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OBIIl;A.ff XAPAKTEPMCTMKA PABOThI 

AKTYaJibHOCTb npo6JieMbl. B llTore llHTCHCllBHbIX llCCJiep;oBaHnii BOa

llMOCBllOH cnepxnpOBoµ;.11rn.nx rnoiicTB. n xpncTarrrrnqecxoii cTpyKTyphl B 

Tpaµ;nqHOHHbIX HHOKOTeMrrepaTypHbIX CBepxrrpOBO)];HHKaX )];OCTllrHyTbI orrpe

µ;eneHHble ycrrexn B IIOHHMaHHH crreqmpHKH cpOHOHHOro MexaHHOMa CBepx

IIpOBO)];HMOCTll. B qacTHOCTH, TaK HaobrnaeMoe "0MrrnpnqecKoe rrpaBHJIO" 

yTBep2Kp;aeT, 'ITO qeM BbIIIIe cTerreHb CTPYKTypHoii HeycTOH'IHBOCTH, TeM 

BhlIIIe TeMrrepaTypa rnepxrrpOBoµ;.11rn.ero rrepexoµ;a Tc [1]. Cpeµ;n noBe

CTHhIX HllOKOTeMnepaTypHbIX CBepxnpOBO)];HHKOB nan6orree BbICOKHe OHa

'ICHIDI Tc ( oT lOK µ;o 23K) nMeIOT HHTepMeTanJIH)];hl n xnMH'IecKne coeµ;n

HeHIDI Ha OCHOBe nepexop;HhlX MeTanJIOB. TumI'IHhlMH npeµ;cTaBHTCllllMH 

OTHX -KJiaCCOB CBepxnpOBO)];HllKOB .llBJI.llIOTC.ll coeµ;nHeHIDI co CTPYKTypoii 

A15 nrrn NaCl , TaKJKe cpaobl JlaBeca. Cyrn.ecTBYIOT np.llMhle 0xcrrepn

MeHTan1>uble µ;oxaoaTCJibCTBa Toro, 'ITO B 60JibIIIHHCTBe OTHX coeµ;nueHHH, 

KpOMe TaKHX oco6eHHOCTeii KaK µ;ecpeKThl, CTpyKTypHhlH 6ecrrop.lll];OK, co-_ 

cyu\eCTBOBaHH.ll paoHhlX cpao n T.µ;. na6nroµ;aroTC.H CHJil,Hhle anrapMOHH

qecxne ocpcpeKTbl pemeTKH. Ba:lKHOCTb 0cpcpeKTOB aurapMOHHOMa B orrpe

µ;erreunn_ CBepxrrpOBO)];.lllll.llX CBOHCTB rroµ;qepKHBaJIOCI, B paoHhlX pa6oTax 

( CM., uaupnMep, [2]). TeopeTH'ICCKOe paCCMOTpenne OTOro BOIIpoca, B 

qacTHOCTHt IIOOBOJIHJIO o6'b.llCHHTI, aHOManbHbIH HOOTOIIH'ICCKHH ocpcpeKT 

B CHCTeMe PdHz [3]- [4]. 

B IIOCJieµ;Hee BpeM.ll _ Ha6rrroµ;aeTC.ll IIOBhlIIIeHHhlH HHTepec K 0<pcpeKTaM 

aurapMOHHOMa. cha o6ycnoBJICHO, c O)];HOH CTOpOHhl, TeopeTll'ICCKHM no-
' ' . 

