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Hcxo~HOH npe~noc~nKoH Mo~enH CTPYKTYP~ 3neKTpoHa H M~oHa 
npHMeM YHHBepCaflbHOCTb H3BeCTHOrO KBaHTa MarHHTHOrO nOTOKa, 
06HaPY*eHHOro npH HCCfle~oBaHHH MaKpOCKOnH4eCKHX CBepxnpoBO~~-

IT'fi c 6 8 -7 I U4HX KOflel.l. T04Hee, ero 3Ha4eHHe <llo=-=2,0 7 5x1Q CHCTe-
e 

Ma e~HHHLI rayccoea/ 6y~eM c4HTaTb cnpaee~HB~M H ~n~ nenToHoe. 
Heo6xo~HMOCTb y4eTa a TeopHH CYI.l4eCTBoeaHH~ KBaHTa 3neKTPH4ec
Koro 3ap~~a e =4, 803242x 1 (} 10, 3KBHBaneHTHOro KBaHTY nOTOKa 
BeKTOpa Hanp~*eHHOCTH 3fleKTPH4eCKOrO non~ CKB03b OXBaT~Ba~-
114Y~ 4aCTHLIY 3aMKHYTY~ noeepXHOCTb 0 onpe~eneHHO yKa3~BaeT Ha 
He MeHbWY~ Ba*HOCTb ~fl~ TeopHH cne~CTBHH, B~TeKa~U4HX H3 HanH-
4H~ B npHpO~e B~WeynOM~HYTOrO KBaHTa MarHHTHOrO nOTOKa. 

6y~eM TaK*e npe~nonaraTb, 4TO 3ap~~ 4aCTHI.I~ paBHOMepHO 
pacnpe~eneH no KOflbl.leBOH TOPOH~aflbHOH noeepXHOCTH C 60flbWHM 
pa~HYCOM TOpa R H Mafl~M pa~HYCOM Kpyrosoro Ce4eHH~ KOflbl.la 
Po , npH4eM Po « R. 

Cy114eCTBeHH~M ~en~eTc~ TaK*e npe~nonaraeMoe HanH4He nocTO~H
HOH a3HMyTaflbHOH CKOPOCTH 3ap~~a, paBHOH CKOPOCTH CBeTa c. 
O~HHM H3 apryMeHTOB a nonb3Y 3Toro npeAnono*eHH~ RBn~eTc~ pa
BeHcTeo CHfl 3fleKTPOCTaTH4eCKOrO pacTanKHBaHH~ 3apR~a H ero 
MarHHTHOrO CT~rHBaHH~, HanpaeneHH~X B~Oflb HOpMaflH K noeepXHOC
TH TOpa. 803MO*HO TaK*e, 4TO B~TeKa~ee H3 TeOpHH ~HpaKa 
11~PO*aHHe11 3fleKTPOHa CO CKOPOCTb~ C B ~eHCTBHTeflbHOCTH ~Bfl~eT
C~ 3THM ynop~~04eHH~M a3HMyTaflbH~M ~BH*eHHeM ero 3ap~Aa. 8~-

6epeM 1.1HflHH~pH4eCK~ CHCTeMy KOOPAHHaT C Ha4aflOM B l.leHTpe 
KOflbl.la H OCbiO Oz, HanpaeneHHOH no OCH ero CHMMeTpHH. 

HTaK, B COOTBeTCTBHH C nepB~M npe~nOflO*eHHeM MarHHTH~H no
TOK <II, C03~aeaeM~H B~WeynoM~HYT~M a3HMyTaflbH~M TOKOM, B 3fleKT
pOHe H MIOOHe B~pa•aeTC~ B BH~e 

(± M =0,1,2, •.• ), /1/ 

a cyMMapH~H 3fleKTpH4eCKHH 3ap~~ Ha Ka*AOM KOflbl.le paBeH e. 
noflb3Y~Cb H3BeCTH~MH B~pa*eHH~MH BeKTOpHoro noTeHI.IHana KOflb

l.leBoro TOKa A¢(r, z)o cKan~pHoro noTeH1.11o1ana H cocTasn~~Hx 
Hanp~*eHHOCTH MarHHTHOrO H 3fleKTPH4eCKOrO noneH 1\ ,}{ z • lj; r • lj; z 
4epe3 nonH~e 3nnHnTH4eCKHe HHTerpan~, ~~ 6nH3KOH K nosepx
HOCTH TOpa OKpeCTHOCTI-1 nony4aeM Cfle~YIOI14H~ npH6fllo1*eH~e ~OpMy

fl~ Afl~ A¢, a TaK*e ~~ eenH4HH eeKTopos IJ< I=}{ H I & 1 = & : 

