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PaHrenoa i1.t''· P17 - 12101 
0 noreHuuane KpncrannnqecKoA peweTKH a reopuu MeTannoa 

npliBOJlHTCH cpH3HqeCKHe npennOCbl/1KH Jl/1H Bbi60pa MeTOJla BbJqucneHHH 

nOTeHUI!alla Kpi!CTallJIUqecKoil peweTKH (nKP) B MeT anne, B none KOTOporo 
JlBH)!{yTCH K0/1i1eKTHBI!311pOB8HHbTe Ba/1eHTHble 311eKTp0Hbl (K83) • 06cy)!{LtaeT

CH qHCTO MaTeMaTHqeCKOe npOHCXO)!(JleHUe nceanonoTeHUHana H8 OCHOBe 

ero BbiBona. MeronoM Xaprpu-<PoKa 11 npH yqere neoproronanbHOCTH Me)!{ny 

BOI1HOBbiMII cpyHKUIIHMH K83 11 BHyrpeHHHX 311eKrpoHoB HOHnoro ocroaa 

(83110) nonyqeH Hacro>rwnil nKP, coananaJOWHil no <)JopMe c nceanonoTeH

uuanoM. noK838HO, qro CHllbHOe OTT8/1Kf!B8HHe MelKJlY K83 II 83!10, Bbl3BaH 

HOe HeOpTOf'OHa/1bHOCTb!O HX B0/1HOBb!X cpyHKUHH, a TaK)!{e pa3Mb!THe 3apHJla 

HJlpa, llbl3BaHHOe KOne6aHUHMH HOHHOf'O OCTOBa H ycTp8HHJOlllee OC06eHHOCTH 
KynoHOBCKoro noreHuaana >rnpa a roqKe paaHoaecnH, o6ecneqHaaJOT 

cna6oe H3MeHeHHe nKP. CnnbHOe 3KpaHnpoaaHHe K83 o6ecneqHaaeT 6btCTpoe 

y6biBaHHe nKP B R -npocrpaHCTBe H KOHeqHQCTb ero cpopM<jJaKTOpa npn 

Ma/1b!X B0/1H0Bb!X BeKTOpax. npellCTaBI1eHbl HHTepUOUHUHOHHblll nKP MblllibHK8 

H ero <!JopMcp8KTOp. 

Pa6ora BblllOUtleHa a J1a6oparopn11 reopeTHqecKoll cp1!3RKH 0!15111. 

Coo6weHue 06beJlHI!eHHOf'O HHCTHTyTa >rnepHbiX RCCUenoaaHflil • .ily611a 1979 

Rangelov J.M. Pl7 - 12101 
About the Crystalline Lattice Potential in the 
Metal Theory 

The physical ground for the choice of a calculation method 
of a crystalline lattice potential lCLP) in which collectivized valence 
electrons (CVE) are moving is discussed. The pure mathematical 
origin of the pseudopotential is discussed by its derivation. The 
tn..te CLP is obtained by Hartree-Fock's method taking into account 
a nonorthogonality between CVE wave functions and inner electrons 
of the ion core {lEIC) ones. The tn..te CLP formal coincidences 
with the pseudopotential. It is obtained that the strong repulsive 
interaction between CVE and IEIC, caused by the nonorthogonality 
of their wave functions, together with the smearing of the nuclear 
charge, caused by the ion core oscillations, and removing the 
singularity of the nuclear Coulomb potential of the nonmoving ion 
core in its equilibrium points, assure a weak CLP change. The 
strong screening by the CVE assures a strong decrease of the 
CLP in R -space and finiteness of its formfactor on small wave 
vector. An interpolation potential of As and its formfactor are 
presented. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 

Communication of the Joint Institute for Nuclear Research. Dubna 1979 
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B HacToJimeii pa6oTe o6cyJK,II,aeTcJI MaTeMaTH'IeCKoe npoHcxoJK

~eHHe CHMMeTpH'IHOrO 3pMHTOBOrO nceB~OnOTeHUHana H ero COB" 

na~eHHe no ~OpMe C HaCTOJIU(HM KpHCTannH'IeCKHM noTeHUHanoM, 

nonyqeHHbiM B npH6nHJKeHHH XapTpH-~oKa H npH yqeTe HeopToro

HanbHOCTH BOnHOBbiX ~YHKUHH 3neKTpOHOB. )l.oKa3aHa npHMeHH· 

MOCTb npafinHJKeHHJI "CBOfiO~HbiX" 3neKTpOHOB ~nJI Bbi'IHCneHHJI 

3HepreTH'IeCKOrO cneKTpa KOnneKTHBH3HpOBaHHbiX BaneHTHbiX 

3neKTpOHOB. fipe~cTaBneH MO~enbHLiii ROTeHUHan KpBCTannH'IeCKOH 

peweTKH MeTannoa. 

3HepreTH'IeCKHe cneKTpbl KOnneKTHBH3HpOBaHHbiX BaneHTHbiX 

3neKTpOHOB /KB3/ H KOnefiaHHH peweTKH JIBnJIIOTCJI OCHOBHbiMH 

xapaKTepacTHKaMH MeTannoa, onpe~enJIIOU(HMH ax noBe~eHae no~ 

~eiicTBHeM BHeWHHX noneii. 3HepreTH'IeCKHH cneKTp KB3 onpe

~enJieT 'IHCno H noBe~eHHe 3neKTpOHOB npOBO~HMOCTH H 3neKTpo

MarHHTHble CBOHCTBa MeTannoB, a B CO'IeTaHHH CO cneKTpOM ~OHO" 

HOB - ynpyrHe H TennOBble CBOHCTBa MeTannoB. TonbKO C y'leTOM 

B3aHMo~eiicTBHii KB3 ~pyr c ~pyroM H c nepHo~H'IeCKHM noTeH

uaanoM KpHcTannaqecKoii peweTKH /llKP I MOJKHO nocTpOHTb no

cne~oBaTenbHYIO TeopHIO MeTannaqecKoro COCTOJIHHJI. Ho TaK KaK 

TO'IHoro peweHHJI 3a~aqu o HaxoJK,II,eHHH 3HepreTaqecKoro cneKTpa 

KB3 B MeTannax He y~aeTCJI nony'IHTL, TO ~nJI npa6nHJKeHHoro 

peweHHJI Heo6xo~HMO Bb16paTb TaKoe npe~cTaaneHae, B KOTOPOM 

pJI~ pa3noJKeHHJI aonHoBoii ~YHKUHH KB3 cxonancJI 6bl 6blcTpee. 

)l.nJI xopowero KonuqecTBeHHoro coana~eHHJI Heo6xo~HMO Bb16paTb 

caMocornacoaaHHblii llKP, canLHO 3KpaHapoBaHHhlii caMHMB KB3. 

TaK KaK BHBMaTenLHOe H3y'leHHe 3KCnepBMeHTanLHO onpe~eneH

HbiX ~epMa-noaepxHocTeii /~ll/ KB3 /1-3/ noKa3ano, 'ITO Bee 

OHH MoryT 6b1TL nonyqeHbl cna6oii ~e~opMauaeii ClJepMa- c~epbl/4,5/ , 

TO HaBepHJIKa KB3 B MeTanne ~BHJKYTCJI B CHnbHO crnaJKeHHOM 

a cna6oM llPK. 
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IloTeHUBaJI BOHHOrO OCTOBa /HO/ KpBCTaJIJIB'leCKOH peweTKB 

