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06m;aa xapaKTepiiCTIIKa pa6oTbi 

1. AKTYa.JihHOCTh TeMhi HCCJie,n;onaHIUI 

O,n;HHM H3 Han6onee rrepcrreKTHBHhiX o6'beKTOB ,ll;)K03e<f>coHoBcKHX HaHocncTeM HB

nHJOTCH BhiCOKOTeMrrepaTypHhie caepxrrpoB0,ll;HHKn (BTCII) [1, 2, 3, 4]. IIorrynapHOCTh 

BTCII cncTeM CBH3aHa He TOnhKO c BhiCOKoii KpHTH'IeCKoii TeMrrepaTypoii, ,n;aJOIIJ,eil: Ha

.n.e*.D.Y rrony'IHTh CBepxrrpOBO,ll;HMOCTb rrpu KOtiHaTHOii: TeMrrepaType, HO H C 06Hapy-

)KeHHhiM HHTeHCUBHb!M KOrepeHTHhiM TeparepiJ,OBbiM <lneKTpOMai'HHTHbiM H3Jiy'leHUeM 

H3 TaKHX CHCTeM, 'ITO ,n;aeT IIIHpOKHe B03MO)KHOCTH .D.JIH pa3nii'IHhiX 11pHMeHeHHH (5] . 

BTCII MaTepHanhi, TaKIIe KaK Bi2Sr2CaCu20 8 , HBnHIOTCH CJIOIICThiMn MaTeplianar.m, 

r,n;e CBepxrrpOBO.U,HIIJ,He (8-cnoii) II ,li;U::JneKTpii'IeCKIIe cnOH o6paJyiOT CUCTeMy CBH3aH

HbiX ,ll;)KOJe<f>coHoBcKnx rrepexo.n,oB (C,[{IT) (6]. TaKIIM o6paJoM, Ha6nJO.n,aeMhiii CHI'IIan 

B Teparepu.oaoii o6JiaCTH HBJIHeTCH II3Jiy'leHIIeM 1!3 CUCTeMbl c,nrr. OcHOBHblMII HarrpaB

JieHUHMII UCCJie,ll;OBaHUH B 3TOH 06JiaCTII CJiy)KaT 011pe.n,eJieHIIe. MeXaHU3Ma II3JIY'IeHUH II 

1101ICK HOBh!X B031\10)KH0CTeii ,ll;JIH yBeJIU'IeHUH ero MOIIJ,HOCTII, KOTopaH, COI'JiaCHO 110CJie,ll;-

HUM .n,aHHhiM, COCTaBJIHeT OT 150 ,11;0 600 ,MKBT rrpn 'laCTOTe 0, 5 TfiJ, C IICI10Jih30BaHneM 

HeCKOJibKIIX 110CJie,n;oBaTeJihHO coe,n;IIHeHHhiX CIICTeM C,[{fi. 0co6b!ll IIHTepec rrpe,n;cTaB-

JIHeT TO, 'ITO 11UK HHTeHCIIBHOCTII H3Jiy'leHHH CBH3aH C HeKOTOpoii 06JiaCTbiO Ha BOJihT

aMrrepHOH xapaKTepHCTIIKe (BAX), r,n;e na6JIIO,ll;aeTCH rrapaMeTpll'IeCKHii: pe30Hanc (7, 8]. 

B pa6oTe [8]6biJio rroKaJano, 'ITO rrpil rrapaMeTpnqecKOM pe3oHance Ha S-cnoe B03HIIKaiOT 

KOJie6aHUH 3apa,n;a, KOTOpb!e MOI'YT HMeTb CJIO)Kifblll xapaKTep B 3aBHCUMOCTII OT 'IIICJia 

rrepexo,n;oa B cTeKe, rrapaMeTpa CBH3n, rrapfiMeTpa ,ll;IICCIIrrau.nii II rpann'IHhiX ycnonuii:. 

<l>yphe-aHanH3 BpeMeHHOii 3aBHCIIMOCTH'3apH.n,a Ha 8-c.hoe 110Ka3hiBaeT HMII'IHe pa3JIII'I

Hh!X 'JaCTOT B crreKTpe, B 'JaCTHOCTH, 'JaCTOTY ,[{)K03e<f>cona, 'JaCTOTY 11pO.U,OJihHOii 11Jla3-

MeHHOlt BOJIHhi (IIIIB) II ux KoM61IHaiJ,IIH. Ha6n10,n;aeMax IIITB MO)KeT 6biTh rrony'leHa B 

BII.U,e perueHIIH CIICTeMbl ypaBHeHHH B paMKax MO,ll;eJIH eMKOCTHG-CBH3aHHbiX ,ll;)K03e<f>co

HOBCKIIX rrepexo.n,oa (CCJJ-Mo,n;enu). 8Ta Mo.n,enb 6hma rrpe.n,JIO)KeHa KoaMa u Ta'IHKH 

(9].n,na orruca.Hua BTCIT MaTepuanoB. ITITB B036y)K.D.aeTcH B creKe ,ll;)K03e<f>con6ncKHMH 

. KOJie6aHHHMU (10], 'laCTOTa KOTOpb!X WJ 011pe,n;enHeTCH HarrpH)KeHHeM Ha rrepexo,n;e, H 

pacrrpOCTpaHHeTCH rreprreH,n;HKYJIHpHO 11JIOCKOCTH cnoea, a rrapaMeTpU'IeCKIIii pe30HaHC 

peanu3yeTCH rrpu WJ = 2wLPW, r.n.e WLPW- 'lacTOTa IIIIB [11, 7]. 8To 03na•meT, 'ITO IIMe-
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eTca pe3oHaHcHaa TO'IKa, B KOTopotl B cTeKe rrepexo,JJ,oB C03,JJ,aeTca IIIIB c orrpe,JJ,enenHhiM 

BOJIIIOBbll\f 'll!CJIOM. 

HnTepecHotl oco6eHHOCThiO 3<J><PeKTa ,1X)Ko3e<J>cona an.riaeTca 3axBaT Kone6anutl <Pa-

3hi Ka)K,JJ,O!'O rrepeXO,JJ,a 'laCTOTOii BIICIIIHCI'O 3JICKTp01V!al'HIITHOI'O li3JIY'ICHII£, 'ITO IIpl!BO

,JJ,IIT K rroannemi10 cTyrreHeK lllarrupo na BAX rrpu 3a,JJ,aHHhiX 3Ha'leHnax Harrpa)KeHHa 

(12). IIpn6opbi, OCHOBaHHbie Ha 3TOM 3<J><J>eKTe, IIIIIpOKO IICIIOJib3YIOTC£ B Ka'ICCTBC CTaH

,JJ,ap~OB Ha!Ip£)KCHl!a [13, 14). 3axBaT 'laCTQTbl IIpi!BO,JJ,liT TaK)KC K CIIHXpOHU3aiJ;HII KO-
•' 

Jie6aHHH <J>a3bl B CIICTCMe C,lXII B 06JiaCTH CTyneHbKU. ,lXeTaJibHOe H3Y'ICIIlie CTYIICHCK 

lllarriipO B CIICTCMC C,lXII !Ipll pa3Hb!X pe30HaHCHb!X ycJIOBmix OT!(pbiBaeT IIHTCpCCIIYIO 

o6JiaCTb IICCJIC,JJ,OBaHIIH C IIOTCHIJ;HaJIOM ,JJ,JI£ pa3JIII'IHbiX !IpiiMCJICHIIH. EIIJe, O,JJ,Ha oco6eJI

HOCTb IIpOaBJI£CTC£ !IpH pacCMOTpeHIIII CIICTCMbl C,lXII, IIIYHT;ipOBaJIHOH pe30I!aiiCHb!M 

KOHTypoM [15, 16, 17, 18, 19). Ha BAX TaKm1 CHCTeMhi rroannmoTca HOBbie pe3oHanc-
. . . (• 

Hh!C BCTBII, KOTOpb!C MOI'YT IIpiiBO,JJ,IITb, K IIO~BJICHHIO ,JJ,OIIOJIIIHTCJI?HOI'O rrapaMeTpH'Ie-

CKOI'O pe30HaHCa, a CTYIIC!IbKa lllaniipO ,JJ,CMOH~TpiipyeT. H3MCHC!Il!e CBOHCTB B o6JiaCTH 

pe30HaHCHOH BCTBH [20, 21]. TaKI~M o6pa30M, rnyHTIIponamie !I03BOJI£CT 3<J><J>eKTIIBIIO 

~O!iTpOJIHpOBaTh II MaHIIIIYJIHpOBaTb pe30Hal!Cllbi~III oco6eii!IOCT£Mll, KOTOpbiC IIOTCHIJ;I!

aJibHO IIOJIC3Hbl B CBCpXI1pOBO,JJ,£IIJCH 3JICKTpOIIIIKC .. 

,lXpyriiM IIIITCIICIIBHO pa3Bl!BaiOIIJI!MC£ HarrpaBJICJIIICM IIpHMCIICIIII£ )J,)K03C<J>conoB

CKIIX HaHOCIICTCM £BJI£CTCH HH,JJ,yCTpiia KBaHTOBb!X KOM!IbiOTepOB. 0rpOMllb!H IIIITepec 

B 3TOH 06JiaCTII B IIOCJIC,JJ,HIIC I'O,JJ,bl IIp!!BJICKaiOT ~atlopaHOBCKIIC <J>epMIIOIIbl ( 'laCTIIIJ;hi, 

KOTOpb!C HBJla!OTC£ CBOCH co6CTBCIIIIOH aHTii•iacTHIJ;CH II OIIIICb!BaCMbiC peaJibllb!MII BOJI-
,' ,. ' 

HOBb!MII <J>yHKIJ;II£MII) B CB£3II C TCM, 'ITO TaKIIe<J>epMl!OHbl MoryT 6b!Tb l!CI10Jlb30Ba-

llbl KaK Ky6IITbl B KBaHTOBOM KOMIIbiOTepe. BbiJIO, Bhl,JJ,BIIIIYTO HCCKOJlbKO rrpe,JJ,JIO)Ke

llllH IIO o6napy)KCIIHIO TaKIIX <J>epMIIOHOB B CH~TeMaX .,KOII,JJ,CHCIIpOBallliOro COCTOHHII£ 

[22, 23, 24, 25; 26, 27, 28, 29, 30]. B qacTiiOCTII, MatlopaHOBC~IIe <J>epMIIOHhi MoryT 6LITh 

. . 
peaJI!130BaHbl KaK JIOKaJIII30BaHHbiC BHYTPIIIIJCJICBbl~ COCTO£HI!a ;~ CBepX!IpOBO,JJ,IIIIKe C 

