign of strong rescattering of light into the
SPP mode.

III. RESULTS AND DISCUSSION
A. Binding via SPP

By determining the dipole moments of nanoparticles, one
can calculate the optical force acting on each nanoparticle
using Eq. (1) (see the details in Appendix A). In the follow-
ing, we will refer to the optical force acting on the second
nanoparticle only, fixing the first nanoparticle in the coordi-
nate origin. In order to find the equilibrium positions of the
nanoparticle, we plot the dependence of the x component of
the optical force as a function of interparticle distance along
the x axis as shown in Fig. 3(a). The force is normalized to
the optical pressure force acting on the same nanoparticle in
vacuum Fy = 1/2k|Ey|*Im[a(w)], where |Ey| is the amplitude
of the incident plane wave, and the particles’ parameters
are the same throughout the whole paper: radius R =15 nm
and dielectric permittivity ¢ = 3. One can see that the force
periodically varies with coordinate, which is due to the inter-
ference pattern formed in the vicinity of the metal surface,
and the zero-force points show equilibrium positions. These
points can be stable along x if the force is restoring (shown
with solid circles, i.e., point 1) and unstable otherwise (shown
with white filled circles). One should also note that when the
nanoparticles approach each other, the force goes to minus
infinity until the nanoparticles touch each other. However, this
case is out of the scope of the present paper.

To identify the role of plasmons in the interaction force, we
have excluded the SPP contribution from the Green’s function
by integrating over the free space modes only (transverse
component of the wave vector is limited by the incident
wave vector k, k, < kj) in the spectral representation (see
Appendix B). One can see that in the absence of SPPs the
interaction force becomes one order of magnitude weaker,
and the period between stable positions is significantly en-
larged, being defined by the vacuum wavelength of photons.
Moreover, the equilibrium points shown with blue circles are
stable both along the x and y directions, making them globally
stable, which does not happen for equilibrium positions along
the y coordinate in the case of binding with solely photons.
To illustrate this, we plotted the F, force—see Fig. 3(b)—as
a function of the transverse angle ¢ (see the inset in Fig. 3)
in the vicinity of points of stable equilibrium. One can see
in Fig. 3(c) that the dependence of the binding length on the
vacuum wavelength and the period of the SPP wave, which is
equal to Lgpp. One can see that the binding distance is fully
defined by the period of the SPP wave when the excitation
condition is fulfilled, thus providing the binding at distances
significantly shorter than the vacuum wavelength. This also
strongly differs from work of Salary et al. [17], where the opti-
cal forces between two nanoparticles over a metallic substrate
were considered in the regime, where the interaction force is
mainly defined by the near-field components.

In order to support the results discussed above, we have
performed numerical simulations with the COMSOL MUL-
TYPHYSICS package [see Fig. 3(d), scatter line]; numerical
simulation shows good correspondence with the solution
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FIG. 3. (a) The x component of optical force plotted along the x axis coinciding with the direction of electric field polarization. The blue
solid line denotes the force with account for all interaction channels. The red dashed line is for the interaction through the free space photons
only. (b) The y component of the optical force in the direction perpendicular to the x axis, showing the stability of the binding position in
the direction transverse to the x axis. The blue solid line and red dashed line correspond to the force calculated with or without account for
the SPP interaction channel for the equilibrium positions labeled 1 and 2 in panel (a), respectively. The results are shown for the wavelength
X = 350 nm. The values of the force for the red dashed lines are multiplied by factors of 10 and 20 in panels (a) and (b), respectively. (c) The
distance between the stable equilibrium positions obtained from panel (a) compared with the distance L = 27 /kgpp. (d) Comparison of the
optical force calculated within Green’s function approach as in Fig. 3(a) and calculated numerically with COMSOL MULTYPHYSICS package.
The approximate analytical expression given by Eq. (7) for the SPP-induced force is also shown by the dashed line. All the results shown in

the figure are computed for R = 15 nm and z = 30 nm.

obtained with Green’s function approach [see Fig. 3(d), solid
line]. The particles were illuminated by a plane wave, and
the numerical integration of the Maxwell stress tensor over
a sphere surrounding a particle was performed. The Green’s
function approach shows good agreement with numerical
results also at distances comparable to the nanoparticle size.
One can notice that for our range of distances between the
nanoparticles the dipole model gives good agreement with
numerical simulations. The higher order multipoles do not
contribute to the optical force, as evidenced by our calcula-
tions in COMSOL MULTYPHYSICS. It is also in good agreement
with a paper by Khlebtsov et al. [44]. Moreover, on employing
Green’s function formalism, we have derived the approximate
expression for the contribution of the SPP mode to the optical
force (see Appendix C for the details):

3 12
kSPPklzk2z

F, ~ 7|py|*Re| o1 =
X | x| |:k3(1 &)

Hf”(ksppx)} exp[—Im(k;,)z].

N

Here, ki, = Vk3 — k2pp and ko, = v ek — kipp are z com-
ponents of the SPP wave vector in the upper half-space and
in the substrate respectively, H fl)(q) is the first-order Hankel
function of the first kind, and p, denotes the x component
of the dipole moment of the first or second nanoparticle, as
dipole moments for identical nanoparticles are equal. The
derived expression illustrates the origin of the SPP mode:
the Hankel function describes the SPP mode excited by a
dipole and propagating over a flat surface. Its zeros define the
equilibrium positions of the nanoparticle. The z component of
the wave vector is complex since SPP is a localized wave;
thus, the exponent in Eq. (7) shows the decay of the SPP-
dipole coupling.

It should be stressed that the transverse binding in a vac-
uum does not provide stable equilibrium positions along the x
axis [40]. This difference of SPP and photon binding can be
understood through the difference in the scattering diagrams
of SPPs and photons. This is illustrated in Fig. 4 where two-
dimensional maps of the x and y force components are plotted.
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FIG. 4. Two-dimensional maps showing the x and y forces for
SPP and photon binding. The different directionality of the scattering
pattern is responsible for the different geometry of the stable equilib-
rium positions. Results are shown for A = 350 nm and z = 25 nm.
The white regions correspond to the high values of the optical force
in the vicinity of the first particle, the radius of white regions is
around 100 nm; therefore, no equilibrium positions are omitted.

The reshaping of the photon interference [Figs. 4(a) and
4(b)] due to the influence of plasmons [Figs. 4(c) and 4(d)]
is clearly seen. The photon binding is well known to have
stable configurations perpendicular to the field polarization
direction, in accordance with the dipole emission pattern [see
Figs. 4(a) and 4(b)]. The SPP binding, on the contrary, has sta-
ble configurations along the polarization direction, in which
a preferable excitation of SPP modes occurs [see Figs. 4(c)
and 4(d)]. It is also worth noting that the amplitudes of the
lateral forces are several times higher when SPP modes affect
binding.

B. Temporal dynamics of SPP binding

We illustrate the character of SPP binding by calculating
the dynamics of the second nanoparticle motion in the force
field of the first nanoparticle, which is fixed at the origin of
the coordinates. We consider only two-dimensional motion of
the nanoparticle, keeping the z coordinate to be constant. The
dynamics is obtained through direct solution of the equations
of motion under the external optical force with the account for
viscous damping. The details are discussed in Appendix D.

Two typical trajectories are shown in Fig. 5 for two dif-
ferent sets of initial coordinates of the second nanoparticle.
The particles are illuminated by a plane wave. The color map
shows the intensity of nanoparticle attraction to the equilib-
rium positions along the x axis, i.e., the amplitude projection
of the total force F on the unit vector n pointing at the
nearest equilibrium position. The arrows show the force field,
while the lines show the trajectories with color changing from
blue to red as time elapses. One can see that the nanoparticle
actively tends to set the position along the x axis where the
binding force is the strongest.
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FIG. 5. The dynamics of the second nanoparticle motion. The
first nanoparticle is fixed at the origin. The color of the trajectory line
denotes the time elapsed since the beginning of motion. The arrows
show the force field: darker arrows indicate stronger optical force.
The color map at the background shows the force which attracts or
repulses the nanoparticle to/from the equilibrium positions at y = 0
and x = 175 nm. Color represents the projection of the total force F
on the unit vector n pointing toward the nearest equilibrium position.
The intensity of the red color gives the strength of the nanoparticle
attraction, while that of the blue shows repulsion of the nanoparticle.
The parameters of computation are R = 15 nm, z = 25 nm, and ¢ =
3. The laser intensity is taken 5 x 103 W/m?2, and the dimensionless
damping factor is y = 0.015, which corresponds to damping in the
vacuum with pressure 107 atm (see Appendix D for details of the
simulation method).

C. Stiffness of SPP binding

The important parameter, which characterizes the stabil-
ity of the equilibrium states, is the stiffness of the trap.
At the equilibrium positions, the total optical force is zero,
but when shifted from the stable positions the nanoparticles
undergo action of a restoring force, which is locally pro-
portional to the amplitude of the displacement F, = —k,Ax,
with the parameter k, characterizing the stiffness of the
system along the x direction. However, this approximation
of the restoring force applies only to the gradient compo-
nent of the optical force. Indeed, we consider the nanopar-
ticles significantly smaller than the wavelength, which re-
sults in low and nonresonant polarizabilities so that where
Im(atesr) < Re(aefr), as Im(aer) 2 (R®/A%), and R < A (see
Fig. 2). Thus, the radiation force, which is proportional to
the imaginary part of the polarizability, can be neglected (see
Appendix D).

The stiffness in the considered system strongly depends on
the mechanism of the nanoparticle interaction, and, as can
be seen from Fig. 3, it is much higher when the plasmon
interaction is enabled. We have plotted (see Fig. 6) the spectral
dependence of stiffness parameter «, calculated at the first
equilibrium position, labeled by point 1 in Fig. 3(a). To avoid
the dependence of the stiffness on the illumination intensity,
we have normalized it to the magnitude xo = Fyp/R, which is
the stiffness of a system where the vacuum pressure force Fy
can be restored when the nanoparticle is displaced a distance
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FIG. 6. The stiffness «, of the second equilibrium position in
units of ky = Fy/R as a function of the excitation wavelength. The
spectra are shown for different distances z from the nanoparticle
center to the surface. The nanoparticle radius R = 15 nm.

equal to its radius from its equilibrium position. One can
see that the stiffness has a strong resonant behavior, which
corresponds to the excitation of SPP modes at wavelengths
longer than 350 nm. With the increase of the distance from
nanoparticle center to the surface the stiffness rapidly drops,
as the coupling with the SPP mode decreases.

