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1 BBe.n;eHHe 

Ha<rirnasr c 1984 r. TeopeTIIKII II3 IIIKOJihl B.JI. fIIH36ypra - JI.B. Ken

llhlllla B cepHII pa6oT CTaJIII BHenpSITh noHSITHe ToponnHoro nnnonsr B paMKII 

h'.BaHTOBOll MIIKpOCKOnII'leCKOll TeopIIII MarHIITHhlX cpe.n.. A n 1986 r. 

B.M. Ily6oBIIK c coTpy.D.HIIKaMII [1] BBeJIII nonsrTIIe TopoII.n.Horo ,D.IInonsr 3JieK

Tpn<recKoro npoIICXO)K,D.eHIISI KaK 3aMKHYTOll KpyroBOll ueno'!KII 3JieKTpII<re

CKIIX nunoneii. TaKOII TOpOII,ll.HhllI .n.nnOJih MO:iKeT BO3HIIKaTh, HanpnMep, KaK 

cnencTBHe opIIeHTaunom10ro cpa3oBoro nepexo.n.a B cpe.n.e c1neKTpn<recKHX .D.II

rroneII, HO He Ka!( 6a3IICHhlll ,ll.HITOJlh B 3JieKTpO.D.IIHaMnKe TO'le'!HhlX 3ap.l!)].OB 

MaKCBenna - Jlopenua. HecKOJihKO JieT cnycTSI 3<p<peKThl, KOTOphle 6bIJIII 

ofrbsrcneHhl BrrocnencTBHH M.A. MapuemoKOM II H.M. MapuemoKOM [2] KaK 

Bhl3hIBaeMhle 3JieKTpn<reCKIIMH TOpOH,ll.HbIMJI nonsrpJI3aumIMJI, 6bIJIII HaII,D.eHhl 

3KcrrepIIMeHTaJihHO H.A. TonCThlM II A.A. CnapTaKOBhlM [3]. 
TaKJIM o6pa30M, B paMKaX 3JieKTpO.D.IIHaMJIKII CITJIOIIIHhlX cpe.n. 6bIJIJI onpe

neneIIhl y:iKe 'leTh!pe cpyH.D.aMeHTaJihIIhle nonsrpJI3aUIIII, IIC'lepnbIBaIOIUHX BCe 

BapnaHThl IlOBe,D.eHJISI npII npocTpaHCTBeHHO-BpeMeHIIhlX OTpa:iKeHIISIX, pac

IIIHpIIJIOCh IIOHSITJie MarHIITHhIX KpIICTaJIJIH'leCKJIX CJIMMeTpHII, 6hlJIH HaII

neuhI KOHKpeTHhie BemecTBa, o6na.n.aIOIUIIe TopoH,D.HhlMH nonsrpn3aUmIMH [4]-
[6]. . 

Pa3BIITHe 3JieKTpO.D.HHaMHKH TOpOH,ll.HhlX MOMeHTOB npuBeJIO K TOMY, 'ITO 

3JieKTpoMarueTH3M, KaK Teopusr, onHCbIBaIOIUaSI cpe.n.hl, npeBpaTHJiaCh no 

cyTH B 3JieKTpO-Topouno-MarueTH3M, a psr.n. MarHHTHhlX KpHCTaJIJIOB, uanpn

Mep, 06na.n.a10mux MarHIITO3JieKTpH'leCKHMH CBOIICTBaMII, KpllCTaJIJiorpacpbI 

Tenepb ua3bIBaIOT TOponKaMH (cM., nanp., [7] H CChIJIKH TaM). Ecm1 roBO

pllTh TO'!Hee, TO TOpon.n.nasr nonsrpu3auu.sr H B KpllCTaJIJIH'leCKJIX Tenax, H B 

MarIIIITHhlX )Kll,ll.KOCT.sIX o6bI'lIIO conyTCTByeT HaMarHH'leIIHOCTH [8, 9]. Ta

KHe CO'leTaHHSI xapaKTepHhl, HanpHMep, .n.mr KJiacca MarHHTIIhlX KpHCTaJIJIOB, 

Ha3bIBaeMhIX cna6bIMH cpeppoMarIIeTHKaMH [10]. 
HecKOJlhKO CBOIICTB TOpOH,ll.HhlX .n.unoneII BIIOC.sIT IIOBOe Ka'leCTBO B onnca

HHe !pH3HKJI 3JieKTpOMarHHTIIhlX .sIBJieHHII. Ilpe:iK,D.e Bcero 3TO o6ecne'lHBaeTC.sI 

BO3MO)KHOCT.sIMH HX MO,D.ennpoBaHH.sI. Mhl MO:iKeM, nanpJIMep, npe.n.cTaBHTh 

TOpOH,ll.HhllI .n.unonh MarIIHTHOro npoHCXO:iK.D.eIIH.sI B BH,D.e TOKOBOH KOH<pury

pauuu u onpenenHTh BeJIH'lHHY ero MOMeHTa <repe3 nonHhlII TOK I, TeKyIUHII 

no noBepxHocTII Topa T = IV, r.n.e V - o6'beM Topa. Mnu, 3TOT MOMeHT 

-MO)KHO Bhlpa3HTh <repe3 uanp.sr:iKeHHOCTh MarHHTHOro non.sr, 3aKJIIO'leHHOro 

B Tope, KaK T = BsS, r.n.e s - nnoma.n.h MepH.D.HOHaJihHoro ce<reHHSI Topa, 

a S - IIJIOIUa,D.h ce<reHHSI Topa no 3KBaTopy u, B KOHe'lHOM HTOre, paccMa

TPHBaTb TOpOH,ll.Hhlll .n.unonh KaK 3JieMeHTapHhllI 3aMKHYThllI BHXph noToKa 

MarHHTHoro non.sr c MOMeHTOM T = if!S. Ilo.n.<repKHeM, n 3TO 6y.n.eT o<reHh 

Ba:iKHO B ,ll.aJihHeIIIIIeM, 'ITO H H,D.eaJihHhllI TOpOH.D., H CTaTH'leCKHII BHXpb He CO-________ _.. 

(A1.s.11•-r..• .,,;_-,-~1-f1 \!·•~ ~1• ~ t-111 ..... _ .. .:.. i,,.,.. n ., ... ,.ii•., • 
i mt·:~litll uccne,;;;i;,:ti 
~ Gi1SilltlOTCKA 
··-· --------



3.D.aIOT BO BHeIIIHeM npocTpaHCTBe HH :ClJieKTpHqecKoro, HH MarHIITHoro nomr, 

a TOJihKo; BBe.n.eHHhIH B. <l>paHueM erue B 1939 r., cBo6o.n.nononeBoii (free-field) 

HJIH npo.n.oJihH~nonepeqnhiii: BeKTopnhrii: noTenunan (IIITBIT) [11]. Ha6mo.n.a

eMhIM ero cne.n.cTBHeM 51BmreTc51 3iraMeHHThlii: 3cpcpeKT. AaponoBa-BoMa. 

BecbMa IIHTepeCHhI npeBparueHH51 BHermmx llOJieii TOpOII.D.HhIX .D.HIIOJiell 

npH H3MeHeHHH HX Bem1qHH. HanpnMep, eCJIII TOK B 06.MOTKe TOpon.n.noro 

coneno11.n.a pacTeT mrneii:no, TO JIIIHIIH "nycToro" cppanueBcKoro noTenun

ana npeBparuaIOTC51 B .D.IIIIOJihHOe CTaTnqecKoe 3JieKTpHqecKoe IIOJie. TaKHM 

o6pa30M, TOpOII.D.Hhlll .D.HIIOJih B 3TOM pe2KHMe HMHTHpyeT ToqeqHhllI 3JieK

TpHqecKHH .D.IIIIOJih II MO)KeT OIIHChIBaThC51 .D.BYM51 3cpcpeKTJIBHhIMH 3ap51,n:a11,m. 

Bcne.n.cTBHe 3Toro, no.n.MeqenHoe 11.C. )Keny.n.eBhIM erue B 1969 r. (12] Topou

.n.anhnoe (KpyroBoe) ynopH,n:oqeHHe MarHIITHhIX MOMeHTOB aTOMa KHCJiopo.n.a B 

3JieMeHTapnoii: KpIICTaJIJIHqecKOH 51qeii:Ke Ky6n'leCKoro nepoBCKIITa, IIpHBO.D.IIT 

K nepepacnpe.n.eneHHIO 3Hepnrn Me2K.D.Y 3cpcpeKTHBHhIMll 3apH.D.OBhIM H Topo

II.D.HhIM .D.lIIIOJIHMll na Me)KaTOMHOM ypoBHe, H, B KOHe'IHOM IITore, II03BOJIHeT 

o6'hHCHHTh nepexo.n. KpHCTaJIJia nepoBCKHTa B aHOMaJihHYIO .D.II3JieKTpW!eCKYIO 

cpa3y. 

