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1. BBEAEHUE

Henuneiinoe pacnpocrpaHenue cBera B MePHOIAYE-
CKHUX CTPYKTYpaX sBJISETCs OPHUBIEKATEJbHON 0bia-
CTHIO MCCJIEIOBAHUM M TpuIoKeHuit. [71s1 MHOTMX BaxK-
HBIX [PUJIOXKEHUHN JKEJATEJbHO MMETh CHJIbHOE M I10-
9TH MTHOBEHHOE B3aUMOJIEHCTBHE CBETa CO CBETOM B
MUHAMAJIBHOM 00beME. DTO MOXKET OBITH JJOCTUTHYTO C
MCTIOTH30BAHMEM HEJIMHEHHBIX MATEPHAJIOB B (DOTOHHO-
KPHUCTATTHIECKUX CTPYKTypax. QOTOHHBIE KPUCTAILIBI
(®K) obmagaror Tak HA3bIBAEMOI MOJHON 3ampereH-
HOW IIeJIbI0, YTO TIO3BOJISIET CO3/aBaTh HA WX OCHO-
BE MPOCTHIE U PA3BETBIICHHBIE BOJTHOBOJIHBIE CTPYKTY-
PBI, PE30HAHCHBIE MHUKPOIMOJOCTH, 33 CYET HYero yia-
ercs 3pdEKTUBHO YNPABIATH JMHEHHBIM U HEJIUHEH-
HbIM pacipocrpanenuem csera [1-6]. Haubosiee spku-
MH IpHMEPaMU IPUIOKEHUN HeTHHEHHBIX 3 (HEKTOB B
OK-cTpyKTypax ABIAIOTCS ONTUYECKUE ITePEKITIouaTe-
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s [7-13], AuoabI ¥ TPAH3UCTOPBI, FEHEPAIHs FADMOHUK

[14-17).

Ounruyeckas Gucrabunbuocrs (OB) — wiaccuue-
CKOe HeJMHEHHOoe OonTmdYeckoe sipjienne [18], koropoe
MHTEHCUBHO U3Y4aeTCs MoCjaeHue Jecarunerusd. [Ipo-
crefinas HeJnHeHas cpeja — 3TO KEPPOBCKas CpPea,
KOrIa HenmHelHbe 3 MEKTH MOIEINPYIOTCS 100aBITe-
HUEM 4JIeHa, TPOHOPIUOHAIBHOTO KBAJIPATY JIEKTPHU-
YeCKOTO MOJId, K JUHEHHON JIUIJIEKTPUIECKOU KOHCTAH-
re. OB B Mukpocrpykrypax [19-23] siyistercst 0CHOBOIA
JIsl PA3JIMYHBIX PUJIOYKEHUH, TTO3BOJISIONIAX yIPAB-
JIATH CBETOM C MOMOIINBIO CBETA, TAKUX KAK OINTHYE-
CKUe TEPEKII0IATEN, ONITUIECKIE TUOIBI U TPAH3UCTO-
pbl, onrudeckas namars [24]. OB na nanomacirabax
€CTh KJII0UeBast KOMIIOHEHTA WHTErPUPOBAHHBIX HAHO-
dororubx ycrpoiicrs. OqHako HelmHEHHDbIN K03bdU-
[IMEHT YPE3BBIYANHO MAJI, W JJIs JOCTUYKEHUS HEOOXO-
JEMOTO pPe3yabTrara Hy:KHA JUOO0 OObINas BEeTHINHA
MaIAIOIIErO MOJIst, T00 OOJIBINIE pa3MePhI YCTPOICTBA,
ayis Hakomyienus ddderta. JAcHO, YTO Takue ycTpoii-
cTBa HerpuemseMbl Jis Hanogoronuku. Oaun u3 my-
Teil TPeoNoeHns YKA3aHHOH MPOOJIeMbl — 3TO yCH-
JIeHVe HeJIUHEHHBIX 3P (EKTOB 32 CIeT 3HAUNTEIHLHOTO
YCUJICHUS] JIOKAJIBHOIO IOJIs 110 CPABHEHUIO C IMaJaio-
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muM. it 910# mesim OOBIMHO HCIOIb3YIOT (POTOHHO-
KPHUCTATTMIECKHE MHUKPOPE30HATOPHI C BBICOKOH 1100-
POTHOCTBIO. JIOKanmbHOE HOJIe yCHIMBAeTCa B+/() pas.
Crpornii amamu3 [25] HOKA3BIBAET, UTO B OIEHKY HOPO-
ra 6ucTabuIbHOCTUA BXOJUT TaKzKe MOJIAJIbHBIA 00beM
(o6beM MPOCTPAHCTBA, 3AHUMAEMbBIH PE30OHAHCHONW MO-
noit V) P~ V/(n2Q?). B mpumimme, moaxonsaT Jo6bie
MO/IbL ¢ GosibiuM (), HO HauboJsiee KeaaTe/IbHbIMU B~
JISTIOTCST MOJIBI, Y KOTOPBIX () — 00, & 9aCTOTA OCTAETCS
durcuposannoii. Ilo 3Toit npuunne mpocreiimme pe3o-
HATOPBI B BUJIE JIUITIEKTPUIECKOH cPephbl HE O9€Hb MO/
xonar g Habmogenus OB [22], rak kak npu @ — oo
9aCTOTa MOJBI TAKYKE CTPEMHUTCS K OECKOHEIHOCTH.