HCKOM OCHOBHoro MexaHHOMa cnapHBaHIDl 0JICKTPOHOB B xynepOBCKHe naphl 

B ueµ;a.nuo OTKphlThlX MCTaJIJIOOKCH)];HhlX BhlCOKOTeMrrepaTypHhlX CBepx-

l 



npoB0!];HHKax (BTCil) co cTpyKTypoii nepoBCKHTa. B -qacTH0CTH B pa-

6oTe [5] 6bIIIO TeopeTH"<J:eCKH JI0Kaoatto, "<ITO BCJaHMOµ;eiicTBHe oJieKTpo

HOB c CHJibHOaHrapMOHH"<J:eCKHMH KOJie6aHH.lIMH perneTKH MOLKCT npHBC

CTH K oaMeTHOMY ITOBbIIIIeHHIO Tc, IloCJie oTKpbITH.lI BTCil B McTanno-

0KCHl];HbIX coeµ;nHeHH.lIX co CTpyKTypoii nepOBCKHTa [6] Ha OCH0Be pa-

60Tbl [5] 6blna npeµ;no:iKeHa anrapMOHH"<IecKaJI Moµ;enL BTCil [7]. B OTOH 

pa6oTe 6bIJIO rroxaoaHo, "<ITO BOaHMOµ;e:iicTBHe 0JieKTpOH0B c HH0Krnmep

rcTH"<J:eCKHMH, cmn,HoanrapMOHB"<J:eCKllMH KOJie6aHH.SlMB HOHOB KHCll0poµ;a 

Ha onpeµ;eneHHI,IX yonax pemeTKll B MeTaJilIOOKCH!];HI,IX CBepxnpOBOj:\HBKax 

np1rneµ;eT K yBeJIH"<IeHHIO oqiq>eKTHBHoro oneKTpoH-oneKTpmrnoro npBTJI:lKe

HH.H. Iloµ;o6u1,1e nµ;en BbICKaDbIBaJIBCI, TaK:lKe B pa6oTax µ;pyrnx aBTOpOB 

[8, 9]. Oµ;HaKO 60lll,IllllHCTBO 0THX pa6oT 6blllll BblIIOlIHeHbI na Ka"<J:eCTBCH

HOM ypoBne H orpaHH"<J:IlBalIHCb pacCMOTpenneM Tc, 

C µ;pyroii CTOpOHhl, 60JiblllOe KOllB"<J:eCTBO oxcnepnMCHTaJibHbIX pa6oT, 

nocB.lllll,eHHhlX ABHaMHKe perneTKB B porrB pemeTO"<IHhlx noo6y2Kµ;ennii B 
. . 

cnepxnponoµ;HBKax noKanbIBaroT µ;rr.H 6orr1,mnHCTBa MeTanrrooxcnµ;nhlx BTCTI 

HaJIH"<J:He anrapMOHll0Ma B KOJie6aHH.lIX H0HOB KHCllOpoµ;a, anoMam,noe no

Beµ;eune HOOTOIIH"<J:eCKOro oq><pCKTa, a TaI<:lKe npnoHaKH CBJibHOH 0JieKTpOH

<pOHOHHOH crumn, B "<J:aCTHOCTH, 6on1,rnoe 0Ha"<IeHHC 111,eJIH II 60JibIIIHC xpn

TH"<ICCI<He IlOIDI. 

IlooToMy npeµ;cTaBJl.![eT HHTepec noy-qeune CB.lion perneTo"<Iuoro anrap

MOHH0Ma co CBepxnpoB0!];.Hlll,HMH CBOHCTBaMB B TaKHX MaTepnarrax. 

B nacTo.llw;e:ii µ;BccepTa:a;nn noCJieµ;onaTeJibHo BCCJie}1yeTC.ll Bllll.lIHne an

rapMounoMa ua TaKne cBepxnpoB0!];.lllll,He cnoiicTBa, KaK Tc, oooTorrn-qe

CKB:ii oq>q>CI<T' Bepxnee KpllTH"<J:eCK0e norre H ouepreTH'ICCKa.H 111,CJII, B paM

xax TeopHii CHJibHOH CB.HOH. Ha npuMepe CBepxnpoB0!];.llUJ;HX rnµ;pnµ;oB ne-
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peXO)\llblX MCTaJIJIOB ll ux CIUJaB0B c 6naropognbIMll MeTaJiliaMil noy-qaeTC.ll 

BOBMOJKHOCTb npnMene1rn.ll aurapMOHIPiecKoii Moµ;enH BTCII K pearrLHhlM 

ClICTCMaM. O6cy:lKAaeTC.ll B00MO)KJIOCTh 0611apy2KeHil.ll anrapMounqecKHX 

Konc6annii aT0M0B B µ;soiiuoii n0Temwan1,uon .llMe c noMOlll,hIO ueiiTpou-

11oii CilCKTJl0CK0IIIlil. 

ll,CJih paoOTb1. lkcneµ;onaTh BIIIl.HJ}ne anrapMOHH0Ma peUICTKH Ha CBepx

npoB0]\.11111,llC cnoiicTna: 

1. PauBIITh aurapM0HIPieCKYIO TCopmo CBepxnpoBO!];HMOCTB, K0TOpaJI .HB

/1.l!CTC.ll CCTCCTBCIIIlbIM 0606w;e11neM q>OHOIIHOI'O MexaunoMa CBepxnpoBo

}1JiM0CTll. HoyqIITh BIIH.llHHC aurapM0HlI0Ma na CBepxnpoBOA.llll\IIC CBOH

C'l'Ba, KaK Tc, Hl30TOilHqecKllH oq>q>CKT, BCpXHCC KpHTB'lCCKOe TIOJIC Il oHep

l'CTH'H!CKcl.ll 111,Cllh. 

2.YcraHOBBTh o6JiaCTh npllMCHBMOCTil IICCB)WCIIlIHOB0ro cpopManHOMa )1ll.H 

onncann.ll CBOHCTB cnepxnpono].\HHKOB c anrapMonn11ecKoii peIIIcTKo:ii. 

3. lfoy'lllTh BO0M0LKH0CTI, pcarrnoa11,nn a11rapMoHH"<ICCKOH Moµ;e;rn B pan

JIH'IHhIX CHCTCMax. 

