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_l.BBep;emrn 

PaccMoTpIIM oTpa)KeHue Hen:TpOHOB OT, nony6ecKoHe'IHOH o6nacTII c ne

puop;u'leCKIIM IlOTeH~IIaJIOM. Ilpo~ecc OTIIICbIBaeTCJ[ KOacpcpu~ueHTOM OTpa

)KeHIIJ.£ (K.o.), Hau6onee TO'IHOe OHa'IeHue KOTOporo ;a;aeTCJ.£ )];IIHaMII'IeCKOll 

Teopuen: ;a;ucppaK~IIII. OcHOBHbie peoynbTaTbI aTon: Teopuu B npuMeHeHIIII K · 

Hen:TpoHHbIM BOJIHaM ocBe~eHbI B MoHorpacpuHx [1, 2]. 0cHoBaHIIJ£ p;IIHa

MII'IecKon: Teopuu 6bIJIII oaJIO)KeHbI B pa6oTe [3] B npuMeHeHIIII K peHTre-
/ . . 

HOBCKIIM ny'IaM. TO'IHYIO OaBIICIIMOCTb K.O. OT 0HeprIIII HeHTpoHa II xapaK-

Tepa noTeH~IIaJia B o6~eM cny'Iae He y;a;aeTCJ.£ BbI'IIICJIIITb B aHaJIIITII'IecKOM 

Bup;e. _ 0KaobrnaeTcJ.£, op;HaKo, .'i:To B pHp;e cny'IaeB BbICOKoaHepreTII'IecKyro 

aCIIMTITOTIIKY K.O. MO)KHO o~eHIITb c TIOMO~bIO npoCTbIX coo6pa::lKeHIIH. IlpII 

0TOM BbIJ.£CHJ.£eTCJ.£, 'ITO aCIIMTITOTIIKa K.O. oaBIICIIT B OCHOBHOM OT xapaKTepa 

rnap;KOCTII IlOTeH~IIana, a He OT p;eTanen: era CTpyKTypbI. ll;eJib HaCTOJ.£~eii 

pa6oTbI - BbIHBIITb II o6cyp;IITb OTMe'IeHHYIO npocTyro CBJ.£13b Me::iKp;y BbIC07-

K00HepreTII'IeCKOll acIIMTITOTIIKOH K:O: II rna)];K(?,CTbIO IlOTeH~IIaJia BOaII.MO

p;eHCTBIIJ.£ Hen:TpoHa co cpe;a;oii. 

2. CTaHp;apTHbie npII6JimKeHIIJ.£ 

OnIIcaHHbIH BO BBep;eHIIII npo~ecc pacceJ.£HIIJ£ Tpap;II~IIOHHbIM o6paooM 

MO)KeT 6bITb npII6JIII)KeHHO OTIIICaH )];BYMJ.£ OCHOBHbIMII cnoco6aMII: OCHOBbI

Ba.l!Cb Ha IlOH.lITIIII nceBp;OTIOTeH~IIaJia KpIICTaJIJia II paccMaTpUBM TIOTeH

~UaJI KpIICTaJIJia KaK BOOMy~eHue. 

MeTop; nceBp;onoTeH~uana [4] nooBOJIJ.£eT C'IUTaTb noTeH~uan BoauMo

;a;en:cTBUJ.£ Hen:TpoHa c KpucTaJIJIOM cTyneH'IaTbIM. K.o., onIICbIBaro~IIR npo-" 

~ecc, B 0TOM cny'Iae Ha:JbIBaeTCJ[ cppeHeJieBCKIIM. Ilpu BbICOKIIX 0HeprIIJ.£X OH 

( Uo )
2 

RF ~ 4E.L , E.L ~ Uo, 

• ~~ u 

r;a;e E.L = rm, ~ - 1IOCTOJ.£HHM ,IInaHKa, m - ~acca HeIITpOHa, k.L -
nepneHp;IIKYJIHpHM rpaHII KpIICTaJIJia KOMTIOHeHTa BOJIHOBoro BeKTOpa na;a;a

IO~ero Hen:TpoHa. BbicoTa cTyneH'IaToro noTeH~uana 

;,,2 
U0 = 271"- EN;b;, 

m; 

r;a;e b; - ;a;nuHa pacceJ.£HIIJ.£ Hp;pa i-ro copTa, N; - KOH~eHTp~IIJ£ Hp;ep 

i-ro copTa. IIpu6JIII::lKeHue 11ceB1'0TIOTeH~IIaJia cnpaBep;JIIIBO B o6JiaCTII HIIO

KIIX 0Hepruii: 



rµ;e a - nepn:oµ; peweTKll B HanprumeHn:n:, nepneHµ;n:xyn.npHOM K rpaHn:. 