VHTepecHbIM albTepHATUBHBIM IIOIXOI0M, OTKPbI-
TBHIM COBCEM HEJIABHO, JIJIsl YBeJUYeHus: JOOPOTHOCTH B
IU3IEKTPUUECKUX CUCTEMAX SIBJISIETCSl MCTOIb30BAHNUE
ca3anubix cocroguuil B kontunyyme (CCK), a umenno
HEU3JIYYAIOIINX COCTOSHUM, OMPYYKEHHBIX B KOHTHHY-
yM cocrosiuit paccesiuust [26]. CyImecTBEHHBIM MOMEH-
rom B ucnosb3oBannu CCK sBisiercs Tor dakr, 410
ucrtuaable CCK momiepKuBaoTcs JUIb MeprOIAYe-
CKUMH HAHOCTPYKTYPAMHU, MPOTSIKEHHBIMU KaK MUHU-
MyM B OJIHOM IIPOCTPaHCTBEHHOM u3mepeHuu. Camu 1o
cebe CCK He B3amMOIEHCTBYIOT € 3JIEKTPOMATHUTHBIM
U3JIyYeHUeM, TaJAIONIMM Ha CHCTEMY, OTHAKO OJIMKaii-
LIKME B CIIEKTPE MOJIbI 06/18]a10T CKOJIb YIOJHO BBICOKOM
JOOPOTHOCTBHIO. DTO JaeT BO3MOXKHOCTb HaOJII0IATh B
MPUCYTCTBUY HEJIUHEHHOCTH (DaKTHIECKH OeCroporo-
BBIE€ MYJIbTUCTAOUILHBIE COCTOSTHUS W COCTOSTHUS C Ha-
PyIIEeHHO# cuMMeTpuei, a Takke 3(PPHEKTUBHO UCIOTb-
30BaTh TaKWE MUKPOCTPYKTYDHI JJIsT TeHEPAIIUN TapMO-
HUK [27-35].

B memom 310 MHOroOGeIaonee HampaBIeHue —
menuueiinoe paccesnue csera 3a cuer CCK — maxo-
JTATCS TTOKA HA HAYAJbHOM cTajuu pa3surus. [Ipu Bceit
npusiekaresbHocTH  ucnoab3opanus CCK-crpykTyp
OHU SIBJISIOTCSI OECKOHEYHO MPOTSAKEHHBIMU. B peasnb-
HOCTH, ecid CTpyKrypa umeer N nepuonos, Q-¢gpakrop
CTAHOBUTCSI KOHEYHBIM M BedeT cebsa 1Mo 3akoHy N¢
(kak mpaBmJIO v ~ 2 + 3), U OOBIYHO JJIsi JOCTUKEHUS
Q ~ 105 Tpebyercs nmopsaaka 100 nepuomos [36].

Jpyrum wHTEpeCHbIM (DYHIAMEHTAIBHBIM aCTeK-
TOM (PUBUKU HEJIUHEHHBIX ONTHUYECKUX CHUCTEM SIBJIS-
erca sgpienue Hapyinenus cummerpuu (AHC). AHC
BO3HUKAET B CHUMMETPUYHBIX HEJIMHEHHBIX CHCTEMaX.
OO6bLIYHO HECHMMETPUYHAS MOJA BOZHUKAET MU HEJU-
HEWHOM B3amMOefiCTBUU OJIM3KO PACIIOOKEHHBIX IIO
qacrore Mo, pazuoit cummerpuu. AHC, nanpumep, ra-
OJII0IAJIOCH TIPU PACITPOCTPAHEHNH BCTPEYIHBIX ITYYKOB,
HAJA0IMX Ha HeJuHeflHyI0 KeppoBCKyio cpeuy [37].

B mamodgoronuke 310 gB/ieHEEe TakKe HAOIIOMAIOCH B
OK-BOMTHOBOIHBIX CTPYKTYPax, IPH B3aUMOIEHCTBUN
PacCIpoOCTpaHAIONIeica BOTHOBOJHON MOJIbI C HEJIMHE-
HBIMM DE30HAHCHBIMK J1eeKTHRIMI Momamu [38-44], n
B nudpakuuonnbix pererkax [28,29]. O6pruno OB u
AHC cocymiecTByOT B OHOM 00/1aCTH TTAPAMETPOB, HO
mopor Bo3uukHOBeHusi OB wmenwine. B kauecTse mpu-
goxkernus: FAHC npejgaranoch UCHOIb30BaTh JiJisi pe-
30HAHCHOTO MEPEKJI0YEHNsT CBETOBOIO TOTOKA MEXKIY
®K-sosmroBomamu [40].

