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BBenenue

AKTYaJIbHOCTb TeMbI

Pa3zpaGoTka MeTONOB yIpaBlieHUs] JIEKTPOMarHUTHBIM H3JIy4€HHEM Ha HaHomaclTade, B TOM
yucie MOIJIOUIEHUs M TEeHEpallud U3JIy4eHUs — akTyalbHas 3ajaya, KOTOPYIO CErOJHs pellaeT
HaHo(poToHHKa. [lornonieHne IeKTPOMarHUTHOTO U3IY4YEHUS SBISIETCS OJHOM M3 KIIOUEBBIX MPOOJIeM B
LEJIOM  psiie  TOpUKIamHbelXx 3anad  HaHodoroHmku. K HuM  oTHOcHTCS  (OTOBONBTaMKA U
tepmodoroBoibranka [1-3], doromerekTupoBanue [4], reHepamus TOpSYMX IJIEKTPOHOB [5]
tTepMmoria3Monuka [6]. Her HeoOXOIMMOCTH IMOTYEPKUBATh, YTO YBEIMYEHHE JOJIM MOIJIOIAEMOro
(OTOBOJIBTANYECKMM YCTPOHCTBOM CBETa YBEJIWYHMBAET KOJIMYECTBO BHIPAOATHIBAEMO SHEPTUH.
DJNEeKTPOMarHuTHOE TMOTJIOIIEHNE WIPaeT BAKHEHIIYI0 poib B Tporecce (POTONETCKTHPOBAHUS —
3JIEKTPOHHBIN CUTHAJl, CHUMAeMblii ¢ (POTOETEKTOPA, MPONOPLUOHATIEH YHEPIUN HOIJIOIEHHOI'O CBETa.
B TepmoruiasMOHMKE YCHJICHHOE IMOIVIOIIEHUE CBETa PE30HAHCHBIMH HAHOYACTULIAMH IIPEBpallaeT
KJIaCTEPhl YaCTHUI[ B HAHO-MCTOYHUKHU TEIJIA, YTO HAXOJUT NPHUMEHEHHS B MEIUIMHE W HAHO-XUMHH.
Kpowme Toro, nmormiomenne cBeTa METAJUIMYECKON YaCTHULICH MPUBOJUT K 00Opa30BAaHHIO TAaK HAa3bIBAEMBIX
«TOpSIYMX 3JEKTPOHOBY» — BO30YKIEHHBIX HOCUTENEH 3apsja C SHEpruei MpeBOCXOAALIeH 3HEepruio
®epmu. O6pazoBaHHe TOPSIUUX JIEKTPOHOB IO3BOJISET 3HAUUTEIBHO YBEIMYMBATh CKOPOCTh IIPOTEKAHMS
HEKOTOPBIX XHMHYECKHX PEaKLUil, B YaCTHOCTH, JAUCCOIMAI[MM MOJICKYJSpHOrO Bogoponxa [/] u
paciieruieHus BOJIbl B JKUIKO# (asze [8]. B cBeTe ymoMsHYThIX MPAKTUYECKUX MPUMEHEHHIA, TOHUMaHUE
MPOIIECCOB TOTJIOUICHUSI DJIEKTPOMArHUTHOTO W3JIY4YEHUs SBISIETCS UPE3BBIYAWHO BaXXHBIM  JUIS
ONTUMH3ALMHU TOTJIOUIEHUS B CYLIECTBYIOIINX CUCTEMaX U pa3pabOTKU COBEPIIEHHO HOBBIX MOAXOJ0B K
MIOTJIOIIEHUIO D3JICKTPOMAarHUTHOW HHEPTUH, B TOM YHCJIE€ C HCIOJIH30BAaHHEM METaMaTepHalioB M
AQHM30TPOITHBIX CPe.

Hpyroii akTyanbHOM 3amayeil HaHO(GOTOHMKM CETOJHsS SBJIsETCs pa3paboTka W CO3AaHUE
HAHOJIa3epOB - ONTUYECKUX YCTPONCTB, MO3BOJISIOIIMX I'€HEPUPOBATH KOTEPEHTHOE JIEKTPOMArHUTHOE
noJje, JOKaJIM30BaHHOE Ha CyOBOMHOBOM Mmaciitabe [9]. MuHuaTopu3anus j1a3epoB 0 CYOBOJHOBOTO
MacmTaba SBISIETCS KpaiHe TEepCHeKTUBHBIM HANpaBlIEHHEM B CBETE pa3IMYHBIX TPUKIATHBIX
OpUMEHeHUHA. B WX YHCIO BXOAMT CO3/JaHUE ONTHYECKUX KAHAJIOB CBS3M MEXAY HIIEKTPOHHBIMU
KOMITOHEHTaMHU BbIYMCIUTENbHOW cxembl [10]. [Ipyrodi mnOTeHIMadbHOW 007AaCTHIO MPUMEHEHUS
HAHOJIa3epOB MOXKET CTaTh TOMOTpadus OMONOTHYECKHX TKaHEH M OTIACNBHBIX KIETOK, B TOM CIIydae,
eCJIM TaKhe HaHOJa3ephbl CTAaHYT OMO-COBMECTHMBIMU U BHeApsieMbiMu [11]. CyOBOSTHOBAS JTOKAIHA3AIHS
3JIEKTPOMArHUTHOTO TOJIS Ja3epHOW MOJII MOXKET OBITh JOCTUTHYTa MPH HUCHOJIb30BAHUU TJIA3MOHHOTO
pe3oHaTopa — HAHOYACTHIIBI, BBIMOJHEHHOM M3 IJIa3MOHHOTO MeTalia. TeM He MeHee, CO3/1aHue

HAHOJIa3€pOB U JCMOHCTpALUs na3epH0171 réHepanun Ha Cy6BOJ'IHOBOM Macirade 3aTPYIHAIOTCSA KpaﬁHe
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BBICOKMM YPOBHEM OMHYECKHX MOTEPh B IJIA3MOHHBIX HaHOYACTHIIAX [12], YTO MPUBOAUT K YBEIUYCHHUIO
nopora nazepHoi reHepanuu. [1o 3Tol nmpuurHe, aKTyalIbHOU SBISETCS 3a7a4a pa3paboTKU HAHOIA3epOB
C HU3KHUM IOPOTOM TEHEpAIMH, YTO MO3BOJIAIO OBl MOIYYUTh CYOBOJIHOBYIO JIA3EPHYIO T€HEPAIUIO MIPH
KOMHATHBIX TeMIlepaTypax.

Kpaitne wunTepecHbli cHoco® ympaBieHUS H3IYyYCHHEM U B3aUMOJCHCTBUEM H3IY4YECHUS C
BEIIECTBOM HA HAHOMACHITA0E MPEAIOJaraeT MCIOJIb30BAHMUE TaK HA3bIBAEMBIX CYHEPOCHMIUISINA —
0COOBIX pacmpeeNieHuii JIEKTPOMAarHUTHOTO TIOJIsl, KOTOPBIE EMOHCTPUPYET OBICTPBIC OCIHHIUISIINH B
HEKOTOPOM MPOCTPAHCTBEHHOM 00JIaCTH, HECMOTPS HAa OTPAaHMYEHHOCTh MPOCTPAHCTBEHHOTO CHEKTpa
[13]. C momoripio Takux TOJIEH MOXKHO JTOOMBATHCS CYOBOJHOBOW (DOKYCHPOBKH 3J€KTPOMATHUTHOMN
OHCPIrUun 0€3 UCIT0JIL30BaHUS OJIMKHENOABHBIX KOMIIOHEHT.

bnaromapss pa3BUTHIO HAaHOPOTOHMKH M METOIOB TMPOM3BOJCTBA ONTHUYECKUX HAHOCTPYKTYD,
OTKPBIBAIOTCS BO3MOXKHOCTHU TIO CO3JaHHUIO COBEPUICHHO HOBBIX 3JEKTPOMArHUTHBIX MOTJIOTHTENEH U
HaHoJnazepoB. [loBeneHne HaHOCTPYKTYPUPOBAHHBIX SJEKTPOMATHUTHBIX CHUCTEM MOKET 3HAUUTEIbHO
OTJIMYAThCS OT 3aKOHOMEPHOCTEN, M3BECTHBIX Ul KJIACCUYECKUX MOIIOTHTENEeH U ya3epoB. [losTomy
HCCIIEIOBaHKE MPOIIECCOB MOJHOIO MOTJIOEHUS AIEKTPOMArHUTHOTO U3IY4YEeHMsI U JIa3epHOI TeHepalu
Ha CyOBOJIHOBOM MacIiTabe 4pe3BblYaiiHO aKkTyanbHO. JluccepTaliys mocBAIeHa UMEHHO 3TUM 3ajjauaM.

Leabio quccepTalMoOHHON PaOOTHI SBISETCS UCCIEAOBAHHE IMPOIECCOB IMOJHOTO MOTJIOUICHHUS,
Ja3epHON TeHepaluy CBETa B PA3IMYHBIX KOMIIO3UTHBIX M HaHO(OTOHHBIX CHCTEMax M (POPMHUPOBAHUS
CYIEpOCHUIUIMPYIOIIUX CUTHAJIOB HA HAHOMACIITa0ax.

B pamkax nuccepTaiuu pemaguch Cleayolue 3a1a4M:

1. HccnenoBanrie  MOMHOTO  TOTJIOMIEHUS ~ CBETAa  MOJTYOECKOHEYHBIM  THIEPOOTUYECKHM

MOrjIoIMAarnIuM MaTCpraIoOM.

2. HccnenoBanue na3epHOl reHepaluy B Cla3epe U B3aUMOJICHCTBUS JITa3epHONH MOJIbI C MAJar0IUM
U3IIy4CHUEM.
3. HccnenoBanue na3epHoi reHepaliy B ONTHYECKUX HAHOPE30HATOPaxX, COCTOSIIINX U3 MaTEPHAIIOB

C BBICOKHM IOKa3aTeIeM MPEIOMIICHHUS.

4, HccnenoBanue ja3epHOil I'eHepallud W pacHpOCTpaHEHUs CBETa B CHCTEMax, OJIHOBPEMEHHO
CoJIepXalINX YCUJIMBAIOLIYIO U MarHUTO-ONTUYECKYIO CPEIBI.

5. HccnenoBanre BO3MOXHOCTH BO30YXKICHHUS KBAHTOBOTO UCTOYHUKA HU3KOYACTOTHBIM CHUTHAJIOM.

6. WccnenoBanue reHepanuu CynepoCHUUTHPYIONIEro CUTHAIA HEIMHEWHBIMA CHCTEMaMH TMPU HX

BO30YKICHUHM rapMOHUYECKUM KOJIEOaHHUEM.



Hayuynasi HOBM3HA

1. W3yueHo pacnpocTpaHEeHUE MOBEPXHOCTHBIX IIA3MOHOB M0 IMOTJIOMIAIONICH THIepOOIUIeCcKOM
(uanedunuTHOM) cpene. IlokazaHo, YTO ISl OMpEACIICHHBIX MMAPAMETPOB OJHOOCHOW Cpeibl
JUIMHBI TpoOera IuUla3MOHAa MOKET HEOTPaHMYEHHO BO3pacTaTh, HECMOTpPS Ha HaJIHuue
MOTJIOIIEHHS B OZTHOOCHOM MaTepuale.

2. HccnenoBana TEOPETHYECKH U AKCIIEPUMEHTAIBHO (COBMECTHas paboTa ¢ YHHUBEPCUTETOM IITaTa
Kanzac u HccnenoBarenbckoit abopatopueii BoeHHO-Mopckoro ¢mora CIIIA) BO3MOXHOCTH
MOJIHOTO  TOTJIOIIEHHS  NAJaroled  p-MOJSIPU30BAHHOM  3JEKTPOMArHUTHOW  BOJIHBI
MoJyOeCKOHEUYHBIM CJIOEM OJHOOCHOM morjomaromieit cpeasl — Ban gep BaanbcoBckum
KpUCTAJUIOM (TeKCaroHalbHbIM HUTpUAOM 0opa hBN).

3. [IpencraBiena mMozelb, MO3BOJISIONIAS B PAMKaxX KIACCHYECKOM HEIMHEWMHOW 3JIEKTPOJIMHAMUKHU
AQHAJIMTUYECKU ONMCATh NOBEACHHE Clia3epa BhIILIE [10POra JIA3epHOU reHepaliu.

4, [IpennoxeHo ycTpocTBO MarHUTO-ONTHYECKOTO Clia3epa — CyOBOJIHOBOTO MCTOYHUKA OJIMKHETO
KOTE€PEHTHOTO, LIUPKYIISIPHO-TIOISIPU3OBAHHOTO AJIEKTPOMATHUTHOTO TTOJISI.

5. HccnenoBaHo pacmpocTpaHEeHHE COOCTBEHHBIX MOJ 110 ITUTA3MOHHOH MAarHUTO-ONTHYECKON
uenouke. IIpenckazaHo cCUIIbHOE yBEIMYEHHE MATHUTO-ONTHYECKUX CBOWCTB TAKOM CHUCTEMBI, B
TOM uwucie, GapaJeeBCKOr0 BpallleHUs MOJSPU3ALUU, IO CPABHEHHUIO C OJHOPOJHOW MarHUTO-
ONTHYECKON Cpeoi, W OOCYXJICHa BO3MOXKHOCTH KOMIICHCAIIMM OMHYECKHX IOTEPh ITyTeM
00aBJICHMS B CUCTEMY YCHIIMBAIOIIEH CPEJIbI.

6. [Tokazano, 4to chepuueckass HaHOUACTHUIA U3 MaTepuaia ¢ BBICOKUM MOKa3aTeNIeM MPEeOMICHUS
(KpeMHHSI) MOXET CIY)XHTh PE30HATOpPOM [UIsl pealu3allid CYOBOIHOBOTO Jia3epa, He
COJIEpIKalIero MJI1a3MOHHbIE METaJLIIbI.

7. [IponemoncTpupoBana BO3MOXKHOCTh BO30OYXKICHUS JIBYXYPOBHEBOM CHUCTEMBI
CyNepOCHMJUTMPYIOLIIUM TIOJIEM, BCE€ CHEKTpPaJbHbIE KOMIIOHEHTBI KOTOPOTO JIeXKaT HIKE
PE30HAaHCHOM YacTOThI IEPEX0/1a KBAHTOBOTO U3ITy4YaTessl.

8. [IpenyioxkeH METOJ TOJMYyYEeHHs] CYNEPOCHWUIUPYIOIIUX BO BPEMEHH DJEKTPOMArHUTHBIX
KoJieOaHWil Ha BBIXOJIE HEJTMHEHHON OE3WHEPIIMOHHOW CHCTEMBI, Ha BXOJ| KOTOPOW MOJAETCS

HU3KOYaCTOTHHIM T apMOHI/I‘-ICCKI/Iﬁ CHUT'HAJI.

Hayynasi u npakTH4yecKasi 3HA4YUMOCTb PadOThI

Pe3ynpTaThl gaHHOW AMCCEPTAIMOHHON PabOTHI MOCBAIIEHBI MIMPOKO OOCYKTa€MbIM HayYHBIM
npoOyieMaM TOTJIONMIEHUsI U TEeHepaluy SJIEKTPOMAarHUTHOTO W3IIyu4eHHUsl B HAHOOMNTHKE. B wacTHOCTH,
MOJIHOE (MaKCHUMAabHO BO3MOYKHOE) MOTJIOMICHHE YJIEKTPOMArHUTHOTO U3TYYCHHsI UpEe3BbIUaliHO BAYKHO B

TaKuX TPUIOKEHUAX, KaK CO3JIaHWE PAJUOIOTIIONIAOIINX TMOKPBITHH, (DOTONETEKTUPOBAHHUE,
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¢doroBoabTanka 1 TepModoTOoBONIbTaNKa. Kak mpaBmiio, MOIHOE MOMIIOIIEHHE JOCTUIAEeTCsl TOCPEACTBOM
JIECTPYKTUBHOW HMHTEp(PEPEHIIMH BOJH, MOCIEIOBATEIBHO OTPAKEHHBIX OT MOTJIOMIAIOIIEH CTPYKTYPHI
[14, 15]. B nuccepramuu mNpeUIOKEH HOBBIA MOJAXOJ K IIOJHOMY TIOTJIOIICHUIO W3JIyYCHHUS, HE
IPEJIOoIaraloIiuil JeCTPYKTUBHOW MHTEpP(PEPEHIUN OTPaKEHHOro cBeTa. D(PQPEKT 3KCIEepUMEHTAIBHO
BepuduLupoBaH B HMH(QpPAKpaCHOM JaMana3oHe C MCIoJib30BaHMEM oOpasna Ban nep BaanbcoBckoro
KpucTaimia — HuTpuaa 6opa. Ilpeanaraemsiii moaxo/ HHTEpECEH ¢ PyHAAMEHTAILHOW TOUYKH 3pPEHUS, U B
TO K€ BpEeMs OH IpeyiaraeT HOBBIA CIIOCOO JOCTHXKEHHS TOJHOTO IMOTJIOMICHUS 3JEKTPOMArHUTHOU
SHEPIUH.

Hanonaseps! B IepCHEKTUBE MOTYT CTaTh BaKHBIM CBSI3YIOILUM 3BEHOM MEX[Y 3JIEKTPOHHBIMU U
ONTUYECKUMHU KOMIIOHEHTaMH BBIYMCIUTEIBHBIX YCTPOWCTB HOBOro ImokosieHusa. Kpome Toro,
UCII0JIb30BaHNE HAHOJIA3€POB B MEAMIIMHE OTKPOET HOBBIE IYTH K TOMOrpaduu TKaHeW W JHarHOCTHKE
paznuyHbIX 3aboneBanuii [11]. B pamkax &IaHHOW JUCCEPTALMOHHOW paOOThHI MPEUIOKEH IU3aitH
MarHuTO-ONTHYECKOr0  craszepa —  OJMIKHENOJIBHOTO HCTOYHMKA KOTEPEHTHOIO  LUPKYJISPHO-
HOJISIPU30BAHHOIO MOJIA. BBUIO IPOJEMOHCTPUPOBAHO, YTO HcHoab3oBaHue MO crnasepa IMO3BOJISET
yeunuth dQdext Papases B ENOYKaX IUIA3MOHHBIX YacTHIl. Takke B AMCCEpTAIMH MPEJIOKEHa cXeMa
JU3JIEKTPUUECKOr0 HaHoJ1a3epa — Jla3epa, MO3BOJISAIOLIETO MMOIYYUTh KOT€PEHTHOE I10JIe Ha CyOBOJHOBOM
Mmacmtabe 0e3 HCIOJb30BaHMS BBICOKO-AMCCUIIATUBHBIX IUIa3MOHHBIX MarepuaioB. Bmecto HUX,
pPE30HaTOPOM BBICTYIIA€T HAHOYACTHUIA, BBIOJIHEHHAs W3 JUAIEKTPUKA C BBICOKMM I[OKAa3aTeleM
IIpeIoMIIeHus, 00a1aonias pe30HaHCOM Mu nipu CyOBOJITHOBOM pa3Mepe.

[ToMumMo moryOmEHUs] W3IY4YEHUs IUIAHAPHBIMH  CHCTEMaMH, paccMOTpeHa Mpobiema
NOTJIOIIEHUsT (OTOHOB OAMHOYHBIMHM aToMaMu. B nuccepraumm ucciaeoBaHa BO3MOXKHOCTh
BO30YXKJICHUSI JIByXYPOBHEBOM KBAHTOBOIl CHCTEMbl M3 OCHOBHOIO COCTOSIHMSI TIpM IIOMOIIH
HEPE30HAHCHOI0 CYNEPOCHMUIUPYIOIIEro JIEKTPUYECKOro TOJsl, BCE CIEKTPalbHbIE KOMIIOHEHTHI
KOTOPOT'O JIeXKAT HI)KE PE30HAHCHOM 4acTOThl mepexoja aroma. JlaHHbINH 3P PeKT MOoKeT ObITh Ba)KHBIM

AJIA pa3pa60TKH HOBBIX METOJOB KOT'CPECHTHOI'O KOHTPOJISI aTOMHBIX COCTOSIHU.

Ilos10:keHus1, BHIHOCHMbIE HA 3A1UTY
1. [lo rpaHulle OJHOOCHOM OJHOPOJHOM TMOIJIOMIAIOMIEH Cpelbl C BaKyyMOM  MOXET
pacmpoCTpaHAThCS MOBEPXHOCTHBIM IUIa3MOH, [UJIMHA TIpodera KOTOPOTO MOXET OBITh
HEOTPAaHWUYEHHO OOJIBIIION, HECMOTPST Ha HAJTMYHE MOTIONIeHUs1. Ha rpaHdHON 9acToTe TUIa3MOH
TpaHcQOpMHUpPYETCs B OAHOPOIHYIO BOJIHY, 0€3 OTpa)keHHUs aAA0IIyI0 Ha MOTJIOMIAOIIYIO CPEeNYy.
2. [Tnockass p-moysipu3oBaHHAs DIEKTPOMArHUTHAs BOJIHA MOXET OBITh TOJHOCTHIO MOTJIOIIEHA
MOTyOeCKOHEYHBIM CIIOEM OJHOOCHOM JTMCCUTATHBHOW Cpefbl 0€3 HCIONb30BaHUS MEXaHHU3Ma

JECTPYKTUBHON MHTEPPEPEHIINN OTPAKECHHOTO CBETA.



3. [ToBeneHne I1UIa3MOHHOIO HAHOJIA3€pa BBINIE TOPOra Ja3epHONW TEHEpalud MOXKET ObITh
AQHAJIUTUYECKU ONMUCAHO B PaMKax KJIIACCHYECKOW HEJMHEWHOW JJIEKTPOAVMHAMUYECKON MOJCIIU.
ITogxon mo3BOISET OMMCAaTh KAaK aMIUIMTYAY JIA36pHOM MOJBI B 3aBUCUMOCTH OT HAKAYKH
AaKTUBHOHM Cpenbl, TaK U OTKIMK HAHOJAa3epa Ha BHEIIHEE OCLWLIMPYIOLIEE I0JIE, B TOM YHCIIE
IIpeJICKa3aTh MOAIOPOrOBYI0 KOMIIEHCALMIO MOTEPh M CHUHXPOHU3ALHUIO JIA3€PHBIX OCLMJUIALAN
BHEILIHUM I10JIEM.

4. BrutoueHre MarHuTO-oNTUYECKOro MaTepualia B TM3aifiH craszepa o0pa3yeT MarHUTO-ONTHYECKUI
criasep — HaHousasep, oOiajaroIlMid JAByMsl Ja3epHbIMH MOJAMU C LUPKYJSPHONW HoOJspu3anueit
JUIIOJBHOTO MOMEHTA U OTINYAIOIIUMHUCSA IOPOTaMU M YaCTOTaMU T'€HEPaLUH.

5. Ilepponnueckass LENMOYKa IUIA3MOHHBIX HAHOYACTHUIL, IOIPYKEHHBIX B MAarHUTO-ONTHUYECKYIO
cpeny, o0JlajaeT CIEKTPOM COOCTBEHHBIX MOJ € LUPKYJISPHOM MOJIApU3aluedl IUIOIBHOIO
MoMeHTa. Pacnpoctpanenue Bo30yX/I€HUS MO TaKoW IENOYKe CONpOBOXKIAeTcs (hapaieeBCKUM
BpalllCHUEM IOJIIPU3ALMY, BEJIWYMHA KOTOPOrO B HECKOJIBKO Pa3 IIPEBOCXOJUT BpalllEHUE B
COOTBETCTBYIOILIEN OTHOPOAHOM cpefie. JKoyneBbl OTEpU MOTYT OBbITh CKOMIIEHCUPOBAHBI IyTEM
BKJIIOYEHUSI B CHCTEMY YCHUIMBAIOIIEW cpeasl. [IpakTudeckn mosiHas KOMIIEHCALHUs IIOTEPb
JOCTHKUMA IIPU UCTIOIb30BaHUM KBAHTOBBIX TOYEK.

6. CyOBousiHOBasl J1a3epHasl T€HEpalusi MOXKET MPOUCXOAUTh B HAHOCTPYKTYpax, HE COZAEpIKaLIUX
IUTa3MOHHBIX METAJUIOB — CQEpUYECKUX HAHOYACTHIIAX, BBIIOJHEHHBIX M3 IHAJIEKTPHUKOB C
BBICOKMM I10KA3aTeJIeM IPEJOMIICHHs], MOKPBITBIX CIOEM W3 YCWIMBAKOIIEH cpeasl. JlazepHbie
MOJbl TaKuUX CTPYKTYp CBsi3aHbl ¢ moitocamu ko3 ¢umuentoB Mu. Ilopor renepanuu
JUBJIEKTPUYECKOT0 HAHOJIa3€pa 3HAYUTEIILHO HUKE TI0pOTa IJIa3MOHHOIO HaHOIa3epa.

7. JIByXypOBHEBYIO KBaHTOBYIO CHCTEMY C JIEKTPO-IUIIOIBHBIM MEPEXOJ0M MOXKHO IEPEBECTU M3
OCHOBHOTO  COCTOSIHAS B  COCTOSIHUE C MHBEPCHOM  3aCEJIEHHOCTBIO IIPU  IOMOUIU
CYNEPOCUUIUIMPYIOLIETO UMIIYJIbCA BHEIIHETO JJIEKTPOMAarHUTHOIO IIOJIsA, CIEKTPaIbHBIC
KOMIIOHEHTBI KOTOPOT'O JIEKAT HUXKE PE30HAHCHOM YacTOTHI IIEPEX0a IBYXYPOBHEBON CUCTEMBI.
IIponiecc IPOUCXOAUT B PEXKUME CHIBHOW CBSI3M KBAaHTOBOM CHUCTEMBI U IOJS U HE MOXKET
00BSACHATHCS MHOTO(QOTOHHBIMU TPOIIECCAMHU.

8. [Tpu BO30YXIEeHHH HETMHEWHOW OE3MHEPIIMOHHON CHCTEMbl HU3KOYACTOTHBIM TapMOHUYECKUM
CHUTHAJIOM MOJKET HaOII0AAaThCsl reHepalys CyNepoCHMUIMPYIOIIEro CUTHalla MPH HaJJIeKalieM

BbIOOpE QYHKIMU OTKIIMKA HEJTMHEHHON CHCTEMBI.

JloCTOBEPHOCTH Pe3y/IbTATOB
JloCTOBEPHOCTH pE3YJIBTATOB, MPEACTABICHHBIX B JUCCEPTALMH, MOATBEPIKIAETCS COBIAICHUEM

TCOPECTUYCCKUX PE3YIBTATOB C PE3YyJbTaTaMH OSKCIICPUMCHTOB MW pPE3yJbTaTaMU  YUCIICHHOI'O
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MozenupoBaHus. Pe3ynbraTel ObUTM JOJIOKEHBI U OAOOPEHbl Ha MEXKAYHAPOJIHBIX KOH(PEPEeHIHMSX, a

TaKXe OIMYOJMKOBAHbI B BEYIIIMX MUPOBBIX HAYYHBIX )KypHAJIAX.

Anpodanus pe3yJibTaToB
OcHoBHBIE pe3yNnbTaThl pabOThI JOKIAABIBATNCH HA CIEAYIOUIUX POCCUHUCKUX U MEXKTYHAPOIHBIX
KOH(EepeHIHAX:
o 55-51, 56-51, 57-51 Hayunbie koHMepenuuu MDTU, lonronpynusrii, Poccus, 2012-2014,
° 12-5, 13-5, 14-s exxeroansie koHpepenunu UTIID PAH, Mocksa, Poccust, 2011-2013;
o 5-1 Becepoccuiickas koHdepennus «Paguonokamnus 1 paauocssasb», Mocksa, Poccus, 2011;

o Bcepoccuiickast mononexHas koHpepeHuus «Hanomartepuansl ¥ HaHOTEXHOJIOTMM», MoOCKBa,

Poccwus, 2012;

o Mexnynaponnas koHbepenuus «/{uu audpaxaumn», Cankr-IletepOypr, Poccus, 2012;
. 9-1 u 10-51 Beepoccuiickue koHpepeHmn «Moiobpie yueHsiey», Mocksa, Poccust, 2013-2014;
. International conference on theoretical and computational nanophotonics TaCoNa-2012, Bad

Honnef, Germany, 2012;
. The 5th International Topical Meeting on Nanophotonics and Metamaterials (Nanometa), Tirol,
Austria, 2013;

. Donostia International Conference on Nanomagnetism and Applications, San Sebastian, Spain,
2013;
. The 14th Trends in Nanotechnology International Conference, Seville, Spain, 2013;

° International Conference META’ 14, Singapore, 2014;
° International Conference Photon14, London, UK, 2014;

° Surface Plasmon Photonics 7 International Conference, Jerusalem, Israel, 2015.



yonuxamun

[To Teme pmcceprammu omydonukoBaHo 12 pabor, B ToM uymcie 11 crareii B Bemymux
pelLEeH3UPYEMbIX HAYYHBIX KypHaIaX, BKIIOYEHHBIX B criicok BAK.

JINYHBIN BKJIAJ COUCKATEJISA

Bce u3znoxeHHble B AMCCEPTAllMM OPUTMHAIBHBIE PE3YNbTAThl MOJYYEHBI JINYHO aBTOPOM, JTUOO
[P €0 HETIOCPEICTBEHHOM YJ4acTUU. ABTOp MPUHUMAI HEMTOCPEACTBEHHOE YIacTHE B BEHIOOPE OOBEKTOB
MCCJICTIOBAHMSI, IIOCTAHOBKE 3a/1a4, pa3pabd0TKe TEOPETUUYECCKHUX IMOJXO0/I0B, YUCICHHOM MOJICITUPOBAHHH,
aHaJlM3e OHKCIEPUMEHTAJIbHBIX JAHHBIX, OOCYXIEHHWU TOJYYCHHBIX pPE3YJbTaTOB U HANHCAHHUU
nyOnukanuii. HemocpencTBeHHO aBTOpOM ObLla BBIABHHYTA TMIIOTE3a O BO3MOXKHOCTH HEPE30HAHCHOTO
BO30YX/ICHHSI KBAHTOBOT'O HCTOYHHMKA CYNEPOCHIUIMPYIOIMIMM II0JEM M O BO3MOXKHOCTH TOJIHOTO
MOTJIONICHUS CBETA B TeKCArOHAIIBHOM HUTpHUE Oopa.

CTpykTypa H 00beM QuccepTALHT

Juccepranusi COCTOMT W3 BBEACHHS, MATU TJIaB, 3aKJIIOUEHHUS W CIHHCKa JUTepaTypsl u3 219

HanMmeHoBanuid. OOmmii 00beM 124 cTpaHuibl, B TOM yncie 51 pucyHOK.
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I'naBa 1

O030p JMTEPATYPHBIX JAHHBIX

1.1 ITorJionmeHue 31eKTPOMATHUTHOTO U3JTYUYEeHHUSI

[Tormomenue 3JIEKTPOMArHUTHOTO U3JIYUYECHUs SIBJISAETCS OJHOM M3 KIIOYEBBIX MpoOJeM st
00JIBIIOrO KOJMYECTBA MPHUKIAIHBIX 3anad. K HuUM OTHOCSATCS pa3paboTka (OTOBOJIBTAUYECKUX H
TepMooToBONIbTanuecKuX ycrpoiicTs [1-3], hoTomerekTupoBanue [4], reHepaisi ropsYUx IEKTPOHOB
[5] u Tepmoruiazmonuka [6]. HeT HE0OX0MUMOCTH O UEPKUBATh, YTO YBEIMYCHHUE IO MOTJIOMAEMOTO
(OTOBOJIBTANYECKUM YCTPOMCTBOM CBETa YBEIMYMBACT KOJIHMYECTBO BBIPAOATHIBAEMOW OJHEPTHUHU.
DJEKTPOMAarHUTHOE TIOTJIONIEHHE WIrpaeT BaXKHEHIIYI0 poiib B mporecce (POTONETEKTUPOBAHUS —
ANEKTPOHHBINA CUTHAJ, CHUMAaeMbIil C (JOTOAECTEKTOPA, MPOMOPLHUOHAIEH YHEPTHH MOTJIOIMIEHHOTO CBETA.
B TtepMoruiasMoHuKe YCUJICHHOE IIOTJIONICHHUE CBETa PE30HAHCHBIMU HAHOYACTHIIAMHU TIPEBpPAIIACT
KJIACTEPhl YAaCTHUI] B HAHO-UCTOYHUKHU TEIUIA, YTO HAXOAUT IMPUMEHEHUS B MEIUIIMHE M HAHO-XHUMHHU.
Kpome Toro, morsoieHre cBeTa METAIIMYECKON YacTUIEH MPUBOAUT K 0OPa30BAHUIO TaK Ha3bIBAEMBIX
«rOpSYMX DJCKTPOHOBY» — BO30OYKICHHBIX HOCUTENEW 3aps/ia C SHEPrueil MpeBOCXOASIIEeNd SHEPTHUIO
®epmu. OOpazoBaHUE TOPSYUX ICKTPOHOB MTO3BOJISIET 3HAUUTEIHHO YBEIIMYUBATH CKOPOCTH MPOTCKAHUS
HEKOTOPBIX XWMHYECKHUX PpEaKIMif, B YaCTHOCTH, IMCCOLMAIMK MOJICKYJISIPHOrO Bojopoda [7] u
paciieruieHuss BOAbI B OKuAKoM ¢ase [8]. Hakoner, BOAM3M TOYKH TOJHOTO IOTJIOMICHHUS
ANEKTPOMArHUTHOTO W3Iy4eHUS (a3a OTPaKEHHOTO W3IIMYYCHUS JEMOHCTPUPYET PE3KHl CKadoK,
KOTOPBIA MOXKET OBITh U3MEPEH METOIOM JJUIMIICOMETPHUH, CIIEOBATEIHHO, TAKHE CUCTEMBI 00JaJar0T
MOBBIIIEHHON YyBCTBUTEIILHOCTBIO B 3ajaue JeTekTrpoBanus [16]. B cBeTe ymoMSIHYTBIX MPAKTHYECKUX
MPUMEHEHUW, TIOHMMaHHE TIPOLECCOB TMOIJIONIEHUS BSJEKTPOMArHUTHOIO M3JIyY€HHUs  SIBISETCSA
Ype3BBIYAIHO BAXKHBIM I ONTHMHU3ALMU TOTJIONMIEHUS B CYIIECTBYIOIIMX CHUCTEMax U pa3paboTKu
COBEPIIICHHO HOBBIX TOX0JIOB K IOTJIOMICHUIO JIEKTPOMAarHUTHO#M sHeprun [17].

Baxxnas BennuMHa, XapakTEepU3YIOMAsl AJIEKTPOMATHUTHBINA TOTJIOTUTENh — JOJS TMOTJIOIaeMOn
najaronieid sHeprur. BooO1ie roBopsi, KOJIMYECTBO MOTIOMIAEMON SHEPTUH 3aBUCUT OT JJIMHBI BOJHBI U
yria maJeHusl 3JIEKTPOMarHUTHOW BoJiHBI. Ecnu ans ompeneneHHOM AJIMHBI BOJHBI U yria NajeHUs
MIPOMCXOUT TOTHOE TIOTJIONICHNE Tafaromel sHepruu (kodddunuent nornomenus A=1), ToO TOBOpST
00 naeanpHOM TorsorieHuu (perfect absorption).

TunuuHoil sBIsETCS CUTyalusi, Korja TpeOyercs MOTJIOTUTh SHEPTUI0 MaJarolied IMIOCKOH
BOJIHBI, HAmpuMeEp, Ja3epHOr0 IMy4yKa WM COJHEYHYIO DSHepruto. B 3ToM ciyyae mMOrIOTUTENH
MpeJICTaBIsIeT cOO0M TUIOCKUN CIOW MOTJIOMIAIOIETO BelecTBa. MI3BeCTHO, YTO TOHKHI CUMMETPHYHBIH
CJIOW TIOTJIOTUTENsI, PACIIOJIOKEHHBI B BakyyMe (BO3IyXe), HE MOXKET NOorjaoTuth Oombine 50%

nanarontero m3aydenns [18]. [ToaroMy, JUIs OTHOTO MOTIIONICHUS TPEOYETCsS HECKOJIBKO 0oJiee CII0KHAs
11



CTpykTypa. B uactHocTH, mna mnpeopoinenus 50% mpeaena MOIMVIOMIAIOMIEH CHOCOOHOCTH MOXKHO
PAaCIIOJIOKUTH ITOTJIOIIAOIINM CJION Ha OTpaXKaroLEeH MOII0XKKE.

[Ipocreiinye nMoaxoapl K yCUJIEHUIO MOTJIOLIEHUS 3JIEKTPOMArHUTHOIO M3JIyUYE€HUs OCHOBAaHbI Ha
MPUHIIMIIAX TeoMeTpuyeckoil ontuku. [Ipym majeHuy MIOCKOW BOJHBI HAa CJIOW C OTVIMYAIOIIMMCS
MOKa3aTesiaeM MpeJOMIICHUS YacTh YHEPIHMH MPOXOAMUT B CJIOH, @ YacThb — OTpa)kaeTcs M YK€ HEe MOXKET
ObiTh Toriomena, Puc. 1.1(a). Jlns yBenuueHWS JOJMM TIOTJIONIAEMON DHEPrUM  HEOOXOIMMO
MHIYLUUPOBATh [JOMOJIHUTEIbHBIE pAcCEsIHUSI CBeTa BOJIM3M IIOBEPXHOCTH, TEM CaMbIM YBEIMYMBas
ONTHYECKUN MyTh, MPOXOJUMBINA JIydOM BHYTpH IMorolmaromiero Bemecrsa, Puc. 1.1(6,8) [19, 20].
Cnenatb 3TO MOXHO, J100aBHB HEPOBHOCTH Ha MOBEPXHOCTH IMOTJIOLIAIONIETO CJIOS, WM TOKPBIB €ro
JOTIOTHUTEIIBHBIM HEYIOPSI0UCHHBIM CJIOEM KaKHX-JIM0O PacCeHBaIOIINX CBET CTPYKTYp [21].

nagatowmnm ay4y OTPaYKEHHbIN /iy

nagarowmi nyy  OTPaXKeHHbIN ny4

OTpaXKeHHbIV NyY

— T
\/

(a) (6)

Puc. 1.1. (a) OtpaxkeHHe IIIOCKOW BOJHBI OT POBHOIl MOBEPXHOCTH MOIJIOLIAOIIEro MaTepuana. (0, B)
Juddy3Hoe oTpaxkeHHe OT MOIJIOLIAIONIETO CJIOS, MOKPBITOTO HEYMOPSAJOYEHHbIM HA0OpOM IIapUKOB

WK OT HEPOBHOM NOBepxHOCTH. M300paxenue u3 padotsl [17].

Jns ycuieHMsl 3JIEKTPOMAarHUTHOTO TOIVIOIIEHUS B T€OMETPUHU € MAJAIOLIEH IUIOCKOM BOJHOMN
MOKHO BBIIEIMTh HECKOJBKO Ppa3IMuYHBIX MoaAxojoB. IlepBblii moaxon, HauOojee pa3BUTHIA C
TEXHOJIOTUYECKOW TOYKM 3pPEHHUs, MOJpa3yMeBacT HCIOJIb30BaHHE CIOUCTHIX cucteMm [15, 22], cpemu
koTopeix moOKpeiTHs [amnenbaxa [23] m CeiincOepu [24] sBAsiIOTCS NPOCTEHIIUMH TPUMEpPaMHU.
[TokpeiTue Jlamnen6axa mpeacTaBisieT cOOOW MOTTOMIAIONTNI AUAICKTPUUYECKUIN CIIOH, pacTiONOKEHHBIH
HaJl TOBEPXHOCTHIO UACANTBHOTO AeKkTpudeckoro npoBoanuka (PEC — perfect electric conductor). Dxpan
CeilnicOepu moxoxx Ha MokpbiTHE JlauieHO6axa, HO B OTJIMYUE OT IOCIEAHEr0, COCTOMT M3 TOHKOTO
PE3UCTUBHOTO 3KpaHa, pacnooxeHHoro Ha paccTtosHuu A /4 or PEC. CTOUT OTMETHTH, YTO ONTHYECKAs
TOJIIMHA TAKOIo MOIJIOTHTENS HEU30€KHO COMOCTaBUMa C JIJIMHOW BOJIHBI, IO3TOMY HCIIOJIb30BaHHE

AaHHOTO IMoAXoaa HECOIIpaBAaHHO TaM, II€ Tpe6yeTC$I peanmms3anusd yIbTPAaTOHKHUX MOTJIOIAOIINUX CUCTEM.
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[Toapo6Has Teopust moriaoTUTENEH, 00pa30BaHHBIX MOTJIOMAIOIIMMHE CJIOSMHU, ObllIa MPUBEICHA B paboTax

[14, 18].

(a)

1.000 | o o e -
Lo F . .
2 o998 |- Ohmic [ Dielectric | |
g | / \ ‘ 7\»—
Q 0.996 [ [ ’J 4
< 099 | : P 4| -
s L [ : | L,
& o992} | e ‘ i
| \ ——_,
[ o ~ —
0.990 |- i
1 N | L | i
12 34 5
# Layers

Puc. 1.2. (a) DnemenTapHas sideiika MOJIroJarolel rurarepIiioBoii METanoBepXHOCTH U3 paboThl [25]. (6)
[lepuonuyeckas pemieTka 30JI0THIX HAHOYACTHIl HA CTCKJISSHHOW TOJIOKKE, MOMJIOIIAIONIAs CBET IPH

OIpe/IeJICHHOM yrJie najneHus. M3o0paxenue u3 pabotsl [26].

KpoMe TOro, moOjHOE TIOTJIONIEHHE MOXET OBITh JIOCTUTHYTO B MeETamarepuaiax |
METaIOBEPXHOCTIX, 00pa30BaHHBIX pe30HaHCHBIME dieMeHTaMu (Puc. 1.2) [25], u B audpakumnoHHBIX
pemerkax [27]. Tlormoraromnas MeTarmoBEPXHOCTh TMPEACTABIICT W3 ceOsl YHOPSIOYCHHBIA MacCHB
pacCeMBAIONIMX IOTJIOMAIONINX 3JEMEHTOB. WX pOJb MOTYT BBIIOJHATE CPEPUICCKUE YACTHUIIHI,
KOJIbIIEBBIE PE30HATOPHI, JUCKH, W JIOOBIE APYrue pe3OHAHCHBbIE pacceuBaTeNd. BBIOOpP KOHKpPETHOM
Te€OMETPUHU DJIEMEHTAPHON STUEHKH MOTIIOMIAOIIEH METaOBEPXHOCTH 3aBUCUT OT YaCTOTHOTO JTMANa3oHa,
r7ie TpeOyeTcs TOTJIONICHUE U3ITydeHUs], H JOCTYITHBIX MOTJIOMAIONINX MaTepruaioB. [IpuHIUTIEI paboThI
MOTJIONIAIONIMX METAloBepXHOCTeH ObUIM TOApOOHBI paccMorpeHsl B [18]. Bkpartme, mnanmaroriee
U3IyYeHUE WHIUIUPYET B TMOTJIOIMIAIONIMX pACCeUBATENSAX JJICKTPUUECKHEe UM MAarHUTHBIE TOKH
nonsgpu3anuu. UHIynMpoBaHHBIE TOKU CO3/IAl0T BTOPUYHOE M3JIyUY€HHUE W MHTEPPUPUPYIOT C Magaromien
(mpomenmiert) BosHOW. Ecnm u3mydeHue Hazag OTCYTCTBYET, a U3JIyUY€HHE BIEpe]] JECTPYKTHUBHO
uHTEpPEpUPYET C MPOIISANIEH BOIHON, TO PACCETHHOE TOJIe OKA3bIBACTCS TOJaBICHHBIM, U BCS SHEPTHUS
MOTJIONIAETCS B METAIIOBEPXHOCTH.

Ecnu Tpebyercss mormomars SHEPTUIO HE MOHOXPOMATHYECKOTO H3IY4YCHHs, a H3JIydeHHE C

HIMPOKUM CIIEKTpOM (Hampumep, A NpUMEHEHUN B ()OTOBOJIBTAWKE), TO BaXKHOM XapaKTEpUCTHKOM

Wy
HOTJIOTUTENS  SBIISICTCA uUHMezpaibHuli KOIPOUIUEHT MOorIomeHus A, = I A(a)) | (a))da) . beumm
o}

NPpCAJIOKCHBI PA3JIMYHBIC CITIOCOOBI JOCTHIKCHUS ONTUMAJIBHOI'O IIOIJIOMICHHA B HIMPOKOM OHUAIIA30HC
yacToT. B OeJIoM, YBCIMYCHUC HWHTCTPAJIBHOI'O IIOIJIONICHUA KaK IIpaBUIIO Tpe6yeT YHCICHHOU

MpOUEAYpbl ONTUMHU3ALMHU AU3ATHA CTPYKTYPBHI.
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XopomuM KaHIUAATOM Ha POJIb HNIMPOKOMOJOCHOTO MOTJIOTHTENS HM3ITy4eHHS B ONTHYECKOM U
OnmmkHEM HMH(GPAKpaCHOM UAra3oHe SBISIOTCS MAcCHBBI M3 YIVIEPOAHBIX HaHOTpyOOok [28-30], Puc.
1.3(a). Ilapamerpbl MaccuBa NOAOMPAIOTCS TakuUM 00pa3oM, dYTOObI A(PQEKTHBHBIN IOKa3aTeNb
npenomiieHus Obut 6au3ok K 1, Puc. 1.3(6). B To ke camoe Bpems, IoKa3aTelb NPEIOMICHUS UMEET U
HEOOJIBIITYI0O MHMMYIO 4acTh |IMnN, oTBevaromiyro 3a MOIJIONICHUE W3NmydeHus. M3-3a Onmmszoctm N K
eIUHUIIC, JIUIIb MaJiasi JOJIs MaJaroero U3MyYeHUsT OTPaXaeTcsl Ha3all, B TO BpeMsl KaKk OoJibIlias 4acTh
MPOXOAUT B MAacCUB HAHOTPYOOK M IOTJIOMIAETCS BHYTpU. Takas cucTema Mmo3BOJISET MOrIoImaTh Ooee

95% manaromero U3Iy4eHUs B BUIMMOM H OJIMKHEM MH(PPAKPACHOM JHara3oHe.

D= °

-

114 ey . . ,
1.12
= 11[

Z 1.08}

2 B

Index-of-Refraction, n

1.02¢

( l_um) 0 ‘Juejsuo?) uoldiosqy

P-polarization i
[ TP |

. .+ +10.01
20 40 60 80 100

Array Spacing, a, (hm)

Puc. 1.3. (a) Baemnuii Buj 1 MUKPOCKOIIUYECKOE M300paKEHUE MACCUBA YIIIEPOJAHBIX HAHOTPYOOK (0)
Onrtruyeckre CBOWCTBA MAacCHUBa YIIIEPOJHBIX HAHOTPYOOK (KOd(h(DUIIMEHT MpesOMIICHHS U TTOTIIOMICHUS )

B 3aBUCHMOCTH OT IUIOTHOCTH BKITtoueHuit. M300paxenue u3 padotst [30].

Fme oaHuM MoaxoaoM K TMOIJIOIIEHUIO AJIEKTPOMATHUTHOTO U3IYyYEHHS SIBJISIOTCS Tak
Ha3bIBa€Mbl€ IOBEPXHOCTH C MSTKUM BXOJOM, B KOTOpBIX IOKa3aTellb IMPEIOMJIEHUS HENpPEpPhIBHO
yBenuuuBaercs oT | (WM mokasaTens mpenomieHus okpyxkaromieil cpensi) [31]. [lnaBHOoe M3MeHeHHE
IIOKa3aTesisl NPEJOMIIEHUS MO3BOJIIET MUHHMHU3MPOBATh AMIUINTYNy OTPaKEHHOTO CUTHAJa M TaKUM
00pa3oM MaKCUMHU3HPOBATH JIOJIIO TIOTJIONMIEHHOMN CpeIoil DHEPTUH.

Takxe ObUIa MCCIEOBaHA BO3MOKHOCTh IOJHOIO TMOTJIOIIEHUS OTAENbHBIMM HAaHOYACTUIIAMU B
psine padot [32-34]. B oTnuume OT CIOHMCTBIX CHCTEM, B JTAHHOW KOHQHUTYpAlMH TOJHOE IOTJIONICHNE
TpeOyeT KOTrepeHTHOro OOJy4YeHUs HAHOYACTHIIbI HE IUIOCKOH BOJHON C OINpEaeleHHBIM BOJHOBBIM
BEKTOPOM, & CTPOT'0 OIPENEIEHHOMN MIEKTPOMAarHUTHON MOJIOM MMEIOIIEN CII0KHOE pacipeiesIeHue Mo,
Puc. 1.4a. B HexkoTOphIX paboTax HMCCIIENOBAIOCH IMOTJIONICHUE MAMAIOIICH MI0CKOU 60JIHbL OTIEITHHOU
HaHouactuiei [35, 36]. B aTtom ciydae, 0HaK0, HEBO3MOXKHO JTOOMTHCS TTOJIHOTO MOTJIONICHUS TUIOCKOM
BOJIHBI: KOJIMYECTBO IOTJIOLIEHHOTO M3JIyYE€HUs OTPAaHMUYEHO CEYEHHEM IOIVIOIIEHUS AAHHON 4YacTHUIIBI

[37]. Tem He MeHee, MOXHO ONTHMH3HUPOBATH T'COMETPHUIO HAHOYACTHI[BI TAKHM OOpa3oM, YTOOBI
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Bq)(bCKTI/IBHOCTB nmorjomeHusa, T.C. OTHOIICHHC CCYCHHUA IOTJIOmCHHA O, K TCOMCTPHYICCKOMY

IOINEPECYHOMY CCYCHHUIO YaCTHIBI OBLI0 MAaKCHMAaJbHO BO3MOIKHOM. CTpaTeFI/IH 3€Cb OCHOBaHa Ha
COUCTaHNHU PE30HAHCOB Mu PAa3JIMYIHBIX ITOPAAKOB (,Z[I/IHOJ'IBHOFO, KBaJApYyHOJIbHOI'O, OKTYIIOJIbHOI'O U T.I[.)

Ha OJIHOM yacToTe, Oylarojapst 4eMy CEUEHHUE MOIVIOIMIEHHUS MOXKET CTaTh CKOJb YrogHo Oonbpmmm (Puc.

1.46).

(6)

— total ||
— m=x1
p — m=+2
m=+3 |

@

(o]

— m=x4

»H

n

Scattering cross—section (2\/r)

|

0
0.25 0.252 0.254 0.256 0.258
(n/mp

Puc. 1.4. (a) MmttocTpaiius MOJHOIO 3JIEKTPOMArHUTHOTO MOIJIOIIEHHUS B cucTeMe HaHovacTuil. KpacHas
TOYKa 0003HAYaeT IMOIJIOLAONIYI0 HaHouyacTUIly, W — MOBEpXHOCTb, BHYTPH KOTOPOl HAaXOIUTCS BCS
cuctema. (0) CrekTp cedeHHs TIOTJIOMICHHS CIOUCTOH cdepuyueckoil vacTuipl (cioum Meramia |
JMAJICKTPUKA), TEOMETPHUSI KOTOPOU BhIOpaHa Tak, 4TOObI pa3IMYHbIC PE30HAHCHI TaBaJIM BKJIAJ HA OJTHOMN

yacrore. M300paxenue u3 padotsl [35].

OTHOCHTENIPHO  HEJaBHO ObUIa  MPEUIOKCHA TEOPETHYECKH UM POJAEMOHCTPUPOBaHA
IKCIIEPUMEHTANILHO KOHIICTIIMS KOTePEHTHOro HjeanbHoro mnoriorurens (coherent perfect absorber,
CPA) [32, 38, 39]. CPA mpencraBisier co00i JABYXIOPTOBOE YCTPOUCTBO, 00JydaeMoe € JBYX CTOPOH
JBYMsI KOTEPCHTHBIMH 3JIEKTPOMArHUTHBIMU BoTHamu (Puc. 1.5a). OTpaskeHHbIE W MPOIIEAIINE BOJHBI
KaXJIOTO M3 MaJIaloIINX My4YKoB (JOPMHUPYIOT paccessHHoe cuctemoit mojue. Ecnu 0o6o3Haunth 32 T u R
KOG GUIMEHTBI MPOXOKICHHS W OTPAXKEHHs OJHOW BOJHBI OT TAaKOW CHCTEMBI, TO aAMIUIATYIA

PaCCCAHHOTO MOJIA JIMHEMHBIM O6p830M CBs3aHa C nmagaromurMu BOJTHAMU

El(out) R T El(in)

= _ 1
Ez(out) T R Eé'") ()

IIpu nOJHOM NOTJIOIIEHUH PACCESTHHOE MOJIE OTCYTCTBYET, CIEOBATENBHO, 3Ta CUTyallUsl COOTBETCTBYET
HYyJIEBOMY COOCTBEHHOMY 3HAYEHHIO S-MaTpulbl cuctemMbl R+ T .

Konnenmuss KorepeHTHOro MOIJIOIIeHHs Oblla YCHEIIHO paclpocTpaHeHa Ha MOTJIOLICHHUE
coOcTBeHHBIX MO B BonmHOBonax [40, 41]. Cucrema i MIeaabHOTO TOTJIOIIEHHS BOJTHOBOJHBIX MOJ
NPEJCTaBIseT U3 ceds paccenBaTesb OINpPENCIIEHHOW T€OMETPUH C IMOTJIOIMIEHUEM, HHTEIPUPOBAHHbIN B

BostHOBO/, Puc. 1.5(0). [Ipr cuMMeTpruHOM TaIEeHHH MOJT Ha MOTJIOIIAOIIYI0 CHCTEMY Ha ONpeAeICHHON
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9acTOTe SHEPTHsS BOJHOBOJIHOW MOJBI MOXKET TOJHOCTHIO IOTJIOIMIATHCSA B paccenBarese. [loMemnieHue
paccemBarenss B OJHOPOJHBIM  BOJHOBOJA, KOHEYHO, HEW30€KHO TPUBOAUT K HAPYIICHUIO
TPAHCISALUOHHONW CHMMETPHUH U PACCCHBAHUIO MAJAOIIUX MOJ Ha moriorurene. OIHAKO, €CIH BOJTHOBO/T
SIBJIIETCS OJHOMOJIOBBIM Ha PacCMaTpPHUBACMOW YacTOTE, PACCESTHHE B MOJBI CBOOOJHOIO MPOCTPAHCTBA
MO>XHO MUHHUMH3UPOBATH.