1. 1loy1nt'I'h R00M0)KJI0CTh o6Hapy)KCHH.ll a.11rapM0HlI0Ma C TI0M0II\hK) Me

T0A0B neiiTponnoi-i cneK'l'pocKonnn. B1,1qnCJIHTh ce'lenne ueynpyroro pac

CC.llHH.ll JICHTpOHOB Ha a11rapM0Jil[qecxnx K0Jie6aHIDIX peIIICTKil. 

Hay-qua.a uoauoua. U nncccpTan:1rn c<f>0pMym1ponana Mogem, girn mm

camrn 0JICKTpOll-q>OHOllJIOro BO?,BMOACIICTBB,.H, Y'IHThIBaIOII\cl.ll CllllbH0aH

rapM0JIH'l~CKOC none}:\cmw KpncTamrnqecKoii pemeTKH. ).l.a1rna.H M0ACJIL npn 

yqeTc BKJia}-\a onT1111ccK11x <I)01tonon n11eptt1,1c panpcmaeT TeopeTn'leCKH 

06'h.llCHHTb aH0MaIIbH0C II0BC/~CIIHC l!t)0T0l11I'ICCK0I'0 0<pq:>CKTa, "·r.c., m;JMC-
? ( 

IICJlllC era m1aKa npn IICKO'I'Opoii KpllTHqecKoii K0IIO:CHTpal\Hll npm,teceii 
. r - . 
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6rraropOJ];HhlX MeTaJilI0B B crrrranax rnµ;pnµ;oB rrepCX0AHhlX MeTaJUI0B c 6rra

rop0j:\ffblMH MeTaJiliaMH. 

IIponeµ;eH aHaJIIDJ BlIH.llHIDI perneToqHoro aHrapM0HnnMa na cnepxnpo

B0J];llIIJ.He CBOHCTBa CBepxnpoB0J];HHK0B C CHlibHhIM anrapM0HIIOM0M. Pac

qeThl TI0KaobIBaIOT, qTo perneToq111,1ii aurapM0HH0M M0)KCT IIpllBCCTll K 

oaMeTH0MY noBhlIIIenmo Tc, npnqcM nan6orree BhlC0Kne ouaqeunll Tc rro

rryqen1,1 Alill MllrKHX HCX0J];HbIX II0Tenn;narroB . .Il,~ll MaKCRMaJibH0ro 0THOCll

TClibHOro IIOBbIIIICHIUI Tc npeµ;noqnITelICH cpaBHHTCllbHO )KCCTKHil HCX0-

J];HhlH noTenn;Harr. 

IloKaoano, 'ITO B npeµ;ene cna6oii CBll0H HOoTonHqecKnii ocpq>eKT noµ;a

BlillCTCll no-oa J];OMHHHpyrorn.eii MaCCOBOH 0aBlICllMOCTlI KOHCTaUThl 0lICKTp0H

cpononnoro noa11Moµ;eiicTBIDI, Torµ;a KaK B npeµ;enc cnn1,noii CB.mm cnrrhHaH 

MaCC0Ball 0aBHCHMOCTb xapaKTepnoii 4JOHOHHOH qacT0Tbl M02KCT npHBe

CTH K TOMY, 'ITO 0KCII0UeHTa lI0OTOIIHqecKoro ocpq>eKTa 6yµ;eT 6ollbIIIC 0.5. 

lfo-oa TCMIIepaTypuoii 0aBHCIIM0CTII KOHCTaHThl OlICKTpon-cponounoro B0a

HMOJ];CHCTBHll, o6ycnoBlICHHOH anrapM0HH0M0M, nepxnee KpHTJiqccKOC norre 

M0)KCT npHHHMaTb µ;ocTaToqno 60JibIIIHe ona'leHIDI, IIpH'IeM KpHBall TCM

nepaTypnoii oaBHCHM0CTH HMeCT II0JIO:>KHTClibHYIO KpHBH0HY. 

IloKaoano; 'ITO B 0TlIH'IHC OT rapMOHH'ICCKOH Teopm1, B npcµ;erre CHllb

noi CBll0H OTH0IIICHHC !J./Tc (!J.-rn.errb) M02KCT CTaTb neorpalIJI'ICHHOH B 

anrapMOHH'ICCKOH MOJ];ClIH. 

TaKHM o6paooM, Y'ICT pe111eToqnoro aHrapMOHH0Ma M0)KCT npHBCCTH 

K 0Ha'lHTCllhllhIM nonpanxaM K TCOpHH CllllhHOH CBll0H B rapMOHH'lCCKOM 

npn6lIH2KCHHH. 

