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0 rp11me raapHJieHKO 

"A mb,? 
Bxoa.Jl 6 aoMa J1,106bze -

H 6 cepbze, 
H 6 20J1,y6b1e, 

Bcxoa.Jl 11,a J1,eCm1tU'lfbl x:pymbze 

B x:Bapmupbi, cBemo.M 3aJ1,Umbze, 

IlpUCJ1,YW,U6ll.JlCb 'X: 36011,Y 'X:Jl,ll6UW, 

If 11,a 60npoc aap.H omBem, 

Cx:a:J1Cu: 

/( ll'X:OU fib! CJ1,ea 0Cffill6UW,b? 

CJl,ea, 

l.Jmo6bi Bbzmep.!1,U napx:em 
If noc.Mompe.!1,U 'X:OCO 6CJ1,ea, 

HJl,U 

H e3pU.MblU npO'll,11,b!U CJ1,ea 

B 'll,Y:JICOU ayw,e 11,a .M1t020 J1,em ?" 

Jieomi,n; MapThlHOB "CJie,n;". 

3Han SI fp:inny c TpeTI,ero Kypca MfY. IloJiyqHJiocb TaK, qTo OH CJIJIIIaJI 

MOH crreuKypc, ,llBa ro,n;a SI pa6oTaJI c HIIM a acrrIIpaHType H Ha BTOpOM ro,n;y 

acrrIIpaHTYPhl y,n;anocb rrepeaecTH ero B JIT<I> OM51M cTa)KepoM. 

IlHITJIOMHaSI pa6oTa 6bIJia orry6JIHKOBaHa [1]; rrpo6JieMa, 3aTpOHJTaSI B 

Heft, - KoppeJISIUHOHHhle 3cpcpeKTbI B MO,lleJIH AH,n;epcoHa, - aKTyaJibHa ll 

. cero,n;HSI, II, yaeJIIIqIIB qIIcJIO rrapaMeTpoB, Ha,ll Heft MO)KHO 6bIJIO 6bI pa6o

TaTb II .UaJibIIIe. CJioBoM, 3To 6bma "BepHaH", xopoIIIaSI KaH,n;H,n;aTcKaSI. Ho 

r pmna 6bIJI poMaHTIIKOM HayKII. M 3TO rrpeKpaCHO. B pa6oTe [1] 6bIJia rro

CTaBJieHa ToqKa c 3arrSITOH. Ilo3,n;Hee HaM, II B rrepay10 oqepe,n;b fpHIIIe [30], 
.y,n;aJIOCb cyruecTBeHHO o6o6IUIITb caMy MO,lleJib, HO B 1975 ro.uy 3TOT ITJTb 
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eme He npocMaTp1rna.n:c.S1. 3aHHMaTbC.SI )Ke '-lllCTO KOJill'-leCTBeHHblM HaKOIIJie

HlleM cTaTeii 11 6blcTpeiimnM HanncaHneM ,n;nccepTan:1111 rpnme He xoTenocb. 

EMy xoTeJIOCh pa3o6paThC.SI B Tpy,n;Hoii 3a.n;a'-!e. OH .n;yMaJI Ha,n; .9THM 

11, KaK-TO y)Ke 6y,n;y'-ln cTa)KepoM, OH npnmen II oropom1m MeH.SI npocb6oii

npe,n;JI0)KeHneM ,n;oKa3aTh rnnoTe3y Boromo6oBa o coKpameHHH onncaHn.SI. 

HanoMHIO, '-ITO KpaeyroJihHhlMH KaMH.SIMH no.uxo.n;a Boromo6oBa nccne.n;oBa

Hll.SI CllCTeMhl MHOI'llX B3alIMO,n;eiicTBYIOID;IIX '-laCTIIU .SIBJI.SIIOTC.SI: 

1) rlIIIOTe3a O TOM, '-ITO Ha KIIHeTII'-leCKOM .9Tane .9BOJIIOUIIII <pyHKUIIII pac

npe,n;eJieHll.SI CTaHOB.SITC.SI <pyHKUIIOHaJiaMll nepBOH <pyHKUlllI pacnpe,n;eJieHII.SI. 

OHa peaJibHO Bhl,n;eJieHa caMOH nenO'-IKOH ypaBHeHIIH .UJI.SI <pyHKUIIH pacnpe,n;e

JieHII.Slj CIICTeMa ypaBHeHIIH BorOJII060Ba-rp1IHa-MBOHa-K1IpKBy.n;a, BrMK, 

KaK roBop.SIT "B Hapo,n;e". 

2) Y CJIOBII.SI pacmenJieHII.SI BbICilIIIX KoppeJI.SIUIIH B KOOp.UIIHaTHOM npo

CTpaHCTBe '-Iepe3 nepByIO <pyHKUIIIO pacnpe,n;eJieHII.SI. 

O6a .9TII npe,n;noJio)KeHII.SI npeBparn;aIOT CIICTeMy Br MK B HeJIIIHeHHYIO 

CIICTeMy ypaBHeHIIH II o6ycJIOBJIIIBaIOT B03HIIKHOBeHIIe Heo6paTIIMOCTII B ,n;e

TepMIIHIIpOBaHHOM raMIIJihTOHOBOM nponecce, OT KOToporo CTapTyeT Boro

JII060B. BTopoe ycnoB1Ie .SIBJI.SieTc.SI no cymecTBY npocTeiimlIM rpaHII'-IHhIM 

ycJIOBIIeM, ero MO)KHO ,n;a)Ke MeH.SITh. Ho BOT nepBoe ... 

- Ho .9TO c,n;eJiaTh HeJih3.SI, - 0Tpear1IpoBaJI .sr, - 5I .n;yMaIO, '-ITO me<p II caM 

6bl .9TO c,n;enan, Be.Uh .9TOH r1In0Te3e 6onhme copoKa JieT. A noToM, '-leM MhI 

6y.n;eM IIOJib30BaTbC.SI? 

rp1Ima OTBeTIIJI: 

- Bna,n;IIMIIP KoHcTaHTIIHOBII'-1, ecTh TaKa.SI pa6oTa y BoroJII06oBa, B Ko

Topoii CTporo .n;oKa3aHo, '-ITO .UJI.SI CIICTeMbI .UBYX ypaBHeHIIH .U1IHaM1I'-leCKoro 

T1I1Ia, B KOTOpOM BTOpa.SI <pyHKUII.SI BXO.UIIT C MaJibIM napaMeTpOM, OHa CTa

HOBIITC.SI cpyHKUIIOHaJIOM nepBoii. 

- .Ila, .SI 3HaIO .9TY pa6oTy' OHa O'-leHb T.Sl)KeJia.SI II TaM TOJibKO .n;Ba ypaBHeHII.SI, 

a 3,n;ech ... 

- .IlaBaHTe nonpo6yeM, caM .SI .9TY pa6oTy He pa36epy, 

- .Ila II .SI Bp.SI,n; JIII Bee noiiMy, xoT.SI .SI 3HaKOM c AHocoBbIM, HoBIIKOBbIM, 

CIIHaeM, .IIo6pymlIHbIM, 5IrJIOMOM. OHII MoryT IIOMO'-lb, HO .... 

- Hy ,n;aBaiiTe. 

M .SI c.n;anc.sr. Ham IlITYPM nplIHUHIIa coKparn;eHH.SI .UJIIIJIC.SI 6onee .UBYX JieT. 

MbI O'-leHb IIJIOTHO KOHTaKTIIpOBaJIII C ceMHHapoM CnHa.Slj OH rrpoXO.UllJI r.ue

TO B paHOHe Ca,n;OBO-l.JepHorp.SI3CKOll (MocKBa); HeO.UHOKpaTHO ,UOKJia.UbIBaJIH 

TaM n:, BeJIHKOJielIHbIH, a rnaBHoe O'-leHb .SICHbIH MaTeMaTHK 5Irna CnHan: 
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Ka)K,D;blH pa3 "BblJiaBmrnaJI" B HaIIIllX IIOCTpoeHll.KX ,D;OKa3aTeJihCTBa a JI.K

Boromo6oB, HecTporocTh :rr HHor.na rrpocTo onrn6Ky. 

BoJiee Toro,rrp:rr o.n;Hoi'1 H3 BCTpe-q c Boromo6oBblM MHe 6blJI 3a,naH Borrpoc: 

- qTo Bbl ,neJiaeTe? 

- IloKa3blBaeM rrp:rrHu:rrrr coKpameH:rr.s: orr:rrcaH:rrx Boromo6oBa :rr eme ... 

- 3To xoporno, HO IIpllHUlllI COKpameHHH IIOCTyJiaT; ero HeJib3H ,noKa3aTb. 

A -qeM Bbl IIOJih3yeTech? · 

- Pa6oToii Boromo6oBa 1946 ro.na, a TaK)Ke BnpKroq>oM "11:rrHaMH"tJ:ecK:rre 

cncTeMbl" :rr pa6oTaM:rr IlyaHKape. 

- A c KeM Bbl KOHCYJihTHpyeTech :rr r.ne paccKa3blBaeTe? 

- C C:rrHaeM, M:rrHJiocoM :rr 5IrJioMOM :rr y-qacTHHKaM:rr ero ceMHHapa. 

· · - 3To xoporno, HO rrporny Bae, ecJI:rr 6y,nyT Borrpocbl rro 3TOMY rroBo,ny, OT

Be"tJ:aiiTe, Boromo6oB He Bep:rrT. Bbl TO caMH BepnTe? 

•-:- Ila HeT, HnKoJiaii: H:rrKorraeB:rr"tJ:, HO rrorrpo6oBaTh-TO MO)KHO. 

- Hy "9:TO )Ke,rrpo6yii:Te, HO llMeifre B B:rr,ny, "9:TO y MeHH 6bIJIO .n;Ba ypaBHe

mrn, a 3,nech BaHaxoBo rrpocTpaHCTBo :rr TaM rrpe,neJihHhIH rrepexo.n N -+ oo, 

V -+ oo, V / N = v0 = Const 6oJihIIIax Mep30CTh. 

- Ila B 3TOM, H:rrKoJiaii: H:rrKoJiaem1q, BCH :rr 3arBo3,n;Ka. 

- BoT llMeHHO, - pe3IOMUpOBaJI BorOJII060B. ( 5I .nyMaIO, "9:';1'0 rneq> MHOro 

.nyMaJI IIO IIOBo.ny 3Toro IIOCTyJiaTa ll y)K eCJill OH He rrepeBeJI ero Ha IIJiaT

q>opMy CTporoCTll, TO ... ). 

5I TaK n roBop:rrJI: "BoroJI1060B He BepnT". lIToroM Harneii: 6oJiee "9:eM 

.n;ByXJieTHeH pa6oThI, a rJiaBHhIM MaXOBllKOM B Hell 6bIJI rp:rrrna, .KBllJiaCb 

·• 3aMeTKa B TM<I>, B KOTOpoii MhI IIOCTpOllJill ,noKa3aTeJibCTBO, HO Ha IIOTeH

. UliaJibl, CXO,D;UMOCTh COOTBeTCTBYIOIUUX q>yHKUllH, CBOHCTBa q>yHKUllOHaJIOB 

.. 6hIJIO HaJIO)KeHO BeChMa 6oJihIIIOe "9:llCJIO ycJIOBllll ( MHor:rre ll3 HllX ,D;llKTO

BaJIHCh MaTeMaT:rr"tJ:eCKOH CTPYKTypoft .noKa3aTeJihCTBa ll HBllJillCh, KaK HaM 

rrpe,ncTaBJIHJIOCh, ecTeCTBeHHhIM Tor.na pacrrpocTpaHeH:rreM COOTBeTCTBYIO

:, IUHX ycJIOBllH BhirneyrroMHHyToii pa6oThI Boromo6oBa). 

PeueH3npoBaJI pa6oTy 5IS.C1rnaii. IlaB B ueJioM rroJio)KHTeJihHhIH oT3hIB, 

. 5Irna rropeKOMeH,D;OBaJI aBTopaM rrpHBeCTll rrp:rrMep peaJIUCTlll:J:eCKOH CllCTeMbl 

. H3 q>H3HKH KOH.n;eHCHpoBaHHOro COCTOHHllH, y,noBJieTBOpHIOIUeii Hall60Jiee ce

pbe3HhIM YCJIOBHHM. Pa6oTy MO)KHO 6blJIO rry6JIHKOBaTb ll 6e3 3TOro (3TO 

: 6bIJIO HaIIHCaHO B OT3bIBe). Ho, ... , Kor.na MHe n MOeMy KOJIJiere (B ,naHHOM 

·. CJiyqae rpHIIIe), rrpeTeH,nyIOIUHM Ha pOJih q>H3llKOB-TeopeTHKOB, "crreu:rraJib

HOCTh" KOTOpbIX ",neJiaTh" MO,D;CJIH, a Ha IIX OCHOBe o6bHCHHTh HBJiemrn :rr 

. rrpoueccbI q>II3llKII Kon.nencupoBaHHOro COCTOHHHH, - MaTeMaTIIK (x eme pa3 
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no,n;-qepKHY, MaTeMaTHK BhlCOKoro KJiacca), peKOMeH,n;yeT npe,n;'bHBHTb, KaK 

roBOpHT MaTeMaTHKH, 6oJiee HJIH MeHee peaJIHCTH"t!eCKYIO MO,D;eJib, - TO ,n;eJIO 

,n;pHHb. 

51 3TO OC03HaJI cpa3y' npO'IHTaB OT3bIB. 51 BCTpeTHJICH C I'pmneii H CKa-

3aJI: "I'pmna, Ha Bame ycMoTpeHHe. Mhl MHoro nepenaxaJIH, HO pe3yJibTaT 

TaKoii: 'ITO-TO Mhl ,n;oKa3aJIH, a 6oJibillOrO Me.D;Be,D;H - ( TaK r0Bop1m MHe B 

cBoe BpeMH C.B.TH6JIHKoB) - Mhl He y6HJIH. lfro ,n;eJiaTb?" M I'pHma OTBe

THJI: "He 6y,n;eM ny6JIHKOBa Tb" ( ! ) . 
1101:JTH '!'pH ro,n;a pa6oThl: IIpOXO,D;Hhle .riBe ny6JIHKaUHH O cKeHJIHHre B 

cnJiaBax, He npo,D;OJI)KeHHoe HCCJie,n;oBaHHe O KOppeJIHUHHX B MO,D;eJIH AH,n;ep

COHa, ero ,n;py3bH-cTy.n;eHTbl y)Ke 3aIUHTHJIH KaH,ZiH.naTCKHe, B .o6meM-TO H 

3,n;ecb MO)KH;O 6bIJIO "H3o6pa3HTb" Hay'IHYIO ,n;eHTeJibHOCTb. M TaKoii oTBeT. 

OH BepHyJI MeHH B MOIO HayqHyIO MOJIO,D;OCTb (1957-1961rr.). 3To 3IIOXa 

.n;HcnepcHOHHhlX cooTHomeHHH (.Ily6Ha). Pa6oTaJIH Bee, Bxo,n;H B coBepmeHHO 

HeH3BeCTHbie o6JiaCTH TeopeTHqecKOH q>H3HKH, MaTeMaTHKH H 3KCnepHMeH

TaJibHOH H,n;epHoii q>H3HKH. KoHe'IHO, KaK rpeii,n;ep !!!!! BoroJI1060B. Ho Jio

ryHoB, TaBxeJIH,n;3e, llfapKoB, BHJieHbKHii, IloJIHBaHoB, Me,n;Be,n;eB, JlanH,n;yc, 

McaeB, l.J)Koy-I'yaH-l.J)KaO... Mbl MOJIO,D;e)Kb. 3To, H cqHTaIO, 6bIJIO repoH-

1:JeCKOe BpeMH, BpeMH cTaHoBJieHHH "mKOJihl BoroJI1060Ba". Ho HHqero H3 

,n;o6poTHO c,n;eJiaHHoro He npona,n;aeT. I'pHma 6bIJI 6JieCTHIUe no.nroTOBJieH 

no KHHeTH1IecKoii TeopHH. IloJiyqn:Jiocb TaK, qTo H nepeBeJI ( n: npoqHTaJI) 

pa6oTy BoroJI1060Ba "CToxacTn:3aUHH B .nn:HaMHqecKHX cHcTeMax". OHa B 

onpe,n;eJieHHOM CMblCJie no.D;BO,D;HT HTOr MHOroJieTHHM HCCJie.D;OBaHHHM Boro

JII060Ba no 3Toii npo6JieMaTHKe. IloMHMO 3Toro, ,n;aHHaH pa6oTa, KaK H Bee 

pa6oTbI BoroJI1060Ba,B KOTOpbIX "no,n;Bo,n;HTCH HTOrH", KOHCTPYKTHBHa. 

51 o6cy)K.D;aJI H pa6oTy, H 3aJIO)KeHHbie B Hen B03MO)KHOCTH C I'pn:meii. M 

HaM y,n;aJIOCb Ha ee OCHOBe pa3BHTb HOBbIH, npOCTOH H 3cpcpeKTHBHblH rro.nxo.n 

K rrpo6JieMe KaHaJIHpoBaHHH ( npoXO)K,D;eHHH n03HTpOHOB ll IIOJIO)KHTeJibHbIX 

HOHOB 1Iepe3 KpHCTaJIJI) (5]. Bbma o6'hHCHeHa BCH COBOKyIIHOCTb 3KCIIepn:MeH

TaJibHhlX ,n;aHHhlX, rrpe.ncKa3aH HOBbIH 3cpcpeKT H3JiyqeHHH Ha .D;BYX qacTHUaX. 

Pe3yJibTaThl 6bIJIH ,D;OJIO)KeHbI MHOIO B JlHOHe,n: qepe3 .neBHTb MeCHUeB 3cpcpeKT 

6bIJI 3KcrrepHMeHTaJibHO o6Hapy)KeH B CT3Hcpop.ne rpyrrrro:fi: IlaHTeJIJia ( OH 06-

cy,n;HJI co MHOH ,n;eTaJIH B JlHoHe, HO ccbIJIOK Ha Hae HeT). Hy, xopomo, I'puma 

- KaH,D;H,D;a T' HO qTo ,D;eJia Tb ,n;aJibIIIe? 

Ha.no cKa3aTb, qTo H o.n;HHHa.nuaTb JieT rrpopa6oTaJI B HM<PXM uMeHn: 

JI.51. KaprroBa. 51 ,no CHX rrop HMeIO C HCCJie,D;OBaTeJIHMH 3TOro HHCTHTyTa 

TeCHbie KOHTaKTbl. 3aHHMaJICH H IIOBepXHOCTHbIMH HBJieHHHMH: XeMHCop6-
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µnen ll q>ll3:ff'!eCKOll cop6ulle:H. 3.uecb p.SI,Zl xapaKTepllCTllK: :rneprll.SI CB.SI3II, 

nepeHOC 3ap.SI,Zla R, OTBeqarom;e:ii eMy MarHIITHbIH MOMeHT, IIOJIO)KeHl-Ie ypoBH.SI 

<l>epMR II T.II. ,ZlOJI)KHbl o6'b.SICH.SITbC.SI IICXO,Zl.SI II3 "nepBbIX npIIHllliIIOB" KBaH

TOBOCTaTIICTII'IeCKOH MeXaHRKR. MHOIO OHR 6paJIIICb KaK napaMeTpbl Te

opnR. IloJiyqaJIOCb HeIIJIOXO, HO .SI IlOHRMaJI, 'ITO Tpe6yeTC.SI o6'b.SICHeHIIe. 

IfoqeMy OHR 3aBI1C.SIT OT ,ZlaBJieHII.SI, TeMrrepaTyphl, CTerreHR IIOKpbITII.SI "TaK 

HJIH He TaK", "cJia6o" RJIII "cym;eCTBeHHO" R T.II. CJIOBOM, Hy)KHa 6blJia 

KBaHTOBOCTaTRCTR'IeCKa.SI TeOpR.SI a.ucop6URR, a, B OCHOBHOM, xeMRCOp6UI1R. 

IlocJie 3am;RTbl rpmrren KaH,ZlR,ZlaTCKOH, .SI CKa3aJI eMy: "rpmrra, .SI 3,ZleCb 

· ocTaHOBRJIC.SI. Mo)KeT 6b1Th,Bhl rrorrpo6yeTe. Hy)KeH 3q>q>eKTRBHhlii raMRJib

TOHRaH TeOpRR IIOBepXHOCTHblX . .SIBJieHRH. 3To He 6y.ueT HR AH.uepcoH, HR 

Xa66ap.u, HO 'ITO-TO cpe.unee. H Ha,Zlo Bbl.SICHRTb, Kor.ua OHR 6y.uyT rO,ZlRTbC.SI. 

5I 3TOro He C,ZleJiaJI. A MO)KeT 6bITh,Bhl rrorrpo6yeTe." rpmrra OTBeTRJI: "Xo
porno", R 3aHRMaJIC.SI 3TlIM rrpRMepHO ro.u. EcTeCTBeHHO, .SI rrpoBep.SIJI Bbl

KJia,ZlKR, HaMe'IaJI narrpaBJieHRe R T.rr. 

M BOT qepe3 ro.u OH rrpRHec MHe pe3yJihTaTI,I. 3To 6blJIR MO,ZleJibHhle 

raMHJibTOHRaHhl [30] (.SI llX C'IRTaIO B03MO)KHblM Ha3BaTb raMRJibTOHRaHbl 

faBpRJieHKO ); p.SI.Zl .upyrllX rro60'!HbIX pe3yJibTaTOB. • 

HeCMOTp.SI Ha HaCTOH'IRBble rrpe,ZlJIO)KeHll.SI rpllIIIll, .SI CH.SIJI CBOIO q>aMRJIRIO 

c ny6JIRKaum1 [30]: "3To c.ueJiaJill Bbl. 51 TOJibKO KOHCYJihTRpoBaJI. IlaJihIIIe 

nocMoTpRM, a rroKa rro.uroToBhTe 6oJibIIIYIO 3aMeTKY .ZlJI.SI "Physica" R .ZlBe 

MaJieHhKlle ,ZlJI.SI IIAH". 3.uecb MHe xo'IeTc.SI c.ueJiaTb em;e o.uno ne6oJihIIIoe 

OTCTYITJieHRe. Kor.ua .SI Y'IllJIC.SI B MrY (1952-1958rr.), OCHOBHblM C'IeTHblM 

. cpe.ZlCTBOM 6bma Jiorapnq>MR'!ecKa.SI JIRHeHKa. IlJiroc K 3T0MY, rrpIIexaB R3 

fepMamrn, .SI c.uaBaJI neMeUKRH. AHrJIRHCKRH .SI BhlY'IRJI caMoy'IKoii: nepeBo

.UllJI, pe.uaKTMpoBaJI R T.n. Mon aHrJIRHCKRH y)KaCHbIH. Ho B BOChMR.Zlec.SIThie 

rO,ZlbI B03HRKJia o6BaJibHa.SI KOMilbIOTepII3aUmI 1, a a:arJillllCKRll CTaJI Hayqnoii 

JiaTbIHbIO. BceM MORM MOJIO,ZlbIM KOJIJieraM .SI CTaBRJI ycJIOBJrn: 

. a) IlllCaTb CTaTbR no-aHrJIHllCKR, 6) na6MpaTb RX Ha KOMilbIOTepe. 

EcTeCTBeHno, 3Tll )Ke ycnoBR.SI .SI CTaBRJI R ce6e, no, BR.ZlRT Bor, a TaK)Ke 

r.Can.uyKoBcKa.SI R T.IlyM6pa:ik, qero 3To MHe cToRJio. Ha.uo cKa3aTb, 'ITO 

. MOM MOJIO,Zlbie KOJIJierll (Il.MRxaJiaKe, B.JlRCR, r SaBpHJieHKO, p .Kap.uenac, 

P.TapanKo, E.TapanKo, B.OcMnoB R .up.) B 3TllX Borrpocax IIIJIR MHe II ce6e 

HaBcTpeqy, (MnorRe 3TO y)Ke yMeJIR, no MHOrlle R Y'IRJillcb). 

1Tenepb, Kor)la II)lelllb no HaUieMy KOPIIJlopy B JIT<l>, muyrueHIIe, 'ITO TbI B TIInorpa

qnm: Bee na6Rpa!OT CBOll CTaTbll (npenpIIHTbI) B pa3HbIX 3K30TlltJeCKllX .sl3bIKaX. 
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B rrepByIO oqepe,n:h 3To KacaeTc.sr fpn:mn:. OH n:rpaJI "B Me,n:Be.n:.sr" n: 

cTpon:JI .n:oM Ha 3BM He.n;eJI.srMn:, rroKa He CTaJI Ha6n:paTh cTaThM. IlepBhie 

ero pa6oThl, Harrn:caHHhie Ha aHrJin::ii:cKoM, Bhl3hlBaJin: moK y f aJin: CaH.n:y

KOBCKo:ii:. Ho... BCe o6pa30BaJIOCh, M B MTore fpn:ma BIIOJIHe crrpaBMJIC.sI C 

IIYHKTaMM a) n: 6). 
fpn:ma rrpeKpacHO Jia.[(MJI C caMbIMM pa3HhlMM JIIO.[(hMM: Kope:ii:ueM Jln: 

BeH MpoM, Ky6n:HueM Po.n:pn:recoM, pyMhlHaMn: Mn:xarraKe, A.n:aMoM n: rroJI.sr

KaMn: TapaHKO. M eme, fpn:ma 6hlJI qJieHoM rrapTMM. 5I .n:yMaIO, 3To 6bIJIO ero 

y6e2K.n;eHMeM. Hn:KaKMX Bhlro.n: OH OT 3TOro He IIOJiytiaJI. EcTb qJieHhl rrapTHM 

n: ecTh "qJieHhl rrapTn:n:". OHn: ecTh n: B OM5IM. Y rrocJie,n:HMX .srcHhIH, KaK 

IIOJieT CTpeJihl, IIYTb: ceKpeTapb KOMCOMOJia (KaH,nn:,naTCKasr), qJieH rrapT

KOMa (Jiyqme CeKpeTapb) )lOKTOpcKaH n: T.II. KoHeqHo, 6bIBaIOT n: He qJieHbI 

rrapTn:n:: "BXO.[(HT" M "BhlXO.[(HT" M T.II. 

CKa2KeM, fpn:my Bhl6n:parrn: B Harne rrpo<p610po. KeM OH 6bm? OTBe

qaJI 3a oprBorrpocbI. 3To "co6aqbsr" )lOJI)KHOCTb. Mo:ii: ,npyro:ii: BOCIIMTaH

HMK B.A.3arpe6HOB (oH ce:ii:qac rrpo<peccop B MapceJie) TO)Ke 6hIBaJI qJieHOM 

rrpo<pKoMa, Ho.. oTBeqaJI 3a pacrrpe.n:eJieHn:e .n:e<pn:u1na. CJI02KH0, KoHeqHo, 

HO ... 

51, KOHeqHo, UeHMJI pa60TbI fpn:mn: ITO MO.[(eJibHbIM raMHJihTOHMaHaM M 

rrpn:BJieK P. TapaHKO n: E. TapaHKo, P .Kap,neHaca (.nmr cyrrpyroB TapaHKO 

3To 6bIJIM ,noKTopcKn:e .n:n:ccepTaun:n:, ,n:JIH P.Kap.neHaca KaH.n:n:.n:aTcKasr) n: 3a 

qeThlpe ro.n:a o6pa30BaJICH UMKJI M3 .[(Ba.n:uaTH rry6JIHKaUHH B Be.nyIUHX espo

rre:ii:CKMX 2KypHaJiax. Ily6JIHKOBaJin: Hae <paKTHqecKH 6e3 peueH3HH: 3,n:ech MhI 

CTaJIM "MOHOIIOJIMCTaMn:". 

A fpn:ma .n:yMaJI o 6y.n:ymeM. 5I II03,n:paBMJI ero 1 HHBapsr 1989 ro,na c 

HoBhlM ro,noM, rrorrpocn:JI rrpn:roTOBMTh IIJiaH .n:oKTopcKo:ii: H crrHcoK pa6oT. 

Hn:qero He rrpe.n:BemaJio Toro, qTo rrpon:3omJio paHo yTpoM 3 HHBapsr 1989 
ro.n:a. 

B rrpeKpacHoM HacTpoeHMM H rrpttexaJI B lly6Hy yTpoM 3.01.1989. MHe 

rosopHT " ... yMep fpn:ma faBpHJieHKo". 5I He IIOHHJI, He IIOBepHJI, rrptt6e)KaJI 

B KBapTn:py. lla7no TaK. 

Co MHOH 6hma n:cTepn:Ka. KoHeqHo, cMepTh rro.n:so.n:HT KaK 6b1 OKOH

qaTeJibHhIH MTOr Hamero 3eMHOro cymecTBOBaHHH. Hy qTO-TO OCTaHeTCH: ; 
. I 

.n:eTn:, pa6oTa, rraMHTb JIIO,n:eii, C KOTOpbIMM Mbl o6maJIHCh. Ho Hae y)Ke HeT. 1.l 

M, oTseqasr Ha 3IIHrpa<p K 3TOH 3aMeTKe, pe3IOMn:pysr, MHe rrpHxo.n:HJIOCh ·~ 

o6maTbCH co MHOrHMH JIIO,llhMH, pa3HbIX COUHaJibHbIX MeHTaJIHTeTOB (KaK . 

JII06HT rosopn:Th cefiqac). MHe IIOBe3JIO: MaJIO 6bIJIO TaKHX rrepcoH, KOTO-
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pb!e 6b!JIH O.UHOUBeTHbl, HO rpmna B Moen: IIaMHTH OCTaJICH O'1eHb CBeTJibIM 

~ HMeimo CBeTJihIM, He pO3OBhIM, He orrpe.ueJieHHhIM, a CBCTJlhIM HBJieHHeM. 

EMy 6bIJia rrpHcyma KaKaH-TO rrpHpO.UHaH .UCJIHKaTHOCTb. Kor.n;a Memi: "3a-

. · Hocurro" - (H He TaK "myTuJI", IIJIII KaK-TO He To "roBopIIJI" o KOM-TO) -

rpHma, He ocy2K.n;aH, roBOpIIJI: "Hy 3a'1CM BhI, BJia.ZJ;IIMIIP KoHCTaHTIIHOBil'1, 

'-rai ... " iI H ocTaHaBmrnaJic.si:. 

_Be,rna~J:!MY rraMHTh. 

P.S . 
. CeMh.sI raBpIIJieHKO (JiapHca, Tpoe .n;eTeH II rpilma) 2KIIJia B ,llBJXKOMHaTHOH 

: _"pacrramoHKe". OH 6bIJI rrepBbIM B O'1epe,un: Ha KBapTilpy. 

· IIocJie ero cMepTII, B MapTe, H rOBop1m c Ham:u11 .UilpCKTopoM Ka.UbIIIIeB

<.CKHM, KOTOpbIH 3aBepI1JI MCH.sI, '1TO CIITyaUIIH C KBapTI1poii Jiapilce II ,UCTHM 

Irnxo.UHTCH rro.u KOHTpoJieM. TaK OHO II 6bIJIO. Ho... 28 MapTa H rrpn:rneJI K 

;Coq>poHoBy. BhIJIO oKoJio 12 -qacoB, II.>ITHnua, rrocJiemrnii ,ueHh "npaBJieHn:H 
' . 

,::Boromo6oBa" . 

.IIeiiCTBHTCJihHO,. B TOJICTOH rrarrKe - 6oJiee 1000 3aHBJieHIIH - Jie)KaJIO 

xo,uaTaiicTBO oT JIT<P. AHaTOJIIIH l1Mn:TpI1eBI1'1 3aBepI1JI MCHH, '1TO OHII rro

:MHSIT, KOHTpOJIIIPYIOT, HO ... 

'· - llaiiTe MHe 3To 3aHBJieHI1e. 5I ero BepHy '1epe3 IIOJI'1aca . 

• . . 5I rro6e2KaJI K meq>y. BoroJII060B 6bIJI y2Ke B IlaJibTO II BCTpCTIIJI MeH.sI <ppa

ioii: 

· .•_c_ 5J: '1epe3 IIHTHa,uuaTb MIIHYT Y2KC He .UilpeKTOp. 

· - HHKOJiaii HIIKOJiaeBil'1, 3TO O ceMbe raBpmieHKO. 

· - lla-.ua, 3Ha10, Barn napeHb. Kaioii y2Kac,Be,Uh coBceM MOJio,uoii. A '1TO 

. HJ2KH0? 

· - Hy2KHa Barna pe3OJIIOUH.sI. 

- KaKa.si:? 

.: - BHe Bc.si:Koii o'1epe,uu. . 

'-Xopomo. 

M BoroJI1060B Ha'1epTaJI: "BHe Bc.si:Koii o-qepe.uu". 3To 6b1Jrn rrocJie.UHH.sI pe-

3on10uu.si: BoroJI1060Ba KaK .uupeKTopa OM5IM. 
Coq>poHoB rrepeJIO2KHJI 3a.sIBJieHue B .upyry10 rranKy, Jlapn:ce rrpe,uJIO2Kn:JIH 

· Bb16paTb KBapTHpy, OHa BbI6paJia n B1>eXaJia B Hee. 

B .K. <Pe.U.sIHHH 
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HcTOKH 

CKOJibKO Ha,n:o np02KHTb e -qeJioBeK0M, "CJT06hl Il0H.sITb rJiaBH0e 0 HeM? 

BpeM.sr,oTnymeHHoe HaM,H3Mep.sreTe.sr Beero ,n:BeHa.n:uaTbIO ro,n:aMn. He 3HaIO, 

.uo K0HUa JIH eM0rJia Bee J3HaTb 0 rpmne, HO, Ka2KeTe.sr, rJiaBH0e - eyMeJia. 

Bee JIJ"CJIIIee B rpIIIIIe - H3 po,UHTeJibeK0ro .U0Ma. 

Po,n:nJie.sr· rpnIIIa Ha Bp.srHIUHHe B npoeToi'r eeMbe eeJibeKHX y"<InTeJiei'r. 

)KnJIH 0HH 0"CJeHb eKpOMH0, TeM He MeHee YMY.UP.sIJIHeb noMoraTb HJ2K,Ua

IOIUHMe.sr B Il0M0IIlH po,n:eTBeHHHKaM. rJiaBHbIMH UeHHOeT.sIMH B HX ,UOMe Bee

r.z:i:a 6bIJIH KHHrH. Po.n:nTeJIH B0eITHThlBaJIH TpOHX eBOHX .n:eTeM B eTporoeTH, 

npny-qaJIH K TPY.UOJII06HIO n yMeHHIO .U0B0.UHTb JII06oe ,n:eJI0 .uo K0HUa, 

MaTb rpnIIIn, Mapq>a llMnTpIIeBHa, 2KeHIUIIHa .uo6pa.sr II My,n:pa.sr e eIIJib

HbIM xapaKTepoM, BeJIIIKa.sI Tpy2KeHIIUa, Ha KOTOpoi'r .n:ep2KaJie.sr Beeb .UOM H 

X03.sIMeTBO. OTeu, MIIxaIIJI rpnropbeBII"CJ, "CJeJI0BeK He3ayp.sr,UHbIM e eypoBbIM 

II B0JieBblM xapaKTepoM, e nepBbIX ,UHeM BOMHhl yIIIeJI Ha q>pOHT, xpa6po 

BoeBaJI, 6bIJI T.sr2KeJio paHeH II BepHyJie.sr .n:oMoi'r IIHBaJIII.U0M I rpynnhl. KaK 

rpIIIIIIIHa MaMa Il032Ke eKa2KeT: " ... eopoK .UBa ro.ua noeJie BOMHbl npoeKaKaJI 

Ha KOeThlJI.srx". 

MMeHHO po.UIITeJIH, a TaK2Ke .n:e.n: no OTUOBeKoi'r JIIIHIIII, B "<IeeTb KoToporo 

rpIIIIIa II 6bIJI Ha3BaH, 0Ka3aJIII 60JibIIIOe BJIII.sIHIIe Ha· q>OpMIIpOBaHIIe rpIIIIIII 

KaK JIII"CJHOeTII. 0 ,n:e,ue rpIIropIIII pa3r0BOp oeo6bIM, IIeTopII.sr ero 2Kll3HII 

nepe.n:aeTe.sr II3 Il0K0JieHII.sI B Il0K0JieHIIe. 9eJIOBeK OH 6bIJI eaM06bITHblli II 

He3aBHeIIMhIH, B BoeeMHa.n:uaTb JieT KpenK0 IIOJII06IIJI II BeKope )KeHIIJie.sr Ha 

TpII,UUaTIIJieTHeH 0,UIIHOKOH KpaeaBIIUe .UB0p.sIHCK0ro po.ua .. 3Ta peIIIHTeJib

Ha.sr 2KeHIUIIHa (6a6yIIIKa TaTb.sIHa) yIIIJia II3 eeMbH IIOCJie Toro, KaK Ma-qexa 

3a6IIJia HacMepTh ee MJia.UIIIYIO cecTpy, 3a6paJia 6paTbeB 11 cecTep II caMa 

nx paeTHJia. Cpa3y rroeJie )KeHHTb6h1 .ue.u rpIIropIIH rroexaJI B AMepIIKY Ha 

3apa60TKII. TaM OH CHa"CJaJia 6bIJI 6e3pa60THbIM, II0TOM opraHII30BaJI eT0-

JI0BJIO ,n:JI.sr 6e3pa60THbIX. lle.n: npo2KIIJI B AMepHKe IIIeCTb JieT, rro6bIBaJI B 

IIIeCTII Bepax, H eBoe Ilp03BlIIUe rpIIIIIa-IIITbIH,Ua OH II0JIJqlIJI 110 IIOCJie,UHeH 

Bepe. lle.n: rrpo2KIIJI 6e3 MaJioro .n:eB.srHOCT0 JieT. MHoro BpeMeHII oH rrpoBo.UIIJI 

e rpnIIIeH, Hay"CJHJI era K0CIITb, IIJieeTH JiaITTll II K0p311Hbl. Ilo3)Ke, y)Ke )KIIB.sr 

B lly6He, rpIIIIIa Hepe,UK0 yqaeTBOBaJI e .n:py3b.sIMII B 3aroT0BKe BeHIIKOB .UJI.sI 

6aHII. 3.uecb eMy paBHhIX He 6bIJIO: y Hero 6bIJIO eBoe rroeT0.sIHH0e MeCT0 B 

Jiecy, BeHIIKII OH B.sr3aJI JiyqIIIe Bcex. 

Mapq>a llMHTpIIeBHa paceKa3brnaeT: "MaJibqIIKoM rpIIIIIa rrpe.n:rroqrnaJI 
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: HaKa3aHHbIM BCIO HO"l!b crraTb B yrJiy, "l!eM rrpoCHTb ,rrpomemrn. OTeu, 6y-

. ,ny-qn -qeJIOBeKOM My,npbIM, cyMeJI rrepeBeCTH ,neTCKoe yrrp.SIMCTBO B yrropCTBO -

·. H ycep.nne: 6bIBaJIO HH 3a "l!TO CbIH He BCTaHeT H3-3a CTOJia, He pernHB 3a-

: .naqy". 

B ceJie rpnrna )KHJI n y-q:rmc.SI .no "l!eThlpHa.nuaTn JieT. Ha.no 6bIJio y"l!HTbc.SI 

,naJibIIIe, ,nmi:-qero npHIIIJIOCb nepeexaTb B ropo.n n )KilTb Ha KBapTnpe. MMeH

; HO B cpe,n:Heii IIIKOJie n yBrreKcH OH cepbe3Ho q>H3HKOH. K c-qacThIO, llIKOJib

: Hhlli Y"l!HTeJib <pll3HKH 3aMeTHJI ll CTaJI pa3BHBaTb ero cnoco6HOCTH - 3a,llaBaJI 

'eMy Ha He,lleJIIO 60JibIIIOe KOJIH"lleCTBO pa3Jill"l!HbIX 3a,na-q, perneHHe KOTOpbIX 

• rpnIIIa npHHOCHJI y)Ke -qepe3 napy ,llHeii. BnocJie,llCTBllll 3TOT Y"llHTeJib roBO

pHJI fpHllIHHbIM pO,llHTemIM, "l!TO Hll .IlO, HH IlOCJie rpHllill y Hero TaKoro Ta..:

.JlaHTJIHBOro y-qeHHKa He 6bIJIO. Brraro.napH CBOUM 6rrecT.SIIUHM cnoco6HOCT.SIM 

u HCKJIIO"l!HTeJibHOMY Tpy.nomo6n10 rpnrna nocTynnJI B MrY ll 3aKOH"l!llJI ero 

'. C OTJIH"l!HeM. 