BaxxHO OTMETHTBH, YTO BCE MEPEUUCIICHHBIC BBINIE MMOAXOJbI OCHOBAaHBI HA JECTPYKTUBHOM
UHTEP(EPEHIINN PACCETHHOTO OT CHUCTEMBI CBETa. B TOMIOMIAIOIIMX YCTPOMCTBAX, OCHOBAHHBIX Ha
CIIOUCTBIX CHCTEMaX, MHTEPPEPEHIIMs OTPAKEHHOIO CBETa WIPAET KIFOYEBYIO POJIb JUISA JIOCTHIKCHUS
nojHoro nornomeHus [42, 43]. B korepeHTHBIX HaeadbHbIX mormorurensx [38, 39, 44] mornornenue
ANIEKTPOMArHUTHOTO M3JIYYCHHS TPOMCXOJUT MPH KOTEPECHTHOM OOJIY4EHUH CHUCTEMBI C JABYX CTOPOH.
Opnako, M3MEHEHUEe pa3HOCTH (a3 MAJAIIUX BOJH HApyIIaeT TOJHOE TOMJIONICHHE W MPUBOJIUT K
KOHEYHOM BEJIMYMHE OTpPakeHHs. TakuM o00pa3oM, BO BCEX IOJOOHBIX IOTJIOTUTEIIX HMEHHO

I/IHTep(bepeHHI/IH PaCCCAHHOIO CBCTA ITO3BOJISICT I[O6I/ITBC5I ITIOJIHOI'O ITIOIJIOIICHMA.

Interference Absorbed light wave

Lightin |
VARVAERV/
| Energy out i

Absorbing Resonator
material mirror

b 4

Puc. 1.5. (a) PucyHok, NOsSICHSIOIIMNA TPOLECC KOTEPEHTHOrO IMOTJIOEHUS B IJIOCKOM MOTJIOLIAI0IIEM
cioe. (6) YcTpolcTBO KOT€PEHTHOTO MOTJIOTUTENSI, HHTETPUPOBAHHOTO B BOJHOBOJI. M300pakeHue u3

pabortsl [14].

1.2 Hanona3epsl

CrpemsieHne K MHUHHMATIOpU3allMM ONTHUYECKMX U TEIEKOMMYHUKALMOHHBIX CHUCTEM JUKTYET
HOBBIE TpeOOBaHUS K pa3pabaThIBa€MbIM YCTPOWCTBAM. YCIEXH NOCIEIHHX JIET B IPOU3BOJCTBE
ONTHUYECKUX MHUKPO- U HAHOCTPYKTYpP IO3BOJWIM YMEHBIIUTH pa3MEP MHOTMX ONTHYECKUX YCTPOMCTB.
YcTpoiicTBa MEHBIIUX Pa3MEPOB AEMOHCTPUPYIOT Oosiee CKpoMHOE 3JeKTpornoTpednenue. Kpome toro,
IIPU MEHBILEM pa3Mepe MEMEHTAPHBIX COCTABIISAIOMIMX BO3MOXKHA 0oJjiee IUIOTHAs YIIaKOBKa YCTPOWCTB

Ha 3JICKTPOHHOM 4YHIIC TOTO KE pa3Mmcpa. Oco0eHHO MHOFOO6CI_I_IaIOI_I_II/IM C TOYKH 3pCHUA PaA3JIMIYHBIX
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MPUIIOKCHUAN SBISIETCS. MHHHUTIOAPHU3AINS UCTOYHUKOB KOTEPEHTHOTO JICKTPOMATHUTHOTO M3ITyYCHHS —
na3epoB. Cpeir BO3MOXKHBIX MEPCIIEKTUBHBIX TPUMEHECHUN HAHOIA3ep08 MOXKHO YKA3aTh HA MPUIIOKCHUS
B 00JacTu nepeaadyd U o0pabOTKH JaHHBIX B HOBBIX MOKOJICHUSAX BBIYHCIUTEIbHBIX ycTpoicTB [10], u
MPHUIOXKECHHS B 00acTi 6nomukpockonuu [11, 45].

Kak u mo0oii npyroit yiasep, NpUHIMIIAAIBHO HAHOJA3€p COCTOUT M3 JIBYX COCTaBISIOIINX:
3JIEKTPOMArHUTHOTO pe30HaTOpa M ycwiuBaromien cpeapl [46-48]. Bamaua, ciegoBaTebHO, COCTOUT B
TEOPETUYECKOM M DKCIEPUMEHTATHHOM JIM3aifHE ONTHUYECKHX HAHOPE30HATOPOB, COBMECTUMBIX C
W3BECTHBIMU YCHIIMBAIOIIMMU CPEIaMHU.

Pa3pabaTpiBacMble HAHOPE30HATOPHI, TOMUMO CYOBOJIHOBOTO pa3Mepa JIa3epHON MOJIbI, JTOJIKHBI

001a/1aTh CPaBHUTEIHLHO BBICOKOW TOOPOTHOCTBIO Q, YTOOBI 00ECIIEYUTH BO3MOKHOCTH HACTYIUICHHUS

JIa3€pHOM T'€HEpAIMU [IPU Pa3yMHOW BEJIMYMHE HAKAYKW AKTUBHOM Cpelbl. B kauecTBe akKTUBHOM Cpebl
TPAAULMOHHO HCIOJIB3YIOTCS CIIEIYIOLIME MaTepHallbl: MOJYNPOBOAHUKHA, OPraHUYECKUE KPACUTEINH,
KBaHTOBBIE TOUYKH.

[ToynpOBOIHUKY SIBJISIFOTCS CaMBIMH 4YacTO HCIOJIb3YEeMBbIMH YCHJIMBAIOUIUMU CpelaMu B
HaHonasepax. JlId yYCWJIEHHs ONTHMYECKOIO H3JIYy4eHHUS [OJYNPOBOAHUKOBAs CTPYKTypa JOJDKHA
o0pa3oBbIBaTh p-n mepexoisl. Takum o0pa3oM, Hakayka MOJIYMPOBOAHHKOBOW YCHUIMBAIOLIEH Cpeabl
MOXET OCYLIECTBIATHCA TOKOM. AJIBTEPHATHUBOM NOJYIPOBOJHUKOBBIM p-n IMEpPEXoJaM € TOKOBOM
HAKaYKOW SIBJISFOTCS OpraHMYecKHue Kpacutenu. Hakauka kpacuresied mpoucXOauT ONTUYECKH MyYKOM C
0osee KOPOTKOW JUTMHOW BOJHBL K mpeumyliecTBaM KpacUTENE MOMXHO OTHECTH BO3MOXKHOCTH
MHTETPUPOBATh UX B TMOJUMEPHYIO MATPHILy, YTO OTKPBIBAET MyTh K CO3JaHUI0 THOKUX HCTOYHHKOB

CBCTa. I[OCTI/I)KI/IMOG 3HA4YCHUC KOB(b(I)I/II_II/IeHTa YCUIICHUA C OpPraHUYCCKUMHU KpPACUTCIIAIMU, OJHAKO,

HEBEJIMKO M COCTABJISET OOBIMHO THICSYM CM ', TIOMMMO 3TOrO, KpacuTelu AerpaiupyroT (BBIFOPAIOT)
IIPU ONTUYECKOI HaKayKe U MOITOMY HEMPUTOAHBI JUISl JOJATOCPOYHOTO HCITIOJIb30BAHMS.

Haxoner, B kauecTBe akTHBHOM cpejibl B HaHOJIa3epax MOTYT UCHOJIb30BaThCs HU3KOpa3MepHbIE
MIOJTYITPOBOTHUKOBBIE CTPYKTYPHl - KBAHTOBBIE TOYKM. Kak M KpacuTenu, KBaHTOBBIE TOYKH MOTYT
COJZIEPKaThCSl B PaCTBOPE, OJHAKO 00JIaJatoT JIydlled CTaOUIbHOCTBIO, 110 CPABHEHUIO C MOCIEIHUMHU, U C
WX TIOMOIIBIO IOCTHKUMBI OOJIbIIINE 3HAYCHHS KOI(PPUIIUECHTA YCUIICHHS.

MOXHO BBIJETUTh HECKOJNBKO MPUHLUUIMAIBHO PpA3IMYHBIX CTpAaTerMd K  CO3JaHUIO
MUHHATIOPHBIX ONTHYECKUX PE30HATOPOB C pPa3MEpPOM MOJIbI MOPAIKA JUIMHBI BOJHBI U3IY4EHUS U
MeHbiie. OIUH U3 CIOCOOOB CO3/IaHUS HAHOJA3€pPOB COCTOUT B HCIIOJIB30BAHMU JE(EKTHBIX MOJ
doronnbix kpucrawioB (PK) B kauectBe pesonaropa (Puc. 1.6a) [49, 50]. ®oToHHBIN KpHCTA/LT Yalie
BCET0 CO3/A€TCs B IMOJIYNPOBOJHUKOBOM MeMOpaHe IMyTeM IMPOCBEPIMBAHMS MEPUOIUUYECKON CHUCTEMBI

otBepcTuil. [Ipu HapylIeHUU MEPUOINIHOCTH (OTCYTCTBYIOIIEE OTBEPCTHE) BO3HUKAET JAeeKTHaAs MoJa
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BHYTPH 3alpelIeHHONH 30HBI OKpyXkaromero (oToHHOro kpucramia. JledekTHbie MOAbl (POTOHHBIX
KPUCTAJIOB MOTYT 00/1a1aTh BEICOKUMH 3HAYeHHAMH 106poTHOCTH (BIIIOTH 10 Q ~10°).

JJis ToKaM3aIuy J1a3epHON MOJIBI MOT'YT UCIIOJIB30BAThCS U IPYTHE PE30HATOPHI, B YaCTHOCTH,
MUKpoaucku U Mukpocheps! (Puc. 1.606), pe30HaHCHBIN OTKIMK KOTOPBIX CBSI3aH C BBHICOKOJI0OPOTHBIMU
pesoHancamu Mu (Momamu mremuyiied raiepen) [51]. Hakauka u BBIBOJA JIa3€PHOTO H3IYYCHUS
MPOU3BOJIUTCSI MPH TOMOINM BOJHOBOJA, 3BAaHECIICHTHO CBS3aHHOTO C pe3oHaTtopoM. J[oOpoTHOCTH
10106HBIX pe30oHaTopoB jgocTuraer 10°, o1HAKO, JaeTcs OHA HEHOH CPaBHUTENBHO OONBIIEro 0ObeMa

(a) (6)

Pump wave Fibre-taper i
\ waveguide

PUMP Wave %y

whispering
gallery orbit

Emission wave

Silica
microsphere

Puc. 1.6. (a) Pe3zonarop nmns HaHOojazepa Ha OCHOBE Je(eKkTHOH Mozbl (OTOHHOro Kpuctamia. (0)
Pe3onatop Ha Moje mienmuyIiei rameper CHaO0KEHHBIM BOJIHOBOJOM /Ui HaKAYKW aKTUBHOW Cpelbl U

BBIBOJIA JIa3epHOTro u3nydenus. M3obpaxkenue u3 padotsr [50, 51].

XOTs ONHCAHHBIE BBIINIE MOAXOJBl W IMO3BOJISIOT 3HAYUTEIHHO YMCHBIIUTL PasMep HaSCPHOﬁ

3
MOJHBI, 00BeM JIA3€pHOU MOJbI B HUX TEM HC MCHCC OTPaHUYCH CHU3Y JJIMHOU BOJIHBI U3JTYYCHUA (%) .

Jlnist TOro 4yTOOBI MO-HACTOSIIEMY MPEB30MTU 3TOT Mpeael, TPeOYIOTCs UHbIE ONTHYECKHUE PE30HATOPHI.
OnvH W3 W3BECTHBIX CIIOCOO YMEHBIIUTH pa3Mep Ja3epa [0 CYOBOIHOBbIX PA3MEPOB SBISETCS
UCIIOJIb30BAHUE METAUTHUSCKUX HAHOYACTHII, 00JIaJafOIHX IJIa3MOHHBIM pe3oHaHcoM [48, 52].

Cnasep (SPASER — Surface Plasmon Amplification by Stimulated Emission of Radiation) —
HaHOpa3MEpHOE YCTPOWCTBO Il YCHJIEHHS W TeHepald KOTE€PEHTHOro OJMXKHEro MoJjis, BIEpBbIE
npeanoxenHoe B [48]. B mpocreiimem cnywae, crmasep — MeTaUIMYecKas HAHOYACTHUIA, KOTOpas
MOJJIEP’KUBAET IJIA3MOHHBIE BO30YK/I€HHUsI, B3aUMOJIEHCTBYIOIIAs C YCUJIMBAIOIIEH Ccpelloil ¢ HHBEpCHOM
HaceJleHHOCThIo, Puc. 1.7. YcunuBaromias cpena Bo30yKIaeTcsl HAKauKoi M BO30YK/1aeT MOJIbI TJIa3MOHA

HaHOYaCTHIIBI.

18



OcHOBHOE OTIMYME cHazepa OT Jlazepa 3aK4aeTcs B TOM, YTO CHa3ep YCHJIMBAET ONMKHee
HEusJyyarouiee Io0Jie IUIa3MOHAa HAaHOYACTUIBl, B OTJIMYUE OT IOJI, HM3IYy4aeMOIo KJIAaCCHUUYECKUM
JIa3epoM, OCHOBaHHOM Ha pe3oHatope Pabpu-llepo. Bo30yxkacHHE MOBEPXHOCTHBIX IJIA3MOHOB
MIPOUCXOUT OJarofaps IUMoJb-AUINOILHOMY B3aUMOICHCTBUIO HAHOYACTUIIBI U JTUTIOJIEH yCHUIIHBAIOIIeH
cpelbl ¥ OJIMKHENOIPHOMY MEXaHU3MY IepeHoca IHEPrHH, HHTEHCUBHOCTh KOTOPOTO MHOTO BBIIIE, YEM
BEPOSITHOCTH U3inyueHus: Gporona B BakyyM [53]. YMeHblIeHHE pa3Mepa CUCTEMBI IPUBOJIUT K TOMY, YTO

OMHUYECKHE IMOTEpU HAYMHAIOT Mpeoldianath Haja paaualoHHbiMu [54]. B neiictBuTenbHOCTH,
OTHOIIIEHHE TOTeph ompenensercs OespasmepHbiM (akropom (KL)®, rme L - xapakTepHblii pasmep

cucreMbl. Takum 00pa3zom, mpHu CyOBOJHOBBIX pa3Mepax clrasepa pagHallMOHHBIMU MOTEPSIMH MOXKHO

npeHe6peqL 10 CPAaBHCHHUIO C OMUYCCKUMU.

a KB. TOYKU b
e—h pairs
A
OM3NEKTPUYECKOE -
5
A4p0 IKCUTOH E NAa3sMOH
=)
5 A
fiv
MeTaN/| —————p

NQD Nanoshell
10-20 nm
Puc. 1.7 CxemarnuHoe uzoOpaxeHue crnazepa. [11a3MOHHBIM PE30HATOP OKPYKEH CIO0EM KBAHTOBBIX
TOYEK, CIyKalluX aKTUBHOM cpenod. Hakauka co3/1aeT MHBEPCUIO HACEIIEHHOCTEN B KBAHTOBBIX TOUYKAaX.

N3o6paxenue u3 padbotsl [55].

OnuH M3 BaKHEWIIMX KOJUYECTBEHHBIX TIOKa3aTeJel HaHojla3zepa — BEIUYHMHA HOPO206OU
HAKa4Ku/TIOpOTOBOTO YCUJIEHMSI, KOTOpasi OKAa3bIBAET, KaKyl0 MHBEPCHUIO HACEIEHHOCTH HYKHO CO3/aTh B
aKTUBHOM cpene Uisi Hadaja ja3epHoOd reHepanuu. Kak u ams mo0oro apyroro THma ja3epa, Ha

BEJIMYMHY OpOTa BIUSAET JTOOPOTHOCTh MOJBI pe3oHaTopa Q M KOHCTaHTa B3aMMOAEUCTBUS (4acToTa
Pabu) Q. [12, 46]. B cnasepe, 6maromapsi CyOBOJHOBOMY pa3Mepy MOJbI KOHCTAaHTa B3aHMMOJCHCTBUS

MOXKET JIOCTUTaTh OOMNBIIUX 3HAYEHUH, OJHAKO JOOPOTHOCTH IUIA3MOHHBIX PE30HATOPOB SIBISETCS
cepbe3HOH MmpobaeMoil. bonbime TemioBble MOTEpU B TUIA3MOHHBIX META/UIaX CEPhEe3HO OTPAHMYMBAIOT
JOCTM)KUMBIEC 3HAUYCHUA )IO6pOTHOCTI/I IUIa3MOHHBIX PE30HATOPOB, IMPHUBOAA K BBICOKOMY IIOpOTY

Ja3epHoi renepanyu [56] 1 3HaunTEeIPHOMY HarpeBaHHIO HaHOJIA3epa.
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Jlns  OThICKaHUSI BEIUYMHBI NOPO208020 YCUNeHUss MOKHO BOCIOJIB30BaThCS JIMHEHHBIM
noaxonoM. Takol TOAXOX TOApa3yMeBaeT ONHCAHWE YCHJIMBAIOMIEH cpenbl B TepMHUHAxX
JM3JICKTPUYECKOM MPOHUIIAEMOCTH ¢ OTpHIlareinbHbiMu moTepsamu[57, 58]. ITopor nasepHoli reHepanuu
IIPU 3TOM COOTBETCTBYET HETPUBUAIBHOMY PEIICHUIO YpaBHEHUI MakcBeIuia 6 omcymcmsue naoanuye2o
nHa cucmemy nons [59-63]. JlanHoe ommcaHue MO3BOJSACT 0€3 MPUMEHEHHUS TUHAMUYECKMX YpaBHEHUIA
ONTHMHU3UPOBATh TEOMETPHIO HaHOJa3epa s JOCTHKCHUS MUHMMAIILHOTO mopora reHepauuu[6l, 64,
65]. OtmeTuMm, 4TO XOTS JTMHEHHBIH MOXO0/] U AEMOHCTPUPYET IMOPOT FCHEPAIMH, B pAMKaX TaKOW TCOPUH
HeNb3s HUYEro cka3aThb O MOBEJCHHH Clia3epa BhIIIE MOpPOra, a Tak K€ O JTUHAMUYECKOM IOBEACHHUU
AJIEKTPOMArHUTHOTO TOJI HaHoJiazepa. ABTOPBI MPOLUTHUPOBAHHBIX pabOT MOHUMAIOT HEOOXOIUMOCTH
ydeTa HaChIIICHUsI aKTUBHON CpPeJIbl BBIIIE TIOPOTra FeHEepalui, OJHAKO TOMBITKA CAETATh 3TO HOCT JIUIIb
Ka4yeCTBEHHbBIN xapakrep [66].

Jlns onucaHus MOBEACHMs cia3epa BO BPEMEHU M IMPHU HaKauke, BBINIE MOPOTOBO, Tpedyercs
UCIOJIb30BaHNE JUHAMUYECKUX YPaBHEHH, OCHOBAHHBIX Ha OMHMCAHUN YCUIIMBAIOIIEH cpefbl Kak Habopa
IBYXYpOBHEBBIX cpen [48, 67-72]. [laHHoe omMCcaHWuEe NPHUBOAUTCA K HEIUHEHHBIM YpPaBHCHUSM
MakcBemna-brnoxa. Crmazep — HenuHeilHass aBTOKosieOaTenbHas CUCTEMa, M IMO3TOMY €ro OTKIMK Ha
BHEIITHEe FapMOHUYECKOE BO3JICHCTBUE KAPAMHAIBHO OTIMYAETCS OT OTKJIMKA JIMHEHHOW HAHOYACTHUIIBL.
B oTinune oT Takoil HAHOYACTHIIBI, CIA3epP MOXKET CHHXPOHH3MPOBATHhCS BHEHIHUM mojeM [73], eciu
BEJIMYMHA 3TOTO TIOJs TMPEBBIIIAET HEKOTOPOE 3HAYEHHWE, 3aBHCANIEe OT 4acToThl moiisi. OOmacts, B
KOTOPOM MPOMCXOJUT TaKask CHHXPOHU3AIIMs, Ha3bIBaeTCs s3bIKOM ApHoibaa [74]. Bae aToro permona
cnazep oOnagaeT CTOXacTUYECKOM JAMHAMUKOW. BHyTpu s3blka ApHOIbJIA chasep COBEpIIAeT

rapMOHHUYCCKUC OCHWIIAONH, W OMHYCCKHUC IIOTCPHU PE30HATOpA MOTYT OBITh CKOMIICHCHUPOBAHbI

Hakaukoi. Takas KOMITEHCAIMsI MOXKET MPOMCXOAUTh JaXKe TPU 3HAYCHUSAX HAKauyKu HWKe mopora [75,

76].

(6)

a 0G-488 dye P |
Gold core doped

\ silica shell
Sodium/

silicate shell

Puc. 1.8. (a) Hanonazep, 00pa3oBaHHBIA IUIICKTPUYCCKAM CTEPKHEM BOJU3M METALTHYECKOU
noBepxHOCTH. (0) Cxema 1 MUKPOCKOMUYECKOe N300paxeHne chepruyeckoro crnasepa Ha OCHOBE 30JI0TOM

yactullpl. M300paxenue u3 padotsl [77, 78].
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[I1asMoOHHBIE  HaHOMA3epbl  PA3IUYHBIX  KOHCTPYKUMHA  OBUTM  MPOJAEMOHCTPUPOBAHBI
HKCHEPUMEHTAIBHO B OOJNBIIOM uuciie paboT. Bo-mepBhIX, CTOUT OTMETHTH PabOThl, B KOTOPHIX ObLIH
peann30BaHbl HAHONA3ephl C JBYMEpPHOW Jokanmu3aiei mons [77]. JlasepHoit Momoi sBasieTcs
BOJIHOBOJIHAS MOJla, PAaCIpOCTpaHsIoOmIascs BAOJb HoiynpoBogHukoBoro (CdS) uumuuapuyeckoro
CTEP>KHSI, PACIIOJIOKEHHOTO BOJIM3U cepeOpsiHoi moBepxHocTH, Puc. 1.8(a). Cnasep ¢ JIokaJlM30BaHHOM 1O
BCEM TPEM H3MEPCHHUSM JIa3epHOM MOOH ObLI MPOJEMOHCTpUpOBaH BrepBbie B [78]. Pe3zonaropom
BBICTyNaja 30JI0Tas cQepudeckas YacTHIA, IOKPHITas CHIMKOHOBOW OO0OJOYKOH, JOMUPOBAHHOMN

MOJICKYJIaMH OpTraHuueckoro kpacutens, Puc. 1.8(0).

Collection Area

Nanorods

Epi-Ag Film on Si

474 nm 614 nm 664 nm 678 nm 601 nm} 627 nm
- . s .

Puc. 1.9. (a) YcnoBHoe n3o0pakeHHe HaHollazepa, 0OPa30BAHHOTO KBAJAPAaTHOW MOIYINPOBOIHUKOBOM

wieHkoi. (0) CXeMmMaTWyHBIA PHCYHOK | CIEKTPhI H3IIydeHHUsS TIePecTpamBaeMoOro HaHoJa3epa.

N3o0paxxenue u3 pador [79, 81].

B pabore [79] ObuT mpeasoKeH anbTEPHATHBHBIA [H3aiiH IUIa3MOHHOTO HaHoOla3epa —
pPE30HATOPOM  SIBJISIETCSl TUIOCKHHA yJacTOK MOJYNMPOBOJHUKA BBIOJHEHHBI B BHJE KBaJpara,
pacrojoKeHHbIH MoBepX Merandyeckod moBepxHocTH (Puc. 1.9a). DnexTpoMarHuTHas mMoja Takoro
pe3oHaTopa oOpasyercss Onarojaps TIOJHOMY BHYTPEHHEMY OTpaxkeHuto | M-nonspu3oBaHHON
IUIA3MOHHOM MOJBI, PAcIpOCTpaHsIoOIIENHCcs 10 KBajapaTry. AKTHUBHOM cpenoi BeicTymaer CdS,
HaKa4YMBaeMbIH ONTHYECKH. Takke, OBUI TNPOJEMOHCTPHUPOBAH HAHOJIA3€P C PE30HATOPOM B BHUJE
Hanonucka [80]. Hakowern, B pabGore [81] ObLT MpOAEMOHCTPHPOBAH IJIA3MOHHBIA HaHOIA3ep C
NepecTpauBaeMbIM CIeKTpoM u3inydeHus, Puc. 1.9(0). XKemaemblii cHeKkTp Ja3epHOro M3ITy4eHUS
JOCTHraeTcs MyTeM HCIOJIb30BaHMs mosynpoBoaHuka InGaN ¢ n3MeHseMOl BEIMYMHOMN 3aIlpenieHHOM

30HHI.

1.3 Cynepocuuiasinuu

BonHoBoe ypaBHEHHE ONMCHIBAET OOJIBIIOE KOJUYECTBO IPOLECCOB B IpHpoje. PemeHuem

BOJIHOBOI'O YpaBHCHUA B CB060,Z[HOM IMPOCTPAHCTBE ABJACTCA IIJIOCKAd BOJIHA, XapaKTCPU3yCMasd
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2z

OIpPENEIICHHON IMHON BOJMHBI A =4Z. B KiIacCHMYECKOM MaTEMaTUYECKOU U (PU3HUUECKOH JIUTEPATYPE
k

MOJKHO YacTO HAWTH YIIOMHHAHUSI O TOM, YTO KOMOHMHAIUS TUIOCKMX BOJIH C BOJIHOBBIM YHCIOM K mMeeT
XapaKTepHBIA TMEPHOJA OCHMUIIIUNA A. DTO OrpaHMYCHHE Ha CKOPOCTh OCHWUISIMA HMEET Ty JKe
NPUPOJLY, YTO ¥ U3BECTHBIN B oNTHKE Tpenen Panes [82].

OyHKIIMY, UMEIOIIME OTPAaHWYEHHBIN CIEKTp, SBISIOTCS 4YacTO BCTPEYAIOIUMCS OOBEKTOM B
¢usuke. [IpeanonoxkeHrue 0 TOM, 9TO Takas QYHKIIHS MOKET OCIIMILTUPOBATH HA KOHEUHOM TPOMEKYTKE
3HAYUTEINBHO Obicmpee 2apMOHUKU C MAKCUMANbHOU 4acmomHou cocmasnsarowel (B CTPOroi
(bOpMYITHPOBKE TEOPEMBI — CKOJIb YTOJHO OBICTPO) SBJISCTCS KOHTPHUHTYUTUBHBIM. OTHAKO, KaK 3TO OBLIO
mokazaHo B paborax [83] u [84], Takwe ¢yHKuMH CyImIECTBYIOT, W OblIa yKa3zaHa MPOIEAypa HX
nocrpoeHus. B maHHOM pasnene OyayT HM3JI0KEHBI OCHOBHBIC MaTeMaTHUeCKHe (DAaKThI, JIe)KaIIue B
OCHOBE J3TOTO SIBJICHUS M yKa3aHbI KpaliHEe MHTCPECHBIC CIICJCTBUS JI ONTHKH, BBITEKAIOINE U3 (aKTa
CYIIECTBOBAHUS TaKUX (DYHKIIHIA.

PaCCMOTpI/IM CJICAYIOLIYIO Q)YHKHI/II-O, HMCIOLIYHO Ol"paHI/I‘IeHHHﬁ CIICKTp:

f(x)= j f (k)e™dk ()

—ko
Ha HepBI)If/'I B3TJI14 MOXKET ITOKAa3aThbCA JAJIEKO HEOUCBUIHBIM, YTO TaKasd q)YHKIII/Iﬂ MOKCT OCHUJIMPOBATH

C 4acTOTOH, HAMHOTO NpEeBbIIAOMmeEd K;, MycTh Aake HA HEKOTOPOM KOHEYHOM HPOCTPAHCTBEHHOM
HHTEpBAJeE.

Jlnst koMIuTeKCHO3HAUHOU (yHKiuu f (X) = A(X) exp(i¢(x) X) €CTECTBEHHON MEpPO CKOPOCTH
OCIIUIIISLMI ABJISETCSA JI0KAIbHOE 801H080¢e yucio [85]:
k(x) =[V$(x)|=[Im[ Vlog f (x)] (3)
Ecnu 910 4yncno Gonbllle MakCHMaIbHOTO B CHEKTpe (YHKIMM BOJHOBOTO 4ucia K,, TO MOBeaeHHE

(bYHKIMH B OGHHOU MOYKe A6I8emcst CYRepoCYULIUPYIOUUM.

JlokazaTenbcTBO  (pakTa CYLIECTBOBAHMSI CYNEPOCHMIIMPYIOMIMX (YHKIUH CBOJUTCS K
MOCTPOSHHUIO KOHKPETHBIX TPUMEPOB. BBIIIO TIPesT0’KeHO MHOMKECTBO CIIOCOO0B KOHCTPYHPOBAHUS TAKHX
¢ynknmii [13, 86-88]. INpuBenem mis Havyana HamOosiee MPOCTON MPHUMEp, SBHO JEMOHCTPUPYIOIIUHA
CYNEepOCUMIUTNPYIOIIee MOBeACHNE PYHKIIUU C OTPAHUYEHHBIM CIIEKTPOM.

MeTtox COCTOMT B TOM, YTO HWCKOMas CYNEpOCHHUIMPYIOIMIas (QYHKIHS COCTaBISETCS W3
HU3KOYAaCTOTHBIX COCTABIISIONINX TaKUM 00pa30M, YTOOBI B OMPEISIIEHHBIX TOYKaX (DYHKIUS MPHUHAMAIIA
3apaHee BHIOpaHHbIC 3HaYCHMS. TOUKHM BBIOMPAIOTCS TaK, YTO HA JAHHOM OTpe3Ke (YHKIHS MOKa3bIBaeT

ObICTpBIE OCHMJIISAILIUM, YACTOTa KOTOPBIX MPEBBIIIAET TPAaHUYHYIO YacTOTy B crekrpe. IlycTts Tpedyeres,
9TOOBl (PYHKIIHS B TOYKAX {Xi},i =1..N npunumana 3HaueHUA { fi} , IpU 3TOM, CHEKTp (PYHKIHMU
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o o ik
JIOJDKEH ObITh orpanndeH 4actotoi K,. Boibepem naGop dyHkumit g (X) =e"" Tak, uro6bl K, #K 1

N
|k,| <Kk, . Ilocrpoum Teneps ¢pynxuunto f (x) = che'k"x U notpedyeM, 4ToObl OHa NMPUHUMAJIA 3aJaHHBIC

n=1

3HayeHus f, B Toukax X : f (Xi ) = f,. IIpuxoauM K JTMHEHHOH cHCTeMe YpaBHCHUIA:

> 6,0, = fi=1..N (4)

Ecnu onpenenurens cucteMsl (4) HE paBeH HYIIIO, TO UMEETCSI €IMHCTBEHHOE PELIEHHE sl BEKTOpa C, U
oHo ompenenser wuckomyto ¢ynkuuto f(X). Ha puc. 1.10 mnpuBeneH HarsiAHbIA MpUMEP
CYNepOoCHMIUTUpPYIOMEH (QYHKIMHU, MOCTPOCHHONH TakuM oOpazom. Cymepocuwmupymas (QyHKIUsL
COCTaBJIeHa B ATOM IpUMepe U3 7 TapMOHUK C BOJHOBBIMH YHCIaMHU |ki|S1. TpeboBanock, 4TOOBI
GYHKIMS TpOXOoJMia 4epe3 TOYKH, OTMEYeHHble Ha Tpaduke kpyxkamu. Ha yugactke ot —2 mo 2
CKOHCTPYMPOBaHHAs TaKUM 00pa3oM (yHKIUS HTPUMEPHO aNIpPOKCUMHPYET TapMOHUKY C BOJHOBBIM
yuciiom K=3. Jlnsg cpaBHeHHMss Ha OJTOM ke Tpaduke MYHKTHPOM 0003HaYeHa TapMOHHKA,

COOTBETCTBYIOIAst MAKCUMaJIbHOI yactote K, =1 (COSX) u3 crekTpa cynepocumumpyromeil GyHKInH.

g
>

-1 0 1 2

Puc. 1.10. IIpumep cynepociumpyromei ¢GyHKIUM (CIUIONIHAS JIMHU), MPOXOsIiell yepe3 3apaHee
3aJlaHHble TOYKH. J{71s1 cpaBHEHMs MpuBeeH IpaduK TapMOHUKH MaKCUMaJIbHOW 4acTOTHI (MMyHKTHUpPHAs

JIUHUS).

MaremaTH4ecKie CBOMCTBA CYNEPOCHMLTHPYIONMX (DYHKIUH OBUTH HM370KEHBI B HECKOJIBKUX
ob63opax (cm, wHampumep, paboter [13, 87, 89, 90]). B cratee [90] wu3yuensl cBoiicTBa
CYMEPOCIUUTUPYIONTUX BOTHOBBIX (DYHKIIUNA OTAEIBHBIX YacTHll. [loka3zaHo, 4TO CynepoCIINpYIONIIe
BOJIHOBbIE (DYHKIIMH O0JaJar0T PSIOM HMHTEPECHBIX CBOWCTB. ABTOpPBI yTBEPXKIAIOT, YTO YaCTHIIA,

NpEACTaBJICHHAA BOJIHOBBIM IMAKETOM C HU3KHM 3HAYCHUCM HUMITYJIbCA, MOKCT IIOJYUUTH 0oJIBIIIOE

23



3HAYCHUE HMMITYJIbCA TPH TPOXOXKICHUU dYepe3 MIENb, €COM CYNEPOCHHUTUPYIOIas Y4acTh BOJHOBOTO
HakeTa MepeKphIBACTCs C MICTb0. BpeMeHHast 3BOIONKS CYNePOCHMILTHPYIOMHMX HYHKINN H3ydaeTcs B
paborte [85].

Kax oka3pIBacTcs, IeHa Cynep-oCIMLIAIMNA CpaBHUTEIBHO Bbicoka. Kak Obu10 mokasano B [91],

IIpH YBEIMYEHUHU TpeOyeMOoll 4acTOThl OCUMJUIALMNA HOpMa OCHMUIMPYIOIIEH (YHKIUU TOJTUHOMHUATIHHO

pacrer. L -HopMa (yHKIMM ONpeaenseTCs cormacHo

11, [ 1t cof dxj ®

[Tycts f(X) - cynmepocimnupyromas GpyHKIHUs, CIEKTP KOTOPOH OrpaHHuYEH YacTOTON g/ 2:

f(x)=% [ fk)e*dk (6)

3anuiieM BeipaskeHue it mpousBoanoi f '(X), ucmonssys ee npeodpasoBanue Dypre:

RO Nl ”f ikf (k)e™dk )

Teneps, ucnons3ys HepaBeHcTBO Komu-IIIBapia, Ml mosydaeM:

J;_yjjzlﬁ(k)e'kxdk <_ j ‘|kf e d (”2/ 2) _ / ‘f(k)‘ dk (8)

[anee, no pasenctBy Ilapcesais,
00l = F ], (©)

CJ'IeI[OBaTeJ'IBHO, MBI IIPUXOJIMM K HCPABCHCTBY.

100f <402 g o (10)

3,[[60]: COACPIKUTCA BaKHBIM BBIBOJ: €CIIH npu 3aJlaHHOM BerHefI qaCToTC ﬂ/2 MbI XOTUM TOJYYUTH

OBICTpHIE OCHMJIIALMH, 9TO PABHOCHIBHO Oonbinei mpomssommoit f'(X), L*-mopma dymkmum 6ymer
IPONOPIMOHATBHO pacTH. Takke 0e3 BBIBOJA YKaXKEM, UYTO YBEJIHUEHHE Koauuecmeda OCHMIUIALNN
(GYHKIMM Ha CyNEpOCHHUIMPYIOLIEM OTPE3Ke BEET K elle 00jee CUIBbHOMY 3KCNOHEHYUAIbHOM) POCTY
L, —HopMeI [91].

bouin  mpennpuHATHL  MOMBITKM — ONTUMHM3UPOBATH  CYNEPOCIMIUIMpYOIMe (YHKIUU B
IHEPreTUYecKOM cMbicie. B wactHocTH, B paboTe [92] mpemnaraercs paciimpuTh MHOXKECTBO Oa3UCHBIX

GbyHKIui g (X) , U3 KOTOPBIX COCTaBjsieTcst uickomasi Gpynkuus f (X) , TaK YTO YUCJO 3TUX QyHKuuid M
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Oonbie yncna N ypaBHEHMI Ha HeW3BeCTHbIE KO3 (UIMEHTH! C, B 3TOM ciydyae MHOXKECTBO pelICHUI

CHUCTCMbI (4) SIBIISICTCSA JTHHCHHBIM MHOFOO6paSI/ICM U IPCACTaBIISACTCA OECKOHEYHBLIM YHCIOM BCKTOpPOB

C, . [laiee U3 3TOro MHOXKECTBA BBIOMpPAETCA BEKTOp C TaKOW, KOTOPHIH MaKCUMM3HUPYET JOJI0 SHEPIUU
BHYTPH CYNEPOCHMIUTHPYIOIIEro oTpe3ka (yHkmmuu  f (X) Ha xoHkpeTHOM mpumepe aBTOPBI

JEMOHCTPHUPYIOT, YTO TaKUM CHOCOOOM YIAaeTcs ONTHUMHU3HUPOBATh CYNEPOCLHMIIMPYIOLUIYI0 (YHKIHIO.
OpHako, OTMEYalOT OHM, TakKas ONTHMHU3ALMS TAKXKE HE OCTaeTcd «OeCIIaTHOW»: Kaxylleecs
NEPUOIMYECKUM TOBeJeHHE (YHKIMU Ha CYNMEPOCIHUTMPYIOUIEM OTPE3Ke CTAHOBHUTCS TOpa3lo MeHee
MIEPUOJUYECKHM.
Cynepocuwupyrouye GyHKIHU clIelyeT OTJINYaTh OT 3BAHECIICHTHBIX BOJIH. DBAHECIICHTHBIE
BOJIHBI, KaK ¥ OJIHOPOJHBIE IUIOCKHE BOJIHBI, SBJSIOTCA PEIICHHEM YpaBHEHMs |'eabMronblia, OJHAKO
HMMEIOT KOMIUJIEKCHBIN BOJTHOBOM BEKTOD:
f(x,y) =exp(ikx—k,y), a1
k} —kZ=kZ>0.
ITpu sTOM, BTOpOE HepaBeHCTBO B (11) neMOHCTpHpYyeT, YTO KOMIIOHEHTa BOJHOBOTO BeKTOpa K, 1o

BEIIMYMHE MOXKET IPeBBIMATh K,. B T0 *&e Bpems, kak 310 ObUIO MOKa3aHO B padore [84], sBaHecuenTHAs

BOJIHA MOXET OBIThH peacTrasJiCHa 6 npedeﬂe KakK Cymnepno3snuus OAHOPOAHBIX BOJIH. OIlHaKO, B CTpOrom
CMBICJIC TAKOC PA3JIOKCHUC HCBO3MOKHO. BeppH B CBOEH CTaThe MPpEAJIOXKUII CICAYIOIIEC PA3JIOKCHUC

ABAHECIICHTHOM BOJIHHI:

1 2 L (a—iA
fA(r):m_J;wa(r)exp —Esm (%) da, (12)

rae v, (I’) MIPEJICTABIISIET OJTHOPOIHYIO HE3aTYXAOIIYIO BOJIHY, PACIIPOCTPAHSIONIYIOCS IO YTIIOM «
w, (r)=exp(ik(xcosa +ysina)) (13)

B mpenene A — 0 »kcmoHeHTa, cTosmas moj uHTEerpaioMm B (12), melcTByeT kak AenbTa-QyHKIHUS H
I/IHTerI/IpOBaHI/Ie II0 BCEM yrnaM OacT 3HA4YCHUC HJ'IOCKOI\/’I BOJIHBI l//a (r) C MHHUMBIM yr‘.]'IOM
pacnpocTpaHeHus: « =IA, KOTopas sSBISETCS IBaHeCeHTHOH. OnHako, uHTerpain (12) He neMoHCTpUpyeT
PAaBHOMEPHOM CXOAUMOCTH, M, pa3yMeeTcs, TOBOPUTH O TOM, YTO 3BAHECUEHTHAas BOJHAa BO BCEM
MMPOCTPAHCTBC NPCACTABIACTCA PA3JIOKCHUCM II0 PACHPOCTPAHAIOIMIUMCA BOJIHAM, B CTPOIOM CMBEICIIC
HCJIb341.

CymnepocumUISIIMA B TIPOCTPAHCTBAX BBICHIMX pa3MepHOCTEH ObutH uccienoBanbl B [93].

ABTOpBI B KauecTBe MPOOHON (PYHKIUHU MPU 3TOM pacCMaTPUBAIOT JUHEHHYIO CYNEeprO3ULUIO MIOCKUX
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OJTHOPOAHBIX BOJH. [TokazaHo, 4TO C POCTOM pa3MEpHOCTU MPOCTPAHCTBA PACTET BEPOSITHOCTH CIIyYaiHO
«TIOTIACThY B CYNMEPOCHIUTUPYIOUTYI0 (QYHKIHUIO CIyYaliHbIM BBIOOPOM aMIUIUTY]] Pa3IMYHBIX TApMOHUK.
Ji1st 6€CKOHEUHOMEPHOTO MPOCTPAHCTBA 3Ta BEPOATHOCTH JocTturaet 0.394, kak yTBep>KIal0T aBTOPHI.

Field of view ( 6 )
-

BoKosble
NenecTku
.

D2 i

' Hot

1 Spot
_____ S N GRS B -
: P ’s“\ A
- [\ 5
Mask 5 \ 2!
w foN T Ty :
-~ / / N T v

\
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Puc. 1.11. (a) KonnentyanbHas cxema IOCTHXKEHHsI CyOBOJHOBOHM JIOKAJIM3allMU AJIEKTPOMATHUTHOTO
W3IIydeHUs B JAlbHEM II0JIC MPHU IMOMOIIM CyNepocuusuimuid. (0) DKpaH ¢ HAHOOTBEPCTHUSAMHU IS

MOJYYCHHUS CYNEPOCIMUTUPYIOIIETO paccessHHOro mostst. M3o0paskenue u3 padotsr [94].

Wnes cynepocyuMpyromux (GyHKIHUN ObUla €CTECTBEHHBIM 00pa3oM HCIOJb30BaHA B ONTUKE
JUISL TOCTHIKCHUSI CYOBOJIHOBOM (DOKYCHPOBKM CBETa NPH IMOMOIIM TOJNBKO HaidbHuX moseid [95, 96].
OOmias ujes UCIOJIb30BaHUS CYNEPOCIMIUIAIMI n300paxkena Ha Puc. 1.11(a). [lepBoii u3BecTHOW Ham
pa0oToii, B KOTOPOHl AKCIEPUMEHTAILHO JIOCTUTAeTCsl CyOBOJHOBas (DOKYCHPOBKA 6 OanbHeMm Hoie,
sBisieTcst cTathst [97]. ABTOpBI HCHONB3YIOT HECKOJIBKO IUIOCKHX BOJH (Ja3€PHBIX ITy4KOB OJHOM
4acTOThl) U HANpaBJISIOT UX C ONpPEAEICHHONW aMIUIUTYJO0M Ha TOYKY B CBOOOJHOM MPOCTPAHCTBE, I'IE

Tpedyercs cpokycupoBath nose. Pacnpenenenue MHTEHCUBHOCTH TPUHUMAET BUJL:

*

I(r):% Zn:Enexp(iknr) Zn:Enexp(iknr) : (14)

CYMMHPOBaHHME MPOUCXOAUT IO BCEM BOJHAM, COCTABISIOMIMM (OKYCHpOBOUYHOE maTHO. Jlamee, s
CyOBOJHOBOM JIOKaIM3allUM TOJsI B HEKOW TOYKE MPOCTPAHCTBA, aBTOPHI MOJOMpAIM BEKTOPHBIE
ammuintyel Bcex N rapmonuk. B skcnepumente my4dok cocraBisiicss u3 N =15 mnockux BoiH. Korma
(a3l Bcex 15 BomH ObUIM paBHBIMU B TOUKE (POKYCHPOBKH, AUCKPETHAsh KOMOMHAIIMS BOJH ONHUCHIBAJa
BecceneBckuii mydoK HYJEBOrO MOpsIKa ¢ asuMmyTainbHO# monspuzanueit [98]. Ecim ke ¢aza xaxmoin
BOJIHBl COOTBETCTBOBAJAa YIIy ¢,, MHOJ KOTOPBIM pAacCHpOCTPAHSUICS IIy4OK, TO IOJIy4daroIleecs

pacnpezienieHue moJis annpokcumupoBano becceneBckuii mydok mepBoro nopsnaka. IlomHas mmpuna Ha
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MTOJIOBHHE BBICOTHI (DOKYCHPOBOYHOTO IIAITHA BO BTOpOM ciy4dae coctaBiasuia 0.374, 4TO MEHbIIE
TG PAKIIMOHHOTO Ipesea. ABTOPbI HE YHOTPEOIISIOT TEPMUH «CYNEPOCHWUISILIUIY, HO, IO CBOCH CyTH,
Takas (OKYCHPOBKA €CTh HETIOCPEACTBEHHOE NPOSIBICHUE TAHHOTO ()eHOMEHA.

B cnenyromeir padote [99], mMOCBSIIEHHON CyNEpPOCHMUISAINAM, HCIOIb30BAICS HECKOJIBKO
WHOH alropuT™M (HOKYCHPOBKH. AJIOMUHHMEBas TUICHKa ToiamuHOW 100 HM ¢ KBa3HUIEPHOIUYCCKHUM
MaccuBoM otTBepctuii (Puc. 1.110) ocBemaniach HOpMajabHO MAJAONICH IUIOCKOW BOJHON C JIMHON

BoIHBI A =500NM. 3areM 3anuCBHIBAJIOCh HM300paKEHUE PACCESIHHOI'O MOJIL IO APYTryl0 CTOPOHY Ha

Pa3HBIX PACCTOSAHHUAX OT IUIACTUHBI C OTBCPCTUSAMU. Paccesnnoe moie B Takoil cucTeMe COJCPIKHT,
pasyMeeCTcCs, OmKHee ImoJie, IMO3TOMY Ha pacCTOAHHAX OT IUICHKHW, MCHBIIUMX [JIMHBI BOJIHBI, B
I/1306pa)KeHI/II/I MOTIJIM ITOABJIATHCA Cy6BOJ'IHOBI>Ie CTPYKTYPHI. Y aIuBUTEIbHBIM Ha6J'IIOI[eHI/IeM, OJHAaKo,

CTaJIo TO, YTO Ha OOJBIIMX paccTossHUsAX oT twieHkH (h>8000nm) Habironanuck 00aacTH POKYCUPOBKH

pazmepom mnopsiaka 300 HM. Ha Takux paccTosHHSIX OT 3KpaHa (OopMHpOBaHUE CYOBOJHOBBIX oOiacTeit
IPOUCXOIUT 6e3 yyacTus OJIMKHHX I0JIeH, TaK YTO HaOIogaeMoe siBleHue (POKYCUPOBKU MOXKHO CMEIIO
CBS3bIBATh C CyHepocHWuIALusAMHU. JlaHHOe mpenmnonoxkeHue ObUIO MOATBEPXKIEHO YHCICHHOM
cUMYJISIIMEH TudpaKIy BOJIHBI HA SKpaHe ¢ KBa3UIIEPUOIUIECKUM MacCHBOM OTBEpCTHil. B unciennom
CUeTe YUYUTHIBAIACH TOJIBKO PACIPOCTPAHSIOUINECS BOJHBI. ABTOPBI OOHAPYXKHIM COTJIACHE MEXKIY
pe3yabTaTaMH 3KCIEpUMEHTa M 4YHCICHHOIO cYeTa B JaJbHEM II0JIe, YTO MOATBEPAWIO CBS3b
Habr01aeMoii CyOBOITHOBOM (POKYCUPOBKH € CYNEPOCIUIUIALUIMH.

B pabore [100] »skcmepuMeHTanbHO OBUT peald30BaH MeTa-dKpaH I CYOBOJHOBOWM
(bOKYCHUpPOBKH. DKpaH MPEICTABIICT HAOOP Pa3IMYHBIX AIEMEHTAPHBIX SYEEK, PACIIONIOKEHHBIX B yIIIax
KBaJpaTHOU pemeTku. Kaxaplii sneMeHTapHbIl MeTa-aToM 3KpaHa MHoJ0upaeTcss ocoObIM 00pa3oM B
3aBHCUMOCTH OT €ro pacroyoKeHUsI B UTOTOBOM MAacCHBE, T.4. MaJa0lasi BOJIHA pacCeUBaETCsl ¢ 0c000
10100paHHON aMITIUTYA0U U (pa3oi Ha KaKOM U3 MeTa-aToMoB. [IpaBuiIbHBIN 110A00p U PACTIONOKEHHE
METa-aTOMOB B SKpaHe MO3BOJISIET TIOJIYYUTh CYIep-pa3pelieHue B JabHEH BOITHOBOW 30HE DKpaHa.

B pa6ote [101] mpemnokeHa T.H. «ONTHYECKAas WIJIa», CO3/ArONIas MPOTSHKCHHYIO BIOJb OCH
cucTeMbl 00JacTh (POKYCHPOBKH TOJIsI, UMEIONIYI0 cyOBOJIIHOBOW pasmep, Puc. 1.12(a). IIpeumymiectBo
CUCTEMBI 3aKJII0YaeTcs B TOM, YTO OHa co3daeT o0jacTb CyOBOJHOBON (POKYCHPOBKH 3HAUUTEIBHOMN
MPOTSKEHHOCTHU BJI0JIb OCU CUCTeMbI (Oosiee 10 AMH BOJIH MaJaroniero CBeTa) U OrpaHuyYeHa «T€MHOI»
00JIaCThIO 3HAYMTEIBHBIX pazMepoB. OOmas uaes GOKYCHPOBKH CBETa C MOMOIIBIO CYNEpOCHMIIISINMA
0e3 MPUBA3KM K KOHKPETHOM (hu3nmdeckoil cucreme Obuia usnoxena B [94]. JlocTmwkeHne cyOBOTHOBOM
(bOKYCHpOBKH pasjensercss Ha aBa dtama: (i) moabop aMILIMTY[ HE3aTyXarolMX BOJIH, CO3AFOIINX

CYNEpOCHMUTUPYIOIIee pacrpeiejieHne B ONpeAeaeHHON o0iactu mpocTpancTtBa, u (i) co3maHue
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CTPYKTYpBI, paccesiHie CBeTa Ha KOTOPOMl MPUBOAMT K MOSBIICHUIO HE3aTyXaroMIUX MOJ ¢ TpeOyeMbIMU

AMIUIMUTy1aMU.

Puc. 1.12. (a) CxemaTnuecKkuil pUCYHOK, TMOSCHSIOIMINN KITFOYEBYI0 OCOOCHHOCTh «ONTHYECKOW HIIB». B
OTJINYUE OT OJMMKHEMOJIbHOW 30HBI TUTACTHHKHU, OMTHYECKAsl UIJIa CO3/1aeT MPOTSHKEHHOE B MPOJOJIEHOM
HampaBlieHUU (HOKYCHPOBOUYHOE MATHO, OTPAaHMYEHHOE TEMHON 00JacThi0 3HAYUTENBHBIX pa3MepoB. (0)
@dororpadusi MUKpOCKOMA AJisi CYOBOJHOBOTO pa3pelICHHs, HUXKE - HEMOCPEACTBEHHOE H300pa)KeHHe

HCTOYHUKA B (POKaTbHON IUIOCKOCTH JIMH3bI, JUIMHA BOJIHBI cBeTa A =640nm. M3o06paxeHue u3 padboTh

[101, 102].

B [102] uaes skpaHa ¢ MacCMBOM HaHOOTBEpCTHi ObUta pa3zBuTa Aaiblie. CynepoCuuIsInT
ObUIM HCIIOJIb30BaHbl HE M (OKYCHUPOBKM NaJAlOIIEN BOJHBL, a JJs MOJIY4YeHHs H300pakKeHUs
TOYEYHOTO0 HCTOYHUKA, T.€. DKpaH C OTBEPCTUSIMU HUIpall POJb MHKPOCKONA. DKpaH BOCIPOU3BOIMUII
CyOBOJIHOBOE M300pa)K€HHE TOUYEUHOT0 MCTOYHMKA IO JAPYTyl0 CTOPOHY Ha paccTosHuu Z=11um npu
JUIMHE BOJIHBI HCHOJB3yeMoro cBera A =660nm. IIpu TakoM paccTOSIHUM OT 3KpaHa H300pakeHue
(bopMupyeTCcsl UCKITIOUUTENBHO JalbHUMH NojsiMu. CpaBHHMBasIach paboTa MUKPOCKOMA JJIsi pa3pelieHus
IBYX KOTEPEHTHbIX M HEKOTePEHTHBIX HWCTOYHUKOB. Pe3ynbTaThl MoOKazanu, 4YTO paspelieHue
HEKOT€pEHTHBIX MCTOYHMKOB BO3MOXKHO TPU MEHBIIEM PACCTOSHUM MEXAY HHMMM, HEKEIM B CIydae
KOT€pEeHTHBIX. TaKke IpoeMOHCTPUPOBAaHA BOZMOXKHOCTD pa3peliarh 3 u 0oJiee OT/IeNbHBIX HCTOUHUKOB
U MPOM3BENICHa dKCIIEPUMEHTANIbHAS TIPOBEepka MuKpockona. B pabore [103] skpaH ¢ HAHOOTBEPCTHIMHU

OblT TIepepaboTaH W €ro Pojb B MHUKPOCKOIIE Wrpaja IUTACTHHKA C IEIsIMH — KOHIEHTPUYECKUMU
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OKPY)KHOCTSIMU (KaKk B «ONTHYeCKOW wurie»). C Takod TIIACTUHKONW OBLIO TPOJEMOHCTPHUPOBAHO

paspemienue A/ 6, Puc. 1.12(0).

-20 0 20
X(pum)

Puc. 1.13. (a) Pacnpenenenre HHTEHCUBHOCTH 3JIEKTPUYECKOTO MOJIS B CYNEPOCHUIUTUPYIOMINX MyYKax.

B uentpanbHOii oOmactu (B oxpectHoctu koopauHatel 0,0) pacmpenereHre HMHTEHCHBHOCTH
JEMOHCTPHPYET CYIEpOoCILIUpytoniee TnoBeneHue. M3o0paxkenne wu3 paboter . (6) Cucrema
BOJIHOBOJZIOB, Ha BBIXOJE M3 KOTOPBIX 0Opa3yeTcss CyNepOoCHMJUIMPYIOIIEe paclpeneieHne

aIIeKTpruYecKoro mojs. M3obpaxkenue u3 paborsr [104, 106].