I 

Ei~GnV10TEKA 



I 

J R } A,1_(p) = 2 -·(ln- + 0,0794), 
¥' e p ( 

,p ~Po), 
J:" 2J 

J{(p) = l9(p):::: --. 
ep 

/2/ 

/3/ 
rAe p- pacCTORHHe aT OKPY>KHOCTH paAHYCa R, pacnono>KeHHO~ e 
3KBaTOpHailbHO~ nilOCKOCTH Tapa C ~eHTPOM B Ha4ane .KOOPAMHaT; 
J - a3HMyTailbHbiH TOK B KOilb~ax. 

Hs 3IleKTPOAHHaMH4eCKMX COOTHOWeHHH, CBR3biBaiOUIHX MarHHTHbiH 
MOMeHT 4aCTH~ IL , TOK J H paAHYC R, HaXOAHM 

1.!=1_77~ 
e 

OTKYAa 

R -11L - e . 
J 
e 

J e _.., __ . 
e 277 R /4/ 

e2 ---. 
477u /51 

TorAa MarHHTHbiH noTaK, npaHH3b1BaiOIIIH~ KOilb~o <1>=2"RA<f>(p
0
),6y

AeT paeeH • 
R <I>:: 2 e(ln- + 0,0794) .. M<t>

0 
. 

Po !61 
Hs nocneAHero BbiTeKaeT Bblpa>KeHHe AilR cneKTpa AOnycTHMbiX 

AHCKpeTHbiX 3Ha4eHHH ln ~ : 
R <l>o . Po 

ln - .. M - -0 0794 
Po 2e ' ' 

6espa3MepHbiH KBaHT KOTOporo eCTb 
<l>o 
26 =215,2557. 

171 

BK~aA 3IleKTPOMarHHTHoro nonR e 3HeprHIO noKoR E0 cocTaenReT 

E0 = 8~ ( (J< 2 
+ f> 2

)dV. /8/ 

B COOTBeTCTBHH C /3/ OH npeACTaBHM B BMAe 
I 

, e2 RM R'J 
E0 =--(ln-+ln- ), 

277 R Po Po 
/9/ 

TaK KaK cyllleCTByiOT TaKHe 3Ha4eHHR eenM4HHbl RM M R'J pasMepHocTH 
AilHHbl, noAcTaHoBKa KOTOpblx e /9/ AaeT T04Hoe 3Ha4eHHe E0. 

4To6bl o6ner4HTb noHHMaHHe pesynbTaToe AailbHel-1wero paccMoTpe
HHR, BOCnOilb3yeMCR TeM 06CTORTeilbCTBOM, 4TO noAaBilRIOlllaR 4aCTb 
HHTerpana /8/ COAep>KHTCR B o6naCTM MailbiX p, 4TO AaeT OCHOBa
HHe npM6IlH>KeHHO nOilO>KHTb 

RM- R~- R. 
TorAa 

E , r!- 1 R ane o•--R n-=M---
77 Po 4~.t 

3 
0,0794 _

2
e = M e~~ 
77U 41.! • 

/9'/ 
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HeKeaHTOBaHHOe cnaraeMoe e npaeoi1 4aCTH /9'/ onyllleHo, TaK 
KaK era MOAYilb npM M > 0 COCTaBilReT < 4x10-4 OT MOAYilR OCHOBHQ
ro 4IleHa. 