Puc. 1. PK-ctpyktypa, Bug cboky. a) Crpyktypa c oa-

Holl mukpononocteo. 6) CTpykTypa ¢ AByMS MUKPOMONOCTS-

M1, 34eCb AedbeKTHbIE LUANHAPLI Pa3fesieHbl TPEMS CAOSIMU
06 bI4HBIX

B nammoit pabore MBI mpejjiaraeM IIpOCTOil au-
3ailH ONITUYECKOU MUKPOCTPYKTYPBI, OTJIUYHBIA OT pa-
Hee MCCJIeIOBAHHOTO B JiuTeparype [7-13], nius Koropo-
TO 3JEKTPOMATHUTHOE TIOJIe, BO30YXKIAI0IIee HeJTmHEH-
HbBIIf MUKPOPE30HATOP, [IOJAETCA U PACCEUBAETCH B IIPU-
coemmaeHHble PK-BOTHOBOABI, YTO SABJISETCS OIPAB-
JAHHBIM, €CJIU CaMa MUKDPOCTPYKTYpa ABJIAETCS 3dJe-
MEHTOM, UHTEI'PUPOBAHHBIM C JIDYTUMHU MUKPOYCTPOMA-
crBaMu 110 00paboTKe curuajos. O HAKO /11 HAOTIOMe-
uust OB BOJTHOBOIHBIE KAHAJIBI OKA3BIBAIOTCS W3JIATITHHU-
mMu. B Hamem ciydae MEKPOCTPYKTYPa IIPeICTaBJISAET
c000# (POTOHHBIN KPUCTAT KOHETHBIX PA3MEPOB, BHYT-
pP¥ KOTOPOTO 3aKJIIOYeHA OJHa WJIM HECKOJbKO B3am-
MOJEHUCTBYIOIUX PE30OHAHCHBIX MUKPOIIOJIOCTEN, B LIeH-
Tpe KaXKJOi NOMEIIEH AUIJIEKTPUYECKUN [MUIUHAD U3
KEPPOBCKOr0 MarTepuaja (HeJIuHeHHbIi MUKPOpe3oHa-
TOp), KaK 3TO mpezcrasiaeHo Ha puc. 1. Ha mukpo-
CTPYKTYPY [a/IaeT IJIOCKasd 3JIeKTPOMArHuTHaA BOJIHA,
KOTOpasi HEMOCPEJICTBEHHO, O/1aroapsi KOHEYHON TOJI-
MITHE OKPYKAIOIINX CTEHOK U3 ITUJIMH/IPOB, B3aNMO/IEH-
CTByeT C MOHOIIOJIbHOI MO0 MUKpope3oHaropa. Pac-
9eT 3/IeKTPOMArHUTHOIO IIOJId IPU PACCEeTHUU CBETa Ha
HEJIMHENHOW Cpe/ie TPEeCTABIAeT COOOI CIOKHYIO TPO-
GsieMy, [UIsl PelleHnusi KOTOPOU HCIOJIB3YIOTCH PA3HbIE
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noxuxoupt [6,21,22,38,45-47]. Kak upasuio, orpanuyu-
BaIOTCs ABYMepHbIMU Momensmu. Hampumep, B ciydae
®K-nmnacrunbl (MeMOpaHbBI), COCTOSAMIEH U3 MEPUOIU-
YECKU PACTOJIOKEHHBIX JIUIIEKTPUIECKAX ITUIUHIPOB
KOHEYHOM BBICOTHI, JIEKTPOMATHUTHOE TIOJI€ MMEET BCe
HeHy/1eBble KOMIOHEHTHI. COOCTBEHHBIE MOJBI KJIACCHU-
dummpyrores kak TE-nomobubie 1 TM-nonoGHbIe [25],
KOTOpbIE [IPU YBEJIUYEHUH TOJIIMHBL [JIACTUHBL (BbI-
COTHI IMJIMHIPOB) MEPEXOAAT B OObIYHBIE JBYMEDHBIE
TE- mw TM-monwl. Ucnonb3oBanne ABYyMEpPHON MOe-
mu s pacdera @K-meMOpaHbI siBIseTCs OIpaBIaH-
HBIM TTPUOTMKEHUEM, €CJIH TOIIIAHA TOCTATOYHO BETH-
Ka, 0 KpaliHeil Mepe, TMPEBBIIAET MEPUO] B HECKOJIb-
k0 pa3. Curyauus eme 6ojiee yCJIOXKHSAETCsI, €CJIM Ca-
Ma MeMOpaHa UMeeT KOHEYHbIE PA3MePbI B ILIOCKOCTH.
B sToMm ciiyuae pacder 37€KTPOMArHUTHOIO MOJIS BO3-
MOYKEH TOJIHKO C MCIOJIH30BAHUEM MPSIMBIX UUCTIEHHBIX
AJICOPUTMOB, HAIIPUMED, METO/Ia KOHEYHBIX JIEMEHTOB,
00 OYEeHb W3OIIPEHHBIX MTOJIYyAHAJUTHIECKUX MOIX0-
noB [48]. Curyamusi, Korja B CHCTeMe MPHUCYTCTBYET
HEJIMHEHHOCTD, JIeJIaeT IPOobJIeMy MPAKTHYECKH HEPa3-
pemmmoii. TlosToMmy pasymmbIe yIpoimeHus HeoOXOIu-
Mbl. B mammoit paboTe MBI caWTaeM MUJIUHIDPBI TOCTa-
TOYHO TPOTSAKEHHBIME, 9TOObI CYMTATDH IPODIEMY JBY-
MEpPHO#T, KpOME TOr0, TO OOCTOATETBCTBO, 9TO JIUITIEK-
TPUKAMU SBJIAIOTCS UMEHHO IUJINH/PBI, JAeT BO3MOXK-
HOCTBH HCTOJb30BATh TSI PACIETa MOIIMHBINA Merom T-
marpunpt [49, 50]. Ham yaasnoch npeoposiers oueBui-
HYIO TPYIHOCTH BKJ/IIOUEHUs] HEJIMHEHHOCTH B MeTox, T-
MATPHUIIBI XOTsI OBI JJIs CJIy9asi MOHOTIOJIHHON PE30HAHC-
HO# MOJBI ¢ JocrarodHo 6osbmuM Q-dakropom. Bia-
roJapst TOMY MOJIXOLy, ONUCaHHOMY B IIpuioxkenun,
HaM yIAJI0Ch CBECTH 33/Ia9y K PENIeHUI0 CUCTEMbI HEJTU-
HEWHBIX aarebpamdecKuX ypaBHEHUH, 9TO CYIIECTBEH-
HO obserdmisio uucienubie pacyerbl. Hamu nccienosa-
JINCH SBJIEHUS ONTHYECKOM OMCTAOUILHOCTH U HAPYIITe-
HUSIT CHMMETPUH TIPU PACCESTHUY TIJIOCKON BOJIHBI TTPHU
paznuyHbix yriax nagenus. O6a siBieHus HaOIIOIA0T-
Cd IPU HU3KOI MOIITHOCTH ITaJAIOIIeil BOJIHBI U CUJIBHO
3aBUCAT OT YIJIa MAICHUS.

2. ®OTOHHBIN KPUCTAJIJI C
KEPPOBCKUM JE®EKTOM

QOTOHHBIIT KPHUCTAJLT, KOTOPBIII MBI HCCIEIYEM,
npejcTaBiser co0oit 2d-TepuojuvecKyio CTPYKTYDY,
COCTOSIIIY 10 M3 BECKOHEUHBIX BIOJb OCH Z JHIJIEKTPUIe-
CKUX UuauHAPOB (puc. 1), HEeHTPbI KOTOPbIX 00pa3yIoT
KBAJPATHYIO pelierky. Xopoiio ussectHo [25] (puc. 2),
9TO JAHHAS CTPYKTYpPa 00/Ia1aeT MOTHON 3ampeIeHHoit
MEebIo B crekTpe B ciaydae TM-moasapu30BaHHOTO n3-
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sgydenus. baarogaps mesin MOXKHO CO3/JaBaTh JIOKAJIU-
30BaHHbIE PE30HACHBIE IIOJIOCTH, KOTOPBIE IO/ IEPKUBaA-
IOT JIOKQJIM30BAHHBIE MOJIbI PA3HONH CHMMETPUH — MO-
HOTIOJIbHBIE, JUTIOJbHBIE W T.I.