CynepoCIMPYONMEe CBETOBBIC IMydKH ObUIM Teoperhdecku uccienoBanbl B [104]. Kak
u3BecTHO, Beccenesckuii mywox Buaa U(X,y,z)=e”"J (ap), toe p*+a’=(w/c)’, ssrsercs
Heaudparupyromum [105], HO cKamgpHBIM. DTO O3HAYAET, YTO PACIPECIICHUE TMOJII B TaKOM ITydKe,
pacIpoCTPaHSIONIEMCS BJIOJIb OCH Z , OCTAETCSl HEM3MEHHBIM | JIUIIb TpHoOpeTaeT (ha30BbIii MHOXKHUTEIND,
COOTBETCTBYIOIIMH KOHCTAaHTE pacmpocTpaHeHuss [. ABTopamMH OBLJIO TPEUIOKEHO COCTABISATH

HCI[I/I(I)paFI/II)YIOH_IHﬁ IMy4Y0K M3 OTHACJIbHBIX becceneBckux ITYYKOB PA3HBIX MOPAAKOB C OAHWHAKOBBIMU

KOHCTaHTaAaMH paCHpOCTpaHeHI/Iﬂ:
f(r)=>a,J,(ap)exp(ifz)exp(ind), a®+p> =k’ (15)

I[aHHaﬂ CyMMa TaK¥XKEC SBJIACTCA HGJII/I(I)pal"I/Ip}IIOIJ_II/IM ITY4YKOM. PacnpeneneHHe IoJIA B MOJIY4YaromeMcCsa

Imy4Ke Moka3aHo Ha puc. 1.13(a). AMIIMTyasl Iy4KoB &, MOAOMPAIMUCH TaK, YTOOBI Pe3ylbTHPYIOIIEE

pacripesielieHue ToJis JeMOHCTPHPOBAJIO CYNEpOCHIUIMPYIOlIee MOBeIeHHEe B LIEHTPAIbHOM o0jacTu
nyuka. OJHaKo MpeASIOKEHHbIE CYNEepOCHWUIMPYIOIMINE MYYKH SIBISIOTCS  CKAISPHBIMH, T.€.
paccMaTpuBaeTCsl TOJIBKO OJIHa KOMIIOHEHTA MOJisl, B TO BpeMs, Kak becceneBckue mydyky IUIOCKUX BOJH
SIBJSIFOTCSL CYIIIECTBEHHO BEKTOPHBIMU [98]. B BEKTOpHOM Iydke MHTEHCHBHOCTH CKJIAJIBIBACTCS U3 BCEX

TPEX KOMIIOHCHT, U CYNCPOCHUJUIMPYIOLICC IMOBCIACHHUC OJJHON M3 KOMIIOHEHT B HUTOI'€ MOXKET OBITh
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«CMa3aHO» HU3KOYACTOTHBIMU OCHMJUIALUAMU JPYTUX KOMIIOHEHT MOJISl, YTO MOMEHTAIbHO MPHUBEIET K
HCYE3HOBEHMIO CYNIEPOCIMIUIUPYIOLIETO MOBEJECHUS CYMMapHOW HHTEHCUBHOCTH T1OJIS.

B pabote [106] mpemnoxken cnocod (OKYCHpPOBKM NAJIbHHX IOJICH Ha BBIXOJAE M3 MacCHUBa
BOJTHOBOJIOB, Puc. 1.13(6). MaccuB coctout u3 32 BOJHOBOAOB, PaBHOMEPHO M CHMMETPUYHO
PaCMoJIOKEHHBIX Ha yrax 3 KOHIEHTPUYECKHX OKpYy>KHOcTel. [To BceM BOJIHOBOJAM pacipOCTPaHSIIHCh
MO/JIBI C OJTUHAKOBON MHTEHCUBHOCTBIO, HO PA3InYHON (a3oi. B uncieHHOM SKCriepuMeHTe CyOBOIHOBOE
¢doxycupoBoyHoe naTHo auamerpom 0.431 Habm0anoch Ha PacCTOSIHUM B 9 JIMH BOJIH OT BBIXOZA
BOJIHOBOZIOB. BoO3HMKHOBeHHE TSATHA (OKYCUPOBKM HHTEPIPETUPYETCS KaK  CyNepOCIHUISLINN.
HccnenoBanock, Kak MEHAIOTCS (DOKYCHPOBOUYHBIE CBOMCTBA MacCHBa BOJIHOBOJOB B 3aBUCUMOCTHU OT HX
KOJIMYECTBA U pacroyiiokeHus. B nenom, Oonbliee KOJIMYECTBO BOJTHOBOOB MO3BOJISIET CO3/1aBaTh Ooee
y3Kre (OKYCHPOBOYHBIE MATHA, YTO MPEICTABISACTCS BECbMa OYEBHIHBIM BBIBOJIOM.

Cynepocuinsiuuu 0OHapyKUBAIOTCSI B T.H. «CIIEKJIaX» - CHJIBHO HEPETYJSPHBIX ONTHYECKHX
MoJIsIX, 00pa30BaHHBIX OOJBIIMM KordecTBOM BOJH [107]. B 3T0it paboTe aBTOpBI M3ydaiu MOBEACHUE
JIBYMEPHBIX CIy4YailHBIX BOJIH — CYNEPIO3ULUU IUIOCKMX BOJH, HMEIONIMX clydaiiHylo ¢dazy u

HarpaBJicHUE, HO (PUKCHPOBAHHBIM MOYJb BOJIHOBOTO yKcia K :
a
w(r)= jca exp(ik,r)de, (16)
-

- BOJIHOBOW BEKTOP TapMOHUKH,

a

o 2
rje C, - cloydaiiHas raycCOBCKas BEJMYHMHA C <|Ca| >: l,, k

pacnpocTpaHsoleiics noj yrioMm « . beina BelumMciieHa a0 00J1aCTH MPOCTPAHCTBA, CTAaTUCTUYECKH
3aHMMAEMOI0 CYNEPOCHWIIMPYIOIIMM y4JacTKOM moii. [[nst ciiydaiiHOro pacmpenesieHHs BOJHOBOTO
BEKTOpa € (PUKCHUPOBAHHBIM 3HAUEHUEM JOJIsI MPOCTPAHCTBA, 3aHMMAEMOIO CYNEpPOCHUUIUPYIOMIUM

nosem, cocraBisier f =1/3. Takke ycTaHOBIEHO, YTO CYNEPOCHMIUIAIMHE B OCHOBHOM BCTPEYAIOTCS B

007acTAX ¢ HU3KOM MHTEHCUBHOCTBHIO CUTHANA. JJaHHBIN BBIBOJ] JIETKO MOHSITH, BCIOMHHB «HEBBITOTHOE)
SHEpreTHYecKoe  CBOMCTBO  cymepociwuisauuid  (10),  3akmrouatomeecss B TOM, 49TO B
CYINEpOCHUIUIMPYIOLEM CUTHAJE SHEPTUs MO0JIsl KOHIIEHTPUPYETCS] B HU3KOYaCTOTHOM OOIACTH.
HekoTtopsie mpobsieMbl, BOSHUKAIONINE B MUKPOCKOIIUU C MCIOJb30BAaHUEM CYTEPOCIUIUISAINH,
obutn  paccmotpenbl B [108]. ABTopamMu ymomsiHyTa mpo0JieMa HEBBITOJHOTO JSHEPreTUYECKOTrO
cootHomeHus (10) U UckaxkeHHe CYNepOCHUUTUPYIONIErO MO U3-32 B3aUMOJICHCTBUS C U3MEPSIFOIINM
HpI/I60pOM. dusnueckue IMPUYUHBI I/ICKa)KeHI/H\/'I, BBI3BIBAEMBIC ACTCKTOPOM, 3JCCHh IIPUMEPHO TC KE, UTO
CYIIECTBYIOT B CXeMe C cymnepiuH30i [lenapu: Hamuume AETEKTOpa CYIIECTBEHHO H3MEHSIET (a30BbIE
COOTHOIIEHUS ~ MEXIy  KOMIIOHEHTaMH  Cymepocruwuidpyoomeid  GyHKuuu u  «yOuBaeT»

CynCpOCI_[I/IJIJII/Ip}IIOH_[I/Iﬁ XapaKTEp pEruCTpupyeMoro Mot
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I'naBa 2

IHoriomenue U3Jry4eHus: OAHOOCHOM IMCCUIIATUBHOM cpeaoi
2.1 Beeaenue

B nanHOW rnaBe moAapoOHO HMCCIENOBAaHO PACHpPOCTPAHEHHE MOBEPXHOCTHBIX ILIa3MOHOB IO
aHU30TPOIIHOMY MAaTepHally M IIOIVIOLICHHE 3JIEKTPOMAarHUTHOM SHEPIMH B OJHOOCHBIX cpepax. B
HocjeHee BpeMsl OTPOMHBII MHTEPEC BbI3bIBAIOT SIBJICHHUS, CBSI3aHHBIE C BO30YKAECHUEM IIOBEPXHOCTHBIX
IUIa3MOHOB, U O0BCIMHEHHBIC OOLIMM TepMUHOM TuiazMoHuKa [54, 109]. Ina3MoHBI B METaITMUECKHX
cHCTEeMax TI03BOJISIOT JIOKAJTM30BBIBATh AIIEKTPOMArHUTHYIO SHEPrHi0 Ha CYOBOJHOBOM MaciiTade,
OTKpBIBasl I0POry K TaKUM BOCTPEOOBAHHBIM CETrO/IHS NPUMEHEHUSIM, KaKk CyOBOJIHOBass MUKPOCKOMHS U
(doKycupoBKa cBeTa, Iepejaya ONTHYECKUX CUIHAJIOB B HAHOPa3MEpHbIX cucTemax. Taxoke, OGimaromaps
CHJIbHOW KOHIIEHTPAIIMH SHEPTHU DJIEKTPUUYECKOTO TOJS, TUIA3MOHHMKA MPEJOCTAaBISACT MIaTGopMmy UIs
CHJIBHOTO B3aUMOJIEMCTBUSI CBETA C BEILIECTBOM.

Mpbl nokazany, 4TO MO IOBEPXHOCTH IOJYIPOCTPAHCTBA, 3alOJHEHHOIO TAaK HAa3bIBAEMBIM
runepOOJMYEeCKUM MeTaMaTepralioM, MOXET PacHpOCTPaHAThCS MOBEPXHOCTHBIM IMJIa3MOH, TAKOH, 4TO
€ro JJuHa 3aTyXaHWs B JIECATKM pa3 MPEBOCXOAMT JUIMHY 3aTyxaHMs IJJa3MOHAa Ha TIpaHULE
COOTBETCTBYIOLLIEIO H30TPONHOrO0 Marepuana (Marepuaja C OTPULIATEIIbHOM BEIIECTBEHHOM YacTbiO
CKaJSIPHOM JUAJIEKTPUYECKON IIPOHMIAEMOCTH, TAaKOM K€ KaKk OJHa U3 KOMIIOHEHT TEH30pa
JUAJIEKTPUUECKON NMPOHUIIAEMOCTH MHAE()UHUTHOTO Marepuana). beljio paccMOoTpeHO pacnpocTpaHeHue
IIOBEPXHOCTHOI'O IUIA3MOHA II0 TOHKOM IIOCKONAPAJIJIENbHOW IUIACTMHKE W3 PaccMaTpUBAEMOIO
MaTepuaiga U OOHapyKEHbI T€ )K€ 3aKOHOMEPHOCTH, KOTOPbIE MMEIOT MECTO M JUIsl M0JIyOeCKOHEYHOI O
KpHUCTaJljia.

CymecTBoBaHME OTOr0 IUIA3MOHA IIPUBOJAMT K HOBOMY SBJIEGHHIO - CYIIECTBOBaHHIO
nercTBUTENbHOrO yriaa bprocrepa npu nageHun TM-TOAsSpU30BaHHOM BOJHBI Ha MOTJIOIIAKOIIANA
OJIHOOCHBIM MosyOeckoHeUHbIH MaTepuain. [loiHoe moryiomneHne SKCIEepUMEHTaIbHO Ha0II01aIoch B
nH(ppaKpacHOM JHara3oHe B ONTHYECKHU TOJCTOM CJIO€ €CTECTBEHHOI'O aHU30TPOMHOI0 KpucTalia -
reKCaroHaJIbHOTO HUTpHUAa Oopa. SIBjIeHHE BaXXHO ¢ (yHIAMEHTAJIbHOW TOYKH 3pPEHUS U MOXKET HalTH
MOTEHIMAJIbHbIE TPUMEHEHUS B TM3aifHe MOTIOIMIAOLINX MOKPBITHI U CEHCOPOB, pabOTAIOIINX B CPETHEM

MH(PaKPaCHOM JIMAMa30He YacToT.

2.2 PacnpocTpaHeHuUe MOBEPXHOCTHBIX MJIA3MOHOB MO MOBEPXHOCTH THNEPOOTHIECKOi
MOIJIOLIAKOLIEeH Cpeabl
[ToBEpXHOCTHBIM IIJIA3MOHOM IIPUHATO HA3bIBATh AJEKTPOMATHUTHYIO BOJIHY, JIOKAJU30BaHHYIO

BOJIM3H MOBEPXHOCTH pasjieia IBYX CPell U PacHpOCTPAHSIONIYIOCS BAOIb ATOW MOBEpXHOCTH. BriepBhie
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pelIeHUE [Tl TOBEPXHOCTHOM 3JCKTPOMArHUTHON BOJIHBI Ha TPAHUIIEC pasjieia MBYX MOJYOeCKOHEYHBIX
cpen Obuto mosyueHo 3ommepdenbaom [110]. B pabore [111] Obuix wcciaeIOBaHbI  YCIOBUS
CYILICCTBOBAHHUSI pCIICHHS B BHJIC IOBEPXHOCTHOW BOJHBI HAa TPaHUIE JBYX H30TPOIHBIX Cpel C
notepsMH. PacmpocTpaHeHHe IUIOCKHMX JJICKTPOMATHUTHBIX BOJIH B MaTepHaiax C HHACHUHUTHBIM
TEH30POM DJICKTPUYECKONW M MAarHUTHOHM MPOHHUIIAEMOCTEH ObLIO B JeTayisx paccMoTpeno B [112], rume
OBUIO MpPEACKAa3aHO MHOXECTBO SIBJICHHUI, KOTOpbIE MOTYT HaOJIOAAThCS B TaKUX Cpelax, BKIIOYAs
OTPHLIATEIIEHOE TPETOMIICHUE U OJIMKHENOIBHYIO (POKYCHPOBKY.

B cny4ae u30TpONHBIX Cpejl pelieHre 1aBHO u3BecTHO [111]: KOMIMOHEHTa BOJHOBOI'O BEKTOpA,

napajuiesibHas rpaHuiie paszena (mwiockoctd Z =0) umeeT BUI:
2 2 5152
ky =(w/c) == 17)

YroObl MoyyuTh 3TO pelieHue, Oynem uckarb noje III1 B kaxaoMm M3 MOJIYNPOCTPAHCTB IO
OTIENBHOCTH B BUJE IUIOCKOW BOJIHBI, SKCIIOHEHLIMAIBHO 3aTyXaIOIIEH MPU YAAJIECHUU OT MOBEPXHOCTH.
HamnpaBum ocs z u3 cpeast 1l B cpeny I, a ocb x - BAOJb HAIpaBJICHHWs PacHpOCTPaHEHUs IUIA3MOHA.

Torpa snekrpuueckoe nose [1I1 npencraBumo B BUzE:

ve'le ez 750
E=o oot as ! (18)
ue " e z2<0

a BOJIHOBBIC BCKTOpa IMJIOCKHUX BOJIH, COCTABJIAIOMIUX ITOBCPXHOCTHYIO BOJIHY, 3aIlIMCBIBAOTCA B BHUIC

k,=(k,,0icz) n K,=(K

) J
o+ 05 —ict,) COOTBETCTBEHHO. DKCIOHEHIMANBHBIE MHOKHUTEMH € 7', 1=12 B

pl?
(18) obecneunBatot 3atyxanue I1I1 npu yaaaeHUU OT TOBEPXHOCTH: BOJHA OKAa3bIBAETCS «IIPUBA3aHHON»
K IOBEPXHOCTH.

OcraHoBUMCST Ha BONPOCE O MOJSIPU3ALMU O MOBEPXHOCTHOTO Iu1a3MoHa. I[lockonbky

BEJIMYMHEI ITOJICH B paCCManHBaeMOfI 3a1a4€ HC 3aBHCAT OT KOOPAUHATEI Y, BO3SMOXKHO CYIICCTBOBAHUEC

JBYX DPa3IU4HbIX JIMHEWHO He3aBUCUMBIX nosigpusamuii: TM m TE. IlepBoii COOTBETCTBYET BOJIHA C
AJIEKTPUUYECKUM TI0JIEM, JISKAIIUM B IUIOCKOCTH XZ, @ BTOPOM — HAOO0OPOT — C MAarHUTHBIM TIOJIEM,
JIeXKAIIUM B 3TOU K€ IIJIOCKOCTH. BBIBOJ NUCIIEPCUOHHBIX COOTHOLICHHUN I 3THX ABYX MOJSAPU3ALMN

COBEPIIECHHO UJEHTUYEH, IOATOMY MbI pACCMOTPHUM OJIMH W3 CIIy4aeB, UMEHHO, TM-BOJIHY.

Bekrops! nosspusauu MarauTHoro noist TM-sonssl umerot B kaxaoin u3 cpexn sua: (0,h,0) u

(0, h2, O) COOTBETCTBEHHO. BeIHYMHBI MarHUTHBIX U QJICKTPUYICCKUX MOoJIEH JOKHBI YAOBJCTBOPATH, BO-

MIEPBBIX, YpaBHEHUSAM MakcBeia:
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divB=0

divD=0

rotHzla—D ) (19)
c dt

rotE=—Eﬁ
c dt

a BO-BTOPBIX — I'PAHUYHBIM YCJIOBHSM HenpepblBHOCTU 1pH Z = 0. McX0/st U3 3TOr0 MBI U TIOJIYYUM 3aKOH
JUCIEPCUU TIOBEPXHOCTHBIX IJIA3MOHOB B U30TPOIIHBIX CpEax.
WNrak, cnepBa yIOBIETBOPUM YCIOBHE HENPEPBIBHOCTH TAHNCHLMAIBLHON KOMIIOHEHTBI

MarHUTHOTO TOJIS B TWIOCKOCTH Z = 0: OHO aeT Ham
h =h,=h. (20)
Hanee, u3 ypaBHenuii (19) cranmapTHbIM 00pa30M IMOJTydaeM, YTO IICKTPUUYECKOE M MArHUTHOE TOJIA

YAOBJICTBOPSAOT BOJIHOBBIM YPABHCHUSAM:

& O°E & O°H
AE—gEZO, AH_C_Z atz :0, (21)
13 KOTOPBIX CIICAYIOT COOTHOIMICHHS /TSI KOMITOHEHT BOJHOBBIX BEKTOPOB:
oY oY
k; —a =g [—j , k; —al =g, (—j : (22)
C C
Teneps HaiiieM MOIAPU3AIMIO IIEKTPUUECKOro mosist u3 (19):
El:[kl,H]/glko, EZ:[kZ,H]/gsz, k,=wlcC. (23)

3aMeTHM, Y4TO BBIYMCIIEHHOE TAKMM 00pa3oM 3HaueHHe D =g¢E aBTOMAaTHYECKH YOBIETBOPSET BTOPOMY
u3 ypasuenuii (19), nockombky divrot mo6oro Bektopa paBHa Hymo. O603HAUHMB 332 V MONSPH3AIMIO
BEKTOpa HANPSHKEHHOCTH JJIEKTpU4eckoro moijisi B cpeae I, a 3a U - B cpene II, momydnmm mns HUX

CICOYIOIINEC BBIPAXKCHUS .

=5
=~
=0

Uleaz ’ U = pl . (24)
Kot

_ialh v —@

' z

X

- ’
Ko&y Koy

Tenepb HAKOHCI[ HCIIOJB3YEM YCIIOBHA HEIIPEPBIBHOCTU TaHFeHHHaHBHOfI KOMITIOHEHTHI TIoiIsT E

(HeTIpepBIBHOCTH HOPMAJIBHON KOMITOHEHTHI TI0JIs1 D OKa3bIBaeTCs YK€ BBIMOJTHECHHOMN):
(04 a
&4, %

& &

=0. (25)

CoBmectHo pemas (22) u (25), HaXoAMM MHTEPECYIOUIMH HAac 3aKOH AHMCIEPCUU TMPOJOIHHOMN

KOMIIOHECHTBI BOJTHOBOI'O BEKTOpA.
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2
» (@) &8,
ky=|—| —=

: (26)
cC) g+g,

OcraHoBuMcs IOIpOOHEE Ha BONPOCE 00 YCIOBUSAX CYIIECTBOBAHUS ITOBEPXHOCTHOTO ILIA3MOHA.

HOpMaJ'IBHBIe KOMITOHCHTBI BOJTHOBBIX BEKTOPOB &) U (X, OOJIKHBI YIOBJIETBOPATH YCIOBUAM

Re(a,)>0

Re(c,)> 0’ @)

9TOOBI 00€CIEeUNTh MOBEPXHOCTHBIA XapaKTep paccMaTpuBaeMoi BOJIHBL. M3 (25) MokeT OBITh JETKO
MOJIYYEHO BBIPAKEHUE /ISl KBaJlpaTa 000X HOPMaIbHBIX COCTABIISIFOIINX, HAIPUMED:

2 2
2 w &
o =—| —

— (28)
c) & +é

3HaueHHE PTOH BEIMYHHBI ABJICTCA, BOO6I_I_IG TOBOpPs, KOMIIJICKCHBIM YUCJIOM, IIO3TOMY JJIS1 BBIYHUCIICHUA
o~ 9] 2

a, HGO6XOI[I/IMO BI)I6paTI> OOHY M3 aHAJIUTUYCCKHUX BCTBCH MHOI'O3HAYHOU q)yHKIII/II/I g'O{l . OIIHaKO,

BaXXCH TOT (I)aKT, 4ToO, MOJIYYHUB Kakoe-11u00 3HaueHue g &, , MBI Cpa3y K€ IOoJIydaeM OJHO 3HAYCHUEC

s o, u3 Gopmyisl (25), KOTOpas He COAEPKHUT MHOIO3HAYHbIX (yHKIUI. OKa3bIBaeTCs, YTO YCIOBUS

(27) mu0o BBITIONHSACTCS HA 3aIaHHOM YacToTe, TMOO HET, KaKoi Obl pa3pe3 KOMILICKCHOW TIOCKOCTH MBI
HU B3SUIM JUISL W3BJICUEHMs] KBaJApaTHOro KopHs. Bcrogy Hmxke Mbl OyzaeM nenarh paspe3 IO
OTPULIATEIILHON MHUMOM IOJIyOCH.

VYcnoust (27) mpuoOperaroT BecbMa NPOCTOW BUA B Cllyyae IpO3payHbIX cpel, T.e. HpU

npeHe6pe>1<eHHH MHUMBIMH YaCTAMHU JUIJICKTPUYCCKUX HpOHHHaCMOCTeﬁ & &, I[eﬁCTBHTeHLHO, B

TaKoOM ClIyya€ «&; U ¢, HNOJDKHBI OBITh JIECTBUTEIIbHBIMU quciiaMu, OOJIBIIIMMHU HYJISL, IO3TOMY U3 (25)

2

nonyqaeM &, <0. Ho 10mKHO OBITh MOJIOKUTENBHBIM U 3HAUEHUE K,

a 3HAYHUT JOJI’KHO BBIITOJIHATBHCS

eme u & +&,<0. Takum ob6paszom ycnosus cymiectBoBanusi [1I1 B Mpo3payHbIX cpeaax MOTYT ObITh
c(OPMYIHUPOBAHBI CIETYIONUM 00pa3oM:

&¢,<0
. (29)
&+¢&,<0
OTcroa BUHO, YTO TTOBEPXHOCTHBIN TUIA3MOH MOYKET HAOJFOMAThCS B ONTHYECKOM THAITa30HE
Ha TOBEPXHOCTH ONAropoJHBIX METAJJIOB, JEHCTBHUTENbHAs YacTh AMAJICKTPUYECKOH MPOHHIIAEMOCTH
KOTOPBIX sIBJIsiCTCs oTpuiiatensHoi [54, 109].
[IpumeuaTenbHO, YTO TaKOW MOBEPXHOCTHBIN IJIa3MOH OTYACTH 00Ja/laeT CBOMCTBOM OOpaTHOM

BOJIHBL: BeKTOp [IoMHTHHra B cpefe ¢ OTpULATENbHON IUAIEKTPUIECKON TPOHUIIAEMOCTBIO HAIPABIIEH B

HaIllpaBJICHHUU, MMPOTHUBOIIOJIOXKXHOM BOJIHOBOMY BCKTOPY ((I)a30130171 CKOpOCTI/I), 4TO TMOATBCPIKAACTCA
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HEIMOCPEACTBEHHBIM BBIUMCIECHUEM [OTOKA SHEpruM. B TO ke BpeMs HaJ NOBEPXHOCTBIO & —
oTpulaTenbHOM cpenpl BekTop [loiiHTHMHra HampaBieH BAOJb (Da30BOM CKOPOCTH, TaKk K€ Kak u
CYMMAapHBI MTOTOK 3HEPTUH.

JusnexTpudeckas MPOHUIIAEMOCTh PEabHBIX METAIOB 00J1a1aeT KOHEYHOW MHUMOMW YacThIO:

&=¢&'+ig", Bcnencteue wero K Tarke obmajmaer muumoit wactero: Ky =K, '+ik;", a mosromy mpu

pacnpoctpaHeHun Baosib moBepxHoctu IIII Oyner 3aryxaTth ¢ XapakTepHOW AJIMHONW 3aTyXaHUS

I =1/Im(k,). Tak Kak dHEprus MIa3MOHA B METALIC W HAJ HUM MEPEHOCUTCS B MPOTHBOIOIOKHBIX

HAIpPAaBIICHUAX, MEXAHU3M [E€PEHOCa YHEPIHH BJAOJIb MOBEPXHOCTH Maslo YPPEKTUBEH, U TIOTOMY JUIMHA
npobera mia3MoHa CpaBHUTENIBHO Maja. J{is rpanuibl cepedpa co cBOOOAHBIM MPOCTPAHCTBOM JIJIMHA
npobera cocraBisger mopsaka 50 MKM, YTO SIBISETCS HEAOCTATOYHBIM JIJII MHOTHX HPAaKTUYECKUX
IIPUIIOKEHUHN.

Hwxe mnokazaHo, 4TO HaJ IMOBEPXHOCTbKO AHU30TPOIIHOIO MeTaMarepuana, COCTOSILEro W3
cepeOpsSHBIX HAHOMPOBOJIOYEK B JTUAIIEKTPUUYECKOW MATpHUIE, HOJDKEH CYIIECTBOBATh HEOOBIYHBIN
IUTa3MOH, JUIMHA Mpo0era KOTOPOro yBEIMYUBAETCsS OoJiee YeM Ha TMOPSIOK 1O CPAaBHEHHIO C JUTHHOM
mpo0era IIa3MoHa HaJl TOBEPXHOCTHIO cepedpa. ITOT HEOOBIYHBIN TUTA3MOH MOXKET CYIIECTBOBATH HAJl
MOBEPXHOCTHIO JIFOOOT0 aHU30TPOIHOTO MaTepuasa ¢ Tak Ha3blBaeMON MHAS(PUHUTHON TUANEKTPUYECKOM
POHUIIAEMOCTBI0. MHIe)UHUTHON IUAIEKTpHUYECKOi npoHuiaemMocThio [113] HaswiBaeTcst TeH30p &
aHU3O0TPOIHOM Cpelbl TaKOM, YTO €ro KOMIIOHEHThl HMMEIOT pa3Hble 3HAKM BEIIECTBEHHOM YacTH.
Hanpumep, Ui oIHOOCHOM WHAEPUHUTHON cpelbl akcuajdbHas IUAJIEKTPUYECKas MPOHUIIAEMOCTh
OTpHILIATENIbHA, & KOMIOHEHTHI, NEPIIEHANKYIIIPHbIE ONTHUYECKON OCH, OJ0KHUTENbHBI (JINO0 Ha000pOT).
WNuneduHUTHBIE Cpeabl HE CYLIECTBYIOT B MPHPOJIE, HO MOTYT OBITh CO3[aHbl MCKYCCTBEHHO, ITOITOMY
Ha3bIBAIOTCS UHACPUHUTHBIMH MeTaMaTepuanamu. [loHsTHe HMHIE(PUHUTHOrO MaTepuaga OTHOCHUTCS
TOJIBKO K IIPO3padyHbIM CpelJaM, T.e. K TakUM, y KOTOPBIX MHHUMas 4acTb € CYHIECTBEHHO MEHBIIE
BELIECTBEHHON MO a0COIIOTHOW BETUYMHE.

PaccMoTpuM MHIE(UHUTHBIMN OJHOOCHBIH KPHCTAI C ONTUYECKON OCBhIO, MEPIEHIUKYISIPHON
IUIOCKOCTH pazfena. B KkadecTBe Takoro KpHcTaula MOJKET BBICTYNATh KOMIIO3UTHBIM MaTepuall,
COCTOSIIIMKA M3 METAJUIMYECKUX HAHONPOBOJIOYEK, IOMEIIEHHBIX B MAaTpHUIly M3 JUIJIEKTpUKA U
PacroIOKEHHBIX NEePIEeHIUKYIIpHO noBepxHocTu (puc. 2.1). Hanpumep, 310 MOXeT ObITH HMOPHUCTHII
OKCHJI aIFOMHHHUS, MTOPbI KOTOPOTO 3amnojHeHbl cepedpom. Huxke Mbl OyneMm mpexdmnosiarath, 4To cpena

OIMUCBIBACTCA TCH30PpOM IlI/IBHCKTpI/I‘-ICCKOI\/II MIPOHUITACMOCTH:

e 0 O
Eq=| 0 & 0] (30)
0 0 ¢
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B (30) & - mpOHMIAEMOCTh B HANpaBJICHUH, NEPHEHIMKYISIPHO NPOBOJIOYKAM, U & - BIOIb

IIPOBOJIOYCK.

I/I3BCCTHO, 4TO II0 IMOBCPXHOCTU PaACCMATPUBACMOI'0 KpUCTAJUIAa MOXKCET PaCIHpPOCTPaAHATLCA
IMOBEPXHOCTHAA BOJIHA, KaK U B ClIy4a€ U30TPOIMHOIO MaTe€pHraa. 3aKkoH JUCIIEPCUN BOJIHOBOT'O BEKTOpaA
MOXET OBITh BEIBCJICH a0COJIFOTHO TaKHUM e o6pa30M, KaK 3TO A€JIaJIOCh PAaHEE U IJIA U30TPONHBIX CPEM,

¢ HEOOIBIINMHY U3MEHEHUSIMU.

Puc. 2.1. CxemarnuHoe m300pa)keHHE paccMaTpPUBAEMOr0 AaHM30TPOITHOIO KOMIIO3MTHOTO Marepuaa.

Merammnieckre HaHOTPOBOJIOYKH ITOMEIICHBI B TUAIEKTPUIECKYIO MATPHILY (CTEKIO).

BHoBb OyneM uckarh pemieHue ypaBHeHHMii MakcBemna B Buae (18) ¢ cooTBeTcTByrommmu

BOJIHOBBIMU BekTOpamMu. Kak u panee, OymeM paccMmarpuBath TM-BOJIHY, BEKTOPHI MOJSAPU3ALMN
marautHoro mois B kortopoi mmeror Bux (0,h,0) u (0,h,,0). W3 ycnoBmii HempepbIBHOCTH
TaHTEHIUAILHOW KOMIIOHEHTHI MATHUTHOTO MOJIS CHOBA TIOJYYaeM:

h=h,=h. (31)
OJHAKO Tenepk, B OTIAMYUE OT CIIydas H30TPOMHBIX CPEM, BEKTOP HANPSKEHHOCTH DIIEKTPUYECKOTO TIOJIS

B cpenie | He y/oBIeTBOPSIET BOJHOBOMY YPaBHEHMIO M3-3a aHU3OTPONHHU cpefbl. Vckitouass MarHuTHOe

MoJie U3 ypaBHeHU MakcBeia, Mbl MOJy4aeM ypaBHEHHUE Ha BEKTOp E :

VA
AE—graddivE—%E:O. (32)
c

atZ
HOJICTaBJIHH Crola BPpCMCHHYKO W KOOPJAWMHATHYIO 3aBUCUMOCTBH JBJICKTPUUCCKOTO IIOJIA B BHIC (18),

moJrydya€M ypaBHCHUEC, KOTOPOMY HOJI’KHBI YAOBJICTBOPATH KOMIIOHCHTHI BEKTOPA u:

2
kgu—kz(kz,u)—é(%j u=0. (33)
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DTO ypaBHEHHE SIBISICTCS JIMHEHHBIM OJHOPOJHBIM Ha BEKTOp U, M HETPHUBHAIBHOE €TI0 pEIICHHE

BO3MO’KHO IIPY PABEHCTBE HYJIIO JETEPMUHAHTA COOTBETCTBYIOIIECH CUCTEMBI YPABHEHUM:

2

det M = det kzaij—kikj—f—zg.. -0. (34)

1

B kpucramioonTuke JaHHOE ypaBHEHHE M3BECTHO Kak ypaBHeHHe ®Ppenens [82], u OHO HESBHBIM

00pa3zoM ompeesnser 3aK0H JUCTIEPCUH @ = . Pacniumiem nonpo6OHee BhIpaKeH! MIPUHUMAS BO
0 e e o=w(k).P e OHee enue (34

BHHMAaHHE, YTO KOMIIOHEHTHI BOJTHOBOTO BEKTOPa B aHU30TponHOH cpene pasubl K, = (K, 0,—1a,)
. 2
—ai-|—| ¢ 0 ik,
c
2
det 0 K2 —a? - 2 0 -0
e L—al-( 2] e -0. (35)
> 2
H 2
Ikp,a2 0 kpl —(zj g

DTO ypaBHEHUE MMEET [Ba HE3aBUCUMBIX pemeHusa. Ecmnu ksl —a’—(wlc)i’e, =0, 1O

ACTCPMHUHAHT TAKXC pPaBCH HYJIIO, HO 3TOMY CJIy4Yar0 COOTBETCTBYCT OAHOMCPHOC IMMOAIIPOCTPAHCTBO

pewennii  onHopoxHo# cucrtembl U= (0,u,,0), 4TO He NOAXOAUT HaM, TOCKOJBKY MOJAPHU3ALMSI

3JeKTpruYeckoro Bekropa B TM-Boinne umeer Bua Uy, = (U,,0,U,). D10 3HaYMT, 9TO JUISL CYIIECTBOBAHMUS

peuicHud € HCKOMOM HOJ‘ISIpH?.ZlIIHGfI JOJIXKHO BBITIOJIHATHCA
(4 2 @ 2 2
2 2 —
—a _(—Cj e || K —(—Cj g |+(kyey) =0, (36)

4dTO U HOa€T HCKOMYIO CBsA3b KOMIIOHCHT BOJIHOBOI'O BCKTOpA. A IIOCKOJIBKY Cpcla I MO-MPECKHEMY

HU30TPOITHA, TO AJIA HEC CHIPABCJIMBO MPEKHEC BHIPAKCHUC!

2
w
k; _alzzgl ; . (37)

Tenepp HalzeM NOJAPU3ALMIO BEKTOPOB HAINPSKEHHOCTH HIIEKTPUYECKOTO MOJS U BOCIOJIB3YyEMCS
YCIIOBUSIMH HETIPEPHIBHOCTU TaHTEHIIMAILHON KOMIOHEHTHI Tonist nipu Z = 0. U3 ypaBHeHuit MakcBera

BHOBb IIOJTy4acM

— —

D,=[k,H]/k, D,=[k,H]/k,  D=:E, (38)

" YCJIOBUS HCIPEPBIBHOCTU COOTBETCTBCHHO MIPUBOAAT K:

% %o, (39)

& &
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Pemrass coBmectro (37) — (39), HaxoauM HAaKOHEIl 3aKOH JUCICPCHH MOBEPXHOCTHBIX IUIA3MOHOB B
AHU30TPOIIHOM Cpee:
oY g —&
k5 =(_j g6 ——3 (40)
c £.&— &
BHOBb, kKak M B MpelplaylleM ciy4ae, IOpoaHAIU3UpyeM OTy (opMmyldy Ha BOIpoC O
CYLIECTBOBAaHMH IJIa3MOHA Ha 3aJaHHON yactoTe. Kak u mpexne, nmns obecriedeHUs] MOBEPXHOCTHOTO
XapakTepa BOJIHBI, HOpPMaJbHbIE KOMIIOHEHTBI JIOJKHBI YIOBJIETBOPSTH COOTHOWIEHUIO (27). Ecnu

AUSJICKTPUYCCKUC TMMPOHUIACMOCTH ABJISAIOTCA I[CI\/JICTBI/ITCJIBHBIMI/I CI)YHKL[I/ISIMI/I, TO MOXHO IIOJIYYUTH

2

IPOCTBIC YCIOBUS CYUIECTBOBAHMS IUIa3MOHa. JIeHCTBUTENbHO, TOrja BbIpakeHus Wit K., al, o’

SBJISIIOTCS IeUCTBUTENbHBIMU yKciaamMu. 13 (39) mpuxoaum K BbIBOAY, YTO aKTyalbHa JIMIIb Ta YaCTOTHAS
061acte, B kotopoii &, <0. [TapamtensHas e COCTABIISIONIAs TSH30pa IPOHUIIAEMOCTH MOXKET OBITh KaKk
MIOJIOKUTETIbHOM, TaK W OTpuUareabHol. OrpaHUYeHHs] Ha 3HAUYEHUS 3TOM COCTaBJISIOIIEH CIEeIyloT U3

TONOKHUTETbHOCTH Bermnuue KY, of, a; .

Takum o6Opa3oMmM, B OTIAMYME OT H3OTPONHOIO CIy4as 37eCh CYIIECTBYeT JBa BHJIA
MIOBEPXHOCTHBIX MJ1a3MOHOB. Ecnu anemenTtsl TeH3opa (30) sBisOTCS AEHCTBUTENBHBIMU BEIMYUHAMH,

TO B 000UX cITydasix HEOOXOAUMO, YTOOBI
g <0. (41)

OnHako & MOXET OBITh KaK OTPHUIATEIILHON (Y€MY COOTBETCTBYET OJIMH TIJIa3MOH):

I
2
g <& le <0, (42)
TaK U MOJIOXKUTEIbHOHN (4eMy COOTBETCTBYET APYTOM MIIa3MOH):

O<g <g.

(43)

Z[J'ISI HaC BAXKHO, YTO IIPHU PACHPOCTPAaHCHHUU BTOPOTO IJIA3MOHA IO MOBEPXHOCTU aHU30TPOITHOTO
Kpucrajujia CymeCTByeT o0acThb 4acCToOT, B KOTOpOfI IOTOK SHCPIrur HAIpaBJICH B OJHY CTOPOHY B obeunx

cp€aax, 4To CYyHI€CCTBCHHO YBCIWYHUBACT IMEPCHOC SHCPTHUU IMJIA3SMOHOM IIpHU q)HKCI/IPOBaHHOM 3HA4YCHHUHU

HOpMaHBHOﬁ KOMITOHCHTBI 3JICKTPHUYECKOI'0O MOJIA B CPEAC C & > 0. EcrecTBEeHHO OXXHAaTb, 4TO Hp06er

Takoro TIuia3MoHa OyAeT OTHOCUTENbHO Ooibmie. J(eWCTBUTENBHO, HUKECIEAYIONUE OICHKU

MOATBCPIKAAIOT HAIC IIPCAITOJIOKCHUC.
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Puc. 2.2. YacroTHas naucriepcusi 3JIEMEHTOB TEH30pa TUAICKTPUYECKOW mpoHuiaemMoctu (2.1) s
KOHIIGHTpauuu HaHompoBojouek P, =0.3. () — saeMeHT TeH30pa MPOHMIIAEMOCTH B HAIPABICHHUH,

napajuieIbHOM MTPOBoJIoYKaM, (0) — B IEPIICHANKYISIPHOM TIIOCKOCTH.

Jis Toro 4ytoObl MOHATH (PU3MUECKUE SBJICHUS, JIEXKALUEe B OCHOBE JAHHOIO YBEJIWYEHHS,
YMECTHO NPUOETHYTh K MPOCTEHIIEH MOJEIHN, NO3BOJISIOIEH IPOBECTH AaHAIUTUYECKOE HCCIIEI0BaHUE.
Tak kak B HampaBlleHHM, NApajUIeIbHOM IPOBOJOYKAM, Cpela OJHOPOJHA, TO IEKTPUUECKOE IIOJIE
HEeNpepbIBHO HA TIPAaHUIAX MaTpUlbl U MpoBojioyeK. [103TOMYy AMANEKTPUUECKYI0 NPOHULAEMOCTb
KOMIIO3UTa B HAlpaBJIEHUU ONTHYECKOW OCH, T.€. [0 HOPMAlIM K IOBEPXHOCTH, MOXKHO OLEHHUTH Kak

cpenHee o oobemy, T.e. [113, 114]:
&= P& retar T (1_ p)gmat (44)

Jl1st BIIMCIeHus €, Boctmonb3yemces popmyrnoit MakcBemta ["apHerTa jutst 1BymepHoro cirydas [113]:

1+ p Emetall ~ Emat
& +&
_ metall mat
€1 = Emat : (45)
1— p Enetall ~ Emat
gmetall + gmat

Jlnist OLeHKH JUTMHBI Mpo0Oera Iula3MOHa B KadyecTBE AMAJIEKTPUYECKOM (yHKUIMU cepedpa Mbl
OyleM HCIONb30BaTh SKCIEPHUMEHTAIbHbBIC JaHHbIe, nmonydeHHble B [115]. Tlomydarommecss 4acToTHBIE

JWCTIEPCUN TIPOHHMIIAEMOCTEH TMoKa3aHel Ha Puc. 2.2, B mpeamnoiokeHuu, 4to cpena | — BakyyMm, T.e.
g =1. anee Mbl OyaeM paccMaTpuBaTh HHTEPECYIOIINE HAC YACTOTHBIC 3aBUCHMOCTH, HCIIONB3YS B
KAuecTBE apryMeHTa IEHCTBUTENbHYIO 4YacTh & (@), Tak B 3THX KOOPAMHATAX HamOoJIee HATIISIHO
OIpeieIeHbI 00JIACTH CYIIECTBOBAHUS M1a3MOHOB (42) u (43).

Ha puc. 2.3 NPUBCACHLI JUCICPCHUOHHBIC KPHUBBIC IUIA3MOHOB  JId  KOHLOCHTpAlUU

HaHonpoBosodek P, =0.3. Ha Hem e n300paXkeHbl 3aBUCHMOCTH ISHCTBUTEIBHBIX YacTel HOPMATbHBIX
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KOMITOHEHT BOJHOBBIX BekTOopoB Re(e,), Re(e,). Buano, uTo i 3TO#l KOHIEHTpAalUil BKIFOYCHHUI

CYLIECTBYET TpU YaCTOTHBIE OOJACTH, B KOTOPBIX BO3MOXKHO paclpocTpaHeHHe Iaa3MoHOB. [l1a3moH,
yaoBIeTBOpsitonuil ycioButo (43), sBnsercss BonHOW lleHHEKa, Tak Kak €ro JUCIEPCHOHHAs KpUBas

JISKUT BBIIIE CBETOBOIO KOHYca. II0BepXHOCTHBIN XapaKTep TaKoW BOJHBI BBIPAXKEH €1a00, M BOJHOBOM

(GpoHT BOJH B BepxHeM nonynpoctpancTse (¢ & >0) 10cTaTOuHO CHIBHO HAKIOHEH K MIOBEPXHOCTH, B

TO BpeMsl KakK Yy «KJACCHYECKOro» IUIa3MOHA BOJHOBOM (POHT MPAKTUYECKH MepIEHINKYISIpPEeH
MOBEPXHOCTU paszjenia. Tem He MeHee, 00a MJIa3MOHA — U30TPONMHBIA U AaHU30TPOIHBIM - OMUCHIBAIOTCS
OTHOW W TOH ke (QopMyIOW M MPU HAIWYUHU JUCCUTIAIUHU SBISIOTCS YaCThIO OJHOW HEMPEPHIBHOM

JUCIIEPCUOHHON KPUBOM.

I T T T T T T T T ‘! T T Il \
CBETOBOW KOHYC I :
1.0/ -mmmmmmmm ST L AN
. . 1
‘ I 1!
1.04 | ( )\\J ‘o
1.02 iecut—off d ' ‘ '
1.00 rrreeen :,” ............. ! '
0.5" .98 1 \ -
0.96- : ] _I |\.
. 0506070809 1.0 1.1 (C) % N
-’ ! .
| Re E” —",f' : \
....... - | .
0.0r==" s Vo
(b) : !
- : v
I Ecut—off
.05 Bl
' L L 1 1 1 1 1 1 L 1 L 1 L : L L L
-3 -2 -1 0 1
Re E”

Puc. 2.3. ucmepcust BomHoBoro BekTopa IIII (HOpMHpoBaHHOrO Ha K =4%) B KOMIO3HUTE IIpH
KOHIeHTpauuu npoBosiouek P =0.3 (cunwuit). KpacHoii nuHMeN nMoka3aHa qucnepcuoHHaast KpuBasi CBeTa
B BaKyyMe. 3€JICHbII U OpaH)KEBbII — NEHCTBUTEIbHBIE YaCTU HOPMAJIBHBIX COCTABJISIOIINX BOJIHOBBIX
BEKTOpOB &, U «,. BepTukaibHas cepas JMHUSA OTMEYaeT 00JacTh CYIIECTBOBAHHUS JIOKAIW30BAaHHON

HOBCpXHOCTHOfI BoJHEI. Ha BcTaBke Ooiee ACTAJIbHO IIOKa3aH YY4aCTOK AUCICPCHHU IIJIa3MOHA BOJIM3U

YaCTOTbhI OTCCUKU.

cut-off

Pentennie B o0Oactu g <¢g

MIPEICTAaBIISIET COOOM BBITEKAIONIYIO BOJIHY. B Takoi BoOJHE

HanpasieHus: (a30BOM M IPYNIIOBOW CKOPOCTH MPOTHUBOINOJIOXKHBI, @ MEPEHOC SHEPTHMH NPOUCXOAUT B
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HalpaBJIEHUU OT MOBEPXHOCTH Pa3/iena, T.0. OHA MOCTOSHHO «BBITEKAET» OT MOBEPXHOCTH. B obmactu
10JIO)KUTEIBHON IPOJOJIBHON JTUAIIEKTPUUECKON TPOHUIIAEMOCTH TUIa3MOH, YJOBJIETBOPSIOIINN YCIIOBUIO
(43), umeeT AMHY BOJHBI MEHbIIIE JTMHBI BOJIHBI CBETA B CBOOOJHOM IPOCTPAHCTBE. B 3TOM cMbIciie OH
IIPEJCTABISAET UHTEPEC Ul UCIIOIb30BAHUS B HAHOOITHKE.

Ha puc. 2.4 npuBeneHa 3aBUCUMOCTh JJMHBI npobOera Takoro miazmona |=1/Im(k(w)) ot

Re(g) mpu pP,. [lpn npubnmwxkennn k onpeneneHHOMy 3HaueHuio Re(g ), KOTOpoe ompenmenseTcs

TOJIBKO 3HAUYCHUAMU DJBJIEMCHTOB TCH30pa HpOHHHaCMOCTeﬁ &, T.6. K I'paHHLC paspemeHHoﬁ 30HBbI

IJ1a3MOHaA, PE3KO YBCIMYMBACTCA AJIMHA npo6era I1J1a3MOHa, 06pau1a;lcr, Ha rpaHuic B OECKOHEUYHOCTH

[116].

3.0

25
=
é 2.0
— 15
1.0
S
= 05

0.0

Puc. 2.4. JInuna npobera mia3mMoHa (CHHHI), TNTyOWHA JOKATU3alUU MOJS B KOMIIO3UTE (3€NIEHBINH) U B
IUBJIEKTPUKE (KpacHbIi). BennuuHbl mpuBeAEHbl K OJHOMY MaciuTa®y aisi M300pakeHHs Ha OJHOM

rpaguxke.

Cornacho (18), 3aBUCUMOCTh BETUYHHBI SJIEKTPUUECKOTO U MarHUTHOTO ToJel B cpeaax 1, 2 ot
a7 -
KOOPJWHATHI Z AAETCA IKCIOHEHIUAIBHBIM MHOXKUTEIIEM e i=12, MOATOMY TyOMHA JIOKAJIM3AIUU

noJist paBHa 1/ Re(ai). Ha Puc. 2.4 takxe n300paxxeHbl ITyOWHA TPOHUKHOBEHHUS TIOJISI B JMAJIEKTPUK
|, =1/Re(«,) n xommosutasiit Matepuan |, =1/Re(c,). ITocneanss Ha TPaHMUIIE 30HBI CYIIECTBOBAHMS

IUIa3MOHA UMEET MUHUMYM OTJIMYHBIM OT HyJs. DTO O3HAYaeT, YTO MOJIe MPOHUKAET B MeTaMaTepHall C
nuccunanueid. C oJHOW CTOPOHBI, JUIMHA Mpolera odpamiaercss B 0ECKOHEUYHOCTb, a C JIPYroil CTOPOHBI
MPOUCXOIUT AMCCUTIAINAS DHEPTHH, KOTOpas MOJDKHA TMPHBOAMWTH K 3aTyXaHWIO TUTa3MoHa. JlaHHBIN
pe3ynbTat TpedyeT O0bsICHEHUS.

Jlnst BBISICHEHUS] MPUYMHBI HEOTPAHWYEHHOTO YBEJIWYEHHUs JUIMHBI MpoOera 1Mo CpaBHEHHIO CO

CINTIOIIHBIM METAJIJIOM paCCMOTPUM, KaK MEHAIOTCA OMHUYCCKUE IMMOTEPU B KOMITO3HUTE, CYMMapHBIﬁ IIOTOK
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SHEPTUU U TIyOMHA JIOKAIMU3AlMK MOJIS MPU Pa3HbIX YacTOTaX MpPU HEKOTOPOH 3aJaHHOI KOHILEHTpaluu

BKIIFOUEHUH. MOIIHOCTh MOTEPH B equHuIEe 00beMa [10]:
J—— 0]
w=(oEE ),6=—Im(é). 46
(6EE"). 6=~ Im() (46)

IIII saBnsercs BosHOM TM-THnA: noJApU3anUsA IEKTPUYECKOIO BEKTOpPa B KOMIIO3UTE HMEET BHJ

u=(u,,0,u,), E(r,t) =ue'™e* U3 ypapuenns Openens

2
2 o) .

sz—kz(kz,U)—(Ej eu=0, (47)
KOTOPOE€ SABJIACTCA JIMHEHHBIM OAHOPOJHBIM YPAaBHCHHUEM Ha BCKTOp IOJIApU3alHNKU U, JIETKO HaWTH

MMOJIAPU3AHIO SJICKTPHUYCCKOTO ITOJIA IJIa3MOHA B KOMITO3UTC!

u= ﬁ’o kpl

,—— 48
ke, kg (48)

Ilocme YCPECAHCHHUA IO BPEMCHH BBLIPAKCHHA JII OMHUYCCKUX IIOTCPbL B CAWHHIIC o0bemMa u
HMHTCTpHUPOBAHU 110 Z Haﬁ,[[eM BCJIIMYHUHY IIOTEPH B CJIOC CHHHHHHOﬁ TOJIIIUHBI B CAUHUILY BPECMCHU

@ ) ! —-2k"x
Q = m(&l |UX|2 +8” |UZ|2)e 2K . (49)

CpaBHI/IM 9Ty BCJIMYHMHY C IIOTOKOM DJOHEPrud, I[CPEHOCHUMBIM INIA3MOHOM BJOJbL OCH X,

COOTBCTCTBYIOH.II/IC KOMITOHCHTBI BEKTOPa IToinTHHTA PaBHBI:

Vo )e et (50)

c N q2kK -2 c
S, =———Re(u,u, Je " "e, S,, =——Re(v
8 T

rae V=(v,,0,v,) - monspusanus >JIeKTPUUECKOrO BEKTOpa B cpeie | — auasieKTpuke, a Uy Viy = Y-

COCTABJISIFOLIME NOJIAPU3ALMM MAarHUTHOTO BeKTopa. [locie MHTerpupoBaHus 10 Z NMOJIYYUM BBIPAaKEHUE

AJI1 CYMMApHOTO IOTOKA SHEPTHUU:

¢ (Re(uu’

my

Re(v,v_ .
= )+ SALY RS (51)
167\ Re(e,) Re(a,)

Tenepp BOCHOJIB3yeEMCS YpaBHEHHEM HEMPEPBIBHOCTH JJISI SHEPTHM SJIEKTPOMArHUTHOTO IOJISA.
Nmeem

divs =—jE, 88X+@=—w, (52)
OoX 02

rac€ w - MOIIHOCTb OMHUYECKHUX IMOTEPh B CANHULIC ooneMma. Ilocae HMHTCTPUPOBAHUS 110 Z TOJTYIYHUM

aaiz dz)dx = —Qdx = —(Q / 1)1 (x)dx . (53)

di +(+jio
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Otnomenne Q/1, xak BumHo u3 (49) u (51), saBisercs He 3aBUCANIEM OT X KOHCTaHTOH, a

CJIEAOBATEIBHO,

_Q
[(x)=1(0)e ' . (54)
Mpbl mpUXOIUM K BaXHOMY BBIBOJY: OTHOmieHne Q/| 0o0paTHO MPOIMOPIMOHAIBLHO JIJIHHE
npobera masmona, T.e. 2/1=2Im(k, (w)) (mockombKy CKOPOCT 3aTyXaHus MOTOKA SHEPTHM B [1Ba pasa

BBIIIC, YEM CKOPOCTD 3aTyXaHUs HOJISI). 3HadYeHME PTOTO OTHOIICHUS IIPUBECACHO HUXC:

; g2
Q __8(0(5L +é&|u,| ) 1 5)
I cRe(e,)  Re(uu,) . Re(v,v. )’

X z - my

Re(a,)  Re(a)

Tak kak FJ'IY6I/IHa IIPOHUKHOBCHHA B KOMIIO3UT KOHCYHA, TO U YACIbHAs AUCCUIIAIWA KOHCYHA.

OOpanienne JUIHMHBI TIpoOera B OECKOHEYHOCTh CBS3aHO C OOpamieHHeM B OCCKOHEYHOCTh IOTOKA

OHCPI'UH. HeﬁCTBHTCHBHaﬂ 4acTb (4 paBHa KOS(l)(bHHHeHTy JJOKaJIN3alluMn I10JIA. OKaSLIBaeTCH, 4TO Ha

4aCTOTC OTCCYUKM 3HA4YCHUC RE(al) 06pamaeTc;1 B HOJb M 3aTc¢M MCHAACT 3HAK, T.C. PCIICHHUC,

JIOKQJIM30BAHHOE y TMOBEPXHOCTH, NIponanaer. Ha rpaHuie pa3pelieHHON 30HbI BOJIHA OKAa3bIBAETCS
0elloKkanu306ana B JIUAJIEKTPUKE, CYMMAapHBI MOTOK OJHEPrHMHM IUIOCKOM BOJIHBI oOpalmaercs B
OECKOHEYHOCTh, Kak 3T0 cieayeT u3 (51), mpuueM OMHYECKHE MOTEPH OCTAIOTCS KOHEUHBIMH. Takum
o0pa3oM, IUIa3MOH paclpocTpaHseTcs 0e3 3aTyxaHus, HECMOTps Ha JMCCUIAIMI0 dHEpruu, Omaroaaps
nenokanm3anuu. C MpakTHUYeCKOM TOYKHM 3PEHMsI OKa3bIBACTCSl UPE3BBIYAWHO Ba)KHBIM, UYTO OTHOIICHHE
JUTMHBI TIpoOera Iia3MOHa K TIyOWHE JIOKAIM3allid B JTUAJIEKTPHUKE SIBISETCS KOHEUHOW BEITMYMHOU
nopsAIKa HecKonbkux necsaTkoB (Puc. 2.5). MHbIMH clioBaMH MOXHO TOBOPHUTH O MOBEPXHOCTHOM

IJ1a3MOHE, UMCHOIIICM 6OJ'ILIJ_IYI-O AJINHY npo6era.
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Puc. 2.5. OtHoueHne AnMHBI polera Mmia3MoHa K TITyOHHE JIOKaIU3aluy B IUAJIEKTPUKe IpH P = P, .
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Kak MBI TOJNIBKO YTO BBICHWJIM, NMPU NPUOIMKEHUH K IpaHUIE Pa3pelIeHHOW 30HBI IJIa3MOH
TpaHchopMupyercsi B O 6 blY H y 10 N N O,Cu&1joMyro Bi® HOEEPKHOCTh METaMaTepuaiia. TakuMm
o0pa3oM, MBI TPOJAEMOHCTPUPOBAIIM, YTO /IS OJHOOCHOH TOTJIOMIAIONMIEH HEMArHUTHOW CpEIbl
CYIIECTBYET JeHCTBHTENbHBIN yroa bprocrepa [117, 118]. IlockoabKy COCTaBIsiOIIass BOJHOBOI'O

BEKTOpPA IIa3MOHA BJIOJIb €r0 HAIPABJICHHS PACHPOCTpaHeHus - K, - OIMHAKOBa B 00CHX cpeax, TO U 110

pl
MeTamarepuanty IJIa3MOH pachpocTpaHsieTcss 0e3 3aTyxaHus. DTO MPOUCXOIUT BCIEACTBHE MOJIKAYKU
SHEPTUU B KOMIIO3HT U3 BEPXHETO MOIYIIPOCTPAHCTBA, IIOTOK SHEPTUU B KOTOPOM OECKOHEUHO BEIHK.

