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BBenenue

OKCIIEPUMEHTBI 110 TOUCKY 3(M@PEKTOB HECOXPaHEHUs IIPOCTPAHCTBEHHOM
gernoctu (P) u Bpemennéit nuapuantnoctu (T) nmeror dyngamenTann-
HO€ 3HAYEHHE JIJIsT COBPEMEHHOH TeopeTHIecKoi Gpu3nku. XopoIno U3BECT-
HO, 9TO 9TU 3DPEKThI 0 MATH MOPSIIKOB BEJUIUHBI YCUJIEHBI B IMOJIsIP-
HbIX JIBYXaTOMHBIX MOJIEKYJIaX, COJAEPXKALIUX TsKejble aToMbl [1-3], u3-3a
CUJIBHOTO BHYTPUMOJIEKYJISIPHOIO 110JIsi (110 CDABHEHUIO C HOJSMHE, JIOCTH-
YKUMBIMH 32 CYET BHEITHUX UCTOYHWKOB), TI0O9TOMY TAKHE MOJIEKYJIbI sBJIsi-
IOTCSI BEChMa TPUBJIEKATEILHBIMU OObEKTAMU JIJIsT MCCJIEIOBAHUA. DKCIIe-
puMeHTHI 110 1oucky P, T-HedeTHbIX 3¢ (DEKTOB yKe MPOBOJUIUCH HA MO-
sekysax TIF u YbF [4, 5|, u HOBOe nokojieHne TAKUX IKCIEPUMEHTOB Ceil-
gac nogrorapiuBaercst Ha mosiekysiax PbO [6, 7] YbF u HgH. B wacrho-
CTH, B IJIAHUDPYEMBIX IKCIEPUMEHTAX HA METACTAOMILHOM COCTOSTHUWA MO-
Jgekyabl PbO oxunaercs ymydiineHne coBpeMeHHbIX orpanndenuit Ha P, T-
HeJeTHBIe KOHCTAHTHI JI0 YeThIPeX MOPSIKOB, OJ1aromapst yHUKaJIbHOMY CO-
YeTAHUI0 CBOWCTB JaHHOW Mosekysbl (K 2002 1. Ha 9JI€KTPUYECKUil Jiu-
nosibHbIE MOMenT (DIM) ssekrpona B pabore [§] mosydeHo orpanuveHue
|d.| < 1.6x107*ecm). [Ipu Takoit 4yBCTBUTEIHLHOCTH JaKe COBMECTUMbIi
C HyJIeM Pe3yJIbTaT OyJeT UMeTh MPUHIUIHAILHOE 3HAUYECHUE JIJIsI TIOHUMa-
HUSI TIPUPOJIbI HAPYIIEHNST BPEMEHHO MHBAPUAHTHOCTH, OCOOEHHO B CBSI3U
C TIPEJICKA3aHUAMY CyTIePCAMMETPUYIHBIX PACIIUPEHUN CTAHIAPTHON MO/Ie-
JIM DJIEKTPOCIA0BIX B3AUMOJIEHCTBU; T.€. Ha MOBECTKE JIHS — IOUCK “HOBOI
usukr’ 3a npejgesaMi CTaHJIAPTHONR MOJEJIH.

DTH HKCIHEPUMEHTHI TIOCTABUJIM 331849y BbIIOJHEHUs] PEJISITUBUCTCKOIO
pacdeTa TAKUX CBOHCTB MOJIEKYJI C TSXKEJIBIMA aTOMaMU, KOTOPbIE He MOTYT
OBITH OIpejie/IeHbl IKCIIEPUMEHTAJIbHBIM MyTeM. PacdaeTshl HeOOXO UMbl KaK
JUIsI MHTEPIIPETAIM PE3YJIbTATOB YK€ BBIMOJHEHHBIX 9KCIEPUMEHTOB IO
noucky P,T-wederHbix 3¢pHekTOB B JAHHBIX MOJEKYJAX, TaK U JIJIs ONTH-

MaJIbHOI'O IINIAaHUPOBaHWA HOBBIX TaKHX IKCIIEPUMEHTOB. Penarusucrckue



9 dEKThI Tar0T KJIIOYEBOM BKJIA]] B UCCIEIyeMble CBOMCTBA, yUeT ¥Ke KOop-
peJInii BaJEHTHBIX U OCTOBHBIX JIEKTPOHOB MPUBOJUT K U3MEHEHUIO Pe-
3ysibTaroB pacuera P, T-nedernnix adgpdexror B mosekyse TIF [9] va 20%,
MOCTOSIHHBIX CBEPXTOHKOrO 1 P, T-He4yeTHbIX B3auMOJIeCTBII B MOJIEKYJI1aX
YbF u BaF — ua 50% [10-12], a 8 mosekysie PbO npu yuere koppeJisiiuii
C OCTOBHBIMHU 3JIEKTPOHAME MEHSIETCsI Jla’Ke MOPSIOK ITux Besuuns [13].
[TosToMy mperu3uOHHbIA pacdeT CBOWCTB JJIs TAKUX MOJIEKYJ SABJISETCS
HEOOXOAUMOCTBIO.

OyHaMeHTaIbHON HAYTHON TPOOIEMON TaKKe SIBJISIETCS UCCJICIOBAHIE
cBOMCTB HeaBHO cunTesupoBannbix rpynnoi FO. II. Oranecsina [14, 15] o1-
HOCHUTEJILHO JIOJITOXKUBYIIUX W30TOMOB CBEPXTSIXKEJIBIX JJIEMEHTOB U3 “OCT-
poBa crabusibHocTr” (¢ 3apsiziom siipa Z or 108 o 118) u ux coejuue-
Huit. VIX BpeMeHa »KU3HU yXKe JIOCTUTAIOT HECKOJbKUX MUHYT U OXKWAeT-
Ccst, 9TO sijipa BOJIM3U BEPIIUHBI “OCTPOBA CTAOUJIBLHOCTH OYIyT CYIIECTBO-
BaTh HECKOJIHKO JieT. CBOWCTBA 3TUX 3JIEMEHTOB OYEHb TPYIHO U3ydaTh
9KCIIEPUMEHTAJBLHO M3-3a KpaiiHe MaJioro KOJIMYECTBa BEIIECTBA, JOCTYII-
HOTO JIJIsl HCCIIEIOBAHUi (KaK MPABIIIO, 9TO €JJMHUYHBIE aTOMBbI). [loaTomy
PEIU3UOHHBIE PACYETHI COSJIMHEHUIN CBEPXTAXKEBIX 3JIEMEHTOB HEOOXO 1~
MBI JIJIsI TIPABUJILHOTO TIOHUMAHUS X (DUBMKK M XUMUK, TAaK KaK yXKe h3-
BECTHO, 9TO OHM CYIIIECTBEHHO OTJIMIAIOTCSI OT OOJIee JIEFKUX aHAJIOIOB 110
BasieHTHOI crpykType [16]. Ceituac crour Bonpoc 06 u3Mepenun Mace Haii-
JIEHHBIX 3JIEMEHTOR, & JIJIsi IPOBEJIEHNST COOTBETCTBYIOIIETO SKCIIEPUMEHTA,
TpeOyIOTCs JJAHHBIE TI0 BEPOSITHOCTH OOPA30BaHUSI, B YaCTHOCTHU, MHJIPUIA
skapryTi (e112H). B Hacrosiiee Bpemst Hanbosiee HaJIeKHO HeHTHDUKA-
AT CBEPXTSIXKEJTbIX JIEMEHTOB MOXKET OBITh MPOBEJIEHA MO UX XUMUIECKUM
CBOMCTBaM, CJI€J0BATENHHO, TPEOYIOTCS PACUETHI UX JUMEpOB (HAIpuMeD,
el129) mis M3ydeHus: uX CBOMCTB B CPABHEHUH C COOTBETCTBYIONIMMU Ba-
aerTHbIME aHasoramu (Hgs). YHUKAIBHOCTD CBOMCTB CBEPXTSKENDBIX dJIe-
MEHTOB, B CBOIO OYepe/ib, MOXKET ObITh B MEPCIEKTUBE UCIIOJTH30BaHa, JIJIs
HAYYHbBIX UCCJICAOBAHUN — JJid U3y4YEeHUS CBONCTB U CTPYKTYPHI AAepHONI
MaTEPWH, a TAKXKE JIJIsI IPOBEPKHM COBPEMEHHO TeOpUH (DyHIaMEHTAIbHBIX
B3aUMO/ICHICTBUIL U CUMMETPUI.

DKCIePUMEHTAJIbHOE U3y IeHNEe CIIEKTPOCKOIIMIECKUX 1 JIPYTUX CBOHCTB
AKTUHUJIOB TAKXK€ CYIIECTBEHHO 3aTPY/JHEHO WX PaJMOAKTUBHBIM pacia-

AOM U PaJUMOAKTHUBHBIMU HU3JIYHYEHHUAMMN, KOTOPBIE BbI3bIBAIOT XMMHUYIECKHNE



M3MEHEHHUsI B MCCJIelyeMbIX crcTeMaX. V3-3a HeTPpUBUAIBHBIX BAJEHTHBIX
dbopm (00YCITOBIECHHBIX TTEPEMEHHON BAJEHTHOCTHIO B IIMPOKOM JIHAIIA-
30HE) U 0CODOH BAXKHOCTH PEJISITUBUCTCKUX 3D dEKTOB MHOIME CBOMCTBA
COeJIMHEHUI JIAHTAHUJOB U aKTUHUIOB SIBJISIFOTCSA YHUKAJbHBIMU, B CBSI3U
C 9eM OHH TIPEJICTABJISIIOT OIPOMHBINA HHTEPEC KaK JIJIsT HAYIHbBIX HCCIIEI0-
BaHU, TaK ¥ JIJIsT PA3BUTHUsI HOBBIX TEXHOJOIUI U Pa3pabOTKM HOBBIX Ma-
teprasion [17-19|. Baxneiimne npaktudeckue mpobjeMbl — 3TO XPAHEHHEe
U yTAJIA3ANKMS PAJIMOAKTUBHBIX OTXOJ0B W OTPAOOTAHHOIO TOIJIMBA, 3a-
I'PSI3HEHNE OKPYXKAIOMIEH CpeJibl PaMOAKTUBHBIMIA OTXO/IaMu, a OOJIbIINH-
CTBO M3 JIEJISIIIAXCs PAJMOAKTUBHDBIX JIEMEHTOB SIBJISIFOTCS aKTUHUIAMU.
HecmoTpst Ha BBICOKYIO aKTyaJbHOCTH MPENU3UOHHBIX PACUYETOB COEINHE-
HUIl aKTUHWIO0B, COBPEMEHHBII YPOBEHb TOUHOCTH PACUETA, B IIEJIOM HEJIh3sT
CYUTATH YIOBJIETBOPUTEIBHBIM, 9TO O0bSICHSIETCS IPE3BHITANHO BHICOKIMU
TpeOOBAHUSIMU K BbIYUCIUTEBHBIM PecypcaM u K 3(PHEKTUBHOCTH METO-
JIOB pacyeTa ¥ MakKeTOB IPOrPaMM, MPEIbABJISIEMbIMU U3-38 CJIOXKHOCTH UX
JIEKTPOHHOM cTpyKTyphbl. CoenrHeHusl JTaHTAHUIOB U AKTHHUIOB — Hau-
bosiee TPy IHBIE OOBEKTHI JIJIsT PACYETOB UX JTEKTPOHHON CTPYKTYPbI B CUJTY

CJIeIYIOIIIX 00CTOSTENbCTB:

- HEOOXOJMMO YUHUTBIBATH HE TOJbKO PEJISITUBUCTCKOE B3aUMOJEHCTBIE
JIEKTPOHOB C SIJ[POM, HO U JIBYX3JIEKTPOHHOE OPEHTOBCKOE B3auMO,1eii-
CTBHE, a JIUIS Psijia CBONCTB (CBEPXTOHKAsI CTPYKTYpa U JP.) U JIPYTHE

KBaHTOBO-31eKTponHamudeckue (K9/1) monpasku;

- HaJUYHe JOKAJM30BAaHHOI B OCTOBE, HO OTKPBLITOI f-00OJ0UYKH IIPUBO-
JIAT K CUJIbHBIM BO3MYIIIEHUSIM B OCTOBE IIPU BO30YKJIEHUN f-3JI€EKTPO-
HOB, YTO UMEET MECTO YK€ B CJIy4ae HU3KOJIEXKAIUX ATOMHBIX COCTOSI-
HUi 1 TpU (DOPMUPOBAHUN XUMUYIECKOM CBSI3H, & 3HAYUT B IPELU3AOH-
HOM pacdeTe HeOOXOJUMO KOPPEJHPOBATh OOJIBIIOE YKUCI0 OCTOBHBIX

AJIEKTPOHOB U MCIIOJBb30BaTb OOJIbIIIEe aTOMHBIE 6&31/ICBI;

- OIM30CTh HU3KOJIEXKAIINX YPOBHEH (M WX CHIIbHOE B3aMMOJEiiCTBIE)
B COEIVHEHUsIX JIAHTAHUIOB W aKTUHWIOB 1O CPABHEHWIO C COEIH-
HEHUSMU S- U P-3JIEMEHTOB OOYCJIOBJIEHA HAJUYIUEM OOJIHIIIONO YHUCIIA
9JIEKTPOHOB ¢ OJIM3KUMY U HeOOIbIIUMU (“BAJICHTHBIMU ) SHEPIUSIMH,
O3TOMY TpedyeTcsi OoJiee BBICOKUI YPOBEHDb yUeTa KOPPEJsiiuii st

H&,ILG)KHOIU/I I/I,ZLGHTI/I(I)I/IKaLH/II/I X CIIEKTPOB U 9KBUBAJICHTHOM TOYHOCTHU
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pacdeTa CIeKTPOCKOMUYECKUX U JPYTUX CBONCTB.

Takum obOpa3oM, Bce BbINIENPUBEJIEHHDBIE (DYHIAMEHTAJIbHBIE HAYIHbIE
pobsieMbl GU3UKNA 00bEIUMHSIOTCS HEOOXOIMMOCTHIO PACIETOB COEINHEHU it
TSI?KEJIBIX 9JIEMEHTOB CO CTOJIb BBICOKHM YPOBHEM yUeTa PeJISITUBUCTCKUX
9 HEKTOB U IJEKTPOHHBIX KOPPEJSIUil, KAK HECKOJbKO COTEH 0OpaTHBIX
CAHTMMETPOB JIJIsT SHEPTHi BO30YXKJIEHUS, JTUCCONUAIUU U COIMOCTABUMOIL
TOYHOCTH JJIsi JIpyrux cBoicTB. Takme pacdeTbl HEOOXOMUMBI JJIsi TTPa-
BUJIBHOT'O MTOHWMAHUs X (PUBUKU, MEXAHU3MOB (DUBUKO-XUMHUIECKUX TPO-

1IeccoB, TeM Oojiee — JiJisd IpeJICKa3aHus U U3y4YeHUsi HOBbIX CBOUCTB.

Xopormo u3BectHo, uto ramuwibTonnanbl Jupaka-Kymona (1K) u du-
paka-Kyusona-Bpeiita (JJKB) obecrnieunsaror, B npuHIMIE, OYEHb BHICOKYIO
TOYHOCTH pacydera (PU3NKO-XMMUYECKUX CBOMCTB TSXKEJbIX ATOMOB U MO-
JICKYJI, COJEpIKAIINX TakKhe aToMbl. K HaCTOSIEMy MOMEHTY pa3paboTa-
HO 6OJIBIIOE YMCJIO PA3IMYHBIX TEOPETUUECKNX MPUOIMIKEHUIA U KOMIIBIO-
TEPHBLIX IIPOTPAMM, B KOTOPBIX PEAJM30BAHBI BAPUAHTHI METOJIOB PACIeTa,
JIEKTPOHHOUW CTPYKTYPbl ATOMOB M MOJIEKYJI ¢ ramujibToHnunanamu K un
KB (cum. pasgen 1.2 u HegaBHue 0030pbl U KHUTH 10 PA3JIMYHBIM Ha-
IPABJICHUSIM PEJISITUBUCTCKON TEOPUU aTOMOB M MOJIeKyJI [16, 20-26]).

O/iHAaKO, 9TH METOJbl HE CAMbIM AKTHBHBIM OOPa30M MPUMEHSIOTCI K
MOJIEKYJISIPHBIM pacdeTaM COeJIUHEHUH TAMKEIbIX JIEMEHTOB U3-38 UX TPY-
JIOEMKOCTU. DTO 0OYCJOBJIEHO KaK OOJIBIIMM YUCJIOM OCTOBHBIX JIEKTPO-
HOB y TSXKEJIbIX 3JIEMEHTOB, TAK U OCODOEHHOCTSIMU PEJIATUBUCTCKUX Ia-
musibronuanos JIK u JIKB [22, 27, 28| no cpaBHEHUIO C HEPEJISITUBUCT-
ckuM ramubronnanom HIpeguarepa. YeTbpexXKOMIOHEHTHbBIE TOJTHOIEK-
TPOHHbIE PACYETDI, KAK IIPABUJIO, BHIIOJIHSIJIUCE JIJIsl ATOMOB, JIBYXaTOMHbBIX
MOJIEKYJI ¥ MOJIEKYJI, HMEIOIIUX BbICOKYIO IIPOCTPAHCTBEHHYIO CUMMETPHIO
(manpumep, Dop) [29-36, 16, 37]. MasoBepositHo, 410 Takue pacdersi Oy-
JyT OYEHb MHTEHCUBHO BBINOJIHATLCA U B OJukaiimem Oyayiiem.

[Topasnsiomee OOJBIMHCTBO PACUETOB 3JIEKTPOHHON CTPYKTYPhl MOJIE-
KyJl C TSKEJBIMA aTOMAMHU BBIIOJHEHO B NPUOJIMMKEHUN 3aMOPOXKEHHOI'O
ocroBa [38]. 3aMOpOXKEHHBIE OCTOBHBIE COCTOSIHUST MOTYT OBITH JIOBOJIBHO
JIETKO HCKJIIOYEHBI U3 SIBHOI'O PACCMOTPEHHsI B pacyere, OJHAKO MpsAMasi
peajusanus JAHHOTO NPUOJMXKCHUST HE MPUBOAUT K 3aMETHOMY yMEHb-

MIE€HWIO BbIYUCJIUTEJIbHBIX HU3ACP2KEK IIPU BbBIYHUCIICHUN JABYXJJIEKTPOHHbBIX



HHTErpaJioB U MX TpaHchopMmanuu. B MoJeKyJIsapHbIX pacdeTrax OObITHO
UCTIOJB3YIOTCS (DYHKIIMHM TayCCOBa THUIA, KOTOPbHIE TO3BOJISIOT JJIs HEJIU-
HEHHBIX MOJIEKYJI BO MHOTO Pa3 COKPATUTH BPEMs BHIYUCJICHUST JIBYXJIEK-
TPOHHBIX WHTEIPAJIOB M0 CPABHEHUIO, HAIPUMED, C pacIeTaMu Ha, CJIITe-
POBCKOM HWJIM YUCJIEHHOM Oa3ucHbix Habopax. OmHAKO YUCIIO TayccraH He
MOXKeT OBbITh 3aMETHO YMEHBIIIEHO IIPH UCIIOJb30BAHUY ITPUOJIMKEHUS 3a-
MOPOKEHHOI'O OCTOBA, II0 CPABHEHHIO C ITOJTHOJIEKTPOHHBIM PAaCIe€TOM, €CJIN
COXPAHSIETCS PAIUAJIbHAs y3JI0Basi CTPYKTYPa KCIOJIb3YyEeMbIX BaJEHTHDBIX
opbutaseit (cimuopoB). (OTMeTnM, OHAKO, YTO JIJIs JIBYXaTOMHBIX MOJIE-
KYJI CYIIECTBYIOT JIOCTATOYHO 3(P(PEKTUBHBIE METO/IbI PACUETa C YMCJICHHbDI-
MU 0a3mMcaMu, OCHOBaAHHBIE HA MCIOJb30BAHUY JIIUITHIECKUX KOOPIWHAT
WM TEXHUKHU “IBYXIEHTPOBOrO nepepasioxenus’” [39]. Bee ke npu kop-
PEJISIIIMOHHOM PAacYeTe CIEeKTPOCKOTMYECKUX U MHOTMX JIDYTHUX “BaJIEHT-
HBbIX  CBOMCTB, KOTOpbIE€ OINPEJEJSIIOTCSA TJIABHBIM 00pPa30M 3JIEKTPOHHOM
IJIOTHOCTHIO B BaJIEHTHOW OOJIACTH, MCIOJIH30BAHUE TayCCOBBIX (DYHKIIWI
JUIsl JIBYXaTOMHBIX CHCTEM, KaK IMPaBUJIO, OKa3bIBAETCS HE MeHee 3deK-
TuBHBIM.) UHCTO JBYX3IEKTPOHHBIX MHTErPajioB pacTeT Kak nt, rie n —
YUCI0 0A3UCHBIX (DYHKIMN, U 9TO YKUCJIO B COBPEMEHHBIX OJTHOKOH(MUTIYpa-
[IUOHHBIX PACYETAX MOJIEKYJI C OYCHD TSXKEJIbIMUA ATOMAMU JIOCTUTACT BEJIH-
aunbl 1010, kak, nanpumep, B pacuerax BbICOKOCHMMETPHUYHON MOJIEKYJIbI
UF¢ [30] meropamu Jupaka-Xaprpu-@oka (JIXD) u dupaka-Xaprpu-DPo-
ka-Bpeiita (IXDB).

B pelsTHBUCTCKUX pacyeTaxX BO3HUKAIOT CYIIECTBEHHBIE YCJIOXKHEHUSI
II0 CPABHEHMIO C AHAJOIMYHBIMU HEPEJSATHBUCTCKUMHU pacdeTaMyd MHOI'O-
IEKTPOHHBIX CHCTEM B CBS3U C UCIIOJb30BAHUEM Y€ThIPEXKOMIIOHEHTHBIX
cuuHopoB. Bojiee Toro, 4robbl n3dexkarb npod/eMy “BapUAIMOHHOIO KOJI-
garca’ npu perrennn ypasuenuit JIXD® u IXDB, mis 6asucubix QyHKIuit
Ha MaJible (“HIKHAE”) KOMITOHEHTHI OMCITHHOPOB KaK IIPABUIIO UCTIONB3YIOT-
Cs1 JIOTIOJTHATEIbHBIE YCJIOBHS “KuHeTndeckoro bamanca” (cum. paszgern 1.2),
KOTOpbIE€ TAaKXe NPUBOJAT K yBejaudeHuto Oasuca. Poct pasmepa Hazuca
TeM Oojiee yeyryOssieTcsi B PEISITUBUCTCKUX KOPPEJISIMOHHBIX PACUYETaX C
ramusibronnanamu JIK u JIKDB u3-3a HeoOXouMOCTH BKJIIOUEHUST B PACUYET
6a3uCHBIX (DYHKIUI, OIMUCHIBAIONIUX JIEKTPOHHYIO KOPPEJISIHUIO.

Mero, pessaTuBrcTCKOro 3hMEKTUBHOIO MOTEHIMAIA OCTOBA (PessiTh-

srctckoro D10, PIIIO) unu pessiTiBUCTCKOTO MCEBAONOTEHITHAIA, (pesisi-



tusucrckoro [1I1, PIITT) sBnserca npubmmxennem x mMerony 1K, B ocro-
B€ KOTOPOTO JIEXKUT KOHIIEIIUS 3aMOPOXKEHHOr0 0cToBa. OH OBLIT yCIENnHO
IPUMEHEH K MHOIOYUCJIEHHBIM PACYETaM CIEKTPOCKOMMYECKUX U JIPYIHUX
(PUBMKO-XMMUYECKUX CBORCTB MOJIEKYJI C TSIXKEJIbIMUA aTOMaMKu. DTO 00y-
CJIOBJIEHO PsijioM A0CTOMHCTB MeToa PIOIIO: ToabKO BajeHTHbIE XUMUATE-
CKM AaKTHUBHBIE 3JIEKTPOHBI SIBHO BKJIIOUEHBI B PACUET, MPUUYEM PaJIHAJb-
HbI€ y3JIbl OOJIBIINX KOMIIOHEHT MCXOHBIX YeThIPEXKOMIIOHEHTHBIX CIIMHO-
POB OOBIYHO CIVIAXKMBAIOTCsSI B OCTOBHOHM 00JIACTH, & MAJIble KOMIIOHEHTDI
uckJovatorcs (B siBaoit dopme) u3 pacyeros ¢ POIIO. Takum obpaszowm,
JUCJIO OJHOIEKTPOHHBIX OA3UCHBIX (PYHKIMUNA MOXKET ObITh MUHUMUSHUPO-
BAHO, a 3HAYUT BPEMSsI PACUETA, ABYXJIEKTPOHHBIX WHTETPAJIOB U JINCKOBASI
namsiTh, TpebyeMas It UX XPaHEHUsl, MOI'YyT ObITh KapAMHAJBLHO COKPa-
IIEHbI. DTOT METOJ, TO3BOJISIET UCIOJb30BATH XOPOIIO PA3BUTYIO TEXHUKY
HEPEJISITUBUCTCKOI'O pacYeTa, a PeJATUBUCTCKUE IP@EKTh, B TOM UHUCJIE
1 CHUH-OPOMTAJNBHOE B3aMMOJEHCTBHIE, YUUTHIBAIOTCS B HEM [IOCPEACTBOM
HEKOTODPBIX HEJOKAJIBHBIX WM PaUaJbHO-JIOKAJIbHBIX MOTEHIIUAJIOB (CM.
rnaBy 1). B pamkax meroma POIIO ymamocs uszbexarn 66sbieit qacTu
YCIJIOXKHEHWH, 00yCIOBJIEHHDBIX HCIOIb30BanneM ravuibrornana JK(B).
[Tepebie paborsl Teabmana [40, 41] u Tombaca [42, 43|, nocssiieHHbie
MeTOJIy HepessituBucTckoro ncesgonorennuada (I1I1), 6bun omybnukosa-
bl B 1935 roxy, a npubJnkeHne 3aMOPOXKEHHOTO OCTOBA IPEJJIOKEHO B
pabore ®oka, Becemosa u Ilerpamens [38] B 1940 romy. B panbueituiem
MHOTrO ujeit B pamkax Teopuu IIIT 6b110 mpejioxkeHo u peaan30BaHO JIJIst
WCCIIeIOBaHUsT MOJIEKYJT (cM., HampumMep, 0030pbl (44, 45]), TBepabix Ted
(cm. [46-50]) u simepuoii marepuu (cm. [51] u cebuiku). Tem He menee, pas-
BUTHE BADUAHTOB MeTO1a 3P DEKTUBHOIO noTeHInaa (IICEBI0NOTEHInANIA
¥ MOJEJILHOI'O [OTEHIIMAJIA) HE TOJbKO HE 3aBEPIIMJIOCH K HACTOALIEMY
BpPEMEHH, HO U OYEHb aKTHBHO OCYIIECTBJISETCS B MOCJIEHEE JECITUIETHE.
Bapuantst metoga (P)3I1O ms “cormacosanmbix o ¢hopme” (CO) (nin
“coxpaHsonmx HOpMY”) TIceBgoopbuTaIel HaubosIee YaCTO UCIIONB3YIOTCSE
B COBPEMEHHBIX PACUYeTax MOJIEKYJ C TSXKEJIbIMU dJEMEHTaMU. B 9Tux Ba-
puantax (P)3IIO ncesnoopburanu, 6e3y3/0BbIe B OCTOBAX TSKEJIbIX /1€
MEHTOB, M€HEPUPYIOTCS MTOCPEJICTBOM CIVIAyKUBAHUS ATOMHBIX BAJEHTHBIX
opbuTaseii ¢ pa3HbIMU YIJIOBBIMEA MOMeHTaMHE (/) TOJIBKO B OCTOBHOM 00J1a-

CTH, IPU ITOM YCJIOBHSI HOPMUPOBKE OpOuTAsEli COXPAHSIOTCS (B PEJISATH-
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BHCTCKOM CJIy4ae CIVIaXKUBAIOTCS TOJHKO OOJIBIINE KOMIOHEHTBI ATOMHBIX
6ucrmropos)!. KommorenTsr norennuanos Vi(r) MoryT GbITh, B 9aCTHO-
CTH, TIOCTPOEHBI JIJIsi OE3y3JI0BBIX TICEBA00POUTAJIEl TOCPEICTBOM ObpaIie-
uust (nHBepenn) atoMubix ypasaenuii Xaprpu-Qoka (XD) [52], u nosromy
takue D10 (IIT1) eme HasbiBaloOTCs “6€3y3/10BHIMEU”.

CusbHas 3aBUCHMOCTH KOMIIOHEHT IMOTEHITUAJIOB OT 3HAYEHHUST YTIJIOBOI'O
MOMEHTA [TPU KCIIOJb30BAHNUHN CIJIA’KEHHBIX B OCTOBE IICEBI00pOUTAIEH Obl-
Jia OTMedYeHa B muoHepckoit pabore @uiuiunca u Kueitnmana [53], a paju-
aJIbHO-JI0OKaJIbHBIH oneparop IIIT ¢ yrioBbiMu npoekTopamu Obli BIIEPBbHIE
BBejieH AbGapenkoBbiM 1 Xeiine [54, 55| jist 0iHOIEKTPOHHbBIX MOJIEJIbHBIX
MOTEHIMAJIOB U MCIOJIH30BAH UMHI XKe JJIs PACUeTa, 3JIeKTPOHHON CTPYKTY-
PbI TBEPABIX TEJI.

OcHoBubIe uaen 3Tux 3PMOEKTUBHBIX TOTEHINAJIOB OBLIN YCIEITHO Pa3-
BUTBHI B paboTax psifia I'PYIII C LEIbIO MOBBIIIEHUST TOYHOCTH, B YACTHOCTH,
38, CUET YBEJMYEHUS BAJEHTHOIO IIPOCTPAHCTBA JIEKTPOHOB U MOIU]DUKA-
1uu crnocoba criaxkuBauust opoutasieit. liopan u Bapresa npeyioxuiin
HEPEJIATUBUCTCKU BapuaHT coriacoBannoro mo dpopme D110 (CO SII0O)
B 1975 1. [56], HO Gostee MOIMYJISIPHBIE B HACTOSIIIEE BPEMsI CXEMbI CTUIAXKH-
BaHusi opOuTaseit ObLin npemoKenbl B 1979 r. B paborax XpucTuaHCceHa,
JIu u Iuruepa [57], a takxe Xamana, [Ilnorepa n Hanra [58]. Pesstitu-
Buctckuit IO ObL1 npemioxken JIu, dpmiaepom u Ilurnepom B pabdore
[59] B 1977 1. B 1978 r. Dpwmuep, Jlu, I[lutuep u Bunrep B pabore [60]
npeactaBuin oneparop PIIIO B Bume ycpemnennoro mo cnumay 3ddek-
TUBHOTO pesisgtuBucTckoro mnorenimaia (YPIII), a B 1979 r. Xaduep u
[Isapu [61] npepcraBusiu oneparop PO ¢ nomoub0 yHUTAPHOIO 10~
Bopora B Bujie cymmbl YPIII u adpdexkTuBHOro crumH-opduTabHOTO TO-
rernuasa (DCOII). Takoe npejcrasnenne POIIO akruBHO ucnosnb3yercs
B COBPEMEHHBIX MOJIEKYJISIPHBIX pacdeTax Ha CIMH-OPOUTAJIBHOM Oasuce, B
KOTOPBIX CIIHH-OPOUTAJIBHOE B3aUMOJIEHCTBIE OOBIYHO YUUTHIBAETCS TOJb-
KO Ha KOHEYHOH CTaJuy pacdera C LeJbl0 MUHUMUABAIUA BbIYUCACHUN.

Psiy cxeMm critakuBanusi opbuTajieil B OCTOBE IPEIJIOXKEH K HACTOSIIIIEMY
MOMEHTY JIJIs HOCTPOEHUS PaJuasibHO-JOKAIbLHBIX 3(DMEKTUBHBIX MOTEH-

1[1ajoB. B 9acTHOCTH, HIMPOKO HCIOJNB3YIOTCS “(DUTHPOBAHHBIE 10 YHEP-

!B panbHeiimeM MBI 6yJeM HCIOIb30BATH TEPMUHLI “opbuTamy’ u “ncesmzoopbutamy’ aus 0603HA-

YCHUA TAKXKE PEJIATUBUCTCKUX 6I/IC1'[I/IHOpOB U ICEeBAOCTMHOPOB COOTBETCTBEHHO
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ruw’ [1IT (OIIIIT) urryTTrapTcekoit Tpymims! (MOCae[HTe BAPUAHTHI HA3BI-
BatoTCs “‘cortacoBanubiMu 1o sueprun’ [T (CIIIII)) [62-65], B KoTOPBIX
apaMeTpbl TTOTEHIINAJIOB MOATNOHSAIOTCS 9TOOBI BOCIIPOU3BECTH BAJEHTHBIE
SHEPIWKM — TIOJHBIE YHEPIUU HU3KOJEXKAIIUX COCTOSHUI aTOMa 338 BhIUe-
TOM dHEeprun ocToBa. OIHAKO, B MHONOUNCIEHHBIX PACIETAaX MOKA3aHO, ITO
mryTrraprckue [1IT obecmeunBaioT B 1EJIOM TOT Ke CaMblii YPOBEHb TOY-
HOCTHU pacyeToB, 4To u jpyrue 6esyssosbie IIII, ecou onuaakoBoe 4ucyio
OCTOBHBIX JIEKTPOHOB OIKUCHIBAETCS TIOCPEJCTBOM ITUX MTOTEHIUAJIOB.

B cepuu pabor (cm. [62, 66—72] u cebliku) ObLIO MPEIIOKEHO UCIIOIH30-
BaTh B PACYETaX MOJIyIMIMPUIECKUE [IONPABKY HA JUIOJILHYIO (& 3aTeM 1
Ha KBaJIPYIIOJIbHYIO) TOJISIPU3AIMIO ATOMHOTO OCTOBA, OOYCJIOBJIEHHYIO KY-
JIOHOBCKUM B3aUMOJIEHCTBUEM C BaJEHTHBIMHU JIEKTPOHAMEU. DTOT METOJ
MOJIy 9UJI HAa3BaHUE MOJISTIPU3AIMOHHOTO TTOoTeHIInaa ocToBa. OH MO3BOJIUI
CYIIECTBEHHO YIPOCTATH PAacdeT BO MHOTUX CJIydasix, OJHAKO WMCIIOJIH30-
BaTh €ro HaJI0 C OCTOPOXKHOCTHIO, 0cObeHHO B KoMOuHanuu ¢ PIIIO, mo-
CTPOEHHBIMHU JIJIsi HEOOJIBIIIONO BAJIEHTHOTO TPOCTPAHCTBA JIEKTPOHOB (“Ba-
aeatabivu POIIO”), mockombKy Takas KOMOMHAINS [O3BOJISIET KOPPEKTHO
Y4IECTh TOJBKO YaCTh KOMILJIEKCHOIO “TIOJISIPU3AIMOHHO-PEJIAKCAIIMOHHOTO'
apdexTa OT B3aMMOJIEHCTBISI OCTOBHBIX U BAJIEHTHBIX IJIEKTPOHOB, B TO
BpeMs Kak BasieHTHbIe D10 He MO3BOJISIOT JOCTUTATH BBHICOKOW TOYHOCTH
pacdera u3-3a OIIKMOOK, OOYCIOBIEHHbBIX CIJIAXKUBAHUEM CIIMHOPOB.

[TpomtocTpupyemM 9T0 Ha IPOCTOM IpuMepe. Paccmorpum aTom ¢ ABy-
Msi BaJIEHTHbIMHU dyieKTpoHamu (Hampumep, Mg win Ca). DTu 31€KTPOHBDI,
OYeBHU/IHO, OYIyT KOPPEJUpPOBaTh TAKKUM 00pa30M, YTO OHM OYIyT JUHAMIY-
YECKHU JIOKAJIM30BAHbBI C IPOTUBOIOJIOXKHBIX 110 OTHOIIEHUIO K SIJIPY CTOPOH.
DTO 3HAYUT, YTO y2KE JIJIsi TAKOW IPOCTOM CHUCTEMBbI CYIIECTBEHHAs YaCTh
HOJISIPU3AIIAYA OCTOBA OIKMCHIBACTCS KBAJPATUYHBIMUA OJISIPU3AIAOHHBIME
MOTEHIMAJIaMHU, 8 HE TOJbKO JIUIOILHOM mostsspusalueii. [Ipu paBHOBECHDBIX
MEX'bAJIEPHBIX PACCTOSHUSAX CTATUYIECKOE IJIEKTPUUIECKOE IMOJIe Ha A/Ipax
B MOJIEKYJIE PABHO HYJIIO, OITOMY JMNOJbHAs (M KBAJPYIOJIbHAS) TTOJIsI-
pusalus eJBa, JIM MOXKET KOPPEKTHO BOCIIPOM3BECTH JIasKe “TpsiMble’ TOJIsI-
pusannoHHbie 3P PEKTHI B CIydae HECKOJbKUX BAJEHTHBIX JIEKTPOHOB.

OTmMmeTuM JJIsI IOJTHOTHI, YTO B PACUeTax MOJIEKYJ HCIIOJIb3YIOTCS U Ba-
puantel (P)3I1O ¢ xoneunomepubiMu (“cemapabebHBIME’) HEJOKATIbHBI-

MU orepaTopaMu, (T.e. HMEINMMU KOHEYHOMEPHYIO OOJIACTh 3HAYEHWUIA).
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B wactHOCTH, OIMH U3 IEPBLIX cenapadeabHbIX BapuanToB IO — mces-
nomorenimag Dymsunaru [44, 73-77] — coxpaHsier y3J0ByH CTPYKTYDPY
HCXOJIHBIX OpPOUTAJIEHl U TIO9TOMY OH MEHEe SKOHOMWYEH C BBIYUCJIATEh-
HOW TOYKW 3PeHust YeM pajuaibHo-jJokaabHbie III10. Tem He Menee, nces-
jponorennuag Pya3uHaru MOXKeT ObITh OYeHb IMPEKTUBHO HCIOIb30BAH
B KOMOHMHAIUK C PaJuabHO-JoKaabHbIME PIIIO mia “3amopakuBanns”
(BHEIIIHUX OCTOBHBIX) IICEBIOCIUHOPOB. Takas KOMOMHAIMs 00CYXKIACTCs
B pazjesie 3.3. B nocienHee jecaTuiieTue pa3BuThl 1 AKTUBHO UCIIOIb3YIOT-
Cs1 B MHOI'OQTOMHBIX 33/1a9aX MOJIEKyJIsipHOit inaamuku Kapa-Ilappuaesio
(em., nanpumep [78-80]) BapuanThbl cenapabesbHbIX CEBIONOTEHIUAJIOB CO
CIUIAYKEHHBIMU B OCTOBaX OpOUTAJISIMU, DOJiee TOIPOOHO OHU 0OCY K IAI0TCsT
B ruiase 1. (ITocseaue Ob1M TEPBOHAYAJIBHO UCITOJIB30BAHBI B KAYECTBE 6O-
Jiee AKOHOMUYIHOM alMpPOKCUMAIINY TTOJIYJIOKAJBHBIX COXPAHSIONUX HOPMY
MICEBJIOTTIOTEHIINAJIOB JIJIsT UCCIIEIOBAHUS JJIEKTPOHHON CTPYKTYPhI TBEPIbIX
TeJ U MOJIEKYJISIDHOMN JIMHAMUKH ).

OueBnIHO, YTO SIBHOE BKJIIOUYEHWE BHEIIHWX OCTOBHBIX JIEKTPOHOB B
KOPPEJISAIUOHHBIN PACYeT MOJIEKYJIbI JIOJKHO MPUBOJUTH K YJIYUIICHHUIO
TOYHOCTH pacueTa u pacuiupennio obsactu npuMmenumoctu POIIO. Onnako
B paMKax pajuaJibHO-JOKaJbHBIX BapuanToB PIIIO nmombiTku yBeInIuTh
IPOCTPAHCTBO siBHO BKJIOYeHHBIX B POIIO pacuer BHENTHUX OCTOBHBIX U
BasienTHbIX (BOB) asiekTpoHoB Gosiee HEKOTOPOIO Npejiesia He PUBOMIIK
K YJIY9IIeHUI0 TOTHOCTH, KOTOPAasi, KAK MPABUJIO, JOCTUTAJIA HACHIIEHUST
ra yposre 1000-3000 cm™! 1151 sHEprUit BO3OYKIEHUS N IMCCOINAIINN, CO-
MOCTABUMBIE PE3YJIBTATHI TTOJIYIaJUCh U JIJIST IPYTUX CBOWCTB. DTO, B 9aCT-
HOCTH, TIOKa3aHO B HepeJsaTuBUCTCKUX (81, 82| u B penstusucTckux [83-90]
pacueTtax Halei rpynnbl. TakuM 00pa3oM, 0YEBUIHO, YTO HE TOJBKO CXEMa,
cryiaxkuBaHust opoutaJieit u urcyiio BOB 2/1eKTpoHOB onpeiesisiioT TOYHOCTD
pacueros ¢ POIIO.

Takasi TOYHOCTb HE BCErJa SBJSIETCS JIOCTATOYHON JIJIsT TTPUJIOYKEHMUIA.
HayiexxnocTs nostystokasibabix POIIO HeBbIcOKa 1pu 1iryOOKOi mepecTpoii-
K€ JIEKTPOHHOIN CTPYKTYPbI MOJIEKYJIbl (IIPH MaJIbIX DABHOBECHBIX PACCTO-
SIHUSIX, TIPU TI€PEX0JIaX C BO3DYXKJEHUEM OCTOBHBIX JIEKTPOHOB ¥ T.JI.), &
TaK>Ke TIPYU BBICOKOW IMJIOTHOCTH HU3KOJIEXKAIUX JIEKTPOHHBIX COCTOSHU
(B 9acTHOCTH, B pacdyerax COEJUHEHUl MePEXOHBIX JIEMEHTOB, JAHTAHU-

TIOB U aKTUHUJI0B). Bostee Toro, mpsiMoii pacyer TaKux CBOMCTB, KAK rpaJii-
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EHT JIEKTPOHHOM MJIOTHOCTH Ha, (TSYKEJIOM) sIIpe, CBEPXTOHKAST CTPYKTYPa,
¥ MATPUIHBIC TEMEHTBI JPYTUX CHHTYJISPHBIX HA spaX OMNePaToOpOB (Ha-
npuMep, 3bHEKTOB HECOXPAHEHUsT YETHOCTH ) HEBO3MOXKEH, YTO sIBJISIETCSE
Pe3yJIbTaTOM CrJIaXKWBaHUsI OPOUTAJIE B OCTOBAX TsI?KEJIBIX JIEMEHTOB.
BhliieckazaHHoe 03Ha4YaeT, 9T0 MpobJeMa MOCTPOEHUST ONTUMAJbHBIX
P3IIO, MUHUMUBUDYIOMKUX BBIYUCIUTEIbHBIE H3AEPXKKH B pacdeTax MHO-
roobpasust GU3MKO-XUMUIECKUX CBOHCTB MOJIEKYJI C TSXKEJBIME ATOMAMHU,
HEe MOXKET CUYMTATHhCs BIOJHE perneHHoi. OjuH U3 NPUHIMINAIBHBIX BO-
IPOCOB KacaeTcst onTuMaJjbao# (opmbr oneparopa PIIIO, koropwiit Hau-
bosiee eCTECTBEHHBIM OOPa30M BO3HUKAET B CBSI3U C PEHICHUEM ITPOOJIEMBbI
MOBBINIIEHNsT TOYHOCTH “‘coTyiacoBaHHBIX 1O ¢dopme” BapuanTo PIIIO.
st mpeojioyiennst BBIMNEYTTIOMSTHY THIX HEJ0CTaTKOB BapuanToB D110 co
CIUIAYKEHHBIMU TICEBJIOOPOUTAJIIMU, HAMU OBLJIO MPEJJIOXKEeHO 000bIeHme
CD DIIO kak B HepensituBucTcKOM (81, 82|, Tak U B PEJNSITUBUCTCKOM
(cm. |85, 86] u cebuiku) ciyvasix. B ormuue or apyrux tunos II10, B
KOTODPBIX TPOCTPAHCTBO 3JIEKTPOHOB JIEJUTCS Ha BAJEHTHOE (MJIM PACIIIH-
PEHHOE BAJICHTHOE) U OCTOBHOE (yumThiBaemoe mocpesnctsom II10), B Ha-
IIeM BapHaHTEe HUCIOIBb3YeTCA UJest pasfeeHus (PU3UIECKOro MpPOCTPaH-
CTBa TsXKEJIOr0 aToOMa Ha TPU OOJACTH: SIBHO HCKJIFOYaEMYyI0 U3 pacdera
BHyTpeHHIo ocroBHyo (M0), BKIOYAEMYIO B PACUYeT BHEIIHIOD OCTOB-
uyo (BO) u Banenthyto (B), KoTOpBIE 110-pa3HOMY ONMCHIBAIOTCS B 3-
(JEKTUBHOM raMUJILTOHHUAHE TsI?KEJIOT0 aTOMa, C OIlepaTopoM 0O0DIIEHHOIO
SIIO (O3IIO). dtoT MeTOI TOAPOOHO MPEJICTABIEH B MOCIELYIOMINX TJIa-
BaX M B Halux paboTax, 3/1eCh K€ TOJBKO 3aMETHUM, YTO OH MO3BOJISIET
JIOCTUYb IPAKTUYECKH JIFOOOH 3aJIaHHON TOYHOCTH IIPY MUHMUMAJIbHbBIX BbI-
YUCJUTENBHBIX 3arpaTrax, eciau nojmnpocrpancrsa MO, BO u B Boibpanbr
npasusibio. Hepocrarku kak BapuantoB PIIIO co cryiaxxeHHbIME B OCTO-
BaX CIMHOPaMH, TaK U TceBjponoreHuagoB Oya3uHarn yCcrnemrHo mpeoio-
aeBaforcst B pamkax obobmiernoro POIIO (OPIIIO) u mporeayp Boccra-
HOBJICHMUsI, ONIUCAHHBIX HUXKe. MHOrOYMCIEeHHBIE ATOMHBIE (U B MOC/IEHEE
BPEMsi MOJIEKYJISIDHbIE) PACUYETHI [IPOJAEMOHCTPUPOBAIIH, YTO TOYHOCTH M€~
roga OPIIIO yxe npubau3uTesibHO HA MOPSIOK BBIINIE TOYHOCTH CTAH-
jJaptHbix BapuanToB PIIIO B ciaydyae oJMHAKOBOrO 4MCJIa 3JIEKTPOHOB,
sIBHO BKJIFOUEHHBIX B pacuer ¢ uccieayeMbiMu Bapuantamu PIIIO, ecin

TOJIBKO CAMBIE BHEIIHKE OCTOBHBIE ODOJIOUKU BKJIIOYEHBLI B pac4deT sABHbIM
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obpaszomM.

B wacTHOCTH, HaM¥ OBLJIO MMOKa3aHO, YTO IIHPOKO PACIPOCTPaHEHHOE
npejcraienue o Heobxogumoctu resepuposannst CO (P)SI1O rosbko s
0e3y3JI0BBIX TICEBIOCIUHOPOB (4TOObI U30EKATH CHHIYJISIPHOCTEH TP MH-
Bepcun ypashenuit XD) He siBisiercst 00s3aTebHBIM, U CAMbIE BHEIIHUE
OCTOBHBIE TICEBIOCITHHOPBI (0€3y3JI0BbIE) BMECTE C y3JIOBBIMU BAJEHTHBIMU
TICEBIOCIITHOPAMHY BKJIIOUEHBI B cxeMy renepaiiuu 06o6menuoro (P)IIIO0.

Bbu1o nposeMoHcTpupoBaHo, 9To pasnoctb Mex, 1y BO u B kommnonen-
Tamu 9GMEKTUBHBIX MOTEHIUAJIOB ¢ OJMHAKOBbIME yriioBbiMu (1) (1 mos-
ubiMu (7) B cirygae POIIO) 0HO9eKTPOHHBIMU MOMEHTAMY JI0JKHA ObIThH
ydTeHa JJIsi TOro, 9ToObl BBINOJIHUTH Tperu3uontbiii pacuer ¢ (P)IIIO.
Brutn npepsioxenst “obobmentbie” oneparopbl 10 n POIIO, B KoTOphIX
K CTAHJAPTHOMY IMOJIYJIOKAJHHOMY OIepaTopy OblIn 100ABIEHBI HEJIOKAIh-
HbIe WiIeHbl ¢ TpoekTopamu Ha BO mceBmocnuHopb! B Buje “cenapabesibHO
[ONPABKU . DT UJIEHBI HanOOJI€e BAXKHBI JJIsl IIPEIU3UOHHOINO BOCIPOU3-
BeJIeHUsT B3aUMOJIeiCTBuUi ¢ BajeHTHbIMU 3jiekTpoHaMu (83, 84]. Bapuant
OPDIIO c¢ cenapabenbHOit MONPaBKO#i OLLI MPUMEHEH HAMH K MHOTOYHC-
JIEHHBIM pacdeTaM aToMOB MeTojoM camocorsiacosamnoro nosst (CCII), x
koppessimonubiM pacuetam Hg, T1, Pb u k pacdery criekTpockonnaeckux
CBOMCTB HU3KOJIEXKAIIUX COCTOSTHUN TMJIPUJIOB TUX JIeMEeHTOB. Kak moka-
3aJIM PACYEThI, JIAHHAS MOIPABKA MMO3BOJISIET MOBBICUTH TOYHOCTH BOCITPO-
U3BEJICHNsT MATPUIHBIX JIEMEHTOB BAJEHTHOI'O aTOMHOT'O TaMUJIbTOHHAHA
HA TTOPAIOK BesqnduHbl, ecyii BO 371eKTPOHBI IBHO BKJIIOUEHBI B PaCUeT.

OrmeTum, 9T0 cxeMa Bbraucsenus mapamerpos orepaTopa OPIIIO (uu
CXeMa, CIVIA’KUBAHUST CLIIMHOPOB) MOXKET OTJIMYATHCs OT TOH, YTO ObliIa MC-
110Jb30BaHa B Hawux paborax [81-84]. B wacrHocru, BOCHpOu3BEjEHUE
SHEPIUil IEePEX0/a JIJIs IPY bl HU3KOJIEXKAIIUX COCTOSHUIT (110 TUILY CXeMbI
noctpoenust PIIIT mrryTTrapTckoit Tpymims!) MOKeT ObITh TaKXKe HUCIOIb30-
BaHO, XOTsI TaKas MPOIEypPa MOXKET OKa3aThCs CIUIIKOM TPYJI0EMKOW Ha,
npakruke [91].

Honosnauresbbie (“caMocoriacoBaHHble”) YJI€Hbl, KOPPEKTUPYIOIIIE B3a-
UMOJIECTBHUE JIEKTPOHOB M3 BHEMHUX d, f-000/I09eK C UCKITIOYCHHBIMY U3
pacuera UO snekrponamu, Obutn Hamu j106aBienb K oneparopy (O)PIIIO
B paborax [85, 92| ayisa HanbosIee IKOHOMUIHOTO (HO MPENU3UOHHOTO) OIHU-

CaHud IIePpeXOJHBbIX METaJlJIOB, JIaHTaHWJIOB W aKTHHUIOB. Bruta Takske
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npeioxkena nompaska K (O)PIIIO “ma pacmieruienie B Tepmbl’ — s
TOYHOT'O BOCIIPOU3BEJICHUS B3aUMOJICHCTBUM MEXK Yy CAMUMHU d, f-3IeKTpo-
wamu (cM. [85, 86]), korma 911 0bo0UKK onuchiBarOTCst He3y3noBbimu BO
[ICEBJIOCIMHOPAMH. B JTaHHBIX TOIPABKAX YUATHIBAETCSI OTHOCUTEIHHO Ma-
Jlast pejlakcanust d- U f-000JI0YEK PACCMaTPUBAEMbBIX 9JIEMEHTOB IPU 00-
PA30BAHNN XUMUYIECKON CBSI3M U WX BO30YKIEHWM B HU3KOJIEXKAIINE JICK-
TPOHHBIE cOCTOsiHUsI. Kak moka3aHo B rjiaBe 4, 9TH MOIPABKU IIO3BOJISAIOT
Ha 1-2 mopsijika MOJHSATH TOYHOCTb PacyeTa CHUCTEM, COJIEPXKAIINX Tepe-
XOJHbIE METAJLJIbI, JIAHTAHMUJIbI ¥ AKTUHUJIBI 110 CPABHEHWIO C M3BECTHBIMU
BapuanTamu PIITO moguyac npu MeHbIEM IPOCTPAHCTBE SIBHO yUUTHIBAE-
MBIX 3JIEKTPOHOB ¥, COOTBETCTBEHHO, MPY MEHBIINX BBIYUCIUTEILHBIX H3-
JIEPKKAX.

[Tpu BBIYUCTIEHNN MATPUIHBIX JIEMEHTOB OMEPATOPOB, CUHTYJISIPHBIX
BO BHYTPEHHEH OCTOBHOI 00JIACTH KAKOTro-JIn0O TSKEJIOr0o aToMa, B MOJIe-
KyJe — “OCTOBHBIX CBOWCTB’, TAKHX KaK CBEPXTOHKas CTPYKTypa U -
dekTol Hecoxpanenus P, T-deTHocTr, HEOOXOIMMO UCIOIH30BATH Y€ThIPEX-
KOMITOHEHTHBIE MOJIEKYJISIPHBIE CITMHOPBI, UMEIOIIIHE MTPABUJIbHYIO Y3JIOBYIO
CTPYKTYPY B PacCMaTpPUBAEMOM OCTOBE, OPTOTOHAJbHbBIE MEXK/Ty CODO U K
(3aMOPOXKEHHbBIM) OCTOBHBIM CrimHOpaM. Takum 06pa3om, nepej| BbiaucJie-
HUEM CPeJHUX 3HAUEHUH TaKUX (PU3MIECKUX BEJUUUH JOJKHA OBITH BOC-
CTaHOBJICHA, “MCXOiHAsT (POPMA BAJEHTHBIX U BHEIITHUX OCTOBHBIX 9€ThIPEX-
KOMITOHEHTHBIX MOJIEKYJISIPHBIX CIIMHOPOB BO BHYTPEHHEH OCTOBHOI 00Ja-
CTH JAHHOTO aToMa mocje aByxkoMmnoHeHTHOro PIIIO pacuera MomeKy bl
co criaxennbiMu BOB ncesgocnmaopaMu. MeToj HEBapHAIMOHHOIO OJI-
noueHTpoBoro Boccranonsienust (HOIB) 6bu1 panee npeiioxken namu [93]
¥ UCHOJIb30BaH B ukJe pabor [9-12; 94, 95| juis pacuera addexron Heco-
XpaHEHUs! MPOCTPAHCTBEHHOW M BPEeMEHHOW YeTHOCTH B Mosiekysax PbF,
HgF, YbF, BaF, TIF u PbO, a Tak:ke 10 BLIYUCIEHUSI TIOCTOSTHHBIX CBEPX-
TOHKO# cTpPYKTypbl B MosieKyaax PbF, HgF, YbF, BaF u PbO.

O1u “nByximarosbie” pacderst (caadana — OPIIIO pacuer mosekyuibl, a
3aT€M BOCCTAHOBJICHUE JIEKTPOHHON CTPYKTYPBI B OCTOBAX TSIXKEJIBIX ATO-
MOB) ObLI HEOOXOAMMBI JIJIst MHTEPIPETALMU IKCIIEPUMEHTAIBHBIX PE3YJib-
TATOB y2K€ BBIIMOJHEHHBIX (DYHIAMEHTAJLHBIX 3KCIEPHMEHTOB II0 IIOUCKY
apdekToB Hecoxpanenus P, T-ueTHocTH B JaHHBIX MOJIEKYJaX, & TaKXKe

JJIA IIJTaHUPOBaHM s HOBBIX TaKHX 9SKCIIEPUMMEHTOB.
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Bosee mpernusnonnas “BapualiioHHasi TEXHUKA OJHOIEHTPOBOI'O BOC-
CTaHOBJICHUS SJIEKTPOHHON CTPYKTYPhI B OCTOBE TSXKEJIOTO JIEMEHTa TIO-
ciie POTIO pacuera mosiekyJibl Obuia npejiiokena Hamu B pabore [96], u B
HACTOSIIIEE BPEMs OHA HAXOJUTCS B CTAJMKM PA3BUTHS.

[Tepsbie jByxiarosbsie pacderbl mMosieKys PbF u HgF Obuin Bwimos-
nenbl Hamu B npubmmkennn CCII. B mepBoMm pacuere mosieKyJibl YbFEF
|10] xoppedsiipontbie 3bdEKThl ObLIM YITEHBI TOJBKO B BAJEHTHONH 00-
gacru, a B nocsieayomux OPIIIO/HOIB pacuerax mosiekys BaF u YbF
[9, 11, 12] Obin yuTeHbI KOPPEJISIUK U OCTOBHBIX JIEKTPOHOB B PAMKaX
meToa sddexrushbix oneparopos (D0). B nocsenneit xe cepuu Haimx
pacueToB aderroB Hecoxpanenusi P T-dernoctu (B mosekysnax TIF [9],
YbF u PbO) koppesisitui ¢ OCTOBHBIMHU 3JIEKTPOHAME YUUTHIBAIOTCS Me-
TOJIOM PEJIATUBUCTCKUX CBst3aHHbIX KiacTepos (PCK) (eum. pasmesst 1.6 u
5.3 JUisi JeTadieil 110 9TUM KOPPEJISIIIMOHHBIM MeToaM 1 pacderaM ). Harm
apyxinarosbie pacaerbl PbE (1986 r.) u HgF (1991 r.) 6buin nepBbiMu Ha-
JIEYKHBIMU PEJISITUBUCTCKUMEU pacderamu P, T-HedeTHBIX CBOHCTB M MOCTO-
SIHHBIX TOHKO# CTPYKTYPBI B MOJIEKYJIaX C TsiKeJbiMu aromamu. [locmen-
HUE K€ pacyueThbl HAIllell I'PYIIbl BBIIOJHEHBI HA CAaMOM BBICOKOM yPOBHE
coBpemennoii rounocrn — 5+ 10 % pns napamerpos P, T-neyernbix crnu-
Bpararebabix ramuibTorrnanoB BaF, YbF u jgius P, T-neuernbix coiicTs
moJiekyJibl T1F, 910 3HAYUTENIBHO JIydIlie BCEX aHAJOTIUIHBIX PE3YJIbTATOB,
MOJTy YeHHBIX 3apyOeKHBIMU I'PYIITaMU.

Takum obpazom, kax merox OPIIIO, tak u rexuunka HOIIB y:xe mHeos-
HOKPATHO TIOJTBEP/IMJIA CBOIO BBICOKYIO 3(DPEKTUBHOCTH B pacyeTax pas-
JINYHBIX CBOMCTB MOJIEKYJI C Tsi2KeJibiMu aTomMaMu. V Bce 2Ke Mbl 02Kujiaem
JAJIbHEHIIIEr0 Ka4eCTBEHHOTO yJIydIlIeHUs] TOYHOCTU TAKUX PACYETOB IIPH
peaJin3alyy JIByXIIaroBOro MeTO/a Pacdera KOPPEJISIUOHHON CTPYKTYPbI
C UCIIOJIb30BAHUEM BAPUAUUOHH020 KOPPEAAUUOHHO20 OTHOIEHTPOBOTO BOC-
CTaHOBJICHUS JIEKTPOHHOU CTPYKTYPBI B OCTOBAX TSIXKEJTbIX 3JIEMEHTOB HC-
cJIelyeMOi MOJIEKYJIbI TIOCIE PAacdeTa JEKTPOHHON CTPYKTYPbI B BaJIeHT-
HOM 00JIaCTH JJAHHOW MOJIEKYJIbI C MTOMOIIBIO “KOPPEJITUPOBAHHBIX BapUaH-
roB OPIIIO. IlepcrekTnBHOCTL 3TOr0 MOAX0/1a, [TOATBEPXKIAETCST B HAIIMX
nocyrenux pacaerax mosiekyst BaF, YbFE, TIF u PbO |9, 11-13|, u nanuas

KOHIIEIIM aKTUBHO Pa3BUBAETCH HaIllell I'PYNIOi B MOCIEIHUE TOIbI.
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Heckosbko cjioB 0 cTpykType jgaHHoit paborbl. [ytaBa 1 jmaeT KpaTkuii
0030p COBPEMEHHBIX TEOPETUYECKUX METOJI0B PACIETA, JJIEKTPOHHON CTPYK-
TypPbl COEJIMHEHUN TSKEJIbIX JIEMEHTOB, UMEIOIIUX KaKOe-Jn00 OTHOIIE-
HUe K JaHHOU pabore. B riase 2 npejcrasiiena Teopusi ‘COrJIaCOBAHHOIO
o dpopme” PIIIO u ocobernoctn meroga OPIIIO ¢ cemapabennHoit 1mo-
npaBkoit. B riraBe 3 maercs reopust meroga OPIIIO ¢ cemapabenbHoit mo-
npaBkoii. B riaBe 4 paccMaTpuBaloTcs HaunboJiee SKOHOMUYIHBIE BapUAHTBI
POIIO st mepexoiHbIX METAJIIOB, JJAHTAHUIOB U aKTUHUIOB — ‘CaMOCO-
ritacoBanabie” POIIO u OPIII0O, koTropbie MOTyT OBITH UCIIOJIH30BAHBI B
IPEIU3UOHHBIX PACIETaX COCINHEHUN ITUX JJIEMEHTOB, & TAKXKe IPeICTaB-
jena teopus 3tux PIIIO. B neppoit gacTu 1y1aBbl O OIMKUCHIBAIOTCSA HEBa-
PHALIMOHHBIA ¥ BapUAIMOHHBIA METObI OHOIEHTPOBOI'O BOCCTAHOBJICHUSI
IEKTPOHHOW CTPYKTYPbI B OCTOBAX TsI?KEJIbIX aTOMOB B MOJIEKYJIE€ IOCJIE
POIIO pacuera paccmaTpuBaeMoii MOJIEKYJIbl. BTopasi 4acTh 9TOi IJIaBbI
B OCHOBHOM IIOCBSIIIIEHA JIBYXIIArOBbIM pacieraM 3PHEKTOB HECOXPAHEHUST
P, T-yeTHoCcTNM CBEPXTOHKOM CTPYKTYphl B Mosiekyjax YbF, BaF u TIF.
OcHOBHBIE BRIBOJBI PADOTHI 1 3AIMUAIIAEMbBIE MTOJTOXKEHUST CDOPMYTUPOBAHBI

B 3aKJIIOUECHUMN.
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I's1aBa 1

O030p coBpeMeHHBIX METOJIOB pacueTa

COGZ[I/IHGHI/II'?’I TA2KEJIbIX J9JIECMEHTOB

B nanHO# ry1aBe 00CY2KIAI0TCS METO/IbI, AKTUBHO UCIIOJIb3yEeMbIe B MIOCIIE]I-
HUE TOJIbI JIJIsi PAcYeTa, JIEKTPOHHOW CTPYKTYPbl U (PUBUKO-XUMUUECKUX
CBOMCTB MOJIEKYJI C TSI>KEJIBIMA U CBEPXTSKEJbIMA aTOMaMW U B TO YK€
BpEMSsI MTO3BOJIAIOIINE JOOUBATHCS BHICOKOW TOYHOCTH PACUYETa HU3KOJIEYKA-
X JIEKTPOHHBIX COCTOSTHUI. DTH METO/bI AHAJUIUPYIOTCS C TOUKHU 3Pe-
HUst UX 9GOEKTUBHOCTH B JJOCTHKEHUN “XUMUYECKOH TogHOCTH (TIOPSIjIKa
1 KKaJI/MOJIb JIJIs SHEPIUil BO30YXKICHUs U AucconmaImn). [IocKoibKy, Bo-
0011le TOBOPsI, PACUYEThl CO CTOJIb BBICOKOM TOYHOCTHIO SIBJISAIOTCS UPE3BbI-
YaliHO TPYJOEMKUMHU, TO TIPH YMEPEHHBIX TPEOOBAHUAX K BBIYUCIUTEN b
HbIM PECypCaM HEOOXOJMMO HCIOJIb30BAThH MOCJEHUE TEOPETHUIECKUE U

IpPOrpaMMHbIE PA3PA0OTKK HA CJIEYIONUX OCHOBHBIX ITAMAX PACUETa:
(a) BBIOOD 3aBuUCHIIErO OT CHUHA FDGEKTUBHOIO rAMUJILTOHUAHA,
(6) ontumuzarms HazucHOro HAOODA;

(B) y4er MexK3JIeKTPOHHbBIX KOPPEJIsIIHIA.

st MUHUMUBAIMKY CyMMAPHBIX BBIYMCIUTE]bHBIX 3aTPAT BAaXKHO J100M-
BAThCsl IKBUBAJIECHTHOIO (COAJIAHCUPOBAHHOIO) YPOBHS TOUYHOCTH HA KaXK-
JIOM M3 9THX DTAIOB pacdera HamboJjiee IKOHOMUYHBIM obOpaszoMm. Head-
(DEKTUBHOCTD WJIM HEONTUMAJILHOCTD (“U30BITOYHOCTL”) METOJIOB, UCTIONb-
3yeMbIX Ha TEPBBIX JBYX 3ranax (HalpuMmep, siBHOE BKJIIOYEHHE B Pacyer
HEAKTUBHBIX OCTOBHBIX JIEKTPOHOB U UCIOJIH30BAHKUE CJUIIKOM OOJIBIIIOrO
ba3nca OJHOIEKTPOHHBIX (DYHKIMA), MOXKET MPUBECTH K HEJOMYCTUMbBIM
BBIUYKUCJIUTEbHBIM 3aTPaTaM, B OCOOEHHOCTH Ha MOCJIETHEM dTall€.
OcHOBHOE BHUMAaHUE YJIEJA€TCS aHAJU3y aKTUBHO HUCIIOJIB3YyEeMbIX (-

(l)eKTI/IBHbIX PEeIATUBUCTCKHUX TI'aMHWJIbTOHHAHOB, HO O6Cy}KﬂaIOTC5{ TaK>Ke
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CXEMBbI I'eHepalyuu aTOMHBIX 0a31CoB 1 Te KOppeJIdinuOHHbIC METOAbI, KOTO-

pbl€ UCIIOJIb30BaHbI B IIPpE€ACTaBJICHHBIX B ILaHHOfI pa60Te pac4deTax.

1.1 O06o3Hauyenuda

Huxe ™Mbl OygeM KCIONB30BATH CAEAyIONIHEe ODO3HAYEHUs IJIsi TJIABHBIX
KBAHTOBBLIX dmces (n) opbutaseit: ny s BHyTpennux ocroBabeix (M10)
opbutaseii, n. s BaenHnx ocroBubix (BO) opburasneit, n, mis BajeHT-
upix (B) opburaseit u n, mua supryanbubix (A) opburaseii. KBantosbie
YUCIa OPOUTAJIHLHOIO MOMEHTA, IIOJHOTO MOMEHTa M ero IPOoeKIuu OyaeM
0003HaYaTh UHJEKCAMHU [, 7, ¥ M COOTBETCTBEHHO. ByieM 3amuchiBaTh OJ1-

HOJJICKTPOHHBIEC COCTOAHMA aTOMa KaK

Q/)nljm(T) = &nlj (T)lem(Qa 0)
ISl TICEBIOCTIMHOPOB U KaK

Buj(r)  xijm (82, 0)
inj(’r) in’jm(QaU)

JJI 9€ThIPEXKOMIIOHEHTHDLIX CIIMHOPOB, I'IE

¢nljm(7-) =

'=2j—1, 7= (r,0)=(r,Q,0),

©Opij — PaJuaJbHble YaCTH NCEBIOCHMHOPOB, Fnij U Qnij — pajnajbHbIE
qacTy OOJNBIIMX M MaJIbIX KOMIIOHEHT JUPAaKOBCKHX CIUHOPOB, & Xijm —

JABYXKOMIIOHEHTHAA CIIMH-YIJIOBAA d)YHKLH/IH.

1.2 TamuabToHman /Iupaka-Kysmona-Bpeiita

lavunbronnan K, KoTOphIil HCIOMB3YeTCsI 11 PacieTa TAXKeJIbIX aTOMOB

U MOJIEKYJI C TAXKEJIbBIMU aTOMaMH, UMEET BU/J (B ATOMHBIX €MHHIAX, € —

m = h = 1, rge e,m — 3apsiJi © Macca JEeKTPOHA, h — IOCTOsSTHHAsI
[Tnanka):
1
HPC = ) "hP()+ ) —, (1.1)
i i>j i

i€ OHOIEKTPOHHbIH oneparop dupaka hP ects
B = o(@-B) + A(B-1)+V (1.2
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—

a, 8 — 4 x 4 marpunsl Jupaka:

5 0 o I 0
= | , B = :
c 0 0 -1
a I — epuananas 2 X 2 MaTpuia u ¢ — 2 X 2 marpunsl [aysm:
01 0 — 1 0
O = ooy = | ; 0, = ,
‘ 10 g i 0 0 -1

¢ — cKopocTb cBeta, p=—iV, u V — sijiepHblil NOTEHIMAJ, KOTOPHIA B
Pa3JIMYHBIX TPUOJMKEHUSIX MOXKET YUYUTHIBATH KOHEUHBLINH pasMep sijipa,
ero MOMeHT u Apyrue 3PpdeKTbl. B 1ByXKOMIIOHEHTHOM IIPECTABICHUN

JIUIsT OJTHORJIEKTPOHHON BOJIHOBOW (DyHKIIAN

’(,bL
Y s
Y
ypasuenue lupaka npuobperaer Ciiegayromyi Bu,I:
vV = = L L
v C(Z p) ¢S _ g ¢S (1.3)
c(dp) —2c+V P )

B pensituBrcTcKOM npubsirmKkeHnn 060J1ee BBICOKOI'O YPOBHSI CHAYAJIa, O0bIU-
HO YTOUHSIETCST OMUCAHUE MEXKJIEKTPOHHOTO B3aumoeiicteus. Pensitunct-
CKWe TIOMPABKHY MOJIYYai0TCst Ha OCHOBE KBAHTOBOH ek TpojnHamukn (K JT).
Husmmmii (nepsbiit) nopsijok K9 /I-nmonpaBok 110 Teopuy BO3SMYIIEHUH JIJTst
MEXKAJIEKTPOHHOTO B3aMMOJEHCTBUS (B KYJOHOBCKON KaauOPOBKE) — OJI-
HOKPATHBI 0OMEH MOIepedHbIM (DOTOHOM, y9eT KOTOPOrO IIPUBOJUT K Ia-

musbTornany JIKb:

HP® = H’+) B, (1.4)
1>7
rje
S5 o cos(wz-j'rij) o= B Cos(w,-j'r‘ij)—l
Bjj(wij) = —(0;-@;) ———= + (@;- Vi) (@;-V) 5 , (L.5)

Tij wij'rij
1 wj; 0003Ha"aET YACTOTY (DOTOHA, KOTOPHIM OOMEHUBAIOTCS JJIEKTPOHDI ¢ U
7 (cm., manpumep, [25]). HuskouacToTHOE pasioxkeHne KOCUHYCa TPUBOIAT
K “HeronHOMYy” GpefiToBcKOMY B3auMozeiictsuio B;;(0):

P — 1 - = - = - =
Bij(0) = —a;-d;/rij +5 (a0 — (675) (675) [ris] Jrij . (1.6)
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OTH YICHBI OIUCHIBAIOT ITIOCTOSHHOE MATHUTOCTATAIECKOE B3auMOJIeiicTBUE
U KJIaCCHYIECKOE 3alla3JblBaHHE€ IJICKTPHUYIECCKOI'O B3auUMO/ICCTBUSA MEXI1Yy

JIEKTPOHAMMU.

1.2.1 OcobGeHHOCTHN peIllleHnsI YyPaBHEHUI C raMUJIbTOHHAHAMU
IIX®(B) u JK(B)

Ha nepBbIx cTausx UCCIe0BaHUs PEIleHil YpaBHEHU ¢ raMUJIbTOHUAHA-
mu upaka-Xaprpu-@oka(-Bpeiira) u dupaxa-Kysona(-Bpeiita) nposisu-
JIUCh JIBE OCHOBHBIX €ro OCOOEHHOCTH 1O CPABHEHHUIO C HEPEJIATHBACTCKUAM

CJly4aeMm, KOTOpbIe IPUBOAMIIN K Pa3BaJly NPOUEAYD PEIICHUA YPABHCHUIA:

(1<) IIpobsema “BapralimOHHOIO KOJUIAIICA” BO3HUKAET [IPU HECOIVIACOBAH-
HOCTH KOHEYHOMEPHBIX (AHAJUTUICCKUX) OJJHOIEKTPOHHBIX 0a3UCOB
Jyist GOJIBIIIMX U MAJIBIX KOMIIOHEHT (cM., Hampumep, [27]). B mepe-
JATUBUCTCKOM TEOPHUHU OIEePaTOpP KUHETUIECKOH SHEpruy MPUBOIUT K
HAJIMYMIO BapuannonHoro muaumyma snepruu CCII st necunrysisip-

HBIX IIOTCHIHUAJIOB:

b (oplBB)lgr) >0, VP,

rie {¢p} — mpobubie crimHOpPLI (Pp # const), a B yparenusx JIXD(B)

BMCCTO 3TOI'O BBIYUCIAIOTCA YJICHBI THUIIA
(#1(3B)|9p) ,

rie {¢5} u {#3} — Gosbiune u Masbie KOMIOHEHTHI IPOOHBIX BuCIH-
Hopos. Heyraunblit BbIOOp 06a31COB 115t OOJIBIINX U MAJIBIX KOMIIOHEHT
[PUBOJIUT B IIPOIIE/LyPE CAMOCOIVIACOBAHUSI K KOJIJIAIICY PEIleHusi B 00-

JIACTD AJIpa 3a CYET MOTEHIaJa IPUTAXKEHUA IEKTPOHOB K AJIPY.

(2<) “Karacrpoda Bpayna-Pasenxosma” (1951) [97] ectsb pesymnbraT 6ecko-
HEYHOMEPHOT'O BBIPOXKJICHUSI 110 SHEPTUU st (KAK MUHUMYM) JIBYX-
YACTUYHOrO BO30OYXKIeHUsI. Be3 yuera MeKIJIEKTPOHHOIO B3aUMOJIEii-
CTBUsI JJIsl JIEKTPOHHBIX COCTOSIHU C SHEPTUSIMU €] U €9 TAKOE BbI-

POXKACHHNE 3allMChbIBACTCA KaK

(e1,62) = (e14ea+mc®+6, —mc?—8) , V6 >0,
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OHO BO3HHUKAECT 3a CHET IIPpUMEIHINBaHWA ITO3UTPOHHDbIX COCTOAHUM npu

yueTre JIEKTPOHHBIX KOPPEJIAIUi.
DT mpobIeMbl OB YCIIEITHO TTPEOHOJIEHBI ¢ TTOMOIIIBIO:

(1>) mcmonb3oBanus yCJI0BHs KHHETHIeCKOro Oasanca |98-101] mus Mmasbix

1 OOJIBIIMX KOMIIOHEHT,

1

¢p = B)¢r
00eCTIeanBAIOINIEr0 BAPHAIMOHHYIO CTAOMILHOCTD PEIIeHni (O HOKOH-
dburyparmonnbix) ypasuenuit IX®(B), xo1st u HUXKE TOYHOIO MUHU-

MyMa Ha Besmauny nopsiaka O(c™?);

(2>) mpoekrupopanust ramusibrornana JK(B) Ha criekTp TOIbKO 3J1eKTPOH-
HbIX cocrostHuil (“no-(virtual-)pair approximation”, cm. [102, 103]),
T.e. 3a CYeT 3alpeTa Ha POXKJIEHUEe BUPTYaAIbHbIX 3JIeKTPOH-I03UTPOH-

HBIX TIap MPU y4eTe 3JIeKTPOHHBIX KOPPEJIAIUil:

HPC®):+ — ATHPCBIAT (1.7)

rge AT — IpOeKIMOHHBINA OIepaTop Ha MOJIOXKUATEJILHO-IHEPreTHIeC-
Kue (JIEKTPOHHBIE) COCTOsIHUS, TTosTy YeHHble mpu BoinoaHennn JIXD(B)

pacdeTa paccMaTpuBaeMOil CUCTEMDI.

1.2.2 HepocraTku 4eTbhIPeXKOMIOHEHTHBIX Ipubsmkenuii JIK(B)

u JIXD(B)

- Tskesible aTOMBI UMEIOT MHOTO OCTOBHBIX 3JIEKTPOHOB, U JIJIsT XOPO-
IIEr0 OMUCAHUST OOJIBIIIOTO YMC/IA OCIUIIAIINAN Y2Ke TOJHKO BAJIEHTHBIX
COCTOsTHUI B aTOMHBIX ocToBax npu Boimosnuennn IXP(B) pacueros
MOJIEKYJI C TAKUMY aTOMAaMU TPEOYETCsT CIIMITKOM OOJIBIIIOH OJHOIJIEK-

TPOHHBIH Oa3uc.

