Bgenenue.

Jlonrue ropl B XMMHUH UCTIONB3YETCS MPAaBUIIO0 000I0YEUHOM SJIEKTPOHHOM CTPYKTYPhI
aTOMOB, B KOTOPOM ISl KayKIOT'0 JIEKTPOHA OIIPEIEIEHbI TPU KBAHTOBBIX YHCIIA, 3HAUEHUS KOTOPBIX
3a/1al0TCA MOJIOKEHUEM aToMa B Iepuoandeckoi cucreme. OObIYHO, B 00IIEM Kypce XUMUU
KBAHTOBBIE YUCJIAa U TIPAaBUJIA TIOCTPOEHUS JIEKTPOHHBIX 000JI0YEK, TAK)Ke KaK aTOMHBIE U
MOJIEKYJISIPHBIE OPOUTANIN, BBEISTCS IMIIUPUIECKH. SI3bIK KBAHTOBOW MEXaHUKHU HE CIUIIKOM
pacIpoCTpaHEH Cpeay XUMHUKOB, XOTS C €€ IOMOIIbIO B HACTOSIIEE BPEMSI HHTEPIIPETUPYIOTCSI 110
CYILLIECTBY OOJIBIIMHCTBO COBPEMEHHBIX IKCIIEPUMEHTANIbHbBIX U3MepeHuil. Kpome Toro, Hannume
JIOCTATOYHO JICHIEBBIX MOIIHBIX BHIYMCIUTENBHBIX MAINH (KOMIIBIOTEPOB) AA€T BOZMOKHOCTH C
MOMOIIIbIO KBAHTOBOWM MEXaHHUKHU PACCUUTHIBATH MHOTHE (PH3UKO-XUMUYECKUE CBOWCTBA KaK
OTJIEJIbHBIX aTOMOB U MOJIEKYJI, TaK U UX COBOKYNHOCTEH. Vcronp30BaHne KBAHTOBOM MEXaHUKH /IS
pelIeHNs XUMHUYECKHUX Po0JieM OPOINIIO HOBBIN pa3/iesl XUMUHU, KOTOPBIN CTajld Ha3blBaTh
«KBaHTOBOW XUMHEN». AHATIU3 PE3yJIbTATOB TOYHBIX KBAHTOBOMEXAHUYECKUX PACUETOB CBOMCTB
MOJIEKYJI MPUBEI K MEPECMOTPY OCHOBHBIX KOHIEHIINH, MIPUHATHIX B XUMUU JIJIS1 OOBSICHEHHUS
BO3HUKHOBEHUS XMMHUUYECKUX CBs3el. B psne ciiydyaeB TpyIHO JaTh OJHO3HAYHOE ONPEECIICHNUE THIIA
XUMHYECKOHN CBSI3U B MOJIEKYJIE, UCIIOJIb3YSl TAKHUE MOHATHS KaK KOBAJIEHTHAs, MOHHAS I JOHOPHO-
akuenTopHas cBs3b. [10 3ToMy MOBOy MOKHO IPUBECTH BbICKa3bIBaHUE HOOENIEBCKOIO Jaypeara,
co3aarens TEOPHH MOJIEKYJISIpHBIX opOuTaneit P. Mamnukena: « The more accurate the calculation
become the more the concepts tend to vanish in to thin air».

JlanHOE TocoOMeE MOCBSIIEHO OCHOBAM KBAHTOBOW XMMHH U TPAKTOBKE CTPOECHUS aTOMOB,
MOJIEKYJI U BEIIECTBA B CBETE €€ NOCTIKEeHUH. CTPpyKTypa U3JI0KEHUs cleayroias. B nepBoii rinase
KpaTKO BBOJIATCS OCHOBHBIE MOJIOKEHHS KBAHTOBOM MeXaHUKHU. Jlanee paccMaTpUBaIOTCs MPOCTEUIITNE
MO/JIENIbHBIE 3371a4, KOTOPBIE TMO3BOJISIIOT MEPEHTH K PELICHUI0 XMMUYECKH BaXKHBIX TPOOJIEM, a TaKkKe
MOHSTH, Kak perieHust ypasHeHus Llpeaunrepa, T. €. BOJIHOBbIE (PYHKIIMK U COOTBETCTBYIOIINE UM
CcOOCTBEHHBIE 3HAYEHUS, CBSI3aHBI C HKCIIEPUMEHTAIbHO N3MepsieMbIMH BennurHaMmu. [locnenyromee
U3JI0’KEHUE BKIIIOYAET PACCMOTPEHHE OCHOBHBIX METO/IOB KBAHTOBOM XMMHH U UX UCIIOJIb30BAHUE IS
U3y4YeHHs CTPYKTYPBI MOJIEKYJ. B mocinennux paszienax KpaTko 00CyKIaeTcsi MeKMOJIEKYJIISIPHOE
B3aMMOJIEMCTBHE U CTPOEHUE KUJKUX U TBEPABIX TEIN.

[Tocobue paccunTaHo Ha CTYJIEHTOB ME€JArOrMYECKUX YHUBEPCUTETOB, 00YUYaIOUINXCS 1O

crenuanbHOCTH yuutenb Xxumun Ne 032300.



§ 1. Knaccuueckas TCOPUA XUMHUYICCKOI'O CTPOCHMUA.

XHMHMS U3y4aeT BEIIeCTBAa U UX MpEBpalleHus. BemecTBa ABISIOTCS MaKpOCKOITNYECKUMHU
00BEKTaMU, KOTOPBIE MPEACTABIIAIOT COOOM Ta3bl, JKUIKOCTH U TBepable Tena. [lox TepmuHOM
«CTPOCHHE BEIIECTBA» OOBIYHO OHUMAIOT COBOKYITHOCTH IMOHATUH O MUKPOCKOIIMYECKUX YaCTHLIAX U
MX B3aUMOJICHCTBUAX, KOTOPBIE ONPEACIISIOT CBOMCTBA BeecTBa. [[oHsATHE O CTpOCHUH BEllIECTBA
BEChbMa CYILIECTBEHHO MEHAETCS B Ipolecce pa3BuTHs Hayku. Ha kaxxaom starne ncropuu
€CTECTBO3HAHMS OHO CYMMUPYET KOHKPETHBIE 3HAHUS O MPUPOJIE BELEH, KOTOPBIE CKIaAbIBAIOTCS B
npouecce ux nydeHus. [IpeacraBienus o CTpoeHUM BelecTs, cinoxupinecs B ['penuu III Beka 1o
Hariel 3psbl, npeactasieHsl B mosMe Jlykperus «O npupoae Bemein» [1]. [o cymecTsy,
MIPEMIOKEHHOE B 3TOM MIO3ME MOHATHE O TOM, YTO UX CBOMCTBA ONPEAEISAIOTCS COCTABOM HJIN
ceMeHaMH Bellel (MaTtepueil), a TaKkke UX B3auMOJICHCTBUEM, COXpaHsaeTcs A0 Hamux aHel. [Ipu stom
y’K€ B 3TO BpEMsl YaCTHUIIbI, 00pa3yIolIye BeIIECTBa, HOAPA3ICIIAIOTCS Ha Pa3InYHbIe TUIIBI — KPYTJIbIe
u Oosee MeJIKUE U, HaIpUMep, U3MEHEHHE ¢ TEYEHUEM BPEMEHH 3araxa BellecTB 0€3 N3MEHEHUs Beca
00BsICHSIETCS YJIETYYMBaHUEM OYeHb MAaJICHbKHUX COCTaBHBIX YacTeH:

«Bapyr yneryuuTcs BeCh apoMar 0JIarOBOHHOTO Macia,

Wnu e kak-HuOyAb BKYC M3 4ero-Tu00 BeCh yIaINTCH,

Ham He 3amMeTuTh Ha I71a3 yMEHBIIECHUS ATUX IIPEIMETOB,

Jla 1 110 BeCy OHM OCTAIOTCSI HUMAJIO HE MEHBIIIE.

CtpaHHOrO HET HUYEero, K00 MHOXKECTBO CEMEUYEK MEJIKHX

B nenom cocrtaBe Belieit 00pa3yroT U 3amax M BET UX.»

K cepennne XIX Beka B €CTECTBO3HAHUU TOCIOJCTBYET IMIIOTE3A, YTO BEIIECTBA COCTOST U3
aTOMOB U MOJIEKYJI (XUMHYecKuX yacThll). Ha ee ocHOBe mosiBisieTcs KilaccuiecKasi Teopus
XUMHYECKOTO CTpOeHMs, chopMynupoBanHas A. M. BytinepoBsiM [2] 1 IpyrumMu y4eHbIMU. JTa
Teopusi 6a3upyeTcs Ha CIAeAyIoUMX mocrynarax [3]:

I. BemecTBa cOCTOAT U3 XUMUUYECKUX YacTULl. [lox XuMHUUYeCKON 4aCTULIEN TIOIpa3yMEBACTCs
aTOM WJIM COBAaKyIIOCTb aTOMOB, KOTOpasi MOXET CYIIECTBOBATh Kak €IUHOE 11e0e. ATOM B 3TOM
MOCTYJIaTe HY)KHO paccMaTpuBaTh Kak «d(PPeKTUBHBIN aTOM», KOO €ro CBOHCTBa OyayT, BOOOIIE
TOBOpS, Pa3HbIE JJI Pa3HbIX MOJIEKYJI.

II. KonnekTuBHOE B3aUMO/ICHCTBHE ATOMOB B XHMHUYECKOM YacTHUIlE (MOJIEKYJIE) MPUOIUKESHHO

MOYHO ONUCATh KaK COBOKYITHOCTb MapHBIX B3auMoAeiCcTBHI. Eciu B Monekyse cogepxxurcsa K

K(K-1)

> 9] 2
aTOMOB, TO KOJJICKTUBHOC B3aUMOJACUCTBUC IIPCACTABIIACT coOoi CyYMMY = CK MapHbIX

B3aMOJIEUCTBUN.



Hampumep, B monekyne CCly nmeercs 10 napHbIX B3auMoAecTBHA, U3 HUX 4 — B3aumozeiictaus C —
Cl u 6 - Cl — Cl BzanMogeicTBus.

III. Bce mapHble B3auMOICHCTBUSI MOKHO Pa3[eUTh Ha TTIaBHBIE (CHIIbHBIE) B3aUMOJICHCTBUS,
KOTOPBIC HA3BIBAIOT XUMHUYECKUMU CBS3SIMHU H «CJIa0BbIe» B3aUMOICHCTBUS HEMTOCPEACTBEHHO
HECBSI3aHHBIX aTOMOB.

Bomnpoc o ToMm, kakue nomnapHbie B3aUMOACHCTBUS CIEAYET CUMTATh IJIAaBHBIMU, a KAKHE
JIOMOJHUTEIBHBIMU, IBIIETCA OTHUM M3 caMbIX CI0KHBIX. B CCly BBIAEIAIOT TOJIBKO 4 TIIaBHBIX

B3aMMOJIEUCTBHUS:

Cl

CI/T\Cl
Cl

a B P4 Bce mapubie B3aumoseiictus (C; = 6 ) CUMTAIOTCS [TIABHBIMH.

Hpyroi npumep: nuHeitHas mojiekyiaa H — H — H (2 rnaBHBIX B3auMoAeMCTBUSA) U LIUKIHYECKAs

H——H (Tpu rimaBHBIX B3auMOACHCTBUS). [ TaBHBIEC B3aMMOJICUCTBHS B CTPYKTYPHBIX (hopMymax
M300paxaroTcs YepTouKaMu: —, =, =.

IV. I'naBHbIe B3aUMOCUCTBUS WM XUMUYECKHE CBSI3U MKy JIByMSI aTOMaMHU MOTYT OBITh
knaccuduipoBansl. Hampumep, s csizu C«—»N MOXHO BBECTH TPH THIIA, CYIIIECTBEHHO
OTJIMYAIOIIUXCS TT0 cBouM Xapaktepuctukam (1, AE, ...): C—N; C=N; u C = N. [l ycTaHOBJICHHS
pa3Inunii MeXy OTAeNbHBIMA BO3MOXHBIMU TUIIAMH CBSI3€i BBOJAUTCS MOHITHE O BAJIGHTHOCTHU WIIH
€MHUIIC CPOJICTBA, & TAKXKE MOHATUE O KPATHOCTH CBSI3U. 3HAUCHHUE YMCIIA SUHUI] CPOJICTBA
(BaJIGHTHOCTH), KOTOPOE HY>KHO IIPUIHUCATh aTOMY B MOJICKYJIE€, TEOPETUUECKH YCTAHOBUTD
HEBO3MOKHO. BajeHTHOCTh MOA0MPAETCS SMIUPUUECKH, METOJIOM MPOO M OITHOOK Ha OCHOBE aHAIN3a
OTPOMHOTO PKCIIEPUMEHTAILHOTO MaTepuana.

JOnoTHUTEIbHEIE TOCTYJIATHL.

V. Kaxnas xumMudeckast CBsi3b OCYIIECTBISIETCS JIFOOBIM aTOMOM B JTFO0OH "acTuile (MOJIEKyJe,
MOHE) LEJIBIM YMCJIOM €MHHUIL CPOJCTBA, T.€. BAJIEGHTHOCTh — LIEJI0€ YHCIIO.

VI. Kaxxp1if 13 AByX aTOMOB, 00Pa3yrONIUX XUMUUYECKYIO CBSI3b, 3aTPAUYUBACT IIEJIOC YHCIIO
€MHHUII CPOJICTBA.

Takum 06pa30M, MOSABJIACTCA IMOHATHEC O KPATHOCTU CBA3U.



CoBpeMeHHbIE METO/IbI UCCIIEIOBAHUSA (CIIEKTPOCKOIIMUECKHUE, AIEKTpOHOrpadudeckue,
ONTUYECKHE, HEUTPOHOrpapHUECKUE) MO3BOJSAIOT YCTAHOBUTH 3HAYEHUSI HEKOTOPBIX BEJIMYUH,
KOTOpbIE MPUOIMKEHHO XapaKTepU3YIOT CBsI3U B MoJieKy1ax. Haubosee BaxHOM XapaKTEepUCTUKON
CBSI3U SIBJISIETCS] MEXbsIIEpHOE (MEKAaTOMHOE) PACCTOSHUE.

[ToHATHO, YTO XapaKTEPUCTUKH CBA3H MEXIy TBYMS aTOMaMH OYIyT 3aBUCETh OT OKpPY>KEHUS
9THX aTOMOB B MoJjieKyJe. [1o 3Toi npuunHe MO>KHO BBECTH MOHATHS O TUIIAX aTOMOB B MOJIEKYJIaX U

noaTHUIIaX aTOMOB.

Tuner:

T -/ T =
IloaTuner:

(|3 C|I| Cl
C—(|':—C ; C—T—C ;, C——C—C wur.n.

C C Cl

B pamkax KimaccmyecKoi TeOpHuu JJOTHYHO MPEIIIONI0KUTD, YTO CBOHCTBA MOJIEKYJIBI 3aBHCAT OT
THUIOB 3((PEKTUBHBIX ATOMOB, TUIIOB CBSI3€H, ONPEACISIONINX IJIaBHBIC B3aUMOICHCTBHS
3P PEKTUBHBIX aTOMOB, U BEJIMYHMH, XapaKTEPU3YIOLINX JOMOTHUTEIbHBIE B3aUMOICHCTBUS
3 PeKTHBHBIX aTOMOB. [IpHOIMKEHHO B paMKax KIaCCUYECKON TEOPUH CTPOCHHUSI CBOWCTBA BEIIECTBA
MOXHO ITPEJICTAaBUTh:
1. xak (pyHKUIMHU TapLUUaIbHBIX CBOWCTB TOIBKO YP(PEKTUBHBIX ATOMOB (THIIOB aTOMOB);
2. Kak (yHKUUH MaplHaIbHBIX CBOUCTB Map 3(p(PeKTUBHBIX aTOMOB (TUIIOB CBA3EH),
OCYIIECTBIISIOLINX TJIaBHbIC B3aMMO/ICHCTBHS,
3. kak QYHKIMH HapIHaTbHBIX CBOUCTB 3((PEKTUBHBIX ATOMOB M XUMUYECKUX CBSI3€H;
4. kak (yHKIUH MapIHaIbHBIX CBOMCTB XUMUYECKUX CBSI3€H U IMap HETOCPEICTBEHHO
HECBSI3aHHBIX aTOMOB.
To ectb HekoTopoe cBoiicTBO P (AH 00pa3oBanusi, cropanus, JUMOJIbHBIA MOMEHT, TUIOTHOCTh

Y T.JI.) MOKHO TIPEJICTaBUTH B BHUJIC:

P=) P+ > P,
2

D60
rac P3 - BCJIMYHMHA (I/IHerMeHT, BKJ'IaI[), NpuUxXoaAIasaAcCsa Ha OTHGHLHBIﬁ aToM,

P 35 - BCJIIMYHNHA, COIIOCTABIIAACMAsL OTI[GJ'IBHOI\/'I nape€ XuMH4YCCKH CBA3aHHBIX aTOMOB.