B cnyuae, xorma o0e cpeapl M30TPOIMHBI, TAKOH CHTyallMu HE HaOmrogaercs. J|eldCTBUTENBHO,

2
2 @ 1
ecnu cpena I 3ansara BakyymMoM, To u3 (28) monydaercs BbIpaXKeHHE o, =—| — m s Toro,
c) l+e(@

uro6el Re(e,) obparunock B Hynb, @ OWKHO OBITH JEHCTBUTENBHBIM OTPHIATENBHBIM YHCIIOM,
no3TOMy &,(®) MOIMKHO OBITH JEHCTBHUTENBHBIM YnciaoM. Eciu ke &,(®) comepKuT MHUMYIO 4acTb, a

TOJILKO TaKo#l cily4ail Hac W uHTepecyeT, To Re(e;) B Hysnb HUKOrIa He oOparurcs, yroi Bprocrepa

OyZeT KOMILJICKCHBIM, a BOJIHA Oy/IeT 3aTyxarolield — 0ObIYHON BOJIHOH LleHHeka.

Berimie MbI pemmny 3aady 0 pacHpOCTPaHEHUM MOBEPXHOCTHOIO IUIa3MOHA Ha TpaHHIIE IBYX
nonyoeckoHeuHbIX cpe. Oka3pIBaeTcs, YTO PAacHpOCTpaHEHHE IMJIa3MOHA BO3MOXKHO M IO IUIACTUHKE,
pa3Mep KOTOpO#l orpaHudeH 1o ocu Z (puc. 2.6). 3aKoH TUCHEPCHU JIJIS IUIA3MOHOB B TaKOH CHCTEME
MOXET OBITh MOJYYEH TaKWUM K€ 00pa3oM, Kak M paHee, 32 OJHUM HCKIIOUCHHEM: DJIEKTPOMarHUTHOE
MoJie BHYTPH IUJIACTUHKH CJENyeT MCKaTh Teleph B BHJIE CYMMBI JBYX IUIOCKUX BOJH, MOCKOJBKY HET
OCHOBaHUU TpeOOBaTh SKCIOHEHIMAILHOTO 3aTyXaHUs MO MpH YAAlleHHH OT OJHON M3 TPaHUI]

ITAaCTUHKH BHYTPH HEC. W3 sToro BBITCKACT, YTO IT10JIC III1 CJICOYCT UCKATb B BUAC!:

H,e' Vet z>d/2
H(r,t) ={H e e Ly gt Pen?  _d/2<7<d/2. (56)
H,e'( e z7<-d/2

Hanee mponenypa MOMCKa AUCIEPCHOHHOW 3aBUCUMOCTM CTaHJApTHas: U3 ypaBHeHUs DpeHens ans
Ka)KJIOW U3 CpeJl MOJIydaeM COOTHOIIEHHUS /Il KOMIOHEHT BOJHOBBIX BEKTOPOB (TaKUX ypaBHEHH Oyjaer
3), u emie yeThIpe ypaBHEHUS IOJIy4aeM U3 YCJIOBHM HENPEPHIBHOCTH COOTBETCTBYIOIIMX KOMITOHEHT
ANEKTPUYECKOTO ¥ MAarHUTHOTO IOJISI HAa FPaHULAX pasnena cpeia. i ynpolieHus BBIKIAAOK Cpasy ke

OTMETHM, 4TO Haubosiee HHTepeceH ciyyail, koraa cpensl I u 11l 3aHATHI 071011 1 TOM ke cpesoi, MOAITOMY

MMOJIOKUM & = &3 =¢&.
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Puc. 2.6. 'eomerpus 3aaun O pacnpOCTPaHEHUH MOBEPXHOCTHOIO IJIa3MOHA B ILIOCKONApAIIEIbHOM

IJIaCTHUKE.

VpaBHeHm[ Ha KOMIIOHCHTBI BOJIHOBBIX BEKTOPOB JAIOT HAM:

2 2
ko — o —g(

2 2 _

ko —ag —8(
2 2. _
kp|5L—0525|[ =&,

Otcrona BUAHO, 4TO & =Fa;, OAHAKO, JUISI TOTO, YTOOBI

S

C

(0]

J
)
2

BOJIHA WMeJa TOBEPXHOCTHBIM XapakTep,

(57)

nomkHO ObITh BhIMONHEHO ycmoBue Re(y) >0, Re(ey) >0, a mostomy Mbl OymeM HCKaTh TOIBKO

PELICHUsSI C @ = Qy = O . YCIIOBHS HENIPEPBIBHOCTH 3JIEKTPOMArHUTHOTO 1oJist ipu Z =+d /2 marot:

&

a _
% (—he”+he
gl

rae BBeJeHbl obo3Hadenus p=ad /2,

% (—he +her)=—Zhe?,
&

he” +he”=he”
he”+he”” =he”

(58)

o -
f2)=Zhe”
&

P, =0,d /2. CumMmeTpust cHCTEMBI OTHOCHTENBHO TIOCKOCTH

z =0 mo3BojseT CACIIATh 3aKIIFOYCHUC, YTO MNOJApHU3alUsA MArHUTHOI'O IOJIA BHE IJIACTHHBI H1 = H3,

0o H1 = —H3 . B cooTBeTcTBUM C 3TUM 6yI[CM pas3iiniat CUMMETPUYIHYIO 1 aHTUCUMMCECTPUUIHYIO MOy

1a3MoHa. YpaBHeHHs (58) Tora NpuMyT CISTYIONUH BU TS KOKIOW U3 MOJI:
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Sym: h, =h_=h, (59)

Antisym:s  h. =-h =h, (60)

Kak BumHo, B mpenene d — oo Boipakenus (59) u (60) mepexomsT B NMpaBHIbHBIC BBIPAKCHUS IS
IUIa3MOHA, PAaCHpPOCTPAHSAIOLIErocs MO IMOBEPXHOCTH pas3jiena ABYX HOJYyOECKOHEUYHbBIX Cpef, T.e. JBe
MIOBEPXHOCTHU IUIACTUHKU [IEPECTAIOT BIUATH APYT HA JIpyra.

Otu ypaBHeHus, BMecTe € (57) MO3BOJIAIOT OTHICKATh 3aKOH JMUCIIEPCUM IJIa3MOHA B IJIACTUHKE.
OnHako, cucTeMa COJACPKUT TPAHCLEHIEHTHOE YpaBHEHUE M, BOOOIE FOBOPs, HE MOXKET OBbITh pelieHa
AHATUTHYCCKH, TIO3TOMY JIUIS KaXIO0i 3aJaHHOM TOJMIMHBI TIACTHHKH O HEOOXOIMMO HCIIOIB30BAThH

YHMCIIEHHYIO Npoueaypy moucka 3asucumoctu K, =K (). Ha puc. 2.7 mpuBeneHsl qucnepCcuoHHbIE

KpPUBBIE M YaCTOTHbIE 3aBUCUMOCTH JUIMHBI Ipolera ajas CUMMETPUYHOM M aHTUCUMMETPUYHON MOJIbI
IpH KOHIEHTpauu HaHonpoBoiouek P, = 0.3 u s tomumasl mwiactuakn d =10 HM.

BuauMm, u4Tto M mpM pacHpocTpaHEHUMH IUIa3MOHA IO IJIACTUHKE JUIMHA Hpodera MOXeT
CTaHOBHUTHCA OECKOHEUHO OousblIol. OJHAKO TeNepb JTO SIBJIECHUE HENb3sl CBA3ATh C CYLIECTBOBAHUEM
neiicrBurensHOro yria bprocrepa. [leno B Tom, 4TO IpH MPOXO0KIEHUH BOJIHBI U3 KOMIIO3UTa B BaKyyM B
BaKyyMe 00s3aTelIbHO JOJDKHA MOSBUTHCSA BOJIHA, MOTOK SHEPIUU B KOTOPOI pacmpocTpaHsercss OT
IIOBEPXHOCTH, a ITOCKOJIBKY B BaKyyM€ HaIlPaBJICHHE BOJHOBOI'O BEKTOpa M MOTOKA DHEPTUU COBIAJIAET,
TO Z—KOMIIOHEHTa MOSIBUBIIEHCS BOJIHBI JOJDKHA OBITh HallpaBlIeHa B CTOPOHY OT IJIaCTMHKU. B
PAacCMOTPEHHOM e ciiy4dae B obnactsix npoctpanctBa Z>0/2 u z<—0d/2 z—KOMIIOHEHTBI BOTHOBBIX
BEKTOPOB HAIIPaBJIEHbI K MUIACTUHKE, & BOJIH, PAaCIPOCTPAHSAIOIIUXCS OT HEE, HET. 3HAUUT, OTPAXKEHHbIE U
MPEJIOMJICHHBIE MOCIIE MPOXOKICHUS MIACTUHKU BOJIHBI UHTEP(EPHUPYIOT 10 00€ CTOPOHBI OT HEe Tak,

YTO OCTAKTCA TOJIBKO IMaJaroIue MIOCKHE BOJIHBI.
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forop [MM]
o N B O ® O

3 -2 -1 0 1 2 3
(r) Re(e,)

0.0010
0.0008}
0.0006 |
0.0004
0.0002

0.0000 :
-3 -2 -1 0 1 2 3

Re(s,) Re(g,)

1.0%108

Re(k) [m

5.0x107}

Puc. 2.7. (a,06) lucnepcuonHas KpuBas, JUIMHA MpoOera MjIa3MOoHa JUIsi CAMMETPUYHONW MOJbI, TOJIITUHA
wiactuHky d = 10 uM. (B,r) JlucnepcronHas KpuBasi M JUIMHA po0era Mia3MOHa Il aHTUCUMMETPHYHON

MOJBI, TONIIKHA ITacTHHKN d = 10 HM.

B umenoM oxaspiBaeTcsl crpaBe[iiBa TEHACHIIMS, COCTOSIIass B TOM, 4YTO JUIMHA MpoOera
CUMMETPUYHOU MOJIbI OKAa3bIBAETCS BBIILIE, YEM Yy AaHTUCUMMETPUYHOM MIPHU TOH e TONIIHUHE TUIACTHHKU.
[IpuymHa 5TON TEHACHIIMM BHOBBH 3aKIIOYAETCS B MEXaHHW3ME MEPEHOCa PHEPTrUU IUIa3MOHOM B TOJIIIIE
mnactTuHku. Ha puc. 2.8 mpuBeneHbl KapTUHBI PaCHpe/IeNIeHUs AJIEKTPOMATHUTHOTO TOJs BHYTPHU
IUTACTUHKH. B ciydae accCMMMETPHUYHON MOJBI MarHUTHBIE TOJS ABYX BOJH (56) BHYTPH IUIACTUHKH
HaIlpaBJIEHbI B IPOTUBOIOJIOAKHBIE CTOPOHBI, IO3TOMY B CEpEIMHE MIACTUHKH M0JIE CTAHOBUTCS HYJIEBBIM
(puc. 2.80) W cCymMMapHBIM TOTOK SHEPrHU CTAHOBUTCS 3HAUUTEIBHO MEHBINE, HEXEIH MpHu
pacnpoCcTpaHEHUU CUMMETPUYHON MO/IBI.

Jis cuMMeTpHYHOM MOIBI JAAMHA Tpobera MpeBbIIAeT T[IYOMHY JOKaNM3alMk TOJsS B

OKpYKaromieM BaKYyMC 1/ RE(a) B HCCKOJIBKO COTCH pa3, 4TO SBJSACTCA ropa3zo JydlluM PE3yJIbTaTOM

[0 CPaBHEHHIO C TE€M, YTO OBLJIO MOJYYEHO IS JIBYX IMOIYOE€3rpaHUYHBIX Cpel, IJ€ 3TO OTHOIICHHE

COCTaBJISICT HECKOJIBKO JCCATKOB.
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Puc. 2.8. Pacnpenenenne MarHUTHOTO TMOJISI BHYTPU IUIACTHHKH M B OKPY)KAIOIIEM IPOCTPAHCTBE ISt

CUMMETPUYHOH (a) 1 aHTUCUMMETPUYHOM (0) MOZBI.

2.3 HabaroieHHe MOJTHOTO OTHOMPOXOHOIO MOTJIOIEHUsI B TeKCaroHaJbHOM HUTpPHe Oopa

B mornomarommxx ycTpOWCTBaxX, OCHOBAHHBIX Ha CIIOMCTBIX CHCTEMaX, HHTEpPPEpEeHIUs
OTPa)XKEHHOT'O CBETA UTPAET KIIIOYEBYIO POJIb TS JOCTHIKEHUSI MOJHOTo moromenus [42, 43]. B HeqaBHO
pa3pabOTaHHBIX KOTePEeHTHBIX morioTutensax [38, 39, 44], nororieHue 3IeKTPOMarHUTHOTO M3TyYeHHUs
MIPOUCXOIUT MPU KOTEPEHTHOM OOJTYyYSHHH CHCTEMBI C IBYX CTOpoH. OJHAKO, H3MEHEHHE Pa3HOCTH (a3
MAJAF0IINX BOJH HAPYIIAET MOJHOE TIOTJIONICHUE W TIPUBOIUT K KOHCYHOW BEITMYMHE OTPaKEHUS. TakuM
o0pa3oM, BO BceX MOJOOHBIX MOTTOTHTENSX WMEHHO HHTep(EpEeHIHs PAcCeSTHHOTO CBETa MO3BOJISET
no0utkcs noiaHoro noriomienus (Puc. 2.9a).

Kak MBI Mokazaiii B mpeAbIAyIIeM pasjiese, Mpu MajgeHUH TUIOCKOW P-TTOJIIPU30BAHHONW BOJTHBI
Ha TIOJyOSCKOHEYHYIO aHWU3O0TPOIHYIO IMOTJIOMAIONIYI0 CPEAy MOXKET HACTYIUTh PEKUM, B KOTOPOM
najarolias BoJHa 6€3 OTpakeHUs MPOXOAUT B OJJHOOCHYIO U CPEAy U, TAKUM 00pa3oM, MOTHOCThIO B HEH
norjomaercs. B gaHHOM pa3gene Mbl  OKCHEPUMEHTAIBHO JEMOHCTPUPYEM, 4YTO Majaromiee
AJIEKTPOMArHUTHOE M3ITy4YECHHE MOXET OBITh IOJIHOCTHIO TIOTJIOMEHO B OOHONPOXOOHOU CUCTEME, H €
OCHOBAHHOW Hope CT PP & K MBTHeOPD € p (Bue. LRAG). TIpemnaraemas cucrema
MIpPEJICTaBIseT COO0M MOTYNPOCTPAHCTBO OJTHOOCHOM Cpefibl C KOHEUHOU BEIMYMHON TEIUIOBBIX MOTEPh Ha
4acToTe mMajaromero wusnydeHus. [Ipu ompeneneHHOM yrie TafcHHWs W JJIWHE BOJHBI aMIUTUTYAA
OTPaXCHHOH OT TOJYMPOCTPAHCTBA BOJIHBI OOpAIAeTCsl B HOJb, NMPHUBOJSA K IOJHOMY TOTJIONICHHIO

MaJalomed SHEPrud BHYTPU AHM30TPOMHOM cpefpl. MBI  HAKCHEPUMEHTAIBHO MOATBEPKIAEM
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TEOpEeTUUECKHEe MpeACcKa3aHus NCIOJB3YS TOJCTHIN CION CHIIBHO aHU30TPOITHOTO BaH jep BaanbcoBckoro

KpHUCTajlia, rekcaronaibaoro aurpuaa oopa (hBN) [119].

(@) \ (6) \

M30TponHbIA NnornoTuTeNb AHM30TPOMHbI

OTparkatennb nornoTnTenb
I - | W_\

Puc. 2.9. CxemaTnyHoe IOSICHEHHE IIPpHUHIMIIA paGOTLI IIOrJ10TUTCIA, OCHOBAHHOI'O Ha HeCTPYKTHBHOﬁ

uHTEephepeHHH (a) ¥ OAHOIPOXOTHOTO HOrIOTUTENS (0).

Paccmotpum nagenue p- (S-) HOJISPHU30BAHHOM BOJIHBI U3 BaKyyMa Ha MOBEPXHOCTh M30TPOITHOM

HeMarHuTHOM cpeasl. Koo duimeHr orpakenus pasex [82]

cos 6, —L/g—sinzei

r = &
p l . !
cos 6 —«/ —sin? 6,
eNETI G (67)

cos 6 —«f —sin% 6,
r = i 3 i

s .
cos 6, +\/5—sm2 0

rIe & - KOMIUIEKCHAsl MPOHUIIAEMOCTh cpelbl U 6, - yron maaeHus. B ciaydae oTCyTCTBHS MOTEph B

cpeie, CYyIIECTBYeT yrojl, WM3BECTHBIM Kak yron bproctepa, mpu KoTOpoM majaromias BoOJHa 0e3
OTpa)KeHHUs NPOXOJAUT B TUNIEKTPUUECKYIO cpeny. Hannune nmoteps HapymaeT MOJIHOE NIPOXOXKACHUE U3~

3a HEpPaBEHCTBA HMMIIEAAHCOB BO3AyXa W MOMIOMIAKOMIEH CpPEIbl, Y€ HOPMAIU30BAHHBIN HMIIEAHC

Z= %«/3 —sin® @ npuobpeTaeT MHUMYIO 4acTh M3-3a MOTIOIIEHUs B cpejie. [103TOMY, YTOGbI ONHOCTHIO

IIOTJIOTUTh CBET B M30TPONHON Cpele, MOKET HCIOJIb30BaThCS OTpa)kaTelb Ha 3aJHEH TIpaHMle
MOIJIOINAIOUIETO C€JI0A. DTO IO3BOJSET YCTPAaHUTh IE€PEOTPAKEHHBIM CBET, HECMOTPS Ha HEHYJEBOE

3HA4YCHHUC OIHOIIPOXOAHOTO KOB(I)(I)I/II_II/ICHTH. OTPAKCHUMA rs pe Taxoke MO>KHO pPa3MECTUTDb

AHTHOTPAXKAIOIIEE MOKPHITUE MOBEPX MOTIONIAIOIIETO CIIOS, YTO MPUBEIET K mo00HOMY 3 dekty [120].
Cutyanusi KOpeHHBIM 00pa3oM MeEHsieTCs B Cllyyae, €CiM IMOIJIOIIalouas cpena sBIIsSIeTCs
aHn30TponHOi. Kak ObpUIO MOKa3aHO B HAIIMX NpOHUIBIX padorax [117], 0JHOOCHBIN MOTIOIIAOIINIA

KPUCTAJIJI C ONTHUYECKOM OChI0, OPHUEHTHUPOBAHHOM HOPMAJIbHO K IMOBEPXHOCTH, IMPH OINpPEAEICHHBIX
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YCIIOBUSX MOXKET MOJHOCTHIO TMOMIOTHTHh MAJAIOIIyI0 P-TOJSPU30BAHHYIO AJIEKTPOMArHUTHYIO BOJIHY.

KoaddurmenTs! oTpaskeHus B 3TOM ciydae uMeroT Bua [121]:

_ cosH—\j(gu —sin?0)/(z,) |
P cose+\/(g —sin’0)/(¢,)

I (68)
" C0s8 — /&, —sin* @
s - '
C0S0 + /&, —sin 6
rac 8L u 8” - OUBJICKTpHUYCCKad HNPOHULACMOCTb CpPCAbl B HAIIPABJICHHUU TMCPICHAUKYIAPHOM H

napajuieIbHOM ONTHYECKON ocu Kpuctauia. 13 ypaBHenus (68) cienyer ycnoBue HYJIEBOIO OTPAKECHUS

JUISL P-TIOJISIPU30BAHHOM BOJIHBI:
2p _
(&, —Dcos” G =¢ -1 (69)
rje rae 6, - yroia IoJIHOTO MOIJOIIeHHs. B oTiuuue oT cilyyas W30TPOIIHOIO MaTepHana, 3TO yCIOBHE

MOJKET OBITh BBIMIOJHEHO Ja)X€ MPH HAIWYMH TOTJIOIIEHHUS B BemlecTBe. [10g00HOE MOBEIEHUE TaKKe
MOJKET HaOIIOIAaThCSI B O0JIee CIOKHBIX MaTepHaiaX, HalpuMep, B IBYOCHBIX cpenax. OTMEeTHM, 4To s
S-HOJISIPU3ALMY [13/1at01asi BOJIHA YYBCTBYET TOJIBKO € KOMIIOHEHTY TE€H30pa IPOHUIAEMOCTH, TO3TOMY
OTpa)KEHHE TAKOW BOJIHBI IPOMCXOIUT KaK OT U30TPONHOM cpeibl. COOTBETCTBEHHO, OTPAaXKEHUE HCUEe3aeT

TOJIBKO B TPUBHAILHOM ciiydae & =1. JlaHHBIN BBIBOJ HAXOIUTCS B COTJIACHH C TeM (DAaKTOM, YTO YTOJ

BprocTepa [uist S-moJIsipU3aliiy CyLIECTBYET TOJIBKO B MATHUTHBIX cpenax [82].

Panee, nmosiHOe MOIJIONIEHNE B TAKUX OJJHOOCHBIX cpefax ObLIO MpeACKa3aHO TEOPETUUYECKH IS
MeTaMaTepuana, 00pa30BaHHOTO MapaJIeTbHBIMU METAJUIMYECKIMHA HAHOTIPOBOOYKAMH, TIOTPY>KEHHBIMHU
B JudNeKkTpuueckyro Matpuiy [117]. Opnako, mnpupona TOJOOHBIX HAHOCTPYKTYPHUPOBAHHBIX
MaTepHalioB HaKJIabIBa€T OrpaHUUYEHHS Ha CYLIECTBOBAHHE ONPENEICHHBIX SBJICHHM, MPEJICKa3aHHBIX B
pamkax Teopun 3hdexkTuBHOH cpenpl [122]. B wactHOCTH, 2(h(PEKTHBHOE ONMUCAHUE HE MPUMEHHMO,
KOTJla XapaKTepHbII pa3Mep BKIIOYEHUs MeTaMaTepualla CPaBHUM C JUIMHOW BOJIHBI M3Jy4€HUS BHYTPH
sToro Marepuana. boimee Toro, kak Oputo mokasaHo B [123], cpema, cocTosimias W3 HPOBOJSIINX
IPOBOJIOYEK, O0JIaJaeT CHIBHOW NMPOCTPAHCTBEHHON IHMCHEpCHEH AaXke B JJIMHHOBOIHOBOM IIpEIere.
Crnenys 3a HelNaBHUM HAONIOJCHHEM THIEpPOOTMYECKON AMCIEpCHHM B €CTECTBEHHOM BaH JIep
BaanbscoBckom marepuane [119, 124], Mbl teMOHCTpUpPYEM TIOJTHOE OIHONPOX0ogHOE roriomeHne B hBN,
KOTOpPOE€ TMPOUCXOIAT Ollaromapsi CHJIBHOW aHM30TPONHH UDJIEKTPUYECKOH MPOHUIIAEMOCTH B

nH(ppaKpacHOM JHAara3oHe.
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Puc. 2.10. YactoTHas aucrmepcusi JICHCTBUTEIBLHOM YaCTH 3JIEMEHTOB TEH30pa JHUIJICKTPUUYCCKOM

IMPpOHUIIACMOCTHU hBN. BcraBka: cxemMaTH4ecKoe I/I306pa)I(CHI/Ie KpucTajuia.

byny4un nBymepHeiM BaH Jep BaambcoBckum kpuctamiom [125], hBN — anwu3oTpomHbiii
KPUCTAILJI, COCTOSIINI U3 KOBAJICHTHO CBSI3aHHBIX CJIOCB aTOMOB 0Opa M a30Ta, YICPKUBAEMBIX CHUIIAMH
BaH 1iep Baanbca. brnarogaps kpucramindeckoit anuzorporuu, hBN sBiseTcss 0ZHOOCHBIM MaTEpUAIOM C
pa3IMYHBIMU BEJIIMYMHAMHU TapaLICIbHON W MEPHCHIUKYISIPHON COCTABIISIOMIUMH JIHAJICKTPUYECKOTO
Ten3opa. Jlanee, sBIssiIch MOJSIPHBIM - Kpuctaiwiom, hBN moanepkuBaeT MOBEPXHOCTHbIC (DOHOH-

MOJIAPUTOHHBIC MOABI B CIICKTPAJIbHOM AHAIIa30HC MCXKAY 4aCTOTAMU IIPOAOJIBHOIO @), 5 WU IIONCPCYHOIO
;g OINTHYCCKOIO (1)OHOHa. BHYTpI/I JaHHOT'O YaCTOTHOI'o0 Aauaria3doHa, OCHHIJIIALNHN KpHCTaHHquCKOﬁ

pemeTKH 00yCIaBIMBAIOT OTPHUIIATENIEHYIO BEMIECTBEHHYIO YacCTh TUDJIEKTPUYECKON NMPOHUIIAEMOCTH B
HalpaBJI€HUHW COOTBETCTBYyromed (oHoHHOM Moael. Jlns hBN, opHako, audnexTpudeckas
MPOHUIIAEMOCTh OCTAETCS MOJIOKUTENBHON B MEPIEHINKYIPHOM HAIIPAaBJICHUH, TOCKOJIBKY KPHCTAILI He
NOJIEP>)KUBaeT (POHOHHBIX KOJIEOAHUWH Ha TOM e 4yacToTe B JIPYroM HalpaBlIeHUH. DTO NMPUBOIUT K
rurnepOoIMIecKOi Tuciepcuy, KOTopas oTueTinBa BujHa Ha Puc. 2.10. Bae 30H ()OHOHHBIX PE30HAHCOB,
00€ KOMIOHEHTHI TUAJIEKTPHUYECKOTO TEH30pa TOJOKUTENBHBI, XOTSI U aHU30TPOIHEL. | nnepOonnyeckas
mucriepcuss hBN Obuta Mcronb30BaHa s J€MOHCTPUPOBAHUS CyNep-pa3pelieHus IpU UCIOIb30BaHUHU
€CTECTBEHHOTO Marepuaia B WH(pakpacHoM auanasoHe [126, 127], a takxke kKak BO3MOXHBIH CHOCO0

YBEJMUYCHUSI BPEMEHH JKU3HH TUIa3MOHOB B rpadene [128, 129].
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Puc. 2.11. Cnektp otpaxenus nonxydoeckoneunsiM cinoem hBN. (a, 6) Pacuutannblie crieKTpsl Ui p- U S-

moJrApu3aivu JJIs Pas3sjIMdYHbIX YIJIOB IMAACHUA. (B) BeH_[CCTBCHHaH W MHHMasg 4aCTH KBaJpaTa KOCHHYCa

yIJa TOJIHOTO MOrNomenHus. B JByx Toukax, oTMedeHHbIX A u B Ha rpaduke, COS’ ¢, craHoBuTCS

BCIICCTBCHHBIM U ITOJIOXKUTCIBHBIM, COOTBETCTBYS BEIICCTBEHHOMY YIUIY IMAACHUA.

Ha puc. 2.11(a) mnoka3aHbl TEOPETUYECKH MPEICKA3aHHbIE CIEKTPhl OTPaXXKEHUsd p-
MOJIIPU30BAHHOTO CBETAa, MAJaloONIer0o Ha MOBEPXHOCTh MosydbeckoHeyHoro cios hBN. Brruucnenus
MPOBOAMIMCH C HCIOJBb30BAaHUEM 3HAYCHUH IUAJICKTPHUYCCKOrO TeH30pa, moiydeHHoro B [119] mms
ToHKUX TIeHOK hBN. B cooTBeTCTBUM C 00CYXI€HHEM, ITPUBEICHHBIM BBIIIE, HAOTIOAACTCS 1BE 00IaCTH
C CWJIBHBIM OTPa)XCHHEM, KOTOPHIC CBSI3aHHBI C ()OHOH-TIOJIIPUTOHHBIME pe3oHaHcamu hBN. Otmernm,
YTO HU3KOYACTOTHAS OTpaXkarolas 00JIacTh OTCYTCTBYET IIPH HOPMAJIbLHOM MaJIeHUU. DTO CBA3aHO C TEM,

qT0 HpI/I HOpMaJII)HOM IMaaCHUHU CBCT LI}’BCTByeT JINIIb KOMHOHCHTy 8L 5 KOTOpaﬂ HC HpOﬂBHﬂeT pe30Hcha
Ha 820 cm™.
CI/IJ'IBHOG TIOI'JIOICHUEC HpI/I p'HOHHpI/I3OBaHHOM OCBCIICHUUA HpOI/ICXO,[[I/IT Ha pa3HLIX qacToTax B

3aBHCHMOCTH OT yria majeHus, Puc. 2.11(a). OnuH U3 MUKOB MOTJIONIEHHUs HAaXoAuTca Ha 1650 cm™ u
YXOJUT B KOPOTKOBOJIHOBYIO 00JaCTh ¢ yBeNW4eHHeM yria najeHus. Emie onun nuk Haxoautcs Ha 800
cm™ ¥ cMemaercs K JUTMHHBIM BOJIHAM TIPH yBEITMYEHHHN yria majgeHns. O6a Mmika ncues3aroT MpH yriie
najenus, oonpiieM 70°, OgHAKO, TIPU 9TOM TOSIBISETCS TPETUM MUK, PACIIOIOXKEHHBIH MEXIY ABYMS
MPEKHUMHU.

CrnexTp oTpakeHMsl JUIsl S-TIOJSpU3AIMKM 3aMETHO OTJIMYaeTcs OT Mpeablayliero ciydas, Puc.

2.11(6). Ilpm sToM HaOmOaeTCsI TOIBKO BBICOKOYACTOTHAs OOJACTh PE30HAHCHOTO OTPAXKEHHS W

eIMHCTBEHHBIH TMK moromenns Ha 1700 cM™. DTOT NHK COOTBETCTBYET YCIOBHIO TIONHOTO
IIPOXO0KJICHUS S-TIOJISIPU30BAaHHOTO CBeTa &, =1 M ero nonoxeHue He 3aBUCHUT OT yIJia IaJleHusl.

s Toro, yToOBI KCCIIEIOBaTh BO3MOXKHOCTD MOJIHOTO noriomenus cinoeM hBN (t.e. ycnoBus,

npu kotopom F, =0), oOparumcst k Puc. 2.11(B), Ha KOTOPOM TOCTPOEHBI BEMIECTBEHHAS U MHHMAas

yacTH COS’ 6, TOTy4eHHOro U3 ypaBHeHus (69). Mbl BUIMM JBe TOUKH PACIONIOKEHHBIE HA YACTOTAX

52



®,=700cm™ u @, =960CM™", B KOTOPHIX MHMMasi 4acTh COS’{), MCUE3aeT, B TO BpEMs, Kak

BENIECTBEHHAs YJOBIETBOpsAeT HepaBeHCTBY 0<C0S°#, <1, COOTBETCTBYSl BEIIECTBEHHOMY YTIIy

maacHus. CJ'IG,I[OBaTeJ'IBHO, IIpu OTUX [ABYX YCIOBHUAX P-IOJLIpHU30BaHHAsd BOJHA IIaJaromias Ha

noiryoeckoHeuHbli cioit hBN 6e3 oTpaxeHus IpOoXOIUT BHYTPh KPUCTAIUIA M MOTHOCTHIO MOTJIOMIACTCS

BHYTpPH.
Teopusa (P-polarized) R2 Teopwusa (S-polarized) R?
2000 1x10° 2000 1x10°
18004 (a) 1800 (6)
~1600 - ~1600
o AR 1x10?
S 1400 5 1400
5 1x10° S 1x10°
@ 1200 o 1200
2 1x10* 8 1x10°*
Q 1000+ o 1000-
I
3 800 1 1%16° 5 gg0] 1x10°
[aa]
600 , : : 1x10° 600 ; ; ; ; 1x10°®
0 20 40 60 80 0 20 40 60 80
Yron nageHua (rpagycol) Yron nageHua (rpagycol)
3kcnepumept (P-nonapusauma) R2 dKcnepumepT (S-nonapmsaumn) R2
2ooo-( ) 1x10° 2000 1x10°
~ B s
<1600 - R ~1600- ,
& 1x10° o 1x10°
S 1400 3 1400
= HE® = 1x10°
7, 1200+ @ 1200
o -4 o -4
% 1000 ixdl § 1000 1x10
I
= = N
S 800 - 1x105 Cg 800 1X105
[an]
600 1x10° 600 F——— . ; . 1x10°
0 0 20 40 60 80

Yron nageHus (rpagychbl)

Yron nageHus (rpagychbl)

Puc. 2.12. (a,0) PaccuutanHbIii CIEKTp OTpaKeHHs OT MoJyOeckoHeuHoro cios hBN i nByx
nossipusanuii. (B,r) AHaIOrHYHBIC U3MEPEHHBIE CIIEKTPhl. Toukn A u B 0003HAYAIOT MOJOXKEHUE IBYX

TOYCK B IINIOCKOCTH MTapaMETPOB, JJIsI KOTOPBIX BBIITOJHCHO YCJIIOBUC ITOJIHOTO IMOTJIOMICHUSA (69)

JIIsT SKCTIEpUMEHTAIBHON TPOBEPKH TPEACKA3aHHOTO TCOPETHYSCKH TTOJTHOTO ITOTJIOIICHUS
cBeTa, ObUIM BbIpamieHbl Kpuctawibl hBN mnpu momomu Mmetonos, ommcanHbix B [130] u [131].

[Tonmy4yeHHble KpHUCTAJLIBI OBLIM ONTHYECKH YUCTBHIMH C pa3zmepoM 3epHa 250—-500xm wu TOnIMHOMN
npubmusutensHo 200 #m. boinblnas poBHas MOBEPXHOCTh KPHUCTa/Ia MO3BOJIMJIA HU3MEPUTH CIEKTPHI

OTpaXEeHHUs Ul YIJIOB MEXIy HOpPMalbHBIM NaJeHHUEeM U 85° I s- U P-TNOJSPU30BAHHOTO CBETA.
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JlanHble ObLTM COOpaHBI CO CHEKTPalbHBIM paspelieHdeM 2CM ' U BapbUPYEMbIM YIJIOBBIM

paszpeleHueM, 4ToObl 00eCcTeYuTh MAKCUMAIIbHYIO0 TOYHOCTh B HHTEPECYIOIIEM Hac paiioHe.

Ha Puc. 2.12 npencraBieHbl AByMEPHBIC CIIEKTPhl OTPAKEHUS OT BhIpaIeHHOro obpasma hBN
JUTS. ABYX TIOJIAPU3ALNN MaIAl0IETr0 U3IydeHus. JlaHHbIe 7S S-TIONSpU3aIiy TP yIilax MaJIeHus BBIIIE
85 He OBLTM MOCTPOEHBI M3-32 BO3MOXHBIX apTedakToB. B 1emom, TeopeThdeckue MpeacKazaHus U
AKCIIEPUMEHTAJIbHBIE PEe3YJIbTaThl HAXOAATCA B XOPOILIEM Corjacuu. BBIIENAOTCS TpU pazIUdHbIX
00JacTU YCHJICHHOTO MOTJIOLIEHUS Ul P-TOJIAPU3ALUU U OJHA JIJIS S, U MX IOJIOKEHHE COTJIacyeTcs C
npeacka3aHHbiM Teopued. Kak ymomuHanoch BbIlI€, TOJIBKO JIBE€ TOYKH, OTMEUEHHbIE Kak A u B Ha
rpadukax, COOTBETCTBYIOT YCJIOBHS TIOJHOTO TIOTJIOMICHHUS, B TO BpEMs, KaK NpPOBal B CIEKTPE

OTPAXCHUA AJIA S-TIOJIApU3allUU CBA3AH C YCJIOBUEM ITOJIHOT'O MPOXOKACHUA.

OnviHa BonHbl  (um) Onvna Bonkbl (UM)
1614 12 10 8 6 1614 12 10 8 6
1 E+00 | LR | T ¥ T ® T & T 1E+00 | B WA T % T ¥ T = T
(a) (b)
1E-01 \ 1E-01 asaengea
1E-02 1E-02 '
0° 40° 60° 70° 75°
N N
X 1E-03 o 1E-03
1E-04 0 1E-04 4
1E-05 1E-05 4
P-Polarization S-Polarization
1E-06 +——F———F——————7— 1E-6+—F——7——F—"—F——————
60 800 1000 1200 1400 1690 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Bonxosoe uncno (cm™) BonHosoe uncno (cm’™)

Puc. 2.13. M3MepeHHbBIE CIIEKTPHI OTPAXKEHUS OT CIIOS TeKCaroHaJLHOTO HUTPHIA O0pa ISl HECKOIBKUX
3HAQUYEHWM yriia majeHust id JByX mnoispusanuii. Touku A u B 0oTMe4arOT 4YacTOThI TOJHOTO

6e3uHTep(hEePEHITMOHHOTO MOTIOIIEHHUS.

Uto0b! HccaenoBaTh BOIPOC O MOJHOM Oe3MHTep(EPEHIIMOHHOM IOTJIONIEHUH, 00paTUMCs K

Puc. 2.13, Ha KOTOpPBIX NpEACTaBICHbI H3MEPEHHBIE YaCTOTHBIE CIIEKTPHI OTpakeHHs OoT cioss hBN mpu

pasHbIX (UKCHUPOBAHHBIX yIiax naaeHus. Ha dacToTrax mNOJHOrO MNOIIOMEHHA ®, U @; H

COOTBETCTBYIOIIUX yTIJaX TWaJACHHS, TPEJICKAa3aHHBIX BhIpakeHHeM (69), BeaMYMHA OTPaKEHHOM
nHTeHCcHBHOCTH coctaBnser 10 u 3-107°, coorBercTBeHHO, PHc. 2.13(a), YTO MOXET PAcICHUBAThCS

KaK TIOJIHOE TOIJIONIeHHe sl GOJBLIMHCTBA TPAKTHYECKUX mpuioxkenuit. Ha uwactorax 800cm™ u
1700cm™, rae TONHOE TOTNONMEHHWE HE TNPOMCXOAMT, COTIACHO ypaBHEHHIO (69), MHTEHCHBHOCTB

OTPa)XEHHOTO CBETa JOCTHTAaeT JaXke MeHbIIero ypoBHs mopsaka 107°. JlaHHBIH (akT MOKeT
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OOBSACHAITHCS Kak nedekTamMu B KpUCTauinyeckod pemetke hBN, Tak M KOHEYHOW TOJIIMHON CIIOS,
KOTOpasi IPUBOJUT K HATMYUIO cl1aboro nHTepdepeHInoHHOro dddexTa.

OTMeTHM, YTO 3aMETHBIH MPOBAJ B CIIEKTPE OTPAXKCHUSI HAOIIONACTCS W VIS S MOJSPU3ALINH,
Puc. 2.13(6). HTeHCHBHOCTh OTpaXEHHOH BONMHBI pocTuraeT ypoHs 10° ma wactore 1700cm™ mpu
HOpMaJIbHOM TaJieHnd. CIeKTpaibHOE TOJI0KEHHE TPOBaia MPAKTHYSCKH HE 3aBHCUT OT yIJia TaJeHHUs
BosHEL. Cama ke BEIMYMHA HHTEHCHBHOCTH OTPaKEHHOTO CBETa MOHOTOHHO yBenuuuBaercst ot 107° 110
10 npu yrne nmamenus 85°. JlaHHBIA IIpoBal B CIEKTPE OTPAKEHUsS CBA3aH C YCIOBHEM IIOJHOIO

IIPOXOXACHUA &, KaK 3TO o6cy>1<;1anocs Boiie. CTOJIb BBICOKAS TOJICPAHTHOCTb K YIJIy HaJACHUA ACJIACT

JOCTaTOYHO TOJICTBINA ciioi hBN BceHampaBiIeHHBIM IOTJIOTUTEIEM Ha 1700cm™. JlaHHOE CBOMCTBO
JIETKO TOHATh W3 ypaBHeHUs (68. JleHcTBUTENBHO, IS TEPIEHAWKYJISIPHOW KOMIIOHEHTHI TEH30pa

npoHuiaeMoctn &, =1+ig], &) <1 ammumryna OTpaKeHHOH S-MOJIIPU30BAHHONW BOJHBI MOXET OBITh

pasnoxkena B psg Teinopa:
ig”
P S
L~ 4cos’ 6, (70)
i
Kak BUIHO W3 3TOro BBIpaKEHHUA, MpPH JTOOOM yrie mnajaeHus, otnuyHo oT 90°, magaromas BoOJHA

MNPAaKTUYICCKU ITOJIHOCTBIO IIPOXOAHUT B l'IOl"J'IOH_IaIOH_II/Iﬁ OI[HOOCHBII71 KpucCTtallll, B TO BPCMs KaK JIMIIb

2

MaJast 10Jist ”THTCHCUBHOCTH, ITPOINOPLHIUOHATIbHAA |€I , UCIIBITBIBACT OTPAKCHUC.

B 3akimodyenne, Mbl MPOJIEMOHCTPUPOBAITH, YTO DHEPTHUS Maal0IIel dJIEKTPOMArHUTHON BOJIHBI
MOJKET OBITh IOJHOCTBIO TOIJIONIEHa B OJHOIPOXOAHOM cHucTeMme, NMPUHLMI JeHCTBUS KOTOPOM He
OCHOBaH Ha JECTPYKTHBHOM HWHTeppepeHIn oTpaxeHHoro cBera [132]. MexaHu3M TOJIHOTO
MIOTJIOIIEHUS CBSI3aH C PAaBEHCTBOM IOBEPXHOCTHBIX MMIIEJAHCOB BO3/IyXa W OJTHOOCHOH IOTJIOMIAIOICH
cpenpl. KoHuenmwsi OAHOMPOXOTHOTO TMOTJIOTHTENS OblIa SKCIEPUMEHTAIFHO BepH(HUIMpPOBaHA B
MH(paAKpPaCHOM AMana30He C HCIOJB30BAaHMEM TOJICTOIO CJOS BaH Jiep BaambCoBCKoro kpucramia
IeKCaroHaJIbHOTO HHUTpHAA Oopa. Mbl HM3MepWIIM CHEKTPbl OTpPaKeHHs s JABYX MOJSpU3ALUi U
OOHApyXWJIM TUKA T[OIJIOMICHUS, TIOJOXEHHE KOTOPBIX  COrjacyercsi ¢  TEOPETHYECKHUMH
MpeCKa3aHMsIMH.

Konmernusi morinomeHus, NpeAcTaBiIeHHas B JaHHOW padoTe, MpPEOCTAaBISECT YHHKAIbHBIA
Croco0  JOCTIXKEHHMsSI  TOJIHOTO  3JEKTPOMAarHUTHOTO  MOIJIOMIEHUS ~ 0e3  HCIOJIb30BaHMS
uHTephepeHIIMOHHBIX 3(PdekToB. Takoil MOAXOH MOXKET OBITh 0CO00 LEHHBIM TaMm, TJe TpedyeTcs
WCTIOJB30BAaHUE TPOCTBIX C TOYKM 3PEHUS TEXHOJOTMH YCTPOMCTB. XOTSA MAaHHBIA TOAXON HE
MPEOCTABISIET MPEUMYIIECTB C TOYKH 3PSHHUS MHHUTIOAPU3ANUU YCTPONCTB M3-3a2 TOTO, YTO TOJIIIMHA

MOorJjIom@armero CJIosd MOOJKHA MTPCBOCXOAWUTHL TOJIIUWHY CKHUH-CJIOA HU3JIYUCHUA, HUCIOJIB30BAHUC
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IBYOCHBIX TONNIOIIAIOIINX CPEl MOXKET HAWTH yJadyHble IPUMEHEHWs. B [omonHeHWe, NaHHBIE
OKCHEPUMEHTAIbHBIC HAONIOJEHHUS TPEACTABIAIOT HMHTEpeC B (yHIAMEHTAIbHON TOYKH 3pEHUs,
MOCKOJIBKY OHH TOKa3bIBaIOT BO3MOXXHOCTH MOJTHOTO MOTJIOMICHHUS 0€3 JeCTPYKTUBHOW HMHTEp(EpeHIINH.
Hannblii 3¢ ekt npencrapiser coO0l HOBBIN CIIOCOO KOHTPOJIS 3@ IEKTPOMArHUTHBIM MOTJIOIIEHUEM U
MOJKeT HalTH NPUMEHEHUs B JM3ailHe JeTeKTOpoB M (OTOBOIbTAMYECKUX cucTeM. bonee Toro, 3HaHue
HEOOBIYHBIX ONTHUYECKUX cBOMCTB hBN cTuMynupyert uccienoBanue u pa3paboTKy HOBBIX 3JIEKTPOHHBIX

YCTPOMCTB Ha OCHOBE pa3iIu4HbIX BaH nep BaanbCOBCKMX KpHUCTALIOB.
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I'maBa 3

HanoJuiazepsi

3.1 Beenenune

JlaHHas ry1aBa MOCBSIIEHA 3JEKTPOAMHAMUYECKOMY ONMCAaHUIO HaHoJa3epoB. Pemena 3agaya o
HAaxO0’KJICHUH YCIIOBUS T'€HEpallMy ILUIA3MOHHOIO HAHOJAa3epa U ONMCAaHUU NOBEICHUS HaHOJAa3epa BBILIE
ropora TeHepaly Py MOMOIIN KJIACCHUYECKOTO 3JIEKTPOJIMHAMHYECKOTO MOAX0a 0e3 MCIOIb30BaHUs
KBAaHTOBOMEXAHMYECKUX  JUHAMHUYECKMX  ypaBHeHMH. Kpome  TOro, mpemioxkxeH  Iu3aiiH
IM3JICKTPUUECKOT0 HaHoJa3epa — CyOBOJHOBOTO Jja3epa, HE COJEpPIKAIIero IIa3MOHHBIX METalIOB U
oOnanatoiero 601ee HU3KUM IIOPOTOM IFeHepalnu.

C ToukM 3peHHs] Pa3IUYHbIX TMPUIOKEHUHN SBISETCS MHOTOOOCHIAIOIIe MHUHUTIOApU3ALUS
HUCTOYHUKOB KOIEPEHTHOTO 3JIEKTPOMAarHUTHOIO H3JIydeHuss — JaszepoB. Cpeaum  BO3MOXKHBIX
MEPCIEKTUBHBIX NPUMEHEHUH HAHOIA3ep08 MOXKHO YKazaTh Ha TNPHIOKEHHUS B OOJIACTH Tepefaydl u
00pabOTKK JaHHBIX B HOBBIX MOKOJCHUAX BBIYUCIUTEIILHBIX yCcTpoucTB [10], 1 npuiokenus B obmacTu
ounomukpockomnuu [11, 45]. Kak u mr000ii apyroi jasep, NPUHIMITHAIBHO HAHOJA3ep COCTOMT U3 JBYX
COCTABJISAIONIMX: JIEKTPOMArHUTHOTO PE30HATOPA U YCHUIIMBatoIIeH cpesl [46, 47].

Jlist  OThICKaHUSl BEJIIMYMHBI NOPO208020 YCUNEHUs. MOKHO BOCIOJIB30BaThCS JIMHEHHBIM
MIOJIXOJIOM, KOTOPBIM 3aKJIFOYAETCSl B ONMCAHUM YCWJIMBAIOWIEH CPelbl IPHU MOMOLIM IUAIEKTPUYECKON
MIPOHUIIAEMOCTH C OTPULATENbHBIMH NOTEPsIMU. OJTHAKO, B pAMKax TaKOM TEOPUHU HEJIb3s1 HUYETO CKa3aTh
O TOBEJCHUM CIa3epa BbIIIE OPOra, a TaK e O JUHAMUYECKOM IOBEACHUU 3JIEKTPOMArHUTHOTO OIS
HaHoJazepa. B crnenyromiem paszaene 3ToH IJ1aBbl Mbl pa3BUBAEM TEOPHIO, ONKCHIBAIOLIYIO CHa3ep MpH
MOMOIIM HEJIMHEHHON TUAJIEKTPUYECKOW MPOHUIIAEMOCTH, KOTOpas y4YUThIBaeT 3(PQEKT HACHIIICHUS

aKTHUBHOM Cpeabl 1 KOPPEKTHO OIMUCBIBACT MMOBECACHUC CIIa3€pa BBILIC ITIOpOra reHepanuu.

3.2 DIeKTpoAMHAMHYECKOe ONHCcCaHMe cria3epa

KinroueBoi mar Ha mMyTH K 3JIEKTPOJAMHAMUYEKOMY OINHMCAHUIO CHa3epa — OMUCAHHE AKTUBHOMN
CpeIIbI TIPH IIOMOIIN AUAJICKTPHUECKOHN mpoHuIaeMocTH. [Toaxoisiee 11 HaluX 1elied BRIpaKeHHUE JIs
MPOHUIIAEMOCTH MOXeT OBITh TMOJNIyueHO U3 YypaBHeHH MakcBemia-bimoxa, KoTopble dacTo
UCTIONB3YIOTCs mpu ommcanuu JjasepoB [133, 134] u cmazepoB [70]. B »TOoM moaxome 3BoJtOIUS

SJICKTPHUYCCKOTO ITOJIA OIMMCBIBACTCA KIIACCUUCCKUMU YPaBHCHUAMU MakcBeia:

5 O°E_ 4z %P 1)

CVET e T T
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rac &, - IpOHUOAacMOCTh BCIIICCTBA, B KOTOpOI71 HaXOIATCs aKTMBHBIC MOJICKYJIBI U C — CKOPOCTH CBETa.
AXTHBHBIE aTOMBI CMOJCJIMPOBAHbI KaK ABYXYPOBHEBBIC CUCTEMBI C JUITIOJIbHBIM MOMEHTOM IIE€PEXOaa U
M 4acTOTOH nepexona @, , pacliioJIOKCHHBIC B ﬂHSHeKTpH‘IeCKOﬁ MaTpuue. J_II/IHaMI/IKa noJsipu3anun

HHBCPCHUU HaceJICHHOCTEH I[ByxypOBHCBOﬁ IMOACUCTEMBI OIIKMCBIBACTCA YPABHCHUAMHU, CICAYIOIIUMHU H3

ypaBHEHHsI HAa MaTpHIy IIoTHOCTH [134]:

2 2 2
TP L2 ap_ 20nlul 72
oz, dt h
@Jri(n—no):iRe(E*-a—Pj (73)
ot 7, ha, ot

rac Z'p H 7, - BPpEMCHa pellakCalMu IIOJIpHU3allii U WHBCPCHU, n o0o3HavaeT 06’BeMHyIO HHBCPCHUIO

HaceneHHocTel. [lompazymeBas rapMOHHUYECKYIO 3aBUCUMOCTH OT BPEMEHHU DJICKTPUUYECKOTO TMOJS U
MOJISIPU3YEMOCTH M MCKJII0Yash MHBEPCHIO HACEJIIEHHOCTEH W3 JaHHOW CHCTEMbI, Mbl IPHUXOIUM K

CJICAYIOIIEMY BBIPAKCHUIO IJIA HEIUHEHHOMN IMPOHUIACMOCTH MATPULIbl C AKTUBHBIMU MOJICKYJIAMU:

.0 -
o " gur
o @
ggain (a)) = go + DO 2 (74)
@ 2 [0 -}
1+ BlE(@) +| ——=>
200"
2 o
rne D, =4mu‘t ny/h - OGe3pasmepHblii NapameTp Ui CTAIMOHAPHOTO 3HAYEHHS HAKAYKH Ny,

_ 2 2 _ .
B=ur,r,/h° u I'=1/7, . XapakrepHble BpeMeHa 3aTyXaHHUs JUIi OPTAaHMYECKUX KPACUTEINEH paBHbI
7,~100ps u 7, ~10fs, coorserctenno [135]. TlonoxurenbHeie 3HaueHus D, cooTBeTcTBYIOT

YCUIICHHUIO, B TO BPEMA KaK OTPULATCIIbHBIC — ITOTJIOIICHULO.
B ,[[aHHOI>’I pa60Te MBI YICIIsIEM BHUMAHUC B3aHMO,Z[eI>’ICTBI/IIO YCI/IJ'II/IBaIOH_[eﬁ M TIaCCHBHOM cpen,
IMO3TOMY B KA4YCCTBC IMapaMCTPOB, OMUCBIBAIOIIMX YCHUIIMBAIOIIYIO CPEAY, MBI MPUHAIN HEKOTOPLIC

peanucTuuHble 3HaueHus. VIMeHHo, Mbl ucnonb3dyeM &, =4, I'=0.05eV, @, =2eV u D,<0.25.
HanpsikeHHOCTh  AIEKTPUYECKOTO TOJIS  Jajiee M3MepsieTcss B eAMHHIIAX ,6’_1’ 2. JInst TMINYHOTO
OpraHUYECKOTO KPacHTelIs 3Ta BeMUNHA cocTapiser f V2 =h, fl/ 7,7, | 4~10MB/m.