Bb14HCileHHe MexaHH4ecKoro MOMeHTa /cnHHa/ s 4aCTH~bi,KOTa

Pbli1, 04eBHAHO, paBeH npOH3BeAeHHIO BeilH4HHbl paAHyca KOilb~a 

P., Ha KOTOPOM COCPeAOT04eH 3aPRA, H noneeoi1 4aCTH MMnYilbCa 
3apRAa p B 3TOM >Ke MeCTe, C y4eTOM /5/ H /7/ AaeT 

e e2 R tl 
s = R. - A,~. (p 0 ) = - (ln - + 0,0794) = M -

2 
• 

e ¥' 77 e Po 
/10/ 

0TCIOAa cneAyeT, 4TO see 4aCTH~bl co cnHHOM ~ AOil>KHbl xapaKTepH

soeaTbCR KBaHTOBbiM 4HCilOM MarHHTHoro noToKa M=1. 3Ta o6ycnoe-

IleHHaR MOAeilbiO KpaTHOCTb 
HbiH onTHMH3M. 

1\ 
cnHHa eenH4HHe 2 Bbl3bleaeT onpeAeneH-

Ho o6naAa10111aR MexaHH4ecKHM MOMeHTOM 4aCTH~a noMHMo 3HeprHH 
nonR 191 HilH /9'/ o6naAaeT TaKme Ao6aeo4Hoi1 3HeprHei1 noKOR 
E0 3a C4eT epallleHHR, paeHOH BBHAY CBeTOBOH CKOpOCTH sapRAa 

E " ane 0 =Pe=M-. /11/ 
41.! 

nonHaR 3HeprHR noKOR 4aCTHUbl, TaKHM o6pa30M, OKa3b1BaeTCR 

paBHOH «:lne 
, E"- M --E0 = E 0 + o - 2~.t (M=l). /12/ 

A paspeWHB /12/ OTHOCHTeilbHO MarHHTHOfO MOMeHTa 1L, HMeeM 

e 1t e 1.!=--=-S, 
me 2 me /13/ 

OTKYAa nony4aeM npaBHilbHOe KBaHTOBOMexaHH4eCKOe OTHOWeHHe 

IL e 
-s= me· /14/ 

XapaKTepHo, 4TO KBaHTbl 3HeprHH noKoR 
0
E0 AilR ecex 4eTblpex 

nenTOHOB B /12/: 

OEO = ~e • /15/ 

nopa3HTeilbHO 6nH3KH K 3KCnepHMeHTailbHbiM 3Ha4eHHRM HX 3HeprHH 
noKoR H cocTaenRIOT 0,51041 M3B AilR 3IleKTpoHa H 105,533 M3B 
AilR MIOOHa. npaeAa, H3-3a AOnyllleHHOrO HaMH BbiWeynOMRHYTOrO 
npH6IlH>KeHHR B /9'/ COBnaAeHHe 3TO nOKa Hei1b3R C4HTaTb T04HbiM. 
YT04HeHHoe Bbi4HCileHMe /8/ AilR e± H I.L± 6blno npoAeilaHo Ha 3BM. 
4aCTb HHTerpana no o6nacTH, npHMbiKaiOUieH K noeepXHOCTH KOilbUa 
Po s. p ::; 1 o-6 R, Bb14HCilRI1aCb aHai1HTH4eCKH' a BHe Tapa p = 1 o-6 R -
4HCI1eHHO. 
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npeiKAe 4eM np11aecnt Ta61li1~Y Bbi411CileHHbiX Ha OCHOBe npeAila-
v + + 

raeM011 MOAell11 napaMeTpOB e- 11 ~-. nOA4epKHeM, 4TO 11CXOAH~MI1 

6 rr~c 
AllR Hee bllll1 YHI1BepcallbHbte <IJI13114eCKI1e KOHCTaHTbl1\,c,e, 1> = --

0 e 
11 ABa 3KCnepi1MeHTallbHO 113MepeHH~X 3Ha4eHI1R MarHI1TH~X MOMeHTOB 
31leKTPOHa 11 M~OHa, paBH~e COOTBeTCTBeHHO 9,28485x10-~ 1 M 

4,49062x10-23 . noArOH04H~e napaMeTp~ B MOAelll1 OTCYTCTBY~T. 
npeAnOilaralli1Cb lli1Wb o6~11e CTPYKTypH~e oco6eHHOCTI1 4aCTI1~: 
a/ TOPOI1AallbHaR CI1MMeTp11R; 6/ OAHOPOAHOe pacnpeAelleHI1e 3aPRAa 
no noaepXHOCTI1 TOpa; B/ paBeHCTBO CKOpOCTI1 a3MMyTallbHOrO 