One can see from Fig. 6 that the spectral maximum of
stiffness depends on the height from the surface. This spectral
dependence can be better understood by means of Eq. (7). In
the case of neglible losses in the substrate, one can get a sim-
ple expression for the stiffness at the first stable equilibrium
point, (see Appendix C for more details):

|2 (kSPP)3|klz|2|k21|

G ey DSR2k, ®)

Ky X 70| Py

Here, Y>(g) is the cylindrical Webber function of the second
order [45], and ¢ is the first positive root of Y;(g;) = 0, the
cylindrical Webber function of the first order. Note that in the
regime of SPP excitation without ohmic losses the SPP wave
vector can be in a range from kg to +o0o0 when 1 +¢; — 0.
Then the expression given by Eq. (C11) goes to zero in
both limiting cases: k, — 0 as kspp — 0/0c0, which implies
that the stiffness reaches its maximum at some particular
wavelength. This wavelength can be defined for each given
distance over the substrate z. The maximal stiffness can be
achieved close to the SPP resonance when the SPP wave
vectoris k ~ 6 /z > ko. Then, the maximal stiffness at the nth
equilibrium position decreases with the distance to the sub-
strate as z© (see Eq. (C12) in Appendix C):

x,n | JC| ( ) 2( 2n+1)’ ( )
K ~ —_ _Y 9
s p ‘2 q

where ¢,+1 corresponds to the positive roots of ¥ (g2,+1)=0.

There is a strong dependence of the trap stiffness on
the size of the nanoparticles radius and permittivities.
With the growth of the particles’ radius, the maximal value
of the normalized stiffness decreases. The details are given in
Appendix F.

D. Conclusion

In this work, we consider transverse optical binding based
on surface plasmon polariton interference. We show that two
nanoparticles placed in the vicinity of a plasmonic interface
can form a stable bound dimer with a binding length de-
fined by the SPP wavelength. This allows formation of the
dimers with interparticle distance significantly shorter than
the free-space wavelength, thus suppressing the diffraction
limit. The binding states are formed along the direction of
the incident field polarization, in contrast to photon binding,
where the stable bound states are formed perpendicular to
the polarization direction. The excitation of SPP modes also
enhances the amplitude of the binding forces, resulting in a
resonant enhancement of the trap stiffness.
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APPENDIX A: CALCULATION OF A BINDING FORCE

The force F,(r;) acting on the second nanoparticle is
calculated as

1 *

Far2) = JRe[ Y ph(r)VE@)].  (AD
The introduction of the effective polarizability parameters
significantly simplifies the formula for the electric field E(r)
induced by the dipole moments [see Eq. (3)]. By calculating
the field amplitude at the points of the dipoles E(r;) and
E(r;), one can get a system of linear equations on the dipole
moments:

P —~ k2 ~
p1 = &} E(r) = @] o |:E0(l'1) + ﬁG(rl, rz)Pz}, (A2)

~ k2~
P2 =0 o |:E0(r2) + S—OG(I'z, I‘1)P11|, (A3)
0
. K2~ !
O} o (Tj, ) = a(a))|:l - Ol(w)g—OGs(I‘h ri, w):| ,
0
i=1,2. (Ad)
Solving this system, one may get
k2 ~
P = Q) o (Eo(l‘l) + E_OG(I'I ,T2)
0
k2~
X {a;,eff [Eo(rz) + S—OG(I‘z, 1‘1)P1] }>, (A5)
0
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~ Kk~ s
P1 = O o |:E0(r1) + S—OG(I'l, r2)a2,effE()(r2)i|
0

4
+8—26i,effG<r1, )@ . G(r2, r)p1, (A6)
0

The last expression in Eq. (AS5) can be simplified even
further, if one renormalizes the effective polarizability tensor
with account for nanoparticle cross action:

_, . K2
o} (L, ) = (Xi(a))|:1 - Oli(w)g—Gs(l'i, ri, )
0

S PN -
—;a,‘G(I’[, rj)a;,eHG(rj, I',‘)i| , = 1, 2 ] = 2, 1.
0

(A7)

Here, the self-action Green’s function Q(r,-, r;) con-
tains the scattered part only, whereas the cross-action part
G(r;, r;j) = Go(r;, rj) + Gy(r;, r;) includes both vacuum and
scattered parts, determining the cross interaction through vac-
uum and via substrate respectively. The final expression for
the dipole moment will be as follows:

— k> .
Pi =0 o [Eo(l‘i) + gG(ri, l'j)“),efon(l'j)],

i=1,2 j=2,1 (A8)

The case of normal plane-wave incidence on a planar
substrate, when the nanoparticles are located at the same
height above the surface (see Fig. 1 in the main text) is of a
particular interest. In this case, the external electric field Eg is
equal in the centers of both nanoparticles, and thus the dipole
moment has a very simple form:

Pi = @ Eo(r), (A9)
kK
CAPES a;:eff[l + 5G(r,», r,)aj,eff}, i=1,2 j=21.
(A10)

The optical force component, then, can be calculated as

1
F2x(r2) = 5R6|: Z p;n(rZ)aszn(rZ):|

Nn=x,y,2

1
= ERG{ Z p;n(rZ)l:axgEOn(rZ)

n=x,y,z

2
k() 3. G /
+ 8_ X} s.nm(er r2)p2m
0 m=x.y.z

k2
=N asznm<rz,rl>plm”. (A11)

€o

+

m=x,y,z

The y and z components can be calculated with the same
expression (Al1) by substituting the partial derivative with 9,
and 9, respectively.

APPENDIX B: GREEN’S FUNCTION

The Green’s function tensor of two half-spaces with per-
mittivities &; (for z > 0) and &, (for z < 0) can be expressed
in cylindrical coordinates through [43] (for z > 0):

—~ ik o _
Glog= 0= 5 / H(s. p. ¢)exp(is.Z)ds, (B1)
0

where k; is the wave vector in the upper space, s = k, /ko
and s;; = k;;/ko are the radial and z components of the
dimensionless wave vector normalized to the wave vector in
the free space, and Z = zkg is dimensionless coordinate;

. Myx  Myy Ny
M(s, p, ) = Myy  NMyy My, |,
Mz Mgy Mgy

N

My = —rsf (s, 0, 9) — 55,17,8(5, 0, @),

z1

S
myy = s_rsg(s’ 0, Q) — 811, f (s, p, ),
z1
s3
Mgy, = 27TJo(s,0)rps—, (B2)
z1

(’"S+s§1"p)

My = My, = S h(s, p, ¢),
My, = —My = —STpt(S, p, @),
My, = —Mzy = —sr,w(s, p, @),
where the functions  f(s, p, 9), g(s, p, @), h(s, p, @),

t(s, p, @), w(s, p, ) can be expressed:

f(s.p,p)=2m [Sin2(¢>fo<sp> + Jl;;p) °0s<2¢)}’
g(s. p.g) =27 [COSZ@)JO(W) _ Disp) cos(ch)]
h(s, p, @) = ws*Jr(sp) sin(2gp), (B3)

(s, p, ¢) = 2mi sJi(sp) cos(g),
w(s, p, @) =2mi sJi(sp)sin(g).

Here, J,,(z) is the first kind Bessel function of the order n.

APPENDIX C: ANALYTICAL EXPRESSION

Here, we analyze the x component of the optical force
acting on the nanoparticles when normal incident light is
polarized along the x axis. This is the case considered in
Fig. 3. According to Eq. (1), the expression for the force will
be as follows:

F = %Re(; p,-(r)*axE,-(r,-)).

In order to get a simple analytical result showing all the key
features of the SPP-assisted force, we will take into account
that the effective &* tensor has diagonal domination, which
implies that off > off, i # j.

The expression in Eq. (C1) can be simplified:

(CD)

F, = iRe(p"d,E}). (C2)
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The electrical field generated by the dipole at the point with radius vector r can be expressed through the Green’s function
E;(I’) = 477k(%Gx,xx(ra (Oa 07 Z))px-
Then we have an expression for the lateral component of the optical force written in a very simple form:

F, = 27k3 | px*Re[ 3Gy (r, (0,0, 2))] (C3)
The Green’s function is expressed through the integral

ikp [* ai(p,
Gs,xx(xs ,2) = GS,XX(IOs ¢, 2) = glz My (p, §) eXP(ZiSIZZ)dS, My = ST() 1(p. 9)
0

. — ss1.1p(8)az(p, @),
Iz

_ . 2 Ji(sp) _ 2
a; = 2m | sin(¢o) Jo(sp) + 5 cos(2¢o) |, ax = 2m|cos(go) Jo(sp) — cos(2¢o) |,

sie =V 1 =352, s, =&y — 5% (C4

Here, we use the same notation as in Appendix B. We are interested only in the component containing r, term as only it gives
rise to SPP response, and also we put ¢ = 0. Then,

Ji(sp)

iky [, .. , Ji(sp)
Gsxx(p, 9,2) = ) my (p, s)exp(2isi;2)ds, my, = —ssi;rp(s)ax(s, p), ax =27 |Jo(sp) — s | (C5)
0
Next, we have
iky [ Ji(s
Golp,$.2) == 1 / sslzr,,(s>[fo<sp)— i p):|exp(2islzi)ds. (C6)
T Jo Sp
With this, we need to compute 9, Gy xx:
J J J
Dedo(sp) = kodpdo(sp) = —kushi(sp), 0,102 = s, TLOP) _ g LU0
sp (sp)
which gives us
ik o J(s
8:Gy.x(p, 0,2) = ——ko / szslzrp(s>[11 (sp) — 2 ‘?}exp(zislzmds. (C7)
4z Jo (sp)

In order to compute the integral with the help of complex analysis, we first continue the integral bounds to —oco, +00 using
the identity

Lo (1) iky >, 1) Hy"(sp) .
(@) = 5[HV(@) = (=1)"H"(=q)],  8:Gyx(p, 0,2) = —ko/ s7s12rp($) | Hy " (sp) — ———— | exp(2isi;2) ds.
2 87 J (sp)
1(s)
(C8)
Now, using Cauchy theorem, we finally evaluate this integral:
ik ki, o . HGp) o
8 Goxs(0.0.2) = o~ ko2 Res((5))liws = — ko) 5i: [Hf”(sp) ~ G |FPEDRSE s ()

where Res(7,,(s))|s=5 stands for residue, and § = (/€26 /(&1 + &) is dimensionless wave vector of SPP mode.

Finally, computing the explicit expression for the residue and substituting the obtained results into Eq. (C3), one can get
(07 (k1)*ho:
k(g1 — €2)

- HY (kx .
F, = 7|p:|*Re [Hf“(kx) - g] exp(2iki;z) }.
(kx)?
Here, we use dimension variables denoting k= Sko, and I}Z],Zz = §.1..2ko. We can go even further, taking into account that
H{" (k)| < o (kx)/ (kx)?:

(12)3 (lzlz)zlzk

F~mx ’Re
X |Px| |: k§(81 —e)

H(kx) exp(2i/~clzz)] . (C10)

The case of low losses is of special interest. Then, the final expression for the force can be reduced to

k* 3 k* 2 k*
2MYI(k*r)exp(—2szZ)7

Fo=mx
. |Pxl (61— 62)

125416-8



178

OPTICAL BINDING VIA SURFACE PLASMON POLARITON ...