Ha 51011 0OCHOBE CTPOATCS aIIUTUBHBIE CXEMBI pacyeTa pa3IMuYHbIX CBOWCTB BEIIECTB. B
aJTUTHBHBIX CXeMax pacdyera GU3NKO-XMMHUYECKHX CBOMCTB BELECTB, TAKUX KaK TEIIOTHI
00pa30BaHysl, TEIIOTHI CTOPAHUS, INIOTHOCTH U T.JI., BHIOUPAETCS KJIACcC BEIECTB, COCTABIECHHBIX U3
OJTHOTO ¥ TOTO K€ Habopa CTPYKTYPHBIX (hparMeHTOB, 101 KOTOPHIMH MOKHO MOHUMATh TUIIBI MIIN
MIOJITUTIBI AaTOMOB (CBsI3€ii), 00pa3yIOMINX MOJICKYJIBI BemecTB. Hampumep, A1 yrieBo10poI0B

CuHzpi2 (a1KaHOB) MOYKHO BBECTH CIEAYIOIINE TOITUIIBEI ATOMOB:

C C C ||‘|
c—(lt—c, C l H, H c|: H, H—(|:—H :
l l l C
1) 2) (3) )

Janee nmpeamnoaraercs, 9To (PU3UKO-XUMHUIECKOE CBOMCTBO P; OT/IeIbHOM MOJIEKYJIIBI 1 MOYKHO
MPEJICTAaBUTh B BUJIE CyMMBI MTapLIUAJIbHBIX CBOWCTB, IPUXOIAUINXCSA HA OTACNbHbBIE parMeHThl, TO
€CTh JIJISl OTJCIILHON MOJIEKYIIBI 1 CBOMCTBO Pi MOXKHO 3amucaTh B BUJIE:

P=nx +n,x,+nx,+..+n,x,, (1.1)
IJIe X; €CTh BEIMYMHA (MHKpEMEHT) paccMaTpUBAaeMOI0 CBOMCTBA, MPUXOAAIIASCS Ha

(parmenr j, a n; - 9KCII0, MOKA3BIBAIOLIEE CKOJIBLKO Pa3 JaHHbIN (parMeHT BXOIUT B MOJIeKyIly. Eciu

17151 M MoJIeKyJ1 H3BECTHBI BeIMUUHBI CBOIicTBa P, Hanpumep, TerutoTs! oopaszoBanus (AH| ), TO MbI

uMeeM M ypaBHEHUH:
n, X, +n,X, +..+n,x, =B

Ny X, + Ny Xy +.cot 1, Xy =P, (12)

My X, + Ry Xy + ot 0y Xy = Py,
13 KOTOPBIX METOJI0M HAaUMEHBIINX KBAJAPAaTOB MOXKHO OMPEAEIIUTh HEU3BECTHHIE BETUYHHBI

napuuajlbHbIX CBOWCTB (I/IHerMeHTOB) Xi . YPaBHeHI/IH (X) MOJKHO 3aI1MCaTb B MaTpUIHOM BUJC:
Ax=P, (1.3)

rae A - IPSIMOYTOJIbHAS MaTpuLia pasMepHocTd MXN ¢ MaTpUYHBIME dJIeMeHTaMu 4, =n,, i=1+M ,
j=l+NuM=N,a xuP - BEKTOPBI, COCTABJICHHbIC U3 HHKPEMEHTOB X; ¥ M3BECTHBIX BEJIMYUH
P.. MbI nMeeM cucTeMy JIMHEHHBIX ypaBHEHUM, TIE YHCIIO HEU3BECTHBIX BEIMYMH X, (i=1+N)
MeHblIIe uyncia ypaBHeHull (N < M ). HensBecTHbIe BEIMUUHBI X, OOBIYHO HAXOJSAT, HCHOIb3YS METO]

HaMMCHBIINX KBAJAPaTOB. B MCTOAC HAMMCHBIINX KBAaAPAaTOB UIICTCA TaKou BCKTOp X, [IPU KOTOPOM



JIOCTUTAETCs HawTy4iee npuompkenue P = Ax Bektopa P 1o 3aganHoi HopMme. Eciin Hopma

CBKJIMIOBA, TO BEKTOP X OMNPCACIIACTCA U3 CUCTCMbI ypaBHeHI/If/'E

AT ~

A Ax=A"P,

AT

rie A - TpaHCIOHMpPOBAHHAs MaTpulla A, T.c. A; =4,.

[pu Takom noucke x; (j =1+N') cymma KBapaToB OTKIOHEHUH an — P | nocrturaer

MUHHUMYMA.

Bonee monpobHOe onrcanue aJIUTUBHBIX METOIOB MOXXHO HaTH B KHUTE [4]. Kinaccudeckas
TEOpHsi XMMUUYECKOTO CTPOCHHUSI 110 CeH IeHb IHUPOKO UCTIONB3YeTCs B opranndeckoit xumun. [Ipu
3TOM, KaK MbI BUJIEJIH, B HEW KOHKPETUZUPYETCSI CTPOEHUE OTAEIbHBIX aTOMOB U MOJIEKYJI,
00pa3yrommx BEIEeCTBO, U 3TO MOHATHO, TaK KaK K MOMEHTY €€ CO3/JaHus NCCIIeI0BaHMs,
MO3BOJISIIOIINE BBIICHUTh UX CTPYKTYPY, €Ille He TPOBOAMINCEH. B Havame XX Beka MOsSBISIOTCS
OTIBITHBIE JaHHBIE, TO3BOJISIONIME OoJiee TITy00KO Ha MUKPOYPOBHE BBISICHUTH CTPYKTYPY BEIIIeCTBa, a
UMEHHO MTPOHUKHYTh B CTPOCHHE OT/ICIBHBIX aTOMOB U MOJIeKyJ1. OOBsICHEHHE STUX JaHHBIX, CPEIU
KOTOPBIX MOYKHO BBIJICITUTH ONTHYECKHUE CIIEKTPBI ra3000pa3HBIX BEIECTB, PACIPEICICHIE
WHTEHCHUBHOCTH B CIIEKTPaX M3IIyYCHUS TBEPABIX Tell, HO0T0dPIEKT, U3MEHEHNE YaCTOThI
PEHTTEHOBCKOTO M3JIyYEHUS [IPH PACCESTHUH U JPYTHe, 0Ka3ajJ0Ch HEBO3MOXKHBIM B paMKax
KJIACCHUUECKOH (M3UKH, U TIOSIBIIIACH HEOOXOUMOCTh CO3/IaHUS HOBOU TEOPHH.

B 1900 rony Maxkc I[1nank (1858 — 1947 r.r.) BEIABUTAET TMIIOTE3Y O TOM, UYTO OOMEH SHEPrueit
MEXy BEIIECTBOM M U3JIYYECHUEM MTPOUCXOANT IyTEM TMepeaadn TUCKPETHBIX MOPIUI YSHEPTUN UITH
KkBaHTOB. OH MOKa3bIBAET, YTO KBAHT YHEPTUU & MPOMOPIHUOHATICH YaCTOTE U3TYyUCHHUS V ,

& =hv, rne h — nocrosaHas Ilnanka, 4=6,626075: 107 JIx-cek,

Y TIOJTy4YaeT COTJIACYIOIIEeCs C OMBITOM BBIPAXKECHHE TSI CIIEKTPAIBHOTO PACIIPEACTICHHIS
AJIEKTPOMATrHUTHOTO U3ITyYeHHUs «a0COIOTHO YepHOTo Tenay. Jlanee AnpoepT DitHmreiin B 1905 roxy
TU1s1 O0OBSICHEHUS (POTOAIEKTPUIECKOTO 3P (heKTa MOCTYIHPYET, UTO CAMO CBETOBOE U3ITYUCHHUE
MPEJICTaBIsIeT COO0M MOTOK KOPITYCKYJI, (POTOHOB, 00JAJAIOIINX YHEPTHEH AV U CKOPOCTHIO cBeTa. B
nepuon 1923 — 1927 r.r. co3naercs KBaHTOBasi MEXaHUKA, KOTOPasi CEroJIHs SIBJISIETCSI OCHOBHOM
TEOpHeH, MO3BOJISIONICH 00BICHUTEH IKCIIEPUMEHTAIBHBIE TAHHBIE O CTPOCHHUH BEIIECTBA U
TEOPETUYECKH MPEICKA3bIBATh €r0 CBOMCTBA. KBaHTOBAsI MEXaHUKA CETOMHS SIBJISICTCS OCHOBOM
TEOPETUUECKON XMMHHU, U €€ MPUMEHEHHE ISl pAaCUE€TOB CBOMCTB (DparMEHTOB BEIIECTBA, B YACTHOCTH
aTOMOB, MOJIEKYJI, KJIAaCTEPOB U T.J., TOPOJINIIO HOBBIN pa3aesl XUMUU — KBAHTOBYIO XUMHIO.

JIJ1st COBpEMEHHOTO YUUTEIsl XUMHUH 3HAHHE OCHOB COBPEMEHHOM TEOpHUH CTPOSHUS BEIIECTBA,

aTOMOB M MOJIEKYJI SIBJISIETCSL 00s13aTeIbHBIM. B 3TO cBsi3u npuBeneM uurtaty u3 kauru A. C.



Kommnaneiiena «4To Takoe KBaHTOBasi MexaHHKa»: «Beap 10 cuX Mop YYEHUKHU B IIKOJIAX MPOXOIST
Oe3HaIeKHO YCTapEBIITYIO Teoprto bopa ¢ ee HeOOBICHUMBIMH OPOUTaAMH, KOTOPBIX HA CAMOM JIeJie He
CyIIecTByeT. MUITMOHBI MOJIOJBIX JIFOJIeH U3 TOfa B FOJl y4aT HeMpaBUIbHOE HA TOM OCHOBAaHUH, YTO
yUUTeIs He MOTYT OOBSICHUTh UM IIpaBUiIbHOE!» [5].

Taxum 00pa3oM, TEPMHH «CTPOCHHE BEIIECTBA» BKIFOYAET, IPEKIE BCETO «CTPOCHUE aTOMOB U
MOJIEKYJ», B KOTOPOE BXOJAT UX AJIEKTPOHHOE CTPOCHHE UJIH CTPYKTYypa U FeOMETPUUECKOE CTPOCHHUE,
/i€ ONEPUPYIOT C TAKUMU MOHATUSAMU KaK JUTMHBI CBSI3€H, BAJICHTHBIE YIIIBI U T.1. 3Hasi OCHOBHbBIE
XapaKTEPUCTUKH OTJIEIbHBIX aTOMOB U MOJIEKYJI, MOXHO MEPEHTH K CTPOCHUIO MaKpOOOBEKTOB —
BEIIECTB (Ta30B, KHUIKOCTEH M TBEPIBIX TEJ), PACCMATPHUBAsI CHIIBI, JICHCTBYIOIINE MEXKITY HUMHU

(MEXMOJIEKYJISIPHOE B3aUMOJIEUCTBUE) U YPABHEHUS UX JIBUYKEHUSI.

§ 2. OCHOBHBIC MOJIOKESHUSI KBAHTOBOW MEXaHHUKH.

B kBaHTOBOI ME€XaHUKE MMOCTYJIUPYETCS, YTO J100ast CUCTEMaA, COCTOALIAs U3
B3aUMOJICUCTBYIOIINX YACTHII, TIOJTHOCTBIO OMPEaAeIIsaeTCs BOJHOBOM dyHKuuen Y(r;t), rme r —
COBOKYITHOCTh KOOPJMHAT KaXKJ10¥ U3 yacTull, t — BpeMs. To ecTh Bce npeacka3zaHus, KOTOPbIE MOTYT
OBITh CIeTIaHbl OTHOCUTENILHO PA3TUYHBIX CBONCTB CHCTEMBI B IAaHHBI MOMEHT BPEMEHU t,
onpeAensatoTcs 3HaueHuM QyHKIMH ¥ B 3TOT MOMEHT BpeMeHu. B npuHIiune, BoaHOBas pyHKIUS
MOYET OBITh OmpezesieHa uist JTF000i COBOKYITHOCTH YacTHIl, Hanpumep, s Becenennoit nim
COJIHEYHOM CHCTEMBI, OJHAKO JIEJIaTh 3TO JOCTATOYHO OECCMBICIEHHO, TaK KaK €CJIM YacTU OOJIbIION
CUCTEMBI IPAKTHUECKU HE CBS3aHBI MEXKIY COOOM, TO MOTHAsI BOJTHOBAsI PYHKIIMSI MOXKET OBITh
MPEJICTaBICHA KaK MPON3BECHIE BOJTHOBBIX (DYHKIIUM, ONMMCHIBAIOIINX T€ €€ YaCTH, TJI€ YaCTHUIIBI
CHJIFHO B3aMMOJICHCTBYIOT IPYT ¢ ApyroM. OOBIYHO AJISi OMTUCAHUS MAaKPOCHCTEMBI — BEIIECTBA —
paccMaTpuBaIOT BOJIHOBbIE (DYHKIIMHU, ONKCHIBAIOIINE TOBEACHHUE AJEP U JIEKTPOHOB, CUIIBHO
B3aMMOJICHCTBYIOIINX MEXKIY CO00ii, T.€. BOJTHOBBIE (DYHKIIMH aTOMOB, MOJIEKYJI HJIU KIacTEPOB.
Jlanee, yuuTbIBasi B3aUMOJICHCTBUE aTOMOB MJIM MOJIEKYJI MEXy 000, MOYKHO IEpEXOAUTh K
OIMCAHMIO BCeH MakpocucTeMbl. Kpome Toro, He Hy>KHO MUCTIONIBb30BaTh KBAHTOBBIC TIPEACTABICHUS
JUTSL OMCaHMSI MAKpOTeJl, TaK KaK JUIsl HUX MOXHO MCIOJIb30BaTh KJIACCHUECKYIO0 MEXaHUKY, IO TOM
MIPUYKHE, YTO COOTBETCTBYIOIINE UM BOJIHEI Jie bpoiins oueHs manbl. JleiicTBUTENBHO, €CIH
paccMOTpeTh YacTuily ¢ Maccoil B 1 rpamm (m=1 r), IBUTaIOIIyOCS CO CKOPOCTBIO V = 1-10 m/c, TO

JUTMHA BOJHBI i€ Bpoiing A = h/mv ~ 7107 u, Gy/eT Bo MHOTO pa3 MeHblIIe pa3MepOB YacTUIlb. B

TaKUX yCJIOBUSAX BOJIHOBBIE CBOWCTBA YACTHUILIBI HE MOTYT OBITH BBISBICHBI C TOMOIIIBIO
IKCTIEPUMEHTOB, T.€. IPOSIBIATHCS HE OYIyT.
VYpaBHeHHE, U3 KOTOPOTO MOXKET OBITh ONpeziesieHa BOJTHOBAs (PYHKIIUS CUCTEMBbI YaCTHII, HE

MOYKET OBITh MOJIy4EHO ITyTeM JIOTHUeCKuX paccykaeHuil. Kak u ypaBnenue HproToHa B



KJIACCUYECKON MEXaHMKEe, OHO MOCTYJINPYETCS, U €AUHCTBEHHBIM JI0KA3aTEIbCTBOM €T0 MPaBHIIbHOCTH
CJIy>)KAT CPaBHEHHE TEOPETUUECKUX MTPEJICKA3aHUI ¢ HIKCIIEPUMEHTAIBHBIMU PE3yIbTaTaMH.

B 1926 rony O. Hpénunrep (E. Schrodinger) noctynnpoBan 0CHOBHOE YpaBHEHUE KBAaHTOBOU
MEXaHUKH, KOTOPOEe Ha3bIBAOT ypaBHeHUEM LlIpénunrepa:
oY (x, v,z t)

HY ;t)=1ih
(x,y,z,t) l Py

, 2.1)

. h
TJ€ X, V, Z — KOOPJAUHATHI YACTHUIIbI,  — BPEMs, | — MHUMas SAUHUIA, /i = 2— (h —mocrosinnas [lnanka),
T

H — onieparop ['amuinbToHA MK raMuiibTOHHAaH. OnepaTopoM Ha3bIBalOT TO, YTO HAAO CHIENIATh C

BOJTHOBOM (pyHKIMeH. Hanpumep, ecim paccMOTpeTh TPOU3BOAHYIO BOJIHOBOM ()yHKIIMH 110 BPEMEHHU,
OW¥/dt , To MOKHO CKa3aTh, UTO OHA MOJYYAETCS B PE3YJIbTATE [IEHCTBUS OMEPATOpa % , Ha
BOoTHOBYIO yHKIMIO V. B 001miemM ciaydae oneparop — 3To omnepanus A, KOTopasi TO3BOJISET
COTOCTaBUTh Kaxk10i1 BoTHOBOU (yHKIMU ¥ B HEKOTOpOM (YyHKIIMOHATLHOM MPOCTPAHCTBE JPYTYIO
BIIOJIHE onpeneneHnyo Gynkuuio V', r.e. AY =¥".

B kBaHTOBOM MexaHUKE KaX/I0M U3MEPSIEMOi BeIMUMHE (IHEPTUHU, UMITYJIbCY, KOOPJUHATE U

T.J1.) COMOCTABIIAETCS CBOM oneparop A U 3HaU€HHE U3MEPSEMON Ha OTbITE BETMYMHBI ONPEEIsAeTCs

KaK CpCJHCC 3HAUCHUC 3TOU BEJINYUHBI <A>, OHpeHeHHeMOﬁ yepes HHTErpa:
<A>= ”I\P (x,y,230) A(x, p, 2;1) ¥ (x, p, 25t ) dxdydz. (2.2)

Hanpumep, eciiu Mbl XOTUM BBIYUCIIHUTD CpPeIHEE 3HAYEHHE KOOPIAUHATHI YaCTUIIBI <X,

onuchiBaeMoit pynkuueit W(x,y,z;t), To HEOOXOIUMO B3STh HHTETPal
<x>= JJI‘P*(x,y,z;t)x‘{’(x,y,z;t)dxdydz, (2.3)
IJIe MHTETPUPOBAHUE BEIETCS 10 BCEH 001aCTH U3MEHEHHSI KOOPHHATHI X, Y, Z, KOTOpOH

COIIOCTABJISICTCA OIICPATOP X . CYIJ_IGCTBGHHLIM OTJIMYHEM OT KJIACCUYESCKON MEXAHUKU SIBIISIETCS TO,
YTO B KBAHTOBOM MEXaHUKE YacTuIlla ¢ BOTHOBOU (pyHkiuei WY (X,y,z;t) MokeT ObITh HaiieHa B 1000

TOYKE 00JIACTH H3MEHECHHSI IIEPEMEHHBIX C IJIOTHOCTHIO BEPOSTHOCTH, 3a1aBaeMON KBaJIpaTOM MOTYJIS
“P (x, y,z;t)‘2 =¥ (x,,2z;¢)¥(x,p,2z;¢) . OrpaHUYMMCs JUIsl IPOCTOTHI OIHOMEPHBIM CIIy4aeM, TO
ecTh OyJIeM CYMTATh, YTO BOJHOBAS (DYHKIIHS YACTHUIIBI 3aBHCHT JIMIIb OT OJTHOM mepeMeHHou x. Eciu
00J1aCTh U3MEHEHHsI KOOPJHHATBI X (—0 < X <00 MM A < x < B) pa30uTh Ha MaJleHbKHE OTPE3KH Ax,

U CUHMTAaTh, YTO B TpeJieTaX TaHHOTO OTpe3ka W(X;t) SABIAETCS MOCTOSHHON BETMYUHOMN, TO

BEPOSTHOCTH OOHAPYKUTH YAaCTHILY B TIpe/ieNiax oTpe3ka Ax, Gy/IeT ONpeIeNaThes Kak
*
W (x;1) W (x;¢) Ax,, a onHast BEPOSTHOCTH OGHAPYKUTH YACTHILY TJIe-THO0, KOTOPast JOIDKHA OBITh

paBHa 1, T.C. COOTBECTCTBOBATHL JOCTOBECPHOMY CO6I:>ITI/II-O, 6y,[[eT 3a4aBaTbCsa CyMMOﬁZ



i\\y(x,.;r)\ Ax, =1. (2.4)
i=1
Ecnu MblI Teneps Oy1eM yMEHbILIATh OTPE3KH Ax, (Axi - 0) , TO IOJIy4YHUM:

lim i“P(xi;t)‘Axl_ = T ¥ (x;¢) ¥ (x5t)dx =1. (2.5)

Ax; =0

Takum o0pa3om, MPUXOAUM K YCIOBHUIO, UYTO BOJHOBBIE (DYHKIIUH, OMUCHIBAIOIINE YaCTHUIIBI,

JOJIKHBI OBITh HOPMUPOBAHBI HA 1.
[% () dx=1. (2.6)

B O6IJ.[€M CJIy4dac BOJIHOBas (I)YHKLII/IH, onuckiBaromas N YacCTHL, 3aBUCUT OT KOOPpAHUHAT

Ka)K10H 4aCTHULIBI Xj, }j, Zj U YCIIOBUE €€ HOPMUPOBKU JIOJIKHO OBITh 3aIIUCAHO KaK:

+00 +00 +00

jI...I‘I’*(xl,yl,zl,xz,yz,zz...xN,yN,zN;t)‘P(xl,yl,zl,xz,yz,22...xN,yN’ZN;t)drldrz...dTN, (2.7)

Sole Zo
rne dr, =dx,dydz,, dr, = dx,dy,dz, ... dt,, =dx,dy,dz, .