BepneMCH K pa3JIIIqJIIO Me2K.n.y MYJihTIIIIOJihHhIMII pa3JIO)KeHH51.Mll B 3JieK

Tpo.n.nuaMIIKe MaKcBeJIJia - Jlopenua n B Teopnn cpe.n.. B nocnenneii 3JieMen

Tapnoii: 6a3Hcnoii: e.n.mmue11 cny2KnT ne 3apH.n., a KaKoii:-nn6o .n.rrnoJih: 3JieK

TpnqecKnii:, MarnHTHhIH 11m1 Topon.n.Hhlii:. C cpopMaJihHOii: TO'IKII 3pemrn 3TO 

IIpHBO.D.HT K TOMY, 'ITO MYJihTHIIOJihHOMY pa3JIO)KeHHIO IIO.D.BepraeTCH y2Ke ne 

3JieKTpH•IeCKIIH TOK, a IIJIOTHOCTh pacirpe.n.eneHII51 COOTBeTCTBYIOIUeii nom1-

pu3au1111 cpe.D.hl II MaTepHaJihHhie ypaBHeHIIH .D.JIH HHX He HBJIHIOTCH .D.HHa

MH'leCKIIMH, KaK ycnoBirn coxpaneHHH TOKa B 3JieKTpO.D.HHaMHKe MaKCBeJIJia

Jiopenua. TaKHM o6pa3oM, cTpyKTypa 3THX pa3JI02Ke1mii: Mo2KeT 6hITh 6onee 

npocToii:, ecn11 cpe.n.a - mrneii:na. O.n.naKo, ecn11 cpe.n.a uennneii:na II o6na

.n.aeT He TOJihKO o.n.noii: IIOJI5IpH3au11eii: ( TOMY IIMCeTCH MHO)KeCTBO np11MepoB: 

cpeppnMarHeTHKH, cerHeToMarneTHKH 11 T • .n..), TO CTpyKTypa MYJihTIIIIOJihHhIX 

pa3JI02Keunii: CTaHOBHTC51 CJIO)KHOH [13]. 
Teneph KOCHeMCH CBOHCTB 3Jie.MeHTapHhlX TOpOH.D.HhlX .D.HIIOJieii:. Bo BHeIII

HeM IIOJie .D.HIIOJlh MarHIITHoro IIpOHCXO)K.D.eHirn opHeHTHpyeTCH IIO TOKY CMe

ruenHH IIJIH KOHBeKTHBHOMY TOKY, npoTeKaIOIUeMy B MCCTe ero pacrroJIO)KeHHH, 

a .D.HIIOJih 3JieKTpHqecKoro IIpOlICX02K.D.eHHH opHeHTHpyeTCH IIO uarrpaBJieHHIO 

IIpOH3BO.D.HOll no BpeMeHH BlieIIIHero MarHIITHoro IIOJIH, TaKHM o6pa3oM, o6e 

3TH CHCTeMhI IIO COBOKYIIHOCTH HX BHyTpeHHHX II BHeIIIHHX CBOHCTB MO)KHO 

Ha3BaTh MarHHT03JieKTpHqecKHMll. Mo.n.ennpoBaHHe 3TIIX ClICTeM MO)KeT IIO

Moqh KOHCTpyHpOBaHHIO HOBhIX rrprr6opoB, pa3BIITIIIO HOBhIX IIpHHUllIIOB 3Kpa

HHpOBaHIIH II TeXHllKll 06uapy2KeHirn B cpe.n.ax BllXpeBhIX CTPYKTYP· 

Mhr BBe.n.eM 3.D.eCh IIOJIHhIH na6op 6a3IICHhIX .D.llIIOJieii: .Il.JIH cp113llqecKH uan-

6onee 3HaqIIMhIX .D.IIIIOJihHhIX cpe.n. [4]. Ilanee, IICXO.D.H II3 MaTeMaTirqecKoro 
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cpaKTa HX cyruecTBOBaHirn, yKa2KeM pH.LI. B03M02KHhIX ueo6hlqHhJX cpyHKUHll OT

KJIHKa BeruecTBa, uaxo.n.HruerocH B Kon.n.eucnpoBaHHOM cocTOHHHII, na neo.n.no-

po.n.uhle n/HJIH .n.nuaMnqecKIIe 3JieKTpn'leCKIIe II MarHHTHhle IIOJIH. O6cy.D.IIM 

MYJihTIIIIOJihHhle pa3JIO)KeHHH Bh!CUIHX IIOJIHpII3aunii:. B 3TOM OTHOIIIeHIIH .n.an

uaH cTaTh51 HBJIHeTCH pa3BHTIIeM TeopeTHqecKHX pa6oT [1] H [8]. B .D.BYX IIO-

cJie.n.yIOIUIIX qacT5IX .n.aHHOH pa6oThI yKa3aHhI IIpHHUIIIIHaJihHhJe cxeMhI 3Kpa

HIIpoBaHirn IIITBII, MexanH3MhI ero npmrnnen11H KaK 3cpcpeKTHBHoii: cTaTII'le

CKOll 3JieKTpnqecKoii CHJlhI B BeruecTBe II nocne.n.oBaTeJihHOCTh "pacnaKOBKII" 

CB06o.n.norroJieBhIX IIOTCHUHaJIOB B CHCTeMaX o6'hCMJIIOIUIIX TOpOB. 

2 MyJihTlHIOJihHhie 
u 

I(Hll ,[(llIIOJibHhlX 

pa3JIO)KeHll.H IIOJI.HpH3a

cpe,n; II B3allMO,[(e:UCTBll.H 

( nceB,n;O) BeKTOpHbIX ,[(lllIOJie:U C BHeIIIHllMll 

IIOJI.HMll 

Ilpe.n.cTaBIIM, 'ITO HMeeTCH HeKaH "cpe.n.a" ( CHCTeMa) nenpephIBHO pacnpe.n.e

JieHHhlX 3JieMeHTapHhIX 3JieKTpnqeCKHX .D.HIIOJieii, KOTOpaH OIIHChIBaeTCH orpa

HH'leHHOH B npocTpancTBe <pYHKUHell d : r E V, B o6rueM cnyqae 3aBHCHIUell 

OT BpeMeun. IlonycTHM, 'ITO B TaKoii cpe.n.e no pa3nnqnhJM npnqnnaM - Bcne.n.

CTBHe BHyTpeHHHX B3aHMO.D.ellCTBHll HJIH ITO.LI. BJIHHHHeM BHeUIHHX rroneii: - MO

ryT B03HHKaTh H BhICTpanBaThCH arperaThI pa3JIHqHhJX KOH<pHrypauHii:, co-

CTOHIUHC H3 KOHe'IHOro 'IHCJia 3JieMeHTapHhlX .D.HIIOJieii:. PacCMOTpHM KapTHHY 

B03MO:lKHhIX B3aHMO.D.eHCTBHH MYJihTHIIOJihHhIX MOMCHTOB, OIIHChlBaIOIUHX Ta

KYIO CIICTeMy, C BHeIIIHHM ueo.n.uopo.D.HhIM 3JieKTpIIqeCKHM IIOJieM. O6IUaH cpop

Myna MYJihTHIIOJihHOrO pa3JI02KeHHH 3HeprHH B3aHMO.D.ellCTBHH pacnpe.n.eneHHH 

BeKTopnoll IIJIOTHOCTH c BHeIIIHIIM noneM npnBe.n.eua B [5], App.E. 11cnoJih3YH 

ee, BhIIIHUieM 3.D.eCh B HBHOM BH.D.e .D.JIH naIIIero cJiy'laH TOJihKO nepBhle qJieHhl 

pa3JI02KeHHH: 

W = - f d(r)E(r)d3r = ~ridivE- QE -T(dlrotE-
Jv 6 

_p(d)rotrotE - ~Q;j{v';E; + v';E;) - T;/d)v';(rotE); + 
1 -+-(r~2) • V)divE + ... ==} -QE - T(d)rotE + p(dl(V p - f:::.E) + 
10 

(d) ' (d) '• " + ... ==} -QE + T H + P (3 - E) + .... , (1) 

r.ne Q = J d( r )d3r - o6hl'1Hhlii: nonnhlii 3JieKTpnqecKHll .n;HIIOJihHhlll MOMeHT 

cncTeMhl, T(d) = ½Jr x d( r )d3r - aKCHaJihHhlii TOPOH.D.Hhlll .n.nnoJihHhlii MO-

MeHT cHcTeMhI, p(d) = fa I[r( rd) - 2r2d]d3r - nomrpHhlii nonoH.D.aJihHhlll 
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,nIInOJibHhllI M0MeUT. BMeCTe 0HII C0CTaBJI11IOT 6a3IICHYIO TpoiiKy BeKT0p0B, 

Ka)K.l{hlH II3 K0T0pbIX reHepIIpyeT Bee BhlCUIIIe MYJibTIIn0JibHbie MOMeHThl co

OTBeTCTBYIOUiero ceMeiicTBa no 06bPIHbIM peuenTaM. K poMe HIIX B ( 1) IIMe

IOTC11: r 0
2 = f r Ed3r - cKarr11pHhlii MOMeHT, KOTOpbrii B pa3JI0)KeHim TOK a 

C0OTBeTCTByeT BpeMeHHOH npoM3BO.l{HOH OT cpe.nHeKBa.npaTMqHoro pa.nuyca 

3ap11.na, T.e. ,nBoiiHoMy cq,epuqecKoMy crro10: raC2l = f[2r( r E) + r 2 E]d3r 
- cpe.nHeKBa,npaTuqHhiii pa.nuyc npo,nOJihHoii qacTu .nunoJibHoro MOMeHTa Ql 
KOTOphlii 06pa3yeTC1! .l{BOHHbIM UHJIMH,npuqeCKMM CJIOeM .nunorreii; Qij H Ti~d 