Ilpeµ;rro:iKeH cno.co6 06napy2KeHHll aurapMoun'leCKHX Kone6aHHH c no

MOIIJ.hIO neiiTpOHHOH CIICKTpOCK0IIHH. BnepBble noxaoauo, 'ITO anrapMo:. 
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HH0M M02KeT o6ycrraBJIHBaTh aH0Malil,HJIO TeMrrepaTypHyro oaBHCHMOCTb 

ccqenIDI neynpyroro paccCllHIDI, a B cnyqae paccCllHIDI ua MllrKHX poTan;n-

0HHLIX MOjJ;ax TaK2Ke µ;on0JIHHTelibH0 aH0MalihHYIO yrrroByIO oaBHCHMOCTb 

ccqmnrn. 

Annpo6a~n.n pa6oTbl. PeoyrrhTaThl, npeµ;cTaBrrennhle B µ;nccepTa

D;HH, o6cy)Kµ;aJIHCh na ceMHHape no Teopnn TBepµ;oro Terra JIT<I> Oll.ffll, a 

TauKe 6bIJIH rrpeµ;cTaBlICHbl n AOKrraµ;LIBalIHCh na EBporreiicKoii KOHcpepeH

D;lIH no BTCIT - nnenKaM n MOHOKpHcTarrnaM (YrnTpon, Ilorrh111a, 1989), 

TpeTI,eii Me,Kµ;ynapoµ;noii Koncpepenn;Hn "MaTepnarrhI n MexannoMhl cBepx

rrpoBoAHMocTH, BTCIT (K~naoana, 1991, Hnon.Hll), Me2Kµ;yHapoµ;noM ce

Mirnape "PerneTO'lHhle ocpcpeKThT B BTCII" ( Can Ta <l>e, CIIIA, 1992), Me2K

AYHapoµ;noii xoucpepeHD;H.H no BTCII (IleKnH, KnTa:H. 1992). 

Ily6J1HKa~HB. Ila MaTepnarraM µ;nccepTa:n;.HH ony6nnxonano 8 pa6oT B 

IIC'laTn, CilHC0K KOTOphlX npHneµ;en n Konn;e aBTopecpepaTa [13 - 20]. 

06'beM pa6oTbl . .Il,nccepTa:n;Hll COCTOHT HO BBO)J;HOH n Tpex 0CHOBHbIX 

man, oaKITIO'leHIDI. Cnncox 6n6n.Horpacpnn .coµ;ep2KHT 113 HaHMenonannii. 

CO.Il,EP)KAHME P AEOTbl 

Bo BBOAHOii ThaBe o6ocnonana aKTYaJihHOCTh TeMhI µ;nccepTa:n;nn. )],au 

o6aop pa6oT, rrocBllIIJ.CHHhIX nccrreµ;onannro porrn CTPYKTypHoii neycToii

'lHB0CTH B cnepxrrpoBoµ;nnxax. 

BTopaH rnana II0CBllIIJ.CHa IDJY'ICHHIO cnepxrrponoµ;HM0CT.H B MCTacTa-

6HllhHhlX ci>aoax rnµ;pnµ;on rrepexop;HhlX MCTaJilI0B n HX CilliaBOB c 6naropo

lJ;HbIMH MCTaJIJiaMH B paMKax anrapMOHH'lCCKOH M0)J;elIH B µ;nyxypoBHCB0M 

rrpn6nn2Kennn. Cna-qarra xpaTK0 IDJlI02Kena anrapM0HH'leCKaH Mop;errb. ra

M.HllhT0HHan, OIIHChlBa:IOIIJ.lIH ClICTCMY 0lICKTp0H0B, BOaHMoµ;eiicTBYIOIIJ.HX C 
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aHrapMOJrnqecKHMil KOJie6aHH.llMil HOHOB, B o6rn;eM crryqae HMeeT Bll).I, 

H = He + Hs + He-s (1) 

rµ;e He= E rn+a KaK 06J,1qHo 0rreKTPOHHan qacTI, raMHJihTOHnaua ( 1). lls, 

OllllChlBarorn;nii: KOJie6aune IlOHOB B aurapMOIIH'IeCKOM ).l,BYX'h.HMHOM IIOTCJI

~narre YA06uo oarrncaTh B rrceB)J,OCITHHOBOM rrpe)J,CTaarre11nn [7] 

Ha= -nI;St-½ I;JikSfSf 
i i,k 

(2) 

r).l,e n = Ea - Es > 0 paoHOCTh 0Hepruii µ;ayx uamrnumnx COCTO.HHHH 'Va, 

\J! S• Jik - 0cpcpeKTHBHOe BOaHMO)];CHCTBHe MC2K)J,Y paoJIJI'IHJ,IMH .H'Ieii:KaMn. 