KpoMe cnn1,Horo xapaKTepa n ueneHanpaBJieHHocTn rpnrna o6na.uan eme 

: 0,llHHM KaqecTB0M, 6e3 K0Toporo eMy BpH.Il JIH y,naJIOCb 6bI ,llOCTll'Ib Tor~, "l!TO 

• oH xoTeJI. rpnIIIa yMeJI o"l!eHb 6bicTpo nepeKJIIO"l!aTbC.SI c o.nHoro 3aH.SITHH Ha 

-~pyroe. EMy He COCTaBJrnJio Tpy.na OTJIO)KHTb B CTOpoHy na"l!KY me.upo HC-

..• prncaHHbIX JIHCTOB C cpopMyJiaMH H Il006IUaTbC.SI C ,npy3bHMH, a IlOTOM CHOBa 

. OKYHYTbCH B Mllp MaTeMaTHKH H <pll3HKH. rpnrna He 6bIJI Ka6nHeTHbIM y-qe

HbIM. )Kn3Hb HHTepeCOBaJia ero BO BCeM ee MHoroo6pa3Hll: OH JII06HJI no

: cn,neTb·C y,n:oqKOH y peKH, no6pO.IlllTb no Jiecy, MHOro "llllTaJI. Q-qeHb JII06HJI 

'. CTHXH bJIOKa, EceHHHa, EprocoBa. B ropo,n:cK9ii 6n6JIHOTeKe ero Ha3bIBaJUI 

"caMbIM "l!IITaIOIUIIM qIITaTeJieM". rpIIIIIa HeITJIOXO pIICOBaJI II, HeCMOTp.SI Ha 

: 6oJibIIIYIO 3arpy)KeHHOCTb pa60TOH, Bcer.na HaXO.UIIJI BpeMH, "l!T06bI Hapnco

'. Ba Tb rropTpeT .n:pyra II rro.uapIITb ero Ha .n:eHb po)K,n:eHIIH. EcnII rpIIIIIa exan c 

·-KOMIIaHIIeH 3a KJIIOKBOH, TO MaJIO KOMY y,n:aBaJIOCb Ha6paTb .Siro.n: 60Jibllle ero. 

: ? BbIHOCJIIIBOCTII II CHOpOBKII rpIIIIIe 6bIJIO He 3aHHMaTb. OH HII"l!ero He Mor 

.nerraTb BIIOJICIIJibI. EcJIII y)K 6paJICH 3a "l!TO-TO, TO OT,llaBaJI 3TOMY 3aH.SITIIIO 

-Bcero ce6H. 

fpnIIIa 6bIJI cqacTJIIIBbIM "l!eJioBeKOM: y Hero 6bIJia JII06IIMa.SI pa6oTa, KO

I Topy10 OH He rrpoMeHHJI 6bI HII Ha KaKyro .n:pyryro,II ceMbH, KOTopyro OH O"l!eHb 

'.mo6nJI. 

rpnIIIa Boo6me 6bIJI BHIIMaTeJieH K 6JIII3KIIM 1 He 3a6bIBaJI CeMeHHbIX ,UaT, 

. KO BCeMy rro.nxo.n:IIJI TBopqeGKII II C cpaHTa3IIeH, TaK "l!TO rro.n:roTOBKa K ce

··• MeHHOMY rrpa3,n:HIIKY 6bma y)Ke rrpa3.UHIIKOM. Oco6eHHO OH JII06IIJI .n:eTeii, OH 

•.' caM 6bIJI c HIIMII KaK pe6eHOK. Jirofom c .n:eTbMII HapH)KaTb eJIKY, rrpII"l!eM 
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-qacTh n:rpymeK Bcer.ua ,ueJiaJiach CB0HMH pyKaMn:. I'pn:ma Bcex ,ueTe:rr Hay"<In:JI 

n:rpaTb B maxMaThl n: -qacaMn: c y,uoB0JihCTBHeM c HHMH n:rpaJI. CaM, B cBoIO 

0"<Iepe.Ub, CTapaJICSI He OTCTaBaTb OT ,uo-qepe:rr: Hpn:Ha H JieHa CTapaTeJibH0 

o6y"<IaJIH 0TUa n:rpe Ha cpopTerrn:aHO. H, Ha,uo CKa3aTh, OH B 3T0M rrpeycrreJI, 

KaK HBO BCSIK0M ,ueJie, 3a K0Topoe 6paJICSI. O6bI"CJHaSI JibDKHM rrporyJIKa rrpe

BpamaJiaCb I'pn:me:rr B BeceJiyIO H pa.uocTHYIO CKa3KY, K0T0paSI 3arroMn:HaeTCSI 

Ha BCIO )Kll:3Hb: OH 3ae3)KaJI Brrepe.u H pa3BeIIII;IBaJI rrepe.u ycTaBIIIHMH .ueThMH 

Ha BeTKaX MaH,uapHHbl H 6apaHKH, H ,ueTn:, HaH,USI 3TH rro.uapKH OT 6eJIO"CJKH, 

3a6bIBaJIH 06 ycTaJI0CTH. 

CBon:x po,un:TeJie:rr, 6paTa n: cecTpy I'pn:ma oqeHb Jiro6n:JI n: yBa)KaJI. He

CMOTpSI Ha 3aHSIT0CTh, pa3 B ,llBe He,lleJIH OH o6SI3aTeJibHO IIHCaJI po,un:TeJISIM 

IIHCbM0. OH c y,uoB0JibCTBHeM Ka)K,llblH oTrrycK exan K ce6e Ha po.un:Hy B 

I'yJieBKJ. OH roBopn:JI, "<ITO II0Ka pO.llHTenn: )KHBhI, 6y,ueM e3,llHTb K HMM ... 

YMep I'pn:mn:H oTeu ... Mbl rrpoBO.llHJIH cTapbIH BHCOKOCHhlH ro.u, ,uyMaSI, 

"<ITO BCe IIOTepn: II03a,UH... I'pn:ma rrepe)KHJI 0TUa Bcero Ha ,llBe He,UeJIH ... 

KaKHMH. CJIOBaMn: M0)KH0 Bbipa3HTb 60Jib yTpaTbI caMoro 6JIH3Koro H 

,uopororo -qeJioBeKa, rope MaTepn:, rrepe)Kn:Bme:rr cMepTb cBoero JII06n:Moro 

CbIHa?... ToJibKO ,ueTn: rroMorJIH HaM rrepe)KHTh 3TO cTpamHoe rope... Ee3 

I'pHIIIH ,ll0M CTaJI rrycThlM, KaK 6y,uTo )KH3Hb ym.rra H3 Hero.:. 

I'pn:ma X0TeJI )Kll:Tb H )KHJI Bcer.ua IIOJIHOH )KI13Hhl0, )KepTBJSI CHOM H 

He )KaJieSI OT rrpn:po,ubl ,llaHHOe eMy He,lllO)KHHHOe 3,ll0pOBbe. EcJIH 6bI OH 

IIOCTyrraJI rro-.upyroMy, TO, HaBepHoe, 3T0 6bIJI 6bI .upyro:rr qeJioBeK, a He TOT 

I'puma, KOT0poro MbI 3HaJIH. 

5I 6Jiaro,uapHa Cy,ub6e 3a To, qTo I'pn:ma 6hIJI B Moe:fi: )KH3HH, 3a .UBe

Ha.uuaTh C"CJaCTJIHBbIX. JieT, 3a HaIIIHX ,lleTe:fi:, B KOTOpbIX rrpO,ll0JI)KHTCSI ero 

)Kll:3Hb. Mn:ma 3HaeT, "<ITO CBoero CbIHa OH Ha30BeT B qecTb CBoero 0TUa, KaK 

no Tpa.un:un:n: Be,UeTCSI B MX po,uy. Y I'pHIIIH 6bIJia rrpHBbJqKa He OTKJ)bIBaTb 

B KBapTn:py ,UBepb, a 3B0HHTb. C ero rrpHX0,ll0M .ll0M HaII0JIHSIJICSI CBeT0M H 

TeIIJI0M. 3BOHOK B ,UBepb Bcer.ua 6bIJI rro.u ero IIaJibUaMH 030pHbIM H 3aJIHBH

CTbIM. Terrepb 3Ta rrpHBbJqKa rrepeuma K HaIIIeMy CbIHy ... 

3BOHOK. Bery 0TKpbIBaTb ,llBepb. 3To Muma. A c HHM pa.UOCTb u caMa 

Mn:3Hh BpbIBaIOTCSI B Harn .uoM ... 

JI.faBpHJieHKO 

16 



' 

0TpbIBKl:I 1:13 IIHCeM po.n;1:1Ten.SIM 1:1 .n;py3h.HM 

* 

Boo6'1J..1te .H BO.rtllOBa.rtc.H, x:ax: Bbl BocnpuMeme Mo10 llOBocmb o B03MO:>IC

llOM MOeM npU3bl6e 6 apMU10. Haao 6bl.rt0 x:ax:-mo BaM cx:a3amb, u 6 mo :>lee 

apeM.H lle xome.rtocb Bae paccmpauaamb. 51 :>1ee ace om.rtU'l/,llO nollUMa101 npo

mu6 crnellbl lle nonpewb. 3ax:oll cypoa, llO :Jmo 3ax:oll. JI03m0My lle y6uaa-
10cb. Tax: '1./,mO 3a Mell.H lle 60.rtllyumecb, ace 6yaem xopowo. 1Iuccepma11;u10 

6yaeM ae.rtamb, x:ax: u ae.rta.rtu. Mlle aeab a.rt.H 3mo2O llaao .rtUW,b 6yMa2y u 20-

.rtOBy. Ec.rtu npu3oaym, mo :Jmo 6yaem a x:oll'qe cellm.u6p.u. Tax: '1./,mo .H e'IJ..1te 

n.rtallupy10 .rtemoM npoaecmu c BaMu omnycx:. Ilpa3allux:u npoae.rt om.rtU'l/,1tO, 

xopowo omaoxlly.rt. 0'1./,ellb nollpaau.rtacb o6cmallo·a-x:a a l]y6lle. Hux:mo lle 
llaCu.rtyem uamu lla aeMOllCmpaV;UU U MUmUll2U1 a om 3mO20 mO.rtbX:O 6bl

U2pb16aem CaM npa3allUX:. 

19772. 
* 

0 ce6e nucamb oco6o lle'l/,e2O. Bee y Mell.H no cmapoMy. Ilo-npe:>1e-

. lleMy Mllo2O 3alluMa10cb, llO max: x:ax: Mlle :Jmo llpaaumc.u, mo u apeM.H lle 

6 m.H20Cmb. Cx:opo y llaC mym 6yaem Me:>1eayllapoallblU CUMnO3UYM, x:yaa 

npueaym O'l/,ellb UllmepeCllble .rt10au, fPU3UX:U co 6Ce2O caema. Boo6U1te 3mo 

O'l/,ellb npu.Hmllo, '1./,mo u .H cMO2y npull.Hmb a lleM y'l/,acmue, xom.H :Jmo u llex:o

mopbiu aaallc lla 6yay'IJ..1tee. Bo3M0:>1ello, Bbl a :Jmo apeM.H yc.rtbiwume o l]y6lle 
'1./,epe3 cpeacm6a llaweu MaCC060U npona2allab1. 

Bo.rtoa.u mym Mlle npuc.rta.rt yc.rtOBU.H U2pb1 lla '1./,ecmnocmb. l]oao.rtbllO 3a-

6aalla.H u Ullmepeclla.H, xom.u u ne llOBa.H. 51 y:>1ee cma.rtx:uaa.rtc.H c lleu .rtem 

6-7 lla3aa. lf ecmllOCmb ox:py:>1ea10'IJ..1tUX Mell.H .rt10aeu lle 6bl3bl6aem y Mell.H CO

MllellU.H1 no:JmOMY .H lle 6yay noaaep2amb ee ucnbzmallU10. Xo'l/,y 3aMemumb, 

'1./,mo, x:ax: y'l/,am llac x:.rtaccux:u ifju.rtocoifjuu, cocmaauaweu oclloBy llawe2O 

MUpO6O33pellU.H1 ecmb mo.rtbX:O oaull cnoco6 '1./,eCmllO ae.rtamb aellb2U. 3mo 

npocmo pa6omamb, m.e. 3apa6ambrnamb. Bc.ux:ue :>1ee u2pb1 lla aellb2u ecmb 

a3apm'llble U2pb1 U 6 :JmOM OmllOWellUU .H lle 6U:>ICY 60.rtbWOU pa3llUV;bl Me:>1eay 

U2pOU 6 .rtomepe10, x:apmbl U m.a., 2ae oaull U3 u2pa10'IJ..1tUX "'1./,eCmllo" 3a6u

paem aellb2U y apy2020. "lfecmllO" 6 ffiO.1-t CMblC.rte, '1./,ffiO npa6U.!ta U2pb1 3a

pallee O2OBOpellbl U X:a:>/CablU MO:>/Cem pewumb, tt2pamb e.«y U.!tU lle u2pamb. 



Boo6W;e, JI 6 :Jmo.M 'lie 6UJICY 'H,U'1/,e2o aypuo20. Ho max: x:ax: J1,106aJI u2pa, 

:JmO npeJ1Cae 6Ce20 U2pa, a X:aJICabziJ, u2paem 6 me U2pbl1 'X:0m0pbte eMy upa-

6JimCJI1 mo JI ayMa10, '1/,m0 Bo.Jl,OaJI ue o6uaumcJI, eCJl,U JI 'lie npu.My 6 ueii, 

y'!/,acmuJI. Bee :Jmo, 6 'X:0'lie'!/,'H,0.M, C'!/,eme, w,ymx:a. Bo.J1,oae ;»Ce om aceii, aywu 

JI J1Ce.J1,a10 Bbm2pamb. 

19772. 
* 

,llopo2ue .M0U1 3apaacmayi1,mef !f 

Y .Me'liJI ace no cmapo.My. TpyJ1Cycb, pa6oma10, ua 6J1,a20 ce6JI u Om'1/,U3'1ibl. 

Oco6bix uoaocmeii, uem. Pa6oma, pa6oma u eW;e pa3 pa6oma. fJyacmay10 

ce6JI npeomJ1,U'1/,'li0. C x;a;»Cabl.M, aue.M no .Mepe npu6J1,UJ1Ce'liUJI BeC'libl noauu

MaemcJI u uacmpoeuue. 

Tym max: noJ1,y'1/,UJ1,0Cb, '1/,m0 y uac ua 4-8 .Mapma 6blxoaubze auu. Tax: 

'!/,mo JI npucoaox:yn.J1,10 x: :Jmu.M aeub-X:aM eW;e 2-3 u cMoma10cb a Eopucoa, x: 

uaw,U.M, IloJ1,e6blM. A mo y 'liUX Bee nuCbMa, npuaemcmBUJI C npa3a'H,U'X:O.M, 

U aa;»Ce me.J1,e2pa.M.M,bl Ua'1/,U'lia10mcJI C m0201 '1/,m0 cnpaWU6a10m1 x:02aa JI 'X: 

'H,U.M, npueay. Tax: '1/,m0 JI ceiJ,'1/,aC 6ocmp10 Jl,btJICU ... 

19772. 
* 

... C JIUBapJI '/-1,06020 2oaa, uaaepuoe, yJ1Ce 6yaem 20m06 npux;a3 0 M0eM 

3a'1/,UCJ1,e'liUU 6 X:a'1/,eCm6e cmaJ1Cepa-UCCJ1,eaoaameJ1,JI. 

5f mym 'lie.M,'H,020 npu60J1,e.J1,. ,llaa auJI 'lie xoau.Jl, ua pa6omy, J1,eJ1CaJ1,,'1/,UmaJ1, 

x:uu2u. Ho menepb yJ1Ce ano.J1,ue 3aopoa, max: '!/,mo ue 6ecnox:oi1,mecb, u ao 

BCeopyJICUU 2omoa acmpemumb Ho6bti1, 20a. Ha HoabziJ, 20a .ueuJI nonpoCUJl,U 

no6btmb 6 x;a'!/,eCmBe .aeaa Mopo3a a.Jl,JI aemeii, uawux compyauux:oa. 

Boo6W;e, eCJl,U noayMamb, mo yxoaJIW;UiJ, 20a ue max:ou YJIC u n.J1,oxoi1, a.Jl,JI 

MeUJI1 X0mJI 60J1,bWUe uaae;»Cabl JI 603J1,a2a10 'lia CJ1,eay10W;Ue. 

Mopo3bl mym y uac cm0JIJ1,U uacmoJIW;ue, pyccx:ue. Ebt.J1,0 -37. ,llaauo JI 

max:ux M0p0306 'lie 3'1ia.J1,. Ho ceiJ,'1/,aC men.Jl,0 -18. Cue2a .M,'H,020. Ilpaaaa, ua 

Jl,bl;»CaX eW;e 'H,U pa3y ue e3aUJ1,. B np0WJl,0.M, 20ay JI oauy n0J1,0.M,aJ1,, U ceU'!/,aC 

ue .Mo2y ee 3a.Meuumb. 

19782. 
* 

JR·ay noamaepJICaeuuJI 0 npucyJ1Caeuuu x:anauaamcx:020 36aUUJI U3 BAK a. 

IlpoXOJICY pa3J1,U'1/,1lble 'X:0MUCCUU no npueMy 6 x:a1tauaambl J(JICC. Hy eW;e U 
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mer.y'U4all pa6oma, noV,Umb16a101 nonucbrnaw. Bom u Bee .Mou XJtonomb1 . 

... Becua 6 :Jmo.M 2oay uur.V,e.Muall. E'Lllte ue -qBeJta V,epe.Myxa, cupeub. 

Bee 6b1Jt0 XOJtoauo. Bom moJtb'X:O ueaa6UO Ua'UlJtU ue6oJtb'UlOe 'U4a6eJtbUOe 

MecmeV,x;o u pa3a mpu 6 ueaeJt10 co6upae.M 'U4a6eJtb ua cyn UJLU 6op'U4. C 

·r,_'poayr.ma.MU y Uac no npe:»eUe.My ... 

19802. 
* 

JleUOV,X:a 6Om y:»ee npowJty10 ueaeJt10 UaV,aJta xoaumb 6 JlCJtU. Ka:»eabl'U 

. ~e'llb 6blaaem V,mO-uu6yab 'H,O6Oe. I'o6opum y:»ee XOpO'UlO U OC.MblCJteUUO. 

Mo:J1Cem .Muo2oe 061,Jlcuumb u paccx:a3amb. l1a, u 6006'U4e, y:»ee 1laV,Uuaem 

a6u2ambCJl no cJty:»ee6uou Jtecmuu-qe (Cx:opo, Ua6epuoe., ee nepe6eaym 6 

60Jtee cmapwyw llCeJtbuyw 2pynny). Bom BV,epa eu y:»ee ucnoJtuuJtocb 20a u 

: . 6OCeMb MeCJl'qe6 ... 

lfpa YV,UmCJl xopowo, xomJl Mbl 3a ueu U CJteauM cmpo2O, ne aaeM U Ma.:. 

.tteuwe20 uaM.er.a ua caV,X:O6auue. Xoaum 6 MY3bl-X:aJtbUY10 uir.oJty (no X:Jtaccy 

ifjopmenuauo), ua xop u co.ttbuoe neuue. B l1y6ue OV,eub pa36Umb1 aemcr.ue 

XOJJO6ble cmyauu. l1a:»ee mpaau-quouuo r.a:J1Cab1U 20a npo6oaumc1l BceC0103-

.. '/1,bl'U ifjecmu6aJtb aemcr.ou necuu. To2aa 6 l1y6uy c1,e3:»ea10mc1l aemcr.ue 

. XOJJbl co 6Ce2O Co103a U aa:»ee U3-3a 2paUU'qbl. Tar. V,mO ecmb 2ae npUJtO

:>ICUmb cBou cnoco6uocmu, ecJtu ouu uMewmcll. 

Ilo pa6ome mo:»ee 6Ce xopowo. Ilpa6aa, 6Om V,mo-mo O 1WMauaupo6r.e 

~u c.ttyxy, 'H,U ayxy. Bee aor.yMeUmbl aa6UO ywJtu, no nox:a uur.ar.O2O om

. aema. Ho ua :Jmo ecmb u MaJteubr.all npuV,uua. TeMy, no r.omopou 1l 3auu

.. Ma.ttC.H1 nucaJt r.auauaamcr.y10, ceiJ,V,aC 3a-X:pb16a10m: 6epuee
1 

OUa noJtyV,UJta 

uer.omopbl'U ueo:J1CuaaUUbl'U npar.mUV,eCX:UU 6blXOa U ee 3acer.peV,U6a10m U pa-

6ombl no ueu npo6ep'i!10m oco6euuo m'U4ameJtbUO. 3mo mpe6yem 6oJtb'Ule 

. BpeMeUU. l1a .H e'U4e caypy U aor.Jtaabl na36aJt ueyaaV,U0 1 C :JmoiJ, ffiOV,'r.U 3pe

UU.Hj uo .H 6 mo BpeMJl e'Lllte ue 3uaJt, V,ffiO meMy 3ar.pbrnawm, xom.H, r.oueV,uo, 

OTnJtUV,'H,O nouuMaJt, r.yaa uaem aeJto. Tar. V,mO 6Om menepb cu:»ey U JICay. 

Pa3pewam - c1,e3:»ey, ue pa3pewam - apy20u pa3 6yay yMuee. Boo6'U4e, .H 

no :Jmou meMe noa6u6a10 r.oe-r.ar.ue aeJta u 6yay 3aUUMambC.H apy2ou. Hy 

ee 'r. V,epmy. ToJtb'r.O Bbl maM ue 60Jt'H,yiJ,mecb. Ha MUe :Jmo uur.ar. ue er.a-

. 'J/Cemc.H, pa36e 6Om moJtb'r.O 1tmo 6 PyMblUU10 6 :JmOM 2oay ue C'be3:»ey. Ho 

. imo epyuaa. 

19822. 
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* 

. .. Ilo uay'l'.e no'l'.a uem uu'!le20 uumepecuo20. Ceii'llac y 11,ac npoxoaum, 

B0m y:>1Ce oaua 3a apy2oii, mpemb.H W,1'.0.J/,a; X0:>ICY no nepepb16aM numb 1'.0fPe 

(6ecn.J1,amuo), Bom u Bee Moe y'llacmue B uay'llubzx auc'l'.yccu.Hx. Ceii'llac 'l'.0-

na10cb 6 1'.UUemu'l'.e paauait,UO'll,11,b!X noBpe:>!Caeuuii. (Mo:>!Cem noMUUutb, .H 

2060pU.J/,, 'llm0 3my meMy Mb! Ua'llUUaeM, C oauuM 6eu2poM. Ho 011, 0'J'.a3a.J1,C.H 

ao60.J/,b11,0 C.J/,a6o noa2om06.J1,e11,ubZM u 6Ce npuxoaumc.H ae.11,amb caM0My. Bom 

3aJ!0:>ICY 1'.0e-'l'.a'l'.y10 0CU0BY, u nomoM y:>1Ce. 6yay cmapambC.H noa'J'..J/,10'1lamb 

u e20). llyMa10 'I'. oceuu y:>1Ce 'llmo-uu6yab no.J/,y'llumb. 06010 fPU'J'.c-uae10 C 

cuuxpouu3av,uei1 no Eo20.J1,1060By no'l'.a 0m.J/,0:JICU.J/, C11,06a. Haao noM0'llb MY

:>ICU'l'.y. 

.. . Boo6w,e, ceii'llaC Ua'llUUaemc.H ue'l'.omopb!U utopox, no noBoay npeao

cmaBJ!eUU.H npU'l'.OMauaupo6aUUbZM 'I'. OHHH 6oJ!butUX npa6. Ha'l'.OUev,-mo 

11,auta aupe'l'.Y,U.H n0U.H.J/,a, 'llm0 ma'/'. 1'.a'J'. UUCmumym 6Ce-ma'l'.U. ao.J1,:J1CeU aa

Bamb npoay'l'.Y,U10, mo UY:>ICU0 utupe npU6.J/,e'J'.amb 11,apoa CO cmop0Ubl,' u6o 

OMO.J/,Oaumb y:>1Ce oap.HXJ!e6utUU 'J'.0.J/,.J/,e'l'.mUB OH.HH MO.J/,OabZM,U nocmo.HUUbZM,U 

compyauu'J'.a.«U mo:>1Ce 11,em 603M,0:JICU0Cmu, m.1'.. Ue'l'.yaa aeBamb C0Cma

pU6utUXC.H. Bom ma'l'.a.H o6cmaU061'.a. Ilpa6aa, peuteUU.H 11,U'J'.a'J'.020 11,em, 

u 11,e nou.Hmuo, BO 'llmo 3mo BbZJ!bemc.H. Iluwu, 1'.a'l'.ue uoBocmu y Te6.H c 

"Phys.Lett.", cyMe.J/, .J/,U mbz npupy'llumb u oaoMautuumb <PepMu-cucmeMbZ. 

... Hanuutu MUe mBOU aoM,autuuii aapec, a mo 6 [Je6o'J'.capax me6.H ew,e 

11,e Bee 311,a10m, a 3acmaBJ!.Hmb Te6.H 6e2amb B YuuBepcumem no.11,y'llamb Mou 

nUCbM,a .H C'llUma10 ueyao6UbZM. 

19822. 
* 

... Jleua CU.J/,b'll,0 noapoc.11,a, y:>1Ce 6bl206apu6aem xopouto 6y'l'.BY "p". Te

nepb c ueii 6b1Ba10m 'llacmo 3a6aBubze cumyav,uu... Ecm 1'.a'l'.-mo 0.11,aabu c 

BapeubeM, a Jlapuca cnpautU6aem ee, C 'lleM, UM, aa10m OJ!aabU 6 .HCeJ!b'J'.aX, CO 

c2yw,eu'l'.oi1, cMemauoii u.11,u BapeubeM? A 011,a omBe'!laem: "Hem, 6e3 'lleM" . 

Hy a ocma.J/,b'll,ble, 1'.a:>ICablU 3au.Hm C60UM, aeJ!OM, co6upaeMC.H 6Ce ffi0.J/,b'J'.0 

6e'llepoM noc.11,e pa6ombl, aa 11,a o6ea. y 11,ac mym ceii'llaC noMaJ!e1lb'l'.Y ua

'llUUa10m' npU:>ICUMamb C mpyao60U aucv,un.11,uuoii. llueM Ma2a3U1lbl U apy2ue 

6b1m0Bb1e y'llpe:>1Caeuu.H nycmy10m. Kmo mop'llum B pa6o'!lee BpeJ.t.H y npu

J!aB'l'.0B, y mex MBJJ 6e:JIC.J/,U60 uumepecyemcJl, 'llffi0 011,U ae.11,a10m mym U no

'lleMy ue 11,a pa6ome. Ta'I'. 'llm0 u 6 Moc'l'.BY ceii'llac uapoa 6oumcJI e3aumb, 

maM ceii'llac oco6euuo cmpo20. Humepecuo, 1'.a'I'. 3mo Bee peaJ!U306bl6aemc.H 
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y Bae'? Tenepb no .Ma2a3uua.M a pa6o'l/,ee ape.MJI, 11,aaepuoe, ae3ae 6e2amb 11,e 
. aa10m, .MO:JICem 11,apoa, CO cx;yx:u, pa6omamb Ua'l/,11,em, a mo U 6 .Ma2a3UUaX · 
oco6euuo 11,u'l/,e2O u ue 6b1.11,o, a '1/,mo 6b1.11,o, mo u.Mnopmuoe. 

19832. 
* 

Jf3au11,ume, v,mo ao.11,20 11,e nuca.rt. Kax: aepuy.rtcll U3 'X:O.Mauaupoax:u, mo 

ov,eub .M,11,O2O pa3UblX ae.11,. Heae.rt10 y6u.11, 11,a 'X:.rt10'X:6Y, Ha 60.11,bwoe 60.rtomo . 

.M,11,e aocmamb .MaWUUbl 11,e yaa.rtOCb1 ov,e1tb n.rtoXall no2oaa U yc.rtO6UJl U UUX:mO 

11,e xome.11, examb, u npuw,.11,ocb .Mue WUblpllmb no ox:pecmuocmll.M1 nox:a ue 

uav,apana.rt aaa aeapa. Ko.Mauaupoax:a npow.11,a ycnewuo: uapoa noc.Mompe.rt, 

ce61l nox:a3a.rt. Bb1.11, a Bexuue, Jmo om Ilpa2u x:u.rto.Mempoa cmo 11,a 102, 

ue60.11,bWOU 20poaox:, cx:opee aepe6UJ[. Cuoaa :JICUJtU 6 cmapuuuo.M 3a.Mx:e. 

Bee xopowo, uo 6buo xo.11,oauo, m.x:. 3a.Mox: ue oman.11,uaa.rtcll. Kynu.rt .ua.Me 

.11,ex:apcmao u y:J1Ce Bb1c.11,a.r1,, a.Meeme c x:.rt10?'.aoi1. 

fl 'v,e.11,b1e auu ua pa6ome, 2pb13y 2pauum 11,ay'l'.u. J( 3'li.Me y:J1Ce nov,mu 

;, noa20m06UJ1,UCb. KapmOW'l'.U 6 3mO.M 20ay 11,em. Ha 6a3ape 0,8 - 1,0 py6 
3a 'l'.u.11,O2pa.M.M u Jmo oceub10. Bom eU4e I'op6a'l/,e6 noab1cum v,eub1 ua nu

mauue, ?'.a?'. 06eU4aem, u 6yaem coace.M aece.rto. Bom u 1'.apmowx:y a Jmo.M 

20ay 6yaym aaaamb no ma.rtO1la.M: 25 1'.2. ua pa6oma10U4e20 U 50 1'.2 .M,'H,O-
• 20aemUbl.M ce.Mbll.M. Ta?'. v,mo .Mbl paccv,umblBae.M no.11,yv,umb 'l'.U.rto2pa.M.¼O6 

100. Ec.11,u ecmb no 'l'.U.!1,O2pa.M.MY 6 aeub, mo xaamum 11,a cmo aueil. Ho 

37nO wymKa, 6yae.At e3aumb 3a KapmoWKOU 6 Mocx:ay, xomll u ma.M CUJl,b'H,O 

ue pa36e:JICUWbC1l. TaK. v,mo, x:a'X: nuca.rt A.rteKceil To.11,cmoil, "x:a3a.rtocll uy 
UU:JICe Ue.!1,b31l cuaemb 6 ab1pe ". 

19872. 
* 

Heaaauo no.rr,yv,u.rr,u om Bae nucb.Mo. Il.11,oxoaamo, v,mo 2punn ue xov,em 

yxoaumb om Bae... lfmo-mo uenOUJlm1lO Bbl nuwume O paauav,uu. Bpoae 
: < 6b1 eil 11,eomKyaa 6O311,UX:amb, xomJl v,epm e20 311,aem. Ec.rtu v,mo npOllC-

. uumcll, uanuwume noapo6uee. A c npoay,,,.ma.Mu Ba.M npuaemcll menepb 

; > 6b1mb ocmopo:J1Cub1.Mu ac10 :JICU31lb 1 oco6euuo c 6a3apa. 
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Muw:x:a cu.abuo noapoc, y;»ee Jieua c uu.M ue cnpaa.a.Jiemc.JI, 6epem ee 3a 
w,uaopom u aa.aum ua no.a. Ee3 uee ue .Mo;»eem u .Muuymbz. )/(a.a-x:o,ceiJ,'l.(,ac 

6 lly6ue uem uu-x:a-x:ou 'x:Jt'IO'Ul,'x:U a.a.JI Muwu, a 6 Moc-x:ae .JI noc.ae Hoao20 

20aa eU4e ue 6b1.1t. Jieua 3llUU.Maemc.JI 6a.aemo.M1 .MY3bl'x:OU U 6 w,-x;o.ay xoaum. 
Y uee CeU'l./,llC Ull'l.(,llJtU 6bznaaamb .MOJtO'l.(,Uble 3y6bl1 xoaum CeU'l.(,llC U4ep6ama.JI1 

npuU4ep6ama.JI ... 

19882. 
* 

Ka-x: npuexa.au om Ba.au, .JI yaapu.a no 6pycuu-x:y, uaco6upa.a mpu aeapa. 

Ta-x: 11,mo .Mbl ee u uaaapu.au, u aa.M.011,u.au u ma-x: uae.aucb. Ilomo.M noaocne.aa 
2pu6ua.JI nopa. Oco6euuo .Muo20 6 Jmo.M 20ay 6b1.1to on.Jim. Jfx .Mbl om1:,e.aucb 

U aaa aeapa 6apeUblX 2pu606 3ll.MOp03UJtU Ua 3U.My. I'pu6o6 U ceiJ,11,ac .MU0201 

uo y .MeU.JI ua11,uuaemc.JI onepa'UiU.Jl noa -x:oao6bl.M, uaaaauue.M 11'x:Jt'IO'x:6a ". Ee 

a Jmo.M 2oay pa3pew,u.au paamb c 5 ceum.JI6p.JI. Ta-x: 11,mo aom aaampa .JI 
C apy3b.JI.MU 6ble3;»Cll'IO ua 60.aomo ua aaa au.JI. Bom ma-x:ue y .MeU.JI ceiJ,11,ac 
aa6o'mb1. 

C 26 ceum.JI6p.JI .JI yea;»eaw ua .MeC.JI'Ui a Beu2pu10, a yuuaepcumem 2opoaa 

lle6pe'UieU. Bepuycb 27 o-x:m.JI6p.JI. Haao noa20moaumb ue60.1tb'Ul,OU 'UiU'x:Jt .ae-x:

'UiUii., -x:omopb!U .Mue ma.M uaao 6yaem npo11,umamb ua au2.auii.c-x:o.M .JI3bl-X:e. 

19882. 
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,llo1otaALI AKaAeMuu HayK CCCP · 

1979. TOM 245, N° 5 

r.M. rABPHilEHKO, B.K. IJ>E,wIHHH 

cl>l13HKA 

.ll11HAMl1KO-CT ATHCTWIECKH8 IlOllXO.ll K OilHCAHHIO .llBIDKEHIDI 
BblCTPblX qACTHU CKB03b KPHCT AJ1II 

(IlpeocTae11e110 a1<:aoeMu1<0M H.H. Eozo11106oeb1M 23 X 1978). 

C 3cpcpeKTaMH KaHanHpOBaHJUl CB113aH Kpyr BOilpOCOB, OnHCbffialOIUHX 0C06eH
HOCTH noaeneHH11 ttacTHU BblC0KHX 3Heprnii, nanaroIUHX Ha KpHCT3JlJI non ManbIM yr
JIOM 'Ir K KpHcTannorpacpuqecKOH ocH (axis channeling) HJIH KpHcTannorpacpuqec1<:oii 
nnocKocm {plane channeling) (1) . B cuny Manocni yrna 'V nonepettHbIH HMnynLc tJac
mu npH 3TOM OtteHb Man, C0OTBeTCTBeHHO Man H BOJIH0.BOH BeKTOp ttaCTHUbl, OtBeqa
IOlllHH nonepettHOMY J:(BH)KeHHIO. HHatte fOBOp11, JIBJieHHe Al3H)KeHH11 tJaCTHU B K3HaJie 
KaHanHp0BaHH11 onpene1111eTC1I pacce11HHeM tJacmu ,Bnepen Ha ManL1e YfJibl. IlpH 3TOM 
l1)11I KpHCTaJIJTa B03M0)Kff0 KJiaCCHtJeCKOe onHcauHe TaKoro 1IBJieHH11 (2) , 'ITO II03BO· 
1111eT pa3BHTL nonxon, ocuoBaHHLIH Ha nonyqeHHH )(paBHeHJrn l1)111 qiyHKUHH pacnpene
neHH11 "Manoi'! llOJ:(CHCTeMbI" H3 KJiaCCH'leCKHX ypaBHeHHH nnmKeHH11 (3). Pen1ITHBH3M 
nana10utHX 'l3CTHUB pa3BH.BaeMOH cxeMe MO)KeT 6b!Tb nerKO yqreH H npHBOJ:(HT JIHlllb K 
"nepeHOpMHpOBKe" HeKOTOpbIX napaMetpOB paccMatpHBaeMOH :3a,natJH, ll03T0MY Mbl 
H3JTO)KHM 3,necb o6myro npell)lara~Myro cxeMY. onucamrn HBJieHHii KaHannpoBaHHH 6e3 
yttera pen11tHBH3Ma. 

B OCHOBY TeopetHtJeCKOro HCCJieJ:(O.B3HH11 KJia,neTC:11 <PYiiKUHJI pacnpeneneHHJI 
fr(S I, 'V, Z), KOTOpa11 nonyqaeTC11 HJ ITOJIH0H <PYHKUHH pacnpeneneHH11 CHCteMbl "KpHC· 
Tann+ nana10ma11 qacmua" fr(S1, 'Ir, z, 2,) "cBepTKoii" no nepeMeHHLIM 1<:pncTanna: 

(1) fr(S1, 'Ir, z)=~ft(S1 , 'Ir, z, 2,)d2,, 

rne L - COBOKYIIHOCTb cp330BbIX nepeMeHHblX, OnHCbIB3I01UHX KpHCTaJIJIH'leCKYIO CHCTe
MY, r.e. Ha6op I vi- r; I, i = I, 2, ... , N, v; - cKopocm HOH0B B i-ii KpHcrannHttec
Koii H'leHKC, r i - HX IIOJIO)KeHHe, N - 'lHCJIO HOHOB B KpHCTaJIJie, SI - eCTh . ua60p 
cpa30BblX nepeMeHHblX nana10meii Ha KpHCTaJIJI ttaCTHUbl B nJIOCK0CTH, nepneHAH]<Y· 
JIHpHOH Kattany Al3H)KeHHH qacmu, T.e. (R1, Vi), Z - fIOJIO)KeHHe tJ3CTHUbl BJ:(OJib KaHa
na AJ3H)KeHJrn, 'V - napaMetp, xapaKTepH3YIOIUiu1 pacnpe,neneHHe ttaCTHU IIO :meprHIIM 
B nana101.l(eM Ha KpHctanJI IIYtJKe, t - BpeMJI . .llmiaMHK3 CHCTeMbl 33,naeTCH noJIHbIM 
raMHJlbTOHHaHOM CHCTeMbl 

(2) 
MV2 N 

H=-- + L U(R-r-)+H 2 i = I I Kp, 

rne M- Macca nana10mei'I '!aCTHUbl, V- CKOpOCTb, HKP - raMHJibT0HH3H KpHCTaJIJIHtteC· 
KOH noncncreMLI, U - noreHUHaJILHaJI cpyHKUHH · BJaHMO,neiicrBHH nanaromeii ttac
THllbl C HOHHblM C0CT3BOM KpHCTaJIJTa. 3BOJIIOUlf11 OITHCbIBaeTCH ITOJIHblM ypru3HeHH· 
eM JIHyaHJinH rorn (S + ·r,) c11creML1 

a 
(3) --j~(S1, 'V, z, 2,)=llfr(S1, 'V, z,L), ar 
rnell -oneparop fl11yBJmnn (S + "I,) c11cTeML1, onpenen11eMLIH KaK I H , ... I, { ... , ... 1-
KrraccHttecKaH cKo6Ka IlyaccoHa. Uem10 pa6othI HBJUierc.fl nonyqeHHe JaMK~yroro 
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' ypru3HeHHR, OTHOCliTCllbHO <pyHKUHH pacnpeneneHHR f,(Sz, '¥, i); npH JTOM paccMar• 
pttBaeTcn crauttottapttan 3a.a.atJa, T.e. /,(Si, '¥,z)=f(Si, \Jl,z)-He 3aBttcnwan OT ape• 
MCl!.11 <pyHKUHH, 

BBeneM / yno6Hble B )J,aJlbHeHllleM )J,JJH OIIHCaHHH <pa30Bble nepcMeHHble BH)J,a \JI, 
· z, Ri, Vi; R = I z, R1 l ; V = I V0 cos \JI, V.L l; V0· onpep.enneTCH HatJaJihHOH :meprnei1 E0 

nana10mero ny•1Ka •Iacrnu no <popMyne V0 = (2£0 /Mt. Ecn11 ttcnonb3OBaTb coornollle• . 
HHC 

a 1 a 
---f=- -- --, avz V0 sin'll a\JI 

TO ypaBHe1me (3) B craUHOHapHOM cnyqae MO,KHO npencTaBl1Tb B. BHne 

a 
(4) - /(Si, \JI, z, 2:) = az ' 

M ½ V a 
( ) 

i , , . . 
- - -- -- -- f(S1, '¥, Z, k) + (JI Kp+JI :1 +Jii)J (S.L, '¥, z. ::E), 

2Eo _cos'¥ aR1 

rne onepaTOp JlHya11nnn KpHCTaJIJIHtJeCKOH IIO)J,CHCTCMbl 

~, = (-"!--) ½ __ I l/. 
,KP 2 E ,T, KP, 

:o cos 'i' 

N 

}: .TJKp = -
i = I 

a 
V;- + L 

ar; i < j ar; 

a 1 u a 
cf>(r;- r;) - (- -- ·-); 

m; av, av; 
a I . ( M )v, 

T~ + m;cos '¥ 2£0. 