Puc. 2. 3oHHas ctpykTypa gnsi TM-nonspusoBaHHOro usny-

yeHnst (31EKTPUHECKOE NMOsE HAMPABAEHO BAOJb OCU CTEPXK-

Hell) 4/1s KBaAPaTHONW PELLETKN LNJNHAPUYECKNX [N3TIEKTPU-

yecknx ctepxxHelt (paguyc cTpexHst r/a = 0.18 u e = 11.56,
NOCTOSIHHASH PELUETKN ) B BO3AYXE

Puc. 3. MoHononbHasi moga 4actoTtbl koa = 0.3588, nokanu-

30BaHHAasl Ha LEHTPaJIbHOM eEKTHOM UWINHAPE C AU3JEK-

TPUY€ECKOl MPOHULAEMOCTbIO €9 =3, ANS OCTaNbHbIX LUJANH-
apos K £=11.56

PesorancHAs TIOIOCTH — MUKPOPE3OHATOP — TIOSIB-
JISIETCST, €CIM ONWH W3 IUJIWHIPOB 3AMEHUTH Ha, TeeKT-
HBIH ITUIHHIP, Y KOTOPOro JubO0 Apyro# paauyc, audbo
JIpyras JUIeKTPUIecKas IPOHUIaeMOoCThb. IIpumep Jo-
KaJIN30BAHHON MOJIbI B MUKDPOPE30HATOPE MOKA3aH Ha
puc. 3. B mamem ciaydae MBI OymeM W3MEHATH TOJb-
KO JIM3JIEKTPUIECKY IO IPOHUIAEMOCTD Je(EKTHOrO 1u-
JIUHJIPA, OCTABJIAS PAIUYC OCTOSHHBIM. B 3TOM Cciiydae
BO3MOXKHA TOJILKO MOHOIOJIbHAS JIOKATU3OBAHHAA MO-
Jla, 4acToTa KOTOPOii 3aBucUT OT £ (puc. 4) u KOTOpas



XITD, vom 162, Beim. 5 (11), 2022

OnTuuyeckasi GUCTabUNBLHOCTL M HApPYLUEHUE CUMMETPUN . . .

Puc. 4. Yacrotra nokannsoBaHHOW MOAbl B 3aBUCMMOCTM

OT AN3NEKTPMHECKOli npoHnuaemoctn € (pagmyc crepxHeii
r/a =0.18 u e = 11.56)

PACIIONIO’KEeHA CTPOTO B 3ampelentoii menu. B cioydae
6eckoneunoro @K mamuas MOma ABJIIETCS HE3ATYXAIO-
meit m obragaer 6eCKoHeHoM 100poTHOCTHI0. OIHAKO
ecin DK umeer koHeunble pa3mepbl (HECKOJIBKO CJI0EB
BJIOJIb HANIPABJIEHUH X U Y), JOOPOTHOCTH PE30OHAHCHOM
MO/IBI CTAHOBUTCSI KOHEUYHOW 0JIaromapsi yTedYKe 3JIEeK-
TPOMATHUTHOIO W3JIy9YeHUs] B DPAJUAIMOHHBIA KOHTHU-
HYyM OKPYZKAIOIIEro IycToro mpocTpaHcTsa. Iobpot-
HOCTH PE30HAHCHON MOIBI T€M BBIIIE, YeM OOJIbINE KO-
JIMYECTBO CJIOEB, OTJEJSIONUX PE30HAHCHYIO IOJIOCTD
oT OKpyzkaromero npocrpascrsa (puc. 5). Kak nokasbi-
BAET PUCYHOK, TOOPOTHOCTH IKCIOHEHIIUAIHHO OBICTPO
Bo3pactaeT u npu pazMepe @K 7 X 7 muanHapoB mo-
cruraer @ ~ 106,

Ecnu nedexTHbIil uIMHAD W3TOTOBJIEH U3 MATEPHU-
ajia, y KOTOPOrO MPOHUIIAEMOCTD £( SBJISETCS KOHCTAH-
TOM (T.e. HE BABUCUT OT AMILIMTY/IbL LOJIs), TO IIPU PAC-
CesIHUU BHEIIHEeH IIJIOCKOI BOJIHBI MOXKHO HaOJ/II0IaTh
PE30HAHCHOE PACCESHHUE CBETA MPHW YacToTe, OJIU3KOit
K 49acToTe JIOKAJU30BaHHOM MOozbl. Ilpu crporom pe-
30HAHCE AMILTUTYIA JIEKTPUIECKOrO TOJsS B MOJOCTH
PE3KO HOBBIMAETCA TPOHOPIHOHANILHO /(Q. Pezonamc-
HOE YCUJIEHUE HJIEKTPUIECKOrO 10JIs, KAK U3BECTHO, B~
JISIeTCsT YCJIOBUEM YCHUJIEHUS HEJUHEHHbIX 3D (eKToB u
mabmogerns OB. B ganmoit paboTe MbI ipemosaraem,
ar0 neEeKTHBIN MUINHID W3TOTOBJIEH W3 MaTepUaJIa
C KEPPOBCKOI BOCIHPUMMYHUBOCTHIO, TOTJA MOKA3ATETh
MTPETIOMJICHU S

n=ng+nl, I= i|E|2
8m

Vpasuenue 1151 F,-KOMIIOHEHTBI 3JIEKTPHUIECKOrO IO
B crydae TM-moabr nmeer BUT,

V?E.(x,y) + ekg B (x,y) = 0. (1)
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Puc. 5. Jo6poTHOCTb PE30HAHCHON MOAbI B MUKPOPE3OHATO-
pe kak dyHkunsa pasmepa PK. [dunanektpnyeckas npoHnuae-
MOCTb LWJNHAPOB TaKas e, Kak Ha puc. 3

ITepexonsi kK Ge3pa3MepHbIM BEJIWMIMHAM, TEPENHUINeM
ypasuenue (1) kak

V2¢(3«"ay) + k[2)(€0 + AW(%ZJ)PW(%Z/) =0, (2)

ko = ga, r= E,
C a (3)
QTL()TLQC 2 Ez
A= ——E =
] | 0| ’ 7/) |E0|7

e Eg — HAmps2KeHHOCTH 0JIst BHEITHEH LJI0CKO# BOJI-
el E = Epe™ T, magaomeit na ®K-crpykrypy, a a
— mnepuon permerkun PK. ITlocrosunyio Keppa ne B
HAIIMX YHUCJIEHHBIX SKCIIEPUMEHTAX BBHIOMPAEM DPaBHOIT
ng =2-10712 cm?/Br, a g9 = 3.