Ecnn: paccMaTpn:BaTb .IIOTeHJ:~n:an KpllCTanna KaK B03MyW.eHn:e, TO ce-qe

Hlle xorepeHTHoro pacceJIHllJI HenTpoHa 6yµ;eT nponop~oHanbHO o6'beMy 

xpn:cTanna. 8ToT noµ;xoµ; He nonBonJieT onn:caTb pacce1mn:e Ha xpn:cTannn:

-qecxoM nonynpocTpaHCTB~, a TaK)Ke 3aHU)KaeT 3Ha'leHn:e llHTeHCllBHOCTll 

6parroBcxn:x nn:xoB npn: pacceJIHllll Ha xpn:cTanne KoHe'!Horo o6'beMa. 

3.O6m.n:n aHanll0 

,Il;n:HaMll'leCKaJI Teopll.!I KOHCTaTn:pyeT Hallll'llle oco6eHHOCTen B 3aBllCll

MOCTll K.O. OT aHeprn:n:., Cym.ecTByIOT o6naCTll OHa'!eHllll l'IHeprnn:, B npeµ;e-

·· -· · .nax KOTOpbIX OTpa)KeHn:e CTaHOBllTCJI IIOlIHbIM, EcTeCTBeHHO IIOC1:'aBllTb B 

cooTBeTCTBn:e. yxaoaHHbIM o6nacTJIM oanpeW.eHHbie aHepreTn:'lecxn:e n:HTep

BanbI crieKTpa co6CTBeHHbIX OHa'leHn:n aHeprn:n: HenTpOHa BHYTPII paccMa

Tpn:BaeMoro nepuo)l;II'lecxoro noTeIIT(n:ana. 

IlpeHe6pe)KeM oTpa)KeHn:eM HenTpoHoB npn: aHepru.nx, npn:Haµ;ne)Kam.n:x 

IIHTepBanaM paopeweHHbIX OOH aHepreTll'leCKllX COCTOJIHllll HenTpOHa BHY-

-Tpll KpIICTanna. 

PaCCMOTpIIM cneµ;yIOlll.llll BbICOKOaHepreTII'leCKllll npeµ;en: 

E1. ~ max I U(x,y,z) I,>.« a, 

rµ;e U(x, y, z) - noTeIIT(uan xpucTanna, .A - µ;nn:Ha Bo~Hhl HenTpoHa, x, y, z 
- µ;exapTOBbI xoopµ;n:HaTbI. OTMeTIIM, 'ITO TO'lHOCTb perIICTpau;im l'IHeprim 

OTpa)KeHHbIX HenTpOHOB KOHe'!Ha. Peann:oyeMbIM Ha axcnepn:MeHTe JIBll.!IeTCJI 

cny'lan, KOrµ;a.aHeprn:JI OTpa.)KeHHOrO HeHTpOHa He MO:lKeT 6bITb oaq)IIKCIIpO

BaHa TO'lHee, 'leM ±~E = const · E. B llHTepBan norpe1~mocTn: µ;eTeK

Topa noaToMy nonaµ;eT B cpeµ;HeM 6onbwoe -qn:cno oanpem.eHHbIX ooH (6par- -c 

. roBCKIIX nn:KOB KoHe'!Hon aHepreTll'!ecxon wupn:HbI). Ilpu nnaBHOM cnexTpe 

naµ;aKJW.IIX HenTpoHoB x.o. MO)KHO B HaweM npn:6nn:)KeHn:II onpeµ;enn:Tb 'lepeo 

OTHoweHIIe wupn:Hhl oanpem.eHHOH ooHbI K wn:pIIHe coceµ;Hen paopeweHHOn. 