. N , a [ . I 
JI = ·- L - U (R - r•) -· --· 

z ; = 1 az I Eosin 2 1¥ /vi·]. 
' % 

3TO Z •KOMilOHettra oneparopa, OIIHCb1Ba10mero B3aHMO)J,eHCTBHe lJ3CTHUbl C KpHCTaJIJIOM, 

, (M )\/, I N au(R-r;)[I a I a ] 
JI l = - -- JI1, JI1 = L ---- - -- -· - -. • 

2Eo cos'¥ i = I aR1 M av.L m; V'1 
CCTb "nonepetJHan" l[aCTb oneparopa, OIIl1Cb1Ba10wero B3aHMO)J,CHCTBHe lJ3CTHUbl C KpHc
TaJIITOM. YpaBHeHHe { 4) HMeer B11n ypaBHeim.R flttyBHnnn, B KOTOpOM pOllb JBOJllO· 
UHOHHoro napaMeTpa ttrpaeT z. R npocTpancraettuan KOMIIOHeHra, coanana10man c ttan
paaneHHeM pacnpocTpaHeHHR llYtJKa tJaCTHU Cl<BO3b KpHcrann. llnH noJiytJeHHR 33MK· 
HyToro ypaBHeHHR OTHOCHTeJlbHO <pyHKUHH pacnpeneneHHR f(S1, '¥, Z) npHMCIIHM M£)· 
ntt<p11Kautt10 nonxona (3), npewio)KemIy10 a pa6oTe (4

). CTpoeKUHOHHhlH oncparop Po 
O)J,HOJHatJHO onpencnneTCR B JTOM cnyqae H3 rpaHHlJHblX YCJIOBHH, ecTCCTBCHHblM o6-
pa3OM Cq>OpMyIIHposaHHblX )J,Jl.fl naHHOH 3anatJH, 

(5) f(S1, \JI, z, L) j: = 
0 

= f(IJ!, Si) Do ( 1: ), 

rne f('ll, S1 ) - cpyHKUHR pacnpeneneHHH qacrnu B nonepetJHOM cetJeHHH ny,IKa ;; = O 
no axona. B KpHcnum, T.e. HatJaJihHOe pacnpeucncm1e •iacrnu B nytJKe, D0 ( l:) - pac-

. npeneneHHe ftt66ca nnn KpHCTaJIIIHlJCCI<OH IIO)J,CHCTCMbl. 
11TaK, KaK H s (4

), onpencnttM oncpaTOpbt npocKrnposa,mn 
~ r ~ 

(6) P= j( ... )dk, P0 =D0 (k)P 

If <pyHI<UHIO 

(7) .1{S1,'¥,z,::E)=(I-Po)f(S1,'¥,z,::E). 

3aMeTHM, lJTO 

(8) f(S1, \JI, z) =Pf (S1 , z, \JI, :E ). 
1092 
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l1cnom,:1y11 ypaaHeHHe (4) H onpeneneHHs (6) - (8), nerKo nonyqHTb cne.nyrolllHe )lBa 
ypa1111cHmi: 

a v1 ( M )½ a · 
(9) --- A{S1, 'l{I, z, k) = --- ---'- -A(S1, 'l{I, z, k) + az cos'l{I 2£0 aR1 . 

+ [D'Kp+D; +Di] A{S1, \{I, z, i) + [D; -Dz+ Di- ff1J Do(i)t(S1, \{I, z)-
1\ 

-Po [D: +D1J A(S1, 'V, z, i); · 

N a 1 a -
D. = - k -- U(R- r;) --- -.·a,;;, Dk =P[DkDo(i)J, k=z, l, 

; = 1 az £ 0sin 2 'l{I 't" 

N • 3 1 
D1=··i: -- U(R-r;) ----

i= 1 aR1 · ✓2£0M
1

cos\{I aV1 

a 

Ha'laJJbHble ycnoBHH JJ,TU[ ypaaHeHHH (9). BblfnHAST TaK: 

(10) /(z,'l{l,S1)lz=o=ll'o('l{l,S1), A1(S1,'l{l,z,k)l.:=o=0. 
PaJpeWHM CHCTeMy ypaaHeHHH (12) C H3'laJlbffblMH. ycnoBHHMH (13) OTHOCHTeJJbHO 
cpyHKUHH f(S l• \{I, Z ), HCKnIO'lHB HJ Hee q>yttKUHIO A{S l• \{I, z, k ), H nonyttHM 33MKHY· 
roe ypaeHeHHe OTHOCHTeJlbHO f(S1, \{I, z). C JTOH UeJJblO paCCMOTpHM ypaBHeHHe 

a · Y1 ( M ) a -A(z,'l{l,S1 ,1:)=-L(z)A(z,'l{l,Si,z), L(z)=- --- --az . cos'l{I 2£0 aR1 

- [D~p + D~ + Di) +Po [D. + D1l-

PeweHHeM JToro ypaaHeHHH c n106oii npoHJBon&HOH q>yHKUH~H A0 {'1{1, S1, i) MO>KHO 
Jarrncar& a BH)le T-:>KcnoHeHT&I no napaMerpy z oneparopa L(z): 

% " (12) A(z, 'l{I, S1 , i) = Ao ('l{I, S1 , L)Texp [ -f L (r)dr]. 
0 ' I\ 

BeencM oneparop f(z), neabtii 06parH&1ii K oneparopy T•:>KcnoHeHT&l oneparopa L(z), 

(13) 
,.. " 
r(z) Texp [ - J L(r)dr J = I. 

0 
CnenaeM BO BTOpOM ypaBHeHHH CHCTCMbl (9) 33MeHy nepeMeHHbJX: 

: . 
(14) A(z, 'l{I, Si, i) = o{z, 'l{I, S1, i)Texp [ - J L(r)dr J. 

. . 0 

0THOCHTCJlbHO O (z, \{I, S1, L) HMCCM ypaeHeHHe 

a 
{IS) - o (z, '11, S1, l:) = az 

=r(z) [fl~ - n. +D ~ - Hi J Do (I: )f (Si,'¥, z). o(z, '¥,Si,-~) I.:= 0 = O, 

OTKY!la OKOH'l3TCflbHO HMeeM 

(16) A(z, '¥, Si, I:.)= 
= = #"\ ,.,. , , , -

= TeY.p l- f !,(r)dr] f r(x) [J7.t -Jlx +n lx -Jlix] Do(I:)[(x, 'l{l,Si)dx. 
0 0 

8 peJy!lbT:lTe nony'-IHM cp0pM3HbHO TO'lHOe ypaBHCHHC, 33MKHYTOe OTHOCHTeJJbHO cpyH-
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KUim f(z, '¥, S1) 

a 
(17) - f(z, '¥, S1) = az 

V .. M ½ a 
_ -

1
-(-) -f(z, '¥, S1) + [Hz +H1]f(z, '¥, S1) +. 

cos'¥ 2£0 aR1 
z . z . . 

+ P (Hz + H1] Texp [ -· f L (r)dr] f r(x) [fl~ -fix + H 1.x - fi1x] Do(}';)f(x, 'l',S1). 
. 0 0 

YpaBHem1e (17) MO)l(HO paccMaTp1maTb,KaK TOtnIOe ypaBHeHHe, OilHCb1Ba10mee z-"JBO' 

nIOUHlO" '1acmu1,1, na.na10meii Ha KpHCTann, O,a;HaKO OHO HOCHT q>OpManbHbIH xapaK

Tep, TaK KaK B O6IUCM cnyqae HC HCHO, KaK ACHCTBYIOT BBCACHHbIC onepaTOpbl 
z . 

f(z), Tcxp [ - J L (x)dx] tta. qiyttKUHIO . IlOJTOMY npCACTaBnHeTCH Ba)l(Hb!M O6Cy)l(,nC• 

0 

HJ.IC 3<p<pCKTiiBHblX napaMCTpOB Manocm, BO3HHKaIOIUHX B 3a,naqc OilHCaHJlH ,a;BH)KCHJ.IH 

6b!CTpbIX tiacrnu CKBO3b KpHCTann, IlO3BOnHIOIUHX pa3BHBaTb no HMM TeopH!l) BO3MY· 

IUCHHJI ypaBHCHHJI ( 17), HJIH, '!TO TO )KC caMOC, CHCTeMhl ypaBHCHHH (9). IIepBbIM 

napaMCTpOM Manocrn, BO3HHKaIOIUHM' 3ACCb, JIBnHCTCJI 3<p<pCKTHBltbIH napaMCTP, CBH· 

3aHHblH co. cn_a6oCTblO B3aHMOACHCTBHH 6bICTpblX qacrnu, ,a;BH)l(YIUJ.IXCH _CKBO3b KpHC· 

Tann, C HOHaMH KpHcTannH'leCKOH pClllCTKH. 3TO O6'bHCHHCTCH TCM, '!TO B KnaCCH'ICC· 

KOH q>H3HKC pai;:cCHHHC Ha ManbIC yrnhl CBH3bIBaCTCJI C 3<p<pCKTiiBHO cna6bIM B3aHMO· 

.neiicTBHCM pacccHBaTenH H paccCHBalOIUCHCJI CHCTCMbl. · 3TOT napaMcrp ManOCTH 6y,neT 

O6IUHM KaK AnH ncrKHX, TaK H J];JIJI TJI)l(enbIX qacmu; o6O3Ha'IHM ero '1CpC3 E • BTO: 

pb!M O6IUHM 3<p<pCKTHBHblM M2Jlb1M n.apaMeTpOM cnc,nycT C'IHTaTb yron TpaCKTOpHH 

Bncra K KpHCTannorpa<pH'ICCKOH OCH HnH nnoCKOCTH KpHCTanna na.na10mcii qacmu~1, 

T.e. '¥ ~r, ~ 1, rnc r,- 3<p<pCKTHBHblH napaMCTp. 

IIpH KaHanHpOBaHHH qacmu CKBO3b KpHCTann, KaK AnH ncrKHX, TaK H B cny

'lac TJI)l(CnhIX qacmu :mcpmn Bcm11<a, TaK '!TO £ 0 ► l; TO'!Hcc, 3<pq>cKmJ3HhIH 6c3-

pa3Mcpttbltt napaMeTp, CBR:3aHHblH C _Ha'!anbHOH 3Hcpmctt na,naIO~CH qacmUhI, BenHK,· 

KoM6ttHauH10 BH,na · 2£0 '¥ (sin'¥ ~'l', cos'¥ ~1) pc3OHHO C'IHTaTb nnn ncrKHX qacnm no

pH,nKa l. 8 TaKOM cnyqac Vo O'ICHb BenHKa H 'lnCHbl, co.ncp)l(alUJ.IC MHO)KHTenH BH,na 

(M/2Eof', nponopUHOHanbHbl Manoi1 BenH'IHHC 'Y· 11TaK,. AnH ncrKHX qacmu 

(18) Vi/ ~ 'Y -~ I, 2Eo '¥ ~ l. 
llpH KaHanHpOBaHHH TJI)l(enbIX qacmu napaMcrp, nponopUHOHanbHblH Vo1

' _MO· 

)!(CT Y)l(C OKa3aTbC.H HCAOCTaTO'IHO ManbIM; TaK '!TO Ha'IHH?.lOT HrpaTb 3aMCTHYIO ponb 

'!neHbI, nponopUHOHanbHbie BenH'IHHc (M/2£0 )½. B noM cnyqae npaB,nono,no6HbIM 

npc,nCTaBnHCTCJI COOTHOlllCHHe BH,na 

(19) P'l'~ 1, P-1 ~o ~ l, 

r.nc P - HMITyJibC 11a.na10mcfr '!acmuh1. 

COOTHOlllCHHJI Me)K,ny pa3nH'!HblMH napaMCTpaMJl €, T/, "f, 0 ,non)l(Hbl YCTaHaB· 

nHBaTbcn H3 attanH3a KOHKpcrnoii <pH3H'ICCKoi1 cHTyauttH H Ha'!anbHhIX ycnoBHi1 3a,naqtt. 

3a6eran Bncpc.n, 3aMCTHM, '!TO Hcnonh3OBaHHC i:i.aHHhIX ccrccmcHHbIX napaMcr

poB Manocm noJBonncT. ttafrm f(S1, z, '¥) H3 (17) KaK nnn nerKHX, raK H nnn rn

)l(enbIX qacmu, ttaiirn napaMcrpH'lec1<oc ypaBHCHHc nnn o6nacm I<attanHpOBaHHH H npo

attanJl3HpoBaTb ycnoBHJI <pOKYCHpOBKH. 

Mb1 rny6oKo npH3HarenhHhI aKa,u. H.H. Eoromo6oBy 3a o6cy)K.UCHHC H UCHHbie 

3aMC'laHHH. 

O6"b~llHHeHHbIH HHCTHTYT f!llepHblX HCCJlejloBaHHH 
,ny6Ha M0CKOBCKOH 0611. 

flHTEPATYPA 

nocTynwtG 
21 XI 1978 

1 D.S. Gemmell, Rev. Mod. Phys., v. 46, N'I 1 (1974 ). ' J.K. Lindhard, Dan. Vinensk Selsk 
Mat-Fys. Medd., v. 34, N2 14 (1965). 3 N.N. Bogoluboi•, Preprint, E-17-l0514,. Dubna, 1978. 
• r.M. raapUJ1eHKO, B.K. <l>eoJIHUH, IlpcnpttHT OHJIJ.1 Pl 7-11948, lly6Ha, 1978. 

26 



Physica A 150 (1988) 137-158 
North-Holland, Amsterdam 

NEW MICROSCOPIC APPROACH IN THE THEORY 
OF ADSORBED LAYERS 

G.M. GAVRILENKO 
Joint Institute for Nuclear Research, Dubna, P.O. Box 79, USSR 

Received 20 August 1987 

A microscopic approach is proposed for a self-consistent description of electronic and ther
modynamic properties of adlayers. It is based on generalizations of both Bogolubov's.microscopic 
picture developed in the theory of polar metals and the second quantization procedure to a system 
with uncertainty in some phase states. Composite generalized models of the Anderson-Ising type 
appearing here are analyzed. The self-consistent description is demonstrated for the simplest 
composite model. 

1. Introduction 

In recent years great experimental and theoretical efforts have been made to 
study the properties of atomic submonolayer coverages of solid state crystalline 
substrates 1 

). On the one hand, this is due to a variety of physical effects which 
arise in such physical systems with a broken translational symmetry in the 
direction perpendicular to the surface plane. Further, the opportunity of 
application of methods well developed in solid state theory to a description of 
the present systems and the great experimental progress which has accumu
lated to a great number of experimental results2

), increased the interest of 
physicists in this field. On the other hand, these investigations are important 
from a practical point of view as they deepen our understanding of the physical 
processes on surfaces in catalysis, hydrolysis, corrosion td) and other practical 
domains. The perfection of the surface band structure calculations by quantum 
mechanical methods 3

) and, particularly, by applying surface science methods 
such as the model Hamiltonian method4

), density functional theory and its 
local approximation5

), theory of response function6
) and others allowed us to 

understand many peculiarities of the surface physics. However, in the field of 
fundamental investigations, the experiment, speaking in general, forestalls 
considerably the theory7). In spite of the great number of particular results and 
papers in this field, many fundamental phenomena connected with chemi-

0378-4371/88/$03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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138 G.M. GAVRILENKO 

sorbed species are not yet understood4
). Moreover, higher requirements to the 

self-consistency of the description in comparison with the "bulk"-problems 
make the formulation of the models and interpretation of the obtained results 
more difficult. 

Therefore, investigation, which generalizes some particular models or ap
proaches and reveals their restriction, is undoubtedly useful. 

In the present paper, a generalized approach is suggested to be applied to a 
self-consistent microscopic description of the electronic and thermodynamic 
properties of atomic submonolayers adsorbed on solid state crystalline sub
strates. Till now, these different aspects of the chemisorbed species were 
considered independently from each other, for instance, in the framework of 
the semi-empirical Anderson-type 4

) or Ising-type8
) models, respectively. Our 

approach is based on the generalization of Bogolubov's microscopic picture 
developed by him in the theory of polar metals9

). In section 2, the fundamental 
microscopic picture, basic model and principal peculiarities in the description 
of adsorbed crystalline surfaces are discussed. A consistent development of the 
concept9

) leads to the necessity of a generalization of the second quantization 
procedure to systems involving phase uncertainty in some states. In general; 
the last peculiarity is typical of the most impurity problems when the impurity 
configuration is not fixed in a solid. This is considered in section 3. In section 4, 
having in mind the statements established in the preceding sections, the general 
scheme for a self-consistent description of the chemisorption of atomic hyd
rogen-like adlayers' (adsorbed layers) on the crystalline substrates of simple 
metals is developed. In section 5, we analyze the generalized quantum statisti
cal composite models appearing here. In section 6, we discuss some 
peculiarities in the Green function machinery1°) related with the composite 
structure of the Hamiltonians. In section 7, the simplest case of composite 
models is considered. 

In conclusion, we briefly discuss the obtained results. 

2. Formulation of the problem and the basic model 

Let us consider the problem of describing the interaction of impmity atoms 
with a crystalline metal surface. Following refs. 9, 11, we consider this problem 
as a many-body problem. For this, let us define the basic microscopic picture 
more precisely. Further, we shall call the system of impurity atoms (or 
adatoms, meaning adsorbed atoms) the adsorbat. From the many-body prob
lem, an atom is a complex system of the nucleus and electrons. However, not 
all electrons play an important role in its interaction with the metal surface. It 
is sufficient to single out its valence electrons. The rest of the electrons and the 
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MICROSCOPIC APPROACH FOR ADSORBED LAYERS 139 

nucleus form the adatom ion (adion) that interacts with the surface al a single 
particle. So,_,.we shall consider the adsorbat as a complex system involving the 
valence electrons and the adatom ions. 

A metal crystal with a free surface (an adsorbent) will be described by a 
certain relief of the potential energy created by positive charged metal ions 
fixed at the nodes f of the crystal lattice. We neglect here the phonon degrees 
of freedom of the metal ions. Apart from the ions, the absorbent also involves 
the valence electrons of the ions, so that the whole system is electrically 
neutral9

). 

There are certain points on the free metal surface { R~, ... , R~} which will 
be called the adsorption centers. They are the equilibrium positions which may 
be occupied by the impurity ions on the surface. Generally speaking, the 
calculation of these positions is a difficult self-consistent task. It is one of the 
basic chemisorption problems. Moreover, the very notion of the chemisorption 
'centres may essentially depend on the behaviour of the interaction between 
adatoms on the surface, and, hence, on the surface concentration of ad
atoms 7

). We consider the case of simple substrates where it is experimentally 
known that chemisorption centres coincide with high-symmetry points of the 
crystal surface 12

). Then, the only free parameter is the height of the equilib
rium positions of the ions above the surface. Further, the positions of 
adsorption centers will be considered as given. Unlike the case of a metal, 
where the crystal nodes are occupied without fail, the adsorption centres may 
eithe_r be o_ccupied by impurities or be empty. 

When an adatom occupies the adsorption centre the wave functions of its 
valence electrons envelope with those of the substrate electron band and all 
electrons are coliectivized. Further, as a result of the hybridization of the states 
of the valence electrons of the adatoms and the metal, the reconstruction of the 
energetic spectrum of the collectivized electron subsystem appears. It leads to 
an increase in the tight chemical binding between adatoms and the metal 
surface. 

At last, the adions can vibrate on the adsorption centres and jump from one 
position to another at a sufficient energy. 

Thus, from the viewpoint of the many-body problem the complex system 
adsorbat plus adsorbent is described by a Hamiltonian of the form 

where 
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M p? l M M 

HA= L f- + 2 L VI(R; - Rj) + L U1(R;), 
i=l /J, i .. j i=I 

NM 

HI.A= - L V1-e(X; - Rj). 
i.j 

Here, H"i. is the Hamiltonian of the electron subsystem. It involves in an 
absolutely equivalent way all the electrons: both the substrate band electrons 

· and adatom valence electrons. The potential u.(x) is the electrostatic energy of 
the interaction of the electron with the positive charged background created by 
the substrate ions. It involves also the boundary conditions on the surface 
plane of the solid state and the vacuum. The function u.(x) has the translation.
al symmetry of the crystal substrate lattice, i.e. u.(x) = u.(x + G) where 
vector G is any lattice vector in the surface plane. The Hamiltonian HA 
describes the ionic subsystem of the adsorbat. The potential VI(R; - Ri) is the 
electrostatic energy of the interaction of the pair of adions in vacuum. The 
potential UI(R) describes the potential energy of the interaction of a single 
adion with the field of the crystal ions. On regular substrates it has the same 
symmetry as u.(x). The potential v._I(x - R) is the electrostatic interaction 
energy between a single electron and a single adion. Numbers N and M are the 
total numbers of electrons and adions in the system, respectively. Further, they 
will be fixed if it is not otherwise stipulated. The potentials V, VI, Ve-I, u., U, 
are the bare parameters· of the model. 

Further, it will be convenient to express the Hamiltonian (1) in terms of the 
second quantization representation. For this, it is necessary to introduce the 
quasi-particle picture 11 ) for a description of the adsorbat-adsorbent system. 
This is achieved by introducing the appropriate single-particle bases { <p, (x)} · 
and {rp-y(R)}. Then, it is necessary to perform the second quantization proce
dure13). However, the difficulty in applying a standard procedure of second 
quantization to model (1) consists in that the phase space of the states of the 
electron subsystem depends on the configuration of the arrangement _of adatom 
ions over the adsorption centres R~. Therefore, it is uncertain in the general 
case when the configuration is not fixed. 

Let us explain this fact in more detail. For a description of the electronic 
properties of the adsorbat-adsorbent system, we should introduce two differ
ent varieties of the single-electron states. The first are Bloch-like functions 
describing the nonlocalized electron states in the metal substrate. The second 
are atomic-like functions of the type of Anderson's extra orbitals 14

) { rp
0
,(x)} 

describing the well-localized electron states on impurities. Here, index a marks 
the position of localization and g means the electron state. However, the 
electron may occupy the adsorption centre h, and, consequently, be in the 
state (a, O only if the position a is already occupied by the adatom ion. Only 
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then, there is a potential well on the a-centre which can catch the electrons in 
the t,ound state. Otherwise, there are no physical conditions for the electron 
localization on the a-centre. 

Thus, some electron states depend on the configuration of adions. A 
problem of generalization of the second quantization procedure arises in this 
case. 

3. Second quantization procedure 

In this section we briefly discuss the general scheme of the second quantiza
tion procedure of the systems with uncertainty in some phase states. 

Let the functiorts { 'Pa (x)} and { cpk(x)} form the complete orthogonal system 
of single-electron states: ( a I /3) = ( kl k') = ( a I k) = O; a ¥= /3; k ¥= k'. Functions 
{ 'Pa'l(R)} form the complete orthonormalized set of singie-ionic states, 
( a71j /371') = 0 if a ¥= /3 or 71 ¥= 71'. We have used the Dirac notation. 

Let us introduce the functions 

'Pacr(X) = 'Pa(x)Ll"", 

'Pkcr(X) = 'Pk(x)Ll"u , (2) 

L1KCT = 1 if K = u , Ll"" = 0 if K ;i, u . 

Here, Kronecker's symbol Ll"" is introduced to describe the spin state of a 
nonrelativistic electron, u, K = ± 1, X= {x, K} and index K is the spin variable. 

Consider the linear manifold 'XN.M of functions of the form: 

"1 • · · · • ",v 
'Y1, · • • •'YM 

N M 

X Il 'Pv(X;) Il cp.,, (Rj) , 
i=I I j= I I 

(3) 

where indices v; have values among the varieties of indices { k, u} or {a. u} 
and yi belong to { a, 71}. 

Denote by CfJN;M the linear space of functions satisfying the following 
conditions. 

Let P;i be the permutation rank {i, j}; if cp E CfJN.M; then: 

= (-1 ( 1icp( v1 , ••• , v.v; Yi, , ... , Yi , · · . , Y; , · · · , Y,w) ; 
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(II) q,(v1 ' ..• ' V; ' ... ' ~ ' ... ' vN; 'Y1 ' ... ' 'YM) 

= ( -1 (iiq,( Vi, , ... , ~ , • . , , V; , , • • , VN; 'Y1 , • ·. • , 'YM) ; 

(III) q,(v1 , ... , vN; ')'1 , ... , 'YN) = 0 when the sequence 

{ vi, , ... , vN; ')'1 , .. ; , 'YM} does not belong_ to 9 . 

By 9 we denote the following manifold indices: 
a) its elements are the sequences of the form 

{k1, a 1; ••• ; kL, aL; aL+P aL+ 1; ••• ;aN, aN; a;, 771; ••• ; af.,,71M}, (4) 

b) the number L is any integer which satisfies the following relation: 
O~N-L~M; 

c) the subsets of indices {aL+l, '. .. , aN} and {a;, ... , al.,} are correlated 
between themselves in the following sense. For each sequence of ( 4) the values 
of indices {aL+l, ... , aN} are necessarily contained in the set of values of 
indices {a;, ... , al.,}, i.e. {aL+l, ... , aN} C {a;, ... , af.,}. 

Now we introduce the operator functions of the electron 1Jlt, 1JI and ion <Pt, 
<P fields, 

1Jlt(X) = L a!"'l't"(X) + L b!"N0 q,;"(X), 
ku au 

1Jl(X) = L akc,'l'kCT(X) + L b""N"q,""(X), (5) 
kCT OCT 

<P \R) = L c!11 q,;/R), <P(R). = L ca11'l'a11(R) ' 
OTJ OTJ 

where the operators a!", ak"' b!", b"" are the Fermi amplitudes of the creation 
and annihilation of electrons in the states (k, a) and (a, a), respectively, 
N0 = ~11 c011c!11 . The operators c!11 , c011 have the following commutation rela
tions: 

[c!TJ, ca•11·1+ = L\aa'L\1111'' 
(6) 

. t t 
[c"TJ' ca•11·1+ = [ca11• akCT]_ = [ca11• baCT]_ ... = ca11ca11' + ca11ca11' = 0. 

In this definition of c!11 , c011 the operator N
0 

takes the values 0, 1. In ref. 16 it is 
shown how the commutation relations (6) can be realized in an explicit form. 

For any function q, from manifold '/JCN,M we define the mapping: q, ~IC"') in 
the form: 
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N M 

X TI q,t(X;) TI <P t(Rj)IO) . 
i•l j•I . 

(7) 

The following notation is used here: J dX1 N = rr;:. 1 J dX;; J dX; = E,, J dx1; 

J dR1,M = II7"- 1 J dR1 and IO) is the vacuum ~ector. It is important to ndte that 
the order of the fields q,t and <Pt the definition (7) is essential because these 
fields do not commute between themselves. 

Statement. The mapping (7) realizes the second quantization representation. 

The necessary properties are collected in lemmas 1-3. 

Lemma). Let cp belong to 'XN,M• then I Cy,) = I Cy, ) where <p,:g is the orthogonal 
'§ 

projection of the function cp onto (§N.M" 

Lemma 2. Let cp belong to (§N,M• then the following relations hold: 

NJ dRl,M dX2,N cp(X;, X2,,,,, XN; RI,,,,, RM) 

N M 

X TI q,t(X;) TI <Pt(R1)I0) =YN!M!1fr(X;)ICy,), 
i=2 1-1 

N M 

x <p(X1 •...• xN; RI •...• RM)TI q,tcxJ<P(R;) TI <P t<R1)10>. 
i=l j=I 

Lemma 3. Let cp E CSN.M• then we have the equalities 

J dx1,N cp(X1, ... , XN; R1, ... , RM)}] P\X;)<Pt(R) 

= J dX1.Ncp(X1 ' ... 'XN; RI ' ... 'RM)[ <P t(R)1Pt(X1)1frt(X2) 

N(N-1) ] N + NB(X1, R)1frt(X2 ) + 
2 

A(Xi, X 2 , R) I] q,t(X
1
), 
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J dXl,N cp(X1, ... , XN; RI, ... , RM)}] ,pt(X;)<l>(R) 

= J dX1.N'P(X1, ... , XN; RI , ... , RM)[ <l>(R)P\X1),Pt(X2) 

- NB*(Xi, R)P\X2) - N(N
2 
- l) A *(Xi, X2, R)] Ji P\Xi), 

where 

B(X, R) = L b:uc:.,,'P!.,,(R)cp!,AX), 
OUT) 

B*(X, R) = L b:uc0 .,,cp0 .,,(R)cp!u(X), 
OUT) 

A(Xi, X2, R) = L b:_ub:uc:.,,'P!u(X2)'P!-u(X1)'P!.,,(R), 
QU'fj 

A *(Xi, X2, R) = L b :ub:_uca.,,'P :u(X2)'P =-u(X1 )cp0 .,,(R) · 
OU'll 

The proofs of lemmas 1-3 imply to calculate the above written equalities. 
They are not presented here 16

). 

Corollaries of lemmas 

1) (cp'§l'P~) = J dRI.M dXl,N cp~(X1 ' ... 'XN;. RI' ... ' RM) 

x cp~(x1, ... , xN ; R1, ... , RN)=< c"' 1c"'.), 
" <,; 

where 

(C"'I= ~ (01f dR1.MdX1.N'P*(X1 , ... ,XN;RI , ... ,RM) 

I I 

X IT <P(Rj) IT ,P(X1), 
i=M j=N 

l I I 

2) 'P<§(X1 ' ... , XN; RI' ... ' RM)= vN!M'. (OIXL <P(Rj) ll 1/'(X)IC"')' 

N' J 3) K!(N .:_ K)! dRI.M dXK+I.N 

x 'P<§(x;, ... , x~, xK+I, ... , xN; R1 , •· •• , RM) 

N M 

X IT P\X;) IT <Pt(Rj)IO) 
i=K+I j=I 

I 

=VN!M! IT 1/'(X'.)IC ) ' j=K I <P,~ 
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M' f . K!(M ~ K)! dRK+l,M dXl,N 

N M 

x n P\x;) n <P \Rj)lo> 
i•I j=K+I 

1 M 

x n <P(R1) n cpt<R,)lo>. 
j=K /=1 

For any operator A acting in the space of the functions GN.M the second 

quantization representation C(A) can be defined in a usual way 13
), 

(8) 

Using the results of lemmas 2 and 3 and definition (8) we may perform 
quantization of the algebra of observables that is determined on C§N,M· In 
general, the expressions for C(A) are fairly cumbersome for some types of 
operators A, and, therefore, the quantization rules for operators are not 
presented here 16

). 

When the grand statistical ensemble is used for the description of a system 
instead of the spaces iltN.M and C§N,M we introduce the spaces iJe and C§ which 
are the result of the direct sum of the spaces iltN.M and C§N.M• respectively. In 
this case the numbers N and Mare not fixed. 

Now we complete the description of the formal scheme of the second 
quantization and come to its concrete realization which is applied to the 
description of the chemisorption of the hydrogen-like atoms on the crystalline 
substrates of the free-electron-like metals. Then, the physical sense, which is 
introduced above, and the formal (at the first sight) mathematical constructions 
will be revealed. 

4. Hydrogen-like adlayers on the simple metals 

Apply the above developed second quantization s~heme to the description of 
the chemisorption of the hydrogen-like atoms on the simple metal substrates. 
In this case we have a sufficiently clear-cut and fairly simple microscopic 
picture which allows us to carry the detailed considerations. As an adsorbat we 
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consider the atoms with one valence electron per ion in the ground state. The 
valence wave functions have the symmetry of the lS-state of the hydrogen 
atom. The adsorbent is a metal crystal with a free surface well-described in the 
free-electron-like approximation. For definiteness, we choose the coordinates 
x, y to be in the surface plane and propose a one adsorption center per crystal 
surface site. Besides, we consider the case of a rigid bond of the adion with a 
surface where the vibrations and jumps from one equilibrium position to 
another are neglected. Those effects can be taken into account in the 
framework of our scheme but they lead to its great complication. However, 
they do not play an important role in the creation of the chemisorbed bond 12

). 

So, the Hamiltonian (1) is rewritten in the form 

H = H!. +HA+ H!.A' (9) 

where now 

N p~ 1 N N 

H!. = L 2 + -
2 

LV(x;-xi)- L Ue(x;), 
j=I m i .. j i=I 

M M 
1" 0 0 " 0 HA= 2 L, V(R; -Rj)+ L, Ui(R;), 

i .. j i=I 

NM 

H!.A = - L V(x; - R~) , 
i,j V(x - R) = Ix - RI 

e2 

As a basis of the single-electron states we choose the wave functions of 
electrons in a pure substrate { cpk(x)}, which satisfy the following spectral 
problem: 

·[ n
2 

] - 2m ..::1,.. - p(x) 'Pkn(x) = ekncpk,.(x)' (10) 

where p(x) is the periodic potential of the crystal ions, which involves the 
boundary conditions3

) plus a Hartree-potential for the valence electrons 11
). 

N N N N 

- L Uc(x) + ½ L V(x, - xi)= - L p(x;) + ½ L V'(x; - X;) , 
j•l i .. j i=l i .. j 

V'(x; - x;) = ~ L v(q) exp iq(x; - x;), 
q .. O 

v( q) = 41Te2 
q2· 

(11) 

fl is the volume of the system, vector k is the quasi-momentum of an electron, 
n marks the electron bands. To be specific, we limit ourselves to only one 

36 



MICROSCOPIC APPROACH FOR ADSORBED LAYERS 147 

electron band assuming it makes the dominant contribution and we neglect the 
surface state3

). The parameter ekn is the energy spectrum of the electron band. 
In ref. 17 it was shown how the solutions of eq. (10) may be constructed from 
the corresponding solutions of the "bulk" -problem. 

For a description of the localized electron states on impurities, we add to the 
system (10) Anderson's extra orbitals { 'Pa (x)}, which are formed of the 
valence orbitals of adatoms taking into account their nonorthogonality between 
themselves 9

), and to the substrate electron waves 18
), i.e. (al/3) >'60; (alk) >'6 

0. 

{12) 

where · 

According to ref. 9 the matrix Sa/3 can be represented in the form of the 
expansion over the enveloping parameter ta/3 = ( cf,13 I cf>a), 

(13) 

The function cpa(x) is the valence orbital of the lS-state of the adatom 
satisfying the Schrodinger equation 

[ - ;~ .1 .. - V(x)] cp(x) = Ecp(x) , (14) 

where cpa(x) = cp(R~ - x) and Eis the lS-level or the ionization potential of the 
adatom. 

From the mathematical point of view the variety of the functions { 'Pa (x)} 
and { cpk(x)} is not complete while in the preceding section we have used this 
condition. However, it has been shown by Bogolubov9

) that this does not 
affect the formal second quantization scheme. We may perform quantization 
over a noncomplete but fairly rich basis. In this case both the true space of 
states of the system and the operator algebra acting ih this space are replaced 
by some approximate analogs. The original problem is substituted by some 

· approximate variational problem in the spirit of Ritz's method. The corrections 
will be small if the incomplete basis is chosen sufficiently good for the 
considered problem. We may hope to have a good' description of the system. 
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Formally, we may complete the basis and then neglect inessential matrix 
elements in the model. This ideology underlies many advantageous methods in 
different fields of physics. One of them, for example, is the method of the 
terminal-rank approximation in few-body nuclear physics 19

) and others. 
The only information about the ion adatom subsystem in the model (9) is the 

configuration of the arrangement of adions over the adsorption centres. Other 
degrees of freedom of adions are neglected. Therefore, it is sufficient to 
introduce for the description of the single-ion states the fo!lowing "functions": 
'Pa (R) = 'Pa ( /3) = .1aa = .1Ro Ro, where .1Ro Ro is the Kronecker symbol. Here 

I' "' fl a• /l · 
index a marks the single-ion state and f3 is a variable running over all possible 
adsorption centres. 

According to (5) we introduce the operator fields pt, l/' and <Pt, <P in the 
form: 

1/l't(X) = L aiu'P;u(X) + L b:uNa'P:u(X), 
ku au 

f(X) = L aku'Pku(X) + L b0 uNa'Pau(X), (15) 
ku au 

cp t ( /3) = L C: .10/3 ' <P(/3) = L c".1"/3 • 
" " 

Here, we have chosen the operators c: and c
0 

as Fermi operators. The 
definition of the fields l/' t, l/' differs from the usual one because we have 
introduced the ionic operators N0 in the electronic part. Such a definition is 
physically justified. Indeed, the electronic localized state cp

0
u(X) gives a 

contribution to the operator electron field l/'(X) only when the adsorption 
a-centre is occupied already by an adion. 

Further, we perform the quantization of the model (9). The result is 

H= L U,(R~)N0 + ½ L V(R~ - R~)N0 N13 
a ""'/3 

+ J dX l/'t(X) [ -
2
h; .1.r - Ue(x) ]1/l'(X) 

+ ½ J dX dX' l/'t(X)l/'t(X')P(X')P(X)V(x - x') 

+ ~ N0 J dX lJt t (X)P(X) V(R~ - x) . (16) 

Note here, in the definition (15) the quantization rules of operators, 
A~ C(A), are essentially simplified as compared with the general case 16

). 
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Expression (16) underlies the quantum statistical description of the proper
ties of chemisorption adlayers. Now, in order to obtain particular models we 
need to estimate the matrix elements in (16) and limit ourselves only to the 
dominating interactions. 

Finally, we define more precisely the physical meaning of the above intro
duced space '(}N,M (or '(}). This is the physical space of states of our system. 
Only these functions have a physical meaning; if the function cp does not belong 
to '(}N,M (or <.i), the superposition (3) involves contributions in which the 
electron may be in localized states 'Paa-CX) if there are no adions on the 
adsorption centres R~, which is physically impossible. 

5. Quantum statistical composite models 

Using the representation (15) for the fields 'i't(X) and 'i'(X), we may 
rewrite the Hamiltonian (16) in the form 

The following notation is used: 

C = - ½ J dx w(x)p(x) , H** = Hpol. + Hmet. + Hrest. , 

where 
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+ L Na Np[ b:uaku( Vappk ~ nPu' - Vai.B)) + H.c.] a,,.p,k,u u 

+ L NaNp[ L Vakk'paku'ak'u' - Wap - Pap ]b:ubpu, 
a,,.pu kk'u' 

Hmet. = L NaNpb:ubpu[Eap + Vapppna_u + Vapppnp-u] 
a,,.pp . 

+ ½ L NaNpVapapb:ub1u•bpu'bau , 
a"'f3,u,u' 

H ••• ,. = ½ J dX dX' 1/li(X)[Pi(X')P:t(X') - 2w(x')]1/l:t(X) 

- C + L Navakak'b:uaZu,bau'ak',u 
a,k,k',cr,cr' 

+ L NaNP[ Vaapkb:ub:u.bpu'aku + Vapakb:ub1u,bau'aku a,,.p,k,u,u' 

+ ½ L Vapkk'b:ub1u,aku'ak'u + H.c.] 
k' 

+ ½ L Nalvaakk'b:ub:_uak_uak'u + H.c.]. 
a,k,k',u 

Here, we introduce the parameters 

1 " * Ea= - Vaa(a) + -2 LJ SapSap·Dpp•' 
A p,p· 

1 * . 
Eap = -Vap(a) - vap(,8) + A2 L Sap•Spp•Dn· 

. p •p• 

Dap = (al,B)E- Wap(,8)- L (alk)ek(kl,8), 
k 

U = f dx dy I 'Pa (x)l
2
I I/Ja (y)l

2 Ix ~
2 

YI , 

Pap= J dx cp!(x)cpp(x)p(x), 

w(x) = u.(x) - p(x)' 

Wap(.B) = f dx cp!(x)cpp(x)V(R~ - x). 