- Hanmmuue MajibIX KOMIIOHEHT TPUBOAWT K 3aMETHBIM JOMOJHUTEI b-
HbIM BbrauciuresbibiM 3atparam B IX®P(B) u JK(B) pacyerax mo
CPABHEHUIO C JIByXKOMIIOHEHTHBIMU pacYeTaMu (T.€. yIUThIBAIOIIUMH
CIIUH-OPOUTATIBHOE B3aUMOJIEHCTBUE) U, TeM 0OoJiee, ¢ HEPeJISITUBUCT-

CKUMU (OJIHOKOMIIOHEHTHBIME) PACTETAMHU:
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(a) umeno deyxromnonenmnoz (“2¢”) KuHETHIECKU-COATAHCHPOBAH-
HBIX Ga3UCHBIX CIIMHOPOB JJIs MAJbIX KOMIOHEHT, NZ°, MOXKHO
OILIEHUTDH KakK QN%C, rie Ngc — 4KCJI0 OA3UCHBIX CIUHOPOB JIJIsI
OOJIBIIIX KOMIIOHEHT; TAKUM 0OPA30M, TIOJIHOE YKCJIO PEJISATHBUCT-
CKUX wembipexrkomnonenmuns (“4c”’) GasuCHbIX CIIUHOPOB,

Nf;sw?)]\/%c, a YHCJIO JBYX3JEKTPOHHBIX MHTEI'PAJIOB KaK

N2466Int ~ (1+2'22+24)N2260Int = 25'N2260Int 3

(6) umcio GasucHbx 2c-cunopos, NZ,| BiBoe Gosiblie yuCia Hepe-

bas>
JIITUBUCTCKUX OA3UCHBIX odnokomnonenmuwz (“1¢”) opburasnei,

N, nosromy

2c 4 le
N2eInt ~ 2 'N2eInt )
lc
n NQ@ITLt TaK2Ke paBHO LH/IC.Hy HE3KBUBAJICHTHBIX ,ZLBYXQ.HGKTPOH—

HBIX MHTEI'PAJIOB B CIIMH-OPOUTAJILHOM Oasuce.

- Bupryanbubie bucnuropst XD (B) venpurogubt (He siBISIIOTCS ONTH-
MaJIbHBIMU) JIJIsi TIPElu3uoHHbIX Koppessinnonubix JJK(B) pacderos
MOJIEKYJI, OJIHAKO HX BBIYUCJIEHHE HEOOXOAMMO JIJIs IOCJELYIONIEro
npoektupoBanus Beex bucnuaopos JIX®(B) Ha moanpocTpascTBO 1eK-
TPOHHBIX perieHnil (TpubImKeHre “6e3 POXKIEHIs BUPTYAJIbHbBIX JIEKT-

POH-IIO3UTPOHHBIX 1Ap”).

1.3 /IByXKOMIIOHEHTHbIE TPUOJINKEHNS

PaccMorpum HamboJiee MOMYyJIsipHBIE JBYXKOMIIOHEHTHbIE MPUOIUKEHUSI,
UCIIOJIb3yeMble B COBPEMEHHBIX PACUETaX C YIETOM PeJISITUBUCTCKUX -
dexToB. OHU OCHOBAHBI HA JIByX OCHOBHBIX METOJAX MCKJIIOYEHUS U3 siB-
HOTO PACCMOTPEHHUsI MaJIbIX KOMIIOHEHT JIMPAKOBCKUX CIHHOPOB, KOTOPbIE

pPacCMOTPEHbI HUXKE.

1.3.1 BripakeHne MaJbIX KOMIIOHEHT depe3 00JIbITe

[IpencTraBuM CBsi3b MAJIBIX ¥ OOJILIIAX KOMIIOHEHT OMCIMHOPA B BUJIE

v° = Xyt . (1.8)
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Bripaxkenue jiiis onepatopa X B 00IIeM ClIydae HEU3BECTHO, TOITOMY JIJIst
HEro MCIOJb3YIOTCA MPHUOJIMXKEeHHbIe BbIpaxkeHus. V3 0JHO3IEeKTPOHHOTO

ypaBHenusi Iupaka

{ (GBS + V(r)r = ByF 19)
(GBI — 265 + V()9S = By |
CIIeJyer:
5 = (@B (1.10)
a ypaBHeHUe JiJisi OOJIBIION KOMIIOHEHTHI TPUOOpPETaeT BU/I:
(V(r) = BH 4 o (@B @B] v =0, (11)
rie

w(r) = (1 + %‘g”) T 2623—% (1 + M_LV(TO o (1.12)

Haubosiee uzsecrubie npubsmxenust jyisi w(r) 91o npubnnxenue [Tay-

-1

JM — paznoxkeHne w(r) Mo CTEmeHsIM ¢, T.€. JIEBOr0O Bbipazkenus B (1.12),

W DEJIATHBUCTCKOE TpuOJimkenue HyseBoro (mepsoro) mopsizka (PITHII
(PIIIII) wiam ZORA (FORA): zero- (first-) order relativistic approxima-
tions) — passioxkenue w(r) 1o cremneHsiM sHepruu E, T.€. 1paBoro BbIpa-
xkenust B (1.12). Tlocrennee 6but0 npeyioxkeno B pabore Ban Jlenre, Ba-
epenjica u Cuaitziepca (1993) [104]. B orymmune or npubmmkenns [aysmu,
PITHIT (PTIIIIT) npuBoasiT K BapUAIMOHHO CTaOMJIBHBIM DEIIEHUSIM, XO-
TSl HEJMHEHHOCTH 110 MOTEHIUAJy He ABJISeTCs (PU3NYCCKM KOPPEKTHON! u
OIPABJIAHHOM JjIsl MHOI'MX NPUJIOXKEeHWIA. BbLIu Tak:ke npeyIoXKeHbl U JIpy-
rue npubsmxkenus st X (CM., B yacTHocTH, paborel JIésauna (1964) [105],
Kosana u I'pudpduna (1976) [106], Bysa u Bopunra (1978) [107], Bapresna,
[Tenuccuepa u Hopama (1980) [108]).

1.3.2 DBuaounas AUATOHAJIN3aAIAA JJICKTPOHHBIX U IMTO3UTPOHHDBIX

CEKTOPOB

[Ipeobpaszosanne Qosyu-Bayrxaitzena (1950) [109] ucnosnbayercst st 67104-
HOIl JIMaroHaJu3aluy oneparopa Jupaka — pasjeeHus 3JeKTPOHHLIX U
MO3UTPOHHBIX CEKTOPOB MOCPEJCTBOM YHUTAPHBIX OIEPATOPOB CeIUaJlb-
HOU CTPYKTYPBI (C y4eTOM Wi 06€3 ydera MeKIJIEKTPOHHOIO B3aMMOJEH-

CTBUSA):
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U™ = U,-...Up-...Uy; Up=exp(iSy) ,
TaK 4T0O
U,HU;'U,® = H, 9, ;

H™ 0
0 H”

-1

U(")H(U(”)) = H(n)|n—>oo — Hdecoupled =

Boibop S;=—i5(a-p)/(2¢) ynuuroxkaer “nepekpecTHbie” IEHbI [EPBOIO

IopsAJKa I10 C_l, CMEIIMUBAIOIIKWE JJICKTPOHHLIE M IIOSUTPOHHbLIE CEKTOPa,

HO BBOJUT TAKHE WIEHBI B 00jlee BBLICOKOM IMODSAJKE IO € , KOTOPBIE, B
CBOIO OYepelb MOI'YT ObITh YJAJEHbI HTEPATUBHO C IIOMOIIBLIO IPeodbpaso-
panusa ®,=exp(iS,)®,_1 u T.1. Bo BropoM mopsjke mo ¢! momydaercsa
npubszkenne [aysn. OiHAKO PA3/IOzKeHUs 110 ¢ © B ODIIEM CJIydae ABJIsi-
FOTCs CUHIYJISIPHBIMU (J1J1si KODPEKTHOI'O PEIIEHUs! 9TOH 1PODJIEMbl BaXKEH
y4er IPaBUJILHOI'O HEPEJISITUBUCTCKOIO [IPEJIEJIa METPUKK, KAK 9TO peaJiu-
30BaHO, HAIPUMED, B paMKax “IpsSMOii TeOpUK BO3MYIIEHU’, Pa3BUTOI B
paborax Pyrtkosckoro (1986) (cm. [110] u cepuikm), Kyrsennura |22, 28] u
JPYTHUX aBTOPOB).

Hpyroe uzBectHoe npubsukeHue Takoro Tuna (mpu n=2) — npeob-
pazosanue yrnaca-Kposa (1974) [26, 111, 112], B KOTOPOM KOPPEKTHO
YUHATBIBAIOTCS YJIEHBI BIUIOTH J0 BTOPOIO MOPSIAKA MAJOCTH 110 BHEIIHEMY
MOTEHIUAJY ¥, B oTJim4uue oT mpeodOpasobanus Posgu-Bayrxaiizena, mo-
aydalomyecss 3G GEKTUBHbIE FaMUJILTOHUAHBI UMEIOT CIEKTPhI PelleHui,
OIPAHUYEHHBIE CHU3Y, 8 3HAYUT JIJIsI IIOMCKA PELIEHUH MOI'yT ObITh UCIIOJb-

30BaHbl BapUuallUOHHbIE METOIbI.

1.4 PeagtuBucrckme 3ppeKTuBHBIE TOTEHITAAJIBI OCTO-

Ba (IICEB/IOMOTEHIINAJIbI)

Cnenyomnuit mar — MCKJIIOYEHNe XUMUYECKH WHEPTHBIX OCTOBHBIX 3JIE€K-
TPOHOB M3 MOJIEKYJISIPHOTO pacdeTa. B pacuetax MOJEKYJ C TsIXKEJTbIMU
atromamu ramuibrornan JIK(B) obbrano 3amensiercst HekoTOpbiM 3¢ dek-

TUBHBIM I'aMHWJIBTOHHAHOM
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HY = ) 5" (i,) + UM (i,)] + + (1.13)
i o> |
B KOTOPOM HMHJIEKCHI &, W J, HPODEraloT TOJHKO [0 BaJIEHTHBIM ¥ SIBHO
srodenHplM B POIIO pacaer ocToOBHBIM 3ieKTpoHAM, a U™ — omepa-
TOP PENATHBUCTCKOTO 3(hHEKTUBHOIO MOTEHIMAJIA OCTOBA, OMMCHIBAIOIIN
B [IEPBYIO OY€pE/Ib B3aMMOEHCTBIS SIBHO BKJIFOUEHHBIX B PACUYET JIEKTPO-
HOB C TeMU, KOTOpble uckovetHbl u3 POIIO pacuera. B oipaxkennu (1.13)

hSr — HepessTUBUCTCKUI OHOSIEKTPOHHBIHA raMusbronnan LIIpémunre-

pa
hSehr — —362 +V.

B ominydne OorT 9eThIpEXKOMIIOHEHTHON JIEKTPOHHON BOJIHOBO# (DyHKIIUH,
ncrosb3yemoii B pacderax JIK(B), ncesmoBontoBas dbyHukuus B pacdere ¢
POIIO moxer OBITH KaK JBYX-, TaK U OJIHOKOMIIOHEHTHOIA.
OddeKTuBHbIE MOTEHINAJbBI MOXKHO Pa3/Ie/IUTh Ha, JBa OCHOBHBIX TH-
na — “opburasbHO-33JaHHbIE” U “mpocTpancTBeHHO-3a0aHHble” POIIO min
PIIII, T.e. mo cnocoOy ydera npuHiuna 3amnpera [layam st BaJeHTHBIX
9JIEKTPOHOB 110 OTHOIIEHWIO K 3aHSIThIM OCTOBHBIM COCTOSIHWSIM, SIBHO KC-
KifoUeHHbIM 13 pacdera ¢ POIIO (em. maparpad 2.1.2), u, coorBeTCTBEHHO,

10 TUILY UCHOJb3yeMoro omneparopa PIIIO.

1.4.1 IlceBaonoreniuag ®Pyn3mHaru

[Ipr 3aMOpa’KMBAHUU OCTOBHBIX CIHUHOPOB Uy i+, (C HmOCTERyIOMUM HC-
KJIIOUYEHHEM UX M3 pacdera siBHbIM 00Pa30M) HYXKHO CJIEJUTh, 9TOOBI Ba-
JIEHTHbBIE CIIMHODPbBI ObLIM K HUM OPTONOHAJIBHBI. DTO OTHOCHTEIbHO JIEIKO
MOX>KHO OCYILIECTBUTH B QTOMHBIX PACY€TaX, HO B MOJIEKYJISIPHBIX Pacde-
rax ¢ ucnojb3opanuem npudbamxkenns MO JIKAO st 3Toro ciepyer Bbl-
MOJIHATH OPTOTOHAJIU3AIMIO MOJIEKYJISIDHOTO 0a3uca K 3aMOPaXKMBaEMbIM
CIIMHOPAM, & 3aTeM OCYIIECTBUTH TPAHCHOPMAINIO JBYXIJIEKTPOHHBIX WH-
TErpaJjioB, YTOObI UCKIIOUATEH BCE HHTEIPAJIbI ¢ 3aMOPaXKUBAEMbBIMY CITHHO-
pamu. Takas nmpore/rypa ocodbeHHO Hea(PEKTUBHA, €CITU 3aMOPAXKUBAIOTCS
OCTOBHBIE CIIMHOPBI B ] J-CBSI3H, 8 MOJIEKYJISIPHBII 0a3KC JJIsT BAJIEHTHBIX CO-
CTOSIHU{i SIBJISIETCSI CIIUH-OPOUTATBHBIM (T.€. OH CTPOUTCS B TPUOJIMKEHWUH

AS—CBHSI/I, KOI'Jla YUCJIO HE3KBHUBAJICHTHBIX JBYX3JIEKTPOHHBLIX MHTEI'PAJIOB
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MOKeT OBITh MUHUMHU3UPOBAHO), XOTSI TAKON BBIOOD THUIIOB CBSI3U SIBJISIET-
cs1 HarboJTee eCTECTBEHHBIM JIJI PACUETOB COeIUMHEHHUI TAXKEJIbIX aTOMOB B
CBA3H C COOTHOMIECHUEM KOPPEJIAIUMOHHBIX 1 CHHH—Op6HTaﬂbeIX BKJIaJIOB B
BaJICHTHBIEC 9HEPI'UU.

Hpyroit criocod obecrnednTsh TaKyi0 OPTOrOHAJBHOCTH, XOTSI U IIPUOJIV-
’KEHHO Ha, IPAKTUKE, — 9TO UCIOIb30BATh TEXHUKY CIIBUTA OJHOIIEKTPOH-
ubix yposueit. Cirenys @yas3unare u qpyrum apropam |44, 73-77], nceso-
[IOTEHIMAJ CTPOUTCS B BUJIE CyMMbI KyJOHOBCKOro (J) u 3aBucsiiero or
cmna obmennoro (K) oneparopos CCII kak dyHKIMOHAIOB OT 3aMOpa-
2KHUBa€MbIX CIIMHOPOB, a TaK2>Xe€ 4JICHOB, O6€CH€LH/IBa.IOHH/IX caBUr ypOBHeﬁ
3aMOpPaKUBaECMbIX CIIMHOPOB B CIIEKTP BBICOKOB036y}KﬂeHHbIX BUPTYyaJIb-

HBIX COCTOAHUIA:

Ugm = (J_K)[wncli,m] + Z Brax Pnx (1.14)

Ne,l, £
T.€. En,ix —> Enge+Bnix , al: = (I, j=|1£1/2]), By,i1+>0 u o menbeit

Mepe MOPSIKA, |2€p, 1+ |, En i+ — (OIHOIIEKTPOHHBIE) SHEPIUM 3aAMOPAYKUBA~

eMBIX CIIMHOPOB Yp i+ m ,

Pncl:t - Z |¢ncl:|:,m><¢ncl:|:,m| .

DT HEJOKAJBHbIE YJIEHBI HEOOXOJAUMbI JJIsi IPEAOTBPAIIEHUS CBAJIMBAHMUST
(kosutarnca) BAJEHTHBIX JEKTPOHOB B YK€ 3aHIThIE 3aMOPOYKEHHbIE CO-
CTOSIHUSI. 3aMETHM, YTO KYJIOHOBCKOE B3aUMOJEHCTBUE OT 3aMOPOKEHHBIX
OCTOBHBIX 0DOJIOYEK HE 3ABUCUT OT CIIUHOBBIX MEPEMEHHBIX, & 3aBUCSIIAEC
ot crvHa yjenbl B (1.14), obMeHHOE B3aMMOJIEHCTBUS U ONEPATOPBI CIIBUTA
YPOBHEH, MOT'YT ObITh MEPENUCAHbI B CIUH-OPOUTAJIHHOM MPEICTABICHUN C

nomoripio Toxaectsa (Xaduep n Hlsapn, 1979 [61]):

1 1,1 -
Pp. = —|{l+-£- )P £2P/(15)P 1.1
= o K +5 2) ! (1-8) l] : (1.15)
riue
J !
Pli = Pl,j(:|li1/2|) = Z |l]m><ljm| ) Pl = Z |lml><lml| .
m=—j ml=—l

[Tepes ncrosnb3oBanuem ncepponorernuaia Oy a3uHaru B pejsiTABUCTCKOM
citydae OOBIYHO TeJIeCO00Pa3HO MepPeiTH K KAKOMY-JINOO JIBYXKOMITOHEHT-

HOMY TIPHOJIMZKEHUIO JJTsi BOJTHOBOM (yHKIwu (cM. pasmer 1.3).
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B marpuunoii dpopme ramumiabronnana ¢ UE  pee “sremnne’ nniex-
Huz

Cbl CyMMHUPOBAHUS HE JIOJ2KHBI IIPOOEraTh M0 3aMOPOXKEHHBIMHU CIIMHOPAM,
HO OPTOIOHAJILHOCTH BAJIEHTHOI'O Da3uca K 3aMOpakKuBaeM (PYHKIUSIM He

TpedyeTcsi.

1.4.2 CenapabejbHbI€ ICEBAOMOTECHIINAJIBI

OmnepaTopbl CIBUTA YPOBHEH — MpOCTEHTImii (qaCTHmﬁ) ciiydail cemnapa-
6eJIbHOT'O OIlepaTopa, T.€. OllepaTopa, KOTOPbI UMeeT KOHEIHOMEPHYIO 00-
JacThb 3Hadennii. CemapabesbHbBIE [ICEBIONOTEHINAIDI USEefp uMerT hopmy
[113-115]

UB = Uioe + AUy (1.16)

sep

Uloe — noxasbnag gactb 111, a AUg, — ero cenapabesbHast 4acTb:

N, sep

AUgep = Z Bpg|Bp)(Bal (1.17)
P

rae |By) = Zflvsep (B_l)qp [AUgbq) » Bpq = ($p|lAUGY) , AU = Uy — Uloc
u Uy(r) — KOMIIOHEHTa IICEeBJONOTEHIMANA, [TOCTPOCHHAS JIJIs IICEBILO0D-
OuTasu (MCeBIOCITMHODA) ibvq B cooTBercTBUK ¢ dopmysoii 2.9, a p,q —
mysbTHEHAeKCH Buga (nljm),, wm (nlm!m®),,. Onu ouenb akTUBHO
HCTIOJB3YIOTCS B COBPEMEHHBIX PAacYeTaX MHOTOATOMHBIX CHCTEM METOIOM
yHKIMOHAJA TIJIOTHOCTH, B OCODEHHOCTH JIJisi peleHusi npobjemM Mosie-
KYJISIDHOW JUHAMWKKM W TBEPJOTEHHBIX 3aJad Ha 0a3wce MJIOCKUX BOJIH
[113-121]. B takux pacderax me TpebyeTcs SBHOE BBHIUUCICHUE JBYXIIEK-
TPOHHBIX HMHTEIPAJIOB, MOCKOJbKY JJIsi OMUCAHUS OOMEHHO-KOPPEJSAITUOH-
HBbIX 9(@PEKTOB HCIOJb3YyeTCs HEeJMHEHHBIH OMHOJIEKTPOHHBINA OlepaTop,
a pacdeT MOJIEKYJISIPHBIX MATPUIHBIX JIEMEHTOB C cenapabe/ibHbIMK ICEB-
JOMOTEHIMAJIAME MOXKeT ObITh CjleJiaH O4eHb ObicTpbiM (cM. 0030p [49])
1 BECbMa MPEIU3MOHHBIM — HA, YPOBHE TOYHOCTH PaAJIMAIbHO-JIOKAJIbHBIX
[TT1. Dro B HOMBIIOHA cTeneHr 0OYCIOBIEHO CBOACTBOM MPOMOPIMOHAIBHO-
CTH BAJICHTHBIX TICeB00pOuTasIeil (MCeBIOCIMHOPOB) B OCTOBHOI obacTy
(em. pazgen 2.1) u masocrbio komnonent [T npu > R,.. JocrouncTBoM ce-
napabesbHOrO MCEBIOTIOTEHIINAIA, TAKYKE SBJISETCS BO3MOYKHOCTD €0 TeHe-

PAIMH JIJIs Y3JI0BBIX TICeBI0OpOUTaeil (1ICeBIOCIMHOPORB), IPK HTOM B HEM
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HE MOSIBJISAIOTCS CHHTYJIAPHOCTH, XOTd noreHnuansl Up(r) u MoryT ObITh
CUHTYJISIPHBIMU.

K nemocratkam cenapabenbubix [II1 MoxkHO OTHECTH TO 0OCTOSITENH-
CTBO, YTO OHU, BOODIIIE NOBOPsi, HEJIMHEHHBI IO KOMIIOHEHTaM TOTEHIINAJIOB
Uy(r) B ciyuasix, Korpa obe opburanu B OOKJIAJKaxX He MPUHAJJIEKAT K
rpyime opouTaJeii, i KOTOPhIX CTPOMJINCH KOMIIOHEHThI PacCMaTPUBAE-

Ef Ef
moro IIIT Ug,. Kpome toro, ucnonpsyemoe npu nocrpoernn Ug,, mpe-
[IOJIO’KEHHUE O JIOKAJHbHOM XapaKTepe MCXOMHOI'O MMOTEHIMAJIa B BAJEHTHOM

obsnactu (nipu r>R. u paxe npu r>3>R.) TakkKe OrpaHUYUBACT TOYHOCTDH

Ef

sep (cM. pasgen 2.3). Tpebyercs GOJbIIee YUCIO KOMIIOHEHT

pacuera ¢ U
noTeHIuaJaoB Ny JIJIsi Xoporeil “nepenocumoct’ cenapabdeabubix 11T,
KOTJIa, U3MEHSTIOTCS TapaMeTpPhl 33891, a TOTOMY U TPeOOBAHWS K ATTPOK-
CUMAIIM TAKUX MOTEHIHAJIOB Oosiee »kectkue. C yBeJMUeHWeM Ke IUCIIa,
Ngep B IPAKTUYECKUX PACIETAX MOXKET BO3HUKHYTH IIPOOJIeMa ITOTepH TOY-
HOCTM Ha CTAJMU TOCTPOEeHHUsi MaTpuilbl, obparaoit kK B B (1.17). Takoii
npobsieMbl He cyiectByer B ciydae oneparopa OPIIIO (2.10), koropbiii
smueer 110 koMnonenTaM Upy(r). OTMeTnM TakxKe, 9TO TEOPUSI METOJOB CO-
ritacoBarHoro 1mo ¢popme PIIIO u OPIIIO ¢ cenapabebHOil mOMpaBKOii,
[IPEJICTaBJIEHHAS B IVIaBaxX 2 U 3, PACIPOCTPaHsIeTCst 063 Cephe3HBIX M3MEHE-
HUI ¥ Ha CJIydail cenapadesibHbIX [ICEBIONOTEHIINAIOB, KOTOPhIE IIOHAYAJLY

" KUCIIOJIb30BaJIMCh B paCdY€TaxX UMEHHO KaK 0oJ1ee IKOHOMUYHAS AIIIIPOKCHU-

MAaIlUsi COXPaHSIONIEro HOpMy ToJyJioKajbHoro 111

1.4.3 CorysacoBaHHbI€ 110 (DOPME U JAPYTHUE PAIANATIHHO-I0KAIb-
Hbie PIOIIO

Cuteniyst cxeme, paspaboranHoit B nepByio odepep rpynmnoit K. [Tutnepa B
paborax JIu, dpmiepa u [Turuepa (1977) [59] u Xpucruancena, Jlu u [Tur-
uepa (1979) [57], uncieHHbIE MCEBIOCTHHOPBI Py, 1j(7) KOHCTPYHPYIOTCS
13 GOJBIINX KOMIOHEHT P, ;;(r) CaMbIX BHEIIHUX YeTBIPEXKOMIIOHEHTHBIX
CIIUHOPOB TaKMM 00pa30M, YTO MCEBJOCIUHOPLI CTAHOBSATCA OE3y3JIOBbI-
MU DYHKIUAME (TOJIBKO OJMH TICEBIOCIIUHOD CTPOUTCS JIJIsi KaXKJIOH [aphbl

KBaHTOBbIX 4uces (I, j) npu ycaousx | < L u j=[l + 1/2]):
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Guiglr) = { Trl): et (1.18)
el f(r)y=r7 Z;lzo a;r', r < R,,

1=0,1,...,L, j=|l+1],

rie L Ha 1 OoJsibllle caMOro BBICOKOTO OPOUTAJBHOI'O MOMEHTa Y OCTOB-
HBbIX CIIMHOPOB. BenyImas creneHs v B MOJMHOME OOBIYHO BHIOMpAETCS paB-
Hoit [+2 wim [+1 mjs Toro, 4TOOBI 0DOECIEUNTDh JOCTATOUYHOE “BBITAJIKN-
BaHUE’ BAJCHTHBIX IEKTPOHOB M3 OCTOBHON 00IACTH (BMECTO HCIIOIH30-
BaHUS YCJIOBHUS OPTOTOHAJBLHOCTU IO OTHOIIEHWIO K 3aHATHIM OCTOBHBIM
COCTOSTHUSIM ).

Kowmnonenrsr POIIO Ujj(r) onpesessiiorcs B pe3ysibTaTe HHBEPCUE XapT-

pu-(DOKOBCKUX ypaBHEHWH JJIsT 3aJaHHBIX 11CeBIOCITUHOPOB ¢ [=0,..., L u
j=[I£1] (Tonmapn III, 1968 [52]):

- 1d? 1d I(+1) Z =~ . =
0s) = @i (Gt gy~ g+ IO HKO)
+ 5nvlj) %vu("‘)] ; (1.19)

rjie Z — 3apsji sijipa, j nK — KYJIOHOBCKWIT 1 OOMEHHBII OTIepaToOpPhI, MO-
CTPOEHHBIE Ha ICEBJIOCIIUHOPAX, Ep,1; — OJHOIEKTPOHHAS (opbuTasnbhast)
SHEPIUs COOTBETCTBYIOIIETO CIMHOPA. L[aKuM 00Pa3oM, @y, CTAHOBHAT-
cs pemenusiMu ypapaenuii Xaprpu-Qoka HepeJSaTUBUCTCKOTO TUMa (T.e. ¢
HEPEJNATUBUCTCKON KUHETUYIECKON SHepFHeﬁ) B CXEME JJ-CBSI3M JIJIs “TICEB-
J0aromMa’ ¢ yJAJIEHHBIMU OCTOBHBIMHU JIEKTPOHAMHU U C 3PDEKTUBHBIMU
norentuanamu Up;(r).

Omneparop paauaabHO-10KaJabHOr0 POIIO 00bIvHO 3amucbiBaeTcst B (hop-

L 1+1/2 j
U = Ups(r)+ > Y [U(r) = Uns(r)] Y [lim)(lim]| . (1.20)
1=0 j=|I-1/2| m=—j

OrmeruM Takxke, 410 € MOMOLIBI0 ToxkaecTBa (1.15) jisi TpoeKTOpoB
P,; oneparop POIIO moxer OBITE Jlerko Tepenmcan B CUH-OPOUTAIHHOM

[peJICTABJIEHNH.
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Hocmouncmea:

e XUMHUUYECKH HEAKTUBHBIE AJICKTPOHBI MOI'yT OBITH SIBHO MCKJIIOYEHDI

u3 pacuera ¢ PIOIIO.

e BaJienTHble opbuTasn (CIIMHOPHI) CIVIAXKEHbBI B OCTOBHBIX 00JIACTSIX Tsi-
XKeJIbIX aTOMOB MIPU IeHepanuu 6e3y3JI0BbIX IceBIoopouTaei (nces-
nociuHopoB). [oaToMy 4KCIIO O[HOIEKTPOHHBIX 6A3UCHBIX DYHKIIU
MOXKeT ObITh MUHUMU3UPOBAHO U, TAKUM 00PaA30M, JI0 HECKOJIbKUX 10~
PSIJIKOB MOXKET ObITh YMEHBIIEHO YUCJIO JIBYXIJIEKTPOHHBIX WHTErPa-
JIOB Ha 0a3UCHBIX (DYHKIUSIX, BpEMsI UX BBIUYUCJIEHUSA U TpaHC)OpMa-

IIUU K MOJIEKYJIIpHOMY Oa3wucy.

e MaJjible KOMIIOHEHThI YETHIPEXKOMIIOHEHTHBIX CITHHOPOB MCKJIIOUAIOT-
Cd W3 pacueTOB WM IIPH ITOM HCIOIb3YeTCs] HEPEJIATUBUCTCKUN Ore-
paTop KuHetndeckoit sHepruu. Meron PIIIO mosBosseT ucmonb3o-
BaTh XOPOIIO Pa3pabOTAHHYIO TEXHUKY HEPEJSITUBUCTCKUX PACUETOB,
a pesIATHBUCTCKUE 3PMEKTH YIUTHIBAIOTCS TOCPEJICTBOM 3aBUCSIIIIAX
OT CIIWHA PaUaJIbHO-JIOKAJbHBIX MOTEHIMAJIOB. [Ipraem marke mex-
JIEKTPOHHOE OpeiiToBCKoe B3ammojeicTBue u Oosiee Boicokue KIJI
IIOIIPABKU MOTYT OBITH 3(P(MEKTUBHO IIPECTABJIEHBI OJHOIIEKTPOH-
HBIM DaJIMAJIbHO-JIOKAJIBHBIM OmepaTopoM (cM. pasdzern 3.4 u paboTel
|85, 86, 122]). Takum obpasom, nocpepcrBoM npubsmxenust POIIO
MOKHO ODONTH OCHOBHYIO 9aCTh TPY/IHOCTEH, CBOMCTBEHHBIX MOJIEKY-

JsipHbIM pacuderam ¢ ramuibronunanom K (B).

e B npunmuie jaxxe KOppeJsiliuy SBHO BKJIOYEHHBIX B PACYET JIEKTPO-
HOB C TeMH, KOTOpbIe nckJodeHbl n3 POIIO pacuera, moryT ObITh KO-
PEKTHO y4TeHbI ocpeacTBoMm “koppesnpoBantbix” POIIO (eM. pas-
nen 3.5 u pabornl [85, 86, 122]). YMmenbieHne dncia siBHO KOPPEJU-
PYEMBIX 3JIEKTPOHOB TTOCPEACTBOM Takux BapuanToB POIIO — ouenn
NEePCIEeKTUBHBIA TyTh YMEHbBIIEHUs] BBLIYUCIUTEIHLHBIX 3aTPaT MOJIE-

KYJISIPHBIX PACUETOB C OUEHb BBICOKOH (“XMMIUIECKOi”) TOTHOCTHIO.

Hedocmamxu:

o K HaCTOAIIEMY MOMEHTY IIPEAJIO2ZKEHO MHOI'O BapUaHTOB PaJHuaJIbHO-

JgokaJbHbIX POIIO u pensruBucrckux mncespomnorennuaaon. OmgHAKO,
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KaK ITPOJEMOHCTPUPOBAHO BO MHOTHMX pacyuerax, BCe OHU JIAOT CPaB-
HUMBI{l YPOBEHb TOYHOCTHU IPU OJMHAKOBOM UHCJIE SIBHO BKJIIOUEH-
HBIX B pacdeT 3eKTpoHoB. OueBugHo, 9T0 TouHOCTH PIIIO pacueros
JIOJI>KHA PACTH C yBEJUIEHUEM TPOCTPAHCTBA BAJEHTHBIX JIEKTPOHOB.
Ho B mammx pacderax MOKa3aHO, IYTO PACIIMPEHUE ITOTO MPOCTPAH-
CTBa CBEPX HEKOTOPOT'O MOPOTOBOIO 3HAUEHUSI HE IPUBOIUT K POCTY
TOYHOCTU PACYETOB C PATUAJTBHO-JIOKAJbHBIME I(DPEKTUBHBIMU IO~
reHiuasiaMu. MOXKHO ¢jiesiaTh BBIBOJ[, 9TO HE TOJIBKO CXEMbI CIUIaXKK-
BaHUS U YUCJIO SIBHO BKJIIOYEHHBIX B PACYET JIEKTPOHOB OTBETCTBEH-

HBI 38 TOYHOCTH PacderoB ¢ nosysokaibabivu POITIO (PIIIT).

Xotst npu KomnereHTHOM pacyere MerogoMm POIIO nHekorophix cBO#CTB
TOYHOCTH MOXKET ObITh BECbMa, BLICOKOH, BCE K€ TOYHOCTH COBPEMEH-
upix POTIO (PIII) sexur na yposue 1000-3000 e~ (u 6omee) s
SHEPTHI JUCCOIUAINYA U IEKTPOHHBIX MEPEXOJIOB, YTO MOXKET OBbIThH
HEYJIOBJIETBOPUTEJLHBIM JIJTsI Tpuiioxkenuit. HajgexxuocTs paguaabHo-
JokaJibbiX BapuanToB POIIO HeBbicoka pu pacuere coejiuHeHuil me-
PEXOJIHBIX METAJIIOB, JAHTAHUJIOB U AKTUHUJOB U BO MHOT'UX JIPYI'MX
CIIydasix TIPU OTMUCAHUM TJIYOOKOM TepecTPOMKYU IJIEKTPOHHONW CTPYK-

TYPbI MOJIEKYJIBL.

e Boutee TOI'0, U3-3a CIVIa2KMBaHKA CIIMHOPOB B aTOMHBIX OCTOBaX HEBO3-
MO2XKCH HGHOCpeﬂCTBeHHbIﬁ pacdeT TaKux CBOMCTB Kak QJICKTPOHHaAA
IJIOTHOCTD BOJTU3U TSXKEJIbIX AJEP U CBEPXTOHKAA CTPYKTYPa, a TaK2KE
APYyrux CBOﬁCTB, OIIKUCbIBA€MbIX CHHI'YJIAPDHBIMU BOJIM3U gaep olepa-

TOpaMH.

1.5 bas3ucsel

AromHbIe 0a3UChI JTOJKHBI OBITH C OJHOW CTOPOHBI JOCTATOYHO KOMIIAKT-
HBIMHM — JIJIST TOTO 9TOOBI KOPPEJSIIUOHHBIA pacdyeT MOJIEKYJIBl METOIO0M
MO JIKAQO 6511 9KOHOMUIHBIM, & C IPYTOil CTOPOHBI — JIOCTATOTHO OJIN3-
KUM K TTOJTHOMY, YTOOBI TOUHOCTD pacyeTa Oblia BHICOKOW. DTH JBa MTPOTH-
BOPEUNBBIX TPEOOBAHUS TPUBOJISAT K HEOOXOAMMOCTH TIATETHLHON OTITHME-
3aIliu 0A3UCHBIX HAOOPOB JJIsT TIPENU3UOHHBIX MOJIEKYJISIPHBIX PACIeTOB.

Kak mpaBujio ucnosb3yoTcs 0a3uchl TayCCOBBIX (PYHKINI: HEKOHTPAK-
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TUPOBaHHbIC (MM IPUMUTHUBHBIC), & TaKKe 0a3UChl ¢ ceemenmmnot (seg-
mented) u obwet (general) cxemoii KOHTPAKTAIMN TPUMHUTHBHBIX [AYCCH-
an [123-125]. B pacuerax aToMOB M JByXaTOMHbIX (JIMHEHHBIX) MOJEKYJI
WCIIOJIb3YIOTCS TAKXKE YUCIICHHbIE (KOHEYHO-DA3HOCTHBIE) U CIIITEPOBCKUE
Oazuchel. B aurepaType nociegHee BpeMsi Bce Jallle UCIOJIb3YIOTCsT 6a3UChI
amomuolx namypasvnoix opoumanet (AHO, arnri.: ANO — atomic natural
orbitals) [126] u xoppeaayuonno-cozaacosannve (KC, amnrn.: CC — corre-
lation-consistent) 6azucer Jaununra [127] B HEPEISTUBUCTCKUX PACUETAX C
BBICOKMM YPOBHEM y4eTa KOPPeJIAIUil, 8 B PEJISITUBUCTCKUX XKe Pacdyerax B
OCHOBHOM €Il MCII0JIb3YIOTCsT HaOOPhI IPUMUTUBHBIX ayCCOBBIX (DYHKIM
C TEOMETPUYECKON Tporpeccueit JiJjisd mokasaTesjaeid 9KCIIOHEHT.
PaccmoTrpum mogpobree Tuiibl 6a31MCOB, KOTOPbHIE MCIIOJIb30BAHBI B PAC-

JeTax, MPeJICTaBJIEHHbIX B HACTOSIIEH padboTe.

1.5.1 PaBHOMEpPHO- 1 HEPABHOMEPHO-COAJIAHCUPOBAHHBIE ATOM-

HBbIe 0a3uChHI

Cuibeepom, Yusiconom u Hetomyprom B 1978 1. [128]| 6bu1a mpempiokena
KOHIIEIIIUS YHUBEPCANDHOLL GMOMHLL 6a31UC06 Ha TAyCCUAHAX ¢ TE€OMETPHU-
qeckKoit TIporpeccueit s mokasaresieit sxcronent { Ny exp(—(r?)}, nm

pasromepro-coarancuposannnr (even-tempered) 6a3ucHbix dyHKIWI,
k-1
Ck:a/B ) k:1727°"7N7

EePBOHAYAJBLHO Npeiokentoit Puscom B 1963 1. [129]. D1a koHueniusi
SIBJISIETCST BECbMa TOTTYJISIPHOM B MOCJIEHEE JIeCATUIeTHe, Hanboree aKTHB-
HO yHUBepcasbHble basuchkl ucnonbdyores B JIXD(B) pacuerax aromos,
HO MPUMEHSIIOTCS TaK»Ke W K OTHOCHTEJILHO MPOCTHIM MoJieKysiaM. Pabo-
Ta MO0 WX ONTHMH3AIUU MUHUMAJbHA, aJTOPUTMbI JIJIsI pacdera OJHO- U
JIBYX3JIEKTPOHHBIX MHTETPAJIOB MOTYT OBITH 3DPEKTUBHBIMU, 8 KAIECTBO
BIIOJTHE TIPUTOIHO JTst deThipexkommnoneHTHBIX JIX®(B) pacueTos ¢ ycmo-
BUEM KHHETHYECKOro OajiaHCca il MaJjibiXx KOMIIOHEHT. VX HejocTaToK B
TOM, 9TO HEOOXOJMMbI CJIMIIKOM JIIMHHBIE PA3JIOXKEHUS YHUBEPCAJbHDBIX
6a3MCOB JIJIsi TSIXKEJIBIX JIEMEHTOB, OCOOEHHO YCJIOXKHSIIOIINE PACIEThl MO-
JIEKYJI C TAKUMU JIEMEHTaAMH.

Oynzunara ¢ coapropamu B 1985 I. IpeJIOXKUIN MOIUPUITTPOBAHHY O
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PeKypPpPeHTHYIO (hOPMYJIy JJIsI IIoKa3aTe el SKCIOHEHT 0a3UCHBIX (DYHKIU
[130, 131]:

CN:O[7
)

k
CN—k-{-l:CN—k—i—Zﬁ 1+7 N ) k:27"'7N7 (121)

KOTOpasi, ¢ y9eTOM OOJIBIIIEr0 YKMCIa BapbUPYEMbIX ITapaMeTpPoOB JJIs JTaH-
HOT'O aTOMA, TIO3BOJISIET IOy daTh O0JIee TOUHbIE SHEPTHUH TIPY UCIIOTIH30Ba-
HUHU 0OJIee KOPOTKUX PA3JIOKEHHUI, 9eM B PAaBHOMEPHO-COATAHCUPOBAHHDBIX
Oazucax. DT HAOOPHI (PYHKIMH MOy IUIN HASBAHUE HEPAGHOMEPHO-COa-
aancuposannvir (well-tempered) 6asucos. OnHako B GOJBIIUHCTBE MPEJI-
CTABJISIONIUX UHTEPEC (DU3NKO-XMMUYECKUX MPOIECCOB (CBOMCTB) OCTOB-
Hble YACTH MOJIEKYJ WHEPTHBI, U3MEHEHUsI UX OYeHb MAJIbl, 8 [IO3TOMY H
ONTUMHU3AIMsT ATOMHOTO 6a3uca MOKeT ObITh Dojiee FIPPEKTUBHON TPU UH-
JIMBYJIyaJIbHON OJINOHKE TTOKA3aTe/el SKCIIOHEHT JIJIsi KAKOI'O-TMO0 aToMa,
(10 MemblIeil Mepe B €ro 0CTOBE).

[ITupoko pacnpocTpaHEHHBIM CITIOCODOM TeHEePaIUi MOJIEKYJISPHBIX Oa-
3UCOB sIBJISIETCST BBITIOJHEHUE OHOKOH(MUTYPAIMOHHOTO PACIETa MOJIEKYJIbI
merojiom CCIT na 6a3uce NPUMUTUBHBIX UM KOHTPAKTUPOBAHHBIX I'ayCCHU-
aH ¢ nocsieyonmmM otbopom (B KauecTBe 6a3uCHBIX DYHKIUIA JIJIsi KOppPe-
JISIMOHHOTO pacdeTa) Tex opouTaseil (ClUHOPOB), KOTOPbIE UMEIOT OJJHO-
JIEKTPOHHBIE YHEPIUU HUXKE HEKOTOPOT'O TOPOTOBOTO 3HAYEHWS; MOCJIEI-

Huit 00bIYHO BhIOUpaeTcs B npejenax 10 + 100 a.e. Ho xopomro uzBecTHO

TAK2Ke, UTO BUPTYAJbHbIE XapTPU-POKOBCKIE OPOUTAH (CIIMHOPEI) SBJIS-
I0TCSI JIAJIEKO HE CAMBIMU JIyUIIMMU Oa3UCHBIMU (DYHKIMSAMA JIJIsI [TPEIU-

SHOHHDbIX KOPPEJIAINOHHBIX PaCYECTOB.

1.5.2 AToMHBIE HATypaJibHble OPOUTAJIN U KOPPEJIAINOHHO-CO-

rJIaCoOBaHHBIE 0Da3uUCHI

AroMHble HaTypasbHble OpOMTANHM {1} MOJMYyYAIOTCA B pe3yJibraTe yHU-
TAPHOIO MOBOPOTA HA MPOCTPAHCTBE MCXOAHBIX OPTOHOPMHUPOBAHHBIX 6a-
sucHblx dynkuuit {@,} (06br4HO 310 yHUBEpCAIbHbIE Ga3uCHbBIE HAOOPEL),

JMaroHaJM3YIoIero MaTpuily miotnoct Dj; 11 KaKoro-ambo cocTosiHus
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cBOOOIHOTO aToOMa, WK €ro WOHOB (b0, B MPHUHIHIE, IS CPEJHEro II0

rpymme cocrostuuii) [126]:

p(7, 1) Z B} (7) b (') = anw (7)bp(r") - (1.22)

B 6asuc AHO orbuparorcst Takue HaTypabHbIE OPOUTAJIN, YUCIIA 3aI0JI-
HEHHs Ny KOTOPbIX HE MEHBIIIE HEKOTOPOI'O MOPOTrOBOIO 3HAUCHUS:

n,>n";  p"~107 1070

[TomobubIit 0TOOP YCIOXKHSETCA ¢ JAJbHEHIINM YMEHbIIIEHHEM [TOPOora, U3-
3a OBICTPOrO POCTa YUC/Ia OpOUTAJIEH C OJU3KUMHU YUCIAMU 3aI0HeHns. B
Ka4€eCTBe IIpuMEpPa: OJid aTOMa HEOHa C MCXOJHbIM 6a3I/ICOM IIPUMHUTHUBHDBIX
rayccuan (13s8p6d4 f2g) nocsie koppessiinoHHOro pacuera MeTogom KB-

thr

O/l ¢ nmoporamn n'™ = 1073, 107 u 10™° nosnywaioTcst COOTBETCTBEHHO

kouTpakTupoBanubie basucet AHO [3s2pld], [4s3p2d1f] u [5s4p3d2f1g].

B otnnune or cnyuas 6asucos AHO, B mpouenype remepanun Koppe-
JISIMOHHO-COTTIACOBAHHBIX OA3MCOB Pa3HbIX THIOB [127]| ncmosnb3yiores Ha-
OOpbI IPUMUTHUBHBIX TAyCCOBBIX (DYHKIMI pas3HbIX pasmepoB. Hampumep,
npu rerepaiuu 6a3ucos tuna cc-pVDZ [3s2pld], cc-pVTZ [4s3p2d1f] u
cc-pVQZ [5s4p3d2f1g] jisi aTOMOB 1EPBOIO MEPUOJIa UCTIOJIb3YIOTCST, CO-
OTBETCTBEHHO, HAOOpBI NpuMuUTUBHBIX rayccuad (9sdpld), (10s5p2d1f) u
(1256p3d2f1g) (monsipusaiwonubie dbyHKIUN GePyTCsi B pABHOMEPHO-COa-
JIAHCHPOBAHHON MOCIIE0BATEIBHOCTH U OHU He KOHTPaKTUpytorcs). B 1e-
jgom KC 6a3ucer popmupyercs bojee TpauiiiOHHBIM 00Pa30M, 38 HECKOJIb-
KO II1aroB, HAYMHAsi C MUHUMAJILHOTO HAOOpa XapTpu-(POKOBCKUX OpPOU-
TaJieil, 3a cYeT BKJIOYEHHUS B 0a3WMC Ha KaXKJOM IIare BCEX opOuTaJieil C
pas3HbIME [, KOTOPBIE MOHMXKAIT KOPPEJISIUOHHYIO SHEPIUIO Ha, PUOJIN3K-
TEJHLHO OJMHAKOBYIO BEJUYWHY, WJIM UMEIOT OJU3KHWE YUC/Ia 3aMOJTHEHMWS.
['pynmnuposanue opburasieii mo ganHoMy Kpureputo (Hepruu GyHKIWl 13
Pa3HbIX PYMI OTJIMYAOTCs GAKTOPOM MOpsijiKa 3 + 7) Jyist opbuTasei ¢
oinHAKOBBIM [ 3ddekTuBHO ncnonb3yercs npu popmupoBanus KC Habo-
POB C pa3HbIM yPOBHEM yd4eTa Koppessuuii. [Ipu 9ToM onTuMusmpyroTcs
[IOKA3aTeJIH SKCIIOHEHT JIJIS MOJISIPU3AIMOHHBIX (DYHKIWMA, 8 IUCIO MTPHMI-

THUBHBIX TaycCchuaH B 1esiom MeHble dyem B bazucax AHO. Ilosabre sHeprun
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JUIsT OHUX W TeX >Ke KOHTPaKTHpoBaHHBIX KC HAOOPOB BhIIIE YeM JIJIs
6asucoB AHO, HO Ha CIEKTPOCKOIMUIECKUX U XUMUUIECKHX CBOWCTBAX 9TO
npakTudecku He ckasbiBaeTcss. KC 6a3ucel bosiee 3(pdeKTUBHBI €M 0a31Chl

AHO pyst pacgera mosimaTOMHBIX MOJIEKYJL.

Hedocmamxu:

- OTbop GazucHBIX PyHKIMHE JUOO 38 CUeT MUHUMMU3AIUN [TOJTHOU HMJIH
YCPEJIHEHHOW SHEPTUU JIJIs T'PYIIIbI COCTOSHUE CBODOJIHOIO aToMa u
(mJtr) ero HOHOB, JIMOO 3a CYET UCIIOIb30OBAHUS KPUTEPHsi MAKCHMAJIb-
HOIl 3aCEJIEHHOCTH HE B ONTHUMAJBHOM CTEIEHU OTPAXKAET COCTOSTHHE
JIAHHOI'O aTOMa, B COCTaBe MOJIEKYJIbl. BKiiaibl 06a3ucHBIX (DyHKIWIA,
JIOKAJIM30BAHHBIX B PA3JINIHBIX TPOCTPAHCTBEHHBIX 00JIACTSIX, HE PaB-

HO3HAYHbI IPUA pPacyeTax CBOWCTB PA3JUYHOIO THIIA.

- [Ipobaema HEMOJHOTHI MOJIEKYJIIPHOTO Da3uca, P U3MEHEHUH MEK-
aTOMHBIX paccrosinnii: B peajbubix MO JIKAO pacuerax Bcerma npu-
CyTCTByeT omubdKa cymeprosunuu basucubix Habopos (OCBH) [132,
133|, koTopasi CTAHOBUTCsI BECbMa 3aMETHON B MPEIU3UOHHBIX DaC-
YeTax MOJIEKYJT, KOTJIa OCTOBHBIE 3JIEKTPOHBI PACCMATPUBAIOTCS STBHO.
s yerpanerus OCBH o00b4HO BhIUKC/IsIeTCs ‘Y paBHOBEIINBAIOIIAS
norpasKa Ha cyneprosuiuio 6azucos (YIICB), no nocieausist Butuc-
JIsieTcsl HeoJgHo3Ha4yHo, U ee HeompeaenaenHocTs st AHO u KC 6a-
3MCOB [PUEMJIEMbIX Pa3MEPOB MOXKET ObITb OCHOBHBIM HMCTOYHHUKOM

CyMMAapHO# OIMOKN B PACIETAX CIIEKTPOCKOIMUIECKIX CBOWCTB.

1.5.3 OK-cxema reHeparnum 06a31coB

Pazpaborantasi Halei rpyIimnoil mporeypa mo3BoJsieT FreHeEPUPOBATH KOP-
PeJISIIMOHHBIE aTOMHbBIE 0A3UChI, HA3BAHHBIE 0000ULEHHO-KOPPEAAUUOHH -
mu (OK; anrs.: GC — generalized correlated) 6asucamu [87, 88, 90|, koro-
phie 00JIaIAI0T PSAJIOM TTPEUMYIIIECTB M0 CPABHEHUIO C BBIIEYTIOMSAHY THIMU
BAPUAHTAMMU.

Ocnosubre crajgun noctpoerunst OK baswuca:

(1) reneparst MPOOHBIX YHUCJIEHHBIX OpPOMTAJICH, CIMHOPOB WMJIM OUCITH-

HOPOB ) ¢ pa3HbIMu opbuTasibubiMu MoMeHTamu (1) B (cooTBeTCTBEH-

10) yepeauentoM mo cruny OPII10 /CCII, OPIIIO/CCII nmm AXD
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pacueTax pa3JMYHLIX COCTOAHUNA aTOMa U €ro HOHOB, TaK YTO IIOCTPO-
€HHbIe OPOUTAJIN JIOKAJM30BAaHbLI B BAJIEHTHON U BHEIIHEH OCTOBHOIA

00J1aCTSIX;

(2) BBIOOP OMTEMATLHOM 6a3MCHON GYHKIMA U3 JAHHOTO HAOOPA MO KPHU-
TEPUI0 MHUHUMAJIBHOCTH HEKOTOPOI'O SHEPIreTUdeCcKoro (pyHKIMOHAJIA
(3aBHCAIETO OT TOMHBIX SHEpruil u suepruii mepexoma [134], koro-
pble MOJIy4YeHbl B KAKOM-JIM0O KOPPEJISIIIOHHOM pacdeTe JJjIs 3a1aH-
HO¥ I'PYIIBI ATOMHBIX TEPMOB, HAUJIYUIIUM OOPA30M OIUCHIBAIOIIUX
COCTOSTHUSI JIAHHOTO aTOMa B MOJIEKYJIE); JIUIsi pacdera HeIHepreTrIe-
CKHUX CBOHCTB MOXKET OBbITH OBbITh MCIIOJIb30BAHA CEJIEKIHAS 10 YNCIaM

3aI0JIHCHUSA;

(3) orobpanHbie TAKUM 0OPA30M ONTUMAJIbHBIE OA3UCHBIE DYHKIMK OJHO-
BPEMEHHO JIJIsi KaXKJI0T0 | (Mt JIJ1st KaxK 106 maphl [j) anmpoKcuMupy-
FOTCSI COBOKYITHOCTBIO TAYCCHAH [0 METO/Iy HAMMEHbIINX KBAJIPATOB C

BapbUPyEMbIMU KOIMDDUIMEHTAME U TOKA3ATEISIMHU IKCIIOHEHT.

Hosast mporieypa reHepanuy Tak:Ke JeJaeT BO3MOXKHBIM 3P HeKTUB-
HBIfI KOHTPOJIb KadecTBa Da3UCHOI0 HAOOPA B PA3JIMYHBIX IIPOCTPAHCTBEH-
HbIX 00JIACTSIX, YTO TO3BOJISET MMOJIyYaTh JIOCTATOYHO KOMITAKTHbIE Oa3wuc-
Hble HADOPBI, ONTUMAJIbHBIE JJIsi MPEIU3MOHHbIX PACYETOB CBONCTB pa3-
JINYHBIX TUIOB, OT P,T-HedeTHbIX 9(p(HEKTOB U MOCTOSHHBIX CBEPXTOHKOM
CTPYKTYPHBI JIO CIEKTPOCKOMYECKUX KOHCTAHT U MYJIBTUIIOJBHBIX MOMEH-
ToB. JlaHHas1 IpolieLypa MO3BOJIsIeT OTOMPATh TOJIHLKO Te 0A3MCHBIE (DYHK-
[[M1, KOTOPBIE Ba>KHbI JJIsI TIPEIU3MOHHOTO PacdeTa JaHHOTO TUIA CBONCTB.

B nammux koppeasnuonnbix pacaerax HgH u HgH™ [135] 6bu1a nceneno-
BaHa BaxxkHocTh yaera OCBH. [lokazano, aro ucnonn3opanne OK 6a3ucos
npuBouT K He3HauuTebHbIM Beauunnam OCBH B BajenTHoit objactu,
B TO BpeMsi KaK BO BHEIIIHell OCTOBHOI 00JIACTU 3THU IMOIPEIIHOCTU MOLYT
OBITh C BLICOKOI TOYHOCTHIO CKOMIIEHCHPOBAHBI TIOCPEJICTBOM COOTBETCTBY-

IOIIUX MOTPABOK, B 9acTHOCTH, mocpeactsom YIICBE.

1.6 KoppeasiimoHHBIE MeTOAbI

K HacrosieMy BpeMeHn pa3paboTaHO HECKOJIHKO MOIIHBIX METOJIOB U IIPO-

I'PaMMHBIX ITIaKE€TOB JJIA IIPEHU3NOHHDBIX KOPPEJIAITNOHHDBIX PaCI€TOB COECIU-
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HEHUI TsKEJIbIX 37eMeHTOB. Cpei HUX BBIJEJSIOTCS BapUaHTBI METOJA,
PCK, pasBuTble B MepByI0 O4Yepejb I'PYIIONH M3 YHHBEPCUTETa I. Teshb-
Asus (Kasgop u Dumas (Unbsbaes), 1992) [136, 137|, merog KB Ha mysib-
THUCCHIJIOYHOM COCTOSIHUU C OJHOKPATHO- U JIBYKPATHO-BO30Y K ICHHBIMU Ce-
aekrupoBanubiMu Koudurypanusmu (MCJI-KB), nepesnsituBucrckuit Ba-
puanT Koroporo passuwiu K 1974 r. Bynkep u [leitepumxodd [138], a ¢
1983 r. BasacybpamaHuaHn ¢ coaBTOpaMU CTAJIM BBIIOJHATH CUCTEMaTHYe-
ckue POIIO/KB pacuerbl coeuHeHuil TsKe/bIX JIEMEHTOB. Dbl Tak-
’Ke pazpaboTaHbl KOMOMHHPOBAHHBIE METOJbI MHOI'OKOH(HUIYPAIMOHHOTO
CCII (MK CCII) u reopusi Bosmyenuit (TB) [139], a takxe TB u kou-
dburyparmontoro s3anmogeiicrsust (KB) [140].

Metoasr PCK u MC/I-KB nokaszaju ¢BoiO BRICOKYIO 3(DMEKTUBHOCTD W
9KOHOMWIHOCTh B MHOTOUNCIEHHBIX PacIeTaX MHOTOIEKTPOHHBIX CUCTEM,
OHW XOPOIIIO JOTOJHSIOT JPYT JAPyTa B CMBICIE ONTHUMAJbHBIX 00IacTeil nx
npumenenusi. Meron PCK nozBossier HauydmnM 00pa3oM OMUCHIBATE JU-
HaMU4YecKue Koppesisiiun (“KyJIoHOBCKue Jbipbl” 1 T.11.), a Metog MCJI-KB,
B CBOIO OY€PEJIb, ONITUMAJIEH JIJIsI ONMUCAHUS HEJIMHAMUIECKUX KOPPEJISIIHit
B BAJICHTHO!I OOJIACTH, UTO OYEHb BAXKHO JIJIsI YCIIENTHOTO ONMUCAHUS KBa3U-
[epeceveHsi JIEKTPOHHBIX TEPMOB | T.11. Kpome Toro, ObLIn Mpe iJi0XKeHbI
pas3JjindHble KOMOMHAIMY KAK HEPEJSITUBUCTCKUX, TAK U PEJISITUBUCTCKUX
BapUaHTOB MeTojI0B cBsi3anHbIX KiacTepos (CK) u KB [88) 141-143].

Onu npeBocxosaT 1o 3(PHEKTUBHOCTH ¥ /UM HAJEKHOCTH JIPYTUe u3-
BecTHBIe MeTobl, Takne kak MK CCII n mHOrowactnunasi Teopusi BO3-
myiiernit (MYTB). B orinune ke 0T MIMPOKO HCHOJIB3yeMbIX BAPUAHTOB
merona ¢pyukiuonaa mioraoct, PCK u MC/I-KB mo3BosioT ¢ BBICOKO#
TOYHOCTHIO UCCJIEIOBATH BO3OYXKJIEHHBIE B KAKOW-INO0 CUMMETPUU COCTO-
SIHUSI CUCTEM C TSXKEJIBIMUA aTOMaMHU.

PaccMoTpuM BKpaTIle T€ METObI, KOTOPbIE UCIOJIb3YIOTCS B HACTOSIIIEH

paboTe, 0OCY MM TaK»Ke JIOCTOMHCTBA YTHX METOJIOB U UX HEJIOCTATKH.

1.6.1 KoudurypanmoHHoe B3anMOAeNCTBUE

Hpe,[LCTaBI/IM I'aMUJIBTOHUAH H JJIA MOJIeKyJIbI B BHJE:
H = H 4 veor L {50, (1.23)
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rie H' — meBosmymmenmbiii ramMumibronuan (He 3aBuCAmUiT OT CIHHA),
VO 1BYXIEKTPOHHDIH OEPATOP, OMUCHIBAIOMIII Koppersnun, a HO —
OJIHO3JIEKTPOHHBII OIepaTop CIUH-OPOUTAJIHLHOTO B3AMMO/IECTBHS,

H[()](I)(In)AS _ E}n)ASq)gn)AS (124)

)

ren =0,1,2... HyMepyeT rpynnbl COCTOSHU 110 CTENIEHU BO3OYXKICHUSI.

Hcnonb3ytorest J1Ba OCHOBHBIX IOAXOMa IpU peausanuu Meroja KB:
“cranpaproe” (auru.: “conventional CI”) korja B nmamsiTu XpaHsTCs MaT-
PUYHDIE JIEMEHTbI <q)(1n)AS|H|¢Sn)AISI>) u “npsimoe” (anrur.: “direct CI”,
KOI'JI3, JAHHBIE MATPUUIHBIE JIEMEHThI BBIYUC/SIIOTCS TOJBKO MO MEpe UX
HagobrocTn ). OJHOKPATHO- ¥ JIBYKPATHO-BO3DY XK IEHHbIE KOH(MUTYpaIny
0 OTHOIIEHWIO K HEKOTOPOMY CCHIJIOYHOMY COCTOSTHWIO MOTYT OBITH TOJI-
HOCTBHIO BKJIIOUEHBbI B KOHeuHbIt KB pacuer mim orcesleKTUpPOBaHBI 1O
KakoMy-jinbo kpureputo. Paccmorpum crajuun KB pacuera ¢ cesnekiueit

koudurypanmii B cxeme MCJI-KB:

(1) CCIT (MK CCII) pacuer MOJIE€KyJIbl C YCPEIHEHHOH O CIUHY Ya-
croio POTIO, Bxogsiueit 8 HY: o16op Bupryanbubix opburaneii s
TeHEPUPOBAHUS CIUH-3JANTHPOBAHHBIX (MHOIOTEKTPOHHBIX) (DYHK-
1887041 CID(In)AS (CA®D, amrm.: SAFs: spin-adapted and space symmetry-

adapted) functions;

(2) BeIOOp Hambosee BaxKHLIX (“‘CCHUIOUHBIX”, aHIVI.: “mains” mim “refer-
0)AS
ences”’) CAD <I>§) U JUArOHAJU3aINs Ha HUX FAaMUIJILTOHHAHA, T.€.

. 0)SO
regepanusd Ha9aJbHOI'O HpI/I6JII/I}KeHI/IH JJIAd HCKOMBIX COCTOAHUU \If§ ) ;

1)AS
(3) cesekTUPOBAHUE MHOTOMIEKTPOHHBIX OJJHOKPATHO- (Cbg ) ) u JIByKpaT-

HO-BO30Y 2K JEHHBIX (CII?)AS) CA® no TB2 ¢ noporamu 17 u Ts:

| < (1)9-72)AS|VCOT‘T + HSO|\IJ§0)SO > |2

(1,2)AS (0)SO

> Tia, (1.25)

4) HaxOKJCHWE psijia HIDKHUX perternit U390 raMuibToHnaHa HA 1PO-
A A I
CTPAHCTBE OTCEJIEKTUPOBAHHBIX KOH(MUTYPAIUil ¢ KCIIOJH30BAHUEM ITPO-
ueaypbl JIsBuacona n meroa “IBONHON rpymHnbl’ JIJisd yaeTa CAMMET-

PUU PEJIATUBUCTCKOTO PACUETa;
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(5) yuer mompasok Ha HyJeBoii mopor (T=0) u n-KpaTHble BO30YXKIEHNU,
n=3,4... (monpaska ma nosaoe KB (IIIIKB) nnu o6obmemnnas mo-
npaBka JI9BujcoHa) — Uil MOCTPOEHUSI TOTEHIUAJIBHBIX KPUBBIX U

pacdeTa CIeKTPOCKOINYECKUX CBOMCTB.

HHocmouncmea:

* IIPOCTOTa METOHa, BCErja CYIIEeCTBYIOT peIleHNA BHE 3aBUCUMOCTHU OT

YUCIA OTKPBITHIX 000JIOUEK;

* XOPOILIO ONUCHIBAET ‘crarnyeckue’ (KBa3uiepeceyeHue TepMoB) u Jpy-

rue ‘HeJuHAMUUIECKNE SJIEKTPOHHBIE KOPPEJIAINH.

Hedocmamxu:

- WI0X0 paboTaeT mpu OOJNBIIOM IIPOCTPAHCTBE KOPPEJUPYEMbIX JIEK-
TPOHOB, Korja (JuHeitnast) T'=0-nonpaska u/uiau nonpaska JoBu-

COH& BECJIVKU;

- HETIQJKOCTh (HeCTaOMIBHOCT ) TTOTEHIMAIBHBIX KPUBBIX (KaK Pe3yJib-

TaT or6opa KoHMUrypaluii mo mopory);

= HEBO3SMOX>XKHOCTBH HCIIOJIb30OBaHUA TIOIMPAaBOK IIPHU pacdYeTE HECIIEKTPO-

CKOMMUYECKUX CBOMUCTB.

YCOBEpIIEHCTBOBAHUS B CXeMe 0TOOPa CCBHITIOYHBIX KOH(Uryparuii (He
o opory T') [135, 144] u cenekunn CAD (“cnimn-opbutanbHast cesnekius’)

|89] mpetoxKeHbI U peanu30BaHbl Haleil rpynoil B makere MRD-CI [145].

1.6.2 Metox TB2/KB
['n1b06epTOBO MPOCTPAHCTBO, IJIe MHOTOJIEKTPOHHOE yPABHEHUE
H|¥) = E|T) (1.26)

ornpeJiesieHo, pa3buBaeTcst Ha, IBa, moanpocTpancTia, P n Q. CooTBeTCTRY-
IOITUe TPOEKITMOoHHbIe ontepaTopbl P and Q y1oBI€TBOPSIOT COOTHOIIECHHTO
P+Q=1. Onepatop P onpenenen Kak mpoeKTOp Ha TAKKEe MHOTOJIEKTPOH-

HbI€ COCTOAHUA aTOMa, B KOTOPBIX OAHOJICKTPOHHBIEC OCTOBHBIEC COCTOAHNA
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nostHoCThIO 3aHAThL [140]. [Tepenmimem Boipaxenne s H:

H = PHP + PHQ + QHP + QHQ,
) = PI¥)+QJT) = [¢) + |x) - (1.27)

B obsrunom KB pacuere Ha MomesbHOM IpocTpaHCTBe P, ompejeeHHOM

npoektopoMm P, ypaBHeHue umeer BHUI;

(PHP)|¢c1) = Ecil|cr) -

Yuer noanpocrpancrBa Q npuBoguT K ypaBHeHusiMm KB
(PHP + %(E))|¢) = El¢) , (1.28)

rie .
Y(F)=(PHQ)———(QHP) .
() = (PHQ) 5— 1 (QHP)
Ha cocTosinusx, sgBagomuxcs pelleHusiMu ypaBHenuit Iupaka-XapTpu-
Doka, omeparop X(E) Moxer ObITH 3ammcan Kak
1
E-QHQ

rae V — JBYXJIEKTPOHHOE KYJOHOBCKOE B3aUMOJIEHCTBUE, a VNP po-

Y(E)=P(V -V¥»NQ Q(V —Vvirnp | (1.29)

rennua CCII or Npp snekrponos. Bennuwna Npr H0o/KHA YIO0BIETBO-
psathb ycsioBuio N < Npp<N: 1yie N, — 9UCII0 OCTOBHBIX 3JIEKTPOHOB, a N —
IIOJTHOE YKCII0 3JIeKTPOHOB B cucreme. Oneparop X(E) Bbraucisiercs ¢ mno-
MOIIIbIO CTAHIAPTHOR JuarpaMMHOM TeXHUKHU B pamkax 1B2 Bpurosna-
Buruepa ¢ vHekoropbiM mpubsukenuem jiis E, B 1o Bpems kak yp. (1.28)
pematorcst Metonom KB. 3ameTrum, uro 0a3uChl, UCIOIb3yeMble IIPUA Bbl-
aucsiernn L (E) u npu pemenun yp. (1.28) moryr 6bITh pa3indHbIMU.
MarpudHbie 3jIeMEHThI ONEPATOPOB KAKUX-JTMO0 CBOHCTB BBIUNCIISTIOTCS
AQHAJIOTMIHBIM 00pa30M, 4epe3 CTAMI0 BbIYMCICHUS MATPUYHDBIX IJIEMEH-
T0B 3¢ dekTuBHbIX onepaTopoB B pamkax TB2 (manpumep, cm. [146]).

Hocmouncmeamu 0ObeIUHEHHONO METOIa TEOPUN BO3MYIIEHUH BTOPO-

ro nopsijika 1 Koudurypamnuontoro szanmoeiicreust (TB2/KB) sisnstercs
€ro OTHOCHUTEJIbHAS IIPOCTOTA, SKOHOMUYHOCTH OMUCAHUS OCTOBHO-BAJICHT-
HbIX Koppessiuii (o cpaBrennio ¢ KB), BO3MOXKHOCTE XOpOIIIEro onuca-
HUsI KOPPeJIANnii i IPYIIbl COCTOSHUN B BaJEHTHOH 00JIaCTH U OYeHb

XOpOIIast CXOMUMOCTh (MO0 CPABHEHWIO C METOJAMU, OCHOBaHHbIMU Ha TB
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Panes-1Ipénunrepa nin KaHOHUIECKUX ITOIX0JAaX TEOPUU CBSI3aHHDBIX KJIa-
CTEpOB).

K nedocmamxam MOXHO OTHECTH OBICTPBI POCT BBHIYUCIUTEbHBIX 3a-

TPaT IIPU POCTE OJHOIEKTPOHHOIO Da3nca JJIs BAJCHTHBIX 3JEKTPOHOB U
[OTEPIO TOYHOCTH IIPU OIIUCAHUY OCTOBHO-BAJICHTHBIX KOPPEJISIuiil ¢ HebOIb-
110} SHEPreTUYECKON IEIbI0 MEXKAY OCTOBHLIMYU U BAJEHTHLIMEU 3JIEKTPO-
ramu |88, 147| (B HAIpaBJIeHIN BBIXOJ[A 38 PAMKE BTOPOTO mopsijka TB s
JIYHIIEro ONUCAHUS OCTOBHO-BAJCHTHBIX KOPPEJALUil OH U PA3BUBACTCA B

HACTOSIIICE BPEMs ).

1.6.3 Mertoa cBA3aHHBIX KJIACTEPOB

B reopuu cesizannbix kiacrepos (CK) [148] B coorBercTBuM ¢ npejcras-
gemmev H = HOY+V; HUY®,) = E7[2]|<I>m> , TIOJIHOE [IPOCTPAHCTBO
{®,,} Takxke pasbuBaercst Ha JiBa 11O/IIPOCTPAHCTBA;

My , MOJEIbHOE TPOCTPAHCTBO, OHO COCTOUT U3 HEOOJIHIIOrO YUC/Ia HarnbO-

Jee BaskHbIX Koudurypammit {®,, }M_, | neobxommmoe a1s yenermnoro

m=1>
OMUCAHUST CMAMUYECKUT ¥ HEQUHAMUYECKULT KOPPEJISIAA, KOTOPbIe
YUUTBIBAIOTCST TOYHO Ha, MOANpocTpancTee Mo;

MG, OpTOroHaAJILHOE JIONOJHEHUE K MOJEJILHOMY IPOCTPAHCTBY (0ObIYHO
OY€HDb OOJIBIIIOTO pa3Mepa), KOTOPOE PACCMATPHBACTCS MPUOIHKEH-

HBIM 00pa30M U UCIOJIb3YeTCS JJIsd YIeTa, QUHAMUYECKUT KOPPEJIAIIHIA.

M ckomblie cOOCTBEHHBIE COCTOSTHUS npeacTaBJIAIOTCA KaK

M
=) Conexp(81™)[®,,) (1.30)
m=1
e St = Sim}—l—Sém}—l— .o — KAGCMEPHBIT ONEPAMOpP Ui COCTOSTHUSI
d,,:
S{m} Zsab a,"ay ,
S =15 g ataa a3

abc
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{m} _{m}
Kaacmeprwvie amnaiumyoo {sa’b s Sab.edy - - .} BbIUHCIAIOTCS B pesyJsibrare

UTEPATHUBHOIO DPeIleHust HeJIMHeHHbIX ypashenut Baoxa [149):

M
UHU=HU, U=) exp(S")[®,)(Pnl. (1.32)
m=1
Koadpuruentor Ci,,, U UCKOMbBIE dHEPIuu F, IOJydarOTCs B pe3yJibTa-
Te jguaronanusanuu spdexmusnozo zamusvmonuana HE na monenbrom

IIPOCTPAHCTBE:

M M
HTS " Coun|®m) = En > Cona| @) , HEE = (@, |[Hyexp(SU™)]c|®p)
m=1 m=1
(1.33)

rae ungexe N 0603Ha4aI0T HOPMAJILHOE YIIOPSII0YCHUE OLEPATOPOB POK-
JeHust U yHUaTOXeHns, a C — WHIEKC CyMMUPOBAHWUS TOJHKO O CEA30H-
nowm rarpamMam [148, 149).

Ocobennoctu meroga CK. 3to nanbosee “poJBUHYTHIIN ¢ TEOPETHU-
YeCKOU TOYKHU 3PEHHUs] METOJI yUueTa KOPPEJAIUOHHON CTPYKTYPhI B pacde-
TaX MHOT'O9JIEKTPOHHBLIX crucTeM. OH OJIIETBOPsIET HOBYIO, “TOCT-(POKOB-

CKYI0” 310Xy Pa3BUTHUsI METOJOB PACUYETa JIEKTPOHHON CTPYKTYPHI:

e vero CK — neBapualmoHHbIR U He mepTypOaTUBHBIH (HO ©MEeT 0Co-

OEHHOCTH, CBOHCTBEHHBIE ODOUM KJIACCHIECKUM MOJIXOJIaM );

® B HEM WCIIOIB3YIOTCS HEIPMUMOEb: IPDEKTUBHBIE TAMUIHTOHUAHBI 1

HEYHUMAPHDLE BOTTHOBBIE OMIEPATOPHI.

B Teopun cBsi3aHHBIX KJIACTEPOB PA3IMYAIOTCS TPU OCHOBHBIX KATEIOPHH:
1. BapmanTsl Metoga CK ms ogroro (Beibpannoro) cocrosaus (M=1);

2. BapuanTbl Merojga CK B dokoseckom npocrpauncrse (PII-CK) wim

“Ynusepcarvnvle No BAAEHMHOMY NPOCTPAHCNMEY
(si™ =sit m=2,..., M);

3. BapuanTsl Meroga CK B russbeprosom npocrpancrse (I'TI-CK) uiu

“Ynusepcasvrvie no cocmoanuam” (M > 2).
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Meton CK B mpoctpaHcTBe Poka. Oboznauas Bakyym Pepmu Kax
n

|®), onpeesM MOJIETBHBIE TTOAIPOCTPAHCTBA M(() ) (n=0,1,..., N,) naa

CHCTEMBI C T 6AAEHMHBMY KEA3UACTNULAMY (T.€. IEKTPOHAMMU MJIH JIbID-

KaMH1) Kak

( M) = Span{|®)} ,
My = Span{b[®) , v eV}, (134

\ MG = Span{[[¥ b |®) , v € VY,

rae V 0603HauaeT MOAIPOCTPAHCTBO BAJIEHTHBIX (“akmuensis”) CIIHHOPOB
UJIU CIIWH-OPOUTAJIEH.

Kak panee ykaswiBajochb, B kareropuun PII-CK wucmonb3yercst emgun-
CTBEHHBIN, YHUBEPCAALHBIT 6 6aAeHMHOT 00.4aCTMU BOJHOBON OIEpaTOp.
st HeTpuBHAIBLHBIX MOJEIbHBIX IPOCTPAHCTB Pa3JI02KEHNE BOJHOBOT'O OIIe-
patopa (1.32) B pag Taitnopa He obpbiBaeTcs Kak B cirydae M =1, pemenue
9TOM mpobJieMa — B KCIIOIL30BAHUU “HOPMAALHO-YNOPAA0UEHHO20” KCNO-

HeHUUaALHO20 an3auya (148, 149]:

Q=N exp()_ sW)

Crpykrypa Bosnosoro oneparopa U=|J U, ; U,=QP,, B npocrpancTse

eS = exp(S) .

n
®oka ¢ mpoekTopamu P,, Ha moampocTpaHCcTBa M((] ) IPECTABIISIETCS CIIe-

JIYIOIIAM 00pa30M:
4 UO — €S(0)PO 7

Uy = [57x(1+SW)]Py (1.35)

U, = [es“’)*(l +SsM 4 %S(l)*S(l) + SEHP,

L C )

k !
rje Sf«:)(l+k)/2 = Saivk [[io) bjj [T;—; by; (a;j — upoussoubro, v;EV)

obo3HAYaeT Ty 4YacTh OT S, KOTOpas mMmeeT saseumuviti pare k. Takoe
[IPEJICTABJIEHUE JJIsl BOJIHOBOI'O OIIepaTOpa Mo3BoJjIsieT pa3outh cucremy CK
ypaBHEHW Ha MOJCUCTEMbI YPABHEHUI JIJIsT KJIACTEPHBIX aMIJINTY] C Pas-
JINYHBIMU BAJEHTHBIMY PAHIaAMU, KOTOPbIE PEIIAIOTCS PEKYPCUBHO, IIPUIEM
B ypaBHEHUs Ha aMIUIUTY bl paHra k (HaunHas ¢ S(O)) BXOJISIT TOJIBKO aM-
winTy bl ¢ pasramu k' <k. Bosee toro, kommonents: S™ cBsizanbl Aunedino

¢ KOMIIOHEHTOI BOJIHOBOrO omeparopa U, .
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Crpykrypa pacdera merogoM CK B mpoctpancrBe ®Poka:

[. TlepBbiit pacder BBITOJHSIETCS JJIsT HEKOTOPOTO “CChIJIOYHOTO” COCTOSI-
HUs1 cucTeMbl (HETPaJIbHOTO WM HOHHOTO), B KOTOPOM BCe 0DOJIOUKH

3anNoAHEHDL.

II. Ipyrue coCcTOSTHUST CUCTEMBI MTOJYYaIOTCs 38 CUeT J00ABJIEHUS B CChI-
JIOYHOE COCTOSIHUE UJIU YJIaJI€HUsI U3 HErO OJHOTO JIEKTPOHA.