TPIIIIJieTHhiM p-crrapnnaHIIeM [26, 27,.,28, 29). TaKIIe cocTomma ~aK)KC 1\foryT B03Hl!KaTh 
' . ·, .· 

mi KOHIJ;ax O,JJ,IIOMepnotl (1D) CBepx!IpOBO,JJ,HIIJCH IIpOBOJIOKII C ~IIJlbHOH CllJIH-Op6IITaJib-

HOH CBH3b!O HaxO,JJ,HIIJCHCH B 1\fariiiiTIIOM IIOJie [27, 28) . .Ll,II B IIpiiCYTCTBlU! ~iatlopanoB

CKIIX c~~3aHHhiX cocTommti rroKa3hiBaeT 47r-rrepiiO,JJ,li'IIIOCTh KCJJie6annii c~epxrrp~no,JJ,a

IIJero TOKa [31], a BAX TaKoro ,lXII, n oTmi'lne OT ero TpnnnaJibHLIX ananoron, ,JJ,eMoH~ 
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cTpiipyeT TOJihKO 'leTHhJe cTyrrenii lllarriipo. ::ha oco6enHOCThHOCIIT Ha3Banne ,JJ,po6noro 

3<J><J>eKTa ,1X)K03e<J>cona II B IIOCJie,JJ,Hile I'O,JJ,bl aKTIIBHO IICCJIC,JJ,yeTCH B pa3JIII'IHbiX CIICTe

Max, TaK KaK rrpe,JJ,CTaBJIHCT co6oli 3KCIIepiiMeHTaJibHOe CBII,JJ,eTeJibCTBO o6pa30BaHIIH Ta~ 

KIIX COCTOHHIIH [32]. 

8KcrrepnMeHTaJibHOe 06Hapy)KeHIIe MatlopaHOBCKIIX CB.H3aHHb!X COCTOHHIIH OCHOBbi

BaeTCH, B ocHoBHOM, JIII6o Ha o6napy)KeHIIH ,JJ,p06noro 3<J><J>eKTa ,lX)K03e<J>coHa [33], nn6o 

Ha H3Mepemm IIHKa TYHHeJihHOtl rrpono,JJ,HMOCTII BHYTPH cnepxrrponO,JJ,.HIIJetl IIJeJiu [34]. 

0,JJ,HaKO, 3KCIIepHMeHTaJibHhie li3MepeHliH lli!Ka IIpOBO,JJ,IIMOCTII [35] IIOKa3aJill, 'ITO. OH 

He rrpHBO,JJ,IIT K O)KII,JJ,aeMoMy 3Ha'leHIIIO 2e2 / h TYHHeJibHOH rrpoBO,JJ,IIMOCTII II cna6o 3a

IIJIIIIJeH OT IIOMeX [36, 37]. BCJie,JJ,CTBlle qe~O, o6napy)KeHIIe 'leTHb!X CTyrrenetl lllarrllpO 

o6ecrre'lliBaeT 6onee Ha,JJ,e)KHb!H CIIOC06 ,JJ,eTeKTllpOBaHIIH MatlopaHOBCKIIX <J>epMHOIIOB. 

0H rrpe,JJ,CTaBJIHeT co6otl <J>a30BD-'IYBCTBIITeJibHbiH MeTO,JJ,, KOTOpb!H CB060,JJ,eH OT BJlli.H

HII.H 6ecrropH,JJ,Ka [32). Cne,JJ,onaTeJihHO, ,JJ,po6nbiH 3<J><PeKT ,lX)K03e<J>coHa n rrepexo,JJ,ax c 

HeTpliBHaJihHblMII 6apbepaMII .HBJI.HeTC£ O,JJ,HHM 113 Haii60Jiee rrepc!IeKTHBIIbiX MeTO,JJ,OB 

06Hapy)KeJili.H l\tatlopaHOBCKIIX <J>epMHOHOB B CHCTeMax KOH,JJ,eHCHpoBaHHOrD COCTOHHli.H 

[38, 39]. 

EIIJe O,JJ,HOH o6nacThiO rrpnMeHemin ,LI,)K03e<J>coHoBcKIIX HaHOCIICTeM HBJIHeTc.H cnepx

rrpono,JJ,aiiJaH CIIIIHTpOHIIKa. 0CHOBHOH 3a,JJ,a'leH B 3TOH o6JiaCTII, HBJIHeTCH II3y'leHIIe CIIII

HOBOI'O TOKa B TBep,JJ,OTeJibHb!X BeiiJeCTBax. BoJiblllaH 'laCTb 3<J><J>eKTOB B HeH OCHOBaHa 

Ha CBH3II 3apH,JJ,OBOH II CIIIIHOBOH CTeiieHetl CB060,JJ,hi, 'ITO ,JJ,eJiaeT aKTYaJihHbiM IICCJie,JJ,O

BaHIIe HepaBHOBeCHb!X 3<J><J>eKTOB, CBH3aHHb!X C 3apH,JJ,OBb!M II CIIIIHOBb!M pa36aJiaHCOM 

[40, 41, 42, 43, 44, 45, 46). 

HepannonecHbre 3<P<J>eKThr, B03HIIKa!Oru;IIe rrpii cTau;IIonapnotl HH)KeKIJ;liii . TOKa n . . 

CJIOliCTh!e CBepxrrpOBO,JJ,.HIIJ;IIe MaTepiiaJibl, ll3Y'laJIIICh B pa6oTax (47, 48, 49, 50, 51, 52). 

<IlaKTH'leCKH, U3-3a TOI'O, 'ITO 3apH,JJ, He 3KpaHIIpyeT B 8-CJIOaX, c<J>opMIIpOBaHHaH CIICTe

Ma C,lXII B Bb!COKOTeMrrepaTypHb!X CBepX!IpOBO,JJ,HHKaX He MO)KeT HaxO,JJ,IITbC.H B paBHOBeC

HOM COCTO.HHUII IIpii JII060M 3Ha'leHIIll 3JieKTpli'IeCKOI'O TOKa [9, 53]. BJIHHHIIe 3ap.H,JJ,OBOH 

CB.H3II !Ia KOJie6aHII.H )J,)K03e<J>conOBCKOII !IJia3Mhl 6b!J10 IIO,JJ,'IepKHYTO B pa6oTax [51, 9j. 

0,JJ,HaKO pa36aJiaHC 3apH,JJ,a B CIICTeMaTII'leCKOH TeOpllii B03Myru;eH!Ill paCCMaTp~IBaeTC.H 

Jllllllb KOCBeHHO, IIOCKOJlbKY OH liH,JJ,y!J;IIpyeTCH <J>nyKTyaiJ;IIHMII CKaJI.HpHOI'O IIOTeHIJ;IIaJia 

(47, 50), II TOJlbKO B pa6oTe (54), OH Y'IIITh!BaeTC.H KaK He3aBUCIIMaH CTeiieHb CB060,JJ,bl, 
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II, CJle,ll;OBaTeJlhHO, ee pe3yJibTaThl CIIJlbHO OTJlii'Ia!OTCli OT rrpe,n:bi.ll:J~IIX. 

9KCIIepiiMeHTaJihHbJe CBII,ll;eTeJlbCTBa cy~eCTBOBaH!Ili HepaBHOBeCHbiX 3cpcpeKTOB B 

cncreMe C,IJ,II 6hmii rroJiyqeHhi B pa6oH! (55) II 6biJIII o6bliCHeHbi pa36anancoM 3apSI,n:a 

B cnepxrrpOBO,ll;li~I!X CJlOliX, C03,n:anaeMOM IJH)!(eKI.\IIefl KBa:oJIJqaCTIJqJioro TOKa. B OCHO

Be :3KCnepiiMeHTa Jie)!(aJia IJ,ll;eli HaKOIIJleHIJli 3apli,n:a Ha 8-CJIOliX Me)!(.n:y pe3IJCTIJBHbiM 

11 cnepxrrpono,n:li~IIM nepexo,n:aMII no,n: B03,n:eflcTBIIeM TOKa CMeru;emm. ToK qepe3 pe3II

CTJIBHhiH nepexo,n: ocy~eCTBJllieTCli B OCHOB!}OM KBa:oJJiqaCTI!l\aMII, a TOK qepe3 6apbep 

B CBepXIIpOBO,ll;li~eM COCTOliHIJIJ nepeHOCIJTCli KynepOBCKIII\111 rrapaMH. 9TO npilBO,ll;IlT K 

cpJiyKTyal\IIliM 3apli,n:a CBepxnpOBO,ll;li~ero KOH,ll;eHCaTa B 8-CJlOliX, qTO l\IO)!(eT Bbi3BaTb 

c,n:nnr xnl\mqecKoro noTeiii.\HaJia KoH,n:encaTa n pa36aJiaHc neTnefl cneKTpa 3JieMeHTap

HhiX B036y)!(,n:eHIIH KBa:oJnqacTJII.\. B pa6oTe (55] TaK)!(e 3KcnepnMeHTaJihHO Ha6JIIO,ll;aJICli 

c,n:nnr cTyneHbKH lllannpo no Harrpli)!(eHJIIO OT ee KaHOJIJiqecKoro 3Haqemm. 
. ~ 

0TBeT Ha BOnpOC 0 TOM, HaCKOJlbKO CIIJlbHbl HepaBHOBeCHhie 3cpcpeKTbl B peaJibHOH 

cncTeMe, Ba)!(el! ,ll;Jlli pa3HhiX npiiJIO)!(eHnfl. B nacTOli~efl ,n:nccepTal\IIII npe,n:noJiaraeTCli 

<?TBeTIITb Ha 3TOT BOnpoc. J13yqeHne HepaBHOBeCHb!X 3cpcpeKTOB, C03,ll;aBaCMb!X IIH)!(eK-

1.\IIefl TOKa B CBli3a!IHOll CilCTCMe ,ll;)!(03ecpcoHOBCKIIX nepeXO,ll;OB, 6b!Jl0 npe,n:cTaBJieHO B 

pa6oTe [56], B KOTOpOH 6b!Jl0 nOKa3aHO KaK nepaB!IOBeCHblll napaMeTp BJliJlieT na CTpyK

Typy ileTnefl BAX npn pa3HhiX 3naqeHIIliX CBli3Il n napaMeTpa MaK-KaM6epa. O,n:naKo 

BJlllliHile BHeiiJHero H3Jlyqe!IIIli Ha pa36aJiaHC 3apli,n:a He 6hiJlO npiiHliTO BO BHIIMaHIIe. 