(a.=,8), 

The interaction constants vaPP'k• V0 k(,8), wa.t• etc., are the matrix elements 
40 



MICROSCOPIC APPROACH FOR ADSORBED LAYERS 151 

calculated for interactions V(.;t" - y), V(R~ - x), w(x) over the states 1/Ja and 'P1c, 
respectively. For instance, ' 

vafJfJ'" = f dx dy i/l!(x)i/Jp(Y)f/;13 .(y)cpix)V(x - y), 

Vai.B) = J dx i/l!(x)cpk(x)V(R~ - x)' vak = Vaia)' 

wak = f dx i/l!(x)cp~(x)w(x). 

The function p(x) is the equilibrium electron density in th.e pure metal 
substrate, 

occ 

p(x) = L cpt(x)cp1c(x) , 
k,u 

where the summing is over all occupied states of the electron band. The letters 
H.c. mean the Hermitian conjugate. The star over the function means the 
complex conjugate. 

Pi(X) = L aku'P:u(X), o/i(X) = L aku'P1cu(X) • 
ku ku 

Now we give a brief physical interpretation of various terms in the Hamil
tonian (17). 

In an explicit form the Hamiltonian (17) contains the contributions which 
play the most important role in describing the thermodynamic and electronic 
properties of adlayers20

). They describe the effects of the hybridization of the 
valence adatomic orbitals with the surface wave functions which lead to the 
creation of a tight chemical bond of adatoms with the metal surface4

). 

The term H** involves the processes which are not usually considered in the 
simple chemisorption models4

). Sometimes they can play an important role for. 
a self-consistent description of chemisorption. 

The term Hpo1. describes the polarization properties of a metal substrate 
which are most important for a self-consistent description of ionic chemisorp
tion when there is a fairly large charge transferring between the adsorbat and 
adsorbent 1

c). It also involves the energy of a double electric layer induced by 
impurities. It is important to note that for a consistent treating of the 
polarization properties of the metal substrate it is insufficient to characterize in 
models its electronic properties only by the spectral parameter e". It is 
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necessary to introduce at least the long range part of the Coulomb interaction 
between electrons or plasmons6

). The last may be performed in the usual 
way 11

). 

The term Hmet describes the metalization of chemisorbed layers caused by 
enveloping the valence orbitals of the adatoms at the neighbouring adsorption 
centres. This leads to the dispersion of a virtual level and arising of the virtual 
impurity surface band when the adlayers are periodically arranged21

). 

The term H,es1. involves the exchange-correlation contributions and proces
ses of electron scattering of a much higher order. These are the scattering with 
spin flipping, two-electron hopping and others. 

When we neglect the term H,es1., it is necessary to introduce the constant C 
in Hamiltonian ( 17) for a correct evaluation of the ground state energy of 
metal to avoid double calculation of the electrostatical Hartree interaction 
between metal electrons3

l. 

When there is only a single impurity localized at the adsorption centre a, 
then Na = 1 and N13 = 0 if a 'F (3. Further, if we neglect the enveloping of wave 
functions 'Pa(x) and cpk(x) and the contribution H** we come to the well-known 
Anderson model 14

) which has firstly been introduced in the ch~misorption 
theory by Edwards and Newns22

) and Grimley23
), 

H = L sknk<T + L Ena{T + Una<Tna-<T 
ku u 

+ L [(vaaakna-u - vak)b:<Tak<T'+ H.c.]. (18) 
ku 

The additional term Eaker vaaakna_<Tb:<Tak<T + H.c. differs from the usual 
form and describes the influence of the occupation of the impurity level on the 
hybridization, and, therefore, on the chemisorption bond. This is important for 
a correct evaluation of the charge transfer between adsorbat and adsorbent. 

6. Green function machinery 

The model Hamiltonians considered above in the framework of the de
veloped approach have an unusual composite structure. With respect to ion 
variables Na they have the form of the Ising model but with the operator 
coefficients consis~ing of Fermi amplitudes. With respect to electron variables 
aku• b,,u they are the generalizations of the Anderson model 14

'
4
), 

H= L sknk<T + L Na 'Ya+½ L N,,N13'Ya(3 · 
ku a ""f3 42 

(19) 
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The operators 'Ya and 'Yap involve only Fermi amplitudes. They may be defined 
by comparing expressions (19) and (17) between themselves. 

Further, we shall call models of the type (19): generalized composite 
Anderson-Ising models. They are the basis for a self-consistent description of 
the electronic and thermodynamic properties of adlayers. 

The electronic properties are described by correlators consisting of Fermi 
amplitudes, 

(20) 

The thermodynamic properties are described by correlators of the Ising type, 

(21) 

The angle brackets in expressions (20) and (21) mean statistical averaging 
with the Hamiltonian (19). In the case of the grand statistical ensemble, it is 
given by the formulas 

(nau) = Q-1 Spcs[nau exp(-/3I')], 

(Na)= Q- 1 Sp'9[Na exp(-/3I')], 

Q = Spcs[exp(-/3I')], 

(22) 

where /3 is the inverse temperature 0, the trace is taken over the whole physical 
space cg (or qcg) for second quantization representation), I'= H - µ,

0
N

0 
-

µ,,N,. Parameters µ,. and µ,1 are the chemical potentials of the electron and ion 
subsystems, respectively. Operators N. and N, are the number operators of the 
electrons and ions in the system. 

We can use one of the Green function machineries for calculating the 
correlators (20) and (21). Further, we have in mind the formalism suggested in 
ref. 10. 

The use of the Green function formalism in the space cg is not convenient 
because for the calculation of the correlators of types (20), (21) it is necessary 
to introduce Green functions constructed of operators unclosed in the physical 
space cg (C(cg)). For instance, in order to obtain the correlator (nau) the 
Green function of the form (( b ""; b :,")) is to be known. But the operators b :," 
and b au are not closed in space cg_ Indeed, if we take a vector from C(CfJN.M) of 
the type 

L N M 

TT a!u TT b:(7. TT c:;I0) 
i=I '' j=l+l 1 1 l=l 

(23) 
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and act on it by the operator b :u where index a does not coincide with any of 
indices {aD, then the resulting vector does not belong to the space C(({}N,M). 
The same result may be obtained by applying the operator ca to the same 
vector, where a coincides with one of the indices { a D. Hence it follows that 
the spectral representation is broken for some types of the Green functions. 

Therefore, we expand our physical space ({} to another which is closed with 
respect to the operator algebra aku• bau' ca , ... It is easy to note that this 
expansion is the space '/le where any vector from '/leN M has the form of a linear 
combination of vectors (23). The correlations bet~een the indices {a;} and 
{a;} and numbers N, M, L do not exist there. 

To exclude unphysical state contributions in the correlators (20) and (21), 
we put the energetical veto on them by introducing the term v Eau (1 - Na )na;,. 
in Hamiltonian (19) with v-oo. 

So, we must substitute I' by Fv, 

I'=>Fv =I'+ v L (1- Na)na<T, v-oo. 
au 

Then, the correlators (22) are written in the form 

(na<T> = Q-I Sp1e[nau exp(-f3Fv)l, 

(Na)= Q-1 Sp1e[Na exp(-f3FJ], 

Q = Sp1e[exp(-f3FJ], 

(24) 

(25) 

where the trace is taken over the space '/le. In the final expressions we must 
tend the constant v to plus infinity. 

7. The simplest composite model 

In this section we consider the simplest composite model of type (19) from a 
purely methodological point of view, 

H = L eknku + L ENanau . (26) 
kcr a.u 

In spite of its simplicity the model (26) enlightens some peculiarities appearing 
here. Further, we shall use the Green function formalism in the grand 
statistical ensemble suggested in ref. 10. 

Let us introduce the operator Fv in the form (24). The chemical potentialµ,. 
of electron subsystem is defined by the relation 
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If we neglect the temperature corrections, it coincides with Fermi energy eF of 
the metal substrate. 

The chemical potential µ,1 of the ion subsystem may be obtained in a similar 
way, 

or from the condition of thermodynamic equilibrium between the adsorbed 
phase and the same atoms or molecules in the gas or liquid phase above the 
surface8

). This depends on experimental conditions. In the last case the 
chemical potential µ,1 =µ,is a function of the external conditions, for instance, 
temperature and pressure: µ, = <f,(0, p). 
' The complete description of the system (26) is given by the foilowing system 

of Green function equations: 

(w - E + eF)((bau; b:")) = 2~ + v(((l - Na)bau; b:")), 

(w - E + eF)((Nabau; b:")) = 2~ (Na), 

(w - Ek+ ep)((ak<T; ar"» = 
2
~ , 

(w + µ,)((ca; c:)) = -
2
i + (E- eF - v) L ((n

0
uca; c:)), 

'TT' (7 

(w + µ, - E + eF + v)((nauca; c:)) 

= J_ ( n ) + ( E - e - v) 11 n n ·c · ct \\ 2,r ou F \\ au a -u a, a II , 

(w + µ, - 2[E - eF - v])((naCTna_CTca; c:)) = 2~ (nauna_(T) , 

(28) 

(w - E + eF)((na-ubau; b:")) = 2~ (na_u) + v(((l - Na)na_ubau; b:")), 

(w - E + ep)((Nana_uba(T; b:(T» = 2~ (Nana-CT>. 

If the surface adatom concentration is fixed, the first three equations of 
system (28) give the complete description. If the adatom conceniration de
pends on external conditions, the system is open, then a complete description 
is given by the whole system of equations (28). Consider the last case. 
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The system (28) gives the following expression for the Green function 
((ca; c:)): 

t iP+ i~ 
(( C • C )) - ----,,---'-~ + ------

a' a -2,r(w+µ) 2,r(w+µ.-E+eF+v) 

+ 
iP_ 

2,r[w+µ-2(E-eF-v)]' 

where 

P+ = (P!) = / 1- L na,;. + nauna-u), 
~, \ q 

Po= (P~) = (; nau(l- na_u)), 

P_ = (P:) = \nauna-u) • 

(29) 

Using the Green function spectral representation 10
) we obtain the equation for 

the adatom concentration ( N
0

), , • 

(N ) p + Po 
a = exp(-J3µ.)+l + exp[J3(E-eF-v)-µ]+1 

p_ 

+ exp J3 [2( E - e F - v) - µ.] + 1 · 

Tend the constant v to cc. Then, relation (30) is written as 

(Na)= exp(-~~)+ 1 +Po+ p_. 

(30) 

(31) 

It follows that the probability to find the ion at the adsorption centre a is the 
sum of the probabilities: 

a) to find at the a-centre the bare ion (without electrons), 
b) to find at the a-centre one electron and the ion, 
c) and to find at the a-centre two electrons and the ion. 

At Ao At 
The operators Pa, Pa, Pa are the corresponding projector operators on the 
states with no, one and two electrons at the a-centre, respectively. Note, 
having directed the constant v to infinity for the Green function (29), we obtain 
the wrong equation for (Na). Equality (31) is an equation since the prob
abilities P +, P0 , P _ depend on (Na). 

Solving eq. (30) with respect to ( N
0

) w~ obtain 

46 



\ 

MICROSCOPIC APPROACH FOR ADSORBED LAYERS 157 

1 
(Na)= exp(-f3µ)g(f3) + 1 

where 

• 1 
g(/3) = [exp f3(eF - E) + 1]2 · 

If the electron impurity level lies above the Fermi level eF and IE - eFI ;S> fJ, 

then ( Na ) has the form 

(N ) ~ 1 
a - exp(-{3µ) + 1 

It means that all valence impurity electrons leave the adatoms and come to the 
substrate. The ion part of an adsorbat behaves as a noninteracting Fermi gas. 
· But if level E lies below the Fermi energy eF and IE - eFI ;S> 0, then (Na) = 1. 
In this case the statistics of' the actions is completely defined by the electron 
subsystem. 

It is very interesting to consider the realistic system. 

8. Conclusion 

The approach above presented allows us to develop a consistent microscopic 
theory for a self-consistent description of the electronic and thermodynamic 
properties of the chemisorbed layers. Consideration of the particular case of 
chemisorption of the hydrogen-like atoms on the substrates of simple metals 
does not restrict its generality. It is easily generalized both to the cases of more 
complex configurations of valence orbitals of the adatoms24

) and more complex 
crystal substrates25

). We may also take into consideration the surface states3) 
and excited states of adatoms. 

The results of section 3 are more general. They allow us to consider the 
questions of calculating other degrees of freedom of actions as action vibra
tions 12) and its migrations over different adsorption centres26

). However, it is 
necessary to note the growing complexity of the obtained models. In spite of 
the fact that these models cannot be solved exactly, the existence at present of 
many advantageous approximate methods for investigating the real models 
allows one to hope for the effective use of these models. Moreover, they may 
be a microscopic basis for many, often used, semiempirical models and 
methods such as (a) the Ising Model, effectively used in the thermodynamics of 
adlayers, (b) the coherent potential method, applied to the investigation of the 
electron structures of the disordered adlayers27

) and others. 
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A theoretical study of the single hydrogen adatom chemisorption on free electron-like metal 
surfaces is performed using an earlier published microscopic approach which includes the possibility 
of an influence of the adatom orbital occupancy on the hybridization of the adatom and substrate 
electron wave functions. The matrix elements inherent to the model are calculated from .first 
principles using free-electron wave functions for describing the substrate metal and treating the 
IS-orbital of the adatom as an auxiliary orbital. The effect of the screening charge is considered 
phenomenologically in terms of an effective on-adatom Coulomb integral. The self-consistent 
Hartree-Fock calculations show much more preference for hydrogen absorption rather than ad
sorption and slightly more adatom substrate-surface dis_tance-dependence of the chemisorption 
energy compared to results obtained within the local density functional method. 

B pal\<max paHee npen.aomeHHoro :\UIHpoc1wnn11ec1mro nonxo.:i:a, y11nTLmawmero B.1mi"m1e 
11acT1111Horo aanoJIHeHHJI npm,1ecHofl opoHTaJIH anaToMa Ha ruopu):{uaaumo, pacc;1-10TpeHa 
aT0MHaJI xer.10cop6u1rn Bonopo):{a Ha no):{JI0mKy npocToro MeTaJIJia. i\laTpH11Hble :me
:-.zeHThI, BX0J:{JIIUHe B ra)UIJibT0HHUH, pacc1IHTh1BaIOTCJI 113 nepBblX npHHllHilOB, HCil0Jib3YJI 
IS op0HTaJib UT0Ma BO;:J;0pona II BOJIH0Bhle <PYHHUHH :menTp0H0B B no;:i:.1oarne nma me.le. 
oq>q>eRTbl ::rnpaHHp0Bamrn aapJina Y11HTblBUIOTCJI q>eHO)leHO.'IOrH11eCHH aa c•teT nepeonpe
,[{eJieHHJI C00TBeTCTBYIOIUHM o6paaoM KYJI0H0BCH0ro B3UlUIO.J:eficTBIHI. Ca:-.rncor.rracosaH
Hbie XapTpH-<l>OKOBCHHe pac11eThl IlOHU3b!BaIOT npenno11Tem1e a(icopollllll 110 cpasHemno 
c ancopouneti J:{JIJI Bonopor.(a Ha 110;::i:,1omKe npocToro :-.1eTa;i:rn, 110,,yt.iaelrnti B pa:mrnx 
:O.IeTO,i:{a <I>YHHUIIOHUJia Il.;JOTH0CTH. 

1. Introduction 

One of the most interesting problems in solid state physics is a satisfactory description 
of the chemisorption of a light gas atom on a metal surface. The great complexity of 
actual systems has prompted a study of model Hamiltonians, one of which, the 
Anderson model, is widely used. Usually, using the Anderson Hamiltonian for the ex
planation of the experimental data of the atomic hydrogen chemisorption on metal 
surfaces, two parameters of this model are fitted from experiment. 

The first parameter is the Coulomb intra-atomic i~teraction for the adatom, U, 
and the second is the hybridization parameter, {3, built up from the matrix elements, 
V,.,., which determine the electron hopping between the adatom and the substrate 
metal. The renormalization of the Coulomb repulsion may be explained by its in
clusion into the consideration of the image potential. It is well known that the elec
tron-surface interaction far outside the surface is described by the image form with 
the reference plane shifted outwards from the edge of the jellium background [IJ. 
There are however large deviations as the electron approaches the surface, and within 

1) UI. Nowotki lOA, PL-20-031 Lublin, Poland. 
2 ) Head Post Office, P.O.B. 79, SU-101000 rtloscow, USSR. 
3) On leave from Institute of Physics, l\I. Curie-Sklodowska University, Lublin, Poland. 
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a few atomic units of the surface, the corrections can be comparable to the image 
term [2]. Moreover, the location of the effective image plane relative to the jellium 
edge varies with the density of conduction electrons and, for example, for metals 
like Al (small r,), one has a stronger image force on a charge at the same distance from 
the jellium edge [l]. All the above considerations concern static charge, but this 
problem is known to have a dynamical nature, too. For example, the image-plane 
location is a function of frequency and moves closer to their jellium edge for moving 
charges [2]. Note that for the experimental values of the distance between the adatom 
and metal surfaces this image effect can lead to considerable reduction of the Coulomb 
repulsion, U. 

An especially difficult problem in the Anderson model is the estimation of the 
matrix element V"k· In order to do this, one has to know the wave functions and the 
nature of the interaction between the adatom and the metal surface. In addition, as 
was shown in [3], the hybridization of the substrate and adatom electron states can 
be influenced by the partial occupation of the adsorbate resonances and in the general 
case can be dependent on the adatom electron spin. 

In this paper we present numerical results for some characteristics of the hydrogen 
· chemisorption on a free electron-like substrate modeled by the semi-infinite jellium 
system in the framework of the Hamiltonian introduced in [3). In the absence of a 
realistic value of U we decided to examine some chemisorption characteristics for 
a wide variety of the on-adatom Coulomb repulsion values. The matrix elements 
V~,., V AAAk, inherent in the model are calculated from first principles and all the cal
culations are done in the Hartree-Fock approximation in a self-consistent way. 
Usually, this type of investigations is performed within the framework of the local 
density functional formalism [ 4]; nevertheless, it should be mentioned that despite 
the achievements of this approach, some characteristics of the chemisorption process 
cannot be determined [ 5). · · · · 

This paper is organized as follows. In the next section we discuss the Hamiltonian 
describing the chemisorption process and its parameters from a microscopic point of 
Yiew. We present formulas for the .evaluation of the matrix elements and the basic 
relations for calculations of the chemisorption characteristics calculated in a self. 
consistent Hartree-Fock approximation. Section 3 is deYoted to the presel)tation of 
the numerical calculations for the chemisorption energy, the charge transfer between 
the adatom and the substrate, and other characteristics and to the discussion. 

2. Hartree-Fock Description of the Chemisorption 

Following the method represented in [3] we can present the Hamiltonian for the 
adatom-metal substrate system in the form 

where 

H = I: e,.n,.,, + I: EAnA,, + 'un,,1,,n,,1_,, + 
J;r, " 

+ L [(VA,. - n.4_,,V,,1,,1,,11,) a!,,a,.,, + h.c.] + Hrest + U0 , 
kr, 

V.,LL4k = - f dx dy <pJ(x) <pJ(y) <pA(Y) q;,.(x) V(x - y), 

VA,. = - f dx Y(RA - x) q;l(x) q;,.(x), 

(1) 

(2) 

and V(x - y) describes the electrostatic Coulomb interaction between unit charges 
(electrons) placed at the positions x ahd y, and other parameters entering (1), i.e., 
e,., EA, and U have their usual meanings [3, 6]. The term Hrest inYolves the interac
tions which are not usually considered in the simple chemisorption models and gener-
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alizes the Anderson model. Here we do not consider these terms and refer the reader 
to (3] for a more detailed discussion. So, we confine ourselves to the model in which 
together with the standard interactions present in the Anderson model (6], the effects 
connected with the influence of the adatom orbital occupation on the charge transfer 
between an adatpm and a metal substrate are also included. If we use an explicit 
form for the Coillomb interaction and for the hydrogen ls-electron wave function, 
then it can be shown (3] that for a separation between the adatom and the substrate 
surface much greater than the atomic length, one obtains V AA.4k ~ V Ak• In that case 
the charge transfer from the substrate to the adatom is suppressed for the Hamil
tonian (1) in comparison with the predictions obtained within the Anderson model 
(3]. When the adatom is located near the surface, then we can approximate the matrix 
element V AAAk as ix V Ak, ix < 1.0, i.e., with the adatom moving towards the surface 
the parameter ix decreases. In the next section, we investigate more precisely this kind 
of approximation. The Hartree-Fock approximation for the system described by (1) 
is equivalent to considering the approximate Hamiltonian 

H = L eknka + L Ean.4a + L [(V,1k-n.t1-aVA.4Ak)a.1'aaka+h.c.]+C, (3) 

where 
ka a ka 

Ea= EA+ U(n,1-a) - L [V.4.4.4k(a1-aak-a) + h.c.], 
k 

. + 
0 = -U(n.41) (n.41) + L [VAAAk(n.-1-a) (a.-1aaka) + h.c.]. 

ka 

(4) 

Note, in contrast with the Hartree-Fock description of the standard Anderson 
model 'here, the quantity 

VAk - V,1.u1<(n.1-a), 

which determines the electron hopping between the adatom and the substrate, depends 
on the occupation of the adatom orbital. 

Using the Green function technique [7] one can obtain the following set of nonlinear 
integral equations for an average number of electrons, (n.-1a), on the adatom orbital 
(for a temperature () = 0 K) · 

tp 

(n 1a) = 1- --=-- -- dw , ,, [ 
dS-a(w) I ]-l 1 J Im s-a(o>) 

. dw w=Ei :t [1lia((l))f + [Im s-a(w)]" 
(5) 

'• 
where Ei, is a solution of the following equation: 

JlJa((/)) = e - EA - U (n . .J.-a) + R-a - Re s-a(w) = 0 (6) 
and 

Ra= 2 (Re F-a(w) [1 - dS-a(w)]-
1)! -

dw :w=Ef 
ep 

- - dw --------- X 2 f 1 
:t [1lJa(w)]2 + [Im s-a(w)]2 

e, 

X ([w - EA - U(n.1-a> + R-0 
- Re s- 0 ((1))] Im F- 0 (r,i) + 

+ Im s-a(w) Re F- 0 (w)) , (7) 

F"(w) = L V..J..uk(V..J.k - V.1.uk(n.1,,)) 
k E+ - Ek 

S0 (w) = L 
k 

( V Ak - V.1.uk(n.1,,) )2 
E+ - e,. 52 

(8) 
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In (5) and (7) the first terms exist only in the case of localized states existing below 
the substrate energy band. In a way analogous to that in [3, 6], one can obtain ex
pressions for the chemisorption energy, !::.E, and the adatom charge q, 

ep 

!::.E = ~ (EL + ! f dw tan-1 [Im !~~t)])_+ 
e, 

+ EA - U(n..4.1) (n..4.1) + 2 ~ (nA-a) Ra, (9) 
a 

where e0 is the bottom of the energy band which is present in the formation of the 
chemisorption bond and Ei, is the energy of the localized electron state (Ef < e0). 

In (9) the energy zero is placed at EF· In the absence of the occupied localized state we 
discard the term E1 and take -n < arctan < 0 (if an occupied localized state exists, 
then 0 < arctan < n). 

3. Numerical Results and Conclusions 

The above-presented theory will here be adopted to hydrogen chemisorption on free
electron-like substrates described by a jellium model. The first problem we have to 
solve is the calculation of the matrix elements V.,k and V AAAk (see (2)). For this pur
pose, we use the hydrogen ls-electron wave functions; the metal states are taken to 
be free electron states, plane waves inside the metal and exponentially damped waves 
outside the metal in the direction normal to the surface, 

tpk(z) = v~ exp (iKR) tp~.(z). (10) 

Here J' is the volume of the system and (I{, k,) = k, (R, z) = x, where the z-direc
tion is normal to the surface. The choice of tpi: depends on the model of the surface 
chosen. We have adopted a finite-barrier potential model to describe the surface with 
the barrier of height T'0 taken at z = z0 (in a further consideration we put z0 = 0); 
so, we have (see, e.g. [8]) · 

{

cos [k,(z - z0 ) + o(k,)] for z < z0 , 

'f/Jk,{z) = k, 
k exp [ -q,(z - z0)] for z > z0 , 

0 

where the phase shift is given by o{w) = -q,/k, and 

k2 = 2m V 
o h2 o' 

(11) 

The explicit evaluation of the matrix elements V Ak and VA.Uk is given in the Ap
pendix. As a next step, we need to calculate the functions Fa(w) and Sa(w) defined in 
(8). We first calculate the imaginary part and then use the Kramers-Kronig relation 
to obtain the real parts. For Fa(w) we have (one can proceed in an analogous way for 
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Fa(w)) 
ImFa(w) = -1'& ~ VAAAk(VAk - v .. UAk(n.4_a)) 8(w - Ek)= 

.t 

485 

_ 2m I - (2mw 2 ) (- (2mw 2 ) - - Snh2 dk, V.1.AAk '"7,,2 - k,, k, VAk y- k,, k, -

- (2mw 9 ) ) - VAAAk ,ij:" ~ k-;, k, (n.4a) , (12) 

where for Ek we have used the free-electron ene~gy dispersion law and VAk = vvvAk 

(the same for VAAAk), 
The set of equations (5) to (8), (12) determines the self-consistent treatment of the 

hydrogen adatom chemisorption on free-electron-like substrates in the Hartree-Fock 
approximation. 

In the next step we present the results of the numerical calculations: In Fig.' l a 
and b we depicted the matrix elements, 'V_4k and ~AAk, as functions of the adatom. 
surface distance, IRAI = RA and k, (the part of wave vector k perpendicular to the 
surface for lkl = kF)- We can see that the matrix elements, VAk and v.U.tk, show 
similar behavior as function of k, at fixed energy and different distances R.4, its rntio 

- I • 
depends slightly on k, and the approximation V..4.Uk ~ ix V Ak introduced in (3] 
works very well. In Fig. 2 we show the dependence of the matrix elements, V Ak and 
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Fig. I. The dependence of the matrix elements a) V.tk and b)V.u.tk on k, (pcrpendiculur to the 
surface part of the wave vector /i) for lki = k~, and different values of R .4 (distance of the adatom 
from the surface) 
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2.5 ,--,--,--,--,--,---,--.--r--,--,--,--,r-r-.--, 

0 

Z.O =-==--===== -

0.5 7.0 1.5 
RA fnm)-

0 0.5 W 1.5 
RA fnm)-

Fig.2 Fig. 3 

Fig. 2. The dependence of the matrix elements, V Ak (--) and V AAAk (- - - ) on the adatom 
distance, RA from the surface for w = e1, and for different values of k,. (1) k, = kF ~ 18, (2) 14.5, 
(3) IO nm-1 

Fig. 3. The total electron charge on the hydrogen adatom vs. RA for different values of U = 12.9, 
10, 9, 8, 7, and 6 c V for the curves from bottom to the top of figure, respectively 

VAAAk, on distance, RA at different values of k,. This dependence shows a similar 
minimum at certain values of RA- This causes the increase of the absorption tendency 
in the beha,·iour of the chemisorption energy versus RA in the model described by the 
Hamiltonian (3), comparing with the usual Anderso·n model ( V AAAk = 0). This fact 
can be explained as the minimum in the distance dependence of the matrix element, 
VAk, is compensated by t,he similar distance dependence of V.-tAAk in the function 
Sn(,,1). Comparing the experimental chemisorption- energy with the results of our 

I I I I I I 6 

-6 

-8 
I I I I 

-4 0 4 8 72 76 20 
EfeVJ-

calculations, we find the effective value 
of the intra-adatom Coulomb interaction 
parameter, U, approximately equal to 7 to 
8 eV. In Fig. 3, we present the distance 
dependence of the occupation number of 
the surface impurity resonance. The jump 
from the occupation number 1 to 2 (i.e., 
from nearly neutral to an almost charged 
state of the hydrogen adatom) with decre
asing values of U corresponds to the case 
when the impurity resonance level crosses 
the Fermi level of the substrate electron 
band. In Fig. 4 we depict the chemisorption 

Fig. 4. The real and imaginary parts of the chem
isorption function, S 0 (w), for specific values of 
(n.4a) 
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function, Sa(w), used in our calculations. In conclusion, comparing our results with 
the calculations of other authors done within the LDF (the local density functio
nal) method [IJ, we obtain the preference of hydrogen absorption on simple metal 
substrates and a weaker distance dependence of the chemisprption energy. 
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Appendix 

In this section we give some details of the calculation of the matrix elements, V Ak 

and V.LiAk• Using the substrate electron wave function in the form (10), and the 
hydrogen ls-el~ctron wave function as 

we write 

and 

1 ~ 
!'PA(x) = !'P(RA - x) = ,,- exp[-IR.-1-xi/tX]; IX=-~, y ntXa me· 

v.4.uk = v Ak - L1Ak , 

v.4k = - i/ntX:
2
v I dz 1/'k,(z) I I dR exp (iHR) X 

X exp [ - IR.-1 - xj/1X] IR.-1 - x1- 1 , 

L1Ak = - i/n:av I dz 'f/lk,(z) I I dR exp (il(R) x 

X (.!..+ R I .) exp [-3 IRA - xj/1X]. 
IX I A - x, 

In order to obtain the above-written formulae in a form more appropriate to 
numerical calculations we have to calculate the following integrals in an analytical 
form: 

00 

J1 =II dR exp (il(R) ! exp ( - ; ) = J 1(z'), 

-oo 

00 

II . ( 1 1 ) ( ~r) , J2 = clR exp (il(R) r +;; exp - ~ = J2(Z ) , 

-oo 
where 

IRA - XI = i(00R,1) - (xyz)I = j(000) - (x, y, z')I = r. 
'Using the following identities [8]: 

1 1 IJ~I exp (i/ll') - exp (-tXr) =-2 ., c!p ., + /3'', r :i;• IX" " 

exp (-c.r) = _I_ III clR IX exp (ip1•) 
2:i:2 t' (1X2 + /J2)2' 
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we can obtain for J 1 and J 2 the formulae 

and 

J = 2 f d/J exp (i/J,z) 
_1 . 'p2+p; 

J = 2 f d/J, exp (i/J,z) + ~ f d/J, exp (if/,z) , 
2 02 + {J; <X2 (02 + /J;)2 

where F 2 = <X2 + K 2, 0 2 = 9.:x-2 + K 2 • 

The /J,-integral can be done in the complex plane by choosing a contour along the 
real axis from - oo to oo and closing it with a semicircle in the upper or lower half. 
plane for convergence (see also, e.g. (8]). Upon·performing the calculations we obtain 

J _ 2n exp (-F jzi) 
i - F , 

2n 3n( 1) J2 = G exp ( -0 jzi) + (t2cx2 jzj + 
0 

exp (-0 jzj). 

As a result, we have for the matrix elements, V .. H, and VA.Uk, the formulae 

V.uAk = v.4k - / e
2 f dz 1/'t,(z) J2(Z - jR,,41) • 

I :r.:xa v 
Finally, using for 1/'t,(z) (11) we obtain 

l.41, = - -=- - - exp (-F jR,,4j) _ ____.:; __ -- + . 2 Vn e2 1 k, ( ( F - q, 1 ) 
~t<Xa V F k0 p2 + k; F - q, 

+ exp (-q, jRAI) ., , 2F ) . 
p2 - q; . 

[ 
20 - q, [ I I ] 

X - G(G - q,)2 + IRAI (0 - q,) 02 + k; - (0 - q,)2 + 

+ I o 

G2 + k; [
0 - q, + 0 2 

- k; - :q•Gi]]). 
0 02 +1..'.; 
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J]HHaMHqecKruI SU(2ll) 
cyrrepCHMMeTpHSI 

B t - J MO,ZJ;eJIH 

E.A. Ko~eToB 

Jla6opamopu11 meopemu~ecx:ou ffiu3ux:u UM. H.H.Eo20.11,106oaa 
Q6'beamte'H,'H,bl'U U'H,Cmumym 11aep'H,blX UCC.11,eao6a'H,U'U1 l[y6'H,a 

BMeCTO BBe.n;eHIUI 

Ha cTapnrnx Kypcax qnrnpaKa MfY MbI rrn:nucb c fpuropueM r aBp:imeHKo 

B 0.IlHOll rpyrrrre, XOT.SI M qucJIMJIMCb Ha pa3HhlX Kacpenpax: OH - Ha Ka<pe

.npe KBaHTOBOll CTaTMCTMKM, a .SI - Ha Kacpe,npe TeopeTuqecKOll q>M3MKM. 3To 

pa3,neJieHMe 6bIJIO COBeprneHHO q>OpMaJibHblM M HMKaKMM o6pa30M He OTpa:lKa

JIOCb Ha BHyTpeHHeft )Kll3HM rpyrrrrbl. A )Kll3Hb 3Ta BO MHOfOM orrpeneJI.SIJiaCb 

TeM o6CTO.SITeJibCTBOM, qTo CTapOCTOll Harneft o6ne,llMHeHHOll rpyrrrrbl 6blJI 

fpurna faBpMJieHKo. HaBepHoe, ero BbI.IleJIMJIM rrperronaBaTeJIM M3 Boo6me

TO pOBHOfO COCTaBa CTy,neHTOB 3a ero y)Ke TOf.Ila rrpo.SIBJI.SIBllIYIOC.SI caMOCTO.SI

TeJibHOCTb, OTKpblTblll M pOBHblll xapaKTep M 3a KaqecTBO, He TaK Y:lK qacTO 

BCTpeqaromeec.SI y cTy.UeHTOB,- yMeHMe cepbe3HO OTHOCMTbC.SI K cepbe3HbIM 

BemaM. Iln.SI Hae :lKe 3To 6bIJI Bcerna :lKM3HepanocTHbIH M Bcerna roTOBhlll 

lIOMOqb fpurna, roTOBblll K rnyTKaM M p03birpbllllaM, y KOToporo lIOCTO.SIHHO 

6bm KaKofi:-To BeceJihIH oroHeK B rna3ax. Boo6me, 6e3 ynbr6KM .SI ero BM.IleJI B 

Te BpeMeHM .IlOBOJibHO pe.IlKO - MJIM Korna OH CTO.SIJI y .IlOCKM C MeJIOM B pyKe, 

HJUI )Ke a 6u6JIMOTeKe, Korna OH CM.IleJI nacyrrMBllIMCb Ha.Il KaKMM-HM6Y.Ilb 

3ayMHbIM q>OJIMaHTOM M B 3a.IlyMqMBOCTM Tepe6MJI CBOM pOCKOllIHble KY.IlPM, 
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II B Ymrnepcn:TeTe, n: rroToM B Ily6He I'pmrra Bcer.n;a )KHBO pearn:poBa.rr 

Ha HOBoe n: HHTepecHoe B HayKe: "9:aCTO MO)KHO 6bIJIO BH,ZJ;eTh, KaK OH "'ITO-TO 

ropX"'IO Ii 3aHHTepecoBaHHO o6cy)K.ZJ;aJI C KeM-HH6y,nh H3 KOJIJier' HO, C .n;pyron 

CTOpOHhl, OH HHKOr,n;a He 6hlJI IIOBepXHOCTHhIM: eCJIH y)K rpmrra 6paJICX 3a 

KaKoe-Hn:6y.n;h .n;erro, TO 3aHHMaJICX HM cephe3HO, BHHKax BO Bee .n;eTaJIH. 5I no

MHIO, Harrpn:Mep, KaK IIOCJie rrpO"'IHTaHHOro HaM Ha q>H3cpaKe Kypca KBaHTOBOH 

MexaHn:Kn:, rpmrra, KOTophln, Boo6me-To roBopx, co6n:parrcx crreun:aJin:3Hpo

Ba ThCX B o6JiaCTH q>H3HKH KOH,n;eHCHpOBaHHhIX cpe.n;, ueJihIH ro.n; rrocemarr Ha 

MeXMaTe rreKUHH rrpocp. A.C.Il!Bapua no MaTeMaTH"tJecKHM (!) rrpo6rreMaM 

KBaHTOBOH TeOpHH IIOJIX. BoJibIIIHHCTBY CTy.n;eHTOB Hamen rpyrrrrhI ( B TOM 

-qn:crre n: MHe) c.n;erraTh 3TO n: B rorroBy He rrpn:mrro, o "tJeM x cen"'Iac Mory 

TOJlhKO CO)KaJieTh. 

5I .n;yMaIO, "'ITO Kor.n;a rpn:ma IIOXBHJICX B Ily6He, OH y)Ke BO MHOroM CJIO

)KHJICX KaK caMOCTOXTeJihHhlll y"tJeHhIH, rrpH"'IeM X HMeIO B BH.n;y He TOJlhKO 

(n: He CTOJihKO) TO, "'ITO OH Mor caMOCTOXTeJihHO IIHCaTh CTaThH, KOTOpbie 

rry6JIHKOBaJIHCh B xopOIIIHX )KypHaJiaX. Borree Ba)KHhlM 6bIJIO TO, "'ITO OH Mor 

rrpaBHJihHO Bhl6paTh TeMy, Ha,n; KOTOpOH CTOHJIO pa6oTaTh H O "'IeM HMeJIO 

CMhICJI rrn:caTh. IIocTaTO"'IHO BcrroMHHTh ero H3BecTHhIH UHKJI pa6oT no Ka

Harrn:poBaHn:IO, IIOCJie,ZJ;HHe ero pa60ThI no MHKpOCKOIIH"'!eCKOH TeopHH a6cop6-

UHH. Boo6me, rpn:ma 3BOJIIOUHOHHpOBaJI KaK q>H3HK-TeopeTHK no 3aKOHy, 

KOTOphIH OIIHChIBaJICX XBHO HeJIHHeHHOH 3aBHCHMOCThIO 3cpcpeKTHBHOCTH pa-

6oThl OT BpeMeHH, "'ITO o6hl"9:HO rrpe.n;BemaeT 60JihIIIOe Hay"tJHOe 6y.n;ymee ... 

Kor.n;a x BbI6HpaJI pa6oTy, KOTopyIO 6bIJIO 6hl yMeCTHO rrpe.n;JIO)KHTh B 

c6opHHK, IIOCBXIUeHHhlll rraMXTH rpn:ropHX raBpHJieHKO, X BCnOMHHJI 3TOT 

ero HHTepec K HOBOMY, CTpeMJieHHe BIIHThIBaTh HOBYIO HHq>OpMaUHIO,, KpH

TH"'IeCKH ee rrepepa6aThIBaTh H ,ZJ;BHraThCH Bnepe.n;. B 3TOM CMhICJie, MHe 

Ka)KeTcx, 6y.n;eT npaBHJlhHhlM, eCJIH X paccKa)Ky 3,ZJ;eCh O HeKOTOpbIX XOTH 

Ii rrpe.n;Bapn:TeJihHhIX pe3yJihTaTax, KacaIOIUHXCH HOBoro MaTeMaTH'IeCKoro 

rro.n;xo.n;a K pemeHHIO px.n;a Ba)KHhIX 3a.n;aq q>H3HKH TBep.n;oro Terra. 

2 Mo,n;eJih 

KoHKpeTHO, H 6y.n;y HMeTh B BH.n;y TaK Ha3bIBaeMyIO t - J Mo,n;eJib, KOTO

pax onHCbIBaeT IIOBe,ZJ;eHHe CHCTeMbI CHJihHOKOppeJIHpoBaHHhIX 3JieKTpOHOB 

H, KaK rrpHHXTO C"CIHTaTh, a.n;eKBaTHhIM o6pa30M OTpa)KaeT q>H3HKY BhICO

KOTeMnepaTypHhlX cBepxnpoBO.ZJ;HHKOB [1, 2]. CTaH.n;apTHhIH no.n;xo.n; K HC-
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CJie.UOBamuo 3TOH MO.Uemr COCTOIIT B q>opMaJibHOM pa3.UeJieHIIII cnIIHOBbIX U 

. 3apH.ZlOBbIX CTeneHeii: CB060.UbI 3JieKTpOHa II nepexo.uy K HeKoTopoMy aq>q>eK

TIIBHOMy B3aUMO.UeHCTBIIIO Me)K,uy HIIMII. O.uHaKO 3TH CTeneHII CB060.Ilhl OKa-

3bIBaIOTCH CBH3aHHbIMII HeKOTOpbIM COOTHOnieHIIeM, KOTOpoe O;<IeHb TPY.IlHO 

yqecTb TO'IHO, B TO BpeMH, KaK ero BblnOJIHeHIIe II B cpe.uHeM npIIBO,llIIT' 

Boo6me roBop.sr, K HeKOHTpOJIHpyeMbIM oiinI6KaM. 