,: Ecnn: y'ln:TbIBaTb TOllbKO µ;ByXBOlIHOBbie µ;ucppaxu;uoHHbie npou;ecchl, To 

K.O. npn: yxaoaHHbIX l'IHeprll.!IX IIMeeT Bllµ; 

( 
a )2 lu (21r;,o,o)I 

R=2m -
1r1i n ' 

k1.a = 1rn, n ~ 1, rµ;e 

( 
n ) lj , .,, U 21r~,O,O =v

0 
U(x,y,z)e-211:m;;dxdydz (1) 
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cpypbe-npeo6paooBaHn:e noTeHu;n:ana xpn:cTanna no xoopµ;n:HaTe Bµ;onb 

HOpMann: K ero rpaHn: (ocb x), V0 - o6'beM _ii-qenxu. 3µ;ecb wupn:HbI oanpe

W.eHHbIX :JOH orrpeµ;enmoTCJI peweHn:eM cexymrpHoro ypaBHeHn:JI Bo BTopoM 

nop.nµ;xe Teopn:n: BOOMym.eHnn [5]. 
OcHOBbIBa.!ICb Ha µ;orronHllTellbHbIX rrpeµ;rrolIO)KeHII.!IX OTHOCllTellbHO xa

paxTepa cpyHKD;llOHallbHbIX oco6eHHOCTell IIOTem~uana ll lICIIOllb3YJI CBeµ;e

HllJI O CKOpOCTU y6bIBaHllJI xoacpcpnu;n:eHTOB cf;>ypbe rrpOll3BOllbHOll cpyHKD;llll. 

[6], MO)KHO <;:µ;enaTb naxnro-qeHne o Bllµ;e acuMIITOTUKH cpyHxu;u:n: R = R (E1.) 
npn: 601IbllillX aHeprn:JIX. 

IlycTb µ;nn:Ha BOllHbI HenTpoHa IIOµ;'lllHJieTCJI ycnOBllIO 

b «>.«a, 

rµ;e b - xoopµ;nHaTHbIH MacwTa6 cpyHxu;n:oHanbHoii oco6eHHOCTll noTeHu;n:

ana. Torµ;a n:n (1) cneµ;yeT: ' 

a) ecnn: IIOTeHD;llan coµ;ep)KIIT B ce6e oco6eHHOCTb D-q>yHKD;llOHallbHOro 
1 -

Tn:rra, To R(E1.) ~ E: 2
; 

6) ecnu U (x, y, z) JIBnJieTcJI xyco'lHO-HenpepbIBHon Ha µ;mme rrepn:oµ;ll'l

Hoclrn: Bµ;onb ocn: x, TO R(E1.) ~ E-;_1; 
B) ecnu U (x, y, z) He llMeeT yxaoaHHbIX oco6eHHOCTen, HO cym.eCTBYIOT 
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TO'!Kll paopbIBa ee rrepBbIX rrpon:oBoµ;HbIX, TO R (El.) ~ E: 2. 

,Il;nJI BCeX IIOTeHu;n:anoB, nopJIµ;OK rnaµ;KOCTll KOTOpbIX 6onbwe µ;Byx [6],, 
K.o. Ha'ln:HaeT y6bIBaTb oµ;n:HaKOBO llllll CllllbHee B cpaBHeHllll c RF B TOM )Ke 

llHTepBane µ;nn:H BOllH, ,il;nJI OIIllCaHIIJI OTpa)KeHllJI OT KpllCTallll0B C II~TeHD;ll

anaMll TaKoro Bn:µ;a paccMaTpllBaeMoro rrpn:6m'l)KeHn:JI CTaIIOBllTCJI Heµ;ocTa

TO'lHO. 

4.IlpIIMepbI 

<Pepp0Ma2'H.emu'K: 

IloTeHn;IIan _nonJipllOOBaHHoro HeHTpoHa B n:µ;eanbHOM cpeppoMarH~TllKe 

IIMeeT Bllµ; 

{ 
µH,2ka < x < (2k + l)a 

UJx,y,z)= -µH,(2k + l)a < x < (2k + 2)a, I 
(2) 

rµ;e k = 0, r, ... , µ - MarHllTHbill MOMeHT HenTpOHa, H - MarHHTHOe none 

µ;oMeHa. Ilpeµ;nono)Kn:M, 'ITO paoMep rrepexoµ;Hon o6nacTn Me)Kµ;y coceµ;HnMH 

µ;oMeHaMn: - b - rroµ;'ln:HJieTcJI ycnoBHIO 

b « >.. 
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BhlnonHH.lI BhI'IHcneHll.lI (1) c noTeHQHaJIOM (2), nony'IHM K.o. 