Vpasuenue (2) pemasoch YUCIEHHO, ¢ UCIOIb30BaA-
areMm T-MOZaIBHOrO MeTO/ma, OIUCAHHOTO B IIpmmoxke-
HUW.

3. PE3VJIBTATBHI YNCJIEHHBIX PACYHETOB

Ha puc. 6 upejcraBieHbl pe3yabraTbl 9HCICHHO-
r'0 pacdera BO30YXKIeHUs OTHON PE30HAHCHOI MOJOCTH
(puc. 3) B ciaydvae TMaJieHUs TUIOCKOW BOJIHBI MOJ yT-
oM ¢ = 0 B 3aBUCHMOCTH OT YaCTOTHI BHEIITHETO TTOJIs
ko = w/c u HeJlMHERHOW KOHCTAHTBI A, AMILuTyHa ¥ —
9TO aMILIUTY/1a BO30YXKICHNS HA HEJIUHEIHHOM TedeKT-
HOM muyinHIpe. KpuBbie 1eMOHCTPUPYIOT TEpexos B Ou-
crabuibHOE cocTosgHue mpu u3dMenennu A. Kak n oxm-
JIAJIOCh, IEPEXOJ], TPOUCXOAUT PAHBIIE [T PE3OHAHCHOM
mojioctu ¢ bosbmmM (Q-pakropom. Ha puc. 7 mokasa-
HBI 3aBHCHMOCTHU || OpU PE30HAHCHOM BO30Y2KICHUM
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Puc. 6. Pe3soHaHcHOe BO3OY)KAeHUWE 31€KTPOMArHUTHOrO Mo-
ns Ha pedekTHOM unaunape || ans ®PK pasHbix pa3mepos
B 3aBUCMMOCTU OT KOHCTaHTbl HenmHeliHocTn A. a) Odna ®PK
3 X 3 UMNUHApPa CyWeCTBYET NOPOrOBOE 3HAYEHME KOHCTAHTbI
HEJIMHEAHOCTN A, NP KOTOPOM CUCTEMA MEPEXOAUT B PEXNM
6uctabunbHocTu; 6) anst kpuctanna 5 X 5 UUANHAPOB 3TO CO-
ObiTMe HACTynaeT Ha fBa NOpsifKa paHble. B) YBennyeHne
pasmepoB PK go 7 X 7 unnnHAPOB NPUBOAUT K euie bonbLue-
MY YMEHbLUEHMIO NOPOrOBOrO 3HAYeHUsT \

MOJIOCTH TIPU (PUKCHPOBAHHOM YaCTOTE, HO C W3MEHS-
foreiicss HenmHeHoM KoHcTtanToit A\. Hamo ormernts,
9TO 3aBUCUMOCTHU Ha PHUC. 6,7 SBAAIOTCS JTOBOTBHO TH-
MAYHBIMA JJI KEPPOBCKO# HEYCTONYMBOCTH, U OHCTA-
OMJIBHOCTDH HACTYIIAeT IIPU M3MEHEHUH [IOTOKA MOIIHO-
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Puc. 7. 3aBNCUMOCTb OTHOCUTENBHON aMnAuTyasl noss ||

Ha AedeKTHOM UNANHAPE OT KOHCTAHTbI HEJIMHEAHOCTN A Ansi

KpucTanna pasmepom 5 X 5 yunnugpos npu koa = 0.35587.

BcraBka: TOT ke rpaduk nepecymTaH B Pa3MEPHbIX Be-

NNHUHAX ONs HENVMHEWHOCTW HAa LEHTPanbHOM LWIMHAPE
ny =2-107'% cm?/Br

CTU BHEITHE BOJHBI (CM. BCTABKY Ha PUC. 7), TIOCKOJIb-
Ky ng — QUKCUPOBAHHAS BEJUYUHA.

O/HAKO B HAIIIEM CJIydae MMOsBJISIETCS €IIe OJIUH 11a-
paMerp, KOTOPbIii MO3BOJSET YIPABIATH MEPEXOIOM B
OMCTAOMIBHBIA PEKUM — 3TO YTOJ , YIOJ MaJIEHUS
mrockoit Bostabl HA K. leficTBUTE/IBHO, KAK TOKA3bI-
BaeT puc. 8, OMCTAOMIHLHOE PEIleHNe CUJIbHO 3aBUCHT
or yrua majenus. VI Gojee Toro, oT yriia majeHus
3aBUCHT CaM TIOPOT TIEPEX0Ja B OMCTAOMILHBIN PesKUM
(puc. 9), npuvem 3Ta 3aBUCUMOCTb HOCUT KPaiiHe BbIpa-
JKEHHBIM XapaKTep — MOPOT MOXKET W3MEHSIThCS B TPHU
pa3a. Ha puc. 10 mpuBoauTcst penienue mpu (puKCupo-
BAHHON MOIITHOCTU BHEIIHEH BOJIHbI KAK (DYHKIMS yI-
na nmajenus. VIHTepecHbIM HADTIOMEHIEM SBJISETCS TOT
dakT, 9T0 ONCTAOUIHHOCTH TTPU PA3HON MOITHOCTH BOJI-
ubl (duosieroBast U KpacHas JIMHUM) CYILIECTBYET LIPU
PA3HBIX yryiaxX MaJeHusi, IpuIeM o0JIaCTU CyIIeCTBOBA-
uust OB He mepekphIBAIOTCH.

[lepeiinem Kk paccmoTpennio 6oJiee CI0KHOTO CIIy-
4dasi — JiBe OJIM3KO PACIOJIOXKEHHBIE OJIMHAKOBbIE DE30-
HamHCcHBIE TOocTH. [Ipexkae Bcero corycupyemcs Ha
SIBJIEHUY HAPYIIEHUsI CUMMETPHUH DEIIeHUs ISl JIEeK-
TPUYIECKOTO TOJIST TIPW CUMMETPUYHOM MaIeHUH TII0C-
koii Bosubl (p = 0). Ha puc. 11a npeacrasien ciy4ai,
KOrJa Mexk 1y AeeKTHBIMU [UJIAHIPDAMU HAXOIUTCSI
JIBa CJI0s OOBIMHBIX TMINHAPOB. UepHoil nuHmeil mo-
KA3aHO DelleHue ¢ HeHAPYILIEeHHOH cuMmMmerpueil (pe3o-
HAHCHBIE IIOJIOCTU BO30YKIAIOTCHA OJUHAKOBO), JIMHUS
¢ aByMs 1BeraMu (CHHWI U (DHOJIETOBBIN) MOKA3bIBA-
€T pelIeHHe C HAPYLIEHHON cuMMerpueit (1oJ10cT Bo3-



XITD, vom 162, Beim. 5 (11), 2022

OnTuuyeckasi GUCTabUNBLHOCTL M HApPYLUEHUE CUMMETPUN . . .