Omneparop H, Bxoasamuii B ypasHenue llIpéaunrepa, COOTBETCTBYET IOJHOM SHEPTUH CHCTEMBI
E, xoTopas ckiaapIBaeTcs U3 KHHETUYECKON U IOTEHIUanbHOU sHeprun £ =T + V, u,

COOTBCTCTBCHHO, FTaMUJIbTOHHAH €CTh CyMMa OIICPaTOpPOB KUHETHYCCKOU 1 HOTCHHH&HBHOﬁ OHCPTHUHU:

~

H=T+V .Om OICPaTOPhbI CTPOATCA 110 AHAJIOTHUHU C KJIACCUYECKOMU MeXaHHKOﬁ, 1€ KHHCTHYCCKAas

2 2

my - - o
3Hepm${ YaCTHUIIbI OHpe,I[eJISIGTCSI KaK = P_ rac p =my €CTb I/IMHYJ'IBC YaCTHUIIbI C MacCcou mi,
2 2m’
m

N 2

JIBUTAIOLLIENCS CO CKOPOCThIO v. Ecim Mbl uMeem N yacTull, TO UX KUHETHYECKAs dHeprus 1 = 25—’
i=1 «M

JUist 9acTHIl ¢ 3apsaamMHu ¢; TOTEHIA B3auMOJIecTBUS OyAeT onpenensThes 3akoHoM Kynona

N
9.9 ; o
V =) ————— rie CyMMHPOBaHHE HJET 10 BCEM IIapaM B3aUMOJIEHCTBYIONIIMX YACTHUII, &
o e, |-,

"? - rj‘ = \/(xl. - X, )2 + (yl. -y, )2 + (zl. -z, )2 - paccTOsIHUE MEXAY YaCTHLIAMU 1 U j.

Taxum oOpa3om, onepaTop ramuiabToHa H aist cucteMbl U3 N 3apsHKeHHBIX YacTHULI, Ha

KOTOPBIC HC I[efICTByIOT BHCHIIHHUEC CUJIbI, MOXXHO 3aI1MCaTh KakK:

N

H:Zzl”; i Pk 2.8)

2
o 4z, |-

IJIe €9 €CTh IUAJIEKTPUYECKasl TOCTOSIHHAS BaKyyMa.
Hanpumep, nis monekyinsl Boas! H,O B onepatop ['amuiabToHa Oy yT BXOAUTH UMITYJIBCHI

Tpex siep (ABa siipa BOAOpOAa U OAHO KUCIopoia) U 10 3IeKTpOHOB, a TaKKe MOTSHIUAIbI



KYJ'IOHOBCKOFO B33]/IMOI[CﬁCTBI/I$I BCEX nap JacCTHII. ECJ'II/I UHICKCOM O 0603Ha'-II/ITB HOMep ﬁI[pa,
COOTBETCTBEHHO M, P, 1 Z, — ero macca, UMIyJIbC M 3apsJl, @ UHIEKC I UCMOJIb30BaTh JJIs
uACHTU(DUKAINH SJIEKTPOHOB € 3apsAoM € (m. — Macca MEeKTPOHAa), TO TAMUIIBTOHHAH 3TOW MOJIEKYJIbI
MOXHO HpCIICTaBI/ITL B cneJ:[onmeM BHUJIC:

3 3 Z Z 10 &2

H(H.0)= ale Z ZZ|R —r|47r5 " Z

= a=1 i=1 a,p

‘47[80 i<

‘471’6‘
roe M, —Macca siapa o, m, - Macca 3JIeKTpoHa. [lepByto cymMmmy B 3TOM ypaBHEHUH MOMKHO

UHTEPIPETUPOBATD KaK ONEPATOP KUHETUYECKOM 3Hepruu anep 7, , BTOpyIo — KaK onepaTop

KHHETUYECKON SHEPTUU DJIEKTPOHOB 1) , TPETHI OIEPaToOp COOTBETCTBYET IIOTEHLIAATY

B3aUMO/JICUCTBUS JIEKTPOHOB U 1P Vy, NAJIEE UAYT MOTECHIIMAIBI MAPHOTO B3aUMOJCUCTBUSA SEP Vi,
Y BJIEKTPOHOB Ve, T.€.:

H=T +1,+V_+V_+V,,.

en TV

Takast cTpyKkTypa ornepaTopa COXpaHUTCs JUIsl JIF0O0H MOIeKyJbl U3 N sziep 1 M 3JIeKTpOHOB.

OTmeTHM, YTO BBEJIEHHOE MTPABUIIO COOTBETCTBHUS JIJISl IOCTPOEHUS ONEPaTOpOB KBAHTOBOM
MEXaHUKU 110 aHAJIOTUU C KJIACCHYECKON MEeXaHUKOU HYXXHO MCITIOJIB30BaTh TOJIBKO IAJId JCKAPTOBLIX
MNEPECMCHHBIX YaCTHUI], TaK KaK OHO HC MHBAPHWAHTHO IO OTHOIICHHIO K 3aMCHC IICPCMCHHbIX,
HaIpuMep, K 3aMeHe JeKapTOBbIX KOOpAUHAT Ha noJisipHble. ClenyeT, 0IHaKO, UMETh B BUIY, YTO
CYILIECTBYET MHOTO (PU3NYECKIX 0OBEKTOB, KOTOPHIE HE UMEIOT KIIACCUYECKHX aHAJIOTOB, U IIOATOMY
MOCTPOCHUC AJId HUX COOTBCTCTBYIOIHUX I'AMUJIIBTOHUAHOB YaCTO ABJIACTCA HaI/IGO.Hee prILHOI\/'I
3anaqeﬁ. OTCYTCTBI/IG YCTKOIr'o peucIiTa Ajisd HaxXOXACHUS raMUJIbTOHHaHa 0o0BeKTa ABIISIETCS OIHUM U3
[JIaBHBIX HEJOCTaTKOB COBPEMEHHOW KBAaHTOBOI MEXaHUKHU.

Ecnu onepaTop moTeHIIMaNbHOM SHEPTUH V(7,t) HEe 3aBUCUT OT BpeMEHH, T.€. V(r,t)=V(r) nusa

aroboro ¢, To peuieHue ypasHenus LIpéaunrepa MOXKHO UCKaTh B BUJIE€ IPOU3BEICHUS

WY (r;t)="¥(r)E(¢). IoxcraBus 510 NIpOM3BECHNE B ypaBHeHue (1.1) i pasaenus ero npasyro 1

neByto gacti Ha ¥ (r)E(¢), momyunm:

+V(r)¥(r)|= Eiz)ai—gt)- 2.9)

ALG
‘P(r) 2m

Tak Kak jeBast 4aCTb YPaBHEHMS 3aBUCUT TOJIBKO OT IIEPEMEHHOMU 7, IIOJ KOTOPOU MBI
II0/Ipa3yMeBaeM KOOPANHATHI YACTHUII, COCTABJISAIOINX CUCTEMY, a ITpaBas 4acTh — TOJIbKO OT BPEMEHHU

t, 00€e 4acTH JTOJDKHBI OBITh MTOCTOSIHHOM BEJIMUYMHOM (KOHCTAaHTOM pa3zielieHus ), KOTOPYIO 0003HAYNM

Kak E. OyHkuus = (t) JIETKO HAaXOAUTCS U3 YPaBHEHUS:

10



=\ _g (2.10)

at

JIeficTBUTENBHO, IPEICTABUB = (t) =e" U II0JICTaBUB B YPABHEHHUE, I10JIyIUM:
ihae™ = Ee”,

E

pasfenus 00e 4acTH Ha e, HaXo|M, 4T0 & = Y = —i—, TO €CTh
=(1)=e .
Jns dyukuuu W(r) monyyaem ypaBHEHHE:
%ﬁl;)=E unn HY (r)= E¥ (r), 2.11)

Kotopoe Ha3biBaroT cranmoHapHbeiM ypaBHeHueM Llpéaunrepa. [loctosinuas pa3aenenus £ umeer

d)H3quCKHﬁ CMBICH ITOJTHOM SHEPTUU CUCTEMBI, KOTOpast HC MCHSCTCS C TCUCHUEM BPEMEHH [ (cnyqaﬁ

KOHCEPBATUBHOM CUCTEMBI B KIIACCUUECKON MEXAHUKE).
Taxum 06pa3oM, B cirydae MOCTOSITHHOTO BO BPEMEHH raMHJIbTOHHAHA BOJTHOBAS (DyHKITHS
Y(7;¢) MOXeT OBITH MPEICTABIICHA B BUJIC:

iE
-t

lP(r;t)z‘P(r)e h, (2.12)
rJie sHeprust E HAXOAWTCA U3 PeleHns CTAMOHAPHOTo ypaBHerns H'Y (r)=E¥(r).

3aMeTI/IM, 4TO IIJIOTHOCTHh BEPOATHOCTHU

iE iE

y* (r;t)‘P(r;t) =y (r)‘{’(r)e( g h] =¥y (r)‘P(r)
TaKKE HE 3aBUCHT OT BPEMEHH.
Vpasuenne HY (r)=EY (r) npencraBisier 3a1a4y Ha COGCTBEHHbIC 3HAYCHHSI OIIEPATOPA H.
®ynkuun W,(r), KoTopble YI0BIETBOPSIOT 3TOMY YPAaBHEHHIO U COOTBETCTBYIOIIME UM £, HA3BIBAIOT

COOCTBEHHBIMH (PYHKIIUSMH W COOCTBEHHBIMHU 3HAUYCHUSMH OTlepaTopa H . Bee cobCTBeHHbIE
GYHKIIMM MOXKHO pa3euTh Ha Ba kiacca. [lepBblii kilacc pyHKIHMI OMUCHIBAET JIOKAIN30BaHHbIC
YaCTHIIBI, T.€. YACTHUIIBI, YJIEPKUBAaEMbIe CUJIAMU B HEKOTOPO KOHEUHOM 0051acTH mpocTpaHCcTBa. B
ATOM cilydae penieHus: ypasHeHus Llpéaunrepa cymecTByOT TOJIbKO JIsl OTACIbHBIX 3HAUYECHUN
sueprun E=E;, E, ... E, ..., 1 Mbl IME€EM JUCKPETHBIC CIIEKTP COOCTBEHHBIX 3HAUCHHI
ramuibToOHHaHa. BTopoit kinace GpyHKIMN ONMUCHIBAET 1€10KATN30BaHHBIE YACTHIIBI, KOTOPHIM
COOTBETCTBYET HEMPEPBIBHBIN CIIEKTP COOCTBEHHBIX 3HaUeHMI. B KBaHTOBOI MeXaHHKE TaKkkKe
M0JIararoT, YTO BCE pACCMATPUBAEMbIE ONIEPATOPHI A sBnsotes JUHEHUHBIMHU, T.€.:

A~

A(cP)=cAY n A(Y, +V,) =AY, + A,

11



IJIe ¢ — MPOU3BOJILHAS TIOCTOSIHHASI, & UX COOCTBEHHBIC (PYHKIIMHU 00pa3yroT MOJTHBIC HAOOPHI, T.C.

T00Yy10 BOJTHOBYIO ()yHKIIMIO MOKHO TIPEICTaBUTh B BUJIE PA3JI0KEHHUS 110 COOCTBEHHBIM (PYHKITUSM

oreparopa A:

=YW, (2.13)

Jlanee orpannuuMcs ciydaeM, Korja oneparop H 001aaaer ToJbKO AUCKPETHBIM CIIEKTPOM

HY =EVY, (nzl...oo).
Toraa npousBonbHas GyHKIUS ¥ MOXKET ObITh3amMCaHa B BUJIE PA3JIOKEHUS 110 COOCTBEHHBIM
2
Gynxuusam (¥,,), kBagpatsl K03 duieHToB KoToporo (¢, ) OyayT 3aJaBaTh BEPOATHOCTh OOHAPYKUTh

Yy 4aCTHULbI 3HAaUEHUE SHEPIruu £,
B kBaHTOBOI MEXaHHKE ONEPaTOp KOOPIMHATHI X IIEPEBOIUT BOJHOBYIO (DYHKIIHIO B
npousBenenue xW. JleiictBue onepatopoB V(x), sBastomuxcs GyHKIUIMA KOOPAUHATHI X, OTIAThH

CBOJIUTCS K yMHOXEHHUIO QYHKIUHN Ha V(X).

Oneparop uMmnyiibca p B KBAHTOBOW MEXaHHKE OIpeesseTcs CIeAYIOIUM 00pa3oM:

p=p.i+p,j+p.k,

rae i, j, k - elnHU4YHBIE BEKTOPBI (OPTHI) AEKAPTOBOI CUCTEMBI KOOPAMHAT, & p = —iha—;
X

8 o
=—ih—; p. =—ih—.
Py =m0 P77,

Y

X
Otcrona cneayeT BelpakeHUE Ui OllepaTopa KBaapaTra UMIYJIbCa:
- — o° o 0

12



OOBIYHO B KBAHTOBOM MEXaHHUKE aTOMOB M MOJIEKYJI HCTIOJB3YIOT BMECTO CTaHIapTHOM
cucreMbl eauauIl (CH) aTOMHYI0 CHCTEMY €UHUIL, B KOTOPOH
® 32 eIMHUILY JUIMHBI IPUHATH CPEHEE PACCTOSHUE AJIEKTPOHA OT sJipa B aTOME BOJI0pO/Ia
29=0,52917706-10""" m = 0,52917706-10™ cm = 0,52917706 A;
® 33 eJMHUILY MACChI PUHSATA Macca MOKOs 3JeKTpoHa m, = 9,1093 897-107" kr

® 32 eIMHUILY 3apsJa NPUHSAT dJIEMEHTAPHBIN 3aps]l Wik aOCONIOTHOE 3HaUEHHE 3aps/ia

anextpona e=1,60217733-10"° K

® 32 eIMHUILY A€UCTBUS NpUHATA ocTosiHHAs [lanka 7 = 2i =1,05457267.107* Jx-c.
T

B aromHBIX eIMHUIIaX MOKHO BBIPA3UTh ApyTyUe eAUHUIIbI. EquHuIei snepruu B aTOMHOM cucteme
€MHMUII SBIISIETCS YIBOCHHASI SHEPTUsI OCHOBHOTO COCTOSIHHSI 3JIEKTPOHA B aTOME BOJIOPOa,
HasbiBaemas Xaprpu. | Xaprtpu (wu 1 a. e. sHeprum) = 4,35974812-10"® JIx. CxkopocTh cBeTa B
aTOMHOM cucteme enunuil paBHa 137,04, a equHuna BpeMeHu cocTtaBisieT 2,53556- 107"

Jlns ynobctBa npuBeaeM Tabiuily nepeBojia aTOMHOM €IMHUIBI SHEPTUU B Ipyrue Hauboiee
ynoTpeOuTenbHbIE B XUMUU U (PU3UKE STUHUIIBL.

B aromHol cucreme equnul ypasHenue lIpénunrepa 1 aToMOB U MOJIEKYJI 3aIIMCBIBACTCS B
6onee npocrom Buae: h=1 u 4ney=0. Hanpumep, oneparop ['amunpToHa 111 MOJIEKYJIbI BOJBI,
BBITIMCAHHBIN paHee, OyIeT UMETh CIICTYIONTUN BU/I;:

A(10) =~ 30,53 -3y P 3

a a=1 a=1 i=1 B.a<p

+Z

R, Rﬂ\

,\
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Ta6muma 1. Ilepexoa oT aTOMHOM CUCTEMBI €MHUI] K IPYTUM €AMHUIIAM.

1 ae. 1 Tl 15B 1 kxan/ 1em! 1 Ml 1K 1 ]/
MOJIb MOJIb

lae. 1,00000 43597510 | 2,72114-10" | 6,27510-10° | 2,19475-10° | 6,57968-10° | 3,15773-10° | 2,62550-10°
1k | 2,29371-10" 1,00000 6,24151-10" | 1,43933-10% | 5,03411-10% | 1,50919-10*" | 7,24292:10** | 6,02214-10%
15B | 3,67493-10 | 1,60218-10" 1,00000 2,30605-10" | 8,06554-10° | 2,41799-10° | 1,16044-10* | 9,64853-10"

1;;‘;3/ 1,59360-10° | 6,94770-10°" | 4,33641-10 1,00000 3,49755-10% | 1,04854-10" | 5,03217-10° 4,18400
lem! | 4,55633-10° | 1,98645-10% | 1,23984-10* | 2,85914-107 1,00000 2,99792-10% 1,43877 1,19627-102
1 Mo | 1,51983-107" | 6,62608:107%° | 4,13567-107 | 9,53708:10° | 3,33564:107 1,00000 4,79922-10° | 3,99031-107
1K 3,16683-10° | 1,38066-10% | 8,61739-10° | 1,98722-107 | 6,95039-10" | 2,08367-10* 1,00000 8,31451-10

1;(,5[1?/ 3,80880-107 | 1,66054-10%" | 1,03643-10° | 2,39006:10" | 8,35935-10" | 2,50607-10° | 1,20272-10° 1,00000
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§ 3. MoznenbHbIe 3a1a4n.

Beimmmem ypasHenue Llpénunrepa st yacTUIIbI Macchl m, ABUrarouieics B norenuuane U(x,y,z).