Sf(a = x,z) - rrcenµ;ocrrmmn1,1ii orrepaTop ).l,JI.H cnuua S = ½, µ;e:e:cTByro

rn;u:e: B rrpocTpaHCTBe (\J!s, 'l!a)- B 0TOM rrpe/~CTaBJICHHll Hs-e M02KeT 6bITh 

oarrucan KaK 

Hs-e = L Vq(p,p')2Xsas:atuap'u 
p,p',q,u 

(3) 

rµ;e Vq-).1,ecpopMa~uoHHhIH · rroTeH~narr. x,a =< \J! s I x I \J! a >- MaTpH'IHhIH 

0rreMeHT MeRq~y COCTO.HHH.llMll \J! a H \J! s. CTaTH'ICCKall BOCI!pllHM'IHBOCTJ, 

).l,aIIHoii µ;ayxypoBHeaoii cncTeMhl (,IJ,YC) x, Bhl'IHCJl.lieTC.H cTaH)J,apTHhIM 

o6paooM H HMeeT BHA (B cncTeMe ~HHH~ kB= h = 1) 

Xs =Re<< 8Sx i 8Sx >>= (2xsa)
2 

tanh E._ 
q -q Ws 2T (4) 

rµ;e Ws - ycpeµ;uennaJI qacToTa ,IJ,YC. B npe).l,cTaBJie11nn MaKMHrrrrana Kou

CTaHTY 0JICKTpOH-ITCCB)];OCIIHHOBOil crumn OaITHIIIeM B BH).l,C 

\ (2Xsa) 2 h n 
"s = 1/sXs = 1/s Ws tan 2T 

6 

(5) 

i' 

/1 

'c, 

ll nm, KOJICTaHThl 0JieKTpon-cponoHHOH CB.HOH Ap, KaK 06hl'IHO IipHMeM 

1 
Ap = 1/pXp = 1/p M w2 (6) 

1').l,C w - ycpenneHHa.ll qacToTa rapMOHJI'IeCKIIX q>OHOHOB. Ilpeµ;norrara.ll, 'ITO 

1/s ~ 1/p" llCIIOJil,OY.ll 0KcnepHMCJITaJihHhle µ;aHHI,Ie (nanpnMep, [10]), M02KJIO 

011,CHHTI, 

As~ Xs > 10 
,\p ~ Xp -

(7) 

TaKHM o6patJOM, yaerrH'ICHHC As oa C'ICT BhICOKOH BocnpHHM'IHBOCTH an

rapMOJIH'leCKOH MO)];hl MO)J(CT TI[HIBCCTII K IlOBhIHICHIIJO Tc. B OTJIH'IHC OT 

rapMOHH'ICCKOll TCOpllll ( 6) As (cpopMyJia ( 5)) oaBHCHT OT MaCChI. cha 

o6CTO.llTCJil,C'l'BO HMCCT Ba2KJJhie JJOCJieµ;cTBH.ll AJI.H TIOBC)];CIIH.ll IlUOTOTIH'Ie

CKOI'O ocpcpeKTa. TeMnepaTypm,1ii <paKTOp sz = tanh i B <popMyne ( 5) µ;mi 

KOHCTaHTbl CB.HOH MO)KCT HOMCHHTh TeMnepaTypnyro oaBHCHMOCTh 0Hep

l'CTH'ICCKOH rn;errn ll Bepxuero KpHTH'TCCKOI'O JIOJI.H. 

flccJJC)J,YeTC.ll cnepxnpOBO)J,IlMOCTh B MeTacTa.6iUihllhIX <fiaoax l'll).l,pH)J,a 

THTana n paMKax anrapMOHH'ICCKOH MO).l,CJIB n nnyxypoBHCBOM npH6Jin

,KCIIHH; Ilpe1vmrrai'a.ll 11airnqne 110Karr1,11oii crpyKTypuoii neycToii•maocTu, 

CB.lloauuoii c KOJlC6aHH.l!Mll BO)J,OpO)J,a B ).l,BYX'h.llMHOM IIOTCHl\HaJIC, crreK

TpaJihlla.ll cpyHK~H.ll 8nuam6epra rrpe).l,CTaBJI.lleTC.ll a CJie).l,yJOlll;CM BH)J,C 

4 4 A·w· 
a2 F(w) = I;afF;(w) = L T8(w-wi) 

i=l i=l 
(8) 

l'AC 1rnµ;eKc i = 1, .. .4, COOTBCTCMTBJCT BKJiagaM OT ,IJ,YC, aKYCTil'ICCKIIX 

<f>OHOHOB n onTHqeCKHX q,onouon, CB.llOaHHhIX c KOJie6airn.lIMll BOAOPO)J,a 

B OKTa0)1pH'ICCKHX (0) n TCTpaD).l,pnqecKHX (T) MC2K)J,OYOJlH.llX, COOTBCT

CTBCJIHO. ,IJ,YC orrnchlBaeTCH J\BYX'l,.llMHhlM MOACJJhHhlM X 4-rroTeHn,nanoM. 

7 



Ilcnmn,oy.ll 0KcnepnMeHTaJihHhle P,aHHhie no Heihpommii cneKTpocKonHH 

[11, 12], Mhl qmKCHpyeM napaMeTphl noTemi;nan:a (T.e. BhICOTY D;CHTpaJih

Horo 6apbepa n paCCTO.llHHe Me:lKP,Y /J,BYM.H MHIIHMyMaMH). 