2. ll;eJIII II, 3a.z:.r,aqii pa6oThi 

0cH081taJ! '4Mb pa6omu COCTOliJla B IlCCJle,ll;OBalll!II . cpa30BOH ,ll;IIHaMIIKII II BOJlbT

aMIIepHblX XapaKTepiiCTIIK CIICTCMbl CBli3aHIIb!X ,ll;)!(038cpCOIIOBCKIIX rrepeXO,ll;OB B CJlOlJ

CTb!X CBepxnpOBO,ll;HIIKax, IIX TOnOJIOruqeCKilX, HepaBHOBeCHb!X Il pe30Ha!ICHb!X CBOHCTB., 

BbiJI iiocTanJieH pli,n: 3a,n:aq no nccJie,n:onanniO pe3oH.ancnhiX cnoflcTn cncTeMbi C,IJ,II, 

liiYHTnponammfl pe3oHaHCHhiM KOHTypoM. B qacTHOcTn, n3yqiiTh Bo3,n:eflcTnne pe3oHan

con c¢opMnponannoro KOHTypa Ha B03HHKai~Il\Y!{) n CIICTeMe npo,n:oJibHYIO nJia3MenHyiO 

BoJiny n nccJie.zioBaTb no3,n:eflcTBIIe nHeiiJHero nepno,n:nqecKoro B03,n:eflcTBIIli Ha nepanno

BeCHhie CBOHCTBa TaKOll CliCT8Mbl. 

O,n:nofl H3 3~aq pa6oTbi no nccJie,n:onamiiO cncTeMbi C,ll.II liBJlliJIOCh n3yqem1e BJIH

liHifli nep~BH~necnhiX ycJionnfl, n qacTHOCTn 3apSI,n:onoro pa36ananca, ;I~ BAX BTCII, a 
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TaK)!(e Ha OTKJlliK TaKOH CIICTeMbl Ha BHeiiJHee rrepliO,ll;llqecKOe B03,ll;eHCTBII8. 

3HaqliTeJlhHb!H l!HTepec rrpe,ll;CTaBJlliJia pa3pa60TKa HOBb!X MeTO,ll;OB ,n:eTeKTllpOBa

Hllli MaflopaHOBCKJIX CBli3aHHb!X COCTOliHIIH B ,ll;)!(03ecpcoHOBCKOM nepexo,n:e C TOnOJIOriiqe

CKll HeTpHBllaJihHhiM 6apbepoM. IIpe,n:noJiaranocb, paccMOTpeTb TaKofl nepexo,n: n paMKax 

MO,ll;eJlll ,l],II IIIYHTilpOBaHIIOrO eMKOCTb!O ll conpOTIIBJleHHeM (RC8J-Mo,n:eJIII), KOTOpali 

liBJllieTCli 6o.'Iee peaJIHCTJ!qHofl no cpaBHeH.ll!O C l\IO,ll;eJlb!O )l.II 6e3 eMKOCTII (R8J-Mo,n:e

JIII). 

IIpe,n:cTanJieHHhJe 3a,n:aqJI ,n:o nacToli~ero npeMeHH ne 6bmll HCCJie,n:oBanhJ., 

3. Pe3yJihTaThi pa6oThi, BhiHOCIIMhie Ha 3aiiJ,IITY 

B pa6oTe noKa:oJano C)!(aTHe aMnmiTy,n:nofl 3aBIICIIMOCTII IIIIIpHHhi cTyneHhKn lllann

po Ha pe30Hancnofl BeTBII, B03HIIKaiO~efl na BAX IIIYTIIponaniioro LC-KOHTypoM ,n:~o-

3ecpcoHoncKoro nepexo,n:a. Ha 3TOH ocHone npe,n:JimKeH HOBhiH MeTo,n: C03,n:aHIIli CTan,n:apTa 

nanpmKeHHli, II03BOJlli!O~HH cy~eCTBeHHO yMeHbiiJIITb lfCnOJib3yeMyiO MO~HOCTb BH8III-

Hero 3JleKTpoMarnnTHoro ll3Jiyqennli. 

ilOKa3aHO, qTO B CIICTeMe CBli3aHHJ,>IX ,l],IJ BpeMeHHali 3aBIICIIMOCTb IIOJli!OrO Haiipli-

)!(eHHli CTeKa OTpa)KaeT B03HIIKHOB8HIIe 3Jl8KTpnqeCKOro 3apli,n:a Ha CBepxnpOBO,ll;li~IIX 

CJlOliX, qTO MO)KeT CJIY)KIITb OCHOBOH MeTo,n:a ero perliCTpar:\nn. 

IIpe,n:Jio)KeH cpa:oJoqyucTBnTeJihHhiil MeTo,n: o6Hapy)KeHHli 47r-nepno,n:nqHocTn · cnepx

npoBo,n:SI~ero TOKa B ,ll;)!(03ecpcoHOBCKIIX HaHOCTpyKTypax, OCHOBaHHbiH na II3MeHeH!Ill 

CBOHCTB HeqeTHb!X CTyneHeK illarriipO II B03HliKHOB8Hllll ,ll;OnOJIHilT8JlbHOH ndcJJe,ll;OBa-

TeJihHOCTII cy6rapMOHHK na BAX. 
(' 

IIoKa:oJano, qTo 3apli,ll;OBhiil pa36aJiaHc neTBefl cneKTpa 3neMenTapHbiX B036y)K,n:e-

Hllfl npnno,n:nT K naKJIOHY cTyneneK lllanHpo na BAX, KOTOpbiH B03pacTaeT c yneJin

qeHneM napaMeTpa nepaBHOBecnocTii. IIpo,n:eMoHcTpHpoBano pacnpe,n:eJienJie Bemiqllllhi 

. HaKJIOHa CTyiTeHbKll illannpo B,ll;OJlb CTeKa, o6yCJIOBJleHHOe HaJIIIqneM CBli311 Me)K.n:y ,ll;)KQ-

3ecpcOHOBCKIIMII nepexo,n:aMII. 
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4. HayqHaH HOBII3na II npaKTnqecKaa 3HaqnMOCTh pa,6oThi 

Bee pe3YJihTaThi, rrony'IeHHbie B ,n;uccepTau,uu, BBJIBIOTca HOBhiMH. B qacTHOCTH, 

BrrepBbie 6hiJIO 110Ka3a!IO II3MeHeHHe aMIIJIIITY,LJ;IIOH 3aBHCHMOCTII llillpHHbl CTyiiellhKII 

IIIarrupo rrpii ee pacrrono:lKenm~ na pe3onancnoii BeTBII, na ocuoBe qero rrpe,n;no:lKen no

Bhiii MeTO,LI; C03,LJ;aHIIB CTaH,n;apTa Harrpa:lKe!IHB, 1103BOJIBIOIIl,HH cylll,eCTBeHHO yMeHblliHTb 

MOIIl,HOCTh rro,n;aBaeMoro BHemuero ciiruana. IlpoBe,n;eno IIccne,n;oBanue B03MO:lKHOCTII pe

anu3aU,uii ,n;orronnuTeJihHoro rrapaMeTpuqecKoro pe3onanca, B03HIIKaiOIIl,ero B rrpe,n;enax 

IIHTepBaJJa 6a30BOrO TOKa, COOTBeTCTBYIOIIl,ero pe30!IaHCHOH BeTBII o6pa30BaHHOrO KOH

Typa. 06napy:lKeHO, 'ITO aMIIJIIITY,LJ;bl OCU,IIJIJIBIJ,IIH HaiipB:lKeHIIB CTeKa H Harrpa:lKeHHB, 

H3Mepennoro qepe3 myHTHPYIOlliiiH Kou,n;encaTop, OTpa:lKaiOT 3apa,n;, B03HHKaiOIIJ,HH ua 

CBepxrrpOBO,LI;BIIl,IIX CJIOBX, Ha OCHOBe '!era 6biJJ rrpe,LJ;JIO:lKel! 3KCIIepiiMeHTaJJbllblll MeTO,LJ; 

orrpe,n;enenua BeJIH'IHHhi 3apa,n;a. CToHT OTMeTIITh, 'ITO 3KcrrepHMI!HTaJJhHOe rro,n;TBep:lK,n;e

H~Ie n~wma 3apa,n;a na cBepxrrpoBO,LJ;BIIl,IIX cnoax BTCII 6biJIO rronyqeno TOJihKO Koc

BeHH? - 110 na6JIIO,LJ;eHHIO IIpO,lJ;OJibHOH IIJia3MeHHOH BOJIHhi, II ,11;0 HaCTOBIIl,ero BpeMeHH 

HeT 3KCIIepiiMeHTaJJbHbiX pe3yJibTaTOB, ,n;eMOHCTpiipyiOIIl,IIX HaJJII'!He 3apa,n;a HeiiOCpe.n;-

CTBeHHO. 

IIoKa3ano, 'ITO nepaBHOBeCHbie 3<f><f>eKThi, B qacTHOCTH 3apa.n;oBbiH pa36a.nanc BeT

Beii CIIeKTpa 3JieMeHTapHbiX B036y)K,ll;eHIIH, MOryT 6b!Tb OTBeTCTBeHHbl 3a HaKJIOH CTy

IIeHeK IIIarriipo na BAX. BbiJIO TaK:lKe IIOKa3ano, "'ITO nerrepHO,ll;H'!ecKIIe rpaHH'IHbie 
', '; 

YCJIOBII~ "C,ll;BHraiOT CTyiieHbKy lliarrHpO B o6JiaCTb MeHblliiiX Harrpa:lKeHHH, 'ITO ,n;enaeT 

He~,ll;H03Ha'IHOH IIHTeprrpeTaiJ,HIO 3KCIIepHMeHTaJJbHO Haii,n;eHHOrO C,ll;Bllra KaK pe3yJibTaT 

pa36ananca 3apa.n;a. 

BrrepBhie6biJJ paccMOTpeu ,LJ,II c Torrononi'!eCKH ueTpHBHaJJhHhiM 6apbepoM B paM

Kax Mo.n;e~ll ,Ll,II myHTHpoBannoro eMKOCThiO II corrpoTIIBJieHHeM (RCSJ-Mo.n;enb). BhiJI 

·IIp_e.n;JIO:lKeH <f>a30'1YBCTBliTeJibHblll MeTO,ll; o6napy:lKeHHH MailopaHOBCKHX CBB3aHHbiX CO

CTOHHIIH B ,ll;)K03e<f>coHOBCKIIX HaHOCTpyKTypax, OCHOBaHHblll Ha cy6rapMOHII'!eCKOH rrpu

po,n;e He'!eTHhiX cryrreneK IIIarrHpo n B03HHKHOBeunn .n;orroJIHHTeJibHOH rroCJie,n;oBaTeJib

Hocrn cyrapMOHHK na BAX. 

flpaKTII'IeCKaH IJ,eHHOCTb ,ll;UCCepTaiJ,UU COCTOHT B TOM, 'ITO pa3pa60Ta!IHbie MeTO-

,ll;bl 1103BOJIHT IIpOBO,lJ;IITb Herrocpe,n;cTBeHHOe cpaBHeHUe llOJIY'!eHHbiX pe3yJibTaTOB C pe-

3YJihTaTaMll 3KcrrepHMeHTaJJhHhiX ncCJie,n;oBaHIIH. B ,n;HccepTau,uii rrpe.n;cKa3b!BaeTcH pa.n; 
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HOBbiX 3<f><f>eKTOB, KOTOpb!e MoryT rrpe,n;cTaBJIHTb IIHTepec ,LJ;JIH 3KCITepuMe!ITaJJbHOrO HC-

cne.n;oBanua. 