PHYSICAL REVIEW B 99, 125416 (2019)

where Y (q) is the cylindrical Webber function. By expanding
this expression around the zeros g, of the Webber function
Y1(q) = —Y2(q,)(q — qu), one can find the expression for the
stiffness at the nth equilibrium position along the x axis of the
system [see Fig. 3(a)]:

2 (12)3|]Elz|2|];2z|

Yo (gon— —2|k1.|2).
o1 — ) 2(q2n—1) exp(—2|k1,|z)

Kn A2 T | x| (C11)
Note that in the regime of SPP excitation without ohmic losses
the SPP wave vector can be in the range from kj to +00 when
€1 + & — 0. With that, the expression Eq. (C11) goes to zero
in both limiting cases,

K, —> 0,

k—0,00

which implies that the stiffness reaches its maximum at some
particular wavelength. This wavelength can be defined for
each given distance over substrate z. The maximal stiffness
can be achieved close to SPP resonance when SPP wave vec-
tor equals k & 3/z. Close to the frequency of SPP resonance
when k — oo, the SPP becomes highly localized close to
the interface |k,| > ko. Then, the maximal stiffness can be
expressed as

,(3\° 1
Kn ™~ |px| - —Yz(CI211+l)eXp(—3)~

C12
Z kg!;‘] ( )

APPENDIX D: DYNAMICS SIMULATION
We write Newton’s law for the second particle,
d2
m—r; =F,,
PTERE 2
where F is given by Eq. (A1). One can rewrite it as

& I . %
=g ZRe{pziV[EOi + o ; Gy, ij(r2, 12)p2;

k* Z .
+8_ Gij(r27r1)p1ji|}9 L]=X)2, (D])
0
J

where G = @0 + ?;s. In order to decrease the numerical error
in the numerical simulations, we apply the following natural
scaling:

E

r ~ = o~
8 - T=—=, E - -, G = aG,
a T EO
~ - P - o
k - ak, = o = _—,
P 4 ega’Ey 4 gga’

(D2)

m
T=|-——.
2mepaky

After such substitutions, we have

d? e 0 [~ ~, ~ -
_dtzféZ = E Re{l’z[—a& |:E0i + 4mk? E G5, 8,)p2;
i J

+4ﬂz225ij(§2a§1)ﬁlj]}~ (D3)
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FIG. 7. The total force (blue solid line) and the conservative

(red circles) components of the optical force are shown for different

wavelengths. The parameters of the calculation are the same as in
Fig. 2 of the main text.

We also include the viscosity of the environment by adding
the damping factor y,

d? ~ d

FEZZFZ(EIvgz)_VE‘Ez» (D4)
where fg is given by the right-hand side of Eq. (D3). Expres-
sion (D4) was a target for the numerical simulation. As a good
compromise between stability and computational complexity,
the Runge-Kutta method of fourth order was applied. Since
the motion along the z axis is fixed, we have plane sym-
metry, which simplifies the force function to F,(&,, &,) = F,

& — &)

APPENDIX E: CONSERVATIVE VS NONCONSERVATIVE
FORCE COMPONENTS

Here, we illustrate the contributions of conservative and
nonconservative components of the optical force. The total
optical force can be described as F = 4]—‘R<e(6c\eff)V|E0|2 +
%Im(&eff)|E0|2V¢, where ¢ is the phase of the field. The
first term corresponds to the gradient (conservative) force,
which is proportional to a real part of particles’ polarizability,
while the second term corresponds to the scattering (noncon-
servative) force and is proportional to an imaginary part. By
excluding the imaginary part of polarizability one can obtain
the conservative force only [43,46,47]. The result is shown
in Fig. 7. One can see that for the considered set of the
parameters the conservative force strongly dominates over the
nonconservative one, which is the difference between the total
force and the gradient one.

APPENDIX F: STIFFNESS OF THE OPTICAL TRAP FOR
DIFFERENT PARTICLES’ PARAMETERS

The stiffness of the optical binding can be significantly
influenced by the parameters of bounded particles. As can
be seen from Eqgs. (C11) and (2), the dielectric permittivity
and the radius of the particles can change the value of the
polarizability and stiffness. This is illustrated in Fig. 8(a),
where the spectral stiffness of the trap is shown for different
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FIG. 8. (a) The stiffness «, of the second equilibrium position in units of ky = Fy/R as a function of the excitation wavelength. The spectra
are shown for different radiuses R of the nanoparticles. The distance from the surface is zero. (b) The stiffness spectra for nanoparticles made

of different materials and R = 15 nm.

nanoparticle sizes. We hold the distance between the surface
of the particle and the metal interface constant, while varying
the nanoparticle size as shown in the inset. The nanoparticle is
described by a point dipole placed in the center of the sphere;
thus, increasing the radius effectively increases the dis-
tance between the dipole and the surface, making the coupling
between the dipole and SPP mode weaker. This provides the
decrease of the stiffness with the nanoparticle radius increase.
Actually, one may note that the absolute value of the stiffness
will be increased in the end, as the normalization constant
increases with the nanoparticle radius xy ~ R*> due to the
increase of polarizability of the particle. Similar behavior
was observed in case of single particle near plasmonic sub-
strate [33].

The case of nonidentical nanoparticles is of a special inter-
est. We analyzed the stiffness of binding for two nanoparticles
of different permittivities. The results are shown in Fig. 8(b),
where the spectra of the stiffness parameter are shown for
three values of the permittivities. We need to note that in the
case of different nanoparticles the system loses symmetry and
a constant force acting on the nanoparticle center of mass
may appear. To avoid speculating on that, we fix the position
of the first nanoparticle at the origin. Lower permittivity
results in decrease of maximal stiffness as the intensity of
excited SPPs is reduced due to the lower dipole moment, and
coupling between the nanoparticles gets weaker. In contrast,
the increase of the permittivity gives an increase of binding
stiffness.
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ABSTRACT: Carefully designed nanostructures can inspire a new type of
optomechanical interactions and allow surpassing limitations set by classical
diffractive optical elements. Apart from strong near-field localization, a
nanostructured environment allows controlling scattering channels and might
tailor many-body interactions. Here we investigate an effect of optical binding,
where several particles demonstrate a collective mechanical behavior of bunching
together in a light field. In contrast to classical binding, where separation
distances between particles are diffraction limited, an auxiliary hyperbolic
metasurface is shown here to break this barrier by introducing several
controllable near-field interaction channels. Strong material dispersion of the

hyperbolic metamaterial along with high spatial confinement of optical modes,

which it supports, allows achieving superior tuning capabilities and efficient control over binding distances on the nanoscale. In
addition, a careful choice of the metamaterial slab’s thickness enables decreasing optical binding distances by orders of
magnitude compared to free space scenarios due to the multiple reflections of volumetric modes from the substrate. Auxiliary
tunable metamaterials, which allow controlling collective optomechanical interactions on the nanoscale, open a venue for new
investigations including collective nanofluidic interactions, triggered biochemical reactions, and many others.

KEYWORDS: optical forces, optical tweezers, hyperbolic metamaterials, surface plasmons, optical binding

O ptomechanical manipulation’ is a widely used technique
across many disciplines,”” where it is utilized for many
fundamental and applied investigations. The capability to
manipulate small objects with focused light beams and measure
pico- and even femto-"> Newton-scale forces opens a venue for
studies of new light—matter interaction regimes®’ and
biomolecular processes™ to name just a few. Conventional
optical tweezer realizations rely on diffractive optical elements
and, as a result, have limited trapping capabilities in application
to nanoscale particles. As a promising paradigm solution,
auxiliary nanostructures have been introduced. So-called
plasmonic tweezers'”'" utilize the capability of noble metal
structures to confine light beyond the diffraction limit'>"* and
provide improved trap stiffness with relatively low optical
powers. While the majority of plasmonic tweezer configurations
utilize nanoantenna arrays, optomechanical surfaces,'®'
metasurfaces,'® and metamaterials'”'® have been recently
proposed. These types of configurations with less structured

-4 ACS Publications  ©2019 American Chemical Society

425

features (in comparison to antenna arrays) might provide
additional capabilities, such as optical attraction,'” and are less
sensitive to accurate positioning of trapping beams with respect
to a structure.

In general, functionalities of auxiliary structures can be split
into three main categories. The first one is related to the ability
of near-field concentration beyond the diffraction limit, which is
traced back to the first generation of plasmonic tweezers.”’”>*
Here the main tool for analysis is based on dipolar
approximation, where the manipulated particle’s size is small
compared with the fastest spatial intensity variation. It is also
important that this model assumes the local field to remain
unperturbed by a small particle. The next level of sophistication
in auxiliary structure design is to account for a modified density
of photonic states, which governs scattering channels from the
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particle. For example, if a nearby structure significantly modifies
a scattering pattern, the particle takes the recoil in order to
conserve the entire linear momentum. One of the main
functions of metasurfaces and metamaterials'®™"% is to tailor
scattering into high density of states modes. Apparently, the
most complex approach to optomechanical manipulation
utilizes active feedback, where a Brownian particle in an optical
field modifies the trapping potential dynamically and experi-
ences a back action effect.”

An important niche in the field of the optomechanical
manipulation is devoted to the investigation of many-body
interactions mediated by self-consistent optical fields. Light-
induced binding of micro- and nanosized objects can provide
stable configurations of particles due to light rescattering and
their self-organization under external illumination.”*** Capa-
bilities to achieve simultaneous sorting and ordering of particle
clusters without a need to structure the incident beam makes
optical binding advantageous over holographic tweezing
techniques.””®*” Various binding scenarios have been inves-
tigated and include studies of interactions under Gaussian- and
Bessel-shaped beam illumination,”*’ pattern creation with
several interfering beams,*”*! evanescent field excitations, and
self-organization of several optically interacting plasmonic
particles.”> However, those methods rely on either high-field
intensities or specific particles’ materials, which may limit their
generality. Increasing optical trap stiffness without a need to use
high-intensity illumination, flexible control over interparticle
distances, and anisotropic optical binding in different directions
are among the long-standing challenges, valuable from both
fundamental and practical standpoints.*® Parameters of optical
binding can be significantly influenced by introducing a nearby
interface. It modifies both the incident field due to Fresnel
reflection and effective particle polarizabilities owing to near-
field interactions, qualitatively understood with the help of the
image theory.””*** It was shown that metal—dielectric
interfaces supporting the propagation of surface plasmon-
polariton modes (SPPs) can increase optical trapping stiffness
and reduce particle—interface separation distances owing to
strong interactions with Spps.'3073*

Structured interfaces can provide an additional flexibility in
tailoring scattering channels via a predesigned dispersion of
surface and bulk modes. Anisotropic response is one among
many possibilities. Generally, extremely anisotropic metamate-
rials®® ™" proved to be useful in various types of applications, i.e.
cloaking,**~** super-resolution,”*** and energy transfer,*’~*
and recently have opened a venue for flexible optomechanical
control. Furthermore, it has been shown that hyperbolic
dispersion of bulk modes causes optical pulling forces,'” can
lead to levitation™ and repulsion,”’ and can even generate
negative lateral optical forces along the surface.'®

Here we investigate capabilities of hyperbolic metamaterial
substrates in application to optical binding. A typical scenario is
depicted in Figure 1, where a pair of small particles are linked
together by an optical field, mediated by a structured surface. In
contrary to free space binding scenarios, a layered metal—
dielectric substrate opens additional interaction channels,
mediated by surface and volumetric modes. As it will be
shown, the interplay between the surface geometry and the
modes within the bulk will allow achieving optical binding with
deeply subwavelength separation distances and even efficiently
tune the latter by exploiting strong chromatic dispersion of the
metamaterial.
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Figure 1. General concept of optical binding above a metamaterial slab.
Highly confined optical modes inside the layered hyperbolic
metamaterial open additional interaction channels and allow for the
formation of dimers and chains with separation distances below the
diffraction limit.