CneKTpaJibHa.H <PYHKD;Wl a 2 F( W) ncno.ribUOBaJiaCb B Ka'ICCTBC IIO)J,fOHO'l

HOfO napaMeTpa. Ha OCHOBe ,'lHCJieHHOro perne1m.ll MaTplI'IHhIX ypannemiii: 

8rrnarn6epra P,lI.ll oaP,aHHoro no 0KcnepnMeHTa O11a11e11m1 Tc(H) onpeP,errH

rrach cneKTpaJihHa.H <f>ynxa;H.H a 2 F(w). licnorrhOY.ll oTo ona'lenne n MOP,e

rrnpy.ll lIOOTOnH'lCCKOe OaMCIIJ;eHn:e BOP,OPOP,a P,eHTepneM, Mhl orrpeP,emrnn 

Tc(D) n:o ypaBHeHH.H 8rrnarn6epra. CpaBuemie peoyrrhTaToB narnn:x pac

'leTOB C 0KcneplIMCHTOM IIOKaoan:o O'leHb xopornee corrracne )),JUI ClICTeMhI 

TiH(D )z . .Il:an:ee )J,aHHa.ll MO)J,elib ncnorrhoyeTC.ll )J,lI.ll n:oyqeHH.ll aHOMaJihHOfO 

noBeP,eHH.H HOOTOnlI'lCCKOro acpcpeKTa n: npH yqeTe onTH'lCCKlIX <f>OHOHOB 

BnepBhle paopernaeT OIIHCaTb aHOMaIThHYIO oaBHCHMOCTh HOOTonnqecKoro 

0cpcpeKTa OT KOHIJ;eHTpaIJ;HH npHMeceii aTOMOB 6rraropO)J,HhIX MCTaJilIOB. 

CrregyeT OTMCTHTh, 'ITO HCCJIC)J,OBa1me TaKHX cpaBHHTClihHO npOCThlX CH

CTCM .llBlI.llCTC.ll nepcneKTHBHLIM )1lI.ll nponepKH paoJIH'lHhlX TeopeTH'lCCKHX 

Mogerreii. 

'IpeTb.ll rrraBa IIOCB.llIIJ;CHa )J,CTaIThUOMY lICCJIC)J,OBann:10 · porrn pemeTO'l

HOfO anrapMOHHOMa Ha CBepxnpOBO)J,.llIIJ;lIC CBOHCTBa. AnrapMOHH'lCCKaJI 

MO)J,Clih 0606IIJ;aCTC.ll Ha MnoroypoBHCBhlH cnyqaii AlI.ll n:oy'lCHlI.ll o6rraCTH 

rrpHMeHeHH.H rrceB)J,OCIIHHOBOfO cpopMarrHOMa. 

PaccMaTpHBaeTC.ll O)J,HOKOMIIOHCHTHa.ll anrapMOHH'lCCKa.ll Moga 6eo )J,lIC

nepClIH. CooTBCTCTBYI<>IIJ;Hii MO)J,CJihHhlii rroTeHa;n:an: cocTaBrre11 no rapMo

Hll'ICCKoii ll rayccoBCKOH 'laCTH, T.e. 

f x 2 fa <I>(x) = - + -exp(-bx2) 
2 2b 

(9) 

8 

~ ,1t·i. 
!:· 
' 

'.I jl 'j·, 
,1 I\ 

rayccoBCKHH qrreu MOP,errnpyeT rroKaJihHYI<> neycTOH'lHBOCTh perneTKH. CTe

nenh anr~pMOHH'lHOCTlI orrpe)J,ClI.llCTC.ll BhICOTOH IJ;CHTpaJibHOro 6apbepa 

I\ 
1-lna a-

<I>o = 2bxo (10) 

rP,e a ?: 1, x 0 = /hf Mw0 - aMIIJIHT~a uyrreBhlX Korre6annii B rapMOHH

qecKoM noTeHa;nan:e c 'laCTOTOH w0 = J f / M. .Il:rr.ll ouaqeHH.H a > 1 , 

<I>(x) HMeeT P,BYX'b.llMHhlii BHP, c paccTO.llHHeM Me2KP,Y MHHHMYMaMH do =;= 

±Jlna/b. 