CormacoBaHHOE€ pacCMOTPEHHE Craszepa MPOM3BOJIBHOTO Ju3aifHA TpeOyeT HaXO0XKIACHUS
perieHusT HeTWHEWHOTro ypaBHeHHWs Jlammaca, KoTopoe, BOOOIIe TOBOpS, MPUBOAWT K TPOMO3IKUM
BBIUHCIICHHUSIM. B KadecTBe Mojenu crasepa Mbl paccMaTpuUBaeM aKTHBHOE cepHuecKkoe sSApo paauyca

I'ore » IOKPBITOE IIA3MOHHOM 00ONOUKO# panuyca I, (Puc. 3.1). lanHas reometpusi N 03 BOoNnNA €T

PewnT bUHIREI/HY 10 3 ajgauy . kiciawledsio) §IROPOKHRAE TI0J€ BHYTPH spa
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SIBJISIETCSl pEUICHUEM HeNWMHEWHoro ypaBHeHus Jlarumaca. Paamycel, ucCHnoib3yemble B JalbHEUIIMX

BBIYMCIICHUSX - I, =20nm u r . =0.85r,, . Ju1 npoaunaemMoctu cepedpa Mbl HCIOIb3yeM (HOpPMYILy

Hpyne 8(60) =¢, —a);I @l (w+1y). YToOBI COOTBETCTBOBATh YKCIIEPUMEHTAIbHBIM AaHHBIM [115], MbI
HCIIOJIB3YeM ciiefytomue napamerpst: &, =4.9, o, =9.5eV, u y=0.05eV. [lna3moHHbIil pe3oHaHC

TaKOW HAHOYACTHUIIBI PACIICIUIACTCS Ha JBa (CHMMETPHYHBIN M aHTUCUMMETPUYHBIH, cM. [136]), onuH u3

KOTOPBIX UMECT YaCTOTY @, = 2.0eV. BCHOMI/IHaH, YTO YaCcTOTa aKTUBHOM CpCAbl TAKIKC (bHKCI/IpOBaHa Ha

2 eV, MBI MOXKEM OKHNAaTh YCHUIJICHHS ITOBECPXHOCTHBIX IIJIa3MOHOB Ha ,HaHHOﬁ qacToTeE.

yCcuUnuBeatoLlas

MeTarnn

Puc. 3.1. 'eomerpus cnasepa: chepuyeckoe apo U3 yCHIMBAIOLIEH Cpeibl, MOKPBHITOE METAUINYECKON

000JIOYKOH.

CriasupoBanue — aBTOKONEOAHHMS JMIIOJIBHOTO MOMEHTA HAHOYACTHIIBI, MOIEPIKUBAEMBIE
HaKauKod. B Hamleli MOIENM Cla3MpOBaHHE MOKET ObITh OMNPENETCHO KaK HEHYAe6oU OunoibHbll
MOMenm ~ KOMIIO3UTHOW HAHOYACTHLGI TIPH  HYIe6oM 6HewneM noie. YUToObl HaiiTH  Takue
ABTOOCHMIUIALIMK, MBI BHIOMPAEM TMOTEHIMAT BHYTPH SJIPa, COOTBETCTBYIONIMH OJIHOPOIHOMY TIOJIO:
Eeore (1) ==V @ =E;, . HoTeHmmMan BHyTpu 060104KK BEIGPaH B BUIE @, =—DE, -r+cE, -r/r°, rae
I' - paccTosHME OT LEHTPA SAApa A0 BHIOPaHHOH Touku. TakuM 00pazoM, SIEKTPUIECKOE TOJIE BHYTPHU

METAINYECKOH 000I0YKH OKA3bIBAETCS paBHO

Eqnen (1) =bE;, —CE;, /T +3c(E,, -n)n/r’ (75)
mpuaeM  Egg, (r)-n=bE, -n+2cE,-n/r* n Eg, (r)xn=bE, xn—cE, xn/r’, rtoe n=r/r -
eHHHHqHBIﬁ BCKTOD. HOTeHHI/IaJ'I CHApy K1 OT HAHOYACTUIBI JOJIKCH CIlaJaTh KakK KY6 PAaCCTOSAHUA, UTO

3

OPUBOANT HAac K CIEAyloUleMy BbIpaxeHuio: ¢, =aE; -r/r°. U3 sroit ¢opmynsl Mbl momydaem

SJICKTPHUYCCKOC I10JIC CHAPYKHU:
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E, (r)=-aE, /r’+3a(E, -n)n/r’ (76)

npu stoM E, (1 ) n=2aE,_-n/r’u E (r)xn=-aE, xNn/r®. 3aMeTHM, 4TO JaHHOE BHIPAKEHHE JUIs

out out

HOTEHIMJIA CHApYXXH COOTBETCTBYET JJIEKTpHYECKOMY IunonsHoMy MomeHty d=aE, . Temeps Tpu

HEHM3BECTHBIX BEJIMUYUHBI &, D M C MOTYT OBITh ONpE/ICICHBI U3 TPAHUYHBIX ycioBuit [137]:

Dcore ‘n Fore = DsheII ‘n Toore

Ecore xn Teore - Eshell xn Teore (77)
Dshell ' n|rshe" out ’ n Iehell

Eger xN|, =Egxn

Tshell Tshell

I'ne D=¢E. Cna3upoBanue coorBercTByeT HeHyineBoMy nomto E; . Iloncrasnsas (75) u (76) B rpan.

ycnoBus (/7) v mpenmnosarasi HeHyJieBoe 3HaueHue E, , IpuxoauM K cucTeMe ypaBHEHUM:

in >

gam (a) E D )Ein :gshell (b+2C/rcore)

E,=(b-c/r

core) (78)
Egen - (D+2CTT, heII)E =2al rsheu

(b_C/rshell ) E,=-al rshell -E

in

in
Hcknrouass HeusBeCTHBIC a, b U C M3 DTOH CHUCTEMBI H MOACTAaBJIsIA UX B IIEPBOC YPABHCHUC, MbI

MMPpUXOONUM K:

) 2 (gshell (a)) _1) rcat‘)re - 2 (2 + gshell (CO)) rs::‘lell
She” 2 (gshell (a)) _1) r-c:jc’)re + (2 + gshell (a))) IFs::uell

| KOMILIEKCHBI, ypaBHeHHe (79) npeAcTaBisieT co0oi 1Ba AeHCTBUTEIbHO3HAUHBIX

Egain (@ E;p, D

in?

(79)

TIOCKOIIBKY &y B Egpg

ypaBHeHUs Ha Tpu BenmuumHbl: Dy, E,, m . Takum oOGpazom, oHO ompenenser (yHKIHMOHAIbHYIO
3aBucumocts E; (D,).
Cucrema ypaBHenuii (78) Bcerma wumeer TpuBManbHoe pemenne E, =0. Hama

HEMMOCPCACTBCHHAA IICJIb — HalTH 3HAYCHHE HAaKauyKHU DO , [IPU KOTOPBIX 3HAYCHUEC SJICKTPUUCCKOTO IOJIA

BHYTpH YacTuilsl HeHyneBoe. [loacrasmnss (3) B ypaBHeHue (8), Mbl IPUXOAUM K

go+DO;° wl; — = F(o) (80)
a —
1+ﬁ|E | +(2a)Foj

1€ MBI BBCJIN 0003HauYeHHE
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2 (gshell (a)) _1) rc?)re - 2 (2 + gshell (a))) r‘scl);ell
2 (gshell (a)) _l) rc?c))re + (2 + gshell ((0)) rs?;lell

JleBas yacTh (80) 3aBUCUT OT YaCTOThI, BCJIMUYMWHLI ITOJIA 1 HAKAYKH, B TO BPECMA KaK IIpaBas 4aCTb 3aBUCUT

F (w) = Esnen (81)

TOJIBKO OT 4acToThl. HecliokHO BHAETH, YTO Im[F(a))] oTpulaTelibHa MPHU JIOO00W YacToTe B Ciydae

HaJIN4HA IIOTCPh B 000J104KeE. HpI/I JIFOOBIX MOJ0KHTEIbHBIX D0 MHHMasA 4aCThb & TAKIKC OTPpHULIATCIIbHA

gain

u paBHa Hymo npu D,=0. CnenosarenpHo, cymectByer wunrepar 0<D,<D,, B kortopom

BBIITOJIHSETCS Im[F(a))]<Im8 (w) wu, cnemoBarenbHO, ypaBHeHHE (9) HE HMEET pPEIICHHIA.

gain

MuHuManbpHOE 3HAUYCHHE HaKa4dKH, IIPU KOTOPOM PCHICHHUEC HMECTCIA, MOXKET pacCMaTpUBATLBCA KakK

noporosoe 3HaueHue D, . Yacrora, Ha koTopoil ypaBHeHue (80) yqOBIETBOPEHO, SIBISETCSA 4acmoOmou
cnasuposanus @, . 3ametum, uto npu Dy = D, none Buyrpu pasno nymo: E, (D,)=0.

YT1oObl HAWTHU 3HAYCHUE O,

., » MbI iepenuiiem ypasuenue (80) cnenyrommm o6pazom:

DO — F(a))—&'o 2 (82)
2 a)z_a)g ’ _i+w2_a’§ 23
1+ BlE,.| + ol el

HOCKOHBKy JICBagd 4YaCTb OSTOI'O YpPaBHCHUA HeﬁCTBHTeHBHa, Mbl IIOJIy4aeM OJHO YpaBHCHHC,

onpeaciIdromee a)sp .

F —
Im M ~0 (83)
)
20,

Korna (83) pemieno u HaiiieHa yacToTa criasupoBanus, (82 onpenensier 3aBUCUMOCTh TOJISl OT HAKayKH.

JlelicTBUTENbHO, (PUKCUPYS 3HAUEHUE YACTOTHI HA @),

sp 2 MBI HAaXOAUM:

D, _ P el (@) 5 (84)
2 _2Y o w,’ — o}
N R R e
" 0 Za)Spl" 2a)spl—‘

Panee mb1 mokaszamu, uro E, =0 u D,=D, ynosrersopstor (80). YBenmuenwe Hakauku D,

HPOUCXOASIIEe OHOBPEMEHHO C OIPEeNICHHBIM YBeIHM4YeHHeM 1oiisi E. , He MeHsieT npaBoii gactu (82).

CrnenmoBarensHO,
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0 — th (85)
‘2 .. — a)é

1+ﬂ\Em(DO)

CnenoBartenbHo, osie E, , Kak U IUMONBHBIA MOMEHT HAaHOYACTUIBI 0 , IPOMOPIIMOHAJICH ,f D,—-D, :

in?

2 22

Y o e Y e B (86)
BD,, ZQ)SPF
rmue a= [_(1+ 2 o ) Egpen — ggain)rS + (Egpen ~D(2& e + Egain) Rs](ggshell )71 . /ManHoe  moBeneHHE

HanoMuHaeT Oudypkamuioo Xomnda B THIMYHBIX Jasepax [46]. [eiictButensHo, npu D, =D,
TpuBHaNbHOE pemeHue cucremsl (78) E, =0 craHOBUCTS HEYyCTOWYMBO U IOSBISIETCS HOBOE
HETPUBUAIILHOE YCTOWYMBOE PEUICHUE C KOPHEBOW 3aBUCUMOCTHIO aMILTUTYbI MOABI (T.€., MOJISi BHYTPH
HaHouactuusl) or D, — D, .

Kak Tonpko yacToTa CIIa3UPOBAHUA HaljeHa YHUCJICHHO, U3 (82) MBI IIOJTYy49aeM 3HAUCHUC ITOpOora

CIIa3UPOBAHMUS:

2 2\2
o, . —w, Flw.)-¢
D, = 2|1+ 22— e % (88)
@, 20, )
20,

Takum oOpa3oM, pa3BuUTas KJIacCHMUecKass MOJeNb Ha JaHHOM JTare JAEMOHCTPUPYET sBIIECHUS,
IIpEeACKa3aHHble KBAHTOBOM TEOPHUEH: IMOPOT T€HEPALMU U KOPHEBYIO 3aBUCUMOCTb aMILTUTY/bI JIA3EPHOU
MOZABI OT Hakaykd. [ mapaMeTrpoB, NMPUBEICHHBIX BBIIIE, BBIUMCICHUS MPEICKA3bIBAIOT 3HAYCHUE

4acTOThI CIa3supoBanus @, ~1.987eV u nopora renepauu Dy, ~0.215.

Kak ObUTO OTMEUEHO BO BBEICHHH, CIIa3epPhl MOTYT MCIOJIB30BATHCS TSI KOMITCHCAITUH MTOTEPb.
HMmenHo, BcTpauBasi criazepbl B MeTamMaTepual, MOKHO TOOUTHCS CO3/1aHWs KOMIO3HTHOTO MaTepuana
0e3 OMHUYECKHX TMOTeph. Takoil MaTepuanm MOXKET ONUCHIBAThCS IPGHEKTUBHON AUIIEKTPHUSCKOMN
MPOHHUIIAEMOCTBI0. DTO, B CBOIO OYepelb, MPEINOoJaracT, 4Yro JWIOJBHBIA MOMEHT clasepa,
WHIYIIUPOBAHHBIN BHEIITHUM IPUIIOKEHHBIM ITOJIEM, TUHEHHO 3aBUCHUT OT TOTO TOJIs, 9YTO caMo T0 cede,
BOOOIIIE TOBOPSI, HEBEPHO B CIIydae cria3epa.

B paborax [75, 138, 139] BO3MOXHOCTH KOMIICHCAIIMK ObUIa KCCICIOBaHA IyTEM

KOMITBIOTEPHOW CHUMYJISIIMHA. ABTOPBI PaCCMaTPUBAIM CBEPXKOPOTKHE CBETOBBIE HMITYJIbCBHI, TaK 4YTO
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MHBEPCHS HACEIIEHHOCTEH HE yCleBaia H3MEHUTHCS, TAKUM 00pa3oM, OTKJIMK CPEAbl Ha BO3MYIIEHUE ObLT
JINHEHBIM.

Hacrosimass moaens cnasepa MO3BOJSET PELINTh 3a]adyy O HEITUHEHHOM OTKJIMKE aKTUBHOU
cpenpl Ha BHENIHee moie. Breimie mopora cmasep SBIsSETCS aBTOKOJICOATEIbHOM CHUCTEMOW M €ro
UCIOJIB30BaHUEe HEymoOHO mist kommeHcanuu noteps [140, 141]. Xots Takoi crmasep U MOXET OBITh
CHHXPOHU3UPOBAaH BHEIIHMM TojeM [73], ¥ moTepu B OSTOM pEXKHUME TaKKE MOTYT OBITh
CKOMIICHCUPOBaHBI [72], aMIIuTy1a KoJieOaHuii ci1a0b0 3aBUCUT OT aMIUIATY/IbI [aIAI0IIETO MOJIs.

OTKIIHK cria3epa HUKE Topora 0osee MoIXOoauT A 3TOHM nenu. JleliCTBUTENbHO, HIDKE MTOpora
reHepalyy crasep BCeraa CHHXPOHHM3MPYETCS BHEIIHMM IIOJIEM, W aMIUIMTyJa JAWNOJIBHOTO MOMEHTA
HEJIMHEHHO 3aBUCUT OT YacTOThl. OCTaeTcsi BONMPOC O BO3MOXKHOCTH CKOMIIEHCHPOBATH MOTEPH HIKE
nopora reHepanui. KBaHTOBO-MEXaHUYECKOE paCCMOTPEHHUE ITOTO BOMpoca ObUIO MpoBeneHo B [142].

YT1oObl HAWTH OTKJIMK clla3epa HA BHEIIHEE I10JIC, Mbl JIOJDKHBI BKJIIOYHTH COOTBETCTBYIOIIUIA

ynen E_, =XE, B cucremy ypaBHenuil (78). Ilpenmonaras, 4TO OunonbHulli MOMeHm cnazepa
OCYUIUpYem ¢ Yacmomou 6HeulHe20 NoJisl, Mbl TPUXOJUM K CUCTEME:

ggain (0)’ Ein’ DO) = gshell ' (b + ZC / rc?)re)
—h_ 3
1=b-c/r,, _ (89)
gshell ’ (b + 2C/ r-s::wll) =X+ 23./ rs:;ell

3 3

b_C/rsheII - X_a/rshell
Yucnennoe peumeHue 9TON CUCTEMBI JaeT HaMm pyd 3aJaHHOM 3HAYCHHWHM BHCIIHEIO IAAArOIICro MOJs
3HA4YCHHUEC OUIIOJBHOTO MOMEHTA CIiasepa.

Ha puc. 3.2 nmoka3aHbl 3aBUCHMOCTH JUIIONBHOTO MOMeHTa criazepa d =aE,  oT BHemHero nojis
B PasHBIX PEXKMMax: HIKE M BBILIE TOPOTa M NPU PasHbIX vacrorax: npu @, =1.98eV <aw, wu npu
o, =1.99eV > @ . BuaHo, 4to HWXKE MOPOra CyNMIECTBYET YACTOTA M AMIUIATY/A BHEILIHETO OIS, MPH

KOTOpOil MHUMasi 4acTh JIHUIIOJBHOIO MOMEHTa oTpuuarenbHa (puc. 3.20). B aTom pexume sHeprus
BOJIHBI HaKa4KH IEPEacTCs CUCTEME M MpEBbIAeT notepu. [Ipu onpeneneHHON aMIUIMTYAE BHELIHETO
MoJisl, MHMMasi 4acTb JUMOJIBHOTO MOMEHTa CTaHOBUTCS TOYHO PaBHOM HyN0. DTO O3HAa4yaeT, 4To
OMMYECKHE MOTEPU B HAHOYACTHIIE OKA3bIBAIOTCS MOJTHOCTHIO CKOMIIEHCUPOBAaHbl. MHOXECTBO 4acTOT U
aMIUTUTY/l TaJaloIIero IMoJst, MPH KOTOPHIX MPOUCXOAMUT TOUYHAS KOMIIEHCAIMs, O0pa3yroT KPHBYIO
komrieHcaruu. Ha puc. 3.2(a) kommeHcanus moteps He HaOIIOAACTCS, YTO COTJIACYETCS C Pe3yJbTaTaMu
KBaHTOBO-MEXaHUYECKOTo mojaxoa[76], cormacHo KOTopoMy, KOMITEHCAIlMsSI HEBO3MOKHA MPU YacTOTax

BHCIIHETO ITOJIA, MCHBIIUX YaCTOThI CIIa3UPOBaHUA.
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~ 04 (a) 0.4 o . ()
. G e et
% 0.2 _,-"—--__ 0.2 %00 ooon0 D020 ‘_--'-_‘—
g e : e
= I L L / ’_,_',-
g 0.0--- 0.0fz-----
L
2 Do = 0.21
A-02  Dy,=0.21 -0.2 w=1.99eV
w=198¢eV
-04 - 04
0.000 0.002 0.004 0.006 . 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010
04 (c) 04  (d) )
%02 .02
g aem" ,*
g 0.0F===mweeemaaaamaemn o 0.0~<._ @
© _ Rk S
2-02 Do=025 -0.2 D, = 0.25
) w=1.98eV w=1.99eV
- 04 - 04

0.000 0.002 0.004 0006 0008 00100000 0.002 0004 0006 0008 0.010
Ext. Field, g2 Ext. Field B '?

Puc. 3.2. OTkiuk cra3epa Ha BHEIIHEE MOJIe HIDKE Mopora (BEpXHsis MaHelb PUCYHKOB) U BBIIIE MOpPOTa
(HrxHSS TaHenb). YacToThl BHEIIHETO MOJIsi OTMEUYeHBI Ha rpadukax. CIJIONIHbIE M TyHKTUPHBIC JIMHUU
MTOKAa3bIBAIOT JIEHCTBUTENIbHYI0 U MHUMYIO YacTh JUIOJLHOTO MOMEHTA IO OTHONICHHIO K IMaJalouieMy
MIOJIF0 COOTBETCTBEHHO. KpyXKoM Ha rpadukax oTMe4eHbl TOUKH, B KOTOPBIX MPOUCXOAUT KOMIIEHCAIHS

IIOTEP.

Hama momens Takke DEMOHCTPHUPYET, YTO KOMIIGHCAIMs TMOTEPh BO3MOJKHA BBINIE TOpOTA
CHa3upoBaHus (3eNeHbl KpyXOoK Ha puc. 3.2r). OgHako, KaKk MbI 3TO OOCYIWIIHM BBINIE, 3TOT PEXKUM
Heyo0eH aisi paboThl BCIEACTBHE CHIIBHO HEMTUHEHHOTO OTKIIMKA aMIUIUTYAbI TUMOIFHOTO MOMEHTA OT
BHEIIHEro mojsi. Hakowner, xoMmmeHcanusi MoTepb (GopManrbHO MOXKET MPOUCXOIUTh W TPH YacTOTax

O <O,

MEHBIIUX YaCTOThI CHIA3UPOBaHM (KpacHBIN KPYkKOK Ha puc 3.2B). OqHako, Kak Oy/eT MOKa3aHo
B CJIEJIyIOIIEH YacTH, JaHHOE pelIeHHe HeyCTONYHBO.

Beie mopora crnasep siBiisieTcst aBTokosied6arenbHoi cuctemoit. Kak n3BecTHO u3 0011eid Teopun
HEJIMHEHHBIX OCIWUIATOPOB, OTKJIMK TaKOM CHCTEMBbl Ha BHEIIHEe BO30YXKJAECHHE MOXKET OBITh Kak
rapMOHMYECKUM, TaK U croxacTuiyeckuM [143]. UToObl MpOIUTh CBET Ha JaHHBIN BOMPOC, MBI HCCIIEAYEM

BPEMCHHYIO 5BOJJIIOIUIO CIIa3€pa BO BHCIIHEM II0JIC.

MBI PaccMOTPHM 9BOIIOLMIO JIMIIONEHOrO MoMeHTa crasepa d(t) =dg,, (t)e™” Bo BHemHem

none E, (t) =E,,, (t)e™. 3necs dg,,(t) 1 Eg,, (t) - MeATEHHO MEHAIOLMECS AMILIUTYIb! AUIIOIBEHOTO
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MOMEHTAa H BHCHIHETO IIOJSA COOTBCTCTBCHHO. BpeMeHHaﬂ 3aBUCUMOCTh JHUIIOJIBHOT'O MOMCHTA H

BHEITHETO MOJIS CBSA3aHbI COOTHOIICHUEM:
a7 (4 E, (1)d(t) =E, (1) (90)
Tounas ¢popMa HETMHEHHOTO OIepaTopa &‘l(Ein) HaMm HeusBecTHa. UToObI cornmacoBaTh ypaBaenus (90)

u (74), MBI pacCMOTPHUM, KaK 3TOT ONEPATOp JACHCTBYET Ha FTApMOHUYECKOE MOJIe:

a(w,E, (@))d(w)=E,, (») (91)

2

rne E (o) - nome, xotopoe HyXHO mozacraBisate B (74) m ‘~’ obOo3Hauaer mpeobpazoBanue Pypne

cooTBeTCTBYIOIEl (yHKuuM. B maHHOM ciydae o & - 3TO NPOCTO OTHOIIEHHE TI'apMOHHYECKH
KOJICOJTFOIIIMXCS. BHEIIHETO IMOJIS W HHIYIMPOBAHHOIO JHUIIOJLHOIO MOMEHTA, KOTOpPBIE OIMPEIEISIOTCS
cucremoii (89): o =E, /d =x/a.

ext

[Tpumensis npeodpazoBanne Oypwe K (91), MBI mpuxoIUM K
E. (t)= ja‘l (Q,E,)d(Q)e ™ dQ= e‘i“’t_[oz‘l (@+v,E;,)dyo, (v)e ™ dv. (93)

[Tockonbky riaBHBIN BKiIaJ B HHTErpai (93) COCTaBISAIOT TAPMOHHUKH C V <K @, MBI MOXEM Iepenucarhb

€ro B BUJC:
-1
Eext (t) ~ e—ia)tj' a_l (60, Ein)+vw aslow (V)e_indV =
w
=e o (w,E )J-EI (v)e™dv+e™ mjv& (v)e™dv (93)
! =in slow da) slow
-1
— e—icot |:al(a)1 Ein)dsmw (t)+| da (a)’ Ein) ddslow (t) ,
do dt

rae ciaaraemoe ¢ d/dt oTBewaer 3a ymmpeHHe CHEKTpa AMIOILHOrO MoMmeHTa (cM. Takxke [144, 145]).

ot

Cokpamasi OCHMJITHPYIOMHi MHOKATENb € ' ¢ o6emx cTopoH (93), MBI HPHXOIUM K HEOOXOIMMOMY

HaM YPaBHCHUIO JABUKCHHA JUIIOJIBHOTIO MOMCHTA BO BHCITHEM I10JIC, OCHUJIJIMPYIOIIUM C JacTOTOH @ .

ido:"l d

E a dslow (t) + aild slow (t) = Eslow (t) (94)
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0.004 Dy=0.25> Dy,
0.002- Uristable
—

0.000 - ]
. Sync
< -0.002
(D]
®0.004
- 0.006
- 0.008 D,=0.21<D,

- 0.010 '
0.000 0.005 0.010 0.015 0.020

Ext. field 12

Puc. 3.3. JleiicTBuTenbHas YacTh JIAIMYHOBCKOTO IOKa3zaTels ReA s moamoporoBoro (CIuIOIIHAS

JIMHUS) U HAJIOPOroBOro (IIyHKTUpHAs JIMHUS) peKrMMa paboThl criazepa MpU 4acTOTe MaJaroUIero Mosis

®=1.985B. B mnoamoporoBomM pexuMe JSMYHOBCKUM IIOKa3aTeb BCErja OTPUIIATENICH, TaK 4YTO

KoJe0aHus cra3epa BO BHCHIHEM II0JIC YCTOI‘/'I‘II/IBLI. Brime mopora KoJIEOaHHUS CI1a3epa CUHXPOHU3YIOTCA
CWJIBHBIM IIOJICM, B TO BpPCMA KdK B ci1a0OM BHEIIHEM IIOJIE JWHaMHUKa MOXCT OBITH CTOXACTUYECKOU

(TIOJOXKUTENBHBIN JIAMYHOBCKUM 110KA3aTENb).

[Ipu mnocrossHHOM BHemHeM none Eg (t)EE ypaBHeHue. (94) umeeT cTalMOHAPHOE pEIICHUE

d

qow = @E. UTOOBI M3y4uTh yCTOMYMBOCTH TOTO PEIICHUS, Mbl PACCMOTPUM aJlo€ BO3MYILEHHUE ITOTrO

pemenwst. [Toacrapmnss ero B (94) MBI IPUXOANM K CIEAYIONIEMY BBIPAKECHHIO:

da™
i

0dA +a5d =0 (95)
do

CormacHo 9TOMY, J'IHHYHOBCKI/Iﬁ IMOKAa3aTeJib OIPEACIACTCA CICAYIOINM 06pa30M:

-1

do™(w,E,)

A=ia™(o,E,) .
w

(96)

CranuonapHoe pemieHue ypaBHeHus (94) craHoBuUTCS HeycToWuuBBIM, Kornma ReA >0. Ha puc. 3.3
MOCTpOEHA JEHCTBHUTENbHAs 4YacTh JISSIYHOBCKOro mokaszarens (96) ReA mis moamoporoBoro u

Ha/AMOPOTOBOT0 pexXrMa paboThI cria3epa MpH YyacToTe BHEIIHero noist @ =1.983B.
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A3bIK ApHObAA

S 0.020 ]
o
,.d\ L 4
= 0.015" _
t;:‘ L 4
% 0.010 Egne ]
0.005 Z¢ ]
If | Croxacr.
I ’ noseaeHune
0.000 Lo M L SR
1.970 1.980 1.990 2.000
YacTtoTa, eV

Puc. 3.4. Peruon ycroilunBocTH (3aKpalleHHas o00JacTh) M HEYCTOMYMBOCTH (HE3aKpallieHHas)

HAJIIOpPOroBoro cnasepa ¢ BHemHuM nojeMm npu Dy =0.25. O6nacte ycTOHYMBOCTH COOTBETCTBYET
OTPHULATEILHOMY JIAIIYHOBCKOMY IIOKa3aTeNio. /[Be BEPTUKAIBHBIC IMHUU COOTBETCTBYIOT YaCTOTAM (), U
@_, KOTOpBIE TAaKXK€ MCIOIb30BaHbl Ha pHc. 3.2. KpacHbIi 1 3eneHbIi KPY’)KOK COOTBETCTBYIOT TEM, UTO

n300pakeHsl Ha puc. 3.2. KpacHbIii KpyXOK JI)KUT B 30HE HEYCTOHYMBOCTH, TaK YTO ATO PEUICHHE HE
pean3yeTrcsi, B TO BpeMs KaK 3€JICHBII JIEKUT B YCTOMUMBOM perumoHe. KpacHas u 3eneHas KpUBBIE
[IOKA3bIBACT KPUBBIE KOMIIEHCALIMH, B KOTOPBIX MHUMAsl 4aCTh JIUIIOJIBHOIO MOMEHTA Clla3epa CTAHOBUTCS

paBHaA HYJIO IO OTHOIICHHIO K MaJaromeMy Mmoo, T.4. paCCCUBAHUC naz:alomeﬁ BOJIHBI IPOUCXOONUT 0e3

IMOTCPb SHEPIUH.

Hmxe mnopora mnAIyHOBCKMI II0Ka3aTelb BCErAa OTPULIATENIEH U CTALMOHAPHOE pELICHUE
YCTOMYMBO MO OTHOIIEHHIO K MajJbIM Bo3MymieHHsM (puc. 3.3, cromHas kpuBas). Korma Hakauka
MIPEBBIIIAET MOPOT, MOSBIIAETCS PETUOH, B KOTOPOM CTAlIMOHAPHOE PEIICHHE CTAHOBUTCS HEYCTOWUYNBBIM.
Beime mopora 6e3 BHEIIHEro moOJs cHa3ep OCHWUIMPYET C OINpeleleHHOW aMIUTUTYAOH U Ha
OIpeJIeIeHHON 4acToTe, ompenenseMoid u3 ypaBHeHus (83). Korma mpukiajneiBaeTcsi BHEIIHEE IIOJIE,
criasep MOYKET OCHWIIMPOBaTh WM HE OCHWIIMPOBATh C 4YaCTOTOW 3TOro mons. Pernon, B koTopom

BO3MO)KHA CHHXPOHH3AIIHS, U3BECTEH KaK sI3bIK ApHONbaA [74]. DTOT peruoH u3odpakeH Ha puc. 3.4 npu
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3HaueHuMn Hakadku Dy =0.25. Korga yacrora BHEIIHEro mojis COBMNAAaeT C 4aCTOTOM CIa3MpOBaHUS,

CUHXPOHM3ALMs IPOUCXOJUT IIPU CKOJIb YTOAHO MAJION aMIUIUTY/I€ BHEIIHETO MOJIS.

[IpenyioskeHHass MOZENb JEMOHCTPUPYET MHOXKECTBO SIBJIICHUH, NpEACKAa3aHHBIX KBaHTOBOM
TEOpHel cmasepa, BKJIIOYash IEpexo] K TeHepanuu uepe3 Oudypkanuto Xormda, NTpaBUIbHYIO
3aBHCUMOCTh aMIUIMTY/IbI CIIA3€PHOIM MOJBI OT HaKaYKH, BOBMOKHOCTh CHHXPOHHM3AIUU HaJ{IIOPOTOBOTO
criasepa BHEIIHUM I10JIEM U BO3MOXHOCTh KOMIIEHCAI[MM OMHUYECKHX MOTEPb I0J[ MOPOrOM I'€HEepaluu
IIPU OCUMJIISLMSIX Clla3epa BO BHELIHEM IOJIE.

Hamma mozens Taxke 00bSICHAET HEKOPPEKTHOCTh JMHEWHOW TeOpHH HaHOIa3epoB. B wacTHOCTH,
aBTOpBI [59] paccMaTpUBAIOT CIOUCTYIO CTPYKTYPY MOXO0XKYIO Ha PACCMOTPEHHYIO 3/1€Ch, H COOOIIAIOT O
TOM, 4TO T€Hepalys MpeKpallaeTcs Mpy MPEeBbIIEHUN HAKauKOW HEKOTOPOro 3HaYeHUs. DTO Pe3ysbTaT
He coryiacyercst ¢ oOmel Teopuell s1a3epoB. ABTOpBI IPEIIOJIAraroT, YTO BBIKJIIOYEHUE TI'€HEepaluu
CBSI3aHO C OTCTPOMKON PE30HAHCHOM YacTOTHI MPH YBEIIMYCHUU Hakauku. HaMu mokasaHo, 4To mpu y4ere
HEJIIMHEHHOCTH aKTHBHOM CpeIbl YacTOTa CIIa3MpPOBAHUSI HE MEHSETCS M TeHEpalus He MPOIaJaeT IMpH
YBEJIMUYEHUHU HAKAYKU.

B cBete Hamiell paboThl MOXKHO BCIIOMHMTBH JMCKYCCHIO O BO3MOYKHOCTH KOMIIEHCALIUU HOTEPh
cazepom (cm. [141] u xomMmeHTapuu K 3tou padore). B pabore [141] CtokmaH yTBEp:KAaeT, 4YTO B
PE30HAHCHOH TUIA3MOHHOM CTPYKTYpE C YCUJICHHEM KOMIICHCAIHS IIOTeph MPOUCXOIUT B TOYHOCTH B TOT
MOMEHT, KOIJla HadyMHaeTcs cha3upoBaHue. JleHCTBUTENbHO, B 3aKpbBITOW CHUCTEME, TJie HeT
B3aMMOJICHCTBHS C BHEITHUM M3JIyd€HHEM, KOMIEHCAIUs OTePh U CHa3upOBaHUE MIPOCTO COBMAatOT. B
OTKPBITOM )K€ CHCTEME, T €CTh B3aUMOJICHCTBHE ¢ BHEITHUM IOJIEM, KOMIIEHCAIINS OMUYECKHX MOTEPh
MOJKET TPOUCXOAUTh HIKE mMopora reHepanuu. CuTyarwsi 3/eCh B HEKOTOPOM CMBICIIE aHAJIOTHYHA
cxeMe, IpeIoKeHHO# B [146], rae moTepu KOMIIEHCUPYIOTCS B CJIOMCTO# CHCTEME.

B 3akmoueHuwe, B JaHHOM paszjene ObUla pa3BUTa MOJENb CIa3epa, OCHOBaHHAs Ha
AJIEKTPOAMHAMUYECKOM OIMCAHUM YCWJIMBAIOWIEH Cpeasl M He TpeOyromas KBAaHTOBO-MEXaHWYECKOTO
nogxona [147]. Mojenb OCHOBaHAa Ha ONMHCAHWHM YCHJIMBAIOIICH Cpeabl MPU MOMOIIK HEITMHEHHON
JIURJIEKTPUUECKON IMPOHUIIAEMOCTH, YYUTHIBaIOLIeH 3¢ (eKT HachllleHUs aKTUBHOW cpeabl. Mojens
JEeMOHCTPHPYET SIBIICHUS, IPECKa3aHHbIe KBAaHTOBOW Teopueil. BBUIy MpOCTOTHI MOEIN U OTCYTCTBHS
HEOOXOMMOCTH pEeIIeHHs JUHAMHUYECKUX YpPaBHEHUH crasepa, e€e MPUMEHEHHE IO3BOJIUT YIPOCTHUTH

pacy€Thbl CUCTEM, COACPKAIIUX 0O0JIBIIIOE YHCIIO CITa3€poOB.

3.3 ImdieKTpUYeCKHUil HaHoJ1a3ep

CepresHas mpobiiema, KOTopasi YCIOXKHSET pealu3alyio IMJIa3MOHHBIX HAHOJA3€pOB — OYEHb

BBICOKHI YPOBCHb OMHUYCCKUX NOTCPb B METAJIJIaX, KOTOPBIC YBCIIMUYUBAIOT TOPOT J'Ia3epH01>i reHepanun
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[12, 148]. IIpeanpuHHMAIKCh MOMBITKM YMEHBIIMTH MOPOr TEHEpAaIMd HaHOJa3epa C IOMOIIBIO
CIICIMAJIbHOTO JIM3aifHa CIIOMCTOW HAaHOYACTHIIBI, SBJLSFOLICHCS pe3oHaTopoM HaHonmaszepa [149, 150].
OpHako, HOPOTr TaKUX HaHOJIA3€POB OCTAETCSI O-TIPEKHEMY BBICOKHMM.

[TomynpoBOIHUKOBBIE MaTepHUaabl C OTHOCHUTEIHHO BBICOKMM IIOKa3aTelieM MpPEeIOMIICHHUS B
ONTUYECKOM JHala3oHe, TaKhue KaK KPEeMHUH, TeépMaHUil U apCeHH] Tajlius, MO3BOJSIOT Pealu30BaTh
cepuueckre pe3oHaTOpbl CyOBOJIHOBBIX pa3MepoB 0€3 HMCIIOIb30BAaHHS METAJUIOB. BBIIO TeopeTnyecku
MpeJCKa3aHo, 4To chepruuecKre YacTULbl U3 TAKUX IOIYIPOBOAHUKOBBIX MATEPHAJIOB JEMOHCTPUPYIOT
CWJIbHBI MarHUTHBI OTKJIMK B ONTHYECKOM JHara3oHE, MPUUEM pPACCESTHUE COMPOBOXKIACTCS HUZKUM
ypoBHeM moteph [151]. OnTuveckue pe30HAHCHl B TAaKMX YaCTHI[AX — JTO PE30HAHCHI MM HH3KOIrO
nopsaka. JlaHHble pe30HAHCHI CIENYEeT OTJIMYaTh OT PE30HAHCOB ULIEMYYIEeH Trajeped, KOTophle
MIPOUCXOJIAT B YACTUIAX, HMEIOIINX Pa3Mepbl MHOTO OOJIbIINE, YEM JUIMHA BOJIHBI B BAKYyME.

Briaromapst mporpeccy B M3rOTOBJICHUH HAHOMETPOBBIX KpeMHHUEBbIX yacTull [152, 153], yaanocsk
HKCIIEPUMEHTAJIbHO MPOHAOIIOAATh YHNOMSIHYTHIM CHJIBHBIM MAarHUTHBIA OTKJIMK B ONTHYECKOM
nuanazoHe. CoBceM HENAaBHO OBUIO MPEUIOKEHO, YTO HMCIOIB30BAHUE AKTUBHOW CpPEAbl MOXKET elle
OoJIbIlIe YCHMJIUTh MArHUTHBIA PE30HAHC KpeMHHUEBOH HaHouacTuilbl [154]. Takoill BBICOKOJOOPOTHBIN
pPE30HATOP MOXKET CIYXHUTh IUTaTGOpMON HJs co3JaHUsl TeHepaTopa KOTEPEeHTHOTO MAarHUTHOTO
ommxHero monsa. Kak u B ciydae cmasepa, ONMMKHHME TOJS PE30OHAHCHON MOJBI HAHOYACTHIIBI
B3aWMOJICVCTBYIOT C aKTHUBHOM CpEIOW, W MPU OMNPEACICHHOM YPOBHE HAKayKH MOXHO OXHWJATh
nepexo/ia K Ja3epHoi reHepalny.

B nanHON cTatbe MBI HCCIelyeM OTKIUK CIOMCTOM c(hepuyecKod 4YacTHIBI THUIA «SIApO-
000J104YKa», COCTOSIIIEH U3 KPEMHHEBOTO siipa U 000JIOYKU U3 YCHJIMBAIOIIEH Cpe/ibl, U MOKa3bIBaeM, 4TO
IIpU ONPEJEIIEHHOM YPOBHE YCHJIEHMSI NPOUCXOIUT Mepexoi K Ja3upoBaHuio. Mcnomnp3ys akTyajabHbIE
MaTepHalibHbIE TMapaMeTpbl Ul TOJIYNPOBOJHHWKA W YCHIJIMBAIOUICH CpeAbl, MBI CPaBHHUBAaEM MOPOT
TeHepaluy AUIIEKTPHUUECKOro HaHOJa3epa ¢ MOPOroM clras3epa, OCHOBAaHHOTO Ha IJIa3MOHHOM PE30HAHCe
METAJUINYECKON YaCTULIBI.

XoTsl na3upoBaHUE SIBJISETCS CYIIECTBEHHO HEIMHEMHBIM IPOLIECCOM, IOPOTOBOE 3HAUYEHHE
YCHUJICHHS MOXKET OBITh HAalJICHO B JINHEHHOM MPUOIIKeHUH. [lepexo/1 K Ta3upOBaHHIO TPOSIBIISETCS KaK
NOSIBJICHHE HEHYJEBOro pellleHHe ypaBHeHUM MakcBemna 6 omcymcmeue naodaioujeco nois. Beiie
ropora aMIUIMTy/la TeHepaluy OIpeesIIeTCs] HakauyKoi aKTUBHOM cpenbl. Ha mopore amrurtyna paBHa
HYJI0, TaK 4YTO 3aJadyy MOXXHO CYUTaTh JIMHEWHON W YCWIMBAWINas cpefa MOKET OINUCHIBATHCA
CIICTYIOLIMM BBIPAXKCHUEM JIJTs poHUIiaemoctu [155]:

20,y

Egain (@) = &, + D, (97)

2 2 - i)
o — ) + 2wy
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rae &, - (hOHOBask MPOHUIIAEMOCTD «XOJOJHOW» yCHIMBAIOLIEH cpensl (B OTCYTCTBHU YCUNICHUS), @), -

Ha 4acCToTC

4acToTa M3JIy4eHMs YCUIMBAIOWIEH cpeabl, y - mupuHa auHuu u Dy, paBHas ‘Im & gain

HU3JIyUYCHUS, XapaKTCPUIYCT CTCIICHb YCHUIJICHUA.

l'eomeTpust 3amaun NpoOWUIIOCTpUpPOBaHA Ha BcTaBKe Ha puc. 3.5(a). Cucrema cOCTOUT U3
cepuyeckoro sapa M3 KPEMHHUS, IMOKPHITOTO OOOJIOYKOW W3 yCWiIMBamomed cpexabl. Pammyc Bceit
HaHOYacTUIl R MeHbIIe JUIMHBI BOJHBI B Bakyyme, paamyc sapa - . Ha Puc. 3.5(0) mokasana
JaCTOTHasd 3aBUCHUMOCTb CCUCHHUA PaCCCAHUA CIIONCTOM qaCTULIbI oe3 YCUJICHUA. OTKIHK qaCTUllbl B

OCHOBHOM IIPCACTABJICH AUIIOJIbHBIM U KBAJAPYIOJbHBIM 3JICKTPUYCCKUM U MAarHUTHBIM PE30HAHCAMMU.

(a) > (b)

¥ o N
0”f = \.///\\\/\/;(\ \\\/I):;/j/:\‘\_:_______,__.____,
400 600 800 1000

Wavelength, nm
Puc. 3.5. (a) VYcinoBHBII pHUCYHOK JudNeKkTpudeckoro HaHonaszepa. (0) CedeHuwe paccesHUS
(HOpManM30BaHHOE HA TEOMETPUYECKOE CEYEHHE YACTHIIbl) MACCUBHOM CJIOUCTOM YAaCTUIBI C
KPEMHHEBBIM SApoM pagauyca I' = 120 HM, MOTHBIM paguycoMm Bced yactuiitbtl R=1.7r, u ¢doHOBOI

IIPOHUIIAEMOCTBIO aKTUBHOMU CPEIbl & = 2.

YroObl HaliTH aBTOKOJIE0aHUsI CIOUCTOM chepruuecKoil YacTUIlbl, CBSI3aHHbIE C pe30HaHCaMu Mu,
MbI OyJIeM MCKaTh HEHYJIEBbIE pellleHHs ypaBHeHUH MakcBelia B OTCYTCTBUE Majatomiero mnois. Cienys
craniaptHoMy moaxoay [137], MbI pa3iokuM SJIEKTPUYECKOe M MAarHUTHOE MOJE B JAMAJICKTPUICCKOM

s]pe HaHolasepa B psj 1o chepuueckuM Gynkmuam M, u N :

E,. = i E, (c,M%, —id,N9),

oln eln
n=1

(98)

core

= —k\/‘g_i E, (d,M, +ic,N%, ),

- eln oln
@
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rre E,=i"(2n+1) / [n(n +1)] u k=w/C. DIeKTpoMarHuTHOE IOJ€ B YCHIMBaIOLIeH 06OIoOuKe,

COOTBCTCTBCHHO, 3alIMIICTCA B BUIC

-3 ® _ig NO @ @
Eshell - Z En ( Moln Ignl\leln +V, M —iw, Neln)

(99)
H _ k\lgsheu S E M® f N® M@ +iv N@
shell — Cl) Z n (gn en T1 otn T Wh Vg, IV oln)
n=1
U HakoHell, [T0JIe BO BHELIHEN 00JIACTH 3allUIIETCA B BUJIE
_N @) ®
- z En (Ia Neln —b Moln)
" (100)
— (3) (3)
H ut _ZZ En (Ib Noln +a Meln)
n=1

[Tone cHapyXH OT YacCTHIIBI COJIEPIKUT TOJBKO CllaraeMble, COOTBETCTBYIOIIUE PACXOISAIIUMCS
cepuvecKUM BOJIHAM, YTO W O3HA4YaeT OTCYTCTBHE Majaroiero nois. Iloms, 3amaHHble BBIPAKCHUSMU
(98) — (100), nenyneBble eciu XoTs Obl omuH M3 KoddduumentoB a, wim b, oTamyen or Hyus.
[TpumeHsisi OObIYHBIC TPAaHUYHBIC YCIOBHS Ha TOJS B sApe, OOOJIOUEK M CHAPYXKU OT YaCTHUIIbI, MBI
NPUXOJUM K OJIHOPOJTHOW CHCTEME JMHEWHBIX YPaBHEHHId, MO3BOJISIFOIICH ONpPECTUTh HEHU3BECTHBIC

KOX(PHUIHEHTHI:

fnm1Wn(m2X) leln( ZX) szl//n( ):O’

w,m, 7, (m,x)—g,my’ (m,x)+d,mu, (mx)=0,
Vo Xe (mzx)_ fw. (m2x)+cnl//r,1 (m1x) =0
gan(mZX)_WnZn(mZX)_ann(mlx):0

(101)
—a,m,& (Y)—9,v, (M,y)+w, 7 (m,y) =0,
2 (m,

mb,&, (¥) =M, (V) + Ty, (M,y) -vox
_ané:n (y)_ gnl//n (mzy)+WnZn (mzy) =
bnér: (y)+ fnl//r: (mzy)_Van: (mzy) = 01

rae Xx=kr, y=kR, m =&, 1 M,=c4y . Pyaxumu y(Xx), 7(x) u &(X) - sro QyHKuun
Puxkaru-Beccens, onpenensemsie kak w (X)=~aX/ 23, (X) E(X)=NaX/ 2[00 (X)+iY,,0, (X)] =

2(X)=—7zx/2Y,,,,(X). 3amernm, uto cucrema (101) COCTOMT U3 ABYX HE3AaBUCHMbIX MOACUCTEM Ha

kodpdummentsr a,,9,,W,,d, u b, f v, c . Pemenus mepBoii W3 ITHX IOJACHCTEM OIPEACISIOT

QJICKTPUYCCKUC MOJbI PC30HATOPAa C HCHYJICBLIMU JJICKTPUYCCKUMH JUITIOJIBHBIMHA, KBAAPYIIOJbHBIMH U
T.A. MOMCHTaMH, B TO BPEM: KaK PCHICHUA BTOpOI71 noaACUCTCMbI — MArHUMTHBIC MOJIBI. I[anee, JJIA

OTIpeIeNIEHHOCTH, MBI OyJIEM paccMaTpUBaTh MarHUTHBIE aBTOKOJIe0aHusl HaHOJa3epa.
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VYcioBue cyniecTBOBaHUSI HEHYJEBOTO PELICHHSI OJJTHOPOJIHOM CUCTEMBbI JTUHEUHBIX YPABHEHUN —
PaBEHCTBO HYIIO €€ JAeTepMHUHaHTa. IIpuMeHsas 3T0 K MarHUTHOM MOJACUCTEME YPAaBHEHUH, IIPUXOAUM K

CIIEYIOILEMY YCIOBHIO:

mE(Y)[wn (myy)=Bos (My) =& (Y) [ wa (MY) = Bz, (M,y) ] =0,
My, (M) s (Myx) —my, (myx)wy (mx) (102)
m,x: (mzx)% (mlx) —my/, (mlx))(n (mzx) .

By =

VYpaBHenue (6) ompenenser mHopor jnasepHoil reHepauuum D, , mpu KoTopoM NOsBISETCS

HEHYJIEBOE pelleHrne ypaBHeHMN MakcBemna. Takxke M3 3TOro ypaBHEHHS OIPEIEsAeTCs 4acToTa
aBTOKoJIeOaHui. 3ameTnM, uto ypaBHeHue (102) coBnamaer ¢ ycioBueM Ha noitoca Ko3dduuuenror Mu
IUIsL CIIOUCTOM chepuyeckor yacTHilbl. B 3amave ¢ magarommM nojaeM 3TH Kod(GUIIUEHTHI ONPEACsSIOT
paccessHHbIC HaHOYACTHIICH moJis. TakuM 00pa3oM, Jia3epHbIC MOJBI JUAJICKTPHUECKOTO HaHOJa3epa
CBSI3aHBI C IOJIIOCAMU COOTBETCTBYIOUIMX KO3(duimentoB Mu. B cucreme 6e3 ycuiieHus, 3T 1OJ0ca
JeKaT B HIDKHEH IONYIUIOCKOCTH KOMIUIEKCHOM IIOCcKOCTH YactoT IM@ <0, 4TOo COOTBETCTBYET
3aTyxaHui0 MOjabl co BpemeHeM [156]. C yBenuueHHeM HaKaykKH IOJIOC MOXET JOCTHTHYTH OCH
JEMCTBUTEILHBIX YaCTOT — IIPH STOM M BO3HUKAET Ja3epHas moaa [155, 157].

[lokaxxem Temepp, 4TO IOJIOC MArHUTHOTO Kod(duuuenrta B, mpu yBenudeHHM yCUICHUS

aKTHUBHOM Cpeabl JOCTUTACT OCHU JEUCTBUTEIIHLHBIX YaCTOT. YTo0OBI IpOACMOHCTPUPOBATHL CYHICCTBOBAHNEC
aBTOK0JIE0ATEIHLHOTO peuieHus, YCTAHOBUM YaACTOTY YCI/IJ'II/IBaI-OH_Ieﬁ Cpcabl OJNM3KO K MAarauTHOMY

JUTOJLHOMY PE30HAHCY CIIOMCTOM YacTHIIbI, KOTOPBIA MMeeTcsl Ha aiuHe BoiHbl A ~940nm. Ha puc.
3.6 mokazaHa 3aBHCUMOCTb Jiorapudma koddduuuenta Mu B, ot amunsl Bonnsl u ycunenus D;. Ha
ONpPEIEICHHON JUIMHE BOJHBI IpPU 3HAYCHUU Hakauku Ommskom k D, =1.0 paccmarpuBaemslii

Ko3ppuureHT MM yBelIMYMBAETCS Ha HECKOJbKO TMOPAAKOB. OTa JeTainb TIpaduka HpsIMo
CBUJETEIBCTBYET O TOM, YTO MOJIOC KO3(pPUIMEHTa BBIXOJUT HA OCh JNEHCTBUTENBHBIX YaCTOT U, Kak
CIIEICTBUE, HAUMHAETCA JIa3epHas reHepanus. BaHO, 4yTO 4acToTa, HA KOTOPOM MOSBIISETCS IOIIOC U
KOTOpasl SIBJISETCS 4acTOTOM JIa3upoBaHUs, HE OO0S3aTENbHO COBMAJAaeT C YacTOTOM «XOJOJHOTO»
pE30HaHCa HAHOYACTHUIBL. DTO MPOUCXOANT BCIEACTBHE TOTO, UTO YBEIMUYEHNE HAKAYKU CONPOBOKIACTCA
JIOTIOJTHUTENbHBIM H3MEHEHUEM KO3(UIMEeHTa NpPeTOMIICHUS aKTUBHOW Cpelbl U CIBUTOM CaMoOro

pE30HaHca.
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Puc. 3.6. 3aBucumocts sorapupma koddduuuenta Mu B, or mmmubl BonHbl U ycuienus Dj. Ilux

KOB(b(i)I/II_II/IeHTa CBUIACTCIILCTBYCT O JOCTUKCHHUHU IIOJIFOCA IIPU OIIPEACIICHHOM YPOBHC HAKAYKH.

IIpu nanbHelem yBenuueHuu ycunenus D, Bennunna kodddunrenta Mu ymensuaercs. 1o

[IOBEICHUE, OJHAKO, HE O3HAYaeT, 4TO Ja3epHas reHepauus Ipekpamaerca. B HaamoporoBom pexume
HAHOJIa3€p CTAHOBHUTCS CHJIBHO HEJIMHEWMHOW CHUCTEMOH, M HACBIIICHUE AKTUBHOM Cpeabl JOJIKHO
YUUTBHIBAThCSl Ul KOPPEKTHOTO ONMUCAHMsI CUCTEMbl. DaKTUYECKH, NpPHU AAJbHEHIIEM YBEIUYCHHUU
HAKa4yK{ IOJIIOC MEPEXOAUT B BEPXHIOK MOJIYIIIOCKOCTh KOMIUIEKCHBIX YaCTOT U 4acTOTa JIA3UPOBAHUS
pUOOpETAaeT TOJOKUTEIbHYI0 KOMIUIEKCHYIO 4YacThb. OJTO COOTBETCTBYET OSKCIOHEHIHAJIBHO
pacxopsiieMycsi BO BPEMEHHU PELICHHI0. JTOT SKCIOHEHIMAIbHBIM POCT, OJIHAKO, OrPaHUYMBAETCS
HACBIIEHUEM aKTUBHOW CPEJIbl, KOT'/1a JIa3UPOBAHUE BBIXOIUT HAa CTALIMOHAPHBIA PEKUM.

YroObl CTpOro mokaszarb, YTO MPU ONPEACICHHON BEIMYMHE HAKauKU MPOMCXOJUT Mepexon K
Ja3upoBaHuIo, nepenumemM yciosus (102) B Buie AByX OTAENBHBIX YpaBHEHUI:

ReF(a), Do):O,

ImF (@,D,)=0, (109

rae
F(@,D,) =mé&(y) [ wi(my) - Bz (my) =& (y)[w. (my) - Bz, (my)]. (104)
Ha puc. 3.7 nmokazansl MHUMas U JeHCTBUTENbHAS YacTh F (a), DO) JUISL IBYX Pa3HBIX 3HAYECHHU HAKauKH,

BbIllIe U HUXe mopora reHepanuu. [lepeceuenus kpubix ReF =0 u ImF =0 npoucxonsar ¢ paszHbIX

CTOPOH OT JEWCTBUTEIIBHOW OCH IIPU pa3IW4HbIX 3HAYEHUAX Hakauku. [locKonbKy F(a), DO)
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HENpepbIBHA, NP olpeneneHHoM D, mepecedeHne NMPOUCXOAUT B TOYHOCTH HA JEHCTBUTENBHOM OCH, U

[IPH ATOM 3HAYCHUH HAKAYKH BBIMOIHSIIOTCS yCIoBus reHeparun (103).

1.5 % Dy=0.5

0‘ “ Re |

1. L ;‘ ImF

e~ / ‘\ C _D_”_: 1'3Rc F

g 0'5 Fii: e Im R
= 0.0 -
Y s
- 0.5 4 \ -----

1
—
=

930 940 950 960 970 980
Wavelength , nm

Puc. 3.7. JlelictBuTenbHas 1 MHMMas yacTh F (a), DO) JUI 3HaYeHWH Hakadyku D, BbllIe W HMKE 1opora

reHepanuu.