AB111KeHI1R 3apRAa CKOpOCTI1 CBeTa, 

Pac4eTHbte 3Ha4eHMR M,s,E 0 ,R,ln.J!_, p 
Po o 

J 
11 -C AaHbl B 

Ta61l11~e. 
,L\IlR T -llenTOHa ,· 113BeCTHaR 3KCnepi1MeHTallbHaR 3Hepri1R nOKOR 

KOToporo E 0 =/1784+4/ M3B, npeACKa3~aaeM~~ MOAellb~ MarH11TH~~ 
MOMeHT ~T eCTb ~r-=2,65x10- 24 3pr/rc. noMI1MO YIKe OTMe~aawe
rOCR COBnaAeH~R B~411CileHH~X cn~HOB C 11X 3KCnepMMeHTallbH~MI1 
3Ha4eHI1RMM BI1AHO 11 COBnaAeHI1e Mace nOKOR e± 11 ~± He XyiKe 

0,12%. 3TO MOIKeT CllYIKI1Tb OCHOBaHI1eM AllR YTBePIKAeHI1R, 4TO, 
nO-B11AI1MOMy, np11p0Aa Mace nOKOR BCeX llenTOHOB nOilHOCTb~ 31leKT

pOMarHI1THaR. 3TO IKe yTBePIKAeHI1e 0 npl1pOAe Mace~ M~OHa 6~1l0 
CAellaHO 6apyTOM/1!, 

PacnpeAelleHI1e MaCCbl, 3apRAa 11 MarHI1THOrO MOMeHTa OKa3allOCb 
AO HeKOTOpO~ CTeneHI1 aHallOri14H~M napTOHHO~ MOAell11 aApOHOB, 
Bee yKa3aHH~e xapaKTepi1CTI1KI1 CKOH~eHTpl1poaaH~ /npaaAa, He 
B T04KaX/ B 4pe3Bbl4a~HO MallO~ OKpeCTHOCTI1 OKPY>KHOCTI1 paA11YCa 

R. 6ollbwoA paA11YC 31leKTPOHa R8 =3,87x10- 11 cM, Ha nepe~A a3rllRA, 

napaAOKCallbHO Bell11K. 0AHaKO YHI1KallbH~~ no Belli1411He MarH11TH~~ 
MOMettT 31leKTpOHa He MOr 6bl 6b!Tb C03AaH C nOMO~b~ AaiKe CBeTOBO~ 
CKOpOCTI1 ynopRA04eHHOrO AB111KeHI1R CYMMapHoro 3aPRAa e np11 Ma
llOM xapaKTepHOM pa3Mepe 4aCTI1~bl, ~3 He CBR3aHHOrO C MOAellb~ 

COOTHOWeHI1R HeonpeAelleHHOCTeH TaKIKe ClleAyeT, 4TO xapaKTepH~H 

pa3Mep 2R ll~6oA 4aCTI1~~ AOiliKeH YAOBileTBOpRTb B~pa1KeHI1~ 

2R ~ 1\c 
pc /16/ 

/p - xapaKTepH~~ 11MnyllbC BHyTpeHHero AB111KeHI1R/ •. BB11AY TOro, 

4TO 113BeCTHOe 113 TeOpl111 ,L\11paKa 1 ~pOIKaHI1~11 AaiKe nOKOR~erOCR 
31leKTPOHa 11MeeT MaTeMaTI14eCKOe OIK11AaHI1e onepaTOpa CKOPOCTI1, 

paaHoe c , AllR Hero 

1\c 86 -11 2R>... --
2
- =3, •10 CM. 

me 

MarHI1TH~e 11HAYK~I111 a paccMoTpeHH~x KOilb~ax-4aCTI1~ax 

lli1K11 /y noaepXHOCTI1 TOPOB -10 100 rc B 31leKTPOHe 11 
B M~OHe, a B ~eHTpe KOlle~ - COOTBeTCTBeHHO 3,2•1011 

4 

CTOilb ae
-10109 rc 

rc 11 

,. 

I 

I 
'• 

·. '. 