This article is organized as follows: Green’s function approach
to optomechanical interactions is revised first, followed by the
analysis of optical binding next to semi-infinite hyperbolic
substrate and finite thickness slab.

B GREEN’S FUNCTION FORMALISM IN APPLICATION
TO OPTICAL BINDING NEAR INTERFACES

The considered scenario is depicted in Figure 1, where a plane
wave illuminates two subwavelength nanoparticles placed in the
vicinity of an anisotropic substrate. Particles’ locations in
Cartesian coordinates are (0, 0, a) and (x, y, a), where a = 1,/30
is the radius of the particles and 4, is the incident light
wavelength. Light—matter interactions with the particles will be
analyzed under the dipolar approximation. There are three types
of channels, which govern the binding phenomenon: (i)
particle—particle interaction via the substrate modes, (ii)
particle—particle interaction via free space modes, and (iii)
individual coupling between each particle and the substrate.

Optical force on a particle in the dipolar approximation can be
written as follows:

F = 2Re| Y (a(0) E(F, ©)*VE(F, o)
2|5 (1)

where E; corresponds to the ith component of the self-consistent
electric field, i = , y, z are coordinates, and a(®) is the dipolar
particle’s polarizability in vacuum, including the radiation

A 3678 .
L g, is the vacaum
£,+2¢

correction @ =
1 —_

O = 4reya

i—a,
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permittivity, £, is the permittivity of the particle (we consider &,
= 3), and ¢, is the permittivity of the surrounding media.

In our notations, where 7, = (0,0, a) and 7, = («, , a), the self-
consistent electric field is given by

2
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o

-
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The first term here represents the incident field with the
substrate reflection taken into account; the second and the third
terms are the contributions of the dipoles. The Green’s function
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Figure 2. (a) Color map of the imaginary part of the reflection coeflicient as a function of the wavevector’s x-component and incident wave frequency.
From this graph one can, for example, pick out frequencies @ = 2.05 X 10" and @ = 1.4 X 10" rad/s as points A and B, correspondingly (shown with
dotted red lines). A corresponds to Ay = 920 nm and effective medium parameters ¢, = —1.714 + 0.075j, £, = 5.392 + 0.0084i and for B A, = 1350 nm,
€= —8.94+0.33t,£,, = 5.19 + 0.0118i. (b) Imaginary part of the reflection coefficient as a function of the wavevector x-component. The dependence
is plotted for three sets of parameters: A with blue, B with black, and C (ideal case without the SPP contribution for 4, =920 nm, ¢, = —2 + 0.066i, ¢, =
0.5 + 0.0084i) with red lines. Characteristic regions to underline the contributions of different interaction channels are k, € [0;k,] for propagating free-

space modes, k, € (ko;k.,] for SPP, k, € (k.,00) for hyperbolic modes.

G encapsulates the entire information on the interaction of the
dipole with the substrate.’® Substituting the solution of self-
consistently formulated eq 2 into eq 1 allows for calculating the
optical force.

Bl TAILORING GREEN’S FUNCTIONS NEAR
HYPERBOLIC SUBSTRATES

Investigation of different particle—substrate interaction chan-
nels can be performed by analyzing the corresponding Green’s
function in reciprocal space (k-space). This integral representa-
tion, as it will be shown hereinafter, can be split into three parts
corresponding to the interaction channels with different physical
origin. In particular, propagating (nonevanescent in the upper
half-space) modes, surface plasmons, and bulk hyperbolic
modes can be involved.'®**>*™>* Further, we will consider
layered realization of the metamaterial depicted in Figure 1. The
permittivity tensor linked to the chosen set of layers is diagonal
and obtained via standard homogenization theory’>*® with
€4 = €, # €,, where hyperbolic dispersion occurs when Re[¢,,]
< 0 and Re[e,,] > 0. Those components also have strong
chromatic dispersion, which will be subsequently used for
achieving tunability in binding parameters (see section
Chromatic Tuning of Binding).

In order to split the spectral integral representing Green’s
function in k-space, dispersion of the contributing modes should
be derived first. The longitudinal component of the wavevector
of bulk metamaterial mode has the form™*

kzl = (kozgzz - kxz)%
\ € (3)

where k; is the wavenumber of an incident wave and k, is the
component of the wavevector of a bulk mode along the substrate

R
ele) < 0, the wave
Rele,.]

propagation in a bulk hyperbolic material is possible as long as k,,
surpasses a critical value

kcr = kO\/S_zz

and k, becomes real.

In order to reveal the contribution of different types of modes
(free space, plasmons, hyperbolic modes), Fresnel coefficients
should be analyzed.”* The reflection coefficient from a semi-

surface (transversal component). While

(4)
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infinite hyperbolic substrate for s- and p-polarized waves is given

by

P = Sxxkzl B 6'1kz2 s _ kzl B kzz
= , 1=
gxxkzl + glkzz kzl + kzZ (5)

here €, denotes the dielectric permittivity of the upper half-space
and k, k,, are longitudinal (perpendicular to the substrate)
wavevector components in the hyperbolic metamaterial and in
the upper half-space, respectively.

Examination of the Fresnel coeflicients allows identifying
conditions for excitation of two types of modes in the structure:
volumetric hyperbolic modes in a metamaterial and surface
plasmon-polaritons on its interface. From the reflection
coeflicient for p-polarization it is possible to obtain the SPP
propagation constant (note that SPP is naturally p-polarized):

gl(gxx - 81)

2 -1
&

67 = k,

€

XX 2

22 (6)
SPP exists only if Re[¢,,] > Re[¢,], resulting in imaginary z and
real x components of the SPP wavevector. The surface
plasmon—polariton resonance condition corresponds to the
zero denominator of eq 6, but it is not satisfied as far as Re[ ¢, ] <
0, Re[¢,,] > 0. The minimal value of the denominator
corresponds to the Re[e,,] — 0 and Re[e,,] — oo, which is
close to the surface plasmon-polariton excitation. For the
opposite case Re[¢,,] > 0, Re[¢,,] < 0 surface plasmon-polariton
does not exist, as perpendicular to the surface wavevector
component is real.

Let us consider in detail the hyperbolic case of Re[¢,,] < 0,
Rele,,] > 0. Figure 2(a) is presented to provide a better
understanding of the modal structure of the system. The
imaginary part of the reflection coefficient contains information
about all of the modes.”* Here the dispersion for homogenized
multilayered Ag/Ta,O; is presented (filling factor of the
structure is 0.133). The imaginary part of the reflection
coeflicient as a function of the parallel to substrate wavevector
component and frequency @ is presented. White lines (solid and
dash-dotted) correspond to the light line (ko(w) = w/c) and
critical wavevector k(@) from eq 4; the dark blue line illustrates
the dispersion characteristic of the surface plasmon-polariton
kPP(@) from eq 6, and hyperbolic modes are marked with blue
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Figure 3. Dependence of the optical binding force on the distance between the particles. (a) is for A from Figure 2(b). (b) is for line C. The blue line
corresponds to the total optical binding force near the anisotropic substrate, the red line is for the surface plasmon-polariton mode contribution, the
gray circles depict contribution of hyperbolic modes, and the black lines show contribution of free-space propagating modes.

dashed lines (just a few examples). The behavior of the Im["] is
in perfect agreement with the dispersion characteristics.

Therefore, there are three important regions governing the
interaction of a nanoparticle with the hyperbolic metamaterial.
Hyperbolic modes are contributing for k, > k. and surface
plasmon-polaritons are supported between k; and k., so the
distance between them defines the overall contribution of SPPs.
The free-space modes are allowed at 0 < k, < k. In the particular
case of k. — k, the SPP is negligible while hyperbolic modes and
free-space modes play the main role. This scenario (among
many others) is considered in Figure 2(b) (red line) to
underline the contribution of hyperbolic modes in the absence
of SPPs.

Thus, Green’s function for particles—substrate interaction can
be decomposed as follows:

ko  subs ke © subs
[ ak [
0 ko

., subs
+f M (k)dk,j=1,2;i=1,2
kcl’

o subs

G (

o ooy
1) =

(7)

 subs
The integrand matrix M in the Green’s function is presented
in the Supporting Information (Section Green’s Function
Formalism).

k
In accordance with the aforementioned: I = /0 ° the free-

kCl’
space propagating mode contribution, II = fk , the surface
0

plasmon-polariton contribution (if SPPs are supported ¢,, > ¢,),
and Il = fk * volumetric (hyperbolic) modes of the substrate.

cr

The hyperbolic mode contribution is usually estimated with the
approximation k,/k, — oo, where reflection from a substrate
depends only on the dielectric permittivities, as long as k, >
ko ®°%°! Moreover, the interplay between plasmonic and
hyperbolic contributions could be efficiently tailored via
adjusting material parameters (¢,,) and, consequently, k..

In order to demonstrate this capability, the imaginary part of
the reflection coefficient for a p-polarized wave as a function of k,,
has been plotted in Figure 2(b) for different @ corresponding to
different material parameters: line A (1 = 920 nm, ¢, = —1.714
+0.075i, &,, = 5.392 + 0.0084i), where k., is quite large and the
SPP contribution is dominating, Line B (4, = 1350 nm, &,
—8.94 + 0.33i, £,, = 5.10 + 0.0118i), where SPPs peak is much
narrower and bulk mode contribution is more pronounced, and
line C for arbitrary metamaterial with (4, = 920 nm, ¢,, = =2 +

428

0.066i, €,, = 0.5 + 0.0084i), where k_, is less than k,, the SPP
contribution is absent, and, consequently, the interaction is
governed by free space modes and bulk hyperbolic modes
(magnitudes are related as IIT = 2.5I). These particular scenarios
will be further investigated in terms of optical forces. We should
stress that each of these integrals is taken into account twice via
effective field eq 1, so the overall difference in force is bigger.
Noteworthy, the interval-based integration given by eq 7 is
valid only for a standalone particle. Introducing another particle
involves cross-coupling between different terms; for example,
the SPP generated by the first particle could be scattered by
another one into bulk hyperbolic modes and vice versa. This
effect will be considered in the next section and shown to have a
minor impact on the overall trapping and binding efficiency.