JlazepHble MOJBI AMAIEKTPUYECKON HAHOYACTHUIIBI, ONMCAHHBIE B JAHHOW CTAThE, 3HAYUTEIIBHO
OTJIMYAIOTCS OT MOJI Ja3epoB Ha pe3zoHaHcax mermuyinei rairepeu (LUIY). Xorsa naszepst Ha momax LT
MMEIOT O4Y€Hb HU3KUI NOPOT FeHEepaluy, UX pa3Mep OObIUHO JOCTUTaeT AECSITKOB U COTEH MUKPOMETPOB.
HevictButenbHo, pe3zoHanc I[N — 310 pezonanc Mu, mnpoucxoasumii npu Oonpmux N. YToObI
YIOBIIETBOPUTH YCIOBUE PE30HAHCA BBICOKOI'O IOPSAJKA, Pa3Mep pe30HATOPa JOJDKEH MHOTO IPEBLIIIATh
JUIHY BOJIHBI.

IToporoBoe 3HaueHME YCUIIEHUS JJI Ja3€pHOM MOJBI 3aBUCUT OT MaT€pUAIbHBIX IapAMETPOB U

reoMeTpruu pe3oHaTopa. B Ta6n1/1ue 1 IMPUBCJACHLI IMOPOTOBLIC 3HAYCHHUA HAKAYKHU Dth’ U 00BEMHOTrO

KOB(I)(I)I/II_II/IGHTa YCUJICHU A gth =Imk,/e AJI DJICKTPUYCCKUX W MArHUTHBIX MOJ AUBJICKTPUYCCKOTO

gain
HaHoMasepa mia Moa ¢ N=12 wu reomerpueil pe3oHaTopa, ompenaeiaecHHON Bhime. Yactora
YCWJIMBAIOLIEH Cpelibl B KaXK/I0M Cydae MOACTPauBaeTCs MO/l YaCTOTY KOHKPETHOT'O PE30HAHCa CIOUCTOM
yacTulpl. B onTuueckom auanazoHe OMHYEcCKHME MOTEPU B KPEMHHHM H3-32 MEXK30HHBIX NEPEXO0B
BE€CbMa MaJlbl, ITIO3TOMY OCHOBHBIM KaHAJIOM IOTEPb MJIA paCCMATPHUBACMBIX MO SABJIACTCA HU3ITYUCHHUC.
HOCKOJ’IBKy Hu3ja1ydacMasd MOIIHOCTb KBAaAPYIHOJd MCHBIIC AHWIIOJA, IMOPOru TreHepaluvuu Moa C n=2

3HAYUTECIBbHO MCHBIIC JUITOJbHBIX MO C N = 1.
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Tumn pe3onanca A B, A, B, A (cmazep)
Pe3onancnas
IUTMHA BOJIHBI, 500 945 585 680 530
HM
D, 1.8 1.0 0.6 0.35 1.2
d,,,10°cm™ 76 50 22 11 46

Tabnuma 1. [Toporu na3zepHol reHepaluu Pa3IMYHBIX JIA3ePHBIX MOJ TUAJIEKTPUUYECKOTO0 HAaHONa3epa U

CcIra3cpa, OCHOBAHHOT'O Ha METaJUIMYeCKO HaHOYACTHIIE.

Tenepp cpaBHUM MOPOr I'€HEpALUMU IUAIEKTPUYECKOIO HaHOJa3epa C I[OpPOroM crasepa, B
KOHCTPYKIMU KOTOPOTO HCIIOJIb3YeTCsl 30JI0Tasi HaHoyacTHia. OCHOBBIBAasACh Ha T€OMETPUHU CIa3epa,
HKCIIEPUMEHTAIBHO PEAIM30BaHHOTO B pabore [78], Mbl BHIYMCIMIN OTKJIMK 30J0TON YaCTHIIBI pagnuyca

F=7NM TMOKPBITOM CHUIMKOHOBOH 000J0YKOH TOMmMHOM R—r=15nm ¢ BKIOYECHHBIMH B Hee

MoJIeKylaMHM Kpacutens. YacTuna LEeIuKOM IOorpykeHa B pacTBOp Boabl. OTKIMK TakoW 4acTULbl B
ONTUYECKOM JIMAlla30HE OIpeNeNseTcss IJaBHbIM 00pa3oM BKJIAJOM JTUIOJBHOTO 3JIEKTPUYECKOTO

pe3oHaHca Ha anuHe BONHBI A =530NM, KOTOphIH COOTBETCTBYeT moitocy Kodddummenta A .

BbruucnenHslit mopor reHepanuu mia3MoHHoro crnasepa (Tabmuua 1) cpaBHUM ¢ MOpPOroM MarHUTHOM
JUIOJIBHOW MOJBI JMAJIEKTPUUECKOrO HaHojaszepa. B To ke Bpems, IOpOruM KBaAPYIHOJBHBIX MOJ
3HAYUTENbHO HUXKeE. B 0COOEHHOCTH 3TO 3aMETHO /ISl MarHUTHOW KBaJPYNOJIBbHOM MOJIBI.

KpemHuii — He eIUMHCTBEHHBIH MaTepHall, KOTOPbIi MOXXET ObITh HCIOJB30BaH B JU3aiiHE
CyOBOJIHOBOTO JTUAJIEKTPUYECKOT0 HaHONa3epa. B 4acTHOCTH, MOTYT OBITH HM3TOTOBJIEHBI ChEepUUECKUE
YaCTHUIIBl U3 IPYTUX MOIYTIPOBOAHUKOB C BBICOKMM KO3(DPHUIIMEHTOM NpeIOMIICHHS, HAlIpUMeEp, FepMaHHUsI
u apceHuna rausa. OpHaKo, ¢ Halled TOUKM 3pEHMs], KpeMHHMH sBIsSeTcs HambOosee MOJIXOASIINM

MaTepUaIoM JUIsl pealn3alu JUAICKTPUUECKOro HaHojaszepa. Mwmes 3ampemiennyo 300y AE =1.1eV,

KPEMHUI UMEET OTHOCHTENILHO HeOoMbInyt0 BennunHy noteph & ~ 0.01...0.02 u BbICOKHIT TOKa3aTENIBEHO
npenomieHnss N~3.5 B Anama3oHe OKOJO KBAJPYMOJBHBIX PE30HAHCOB CIIOMCTONH HAHOYACTHUIIBI.
Apcennp rammus o0sagaeT OONIBIIMM ITOKa3aTesieM MHPEeNIOMIICHHUS, YTO MO3BOJIMIIO OBl €Ile CHIIbHEe
YMEHBIIUTh pa3Mep HAHOYACTHUIBI; OJHAKO, MOTEPU B ONTHYECKOM JHAla30HE Ha MOPSAOK OoJblie
noreps B kpemHuu [158]. ['epmanmii Taroke o0Onagaer OOJIBIIMM TMOTJIOMIEHUEM Ha JUTMHAX BOJIH BILIOThH
no 1 mukpona [158].

B 3akmoueHne, Mbl MOKa3ajld, 9YTO CyOBOJHOBas cdepHuecKas 4acTHIA M3 MOIYIPOBOIHUKA,

IOKpbITasA CJIOCM YCHIIMBAKOUICTO BCHICCTBA, 06pa3yeT HaHOJIa3€p, YbU JIA3CPHLIC MOJbI CBA3aHbI C
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pe3oHaHcaMu MU CIIOMCTOM YacTHIlbl. MBI BBIBENM 00IIee YCIOBHE IOpOTra JIa3epHOW TeHepaluu, U3
KOTOPOr'0 MOYXHO MOJYYUTh 3HAYEHHE MOPOTrOBOM HAKaYKH M YACTOTHI Ja3upoBaHus. ['eHepalus MOXKeT
IMPOUCXOJUTH KaK Ha JJICKTPUYCCKUX, TaK U Ha MArHUTHBIX MOJax Mu. HOpOF reaepanuun MarauTHOU
KBaJIPYMOJIbHOH MOJBI CYIIECTBEHHO HUXKE, YeM IOpOr T'€HepaluH cra3epa, 0Opa30oBaHHOTO 30JI0TOM
HaHOuacTHUIeH. JIMdaeKTpuuecKuil HaHoIa3ep, TaKuM 00pa3oM, CTAHOBUTCSI CYOBOJTHOBBIM T'€HEPATOPOM

MAarauMTHOI'O IIOJIA U UMCCT CPAaBHUTCIIBHO HU3KUH IIOpOT Ir¢Hepalnu.
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I'nasa 4

MaruuTo-onTuyecKkue CUCTeMbI ¢ YCHJINBAIOLIEH cpenoii

4.1 BBenenue

B nanHO#l T1y1aBe pacCMOTpEHBI OINpeNeNeHHBbIe 33Ja4l TeHEepalud M PaclpOCTPaHCHHS
ANIEKTPOMArHUTHOTO TMOJISI B CHCTEMax, OJHOBPEMEHHO COJAEP)KAIUX YCHJIMBAIOIIYDO U MarHuro-
ontryeckyio (MO) cpenbl. MccnenoBaHbl ja3epHble MOJBI IUIA3MOHHOTO HAHOJA3epa, COJACPIKAIIEro B
cBoeil koHCTpykuun MO cpeny. Kpome Toro, mccieqoBaHo pacnpOCTpaHEHHWE COOCTBEHHBIX MO IO
[[EMOYKE TIa3MOHHBIX YaCTHIl, MOTPyKeHHbIX B MO cpeny ¢ OHOBPEMEHHBIM IPUMEHEHUEM aKTUBHOM

Cpeabl AJIsI KOMIICHCAIIMU OMHUYCCKHX IMOTCPb.

MO »s¢dext mUpoKO HCHOIB3YeTCs Ul yIpaBieHUus cBeToM. HapylieHue cuMMeTpuu IO
OTHOILICHHUIO K OOpAICHHI0 BPEMEHHM H3-3a HAJIW4Ms HOCTOSHHOrO MarHuTHoro nosis B MO cpenax
npejaiaraeT OOIIUPHBIC BO3MOXKHOCTH Ui KOHTPOJIS MOJISIPU3ALMM M ONTHYECKOM wu3oisuuun [159].
Onnrako, MO OTKIHMK OOJIBITUHCTBA €CTECTBEHHBIX CPEJl B ONITHYECKOM JUAINa30He BBIpaXKeH ciaabo, 9To
JenaeT axkTyalnbHOW 3ajmauy ycuieHuss MO cBoiictB. Huke Oyaer paccMoTpeHa IUIa3MOHHAs
HaHOCTPYKTYpa, B KoTopod 3¢dexkr Papaznes, COINaCHO TEOPETHMUECKUM OLIEHKaM, Ha IMOpPAI0K

MPEeBOCXOIUT BenuuuHy 3¢ dekra B onnopoaHoin MO cpene.

4.2 MarHuTo-onTUYeCKHUil crasep

MO cpenbl HaxXOIAT NPUIOXKEHUS A TeHEpaluu IHUPKYIIPHO MOISIPU30BAHHOTO JIa3€PHOTO
W3ITy9YCHUSI. Ha CEeTOTHSIIHUI JICHb B3aMMOJICHCTBHE U PKYJISIPHO-TIOSIPU30BAaHHOT O
ANIEKTPOMArHUTHOTO M3JIYYEHHsI C BEIICCTBOM SIBISIETCS O4YeHb MHTepecHOM Temoii [160-163]. Uutepec
o0yclOBI€H TeM (aKTOM, 4YTO MCTOYHMKH LUPKYISPHO-MOJIPU30BAHHOIO CBETa HAXOMAT PpAl
INPUMEHEHUH B MOJIEKYJISIPHOM JIETEKTUPOBAHUU (HANpUMep, AJs JeTEKTUPOBAHMS KUPAJIbHBIX MOJIEKYII)
U B 00JacTH KBAHTOBOW MH(OpMANUU IS MAHUIYJIUPOBAHUS COCTOsSHUI KyOuTa [164]. O6bIuHO, ms
TeHEpallM KOTEPEHTHOTO NHPKYJISPHO-TIOISIPH30BAHHOTO AIIEKTPOMArHUTHOTO TIOJIST MCTIOJB3YIOTCS
CNIMH-TIONISIPU30BaHHbIe J1azepHble auonbl [161, 165]. XapakTepHol 4epToil TaKUX YCTPOWMCTB SIBISACTCS
TO, YTO UX TUIIUYHBIA pa3Mep OrpaHUYeH JUIMHOW BOJHBI U3-3a AU(PAKIHH.

Mgl paccmatpuBaem Mmarauroontuyeckuit (MO) cmazep — cyOaudpakMOHHBII HCTOYHUK
HUPKYJISpHO-TIONsApU30BaHHOro cBera. JuzaitHn MO cnasepa aHajorM4eH Qu3aiiHy OOBIYHOTO crasepa,
paccMoTpeHHoro Bbie. [IpennaraeMmoe ycTpoHCTBO COCTOUT M3 YCHJIMBAIOLIETO Apa U METAJUIMYECKOM

000JI0YKH, TIPOSBISIONIEH MarHuto-ontudeckue cBoiictBa (Puc. 4.1a). Kak u oOwrunbli cmazep, MO
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criazep o0yagaeT Jia3epHbIMH MOJaMHU, T.€. UMEET HEHYJIeBOW OCHMILTUPYIOIIUHN JUIOIbHBIA MOMEHT NPU
HyJIEBOM MajaroueM noje. OTINYUTENbHON XapaKTePUCTUKON SBIISETCS KpYyroBasl MOJSIpU3aLMs IBYX
MOJI Takoro crasepa, KOTOpbI€ PAaCIICIUIAIOTCA IO YacTOTE€ M IOPOTY HAaKaukW H3-3a NPHUCYTCTBHUS B

CUCTEME MAarHuTHOI'O I1OJIA.

(a) 0o 0

0.15

R =
(5 0.10
0.05

MO metal 0.00. :
435 440 445 450 455 4.60

ycuneHue DO

Puc. 4.1. (a) CxeMaTU4HBI PUCYHOK, MOSICHSIOIIUI YCTPOWCTBO KOMIO3MUTHOIO MarHUTOOITHYECKOTO
crnazepa. (0) 3aBUCMMOCTb aMIUIMTYZBI JBYX JiazepHbIX Mo MO cnaszepa OT Hakauku BOJIM3M MOpOra

Ja3epHON TeHepaIuu.

CBolicTBa aKTUBHOI'O Sjpa ONMCHIBAIOTCS HEIMHEWHON IMAIEKTPUYECKOM IPOHULIAEMOCTBIO,
BBEJICHHOM B IMpenplayliel rinase. [{usnexTpudeckue cBoicTBa MeTania (B AJaHHOHW paboTe — KoOaIbTa)

OIMUCBIBAIOTCS TECH30POM NPOHHUIACMOCTHU C HEAUATI'OHAJIbHBIMU YWICHAMMU:

e ig 0
Ewo=|-19 & 0 (105)
0 0 ¢

Jlns 3Hauenuit snemeHToB TeH3opa (105) mcmonp3oBanmuMch SKCIEPUMEHTANBHBIE JaHHBIE U3 PaOOTHI

[166].

Jlazepubie Mobl MO crnazepa MoryT ObITh HaliIEHBI TAaKUM kK€ 00pa3oM, Kak 3TO ObLIO ClieJIaHO
paHee Juisi OOBIYHOTO cma3epa. Mbl GUKCHpyeM OJHOPOAHOE Moje E BHYTpHM yCHIUBAIOLIETO siipa |
MpeJoyiaraeM OTCYCTBHE BHEIIHETO MPHIIOKEHHOTo moiis. [lone BHYTpH 00OJOYKH MBI 3alKCHIBAEM B

BHUJC:
E,. =BE-CE/ p*+3(CE,n)n/ p° (106)

a MOJIC CHApPYXU — B BUJIC
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E,. =—AE/p* +3(AE,n)n/ p° (107)

rie A/B u C - Hekue HEM3BECTHBIE TEH30pBl, & O - PACCTOSHUE OT IEHTPa YCHJIUBAIOIIETO Spa.

FpaHI/I‘{HBIe YCJI0BUA IIO IIOBECPXHOCTH AApa H 000JIOUKH IIpUBOJAAT HAC K CHUCTEMC ypaBHeHI/Iﬁ JIA

OIpEaAcCICHUA HCU3BECTHRIX TCH30POB!:

Eqn =E(B+2C/1°)+G(B-C/r?),
1=B-C/r?,
e(B+2C/R*)+G(B-C/R%) =2A/R®,
B-C/R*=-A/R?,

(108)

A

[Tonyyast U3 mocienmHUX Tpex ypaBHeHHMU BeipakeHUs it A,B u C, Mbl mpuxoamMm K 3aaade Ha

COOCTBEHHBIE 3HAa4YCHU:I, onpez[enﬂ}omeﬁ JIa3CPHBIC MO/JIbI MO criasepa:

» 2C) 4f[s C ,
ggam(E,a))E: £ B+F +G B—F E=ME (109)
JlaHHOE ypaBHEHUE OIpPEENsieT BO3MOXKHOCTD CYIIECTBOBAHUSI HEHYJIEBOTO TUIIOJIBHOrO MoMeHTa y MO

criascpa Ipu HYJICBOM IIaJaromieM I10JIC, CJICA0BATCIIbHO, OHO MOXET OBITH pPacCMOTPCHO KAK YPABHCHUC

A

Ha JIa3epHble MO/bl. VI3 reoMeTpuu 3a7auu cieayer, 4to TeH30p M umeer crnenyromuil BUa:

n M M
M = [ 11 1,2 j (110)
_Ml,z Mz,z

CnenoBaTenbHO, €ro  COOCTBEHHBIE —4UHCNIA  ONpefesorcs  cormacHo A, =M *iM,,, a

COOTBETCTBYIOIUE cOOCTBEHHBIE BekTopa - E, = (1,+i,0)" - cOOTBETCTBYIOT MPKYIISPHOM MOIApU3AIIHI

JUIIOJIBHOI'O MOMCEHTaA KOMIIO3UTHOM HAaHOYAaCTUIBI WU IMOJIApU3aluU OommkHero nonst. Takum 06pa30M,

ypaBaeHue (109) MoxkeT OBIThH MIepenucaHo B BUJIE

ggain (60, Ein’ DO) = ﬂ“i’ (111)

Q- (-2+2e79)(et0)r’—(2+e+9)(2¢F9)R°

112
. (-2+2eF0)r’+(2+e+g)R° (112)

HpI/IBe,HeHHBIe BBIIIC YpaBHCHHUA OMNPCACIIAOT ABC JIa3€pHBIC MOJBI C HHpKy.]'ISIpHOfI

nossipuzanueit [150]. Ypasuenus (111) no dopme coBmamaroT ¢ ypaBaenuem (79). Kak MbI mokazanu
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BBIILIE JUI1 HEMAarHUTHOTO CIIA3€pa, KaXA0€ U3 ITUX YPAaBHEHUH ONPENEIAET CIIa3epHYyI0 MOLY ¢ KOPHEBOU
3aBUCHUMOCTBIO aMIUIUTY/Ibl OT HAaKayKH.
Jl1s MofienmMpoBaHNs aKTUBHOW CPEZIbI Mbl UCIIOJIb3YEM ITapaMETPhl, THIIMYHBIE 1JIs1 KpACUTEINEH:

w,=2eV, g =2 u y=0.05eV. Paguycsl ycunusaromero sapa U MO 0005104kH BBIOpaHBI
cnenytomumu: F=20nm u R=1.1r.

Hammu BbhIYMCIIEHHUS MMOKA3bIBAIOT, YTO JBE MOJBI, ompeneiseMble ypaBHeHueM (111), umeror

pa3IuyYHBIE YacTOThl CIIA3UPOBaHMSA @, U pasiuuHble noporu remepamuu D, . Hu puc. 4.1(6)

I/I306pa)KeHBI AMIIIIMUTYAbl ABYX MO/ (aMHJII/ITy,Ha QJICKTPHUYECCKOI'0 IIOJIA BHYTPHM AKTUBHOI'O s[pa B

3aBUCUMOCTH OT Hakauku). BumHo, uyto B mHTepBane 4 <D, <5 NOABIAIOTCS IBE Ja3epHBIE MOJIBI C

KOpHeBOﬁ 3aBUCUMOCTBKO aMIUIMTYAbl OT HAKa4KH. HOHy‘lCHHBIC YaCTOTbl ABYX MOJ PaBHbI

w =1976eV u o, =1.977eV. Kak Buano u3 puc. 4.1(0), cymecTByer HHTEpBall 3HAUYCHUI HAKaYKH, B

KOTOPOM BO3MOXKHO CYILECTBOBAaHHE TOJBKO OAHOHM Ja3epHoil Mojnbl. Kakas ummeHHO u3 mojn Oyner
CyIIEeCTBOBaTh (MpaBas WM JIeBas), 3aBUCUT OT HANpPBJCHMsS BEKTOpa HaMarHudyeHHocTd. PaszHuna
3HAYEHUH JIBYX [TOPOTOB €CTh POCTO CIEACTBUE KPyroBoro auxpousmMa MO HaHOYACTHUIIBI.

Jl1si KOMIIO3UTHOM HAHOYACTULBI U3 KOOaJbTa MPECTABICHHAS BBILIE TEOPUs IPEJICKA3BIBAET

HOPOT TeHEpalK MPHONN3UTENbHO paBHbIl D, =4.5, uTo cooTBETCTBYeT 00BEMHOMY KO3 IHUINEHTY
yeunenus K"=D,m/ (2C):105 cMm . Takoe 3HaueHHE YCHIEHHS HEJOCTIKHMO JJisi THIIHYHBIX

KpacuTelel Jaxke mpu MojHoW mHBepcuu HaceneHHoctH [135]. K cuacThbio, MpUMEHEHHE MIa3MOHHBIX
MaTepHaIoB U TUIEKTPUUSCKUX JOOPOTHBIX MaTepHalloB, Takux kak Yittrium-Iron-Garnet (Y1G), moxer
NPUBECTH K OoJiee pa3yMHOMY 3HAUEHHIO MTOPOTOBON HAKAUKH.

Uro0Obl TpeB30MTH OONBIINE OMHYECKHE TOTEpH M HEpEeaTuCTHUYHOe Tpedyemoe 3HaueHHe
YCHUJICHHS, MBI TIpeJIaraeM JBe MoAudukanuu au3aitna MO cnazepa: akTUBHOE PO TOKPBITO CIEpBa
cmoeM cepebpa, a 3areM JTHOO ciaoeM KoOaibTa, JHOO cioem maudjekrpuueckoro YIG (puc. 4.2a).
bnaronaps mnpucyTcTBHiO cepeOpsiHOM  00OJIOUKM, Takas CTPYKTypa SBISETCS  IUIa3MOHHBIM
pe30HaHTOpPOM C OoJiee BBICOKOH JOOPOTHOCTBIO, M MOXXHO OXHJIATh, YTO TOPOT TeHEepanuu OyaeT
CYIIECTBEHHO HW)XKE. AMIUMTYABI Ja3epHbIX Moa Takoro MO cmazepa MOXYUHSIIOTCS TOMY IKe

ypaBHeHHo (111), B koTopoM A, ompeaesnsroTcs FpaHUYHBIMU YCIOBUSIMH Ha TIOBEPXHOCTH cep.
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0.0 !
1.780 1.785 1.790 1.795 1.800
gain Dy

0.160 0.162 0.164 0.166 0.168 0.170
gain D,

Puc. 4.2. (2) AnprepHatuBHbIN au3aitH MO criazepa, MO3BOJIAIONINI JOOUTHCS HU3KOTO MOPOra HaKauKH.

(6) m (B) AMmuty sl 1azepHbix Mo it Co + Ag u YIG + Ag cria3epoB, COOTBETCTBEHHO.

[ToporoBasi Hakauka crasepa 3aBUCUT OT PaJUyCOB LIEHTPAIbHOM aKTUBHON cepsl 1 000I0UeK
1 (OHOBOI NMPOHMIIAEMOCTH aKTUBHOM cpelbl &,. Ilopor MokeT ObITh MUHUMHU3MPOBAH ONTHMAJIbHBIM
BBIOOPOM mapaMeTpoB g o0oeux CcTpykTyp. Kpome TOro, cienyer yduThlBaTh, 4YTO YacTOTa
IIJIJA3MOHHOT'O PE30HAHCa, KOTOpas TaKyKe OIpPENEsaeTCs IeOMETPUEH PE30HAHTOpa, JOJDKHA JIEkKaTh B
pernone MO peoHaHca HCIOIb3yEMOI0 MarHUTHOTO MaTepuaa.

Hammm Beramcnenus nokassiBarot, uro a1 Co/Ag cnasepa nopor ynaercst cHu3uth o Dy, ~1.8
npu napamerpax I =0.6R, r,=0.95R u ¢, =5, Puc. 4.2(6). Ecnu BbIOpaTh TONIIMHY c10sI KOOanbTa
6ompme  0.05R, moporoBas Hakauka OBICTPO NpPUHHMAaeT TpexHee 3Hauenne Dy ~3+4,
COOTBETCTBYIOIICE HepeanmucTHuHoMy Kodhduttnenty ycunenus. s YIG/Ag crazepa yaaercss CHU3HUTh
nopor 1o 3Ha4enus D, =0.17 mpu BeiOope cnexyromux mapamerpos: I =0.7R, r, =0.9R u &, =2, Puc.
4.2(8). TIpu >TOM 3HaueHHE 0OBEMHOrO Kodhdummenta ycunenus pasao K’ =3x10°cm™, uto BmonHe

JOCTHXKHUMO IJIs1 TUITMYHBIX KpacheneI‘/'I.
B 3aKIIFOYCHHUEC, HaMH pacCMOTPEHO B 3TO#l TJIaBe HOBOE HAaHOPAasMEPHOEC OIITHYECKOC
yCTpOﬁCTBO — MarHUTO-ONTHYECKHI crasep. B oTnuune oT HEMarHUTHOTO criasepa, MO crasep 06J1a11aeT

ABYMS JIA3CPHBIMU MOJaMH C I.IHpKyHSIpHOﬁ HOJ’IHpH33.LIHGfI JHUITOJIBHOT'O MOMCHTA. Kaxcz[aﬂ H3 IBYX MO
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MMEET pa3HyI0 YacTOTy CHA3MpPOBAHUS M PA3IMYHBIN MOpOr reHepanuu. OKUIaeTcs, YTO BBILIE I1OPOra
TOJIBKO OJIHA U3 MOJ OyJeT BbDKMBATh M3-3a MEXAHUW3Ma KOHKYPEHLHUU MOJ. Y CTPOMCTBO MOKET HaWTH

MNPUMCHCHUC MPU ACTCKTUPOBAHNU KUPAJIBbHBIX U OIITUYCCKU AKTHUBHBIX MOJICKYIIL.

4.3 MarHuro-onTuyeckasi nja3MOHHasA 1[eN0YKa ¢ YCHIeHHeM

O¢pdexr Dapanes, 3aKIOYAONIUICT BO BPALICHUM MOJSPH3ALMU AJIEKTPHUECKOTO MOJS TpU
pacripocTpaHeHMH BosHBl 10 MO cpezpe, mHpeAcTaBiseT OJMH M3 YacTO HCIOJIb3YEMbIX CIOCOOOB
KOHTPOJIMPOBAHUS 3a PACIpPOCTPAHEHUEM 3JIEKTPOMArHUTHOrO u3iaydeHus. Kak ObLIO yKa3aHO BBIIIE,
ABIISICTCA aKTyaJIbHOW pa3paboTKa CHCTEM, O0JIAAAIONMX YCUICHHBIM 110 CPAaBHEHHIO C €CTECTBEHHBIMHU
cpenamu MO OTKIIMKOM.

OnuH 13 crocoOOB MOAPa3yMeBaeT UCIOIb30BAHUE CIOMCTHIX cucTteM [167]. B Takux cucremax
ycuinenne MO CBONCTB CBSI3aHO € MHOXECTBEHHBIMU OTPaKEHUSIMM CBETa BHYTPU CUCTEMBI H
nocneayroiei uarepdepenuueii [168, 169]. MO sddekT Takke MOKET ObITh YCHIEH B METATMUYCCKUX
cucreMax. DPQeKT MIa3MOHHOTO pe30HaHca CBOOOIHBIX HOCHUTENEH 3apsaa B Metauiax Ha MO sddexr
ObLT BriepBbIe npoaHanu3upoBad B [170], rae Obu10 0OHapy)eHO ycuiieHue dpdekra Keppa B CIUIOMIHBIX
MeTaiax BOJIM3M IJIa3MeHHOM yactoThl (cM. Take [171, 172]). Cssp mexay MO cBoiictBamu U
MOBEPXHOCTHBIMU IUIa3MOHAMU B MeTaJUIax Obula TaKKe MPOAEMOHCTPUPOBAHA C MOMOLIbI TEXHHUKH
MOJIHOTO BHYTPEHHEro otpaxeHus B pabore [173]. B MO cucremax, comepkammx MeTaUTMYECKUE
HAHOYACTHIIbI, IUTA3MOHHBIN PE30HAHC TAKKE MO3BOJISIET CyliecTBeHHO yeuauth MO a¢ddexrsr [174-179].
Kpome toro, ycunenne MO cBoiicTB HaOmonan0ch B JUPPAKIMOHHBIX pemeTkax ¢ MO snemMeHTamu
[180-182] u B mepuoauueckux cucremMax ¢ otBepctusmu [183-185].

B nannoii pabore mbI uccienayem 3hdext dapajes B IepHoOAUIECKON TTa3MOHHOM 1iernouke [186],
Haxonsmeiics B MO cpene. [lokazaHo, 4TO BpallleHHE MOJSPU3ANMA B TAKOM IIETIOYKE HA TOPSAIOK
MIPEBOCXOIUT BEJIMUMHY BpalleHus B ogHopoaHoi MO cpene. OOCyXA€HO BIUSHUE OMHUUECKUX MTOTEPh B
IUTa3MOHHBIX YaCTHUIIAX U MPEI0KEH BO3MOXKHBIHM CrI0cO0 UX KOMITEHCALHH.

[Meproanyeckne MENOYKH MIa3MOHHBIX YaCTHIl HHTEHCHBHO M3y4allCh CO BpeMeH paboThl [186].
B Heli Op1710 TIOKa3aHO, YTO OJIHOMEpHAs IETMOoYKa IMJIa3MOHHBIX HAHOYACTHI[ 00JIaJJaeT COOCTBEHHBIMU
MOJIaMH, KOTOpBIE PACIPOCTPAHSAIOTCA MO Ienouke Onarojaps OMMKHENOJIHLHOMY B3aWMOJICHCTBHIO
COCEIHUX YacTHll. B paHHHMX paboTax JUIsl ONMUCAHUS MOJ MCHOJIb30BANIOCH MPOCTOE KBA3UCTATUUECKOE
npubmmkenne [187, 188]. 3arem, Obu1 yureH 3¢ dekT 3ama3apiBaHUU U ObUTH MOJIYyYEHBI 00Jiee TOYHBIC
nucnepcuonnbie  3aBucuMocti  [189]. Kpome »3Toro, wusyuamuch COOCTBEHHBIE MOJbI KOHEYHBIX
onHomepubix [190], Oeckoneunbix aByx [191] um Tpexmepnbix [192] nepmoamyeckux KiacTepoB
IUTa3MOHHBIX HAHOYACTHII.
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HenaBHo Obun 0OHapyKe€HbI HHTEPECHBIE CBOWCTBA IUIa3MOHHBIX YaCTULl ¢ HAMAarHU4E€HHOCThI0. B
YaCTHOCTH, OBUIO TIOKa3aHO, YTO IEMOYKH OOpa3oBaHHBIE IOBEPHYTHIMH BOKPYI OCH IICTIOUKH
AIUTMIICOMIATBHBIMA HAaHOYACTUI[AMH C HaMarHWYEHHOCTBIO 00pa3yloT ONTUYECKHH H30JIATOp —
BOJIHOBOJI, CIIOCOOHBIN MPOMYCKaTh CBET TOJbKO B oaHYy cTopoHy [193, 194]. Oxnako, ®PapameeBckoe
BpallleHHe B TaKUX CHUCTEMax HCCIIeOBAHO He Obu10. JleTanbHOE TEOPETHYECKOe M3Y4YEHHUE KIIACTEPOB
MarHUTHBIX IJIa3MOHHBIX YacTUI[ ObLIO mpoBeaeHo B padote [195]. Tam uccnenoanoch dapaaeeBckoe
BpallleHHe W IUPKYIAPHBIA AUXPOM3M JMMEPOB M PAaBHOMEPHOIO Ta3a HaHOuYacTHUL. Bo Bcex 3Tux
cucreMax ObUIO Ipejcka3aHo ycuieHne dapaieeBCcKoro BpalieHus 61aroaaps mia3MOHHOMY PE30HAHCY.
CTpyKTypbl, IOXOXKHE HA pacCCMAaTPUBAEMYIO HaMHM, ObLIM 3KCIEPHUMEHTAIBHO MCCIEI0BaHbI B paboTax
[196, 197]. Xors oOHM mpeACTaBIUIM COOOH CKOpee HEYMOpSI0YCHHBIC CHCTEMbl MAarHUTHBIX
HAHOYACTHII, MBI TIOJIATaeM, YTO CO3[aHNE JIMHEHHBIX IEPUOTUICCKUX CUCTEM TaK)Ke BO3MOXKHO.

Mpl OyzeM n3ydaTh NEpPUOJUYECKYIO LIETIOUKY METAUIMYECKUX (cepeOpsHbIX) HAHOYACTUILL pauyca
R, pacnosnoxeHHbIX Ha paccTtosHuu L apyr ot npyra u norpyxenusix B MO cpeny (Bi:YIG). Cucrema

cxeMmaTtudyecku wu3o0pakeHa Ha puc. 4.3. PaccMOTpuUM HM3O0TPOINHYIO HAHOYACTHIY paamyca R ¢

. t ol
IPOHULIAEMOCTBIO &' pacnonokenHyo B MO cpejie ¢ TEH30pOM MPOHULIAEMOCTH &

&, 1g O
e=-g ¢, 0|, (113)
0 0 ¢

2z

Puc. 4.3. Cxemaruueckoe n300paxxeHre TeOMETPUH 3aauH.

Js mpocToThl OyaeM CUYMTaTh, 4TO &, =&, =&, =& . HalijeM OTKIMK 4acTulbl Ha INPHIOKEHHOE

v
BHelIHee mojie E B pamkax KBa3UCTaTUYECKOTO MPUOMMKEHUS. DJIEKTPOCTaTUYECKHH MOTEHLHAT

CHApY’KH OT YaCTUIIbI 3alIUIICM B BUIC
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o = —Er+ LB (114)
r

rac A Hexuli HEM3BECTHBIN TEH30p, KOTOpBIﬁ YCTAaHABJIIMBACT CBA3b MCKAY IPUIOKCHHBIM II0JIEM E u

JUIIOJIEHBIM MOMEHTOM C(ephl. DIEKTPHUUECKOE MOJIE CHAPYKU OT Cephl ONMPENEISIETCS COTTACHO:

E™ =—Vp™ =E— AE/r®+3(AE,n)n/r? (115)
HOHe BHyTpI/I qaCTHUIbI MbI HpeI[CTaBI/IM B BUC HI’IHeﬁHOFO OTKJIMKA Ha HpI/IJIO)KeHHOG I10JIC:
E,, = BE (116)

HewussectHrie TEH30PbI JOJIXKHBI OLITH OIMPEACICHBI U3 SJICKTPOAUHAMHUYCCKUX I'PaHUYHBIX YCJ'IOBI/Iﬁ Ha
IMOBEPXHOCTHU YaCTHULbI:
D,,-N|. =Dy -N|
in R ext R’
(117)
Ein X n|R = Eext X n|R !

IloxpcraBnsisa crona BBIPAXKCHUS IJIA DJICKTPUUCCKOT'O IIOJISI BHYTPH W CHAPYXU YAaCTUILBI, IPUXOAUM K

CHUCTEMC ypaBHeHHfIZ

é :1—¥
2 A (118)
8AgB:5 1+—3 G 1—¥

A

rne Terzop G ompeneneH Kak HeIUaroHaldbHAs 4acTh TeH30pa npoHunaeMoctd MO cpenpl. [IpuHnMas
BO BHUMaHHUE BHUJ TEH30pa IPOHUIAEMOCTH OKpY)KAIOIIEH Cpenbl, Mapa HEU3BECTHBIX TEH30pOB

MpeICTaBUMa B BUJIE:

A aXy 0 bxx bxy 0
A=|-a, a, : B=|-b, b, O (119)
0 0 a, 0 0 b,

Haxoner, ¢ yuerom (118) mbl Haxonum u3 (119) unrepecyromue Hac 31eMeHThI TeH30pa A

2 _ 2 42 H
axx — R3 gint +gint8 28 g _ R3 3"99 . (120)

a =
2 2 2! Xy 2 2
& the,+4"—0 & e s+46"—0

DIIEeKTPOCTATHYCCKHI MOTCHIMAI BHYTPH U CHApPYXXU HAHOYACTHI[HI YIAOBICTBOPSIET YPaBHEHHIO
Jlanmaca ¢ npoHnImaeMoctsio £™ M £ cooTBeTCTBeHHO. ClIaraeMble ¢ HeHArOHANIbHBIM dIEMEHTOM +ig
cokpamarorca. Taxum o6paszom, moteHnuan cHapyxku ¢ wumeer ux (d,r)/(er’). CpaBrupas s1o c
BbIpaxkeHueM (114), Mbl HaxoIUM, UTO MOJSIpU3yeMocTh HaHouacTHIBl B MO cpese nmeet Bua

& =éA. (121)
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Tensop nonspuszyeMocTH He sABIAETCSA IUAaroHaidbHbIM. B mommpoctpanctee E, =0 mbl Haxogum 1Ba

COOCTBEHHBIX YHCJIa TEH30Pa MOJISIPU3YEMOCTH:

int
& —&— &
a =8R3—g a =¢R?

; , 122
) 2e+&™ —g (122)

tak uro @B, =, E, u dE =a E_,rne E, =(-1,1,0) u E_=(i,1,0) - coGcTBeHHBIC BEKTOPHI TEH30pa

MOJIAPU3YECMOCTH, COOTBETCTBYIOIIIHC I.IHpKy.HﬁpHOfI MoJrsIpu3anuu najgarouero CBera.
HOJ'Iy‘lI/IB B npez[bmymeﬁ CEKIIUHU BCEC H€O6XOI[I/IMBIG BCJIIMYXHBI, MBI TCIIEPb MOXKEM ITPHUCTYIIUTH K

HaXO0XXIeHUI0 coOCTBEHHBIX Moa MO 1enodku. MBI XOTHM HalTH COOCTBEHHBIE MOJIbBI TAKOM IIECIOYKH,

MMEIOIye KOOPAMHATHYIO 3aBHCHMOCTh monspusanuy B Bune d_~e' . C 7Toro MOMeHTa MBI BCIOMY
Gy/ieM OIyCKaTh FapMOHHYECKYI0 BPEMEHHYIO 3aBHCUMOCTh € . TIma3sMOoHHbIe eMouK: UMeroT Kak T-
Moapl (C MHOJSIpH3aleil MEepHeHIUKYISIPHOW OCH IEMOYKH), Tak W L-Moabl (C mosspu3aimei,
napajuienbHo  ocu). Ilockonbky HaMm HWHTEpecHO ¢apaneeBckoe BpameHue B MO 1enouke mpu
PacrpoCTpaHEHUH BOJIHBI, TO MBI OIPaHUYUMCSI PaCCMOTpeHHEM T-MObI, B TO BpeMsi Kak [uisi L-Mobl
pacnpocTpaHeHHe BAOJIb LEMOYKU IPOUCXOAUT Oe3 BPAICHHs MOJSPH3aIIUH.

[TocnenoBaTeNnbHbIl  aHAMM3 COOCTBEHHBIX MOJ TpeOyeT HAaXOXKICHHS BEIHYUHBI IIOJHOTO
SIEKTPUUYECKOTrO TI0JIsI, JCHCTBYIOLIEro Ha N-il AWMONAL B IIEMOYKEe. IJTO MOJIE CO3/MACTCA GCemu
OCMANBHLIMU YACMUYAMY, COCTABIIOIMME Lerno4ky. OnHako, Kak ObUIO MOKa3aHO paHee B pabore
[189], maneko ot cBeToBoro konyca B 30ue K > K, (rme K, = Re(ng,,,c@/C) - BOMHOBOI BEKTOpP IIOCKOM

BOJIHBI, pacmpocTpanstomieiica B MO cpene), aucrepcust COOCTBEHHBIX MOJ JIOCTaTOYHO XOPOIIO

OTMUCHIBAETCS OJMKHETIONBHBIM B3aUMOJICHCTBUEM Onvkalmux coceneil. B manbueiimem Mmbl Oyaem

UCIO0JIb30BaTh 3TO pubmmkenue. [lose, neiicTByroniee Ha n-if IUNOJb B LIENOYKE, 1a€TCS BBIPAXKEHUEM
d,, d 1

E,=-—-—m=—y (e™aE,+e"aE,). (123)

Z[aHHOC YpaBHCHHC NPCACTABIIACT coboi 3alav4y Ha COOCTBEHHBIEC YHCIIA AJIL TEH30pa MOJISIPU3yeMOCTU

HaHOYaCTHIIbI a. IloacraBnssa croga paHee HalJICHHEIE COOCTBEHHBIC BCKTOpA E+ u E_ MBI IOJIy4aceM

rapy JUCIIEPCUOHHBIX COOTHOIIECHUM:

B 2coskL @.E

L= % (124)

+1

E :_é(e—ikL_'_eikL)aJrEJr:

N3 KOTOPBIX MOXKET OBITE IMMOJIYYCHO SIBHOC BBIPAXKCHUEC IJI1 BOJTHOBOT'O BEKTOPA COOCTBEHHBIX MoOn:
3

k+:1arccos il (125)
L 2a,
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[Tonsipuzanus Kaxa0l U3 3TUX MOJ SIBJISAETCS LUPKYISPHOM: TPaBOM U JIEBOM, COOTBETCTBEHHO.

B Cuily TOro, 4ro COOCTBEHHBIC 3HAUCHUS O, Ha d)HKCHpOBaHHOﬁ H4aCTOTC OTIMYAIOTCsA, OTIIMYAIOTCA

BOJIHOBBIC BEKTOPHI JBYX MOJI, TIO3TOMY Mbl MOXXEM pacCUMTHIBATh Ha BpALICHUE MOJISIPH3ALUN TPH
PacIpOCTPaHEHUH MOJBI IO LIETIOYKE MPU BO30OYKACHHUU ee uHeliHot nomspu3anueii [198].

CnepBa MBI TPEICTABISIEM PE3YNbTaT BBIYUCICHHS IUCICPCHOHHON 3aBHCUMOCTH JUIS LETOYKU
cepebpsabix yacturp B MO cpege npu R=10nm, L = 4R u 6e3 omuueckux moTepp B cepedpe u
OKpyXaromel cpene. XOTS ITOT Ciydail SIBISETCS WIACATU3UPOBAHHBIM, OH IIO3BOJISIET OLICHHTH,
HACKOJIBKO KPUTHYHBIMH Uil yCWJICHHS (DapaJeeBCKOrO BPAILICHUS SBISIOTCS OMHYECKHE TOTEPH B
I1a3MOHHOM Metaiie. [lapa AMCIEpCHOHHBIX KPUBBIX JUIsl TAKOHM LENOYKH YacTHUI[ IOCTpOeHa Ha Puc.
4.4. DxcnepuMeHTanbHble gaHHble w3 [199] u [200] ObuM HCHONB30BaHBI JJISL  ONUCAHUS

IUDJIEKTpUUecKor mnpoHunaeMoctu cepedbpa u Bi:YIG coorBercTBeHHo. M3 pucyHka BHIHO, YTO B

00JacTH MIA3MOHHOTO pe30HaHCa, Koraa &' +2¢~0, BO3HHKAIOT pa3pelleHHbIe 30HbI IS ABYX MO

MEPUOINYECKOM 1IEeTI0OYKH. J[BE KpUBBIE pa3esieHbl 0 YacToTe n3-3a MO CBOMCTB OKpYXaIoIIeH Cpe/Ibl.

0.0

BbiTeKakoLlwne moadbl

- 04

- mode
JIOKAa/IN30BaHHDbIe

MoZAbl

kL/m

- 0.6
- 0.8

- 1.0 \ *
2.20 2.23 2.30 2.35 2.40

YactoTa, eV

Puc. 4.4. I[I/ICHCpCI/IOHHBIe KpPHUBBIC O,Z[HOMGpHOfI MarHUTO-ONTHYECKON ILIEIOYKU 0e3 yd€Ta OMUYCCKUX
MOTCPb. I_HTpI/IXOBaHHBIe JUHHUS 0003HAYAET CBETOBOMU KOHYC. MO)IBI, PACIOJIOKCHHBIC BBIIIC KOHYCa —

yTeKaroIue.
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OTMeTHM, YTO MOJIBI, TIpeACTaBICHHBIC Ha Puc. 4.4, ABIsAIOTCS 0OpaTHBIMH BOJIHAMH: MX TPYIIIOBAs
CKOpOCTh M (pa30Basi HANpaBJICHBI B pa3iM4YHbIE CTOPOHBI. Ha Bcex pHCyHKax B JaHHOM pasfeiie MbI
CTPOMM YacTOTHYIO JHCIIEPCUI0 TakuM o0Opa3oM, dYTOOBI TpymNIoBas CKOPOCTh Bcerjma Obuia
MOJIOKUTEIILHONW, B TO BpeMs Kak (pa3oBas CKOPOCTb M BEJIMYMHA BOJHOBOTO BEKTOpAa SBISIOTCSA

OTPHULATCIbHBIMHU.

Kak oTmeuanoch BbIIIEe, MBI pacCMaTPUBAEM TOJIBKO MOJIbI, HAXOSIIUECS B 00JIaCTH |k| >k, . Takue

pemenus (bound modes) MoOryT pacmpoCTpaHSTChs MO BOJHOBOJHON cCHUCTeMe 0€3 pagualloOHHOTO

3aTyXaHusdA, B TO BpEMA KaK pPCIICHHUA C |k|< kO (BBITCKaIOHII/Ie MO,I[BI) HUCIIBITBIBAOT CHJIIBHOC

paarualMOHHOC 3aTyXaHHC. Korz[a B CUCTEMC NPUCYTCTBYIOT OMHUYCCKHUE IMOTECPU, BCEC MOJbI CTAHOBATCA

CBsA3aHbl C HU3JIYYCHUCM B OKpYKAOMIEC MPOCTPAaHCTBO HE3aBUCHUMO OT BOJIHOBOI'O BCKTOPA. OI[HaKO,

MOJIBI C |F\’e(k)|>kO UCTIBITHIBAIOT TOpa3ao Oojiee cinaboe paJMallMOHHOE 3aTyXaHue Ojarogaps HX

JIOKaJIM30BaHHOMY Xapaktepy. 1o sToli mpuunHe, B JanpHEieM Mbl OyieM HMEHOBATh TaKUE PEIICHUS
JIOKAJIM30BAHHBIMH.

B onpeneneHHbIX ciydasx NpUOIMDKEHUE OMKaMIIUMX cocelei, HMCHOoJIb30BAHHOE HaMHU IIpU
BbIBOJIE 3akoHa jucnepcuu (125), sBiseTcss HEAOCTATOYHO TOYHBIM JaXe IPU pPACCETHUU Ha
cyoBosHOBBIX vacTunax [201, 202]. UtoObl ompaBaaTh ClellaHHOE NPHOIMKEHUE, Mbl CpPaBHHUBACM
pe3yJbTaT, MOJYyYCHHBIH B OJMKHETIOJEHOM MPUOIIKEHUH C TOYHBIM PEIICHHEM, KOTOPOE YUUTHIBAET
BCE JMIIOJNU B TEPUOMIECKON IIENOYKe, B3AThIM U3 padboThl [189]. PesynbraThl mpeacraBieHsl Ha Puc.
4.5 nns HEeMarHUTHOM OKpYXKaroleil cpeibl 6e3 OMHYECKUX MOTEeph, AUIIEKTPUUECKass MPOHULIAEMOCTb
KOTOpOHM 3amaercsi TuaroHaidbHBIM dieMeHToM TeHzopa (113). Kak Bumgno w3 Puc. 4.5, manexo or
CBETOBOI'O KOHyCa TOYHOE pelleHue (KpacHasi KpUBasi) M pELIEHUE IOJy4YeHHOE B MPUOIMKEHUU

Onmmxalimmx cocenet (CHHsIS KpUBasi) JalOT JOCTATOYHOE COTJIacue.
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1.0

operation
region

L’ quasistatic
calculation

06 exact "\
calculation

kL/m
/' K

............................

0.0
2.20

o
S
‘N

2.30 2.40

2
(3%}
‘N

Frequency, eV
Puc. 4.5. CpaBHeHHE AMCIEPCHOHHBIX KPUBBIX, MOJYYCHHBIX B MPHUOIMKEHUH OJVKAWIIMX COCene
(cuHsisi KpuBas) W TOYHOTO PEIICHHUS C YYE€TOM BCEX IIEMOYeK B 4YacTUIlEe (KpacHas KpuBas).
tpuxoBanHast JMHHUA OOO3HAYaeT CBETOBOW KOHYC. IIpu OONBLIMX BOJHOBBIX YHCIAX, BIAATU OT
CBETOBOIO KOHYCa, HCMOJb3yeMOe NpUOIMKEHUE [aeT YJOBJIETBOPUTEIBHOE COIJIACHE C TOYHBIM

pCILICHUEM.

q)apaz[eechoe BpalCcHUEC MOJpU3allui Ha CAUHULY NJIMHBI IIPU paCIpPOCTPAHCHUN COOCTBEHHOM

MOJIBI TI0 TeTI0YKe MOKHO oreHuTh kak 6 = (K, —K_ )/ 2. JlefictBuTenbpHO, KOT/Ia [IEMOYKa BO30YkKIaeTcsa

Ha BXOJI€ JIMHEMHO MOJIAPU30BAHHBIM JJIEKTPUUYECKUM IIOJIEM, OHO PACKJIAJBIBAETCS HA JIBE MOIBI C
PaBHBIMU aMIUTUTYJAMH:
E, :1[(1 i,0)" " +(1,-i,0)' e‘“} . (126)
input 2 17 d ’
z=0

OTO BBIpAXEHUE B TOYHOCTU COBMAJAET C BBIpAXKEHUEM sl (papaJeeBCKOrO BPAIICHHUS B OJHOPOIHOMN
MO cpene. Ha puc. 4.6 mokazaHa Beln4YrHa BpallleHUs TOJISPU3AINH Ha JUIMHE IIETIOYKH, COCTOSIICH U3
10 ywactun. B paspemennoit 3one MO nenouku (apageeBcKoe BpalleHHE BO3pACTaeT Ha HECKOIBKO
MTOPSIJTKOB IO CPAaBHEHUIO ¢ BpalleHneM B oHopoiHo MO cpejie, moka3aHHBIM Ha Puc. 4.6 MyHKTHPHOM

nuauend. OTMETHM, 4YTO BpallleHWe BO3pacTaeT BOJIM3W 3ampelieHHON 30HBI. JlaHHOE TOBEICHUE
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CTAHOBUTCS TOHATHBIM TMpu B3rsine Ha Puc. 4.4: BONM3M TpaHULBI 30HBI TPYHIOBas CKOPOCThb

COOCTBEHHBIX MOJ MmaaacT, 4TO NPUBOAUT K OOJIBIIIEH BEIUYUHE BpalCHU: IMMOJIsIpU3alnu.

- < - -Bulk Bi:YIG |
— | D uenouka

~ JIoKanu3oBaHHble
150 mogpl

[S—
S
=3

Rotation , deg.

W
=

Ojp---lw----‘----:-----}--------------

2.20 2.25 2.30 2.35 2.40

YacroTta, eV

Puc. 4.6. ®apaneeBckoe BpalllcHHE B IEMOYKe Oe3 moTeph A JUMHBI mnenmodkd Z =10L (crutommHas
KpuBasi), BpauleHue B oaHopogHo MO cpene (myHKTUpHas KpuBas). BepTukanbHas yepra OTIENseT

00J1aCTh JIOKAJIM30BAHHBIX MOJI.

Ha pucynke 4.7 mnpencraBieHa Mapa AWCIHEPCHOHHBIX KPUBBIX Ui LEHNOYKH, B KOTOpOH
YUUTBIBAIOTCS OMHUYECKHE MOTEepH B HaHowacTHIax u MO cpexe, a Takke ¢apageeBCKoe BpallleHHE B
COOTBETCTBYIOIIECH Ienoyke. BUIHO, 4TO MpH HaIMYUM OMHYECKMX MOTEPh BEIMYWHA (apageeBCKOrO
BpallleHUs CWIbHO majgaer. Kpome Toro, mpomagaer oTMEUEHHas paHee TOHKas CTPYKTypa BEJIMYHMHBI
BpallleHUss BOJM3M TpaHMIBl 3alpelieHHOM 30HbI: Ha puc. 4.7(6) OTCYTCTBYeT BO3pacTaHue
(bapaneeBcKoro BpalieHus BOJM3H TPaHUIIBI 30HBI. TakkKe HY)KHO OTMETHTb, YTO JUTMHA MpoOera MoJbl
MO IIEMOYKe C TOTepsSIMH OYECHb Maja: OHa COCTaBJsIeT MOpsAKa TepHoja IEMOYKH, 4YTO KpaifHe

HEAOCTATOYHO IJI TPUMCHCHU A Takoi BO.]'IHOBO)IHOI\/’I CHUCTEMBI Ha IIPAaKTHUKCE.
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N
S

MOZbl

0.5 .(_2}? ik o mod?‘_——"—' (b) i === 1D chain

E Ll s JIOK. MO/bl \ = = = = Bulk Bi:YIG
j R P e % 30 :
g 0.0 o

L §20 ,
5 S i
jj -0.5 JIOKa/In30BaHHble Q% 10 ;
= L

0
220 225 230 235 240 220 225 230 235 240

Yactota, eV Yactota, €V
Puc. 4.7. (a) Aucniepcust cobctBeHHBIX MO MO HEMoYKH ¢ yueToM oMHuecKuX notepb. LtpuxoBannas
JUMHUA 00O3Ha4yaeT CBETOBOM KOHyc. MoJbpl HMKE KOHYyca — JIOKaJu30BaHHble Mojbl. (0) YacroTHas
3aBUCUMOCTH (papaiceBCKOI0 BPALICHUs B LEMOYKE C OMMUYECKUMHU MTOTEPSIMU U BpAILllEHUE B OJTHOPOTHOM

MO cpene.

M3 npuBeneHHBIX pPe3yIbTaTOB MOXHO 3aKJIIOYHTh, YTO HHU3KHH ypOBEHb OMHYECKHX IIOTEPb
KPUTUYECKH BaXKCH ISl yCHIICHHS (DapaJieeBCKOro BPAIICHUS, IIO3TOMY BBI3BIBACT HHTEPEC BO3MOKHOCTD
KOMIICHCAIIMM 3TUX MOTepb. s KOMIIEHCAIlMM OMHYECKHX MOTEPh MOXXHO HCIOJBH30BATh AKTHBHYIO
cpeny. OMHIM U3 BO3MOXKHBIX MTOJIXOA0B SIBJISIETCS CO3JJaHHUE IETIOYKH U3 KOMITO3UTHBIX YacTHII.