Ko11cTanTa arreKTpon-cpononuoro BOaHMogeiicTBWl onpeP,elI.lleTC.ll cneP,y

IOIIJ;HM COOTHOIIIeHHeM 

Joo a2 F(w) lU,) = 'TJX ,\ = 2 w (11) 
0 

rP,e 'TJ = N(O) < V 2 > - rrapaMeTp Xorr<f>nrrhP,a, N(O) - rrrroTHOCTh 0rreK

Tpo11i1hlx COCTO.llHHH Ha noBepXHOCTlI <l>epMH ll < V 2 > - ycpe)J,HCHHhlH ge

cpopMaIJ;HOHHhlH noTena;nan:, X - CTaTH'lCCKall BocnpHHM'lllBOCTh perneTKH, 

orrpe)J,elI.lleMall cpyp1,e-KOMIIOHCHTOH oarraoghlBaIOIIJ;eii <PYHKIJ;HH I'pnna << 

x Ix > > w=O, rP,e x - onepaTop cMeIIJ;eHWI. BhI'lHCJienne x rrpoHOBOP,HTC.ll c 

noMOIIJ;hIO crreKTpan:1,noro npe)J,CTaBJieHWl 

Xs(O) = - << xjx >>w=o= z-1 f L In; Im,< mjxjn > ,2 

n=O m 
·(12) 

rP,e Z = Enln H In = exp(-ft, ). 

B rapMOHH'lCCKOR TeopmI p.ll)J, ~ ( 12) MO2KHO npOCJMMHPOBaTh non H 

m = n ± 1 IlOJIY'lHTh o6hI'lHOe Bhlpa:lKeHIIe 

1 
xhar_= Mw~. 

9 
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Oµ;HaKo B aHrapMOHH'IeCKOM CJiyqae, Korµ;a 0uepreTH'IeCKHe ypoBHH pac

JIOlIO)KeHhl He 0KBHµ;HcTaHTHO pllµ; ( 12) npocyMMHpOBaTh ne yµ;aeTc.!I. .11,llll 

xaqecTBeHHoro paccMOTpeHH.ll MO)KHO BOCilOllhOOBaThC.ll µ;ByxypollJICBhlM 

P . A 
rrpn6JIH)KenneM. erneHne ypaBnenll.ll 8n11arn6epra B npenene w01 -+ 0 J\aeT: 

Tc= 0.253).~l3w~{3, 

2~o ~ >,1/6 
Tc 

>.o = 2Xfi11J 

Q = 1/3(1 + ln (an/wo1)},n ~ Wo1 

rµ;e n - 0neprll.ll HJlICBhIX KOJie6a1rnii B HOOJIHpOBamwii O):\HOH .llMe. 

(14) 

(15) 

(16) 

TeMrrepaTypHaa oaBHCHMOCTh KOHCTaHTbl 01ICKTpon-cponoHHOro BOaH

MO)J;CHCTBH.ll TaK2Ke Bllll.llCT Ha IlOBeµ;emie Bepxnero KpHTH'IeCKOl'O JIOJI.ll 

IIcz(T). Mccrreµ;0Bam1e IIc2(T) na ocnoBe ypaB11e1rnii: 8mi:arn6epra B npn

cyTCTBHII MarHHTHoro IlOll.ll JIOKa.ObIBaeT' 'ITO aHrapMOIIIIOM rrpIIBO)J;IIT K 

OHa'IIITellhHOMY YBCJIH'ICHIIIO KPHTIPICCKOro JIOllll, KOTopoe MO)KeT µ;oCTH

raTh onaqennii IIc2(T) ~ 100T rrpn >. ~ 15. TaKHM o6paooM, TeMncpaTyp

Haa oaBHCHMOCTh KOHCTaHThl 0JICKTpon-cpoHOHHoro BOaIIMoµ;e:iiCTBH.ll, o6y

CJIOBlICHHall anrapMOIIIIOMOM MO)KCT rrpIIBCCTH K IlOBcµ;emno CBepxrrpoBo

J\.llll~HX cBoiicTB, cnnhHO 0Tnnqa1011~IIXC.ll OT rapMonnqecxoii Teopnn. Y'IeT 

BhIIIICJIC2KaII~HX ypoBHCH µ;enaeT TCMI1epaTypny10 oaBIICHMOCTh 6onee cna-

6oii, 'ICM B µ;ByxypoBHCBOM rrpII6JIJI)KCJIHB •. 

B 'ICTBepToii rnaBe paccMaTpIIBaeTC.ll .ll)l;epnoe Heyrrpyroe pacce.HHne 

nen:TpOHOB Ha CIIm,noanra.pMOlllI'IeCKHX KOJic6a1rn.llX HOHOH KlICJIOpO):\a, n 

qacTHOCTH, no110B KHCJiopoµ;a oµ;noMepnoii :Qeno'IKII Cu-0 n YBaCuO • Ha 

IO 

ocHone ncennocmrnonoii Monenn µ;n.ll onncanll.ll poTa:QHOHHhlX xone6annn 

,KeCTKIIX O-Cu-0 MoneKyn, c noMOUJ.hlO MeToµ;a. ABYXBpeMeHHhIX cpyHK:QHH 

I)rnHa nonyqeHhI Bhipa)KeHHll µ;mr KorepenTnoro n 1reKorepeHTHoro ce'Ie

nnii pacce.11ntt.11. 