B HaCTOHIIIeii: pa6ore npe.uJiaraeTc.sr coBeprneHHO HOBhlH no.uxo.n: K IIccrre

.UOBaHIIIO t - J MO,lleJin, KOTOpbIH Tpe6yeT BBe,lleHIIH MIIHIIMaJibHOro ~mcJia 

.ZlIIHaMII'IeCKIIX nepeMeHHbIX ( TIIna cnIIH-3apH,llOBbIX)' CB060,llHbIX OT KaKIIX-

• m160 CBH3eii:. 3TOT MeTO.Il, no cyIIIeCTBY' HBJI.sreTCH reoMeTpIIqecKIIM KBaH

TOBaHIIeM ( TaK)Ke Ha3bIBaeTCH MeTO,llOM KorepeHTHbIX COCTO.llHIIH) KJiaCCII'Ie

CKOH MeXaHIIKII accOUIIHpOBaHHOH c HeKOTOpoii: arrre6poii: (cynepaJire6poii:) 

JIII. IIocJie,llHHH q>pa3a 03HatiaeT, qTo raMIIJibTOHIIaH CIICTeMbI HBJI.sreTCH 

6IIJIIIHeHHOH q>opMOH reHepaTopoB (IIJIII IIX o6pa30B B K.iiaccnqecKOM CMhl

CJie) JieKOTopoH aJire6pbI ( cyneparrre6pbI JIII). C o6meii: ToqKn 3pemrn 3To 

03Ha'IaeT, qTO 3BOJIIOUIIIO CIICTeMbl MO)KHO paccMaTpIIBaTb B 6a3IIC_e Kore

peHTHbIX COCTOHHIIH, CBH3aHHbIX C 3TOH aJire6poii:, li 3anIIcaTb CTaTcyMMY 

CIICTeMbl B BII.n;e IIHTerpaJia no TpaeKTOpIIHM, KOTOpbIH noJIHOCTblO onpe.ue

. JIHeTCH aJire6poii: CIIMMeTpIIII II TeM caMbIM HaII60Jiee ecTeCTBeHHbIM o6pa30M 

OIIIICbIBaeT .Ill•rnaMIIKY. B Ka'IeCTBe rrepBbIX npIIMepoB ncnoJib30BaHIIH 3T0ro 

MeT0,lla MO)KHO 0TMeTIITb pa6oTy [3], r.ue II0JiyqeH0 H0B0e npe,llCTaBJieHIIe 

.UJIH CTaTCYMMbI q>eppoMarHeTIIKa feii:3eH6epra, Ha OCH0Be SU(2) KOHTIIHy

aJibH0ro IIHTerpaJia, a TaK)Ke He.IlaBHIOIO pa6oT.y [4], B KOTopoii: IIHTerpa.iI no 

SU(2ll) cynepKorepeHTHhlM cocT0HHIIHM 6bm ::iq>q>eKTIIBHO ncnoJib30BaH .UJIH 

BbIBo.n;a a.uIIa6aTIItiecKoii: rIIIIOTe3bI B rrepIIo.n;IIqecKoii: M0,lleJIM AH.uepcoHa B 

rrpe.ueJie U ➔ oo. 

Herrocpe.IlCTBeHHO nepexo.uH K t - J 1v10.ueJIII, Bhlpa31-l:M cooTBeTCTBYIOIIIIIH 

raMIIJibTOHIIaH qepe3 orrepaT0pbl Xa66ap,lla Xf0 [5], KOT0pbie onpe,lleJIHIOTCH 

COOTHOilleHMeM 

r.ue Ciu o6o3HaqaeT orrepaTop yHM'IT0)KeHIIH ::irreKpoHa Ha J3Jie i c rrpoeKuneii: 

CIIIIHa O' = ± ll nic, = clucic,. B TepMMHax 3TMX orrepaTopoB raMIIJibT0HMaH 

t - J M0,lleJIII rrpMHIIMaeT BII.Il 

Ht-J 
iju ij 
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r.ue orrepaTop cmrna 3JieKTpoHa 

Q... 1 "' xo-o... xoo-' 
i = 2 L...J i Tqql i ' 

qql 

M r = ( T 1, T 2, T 3 ) o6o3Ha"tiaeT MaTpHUbI IIayJIM. 

TaK Ka.K o6bl"t!HO MHTepecy10TcH 3a,ua-qe:ii: o .UBM)KeHMM He6oJibIIIoro "t!MCJia 

.UbipOK B aHTMCpeppoMarHMTHOH cpe.ue, Mbl COBepIIIHM YHMTapHoe rrpeo6pa30-

BaHMe -. ITOBOpOT Ha 7r CITMHOB Ha rro.upeIIIeTKe B, "9:TO rrpHBO.UMT K 3aMeHe 

x~o- ➔ x~-0- Q* ➔ Qf 
l l l I I l Qi ➔ -Qi, iEB. 

TaKMM o6pa3oM, Mbl rrepexo,uMM K <j>eppoMarHMTHOH cpe.ue, M HeT Heo6xo.un

MOCTM pa3JIM"tlaTb rro.upeIIIeTKM. faMMJibTOHMaH (1) rrepeXO.UMT B 

Ht-J = -t~ (x/0xJ- +xi-0xJ+)+J~ [-QiQJ + ~(QtQ; + Q:Q_n]. 
y y 

(2) 
OrrepaTop xo-0 rrpoeKTHpyeT Ha O,UH0-3JieKTpOHHOe COCTOHHMe MB 6a3MCe 

{IO), la)} rrpHHMMaeT BM.U 

xo-o = la)(OI, xo-o-' = la)(a'I, (3) 

r.ue IO) o6o3Ha"tiaeT .uorrnpoBaHHbIH y3eJI (.UbipKy) a la) - cocTOHHMe c O.UHMM 

3JieKTpOHOM co CITMHOM a. 5IcHo, "t!TO TOJibKO BOCeMb orrepaTopoB JIMHeHHO 

He3aBMCMMbI, TaK KaK 

xoo + L xo-o- = I, (4) 
q 

xo-o HBJIHeTCH q>epMHOHHbIM orrepaTopoM, B TO BpeMH KaK xo-o-' COOTBeT

CTByeT 6o30HHbIM CTerreHHM CB060.UbI. B .ue:ii:CTBMTeJibHOCTM, rrpe.ucTaBJieHMe 

(3) 03Ha"tiaeT, "t!TO X-orrepaTopbr 06pa3y10T u(2ll) cyrrepaJire6py, KoTopaH B 

CMJIY ( 4) CBO.UMTCH K BOCbMHMepHoii su ( 2 I 1) cyrrepaJire6pe. 

B 3TOM MeCTe Mbl .UOJI)KHbI HeMHOro OTCTYIIHTb OT OCHOBHOro H3JIO)Ke

HHH, c TeM "t!T06br rrpHBecTH Heo6xo,n:HMbie cBe.UeHHH, Kaca10ru.0ecH su(2ll) 
cyrrepaJire6pbI, CBH3aHHbIX C ueii KorepeHTHbIX COCTOHHHHX H HHTerparra no 

TpaeKTOpHHM, HMeH B BM.UY MX 0THOIIIeHHe K t - J MO,UeJIH. KaK H3BeCTHO, 

SU ( 2 I 1) cyrreprpyrrrra B <j>yu,uaMeHTaJibHOM rrpe.ucTaBJieHHH HBJIHeTCH rpyn

noii (2+ 1) X (2+ 1) YHHTapHbIX, YHHMO.UYJIHpHbIX cynepMaTpHU C 3pMHTOBbIM 
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C0IIpSI)KeIHieM. OHa reHepHpyeTCSI l!eTHbIMH orrepaTopaMH {B, Q3, Q+, Q_} 
H Hel!eTHbIMH orrepaTopaMH {W+, w_, V+, V-}, TaK l!T0 crrpaBe,UJIHBbI CJie

.llYIOIIllie K0MMyTaUH0HHble C00TH0IIIeHHSI (6): 

[Q3, Q±] = ±Q±, [Q+, Q_] = 2Q3, [B, Q±] = [B, Q3] = 0, 
1 1 1 1 

[B, V±] = 2V±, [B, W±] = - 2W±, [Q3, V±] = ±2V±, [Q3, W±] = ± 2W±, 

[Q±, V=i=] = V±, [Q±, W=i=] = W±, [Q±, V±] = [Q±, W±] .:_ 0, 
{V±, V±} = {V±, V:i:} = {W±, W±} = {W±, W:i:} = 0, 

{V±, W±} = ±Q±, {V±, W:i:} = -Q3 ± B. 

IlycTb lb, q, q3) o6o3HaqaeT BeKTop B KaKOM-Jm6o a6cTpaKTHOM rrpe.ucTa

BJieHHH su(2ll), r.ue b, q H q3 ecTb co6cTBeHHhle 3Hal!eHHSI orrepaTopoB B, Q2 

H Q3 , cooTBeTCTBeHH0. THIIHl!HOe SU(2ll) KorepeHTHoe cocT0SIHHe 3aIIHChl

BaeTcsr KaK 

lz,e,0) = N exp(-0W_ - ev_ + zQ_)lb,q,q), (5) 

r.ue (z, e, 0) E SU(2ll)/U(l) x U(l). B .UaJibHeHIIIeM Hae 6y.ueT HHTepecoBaTb 

TaK Ha3hlBaeMoe Bhlp0)K,UeHHoe b = q rrpe.ncTaBJieHHe, KoTopoe, OKa3bIBaeTcsr, 

C00TBeTCTByeT t - J M0,UeJIH. OHO orrpe.uensreTCSI C00TH0IIIeHHeM 

W_lq, q, q) = 0 (6) 

H Ha3bIBaeTCSI ( q' q) rrpe.ucTaBJieHHeM C pa3MepH0CTbIO 4q + 1 [ 6). oa3HCOM 

cJiy)KaT 2q + 1 BeKT0poB {lq, q, m), -q ::; m ::; q} qeTHoro ceKTopa H 2q 
BeKTopa {lq + 1/2, q - 1/2, m), -q + 1/2 ::; m ::; q - 1/2} cooTBeTCBy-

10ume Hel!eTH0MY (cpepMHOHHoMy) ceKTopy. BTopoH H TpeTHH on'epaTopbI 

Ka3HMHpa paBHbI HJJIIO B 3T0M rrpe.ucTaBJieHHH. . 

KorepeHTHOe C0CT0SII!He ( 5) rrpHHHMaeT B ( q, q) rrpe.ucTaBJieHHli Bli.ll 

(7) 

r,n;e Mb! SIBH0 Bbll!HCJIHJIH H0pMHp0BKJ. IlepeMeHHble Z li e rrapaMeTpH3JIOT 

cyrrepccpepy SU(2ll)/U(lll) = s<212>-N = 2 cyrrepCHMMeTpHlIHoe pacIIIH

peHHe ccpepbl S2. 

Pa3JIO)Keirne e,UHHHUbl B ( q, q) rrpe.n;cTaBJieHHH BhlrJISI,ZlHT KaK 
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q q'-1/2 
= L lq; q, m)(q; q, ml+ L jq + 1/2; q - 1/2, m)(q + 1/2; q - 1/2, ml, 

-q -(q-1/2) 
npM ycJIOBIIII 

d _ dzdz d(de 
µsu(2j1) - 2rri 1 + jzj2 + (( (8) 

BbI''IIICJieHIIe CTaTCJMMbl B 6a3IICe {lz, en npIIBO,lllIT K SU(2ll) IIHTe

rpany no TpaeKTopmIM [7] 

€(0)=-€(,6) 

tr exp[-,6H] = Zsu(2jl} = J Dµsu(211)(z, e) exp [A]' (9) 
z(O}=z(,6) 

r.ue Dµsu(2j1)(z,e) o603Ha~rneT IlOToqeqHoe npoII3Be,lleHIIe SU(2ll) IIHBapH

aHTHbIX Mep (8), a KJiaccIIqecKoe ,lleHCTBIIe Ha s212 C raMIIJihTOHOBOM cpyHK

D;IIen: He/ = (z, elHlz, e) eCTh 

r.a zz - zz - ee - et r.a cl 

A= q lo 1 + lzl2 + ee dt - lo H (z, e)dt. (10) 

Ilmr Toro qTo6br BblqIIcJIIITb He/, Heo6xo.UIIMO 3Ha Tb SU ( 2 I 1) KOBapHaHT

Hble CIIMBOJibI reHepaTopoB. OHII JieI'KO HaXO,llSITCSI (Ac/ = (z, elAlz, 0 ): 

Qt = -q(l - lzl2)w, (Q+yt = 2qzw, (Q-t = 2qzw, 
Bel = q(l + lzl2 + 2(e)w, (V+t1 = -2qzew, (v-t = 2q(w, 

(w+t = -2qew, (w-yi = -2qzew, w = (1 + lzl 2 + eet1. (11) 

Bo3Bpamasrcb K t - J Mo,uenn, 3aMeqaeM, qTo anre6pa X-orrepaTopoB 

M0)KeT 6bITb OTO)K,lleCTBJieHa C Bhip02K,lleHHbIM ( 1 /2, 1 /2) rrpe.ncTaBJieHHeM 

su(2ll) cne,uyIOillIIM o6pa30M, 

Qa = 1(x++ -x--), Q+ = x+-, Q_ = x-+ 
' 

1 
B = -(x++ +x--)+X00 

2 .. 

II 

V+ = x 0
-, V_ = -x0+, W+ = x+0

, W_ = x- 0
, 

npII 3TOM qeTHbre (6o3oHHhre) cocTOSIHHSI jl/2, 1/2, 1/2) H ll/2, 1/2, -1/2) 
OT02K.lleCTBJISIIOTCSI c cocTOSIHHSIMH co crrHH0M BBepx H BHH3, I+) and I-), 
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COOTBeTCTBeHHO, B TO BpeM.SI KaK HetJeTHOe (cpepMIIOHHoe) COCTO.SIHIIe 11, 0, 0) 
-c .uormpoBaHHbIM cocTO.SIHIIeM IO). Pa3MepHOCTb 3Toro npe.ucTaBJieHII.SI 

paBHa. TpeM, KaK II .UOJDKHO 6b1Tb. 5IcHO TaK2Ke, "tJTO yp. (6) BblIIOJIH.SI

eTC.SI, II, CJie,UoBaTeJibHO, Mbl .SIBHbIM o6pa30M OT02K,UeCTBIIJIII anre6py onepa

TOpOB Xa66ap.ua C Bblp02K,UeHHbIM <pyH.UaMeHTaJibHblM (3 X 3) npe.ucTaBJie

HIIeM su(2ll) cynepaJire6pb1. 

OTMeTIIM, -crTo su(2 I 1) ecTeCTBeHHbIM o6pa3oM npIIBO.UIIT K "slave" -cpepMII

OHHoMy / 6o3oHHOMY npe.ucTaBJieHIIIO .UJI.SI onepaTopoB Xa66ap.ua. IlocJie,u

Hee ecTb npocTo ocUIIJIJI.SITopHoe npe,ucTaBJieHIIe su(2ll) anre6pb1 [8). Ha

rrpIIMep, nycTb X>.N, A, N = 1, 2, 3 ecTb MaTpIIua cooTBeTCTBy10max one

paTopy X B (1/2, 1/2) npe,ucTaBJieHIIII. PacCMOTpIIM COCTaBHOH onepaTop 

dt = (at, b t, Jt), r .ue a II b .SIBJI.SIIOTC.SI 6o3oHblMII IIOJI.SIMII, a f-cpepMIIOHHbIM 

rroJieM. Tor.ua "slave" -cpepMIIOHHoe rrpe,ucTaBJieHIIe BblrJI.SI.UIIT KaK 

X = L dlX>,),.ld),.I, 
)..)..1 

I:dld>. =ata+btb+JtJ= 1, 
>. 

r .ue IIOCJie.UH.SI.SI CTpoKa eCTb COOTHOIIIeHIIe IIOJIHOTbl ( 4). 
AJire6paIIqecKIIH su(2ll) no.uxo.u .uaeT TaK2Ke B03M02KHOCTb o6o6mIITb 

CTaH.uapTHblli t - J raMHJibTOHHaH, C TeM 'lJT06bI BKJIIO"tJIITb B paCCMOTpe-· 

HHe qacTHilbl co CIIHHaMH BbIIIIe, -creM 1/2, "tJTOl B CBOIO o-crepe,ub, Heo6XO.UHMO 

.UJI.SI cpopMyJIHpOBKII 1/ s pa3JI02KeHH.SI. O.uHa B03MO)KHOCTb COCTOIIT B TOM, 

'lJTO 3JleKTpOHY IIpHIIHCblBaeTC.SI CIIHH s, "tJTO 03Ha-craeT nepexo.u K cpyH,uaMeH

TaJibHOMY npe.ucTaBJieHHIO cyrrepaJire6pbI su(2s + Ill) BMeCTO su(2ll). AJib

TepHaTHBa, TaK KaK Mbl peaJibHO HHTepecyeMC.SI CJiy-craeM s = 1/2, COCTOHT 

B TOM, 'lJTO Mbl HHTeprrpeTHpyeM .UblpKH KaK COCTO.SIHH.SI co CIIHHOM s - 1/2 
[9], TaK "tJTO Y3Jlbl 6e3 .UbipOK rrpHo6peTaIOT CIIHH (s - 1/2) + 1/2 = s. 3To 

3KBHBaJieHTHo paccMoTpeHmo (q = s,q = s) npe.ucTaBJieHH.SI su(2ll) BMecTo 

rrpe,ucTaBJieHH.SI (q = 1/2,q = 1/2). IlpocTpaHCTBO ,UblpOK OT02K.UeCTBJI.SieTC.SI 

c Ha6opoM BeKTOpOB 

{lq + 1/2, q - 1/2, m), -q + 1/2 ~ m ~ q - 1/2} 

a CIIHHOBble B036y)K.UeHH.SI o6pa3yIOT rrpocTpaHCTBO 

{lq, q, m), -q ~ m ~ q}. 
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3To 3aMeqamre no.srcmreT q>H3n:qecKHH CMbICJI HH.lleKca npe.ncTaBJieHn:.sr q. 
IlpoBe.neHHbIH BhlIIIe no.npo6HbIH aHaJIH3 CBX3H t - J MO.lleJIH c su(2ll) 

aJire6poii IIO3BOJI.sieT JierKo 3aIIHCaTb CTaTcyMMY 

Zt-J = tr e-/3Hi-J. 
B BM.Ile SU(2ll) HHTerpaJia no TpaeKTopn:.srM: 

Zt-J = r II Dµ~ir(2J1) exp[At-J],. zj(O) = Zj(/3), ej(O) = -ej(/3), (12) 1s212 . 
J 

r.ne 

A = '""1/3 ijZj - ZjZj + ejej - eij dt -1/3 He/ dt (13) 
t-J q ~ I 12 i: i: t-J · j O 1 + Zj + i,.j<,.j 0 

IlepBbIH qJieH B .neiicTBHH HMeeT qn:cTo reoMeTpn:qecKoe npon:cxo)K.nemie n: 

oTpa)KaeT CTPYKTYPY S2
1
2, B To BpeM.sr KaK BTopon -.nn:HaMn:qecKHH-B cmry 

(11) ecTb 

He/ 
t-J 

2 [eijZj + zieliJ 
-t(

2
q) ~ (1 + lzil 2)(1 + lzil2) 

iJ 

2 [ (1 - lzil2)(l - lzil2) + 2(ziZj + ZiZj)]. 
+Jq ~ (1 + lzil2 + eiei)(l + lzil2 + eieJ iJ 

(14) 

3To npe.ncTaBJieHHe .sIBJrneTC.sI OCHOBHbIM pe3yJibTaTOM HaCTOHIIleH 3aMeTKH 

H CJIY)KHT OTIIpaBHbIM IIYHKTOM .llJIH IlOCJie.llyIOIIIHX annpoKCHMaUHH THna 

npH6JIH)KeHH.sI cpe.nHero IlOJI.sI. 

B KaqecTBe npHMepa noKa)KeM KaK Ha OCHOBe (14) MO)KHO noJiyqHTb ra-. 

MHJibTOHHaH t - J MO.lleJIH B JIHHeii:HoM cnHH-BOJIHOBOM npH6JIH)KeHHH (LSW 
npH6JimKeHHe)' KOTOpoe 3q>q>eKTHBHO COOTBeTCTByeT yqeTy MaJibIX q>JIIOK

Tyaum1: CITHHa B IIJIOCKOCTH, nepneH,llHKyrr.srpHOH OCH z [10, 11]. MaTeMaTH

qecKH, 3TO 03HaqaeT npH6JIH)KeHHe lzl2 « 1 (ToqHee, lzl 2/2q « 1). LSW 
Teopn:.sr ycnernHo npHMeH.srJiaCb B t - J MO,lleJIH, CMOTpH [12]. 

Ha .sI3bIKe q>yHKUHOHaJibHoro HHTerparra LWS npH6JIH)KeHHe cocTOHT B 

nepexo.ne OT SU(211) HHTerparra npH ycrroBHH lzl2 « 1 K cTaH.napTHOMy 

6030H-q>epMHOHHOMY npe.ncTaBJieHHIO. C.neJiaeM 3aMeHy z ➔ z/ .j'Iq B (14), 
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6 6 u "6 u,, KOTOpaJI Heo XO.Z.l;lfMa ,z:r;mr Toro, qTo bl rrorryqHTb B ,z:r;eHCTBlili · O3OHHblli 

1 {{3 . 

210 (zz - zi)dt, 

rrocrre qero yp. (12) rrepexo.ri0:T B 

Zt-J-+ zt_sJw = f n: Dµ~\z)Dµ~\e) exp[Af!f], (15) 
PBC J 

r,z:r;e 

0: Dµ 8 (z) = DzDz. C ,z:r;pyroii cTopoHhl, 

Hf!..J-+ H'lsw = -t/i:q'2JeJ.jZj + Ziei.j) ij 

qTo .srnmreTcJC KOBap0:aHTHhlM CHMBOJIOM B LSW rrpe,z:r;erre orrepaTopa 

Hf!t = -t IJhd st+ Jd} si-) + JI: [(s: - ni/2)(SJ - nj/2) 
ij ij 

1 + +( ni)( ni) 1 ( ni nil +-s. S- 1 - - 1 - - + -s-:- s-:- 1 - -)(1 - -) (18) 2 I J 4q 4q 2 I J 4q 4q • 

3necb Jt 0: f o6o3Haqa10T 6ecc1mHOBbie orrepaTopbI .z:r;hlpoK, n = Jt f, a § 
orrHCbIBaeT JIOKaJibHbIH crr0:H, rrp0:qeM ( S, f] = 0. Ba)KHO OTMeTHTb, qTo rrp0: 

BbIBO,z:r;e (18) Mb! He ,z:r;omKHbl 6bIJili yqHTbIBaTb KaK0:e-JI0:60 CBJC3li. 3TOT pe-

3JJibTaT OTJiliqaeTCJC OT rrorryqeHHOro B CTaH,z:r;apTHOM rro,z:r;xo,z:r;e (12], XOTJC :na 

pa3HHUa rrpaKTI-IqecKH HliBeJII-IpyeTCJl B rrp0:6rrmKeHI-Ili cpe,z:r;Hero no IIJIOTHO

CTli AblpOK IIOJIJC. 
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,w 

3ap.H)KeHHblX .l(HCKJIHHan:u:u 

B.A.OcIInon 

Jla6opamopu.JI meopemu1J,ecx:ou (fiu3ux;u u.u. H.H.Eo20.11,106oaa 
Q6;,eauueU'llbZU uucmumym .JiaepUbZX ucc.11,eaoaauuu, Jly6ua 

1 Bae,neHHe 

IIocJie.UHHe ceMb JieT .ll IlOCB.llTHJI H3yl.J:eHHIO q>ll3HKH ,KpHCTaJIJIOB C "ncnop

l.J:eHHOM" reoMeTpneft, T.e. c HapyrneHHOM TpaHcJI.srunoHHOM HJIH apamaTeJib

HOM CHMMeTpneft ncxo.uHoM KpHcTaJIJIHl.!ecKOM perneTKH. Ilpnl.!HHOM TaKoro 

HapyrneHH.ll B peaJibHbIX KpHcTaJIJiax .llBJI.sIIOTC.ll TOilOJIOrHl.!eCKHe .ueq>eKTbI -

.UHCJIOKaUHH H .UHCKJIHHaUHH. A Hal.J:aJIOCb ace C KpaTKoro 06cy2K.UeHH.ll C rpn

rneft raapnJieHKO HeKoft npo6JieMbI, BOJIHoBaarneft MeH.sr B To apeM.sr. Ha.uo 

CKa3aTb, 'ITO Moe nepaoe 3HaKOMCTBO C rpnropneM COCTO.sIJIOCb B 1982 ro.uy, 

Kor.ua .s1 npnrneJI B ceKTop B.K.<Pe.u.srHnHa B Kal.!eCTBe npHKOMaH.unpoBaHHoro 

acnnpaHTa. 8 TO BpeM.sI rpnrna y2Ke 6bIJI CJIO)KHBIIIHMC.sI yqeHbIM, ony6JIHKO

BaBIIIHM HeMaJIO HHTepeCHbIX pe3yJibTaTOB ll 3aIUHTHBIIIHM KaH,UH,UaTCKYIO 

.unccepTaun10. HecMoTp.sI Ha cTOJib BecoMbIM "Ja,ueJI", OH 6bIJI BecbMa npocT 

B o6meHHH, .uo6po:lKeJiaTeJieH n OXOTHO IlOMOraJI MOJIO.UbIM JIIO,ll.HM, TOJibKO 

Hal.J:HHaIOIUIIM CBOH nyTb B HayKy, K KOHM .sI KaK pa3 II OTHOCIIJIC.sI. 

Bo3M02KHOCTII .UJI.sI TaKoH noMOIUII y Hero .sIBHO 6bmn, nocKOJibKY OH HMeJI 

COJIII,UHbIH 6a3HC B IlJiaHe o6pa30BaHH.sI II y:lKe BilOJIHe MOr Cl.J:IITaTb ce6.s1 "npo

q>eCCIIOHaJioM" B II36paHHOH o6JiaCTII HayKII. llTaK, B 1988 ro.uy Mb! o6a 

aKTHBHO 3aHIIMaJIIICb II3yl.J:eHIIeM 3JieKTpOHHbIX CBOHCTB pa3JIIIl.J:HbIX MaTe

pnaJioB. rpnropII.ll IIHTepeCOBaJia q>ll3IIKa IlOBepXHOCTII (1]' a MeH.ll - q>II3IIKa 

JIIIHefiHhIX noJinMepoB (2]. B o6enx Ja,uaqax IIMeJiacb o6ma.sr cneunq>nKa, 
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CBSI3aHHaJI C Hamr-c:rn:eM JIOKaJIH30BaHHblX ::meKTpOHHblX COCTOSIHHH. 3THM 

rrpo6JieMaM II 6blJIH IIOCBSIIUeHbl HamH o6cy)K,UeHHSI,B xo.ue KOTOpbIX y MeHSI 

B03HHK BOIIpoc: a KaK ll3MeHHTCSI xapaKTep :meKTpOHHblX COCTOSIHHH, ecJIH 

Mbl ll3MeHHM reoMeTpmo KpHCTaJIJia? K rrpHMepy, eCJIH Mbl paccMOTpHM He 

rrrrocKy10, a HCKpHBJieHHYIO rrosepXHOCTb. HarrpnMep, B qeM 6y,ueT OTJIHqHe 

Me)K.uy q>ll3HKOH Ha IIJIOCKOH rrosepXHOCTH, Ha IIOBepXHOCTH UHJIHH,Upa HJIH 

mapa? K MOeMy y.UHBJieHHI07fpHma OTBeTHJI, qTo ::>Ta rrpo6rreMa rrpaKTHqe

CKH He H3yqarracb, qTo cpaKTHqeCKH H CTHMYJIHpOBaJIO MOH HHTepec B 3TOM 

HarrpasrreHHH. Ceftqac-To MHe rroHSITeH OTBeT fpHropnSI. TorrhKO He,uaBHO 

TaKHe 3a,uaqn CTaJill aKTyaJibHblMH, IIOCJie Toro KaK y,uaJIOCh 3KcrrepHMeH

TaJibHO C03,UaTb q>ll3HqecKH llHTepeCHhle o6'beKThl C cpopMOH mapa ( cpyrrrre

peHbI) n UHJIHH,Upa (rpaq>HTOBbie HaHoTpy6KH) [3]. {.facrro TeopeTnqecKHX H 

3KCIIepHMeHTaJibHblX pa6oT no H3yqeHHIO q>ll3HqecKHX CBOHCTB 3THX MaTe

pHaJIOB pacTeT C Ka)K,UblM ro,uoM •.. 

Yshl, fpHillll cero,UHSI HeT, Tor.ua KaK ero OIIhIT ll 3HaHHSI 6bIJIH 6bI KpattHe 

He06XO,UHMhl ,UJISI "mTypMa" ,uaHHOH rrpo6JieMbl. 

B HaCTOSIIUeii cTaTbe rrpe,ucTaBJieH KpaTKHH aHaJIH3 o,uHoii H3 aKTyarrh

HhlX 3a,uaq, B03HllKillllX B IIOCJie,UHHe ro,Ubl. A HMeHHO OKa3aJIOCh, qTo B 

TaKHX cTpyKTypax Ba)KHYIO porrh HrpaIOT .UHCKJIHHaunn. AHaJin3y ::>JieK

TpOHHOH cTpyKTYPhl ,uncKJIHHaunii n rrocBSIIUeHa .uaHHaSI pa6oTa. 

2 3ap.H)KeHHbie .n;eq>eKTbI 

B ,uaHHOM rraparpacpe Mbl paccMaTpHBaeM 3apSI)KeHHble· JIHHeHHhie .uecpe~Tbl. 

KaK H3BeCTHo, .UHCJIOKaUHH B rrorryrrpoBO.UHHKax n MeTarrrrax oKa3bIBaIOTCSI 

3apSI)KeHHhlMH corrracHo MexaHH3MY llloKJIH-Pn.ua [4, 5]. A HMCHHo, B rrpn

cyTcTBHH KpaeBOH ,UllCJIOKaUHH o6opBaHHbie CBSI3ll, HaXO.USIIUHeCSI Ha Kpa10 

.UOIIOJIHHTCJibHOH IIOJIYIIJIOCKOCTH aTOMOB, MoryT rrpHHHMaTb .UOIIOJIHHTCJib

Hbie 3JICKTpOHbl HJIH ,UblpKH. B pe3yJihTaTe JIHHHSI .UHCJIOKaUHH 6y,ueT 3apSI

)KCHa. Mo)KHO 6bmo 6b1 O)KH,Ua Th, qTo 3apSI.U q .uecpeKTa paBeH ( L /a) e r .ue L 
- .UQHHa JIHHH:U .uecpeKTa. <l>aKTHqeCKH, O,UHaKo, HaJinqne KYJIOHOBCKOro B3all

MO,UCHCTBHSI MC)K.UY ,UOIIOJIHHTCJihHbIMll 3JICKTpOHaMH, paCIIOJIO)KCHHbIMH Ha 

JIHHllll ,UHCJIOKaunn, rrpHBO,UllT K MCHbilleMy 3ap5I.UY q = f e, r.ue j = a/ C 

eCTb K03q>q>HUHCHT 3alIOJIHCHll5I ll C - cpe.uHee paCCT05IHHe MC)K.UY 3JICKTpo

HaMH Ha .uecpeKTe. 3HaqeHHe f pa3JIHqHo .UJI5I IIOJIYIIPOBO,UHHKOB ll MCTaJIJIOB. 

O6b1qHo, f ~ 0.3. OTMCTHM, qTo ,UJI5I .UBYMCpHbIX CHCTCM .UHCJIOKaumr H .UHC-
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KJIHHau1u1: q>aKTllt.IeCKll .sIBJI.sIIOTC.sI TOt.Iet.IHbIMn .ueq>eKTaMn, II03TOMY f = l 
(nrrn f = 0 .UJI.sI He3aIIOJIHeHHOro COCTO.sIHll.sI). 5IcHo, '-ITO ll,Ue.sI o6opBaH

HblX CB.sI3eH pearrn3yeTc.sI n B crryqae KJIHHOBbIX .uncKJIHHaunii. HarrpnMep, 

.UJI.sI 60° KJillHOBOH .UllCKJillHaUllll aTOM, rrpnHa,UJie)KaIUllH JIHHllll .UllCKJillHa

llllll, llMeeT ceMb llJlll 11.sITb XllMllt.IeCKllX CB.sI3eH BMeCTO mecTll B n.uearrbHOH 

reKcaroHaJibHOH pemeTKe. OcBo6o.n:nBmeec.sr MeCTO MO)KeT 6b1Tb 3aH.sITO .uo

lIOJIHllTeJibHbIM 3JieKTpOHOM ( llJlll .UblpKOH), T .e. JlllHll.sI .UllCKJillHaUllll CTaHeT 

3ap.sI)KeHHOH. 

QqeBll.UHO, '-ITO .UOIIOJIHllTeJibHOe KYJIOHOBCKOe B3allMO,UeHCTBlle Me)K.uy 

CB06o.n;Hb1Mll HOCllTeJI.sIMll ll 3ap.sI)KeHHb1Mll .ueq>eKTaMll BJill.sieT Ha rrpouecc 

rroKaJIH3aunn. KpoMe Toro, TpaHcrropTHbie cBOHCTBa KpncTarrrra 6y.n;yT ll3-

MeH.sITbC.sI B rrpncyTCTBllll 3ap.sI)KeHHblX JlllHeHHbIX .ueq>eKTOB •. Heo6xo.n;nMo, 

O.UHaKo, rrpllH.sITb BO BHllMaHne TOT q>aKT, '-ITO rrpncyTCTBlle CB06o.n;HbIX HO

CllTeJieH Be,UeT K 3KpaHllpOBKe ll36bITO'-IHOro 3ap.sI.n;a. KaK ll3BeCTHO, B MeTaJI

rrax; llMeeT MeCTO CllJlbHa.sI 3KpaHllpOBKa, rrpn KOTOpOH 3ap.sI.U 3KpaHllpOBaH 

Ha MacmTa6e a - rrocTO.sIHHOH pemeTKll. TaKHM o6pa30M B MeTarrrrax 3ap.sI.U, 

rroKaJIH30BaHHbIH Ha .ueq>eKTe, He oKa3bIBaeT cymecTBeHHoro BJill.sIHll.sI. Cy

mecTBeHHO nHa.sI cnTyaun.sI nMeeT MecTo B rrorryrrpoBo.n;HnKax. K rrpnMepy, 

paccMOTpllM 3JieKTpoHHhIH rrorryrrpoBO.UHHK ( n-Tnrra). B o6meM crryqae HMe

eTC.sI ,UBa Tlllla 3KpaHllpOBKll 3ap.sI.n;a: a) CBo6o.n;HbIMll HOCllTeJI.sIMll ( B Ha

IIIeM crryqae 3JieKTpOHaMll) ll 6) llOHll3HpOBaHHbIMll rrpnMeC.sIMll ( C 3ap.sI.UOM 

+ I e I). YpaBHeHne IlyaccoHa rrpnHHMaeT Tor.ua crre.n:y10mnii Bn,u: 

41re 
/:).r.p = -(nd - ne), 

K, 
(1) 

r.ue r.p = r.p( r) eCTb IIOTeHUllaJI 3ap.sI)KeHiroro .ueq>eKTa, ne - IIJIOTHOCTb 3JieK

TpOHOB, nd - IIJIOTHOCTb llOHH3HpOBaHHbIX rrpHMeceii, ll K, - .Ull3JieKTpllt.IeCKa.sI 

KOHCTaHTa. Ilpe.urrorraraeTc.sI, '-ITO 

(2) 

T - TeMrrepaTypa H k - rrocTO.sIHHa.sI EoJibUMaHa. 3.uecb n .uarree MbI rrorraraeM 

k = 1. OTMeTHM, '-ITO o6mee perneHHe ypaBHeHH.sI (2) rroKa oTcyTcTByeT. 

O6hI'-IHO paccMaTpllBaIOT ,UBa rrpe.n;eJibHhIX crryqag BbICOKHX ll Hll3KHX TeM

nepaTyp. 

IlpH BhICOKHX TeMnepaTypax (er.p/T) « 1 npll O :S r < oo, ll, CJie,UOBa

TeJibHO, (2) MO)KeT 6bITb JIHHeapH30BaHO 
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r,ne riJ = KT/ 47re2nd - ,ne6aeBcKMH pa,nnyc, xapaKTepM3YIOIUMH .llJIMHY 3Kpa

HMpoBKM crra6hlx 3JieKTpM-cieCKMX IIOJieH. PemeHMe (3) eCTh cp(r) = AI<o(r /rv ), 
r,ne I<o - cpyHKUM}l MaK,llOHaJib,lla. B o6JiaCTM O :s; r :s; rv M0)KH0 MCII0Jih30-

BaTb rrpM6JIM)KeHMe [6] 
ecp(r) = 2aTln 2rv 

,r' 
(4) 

r,ne a = e2 / KcT ecTb 0TH0IIIeHMe KyrroHOBCKOH 3HeprMM B3aMMo,nencTBMX 6Jrn-

2KaHIIIMX 3JieKTp0H0B, 3aXBa"9:eHHhlX ,necpeKTOM, K MX TeIIJIOBOH 3HeprMM, M 

ln 1 = 0.577 - KoHcTaHTa 3nrrepa. 

B crry-ciae HM3KMX TeMrrepaTyp MMeeM ( ecp /T) » 1 rrpn O :s; r < R*. B 
crry-ciae Kor,na R* » rv, M02KH0 rrpeHe6peqb 3KpaHMpOBKOH lle6a}l M ncrrorrh-

30BaTh IIpM6JIM)KeHMe ne << nd. Tor,na (2) rrpMHMMaeT BM,ll 

l:::J.cp = 47rend 
K, 

(5) 

McrroJih3yx rpaHM"CJHhle ycrroBIUI (dcp/dr) lr=R•= 0 M cp(r) lr=R•= 0, 3arrmneM 

pememre ypaBHeHMX (5) KaK 

ef [ R* ( r
2 
)] cp(r) = - 21n - - 1- - , 

Ka r R*2 
(6) 

r,ne 7r R*2nd = f / a. KaK BM.llMM, R* ecTb TO paccT0XHMe, Ha K0TopoM 3JieK

TpM-ciecKoe II0Jie 3apx2KeHHhIX .uecpeKTOB K0MIIeHCHpyeTCSI II0JieM M0HM3Hpo

BaHHhIX rrpHMecen. OTMeTHM, qTo ( R* / r D ) 2 = 4e2 f / aKT. B crryqae Kpae

BhIX ,llHCJIOKaUMH ,naHH0e pemeHHe BrrepBbie rrorryqeH0 PHLJ:OM [5] H 3T0T THII 

3KpaHMp0BKH -ciacTo H0CHT Ha3BaHHe 3KpaHHp0BKH Pnna. 