Ecan (n,m) obosnadaer cekTop ¢
® 7, 3/IEKTPOHAMMU, YAANEHHBIMU U3 CCbIJIOYHOrO COCTOSIHUSA, — “6a-
AEHMHBMU OBPKAMU,
e m [0DaBNEHHBIMU 3NEKTPOHAMU — “GBAAECHIMHBLMU YACNUUAMU,

TO omepaTop S MokeT OLITH 3amucan Kak S = Y S,

ITII. Ouens Gosnbirast cucrema HeauHeitnbix CK ypaBHenuit pasbubaercst
Ha MOJICUCTEMBbI, KOTOPBIE PEIIAIOTCS NePAPXUIeCKH (B ypaBHEHUsT JIJIsi

Sm) gxopar Tonbko wiensl SED ¢ k<n ; I<m):

e cHayana utepupyetcsi cektop SO0

N0 AOCTUXKEHUSI CXOAUMOCTW;
e 3aTem pewatotcss ypaserus ansa SOV u/uan SE0);
e pewatotcst ypastetus gas S(02) §(20) n/unn SID y 1.p.
IV. Ipu muaronanuzanuu H¥ cpasy ke nonyuatorcs “suepruu nepexona”

110 OTHOIIEHUIO K CChIJIOYHOMY COCTOSTHUIO:
e “sHepruu nepexofa’ MoOryT bbITb B TOM HUC/E NOTEHLUMANAMU UOHN-
3aL4U, SHEPruamMm Bo3DYKIAEHNA 1 CPOLACTBA K SNEKTPOHY;

® BCE SHeEpPrmm nepexoga B 3adaHHOM CEKTOPE BbIHNCIAOTCA OAHOBPE-

MEHHO,;

® KOPPENALUNOHHbIE 3(b(beKTbl YHUTbBIBAKOTCA KaK ONSA BAJIEHTHBLIX, TAaK
N ansa OCTOBHbIX 3JIEKTPOHOB (HO HECKOJIbEKO pPa3/IM4HbIMN cnocoba-

MI).

Hocmouncmea memoda CK:

* pasMepHas corstacoBanHocTb MeToa CK B otyinune ot KB u MK CCII,

YTO BaXXHO IPU OOJIBIIKX MPOCTPAHCTBAX BAJEHTHBIX JIEKTPOHOB;
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* XOPOILO IPOCTICKUBACTCS CBA3D C JPYTUMU KOPPE/ISIMOHHBIMEA METO-
namu (MUTB, KB u ITAIICCII), ¢ KOTOpBIME OH TaKxXKe YCIEIIHO

KOMOUMHUDYETCs;

* TPU OTCYTCTBUU ITPOOJIEM CO CXOAMMOCTHIO, OH OOBIYHO JTA€T HAUBBIC-

IIyXO TOYHOCTb IIPH aHAJOI'MYHBIX BbIYMCIUTEJIbHBIX 3aTpPaTaX (Ha—

npumep, CK-O/I conocrasum 1o adpdekrusuoctu ¢ KB-OJATY u TB4);

* BO obsnagaer 6osiee KOMIAKTHON (IKOHOMUTHOI) mapaMeTpu3anueit

yeM Metogpl MUTB, KB u MKCCII.

Hedocmamxu:

- wioxo paboraer npu pernernu HesuHeinbix ypasuenuii CK (ypas-
nennii Biioxa) ¢ 6osbiuM MOJEJIbHBIM TpocTpancTBoM M, BIOOD

KOTOPOI'O UI'PAeT KPUTUUECKYIO POJIb (CM. HUXKE);

- C POCTOM YHCJIa OTKPBITHIX 0D0JIOUEK y BeIyIeil KOHMDUrypaIun uc-
KoMoro cocrositusi adbdexrusHocth MeToga CK pesko chuxkaercs (B

orsmuue or meroga KB).

Hawnbosee ecrecTBerublit BIOOP 1711 Mg — noanoe MOIEIbHOE IIPOCTPAH-
CTBO, T.€. BCEBO3MOXKHOE PACIPEIEJIEHUE JIEKTPOHOB [0 BaJIEHTHBLIM Op-
ourassim. [Ipu s10oM wacro Bosuukator “numnue” (“intruder”) cocrosiaus
(E MOL), C QHEPIrusiMHU, KOTOPHIE JIeXKAT B JUANA30HE SHEPIUil COCTOAHUN
13 MOZeJbHOro mpocTtpancTBa M. OHU paspymialT CXOAUMOCTH UTEpa-
IMOHHOM nponeaypbl. MOXHO TPEOLoIeTh 3Ty MPoOJIeMy 38 CUYET UCIOJIb-
30BaHUsT HENOAHO20 MOJEIHHOIO TPOCTPAHCTBA, 4 TAKXKE TEXHUKHU CIABUTA,
OJTHORJIEKTPOHHBIX YPOBHEH UM METOJIOB YJIYUIIECHHUS CXOAUMOCTH PeLyIHi-
POBAHHBIX JIMHEHHLIX YPABHEHUI, IIPSIMOI UHBEPCUM B UTEPATUBHOM IIPO-
CTPAHCTBE W MHBEPCHU MTPOMEXKYTOIHON MaTpuisl (cM. [150] u cepuikm).
Jpyrue myTu yiydIneHust ONUCAHISA JIEKTPOHHON CTPYKTYPBI B BAJIEHTHOMR
00J1aCTH — HUCIIOJb30BAHKE KOHIENIUU TPOMEXKYTOUHOI'O FaMUJIBTOHIAHA,

[37] wnu kombunuposanusi CK ¢ gpyrumu meropamu (88, 141-143].
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I's1aBa 2

Teopug CPO PIIIO u onepatop
OP3I1I0 c cenapabeibHOll TOIPaBKOii

2.1 Teopernvueckme OCHOBBI COIJIACOBAHHOIO II0 (POP-
me PII10

JIBa KIIIOYEBBIX IMOJIOXKEHUST JIEXKAT B OCHOBE METOJIa COIVIACOBAHHOI'O MO
dopme PIIIO ¢ paguaibHO-JIOKAJBHBIM OMepaTopoM: (&) CBOHCTBO MPO-
TOPIMOHAJIBHOCTH BAJIEHTHBIX CIIMHOPOB B OCTOBAaX TSKEJIBIX 3JIEMEHTOB
u (6) TpeboBanue orcyTcTBUS Hedbusndeckux dieHoB PIOIIO B BasenTHO!M

00JIaCTH. P&CCMOTpI/IM 9THU IMOJIOZKCHUA N BBITCKAIOINEC U3 HUX CJICICTBHUAL.

HpO’IZOpu’U,O’H,U,ﬂ’b’H,OCWL’b GANECHINMHDIT CNIUHOPO6 6 0CTNO6AT.

Pajuasnbhoe ypasuenne X® jiisi aTOMHBIX CIHHOPOB (CrnuH-opbuTasiei)
Pnoi+ (1) B IByXKOMIOHEHTHOM NPUO/IMKEHUH (J1JIs1 TPOCTOThI H3JI0MKEHUs )
3aIMIIeM Kak

F(/\)WJ\LQ&(T) = 5;\@11@2@11(7’) + Z 52,3%&‘/3313&(7’) ’ (2.1)

npng
rie dokuan F(N) ¢ sHemmuM Bosmymennem AV (r) (||VeXt||~|€gvl L
|A|<1 — Bapbupyemblii mapaMeTp) MOXKET ObITh MPEJICTABIEH B BU/IE:
1d> 1d I(+1)

- _ - - S nuc - ext
F() = —5 o — o+ =+ V() + (T - K) + AVo(r), (22)

re VI§¢(r) = —Z/r mmoc nonpasku Ha pesiTUBACTCKAE 3P DEKTHI # KO-
HedHOe sijIpo (bostee ToCIIeI0OBATEIbHBII yUeT KOTOPHIX ¢ UCITOJIB30BAHIEM
raMusibToHnaHa JIMpaka He MEeHsIeT CyTH pe3yJbTaToB). [jisi BaJeHTHBIX 1
HU3KOJIEXKAIUX BUPTYAJIHHBIX CIUHOPOB, ‘Py){pl 4, (me. Bruouas QyHKIWMHY,
KOPPEJIUPYIOIINe K BaJEHTHBIM COCTOSTHUSIM, UCKJIIOYasi OCTOBHBIE U KOP-
pesupyone K HUM (DYHKIAKA U UTHOPUPYS (PYHKIUKM C OOJIBIIUMU 3HA-

YEHUSIMU €7+ HO UMEIOIINEe IPeHeOPEXKUMYIO BEPOSITHOCTbh HAXOXKICHUS B
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A A
paccmarpuaeMoM octose, [l¢p,|lr<r, ~ 0) MoxHO npenebpedn € ;, B

ypaBaenusx X® B ocToBHOI obsacTu:
[(1+1)  Z — N[0+7]
2r2 T

IJie €+ — OJIHOIEKTPOHHBIE S3HEPI'MU OCTOBHBIX CIMHOPOB. VHbIME Cil0-

|62pli| < | |, T<Re; |52pli| < ‘@éclﬂ ;

BaMu, XapTpU-(POKOBCKUI TOTEHIMAJ SBJISIETCS JHCECTMKUM TOTEHIINAIOM
B OCTOBHOII objiacTu. B pesysibraTe Mbl mojiydaemM CBORCTBO Mponopuuo-

HAABHOCTNU
902,,11(7”) = CT/}pli 9020&(7') , r<R.; n, puxcuposat , (2-3)

s A
JUIst pelenuii, peryJsipubix B Hyse (r—0), rie C,, 1+ — HEKOTOPBIE MOCTO-

SIHHbIE, & ||‘P2pli”r§Rc MaJIbl, HO He npenebpescumovs (cMm. puc. 2.1).

Hegusuueckue waenw (P)IIO 6 sarenmmnoti obaacmus:

[TockonbKy IOBeji€HUE CIHHOPOB go;\%l +(7) MOXKer MOJIHOCTBIO MEHSTHCS
B BasieHTHOH obsactu (r>R.) npu mnepexojax MexJy HU3KOJIEKAIMME
IEKTPOHHBIMU COCTOSTHUSIMU, TTPU 00PA30BAHUN XUMUIECKOH CBSI3U U T.II.,
nedusuueckas KOMIIOHEHTa B 3(DDEKTHBHOM raMuJIbTOHUAHE (T.e. pa3HOCTh
MEXIY HCXOIHBIM ¥ 9(P(PEKTUBHBIM MOTEHIIMAIAME, JEHCTBYIOIMNMA HA
9JIEKTPOH) JIOJIXKHA OBITH MpeHeOpeXKMMa B BAJCHTHON obiacTu Jyist “ne-
pernocumocmu’ PIIIO wa mupokuit Kjiace PU3NKO-XUMUIECKUX TTPOOJIEM,
€CJIV CTeleHb U3MEHEHUS JIEKTPOHHOW CTPYKTYPhI B BAJIEHTHOH 00JacTH
BeJIMKa WJIU Hew3BecTHa. JIpyrumu cjioBaMu, HE TOJBKO BEJUYUHA, HO U
dbyukunona bHAS BOpPMa MOTEHIHAIA (C BKIAJAME OT XapTPH-(HOKOBCKO-
'O II0JII OCTOBA, B3AUMOJCUCTBUSA C AJIPOM U OT BHEIIHETO HOJIH), JefCTBY-
IOIEr0 Ha JJIEKTPOH B BaJICHTHOW 00OJIACTH JO/KHA ObITH coxpaHeHa. B
IPOTUBHOM CJIy4ae, IPU U3MEHEeHUH (POPMbI CITHHOPOB B 3TOI 00JIaCTH J1eHi-
crBUe HeU3UIECKOTO TOTEHIHANA (KAK JIMHEHHOTO OlepaTopa) Ha, JTAHHOe
COCTOSTHHE MOXKET OKa3aTbCsl HEMPAaBUJIBHBIM. B 9acTHOCTH, €Ciii Kakoe-
Jnbo pu3nIecKoe B3aUMOJIEiCTBHE B PAaCCMATPUBAEMOM aToMe uMmeeT -
dexkTuBHbBIN pajmyc R, cyliecTBeHHO mpeBbinaonyi R, n GyHKIMOHATIb-
HYTO 3aBUCHMOCTDb OTJIMIHYIO OT UCIOJIb3yeMOil B 9(p(HEKTUBHOM MOTEHIIMA-
Jjie npu R.<r<R,, TO OHO JIOJ2KHO yIUTHIBATHCS B FAMUJIBTOHUAHE STBHBIM

obpasoM, a He mocpeacTBoM oneparopa PIOITO.
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2.1.1 BuimsaHue criaxuBaHus COHHHOPOB Ha KOMIIOHEHTHI PIIIO

J1st OHORIEKTPOHHOTO TAMUJIBTOHNAHA, C JIOKAJHHBIM B BaJIEHTHON 00-
JIACTU IIOTEHIUAJIOM “‘COIJIACOBAHHOCTHL 10 (popMe”’ MCXOJHBIX CIIMHODPOB
U IICEBIOCINHOPOB SIBJISIETCS CJIEJICTBAEM BTOPOIO IMOJOXKEHHSI, [IOCKOIbKY
UCXOJIHBIE CIIMHOPbI U [ICEBAOCIMHOPDI, [IPA UX BbIYUCJIEHUH OT OECKOHEY-
Hoctu (r=00) 10 TOYKM T=R, C COBIAJAIONMMHY B 3TOil OOJIACTH TTOTEHIIU-
aJlaMi, O9eBUJIHO, Oy yT COBIAJATh C TOYHOCTHIO JO HOPMUPOBKH.
OrcyrcTBue Hedusndeckux wienoB PIOIIO B BasieHTHO obsacT mIpu-
BOJUT K COIVIACOBAHHOCTH 110 (POPME MCXO/IHBIX BaJEHTHBIX CIIMHOPOB U CO-
OTBETCTBYIOIIUX WM TICEBJOCIUHOPOB NpH 7> R, ¢ XOpoIei TOUHOCThIO U
B ypaBHeHusiX XD jIs1 pacCMaTPUBAEMbIX S9KBUBAJEHTHBIX aTOMHBIX KOH-
duryparuii, eciu nperedpedb 0OMEHHONW YaCThIO B3AMMOJIEHCTBUS MEXK LY
OCTOBHBIME ¥ BAJIEHTHBIME COCTOSIHUSIMU B BaJieHTHO# obsactu (r>R.).
[Ipu criakuBaHUM B OCTOBE TOJBKO 00H020 CIHHODPA U3 PacCMaTpUBa-
eMoil COBOKyIHOCTH Jijist Beex (l+), nHampumep, ‘ngl 4, HEODXOIMMO MOJIH-

duIUpoBaTh UCXOMHBIA (DOKKAH:

FO=0)¢0,1. = FOA=0)30 10 = [F(V=0) + Uia(r)] s, (24)

rae POIIO ¢ kommonentamu UL (1) 10KeH COBIAAATD C PA3HOCTHIO XaPT-
pu-POKOBCKUX IIOTEHIMAIOB HA MCXOAHBIX CIIMHOPAX M ICEBIOCIUHOPAX
upu r>R,., j1o/mKeH coXpaHsiTh HOPMUPOBKY JLJIsI ‘E(T)L,,l 4 [PHU COBNAJICHWUN
HOCJICIHUX C MCXOJHBIMY CIMHOPAMU B BAJEHTHON 00Js1acTu U ObITH J0CTA-
TO49HO ‘KecTKuM 1pu r<R., 9T00bI obecreduTs nepeHocumMocTb PIOITO
Ha ICEBJOCIUHOPH ¢ A#0 uiam ny#n, , T.e. COXPAHUTb CBOUCTBO IPOIOP-
HMOHAJIBHOCTH (2.3) ¥ JUIsi [ICEBJIOCIIMHOPOB.

[Ipumensiss Te K€ CaMbleé HOTEHIUAJIBI [IPU CI‘JIa}KI/IBaHI/II/I JPYTUX pac-
CMaTPUBAEMbIX CIIMHOPOB C OjuHaKOBbIME ([1), ‘Pn ; i, CBOMCTBO IIPOIIOP-
[IMOHAIBHOCTH (2.3) TPUBOAUT K KOPPEKTHBIM YCIOBUSM OPTOHOPMUPOBKH

~AF£0 .
JJIg BCEX ITOCTPOCHHBIX IICEBJOCIIMHOPOB gon#li B OCTOBHOI 00J1aCTH:
P

<90npli|90nqli>r<R <S0?\Lpl:i:|<707)’\qu:l:>rSRc , (2.5)

KOTOPbIE OyIyT TaK>Ke COBIIQIaTh C UCXOAHbIMEU cIuHOpamu npu r>R,.. B

IIPOTUBHOM CJIy9ae, €CJIU TPONOPIHOHAIBHOCTD (2.3) JJist ICEeBIOCTUHOPOB
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UJTU UCXOJTHBIX CITMHOPOB HE BBITIOTHSETCS, HEOOXOIMMO T€HEpUPOBATD Pa.3-
AUNHbE TOTEHINAJBL J7Tst DYHKIMI ¢ PA3IHIHBIMA (Np, A).

Takum 0b6pa3oM, KakK CJIeJCTBUE MTPOMOPIUOHAIBHOCTH B OCTOBE CITUMHO-
POB C MaJioit dHeprueir, GopMa BAJEHTHBIX W HU3KOJEKAIINX BUPTYAJb-
HBIX CIIMHOPOB MOXKET OBbITh U3MEHEHa, B OCTOBHON ODJIACTHU, €CJIN K UCXO/I-
HOMY TaMUJIbTOHUAHY OyaeT jo0aBJieH JUHEHHBIH paduansbHio-A0KaAbHVI
9 HEKTUBHBII OIIEPATOP, JOCTATOYHO KECTKUN B OCTOBE M OIMUCHIBAIOIINIA

TaM u3MeHeHue (POPMbI CITHHOPOB.

2.1.2 Ilpwmamun ITayam nmo oTHomeHWiO K (3aHATHIM) BHYTPEH-

HMM OCTOBHBIM COCTOAHUAM

Opna u3 Hambosiee BaXKHBIX IIPODOJIEM, KOTOpas PeIIaeTcs MOCPEICTBOM
POIIO, sTo “yuer” npunnumna 3amnpera [laysn 1iis ssBHO paccMaTpUBaeMbIX
JIEKTPOHOB 110 OTHOIIEHHUIO K COCTOSIHUSIM OCTOBHBIX JIEKTPOHOB, SIBHO KC-
KJa049eHHbIX 13 pacdera ¢ PIIIO. Kak nokazano B naparpade 1.4.1, 310
MOXKET ObITh OCYIIECTBJIEHO MMOCPEJCTBOM OIEPATOPOB CABUIA, OJHOIJICK-
TPOHHBIX HEPIHUil MOCJIETHUX B CIIEKTDP BBICOKOBO30YKJIEHHBIX COCTOSHMUIA,
a paccMaTpUBaeMble BaJEHTHBIE COCTOSIHUSI CTAHYT HUBIIUMU 1O SHEPTHH.
Taxkoit criocod n3bekarTh CBAJMBAHUS BAJEHTHBIX JJIEKTPOHOB B 3aHSIThIE
OCTOBHBIE COCTOSIHUSI MOXKHO Ha3BaTh ‘CIIUMHOPHO-  WJIU “‘YHEPreTUIECKU-
3aJIaHHBIM .

Hpyroit ciocob nzbexkaTh CBaJUBAHUS BaJEHTHBIX JIEKTPOHOB B 3aHS-
Thl€ OCTOBHbBIE COCTOsIHUS, KOTOPbIE SIBHO HCKJIIOUEeHbI U3 pacuera ¢ POITO —
“IpocTpaHCTBEHHO-33JaHHbIN . B 3TOM cilydae MCHOMB3YIOTCS XKECTKUE B
ocroBHOi (r<R.) obnactu 3¢ deKkTuBHbIe OTEHIUANb, HE COjepXKallue
[IPOEKTOPOB HA KakKue-aubO OCTOBHBIE COCTOsiHMs. Kak Moka3aHO paHee,
CBO¥CTBO MPOIOPIMOHAJBHOCTH BAJEHTHBIX CITUHOPOB B OCTOBHOW 00J1aCTH
TECHO CBSA3aHO C TPeOOBAHUEM JOCTATOUYHON XKecTKOCTH KoMmoHeHT POIIO
B ocToBe. Tem cambIiM, mcrosb30BaHue »)ecTkux B octoBe PIIIO cymre-
CTBEHHO KaK JIJIs1 yJIOBJIETBOPEHHUsT TTPOMOPIMOHAJIBHOCTH MCEBIOCTTMHOPOR
B OCTOBE, TaK W JiJIs BBINOJHEHWs nNpuHnuna llayau, a 3HAYUT >KECTKUE
P3IIO obaanator 3HauuTe/IbHO O0JIEe BBICOKOR CTEINEHBIO EPEHOCUMOCTH,
yeM Mmsirkue BapuaHTbl POIIO. B ciyaae CO PIIIO sta unes peaauzo-

BaHA C [IOMOIIBIO TOTEHIINAJIOB THIIA, “BpalllaTeJbHOIo Dapbepa’, KOTOpbIe
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3allUCBIBAaIOTCA KaK

uyr) = MO Lol
2r r
9TU YJIEHbI CTAHOBATCA Beaymumu B KoMmrnonentax PIIIO mpu r—0.
Takoit crocod “yuera npunnuma [layan” moxkeT ObITH JOBOJBHO €CTe-
cTBeHHO 0b60cHOBaH. [TocKONIbKY CpejiHue PaJinyChl OCTOBHBIX CIIMHOPOB $iB-
JISTIOTCSL B TIEPBYIO OYepeib MYHKIUSIMA OT IVIABHOIO KBAHTOBOI'O YUCIA 7,

KOTOPOE€ MO2KHO IIPEACTABUTL KaK

n=n,+0+1,

r7ie paJuaIbHOe KBAHTOBOE UUCJIO 1, COOTBETCTBYET YUCIY y3JI0B PaihalIb-
HOW 4aCTH Ypijm. CHMHOPBI ¢ MAKCHMMAJIBHBIM OPONTAJILHBIM MOMEHTOM B

OCTOBHOI1 00JIaCTU UMEIOT IVIABHOE KBAHTOBOE YUCJIO
n?}’la.ﬁb’ — l;naa: _I_ 1

U UX pajuaibHasd (PYyHKINSA HE UMEET y3JI0B.

Aromuble ypaBhenust X® juisi pajuMajibHbIX 4YacTeil CIUHOPOB C pas-
JIMYHBIMKM OPOUTAJLHBIMU MOMEHTAMU | OTAMYAIOTCS B OCTOBE B IIEPBYIO
ouepesib BpamaTe bHbiMi 6apbepamu [(I + 1)/2r?) u UMEHHO 3TH UYJeHBI
IPUBOJST K PA3JIAYHON IPOCTPAHCTBEHHON JIOKAJIU3AIUN CIITHOPOB C OfH-

HaKOBBIMHU 1,.. Bojee Toro, bapbep BuIa

—7(;:; 1), y> L= +1
TpeIOTBPAIIAET JOKAJIN3AINIO COOTBETCTRYIOIIErO CIIMHOPA B OCTOBHOI 00-
JIaCTH. CHI/IHOp C yFJIOBbIM MOMEHTOM L N MUHUMAJIBHBIM KBaHTOBBIM YUC-
oM n = L+1 wumeer cpemnmii pagnyc OIW3KWiT K CpeIHEMY DPagnycy
S-CIIMHOpA C TeM ke N (K, COOTBETCTBEHHO, MPOCTPAHCTBEHHYIO JIOKAJIU3a-

U0 B TOi ke obsactu). TakuM ob6pa3om, j06aBIIsist YIIeHbI

b(bi+1) ~(y+1) (I+1)

272 2r2 2r2
K norennuaiy Uj;(r) B ocToBHOI obsacTu (Tae 7 OMECHIBAET MOBEAECHHE
IICEBJIOCIIMHOPOB BOJIM3K sijipa ~ 77 ), MOXKHO 3(DHEKTUBHO KOHTPOJIUPO-
BATh JIOKAJU3AIMIO COOTBETCTBYIOIIUX [ICEBJIOCIUHOPOB U, TeM CAMbIM, IIPK
IIOMOIIY BPAIATEILHOTO Oaphepa ¢ MOJArOHOYHBIM HMapamerpoM by (Tak-

)e BaxkeH BbIOOD R, cM. Bbipaxkenue (2.6)) MOxkeT ObITH MpUOJIMKEHHO
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“BBINMOJIHEH HTPUHIKI [layiu 1Mo OTHOIIEHHWIO K y/IaJEHHBIM U3 PaCUeTa C
P3IIO oCTOBHBIM COCTOSIHUSIM.

B ciyuae, Korma BHEITHHE OCTOBHBIE 3JIEKTPOHBI SIBHO BKJIIOYEHBI B PaC-
ger, nosegenne komnonenT POIIO ~ const/r? Bo BHyTpeHHe#l 0CTOBHOI
obsactu U~ Neore/T BO BHEHIHEH OCTOBHOW M BajieHTHOM obsactsix. B
JIOTapU(MMHUIECKOI IIKaJe IO T, B KOTOPO# 3Tu 00JIaCTH UMEIOT COIIOCTA-
BUMbIE pa3Mepbl (cM. puc. 2.5), anamurudeckas (opma komnonertT PIIIO

MOKeT OBbITH MPEJICTABJICHA B TPYyOOM IPUOJIMKEHIN KAK

Ncore + bl(bl + 1)
272

rie ©O(r — R.) — cranmapraas crynendaras (yukius. [lepsoiit wien B

Ui(r) ~ -O(r — R,) , (2.6)

(2.6) ommchIBaET TVIABHBINA BKJIAJ OT KYJOHOBCKOTO B3AUMOJICHCTBUS MEXK-
JIy IBHO BKJIIOYEHHBIMU B pacdeT W UCKJIIOYEHHBIMU U3 HET'O OCTOBHBIMU
9JIEKTPOHAMK. BTOPOi wjieH BKJIIOYAET JOMOJHUTEJbHbIA BPAIATEIbHBIH
Hapbep KOrjia, BKJIIOYEHHBIE B PACYET JIEKTPOHBI MPOHUKAIOT BO BHYTPEH-
HUl OCTOB. DTOT Haphep OOBIYHO He J0DABJISIETCS JJIsT JIEKTPOHOB B CO-
CTOSIHUSIX € OPOMTAJILHBIM MOMEHTOM OOJIbIINM HYeM [P | MOCKOJIbKY st
HUX OPTOTOHAJBHOCTH K VIO COCTOSTHMSIM BBITIOIHSIETCST aBTOMATHIECKH.
3aBUCUMOCTD (PGPEKTUBHBIX MMOTEHIIMAJIOB OT BbIOOpa 7y B JMaIa30He
v =1+ L (rme | — opbutasbHOEe KBAHTOBOE UHMCIO PACCMATPUBAEMOTO
crmHOpa) OblTa ncesenoBana B pabore [151] (em. takxke [85]). Bour coenan
BBIBOJ[ O TOM, YTO ONTHMAJbHBIM BBIOOPOM sIBJSETCS 7y ~ L .
Paccmorpum mMaTpudnbie 3jieMeHnThl raMuiabronnana ¢ POITO ¢ takumu
TICEBJIOCTMHOPAMH, {j)vn ;ljm , KOTOPBIE UMEIOT OONBIION BKJIa[T OT MCXOJHBIX
CIIUHOPOB 1y, sljm- B sTom ciiygae nHambOosbINNii BKJIaL B JaHHBIA MaTpUd-

HBIil 9JIeMeHT 00YCJIOBJIEH UJIEGHOM

~ . bi(b; + 1

[FI<R.

|<Jnfljm|¢nfljm>| ~1.

fcHo, 9TO FTOT YjIeH NPUBOIUT K OOJIBIION MOJOXKHUTEJIHHON SHEPIUK 110
CPaBHEHUIO C BAJIEHTHBIMU SHEPIUsME U HEPIrusMu cBsa3u. [TosaTomy mnpu-

MemuBanne MO cocTogHuil K COCTOSHUSAM fBHO BKJIIOUCHHBIX B pac4deTr
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9JIEKTPOHOB, KOIJa 3aMOParKUBAHUE OCTOBA SABJISIETCSI XOPOIIUM IPUOJIHU-

2KEHuneM, 6y,ZLeT HECYyIIECTBCHHDBIM.

2.2 Cxema reuepaiuu OP3II0 c¢ cemapabeiabHOI mMO-

IpaBKO

13 treopun CP PIIIO scHo, 4ro ¢ yBenudeHueM || CBOHCTBO mpoIop-
[HOHAIBHOCTH CIHHOPOB oy, 1;(T) B OCTOBE MOXKET HADYIIATHCS DU HEKO-
TOPOM TpebyeMOM yPOBHE TOYHOCTH PACUETOB, U B ITOM CJIyUae, B IIEPBYIO
O4Yepe/ib JIJisi BHEIIHUX OCTOBHBIX [ICEBIOCIMHOPOB (M B MEHbIIEH CTerneHr
JUIs KOPPEJMPYIOIUX K HUM (DYHKIUSAM), HY>KHO HUCIOJIB30BATH bdheK-
THUBHBIE MOTEHIMAJIbI, KOTOPbIe OYyIyT OTJHYATHCA OT MMOTEHIMAJIOB JIJIsi
BAJIGHTHBIX [ICEBJOCIUHOPOB. DTO 0OCTOATENHCTBO YUUTHIBACTCS B METOJIE
O6o6mennoro PIIIO, kK onucannio KOTOPOro MbI U IEPEXOIUM.

Cxema nocrpoerust OPIIIO 6buia passura B paborax [81-84] u ocHosa-
Ha Ha cxeme rerepanuu POIIO, npegioxennoii B paborax [52, 57, 59, 152,
153]. Ee ruiaBHOe OTyiMune OT CXeMbl OCTPOEHUSI 110J1yJI0KaIbHOrO POITIO
3aKJII0YAETCSI B TOM, 9TO OHA MO3BOJISET OJHOBPEMEHHO HCIIOIH30BaTh KaK
BaJIEeHTHbIE, TAK W BHEIIHHE OCTOBHBIE MCEBIOCIMHOPLI JJIS MOCTPOESHHUSI
komnoneHT OPJIIO, npu 3ToM K CTaHAAPTHOMY PaJHaJbHO-JIOKAJILHOMY
oneparopy PIIIO gobasisitorcs: HesoKasbHble (cenapabesbHble) Y/IeHbl.
HekoTopble oTyiMunsi CyIIECTBYIOT TaK»Ke W B IMPOLELYPE CriIa’KUBaHUs
CIIMHOPOB 110 CPABHEHUIO CO CXeMOii, npeiokenHoii B pabore [57]. (Ogaum
13 HanbOoJIee BayKHbBIX YCIOBHI ABJISIETCS MeHepalns IVIaIKIX IOTEHIINAIOB
¢ HAaMMEHbBIINMK BO3MOXKHBIMU PaJnycaMu criaxkuBanus. Mol He Tpebyem,
4TOOBI [ICEBJAOCIMHOPLI UMeJIX He Oojiee IByX M3rnOOB, KAK 3TO CHAEJAHO B
pabore [57|, cm., B yacTHOCTH, pabory [154] u HUKe U3JI0KEHHOE OlUCa-
nue apyrux ocobennocreit renepanuu OPIIIO. CymecrBenno m3menena,
TaK>Ke MPOLELypa AlMPOKCUMAIUN YUCIEHHBIX MOTEHI[UAJOB I'ayCCOBBIMU

byHKIAAMHA. )
OcuopubiMu 3tamamu noctpoeruss OPIIIO apastoTest ciepyromniume:

1. BrlnosiHsieTcsi MOJIHOIEKTPOHHBIN YKMCJICHHBIR PEJISITUBUCTCKUI pac-
YeT MOJIEJIMPYEMOr0 COCTOSIHUS JIAHHOT'O aTOMa, KOTOPOEe OOBITHO BbI-

OoupaeTcs BOJM3M OCHOBHOT'O COCTOsIHUs. JLJist 9TO# 11/ B TaHHOU pa-
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0OTe UCIOMBb30BAJICS TaKkeT mporpamMm HFD [155; 156] mist aToMEbIX

YUCJIEHHBIX pacdeToB MeTonoM JIXO.

B pesysibraTe 3T0ro pacuyera moydaloTcs YeThIPEXKOMIOHEHTHBIE I1-
PAKOBCKKE CIIMHOPDI ¥ COOTBETCTBYIOLIUE UM OJHOIEKTPOHHBIC SHEP-
ruu €y . Jdanee HeobxoquMo ompesesnTh, KaKue 37eKTPOHBI OymyT
sABHO BKJIIOYE€HbI B PaC4€Thbl C 3(b(beKTI/IBHbIM [IOTEHLMAJIOM, & KaKHe
OyIyT UCKIIIOYEHBI U3 HUX. DTO JEJAETCA HA OCHOBE IBYX KPUTEPU-
eB (cMm. BBenenne): cpemuero pajmyca CimHOPOB (3TOT KPUTEPHA B~
JIIETCsT TIABHBIM) M UX OJIHOIIEKTPOHHBIX dHepruit. CommacHo aTuM
KPUTEPUSM, BCE CIIUHOPHI Pa30UBAIOTCS Ha T'PYIIIbI TAKUM 00pa3oM,
LITO6bI OTHOCAIIHMECA K Pa3HbIM I'DYIIIIaM CIIMHOPbI MMEJIN 6]:)1 cynie-
CTBEHHO Pa3Hble CPEJHUE PAJUYChl ¥ OJHO3JIEKTPOHHbIE Hepruu. B
pesyJbrare aToM OyJeT MMeTh HECKOJILKO OCTOBHBLIX IPYII 3JIEKTPO-

HOB U OJIHY CaMylO BHEIIHIOI — BaJEHTHYIO I'PYIILY 3JIEKTPOHOB.

. 3aTeM BBIIOJIHAETCS OCTPOEHUE ICEBIOCIUHOPOB (P (T) CrulaxkuBa-
HUEM OCLHJUISINI PAJUabHbIX dacTeil OONbIINX KOMIOHEHT Fr;(r)
BAJICHTHBIX ¥ BHEIIHUX OCTOBHBLIX CIIMHOPOB BO BHYTPEHHEH OCTOBHOM
00J1aCTU TaKuM 00Opa3oM, 4YTOObI CaMble BHYTPEHHHE W3 HUX CTAJIH
6€3y3/10BbIMK, CJIELYIONME COXPAHUIM OJMH HOCJAEAHUNA y3€a U T.JI.
(cm. puc. 2.4). CruraxxuBatue BbILIOJIHSETCS C UCIOIBb30BAHNEM CJIELy-

IOLUX YCJIOBUIL:

Pnlj(’r)7 r 2 R07
f(r)y=r7 Z?:o a;r', r < R,

1=0,1,....,L, j=[lx3], n=nen,...,n,

c?

Puij(r) = (2.8)

rjie L Ha equHAILy OOJIbIIe MAKCHMAJIHLHOI'O OPOUTAIHLHOIO KBAHTOBOIO
YUCIIA, 11 BHYTPEHHUX OCTOBHBIX 9JIEKTPOHOB, HCKJIIOUAEMBIX U3 Pac-
geta ¢ OPIIIO. Benyas crernenb MoJMHOMa Y OOBIYHO BBIOUPAETCS
0JM3KO K L, 9T00BI rapaHTHPOBATH J0CTaTOYHOE BhiTaJkuBanne BOB
9JIEKTPOHOB U3 BHYTPEeHHE# ocToBHOM obsiactu (cMm. paszen 2.1.2). Ko-

9P DUIUEHTRI a; OIPEIEISIIOTCS UCXOS U3 CJICAYIOMINX YCJIOBUIA:

® OPTOHOPMUPOBAHHOCTH IICEBJOCINHOPOB Pp; (HA MPAKTHKE yCJIO-

Bre oproronajbioct BO u B nceBiocnnHOpOB IPUBOIUT K JI0-
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BOJIbHO CHUHTYJISIDHBIM TIOTEHIIMAJIaM, U OHU HE YJIOBJIETBOPSIOT-
¢ CTPOTO Ha, CTAJUU T'eHEePAIUK IMOTEHIIUAJIOB, IIO9TOMY CJIEIyeT
BBIOMPATH HEKOTOPBIH KOMIIPOMUCC MEXKLY “JIOCTATOYHO TJIa, K-
M’ U “JOCTATOYHO TOYHBIMK MOTEHIMAJAMEU JJIsi TOIO, YTOOBI
HCIIOJIb30BATh WX B JAJbHEHIINX MOJIEKYJISIDHBIX pacderax 3¢d-

bekTUBHBIM 006pa30M);

e crmiBaHWA B TouKe R, dyHKImu f u OOJIBITOH KOMITOHEHTHI CIIH-
HOpa P, & TAKXKe UX MEPBLIX YETHIPEX MPOU3BOJHBIX (UTO BaXK-
HO JIJIsT TUVIaJIKOM (bOPMBI MOTEHIIMAA, T.K. (DOPMYJIa JIJIst €ro Io-

JIyYEeHUs! COJEPXKUT BTOPYIO MPOU3BOHYIO OT MCEBJIOCIHHOPA);
e dyukius f J0/KHA OBITH TUIAKON 1 OE3y3JI0BOI;

o yHKIMA Ppyj JOIKHA ODecliednBarb JOCTATOYHO 1VIaJKY10 (Hop-

My IIOTEHUHAJIA.

Touka cmmBanusi R. BbIOMpaeTcss BOJU3U TAKOI'O SKCTPEMyMa CIIHU-
HOpa (paJMabHON YACTH €ro OONBIIOH KOMIIOHEHTHI), ITOOBI COOT-
BETCTBYIOIIUI €My IICEBJIOCIMHOD MMEJI OIIPEJICJIEHHOE PaHee HYuCyIO
y370B. Touku R, jiuisi pa3/jimdHbIX CIUHOPOB JIOJIXKHBI ObITh BHIOPAHBI
JIOCTATOYHO OJIM3KO JAPYT K JAPYTY JIsl HOJYUEeHHs TJIaIKOH (DOPMBI
OTEHIMAJIOB, TeM Oosiee, 4T0 TouHOCTHL OPIIIO riaBabIM 0OpazoMm

OIIPEJIEJIAETCSI IIOTEHIINAIOM C CAMBIM OObIIUM R, .

. Qucnennpie norennmansl Uy crposres s Kaxgoro [ = 0,..., L u
j=1l=x %| g BO u B nceBnocnHOpoB, Tak UTO @y ABJISIOTCA
pemienusaMu ypasHenns XO HepeJsTUBUCTCKOrO THUIIA, HO B jj-CXeMme

cBA3M JJIs “mceBgoaroMa’ ¢ yaajennbiMu MO cnmnopamu:

(T)[<1d2 1d I(i+1) Z

Uui(r) = B bt S 250 +R()

2dr2 " rdr 272 T

+ €nlj) @nlj(’r) + Z 6n’nlj&n’lj(r):|a (29)
n'#n

rjae Z — 3apsija sjpa, J u K — oneparopbl KyJJOHOBCKOTO U OOMEHHO-
IO B3aMMOJEHCTBHUSA, BEIYUCIEHHBIE C MICEBIOCITMHOPAMHU, €p7j — OFHO-
3JIEKTPOHHBIE SHEPTMH COOTBETCTBYIONIETO CIUHOPA, & Ep/plj — HEANA-

T'OHaJIbHBbIC MHOXKHUTCJIN ﬂanaH}Ka .
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B ciyuae nceBAoCIuHOPa C y3JI0M MOTEHIUAN [TOJYYaeTCs CHHTYJISIP-
HBIM, T.K. HYJIM 9UCIUTENs U 3HaMeHaTes st B popmyste (2.9), Kak mpa-
BUIIO, He coBnagaror. Ouako, B pabore [81] mokazano, 410 3TU Hy-
Jid OJIM3KK JPYT K JPYyTy, ¥ HauboJee eCTeCTBEHHBIM PEIIeHUEM ITOM
IPODJIEMBI SIBJISIETCST KHTEPITOJISIIUST CUHIYJISIPHOIO TIOTEHI[MaJ1a BOJIU-
31U y3ia nceBgocnuaopa. OmmbKa BOCIPOU3BEIEHUs OJIHOIIEKTPOH-
HOIl SHEPTUU W3-38 WHTEPIIONSIUA MOXKET ObITh CIeJIaHa JIOCTATOYHO
MAJIOW, MOCKOJIbKY IICEBJOCIMHOPBI MaJibl BOJIM3U y3J1a, & ITO3MIIMs
CaMoro ysJia, JIMIb HE3HAYUTEJbHO MEHsIeTCsl IpU 00Opa30BaHUKU XH-
MUYECKOH CBsi3M /Uy 1pu BO3OYXKJEHUU B HU3KOJIEKAIME COCTOsI-
uusi. Ona He mpesbimaeT ommbok anmpokcumanun OPITIO, obycios-
JIeHHBbIX crytaxkuBanreM BOB cnuHOPOB n mpuOJINyKEeHHOTO OMMCAHWS
szaumogeicreuit ¢ 1O snekrponamu [83]. Oneparop OPIIIO zanu-
ChIBaeTCsl B 9pMHUTOBOI opme cieiyomum obpasom (obocHOBaHME

OpMBI HTOrO OrEepaTopa MPUBOJUTCS HUXKE):

L 1+1/2
U = nULJ +Z Z nvlj _UnvLJ(T)]PlJ'
=0 j=|i-1/2]
L 1+1/2

+ 335 S AlU04() = Unis () Py

ne 1=0 j=|I—1/2|

+ Pt [Unaj(r) = Unj(r)]} (2.10)
L 1+1/2

_ Z Z Z Pncl]|: Unij(r )‘;Un’clj("') _ Unvlj('r)]f)n’clj ,

ne,nl, 1=0 j=[1—1/2]

rje '
j
Py = Z Lgm)(lim|
m=—j
P, = Z Inedgm)(n.djm| ,
m=—j
|ljm)(ljm| — npoexitus Ha TBYXKOMIIOHEHTHYIO CIIUH-YTJIOBYIO (DY HK-
LU0 X[jm , |7;Cl\]7n) (@T/rﬂ — npoeknus Ha BO nceBrocnuHophl Jncljm
u J=L+1/2. Takum 06pa3om, 0JJHOIEKTPOHHbII raMusibToHUaH Jlu-

pPakKa 3aMela€TCA CTaHJaPTHBIM HEPEJIATUBUCTCKHUM I'aMWJIbTOHHNAHOM
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¢ OP3IIO, a maJjble KOMIIOHEHTHI UCKJIIOYAIOTCS SIBHO U3 TIOCIEIY IO
mux pacueroB ¢ OPIIIO. Takast 3amena MoxeT ObITh CAejIaHa, C CO-
XPAHEHUEM BbICOKO BBIYUCIUTENHHON TOYHOCTH (CM. TabJINIIbI HUXKE)
npun yCJIOBHUHK, 9TO aMIIJIMTYyObl MaJIbIX KOMIIOHEHT JOCTATOYHO MaJIbl

B BO u B obJjiacrax.

. st GOJIbIIMHCTBA TPUJIOXKEHUH YJ00HO OTIEIUTH YCPEJIHEHHYIO 10
CIIMHY ¥ 3aBUCSIIYI0 OT cimHa (cnuH-opbuTanbhyo) dactu OPIITIO
omeparopa (cm. pasmen 2.4). [Ipu ucnosb30BaHUM B MOJEKYJISIPHBIX
pacueTax ¢ 0a3MCOM IayCCOBbIX (DYHKIUI YUCIEHHBIE MTOTEHIIUAJIDI

MIPEJICTABJAIOTCA B CIIEAYIONEM BHUJIE:

[Urﬁ,}EEP(T) - Ncore/r}r27

(U (r) = UpPE (e)]r?, 1=0,..., L — 1,
AU, i (r)r?, I=1,...,L,
[Unetj (1) — Unyij(r)]r?, ne=nln’, ..., 1=0,...,L,
j=1l£3l,
(2.11)
re
Cl+1

Uni ™" (r)

[

=——7U r)+ ——U,i-(r
0+ 1 nvl+( )+2l+1 Nyl ( )7
AUy (1) = Unyis(r) = Unyi—(r),

I+ = {l, j=1+£1/2},
u Neore — aucsio VO snexrponos. [orennumanst B (2.11) anmpokcu-
MUPYIOTCSI TayCCUAaHAMU, KOTOPbIE OOBIYHO BHIOMPAIOTCS B BUJIE

Zcirk" exp(—a;r?) (2.12)
i

co crenensivu k; = 0,1, unu 2. HucieHHble 1MCEBJIOCIUHOPHI AIlIIPOK-
CUMUPYIOTCS rayccuanamu B hopme

Guj(r) =1 ciM;exp(—ayr?), (2.13)

)

rie M; — HOpMUPOBOUYHbBIE MHOXKUTEH (3aMeTHM, 4TO ObLIO Obl Hosiee
eCTECTBEHHO WCIIOJIb30BATh IAyCCHAHBI C IIOBEJICHHEM "7 B BBIPaKeHUH

(2.13) ¢ yueToMm MOBe/ICHUS TICEBAOCTINHOPOB BOIU3NU SIPA).
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2.3 Omneparop OP3IIO B cnmHOPHOM IIpEeJICTABJICHUN

OueBuIHO, YTO Pa3/IMYHbLIE KOMIIOHEHTHI IIOTEHIUAJIOB OyjyT reHepupo-
BaThCs C WMCIOJb30BaHUEeM (OpMyJibl (2.9) it pa3JIMUYHBIX [1CEBIOCIHU-
HOPOB @p; , 1 oneparop OPIIIO U gosxen ObITh CKOHCTPYUPOBAH TaKUM
00pa30M, 4TOOBI €ro JeilCTBIe Ha KOHKPETHBII MCeBIOCINHOD Py COBIIA-
JlaJIo ¢ JefCTBUEeM COOTBETCTBYIONero eMy norennuania Uy, B Heapmuro-

BO#i (IpaBOCTOPOHHEI) hOPME €ro MOXKHO TPEJICTABUTH KaK

o I+1/2

U= 3" Y Uuj(r)Puy, (2.14)

no =0 j=|i-1/2|
Puyj= ) |nljm)(nijm|,
m=—j

_ !/ /
N =Ny My oy My Mgy Mgy - - -

rje |%>(@T/n| — IIPOEKTOP Ha IICEBJOCINHOD &nljm, a UHICKC N IIPO-
6eraer o BOB u BupryasbabiM 1icegociunopam. Hemocpeicreentnoe nc-
nosib3oBanue opmysibl (2.14) NpUBOAUT K CEPbE3HBIM BbIYUCIUTENbHBIM
U3JIEeP2KKaM, [TOCKOJIbKY OHA, BKJIIOYAET CyMMHUPOBAHKE 110 BCEM MHJIEKCAM N
1 | (koTOpBIX, BOOOIIE TOBOpst HGeckoHewHoe Trciio). OMHAKO, KOMIOHEHTHI
OP3IIO obnanmaioT cBoiicTBaMU, KOTOPBIE MO3BOJSIOT M30EXKATH CYyMMU-
POBaHUs 1O BCEM MHJIEKCAM B PacueTax MaTPUUIHBIX JIEMEHTOB OlEpPaTOpa
OPRIIO. Samernm, uro norenimainl Uy comepKaT BKIaIbl OT KyJOHOB-
CKOrO W ODMEHHOIO0 B3aMMOJEHCTBUSI C OCTOBOM, BKJIAJbI OT CIVIaXKWBa-
HUSI CIIMHOPOB M OT PEJSATUBUCTCKUX 3DMEKTOB (KaK pe3yJsbTaT 3aMeHb
HCXOJIHOIO raMuJIbTOHKAaHA Jlupaka HAa raMUJILTOHHAH HEPEJISITHBACTCKOIO
THIIA).

Paccmorpum csoiicrsa komuonent Uy (), nMeroniyue BaxKHOe 3HATCHHE
JUIsi TIOHUMAaHusT ocobeHnHocTelr BapuanTa metojga OPIIIO ¢ cemapabesib-
HO¥1 IIOIPaBKOii, DoJiee 110 IpOOHO.

B paznesie 2.1.2 nmokazaHo, 9TO MCEBJIOCIUHOPHI ¢ pas3judubivMu | < L
CTUIaXKUBAIOTCST CYIIECTBEHHO PA3JIUIHBIM 00Pa30M M PEJIITUBUCTCKIE (-
dexror st BOB 2j1eKTpOHOB ¢ pasiindHbIMA KBAHTOBBIMUA YWUCIAMU ]
TaK>Ke CYIIECTBEHHO Pa3/IMIalOTCs W3-38, CIIUH-OPOUTAJIHLHOTO B3aUMOJIEH-

ctBus, m03TOMYy 1 KOMITOHEHTHI OPIIIO my1st Takux meeBaocnuHoOpoB Oy ayT
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3aMeTHO pazimaarbes |59, 85, 152

Unij(r) # Uppy(r), ecnu j#£5 wm £, pna I<L wm I'<L . (2.15)

CnuHOpbl ¢ KBaHTOBBIMU unciaamu [ > L He umeror y3j0B B 1O obia-
CTH W, COOTBETCTBEHHO, HET HEOOXOAMMOCTH WX CriIaxKuBaTh. OTiaudre B
PSIMBIX PEJIATUBUCTCKIUX 3P dEKTax it HUX JOCTATOYHO MAJIO, TIOCKOJIb-
Ky 9JIeKTPOHBI B 3TUX COCTOSHUAX MMEIOT IIPEHEOPEKUMYI0 BEPOATHOCTD
HAXOXKJIEHUsT BOJU3U COOCTBEHHOTO $JIpa, TIOITOMY KYJOHOBCKOE W OOMEH-
Hoe BlaumozeiicTBue ¢ O cocTossHuSIME [IJIsT HUX JaeT OCHOBHOM BKJIA B
noreriaJ. [IpuaeM BKJa OT KyJJOHOBCKON YaCTH OJMHAKOB JIJIsI BCEX CO-
crosiauii ¢ [ > L, a oomennoe s3aumoeiicreue mexx 1y BOB u MO ssiekTpo-
HAMHU CYIECTBEHHO MEHBIIE U3-33 MX JIOKAJM3AIMK B Pa3HBIX [POCTPAH-

cTBeHHBIX ObstacTsx. Takum obpasom, nomydaem [59, 152]:

Unlj(’l“) % UnvLJ('r') JUJIs1 [ > L. (2.16)

Hnst 7> R, npeHedperasi MOIPEIIHOCTSIMKA CIJIaXKUBAHUsT CUHIYJISIPHO-

CTU B TO4YKE y3Jia T:Rn U PEJIATUBUCTCKUMU IIOIIPDaBKaM#K, MO2KHO HallK-

CaThb:
AK. P, ji(r AK_. P, i(r
Unis(r) = Uy(r) = SR Tt SR Built) g 1
nelj Nylj
rie
AK Pyj(r) = (Ke —Ko) Pyi(r) = Y Ip(lwjusly)  (2.18)
Nyl w3l

R,
! inlw jw (T)
/ nw w]w )¢nl]( ) T-Ewlw]w( I)Pnlj(rl)] ('rl)l +2drl X Tj—l

R.
' PTL l+i (T)
- > Byish) / [P, () Pas(r)] () 2 =
nglyjpsl! =0

Iy (Lpjw; 1j) — crimB-yriioBasi 4acTh, KOTOpast MOSIBJISIETCS 38 CIET CyMMHUPO-
BaHUS IO CIIUH-YTJIOBBIM WHJIEKCAM 3aHATHIX OJIHOIEKTPOHHBIX COCTOSTHU

(w); I'>0. B pesynbrare dbyHKIHOHAT

o0

FanB) = [ Pl Us6) = Uty Pay ()02
R>R,.
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MOXKET JIOCTUTATh JIOBOJBLHO OOJIBINNX 3HAYCHUH (HADPUMED, JJis KOMIIO-
nenr OPODIIO aroma pryru [83, 84|, — Gonee wem 500 cm™! mpu meko-
TOpbIX 3HadeHusix R u3 wHTepBasa R.<R<o0o, Korjga n=n, u n'=n,).
Takum obpazom, peHeOPeKEHNnEe B OAHOIEKTPOHHOR JaCTH TaMUJIbTOHU-
aHa BRJIajgamu Tuna Fp, (R>R.) npu BO3MYIIEHUM BAJEHTHON obsiacTy
aToMa (u3-3a BO30OYKjeHUi, 0OPA3OBAHUS XUMUIECKON CBSA3U U T.II.) Oy-
JIeT IIPUBOJUTH K OMIMOKAM, KOTOPbIE HE MO3BOJIAT JOCTUTATH XUMUYECKOI
TOYHOCTU PacyeTa SHEPreTUdYeCKuX CBoiicTs. B yacrHOCTH, IPU UCHOJIB30-
BaHUM PaJUaJbHO-JIOKAIbHBIX “uoHHBIX POIIO (cwm. [83, 84]) Bbruuncienue
OJJHO9JICKTPOHHBIX MATPUYHBLIX JIEMEHTOB TUILA, <Jnvljm|U|Jnaljm> Oyner
CBOJANThLCS TIpU 7> R, K MaTPUYHBIM 3JIeMEHTaM

o

[ Py 0) Pass(r)ear

R

9TO U O3HAYAET [IPEeHeOPEeXKeHne PA3HOCTBIO MeX 1y KoMrouenTamu Uy, 1;(T)
u Unvlj (7’) .

Paccmorpum Temeps ocobennocTu mnopenenns kommnonent OPIIIO ¢
pasupiMu 1 pu <R, . BO u B cirHOpBI HMEIOT CYIIECTBEHHO PA3JIMIHOE
1oBejieHre B 00Js1acT BOJIM3Y TOYKM CIIUBKU K., KOTOpasi 00ObI9HO OJIM3KA
K TOYKE IOCJeHero Makcumyma camoro Baytpennero BO crnmuOpa, n3-3a,
YCJIOBHUST OPTOTOHAJIBHOCTH. [[09TOMY OHM HE MOTYT OBITH CTJIaXKEHBI BMECTE
CO BTOPBIMU MTPOU3BOJIHBIMU “OAUHAKOBBIM 00paszom’. [Tockosbky opmyiia
(2.9) BKJIIOYAET OTHOIIIEHUE BTOPOI MTPOU3BOJHON MCEBIOCIUHOPA K CaMO-
My TICEBIIOCTTHHOPY, M DEKTUBHBIE TOTEHIMAJBI, mocTpoeHHbie st BOB

IICEBJIOCIIMHOPOB Oy 1yT otndarhest B obactu r<R. (cm. puc. 2.5):

Unclj(’r‘) 7'é Unvlj('r) sl < L. (2.19)

[IpencraBisionias HHTEPEC YaCTh ITOH Pa3HUIBI JOKAJU30BaHA B MAaJIOi

obsactu BOM3M R, u OHA MOXKeT OBITh MpeJICTaB/eHa Kak [83]

o)) =~ {TBEN )
[r P15 (r)]” [r&n,15(r)]"
T Pp,15(r) - T%n,15(T) } .
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(D10 BBIpaXKeHWE MOXKET ObITH MOJIYYEHO MPU MPEHEOPEKEHUN HEJAUATrO-
HAJIbHBIMA MHOXKHUTeIsIME Jlarpanxka (|epmij| < |enij|) 1 oOMernnoro B3an-
mogeiicrust (K < J). Moxuo ucnonbsosars ypasuenne JIXP st €, B
HEPEJIITUBUCTCKOM IIPEJIEJIE ¢ — 00, T.€. IPeHeOpedb PA3HOCTHIO B PEJISTH-
BrucTcKux 3dexrax st BO u B aekTpoHOB /U151 TOTO, 9TOOBI MOICTABUTD
En,lj U €n,j B ypashenus (2.9) g Uy g; u Uy, .)

AnasorngasiM 06pa3oM IIOTEHIUAJIBI, IOCTPOEHHBIE s pas3indHbix BO
[ICEBJIOCIIMHOPOB TaK»Ke OTJIMIAI0TCs KOrja Heckoyibko BO obostodex ¢ ojim-

HAKOBBIMK [ ¥ ] BKJIIOYeHbI B mpoieaypy reaepamnun OPIIIO:

Unclj("“) #* Unfclj(?“) ,  ecam n # n'c , aual < L. (2.20)

[ToCKOIBKY BaJEHTHBIE M HU3KOJICXKAIIME BUPTYAJIbHBIE CIIMHOPHI C OJI1-
HAKOBBIMU [ M j MMEIOT 0Y€Hb CXOJHOE (IPOMOPIMOHATIBHOE) TTOBEJIEHHE B
obmacTu criaxkuBanus, r<R., (cM. pasmen 2.1), oHE MOTYT OBITDH CriTazKe-
HbI €IMHO0OPA3HO U MOTEHIMAJBI I HUX OY1yT MPAKTUIECKU COBNAIATD
[83]:

Un,ii(r) = Upj(r) maal<L. (2.21)
B pesysbrare oneparop OPIIIO (2.14) moxer 6biTh nepemnucan (og06HO

onepaTopy, MpejcTaBieHHoMy B [81] st HepessiTHBUCTCKOrO ciiydasi) B

crepytomei (HeapMuToBOii) dopme:

L 1+1/2
U = Uprs(r)+ Y Y [Ungj(r) = Un,zs(r)]Py;
1=0 j=(i—1/2|
L 1+1/2

+ > D [Unii(r) = Unyj(r)]Puj - (2.22)

ne 1=0 j=|I_1/2|
Onuako, OPIIIO B (2.22) MoxkeT ObITH KOPPEKTHO HCIOJB30BAH TOJb-
KO KaK I[IPABOCTOPOHHUI OIEpaTop M, XOTsS €ro OTJIMYKE OT IPMHUTOBO-
COIIPSIXKEHHOI'O OIIepaToOpa Ha IIPOCTPAHCTBE COCTOSIHUI, IPEICTABIIAIONINX
IPAKTUYECKUI MHTEPEC HE TAK y>K M BEJUKO (CM. cBoiicTBO (2.23), 0Ka-

3aHHOC HI/I}KG) ero 00J1acTb IIPUMEHUMOCTH BCE 2K€ OI'DaHUYCHA.

[Tepenumem oneparop OPIIIO B spmuToBoit dpopme. st aToro cua-

YaJla JOKaKEM Ba2KHOE CBOMCTBO JJIAd MaTPHUYHbBIX JIEMEHTOB KOMIIOHEHT
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OP3II0. Paccmorpum

<AU>nn’l] <90nlJ|UnlJ n’lj|95n’lj> .

HO,ILCT&BI/IM B 9TOT M&TquHbIﬁ QJIEMECHT BbIPpazK€HUA [1Jid IIOTEHIUaJI0B

(2.9):

<AU>nn’lj -

N 1d> 1d W(I+1) Z = = s .
(ol [y ety ar =gz~ IR e ‘Pnlﬁ%smnuwn"lﬁ—
<~ '[1d2+1d l(l+1)+Z FiRoe _]~ '+Z5 B >
Pnlj 2dr2 " rdr 272 r n'lj | Pn'lj = n"n'ljPn"lj )

", I10CJIE COKpaHLeHI/IH YJICHOB C HpOTI/IBOHOJIO)KHI)IMI/I 3HaKaMu C yquOM
TOr0, 9T0 (Pnij|Prij) = Opp , HOIydaAEM:
<AU>nn’lg (5nl] €n’lj)<(;0n'lj|90nlj> .

Ecim n = n/, 310 BhIpaxkenue pasHO HYJIIO M3-3a TEPBOIO MHOXKHUTEJIS, &
ecan m # m', OHO BaHYJISETCsl W3-33 OPTOrOHAJBHOCTH IICEBIOCIHHOPOB.

Takum obpazoM, mogydaem

(@nij|Untj — Unnjl@nij) =0 (2.23)
C momorpo 3TOro cBoiicTBa omeparop (2.14) MoxkeT OBITH 3aMEHEH 3P~

MUTOBBIM oneparopom (2.10):

L 1+1/2
U ~ nvLJ +Z Z nvlj _UnvLJ(T)]Plj
1=0 j=[1—1/2|
L 1+1/2

+ 33 Y AU(r) = Uty () Prts + Pt Ui (r) — Ut (7)]}

ne 1=0 j=|I1-1/2|
L 1+1/2

_ Z Z Z i z;[ Up,;(r )-;Unglj(T) — Unvlj("'):|f)n’clj . (2.24)

ne,nt 1=0 j=|I-1/2|

MoxxHO moKa3aTh, UTO JIEHCTBUE ITOTO OMEPATOPA Ha JIOKAJIN30BAHHBIE
B BOB obsactu mceBaocnnHOpsl 9KBHBAJIEHTHO (€ TpebyeMoil TOUHOCTHIO)

JIEACTBUIO COOTBETCTBYIOMUX UM noreHnuajon. Jusa [ < L umeem:
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Uldnijm) = Unors[¥najm) + [Unitj — UnoLa)[¥natjm) + [Unats — Unots]|¥netjm)

+ Z|'§anljm><1;n’cljm|[Un’clj — Ui |¥n.1jm)

> 7 Uncl' + Un’cl' 7
- Z|d)n’cljm><¢n’cljm||: ’ 9 . Unvlj:| |¢TLcljm>

= Unclj 1;ncljm> )
U|¢nvljm> — UnvLJ|¢nvljm> + [Unvlj - UnvLJ]|1/)nvljm>
+ Z|¢n;ljm><¢n;ljm|[Unglj — Un,ijlln,im) = Unij

@valjm%

U|";naljm> — UnvLJ|w~naljm> + [Unvlj - UnvLJ]|'(;naljm>
+ Z|¢ngljm><¢ngljm|[Un;lj — Un,1jl[¥n,1jm)

— |:(1 - |¢nvljm><¢nvljm| - thnlcljmﬂdjn’clijUnvlj
+ (|'§valjm><'&nvljm| + Z|’€;n'cljm><’(;n'cljm|> Unalj] |7Lnaljm>
'ﬁznaljm> )

~ Unalj
u s | > L:

U|'€Enljm> - UnvLJW;nljm) ~ Unljhﬁnljm) )

IJIe UCIOJIb30BaHbI cBoicTBa (2.16), (2.21), (2.23) 1 OPTOrOHAIBHOCTD TICEB-
JOCIIMHOPOB.
Omneparop OP3IIO B dopme (2.10) moxkeT 6bITb 3 HEKTUBHO UCTOND-
30BaH B pacuerax Ha 6asuce CIMHOPOB.
3amerum, 9To HesoKaJIbHbIe wieHbl OPIIIO ¢ npoekropamu Ha Hau-
corr

Gostee BaxHbie Koppessuonnbie dbynxmun @rrfl . o o (r) (e z = ¢, v)

(3.40), soKaIM30BaHHBIE TVIABHBIM 0OPA30M BO BHEIIHEH OCTOBHOW U Ba-

corr
nklk:I:

JICHTHO# 06JIACTSAX C TIOCTPOEHHBIMHK JIJIsi HUX MOTEHIMAJIaAME (r) mo-
ryT ObITh BKJIIOUEHbI B Bhipaxkenue (2.24) mis oneparopa OPITIO Bmecre
C NPOEKTOPAMHU Ha, BHEIIHME OCTOBHbIE CHMHOPHI. OYEeBMIHO TaKXKe, UTO
komroreHTel OPIIIO ¢ npoekropamu Ha Te BO mnceBpocnuHOpPbBI, KOTO-
pble 3aMOpOXKeHbl B pacderax ¢ ganabiM OPIIIO (cum. Takxke pasmen 3.3),

MOT'YT OBITh UCKJTIOUEHBI U3 BhIpayKeHUs (2.24).
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Hy>xHO Tak»ke OTMeTHUTh, 4TO XOTs Bhipaxkenue g OPIIIO spiser-
cs 3aMeTHO OoJiee CJIOXKHBIM 10 (hopMe, UeM JJIs PaJinajbHO-JIOKAJTHLHOTO
oreparTopa, BCe XKe OCHOBHOE BPEMsI B pacdyeTe MOJIEKYJISAPHBIX MATPUIHBIX
atemernToB OPIII0O 3aHuMAaOT BBIYUCIEHUS C €r0 PaIUaIbHO-JIOKAJIBHOM
YaCThIO, & He C HEJIOKAJbHBIME dJIeHAMU. TakKuM 00pasoM, BbIUHCIATE b
HbIE yCJIOXKHEHHs, cBsI3aHHble ¢ ucnojb3oBanueM OPIIIO mo cpaBHenuio
co cranmapTbiMu PIIIO, He3HAUNTENBHBI, €C/IM CPABHUMOE YHUCJIO TayC-
CHaH WCIOJb3YeTCsl JJIsi AIMPOKCUMAILMNA KOMIIOHEHT ITOJIyJIOKAJIHHON da-
CTHU PACCMATPUBAEMbIX 3D PEKTUBHBIX TOTEHIAJIOB. Bostee Toro, HanboJiee
TPYJIOEMKKMM MECTOM B pacyeTax MATPUYHbBIX DJIEMEHTOB MOJIEKYJISIPHOIO
raMUJIBTOHHAHA C JII0OBIM U3 u3BecTHBbIX BapuanToB PIOIIO (u ¢ copas-
MEPHBIM TI0 TOYHOCTH OJJHOJIEKTPOHHBIM GA3MCOM), B KOTOPHIX OIEPaTOp
KYJIOHOBCKOTO MEXKIJIEKTPOHHOIO B3aMMOJEHCTBUST UCIOIH3YETCs SIBHBIM

00pa3oM, BCerjia sBJISETCS PaCUeT JIBYXJIEKTPOHHBIX WHTEIPAJIOB.

2.3.1 Pacuerst aromoB Hg u Pb merogamu PCK-O/l u TB2/KB

Tounocts nmpubamxkenuit OPIIIO u PIIIO apyrux rpynm ObLia mpore-
CTUPOBaHA BO MHOTHX aTOMHBIX pacuerax [83-90, 122|, BbImosHEHHBIX B
CXeMe JJ-CBS3M B CPABHEHUM C IIOJHOJIEKTPOHHBIMU YeThIPEXKOMIIOHEHT-
HBIMU PEJIATUBUCTCKIMHU PACUETAMU C UCIIOJIb30BAHUEM IIAKETOB IIPOrPAMM
GRECP/HFJ [83, 156, 157], HFD/CI [155, 156], RCC-SD [158] u PT2/CI [140)].

B ommyme oT MOJEKYJNIAPHBIX, ATOMHBIE PDACUEThI 00JIAJAI0T TeM IIpe-
VMYIIECTBOM, YTO OHU MOI'YT ObITH BBINOJHEHBI ¢ UCIOIb30BAHUEM 3aMeT-
HO O6sbInero (6osee THOKOTO) OHOIEKTPOHHOTO OA3UCa U YPOBHS yIeTa
ME2K3JIEKTPDOHHOI KODPEJIALUK, U B TO XK€ BpeMsl TpeOOBaHU, IPeJbsiB-
JisleMble K BbIYMCIIATEIbHBIM PECypCaM U ObICTPOJEHCTBUIO KOMIIBIOTEPA,
MOI'yT ObITb Ha OJMH-JBa HOPsAJKA MeHblle. B yacTHOCTH, B pacyerax aTo-
MOB 1 MOHOB pryTH [87, 147| u cBuHia [88], BhIIOMHEHHBIX HaIEH IPYII-
TO#, MCTOJIb30BAJIUCH OA3UCHI YUCTIEHHBIX (KOHEYHO-PA3HOCTHBIX) CIHHO-
POB C FADMOHUKAMU BILUIOTH JIO h-TUIA ¥ MPUMEHSJIUCh KOPDPEJISIINOHHBIE
merospl PCK ¢ ofiHOKpaTHBIMU ¥ JJBYKPATHBIMU KJIACTEPHBIME aMILJIUTY-
namu |16, 159 (cm. pasgen 1.6.3) u TB2/KB [140] (cm. pasmea 1.6.2).
[Torpenraoctu (O)PIIIO mpu Boctponsseenun nomuovtektTponabix PCK-

O/l sHepruit nmepexosa B PTYTH ¢ y4eToM Koppessiuil 20 BHEITHUX JIeK-
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TPOHOB ¥ MCIOJIb30BAHUEM SKBUBAJEHTHBIX KOppeasiuonubix OK-6azucos
[7,9,8,6,7,7] (cm. maparpad 1.5.3 u pazmesn 5.1) mpejgcraBieHbl B TabIIw-
e 2.3 (bosiee ieTaIbHO PE3yJIbTAThI MpejcTaBieHbl B pabore [87]). Makcu-
MaJibHasi abcosnoTHast norpertnocts Bocupousseaerust 1K /PCK-O/] suep-
ruii nepexoja ¢ BO3OYXKICHUEM WM MOHM3ALUEH OJHOIO 3JIEKTPOHA, —
94 et g OPIIIO (83|, 729 em™t gy PIIIO Pocca u ap. [160] u
1747 cm™! gna duruposannoro no sueprum [II1 mTyTTrapTCcKOil rpym-
bl [64]. OpunakoBoe 4ucio ekTpoHoB, 20, SIBHO BKJIIOYEHO B PACUET BO
BCEX TECTUPyEeMbIX 3(PMEKTUBHBIX MOTEHIMaJMax. DBéjbiire omubKu st
POIIO [160] u IIIT [64] obbsicHsitoTcst ryiaBHBIM 0OPa30M IIpEHEOPEKEH M-
€M Pa3HOCTSMM MEXKJy BHENIHMM OCTOBHBLIMU U BAJEHTHBIMU ITOTEHIINAA-
JIAMH, KaK 9TO TEOPETHUECKH TIPOAHAJIM3UPOBAHO BhIle (CM. Takke pabo-
oI [83, 85]).

Pacdernl 9HEepruil mepexoga B aToOMe CBUHIA, BBITIOJHSAJINCH JJIsT [SITH
HAMHU3IINX cocTostHuil B pabore [88] (cM. Tabumuipt 2.5 1 2.4) ¢ UCIONB30-
BaHUEM Kak Kombunuposanuoro meroja TB2 /KB, rak u meroga PCK-OJ]
Ha 6a3Mcax YeTbIPEXKOMIIOHEHTHBIX PEJSTHBUCTCKUX CIHHOPOB M JIBYX-
KOMIIOHEHTHBIX IICEBJIOCIIMHOPOB. B mocienneM ciaydae MCIOIb30BAJIUCH
22-snekrportbie OPIIIO u POIIO Xpucruancena u ap. [161]. Xorst npu
pacuere HeATpaJIbHOIO aroMa ceuHIa TouHoCTh OPIIIO B cpemrem To/b-
ko B 1.5 Boime, yem tounoctb PIOIIO Xpucruancena u ap., B pacderax
Pb2?* norpemmnocru nocienuero Gosee deM B 10 pa3 IpeBOCXOIAT OLIHO-
ku OPDIIO, uTo ykasbiBaeT Ha JOBOJIBHO ILJIOXOE ONKCaHue 65-000J09KN

oCpeicTBOM moyJiokajbaoro PIIIO.

2.4 Omneparop OP3IIO B cnmH-0pOUTAJBRHOM HpPE-

CTaBJIEHUN

[Tpumensist OPIIIO B MosieKkyJIsipHBIX pacdeTax Ha CHUH-OpOUTaIhLHOM Oa-
suce (cM. riaBy 1), KOTopbiii, 6y 1y n 6osiee SIKOHOMUUHBIM, UCTIOJIBL3YETCST B
OOJIBITMHCTBE TPOrPAMM JIJIst MOJIEKYJIsipHbIX pacuetor ¢ POIIO, onepaTtop
OPBIIO (2.10) ny>kHO mepenucaTh B CHUH-OPOUTAIBHOM [PEJCTABICHUH,
9TO MOYKHO OCYIIECTBUTH C UCIIOJIB30BAHUEM TPEOOPAZOBAHIUS, TPEJIOXKEH-

Horo B pabore [61].

66



KommoneHTh! ycpegHenHol 1o cruuny dacTtu oneparopa OPIIIO masbi-
BAIOTCS YCPEOHEHHDIMU PEAATNUCUCTNCKUMY IPPHEXMUBHVMY TOMEHUUA-
aamu (YPOII) u sanuceiBatorcs B opwme [60, 84]

[+ 1 [
U PP (r) = %—HUnUH(T) + QZ—HUnvl—("‘) ;

I+1 l
or 1 Vet (1) + 5y

Vi, ij(r) = [Una;(r) — Unvlj(r)]lgnclj(’f') + Pt (1) [Unotj (r) = Ui (r)]

nclj\T +Un’ i\r =
— ZPnClJ |: l]( ) 9 CZJ( ) — Unvlj('f') Pn’clj('r) )

UﬁcfleP(r) = Vncnv (Ir) )

rje f’nclj(T’) — pajuasbHblil mpoekTop Ha BO mceBpoCIHHOPLL By 1i(T).
OueBnIHO, YTO 9TU KOMIIOHEHTHI MOI'YT ObITh UCIOJBH30BAHbBI (KAK U HEpPe-
astuBucTckue 060601enabe II10) B mporpaMmax [jist MOJIEKYJISIPHBIX PAC-
4eToB 0e3 yueTa 3aBUCSIINX OT CIMHA PEJSATHBUCTCKUX 3(DPEKTOB.
KommonenTs! omneparopa 3@ EeKTUBHOIO CIUH-OPOUTAJBHOIO B3aUMO-
JIeCTBYSI, KOTOPBII Tak»Ke BO3HUKAET C HCIIOJb30BAHWEM IpPeobdpa3oBa-
uust [61], HasbIBatOTCH APPERMUSHBMU CIUH-OPOUMAALHOLMYU TOMEHU U~

asamu (DCOII), orn MoryT ObITH 3amucanbl Kak [84]

AUncl(,r.) - Vncnvl+(r) - Vncnvl_({r) )

UESOP _ 2AU(r )sz§
20+ 1
I

Py =) |lm)(im|,

m=—1
rae [lm)(Im| — npoekrop Ha cdepuueckue byHKIUU Vi, .
IIpenebperas pasnoctsio Mexny U} AREP u Uy, rj AN BUPTYaJbHBIX
ncesgocnuaopoB | > L (cwm. ,ILOKaBaTeJIbCTBO csoiictBa (2.16)), omeparop
OP3IIO (2.10) meperucoiBaercst B hopme [84]

U ~ AREP _|_ Z[ AREP UAREP(T')]Pl

4+ Z Z UAREP )Pl + Z[UEUSZ'OP + Z UESOP 2 25)
=1

ne (=0
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e OblH nenosb3oBaubl ToXK aecTBa Xaduepa n sapna (1.15) mist mpo-
exropos Pj; .

2.4.1 Pacuernsl atoma Hg u monekynst HgH meronom PCK

B aromupix PCK pacuerax ¢ 20-amexrponuniv OPII10 (83, 84| na crmn-
opbuTanbHoM Gasuce ocHoBHOe cocrosinue aroma Hg [90] ucnonbzosasoch

KaK CCBLIOYHOE U CXeMa, pacdeTa B npocrpancTse Poka ObLia,

Hg?’t «+ Hg' « Hg — Hg
N v (2.26)
Hg*

/1€ SJIEKTPOHbI J00aB/IsINCL B 6p, TS, Tp opburtajy u yjajisiiuch u3 6s op-
Ourasu. Pesysbrarsl pacueros npejcrapietbl B Tabuuie 2.6 B cpaBHeHuu
¢ PCK pacueramu B cxeme jj-CBsI3U. YUeT TPEXUYACTHUHBIX KJIACTEPHBIX
AMILTATY/T, JJIst 12 BHEIIHUX 3JIEKTPOHOB OKA3aJICs BasKHBIM JIJIsI YJIydIile-
Husl TogHOCTH pacdera. Basuc (14,12,9,3,2)/[7,7,4,2, 1] nag prytu Obu1
crenepupoBat ¢ ucnosbzobanueM OK-cxembr (cum. maparpad 1.5.3), u on
xe 6bu1 ucnosbzosan B OPIIIO /PCK pacuerax mosekysst HgH.

HBa Bapuanta Mojekyasapabix PCK pacueroB B mpocrpancrBe Poka
ObLIM BBIMOJHEHBI Jisi ruapua pryTr |90] Ha cnuH-opbuTasbHOM Oas3u-
Ce ¢ WCIONB30BAHMEM TaKeTOB mporpaMm MOLGEP [162], RCC-SD [158| u
HEPEJISITUBUCTCKOIO MaKeTa nporpamm CC-SDT [163] jjist yuera Tpexya-
CTUYHbBIX KJIACTEPHbIX aMILiuTyi. B nepsom Bapuante (asee 0b603HadaeT-
cst kak PCK-O/I-1) ocuosroe cocrosinue nona HgH' 6bu10 cepliounom u

cxeMma pacuera ObLIa,

HgH*™ — HgH , (2.27)

rJIe 3JIEKTPOHBI JOOABIAINCH B HAMHU3IIIE HE3AOJHEHHBIE 0 U T OpOUTAJIN
wona HgH*. Bo Bropom Bapuanre (PCK-O/I-2) ocnoBHOe cocrosiHue nona,

HgH™ ucnosb30Baoch Kak CChLIOYHOE U CXEeMa pacdeTa ObLia
HgH~ — HgH — HgH™ (2.28)

I7ie 3JEKTPOHBI YIAJSJIUCh U3 HAUBBICIIIEH 3aII0JHEHHON 0 OpOUTAJIM HOHA
HgH™. Pesynbrarsr Haubosiee npenu3nOHHbIX Ha CETOHSIIHUN TeHb pacye-
TOB CIIEKTPOCKOINYIECKNX CBOHCTB OCHOBHOI'O U BO30Y2KIEHHBIX COCTOSHUIA

moutekyJibl HgH npejcrasiens: B Tabsnnax 2.7, 2.8 u 2.9.
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Tabmuna 2.1: JIX® u PAIIO pacuers sHepruii mepexoja /s aToMa Taaus (B M L).