[Tpobnema KOMIEHcalMU MOTEPh B IUIa3MOHHBIX HAHO-IEMOYKaX paccMaTpUBallach B HECKOIBKHX
pabotax [203-205]. B pabore [203] ycuieHHe OCYIIECTBISIIOCH MOCPEICTBOM OKPYXKAIOIIECH IEMOYKY
aKTUBHOW cpesl, B TO BpeMs kak B pabore [205] aBTOpHI paccMaTpuBaiu IIEMOYKY OOpa30BaHHYIO
KOMITO3UTHBIMU HAHOYACTHUI[AMH, COJACPKAIIMMHU YCHIHMBAIOIIYIO cpeay. B crartee [204] cpaBHHBaiHCh
oba monaxona. Mbl Oynem cienoBaTh BTOPOMY IOJXOAY M pacCMaTpUBaTh ILIETIOYKY, COCTOSIIYIO U3

KOMITIO3UTHBIX HAaHOYACTHIL C aKTHBHOM CpeI[OI\/'I. OT)ICJ'IBH&H HaHOYaCTHIa CXEMAaTHUYCCKU H306pa>KeHa Ha

Puc. 4.8. Ona cocTouT M3 cepeOpsHOro sapa paauyca I W yCHIIMBAIOIIEH 0OOJIOUKHM, TaK YTO PAIHyC
IIGJ'IOI\/II HaHO4YaCTUIbI PpPaBCH rz. FGOMCTpI/IH OCIIOYKM TaKasd XCE, KaK U B npem)mymeﬁ qacTu:

HaHouacTHIbl orpykeHsl B Bi:YIG Ha paccrostHun L npyr ot npyra, BeKTop HamarHu4eHHocth MO
Cpebl MapaJuIeNIeH OCH LIETIOYKH.

KomOunanust ycunuBaromieid cpeipl U IIa3MOHHOTO PEe30HATOpa BeJEeT K 00pa30BaHMIO JIa3epHOH
cucrembl — MO cmasepa [150]. Bsiie mopora nasepHoil reHepanni, OH UMEET JBE JIa3epPHBIC MOJIBI C
LUPKYJISIPHOW TOJISIpU3AlMEN TUIIOJIBHOTO MOMEHTA M Pa3IMYHbIMM 4acTOTaMH JazupoBanus. OHAKO, B
JAHHOM ciy4ae Hac OOJIbIlle MHTEpPECYeT IOANOPOTOBBIH peXUM paboOThl crazepa, KOrja YCHIIEHHE

HEAOCTATOYHO AJId TOTO, UTO NOAACPIKATh JIa3UPOBAHUC.
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VYcunuBaronias cpefa HIKE MOpora TeHEpalru MOXKET OBITh ONHUCAaHa MPH MOMOIIM JTUHEHHOMN
JUAIEKTPUYECKON MPOHUIAEMOCTH C OTPULATENIbHOM MHMMOM YacTblO, OTBEYAIOIIEH 3a HMHBEPCHUIO

HaceJIeHHOCTeH akTUBHOM cpenbl [58, 147]:

Eqain (@) =&, + D, ol (127)

®. 0O —w

B dopmyne (127) T' - mmpuHa JMHUM UCITyCKaHUS YCHJIMBAIOIIEH CpENbl, @), - 4acTOTa HEpexoja,
2 o
D, :47z'|,u| n/(hF) - 0Oe3pasmMepHas XapaKTEpUCTHKA HaKayK{, IPONOPLUOHAIBHAS O00bEMHON

o 2
HHBCPCHUU HACCICHHOCTCU JBYXYPOBHCBLIX CHUCTCM n mu KBaapary JAUIIOJBbHOI'0O MOMCHTA |,u|

Ycunuparoias cpeia MOXKeT ObITh peaqn3oBaHa Kak HabOp MOJEKYN OpraHM4eCcKOro KpacUTeNs WU
KBaHTOBBIX ToueK. OJHAKO, KaK Mbl YBUAUM HIXKE, YCUJICHHE MPEIOCTABIAEMOE KPacUTEIEeM Jlaxe Mpu
MOJIHOM MHBEPCHM HACEJIEHHOCTEW B JTAHHOM CJIy4ae HEIOCTATOYHO JJIS KOMIIEHcauuu notepb. [1o aToit
HpI/I‘-II/IHe MBI CUHUTAEM, YTO aKTHBHAas cpena HpeIlCTaBJISIGT CO6OI7I Ha60p KBAHTOBBIX TOUYCK. BCJII/I‘-II/IHa

HIMPUHBI JJMHUU KBAHTOBBIX TOUeK mpuHsta papHoi ['=20meV [206], mpoHuIIaeMOCTh aKTHBHOW CpE/Ibl
B OTCYTCTBHE HaKauku - &, =4.

YacToTa MCITyCKaHWUS aKTUBHOW CpeAbl MOAOMpAETCS MOJ Y3KHH IHara3oH 4acTOT COOCTBEHHBIX
MO/l HENOYKHU. Pasnychl CIONCTBIX HAHOYACTHIL] BBIOpaHBI PaBHBIMHU [, =10nm u n= O.8I’2. Jns nanHBIX

mapaMeTpoB pPaCIIpOCTPaHCHHUC COOCTBEHHBIX MOJ IIO IIa3MOHHOM IIEIOYKE BO3MOKHO B AUalia3oHE

yacTtor oT 2.4 a0 2.5 SB, TaK YTO YaCTOTa HCIIYCKaHHA KBAHTOBBIX TOYCK ObLIa BLI6paHa paBHOﬁ

@, = 2.45eV .

[ToBTOpsis Ty >K€ HpOLEAYpY BbIBOJA, YTO OblJa MCIOJIb30BaHA paHee, Mbl IOJydyaeM Mapy

AUCTICPCUOHHBIX COOTHOIICHUH COOCTBEHHBIX MO/J AKTUBHOM OCIIOYKH:

1 —®
kt :ECOS ' 2 core—shell |’ (128)
ai
rae o™ - cobGcTBeHHBIe UMCIAa TeH30pa TOMAPU3YEMOCTH KOMIIO3HTHOH YACTHIIBI HAXOMAMIEHcs B

MO matpuue.

B GonbmuHcTBe mpuioxeHuil sddexra Dapanes TpedyeTcs, 4TOObI NMPH HYJIEBOM BXOJHOM
CHTHAJIe CCTeMa TeHepHpOBaja Ha BBIXOJIE TaKKe HyJeBOW curHail. B To ke camoe BpeMs, B CUCTEMaXx C
YCUJIMBAIOIIEH Cpeloi, KOTJa Hakadka TPEBBIIACT TOPOTOBYIO BEIHYMHY, MOXKET CYIIECTBOBATH
nazepHas Moja. [Ipy 3TOM YacTHIIBI, COCTABISIONIME CHUCTEMY, OO0JIQJal0T HEHYJIECBBIMH JHITOIBLHBIMU

MOMCHTAMU HCCMOTPS HAa HYJICBOC IMaJaromiec IoJic. I[aHHBIﬁ PEIKUM pa6OTBI MO OCIMOYKH HE TOAXOAUT
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s npunokeHuil. Huxe Mbl Oyner paGoTaTe MpH TakMX BelMMYuMHAX ycwieHus Dj, mpu KOTOphIX B

CHCTEME He CYILECTBYET JIa3epHOIl reHepaluH.

MO cpepa

Puc. 4.8. Cxemarnyeckoe n300pakeHHE KOMIIO3UTHONH HAHOYACTHIIBI, cocTaBisironied MO 1enodky c

YCUJICHUEM.

HOpOF TreHepaluuun OTI[CHBHOﬁ CyﬁBOJ’IHOBOﬁ YaCTUlbl OIPEACIIACTCA YCIOBUCM CHHIYJIAPHOCTU

JUTNIOJIBHOM TOJIIPU3yEMOCTH; TOYHEE, YCIOBUEM CHUHTYJISPHOCTH OJHOIO M3 COOCTBEHHBIX 3HAYCHHM

Tensopa momspusyemoctd. Temsop Q™™™ wuMeer Tpu pa3nTMUHBIX COGCTBEHHBIX YHMCNA, KAXKIOE U3

KOTOPLBIX OHNpCACIACT JIA3CPHYHO MOAY CO CBOUM OTIIMYHBIM OT APYTHUX IMOPOroM I'CHEpalluu. YToObI

NPEeOTBPATUTh JFOOYIO JIa3epHYI0 T'eHepaluio, BeJMYMHAa Hakaykn D, IODKHa He NpeBHINIaTh

MHUHUMAJIBHBINA U3 dTHX Imoporos Dmin .

B cnyuae knactepa B3aMMOJICWCTBYIOIIUX YAacCTUI[ C YCHJICHHEM CUTYallMsi COBEPUIEHHO WHas. B
TakoW CHCTeME Ja3epHble MOJABl HMMEIOT Topa3lo 0ojee CIOXKHYI0 CTPYKTYpY, M HaxOXKICHHE
MUHUMAJIBHOTO TIOpOTa TeHEepallid CTAHOBUTCS Topaszio Oosiee TpyaHOH 3amaueil. OMHAKO, MBI MOXKET
BOCIIOJIb30BaThCS 00JIee CTPOTUM YCIIOBUEM YTOOBI FapaHTUPOBATh, UTO Jla3epHasi FeHepalus B CUCTEME

HC IMPOUCXOOMT.

PaccenBanue Ha OJHOM 4YacTHIIE B JIUIIOJbHOM HpI/I6J'II/I)KCHI/II/I OIMMUCBIBACTCA TCH30POM

~ —shell 9]
nomspusyemoctu @ " . Korga MHMHMBIE YacTH BCEX COOCTBEHHBIX 3HAYEHHWM 3TOr0 TEH30pa

ITOJIOKHUTCIIBHHEI,
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Ime, >0, Ima_ >0, Ima,, >0, (129)

TOTJla pacCeMBaHWE CBETAa Ha OTACIBHON YacTUIE COMPOBOXMACTCS IUCCHMANMCH TMPH 00O

MoJIIpU3alvu Magaromero CBETa, MOCKOJbKY MOIMIHOCTD NOTCPhL AACTCA BBIPAKCHHUEM
w 2 2 2
W=2(Ime, [E.[ +Ima [E [ +Ima,|E,[). (130)
2 + + 2z z

Kak BHIHO W3 MPHUBEACHHOTO BBIPAKEHUS, JIJISI CUCTEMBbl JAMCCUIIATUBHBIX JMIIONEH Jia3epHas Moja He
MOJKET CYIIIECTBOBAaTh, MOCKOJIBKY MOITHOCTh MOTEPh BCETAa MOJOXKuUTeNbHA. [lonarasch Ha 3TOT (akT,
MbI OyzneM paboTaTh MPU TAKUX BEIMYMHAX HAKAYKH B KOMITO3MTHBIX HAHOYACTHIAX, COCTABIISIOIINX
LENOYKY, /Ul KOTOPBIX BBIMOJHAIOTCS HepaBeHcTBa (129). MakcumanbHOE 3HA4YEHHE YCUJICHHS, MPU

KOTOPOM HaHOYAaCTHLa ABJIKICTCA CIIC I[I/ICCI/IHaTI/IBHOI‘/‘I, o6o3naunMm 3a D XOoTa MBI HE MOXKEM

diss *

MOJIYYUTh AHAJIUTUYCCKOT'O BBIPAKCHUA IJIA D BBUAY KpaﬁHe CJIOXKHOI'O BBIPpAXKCHUS JId TCH30pa

diss

HOJISIPU3YEMOCTH, BBIYMCIICHUS YKa3bIBAIOT HA TO, 4TO 1o KpaiiHeir mepe 0.3< D, . 3 Puc. 4.9 BunHo,

diss *
4TO IIpH DO =O3 BCC TpHU CO6CTB€HHI)IX qucia AJEMOHCTPUPYIOT AUCCHUIIATHMBHOC ITOBCIACHUC. HpI/I

mobom D, <0.3<D,

iss CUCTEMA TaK e OyAeT TUCCUIIaTUBHOM.

8 D,=03 i

L L 1 L L L 1 1 L | L L L 1 L L L -
240 242 244 246 248 250
Yacrota, €V
Puc. 4.9. YacroTHass 3aBUCUMOCTH TpPEeX COOCTBEHHBIX YHCEJI TEH30pa TMOJISIPU3YEMOCTH CIOUCTON
HaHOYACTHIIBl C ycuieHueMm, norpyxeHHoii B MO cpeny. [lpm ypoBHEe Hakauku akTUBHOH CpeJbl

DO =0.3 MHHMBIE YaCTH BCEX TpEeX COOCTBEHHBIX YHCEI CYHICCTBCHHO ITOJIOKUTCIIbHBI, UTO O3HAYACT

MOrJIomEHNUE CBCTAa IpU PaCCCIHUU U HEBO3MOXHOCTH J1a3epH01”4 reLepanu 1npu JaHHOM YPOBHC

HaKa4dYKH.
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Ha puc. 4.10 npusenens! nucnepcuoHHble KpuBble MO LENOYKH C YCHICHHEM M CIEKTPHI
dapaneeBcKOro BpaIleHUS Ul HYJIEBOH BEIMYMHBI Hakauku, W s 3HadeHus D, =0.3<Dy.
PaccrosHue Mexy uyacTUIlaMH, KaKk U B CIydae IAcCUBHOM IETIOYKH, BbIOpaHO paBHbIM L =4r,. B

ECJIOM, TUCIIEPCHUOHHBIC KPUBBIC U CIICKTP (bapaz[eeBCKoro BpalCcHus B LECIIOYKE C HYJICBbBIM YCHIICHHEM

MOBTOPSIET CLIEHAPHil MAaCCUBHOI LIETIOUYKHU CepeOPSHBIX YaCTHULl, PACCMOTPEHHBIH BBIIIIE.

Re kL/m, Im kL/m Rotation, deg.
m I
= 0.5 5t e rpezezt T 100 — 1D chain
2 ~ (a) T 0 (0) - -+ = Bulk Bi:YIG
o JOKamu3.
= 0.0 60 |
2 Re k MO/IBI |
I 40 !
g -0.5 20 /_\i
9 JIOKAJIA3. MOJIbI S r— e
= 240 242 244 246 248 250 240 242 244 246 248 2.50

Yacrora, eV Yactora, eV

05, o= sg o2 120 :

o s (B) g Imk.s 100 (1) |
q) ‘s l’ ]
= o0 80 nokamms.|
o 2 MOJIBI -
5 B .5 T 40 |
= -
> 20 !

JIOKAJIN3. MOJbI N e e itearm e

240 242 244 246 248 250 240 242 244 246 248 2.50
Yacrora, eV Yacrora, eV

Puc. 4.10. (a,B) Jucnepcust coOCTBEHHBIX MOJ U (0,I') CIEKTPHI (hapajieeBCKOro BpALIEHUs AJIS LIETIOUKH €

ycunenueM. Bepxuuit psin: naccuBHbIN cnydaid ¢ D, =0, HukHUI psax — caydail ¢ onTHMaIbHOM

BEJIMYMHON YCHIICHHS, KOT/a JIa3HpOBaHue ele HeBo3MoxxkHo, D, =0.3.

C YBCINYCHHUECM HAKAYKH 00J1acTh pacnpoCTpaHdArOmuxXCsa MOJA CTAHOBUTCA Ooiee BLIan(CHHOﬁ.
OTMCTI/IM, 4TO 4aCTOTa IMJIa3MOHHOI'O PE€30HAHCa KOMIIO3UTHOM CJIOUCTOM JaCTUIbI, HOFPY)KCHHOf/'I B MO
Marpuny, OTIUYACTCA OT TAaKOBOM I YHCTO CCpC6p$IHOI>i qacTulbl H3-3a AOINOJIHHUTCIBHOTO CJIOA,

KOTOpBIM CABUTaeT pe3oHaHC. Bmecre ¢ 3THUM, ¢ pOCTOM Hakauykd pacTeT BelMuYMHA (hapareeBCKOro

Bpawenus. [lpu D, =0.3 BenmumHa BpaiieHns MoIsIpH3alMy CPaBHUMA C WICATHM3HPOBAHHBIM CIIydaeM

0e3 moteph B HaHOYacTUIax, Puc. 4.10(r).
JloGaBiieHHEe HaKauyKW TaK)XKe TMO3BOJSIET YBEIWYUTHh JUIMHY Tpolera COOCTBEHHBIX MoJ, Puc.

4.10(B). U3-3a HaJOKEHHBIX OTPAaHMYCHUI HA BEJIMYMHY HAKAYKH, BOJIHOBOH BEKTOP MOJ BCEr/la MMEET
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KOHEYHYI0O MHUMYIO 4acTh, M No3ToMy miamHa mpobera | . =1/Imk, Takxke ocTaercst KOHEYHOIL.

prop
MuHMManbHas BeTMYMHA MHUMOM YacTH BOJIHOBOI'O BEKTOPA, KOTOPOW MBI MOXKEM JOOHUTbCSA TpHU

JaHHBIX 3HAYCHWSIX Hakauk, coorBerctByeT ImK, L/7z<0.03. OueHum momr0 3HEpPrum, KOTOpas

JIOCTUTAET BBIXOJIa IIEMOYKH M3 JeCATH dacTull. [IpeHeOperas oTpakeHUSMH Ha KOHIAX IICTIOYKH,

MHTECHCHBHOCTB TIOJIS HA BBIXOJE MOXKET ObITh oleHeHa kak |, =1, exp(—2Imk-10L)~ 0.2l,,. Takum

ou
obpazoM, okojio 20% majgaromero MOTOKAa JOCTUTaeT KOHIA IIEMOYKH, MPH OTOM MOJISIpU3AIUs
HCHBITHIBAET OBOPOT HA 90 rpagycoB, YTO BIIOJIHE JOCTATOYHO JUIsl IPUMEHEHU.

Bennunna nHakauku aktuBHOM cpensl D, =0.3 coorBercTByeT 00BEMHOMY KO3(OHIMEHTY

yeunenus K’ =1Im Je_. @,/ Cc~10°cm™. DT0 HEAOCTMKUMBIH /Il OPraHUYECKUX KPACHUTENEH ypOBEHb,

gain
OJIHAKO, ITOT0 MOXHO JOOHTHCS, UCIOIb3ysl KBaHTOBbIe TOUKK [160]. OOpaTum 31ech BHUMaHKUE HA TO,
YTO HU3-32 CIIOHTAHHOI'O paclaja KBAaHTOBBIX H3JydyaTeled aKTMBHON cCpeibl BeIMYMHA HHBEPCHU
HaceJeHHOCTeH OyneT MeHblle, 4YeM B Cllydyae AaKTUBHOM cpelbl, HaxoIfIlelcs B CBOOOAHOM
npocTpancTBe. Mbl cuMynupoBai 3PQEeKT CIOHTAHHOTO pachaza MyTeM A00aBiICHHs MAaCCUBHOTO COS

MEXTY METALTHICCKUM SIPOM M YCHITHBAIOIIMM CIIOEM TOJIIMHON t=3NM . BerauciaeHus MOKa3bIBaIOT,

yTO OOJIBIIME 3HAYCHUS HaAKAuYKU TpeGy'IOTCSI A1 KOMIIEHCAMK IIOTEPb, HO OHHU IO-IPEIKHEMY
JOCTHXHUMBI C IOMOIIBIO KBAHTOBBIX TOYCK.

Pump rate ():3

0.1

00 _—

150

1000

Rotation, deg. '

02

50 |

242 -
244 — .
Frequency, eV 2.46

2.48

Puc. 4.11. 3aBucuMOCTH q)apaneeBCKoro BpalCHU: MOJIApU3alu B HETIOYKEC C YCUIICHUEM OT YaCTOTHI U

BCINYNHBI HAKAYKHU DO . YBennueHue HaKaukKu MNPUBOAUT K POCTY BCIIMYMHBI BPAIICHUA U TMOABJICHHUIO

TOHKOM CTPYKTYpbI Ha Kpasix pa3peuieHHOW 30HbI.
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Ha Puc. 4.11 moxka3zan crekTp (apaaeeBCKoro BpalleHUs Kak (YHKIMS YacTOThl U HaKauKH
akTUBHOM cpeabl. C yBeIMUYEHHEM HAKAaYKU BETWYMHA BpaileHus noispusaund MO 1nenodkoil pacter

BHYTPH pa3peIieHHON 30HbI coOCTBeHHbIX Mox. [Ipm Hakauke Ommskoir x D, =0.3 cranoBurcs

pasnuyMMa TOHKasg CTPYKTYpa, COCTOALIAasl U3 JBYX MHMKOB BOJIM3M I'paHUIIbI pa3peleHHON 30HBI, I1e
I'PYNIIOBBIE CKOPOCTHU ABYX MOJl YMEHBIIAIOTCS 10 CPAaBHEHUIO C CEPEIMHOMN 30HBI.

B 3axitouenue, Mbl TEOPETUUECKU U3YUMIIN yCUJIeHHE (DapaJeeBCKOr0 BPAIICHHsI B IEPHOANYECKON
LIENIOYKE IIa3MOHHBIX HaHOYAacTHILl, noMeleHHbIX B MO matpuny. Bpamienue B Takoil Lienouek 4acTull
MOXKET B JIECATKH pa3 IPEBOCXOJUTH CpallleHWe Ha E€AWHHIY AIuHbBl B ogHopoxHoi MO cpeze.
[TpucyrcTBUE OMHUYECKUX MOTEPh SABIAETCS KPUTUYHBIM Ui ycuieHus BpauieHus. Ilorepu moryt ObITh
CKOMITEHCHPOBAHbI ONTHYECKUM YyCHIIEHHeM. MBI paccMaTpuBaeM KOH(HUTYpalUio ENOYKH, B KOTOPOM
YCUJIEHUE BKJIIOYEHO B OJMH U3 CJIOEB HaHoYacTUlpl. B 3Tom ciywae, muasmonHas MO wactuna
cranoButcs MO cnazepoM. Ilpu ypoBHSX Hakauku MeHbIIEH Mopora reHepanuu JUIMHA npoOera

COOCTBEHHBIX MO BO3PACTACT U YBCIUINBACTCA BCJIMYNHA (bapaz[eechoro BpalllCHUs.
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I'naBa §
Cynepocun/uisunu
5.1 Bseneuue

[Ipeamonoxenue o TOM, 4TO (DYHKIHS C OTPAHUYEHHBIM CIEKTPOM f(t), T.e. QyHKIUS, Ybe

npeobpazoBanue Dypne f(a))=0 JUISL BCEX YacTOT |a)| > (. » MOKET OCLUMWIIIMPOBATh HA KOHEYHOM

ax )
MIPOMEXKYTKE 3HAUUTEIBHO ObiCpee 2ApMOHUKY C MAKCUMATILHOU YACMOMHOU COCMAassaouell, siBIseTcs
KOHTPUHTYUTUBHBIM. OpHaKo, kak Obuio moka3zano M. beppu B pabote [84] B 1994, Takue QyHKIMU
OCHHJUTHPOBATh TOPa3/io ObICTpee (CTPOTro TOBOPS, CO CKOJb YrOJHO OOJIBIION YacTOTOM) TPaHHYHOM

4acTOThl CIEKTpa @, . lakue QyHKuuu Obuin HazBaHbl cynepocyurnupyrowumu (CO). Ilocne storo

OTKPBITHS, UX MaTEeMaTHYECKHUE CBOMCTBA ObLIM 1OapoOHO u3ydensbl [13, 207, 208]. IIpu nmomomm CO
GbYHKIHIA yaanochk J00UThCs CYOBOJIHOBOM (DOKYCHPOBKH CBETa 0€3 UCIOIb30BaHUs OMMKHUX moJiei [94,
99, 101, 102, 209, 210]. Takxe, ObLT IPOICMOHCTPUPOBAH MUKPOCKOIT C CYOBOJIHOBBIM pa3pelicHreM 3a
cueT cynepocumuisiuii. Bo Bcex mogo0HBIX paboTax paccMaTpUBaINCh MPOCTPAHCTBEHHBIE OCIMIUIALINN
KaKOH-TN00 (YHKIIMH — BETMYUHBI HJIEKTPHUECKOTO TOJIS MITM KBAaAPaT BOJHOBON (PYHKITUHM YaCTHUIIBL.

B T0 xe camoe Bpemsi, TIOBEJICHHE BPEMEHHHIX CYNMEPOCIIUIIUNA C MaTeMaTHUYECKOW TOYKH
3pEHMsI COBEPLICHHO aHAJOTHYHO CJIy4al0 MPOCTPAaHCTBEHHBIX ocuWwuiimuii. B cuiny 3Toro
NPEJCTaBIseTCs KpailHe WHTEpEecHbIM HccienoBath Bi3aumojeiictBue CO BO BpeMEHHM CUTHAJIOB C
pPa3NUYHBIMK ~ PE30HAHCHBIMH  CHUCTeMaMHu. Jlumb HemaBHO  OBUIO  HM3Yy4EHO  IPOXOXKICHHE
CYNEepOCHHUUTUPYIOIIEro BO BPEMEHH CHTHAja 4yepe3 JIMHEHHYI0 moriomaroityio cpeny [211]. Jlanuas
rjlaBa IOCBSIIEHA HCCIEA0BAaHUIO B3aUMOACUCTBHUS CYNEPOCHWUIMPYIOUIMX BO BPEMEHH CHUTHAJIOB

(BHGKTpI/I‘IeCKOFO HOJ'IH) C HEJIMHEUHBIMM CHCTEMaMHU.

5.2  Hepe3oHaHCcHOe BO30Y:KAeHHe ABYXYPOBHEBOI CHCTEMbI CyNepOCHHIINPYIOIIMM
JJIEKTPHYECKHUM I0JIeM
JIroOONBITHBIN NpUMEpP TAaKUX OCHMJUIALMUM, KOTOPBI MBI HCCIEAyeM B JTaHHOM paszjene —
JMHAMHKA KBaHTOBOW JMIOJIBHOW JByXypoBHeBou cuctembl (JIYC) Bo BHemHeM CO 3IeKTpUUSCKOM
nosie. O6p1yHO cuntaercs, 4ro JJYC moxeT ObITh BO30YXK/I€HAa Ha BEpPXHUN SHEPreTUUYECKU ypOBEHb,

€CJTH 4acTOTa MaJAlOIIero CBeTa JEXKHUT B Y3KOH TMHUM moraonieHust o, —I' <w <, +1" [212, 213]. Mu

HCcCIeAyeM HWHTPUTYIONUKA Bompoc: MokHO 7 Bo30yauTh JYC CO »snekTpuyeckuM TOJeM, BCe

CIICKTPAJIbHBIC KOMIIOHCHTBI KOTOPOTO JICI)KAT 6HE NOJIOCHL NO2JIOUEeHUA I[YC‘?
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Cawmprii mpocToit criocod koHcTpyrpoBanus CO GyHKIMM — BBIOpATh JMHEHHYIO KOMOWHAITUIO

rapMOHHUYCCKUX OCI_II/IJIJISII_[I/Iﬁ C I-LElCTOTOI\/JI, HMKE 4aCTOThI OTCCUKU:

s(t):Reicngn(t), g, (t)=exp(io,t), (131)

n=1

rae |a)n| <@y - UTOOBI  1OOMTBCS  CYNEPOCLHMUIMPYIOLIETO  IMOBEIECHUS, Mbl  BbIOMpaeM
[OCJIE0BATENbHOCTh MOMEHTOB BpeMeHH [, N=1..N, B KOTOpbIX HCKOMas (GYHKLIUS NPUHUMAET
3apaHee 3aganHble 3HaueHus S(t,) =S, . lanee, HenszBecTHbIE KOI(DGHUIUECHTHI ONPEAEITAIOTCS U3 CUCTEMBI
JINHEMHBIX YPAaBHCHUM:

N

s(t;) =Y c,exp(ioyt; ) =s;. (132)
n=1

Ecnu 3Hayenus S, BBIOpaHBI TAKMM OOPa3oM, YTO OHHM OCLMJUIMPYIOT OBICTPEE YACTOTHI OTCEYKH, Dy, ,
Torjaa (QpyHKIHsA s(t) Oyner o0nazaTe CynepoCHMUIMPYIOIIMM IOBEAECHHEM Ha BPEMEHHOM HHTEpPBAJIE
t <t<ty.

YT00BI MpOMIIIOCTPUPOBATh Ipoluecc Bo30yxkaeHus JYC U3 OCHOBHOIO COCTOSHUS IIOJ

HeﬁCTBHeM CO QJICKTPHUYCCKOTO IIOJIsI, MBI pacCMAaTpuBACM [IUHAMHUKY I[VC B KOPOTKOM HMIIYJIBCC,

3a1aHHOM BBIPa)KCHUCM:
2
f(t)=s(t)exp —m , (133)

Konewno, paccMoTpeHne KopoTkoro umimyibea (133) BMecTo KOMOWHAIIMA TaPMOHUYECKUX KOJICOAHHIA

(132) ymmpsieT crieKTp UMITyJbca, TIPUBHOCS paHee He cojepikaliuecs 4acToThl. Kak ciencreue, 4acth

CIICKTpa SJICKTPUUCCKOT'O ITOJIA f(t) MEPCKPBIBACTCA C JIMHHUEN TOTJIOIICHUS aToMa. O,Z[HaKO, KaK MBI

MOKa)keM, Hepe3oHaHCHOe Bo30yxeHue [IYC He MoKeT ObITh BBI3BAHO 3TUM YIIMPEHUEM, €CIIU BpeMs
uMIynbca T BBIOPAaHO JOCTATOYHO OOJIBIINM.
OOBeKT HaMX HCCIEOBAHUN — KBAaHTOBBIA W3ITydaTelb, HAXOMISIIUICS BO BHEIIHEM

OCHMJUTUPYIOIIEM DJJIEKTpUYECKOM moJie. Mbl monpenupyeM wusnydarenb kak JIYC ¢ OCHOBHBIM U

B036Y)K,Z[CHHBIM COCTOSAHHUEM, 0003HaYaeMbIM |g> u |e> QHCKTpI/I‘-ICCKOC noJjie mnpeanojaracTcsa

KJIACCUYECKHM, 4TO O0OOCHOBAaHO B Cllyuyae CHUJIBHBIX BHemHUX mojeil. Junamuka JIYC momuuHsercs
ypaBHeHuto lllpenuHrepa ¢ KIacCHYECKMM TaMWIBTOHHMAHOM, omnuchiBaommM JYC Bo BHemHeMm

SJICKTPHUYCCKOM I10JIC:

A

Hy =ha,6'6-0f (1) (6" +6), (134)

98



rae @, 4acrora nepexoga AYC, & =|g)(e| u 6" =|e)(g|, Q= uE uacrora Paéu, n f(t) ammmryna
3JIEKTPUYECKOro Mojisl. Hike Mbl U3MepsieM BCE YacTOThl B €IMHMIAX @), M BCE BPEMEHA B OOPATHBIX

yacToTax @,". [Ipu MOMONIM MaTPHIIBI IIIOTHOCTH ypaBHeHHs ABwkenus JIYC 3anuinyTes cleayronmm
o0OpazoM:

Ar=p,=p 1T,
P, =—p,— P, | T, +20f (1) p,, (135)
Py =201 (t)pz _(ps _pSO)/Tl'

B ypaBnenusx (135), unensl p,,,; BBIPQKEHBI YEPE3 DIEMEHThI MATPHIBI IVIOTHOCTH KaK 0 = O, + 0y,
o) =i(p12— p21) U pP;=p,— P UT00bI ydecTb 3PQPEKThl CIHOHTAHHOIO pacmajga U Aeda3supoBKH,
claraeMble ¢ BpeMeHamu 1, u T, BKIouyeHbl B ypaBHeHus. (135). Benuuuna p,, npencrasiser co6oil

HHBCPCHUIO HaceJECHHOCTEH 0e3 BHEIIHETO IIOJIst, TaK YTO MBI CYHUTACM, YTO O, =-1 IIpu KOMHATHOM

temneparype. [ BpeMeH 3aryxaHus U Jeda3upoBKH BbIOEpEM 3HaueHHs B O€3pa3sMEpHBIX €IAMHUIIAX
T, =500 u T, =300, cooTBeTCTBEHHO, U BeaHuuHy YacToTsl Pabu 2=0.01.

it

Jns konctpyupoBanusi CO ¢dyHKIuU s(t) BbIOepeM 0a3uc U3 MATH TapMOHUK gn(t):e C

4aCTOTaMHU
®,=0.18n, n=1,...,5. (136)

Bce rapMOHUKH yJOBIETBOPSIIOT YCIOBHUIO |a)n| < @,. UroOsl Teneps nobutscst CO noseneHus,

Mbl BbIOMpaeM 5 MomeHTOB Bpemenu t =7zn/a,, N=0,...,4, KaxIOMy H3 KOTOPBIX MPUCBAHBAECM

TpeOyemoe 3HadyeHne QyHknuu: S, =S, =S.=-1, s,=s, =1, puc. 5.1(a). Pemas cucremy ypaBHEHHI

(132), MBI TONTyYaeM 3HAYCHHS TISITH HEU3BECTHBIX KO3 DUITHEHTOB:

¢, ~—0.156+0.331i, ¢, ~—0.862—1.042i,
C, ~2.341-0.601i, ¢, ~—0.502+ 2.634i, (137)
c, ~—1.820—1.322i.

Ha puc. 5.1(6) moka3ana QpyHKIus S(t) U TapMOHHKa C caMoil 0oJbIIOi yacToTol 13 6asuca (6).

Bunno, uto S(t) ocuuupyer Ha ydactke BpeMeHu 0 <t <47 c nokanpHOI yactoTolt @), =1.
[Tpuctynum k wuccienoBanuto auHamuku JIYC B uMIynbce 3JIEKTPUUECKOro MO (HOpMBI

f (t) =As (t)exp [—(t ~t,)° /T 2] mmatensHocThi0 T =100 1 mosunmeii t, = 200 . ®opma uMITyIbCca U ero
CHEKTpalbHAasi IIOTHOCTh f(v) = U f (t)ei“dt‘ npuseiensl Ha puc. 5.1(s,r). Ilate nmukos Ha Puc. 5.1(r)

COOTBETCTBYIOT TSTH TapMOHHKaM (YHKIIHMU S(t) u3 Habopa (136), KOTOpBIe YIIUPEHBI W3-3a
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HKCIIOHEHIIMATIBHOTO MHOXHTEIS EXP [—(t ~t,)? /Tz:'. BpemenHas nuHaMHKa MHBEPCHH HACEIEHHOCTEH

p; ToKa3zaHa Ha Puc. 2 114 Tpex pasnuuHbIX aMmIumtyn BHemHero noist A=1, A=4 u A=7 (naHHbIE

S3HAYCHUA aMIUINUTY/] BBI6paHBI, IMOCKOJIBKY OHH TIO3BOJIAOT ACHO MMPOUJIIIIOCTPHUPOBATH JAUHAMHUKY

nHBepcuu HaceneHHocreil Y C).

d
2 .
S
| .32 o 4
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-1l S1 ] S3 50
) ]
0 2 4 6 g 10 12
B Time r
60 I 5 1500 Wy, P4 ws | E
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z 2
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Puc. 5.1. (a) 3agannbiii HaGop Touek {t ,S.} IOCTaBIAIOMMII CyNEepOCHMIIMPYIOLIEEe MOBEICHUE
byHKIUN S(t). (6) Crnornast kpuBasi: CO yHKIHs S(t) HOJY4YEeHHas pelIeHHEeM CHCTEMbl YpaBHEHUI
(2). NyakTtupHast nTuHUS: camasi OBICTpasi COCTaBISIOMIAS ()YHKIIMH s(t) ¢ yactotoif @,=0.9. Ha
BCTaBKE IMOKa3aH BPEMEHHOW WHTEPBAJI, Ha KOTOPOM HAOIIOJAIOTCS CYNEPOCHMILISAINA (YHKIIUU S(t).

(8) Wmmyasc onexrpudeckoro mnoms f(t) mwmrenshoctero T =100 u ammmtymst A=7. (r)

CrnektpanbHasi IUIOTHOCTh MUMIYJbCa, TTOKa3aHHOTO Ha pUCYHKe (B). [1ATh MUKOB COOTBETCTBYIOT ISITH

qacTOTHBIM cocTtaBisiforM ¢, (t) . ToHkas kpacHas JHHHS 0003HAYaeT Y3KYIO IOJOCY IOTJIONICHUS

AyC.

Puc. 5.2 npexacraBnser ocHOBHOH pe3ynbTar cTarbu. Korna koncranta ces3u Y C u nons mana
(;eBbrit pucynok, A=1), IYC npakTtuuecku HE B3aUMOAECUCTBYET ¢ Hepe3oHaHCHbBIM CO uMIyIbCcOM
(Puc. 5.20). Ha cpegnem pucyHke, COOTBETCTBYIOIIEM aMIUIUTYAe A=4, 3aMETHBI OCHWUISIIMN HHBEPCUU

HaceJIeHHOCTeN. Bo Bpemsi JelCTBUS UMITYJIbCA MHBEPCHUSI MOXKET CTAaTh MOJIOKUTEIBHOM, KaK BUJHO Ha
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Puc. 5.2(nm). Onmnako, mocie TOTO Kak JACHCTBHE HMMIYyJbCca NPOXOJUT, WHBEPCHUS HACEICHHOCTEH

BO3BpalacTCsa OIM3KO K Ha4YaJIbHOMY 3HAYCHUIO O, = —1, HECMOTpPs Ha CoO IIOBCACHUEC NMITYJIbCA.

G ) A=1 (6) A=4 (B) A=7

Qf (1)
(=)

=05

0 100 200 300 400 500 600 O 100 200 300 400 500 600 0O 100 200 300 400 500 600

|

Time Time Time |

1 1 1 "
|

|

|

(r) () (e)

|
lexponential
| decay

|

P22 - P11

ADA

1 -1 -1
0 100 200 300 400 500 600 O 100 200 300 400 500 600 O 100 200 300 400 500 600

Time Time Time

Puc. 5.2. (a-B) 3aBucsimas OT BpeMeHH 4YacToThl Pabu OQf (t) CYNEepPOCUUUTUPYIONIETO My4Ka s
amruntyn nydka A=1 4, u 7. (r-¢) UuBepcus nacenennocten JIYC, Haxoasmielcss BO BHEIIHEM IOJIE,
3alaHHOM f(t). Hnst A=7, nonoxuTenbHas HHBEPCUS HACEIEHHOCTEH p,, —p, >0 Moxer ObITh

AOCTHUTHYTA B KOHIC UMITYJIbCA.

[IpaBele pUCYHKH OTOOpa)kalOT caMblii MHTEPECHBIM W BaXXHBIM Ui Hac pe3ynbTaT. llpum
aMIUTUTy/le UMIyiabca A=7, B KOHILle uMmyibca (BpemeHHas otMmerka t = 400) JIVC oxa3biBaercs B
BO30Y>K/IEHHOM COCTOSIHUM: p,, — o, >0. Korma neictBust mmmynsca okonueHo, JIYC uCHBITBIBaeT
OOBIYHBII YKCIIOHEHIIMANBHBIN pacnaj ¢ HeBo30yXJeHHOe cocTosiHue. JlanHas nunamuka JJYC aBnsetcs
OPSIMBIM CJIEJICTBHEM CYMEPOCIHUTHPYIONIETO MOBEACH S BHEIIIHETO HMITybca[214].

[IpomnntocTpupyeM  BaXKHOCTb  CYNEPOCLIULIALMA  JUIsl  HAONIOAEHUS  HEPE30HAHCHOTO

BO30OYKICHHS AVYC. PaccmoTpum JTUHAMUKY ayC BO BHEIITHEM oJIe 15370 ¢:]
f(t):Acos(a)st)exp[—(t—to)zl T2], 00pa3oBaHHOM TapMOHHKOM C MaKCHUMalbHOH 4acTOTOM @, W3
Habopa rapMoOHHUK (6). AMIUIUTYyJa JAHHOTO KBa3MMOHOXpOMaTH4eckoro ummyiabca A=12 BriOpaHa
TakuM 00pa3oM, 4TOObI xapakTepHas KoHcTaHTa cBsizu Qf Bo Bpemst neiicTBus ummynbca Obuia

coM3MepruMa C BEIMYMHON KOHCTAaHTOW CBSI3W, Ui KOTOPOM yaaeTcss HaOJI0JaTh HEPE30HAHCHOE
Bo3Oyxkaenue (Puc. 5.2e). PesynbraThl, mpenctaBieHHble Ha Puc. 5.3 sCHO MOKa3bIBalOT, YTO

HUCITIOJIB30BaHHUEC O}IHOI71 HepeSOHaHCHOﬁ TapMOHHWKHN HC MO3BOJIICT JOCTHYb HWHBCPCHUU HaCeJIICHHOCTEeH
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JYC. B xoHIe IeHCTBUS UMITyJIbCAa HHBEPCHs HACEIEHHOCTEH cocTaBadeT p, ~—0.7. [lns emme Ooabmmx

AMIUIMNTYJ BHCIOIHETO HUMIIYJIbCa HHBEPCUA HMECT Onu3koe 3Hauenue. Hu IIpu KaKou AMIIINTYOC

HUMITYyJIbCa C YacTOTOM @, HC Ha0JII01aJIach ITOJI0KUTEIIbHAS HHBCPCUA HaCeJICHHOCTEH.

a 6
0.6 1.0F
0.4}
0.5}
= 0.2} =
: < 0.0
0.0 & VE
G &
-0.2F 1 - 0.5
-04p R B Y | S
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time Time

Puc. 5.3. Bzaumoneticteue JIYC ¢ Hepe30HAaHCHBIM CBETOBBIM MTYUKOM Oe3 cynepocyuniayuii. (a) 4actoTa

Pabu Of wumnynbca, 00pa3oBaHHOTO TapMOHHMKOM ;. XapakTepHOe 3HAueHUE YacTOThl Pabu

COOTBETCTBYET Ciy4aro, u3o0pakeHHoMy Ha puc. 5.1(e). (6) CooTBeTcTByMOIIas THHAMHKA WHBEPCHH

HaceneHnocret IYC p, = p,, — p;; Al uMILylibca, N300pakeHHOT0 Ha puc. 5.3(a).

Hab6monaemoe mnosenenue JAYC Takke He MOXKET ObITh OOBSICHEHO YIIMPEHHEM CIIEKTpa
BHEIIHEr0 uMIysibca, 3aMeTHoro Ha Puc. 5.1(x). YToObl nokas3aTth 3710, paccMoTpuM nuHamuky JAYC B

UMIIYJIbCE DJIEKTPUUYECKOTO T0JIsI, 00Pa30BaHHOIO Pe30HAHCHOU COCTABIISIOMEN @)

2

fres (1) = Ao Reexp(iapt)exp _(t'_l'i : (138)

Amrumityna umnyibca BblOpana paBHoi A =0.02. CnekrtpanbHble IUIOTHOCTH uMmImyibca (138) u

Hepe3oHaHcHoro CO nMmyibca, A1 KOTOPOro YJAeTcsl JOCTHYb HHBEPCUHM HACEJIEHHOCTEH, IIOKa3aHbl Ha
Puc. 5.4(a). CnextpanpHbie TJIOTHOCTH JBYX HUMIYJIbCOB B obOnactu JmHuH nornomnieHus JYC umeror
BEJIMYMHY oAHoro mnopsaka. Ha puc. 5.4(0) mokazana coorBercTByromas auHamuka JIYC B ummynbce
Buja (8). MHBepcus HaceneHHOCTe! BO BpeMs JeHCTBUS UMITyJIbCa MPEHEOPERMMO Majia [0 CPAaBHEHHUIO C
nokazaHHoil Ha puc. ansg ciaydas CO ummynbca. DakTHUECKH, MaKCHUMajbHOE 3HAu€HUE WHBEPCHUH,

nocturaemoe J[YC Bo Bpems AeiicTBUS UMITYJIbCa, IPEBBIIIAET 3HAU€HNUE UHBEPCUH B MOKoe (-1) iauip Ha
-3 o o

BennuuHy nopsiaka 107°. JlaHHbBIN (akT sICHO CBUAETENBCTBYET O TOM, 4yTo B3aumojeiicteue [YC c

pe3onancHoi vacteio CO mydka, oOpa3oBaBILEHCS B pe3yibTaTe YIIUPEHHUS CIEKTpa, COBEPLICHHO

HEJOCTATOYHO IS JOCTIKEHMS HOJI0XKUTSIbHON HUHBCPCHUU HacCeJICHHOCTEH.
102



" ~N 1 -09996}F
= 1.5} 1
B \ CO umnynsc _ - 0.9997}
£ 1.0 1<
3 ' - 0.9998}
= a
9 0.5 PE30HAHCHBIH] - 0.9999}
o HMITYJIbC
00 -y " . 2 i N N 23 - 1.0000% " s " " N
0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10 0 100 200 300 400 500 600
Frequency Time

Puc. 5.4. lunamuka JIYC B pe3oHaHCHOM HMIYJbCe, 3aJlaHHOM BbIpaxeHueM (138). (a) crnekrpanbHas
wiotHocth CO wummynbca u pe3oHancHoro ummynbca (138). Kpachas oGnacte 0003HAYaeT JHMHUIO

nornomenuss JIYC. (0) cooTBeTcTByIOImas AWHAMHKa WHBepcuu HaceneHHocted JYC B mmimynbce

snekrpuaeckoro moumst . (t).

MoxeT [MOKa3aTbCA, 4YTO JaHHOC HCPC3OHAHCHOC B036Y)K,I[6HI/IG MOXKET OBITH BBI3BAHO

MHOFO(i)OTOHHI)IMI/I nepexogamu. OILHaKO, 9TO HE Tak. I[eJIO B TOM, 4YTO 4YaCTOThl @,, COCTABJIAIOIIUC

basuc TapMOHHUK gn (t), U3 KOTOPBIX COCTABJIACTCA HCKOMasl CYIICPpOCHUIUINPYIOIIAa q)YHKI_II/IH,

IPOU3BOJIbHBL. EJMHCTBEHHOE YCIIOBHE, KOTOPOMY OHHU JOJDKHBI YIOBJIETBOPATH — Pa3pelINMOCTh
cucrembl ypaBHeHHi (132). Takum oOpazom, HAOOpP YaCTOT MOXKHO MMOA0OpaTh TaKMM 0Opa3oM, YTOOBI

HHUKaKas KOM6I/IH8.LII/I$[ qacToT (Cy'MMa nin paSHOCTL) HC O0CTaBJsdJIa pe3OHaHCHOﬁ 4aCTOThI @ . HpI/I

3TOM YCJIOBHM MHOTO(GOTOHHBIE TMepexoipl He OyayT NpoucxoauTh. KOHKpeTHbIE HAa0Op YacCTOT,
I/ICHOJ'II)?:yeMblf/'I B HAalIMX BBIYUCJICHUAX, YIOBJICTBOPACT 3TOMY YCIIOBHIO.

B 3aKJIFOUCHHUEC, MbI HCCIICJ0OBAJIN KpaﬁHe HUHTCPCCHYIO JUHAMUKY KBAHTOBOT'O M3JIYYaTClIsd B
CYNEepPOCHUIUIMPYIOLIEM SJIEKTPUUECKOM T0Jie. BO3MOXHO €03/1aTh UMITYJIbC BHEIIHETO MOJISI, UCIIONIb3YsI
TOJNBKO HHM3KOYACTOTHBIE KOMIIOHEHTHI, MOJl JAECWCTBHEM KOTOPOTO AaTOMHBIM IEpexoj IMepenaeT B
BO30YK/JIEHHOE COCTOSIHHE C TIOJIOKHTEIbHOW WHBEpCHEW HaceleHHocTel. JlaHHas auHammuka
onHO3Ha4YHO cBsizaHa ¢ CO moBeneHWEM HMMITYJIbca M HE MOXET OBbITh OOBsICHEHA MHOTO(OTOHHBIMHU

nponeccamu Ui YIMUPCHHUEM CIICKTpa UMITYJIbCa.

5.3 CynepocuM/UIMPYIOLIHUI OTKJIMK HeJTHHEHOH cHCTeMbl HA TAPMOHMYECKH CUTHAJ

B nmanHOM pasaciic  MU3y4dacTCiad  OTKIIUMK HEJIUHEHHON 6C3I/IHepI_[I/IOHHOI71 CHUCTCMBI Ha
OCL[I/IJ'IJII/IPYIOIJ_[I/Iﬁ BXOJHOM CHUTHAI. Hpe;:moxceH METO]I HEJIMHEWHOr0 CHHTE3a CYIIECPpOCHUIUINPYIOIICTO
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CUrHaja U3 HH3KOYAaCTOTHOI'O rapMOHHYECKOI'O0 CHUI'HAJIa. Muz1 HCIIOJIB3YEM TEXHHUKY TapMOHHYECKOI'O

cunte3a [215] u momyuaem siBHbIA BuA TpeOyemoit ¢yHkuum oTkiauka f(zZ) HenuHeWHOU cucTeMBbl,

KOTOpas mpeodpasyeT BxoaHoi curnan Z(t) B cynmepocumumupyomuii Beixoguoi y(t) = f (Z(t)) .
Cdhopmymupyem mpobnemy Oonee crtporo. Ha BXom HenMHEHHON CHCTEMBI TOAaeTCs

rapMonuyeckuii curran Z(t) =cosmyt. Jnst moiydaeMoro BBIXOJAHOTO CHrHana TpeOyercsi, 4ToObl OH

JEMOHCTPUPOBAJI CYNEPOCLHMILIMPYIOLIee MOBeAeHUE BO BpeMeHu. ClieoBareibHO, 3a/ada COCTOUT B

HaxXOKJICHHH HenauHelHoi ¢ynkiuu otkimuka f(z). Hac uaTepecyer ciydaii, KOorjaa BHIXOAHON CHTHAI

IPEeACTaBUM B BUJE Cynepno3uiuu N rapMOHMYECKUX KoJeOaHUI ¢ 4acTOTaMu, KpaTHBIMU @), . [Ipumep

5
Takoi ¢yHkuuu O0buT moctpoeH B [209]: y(t) = Z A cosnagt, A =1 A =13295000, A, =-30802818,

n=0

A, =26581909, A, =-10836909, A =1762818, w, =1. Ora ¢pynkuus nocrpoeHa Ha Puc. 5.5 Bmecte ¢
caMoi OBICTPOM TapMOHUKOHW B CIIEKTpe COS(5t) . Bumno, uyro na wunrtepBane -0.1<t<0.1
cynepocuupyromas Gynkuus y(t) anmpoxcumupyercs dynkumed f (t) =(cos43t+1)/2, koropas

OCIWJLTUPYET TMOYTH B 9 pa3 ObICTpee, YeM camasi ObICTpasi TapMOHHKa U3 criekTpa pyHkuuu Y(t) .

0.0t

- 0.10 - 0.05 0.00 0.05 0.10
Time
Puc. 5.5. Cynepocummmupyromas ¢yuakius Y(t) comepxamas CrHeKTpaabHbIe KOMIOHEHTBI @, =N

(HempepbIBHAsT KpuBas) M camas OBICTpasi CIEKTpalbHas KOMIIOHEHTa () =5 (YepHas MyHKTHpHAas

kpuBasi). KpacHas kpuBas mokaspiBaeT anmpokcumMaiio Y(t) rapmMonudeckoil GyHKIIMEH B OKPECTHOCTH

t=0.

Mgl Oynem uckaTh PYHKIIMIO OTKJIMKA CUCTEMbI B BUJE MoIMHOMA creneHd N !
104



f(z)=a,+az+..+a,z". (139)

Hanee, ypasuenne Y(t) = f (z(t)) moxer GBITE IpeACTaBICHO B BUIE

N N
D a,c0s" mpt =Y A, cosnayt. (140)
n=0 n=0

[lonyuns 3HadeHuss KodpPuUUUEHTOB A , KOTOpblE O00ECIEUYUBAIOT CYNEPOCHUUUIMPYIOILEE
IIOBE/IEHUE BBIXOAHOI'O CUTHAA, MBI MOXKEM IIOJYyYUTh 00IIee BBIPAXKEHUE AJISI BEIMYMH &, , 3aal0LIUX

BUJ GYHKIIMH OTKJIMKA HETMHEHHON cucTemMbl. Hike Mbl IPUBOIMM SIBHBIE BBIpasKEHUS Jis cirydast N=6:

3, =2"(A-A+A,),

a, =2'(A, —-4A,), (141)
3, =2'(A,),

a, =2°(A—3A,+5A),

a,=2°(A, -5A), (142)
a5:24(A5).

JlaHHBIC BBIPAKEHHUS MOTYT OBITH 00OOMICHBI JJsI OOJBIIEr0 YHCIa TAPMOHHYECKHX KOMIIOHEHT IPU
[IOMOIIHU TIPABUII, IPUBEAECHHBIX B [215].

Vpasuenus (139), (141) u (142) onpenensiroT KCKOMYIO (YHKIIUIO OTKIMKA O€3bIHEPIIHOHHOM
cuctemsl [216]. J{ist 3amanHO#M BhIlie Cymepociuupyromei GpyHxmun Y(t) 3TH BRIpaXKeHHs IPUBOIAT K
(GYHKINH OTKJIMKA CICAYIONIETO BH/Ia

f (z)=10"(1.9965910—5.7636637z + 2.50896362°

(143)
+7.10712762° —8.66952722* + 2.82050882°)

Ota ¢yHkuus nmocrpoeHa Ha Puc. 5.6. BuaHo, 9TOo BenmMYMHA BBIXOJHOTO CHUTHANA JISKUT B JHAra3oHe
3HAYEHUI, Ha CEeMb MOPSAJKOB IMPEBOCXOMAAIIMX JMANa30oH BXOJHBIX 3HaueHuH. OAHAKO, MOXXHO

YCTPAHUTL HACTOJIBKO CHJIBHOC Tpe6yeM0e YCUIICHUC CUTHAJIa IIYyTEM MaCI_HTa6I/IpOBaHI/I$I q)YHKLII/II/I

OTKIMKA Ha MHOXKHUTeNb 107 . DTO yMEHBIINT aMILIUTYLy CYNepOCHMIUTALN, HO OCTABUT HEM3MEHHOH HX

dopmy. Ilomumo Toro, u3z Puc. 5.6 Bumno, uto f(0)#0, T.e. HenmHelHas cUCTeMa TEHEPHPYET
HCHYJICBOU BBIXOJHOM CHUTHAT B OTCYTCTBHE MAJAIONIET0 CUrHANA. [IaHHbIH apTedakT MOKHO YCTPAHHTH,

€CIM BBIYECTh M3 (YHKIMM OTKIMKA KOHCTaHTY &,. BBIXOJHOH CHTHalm mO-IIpexXHeMy OyneT

CYNCPpOCHUIUINPYIOIIUM, OAHAKO, OTKJIMK CUCTCMbI Ha HYJICBOI>'I BXOJHOM CHUTHAII 6y,HCT TaK K€ HYJICBLIM.
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Puc. 5.6. Henuneitnas pynkuus otkinka (4) HEMMHEWHON CUCTEMBI.

Tenepb KpaTko 0OCYAMM YCTOMUMBOCTH CHHTE3a CYNEPOCHIUISIIIMN TT0 OTHOIIEHUIO K BapHALlUU
BXOJHOTO CHUTHana. Bo-mepBhiX, Kak BUAHO u3 Bbipaxkenus (139), maHHoe mnpeoOpa3oBaHHE MOUHO
MacCIITabUpyeTCsl C U3BMEHEHHUEM YacTOThl BXOJHOTO CUTHAja. JTO O3HAYAET, YTO €CIIU Ha BXO/I MTO/IAaeTCs
curHan Buna Z,(t) = cosaw,t, To Ha BeIXOAE MBI ToIMydnM curHai Y, (t) = y(at), Tak 4To cucremMa BHOBb
TeHEepUPYeT CYNepOCHMILTUPYIOIYIO (PYHKITHUIO.