5. Anpo6au;na pa60Thi 

Pe3yJibTaTbl ,ll;IICCepTaU,IIII orry6miKOBa.Hbl B CJie,lJ;YIOIIl,HX 5 CTaTbHX BXO,ll;HIIl,HX B CITH

COK BAK, 

1. Yu. M. Shukrinov, I. R. Rahmonov, K. V. Kulikov and P. Seidel I Effects of LC 

shunting on the Shapiro steps features of Josephson junction I I EPL - 2015. -Vol. 

110. - pp. 47001. 

2. M. Maiti, K. M. Kulikov, K. Sengupta, andY. M. Shukrinov I Josephson junction 

detectors for Majorana modes and Dirac fermions I I Phys. Rev. B - 2015. - Vol. 

92. - pp. 224501. 

3. Yu. M. Shukrinov, M. Nashaat, K. V. Kulikov, R. Dawood, H. El Samman and 

Th. M. El Sherbini I Shapiro step at nonequilibrium co~ditions I I EPL - 2016. -

Vol. 115.- pp. 20003. 

4. Yu. M. Shukrinov, I. R. Rahmonov, K. V. Kulikov, A. E. Botha, A. Plecenik, 

P. Seidel, W. Nawrocki I Modelling of LC-shuntedintrinsic Josephson junctions 

in high-Tc superconductors I I Supercond. Sci. Techno!. - 2017. - Vol. 30. - pp. 

024006. 

5. K. V. Kulikov, R. Davud, E. P. Nakhmedov and Yu. M. Shukrinov I Josephson 

junction with two component of ~uperconducting current I I JETP - 2017. - Vol. 

125. - No. 2. - pp. 334-340. 

a TaK:lKe B CJie,lJ;YIOIIl,IIX 12 CTaTbHX B .n;pyl'IIX :lKypuanax II Tpy,n;ax KOH<f>epeHU,IIH. 

BpaMKax .n;nccepTau,un 6biJJO orry6JIIIKoBano yqe6noe rroco6ne .n;JIH CTy.n;enTOB cTapmnx 

KypcoB. Pe3yJihTaTbi pa6oTbi rrpe.n;cTaBJieHbi ua 24 Me:lK.n;yuapo.n;nhlx II BcepoccniicKnx 

Kon<f>epenu,uax, a TaK:lKe pH,n;e ceMnnapoB B Poccnn n 3a py6e:lKOM. 
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6. Jlll'IHblll DKJIU,IJ, UDTOpa 

OcHOBHhJe noJio)KeHmi n BhiBO,ll,hi .n,nccepTal\IIII RBJimoTcn pe3yJihTaTOM cmwcTo

RTCJihHhiX uccJie.n,onannii anropa. B Tex '.lacTnx pa6oT, BhiTIOJIHennhiX B coanTopcTne, 

KOTOpbiC oTnocnTCR K TeMe .n,uccepTal\1111, anTopy rrpuna,ll,Jie)KaT ¢opMaJIII3al\nR 3a.n,a'Iu, 

rrpone.n,eHHhiC •mcJieHHhie pac'.leThi II ux IIHTeprrpeTal\IIR. 

7. CTpyKTypa M o6'beM pa6oTbi .• J 

B paMKax .n,armoii Kan.n,u.n,aTcKoii .n,nccepTal\IIU rrpone.n,enhr ncecTopounne uccJie.n,o

naniiR oco6ermocTeii BAX, o6ycJionJieHHhre TorroJiorii'.IecKuMII, HepannonecnhrMn u pe3o

HaHCHhii\!II RBJICHIIRMII B ,ll,)K03e<lJcoi!OBCKIIX llaHOCTpyKTypax. 

B nepnoii rJiane .n,uccepTar~nii paccMaTpHnaeTcn CIICTeMa cnn3ai!HLrx ,ll,)K03e¢co-
. .. 

uoncinx rrepexo.n,on, IIIYHTnponannaa pe3onaHCHhiM KOHTypoM. )J,aHo orrncanne Mo.n,eJiu 

.n,mr cncTeMLr C,LJ,IT, IIIYHTIIponannoii LC-3JieMenTaMn, a TaK)Ke orrncaHne MeTo.n,on pac

'.leTa BAX II ¢a3onm1.n,nHaMnKn. 9JieKTpnqecKaa cxeMa paccMaTpunaer.wii cncTeMbi )J,IT 

c LC-IIIyi!TOM rrpe.n,cTaBJieHa ua Pnc.l. 

I.,. L c 

SISISISISIS 

I II 

Pnc. 1. CxcMa CHCTCMhl ,ll,)Ko3ccjJcorroncKHX nepcxo,IJ;on c LC-myriTnponarmcM 

)J,nHaMIIKa KaJin6pOBO'.IIID-UHBapnaunroii pa31IOCTII (pa3 'PI B [-OM )J,IJ orrpe.n,eJIRCT-

Cf! CJIC,L\y!Oll\CII CIICTCMOH ypaBI!CilliJI: 
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.:. 

, I 

acpl at = VI - a(VI+r + Vl-1 - 2VI) 

aVI . acpl auc 
-=I+ Asm(wnt)- sincp1 - (3-- C-
at at at 

a2uc 1 ( N ) 

at2 = LC L VI - u~ ' 
1=1 

(1) 

r.n,e BCe BCJIII'.IIIHbl o6e3pa3MepeHbi, a IIMCHIIO: 6a30BbiH TOK I HOpMIIpOBaH Ha Kpll-

TII'.ICCKIIH TOK Ic )J,IJ; BpeMR t- na o6paTHYIO IIJia3MeHHYIO 'laCTOTy w;1 (r.n,e IIJia3MCHHaR 

fij 'laCTOTa Wp = , II B ,ll,aJibHCHIIICM t llCIIOJib3YeTCR ,ll,Jif! o603Ha'.leHIIR HOpMIIpOBal.lliD-

• 
nw 

ro npeMeHn); narrpR)KCHIIR VI II Uc nopMIIponaHbl ua Vo = __ P; IIIYHTHPYIOil\aR eMKOCTh 
2e 

c- na eMKOCTb )J,IT cj, a IIIYHTIIPYIOil\aR IIH,ll,yKTllBHOCTb L- Ha (Cjw;)-1. B CIICTe-

Me ypanHeHIIii (1) nne.n,eu TaK)Ke rrapaMeTp .n,ncCIIIIal\IIII B ,ll,)K03e¢coHoBcKoM rrepexo.n,e: 1{;;& 1 
(3 = R· 2 I C· = !7P r.n,e f3c- rrapaMeTp MaKKaM6epa . 

J e c J V f3c 
CIIcTeMa ypanHeHIIii (1) peiiiaeTca '.IHCJienno MeTo.n,or.i PyHre-KyTTa '.leTnepToro rro-

pa.n,Ka. PmnocTb ¢a3 'Pl(t) u Harrpa)KeHIIe Vl(t) pacc'.IIITbiBaiOTCR KaK <PYHKl\HII npeMeHII 

B orrpe.n,eJieHHOM 3a,lJ,aHIIOM IIHTepnaJie rrpu <PnKCIIpOBaHHOM 3Ha'.ICH!lll BHCIIIHero TOKa 

I. MeTO,ll,IIKa pac'.leTa BAX II npeMeHnoii 3anucuMOCTII 3JieKTpn'IeCKoro 3apa.n,a cooTBeT

CTnyeT CTan.n,apTuoii cxeMe 11 II3JIO)KeHa B pa.n,e pa6oT [8, 11] n MeTo.n,n'.leCKOM rroco6nn 

[57]. 

B .n,au1.1oii rJiane rrpe.n,cTaBJICHbi pe3yJihTaTbi nccJie.n,onaHna pe30HaHcHbiX cnoiicTB 
.,,_ 

O,ll,I!Of'O )J,IJ II IIpone.n,eH aHaJill3 llX BJIIIRHIIR Ha OTKJIHK Ha BHCIIIHee IIepHO,ll,ll'.leCKOe B03-

,ll,CHCTBHe. Orrpe.n,eJieHa TaK)Ke 3aBnCIIMOCTh lll!_fPHHbi cTyrrentKII lllarrnpo OT aMnJIIITY.L\hi 

nHeiiinero 113JIY'.IeHIIR. KaK 6biJIO IIOKa3aHo B pa6oTax [58,· 59], LC-IIIyHTIIponaHue rrpiino

.L\HT K cTynen'.laToii CTPYKType ua BAX. O.n,naKo 3TII cTyrreun ua caMoM .n,eJie RBJIRIOTCR 

BCTBRMII [60], KOTOpb!e MoryT 6biTb IIOJIIIOCTbiO BOCCTaHOBJICHbl IIOCpe.n,CTBOM ll3MCHCHHR 

uarrpanJienna 6monoro TOKa. CooTneTCTBYIOil\aR BAX rrpe.n,cTaBJieHa na puc. 2. 01.1a rro

Jiy•raeTca IIpii peliiCHIIll CliCTCMbl ypaBI!CHllll (1 ), 6a30Bblll TOK MCHRCTCR CJIC,ll,yiOil\llM 

o6pa30M: 010EBABCDEBFO. BAX .n,eMOHCTpnpyeT pe3onaucnym BeTBh (rc-BeTBb) 

AC, B03HnKaiOil\YIO B pe3yJihTaTe pe3ouanca ,ll,)K03e¢couoncKnx KOJie6annii n co6crneu

HhiX KoJie6annii c¢opr.mponarmoro pe3onaucuoro KOHTypa. 