COCTOBT 83 KyJIOHOBCKOrO noTeHUBaJia R,llpa B KYJIOHOBCKOrO, o6-

MeHHOrO B KOppeJIRUBOHHOrO nOTeHUBaJIOB ero 3J1eKTpOHOB. )l.o CBX 

nop npBHBMaJIOCb, 'ITO KYJIOHOBCKBH noTeHUHaJI R,llpa B KpHCTaJIJie 

.llJlR KB3 u BHyTpeuuux 3JieKTpouoa HO /B3HO/ O.llBHaKoB H coa

na,llaeT C KYJIOHOBCKBM noTeHUBaJJOM R,llpa B CB060,IlHOM aTOMe, 

a B3aBMO.Ileii:cTBBe Me)l(.llY KB3 H B3HO paccMaTpHaanocb xax 

B3aBMO,Ileii:cTBBe Me)l(.llY cao6o.llHbiMB 3JieKTpouaMB. O.llHaKo B 3TOM 

npB6JIB)I(eHBB KOJIB'leCTBeHHOe COBna,lleHHe 3KCnepHMeHTa C Teo

pueii: 6biJIO nJIOXHM, B n03TOMY rOBOpHJIOCb, 'ITO npH6JIB)I(eHHe 

"cao60.IlHb1X" 3JieKTpouoa coaepweuuo uenpuMeHBMO .llJIR peanb

HbiX aTOMHbiX noTeuuuanoa /3a HCKJIIO'leuueM H. He H, MO)I(eT 

6b1Tb, Li H Be 161,' a MeTanne . 6e3 y'leTa caMocornacoaau

HOCTB noTeHUBaJIOB Ka)l(,llOrO 3J1eKTpOHa B OT,IleJibHOCTH, T .e. TOrO, 

'ITO IIKP .llJIR KB3 .llOJI)I(eH CHJibHO oTJJB'laTbCR oT noTeHuHana 

.llJlR B3HO, roaopunocb, 'ITO cllaKT cymecTaoaaHHR CHJibHoro no

Teuuuana npB MaJibiX f, KOTOpbiH npORBJIReTCR B cymecTBOBaHHH 

CBJibHO CBR3aHHbiX ls-, 2s- B ,llpyrBX COCTORHHH B3H0, ,llOJI)I(eH 

o6ecneqBTb cymecTBOBaHHe KOpOTKOBOJIHOBbiX OCUHJIJIRUBH BOJJHO

BOH cilYHKUBB KB3 B yxa3aHHoii: o6nacTH, T .e. aonuoaag cilYHKUBR 

KB3 ,llOJI)I(Ha noaTopRTb noBe,lleHHe aonuoaoii: cilYHKUHB aaneuT

uoro 3JieKTpOHa CB060.IlHOrO aTOMa B 3TOH o6JiaCTH. 3TO oco6eH

HO RpKO Bblpa)l(eHO B YTBep)I(JleHHB, 'ITO pa3yMHee Bcero C'IHTaTb 

"CBJibHbiM" TaKOH noTeHUBaJI, KOTOpbiB C03,1laeT XOTR 6bl O,llHO 

CBR3aHHOe COCTORHBe B3H0. B 3TOM CMbiCJJe CBJibHbl noTeHUBaJibl 

acex 3JieMeHTOB, xpoMe H u He 161 • 

qT06bl BOCnpOB3BeCTB 3TH npe,llnOJiaraeMble OCUHJIJIRUBB BOJI

HOBOB cilYHKUBB KB3 B6JIH3B ueuTpa HO, r,lle oua uaaepHRKa O'leHb 

noXO)I(a Ha BOJIHOBble cilYHKUBB BaJieHTBbiX 3JieKTpOHOB B CB060,IlHOM 

aTOMe; He06XO,IlBMO CTpOBTb pa3JIO)I(eHBe 83 MHOrBX llJIOCKBX 

BOJJH. CXO,IlBMOCTb MO)I(HO YJIY'IWBTb ecJIB y'leCTb 3TH OCUBJIJ1RUBB 

B caM OM 6a3BCe, no KOTOpOMY pa3JiaraeTCR BOJIHOBaR cilYHKUBR 

KB3. IlonoMy B3 BOJIHOBbiX cilYHKUBB B3HO llli> = ¢ (r- R. ) 
exp [ i k r] ll 

1 

H nJIOCKBX BOJIH \k > = ----=--- o6pa3yiOT CJie,llYIQIUYIO nepe-
y0 

nonHeHHYIO CBCTeMy cilYHKUHB: 

Ill>= 2.exp[ik.R. ]..!-. (r- R. ), 
I I 'I'll I /la/ 

¢k (r) = \k + q>- 2 llli><illlk + q> exp[i(k+ q).R; ], + q . l,ll 
/16/ 

4 

r,lle 

'illlk ,q > 
-\12 

(0
0

) (¢*(r-R. )exp[i(k + q)·(r- R. )]dr', 
fl I I 

/2/ 

ecnu n -• NO 0 H n 0 - o6'beM 3JieMeHTapHOB gqeiiKB. CyMMHpo

BaHHe B /16/ npOH3BO,IlHTCR no BCeM COCTORHHRM ll B3H0, a no 

i a /la/ - no seeM y3naM KpHcTannH'lecKoii peweTKH Ri. 

3KcnepHMeHTaJibHble ,llaHHble noKa3biBaiOT, 'ITO B3-3a CHJlbHOB 

CBR3H B3H0 C R,llpOM aTOMHbiB noTeHUHan cna6o MeHReTCR ,llJJR 

Kone6JIIOIUHXCR BMeCTe C R.llPOM B3H0 H n03TOMY C ,llOCTaTO'IHOB 

TO'IHOCTblO MO)KHO C'iHTaTb, 'ITO HX BOJIHOBble cilYHKUBH OCTaiOTCR 

co6cTBeHHbiMH cilYHKUHRMH raMHJJbTOHHaHa H 3neKTpouoa a Me-

Tanne (Hilli, Ell !lli' ). TaK KaK aonuoaag cilYHKUHR KB3 ¢k(r) 

RBnReTcR co6cTaeuuoii cilYHKUHeii Toro )l(e raMHJJbTOHHaua H H 

E k f Ell • TO oua ,llOJI)I(Ha 6b1Tb opTorouanbHOii aonHOBbiM cilYHKUBRM 

B3H0 ¢ ll (r- Ri ) H HMeTb CJie,l!.YIOIUHB BH,Il: 

¢k (r) • ~ aq(k)l\k • q>- :l Ill> 'll\ktq>L 
q ll 

/3/ 

Bonuoaag cilYHKUHR /3/ ,llOJI)I(Ha Y.llOBJieTaopRTb ypaaueuHIO lllpe-

.llHHrepa: 

La (k){H
0 

+ V- E + 2(E- H)\ll><llil\k + q> = 0. 
q q 

/4/ 

Ha ocuoae ypaaueHHR /4/ yTaep)l(,llanocb, 'ITO MeTO.Il opTorouanu-

30BaHHbiX nnocKHX aonH /OIIB/ /3/ XepHHr!l. :7 I, 6naro,llapg 

,llononHHTeJibHOMY noTeHUHany "oTTaJIKHBauug"IS IV = 2 (E- E )Ill> <1tl. 
11 ll 

npHBO,IlBT K 6biCTpO CXO,IlRIUBMCR pa3JIO)I(eHBRM ,llJIR nceB,IlOBOJIHO

BOB cilYHKUBB KB3 1/Jk(r). B npe,llcTaaneHBH nnocxux BOJIH, 

xor,lla nceB,IlOBOJIHoaag cilYHKUHR KB3 1/Jk (r) HMeeT BH.Il 

¢k (r) = 2 a (k) \k+ q>, 
q q 

/5/ 

MaTpB'IHbiB 3neMeHT nonuoro 3cllclleKTBBHoro IIKP /ncea,llonoTeu-

uuana/ W = V + V HMeeT cne.llYIOIUBB BB.Il: 

<k\Wik+q>=<k\V\kf.q>+ 2(E-E )<klll><lllk+q>. 
ll ll . 

/6/ 

MaTpB'IHbiB 3JieMeHT ncea,llonoTeuuuana ~HJIHnca-KneiiHMaHHa 
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/6/ 
B 

CHMMeTpHqeH 

<k+~ IWik tq/3>, 

H 3pMHTOB. IlapaMeTp E, BXO.IUIIIUIH 

ecTb 3HeprH.II KB3, xoTopyro cne.nyeT onpe-

.nenBTb. Heo6XO,II;HMO OTMeTHTb, qTo OHa He B:MeeT HBqero o6me

ro c 3HeprB.IIMH E(k + qa) B E(k + q {3) KB3, a TaKlKe cooTBeT

CTBeHHO C BOnHOBbiMB BeKTOpa:MB (k +qa ) B (k + q {3 ). Il03TOMY 

3aMeHa E Ha E(k + qa) uno E(k +q{f· npoBO,II;.IIII(a.ll K He3pMBTo

BOCTH nceB,II;OfiOTeHI(Bana, eCTb TOnbKO O,ZJ;HO y.no6Hoe, O,ZJ;HaKO 

Hey.naqHoe u nnoxoe npH6nBlKeHne. IlpaBHnhHO Be3.ne 3a:MeHBTb 

E Ha E k. B npu6nBlKeHHB cllep:MB c4Jepbl E Be3.ne 3a:MeH.IIIOTC.II 

Ha EkF. 