- arreKTpnqecKMii M TOpou,nHhlii KBa,npynorrhHhlii MOMeHThl, 011pe.nerr11eMhie no 

o6hlqHbIM npaBMJiaM. lb ¢,opMyJihI (1) BM.l{HM, qTo C noCT01!HHbIM neo.n

uopo.nnhlM 3JieKTpMqecKMM ITOJieM MOMeHT p(d) MO)KeT B3aMMo.neiiCTBOBaTb, 

KaK cpe,nHeKBa.npaTMqHhlii pa,nuyc MOMenTa Q. OTMeTMM, qTo nepBblH u 

nocrre.nnuii napaMeTpbI CB113aHhl C pa3JIO)KeHMeM MaKCBeJIJIOBCKoii CKaJI11pHoii 

nrroTnocTM pacnpe,nerreHM11 3ap11.noB pc8
"'( r) = divd = divd11( r ), B TO BpeM11 

KaK T0p0M.l{Hall M ITOJIOM.l{aJibHall xapaKTepMCTMKM B CTaH,napTHbie ypaBHeHM11 

MaKCBerrrra Boo6me ne Bxo.n11T ( CM. [l) II [5)). PucynKM, HJIJIIOCTpttpy10mue 

napaMeTphl ,nannoro pa3JIO)KeHM11 npuBe,nenhI B [13, 14]. 
HanoMHMM, qTo B ITOJIHOM pa3JIO)KeHMU ([15), §4) Bhl,nerreHne TOpOII.l{HbIX 

MoMeHTOB ( M ux pa,nuycoB) npoucxo,nMT ne 3a cqeT coxpaneHII11 arreKTpuqe

cKoro TOKa ( CM. [5] App.E), a B pe3yrrhTaTe Bh1,nerrenu11 KyrronoBCKUX xapaKTe

pttcTMK B nonepeqnoii qacTH TOKa. Ilo3TOMY noyqMTeJibHO npocne,nUTh, KaK B 

o6meii qiopMyJie MYJihTHn0JihHoro pa3JI0)KeHH11 aneprMM B3aMMO,neiicTBM11 B0C

CTaHaBJIMBaeTC11 npocTeiiumii B ¢,opMyne (1) BKJia,n QE. 8To ,nocTuraeTc11 

CJie,nyIOUIMMM ¢,opMaJibHbIMH .neiiCTBH11MM: 

-[l-1Qiml':.-1Yim(V)(r.D) - Q1mYim(V)l':.- 1divA)1=t,n=O =} 

=} -Ql':.-1(D - VdivA) == -Ql':.-1 [rotrotA - graddivA) = 

= -Ql':.- 1l':.A =}QA= -QE, 

(2) 

B pe3yJibTaTe K0TOphlX, KaK Mhl BH.l{HM, uonepeqHblH H upo,nOJibHhlH BKJia,l{bl 

CKJia,nb1BaIOTc11 B QE 1• EcTecTBenno, Bhlpa)KeHMe (1) nerKo nonyquTh M 

nenocpe,ncTBenno, OThICKUBM nenpMBOAHMhie npe.ncTaBJienu11 B onepaTopax 

TMna (r; ..... rk)('7i••···. '7k) TaK, KaK 3TO .nenaeTC11 B §3 [8). 

l IlarraJ1aH11e rrpaJlaJihHhlX KyJiaHaBblX xapaKTepn:CTHK B pa3JiaJKeHiie nanepe'IHaii 'laCTII 

TOKa a61,l!CHl!eTcl! BhlpalKJleHHeM rraHl!Tllll rrpanaJibHaCTll ll rranepe'IHaCTH, Karna Mhl ca-

., ,, 

xpanl!eM nyneBhie rpaHH'IHhie ycnaBHll Ha rraaepxHacTH a6pa3na B rrpanecce (npenenhnara) :!-

rrepexaJla K MJJihTllil_GJihHaMy arr11caHHIO :meKTpOll,tarHIITHhlX CBallCTB a6pa3na. A n:Me1rna, 

rrpn: 1!3aMeTpll'lecKaM CTllrHBaHllll o6'beMa a6pa3na B Ta'IKY, npn:BaJll!WeM K 6ecKaHe'IHaMy 

Ba3pacTaHIIIO arrHCh1Ba10mn:x era IIJiaTHaCTell, en11HCTBe1111al! Ba3MaJKHaCTh caxpaHl!Th 11y-

JieBbie rpa11H'IHh1e ycnaa11a 11a ero rraaepxHacT11 - :iTa C'IHTaTh, 'ITO ilw = (jll + j .d ➔ 0 
IIpll V ➔ 0, T.e. i11 = 00 = -ji rrpn: V ➔ 0 (cM. [15] II MaTeMaTH'leCKae a6ac11aBaH11e B 

TepMHHax a6a6meHHhlX q>YHKUl!ll B [16]). 
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Ecm:1 :iKe B3aUMo.ne:iicTBUe dE 3aMeHUTb Ha µB, TO B03MO:lKHa u.neHTuqm

Kaumr Bcex 'IJleHOB MJJlbTIUIOJlbHOro pa3JlO:lKeHU.SI IIJlOTHOCTU HaMarm:1qeu

HOCTU C TOKOBblMU MJJlbTUIIOJlbHbIMU MOMeHTaMU Ha OCHOBe rI:IIIOTe3bl AM

rrepa. Ile:iicTBUTeJlhHO, cornacHo rrocne.nue:ii Q rrpeBparuaeTcx B MarHUTHbIH 

JlUIIOJlbHbIH MOMeHT M (Puc.la), xapaKTepu3y10ruu:ii 3KBUBaneHTHYIO paMKY 

c TOKOM (Puc.I b ); T(d) - B rron.SipHbIH Topou.nubl:ii .nurronb Tµ, (Puc. le), 3KBU

BaneHTHbl:ii TOpOU,ll,HOMY coneHOII,ll,J; p(d) - B aKCUaJlbHblll IIOJlOII,ll,aJlbHblll ,ll,II

IIOJlb, CB.SI3aHHblll co cpe.nHe'leTBepTU'IHblM pa,ll,IIJCOM TOKOBoro MarHIITHoro 

.nurronhHoro MOMenTa r~4>, 'ITO pa1rnx.neTh Tpy.nHee (PIIc.ld u Puc.le) 
2

. 3a

MeTIIM, 'ITO B 3TOM pa3JlO:lKeHIIII pa.nuycbl Boo6rue He MoryT .naBaTb BKna.na B 

3HeprHIO B3aUMO,ll,eHCTBU.SI C BHeUIHIIM MarHUTHblM IIOJleM, TaK KaK divH = o . 
B pe3JJlhTaTe qiopMyna pa3no:iKeHux 3uepruu B3aIIJ\:IO.ll.eiicTBirn pacrrpe.nene

HU.SI IIJlOTHOCTU MarHUTHbIX ,ll,HIIOJle:ii C BHeUIHUM HeO,ll,HOpo.nublM MarHHTHbIM 

rroneM HMeeT 6onee rrpocTo:ii BH.ll., 'leM (I): 

W = - f µ(r)H(r)d3 r = -MH -T(µ,>rotH -

p(µ,>rotrotH - -~M;i(V;Hi + ViH;) - T}t>V;(rotH)i + ... ==} 

==} -M H - T(µ,) E - p(µ,>(rotj - H) 
==} -M H - T(µ,)rotH + p(µ,) t:,.Hcno5 + ... (3) 

TaKUM crroco6oM MO:lKHO u.neHTUq>UUUpoBaTb II Bee BblCIIIlle MJJlbTUIIOJlbHbie 

MOMeHTbl pa3JlO:lKeHHH IIJlOTHOCTU HaMar11uqe11HOCTH ITO TOKOBbIM MOMeHTaM. 

Ilo3TOMY, C O,ll,HOH CTOpOHbI, pa3JlO:lKeuue (3) Ka:lKeTCH Meuee HHTepecHbIM, 

'leM pa3JlO:lKeHue pacrrpe.neneumr 3JlCKTpuqecKnx mmone:ii. O.nuaKo, c .npy

ro:ii CTOpOHbI, eCJlII HOCUTeJlHMH MarHUTHbIX MOMeHTOB .SIBJl.SIIOTC.SI CIIHHOBbIC 

qacTHUbI, HaIIpHMep, HeiiTpOHbl, TO MJJlbTUIIOJlbHOe pa3J10)KCHUC pacrrpe.nene

HU.SI ux MarHHTHbIX MOMCHTOB (HarrpuMep, B .SI,ll,pe um:1 B HCHTpOHHOH 3Be3.ne) 

rronyqaeT rrepBU'IHblH CMbICJl ( ecnu He rrepexo.nuTh K KapTUHe pacrrpe.nenenn.SI 

3ap.SI:lKeHHbIX KBapKOBbIX TOKOB BHYTPH, uarrpuMep, CaMoro ue:iiTpona). 