cI:>ynK:Qll.ll pacce.llHll.ll µ;11H poTa:QHOIIHhIX KOJie6aHHH B µ;aHHOH MO)l;CJIH 

HMCCT BHµ;: 

-Scoh.(i
1
w)=a~

0
1,.e-2W Iii; (2{01)2sin2(~)[l+N(w)}Jm[x;z(w+io)J] (17) 

· , · 2M 2 1r 
--- -~ ___ ,a.., .. - -- ---- ----- -- -- - - - -- ~-----·-• • 

Bl,I'IIIC1UUI n npn6JIH)KCHHH xaoTII'ICCKHX <I>a.o AHHaMH'ICCKYIO BOCJipHIIM'III

BOCTb x:x(w), HaXOJ\IIM, 'IT9 µ;Ba)Kµ;hI µ;u<J><J>epenqBaJihHOC CC'ICHBe pacce.ll

Jlll.ll ueiiTpOHOB ua aurapMOHII'ICCKHX Kone6a11H.llx B µ;Bou11oii .llMe oaBIIClIT 

OT TeMnepaTyphl aHOMci.JibHhIM o6paooM. <I)aKTOp sin2(~) B Bhipa2KeHHH 

( 17) o6ycnaB1IIIBaeT aHOMaJihHYIO YrJIOBYJO oaBHCHMOCTh CC'IeHH.ll pacce

.llHH.ll ua poTa:QHOHHbIX Moµ;ax HO-oa aHTH<pamihlX Bpa~eHHH B COCeAHIIX 

.ll'IeiiKax. 

B 3aKlllO'ICHBB c<J>opMynnpoBaHbl cneµ;y10II\HC OCHOBHhie peoynhTaThl 

µ;nccepTan;nn, BbIABHraeMhJe Ha OaUJ.IITy: 

1. llcCJICAOBana p01Ib p;ByxypoBHeBhIX CHCTeM B CBepxrrpoBOAIIMOCTH B 

MeTaCTa6HJihHhIX <I>aoax rHAPHAOB nepeXOAHI,lX MCTaJIJIOB H BX crrnaBOB C 

6naropoµ;HI,IMH MeTanJiaMH. Ilhl.llCHeno, 'ITO He06XOAHMO Y'ICCTb BKJiaAhI 

KaK ,Il,YC, TaK H OITTH'ICCKHX cpoHOHOB AJI.ll ofrI,.llCHeHH.ll anoMaJihHOI'O HOO

TOJIHqecKoro 0cp<I>eKTa B 0THX CIICTeMax. 

2. PerneTO'IHblll aurapMOllllOM cyII\CCTBCHHO BlIH.lleT Ha llOOTOJIH'IeCKIIH 

0cpcpeKT. B1,rncHCHO, 'ITO B anrapMOHH'ICCKOH Moµ;enu BOOMO)KeH KaK ano

MallhHO 6on1>rnou (a > 0.5) 1100Tonn<JecKHH 0cpcpeKT B rrpeµ;ene cnrr1,11ou 

CB.HOH TaK II o6paTHhlll llOOTOIIH'leCKllll 0cpcpeKT ( Q < 0) B cny'Iae cna6on 

II 



CBJI0H. 

3. O6Hapy2KeHo, 'ITO BCJieµ;CTBHH CHllbHOfO aurapMOHR0Ma BepxHee KpR

TH'leCKOe none M02KeT rrpHHHMaTb 0Ha'IHTeJibHO 6on1,11me onaqe11ID1 'ICM B 

rapMOHH'IeCKOH TeopHH. 

4. On;eHKH B rrpeµ;ene CHJibHOfO aHrapMOHH0Ma JIOKaobIBaIOT, 'ITO OTHOIIIe

HHe 2tl/Tc Mo.>KeT HMeT1, neorpamPieHo 6on1,mHe onaqemrn: npn ,\ ~ = B 

OTIIH'IHe OT rapMOHH'IeCKOH Teop1rn, rµ;e OTO 0THOU\CHHe nocTuraeT Hac1,1-

II\eHllll. 

5. IloKaoaHo, 'ITO rrcesµ;ocnHHOBblH cpopMa.i1m1M µ;n.H onncamrn anrapMo

HH0Ma .HBII.HCTC.ll µ;ocTaTO'IHO xopOIIIHM npn6m12Ke1rneM B IIIHpOKOH o6na

CTH rrapaMeTpOB aHrapMOHII'ICCKHX IJOTeHD;HaJIOB. 

6. IloKaoaHo, 'ITO CHIIbHbIH aHrapMOHH0M M02KCT o6ycrraBJIHHaTb a110Ma1Ih

HYIO TeMrrepaTypHyIO n yrnoByro oaBncnMocTb ceqeun.H ueynpyroro pac

Ce.HHH.ll HeHTpOHOB. 
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