11:3 ypaBHeHB.II /4/ BB.ZJ;HO, qTo 3aMeHa HCTBHHoro IIKP nceB.no

noTeHQHanoM C TeMH lKe CBOHCTBaMB pacce.IIHBJI He H3MeH.IIeT 

cTpyKTypbl 3HepreT&qecxHx 30H KB3, o.nHaxo, y6upa.11 Bee y3nbl 

BOnHoBoii: 4JyHKQHB KB3 ¢ k (r). .nenaeT nceB.ZJ;OBonHoByro 4JyHK

QBJO t/1 k (r) 6e3 y3nOB. EcTecTBeHHO, TOnhKO nocne yqeTa Ma

Te:MaT&qecxoro npoucxolK.ZJ;eHB.II .nononHHTenbHoro noTeHQBana "oT

TanKHBaHH.II" B nceB.ZJ;OfiOTeHI(Bane, MOlKeT B03HHKHYTb BOfipOC, 

CKOnbKO, KaKHe BOnHOBble 4JyHKI(BB cp (r) H C KaKHMB K03414JH-
fL 

I(BeHTaMB HYlKHo 6paTb, qTo6bl nceB.ZJ;OBonHoBa.ll 4JyHKQB.II KB3 

t/f k (r) CXO,II;Hnacb 6biCTpee, T .e. COCTO.IIna H3 MBHH:ManhHOrO 

qocna nnocxHx BonH. MaTe:MaTnqecxoe BblpalKeHne Tpe6oBaHB.II 

o rna.nxocTB nceB.noBonHOBOH 4JyHKQBH KB3. t/1 k (r) 03HaqaeT 

MHHHMH3ai(BIO KHHeToqecKOH 3HeprBB EO (.j; k), T .e. MHHBMB3ai(BIO 

4JyHKI(BOHana /!J,lO/: 

- -2->- 2-> 
E0 (t/Fk) = rlv. t/Fk I dr I rlt/Fk I dr. /7/ 

Heo6XO,li;BMO OTMeTHTb, qTo npB nepexo,ZJ;e OT HCTHHHbiX Bon

HOBOH 4JyHKQBB KB3 H IIKP K nceB.noBonHoBoii 4JyHKQHB KB3 

B nceB,ZJ;OfiOTeHI(Bany ,II;OfiOnHBTenbHbiH fiOTeHI(Ban OTTanKBBaHBJI 

V = !.(E -EfL)IfL > < fLI He BBO.ZJ;BTC.II c Qenbro yqeTa xaxoro-To 

.neiic'i-BHTenbHoro OTTanKBBaHB.II Me)l(,ll;y KB3 u B3HO, a .IIBn.lleTC.II 

TonhKO cne.ncTBHeM nepexo.na OT o.nHoro npe.ncTaBneHB.II K .npyro:My, 

B fi03TOMY B TeOpBB nceB.ZJ;OfiOTeHI(Bana fiOTeHI(Ban "OTTanKBBa

HB.II" yqBTbiBaeT qocTO MRTeMRTBqecKBH 34J4leKT. Tpe60BRHHe MBHB

MH3RI(BB nceB,IJ;OfiOTeHI(BRna /7/ TRKlKe JIBn.lleTCJI fiO.ZJ;TBep)l(,ll;eHBeM 

:MaTe:MaTnqecxoii: cyTH .nononHBTenhHoro qneHa. ~eii:cTBBTenhHO, 

ecnH fiOTeHQBan OTTanKBBaHBJI B:Men 6bl 4JB3BqecKOe npOBCXO)I(,ll;e

HBe B TeOpBB fiCeB,ZJ;OfiOTeHI(Bana, TO 6blnO 6bl JICHO, KRKBe BOnHO-

6 

Bble 4JyHKI(HH cp (r) H C KaKBMH K03414JBI(BeHTaMB ,li;OIDKHbl BXO-
fL 

,ZJ;BTb B ,ZJ;OfiOnHBTenbHbiH qneH, B fi03TOMY He 6blnO Ha,ZJ;06HOCTB 

B MBHBMB3aQBB /7 I . 
liTaK, opToroHano3aQB.II, npoBO.ZJ;.IIII(a.ll K HenoxanbHOMY nceB.no

noTeHQBany /6/, yKa3b1BaeT Ha KOHKpeTHYIO 4JopMy IlKP, KOTOpa.ll 

npBBO,li;BT K npaBBnbHbiM B COBna,ZJ;aiOIIUIM C 3KCnepBMeHTOM Teope

TBqeCKBM pe3ynbTaTaM. li3BeCTHO, qTo 4JopM4JaKTOp MO,li;B4JHQBpo

BaHHOrO noxanbHoro nceB.nonoTeHQBana o6ecneqoBaeT 6blcTpyro 

CXO.ZJ;BMOCTb p.11,11;a pa3nOlKeHBJI /5/ BOnHOBOH 4JyHKI(BB cp k(r) no 

nnocKBM BOnHaM. A qTo ecnu caM 4JopM4JaKTop BCTBHHoro IIKP 

npBHBMaeT 3HaqeHBJI 4JopM4JaKTOpa MO,li;B4JBI(BpOBaHHOrO fiCeB,IJ;O

fiOTeHI(Bana'? Bo3MOlKHO, OTTanKBBaHne MelK.ny KB3 u B3HO .neii

CTBBTenbHO Cyll(eCTByeT B HeT Ha,IJ;06HOCTB B fiCeB,II;OfiOTeHQBane'? 

Tor.na BCTBHHblii IIKP cna6 u, cne.noBaTenbHO, BnB.IIHBe peweTKH 

Ha ,IJ;BBlKeHne KB3 oqeHb cna6o, xax u cne.nyeT B3 3KcnepnMeHTa. 

Tor.na TeopeToqecxu MOlKHO o6ocHoBaTb npnMeHBMOCTb nnocxux 

BOnH ,11;n.11 OfiBCaHBJI 3KCnepBMeHTanbHO Ha6nro.naeMbiX CBOBCTB "CB0-

60,!J;Hb1X" 3neKTpOHOB B MeTannax. 