Pa3JlO:lKeHU.SI, rro.no6Hbie (I) u (3), O'leBI:l,ll,HO MO:lKHO BblIIOJlHUTb ,ll,Jl.SI 

.ll.BYX OCTaBIIIUXCH q>JH,ll,aMeHTaJlbllblX ( TOpOU,ll,HblX) JlUIIOJlbHbIX pacrrpe.nene

HUH -r(r) u g(r). 
Bbipa:iKenue JlJl.SI 3Hepruu B3aUMO,ll,CHCTBU.SI C rrepeMCHHbIM 3JlCKTpuqe

CKUM IIOJleM (uarrpuMep, C TOKOM CMCIUCHU.SI) CUCTCMbl, xapaKTepu3y10rue:iic.SI 

2Mo)KeT B03HHKHYTb sonpoc, noqeMy B pa.3JIO)KeHHH (3) B03HHK cpa3y qeTBepTHqHblli: 

pa.nnyc, a He KBa.npaTHqHbIIi:. OTBeT TaKos: npH npe.ncTaBJiemm MOMeHTOB pa.3JIO)KeHbl 

µ(r) no MOMeHTaM j(r) Ha MeCTO HH3IIIHX MOMeHTOB cTaHOBllTCll Bb!CIIIHe, a qncno :me

MeHTapHb!X cocTaBJillK>IUHX a HHX paCTeT KaK 21, l = 1, 2, 3, ... , .TaK qTQ 21 = 2, 4, 8, 16, ... , 
B TO speMll KaK .nm1 pa.nnyca pocT qncna COCTaBJillIOIUHX onpe.neJil!eTCll 3aBHCHMOCTbK> 

2n=2,4,6,8, ... , n=l,2,3, .... 
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pacnpe.neneHHCM TOpOH,ll,HOll IIJlOTHOCTH -r( r) ( TOpOU,ll,HblM yrrop.SI,ll,O'ICHIICM)' 

HMeeT BH.ll., auanorU'IHbIH (I), c 3aMeno:ii E ➔ E: 

W = - J r(r)E(r)d3r = -TE-T(-rlrotE - p(-rlrotrotE -

I (-r) . . (-r) . - 2Q;k (V;Ei + ViE;) - T;i V;(rotE)i + .... ==} (4) 

==} -T(j + rotB) - T(-rlrot(J + rotH + p(-r>(E - !::,.E - 3) ==} 

==} -TrotHcnofi - T(-r) l::,.rotEcnofi + p(-r) l::,.rotHcnofi + .... = 

3.necb yqTeno TO, 'ITO divE = div rotH = 0 .nn.SI CBo6o.nnhIX rrone:ii. 3naK 

rrepexo.na ( cTpenKa) B ( 4) u ( 5) B rrocne.nue:ii cTpoKe JKa3bIBaeT ua 3aMeuy rrpo

H3BOJlbHoro BHCIIIHero IIOJl.SI BOJlHOBb!M. Hanu'IHC narrnacnaHa B KaKOM-nn6o 

II3 KOHKpeTHbIX BKJla,ll,OB 03Ha'laeT OTCJTCTBI:IC co6CTBCHHOro BHCIIIHero IIOJl.S! 

( IIOTenuuana) y COOTBCTCTBJIOIUero ,ll,IIIIOJlbHOrD MOMCHTa ( CM. BBe,ll,CHU.SI B 

pa6ornx [15] u [I 7] II B [8] App.F). 

IlpH aKCIIaJlbHOM TOpOH,ll,HOM yrrop.SI,ll,O'leHUII rrepBbIC 'IJlCHbl pa3J10:lKCHH.SI 

3HepruII B3aIIMo.neiiCTBII.SI IIJlOTHOCTII g ( T) C rrepeMeHHbIM MarHUTHbIM rroneM 

IIMCIOT Bil.ll., auanorII'IHbl:ii (3), c 3aMenoii H na H: 

W = - J g(r)H(r)d3 r = -Gil - T(9lrotH - p(glrotrotH -

-~G~;l(V;ili + Vj-ll;) - G[;lV;(rotH); + ... ==} (5) 

==} GrotE + T(g)(J- E) + p(9l(j - rotE) + .... ==} 

==} -GrotE - T(9 ) l::,.rotH - pC9 ) l::,.rotE + ... 

CpaBHIIBa.SI Bblpa:iKeHII.SI (4) c (3), a (5) c (I), naxomIM B HIIX ananorn 

no TIIIIY B3aIIM?.ne:iicTBII.SI. Ilpe:iK.ne Bcero, B pa1no:lKCHI1.SIX BU,ll,Ha rrocne.no

BaTeJlbHa.SI 3CKaJlaUH.SI orrepauII:ii B3.SITII.SI rrpocTpaHCTBCHHbIX II BpCMCHHbIX 

rrpoH3BO,ll,HbIX OT none.ii, KOTOpble CTO.SIT IIO,ll, IIHTerpanoM B rrepBoHa'laJlbHOM 

JlOKaJlbHOM B3aIIMO,ll,CHCTBIIII IIJlOTHOCTeii pacrrpe.neneHII:ii. IlpII 3TOM rrep

BbIH 'IJlCH pa3J10:lKCHH.SI, ecTeCTBeHHO, IIMeeT qiopMy IIO,ll,hIHTerpanbHOro Bbl

pa:lKeHII.SI, B KOTOpOM q>JHKUII.SI pacrrpe.neneHII.SI 3JlCKTPOMarHUTHbIX CBOHCTB 

06pa1ua BeruecTBa 3aMenena ee MOMeHTOM nyneBoro rrop.SI)lKa - rrorrpocTy, 

IIOJlHbIM o6'bCMHbIM OT Hee IIHTerpanoM • .IIanee, ,ll,Jl.SI pacrrpe.neneHIIM µ( r) -
II d( r) - MOMCHThI rrepBoro rrop.SI,ll,Ka ITO r IIMIITUPYIOT ( B CMbICJle rHIIOTC3bl 

AMrrepa) TOKOBble TOpOI:l,ll,Hble MOMCHTbl OT IIJlOTHOCTCH TOKOB 3JlCKTpH'ICCKIIX 

II MarHHTHbIX 3ap.SI,ll,OB COOTBCTCTBeHHO (5) 3
• Cne.noBaTCJlbHO, 3TH MOMCHTbl 

3 C ToqKH 3peHHll reoMeTpHH 3TH TOpOil./lHble MOMeHTbl B TOKOBOii: KapTUHe nyqme 6b!JIO 

6bI Ha.3b!BaTb IlOJIOH,/laJibHb!MH, HO Mb! 6y.neM npu.neplKHBaTbCll YCTOllBIIIeli:cll TepMHHOJIO

nm, snepsble sse.neHHOii: B pa6oTax (15]. 
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T(d), r(µ), T n G co3na10T nnnoJibHbie pacnpeneneun.sr ::meKTpIIqecKoro [18] II 

(3KcnepIIMeHTaJibHO ua6JIIO,ZlaeMoro qepe3 3cp<peKT EoMa-AaponoBa) MarnnT

uoro npo,ZlOJibHO-nonepequoro BeKTop-noTeHUIIaJIOB [11]. CoOTBeTCTBenuo, 

qJieHbI nepBoro nop.sr,ZlKa B pa3JIO)KeHII.sIX (4) II (5) COBila,ZlaIOT C qJieHaMII 

BToporo nop.sr,ZlKa B pa3JIO)KeUII.sIX (3) II (1): -T(-r) ~ p(µ),-r(g) ~ p(d)_ 

IIepBa.sr napa ll3 3TIIX ,ZlIInOJibHbIX MOMeHTOB CO,Zlep)KIIT CTaTIIqecKIIH MarHIIT

HbIH BeKTOp-noTeHUIIaJI BHYTPII TOpOII,Zla, noTOK KOToporo uanpaBJieH KOJIJIII

ueapuo nrnpoTaM Ha noBepXHOCTII TOpOII,Zla, BTOpa.sr - .ZlYaJibHbIH 3JieKTpnqe

CKIIH BeKTOp-noTeHUIIaJI [19]. Bue (II.ZleaJibHbIX) TOpOII,ZlOB 3TH noTeHUIIaJibl 

CTporo paBHbI HYJIIO. TaKIIM o6pa3oM, ua COOTBeTCTBYIOIUHX 3TIIM MOMeHTaM 

( TononornqecKII HeTpIIBllaJibHblX) TOpOII,ZlaX IIHTepcpepeuunoHHbIX 3cpcpeKTOB 

Tima EoMa-AaponoBa B03HHKaTb y)Ke He 6yneT. 

lb <pop My JI ( 4) n ( 5) BII.llHO, qTo MOMeHT p(-r l .srBn.sreTc.sr rno6aJibHoii: xa

paKTepncTnKoii: .llBYCJIOHHbIX TOKOBbIX TopoB, Ha,ZleTbIX Ha TOP 6oJibIIIero pa3-

Mepa (19] ( CM. TaK)Ke CHOCKy3). rno6aJibHO TaKa.sr KOHCTpyKUII.sI 3KBIIBa

JieHTHa cpenueqeTBepTnqnoMy pam1ycy TOKOBoro MOMenTa T. Bcne,ZlCTBne 

3Toro pacnpe,ZleJieHIIe IIOTeHUIIaJia A (m) conep)KHTC.sI B TaKOII CHCTeMe TOJibKO 

B "3a3ope" Me)K,Zly .ZlByM.sr (Konrpy::>HTHbIMII) .ZlBYXCJIOHHbIMII TopaMH [5]. 
Ilpnuunn ,ZlaJibHeii:IIInx nepepa3JIO)Kennii: cTanoBnTc.sr .srcHbIM. Ou MO)KeT 

6bITb npnMeneu ,ZlJI.sI nocTpoeun.sr 6a3IICOB B cpenax, COCTO.sIIUHX H3 ,ZlHnoneii: 

r(-r l nnn T(9 l. OnnaKo c ToqKn 3peHn.sr BHeIIInero. na6n10na Ten.sr nonyqen

Hbie KOH<pnrypaunn Bp.sI.Zl Jill 6ynyT HHTepeCHbI, T.K. ,Zla)Ke BHYTPII HHX 6y

.ZlYT OTCYTCTBOBaTb uanpaBJieun.sr rno6aJibHOH opnenTaUIIII noTOKOB BeKTOp

noTeHUllaJIOB A (m) HJIH A (e). C TexuuqecKo:il: )Ke ToqK-II 3penn.sr TaKue KOH<pII

rypaunn MoryT OKa3aTbC.sI BeCbMa noJie3HbIMII. He IICKJIIOqeuo, qTo IIO,Zlo6-

Hb!e CTPYKTypbI MoryT HMIITHpOBaTb 3JieKTpoMarHHTHOe CTpoeune 6noMOJie-

KYJI [17]. 