Baur. Ocr. Noun. OP3IIO
XD POIIO P3IIO P3IIO 3amopoxk. OP3IIO

98dp
1s+-6d 5d6sp6d 5spd6spd 5d6spd 5spd6spd
Kondurypamus DHepT.
(TepMm)  mepex. AbGconworTHhHadg omu 6 K a

CocTosinusi, yCpe/JJHEHHBIE 110 HEPEJITHBUCTCKON KOHMUTypaiuu

65'6p'6d" 0 0 0 0 0 0
6516p'5 f1 5682 20 —4 -2 0 0
65'6p! 12554 20 —4 -2 0 0
65'6p? —29723 108 75 26 -2 -2
65'6d" 62541 —384 —40 -2 13 9
652 —40818 -309 —955 —204 61 9
6525 f! —47681 -309 —955 —204 61 9
6526d" —53005 —320 —948  —202 61 9
6526p! —80905 -393  —777  —158 40 -9

Teprl " COCTOdHUA, YCpEJIHEHHbIE 110 peJIHTI/IBI/ICTCKOﬁ KOH(i)I/II‘ypaIlI/II/I

6s'6p® (nepen. ycp.) 0 0 0 0 0 0
651692, (ycp.) 8551 —156 77 M 15 7
6516p§/2 (ycp.) 5899 88 -37 —20 4 2
6516p! ,6pl, (ycp.)  —3483 66 20 1 0 0
.......... (J=1/2) 4021 208 —42 13 22 26
.......... (J=3/2) —4673 81 18 9 0 9
.......... (J=5/2) —5006  —244 37 7 11 11
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Tabmuna 2.2: JIX® u PAIIO pacuersl sHepruii nepexoja g aroma pryTd (B cM™').

JIX® O PTIO OPAIIO
(Xayccepmanu)  (Pocc u ap.)

80 s1.  5sbpbd6sbpbd  HsHPHA6s6p6d  HsHpHd6s6p6d

Koudurypanus Duepruu
(repm) mepexoma A 6 c o1 10 THag OomuAOb K A

Cocrosinusi, ycpeHEHHBIE TI0 HEPEJISTUBUCTCKON KOH(UTYDAIUH

5d'%65> 0 0 0 0
5d'%6s'6p! 35743 -40 212 2
5d'%6s'6d" 56931 -206 219 2
5d'%6s15 f1 62125 -204 217 2
5d'%6s? 68988 -204 217 2
5d06p* 122313 -86 527 33
5d106d* 163279 -408 608 26
5d'05 f1 179709 -397 612 22
5d'0 207327 -391 612 26
TeprI U COCTOAHHUA, YCPE€AHCHHBIE II0 peJIHTI/IBI/ICTCKOﬁ KOH(l)I/Ipra]_LI/II/I

6s'6p' (mepesn. ycp.) 0 0 0 0
65}/261)}/2 (ycp.) —3321 —586 —20 2

............ (J=0) —9264 —628 -31 —11

............ (J=1) —1486 —566 —18 4
651 /56p35 (vep-) 1624 290 11 0

............ (J=1) 7517 110 0 11

............ (J=2) —3027 386 11 —11

'3nauenne V;, 8 PO u3 paborst [64] nomuoxeno nma (20 +1)/2
(M. Toar, TuvHAs TEPENNUCKA).

2P3I10 u3 pabors [160].
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Tabumma 2.3: Dueprum nepexona u wonmsamuu B 203g1-PCK-OJI pacuyerax aroma u
HOHOB PTYTH € pas3audHbIiMu BapuanTamMu PIIIO m ¢ KoppeasmuoHHBIME Ga3ucaMu
[7,9,8,6,7,7] B cpaBuenun c nonnosnekrpornbiMu JIXP/PCK-O/] pacuyeramu. Bcee

BEJIUNIMHBI B CM L.

Cocrosinne BCE SJIEKTPOHBI 20 a1 20 1. 20 3.
Benymas KOHEYH. TOYEYH. OPSIIO! PRIIO? ODIIII3
KOH(UTYpaIMs, SITTPO SAIPO YUCJI.  TaycC.
(Tepm) DHepruy mepexoja A6conorHEse omubk n
5d'%6s%(1Sy) —
5d'%6s'6p' (3 Ry) 37197 37260 -16  -10 363 -666
5d'%6s'6p' (3 P,) 39029 39091 -1 4 378 -416
5d%6s16p! (3 Py) 43860 43925 22 28 437 619
5d'%6s'6p' (1 Py) 55036 55095 78 79 416 229
5d*°6s' (251 /2) 84159 84215 28 36 482 -19
5d'6s' (*S1/2) —
5d"6p! (2P 2) 51656 51734 -11 -9 428 -796
5d'°6p' (> Py/s) 60802 60883 9 11 539 951
5d'0(1Sy) 150636 150720 -67  -58 729 112

'OP3IIO u3 paGorsl [83] ¢ KOMIOHEHTaAMM MOTEHIUAJIOB B YACJIEHHOH (KOHETHO-pas-

HOCTHO#1) U rayccoBoil popMax COOTBETCTBEHHO.
2PIIIO (Pocc m ap., 1990) u3 paborsr [160].

3®uruposannsiii no suepruu 111 (Xayccepmann m ap., 1993) [64] ¢ kommonenTamu V,,

CKOppeKTupoBaHHbIME MHOXKUTEAsME (2] + 1)/2 (M. Jonr, nuuHas nepenucka).

‘B 3710it TabsuIe aOCOMIOTHDIE OMMOKN BEIYUCIEHB KaK PA3HOCTH MesK Ly SHepIHaMHU Ie-
pexona u3 POITO u nonnosnekTporubix JIX® pacueToB 11 OJUHAKOBBIX YHCEJ KOPPe-

JINPYEMBIX 9JICKTPOHOB U 9KBUBAJICHTHBIX 0a31CoB C UCIOJIb30BaHNEM TOYEUHOMH MOJeJIN

A/pa.
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Tabuna 2.4: A6comornsie ommbku' (O)PIAIO pacueTos B BOCIPOU3BEICHUE COOTBET-

CTBYIONIUX IOJTHOIeKTPOHHBIX JIXD 3Hepruii mepexoja i HU3KOJIEXKAIIUX COCTOSI-

uuit kKatuona Pb%t. Bee Bemuuunbl B cM L.

Koudurypamus Tepm  Dkcnep. OPJI10? P3I1O3
SHEPTHUHU Yucio KoppeaupyeMbIX JIEKTPOHOB
epexo/ia 2 12 20 2 12 20
652 1S, 0 0 0 0 0 0 0
6s'6p 3p, 60397 -40 -187 -192 =279 1247 1292
6s'6p 3P, 64391 -43 -177 -173 -295 1312 1318
6s'6p! 3P, 78984  -45 -105 -122  -358 1439 1504
6s'6p p 95340 -131 -52  -27 -431 2049 2035
Maxkc. ommubxa, 131 187 192 431 2049 2035
Vep. ommbra 53 103 106 187 858 856

L AGcomoTHbIe OIMUOKY BEIYMCICHBI KaK PA3HOCTH MEXKy SHepruaMu nepexona B POIIO
u IX® pacuerax meronqom PCK-OJI (12 u 20 snekrponos) u KB (2 smekrpona) ¢
KCIOJIb30BaHUEM TOYEYHON MOJIENIN d1pa.

>Tymaupia m ap., 1995 [83]; Mocarun u ap., 1997 [84].

3Tlocnenuuit Bapuant POIIO nmonyuen u3 muunoii nepenucku (Xpucruancen, 1999); cum.
takke pabory [161] (Bunbaman, Tu JTabuo u Xpuctuancen, 1997).
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Tabmuna 2.5: A6comornbie omubku’ (O)PIIIO pacueroB B BOCIPOU3BEIEHHH COOTBET-

CTBYIOIINX TOTHOMEKTPOHHBIX JIXD 3nHepruii mepexoja i HUIKOJIEXKAIIUX COCTOS-

uuii aroma Pb. Bce BesmumHb B cM ™.

Tepm? Dkcnep. PCK-O/] TB2/KB

OP3110*  P3IIO* OP3110*  P3IO*

Yucsio KoppeupyeMbIX 3JIEKTPOHOB

4 22 4 22 4 22 4 22
3Py 0 0 0 0 0 0 0 0 0
3P, 7819 12 57 17 79 26 69 31 58
3Py 10650 13 52 35 85 36 77 38 66
D, 21457 24 86 75 169 46 120 76 81
1S, 29466 48 107 76 152 o7 127 77 161
Makc. ommubka 48 107 76 169 o7 127 77 161
Yep. ommbKa 22 50 44 82 27 65 40 63

' A6comoTable OMUOKY BHIYMCTEHBI KAK PA3HOCTH MeK/y SHeprusmMu nepexona B POIIO
u IX® pacuerax meromom PCK-OJI (12 u 20 snekrponos) u KB (2 smexrpona) c

HCHOJIb30BAHUEM TOYEeYHOH MOJIEIH s/Ipa.
2Benymas xondurypamua — 6s26p?.
STymuupin # ap., 1995 [83]; Mocarun um gp., 1997 [84].

‘Tocnennuit Bapuant PIIIO nonyuen uz mudnoit nepermucku (Xpuctuancen, 1999); cu.
takke pabory [161] (Buabaman, dn JIabuo n Xpucruancen, 1997).
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Tabsuta 2.6: DHepruu Bo30Y:K/IeHUST ¥ MOHU3AIUH /1T HU3KOJIEXKAIUX COCTOSTHUN aTo-
Ma prytu, noiaydernsie u3 2031-OPITI0 /1831-PCK-O/I pacueros ¢ 6a3ucHbIM HAGO-
pom (14,12,9,3,2)/[7,7,4,2,1] B jj- 1 IpOMEXKYTOUHOI CXeMaX CBSI3U C MPUOIIHKEH-
HBIM YYeTOM BKJIaJa OT TPEXKPATHBIX aMILUIMTYI I 12 u 18 BHEIIHHUX 3JIEKTPOHOB H

6e3 yuera. Bee BesmumHbI B M.

Cocroanue Aken.! PCK-OJ1 PCK-OJ PCK-OJI PCK-O/I
(1291.-T)  (18911.-T)

CxeMa cB4a3U

17 IPOMeXKyTOYHASA
5d'%6s2(1Sy) —
5dY6st6pt (3P,) 37645 37959 38055 37926 37971
5d'%6s'6p' (3P) 39412 39756 39826 39697 39742
5d%6s'6p! (3P,) 44043 44346 44322 44193 44238
1)

5d'%6s'6p' (1 P 54069 04915 54914 04619 54607

5d10651(251/2) 84184 83688 83680 84015 84240
5d10681 (251/2) —

5d'0(1Sy) 151280 150018 149977 150898 151094

! Hanuwie nz C. E. Moore, Circ. Natl. Bur. Stand. (U.S.) 467 (1958).
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Tabnauna 2.7: CnekTpocKOonuYecKue MOCTOSHHBIE JIJIS OCHOBHOTO COCTOSHHUS MOJIEKY-
gl HgH. Ilorpemnocts, o0ycioBaeHHass Hajlo:KeHHeM Oa3WCHBIX HAOOPOB, y4YTeHa B
OP2TI0/PCK pesynbrarax mns 6s cocrosuus Hg. R, B A, D, B 3B, Ypo 8 1078 cm™,

OCTaJIbHbI€ BE€JIMYUHBI B CM_l.

Re We De Be WeZe Qe _}/02
HgH (0%0) *2},

ODKCIEePUMEHT

Xbrobep, 1979 [164] [1.766]" [1203]' 0.46 [5.39]" [395]"
Hrodaitapr, 1988 1.741 1385 0.46 5.55 75 0.271
[lepubepr,1950 1.740 1387 0.46 5.55 83 0.312 344
CrBasnu, 1975 1.735 1421 0.46 559 121 0.404 346
Hamm pacuetn

OPSIIO/PCK-

O-1 1.702 1597 0.34 5.80 56  0.259 310
O (3-2:1.-T)-1 1.714 1528 0.40 5.72 65 0.287 326
O(13-51.-T)-1 1.730 1424 0.41 5.62 81 0.343 358
O/1-2 1.730 1419 0.32 5.61 85 0.349 361
OJ(3-31.-T)-2 1.733 1386 0.37 5.60 92 0374 376

O1(13-51.-T)-2 1.738 1362 0.41 5.56 93 0.380 382
Jpyrue pacuers

PIMO/MCI-KB?  1.777 1309 0.32

PP/ACPF+S0O? 1.722 1414 0.44

Tpusonarcs nanubie, OTHOCATIRECS K HYJIEBOMY KOJIe6aTeTbHOMY YDPOBHIO.
2PezybraThl u3 paborhl Asekceesa u jp. (1996) [165].

3ACPF+SO0: “averaged coupled pair functional with spin-orbit”, cMm. Tax»ke opuruHaIb-
Hyto cTarbio Xayccepmanua u Jp. (1993 [64], rae npuBeseHbl Pe3yIbTATHI, MOJYYEHHBIE
C WCIOJIb30BAHUEM U JIPYTUX METOJIOB.
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Tabsuma 2.8: CneKTpoCKONMMYECKHe TOCTOSHHBIE IS BO30YKIEHHOTO 2H1/2 COCTOSI-

nust mosiekysibl HgH. [lorpemnocts, obyciioBjienHasi HaJlo2KeHreM 6a3uCHbIX HADOPOB,

yurena 8 OPOIIO/PCK pesymbrarax mst 652 cocrosams Hg. R, B A, Yy 8 1076 em™!,

OCTaJIbHBbI€ BEJIMYUHLI B CM_l.

R, We T, B,  wer. o Yy
HgH* (o%7!) 2H1/2

DKCIIePUMEHT
Xb106ep, 1979 [1.601]" [1939]! [6.56]* [285]*
[leprdepr, 1950 1.586 2066 24578 6.68 [64]' [0.242]!
Hiodaiispm, 1988 1.583 2068 24590 6.70 65 0.267
Mbaiiama, 1984 1.583 2031 24609 6.71 47 0.219
Hamm pacuerst
OPSITIO/PCK-

O/I-1 1.578 2100 24044 6.75 39 0.201 280

OJ(351.-T)-1 1.581 2080 24229 6.72 40 0.205 283

OJ(1351.-T)-1 1.582 2065 24688 6.71 44 0.215 286
Jlpyrue pacuers
[1IT/TTATICCII/
MC-KB/KBIICO? 1.603 1946 25004
PIIIO/MC-KB® 1.615 2023 25664

TpuBoasarca nanubie, OTHOCAIINECS K HYJIEBOMY KOI0ATEIBHOMY yPOBHIO.
?PesynbraThl n3 paboTel Xayccepmauna u ap. (1993) [64].

3PesynbraThl u3 paborel Anekceea u jap. (1996) [165].
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Tabsuma 2.9: CrnekTpoCKONMYeCKHe IOCTOSHHBIE JIjIs BO30Y2KIEHHOTO 2H3/2 COCTOSI-
uus Mmojiekysabl HgH. [lorpemuocTs, 00ycioBienHas HaI0XKeHUEM OA3UCHBIX HAOOPOB,
yarena B OPIIIO/PCK pesynbraTax ana 6s cocroanna Hg. R, B A) Yoo 8 107% em™!,

OCTaJIbHbIE€ BEJIMYUHBI B CM_l.

R,  we T. B wexe e —Yp
HgH* (o?n') 2113
DKCIIePUMEHT
TMiodaiispa, 1988  1.581 2091 28283 6.73 61  0.200
Xb1o6ep, 1979 1.579 2068 28274 6.74 43  0.230 [282]

[epuoepr, 1950 1.580 2067 28256 6.73 42 0.214
Hamu pacuers

OP3IIO/PCK-

O1-1 1.576 2117 27629 6.77 37 0.197 278
OJ(331.-T)-1 1.578 2098 27815 6.75 38 0.200 281
OJ(1351.-T)-1 1.579 2083 28275 6.74 42 0.210 284
Jlpyrue pacuers

[IIT/TTATICCII/

MC-KB/KBIICO? 1.610 1930 28714

P3IIO/MC/I-KB?® 1.615 2033 28490

TpuBonarcs nanubie, OTHOCATIRECS K HYJIEBOMY KOJI6aTeBHOMY YDPOBHIO.
*PesysbraThl u3 pabore Xayccepmanna u jp. (1993) [64].

3PesynbraThl u3 paborsh Asekceea u ap. (1996) [165].
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‘Pnlj(r) T (a. e.)

0.56 7
0.46
0.36
0.261
0.161

0.06 ﬁ

-0.05+

-0.15+

-0.25+

—0.35 T T T T T T T T T
.001 .003 .010 .038 .141 524 195 7.23 26.9

Puc. 2.1: Paguanbubie yactu OOJIBIIMX KOMIIOHEHT CIIMHOPOB 7S1/3 aroma ypaHa Jyis
COCTOSIHUH, yCpeJHeHHBIX 0 HepeJIaTHUBUCTCKUM KoHHUrypamuaMm bf27s%, 5f27s2Tp?,
5f26d%7s? u 5f47s%.
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Pnlj(r)a (‘anj(r) (a'e') /\
1.08 / ‘
|
871 ‘I \
| .
]|
[
471 7 i \
/ \ / Iﬂ/ \.,‘
27 1 - ,’ \ / "’/ \ \
T L~V 70 e\
4 e — N ! A\ 4 ‘\ \
07 :::i—-—--—""’"-/ _\\& e \L/ J I { e
3, , '\. —
-.131 \‘“‘-' }\ '/' ‘R‘-. _,/
N/ \'\\J-"I C\\ //
-.341 ~/ '\ I \ ] — 6512
o Vo
-.544 Vo Vo
. \ l i /
/ _;/ r (a.e.)
001 .003 .008 .030 .103 361 1.26 4.13 '

Puc. 2.2: Paguanbubie 9acTu 60IbIIMX KOMIIOHEHT CIMHOPOB 5S1/2 B 651/ U COOTBET-
CTBYIOIIUX UM TICEBIOCIUHOPOB JJIsI aTOMa, TaJLJINS.
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Unij(r) - 7% (a.e.) \\::\\:'\\
RS
8.8+ AN
581/2 - \\\ - 681/2
7.6 ' \\
1 l\\\
6.4 \ \
\\
5.2+
4
4.0_ //ﬂ\.\
3- (681/2 - 581/2) — ’_,"' ‘\
2.8 / \
i
1.6 // \
/ | |
0.4 . |l “ |
a i;q,»r'
-0.84 \l R,
\\-’ r (a.e.)
001  .003 .008 .030 .103 .361 1.26 4.13 '

Puc. 2.3: Pajgnaibubie 9aCTu KOMIIOHEHT NMOTEHUIHUAJOB JIJI NCEBJOCIUHOPOB 5S1/0 U
6s1/2 aroMa TaJLIus.
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‘Pnlj(r) -, (Enlj(r) T (a. e.)
1.26

1.01+
0.76
0.51+
O.Q5A
0.00

-0.25+

-0.50+

-0.761

_]_.0]_ T T T T T T T T T
.001 .003 .010 .038 .141 524 195 7.23 26.9

Puc. 2.4: Pajuasbubie yactu 60bIIMX KOMIOHEHT CIIMHOPOB 581 /2, 651/2, 751/2 (nemnpe-
PHIBHbBIE JIMHUM) U TICEBIOCTUHOPOB (IIYHKTUDHbBIE JIMHUKM) aTOMa ypaHa JJis MOJIE U~

pyemoro coctogrus 5 f36d!7s%°7p%5.
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‘[Unl]' (’f‘) - Ncore/T]T2 (a. e.) - 781/2

9.6 1

8.51

7.4+

6.3 1

9.2+

4.21

3.14

2.0+

0.9+

001  .003 .010 .038 .141 524 195 723 26.9

-0.2 . :

Puc. 2.5: TTorenuunasibl i nceBaIOCHIMHOPOB 5812, 6512, 751/2 aroma ypana (ny1st 32301-
OPBIIO ¢ mogenupyembiM cocrosaueM 5 f36d17s%57p"0).
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I'maBa 3

Teopus merona OP3III0O c
cenapadesibHOII MOIIpaBKOIi

Beejiem 00603HaueH s J1JIsT MHIEKCOB OJHOJIEKTPOHHbBIX COCTOSIHUM (CHI/IHO—

pOB My crimH-opbuTaeit)!, korophie Mbl GyIeM HCTOTL30BATH B KAuecTRe

Hazuca:

P,Q,R,S — mnpou3BOJIbHbIE CIIMHOPDI;

p,q,T,S  — BCe CIMHOPHI 3a MCKJIIYEHHEM BHYTPEHHHUX OCTOBHBIX
CIIMHOPOB (T.€. BHEIIHWE OCTOBHbIE, BAJICHTHBIC U BUD-
TyaJibHbIE CIIMHODBI);

W, W’ — BHYTPEHHME OCTOBHBIE, BHEIIHUE OCTOBHDLIC M BAJICHT-
HbIE CIMHODBI (OHU 3aHATHI B ¢ChLIOUHOH XD KOoHDU-
Iy paImm);

w, w —  BHEIIHUE OCTOBHBLIC M BAJICHTHBLIC CIUHODHI;

f, f — BHYTPEHHHE OCTOBHbIE CIIMHOPbI (OHU MPEJIIOIATAIOTCSE
3aHSATBIME (3aMOPOXKEHHBIMU) BO BCEX KOHQUIYypally-
SIX, UCIIOJIb3YEMbIX B PACYeTax);

¢, d —  BHEIIHUE OCTOBHBIE CIIUHOPBI;

v, v ~—  BQJICHTHBIC CIUHOPLL

a,b —  BUPTYyaJIbHbIE CIUHOPDI, KOTOPbIE BAKAHTHBI B CCHLIOY-

Hoit XP koudburypamuu.
B wactHOCTH, B maHHOl TiaBe wHAEKC P il ATOMHBIX CIHHOPOB Yp(T)

aBasgerca MyabTanEAeKcoM P=(np,lp, jp, mp) uma P=(np,lp, mb, m%)
B COOTBETCTBHU C 0OO3HAYCHUSIMHE, BBEJICHHBIME B pasjese 1.1.

Bysem orHOCHTH KaKO#-s1160 ciimHOp (000JIOUKY) K MOANPOCTPAHCTBAM
BO wiu B cuunopos (06osiovek) Ha OCHOBE Kputepust cpeduezo paduy-

ca, a He OTHOIEKTPOHHON sHepruu. BribOp He sHEpreTHdecKkoro, a mpo-

1B ,ILaJII)HeI‘/‘IIlIeM MBI 6yaeM HA3bIBATh UX COUHOPAMU, €CJIN B KOHTEKCTE PA3HOCTH MEXKIYy CIUHO-

paMu ¥ CIUH-OPOUTAISMEU HE SBJISIETCS CyIIECTBEHHOMN.
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CTPAHCTBEHHOT'O NPUHIIUIIA Pa3/IeJIeHUs CIIMHOPOB IIPUOOpEeTaeT 3HAUEHUE
IJIABHBIM 00Pa30M JJIsi IIePEXOIHbIX METAJJIOB, JaHTAHUI0B U aKTUHUIOB,
JIUIsT KOTOPBIX CIIMHOPBI ¢ PA3HBIMU IVIABHBIMU KBAHTOBBIMHU UHUCIAMH, JIO-
KaJIM30BAHHBIE B PA3HBIX 00JIACTSIX, MOTYT UMETH OJIM3KHE OJHOIJIEKTPOH-
HbIE SHEPIUU. DTOT KPUTEPUH SIBJISETCS OOJIee MOAXOMSIINM JIJIsi aHATIU3a
MCTOYHUKOB U yPOBH# HorpemrHocreil npubmmkenns I10?, koropble 06-
CYKJal0TCsI B JIAHHOM IJlaBe, ero BLIOOP Tak»Ke OoJjiee OmpaBjaH MPH II0-
crpoerun D10 (papuycwr geiicrBust [j-xkommnonenr IO onpemessiorcs
B IIEPBYIO OY€pejib MAKCUMAJIbHBIM PaJMyCOM CIIMBKHU CIIMHOPOB R4 a
CyIIeCTBEHHbIE pa3/udusi B R, juisi pa3HbIxX [] OPUBOIST K YXYIIIEHUIO

rajkocT komrnonent I110).
3.1 TamMmabTOHMAHBI B IIPUOJJINKEHNSIX 3aMOPO2KEHHO-

ro ocrosa u 110

Paccmorpum mosiHosIeKTpoHubiit ramusbrornan H aroma na 6asuce oj1-
HOJIEKTPOHHBIX (PYHKIIUN )p, KOTOPBIE SIBJISIIOTCS PEIICHUsIMUA Y PABHEHU

CCII ns HEKOTOPO#i CCBLIOYHOM KOH(MUTYpPAIUH:

[h +(J—K)]vp = ) eqr iy, (3.1)
Q

rie h — oJHO3/IeKTPOHHBIM raMUJILTOHUAH,

J Yp(n1) = Z/%V(TQS'jW(Tz) dry ¥p(71) , (3.2)
W

ko) = 3 [HEE w69
w

COOTBETCTBEHHO, KYJIOHOBCKHUII U OOMEHHBII OllepaToOphI.
B npejicraBiieHrr BTOPUYIHOIO KBAHTOBAHUS MAMUJILTOHUAH 3aIUCHIBa-

€TCAd KaK

2Mu1 Gynem st Gomblneit ITPOCTOTHI M3JI0KEHUs B JIAHHOM TyaBe 00CYKIaTh HepPesATHBUCTCKIE
3¢ deKTUBHbIE TOTEHINAJBI, TAMUILTOHUAHDI U ypaBHeHuss XP. PensituBucrckue DI10, ramuiasronn-
aubl JIK(B) u ypasuenus JIXP(B) moryT GbITh NIPOaHAJM3UPOBAHBI AHAJIOIMYHBIM 00PA30M, OTJINUUS
0OCYXKJAI0TCST HIKE.
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1
H = Z hPQ aj; aQ + 5 Z VPQ,RS a]JS aj% ag ag , (3.4)
PQ PQRS

rje

hpo = / Wh(r1) h vo(n) dr | (3.5)

Vegus = [ [ 0b(n) i) ;- do(m) ds(m) dmdre (36)

v aj (ap ) — omepaTopbl poxkeHust (YHUUTOKEHNST) OHOIIEKTPOHHOTO
COCTOSTHUSA Yp.

[Tockonbry X® dyukiuu {1)p} cOCTABISIOT aTOMHBI 6a3uC, TO CIE]I-
cruem ypasrenuit X® (3.1) OyayT ciemyionime COOTHOIICHNUSI:

herq + Wpg + Wiy = erq (3.7)

rne WE, u WSY 0603H249a10T DA3HOCTH MEXKIY MATDUUHBIMK 3/IeMEeHTaMu
PQ PQ Ay

KYJIOHOBCKOT'O ¥ OOMEHHOT'O OII€PaTOPOB

Who = Y (Veosr — Versa)
f

ng = Z(VPQ,ww — VPwwg) » (3.8)

w

yantbiBaiomux B3aumoseiicrsue ¢ 11O (f) u BOB (w) cocrosmusivu coor-
BETCTBEHHO.
Paccmorpum nojnpocrpancTBo N-371€KTPOHHBIX (MHOTOKOHMDUIY paLiy-

OHHBIX ) (byHKIWM, HaTsHYTOE Ha OasucHbie XD koubuUryparmn

(N=Nr) Np
|7 S H a, H a; |0 >@ (P < Pr+1) (3.9)
k=1 f=1
rme I = (p1,p2,---Pv-ny)) (Np — aucio MO 0HO3I€KTPOHHBIX CO-

CTOSTHWIA, 3aHSTHIX (3AMOPOXKEHHBIX) BO BCEX PACCMATPUBAEMbIX KOH(UIY-

pamusx. st JaHHOTO TOMPOCTPAHCTBA, MHOTO3JIEKTPOHHBIX COCTOSTHUIA
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ravuibrornan H (3.4) MoxeT ObITh 3aMEHEH 9KBUBAJEHTHBIM €My OTlepPa-
TOPOM B “npubsukennu 3amopoxkennoro ocrosa”’, H', koTopsliit paccmar-
PUBAETCST HUXKE.

OrnpeiesuM HOBBIE OMEPATOPDHI POXKICHUS W YHUITOKEHUST:

bi = a;, by =aj,
by =a;, b, =a,, (3.10)

TaK 4TO HOBBIA BaKYYM CBsA3aH CO CTaprM COOTHOIII€HUEM
Np
b
0>® = I bs 1o > (@
=

u Juig jaoboro P
bp 0> = 0.

ITepenuuem raMuJIbTOHHAH B TepMUHAX omnepatopos b} u bg. Iocse
npureneruss H kK HopmasibHOI (hopMe ¢ UCTIONIB30BaHNEM aHTUKOMMY Talll-

OHHBIX COOTHOIIIEHUH

{bltabg)}:{bPabQ}zov {blﬁvbQ}:éPQv (3.11)

MOXKHO YIAJUTh KOMIOHEHThl ramuabronnana H', koTropelie umeror dpopmy
b;{B p i B'pby (rne Bp u B'p — nponssonbibie koMbunamnum oneparo-
POB POXK/ICHUS U YHUITOXKEHUS ), TOCKOJIBbKY MHOTOJIEKTPOHHBIE DA3UCHBIE

dbysakuun (3.9) MOryT OBITH 3allMCAHBI B HOBOM IIPECTABICHUN KaK

(N—-Nr)
1> = T b 10>, (ox <prsr) - (3.12)
k=1

OueBnIHO, 9TO PABEHCTBO
<IH |J>Y = <11H|J >

BBITIOJIHSAETCS 1151 Beex [ u J.
B pesysbraTe, raMuJIbTOHUAH B TMPUOJIMKEHUU 3aMOPOXKEHHOI'O OCTOBA,

H' moxer ObITh NpeacTaBieH B BUJE CYMMbl TPEX YaCTei:

Hl — HF + HF,CVA + I_ICVA7 (313)
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rje HF COJICPKUT TOJIBKO MHIAEKChI 3aMOPOXKEHHBIX CIIMHOPOB, HCV4 co-

nepxkut nagexcst BO, B u A crimnopos, a HFCVA conepaxut nmgekcs kak
3aMOpPOXKeHHbIX, Tak u apyrux (BO, B, u/umm A) cniunopos.
Bripaxkenus mjis paccMaTpuBaeMbix dacreil onepatopa H' moryr 6biTh

3alluCaHbl B BUJE:

1
H = E = (hyy + 5Wf}), (3.14)
/
HIOVA Z WE bl b (3.15)
1
H4 = 3N hy b by + EZ Vpgrs b} b by by . (3.16)
pq pgrs

Cobupast Beipaxkenus (3.14)—(3.16) BMecTe U yIUTBIBas COOTHOLICHUE

(3.7), MOXKXHO HaIUCATD:

H = Ef +) (ep— W5 )b} b+ %Z Vgrs by b by by . (3.17)
pars
Bee ungekcnl B Bhipaxkenun (3.17) juist MOaMbUIMPOBAHHOIO TaMUJIb-
rounana H' npoberaror Tonbko no BO, B u A nognpocrpancrsam ciimHO-
poB (1.e. 1O uHIEKCHI TOTHOCTHIO UCKIIIOUEHBI!). DTO BbIpAXKEHHE sIBIISIET-
cs1 HamboJtee yI00HOI CTapTOBOI TOUYKOM, HAUMHAST C KOTOPOM Mbl MOXKEM
IIOJIHOCTBIO UCKJII0UNTh V1O 971eKTpOHbI U3 JajbHERIero pacCMOTPEHNA 1
nepeiiTu K axajgu3dy ramusibronunana ¢ JII10.
[Tpu 3amene ucxonubix BO, B u A cnimHOPOB 11ceBoOCIMHOPaMU, CIUIa-

JKEHHBIMU B OCTOBHOM 06J1aCTH aToMa ¢ paauycom R.3:

V() —> p(7)
xapTpu-doroBckoe mojie or O 060s109eK J0MKHO OBITH 3aMeHeHO 3D deK-

TUBHBIM IIOJICM:

wWf(r) — UEf(T)

3Cwm. [44, 45, 47, 89, 166] u pazzaen 2.2 ns netaseil, XoTsh 0COGEHHOCTH TIPONEYP CTIAXKUBAHUS HE

ABJIAIOTCA CyIIeCTBEHHbIMU B ,Z[aHHOﬁ rJiaBe.
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rre W — oneparop KyJoHoBcKoro n obmenuoro ssammogeiicrsuit ¢ 1O
snexTporamu (cM. yp. (3.8) mrst ero Marpuanbx amementon), UE — sd-

dbekrunbIit oneparop (2.14)%

US() Gylr) = DU %) - [0 By ar (319

a norentmassl Uy(T) reHepupyioTcst ¢ UCHOIb30BaHueM mpoueaypst (2.9). B
pesyJsibraTe Mbl nojaydaeM ypasaenus X®, umeronme oguHakoByio Gpopmy

KaK JJigd NCXOJAHBIX CIIMHOPOB, TaK W IOJisI IICEBJOCIIMHOPOB (CM. BbIpazzKe-

mus (3.1), (3.6) u (3.8)):

[(h + WF) + WY [y, = 3 e ¥y, (3.19)
[(h + U) + WO ¢, = 3 g ¥y, (3.20)

T.e. MHOXKUTesIM Jlarpanska €4, B ypasHeHuax X® s 11CEBJIOCIMHOPOB
SIBJISTIOTCSI TEMHU K€ CAMBIMHU, 9TO U B YPABHEHUSIX JJIsi UCXOAHBIX CIIMHOPOB.
Tamusibronnan B npubsmxkennn 11O (1yist mCeBIOCIMHOPOB), OYEBY/I-

HO, 3alUChIBAETCS AHAJIOMMYHO Bbipaxkenuio (3.17):

H =) (g, - W )b} b, + %Z Viars by b by by, (3.21)
pq pgrs

IJIe JIByX3JIEKTPOHHbBIE MATPUYHbBIE JIEMEHThI /W/p(’;v 1 Vygrs (M. OpMY-
aol (3.8) u (3.6)) BbrumcisoTCSH ¢ TceBAocnuHOpamu. 1logobHble BbIpa-
JKEHHsT MOTYT OBITh JIEKO MOJIy9eHbl U juis ramusbTonnana /1K B mpu-
OTMKEHNHE 3aMOPOXKEHHOTO OCTOBA, (Ha YeTHIPEXKOMIIOHEHTHBIX CIIMHOPAX)
smecre ¢ OPIIIO ramuiibronnanom (¢ HEPEJISATUBUCTCKON KUHETHIECKOH
SHEprueil u JIBYXKOMIOHEHTHBIMU [ICEBJOCIMHOPAMH ).

PasnocTb MeXx/Ly JBYXJIEKTDOHHBIMU MATPHIHBIMU IEMEHTAMU Vi, rs
1 Vygrs MOXKET GBITh MHTEPIPETHPOBAHA KAK PE3YJIBTAT 3AMEHbI CTAHIAPT-
HOI'O KYJIOHOBCKOTO MEXKIJIEKTPOHHOIO B3anMOJIeiicTBust 1/719 HEKOTOPHIM

ncesoonepaTopom 1/ry9. Pesysibrarhl Tako#l 3aMeHbl aHAJIU3UPYIOTCS B

CIEIYIOIIEM pa3zelie.

4Mgr npene6peraemM OMMOKAME CIUIA’KHBAHUS, CUHIY/IAPHOCTSMU KOMIIOHEHT IIOTEHIMAJIOB U T.IL;

CM. TJIaBy 2.
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3.2 JIByX3JIEKTPOHHbIE€ MHTETrPAaJIbl

3a MCKJTIOYEHMEeM SHEPIUH 3aMOPOXKeHHOro ocToBa K | ramuibronuans HY

u H oryimuarorcs To1bKO ABYXJJIEKTPOHHbIMU MHTEI'PDAJIaMU U 9Ta PA3HOCTb

~

OVogrs = Vogrs — Vpgrs (3.22)

MOXKeT ObIThb ClIeJIaHa CKOJIb YIOAHO MAJION C yMeHblnenreM pajuyca 110

R.. YuanTbiBast TOX1€CTBO

/ dTl / d’TQ [ “a ] = (323)

|71 | <00 |73 | <00

/ dT1/ dTQ[...]+/ dﬁ/ dry[...] +
|71 <R 73| <R |77 |<R. |73|>R.

/ d’rl/ dTQ[...]+/ d'rl/ dry [ ... ]
|7'_i|2Rc |T3|<Rc |TE|ZRC |T3|2Rc

v pazsaras 1/r19 B psiji 0 ¢HepUIecKUM TapMOHUKAM

o Z 2/\ 1 7"”\+1 Z Y,\u (1) Y5, (Q2) , (3.24)

rjue re = min('rl,m) urs = max(rl,er), MHTErpaJibl Vpg rs MOI'YT ObITDH

Hepenucannbl B (popme

P(IJ‘S Z pq,rs = Z(VZL\;’; V;)/:]<rs> ‘/;))L\]>7‘8< + ‘/;))L\]>7‘8>) ’ (3'25)
A=0

rje

et
P 2/\+1 |r1|>R 73| <R

Uy (1) (1) Yy, (€21) ?H«p;f(72)¢$(72)YM(§22)d71d72, (3.26)

AL> A><
V‘;)q TS ‘/rs g

obpa3oM.

U Jpyrue mHrerpaJibl MoryT OBITH 3aUCAHBl AHAJOITYHBIM

Hs DITO omubok mpy BOCIPOU3BEIEHUH JIBYXJIEKTPOHHBIX HHTEIPaA-

JIOB MO2KHO HalIlMCaTb

89



o0

Vpgrs = Z(évx\<< 4 VA<> 4 (5V)‘><) , (3.27)

pq,rs pq,rs pq,rs
A=0

rjie, HalpuMep, MOCJIeTHUN YJIeH MOXKET OBbITh MMEepPeNnucaH CJeLyIomuM 00-

pa3oM:
¥y (1) ¥ (1) Yy, (1)
A — 1/ A q A
Vot = ViV = Z [ B .
|71|> R !
(3.28)

a
Rr= [ [Gm) din) = i) bm) ] V) dr. (329

|73| <R
Ecmu A =0, To
Ly = \ﬁ / (72) Ps(m2) — () ¢s(72)] drs = 0 (3.30)

|T’2|<R

n3-3a ycJIoBUE opTOHOPpMUPOBKU. [Ipu masibix R, uHTErpaJsibl If‘sﬂ OJTAB-

JIEHbI (PaKTOPOM

ra™? e A = 1,2,... (3.31)

u 73 B (3.31) BozHUKaeT U3 sikobuana dry = radradados. HHTeraJIBI (3.27)
IOKa, eI11€e SIBJISTIOTCS €IMHCTBEHHBIM HCTOUHUKOM IIOIPEITHOCTER B H c ore-
patopoM 3bderTuBHOTO MoTeHIHaMa (3.18) B CpaBHEHWH C TaMUIBTOHHU-
AHOM B IpHOJMKeHnH 3aMopozkeHHOro octoBa H' °. UT0ObI MUHUMH3UPO-
BaTbh 3THU OIIUOKN, MOXKHO HAJIOXKHUTD JIOIOJHUTE]bHBIE YCIOBUST PABEHCTBA,
HYJTIO HEKOTOPBIX Hanbosiee BaKHBIX 13 HHTErpaJioB (3.29) Ha cTajnu criia-
YKUBAHUS CIIMHOPOB (T.€. perarh 331849y ONTHMU3AIUN ICEBIOCIUHOPOB CO
cBst3simu ). OHAKO 9TOT 1y Th noBbImeHust TouHocTr D10 okazasics BechMa
Hea(DGEKTUBHBIM Ha IIPAKTHKE U3-3a YXY/IIIEHUsT IVIAIKOCTH [ICEBIOCITHO-
pOB.

[Ipurumasi Bo BHuMaHue (cM. pazjen 2.2 u puc. 2.4), 9410

Js (7'2)
Vs (7'2)

5B pesTUBMCTCKOM C/Iydae BKJIAJAMU MAJbIX KOMIOHEHT B BAJEHTHOH M BHeIIHeHl OCTOBHO 00-

>1 nopu < R.Nr = R, (3.32)

JIACTSIX B PACCMATPUBAEMbIE UHTErPAJIbI MOKHO OOBIYHO NpeHeOpedb.
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dbakTop momasienus (3.31) mIs MaJbIX ro NpUBOAUT K (He crporomy!)

HEPaBEHCTBY

f|r*2|<RC J:(W) JS(W) ry Yau(Q2) dr
f|r;|<Rc Ui (12) ¥s(12) 13 Yau(Q2) dry

[TockobKy, KAK MaKCUMYM, TOJbKO OJMH U3 UJIEHOB C (4t = —A\, ..., A JaeT

A><
Vears

>1 (A =1,2,..). (3.33)

HeHy.HeBOIU/I BKJIa 1 B MBI IIOJIy4aeM:

17A><

pg,rs

A><
bg,rs

>1 (A=12,..).

A A
B ciyuae Kynonoscknx unrerpanos Vo nmm narerpanos Vp, .o ¢ 6esys-

JIOBBIMH TICEBJIOCIUHOPAMHE Dp, Pq, Pr U Pg, BCE YE€THIPE WiieHa B yp. (3.25)

MMEIOT OJIMHAKOBBIN 3HaK 1 (CM. Takke Tabuuiy 3.1 B KauecTBe mpumepa)

~

V)\
HE>1; (A=1,2,...),
pq.,rs

[IOCKOJIbKY, TIPU JIOCTATOYHO MaJioM IR,

A
VASS| < [ViA>s

B ciyuae A = 0, yp. (3.30) npuBouT K paBeHCTBY

0>< _ 1/0><
Voars = Vogrs

0<<

170 0
u TONBKO OV, ST OyyT MaBaTh BKJIaJ B PasHOCTb Vi, . —V] Pe3syiib-

pg,rs pg,rs*

TaTHI, MPEJCTABJICHHDBIE B TabJsmIe 3.1 SBJISIOTCS XOPOIIeH UJLIIOCTPAIe
TOTO (PaKTa, ITO OTHOCUTEJHbHBIE MMOIPEITHOCTH B BOCIPOU3BEICHUN V;O%’rs

3a CHET CIVIaKHBaHHA CYIIECTBEHHO MEHbIIIC O1InO0K APYTUX 4JICHOB U3-3a

majoctu R.. Kak npasuio,

~

0 170<<
pq,T8 pq,Ts
0 < 1 n3-3a —VO =< <1
bgq,rs pq,rs

[Tocnegnee HEpaBEHCTBO MOXKET OBITH OOBICHEHO CAEAYIOMIMM 00pPa3’OM.
[Ipu remepamyu TCEBIOCTMHOPOB OCTOBHBIE YACTU MCXOIHBIX 3JIEKTPOH-
ubIx miotHocTelt |, (r<R.)|? riaasabiM 06pasom nepepacipeessioTcs B
HAIPaBJIEHUU K TOHKOMY CJI0I0 BOJM3u R, 1T0, B 00IIEM ciydae, MpuBO-

AUT K YMEHbIICHU IO ME2KIJIEKTPOHHOI'O OTTaJIKBAaHUA B OCTOBHOI1 0bs1acTH

(r < R,).
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XoTsi HUYero HeJib3si CKa3aTh O BEJIMYNHE OTHOIIEHWST XN/pq,,ns / Vg rs 3apa-
HEE, BCE 7K€ MOXKHO TOBOPUTD O TEH/ICHIUH K yBEIMYEHIIO MEXKI/IEK TPOHHO-
0 OTTAJKUBAHUS TP UCTIOIh30BAHUH MICERBI00NEpaTopa 1/r9 B cpaBHeHUH
C peaJibHbIM KYJIOHOBCKUM B3amMojeiicTBueM 1/r1y W3-3a BKJIAJA YJIEHOB
5Vp’>17<,.s> u 5‘/;,)(};?. Takum 00paszoM, CIeAyeT CKOpee BCero OXHaaTh ‘Tie-
peoneHKy’ KoppeJsinuorHoi 3ueprun B D110 pacdyerax co criiarkeHHbIMU
ncesgocruuopamu (cM. tabuunpt V, VI u VII ¢ pesysabraramu KB pacueros
st aromos Ba, Hg u T1 B pabore [85], B KOTOPBIX KOppeJIsilMU yITEHbI

TOJIBKO OJIf1 BAJICHTHDBIX SJIeKTpOHOB).

3.2.1 VYd4eT 3JIeKTPOHHBIX KOppeJadanmii

Paccmorpum koppessiiimorabie 3(hdeKThl BO BHEIIHEH OCTOBHON 1 BaJICHT-
HOW 00JIACTSIX C HMCIOJB30BAHWEM XOPOINO M3BECTHON TEOPUM BO3MYIIIE-
uuit Mémnepa-Ilmeccera BToporo mopsiika. BbiaenuMm B raMusibTOHHAHE

H™ = H' — EF (3.17) nesosmymennyto qactb:

HFr — H[O] +Vcorr7 (3.34)

rje
N—Npg

H[O] _ Z PCVA g pCVA (Z) (PCVAE Z | p><p |)

ectb (N—Np)-qactuansiii ramuabronnan 1yis BOB amekTpoHoB, mocTpo-
ennpiii na doxnane, cM. yp. (3.1) mis F) ¢ cobersennoit dynximeit Wil
sl OCHOBHOI'O COCTOsIHUSL (J1J1s1 TIPOCTOTHI Mbl DACCMOTPUM CJIyYail HEBbI-

pO}K,ZLeHHOFO COCTO?[HI/IH, XOT4d 9TO OFpaHI/IquI/Ie 1 HE dBJIAETCA Ba}KHbIM),
Veorr — HFr . H[O]

Yitenbl pazsioxkennsi TB juist 9HEPIUM COCTOSIHUS B NMPUOJIMXKEHUU 3a-

moposkertoro octosa (E = E' — EF) u sonmosoit dynxmun (),

E=E0 4 gl 4 g ...

U= ol gl ... (3.35)

MOryT OBITH 3allCaHbl KaK
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B — Y e,

E[l] = — Z (wa,w’w’ - wa’,w’w) )
w<w!
) — V 'b )
gl = Vowbw = Vow o b bbb, T | (3.36
w<ZwlaZ<b Ew T Ew — Eq — €b v ( )
V bw! — 'b |
E[Q] _ | aw,bw aw w -

DaxTHUecKH Te XKe CaMble BBIPDAXKEHUS MOIYT OBbITb MOJIy4eHBI JJIs
SHEPIUM ¥ [CEBJOBOMHOBON byHKIWK B ciydae ramusibronnana H (3.21)

¢ onepaTopom IIIO:

E=FE0 4+ FEl 4 R 4...
U =0l gl ...

BaxxHOCTh BOCIIPOU3BEIEHUST OJIHONIEKTPOHHBIX YHEPIUil TPU MEHEPAIUH
kommnonerT 10 (2.9) 3a cuer unBepcun ypasuenuit Xaprpu-Poka BrosiHe
sicHa u3 Beipaxkenuii (3.36). TouHOCTD UX BOCIIPOU3BEICHUS JTOIPKHA OBITh,
[0 MEHbIIell Mepe, CPABHUMA C TOYHOCTHIO BOCIIPOU3BEJIEHUS JBYXJIEK-
TPOHHBIX UHTEIDAJIOB (4TO OCOOEHHO BAXKHO B CJIy4asiX KBA3UBBIPOK/IE-
HUst, Korja 3uamenaresu B (3.36) moryT ObiTh OueHb MaJibiMK). Kak panee
[10,{4E€PKUBAJIOCDH, OJIHOIEKTPOHHDIE SHEPIUU MOI'YT ObITh OY€Hb TOYHO OT-
cIeXKeHbl B mporeaype reepaiwu obobmenaoro 1O (cm. pazmen 2.2).
JIerko BUJIETH, YTO Pa3HOCTH MEXKJIy BbIPAXKEHUSIMU E u E u3-3a 3a-
MEHBI JIBYXJIEKTPOHHBIX WHTEIPAJIOB IMOSABJISETCS yXKE B IMEPBOM IOPSIIKE
TB st suepretudeckux nonpasok BN u EW. 31y omubku MOT'YT ObITH
CJIeJTAaHBI TTPEHEOPEKMUMBIMU JIJIsT BAJEHTHBIX COCTOSTHWM TPH KCITOJIH30Ba-
aun ODII0, onnako oHu Bce ke He OyayT MasbivMu Jisi BO cocrosiamii,
€CJIV TIOCJIEJTHUE OMUCHIBAIOTCA 6€3y3/I0BBIMHY MICEBIOCITMHOPAMU. B YacTHO-
CTH, 3TO OOCTOATEJLCTBO Oy/IeT NMPUBOJUTH K CYIIECTBEHHBIM OIIMOKAM B
O3II0 pacuerax cBoiicTB coejuHennii d, f-37€MEHTOB, UMEIOIINX OTKPbI-
Thie 00OJIOUKHM, JIOKAJU30BAHHbBIE BO BHEIIIHEH OCTOBHO 00J1aCTH ¥ OOBIYHO
OIUCbIBaEMbIe 0E3y3JI0BbIMU TICEBAOCITHHOPaMHU. T pebytoTcst JOMOJIHATE b

HbIe U3MEHEHUs B o1iepaTope 3(PPHEKTUBHOTO MOTEHITUAJA, JIJIT Yy MEHBITTEHUST
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YPOBHsI €ro OIIMOOK B TAKUX CIydasax 0e3 pacuiupenus npocrpanctsa BO
9JIEKTPOHOB, 3TH U3MEHEHMsI PACCMATPUBAIOTCS B TJiaBe 4.

XOpOIIO U3BECTHO, YTO JIEKTPOHHAST CTPYKTYPa MOJIEKYJIbl B BAJEHT-
HOI 00JIACTU MOXKET IIOJIHOCTHIO M3MEHUTHCS PU OOPA3OBAHUU XUMUYE-
CKOU CBSI3M MJIM TIPU BO3OYXKJIEHUM BAJEHTHBLIX 3JEKTPOHOB, B TO BPEMsi
KaK BHEIIHsISI OCTOBHAsI 00JIACTH OOBIYHO BO3MYIIAETCsI CYIIECTBEHHO CJla-
Oee naxke B ciydae d, f-anemeHTOB. V3MeHeHHEM KOPPEJISIIIHOHHON CTPYK-
Typbl BO 060s1019eK 9acT0 MOXKHO MpeHebpedb, COXPAHUB BCE XKe J0CTATOY-
HO BBICOKYIO TOYHOCTH. [109TOMY TOYHOCTH BOCIIPOM3BEIEHUsI JJIsI JIBYX-
JIEKTPOHHBIX UHTErPAJIOB ¢ (DYHKIMUSAMMU, JIOKAJM3OBAHHBIMUA B BAJEHTHOM
06Js1acT JOJKHA ObITh, KOHEUHO K€, CYIIECTBEHHO BBIIIE, YeM JJIsi WH-
rerpajoB ¢ ¢yukmusamMu u3 BO obmactu. U3 pe3ysnbraToB mpeabiayiie-
ro naparpada sICHO, 4TO 3TO YCJOBHE HAXOANUTCS B XOPOIIEM COIJIACHU C
UCIIOJIB3YyEeMO TEXHUKON CrJIaXKUBaHUsi CIIMHOPOB. Ha mpakTuke OTHOIIE-
HKE MOIPENIHOCTEH CryIaXKUBaHUsl JJIs PACCMATPUBAEMbBIX UHTEIPAJIOB CO-
CTABJISIET OKOJIO JIBYX MOPSIJKOB BEJIMYMHBLI. BCe BBINOJHEHHbIE ATOMHBIE
pacdersl moaTBepxaaoT, aro Meton O(P)SIIO mossomsier BOCIpOU3BO-
JIUTH KOPPEJISIITHOHHYIO CTPYKTYPY B BaJIEHTHON 00JIACTH C OU€Hb BBLICOKOM
TOYHOCTBIO, HA MOPSIOK MPEBOCXOASIIEH TOYHOCTD PaAUAIbHO-JIOKAIbHBIX
(P)3I1I0O (em. tabuunpt V, VI u VII ¢ pesysnbraramu KB pacderos jyist aro-
moB Ba, Hg u Tl B pabore [85], a Takke pacuerbl, npuBejieHHbIE B paboTax
[86-88, 90]). Uro xke kacaercsa BO obractu, To B IEPBYIO 0OYepeib CIeLyer
paccMOTpeTh JiBa HauboJiee BaXKHBIX 9 MEKTa, MPEICTABIAIONINX NHTEPEC
JUIsl pacCMaTPUBAEMbIX HaMU 33ja4: (a) penakcanuio BO obomodek, 00y-
CJIOBJIEHHYIO N3MEHEHUsIMU B BaJleHTHOI obsiactu, u (6) Bo3Oyxgerne BO

JIEKTPOHOB.

3.2.2 Pejgakcalusg BHEITHIX OCTOBHBIX 000JI0YEK

Pacemorpum adbdexTuBHbIN 0qHOIEKTPOHHBIH onepaTop V(7), koTo-
pblil omuchIBaeT BHemIHee 1o oTHomennio Kk BO obsactn Bo3Mmylmenwe,
BBI3BAHHOE KAKUMU-JMOO M3MEHEHWsIMU B OKpy»Kafolei ee obyactu (06-
Pa30BAHMEM XUMUYECKOH CBsI3U, BHEIHUMHU TMOJISIMU U T.I1.). Boamyienue
V(7)) nIpuBOAUT K PESAKCAIME OCTOBHBIX 00OIOUEK U OHO, KAK IIPABHJIO,

MaJIO BO BHEIIHEH OCTOBHOI 00JIaCTH 110 CPaBHEHHIO C JIEHCTBYOMIKUMHI TaM
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ke XD nossmu.

B npenebpexkeHnn KOppessiiusgME, B CJIydae TaMUJbTOHHAHA, C BO3MY-
mennem V& (Bmecro VO B (3.34)) MOXKHO HANUCATD CJIEJTYIONINE BHIPA-
>keHust Jjist BKiagoB TB B nonnyio snepruto E u BosHOBYIO (byHKIMIO W,

yuuTbiBaorme pegakcanuio BO obosouex:

Epy = Z<¢C|Ve’“\¢c> ,

W = 23 P (3.37)

avext .
B3 — ZZ“H |¢>\

13 Boipaxkenuii (3.37) BUJIHO, 9TO IPOCTPAHCTBEHHAS! PA3/I€JI€HHOCTD MEXK-

ay BO u B obonoukamu nmpuBOAUT K OTHOCHTEJHHO MAaJbIM BEJIHYHHAM
YUCJUTENIEH B BbIPAXKEHUSIX JJIs \I![OI]C u E[O2]C (OCKOJIbKY BO3MYIIIEHUE
V& 1160 J0KaJIu30BaHO B BaJEHTHOH 06JacTH, JUOO OMHUCBHIBACTCS JIO-
KaJbHBIM OmeparopoM). B To ke Bpemst opHO3eKTpoHHbIe 3Heprun BO
COCTOSIHUI — €, — OTPHUIATEJbHBIE U JOCTATOUYHO OOJIBIINE, a8 BEJTUIUHDI
€4 — JDO JIOCTATOYHO MaJible (BaJICHTHbIE) OTPULIATEIIbHBIE SHEPIUHU, JIH-
60 TIOJIOXKUTEJIbHBIE, €CJTH BCE OCTOBHBIE COCTOSIHUSI 3aHSIThI B HEBO3MY ITI€H-
noit BO. Duepreruyeckasi oraesenHoctb BO cocrosinuiit NpuBOgUT K J10-
craTouHO GosIbINMM (OTPUIATENHHBIM) 3HAYEHNUsIM 3HaMeHaTeseil B (3.37)
(T.e. e.KEy M £4<E,). Bamerum, uto || V™ || — mopsinka |e,|. Pacemor-
PEHHBIN C/Iy4ail UMeeT MEeCTO JJIsd HU3KOJIEXKAIUX COCTOAHUNA BCEX aTOMOB
38 UCKJIOYeHueM d, f-3J1eMEHTOB, JJIsi KOTOPhIX 3HAMEHATEN MOTYT ObIThH
JIOCTATOYHO MAJIbIMU, TOCKOJIbKY €. ~ &, JJIsi BUPTYAJIbHBIX COCTOSIHUM
U3 OTKPBITHIX B \IIB]C BHEIIIHUX OCTOBHBIX d, f-obosiouek. B To ke Bpe-
Msi, IPUMEIINBAHUE JIPYTUX BUPTYaJbHBIX COCTOSHUI U, B 60jiee BBICOKHUX
nopskax 1B, BaJIeHTHBIX COCTOSIHMI K paccMaTpuBaeMbIM d, f-COCTOSHM-
sIM HEBEJIMKO JIM0O M3-3a OTHOCUTEJILHOM MaJIOCTH YUCIAUTEIeH, Tnb0 n3-3a
OOJIbIIMX 3HAYEHUH 3HAMEHATEEH (HECKOJIIBKO MIPOILEHTOB HA MPAKTHUKE).
Takum obOpa3om, W3MeHeHue JIEKTPOHHON cTpyKTyphl B BO obaactw,
BBI3BAHHOE BO3MYyIeHneM V' B BaJleHTHON 006/1aCTH, MOYKET paccMaTpy-

BaThCA KaK MaJiO€ BO3MYIIIEHUE, €CJIN MMECT MECTO NMPOCTPAaHCTBEHHAA U
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SHepreTuydecKas pasjesieHHOCTh MexXay BO u B obomoukamu, 9To BepHO
JUISI S, P-3JIEMEHTOB. DTO TeM 00Jiee OTHOCUTCS K M3MEHEHUIO KOPPEJISITUOH-
HOW cTpyKTypbl B BO 0bstacT, KOTOPHIM BO MHOTHX CJIy9asix ITPOCTO MOXK-
HO Tpenebpedh. CrenoBaTe/bHO, OTHOCUTEIHHO TIJIOXOe BOCIIPOU3BEICHUE
ABYXIJJICKTPOHHBIX MWHTEI'PAJIOB C BO COCTOAHUAMU 110 CDABHEHHIO C MHTE-
rpajlaMi, COAEPXKAINUMHU TOJILKO JIOKAJU30BAHHbLIE B BaJIEHTHON 00JiacTh
COCTOSIHUSI, KOMIIEHCUPYETCsI OTHOCUTEIbHO MAaJIbIMU U3MEHEHUSIMU JIeK-
TPOHHOH (KOppesisinnonHoit) crpykTypbl B BO obsactu. Takast curyauus
uMeer MeCrTo BO MHOI'MX HPEACTABJIAIOIIUX UHTEPEC (bI/ISI/IKO-XI/IMI/ILIeCKI/IX

IIPUJIOKECHUAX.

3.2.3 Ilepexoabl ¢ BO30YKAE€HNEM BHENITHNUX OCTOBHBIX JJIEKTPO-

HOB

Kak panee ormMedasioch, HU3KOJIEXKAIIME COCTOSIHUST IEPEXOHBIX METAJJIOB,
JIAHTAHUIOB, AaKTUHKUIOB U X COEJMHEHUI MMEIOT KOHMUIY DAL C OTKPbI-
ThiMU, JIOKaJu30BaHHbIMEU B BO obsiactu d u/umu f obosoukamu, HO C OJI-
HO3JIEKTPOHHBIMY JHEPTUSIMU BAJEHTHBIX 000JI0UEK, UMEIOITUMU OOTBIITHE
TJTaBHBIE KBAHTOBBIE THCIA (Ny = Momet1, Nomet2). Joas MunuMu3anum
qucita sBHO BKJOUeHHBIX B D10 pacder aekTpOHOB, BHENTHIE OCTOBHBIE
d, f-000JI09KH OOBIYHO OMUCHIBAIOTCS OE3y3JI0BBIME TCEBIOCITMHOPAMHE, &,
3HAYUT U MTOTPEITHOCTU B BOCITPOU3BEICHUN IHEPIUil MEPEX0/a U JPYTUX
CBOMCTB TIPU BO3OYKJIEHUU ITUX 0OOJIOYEK OYIyT JOCTATOUYHO OOJBITUMU.

Paccmorpum Boipaxkenue as ocuosroro (V) u Bos6ysxennoro ()
COCTOSIHU# B OJHOKOH(UT'YPAIIMOHHOM MPUOJUKEHNN, U MYCTh OHU Pa3-
JIMYAIOTCS TOJIBKO OJJHOYACTUIHBIM HU3KOIHEPTETHIECKUM BO30Y XK JICHUEM
(mepexojibl ¢ BO30OY K 1eHUsIME DOJIEE BBICOKOH KPATHOCTH MOI'YT ObITh pac-

CMOTPEHBI aHAJIOTMYHBIM o6pa30M):
X = b*,b,, U
C y4eTom BbIparkeHWit JIJIsi TIOJHBIX SHEPIHUH ITUX COCTOSTHUAN MOJIY IaeM:

1
_ B0 BN — (gl Py — ANy
Ey, = EY4+EN = ($OH |y >_§szw 2§ '(Visw,wrwr— Vo' '),

w,w’

Ex = (UHTUY) = Ey+ 4 — cwy — Vigwoaa — Viaaws) - (3-38)
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Omubku BocnpoussepeHus nocpeactsoMm npudbmmkenns IO mocnemmnx
JBYX WiIeHOB B yp. (3.38) B mepexomax ¢ BO30YXKICHUEM BAJEHTHBIX 000-
JI0YEK (OIMMCHIBAEMbBIX Y3JOBBIMHU MCEBJOCIMHOPAME W = v) OyayT J0CTa-
TOYHO MaJIbl, HOCKOJIbKY BCE MHJIEKCBI B HHTEIPAIAX Viyve.aa B Viga,av, ITPY-
HAJIJIEXKAT COCTOSTHUSM, JIOKAJIM30BAHHBIM B BAJIEHTHOI 00JacTy (BKIIOYAs
HU3KOIHEPreTHIECKUEe BUPTYaJbHBIE COCTOsIHYs ). B citydae ke Bo30Oy X 11e-
Hust BO 0/1HO91eKTPOHHBIX cocTOsHUR d, f, onuchbiBaeMbIX 0€3y3J10BbIMU
ncepgocnuHopamu (T.e. W = ¢), MOrPEHIHOCTH BOCIPOU3BEJCHUs MHTE-
rpasioB Veycp.aa 1 Vegaac, B pubmkennn IO cymecrsenno Gosbie, n
OHM HE MOTYT UI'HOPUPOBATHCS B IIPEIU3NOHHBIX pacdeTax. AOCOIIOTHBIE
1 OTHOCHUTEJIbHBIE OMMOKN BOCITPOU3BEIECHNUsT IBYXJIEKTPOHHBIX WHTETPa-
JIOB 33 CUYeT 3aMEHBbI MCXOIHBIX CIIMHOPOB TCEBIOCITUHOPAMU JJIsT aTOMa,
Oapusi npejicTaBJeHbl B Tabsuie 3.1, a omubOKU BOCIPOU3BEJIEHUST IHED-
ruil mepexojia Juist bapus 6e3 ydera peslakcauu 000JI0UeK TPeICTaBIEHbI
B THOCJIEIHEM CTOJI0IE TabHIbl 3.2. AHAJOIMYHBIA yPOBEHDb OIPENTHOCTEH
HAOJIIOJIAETCS U JIJISE JIPDYTUX SJIEMEHTOB.

Boisee Toro, BHeliHue 0CTOBHBIE d, f-COCTOSHUS HEJIb3sI PACCMATPUBATD
KaK ‘BaMopoxkeHHbIe Tpu BO30yxKjaeHun BO aexkTponoB. Takoe Bo3OyXK-
JIEHUE COIIPOBOXKJIAETCS CYIIECTBEHHBIM M3MEHEHUEM XapTPH-(POKOBCKOTO
nosisi B BO obuiactu, aMiiuryry KOTOPOro MOXKHO OLEHUTb Kak ~ 1/Tone,
9TO B CBOIO OY€pe/Ib MPUBOANT K 3aMeTHON pesakcamun BO cocrosinmit 9,
(em. (3.37)). XoTs u3MeHEHNE BHEIIHUX OCTOBHBIX COCTOSHUI OTHOCHTEb-
o Maso (||6.]| < 1), camo u3menenue 41, Takke Jokagu3zoBaHo B BO
0bstacTu, B KOTOPOH U BO3HUKAIOT OIMMOKKA BOCIPOU3BEJCHUS JBYXIIEK-
TPOHHBIX MHTEIrPAJIOB B pe3yJibTare criaxupanus (cm. taduuiyy 3.1). Yaer
pestakcanuu 01, IPUBOJUT K CyIIIECTBEHHBIM IIOIPEIIHOCTSIM B BOCIIPOU3BE-
JleHuu dHepruit mepexoja mocpeacrsom IO, aro jerko Bujgers u3 cpas-
HEHUS TMOTPEITHOCTEH, TPUBEJEHHBIX BO BTOPOM U YETBEPTOM CTOJIOIAX
tabauibl 3.2. IlpeacraBieHHble pacCyKIEHUs MOATBEPIKIAIOTCI PE3YJib-
TATAMU MHOTPOYMCJIEHHBIX PAcdeToB Hamueid rpymnibi (cM. tabuuibn 1X—XI
POIIO/CCII pacueros snepruii nepexoja B aromax Ba, Ag u U B cpas-
wernn ¢ JIX® pacyeramu, a takxke Tabauipl B paborax [84, 85, 92|). ITo-
rpemuoctu PAIIO /CCII pacueros mocturator 1000 cM™! u Gosee, onu Ha,
1-2 mopsijika BeJIMYIUHBI BbIIIE OMMOOK BOCIIPOM3BEICHUs SHEPT Uil TePexo-

Ja IIpu B036y}K,IL€HHI/I BaJICHTHBIX 3JIEKTPOHOB.
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CaMmpblit MPOCTOi CIIOCOD YMEHBIITUTD BhIIIEyKa3aHHbIE MTOTPEITHOCTH —
BKJIIOUYUTL OO0Jblnee unucjio 3jeKTpoHoB B IIIO pacuer, Takum obpasom
yMeHbIas pajguychl ciuBku R.. OHAKO CTOJb CyIIECTBEHHOE yBEJIMYe-
HEe TPOCTPAHCTBA sIBHO BKJIIOYEHHBIX B PACYET JIEKTPOHOB BEChMa HEXKe-
JaresbHO Ha npakTuke. CylecTByeT, TeM He MeHee, APYroi MmyTh MHOIO-
KPATHOI'O YMEHBIIEHUsI 3THX OIINOOK IIPH yUeTe OTHOCUTEIbHO MaJIOi pe-
gakcaiuu BO obosiouek, umerolneit Mecto B OOJIBIIHHCTBE MPUJIOKEHUNR —
9TO JI00ABUTH K OlepaTopaM paguaibHO-I0KaJIbHOro PIOITO nim OPII1IO
¢ cenapabesibHOMN MMONPABKON HOBBIE WJICHBI JJIsI JIYUIIErO OIMUCAHUST BO3-
Oyxennit d, f-obosi0uek — “caMOCOrIaCOBaHHBIE  IOIMPABKU M JIBYXIJICK-
TPOHHBIE MTOMPABKY Ha pacierieHne B TepMbl. 91n Bepcnn 110 paccmar-

puBalOTCs B rJiaBe 4.

3.3 “3amopakuBaHue” BHEIIHUX OCTOBHBIX 000J/I0UEK

(nceBaocnimuopoB). Pacyer aroma T1

B npakTndeckux pacderax MOJIEKYJI C TSXKEJbIMUA aTOMAMK IEJIbIO SBJIs-
eTcsl JOCTYXKEHUE HEKOTOpO# TpedyeMo# TOYHOCTH MPHU KOPPEJUPOBAHUH
HavMeHee BO3MOXKHOIO JIJIsl JIAHHOW 3aJ1a9M IUCJIa, JIEKTPOHOB, TAKUM 00-
Pa3soM MUHUMU3UPYS BBIYUCTUTEIbHBIE U3IePXKKU. [ BBITOJIHEHUS MTpe-
[M3UOHHBIX PACIETOB KAKUX-JIMOO CBOWCTB HEOOXOIMMO yIUTHIBATH JIEK-
TPOHHBIE KOPPEJISANNNA HE TOJHKO B BAJEHTHBIX OOJACTSAX TSXKEJbIX aTO-
MOB WJIM COJEpP>KaIleil X MOJIEKYJIbI, HO TaK¥Ke B OCTOBaX ITHX ATOMOB W
MEXK/1y OCTOBHBIMU U BaJIEHTHBIME 3JIEKTPOoHaMHU. [lepe| BbIIOJITHEHIEM MO-
JekyaspHoro pacuera ¢ POIIO BaxXHO mpoaHau3upoOBaTh JIEKTPOHHYIO
CTPYKTYPY HU3KOJIEXKAIUX ATOMHBIX COCTOsIHWI, KOTOPbIE Tal0T OCHOBHOM
BKJIaJ[ B KOH(DUT'YPAIMOHHYIO CTPYKTYPY PACCUUTHIBAEMbBIX COCTOSTHUI MO-
JIEKYJIBI, T.€. OIPEJEJIUTh COCTOSTHUE JIAHHOI'O aTOMa B MOJIEKYJE. 3aTeM
CJIEJIyeT PEIIUTh, KaKoe YUCIO (BHEITHUX) OCTOBHBIX 9JIEKTPOHOB JIOJKHO
OBITh paccMOTpeHO sIBHO Tipu ucnojh3oBannn PIOIIO mis manHoro aro-
Ma (C y4eroM WX KOPDEJISIIHOHHBIX M PEJAKCAIMOHHBIX BKJIAJIOB), 4TOOBI
JIOCTHYh TPEOyeMOl TOYHOCTH PacydeTa U3ydaeMOro CBOMCTBA MOJIEKYJIbI.
Opnnako, 6e3yssosbie POITO u OPIIIO, crenepupoBaHHbIe JIJIsT 3, 1aHHO-

ro 4ucjla 4BHO YYUTBIBAECMbBIX B PaCHYETE€ OCTOBHbLIX JJICKTPOHOB, HE BCE-
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IJ1a, TIO3BOJISIOT JOOMBATHCSI TOYHOCTU pacydeTa, KOTOpas MOXKeET ObITh JI0-
CTUTHYTa B COOTBETCTBYIOIIEM TOJHOIJEKTPOHHOM pacyeTe. DTO, B YaCT-
HOCTH, UMEET MECTO B C/Iydae aToMa TaJIusl C Beaylleil KoHurypauei
5d'%6526p! B OCHOBHOM COCTOSIHIY, & TAKXKe JIJIS €10 COeJMHEHMIT, 4TO ObLIO
IIPOJIEMOHCTPUPOBAHO HAMU B OJHOKOH(DUIYPAIMOHHBIX pacueTax |83, 84|
¥ B KOPPEJISAIMOHHBIX pacderax [89] ¢ ucrnonb3oBanHueM makeToB MporpaMm
HFD/CI |155, 156], MRD-CI [89, 145, 138, 167-169] u MOLGEP [162].

Hutst pacdera, ClimH-OPOMTAJBLHOIO PACIIEIJIEHNsT OCHOBHOI'O COCTOSIHUSI
aroma T1, 2 10/2 — 2P§/2, a TaKKe JHEPruil 1mepexojia B Jpyrue HU3KO-
JIEXKAIMe COCTOSIHUSI aTOMa, Ha, YPOBHE “XMMUUIECKOI TOYHOCTH, HEODXO-
JINMO KOPPEJMPOBATH IO MeHbIell Mepe 13 BHENIHUX 3JIEKTPOHOB, T.€.
BKJIIOYast 5d-0000UKy. DTO TMOKA3aHO B CEPUM PACYeTOB (HAIPHUMED, CM.
26, 72, 170, 171]) meTogom KB u nogreepxieHo B Haimx pacderax [85, 89]
Ha OJ{HOIJIEKTPOHHOM 0asuce, BKJIOYAIOIMIEM TAPMOHUKK THNa f U g JJs
ydeTa rJiaBHbIM 00pa3oM nojisipusaluu 5d-obosioukn. Hekoropwie Haliu pe-
sysbrarbl OPITI0 /135a-MCJI-KB pacuera [89] cniun-opburaibHoro pac-
IIEIJIEHUs] OCHOBHOT'O COCTOSTHUS TAJIHS IPUBEIEHBI B TabJuiie 3.3 B cpaB-
mernn ¢ Hammmu XD /3951-KB 1 OP3II0 /321-KB pacaeramu [85], a Tax-
x)e IXD(B)/3521-PCK-O/1 pacueramu rpynmb Kasgopa, B KOTOPbIX Kpo-
Me 5d KOppesupyroTcs: Takxke ocroBubie 4 f, 5s u 5p obosouku [172].

Xorst ogHoKOHMbUIYpanuontbie pacdersbl (cM. [83, 84| npusogsT K or-
KJIOHEHUIO OT 3KCIEPUMEHTAILHOTO 3HaUeHust J1j1si Janroro CO pacrmernie-

1

Hust Ha ypoBHe Bcero -100 cM ™, 9Ta ommbKa, yBEJINUNBAETCSA B pacdyeTax C

TpeMst KOppeInpyeMbIMH aekTporaMi 10 -600 cv~! [26]. TIpn y4ere xop-
pessanuii 13 37IeKTpOHOB OTKJIOHEHWE yMeHbIIaeTcs 10 ypoBHs -400 cm !
|26, 89], a yuer koppessiwmit 35 27eKTpoHOB [172] MO3BOJISIET yMEHBIIUTE
3Ty ommoOKy 10 yposHa -100 cm~L.

OueBnHO, 9TO Hd 000JOUKA TAJIUS TaKXKe JOJKHA, OBbITH SIBHO BKJIIO-
YeHa W B PACUET COMEPKAIUX €r0 MOJEKYJ, 9TOOBl yIECTh PeaKCAIUIO
(nossipusaiuio) ocrosa Tl ¢ xoporueit TounocTh0. B Takux pacdyerax Obi-
JIO ObI ONTUMAJILHBIM KCIO0JI630BaTh PIIIO 1151 Tasumst, B KOTOPHIX TOJLKO
13 BHENIHUX JIEKTPOHOB YUIUTHIBAIOTCS sIBHBIM 00pa3oM, Takne kak POIIO
Pocca ¢ coaBropamu [160| nian Bapuant “Basentroro” POIIO [83], crene-
pupoBaHHOro Haed rpymmnoi. OHaKo HE OJUH U3 U3BECTHBIX O€3Y3JI0BbIX

BapraaToB 13371-PIIIO He mo3BosisieT JoCTUTATH BBIIEYTTIOMSIHYTON XM~
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yeckoit Tounoctu. [Ipu Bemmonnenun pacderoB T1 u TIH ¢ ucnonbpzoBanm-
em BapuaaToB POIIO, B KOTOPBIX TOMBKO 13 BHEITHUX JEKTPOHOB TAJLINS
paccMaTpuBatoTCst sBHbIM 00pasoM (1321-PIII0), HeobxouMo yuuThiBaTh
TO 0OCTOATENHCTBO, 9TO Koppessiuu Mexx1y BO u B anekrpornavu, 3anu-
MaIOIMMK cooTBeTcTBeHHO 5d u ns,np,nd (n = 6,7,...) 0boI0uKHU, HE
MOI'YT OBITH OIMCAHBI C BBICOKOH TOYHOCTBIO, IOCKOJIBKY CIJIAXKEHHBIE Ba-
JIEHTHBIE IICEeBIOCIMHOPBI MMEIOT HEIPaBUJIbHYIO (DOPMY BO BHEIIHEH oc-

TOBHOM 00JIaCTH.

corr
w,a

[Iycrs (r) — ogHORIEKTPOHHBIE (DYHKIMY, ONUCHIBAOLIME Haubosee
BayKHbIE KOPPEJIAMU 3aHATBIX COCTOSHUM @O, rjie w = ¢, v — UHJIEKCHI
st BO u B ciuropor. OHu SBISIIOTCST IMHEHHBIMU KOMOWHAIUSIMU BAPTY-
AJILHBIX CITUHOPOB M OOBIYHO JIOKAJU30BAHbI B TOH YKe MPOCTPAHCTBEHHON
obmacru, rae u @O . Ilosromy “mpsimbre” BKIaJbl OT MCXOZHBIX KYJIOHOB-

CKMX JIBYXJIEKTPOHHBIX UHTErPAJIOB,

[ar sz W) [ s wer) (3.39)

T r, 7
onuceiBatonre Koppessiipio (tuna BO-B) cocrostamit @9 u ¢9 moryT
OBITH BOCIIPOMW3BEJIEHBI C OTHOCUTEIHHO XOPOIIeH TOTHOCTHIO COOTBETCTBY-
IOIUMU WHTETrPAJaMu, MOCTPOEHHBIMU Ha, TICEBIOCITUHOPAX, HECMOTPSI Ha,
UX JIOKAJIM3AIHUIO B Pa3HBIX MPOCTPAHCTBEHHBIX 00J1acTsX. B TO ke Bpems
JIBYX3JIEKTPOHHBIE MHTEI'PAJIBI, ONKUCHIBAOIINE “OOMEHHbIE KOPPesIsSIIUOH-

Hble BKJa bl Tuna BO-B,

.ﬁwmew/ﬁ%mew>l (3.40)

7 )
v r—r

HEe MOT'YT OBITh KOPPEKTHO BOCITPOU3BEJIEHDI, TOCKOJIbKY BaJ€HTHbIE (PYyHK-

corr

v,a crilaXkeHbl B 00J1aCTH JIOKaJIN3allu1 BHCIITHNUX OCTOBHDbLIX

¢
TICeBIOCIUHOPOB (cM. Takxke [85, 89]).