B RESULTS

Having identified the contribution of different interaction
channels to the Green’s function, we can proceed with the
self-consistent scattering problem (eq 2).

Semi-infinite Substrate. The influence of a semi-infinite
anisotropic multilayered metamaterial on optical binding will be
analyzed next. The most significant parameters for binding are
the period and stiffness, allowing for effective structuring of
nanoparticles in many different 2D and even 3D architec-
tures. >3 157 Recently, we revealed the possibility to bind
nanoparticles with subwavelength separation distances via the
interference of surface plasmon-polaritons.”* Introducing addi-
tional metamaterial bulk modes seems promising for the further
enhancement of binding capabilities.

Let us consider a pair of nanoparticles, one of which is fixed at
the origin of the coordinates as in the previous scenario. For the
sake of simplicity, we consider the second particle to have the
same parameters as the first one. Effective field at the
nanoparticle follows from eq 2 and is given in the Supporting
Information (Section Expressions for the Effective Fields).

The period of optical binding can now be defined as a distance
between two nearest stable equilibrium positions, and the
stiffness is the ratio of the restoring force to the particle’s
displacement k = —AF,/Ax (in close vicinity to a stable position,
where F,(x) has approximately a linear profile). Hereinafter the
period Ly;,4 and distances will be normalized over the incident
wavelength A, and the optical forces are given in pN over
intensity (W/um?).

The material parameters are taken to be the same as for lines A
and C in Figure 2(b), corresponding to the dominating
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contributions of SPPs (A) and hyperbolic modes (C). In Figure
3 the optical forces for both principally different scenarios are
shown. The blue lines correspond to the total optical force, and
the black lines correspond to the contribution of modes with k,
< ky (propagating free-space modes in the upper half-space).
The SPP contribution for A is given by the red line (it is zero for
the C case by definition; see the previous section). Hyperbolic
mode (HM) contribution is depicted by gray circles.

In case A, the optical forces are fully driven by surface waves,
and the contribution of other modes is negligible. In case C
despite the predominating influence of the hyperbolic modes,
optical binding has almost nothing special in comparison with
the free-space scenario. In this case, the HM contribution just
increases the force almost twice (which is still two orders of
magnitude less than that of SPPs) and slightly shifts the
equilibrium positions, almost not affecting Ly, 4. In this case of a
semi-infinite metamaterial for normally incident light the
hyperbolic modes excited by the first particle just propagate
symmetrically in the volume, not interacting with the second
particle, and vice versa.

However, the existing nonzero contribution of the HMs can
be explained via the aforementioned cross-terms, when modes
excited by one particle are scattered by another one, giving rise
to additional HMs with broken symmetry, which, in turn, leads
to the optical force shift.'®

Thus, the hyperbolic modes even being dominating in the
interaction with the semi-infinite metamaterial do not provide a
sufficient contribution to binding in this case.

Finite Thickness Metamaterial Slabs. The main reason
for the weak influence of HMs on binding is the lack of a
feedback from the bulk modes, which propagate away from the
particles to infinity. However, as it will be shown hereinafter,
strong optical binding can be obtained utilizing an anisotropic
finite thickness slab due to reflections of hyperbolic modes from
the boundaries. The structure under consideration appears in
Figure 4.

t 3 (Y spp |

> S T—— =

Figure 4. Scheme of optical binding near an anisotropic hyperbolic
metamaterial (HMM) slab. Reflections from the boundaries of the slab
form high-intensity regions and result in optical binding with separation
distances Ly;,4 below the diffraction limit.

In contrast to conventional waveguides, k, in hyperbolic slabs
can achieve rather high values, which, together with the highly
confined shape of the modes, could allow for very small distances
between the hot-spots driven by multiple reflections. This, in
turn, paves the way for strong subwavelength binding of
nanoparticles and also provides tunability via changing material
parameters, slab thickness, excitation wavelength, etc.

The formalism developed for the semi-infinite substrate is also
applicable for the finite-thickness slab. The main difference is in
the Fresnel reflection coefficient, which in the latter case is given

by
r — r exp(2ik,,d)
= (0 explaikyd)

Tslab =

(8)
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where d represents the thickness of the slab. It is clearly seen that
additional periodical maxima will be present in rf(k,)
(reflection of a p-polarized wave). These peaks are related to
the additional boundary, which causes multiple reflections
between the upper and lower interfaces. The distance between
hot-spots at the interface and, thus, between the bound particles
depends on the parameter d and angle between the group
velocity of the hyperbolic modes and the normal to the surface.
Noteworthy, hyperbolic modes are not usual “geometric” rays;
thus exact calculations are needed to find the actual binding
period Ly;,q.

Let us consider the optical binding force near an anisotropic
slab with parameters A and C (from Figure 2(b)) and
thicknesses d = 4o/2 and d = 1¢/8, 4, = 920 nm. Figure §
represents the imaginary part of the reflection coefficient (left
column (a, c)) and optical force (right column (b, d)).
Noteworthy, additional peaks corresponding to the multiple
reflections appear in the reflection coefficient. Here we show
Im[r?] only for k,/k, < 10, because the next peaks are much
weaker due to the absorption and are not necessary for
subsequent qualitative analysis. However, the force calculations
take into account all possible k, (0 < k,./k, < o0) to provide
accurate values. The distance between the reflection peaks
increases (in k-space) with decreasing thickness and leads to the
optical force period decrease.

Comparing Figure 2(b) and Figure S(a) we find SPP
contribution to become much less pronounced (magnitudes
of integrals from formula (6) II ~ 3I for a semi-infinite case, II &
2.3Iford = Ay/2,and Il ~ 21 for d = ,/8 (Figure 5(a))) (where I
is the integral contribution of the free-space modes from eq 7).
For a thin slab d = 1,/8 the contribution of SPPs k. /k, = 1.044
and k./ky = 1.84 can be considered as negligible for small
distances and almost does not influence the optical forces
(Figure 5(b)) governed predominantly by the hyperbolic mode
with k,/ko = 8.8 (Il ~ 7I) and Ly,,q ~ 1/8.8 ~ 0.114. For d = 1,/
2, however, we have more supported modes, e.g., SPPs (k,/k, =
1.17 and k,/k, = 1.2) together with a set of hyperbolic modes.
This leads to the peculiar behavior of the optical forces: HM
with k,/k, > 3.08 enables subwavelenght binding with Ly 4~ 1/
3.08 & 0.32 modulated by SPPs’ overall envelope (schematically
shown with a gray dotted line) with the period ~0.85. Note, all
the distances are normalized over the wavelength of the incident
wave A,.

For the parameters C (Figure S(c,d)) there is no surface
plasmon-polariton contribution by definition (we have chosen
the appropriate parameters in the first section especially to
emphasize the influence of hyperbolic modes in both semi-
infinite and finite cases), because k_/k, = 0.7 < 1, so the optical
forces are completely dependent on the free-space and
volumetric modes. For the half-wavelength hyperbolic slab the
forces are governed by free-space propagating waves (II = 0, III
~ I) with small k, and low-amplitude HMs (high k, ones are
effectively absorbed via a rather large thickness); thus, the
dependence is close to optical binding in free space in terms of
both period and force magnitude. For the thin slab the force is
almost 2 orders of magnitude increased (Figure 5(d)), and the
periodicity now is fully driven by the two most pronounced
peaks k,/ko = 1.33 (Lynq = 0.75), shown by a gray envelope, and
k,/ko=3.11, corresponding to Ly, ~ 0.32 (overall integral ITT ~
6.31). The total force in both cases reaches 30 N for intensities
of ~100 mW/pum>.

Here the stability of equilibrium positions along the x-
direction is discussed; however, these positions are stable along
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Figure 6. Chromatic tuning for the multilayered structure of silver and Ta,O 5980 layers with a slab thickness 115 nm and filling factor of 0.133. (a)
Imaginary part of the reflection coefficient (dispersion diagram). (b) Optical binding period over the frequency.

the y-direction too (see Supporting Information Figure S3). The
trapping potential of optical binding approaches 3k, T at room
temperature for both A and C parameters and moderate
intensities usually involved in optical trapping of nano-
particles;*> thus it is stable against Brownian motion.
Considering the overall vertical force, we should take into
account van der Waals forces attracting the particles to the
substrate together with the optical forces. Therefore, the overall
force tends to adpress the particles to the surface. However, we
should mention here that it can be suppressed or even reversed
(if necessary) via, for example, a nanometer-thick dielectric
spacer, electrostatic charging,”® or one more light source,
enabling additional optical traps above the surface.

The aforementioned qualitative mode analysis of optical
forces and binding period is an approximation. Often, several
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peaks contribute to the optical force and form a unique
signature, either with SPP or not (e.g., curved and asymmetric
Figure 5(b,d)). However, it allows for a better understanding of
the binding scenarios in the presence of such complicated
structures as hyperbolic metamaterials and even for some
quantitative estimations provided above. It should be stressed
that the existence of higher multipoles in the case of bigger
particles leads to more complicated field distribution; therefore,
the maxima of the field are less pronounced.

Moreover, comparing two principally different scenarios
(with and without SPP contributions), we find a new possibility
to obtain optical binding forces, which are several orders of
magnitude higher than in the free-space binding scenarios (and
about one order of magnitude stronger than that delivered by
plasmonic metals®*). Furthermore, tuning the distance between
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bound particles beyond the diffraction limit is also possible.
These characteristics are strongly enhanced in the case of thin
slabs, allowing for better utilizing hyperbolic mode feedback,
and the proved great tolerance to the metamaterial parameters
paves the way to a plethora of highly demanded applications.

Chromatic Tuning of Binding. In the previous sections we
have considered semi-infinite and finite slabs of hyperbolic
metamaterials consisting of Ag®” and Ta,05” layers, allowing
for effective tuning via adjusting material and geometrical
parameters. Hereinafter let us consider another important
degree of freedom: chromatic tuning of the metamaterial-
assisted optical binding,

Figure 6(a) shows the dependence of the reflection coefficient
on the incident wave frequency and k,/k, for a slab thickness of
115 nm. It can be seen that the number of HM peaks governed
by the reflections (equal to Fabry—Perot resonances for
hyperbolic modes) and contributing to optical binding is
increased with lower frequency (d/4, decrease), so the optical
force dependence becomes more complicated.

The distance between the bound particles (Figure 6(b)) is
now a function of the frequency; thus the material dispersion
plays a key role here. The binding period is proportional to the
relations of the thickness of the slab and incident wavelength and
£,.(w) and e,,(w). In this case the permittivities are monotoni-
cally dependent on the frequency;”” thus the dependence of the
optical binding distance is more or less monotonic. However, in
other wavelength regions additional HMs and nonmonotonic
dispersion of optical constants could displace the stable
equilibrium positions and change the dependence shown in
Figure 6(b). This additional degree of freedom opens room for
opportunities for tuning optical binding via a “noninvasive” way
and fabricate novel designs and architectures of nanostructures
on metamaterial substrates by adjusting optically induced forces
with hyperbolic modes.