3 Cnocoohl 3KpaHHpoBaH1u1 cBooo.n;Honone

BhIX noTeHI(HaJioB. Ilpo.HBJieHHe IIIIBII KaK 

3cpcpeKTHBHoii: 3JieKTpHqecKoii: CHJihI 

llcxon.sr H3 KOHCTPYKUII:il:, paccMoTpenHbIX panee, cnenaeM uecKOJibKO no

BOJibHO oqeBH,ZlHbIX YTBep)K,ZleHHH O B03MO)KHOCTH KOMneucaunn (nnn 3Kpa

HHpOBKH) MarnnTHbIX none:il: n IIIIBII. B nayqHo-TeXHIIqecKo:il: JIHTepaType 

nono6uoe YTBep)Kneune npnMennTeJibHO K IIIIBII naM He BCTpeqaJiocb. 

3anaqa 3Kpaunp0Bau1rn nnn KOMneucaunn 3JieKTpnqecKoro, B qacTHOCTH 

KYJIOHOBa, IlOJI.sI peIIIaeTC.sI Ha OCHOBaHIIII pa3JillqHbIX !pll3HqecKIIX IlO,ZlXO,ZlOB C 

IlOMOIUbIO MHO)KeCTBa 3JieKTpOTeXnIIqecKHX ycTpOHCTB. Ilpo6JieMa 3Kpanupo-
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Bann.sr, TOqHee MeCTHOH KOMileHcaUIIII, MarHHTIJOro noJI.sr HeII3Mepl!MO CJIO)K

nce, noCKOJibKY B rrpnpo.ue OTCYTCTBYIOT CB060,ZlHbie MarunTHbie 3ap.sr,Zlhl. 

QqeBH,ZlHO, qTo B HeKOTOpOM orpaHIIqeHHOM o6beMe O.UHOpO.llHOe MarHIIT

HOe none MO)KHO KOMneHCHpOBaTb, HanpIIMep, c IlOMOIUbIO o6biqHoro np.srMO

JIIIHeii:uoro conenon.ua, a KpyroBoe c IIOMOIUhIO Topon.r:taJihHOro. B caMOM nene, 

nyTeM BbI6opa TOKa cooTBeTCTBYIOIUero nanpaBnenII.sr n perynIIpOBaHII.sr ero 

cHJibI MO)KHO no6nThc.sr Toro, qT06h1, HanpuMep, BHYTPII ropOII.ZlaJihHoro cone
nonna KOMnencnpoBaJIOCh MarHHTHOe none, C03.UaBaeMoe noCTO.sIHHbIM TOKOM, 

TeKyIUIIM B np.srMonnueii:HOM npOBO,ZlHl!Ke, KOTOphIH pacnonoir;en B,ZlOJih OCII 

aKCHaJihHOH CUMMeTpHH 3TOrO coneHOII,Zla. 

Bo MHOrHX pa6oTaX .uenaeTC.sI CTpanuoe YTBep)K,ZleHUe O ueB03MO)KHOCTII 

3KpanrrpoBKII IIIIBII. IlocKonbKY TaKm1 noTeHUIIaJI He naeT BKna.ua B crrny 

JlopeHua, To aBTOMaTrrqecKoro ( ecTecTBenuoro) ::>KpaurrpoBaHHll IIIIBII 3a 

cqeT CBOHCTB nOJillpII3aUIIII KaKOH-JIH6o !pll3IIqecKOH cpe,ZlhI, TO ecTh qepe3 

cpyHKUIIIO OTKnIIKa nocne.uueii: Ha 3TOT noTeHUIIaJI, ,ZleHCTBIITeJihHO TPY.llHO 

O)KII,ZlaTh (cM. BTopy10 qacn, naHHoro naparpacpa). OnHaKo ero KOMneHcaUIIll 

B orpaHrrqeuuoM o6beMe ocymecTBnlleTcll Toquo TaK )Ke, KaK n KOMneucaunll 

MarHIITHoro nonll. 

QqeBH.UHO, qTo UIIJIIIH.Zlp, ua KOTOpb!H Ha,ZleThl TOpOII,ZlaJihHhie coneHOII.llbI, 

6y.r:teT co.ueplKaTb BHYTPH ce6l! npn6JIH3IITenbuo onnopo.ZlHhle pacnpe.uenemrn 

IIIIBII. TaKHM o6pa3oM, c noMOIUbIO TaKoi'1 KOHCTPYKUIUI MO)KHO no6nThCll 

3KpaurrpoBaHHll o6beKTOB "B none" O,llHopo.uuoro BHeIIIHero IIIIBII. CTonh 

)Ke oqeBII.llHo, qTo a3HMYTaJIII ocecHMMeTpIIqHoro pacnpe.ueneHHll IIIIBII BO

Kpyr npm.rnmrne:il:uoro ( oqenb .umruuoro) coneuon.ua MO)KHO KOMnenc11poBaTh 

B orpanHqenHoM o6beMe, pacnonarax BoKpyr conenoH.Zla KOnhuo, ua KOTopoe 

nnoTHO Ha.r:teTbl TopOII,ZlaJibHhie COJieHOU.llhI ( CM. Puc. 1 e). 

Bee 3TO 6bIJIO 6b! nycTOII IIrpoi'I Boo6pa,KeHHll, ecnII 6bI He cymecTBOBaJIO 

3a.uaq1I .ueTaJihimro IIJyqeHUll npIIpO.llbI 3cpcpeKTa AaponoBa-EoMa, y)Ke nep

cneKTUBHoro .ua)Ke .ZlJill TexnonorIIqecKIIX npIIMeneHnii:. Ile:il:cTBIITeJihHO, ecnu 

MbI IlOCTpOHM 3KCnepuMenTaJibHYIO ycTaHOBKY, B KOTopoii: CMO)KeM perymI

poBaTb Benuq11uy K0Mneucau1rn IIIIBII, co3,ZlaBaeMoro, uanpHMep, .ZlJIHHHhIM 

np.srMonuHeHHhIM coneuou.uoM 11, TaKHM o6pa30M, uayqIIMCll nJiaBHO C.llBl!raTh 

IIHTepcpepenunoHHYIO KapTIIHY B .llBYXIUeJieBOM BapnanTe onbITa AapOHOBa

bOMa, 3TO 6y.ueT oqeBl!,ZlHbIM no,ZlTBep)K,ZleHHeM onocpe,ZlOBaHIIll B3alll',IO.Ueii:

CTBI!ll MelK.ZlY 3JieKTpouaMII nyqKa 11 coneHonnoM qepe3 IIIIBII. 

Eme 6onee uarJill,ZlHbIM MO)KHO C,ZleJiaTh 3TO llBJieHIIe B OilhITe C B03HIIKHO

BeUIJeM CBepxnpoBO.lll!IUero TOKa B MeTaJIJIIIqecKOM KOnbue (nm! UIIJIHH.r:tpe), 

Ha.r:teTOM Ha IlpllMOJIIIHeii:HbIH oqeHh .llJIIIHHbIH (nyqrne KpyroBOH c 6onbIIIHM 

panIIycoM) coneHon.u - npenno)KeHne JIIIaHra II IlrrHra [20]. Oxna)Kneurre Ta

Koro KOJibUa no TeMnepaTyphl cBepxnpoBO.llllIUero nepexo.ua BbI30BeT nol!Bne

nne B neM ToKa, KOMneHcnpy10mero neuenoqncnenuocTh B e.ununuax cpnyKco-
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HOB MarHHTHOro noToKa B COJieHOU,lle. 3a cqeT 3TOro TOKa no.no6Hoe MC30CKO

nuqecKoe ycTpoiicTBO KaK 6b1 "no.nrom1eT cefo1" rro.n MO,lleJih 3JieMeHTapHoro 

BIIXpH A6puKOCOBa, B KOTOpOM q>JIJKCOH KOHq>aii:HMnpyeTCH KpyroBblMII MH

KpOCKOnJiqeCKIIMII TOKaMii CBepxnpoBO,lllIMOCTH BHYTPH o6pa3ua. B .naHHOM 

cnyqae, nocKOJihKY 3KCnepHMeHTaJibHOe ycTpOHCTBO HMeeT Me30CKO!lliqecKHe 

pa3Mepb1, Mbl BnpaBe 3a,llaTbCH BorrpocoM: KaKne 3JICKTpoMarHHTHble "cHJibI" 

3aCTaBJIHIOT 3JICKTpOHhl HaqaTh ,llBH,KeHHe B KOJibUe? 51cuo, qTo HH 3HeprHH, 

HH MOMCHT IIMnJJibCa OT UCHTpaJibHOro COJieHOII,lla B KOJibUO B 3TOM onbITe He 

nepe.naJOTCH, HO B TO )KC BpeMH ynopH.noqem1e TenJIOBbIX ,llBII,KCHIIH 3JICKTpo

HOB ,llOJI)KHO npOIICXO,lllITb non ,llCHCTBIIeM KaKoro-TO 3q>q>eKTIIBHOro 3JICKTpII

qecKoro noJIH. 