3 O,n;H03JieKTpOHHbie C0CT0.SIHH.SI 

Mb! 6y,neM paccMaTpMBaTh T0JihK0 TaKHe JIHHeHHhie .llHCKJIHHaUHH, K0T0-

phle C03,llaIOT .U0II0JIHHTeJibHbie HarrpSI)Kemrn B IIJI0CK0CTH, rrepneH,llHKYJISip

HOH JIHHHH .uecpeKTa. C-ciMTaeM, qTo JIHHHSI necpeKTa HarrpaBJieHa B.U0Jih ocH 

z. B 3TOM crry-ciae CTaUH0HapHoe ypaBHeHHe IIlpen:HHrepa B rrpH6JIH)KeHHH 

3cpcpeKTHBHOH MaCChI M0)KeT 6bITb 3aIIHCaH0 B BHne [7] 

1i2 2 -
[-

2
mj8A - iWA) + U(r)]\JI E(r) = E\JI E(r). (7) 
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3.n;ecb r = (x, y), '1f = '1f(r, 0) eCTb KOMIIJieKCHaSI 3JieKTpOHHaSI BOJIHOBaSI 

cpyHKUlrn, fj ( r) - BHeIIIHHH IIOTeHUHaJI H 3JieKTpOHHaSI 3HeprHSI E H3MepsreTCSI 

oTHOCHTeJihHO Hm1rnero Kpasr 30HhI rrpoBO.D;HMOCTH B He.n;ecpopMHpoBaHHOM 

KpHcTaJIJie. KaK BH.D;HM, HaH6onee Ba)KHOe OTJIHqHe OT cTaH.n;apTHOH (.n;Hc

JIOKaUHOHHOH) MO.D;eJIH COCTOHT B 3aMeHe o6biqHoH IIpOH3BO.D;HOH a A = a I ox A 

Ha KoBapHaHTHYIO DAW= (8A - iWA)w, r.n;e WA ecTb KaJIH6poBoqHoe none, 

o6ycJIOBJieHHOe rrpHCYTCTBHeM L(HCKJIHHaUHH. 

Hae 6y,z:i:yT HHTepecoBaTh ManoyrnoBhie KJIHHOBbie LJ:HCKJIHHaUHH. B [8] 
6bIJIO Ha:ii.z:i:eHO TOqHoe peIIIeHHe L(JISI .z:i:aHHoro THIIa .z:i:ecpeKTa, r.z:i:e KaJIH6po

BoqHbie rronsr WA HMeIOT BH.ri:: 

Wr = 0, Wo = W ( r) = v / r, Wz = 0. (8) 

3.n;ecb v - HHL(eKC <t>paHKa. Ba)KHO OTMeTHTh, qTo L(JISI ,z:i:aHHOro peIIIeHHSI 

.D;HJiaTaUHSI 3aBHCHT TOJibKO OT MOLJ:YJISI pa,z:i:HaJibHOro BeKTOpa I r I= r. C 
yqeTOM (8) CTaUHOHapHoe ypaBHeHHe Illpe.ri:HHrepa (7) rrepeIIHChIBaeTCSI B 

cne.z:i:y10meM BH.ri:e: 

(9) 

3.z:i:ecb MbI HCIIOJib30BaJIH aH3aTU '1f E( r) = I::j ut(r) ~' J = 0, ±1, ±2, ... j H 

k2 = 2m * E / h 2• 3cpcpeKTHBHhIH rroTeHUHaJI B ( 9) cocToHT H3 Tpex qacTe:ii: 

(10) 

r.z:i:e UdeJ(r) = -(G/2)SpEAB - .z:i:ecpopMaUHOHHhIH rroTeHUHaJI, Uc(r) = ecp(r) 
- KYJIOHOBCKHH rroTeHUHaJI, Uc(r) = J 2h2 /2m*r2 

- ueHTpo6e)KHasr 3HeprHsr, 

J = j L(JISI L(HCJIOKaUHH, H J = j - 1/ L(JISI L(HCKJIHHaUHH. 

OTMeTHM, qTo rrpo6JieMa 3JieKTpOHHOH JIOKaJIH3aUHH B6JIH3H 3apsr)KeH

HOH .n;HcJioKaUHH He.ri:aBH0 o6cy)K.n;anacb B ofoope [9]. B cnyqae MeJIKHX 

3JieKTpOHHbIX ypOBHeH ypaBHeHHe (9) C IIOTeHUHaJIOM (10) peIIIeHO B [10] 
B paMKax OL(H030HHOro rrpH6JIH)KeHIUJ:. Kor.z:i:a IIOTeHUHaJibHaSI SIMa CTaHo

BHTCSI rny6)Ke, o6JiaCTb 3JieKTpOHHOH JIOKaJIH3aUHH yMeHbIIIaeTCSI L(OCTHrasr 

3HaqeHHSI HeCKOJihKHX rrocTOSIHHhIX peIIIeTKH. Ilnsr rny6oKHX 3JieKTpoHHhIX 

ypoBHeH MO)KHO HCIIOJib30BaTb rpy6oe rrpH6JIH)KeHHe, IIOJiarasr qTo KYJIOHOB

CKOe B3aHMOL(eHCTBHe rrpHBOL(HT K CL(BHry LJ:HCKpeTHbIX ypoBHeH Ha cpe,z:i:HIOIO 

BeJIHqHHY Uc(0) ~ ecp(c) [9]. OTMeTHM, qTo B cnyqae LJ:HCJIOKaUHH Kyno

HOBCKHH IIOTeHUHaJI 3aBHCHT OT r JiorapHCpMHqecKH, Tor.z:i:a KaK IIOTeHUHaJI 
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necpopMau1:rn: Be,IleT ce6.SI KaK 1 / T' •. Ilo 3TOH rrplPIHHe BJIIl.SIHile KYJIOHOBCKOro 

B3aHMO,IleHCTBil.SI Ha rrpouecc JIOKaJIH3aUHil B rrorryrrpoBO,IlHHKax C 3ap.SI)KeH

HbIMil nncrroKaUH.SIMH .SIBJI.SieTc.SI .IlOMHHnpyromnM. 

l-IHTepeCHO OTMeTHTh, "t!TO IIOTeHunaJI necpopMaunn, o6ycJIOBJieHHhlH KJIIl

HOBbIMil ,IlilCKJIHHaUH.SIMH, HMeeT rrorapn<pMH"t!eCKYIO 3aBHCilMO~Th OT T', T .e. 

HMeeT TO )Ke caMoe IIOBe,IleHne "t!TO Il KYJIOHOBCKHH IIOTeHUilaJI. 3To 03HaqaeT, 

"t!TO Ba)KeH yqeT o6onx IIOTeHUHaJIOB rrpn aHaJIH3e KaK 3a,Ila"t!Il JIOKaJIH3aUHH, 

TaK n 3anaqn pacce.SIHH.SI. Hae HHTepecyeT o6rracTh HH3KHX TeMrrepaTyp, rne 

3cpcpeKTilBHhlH IIOTenunaJI rrpHHHMaeT Bil.Il 

[ 
r ] [ R* ( 1 2 )] (j _ v)21i2 

Ui(r)=vD 21n R+l +C 2ln-;:-- 1- R*2 + 2m*r2 , (11) 

3nech vD = vG(l - 2a)/2(1 - a) n C = e 2 f / 1w. 
PaccMoTpHM rrpe)K,Ile Bcero crryqaii C = 0. IlpocToii KaqecTBeHHhiii aHa

JIH3 IIOKa3bIBaeT' "t!TO IIOTeHUHaJI ( 11) OTTaJIKHBaromnii rrpn V < 0 ( 3TO COOT

BeTCTByeT IIOJIO)KilTeJibHOH ,IlilCKJIHHaUHil) n, O"t!eBH,IlHO, ,llilCKpeTHbie 3JieK

TpOHHble COCTO.SIHil.SI He IIO.SIBJI.SIIOTC.SI B 3TOM crryqae. C .npyroii CTOpOHhI, rrpll 

I/ > 0 ( OTpnua TeJibHa.SI ,IlllCKJIHHau1rn) 3cpcpeKTllBHhlH IIOTeHUHaJI ( 11) MO

)KeT 6bITb rrpHT.SirHBaIOlllllM. B "t!aCTHOCTll, llMeeTC.SI MllHllMYM ( 11) B TO"t!Ke 

r!nn = (j - v) 2
1i

2 /2m* Dv. 3To yKa3bIBaeT, "t!TO HMeeTc.SI rroTeHunaJibHa.SI 

.SIMa c rrry6nHoii Ujo = Uj(R) - Uj(T'Mnu), KoTopa.SI onpenerr.SieTC.SI KaK 

(j - v)21i2] 
Ujo = -vD [1 +ln 2m*DvR2 • (12) 

Mo)KHO Bn,neTh, "t!TO rrry6nHa noTeHunaJihHOH .SIMhI 3aBHCllT OT Tpex octloB

HhIX rrapaMeTpoB: llH,IleKca <l>paHKa v, KOHCTaHThl D (KOTopa.SI, B CBOIO oqe

pe.Ilh, 3aBncnT OT G), n 3cpcpeKTHBHoro pannyca R. C pocTOM n106oro' ll3 

3THX rrapaMeTpOB rnyfarna .SIMhl pacTeT. 

C rpaHH"t!HhIM ycrroBlleM .UJI.SI BOJIHOBOH cpyHKUllll B Bil.Ile ui;( r) lr=R= 0 
ypaBHeHlle (9) llCCJie,nOBaHO "t!llCJieHHO B [11]. EhIJIO IIOKa3aHo, "t!TO npn C = 0 
Il V > 0 MoryT IIO.SIBJI.SITbC.SI pe3oHaHCHbie 3JieKTpOHHble COCTO.SIHll.SI OKOJIO 

JIIlHilil .IlilCKJIHHaUllll. HeT COMHeHll.SI, qTo HaJill"t!lle KYJIOHOBCKoro qrreHa B 

( 11) ll3MeHHT 3TY KapTnny. B qacTHOCTll, MllHllMll3aumr IIOTeHUllaJia ( 11) 
rrpHBO,IlilT K crrenyromeMy Bbipa)KeHllIO ,IlJI.SI TQqKll MllHllMyMa 

2 
T' min = 

✓(vD - C)2R* 4 + 4CFR* 2 
- (vD - C)R* 2 

2C 
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r.ne F = F(j) = (j - v)2n 2 
/2m*. Ilpn: C « D HMeeM r~in -+ F(j)/ D, 

qTo rrpn:Bo,nn:T K ou;eHKe (12). Ilpn: C » D H3 (13) cJie,nyeT q>H3n:qecKn: 

ocMblCJieHHblH pe3JJihTaT rmin -+ R*. 3aMeTn:M, qTo corJiaCHO [9] HMemio 

rmin q>aKTn:qecKH orrpe,nemreT pa,nn:yc 3axBaTa 3JieKTpoHa. IloJie3HO oue

HHTh "3HepreTn:qecKn:e" K03q>q>n:un:eHThI vD n: C B (11). Ko3q>q>n:un:eHT 

IIyaccoHa a .nmr nrnpoKoro KJiacca· MaTepn:anoB Jie)KHT B HHTepBaJie 3Ha

qeHn:iI 0.3 - 0.4. Ileq>opMau;n:oHHa.H KOHCTaHTa G 06b1qHo .HBJI.HeTC.H rro,nro

HoqHblM rrapaMeTpOM, XOT.H B MeTaJIJiaX OHa MO)KeT 6b1Th Bblpa)KeHa KaK 

G = (2/3)EF, r.ne Ep ecTh 3Heprn:.H <PepMH. B rroJiyrrpoBo,nHHKax n:crroJih-

3JIOT oueHKY G ~ 103B. TaKn:M o6pa3oM, K rrpn:Mepy rrpn: v = 0.05 HMeeM 

cpe,nHee 3HaqeHn:e vD ~ 0.bB. 3HaqeHn:e KoHcTaHTbl C cymecTBeHHO 3a

BHCHT OT 3arroJIHeHH.H f n: ,nn:3JieKTpn:qecKoiI rrpoHn:u;aeMocTH "'· TaK, rrpn: 

f = 0.1 n:"' = 12 n:MeeM C ~ 0.0253B. KaK Bn:,nn:M, H3MeHeHn:e JI106oro rrapa

MeTpa, xapaKTepn:3y10mero Jin:60 .neq>eKT, JIH6o yrrpyrn:iI KOHTHHYYM, MO)KeT 

rrpn:Bo,nn:T K 3aMeTHOMY oTJin:qn:10 B cooTHOIIIeHn:H rrapaMeTpoB vD H C. Co

OTBeTCTBeHHO, 6y,n:yT H3MeH.HTC.H rrapaMeTpbI IIOTeHun:aJihHOH .HMbl, rrpe)K,Ue 

Bcero IIIHpn:Ha n: rJiyforna, qTo B CBOIO oqepe,n:h orrpe,n:eJI.HeT IIOJIO)KeHn:e pe3o

HaHcHoro ypoBH.H. Ilpn: yMeHbIIIeHHH rJiy6n:HhI IIOTeHIJ;HaJihHOH .HMbl Bepo.HT

HOCTh IIO.HBJieHH.H pe30HaHCHhIX COCTO.HHHH 3JieKTpOHa B03pacTaeT, qTo rrpn:

BO,UHT K 3aMeTHOMY pocTy corrpOTHBJieHH.H. llHTepecHo TaK)Ke OTMeTHTh, 

qTo 3q>q>eKTHBHblH IIOTeHIJ;HaJI ( 11) 3aBHCHT Terrepb OT TeMrrepa TYPhI H OT 

IIJIOTHOCTH rrpHMecn: qepe3 rv HJIH R* (R* 3aBHCHT OTT qepe3 J). B pe3yJih

TaTe ,UHCKpeTHhIH 3JieKTpOHHhIH crreKTp MO)KeT H3MeH.HThC.H IIpH H3MeHeHHH 

T H ndis• B qacTHOCTH, MO)KHO H3MeH.HTh qn:cJIO pe30HaHCHblX ypoBHeH n: 

,n:a)Ke 3arrpemaTh HX rro.HBJieHHe. 

B 3aKJIIOqeHHe CJie,n:yeT OTMeTHTh, qTo B COBpeMeHHhIX TeopeTn:qecKHX 

MO,UeJI.HX ,UHCKJIHHaUHH paccMaTpHBaIOTC.H KaK Ba)KHhie COCTaBHhie 3JieMeHTbl 

pa3JIHqHhIX MaTepn:aJIOB C 6ecrrop.H,UKOM THIIa aMOpq>HhIX TeJI, MeTaJIJIHqe

CKHX cTeKOJI, IIOJIHMepoB, u T.,U .. O.n:HaKo .uo HaCTO.Hmero BpeMeHH HeT HH

KaKHX rrp.HMhIX .n:oKa3aTeJihCTB B IIOJih3Y .UHCKJIHHaUHOHHOH cTpJKTypw 3THX 

MaTepHaJIOB. Ilo3TOMY JII06hie TeopeTuqecKHe rrpe.ucKa3aHH.H OTHOCHTeJihHO 

3JieKTpOHHhIX CBOHCTB ( oco6eHHO crreun:q>HqecKHe TpaHCIIOpTHhie CBOHCTBa) 

MaTepHaJIOB C ,UHCKJIHHaIJ;mIMH rrpe,n:cTaBJI.HIOT HHTepec. TmaTeJibHOe H3Me

peHHe TpaHcrropTHbIX CBOHCTB 3THX MaTepn:aJIOB 6y.n:eT xopoIIIHM TeCTOM .umr 

BbUICHeHH.H KaK q>aKTa rrpHCYTCTBH.H .UHCKJIHHaIJ;HH, TaK H ou;eHKH HX IIJIOT

HOCTH. 
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On the memory function theory of 
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Abstract 

An exact representation for the frequency dependent conductivity 
o-(w) in the form of a generalized Drude law is presented. By applying 
the memory function technique a frequency and temperature depen
dent relaxation rate is written in terms of the irreducible force-force 
correlation function which can be easily calculated for systems with 
strong electron correlations. 

1 Introduction 

Theoretical studies of optical conductivity in the framework of Kubo lin
ear response theory (1] ( see also (2, 3]) started long time ago. However, a 
direct application of the Kubo formula in terms of the current-current cor
relation function meets some difficulties since one has to solve an integral 
equation for the corresponding two-particle Green function. In the static 
limit, w = 0, the equation can be solved in the relaxation time approxima
tion, as the Boltzmann equation, while in the high-frequancy limit one can 
apply a perturbation method over 1/w (see, e.g., [4, 5]). 

To obtain an interpolation formula for the dynamical conductivity being 
valid from the hydrodynamical to the optical frequency region Gotze et al. 
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[6] ·have proposed to apply the memory function method based on the Mori 
projection technique [7]. Later on, in a vast literature it has been proved 
that Gotze et al. formulation is very efficient in calculations of dynamical 
conductivity. 

However, in the original formulation of the memory function approach 
for the dynamical conductivity Gotze et al. [6] have used a perturbation 
calculation for the memory function to overcome the problem of "the reduced 
time evolution" in the Mori projection technique. Therefore, an application · 
of the Gotze et al. formulation to systems with strong coupling could me 
misleading. 

A more general then Mori, frequency dependent projection technique has 
been proposed by Tserkovnikov [8]. By applying his method we can obtain an 
exact representation for the memory function, or the self-energy operator for 
the corresponding Green function. An exact representation for the memory 
function with the reduced time evolution in terms of the force-force corre
lation function with unprojected time evolution has been also proposed by 
Shiwa et al. [9] and by Okada et al. [10, ll]. However, a practical calculation 
within these exact repr~sentations ~re not straightforward. 

Recently I have applied the memory function approach of Gotze et al. [6] 
in a slightly different form to calculate the optical conductivity for strongly 
correlated electronic systems: the Hubbard model [12] and the t-J model [13]. 
To overcome the problem of "the reduced time evolution" in th.e Mori pro
jection techique an irreducible Green function method has been used. In the 
present paper this method is discussed and some comments of its application 
to the problem of the Mott-Hubbard metal-insulator transition are given. 

2 Kubo theory of optical conductivity 

In the linear response theory of Kubo [1] the frequency dependent conduc
tivity is defined by the current-current correlation function 

O"xx(w) = ~ fo00 

dte 1w\Jx(t), Jx) (1) 

where V is the volume of the system, 8'w > 0, and 

(A(t), B) = fof3 d-\(A(t - i-\)B) (2) 
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is the Kubo - Mori scalar product for the operators in the Heisenberg repre
sentation, 

A(t) = exp( iHt)A exp(-iHt) , 

and (AB) denotes equilibrium statistical averaging for a system with the 
Hamiltonian H, f3 = 1/T (here Ii =kB= 1 ). 

The real, absorptive part of the conductivity (1) can be written in the 
form: 

(3) 

This fluctuation-dissipation equation is often used in numerical calculations 
(see, e.g., [14, 15]). It is also convenient for estimations of high-frequency 
conductivity [16]. · 

To calculate the cond ucti vi ty ( 1) we will use the equation of motion 
method for the retarded two-time Green functions (GF) [2, 8] for the scalar 
product (2) 

(4) 

and for the commutator GF 

GAB(w) = ((AIB))w = -i fo00 

dteiwt([A(t), Bl) (5) 

where 8'w > 0 and the operators have zero average values: (A) = (B) = 0. 
The conventional dynamical susceptibility is given by 

XAB(w) = -( (AIB) )w. 

The GF (4), (5) are coupled by the equation 

w((AIB))w = ((AIB))w - ((AIB))w=O· 

We have also the following useful relations: 

((iAIB))w = ((Al - iB))w = ((AIB))w 

(iA,B) = (A,-iB) = ([A,B]) 

(6) 

(7) 

(8) 

(9) 

where iA = idA/dt = [A, H]. The static isolated, or Kubo, susceptibility 
(6) XAB(w = 0) and isothermal susceptibility X~B = (A, B) , obtained by 
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differentiating the free energy with respect to an external field, in general" 
case are nonequal: 

XAB(O) = X~B - f3(A0 B0
). (10) 

Only for ergodic systems where correlations decay with time the invariant 
part of correlation functions with respect to the evolution with the Hamil
tonian H is absent 

(A0 B0
) = lim (A(t)B) = 0 

t➔oo 

and both the susceptibilities are equal. 
By using the above given definitions and writing the current operator as 

the time derivative of the polarization operator of the system, Jx = Px, we 
obtain the following equivalent representation for the optical conductivity 
(1) 

. I 1 I 

a(w) = v((JIJ))w = v((PIJ))w = Vw[XJJ(O).,... XJJ(w)] (11) 

where we have omitted the indexes for the operators Jx, Px. By employing 
the standard dispersion relation [2] for the GF (5) or susceptibility (6) we 
readily get the sum rule for the real, or absorptive part of the conductivity 
(11): 

roo 1 roo S'XJJ(w) 71" 171" 
Jo dwRaxx(w) = V Jo dw w = 2VRXJJ(O) = 2V([Jx, Px]). (12) 

The static correlation function Xo = (Jx, Jx) = z([Jx, Px]) can be written in 
a general form as Xo = N e2 /me/ J where the effective mass me/ f depends on 
the average kinetic energy of charge carriers in the system. 

3 Memory function approach 

To calculate the Mori relaxation function ((JIJ))w in (11) we introduce the 
memory function MJJ(w) = M(w) by the equation 

where Xo = X~J and 

Xo 
<l>JJ(w) = ((JIJ))w = w + M(w) 

M(w ± 16) = M'(w) ± zM"(w). 
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Here M'(w) = RM(w) and M"(w) = ~M(w) are real functions. 
We calculate the memory function by using equation of motion for the 

GF 
'PJJ(t - t') = ((J(t); J(t'))). . 

By differentiating it in respect to time t and t' we readily get an equation for 
its Fourier transform ( 4): 

if!(w) = 'Po(w) + 'Po(w)Mo(w)if!o(w) 

where 

and the "scattering matrix" 

( 
Xo 'Pow)= -
w 

is given by the correlation function for forces 

Fx = iix = [Jx, H]. 

We have also used the relation of orthogonality for current and force: 

(14) 

(15) 

(16) 

(17) 

From eqs. (13), (14) we obtain the following relation for the memory function 
M(w) and M0 (w) (16): 

Mo(w) = -[M(w)/xo] - [M(w)/xo]if!o(w)Mo(w). (18) 

A formal solution of this equation by iteration shows that the memory func
tion is just the irreducibl~ part of the scattering matrix (16) which has no 
parts connected by single zero order G F 'Po ( w): 

(19) 

An equation for the memory function in terms of the force-force correlation 
function with unprojected time evolution in the form of eq. (18) has been 
also obtained by Shiwa et al. [9]. However, they have not introduced the 
irreducible part, eq. (19), which enables one to perform a direct calculation 
of the memory function. 
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In the original formulation of the memory function approach in the calcu
lation of the dynamical conductivity Gotze et al. [6] have used a perturbation 
calculation for the memory function from eqs. (16), (18). However, in solving 
eq. (18) by perturbation expansion one should be cautious since the solu
tion is a non-analytical function in (w, coupling constant) (17]. Evaluation 
of the memory function from the high-frequency expansion of the dynamical 
conductivity (11): 

cr(w) ~ (ix0 /V)(l/w - M(w)/w2
) 

used in several papers (see, e:g. [18, 19]) can be also misleading since the 
frequency dependence of M(w) may be nontrivial. Therefore our "exact" 
representation for the memory function in terms of the irreducible part of 
the force-force relaxation function, eq.(19), seems to be more convenient. 
Though, the exact meaning of the irreducibility is really given by Mori in 
his definition of the memory function in terms of the operators with the 
projected time evolution. 

Recently a rigorous solution in the closed form to the Mori formula (13) 
has been obtained in terms of the correlation functions with unprojected time 
evolution by applying perturbation expansion for the projected operator [10]. 
In this way the equivalence between the Mori formula, eq. (13), and the Kubo 
formula, eq. (11), has been established [ilJ. 

A more general then Mori, frequency dependent projection technique has 
been proposed by Tserkovnikov[8]. By applying his method we obtain an 
exact representation for the memory function, or the self-energy operator for 
the GF (13), in the form 

-xoM(w) = ((iixl - iix))rrred) = 
= ((zixl - zix))w - ((zixllx))w((Jx1Jx)): 1((Jxl - Zjx))w, (20) 

In this representation all the operators in correlation functions have the time 
evolution with the full, unprojected Liouville operator. By using eq.(8) we 
readily regain from the Mori representation (13) the Kubo formula in terms 
of current-current susceptibility, eq.(11). However, a practical calculation 
within the exact representation (20) is not straightforward. 

Now we can write the frequency dependent conductivity (11) by using 
the representation for the GF (13) in the form of the generalized Drude law: 

Xo m 1 
cr(w) - - -- --- (21) 

- V m(w) f(w) - iw 
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where the effective optical mass and the relaxation rate are given by 

m(w) = 1 + .X(w), 
m 

f' w - r(w) 
( )-1+.X(w) (22) 

with 
.X(w) = M'(w), r(w) = M"(w). 

w 
(23) 

The real and imaginary parts of the memory function are coupled by the 
dispersion relation 

1100 M'(w) = - dz 
71" -oo 

M"(z) 
z-w 

(24) 

It is also convenient, by using the spectral representation for the GF, to write 
the relaxation rate given by eq.(23) in terms of the irreducible time-dependent 
force-force correlation function: ,· 

(25) 

where 
(26) 

is. the static susceptibility. 

4 Metal-insulator transition 

As was pointed out by Kohn [20) a metal-insulator transition can be investi
gated by studying a linear response of a system to an external electric field. 
He has proved the formula: 

(27) 

where E(k) is the ground state energy of the system depending on the wave 
vector kx along the external vector potential Ax= -(c/e)kx, A transition to 
the insulating state occurs when 
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which formally can be considered as a transition to the infinite effective mass. 
In that case we can use the Kubo response theory to calculate the conduc

tivity (1) and to investigate the metal-insulator transition. A self-consistent 
theory of Anderson localisation for electrons in the random potential within 
the framework of a linear response theory was developed by Gotze [21]. 

Here I make some comments on the Mott-Hubbard metal-insulator tran
sition observed in the Hubbard model which can be also investigated within 
the framework of the Kubo response theory. 

The original one-band Hubbard model reads [22] 

H = - L tij ctCju + ~u L niuni-u 
i::/;ju iu 

(29) 

It has only two parameters: the hopping integrals tij between i-th and j-th 
lattice sites and the on-site Coulomb repulsion U for doubly occupied lattice 
sites. For hilf-filled case, when the average number of electrons per one 
lattice site n = l, the Mott-Hubbard metal-insulator transition should occur 
for a strong Coulomb repulsion: U > Uc with the critical value of the order 
of the bandwidth, Uc~ W (see, e.g. [23]). 

The sum rules (12) has been extensively used by many authors to discuss 
the Mott- Hubbard metal-insulator transitions in the Hubbard model (see, 
e.g., [14, 18],[24]-[33]) since the right hand side of (12) can be calculated from 
the static correlation functions. For instance, for the two-dimensional model 
with only the nearest neighbors hopping, tij = t for i - j = ax,y, the static 
susceptibility (26) is equal to the average kinetic energy, the hopping term 
Ht in eq.(29), multiplied by a constant: 

Xo = -e2a;(l/2)(Ht) . (30) 

In the insulating phase the average kinetic energy vanishes that formally can 
be considered as a transition to the infinite effective mass, 

Xo = N e2 /me/ J --+ 0, ffief J --+ oo . 

This criteria coincides with the Kohn ones, eq.(28). 
In several papers, to calculate the Drude weight, a linear response theory 

in respect to the vector potential A(r, t) has been applied. In that case a 
formula for the frequency dependent conductivity for the Hubbard model 
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(29) with nearest neighbors hopping can be written in the form (see, e. g., 
[24]): 

(31) 

where (Ht) is the average kinetic (hopping) energy in the model (29). It 
results in the formula for the absorptive part of conductivity: 

- 1 
Ru(w) = D8(w) + Vw ~XJJ(w) (32) 

where the Drude spectral weight can be written as 

- 7r 0 
D = v [xJJ - RxJJ(w = O)]. (33) 

if one uses the formula for the static susceptibility X~J (30). As it was 
mentioned above, for the ergodic system in a metallic state ( at least, non
superconducting) the isothermal, X~J, and the static isolated, XJJ(w = 0), 
susceptibility are equal and iJ = 0 in (33). However, in the numerical calcu
lations for finite clusters one can observe nonzero Drude weight (33) which 
is caused by transitions between lowest energy levels of the finite system 
and essentially is a finite size effect (see [29]). In the thermodynamic limit, 
N ➔ oo, for a metallic system in an ergodic state it should tends to zero. 

To calculate the effective Drude spectral weight in the Hubbard model 
and to observe metal-insulator transition one can use a partial sum rule: 

Z(w) = low dzRO"xx(z) (34) 

by defining the Drude weight as (1/2)D = Z(w0 ) with the cut-off frequency 
w0 below the interband transition energy of order U. Then at the metal -
insulator transition the Drude weight tends to zero in the insulating phase at 
half-filled band. The latter approach has been used in a number of numerical 
calculations (see, e.g. [14, 29]). 

Recently the optical conductivity has been investigated within the dy
namical mean-field approach which becomes exact in the limit of infinite 
dimensions, (d ➔ oo) [34, 35]. The symmetrical Hubbard model at half
filling has been considered near metal-insulator transition, V ~ W, (W is 
the bandwidth) and a semiquantitative agreement with experiments has been 
observed. 
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Abstract 

The time-dependent Anderson-Newns Hamimltonian with the cor
related hopping terms included is used to the description of the ion
ization probability of particles scattered from a metal surface. The 
considerable reduction of the expectation values of the negative charge 
state of scattered atom beam for increasing values of the correlated 
hopping is observed, and at the same time, the reduced average atom's 
electron charge is obtained. 

1 Introduction 

The study of the resonant electron-exchange process which occure during the 
scattering of the atom or ion beam on the solid surface is of fundamental in
terest, both from a theoretical and practical points of view. As a result of the 
interaction between the surface and ion/atom, an electron can hop between 
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them, and e.g. neutralize ion scattered on the surface. So, in scattering of 
the atom/ion beam from a metal surface one can find in the outgoing beam 
neutral, positiv~ and negative charged states of atoms. Understanding the 
time evolution of the charge state distribution of the outgoing beam is of 
primary importance in many surface analysis techniques e.g. in secondary
mass spectroscopy or in ion-beam scattering spectroscopy. In addition, the 
most advanced methods to generate intense negative hydrogen beams used 
for the heating of fusia plasma make use of the negative surface ionization. 
Therefore, the detailed knowledge, particularly of the time evolution of the 
negative ion fraction is very desired. 

There have been many theoretical studies of charge transfer during atom
surface collision. Most of them employed the Anderson-Newns (AN) Hamil
tonian (e.g. [1-4]). In this approach the motion of the ion/atom centre of 
mass is treated classically and the position dependence of the parameters of 
AN model can be replaced by it explicit time-dependence. It is well known, 
that atom's ionization and affinity levels depend on the atom-surface dis
tance. Also the hybridization matrix elements between the atom and solid 
state states depend on the atom-surface distance. Similarly, as in the stan
dard AN model; if we neglect the intra-atomic electron-electron Coulomb 
interaction, the charge exchange problem can be solved exactly [2, 3]. For 
nonzero interactions it is impossible to solve the underlying many-body prob
lem and the approximations must be tolerated. Many of the existing treat
ments of the charge-exchange problem have employed the Hartree-Fock (HF) 
approximation. However, the HF approximation is not good, especially for 
calculations of the negative ion fraction, as in this case the electron correla
tion effects are essential. In addition, in all these calculations it was assumed 
that the electron hopping terms between an atom and solid surface are in
dependent of the electron occupation numbers of the scattered atoms. Such 
assumption is widely used in the chemisorption theory. However, the calcu
lated electron charge for the case of hydrogen chemisorbed on the transition 
metal surface is too large in comparison with experiments, even, if the cor
relation effects are taken into account beyond the HF approximation [5]. In 
this case, along the usual term describing the electron transfer in AN model, 
essential may be terms which correspond to the transition of the substrate 
electron with spin a to an atom orbital when the second atom's orbital with 
spin -a is already occupied. Recently, we have performed such model cal
culations for hydrogen ch_emisorbed on transition metal surfaces obtaining 
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much more neutral chemisorption in agreement with the experimental find
ings [6]. The generalized Hamiltonian, we have used in these calculations, was 
obtained by Gavrilenko on the basis of a self-consistent electronic and ther
moq.ynamic description of atomic submonolayer adsorbed on metal surfaces 
[7]. Similar many-body terms, named as a correlated hopping or bond-charge 
repulsion interaction, was widely used in the context of the Hubbard model 
and high-Tc superconductivity 

The aim of this paper is to analyse the time evolution of the expecta
tion values of the charge state of scattered atoms within the AN model with 
correlated hopping terms included. We discuss the mean-field approach in 
which the additional correlated hopping terms produces a spin dependence 
of the effective hopping matrix elements and atom's ionization level. We· 
give also the description of the charge transfer process for the case in which 
the many-body contributions, i.e. the Coulomb electron-electron interactions 
and;correlated hopping are treated beyond the HF approximation. The pre
sented s'tudy is natural continuation of our earlier works done in cooperation 
with G. M. Gavrilenko concerning the properties of the generalized AN model 
and its application in the chemisorption theory [e.g. 6, 8]. 

2 Model 

We consider the resonant tunneling of electrons between the conduction band 
of a semi-infinite metal and atomic states of the scattered atom from the 
standpoint of the generalized AN model [7]: 

H = L n;;11 + L€AnAu + UnAtnA-1. + L [(VAk - nA-11VAAAk)ata;;11 + h.c.] 
ku 11 ku 

. (1) 
where €k is the energy of the one-electron states of the semi-infinite metal, 
t:A is the ls atom's orbital energy, U is the intra-atomic Coulomb repulsion, 
VAk and VAAAk denote the hybridization matrix element and matrix element 
responsible for correlated hopping, respectively. Other symbols have their 
usual meaning. In the following we approximate the matrix elements VAAAk 

· as VAAAk ~ (VAk' We have checked this approximation in the context of 
the chemisorption theory and find it works relatively good (for definition and 
detailed discussion see [8]). 
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In order to describe the atom-surface collision one can use the model 
Hamiltonian (1) and consider the motion of an atom or ion along a given 
classical trajectory. So the position-dependent Hamiltonian can be easily 
transformed to the time-dependent one with parameters €A(t), U(t), VAk(t) 
and VAAAk(t) . 
Such a time-dependent model will be considered in this paper. 

The general solution of the model defined in Eq. (1), even for the case of 
constant parameters and vanishing VAAAk is not known. The approximations 
are needed and as a first step we consider a mean-field version of ( 1). In this 
case it is clear that the correlated hopping renormalizes the value of the 
atom's ionization level €A(t), and the hybridization matrix element VAk [9). 

. One has: 

€A(t) ➔ €Au(t) = €A(t) + U(t)(nA-u(t)) 
-( 2]VA;;(t)(a1,,.(t)a;;,,.(t) + h.c.), 

;; 

VAk(t) ➔ v;k(t) = [1 - ((nA-u(t))]VA;;(t). (2) 

In this way the effective parameters CA_ ( t) and vxk ( t) became to be a spin 
dependent, nevertheless, the resulting Hamiltonian is relatively simple and 
the time-dependent expectation v~lues of various charge states of scattered 
atoms can be obtained without additional approximations. In the next step 
we describe the charge transfer using the many-body Hamiltonian (1). In 
both cases the time-dependent expectation values of charged negatively, / 1 ( t), 
positively / 2(t) and neutral Ig(t) states defined as follows: 

l1(t) = (nAt(i)nA-1-(t)), 
l2(t) = ((1 - nAt(t))(l - nA-1-(t))), 
If (t) = (nAu(t)(l - nA_,,.(t))). 

(3) 

are considered. The calculations will be performed using the equation of 
motion method. The short derivation of the resulting differential-integral 
equations for / 1(t), / 2 (t) and Ig(t) will be given in the next section. 
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3 Expectation values for charged and neutral 
states of scattered atoms 

The calculations will be done within the method described by Brako and· 
Newns [2] and Kasai and Okiji [4]. Let us consider the mean-field version 
of the Hammiltonian (1) with the effective spin-dependent CAo-(t) and vxk(t) 
parameters. For I1(t) the following equation can be immediately written: 

where 

:t l1(t) = -i ~[Vl;;(t)(VJt,11 (t)a;;11 (t)) -
ku 

- v;;;( t)(at) t) VJ+,u( t))] , ( 4) 

VJ+,u(t) = nA-u(t)aAo-(t), 
VJ-,u(t) = (1 - nA-u(t))aAo-(t). (5) 

As we work with the mean-field Hamiltonian, than for our purposes will be 
sufficient to decouple the expectation values present in Eq. ( 4) according to 
the formulas: 

(VJ+, 11 (t)aku(t)) ~ (na-u(t))(a!11 (t)aku(t)) 
(VJ2:, 11 (t)aku(t)) ~ (1 - (na-u(t)))(a!u(t)aku(t)) (6) 

After a lenghtly algebraic manipulations one can obtain in the wide band 
limit the set of four differential-integral equations for I 1(t), l 2(t) and /3(t). 
Here we give only the first of them, for expectation value of negative charged 
state of scattered atom: 

dl~;t) = -2~-~ F}(t)l1(t) + ~/1r ~ F11 (t)(I;(t) 

+l1(t)) l: J(w, T)dw f~ F11(t'){ exp[-iw(t - t') 

+ /,t[it:Au(Y) + ~F}(y)]]dy + c.c }dt' (7) 

where F11 (t) = 1 - ((Ii(t) + l 1(t)) and we have assumed the separability of 
the time-dependence of v;;; ( t): 

v;;;(t) = VAk · u 11 (t). (8) 
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Additionally, we Work within the wide band limit and the energy dependence 
of the resonance width of the virtual bound state of scattered atoms 

b. ( w) = 71" L O ( w - Ck) I VAk I 2 

;; 
(9) 

was neglected [2, 4]. Here f(w, T) denotes the Fermi distribution function 
for metal electrons at temperature T. ' 

In the following we give a short derivation of the equations for / 1(t), 
/ 2(t) and /3(t) for general Hamiltonian (1) beyond the mean-field approach. 
Starting with the equation of motion for / 1 (t): 

:t l1(t) = -i(l - e) ~[VA;;(t)(1/Jt,(t)a_;;17 (t)) -
ko-

- V;;; ( t) ( a !u ( t) VJ+,o-(t))], (10) 

we have to calculate the expectation values (VJ+,17 (t)ako-(t)) and (ako-(t)1/J+,o-(t)). 
Writing down the equation of motion for ako-(t), and in the next step, insert
ing its solution to (VJ+,17 (t)a;;

17
(t)) we obtain the expression with new functions 

(VJ+,17 (t)ako-(t0 )) which have to be calculated. Here, we assume t0 be an initial 
time at which the incoming atom enters into the surface region and the elec
tron transfer begins. Writing again the equation of motion for VJ+,

17
(t) and 

using some approximation (for details see [4, 10]) the final set of equations 
for desired expectation values can be written as follows: 

d b.(t) 
dtl1(t) = ~(1- e)2[I](t) + I;(t) - 2/1(t)] - '(11) 

-(1 - e)22kT b. 112(t)1~ dt'[2I1(t') + I](t') + I}(t')] b.112(t')F1(t', t), 

d b.(t) 
dtl2(t) = -n-[I](t) + I;(t) - 2/2(t)] + 

+2kT b. 1l2 (t) 1~ dt'[2I2(t') + I](t') + I;(t')] b. 112(t')F2(t', t), (12) 

! 1g (t) = b.~t) [I2(t) + (1 - e)211(t) - (1 + (1 - e)2)1; (t)J -
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-2kTt,.1l2(t) 1t dt'[Ig (t') + I2(t')]A112(t')F2(t', t) + 
to 

+2kTt,.112(t)(l - ()21~ dt'[I;(t') + I1(t')]D.1l2(t')F1(t', t)' (13) 

where: 

, sin [ft~ ~;~x) dx] exp [- ft~ b.;ix) dx] 
Fi(t 't) = · sinh 1rkT(t - t')/!i ' i = 1,2 (14) 

c:1(t) = t:A(t)+U(t), t:2(t) = t:A(t), D.1(t) = (l-()2D.(t), D.2(t) = D.(t). 
(15) 

The eqs. (7) and (11-13) are the generalization of the existing results 
of Kasai and Okiji [4] to the case of the generalized AN Hamiltonian with 
spin dependent ionization levels and hybridization matrix elements and to 
the case of AN Hamiltonian supplemented with additional many-body terms 
( correlated hopping), respectively. The set of the four differential-integral 
equations (7) or (11-13) composed rather a non-trivial problem to solve. 
Here we mention two methods of solving these set of equations. The first 
one, the iteration method, can be used to solve the equations obtained in 
the mean-field approach, as well as, the equations (11-13). To this effect 
one has to transform the difference-integral equations to the integral form. 
The iteration scheme is rather obvious and we do not give it here. The 
second method, more efficient in our case, is based on the algorithm given 
by Rumiantsev for solution of the set of Volterra integral equations ·of the 
second type [11). We extend this algorithm to differential-integral equations. 
Our set of equations can be summarized as follows 

i,j = 1,2,3,4. (16) 

where the functions Aj(x) and kernels Kij(y,x) can be obtained by compar
ison with equations (11-13). The main idea of the method is contained in 
the following assumption: if the function 'Pi( x) is known for x 0 ::s; x ::s; xk, 
then for x > Xk one can take: 

(17) 
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Inserting this expression into set of equations (16) the following relation can 
be obtained: 

where 

4 2 

LL 9irst0'.st = hir; 
s=lt=l 

i = 1,2,3,4;r = 1,2 (18) 

t-1 t 1xk+r7J ., ' t 
9irst = c5is(217r) - As(Xk + r17)/r17) - . B,is(Xk + r17, y)(y - Xk) dy, 

Xk 

and 

4 4 1Xk . 

hir = L Ais(Xk + r17)r.ps(Xk) + L I<is(Xk + r17)r.ps(y)dy + 
s=l s=l Xo 

(19) 

4 rxk+r77 
+'Ps(xk)L ix I<is(Xk + r17, y)dy, 

s=l Xk 

11 = (x - Xk)/2. 