06cy.n,HM Terrepb BJillf!HIIe BHCIIIHem 3JICKTpOMarHHTHOrO ll3JIY'.ICHIIR. 9TOT 3¢<lJeKT 

9 



6 
_E 

Q-8 1.2 

Puc. 2. BAX o,n;noro rnynTnponannoro .ll:II, pacc'IUTanna.H npu yne.rruqenuu 11 yMellhiiienun 

6a3onoro TOKa. CTpeJIKH yKa3WBaiOT narrpanJienue U3Menemm TOKa. 

orrpe,n;emreTC.H qJieuoM Asinwnt n CIICTeMe ypanuenuil (1) n 3anncnT OT 3na•remm •racTo

Thi wn n aMnJinTy,ll;hi A. IIpn o6Jiy•rennn cncTeMhi 3JieKTPOJ\!ariqiTnoil noJinoil na BAX 

nepexo,n;a IIO.HBJif!IOTCR cTyrrenhKH lllarrnpo. Cylll;ecTnennhiM H3MenennaM rro,n;nepraeTca 

aMIIJIHTJ)l,llaf! 3aBHCHMOCTh IIIllplll!bl CTJIIellbKif illarrnpo, KO!')l,a OHa HaXO)l,HTCf! Ha pe-

30HaiiCHOH BeTBif CI!CTeMhl. Ha puc. 3(a) IIOKa3aHa 3aBI!CliMOCTh IIII!pHHbl CTyrreHhKJf OT 

aMIIJIIITJ)l,bl rrpii Wn = 2. 7 B CJiy•rae 6e3 IIIJIITHpOBalll!f! (SS) II c IIIJIITnponanneM (SS

rc). AMrrJinTy,n;naa 3anncuMOCTh nmpnHhi cTyrreHhKII lllarriipo ua rc-BeTBII cylll;eCTBenno 

II3MeHaeTca: na6mo,n;aeTca C:ll<aTne 6ecceJiencKoil 3annciiMOCTn. B pe3yJihTaTe rrpn Ma-

JlbiX A rnnpnua cTyrreHbKll B CJiyqae IIIYHTIIponanna 6oJihiiie, qeM nmpnna CTyrreHbKll 

6e3 rnyuTnponanna. 

I1nTepecuoil oco6ennoCThiO aBJif!eTca TOT cpaKT, qTo rrepnhiii MaKCIIMYM BecceJia 

IIOf!~JUieTC~ IIpll I'Opa3)l,O MeHbiiieil: aMIIJIIITY)l,e (MOill;HOCTII) BHeiiiuero 3JieKTpoMai'HIIT

HOI'O li3JIJ'IeHI!f!. 3aBIICIIMOCTb IIIllpiiHbl CTyrreiihKII illarrnpo OT aMIIJIHTJ)l,hl B!leiiinero 

li3Jiyqe~mr rrpn qacToTe wn = 3 ,n;Jia rnynTnponaunoro ,ll,II rrpe,n;cTanJieua ua puc. 3(b) 

(KpllBaR OTMeqeuHaR KaK 88 - rc). MO)KIIO OTMeTHTb Cylll;eCTBeHHble ll3Menemm IIO 

cp~Iiuer;niO c pe3yJihTaTaMn, rrpe,n;cTaBJieHnhiMII ua piic. 3(a). 

.. l13MelleHHe aMIIJIIITY)l,IIOH 3aBIICllMOCTII CTyiiellbKII illarrnpo, B0311IIKa!Oill;ee B pe3o

HaHCHOM COCTORHHH, KO!')l,a qacTOTa H3Jiyqemm COBIIa,LJ;aeT C )l,)K03ecpcoHOBCKOH qacTOTOfi 

II qaCTOTOH pe30Hai!CHOI'O KOHTypa, rrpe)l,CTaBJIReT HHTepec He TOJ!bKO_ C TOqKII 3pemm 

<Pyn,n;aMeHTaJibHhiX HCCJie)l,OBaHHH, 110 If MO)KeT 6hiTb IICIIOJih30BaHO B pa3JIHqHb!X IIpiiJIQ

)KeH!IRX. Bo Muornx cJiyqaax HOBbie TJinhi )l,)K03ecpcononcKIIX rrepexo,n;on xapaKTepH3Y-
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Pnc. 3. (a) AMnJinTy,n;naH 3anncnMOCTh rnnp!!Hhi cTynenhKU W na pe3onancnofi neTBll (SS-rc) 

npu wn = 2.7 no cpannenmo c 3anncuMOCThiO 6e3 rnynnrponannH (SS). To•rKn HOKa3biBaiOT . 
'IJICJieHHO paCC'II!TaiiiiYIO aMIIJII!TY,ll,IIYIO 3aBI!CI!MOCTh III!!p!!IIhl CTyHeiibKI! Illarrnpo 6e3 rnyn-

TllpOBal!I!H (SS, CIIIUie TO'IKII) I! C IIIYHTnponaiiJieM (SS-rc, Kpacnble TO'IKII). Kna)l,paThl I!OKa-

3h!BaiOT aHaJII!TnqecKne pe3yJII>TaTbi )l,JIH cnyqaH 6e3 rnynTuponanuH (SS, cmme Kna,n;paThi) u 

pe3yJihTaThi no,n;ronKn )l,JIH rnynTuponaHnoro .ll:II (SS-rc, Kpacnhie Kna,n;paTbi). (b) To )Ke, 'ITO 

u na puc. 3(a) npu wn = 3. 

IOTCR nx OTKJIHKOM na MnKponoJinonoe H3Jiyqenne, no qacTo ,n;ocTyrrnaR o6JiaCTh qacToT . 

)l,Jif! na6JIIO)l,eHllR TOI'O llJ!ll lli!OI'O RBJieHH,H MaJia H He06XO)l,llMaf! MOill;HOCTb HCTOqHHKa 

MnKponoJiuonoro ncToqunKa CJIHIIIKOM neJinKa. TaKnM o6pa30M, 1\morne 3cpcpeKThi He 

MOI'YT ua6JIIO)l,aTbCf! B IIIllpOKOM )l,llaiia30He [61], B qaCTHOCTH, llaJillqlle HarrpR)KellllR 

Ha rrepexo,n;e B OTCJTCTBllll IIpUJIO)KeHHOI'O K CllCTel\!e IIOCTORHHOI'O TOKa, Bbi3BaHHOe rre

peMeHHbiM nnernnnM 3JieKTpoMarunTHhiM rroJieM (cTyrreHbKa uyJienoro TOKa). B 3TOM 

CJiyqae IIIJHTUpOBaHlle rrepexo,n;a MO)KeT yBeJill'lllTb )l,llaiia30H MOill;HOCTU, B KOTopoil 

MO)KeT ua6JIIO)l,aTbCR CTyiiel!bKa HyJieBOI'O T~Ka, C HCIIOJ!b30BaHlleM TOI'O )Ke MliKpOBOJI

HOBOI'O HCToqnnKa, IIOCKOJ!bKJ CTJIIel!hKl! illarrnpo ,n;eMOHCTpi!pyiOT rrepBhlii MaKCllMYM 

aMIIJIUTY,li;HOii 3aBHCHMOCTll IIIUpHHbl IIpH ropa3)l,O Mel!biiieii 1\!0ill;HOCTll II3JiyqeHIIR IIO 

cpanueniiiO c ue rnyHTHponanuhiM ,li;)K03ecpcononcKnM rrepexo,n;oM. 

Bo BTopo~ qacTn 3Toil rJiaBhi IIOKa3auo B036y)K)l,enne ,n;orrOJIHHTeJibHOro rrapaMeT

puqecKoro pe3ouauca B o6JiacTII pe3onancuoii BeTBH, B03HUKaiOill;eii n CHCTeMe C,ll,II c 

IIIYHTUpOBaHm)M. 3,n;eCb IIOKa3ano, qTO npeMei!Haf! 3aBUCHI\IOCTh IIOJIHOI'O HaripR)KeHHf! 

CTeKa H, COOTBeTCTBeHHO, BpeMeHHaf! 3aBHCUMOCTh narrpR)Kei!J!f! Ha myHTI!pyiOill;eM KOH

,n;encaTope, OTpa)Ka!OT 3apR,n;, KOTOpblH B03HHKaeT B cnepxrrpOBO)l,Rill;HX CJ!Of!X. Pe30HaHC 

)l,)K03ecpcouoncKnx ociJ,nJIJIRIJ,Uil c KoJie6aniiRMll LC-KonTypa ,n;eilcTnyeT KaK Tpnrrep ,li;JIR 
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,D,OilOJIHIITCJibHOrO rrapaMeTpli'IeCKOrO pe30HaHCa B CIICTCMC CB5I3aHHb!X ,ll,)K03CcPCOHOB

CKIIX rrepexo,D,OB c LC IIIYHTI!pOBaHIICM. cho rrpllBO,ll,l!T K II05IBJICHIIIO 3apR,n,a na 8-CJIORX 

B CTCKC II B036y)K,ll,CHIIIO rrpO,D,OJibHOH IIJia3MCHHOH BOJIHb! C '!aCTOTOH, paBHOH TIOJIOBIIHC 

,'l)K03CcPCOHOBCKOll '!aCTOTbl [60]. 

Puc. 4 npe,n,cTaBJIRCT npeMennyiO 3aBIICHMOCTb 3apR,n,a na rnynTHPYIOI.IJ;eM Kon,n,eHca

Tope (cBCTJiblll, roJiy6oii) H B 8-CJIOC (TCMHhill, opaH)KCBhlii) BMCCTC C COOTBCTCTBYIOI.IJ;Cll 

qacThiO BAX, BKJIIO'!aiOI.IJ;eii rc-BeTBh. PacqeT.~' BhmoJinenbi ,D,JIR cucTCMhi ,n,ecaTu ,[!,IT, 

IIIYHTilpOBa!IHb!X CMKOCTh!O C = 0.002 IIpll Tpex 3!1a'!C!IIl5IX IIH,D,yKTIIBHOCTH. KaK TIOKa-

3a!IO na puc. 4(a), 3JICKTpnqecKuii 3apa,n, B 8-cJioRx npn L = 42 oTcyTcTnyeT. 3apa,n, B 

rnynTnpyiOI.IJ;eM KOH,D,eHcaTope pacc'!nTaH npu yneJIH'!eHnn 6aJonoro TaKa. OnieTHM Mo

noTonuoe YBCJIH'IC!IHC aMTIJIHTY,L\bl KOJie6aHHH 3apR,D,a ,ll,O pe30HaHC!IOll TO'!Kil WJ = wfc, 

r,[(e wfc - '!aCTOTa pe3onaucnoro KOHTypa. 