1 (o8 & &
o e T T ) U (52) = B (502
2 2 2
WITH ﬁ(% %+%)‘P(x,y,z)+(E—U(x,y,z))‘P(X,y,z):O. (3.1)

1. U(x,y,z)=0, 4T0 COOTBETCTBYET CBOOOIHOMY IBMKEHHIO YACTHUIIBI.

3aMeTHM, 4TO BONHOBYIO (yHKIHMIO P(x,),Z) MOKHO TIPEJCTABUTH B BUJIE POU3BEICHUS
Y (x,y,z)=Y(x)s¥(y)¥(z), Tak uro 1t KaX10i QYHKIMH MOKHO 3aIIHCATh CBOE YPABHCHHE

[pénuarepa (MepeMeHHBIC X, Y, Z Pa3IEITIOTCS).

1 o

—— Y (x)=E¥(x);
()= B (x);
_La_zxy(y):E ¥ (y): (3.2)
2m oy’ Y
1 ¢°
—EET(Z)—EZT(Z).

Taxum 006pazom, I pemeHus 3a1a4M TOCTaATOYHO PEIIUTh OJHO YPaBHEHHUE:

1 0’

B O6H.[€M cjIyduae, €CJii oriepaTop H 3anuceiBaeTcs B BUJIC CYMMBI OII€pATOPOB, 3aBUCAIINX OT

NepeMeHHbIX I, j, k, [ ¥ T.]1., TO €CTh
- N
H=>Y H(i), (3.4)
i=1
BOJIHOBas (PYHKIIMS IPEICTABIISETCS MPOU3BEACHUEM (PYHKIIUN:
Y (L2,.4, /,k,.N) =¥ (O¥,2)-- ¥, (i))¥,(j) ¥, (k)---¥, (N),

rie bynkunn Wi(i) onpenensiorcst ypasnennem H'W, (i) = EW, (i), a monuas SHEPrust CHCTEMEI SIBIISETCS

N
cymmOit snepruit Ei: E=FE, +E,+..E,+E,+E,.+E, =Y E,.
i=1

VYpasuenue (3.3) sBnsercs audepeHnranTbHpIM ypaBHEHHEM BTOPOTO MOPSIKA, U ISl HAC

MHTEPECHBI €r0 OrpaHuEHHbIE, HETIpephIBHbIE U UG depeHnpyeMble PELICHHs B UHTEpBaJie (—oo,+oo) .
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Bbynewm pewmenue W(x) uckats B Buge V¥ (x) = ¢'** . 3aMeTHM, YTO €CIIM TAKOE PELIEHUE CYIIECTBYET, TO

BCSIKOE€ APYTO€ pelleHHe, Moly4aeMoe YMHO)KEHHEM €T0 Ha MOCTOSIHHHBINA K03( uIueHT, oyaer
00J1a1aTh TEMH K€ CBOIICTBaMU, OTOMY MBI He OyZeM pa3auyaTh PeLIeHus], OTINYAIOIINecs Ha

IMOCTOSIHHBIM MHOXKHUTENb. Eciin A0IIYCTUMBI IBa PCHICHUS, TO BCAKAA UX JIMHEHHAas KOM6I/IH3.I_[I/I$[ SABJIACTCA

TaKXKe JIOMyCTHUMbBIM pelIeHHeM ypaBHeHus. B yactHoctu, eciu W(x) ectb coOcTBeHHast pyHkuus H , TO

€C HeﬁCTBHTeHBHaX M MHUMas YaCTH TakKKe SIBJISIIOTCSI COOCTBEHHBIMH q)YHKL[I/IS{MI/I.

X

[MoacTaBnss e B ypaBHeHue (3.3), noayyaem:

1

—a’e™ = Ee'™, (3.5)
2m

OTKyJa CJIEAyET, YTO a’ =2mE wm o =+~2mE ,7me E>0 mn

P (x) = NP = o, (3.6)

2
Tak Kak E = s JUTSL CBOOOIHOTO JBIOKEHHS YaCTHIBL. Pemenne e V">

= ¢ P TaKKe rOIUTCS
2m
COOTBETCTBYET JBIIKCHHIO YACTHIIBI B APYTYIO CTOPOHY 10 OCH X.

[TonHoe pemienue 3anuiIeTcst Kak
¥ (x,y,z) = Ae"F e e 3.7)
rae A — D1OCTOSSHHBINA MHOKUTEID.
Taxum 06pazom, B ciayyae CBOOOAHOIO JABMKEHHS YACTHIIBI €€ SHEPIrHsl £ MOXKeT NPUHUMATh
TO0BIE MOJIOKUTENIbHBIE 3HaUEHUS, @ BoJHOBas GyHKIMA umeeT Bu (3.7). Takyro GyHKIIHIO OOBIYHO
Ha3bIBAIOT ILUIOCKOW BOJIHOM.

2. PaccmoTpum Teneps cityvail, korga noreHuuan U (x, y,z) =0 TOJIBKO JIJI ONPEICIICHHBIX 3HAUEHUN

nepeMeHHbIX B MHTepBasiax 0 <x<a; 0< y<a; 0<z<a,aB OCTAIbHBIX TOYKAX MPUHUMAET
OCCKOHEUHBIC 3HAYECHHUS.

0, ecru 0<x,y,z<a;

V(x,y,z)= (3.8)
0, ecau x,y,z20; x,y,z<0.
Kak u B npenpiayiiem ciryyae, HaM JyIsl PEIICHHS 3TOM 3a7a4H T0CTaTOYHO PacCMOTPETh
OJIHOMEPHBIN CITy4ail:
1 0

_%y\ll(x)+V(x)‘P(x)=E‘P(x). (3.9)
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Tak kax JABWXKXCHUEC YaCTULBI B 3TOM CJIy4a€ OrpaHUYCHO HOTCHHI/I&J'II)HOIZ q)yHKHHeﬁ HpSIMoyFOHBHOi/'I
q)OpMBI, TO 3Ty 3aaa4y 00BIYHO HA3BLIBAIOT 33.,[[21‘-16171 JABHXKXCHUA 4YaCTHUIIBI B «AINUKE C OECKOHEYHO

BBICOKUMU CTeHKaMmy». O01iee penieHne ypaBHeHus (3.9) MOXKHO 3amucaTh Kak

Y (x) =A™ + Be ™ , un
V¥ (x) = Asin(ax)+ Bcos(ax), (3.10)
Tak Kak e'“* = cosax+isinax (popmyna Diinepa).
Ha pewenne W(x) B 9T0M ciydae HeOGXOAMMO HATOXKUTH rpanndnbie yeaosus W (0) =Y (a)=0

(ycnoBus Komm), Tak Kak BEpOSITHOCTh HAWTH YaCTHIly Ha CTEHKAaX M BHE TAKOTO SIIIMKA JOJDKHA OBITH

paBHa HYJI10. BbIMOJIHEHNE IPaHUYHBIX YCIOBUHN BEAET K CIEAYIOIIEMY:
¥ (0) = Asin(a0)+Bcos(a0)=0, (3.11)
Tak Kak cos0=1,a sin0 =0, koapdumment B =0. [logcraBnss x = a, momydaem

Asin(aa) =0, 4TO BBINOJIHACTCS, €CIU aa =nx ,Tae n=1,2,3,4... 3Hauecune n =0 HaM HE IOAXOIUT,

nrw
TaK KaK B 9TOM CJIy4dac I10JIy4aeM HYJICBOC PCIICHUC. Takum o6pa30M, a =——, 1 PCIICHUC YPABHCHUS
a

(3.9) MmoxHO 3amucaTh B BUJIE:

W (x)= Asin . (3.12)
a

Koaddumment 4 MoxKHO orpenensieTcss 3 yCIoBHs HOPMUPOBKH (DYHKIIUM HA €AMHULLY.

[9 () ¥ (x)dx=1=4[sin’ Zxax =247, (3.13)
0 0 a 2
., l-cosa
Jlist B3ATHS HHTETpajia UCTIONIb3yeM GopMymTy sin 3 = T
J.sinzﬂxafx=i sinzﬂxdﬂx=i la’ﬂx—l cos2nﬂxc12m[x:lam:g
0 a nr, a a nry2 a 0 a a 2 ne 2
A= |2
a

‘P(x)=\/%sinﬂx, n=12,3,..,0. (3.14)

a

OHeprus yacTulpl £, Kak U B IPEAbIAYIIEM CIy4yae, paBHa:
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2 2,2
a nr

%_2a2m'

(3.15)

B pesynbTare Mbl oJyyaeM KBaHTOBAHHbBIEC 3HAYEHUSI YHEPTUU YaCTULBI B SIIHUKE, YTO
n300pakeHo Ha PUCYHKE, TJI€ BMECTE C YPOBHSIMH SHEPTUH MPUBEACHBI IPa(pUKH BOTHOBBIX (YHKIHHA IS

TPEX HUXKHHUX COCTOSTHHI YaCTHIIBI.

A
N
TN

U= 0 U=0 a U=
OTMeTuM, 9TO pacCMOTPEHHAsI MPOCTas 3a7a4a MOACIUPYET ABHUKEHHUE SJIEKTPOHA B PAJIE
XUMHUUYECKHUX 3a/1a4y. B vacTHOCTH, ABMXKeHUE m-aiekTpoHa B uenu noiauesa CH,=CH-CH=...CH=CH,
MOJKET OBITh OITUCAHO KaK €ro 0OJIHOMEPHOE ABUKEHHUE SIIHUKE C OECKOHEYHO BHICOKUMU CTEHKAMHU,

MHPUHA KOTOPOTO OIIPECACIIACTCA JnuHOU Henu nojaueHa. Eciau N — guciio aToMoB yriepoaa B eI

IIOJINEHA, TO a = R (N - 1) , TIIe R — MEXBIAEPHOE PACCTOSIHAE MEXKIY COCETHUMH SIPaMH yIJIEpOLa.
1 2 3 4 N

Ecau paccMaTpruBaThb BCC TT-3JICKTPOHBI B ITOJIMCHC KaK HE3aBUCHUMBbBIC, TO OHH 6y,HYT 3aCCJIAThb

SHEPTeTUYECKHE YPOBHU C Pa3HBIMHU 7 TIO 2 Ha KKJIOM YpoBHE. TakuM 00pa3om, MOCIeTHUN 3aceICHHBIN

N?7z?

OBEHb OyJeT UMETh DHEPTUI0 ——— = F .
P d P 42R(N-1) %

18



[TepBolit CBOOOIHBIN YPOBEHD OYyIET HMETh YHEPTUIO

Ha 3TOT YPOBCHb COCTABUT:

E+l 27z2
2 N2r? i [(N jz sz
- <5 |-

2F = =

2R(N-1) 4-2R(N-1) 2R(N-1)

3. JIBIKE€HHUE YacTHIIbI C MACCOU m 1O KPYTy paauyca r.

Pexty?

B stom ciiydae ypaBaenue [Ipénunarepa MOKHO HamucaTh ClIeAyOIUM 00pa3oMm:

1 (o o
—E(§+§j‘P(x,y)+U(xz +y2)\P(-x7y):E\P(x7y)' (317)

Ecnu 7"2 = const , TO IOTEHIIUAJ U ToXe SIBIISIETCS IOCTOSIHHOM BCJ'IH‘-II/IHOfI, 1 YpAaBHCHUEC 3aIlIMIICTCA KaK:

1 (o &
—%(¥+§}P(x,y)—(E—U)‘P(x,y). (3.18)

[lepenumiem 3T0 ypaBHEHHE B MOJISIPHBIX KOOPAMHATAX: X =7 COS@; Y =rsing.
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0 _ord opd . 0 cosg 0

— +—= sinp—+ ;
oy Oyor Oy op or r op (3.19)
0 Or o O¢ 0 0 sing 0 '
—=——+——=Ccosp————.
Ox OxOr Ox 0@ or r op
. oY
[ToscTaHOBKA 3TUX BBIPAKECHHUN B ypPaBHEHHE C yYETOM TOTO, UYTO 5 0, Tak KaK r = const , IPUBOAUT K
r
YPaBHEHUIO:
_ L% y(p)=(E-U)¥(0). (3.20)
2ur’ 8¢’

Jlst Toro 4to0sI pyHKIHS ObLTa OTHO3HAYHOM W HETIPEPHIBHON, HEOOX0IMMO MTOTPeOOBaTh €€
nepuoandHocTu ‘¥ ((0) = lI’((p + 27z) . Ecim Qpynkuuto uckats B Buzge Ae™” | To
2 2

imzei’”w =(E-U)e™; E-U=""wmE=""1U.
21 21 21

. N o .
[Tpu sToM Ae™? = Ae™) = gomrem OTKy/a cienyeT e”*” =1, 4To BHIIONHAETCS TOIBKO eClIH

m=0,t1,£2...

Takum 06p2130M, MbI ITOJTYy4Ya€M KBAHTOBAHUC DHCPICTUICCKUX BpAIATCIIbHBIX ypOBHeﬁ, KOTOpOC

CJICAYCT U3 I'PAHUYIHBIX YCHOBHﬁ. Tloctostuuas A OIMPEACIIACTCA U3 yCIIOBUA HOPMHUPOBKHU q)YHKI_[I/II/I Ha

eMHMILY:
2z 2 . .
[W ()W (p)dp=A [ e e dp=A"27 =1 (3.22)
0 0
A2 :L nu A = L
2r 2
1 im
\Pm =4|7—€ ’ m =0,i1,i2
\ 27
m2
E,=—7*U, 20e 1= pur’(momenm unepyuu).
m=+2 E,=4/21
m=+1 E=1/21
m=0 E =0
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PaCCMOTpeHHyIO MOJCJIbHYIO 3aa1y MOXXHO UCIIOJIb30BATh IJIsA ONPCACIICHUA SHEPTUU
BO36y>KI[€HI/I$I MOJICKYJIbI Oensoia QJICKTPOMArHUTHBIM U3JTYyYCHHUCM. By;:[eM CUMTaTh, 4YTO IIECCTH TT-
9JICKTPOHOB B OeHnsoie ABUTAKOTCA HE3aBUCUMO APYT OT ApYyTa IO OKPYXKHOCTU C PAAUYCOM » = 1,4 A =3

ap.

MowmenTt HHCPIHUU DJICKTPOHA, 1= mer2 =9 , TaK KaK B aTOMHBIX C/IMHHIAX MaccCa 3JICKTPOHA €CTh 1n

r=3. Honyt{aeM CICAYIOIIUC YPOBHU SHCPTHUHU:

m=+t2 E,=4/(2¢9) a.e.

—H-H— m=+1  E;=1/(209) ac.

| * m=0 EOZO

HepBBIfI YPOBCHBb HEBBIPOKIACH U MOXKET OBLITE 3aceseH ABYM: DJICKTPOHAMU € IPOTHUBOITOJIOXKHBIMHU
CIIMHaMMH. CHG,I[y}OH_II/Iﬁ YPOBCHB BBIPOXKACH ABAXKbI U MOXKET OBITE 3acejieH YCTBIPbMS 3JICKTPOHAMU.

OHeprust Bo30yxkaeHuss aE OyzaeT onpenensrses kak £, — E, = i—L _3 e = % 27,258 = 63B , uTo

| =—a
18 18 18

110 MOPAAKY BECIIMYMUHBI COTJIACYCTCA C SKCIICPHUMECHTAJIbHBIM 3HAYCHUEM 4,7 3B.

§ 4. 'apMoHMYECKH OCLUILIATOP.

B knmaccuueckoil MeXaHUKE rapMOHHUYCCKUM OCHWIATOPOM HA3bIBAKOT YaCTULY, KOTOPAS MOKET
JABUI'aTbCA 110 HeKOTOPOﬁ OCH U Ha KOTOPYIO HeﬁCTByeT BO3Bpaliaromias Cujia, mpornopuruoHaibHas

CMELICHHUIO YaCTHILIBI OT HayaJla KoopauHaT. Eciu g ecTh KoopaAuHaTa 4acTULbl HA OCH, p =mg - €€

1
UMITYJIbC, M — Macca u Equ - MOTeHUMaNbHasl QyHKIM, TO pyHKIMSA ['aMUIIbTOHA 3aMKUChIBACTCS KaK:

E=f=T+v=2"111p. (4.1)
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B xBaHTOBOI ME€XaHUKE rApMOHUYECKUM OCHUIUISITOPOM Ha3bIBAIOT CUCTEMY, NI KOTOPOU
~ p2 1
onepartop H = 2—+5qu Y COOTBETCTBEHHO BOJIHOBBIC (DYHKITHH OTIPEACIISIOTCS U3 PEIICHUS yPaBHEHUS
m
[[Ipéauurepa:
/o 1
————Y¥(q)-=kq’¥(q)=E¥(q). (4.2)
e ¥ (@) kY (9)= ¥ (g)
Pemenue 3T0ro ypaBHeHHsI PUBEIECHO MPAKTHYECKH BO BCEX KHUTAX, NOCBSALICHHBIX KBAHTOBOM

MCXAaHHUKE, ITIO3TOMY MBI 31€Ch OIrpaHUIUMCH JIMIIb CBO)IKOﬁ IMOJIYy49acMbIX pE3yJIbTATOB.

1. CoOcTBEHHBIE 3HaUeHUsT E , ONPEAENAIOIINE YHEPTETUYECKHE YPOBHH OCLMIIIATOPA, IPUHUMAIOT

k . .
3HAYEHUS (V-i— EJ ®,,rae @, =,/— u v=0,1,2.... Husmmii sHepreTnyeckuii yposeHs mpu v =0 umeer
m
Wy
SHEPIHIO EX BonHoBbIE (hYHKIUHM TAPMOHUYECKOTO OCHIILIATOPA SBISIOTCS IPOM3BEIEHUAMU

MOJINHOMOB DPMHTA U TayCCOBBIX (DYHKITHIA:

\PV(X)Z —% Hv(é')e 2,

ALY 5

rie a=ma,, {=\mo,x=a"x, H, () - nonunom Dpmura,

H(O)=() & e
Brmmumrem stv moauHOMEI 1t v =0,1,2,3.
H, (é/) =1
Hl (é/) = 24/7
Hz(é’):4é’2 -2;

_ 3
H,($)=8¢°-12¢.
Fpa(l)I/IKI/I BOJIHOBBIX (bYHKI_[I/Iﬁ HU3IIUX COCTOSHUN TrapMOHHUYCCKOI'0 OCHUJIIATOpA NPEACTABJIICHBI HUKC

Ha PUCYHKE.
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S0/2 . n=2

N—_

3w/2 n=1

wf2 n=0
57

Puc. BonHOBbIE QYHKINU U 3HEPreTHUECKHUE YPOBHU FAPMOHUYECKOTO OCILIMILISTOPA.