PaccMoTpIIM na npocTeiillleM npnMepe, KaKIIM npe.ncTaBJIHeTCH IIIIBII 

3JICKTpOHY, COBeplllaJOIUeMy xaoTnqecKIIe ,llBII,KCHIIH B MaTepnane KOJibUa, 

T .e. 3JICKTpony' HaXO.llHIUeMyCH B co6cTBCHHOH ClICTeMe OTcqeTa, KOTopaH 

HBJIHCTC.l! uenuepUIIaJihHOH OTHOCIITCJibHO IICToqHIIKa noTeHUIIaJia - COJICHO

II,lla. IleiicTBIITeJibHO, nOMIIMO KJJIOHOBCKIIX noTeHUIIaJIOB IIOHOB pellleTKII 

II COCC,llHIIX 3JieKTpOHOB, 3JICKTp0Hbl rrpOBO,llIIMOCTII B Ka,K,llb!H ,llaHHbIH MO

MeHT BpeMeHII IICnb!ThIBaJOT B03,llCHCTBIIe MarHIITHbIX noJieii, C03,llaBaeMb!X 

cnIIHaMII n KOHBCKTIIBHbIMII TOKaMII. 3aMeHIIM KycoqeK KpIIBOJIIIHeHHOH Tpa

eKTOpIIII .nanuoro 3JieKTpOHa npOBO,llIIMOCTII npII6JIII,KCHHO Ha KpyroByJO. To

r.na, 6naro.napH .naBneii pa6oTe JI. illIIq>q>a (21] (cM. TaKJKe (22]), Mhl MOJKeM 

C,lleJiaTb JIOKaJibHOe npeo6pa3oBaHIIe BeKTOpHoro II CKaJIHpHoro noTeHUIIaJIOB 

A II </>, .neiiCTBYJOIUIIX Ha 3JieKTpOH, II3 CIICTCMbl nOKOH BO Bpama10my10cH 

CIICTeMy Koop.nnHaT: 

A'=A, </>'=</>-V-A, (6) 

r.ne V = W X r, a W - yrnoBaH CKOpOCTb Bpama10meiicH CIICTCMbl KOop.nn

HaT. B paccMaTpnBaeMOM HaMII KOHKpeTHOM cnyqae A IIMeeT C,lllIHCTBCHHYJO 

HeHyJieByJO KOMnOHeHTY A = n<p/r npII rotA = B = 0 BHe uenTpaJibHOro 

coneHoII.na, a cnyqaiiHaH no BeJIIIqIIne yrnoBaH cKopoCTh w = -1/2rotv, r.ne 

v - npn6mIJKCHHO paBHOMepHaH cKopocTh BhI.lleJieHHoro 3JieKTpoHa Ha KpIIBO

JIIIHeHHOM yqacTKe nyTn. 

lh q>opMyJihI (6) cne.nyeT o6mee BhipaJKeHne .llJIH orrpe.neJieHIIH noneii BO 

Bpama10meiicH cIIcTeMe Koop.nIIHaT: 

B'=B, (oA)' E'=- at -V</>+V(V•A). (7) 

IIepBhIH qneH .llJIH E' B (7), KOTOphlii MOJKeT B03HIIKaTh II3-3a HecTaunonapHo

cTII IICTOqHIIKa, OTCJTCTBJeT y Hae no ycJIOBIIJO nocTaHOBKII 3KCrrepIIMCHTa, 

paBHO KaK II B' = B = rotA = 0 B cooTBeTCTBIIII c onpe.nenenIIeM IIIIBII. 
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TpeTnii JKe qJieH B BhlpaJKeHnn ,llJIH E' npe.ncTaBIIM cne.ny10mnM o6pa3oM: 

V(V ·A)= (V · V)A +(A· V)V + V x rotA +Ax rotV. (8) 

B 3Toii q>opMyne TpeTnii qnen Bhma.naeT, T.K. rotA = 0, a ocTaJihHhle nc

qeJHJT B npouecce ycpe.nuemrn cnyqaHHhlX BennqnH V n rot V, Kor.na Mhl 

nonhITaeMCH HaHTH rno6aJibHhlH 3q>q>eKT. 

CoBceM IIHaH KapTHHa B03HHKaeT, eCJIH paccMaTpHBaTh ,llaHHYJO KHHeMa

THKY B npouecce OXJia)K,llCHIIH KOJibUa. HanOMHHM, qTo UMCHHO B nepeXO,llHhlX 

npoueccax ycTaHaBJIHBaJOTCH noJIH, KOTOpble noTOM JIIIIllh no.n.nepJKUBaJOTC.l! 

CTaUHOHapHbIMH TOKaMn. Ilpn BCeCTOpOHHeM OXJia)K,llCHUU KOJihUa B03HUKaJOT 

rpa.nneHThl CKOpOCTII 3JICKTpOHOB, HarrpaBJICHHble K BHJTpeHneii a3IIMYTaJib

HOlf OCH KOJibUa OT ero noBepXHOCTH. O.nnaKo, eCJIH TenJioTa yxo.nnT BO BHelll-

111010 cpe.ny II3 CHCTCMhI KOJibUO - COJieHon.n, TO noTOK TenJIOTbl B KOneqnoM 

IITOre B OCHOBHOM nanpaBJieH K OXJia,llHTCJIJO ITO pa.nnycaM, npoBe,lleHHbIM OT 

ToqKn nepeceqenm1 COJICHOU,lla nJIOCKOCThJO, B KOTOpoii pacnoJIO)KCHO KOJibUO. 

llnH ynpomeHUH KapTUHbl 6y.neM cqnTaTb, qTo BCCb TenJioo6MeH nponcxo

,llHT TOJibKO B ynoMHHYTOH nJIOCKOCTII, T.e. rpa.nneHT CKOpOCTH V HanpaBJieH 

CTporo no r. Tor.na 3Ta Heycpe,llHHJOIUaHCH, HCU30TponHaH .no6aBKa K CKopo

CT HM oV .nacT cne.ny10my10 3q>q>eKTUBHJ10 CHJIY, ,llCHCTBJJOIUJJO Ha 3JICKTp0Hbl 

npOBO,lllIMOCTII: 

eEef I = ( oV,. v' r) n"' = -eoV,. n;. 
r r 

(9) 

C ,llHHaMnqecKOH TOqKJI 3peHU.H, Mb! ,llOJI)KHbl paccMaTpuBaTb He CKOpOCTU, 

a TOKII. Tor.na Ha.no yqecTh, qTo B npouecce nepexo.na B cBepxnpoBO.ll.HIUee co

CTOHHne JMCHbIIIaeTCH nJIOTHOCTb HOpMaJibHhlX 3JICKTpOHOB II yBeJiuqnBaeTC.H 

IIJIOTHOCTb CBepxnpoBO.llllIUUX 3JICKTpOHOB. B CBepxnpOBO.llHIUCM COCTO.HHUII 

3JICKTpOHbI B COCTaBe KynepoBCKMX nap nepeXO,llllT B pe:iKMM KorepeHTHoro 

JiaMMHapHoro TeqeHMll B,llOJib KOJibUa (23], a noTOMY 6onee He no.nBepraJOTC.H 

ycKopeHMJO. Bonee ,KC o6mee Bblpa:iKeHMe CMJibl (9) ,llOJI:iKHO npMH.l!Th BM,ll: 

eEeff = eAdiv{p(r,t)oV} npM rot{p(r,t)oV} ➔ 0, (10) 

r.ne p( r, t) - nJIOTHOCTb pacnpe.neJieHM.l! 3JieKTpOHOB npOBO,lllIMOCTM B KOJibUe, 

Mcqe3a10ma.H nocne MX o6'be,llMHCHII.H B KynepOBCKMe napbl. B KOHeqHoM lITOre, 

B pe3yJihTaTe CBepxnpoBO.ll.HIUero nepexo.na MMnJJihC, KOMneHCMPYJOIUMH MM

nyJihC, nonyqeHHhlH napaMM, 'IaCTMquo .nuccunnpyeTC.H B OXJia,llMTCJie, qa

CTMqno penaKcMpyeTC.l! MOHaMM peIIIeTKM B KOJihUe c onocpe.noBaHIIeM IIIIBII. 