Moreover, in the Supporting Information (Section The
Impact of the Topmost Layer) we consider the dependence of
the optical binding force on the topmost layer of the slab (metal
or dielectric), which also can be useful in a plethora of
applications.

B CONCLUSION

In this work we describe the transverse optical binding of two
particles near a hyperbolic metamaterial. High-k volumetric
modes can provide additional channels of the particles’
interaction with substrates and, therefore, drastically enhance
capabilities of optomechanical manipulation schemes. For a
semi-infinite (or rather thick) metamaterial slab the hyperbolic
modes even being dominating in scattering do not contribute to
optical binding because of the almost absent feedback
(hyperbolic modes excited by one particle do not interact with
the second one). In contrast, thin metamaterial slabs provide
multiple reflections from boundaries, forming a set of strongly
localized hot-spots with huge intensity gradients governing
nanoparticle motion at the nanoscale. Furthermore, mode
analysis shows the predominant impact of HMs on binding
giving rise to several orders of magnitude increased optical forces
and deeply subwavelength nanoparticle positioning. Moreover,
the principal realization of this phenomenon appears to be rather
tolerant to the metamaterial parameters, enabling strongly
enhanced performance for a whole set of designs and driving
broadband chromatic tuning. Novel auxiliary carefully designed
metamaterials and metasurfaces featuring superior optomechan-
ical mechanisms are nowadays extremely demanded in a variety
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of applications, such as microfluidics, lab-on-a-chip devices, and
biology and medicine to name just a few.
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Abstract. The optical force acting on a nanoparticle near a planar substrate is governed by incident light and excitation of
surface and volume modes of the substrate. The realization of negative optical forces (“tractor beams”) via propagating
plasmon-polaritones and volume modes will be shown and considered in detail on the basis of the described analytical
and numerical models for certain types of anisotropic substrates. In addition, optical tweezers performance is investigated
when the Gaussian beam is focused on the metal substrate with nanoparticle. When the beam is focused above the
substrate optical force increases about an order of magnitude due to evanescent field of surface plasmon. Novel effect of
repulsion from Gaussian beam (“anti-trapping”) is obtained when the beam waist is moved below the substrate which is
confirmed by both the analytical approach and finite element simulation.

INTRODUCTION

Mechanical momentum carried by electromagnetic radiation can be effectively transferred to a structure via
scattering and absorption. A self-consistent electromagnetic field interacts with induced polarization charges and, as
a result, an averaged macroscopic Newtonian force acts on the structure. Optomechanics is a powerful tool at
nanoscale relying on unique properties of light to manipulate matter non-invasively. Biological samples and
nanoparticles can be arranged according predefined pattern what is very important for nanophotonics, chemistry,
biology and other scientific directions [1, 2].

When illuminated by an electromagnetic field, microscopic particles can form stable structures due to optical
binding, an effect rooted in the mutual interaction and the corresponding optical forces that exist as long as the
external excitation remains active. Optical binding was first studied in [3] and, since then, several aspects of it have
been considered [4, 5].

Optical trapping experiments with focused laser beams (optical tweezers [6]), started the era of optical
manipulation. Ever since then, this concept has been successfully applied to various fields of science and
engineering, such as laser cooling, particle sorting, optomechanical light modulators, among many other research
areas. One of the primary goals of optical manipulation research is to reduce the overall power of a trapping beam
and to achieve stiff and highly localized potential light profiles [7]. Complex shaping of beams could improve the
quality of trapping, however they present additional technical complications in comparison with traditional light
sources.

The ways to control spatial position of particles range from free-space optics to utilization of auxiliary
nanostructures for field and force shaping. While nanostructures localize particles at particular positions, i.e. at hot
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spots of high field intensity, very simple planar substrate can serve as a platform for divers operations with
nanoobjects. Here we are interested in the direction and strength of optical force when substrate is made of arbitrary
anisotropic (i.e. hyperbolic) metamaterial [8-10] or metal [11] and supports surface plasmon-polaritones (SPP) and
volume modes.

The ability to manipulate small objects with focused laser beams opened a venue for investigating dynamical
phenomena relevant to both fundamental and applied science. Nanophotonic and plasmonic structures enable
achieving superior performance in optical trapping due to highly confined near-fields. In this case, the interplay
between the excitation field, re-scattered fields and the eigenmodes of a structure can lead to remarkable effects.

The optical force acting on a nanoparticle in the presence of a complicated structure giving rise to a number of
surface or volume modes requires very strong analytical and/numerical models for efficient and comprehensive
description. Hereinafter we consider some appropriate methods and compare them with each other. The analytical
results will be supported by numerical calculations in COMSOL Multiphysics of different versions (4.3, 5.1) and the
principal difference will be shown.

METAMATERIAL SUBSTRATES FOR OPTICAL PULLING FORCES

Theoretical Formalism

Recent progress in metamaterials span over fascinating applications relying on the control over the flow of light
with transformation optics [12], spin Hall effect [13], subdiffraction resolution [14], surface waves at metasurfaces
[15], [16], ect., what strongly motivates their application in the field of optomechanics.

The force on a dipole particle with polarizability a near semi-infinite substrate (Figure 1) can be written as [17]

F, = %Re(dE"”aXEO*H & @, I(EYE) Im(@, G ). Q)

where E® is a local field at the particle location, E° is incident field, G is Green’s function. Green’s function defines
structure response to incident field and enters both expression for total field E*' and the force F.

FIGURE 1. Optomechanically manipulated subwavelength dielectric particle (¢ =3, R = 15 nm, z = 15 nm) next to anisotropic
(hyperbolic) metasurface. Plane wave of p-polarization is incident at 35°.

Discussion

The force map is built as a function of real parts of dielectric permittivities along the two main axes
e =¢l+ig! and g =g/ +ig! of the crystal. Regions of positive and negative values are displayed with grey

and color legends respectively (Figure 2).

Auxiliary metasurfaces introduce additional degree of freedom into optomechanical manipulation schemes.
Here, optical forces, mediated by hyperbolic metamaterials, interfacing dielectric homogeneous spaces (e.g. air or
water, in the case of fluidic applications) were investigated. Strong optical pulling forces were obtained over the
broad spectral range and this new effect is attributed to the hyperbolic type of dispersion of electromagnetic modes.
Analytical formalism of the phenomenon was developed and it relies on the self-consistent expressions for the total
field at the particle location, given with the help of electromagnetic Green’s function. Spectral decomposition of the

040004-2
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Green function enabled identifying contributions of different interaction channels into the total optical force. In
particular, surface plasmon polaritons, having strongly resonant behavior, were separated from the hyperbolic bulk
modes for the case of homogeneous hyperbolic material.

10 10
5 5
'\;MO 'u.;N 0
-5 51
-10 -10
-10 0 10 -10 0 10
FIl Ff

X X
FIGURE 2. Colour maps of optical forces (in fN mW-'um?) acting on a particle (¢=3, R=15 nm, z=15 nm) above an
anisotropic material, as the function of substrate tensor.

Hyperbolic modes, having high density of electromagnetic states over a broad spectral range, are the preferable
channel for scattering. It was shown that the hyperbolicity of the substrate plays the key role in delivering the overall
effect in the broad spectral range. Nevertheless, for multilayered realization top metal layer interfacing the air,
introduces an important contribution to the value of the pulling force. The broadband property and tunability have an
additional key advantage over a single metal layer — optical attraction can be achieved at the infrared spectral range,
which is highly important to many optomechanical applications. Metasurfaces, designed to control near-field
interactions, open a venue for flexible optomechanical manipulation schemes. While the effect of optical attraction
was demonstrated here, other important fundamental effects and applications, such as optical binding, sorting,
trapping, to name just few, can be enabled by carefully designed optomechanical metasurfaces.

PLASMONIC TRAPPING AND ANTITRAPPING OF NANOPARTICLES

Gaussian Beam Focused at Metal Substrate

Optical trapping characteristics in the proximity to the beam waist of Gaussian beam and the impact of the focus
position with respect to the surface were studied. Gaussian beam is focused above or below the substrate and the
force acting on a dielectric bead (¢=3) of radius R=15 nm is calculated. Three different scenarios were considered:
glass (6,=2.25) and silver substrates, and in the latter case the plasmonic contribution to optical forces can be
switched ‘on’ and ‘off” by either including evanescent harmonics or not. For /=100 um the bead lying on the
substrate (centered at z=15 nm) experiences attraction to the beam center (trapping) at all the cases (Figure 3B). This
is a typical behavior for a deeply subwavelength low-index bead which has no resonances and is usually attracted
towards the axis of free-space Gaussian beam. Comparison between the force values favors the silver substrate,
which provides about an order of magnitude enhancement compared to the glass. Thus, the auxiliary metal substrate
allows increasing the trap stiffness.

At the other hand, focusing the beam below the substrate (/=-100 pum) leads to completely different behavior
(Figure 3C). While in both glass and ‘silver with plasmon excluded’ cases optical trapping is observed, real silver
substrate leads to optical repulsion from the beam axis — anti-trapping, pushing the particle away from the region of
high optical intensity. Anti-trapping stiffness (derivative of the force with respect to the coordinate) is several times
larger than in the case of the glass substrate.

Surface plasmon excitation at the metal substrate plays a key role in tailoring optical forces acting on a nearby
particle. Depending on whether the illuminating Gaussian beam is focused above or below the metal-dielectric
interface, an order of magnitude enhancement or reduction of trap stiffness is achieved in comparison to standard
glass substrates. Furthermore, a novel plasmon-assisted anti-trapping effect (particle repulsion from the beam axis)
is predicted and studied. Highly accurate particles sorting scheme based on the anti-trapping effect is analyzed. The
ability to distinguish and configure various electromagnetic channels through the developed analytical theory
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provides the guidelines for designing auxiliary nanostructures and achieving an ultimate control over the mechanical
motion at the micro- and nano-scales.

A 9D | c

X, um X, pm
FIGURE 3. A) Schematics of the system. Gaussian beam with waist w is normally incident on a flat silver substrate; the focal
position f along the z axis can be either above or below the interface. Optical forces acting on a spherical dielectric particle are
formed by beam-particle, beam-substrate, and particle-substrate interactions. Optical force acting on a particle (¢=3, radius R=15
nm) in the Gaussian beam focused above (/=100 um, B) and below (/=-100 um, C) the substrate interface. Blue solid lines
correspond to silver substrate; red dashed lines to the model without plasmon contribution; grey solid lines to the glass substrate.
The beam waist diameter is w=104, the particle is touching the substrate.
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Abstract. We study optical binding of two dielectric nanoparticles near a boundary between air
and hyperbolic metamaterial. Three kinds of modes contribution are analyzed and it is shown,
that evanescent waves allow formation of stable bound dimer due to hyperbolic metamaterial
modes. We have found the most profitable parameters of hyperbolic metamaterial substrate,
providing enhancement of the optical binding effect.