R 
_}:__µH 

µ - 7r E1.. (3) 

PacCMOTpHM cpeppoMarHeTHK )KeCTKoro THna; npHMepoM .lIBn.lIIOTC.lI cnnaBbl 

Ko6aJibTa II cpeppuThI c reKcaroHaJibHOll cTpyKTypoii [7]. ,I(nH K.o. nony'luM 

cneµ;yIOmyIO OQeHKY (B cpaBHeHUH C cppeHeneBCKHM K.o.): 

10-5 < Rµ < 10-3, 10-10 <RF< 10-5 , 1'0-5 < E1. < 10-3_ 
.•' 

3µ;ecb lI µ;anee 3Ha'leHH.lI ;meprHH npHBOp;.lITC.lI B ;meKTpOHBOnbTax._ Ilpeµ;

CTaBHM, 'ITO peanbHblll cpeppoMarHeTUK COCTOHT ll3 Henepnoµ;n'leCKOH co

BOKynHOCTH xaoTH'leCKH opHeHTHpOBaHHbIX Hµ;eanbHbIX cpeppoMarHHTHbIX 

o6nacTeii:. IlycTb Ka,Kp;all H3 HlIX coµ;ep)KHT µ;ocTaTO'IHO 6onbWOe 'IHCno µ;o

MeHOB, 'IT06bl K.O. OT Hee OilHCbIBaJIC.lI COOTHOWeHHeM (3). EcnH npeHe6pe'Ib 

3q><peKTaMn nepepacce.HHHH, TO HHTerpanbHaH HHTeHCHBHOCTb pacceHHHoro 

noTOKa npeµ;cTaBHT co6oii cyMMY HHTeHClIBHOCTeii OTpa,KeHH.lI OT Ka)Kµ;oii 

o6nacTU. B TaKOM npH6llH)KeHHlI no_ny'laeM µ;nH K.O. 

2 ~l. -R(E1.) = -Rµ arctg -- - 1, 
7r Emin 

rµ;e Emin = 10-5 - Hll)KH.lI.lI 3HepreTH'leCKa.lI rpaHiIQa npHMeHHMOCTH Ha-

wero noµ;xoµ;a. 

IloTeHQllaJI nonHpHnoBaHHOro Heii:TpOHa B Hp;eanbHOM cpeppoMarHeTHKe, 

noMemeHHOM BO BHefirnee MarHHTHOe none, KonnnHeapHOe nerKoii: OCH HaMa

rHH'IHBaHH.lI, HMeeT Bnµ;: 

U ( ) · { µH, k (a~+ a2) < x < k (a1 + a2) + a1 
x,y,z = ·-µH,k(a1+a2 )+a1 <x<(k+l)(a1+a2), 

rµ;e ai, a2 - WHpHHbl coceµ;HHX µ;oMeHOB. K.o. B 3TOM cny'lae BHOBb HMeeT 

BHµ; (3), TO ecTb OH He naBHCHT OT Hanp.lI)KeHHOCTlI BHeWHero MarHHTHOro 

non.II - h. 8To onHa'laeT, 'ITO ecnH o6paneQ noMemeH B nepeMeHHoe Ma

rHHTH:oe rione II v ~ Vd ( v = f;;k1., Vd = 1 h - cKopocTb µ;BII)KeHHH µ;oMeHHoii: 

<:TeHKH,· 1 ·_ KOHCTaHTa, naBHcHmaH oT npHpop;bI cpeppoMarHeTHKa) [8], TO 

' K.O. He naBHCHT OT 'laCTOTbI BHeWHero non.II. 

.Haep1we pacce.Jl'/1,Ue 

. Beneµ; na paccy)Kµ;eHH.lIMll [4], IlO3BOn.lIIOmHMll paccMaTpHBaTb 8- o6pa-

3HbIH noTeHQuan KaK BOnMymeHue, Haiiµ;eM Bllp; K.O. µ;nH cny'IaH BnanMoµ;eii:

CTBll.lI He,iiTpoHa C Hµ;paMH KpllCTaJina. B 3TOM cnyqae IlOTeHQllaJl BnanMO-

p;eHCTBll.lI 

. (-) t,,2 "\"'. (--t --t) U r = 21r- L,;b;8 r - r; , 
- m i 

4 

i 

l 
.if'! ,, 
I 

jr 

/. 
l 
iJ 
-l 

~ '. i1 

ii. 