Puc. 8. (B ugere oHnaitn) 3aBUCUMOCTI OTHOCUTESNbHOI aM-
NANTYAbl nonsi || Ha fedbeKTHOM LMIMHAPE OT KOHCTAHTbI
HEJIMHEAHOCTM A\ MPU PasHbIX Yriax NajeHnusi BHELWHEN BOJHbI
¢ yactoToin koa = 0.35587 gna kpuctanna 5 X 5 unnanHapos

Puc. 9. Kputnyeckoe (noporosoe ansi Hactynneruns OB) 3Ha-

YEHMe KOHCTaHTbl HeauHeNHOCTM A (J1eBasi OCb) M KpUTMYE-

CKasi MOLW|HOCTb BHelHel BOJHbI Sin (MpaBasi ocb) B 3aBu-

CUMOCTN OT Yrna NafeHnsi Ha Kpucrasn pasmepa 5 X 5 npm
yactoTe koa = 0.35759

Oy 2K JAI0TCS HEOJAUHAKOBO), IPUYEM DA3HBIMU [IBETAMU
[OKa3aHbl pa3ubie pereHus. CTouT OTMeruTb, 9T0 BO
Bcex paccMorpennbix Hamu ciaydasx JIHC macrymaer,
KaK mpasuJo, nocje nossaeraus OB u ouens cuabHO u3-
MEHSIETCSI TIPU U3MEHEHUW MOIIHOCTY BHEIITHEH BOJIHBI
(cepuoBuiHAS KPUBAsi O4€HDb ObICTPO YBEJIUIMBAETCH B
pa3mepe). Ha puc. 116 mocTpoensbl perienus jjis am-
WIATY 1| BO3OYKIEHWs MOIOCTeil, KOraa YuCiIo U30-
Jmpyonux cjioes pasHo 3. Kak Buino, xapakrep perie-
HUsl pe3Ko nomersics — rernepb AHC-pemenus ctporo
M30JIMPOBAHBI OT PEIEHNIT HE HAPYIIAIONIAX CHMMET-
puto. Ha puc. 12 geranbHO mOKa3aHO, KaK BO30YyK1a-
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IOTCsl DE30OHAHCHbBIE I[IOJIOCTA B CJIy4ae PAa3HbIX pelle-
uuii. Ha puc. 13 npezacraBieHbl OPOru s TOSBIEHUS

Puc. 10. (B usete oHnaiin) 3aBUCMMOCTN OTHOCUTENBHON aM-

NANTYAbI NONs |1)| Ha fedeKTHOM LUANHAPE OT yrna najeHus

BHELWHENA BOJSIHBI ¢ Ha KpUCTann 5 X 5 LMAWHAPOB Npu pas-

HbIX KOHCTaHTax HenuHelHocTu A Ha 4Yactote koa = 0.35587.

CnpaBa OT )\ B nereHge nokasaHa MOLWHOCTbL nagatouleli Bos-

Hbl, KOTOpasi COOTBETCTBYET KOHKPETHOMY 3Ha4Ye€HMtO A\ npw
ne =2-10712 CMZ/BT

ob6branoit OB (6e3 napymenus cummverpun) u AHC. Xo-
TSI BEJIMYUHBI MOTYT OTJIMYATLCS Jarke B TPH pa3a, B
HEJIOM MOPSIIOK BEJIUYHMH OJMH M TOT K€, YTO MO3BOJIsI-
€T HaM CJIeJIATh BBIBOJ, ITO 00a SBJIEHUS OOBITHO COCY-
IIIECTBYIOT MPUMEPHO TPH OJHUX W TeX YK€ 3HAUEHUSIX
AMILTUTY/Ibl BHEITHETO IO/, DTOT MOMEHT HE SIBJISET-
Csl CTOJTb OYEBHIHBIM, XOTs ¥ OBLT IIPOJEMOHCTPUPOBAH
panee B pabote [41], KOrma HCTOYHUKOM BO3GY K IECHNUS
PE30HAHCHBIX MOJIOCTEH SIBJIS/INCH BOJHOBO/HBIE MOJIbI
DK.

SlByienve HAPYIIEHNST CHMMETPHUH 1 ONTHYECKAst G-
CTaOMIBHOCTD SIBJISTIOTCST SIPKUM TTPUMEPOM  YIIpaBJie-
HUSI CBETA C MOMOMNIBIO CBETA HA MHUKPOHBIX MAaCIITA-
6ax. Oba siBJIeHHSI MOTYT HAOJIONATHCS TIPU yMepeH-
HBIX 3HAYEHUSIX AMILTUTYIBI BHEITHETO TIOJIs, JIETKO JI0-
CTUTaeMbIX HA NPAKTHUKE, ecn (Q-(HakTop pe30HAHCHON
nomnoctu @ > 10* — 10°.

DunaHcupoBaHue. Pabora BBINOIHEHA TTPU MO~
nepxkke Poccuiickoro nayusnoro donga (rpanr Ne 22-
12-00070).