MMeeTC.l! eme o.nua TOHKOCTb MMKpOCKOnIIqecKoro OnMCaHM.l! 3TOro HBJie

HMH. KaK Mhl y:iKe ynoMMHaJIM, noCJie nepexo.na MC30CKOnMqecKaH ClICTeMa 

npeBpamaeTCH B no.no6Me BIIXp.H A6pMKOCOBa B CBepxnpoBO,llHMKe. OTJIM'Ille 
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C0CT0HT B TOM, 'ITO B "TCIIJIOM" C0JICH0H,Ue MarmITH0C II0Jie 0CTaCTCH IICKBaH

T0BaHHhlM II JIHlllh II0CJie rrepexo.na 0XBaTbIBaIOruero ero K0JibUa B CBepxrrpo

B0.UHIUCe C0CTOHHUe B HeM ycJI0BH0 ( CM. 3aMe'!aHIIC HIDKe) 'IHCJI0 q>JIYKCOHOB 

CTaH0BHTCH UCJI0'IHCJICHHhIM npu J'IeTe MarHHTH0ro II0JIH, C03,UaBael\mro T0-

K0M B KOJibUe. O.nHaKO narrpaBJICHHC T0Ka B K0JibUC ycTaHaBJIHBaeTCH HC0,UII0-

3Ha'IH0 no cpaBHCHHIO C KapTHHOll T0K0B CBepxrrpoB0,UHM0CTH, 06)KIIMa!OIUIIX 

cpnyKCOH B MeTaJIJie. Ileno B TOM, 'ITO rrpu IIJI0TH0CTH MarHHTHoro II0JIH B 

C0JICH0H,ne, npeBbllllaIOrueii: uenoe 'IHCJI0 cpnyKCOHOB N Ha BCJIH'IIIHY' MCHh

lIIYIO II0JI0BHHhI 0,UH0ro cpnyKCOHa, 3T0T H36bITOK Bhl'IHTaeTcH, T.e. K0MIICH

cupyeTCH MarHHTHhIM noJieM, B03HHKaIOruero B K0JibUe T0Ka [24] 4
• EcmI )KC 

3T0T II36bITOK 60JibllIC noJI0BHHhl q>JiyKCOHa, TO TOK CBepxnpoB0.UHM0CTH .no-

6aBJIHCT He,U0CTaIOIUYIO 'laCTh .no o6ruero 'IHCJia q>JIYKCOHOB, paBH0ro N + 1. 
3To HBH0 npoTUBope'IUT HallleMy rpy6oMy npe,nII0JI0)KCHHIO 06 O.UH03Ha'IHOH 

HanpaBJieHH0CTU rpa.nneHTa CKOpOCTeii: 113 CHCTeMhl BO BHe, Ha 0CH0BaHHH K0-

Toporo 6bIJIO noJiy'IeH0 Bbipa)KeHne (9). 
BepOHTHO, B CUCTCMax, UMCIOIUHX MHKp0HHbie pa3Mepbl, K0T0pbie HCCJie,ny

IOTCH 3KCIIepHMCHTaJihH0, npouecc TCIIJI006MeHa II0.D;Bep)KeH CUJlhHhIM cpnyK

TyaunHM, u, B03HUKaIOIUHC 3a C'ICT HUX T0KH, He CT0Jih 0,UH03Ha'IHhl no nanpa

BJICHHHM. B npouecce nepexo.na B CBepxnpoB0.UHIUee (KBaHTOBoe) C0CT0HHIIC, 

T0KH "npo6yIOT" ycTaH0BHThCH B o6onx nanpaBJieHHHX Ha OCH K0JlbUa, a II pe

aJIII3yeTCH naII6onee 3KOHOMHhrii: BapIIaHT. T .e. II3 .UByx T0'IeK N IIJIII N + 1 
paBH0BCCIIC nacTynaeT B TOH, ,UJIH KOTOpoii: Tpe6yeTCH MCHbllla5I BeJIII'IIIHa 

cpnyKTyaunII. vi, na.no .nyMaTh, 'ITO 3T0T MIIHHMYM ycJIOBHhIH, a a6coJIIOT

Hhlll HacTynaeT JIIIlllh Tor.na, Kor.na BCC 3JieKTp0Hhl npoB0,UIIM0CTII nepeii:,nyT 

B CBepxnpoB0.U.l!IUee C0CT0.l!HIIe • 

Eeccnopno, _.neTaJihH0e .UIIHaMII'IeCK0e 0IIIICaHIIe Toro, KaK cpopMIIpyeTCH 

npo,n0JihH0C .UBII)KeHIIC KynepoBCKIIX nap BHYTPH K0JihUa, 6y,neT cymecTBCHH0 

orrpe,neJI.l!ThC.11 rpaHH'IHh!MII ycJI0BII.l!MH II npocTpaHCTBCHHbIMH pa3MepaMH 

K0JihUa. Ilocne.nnee xopolllo II3BecTno 3KcnepnMenTaTopaM. Ilo-Bn.nnMoMy, 

Ba)KH0, 'IT06bI nonepe'IHhlll ,UIIaMeTp K0JibUa 6bIJI cpaBHIIM C pa.nnycoM K0p

peJIHUHII 3JieKTp0H0B, C0CTaBJIHIOIUHX Kynep0BCKYIO napy. 3aMeTHM, 'ITO 

npn cpopMaJihHhlX pac'!eTaX T0Ka cBepxnp0B0,UIIM0CTII, KOTOpblll .nomKeH B03-

HHKaTh B 3T0M onh!Te, IICn0Jih3YCTCH (KBaHTOBoe!) ypaBHenue run36ypra

Jian.nay ( CM., Hanp., [11, 20]). Ilpn 3T0M HBHoro orpann'IeHHH na pa3Mepbl 

K0JibUa He naKJia,UbIBaIOT. 3To II ney,nnBHTCJibH0, noCK0JihKY MC30CK0TIII'IC

CK0C ypaBnenne run36ypra-Jlan.nay ne onHCbIBaeT MHKp0CK0IIH'ICCKoro 3JieK

TpoMarneTH3Ma B CBepxnpoB0,UHHKe, TaK)KC KaK ypaBHCHHe Illpe.nnnrepa MaJI0 

4 KoHC'IHO, Bee 3TH paccy,K,!\eHHll - KJiaCCHtJeCKHe, a B .neiicTBHTeJlhHOCTII MIIKpOCKOilll

. tJecKall. 3JieKTPO.!\HHaMl!Ka CBepxnpoBO,!\HMOCTH CKOpee acero He TOJlhKO HeJIHHeiiHa, HO H 

HeJIOKaJihHa. Tor.na MO,KHO npe.ncTaBHTh, '!TO, HanpHMep, H36bITOK MarHHTHOro IlOJlll 6y

.neT YHH'ITO,KaTbCll He npocTO B KOHType KOJlhl{a, a l!MeHHO BHYTPH COJleHOH,!\a. 
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'ITO rosopnT 06 3JICKTpo.nnnaMUKe aT0Ma. 

B 3aKJIIO'ICHUe 3aMeTHM, 'ITO .naHHblll aHaJIU3 rrpe.ncTaBJIHeT co6oii: JIUlllh 

rpy6b1ii: cuenapnii csepxrrpoBo.nHmero rrepexo.na B paccMoTpennoii: cncTeMe n 

ero .UCTaJibH0e IIJyqenne Tpe6yeT rrpHMCHCHIIH Teopnn CT0XaCTII'ICCKUX rrpo

UCCC0B [25, 26] na KBaHT0B0M ypoBHe n yrny6nennoro nonnMaHHH MUKp0CKO

TIH'IeCKOll 3JieKTpomrnaMJIKII CBepxrrpoB0,UHIIK0B (CM.' narrp.' [27]). 

4 KBa3HCTaIJ;HOHapHbie .HBJieHH.H B CHCTeMax 

o6'beMJIIOI..IJ;HX TOpOB 

3cpcpeKT C03,UallJIH 3JICKTpII'ICCKOll CTpynhl nJI0TH0 HaCa)KCHHhIMH na TOHKHII 

.UJIHHHblll UHJilIH.Up MaJihlMH T0p0II.UaJihllhlMH C0JICH0H,UaMH C JIHHCHHO pacTy

llllIMH B HHX T0KaMn BrrepBhre paccMoTpen M.A. MHJIJiep [18]. B ,nauuor'i pa-

6oTe Mbl paccMaTpHBaeM C¥CTCMhI, 06pa3yeMbIC MaJihlMH C00CHbIMH IIJI0TH0 

npnrnaHHhlMH TopaMII, H3 K0T0pbIX o6pa3yIOTCH T0phl 60JihllllIX pa3MepoB. 

IlByKpaTHOC II0BTopenne TaKoii: orrepaum1 IIpHBCJI0 nae K CHCTeMe, H306pa

)KeHHOH na PHc. lf. B npIIHUHIIe, 3TY orrepaUHIO M0)KH0 II0BTopHTh npon3-

B0JihHoe 'IHCJI0 pa3, Bee ycJI0)KHHH cncTeMy. Ey,neM Ha3hIBaTb o6bl'IHYIO T0-

pon,UaJihHYIO KaTyllIKY T0p0H.U0M nepsoro rropH,nKa. EcJIH TOK B ee o6MOTKC 

n0CT0HHeH, TO BHYTPH TaKOll KaTyllIKH B03HHKaeT II0CTOHHH0e KpyroBoe Mar

HHTH0e none, a cnapy)KU - npo,nOJibHO-IIOIIepe'IHhlll MarmrTHhlll BCKTOpHblll 

noTCHUHaJI [28]. Ey,neM Ha3bIBaTb 3T0T noTeHUHaJI MarHHTHhIM "rrycTbIM" 

II0TCHUHaJI0M rrepBoro nop.11.nKa. 3aMeTHM, 'ITO MaJihlll Top nepBoro II0pH.nKa 

.l!BJI.l!eTc.11 Mo.nenb10 Topon.nuoro .nnrromr T [15], co3,naIOruero .nnrroJihHoe pac

rrpe.nenenHe BCKTopnoro noTCHUHaJia nepBoro nopH.nKa sn.na 

3 ( r(tm)) 2r(tm) 
A(lml(r) = r r 5- r + 47l"T(1m)o(r). 

r 
(11) 