U3 rpaduka BUIHO, 9TO B OCHOBHOM COCTOSIHUHU (v = O) YacTUla MO OONBIIEH YaCTH HaXOAUTCS BOIH3H
TOYKHM PaBHOBECHS, TAK KaK MAKCUMYM IUIOTHOCTH BEPOSTHOCTH p(x) =¥, (x) Y, (x) JIOCTUTAETCs IPU
x =0. Caenyromuii OJIMHOM (v = 1) MPOTMOPIIMOHAJIEH X, IOATOMY €r0 MPOU3BEICHNE HA TayCCOBYIO
(bYHKIHIO TIpecTaBiIsieT co0o0ii BONHY ¢ y3i1oM npu x = 0. Cienyromas GyHKIus (v = 2) OMSITh UMEET

MaKCUMYM B LICHTPC (x = 0) , HO TaK’KC 3HAUYUTCIIbHYIO BCIINYNHY B o0yacTax ¢ 0oiee BLICOKUM

notenuuanom. [Ipu ganpHelnem Bo30yKI€HUU TAPMOHUYECKOT0 OCHMIIIATOPA INIaBHBIE MAKCUMYMBbI
BOJIHOBOH (DYHKIIMH CMEIIAIOTCS K TOYKaM MOBOPOTA KJIIACCUYECKOTO TAPMOHUYECKOTO OCHMILISATOPA, YTO
B KaKOM-TO MEPE COOTBETCTBYET KIACCUUECKOMY PE3YJIbTATy, TaK KaK B TOUKaX MOBOPOTA CKOPOCTh
YaCTULIBI MUHUMAJIbHA, & BEPOATHOCTb HAXOXK/ICHUSI MaKCHUMallbHa. TakuM 00pa3oM, pu OOIbIINX

BO30YKICHUSIX CPEHEE paclpeieieHie IUIOTHOCTH BEPOSATHOCTH MPUOIMKAETCS K KJIACCUIECKOMY,

Torza KaK Juisi v =0 Hanudue Makcumyma p(x) npu x =0 He CONIacyercs ¢ KIacCHYECKUM

pe3yabTaTOM.

§ 5. Pemienue ypasuenus HIpénunrepa s aToMa BOIOpOJA.

ATOM BOJIOpOJIa COCTOUT M3 siipa (TIPOTOHA) C 3apsAoM +e, Maccoi M 1 3JIEKTpOHA C 3apsioM —e,
maccoit m,. Eciny ncnosnabp30BaTh aTOMHYIO CUCTEMY €/IMHUILL, B KOTOpoH e = 1 u m,~1, To ypaBHEHHE

Ipénuurepa 3anumeTcst CaeayommuM 00pa3oMm:
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A m,, -€
(x,y,2)
T
M, e
(X,Y,2)
R
oy

X

1 0? 0? 0? 1( &2 0’ 0? 1
oM\ \axt orr a7t ) 2lad o Tor ) 2 2 2 ["
ly JX =) +(Y =) +(Z-2) |

X‘P(X,Y,Z,x,y,z):E‘I—’(X,Y,Z,x,y,z)

Trac X Y, Zn X,),Z — KOOPAUHATHI AJIpa U 3JICKTPOHA, COOTBCTCTBECHHO. Kaxk MbI BUJIHWM, BOJIHOBAs

(I)yHKHI/ISI 3aBUCHUT OT ICCTHU IIEPEMCHHBIX, KOTOPbIC ONPCACIAIOT MOJIOKCHUC sAApa U 3JICKTPOHA. Pa3yMHO

ojiaraTb, 4YTO0 HaC MHTCPECYCT OTHOCUTCIIBHOC JABUKCHUC DJICKTPOHA U SAJIpad, a HC IBUKCHUC aTOMa

BOOOpPOJa KakK 1Iejioro. IIo stoit IIPpUINHC nepeﬁ;[eM K HOBBIM IICPEMCHHBIM, B KOTOPBIX MOXHO BBIACINUTDH

JABMXKCHUC aTOMA KaK ICJIOTO U OTHOCUTCIIbHOC ABHIKCHHEC JJICKTPOHA U A1pa. 3a «HOBEIEY MNEPEMCHHBIC

BO3bMEM KOOPAWHATLI HEHTPA MAaCC aToMa:

_ MX +mx % MY +my 7 _MZ +mz

Y. M. M +m > y.M. M +m Y. M. M +m
—~  MR+mr
utw R, =
- M+m

N OTHOCUTCIIbHBIC KOOPJAUHATHI:

x'=X-x; y'=Y-y, z'=7Z-z

wumw r'=R-r

Hcnonp3ys obuiyto ¢popmyiy Ui IPOU3BOAHOM NPHU 3aMEeHE MEPEMEHHBIX, MOXKEM 3aITUCaTh:

o 0X 0 ox' 0

y.M.

R +— ;
oX oX oX,, oX ox'

0 X 0 D
ox ox 0X,, Oxaox'

(5.2)

(5.3)

(5.4)

AHanorn4yHbIe BRIPAKEHUS OyIyT UMETh MECTO JJI TPOU3BOIHBIX 110 IPOU3BOJHBIM OT Y, y 1 Z, z. Tak

Kak
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oX,, M | 6x'_1‘

oX M+m oX (5.5)
oX,, m o',

y.M.

o M+m’ a_

TO, IOJACTABJIAA 9T BBIPAXKCHUS B ITPEABIAYIINE PABECHCTBA, IIOJYUYUM 3allMCh IIPOU3BOAHLBIX I10 «CTAPbIM»

HIEPEMEHHBIM Uepe3 «HOBBIEH:
0 M 0 0

X M+mox,, ox"
(5.6)
o m a8 &

& Mim X, .. o'

I[J'IH BTOPBIX NPOU3BOJHBIX NOJYHACM CICAYIOMIUEC BBIPAKCHUS:

* _oo0 (M o oY M o o)
0X* oXoX |M+m oX,, ox'\M+moX, k6 Ox'
M? 0’ 0’ M 0 0 M 0 0
St ——+ — + —; (5.7)
(M+m) ox,, o&x" M+mox'oX,, M+moX,, ox'

8_2_ m’ 82+82_mia_m o 0
o’ (M+m) oX;, & M+mox'dX,, M+max,, ox'"

o & &
AHajgoruyHeIe BBIPpAXXCHUA MOKHO ITOJYUYUTD JJI YaCTHBIX BTOPBIX ITPONU3BOAHBIX ) )51 .
oY>’ oy 8z’

82
o

IlozcTaBisist BBIDaXXCHHUSI «CTapbIX» MIPOM3BO/IHBIX Yepe3 «HOBbIO» B omeparop 7' =7, +7, + 7., noay4nm:

F___ M ¢ 18 1 (o o o o]
o (M4m) X, M&" M+m|\ox'oX,, oX,, ox'
2 2
~ m252_l52+1 0. 9 . 9 0 |_ (5.8)
(M+m) oX,, mox" M+m|\ox'oX, , 0X  Ox'
1 & _(M+m] 0’
M+mox,, \M-m ox”

AmnasornyHble BeIpakeHnst moiaysuM st 7, u T, . Jinst H Ternepb MOXKHO BBINHCATH BEIPAXKCHUE B

«HOBBIX» KOOpAWHATAX:
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-~ 1 0’ o’ 0’ 1o o & 1
H=— ettt —— |— | =St +— |+ =
M +m| 0X oY oz, ) um\ox'" oy“ oz \/x'2+y'2+z'2

Y.M. y.M.
1

- A —%A'+U(x',y',z')=ﬁ@m)*'ﬁ(”—')a

(5.9)

M+m "

M-m
rae u= v €CTh MPUBEICHHAs Macca.

Omneparop ['aMuinbTOHA pa3aenseTcs Ha 1Ba ONEPATOPA, 3aBUCSIIMX OT IEPEMEHHBIX LIEHTPA MacC
(Ru_.%) , OT OTHOCUTEJBHBIX TEPEMEHHBIX (r ') . B aToM citydae BonmHOBYIO (hyHKIMIO V' (Ru.,w., r ') MOYHO
MCKaTh B BHJIC IPON3BEICHUS:

W (Rur ') = X (R ) W (). (5.10)

[oncrasmnsst pyHkuumio B Buze rnpousseneHus B ypasaenue pémunrepa u pa3nenus ero Ha ‘¥ (E,M,,IT') ,

HOJTYYHM:
ﬁ(z‘eu.ﬁ,)x(m,»f.)_E+M=O (5.11)
X(Rus.) ¥ (r) |
nin
) ﬁ(z‘eu,.u.lx(ﬁu.,u.) pe M e (5.12)
X(Rus) w(r)

TAC & — MMOCTOsIHHAA BCJIMUMHA, TAK KaK JICBAs U IIpaBasd 4aCTU YpaBHCHHA PABHBI IIPHU IIPOU3BOJIbHBIX

3HAUCHHUAX IICPCMCHHBIX RWM ur'.

Taxkum 06pazom, Mbl IPUXOIUM K IBYM YPaBHEHHSIM:

H(r')¥(r)=2%(r); 51
H(Rys) X (Run) =(E=&)X(Ru ) = E'X(Run. ).

BTopoe ypaBHEHIE COOTBETCTBYET CBOGOIHOMY JBHKEHHIO YaCTHIB! ¢ Maccoit (M + m) , TAK KaK

1

A(Res)= 50

A, . OTa 3a1a4a HaMH yKe OblJIa PACCMOTPEHA, ¥ MBI ITOJTyYHJIH, YTO SHEPT U

L %

E'>0. X(E./M.)zeiW

[IepBoe ypaBHEHHE COOTBETCTBYET JIBH>KEHUIO YAaCTULIBI C IPUBEICHHON MAaCcCOM ( B LIECHTPAJIBHOM I10JIE:
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1(o o & 1
[8x'2+8y'2+82'2J_ Y(x,y'z)=e¥(x,y'z"). (5.14)

2,[1 ’x|2+y|2+zv2
1
Tak kak macca npotona M npumepHo B 1840 pa3 nmpeBOCXOIUT MacCy 3JIEKTPOHA M, & — = —+—, TO
lLl me

JUIA HE CJIMIIKOM TOYHBIX PACYETOB MOKHO CUMTATh, 4TO 1 =m, =1, n ypaBHenue lIpéaunrepa atoma

BOOOPpOJa 3aIlIMChIBACTCA B BUJC!:

1 1| - -
A= T(r) = &*P(r)
2
IJe 7 - PaIUyC-BEKTOP MICKTPOHA B CHCTEME KOOPAMHAT, ICHTPHPOBAHHOM Ha siipe.Perenue 9toro

ypaBHEHUS YIOOHO IPOBOANUTH B CPEPUUECKON CUCTEME KOOPAMHAT:

ZA

l

<

2 Y

X =rsiné cos ¢;
y =rsin@sin g;
z=rcosd.

Ey,Z[GM AaJICC paCCMaTpHUBATh 0oitee 06H_IYIO 3aavy, B KOTOpOﬁ 3apsa aapa paBCH Z ¥ COOTBETCTBEHHO

VA
IIOTCHIIMAJIbHAs (bYHKI_II/IH 3aIlIMChIBACTCA KaK —|— .
r

B cdepuueckux xoopaunaTax oneparop Jlamiaca umeer BUI:

A= in(rz iJ+%A,
r- or or) r

2
rae A= '1 i(siné’ij+ .12 62.
00 ) sin" 6 o0p

HOJ’Iy‘II/ITB OTO BBIPAXKCHUC MOKHO, 3aIlIMChbIBAA:
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0 oxo0 oyo 0z0
=t ——

or Orodx Ordy Oroz

0 _x0 0 020 (5.15)
00 000x 0008y 000z

0 OO0 0Oy o0 0z 0
=——+——+

op O0pox Opdy 0@ oz

Pemast momydeHHyo cucTeMy ypaBHEHHI, TOTyYUM BBIPAKEHUS JJIs1 IPOU3BOIHBIX 110 X, V, Z Uepe3
NPOU3BOIHEIE 110 7, 6, ¢. Jlanee, mOACTaBIISAA UX B JAaIJIaCHaH, IPUJIEM K BBIIIE BHITUCAHHOMY
BBIPAXKEHHUIO.

Takum o6pazom, ypaBaenue llpénunrepa A 0MHOAIEKTPOHHOTO aTOMa C 3apsioM sjipa Z B

chepuyecKuX KOOPAMHATAX UMEET CISYIONIHIA BUT:

{_Li(ﬁ gj—z—[\z}‘P(r,H,q))zE‘P(r,H,(o). (5.16)

2r% or r

Jnis pa3eneHus MepeMeHHBIX 3aIUIIeM BOJHOBYIO (DYHKIIHIO KaK MIPOU3BEICHUE PaIUATbHOMN
(GYHKLIUH Ha YITIOBYIO (DYHKIIHIO.
‘P(r,9,¢)) = R(r)Y(9,¢).
[Toacraisist BOTHOBYIO (DYHKIIHMIO B BHJIEC IPOU3BECHUS B ypaBHEHHE (4.16), TPUXOANM K IBYM

YPaBHEHUSM:

AY(0,0)=AY(0,0); (5.17)

16> 10 2
[—Ey—;g—§+U(r):|R(r)=ER(r). (5.18)

3ameTnMm, uyTo ypaBHeHHE (4.17) HE BKIFOYAET MOTEHIIMAJ B3aUMOICUCTBHSI DJIEKTPOHA C SPOM, T.€.
yIJI0Bas 4yacThb Y(H, ) HE 3aBHCHT OT 3apsiia AApa OJHOIIEKTPOHHOTO aTOMa H 3aIHChIBACTCS

OIMHAKOBO IJId BCEX OAHO3JICKTPOHHLIX dTOMOB HUJIM HOHOB.

~2 ~2

Omnepatop A=-M ,rtne M - oneparop KBajpaTa MOMEHTA UMITYJIbCa (KOJIHMUECTBA IBUKCHHS).
IIox MOMEHTOM HMITYJIbCA B MEXaHUKE IOHUMAIOT BEKTOPHOE MPOU3BEICHHUE palyca-BeKTopa 7,

NPOBEACHHOTO OT HEKOTOPOH M30paHHOM TOUKH K YaCTHIIE, HA UMITYJIBC D :

—~

M=[rp| (5.19)
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Oco0oe 3HaYeHNE PTa BEJIUNUHHA HMECT AJIg cliydad ABUKCHHA 9aCTUIBI B ITOJIC IEHTPAJIbHBIX CHUJI, TAK
KaK OHa ABJISICTCS MHTCTPAJIOM JABUXKCHHUA. OnepaTopLI HpOCKHI/Iﬁ MOMCHTA UMITYJIbCAa Ha OCH KOOPAHUHAT

B COOTBCTCTBUH C OMPCACICHUAMU BECKTOPHOI'O IMPOU3BEACHUA U OIICpATOPAa UMITYJIbCA €CTh:

[ 0 0
M, =pxy—pyz=l(z——y—];

oy = oz

0 0
M = — =il x——-z—|; 5.20
y =PZPX l(xaz Zaxj (5.20)

Omnepartop KBajjpaTa MOMEHTa MMITYJIbCA 3aITUCHIBACTCS KaK:

2 2 2
M2=M3+M2+M22=— Zi—yi +(xi—z£) + yg—xi
: g 0z  Ox ox 0Oy

[Ipu mepexoie OT IEKapTOBOM CUCTEMBI KOOPAWHAT K ChepHUECKOM TOTydaeM:

M2:—A:—( ! i(sinaij+ 1 & J (5.21)

sinf 06 06 ) sin’ 0 o’

—~2

Pemenue YpaBHCHHA HaA cOOCTBEHHBIE 3HAUECHUS JJIA oIiepaTtopa M XOpoHo U3BCCTHHI. 9TO0 TaK

Ha3bIBAEMBbIC IIAPOBbIC HKIINHA Y 0 , KOTOPBIC ONIPCACIIAOTCA ABYMS LICJIIBIMU YN CJIaMU I m. Ilpu
em s

3TOM [ MOXET MPUHUMATH JTFOOBIE Tienble 3HaueHust ot 0 1o o, a m =0,£1,£2...+/.

—~2

CoOcTBeHHbIC 3HaYeHHA omiepaTopa M mnpuHUMAOT 3HaYeHus /(/+1), To ecTs:

MY, (0.0)=1(1+1)Y., (6.0), (5.22)

(1=|m|)1(21+1)

(1+|m]|)14x

rae Y, (6,9)= P"(cos@)e™ .

3HaKOM |m| 0003HaYeHO a0COIIOTHOE 3HAUCHUE YHUCIIa M. (DYHKI_[I/II/I ij‘ (COS 9) Ha3bIBAIOTCsA

MMPUCOCANHCHHBIMU ITIOJIMHOMaMH HexcaHz[pa " OIIPCACIIAOTCA KaK:
dm

P"(cos6) = (1 —cos’ 9)'"/2 mPg
cos

(cos®), (5.23)

1 d'
rac })e (COS 9) = THW(COSZ 9—1)

/
Brimuiem siBHBIC BhIpakeHUs IapoBbIX pyHKIUH (chepuueckux rapmoHuk) st [=0,1,2.
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Y=\ [-=cosf; Y. =% 3 SinGe; (5:24)
4 -

8z
‘/1—5 sin’ B¢ .
32x

/ 5 ) 15 . 4
Y, =,/—1(3cos"@-1); Y, =F,[—sinfcospe™; Y,
20 l67r( ) 241 = F Py 4 242

VYpaBHEHUs A1 paguabHON YyacTu R(7) Ui Ka)XI0Tr0 3HAaYeHUsI OpOUTAIBHOIO KBAHTOBOTO YHCIA C

y4eToM ycioBus (5.22) uMEIoT BUJL:

+U(r)} R,(r)=E,R,(r). (5.25)

rae U(r) = —g.
r

Jns xaxxporo 3Hauenus /= 0,1,2...

Ecnu pemmts 310 ypaBHEHHE, TO COOCTBEHHBIE 3HAUCHHUS YHEPTUU HOHA E, OyIyT OnpenensiThes

dbopmyoii:

E =——— (n =1, 2,...), (5.26)
a coOcTBeHHbIe PyHKIUHU R, (r) 3aMMIIYTCS B BUJE HPOU3BEIECHHU IOIMHOMA CTENeHn "~ U
OKCIIOHEHTBI € °' , TJIe ¢ ©CTh YHCICHHBIA MHOXKHUTEIb.