IIPNJIOKEHUE

Omnuiiem perrienne 3aa9i O PACCESHUM TIIIOCKOM
BOJIHBI CHCTEMOH TUITEKTPUIECKAX IUIUHIPOB C TIPO-
HULAEMOCTBIO €, UCIONb3yst T-momanbubiilt Meros [50].
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Puc. 11. (B ugete oHnaiin) OTHocuTenbHash amniutyga nons || Ha asyx gedekTHbix uuanHgpax ans PK pasmepom: a) 5 x 8
UWINHAPOB, AedeKTHbIE LMIMHAPLI Pa3AeneHbl 4BYMs 0bbldHbIMU; 6) 5 X 9 uunnHApoB, Kak Ha puc. 16. YepHbim ueeTom 0bo-
3HAYEHbl CUMMETPUYHbIE peleHnsi, NONETOBBIM U CUHUM — C HAPYLIEHHOW CUMMETpUei

Puc. 12. (B usere onnaiin) Bapuantel Bo3byxaenns asyx keppockux nonoctein 8 PK 5 X 9 uuanHapos Ha AnvHe BOJMHbI
koa = 0.355575. BonHoBbie yHKLMN B BEPXHEN HACTW PUCYHKA CUMMETPUYHBI, BOJHOBbIE (DYHKLMN B HUXKHEN 4aCTu PUCYyHKa
0bnafatoT HapyLIeHHOW CUMMeTpuei

652
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Puc. 13. (B ugete onnaiin) Moporu HacTynneHns onTu4eckol
6nCTabuNbLHOCTY 1 ABNEHMS HAPYLIEHNS CUMMETPUN A5 KPU-
CTanioB pa3HbIX Pa3mMepoB

Puc. 14. TnobanbHas zy 1 noKanbHble T;Yj, TiYi CUCTEMBI
KOOpAMHaT

ITpu uzsnoxkenun marepuasa ciexyem pabore [49].
Qnekrpuyeckoe mose B T-merome pasmaraercs 1o
MUIMHIPAYECKAM TapMOHWKAM KaK BHYTpDH, TakK W
BHE j-r0 IWJIMHJIPA B JIOKAJLHOH CHCTEME KOODIMHAT

(cm. puc. 14):
X )
E, = ijJm(\EkoT'j)ezm% R r; < Rj,
m=—o0
X )
Ez = ajme(korj)em“"j + (4)
m=—o0
+ bijr(;)(kOrj)eimtﬂj , T > Rj,
m=—o0

rae ko = w/c. Koacpbununenter a;, — aMmmTymnst rap-
MOHWFK IT1a/IQIOIIEeT0 Ha j-# MUINHAD HOJ4, & bjpy, — aM-
IJIATYIBI PACCESHHOTO TOJIA. AMIVIUTYIBL Gjp, TPE-
CTABUM B BHUJIE

__ _inc rods
Ay = iy + Qi (5)
rae
a;% _ (_l)mezkoRj sin(Oinc —0j ) —imBinc (6)

— aMIIUTYABI TAJA0Iell Ha CUCTEMY TIJIOCKOH BOJI-
ubl, Rj, §; — nosioxkenue j-ro Uu/IMHAPa OTHOCUTE/Ib-

HO I0DATBHON CHCTEMbBI KOOPAMHAT. AMILTUTY/IbI ag‘;;if
;

MIPEICTABIISAIOT M0JIe, PACCESTHHOE OT OCTAJIBHBIX IIAJINH-
apos [ # j. Ucnonb3ys dopmyny I'pada, MoxHO cBsi-

3aTh aMILJIATY/IbI ag"n‘? U AMILTATY bl PACCEAHHBIX BOJIH
)

bl,m(l 7é .7)

d X=X i Oy (D)
aiots = bige’ ™% 1Y (krig) . (7)
q=—00 I#]

Ucnons3ys (5)—(7), momyuaem

a; =Q; + B, by, (8)
I
rae
ajm = (aj)m; 9)
bjm = (Bj)m. (10)
(Qj)m _ (_1)m€ikoRi sin(Oinc —06; ) —imbinc , (11)
(B )mg = ™% HLD (korj).  (12)

Yrobbl 3aMKHYTb cucremy (8), UCIO/Ib3YeM CBsi3b
ammnuryz (b;) u (a;) 4epe3 qUArOHAIBHYIO {-MATPHILY:

bj = bjaj, (13)
pm,m = - \/gkOJm(kOR)J;n(kO\/gR) -

— k‘QJm(k‘oﬁR)J:n(k‘oR) X

x ekoHY (koR).J, (kov/zR) —

—1

— ko Jm(koVER)HY, (keR) . (14)
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[Ipuxomum K cucreMe JIMHEHHDbIX yPABHEHUN I aM-
nmTyn b;:
b;

X
- BPb =bQ,. (15)

I#]

Ecan muaubaapsl  00/1a7a10T KEePPOBCKON  HEJIMHEI-
HOM MOMpaBKON K INIJTEKTPUYECKON TPOHUIAEMOCTH
e = g0 + AE.(r)]?, To dopuyna (15) mo-npeskuemy
NIPDATOHA IIPHA YCJIOBAM, 4YTO HAM W3BECTHA CBA3b

(nonlin) (nonlin)
MEXKIy aMIUIUTygamMu b ; a; Jepes
HEJIMHEWHYIO {-MaTpUILy:
li 153 li
b§_non in) _ Eénon zn)a;non in) . (16)

CymecrBoBanue Takoii cBa3u B Buie dhopmyst (16) or-
HIO/Ib HE 0YeBu/IHO. [lajiee MbI BbIBEIEM SBHOE BhIPazKe-
HEE TS b;"onlm) OpHU ABYX TPEIONOKeHnsx: 1) nemn-
HeHHbIe MUJINHIPHI PACIIOJIOKEHBI TOJIBKO B PE3OHAHC-
HBIX TIOJIOCTAX, 2) TPU PE30HAHCHOM PACCESHUU CBETA,
KOIJIa HEJTMHEHHOCTh HAYMHACT UIPATH CKOJILKO-HIOYIb
3aMETHYIO POJIb, BHYTPHU KaXKI0# U3 MOJI0CTEH BO30Y K-
JTaeTCs MOHOTIOIBHAS MOJIA, T.€. HA, HEJTMHEHOM IIWJINH-
JIpe JIOMUHHPYET S-PacCesHue.

Vpasuenne aist E,-KOMIIOHEHTBI TIOJIST HA, HEJTMHE-
HOM IUJIWHIPE B IAJINHAPAYIECKON CHCTEMe KOOPINHAT

UMeeT BUJL
9?2 N 10 1 02 N
or2  ror  r20p?