YT0o0bI peomoeTh 9TOT HemocTaToK onucanus BO-B koppensanuit co
CIUIaXKEHHBIMU TCEBIOCITMHOPAMY, HY»KHO HCHOJIb30BaTh Takne PIIIO, B
KOTODBIX 110 MeHbIel mepe 5s, bp obosouku (21 BHEIIHW 9I€KTPOH) TaJl-
JIMsl YYTEHbI SIBHO, MOCKOJIbKY OPTOI'OHAJIbHbIE K HUM BaJIEHTHBIE U BUP-
TyajbHble ns,np (n = 6,7,...) ncepmocnuHopsl B ciaydae 213g-OPII10
IMEIOT y2Ke IIPaBUJIbHOE IIOBeJIeHNe BO BHEIIHEH ocTOBHOI obmactu. Cru-

HOPBI 5P UMEIOT dHeprun B 4 pasa Oosibiie u cpejHue pajauychl B 1.4 pasa,
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KOpote 4eM cuHOpbI bd. Boistee TOro, ux yriioBble KOPPEJISIIiK MOIaBIeHbI
10 CPABHEHUIO C YIJIOBBIMU KOPPEIIusaMu Hd 000JOUKH, TOCKOIbKY HaM-
bosiee BaxkHbIe TOJsipu3alonnbie GyHkuuu (5d — juis cocrosiHuit 5p u
5p — JUIsi COCTOSIHUIL 5S) MOJHOCTHIO 3aHSTHI B BEJLYIIUX KOHMDUIYPAIsiX
HU3KOJIEXKAIUX cocTostauii. CiieoBaTeIbHO, COCTOSTHUS 5S, B CYIIECTBEH-
HO MeHee aKTHBHbI XUMUIECKH.

[TepBoie Takue 21-snekTponnbie POITO, OPIIIO u “ocroBubiii” PIITO,
JUIsI KOTOPBIX BBIIIEYIIOMSIHYThI€ HEJOCTATKMA pPaHee IPeJIOKeHHbIX 13-
1eKTpoHHbIX BapuaunToB PIIIO mpeososiennbr, Ob1n creHepupoBaHbl U PO-
TECTUPOBAHbI B OJHOKOH(UI'YDAIMOHHBIX pacdeTax Haieil rpyunoi [83,
84|, npuuem B ciayuae OPIIIO opHOBpeMeHHO OBLIM YyCTPAHEHBI U JIPYTHE
HejocTaTKu mosTystoKaibabix POIIO 3a cuer pgobasienusi cemnapabenbHO
nonpaBku K omneparopy PIIIO. IMosgree 2131-OIIIIT Ob11u mocTpoeHsb
mTyTTrapTeKoil rpynmoit [72]. B pabore [83| 6bu10 Takske mokazano, 4To
npu ucnoybzopannn 2191-OPIIIO nceBmocnuHOps 5S, 5p MOryT OBITH 3a-
MOPOXKEHbI B pacderax, HO TOYHOCTh Takoro 21351/83¢-OPIIIO Bee xe Gy-
JIeT 3HAIUTESHHO (JI0 MOPSIIKA BEJINUUHBI) BBIIIE TOYHOCTH BCeX 0e3y3i10-
BbIX 1331-PIII0.

Hutst Toro, 9To0bI “3aMOPO3UTH’ TICEBIOCIUHOPHI DS U HP, MOXKHO MPHU-
MEHUTh TEeXHUKY cjBura yposueii [85] (cM. takxke maparpad 1.4.1). Coe-
nyst Oypzunare ¢ coasropamu [44, 73-77|, jjisi 9TOr0 K UCXOLHOMY OII€-
paTopy 3¢pHEKTUBHOIO IMOTEHIUAJA J00ABJISIOTCS MATPUUHbBIE 3JIEMEHTDI
KynoroBckoro (J) u sapucsmero or cumma oomennoro (K) oneparopos
CCII, W = J— R, ¢ 3aMOpPasKUBaEMbIMU OCTOBHBIMH IICEBIOCIUHOPAMU
K OJIHOJIEKTPOHHON YaCTU raMUJILTOHMAHA C YIEHAMU, 0DECIeYrBAIOIIK-
MU CJIBUI' SHEPI'HMi 3aMOPaKMBaEMbIX OCTOBHBIX IICEBJIOCIIMHOPOB B CIIEKTP

BBICOKOBO30YKJIEHHBIX BUPTYaJbHBIX COCTOSHMUIA:

Y Buix Poia(r) (3.41)

an 7l7:|:
rje Bncfli — BEJIMYUHBI CIBUIa OJHOICKTPOHHBIX 3HEPruil /1 3aMOpaXKi-
BAEMbIX ICEBIOCIIMHOPOB gbncfli(r) (bosiee mogpobHO cMm. maparpad 1.4.1).
B ciyvae Tasius Bncfl:t ~ |(5+10)6ncfl:|:| 17151 55179, 5P1/2,3/2-
Bazkno ormeruTh, 94TO BCe UiteHbl B (3.41) MOryT OBITDH JIETKO IIepernuca-

HbI B CIHUH-OPOUTAIBHOM dopMe ¢ ucnonb3oBanneM ToxkaecTsa (1.15), kak
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970 ObLIO ciesaHo HaMu paHee s orneparopa OPIIIO. D1o o3nauaer,
yro BO mnceBmocnumops: MOryT OBITH 3aMOPOXKEHBI B pacueTax Ha, CNuM-
opbumanvrom Oasuce, IPUIEM BCE OJIHOIEKTPOHHBIE U JIBYXJIEKTPOHHbBIE
UHTErPAJIbl ¢ MHIEKCAMU 3aMOPAXKUBAEMbIX CIIMHOPOB MOJHOCTHIO UCKJIIO-
JAIOTCS U3 PACUYeTa, y»Ke Ha, CTAJUU BBIYUCJICHUS MATPUIHBIX JIEMEHTOR
9 PEeKTUBHOTO TraMUJIHTOHHAHA, KaK 9TO M PEAJM30BAHO B MAKETe IMPO-
rpamM MOLGEP [162]. TIpu 9TOM 49HCIO JBYXII€KTPOHHBIX WHTErPAJIOB
COKPAIIAETCST MHOI'OKPATHO 0 CPABHEHUIO C TEM CJIy9aeM, KO/ UCIIOJIb-
3yeTcsi 6a3uC CIIMHOPHOIO THIIA. BoJiee TOro, TEXHUKA 3aMOPaKUBAHUST MO-
JKeT ObITh UCIIOJIH30BaHA B JABYXIIAINOBBIX pACU€Tax, B KOTOPbIX HA, [IEPBOii
craguu (6e3 yuera CO B3anMoeiicTBISI) HAXOIATCS HU3KOJIEIKAIIME Pellie-
aust AS-Tuma, a Ha BTOPOI CTa WU pacdeTa JUArOHAJU3YETCS TaMUJIbTO-
HUAH C yYE€TOM CIHUH-OPOUTAJHLHOTO B3aMMOJIEHCTBUS yKe Ha, HEDOJIbIITOM
qucyie panee nojydenabix AS-perrennii. Briepsoie ona Oblj1a UCIIOIB30BA-
Ha HAMM B pacyeTax 1mapaMeTpoB CIHH-BPAIIaTeIbHOTO raMUJILTOHUAHA B
mosiekyJiax BaF u YbF na cnun-opburanbrom basuce [11, 12].

ObcyxmaeMasi TEXHUKA 3aMOPaKUBAHUs MOXKET ObITh YCIIEIITHO ITPUMe-
Hena K TeM BO obosoukam, jist Koropbix yaer CO B3aumMopeiicTBust bosee
BaXKEH, YEM ydIeT KOPPEJISIIUOHHBIX ¥ PEJAKCAIMOHHBIX 3 derToB. Tora,
MOCJIETHUMU MOXKHO ITpeHeOpedn 00 yUIecTh B pAMKaX BAPUAHTOB KOPpe-
smposatroro OPITIO (cm. Huke), a OCTABIIKECS PACCMATPUBAEMbBIE SIBHO
BOB obooukn MoryT 0b1Th 3@ ekTuBHO onucanbl ¢ momombio CO ba3u-
ca. B caygae T1 moryT ObITb 3aMOPOXKEHDBI TAKUM 00Pa3oM MOI000JTOUKH
5p1/2,3/2, B TO BpeMsl KakK MOJK000NOUKH Hd3/9 5/2 Hy»KHO PaCCMaTPUBATh B
pacuere ssBHO. 3aMopakuBanue dact BO 000/109€eK 1103BOJIsSIeT OIITUMU3K-
pPOBaTh ATOMHBIH OA3UC TOJBKO JIJIsi TEX 0DOJOYEK, KOTOPhIE PEJIAKCUPYIOT
U/ SIBHO KOPPEJMPYIOTCS B MOCIEAYIOMUX PACYETAX, MUHUMHUIUPYs Ta-
KM 00pa3oM TpebOBaHUs K BBIYUCIUTEIHHBIM pecypcaM. B mpoTwBHOM
cilydae, ecii, HalpuMep, 000JI0UKa Hp pacCMaTpUBAETCs B pacyeTe SBHO,
HCITOJIb30BaHME CIIMHOPHOIO 0a31ca MOXKET OKa3aThCs Jaxke Oosree adek-
THBHBIM, 9€M CIUH-OPOUTAIHLHOIO.

C ucnosb3oBannem nakera GRECP/HFJ [157] B opHOKOHDUIYpAIMOH-
HbIX pacderax [83] Opwio mosmydeno, yro CO pacimemnsienue 060M09KE Hp
ysesmuauBaer cymmapuoe CO paciiensense oCHOBHOIO cocTosgHuA 2P Ha

400 cm !, u B TO )¢ BpeMa CO pacremienue 060g09Ku 5d yMeHbIIaeT
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ero Ha, MPHUOJU3UTEIBHO Ty K€ BeJUu4uHy. [109TOMYy B pacuerax ¢ XHMH-
YeCKOil TOYHOCTBIO BaXKHO 3aMODPaXKMBaTh MMEHHO IICEBJIOCIHHOPHI P12
u 5psjp, a He Kakue-mubo “ycpeanenubie” ncesjpoopburasn dp, eciu CO
B3aMMOJIEACTBHIE YUUTBHIBAETCS HE TOJbLKO B BAJIEGHTHON 00JjiacTH, HO U B Hd

000JIOUKE.

3.3.1 CnekTpocKonndeckne MOCTOTHHbIE OCHOBHOT'O COCTOSHUS
mostekysrbl TIH

ABHoe BKIIOYeHUE Hd-3/IEKTPOHOB B MPENN3UOHHBIN pacdeT MosieKyJibl T1H
HEOOXO/IMMO HE TOJIBKO JIJIsi y9IeTa, OOJIBIINX KOPPEJSIUOHHBIX 3P PHEKTOB
MEXTy 5d 1 BAJIEHTHBIMY JIEKTPOHAMH TaJIJINsI, HO TAKXKe U3-3a, TOJIAPU3a-
1 Hd-0O0I0UKHU BOJIOPOJOM, KOTOPas, B CBOIO OUYePe/ib, OKA3bIBAET 3HAUHU-
TeJbHOE BIUSHEE Ha (DOPMUPOBAHUE XUMHUIECKON CBSI3U. DTa PEIAKCAIIN
HE MOXKET OBbITh y4YTEHAa C OY€Hb BBICOKON TOYHOCTDHIO IIPU HCIIOJb30BAHUU
10JIS PUBAIMOHHBIX NOTEHIMAJIOB [62, 66—72| B KOMOUHALMY, HAIDUMED, C
321-PII10O [83, 84]. Buusinue aroma Bojoposa B mosekyse TIH ua mosusi-
pu3aImio 000J049eK S5p, 5s U 4 f Tajaus CylecTBeHHO ciabee U el MOXKHO
npeneOpeddb IPH yPOBHE TOYHOCTH B HECKOJBKO COTEH CM ™' i SHepruii
JHACCOLMALNK U BO30y»K1eHusi. Mbl He Oy1eM yInThIBaTh PEeIaKCaIuio 000-
JIoUeK 5p, bs u 4 f B pacueTax CleKTPOCKOMUIECKUX TTOCTOSTHHBIX MOJIEKYJIbI
TIH.

B pacuere cBoiictB ocnoBHOTO coctostuusi Mosiekysnl T1H (cm. Tabim-
1y 3.4) MbI HCIIOIB30BAJIA KOHTPAKTHPOBAHHBIE Oa3UChl (DYHKIMI rayccoBa
tuna® [4,4,4,3,2] nas rannus u [4,3,1] ana sogopona. Bazuc (6,3,1) npu-
MUTHUBHBIX IayCCUaH JIJIsi BOJAOPOJa Obl1 B3sT u3 paborsl Jannunra [127].
Cuunn-ajlanTupoBaHHble MHOIO3jIeKTpOHHbIe Oazuctble dyukuun (CAD)
OBLIN OTCEJEKTUPOBAHbI B HEIIPUBOJUMBIX Ipejicrasiennsx LAy, 3By, 3By
u 3 Ay AS-tuna rpynmsr Cy,, TOCKOILKY TPHUIJIETHBIE COCTOSHUS Hanbosiee
CUJILHO TTOJIMEINTNBAIOTCST CIMH-OPOUTAJIHLHBIM B3aNMOIEHCTBUEM K OCHOB-
HoMy cocrosirmio LAy (mmma 13T B rpynme Cooy) B HEpeATHBUCTCKOM KiTac-
cuduKanuu, OPUBOAA K pesaTuBUcTCKOMYy 01 OCHOBHOMY COCTOSIHMIO B

npejicTaBjieHnu JiBoiHO# rpynmsl C .

6Cwm. http://www.qchem.pnpi.spb.ru u pabory [89] anst neTaneft MO ONTUMHU3AIUM UCTIOTL3YEMBIX
6a3uCoB.
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Boui BeInOJIHEHBI TP cepuu pacueToB Mosekyabl TIH maas 16 mexx-
aTOMHBIX paccTosinuit. B atux cepusx ccputounbie CO cocTossHUS \I/(()OHI)SO
IOCTPOEHBI ¢ UCIOJB30BAHUEM NMAKETOB nporpaMm MOLGEP [162] u MRD-
CI [145] npu guaronajausanuu ramuibronnana H Ha COBOKYIHOCTH CCbI-
aoubix CA® — “ochoBubix” CAD (cM. HUXKE) U BCEX OJJHOKPATHO-BO3-
oyxaerubix CAD (OB-CA®D) no orHOmIEHHUO K OTHOKOH(bDUTYPAITHOHHOMY
xapTpu-hokosckoMy cocroguuio TIH ¢ cummerpueii L A;, monyuennomy, B
cBoio odepeib, B YOPIIIO/CCII pacuere (r.e. ¢ ycpejHEHHO 110 CHUHY
aacrbio OPIIIO). Dra koudurypaiust gaer Bkiaaj 6osee 90 % B uckomyo
BOJIHOBYIO (pyHKIMIO MOJeKysibl T1H.

[lepBast cepust pacyeToB BBITIOJHSAIACH JIJIsT TTPUTOTOBJIEHUST ONITHMAJIb-
HOTO HaDOpa OCHOBHBLIX KOH(UI'YpPaIWii, UCIOJIb3yeMbIX BO BTOPO cepuun
KB pacueros ¢ yuerom cnun-opburtasbroro paumogeiicrsusi (CO-KB).
Tosibko oyiHa, XapTpu-(POKOBCKash KOH(MUIYPalUs, UMEIOIas HAUHUBIITYIO
SHEPTHUIO B KAXKJIOM W3 WCIOJIH3YyEMbIX B pacuere HEMPUBOIUMBIX IPEI-
crapjiennit AS-Tuma BKJIOYaJach B TPOCTPaHCTBO OCHOBHBIX CO KoHGDU-
ryparuii, 1 BMecTe ¢ onucanubiMu Bbiiie OB-CA® kondurypamusamu OHI
00pa3oBaJid IMIPOCTPAHCTBO CChLIOUHBIX CO KoHbUTryparuii.

utst BTOpOi#t cepun pacueToB ObLIN OTCEJIEKTUPOBAHBI B KAIECTBE OCHOB-
ubix Takue CA®, koTopble WMen MakcuMaJibabie KO3 duimentor KB B
nepBom cepun. Beero 37 ocHOBHBIX KOHbuUrypaluii (U3 BCexX MpejicTaBiie-
auit AS) 6buto 0TOOpano. OTHOCHTEIBHO MaJible moporu (cM. maparpad
1.6.1), T1=1.0 u T5=0.1 pFE},, uCnoab30BAIKCH JJist TIOCIEIYOIIEH IKCTPa-
nosisitu 1T—0 [89, 167], tak uro okoso 20000 u 85000 CAD Bcero 6bu10
OTCEJIEKTUPOBAHO B 1pejcTaBieHusix AS BMecre B3sIThIX.

B nauboJiee TPy 10eMKO# TpeTheil cepur pacueToB B KAY€CTBE OCHOBHBIX
CA® ucnonib3oBaJiuch KOHGUIYypalui, UMEOIe MaKCHMaJIbHbIe KO du-
muenTsl KB Bo BTOpOii cepun pacueros. Beero okoso 320 ocaosubix CA®
ObL10 0TOOpaHO, a moporu Ajs mocuaenyiomero MCJ-KB pacuera ObLin
ycraroBsienbl paBabiMu 11=0.1 u T5=0.05 puFp. Oxono 70000 n 130000
CA® coorBeTcTBeHHO NpuHUMaJ U ydactue B 3akiaoduTeabHbix CO-KB
pacuerax (B AS-npeJcTaBieHusIX BMECTE B3SITHIX).

U3 pesysbraTos, cobpanbix B Tabiuie 3.4 sugao, uro OCBH (cm. pas-
nen 1.5 u [132, 133]) noBosbro Besuka, u YIICB nomxua ObiTh yuTena B

IPEeIU3UOHHBIX pacyeTax creKTpockonudeckux mnocrosgaabix. OCBH wuc-
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clIeI0BaJach B pacderax KaTuoHa T1T B MoekynaspHOM 6asmce s Tex
JKe MEKATOMHBIX paccTosuuii, uro u B Mostekyse T1H (mo, pasymeercs, 6e3
ATOMa BOJOPOJIA). DTa OlIKOKA TaKXKe OLEHMBAJIACH U B PACUETAX AHUOHA,
T1™ st Tpex MeXaTOMHBIX paccTosinuii. ToT »Ke caMblif MOJIEKYJIsIPHbIi
6azuc ObLT Mcrnob3oBaH st aromoB 11 u H, uyro u B pacuerax MosieKy-
ael TIH. Ocuosroit Bkiiag OCBH B mosHy0 9HEPrUio OCyIIEeCTBISETCS 33
cuer obosouek 5d'0 u 6s? B cirygae T1T, B To Bpems kak uzmenenne OCBH
npu jiobassennu ces3biBaoux B TIH 6p-siekrponos (pa3HocTs sHepruii
pacueros T1T u T17) moxxHO paccMarpuBaTh KaK OTHOCUTEIBHO MAJIOE 10
CPaBHEHUIO C Jpyrumu ommbkamu pacdera (3amopaxkupanue ocroBa Tl u
ucnosib3oBanue noporos cejeknun B KB pacuere). Yaer VIICB B pacue-
Tax crekTpockonuieckux croiicTB T1H ocyecTrisiics iiist Kaxk1o0it TOUYKN
MOTEHINAJHLHON KPUBOH B pe3yJibTaTe BbIYUTAHUS U3 1ojTHON sHepruu T1H
sesimannabl OCBH st T1F, re. Toabko mius 5d, 6s obosouex TI.

[Tocsie npumMenenusi onpaBku Ha HyJseBoii nopor (T=0), 060061eHHO
nonpasku JIaBujicona (Ha derbipexkparibie Bo30yxaenust) u YIICB, BbI-
yucjenable cBoiicTBa T1H okasannch B 04eHb XOPOIIEM COIVIACHHU C DKCIIE-
PUMEHTAJbHBIMYU JAHHBIME KaK BO BTOPO# CEpWM PacyeToB, TaK U B Tpe-
Theit. JlocTurayToe corsiacue ¢ 9KCIIEPUMEHTOM 3HAYUTEBHO BBIIIE, YEM
B JIPYT'MX H3BECTHBIX pacdeTax, KOTOPbIE TAKXKE IPEJICTABJIEHBI B TAOJIU-
e 3.4.

3.4 Yder OpeliTOBCKOTO MEXK3JIEKTPOHHOIO B3anMo/ieii-
ctBusg B OPJII10

OrneHuM BKJIAJIbl B 9HEPTHUs TSAKEJIOTO aTOMA WJTH MOJEKYJIbI C TSXKEJIbIMU
aroMaMu OT OPEHTOBCKOIO B3aMMOJEHCTBUS MEXK]Ly JIEKTPOHAMU, IIPH-
HAJJIEXKAITUMEI PA3JIUIHBIM O0DOJIOUKAM.

[TockobKy 717151 OJJHOJIEKTPOHHOT'O COCTOsiHUS P

(Plapy ~ 0 e e
C C

rae Zp — 3GQeKTUBHBIM 3apsa 0CTOBA IO OTHOIIEHUIO K JIEKTPOHY, 3a-
HUMaloleMy cocroauue P, Zp=2 —NFP Z — zapsan anpa, N — uucno

OCTOBHBIX ITO0 OTHOIIIEHHUIO K cocTosIHUIO P QJICKTPOHOB.
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Kpowme Toro, (%} MO2KeT ObITh OLEHEHO KaK () 1ist Hanbosiee BHEIIHEro

u3 JIByXx cocrosinuii P, Q):
1 . 1 1 : £
(PQ|T—12|PQ> ~ min <P|;|P>, <Q|;|Q) ~ min [ZP, ZQ]

B pesysbrare, OpeiiTOBCKOE B3aMMOJIEUCTBAE MEXKY OTHOIIEKTPOHHBIMU

cocTosiHusiMu P 1 () MOXXHO OIEHUTH KaK
Bpg ~ o’ ZpZY - min [Zp, Z| - F(Z, Al Aj)

1 .
100 ~ 1], KOTO-

phIil B IEPBOM NPUOJIM>KEHUN YBEJUIUBACTCS C POCTOM Z W YMEHbBIIAeTCs

rJie BBEJICH KOppeKTupyoumit Muoxkuresb F(Z, Al, Aj) ~ |

¢ poctom Al=|lp—lg|, Aj=|jp—jol|.
Eciau oba snektpona BajsenTHble, T.e. P=v u Q=v', mosydaem, 4To

Zpg ~ 1, u B pesysbrare

F By ~a® ~ %-10_4 ae. ~10cm !,

s O 51eKTpoHOB, 3aHNMAIOIINX 3aIM0JHEHHBIE 000J0UKH, KOTOPbIE
MOT'YT OBITh PACCMOTPEHBI KaK 3aMODPOXKEHHbIE (MHIEKC f) B pacdyerax WH-
TEePECYIONINX HAC CBOUCTB U MPOIECCOB, TOJILKO OOMEHHAs YaCTh ABYXIJIEK-
TPOHHOT'O OPEHTOBCKOrO B3aMMOIEHCTBUST MeXK 1y BaJieHTHBIM u VO s1ek-
Tponamu, By,, naeT HeHyneBoit BKaa. s caMoii BHyTpeHHel 000J04KY,
1s, P=f, u jus Ts2KeJI0ro aTromMa Mbl ostydaeM, 910 Zp~2Z~100 1o mo-

PAAKY BEJMYUHBI, [IO3TOMY

1
F B, ~ a*100 ~ 5-10—2 a.e. =~ 1000 cm !

4TO BECbMa CyIIECTBEHHO /IS PACYETOB HA yPOBHE XMMUYECKONH TOYHO-
cru. (Bkuag or o6MeHHOrO B3aMMOJEHCTBHs CYIIECTBEHHO MEHbIIE YeM
OT KyJIOHOBCKOI'O 4JICHA, TaK 4TO 00Jiee PeaJuCTHYECKOH OUEHKO# Oyer
va ~ 100 CM_l.)

Eciau 06a 31eKTpoHa — BHYTPEHHHE OCTOBHBIC, TO JIETKO BHJETH, YTO
OpeiiTOBCKOe B3amMOJEHCTBIE OyJeT TOro »Ke TOpPsaKa, KaK W KyJOHOB-
CKOE B3anMOJIEHCTBUE MEXKJy 9THMHU JIEKTPOHAMU. By He gaer mpsiMoro
BrJaja (T.e. B neppom nopsizike TB) B “pasnocrHbie” (BajieHTHBIE) CBOM-
crBa u B (O)P3IIO, HO oH MOXKET IPUBECTH K CYIIECTBEHHON DeaKCAInn

HE TOJBLKO OCTOBHBIX HO U BAJIEHTHBIX 000JI0UEK. DTa PEeJaKCAIMs, B CBOIO
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oudepe]ib, MOXKeT ObITh YUTeHa MPU CAMOCOTJIACOBAHHOM ydeTe OpeiiTOBCKO-
ro B3amMOJIeiCTBUS yKe B paMkax MeTona IXPDb.

Hutst BO anexkTponoB OpeiiToBekne 3hdekThl Oy1y T, KOHETHO XKe, 3aMeT-
HO DOJIbIIIE YeM JIJIsT BAJICHTHBIX, HO B B (DU3UKO-XUMUIECCKUX TTPOIECCAX
penakcaiusi BO 000/109eK mposiBsieTCsl Ha BaJEHTHBIX CBOMCTBAX OTHOCH-
TeJIbHO CJ1a00, M, IO3TOMY IIPU aHaJu3e OPEeUTOBCKUX BKJIAJOB OHU MOLYT

paccMaTpUBaTHCA KaK 3aMOPOXKEHHbBIE 000JIOUKHU.

Urak, B pacderax aTOMOB ¥ MOJIEKYJ MOXKHO IMOJIHOCTBIO MpeHeOpedh
BKJIAJaMU TUTIA, B,y 1 “3aMOpo3uTh’ mnocie oguoviekrporroro IXPb pac-
gyeTa OpeiiToBcKue BKJIa bl 0T B3auMoaeiicteust ¢ BO obooukamu Tuna By
u B,. Ilocnennue 4nensl BMecTe ¢ BKiaJaMu TUNA By IPUBEYT K BKJa-
nam B norentmainsl Uy Ha craguu rerepanuu (O)PIIIO or xaprpu-do-
KOBCKOI'O T10JIs1 3a cueT y4deta pesakcaiuu 1O u BO cocrosinuii npu BKJIIO-
qeHnr OPEeRTOBCKOrO B3amMoieiicTBus. DMH(MEKTUBHBIE OIHOIEKTPOHHBIE
onepaTopsl Jijid OpefiToBCcKuX BKiaJoB THna B, na npocrpancrse BO
u B sjekTpoHosB, B%, UMEIOT TOT K€ BUJI, YTO U OOMEHHbBIH 3aBUCSIIII OT
crimHa, f —w BKJIAL XapTPr-POKOBCKOTO TIOJIS OT 3aMOPAKUBAEMbIX CITHHO-
poB B norennuaJje Oynzunaru. B pesynbrare, adpdekTuBHbII omepaTop oT
OpERTOBCKOrO B3aMMOJIEHCTBHUSI C YIETOM CIJIAXKUBAHWS CIIMHOPOB B OCTOBE

MOXKET OBITH IPEJICTABJIECH B BHJIE

B¥ =3 ViJ'(r)Py,
lj
KOTOPBIfl MMeeT Ty Ke CIUH-YIJIOBYIO CTPYKTYPY, UTO U CTAHIAPTHBIA pa-
JnaJbHO-JOKaJIbHbII omepaTop POIIO. Takum obpaszom, oH MoxeT ObITH
HEIOCPEJICTBEHHO yuTeH, ecyu st renepanun BO u B bucninaopos pera-
iorcs ypapHenusi JIX®PB Bmecro ypasuenuit JIX®D , ojHako B mpoiiejype
uaBepcun ypapaenuit X@ npu BbIYUC/I€HIE KOMIIOHEHT 3 (OEKTUBHOIO 110~
TEHIUAJIA UCTIOJIH3YETCS OOBIYHOE MEXKIJIEKTPOHHOE KYJIOHOBCKOE B3aWMO-
JeiicrBue, a He B3aumojeiicrBue Kysona-Bpeiita. [Tocie gero, ecrecrtBen-
Ho, B POIIO pacuerax cjemyer yIuThIBaTh TOJIHKO KYJOHOBCKOE B3aMMO-
JEeACTBIE MEXKJLY JIEKTPOHAMH, YTO TO3BOJUT B HECKOJIBKO Pa3 COKPATHUTH
ancyio (M BpeMsi pacdera) JByX3JIEKTPOHHBIX MHTEIPAJIOB [0 CPABHEHHUIO CO
cJlydaeM, KOTJla PEeJISITUBHCTCKOE MEXKIJEKTPOHHOE B3aMMOJIEHCTBUE pac-

CMaTPUBa€TCA ABHBIM o6pa,30M.
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Pacuers! sHepruii Bo30ykaeHus aja aTroMma skaraaiudg (E113)

Pesysnbrarsl pacderos aroma skatasust (E113) mpexcrasiensr B Tabim-
e 3.5. Ilorpemuocr OPIIIO cobpanbr B aBe rpymmbl. Omunbry s 1me-
PEXOJIOB 6e3 u3dMeHnenu.s IUCIa 3aloHeHnsT 000109Ku 6d oueHb MaJibl. [1o-
I'PEITHOCTHU K€ JIJIsi TIEPEXOJIOB € USMEHEHUEM TNCIIa 3AIIOJHEHUsT 000JI0Y-
ku 6d — okosio 400 cm~l. Tlocsiennue Bce K€ MMEIOT CHCTEMATHYECKMUIl
XapakTep, OHU OObSICHSIOTCS TeM, 9TO 000si049Ka 6d B UCIOIB3yeMOit Bep-
cuu OPII10O onuckiBaiorcst 6€3y3/70BbIMU IICEBIOCITHHOPAMU. DTH OIINOKH,
€CTECTBEHHO, MOTYT ObITh yMEHBIIEHBI Ha MOPSIOK (K Oosee) Mpu BKJTIO-
yenuu dd-3mekTponoB B OPIIIO pacuer saBHbIM 0bpazom. pyroii, bosee
9KOHOMUYHBI criocod ymenbiiernst 3tux OPIIIO ommbok (g0 mopsijika

BGJII/I‘{I/IHBI) OIMCBHIBAETCS B riiase 4.

3.5 Yd4eT OCTOBHO-BAJIECHTHBIX KOPPEJIAINii TOCPeCTBOM
OP3IIO

Ha npumepe aroma pryru B paborax |87, 147| Obuta uccieqoBaHa BaXK-
HOCTh yd9eTa KOPPeJISNuii BHYTPEHHUX OCTOBHBIX JIEKTPOHOB C ITOMOIIHIO
kombunuposanuoro merosa TB2 /KB [173] u merona PCK [16, 159]. TToy-
9EHO, YTO MO MEHbInel Mepe jijis 34 BHENIHUX JEKTPOHOB (3aHUMAOIINX
1O obomouky 4 f, BO obosmouku 5s, bp, bd u BajenTHbie 0b6004uKku 65, 6p 1
T.JI.) ATOMa PTYTHU JIOJIPKHBI OBITH yUTEHBI KOPPEJISIIUY 1 OTHOITEKTPOHHBI
6a3ucC JJOJKEH UMETh FAPMOHUKHY BILIOTH JIO YIJIOBOIO MOMEHTa, h JIjist TOTO,
9TOOBI JIOCTUYb HAJIEXKHOI'O COIVIACHS C SKCIIEPUMEHTAJbHBIMUA SHEPIUSIMU
nepexojia B HU3KOJIeKalue cocrosuus B npejenax 200 cm™!) Torma Kak
OMIMOKAM¥ OT UCIOJb30BAHUS PA3JUUHBIX MOJIENEl s/ipa, KBAHTOBO-3JIE€K-
TPOJUHAMUYECKUME 3PPEeKTaMu U T.II. MOXKHO IpeHeOpeub. B nmporuBHOM
cirydae, HampuMmep npu ucnojb3opanuu 2031-PIII0O, usBecTHBIX U3 JuTe-
paTypbl, SHEPIrUU BO3DYKIEHUsI U3 OCHOBHOI'O COCTOSIHUSI HE MOTYT ObITH
BBIYUCIICHBI C TOYHOCTBIO BhIme, yeM 300-600 cm™L.

B 10 ke Bpemst HAIlIM TECTOBBIE PACYEThI MOKA3AJIM, ITO OCHOBHOMN BKJIAT
(okoso 80%) or Koppessinuii ¢ BHyTpeHHe# OCTOBHO# 00osoukoit 4f B
TB2/KB pacuere ocymecrsisiercs 3a caer oguotekTpornoro TB2 Bkia-

Jla TUIA COOCTBEHHOW YHEPIUH, & 3HAUYUT ITOT BKJIAJ MOXKET ObITH yUTEH
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nocpeictBoM 2091-OPIII0O yxke Ha cTagun ero reHeparuu, T.e. 3(pdeKTh
KOppeJIANyH ¢ 000/109K0i 4 f MoryT ObITh BKJO4UeHbI B orepaTop OPIIIO.
Cxema nocrpoenust “koppesuposaroro” OPIIIO (KOPS3IIO) 6buia Briep-
BblE IpeJIoKeHa HaMu B pabore [85], B neit mocpegcrsom KOPITIO omnu-
ceiBatorcst Koppesstimu tuna 1O-MO, NO-BO u NO-B, yunthiBas ma-
JIYIO PeJIaKCAIMi0 BHYTPEHHUX OCTOBHBIX 000J0UEK MpH (POPMUPOBAHUN
XUMHUYECKOil cBsi3u. B mpernusnonubix MosekyasapHbix KOPIIIO pacue-
tax Koppesisinuu tuna BO-BO, BO-B u B-B goskHbl yauTbiBaThHCS SIBHO.
Bosspaiasics k pacaery aroma T1u mosexyiibt TIF (em. pazesn 3.3), mox-
HO CKa3aTh, 9TO 3aMETHOE YJIydIIeHHe TOYHOCTH TAKXKe CJIEIYeT OXKUJIATh
npu ydere Koppessiuit ¢ 4f,5s u Hp obomoukamMu Tasns U OPEHTOBCKOTO
B3aumoieiicTust mocpeactsom 219i1/83¢-KOPIIIO, B kotopoM Tosibko 13
BHEITHUX 3JIeKTPOHOB T1 paccMaTpuBaioTCst IBHO, KAk W B TIPEICTABIEHHBIX
B pazjzene 3.3 pacueTrax.

[Tepoie KOPIIIO 6b11n mocTpoenbl MOCSTHHBIM ¢ UCTOJIB30BAHIEM
J1Byx MeTosioB yueta koppessinuii, TB2 u PCK-O/I, ¢ BHyTperHrIMEI 0CTOB-
HpIME obostoukamu [86]. Oxmako, xors npumenenue 2031-KOPIIIO k ato-
My PTYTH U IMPUBEJIO K 3aMETHOMY YJIYUIIeHUIO 9 (HEKTUBHOCTH PACIETOB
(T.€. K yBEJIMUEHUIO TOYHOCTH TIPU TEX 2KE BHIYMCJIUTEIIbHBIX 3aTPATAX ), BCE
’K€ BBISIBUJINCh HEKOTOpbIe HejgocTarky BapuaHTa renepamun KOPIIIO,
PeJVIOKEeHHOrO B pabore [85]. MocsirunbiM ke Obuia paspaborana Moju-
duKamys MocaeaHero, KOTOpyIo MpearnoaaraeTcsi peajn3oBaTh B JajIbHei-
mem ¢ ucnojan3oBaruem meroma PCK-OJl. 3ameruwm, aTo ycrnemnmnast pea-
smmzanus kounenunn KOPITIO mospoanT kKapAuHAJIBHO YMEHBITATH YUCIIO
SIBHO KoppeJsupyembix 3nekTpoHoB B KOPIIIO pacdere Ha ypoBHE Xu-
MIYECKON TOYHOCTH (¥, TEM CaMbIM, B COTHH pPa3 COKPATUTH BBHIUUCIIH-
TeJbHBIE 3aTpaThl) Mo cpaBHeHuo ¢ “obbranbivu’ OPIIIO pacueramu, B
KOTOPBIX YaCTh BHYTPEHHUX OCTOBHBIX 0DOJIOUEK HEOOXOJANMO KOPPEIHpPO-
BaTh SIBHBIM 00pa30M, He FOBOPST y2Ke O pacdeTax ¢ JPYTUME BapHaHTAMU
POII1O. Ilpu ucnonwszopanun KOPIIIO B pacuerax MoxKeT ObITH TaKXKe
CYIIIECTBEHHO PEIYIUPOBAH ATOMHBIA 0a3ucC, TpeOyeMblil JIJIst JJOCTUXKEHUST

BBICOKOI'O YpOBHA TOYHOCTH.
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A
m,m/ anjm,nljm;n’l’j’m’,n’l’j’m’ -
. A A
6nn’6ll’(5]]’ Zm,m, anjm,nljm’;nljm’,nljm) U OOMEHHOTO (Zm,m/ anjm,n’l’j’m’;n’l’j’m’,nljm’ JJ1d

nlj # n'l'j') B3aumonelicTBuil Mexay momobonoukaMu aroMa Ba (ms cocrosiHus,

Tabmuna 3.1: Duepruu (B cm ') kysnonosckoro (Y.

yCpelHeHHOTO 10 Hependart. 6s'6p! kondurypamuu) B JIXD u 1051.-OP3TIO pacuerax.

nlj n'l'j’' AV (IXD) V' (OP3II0) V-V VIV
Kynonosckue unrerpanst gius BO-BO B3aumoneiicTBuit
551/2 551/2 0 238186 236359 -1827 0.992
551/ 5p1/2 0 447568 444473 -3095 0.993
5512 5p3/2 0 873789 867693 -6096 0.993
5p1/2 5p1/2 0 212067 210780 -1287 0.994
5p1/2 5p3/2 0 830684 825683 -5001 0.994
5p3/2 5p3/2 0 1221658 1214432 -7226 0.994
op3/2 5p3/2 2 -44134 -46578 -2444 1.055
O6wmennbie uaTerpasisl i BO-BO B3aumoaeiictBuii
551/2 5p1/2 1 51113 53813 2700 1.053
5512 5p3/2 1 97083 102905 5822 1.060
5p1/2 5p3/2 2 44795 47357 2562 1.057
Kyonockue warerpassr s BO-B B3aumozeiicrBuit
551/2 651/2 0 102670 102537 -133 0.9987
551/2 6p1/2 0 26124 26101 -23 0.9991
551/2 6p3/2 0 50609 50562 -47 0.9991
5p1/2 651/2 0 101695 101581 -114 0.9989
5p1/2 6p1/2 0 25974 25956 -18 0.9993
op1/2 6p3/2 0 50325 50286 -39 0.9992
5p3/2 6512 0 202647 202419 -228 0.9989
5p3/2 6p1/2 0 51836 51799 -37 0.9993
5p3/2 6p3/2 0 100437 100361 -76 0.9992
O6wmennbie naTerpass aiss BO-B B3aumoneiicrsmii
5512 651/2 0 1784 1718 -66 0.9630
5p1/2 6p1/2 0 342 333 -9 0.9718
op3/2 6p3/2 0 679 660 -19 0.9722
5512 6p1/2 1 173 186 13 1.0761
551/2 6p3/2 1 365 395 30 1.0831
5p1/2 651/2 1 991 1030 39 1.0394
532 6512 1 92241 2311 70 1.0312
Kynonosckue unrerpassl a1 B-B B3aumoneiicreuii
6512 6p1/2 0 11461 11460 -1 0.99994
6512 6p3/2 0 22391 22390 -1 0.99993
OOMeHHBIE HHTErpaJibl 11 B-B B3auMogeiicTBuit
651/2 6p1/2 1 1175 1177 2 1.00168
651/2 6p3/2 1 2193 2198 5 1.00210
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Tabnuna 3.2: DHeprum mepexona MeXKIy COCTOSHUSIMH aTOMa Oapus, yCpeTHEHHBIMU

110 HepeJATHBUCTCKUM KoHbuUrypanusam (B cM ™).

JIXD OP3IIO XD OP3IIO
Yucno 31-08 56 10 Bce cnuHOPBI 3aMOPOKEHBI
Ouepruun AOcCoJIOTHBIE DHEPIuu AbGcomorHbIe
Koudwurypamun mnepexoaa ONIUOKU  TIepexoaa omubOKu
5525p%652 —
5525p%6s'6p* 10564 -6 10201 -4
5525p%6s! 34527 -4 34653 -4
5525p%6pt 53712 5 55018 -4
5525p° 110070 -1 109953 -12
5525p%652 —
5525p°6526p* 154825 440 161724 88
5525p°6526pt —
5525p°652 29606 22 31802 -21
5525p°6s'6pt 47760 8 54354 -70
5525p°6s! 111974 25 116639 -101
5525p%65s2 —
5515p65%6p* 307454 745 315517 101
5515p%6526pt —
5515p%652 29908 -35 32066 -47
55t5p86st6pt 47586 117 54612 -29
55'5p®6st 112220 93 117161 -85
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Tabmuna 3.3: Pacuers! coumH-0pOHTAIBLHOTO pacIIelIeHHsd OCHOBHOTO COCTOSHHSA 2P° B
arome T1 (comumopst |[. . .], 5d 3amopozxkenst nocie CCII pacdeTa cpeHero mo HepeasTh-
BUCTCKO# KoHurypanuu [...|6s%6p).

MeTtox CO pacmenyienne B cM ™!

CnuropHBIi Gas3uc: [7,7,5] |7,7,5,3] [7,7,5,3,1]
JIX® /351-KB [85] 7120 7182 7206
91571/183c-OPSITO /35:1-KB [85] 7133 7187 7211

CnuH-opOUTAILHBIN Ga3uC: [4,4,4] [4,4,4,3] [4,4,4,3,2]

21551/183c-OP3I10/351-MCJI-KB

(ITosoe KB)
(2Byy, 2Bay, ? B3, nenpus. npeact. Do) 7305 7373 7398
(...42A,,"Buy, *Boy, *Bau, *A,) 7133 7205 7230

2151/83c-OP3I10/13510-MC/I-KB +

T=0 + IIIIKB
(2 By, 2Bay, ? B3, nenpus. npeact. Do) 7332 7222 7517
(... 424y, Buy,*Bou, * Bau, " Ay) 7146 7044 7380
CnuHopHBIH Oasuc: [35,27,21,15,9,6,4]
JIX® /3550-PCK [172] 7710
DkcnepumenT [174] 7793
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Tabsmuua 3.4: OPIIIO/MC/I-KB pacuersl CleKTPOCKONUYIECKUX TTOCTOSTHHBIX OCHOB-

HOrO cocTosguus Mojtekyasl T1H.

R, We D,
Merog, (A)  (em™1)  (3B)
SOCIEX: TI [8,8,5,2] + H [4,3,1]
(Paxosur 1 Mapuan, 1997 [175]) 1.86 1386  2.13
13e-RECP/SOCL: TI [4,4,4,1] + H [4,2]
(du Jlabuo u Xpucruancen, 1998 [176]) 1.912 1341  1.908
13e-REP/KRCCSD(T): Tl [4,5,5,1] + H [3,2]
(JIn u ap., 1998 [177]) 1.910 1360  2.02
91e-REP/KRCCSD(T): T1 [4,5,5,1] + H [3,2]
(Xsn m gp., 2000 [178]) 1.877 2.00
91571/83¢-OPDII0 /1450-MCJI-KB: T1 [4,4,4,3,2] + H [4,3,1]
(Turos u ap., 2001 [89)])
37 ocHoBHBIX KOHD., T=0.1 1.858 1481 2.03
— 4+ VIICB 1.872 1446 1.984
—— + T=0 + IIIIKB 1.858 1453 2.10
————— + T=0 + IIIIKB + VIICb 1.872 1410 2.026
320 ocuoBHBIX KOHOD., T=0.05 1.866 1408 2.23
+ T=0 + IIIIKB 1.858 1449 2.124
+ T=0 + TIIIKB + YIICB 1.870 1420 2.049
Akcnepument (Cpynacrpém n Banbepr, 1938 [179]) 1.866' 1390.7 2.06
Okcnepument (Ypbau u ap., 1989 [180]) 1.872% 1391.3

IXp106ep u Tepubepr(1979) [164] ony6iukosanu Bemmanny 1.87 A, koTopas MoxkeT GbITH

BBIYMCJIEHA U3 BPAIATETbHONW TTOCTOSTHHON B,.

2Jra BeJIMUMHA BLIUUC/IEHA HAMH U3 B,.
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Tabmuna 3.5: Dueprum nepexoia Mexiay JIXPI' cocTogHuAMEM aToMa IKATAJINA

(E113) u omubku ux BocmpousBejgenusi B pacuerax ¢ 21 spekrponusivu OPIIIO u

POI1IO Hama u np. Bee Bemumas B e~ .

113-s1.  Brmax OP3- P3IIO
JOXOT! Taymra I10? Hamal

Koundurypanus Ouepr. JIX®I' Ab6comorHas
mepex. - JIX® omuoKa,
6d3,,6ds 757 )3TD) ;o (J=1/2) —
6dlg 5605 3757 )5 TP3 5 (J=3/2) 25098 347 -23 282
6dl3 563 5757 5851 )5 (J=1/2) 34962 374 0  -186
6dy 563,757 ,6f (mepen.ycp.) 50316 395 6 148
6ds56d5 757 559" (Hepen.ycp.) 52790 395 6 148
6d;56d3 ), 757 ),7d" (nepen.ycp.) 45215 395 6 161
6dg,,6d3 5757 5(J=0) 57180 395 6 148
6d3 5605 3751573 15 (T=1/2) 61499 -60 32 4830
6d3,6dS ,75] ,7p] 5P} (Peycp.) 83177 248 4 5177
63,5603 57515 TP3 5 (PeT1.yCP.) 112666 624 -9 5729
6d3,,6d3 3751 5 7p1 )5 (Pe1yCD.) 115740 268 -2 5161
6dls56ds 751 ), 7P3 5 (PeTLYCP.) 149526 678 -10 5811
6d3,,6d2 )75t 5 (J=1/2) 234385 796 4 6151
6dl3 5605 757 1, TP3 15 (J=5/2) 47410 -778 403 -2389
6d2 ,6d3,,753,Tpt ) TpY , (pemycp.) 74932 424 341 -2089
6dg56d3 /575757035 (PeyCD.) 110435 -6 306 -1556
63 5645 1,757 ),TD3 15 (T=3/2) 78862  -416 375  -2272
603 ,6dS 5753 5Pt 5Ty (PeLycp.) 104097 86 405  -1968
63,605 5757, TD3 5 (Pe1.yCD.) 137083 306 473 -1436
6d3 5603 1,757 )5, Tp1 5 (Peyep.) 110139 -407 380  -2317
6d3,,6dz 753 )3 7P3 5 (PEILYCD.) 150116 45 338  -1679
603,645 5753 31 )5 (Perycp.) 139841 65 439  -2184
643 ,6dS 753 5Py 5 (Pem.ycp.) 177157 361 506  -1541
6dls56d3 757 )5(J=5/2) 239509 158 408  -1603
635635757 5(J=3/2) 267208 481 579  -1431

1113-snexTponnsiii pacuer merogoMm JIX®P ¢ ydeToM MarHUTHONH 4YacTH GPefTOBCKOrO
B3aumoseiicteus (laynra) u mozmenbio sijapa @epmu s A=297.

20P3II0 crenepuposan Ha ocHose JIX®I pacuera.

SPIIIO us paborst [181] crenepuposan na ocuose JIX® pacuera.
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I's1aBa 4

CamocornacoBanable OP39I1IO maga d n
f amemMeHTOB

ATOMBI ¥ MOHBI IIEPEXOJHbIX METAJJIOB, AKTUHUIOB ¥ JIAHTAHUJIOB UMEIOT
HECKOJIbKO COCTOSIHUI, OJIM3KKUX 110 SHEPIUU K OCHOBHOMY, HO pa3Jindaio-
IUXCsE Yucjamu 3anojinenus d u/uin f 06oo4ek. DT0 CBA3AHO € TEM, YTO
oTkpbIThie (n—1)d obosouku nepexopubix Merauios u (n—1)d, (n—2)f
00OJIOUKY aKTUHUJIOB ¥ JIAHTAHUIOB UMEIOT HEOOIbIINe, OJIM3KIe K BAJIEHT-
HbIM NS, NP 0060JIOYKAM OJJHOMIEKTPOHHbBIE 3Heprun (cMm. Tabsuiyy 4.1), mo-
9TOMY JIEKTPOHHbINA IIEPEXO0J] MEXKY HUME CJ1ab0 U3MEHSIET HOJIHYIO SHEP-
ruio aroma. C TOYKE 3pEeHUs SHEPreTUUECKOH Pas3IesIeHHOCTH BCE 3TH 060-
JIOUKHU CJIeJIyeT PacCMATPHUBATL KaK BAJIGHTHLIE U UX HYXKHO SIBHO BKJIIO-
garh B pacder ¢ POIIO. Opnako, (n—1)d, (n—2) f u ns, np 06onouku nme-
0T CYIIECTBEHHO Da3Hbie CpejHue paauychl (cMm. tabuuiy 4.1), KoTopbie,
KaK [IPABUJIO, HAXOAUTCS B CUJIbHON 3aBUCUMOCTH OT IJIABHOI'O KBAHTOBO-
ro uucia n. C TOYKK 3peHust MPOCTPAHCTBEHHON pasienennoctn (n—1)d
v (n—2)f 06ONIOYKN MOKHO CUMTATH BHEITHUMU OCTOBHBIMHU, & NS U NP —
BaJICHTHBIMU 000s109Kamu. Cjie0BaTeIbHO, MOYKHO MOCTPOUTEL HECKOJLKO
BapUAHTOB “BaJIeHTHBIX U “0cTOBHBIX PIII0, cooTBeTCTBYOMMUX pA3SHOMY
BBIOODPY MPOCTPAHCTBA SIBHO YUACTBYIOUINX B pacdeTe 3JIEKTPOHOB, KOTO-
pble OyIyT 3HAYUTEILHO PA3INUIATLCS KaK MO TOYHOCTH, TAK U IO BBIUKC-
JINTEJILHBIM 3aTpaTaM. Kak yKa3bIiBajaoch paHee, HaMu OyIeT IPUMEHSIThCSI
IPOCTPAHCTBEHHBIN IPUHIIAI PA3/IeJIeHUsT 000J0UEK Ha BHEIITHIHE OCTOBHBIE
¥ BaJIeHTHbIE (4TO OOBIYHO HAXOUTCS B XOPOIIEM COIJIACUH C PA3JIeJEHIEM
BO u B 060s104€K 110 ryIaBHOMY KBAHTOBOMY YHCILY ), KAk GoJiee mojxosi-
UA JIJIA HAIIUX [eJIei.

Byaem nanee ucnonbzoBarsh oboznadenus BO” g BO d u/unu f o6o-

JIOYEK, KOTOPbIE MOI'YT OBITD OTKPBITbI B HCCJIEAYEMbBIX COCTOAHUAX aTOMaA,

115



N~ — sl UX 9KCeJs 3alOJHEHUsI, a Tome — JJISA CPEJHUX PAJUYCOB ITUX
obosouexk. st ocranpabix ke BO obomouexk (s, p Tuma, a 7151 IAHTAHUIOB
¥ AKTUHUJIOB, BOBMOXKHO, ¥ d THIIA), JIEKAIIUX [0 IHEPIUU CYIIIECTBEHHO
riybxke, OygeMm mcnonbsosarh abopesuarypy BO<. Msmenenune uuces 3a-
nontenuss y BO” obosiouek Ha 1 IPUBOJUT K BO3MYIICHUIO C AMILIUTY 10
~ 1/Tome B OOTACTH MX JIOKAJIU3AIMH, CYIIECTBEHHO BIIUSIOMIEMY TaKkKe U
Ha BO< 000/104K1, KOTOpbIE JIOKAJU30BAHLI B TOH K€ OCTOBHOI 0bJacTu
(xorst 1 HeCKOJIbKO rury0xke). OUeBUIHO, YTO PEJIAKCALMS TTOCJHEHUX MO-
KT 3aMeTHO OTPA3UThCs Ha n3Menenuu csoiicTs BO” u BajenTHBIX 060510
gek aroma. [loaromy B pacuere ¢ POIIO morpemnrHocTb BOCIIPOU3BEICHUST
SHEPTHIT TTEePEX0Ia MEXKJLY COCTOSTHUSIMU C PA3JIMIHBIMIA 9UCIAME 3AIOJIHE-
st N~ ropas o Bbillle, YeM SHEPIUil epexoa ¢ U3MEHEHUEeM YHCeJT 3aI01-
HEHUsI TOJIbKO BaJIEHTHBIX S, P . . . 000JI0UEK, XOTs M0 abCOJIOTHOMN BeJIMINHE
9TU SHEPIUU Tepexojia cpaBHuMbl (cM. Tabsmnub 4.2-4.6). 3menenus xe
BaJIEHTHBIX 0DOJIOYEK, BBI3BAHHBIE M3MEHEHUEM WX JHCEJ 3AIMTOJHEHUs 33,
cyeT BO3OYXKIEHUS UM 00PA30BAHWMS XUMWIECKOW CBSI3W, HE MPUBOISIT K
3HAUYUTEIbHON peslaKCalliy BHEITHUX OCTOBHBIX S, p, d 1 f 000JI0UEK B I1ep-
BYIO OYepeJib U3-3a CYIIECTBEHHO MEHBIIIETO CPETHETO PAJINYCa, MOCTETHUX.
(Bosmyiuenue Bo BHelIHEH OCTOBHO# 00s1acTH 38 cYeT S—p BO30Y K ICHUsE
BaJIGHTHOI'O 3JIEKTPOHA UMEEeT aMIUIUTY Ly NopsiiKa 12, /T2, rie ry — cpej-
HUI PaJMyC BaJEHTHBIX O0DOJIOYEK, UTO, C yIETOM TUIUIHOTO OTHOIICHUSI
Tv/Tome ~ 2-+3, Ha MOPSJIOK MEHbIIE AMILUIUTY/IbI BO3MYIIEHUS, 00YCIOB-
sennoro Bo3Oyxenrem BO ssekTpona.) Beimenpusejenubie paccyxkie-
HUST XOPOIIO MOJTBEPXKIAIOTCS SKCIEPUMEHTAIbHBIME JaHHbiMu [17].
HawnboJiee 5KOHOMUYHBIMY B CMbICJIE BBIYUCINTE/IbHBIX 3aTPAT SIBJISAIOT-
cst takue POIIO, koropbie siBHo He BkJIO4aiorT BOS sjiekTpoHbl B pac-
gerT ¢ 3ddexkTuBHbIM noTeHIMaOM. OJIHAKO, UCIIOJIb30BAHKUE TPUOJINKe-
HUS 3aMOPOXKEHHOT'O OCTOBA, JIJIsI 9TUX JEKTPOHOB MPUBOJIUT K JOBOJHHO
OOJIBITION TTOIPEITHOCTY TIPU pacdeTe COCTOSHUN, OTIUYAIONINXCS OT MOJIe-
Jupyemoro 4nciaaMu sanogaenns BO~ obonouek. Jliist JOCTHAKEHNs XOPO-
et ToaHocTu npu pacdere ¢ Takumu POIIO ciemyer obecrieanth, 9TOOBI
qrcaa 3anojHennst N~ B MOAEIUMPYEMOM COCTOSIHUM ObLIM Obl JI0CTATOY-
HO OJIUBKU K COOTBETCTBYIOIIMM YUCTAM 3aIOJHEHUS B PACCUYUTHIBAEMOM
COCTOSTHUH. DTO MOXKHO CJIEJIATH 33 CUET IMTOCTPOEHUS HECKOJBKUX BapHaH-

toB PIIIO, pasnuyaomuxcs MOAETUPYEMbIMU COCTOSHUSIMU, ¥ HCIIOTH30-
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BaHMs B KaXkJIOM KOHKDETHOM pacuere HaubOJiee MOIXOISAIIEr0 BAPUAHTA.
OnHako, JAHHBIA MOJIXOJ HEMPUMEHWM, HAIPUMEpP, B pacdeTax dHEpPruif
epexoa MEeXKy COCTOSAHUAME ¢ pasiandabiM N7

B pa6ore [182] POIIO crpousuch jijisi aTOMOB [EPBOrO Psijia IIEPEXO/I-
HBIX 3JIEMEHTOB, B KOTOPBIX COCTOSAHUA 181 /9-3p3/9 BKIIIOUAJIUCH B OCTOB,
Heckonbko BapuanToB POIIO 0bL10 mOCTPOEHO st KaKJIOI'O aToMa, KC-
OJIB3YSI MOJIEUPYEMble COCTOSHUSI, PA3IUYAIONIAECS UHCIAMEI 3aI0JIHe-
uust 3d obosiouku. 3arem KommoueHTbl PIIIO Obuin yecpegHeHb! 1Mo 3mum
qUCsIaM 3aloJHeHUs (C HEKOTOPBIMHU 3apaHee [OJ00PAHHBIMK BECAMMU) JIJIst
TOr0, 4TOObI UCIIOJIB30BATH KX BMECTO OObIYHBIX KOMIIOHEHT B JAJIbHEH X
pacuerax. Jlannasi cxema reneparnun PIIIO mosBosmia MOBBICUTH TOY-
HOCTh pacuera sHepruit nepexonon 3d"4s? — 3d"14s! u 3d"4s? — 3d"+2
B 1.2-3 pasa 1o cpaBHeHHUIO ¢ paHee ucnojab3yembiMu POIIO.

Urak, acpdekTuBHbIE TOTEHIUAJBI, TTOCTPOEHHBIE JIJI MOJEIUPYEMbIX
COCTOSTHUH, Pa3IMIaIoNuXcs dnciaaMu 3anogaenns BO~ MoryT cymecTsen-
HO pasyimdaTrbcsi Mexk Ly coboit. Hanporus, POIIO, mocTpoennbie mjst Mo-
JEJTMPYEMbIX COCTOSTHHUH ¢ OJIMHAKOBBIMHA UnCIamMu 3anonuenns BO” (1 Tem
oosee BO<) obostouex, HO pa3IHIaOINXCs TUCIAMA 3aI0THEHNST BAJICHT-
HBIX 000JI09€K, OyIyT JOCTATOYHO OJU3KHU APYT K JApyry. UToObl MUHUMU-
3UpPOBAThH MOrperrHocThb npubirxkenns: POIIO npu paccmorpennn mporec-
coB ¢ Bo3OyxienuneM BO~ ajekTponos, B paborax [85, 92| 6bu10 npejio-
’KeHO 00aBUTh HOBBIE ‘CaMOCOrIacoBaHHbIe” djieHbl K omepaTopy PIIIO,
KOTOpPbI€ YUUTHIBAJIK Obl Pa3/jinirie KOMIIOHEHT 3(P(HEKTUBHOTO IOTEHIUAJIA,

JIUIST PA3HBIX YUCeJl 3amoyHenus N,

4.1 Cxema noctpoenus camocorisiacopanuoro (CC) PIIIO

Ucnonb3yemast B JaHHOM pPasjielie CXeMa, MOCTPOEHUsI ‘CaMOCOTIaCOBaAHHO-
ro” POIIO (CC PIII0O) onupaercs ua nponeaypy nocrpoenust CO PIIIO,
110/IpoOHO M3y10KeHHY0 B naparpade 1.4.3. [IosTroMy ToIbKO 0coOeHHOCTH

9TOM CXeMbl OyJIyT NPUBEJIEHBI HUXKE.

1. BrauaJie BoInoJHsIIOTCA OTHOIEKTpOoHHBIE [IX®D pacyeTsl JByX MO-
JIeJINPYEMBIX COCTOSIHWM JAHHOI'O aTOMa, Pa3IMYAIOIIMXCS UHUCIAMU

sanonaenns BO” obosouku d wnu f. B panbHeiiniem aTu 4ncia 3a-
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nosiHeHus obosHauarorcs Kak N1 u No.

. POIIO UM u UM crposarcs mjist 9THX MOAEIUPYEMBIX COCTOSHUIA,
UCIIONIB3Ys cXeMy, onucaHuyio B maparpade 1.4.3. Omeparop moysio-

kasibHOro POIIO s3amnuiem B BuIe

L 1+1/2
UY =BG+ U+ > (U5 () = U5(nIPy,  (41)
1=0 j=i-1/2]

rne EYi

N
core — 2Heprus ocrosa u U);* — panuasnpnble komnonentsl PIOIIO,

noJIy4eHHble Ipu 4ucie sanojinenus BO” obonouku d i f paBHOM
.99

N; (i=1, 2). Brimouenue “caMoCOrIacoBaHHON TOMPABKU B OMEPATOD

O606mennoro POIIO paccmarpuBaercst B pasjesie 4.3.

N
Dror oneparop orudaercst ot oneparopa (1.20) na Bennuuny El
KOTOpasi COOTBETCTBYET BKJIAJy B MOJHYIO SHEPIHMIO aTOMa y/aJIeH-
HBIX M3 PAcYeTa OCTOBHBIX JIEKTPOHOB U TONPABKU HA CIUIAYKHBAHWE

CIIMHOPOB $IBHO BKJIIOUEHHBIX B pacder obosodek. ENi  o6branH0 wC-

core
kJodaercs u3 pacaeroB ¢ PIOIIO, moroMy 4T0 OHA TOJMBKO CIBUTAET
BCE YHEPIETUIECKUE YPOBHU HA TMOCTOSTHHYIO BEJTMIUHY TTPU HEU3MEH-
HOM OCTOBE U He JIA€T BKJIaJa B SHEPTUH [T€PEX0/Ia U JIPYTUe CBOWCTBA.
B cinyuae ke camocorsiacoBaaHoro POIIO yuyuTbiBaeTcs HepaBeHCTBO
EM £EN: 1pu pacecmorpenun nmepexosios ¢ M3MEHEHMEM HHCa 3a-
nosiHerust N~ (1moapoOHblil aHasm3 9Toi SHepruu cM. B pasjede 4.2).
st Toro 4To6bl CKOMIIEHCHPOBATH OIIMOKH BOCIIPOU3BEJEHUS JIBYX-
9JIEKTPOHHBLIX HHTEerpajos B pacietax ¢ PIOIIO, koncranta ELi  BbI-
YUCIISETCS I MOAEIUpyeMoro cocrosinust ¢ N~ = N; Kak pasHOCTD
IIOJTHBIX dHEpruit u3 pacdera merogom XD u u3 pacyera ¢ oneparo-
pom PIIIO (1.20). Dra koHCTAHTA HE MOXKET ObIThH MOJYYEHA TOJHKO
U3 TIOJTHOIJIEKTPOHHOIO PacdeTa MOJEJTUPYEMOTO COCTOSTHUST JaHHOTO
aTOMa, MOCKOJIBKY TIOJIHBIE SHEPIUH JJIs MOAEJUPYEMOTO COCTOSTHUS,
MOJIyY€HHBIE U3 TIOJTHOJIEKTPOHHOTO PacyeTa U U3 pacdera ¢ Oreparo-
pom POTIO (4.1) e 6yayT coBnagaTh n3-3a MOrPENIHOCTEHR BOCIPOU3-
Besiennsi B pacdere ¢ POIIO KyJoHOBCKUX ¥ OOMEHHBIX WHTErDAJIOB,

9T0 ODYCJIOBJIEHO CIUTAYKUBAHUEM CIHHOPOB (CM. TVIABY 3 M CIIEILYIO-

it pas3zedn).
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3. Omeparop camocorynacoBannoro POIIO 3anuceiBaercs B Buie

USC —

N1 N2 N1 _ N2
UM+ U U U B N1+N2> , (42)

2 + Ny — No 2

rie N7 = (U|N~|U), a N~ — oneparop duncsia 3al0JHEHNST PacCMaT-

(v

puaemoii d (f) 060s0UKH, KOTODBIl B MPEJCTABICHUN BTOPUIHOTO

KBAaHTOBaHHS 3allUCBIBACTCA KaK

+1/2  j

> _ § : § : 51 5 :
N~ = anomclomcjmjanomclomcﬂmj ’ (43)

J=[1=1/2[mj==j

af

Homelomeh; (8,,clomejm;) — OIEPATOP POXKJiEHUA (YHUUTONKEHUA) J/ICK-

—_ N

TPOHA B IICEBJJOCOCTOSHUK |NomclomejTMj), COOTBETCTBYIONIEM MEPBO-
HAYAJIBHOMY aTOMHOMY OJHOJIEKTPOHHOMY COCTOSTHHIO |Nomclome i)
(Tome 1 lome — TVIABHOE ¥ OPOUTAJILHOE KBAHTOBbIE YUCIIA PACCMATPHU-

Baemoii d (f) obonoukn).

[TepBoe cnaraemoe B dopmysie (4.2) npejcrapisier cobO yCPEIHEHHYIO 10
gyucaaM 3anoiaHenuss N~ 4acTh omeparopa “camocoriacosannoro”’” POIIO
(B mpunmumne, ona anajgorundua PIOIIO, mpemmoxenunomy B pabore [182]),
a BTOpOe ciaraeMoe siBisteTcst nuddepennuaiboil acteio USC, korto-
pasi ONKCHIBAET M3MEHEHHE KOMIOHEHT 3(M(PEKTUBHOIO ITOTEHIMAJA [IPU
u3MeHeHur quces 3anonanenuss N~ (u koropast orcyrersyer B POIIO u3
paborbl [182]). Yepeanenunasi yacth oneparopa (4.2) MOXKeT IPUMEHSThb-
cst BMecTo 00braHOro oneparopa PIIIO kak npejaranocsk B pabore [182],
B TO BpeMs KaK JIJIsI BbIYUCTIEHUS AudepeHIua bHoil YacTu Tpedyercs
3HAHUE YUCIIa 3alonHeHnst pacemarpuBaeMoit d (f) obosouku. OHako, B
peasibHbIX pacderax onepaTop (4.2) Moxker ObITb BbIYKCJIEH KAK CAMOCO-
[JIACOBAHHBIN OJHOIEKTPOHHBIN OIEpATOpP, MOTOMY YTO CpEJHee 3HAYCHHE
oneparopa IN- ¢ IpobHOI BOJHOBON (yHKIMEH MOXKET OLITH ONPEIeJEeHO
o dopmyiie (4.3) na kaxmoit ureparuu (X®, MKCCII, CK u ap.) mpo-
ey Phl BLIYNCIEHNS BOJHOBOH (byHKINK O€3 CyIIeCTBEHHOIO yBEJINICHHUSI
BBIUUCTUTENBHBIX 3aTpaT. Besepcrsue Toro, uro POITO, nocrpoennbie mpu
Pa3HBIX YMCIaX 3amoaHeHuss N~ He OY€Hb CHJIBHO PA3/IMYAIOTCA MEXKILy

coboit juddepenipaibaas 4acTh oneparopa (4.2) He CJIMIIKOM BEJUKA 1
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ee BKJIIOUEHHE B IIPOIELYPY CaMOCOTIACOBAHKSA HE IIPUBOIUT K CYIIECTBEH-
HOMY YBEJIMUYEHUIO YUCJIa UTEPAIUil.

Us dopmyanr (4.2) Buano, uro geiicreue oneparopa USC na mcesmo-
CIIMHOPBI B CJIydYae COCTOSIHUI ¢ YMCJIaMU 3AIO0JHEHHS] PACCMATPUBAEMON
d (f) obonouku, paabivu Ni win Na, 9KBUBAJEHTHO JEHCTBUIO HA HUX
coorBercTByomux omneparopos PRIIO, UM uau UM,

HepocraTrkom ucnosib3oBanus omnepaTopa (4.2) Kak caMOCOrJIaCOBAHHO-
'O OJIHORJIEKTPOHHOIO ONEPATOPA, SIBJISETCs TO, YTO OH HE MOXKET KOPPEKT-
HO NPUMEHSATHCS B KAKOUW-J1n00 MTEPALMOHHOMN IIPOLELY PE JIJIst IPYIIIbI HU3-
Kostexkalux cocrosinnii { W} OJHOBPEMEHHO, €C/IM ITU COCTOSHUS UMEIOT
CYIIIECTBEHHO Pa3HbIe YUC/Ia 3amojiHeHus paccmarpuBaemoit d (f) 0bosou-
ku. OJHAKO, B JAHHOM CJIy4ae MOXKHO BbIUMCINTHL SHepruu {7} u npu-
6omkenmpie ncia sanomrenns (Wr|N>|¥;) atoit 060104KE ¢ yepegren-
HOW yacThio onepatopa (4.2). 3aTeM MONyYEHHBbIE SHEPIUU MOTYT ObITh

IOAIIPpaBJIEHbI C ITIOMOIIIBIO BEJIMYNH

(U UM — U™ |0y)
N1 — Ny

N1+ N
2 )

AEr = (U7 |N> ;) —

BBIUKCJIEHHBIX C UM HEPEHIUATBHON YacThIO OllepaTopa CaMOCOIIaCOBAH-
Horo PIIIO.

3aMeTrM, 9TO B MPENU3UOHHBIX PACYETaX CBOWCTB MOJIEKYJI C TSXKEJIbI-
ME aTOMaMM, KOTJIa KOPPEJISIUN CJIeyeT YINThiBaTh Kak s BO, Tak u
st 1O cocrosnmit 87, 88|, B dopmyse (4.2) mMoryT ObITH HCIONB30Ba-
HBI Koppesamuonnbsie BapuanTel PAIIO ama UM u UM (em. pasgen 3.5).
[Tpu 3Ttom He Tosibko O, HO u cambie BHyTpennue u3 BO cocrosinuit MmoryT
ObITh Tak ke stBHO nckJitodenbl 3 CC PIIIO pacdera ¢ moMombio TEXHUKA
3aMOpaKMBaHusA, cM. pasgea 3.3. Takum obpasom, Toabko BO~ obomoukn
Kakoro-janbo d, f sjmemenTa MOTYT OBITH STBHO 3aKOPPEJIUPOBAHBI B pacieTe
ero COeJIMHEHU, TOr/Ia KaK KOPPEJSIUu JJisi “Oojiee BHYTPEHHUX —DJIEK-

TPOHOB OYJIyT yUTeHbI yke Ha crajuu reepamnun UM u UMz,

4.2 KaajapaTudHad CaMOCOTJIACOBaHHasl ITOIIPAaBKa

CamMmocoryiacoBaHHasl MOINPaBKa IIO3BOJIAET BBIATH 3a PaMKH IIPHUOJIMXKE-

HHA 3aMOPO2KEHHOT'O OCTOBaA IIOCKOJIBKY OHa IIO3BOJIAET Y4IECTb USMEHEHHE
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komnoneHT OPIIIO npu usmenennn norennuaa CCII B Tom umcie u ot
BHYTPEHHUX OCTOBHBIX JIEKTPOHOB (T.€. MX PEJIAKCAINIO) IPU BO3OYXKIe-
HUKM BHEIIHUX OCTOBHBIX JIEKTPOHHBIX COCTOsIHUI cucreMbl. Kak BUIHO
u3 Tabsuipl 4.2 muist aroma cepebpa, Tounocts CC PIIIO gis mepexoos
MEXKJIy COCTOSIHUSIMHU, B KOTOPBIX YHCJIO 3anojHenusi 4d-000J09K1 PaBHO
7 uwiu 8, B 1.5-3 pasa BbIlIEe, YeM TOYHOCTb IIPUOJIMKEHHS 3aMOPOXKEH-
Horo ocroBa. OHAKO JIMHEHHOE TPHOJIMKEHUE M0 U3MEHEHUIO THCesT 3a-
[IOJIHEHMsI BHEIIHKX OCTOBHBIX ODOJIOYEK ONPABIAAHO JIJIsi OJHOIJIEKTPOH-
noit wacrtu (O)PIIIO (¢ norenunanamu Uyi(r), HoCTpOEHHBIME HA 00HO-
aAeKMpPonnbT oneparopax (2.9), KoTopbie, B CBOIO 04€Pe/ib, OTHOCUTE b-
HO c1ab0 3aBucAT OT m3Menenns N~), B To BpeMs Kak B Bequuuny BN
B BbipaxkeHun (4.1) JaloT BKIIAJ TAKXKE U 08YTIAEKMPOHHbE WHTEIPAJIbI,
OTMCHIBAIOIIIE MEXKIJIEKTPOHHOE B3aWMOJIEHCTBHIE.

Paccmorpum st d, f anemenTa nim ero coeinaennst GyHKIIMOHAIBHYIO
zapucumocth PIOIIO snepruit B cpaBHEHNN C MOJTHOIIEKTPOHHBIMU Pacye-
TaMU B [IEpexoJlaX, B KOTOPBIX 3JIeKTPOHbI jobasisiorcs B BO” d unn f
00OJIOYKY HJIH yAAJIAI0TC U3 Hee. I1pu atoMm Gyaem cuutarh BO” mcesio-
CIIMHOPBI O€3Y3JIOBBIME, TaK UTO MOTPEITHOCTH, ODYCJOBJIEHHBIE UX CIUIa-
JKUBAHUEM, MOT'YT OBITh JIOCTATOYHO O0JIbIINMU. B KauecTBe TOYKM OTCUET],
BO3bMEM KOH(MUIYPAIMIO OJHOI0 U3 MOAEJUPYEMbIX cocTosinuii, N~ =N;, u

IPOAHAIN3UPYEM BKJIAJbI B OCTOBHYIO SHEpruio EVi  koTopyIo byuem yxke

core?
paccMmarpuBarh He Kak paszuocth XD u POIIO /CCII suepruii (T.e. HEKO-
TOpOe (DUKCHPOBAHHOE YUCJIIO) JJTsl 3aJaHHOM KOHMUrYypanum, a Kak GyHK-
mato or AN; = (N”—=N;), re. ENi. = EYi + §EN:i (AN;). Kak panee
YKa3bIBAJIOCh, IPU BO30YXKJIEHUMU COCTOSIHUI, OIMCHIBAEMbIX 0€3y3JI0BbIMU
[ICEBJIOCITMHOPaMu, TOYHOCTH npudsmxkennss OPIIIO, B npuniune, e Ha-
MHOT'0 BBIIIIE, 9€M TOYHOCTH CTaHIAPTHBIX MOJyJI0KaJIbHBIX PIIIO. ITosro-
My He CITelyeT OKuaaTh, uTo B crydae OPIIIO skaasr 8 SEN: (AN;) 6y-
JIyT NMpeHeOPEKUMbI [IPH PACCMOTPEHNUHN JaXKe HU3KOIHEPIeTHIECKUX BO3-
oyxaernit BO~ obonouek d u f 31eMenTOB, KOTOPbIE OOBIYHO U ONUCHIBA-
I0TCsA OE3y3JI0BBIMU PAAUAIbHBIMUA (DYHKIMSAMU.
CyiecTByer jiBa OCHOBHBIX UCTOYHMKA OIMUOOK, BHOCHMMBIX MPHUOJIMKe-
aueM (O)PIIIO npu Bosbyxaennem BO~ 31€KTPOHOB, KOTOPBIE 00YCTIOB-
JIEHBI JIBYX3JIEKTPOHHBIMU BKJIAJIAMU B 9HEPIUH HU3KOJIEXKAIIUX JIEKTPOH-

HBIX cocrosinuit: (a) meyder pemakcanumn O u 3amopaxkmsaembix BO<S
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crimropoB (cM. pazaen 3.3); (6) samena BO~ cnuHOPOB 6e3y3/10BbIME MCEB-
JOCIIUHOPAaMH, IPUBOJAINIAA K HOIPEIIHOCTU B OIMUCAHUU MEKIJIEKTPOHHO-
o B3aMMOJIEHCTBUS BO BHEIIHEH 0CTOBHON obsiactu. [Ipoanasusupyem 3tu

BKJIQJIbI.

Yder pesakcanuu MO u 3amopoxkenHbix BO< obosouek. Kak
MMOKa3aHO B paszjiesie 3.1, u3MeHeHne IHEPru B3auMOJIENHCTBUS MEXK/y 3a-
MOPOXKEHHBIMI OCTOBHBIMK U siBHO uaMensomumucs B PIIIO pacuere
BOB obonmoukamu yunrbiBaerca B POIIO ramumibroHnane KOppekTHO, €c-
Ju ucnojb3yemoe npubimxkenne POIIO ¢ BbICOKOI TOUYHOCTHIO BOCIPOM3-
BOJIUT CIIEKTD OJIHOJIEKTPOHHBIX (OPOUTAJIbHBIX) SHEPIHUi (JIBYXJI€KTPOH-
HbIE YK€ OIMMOKHU, 00YCJIOBJIEHHBIE CIVIAYKUBAHUEM CIIMHOPOB PAacCMaTpPUBAa-
(AN;)

oT yuera pejakcaiuu 3amoparkubaeMbix B POIIO pacuere ocToBHBIX 000-

foTcst B caeptytomem naparpade). Pacemorpum skiag B BN +ENi
JIOUEK. DTOT BKJIaJ OyieM 0003HAYAThH KaK Efjrv it 5E£] ‘(AN;), e nepBbiit
YJIEH, Efrv ' YUUTBIBaET PA3HUILY OCTOBHbBIX JHEPIUIl Y CCHIJIOYHBIX COCTOSI-
Huit t=1,2, a BTOpO#l 4jieH y4YUTHIBAET U3MEHEHUEe YUCJIa 3AIOJHEHUS Ha,
AN; y BO” d, f 060o/104eK paccMaTpuBaeToro COCTOSIHUA 110 OTHOLICHUIO
K CCBLIOYHBIM.