1. Introduction

Mesoscale particles under an illumination can form stable arrays by occupying equilibrium positions.
Varying the stiffness of such an optical trap and the distances between the particles allows creating the
nanostructures with subwavelength period and is of great interest to physical, biological and chemical
research [1, 2].

The optical binding effect can be understood as particles self-organization caused by incident
illumination scattering and forming an interference pattern. Each of the particles tends to occupy
position with zero optical force acting on it in high-intensity region of this pattern. The distance between
the particles is usually defined by the incident wavelength and limited by the diffraction limit. There are
several ways to improve characteristics of the optical manipulation, trapping and binding, including
plasmonic materials employment [3-7], using several beams trap [8], evanescent fields [9] and auxiliary
nanostructures and metamaterials [10-13].

Here we investigate optical binding of two nanoparticles near hyperbolic metamaterial. Evanescent
waves from the particle in a free space are converted to propagating modes inside the substrate, because
of hyperbolic metamaterial dispersion relation [14]. Utilizing Green’s function approach, it is possible
to estimate hyperbolic modes contribution into optical binding force and tune parameters of the substrate
to enhance contribution of the evanescent waves [15, 16].

2. Optical force calculation

We study a pair of dielectric nanoparticles under a plane wave illumination. The wave is incident along
z and polarized along x-axis. Dipoles are placed on top of the hyperbolic metamaterial substrate with
dielectric permittivity in the form of a tensor

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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In materials of a such kind dispersion relation can be written as (2) = k_x+& where K, and K,,
c gZZ gXX

denote wavevector components, and @ is the frequency of the wave, C is speed of light in vacuum.

&d
—vv’-=—>x "'!!*‘SPP
Exx
hyperbolic
modes

Figure 1. The scheme of the problem. Two dipoles are placed in vicinity of hyperbolic metamaterial
substrate and illuminated by a plane wave. Dielectric permittivity of the particles is & =3 and radius is
R=15 nm. ¢, and ¢,, are transversal and longitudinal components of the dielectric permittivity of
the substrate.

The time-averaged optical force exerted on a dipolar particle can be expressed as [17]

F :%ReZa(a))E:(F,a))VEi(F,a)), (1)

where E, corresponds to the i" component of the electric field, i = x, y, z, ' denotes location of the
particle, and a(w) is a dipole polarizability in vacuum
a E—E&
a=—=2—: q, =475,R°—2 | )
-k, £+2¢g
1-1i
67,

aes

&, 1s vacuum permittivity, &, & is permittivity of the particle and the upper half-space, respectively.

Expression for the electric field should take into account interaction of the two dipoles and
contribution of the substrate, thereby it is given by the equation

2
E(F,0)=——G(F,F) p 3)

¢,
Here G (f, f') is a Green’s function, that field in ' from the source placed in ', P is electric dipole

moment. Green’s function can be decomposed into three parts, describing modes propagating in free
space, evanescent modes, i.e. surface plasmon-polariton (SPP) and volumetric (hyperbolic) modes of
the substrate.
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3. Results and discussion
Let us consider optical binding force exerted on one of the dipoles as a coordinate dependent function.

We use parameters of the substrate &, =—2+0.03i, ¢,, =5+0.1i for which surface wave does not

have predominant contribution. The optical binding force dependence is shown on the Figure 2. It is
seen that evanescent modes of the semi-infinite hyperbolic metamaterial substrate increase optical
binding force by ten times and decrease distance between the bound particles. We should note, that
surface plasmon-polariton and hyperbolic modes are excited due to incident field scattering on a dipolar
nanoparticle and do not require auxiliary structures.

2L —propagating modes contribution| |
—all modes contribution

0.5 1 1.5
Distance / A 0
Figure 2. Transversal optical binding force component dependence on the distance between the

particles. Blue and red lines correspond to the optical binding near semi-infinite substrate, without
evanescent wave contribution and with all kinds of modes contributions, respectively. The distance

between the particles is normalized over incident wavelength A, and F, is normalized over radiation

pressure force F;.

In conclusion, we have studied optical binding near hyperbolic metamaterial substrate. It is shown,
that evanescent waves of this system can significantly enhance characteristics of particles’ interaction
and parameters of the substrate can be tuned in order to provide further improvement.
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Abstract. We report flexible optomechanical manipulations by the help of surface and
volumetric modes of the substrate. Optical binding effect can be sufficiently enhanced due to
both surface plasmon-polariton and hyperbolic modes of the structure. Volumetric modes of the
structure provide optical pulling force for inclined incident plane wave, while surface waves
cause enhancement of the optical trapping force under Gaussian beam illumination. Moreover,
antitrapping effect can occur for specific positions of the beam waist.

1. Introduction

Light-matter interaction is of particular interest of modern physics. It may be related with constant
spreading of nanotechnologies and ever-increasing demand to control over small particles’ positions and
dynamics [1-4]. Through the last decades a lot of configurations were proposed to increase the flexibility
of optical manipulations. It became possible to achieve trapping of several nanoparticles [5-7], optical
pulling forces [8] and increased characteristics of the optical traps via auxiliary structures [9-12],
particles’ parameters or incident field modification [13]. The most straightforward way to change
characteristics of the optical trapping is utilizing of the beams with predefined shape, for example,
Gaussian, Bessel or Airy beam traps [14]. Moreover, the optical field can be transformed by the help of
asymmetric structures [15, 16], photonic crystals [17], TIR geometries [18], metamaterials [19],
metasurfaces [20] or even plasmonic materials as a substrate [12, 21, 22]. Using metallic particles is
another common approach to get peculiar optical forces [23], however it is not the case, e.g., in
biochemical research.

Here, we report optical manipulations of dielectric nanoparticles with auxiliary substrates supporting
evanescent waves. By the help of surface modes of the substrates it is possible to obtain optical pulling
forces, not only trapping but antitrapping effect in Gaussian beam, enhance characteristics of optical
binding forces between several particles, while volumetric modes can also provide optical pulling force
or enhance stiffness of the optical trap. These effects take place due to the additional degrees of freedom
provided by the properties of substrate media.

2. Optical forces near interface
Let us consider dielectric nanoparticle placed in vicinity of the substrate under an illumination.
Dielectric permittivity of the particle is considered to be &£ =3 and radius R =15 nm. The scheme of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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the problem is shown in the figure 1. The second particle is shown to be translucent as long as it presents
only for the case of optical binding of two particles.

Figure 1. The scheme of the problem. The particle above the substrate is illuminated by a plane wave
or a Gaussian beam. Semitransparent particle illustrates another case of optical binding of the several
particles illuminated by a plane wave. Evanescent waves from the particles are the cause of volumetric
and surface modes of the substrate.

The optical force acting on a particle can be written as

F =%Re > b (ro)VE(r,0) (1)

i=x,y,z
where P is dipolar moment and E is electric field in the location of a particle, r defines position of a
particle. One should take into account that electric field is also included into expression for P and

contains information about the whole structure such as reflection from the boundary, interactions of the
several particles, etc. Green’s function approach allows us to derive total electric field expression of the
complex structure.

3. Results and discussion

As was shown in [22], plasmon-polariton excitation on the surface could lead to the optical pulling force
exerted on a single particle near the substrate, if inclined incidence of the plane wave takes place.
However, we state, that for Gaussian beam oblique incidence is not required. By varying focus position
with respect to the interface one can easily tune dipole moment orientation, and, therefore, sign of the
optical force. In these cases, surface waves are in charge of the optical trapping enhancement for the
focus position above the interface, and appearance of the antitrapping effect for the focus position below
the interface. In addition, if two dipolar particles interact under a normal incident plane wave
illumination, the interference of the surface plasmon-polariton modes provides formation of a stable
bound dimer with interparticle distances smaller than the wavelength. As each of the particles occupy
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positions at the maximums of the interference pattern, the distance between the dipoles is defined by the
surface plasmon-polariton dispersion relation.

Furthermore, flexible optomechanical manipulation can be achieved by the help of volumetric modes
of a hyperbolic metamaterial substrate. In this case inclined incidence of the plane wave creates the
asymmetric hyperbolic modes excitation and optical pulling force is obtained. In similar way Gaussian
beam excitation can provide antitrapping effect and enhancement of the optical binding force.

Thus, utilizing auxiliary substrates is a powerful tool for optomechanical manipulation of a single
object and several nanoparticles. Surface and volumetric modes of a substrate lead to the enhancement
and unusual properties of the optical forces.
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Abstract. Several particles demonstrate a collective mechanical behavior of bunching together in a light field. This effect is
called optical binding, and it is advantageous for a great scope of applications. Structured interfaces can provide an additional
flexibility in tailoring scattering channels of the particles via a predesigned dispersion of surface and bulk modes. Here, we
investigate capabilities of hyperbolic metamaterials substrates in application to optical binding. In contrary to free-space
binding scenarios, a hyperbolic metamaterial substrate opens additional interaction channels, mediated by surface and
volumetric modes. It is shown that metamaterial substrate provides an enhancement of optical binding stiffness, while the
periodicity of optical binding is highly dependent on the thickness of the substrate and can be either deeply subwavelength
or long-range. Here we discuss a possibility to achieve long-range optical binding due to the volumetric modes of a
hyperbolic metamaterial slab.

INTRODUCTION

The interaction of light with micro- and nanoscale particles can provide stable capture of particles, control of their
movement and creation of ordered arrays [1-6]. Controlling the position of subwavelength objects using light has found
many applications, such as fabrication of nanostructures [7], particle sorting for biomedical applications,
microelectronics and others [7,8]. However, such manipulations often require high-power radiation sources [9], which
is not suitable for biological research. In addition, the distances between the particles depend on the radiation
wavelength and are restricted by the diffraction limit [1].

In the case of optical manipulation near a substrate that supports surface or volumetric modes propagation, a number
of advantages are revealed: an increase in the stiffness of an optical trap without increasing the radiation intensity, and
obtaining distances between several interacting particles less than diffraction incident radiation limit [10,11].

Here, we study optical binding near a finite-thickness hyperbolic metamaterial slab, which is prospective for
optomechanical applications [12-14]. The near fields of the particles provide excitation of hyperbolic modes in the
volume of the substrate, which, in turn, forms high-intensity regions at the interfaces due to reflection. In contrast to
conventional waveguides, lateral wavevector component in hyperbolic slabs can achieve rather high values, which,
together with highly confined shape of the modes, could allow for very small distances between the hot spots driven by
multiple reflections. This, in turn, paves a way for deeply subwavelength binding of nanoparticles and also provides
tunability via changing material parameters, slab thickness, excitation wavelength, etc.
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THEORETICAL MODEL

The schematic of the structure is shown in the Figure 1. Here, we consider a pair of dielectric nanoparticles placed
on top of the hyperbolic metamaterial slab. Parameters of the slab were &, =—2+0.06i, ¢,, =0.5+0.01i, the

thickness of the slab is denoted as 0 and can be varied. Dielectric permittivities ¢, ,, were chosen in such a way that
substrate does not support surface plasmon-polariton propagation.