• 
C yneJill'ICHHeM L B 8-cJioax noaBJIHCTCH 3JICKTpuqecKnli 3apR,[(, aMrrJinTy,L\a OC1\HJI

JIR1\Hli KOToporo c pocTOM L yneJin'lnnaeTCH. llpu L = 45 (wfc = 3.367), KaK nn,n,no 

na puc. 4(b), 3apH,n, B 8-cJioe cyi.IJ;eCTByeT O,[(HOBpeMeHno c 3apa,n,oM B KOH,[(encaTope. 

llyHKT!Ipiib!Mll JIHIUI5IMH OTMC'ICII ,D,Haiia30H 1 B KOTOpOM YMCHhiiiaCTC5I aMIIJIHTy,[(a OC-

1\HJIJIHL\llll 3ap5I,[(a KOH,ll,CI!CaTopa, napyrnaR TaKUM o6pa30M MOHOTO!IHOC YBCJIH'ICHHC 

aMnJIIITY,D,hi KOJie6anuli B ycJioBnHx pe3ona11ca. 8TOT ,[(narraJon yMenhrnennoli aMnJin

TY,D,hi Hcno rrpocMaTpnnaeTcH 11a pnc.4(c) rrp11 L = 48. AnaJIH3 pacrrpe,n,eJieiiHR 3apH,n,a 

B cTeKe rroKa3hiBaeT, 'ITO peaJin3yeTcH I1I1B c ,L\JIHHoi:"r BOJIHhi >. = 2d, r,[(e d-nepuo,n, 

CTeKa. llynKTHpHbie Jinnun cl>aKTI!'IecKn YKa3hiBaiOT HIITepnaJI 6aJonoro TOKa, r,n,e cy

I.IJ;CcTnyeT I1I1B. YMeHbiiiCIIHe wfc npnBO,[(HT K pocTy 3Toro HHTepnaJia TaKa. Terreph, 

,ll,JI5I wfc = 3.2596, 3ap5I,D, B 8-CJIOHX MO)KCT 6hiTb 3aperHCTpHpOBaH B,ll,OJib 0,[\HOll IlCTJIC

BOll BAX rrocJie rrph!)KKa na pe3oiianciiyiO neTBh c pe311CTHBHoli BCTBH c yMenhrnenneM 

6a3onoro TaKa. 

Ha OCHOBaHHH IlOJIY'ICHHb!X pe3yJibTaTOB 110 HCCJIC,[(OBaHHIO ,[(HHaMHKII 3JICKTp11'1C

CKOro 3apH,D,a Ha CBepxrrpOBO,[(HI.IJ;HX CJIOHX HaMil 6b!JI npe,[(JIO)KCH HOBblll MCTO,[\ orrpe

,ll,CJICJIH5I 3TOro 3ap5I,[(a, OCHOBaHHblll Ha H3MCpCHIIH MOI.IJ;HOCTH Bhi,[(CJI5ICMOll Ha IIIYHTII-

PYIOI.IJ;CM KOH,[(CHCaTope. llD,[('!CpKHCM, 'ITO B03HHKHOBCHHC rrrrB B CTeKe C)J,ll Ba)KHO 

,ll,JIR Pa3JIH'!HhiX RBJienuli B cPI13HKe u CBH3aHHhiX c HIIMH rrpuJIO)KCHIIRX. B qacTno

CTH, IIOKa HC HCCJIC,[(OBaHO BJIH5IHHC I1I1B Ha KOrepCHTHOC 3JICKTpOMarHHTHOC 113JIY'I8-
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0 l >~6~0 
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I L _3 ~0(t)layer , : l O(t)layer 
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0 20000 t 40000 60000 0 20000 t 40000 60000 

Puc. 4. BpeMenna5! 3amiCHMOCTb 3ap5!)J,a na IIIYHTIIPYIDII\CM KOII)J,encaTope (cneTJibiH, roJiy6oii) 

II 3ap5!)J,a n S-cJio5!x ( TeMnhiii, opan>KeBhili) BMecTe c cooTBCTCTBYIOIIl,eii 'IaCTbiO BAX, BKJIIO'!a

IOII\Cli TC-BCTKy, paCC'IHTaiiiiYIO )J,JI5! CliCTCMbl )J,CC5!TII ,Ll,ll, CMKOCTbiO C = 0.002 li llii)J,JKTIIBIID-

CTbiO (a) L = 42, (b) L = 45, (c) L = 48. (d) npeMenna5! 3aBIICIIMOCTb nanp5!>KCIIII5! II 3ap5!)J,a 

c coOTBCTCTBYIOIIl,eii 'IaCTbiO BAX cncTeMbi N = 10 ,Ll,TI, IIIYIITIIponannoii pe3onancnbiM KOII

TypoM C wfc = 3.2596. BcTaBKa IIOKa3biB3CT IIpO)J,OJibiiYIO IIJ!a3MCIIIIYIO BOJIIIY C )J,JIIIIIOll BOJIIIbl 
I 

). = 2, KOTOpa5I 1105!BJI5!CTC5! B CTCKC Iipll [ = 0.85. 

nne H3 cJIOilCToli cacTeMhi BTCI1 B Teparep1\0BOli o6JiaCTH qacTOT. Ho, O'ICBH,[(HO, ona 

,D,OJI)KIIa IIOBJIIIHTb Ha MOI.IJ;HOCTb H3JIY'!CHHH. ilOHBJICHHC 3ap5I,D,a !Ia 8-CJIORX II IlpO,[(OJib

HOll IIJia3MCIIHOH BOJIIIbl C pa3JIII'IIIb!Mil rrapaMCTpaMil TaK)KC MO)KCT 6b!Tb Ba)KHO ,[(JIH 

CIICTCM IIaH03JICKTp01111Kll 1 OCHOBaHHb!X Ha BHyTpCHHliX ,[()K03CcPCOHOBCKIIX rrepeXO,[(aX 

(62, 63, 64, 65]. 

Bo BTopoii rJiaBe rrpune,n,enhi pe3yJihTaThi HcCJie,n,onamm ,[()K03e<l_>cononcKnx rre

pexo,[(OB c TorroJiornqecKn H~Tpl!BIIaJihHhiMH 6apbepaMn. B '!aCTHOcTn, paccMoTpeHhi 
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nepexo,IJ,hi o6pa3oBaHHbie cBepxnpoBO,IJ,HHKa~m c TpnmreTHhiM p-cnapnBauHeM [26, 27], 

KOTOpbie ,IJ,8MOHCTp!!pyiOT 4Jr-nepiiO,IJ,H'l8CKIIll ,Il,)K03e<PcoHOBCKIIll TOK [32]. )J;aHO OIUI

caHIIe RCSJ-Mo,n,eJin ,n,mr TaKoro rrepexo,n,a, r,n,e ,Il,)K03e<PconoBCKnit TOK rnyHTnpyeTC.H 

conpOTI!BJieHneM II eMKOCTbiO. 

PaccMaTpnBaeMbiit naMH SNS ,IJ,)K03e¢conoBcKm1 nepexo,n, ( cBepxrrpoBo,n,nnK-nop

MaJihHhiit 1\!eTaJI-CBepXIIpOBO,Il,HIIK), IIO,IJ,KJIIO'leHHblll K IICTO'lHllKY IIOCTO.HHHOrO TOKa, no-

Ka3an Ha PHc. 5. On cocTonT 1!3 ,IJ,Byx TorroJiorH'leCKHX cBepxnpoBO,Il,HHKOB c TpHnJieTHhiM 
.• J 

(a) 
..-------{ (b)~ 

LdJ 
v 

~ 

A 

I 

P11c. 5. (a) ,IJ:)K03e<j:>conoacKIIll nepexo.r~ B aJieKTpii'lecKoll ~en!! [31]. ITepexo.r~ IIMeeT nmpmry L B 

nonepeqnoM nanpaaJieHIII! II r B npo,LIOJihHOM. (b) CxeMaTII'lecKoe npe.r~cTaBJieniie ,IJ:IT B paMKax 

RCSJcMo,LieJin. IJ, Ic II IR TOKII ,I:I:2Ko3e<j:>cona, cMell\eHII.H II KBa3II'laCTII'lllhill, cooTBeTCTBenno. 

p-cnapnBaHHeM [26, 27]. B p-cocTO.HHIIH op6MTaJihHhiit MOMenT KynepoBcKoll napbi L = 1 

H IIOJIHbill CIII-IH napbl 8 = 1. 0TMeTHM, 'ITO IIpl!Be,IJ,eHHhlll B ,IJ,aHHOll rJiaBe aHaJill3 TaKo

ro )];IT OTHOCHTC.H K TOnOJIOrl!'leCKHM CBepxnpOBO,IJ,Hl!KaM B 1D reoMeTp!III [26, 27] npn 

ycJioBnll, 'ITO nonepe'lHhiit pa3Mep L cTpeMMTC.H K HYJIIO. 

)J;JI.H pac'leTa BOJibT-aMnepHOll xapaKTepMCTHKH TaKOro nepexo,n,a HCnOJib30BaJiaCb 

·cl!CTeMa ypaBH8HIIll [31]: 

{ 

¢ + (3~ + IJ(ifJ) =I+ Asin(wRt) 

V= dcp 
dt' 

(2) 

r,n;e A M WR - aMnJIMTy,n;a M qacToTa auenmero M3JIY'leHM.H. ITapaMeTp ,D,IICCIIna-

n.un f3 = .jnf(2elcR]Ci), Rj M Ci - conpoTMBJieHMe 11 eMKOCTh rrepexo,n,a. I, IJ n A 
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}~ 

j 
1 
! 

HOpMHpOBaHbi Ha KpHTH'leCKllil TOK nepexo,n,a fc = e/:,.0 jn, Bpel\UJ HOpMIIpOBaHO Ha o6-

paTHYIO nJia3MeHHYIO 'laCTOTY (t -+ twp, r,n,e Wp = J2efc/(fiCj)), V HOpMHpOBaHO Ha 

V0 = hwpj2e. IToJiy'leHHa.H cncTeMa pernaeTc.H 'lHCJieHHO MeTo,n,oM PyHre-KyTTa 'leTBep-

Toro nopa,n,Ka . 

B 3TOll rJiaBe IIOKa3aHa B03M0)KHOCTb B03HIIKHOBeHII.H He'!eTHbiX CTyneneK lllarrupo, 

l!MeiOIIIHX cy6rapMOHH'leCKYIO IIpllpO,D,y II. CBOHCTBa, Ka'leCTBeHHO OTJIH'laiOIIIl!eC.H OT CTy

rreHeK B o6bi'lHhiX rrepexo,n,ax, ,n;JI.H 3Toro, B paMKax HaCTO.HIIIeit ,n;HccepTa~IIH, 6hrJI npo

Be,n;eH nepTyp6aTnBHhill anaJIH3 <Pa3oBoii ,n;nHaMnKn )];IT c TPIIIIJieTHhiM p-crrapnBaH!leM 

no,n, ,n,eitCTBIIeM BHe!IIHero nepiiO,ll;ll'leCKOrO B03,IJ,8HCTBII.H. 