I[Tycts 6V1(~1/rome) — BO3MyIeHME BO BHeIIHe# OCTOBHOH 06JacTH,
BBI3BAHHOE J100aBJIEHIEM OJIHOrO 31eKTpoHa B BO” obonouky. g nHebosb-
moro uucna AN pobasienubix (+|AN|) nin ypanennsix (—|AN|) ssek-

TPOHOB, BO3MYIIIEHKE BO BHEIIIHEH OCTOBHOM 0OJIACTU MOXKHO OLIEHUTH KakK
SVAN = 6V1. AN + o(AN) . (4.4)

IIOCKOJIBKY 9TO BO3MYIIEHUE BCE 2Ke 3HAYUTEbHO MeHbIe ucxognoro CCII
nosist, geiicrBytomero Ha BO< u MO anekrpons (dro, ognako, He Oymer
MMETh MECTO Jijisi BAJIEHTHBIX JIEKTPOHOB).

Banuiem 1noJjiHyo BOJHOBYIO GyHKIui0 cucrembl ¢ N=N;+AN; B cie-
JIYIOIIEM BUJIE:

U= Ul 4 50 (AN) (4.5)
rje \Ilg’ — BOJIHOBast (PYHKIIMSI TON K€ CHUCTEMbI, HO C 3aMOPOXKEHHBIM
OCTOBOM OT 4-T0 CChLTOTHOTO cocrosinmst, a dWn (AN;) — nsmencrne BD,
00yCJIOBJIEHHOE pestakcanueil JaHHoro octoBa. C y4eToM MpPOCTPAHCTBEH-

HOI " SHepFeTI/IquKOﬁ OTACJICHHOCTH 3aMOPaKUBaCMbIX OCTOBHDBIX COCTOA-
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HUI OT OCTAJIbHBIX JIEKTPOHOB, 9TO U3MEHEHUE MOXKHO CIMTATHh MaJjbiM. C
ydaeTom mepBoro mopsiaka 1B mo Boamymiennio (4.4) 970 n3MeHeHNe MOXKHO

3arucaTh B coorBeTcTBrn ¢ (opmysoit (3.37) Kak

SUNI(AN;) = 6w (1) - AN; = 60 (1) - AN; . (4.6)

Ncnonb3ys Beipazkenud (4.5) u (4.6), MOXKHO 3alInCaTh BKJIAIbI OT “pa3-
)

MOpaKuBaHIs OCTOBHBIX obonouek B ENi + SENi (AN;) cnemyronmm

core core

0bpas3oM:
EY 4 6EN{(AN) ~ "+ al(N = N) +b)'(N = N2, (47)
e
et = By = (U H|ULY) + const
ag' = 2R (M (1) H| Y]
b’ = (005" (1)[HISWE (1)) + 2R [(§P0g (1) [H|Tg)]

2]y Vi
ol ]\I!fr (1) — nonpaska k B®, yuurbiBaoiias KBaJgpaTudHyio 3aBUCHMOCTh
or (N—N;) (B ocHoBHOM 3a cder BTOporo rnopsjka TB no paccMmarpuba-
eMOMy BO3MYyIIeHUI0). Bripaxkenne jyist 5Ef]rv "(AN;) B (4.7), KOHEUHO XK€,
OTJIMYAETCST OT BhIPAyKEeHWs JJisi U3MeHeHusi sHeprun 0 3a cuer maJioit

Bapuamnun BO UV=ULiU:
OF ~ (§U|H|6T) ,

eciiu BO U gpisercs Tounbim perienueM ypaBhuenuss HU=FEW¥. Ho mno-
ckoibky B® \Ifg’ odeHb Osm3ka K W, TO BeayIIuil BKJaJ B 5Egi(ANi),
YUUTBIBAIONUHA 3P MEKT pasMoparKUBaHUsi OCTOBHBIX 3JIEKTPOHOB, MOXKET
ObITH 34 CYET KBAJIPATUIHOIO UJICHA.

Bamerum, uto by' ~ by, ecim |[Nj—Np| ~ 1, aro BhImONHSCTCS IS
Beex crenepuposattbix Hamu CC (O)PIIIO, tak uro jyist COBMECTUMOCTH
paznoxenuit (4.7) B Toukax N; u N, re. Ef]rv1 = Ef]r\72+5Eg2(N1—N2) u
EY* = EN4 6 ENY(Ny—Ny) (pw yemorum by =b?) IOMKHO BHITIOMHSAT-
et

2(cy” — cp') = (ap® +ap') (N2 — N1) . (4.8)

Kak 1mokazano B Hallmx pacuerax (CM. Huke), npu BozOyxjenun BO~

9JIEKTPOHOB IIOLPaBKa, 0 K MOXKeT OKa3aThCs BECbMa, CYLIECTBEHHOIA.
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N; N N; . .

B koaddunmentsr ag,’, by’ n ¢’ OCHOBHOW BKJIaJ JAIOT B3aMMOAEHi-
CTBHUsI MEXK/y OCTOBHBIME SJIEKTPOHAMH, B TO BPEMSI KaK HEPIUsT B3AUMO-
JEACTBUST MEXKJLy BAJEHTHBIMU U 3aMOPOXKEHHBIMHU OCTOBHBIMU COCTOSIHH-
SIME U3MEHSIeTCsT CIabo MPU ydere PeaKCAlud MOCHETHUX U3-38 UX IIPO-
CTPAHCTBEHHON U 3HEPreTUYIeCKOU OT/IeJIEHHOCTHU, CM. TOoApa3iesbl 3.2.1 u

N
3.2.2. IIpu sTom, koapdunment ap,’ onuchiBaeT IJaBHbBIM 00Pa30M HU3Me-
HEHWMEe SHEPruy OCTOBA, IIPH ydeTe PEeJaKCALUU 3aMOPa’KHUBAEMbIX OCTOB-
N;

HbIX 000JI0UeK B I1epBOM, & bp,’ — BO BTOpOM nopsjke TB 1o Bosmye-
nuio 6V1 (4.4). C npakTuyeckoit TOYKM 3PEHUs, JJIs BHIYUCICHUs STUX
KO3(DMDUIMEHTOB JOCTATOYHO BHIYUCIUTE pasHocTh suepruiit F[U] — E[Wg]
IPU TPEX Pa3IMYHbIX uucaax 3anonuenus BO” 06omouky (MpupaBHsB ux
N, N, . .

K B *+0E.*(ANy), k = 1,2,3) ¢ 20CTaTOYMHO MPOU3BOILHON BAJEHTHO!

KoH(Urypalueit paccMaTpUBaEMOro aTOMA.

Vyer ommbok criaxkuBanusg BO~ cnumHopoB. B noxppasiesne 3.2.3
npuBejieHo Boipaxkenue (3.38) jyist sHepruu Bo30YyKICHUS HIEKTPOHA B OJI-
HOKOH(DUT'YPAIMOHHOM HPUOJIVKEHUH TIPU UTHOPUPOBaHUU 3PQPEKTOB pe-
Jakcanuu obosgodek. Ouesupno, 9To Tipu criiaxkusaann BO~ obosmodex
(cMm., Hanpumep, Tabuiyy 4.4) OmUOKM BOCIPOM3BEIEHUsT IHEPIHUl BO3-
oyxaenust BO” anexrpona B POIIO pacuere MoryT ObITh 3HAYUTEILHBI-
mu. TTockonbKy adbdekTsl pesakcanun (IBHO 3aMOPOXKEHHOIO B pacyere)
OCTOBa, IPOAHAJIM3MPOBAHbI BbIle, a pejaakcanusa BO~ 000104KH yuUThHI-
BAeTCsI sIBHBIM 00pa3oM, TO B JAaHHOM IMaparpade pacCMOTPUM BKJaJ B
EYi + §EYNi (AN;) TonbKo oT ydeTa omHEOOK BOCTIPOM3BEICHUA BYX-
9JIeKTPOHHBIX HHTerpaos ¢ BO” crmmopamu, EYi +§ENi(AN;), obycios-
JIEHHDBIX X CIVIAXKMBaHUEM. Byjiem Takske npenedbperars OJHOIIEKTPOHHbI-
mu otmbkramu npubsmxkenust (OP)II1O, nonarasi, 410 0j1HOIEKTPOHHbIE
SHEPTHUH JOCTATOIHO XOPOIIIO BOCIIPOU3BOISITCS 1TpU reHepaluu 3P ek TrB-
HDBIX [OTEHIUAJIOB (CM. TJIaBy 3).

3amnuineM MOrPEIIHOCTh BOCIPOU3BEICHUSI SHEPIUK YCPEIHEHHOTO II0
HepeJIATUBUCTCKON KoHduUrypaimu cocrosguus BO~ obosouky, @%‘L, C 9uC-
JoM 3anosHenus N~ Kak

- N>(N>-1)

—En(N7)~ A 5 : (4.9)
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rie
2

No(No—1) 7

Ny — nekoropoe “cpegnee’ snadenue N~ U3 MHTEPECYIOIIErO HAC JTUAA30-

- —~. 1 1
N N N N
A= <CI)A?/|T_12|(I)A2> - <‘1’A3|r—12|@A3>

Ha AN~ 11 KOTOPOrO BbIYMCISIOCDH A. Mu [pEeHeOPErJId MOTrPEITHOCTSI-
MU BOCIIPOU3BEJICHUS SHEPIUil B3AMMOJEHCTBUS C BAJEHTHBIME ODOJIOYKA-
MM M3-38 UX OTHOCHTEJIbHON MaJiocTH, a ¢ BOS 060J09KaMi — IIOCKOJIBLKY
OHU HE BO30YKIAIOTCS B BEAYIINX KOH(MUTYPAIUIX PA PACCMATPUBAEMbBIX
nepexojax. Beipaxkenue (4.9) onsith NPUBOIUT K KBAJIPATUYHON 3aBUCH-
MOCTH IIONPABKU HA CIVIaXKUBAHUE OT U3MEHEHUs duces1 3anonnenus BO”

000JIOYeK 110 OTHOIIEHUIO K CCBUIOYHBIM COCTOAHUAM ¢ N~ =N o:

ENi £ EN{(AN;) ~ i +ali(N — N)) + bgu(N — N;)2 . (4.10)

sm

Kosddunmentor i ali u by, serko nepecunThisatorest 1yst 060MX CChI-
JIOUHBIX COCTOsTHU{ u3 BbIpaxkeHus (4.9), mpuaem 04eBUIHO, ITO KOIbDU-
IUEHT B BegyineM wiete pazioxkenus (4.10), byy, JUisi HUX OJUHAKOB.
3aMeTuM, 9TO OIMMOKY CIVIAXKMBAHUS MOI'YT OBITh YCTPAHEHBI U JPY-
ruM, H6osiee TOYHBIM CIIOCOOOM, KOTOPBIit paccMaTpuBaeTcs B pasjene 4.4.
Kpome Toro, onn mMoryT ObITh MCKJIIOYEHBI WJIM OKA3aTbCsl HECYIECTBEH-
HBIMU TIPU SIBHOM BKJIIOYEHUH B pacdeTr Oosiee rirybOKux 0DOJI0UYEK C TeMu

yKe KBAHTOBBLIMHU 4mcaaMu [j, 910 u paccmarpusaemoit BO” obomoux.

Broipaxkenue aj1g ocTOBHOM 3Heprumn. Ha ocHoBe pe3y/ibTaToB 1pejibl-
JYIIUX JIBYX MaparpadoB 3alullieM CyMMapHYIO OIMHUOKY B BOCIPOU3Be-
JIEHUM SHEPIUU PacCMaTpuBaeMoro cocrosinusi ¢ N”=N B pacuere ¢ uc-
nosb3oBatrem POIIO (4.1), HOCTPOEHHBIX JJIsi CCBUIOYHBIX COCTOSIHHUN C

N
NZ = Nj 5 u yaursiBaomnx Eeoe, B BUje:

—0F; = ERECY _ EPHY — A (N — N|) 4+ Bi(N — Ny)2 4 -+, (4.11)

—0Fy = EXECP _ EPHE — Ao (N — Ny) 4 By(N — No)2 + - . (4.12)

rae A2 u B1o — koaddummenTsl, yunThiBalomue JUHeRHbIC U KBapa-

tuanbie 10 AN Bkjaaabl B norpemtnoctu POIIO. Ouu cocrapisiores: u3
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COOTBETCTBYIONUX KOI(PDUIMEHTOB, YINTHIBAIOIIUX PETAKCAIIIO 3aMOPO-
xernoro B POTIO pacuere octosa (4.7), monpasky Ha craaxusanme BO”
cibopoB (4.10) u uHTEphEPEHIMIO ITUX MONPABOK (C y4eroM TOro, 4To
3HaKn y KoadpduimentoB A; u B;, OMUCHIBAIONINX MOIPEITHOCTH, TPOTHU-
BOIIOJIOKHBI K 3HaKaM KodbduimenToB a; u b; jis nonpasok). 13 panee
CIIEJIAHHOTO aHAJIN3a MOYXKHO T0JIaraTh, 910 npu Maibix (N—N;, i = 1,2)
KyOuueckue u 60siee BLICOKKME CTEIEeHM JTOCTATOYHO MAJIbl, YTO TAKXKE II0JI-
TBEPKJAETCs 1 pacdyeramu (CM. pacuderbl jiisi cepebpa u ypana B [85], pac-
qeTbl Meju, cepedpa u 30i01a B [92] u Tabiuiy 4.2).

[Ipeanosnarast npumenumoctb Gopmydibl (4.2) Kk Boipaxkenusim (4.11) u
(4.12), 9TO €CTECTBEHHO MPU OTHOCHTEJILHON MajocTu 0F) o u OGimsoctu

COCTOSTHUH OCTOBHBIX JIEKTPOHOB B ODOMX CJIyHUasx, mompanka 0 FSC

K
ocrorwoit anepruun CC PITIO (4.2), ESC) yunrnaromas sasucsime ot

(N — N;) usienbl, MOXKeT ObITH 3alMCaHa KaK

SfC 0F, +0E, n 0F, — 6F>

ESC _ pDHF _ p
0 2 Ni — Ny

(N—N), (4.13)

rme N = (Ny + Ny)/2 (em. ommbku agas CC POIIO cepebpa n ypana B
tabimiax 4.2 u 4.3). Togcranoska Beipaxkennii (4.11) u (4.12) B yp. (4.2)
npusoguT K dopmyiie ais norpemmmoctn CC PRIIO (4.2), —6ES/C:

(B1—Ba)(N1—Ns)

—SESIC = . (N —N)
Ai—Ay B+ B =
[M_M— ; ]W—Nf (4.14)
2l P2 NN
N, — A, )* +

[Ipu ycnoBun |[N3—No| < Ny, Ny u3 yp. (4.9) MOXKHO HOIy9IHTH, 9TO

N;
AN~ AN ananorumunoe coorserctsue umeer mecto u A A, B pe-

3yJibTaT€ MO2KHO HallUCaTb, 4TO
Al ~ Ag . Bl ~ BQ

u BoIpakenue (4.14) B 9TOM cirydae CBOIUTCH K

—0E%Y = _B(N - N)* 4., (4.15)
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rie B = (B1+By)/2. Takum obpasom, octosras omudka CC POIIO nme-
eT KBaJpaTUYHYIO 3aBUCHMOCTL 110 M3MEHEHMIO Yhca 3amoiHenuio BO”~
00OJIOUKH.

ObcyxkaeMble Pe3yJIbTAThI XOPOIIO MOATBEPXKIAIOTCS B pacderax aTo-
moB Ag u U, Kotopbie npejcrasienbl B Tabiunax 4.2 u 4.3 (1ogpobHbiit
aHaJu3 craejad B pabore [85]). Paccmorpum pacuersr atoma cepebpa 6o-
jee netasbHo. Kak BugHO n3 Tabuuibl 4.2, MOrPENIHOCTb 3aMOPaXKUBa-
HKsSL OCTOBA XOPOLIO ONKCHLIBAETCS BbIPAXKEHUEM 5Ef]y" ~ Bg"(N —N;)?,
rae BE' ~ 900cem™! u B ~ 799 cvu~!. Koaddurnmenrer B (Bg, B
¥ JIp.) BBIYMCJISUIMCH [IPOBEJCHUEM [apabosibl 0 TPEM TOYKAM, COOTBET-
crBytommM coctosauaM ¢ kondurypammamn 4d05s%25p%9 4d°5s'5p! n
4d85s'5p'. B npunimie, 6oiblnas TOYHOCTh ANMPOKCUMAINHA BO3MOXKHA
[IPY UCIIOJIB30BAHWN, HATIPUMED, METO/a HAUMEHBIIX KBaJIpPaToB, HO BCe
K€ TOYHOCTh €aMoro BblpaxkeHusi (4.15) orpaHnmdueHa u3-3a CAEIAHHBIX
panee npubsrkennii. KpajgparndHnas monpaBka Ha CrVIaXKWBaHUE MOXKET
OBITH TMOJIyYeHa C XOpOIIeil TOYHOCTh M3 Pa3HOCTEH OIMIMOOK MPUOIIIKe-
Huit 3aMoporkeHHoro ocrosa u PIIIO, cm. tadbaumy 4.2: Bgﬁf ~ 871 cm~!
u Bgﬁl ~ 792 cv~!. Takum 06pa3oM, MBI monydaeM, 4TO By, + B o~
832 + 849 = 1681 cm~ !, Torya Kak u3 TON ke TAGJIHMIBI MOKHO YBUIETD,
qro BYC ~ 1565 cmL.

st ucrpaBiieHust 3TUX OIMIUOOK J00aBJI€H KBaPATUIHbBINA 1JIeH
)

k CC POIIO oneparopy (4.2). Bennunua B BbaucieHa u3 yeJaoBwsi TOGHO-

B(N - (4.16)
I'0 BOCITPOMBBEJIEHUS] SHEPTUil Tepexojia MeXKJIy TpeMs u3 HaunboJyiee BarXK-
HBIX cocTossHuil aToma mocpeacTBoM CC PIIIO ¢ kBagpaTuuHoil mompas-
koit (KCC P3IIO).

Kaxk BugHo u3 Tabsui 4.2 u 4.3 nobapjeHue KBaJIpaTUIHON MONPaBKU
IPUBOJAUT K 3HAUUTETHHOMY YBEJIMUCHUIO TOTHOCTH (10 IBAAIATH Pa3) 10
cpaBuennio ¢ ucxoguboiM CC PIIIO s mepexosoB ¢ m3MeHEHHEM UKCJIa,

sanouennss BO~ 000109KH.

4.2.1 CC P3IIO pacuer aroma cepedbpa

B pa6ore [92] 6putr mocTpoensl paznudbbie BapuaHThl POIIO st ato-

MoB Cu, Ag u Au. DT 3/IeMEHTBI OTHOCSATCS K MEPEXOIHLIM, OHH HMe-
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IOT JIBAa HU3KOJIEXKAIIMX COCTOSIHUSI ¢ HEPEJIATUBUCTCKUMU KOH(UTYPAIIH-
amu d'0s! u d°s?. B Banentubix POIIO mis maHmHbIX aTOMOB 11 37eKTpo-
HOB $SIBHO BKJIIOYAJIUCh B pacdeT ¢ 3P@eKTuBHbIM mnorenmuajom. [loren-

uaJibl B 9Tux JByx BapwaHtax PIIIO crpomsmch st camMbix BHENTHUX

d3/2,d5/2781/27p1/27p3/2 (f5/27f7/2797/2,99/2) [CEBOCINHOPOB, MCIIOJIb3Y

COCTOSIHUA, YCPEJHEHHBIE IO HepeaTHBUCTCKIM KondurypanuaM d0s?-2p0-3

u d’s'p! B kauecrBe MomesupyeMbix. Basentnsiit POIIO npusogut K ot-
HOCUTEJIbHO MAJIbIM BbIYMCJIUTEIbHBIM 3aTPaTaM IIPU Pacyere, HO ero TOY-
HOCTh (KaK BUJHO, Hanpumep, u3 Tabsuubl 4.2) He odeHb Bbicoka. Cie-
JI0BaTEJIbHO, ocTpoerue Takoro sapuanTa PIIIO, koropsblit 10380/ ObI
CYLIECTBEHHO MOBBICUTH TOYHOCTH PACYeToB 0€3 yBEJIMYEHUs YUCIa STBHO
YYaCTBYIOIIMX B pacyeTe 3JIEKTPOHOB, MPEACTABJISET OCOOEHHBI MHTEpeC
JUUIST PACYETOB JOCTATOYHO OOJIBITUX MOJIEKYJI, COAEPIKAIINX ITH 3JIEMEHTHI.
C moMOIIBIO BBIIEPUBEIEHHONR CXeMbI ObIJIM TTOCTPOEHBI CAMOCOTIACOBAH-
abie POIIO myist 9Trx aToMOB, rje onepaTopbl 9uces 3aIlOJTHEHHUST CAMbIX
BHENTHUX d 000JIOYEK UCIIONB30BAIUCH B (hopmyie (4.2).

st TOro, 9T0OBI CPABHUTH IO TOYHOCTH IIOCTPOEHHbIe BapuaHThl PIITO,
ObLIM BBITIOJIHEHBI PACYeThl YHEPIHUil Mepexoja JJjisd ITUX aToMOB. [lo-
HOBJIEKTPOHHbBIE PACUYETHI MPOU3BOAMIIMCH C MOMOIIBIO MMAKETa MPOrpaMM
HFD [155, 156] auist unciennbix aromubix JIX® pacueros. POIIO /XD
pacdeTbl B CIMHOPHOM IIPEJCTABJIECHUU (B CXEME jj-CBsI3U) C YUCJICHHbI-
mu POIIO 6buin BBIIOIHEHBI ¢ IIOMOIIBIO HEPEJITUBACTCKON BEPCUH 3TOTO
makera mporpaMMm — GRECP/HFJ [82, 156, 157, 183|. DQuepruu mepexosa,
nosiyuennbie u3 JIX® pacdera, BMecTe ¢ aDCOJIOTHBIMU MTOT'PEITHOCTSMU WX
BOCIIPOM3BEIEHHUST B pacyeTax co cTaHgapTHbIMU Bapuantamu PIIIO mpu-
BeseHbl B Tabsmre 4.2 s aroma Ag. (AHAJOTHYHBIE TaHHBIE [JTsT ATOMOB
Cu u Au mpusenenst B pabote [92]). IX®D pacueTsl ¢ HCIONB30BAHEEM
MPUOJTMYKEHNUST 3aMOPOXKEHHOTO OCTOBA (T.€. 3JI€KTPOHHbBIC KOH(MUTYDAIUH
tuna |Ar], [Kr| u [Xe|, B3sTBIC M3 MOTHOIEKTPOHHOTO pacdeTa MOJIEIHU-
pyembix cocrostauii d'0s%°p%5 u ds'p!, 3amopaskusasucek B nocieyonmx
pacuerax aromoB Cu, Ag u Au) OblIM BBIIOJHEHBI U UX PE3YJIBTATH TAKKE
npejcrasienbl B Tabsmiax paborer [92], a mist cepebpa — Takxke B TabJIM-
e 4.2. KpoMe pacyeToB cOCTOSIHUI ¢ TEMU K€ UNCIAMU 3all0JTHEHUs CaMOi
BHeIIHEH d 00OJOYKM, UTO M B MOAEJUPYEMBIX COCTOSHUSIX, JJIsI aTOMOB

Cu, Ag 1 Au Ipou3BOIUINCH PACIETHI COCTOAHAN C YUCIAME 3AII0THEHNS
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9TOI 000/I0YKHU paBHbIMU 9.5, 8 U 7, JJIsT TOrO YTOOBI IIPOBEPUTH, B CKOJIb
IIXPOKOM Juana3oHe naMenenus N~ caMocoriacoBanublil Bapuant POIIO
paboTaeT yCHeIIHo.

Kaxk BujHO n3 Tabunnsl 4.2 ¢ pacdeToMm aTtoma Ag, st mepexoioB 06e3
U3MEHEHUST Jnces 3anoaHerust 4d 00OMOUYKM TOYHOCTH CaMOCOTJIACOBAHHO-
ro POIIO B 2-5 pa3 Bblllle, YeM TOYHOCTH JIOO0Or0 u3 BaJeHTHBIX PIIIO
(kpome citydast, KOrJa Jiis JaHHOTO BapuaHTa BajieHTHOro POIIO uuncio
zanosiHennsi 4d 0O0JIOUKU B MOJIEJIMPYEMOM COCTOSIHMM COBIIQAET C YUC-
JIAMY 3AI0JIHEHUS 3TOW ODOJIOYKM B HAYAJHBHOM M KOHEYHOM COCTOSIHUSIX
IPM PACCMATPUBAEMbIX Iepexojax). st OOJbIIMHCTBA PACIETOB COE/IU-
HeHuit cepebpa HanboJiee BaXKHBIMU CPEJIM TIEPEXOJIOB C M3MEHEHUEM YKC-
J1a 3anosHeHns ero 4d o0bomouky ABJAOTCA Tepexonnl Tumna 4d'0 — 4d°
w 4d'% — 4d°?, ToyHOCTH BOCIPOW3BENEHUS KOTOPBIX CYIECTBEHHO yBe-
JININBAELTCS TIPW JTOOABJIEHUU CaMOCOTJIACOBAHHON TIOMPABKU K OMEPATOPY
POI1O. st nepexonos xe tuma 4d0 — 4d® u 4d'° — 4d" BasenTHbrii
(d°) BapuanT PIIIO faeT MeHbIIYIO MOrPENIHOCTh, €M CaMOCOTIIACOBAH-
nelit POIIO. Onnako BBeseHrE KBaIpaTUIHON nonpaBku Ha AN~ 10O3BO-
JisieT KapAUHAJIbHO YMEHBIIUTD IOIPEIIHOCTDL BOCIIPOU3BEIEHUS TOA00HBIX
nepexo10B. M3 tabsuibt 4.2 TakykKe BUJHO, UTO JIJIsI IEPEXOI0B MEXKJLy CO-
CTOSIHUSIMU C ducsiamu 3anoinenus 4d obosnouku pasabiMu 7 (wim 8) T04-
Hoctb CC POIIO ¢ kBajgpaTuvHON MOMPABKO# CYIECTBEHHO BBIIIE TOY-
HOCTW TIPUOJIVKEHUsT 3aMOPOXKEHHOTO OCTOBA, YTO MOATBEPIKIAET aHAJINS,
cresanubiii B pazgese 4.2. [logydennbie pe3ysbTaThl CBUIETEIHCTBYIOT O
ToM, 9TO camocoryacoBanubiit POIIO nozBosisier ahdekTnBHBIM 00paszom
BBIATH 38 paMKU TPHUOJUKEHUST 3aMOPOYKEHHOT'O OCTOBA, KOTOPOE JIEXKUT
B OCHOBe KaK cTaHJapTHBIX BapuanToB PIIIO, Tak u OPIIIO c cemapa-

OeJIbHOI TTONIPaBKOA.

4.3 BxkJuoueHue caMOCOTJIACOBAHHOI TMOMPAaBKU B

OP3IIO

[TocTpoernne camocornacoBannoro BapuanTa OPIIIO B mesoM BbIIOJIHS-
eTcsl 1o cxeme, npuBeneHHoi B naparpade 4.1. OgHako, npu ero mocTpo-

EeHUN CYIIECTBYeT OCODEHHOCTDb, CBSI3aHHAS ¢ TeM, 4TO (popma orneparopa
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OPIIIO ornmuaercs ot dopmbr oneparopa momyaokaasaoro POIIO (4.1).
Omnepatop OPSIIO mis gucna 3amosnHenust BHeIHeH ocToBHON f (wim

d) obosnouku paBHoro N 3aliChIBAETCS B BUJIE:

L 141/2
UN = Ec]Xre + U + Z Z ’Ulj U’ULJ( )}Pl]
=0 j=|I-1/2|

L 1+1/2

+ ZZ Z { cl] leg( )]Pclg+P [U () U’l)l]( )}}

¢ 1=0 j=|I-1/2]

14+1/2
L UN(r) + UN,(r)

- Y > RN — U@ BN, @)

c,c 1=0 j=|l-1/2]

Clj E : |<pclJXlJm]><<pclelng| )
mj=—j
<N <N > =N
1€ [P Xijm;)(PujXijm;| — npoexrop na BO” ncesgocnuHopsl @, Xijm,,
OJIydeHHble npu 4ucie 3anoinenus N. ITocTpoeHHble IpU pa3HbLIX 3HA-
genusix N~ [CEBIOCIMHOPDI PA3JIMYAIOTCsT MEXK Ly coboii (BeieacrBue pas-

A~

JIMYMsT UCXOJHBIX CIIMHOPORB), MOITOMY JIBA PA3JINYHBIX TIPOEKTOPA P(fl\;.l u
Pd 7 (na1st Kaxkgtoro clj) OyayT NpUCYTCTBOBATL B ONEPATOPE CAMOCOIVIACO-
sarHoro OPIIIO (ecsu crporo ciegoBarh cxeme u3 naparpada 4.1, aro
[PUBOJUT K €r0 U3JIUIITHEMY YCJIOKHEHUIO.

O1HaKO, MOYKHO IIOCTPOUTHL HeKoTopble “ycpennennnie” BO” ncesmo-
crrHopbl, Pej(r) (Hanpumep, 8 CC OPIIIO pacuere kaxoit-mmbo koudwu-
rypanun ¢ N~ = (N;+N3)/2 u 1.11.), koTOpBIe U OYIyT UCIOIH30BATHCA B

npoekTopax cenapadesnbpuoit vactu OPIIIO:

Cl] Z |<Pcleljm]><<PclJXlng| .
m;=—j
B ChJjly TOro, 4TO pa3jindund MeEXKJ/y BHCITHUMHWU OCTOBHBIMU IICEBIJOCITH-
HOpaMH (C OJMHAKOBBIMU KBAHTOBBIMH YMCJIAMHU Nlj), TOSyIEHHBIMU TIPU

Pa3/IIIHBIX THCIIAX 3AI0JHEH N N7, OTHOCUTETHHO MAJIbl, PA3HUIIA MEXK LY

Pclj u Pcl] Oyzer Tak>ke HeBeJinka. [I[puHuMasi BO BHUMaHME, YTO MOTEHIIM-
amer (UY clj B lej) JIJTsl BHEIITHUX OCTOBHBIX M BAJEHTHBIX TICEBJOCTTMHOPOB

pa3/In9ar0TCsA HEe CJIMIIKOM CHUJIBHO, MOXKHO HpeHe6peqb pa3/indueM MexK1y
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sTUMU TpoeKTopaMu B dhopmyiie (4.17) misa Tpebyemoit TOTHOCTH PacieToB

¢ OPJIIO. Torga oneparop OPIIIO nepenucbiBaeTcss B BUIE

L 1+1/2
U ~ Eégre—i_ vLJ +Z Z vl] UvLJ( )}BJ
=0 j=|I-1/2|

L 1+1/2

+ 33 > {Udi(r) = UL (0 Pay + Pus U (r) = U ()]}

¢ 1=0 j=|i-1/2|

L 1+1/2
DI [c“i”'lﬂ”—vgj«ﬂﬁw. 419

e,c 1=0 j=|l-1/2]

Hannas popma oneparopa OPIIIO ucnosnbzosasiacs BMmecto Gopmysibt (4.1)
IIpU IOCTPOeHnH camocoryiacoBanHoro Bapuanta OPIIIO nnsa atoma ypa-

Ha.

4.3.1 CC OPS3IIO pacuer aroma ypaHa

B paborax [151] u [85] 6bL10 TOCTPOEHO B COBOKYITHOCTH JIECSATH BAPUAHTOB
POIIO u OP3IIO g aroma ypana, Briodaomux B BOB npocrpancTso
6, 14, 24 u 32 snexTpoHOB. BhINONHEH Tak»>Ke IOJPOOHBIN aHAJU3 OIIN-
00K, BHOCHMBIX BCEMH ITOCTPOEHHBIMHU 3(PGMEKTUBHLIMU MOTEHIUAJAME, 1
[IPOBEJIEHbI OJIHOKOH(MUrypamnuontbie dncaennbie POIIO pacaerst sHepruii
1epexojia U MOHU3AIUU B cpaBHeHuu ¢ aHajorudubiMu JIX®D pacueramu.
B sTux pacuerax Takxke TeCTHPOBAJINCH P PEKTUBHBIE TOTEHIIUAJIBI JIPY-
rux rpymi, 1490-POIIO (Dpwmuep u ap., 1991) u 3250-OIIIT (Kioxaun u
Jp., 1994). Hanbosiee TOUHBIMU Cpe/ii pACCMATPUBAEMBIX (D HEKTUBHBIX
MOTEHINAJIOB OKA3a/INCh, 14T0 ecrectBerHo, 329-OPSII0 UM u UM, no-
cTpoeHHble Jis uncea s3anonnenus BO” 5f obomoukun Ni=3 u Ny=2, c
ommbKaMi B mpeenax 50 cM~l s SHepruil IepexofioB ¢ COXpaHeHneM
N> u B npemenax 1000 cM~! npu m3menenuu N~ or 1 go 5. Heckoib-
KO MEHBIIYIO TOYHOCTD nokazaan 2431-OP3IIO (¢ remu ke cambiMu Ny u
Ny) — B npegenax 750 (f3) u 400 (f?) em™! a4 nepexo/10B ¢ coxpanenuem
N7, a taxxe B npegenax 3000 (£2) u 1500 (f2) cm™! npu usmenenuu N~
or 1 10 5. DHEpruu mepexojia Mpu STOM U3MEHSIOTCs B mpejesnax 100’000

cM 1, a 3ddeKTuBHBIE MOTEHIMABI APYTUX TPYII UMEIOT TOUYHOCTD eIIle
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B 2--5 pa3 MeHbIyio (cM. Tabiuiy 4.3).

Onnaxo, B ormume ot 2431-OP3IIO, 7sy/9, Tpyj2 u Tp3je nceBgocny-
HOpbI B BapuaHTax 3291-OPIIIO mmeror aBa ysia, mMO9TOMY JOBOJBHO
bosbiION pa3mep aroMHOro 6a3uca Tpedyercst Jijist UX JIOCTATOYHO TOY-
HOW aNIPOKCUMAIIAN, YTO MPUBOJAT K 3HAUYUTEJHHOMY yBEJIUIECHUIO BbI-
YUCJIUTETLHBIX 3aTpaT MpU pacdeTe coenubenuit ypana. CienoBaTesbHO,
takue camocorsiiacoBaunbie BapuanTel (O)PIIIO mpesgcraBistor unTEpec,
KOTOPBI# MMO3BOJIMJIN Obl JIOCTUYb TOYHOCTH, CPABHUMO#M C TOYHOCTHIO 323,1-
OP3IIO, Ho BajieHTHBIE MCEBIOCIMHOPHI B KOTOPOM nMMeJin Obl He DOJIhIIe
OJIHOT'O y3JIa.

B paborax [151] u [85] 6b110 MOCTPOEHO HECKOIBKO BAPUAHTOB CAMOCO-
riacosarnoro (O)PIIIO st aroma ypana ¢ BOB npoctpascTBom ss1ek-
TpoHOB paBHbIM 14, 24 u 32. PesynbraThl pacueror ¢ 2431-CC OPIIIO
npeJicTaBieHbl B Tabjuie 4.3 B cpaBHEHUM C pe3yJsbTatamu Jjist 3D der-
TUBHBIX TOTEHIUAJIOB Jpyrux rpymn u ¢ JIX®D pacueramu, BbITOJTHEHHBIMU
B NPUOJIMXKEHNN 3aMOPOXKEHHOT0 OCTOBa. Kak u ciieoBaio 0XXugiaTh mpu
yuere cenapabenbroit OPIIIO mompaBku, sHepruu mepexosoB BOCIPOU3-
BOJIAITCS C OY€HDb BBICOKON TOUYHOCTBHIO (KaK M CAMHU CITHHODPDLI B BAJEHTHOM
00JIACTH ), €CJIU COCTOSIHUS, MEXKJy KOTOPBIMU OCYILIECTBIISIETCS MEPEXO/I,
umeroT uucia sanoinenust BO” 6iuskue k N~ B Mojesupyemom (npu re-
ueparuu ganroro OPIIIO) cocrositnm.

[Ipu nobaBieHIE CAaMOCOTIACOBAHHON MOMPABKYH TOYHOCTH BOCIIPOU3BE-
JIeHUsT SHEPIuil J1Jisl IIepexoioB 0e3 usmenenust N~ yBeJUIMBAETCS OT JIBYX
JI0 BOCbMH pa3, a B nepexojgax ¢ uamenenuem N~ — B 1.5-3 paza. Kak Bu-
HO 13 TabJIMIIbI, BKJIIOYEHUE KBAIPATHIHON CAaMOCOTJIACOBAHHON MMOIPABKY
(4.16) upuBosMT K yBeJIMUYEHUIO TOYHOCTH Bocupoussegenust XD suep-
ruii nepexoja 10 20 pas B nepexojax ¢ usmenenuem N-. Takum obpazom,
noctpoerubiit 2431-KCC OP3II0 yxe mo3BoIsIeT BBITOIHATD PACIETHI CO-
eJIMHEHNI ypaHa ¢ TpeOyeMoii XUMUIEeCKO# TOUYHOCTHIO. BaskKHO OTMETHUTbh,
910 BhIMeynoMsHy Tt BapuanT OPIIIO paer 3amerHo 0ojiee BBICOKYIO
TOYHOCTDH, Ye€M MPUOJINKEHNE 3aMOPOKEHHOTO OCTOBA, C TEM K€ ITPOCTPaH-
CTBOM $IBHO BKJIIOYEHHBIX B PACUYET JIEKTPOHOB. ITO OOCTOSITEIHCTBO STB-
JisieTcsi XoporuM noareep:xkieaneM teopun Mmerona KCC OPIIIO, npen-

cTaBJIEHHOU B paszjesie 4.2.
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4.4 OP3IIO nompaBka Ha pacHIeNJEHNE B TEPMBbI

13 rabuui IV u XV B pabore [85] (cm. takxke Tabiuiyy 4.4) MOXKHO 3aKJIIO-
9UTh, 9TO paHee 0OCYKIaeMble CAMOCOIJIACOBAHHDBIE TONPABKU HE HPUBO-
JISIT K 3HAYUTEJbHOMY YJIydIICHUIO OIMMCAHUS PACIICIIEHUS] B TEPMbI JIJIsI
KOH(UTYpaluK 5 f§/26d:15 /27s% /o YPAHa, [0 CDABHEHHIO CO CCBUIOYHBIMIL (mc-
xonubivn) BapuantaMu OPIT10. Axann3 BO3HUKAOIMX OMIOOK MOKA3bI-
Baer (B COOTBETCTBUY C JUCKyccueil B pasjesie 3.2.3), 4T0 OCHOBHOM BKJIaJI
(oxomo 90 %) nomyuaercst u3-3a 3amenbl ucxoabix BO” cimnopos 6e3y3-
JIOBBIMU TICEBJIOCIUHOPAME (B YeM MOXKHO yOeJUThCsl IPU aHAJU3e TabJIuIL
4.4,4.5u4.6).

Paccmorpum jBa Bapuanta OPIIIO — ¢ 24 u 32 snekrponamu, obpabda-
TBIBAEMBIMHU SBHBIM 00pa30M, B KOTOPbIX BO~ 1ceB0CIMHOPLI b f ABJIAIOT-
cst 6e3ysiioBbimu, a 6d — y3soBbivu. st POIIO ypana ¢ 14-31eKTpOHHBIM
BOB npocrpancrsom (B KOTOPOM 911 000J0UKHU ONUCHIBAIOTCS 6€3y3/10BbI-
MU TICEBJIOCIIMHOPAMHU) OIIMOKY B [IEJIOM OKA3bIBAIOTCs 3aMETHO DOJIbIIE,
aHaJIM3 — 3aMETHO OoJiee TPYJOEMKUM.

Hawubosee mpoctoit crnocod yMEHbIIUTh 3TU OMIMOKKM — WCIOJb30BaThH
takue OPIIIO BapwaHTbI, B KOTOPHIX 000J0YKa Df OMUCHIBAETCS y3JI0-
BBIMHU TICEBIOCITMHOPAMHY, & MCEBIOCTHHOPHI 4 f sBIsIOTCS 6€3y3/7I0BBIMHA.
st yMeHbITIeHUsT BEITUCINTEBHBIX N3JIEPXKEK 000j1049Ka 4 f MokeT ObIThH
3aMOPOXKEHa, C IIOMOIIbI0 TeXHUKHU, OMMCAHHON B pazaeie 3.2.3. OpHako,
IIPU AMMPOKCUMAIIUU Y3JIOBBIX TICEBJOCIMHOPOB rayCCUaHAMU B 9TOM CJIy-
Jae MoTpedyroTCs 3aMeTHO DOJIbIINit Oa3uc, 4em JJjs 24- u 32-3J1eKTPOHHBIX
BapuanToB OPIIIO.

Eciu Mbl IpuMeM BO BHHMaHHe MaJylo BeJMuuHy pejakcamun BO”
obosiouek (5f B paccMaTpuBAEMOM Ciiydae), TO CyIIECTBYET Jpyras BO3-
MOKHOCTH CYIIECTBEHHO YMEHBIIUTh OIIMOKH PACIIEIIeHNS B TePMbI JIJIs

HU3KOJIEXKAIUX cocTossHnit — nobaButh K OPIIIO oneparopy dyienbl Bua,

~— —~— —~—— —~——

USOC = Z /\x1m2,$3x4|$1>|$3> <$2|<$4‘

L1,22,L3,T4

—~—— —~——

- 22 Z (Az122,25m5 = Ayg,25m5 ) Owas | T1) (2| - (4.19)

w  T1,T2,T3
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e T; = (Mome, lomes Jiy M) ', DT WIEHBI UCTIPABJIAIOT OJHO- U JIBYX3JICK-
TPOHHBIE MHTErpaJibl ¢ mceaocnuaopaMu 5f (M TOJBKO Te MHTErpaJibl,
KOTODbIE UX COJEPIKAT).

Ha npakTuke JOCTATOYHO BBIYUCIUTH TOJBKO OTHOLIEHUE JJIsd [1POU3-
BOJIbHOI KOMOMHAIIMM ATOMHBIX MHJIEKCOB (Z1, T2, T3,T4), TOCKOJIbKY BCE
npyrue uaTerpadnl ¢ BO” nHjeKcaMu OTJMYAIOTCA TOJbKO CIIHH-YTJIOBOM

YacCTbIO, T.€., JJIs IIPOU3BOJbHOIO HAbOpa g, T1, T2, T3 U T4:

%1$2,$3$4 ~ %0$0,$0$0
Y

‘/;71332,373374 ‘/;70330;150370

OTH WHTErpaJbl MOI'YT OBITH JIEFKO OTKOPPEKTUPOBAHBI B ATOMHBIX PaC-
YeTax, B TO BpPeMsl KaK MaTPUIHBIE JIEMEHTDI, COIEPKAIIUE TOJBKO b f-
GyHKIUU, MOTYT OBITH 3aMEHEHBI B MOJIEKYJIPHBIX PACYeTaX MCXOTHBIMU

MHTErpaJaMi ¢ TOMOIIBIO TOPABKU Ha paciierienne B TepMbl (4.19):

%1$Q,$3$4 — %1$Q,$3$4 — Vm1x2,$3$4 + )‘."clarg,a:3a:4 .
it BOCTIpOM3BeIeHNsT MTEPEXOJIOB MEXKIy COCTOSTHUSIMEU C TTOJTHOCTHIO
3aHATOM, OJIHOKPATHO-BO30YKIEHHON MU OHOKpaTHO-3aHAToi BO~ 060-
qoukoil (mampummep, cm. tabsuiyy I B pabore [85]) mer meobxommmocTu
UCIIOJIb30BaTh onpaBky (4.19) (cMm. npeabutyuii passed).
[Tpubauxernune CCII pist pacyeToB 3JIeKTPOHHON CTPYKTYPbI CyIECTBEH-
HO Oosiee ompaBuano ajsi BO obosiodek, 4em juisi BAJEHTHBIX M3-33 Ka-
YECTBEHHO PA3JIMIHOIO OTHOIIEHHUSI KOPPEJISIHOHHOIO B3aUMOIEHCTBHUS U
XapTpu-(POKOBCKOIO MOJIsI B 00JIACTSIX UX JIOKaJu3aiuu. [losromy, it yMmeHb-
IIEHUs] BBIYUCIUTENLHBIX U3JIEPXKEK BMecTO Bbipaxkenus (4.19) mis pac-
CMATPUBAEMON MOMPABKYA MOXKHO BO MHOI'MX CJIy4asiX UCIIOJb30BATH TAKKE

CJIe/IyIOIIee BblIpaXkKeHue:

—~——

, 1 ~ ~
U = Z1+5 -(Ara o)) (el ('] + Az o) ]a) | (x])
) zx

- QZZ )\g?ﬁl - fﬁ'Ch)‘swx’me‘ ; (4.20)

w z,x

B ciywae sacTuano 3amonsennoi BO~ 0605109k 5 f, MHIEKCHI 2; COOTBETCTBYIOT, KOHEYHO ke BO
" BUPTYAJBHBIM TICEBAOCITUHOPAM (T.e. OHU MOTyT 6I)ITI) 3aHATHI NJIU BAKAHTHBI B OHO3JIEKTPOHHBIX
COCTOSIHUSIX CChLIOYHON KOHMuUrypauuu). MHaeKCs j; 1 m; n1poberaroT no BCeM BO3MOXKHBIM 3HAYCHMU-

SIM Tapbl YUCeN (Nome, lome)-
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rje

~

Coul

/\x,xl = me,m’m’ - ‘/xw,w’a?’ )
Exzch __ ayt

)‘x,x’ - %w’,xm’ - V:U;U’,;cx’ .

Coul " )\E:L'Ch

z,z' z,7' MOr'yT OBITb BBIYUCJICHDI I[Ipu Ireé"Hepanuu

OueBUIHO, YTO A
OPOIIO kak u Apyrue nomnpaBoYHbIe YWICHbL Ay, 4, g4z, - JlaJIbHEIIIEE YMEHD-
meHne 06beMa BLIYUCIEHUH MOXKET OBbITh JOCTUIHYTO IIPU MCIOJIH30BAHUM
omepatopos (4.19) unu (4.20) TOTBKO HA MOCTEIHER CTaAUK pacdeTa B Ka-
vyecTBe monpasky 1B mepBoro mopsijika K MoJHON SHEPIUH, YKe MOCTIe Bbi-
YUCIEHUs TIceB103IeKTpoHHOl BD.

Pesysibrarsr pacderos (cM. Tabuuily 4.6) mokasbBaioT, 4T0 j0baBIeHe
monpaBku Ha paciemienre B TepMbl K OPIIIO mosBosisier yMeHBIINTH
OCHOBHBIE OIIUOKHU JIJIsT TIEPEXOJI0B MEXKy TePMaMU KOH(MUIYDAIUU TP-
osmmsuTenbHO B 10 pa3, yMeHbIIas TAKKM 00pa30M KX JI0 YPOBHS OLINOOK
socupoussejetus (nocpegcrsom CC OPIIIO) snepruii nepexoa Mex iy
COCTOSIHUSIMU, YCPEJHEHHBIMU [0 PA3JIMYHbIM KOHUrypaiusim (cM. 1ab-
smupt 4.6 u 4.3).

3aMeTuM TakKe, 9TO HEKOTOPBIE TTONPABKKA KaK K CaMOCOIVIACOBAHHBIM
gnenam OPIIIO (EYN | B), tak n x Beqnunnam A2y 29,250, MOTYT TIOTDE-

OoBaTHCS JIJIST JIOCTUXKEHUST BBICOKON TOYHOCTHU PacyeTa, €CJii BO BHEITHE

OCTOBHOW 00JIACTU YUUTHIBAIOTCS KOPPEJISIIUOHHBIE 3(D(MEKTHI.
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Tabmuna 4.1: O1HOIEKTPOHHBIC SHEPTUM U CPeJHMe PAJAMYChll HEKOTOPBIX COHMHOPOB

aToMa ypaHa.

O 1HO3TeKTPOHHAST Cpenumii
Crmsaop SHEPrus pajamyc

(a.e.) (a.e.)

581/2 -12.614 0.672
op1/2 -10.128 0.700
op3/2 -8.091 0.775
5d3/o -4.350 0.870
5ds /2 -4.040 0.898
552 -0.346 1.423
5f2/2 -0.319 1.463
651/ 2,141 1.496
6p1/2 -1.343 1.664
6p3/2 -0.984 1.898
6dls 2 -0.192 3.154
6dls -0.183 3.294
751/2 -0.203 4.336

! lannble B3ATH U3 YHUCIEHHOTO IIOJHOIEKTPOHHOIO
JX® pacueTa cOCTOSHUS, YCPEIHEHHOTO TIO
HepeJIATUBUCTCKOI Kondurypanuu [...]5f36d 7s?,
C TIOMOIIBIO MaKeTa nporpamM HFD [156].
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Tabnuna 4.2: DHeprum mepexona MexKIy yYCPeIHEHHBIMU 10 HePeJSTHBUCTCKUM KOH-
dburypanuam cocrogauamu atoma cepebpa B JIXD u PIIIO pacuerax (B cm1).

Baur. CC Ksaap. 3amopox.
JIXD P3I10 P3T1O CC 0CTOB

(d®) (&) POIIO  (d) (d°)
Yucno 31-08B 47 11 11 11 11 11 11
Kondurypamus AFE AbGconoraasg omubkKa
4d1955055,05
4d105s1 -10651 -12 -178 -8 -12 4 9
4d*%5p! 14078 72 220 67 70 4 -12
4d1%5d* 28543 32 563 28 33 9 45
440 40516 48 570 44 50 9 43
4d10550-55p0-5
4d°°55%25p! 26877 538  -677 405 38 167 -496
4d°555055p! —
4d°25s'5 -25179 51  -135 -36 -36 -30 39
4d°55p'5d03 24744 22 234 125 125 29 -2
4d%555%-> 29402  -221 207 -6 -7 -13 28
4d105,5055,05 _y
4d°5s'5p! 45632 1854  -874 0 0 664 -671
4d°5s'5pt —
4d°55? -25172 111 44 59 54  -86 17
4d°5p? 38222 254 296 277 283 132 20
4d°5s! 32759  -469 22 27 32 -23 2
4d°5p* 72813  -177 257 242 254 140 25
4d° 155271 -1217 94 96 119 216 49
401055055505 _y
4d85s'5p! 180098 7250 1436  -3128 0 3130 255
4d85s'5pt —
448552 -37674  -422  -158 199 171 -337 -179
4d85p? 51656 982 725 368 402 349 210
4d85s! 93053 -2075 -1119 -104 -b3 235 76
4d85p* 145237  -968  -389 139 225 649 333
4d3 297332 -3990 -2192 -353 -191 1271 622
40195505505 _y
4d"5s'5p! 420911 17145 7859  -9760 -156 8219 3602
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Tabnuna 4.3: Bocnpoussenenue JIXD sHepruii mepexoma MexKaAy COCTOSHUSMU aTOMAa,
ypaHa (yCpeJHeHHbBIE 0 HEPEJIATHBUCTCKUM KOHMUrYpaIusM) B OJHOKOHMDUTY pATIUOH-
HBIX pacderax ¢ pazmuunbivu PIIIO (B em™).

P3I10O ODIIIT Ksaap. 3amopox.
JIXD Opmep Kroxan CC CC OCTOB

u gap. [184] w ap. [185] OPIMO OPIO (f3) (f?)
Yucso 31-0B 92 14 32 24 24 24 24
Konduryp. AFE AbGconoraHag omubKa
5f37s26d' —
5f37s27pt 7383 387 -498 -35 -33 2 14
5f37s? 36159 332 130 4 6 3 16
5f37s16d? 13299 -192 -154 -3 -5 -1 -16
5f37st6d 7pt 17289 144 -621 -31 31 -1 -5
5f36d> 54892 -121 -398 -14 -15 1 -21
5f375%6dr —
5f47s2 16483 176 788 -723 0 54 187
5f47s% —
5f47s'6d" 15132 -738 -87 11 -11 -16  -35
5f47st7pt 15016 90 -443 -37 -26 -1 -2
5 f16d> 34022 -1287 -153 28 -13 -26  -62
5f46d 7pt 32341 -794 -457 -11 -23  -17 -39
5f37s26d' —
5f27s%6d? 3774 3096 -748 -17 -17 90  -96
5f27s26d? —
5f27s%6d'7p! 12646 -441 -626 -16 -15 -5 0
5f27s%6d" 42638 -498 155 24 25 -5 1
5f27s'6d? 10697 608 -240 -10 -10 13 1
5f27s16d?7pt 19319 390 -826 -26 -26 6 0
5f37s%6d" —
5f17s%6d3 29597 11666 -1526 -896 -104 466 48
5f175%6d® —
5f17s26d%7pt 18141 -1367 =778 46 49 -2 -2
5f17s%6d? 49158 -1355 173 70 73 -3 -2
5f17s6d* 7584 1655 -331 -39 -40 22 14
5fl7st6d37pt 21154 779 -1055 -11 -11 16 10
5f37s%6dt —
5f° 100840 430 1453 -1860 22 105 291
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) n obmennbre (R

. A
Tabiuna 4.4: Pagnansusie kynonosckue (R nljnli'nlj' nlj)

nljnljnly’ ,nlj’
unrerpajibl’ ¢ 5f cnuHopamu aroma ypaHa (j1/1si CChLIOYHOIO COCTOSIHUSL, YCPEHEHHOTO
110 HepeaaTHBUCTCKOM Kondurypamuu 5 f26d 7s%) uz JIXD u 3251-OPII10-3 pacueros

(B em 1),

nlj nlj’ A R (IX®) R (OP3IO) R-R

Ky.HOHOBCKI/Ie HHTErpaJibl

5fs2 5fsp2 0 141974 141386 -288
5fs2 5fs;2 2 69934 72696 2762
5fs;2 Sfs;2 4 45253 46864 1611
5fs;2 9fr;2 0 140193 139634 -559
5fs2 5frj2 2 68955 71625 2670
5fsp2 Ofr2 4 44584 46134 1549
5fz2 9fr;2 0 138472 137940 -532
5fr2 Sfrp2 2 68048 70628 2580
5fr2 Sfr2 4 43973 45461 1488
5fr2 5fr2 6 32098 33054 957
OOmeHHBIE UHTEIPAJIBI
5fs;2 Ofrj2 2 68888 71609 2721
5fs2 Sfry2 4 44549 46129 1579
5fs;2 OSfrj2 6 32530 33551 1021

1Cm. cebliiky B Tabunne 4.5.
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1A
icnlj,nlj;nlj',nlj’
(%Cé‘lj,nlj';nlj',nzj) kosdbdurmentax!' nug momo60104eK 5f MKy pA3TMIHBIMA TEPMAMH

KoH(pUrypanuu 5 f53/26d§ /27sf /o ATOMA ypaHa.

Tabmuna 4.5: Paznoctn B CHIMH-yIVIOBBIX KYJIOHOBCKHX ( ) 1 OOMEHHBIX

1,2 1,4
TepM §C5f5/2a5f5/2;5f5/2:5f5/2 5C5f5/2a5f5/2;5f5/2a5f5/2
J=0—
J = 0.024490 0.057823
J = 0.024490 0.057823
J=3 -0.052245 0.054421
J =4 -0.078367 0.081632
J=5 -0.205714 0.047619
J =06 -0.205714 0.047619
Z Vn)zjm,nljm;nlj’m’,nlj’m’ - 5jj' Z Vn/\ljm,nljm’;nljm’,nljm = Cr)z\lj,nlj;nlj’,nlj’Rzlj,nlj;nlj’,nlj"
Z Vn/\ljm,nlj’m’;nlj’m’,nljm = Cn/\lj,nlj’;nlj’,nljR?;lj,nlj’;nlj’,nlj s F# j';
AT A
vie  Copmigmiy iy = L1 Z Z (/X?ijlij;udgldm/X?j'melj’m'Y,\udﬁszz

m,m’ u=—X

5jj’/X7ijljm’Y,\*udQ1do-l/Xz(jm’lemY)\udQQdoé);

A
AT . . . .,
CT)L\lj,nlj’;nlj’,nlj = — E E lelej’m’Y,\p,dQIdo-l lelmIlemY)\udQQdo-Q AJId ] 75 _]I,
22 +1

m,m’ p=—2XA

A
r

Rzlj,nlj;nlj’,nlj’ = //QO:;lj(rl)QOnlj(rl)—r)\ilSD:zlj’(TQ)(pnlj’(TQ)drldT%
>

A
* r * - -
R;\lj,nlj’;nlj’,nlj = //@nlj(ﬁ)@nlj'(ﬁ)—r,\ilSDnljf(T2)90nlj(7“2)dT‘1d7“2 JIJI?I]#JI-
>
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Tabnuna 4.6: Bocnpoussenenue /IX®P snepruit nepexoma MexKJIy TepMaMU PA3TAIHBIX
koudurypanuii aroma ypana B ogHokondurypaiuonnbix pacuerax ¢ OPIIIO (B ecm™1).

PT-monp. PT-momp.
CC CC 0O06006m. 0060061,
XD OP3IIO  OP3IIO  P3IIO P3IIO
Yucno 31-08 92 24 24 32 32
Kondurypanus, AFE AbGconoranag omubdKa
TepM
513,564,752, T =0
J=1 18643 86 -97 142 -14
J=2 9729 136 -56 146 -13
J=3 7813 -117 -44 -69 -8
J = 6759 -140 -36 -94 -5
J= -7918 -547 42 -485 -11
J=06 -10695 -509 76 -464 -31
5f§’/25f71/275%/2 J=1—
J =2 4392 175 -52 150 -39
J=3 2843 113 -33 97 -24
J=4 3477 133 -40 113 -30
J=5 2805 105 -32 88 -23
J=6 4631 169 -56 138 -42
J=17 -5951 -275 48 -253 28
J =28 -5450 -258 42 -239 24
512,62,,752,,  J =0
J = -19078 -487 -7 -461 -64
J=2 -15304 -331 6 -326 -45
J= -23607 -682 -8 -644 -85
J=4 -25984 -715 24 -689 -74
J=5 -32497 -848 19 -818 -94
J=6 -39551 -785 82 -788 -62
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314

A7+

.04+

-.10- 5f%6d®> — // — 5f*6d*
-.24
-.374

-.514

-.651

-. 784
r (a.e.)

-.92

001 .003 .010 .038 .141 524 195 7.23 26.9

Puc. 4.1: Pajuanbubie qacTu 60JIBIIMX KOMIOHEHT CIUHODPOB ) f7/3 aToma ypana Jiis

COCTOSIHUI, yCPeTHEHHBIX 110 HepeaaTHBUCTCKUM KoHdurypauusam 5 f416dt u 5 f26d3.
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I'maBa 5

BoccTanoBjieHne 3/1eKTpOHHOI
CTPYKTYPHI B OCTOBAX TSI?KeJIbIX
aieMeHTOB 11ocjie OPIIO pacuera
MOJIEKYJIbI

Kaxk panee 06Cy»1aJ10Ch, IPU BBIYUCJIEHUN TAKUX CBOWCTB, KAK CBEPXTOH-
Kasi CTpYKTypa u 3deKThl Hecoxpanenus P, T-uyeTHocTH, B 0OcTOBaX TsixKe-
JIBIX aTOMOB KaKOH-JTM00 MOJIEKYJIbI HEOOXOUMO HCIOJIB30BATDH IEThIPEX-
KOMITOHEHTHBIE CIIMHOPBI, HMEIOIHe IPABUJIbHOE IIOBEIeHNne BOJIU3U SIAep.
Takum obpaszom, nepej BbIYUCICHUEM CPEJHWX 3HAUYEHWN TaKuxX (pusnde-
CKUX BEJIMYMH JIOJPKHA ObITh BOCCTAHOBJIEHA MUCXO/(HAS (POPMA BaJEHTHDIX
M BHEIIHUX OCTOBHBIX YETHIPEXKOMIIOHEHTHBIX MOJIEKYJISIPHBIX CIIMHOPOB
(B 4acTHOCTH, CTPYKTYpa paJMaJbHbIX y3JI0B) BO BHYTDEHHEH OCTOBHOI
0bJIACTH PAcCMaTPUBAEMOro atoMa mocie aByxkommnonenTHoro (O)PITIO
pacueTra MOJIEKYJIbI.

[TpunnunuasbHasi BOBMOXXHOCTh TAKOI'O BOCCTAHOBJIEHUST JIEKTPOHHOMN
CTPYKTYPhI B OCTOBaX TsixKejbix djemeHToB mnocie OPIIIO pacdera mo-
qekynbl (kak BrupodeM u mpenusuornoro OPIIIO pacuera mosekynbl B
BAJIEHTHON 00JTacTH) CBsI3aHA ¢ TeM (DAKTOM, YTO COBOKYITHOCTU BAJIEHT-
HBIX U OCTOBHBIX JIEKTPOHOB MOXKHO PACCMATPUBATHL KaK JIBE SJIEKTPOH-
HBIE IIOJCUCTEMbI, B3aUMHOE BJIASHIE KOTOPHIX 00YCJIOBJIEHO He demanbHot
CTPYKTYpPO# PacCMaTPUBAEMBIX IOJICUCTEM, & UX OIPEJICJEHHBIMU UHME-
2PANLHBMU XAPAKTEPUCTUKAMHU.

TounOoCTh, KOTOPasi MOXKET OBITh JOCTUTHYTa HA CTAJIMM BOCCTAHOBJIE-
HUST 3JIEKTPOHHOW CTPYKTYPHI B OCTOBAX TSXKEJIBIX JIEMEHTOR, HAMPSMYTO
3aBUCUT OT KadecTBa pacdera BD B BasieHTHOI obsacTu. B mpeabiaymx

ryiaBax ObLJ1a 000CHOBAHA TEOPETUUECKH U TTPOJIEMOHCTPUPOBAHA HA TTPUMeE-
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pax Bo3MOxKHOCTD mperu3uonroro OPIIIO pacuera 3/1eKTPOHHOR CTPYK-
TYypPbI COEIMHEHUI TSAXKEJIbIX JIEMEHTOB B BaJIEHTHOM 00JTACTH ¥, KaK CJIe/I-
CTBUE, — BAJICHTHBIX CBOHCTB MOJIeKyJl (cM. Takxke puc. 5.1). Ucnonb3osa-
HUE YK€ METO/IOB BOCCTAHOBJICHUST B PACYETaX OCTOBHBIX CBONCTB MOJIEKY.JI C
TSIKEJIBIMA aTOMAMU MPEJICTABIISCTCsST BEChbMa, 3((MEKTUBHONR U OY€Hb KO-
HOMWYHOR aJIbTEPHATUBOM CTAHIAPTHOMY OJHOIIANOBOMY PacdeTy OCTOB-
HBIX CBOICTB Takux MojekyJl. IlocienoBarennubrii (“qByXxImarosoiii”) pac-
9eT IEKTPOHHOM CTPYKTYPhl CHAYAJIA B BAJIEHTHON 00J1aCTH, a 3aT€M B OC-
TOBHOW — 9TO CIIOCOD, KOTOPBI MO3BOJISIET CKOMOMHUPOBATH OTHOCUTEJ b
HYIO TIPOCTOTY KakK MoJsieKyJisipHoro POIIO pacduera na rayccoBom Oasuce,
TaK ¥ PEJIATUBUCTCKOTO OJHOIEHTPOBOIO YUCJEHHOTO pacyeTa BHYTpH cde-
PBI C PAJINYyCOM BHEITHETO OCTOBA ATOMA.

O 1HOIEHTPOBOE Pas3JIOXKeHKe OBIIO BIIEPBBIE IPpUMEHEHO B paboTtax Jlek-
J0 n [TUKKO K PeSIATUBUCTCKAM pacdeTaM TeTpPa- U MOHOTHIPUIOB TsI¥Ke-
JIbIX JIEMEHTOB, & 3aTeM 1 bojiee CIIOKHBIX Mosiekydt (cM. [186, 187]). Bouio
POJIEMOHCTPUPOBAHO 3HAUUTE/IHLHOE COKPAIEHWE JJIUHBI CBI3U, BhI3BAH-
HOE€ PEJIATUBUCTCKUME dPDEKTaMU, OJHAKO TOTYHOCTH TAKUX PACIETOB CY-
IIIECTBEHHO OI'PAHUYUBAJIACH JIOBOJILHO CHUHIYJISIPHBIM TIOBEJIEHUEM MOJIe-
KyJISIDHBIX CIIMHOPOB (L[EHTPUPOBAHHBIX HA TSKEJIOM sijipe) yxKe BOJIu3H
siJIpa BOJIOPOJIA, I'JIE OJHOIIEHTPOBOE PA3JIOKEHHE HEe 0DECIIedrnBaJIO BHICO-
KOl TOYHOCTH.

B 9r0it ry1aBe onmcaHbl METOMBI OJHOIEHTPOBOIO HEBAPHAIMOHHOTO |93]
¥ BapuanuoHHOTO |96| BOCCTAHOBIIEHUST SJIEKTPOHHON CTPYKTYPHI B OCTO-
Bax Tsi2KeJIbIxX 3yieMenToB nociae OPIIIO pacuera MosteKkysibl, mpeacTaBiie-
HbI JIBYXIIAIOBbIE PACYETHI IIOCTOSTHHBIX CBEPXTOHKOM CTPYKTYpPbI, 3 deK-
TOB HECOXPAHEHHUsI IPOCTPAHCTBEHHOM YeTHOCTU M BPEeMEHHOW MHBAPUAHT-
HOCTH B JIByXaTOMHBIX MOJIEKYJIaX, & TaK>Ke 00CYKAI0TCs IePCIEeKTUBI

Pa3BUTHUA JBYXIIaroBoro ME€ToOA4a pacdeTa.
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5.1 Metroa HEBapUaIlMOHHOTI'O OJHOIIEHTPOBOI'O BOCCTa~

HOBJIEHUA

Meroy HeBapualmOHHOIO oHOLEHTPOBOrO Boccranonenust (HOIB) ve-
THIPEXKOMIIOHEHTHBIX CIIMHOPOB B OCTOBAX TSKEJIBbIX 3ieMeHTOB 93| cocTo-

HUT N3 CIEAYIOIUX 9TAIIOB!:

® FeHepaLLI/IH IKBUBAaJICHTHbBIX 6a3I/ICOB O;LHOILGHTpOBbIX qupreXKOMHO—
HEHTHBIX CHI/IHOpOB
fnlj (’7‘) Xijm
Inij (1) iX2j—1,jm
n ILBYXKOMHOHGHTHI)IX HCGBAOCHI/IHOPOB

fnlj(r)lem

C UCIIOJIb30BAHMEM KOHEYHO-PA3HOCTHBIX pacyeroB merojgamu XD (B)
u OPIIIO /CCII osurakoBbix KOHGUTYpaluii paccMaTpuBaeMOro aTo-

Ma U €ro MOHOB.

e 3arem MoseKyJIsipHbIE Nce6doopbumant (nbO, B OOIIEM CIIydae, ICeB-
JIOCIIMHOPBI ) TIEPEPA3JIAratOTCs [I0 CPeHEPUPOBAHHOMY Ha [IEPBOM 9Ta-

1€ OJIHOIEHTPOBOMY JBYXKOMIIOHEHTHOMY Nce8docnuHopHomy Oa3ucy

Linag J=14+1/2]

Z Z chljmfnlj )lem; (51)

=0 j=|l-1/2| n,m
IJie T — COBOKYIIHOCTH IIPOCTPAHCTBEHHBIX W CIIMHOBBIX [IEPEMEHHBIX,
r<R¢, Rc>R. (R¢ — paauyc obaactu BocctaHoBjenusi, a R, — pa-

auyc obsactu criaxkuBanus, cM. (2.8)) .

e Hakoner|, aToOMHBIE JJBYXKOMIIOHEHTHbIE IICEBIOCIIHOPbI 3aMEIAI0TCsT
B pazyoxkerann MO JIKAC 9KBUBaJIEGHTHBIMEU Y€THIPEXKOMIIOHEHTHBI-

MU CIITHOpaMH, a KoadhduimenTsl pasioxenus u3 yp. (5.1) ocraiorcs

TEMU 2KC:
max J=1+1/2]
SED SIS DD ST (S BT
nLym . ‘ .
1=0 j=|i—1/2| n,m ’ gnlj(r) 1X2j—1,5m

145



MosekynspHble 9eThIPEXKOMIIOHEHTHBIE CITUHOPDI, TOCTPOEHHbIE TAKUM
obpa3oM, aBTOMaTHIeCKU OpTOoroHaJbHbI K V1O cimHOpaM TsKeJoro aTo-
Ma, MOCKOJIbKY aToMHble basucHbie Oucnuaopbl B yp. (5.1) remepupytorcs
C MCIIOJIb30BaHUEM TMPUOJIMKEHUsT 3aMOPOKEHHOTo ocToBa st MO arek-

TPOHOB.

5.2 BapuanuoHHBIII METO/I, OJHOLIEHTPOBOI'O BOCCTAHOB-

JIeHnd

[esbro JaHHOTO pa3/iesia sIBJIsIeTCsS PACCMOTPEHNE TEOPETUIECKUX TPObIeM
(HEPEJISITUBICTCKOIO) BAPUAI[MOHHOI'O BbIUMCIICHUS] MOJIEKYJISIPHBIX OpOU-
TaJieil B OCTOBHOM 00J1aCTH KaKOro-1ub0 aToMa B MOJIEKYJIe, OIPAHUIE€HHOM
chepuaeckoit moBepxHOCTHIO. OCOOEHHOCTH PEJIITUBUCTCKOIO BAPUAIMOH-
HOT'O BOCCTAHOBJIEHUST Y€THIPEXKOMIIOHEHTHBIX CIIMHOPOB TOCTE JBYXKOM-
noreraTHOoro PIIIO pacuera mosiekyJibl OylyT paccMOTpeHbl B naparpade
5.2.5.

[TpaBusibHOE MOBE/IEHUE MOJIEKYJISIPHBIX OpOuTaJiell B OCTOBHOM 00s1acTn
TSIXKEJIBIX aTOMOB MOXKET OBITh TOJYYEHO B paMKaX BapUaIllMOHHON TpOIle-
JIyPbI, €CJIU MOJIEKYJISIPHBIE TMCEBIOOPOUTAIN BBIUUCIEHBI C JIOCTATOYHOI
TOYHOCTHIO B BaJIEHTHOU 0OJIACTH MOJIEKYJIBI MIOCJE €€ pacueTa MeTOJIOM
9 DEKTUBHOTO MOTEHIHAA. DTO YCIOBHUE BBIOJHSIETCS C OUYE€Hb XOPOIIEit
TOYHOCTBIO, KOrya B MOJeKyJsaApHbii pacder ¢ OIIIO siBHO BKJIIOYEHDI
BHEIITHUE OCTOBHBIE OPOUTAJIN.

Ha srane BapualmoHHOTO BOCCTAHOBJICHUST BHEIIIHUE YACTH IICEBI00POU-
TaJiell “3aMOparkuBaloTcsa B BaJieHTHOU obsiactu nocsie III0 pacyera mo-
JIEKYJIbI, 8 HAauboOJIee yI0OHBIM Pa3JIOKEeHUeM Kak Jjist opouTasieii (uiiu cru-
HODOB B DEJISTUBUCTCKOM CJIy4ae), TaK U Jyisi “BHEIIHUX 1[I0 OTHOLICHUIO
K OCTOBHO# 00J1aCTH pacCMaTPUBAEMO# MOJIEKYJThI A(DPEKTUBHBIX B3AKUMO-
neficTBuil (0T 3aMOPOXKEHHBIX YacTell MOJIEKYJIbI M BHEIIHUX TMOJIeH ), 5B
JISIETCST OJTHOIEHTPOBOE PA3JIOXKEHUE 110 CHEPUIECCKUM TAPMOHUKAM C UHC-
JIEHHBIMY DPaJinaJbHbIMU PYHKIUAMU. [Ipu 3T7OM UKCUPYIOTCS TpaHnd-
HBIE YCJIOBUS JIJIsT MOJIEKYJISIPHBIX OpOUTAJIel 1 WX MPOW3BOJHBIX Ha cdepe,
BHYTPH KOTOPO¥ MPOBOJUTCS OJHOIEHTPOBOE PA3JIOKEHHUE, a TAKXKE CKa-

JIIpDHBIE TIPOU3BEJIEHUST MOJIEKYJISIPHBIX TICEBI00OPOUTAJIEN BHYTPU CQepbl
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(MaTpwuIlBl IepeKkphIBaHus nceBaoopbuTaseii). Jlamee, ecin B GyHKImoHage
SHEPTUH MbI OyJIeM BapbUpOBATh KOI(MDMUIUEHTHI PA3JIOKEHUST UCTUHHBIX
MOJIEKYJISIDHBIX OopOuTaJieil 1mo cgpepruyecKuM rapMOHUKAM, YMHOXEHHBIM
Ha W3BECTHbIE PaJMaJbHBbIE (DYHKIMH, TO MOJYYUM CUCTEMY ypPaBHEHW
JUIs 9TUX KOI(DPUITMEHTOB, KOTOPYIO MOYXKHO PeIiaTh uTepanusaMu. B pam-
Kax 9TOro npubsjmxeHusi 6e3 ocobbix MpobdyieM MOXKHO IIPOBOJUTH PacdeT
MATPUYHBIX JIEMEHTOB JIIOOBIX OIIEPATOPOB, YIECTb MOJeb saipa Pepmu,
a TaK»Ke KBaHTOBO-3JIEKTPOIMHAMUIECKHUE IPDDEKTHI.

Upest BapuaiOHHOTO BOCCTAHOBJIEHUS ITPABUJILHOW (DOPMbBI MOJIEKY-
JISIpHBIX opburaJieil Obuia Blepsbie npejioxkena B pabore [188]. B pabore

[96] oma Gbta passuTa Ha TpUMEpE JBYXATOMHON MOJIEKYJIBI.

ITocTranoBka 3aga4un

Baneutnnie opoutamu. Ilycrs B pesyibrare D110 pacuera gByxaTom-
HOI MOJIEKYJIbl C OJJHUM TA2KEJIbIM aTOMOM A n OJHUM JICTKHUM aTOMOM B
Mbl [IOJIyYMJIM BaJIEHTHbIE MOJIEKYJsipHble rnceBgoopburtanu (MIIO), npej-
CTaBJICHHDbIE B BUJIE JTMHEHHLIX KOMOMHAIWMN rayCCUaH, IEHTPUPOBAHHDIX B
toukax A = (0,0,0) u B = (0,0, Rp), B TO BpeMsi KaK OCTOBHbBIC OpOU-
TAJM HE BKJIOYEHbI B pacder ¢ ucnoiab3oBanrem II10. [list BajseHTHBIX

opbuTaseil MOYXKHO HAIMCATDH CJIEYIONIEE BhIParKeHUeE:

J

GrM =Y CiglF)+) Chgl), (5.3)
jl

A,B
re C’Z-j’ — M3BeCTHbIe KO DUIUEHTHI, a Oa3UCHbIE IayCCOBbI (DYHKIIAN

3alluCaHbl B BUJE:

g'(F) = NG\ J K of; 7)),
g7 (7) = NP G(I7,J7,K}; of; 7— Rp) , (5.4)

rie Rp = (0,0, Rp) — pauuyc-Bekrop aroma B, a Rp — mexaToMHOe

paccTosiHue.

G(I,J,K; o; ¥) = 2Ty’ 2K exp(—ar?) . (5.5)

AB
B ypasuenusx (5.4) N j~ — CTaHJapTHbIE HOPMUPOBOYHBIE MHOKUTEJIN:
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N = NI}, JH K o),
N/ = NI, JP,K7; of) (5.6)

2@)3/4 I+J+K ~1/2

N(I,J,K;a) = ( (4m) 2 [(21-1)1 (27-1) (2K 1)1

s

Kax nokazaHo B IIpeblLyIIKUX [JaBax, B 00JIACTH BHE OCTOBA, TSXKEJIO0r0
aTOMa MOJIEKYJISIPHBIE TICEBIOOPONTANIN ¢ XOPOIIeil TOYHOCTHIO COBMAAI0T
¢ “ucruHEbIMI’ MOsIeKyJIsipHbiMu opbuTassivu (MO), To ecTh ¢ TeMu, Ko-
TOPBIE NOTYYAIOTCA U3 MOJHOIEKTPOHHOIO XapTpr-(OKOBCKOrO Pacdera.

[Tosromy mbl MOXkem uckarh uctuHabie MO B ciiepyroiieM Buje:

P (7) = o5 (F) + 97 (F) (5.7)
roe
M —
i) =4 o7 (5.
0, r > R¢ ,
— 07 r S R )
7 (7) = ¢ (5.9)

gZiVI ('F’), r> Ro .
3mech Ro — paauyc obiact BHYTpH cephl, BKIIOYAONE B cebsi 0CTOB
Tsikesioro aroma A. Mur Mmoxkem BeiOupaTh R¢, ncxons 3 Tpedyemoit Toq-
HOCTW pacyeTa, HO OH, OYEBUIHO, HE MOXKET ObITh MEHBIIE PaInyca OCTOBA,
ucnoab3yemoro B pacuere MITO ¢ ucnonpzoBanuem I110.