Ecnu BBECTH HOBYIO IEpEMEHHYIO O = Zr (IJIs aTOMa BOJOPOJa O =), TO BbIpakeHUs QyHKIUH R, (r)

st n=1,2,3; /=0,1,2 AMEIOT CIICIYIOIIHIA BHI:

Rls = Rl() = Z% 2e7;

R, =Ry, ZZ%—13 (1—20'4-22—70'2]6%;

oy (5.27)

3 e/
R, =R,=2" o,
3d 32 81\/%

[T10THOCTH BEpOSITHOCTH OOHAPYKUTH ANEKTPOH B TOUKE 7,6, ONpenenseTcs Kak:
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p(r, 6’,(p) =¥ (r,@,go)-‘l’(r, 6’,(0) =R, (r)ij (6’,(p)Rn[ (r)Ylm (6’,(0).

Jlns onpejieneHns BepOATHOCTH HAWTH NIEKTPOH B o0beMe dV = dxdydz = r* sin OdrdOd ¢ Gynem umets
BBIPKCHHE:

dw=p(r.0,p)dV. (5.28)
Ecnu Hy>kHa BEpOSTHOCTh NPUCYTCTBHS JJICKTPOHA B KOHEYHOM 00BhEME, TO HEOOXOIUMO

MPOMHTETPUPOBATH dw TI0 3aJJaHHOMY DJIEMEHTY OObeMa:

w, —gSp r,0,0)dV = jﬁp (r,0,0)r* sinGdrdodg. (5.29)

6 o

Moxno OIIpPEACIIUTL BEPOATHOCTD O6Hapy)KI/ITI) QJICKTPOH B HIAPOBOM CJIOC€ TOJIIUHBI dr Ha pacCTodHuu r

J71st 5TOTO0 HEOOXOIUMO MMPOUHTETPUPOBATH dW TIO TIEPEMEHHBIM 6 U @ .

OT sizipa.

2

I‘P r,0,0)¥(r,0,p)=
0

O'—m

(5.30)

T2
*

=R, (r)R,(r) 2drj jY (6.0)Y,,(6.0)sin0dbdp =R, (r)] rdr.

Taxum 06pazom, nosydyaeM (GyHKIHMIO BEPOSITHOCTH HAX0XK/IEHUS 3JIEKTPOHA HAa PACCTOSIHUHU ¥ OT
s7pa, KOTOPYIO IPUHATO Ha3bIBaTh pajualbHON QyHKIMeH pacnpeaenenus. Ha pucynkax 5.1 u 5.2

IpUBEJEHBI T'PaQUKU paJuanbHbIX QYHKIUNA R (r) U paualibHBIX QYHKIUN pacipeeieHus

3EKTPOHHOTO 3apsana uist n=1,2; [ =0,1. Ha pucynke 5.3 n300paxeHbl rpaHUYHbIE TOBEPXHOCTH
aTOMHBIX opOuTasneit Tumos s, p,d u f.
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0.2

-0.2

2s

(b)

0

0.1

0

3s

2p

(d}
1 |

0

0 p 15

o

L1

©  RiZa)™

0.02

0.01

o

L
©

(e)

U]

0 5 0 p 15

Puc.5.1 I'paduxu paguanbHBIX GYHKITUH BOJTOPOIOIIO00HOTO aTOMa C 3apsIoM sipa Z.
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Pucynkmu.

PaccmoTpum 6osee nogpo6GHO yriioBbIe YaCTU BOJHOBBIX (DyHKIUI 31eKTpoHa, Y, (6’, go). B

aTOMC BOJOpOAa OAHOIJICKTPOHHASA SHEPIUs ONMPCACIIACTCA TOJIBKO 3HAYCHUCM I''TABHOT'O KBAHTOBOT'O
qucia, Tak 4TO BCC (bYHKI_II/II/I C pa3HbIMHU 3HAYCHUSAMU Inm JJIA 3aJaHHOT'O 3HAYCHUA 71 OTHOCATCA K

OJTHOMY W TOMY JK€ DHEPTreTHIYECKOMY YPOBHIO, T.€. 3TOT YPOBEHB BBIPOKIECH /1 pa3 1o /, Tak Kak /
Mensiercst oT 0 10 #-1 u 2m+1 pa3 it KaXK0T0 3HAYCHUS 1 (m =—[++/ ) . Hannuue BoIpoxkaeHUS
TO3BOJISET [IEPSHTH OT KOMILIEKCHBIX QyHKiwmid Y, (6,0)= N - p" (cos@)e™ K neHCTBHTENBHBIM

¢dbyskmsM. B cirydae BEIpOKIeHHS COOCTBEHHOMY 3HAUYEHHUIO TAMUJIbTOHUAHA COOTBETCTBYET HECKOIBKO
BOJIHOBBIX (DYHKIIHI ¥ Jt00ast X TUHEHHAs KOMOMHAITUS SBJISETCS TaKKe COOCTBEHHOW QyHKITUEH
raMWIBTOHHAHA, YTO MO3BOJISIET H30aBUTHCS OT MHUMOW €IMHUIIBI B YTIIOBBIX (DYHKIIHSX.

Paccmotpum ciyuaii /=1, rae umerorcst Tpu QyHKIHH:

Y, = icosH; Y, = 3 in 0e”’; Y. = 3 singe. (5.31)
4r 4z 4z

. o . 1
Ecnu BMecto dynkimit Y,, u Y| | nepeiTH K JIMHEHHBIM KOMOUHAIUAM T(Y“ + YH) u
2

1
—=(Y,, — Y, ) ,3anuchIBas SKCIOHCHIHATBHBIC YACTH YePE3 CHHYCHI H KOCHHYCHI IIEPEMEHHO (),
iN2
HCIIoNb3ys popmyny Diinepa: e’ = cos(m(p) +i sin(mgo) , TO HOBBIE (D)YHKIIMH, KOTOpbIE Oy1eM

00o3Hauath Kak P, Py U P 3anuiryTcs CleayroluM o0pa3oM:

p 1

%

1
P :_(Yn _Yl—l):

y l'\/E

P =X, zicos&

227

COOTBCTCTBGHHO, ITOJIHBIC BOJIHOBBIC (1)YHKI_[I/II/I JIA /=1 ¥ TJ1aBHOTO0 KBAaHTOBOTI'O YHCJIA 71 3aIMUITYTCS KaK:

(Y, +Y,)= —2\/\/5_” sin @ cos ¢;
sin @sin @; (5.32)

6
227

¥ =R, (r)sin@cosgo=R"—(”)(rsinecosq))=M~x;
r r
¥, =R, (r)sin@cosgozR"—(r)(rsinesinq)) = R(r) -y (5.33)
r r
R R
¥.=R, (r)cosé?:ﬂ(rcos@)=ﬂ~z.
r r
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Taxum 06pazom, Tpu BOJTHOBBIE (PYHKIIMH BBIPOXKIECHHOTO YPOBHS /=1 MOKHO IPEACTaBUThH KaK

R(r
NPOU3BEICHHUE TTOJUHOMA OT 7 - L Ha JIEKapTOBa KOOPAUHATHI X, V, Z, BCTIOMUHAS MX 3aIHCh Yepe3
r

chepudeckue KOOpAUHATH 7,60, :
X =rsiné cos ¢;
y =rsin@sin g;
z=rcosd.

W3 3anucu (5.33) NOHATHO, MOYeMy JHHEHHbIe KOMOUHAIMY ChepUIecKUX rapMOHHUK Y, MOXKHO

OTHOCHTB K OpOUTAJISIM, HAIIPABJIEHHBIM I10 OCSAM JIeKapTOBOW cUCTeMbl KoopauHat. Eciiu HapucoBath

rpavKy 3aBUCUMOCTH BOJHOBBIX GyHkumid VW, , W, n W, oryrna 6, 1o oHn OyayT BBITISACTH

cienyomum oopazom: opoutans ¥, umeeT Bua 00beMHONM KOCHHYCOU/bI, BBITSIHYTOH BAOJIb OCH Z, U €€

3HaK (QyHKUuM onpezensercs 3HakoM cosd . IIpu stom ¥, obpamaercs B Hysb ipu 6 =90°, T.e.

IUIOCKOCTB X) ABIISIETCSA €€ y3JI0BOM MI0CKOCThI0. Ceuenne W, B MIOCKOCTH zx (MU Zy) UIMETh BH],

H306pa)KeHHBIﬁ Ha PUCYHKC la. AHaJIOTHYHEIE AuarpaMMmbl MOKHO HAapUCOBAaTb IJIA IIJ”X n any -bucmua

pucyHke 5.3.

g AY
H_LZ H—Lx H'Ily

a b C

Puc.5.3 Ceuenust rpaHUYHBIX IOBEPXHOCTEN

I1o anamoruu c I/I306pa)KCHI/IeM BBICOTEI I'OPBI HA I‘eOI“pa(l)I/IquKI/IX KapTax MOXHO HApHUCOBATb
T'pPaHUYHBIC ITOBEPXHOCTHU (HOBerHOCTI/I, COCAUNHAIOIHNEC TOYKHU OANHAKOBBIX 3HAUCHUM (I)YHKL[I/Iﬁ

b4 ), a TaKKe MX ceueHus (KOHTYPBI) B INIOCKOCTSAX XY, Xz U yz. Hanpumep, kouTyphl QyHkiun WV

2px,y,z

OyIyT UMETb CIIECIYIOIINI BU/I B TUIOCKOCTH XZ:
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Y

I'padmueckoe npeacrapnenne GyHKIIUHN TO3BOISIET HATIISITHO MPEACTABUTH BEPOSITHOCTh HAUTH DIIEKTPOH

B HEKOTOPOH TOYKE MPOCTPAHCTBA, TAK KAK IJIOTHOCTh BEPOATHOCTH OINPEAENIAETCA KBAAPATOM MOTYJIS

ysxmmm - P .

§ 6. MHOT0O3/IeKTpOHHEIE CUCTEMBL.

B mpontom naparpade 6si10 pemeno ypasaenue Llpénunrepa st aroma Bogopoaa. Kak 6s110
MOKAa3aHo, MPU €ro PelIeHUH MPUOINKEHHO MOKHO MOJIHOCTBIO Pa3IeIUTh JBUKEHUE JJIEKTPOHA U sIpa,
CUMTasl, YTO MPUBEICHHAS Macca aTOMa MPaKTUYECKU paBHA Macce 3JIeKTpoHa. JlJis MHOTO3J1€KTPOHHBIX
aTOMOB TaK)X€ pa3yMHO paccMaTpHUBaTh OTAEJIBHO SIEPHYIO U 3JIEKTPOHHYIO 3a7a4y, TaK KaK Macchl AP
Ha HECKOJIBKO MOPSAIKOB OTJIMYAIOTCS OT Macc 3NEeKTPOHOB. B aToM nmpubmmxennn i N 37€KTPOHOB B
aToMe C SApOM 3apsiaa Z MOKHO 3alKcaTh dIIEKTpOHHOE ypaBHeHHe [Ipénunrepa:

5Ta Rl

i<j

W (a7t ) = E¥ (1T Ty ) (6.1)

i

TJI€ 7, - BEKTOPBI, 3aJAI0LINE MTOJ0KEHHs HIEKTPOHOB. Y 100HO B Cllyyae aTOMa IIOMECTUTh Hauallo
KOOPAMHAT Ha SPEe U MCIIOJIb30BATh MPHU TIOUCKE PELICHHs YpaBHEHUS ceprudecKre KOOPAUHATHL 7,6, .

B monexynsipaom ypaBHeHuu llIpéaunrepa Takxke KeaaTesIbHO pa3AeInuThb JIEKTPOHHBIE U SAEPHbIE
nepeMeHHble. [Ipubnmkenne, B KOTOPOM Takasi CUTyalusl pean3yeTcs, Ha3bIBAIOT alnadaTHYeCKUM

HpI/I6HI/I>KeHI/IeM nin HpI/I6J'II/I)KeHI/ICM BopHa-OnneHreﬁMepa. B sTtom l'IpI/I6J'II/I)KeHI/II/I npeamnojaaracrcd, 4Tro
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AJNIEKTPOHHYIO (PYHKIIMIO MOJICKYJIBI MOXHO UCKaTh, CYMTAs SAPa MOJICKYJIbI HENOIBMKHBIME. [laHHOE
MPENOJI0KEHIHH OCHOBAHO HA TOM (haKTe, YTO MACCHI DJIEKTPOHOB HA HECKOJILKO MOPSIIKOB MEHBIIIE MACC
snep. JedcTBUTeNnsHO, TpH OOJIBIIOM Pa3IMUUU MAcC AP U SJICKETPOHOB AIIEKTPOHHAS TNIOTHOCTD
NPAaKTUYECKH MTHOBEHHO MEHSETCSI IPY U3MEHEHHH SIICPHON KOH(PUTYpALINH, a Sapa MaJIo
YYBCTBUTEINBHBI K €€ OBICTPBIM U3MEHEHUsIM. TakuM 00pa3oM, BOITHOBYIO (DYHKITHIO MOJIEKYJIBI MOKHO
MCKaTh B BHJIC IPOM3BEACHUSA MIEKTPOHHON (PyHKIMHU HA saepHyto QyHKuuio. [Ipu aTOM snexkTpoHHas
(YHKIMS 3aBUCUT OT SAIEPHBIX MIEPEMEHHBIX KaK OT MapaMeTPOB U JJIsl KaX/I0TO PaCOIO0KEHUS AIep
OTpeieNIsieTCsl pellieHUEeM 3JIEKTPOHHOT0 ypaBHeHUs. JJisl peleHus sIepHOro ypaBHEHUsI HE00X0AUMO
PEIIUTh SJCKTPOHHOE YPAaBHEHHE TIPU BCEX MOJIOKEHUSX SJIEP U TAKUM 00pa30M HAWTH MOTSHIIUAI,

CO3J1aBaeMBbIH IS AACP ABUKCHUEM DJICKTPOHOB. Ecnu MOJIEKYJIa COCTOUT U3 M AA€p € 3apsaaMu Z,u N

3JICKTPOHOB, TO YPAaBHCHUC Hlpéz[HHrepa JJIA SJICKTPOHOB 3alIMChIBACTCS AHAJIOTUYHO aTOMHOMY:
N M

_%ZAi_Zi‘—Za— "Li

i a1 ial |Ra —¥i i<j

1 W (a7t ) = E¥ (1aT300y ) (6.2)
Py

rac R, uri- BCKTOPBI, OIIPCACIIAIOINNE ITOJTOKCHUEC AACP U 3JICKTPOHOB, COOTBECTCTBCHHO. 33.M€TI/IM, qT0
AACPHBIC IICPEMCHHBIC R. BXOJAT B 9TO YPaBHCHUEC KaK MMapaMETpPhl, TaK YTO BJICKTPOHHAs SHEPIUs E

Tb (PYyHKIMS . J71st NBYOKEHMS 7Ep MOJIEKYIIBI HEOOXOMMO 3aIncaTh CBOE BOJHOB
ec E(R,..R, e ep MoJjie €00X0IMMO 3aMUCaTh CBOE BOJIHOBOE

ypaBHEHHE:
Moo Z,7 e -
Z—WAH+ZHR+]Z‘+E(RI,RZ,...,RM) X(R\Rysos Ry )= E, (1sFyraty ), (6.3)
a a a< a s

B KOTOPOM OIICpaTop HOTGHL{H&J’IBHOIZ OHCPIruu, KpOME WICHOB KYJIOHOBCKOT'O B33HMO,Z[CI>1CTBI/I$[ AOCPHBIX

3apsJI0B, COICPKUT MOTEHINAN FE (Rl...RN ) , OTIpeIeTIIEMbIi Kak COOCTBEHHOE 3HAUEHHUE DJICKTPOHHOTO

raMIJIbTOHHAHA MPU PUKCUPOBAHHBIX MOJIOKEHUSX saep. Takum oOpazom, B aarnadaTHIECKOM
NPUOIKEHHH MOKHO PEIIUTH SJIEKTPOHHOE YpaBHEHHE [T PA3IMYHBIX MTOJIOKEHUH SIIep U MOTyYUTh
NOTEHIMABHYIO (DYHKIINIO, OTIPEIEISIONIYIO ABMKEHHUE SIIEP B MOJIE IIEKTPOHHBIX 3apsnoB. [ paduku
3TON (YHKIMM HA3bIBAIOT MOTEHUMAJBLHBIMH OBEPXHOCTAMH MOJIeKyJ1. B obmem ciyuae
MOJIEKYJISipHasi MOTEHIIMaIbHasi TOBEPXHOCTh CTPOUTCS B MHOTOMEPHOM MpocTpancTse (3M-6)
NIEPEMEHHBIX, 33JIAI0LIMX OTHOCUTEIBHOE PACIIOIOKEHHE sJep B MojeKyJie. [IoHsaTHO, uTo Ha Oymare wiu
Ha SKpaHe KOMIMbIOTEPA MOXKHO U300pa3UTh JIMILb PA3IMYHbIE CEUCHHUS STOM MOBEPXHOCTH, 3aBUCAIIUE HE

0oJsiee 4eM OT IBYX SACPHBIX MEPEMEHHBIX. J[J1s1 TByXaTOMHOM MOJIEeKyJbl HoTeHIuan £(R) 3aBUCHT
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TOJIBKO OT MEXbAJIEPHOIO PACCTOSIHUSA R = ‘Ra -R,

, ¥ TpauK 3TOH (PyHKINU HA3HIBAIOT

MOTEHIMAJTbHON KPUBOM.

PucyHok.

Ha pucynke 1 n3o00pakeHsbl ABa TUIA TOTESHIIMATBHBIX KPUBBIX JBYXaTOMHOW MOJIEKYJbI, F (R) "
E '(R) . [TorenumnanwvHas kpuBasga E (R) COOTBETCTBYET CTA0MIILHOM MOJIEKYJIE C DHEPTUEH JTUCCOLUAITTN

Ha pazJiefieHHbIe aToMbI D, 1 paBHOBECHBIM paccTtosiaueM R.. opma E '(R) yKa3bIBaeT Ha TO, YTO

JaHHOC 3JICKTPOHHOC COCTOSAHUEC KOTTAJIIKHMBATCIIBHOC), T.C. MOJICKYJIa B 3TOM COCTOSIHUU UMECT MAJIOC

BPCMS )KU3HHU, IO UICTCUCHUH KOTOPOIro AMCCOLNUPYET.