B pe3yJihTaTe 6biJIO rroJiy'leHo ycnoBire ,IJ,JI.H no.HBJieHII.H cTyneHeK lllannpo ! 0 /2 + 
nwR = 0 IIJIH Io = 2 I no I WR. TaKnM o6pa30M, cTyneHbKH OTBe'IaiOIIII!e HyneaoMy 

npn6Jin)KeHniO .HBJI.HIOTC.H KpaTHhiMn 2wR 11 nx rnnpmra orrpe,n,enaeTc.H 113 ycJIOBII.H: 

=> /:,.[:0 = 2Jn( -2 A ). 
"(WR 

(3) 

r,n;e "( = J(f3cwR) 2 + 1, ln - <PYI!KIJ.IIII BecceJI.H, f3c- ~apaMeTp MaK-KaM6ep~, A 11 WR -

aMnJII·ITy,IJ,a II 'laCTOTa BHe!IIHero 3JieKTpOMarHIITHOrO 1!3JIY'lellli.H, COOTBCTCTB8HHO. 

YcnoBneM ,IJ,JI.H rro.HBJienna cTyne'nbKII lllan11po B nepBOM npn6nmKennH .HBJI.HeTca: 

Io =I 2n- 1 I WR ,D,JI.H n.enbrx quceJI n = 1, 2, ... n noJiy'leHHhie n3 nero cTyneHhKn llla

nllpo .HBJI.HIOTC.H ne'leTHhiMn. TaKnM o6pa3oM, He'leTHhie cTyneHhKH TOKa ,n;JI.H nepexo,n,a 

C TpliiiJieTHbiM p-cnapnBaHHeM IIMeiOT cy6rapMOHH'leCKllll xapaKTep TaK KaK nO.HBJI.HIOT

C.H BO BTOpOM nop.H,D,Ke no TeOpllll B03MYIII8HIIll. lllnpiiHa n = 1 CTyneHbKII, OCTaBJI.H.H 

TOJibKO nepBbiiT 'lJICH B CYMMe p.H,IJ,a, MO)KeT 6b!Tb 3anncaHa B Bli,IJ,e: 

I: 

/:,.[ = f3clo(x)Jr(x) 
s 2[(f3cwR)2 + 1]" 

<PaKTop 1/2 no.HBJI.HeTc.H H3-3a Toro, 'ITO I. ~ sin(ifJ/2), a He sin(cjJ) OnreTnM, 

'ITO Kor,n;a cj -+ 0, f3c -+ 0, llillp11Ha cy6rapMOHH'leCKHX CTyneueil o6paiiiaeTC.H B HYJih, 

'ITO llpl!BO,ll;l!T K CyiiieCTBOBal!l!IO TOJibKO 'leTHb!X CTyneHeK lllan11p0 ,Il,R.H ,Il,)K03e<Pcoi!OB

CKIIX nepeXO,Il,OB 683 eMKOCTH. TaKHM o6pa30M, Ha!II aHaJill3 BOCIIp0!13BO,li;HT pe3yJibTaTbl, 

noJiy'leHHhie B pa6oTax [32, 38, 39] B paMKax MO,D,eJIII 6e3 eMKOCTH, r,n;e OTMe'laeTCR OT

CYTCTBH8 He'leTHhiX cryneHeK lllan11po Ha· BAX ,li;)K03e<PcoHoBCKIIX nepexo,n,oB, IIOMep

)Kl!BaiOIIIHX CB.H3aHHhie MailopaHOBCKne COCTO.HHH.H. 0TM8Tl!M TaK)Ke, 'ITO noJiy'leHHbie 
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3 