+kg e+ AE:(r o) E.(r,p)=0. (17)

BosHOBY 10 (DYHKITHIO WIIIEM TTO-TTPEYKHEMY B BUIE PSIA:

X .
E.(r,o) = tm(r)e™ .
meZ

(18)

Ypasuenwue (17) mocie nogcranosku (18) npubnnxkeH-
HO TIPEJICTABJISAETCS B BHJE CHCTEMBbl HECBS3aHHBIX

ypaBHeHUN
00 1 o 9 m?2
wm —+ ;’Lﬁm —+ kO o — 7“72 '(/)m - 07 m 7é 07 (193‘)
o 1 o 9 9
Py + ;1/’0 +ky €0+ Alvol® o =0, m=0. (19b)

Henwmelinblii wIen Hy>KHO yYWTHIBATH TOJBKO B
ypaBHeHuu Ha g, B CUILy TOrO 4T0 |[th,,| < |tg| upu
PE30HAHCHOM S-paCCestHUU. B oTCyTCTBHE JKe pe3oHaH-
ca HEeIMHEHHOCTHI0 MOXKHO TpeHebpedub. Takmm obpa-
30M, 3a/la4a CBOAMTCH K peineHuto ypasHenus (19b).
DTO MOKHO CIeNTaTh MPUOIHAKEHHO, TI0 TEOPHH BO3IMY-
MEHNUH, YIUTHIBAA TO OOCTOATEIHCTBO, YTO JAXKe TPH

pesoHaHcHOM paccesnuu \|ig|? < g.
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Hutst sToit tienn cpopMyIupyeM BCIIOMOIATEIbHYIO
KPAaeBYIO 3a/1a4y:

YO+ o) + K o+ AR 9(0)
PY(r=0)<oo, ¢Y(r=R)=A.

0, (20)

B nanbueiimem cuntaem ¥ = 1by. Samaua (20) moxker
6biTh peliena depe3 byukuuio I'puna g(r):
2

rg (N +g + kr—"- g(r)=—-d(r—p), (1)
g(r =0) < oo,
g(r=R) =0.
VYpasuenue (21) umeer siBHOE PEIIEHUE:
o(r.) = T o) Vo (o)~
— I (koR)Y (kors) , (22)

rae r~ = max(r, p), r« = min(r, p). Torma ypasuenune
(20) umeer opmasibHOE peleHue

/R

8(r) = g(r,p) kieopA+Megple*s dp,  (23)
0
&(r) =y - A
Jlerko mpoBepuThb, 9TO
7R
J()(k'f‘)
A k3pdp = A - A 24
g(r, p)kgpdp JokR) (24)
0
k= \/‘%kOv
Tak, npu A = 0 umeem
Jo(k’)")
=A — 2
Br)=4 SiE (25)

ITosromy mHTErpajbHOE ypaBHeHue (23) MOXKHO 3aru-
carb B BUJE

/R
() =P(r)g +Akg  plv(p)[P(p)g(r, p)dp,
0 (26)
- Jo(k"l“)
’(/)(T)g - AJQ(]CR)

B npubnuxkenuun A — 0 ypaBuenue (26) npubInKeHHO
MOXKHO PeIarb MeToaoM urepamnuu. B mepsom OOpHOB-
CKOM TIPHUOJIMKEHAN HAXOIAM

ZR
D(r) = p(r)g +Xkg  plirg () [y (p)g(r, p)dp
0

P(r)g + Yeorr(r).  (27)
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IMoupaBoublil YieH Yeop (1) MOKET ObITH LPUBE/IEH
K BHJLY

ZR
Yeorr (1) = )‘k(% p|wg|2¢gg(7’a p)dp =
L0
o(kr) “
_ 0\RT 4 _
—kaJo(k;r) Jo(kR) xJy (z)dx
0
zr #
—  xYy(x)J3(x)dx —
0
&r
— MYy (kr)  xJg(x)da+
0
£
+ AEZTo(kr)  xYo(x)J3 (x)dx, (28)
0
_ M3 AlA
~ J3(kR)

Bamerum, 910 Yeorr(r = R) = 0. dnsa cluusku pe-
HIeHus BHYTPHU IuauHApa (27) ¢ BHEIIHUM DelleHueM
HeoOxommmMo 3Hauwe . (r = R). OHO HaxomuTcs u3

ypasuenus (28):

ZR

2
A_lAPA xJg (x)dz.

o RIE(ER)
0

0

Yeorr (T = R) = (29)

CnenoBarebHO, TPUOIMKEHHOE PEIEHNe BHYTPU I[H-
JINHIpa UMEeT BUJ,

¢(T) = 1;[}9 (T) + wcorr (’I"),

U(r=R)= A4,
0 Jo(kR)
vr=R) = k3 A-UAPA (30
»o1 &
{ = =0 RIT(RRD) xJ§ (x)dz.
0

Tenepb MOKHO BbILIOJIHUTDH CLIMBKY C BHELIHUM pelie-
HUEM

(1)
Hy

’(/J(’I") = a()Jo(k()’F) + by (ko’r),

TIOTy 9aeM
{14PA

0
koHS" (koR) — k22 gV (ko R
oty (koR) JékR)o(O)

by = toap — , (31)

rae tg — 3JEeMEHT {-MaTPUIIbI TP JIMHEHHOM PaCCeTHUN

(14).
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Yrobbl MCKJIOYUTL LapamMerp A u3 BbIpazKeHus
(31), MOXKHO B34Th €r0 3HAYEHHE B JMHEHHON 3a1a4e

(A=0):

A~ by %O(’R) +H"(koR) +0O(r). (32
Torma
toag = by 1+ Albo|* , (33)
{ B (k) " SR () ()
A= koHg"" (ko R) — k22 ED HY (ko R)

Urak, dopmyna (33) 3asaer HeobXOuAuMyIo CBsi3b
MEXKIy aMILTUTyJaMu ag U bg. B pesynbrare B Hemm-
HeiinoM ciydae dopmyna (15) npuobperaer Bu

X
1+A
k€ Ng

beb,

rme N — MHOXKECTBO HEJIMHEHHBIX MUJIUHIPOB. ¥ paB-
HeHve (34) — 3aMKHyTasi CHCTEMa YPABHEHWH s aM-

X
brol? Py by —  BPb =BQ;,
”

(34)

= 0jkO0mbjo,

nuTyn b;. B KOMIBIOTEDHBIX BBIYHCICHHAX A3UMY-
TAJbHOE 9HCJIO 1M TMpoderaeT KOHEUHBIA PN, 3HAUCHUH
me[-M,—-M+1,...,+M].
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