Now we can build the solutions 'Pi(x) on the given mesh of points Xi beginning 
from the boundary values 'Pi(x 0 ). Note, that the elements O'.ij depend on the 
value of Xk, 

4 Numerical results and discussion 

In this paper we concentrate on the influence of the correlated hopping on 
the time dependence of the charge state of the scattered atoms. Therefore, 
although only the final value of the atom's charge state can be compared 
with the experimental data, we give ·its time-dependence to clarify the effect 
of inclusion into consideration the additional many-body term. 

We have solved numerically the set of equations (11-13) for a simple case 
of time dependence of the model parameters cA(t), U(t) and VA;;(t) without 
referring to detailes of the motion .of scattered atoms. Following Refs. [2, 
4] the interaction between the metal surface and atom is limited to some 
finite region near the surface where t:A(t), U(t) and VA;;(t) are assumed to be 
constant. In this case u(t) = 1 for t ~ t0 and u(t) = 0 for t < t0 , where t0 

corresponds to sudden switching-on of VA;;(t). 
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In Fig. 1 we present the time dependence of I 1(t) for the initial conditions 
IJ(O) = I;(O) = 0.5 for low temperature and U / ~ = 4, c:A/ ~ = -2. The 

. curve A corresponds to ( = 0 what is equivalent to AN model considered 
in Ref. [4]. The next curves are calculated for the model with increasing 
correlated hopping term. The general behaviour of / 1 ( t) is similar to that 
obtained for AN model although the remarkable reduction is observed. For 
all values of (, the calculated expectation value increas~s quickly for small 
time intervals and then decreases showing the oscillation and tends to its 
equilibrium value for sufficiently long time intervals. 

In Figs. 2 and 3 we present I1(t) - curves D, I2(t) - curves C, If.(t) = 
It(t) - curves B. In addition we present also the total average electron. 

number on the atom given by 2/1(t) + IJ(t) + I;(t) - curves A. The Fig. 2 is 
obtained for ( = 0 and Fig. 3 for ( = 0. 7. The remarkable differences are easy 
visible. For standard AN model (Fig. 2) the expectation values for negatively 
and positively charged atom beam are the same and the average total electron 
number on the atom is equal 1.0 for all time of collision ( on average the 
atom beam is neutral). On contrary, for the model with correlated hopping 
included, ( = 0. 7, the total number of negatively charged ions is reduced 
about five times and the average electron charge of the scattered atoms is 
less than 1.0. This result is consistent with our earlier results obtained for 
the hydrogen chemisorption case on the transition metal surfaces [6]. 

In summary, we have investigated the charge transfer in gas-surface col
lision using the time-dependent Hamiltonian. This Hamiltonian corresponds 
to AN model supplemented with terms called the correlated hopping. We 
have obtained the set of the differential-integral equations for various expec
tation values of charged states of scattered atom beam for the case of the 
mean-field Hamiltonian with effective spin-dependent f:Au(t) and VI;;(t), as 
well as, for general model with many-body correlated hopping terms included. 
The calculated expectation values of the negatively charged atomic beam is 
strongly reduced with increasing value of the correlated hopping strength. At 
the same time the total electron charge is also reduced. Our investigations 
repeated for realistic shift and broadening of atomic resonances as a function 
of a distance from the surface and compared with experimental results should 
give an answer to the question of applicability of the generalized AN model 
for explanation of the atom-surface scatterings experiments. 
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to increasing correlated hopping strength - .( = 0, 0.3, 0.5 and 0. 7, 
respectively. 
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CaMocornacoBaHHhle pellleHHSI B 
Mo,nenH H3HHra. Koppens.n.J;HOHHhie 

3cpcpeKTbl 

B .K. <l>e,nHHIIH 

Jl<_1,6opamopu1I meopemu'IJ,ecx:ou ifju3ux:u UM. H.H.Eo20Jt1060Ba 
06,,eau11,e11,1l,bl'U u11,cmumym Jlaep11,b!X UCCJteao6a11,uu, lly611,a 

1. IllnpoKHM Kpyr npo6JieM q>H3HKH KOH,ZleHCHpoBaHHOro COCTmIHmI, XH

MHt-IeCKOM q>H3HKH, q>H3H"l!ecKon: XHMHn, 6Hoq>H3HKH, Mo.uem1pyeMhIX nx ttc

cJie.UoBamreM c IIOMOillhIO 3a.UaHH.sI peryJI.si:pHon: cTpyKTYPhI (" perneTKH" pa3-

MepHOCTH d = 1, 2' 3)' MO)KeT 6bITh KOJIH"l!eCTBeHHO npoaHaJIH3HpOBaH Ha 

6a3e MO,ZleJihHOro raMHJihTOHHaHa 

H = Eo-E1 a1 (J)n1 -½Eu,9 )a2(J,g)n1n9 , 

ii1 = aJa1,n1 = 0, l,a1a;, + a;,a1 = 8JJ,, (1) 

f - HOMep J3Jia peIIIeTKH, (j, g) - 6JIH)KaMIIIHe COCe,ZlH: a j, ( a j) - c:l>epMH

onepaTOphI YHH"l!TO)KeHH.sI (po)K,ZleHH.sI). B (1) a1(J) - O,ZlHO"l!aCTH"l!Hhie na

paMeTphI, 3aBHC.sIIUHe KaK OT "BHyTpeHHHx" rrepeMeHHhlX "-qacTHUhI" B Y3Jie 

"f" ( CT a THCTH"l!eCKHX cyMM "-qacTHUhI" B J3Jiax "f", j j (/3, ... ) , :rneprHH CB.sI3H 

' Eo(J) H T.II. ), TaK H OT xapaKTepHCTHK cpe.Uhl (xHMH"l!eCKHX IIOTeHUHaJIOB 

µi( a, p, .. ), .uaBJieHH.sI p, TeMrrepaTyphI kbT = {3- 1
, BHeIIIHHX rroJieft H T.rr. ). 

a2(f, g) - rrapHoe B3aHMo.nen:cTBHe Me)K.uy 6JIH)KaMIIIHMH cocen.si:MHj Boo6rue 

roBop.si:, a1 (!), a2(J, g) ecTh q>JHKUH.si: OT (ii f) = n, rne ( ... ) O3HaqaeT cpenuee 

no (1) (cM. HH)Ke). 

IloJiara.si:, "CITO peryJI.si:pHa.si: cTpyKTypa cocTOHT H3 O.IlHOTHIIHhIX qacTHU, " 

HCKJIIO"l!a.si: crrHHOBhie cTeKJia, u, rroJiara.si: a2(f, g) = a2(1] - gl) = const = a 2, 
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Mbl npliXO,ZJ;IIM K npoCTOll BepClili ( 1) 

H E L- a2 L - -= o - a1 
1 

n1 - 2 (J,g) n1n9 , (1') 

(1 ') Mb! 6y.n;eM Ha3bIBaTb raMliJlbTOHliaHOM M3n:Hra; J - paBHOBeCHble no

JI02KeHliSI 11acTli:UhI B y3Jiax J peryJisrpHon cTpJKTYPhl, 06Jia.n;a10men TpaHc

Jisr:u;n:oHHon liHBapn:aHTHOCTbIO. O6JiaCTb npn:MeHliMOCTli ( 1 ') TaK2Ke .n;ocTa

TO't!HO nrnpoKa: MarHeTliKli co cnli_HOM 1 / 2, a.n;cop6:u;n:sr ( d = 1, 2) n: a6cop6-

:UliSI, nepeHOC B cpe.n;ax C aKTliBHbIM 3JieMeHTOM, cnJiaBhI, CMeCII, 11acTliD;eno

.n;o6Hbie B036y2K.n;eHliSI B noJieBbIX Mo.n;eJISIX pa3MepHOCTli (1+1) [1]- [5] li T.n. 

B3aliMO.n;encTBlie C q>OHOHaMli J'llliTbIBaeTCSI o6bl't!Hb1M o6pa30M: npe.n;noJia

rasr, 't!TO f = f(t) =] + u1(t), n1(t) - CMemeHliSI MI'HOBeHHOI'O noJI02KeHliSI 

J(t) OT noJI02KeHHS1 paBHOBecmr n: pa3Jiarasr a 2(f - g 1) no X19 = UJ - u9 , 

MhI npn:xo.n;n:M K raMHJibTOHliaHy iI = H + Hph + Hint, 3.n;ech H .n;aeTcsr (1'), 
Hph; raMliJlbTOHliaH q>OHOHHOH no.n;cn:cTeMbl, Hint B3aHMO.n;encTBlie "11aCTli:U" 

li q>OHOHOB [2]. 3aMeTliM, 't!TO pa3JI02KeHn:e no Xjg MO)KHO npoBO,ZJ;liTb .n;o 

mo6oi1: cTeneHli X19 , T.e. y11n:TbIBaTb n: aHrapMOHli3M, HO Mb! orpaHli'llliMCSI 

cJiy11aeM "2KeCTKon" perneTKn:: J = J. 
IlapaMeTp B3aliMo.n;encTBliSI a 2 onpe.n;eJisreTcsr paccMaTpliBaeMon K0HKpeT

HOH KBaHT0BO-CTaTliCTli'lleCKOH MO.n;eJibIO CliCTeMbl MHOl'liX B3an:Mo.n;ei1:CTBy

IOIUliX 11acTn::u;: 06Me1rnoe B3an:Mo.n;e11cTBlie B MarHeTn:Kax I, 3q>q>eKTliBHoe 

B3aliMO,ZJ;eHCTBlie B a.n;cop6n:py10men CliCTeMe, Eel f' KOM6liHa:UliSI B3aIIMO.n;eiI

CTBliSI Me2K.n;y Ali B KOMn0HeHTaMli B 60:HapHbIX cnJiaBax liJili cMecsrx, (c:AA + 
C: BB - 2c: AB)' MOJieKy JiaMli 2Kli,ZJ;KOCTli, B3aliMO.n;eHCTBlie Me2K.n;y 11acTn::u;eno.n;o6-

HblMli B036y)K.n;eHliSIMli B HeJiliHeHHbIX noJieBbIX MO.n;eJISIX [5] li T.n. 

Pac11eT napaMeTpoB o.n;Ho11acTli1IHOH xapaKTepn:cTliKli a 1( E0, j 1 (/3), JµF .. ,) 
n: "B3an:Mo.n;eiicTBlisr" a 2 - 3a.n;a11a KBaHTOBOH li cTaTHCTn:11ecKoiI MexaHliKli. 

B 11acTHOCTli .n;Jisr xeMn:cop611n:n: Bo.n;opo.n;a Ha nepexo.n;HhIX MeTaJIJiax H2 -+ 
2[H]. OH 6bIJI npoBe.n;eH :i3 [6], Ha 6a3e Mo.n;n:q>n::un:poBaHHon Mo.n;eJin: AH.n;ep

coHa [7]. O6o6rn:ecTBJieHHbie 3JieKTpOHbl B CliCTeMe a.n;cop6a T-a.n;cop6eHT 

n:rpa10T OCH0BHYIO poJib B o6pa30BaHlili xeMn:cop6:u;n:oHHOH cBSl3li E0 , npo

:u;ecce nepe11oca 3apH.n;a ~e = e(l - nn - nf.l..), HaBe.n;eHHoro npII a.n;cop6-

:u;n:n: MarHliTHOI'O MOMeHTa ~µ = µ5(nn - nf.l,), C,ZJ;BIIra ypoBHSI <PepMII JµF; 
OT 3TIIX xapaKTepIICTliK 3aBIICliT ay [6]. B 11acTHOCTII pac11eTbl ,ZJ;aJIII CJia-

6y10 3aBliCliM0CTb Eo OT n. Q CJia6oft 3aBliCIIMOCTII a2 OT n CBli,ZJ;eTeJib

CTBJIOT 3Kcnepn:MeHTaJibHbie .n;aHHbie no 60:HapHbIM paCTBopaM [8]' KaJio

pn:MeTplili a.n;cop6:u;n:oHHhIX cn:cTeM [9], r.n;e E:eff = ~Q/ZNAn, z - 't!IICJIO · 
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6mn1rniimnx coce.ueii Y3Jia, "f" perym1pHoii cTpyKTYPhl (z = 2, d = 1; z = 
3, 4, 6, d = 2; z ~ 4, d = 3), 3KcrrepnMeHTaJihHhie .n;aHHble rro LEED H rrpH

BJie"CJeHHe K HX HHTeprrpeTall;HH pe3yJibTaT0B OH3arepa IIpH :xeMHCOp6u;HH 

H2 ➔ 2[H]/W(100) [10]. OTMeTHM, KCTaTH, "CJT0 rrapaMeTp Eef f, rroJiy

"CJeHHblH H3 KaJiopnMeTpH"CJeCKHX .n;aHHhIX H H3 ,n;aHHhIX rro LEED [10] ,n;a10T 

lceJJ ~ IEI ~ 0, 15 + 0, 17, "CJTo CBH,ZleTeJihCTByeT B II0Jih3Y rrpocToii Mo,n;em1 

(1'). YrroMSIHeM, HaK0Heu;, pa6oTy [11], B KOTOpoii rrpoae,n;eH aHaJIH3 BKJia,n;a 

BT0phIX, TpeThHX H T.rr. "coce,n;eii" y3Jia "f". KaK H cJie,n;oBaJio 0)KH,ZlaTh 

H3 q>H3H"CJeqrnx coo6pa)KeHHH, "CJT0 IIO,ZlTBep)K,ZlaeTCX 3KCIIepm1eHT11JlbHbIMH 

,n;aHHbIMH [12], CJiaraeMble THIIa Eug)h n1ngnh, E(Jgh)r n1ngnhnr C0CTaBJISIIOT 

C00TBeTCTBeHH0 10%' 1 % ' .. "OCHOBHOro" CJiaraeM0I'0 ~ a2 ( = E). 
MMeSI BBH.UY, "CJT0 rrpocThIM rrepeorrpe,n;eJieHHeM, q>HrypHpy10mHx B (1 ') 

rrapaMeTp0B a1 lI a2 Mbl MO)KeM HCII0Jih30BaTb pe3yJihTaThI, IIpHBe,ZleHHble 

HH)Ke a Bblmeo-qep"CJeHH0M Kpyre rrpo6JieM, Mbl, .UJISI orrpe,n;eJieHH0CTH, 6y,n;eM 

HX H3JiaraTb Ha SI3b1Ke MaI'HHTHOH 3a,Ua"CJH l:13HHI'a [13], I',Zle 

E = N (-Blnii _ µBz _ zl) 
0 8/3 2 8 ' 

j1 = Spexp (-f3h1) , 
a1 = -L = - (µBBz + zi), a2 = I 

(2) 

hi - o,n;Ho"CJacTH"CJHhIH raMHJihT0HHaH crrHHa, orrHchrna10mH:ii "aHyTpeHHHe" 

CTerreHH CB060.n;hl, Bz - "z" -K0MII0HeHTa MaI'HHTH0I'0 rrom1, z - "CJHCJI0 6JIH

)KaHmHX coce.ue:ii (HCIIOJib30Ba1rne z ,ZlJI.sI o6o3Ha"CJeHHSI z-K0MII0HeHThl CIIHHa 

H ,ZlJISI "CJHCJia 6JIH)Kaiimnx coce,n;eii He .U0JI)KH0 BhI3BaTh He,n;opa3yMeHHSI). / 

- o6MeHHhIH HH'terpaJI: Sf= 1/2- n1 H B reii3eH6eproBOM raMHJihTOHHaHe 

ocTaBJieHa Z-KOMIIOHeHTa, N - "CJHCJI0 y3JI0B peryJIHpHoii CTPYKTYPhI. 

TaKHM o6pa30M HaMH II0CTYJIHpoBaHo: a) peryJI.sipH0CTb CTPYKTyphI -

" pemeTKa"; 6) B3aHMo.n;eiicTBHe Me)K,n;y 6JIH)KaHIIIHMH coce,n;SIMH. 3aMeqy, 

"CJT0 BBe.n;eHHe pemeTKH, II03B0JI.sieT ,Zl0CTaT0"CJH0 rrpocTo II0JIY"CJHTh CHCTeMy 

aJire6paH"CJeCKHX ypaBHeHHH .UJI.sI KoppeJI.sIUH0HHblX q>yHKUHH ( CM. HH)Ke). 

Ilpe.urroJIO)KeHHe 6) (KopoTKo,n;eI1cTBHe) - I > 0 orrHchrnaeT rrpHT.sI)Kemre, 

I < 0 0TTaJIKHBaHHe - q>H3H"CJeCKH BII0JIHe pa3yMH0. IlpH 3T0M rrpe,n;rrorro

)KeHHSI a,6) II03B0JI.sIIOT B IIOJIHOH Mepe lICII0Jlh30BaTb arrrrapaT TeopHH MH0-

I'MX B3aHMO,ZleHCTBYIOIUMX qacTMU: arrrrapaT KBaHT0B0CTaTM"CJeCKMX q>JHKUIIH 

rpMHa. HM)Ke MbI 6y,n;eM lICII0Jih30BaTb ero B q>OpMyJIIIpOBKe EoroJI106oaa

TSI6JIIIKOBa [14). 
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PerneTKa, KaK rrpaBimo, MO2KeT 6bITh BBe,UeHa .umr MO,UemipOBamrn: KOH

,neHCHpOBaHHOro COCTO.HHll.H BemecTBa ll He 06Jia,na10mero peryJI.srpHo:ii CTpyK

Typo:ii. 3To Kpa:iiHe rroJie3HO ,uJI.sr pac~eTOB Ha 3BM. (McKmoqeHHeM, ecTe

CTBeHHo, .HBJI.HIOTC.H CTeKJia). BTopoe rrpe,UIIOJIO)KeHHe ecTeCTBeHHO ,nJI.sr Be

mecTB, B KOTOpbIX ,llaJibHO,ne:iicTBHeM MO)KHO rrpeHe6peqb llJill )Ke paccMa

TpHBaTh 3cpcpeKTllBHble KOpOTKO,ne:iiCTBll.sI. B3aHMO,ne:iicTBHe Me2K,uy 6JIH2Ka:ii

IIIllMll coce,U.HMll yrrpomaeT pacqeThI, HllCKOJihKO He orpaHllqHBaeT o6mHOCTll 

BhIBO,UOB: MO2KHO yqecTb B3aHMO,ne:iiCTBHe Me2K,uy BTOpbIMU, TpeTbllMll ll T.II. 

coce,n.srMH, qTo rrpHBe,ueT K 6oJiee rpoMO3.UKHM cpopMyJiaM [11]. 
IIocKOJihKY B (1') n1 = 0, 1, To raMHJihTOHUaH (1') OIIHChIBaeT Mo,ueJIH 

Teopllll KOH,UeHCHpoBaHHOro COCTO.HHll.H C .UBYM.H B03M02KHOCT.HMll B "Y3Jie" 

CTPYKTyphI: "CIIHH BBepx t, CIIHH BHll3 +", y3eJI "f" 3aH.HT - rrycT, 3aH.HT 

qacTHIIe:ii copTa A llJill copTa B H T.II. [5]; CJIOBOM, CTaTHCTHKY c .UBYM.H 

llCXO,UaMH: ".ua-HeT". 

BrrepBhle MeTo.u cpyHKIIH:ii rpHHa EoroJI1060Ba-T.sr6JIHKOBa 6hm HcrroJih-

3oBaH ,UJI.H (1) OKOJIO TpH,UIIaTH JieT Ha3a,U T.sr6JIHKOBhIM ll aBTOpOM ,uaHHOH 

pa60ThI [15] (cM. TaK2Ke [13]). Y,uaJIOCh IIOJiyqHTh TOqHyIO CHCTeMy aJire6pa

HqecKHX ypaBHeHHH ,UJI.H paBHOBeCHhIX cpe,UHHX CllCTeM JI1060:ii pa3MepHOCTH 

( OHH 6bIJIH Ha3BaHhI HaMH KoppeJI.HIIHOHHhIMll cpyHKIIH.HMH, HJIH, KOpoqe KOp

pemITopaMH) j peIIIHTh rrpHMeCHYIO 3a,uaqy ,UJI.H cJiyqaeB ll rrpHMece:ii BHe,upe

Hll.H II rrpHMece:ii 3aMemeHH.SI [16]: JII06ble cpe,UHHe ,UJI.SI HeH,ueaJibHhlX CHCTeM 

Bbipa2KaJIHCh qepe3 cpe,UHHe no raMHJihTOHHaHy ( 1 ') H, KaK CJie,UCTBHe, qe

pe3 KoppeJI.SITOphI, rro,uqHH.SIIOil.lHec.sr rroJiyqeHHOH B [15] CHCTeMe ypaBHeHHH. 

Y ,uaJIOCh IIOJiyqHTh TOqHble HepaBeHCTBa .UJI.H paBHOBeCHhIX cpe,UHHX [17], Ha 

6a3e KOTOpbIX ycTaHOBHTh HOBOe HepaBeHCTBO ,UJI.SI CM [18], a TaK2Ke rrpoBe

CTH HCCJie,UOBa;irne IIOBe,UeHH.SI COOTBeTCTBYIOlllllX KpHTHqecKHX HH,UeKCOB [19]. 
IIocKOJihKY TOqHo pernHTh rncTeMy (8) y.uanocb .UJI.SI d = 1 [13, 15]1, TO 

pe30HHhIM ll aKTyaJibHhIM rrpe,ucTaBJI.HeTC.SI pa3BHTHe arrrrpoKCUMaIIHOHHhIX 

cxeM ,UJI.SI CHCTeM (8), (9), qTo 6bIJIO HaqaTo B pa6oTe [20] H qeMy 6y,ueT 

IIOCB.SIIl.leH pa3,UeJI 3 3TOH pa60TbI. 

B 3THX arrrrpoKCHMaIIHOHHhIX cxeMax ocHOBHyro Harpy3KY HecyT rrpe.u

rroJI02KeHH.SI O IIOBe,UeHHH paBHOBeCHhIX cpe,UHHX ( n Jng; nh; ... nk) ( CM. HH2Ke) 

UJIH, .upyrHMH CJIOBaMH, 0 Bepo.SITHOCT.SIX. ArrrrpoKCHMaIII-rn 3,UeCb HaMHoro 

1Cnc-reMa (8),(9) 6bma TQqHo perneHa C llCilOJib30BaHlleM TpaHcmIUllOHHOH llHBapn

aHTHOCTll. IlonyqeHHb!e aHaJif!Tf!qecKne cpopMyJihl Il03BOJilllOT KOJill'IeCTBemm onncaTb 

cnTyaumo B KBa3llO,UHOMepHbIX MO,UeJillX JlJil{ Bcex BbIIIIeoqepqeHHbIX npo6JieM [l] (MarHe

TllKI1, IlOJif!Mepbl, IlOJieBbie HeJII1HeHHble MO,UeJill B npocTpaHCTBe (l+l) fl T.n.). 
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6onee o6ocHoBaHbI, He)KeJIH o6bP:IHbie CXeMbI pacu;errJieHHSI "BbICIIrn:x" q>yHK

IJ;HH rpHHa -.:iepe3 "HH3IIIHe". IlocJie,UHHe SIBJISIIOTCSI rrpe.urroJI0)KeHHSIMH 06 

aHaJIHTH-.:iecKo:ii: cTpyKType q>yHKIJ;H:ii: K0MIIJieKcHoro rrepeMeHHoro2 • 

Ilo.u-.:iepKHeM eme pa3, "ITO B rrpe,UJI0)KeHHbIX HaMH arrrrpoKCHMaIJ;H0HHbIX 

cxeMax, 06cy2K,uaeMbIX HH2Ke, B K0T0pbIX Y"IHTbIBaIOTCSI B TOH HJIH HHOH CTe

rreHH K0ppeJISIIJ;H0HHble 3q>q>eKTbI cymecTBeHHbIM M0MeHT0M SIBJISieTCSI TO 06-

CT0SITeJibCTB0, "ITO 0HH pa3BHBaIOTCSI C HCII0Jib30BaHHeM TO"IHOH aJire6pan

-.:iecKOH CHCTeMbI ypaBHeHHH ( 8) ,UJISI paBH0BeCHbIX cpe,UHHX ( KOppeJISITOpOB). 

KaK 6y,ueT II0Ka3aH0 HH2Ke, y,uaeTCSI rrpoBeCTH pacu;errJieHHe Bcex KoppeJISI

T0p0B -.:iepe3 rrapHbie K0ppeJISIT0pbI TaKHM o6pa30M, tJT0 CHCTeMa ypaBHe

HHH Y.Il0BJieTB0pSieTCSI T02K,UeCTBeHHo: caMocorJiaC0BaHHe BbIII0JIHSieTCSI .uo

CTaT0tJH0 IIp0CT0. Ilpe.UJIO)KeHHbie pacu;errJieHHSI MoryT 6bITb o6ocHoBaHbI n 

q>H3H"IeCKH, H MaTeMaTH"IeCKH, KaK rrpe,UII0JI0)KeHHSI 0 II0Be,UeHHH Bep0SITH0-

CTe:ii:, (MapKOBOCTH, HarrpHMep, (cM. HH2Ke)). IlepBOMY BapHaHTY arrnpoKCll

MaIJ;IIOHHbIX cxeM H II0CBSIIIleHa .uaHHaSI pa6oTa. 

2. J.fanaraeMaSI HH)Ke cxeMa 6bIJia pa3BHTa MH0IO B ceMH,UeCSITbie r0,UbI. 

OHa, KaK MHe rrpe,ucTaBJISieTcSI, K0HCTPYKTHBHa. KoHKpeTHbie qiopMJJihI .um1 

KoppeJISITopoB, rroJiy"IeHHble B ee paMKax, KaK H pe3JJibTaTbI [20)' llCII0Jib-

30BaJIHCb B 3a,ua-.:iax TeopHH MarHeTH3Ma, a.ucop6IJ;Hll (paBHOBeCHbie ll He

paBH0BeCHbie ~crreKTbl XHMH"IeCKOH ll q>H3H"!eCKOH acop6u;HH [1])' CIIJiaB0B ll 

CMece:u:, .UHq>paKIJ;HH Me,UJieHHbIX 3JieKTp0H0B II0BepxH0CTbIO [10], rrpou;eccoB 

rrepeHoca. Ho MeTO.Il HX II0Jiy"IeHllSI ny6JIHKyeTcSI BIIepBbie [4, 32, 33, 34). 
Cpa3y 2Ke 3aMeTHM, "ITO B mrn:caHHH rroBe,uemrn cncTeM c I > 0 (rrpnTSI-

2Kemre) HaJIHIJ;o orrpe,ueJieHHoe K0JIH-.:iecTBeHHoe ynytJIIIeHne no cpaBHeHMIO, 

CKa2KeM c o6merrpHHSITbIMll TeopHSIMll THIIa caMocorJiaC0BaHHoro II0JI5,I BaH 

.uep BaaJibca, KiopH-Be:u:ca-JiaH2KeBeHa, JiaH.uay H .up. Ho caMa oKpecT

H0CTb T ~ TK orrnchrnaeTCSI TaKHMH 2Ke qiopMyJiaMH .UJISI rrapaMeTpa rro

pSI.UKa, TeITJI0eMK0CTH, 0TKJIHKa CHCTeMbl Ha BHeIIIHee B03,UeHCTBlle, KaK H B 

BbIIIIeyrroMSIHJTbIX Te0pHSIX: ( a = 0,(3 = 1/2,, = 1 ) .. O,uHaKo,. K0ppemi:u;n-

0HHbie 3q>q>eKTbI ( 6JIH2KHllli rropSI.UOK) 0IIHCbIBaIOTCSI, K0HetJH0, T0"!Hee. 

IlpHBe,UeM HeK0T0pbie o6mHe q>OpMJJibI, K0T0pbie HaM IlOHa,uo6SITCSI Hll2Ke. 

EcJIH MbI paccMaTpHBaeM perynSipHyIO CTPYKTYPY, HMeiomyio N J3JI0B, pa3-

MepHocTH d(d = l, 2, 3), TO xapaKTepHhIM rrapaMeTpoM SIBJISieTCSI tJHcJio 6m1:-

2CTOHT OTMeTHTh, 'ITO .no CHX nop B llIHpOKOM Kpyre 3a.naq, r.ne ncnonh3YIOTC51 

cpyHKUHH fpnHa, Han6onee npneMneMh!M OCTaeTC51 llIHPOKO ll3BeCTHOe pacuerrncm1e 

Eoron1060Ba-T5!6nnKOBa [14]. B Mo.nenn H3HHra eMy COOTBeTCTByeT raMHnhTOHHaH cpe.n

Hero rron51 [20]. Ho B HeM He Y'IHTb!BaIOTC51 Koppen5!UHOHHble 3cpcpeKThl. 
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2Kaihrn1x coce.neii z( d· = 1, z = 2; d = 2, z = 3, 4, 6, XOTSI H 3,Uech .norrycTHM 

cnyqa:ii z = 2; d = 3, z ~ 4). PaccMaTp1rnasr .UJISI orrpe.neneHHOCTH, MarHHT

HhIH BapHaHT (1'), HMeeM oqeBH.UHhle cpopMyJihl 

LJ 1 = N, LJ_[g) 1 = zN, N1, = L~J, Nt = "£(1 - ri1 ), N1, + Nt = N, 
NH= ½ L(J,g) riJrig, N1,t = L(Jg) ri1(l - rig), (3) 

Ntt = L(Jg)(l - ri1 )(1 - rig), Bz = "£1 (½ - ri1) = "£1 &j 

rrocJie,UHHe IIIeCTh q>OpMyJI cyTh orrepaTOphr, "cqnTaIOru;He" qncJIO CIIHHOB 

"BHH3", "BBepx", coce,UHHe rrapbI CIIHHOB "BHH3" - , IIOJIHhIH CIIHH CHCTeMhI, 

B 3a,naqax a.ncop6:u;m1, cKa2KeM, N1, "cqnTaeT" qncJio a,naTOMOB Ha rroBepx

HOCTH N+, Nt - qncJio "rrycThrx" :u;eHTpoB N_, € > 0 OTBeqaeT <l>H3HqecKoH 

a.ncop6:o;HH c < 0 -xeMncop6:o;HH. OT02K.necTBJISISI N1, c NA - orrepaTopoM 

qncJia qacTH:Q copTa "A", a Mt - orrepaTopoM qncna qacTH:Q copTa "B" H 

cTapTysr OT ecTeCTBeHHoro raMHJihTOHHaHa cMecn "AB" 

(4) 

€AB - B3aHMo.neiicTBHe Me2K.UY AB KOMIIOHeHTaMH, €A -A-KoMrroHeHTaMH, 

€B - B-KOMIIOHeHTaMH. IIocJie IIO.UCTaHOBKH (3) B ( 4) n HeKOTOphIX rrpeo6pa-

30BaHHH rrpHXO.UHM K raMHJihTOHHaHy (1 '), r.ne I--+ 2€AB -€A - €B =def W, 
Eo --+ µB - µA + kBT lnjB/jA + z (€AA - €BB), µi,Ji, i = A, B - xn

MHqecKHe IIOTeH:o;HaJihI H CTaTHCTHqecKHe cyMMhI "BHyTpeHHHX" CTerreHeH 

CBo6o.nhr (KoJie6aTeJihHO-BpamaTeJihHhre H 3JieKTpOHHhie) .nnsr A H B KOM

rroHeHT COOTBeTCTBeHHO rrpH w > 0 (rrpHTSI2KeHHe) HaJIH:QO paccJiaHBa1rne, 

w < 0 ( OTTaJIKHBaHHe) - yrropsr,uoqeHHe, qTo q>H3HqecKH BIIOJIHe oqeBH.UHO. 

UeHTpaJihHYIO poJih B TepMO.UHHaMHKe nrpaIOT rrepBasr H BTopasr Koppe

JISI:QHOHHhie q>yHK:QHH 

ycpe.n:HeHHSI orrepaTopoB O ( nk) ' ( 0 ( nk)) B ( 4) rrpOBO.UHTCSI no ofarqHhIM 

rrpaBHJiaM KBaHTOBOH CTaTHCTHqecKOH MexaHHKH: • 
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l.Jepe3 Ji' ( i = 1, 2)' Bbipa)KaIOTC.SI Bee H3Mep.SieMble Ha 3KCnepHMeHTe q>H3H

"tJeCKHe BeJIH"t!HHbl: HaMarHH"t!eHHOCTb ( IlOKpbITHe)' BOCilpHHM"t!HBOCTb ( C)KH

MaeMOCTb)' "perneTO"t!Ha.SI" TennoeMKOCTb [1 ]- [5]3 

CTapTy.SI C aHTHKOMMyTaTopHOH q>yHKUHH rpHHa [14], H HCilOJib30BaB 

TOT cpaKT, "t!TO re:i'i3eH6eproBbl ypaBHeHH.SI ,UBH)KeIIH.SI .UJI.SI af(t), eCJIH HC

IlOJib30BaTb (1'), (2) .n;aIOTC.SI cpopMyJiaMH 

iaf (t) = [afii]_ = Pfaf = [ L - I A] ah F1 = I: ni, 
. iEg 

(7) 

MbI IIOCJie .UOCTaTO"t!HO npoCTbIX BbIKJia,UOK npHXO.UHM K CHCTeMe ypaBHeHHH 

,UJI.SI IlOJIHOCTbIO CHMMeTpH30BaHHbIX cpyHKUHH Fk, :Fm (15, 13] 

,r: _def (~ F~ ) _ '°'z-m ( l)n D '°'n (-l)kNk+m F _def (F~) 
.rm - nf m - Lm=O - rn+m L..,k=O k!(n-k)! , k - k , 

Fk = Ll:;e2:;e ... k n1n2 ... nk, Np = [exp {JEp - 1r1 'Ep = L - pl, m = 0, 1, ... z.l 

' ' ' ' (8) 
IlpH rrony"tJeHHH (8) MbI BocrroJih30BaJIHCb TeM, "t!TO F1Fk = kFk + Fk+i; 
cyMMHpOBaHife B pk pacnpocTpam1eTC.SI no BCeM pa3MerueHH.SIM 6e3 IlOBTope

HHH one pa TopoB · ni y3JIOB nepBoH Koop.zurnauHoHHOH ccpepbr y3na "f": i E g. 
TaKHM o6pa3oM B Pk BXO.UHT A; cnaraeMbIX. CKa)KeM, B F2 BXO.U.SIT cnara

eMbie (nini,) H (ni, ni), i =/- i', i, i' E g; HyMepaUH.SI npoH3BOJibHa. KoMIIaKT

Ha.SI 3aIIHCb (8) y.no6Ha, HO OHa "CKpbrnaeT" CHMMeTpHIO CHCTeMbI. CKa)KeM, 

.n;ByMepHa.SI perynxpHax CTPYKTypa d = 2, z = 4 OTHOCHTCSI K KpHcTaJIJIH

-qecKoMy KJiaccy p4gmm ( TpaHCJI.SIUHH, COBMeCTHMbie C HHMH IIOBOpOTbl Ha 

21r /4 = 7r /2, OCH oTpa)KeHH.SI Ox, Oy, "t!eTbipe JIHHHH CKOJib)KeHHsi:). 

TaKHM o6pa30M, C "cHMMeTpHHHOH TOqKH 3peHHSI (n1n2) =/- (n1n3); TaK 

KaK He MoryT 6bITb nepeBe.n;eHhl .npyr B .npyra HHKaKHM rrpeo6pa30BaHHeM 

rpyIIIIb1 1 a (n1fi2) H (fi1n3) = (n2n4). OTMeTHM, qTo B F2 Bcer.n;a BXO,USIT 

KOM6HHaUHH 2( (nini+l) + ½ (nini+2)) = 2';?2-
IlocKOJibKY F0 = 1, a HJ TpaHCJIHUHOHHOH HHBapHaHTHOCTH F1 = Li=I (ni) 

= z (n1 ) = zn, TO B (8) 2z rrepeMeHHbIX (Fo, Fi, .. Fz, Fe, ... Fz) rro.n;qHHSIIOTCSI 

CHCTeMe (z+ 1) ypaBiieHHH. He XBaTaeT (z-1) = .6. ypaBHeHHSI: (z = 2, .6. = 
1; z = 3, .6. = 2; z = 4, .6. = 3 H T.rr. BecbMa cyruecTBeHHhIM MoMeHTOM SIBJISI

IOTC.SI .zrBa o6CTOSITem;cTBa: 1. IInx orrepaTopa Af = af(t)O(nn.), r.zre O(nn.) 

3 3aMeTHM, 'ITO cnaraeMoe, E0 B (1), (1 '), HecymecTBeHHO rrp11 BbI'!Hcne1rn11 cpe.uHHX rro 

(6), HO era Hano Y'lllTbIBaTb rrpll Bbl'lllC,IeHHII TepMO.lllIHaMn'leCKIIX Benn'lnH, r.ue 11y:)lrna 
cno6o.uHa.si :meprn.si (cM., HarrpnMep, [5, 21]). 
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onepa Top, nocTpoeHHbIH Ha onepa Top ax fin; h E f, g, cnpaBe,umrno ypaBHemrn 

(7) n Mb! npHX0,UHM K CHCTeMe ypaBHeHHH ,UJUI KoppemIT0p0B pacrnnpeHHoro 

THna, Il0JIH0CTbIO CXO,UHOH C (7): CTpyKTypa K03cpqmuneHTOB amn He Memr-

eTCSI 
-r-(h) = "z-m a p(h). p(h) = I n1ft: () {n . }) .rm L..,Q mn n , m \ m n, , 

J=t> = \ 1 J FkO { nnJ) , m = 0, .. . z, hiEfi9i 
(9) 

.IlJISI onepa T0pa a J ( t) nini' ni'' ... , i, i', i" E g Mb! TaK:>Ke Il0JiyqaeM ypaBHeHHe 

(7), a CJie,U0BaTeJibH0 ypaBHeHHe 6y,ueT TaK:>Ke HMeTb BH.U (8): K03<pq>HUH

eHTbl amn He MeHSIIOTCSI. O.uHaKo, BMeCT0 Il0JIH0CTbIO CHMMeTpH30BaHHbIX 

Fk B npaBOH qaCTH ypaBHeHHSI THna (8) BOH.UYT HX "KYCKH" CHMMeTpHHHO 

TaKHe :>Ke KaK B JieBOH qacTH. '4HCJIO ypaBHeHHM, ecTeCTBeHH0, B03pacTeT, 

HO B03pacTeT H qncJI0 HeH3BeCTHbIX. EcTeCTBeHHO, ueJiecoo6pa3HO CTp0HTb 

ypaBHeHHSI ,UJISI HeK0T0pbIX "napUHaJibHbIX" KoppeJISIT0p0B (no TepMHH0JIO

rHH [13, 15]), 0Tpa:>KaIOIUHX CHMMeTpHIO KOHKpeTHOH peryJISipHOH CTpyK

TYPbI, HanpHMep, ,UJISI z = 4, d = 2 ,UJISI [2nini+l + nirii+2l a1, i = 1, 2. 
3. IlocKOJibKY 3cpcpeKTHBHO HCil0Jib30BaTb HaJinqne CHMMeTpHH (noBopo

T0B, OTpa:>K~HHH, CKOJib:>KeHHH) ,UJISI noJiyqeHHSI ToqHoro perneHHSI CHCTeMbl 

(8), Il0Ka He Y.UaJI0Cb, npe,ucTaBJISieTCSI ecTeCTBeHHbIM, KaK npoKJiaMHpoBaH0 

BbIIIle, pa3BHTb Ha ee 0CH0Be annpoKCHMaUH0HHbie npoue.uypb14• 

a) IlpocTeiirnniI Bap:uaHT caMocorJiacoBaHH.H Ha3oBeM era TeopneiI caMo

corJiacoBaHHoro Il0JI.H M0:>KeT 6bITb II0JiyqeH n B KaK0M-T0 CMbICJie o6ocHOBaH 

BapHaUH0HHbIM rrpHHUHII0M EoroJII060Ba nepe~0,U0M OT (1 ') K 3cpcpeKTHBHOMY 

raMHJibT0HHaHy 

. H---, Ho= Eo + L I:1 n1 - zlnI:1 n1 = 
= Eo + ( L - z In) E 1 n 1 

3T0 cpa3y ,uaeT ,UJI.H ii= (n1) aJibTepHaTHBH0 a= 1/2 - ii ypaBHeHHSI 

n = [expJJwo + 1r1 ,wo = L - z,:n, 
- t h H ·H zo-I+2X -h B a - an in, in = 4kT , = µB z, 

(10) 

(11) 

npHB0.ll.H K H3BeCTH0MY 3aKoHy K10p:u-Beiicca-JlaH:>KeBeHa. Jib (11) cJie.uyeT, 

qTo np:u h = 0 ypaBHeHHe (11) np:u T > 4:~, a = 0, a npn T < 41,B a -/:- 0. 