3.necb r = 0 - T0'!Ka paCIIOJIO)KeHH.11 Topon.nnoro ,UHIIOJIH, a pa.nuyc-BCKTop 

r 3a,naeT rrpoH3B0JihHYIO TO'IKY B npocTpancTBe. To'IKOii: na6JIIO,neHH.I! noTen

unana A(lm) B .naHH0M cnyqae Mhl ee Ha3BaTb He MO)KeM, T.K. B OTJIH'IIIe OT 

uarrpH)KCHHOCTeii: noneii: JIOKaJihH0C 3Ha'Ienue II0Tenunana Mhl H3Mep.1!Th He 

yMeeM. HaM .nocTynuo Jllllllh ua6JIIO,nem1e H3MeHeHII.I! ero pacrrpe.nenem1.11 B 

KBaHT0B0M HHTepcpepenunoHIIOM 3KcnepnMeHTe [29]. 
B .naunoM cnyqae nae 6y,nyT nnTepecoBaTh .npyrHe 3cpcpeKThI. Ecnu TOK B 

06MOTKe T0poH.na rrepsoro rrop.11.nKa 6y.neT paCTH mmeii:uo, TO O'leBH,UH0, 'ITO 

TaKOH TOp0H.U 6y.neT C03,UaBaTb B 0KpylKaIOrueM rrpocTpaHCTBe pacrrpe.nenenne 

3JieKTpH'leCKOro II0JI.11, rro.no6noe T0MY' KOTOpoe C03,UaBaJI 6bl B 3TOH TO'IKe 
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ToqeqHbill JapanoBbIH mmoJib: 

E(r) = _!,4<1m\t, r) = 
C 

3r(r'..f(lm)) - r2'..f(lm) - 41T '..f(lm)O(r). 

cr5 c 
(12) 

Ilna r(lm) = Tblm) t Mbl MO)KeM 3anncaTb cneny10ruee COOTHOIIIeHIIe 3KBHBa-

JieHTHOCTH: 
_2._T• (Im)_ deff 

0 - • (13) 
CT 

QqeBnnHo, qTo B TOponne BToporo nopanKa r(2m) nnHeiiHo pacTyrune TOKH 

B o6MOTKax Ma.JibIX KaTyrneK nanyT KpyroBoe :,neKTpnqecKoe none BHJTpu 

6oJibIIIoro ropa. TaKUM o6paJoM, noneBaa cTpyKTypa T(2ml oKa)KeTca cocTaB

Hoii: Ha 6onbIIIOM Tope Hanpa)KeHHOCTb ( nonouna.JihHOro) MarHHTHoro noJia 

6yneT nnueiiHo pacTu cornacuo JananuoMy ycnoBIIIO, a BHYTPH 6oJibIIIoro 

Topa 6yneT JanepTO noCTOl'IHHOe '.)JieKTpnqecKoe none, KOTopoe, B CBOIO oqe

penh, coJnacT B npocTpaHCTBe, OKpy)KaIOIUeM 3TY CHCTeMy, "nycToii" :,neK-

TpuqecKHll BeKTOp - noTeHUUa.JI nepBoro nopanKa: 

3 ( P (le)) 2p(le) 
A(le)(r) = r r 5- r + 47rp(le)o(r). 

r 
(14) 

3necb p(Ie) - nonouna.JihHhill :,neKTpuqecKnii nnnonbHbill MoMeHT, paBHhIH 

p(le) = __ l"""' [r X T(lm)] , 
2 ~n On, 

CT n 

rne Tb~m) - Toponnnhie nnnonn, onucbrna10ruue KaTyIIIKII, pacnpeneneHHbie na 

6onbIIIOM Tope. QqeBnnno, qTo B TOM cnyqae, Korna TOK B Ma.JlbIX KaTyrn

KaX 6yneT HMeTb KBanpaTIIqnyIO JaBHCIIMOCTb pocTa BO BpeMeHH, BHYTPII 

6oJibIIIOrO TOpoIIna o6paJyeTCl'I 3<p<peKTIIBHblll TOK 

jeff = -E = ~A(le), 
CT 

KOTopbIH coJnacT B oKpy)KaIOrueM npocTpaucrBe MarnIITnoe none, pacnpene

neuuoe TaK, KaK ecnII 6bl B ToqKe, B KOTopoii uaxonnTca Toponn, pacnonara.Jica 

6bI Toqequblii MarunTHbill nnnonb: 

µeff = ;c iv [r x jeff] d3r, 

r ne V - o6'beM ropoIIna. 

Hcxona HJ HJnO)KeHHOro, MO)KHO npencraBHTb ce6e KapTIIHY "pacnaKOBKH" 

(6yneM nonpaJyMeBaTb non 3THM TepMHHOM BbIXOn nomr H3 CIICTeMbl 06'beM

nIOIUIIX TopoB) Toponna n-ro nopanKa. Ecnn n - qeTHoe qncno, TO nocToau

noe MarHIITHOe none, IIMeIOruee nIInonbHblll xapaKTep ua 6onbIIIHX paCCTOl'I

HHl'IX, 6yneT noaBnl'ITbCl'I npn II3MeHeHHH TOKa B o6MOTKax Ma.JlhlX KaTyrneK, 
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nponopunoHa.JihHOMY tn. Ilpn n - ueqeTHOM nono6uaa cIIcTeMa 6yneT coJna

BaTb aua.Jiornquoe pacnpenenem1e :,neKTpIIqecKoro noJra. IlpencTaBHM ce6e, 

qTo B uarneii KOHCTpyKUHH 3HaqeHne n BeCbMa BennKo, a TOK B Ma.JlbIX Ka

TJIIIKax II3MeHaeTCl'I cnuyconna.JihHO BO BpeMeHH. QqeBifnHO, qTo B COOTBeT

CTBHH c paJno)KeHneM cnnyca B cTeneuuoii pan cuapy)KII Toponnuoro nnnona 

nol'IBl'ITCl'I n :,neKTpnqecKoe, II MarHHTHOe nona, Bennqnnhl KOTOpbIX 6ynyT 

3HaqnTenhHO nonaBneHbI 6onbIIIIIMH JHaqemrnMH 1/n!. TaKHM o6pa30M, pac

CMaTpIIBaeMble CHCTeMhl OKa3bIBaIOTCl'I BeCbMa KOHcepBaTHBHhlMH, KaK OTHO

CHTenbHO nx noBeneuna BO BHeIIIHHX nonax, TaK n no CBOllCTBaM nx HJnyqeuna 

BO BHernuee npocTpaHCTBO. Ilo-BnnIIMOMY, npIIpona BocnpOII3BOnIIT CBOllCTBa 

TaKHX CHCTeM B nJIOTHbIX YKJianKax nonnMepHbIX ueneii. B (24] IIJyqa.JIIICb 

CHCTeMbl Boo6rue He 06nana10ruee CBOllCTBOM IIJnyqeumr, KOTOphle Mornn 6bl 

6b!Tb noneJHbl B KaqecTBe Moneneii KaK MHKpOCKOnnqeCKIIX o6pa30BaHHM TIIna 

rnapOBbIX MOnHHM, TaK H :,neMeHTapHbIX qacTIIIJ;. 

5 3aKJII01:JeHHe 

Han6onee JaranoqubIMH n TpynuonpencTaBHMbIMH nna nae no cIIx nop ocTa

IOTca npoueccbI, nponcxonarune B BaKyyMe npII pacnpocTpaueunn :,neKTpo

MarHIITHbIX, BOJ6y)KneHIIll. BIIJJa.JIHJauneii 3TIIX npoueccoB JaHIIMa.JICl'I erue 

CaM COJnaTenb TeopHH :,neKTpOMarHeTIIJMa, Il)K. MaKCBenn, nbITaBIIIHllCl'I no

CTpOHTb aHa.JIOrOBble MexauIIqecKIIe Monenn. 3To uanpaBnenIIe MbICnII coxpa

HHnOCb no CIIX nop na)Ke B TepMHHOnornn. HanpnMep, ynoTpe6naeTCl'I Tep

MHH nanpa)KeHHHOCTb :,neKTpIIqecKoro nona, XOTl'I "uanparaeTca" OTHIOnh ue 

caMO none II 6bIJIO 6bl npaBIInhHee roBopIITb, CKa)KeM, 0 none uanpH)KeHHOCTII 

:,neKTpIIqecKoro Tnna. 

3aMeTIIM, qTo npn paCCMOTpeHIIII nona KouneucaTopa, B KOTOpOM nIIHeiiuo 

pacTeT TOK cMerueuna, Mhl, cornacuo ypaBueunaM MaKcBenna, non)KHbl roBo

pIITh O TOM, qTo TOK CMeIUeHIIl'I nopo)Kna~T nOCTOl'IHHOe KpyroBoe MarHHTHOe 

none. Ecnn )Ke TOK pacTeT KBanpaTnquo, TO 3TO MarHIITHOe none, B CBOIO 

oqepenb, 6yneT coJnaBaTb Topoo6pa3Hhle noBepXHOCTH nocTOl'IHHOro :,neKTpH

qecKoro nona. TaKnM o6pa3oM, reoMeTpHH 3TOro cnoeHIIl'I 6yneT uanOMIIHaTb 

Ty, qro Mhl MO)KeM coJnaBaTb IICKJCCTBeHHO B CIICTeMax 06'beMn10runx TopoB. 

TaKIIM o6pa30M, nccnenoBaHIIl'I CBOllCTB nocnenHIIX non)KHhl IIMeTb 6onbIIIOe 

<pyunaMeHTa.JihHoe n npIIKnanuoe JHaqeuIIe. 

ABTophl 6naronapHhl MHTIT "<l>yunaMeHTaJibHaH MeTponorIIx" Ja non

nep)KKY 3TOH TeMaTIIKII no cornarneunIO 2.51. 
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