BBuy TOro, 4TO CaMOCOTJIACOBaHHOE TOJie B OOJIACTH ATOMHOI'O OCTO-
Ba MMEET MOYTH CHEPUIECKYI0 CUMMETPHUIO, MOXKHO CYUTATH, YTO XOPO-
mieif almpoKcuMaleil Kax st ¢ (), TaK 1 JJIs1 11000I0 B3anMOAEHCTBHS
9JIEKTPOHOB BHYTPHU OCTOBA, OyJIeT pa3JjIoXKeHue 10 ¢hpepuIecKuM TapMOHU-
KaM Y, (Q2), (2 =6, ¢), npudem 4ucio rpebyeMbix rapMOHUK HE Oyjer
CJIVTIIKOM BEJIMKO.

Bynem uckars ¢ (7) B cieyiomeM Buje:

lmaz

N; l
o (™) 2 > > D CoinVum(r,Q) (5.10)

=0 n=1 m=—1
rie
Rnl('r) Slm(Q) , T < Rc )

1
r (5.11)
0, r> Ro,
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KO3 pUIMEeHTHI — BapbHUpPyeMble MMapaMeTpbl, ducia N; SBISI0TCA

i
nlm
YUCJIAMY HEe MEHBIITUMH 9eM 9nCI0 000I049eK aToMa A ¢ ogauM u TeM xe [.
Bormpoc 0 koHKpeTHOM BBIOOpE pajinasibhbix dbyHKIuA Ry (r) Mbl 06cy M
nozjuee. Dynkiyu Sy, () sABISIOTCS BEIIECTBEHHBIMU [TPEJICTABICHUSME

1ist cpepraecKux rapMOHUK Y, (£2):

V2 R Yi(Q), m>0,
Sim(Q) = Vim(Q), m=0, (5.12)
V2SS Y, (), m<0,

st Toro 9TOOBI IEPEHTH K BOCCTAHOBJIEHUIO MpaBuibHON dopmbr MO
B 00JIACTU aTOMHOI'O OCTOBA, HAM MMOTPEOyeTCs: MPOBECTH HECKOJIBKO ITPEJI-
BapuTe/ibHbIX onepainuit. [Ipexxje Bcero Ham HaJI0 3adUKCHPOBATH I'pa-
uununbie yeaosus gt MO Ha cdepe ¢ pagunycom Ro Bokpyr atroma A Tpe-

OoBaHMeM UX COBHaJeHus Ha rpanuie ¢ nopegennem MIIO:

~

i — Re- / Sin(Q) G (r, Q) dQ (5.13)
Q

im = Rc- / Sim(Q) 7" (r, Q)

Q n=1

i i
m m -

3uech bl ucnosbzosaiau (5.10) u (5.11) u oproHOpMEUPOBaHHOCTH Chepu-

YecKUX (PyHKITHIL:

/ Sim(Q) S () = 511G -

Q
= /Slm(Q) 5 (r@l (r, Q)) T_>R0+0dQ, (5.14)
Q
) i d
i _ hd M — (A
T = /Slm(Q)(?'r ('rgoZ (r,Q)) rchdQ 1 "’marR“’(r) o
0 "=
im = i, .

[Tocsie aToro Ham Ha IO 3aUKCUPOBATH CKAJISIPHBIE IIPOU3BEICHUS MEXK-

ay MO S;; = f <pZM goj-v" dr’ = ¢;j, Tle HHTETPUPOBAHHE IPOU3BOAUTCH IIO
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Bcemy npoctpancTBy. [Tockoabky MIIO Toxe siBsIIOTCSI ODTOHOPMUPOBAH-
HBIMH, TO §ij = oM GM dr’ = 6;; , u BBUy Toro, uro MIIO cosmagmator ¢
MO Bo BHeruHeit obsacTu (a, CIeg0BaATEHLHO, COBIAIAIOT CKAJISPHBIE TTPO-
usBesienns BO BHemmeit obmactu, S7 = 55), HAM JJOCTATOYHO 3a(DUKCH-
poBaTh cKajsipable mpousBejgennss MO B objiacTu ocTOBA, S;, KOTOPBIE,
OYEBHIHO, OyIyT COBIAJATL ¢ COOTBETCTBYIOMKUME CKAJISIPHBIMU IIPOU3BE-

neausimu MITO:

55 = [ S0 mar (5.15)

r<Rc

Slj = / gpf(f)gp;(f)d?zz Z nlm n’lm / Rnl(T)Rn'l(T)dra
r<Re Il,m nn'=1 r<Re

S = S5 -

Takum 06pa30M MbI TIOJIy4YUJIA TPU THUIIA yCJIOBI/Iﬁ HA BapbUpyeMbI€ KO-

o<
spdunmentst C, j  , TpaBble YaCTH KOTOPBIX ( S; ) MbI BBIUHCJIEM

lm» lm7
B cieayolmieM mnaparpade, UCIoIb3ysl MPOLEAYPY epepas3siosKeHus rayc-

coBbIX (byHKIWMI Ha meHTp A.

OctoBubIe opOuTaan. CyliecTByeT JBa BapUaHTa BKIIOYEHUs B PACUET
ocroBabix MO. Ilepsrbiit mpeanonaraer ux “3amopakupanue’. [Ipu aTom B
kagectBe MO 0OepyTcsi COOTBETCTBYIONIME aTOMHBIE OPOUTAJIHU, UCIIOIb3Y-
emble npu rexepanun III0. B nanbreiinmem Mbl OyjgeM Opuiep:KUBaTh-
csl MMEHHO 3TOr0o BapuaHTa. BTopoii BapwaHT IpejnoaraeT BapbUpPOBa-
Hue koabduipenToB pazsoxenusi ocroBabix MO 1o 6asucy (5.11) BHyT-
pu ocroBa. B oboux ciydasix MO aHAJOIMHU C HPEIbLIyIUM Haparpadgom
PUKCHPYIOTCS MOBEJEHNE Ha IPAHUIE U CKAJISIPHBIE [TPOM3BEICHUS MEXK-
ay ocroBHbIME MO u ocroBHbIME U BasieHTHbIME MO BHYTpPH OCTOBHOIA
obiactu. Crnocob X pacdera ONUCHIBAETCS HUKE.

Urak, B nepom Bapuante ocroBubie MO 3ajatorcst hopmylioit
oM (i) = —R ( ) Sim(€2), a=(n,l,m). (5.16)

31ech ng) (r) — paguanbHbie QYHKIME, [TOTYYAIONHMECs U3 ATOMHOIO PACc-

qeTa.
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a

a
Berancium pig ocrosueix MO xoucrants: I' , 117

XapaKTepuaylolue

UX IIOBEJICHUE Ha IPaHUIle OCTOBHON 00JIACTH:

e = Ro- [ Su(@el (0,9

dQ = Ryy(Re)Suwdmm , (5.17)
C

r=R
Q
0
e = [ Sew@) 5 (e, ) | 2= Bou(Re)um
T r=R¢
0
I'JIe Mbl BOCIIOJIb30BAJINCHL 0003HAYEHUEM
0
R (Rc) = P (r Ru(r)) n (5.18)
Paznoxnm ocrosubie MO 1o 6aszucy (5.11):
P =D CLTA 4+ ChuTap . (5.19)
Ay Al?

3/1ech MBI pa3JeNujIii CYMMUPOBAHUE IO BCEM KOMITOHEHTAM Pa3JIOyKEHWSsT
Ha cymmupoBanue no Ay = (ny,ly, my), Jyist KOTOpbIX Ny # 1,2 1 cymMmmu-
posanme 1o A2 = (ny,l1, my), a5 koTopeix n = 1,2. Taxoe pasjesenue
MOHA,JO0UTCS HAM B JIAJIbHEHAIIIEM.

Homuoxast (5.19) na W 4, u uHTErpUpysi 0 OCTOBHO# 0OJIACTH, Oy IUM

BbIpakenue i kosdunuentos CY :

Ro
08 = (T |l = / / RO(r) Rua(r) dr 6u, Spomy - (5.20)
Q 0

37ech MBI BOCIIOJIB30BAJMCh CBOficTBaMu Oasuca W4, , KOTOpbIe MBI 00CY-
JuM B maparpade 5.2.2. B cooTBeTCTBUM ¢ HUMU MATPHUIA HHTEI'PAJIOB
nepekpbiBanus 6a3ucHbIX GyHkiwit Sq,4, = (Y4, |V4,) uMeer 6109HYO

CTPYKTYPY, & UMEHHO:
SA1A2 == 6A1A27 SAIA%Q — SA%ZAQ — 07 SA%2A%2 # 0 * (5'21)

Kpowme Toro, Tpamcdopmarnueit mepBoHadasbHOro 6a3ucHoro Habopa (Cum.

naparpad 5.2.2) MOXKHO J0OUTHCsE TOrO, 4TOOBI (PUKCUPOBAHUE IPAHUIHBIX
i

YCJIOBHI CBOJMIIOCH OBl K uKCHpoBaHUIO TOJbKO Kodddunuenros Cy;,

a ) a
1lim>» Y2lm > ~2lm -
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Takum oOpa3oM, KoapOUIIMEHTHI C’Z%Q HE SBJISIOTCS BapbUPYEMBIMU ITa-
paMeTpaMi, MOCKOJIbKY OHM (DUKCHUPYIOTCS I'PAHUIHBIMHU YCIAOBUSIMHU:
re ny =1
Iymy 1 ]
C%. = o 5.22
it (5.22)

a —
llm17 n]_—2

[ToMmuMo BbIUKCTIEHUST KOHCTAHT, XapaKTEPU3YIONINX IIOBEJIEHUE OCTOB-
ubix MO Ha rpanuie ocroBa, u KOI(MDPUIMEHTOB PA3JIOKEHHS 110 0A3MC-
HbIM (DYHKI[MSIM, KOTOPbIE HaM MOHA005TCS B JlajbHERIIIEM, HEOOXOMMO
Sad)I/IKCI/IpOBaTb CKaJIsIDHbIE TTPOU3BEAECHWA ME2KAY OCTOBHBIMHW W BaJICHT-

aeiMu MO, KOTOpBIE, O9EBUIHO, HOJKHBI OBITH PABHBI HYJIIO:
Si=0 = S8S5=-5=-5. (5.23)

<.
CrenoBaresbHo, HaM HEOOXOAMMO 3aUKCHPOBATD S

Si = [ i d =YY Cin G [ RuRalr)dr

I_
r<Rc Lm n,n'= r<Rc

SS = -S> (5.24)

o>
@opmysty JJisi BBIYUCIEHUSI KOHCTAHT Sm- MBI BBIBEJIEM B CJIEAYIOIIEM

naparpade.
Takum oOpaz3oM, JaJibllle MOXKHO JeiCTBOBATH €JUHOOODPA3HO KaK JIJIs
BaJieHTHBIX MO Tak u a7y ocToBHBIX. COOTBETCTBYIOIIE KOHCTAHTHI BbI-

YUCJISIOTCS B 9TOM U CJIEIyIOIIeM maparpadax.

5.2.1 OgHOIEHTPOBOE PA3JIOXKEHUE MOJIEKYJIIPHBIX OopbuTaJei
IlceBaomonekynsapHbie opOUTAIN

Mtax, Mbl XOTHM IIPEJCTABUTH MOJIEKYJISPHBIE ICEBI00POUTAIN 65” (7) mos
r < Rc¢ B Buje juHeiiHbIx KOMOUHAIM chepudeckux byukiwit Sp,(€2),

JAOMHOXKEHHBIX Ha COOTBETCTBYIOIIHE DaJHAJIbHbLIC d)yHKU;I/II/II

lmaa: l

A GEDY Z R}, (r) Sim(Q) | (5.25)

=0 m=-—

rje

() = (@15im) = [ E 0, Sm@) a2 (.20
Q
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PagemnctBo B (5.25) 6bLIO ObI TOYHBIM, ecii ObI CyMMHEPOBaHUE 10 | mpo-
BOJMJIOCH JIO OECKOHEYHOCTH, IIPU 3TOM UeM MEHBIIE T, TeéM MeHbIe CJia-
raemMbix ¢ [ <l,qz; TPEOyeTcst uist Hy»KHOM TouHOCTH annpokcumamnmn MITO
OJIHOLEHTPOBBIME (DYHKIMSAME (CM. KOHEIL JJAHHOrO naparpade).
Paccmorpum 6ostee oapobro Beipakenue st MIIO (5.3):

P =Y cagrF)+ Y CB gB(7) . (5.27)
j 7

[Togcrasisis (5.27) B (5.26), noyyaem
i1 = RA)+ R () Z Ci Rl (r) Z CE R (r). (5.28)

31ecn
RIAT) = (g|Sim) = / g (r, Q) Syn(Q) d2
Q

RI;P(r) = (g)|Sim) = / g (r, Q) Sim(Q) dQ . (5.29)

Beenem 0b03HaUeHNST, KOTOPDIE HOHa,zLo6ﬂTC51 HaM B JaJbHERIeM:

ma:z

FE) = 355 B Sw(©)

=0 m=-1
~B,M . maa:
gME) = ) Z R (1) S(Q) (5.30)
=0 m=—1
Torma MoXxXHO HamUCaThH
~ —\ AU ~A, — ~. —
M) = &M (P + g7 () (5.31)

rjie 3HaK =2 yrnoTpebiisieTcst B TOM 2Ke cMbicie, 410 u B (5.25).
. pJ,A
Tlenepb BbIBeseM (GOPMyJIbI JiJTs pacdera aByx HaO0poB dbyHkmuit R (r)
u R%B(r) ¢ momotpio Bhipaxkenuit (5.4) u (5.5):

RiA(r) = N, / Pyl el 5,(Q) D (5.32)

Ucmnonb3yst COOTHOIIEHUsT

Z=ux/r=sinfcosd,
g =y/r =sinfsing , (5.33)
Z=2z/r =cosf,
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dQY=sinf dfdp, (0<0<m 0<¢<2m), (5.34)
meJZK — ,,,I+J+K iIgJEK ’ (535)
MBI ITOJIYUUM OKOHYATEJbLHOE BBIPArXKEHUE JIJIsT R{;f (r):

IAJAKA A2 A

RIA(r) = 47 Nj w e " i (5.36)

Im

1
ot = o [FF S =R K (AT
Q

Bamerum, uro wilX £ 0 ronbko ecmu | < I+ J + K.

5
Beisegem teneps dbopmyity jist Berauciaenus Ry 7 (r):

R}:P(r) = Ny / ey (2 = Rp)ST IRl g (@) de . (5.38)
Q

Ucnonb3yem 351€ch CIeyIONNEe TOXKIECTBA:

. ) . o
exp (—aji| 7 — Rp|") = exp(—fp) exp(—ajr?) exp(kp-7), (5.39)

rae
L=afR%,  kj=-2a8Rp, (5.40)
00 A
exp(k-7) = 4n > M(kr) Y Sr(Q) Sw(Q) - (5.41)
A=0 u=—A

B namewm ciyqae Rp = Rpé, = (0,0, Rp) u, cremoBaresbHO, BEKTOD k

HaIpaBiieH 1o ocu Z. Torma Boipaxemnue (5.41) MOXKHO yIPOCTHTB:

22+ 1
S/\u(Qk’) = i 5u0 — (5.42)

exp(k-7) = (47r)1/2§:MA(kr)\/2)\+1SAO(Q). (5.43)
A=0

3necs My(z) — mopudunuposannas bynknus Beccesst, KOTOPYIO MOXKHO

MPEJICTAaBUTh B BUJIE:

My(z) = 2 [1 ir sinh (5.44)

z dzx T
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A
My(z) =D m(A(; mﬁl) ((2 )’ZL [+ (] (5.5)

Kpome Toro, ucrnojib3yem cjejayrolinee paBeHCTBO:

B

(= R =Y (Kﬁ > (= Rp)<fi=a 58 pa (5.46)

a
a=0

[Toncrasisist Boipaxkenust (5.39), (5.43) u (5.46) B (5.38), MOJTyUnM OKOH-

= pi'B.
JaTesbHOE BhIpaXkenue Jia QyHKiuit [~

Kjl B )\maa:
! K'/ _ -1 IBJB
RI"P(r)=(4m)2Nye P > j( J )(—RB)Kﬁ PN M (k)9
a=0 a )\:)\min

(5.47)

20 +1 [dQ _;_ ;. .k
O =\ [ T 5@ (@ (549
Q

B dbopmysie (5.47) usMeHMIMCH Tpeesibl CyMMUPOBAHUST 10 A M3-3a TOTO,

Q/I\‘gﬁ TOXKJIECTBEHHO PaBHBI HYJIIO MPU BBIXOJE A

31ech

YTO YIJIOBbIE UHTErPAJIbI

3a 1peesbl (Amin, Amaz):
QIIK max(l — I —J - K,0) <ALZI+T+J+K,
0 =
Him 7 {(Z+I+J+K—)\)quH0.

(5.49)

Torma oueBUTHO, UTO

Amaz =1+ 17 + T +a,  Apin =max(l— I — J —a,0), (5.50)

. Amin min + Amaz — 9ETHO ,

Am
)‘min - N N
Amin + 1, Amin + Amaz — HEYETHO .

Takum obpazom, cymmmponanue B (5.47) orpanudeHo mo A\ CBepxy u

(5.51)

CHU3Y U BBIIIOJHACTCA C IIaroM 2.
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IloBegenune MIIO nHa rpanuiie

[Tocste BuIMOTHEHUST TTpoIeayphl niepepasioxkenns MITIO mo omrOIEHTPO-
BbIM (DYHKIIASIM CTAHOBUTCSI BO3MOXKHBIM BBIUUCIEHUE KOHCTAHT U3 IIPE/IbI-
ayiero naparpada. leiicTBUTEIbHO, BbIpaXKeHHe JIjIsi KOHCTAHT f}m Te-
nepb MOYKHO 3aIUCaTh B HauboJsiee mpocToM Buje. st 9Toro Hajo TOJbBKO

nogcTaBuTh (5.25) B (5.13) w mpoM3BECTH WHTErPHPOBAHUE MO YTJIOBBIM

HepeMeHHblMi
i =Rc Rl (Rc) . (5.52)
TO 2Ke cCaMOo€e MO2KHO C,ZLGJIaTb n JJis KOHCTAQHT ﬁ%mi
. T .
Im = # + Re - Ry, (Ro) - (5.53)
C

OHaKo, eciu Jyist TpaBoii 9acTu ypaBHeHus (5.52) CyIIeCTBYIOT SBHbBIE BbI-
paxkenus (5.28), (5.36) u (5.47), TO 115 BBLIYUCIICHHUS TPOU3BOTHON (DYHK-
mau R! B Touke r = R myxuno npoauddepentuposars dhopmyry (5.28),
9TO MOXKHO CAEIATH ¢ KCHOJBb30BAHUEM CJISLYIOMEro CBOCTBa MOaAndUIn-

poBaHHbIX (byHKIWI Beccess:

%Mx(w) = My11(z) +% My(z) . (5.54)

[Tociie quddepennnpoBanusi U MOJACTAHOBKH 1 = R nosydaem ¢op-

MYJIy JJisl KOHCTaHT Hi
Z Cit Bt (Ro) [1+I+J{+K}'~2a/ RE| + (4r)* " CF

B

' (KB By 8 ) N 1575
Nj,e—f%z< J)(—RB)K]? "Ry e RN ) Y (5.55)

a=0 a A= /\mzn
{Mk(kzch)[l—Hﬁ +J5+a—208 R+ ] + kchMm(kgRC)} .
Ckaasipuble nipousBejieHus mexxay MITO

[Togcrasum (5.25) B (5.15). TTocsie nHTErpupoBatust O YIJIOBBIM MEPEMEH-
HBIM MOJTy9uM (POPMYJLY JJIst BLIYUACICHUS CKAJIAPHBIX IPOU3BEICHNAI MEXK-

J1y MOJIEKYJSAPHBIMU HceB;Loop6I/ITaJIﬂMI/I B OCTOBHO# 0bJiacTu:

g; =S5 = / (r) r*dr . (5.56)
l 0 m=-l]
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CKa.TISIprIe nmpom3BeeHusd MeE2K/J1y OCTOBHBIMU W BAaJICHTHBIMHA

opoOuTaJIIMU

B 3TOM IyHKTE HPOU3BOAUTCS BBIBOJ (DOPMYJIbL JIJis BHIYUCICHU CKAJISAD-
HBIX Hpoussenenuit S;; (5.24). Jlas 9TOro CHOBa BBLINOIHUM IIPOLELYDPY
nepepazsioxkenust MITO (5.25) na nenrp A. Iocse BbinosHeHust Beex ore-

panuii rmojiy4aeM CjeLyronme COOTHOIEHMS:

o A A B B
J J'
rie
00
TAJAKA _
ASa>j = 47 whana J /Rg]l)(,r) e a3.47~2 rL34+1d’r’, (5.58)
R¢
KB
B o> 2 _pi 4 K K&—a IE+JB+a
Sar = (4m)"e BZ aj (—Rp)™ iy T %
a=0
Amaz
Z Alm ,\,Iﬁ+Jﬁ+a+17
/\:)\min
a o0
B >aj __ (0) 5! —aBr2 N
Ry = [ R,/ (r) My(kgr) e " " dr . (5.59)
Ro

B ypaBrenusx (5.58) mbl coxpammnam obosuadenus (5.37), (5.40) u (5.48).
[Ipeesnbl cyMMUPOBAHUS MO A BBIYUCISIOTCS MO mpasmiam (5.49).

Taxum 006pa30M, Mbl BEIYUCIUIN BCE KOHCTAHTDI, HEOOXOIMMBIE JIJIsI Ba-
PUAIIMOHHOI'O BOCCTaHOBJIEHUsI MpaBWiIbHOIO moBegenuss MO B ocTOBHOI

obJiacTu.

O nmpuMeHMMOCTHU OJTHOIIEHTPOBOTO Pa3JIOXKeHUsI opbuTaJei

B sToMm myHKTe 0OCYKJIa€TCs BOIMPOC O MPUMEHUMOCTHU OJIHOIEHTPOBOIO
Pas3IOXKEeHUs JJis BapUAIMOHHOTO BOCCTAHOBJICHHS HPABUILHOM (DOPMBI
MOJICKYJISIPHBIX OpOUTAseil B OCTOBHOI OOJIACTH TAXKEJIOrO0 aTOMa B MO-
jekysie [189]. B kauecTBe MOsIeKyJibl PACCMATPUBAETCsT KAKOH-1M00 JIBYX-

aTOMHBIN (hTOpuI.
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B pabore [93] (cm. Takzke pazmes 5.1) 6bUT IPEITIOKEH TIPOCTOMH CIOCOD
Borunciaennss BO B ocToBHOI 00JIacTH, OJHAKO TOYHOCTH IOJOOHBIX Pac-
94ETOB BCE K€ OTPAHMYEHA W He BCETJa MOXKET ObITh YJOBJIETBOPUTEIHHA
JJist npusioxkenuii. Paccmarpusaembiit xke B 3ToMm pasgesie meros [96] nos-
BOJIIET IPOU3BOAUTD PACUYETHI MOJIEKYJISIPHBIX OpOuTasieii, BoobIe ropops,
¢ Jioboii TpedbyeMoit TOYHOCTHIO.

[IpejicTaBieHHbIe HUXKE PE3YJIbTATHI YUCJIEHHBIX PACYETOB MO3BOJISIIOT
OLEHUTH TOYHOCTH METOJA B 3aBMCUMOCTM OT pasMepa OCTOBHOI obsiacTu
v 9rcsia chepuIecKnx rapMOHUK, YIACTBYIONMX B Pacdere.

Mostekyisipabie opOuTaM B BaJEHTHOH OOJIACTH Tsi?KeJIoro aroma A
MOTYT OBITH C O9€HB BBICOKOH TOYHOCTBHIO BOCTIPOM3BEAECHBI MOJIEKYJISPHBI-
MU TICeB00pOHTAISAMY (5.3), TTOTyYaeMbIMI U3 PACYETA C UCTIOJB30BAHUEM
OI10O. OxHako, 1Jist BEITUCIEHNsT KOHCTAHT, XaPaKTEPU3YIONINX MOBEICHIE
MIIO Ha rpauunne ocroBuoit n BasentHoit obsacreit ((5.13) u (5.14)) u
CKaJISIPHBIX TTPOM3BEACHUN MOJIEKYJISIPHBIX MCEBIOOPOUTAICH BHYTPH OC-
TOBHO# ObstacTu (5.15), MBI HCIOIB30BAJIN OIPAHUYEHHOE KOJIMIECTBO che-
pudeckux TapMoHuK | = 0, ..., lney (cM. cooTHOmenwe (5.25)), yMeHbIIas
IIPU 3TOM TOYHOCTDH pacueTa 0TOPAChIBAHUEM OCTAJIbHBIX YJIEHOB Pa3JIOxKe-
Hust (5.25).

OueBuiHO, 4TO csaraemoe, cesi3anHoe ¢ aromom A (5.31), mepepasiia-
A

raercst ¢ abCOJIFOTHOM TOYHOCTBIO, TO €CTh CylllecTByer Takoe [-

A
max

9TO BCE

pauaJbHble QyHKIMHA R;;;;l (r) maa 1 > 1
A

max

PaBHbLI HYJIIO, IPUYEM JIETKO
ybeuThess B TOM, 94TO [/} B TOYHOCTH PABHO MaKCUMAJbLHOMY COOCTBEH-
HOMY 3HAYEHMIO OIIEPATOPa JIEKTPOHHOIO MOMEHTA M, 3HAYUT, HE MOXKET
ObITb OOJIbIIe 4 JiJIsi OCTOBHBIX U BaJIeHTHBIX opbuTaseil. Takum odpasom,
LOI'PEIIHOCTh, BHOCUMasI B METOJI OIDAHUYCHUEM YUCJIA TAPMOHUK M CBSI-
3aHHAsI C OJHOLIEHTPOBLIM PA3JIO’KEHUEM, LEJIUMKOM OOYCJIaBJIMBAECTCS IIe-
pepasnoxenneM Ha 1eHTp A aToMHbIX opbuTasneit atoma B. (B paborax
|94, 95| Takue useHbl BOOOIIE OTOPACHIBAJIUCH U YIUTHIBAIUCH TOJBKO U6
HbI TI€PBOIO THIIA,).

Ncxopst u3 BIIECKA3aAHHOIO, MOXKHO OLEHUTHh TOYHOCTH METO/a Ha, [IPH-
Mepe JIBYXaTOMHbBIX MOJIEKYJI-(DTOPUIOB, IIPOCTHIM IIEPEPABJIOKEHUEM ATOM-
HbIX opbuTaseii aroma dropa, neaTpuposanubix B Touke B = (0,0, Rp)
ua eatp A = (0,0,0), rie Rp — MexKaTOMHOE PACCTOSHIE.

B kauecTBe 6a3uca jijist aTOMHBIX opbuTaJeil pbTopa UCIOIb30BaJICs Oa-
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suc [pionmkaeBenara. B Tabaunax 5.1-5.3 npepcTaBiieHbl pe3yJbTATHI TIe-
pepasJioKeHus Tpex opbutaJeir aroma dropa — 1s8,2s u 2pz . [Ipu sTom

HCITOJIb30BAJIMCH CIEAYIONe 0O03HAYEHMSI:

Rp  — MexaTomHOe pacCcTosiHue,
Re  — pamgmyc cdepnl, BKIOUaomeit B cebst 0CTOB atoma A,
cpfauss (7")  — aromuble opbuTasn HTOpa, BHIYUCIAEMbIE B TOUYKE
7= (0,0, Ro),
Reexp/ - .
o, P(F|L)  — mepepasmoxkenubie 0 L-To# rapMOHUKN aTOMHBIE

opbutanu ¢ropa, Boraucasembie B Toukax 7 = (0,0, R¢),

Das(L)  — abcomorHasi ommbKa mepepas3ioxKeHnsl,
D,e(L)  — oTHOCHTeNbHAS OIMIMOKA TEPEPABITOKEHUS;
jmuw . N 5
Py () = ZCM Nj (z — Rp)"i emosl™=Fn "
j:l
i “I(F|L) = Z Z Ry (r) Sin(9) ,
=1 m=-1
Daps(L) = |0 P(F|L) — @™ ()|,

Reexp ( - Gauss

©; L

Drel(L) | ( |Ga2ws ( )| ’
i ()]
IIpu sTom
1= 1s,2s,2pz7 ,
L=0,.  lpw=7,
Rp=4.0a.e.,
Rp Rp Rp
Re=—, —, —.
T8 4 72
CpaBHuBas nepepasJioykenibie pyHKIMN cpf%eexp (7| L) puist pasnudaHbx

snavennii L n Ro ¢ dynkmuamu of 7455 (i),

KOTOPBbIE, OYEBUTHO, ABJISAIOTCA
npejesaMu pu L—00 JJIsT TIepepa3yioyKeHHbIX (DYHKINNA, MOYKHO OIE€HU-
BaTh HEOOXOIMMOE JIJIsT HY>KHOM TOYHOCTU pacdeTa YUCJIO TAPMOHUK L JJis

PA3IMYHBIX PaNyCOB OCTOBHOI obnacTu Re .
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3aMeTuM, UYTO OTHOCUTEJbHAS IMOTPEIIHOCTD IePEePA3IOKEHNS JJIsI TO-
YeK OCTOBHOI 00JIaCTH, He JIeXKAIUX Ha OCU MOJIEKYJIbI, HO HAXOIAIINXCS
Ha OJIMHAKOBOM pacCTOsiHMM Ro OoT meHTpa A, mosiydaercs eile MeHbIIE.
DTO MO3BOJISIET PACCUYUTHIBATH HA TO, 9TO NpHU (PUKCUPOBAHUKA L MbI IO-
JIy9UM TOYHOCTD JIJist OJJHOIEHTPOBBIX PA3JIOKEHUH B 1eJ0M (I10CIIe yepei-
Henust 10 cepe r=R¢) Gosiee BBICOKYIO, YeM Ty, 4TO CJEyeT U3 TabJIuI]
5.1-5.3.

5.2.2 Tpancdopmalusa paguajapHOTO Ha3mca

[Ipexxjie yem mepeiiTu K BBIBOJY yPaBHEHUU JJIsi HAXOXKJIEHHUS BapbUpye-

)
MbIx Koabunmentos C, ) . paccMOTpuM Oosiee IOLpoOHO Has3uc paiualib-

ubix pysxuumit { Ry, (1)}

Ucxonubrit Habop, basucHbie PyHKIUHN RY

nl
cs OpaTh U3 CepUU PACUYETOB Pa3/IMIHBIX KOHGUrypamnnii aroma A u ero

(r) KOTOPOrO Tpe/noNaraeT-

MOHOB, 0D03HAYUM CJIEIYIONIUM 00pa30M:

{me }N} (5.60)

1=0
Cuauasa gy Kaxkjaoro [ = 0,. .., lyee MBI 3adUKCHPpYEM OJHY TaKyio
dbyHKIHIO Ré?j)l(r), 1T KOTOPOTi Rgg?,)l(RC) # 0. C ee mMOMOIIBIO CKOHCTPY Wi~

pyeM MPOMEXKYTOUYHBI JIMHEHHO-HE3aBUCUMbIH HAOODP (DyHKIIN {Rgl)(r)}:
1 0 0
RJ(r) = Ryy(r) / Ry)(Re) (5.61)
1 0
Rt (r) = Ry (r)

!
n, n',l

Rffi),, (Re)

(0) _
" RO)(Re) Ry (), n'#b, n=n'+1 (ecim n'<b;),

n=n’ (ecau n'>b) ;
3amerum, 1o u3 (5.61) ciaemyer, aTo

RY(Re)=1 n RY(Re)=0 (2<n<N).

Y n)

[TostHOCTBIO MOBTOPUM 3TY MIPOLEAYPY JJIsi BCeX MOAHAO0POB (DyHKIIMI
{ Rsl) (r) ¥, (0 <1 < lynay), npeasapurenso Buibpas byHKIuK Rg’)l (r)
C HEHYJIEBBIMU MPOU3BOJHBIMKA B TOUKe r = Rc. B urore mbr momydnm

HOBBIII HAOOP (DYHKITHUIA:



2 1 1
RY)(r) = RY(r) / RS (Re) ; (5.62)
1)
RE)(r) = RUM(r) — T TR (), A m= /1 (1<n'<d),
’ ’ dpl o) ’

n=n'(n'=1&n'>d)).

B ypasuenusx (5.62) Mbl BBestrt 0003HAUEHHE

1), — i 1
R l (RC) - d,ar, (T) r=Re :

o~ ~—

n,

[TepBbie jBe QpyHKIMM JUIsT KaXKJI0r0O | MMEIOT CJIeIyoliie IPAHNIHbIE

YCJIOBUSI:

~—

RY)(Ro) = 1, RY)(Ro) = 0;
R§)(Ro) = 0, Ry)'(Ro) = 1;

7

(5.63)

a OCTaJIbHbIE (PYHKIMK OYyT, OYEBUIHO, PABHBLI HYJII0 BMECTE CO CBOMMU

IIEePBBIMHU IIPOU3BOAHBIMH B TOYKE T" = Rcl

R®(R¢) = 0, RY'(Re) = 0 (5.64)

n, n,
ren=3,...,N.
3atem, jysa kaxgaoro | = 0,...,lpe MBI MOXKEM OPTOTOHAJIM30BATH
0HAOOPbI { Rffl)(r) }Nl BHYTpH cdepbl ¢ pajguycom Reo (Hanpumep, ¢
MIOMOIIIBIO TPOIELY Pbl gpz'l?‘)OFOHaJII/IBaLH/H/I I'pamma-IImugra) u nosydurs
OKOHYATEJIbHBIN HAOOD PaJMabHBIX (DyHKITHT
lmas
{{Bur) Y} (5.65)
00JTATAIOIIIX CBOMCTBOM OPTOHOPMUPOBAHHOCTH BHYTPU CQEPHI C PaIny-
com Re:
Ro
/ 1(r) Ryn(r) dr = b (0 <1 <lpa; 3<n,n <N). (5.66)
0
D1u GyHKIMU, 04eBUIHO, OyjLyT UMETh Te 2Ke IpaHudHbie ycioBus (5.64).
U, nakonen, jyist kKaxxjoro | Mbl ckoHcrpyupyem bynkiuu Ry j(r) u
Rs;(r), oproronaJibubie KO BceM ocraibhbiM byHKImsM (5.66) ¢ ogHum u

TeM ke [ 1o ClaeayomuM hopMyTaM:

Ry(r) = RY)(r) — N s b Ru(r) |
Ryg(r) = R} (r) = SNy ab, Ruu(r) ;
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re
all,n = ORC Ry (r) Rﬁ)(r) dr | - 68
aé,n = fORC Ry(r) Rgl)('r) dr . (5.68)
[esbio0 TaKO# OPTOTOHAJM3ALNK SIBJISIETCST MUHUMU3AIMS HOPMbI (DYHK-
it ¢ n = 1,2 npu coxpaHeHUM IpaHUIHBIX ycuoBuii (5.63) st HOBBIX

6a3uCHBIX DYHKIUIL:

Riy(Re) = 1, Ry i(Re) = 0

9.69
R2,1(R0) =0, Rl2’l(Rc) = 1. ( )

[Tocjie BBIOJHEHMsT TAKOW MpoIeypbl TpaHchOPMAIUK IePBOHAYATb-
Horo Gazucuoro Habopa (5.60), CTAaHOBUTCS OYEBUJIHBIM, YTO TEEPh I'Pa-
HUYHBIE YCJIOBHs, HAKJIALIBAEMbIE HA BHYTPEHHUE YaCTHU MOJIEKYJISPHBIX
opbutaseit, (5.13) u (5.14), cBousTest K HGUKCUPOBAHUIO TIEPBBIX JABYX (10151
Kax 10l maphl [ 1 m) kosdpdurmentos C b n=1,2:

i = T (5.70)
Q?Zm:H;m; (Oglélmaxa_lgmgl)

1 xomb ckopo ¢ ukcanmeit 3Tux KoM MOUINEHTOB Mbl JOOUJINUCH Y10~
BJIETBOPEHUsI IPAHMIHBIX yciaoBuit (5.13) u (5.14), To B gasnbHeiimem oHul
y2Ke He JOJI>KHbI BAPbUPOBATHCS HAPSIAY C APYyruMu Koadduimentamu. la-
Jilee MbI OyJieM Ha3bIBaTh KOIPDUIHEHTHI lelm u szlm HEBAPbUPYEMbIMU

KO3 dUIMeHTaAME, & OCTAJbHBIE — BAPbUPYEMbIMHU.

Biouynasi cTpyKTypa MaTpuIibl MHTETPAJIOB TEPEKPHLIBaAHUSA Oa-

3UCHBIX (DYyHKITIIA

[TocmoTpum Tenepnb Kak OyIeT BLIMVISIETH MATPHUIA HHTEIPATIOB TEPEKPhI-
Banus 6asucHbix Gyukimit Sy, 4, = (U4, |V 4,). Mbl ckOHCTpYyHpOBaIH Ta-

KOit 6a3uc, 9TO 9Ta MATPUIA PpUodpesa OJIOIHYIO CTPYKTYPY:

(Vrim|Vorrm) = Opr S Oy, mym’ # 1,2,

(Yot Vi) =0, n#1,2 n=12,
(Ui | Yy =0, n=12n#1,2,
(Ui |Yrrrm) ~ O O n=12n"=12,

(5.71)

rJle MaTPUYHBIC 3JIEMEHTHI OCJIeAHero 0JI0Ka, BOODIIEe rOBOPs, HEe PaBHI
wyaio (mpu [ = I' , m = m') u Mo/mKHBI ObITH BBIUUCIEHBI HA ITAIE

TpaHcGOpMaIul paguaJbHOro 6asuca.
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5.2.3 VYpasHeHusa Xaptpu-PoKa JjiT OCTOBHBIX YacTeil opOuTa-

Jen
BriBoa HestmHelHOI cucTeMbl ypaBHEHMI

PaccMoTpum Bbipaxkenwue Jiisi SHepruun N-3jIeKTPOHHON OJIHOKOH(UT'YPa-

uonnoit BO mosekynnl AB ¢ 3aI0JHEHHBIME OOOJIOYKAMHU:

N/2 N/2
E[M =2 > Al o)1 + Y (2710, o)1 — Kla', #}'])
i=1 ij=1
(5.72)
Bnech @M () — monekynspubie opburann, h[p;, ¢;] — 01HOIEKTPOHHbIE
MHTErPaJIbL:
1 ) - -
bow il = 5 [ [ B@) 0i®) + () B 0] | (573)

r<oo

a h(r_') — OIlepaTOp KUHETUYECKOU dHEPIruu U SHEPruu B3aAUMO/ICUCTBULA
9JIEKTpOHA ¢ sijpamu A u B.

Sanuiiem KYJIOHOBCKHE U OOMEHHDIC YJICHBL B BHUIC:

Jloi, oi] = [oi, @il i, 5],
rie
— — 1 — —
eneitenol= [ a7 [ @ [o@e0 2 ol ol

<00 <00

(5.75)
Heobxoaumo ormeruth, uto nHabop MO {pM ()} nomwken Brmodars B
) ?
cebst ocToBHBIE OpOUTAJIM aToMa A, KOTOPhIE OB UCKJTIOYEHBI U3 PACIETa,
¢ ucrnoan3oBanreM IO m B KagecTBe KOTOPHIX, KAK Mbl YCJIOBUJINCH B
HavaJje JaHHOTO pasjeiia, OyJaeM B OJHOIEHTPOBOM pacyeTe UCIOIb30BaATh
3aMOPOYKEHHBIE ATOMHbBIE OPOUTAJIN.

PaccmoTpuM 0iHOSIEKTPOHHYO dacTh dbyHKIHoHATA (5.72) B dbopme

/dF[...] _ /dF[...] + /dF[...] (5.76)

r<oo r<Rc r>Rc
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U JIBYX3JIEKTPOHHYIO YacTh — B (popMe

/dfF /dfF’[...}:/dF /dfF’[...]+

r<oo r'<oo r<R¢ r'<Rc¢
2/dF /dfF’[...]+ /dF /dfF"[...]. (5.77)
r<R¢ r'>Rco r>Rc r'>Rco

BeejieMm ciieyroriye 0603HaAYEHNUS:

A = {ny,li,m},

5.78
A2 — {n27l27m2} ( )

v .. Hanumem ypapuenusi Diisepa juisi dyHkiponasna sueprun (5.72),
BapbUpysi TOJAbKO BHyTpenHue dactu MO ¢F mo koaddunnenram Ch,-
OueBUIHO, YTO B ypaBHEHUs JaJIyT HEHYJIEBOW BKJIAJ] TOJHKO UJEHBI, KO-

TOPBIE COJIEPIKAT UHTErPAJIBI 10 0CTOBHO# obutactu (1 < R¢):

1dE[pM] .
- = Wy, U !
4 dC(;L4 Zh[ A17 A2j| CAz +
1 A,

Z ( 2 [ Wy, \IJA2|\I]A3’ \I/A4] - [ Wy, \IJA3|\IJA27\IIA4] ) X
Az, A3,4A4

» cic ) Cy, + (5.79)

J

22(2 [@A17\IJA2|S0]'>790_7'>] Czl‘lz_ [\IJA“\IJA?KDZ?’SOJ?} 0;742) o
A

Z)‘U< \IJA1|\IJA2 > Cﬁlg = 0.
J

3aecb np = 3,4, ..., Ny, Tak Kak Bapualus 110 (PUKCUPOBAHHBIM KO-
¢unmentam ny = 1, 2 Bcerja paBHa, HYyJIIO.

DTy cucTeMy ypaBHEHWI Mbl JOJDKHBI PeIaTb C JOMOJHUTETbHBIMU
yeaoBusiMu (5.15), HAJIOKEHHBIMU Ha CKAJISIPHBIE [TPOU3BEJICHNsT BHY TPEH-
HUX JacTeil MOJIeKyJIsipHBIX opbuTajeil. Bmecre ¢ Humu cucrema (5.79)
MpeJICTaB/IsieT coOO¥ TMOJHYI0 CUCTEMY ypaBHEHWH it KO3 PUITMEHTOR

Cy, u Muoxkuresieit Jlarparmka Aj .
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MaTpudHble 3JIEMEHTHI OIEPATOPa MEXKIJIEKTPOHHOTO B3aMMO-

JeiCTBUSI

Paccmorpum bostee mogpoOHO JBYX3JEKTPOHHBIE MATPUUIHbIE 3JIEMEHTHI U3
4eTBepTOil cTpoKH ypaBHeHuit (5.79), HCIOIB3ysl CTAHJIAPTHOE PABJIOKEHIE

JJIs s1Ipa, OllepaToOpa, KyJOHOBCKOIO B3aUMOJAEHCTBUs B ciydae 1 < 7'

o0

1
- m(€2) Sim (Y ,
|7 — 7| Z21+1 N+ Z Sim(€2) Sim(2) (5.80)

[ Ta, Ua, |97, 07 | =

1
[ar [ @ [ ea@ v Lo e el | -

r<Rc r'">Rc

Z Z / / W, (r, Q) [hid, ' Sin(Q)] W (r, Q) 22, (5.81)

=0 m==19 <R

1€ Mbl BBCJIA 0003HaYEHUST:

1J . o o ) -
im = 2l + 1 / / i (1) @5 (7) g Sim () 77 drdS) =
Q r>Ro
i = 7 (7) lHSzm( ) r®drdQ2. (5.82)
Q r>Ro

Takum 00pa3om, JJjisi TOr0 9TOOBI PACCUUTATH MATPUUHBIE SJIEMEHTDI

(5.81) HAM HAJO BBHIYUCIUTH KOHCTAHTHI MEXKIJIEKTPOHHOIO B3aUMOJIEfi-
-

crust hy (4To MBI cnenaem B ciepyiomem naparpade). Ho cragana me-

penuiieM cucreMy ypasaenwuit (5.79) B 6osee yaobHOM BH/IE.

Matpuunaga dopma 3anucu ypaBaeHuii Xd®

Brenem psin obo3HaueHmii:

(A1A2|A3A4) = 2[\IIA1\IJA2|\IJA3\IIA4] - [\IjAl\IjA3|\IJA2\IIA4] )
haa, = h[Wa, Va4, (5.83)
hA1A2 - I:\I}Al \IIA2|()0@ 90.7 } )
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Fhide = [(A1Ag|A3AY)} Ay A, — MATDHIIBI JIByX3JIEKTDOHHBIX
MHTErPAJIOB;
S = {S4,4,} — Marpuma WHTErpasoB MepeKpLIBAHI OA3UCHBIX
bynxmui;
h = {ha,4,} — MarTpuia OJHOINIEKTPOHHBIX UHTEIPAJIOB;
hY = <hY — MATPHUIBl MaTP. JIEMEHTOB MEKJICKTPOHHOT'O
Ay p p p
B3aUMO/I€ICTBUSI;
C; = {C,} — Bexropa cocrosiuii. (5.84)

U3 31X MaTpuIl 1 BEKTOPOB CKOHCTPYUPYEM MATPHUILY:
G = {GA1A2} ) (585)
MATPUYHBIE JIEMEHTHI KOTOPOIl 3aJIal0TCsA CJIeayoleit (hopmyJioit:

GAIAQZZC*,- A G = > €Y, O (A1Ay]AsAy) . (5.86)
J J,A3,A4

Torpa cucremy ypasrenuit (5.79) MOXKHO 3aIMCATh B KOMITAKTHOM BUJIE:

(h+G) Ci=3" (\S+h) C;— (23 07) G, (5.87)
: _

J

WK, BBOJIA OOO3HAUYEHUE

F=h+G+2) W, (5.88)

J

B BHJIE, MAKCUMAJIbHO IPUOJM>KEHHOM K CTaHIAPTHOHN crcTeMe ypaBHEHU
XO:
DO — & Ry O
FCi=) (NjS+hY) C. (5.89)
J
U, makowrer, nepemnwuiiem jgonosuuTesbubie yeuosus (5.15). B mammx

0003HaYEHUSIX OHU OYJyT BBIIVISIIETH CJIEIYIONIIM 00pa30M:

C.SC; =S5 . (5.90)
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5.2.4 Ilepepa3joxKeHue BHEITHUX BKJIAJ0B OT KYJIOHOBCKOIO 1

00MEHHOTO MOJIEKYJISPHBIX B3aWMOAENCTBUIA
B3aumogeiicTBue Mexkay BaJIEHTHBIMU JIEKTPOHAMU

KoHCTaHTBI MEXK3JIEKTPOHHOTO B3auMOJIeiCTBI S 3a1at0TCst (hopmyJioii (5.82).
[TojgcTaBuM B Hee MOJIEKYJIIPHBIE TTCEBIOOPOUTAIIH, TPEJICTABJIEHHBIE B BH-

Jie JIMHEWHBIX KOMOWHAIUI TayCCUaH:
Z 9t (7)) + Z KA (5.91)

Torpa, mocje 0603HaUeHMS

x
- A7
CD _ C(=\.D 2 _
M, = 2l+1//gz- (7)g? (7) l+1Slm( )r2drdQ, C,D=A,B
Q Rc
(5.92)
mosiydaeM (GOpMYJy JJisi BBIYUCIEHHST KOHCTAHT MEXKIJEKTPOHHOT'O B3aM-
MOJIEeCTBULA:
71J A A AAT B BBi KN
hﬁn - ZC’I Z hlm
I,J

+ Zcﬁ B AB Z A BA7T KJ ) (593)
I.N

[Tocse nmpoBeieHust MpoLeay bl IEPEPABIOKEHUST AHAJIOIMIHOM TO, 4TO

MbI BBITOJHUIN B naparpade 5.2.1, nosyanm GpOpMyJIbl JIJisi Y€THIPEX Ha-

C ~'L”
( ) ( )( ‘E) ‘ ‘ l”L

.7 KB s,
( 7 )R i
0
KB
BA7Y _ (471')3 AT : KzB . B_aq
hlm - 2l+1NZNJaZ:O( a ( RB) hlm )

AAT (47T)2 IAAJAAKAA
hin = o7 M Ay (aan) (5.94)

OOpPOB KOHCTAHT

’L

BBiLij
l

ABh

lm

e
1P =19 + [JD; JOP = g 4 JJ-D; acp = af +a§) ; (5.95)
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Nep=IP 4+ J°P + KP 11, (5.96)

KBB —g+ b, B = OéBBRQB, kg = 2Rpagpg ,
KA = K{ +q, Bap = of R, kap =2Rpal
KB4 :KJA—l—a, BBA Eosz%, kpa EQRBQ/? ,
KA = KA+ K2,
(5.97)
0
R =3 407K QNP (kop, acp; Beb) (5.98)
A=0

Ay(a) = /rNe—a"z dr, N>0, QY (k,a;8) = «fa_ﬂ'/fr’J\’e—ow2 My (kr) dr

Rc RC’
(5.99)
B3aumogeiictBue Me2k1y OCTOBHBIMHU 3JIEKTPOHAMMU
Boipaskenue Jj1si OCTOBHOI OpOUTAJIM UMEET BUJI;
1
M 0
Pa (T) = ;Rﬁll)(r)szm(ﬂ) , (5.100)
rie a = (n,l,m) ua =1,...,0,4 - B HamemM cirydae KOHCTAHTBI MeXK-
JIEKTPOHHOT'O BBaHMozLeﬁCTBHH 3a/1a10TCst (POPMYJIOi:
b _ (7) 2
— 2l—|— : oM () ) o Stm () v dr dS2 . (5.101)
Q Re
[ToscraBuM Croj1a BhIpaXkeHKE JIJIsi OCTOBHBIX OPOUTAJIEN:
o0
47 dr
b ly 1 (0) (0)
h?m - 2l—|— 1Qmam2m/Rnl ( )Rnblb(r),rHl . (5'102)
Rc

Samerum, 9T0 110 mpasuiy tpeyroubauka 0 < [ < [,+1; , 1151 Bcex ocTaib-

HbIX [ KOHCTAHTBI h% =0.

BBaI/IMOﬂeﬁCTBI/Ie OCTOBHBIX 1 BaJIEHTHBIX JJIECKTPOHOB

Jlast Toro, 9TO0OBI yU€CTh B3AMMOIEUCTBUAE MEXKYy OCTOBHBIMHU U BaJIEHT-

HbIMHA JJIEKTPOHAMMU, H€O6XOILHMO BBIYMCJIUTD CII€AYIOINUEe KOHCTAHTDI:

za_

2
hy, = 2l 1 St (2) 77 dr dS2 . (5.103)

()t
Q R¢
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3Hak THJIbAbI YKa3bIBa€T Ha TO, 9TO BMECTO MOJICKYJIAPHBIX Op6I/ITaJIeI7I

oM

B HHTErpaJibl IOJCTABJSIIOTCA MOJIEKYJIsIDHBIE IICEBIOOPOUTAJIH 6?4 ,

YTO SIBJISIETCSI XOPOIIUM TNPUOJIMXKEHWEM BO BHeIrHe# obsactu r > Re.

[ToncraBiisisi CIO/1a, BhIPAXKEHUST 15T QZZM u 9034 , & 3aTeM MPUMEHAS MMPOoIe-

APy NEPEPASIIOKEHNS Ha LIEHTP A, nosyaum GOpMyITy JJIsi BBIYUCTICHUST

KOHCTAHT lm'
him = > Cil Z By (5.104)
I
riae
ai (47-‘-)2 J IAJAKA ai
Ahl% = 2l_|_1Nj Z Z lmJ erfjnéarfz AhlJ , (5.105)

li=0m;=-I;

B

K
Braj __ (47T)5/2 B : KJB . KP—b
hin = S N Py ) (SRS

b=0
o

QIJBJij Bha

Z lama,ljmj,\0 MNP +TP+b4+2-1
A=0
o
; A2 A_
ARy = / rEi =2 dr (5.106)

BRpal = X+ 1 / R, (r)e=" My(2Rpalr) r¥ dr ,
Rc

I+J+K
O iy = S D b0 (5.107)
=0 m=-I
bttt = [ S (D)Sum (D) Sms(DSin(D) a2
Q
L=+ J '+ K, Bh =o R} . (5.108)
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5.2.5 OcobeHHOCTH PEJATUBUCTCKOI'O BOCCTAHOBJICHUS OJHOJIEK-

TPOHHBIX (PYHKITHI

Haxke ecir B BasieHTHOM 00s1acTr BD 1 BajileHTHBIE CBOMCTBA MOJIEKYJIBI XO-
POIIIO ONMUCHIBAETCS HEPEJATUBUCTCKAM MPUOJMKEHUEM, BOCCTAHOBJIEHUE
B OCTOBHO# 00JIACTH ¥ PACYET OCTOBHBIX CBOWCTB 9acTO HEOOXOMMO BbI-
[OJIHSTH C YY€TOM PEJISTUBUCTCKUX 3PMEKTOB. DTO, B YACTHOCTU, UMEET
MecTo B ciydae agpderToB HecoxpaHenust P, T-derHocTr, KOTOpbIE UMEIOT
cyry6o pesstuBrcTcKOe poucxoxaenue |[1]. Haubosee ecrectBenublii crio-
cob nepeiitu K pensarupucrckomy BOIB — 5T0 ucmnosb30BaTh Ha IEPBOM
9Tale PacyeTa IMEKTPOHHON CTPYKTYPhI JBYXKOMIIOHEHTHBIE ICEBIIOBOJI-
HOBBIE (DYHKIIMN U PEJIITUBACTCKHAE BAPUAHTHI COTVIACOBAHHOIO 110 (hopme
SI1O unu OPITIO [45, 59, 85], nobasiisieMbie K raMUJIBTOHUAHY HEPEJISITH-
BUCTCKOTO TUIA W YUUTHIBAIOIINE KAK CKaJIsIPHO-PEJISITUBUCTCKIE 3P DheK-
TbI, TAK ¥ CIIUH-OPOUTAJIBLHOE B3aUMOJIEHCTBHE.

Takum ob6pa3oM, HYy?>KHO 3aMEHUTh aTOMHbIE OA3MCHbBIE TayCCOBBI (DYHK-

uun (opburasu) B yp. (5.5) 6a3UCHBIMY JIBYXKOMIIOHEHTHBIMU CIIUHOPAMHU
. . 2
G(Vn, om; 1, 4, £msr) = 17 exp(—anr?) X15,2m(2) , (5.109)
rJe CIMH-yTJIOBOH MHOXKUTEb OIPEAC/ISCTCS BhIPAKCHIEM

C(l L j; m—1, DY (@)

27 2 Jm_§

_ (5.110)
C(l % J; m+ %a —%)Y}’m%(Q)

Xijm (€2)

B yp. (5.110) C(I % 7 m:F%, i%) — koo durmentor Kiebma-Topgana,
g =1+ % um= —j,—j7+1,...7. CuuHOpHOEe IIpe/ICTABJIECHNE B BbIPaKEHH-
ax (5.109) u (5.110) BHOIHE TOAXOAUT JIST ONMUCAHUS JIMHEHHBIX MOJIEKYJI,
JUIsL KOTOPBIX YUCJIA, 11 SIBJISIIOTCS CUMMETPURHBIMUA UHJIEKCAMMU.

B riaBax 1-3 paccMaTpuBaJIMCh CIIOCOOBI MCKJIIOUYEHMST MAJIbIX KOMIIO-
HEHT U3 sIBHOI'O PACCMOTPEHHUsI B pacdyeTrax. B 4acTHOCTH, MOKA3aHO, 4TO
ncespocnuaopbl B OPIIIO pacuerax coCTOSIHUE CHCTEMBI, OTJUYHBIX OT
cocTostHust, ucojib3yemoro npu reaepaimn OPIIIO, ¢ ogens BBICOKOI TOU-
HOCTBIO BOCIIPOU3BOAAT OOJIBIINE KOMIIOHEHTHI UCXOJHBIX YeThIPEXKOMIIO-
HEHTHBIX CIIMHOPOB. VI3BECTHO (M TaKKe MOATBEPXKIECHO B pacyeTax Haled
IPYIIIbI), 9YTO B BAJEHTHOMH OOJIACTU JIJist ONPEJEJeHNsT MAJIbIX KOMIIOHEHT
MOJIEKYJISIDHBIX OMCIIMHOPOB B II€JIOM, a HE TOJBKO UX 0A3UCHBIX (PYHKITHIA,

C OYECHDL BBICOKOHM CTEIeHBIO TOYHOCTA MOXKET OBITH IIPUMEHEHO YCJIOBHE

170



KHHETHYEeCKOro basianca (cM. paszen 1.2 i UCnoib3yeMbix 0603HaYeHNUi,
|98-101] u cebutkn):

oy B 1
) =1 o1ep | (5.111)

E : § : B
znlym gnlgm I' + zn’lgm gn’l]m(r)

n,l,j,m n'l.j,m

9To npubINKeHNe, eCTeCTBEHHO, HapyIIaeTcs BOJU3H s/ipa Y JIETKUX U
BO BHYTPEHHEII OCTOBHOI OOJIACTH Tsi>KEJIbIX 3JIeMeHTOB. Bo BHemiHei ke
OCTOBHO# 00J1aCTH JIJIsi MAJIBIX KOMIIOHEHT ITPY HEOOXOMMOCTU MOXKHO HC-
[0JIb30BATH 0O0JIEE TOUHBIE BHIPAYKEHUS JIJISI MAJIbIX KOMIIOHEHT, KOTOPBIE,
B YACTHOCTH, MPEJCTABJIECHbI B pazjese 1.3. YUuTbiBas MpeHeOpPeKuMYIO
MaJIOCThb BKJIaJIa B HOPMUPOBKY OHMCIIMHOPOB OT BAJIEHTHBIX 4YacTeil Ma-
JIBIX KOMIIOHEHT, MOXKHO HCIIOJIb30BATh TCEBIOCIUHOPHI JBYXKOMIIOHEHT-
Horo npubskenuss OPIIIO jyist renepanyy MaJibix KOMIIOHEHT OCPE/I-
crBoM Bbipaxkerust (5.111). (B uporusHoM ciyuae mMoxer norpeboBaThCs
“gerpipexkomnonenTaoe” npubsmkenne OPIIIO co criiaxxeHHbIMEU B OCTO-
Be OMCIIUHOpaMU, B KOTOPOM MaJibleé KOMIIOHEHTBI YeThIPEXKOMITOHEHTHBIX
TMICEBJIOCTTMHOPOB YUUTBHIBAIOTCS B pacdyeTe siBHbIM obpazoMm. [Ipu aTom, oj-
HAKO, 3aMETHO YCJIOXKHSIETCSI BbIUUCIEHUE JIBYXIJIEKTPOHHBIX UHTErPAJIOB
¥ WX MCIOJIb30BAHUE B MOCIELYONIUX PACIeTaX. )

Urak, B 3a/1a4e PeJIITUBUCTCKOIO BAPUAIIMOHHOT'O BOCCTAHOBJIEHWST BMe-
cro opbutaneit o (7) u ¢; (') B Boipaxkenusx (5.8) u (5.9) cienyer uc-
MOJIb30BATh Y€THIPEXKOMIIOHEHTHBIE CIIMHOPHI B BUJIE JTUHEHHON KOMOWHA-
nuu (5.10) aToOMHBIX 6a3UCHBIX OMCIHHOPOB B OCTOBHO# OOJIACTH U BOCCTa-
HOBJICHHBIX C MCIIOJIb30BaHKeM Bbipaxkenust (5.111) MosekyJisipHbIx Gucru-
HOPOB B BaJIEHTHO# oOJiacTu coorBercTBeHHO. IIpm 3ToM pajmyc obJactu
BapHUAIMOHHOI'O BOCCTAHOBJICHUST, R, JI0/2KEeH ObITH JIOCTATOYHO OOJIBIIIM,
9TOOBI BCE MPSIMbIE PEJIATUBUCTCKUE B3aUMOJEHCTBUS, MOTPEITHOCTH TIepe-
HOPMHUPOBKH U T.1I. B 00J1acTu 7> R ObLIM TPeHEOPEXKUMBI U TIPU ITOM Pa3-
JIOXKeHHe 110 chepudeckum rapmornkaM B obsiactu r< R (cMm., Hanpumep,
Tabsmipl 5.1-5.3) Obwio Obl He comimKoM JyinHEbIM. Hanbosiee ecrecTBeH-
HbIM BbIOOpOM Juisi R sABsieTcs pajuyCc BHEIIHUX OCTOBHBIX 0DOJIOUEK
(oH MO MeHbIIeH Mepe JOJIKEeH ObITh He MEHbBINEe PACCTOSHUS JI0 BTOPOTO

PaJIMAIBHOTO y3J1a JJIs S-000JI0UEK ).
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BHYTpeHHI/Ie 9aCTH BOCCTaHOBJICHHBIX MOJIEKYJISAPHDBIX 6I/ICHI/IHOpOB 3a-

II1IIeM B BUAC

L i ,L 0
i<(r7 Q) o anm Ca;n:n nKkm (’r )
Znnm Cn/ﬁmd)nfsm( )

BMecTO paszioxkenus (5.10). B Boipaxkennn (5.112) 6osbiine u MaJible KOM-

(5.112)

IMTOHEHTDbI YETBIPEXKOMIIOHECHTHDBIX CIIMHOPOB IIOME€YE€HbI MHJICKCaMN Ln S,

a PEJIATHBUCTCKOEC KBAaHTOBOE€ YHUCI/IO K 3aJa€TCA BbIPaKEHHUEM

1.2
(l+1) - (J+=)
2
Ycii0Bre KHHETUYECKOTO DaJIaHCa B PACCMATPUBAEMOM CJIyUYae MOYXKET ObITh

3alliCaHO KaK

Ve (1, Q) = (2€)7H(T"B) Y (1, Q) - (5.113)

C yd9€TOoM IIPEACTABJICHUA OJIA OOJIBIINX U MAaJbIX QTOMHBIX KOMIIOHEHT

6a3UCHBIX OMCIHHOPOB

mem(lr Q) = r! Pn/ﬁ:(’r) Xﬁm(Q) )
nnm(lr Q) = Z.’r._l an(r) X—Iﬁm(Q) )

/1€ CIIUH-YTJIOBbIE MHOXKUTEJIH ONPEEJAI0TCs anasornduo yp. (5.110) (6o-

(5.114)

Jiee JIeTAJIbHO BBIPAXKEHUsl JIJIsi MOJICKYJIAPHBIX OMCIMHOPOB PacCMaTPUBa-
forcsi, Hapumep, B pabore [190]), Boipaxkenue (5.113) cBoguTCs K COOTHO-

MIEeHUIO MEXK/Y paJuaJIbHbIMHA YaCTAMU OOJIBIINX U MAJIbIX KOMIIOHEHT:

d K
Qui(r) = N,fﬁ(dr + ) Pas(r) (5.115)
rjae me — HOPMUPOBOYHBIA MHOXKUTEJIb JIJIsI PACCMATPUBAEMON MaJIOu

KOMITOHEHTHI.
[Togo6HO Ry(T) B HEPEJISTUBUCTCKOM CJIydae, MOIYT ObITh CKOHCTDYH-
POBAHbBI U PaJuajIbHbIC 6aSI/ICHbIe cbyHKLu/m P(7) 115t GOSBIITIX KOMITO-
HenT, T.e. Koapdummentsr CF,° ‘om W CL gm MOTYT OBITD 3a(1)HKCHp0BaHbI C
VCTIOME30BAHIeM TPAHNIHBIX yetopuit. Koadbdummentn: CF o 1 Cs i o
pesi MaJIbIMU KOMIIOHEHTaMU Oa3MCHBIX OUCTTMHOPOB JOJXKHBI OBITH PABHbI

COOTBETCTBYIONIUM KO3 uireHTaM O0JIbIINX KOMIIOHEHT B COOTBETCTBUI

172



¢ ycaoBueM KnHeTudeckoro bajganca. Bee apyrue KoaddUnmueHTh y MaIbIX
KOMITOHEHT SIBJISIIOTCS BapbUPYEMbIMU MapaMeTPaMHU.

Hocrouncrom npejicrapienus (5.114) jisi 6a3UCHBIX CIUHOPOB sIBJIsI-
€TCsl TTPOCTOTA €r'0 UCIOJIb30BaHUs B IIPOIE/LyPE BOCCTAHOBJIEHUST, KOTOPAs,
B OTJIMYWE OT MCXOHOI'O MOJIEKYJISIPHOTO pacdeTa, siBJISeTCs 3a,1a9eil aTOM-
HOT'O THIIA IIPU BBIYUCICHUU MATPUUYHBIX DJEMEHTOB OJIHOIEKTPOHHBIX U
IByxueKTpoHHbIX B3ammogeiicteuit. [Ipu (O)PIIIO pacuere momexyiibt
C TIOCJIe/IYIONIMUM BOCCTAHOBJICHMEM 3JIEKTPOHHON CTPYKTYPbl B OCTOBAaX
TSIPKEJIBIX JIEMEHTOB TPEOYeTCsi MHOI'O MEHDIIINE BbIUYNCTUTEIbHBIE PECYP-
Chbl, XOTsi O6a3MCHBbIE (DYHIUMU TPU BOCCTAHOBJEHUU MOTYT OBITh KOHEIHO-
Pa3HOCTHBIMK (JIJIsl JJOCTHXKEHUsT OOJiee BBICOKOH TOYHOCTH), W HauboJee
MPOCTHIM 0OPa30M MOT'YT OBITH YUTEHBI, HATIPUMEDP, MOJeb sijipa Pepmu,

OpeliToBCKME U JIPYTHe KBAHTOBO-3JIEKTPOJNHAMUYECKNE I(PDEKTHI.

5.2.6 Bo3moxxHble (puszndecKmne NpuMeHEHUs

[Tpenoxennast cxema BOLB moxeT ObITh UCIIOIB30BaHA JIJIsi TEHEPAIAN
OCTOBHBIX YaCTeil MOJIEKYJISIPHBIX CIIMHOPOB (OpOMTAJIEit) BMECTO HCIIOIb-
30BaHUSI 9KBUBaJEHTHBIX 0a3ucoB B cxeme HOIIB, mockombKy MoJeKyasIp-
HbI€ T1CeBIO0POUTANN, KaK npaBuJio, crpositest B Y POIT/CCII pacuere pac-
cMaTpUBaeMoil MOJIeKyJIbl (T.e. 6e3 yuera apdexrusnoro CO B3aumoeii-
CTBUsI ), & [IEPEPA3JIOKEHIE MOJIEKYJISPHBIX [ICEBI0OPOUTANIEH 110 ATOMHbBIM
OJTHOIIEHTPOBBIM IICEBIOCIIUHOPAM B PEJISITUBUCTCKOM CJIydae OrPAHUIEHO
0 TOYHOCTH, KakK 910 Obuto momydeno B namux OPIIIO/PCK/HOIIB
pacaerax mosekysnl TIF (cm. nmxe).

Bce ke Hanbosiee MHTEPECHBIM HAIIPABJICHUEM Pa3BUTHUS JBYXIIIAIOBOIO
METO/1a SIBJISIETCS BO3MOXKHOCTD “pa3buTh’ pacieT Koppesatuortoti CTPyK-
TypbI BCEell MOJIEKYJIbI Ha JIBA ITOCJIEIOBATEIbHBIX KOPPEJISIUOHHBIX PACUe-
Ta, — CHAYaJa B BaJEHTHOU obJsiacTu, a 3aTeM B ocToBHOI. Koppessinon-
Hbie 3(pdEK T B BAJIEHTHOI U BHEIIHEH OCTOBHOI 06/1acTsiX (T.€. HE TOJBKO
BaJIEHTHBIE YaCTU MOJIEKYJISPHBIX OpOuTaJieit, Ho U KO3I(MUIUEHTHl HAJIO-
XKeHusi KOHMUrypaluii) ¢ BBICOKOH TOYHOCTBIO MOTYT ObITh BbIYUC/IEHbI,
nanpumep, B pamkax merojga OPIIIO /PCK. Tlocne yero koppesisiiuoHubie
93¢ HeKThl BO BHYTPEHHE OCTOBHOI 1 BHEIIIHEH OCTOBHOI 00JIACTSIX CJIeIy-

eT y4IecTb Ha CTa iU OfHOIeHTpoBOro pasioxkenus merogom JK(B)/PCK
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(I/I.HI/I, BO3MOXKHO, KAaKAM-JINOO JIPYTUM KOPPEJISIIHOHHBIM MGTO,ILOM). [Tpu-
YeM, YBEJIMUMBas PaJInyC OOJACTH OJHOIEHTPOBOIO PA3JIOXKEHUS, MOXKHO
y4€CTh KOPPEJAIUOHHBIE 3(PMDEKTHI B IPOMEXKYTOIHOI (B HaleM ciyvae —
BHEIITHEI OCTOBHOﬁ) obJiacTu ¢ TpedyeMOil TOYHOCTHIO.

Ecnu BhIYuCIUTEIbHBIE U3AEPXKKHA PACYETOB B BAJEHTHOW M OCTOBHOM
00JIaCTSAX B JIBYXIIAroBoM pacdere, Ipybo roBopsi, CKJIAJIbIBAIOTCH, TO B
OOBIYHOM OJTHOIIIAIOBOM pacyeTe OHM MMEIOT MYJIbTHILIUKATUBHBINA XapaK-

Tep.

5.3 JIByxmiaroBblii pacdeT cBOMCTB. D@P@PEKTHI HECO-
xpaHeHus P,T-yeTHOCTN M CBEpPXTOHKasi CTPYKTY-

Pa B MOJIEKYJIaX

Jlisi BBIUMC/IEHNS OMHOJEKTPOHHBIX OCTOBHBIX cBoiicTB B cxeme HOIIB
JIOCTATOYHO BBIYUCIUTD PEYIIMPOBAHHYIO MATPHILY IJIOTHOCTH, {51;}, To-
cjie MOJIeKYJIsipHOTO pacdera B npudsmxkennn POIIO na 6a3uce aroMHbBIX
[ICEBJIOCITMHOPOB, B TO BPEMSI KAK MATPUIHBIE DJIEMEHThI {leg } oneparopa
KaKOIo-jub0 CBOWCTBA CBEPXTOHKAsT CTPYKTYPA, I(PPEKTh HECOXPAHEHUST
P, T-4ernoctun np.), {XX}, crenyer sorauciars B sxBuBajenTHOM Oasmce
ATOMHBIX 9eTBIPEXKOMIIOHEHTHBIX CIHHOPOB. Torma oxkmaaemoe 3HAUCHHE

JJIA CI)I/IBI/ILIGCKOI'/JI BCJIMYNHBI BBIYUCIACTCA KaK

(XE) = ) Dy Xk . (5.116)
pq

[Tpu 31OM, eciin MOJIEKYJISIDHBIE PACUYEThI BBIMOJHSIIOTCS C KOPPEJISAIAOH-
ubiM (O)POIIO (em. pazgen 3.5), 1o B KauecTBe X Ciiejyer UCIOIB30BATH
“acpdexrusnbiit oneparop” (cm. [191]) st ganHOrO CBOWCTBA, B KOTOPOM
Te ke camble Koppessanun ¢ VO s1eKTpoHaMu JTOJKHBI ObITh YUTEHbBI, YTO
u mpu moctpoennn Koppessuornoro (O)PIII0O. Bosee Toro, yuer koppe-
gsinmii ¢ 1O ssekTpoHaMu 0ObITHO CYIIECTBEHHO DOJIee BarKeH JIJIsl PACIeTa
OCTOBHBIX CBOHCTB, U TeXHUKA, IMDMOEKTUBHBIX OMEPATOPOB JIJIsT HUX MOXKET
OBITH YCIIENTHO MPUMEHEHA, JIaXKe €CJIU B MOJIEKYJISIPHOM pacdeTe UCIIOJIb-
gyercst o0brunbiit (O)PIIIO. Uubimu cioBamu, yder koppessnuit ¢ 1O

AJICKTPOHAaMH B 3TOM CJIy4dae 6yﬂeT OCyHIE€CTBJIATBCA TOJIBKO Ha CTaJHNH
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BOCCTaHOBJICHU A HpaBI/IJIbHOﬁ SJIeKTpOHHOﬁ CTPYKTYPbI B OCTOBaX TA2KE-

JIbIX 9JICMCHTOB.

PaccmoTpum airopuTM pacdera CpeIHUX 3HAUYEHUN OIHOIEKTPOHHOI'O

oneparopa X (7) B obmieM ciydae. OH COCTOUT U3 TPEX STAIOB:

® pacyer Ha BCEM MPOCTPAHCTBE MATPUIHOIO JIEMEHTa Oneparopa (B
00KJIaJIKaX KOTOPOI'O CTOST TPEJCTABJIEHHBIE B BUJIE JIMHEHHBIX KOM-
OMHAIMI TayCCOBBIX (DYHKIMI MOJIEKYIISIPHBIE TICEBI0OPOUTAIIH) C MO~
MOILIIBIO IPOrPAMMHOI0 TTakeTa Jijisi MosiekyJisipabix (P)9IIO pacyeros
(3aMeruMm, OIHAKO, Y4TO ONEpaTop X MOXKET 10 PA3HOMY 3alUChIBATH-

cst B pacuerax ¢ ucxogubiM u (P)IIIO ramusibronnanamu),

X = > [ @O xE # a; (5117

¢ r<oo

® pacyeT BHYTPEHHEH 4acTh MATPUYHOIO JIEMEHTA ONepaTopa C TEMHU
K€ CaMbIMH MOJIEKYJIAPHBIMUA HCGBﬂOOp6I/ITaJIHMI/I Ipu IoMOIK OJHO-

IEHTPOBOI'O MMAKeTa IMPOrPaMM,

X =Y [@OXOE@ @ (G
‘ r<Rc

® pacyeT BHYTpPeHHEl YaCcTu MaTPUIHOTO JJIEMEHTa OTIEPATOPa C BOCCTA-
HOBJIEHHBIMY MOJIEKYJISIDHBIMEU OPOUTAJISIMEU [IPU KCIIOJIB30BAHUU TOIO

2Ke OJTHOIEHTPOBOT'O MaKeTa, MPOrpaMM,

X =3 [ eOX@Oe@dr. (1)

r<Rg

Tora nckomblit Mmarpuanblil smement (X) oneparopa X(7) 3anucbiBaercs

B BUJIE:

——~—

(X) = (X) — (X) + (X)<. (5.120)

DTa IpoIeypa, eCTECTBEHHO, MOXKET OBITH YIPOIIEHA JJIsl HEKOTOPBIX KJIAC-
cos oneparopo X (7). Hanpumep, cpejtue 3HadeHust 01epaTopoB BajeHT-

HbIX CBOMCTB (OHepaTOpOB JAUIIOJIBHOI'O U JAPYI'UuX MYJIBTUIIOJIbHbBIX MOMEH-
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TOB U T.II.) MOXKHO BBIYHCJIATD C XOPOIIIEH TOTHOCTHIO 1 6€3 yiIeTa BHY TPEH-
HUX dacTeil MaTPUIHBIX deMenToB (5.118), (5.119). Ho ans pacuera cpea-
HUX 3HAYEHUIT CUHTYJISIPHBIX Ha stipe oneparopos (P- u P/ T-HevyerHbIx ore-
PATOPOB B3aMMOJIEHCTBUS JIEKTPOHOB U $IJIEP, TTOCTOSTHHBIX CBEPXTOHKOM
CTPYKTYDbI U JIp.) JOCTATOYHO YYECTh TOJBKO BHYTPEHHHUE YACTH MATPHY-
HbIX 3j1eMeHTOB (5.119) 5TuX 0mepaTopoB Ha BOCCTAHOBJIEHHBIX (DYHKIIHSIX
o (7), a ocranpubiMu dieHamu ((5.117) u (5.118)) MoxKHO npenebpetb, Kak
9TO Jies1aloch Hamu 1pu ucrnosb3osanuu cxembl HOIIB (5.116) B pacuerax,
PACCMOTPEHHBIX HUXKE.

st IBYyX3J€KTPOHHBIX CBOMCTB TPEOYIOTCsI DOJIee CI0XKHDBIE BBIYUCIE-
HUs1, B ODIIEM CJIy9ae Mbl JOJDKHbBI yauThiBaTh yp. (5.49). Boraucienue oj-
HOJIEKTPOHHBIX (OpOUTAJIbHBIX) SHEPIUil BAJIEHTHBIX COCTOSIHUN WJIN JIPY-
I'MX YHEPreTUYECKUX CBOMCTB MOJIEKYJ — OCOOBIHM CJIy4aii, TTOCKOIBKY O/I-
HOJIEKTPOHHBIE YaCTH raMuIbTOHUAHOB it Mojiekyal (¢ (P)IIIO) u mus
ATOMHBIX OCTOBOB Pa3jiMvHbl. B Takux ciaydasix ClaejyeT HCIOJb30BaTh
(P)9I1O ramuibronuatsl B yp. (5.117) u (5.118).