FIGURE 1. The schematic of the structure. The particles are placed on top of the finite-thickness
metamaterial substrate

Optical force acting on a particle can be written in the dipolar approximation as follows:

E :%ReZ[a(w)Ei (70)] VE, (7, 0) 0

where E; corresponds to the i!" component of the self-consistent electric field, i = X, y, z are coordinates, and o(w)
is the particle’s dipolar polarizability in vacuum, including the radiation correction. In our notations, the particles’

positions are defined as T .
The self-consistent electric field is given by:
k¢ k¢
= (7 0 Ay 3 (s 0 (& E( -
E(7)) = E;o (1)) + — G(r}, ) E(5) + — G(1}, )0, E(5), j=12.
€9 €0
(€
The first term here represents the incident field with the substrate reflection taken into account, the second and the
third terms are the contributions of the dipoles. The Green’s function G encapsulates the entire information of the
interaction of the dipole with the substrate. K, is the wavevector in a free space, &, is the vacuum permittivity.

Utilizing Green’s function approach makes it possible to estimate the hyperbolic modes contribution to the optical
binding force.

RESULTS AND DISCUSSION

Let us consider optical binding force for two thicknesses of the slab d = 4, /8 (Figure 2 (a)) and d = 4,/ 2
(Figure 2 (b)), where A, is the incident light wavelength. Zeros of the force correspond to the equilibrium positions of
the particles. In both cases, the optical binding force is increased compared to the free-space binding. However, it should
be noted that the first equilibrium position takes place at around 0.54, for the thin metamaterial slab, and at around
24, for the thick one. Thus, the same dielectric constants provide either subwavelength or long-range optical binding,

depending on the thickness of the slab. The distribution of the field scattered by a single particle on top of the
metamaterial is presented in Figure 2 (c,d). The distance is limited here to 1.5 mkm.
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FIGURE 2. (a,b) Optical binding force and (c,d) field distribution created by a single particle on top of the slab. (a,c)
d=4,/8 and (b,d) d = 212 .The force is normalized over the radiation pressure force. The incident wavelength is

2, =920 nm

CONCLUSIONS

In this work, we describe the transverse optical binding of two particles near a hyperbolic metamaterial. It was
shown that metamaterial slabs provide multiple reflections from boundaries, forming a set of strongly localized hot
spots with huge intensity gradients that govern the motion of nanoparticles at nanoscale. Hyperbolic modes give rise to
increased optical forces and precise nanoparticles positioning for distances both much smaller and much larger than the
incident wavelength.
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Abstract. Optomechanics is a promising technique for a wide range of applications and an intensively studied branch of
nanophotonics. The flexibility of optical manipulation can be increased with the help of auxiliary substrates providing
additional degrees of freedom. In this paper, we consider optical force acting on a particle near a one-dimensional photonic
crystal. The excitation of bulk and surface modes of the crystal occurs due to the near fields of the particle and does not
require additional mechanisms. Oblique incidence of a plane wave can lead to the directional excitation of the substrate
modes, and therefore, an optical pulling force arises.

INTRODUCTION

Optical manipulations of nanoscale particles have been of great interest since the pioneering work of Arthur
Ashkin [1]. The control over the position of a small particle is promising for a wide range of applications [2-4], i.e.
nanotechnology, biological studies, etc. [S]. There are many works devoted to the flexible and precise optical tweezing,
manipulation of arrays of nanoparticles, and motion of particles along predefined trajectories [6—10]. Auxiliary
structures can be used to modify properties of optical manipulation and obtain extraordinary parameters of light-matter
interaction [11-15]. Optical pulling force in transverse plane can be obtained due to either surface mode of a plasmonic
substrate or volumetric modes of a hyperbolic metamaterial substrate [16,17]. Nowadays, however, photonic crystals
are considered to be prospective in optomechanical applications [18-20]. It was shown that a bead placed in the field
of a surface mode of a one-dimensional photonic crystal is carried along the crystal surface by a Bloch surface wave
(BSW) and provides an explicit measurement of an evanescent mode.

Here, we study the optical pulling force acting on a dipole particle near a one-dimensional photonic crystal. It is
shown that inclined incidence of a plane wave can lead to the particle’s displacement towards the light source.

OPTICAL FORCE NEAR PHOTONIC CRYSTAL

The schematic of the structure is shown in the Figure 1. The photonic crystal consists of 6 pairs of dielectric layers
with refractive indices n, =3.5, n, =1.45, their thicknesses are 240 and 320 nm, correspondingly. A small dielectric

particle is placed on top of the photonic crystal. The system is illuminated by a plane wave so that the angle between
the wavevector and the normal to the surface is nonzero (here we consider 15°).
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incident
light

Joch surface

FIGURE 1. The schematic of the illuminated structure. The particle is placed on top of 1D photonic
crystal. The system is illuminated with a plane wave; a Bloch surface wave propagates along the interface
of the crystal. Optical pulling force and BSW directions are shown with solid and dashed arrows
correspondingly

The optical force acting on a particle can be written in the dipolar approximation as follows:

F= %ReZ[a(a))Ei (7, )] VE, (7, ) (1)

where E; corresponds to the i component of the self-consistent electric field, i = x, y,z are the coordinates, and
o() is the particle’s dipolar polarizability in vacuum, including the radiation correction. In our notations, the particle’s

position is defined by 7 .

Radiation of the particle near the interface was described with the help of spectral angular decomposition of the
Green’s function, while the contributions of various mode types were estimated basing on the dispersion characteristic
of the material. Reflection from the photonic crystal was calculated with the scattering matrix method.

RESULTS AND DISCUSSION

Scattering from the particle provides an evanescent field, which can be coupled to the photonic crystal modes. A
one-dimensional photonic crystal introduces additional degrees of freedom into the system, thus it is possible to obtain
specific parameters of light-matter interaction. Let us consider the dependence of the optical force on the wavelength
of the incident light (Figure 2). In this Figure, spectral dependencies are shown for two cases, with and without taking
into account the contribution of evanescent modes. One can see that the contribution of evanescent modes, i.e. Bloch
surface wave (BSW), gives an enhancement of optical force (maximum is around 660 nm) and an appearance of optical
pulling force in the transverse direction (at the wavelengths from 680 nm to 740 nm). It is possible due to the inclined
incidence of the plane wave, which provides directional propagation of the surface wave.
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FIGURE 2. Transversal force acting on a particle as a function of the wavelength. Blue dotted line shows the
contribution of free-space modes; red dotted line shows the full optical force, taking into account the evanescent
modes of the substrate

CONCLUSIONS

We propose a new approach to flexible optical manipulations with auxiliary substrates. Optical forces mediated by
a one-dimensional photonic crystal sharing an interface with a dielectric homogeneous half-space were theoretically
investigated. A strong optical pulling force was obtained, and this effect is attributed to the surface mode of the photonic
crystal. Analytical formalism of the phenomenon, relying on the self-consistent expressions for the total field at the
particle position, was developed using the electromagnetic Green’s function.
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Abstract. Here we study light-induced interaction of several dielectric particles above a hyperbolic metamaterial. It is
shown, that both surface and volumetric modes of the substrate define distances between interacting particles, beyond the
diffraction limit. Moreover, by varying the thickness of the metamaterial substrate it is possible to tune magnitude of the
optical force and distances between the particles.

INTRODUCTION

Light-matter interaction can be used to manipulate nanoobjects’ position in space for either single particle or an
array of nanoparticles [1-6]. The parameters determining multiple particle interactions are usually dependent on the
incident light field. This can lead to some fundamental restrictions, e.g. the periodicity of optical binding force is
limited by the incident wavelength, or the trapping stiffness is directly proportional to the incident intensity. However,
there exist a number of ways to avoid these limitations. Recently, it has been shown that the introduction of an auxiliary
substrate into the system leads to additional degrees of freedom in light-induced interactions [7-13]. For example, a
metallic substrate provides enhanced optical binding with periodicity almost twice smaller than the wavelength [14,
15], while the utilization of a waveguide allows the realization of long range optical binding between distant
nanoparticles [16].

Here we show, that a metamaterial substrate converting evanescent waves in free space into propagating modes
and surface waves of the substrate causes not only enhancement of the optical binding force, but also provides
subdiffractive binding distances due to the hyperbolic metamaterial dispersion relation.

OPTICAL FORCE CALCULATIONS

Let us consider the simplest case of a pair of dielectric nanoparticles placed on top of the hyperbolic metamaterial
substrate. The main scheme is shown in Fig. 1. The structure is illuminated by a TM-polarized plane wave with electric
field oriented along the interface between the two media.

The optical force on a particle in the dipolar approximation can be written as follows:

L1 "
F:EReZ[pi(f,(o)] VE,(F,0), (1)

where E; corresponds to the i th component of the self-consistent electric field, i = x, y, z are coordinates, and p is

electric dipole moment. 7 is the radius vector pointing towards the particle position.
The electric field generated by dipolar particles can be estimated via Green’s function [17] which allows to split
contribution of free-space, surface and volumetric modes [18,19].
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Distance / A 0

FIGURE 1. The scheme of the problem. Two particles are placed FIGURE 2. Optical binding force near hyperbolic

on top of the finite-thickness metamaterial substrate. metamaterial slab with the different thickness. Distance
between the particles is normalized over incident
wavelength. The stable equilibrium points are shown
with circles.

RESULTS AND DISCUSSION

Here we study optical force acting on one of the similar particles with varying distance between them. Dielectric
permittivity of the particles is considered to be 3, while radius is related to the incident wavelength as 1:30. The
metamaterial substrate has the following parameters: homogenized multi-layered Ag/Ta2Os structure with filling
factor of the structure is 0.133, the homogenized dielectric permittivities for incident wavelength %, =920nm are

€, =—1.714+0.075i, ¢, =5.392+0.0084i, the thickness of the slab is either d=1,/2 or d =L, /8. For these set of

parameters the metamaterial substrate supports propagation of volumetric and surface modes, that increase
complexity of analysis of the system but paves a way to precise positioning of the particles. Optical binding force is
shown on the Fig.2. Solid line corresponds to d =}, /2, dashed line corresponds to d =, /8. The force is normilized
over the incident radiation pressure force.

From Fig. 2 a complex behavior of the force can be appreciated. For the case of a thick slab contributions of all
kinds of modes are equal and the distance between equilibrium positions is smaller than the wavelength. For the case
of thin slab volumetric modes dominate, thus the force periodicity is several times less. It is seen that evanescent
modes of the hyperbolic metamaterial substrate increase optical binding force by ten times and decrease distance
between the bound particles.

CONCLUSIONS

We proposed new capabilities in optomechanical manipulation, namely the way to achieve stable and tunable
binding at nano-scale distances, that are below the diffraction limit. Comprehensive analysis allows demonstrating a
set of new effects, including optical binding at small distances, broadband tunability, and stiffness increase.
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