Ha Puc. 5.7 moka3aH BBIXOJHOW CHUTHaJl IMpPH Pa3IUYHBIX aMIUIMTYJaX BXOJHOTO CHTHasa

z(t) = z, cos w,t . I3-3a HenmHeHHOTO XapakTepa mpeodpazoBaHus, popma cUTHaIA Ha BBIXOJIE CHCTEMBI
OTIIMYACTCA MpPHU PA3JIMYHBIX 3HAYCHUAX aMIUIMTYAbI Zo . HpI/I YBCIUMUYCHUN aMIUIATYIAbl Ha 1%

CYNEpOCHMJUTMPYIOIIEeE TOBEACHUE COXpPAaHSAETCsA, OJHAaKO, YacTOoTa OCHWUIAIUN  yMEHBIIAeTCS
(opamxeBble U KpacHble KpuBble, Puc. 5.7). SIBneHue emie Ooliee YYBCTBUTENHHO K YMEHBIIECHUIO
aMIUTUTYZIbI BXOJHOTO CHUTHaNa: uW3MeHeHue Ha 1% cunpHO MeHseT (QopMy CHUTHalIa U «yOWBaeT»
cynepocwiuisiui. B menom, oawnas ¢gopma HenuHEWHOTO mpeobpazoBaHus TojepanTHa K ~0.5%

HU3MCHCHUIO aMILIUTYAblI BXOAHOI'O CUT'HAJIA.
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Puc. 5.7. Dddexr Bapuanuu BxoaHoro curnana Y(t) . UepHast KpuBas MoKa3bIBaCT BBIXOAHOM CHTHAJ MTPU
«TOYHOM» aMIUIUTyZE BXOJHOTO curHaia Z,=1. Yucma Ha KpPUBBIX COOTBETCTBYIOT AaMIUINTYZE

nagaromiero Curaaia.

Peanu3zanus mogoOHBIX HEJTMHEWHBIX CUCTEM BO3MOXHA B paguovyactorHoM U CBY-auanasone,
IJIe CYHIECTBYET IMUPOKHIA KiacC OE3bIHEPIIUOHHBIX HEIMHEHHBIX AJICKTPOHHBIX KOMIOHEHT [217]. Bun
ypaBaenuii (139) u (140) moxcka3siBaeT, 4To JAJIs CO3AaHHUS CUCTEMBI ¢ TpeOyemMoi (YHKITMEH OTKIIMKa
JIOCTATOYHO CO37]aTh YMHOKUTEIH YaCTOTHI, KOTOPBIC IPEOOPa3yIOT BXOHOW rapMOHUYECKHH CUTHAI B

rapMOHMKY C 4acroroi Nw,, N=2..N. Takue ycrpoiicTBa OBUIM NPOJEMOHCTPUPOBAHBI B

KOH(UTypalmsx Ha OCHOBE BapakTopoB [218] u HenuHelHbIX KOHIeHCAaTOpoB [219].

B 3axiroueHue, Mbl NPOJEMOHCTPUPOBAIM, YTO CYNEPOCLWIIMPYIOUIMM BO BPEMEHH CHUTHAJ
MOJKET OBITh MOJy4eH Ha BBIXOJIe HEIMHEHHOM CHCTEMbI, Ha BXOJ KOTOPOHM MOJaeTcss HU3KOYaCTOTHBIN
rapMOHHUYECKHI curHaia. Mcmomp3ys IMpOCTyO peaid3aliiio CynepoCHuamiIpyroned GyHKIUU B BUJE
CYNEPHO3UIMH HECKOJIbKUX TapMOHHUYECKUX KOJEOAHWH, Mbl TMOJYYWJIM BbIpaXKeHHE s (YyHKIUU
OTKJIMKA TAKOH CHUCTEMbI M MCCIIEJOBAJIM YCTOMYMBOCTH NMPEOOpPa30BaHUs M0 OTHOIIEHUIO K BapHallUU

BXOJHOI'O CHMIHaja.

107



3akjarouyeHue

HccnenoBaHo ~ pacnpoCTpaHEHHE  MOBEPXHOCTHBIX — IUIA3MOHOB IO MOIVIOLIAOIIEH
runepOonudeckoir cpene. IlokazaHo, 4TO Ui OMPENEICHHBIX I[MAPAMETPOB OJHOOCHOW CPEIbI
JUIMHBL Tpo0Oera IUIa3MOHa MOXKET HEOTPAHWYCHHO BO3pacTaTh, HECMOTPS Ha HaJIU4YUe
MOTJIOIIEHHS B OZITHOOCHOM MaTepuale.

IIpenckazana TEOPETUUECKH BO3MOKHOCTD ITOJIHOTO IMOIJIOMIEHUS NaJaroliedl p-moasipu30BaHHON
BOJIHBI TONyOecKOHEYHbIM ciioeM Ban nep BaanbcoBckoro kpucramia — TreKcaroHajJbHOTO
HUTpHUAa Oopa. SIBIeHHE MPOJEMOHCTPHUPOBAHO SKCIEPUMEHTAIBHO B ONTHYECKU TOJICTOM CJIOE
MaTepuaia.

Pa3Bura «urpymieunas» MoOJelb, MO3BOJISIONIAS B paMKax KIACCUYECKOM AIIEKTPOIMHAMUKHU
onucaTh NOBEACHHUE CIla3epa BhIIIe opora reHepanuu. B pamkax Mozenu nokasaHa BO3MOXHOCTb
KOMIIEHCAIlUM TIOTEpPh CHAa3epoOM HUXKE I[OpOora TIEHEpalud M CHHXPOHU3ALUU JIA3€PHBIX
OCLMJUISILIMM BHELTHUM 3JIEKTPOMArHUTHBIM TOJIEM.

HccnenoBanbl Jla3epHble MOJbl MAarHUTO-ONTHYECKOTo craszepa. llomydeHbl BblpakeHus s
nopora M 4YacTOTbl T€HEpalMu JBYX MOJ C IpaBOMl W JIEBOM UUPKYJISAPHO MOJSpU3ALUEH
JUIIOJIbHOTO MOMEHTA HAHOYACTHUIBI.

HccnenoBan crnekTp COOCTBEHHBIX MOJ IUIa3MOHHOM MAarHUTO-ONTHYECKONW NEPUOAMYECKON
nenouku. IlpeackasaHo pe3oHaHcHoe yBenuueHue »sddexra Dapanes MO CPaBHEHUIO C
OJIHOPOIHOM MarHuTO-ONTHYECKON Cpenou, IIPOJEMOHCTPUPOBaHa BO3MO>XHOCTb
KOMIIEHCUPOBAHUSl IOTEPh, BbI3BAHHBIX IIOIVIOIMIEHHEM B IUIa3MOHHOM MeETajjie, MyTeM
00aBJICHHS B CUCTEMY YCHIIMBAIOIIEH CPEJIbI.

HccnenoBansl J1a3epHbIE MOABI CUCTEMBI «IUIIEKTPUYECKAs YaCTHUIIA U3 MaTepHuaja ¢ BBICOKUM
[IOKa3aTeleM MPEJIOMIICHNS — YCWIMBAIOIIAs Cpela». YCTaHOBJIEHA CBSA3b JIA3€PHBIX MOJ C
noyrocaMu  K03GGHUIMeHToB MU, MOTydyeHO BBIpAXKEHHUE, OMPENETSIONIee YacTOTy U TOpOr
reHepaluy MO/Jl IU3JIEKTPUUYECKOr0 HaHOIa3epa.

HccnenoBana YHCIIEHHO BPEMEHHAS HBOJIIOLINS AIIEKTPOIUIIOIBHOTO nepexona
B3aMMOJEMCTBYIOILIETO C BHEIIHUM CYNEPOCHMIUIMPYIOIIUM 3JIEKTpHUUecKuM nojiem. IIpenckasana
BO3MOXXHOCTh HEPE30HAHCHOTO BO30YXKJIEHUS JIBYXYPOBHEBOM CHCTEMBI CYNEPOCHUUIMPYIOIIUM
M0JIEM, BCE CHEKTpaJibHble KOMIIOHEHTBI KOTOPOT'O JIeXkKaT HUKE PE30HAHCHOM YacTOThI Mepexoaa
CUCTEMBI.

[TokazaHo, 4To mpH BO3OYXICHUM HETUHEHHOW OE3BIHEPIMOHHOW CHCTEMBbl TapMOHHUYECKUM
HU3KOYACTOTHBIM CUTHAJIOM MOKET MPOUCXOIUTh IeHepalrs CyNepoCHIIMPYIOIIET0 CUTHAIA Ha

BBIXOJJ€ CUCTEMBI, HACTOTBI KOTOPOI'O Ha IMOPAJOK IIPEBOCXOANUT YaCTOTY MaJaromIero CUrHalia.
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MOpaJIbHYIO TOJICPKKY. Takke aBTOp BbIpakaer OmaromapHocth A. A. Jlucsackomy um K. P.

CHMOBCKOMY 3a MOMOIIB IPU 00CYKIEHUU TOTYyYCHHBIX PE3yJIbTaTOB.

109



10.

11.

12.

13.

14.

15.

Cnucoxk Jureparypbl

Luque A. and Hegedus S. Handbook of Photovoltaic Science and Engineering. — Wiley, 2008.
Atwater H.A. and Polman A. Plasmonics for improved photovoltaic devices // Nature Materials. —
2010. - Vol. 9. — P. 205-13.

Lenert A., Bierman D.M., Nam Y., Chan W.R., Celanovi¢ 1., Soljac¢i¢ M., and Wang E.N. A
nanophotonic solar thermophotovoltaic device // Nature nanotechnology. — 2014. — Vol. 9 — P.
126.

Knight M.W., Sobhani H., Nordlander P., and Halas N.J. Photodetection with active optical
antennas // Science (New York, N.Y.). —2011. — Vol. 332. — P. 702.

Brongersma M.L., Halas N.J., and Nordlander P. Plasmon-induced hot carrier science and
technology // Nature Publishing Group. — 2015. — Vol. 10. — P. 25-34.

Baffou G. and Quidant R. Thermo-plasmonics: using metallic nanostructures as nano-sources of
heat // Laser & Photonics Reviews. —2013. — Vol. 7. — P. 171-187.

Mukherjee S., Libisch F., Large N., Neumann O., Brown L.V., Cheng J., Lassiter J.B., Carter E.
A., Nordlander P., and Halas N.J. Hot electrons do the impossible: Plasmon-induced dissociation
of H 2 on Au // Nano Letters. —2013. — Vol. 13. — P. 240-247.

Warren S.C. and Thimsen E. Plasmonic solar water splitting // Energy Environ. Sci. —2012. —
Vol. 5. —P. 5133-5146.

Hill M.T. and Gather M.C. Advances in small lasers // Nature Photonics. —2014. — Vol. 8. — P.
908.

Leuthold J. Plasmonic communications: Light on a wire // Opt. Photon. News. —2013. — Vol. 24.
—P. 28.

Gather M.C. and Yun S.H. Single-cell biological lasers / Nature Photonics. —2011. — Vol. 5. — P.
406-410.

Khurgin J.B. and Sun G. Comparative analysis of spasers, vertical-cavity surface-emitting lasers
and surface-plasmon-emitting diodes // Nature Photonics. — 2014. — Vol. 8. — P. 468.

Kempf A. Black holes, bandwidths and Beethoven // Journal of Mathematical Physics. — 2000. —
Vol. 41. - P. 2360.

Luo J., Li S., Hou B., and Lai Y. A unified theory for perfect absorption in ultra-thin absorptive
films with reflectors // Physical Review B. —2014. — Vol. 165128. — P. 1-18.

Kats M.a., Blanchard R., Genevet P., and Capasso F. Nanometre optical coatings based on strong

interference effects in highly absorbing media // Nature Materials. — 2013. — Vol. 12. — P. 20-4.

110



16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27,

28.

29.

30.

31.
32.

Vasi B. and Gaji R. Enhanced phase sensitivity of metamaterial absorbers near the point of
darkness // J. Appl. Phys. —2014. — Vol. 116. — P. 023102.

Burresi M., Pratesi F., Riboli F., and Wiersma D.S. Complex Photonic Structures for Light
Harvesting // Adv. Opt. Mat. — 2015. — Vol. 3. - P. 722.

Radi Y., Simovski C.R., and Tretyakov S.A. Thin Perfect Absorbers for Electromagnetic Waves:
Theory, Design, and Realizations // Phys. Rev. Applied. — 2015. — Vol. 3. — P. 037001.

Sheng X., Johnson S., Michel J., and Kimerling L. // Opt. Express. —2011. — Vol. 19. — P. 841.
Kowalczewski P., Liscidini M., and Andreani L. // Opt. Lett. —2012. — Vol. 37. — P. 4868.

Hung Y., Hsu S., Wang Y., Chang C., Chen L., Su L., and Huang J. // Nanotechnology. — 2011. —
Vol. 22. — P. 485202.

Shah V. and Tamir T. Anomalous absorption by multi-layered media // Optics Communications. —
1981. — Vol. 37. — P. 383-387.

Dallenbach W. and Kleinsteuber W. Reflection and absorption of decimeter-waves by plane
dielectric layers // Hochfrequenztechnik und Elektroakustik. — 1938. — Vol. 51. — P. 152-152.
Shah V. and Tamir T. Brewster phenomena in lossy structures // Optics Communications. — 1977.
—Vol. 23. - P. 113-117.

Landy N., Sajuyigbe S., Mock J., Smith D., and Padilla W. Perfect Metamaterial Absorber //
Physical review letters. — 2008. — Vol. 100. — P. 207402.

Svedendahl M., Johansson P., and Kall M. Complete Light Annihilation in an Ultrathin Layer of
Gold Nanoparticles // Nano Letters. — 2013. — Vol. 13. — P. 3053.

Popov E., Maystre D., and McPhedran R.C. Total absorption of unpolarized light by crossed
gratings // Optics Express. — 2008. — Vol. 16. — P. 609-612.

Mizuno K., Ishii J., Kishida H., Hayamizu Y., Yasuda S., Futaba D., Yumara M., and Hata K. A
black body absorber from vertically aligned single-walled carbon nanotubes // PNAS. —2009. —
Vol. 106. — P. 6044.

Yang Z.-P., Ci L., Bur J., Lin S., and Ajayan P. Experimental Observation of an Extremely Dark
Material Made By a Low-Density Nanotube Array // Nano Lett. — 2008. — Vol. 8. — P. 446.
Huang Y.-F., CHATTOPADHYAY S.,Jen Y.-J.,,Peng C., LiuT.,Hsu Y., Pan C., Lo H., Hsu C.,
Chang Y., Lee C., CHen K., and Chen L. Improved broadband and quasiomnidirectional anti-
reflection properties with biomimetic silicon nanostructures // Nat. Nanotechnol. —2007. — Vol. 2.
—P. 770.

bpexosckux JI.M. BonHel B cioucTeix cpenax. — Hayka, 1973.

Noh H., Chong Y., Stone A.D., and Cao H. Perfect coupling of light to surface plasmons by

coherent absorption // Physical review letters. — 2012. — Vol. 108. — P. 186805.
111



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.
47.
48.

49.

Sentenac A., Chaumet P.C., and Leuchs G. Total absorption of light by a nanoparticle: an
electromagnetic sink in the optical regime // Optics letters. — 2013. — Vol. 38. — P. 818-820.
Grigoriev V., Bonod N., Wenger J., and Stout B. Optimizing Nanoparticle Designs for Ideal
Absorption of Light // ACS Photonics. —2015. — Vol. 2. — P. 263.

Ruan Z. and Fan S. Superscattering of Light from Subwavelength Nanostructures // Phys. Rev.
Lett. — 2010. — Vol. 105. — P. 013901.

Tretyakov S.A. Maximizing Absorption and Scattering by Dipole Particles // Plasmonics. — 2013.
—Vol. 9. - P. 935.

Miller O.D., Hsu C.W., Reid M., Qiu W., DeClay B., Joannopoulos J.D., Soljac¢i¢ M., and
Johnson S. Fundamental Limits to Extinction by Metallic Nanoparticles // Phys. Rev. Lett. — 2014.
—Vol. 112. —P. 123903.

Chong Y., Ge L., Cao H., and Stone A. Coherent Perfect Absorbers: Time-Reversed Lasers //
Physical review letters. — 2010. — Vol. 105. — P. 53901.

Wan W., Chong Y., Ge L., Noh H., Stone A.D., and Cao H. Time-reversed lasing and
interferometric control of absorption // Science. — 2011. — Vol. 331. — P. 889-892.

Bruck R. and Muskens O. Plasmonic nanoantennas as integrated coherent perfect absorbers on
SOl waveguides for modulators and all-optical switches // Opt. Express. —2013. — Vol. 21. — P.
27662.

Park H., Lee S.-Y., Kim J.,, Lee B., and Kim H. Near-infrared coherent perfect absorption in
plasmonic metal-insulator-metal waveguide // Opt. Express. —2015. — Vol. 23. — P. 24464.

Chen H.-T. Interference theory of metamaterial perfect absorbers // Optics Express. —2012. — Vol.
20.—P. 7165.

Radi Y., Simovski C.R., and Tretyakov S.A. // Phys. Rev. Applied. — 2015. — Vol. 3. — P. 037001.
Zanotto S., Mezzapesa F.P., Bianco F., Biasiol G., Baldacci L., Vitiello M.S., Sorba L.,
Colombelli R., and Tredicucci A. Perfect energy-feeding into strongly coupled systems and
interferometric control of polariton absorption // Nature Physics. — 2014. — Vol. 10. — P. 1-5.
Humak M. and Yun S.H. Intracellular microlasers // Nat. Photonics. —2015. — Vol. 9 — P. 572.
Haken H. Laser Light Dynamics. — North-Holland, 1986.

Milonni P.W. and Eberly J.H. Laser Physics. —J. Wiley & Sons, Hoboken, 2010.

Bergman D.J. and Stockman M.I. Surface Plasmon Amplification by Stimulated Emission of
Radiation: Quantum Generation of Coherent Surface Plasmons in Nanosystems // Phys. Rev. Lett.
—2003. — Vol. 90. — P. 027402.

Painter O., Lee R.K., Scherer A., Yariv A., O'Brein J.D., Dapkus P.D., and Kim I. Two-

Dimensional Photonic Band-Gap Defect Mode Laser // Science. — 1999. — Vol. 284. — P. 1819.
112



50.

51.
52,

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Altug H., Englund D., and Vuckovic J. Ultrafast photonic crystal nanocavity laser // Nat. Physics.
—2006. — Vol. 2. — P. 484.

Vahala K.J. Optical microcavities // Nature. — 2003. — Vol. 424. — P. 839.

Bliokh K.Y, Bliokh Y.P., Freilikher V., Savel'ev S., and Nori F. Colloquium: Unusual resonators:
Plasmonics, metamaterials, and random media // Rev. Mod. Phys. — 2008. — Vol. 80. — P. 1201.
Konokonos A.A. n Ckpoukuii I'.B. UnTepdepeHnns peakTHBHBIX KOMIOHEHT
3JIEKTPOMArHUTHOTHO 1ouist // Y cnexu @usnueckux Hayk. — 1992, —T. 162. — C. 12.

Novotny L. and Hecht B. Principles of Nano-Optics. — Cambridge University Press, 2006.
Stockman M.I. Spasers explained // Nature Photonics. — 2008. — Vol. 2. — P. 327.

Gather M.C. A Rocky Road to Plasmonic lasers // Nat. Photonics. —2012. — Vol. 6. — P. 708.
3si010Bckuit A.A., lopodeenko A.B., [Tyxos A.A., u Bunorpaznos A.Il. JlazepHas renepamus B
AKTHBHOM CJIOC KaK CJICACTBUC ITPUHIUIIA IPUIUHHOCTH // Pa,HI/IOTeXHI/IKa n SHGKTpOHI/IKa. —
2011.-T.56.—C. 1142,

Comumeno C., Kposunbsnu b., [lu [Topto I1. udpakius 1 BoIHOBOE pacipocTpaHEeHUE
OINITUYECKOTO M3nmy4yenus. — Mup, 1986.

Gordon J.A. and Ziolkowski R.W. The design and simulated performance of a coated nano-
particle laser // Optics Express. —2007. — Vol. 15. — P. 2622.

Mizrahi A., Lomakin V., Slutsky B.A., Nezhad M.P., Feng L., and Fainman Y. Low threshold
gain metal coated laser nanoresonators // Optics Letters. — 2008. — Vol. 33. — P. 1261.

Li X.F. and Yu S.F. Design of low-threshold compact Au-nanoparticle lasers // Optics Letters. —
2010. - Vol. 35. — P. 2535.

Pan J., Chen Z., Chen J., Zhan P., Tang C.J., and Wang Z.L. Low-threshold plasmonic lasing
based on high-Q dipole void mode in a metallic nanoshell // Optics Letters. —2012. — Vol. 37. — P.
1181.

Veltri A. and Aradian A. Optical response of a metallic nanoparticle immersed in a medium with
optical gain // Physical Review B. —2012. — Vol. 85. — P. 115429.

Arnold N., Hrelescu, C., and Klar, T. Minimal spaser threshold within electrodynamic framework:
Shape, size and modes// Ann. der Physik— 2015. — 10.1002/andp.201500318.

Cao M., Wang M., and Gu N. Plasmon Singularities from Metal Nanoparticles in Active Media:
Influence of Particle Shape on the Gain Threshold // Plasmonics. —2011. — Vol. 7. — P. 347.
Lawandy N.M. Localized surface plasmon singularities in amplifying media // Applied Physics
Letters. — 2004. — Vol. 85. — P. 5040.

Stockman M.I. The spaser as a nanoscale quantum generator and ultrafast amplifier // J. Opt. —

2010. - Vol. 12. — P. 024004.
113



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Sarychev A.K. and Tartakovsky G. Magnetic plasmonic metamaterials in actively pumped host
medium and plasmonic nanolaser // Phys. Rev. B. —2007. — Vol. 75. — P. 1-9.

Rosenthal A.S. and Ghannam T. Dipole nanolasers: A study of their quantum properties // Phys.
Rev. A. —2009. — Vol. 79. — P. 043824.

Protsenko I.E., Uskov A.V., Zaimidoroga O.A., Samoilov V.N., and O’Reilly E.P. Dipole
nanolaser / Phys. Rev. A. —2005. - Vol. 71. — P. 063812.

Andrianov E.S., Pukhov A.A., Dorofeenko A.V., Vinogradov A.P., and Lisyansky A.A. Rabi
oscillations in spasers during non-radiative plasmon excitation // Phys. Rev. B. —2012. — Vol. 85.
-P. 1-9.

Andrianov E.S., Pukhov A.A., Dorofeenko A.V., Vinogradov A.P., and Lisyansky A.A. Dipole
Response of Spaser on an External Optical Wave // Opt. Lett. —2011. — Vol. 36. — P. 4302-4304.
Andrianov E.S., Pukhov A.A., Dorofeenko A.V., Vinogradov A.P., and Lisyansky A.A. Forced
Synchronization of Spaser by an External Optical Wave // Opt. Express. —2011. — Vol. 19. - P.
24849-24857.

Pikovsky A., Rosenblum M., and Kurths J. Synchronization. A universal concept in nonlinear
sciences. — Cambridge University Press, 2001.

Wouestner S., Pusch A., Tsakmakidis K.L., Hamm J.M., and Hess O. Overcoming Losses with
Gain in a Negative Refractive Index Metamaterial // Phys. Rev. Lett. —2010. — Vol. 105. —P.
127401.

Bunorpanos A.Il., Aunpuanos E.C., [Tyxos A.A., [lopodeenko A.B., u Jlucsauckuii A.A.
KBanToBas mima3zMoHHKa METaMaTCPHUAJIOB: ICPCIICKTUBLI KOMIICHCAIIUU ITOTEPh ITPHU IMTOMOIINHA
criazepoB // Ycnexu @usnvecknx Hayk. — 2012, — T. 182. — C. 1122,

Oulton R.F., Sorger V.J., Zentgraf T., Ma R.-M., Gladden C., Dai L., Bartal G., and Zhang X.
Plasmon lasers at deep subwavelength scale // Nature. —2009. — Vol. 461. — P. 629-632.
Noginov M.A., Zhu G., Belgrave A.M., Bakker R., Shalaev V.M., Narimanov E.E., Stout S., Herz
E., Suteewong T., and Wiesner U. Demonstration of a spaser-based nanolaser // Nature. — 2009. —
Vol. 460. - P. 1110-2.

Ma R.-M., Oulton R., Sorger V., BArtal G., and Zhang X. Room-temperature sub-diffraction-
limited plasmon laser by total internal reflection / Nature Materials. —2010. — Vol. 10. — P. 110.
Kwon S.-H., Kang J.-H., Seassal C., Kim S., Regreny P., Lee Y., Lieber C., and Park H.
Subwavelength Plasmonic Lasing from a Semiconductor Nanodisk with Silver Nanopan Cavity //
Nano Letters. —2010. — Vol. 10. — P. 3679.

114



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94,

95.
96.

Lu Y.H., Wang C., Kim J., Chen H., Lu M.-Y., Chen Y., Chang W.-H., Chen L.-J., Stockman
M.1., Shih C.-K., and Gwo S. All-Color Plasmonic Nanolasers with Ultralow Thresholds: Auto-
tuning Mechanism for Single-Mode Lasing // Nano Letters. — 2014. — Vol. 14. — P. 4381.

Born M. and Wolf E. Principles of Optics. — Cambridge University Press, 1999.

Aharonov Y., Anandan J., Popescu S., and Vaidman L. Superpositions of time evolutions of a
quantum system and a quantum time-translation machine // Physical review letters. — 1990. — Vol.
64. — P. 2965-2968.

Berry M.V. Evanescent and real waves in quantum billiards and Gaussian beams // Journal of
Physics A: Mathematical and General. — 1994. — Vol. 27. — P. 391-398.

Berry M.V. and Popescu S. Evolution of quantum superoscillations and optical superresolution
without evanescent waves // Journal of Physics A: Mathematical and General. — 2006. — Vol. 39. —
P. 6965-6977.

Qiao W. A simple model of Aharonov-Berry's superoscillations // Journal of Physics A:
Mathematical and General. — 1996. — Vol. 2257. — P. 2257-2259.

Calder M.S. and Kempf A. Analysis of superoscillatory wave functions // Journal of Mathematical
Physics. —2005. — Vol. 46. — P. 012101.

Ferreira P.J.S.G., Kempf a., and Reis M.J.C.S. Construction of Aharonov-Berry's
superoscillations // Journal of Physics A: Mathematical and Theoretical. — 2007. — Vol. 40. — P.
5141-5147.

Ferreira P.J.S.G. and Kempf A. Superoscillations: faster than the Nyquist rate // IEEE
Transactions on Signal Processing. — 2006. — Vol. 54. — P. 3732-3740.

Kempf A. and Ferreira P.J.S.G. Unusual properties of superoscillating particles // Journal of
Physics A: Mathematical and General. — 2004. — Vol. 37. — P. 12067-12076.

Ferreira P.J.S.G. and Kempf A. The energy expense of superoscillations // Proceedings of
EUSIPCO-2002, XI European Signal Processing Conference. — 2002. — P. 347.

Katzav E. and Schwartz M. Optimal super-oscilaltions // arXiv:1209.6572v1.

Berry M.V. and Dennis M.R. Natural superoscillations in monochromatic waves in D dimensions
/[ Journal of Physics A: Mathematical and Theoretical. — 2009. — Vol. 42. — P. 022003.

Huang F.M. and Zheludev N.I. Super-resolution without evanescent waves // Nano letters. — 2009.
—Vol. 9. — P. 1249-54.

Zheludev N.I. What diffraction limit? // Nature Materials. — 2008. — Vol. 7. — P. 420.

Rogers E.T.F. and Zheludev N.I. Optical super-oscillations: sub-wavelength light focusing and

super-resolution imaging // Journal of Optics. —2013. — Vol. 15. — P. 094008.

115



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Hong S.S., Horn B.K.P., Freeman D.M., and Mermelstein M.S. Lensless focusing with
subwavelength resolution by direct synthesis of the angular spectrum // Applied Physics Letters. —
2006. —Vol. 88. —P. 261107.

Bouchal Z. and Olivik M. Non-diffractive Vector Bessel Beams // Journal of Modern Optics. —
1995. —Vol. 42. — P. 1555.

Huang F.M., Chen Y., Garcia de Abajo F.J., and Zheludev N.I. Optical super-resolution through
super-oscillations // Journal of Optics A: Pure and Applied Optics. —2007. — Vol. 9. — P. S285-
S288.

Roy T., Rogers E.T.F., and Zheludev N.I. Sub-wavelength focusing meta-lens // Optics Express. —
2013.—Vol. 21.—-P. 7577.

Rogers E.T.F., Savo S., Lindberg J., Roy T., Dennis M.R., and Zheludev N.I. Super-oscillatory
optical needle // Applied Physics Letters. —2013. — Vol. 102. — P. 031108.

Huang F.M., Kao T.S., Fedotov V.a., Chen Y., and Zheludev N.I. Nanohole array as a lens //
Nano letters. — 2008. — Vol. 8. — P. 2469-72.

Rogers E.T.F., Lindberg J., Roy T., Savo S., Chad J.E., Dennis M.R., and Zheludev N.I. A super-
oscillatory lens optical microscope for subwavelength imaging // Nature materials. — 2012. — Vol.
11. - P. 432-5.

Makris K.G. and Psaltis D. Superoscillatory diffraction-free beams // Optics letters. —2011. — Vol.
36.—P. 4335-7.

Durnin J., Miceli J.J., and Eberly J.H. Diffraction-Free Beams // Physical Review Letters. — 1987.
—Vol. 58. — P. 1499.

Wang X., Fu J., Liu X., and Tong L.-M. Subwavelength focusing by a micro/nanofiber array //
Journal of the Optical Society of America. A, Optics, image science, and vision. — 2009. — Vol.
26.—P. 1827-33.

Dennis M.R., Hamilton A.C., and Courtial J. Superoscillation in speckle patterns // Optics letters.
—2008. — Vol. 33. — P. 2976-8.

Hyvérinen H.J., Rehman S., Tervo J., Turunen J., and Sheppard C.J.R. Limitations of
superoscillation filters in microscopy applications // Optics letters. — 2012. — Vol. 37. — P. 903-5.
Maier S.A. Plasmonics: Fundamentals and Applications. — Springer, 2007.

Sommerfeld A. // Ann. Physik. — 1909. — Vol. 28. — P. 665.

Epstein P.S. // Proceedings of the National Academy of Sciences of the United States of America.
—1954. — Vol. 40. — P. 1158.

Smith D. and Schurig D. Electromagnetic Wave Propagation in Media with Indefinite Permittivity

and Permeability Tensors // Physical Review B. —2003. — Vol. 90. — P. 077405.
116



113.
114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Milton G.W. The Theory of Composites. — Cambridge University Press, 2002.

Bunorpaznos A.Il. DnekTpoanHaMuka KOMIIO3UTHBIX Marepuanos. — YPCC, 2001.

Johnson P.B. and Christy R.W. Optical Constants of the Noble Metals // Physical Review B. —
1972. —Vol. 6. — P. 4370-4379.

bapanos JI.I'., Bunorpanos A.Il., CumoBckuii K.P., Hepenos U.C., u Tpetbsiko C.A. K
AJIEKTPOAMHAMHUKE TIOTJIOLIAIOIIEH OHOOCHOW HETION0XKUTEIBHO ONpeIeICHHON (MHAS(UHUTHOMN)
cpensl // KypHan sKkcriepuMeHTaIbHON 1 TeopeTndeckoit ¢pusuku. — 2012, — T. 114. — C. 650.
Baranov D.G., Vinogradov A.P., and Simovski C.R. Perfect absorption at Zenneck wave to plane
wave transition / Metamaterials. — 2012. — Vol. 6. — P. 70.

Baranov D.G., Vinogradov A.P., and Simovski C.R., Perfect absorption by semi-infinite indefinite
medium, in Days on Diffraction (DD), 2012, IEEE. P. 32.

Caldwell J.D., Kretinin A.V., Chen Y., Giannini V., Fogler M.M., Francescato Y., Ellis C.T.,
Tischler J.G., Woods C.R., Giles A.J., Hong M., Watanabe K., Taniguchi T., Maier S.A., and
Novoselov K.S. Sub-diffractional volume-confined polaritons in the natural hyperbolic material
hexagonal boron nitride // Nature Communications. — 2014. — Vol. 5. — P. 5221.

Raut H.K., Ganesh V.A., Nair A.S., and Ramakrishna S. Anti-reflective coatings: A critical, in-
depth review // Energy & Environmental Science. —2011. — Vol. 4. — P. 3779.

Lekner J. Reflection and refraction by uniaxial crystals // Journal of Physics: Condensed Matter. —
1991. - Vol. 3. - P. 6121.

Elser J., Podolskiy V.A., Salakhutdinov I., and Avrutsky I. Nonlocal effects in effective-medium
response of nanolayered metamaterials // Applied Physics Letters. — 2007. — Vol. 90. — P. 191109.
Belov P.A., Marques R., Maslovski S.1., Nefedov 1.S., Silverinha M., Simovski C.R., and
Tretyakov S.A. Strong spatial dispersion in wire media in the very large wavelength limit //
Physical Review B. —2002. — Vol. 67. — P. 113103.

Dai S., Fei Z., Ma Q., Rodin A.S., Wagner M., McLeod A.S., Liu M.K., Gannett W., Regan W.,
Watanabe K., Taniguchi T., Thiemens M., Dominguez G., Castro Neto A.H., Zettl A., Keilmann
F., Jarillo-Herrero P., Fogler M.M., and Basov D.N. Tunable phonon polaritons in atomically thin
van der Waals crystals of boron nitride // Science. — 2014. — Vol. 343. — P. 1125.

Geim A.K. and Grigorieva I.V. Van der Waals heterostructures // Nature. — 2013. — Vol. 499. — P.
419-425.

Li P., Lewin M., Kretinin A.V., Caldwell J.D., Kostya S., Taniguchi T., Watanabe K., Gaussmann
F., and Taubner T. Hyperbolic phonon-polaritons in boron nitride for near-field optical imaging
and focusing // Nat. Commun. — 2015. — Vol. 6. — P. 7507.

117



127.

128.

129.

130.

131.

132.

133.
134.
135.

136.

137.

138.

139.

140.

Dai S., Ma Q., Andersen T., McLeod a.S., Fei Z., Liu M.K., Wagner M., Watanabe K., Taniguchi
T., Thiemens M., Keilmann F., Jarillo-Herrero P., Fogler M.M., and Basov D.N. Subdiffractional
focusing and guiding of polaritonic rays in a natural hyperbolic material // Nature
Communications. — 2015. — Vol. 6. — P. 6963.

Woessner A., Lundeberg M.B., Gao Y., Principi A., Alonso-Gonzalez P., Carrege M., Watanabe
K., Taniguchi T., Vingale G., Polini M., Hone J., Hillenbrand R., and Koppens F. Highly confined
low-loss plasmons in graphene—boron nitride heterostructures // Nature Materials. — 2015. — Vol.
14. - P. 421.

Caldwell J.D. and Novoselov K.S. Mid-infrared nanophotonics // Nature Materials. — 2015. — Vol.
14. —P. 364.

Hoffman T.B., Clubine B., Zhang Y., Snow K., and Edgar J.H. Optimization of Ni-Cr growth for
hexagonal boron nitride single crystals // Journal of Crystal Growth. — 2014. — Vol. 393. — P. 114,
Kubota Y., Watanabe K., Tsuda O., and Taniguchi T. Hexagonal boron nitride single crystal
growth at atmospheric pressure using Ni-Cr solvent // Chemistry of Materials. — 2008. — Vol. 20. —
P. 1661.

Baranov D.G., Edgar J.H., Hoffman T., Bassim N., and Caldwell J.D. Perfect interferenceless
absorption at infrared frequencies by a van der Waals crystal / Physical Review B. —2015. — Vol.
92.—P.201405(R).

Scully M.O. and Zubairy M.S. Quantum Optics. — Cambridge University Press, 1997.

Pantell R.H. and Puthoff H.E. Fundamentals of quantum electronics. — Wiley, 1969.

Sperber P., Spangler W., Meier B., and Penzkofer A. Experimental and theoretical investigation of
tunable picosecond pulse generation in longitudinally pumped dye laser generators and amplifiers
// Optical and Quantum Electronics. — 1988. — Vol. 20. — P. 395-431.

Prodan E., Radloff C., Halas N.J., and Nordlander P. A hybridization model for the plasmon
response of complex nanostructures. // Science (New York, N.Y.). — 2003. — Vol. 302. — P. 419-
22.

bopen K. u Xadwmen /I. [lornomenue u paccesHue cBeTa MajabIMU YyacTuiamMu. — Mup, 1986.
Fang A., Koschny T., and Soukoulis C.M. Lasing in metamaterial nanostructures // J. Opt. — 2010.
—Vol. 12. - P. 024013.

Wegener M., Garcia-Pomar J.L., Soukoulis C.M., Meinzer N., Ruther M., and Linden S. Toy
model for plasmonic metamaterial resonances coupled to two-level system gain // Opt. Express. —
2008. — Vol. 16. — P. 19785-19798.

Premaratne M. and Agrawal G.P. Light propagation in gain medium —Cambridge University

Press, 2011.
118



141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Stockman M.I. Spaser Action, Loss Compensation, and Stability in Plasmonic Systems with Gain
// Phys. Rev. Lett. —2011. — Vol. 106. — P. 156802.

Andrianov E.S., Baranov D.G., Pukhov A.A., Dorofeenko A.V., Vinogradov A.P., and Lisyansky
A.A. Loss compensation by spasers in plasmonic systems // Optics Express. — 2013. — Vol. 21. —
P. 13467.

Nayfeh A.H. and Mook D.T. Nonlinear Oscillations. — Wiley-VCH, 1995.

Noskov R., Belov P., and Kivshar Y. Subwavelength Modulational Instability and Plasmon
Oscillons in Nanoparticle Arrays // Physical Review Letters. — 2012. — Vol. 108. — P. 093901.
Zharov A.A., Noskov R.E., and Tsarev M.V. Plasmon-induced terahertz radiation generation due
to symmetry breaking in a nonlinear metallic nanodimer // Journal of Applied Physics. —2009. —
Vol. 106. —P. 073104.

Ramakrishna S.A. and Pendry J.B. Removal of absorption and increase in resolution in a near-
field lens via optical gain // Phys. Rev. B. —2003. — Vol. 67. — P. 201101.

Baranov D.G., Andrianov E.S., Vinogradov A.P., and Lisyansky A.A. Exactly solvable toy model
for surface plasmon amplification by stimulated emission of radiation // Optics Express. —2013. —
Vol. 21. - P. 10779-10791.

Khurgin J.B. and Sun G. Practicality of compensating the loss in the plasmonic waveguides using
semiconductor gain medium // App. Phys. Lett. —2012. — Vol. 100. — P. 011105.

Li X.F. and Yu S.F. Design of low-threshold compact Au-nanoparticle lasers // Opt. Lett. — 2010.
—Vol. 35. — P. 2535-2537.

Baranov D.G., Vinogradov A.P., Lisyansky A.A., Strelniker Y.M., and Bergman D.J. Magneto-
optical spaser // Optics Letters. — 2013. — Vol. 38. — P. 2002-2004.

Garcia-Etxarri A., Gomez-Medina R., Froufe-Pérez L.S., Lopez C., Chantada L., Scheffold F.,
Aizpurua J., Nieto-Vesperinas M., and Saenz J.J. Strong magnetic response of submicron Silicon
particles in the infrared // Optics Express. —2011. — Vol. 19. — P. 4815.

Evlyukhin A.B., Novikov S.M., Zywietz U., Eriksen R.L., Reinhardt C., Bozhevolnyi S.1., and
Chichkov B.N. Demonstration of Magnetic Dipole Resonances of Dielectric Nanospheres in the
Visible Region // Nano Letters. —2012. — Vol. 12. — P. 3749.

Zywietz U., Evlyukhin A.B., Reinhardt C., and Chichkov B.N. Laser printing of silicon
nanoparticles with resonant optical electric and magnetic responses // Nature Communications. —
2014. - Vol. 5. — P. 3402.

Liberal I., Ederra I., Gonzalo R., and Ziolkowski R.W. Magnetic dipole super-resonances and
their impact on mechanical forces at optical frequencies // Optics Express. —2014. — Vol. 22. - P.

8640.
119



155.  Jlopodeenko A.B., 3s0m0Bckmii A.A., ITyxoB A.A., Jlucsuckuii A.A., and Bunorpagos A.Il.
[TpoxosxaeHue cBeTa 4epe3 KOMIIO3UTHBIC MaTEpUaibl, COACPIKAIINE YCHINBAIOIINE CIIOH //
VYenexu @uznueckux Hayk. —2012. - T. 182. — C. 1157.

156. Baiinmreiin JI. A. OTKpBITBIC pE30HATOPHI U OTKPBITHIE BOJHOBO/KL. - ""CoBeTckoe paauo', 1966.

157. Ge L., Chong Y.D., and Stone A.D. Steady-state ab initio laser theory: Generalizations and
analytic results // Physical Review A. —2010. — Vol. 82. — P. 063824.

158.  Aspnes D.E. and Studna A.A. Dielectric functions and optical parameters of Si, Ge, GaP, GaAs,
GasSh, InP, InAs, and InSb from 1.5 to 6.0 eV // Physical Review B. — 1983. — Vol. 27. — P. 985.

159. Zvezdin A.K. and Kotov V.A. Modern Magnetooptics and Magnetooptical Material. — Taylor &
Francis, 1997.

160. Kopp V.1, Zhang Z.-Q., and Genack A.Z. Lasing in chiral photonic structures // Progress in
Quantum Electronics. —2003. — Vol. 27. — P. 369-416.

161. Holub M., Shin J., Chakrabarti S., and Bhattacharya P. Electrically injected spin-polarized
vertical-cavity surface-emitting lasers // Applied Physics Letters. — 2005. — Vol. 87. —P. 091108.

162. Laurence D.B. Molecular Light Scattering and Optical Activity. — Cambridge University Press,
2004.

163. Inoue Y. and Ramamurthy V. Chiral Photochemistry. — CRC Press, 2004.

164. Kroutvar M., Ducommun Y., Heiss D., Bichler M., Schuh D., Abstreiter G., and Finley J.J.
Optically programmable electron spin memory using semiconductor quantum dots. // Nature. —
2004. — Vol. 432. — P. 81-4.

165. Holub M. and Bhattacharya P. Spin-polarized light-emitting diodes and lasers // Journal of
Physics D: Applied Physics. —2007. — Vol. 40. — P. R179-R203.

166. FuH., Yan Z, Lee S.K., and Mansuripur M. Dielectric tensor characterization and evaluation of
several magneto-optical recording media // Journal of Applied Physics. — 1995. — Vol. 78. — P.
4076.

167. Inoue M., Arai K., Fujii T., and Abe M. Magneto-optical properties of one-dimensional photonic
crystals composed of magnetic and dielectric layers // J. Appl. Phys. — 1998. — Vol. 83. — P. 6768-
6770.

168. Steel M.J., Levy M., and Osgood R.M. Photonic Band Gaps with Defects and the Enhancement of
Faraday Rotation // J. Lightwave Tech. — 2000. — Vol. 18. — P. 1297-1308.

169. Vinogradov A.P., Dorofeenko A.V., Merzlikin A.M., Strelniker Y.M., Lisyansky A.A.,
Granovsky A.B., and Bergman D.J. Enhancement of the Faraday effect in magnetophotonic
crystals, in Magnetophotonics From Theory to Applications, M. Inoue, A.V. Baryshev, and M.

Levy, Editors. 2013, Springer: Berlin.
120



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Feil H. and Haas C. Magneto-Optical Kerr Effect, Enhanced by the Plasma Resonance of Charge
Carriers // Physical review letters. — 1987. — Vol. 58. — P. 65-68.

Qiu Z.Q., Pearson J., and Bader S.D. Magneto-optic Kerr ellipticity of epitaxial Co/Cu overlayers
and superlattices // Physical Review B (Condensed Matter and Materials Physics). — 1992. — Vol.
46.— P. 8195-8200.

Katayama T., Suzuki Y., Awano H., Nishihara Y., and Koshizuka N. Enhancement of the
magneto-optical Kerr rotation in Fe/Cu bilayered films // Physical review letters. — 1988. — Vol.
60. — P. 1426-1429.

Safarov V.I., Kosobukin V.A., Hermann C., Lampel G., Peretti J., and Marliére C. Magneto-
optical Effects Enhanced by Surface Plasmons in Metallic Multilayer Films // Physical review
letters. — 1994. — Vol. 73. — P. 3584-3587.

Abe M. and Suwa T. Surface plasma resonance and magneto-optical enhancement in composites
containing multicore-shell structured nanoparticles // Physical Review B (Condensed Matter and
Materials Physics). —2004. — Vol. 70. — P. 235103.

Li Y., Zhang Q., Nurmikko A.V., and Sun S. Enhanced Magnetooptical Response in Dumbbell-
like Ag—CoFe204 Nanoparticle Pairs // Nano Letters. — 2005. — Vol. 5. — P. 1689-1692.

Uchida H., Masuda Y., Fujikawa R., Baryshev A.V., and Inoue M. Large enhancement of Faraday
rotation by localized surface plasmon resonance in Au nanoparticles embedded in Bi:YIG film //
Journal of Magnetism and Magnetic Materials. — 2009. — Vol. 321. — P. 843-845.

Jain P.K., Xiao Y., Walsworth R., and Cohen A.E. Surface Plasmon Resonance Enhanced
Magneto-Optics (SUPREMO): Faraday Rotation Enhancement in Gold-Coated Iron Oxide
Nanocrystals // Nano Letters. — 2009. — Vol. 9. — P. 1644-1650.

Wang L., Yang K., Clavero C., Nelson A.J., Carroll K.J., Carpenter E.E., and Lukaszew R.A.
Localized surface plasmon resonance enhanced magneto-optical activity in core-shell Fe--Ag
nanoparticles // Journal of Applied Physics. —2010. — Vol. 107. — P. 09B303-3.

Wang L., Clavero C., Huba Z., Carroll K.J., Carpenter E.E., Gu D., and Lukaszew R.A.
Plasmonics and Enhanced Magneto-Optics in Core—Shell Co—Ag Nanoparticles // Nano Letters. —
2011.—Vol. 11. - P. 1237-1240.

Lu Y.H., Cho M.H., Kim J.B., Lee G.J., Lee Y.P., and Rhee J.Y. Magneto-optical enhancement
through gyrotropic gratings // Optics Express. — 2008. — Vol. 16. — P. 5378-5384.

Belotelov V.1., Akimov I.A., Pohl M., Kotov V.A., Vengurlekar A.S., Gopal A.V., Yakovlev
D.R., Zvezdin A.K., and Bayer M. Enhanced magneto-optical effects in magnetoplasmonic
crystals // Nat. Nanotechnology. — 2011. — Vol. 6. — P. 370-376.

121



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Chin J., Steinle T., Wehlus T., Dregely D., Weiss T., Belotelov V.., Stritzker B., and Giessen H.
Nonreciprocal plasmonics enables giant enhancement of thin-film Faraday rotation // Nat.
Commun. —2013. — Vol. 4. — P. 1599.

Strelniker Y.M. and Bergman D.J. Optical transmission through metal films with a subwavelength
hole array in the presence of a magnetic field // Physical Review B (Condensed Matter and
Materials Physics). — 1999. — Vol. 59. — P. R12763-R12766.

Khanikaev A.B., Baryshev A.V., Fedyanin A.A., Granovsky A.B., and Inoue M. Anomalous
Faraday effect of a system with extraordinary optical transmittance // Optics Express. —2007. —
Vol. 15. - P. 6612-6622.

Papaioannou E.T., Kapaklis V., Melander E., Hjorvarsson B., Pappas S.D., Patoka P., Giersig M.,
Fumagalli P., Garcia-Martin A., and Ctistis G. Surface plasmons and magneto-optic activity in
hexagonal Ni anti-dot arrays // Optics Express. —2011. — Vol. 19. — P. 23867-23877.

Quinten M., Leitner A., Krenn J.R., and Aussenegg F.R. Electromagnetic energy transport via
linear chains of silver nanoparticles // Optics Letters. — 1998. — Vol. 23. — P. 1331-1333.
Brongersma M.L., Hartman J.W., and Atwater H.A. Electromagnetic energy transfer and
switching in nanoparticle chain arrays below the diffraction limit // Physical Review B
(Condensed Matter and Materials Physics). — 2000. — Vol. 62. — P. R163356.

Maier S.A., Kik P.G., and Atwater H.A. Optical pulse propagation in metal nanoparticle chain
waveguides // Physical Review B (Condensed Matter and Materials Physics). —2003. — Vol. 67. —
P. 205402.

Weber W.H. and Ford G.W. Propagation of optical excitations by dipolar interactions in metal
nanoparticle chains // Physical Review B (Condensed Matter and Materials Physics). — 2004. —
Vol. 70. — P. 125429.

Citrin D.S. Plasmon Polaritons in Finite-Length Metal-Nanoparticle Chains: The Role of Chain
Length Unravelled // Nano Letters. — 2005. — Vol. 5. — P. 985-989.

Fructos A.L., Campione S., Capolino F., and Mesa F. Characterization of complex plasmonic
modes in two-dimensional periodic arrays of metal nanospheres // J. Opt. Soc. Am. B. —2011. —
Vol. 28. — P. 1446-1458.

Campione S., Steshenko S., Albani M., and Capolino F. Complex modes and effective refractive
index in 3D periodic arrays of plasmonic nanospheres // Optics Express. —2011. — Vol. 19. — P.
26027-26043.

Hadad Y. and Steinberg B.Z. Magnetized Spiral Chains of Plasmonic Ellipsoids for One-Way
Optical Waveguides // Physical review letters. —2010. — Vol. 105. — P. 233904.

122



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Mazor Y. and Steinberg B.Z. Longitudinal chirality, enhanced nonreciprocity, and nanoscale
planar one-way plasmonic guiding // Physical Review B (Condensed Matter and Materials
Physics). —2012. — Vol. 86. — P. 045120.

Pakdel S. and Miri M. Faraday rotation and circular dichroism spectra of gold and silver
nanoparticle aggregates // Physical Review B (Condensed Matter and Materials Physics). — 2012.
—Vol. 86. — P. 235445.

Tomita S., Kato T., Tsunashima S., lwata S., Fujii M., and Hayashi S. Magneto-Optical Kerr
Effects of Yttrium-Iron Garnet Thin Films Incorporating Gold Nanoparticles // Phys. Rev. Lett. —
2006. — Vol. 96. — P. 167402.

Mizutani Y., Uchida H., Masuda Y., Baryshev A.V., and Inoue M. Magneto-optical plasmonic
Bi:YIG composite films with Ag and Au-Ag alloy particles // J. Magn. Soc. Jpn. —2009. — Vol.
33.—P. 481.

Baranov D.G., Vinogradov A.P., and Lisyansky A.A. Magneto-optics enhancement with gain-
assisted plasmonic subdiffraction chains // Journal of Optical Society of America B. —2015. —
Vol. 32. — P. 281.

Johnson P.B. and Christy R.W. Optical Constants of the Noble Metals // Physical Review B
(Condensed Matter and Materials Physics). — 1972. — Vol. 6. — P. 4370-4379.

Wittekoek S., Popma T.J.A., Robertson J.M., and Bongers P.F. Magneto-optic spectra and the
dielectric tensor elements of bismuth-substituted iron garnets at photon energies between 2.2-5.2
eV // Physical Review B (Condensed Matter and Materials Physics). — 1975. — Vol. 12. — P. 2777-
2788.

Koenderink A.F., de Waele R., Prangsma J.C., and Polman A. Experimental evidence for large
dynamic effects on the plasmon dispersion of subwavelength metal nanoparticle waveguides //
Physical Review B. —2007. — Vol. 76. — P. 201403.

Tserkezis C. and Stefanou N. Calculation of waveguide modes in linear chains of metallic
nanorods // J. Opt. Soc. Am. B. —2012. — Vol. 29. — P. 827.

Citrin D.S. Plasmon-polariton transport in metal-nanoparticle chains embedded in a gain medium
// Optics Letters. — 2006. — Vol. 31. — P. 98-100.

Udagedara 1.B., Rukhlenko I.D., and Premaratne M. Surface plasmon-polariton propagation in
piecewise linear chains of composite nanospheres: The role of optical gain and chain layout //
Optics Express. —2011. — Vol. 19. — P. 19973-19986.

Holmstrom P., Thylen L., and Bratkovsky A. Composite metal/quantum-dot nanoparticle-array
waveguides with compensated loss // Applied Physics Letters. —2010. — Vol. 97. — P. 073110-3.

Rogach A.L. Semiconductor Nanocrystal Quantum Dots. — Springer, Wien/New York, 2008.
123



207.

208.

209.

210.

211.

212.
213.

214.

215.

216.

217.

218.

219.

Ferreira P.J.S.G. and Kempf A. Superoscillations: faster than the Nyquist rate // IEEE T Sign
Proces. — 2006. — Vol. 54. — P. 3732-3740.

Aharonov Y., Colombo F., Sabadini I., Struppa D.C., and Tollaksen J. Some mathematical
properties of superoscillations // Journal of Physics A: Mathematical and Theoretical. —2011. —
Vol. 44. — P. 365304.

Huang F.M., Zheludev N., Chen Y., and Javier Garcia de Abajo F. Focusing of light by a
nanohole array // Applied Physics Letters. —2007. — Vol. 90. — P. 091119.

Makris K.G. and Psaltis D. Superoscillatory diffraction-free beams // Optics Letters. —2011. —
Vol. 36. — P. 4335.

Eliezer Y. and Bahabad A. Super-transmission: the delivery of superoscillations through the
absorbing resonance of a dielectric medium // Opt. Express. — 2014. — Vol. 22. — P. 31212-26.
Meystre P. Atom Optics. — Springer-Verlag New York, 2001.

Allen L. and Eberly J. Optical Resonance and Two-Level Atoms. — Courier Dover Publications,
1978.

Baranov D.G., Vinogradov A.P., and Lisyansky A.A. Abrupt Rabi oscillations in a
superoscillating electric field / Optics Letters. — 2014. — Vol. 39. — P. 6316.

Zaezdny A.M. Harmonic synthesis in radio and electronic communications. — Energiya, 1972.
Baranov D.G., Vinogradov A.P., and Lisyansky A.A. Superoscillating response of a nonlinear
system on a harmonic signal // Applied Physics B: Lasers and Optics. — 2015. — Vol. 121. - P.
209.

Vendelin G., Pavio A., and Rohde U. Microwave Circuit Design Using Linear and Nonlinear
Techniques. — Wiley, 2005.

Bava E., Bava G., Godone A., and Rietto G. // IEEE TRANSACTIONS ON MICROWAVE
THEORY AND TECHNIQUES. — 1979. — Vol. 27. — P. 141.

Leeson D. and Weinreb S. Frequency multiplication with nonlinear capacitors-A circuit analysis.
in Proceedings of the IRE 47 19509.

124