[TockonbKy BCE 3JIEKTPOHBI OJIMHAKOBBI, IIOCTOJIBKY 3JIEKTPOHHBIN NrAMUJIBTOHUAH H
MHBAapUaHTEH (HE MEHSAETCS) OTHOCUTENBHO NMEPECTAHOBKU KOOPAMHAT JIF000H Maphl YaCTHUII, U3 YETO
CJIEy€eT, YTO BOJIHOBAS (DYHKIIMS, ONMUCHIBAIOIIAsE N 3JIEKTPOHOB, MOXKET OBITh CAMMETPUYHOM, JTHOO
AHTHCUMMETPUYHON OTHOCHUTEIBHO MIEPECTAHOBKH KOOPAMHAT Mapbl YacTUll. BIOOp TOro Mk HHOTO
COCTOSIHUS, T.€. CAMMETPUYHOIO UM aHTUCUMMETPUYHOI0, TUKTYETCS TOJBKO MpUpoaor yactuil. 13

OIIBITHBIX JaHHBIX CICAYCT, YTO 3JICKTPOHBI OIMMChIBAIOTCA aHTUCUMMETPUYHBIMU (I)YHKL[I/IHMI/I, T.C.

%T(n,rz,...,n,r.,...,rN) = —‘P(rl,rz,...,;;,r‘,...,rN), (6.4)

J J
rze Pj; — onepatop nepecTaHOBKH KOOPAMHAT JIEKTPOHOB 1 1 J.
Taxkum 006pazom, A1 aTOMOB U MOJIEKYJI PELICHUE 3JIEKTPOHHOM 3a/1a4i TPUOIKEHHO MOKHO
OTJICJIUTH OT PEUICHUS SICPHON 3a/1a4H, a TOJTHYIO BOJHOBYIO (DYHKITUIO 3aITUCATh B BUJIE IPOU3BEICHUS

AHTHCUMMETPUYHOHN DJIEKTPOHHOU (DYHKIIUH HA SACPHYIO:
¥ (r,R,)=P(r,R,)X(R,), (6.5)
rae pyskus O ( r,R, ) 3aBUCHUT OT IEPEMEHHBIX s1Iep R, Kak OT MapaMeTpoB.

Jnis momyueHust Kakoii-mu0o nHdopMaIuu 00 aToMe WK MOJIEKYJIe HEOOXOANMO PEIIUTh
AIIEKTPOHHOE ypaBHeHue (6.1 wim 6.2). B ciryuae HECKOJIBKUX JIEKTPOHOB €ro perieHue 6e3
UCTIOJIB30BaHUS MPHOIIKEHUH (AHATUTHYECKH ) HEBO3MOXHO U3-32 HAJIMYHSI MHOTUX MTEPEMEHHBIX B
BOJTHOBOH (yHKIMK. Hambosee gacTo s oTydeHus 3IEKTPOHHON BOJTHOBOUM (PYHKITUH HCTIOIB3YIOT
OJTHORJIEKTPOHHOE MPUOJIMIKEHUE. ITO MPUOIIMIKEHUE TIPEITOJIaraeT, YTo JUIsl Kaxka0ro U3 N 3JIeKTPOHOB

B aTOME WJIM MOJIEKYJIe CYIIECTBYET CBOI COOCTBEHHBIN rAMUIbTOHUAH:

H(i)=—5A+U,,, (6.6)
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B KOTOPOM U3¢7¢)‘ CCTh 3(1)(1)€KTI/IBH3.$I IIOTCHIIMAJIbHAsA (1)YHKL[I/I$I, 3agaBacMasd BCCMH OCTaJIbHbBIMH

qactTuunamMmun paCCManHBaeMOﬁ CHUCTEMBI, TaK YTO HpI/I6J'II/DI(CHHO MOJIHBIM TaMUJILTOHUAH N QJICKTPOHOB

IpPEACTaBISET CyMMY OJHO3JIEKTPOHHBIX TAMUJIBTOHUAHOB!
—~ —~ —~ —~ N —~
H(1L,2,..,N)=H(1)+H(2)+..+ H(N)=>_H(i), (5.6)

rae 1, 2,..., N o6o3HagaroT nepeMennsie 1-oro, 2-0ro ... N-0ro 31eKTpoHOB. Eciiu npennoioxuTh, 4To

pELIeHUs] OJJTHOAICKTPOHHOTO YPaBHEHUS H (r)¥,(r)=¢,¥,(r) usBectHsl, TO BONHOBAs ByHKIMS,
00pasoBaHHas KaK IPOM3BEACHNE OIHOMIECKTPOHHBIX dynkumit: W (1,2,...,N) =¥, (1)¥,(2)..%,(N)

OyzieT cOOCTBEHHOM (PYHKITUEH MOTHOTO raMUJIbTOHUAHA 0 (1,2,...,N ) C COOCTBEHHBIM 3HAYCHHEM

& +&,+...+ ¢, . JlecTBUTENBHO, IPOCTOM MOICTAHOBKOM yOexk1aeMcs, 4To

{H()+H(2) 4t HN) ()W, (2)8 (V) = (8 + 8,442y ) ¥, (1) ¥4 (2).2, (V).

(5.7
Takoke MOKHO yOeIUThCS, 94TO JIF00as TMHEHHAS KOMOWHAIAS MPOU3BEICHUIN OTHOYACTHIHBIX

byHKINHA, 00pa30BaHHBIX IEPECTAHOBKAMH KOOPAMHAT I1ap 3JIEKTPOHOB, Oy1eT cOOCTBEHHOH (yHKIIMEH

H (1,2,...,N ) C TeM ke coOCTBEHHBIM 3HaueHueM. Hanpumep, B citydae ByX 3J1€KTPOHOB BOJHOBAs
dynkums ¥ (1,2) =a¥,(1)¥,(2)+bY,(2)¥,(1) ects cobcTBeHHAs QYHKIMS TAMHIBTOHHAHA

H(1,2)=H(1)+H(2).

{H(1)+H(2){ar,(1)¥,(2) +b%,(2) ¥, (1)} =

(6,+&,)a¥ (1)¥,(2)+(& +&,)bY,(2)¥,(1)= (6.8)
=(e,+5){a¥, (1)¥,(2)+b¥,(2) ¥, (1)}
TaK KaK BOJIHOBas (byHKL[I/ISI, OIINChIBAKOIIIas HepaSHHHHMBIe BJIeKTpOHLI, JOJI’)KHA 6BITB
aHTI/ICI/IMMeTpI/IqHa OTHOCHUTCJIBHO HepeCTaHOBOK Hap qaCTull, TO 3TO yCJ'IOBI/Ie 6y,Z[eT BBIIIOJIHATBHCA, €CIIN

MOJIOKUTE a = 1, a b = -1. JIelCTBUTEIBHO,
P (¥ (1), (2)-¥,(2) ¥, (1)} =
=Y, (2)‘P2 1)—‘1’1 (I)LI’2 (2) =
= _(\Pl (1)?2 (2) - (Z)Tz (1))
[TomydeHHy10 aHTUCHMMETPH30BaHHYIO (DYHKIIMIO MOKHO TPEACTABUTH B BUJIC JCTCPMHUHAHTA

(ompenenurens) u 3anucarh ¥ (1,2) B BHJIC:
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¥(1,2)= (1) ,(2) =det{¥,(1)¥,(2)}. (6.9)

Pa(1) ¥.(2)
AHanornyHo B o0miem ciyvae it N 3JIEKTPOHOB BOJTHOBYIO (DYHKIIHIO ‘P(I,Z,...,N ) MOYHO B

OIHOJJICKTPOHHOM HpI/I6J'II/I)KeHI/II/I 3alucaTb B BUJAC ACTCPMHUHAHTA CneﬁTepa:

¥(L,2,...N)=det{¥,(1)¥,(2)..%, (N)} =D (-1)" P{¥,(1)¥,(2)..¥, (N)}, (6.10)

4
) p
I71e CyMMHUPOBAaHME BEIETCA 110 BCEM NIEPECTAHOBKAM P, EHCTBYIOMUM Ha KOOPAMHATHI YACTHULL, & (—1)

ecTh | niam -1 B 3aBUCUMOCTH OT YETHOCTU MEPECTAHOBKH.
Taxum 006pazom, B 0THOIEKTPOHHOM MPHOIMKEHUH BOTHOBAs (DYHKIIHS B3aMMOCHCTBYIOIINX
3JIEKTPOHOB MOXET OBITh IIPEJCTaBIICHA B BHJIE AeTepMuHanTa Cielitepa OT OJTHOIICKTPOHHBIX (DYHKITHIA.

Heo0xomuMo 3aMeTUTh, 4TO Ka)Iblid DJIEKTPOH XapaKTepPHU3yeTcs He TOJIBKO KOOPIUHATAMH [IEHTPa

TSDKECTH (X, V, Z WIH ;7), a Tax)ke cOOCTBEHHBIM MEXAaHUYECKUM M MAarHUTHBIM MOMEHTOM, KaK €CJIH ObI OH
SIBJISUICSL HE MaTePUANbHON TOYKOH, a BPAIIAIOLINMCS 3apsHKEHHBIM BOJTYKOM. JTO CIIEAYET U3 OMBITHBIX
¢akToB, B yacTHocTH U3 onbIToB LlITepHa u ['epiaxa, koTopbie HAOIIOJANIN PACHICIUICHHE HAIBOE MTyUYKa
aTOMOB cepeOpa B MarHUTHOM I10Jie. PaciierieHre TonbKo Ha JiBa ITy4YKa MOKa3bIBaeT, YTO MPOSKIIUS
COOCTBEHHOTO MarHUTHOT'O MOMEHTA 3JIEKTPOHA MOXKET IPUHUMATh J1Ba 3HAYeHUs. Paciieruienne
CHEKTPaJIbHBIX JUHHUI B MarHUTHOM ToJie (3¢ ekt 3eeMana) Takke TpeOyeT MPeAroIoKeHUs O
CYIIIECTBOBAaHUH COOCTBEHHOT'O MOMEHTA KOJMUYECTBA JABHKCHUS dJICKTPOHA, KOTOPBI HA3bIBAIOT

CIIMHOBBIM MOMEHTOM. B KBaHTOBOW MEXaHUKE BBOJIUTCS JIMHEHUHBIN CAaMOCOTPS)KEHHBIM BEKTOPHBIMN

orneparop cnuHa S ¢ KOMIIOHEHTaMH S, S, 151 KOTOPBIX BBINOIHAIOTCA TE K€ KOMMYTallMOHHBIE

s
COOTHOLICHMUSA, YTO U JJII KOMIIOHCHT Op6I/ITaJ'IBHOF0 MOMCHTA.
S.S,~S,8, =iS.;
S,S. 8.8, =iS,; (6.11)
5.8, ~S.S.=iS,.
CIHHOBOE COCTOSIHUE QJICKTPOHA JOJDKHO XapaKTCPU30BATHCA ABYMS BCIIMYMHAMU! a0COIFOTHBIM

3HAYCHUCM BCKTOPA CIIMHA |S| u HpOCKHI/Ieﬁ 9TOI'0 BEKTOpA Ha KaKoe-JIM00 BI)I6paHHOC HAITPABJICHUC — S.

Takum 06p330M, Hapsaay € TpeMA NPOCTPAHCTBCHHBIMU IICPEMCHHBIMHU 3JICKTPOHA (x,y,z) IHOABJIACTCA CILC

1 1
OIHa IICPEMCHHAA G, OIMPECACIIAIOIIAA CIIMH 3JICKTPOHA U NPUHUMAroIasa TOJIbKO JI1Ba 3HAYCHU +E Hn——:.

2
CrnenoBaTenbHO, OJTHOZJIEKTPOHHASI BOJIHOBAs (YHKIMS 3aBUCUT OT YEThIpEX NEPEMEHHbBIX — X,Y,Z U C.

Ecmu CHuTaTh, 4TO CIUHOBBLIA MOMEHT QJICKTPOHA HC B3aHMOH€ﬁCTBy€T C €ro Op6I/ITaJ'II)HBIM MOMCHTOM,
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TO BOJITHOBAasd (I)yHKIII/IH QJICKTPOHA MOXKCT OBITH MMpeaAcCTaBJICHA B BUAC IPOU3BCICHUS KOOpHHHaTHOﬁ

(GYHKIMH HA CTIMHOBYIO:

lIJ(X'-[’yﬁZi’G):cD(x[’ypZ,')S(G)~ (612)

CrnunoBast pynkuus S (0') J0JI’KHA OBITh COOCTBEHHOH Ul onieparopa S, ¢ COOCTBEHHBIM 3HaYEHHEM

+% WIH —%. COOTBETCTBEHHO, CIIMHOBYO (BYHKIMIO s S, = +% us, = —% 0003Ha4A0T KaK & (o) 1
B(o).
~ 1
Sa(o)= Ea(a);
(6.13)

~ 1
SZ,B(O') = —Eﬂ(O').
CHI/IHOBBIC (byHKHI/II/I CUHUTAKTCA OpTOFOHaﬂbHBIMI/I nu HOpMHpOBaHHBIMI/I:
(ala)=(B|B)=1 u (a|B)=(B|a)=0, (6.14)

I7ie UTHTErPUPOBAHUE MOIPA3yMEBAET CYMMHPOBAHUE 10 CIIMHOBOM MIEPEMEHHON G, IPUHUMAIOLIEH 1Ba

3HaueHus1. OpgHoanexTponHsle GpyHkuuu ‘¥, (5.12) Ha3bIBalOT CIMH-OPOUTAIAMU (7151 AaTOMOB —

AaTOMHBIMH CHI/IH-Op6I/ITaJ'I$[MI/I, a Ul MOJICKYJT — MOJICKYJISIDHBIMU CHI/IH-Op6I/ITaJ'I$IMI/I).

Ipocrpancreennsie gactu P, (x,,y,,z,)=D,(r) = ¢(i) cnum-opOuTaseil HMCHYIOT ATOMHBIMH
opoutansimu (AO) ninu monekysipasiMu opourtaisimu (MO). Eciin ofHORIeKTpOHHBIE OIIepaTOphI H (i )
HE COZePIKAT CIMHOBBIX IEpEMEHHBIX, TO ypaBHeHue [lIpéaunrepa
I/-}(x,.,y,,z,.)(p(xi,yl.,z,.)‘a(o; )> = gl.(p(xi,y,.,z,.)‘a(o; )> (6.15)
MOKHO YMHOKHTb CJI€Ba HA O (a) = <a| Y TIPOMHTETPUPOBATH 110 CIIMHOBOW NMEPEMEHHOM, YTO MPUBOIUT
K ypaBHeHuto 11 AO wi MO:
i_\[(xi’yiﬂzi)(on (xi7y1"zi) =&,0, (xi’yiﬁzi)'

B nerepmunante Creiirepa opOuTaib ¢, MOKET BCTPETUTHCS MAaKCUMYM J[Ba paza — CO CIIMHOBOU
YacThIO ¢ WK [, TaK KaK B IPOTUBHOM CITydae IETEPMUHAHT OyJIET COAEPIKATh ABE OAMHAKOBBIE CTPOKU
(nnu cronbua) u oOpamarses B Hylib. COOTBETCTBEHHO HA KaXKIOM OJTHOIJIEKTPOHHOM 3HEPTreTHIECKOM
YPOBHE & MOKET HaXOIUThCs He Oosiee ABYX AIIEKTPOHOB, €CIIU 3TOT YPOBEHb HE BBIPOXKICH, T.€. €CIU

E€MY COOTBCTCTBYCT TOJIBKO OHA Op6I/ITaJ'IB. B clIy4dac k—BBIpO}KZ[eHHOFO YPOBHS OH MOKET OLIThL 3acejeH

2k snexkrponamu. OTHO3IEKTPOHHBIE YPOBHHU B aTOMaX M MOJIEKYJIaxX 3aIlOJHSIIOTCS B TOPSIIKE
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BO3pacTaHus & (MPUHIIUI IOCTPOSHHS WK TPUHIHUI «aufbauy), eciii OHU HAXOIATCS B OCHOBHBIX
AJIEKTPOHHBIX COCTOSHHUAX. COOTBETCTBEHHO YHUCIIO AIICKTPOHOB Ha KAXKIOM U3 OJHOJICKTPOHHBIX
YpPOBHEH OnpeAessieT AeKTPOHHYI0 KOH(PHUTYpaLrIo aToMa WK MOJIEKYJbl. OHON 3JIEKTPOHHON
KOH(UTypaluu B CIy4ae BEIPOXKICHHBIX OPOUTAICH MOXKET COOTBETCTBOBATh HACKOJIBKO Pa3HBIX
AIIEKTPOHHBIX COCTOSIHUM, XapaKTePU3YIOLIUXCSI OTMPEICIICHHBIMI 3HAYCHUSMH CITHHOBOTO U
OpOUTATEHOTO MOMECHTA.

JJ1st aTOMOB B OJTHORJIEKTPOHHOM MPUOJIMKEHUH Kaxaasi arToMHas opoutans (AO), ¢,
oTpeeNsieTCs U3 PelIeH s OTHOANIEKTPOHHOTO YPaBHEHHS, KOTOPOE B chepuyecKuX KOOpANHATAX UMEET
pelIeHH s, XapaKTePU3YOIIHECs, TAK)KE Kak ¥ B aTOME BOAOPO/a, TPEMsi KBAHTOBBIMH YHCIIAMH 71, [, U m
(n=1,2,..,0; [ ==(n—1)+(n—1) u m=—I+1). Takxe kak B atome Bogopoga AO ¢ /=0,1,2,3...
o0o3HauatoT OykBamu s, p, d, f ...

Hanpuwmep, nist n=1,[=0um=0 ¥, =1s;
n=2,1=0um=0 ¥, =2s;
n=2,l=1um=1Y,, =2p;
n=2,l=1um=0Y,,=2p,;
n=2,l=lum=-1%, =2p,ur.n
COOTBETCTBEHHO 3JIEKTPOHHAs KOHPUTYpaLus:
H—(1s) > ¥, (1);
He —(1s) — det{¥, (1)a(1)¥,,(2) A(2)};
Li—(1s)’(2s) > det{¥, () a(1)¥, (2) #(2)¥,, (3)a(3)};

N det{¥, (a(1)..¥,, (5)a(5)}

Wy,
Kak BuzHoO, snekrporHoil kordurypauu (1s)*(2s)*(2p)' MOIyT COOTBETCTBOBATH HECKOIBKO
ANIEKTPOHHBIX COCTOSIHUN (BOJTHOBBIX (DYHKITHIT), pa3IMYarOIIUXCS MATHUTHBIMUA KBAaHTOBBIMHU YHCIIAMH 711,
BBIPOK/ICHHBIX 10 SHEPTHH. 3aMETHUM, YTO OJTHODJICKTPOHHBIC YPOBHH B MHOTO3JICKTPOHHOM aToMe
UMEIOT pa3HbIC YHEPTHH YIS Pa3HBIX /, TO €CTh HE BBIPOKICHHI 10 /, TaK KaK 3TO OBLJIO B aTOME BOJIOPOJIA.