IlonHoe onucaHne B3aBMo.neiicTBH.II KB3 c B3HO MOlKHO nony

qoTb TOnbKO B npu6nnlKeHBB XapTpn-clloxa. Ecnu B Monexyne 

BonHOBble 4JyHKQBB KB3 He .IIBn.IIIDTC.II opToroHanbHbiMH BonHOBbiM 

4JyHKI(BJIM B3li0, TO TeM 6onee B MeTanne HeT Ha.no6HOCTB ,IJ;n.ll 

BblnonHeHH.II 3Toii opToroHanbHOCTH. ToqHee cxa3aTb, ecnH nonHble 

BonHOBble 4JyHKQHH B3HO H KB3 6blnH 6bl ToqHbJMH co6cTBeHHbiMB 

BOnHOBbiMH 4JyHKI(HJIMH raMHnbTOHBaHa H B MeTanne, TOr,ZJ;a opTo

roHanbHOCTb MelK,II;Y HHMH cne,II;OBana 6bl RBTOMaT&qecKH. Ho TaK 

KaK BCe HCfiOnb3yeMble BOnHOBble 4JyHKI(HH JIBn.IIIOTCJI TOnbKO npH-

6nBlKeHBJIMH, B HTepaQHOHHOM no.nxo.ne nocne.noBaTenbHbiX npH6nu

lKeHHii ca:MocornacoBaHHble noTeHQHanbl .nn.11 B3HO H KB3 pa3-

Hble B fi03TOMY "KOHeqHble" O.ZJ;H03neKTpOHHble BOnHOBble 4JyHKI(BB 

KB3 u B3HO .IIBn.IIIOTC.II co6cTBeHHbiMH 4JyHKQB.IIMB pa3nHqHbiX 

raMBnbTOHHRHOB. Il03TOMY B MeTanne He06XO,li;BMO COXpRHBTb OpTO

roHanbHOCTb MelK,IJ;Y BOnHOBbiMH 4JyHKI(BJIMB TOnbKO TaM, r.ne 3Ta 

OpTOrOHanbHOCTb npBBO,li;BT K yMeHbWeHBIO nonHOB 3HeprBB CBC

TeMbl u r.ne caMocornacoBaHHble IIKP o.nHHaKOBbl. 3To oTHoCBTCJI 

xax x B3HO, Tax u K KB3. ~eii:cTBBTenbHo, Tax xax HeopToro

HanbHOCTb MelK.ny BonHOBbiMB 4JYHKQH.IIMB KB3 u B3HO npoBO,II;BT 

K OTTanKBBaHBIO, KOTOpOe BfiOnHe KOMfieHCBpyeTCJI KynOHOBCKBM 

llpHTJilKeHHeM .11,11;pa, TO ero MOlKHO He ycTpRHJITb, TeM 6onee, qTO 

3TO y:MeHbWaeT B3aH:Mo.neiicTBBe :MelK.ZJ;Y KB3 B HO. liMeHHo cna-
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6oe B3aHMO,II.eiicTBHe MelK,IJ.y KB3 H HO no3aon11eT KB3 .II.BHraTb

CJI "CB060,II.HO" B MeTanne H HMeTb B3aHMHO OpTOrOHaTibHble BOll" 

HOBble cPYHKllHH, 'ITO o6ecne'IHBaeT MHHHMYM TIOTIHOH 3HeprHH 

B CHCTeMe npe,ll.eTibHO BblpOlK,IJ.eHHOrO KBaHTOBOrO ciJepMH- ra3a. 

BbiXO,II.HT, 'ITO HeOpTOrOHanbHOCTb Me)l{,ll.y O,II.H03TieKTpOHHbiMH BOn-

HOBbiMH cPYHKllHJIMH KB3 H B3HO JIBnJieTcJI 3HepreTH'IeCKH Bbl

ro,II.Hoii H HeT npB'IHH ,IJ.TIJI ee ycTpaHeHBJI. MolKeT 6b1Tb, O,II.HaKo, 

He06XO,II.BMO BCTIOMHBTb YTBeplK,IJ.eHHe 1111, 'ITO OpToroHaTibHOCTb 

MelK.II.Y BOTIHOBbiMB cPYHKllHJIMH 3TieKTpOHOB, H3 KOTOpbiX CTpOHTCJI 

onpe,IJ.enaTenL Cn3Tepa nonHoii cPYHKllHH cacTeMbl, o6ecneqasaeT 

Y.II.06CTBO npH MaTeMaTH'IeCKHX BbiKTia,II.KaX, HO He JIBTIJieTCJI 06JI3a· 

TeTibHbiM Tpe6osaHHeM, orpaHH'IBBaiOlllHM o6lllHOCTb MeTo,ll.a XapT

pB·WoKa. )l.eHCTBHTeTibHO, ecnH O,II.H03TieKTpOHHble BOTIHOBble cPYHK· 

llHH cf> k (r) H cf> (r) HeopToroHanbHble, To c noMOlllbiO npeo6pa-

30BaHHJI cp l (r) ! k b ij cp j (r) MOlKHO ,II.06HTbCJI OpToroHanbHOCTH 

MelK,II.Y op6HTaTIJIMH cp ~ (r). IlpH 3TOM TIOnHaJI BOTIHOBaJI cPYHKllHJI 

<l>'(r1 ••• r 
2

) OTTIHqaeTCJI OT TIOTIHOH BOTIHOBOH cPYHKllHH <l>(r 1 ••• r 
2

) 

MHOlKHTeneM B~ detJbij J. Il03TOMY <l>(r 1 ••• r 2 ) H <l>'(r1 .•• r 2 ) COBep

WeHHO paBH03Ha'IHble H DO OTHOWeHHIO K <I> (r 1 •• r 
2

) COBepweHHO 

6e3pa3TIH'IHO, OpToroHaTibHbl O,II.H03TieKTpOHHble C06CTBeHHble cPYHK" 

llHB MelK,II.Y co6oii HTIH HeT. 3TO YTBeplK,II.eHHe cpa3y MOlKHO npo

cne,II.BTb Ha npHMepe nonHoii sonHoaoii cPYHKllBH KB3 H B3HO 

B O,II.HOBaneHTHOM MeTanne. )l.eHCTBBTeTibHO, 

noTeHuaana aonHoBaJI cPYHKllHJI cf> k (r) KB3 

3aHa C nceB,II.OBOTIHOBOH cPYHKUHeH t/Jk (r) 

cf> (r) ~ t/1 (r) + k a IlL>, 
k k 1L 

B TeOpHH TICeB,II.O" 

cornacHo /3/ csg

KB3 paaeHCTBOM: 

/8/ 

r,11.e a ~- <cf>* Jt/J k >. Ilo3TOMY nonHaJI BOTIHOBaJI cPYHKllHJI KB3 
IL IL 

H B3H0 <I>' (r ... r ), COCTaBneHHaJI H3 BOTIHOBbiX cPYHKllHH cf>k (r) 
1 z 

B cf> (r
1 

), cf> (r
2

) ...... cf> (r ) B BH,II.e onpe,ll.enaTeng Cnnepa 
IL1 IL2 ILz z 

cf> k(r 1), cf>k (r 2), cf>k (r z) 

<I>'(r ... r )=A' 
1 z 

cf> (r
1

) cf> (r
2

), ......• cf> (r ) 
IL1 IL1 IL1 z 

cf> (r 
1

) cf> (r
2

) ........ cf> (r ) 
ILz ILz ILz z 

/9/ 

MOlKeT 6b1Tb npe,II.CTaBneHa B BH,II.e CYMMbl 

8 

<I>'(r 1 ... r 2
) o, <l>(r1 ••. r

2
) t ka!L<I>IL(r 1 ••• r 

2
), /10/ 

r,ll.e <l>(rl .... r z) 

<I> '(r 1 .... r 2 ) 3aMeHoii 

H <1>
11 

(r 1 .... r z) nonyqaJOTCJI H3 /9/, T .e. H3 

cf>k (r) Ha t/Jk (r) HTIH cf>IL (r). Cpa3y BH,II.HO, 

paBHbl HYTIIO, TaK KaK B KalK,II.OH H3 HHX 0611· 

COBTia,ll.aiOT. Il03TOMY nepBbiH ,ll.eTepMHHaHT 

<I> '(r l · ·· · r z ), B KOTOpOM yqacTByeT BOTIHOBaJI 

'ITO see <I>IL(r1 ... rz) 

Ja TenLHO ,II.Ba p11,11.a 

Cnnepa /9/, T.e. 

cPYHKllHJI KB3 ¢k (r), ,II.OnlKeH cosna,11.aTb co BTOpbiM ,ll.eTepMHHaH

TOM Cn3Tepa <I> (r 1 ... r z ), B KOTOpOM yqacTByeT TICeB,II.OBOTIHOBaJI 

cPYHKllHJI KB3 0k(r). 0TCIO,II.a BH,II.Ho,noqeMy co6cTseHHble 3Ha

tJeHHJI sonHoBoii H nces,II.OBOnHOBOH cPYHKllHH KB3 cosna,11.a10T. 

HTaK, Mbl noKaJanH, 'ITO MOlKHO cTpoHTb onpe,ll.enHTenL Cn3-

Tepa H3 HeopToroHanLHbiX op6HTaneii. MolKHO ,11.o6aBHTb, 'ITO TaKHe 

onpe,ll.eTIHTenH ,ll.aBHO ylKe CTpOHTIHCb ,'12/ H llpHMeHJITIHCb TipH OTIH

CaHHH noBe,ll.eHHJI KB3. Ilo3TOMY Mbl snpase nocTpoHTb onpe,11.e· 

naTenb Cn3Tepa nonHoii BOTIHOBOH cPYHKllHH KB3 H B3HO 6e3 npe,ll.

nonolKeHHJI o6 ax opToroHanbHOCTH. 