:l; j 

~~ 
( 

t~ 
~ 

l 

Ta6nu~a 

l!ae-
ln ~ J 

TH~a M 8 Eo/M3B/ R /eM/ Po Po /eM/ c 

e± I h 
20,51162 3,866xl0-l1 215,18 I ,37xi0-

104 
I, 97 

h 
I ,870xi0- 13 6,64xlo- 107 408,8 ~~ I - 105,782 215,18 

2 

± . h 1f 1784,0 I, I xl 0 - 14 
215,18 3, 9xl0 - 108 6900,0 

1 ,37x10
16 

rc/, 4TO KOPOTKOAeHCTBY~~ee B3a11MOAeHCTBI1e TaKI1X 
KOile~-MarHI1THbiX MOMeHTOB cnoco6HO o6yCilOBI1Tb C111lbHOe B3ai1MO

AeHCTBI1e, B cy~HOCTI1 3TO yiKe 6~1lo noKa3aHo 6apyTOM 11 Kpay
coM~1 npOAeMOHCTp11pOBaBWI1MI1 TeopeTI14eCKI1 C noMO~b~ BBeAeHI1R 

HeKI1X' 3<IJ<IJeKTI1BHbiX noTeH~11arlOB B3ai1MOAeHCTBI1R aHOMallbHOro Mar

HI1THOrO MOMeHTa llenTOHa C nolleM HenOAB111KHOrO aHT111lenTOHa 803-

MOIKHOCTb B03HI1KHOBeHI1R pe30HaHCOB C xapaKTepH~MI1 pa3MepaMI1 

aAPOHOB, 
BepoRTHo, RAePH~e Cl11l~ TaKIKe o6ycllOBileH~ a3ai1MOAeAcTB11eM 

MarHI1THbiX MOMeHTOB HYKilOHOB /XOTR paCCMOTpeHHaR npOCTeAWaR 
KOilb~eaaR MOAellb CTpyKTYP~ AllR npOTOHa OKa3allaCb He BnOilHe 
nOAXOAR~eA, paCC411TaHHaR Ha ee OCHOBe 31leKTpOMarHI1THaR Macca 

nOKOR COCTaB111la lli1Wb - 336 M3B/. 

noclleAHee nOATBepiKAaeTCR ClleAY~~eA BaiKHOH oco6eHHOCTb~ 
CTPYKTYP~ RAep. Bo acex RAPax 4eTHaR 4aCTb HYKilOHOB acerAa 
AOnycKaeT pa3611eHI1e Ha nap~: npOTOH-HeHTpOH, npOTOH-npOTOH 
11 HeATpoH-HeHTPOH, I1~6aR 113 KOTOP~X 11MeeT aHTI1napallllellbH~e 

MarHI1TH~e MOMeHTbl, 3apRAOBO He3aBI1C11MOH RBilReTCR B3ai1MHaR 
Opl1eHTa~I1R B yKa3aHH~X napax 11MeHHO MarHI1TH~X MOMeHTOB, TOrAa 

KaK Cni1H~ B HI1X 6~Ba~T 11 aHTI1napallllellbH~MI1, 11 napallllellbH~MI1 

/KaK B AeHTPOHe/. 3To 3Ha411T, 4TO B3ai1MOAeHCTBI1e MarHI1TH~X 
MOMeHTOB MOIKeT 6~Tb A11HaMI14eCKI1M <IJaKTOpOM, o6ycllOBili1Ba~~I1M 

Cl11lbHY~ CBR3b, 
KpoMe Toro, ecTb coanaAeHI1e 3aB~CI1MOCTI1 oT paccTORHI1R MeiKAY 

4aCTI1~aMI1 RAePHbiX Cl11l 11 B3ai1MOAeHCTBI1R B3ai1MHO aHTI1napallllellb

H~X MarHI1TH~X MOMeHTOB, C03AaBaeM~X KOilb~eB~MI1 TOKaMI1 C COBna
Aa~~11MI1 3KBaTOp11allbH~MI1 nllOCKOCTRMI1 KOlle~. nerKO nOHRTb C no
MO~b~ 113BeCTHOro B~paiKeHI1R 3Heprl111 B3ai1MOAeHCTBI1R ABYX MarHI1T
H~X MOMeHTOB, 4TO np11 paCCTORHI111 MeiKAY KOilb~aMI1 r, TaKOM, 