! 
! 
J 

rµ;e b; - µ;nHHa pacce.lIHll.lI i-ro Hµ;pa B .lI'leii:Ke, ~ = {x, Y, z }, a cyMMHpOBa

HHe npoBoµ;uTc.lI no Hp;paM oµ;Hoii: H'leii:Kn. K.o. npn aToM 

_ 2 >.a IF ( 21r;, 0, 0) I 
R- v; . 0 ' 1r o sm 

rµ;e 0 - yron Bp3rra [2], a 

F ( 21r~, 0, 0) = ~ b,e-2
"in=} 

- CTpyKTypHblll <paKTop, x, - KOopµ;HHaTa l-ro Hµ;pa. YrnoBa.lI wnpIDia y'la

CTKa nonHoro OTpa)KeHH.lI B HaweM npu6nn)KeHllll HMeeT BHµ; 

6.0 = ~ >. 2 ..__IF-'-( 2_1r ;_, o_, o~) I 
1r Vo sin20 · 

8To COOTHOWeHne nonHOCTbIO COBnaµ;aeT c Bbl'IHCneHll.lIMll ,I(apBHHa, npu

MeHeHHbIMll K HeHTpOHaM [2]. ,I(nH oµ;HoaTOMHoro KpHCTanna 

Rs= 2 ab>. . 
1r Vo sin0 

B 'laCTHOCTll, µ;nH Meµ;u HMeeM cneµ;yIOmne OQeHKll: 

10-s <Rs< 10-4, 10-26 <RF< 10-1s, 10-s < E1. < 103. 

3µ;ecb BepxHH.lI rpaHHQa npnMeHHMOCTH no aHeprnn o6ycnoBneHa Heo6xoµ;u

MOCTbIO paccMaTpnBaTb TOnbKO s-pacce.lIHHe. 
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5.3aKJUO'!eHIIe 

,II;mr lllIIpoKoro Krracca noTeHQIIarroB B:JaIIMOp;eHCTBIIJI HenTpoHa C KpIICTM-

1IOM npIIBeµ;eHbI KpIITepIIII onpeµ;erreHIIJI HHTepBarra BbICOKIIX :JHa'9:eHIIH aHep

rIIii:, B npeµ;errax KOTOporo KoacpqlIIQIIeHT OTpa)KeHIIJI Ha MHoro npeBOCXOp;IIT 

:JHa'!eHIIe cppeHerreBcKoro. IloBbillleHIIe KOacp<pIIQIIeHTa OTpa)KeHIIJI CBJI:JaHO C 

cy~eCTBOBaHIIeM nanpe~eHHbIX :JOH B cneKTpe cocTOJIHIIM Heii:TpoHa BHYTPH 

KpIIcTarrrra. Koacp<pHQIIeHT OTpa)KeHIIJI Il1IaBHO :JaBIICIIT OT aHeprIIH ( K '!eMy 

npIIBOp;IIT npoQeµ;ypa ycpeµ;HeHIIJI no IIHTepBarry norpemHocTII µ;eTeKTopa). 

,Il;rrJI crryqaJI ·noTeHQIIMOB cpeppoMarHIITHblX µ;oMeHOB II JIµ;epHoro norry•reHbI 

npocTbie cpopMyrrhl µ;rrJI KoacpcpIIQHeHTa OTpa)KeHIIJI II npHBep;eHbI '!HC1IeHHbie 

oQeHKII aq>cpeKTa. Ilocrreµ;Huii: 6yµ;eT BonpacTaTb µ;onorrHHTerrbHO npH y'!eTe 

OTpa)KeHIIJI OT panpemeHHbIX :JOH. 8TII OQeHKH IlOKa:JbIBaIOT, 'ITO OTpa)Ke

HIIe Heii:TpoHOB B o6rracTII aHepruii:, µ;nH KoTopoii: cnpaBeµ;rrIIBbI npeµ;rrarae

Mble COOTHOllleHIIJI, MO)KeT 6bITb o6Hapy)KeHO aKcnepIIMeHTa1IbHO. 

Y'!eT oTpa)KeHIIJI OT panpemeHHbIX noH yBerrH'!HBaeT □Ha'!eHHe KoacpcpH

QIIeHTa OTpa)KeHIIJI, HO He B1IIIJieT Ha nopHp;OK ero Be1IH'!IIHbI. 

Pa6oTa BhlnorrHeHa npu •racTH'!Hoii: noµ;µ;ep)KKe Pocc11ii:cKoro cpoHµ;a cpyH

µ;aMeHTarrbHbIX uccrreµ;oBaHIIH (Koµ; npoeKTa N 93-02-2535). 
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