Pa.II.H npocTOTbl paccMoTpHM B3aHMO,II.eiicTsae MelK.II.Y KB3 

H B3HQ B TIHTHH, XOTJI nony'leHHble pe3yTibTaTbl JIBTIJIIOTCJI 06lllH· 

MH H He orpaHH'IHBaiOTCJI TIHWb 'laCTHbiM llpHMepOM MeTannaqec

KOrO TIHTH~. B HOHe TIHTHJI eCTb ,II.Ba B3HQ B is "COCTOJIHHH 

c npoTHBononolKHbiMH cnHHaMH. TaK KaK 3neKTpOHbl c npoTaso

nonolKHbiMH cnaHaMH B 3anonHeHHbiX ypoBHJIX B3aHMO.II.eiicTBYIOT 

MelK,II.Y C060H TOTibKO KynOHOBCKHMH CHnaMH OTTanKHBaHHJI /g,11,13: 

To KynoHOBCKHii noTeHuaan B3HO co cnHHOM, npoTHBononOlKHbiM 

cnHHY KB3, BMecTe c KynoHOBCKHM noTeHuaanoM 11,11.pa o6o3Ha

'IHM 06lllHM llOTeHl{HaTIOM V O (r). 3TO He llpOTHBOpe'IHT BbiBO,II.y 06 

06MeHHOM B3aHMO,II.eHCTBHH WOKa /14/, TaK lKe KaK H 06'bJICHeHHIO 

KOBaneHTHOH XHMH'ICCKOH CBJI3H /15, 16/, KOr,ll.a o6a COCTOJIHHJI 

ypOBHeH CB060,11.Hbl H yqacTBYIOlllHe B KOBaneHTHOH CBJI3H KB3 

MOryT 3aHHMaTb n106oe CTIHHOBOe COCTOJIHHe. 3oHa, HaTIOTIOBHHy 

3anonHeHHaR HeB3aHMO,II.eiicTBYIOlllHMH KB3, pacmennReTCJI Kyno

HOBCKHM H 06MeHHbiM B3aHMO,II.eHCTBHJIMH Ha BllOTIHe 3aTIOTIHeHHYIO 

CBJI3biBaiOlllYIO TIO,II.JOHY H BTIOTIHe TIYCTYIO aHTHCBJ13biBaiOlllYIO TIO,II." 

30Hy. 

BonHosag cPYHKllHJI KB3 cf> k (r). coBMeCTHO c aonuosoil cPYHK-

IlHeii B3H0 cf> IL (r), CTIHH KOTOporo napanneneH CTIHHY KB3, 

o6pa3yiOT onpe,ll.enaTenb Cn3Tepa: 
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<l>(r 1,r2 )=A 
¢fl. (r 1) 

¢k (r 1) 

¢fl. (r2) 

¢ k(r2) 
/11/ 

BonHoBaJI cPYHKUHJI <l>(r
1 

,r2 ) /11/ Y.D.OBneTaopJieT ypaaHeHHIO 

Illpe,D,HHrepa: 

(H(1) + H(2) + V(1,2))<1>(1,2) = E<l>(1,2), /12/ 

2 
r.D.e H(1) = H 0 ( 1) + V 0 (1), a V(1,2) = ~-- onHCLIBaeT KynoHoBcKoe 

r12 
B3aHMO,D,eHCTBHe Me)I(,D,y o60HMH 3lleKTpOHaMH. llocne YMHO)I(e-

HHJI ypaaHeHHJI I 12/ Ha <l>*(r 1.r 2 ) H HHTerpHpoaaHHJI no xoop

,D,HHaTaM 060HX 3neKTpOHOB, npe,D,nonaraJI npH 3TOM, 'ITO <rp~ \¢ k> = 1 

H <¢*1 ¢ >=l,nonyqaeM 
fl. fl. 

E - E fl. = <¢; I (H 0 + v 0 ) I ¢k > + < ¢~ ( 1) ¢; ( 2) I v ( 1, 2) I¢ fl. ( 2) ¢k ( 1) > -

- < ¢*(1)¢*(2)\V(1.2)\¢ (2)¢ (1) > + (E- 2E )<c,bk*\¢ > <¢* \¢k>. 
k fl. k fl. fl fl. fl. 

/13/ 

H3 3KcnepHMeHTa H3BeCTHo, 'ITO npH nepexo,D,e nHTHJI H3 

ra3006pa3HOrO B )I(H,li,KOe, a nOT OM B TBep,D,oe COCTOJIHHe BOllHOBbie 

cPYHKUHH ¢fl. (r) H 3HeprHH E fl. B3HO cna6o MeHJIIOTCJI. 3To 

JIBTIJieTCJI cne,D,CTBHeM npeHe6pe)I(HMO cna6oro BllHJIHHJI noTeH

UHana KB3 Ha CHllbHLIH noTeHUHan Vo(r), B KOTOpOM ,li,BH)I(yT

CJI B3HO. llo3TOMY MO)I(HO nono)I(HTb E = E k + Efl. , r,D,e Ek-

3HeprHJI KB3. EcnH K KynoHOBCKOMY noTeHUHany V 0 (r) ,D,o6aBHTb 

'llleHLI KynoHoscxoro H o6MeHHoro B3aHMO,D,eii:cTBHJI Me)I(.D.Y KB3 

H B3HO co cnHHOM, napannenbHLIM cnHHY KB3, 'IT06LI o6pa3osaTb 

o6~HH noTeHUHan XapTpH-WOKa 117 •141 V(r) HOHHOro OCTOBa, TO 

H3 /13/ nonyqaeTCJI 

E k =<¢;I (H 0 + V)\¢k) + (Ek- EfJ.) <¢;\¢fl.> < ¢;1 ¢ k>. /14/ 

Tax xax B MeTanne llKP cocTOHT H3 noTeHUHanos scex HO, 

TO B /14/ He06XO,D,HMO npocyMMHpOBaTb no BCeM Y3llaM peweTKH 

Ri • qT06LI Y.D.OBneTBOpHTb Tpe6osaHHIO 0 TpaHCTIJIUHOHHOH HHBa

pHaHTHOCTH sonHosoii: cPYHKUHH B3HO, nyqwe JaMeHHTb ¢fl. (r-R i) 

B /14/ sLipa)l(eHHeM /1a/ ,D,nJI lfl. >. Pa3HOCTb Ek-E fl. MO)I(HO 

onpe,D,enHTb 3KCnepHMeHTanbHO nyTeM H3MepeHHJI CTpyKTfpLI KpaJI 

10 

1 

J 

·l 

nonOCLI nornOIUeHHJI 1181 HllH peHTreHOBCKOrO H3lly'leHHJI /19/ Me

TannOB CO CTOpOHLI 60llbWHX 3HeprHii: ~I_ TaKHM o6pa30M, MO)I(HO 

yqecTb H3MeHeHHe 3HeprHH E fl. B3HO npH nepexo,D,e se~ecTBa 

H3 ra3oo6pa3Horo B )I(H,D,Koe, a noTOM H B TBep,D,oe MeTannH'Iecxoe 

COCTOJIHHe. 

HTaK, B npH6nH)I(eHHH XapTpH-cl>oxa c y'leToM HeopToroHanb

HOCTH O,D,H03neKTpOHHLIX BOTIHOBLIX cPYHKUHH KB3 H B3H0 ,D,llJI BOTIHO

soii: cPYHKUHH ¢ k (r) H 3HeprHH E k nony'IHnH Taxoe )l(e ypasHeHHe 

/14/, KaK H ,D,llJI nceB,D,OBOllHOBOH cPYHKUHH t/J k (r) H 3HeprHH 

E k KB3 B TeopHH nces,D,onoTeHUHana /4/. 0TCIO,D,a BH.D.HO, no'leMy 

nces,D,onoTeHuHanLI xopowH npH onpe,D,eneHHH 3HepreTH'IecKoro 

cnexTpa E k KB3. 0.D.HaKo Heo6xo,D,HMO no,D,'IepKHYTb, 'ITO se3,D,e, 

r,D,e He06XO,D,HMO nonb30BaTbCJI BOTIHOBLIMH cPYHKUHJIMH KB3, pa3-

HHUa Me)I(,D,y BOTIHOBOH H nceB,D,OBOllHOBOH cPYHKUHJIMH ,li,Oll)I(Ha CKa-

3LIBaTbCJI. HMeHHO n03TOMY He06XO,D,HMO OTKa3aTbCJI OT MeTO,D,a 

nceB,D,OnOTeHUHana, ecnH He XOTHM 3a6ny)I(,D,eHHJI H HenpaBHllbHOH 

HHTepnpeTaUHH 3KCnepHMeHTallbHLIX ,D,aHHLIX Ha6lliO,D,aeMLIX JIBneHHH. 