[TepBoie pByxmiarosnie pacuyersl napamerpon P, T-wHedeTHoro cruH-Bpa-
IIATEJIbHOIO FaMUJIBTOHUAHA, MOJIEKYJIbI-pajguKaia PbF ObLiu BbITOMHEHBI
namu 17 sier nazaz (93, 94|. 1o T0ro Obl1 BBINOJIHEH TOJBKO HEPEJISATUBUCT-
ckuit pacaer mosiekyJibl T1F ¢ mocseaytonmm peasiTiBUCTCKIM MacIITabu-
poBaHueM (B KOTOPbBIX MOJIyYEHO YEThIPEXKPATHOE 3aHUKEHHUE BbIUMCJICH-
HbIX P, T-HedeTHBIX CBOWCTB 1O CPABHEHUIO C AHAJOTHIHBIMYU PEJISITUBUCT-
CKHMHK pacueTaMu, BII€PBbIE BBIITOJHEHHbIMU TOJBbKO B 1997 1. Pacuernr
mosiekyst PbF u HgF B pabote 95| cHauasa BBIIOMHATNCH € yCPEeTHEHHOMR
no cnuay dactbio POIIO, nocse dero yunrhbiBaJcs BKIIA) OT CIIMH-OPOU-
TAJIbHOI'O B3aWMOJEHCTBUsI C MCIIOJIb30BAHUEM METO/Ia, ITPEJIOKEHHOIO B
pabotre [192].

3aTeM HaM{ ObLI BBITIOJHEH PacyeT OCTOBHBIX CBOHCTB MosieKysa YbF
[10], BaF [11], caoBa YbF [12]| u, makonemn, TIF [9]. B nacrosmee Bpems
HAIIEH TPYIIOH 3aBepIIaeTCs: BBIMOJHEHUE Mpenn3noHHoro pacdera P,T-
HEYETHBIX CBOMCTB METACTAOMIILHOTO COCTOsSTHUST MOsieKysibl PbO u mranu-
pyeTcsi pacdeT OCTOBHbBIX CBOMCTB MoJiekyJ bl HgH B cBsa3u ¢ norpedHOCTSI-
MU SKCIEPUMEHTA.

Paccmorpum Oosiee 110 ipOOHO TOJIBKO IIOCTEHNAE CEePUH JIBYXIIArOBBIX

pacYeToOB, B KOTOPBIX Y4eT 3JIEKTPOHHOU KOPPEJIAIUU BBIMOJHAJICA B PaM-
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kax TB2/KB (mnsa BaF u YbF) u PCK (s TIF). B stux nccienoBanusix
JIOCTUTHYTa HAWIyUIlas Ha CETOIHSITHUN JIeHh TOYHOCTDL PAacdeTa, MOCTO-
SIHHBIX CBEPXTOHKOW CTPYKTYpbI 1 3¢ dhekToB Hecoxpanenusi P, T-yeTnocTn

AJIAd MOJIEKYJI C TAXKEJIbIMKU aTOMaMMU.

5.3.1 Pacuyer mapaMeTpOB CIIMH-BPAINATEJIbHOI0 TaMUJIbLTOHUA-
Ha MoJieKyJ BaF u YbF

DddekTuBHBIN TaMUJIBTOHUAH. MOJIeKyJISIPHBIE CITMH-BPAIIATEIhHbIE
cremnenn cBoboast BaF u YbF st nzoronos '3"Ba u VYD ¢ simeprbim cru-

HOM [ :% OIUCHIBAIOTCS MaMUJIbTOHUAHOM [2, 94, 95]

— A =

H, = BN?+~SN — D.RE + SAI
+ WakaXxS - T+ (Wsks + Wade)SX , (5.121)

rie N BpaIlaTeJbHbBINA YIJIOBON MOMEHT, B — BpalnaTejbHas TOCTOsH-
Hast, S — 9 pEKTUBHDIH CIIUH TeKTPOHA 12], I crun sapa 'Yb (13"Ba),
X — €IUHUYHDLIN BEKTOP, HAIIPABJICHHBIN B/I0OJIb MOJIEKYJIAPHON OCHU OT Ts-
»KeJtoro sijipa, Ko ¢ropy. I[locTosiHHasi CIMHOBOTO yIBOGHUST Y XapaKTepu-
3yeT CIIMH-BpallaTe/ibHOe B3aumojieiicteue. D, u E— MOJIEKYJISIDHBII 11-
MOJIbHBI MOMEHT ¥ BHEIITHEE 3JIEKTPUIECKoe Tojie. AKCHaIbHBINH TEH30P A

ONUCHIBAET MAHUTHYIO CBEPXTOHKYIO CTPYKTYpPYy Ha sijipe urrepbusi (Ha-

pust) :

un I @x7 . 0 &
_ - _ : 5.122
I @ g 0 ( )

Hs,
KOTOpast TAK»Ke MOXKET ObITh MEPeNnucana ¢ UCIHOIb30BaHNeM 0003HAYEHU
as usorponnoit A=(A+2A4,)/3 u punonsnoii Aq=(Ayj—AL)/3 mocro-
SIHHBIX CBEPXTOHKOW CTPYKTYPbhl. SHAUUTEIHHO MEHBIIYIO BEJIMIUHY UMEeT
CBEPXTOHKOE B3amMmojeiicTsre ¢ saapoM °F, u ono He mpejicTaBiasgeT nHTe-
peca Jiisi pacCMaTpUBaeMbIX 3(PGPEKTOB.

[Tocsieaue Tpu wiena B Boipaxkenun (5.121) yuursiBator P- u P/T-He-
geTHble 9(PPEKThI: Nepsvili U3 HUX OIMUCHIBAET JIEKTPOMAIHUTHOE B3aM-
MOJIEHCTBHUE JIEKTPOHA C AHAMOJLHBIM MOMEHTOM sijpa ka |1, 2|; eémopoti
YJIeH YYUTbIBaeT ckaJisipuoe P, T-wHedeTHOE 3j1€KTPOH-HYKJIOHHOE B3aHMO-

JielicTBue ¢ Oe3pasMepHoOil KOHCTAHTOM kg; mpemut 14IeH COOTBETCTBYET
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B3aumojieiicteuio DJIM snekTpona do ¢ BHYyTPEHHUM MOJIEKYJISPHBIM TIO-

—

aeM E o :
0 0 =
H; = 2d, - * ol ) (5-123)
g
Wade = 2(°S1 2| Hy|*S1 ) - (5.124)

1
[locrosinnast 5Wg xapakrepusyer a(hdekTuBHOE 3JIEKTPUYECKOE 10JIe Ha
HecnapeHHoM 3jekTpone. Bee P- u P, T-neuernnie koucrantsr W; 3aBucsr
OT JIEKTPOHHOM CITMHOBOHN IJIOTHOCTH BOJIU3M TSIXKEJIOTO sJIpa, W HaJIe¥XK-
HOCTb HMX PaCHY€TOB MOXKET 6bITI:) IIPOBEPEHa CPpaBHEHUEM BBIYUCJIEHHbBIX U

IKCIIEPUMEHTAJIbHBIX 3HaYEHU I AJIZ CBEPXTOHKUX ITOCTOAHHBIX An Ad .

Jetasm pacdeToB. PaccMoTpuM cxeMy pacdeTa JAHHBIX MOJIEKYJ Ha
npumMepe pacdera YbF, Boimosnensoro B pabore [12]. B wacru OP3II0
pacuera BaJIEHTHON CTPYKTYDPbl OCHOBHOIO cocrositusi 2% YbF, on ObLi
IIPOBEJIEH 110 aHAJOIrUK ¢ npejblyum pacierom YbF [10], a ocHoBHbIM
OTJIMYMEM OT IOCJIeIHErO ObLJIO UCIIOJIH30BAHME TEXHUKN 3aMOPAKUBAHMS
TICEBIOCIIMHOPOB 55 U Hp, MOJNIYIEeHHbIX B pacdere KaTuoHa Yb?T. Vcmos-
30BaHKe MPOIEAYPl 3aMOPAKUBaHUS (KOTOpas OOCY’KIAETCS B pasJesie
3.3) Jyist 3THX 000JIOUEK HEOOXOANMO, IIOCKOJIBbKY MX TOJISIPU3AIMST Y IUThI-
Baercst Ha crajuu nocrpoerus addekrusaoro omneparopa (cm. [193] u na-
parpad 1.6.2 st peraseit). Pacyersr merogom CCIT ¢ OAIT (OATICCIT)
[194, 195] ¢ 5284 woudurypaiusiMu ObLIH BBITOJHEHBI jijis 11 31€KTpo-
HOB, PACIIPEIEJIEHHBIX II0 IOAIPOCTPAHCTBaM aKTUBHBIX opbuTajeit OAII-
1=(2,0,0,0), OAII-2=(2,1,1,0) u OAII-3=(6,4,4,2) B COOTBETCTBUHY C HETIPH-
BOJIMMbBIME TIpejicTaBieHusimu Ay, By, Bs u Ao rpynnsl cummerpun Cy, MO-
JIEKYJIbl, UCIIOJIb3YEeMOH B pacdere (cM. pabory [194] st geraseit o me-
rory OAIICCII). Takoit e, B npuHiie, pacyer OblI BBIIOJIHEH U s
mostekyJibl BaF [11].

Boipaskenust st mapamerpa Wy, XxapakTepu3yIOIero BHYTPUMOJIEKY-
JstpHOE TIOJie, npegcTaBieHo B yp. (5.123) u (5.124), a Boipakenust jyist
JPYTUX 3JEKTPOHHBIX MATPUIHBIX JJIEMEHTOB, KOTOPHIE COOTBETCTBYIOT I1a-
pamerpam A, Aq u W; oneparopa (5.121) moxer ObITb OOHAPYXKEHO B
pabotax |2, 94|. Bee pajunasibHble HHTErPAJBI U ATOMHBIE YETHIPEXKOMIIO-

HEHTHBIE CIIMHOPBHI ObLIN BBIYUCIEHDI ISt SApa 1 YD KOHETHOro pasMepa
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C UCIOJb30BaHUEM MO PAaBHOMEPHO 3apsi>KEHHOTO IIapa. XOPOIIO 13-
BECTHO, YTO ATOMHBIE MATPUUIHBIE 3TEMEHTHI oreparopa (5.123) mporopru-
onasbHbL Z°. Takas ke 3aBHCHMOCTb HMEET MECTO U JIsi KOHCTAHTHI Wy,
B TO BPEMSI KAK MATPUUHbBIE 3JIEMEHTDI, KOTOPbhIE JIAIOT BKJIA)I B KOHCTAHTDI
W, nponoprmonaibia Z2. [TockosnbKy 3apsj, pa GTopa B 8 pa3 MeHb-
e, YeM y uTTepbus, To BKJIajaMu B napamerp W; or oKpecTHOCTH sIapa
¢dTopa MOKHO HpeHedOpedb. JOmoSHUTENbHBI apryMeHT B IIOJIb3Y 3TOIO
YTBEPKAEHUSI CBSI3aH C TE€M OOCTOATEILCTBOM, YTO COCTOSIHME HECIIAPEH-
HOT'O JIEKTPOHA B MOJieKyJsie Y bF onuchiBaeTcst riiaBHbIM 00pa3om opOuTa-
JISIMA UTTePOUsi, ¥ CIIMHOBAs ILIOTHOCTH, TAKKM O0pPa30M, TaK»Ke JIOKAJIK-

30BaHa HA UTTEPOUN.

PesyapraTbl. PesysbraTbl pacdera napaMeTpoB CIUH-BPAIATEIbHOIO
raMuJIbTOHMAHA IIpejcTaBieHbl B Tabuuie 5.4. CpaBHeHHE pe3yJbTaTOB
OPSITIO/OAIICCII pacueros |10] ¢ pesympratamun OPII10 /OAIICCII/90
pacueroB [12| mopTBepKIAOT BBIBOJI, C/IETaHHBIH B EPBOii pabore 0 ToM,
4TO OCTOBHO-BAJEHTHBIE KOPPEJIALMY (B I€PBYIO 04epe/ib TUIa 5S—6S, BKIIO-
4ast CIUHOBYIO IOJISPU3ALMIO) JIAIOT OYEHb CYIIECTBEHHbIH BKJIAJ] B CBEPX-
TOHKME NOoCTOsiHHbIe U B P- u P T-HederHbie KOHCTAHTHI (KOPPEJISIUM Ta-
KOI'0 THTIA, KaK MPABUJIO, OKA3bIBAIOTCS HECYIIECTBEHHBIMI B PacUeTax Ba-
JIEHTHBIX CBOWCTB MOJIEKYJI).

OkoHYaTebHDBIE HAIIN PE3YJIBTATHI JIJIs TOCTOSTHHON CBEPXTOHKOMN CTPYK-
Typbl A oTyM4aroTcs MeHee deM Ha 3% OT 9KCIEPUMEHTAJIbHON BeJrdu-
ubl [196]. D10 o3HAUaeTr, uTO “‘CUMMETpUUYHAs’ YACThH CIMHOBOW ILIOTHO-
cTy BOIM3MU spa Yb B HALIMX pacuerax IOJydeHa C JOCTATOUYHO XOPOIei
ToYHOCTBHI0. OTHAKO, HE MeHee BaXKHO BOCIIPOU3BECTHU U “aCUMMETPUIHYIO”
YaCTb CIIMHOBOY IIJIOTHOCTU KOTOPas YIUTHIBACTCA JUIIOJILHON TOCTOSHHOMI
Aq. Buavenue jyisi Aq, noayuennoe B OAIICCIT/90 pacuere, Haxoaurcs
B HECKOJIBKO JIYUIIIEM COIJIACUU C IKCIIEPUMEHTAJIbHBIM 3HAYEHUEM, YEM Be-
JuauHa u3 paborst [197], ograko ona Bee emle nejgoonenena va 23%. Oko-
JIO TIOJIOBUHBI 3TOW PAa3HUIIBI MOXKET ObITh 00bsiCHEHO TeM (haKTOM, UTO B
HAIEeM MOJIEKYJIsipHOM pacdere 4 f-obosouka aToma Yb Oblaa 3amMopoxke-
Ha (BIEpBBIE TO OOCTOSITENHCTBO, YTO yueT Bo30yKaeHuit u3 4 f-obonouxu
MOKET OKA3aThCsI BaKHBIM, OBLIO OTMedeHO XpuIuioBrdeM). B qacTHOCTH,

ITHU B036y}K,IL€HI/IH MOT'YT O00BSICHUTD MaJIYIO BEJIMYUHY IMOCTOAHHON CIIU-
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roBoro yasoerust vy [198, 199]. B momysmnupuaeckom pacuere [193] 6b110
MOKA3aHO, YTO BKJIAJI B CIIMHOBYIO IJIOTHOCTH OT y4eTa Bo30y»KeHuit 4 f-
0BOJIOUKHM MOXKET MPUBECTH K 3HAYMTENHHON MONPABKE K MOCTOSTHHON Ag.
Ucnonbays ypasuenus (19) u (31) uz paborst [193], MOXKHO 11Oy 4uThCIIE-

JYIOIIHE OIEHKH JIJISI BKJIAJIOB OT BO30yxpennit 4 f-obomouku B A u Aqg:

A~ —3MHz, 6Aq~ 15 MHz. (5.125)

3ameruM, 4To nosiydeHHbie B [12]| nosysmMuupuveckue MONpaBKU BO3HMU-
KaroT u3-3a npumernuBaHus K BD wmosekysbl KoHUrypalUuun ¢ JAbIPKO
B 4 f-obonouke. Bec aroit kondurypauuu 6bu1 onenen B pabore [193] na
yposre 4%. Jannas npuMech — 3TO 9MCTO MOJEKYIAPHBINA 3ddeKT, n o
HE OIKCBIBAETCSI IOCPEJICTBOM TEXHUKHU (PHEKTUBHOrO omneparopa. Takum
00pa30M MOXKHO CIEeJaTh BBIBOJ, 4YTO BeJuunHa dAgq MoxKeT ObITh j100aB-
sena Kk OAIICCII /90 Besinuune jisi Agq, u B pesyJibrare Mbl OyjieM UMETh
Aq =~ 94 MHz, uro cymecrBeHHO OJiM>Ke K IKCIEPUMEHTAJILHON BEJIMYUHE
102 MHz.

Ba>kHO OTMETHUTD, 4TO HO00HBIN BKJIa OT BO30yKaeHus 4 f-000/109KI
B nocrosianyio Wy cunbho nogasnen. [eiicrBuTesnbho, oneparop (5.123)
cmeruBaeT f- u d-Bosubl. Obosouka 4d uTTepOUs MPOCTPAHCTBEHHO Ha-
XOIUTCST JOBOJILHO TIJIyOOKO U ee cMmernuBanue ¢ 4 f-opouTtaasiMu MOJIEKY-
JISIPHBIM TIOJIEM JOBOJIBHO MaJiO, B TO BPeMsI Kak Hd-000JI0YKA sIBJISETCST
OTHOCUTEJIbHO CJa00 CBSI3aHHON M HE IPOHUKAET CYIIECTBEHHO B 00JIACTH
Jokasim3anuu 4 f-0b60s0uku. AHaAJOrMYHBIE BKJIAJBI B JPYIHe KOHCTAHTEHI
W; npereOpeXuMbI 13-3a, KOHTAKTHOIO XapaKTepa COOTBETCTBYIONIUX B3a-
UMOJICUCTBUA.

Jlerko BujeTh, 9TO 3HAYEHUST KOHCTAHTHI Wy, MOJlydeHHbIE B HEOI'PAHU-
aernnom JIX® pacuere [200], nociesnem nosysmnupudeckom pacuere [193]
u OPIIIO/OAIICCII/HOLIB/390 pacyere HaxXo[sTCst B OY€Hb XOPOIIEM
corjiacuu. Tak»Ke BaXXHBIM OOCTOSITEJILCTBOM HAJIEXKHOCTH BBITTOJHEHHBIX
pPacyYeToB SIBJSIETCS TOT (DAKT, YTO BKJIAJ OT BAJEHTHOTO 3JIEKTPOHA B
Wy w3z paborsr [200] Bcero na 7.4% orimyaercsi OT COOTBETCTBYIOMIEIO
OPS3IIO/CCIT/HOLB pacuera [10] (cm. tabuuiy 5.4). B agpyrom IX®
pacdere [197| ObLta mosTydeHa BEJMYUHA, KOTOPAs BJBOE MEHbIIIE, UTO BIIO-

CJIeICTBUH OBLIO NMPU3HAHO aBTOPAMU KaK OIIMOOYHBIN Pe3yJIbTAT.
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AnajtornvuHoe yBeJMdeHne 3HAUEHUI TTOCTOSTHHBIX CBEPXTOHKOM CTPYK-
Typbl U mapameTpoB P, T-HeueTHBIX B3aUMOJEHCTBUI TIPU yUeTe KOppeJis-
it ¢ ocTOBHBIME 000I0UKaMu (B IEPBYIO 04epe/ib ¢ 5s, bp) HabJrogaeTcs
u B mosekysie BaF [11] (rakxke cm. tabuuiyy 5.4), npuueM Jjuisi Hee, KO-
HEYHO »Ke, He Tpedyercs ydera KaKux-JnOO TONPaBOK Ha BO30YyKJieHUE
f-snexkrponos. M3-3a Mménbinero 3apsija sapa Ba, koaddunuenT ycuieHus
P, T-neuernnix acpdpexToB B mosekysie BaF B 3 paza menbiie uem B YbF, B
cBsA3M C 4eM pTopuj Dapusi pacCMaTPUBACTCA KaK MEHee IepPCIIeKTUBHAsI

MOJIEKYJI& JIJIs 1TOKCKa, 3pderToB Hecoxpanenus: P, T-deTHocTH.

5.3.2 Pacuer P,T-neuernnix 3¢pdexkroB B mosekyne TIF

DddeKTUBHBIN raMUJIBTOHNAH. BzaumoseiicTBrue 3(hdeKTUBHOIO BHY T-
pUMOJIEKyIpHOro 1o Moiekysl 2OTIF ¢ DJIM anpa Taaiusd MOMKHO

samucarb B opme [201]:

HT = (dV +day - X, (5.126)

rjie 0§ — €IMHUYHBIN BEKTOP, MapaJlIeJbHBINA CIUHY siapa Tajnst I, A —
eJIMHIIHBII BEKTOP BIOJL Mexkbageproit ocn z (or Tl x F), dV u d¥ —
[MOCTOSTHHBIE, COOTBETCTBYIOIIUE 005EMHOMY U Ma2Hummomy dpdekTam B

coorercrBuu ¢ Teopueit [udda [1, 202]:

d” =6SX = (-d,R+ Q)X , (5.127)

S — anepubiil muddosckuit Moment, d, — M nporona, R u ) — mHo-

JKUTEJU, ONpeieliseMble AIePHOl CTPYKTYPO 2057

R = (§n(rta)l Y (an/Z — buzs)raln(ra)) | (5.128)

n

Q = [3/5(bn(rn)| Y (gnrn) [tbn(rn)) — (5.129)
1/Z (N (rn)| Y (@nr2)[on (rn)) (n (tn)| Y (anTn) /72w (ta))]7

Yn(rn) — AaepHas BOTHOBas ByHKIHS
27 | O
x=Z 2w (5.130)
3 |0z £y 2=0
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py(T) — 3JIEKTPOHHAS MIOTHOCTH, Bbhuucyennas u3 BO ¢ ua sape Tl

M _ b b
d™ = 2v/2(d, + dy) (Z + 2mc> M, (5.131)

rjie dy — siyepubiit 9/IM, Bosuukatomuit Osarogapst P, T-wederubim sijep-
HBIM CHUJIAM; (4, M U Z — MarHUTHBIH MOMEHT, Macca u 3apsij sijapa T1; ¢ —

CKOPOCTH CB€Ta,

1 d?z XI;
M= EW"; - z|¢>, (5.132)

—_

l; — onepaTop opOUTAILHOIO MOMEHTA, 1-T'O JIEKTPOHA, & (Y — €TI0 MATPUIIBI

Jupaxa.

Heranm pacdeta. Pacder JByXKOMIIOHEHTHOW TICEBJOBOJHOBON (hyHK-
iuu Mosiekysibl T1F ¢ uconbzoBanuem 21-sekrporroro OPIIIO mist Ta-
JIMsI, KOTOPbIA BOCIPOM3BOAMT B3aMMOAEHCTBIE BAJIEHTHBIX ¥ BHEIITHUX OC-
TOBHBIX 555p5d 3/16KTPOHOB ¢ BHyTpenHnM ocrosoM [Kr|4d; /24dg 24 f56/24 ]‘"78/2
rajyust. Dror OPITIO 6bur nocrpoen B paborax [83, 84|, u o obec-
[eYNBAET MPABUIBLHOE OIKCAHUE JIEKTPOHHON CTPYKTYPHI B BaJIEHTHOM
00JTACTH MOJIEKYJIBl W BHEIIHEM OCTOBe Tajutus (0bosouku 5s,5p u 5d).
BoccranoBiieHre 97€KTPOHHON CTPYKTYpPbl BO BHYTPEHHEH OCTOBHOW 00-
JIACTH OCYIECTBJISLIIOCH C MCIOJb30BAHUEM HEBAPUAILMOHHOM IPOIIE/Ly Phl
(em. ]9, 10, 12, 93] u ccbuiku) Ha crenepupoBanHoMm B pabore [9] Gasuce
YETBIPEXKOMIIOHEHTHBIX OJIHOIEHTPOBBIX CIIMHOPOB.

Mg OPIIIO pacdera MosieKy bl ObLI CreHEPUPOBAH KOPPEIAIMOHHbIA
cnut-opobumMasvHet TucaeHnslit 6asuc |6s6p4d2flg| mus Tanus ¢ ncnonn-
sosatunem OK-cxembr, onucannoit B naparpade 1.5.3 (cM. Takxke paborb
|87, 88, 90, 147]), B cepuu asyxrommnonerrHbix OPIIIO/PCK-O/] pac-
deroB (cMm. naparpad 1.6.3 rje omucan ucrnonb3yeMblii B pacdere MeToj
®II-CK). Boibop MUHIMA3UPYEMOTO SHEPTETHIECKOTO (DYHKIMOHAJA B BH-
Jie cpefHell sHepruu JAByX Hu3mux cocrosguuit aroma Tl B OK-cxeme re-
Hepalyy Oasuca ObLI BHIOpAH B CBSI3M C TE€M, YTO ITOT OA3UC JIOJIKEH C
XOPOIIeil TOYHOCTHIO ONMUCHIBaTh Koppessauun BO obonouek Tajust 5s u
S5p, a He TOJBKO Hd M BAJEHTHBIX ODOJIOUEK, KaK 9TO OBLIO BBISBJIEHO B

pacderax OCTOBHBIX CBOiicTB MosiekyJibl YbE B padore [10]. B To Bpems,
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KaK y4IeT KOPPEJAIuil 5s 1 5P JIEKTPOHOB TAJUINS OOBITHO JAeT He OUeHb
CYIIIECTBEHHBIN BKJIAJ B BAJICHTHBIE (DUBUKO-XUMUIECKIE CBOWCTBA €ro CO-
€JIMHEHUI, yUYeT ITUX KOppeJidnuit BaxkeH jjis pacdera P, T-neuerubix a¢-
eKTOB, KOTOPBIE OMPEIEISAIOTCs TTOBEJIEHNEM BOJIHOBO# (DyHKIMK BOJIU3U
TSIKEJIOrO SIAPa. 3aTeM YUCIEHHbBIA 0a31C ObLI allllPOKCUMUPOBAH HADOPOM
26s, 25p, 18d, 12f u 109 npuMHUTHUBHBIX rayccoBbix dyHKIWMA. g ¢ro-
pa 6bw1 ucnonb3oBan Gazuc (14s9p4d3 f) u3 Oubamorekn 6a3mcOB ANO-L
[195], ckonrpakrupoBanubiii kKak [4s3p2d1f].

Cuauauia Boinosiasiicst ogaokomnonenTHbiii CCII pacyer ocHoBHOIO CO-
crosiust Mosiekyaibl TIF ¢ konduryparueit (1o ... 70) 4 (172737)12(16) u
¢ ycpearennoit o cnimay 9acthio OPIIIO. Ha 6aszunce mosyueHHbIX CITAH-
opbuTasieit, Boimosiasiyics ayxkomnorenTHbiit PCK pacder ¢ yaerom Tosib-
KO OJIHOYACTUIHBIX KyacTepHbix aMmmnTy, PCK-O, mmbo ¢ yaeTom omHO-
u jaByxdactuanbix ammintys, PCK-OJI, B koTopbIx crnmH-OpOUTAJILHAS
gactb OPIIIO Takke Obuia Bkjodena. Takum obpaszom, B PCK-O pac-
JeTax BKJIIOYAJOCh CIUH-OPOUTAJHHOE B3aMMOJIEHCTBIE HA YPOBHE OIHO-
kondurypanuonnoro meroga tuna CCII, a B PCK-O/I pacuerax mormos-
HUTEJILHO YUUTHIBAJINUCh HanOOJee BaXKHbIe KOPPEISIUOHHBIE (D (MEKTHI.

Anpo Tasmst MOIEIMPOBAJIOCH OJJHOPOIHO 3aPSI?KEHHBIM IIAPOM C Pa, i~
YCOM Tnuel = 7.1 depmu = 1.34 x 107 a.e., B 10 Bpemsi Kax npeblLyIAe
pacydeTbl MCIOIB30BAJNA MOJIEIb C(HEPUIECKOTO IayCCOBa, PACIPE/IEICHUSI
|203-205| (cpepnuii KBaIpaTUYHBI PAUyC BO BCEX pacdyerax paBeH 5.5
depMu, 9TO HAXOTUTCS B COOTBETCTBHM C Tapamerpusanuein JIKoHcona,
u 3odda [206] 1 XopoIIo COracyeTcs ¢ IKCIEPUMEHTATHHONU BEJUIUHON
5.483 cbepmu aust sipa 2%°T1 [207]). Takerst nporpamm HED [155, 156] aist
YEeTbhIPEXKOMIIOHEHTHbIX II0JIHO3JIEKTPOHHbBIX pacyeToB u GRECP / HFJ [83,
157] juist JIByXKOMIIOHEHTHBIX PACYETOB UCIOJB30OBAJIUCH Jijisi I'€HEPAIUK
JIBYX 9KBUBAJEHTHBIX UHCJIEHHBbIX 0asncoB [15s12p12d8f|, koropbie wuc-
MOJIb30BAJICh HA CTAJMKM BOCCTAHOBJIEHUsI, CM. pasyes 5.1. DT 0a3uchl
(HCeBIOCIMHOPHBIA U OMCIUHOPHBIN ), OMUCHIBAIOIINE [IABHBIM 00pa3om
OCTOBHYIO 00JIACTh TaJIIMsI, T€HEPUPOBAJUCH HE3aBUCHMO OT Oa3uca, KO-
TOPBIH ucnosb3oBajcsa B Mojiekysrsapabix OPIIIO pacuerax.

KauecTBo npubnXkeHus JJjis JIBYIIEHTPOBBIX MOJIEKYJISAPHBIX CIIMHOPOB
1, COOTBETCTBEHHO, BBIYUCJISAEMbBIX CBONCTB, €CTECTBEHHO, YBEJUYNBACTCS

¢ poctoM Lp.x. Cepusi pacdyeroB nmapamerpa M ObLia BBIIOJHEHA C HC-
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nosb3oBaHueM yp. (5.2) ¢ bazucubiMu GYHKIMIMA, UMEOIIUMA TaPMOHHU-
KI BIUTOTH JI0 p-, d- u f-tuma. Bouto obunapyzkerno (cm. Tabsuiy 5.5), 9To
ydeT TOJBKO § U p (PyHKIUI B OA3MCHOM PA3JIOXKEHUM O3BOJISIET JOCTH-
rarb Tounoctu 90 %. Iockonbky Braz f-pynkumit — okono 0.3 %, a am-
IJIUTY bl 60JI€€ BHICOKUX TAPMOHUK Ha sIJIPE MOIABJIEHBI BELYIIUM IJIEHOM
~ rU=1/2) 10 oumbky us-3a npenebpexenns 60ee BHICOKUMU deM f rap-
MOHMKaMK MOXKHO olleHuTh B npegenax 0.1 %. s pacyera napamerpa X
TPeOYIOTCst TOJMBKO MAPMOHUKY S- 1 p-Tuna (cM., Hanpumep, padory [205]),
XOTsI, CTPOI'O T'OBOPSI, TAPMOHUKA, d-TUIIa TAKXKE JIAeT HEHYJIEBOW BKJIAJI HA,
siJIpe.

Ucnonb3yemasi mporerypa BOCCTAHOBJIEHUST 0DECITEINBAET OYE€Hb XOPO-
1ree ONMCaHue SJIEKTPOHHON CTPYKTYPhI B OCTOBHOM 00J1aCTH, 3HAHWE KOTO-
poit HEOOXOAMMO JIJISI TOYHOI'O BblUMc/IeHus napamerpoB X u M. Berauc-
JINTEJIbHBIE 3aTPATHI B UCIOJIH3YyEMON CXeMe pacdera MHOTOKPATHO MEHb-
1€ TOro, YTo TPedyeTcs JJisi TOJTHOIEKTPOHHOI'O Y€ThIPEXKOMIIOHEHTHOT'O
MOJIEKYJISIPHOTO pacdeTa Ha TayCCOBOM 0asmce, MOCKOJIBKY B TOCTIEIHEM
ciydae TpeOdyeTcss B HECKOJbKO pa3 0oJjiblliee UUCI0 OA3MCHBIX (DYHKIU
JUTsI JIOCTATOYHO ITPABUJILHOIO ONKUCAHUS BHYTPEHHEH OCTOBHOM 00JIacTH U
MaJIbIX KOMITOHEHT CIUHOPOB. Kpome Toro, y»ke TOJIbKO MpPU KWCIIOIH30Ba-
HUU CIUH-OPOMTAILHOTO MOJieKyJisipaoro 6asuca B OPIIIO pacdere Bme-
CTO CIIMHOPHOI'O YHCJIO JIBYXIJIEKTPOHHBIX WHTEIPAJIOB YMEHbIIAETCS TPHU-
onmsuTesbHO B 16 pa3 (cm. pasmesnst 1.2 u 1.4, a takxke paborsr 205, 208]).

[Tapamerpst X u M BBIYUCISIINCH METOJOM KOHEYHOTO TOJIsA (CM. Ha-
npumep, paborer [209, 210]). Omeparop, cooTBeTCTBYOIIUI paccMaTpUBa-
embiM coficTBam (5.130) u (5.132), yMHOKAJICS HA MAJIbI MHOXKUTEJb A 1
JI00ABJISIJICS K raMuJIbTOHUAHY. [Ipon3BojiHas SHeprum 1mo A u JlJaeT OXKujia-
eMoe 3HaYeHUe Jijisi paccMaTpuBaeMoro cpoiictsa. Takoit crocod pacuera,
SIBJIETCSI CTPOTMM TOJIBKO B Tipejiesie A — 0, OJHAKO Ha MpPaKTUKE OKa-
3LIBAETCSI BCET/Ia, BO3MOXKHBIM HAUTH TAKOW AUANA30H 3HAUECHUI I A, B
KOTOPOM DHEPI'HsI OKA3bIBAETCs JIMHERHOM 110 A € JIOCTATOYHON TOIHOCTHIO.
KBaipaTudnasi 3aBUCUMOCTH OT A B PACCMATPUBAEMbBIX PACIETAX YCTPAHSI-
€TCsl C MIOMOIIBIO YCPEJIHEHUST UBMEHEHUH aDCOMIOTHBIX 3HAUYEHUI SHEPIUH,

MOJTyYeHHBIX CO 3HAYCHUSIMU + .
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PesynpraTbl m obcyxKaeHue. Pacderbl ObLIM BBIIOJHEHBI IIPHU JIBYX
MEXKbAJIEPHBIX PACCTOIHUSAX — paBHOBecHOM, R, = 2.0844 A, KakK B pa-
6ore [203], u R = 2.1 A, st cpasrenus ¢ pesymnbraramu paGorsi [205].
PesysibraTsl cobpanbl B TabJiuiie 5.5. B nepByio odepeih OTMETUM Pas-
HOCTh Mex iy pesysbratamu ycpemrennoro no cruay CCII um yuurbiBa-
oriero CO Bzaumogeiicreue PCK-O pacderos, T.e. 3hdeKT BKIIOUEHUsT
CIUH-OPOUTAJIBHOTO B3aUMOJIEHCTBYS, KOTOPBIH MPUBOAUT K YBEJTUICHUIO
X na 9% u ymennmennio M na 21 %. Bonnosas dynkuus gus PCK-O
aH3a1[a MOXKEeT ObITH IIPEJICTABIEHA B BUE OJHOIO jerepMmunanta ajst T1F,
no3romy PCK-O pesyibrarsl MoryT ObiTh cornocrapienbl ¢ JIXD nanHbI-
mu, xotst PCK-O pertennst u He SBASIOTCS BapuannOHHBIMU. OTKIIOHEHWE
YOPIIIO/PCK-O/HOIIB 3nauenuii jisi napamerpa M peficTBUTEIBHO
naxoguresa B npenenax 3% u 1% or coorsercrByromumx JIX® snauennii
9, 203-205] (Tabsuua 5.5). D1o coryiacue MOATBEPK AT HAJEKHOCTD ClIe-
JIAHHBIX NpubKeHuit. B gacTHOCTH, MOATBEPXKIAETCS 3aMOPa’KNBAHNE
BHYTPEHHUX OCTOBHBIX 0DOJIOUEK, TTOCKOJIBKY PEJAKCAIMOHHBIE 3(DDEKThI
B IO obsacTv OTHOCUTENBHO CJ1a00 BJIUSIOT Ha BBIYUC/ISEMbIE OCTOBHBIE
CBOIICTBa, aHAJIOIMYHBIA BBIBOJ y2Ke OblLI ciejiaH B pabore KBaiitnu u ap.
[205].

SHaunTeILHO OOJIbIINE PA3HOCTA UMEIOT MEeCTO Juis mapamerpa X. B
9TOM CJIydae TAK»Ke MPUCYTCTBYIOT Oostbiine oTiudust B JIX®D pesysbrarax,
KOTOPbIE HE MOI'YT ObITh OObsICHEHBI MaJIbIM H3MEHEHUEM MeKaTOMHOTO
paccrosiaust. Ciieyer 0XKuaTh, 9TO 3HaAYeHUs X OyIyT MeHee CTabUIbHBI
B pacueTax, yeM M, MOCKOJIbKY 9TO CBOMCTBO OIPEJIEJIAeTCs TPOU3BOIHOM
9JIEKTPOHHOM 1y1oTHOCTH Ha sijipe T1 u ero pacyer Bio4aeT B cedsi 00JIb-
e KomieHcanuonubie abdexrsl [205] Mex /1y BKIajgaMu OOJIbIIUX 1 Ma-
JIBIX KOMIIOHEHT, KarKJIblil 13 KOTOPbIX npubsu3utesibHo B 20 pa3 Oosibiiie,
YeM uX cyMma. Takum oOpa30oM, MOXKHO IPEJIOJOXKUATH CUJIbHYIO 3aBU-
cuMmocTb X oT mcrnosjb3yemoro Oasuca. JIXP 3Havenus, mnpeicTaBieHHbIE
B TabJiuie 5.5, JEeHCTBUTEILHO TOKA3bIBAIOT TAKYIO 3aBUCUMOCTh. Pe3yJib-
TaThl, MoJyYeHHble B paborax [203] u [205] co cpaBHUMbIME PaBHOMEPHO-
cbanancupoBatubiMu (cM. maparpad 1.5.1) 6asucamu, (28528p12d8f) u
(28528p14d8f), moBonbHO GJM3KH, passudasick ToJgbKo Ha 340 a.e. Pac-
mrpenne O6azuca s 11 qo (34s34p16d9f) |205] yBenuuusaer X ma 650

a.e. (mm na 8 % ). Moxno oxugaTh, 9T0 JajbHeillniee yiydmenne ba3nca
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IpUBeJeT K eile OOJbIINM 3HauYeHusAM X . UucjaeHHble Oa3ucHbE (DYHK-
UK, TTOJydYeHHbIe B aTOMHBIX JIX® pacueTax m MCIOIB3yeMble Ha, CTaIHH
BOCCTAHOBJIEHUS SIBJISTIOTCSI OY€Hb TOYHBIMYM BOJIU3U siJIPa, TaK UTO IOJIY-
gennoe nameit rpynmnoit PCK-O 3uagenne st X, KoTopoe 3aMeTHO BbIIIIE,
gyem 3nadenne Kpaituu u jp. [205], npejgcrasisiercst pasymubiM. Paginy-
HbIe MOJIEJIU sijipa, ucnosb3oBanubie B HamieM u JIX®D pacuerax [203-205],
TaK>Ke MOTYT JIaBaTh BKJIJ B Pa3/JUuds 3HAYCHUH Jijisg X, BBIUUCIsIEMbIE
10 IPOU3BO/IHOM JIEKTPOHHOU IIJIOTHOCTHU TOJIBKO B OJJHOU TOYKE, B [IEHTPE
sippa T1. Bkuajg B Besimauny M ocyiecTBiisiercsi pacipejiesieHueM ) He Ha,
siJIpe, a B CyIEeCTBEHHO OOJibineit obsiacTu, u modromy 3Hadenue M MHOTO
MeHee IyBCTBUTEIbHO K THUITY sIIEPHONW MOJIEJIN.

['naBuast meap Hacrosiiero pacdera TIF — ucciaemoBarh BimsiHue 3¢-
deKTOB 31eKTpOHHO# Koppessnuu Ha P, T-HeueTHble cBOMCTBA, YTO OBLIO
cresano ¢ ucnojn3oBanneMm merojga PCK-OJl nmpw paBHOBECHOM MeX'b-
silepHoM paccrosinuu R, . B 3Tux pacuerax moyiydeHo, 4To ydeT Haubo-
Jiee BaXKHBIX KOPPEJIANNi MPUBOAUT K 3aMETHOMY BKJIALy B MCCJIEIyEeMbIe
cpoiictBa, ymenbmag M na 17% u X na 22%.

Ucnonwazys nonyuyennbie PCK-O/I1 3navenus mang X u M, Benuduny
R = 1.036 x 1079 a.e. u3 [211] n noacrasnss ux B Buipackenus (5.127) u
(5.131), nosnyuaem:

d” = —7.909 x 107%, a.e. , (5.133)
dM =1.622 x 107%d,, a.e. (5.134)

Db deKTuBHOE TEKTPUIECKOe [ToJIe, B3auMmojeiicTByomiee ¢ 9/IM BajeHT-
soro nporona 29Tl B nosHoOCTBIO HOJIApPU30BaHHON Mosekyse TIF, ects
E =|d" + d"|/d, = 6.287x107% a.e. = 32.33 kB/cm, a ucnpasJennoe
3HaueHue Jist orpanndenust Ha 9JIM npoToHa, ¢ y4eToM SKCIepUMEHTAI b-
HBIX JIAHHBIX U3 paborsl [4], ectb dp = (—1.7 £ 2.8)x107% e-cm.
[TocTosinHbIe CBEPXTOHKO# CTPYKTYphl aToma Tl Gpi /o U KaTHOHA T2+
65!, xotoprie (mogo6no X u M) 3aBHCAT OT ONEPaTOPOB, CKOHIEHTPUPO-
BaHHBbIX BOM3u siyipa T1, Takxke Obwiu Bbraucsenol. [Torpemnoctu JIXO
sunauennit — 10-15 % ; PCK-O/I pesyabraTsr Haxoasres B npegesnax 1-4 %
OT 9KCIIEpUMEHTa. YJyuineHue 3uadennit X u M 3a cueT KOppeasaIiimOHHbIX

9 HEKTOB MbI 0XKHIAEM Ha TOM XK€ yPOBHE.
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Tabmuna 5.1: [lepepasznoxenue 1s-opoburanu dpropa, K; = 0.

L 1 (Re|L) Do Dre
Rc=Rp/8=05
0 -.57491E-5  .14125E-4 .7107349
1 -.13925E-4  .59499E-5 .2993637
2 -.18146E-4  .17283E-5 .0869619
3 -.19496E-4  .37903E-6 .0190707
4 -.19808E-4  .66410E-7 .0033414
5 -.19865E-4  .96476E-8 .0004854
6 -.19873E-4  .11886E-8 .0000598
7 -.19875E-4  .12475E-9 .0000063
ofauss(Re)  -.19875E-4
Rc=Rp/4=1.0
0 - 11529E-4  .65367E-4 .8500622
1 -.35828F-4  .41067E-4 .5340650
2 -.57020E-4  .19876E-4 .2584772
3 -.69195E-4  .77011E-5 .1001491
4 -.74436E-4  .24608E-5 .0320018
5 -.76236E-4  .66073E-6 .0085925
6 - 7T6747TE-4  .14918E-6 .0019401
7 -.76869E-4  .27029E-7 .0003515
s (R) - T6896E-4
Rc = Rp/2=2.0
0 -.43603E-4  .44990E-3 .9116457
1 -.15391E-3  .33959E-3 .6881225
2 -.28499E-3  .20851E-3 .4225060
3 -.39579E-3  .97712E-4 1979957
4 -46809E-3  .25414FE-4 .0514965
5 -.50445E-3  .10942E-4 .0221724
6 -.51670E-3  .23195E-4 .0470020
7 -.51655E-3  .23044E-4 .0466945
ofauss(Re)  -.49351E-3
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Tabmuna 5.2: [Tepepasznoxenue 2s-opoburanu dpropa, K; = 0.

L 0o (Re|L)  Dabs Dre
Rc = Rp/8=0.5
0 -40068E-3  .98455E-3 .7107492
1 -97050E-3  .41472E-3 .2993918
2 - 12647E-2  .12049E-3 .0869873
3 - 13587E-2  .26439E-4 .0190865
4 - 13805E-2  .46395E-5 .0033492
5 - 13845E-2  .67699E-6 .0004887
6 -13851E-2  .84531E-7 .0000610
7 - 13852E-2  .92480E-8 .0000067
©§auss(Re)  -.13852E-2
Rc=Rp/4=1.0
0 -.80395E-3  .45645E-2 .8502475
1 -.24985E-2  .28699E-2 .5345918
2 -.39770E-2  .13914E-2 .2591922
3 -48272E-2  .54129E-3 .1008277
4 -.51939E-2  .17458E-3 .0325192
5 -.53205E-2  .47951E-4 .0089320
6 -.53570E-2  .11483E-4 .0021391
7 -.53660E-2  .24589E-5 .0004580
0S5 (Rg)  -.53685E-2
Rc = Rp/2=20
0 -.32716E-2  .41566E-1 .9270331
1 - 11626E-1  .33210E-1 .7406909
2 ~21777E-1  .23059E-1 .5142979
3 -.30739E-1  .14097E-1 .3144210
4 -37108E-1  .77292E-2 .1723824
5 -40939E-1  .38988E-2 .0869537
6 -42962E-1  .18752E-2 .0418234
7 -43937E-1  .89987E-3 .0200695
@§euss(Ry)  -.44837E-1
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Tabuna 5.3: Ilepepasnoxenue 2p-opburanu dpropa, K; = 1.

L Pon(Re|L)  Dabs Dre
Rc=Rp/8=10.5
0 -.31461E-2  .54703E-2 .6348713
1 -.67556E-2  .18607E-2 .2159539
2 -.81990E-2  .41736E-3 .0484387
3 -.85478E-2  .68596E-4 .0079611
4 -.86076E-2  .87749E-5 .0010184
5 -.86155E-2  .90807E-6 .0001054
6 -.86163E-2  .78737E-7 .0000091
7 -.86164E-2  .50720E-8 .0000006
5255 (Re)  -.86164E-2
Rc=Rp/4=1.0
0 -45750E-2  .18335E-1 .8003076
1 - 13012E-1  .98981E-2 .4320301
2 - 19030E-1  .38801E-2 .1693611
3 -21741E-1  .11693E-2 .0510412
4 -.22628E-1  .28271E-3 .0123399
5 -.22853E-1  .57072E-4 0024911
6 -.22900E-1  .10300E-4 .0004496
7 -.22909E-1  .14032E-5 .0000612
©5uss(Re)  -.22910E-1
Rc=Rp/2=20
0 -.94420E-2  .87052E-1 .9021487
1 -.32020E-1  .64474E-1 .6681665
2 -.56294E-1  .40200E-1 .4166056
3 -.7T4460E-1  .22033E-1 .2283407
4 -.85143E-1  .11351E-1 .1176361
5 ~90512E-1  .59814E-2 .0619875
6 -.93068E-1  .34255E-2 .0355000
7 -.94857E-1  .16371E-2 .0169662
@5uss(Re)  -.96494E-1
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Tabsauna 5.4: [TapaMeTphsl CIHH-BpalaTeJLHOTO TaMUIBTOHNAHA g Mojekya 37 BaF
u "'YbF; A = (4 + 2A,)/3 (msorponnas) u Ay = (4 — A,)/3 (munombuas) —

nocroguusle CTC.

A Ag W, Wa Ws
(MPw)  (MPw)  (10% &8 («Tw) (M)
Monekyra 3"BaF
Oxcmep. [212]! 2326 25
[Momysmnup. [213] —0.41 240 -13
Sxcnep. [214]? 2418 17
[Tomysmmup. [213] —0.35 210 -11
OPSIIO/CCII/HOLIB [11] 1457 11 —0.230 11 6.1
OP3ITI0/OATICCIT/HOIIB [11] 1466 11 —0.224 107 —5.9
OPA3II0/CCII/HOLIB /20 [11] 2212 26 —0.375 181
OPSIIO/OAIICCII/HOIIB/20 [11] 2224 24 —0.364 175
Monexyna "'YbF
Axkcnep. [196] 7617 102
[Mosmysmuup. [215] —1.5 730 —48
[Momysmnup. [11] (¢ 4 f-monpaskoii) —1.26 —43
OPSIIO/CCII/HOLB [10] 4932 59 —0.91 184 —33
OPSIIO/OAIICCII/HOLIB [10] 4854 60  —0.91 486 —33
Orpan. IX® (Kpaitau, 1998) [197] 5918 35  —0.31 163 —11
Orpan. IX® + monsipu3. ocToBa 7865 60 —0.60 310 -21
Orpan. IX® ¢ macimrabupoBanuem —0.62 326 =22
Heorp. JIX® (ITapmnus, 1998) [200]
(HecapeHHbI BaJl. JIEKTPOH) —0.962
Heorp. JIX® [200] ~1.203 —922
OPS3IIO/OATICCII/HOIIB/20 [12]
(¢ 4 f-monpaskoii) 7842 79  —1.206 634
OPSIIO/OAIICCII/HOIIB/30 [12] 7839 94 —1.206 634

'Koncranter CTC n3MepeHs 71 MOJIEKY/Ib B MATPUIE WHEPTHOTO Ta3a [212] u

BAHHBIN HA 9TOM SKCIIEPUMEHTE Moy MIupudeckuii pacder koncrant W [213].

?Koncranter CTC u3mepensl B MoeKyagpHoM myuke [214].
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Tabmuna 5.5: [Tapamerper X u M [yp. (5.130) u (5.132)|, Borunciennsie 1jisi OCHOB-

noro cocrosiuus 2 TIF [9], B cpaBuenuu ¢ JIX® pacueramu, BbIIOJHEHHBIMU C DPa3-

JMYHBIME aTOMHBIMHA Gazucamu [203, 204]. Bxiaasr or 060/1049€K BBIUUCIEHB HA 0POH-

TaJisixX, noaydeHubix B (ycpeguennom no cnuny) YOPOSII/CCII pacuere. Pesysbrars:

pacdyera OPII1O/PCK-0 BKJIIOUAIOT CIUH-OPOUTAIBHOE B3AUMOJIEHCTBIE, & BEJTUYNHBI

OPDIIO/PCK-O/I yuuThiBaOT 5/J€KTPOHHYIO KOppessiuio. (Bce BeMunnbL B a.e.)

R, =2.0844 A R=21A
Pa3HOXeHI/Ie 87p S7p7 d S7p7d’f S7p S7p S7p7d7f S7p
O060/104KH : OCH. BKJIAI, M X M X
1o? : 1s*(F) 0.01 0.02 0.02 3| 0.00 0.02 1
202 : 55%(T1) 249 249 249 | -1114 | -2.44  -2.44 | -1089
302 : 5p2(Tl) 421 391 391 | 1897 | 410  3.82| 1851
40? : 25*(F) -0.79 -0.64 -0.64| -358 | -0.74 -0.60| -335
502 : 5d2%,(T1) -0.01  -0.04 -0.05 -2 | -0.01 -0.05 -2
602 : (6s(T1) + 2p,(F))? -9.38 -10.05 -10.06 | -4414 | -9.38 -10.02 | -4422
70% : (6s(T1) — 2p,(F))? 28.13 27.19  27.19 | 12954 | 27.98  27.07 | 12893
1t 5p§5p§(Tl) 0.00 -0.26 -0.26 0| 0.00 -0.25 0
o2t 5d§z5dZZ(Tl) 0.00 0.31 0.30 0| 0.00 0.27 0
3t 2p§2p§(F) 0.00 -0.39  -0.40 0| 0.00 -0.38 0
16* : 5d227u25d§y(Tl) 0.00 0.00 -0.02 0| 0.00 -0.02 0
CCH cymm. (CO-ycpenn.) | 19.67 17.56  17.51 | 8967 | 19.52  17.43 | 8897
OPSIIO/PCK-O 16.12 13.84 | 9813 | 16.02  13.82 | 9726
JIX® [203] T1:(28,28,12,8) | 15.61 7743
JXD [204] T1:(25,25,12,8) 13.64* | 8098
T1:(28,28,14,8) 13.622 | 8089
T1:(31,31,15,8) 13.66 | 8492
T1:(34,34,16,9) 13.63* | 8747
OPSIIO/PCK-O/1 11.50 | 7635

M sBeiunciier B pabore [204| ¢ wmcmonbp3oBaHWME ABYXIIEHTPOBBIX MOJEKYJIAPHBIX
JABYXIJ

CIIMHOPOB, COOTBETCTBYIONIUX OECKOHEYHOMY 3HAYEHUIO L., B yp. (5.2).
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A

Poj(r)-r, @ni(r) -r (a.e.)
.52 1

434 \
pa3nocTh X 1000 — ‘\
.34+ \
\
15+
MICEBIOCITUHOD —
o L M\

o0 _/ \// —

CIIMHOP
-.13+

-.22+
r (a.e.)

—.32 T T T T T T T T T
.001 .003 .010 .038 .141 524 195 723 26.9

Puc. 5.1: Paananpnble 9acTi 60X KOMIOHEHT CIUHOPOB 751/9 (M3 MOTHOIEKTPOH-
Horo JIX® pacuera) u ncepgocnuropoB (u3 pacuera ¢ 3231-OP3II0) aroma ypana
NI COCTOSTHUA, YCPETHEHHOTO 10 HepeJdaTUBUCTCKOi Kondurypamuu 5f26d'7s? n nx

pa3uauna, ymuoxkenuas Ha 1000.
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IIpunoxxenue A

CrucokK ncnojib3yeMbIX COKpallleHuit

CoxkpallleHusT yIOpsiIOYEHbI TI0 TEMATHIEeCKOMY TPUHIINAIY B TTOPSIIKE MO-

sIBJIEHUSI TEPMUHOB B HACTOsIIEH pabdore.

K — Jlupaxka-KyJjiona | ramuabsronuan |

KB — Jlupaka-Kysona-Bpeiira | ramusibronuan |

K3/1, —  KBaHTOBO-3JIEKTpOnHaMuIecKue | 3pdekTsl | mompaski |

XD — Xaprpu-Qoka | ramuiibTOHUAH | ypaBHEHuUst | MeTo/ |

XD — Jupaxka-Xaprpu-Poka | raMuiibTOHUAH | ypaBHEHUs | Me-
TOJI |

AX®PB — Jlupaka-Xaprpu-Poka-Bpeiita | ramuibronuan | ypaste-

HUST | MeTOT |

IIIO0 —  3ddexTuBHBII MOTEHIHAT OCTOBA (HEPEIATUBUCTCKUI )

POIIO — pensaruBucrckuit 3 OEKTUBHBIN TOTEHIUA OCTOBA,

CcO —  CIUH-OPOUTAJIBHOE | B3aMMOEHCTBHIE | paciuenieHue |

YPIII — ycpennennas no cnuny dactb PIOIIO

DCOII — »sddekrunas cnua-opbuTaabHast YacTh PIIIO

Co — comtacoBanubie 110 dopme | (P)IIIO | ncesgoopburasnu |
TICEBIOCITHHOPHI |

II11 —  [CeBJIONOTEHIMAI (HEPEJISITUBUCTCKII)

PIIII —  PeJSTUBUCTCKHI IICEBIOMOTEHIINA

OIIIII — duruposannse no sueprun (P)IIT]

COIIII — comacoBanubie no suepruu (P)IIT]

O3IIO0 — o6obmennsiii IO (HepessTUBICTCKMIA)

OP3IIO — o0600menubiii POIIO
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CC OP3IIO — OPB3IIO ¢ camocoriiacoBaHHO# MOIPaBKOIi

KCC — Ksagparuanas camocornacoanuast | OP9IIO monpaska |

no — BHYTPEHHHUI OCTOB — SBHO UCKJIOUEHHbIE U3 ITPOIENY-
poi rerepain (O)PIIIO u nocseyroiero pacaera BHyT-
PEHHKE OCTOBHBIE JIEKTPOHBI, OOOJOYKM, UJIH ITPOCTPAH-

cTBeHHast 0bacTh ux Jokaamsanun (r<R.)

BO — BHEIIHWII OCTOB — sIBHO 6KJIIOYEHHBIE B MPOLELYPY I'eHe-
paiuu (O)PIIIO u mocrepyromuii pacyer BHEIIHHE OC-
TOBHbBIE JIEKTPOHBI, OOOJIOUKHU UJIN ODJACTH WX JIOKAJIN3a-
UK

B —  BAJIEHTHBIE | 3JIEKTPOHBI, OOOIOUKHY WK 0DJIACTD UX JIOKA-
amsaiyn (r>71y) |

BOB — BO u B — aBuo seximouennsie B (POIIO) pacuer (Brem-

HI/Ie) OCTOBHbBIE U 6aJICHTHbIC 3JICKTPOHDI, 000JI0YKY WJIN

obsiacTh ux Jokaau3anuu (r>R.)

A —  BUPTYQJIbHBIE | 3JIEKTPOHBI WK OOOJOUKH, JIOKATHIOBAH-

upie B BOB obuacru |

KC —  KOPPEJISIIUOHHO-COTJIACOBAHHBIN | Hazuc |

AHO — aTOMHbBIE HATYPAaJbHBIE OPOUTAIIH

OK —  0000IIEHHO-KOPPEJISAIMOHHBIN | 6as3ucHbIil HAOOD |

OCBH — omubka cynepno3unuu 0a3ucHbIX HADOPOB

YIICB — “ypaBHoBemmuBaoIas MONPaBKa Ha CyNePIO3UINIO Oa3u-
COB

CAD —  CIIUH-3IalITUPOBAHHbBIE MHOTO3JIEKTPOHHBIE Da3MCHbBIE (DYHK-
182071

CCII —  CaMOCOTJIACOBAHHOTO TIOJIs | MeTOT |

MK CCII — wuuorokoudurypanuornoro CCII [ meron |
ITATICCII — CCII ¢ noJiHbIM aKTUBHBIM MPOCTPAHCTBOM | MeTOJI, |

OAIl —  OI'PAHMYEHHOE AKTUBHOE IIPOCTPAHCTBO

OATICCII — CCII ¢ OAII [ merox |
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MC-KB —
MC/I-KB —
KBIICU —
KBIICO —

IITIKB —

TB —
MUYTB —
TB2/KB —

90 —

PCK —
PII-CK —
I''t--CK  —

9IM  —
CcTC  —
HOIIB —

BOIIB —

KOH(UTYPAIMOHHOTO B3auMOieiicTBus | MeTo | (nm me-

TOJI HAJIOXKeHWsi KOHUryparuii)
KB Ha MyJIbTHCCBIIOYHOM COCTOSIHUN

KB Ha MyJIbTHCCBHLJIOYHOM COCTOSIHMM C OJIHOKDATHO- U
JIBYKPaTHO-BO30YKIEHHBIMU CEJIeKTHPOBAHHBIMU KOH(PU-

rypaiusamMu

KB Ha MyJIbTUCCHLIIOYHBIX COCTOSHUSIX C IEPTYPOATUBHO-

UTEPATUBHON ceJieKIreil KoHuryparmit

KB Ha MyJbTHCCHIJIOYHBIX COCTOSIHUSIX C IE€PTYypOaTHB-

HBIM Y4Y€TOM CIIMH-OPOU-TAJbHOIO B3aWMOIEHCTBY S

nonpaska Ha nojaaoe KB (uiu monpaska [IsBumcona)

TEeOpHUsI BO3SMYIIICHUN
MHOT'OYaCTUYHasI TEOPUs BO3IMYIIICHUI

TEOPUN BO3MYIIEHWI BTOPOTO MOPAIKA M KOH(UTypaIn-
OHHOIO B3auMojeiicTBust | obbepuneHublii MeToy | (uim

MeTos1 9bdeKTUBHBIX omepaTopos B KB)

9 GEKTUBHBIX O1epaTopos | meror |

CBSI3AHHBIX KJIACTEPOB | MeTOT |
PEJIITUBUCTCKUX CBSI3AHHBIX KJIACTEPOB | MeTop |
CK B ¢dokoBCKOM mpocTpaHcTBe | MeTOs |

CK B rusibbeproBom npocrpancrse | mero |

QJIEKTPUYCCKUN AUNOJIbHBIA MOMEHT

CBEPXTOHKas CTPYKTYPaA

HEBApPUAIIMOHHOI'O OJHOIIEHTPOBOI'O BOCCTAHOBJICHUS [ Me-
1O/, |

BAPUALIMOHHOIO OJIHOLIEHTPOBOI'O BOCCTAHOBJIEHMUST | METOL |
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SaKJII0YeH!e

B nannoit pabote MmosrydeHbl ey IoIe OCHOBHbBIE Pe3yIbTaThI:

1. IIpegioxken MmeTon 0600IIEHHOTO PEISITUBUCTCKOIO 3P (MEKTUBHOTO T10-
TeHIMaJIa, OCTOBa. B orsmaume or Bcex apyrux BapuantoB PIIIO,
B HOBOM METOJI€ UCIIOJb3YeTCs UJesi pa3jesieHusi (PU3nIecKoro mpo-
CTPAHCTBA TSXKEJIOI'O aTOMa Ha, TPHU O0JIACTU: BHYTPEHHIOIO OCTOBHYIO,
BHEIIIHIOI0 OCTOBHYIO U BaJIEHTHYIO, KOTOPbIE I0-Pa3HOMY OIHCHIBa-
1orcsi B 9 dekruBHOM ramuiabronnane aroma ¢ OPII1O. Dror meroy,
[IO3BOJISIET PEryJISIPHBIM 00Pa30M MOBBIIIATH TOYHOCTH PACUETa, JIEK-

TPOHHOHW CTPYKTYPBI U CBOMCTB MOJIEKYJI C TAXKEJIBIMU aTOMaMU.

2. Tlokazano, 9TO ry1aJIKrie KOMITOHEHThI 3(P(MEKTUBHBIX TTOTEHI[UAJIOB MO-
ryT ObITH IOCTPOEHBI B IPOIE/ype WHBEPCUHU ypaBHEHUN XapTpu-
Doka HE TOJIBKO J1J1s1 6€3Y3JI0BBIX, HO U JIJIsI y3JI0BBIX IICEBIOCINHOPOB.
DTO O3HAYAET, YTO BHEIIHUE OCTOBHBIE (6€3y3/I0BbIe) MCEBIOCIUHOPBI
BMECT€ C BAJEHTHBIMHU (y3JIOBBIME) ICEBJOCIUHOPAME MOTYT OJHO-

BPEMEHHO HCIIOJb30BaTbLCA IIPpU I'eHepallu ITIOTECHIWAJIOB IJIgd HUX.

3. IlokazaHo KaK TeOpPETUYECKH, TAK U B MHOTOYHUCJIEHHBIX PACUYeTax, 9YTO
Pa3HOCTDH MEXK/1y BaJIEHTHBIMU W BHEITHUMHU OCTOBHBIMU KOMITOHEHTA~
MU TIOTEHIMAJIOB C OJIMHAKOBBIMHU yIJIOBbIMU (1) u mosHbiMU (§) Of-
HOJIEKTPOHHBIMU MOMEHTAMU JIOJ2KHA ObITH yUTEHA JiJisi TOI'0, YTOObI
pacuer ¢ POIIO 6bu1 npenusuonnbiM (jiiisi SHEPruii nepexoja, JAucco-
a1 T.0. — Ha yposae Tounoctu 200400 cm!).

4. Tlpemsioxken oneparop OPIIIO ¢ “cenapabesibHOit ONpaBKOii”, B KO-
TOPOM K CTaHJAPTHOMY paJHaJbHO-JIOKaJbHOMY orepatopy PIIIO
J00aBJIEHBI HEJIOKAJbHbBIE YJIEHBI C IPOEKTOPAMHU Ha, BHEIIHUE OCTOB-
HbI€ TICEBIOCITMHOPBI, YIUTHIBAIOIIIE PA3HOCTh MEXK/Iy KOMITOHEHTAMU
IIOTEHIINAJIOB OJId BHEIITHUX OCTOBHBIX U BaJICHTHBIX O60ﬂ0qu C oou-

rakoBbiMu (7). ITokazano, 1ro Tounocts OPIIIO ¢ “cenapabenbroii
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HOHpaBKOIL/'I” Y2K€ Ha IIOPAJOK BBIIIEC TOYHOCTH BCEX JPYI'UX M3BECTHBIX

BapuanToB PIIIO, eciin ToIbKO caMble BHEITHAE OCTOBHBIE ODOJIOUKH
BKJIIOUEHBI B PAcyeT sIBHBIM 00pa30M MpU OTCYTCTBUU BO30YXKIEHUIH

U3 HUX B BEJYIINX KOH(PUTYPALUIX.

. Jus npernmsuonnoro pacdera coepunenuii d, f-smeMenToB (mepexoj-
HbIX METAJUIOB, JAHTAHWUJIOB ¥ AKTUHUJOB) C MUHUMAJbHBIME BbIYKC-
JINTEJIbHBIME 3aTPATAMU [IPEJIJIOXKEHbBI ‘CaMOCOIIACOBAHHbBIE BapHaH-
o1 POIIO n OP3IIO, B KOTOPHIX K MCXOAHBIM 3(DPEKTUBHBIM Ta-
MUJIBTOHUAHAM JOOABJIEHBI YJICHBI, 3aBUCAIINE OT YHCEJ 3AITOJHEHUS
BHEITHUX d, f-000J1049€K, TPOCTPAHCTBEHHO JIOKAJIM30BAHHBIX B OCTOBE
U ONHUCHIBAEMbBIX O€3Y3JIOBBIMU TICEBJOCITUHOPAMU. DTU UJICHBI B TIEP-
BYIO O4Y€PE/b YUUTHIBAIOT PEJIAKCAIUIO UCK/IIOYAEMbIX U3 PaCdeTa W
3aMOPAXKMBAEMbBIX OCTOBHBIX COCTOSTHUI U KOPPEKTUPYIOT B3aUMO,Ieii-
ctBue d, f-371€KTPOHOB MexXK 1y coboit u ¢ Oojiee TiIyOOKO JiexKalluMu

000JI0YKaMU IIpU BO3OYKIeHHH d, f-37€KTPOHOB.

. pemmoxena OPIIIO nonpaska “Ha pacuieneHue B TepMbl’ — JIJIsT
TOYHOTO BOCIIPOU3BEICHNUsI B3aNMOIEHCTBHI MEX Iy caMuMu d, f-31eK-
TPOHAMU, KOTJA TH ODOJIOUKM OMUCHIBAIOTCS O€3y3JI0BBIMU TCEBJIO-

CITUHOPAMMU.

. B pacuerax aromoB cepebpa u ypaHa MOKa3aHO, 9TO ITU IMOMPABKA
MIO3BOJIAIOT Ha 1-2 MOPSJKa MOJHATH TOYHOCTh pacdeTa I'PYyIIbl HU3-
KOJIEXKAIIUX COCTOSAHUI CHCTEM, CoJiepKaIiuX d, f-3JIeMeHThl, 110 CPaB-
HEHUIO ¢ u3BeCcTHhIMU BapuanTamu PIIIO noguac npu MeHbieM mpo-
CTPAHCTBE SIBHO YUYUTHIBAEMBIX JTIEKTPOHOB M, COOTBETCTBEHHO, ITPU

MCHBIIINX Tpe6OBa,HI/IHX K BbIYUCIIMTECJIBHBIM PECypCaM.

. Ilokazano, 4T0 HeJOKaJbHBII moTeHIna Py a3uHATE MOXKET ObITh (-
dexktuBHO mcnosib3oBaH B koMmOuHaimu ¢ OPIIIO wnnu pagmasabho-
nokaJibabiMu PIOIIO s “3amoparkuBanust’ Hanbosiee rirybOKO Jiexka-
X M3 BHEIIHUX OCTOBHBIX IICEBIOCIMHOPOB, B TO BpPEMsl KaK IIO-
crenyoruit POITO pacdyer mMoxkeT ObITH BBIIOJHEH B MPHOJMXKEHUN
MO JIKAO na 6a3uce aTOMHBIX IICeBI0-CIUH-OpOuTaieii. Tem caMbiMm,
B 9aCTHOCTH, CHUMAETCs TPOTUBOCTOsTHKE noTeHIna a Oyn3unarn u
paJinagbHO-JIOKAJIBHBIX BapuaHTOB PIIIO B adpdexkTuBHOCTH OmMCa-

HUA BBaI/IMO,ILefICTBI/H/UI C OCTOBHBIMHU JJIEKTPOHaAMU, NCKJIIOYEHHBIMU U3
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10.

11.

12.

SIBHOT'O PACCMOTPEHHUSI.

[TocTpoena Teopusi MeTonoB corjiacoBanHoro 1o ¢popme PIIIO, 0606-
merroro POIIO n camocornacoBanubix BapuanToB POIIO n OPIII0,
HO3BOJISIONIAsT KOHTPOJMPOBATDh U IIPOTHO3UPOBATH TOYHOCTH CreHe-
pupoBanbix (O)PIIIO. [Nokazano, 4ro B oTHYKe OT pajUabHO-
JgokasibHbIX BapuauToB PIIIO, B ciaygae OPIIIO Tounocts onpee-
JIACTCA CIVIa2KMBAaHWEM BHEIIHKUX OCTOBHBIX IICEBJOCIIMHOPOB. B pe-
gyJibrare, npodsema nocrpoenusi OPIIIO, obecneunBamomumx HEKOTO-
PyIo 3aIaHHYI0 TOYHOCTD, CBOAUTCS K 3a/1a1€ aTOMHOI'O THIa, B KOTO-
POii OCHOBHBIM MapaMeTPOM SIBJISIETCST PAJUYC CTIIaXKMBAHUST CITHO-

pOB.

Pazpaboran maker mporpamMmM MOLGEP i pacdeTa, MOJIEKYJISAPHBIX
MaTpudHbIX 3jeMeHToB ¢ OPIIIO, sTor naker odbeauHeH ¢ U3BECT-
HBIME [TAKETAMHU IPOI'PAMM JIJIsI KOPPEJISITHOHHBIX PACIETOB MOJIEKYI.
Own ucnospzoBadicst Bo Bcex OPIIIO pacyerax Mosiekys1 ¢ TsSKeIbIMI
aroMaMi. B pacdyerax CIEKTPOCKOIMUYECKUX CBOWCTB MOJIEKYJ METO-
jqom OPIIIO mocturayT 3HauuTeIbHO 0OJiee BBICOKHI YPOBEHb TOU-

HOCTH, 9eM JPYyTUME n3BecTHbIMU BapuaaTamu PIIIO.

[Tpeutoxkena “HeBapualMOHHAsT TEXHUKA OJHOIEHTPOBOIO BOCCTAHOB-
JIeHUsT ¥ OoJiee MPenu3nOHHbBIN “BapUallMOHHBIH METOJ BOCCTAHOBJIE-
HUST 9JIEKTPOHHOM CTPYKTYPhI B OCTOBAX TAXKEJIBIX aTOMOB B MOJIEKYJIe
nocste (O)PIIIO pacuera manHO#t MosekyJbl. Boccranosienue ocy-
[IECTBJISIETCS HA, 0a31Ce YUCJIEHHBIX YeThIPEXKOMIIOHEHTHBIX CITHHO-
POB, OHO HEOOXOIAMMO JIJIsi BHIYUCJIEHUsT CBOMCTB, KOTOPbIE JIMOO OTH-
CBHIBAIOTCSl CUHTYJISIDHBIMU BOJIU3U $1Jiep OTepaToOpaMu, JIMOO UMEIOT

CyIHeCTBeHHbIﬁ BKJIa/J B aTOMHBIX OCTOBaX.

HsyxmarosbiM Merojgom (caadana — OPIIIO pacuer mosekyuibl, a
3aTeM HEBapPUAIMOHHOE BOCCTAHOBJICHWE IJIEKTPOHHON CTPYKTYPHI B
OCTOBAX TSIXKeJIbIX ATOMOB) BBITIOJIHEHBI KAK MEPBbIEe HAJIEIKHBIE HEIM-
upuydecKre pacuaeTsbl 3(PEeKTOB HeCOXpaHEHUsI IIPOCTPAHCTBEHHOM 1eT-
HOCTM ¥ BPEMEHHOH WHBAPUAHTHOCTHU, a TaKXKe MOCTOSTHHBIX CBEpPX-
TOHKOH CTPYKTYDbI B MOJieKysiax ¢ Tsokesbimu aromamu (PbF, HgF
n YbF), Tak u manbosiee mpenu3noHHbIE HA CETOTHSIITHUN JIE€Hb Pac-
getbl P, T-weueranix apderTor B mosnekyaax BaF, YbF u TIF. Ana-
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JIN3 Pe3yJbTATOB MO3BOJISAET CAETATH BBIBOJ O TOM, UYTO 3HAUYECHUS JJIS
P, T-He4ueTHBIX CBOWCTB MOJIyY€HbI B UCCJIEIOBAHHBIX MOJIEKYJIaX C JI0-
CTATOYHON TOYHOCTBIO JIJIsT TOTO, YTOOBI MOJYYUTh JOCTOBEPHYIO WH-
dbopmanuo 06 IM snekrpona, muddosckom mMomente siapa 209T1
U JIpyruX PyHJAMEHTAJbHBIX BEJIUUMHAX U3 y¥Ke 3aBEPIIECHHBIX, Uy~
MUX cefiyac M 3allJIAHUPOBAHHBIX B OJimzKaiiieMm OymayleM MoJIeKy-

JIAPHDBIX IKCIIEPUMEHTOB.

Bce mepeunciiennbie BLIIIE Pe3yIbLTATHI MOJIYUEHDbI JUOO CAMUM COUCKATE-
JieM, JI0O IpH ero OIpPeeIsiiOneM yIaCTUH.

ABTop BhIpaxkaeT riryboKyto bsrarogapuocts ¢cBoum Kosteram, H. C. Mo-
caruny, M. I". Kosmosy, U. . Tynuneiay, T. A. UcaeBy, A. H. IlerpoBy coB-
MECTHO C KOTOPHIMHU ObljIa BBHITIOJIHEHA OOJIbIIAsT 9acTh pabOThI Hal METO-
JAMU, TTPOTPAMMAMK, W KOTOPHIMU OBLI BBITIOJHEH DSl PACIETOB, MPE/I-
CTABJIEHHBIX B JINCCEPTAIMU.

Hayunbie naTepech aBropa ObLir chOPMUPOBAHBI [TOJT, BJUSHUEM PAabOT
JI. H. JIab3osckoro u FO. FO. JImurpuesa B TO BpeMsi, KOr'a aBTOP eIe ObLI
acriupanToM JII'Y. Bésbinas 9acTh OMUCAHHBIX 3/1€Ch UCCIEI0BAHM IPIMO
W KOCBEHHO TIPOIOJIKAET paboTy, HAIaTyI0 TOT/A, MO/ UX PYKOBOICTBOM.

Bce aTomuble pacyeTnl, MPEICTABICHHBIE B JUCCEPTAINN ObLIN BHITIOJ-
HEHBI C UCITOJIb30BAHNEM MTAKETOB KOHEUHO-PA3HOCTHBIX TPOIPAMM, TIOCJIE/T-
Hue Bepcur KOTOpbix paspaboranst V. Y. Tynunsinbim. [lepBast nporpamma,
JUUTsT TEHEPAIY HEPEISTUBUCTCKOTO 00001eHHor0 D110 Onita pazpaboTana,
A. O. Murpy1enkoBbiM, a npeactapiennbie B guccepranun OPIIIO pac-
YeThl ATOMOB OBIJIN BBITTOJIHEHBI C HCIOJH30BAHIEM IIPOrPpaMM, pa3paboTaH-
ubix H. C. Mocsirunbim. VM »xe ObLiia Hanucana odeHb 3(PPEKTUBHAST TTPO-
rpaMMa almpOKCUMAIK OTEHIMAJOB W aTOMHBIX Oa3MCOB I'ayCCOBBIME
byHKIMSAMA JIJTsT UX TTOCJIETYFOIIEro UCIIOIb30BaAHNS B MOJIEKYJISIPHBIX Pac-
getax. B corpyaandectse ¢ FO.T'. Xaitrom, A. . [lanwasiv 1 A. H. TTeTpo-
BbIM OBLJT pa3paboTaH MakeT MPorpaMM JJIsi PacueTa MOJEKYJISPHBIX MaT-
PUYHBIX JIEMEHTOB pajuaJibHO-joKaJabHOro POIIO Ha rayccoBom Oazuce.
Haubostee penn3noHHbIe pacyeThl MOJIEKYJI ObLI BbITOJHEHBI B PE3YJIbTa-
Te corpyaandectBa ¢ P. JIxxk. Bynkepom u A. B. AnlekceeBbIM u3 yHUBEpCH-
tera . Bynmeprass (Fepmanus), V. Kangopom u E. Unbabaesbiv (Dunas)
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n3 yuuepcuteta T. Teab-Asus (M3pawnss) u ¢ ucnonp3oBannem paspabo-
TaHHbIX MU nporpaMm MRD-CI u RCC Jid KOPPEJIANUOHHBIX pPaCcieTOB
aTOMOB ¥ MOJIEKY.I.

Asrop ouenn npusnaresen B. @. ExxoBy u Bcem corpypHukam Jabopa-
Topun MOJIeKyJIsipHbIxX mydkoB [INAD, a Takxe A. B. Tyny6y, B. . Kysne-
IIOBY U JIDYT'UM COTPYJIHUKAM KadeJp KBAaHTOBOM MEXaHWKU U KBaHTOBO
xumun CII6IY 3a cTumynupyiomnue qucKyccuu u BHUMaHue K pabore. be3
COTPYJHUYECTBA U JIMCKYCCHI CO BCEMU TEPEUNCIECHHBIMU BBIIIE JIIOIbMU
9Ta padoTa ObLIa ObI HEBO3MOXKHOM. BeceM nM aBTOp BhIPaXkaeT CBOIO TIy-
OOKy0 0J1ar0IapHOCTD.

Hannast paboTa BBITIOJIHEHA TPY (DUHAHCOBOM MOJIJIEPXKKE HAYIHBIX TTPO-
ekToB POOU N 93-03-5728, 96-03-33036 n 99-03-33249, Mexk1yHAPOIHBIX
Hay4anbix npoektroB HHUO-PO®U N 96-03-00069g, INTAS N 96-1266 u
CRDF N RP2-2339-GA-02, a Tak>ke 1pu Mmojjiep:KKe APyruMu POCCUACK K-

MU U MEKAYHAPOAHBIMUA I'DaHTaMM.
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