4TO r >_2 R, npo11CXOAI1T KOPOTKOAeAcTey~~ee np11TR1KeH11e 1- rla I 
Eclll1 IKe r =0, TO Ha61l~AaeTcR Cl11lbHoe OTTallK11BaHI1e. B o61laCTI1 

0 < r < 2R C B03paCTaHI1eM r 0TTallKI1BaHI1e nepeXOA11T B npi1TRIKeHI1e. 
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TaK~M obpa3oM,nOHRTHO, no4eMy ~MeHHO aHT~napannenbHaR op~eHTa
~~R MarH~TH~X MOMeHTOB o6ycnoen~eaeT ~X CHnbHY~ CBR3b. 3AeCb 
CHapymH HaXOAHTCR He 6apbep OTTanKHBaHHR, KaK 6~no 6~ B cny4ae 
napannenbH~X MOMeHTOB, KOTOp~A Aenan 6~ CBR3b HeB03MOmHOA, 
a aoHa cHnbHoro npHTRmeHHR. 

B ceeTe 3THx npeAcTaeneHH~ ecTeCTBeHHa ~ HeKoTopaR HeaA
AHTHBHOCTb MarHHTH~X MOMeHTOB, KOTOpaR, HanpHMep, B Ae~TPOHe 
cocTaenReT OKano 2%. KeaHTOBaHH~M~ e HYKnoHax ocTa~TCR Mar
HHTH~e OOTOKH, a MOMeHT~ H3-3a B3aHMO~HAYK~HH H3MeHR~TCR. 

6~no 6bt He06oeKTHBH~M He ynOMRHYTb 0 cneAY~~e~ Oco6eHHOCT~ 
npeAnOmeHHO~ MOAenH, KOTOpaR MOmeT 6btTb ~HTepnpeTHPOBaHa 
ABORKO. B XOPOWO ~ccneAOBaHH~X CTa~HOHapH~X KBaHTOBOMeXaH~-
4eCKHX CHCTeMaX, HanpHMep, B aTOMe BOAOPOAa Hn~ B CBepxnpo
BOAR~HX MaKpOCK00~4eCKHX KOnb~aX B Ha~HH3WeM COCTORHHH 
In =1 AnR BOAOPOAa H M =1 Ami KOnb~a/ ,AnHHa eonHbl Ae 6po~nR 
COOTBeTCTBeHHO AnR 3neKTpOHa H COCTOR~e~ HX ABYX 3neKTPOHOB 
KBa3H4aCTH~~. B~4~CneHHaR no MaTeMaT~4eCKOMY Om~AaH~~ onepa
TOpOB ~Mnynbca, B T04HOCTH pasHa AnHHe OKpymHOCTH C 6opOBCK~M 
paAHYCOM H paAHYCOM KOnb~a COOTBeTCTBeHHO. B TO me BpeMR 
3Ta An~Ha BOnH~ 3apRAa e B Hawe~ MOAen~, COOTBeTCTBy~~aR 

~MnynbCY ~Aq}Po) H3/10/, COCTaBmleT He2TTR, a 4TTR. 

CKenTH4eCK~ HacTpoeHH~A 4HTaTenb e CBR3H c 3T~M enpaee 
pac~eHHTb 3TO KaK TPYAHOCTb MOAen~. 0nT~M~CT, Hao6opoT, 
MOmeT AYMaTb, 4TO B 3neMeHTapHbiX 4aCT~~ax OCy~eCTBnROTCR CTOR-
4~e eonH~ Ae 6po~nR. 

B aaKn04eH~e C4HTao npHRTHbtM ADnroM np~HeCT~ HCKpeHHOO 6na
~oAaPHOCTb O.A.AneKcaHApoey, A.M.6anA~Hy, B.r.KaAbtweecKoMy, 
B.H.ny~~Koey, B.A.Caee~HY ~ H.M.WenoH~eey sa npoReneHHbl~ 
6naromenaTenbHbl~ ~HTepec K pa6oTe, A~cKycc~H ~ noMO~b. 
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