HaxoHeu, pa,D,H nonHOTLI H3llO)I(eHHJI Heo6xo,D,HMO noxaJaTb, 'ITO 

nonyqeHHax cllopMyna /14/ MO)I(eT 6LITb nepenHcaHa B 6onee 3Ha

KOMOM BH,D,e: 

0 2 2 
E k = E k + Vk- S V 6 + (E k- E )S , 

0 . fl. 
/15/ 

r,D,e E~ ecTb 3HeprHJI KB3 B xynoHOBCKOM noTeHUHane V0 • T.e. 

6e3 y'leTa B3aHMO.D.eii:cTBHJI KB3 H B3HO co cnHHOM, napannenbHLIM 

cnHHY KB3. cl>opManbHO npHHJITo, 'ITO 

r,D,e 

E~ = <¢;\(H 0 +V0 )\¢k>' 

vk = <¢;(t)¢;(2)\V(1.2)\¢f1.(2)¢k(1)>, 

s
2

v06 . = <¢;(1)¢;(2)\V(1.2)\¢k(2)¢f1.(1) >, 

82=<¢*1¢ ><¢*1¢ >. 
k fl. fl. k 

/16/ 

/17/ 

/18/ 

/19/ 

- 0 0 2 
EcnH npHHJITb o6o3Ha'leHHJI E = E k + EfJ. + vk H ( = (E k + EfJ. + vo6~s ' 

TO cPOpMyny /15/ MO)I(HO 3anHCaTb B BH,D,e: 
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E- ( E = ------

1-82 
/20/ 

3Ty <iJopMyJiy MO:lKHO HaUTH B 201, r,L\e Bbi'IHCJICHO OCHOBHOC 

COCTOHHHC aTOMa JIHTHH C yqeTOM 06MCHHMX ITOnpaBOK H HCOpTO

roHaJibHOCTH BOJIHOBMX <PYHKI.{HH saneHTHoro JJieKTpoHa H B3MO. 

XoTH qucneHHMM pe3yJibTaTaM peweHHH JToii Ja,L\aqu s '20' HCJib3H 

BepHTb, TaK KaK HYJICBOe npH6JIH:lKCHHC ,L\JIH BOJIHOBOH <iJyHKI.{HH 

2s- COCTOHHHH CJIHWKOM rpy6o, Bce-TaKH aHaJIH3 MCTO,L\a peWCHHH 

oqeHb noneJeH. PeweHHe npo6neMM .1\BYXJJieKTpOHHoro, T.e. O.L\HO

KpaTHO B036y:lK,L\CHHOrO JIHTHH ITOKa3MBaeT, qTQ KYJIOHOBCKOC 

B3aHMO,L\eHCTBHe MC:lK.L\Y .1\BYMH B31f0 npHBO,L\HT K 3KpaHHpOBKe 

KYJIOHOBCKOrO ITOTCHI.{HaJia B,L\pa (Z :J(jJ 2,69 BMCCTO Z = 3). II OJ

TOMY )\JIB 2S - COCTOBHHB BaJICHTHOrO 3JICKTpOHa 3KpaHHpOBKa ,L\OJI)I(

Ha 6MTb CHJibHee. KoHeqHo, ITpH6JIH:lKCHHC, B KOTOpOM 831f0 BllQJI

He 3KpaHHpyJOT 2/3 3apB,L\a B,L\pa, CJIHWKOM rpy6oe, HO OHO ITOKa-

3MBaeT ITOBBJieHHe CB,MOCOrJiaCOBaHHOrO ITOTCHI.{HaJia H pa3JIHqHe 

MC:lK.L\Y caMOCOrJiaCOBaHHMMH ITOTCHI.{HaJiaMH 831f0 H BaJICHTHOrO 

JJieKTpOHa, ITpHBO,L\Bil{ee K HeOpTOrOHaJibHOCTH HX BOJIHOBbiX <iJyHK

l{HH. )J.eHCTBHTCJibHO, CCJIH BOJIHOBaB <iJyHKI.{HB 2s - COCTOBHHB 6biJia 

co6cTBeHHoii <iJYHKI.{Heii raMHJibTOHHaHa c KYJIOHOBCKHM JapB.L\OM 

Z 1 = Z 3 cp = 2,69, oHa 6Mna 6hl opToroHaJibHoii <PYHKI.{HBM B31f0 

1S- COCTOBHHB. l:IT06M yqeCTb 3<WleKT 3KpaHHpOBKH H J<iJ<iJeKT 

YBCJIHqeHHB J<WleKTHBHOrO 3apB,L\a, ,L\CHCTBYJOII.{ero Ha 2S-JJICKT

POH, npu ero npoHHKHOBeHHH BHYTPb 1s -o6onoqxu,MO:lKHO BM6paTb 

z 1 = 1.14. YsenuqeHHe J<WleKTHBHOro 3apB,L\a MO OT z1 ~ 1.0 ,L\0 

z 1~ 1,14 YBCJIHqHT 3HeprHJO HOHH3al{HH BaJICHTHOrO 3JICKTpOHa H 

YMCHbWHT HHTerpaJI nepeKphlTHB BOJIHOBMX <iJyHKI.{HH ls- H 2s -

COCTOBHHH, qTQ npHBC,L\CT K yMeHbWeHHJO BKJia,L\a CYMMM H3MeHeHHH 

~yJIOHOBCKOrO B3aHMO,L\eHCTBHB BCJIC,L\CTBHC HeOpTOrOHaJibHOCTH H 

06MeHHOrO B3aHMO,L\CHCTBHB. 

JipHBe,L\eHHOe BMWe HCCJIC,L\OBaHHe ITOKa3MBaeT, qTQ B3aHMQ

,L\CHCTBHe KB3 c B31f0 CHJibHO yMeHbWaeT BJIHBHHe xynoHoscxoro 

3apB,L\a B,L\pa, a cosna,L\eHHe <iJopMyJIM I 14/ .!\JIB IIKP c <iJopMynoii 

/3/ )\JIB ITCCB,L\OITOTCHI.{HaJia ITOKa3MBaeT, qTQ MO:lKHO HCITOJib30BaTb 

BCe pe3yJibTaTM BMqHCJieHHB ITCeB,L\OITOTCHI.{HaJia, He 3a6MBaB ITpH 

JTOM, qTo B ,L\eHCTBHTeJibHOCTH JTO HaCTOBII.{.HH IIKP. Ho qTo6bl 

BITOJIHC HCITOJib30BaTb ITOJiyqeHHbiC pe3yJibTaTM, HC06XO,L\HMO o60CHQ

BaTb HC'IC3HOBeHue KYJIOHOBCKoii oco6eHHOCTH IIKP B Toqxe pasHo

secHoro nono:lKeHHB MO, T.e. o6ocHoBaTb <iJHJHqecKH MO.L\CJib "nyc-

12 

t 

TbiX" MO /211. )].JIB JToro asTop B pa6oTe 
1221 

npe,L\JIO:lKHJI yqecTb 

BJIHBHHe Hynesblx Kone6aHHH MO. li3BecTHO, qTo KYJIOHOBCKHii 

ITOTCHI.{HaJI KOJie6JIJOII.{erocg 3apB,L\a onpe,L\eJIBCTCB <lJopMyJIOH 

2Ze T/r -x2 

v ll (r) = -=-- r e dx 
-J rr r o 

/21/ 

r,L\e .,-1= -J2<r2>,eCJIH -J<r2>- cpe,L\HCKBa,L\paTHqHQCOTKJIOHeHHC 

KOJie6JilOII.{CrOCB 3apB,L\a. cflypbe-KOMITOHeHTa ITOT<CHI.{HaJia /21/ HMe

CT BH,L\ 

-q2;4 2 e ; T/ 4rr Z e 
/22/ vll (q) = 

Ooq2 

cflopMyJiy /22/ MO:lKHO HHTepnpeTHpOBaTb KaK ITpOH3Be,L\CHHC 

<iJypbe- KOMITOHeHTbl KyJIOHOBCKOrO ITOTeHI.{HaJia HeiTO)J,BH:lKHOrO o -
o6pa3Ho pacnpe,JJ,eJieHHoro JapB,JJ,a H <iJaxTopa )J.e6aB-YoJIJiepa~3/. 
)].JIB ITOJIHOrO COBITa,JJ,CHHH C <iJaKTOpOM )J.e6aB 1241- YoJIJiepa !2f>/ He-