2.9 

> 
2.8 

N-2/n 
N=6 p~p ·.S·Sf 

..,.._.,;;""' -J-~··· 64/11 ----{>- ...::--- -- 29/5 
52/9 ---<=- ;- 23/4 

p-p -A=0.6; 
s-s -A =0.8; 
w=0.5 

~r.------= 

40!7----c- ~. 17/3 
~~~ :l 

28/5----{>-
; 

11/2 N-1/n, 
~ N=6 1~6'w ... - .;;,r---'-·. II, 

2.7~ .1' . 
d 

0.575 0.58 0.585 I 0.59 0.595 

Plic. 6. (a) JiecTIIIf'lllaR CTPYKTypa LIJI c p-cnapunaimeM (npH A~ 0.6) If s-cnapi!BanueM 

(npli A = 0.8) )l,JIR napaMeTpa np03pa•mocTI! D = 0.7 u w = 0.5. CTpeJIKaMH OTMC'ICIIbi 

)l,OTIOJIIII!TeJibiibie nocJie)l,oBaTeJibiiOCTH xapaKTepnbie )l,JIR ,II.IT c p-cnaplinanHeM. (b) To )KC, 

'ITO 11 n (a), no c pa3IIbiMif aMmmTy)l,aMI! nnenmero 113JIY'IenlfR (,II.IT c p-cnaplinanlfeM A = 

0.77, nepexo)l, c s-cnaplinanlfeM A= 0.9). 0TMCTHM, 'ITO )l,OIJOJIIIHTeJibllaR nocJie)l,onaTeJibiiOCTb 

cTyneneK )l,JIR nepexo)l,a c p-cnapHnanlfeM coxpanaeTCR. 

HC'ICTIIbie CTyrreHbKH lli\ICIOT cy6rapMOHll'ICCKYIO IIp!ipO,DY B OTJUI'IHC OT aHa.JIOrll'lllbiX 

CTYIICHCK, IIOK83aHHbiX B pa6oTe (39], TaK KaK OH!i IIORBJUIIOTCR ,ll,a)Ke 6e3 27r rrepllO,ll,ll

'ICCKOrO '!JICHa B TOK-tP830BOM COOTIIOlllCIIHll. 

B paMKax HaCTORlll;eii ,ll,liCcepTaJJ;Iili n LI,IT c Tp!iiiJJeTHhiM p-crrapMBaHiieM 6hJJJa o6ua

py)Keua ,ll,OIIOJJHMTeJJhHaa rrocJJe,ll,oBaTeJJbHOCTh cy6rapMOHHK B JJeCTHii'IIIOH cTpyKType 

na BAX. 

JlecTHii'IHble CTPYKTYPhl ,ll,JJa rrepexo,ll,OB c s-crrap!iBaiiHeM li p-crrapMnanMeM rroKa-

3aHbl Ha p!iC. 6. 0TMCTHM, 'ITO ,ll,JI51 rrepeXO,ll,a C S-crrapnBaHHCM IIpliCYTCTBYIOT TOJ!b

KO cy6rapMOIUIKii BToporo yponna npn rrpn6JJn)KeHiili K V = 6w cTynenhKe, omiChl

naeMbJe Bblpa)KeHlleM V = (N ± 1/n)w ,ll,JJa p83HhiX n. HarrpoTnB, ,ll,JJa rrepexo,ll,a c 

p-cnapnBaHHCM MO)K!IO o6Hapy)KUTb cylll;eCTBOBaHUe ,ll,OITOJIIIHTCJibHb!X CTyiieHeK, COOT

BeTCTBYIOlli;HX V = (N ± 2/n)w (puc. 6). 9TO p83JUPme B CTPYKType rrpuBO,ll,HT nac 

K r!IIIOTC3e 0 TOM, 'ITO B OTJIU'IUC OT ,ll,)K03CtPCOHOBCKUX rrepeXO,ll,OB C S-CIIapUBaHUCM 
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uerrpepbiBHble ,ll,p06U ,ll,JI51 rrepeXO,ll,OB C p-crrap!iBaHUCM ,ll,CMOHCTp!ipyiOT ,ll,OIIOJIHUTCJ!b

HYIO rrocJJe,ll,oBaTeJJbHOCTh. TaKuM o6p83oM, rrpucyTcTnue 3TOii ,ll,OIIOJJHUTeJJbHOii rrocJJe

,ll,OBaTeJJbHOCTn MO)KHO paCCMaTp!iBaTb KaK 1Ipii3HaK Ha.JIU'Ill51 47r-IICpiiO,ll,U'IHOCTII CBepx

IIpOBO,ll,51lli;Cro TOKa. 

TpeTbR rJiaBa ,ll,UccepTau;un rrocBalll;eHa nccJJe,ll,OBaHniO HepanHoBeCHhiX 3¢<}JeK

TOB, C03,ll,aBaCMb!X IIH)KCKIJ;lfCH TOKa B CTCK BHyTpeHHIIX ,Ll,)K03e<}JconoBCKl!X rrepeXO,ll,OB 

B BbiCOKOTCMIIepaTypHbiX CBepxrrpOBO,ll,HHKax. B rJJaBe ,ll,aHO OIIHCaHIIe MO,ll,CJIII Cl!CTCI\Ibl 

CLI,IT c y'IeTOM 3apa,ll,onoro p836a.JiaHca neTneii crreKTpa 3JJeMeHTapHbiX no36y)K,ll,CHIIH. 

KJJIO'IeBbiM MOMeHTOM ,ll,annoii MO,ll,eJJn anJJaeTca HepaBIIOBeCHhlii xapaKTep 3¢¢eKTa 
~ 

,1J,)K03e<}Jcona B CJIOIICTb!X CBepxrrpOBO,ll,HIIKaX (47, 9, 53). 9TO 03Ha'!aeT, 'ITO CBepxrrpOB0-

,!1,51lli;HC CJIOII HaXO,L1,51TC51 B HCCTaJJ;IIOHapUOM HepaBHOBCCHOM COCT051Hl!II H3-3a HH)KCKIJ;llll 

KB83II'IaCTHIJ; H KyrrepOBCKIIX rrap, ll IICIIYJJCBOrO HJIBapnaHTHOrO IIOTCHIJ;l!a.Jia 

h,. 
<P1(t) = <P1 + 

2
e B1 (4) 

o6p83yiOlll;eroca nnyTpn Hnx, r,ll,e r/JL - 3JJCKTpocTaTM'IecKnii rroTenu;na.JI, B - ¢83a . 
CBepxrrpOBO,ll,51lli;CrO KOH,ll,CHCaTa, ii> = 0 B paBHOBCCHOM COCT051H!Il!. 

···1~1~1-··1·· 
Jo,1 JH,I JI,I-tl JN-1,1'( 

Puc. 7. CJioncTaR cncTeMa N + 1 cnepxnpbBO,ll,Rll\IIX cJioen o6pa3yeT cTeK )l,)K03e¢cononcKux 

rrepeXO)l,OB. fiOCKOJibKY nepBblll II IIOCJIC)l,IIIIH CJIOII IIaXO)l,RTCR B KOIITaKTe C IIOpMaJibllbiM MCTaJI

JIOM, IIX TOJI!l\IIIIbl cF. II d;;' Il3-3a s¢¢eKT 6JII!30CTII OTJIII'Ia!OTCR OT TOJI!l\IIIIW )l,pyriiX 8-CJIOCB 

d, nnyTpii cTeKa. 

,lJ,nnaMnKa cncTeMbi N + 1 cnepxrrpono,ll,alll;nx cJJoen (8-cJJoen), rrpe,ll,cTaBJJeunoii na 

p!iCYHKe 7, MO)KeT 6b!Tb OIIIiCaHa CHCTCMOH ypaBHCHllii: 
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Vt = [I- sincp1- f30t + AsinwT + Inoise 

+ '1/Jt- '1/Jt-1] (5) 

. ) 'l/J1- '1/Jo 
'P1 = v1- n(v2- (1 + 'Y v1) + -/3- (6) 

. ( ) ( ) '1/Jt - '1/Jt-1 'PI = 1 + 2n Vt - Q Vt-1 + VJH + f3 (7) 

. ( ( ) ) '1/JN - '1/JN-1 'PN = VN - Q VN-1 - 1 + / VN + f3 (8) 

(o~o = T)o (I+ AsinwT- f30o,1 + 'l/J1- '1/Jo)- '1/Jo (9) 

(t~l - TJt(f3[0t-1,l- tPt,t+l) + 'l/J1-1 + 'l/J1+1 - 2'1/Jt) - 'l/J1 

(N~N = TJN (-I- A sinwT + f30N-l,N + '1/JN-1 - '1/JN) - '1/JN, (10) 
fl 

3armcamwii: B 6e3pa3Mepuoii: ¢opMe. f,n;e TaqKa IIOKa3biBaeT npaH3Ba,n;nyro no T = wPt, 

I = J / Jc - HapMHpOBaiiHaR IIJIOTHOCTb TaKa, Wp = ~ - IIJia3MeHnaa qacTaTa. ,Il,pyrH

MH HOpMHpOBaHHbiMH napaMeTpaMH 5!BJI5!10TC5! napaMeTp ,ll;HCCHIIaiJ;HH f3 = 2';;Jc, HOpMH

poBaHHOC BpeMR peJiaKCaiJ;HH KBa31fqacTHIJ; (I = WpTqp If napaMeTp HepaBHOBCCIIOCTH 7)1 = 
41rr2 T: d1 dl ·lR••. IIapaMeTpoM nenepHo,n;wrecKHX rpanHqnhrx ycJIOBHii: RBJIReTca 1 = ~ = ;Ifr• r,n;e 

l = 1, 2, 3, ... , N- 1. ~Jien AsinwT oTpa:ll<aeT 3¢¢eKT snerrmero H3JiyqenHa c aMnJIHTY

,n;oii: A H '!aCTOTOii: w, KOTOpbre nopMHpyroTCR na Jc H: Wp, cooTBeTCTBCHHO. IIocKOJibKY 

B 3KCIIepHMCHTC BCer,n;a !IpHCYTCTByeT BHCIIIIIHH IIIyM, HaMH TaK)f(C 6biJI ,n;o6aBJICII IIIYM 

Inoise B 6a30Bbiii: TOK. Ero aMIIJIHTy,n;a uopMHpoaana na KpHTH'IecKyro IIJIOTHOCTb TOKa 

Jc If paana rv w-8 • 

B ,n;annoii: rJiase paccMaTpHsaeTCR CHCTeM:a C,Il,II c y'IeTOM pa36aJianca 3apa,n;a B 

CIICKTpe 3JICMCHTapHbiX B036y)f(,ll;eHHH KBa3H'IaCTHIJ; IIpH HCIICpHO,ll;H'ICCKHX rpaHH'IHbiX 

·yCJIOBHHX. HenepHO,ll;H'IeCKHe rpaHH'IHbie yCJiaBHR na3BOJIRlOT Bbi,lJ;CJII!Tb S-cJioH, B KOTo

pbie IIpOHCXO,ll;HT lfl!)f(CKIJ;HR KBa3H'!aCTHIJ; H3 HOpMaJibHOrO 3JICKTpo,n;a, 'ITO HCB03M0)f(H0 

npH paccMoTpenHH 3a,n;a'IH c nepHO,ll;H'!ecKHMH rpaHH'!HbiMH ycJIOBHRMH. O,n;noii: 113 xa

paKTepnbrx '!epT BAX CHCTCMbi C,Il,II B nepasnoaecHbiX YCJIOBHRX RBJIReTCH HHTCHCHB

noe BeTBJICHHC B6JIH3H KpHTH'ICCKOrO TOKa If B a6JiaCTH rHCTCpe3HCa, Bbi3BaHHOC nepe

XO,D;aMH MC)f(,ll;y Bparu;alOIIJ;HMHCR If OCIJ;HJIJIHpylOIIJ;HMH COCT05!HH5!MH B CTCKC [66, 67, 68). 

Mo,n;emrpyeMbie BAX CTeKa C,Il,II B cJiy'!ae 683 3apa,n;osoro pa36aJianca T) = 0 ( CIIJIOIII-
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Puc. 8. BAX CTeKa c.n:rr 6e3 3ap,IJ,OBoro paJ6aJranca 'T} 0 (criJIOIIIIIaH JIIUilUI) II c yqeTOM 

pa36a.rranca rrpH 'T} = 0.6 (JIHIIHR KpymibiM rrynKTnpoM) . .IJ:mr cpasnenna noKa3anr,r pe3yJibTaTbi, 

noJiyqennr,re B paMKax MO,Il,CJII! CCJJ + DC npH nepHO,lJ,nqecKnx rpampmr,rx ycJiomurx (Jinnna 

MeJIKIIM nynKTHpoM). YseJiwreniiaa 'JaCTb BAX co cTynenhKOi1 Illarmpo noKa3anr,r na BCTaBKe. 

naa JIIIHHR) H c yqeTOM pa36aJianca npn 7J =: 0.6 (JIHHnR KpynHhiM nyHKTnpoM) npe,n;

CTaBJieHbi na puc. 8. Pac'!eT 6biJI BbiiiOJIHen ,ll;JIR CTeKa c IIRThlO C,Il,II, napaMeTp CBH3n 

a = 0.5 n 1 = 0.5. IlaKa3ana TaK)f(e BAX 6e3 3apH,n;osoro pa36a.Jranca npn nepHo,n;Hqe

CKnx rpannqnhiX ycJiaBHRX B paMKax Mo,n;eJin CCJJ + DC- eMKOCTHO csa3amraa MO,ll;CJib 

BTCII c ,ll;HcPcPY3IIOHHbiM TOKOM. 06Jiyqenne cncTeMbi 3JICKTpoMarnnTHbiMH BOJIHaMn c 

'!aCTOTOii: WR = 6 H aMIIJIHTy,n;oii: A = 1.6 HpiiBO,ll;HT K IIORBJICIIIIIO CTynellbKH lilarrn

po na BAX. IloJIO)f(enne cTyneHbKII B 3TOM cJiy'Iae (mmna KpymrhiM nynKTnpoM na 

BCTaBKe) COOTBCTCTBYCT Kai!OIIH'IC~KOMy 3Ha'IeHH10 Harrp5!)f(CHH5! V = 30 H HaXO,ll;HTCR B 

corJiacHn co 3Ha'!eHHeM '!acTOTbi BHeiiinero H3Jiy'Ieuna V = Nw = 30, r,n;e N = 5 - qnc

JIO nepeXO,ll;OB B CTCKC. 0TMCTIIM, 'ITO Henepl!O,ll;II'ICCKl!e rpaHl!'IIIb!C YCJIOBIIR C / = 0.5 

c,n;auraroT BHCIIIHlOlO seTBb OTHOCIITCJibHO BAX c nepno,n;H'IeCKHMH rpann'!HbiMn yc.rwan

Rl\m, 'ITO IIpl!BO,ll;l!T K COOTBeTCTBYlOIIJ;CMY C,ll;BI!ry CTyrreneK lilanHpO. Y'IeT 3ap5!,lJ;OBOro 

pa36aJianca I!pi!BO,ll;l!T K IIOHBJICHl!lO HaKJIOHa CTYIICHbKII lilannpo, 'ITO Hal'JIR,ll;HO npo,n;e-

1\IOHCTpllpOBaHO na acraaKe (mmna KpymrwM nynKTupoM). HaKJIOH Bbi3BaH pa3HOCTblO 

IIOTCHIJ;llaJIOB pa36aJianca Wz Ha rrpOTI!BOIIOJIO)f(HbiX KpaRX CTYIIC!IbKII. 0TMCTHM TaK)f(e, 
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'ITO umpuna cTyneHbKH yBeJIII'IHBaeTc.H c yBeJIWienneM nepaBHOBecnoro napaMeTpa, KaK 

BII,L\IIO Ha BCTaBKe K puc. 8. 

Ha caMOM .n;ene C,L\Bllr II naKJIOH CTyneneK lllanupo Ha BAX c,n:rr npO.HBJI.HeTC.H B 

neKOTOpbiX 3Kcnepn1reHTaJibHbiX pa6oTax. B qacTHOCTH, B pa6oTe [69) aBTOpbi o6'b.HCHn

JIII naKJIOH KaK npo.HBJiemre ::~¢¢eKTa ¢33oBoii: .n;H¢¢y3Hn. Cornacuo npe.n;cTaBJieHHbiM 

pe3yJibTaTaM, HaKJIOH CTyHeHbKll lllannpo TaK:lKe MO:lKeT 6b!Tb CB.H3aH C ::~<iJ<iJeKTOM 3a-

p.H,L\OBoro pa36anauca. 
. .J 

B .3aKJIIO'IeHIHI ,L\llccepTau;Honuoii: pa6oTbi c¢opMynHpoBaHbi BbiBO,L\hi, cooTBeT-

CTBYIO!lllle ITOJIO:lKeHH.HM Bb!HOCIIMblM Ha 3all!HTy. 

CTpyKTypa II 06'beM ,ll;HCCepTalJ,HH. ,Il;HccepTaiJ;H.H COCTOliT 113 BBe,L\el!l!.H, Tpex 

rJiaB, 3aKJIJO'IeHH.H n cnHcKa JIHTepaTyphr. 06'heM .n;HccepTaiJ;Im - 88 cTpanHu;. CnHcoK 

JII!TepaTypbl CO,L\ep:lKHT 105 Hal!MeHOBaHl!H. 
fl 
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