43.necb MHe XOTeJlOCb 6hr npOUlITHpoaaTb CKa3aHHYIO MHe Boron1060BbIM cppa3y: " ... .ne
nafiTe, tJTO xoTttTe, HO Teopm1 .nomKHa 6bITh caMocornacoaaHHofi". 
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Ha SI3bIKe rpHHOBCKHX cpyHKUHH OHO cpopMyJIHpyeTCSI CJie,llyIOIUHM o6pa30M: 

G1 lw) =« a1Fi I aJ »-r (F1) « a1 I aJ » -zl f1Go (w), (12) 

"t!TO cpa3y rrpHBO,llHT K (11). OTMeTHM, "t!TO KoppeJISIUHOHHbIM~ 3cpcpeKTaMH 

B 3TOM rrpH6JIH)KeHHH IIOJIHOCTblO rrpeHe_6peraeTCSI: 

( nf IT nk) -r IT (nk) IT (n1) = nk+I. 
k k . 

(13) 

liaHHaSI cxeMa caMocorJiaCOBaHHSI xapaKTepHa TeM, "t!TO HaJIHU0 raMHJlbT0-

HHaH (10). 
EcTeCTBeHHhlM rrpe,n:cTaBJISieTCSI IIpOBeCTH pacuerrJieHHe (8) [20] 

Az = ( I: ninj .. ,nk) --t A! (ni)k 
i-::j:.j-::/:. ... ,f.k 

(14) 

OHo 6b1JIO Ha3BaHo HaMH rroJIHH0MHaJibHhlM pacuerrJieHHeM (cM. [20], r.n:e 

BhlIIHCaHhl cpopMyJihl ,llJISI Fk) H IIIHpOKO HCII0Jib30BaHO ,llJISI HHTeprrpeTaumI 

pSI,lla 3KCIIepHMeHTaJibHblX pe3yJibTaTOB B O"t!ep"tieHHOM BbIIIIe Kpyre rrpo6JieM. 

OTMe"t!y cpa3y )Ke, "t!TO, ,llOCTaTO"t!HO rrpoCTO OIIHCbIBaSI 3cpcpeKTbl 6JIH)KHero 

rropSI,llKa H rrpHBO,llSI BO MHOrHX cJiy"t!aSIX K pe3yJibTaTaM 6JIH3KHM K T0MY, 

"t!TO .n:aeT KBa3HXHMH"t!eCK0e rrpH6JIH)KeHHe ( CM. HH)Ke ), caMocorJiacoBaH

HOCTb (14) H (9) - pacrrpocTpaHeHHe ero Ha Bhl"t!HCJieHHe BblCIIIHX KOppem1-

T0pOB :F't' cpHrypHpyIOIUIIX B (9) - ,ll0CTaTO"t!HO Tpy.uoeMKO. (B 3a;.zi:a-qax )Ke 

r.ue Tpe6y10TcSI 3HaHHe (n1nk), k = g, k, ... , k, B "t!aCTHOCTH, rrpn pac"tieTax 

.n:ncpcpepeHUHaJibHoro ce"t!eHmI LEED 3HaHne nx aHaJIHTII"t!eCKHX Bbipa)KeHHll 

He06XO,llHMO). 

b) y "t!HTbIBaSI Bee BhlllleCKa3aHH0e, )'.(JI.SI rrorry"t!eHH.SI ( z - 1) ,ll0II0JIHHTeJib

HOro ycrroBHSI pacuerrHM Fk(f) B .n:yxe cyrreprro3HUHOHHoro pacuerrrreHn.SI K:0p

KBy.n:a [22]. IlpH 3TOM, BbICIIIHe KoppeJI.SIT0pbl 6y.n;yT pacueIIJI.SITbC.SI qepe3 

rrapHbie H yHapHbIH n = (nk) c y"t!eToM paccTo.SIHH.SI OT y3rra "f"5 . TaKHM 

o6pa3oM, Mhl ycTaHaBJIHBaeM "paccTo.SIHHe" HeKoToporo y3rra "k " OT f H 

IIpOBO,llHM pacuerrrreHHe qepe3 rrapHbie. lIJI.SI 1-on: KOOp,llHHaUHOHHOll ccpepbI 

5
HanoMHIIM, qTQ KIIpKBy.n B (22] ( CM. TaK)Ke (23]) paccMaTpIIBaJl KOppem!UIIOHHble 

3<p<peKTbl B )Kil.l(KOCTII, r.ne <pIIKCIIpoBaTb-.l(aHHYIO qacTIIUY B .naHHOM "y3ne" Hel!b3.II, XOTll -~' 

perneTKY BBeCTII MO)KHO. 
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lIMeeM: 

( ) ( ) 
n1n; n1n;+1 

n1nini+1 = n1n1nini+1 ---r ; 
n1 

( ) 
_ ( 3 ) n;+2n1 n1n;+1 

ni+2ni+1n1ni = ni+2ni+ln f ni ---r n, n, 
(n,n,\3 (~ nk ~) nk ln,n;\ = ~; ... n1 i=l ni ---r i=l W 

= Jft . f1t\t = f2/f1,i E g 

(15) 

MbI lICnOJib3yeM TpaHCJIHUlIOHHYIO lIHBapllaHTHOCTb lI lIHBapllaHTHOCTb OT

HOClITeJibHO noBOpOTOB, HO pa3JI1It:Ille Me)K,uy, CKa)KeM, (n2n1) lI (n3n1) , KaK 

MbI YBlI,lllIM Hll)Ke, CTllpaeTCH. 

linx noJIHOCTbIO ClIMMeTp1I3OBaHHbIX KOppeJIHTOpOB Fk lIMeeM 

Fk = I: (nini+l ... ni+k) ---r A!fitk (16) 

llanee, lICKJIIO'IlIB Fk ( k ~ 2) 1I3 nepBbIX .UByx ypaBHeHlIH CllcTeMbI ( 8), Mhl 

nplI,UeM K ClICTeMe .UBYX ypaBHeHlIH ,UJIH Fo = ( n f) . = fi, F1 = ( n f Fi) = 
z h = z Ji t, KOTopax lI ,uacT HaM ypaBHeHlIH .UJIH t lI Ji, a· cne.uoBa TeJibHO 

BO3MO)KHOCTb HaH:TlI fi, i = 1, 2. 
C 3Toii ueJibIO npeo6pa3yeM ClICTeMy (8) K TaKoMy Bll.UY 

Fm= Lk:~ amkFk = Lk:~ Am+kNm+k, 
A 1 '\:""'Z-m-k i=!L.F, m+k = k! L.,r=O r! . m+k+r · 

(17) 

TaKoe npe,ucTaBJieH1Ie MO)KHO noJiyt:IlITb, pacn1IcaB Bbipa)KeH1Ie .umr Fm lI 

Yt:ITH, 'ITO "m" lIH,UeKCOB qrnKcllpOBaHo, a 1I3 Z - m lIH,UeKCOB B Ka)K,UOM CJia

raeMOM Be,UeTCH cyMM1IpoBaH1Ie no BCeBO3MO)KHbIM "r" KOM61IHaU1IHM r = 
0, 1, ... , z - m - k, r.ue "k" - 'IlICJio lIH.UeKcoB, He yt:IaCTBYIOIUlIX B cyM

M1IpoBaH1I1I. (3Tll ,UOBOJibHO rpoMO3,UK1Ie anre6paut:IeCK1Ie BbIKJia,UKlI y.uo6-

Hee lI HarJIH,UHee npOBO,UlITb ,UJIH napUllaJibHbIX KoppemITopoB Tllna cp2 = 
2 (n1n2)+(n1n3), - CTPYKTypa ypaBHeHlIH (8), KaK OTMet:IaJiaCb He MeHHeTcx, 

- MeHxx cooTBeTCTBYIOIUlle Ha6opbr ( z - m) lIH,UeKcoB "k"). CyMMllpyx no 

3TlIM Ha6opaM, MbI lI nplI,UeM K (17). B (17) "m" yKa3bIBaeT noJIHOe 'IlICJIO 

BCeBO3MO)KHbIX onepaTopoB cnlIHOBbIX OTKJIOHeHlIH, Ha KOTOpbIX CTpOlITCH 

Fm. CllcTeMa ( 17) MO)KeT 6bITb nepen1IcaHa lI TaK 

Fm = Lk>m A;;i AkNk = Lk>m A;;i xk, xk = AkNk, 
~o . A _ 1.. '"'-z-k (-1)'F;+k > 0 m - , ... , z, k = k! L.,Q i! - , 

(18) 
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HaM HlDKe 6y,ueT y,uo6Hee pa6oTaTh c Xk, B TO"t!HOCTH TaKaJI )Ke CTpyK

Typa cpopMyrr HMeeT MecTo .umr KoppemITopoB pacnrn:peHHoro THrra :F::i, Ak. 
TaKHM o6pa3oM, Heo6xo,uHMO pa3peIIIHTh "TpeyroJihHy10" CHCTeMy arrre6pa

n-.:iecKHX ypaBHe1rn:ii (18) .umi: Xk(k $ 2) OTHOCHTeJihHO Fm(m $ 2) H, rro.u

cTaBHB pe3yJihTaT B rrepBbie ,UBa ypaBHeHmr .umr :Fo H :Fi, IIOJIY"t!HTh CHCTeMy 

ypaBHeHHH ,UJI.SI t H Ji, a 3aTeM H ,Um[ Ji. IlpH m = 0, 1 HMeeT H3 (18) 

Ao = I:%=2 ( k - l) Ak + l - Fi = 1 - z f i + I:~ ( k - l) ~, 

Ai= Fi - Lk=2 kAk = zfi - Lk ~' 

z 

I:Ak = 1 
0 

(19) 

HarrOMHHM, "t!TO Ak, aJihTepHaTHBHO xk, Bhlpa)KaIOTC.sI no (17) -.:iepe3 cyMMhI 

Fk+r• IIpoBO,U.sI rpoM03,UKHe arrre6pan-.:ieCKHe BhI"t!HCJieHH.sr, B KOTOphIX IIIII

poKO HCIIOJih3YeTC.sI CTPYKTypa (17), Mhl rrpHXO,UHM B HTOre K Bhlpa)KeHH.sIM 

1 z-n (-1)' 
Xn = I LJ='n+z-[-I -,n = 0,1, ... ,z, 

n. l=O ' 
(20) 

rrpn-.:ieM, rrpn n = 0, l, Heo6xo.UHMO y-.:iecTh (19). IIo.u-.:iepKHeM, "t!TO (20) 

cyTh cpopMaJihHO o6pameHHe (17) - (B03MO)KHO He caMoe :meraHTHOe, HO 

HeKOTOpbie IIpOMe)KyTO"t!Hhle :naIIhl H q>OpMyJihl II03BOJIHJIH HaM IIOJIY"t!HTh 

TO"t!Hhle HepaBeHCTBa ,UJI.sr paBHOBeCHhIX cpe,UHHX [17] :0: HOBOe HepaBeHCTBO 

.urr.sr CM [18, 19], - H Mhl H36parrn ,uaHHhlH rro.uxo.u. B HTore MhI HMeeM 

Bhlpa)KeHH.sr Fk(= ~) -.:iepe3 :FJ, 
MMeeM .urr.sr x0 H xi no (19) 

Xo = Li=O (~~)
1

:F1 = NoAo = No [1 - zfi + I:~ (k-1) ~], 
- ~z-i i=..!.t ,r - N A - N [ f ~z k&] Xi - L.,/=O I! .r1+i = i i - i Z i - L.,2 Nk · 

(21) 

IIo,ucTaBJI.sr.sr B rrpaBhie -.:iacTH paBeHCTB (21) Xk no (20), .uerr.sr 1-oe ypaBHem1e 

Ha N0 , a BTopoe Ha Ni, rrepeHoc.sr cyMMhI no :Fr B o.n;Hy cTopoHy, y-.:iHThIBa.sr, 

"t!TO 6rraro.uap.sr MHO)KHTeJI.srM " ( k - l)" H "k" B 1-oM H BTopoM ypaBHeHHII 

cyMMhI B rrpaBhIX -.:iaCT.sIX MoryT 6bITh rrepeIIHCaHhl KaK .UBOHHhie cyMMhl 110 

"k" H "l", KOTOphre HMeIOT BH.U 

z (k-l)z-k(-l)I z k z-k(-1/ 
(1 - zfi) = - L k'N L -z,-:Fk+I, zfi = L N k' L -z,-:Fk+I (22) 

k=O · k l=O ' k=O k ' l=o ' 
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Ifoa ypaBHeHIUI (22) Hapx.uy c (z-1) ypaBHemrnM (20) ,ZlaIOT, ecTeCTBeHHO, ITO 

ITpe)IrneMy ( z + 1) ypaBHemre ,ZlJrn 2z HeM3BeCTHblX :Fr ( r = 0, 1, ... , z), Ak( k = 
2, ... z) ITOCKOJibKY Ao, A1 Bblpa)KaIOTCH ITO (19) qepe3 HMX. 

IIocTyJIMpyx pacueITJieHMe (15), (16) M ITO,ZlCTaBJIHH 3TH q>OpMyJibl B (22), 

ITOCJie HeKOTOpbIX aJire6panqecKMX ITpeo6pa30BaHMH ITpMXO,ZlMM K CMCTeMe 

.ZlBYX ypaBHeHMH ,ZlJIH t M Ji. 

f11 + zt - (z + 1) = xy-z (y2 - y2t + tt-l (y2 - (z + y2 - 1) t), 
xy-zt (y2 - y2t + tt-l = 1 - t, x = ef3\ y = ef3112. 

(23) 

KoppeJIHUMOHHbie <pyHKUMM Fk(k ~ 2) oITpe.ueJIHIOTcx qepe3 t, j 1 <popMyJiaMM: 

(24) 

HaITOMHMM, qTo An cyTb KOM6MHaUMM Fi ( CM.(17) ), CMCTeMa (23) ITPMBO,ZlMT 

K ypaBHeHMIO BTOporo ITOpH,ZlKa OTHOCMTeJibHO t: 

2 ( 1 ) y
2 

z - 2 + !1 (y2 - 1) t + y2 - 1 = 0, (25) 

perneHMH KoToporo, y.uoBJieTBopxromero Tpe6oBaHMHM O ~ t ~ 1 (t = h/ Ji), 
.uaeTcx qiopMyJioii: 

r-a ✓ 1 t = --
1

, r =a2 + y2 (1 - a 2), a= (1 - 2fi) -. 
r + 2 

(26) 

l-IcKJIIOqax t H3 BTOporo ypaBHeHmI (23), Mbl ITpMXO,ZlHM K ypaBHeHMIO ,ZlJIH 

a B ITpM6JIM)KeHMM EeTe-IIan:epnca-fyrreHren:Ma 

.x = [r + a] z/
2 
[~] z;-

2 

r-a l+a 
(27) 

ypaBHeHne (27) orrpe.uemieT a({JI,{3hl), KaK HeHBHYIO <pyHKUMIO z, {Jh, {JI 
KpnTnqecKaH TeMrrepaTypa orrpe.ueJIHeTcx M3 ycJIOBMH a(x = 1,{JI) = O 

( ee y.uo6Ho HaHTM M3 ycJIOBMH cTafoIJibHOCTM cncTeMbI ~~ lfJ > 0, 3TO .uaeT 

{33[ = Z In z~2. EcTeCTBeHHO, MO)KHO, 3HaH !1 M h = zfi BbIIIMCaTb XfJ, ck, 
KaK BO BceM UHTepBaJie {J = (kBTt 1

, TaK M ITPM T ~ Tk. MbI He cTa

HeM 3Toro .uenaTh eme pa3, HO no.uqepKHeM, qTo KaK npn6JIM)KeHMH cpe.u

Hero IlOJIH U IlOJIMHOMMaJibHOe pacuenJieHMe M KBa3HXHMnqecKoe HBJIHeTCH 
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npn6mr)KeHIIeM THIIa "MoJieKyrr.s.rpHoro" IIOJI.H c KpHTH"lleCKHMH HH.IJ;eKCaMH 

CiH = 0,(30 = l/2, 113 = 1. OHo 1). Borree TO"t!HO Y"l!HThIBaeT Kopperr.s.runoH

Hhle 3<p<peKTbI ( BJIH.HHHe cpe,nbl), "9:TO 6bIJIO OC03HaHO y)Ke BeTe-Ila:iieprrcoM

ryrreHre:iiMOM. TaK, B -qacTHOCTH B npaBo:ii -qacTH BhlnncaHa h H Fk .nrr.s.r 

MOJieKyrr.s.rpHoro IIOJI.H. 

(nfng) !Tc= tit= 2(1~Yc) = 4(z~l) > ¼, 
Fk (h = 0,/33) = # { ½ c~ 1f [1 + (z~2

/]} >A~· 2
1
k 

(27') . 

2). IlonycKaeT o6o6rueHne npn BhI.n;erreHHH 6orree KPYIIHhIX KJiacTepoB, He

)KeJIH y3eJI "f" H ero nepBa.H KOOp.D;HHaUHOHHa.H c<j>epa ( CM. [29] H CChIJIKH B 

.n;aHHOII pa6oTe). 

3). H, "9:TO BeChMa cyruecTBeHHO, II03BOJI.HeT B paMKax npe,n;JIO)KeHHOII BhIIIIe 

rrpoue.nyphl, HCIIOJih30BaTh. CHCTeMy (9) .IJ;JI.H HaXO)K.IJ;e_HH.H paCIIIHpeHHhIX KOp

peJI.HTOpOB 

J="!;:) =def (nfF'mO{nn,}) ,J=tl =def (1 F'kO{nnJ): 
IIOJIY"l!HTh aHaJIHTH"l!eCKHe Bbipa)KeHH.H .IJ;JI.H rrpoH3BOJihHhlX paBHOBeCHhIX cpe.n

HHX, (HaIIOMHHM, "9:TO OIIepaTOp O { nn;} IIOCTpoeH Ha OIIepaTopax 1ln;, nEf19, 
3TO MO)KeT 6b1Th 1 KOHe"l!HO, H OT.IJ;eJihHhIH OIIepaTOp nn), IIpH"l!eM pacuerme

HHe -qepe3 napHbie KOppeJI.HTOpbI .IJ;OJI)KHO rrpOBO.D;HThC.H C y"l!eTOM paCCTO.HHH.H 

OT y3rra "f"; B HaIIIeM no.nxo.ne Mhl norry-qaeM H "acHMIITOTHKy" no In - fl 
(cM. HH)Ke). Ilpn 3TOM, BCIO cxeMy y.naeTc.s.r caMocorrracoBaTh: rrorry"l!eHHhie 

Bbipa)KeHH.H 06parua10T ypaBHeHH.H (8), (9) B TO)K.IJ;eCTBO. 

4). IIo.s.rcHHM KpaTKO BhIIIIecKa3aHHOe HH)Ke, HO cpa3y IIO.IJ;"l!epKHY, "9:TO KBa-

3HXHMH"lleCKOe npH6JIH)KeHHe KaK 6bI O.D;HOMepno: Ba)KHO "9:HCJIO IIIaro~ OT 

"ueHTparrbHoro" y3rra f . 
3aMeTHM, "9:TO Bee npn6rrmKeHH.H MOJieKyrr.s.rpHoro IIOJI.H, B OCHOBY KOTO

pbIX KJia,neTC.H CTaTHCTH"l!eCKa.H cyMMa, HMeIOT CBOH IIO.D;OCHOBOH rrpe.nrrorro

)KeHHe, "9:TO IIpH 3a.IJ;aHHOM cpe.n;HeM "9:HCJie "CIIHHOB" (-qacTHU H T .II.) O.D;Horo 

HanpaBJieHH.H (copTa, 3aH.HThIX MeCT H T.n.) HaIIpHMep, Ni = f1N - 6y

,neM IIOJih30BaThC.H CIIHHOBOH KapTHHo:ii, - cpe,n:Hee "t!HCJIO nap Ntt, Nit, Nit 
orrpe.nen.s.reMoe h, Ji ( CM. (3), B KoTopoii N.. ~ N..) TpoeK, H T.n., pacrrpe

.nerr.s.reTc.s.r He3aBHCHMO. 3To rrpe.nnorro)KeHI-Ie orrpe.uen.s.reT HaM cTaTHCTH'Ie

CKHII Bee cocTO.HHHH g (Ni, Nit, N) ,g (Ni, Nit, Nitt, ... , N). KoJm"l!eCTBeHHO 

3TO peaJIH3yeTC.H IIOCTpoeHHeM CTaTHCTH"l!eCKOH cyMMhl .IJ;JI.H Y3Jia "f" H ero 

6JIH)KalIIIIHX BTOphIX, TpeThHX H T;rr. coce.ne:ii, - KJiaCTepa, - H rrpe.urroJia

raeTc.s.r, "9:TO BC.H CHCTeMa caMOCOrJiaCOBaHa [29, 23, 24, 25]. 
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IIocKOJibKY Bee rrpR6mDKemrn:, y-CJRThlBaIOIURe KoppemIURR, orrepRpy10T 

CTaTRCTR'!eCKRMR cyMMaMR: Mhl, CKa)KeM, He MO)KeM HaIIRCaTb 3<p<peKTRB

HhlH raMRJibTOHRaH, OTBe'!aIOIURH IIOJIRHOMRaJibHOMY pacuerrJieHRIO IIJIR KBa-

3RXHMH'IeCKOMY rrpH6JIH)KeHHIO, TO Borrpoc O IIOJiyqeHHH BhlCIIIHX KoppemITO

poB B rro.n:xo.n:e BeTe-IIaii:epJica-ryrreHreii:Ma ecTeCTBeHHO ocTaeTc.s:r OTKpbI

ThlM. Mx MO)KHO IIOJIY'IHTb H3 COOTBeTCTBYIOIUHX CTaTHCTH'!eCKHX cyMM Zi, 

BBOJJ:.H 3<p<peKTHBHhle IIOJI.H hi, JJ:H<p<pepeHUHpy.s:r no HHM H IIOJiara.s:r IIOCJie 3TOro 

hi = 0, HO arrrrpoKCHMaUHH JJ:JI.H Zj H JJ:JI.H KoppeJI.HUHOHHhlX cpyHKUHH MoryT 

pa3JIH'!a TbC.H. 

4. TaKy10 BO3MO)KHOCTb rrpe.n:ocTaBJI.s:reT HaIIIa cHcTeMa ypaBHeHRH .n;JI.s:r 

pacurnpeHHhlX KoppeJI.HTOpOB ( 9) C HCIIOJib3OBaHReM Toro o6CTO.HTeJibCTBa, 

'ITO pacuerrJieHHe (15) .HBJI.HeTC.H TO'!HbIM ( caMocorJiaCOBaHHbIM) peIIIeHHeM 

"6a30BOH" CRCTeMhl ypaBHeHHH (8). 
IIocKOJibKY OT rrepexo.n:a (8) K (9) K03<pq>IIUReHTbI akl He MeH.HIOTC.s:r, TO 

MO)KeT 6bITb IIOJIHOCTbIO HCIIOJib3OBaHa BC.SI BbIIIIepa3BHTM cxeMa o6paru:eHH.H 

"Kocoii" MaTpHUbI: B cpopMyJiax (18), (19), (21), (22) 3aMeH.HeM Fm --+ 
:r-";/:)' xk --+ xt)' Ao --+ At\ :Fi --+ ;:t)' 1 --+ ( 8 (h)) II T.II. TaK, 

CKa)KeM, CHCTeMa ypaBHeHHH (19) rrpHo6peTaeT BRJJ: 

(32) 

(32) rrepexo.n;HT B (19) rrpH O(h) = 1. 
Mb! He CTaHeM no 3TOH rrpH'IHHe IIOBTOp.HTb BhlKJia.n;KR BO MHOrOM aHa

JIOrH'!Hbie BbIIIIerrpo.n;eJiaHHbIM, HO 3aMeTHM, 'ITO, eCJIH KoppeJI.HTOp THIIa 

(n1n1 .,.nk), r.n:e 1, c, •.. , k HyMepy10ru:He IIOCJie.D:OBaTeJibHO OTCTO.HIUHe OT KaKoro

Jm6o "BhIJJ:eJieHHoro" Y3Jia "J" Ha 1, 2, ... , k IIIaroB "6e3 rrporrycKoB" pacuerr

JI.HIOTc.s:r rrpocTo: 

(33) 

H COOTBeTCTBYIOIUa.sI IIOIIOJIHeHHa.s:r CHCTeMa (15) TO)KJJ:eCTBeHHO y.n;oBJieTBO

p.sreTc.sr, TO JJ:JI.sI BhI'-IHCJieHH.sr KoppeJI.si:TopoB THrra :Ft = ( f:kO( h)) Tpe6yeTc.sr 

HeKOTOpoe crreuHaJihHOe paCCMOTpeHHe. Bep.sr JJ:JI.H rrpOCTOTbl O(h) = nh, r.n:e 
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"h" - HyMepyeT mo6on: y3eJI perymrpHon: CTPYKTYPhl, H HCIIOJib3YH CHM

MeTpHH KOppeJIHTOpOB 6a30BOH CHCTeMbl (8) Mbl BCer.na MO)KeM rrpHBeCTH 

CHTyaumo. K 6oJiee rrpoCTOMY KoppeJis.rTopy. B "9:aCTHOCTH, Mbl MO)KeM HCCJie

.ZJ;OBaTb (9) IIpH O(h) = nk. B :)TOM cJiy-qae 

,z:-(n) __,. tk { [Ak _ klCk-1] :r:,(n-1) + klCk-1 :r:,(n)} :r:,(n) = (n n ) 
.rk z • z-1 0 · z-1 0 , 0 / n (34) 

3.necb H3 o6mero "9:HCJia. A! "tJJieHoB J=t), k!C!~f cJiaraeMhlX co.nep)KaT orre

paTop n1, KOTOpbIH 6JIH)Ke paCIIOJIO)KeH K nic. 
YpaBHeHHH (32) H COOTHOIIIeHHe (34) rrpHBO.ZJ;HT K pa3HOCTHOMY ypaBHe-

HHIO 

Ji = ( r + 1) :FJn) _ ( r - 1) :FJn-l) 
1-a 1-a 

(35) 

pernaeMoe, KaK o6hl"9:HO [30) rro.ncTaHOBKOH :FJk) = k0 + c>.k. B HTore 

(k) 2 k r - 1 
:Fo = f1 + Ji (1- Ji)>. , >. = --

r + 1 
(36) 

BCe BeJIH"tJHHhl, qrnrypnpy10mne B (36) rrpHBe.n;eHbl B (26). Pe3yJibTaT (36) 
BeCbMa HaIIOMHHaeT O.ZJ;HOMepHbIH cJiy-qan: [15, 13), "9:TO JIHIIIHHH pa3 rro,nqep

KHBaeT KBa3HO.ZJ;HOMepHbIH xapaKTep KBa3HXHMH"9:eCKoro rrpH6JIH)KeHHH. 

OTMeTHM, qTo .ZJ;JIH KOJIH"tJeCTBeHHOro OIIHcamrn KHHeTHKH a.ncop6UHH [31), 
[32) rrpoueccoB rrepeHOCa H .nmpcpy3HH B KOH.ZJ;eHCHpOBaHHOM COCTOHHHH [33)' 
rrepeHoca rrpH HaJIHqHH aKTHBHOH IIOBepXHOCTH [34) Heo6xomIMbl aHaJIIITII

qecKHe cpopMyJibl .ZJ;JIH :Fk; .ZJ;JIH aHaJIH3a BKJia.na .necpeKTOB B TepMO.ZJ;IIHaMII

"9:eCKHe xapaKTepHCTHKH [35) n aHaJIH3~ LEED [10) HY)KHbl :F/;: T.e. Ba)KHa 

aCHMIITOTHKa (36). 
Pe3IOMHpys.r OTMeTHM, qTo JII06on: KoppeJIHTOp y,noBJieTBOps.reT CIICTeMe 

(8), (9), eCJIH rrpoBO,UHTb pacue1rneHIIe (15), (16), (33), (34), (37) c yqeTOM 

paccTOHHHH Y3JIOB 2, 3, ... m OT Y3Jia m: 

(n1n2 ... nm) = (n1n2) (n2n3) ... (mm 1mm) - 11:FJni) 
fim-1) . - r;i-1 (37) 

3.necb 1, ... m IIpOH3BOJibHO pacrroJIO)KeHHbie Y3Jibl Ha peryJis.rpHOH CTpyKType 

( d = 1, z = 2; d = 2, z = 3, 4, 6; d = 3, z ::; 4, ... paccros.r1rne Me)K,ny KOTOphIMII 

Ii - JI 2:: 1. 
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M nocne,uHee, KaK HaM npe,ucTaBmreTc.si, no,uocHoBoH Toro, "tJTO y,uanoch 

,[(OCTaTO"tJHO ,uaJieKO npo.umrnyThC.sI B BhI"tJHCJiem-rn: KoppeJI.sITOpOB Ha perneTKe 

'Hcno.rih3Y.sI cynepno3H:U:HOHHOe npH6JimKeHHe THna KHpKBy,ua .sIBJI.sieTc.si :ecTe

CTBeHHa.sI MapKOBOCTh" peryn.sipHOH CTPYKTyphI: mo6a.si ycJIOBHa.sI MHOI'O"tJa

CTH"tJHa.sI Bepo.sITHOCTh .naeTC.sI npoH3Be,neHHeM napHhIX Bepo.sITHOCTeH, rrpH

"tJeM, Heo6xo.nHMO ycTaHOBHTh paccTO.sIHHe OT npe.nhl.nymero Y3Jia K IIOCJie,uy

IOilleMy. ( OHo "3a,naeTC.sI" peryn.sipHoH cTpyKTypoi) 

BMeCTO IIOCJieCJIOBlUI l'IJIII O IIOJib3e qTeHl'Ijl rrpe,Ul'ICJIOBIIH. 

B Harnei 3aMeTKe .noKa3aHo, "tJTO cyrrepno3H:U:HOHHoe pacmerrneHHe KHpK

By.na Ha perneTKe 3KBHBaJieHTHO rrpH6JimKeHHIO BeTe-IIaiepca-ryrreHreiMa 

H .sIBJI.sieTC.sI caMocorJiaCOBaHHhIM perneHHeM pacrnHpeHHOH (rroJIHoH) CHCTeMbI 

ypaBHeHHH .nn.si KoppeJI.sI:U:HOHHhIX q>YHK:U:HH, nony"tJeHHo:t:i: B [15]. Ily6JIHKYIO 

.si ero BnepBhle, XOT.sI OHO 6bIJIO rrony"tJeHO B KOH:U:e IIIeCTH,UeC.sIThIX ro,uoB: "He 

,UOXO,UHJIH PYKH". OHO 6bIJIO "OTBeToM" Ha rrpe,UHCJIOBHe B.r .JieBH"tJa K rre

peBO.UY 3aMe"tJaTeJihHo:t:i: KHHrH <l>aynepa H ryrreHreiMa "CTaTHCTH"tJecKa.si 

TepMO,UHHaMHKa" [26], pe,uaKTOpOM KOTOpOH OH 6bIJI. 

EcTecTBeHHo, .si rrpo"tJeJI rrpe,uHCJIOBHe BS.JieBH"tJa. (B Ka"tJeCTBe oTcTyn

JieHH.sI xo-qy 3aMeTHTh, "tJTO .sI Bcer,ua "tJHTaIO BHHMaTeJibHO rrpe,UHCJIOBH.sI, 6y,uh 

TO xy,uo2KeCTBeHHhie npOH3Be,UeHH.sI, 6y,uh TO Hay"tJHhie. MHe, CKa)KeM, o6pa-

30Ba TeJihHO MHoro ,uaJIH npe,uHCJIOBH.sI Il2KHBeneroBa H BeceJIOBCKoro K "3oJio

TOH cepHH" H3,UaHHli TPH.U:U:aThIX ro,uoB: "I!eKaMepoH"' CBH<pT H ,up. O6pa3-

:U:OBhIMH .si C"tJHTaIO npe,uHCJIOBH.sI IO.JI.KnHMOHTOBH"tJa K CHHepreTH"tJecKo:t:i: ce

pHH H3,UaHHli). 

Ilpe,UHCJIOBHe JieBH"tJa Memr, M.sirKo CKa3aTh, IIIOKHpOBaJio CBOHM MeHTOp

CKHM, pa3B.sI3HhIM TOHOM, HO rJiaBHOe ... Bnpo"tJeM :U:HTHpy10: 

- "IIepBbie ,[(Be rJiaBhl KHHrH He rrpe,ucTaBJI.sIIOT 60JihIIIOro HHTepeca". 

- "Pa6oThI JieHHap,u-Il2KoHca, CJI3Tepa rrpHHHMaIOTc.si 6e3 BC.sIKOH KpH-

THKH". 

-"To"tJHO TaK 2Ke H3JiaraeTc.sI oum6oqHa.sI Teopirn KOH.UeHca:a:HH Maiepa ... 

Il03TOMY Mhl (!) coqJilf B03MO)KHhIM onycTHTh naparpa<phI, IIOCB.sIIlleHHhie 

H3JI02KeHHIO TeopHH Ma:t:i:epa". 

-·" IloJIHOCThIO orrymeHhl .UBe rJiaBhl KHHrH, IlOCB.sIIlleHHhie TeopHH )Klf,[(

KOCTe:t:i: H perym1pHhlX paCTBOpoB" ... " ... HeT q>H3HKH". M, HaKOHe:a:, 

- "OnymeHa TaK2Ke rnaBa, co.uep2Kama.s1 TeopHIO yrrop.s1,uo-qHBa10mHxc.s1 

TBep,UhIX paCTBOpoB. 3Ta rJiaBa co.nep2KHT no.npo6Hoe pa3JI02KeHHe OIIIH6oqHoH 
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pa6oTbl BeTe [23]. B pSI.lle MecT rJiaBa B 3Hai:i1neJibHo:ii: cTerreHH ycTapena 

(!). KpoMe Toro, Ha pyccKoM SI3bIKe HMeeTcSI xoponm:ii: ofoop HHKca H IlloKJIH 

B Y<PH BbIII.3-4 (1938)" 6
• 

- "Mano pa6oT coBeTcKHX aBTopoB ... B i:iacTHOCTH·rro TeopHH cpa30BhIX 

rrepexo,n:oB" 7 . 

5I, pa6oTasr B 3To BpeMSI B HM<PXM HM. JI.51.KaprroBa, 3aHHMaJicSI HMeHHO 

3THM KpyroM BOIIpOCOB. M, 3HaKOMSICb C JIHTepaTypo:ii: H C OTel:JeCTBeHHOM H, 

B oco6eHHOCTH C 3apy6e)Irno:ii:, C H3YMJieimeM o6Hapy:arnJI, l:JTO CCbIJIKH H.llYT 

HMeHHO- Ha orryru:eHHble JieBHl:JeM rJiaBbI ( OHH, ecTeCTBeHHO, rrpHCYTCTBYIOT 

B aHrJIHHCKOM opHrHHaJibHOM H3.n;aHHH [25]. IloHSIB, l:JTO arrrrpoKCHMaUHH OT-

. HOCSITCSI K Bbl6opy CTaTHCTHl:JeCKOH cyMMbl, .sr pemHJI pa3o6paTbCSI, KaK 3TO 

BblrJISI.llHT Ha SI3b!Ke KoppeJISIUHOHHbIX cpyHKUHM. Be.n;b SI pacrroJiaraJI TOl:JHOH 

cHcTeMo:ii: ypaBHeHH:ii: [15]. K TOMY )Ke SI xopomo H3Yl:JHJI rrpeKpacHyIO KHHry 

XHJIJia "CTaTHCTH"tJecKasr MexaHHKa" (MJI. MocKBa 1960, 485 c. rrepeBO.ll 

rro.n: pe.n:. C.B.TSI6JIHKOBa), r.ue rrpH rrepeBo.ue HHi:iero He 6bmo "orryru:eHo", 

B KOTopo:ii: rrpeBOCXO.llHO H SICHO H3JIO)KeHO cyrrepII03HUHOHHOe pacuerrJieHHe 

KHpKBy,n:a TpOHHbIX KoppeJISITOpOB i:iepe3 rrapHbie [22] - OHO, rrpaB.n:a, HC

IIOJib30BaJIOCb B HeperynSipHbIX cHcTeMax. IloJib30BaJICSI HM H Bororr1060B 

[27]. 
M Kor.n:a SI o6'be.n;HHHJI uerroi:iKy ypaBHeHHH (8) c ecTecTBeHHhIM rropSI.llKOM, 

3a,n:aBaeMhIM pemeTKo:ii:, H rrorryi:iHJiacb .uaHHaSI pa6oTa. 

B cBoe BpeMSI HbIOTOH cKa3aJI " ... oi:ieHb rrorre3Ho pemaTb .llHcpcpepeHUH

aJibHble ypaBHeHHSI" ... " ... H l:JHTaTb rrpe,llHCJIOBHSI", .uo6aBJIIO SI. 

Pe3IOMe: rrpH H3rOTOBJieHHH rrpe,llHCJIOBHM He06XO.llHMO rrpHHHMaTb BO 

BHHMaHHe He TOJibKO rrpomJioe H HaCTOSiru:ee, HO, no B03MO)KHOCTH, H, 6y

.n:yru:ee. 
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N!! 97-30 

B c6opHHKC Hcnonh30BaHhl cpoTOrpaqmH H3 CCMCHH0ro apXHBa CCMbH faBpttneHKO, ' 
cpoTo H.fopenoBa, IO.T}'MaHoBa · · 
MaKeT cpoT06noKa IO.T}'MaHoBa 

OrneqaTaHO MCT0)l;0M np$1M0ro penponyuupoBaHH$1 C MaTepHan0B, 
nonroT0BnCHHblX Opn<OMHTCTOM 

MaKeT H.A.KuceneBoH 

Py1rnnttcb c6opHHKa nocrynuna 03.02.97. TionnucaHo B ne•IaTb 06.02.97 
<l>opMaT 70 x 100/16. Ocpcern~ ne'laTb. Y'I.-H3i:i;. nHCTOB 11,79 

TttpruK 200. 3aKa3 49704 

J,fai:i;aTenbCKHH 0T)len O6,,ei:i;HHCHHOro HHCTHTYTa $1)l;CpHblX Hccnei:i;oBaHHH 
,lly6ua MocKoBcKoii o6nacrn 