06XO)J.HMO ITpHHBTb, qTQ 

2 cf<r 2 > 
exp[-;iq.vkl ]=exp[--2 --]. /23/ 

ECJIH nepeiTHCaTb <iJypbe-KOMITOHeHTY /22/ B OTHOCHTeJibHbiX 

e,JJ,HHHI.{aX X = q/ 2kF: 

Zek F 
V (x) = ---- exp (-v2 x 2), /24/ 

51 3rr Z bx 
2 

r,JJ,e v 2 = 2<r 2> k ~ u Zb e - JapB,JJ, MO, To npu y'leTe TOJibKo 

HyJieBbiX KOJie6aHHH, KOr,JJ,a 

v2 = g.!!!_: 
M 

(F 

k 0 e 
/25/ 

ITOJiyqaeTCB, qTQ )J,JIB aJilOMHHHH, HanpHMep, BJIHHHHe <iJaKTOpa 

)J.e6aH- Yonnepa KaK o6pe 3aJOmero <PaKTopa HaqHeT CKa3biBa TbCB 

JIHWb )J,JIH X2 
> 17. )].JIB 6onee TB:lKeJibiX JJieMeHTOB ero BJIHJIHHe 

eme CJia6ee. Ho eCJIH BepHyTbCH K <iJopMyJie /21/, TO ITOJiyqHM, qTO 

_ _ -J2Ze 

v ll (0) = lim vll (r) = ---=--==-· 
r ->0 -J 17 < r 2 > 

/26/ 

T.e. yqeT HyJieBbiX KOJie6aHHH MO npHBO)J.HT K 3aMeHe pacxo,JJ,Bil{ero

cB KyJIOHOBCKoro noTeHI.{Hana B ToqKe paBHOBecuJI MO KOHeqHbiM 
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noTeHI.{HaJIOM /26/. EcJIH yqecTb TOJibKO HyJieBbie xone6aHHH npu 

T _, 0°K, KOr.D.a 

me 4 m 
--- (-- ), 
112K e m* 

0 

2 2 9 
< r > = a0-4 

m* 
/27/ 

M 

To .D.JIH xynoHoscxoro noTeHQHana xone6momerocH H.IJ.pa V51 (0) 
nonyqaeM 

- Ze eM-
v (0) = --- v -6-12 , 

5I . ao /28/ 

r)l.e e - TeMnepaTypa )J.e6aH B rpa)l.ycax, M - Macca H.IJ.pa B aToM

HMX e)l.HHHI.{aX, K0 - KOHCTaHTa bOJibl.{MaHa, m*/M - OTHOWeHHe 

3cixPeKTHBHOH Maccw KB3 K 3cixPeKTHBHOH Macce 110, H a 0 = _!t_~_ -
me2 

aTOMHMH pa.IJ.HYC Eopa. Ecnu scnoMHHTb, 'ITO B a ToMe see 3nexTpo-

HM /83110 H KB3/ BMeCTe C03)l.aiOT B QeHTpe CHJibHWH 8-o6pa3-

HWB noTeHQHan 

e 4/3 
V

3 
co) = -1.8--- z 

ao 
/29a/ 

B MO.IJ.enu ToMaca-ct>epMH /26 / HnH 

v (0)=-1.2~--z 715 

3 ao /296/ 

no MeTO.IJ.Y XapTpH-cJ>oxa127/To nony'IHTCH, 'ITO BWBO.D. 0 KOHe'IHOM 

3Ha'leHHH noTeHI.{Hana H)l.pa /26/ O'leHb Cyll.{eCTBeH. )J.eHCTBHTenb

HO, 'IHCneHHWe BW'IHCJieHHJI noKa3MBaiOT, 'ITO o6a noTeHI.{Hana 

/26/ H /29/ nO'ITH O.D.HHaKOBble no BeJIH'IHHe H n03TOMy BnOnHe 

KOMneHCHPYIOT .D.pyr )l.pyra. 11MeHHO 3Ta KOMneHCal.{HJI o6ecnequ

BaeT npHMeHHMOCTb MO)l.eJIH "ronoro" HOHa H )l.aeT B03M0)1(HOCTb 

3aMeHHTb v 2 3cixPeKTHBHWM v3~, KOTOpoe 6naro)l.apH HepaBeH

CTBY v;<!J >> v 2 o6pe3aeT KYJIOHOBCKHB noTeHI.{Han 110 CHJibHee 

npH 60JibWHX X2. 11MeHHO 3KCnoHeHI.{HaJibHOe o6pe3aHHe WOPM41ax

Topa IIKP .D.aeT HaM npaso npe.IJ.cTaBHTb ero B BH.D.e npoH3Be.D.eHHH 

.D.BYX MHOJKHTeJiea 1221: o6pe3a10mero MHO)I(HTenJI H WYHKQBH, xoTo

paJI .D.OJIJKHa onBCbiBaTb noBe)l.eHHe WOPMWaKTOpa IIKP npH MaJiblX x2. 

3Ty WYHKI.{HIO MOJKHO pa3JIOJKBTb no cTeneHJIM x2, a xo3"cixPBQBeHTW 

pa3JIO)I(eHBJI onpe.IJ.enBTb H3 TeopBB pacceJIHBJI. 

113 TeopBH pacceJIHH.Il 

WOPMWaKTop IIKP .D.OJIJKeH 

14 

CJie)l.yeT, 'ITO B npB6JIH)I(eHBB bOpHa 

HeCKOJibKO pa3 o6pall.{aTbC.Il B HYJib. 

B6nB3B TO'IeK aHHynupoaaHHJI wopM4!axTopa c 6onbwo8 TO'IHOCTbiO 

MOJKHO nOJib30BaTbCJI paBeHCTBOM /28/: 

3rr Z b 
r(e) = !.(2f + 1)of Pf (cos(e)) = --<kF+qiWikF>. 

4fF 
/30/ 

3anBCb1BaJI JIBHble BblpaJKeHBJI nonBHOMOB JleJKaH)l.pa pf (cos(e)) 

qepe3 X= q/3tF(eos(e) = 1- 2X2 ), MOJKHO nony'IBTb pa3noJKeHBe 

~a TpB'IHoro 3neMeHTa < kF + q I WI kF > no cTeneHHM X 
2
. )J.nJI 

TO'IHoro HaxoJK.D.eHBJI TO'IKB aHHYJIHposaHBJI wopM4!axTopa nyqwe 

BCnOJib30BaTb CJie)l.yiOII.{YIO CBJI3b MeJK.D.Y MaTpH'IHblM 3JieMeHTOM 

B .D.BcixPepeHI.{HaJibHblM Ce'leHBeM pacceHHBJI 191: 

lfCe)l 2 
m

2 0~ 2 
uCe> = ------ = ------1< k + q I w lk >I . 

k ~ 4rr21l 4 F F 
/31/ 

Ha OCHOBaHHH CKa3aHHOrO aBTOpOM paHee 6blJia npe)l.JIOJKeHa 

HHTepnOJIJII.{HOHHaJI wopMyJia, onBCblBaiOII.{aJI WOPMWaKTOp IIKP. Tor

.D.a eme He 6blna HcHa B03MOJKHOCTb swse.D.eHBJI wopMyJiw /14/ .D.JIJI 

HaCTOJIII.{ero IIKP. Ho Tax xax see Bbl'IHCJieHBJI noKa3blBanu, 'ITO 

c noMOII.{biO wopM4!axTopa ncea.D.onoTeHQHaJia noJiyqaeTcJI xopowee 

COBna)l.eHBe C 3KCnepBMeHTOM, TO XOTeJIOCb nposepHTb, KaK npe.D.

JIOJKeHHaJI WOpMyna OnHCblBaeT 'IHCJieHHble pe3yJibTaTbl BW'IHCJieHHJI 

AHBMany B XeiiHe /29/. Kax noxa3aHo B pa6oTe 122/, coBna.D.eHBe 

6blJIO HCKJIIO'IHTeJibHO XOpOWHM. Ha puc. J npe)l.CTaBneHO COBna

)l.eHBe MeJK.D.Y wopMyJioil: /KpBBaJI/ B Bbl'IBCneHB.IIMH AHHMany H 

Xe8He. Ha puc. 2 npe.IJ.CTaBJieH 4!ypbe-o6pa3 /KoMnoHeHTa/ Mo

.D.enLHoro wopM4laxTopa, onucaHHoro BHTepnoJIJIQBOHHoil: wopMyJioii 

B6JIB3B TO'IKB paBHOBeCHJI 110. 113 puc. 2 BB)l.HO, 'ITO BHTepnOn.ll

l.{BOHHaJI wopMyna npaBBJibHO onBCblBaeT WB3B'IeCKH o6oeHOBaHHblH 

IIKP. Tax, uanpBMep, Ha 6oJibWBX paccTOJIHBJIX noTeHQBaJI y6blaaeT 

3KCnOHeHI.{BaJibHO KaK 3KpaHBpOBaHHbiH noTeHI.{BaJI 110, a B BHTep

BaJie 0,6a
0 

< r < 1,5a 0 cHa'laJia o'leHb 6blcTpo y6blBaeT no ae

nB'IBHe, npoxo.D.JI qepe3 uynb npu r 0= 1,06 a0 , a noTOM 6wcTpo 

pacTeT, .D.OCTBraJI MaKCBMyMa npB r 1 = 0,6 a 0 (V max = 2,6 a.3.). 

IIocJie 3Toro MO.D.eJibHblH IIKP cuoBa y6wBaeT, .D.OCTBraJI onpe.D.e

neHHoro .D.JIJI xa)I(.IJ.oro 3neMeHTa B peweTKB xouequoro 3Ha'leHB.II 

npB r = 0. lJOJIOJKBTeJibHaJI 'laCTb noTeHQBaJia OnBCbiBaeT KOMneH

Cal.{HIO KYJIOHOBCKOrO noTeHI.{BaJia Jl)l.pa KoppenJII.{BOHHbiM /B3- 3a 

npBHQBna IIaynB/ B xynoHOBCKHM B3aBMO.D.eil:cTBBeM M:eJK.D.Y KB3 

B 83110, T.e. KaK noTeHI.{BaJI OTTaJIKBBaHBJI Me)I(.IJ.y BOHaMB B BOB-
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V ( r)l 
3· 

2· 

1i 

0 

-1· 

-2· 

-3. 

Vjxjl 

0,1 i 
.;·-~ 
. \ 

'~ ... 
0,0 1 -- -2"-- ·--'--' ~. 3 

-0,3 

-~( 
3 F 

X 
q 

2Kf 

V lx! jaej 

- - • -- • - X 
4 

Puc. 1. MooeAbHblu (JopM(/jt:ll<mop OAR MblWbJJKa /22 · 

V(r) (ae) 

1'!2 
r (-) 

me2 

r 

Puc. 2. MoOeAbHblu IIKP OAJI MblWbJJKa e6Au3u Y3Aa pewemKu. 
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HbiX XpHCTaJIJiaX HJI~ Me)I(Jly aTOMaMH B XpHCTaJIJiaX BaH- ,nep

BaaJibCa (V0T - De-r' P ), nopo:lK,neHHbiH nepexpbiTHeM 3JiexTpoH

HbiX o6JiaXOB coce,nHHX HOHOB 130/ HJIH aTOMOB 131/, B 06JiaCTH 

r < 0,6 a 0 noTeHuuaJibHaJI JIMa MenxaJI u He MO:lKeT o6ecnequTb 

cymecTBOBaHHJI CBJI3aHHoro cocTOJIHHJI. 3axaaT KB3 B03Mo:lKeH 

TOJibXO B 06JiaCTH 1,1 a O < r < 2 a O, r,ne o6pa3yeTCJI BTOpOH MHHH

MYM B llKP ,nJIJI KB3 (Vmin = -1,9 a.3J·B 3aBHCHMOCTH OT 

paccTOJIHHJI MelK,ny HO u pa,nuyca 3XpaHupoaxu llKP BbiCOTa 

noTeHuuaJibHoro 6apbepa Me:lK,ny coce,nHHMH HO pa3HaJI, no3TOMY 

pa3HaJI u cTeneHb xonnexTHBH3auuu KB3. Tax xax MaxcuMyM 

npocTpaHCTBeHHoro pacnpe,neneHHJI KB3 Haxo,nuTCJI MelK,ny HO, 

TO BCe H3JIO:lKeHHOe BbiWe ,noxa3biBaeT npHMeHHMOCTb MO,neJIH 

fl>peHXeJIJI/32/, B XOTOpOH MeTaJIJI MO:lKHO paCCMaTpHBaTb xax HOH

HbiH XpHCTaJIJI, COCTOJilllHB H3 DOJIOlKHTeJibHbiX HO H OTpHUaTeJib

HOB no.npeweTxH KB3. 

fipoae,neHHOe BbiWe HCCJie,noBaHHe DOXa3b1BaeT, qTO B DOCJie

,noBaTeJibHOH XBaHTOBOH TeOpHH MeTaJIJIOB, xor,na DOJIHaJI BOJIHOBaJI 

cPYHXUHJI KB3 u B3HO npe,ncTaBJieHa B au,ne' onpe,neJIHTeJIJI Cn3-

Tepa/:33/,u npH yqeTe HeOpTOrOHaJibHOCTH MelK,ny BOJIHOBbiMH cPYHX

llHJIMH B3HO ¢ (r) u BOJIHOBOH cPYHXUHeii KB3 ¢k (r) HaCTOJI

IllHB llKP oqeH/: CJia6 H D03TOMY B HyJieBOM npu6JIHlKeHHH MO:lKHO 

npeHe6peqb BJIHJIHHeM peweTxH Ha ,nBHlKeHue KB3. Tax xax <Pop

Myna o llKP coana,naeT c <PopMynoii o ncea.nonoTeHUHane, TO HeT 

60JibWe Ha,no6HOCTH HCXyCCTBeHHO BBO.Z.HTb DCeB,nODOTeHUHaJI H Ha-

3biBaTb "nceB,no" TO, qTO eCTb B ,neHCTBHTeJibHOCTH. 3TO npHBO

,nHT TOJibXO X HenpaBHJlbHOMY ODHCaHHID DpOCTpaHCTBeHHOrO pac

npe,neJieHHJI KB3, BbiHy:lK,naJI npu 3TOM Bbi.Z.YMbiBaTb pa3Hble Tonxo

BaHHJI HecymeCTBYlOlllHX JIBJieHHH. 

,D.eiicTBHTeJibHO, ecnu npouecc o6pa3oBaHHJI MeT anna H3 lKH,nxoro 

u ra3oo6pa3Horo cocTOJIHHii aHanoruqeu npoueccy o6pa3oBaHHJI 

MOJieXyJI H3 OT,neJibHbiX aTOMOB, TO BDOJIHe ecTeCTBeHHO paccMaT

pHBaTb MeTaJIJI xax ruraHTCXYJO MOJieXyJiy /32/, fi03TOMY TeopeTH

qecxoe onacaHue MeTaJIJia ,nOJI)KHO 6b1Tb auanoruquo onacaHHJO 

MOJieXyJibl, a He aTOMa. 
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