BBIpO)KI[CHI/Ie 10 m AJis1 aTOMHBIX ypOBHCI‘/’I OCTacTCA.
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ATOMHOE 3JIEKTPOHHOE COCTOSTHHE WIIM TEPM XapaKTEePU3YIOT 3JIEKTPOHHOM KOH(UTyparuei u

3HA4YCHUAMHA CYMMApPHOT'O 0p6I/ITaJ'IBHOFO MOMeHTa L = le U CYMMApHOTr'0 CITMHOBOI'O MOMCHTA ZS[ .

1 1

Taxoke kak u B cnmydae AO, s o6o3nauenus L =0,1,2... ucnons3ytot 0ykssl S, P, D, F, G. Cymmaphoe

3HAYCHHUE CIIMHA S OIpEACIACT MYJIbTUIUVICTHOCTD TECpMaA 25+1 , KOTOpas YKa3bIBA€CTCSA B BEPXHCM JICBOM

yriy. I{OHOHHI/ITCHBHO TEPM XAPAKTCPUIYCTCA MMOJIHBIM MOMCHTOM KOJIMYECTBA ABUXKXCHUA J=L+S ,

3HAYCHHs KOTOPOTO YKas3bIBAKOTCS B [IPABOM HIKHeM yriy ~*“'L, , nanpumep: 'S (L =0,8 =0);

’S (L :O,S:lj;
2

) 1

P (L :I,S:—j;
2

S (L=0,8=1) ur.n
Kax yke 0TMEuanoch, /I pelleHns aTOMHO# MIIH MOJIEKy/ISPHOH 331a4i HE0OXOIMMO 3HATh CyMMAapHBIH

sdexrnBubIi noTeHuman U, (i ) , JEUCTBYIOUIMI HA KaXIbId OTAEIbHEIN JJIEKTPOH i, KOTOPBIA HaM

HEU3BECTEeH. DTOT MOTEHIIMAT MOKHO 33JaTh MPUOIMKEHHO, HAIPUMED, UCTIONB3YS MOJIETIh PABHOMEPHO
pacrnpeielICHHOH 3JeKTPOHHON TNIOTHOCTH (MO/JIENb AIEKTPOHHOTO ra3a) Wid HAWTH U3
IKCHEPUMEHTANBHBIX NaHHBIX. O0bdHO AO mu MO omnpenenstoT u3 pemieHus ypasHeHni Xaptpu-Doxa,
KOTOPBIE TOTYYarOT CIeIYIOIMINM 00pa3oM.

[Tyctb snekrponHas BomHOBast PyHKIMsS N-3J€KTPOHHON CHCTEMBI 33/]aHa B BUJIE IETCPMUHAHTA
Crneitrepa:
1

JN!

rje cnuH-opoutanu ¥V, HensBecTHble HaM (QyHKIMH. Bocnons3yemcs BapualliOHHBIM IPHHIMIIOM

¥(1..N)=——det{¥,(1)¥,(2)..¥, (N)},

KBaHTOBOM MEXaHHUKH JJIA UX MOUCKA.
CornacHo BapHallMOHHOMY MPUHLHUITY, YHEPTHUS CUCTEMBbI, BEIYUCIICHHAS C UCTIOIb30BAHUEM
MIPOU3BOJILHOM BOJIHOBOH (yHKIMU ¥, HE MOKET OBITh MEHBIIIE €€ UICTHHHOW MUHUMAaJIbHOU sHepruu. [1o
.[‘I’* (x)f-\l‘l’(x)dx
J.‘P* (x)‘P(x)dx

IpaBujIaM KBAaHTOBOI MEXaHUKU OHEPIus CUCTCMbI E=

,tae W (x) ects cobcTBeHHAs

¢byukuus onepatopa: HY = EY . BapuanmoHHbIM TPUHIUT YTBEPKIAET, YTO JUIsl IPOU3BOJIHHON
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J“Iﬁ (x)f-\I‘P '(x)dx
J.‘P'*(x)‘}"(x)dx

(mpoOnoit) pynakmm ¥ '(x) AQHAJIOTMYHAs BEJINYMHA & = > FE . 13 aToro npuHuuna

CJIETyET, YTO €CIIU MBI BBIOEpEM sl MPOOHBIX (PYHKIMI pa3IuyHOTO BUIA, TO Ta U3 HUX, KOTOpas OyaeT
COOTBETCTBOBATh HAUMEHBIIICH YHEPTHH €, OyIET JIydIllle IPYTuX MOXOIUTh HA HICTUHHYIO COOCTBEHHYO
dbynaknuto. Ecimu nmpobuyto hyHKImro 1715 N-3JIeKTpOHHON CHCTEMBI BBIOPATh B BHJIC JETEPMHUHAHTA

CneﬁTepa, COCTAaBJICHHOI'O U3 CHHH-Op6HT2L]'IeI>i, TO UX MOKHO UCKATh U3 YCJIOBHA MUHHUMYMa BCJIIMYUHEI €,

nooupas HaWIy4IIuM oOpa3oM IapaMeTpsbl, 3a/1arolle opouTans. Tak Kak onepaTop H ne COJIEPKUT
CIIMHOBBIX OIIEPATOPOB, TO BHIPAKEHUE €, HAa3bIBAEMOE (PYHKIIMOHATIOM SHEPTHH, MOYKHO
IPOMHTErPUPOBATH IO CIMHOBBIM IIEPEMEHHBIM, MTOCIIE Yero UCKaTh €r0 MUHUMYM, ITOAOUpPast apaMeTpbl
AO nu MO Hannyumum o6pazom. OnHosnekTpornbie GyHKIUU @; (AO uimu MO) MOXKHO UCKATh B BHIIE

JUHEHHBIX KOMOMHAIIMI HEKOTOPBIX 3aJaHHBIX PYHKIUHN ¥, T.C. B BUE:
AQENFAGE
k
r1e ¢, - uhciaeHHble ko3hdunuentsl. Habop ¢yHkimii { ;(n} B 9TOM CJIy4yae Ha3bIBAIOT 0a3ucom

MIpeICTaBIeHUsT OpOUTAIIH.

HOHSITHO, 4TO €CJIM B ACTCPMHUHAHT CneﬁTepa IIOACTaBUTDb @, (I") = zciklk (I") , TO JJI ITIOUCKa
k

MHHHUMYMa (I)yHKIII/IOHaJ'Ia € HYXKHO HOTpe6OBaTI> PAaBCHCTBO HYJIO BCEX €I'0 NCPBLIX YaCTHBIX
IIPON3BOJHBIX 110 IICPEMCHHBIM C;, !

0z

=0. 5.16
o (5.16)

Tak xak opburanu ¢, (r) JOJDKHBI OBITH OPTOTOHAIBHBI 1 HOPMUPOBAHBI - <(/7,- ‘(p/.> =0.., TO TIPH TIOUCKE

ij?
MUHHUMYMa HEOOXOIMMO y4eCTh 3TU JONOJHUTENbHBIE ycaoBusa. Ecnu B netepmunant Creiitepa Kaxiaas

MO (AO) BX0OAUT IBaXKIBl — CO CIIMHOBOM YacThi0 @ U f, TO Al N-3JIeKTPOHHON (HYHKINU

o= (2 []¥). 2

2 2

Y(1..N)= \/% det< g, (1) (1)9,(2) 8(2) 0, (3)a(3) @, (4) B(4)..0n (N-1) (N 1), (N) B(N)
MOYHO BBIPA3UTh YePe3 MHTETPaIbl OT ¢, CIEAYIONUM 00Pa3oM:

g
&= ZNZ%‘((PI»|h|<0,»>+%Z(2<¢i¢j\¢i¢j>—<¢i¢j 0,0.)), (5.17)

LJ
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.1 z
rae hz—EAi+za:|Ra_ go|h|go H @ (x,y,2)h(x,y,2)0,(x,y,z)dxdydz , a

(ooee,)=I[[Ifo (n302)0 (xz’y”ZZ)ﬁ

<¢,.goj ‘(ojgo> Hj” o (x.00.2,) @ (xz,yz,z2) ﬁ q)j(xl,yl,zl)q)i (x,.9,,2, ) dx,dy,dz,dx,dy,dz,.(5.18)

_’/-2

O, (xpylazl )¢j (xz’yzvZz)dxldyldzldxzdyzdzz’

JIByX2JIEKTPOHHBIE UHTETPAJIbI <(4¢j ‘¢i¢)/> " <g0i¢)], ‘(pj(pi> Ha3bIBAIOT KYJIOHOBCKUM M OOMEHHBIM

HHTCIrpaiaMu, COOTBETCTBCHHO. Ecau BmMecTo 0p6I/ITaJ'IeI71 @; IIOACTaBUTb UX PA3JIOKCHU: 110 0a3nCHBIM

GyHKIMAM, TO TH UHTETPAJIBl MOKHO BBIPA3UTh Y€pe3 WHTETPasIbl OT U3BECTHBIX OA3UCHBIX (DYHKIIUN U
KOO PUIMEHTOB pa3IokKeHH opOuTaneit mo HuM. B 3ToM cirydae ¢pyHKIMOHAN YHepruu € OyIeT UMETh
BUI:

N2 M
‘9:222 CipCir <Zp‘h zr _Z Z ctpc/rcthJS( <Zer

i=l p,r llprq\

20—, | 2.0,)) (6.19)

o€
W3 yciioBust paBEHCTBA HYJIFO BCEX YACTHBIX IPOU3BOJHBIX ~ =0 C y4eTOM JIOTIOJHHUTEIBHOTO YCIOBHS

<¢i ‘go j> chr ¢, < Ve ‘ 4 p> = 0,; TIOJIYYHM CJICIYIOULYIO CUCTEMY YPaBHEHHUIA:

ch pr—gz Cip (p=12,..M), (6.20)

KOTOPYIO y,[[06H0 3aIlrcaTb B MAaTpUIHOM BUIC:

Fc =¢Sc, (6.21)

l 1 1

rie Fpr=<p|h| > Nz_llﬁ Cy, ,s( <pq|rs>—<pq|sr>), Sp,=<)(p

cocTaBneHHblt 13 ¢, (r=1..,M).

;(r> U ¢, €CTb BEKTOp-CTOJIOELI,

[Tonyuyennyto cucremy ypaBHeHHi (5.21) penaroT UTeparmoOHHbBIM METOJIOM WJIH METOJ0M

CaMOCOTJIaCOBaHHMs, KOTOPBIN BKIIIOYAET CIIEAYIOIIYIO Mporenypy. Ha nepBom miare urepanuii 3a1aroT

HAYaIbHbIE 3HAYEHHUS C, (i =1+N/2; r=1+M ) U BBIYUCIIAIOT MATPUYHEIE DJIEMEHTEI Fpr. II0CKOIbKY

B OTOM CJIy4ac MaTpulia F HU3BCCTHA, ITOCTOJIBKY cOOCTBEHHEIE 3HAYECHUS €; OIpPCACIIAOTCA U3 YCIOBUS:

det(ﬁ —gS) =0, (6.22)
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TaK KaK TOJIbKO B 3TOM CJIy4da€ CUCTEMaA JIMHEHHBIX OOHOPOAHBIX ypaBHeHI/Iﬁ HUMECT HCTPUBUAJIBHOC

(menyneBoe) pemenue. Y paBaenue (6.22) umeer M kopHeit 810 ,gg ,...,g,(\)l , IPA KOTOPBIX MMOJIUHOM OT €

oOpamaetcs B HyJb. J{anee, moacTaBiss HOOYEPETHO gio B CHCTEMY JINHEWHBIX YPaBHEHMM, HaxoauM M
1 . o 1 s

COOCTBEHHBIX BEKTOPOB C; (z =1+M ) . HalineHHble ¢; OIATH UCNIONB3YIOT JUIA IOCTPOEHHU MaTpUILbl [,

[10CJIE YEro HaxXOoHAT gl.l (i =1+-M ) 51 C,-Z , C KOTOPBIMH BCIO TPOLENYPY HOBTOPSIOT.

§ 6a. OpHO31eKTpOHHOE (OmHOYacTHYHOe) Ipubamkenue. [lonarre 06 31eKTPOHHOI

000JI0YKe aTOMa WJIN MOJIEKYJIBL.

PaccmorpuMm crucreMy OZMHAKOBBIX YaCTHII, B3AMMOZEHCTBYIONUINX MEeXAY COOO0It 110

HEKOTOPOMY 3aKOHY. DTO MOTYT OBITh 5JIEKTPOHBI, IPOTOHBI MU KaKHe-JIH00 APyTHe JaCTHIIBL.
TlamuapToHmMaH, onuckiBamomuii N sKBUBaI€HTHBIX YacTuIil (rl,rz,...,rN) , TI€ 1,7,...,1,, 0003HAUAIOT

HX KOOpPJAUHATBI, BKIIF0Yas CIIMHOBYIO IEPEMCHHYI0, HC MCHACTCS IMPU IIEPECTAHOBKE JIBYX YaCTHI, T.C.

P(i,j)H = H . Taxum oGpasom, eciu W (7,...r,,) €CTh pellIeHHe CTAIHOHAPHOTO YPABHEHHS!

—~

H(r..ry )Y (h..ry) = E¥Y (5.1 ), om0 P(if )W (5;...ry) €cTh ero coGCTBEHHAS (YHKIMS H MOXKET
ormnyatbes o7 W (7.7 ) JIMIIb TOCTOSHHBIM MHOXKHTENEM A.
P(i,j) ¥ (1...ry ) = A¥ (1;..1y).

Eciu Teneph OnsTh MOMEHSATH MECTAMH YACTHIIBL § U j, TO Oy/IEM UMET:
P?(if)¥ (1..ry ) = (1ory ) = AP(if ) (1. ) = AP (7.1 ),
oTKyza cieayer A° =1 umm A =+1.

Taxum 06pa3zoM, BOJHOBBIE (YHKIUH, OTMCHIBAIOIINE OJIMHAKOBBIE YACTUI[BI, MOTYT OBITh JBYX
THIIOB: CUMMETPHYHBIC OTHOCHTEIBHO nepectanoBok P(if), A =1 n antucummerpuunsie (4 =-1), T.e.
MEHSIIOIHE 3HAK TIPH MEpecTaHoBKax. COOTBETCTBEHHO, YACTHUIIBI C AHTHCUMMETPHUYHON (QyHKIMEH
Ha3bIBAIOTCS (PEPMHUOHAMH, A YACTHIIBI, Y KOTOPBIX (BYHKIIHS HE MEHSAET 3HAKA MPH MEPECTAHOBKE
KOOP/MHAT JIBYX YacTHI — 6030HaMU. DIEKTPOHbI ABJISIOTCS (PEPMUOHAMH U CIIEIOBATEIBHO, JIOJKHbI
ONHUCHIBATHCS AHTUCUMMETPUYHOM (yHKIMEH.

[Ipenmnonoxxum Tenepb, 4To N 3JIEKTPOHOB HE B3aUMOJICHCTBYIOT MeX Ty co0oil. Toraa ux

TraMHJIbTOHHAH 6y,Z[€T CYMMOﬁ TraMHJIBTOHHAHOB K&)I(I[Oﬁ M3 9YaCTHII:
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~ ~

f-\l(iq,rz,...,rN)=H(rl)+H(r2)+...+i-\I(rN).

—~

Ecm W, (r),Y,(r),¥Y;(#).-.. ¥y (ry) ectb cobcTennbie hyHKIM H(n),ﬁ(rz),...,ﬁ(rN) c
COBCTBEHHBIMH 3HAUCHUAMH &,,&,,...,Ey, , TO COOCTBEHHOI yHKimeii H (r...ry ) Gyier sBisthes
npomssenenne ¥ =W ()W, (r).. ¥y (ry) ¢ cobcTBeHHEIME 3HAYCHISIME E = & + &, +...+ &y, UTO

JIETKO MPOBEPUTH ITPOCTOM MOACTaHOBKON V' = H‘Pi (rl) B ypaBHeHue llIpénunrepa. Otomy xe

1

COOCTBEHHOMY 3HaY€HHIO OyyT COOTBETCTBOBATH (DYHKIMH, TOTyYEHHBIE IEPECTAHOBKAMU Hap YaCTHIL:

P(i,j)¥ (5,7, 1y ) » @ TAKIKE TOOBIC MX JTHHEIHHbIC KOMOMHALMA. Y CIIOBUIO AHTHCHMMETPHIHOCTH

BOJIHOBOW (DyHKITHH ‘I’(rl...rN) N HEB3aUMOIEHCTBYIOIIMX 3JIEKTPOHOB OTBEYAET AaHTUCUMMETPU30BAHHOE
nponssenenne V(7. ) = Z(—l)p P H‘I’[ (r)|= de‘[{‘l’1 (1), ¥, (7)) 5o W (1 )} , KOTOpPO€ Ha3bLIBAIOT
P i

nerepmunanTom Creitepa, rie (—l)p NpUHUMAET 3HaueHust 1 unu -1 B 3aBUCUMOCTH OT YETHOCTU
NEepecTaHOBKH, & CYMMHUPOBAHHUE BEJIETCS 110 BCEM BO3MOXKHBIM IEPECTaHOBKaM nap yactull. (Yucio
nepecranoBok u3 N wactuiy P(N)= N!).

Jlns mpuMepa pacCMOTPHUM CITydail IByX HEB3aHMMOICHCTBYIOIINE 3JIEKTPOHOB ¢ TAMUIBTOHUAHOM
H (r,1,)= H (n)+ 124 (r,).Ecmu W, (1) m W, (r,) cyTs cOGCTBEHHBIE (hyHKIIH OTHOIEKTPOHHOTO
raMWIbTOHUAHA, U UM COOTBETCTBYIOT COOCTBEHHBIC 3HAUEHUS &, U &,, TO AHTHCUMMETPU30BaHHAs
BOJIHOBAs (DYHKIIMS 3TOM JIBYX3JIEKTPOHHOM CHUCTEMBI OyIeT:

lI"(rl,rz): det{‘I’1 (rl)‘P2 (r2 )} =¥, (rl)‘Pz (rz)—‘I—’1 (rz)‘P2 (’”1)

3aMeTuM, 4TO NepecTaHOBKON P(i, Jj ) MOJKHO JICHICTBOBATh KaK Ha HUYKHUE UHJEKChI OJTHO3JIEKTPOHHbIX

(GYHKIU, TaK 1 Ha KOOPIUHATHI YACTHII.
Ecnn npeanonoxuth, 4To 17 B3aUMOJCHCTBYIOLINX MEXY COOO0M 311€KTPOHOB UMEIOTCS

OIIHOATIEKTPOHHBIE (P PEKTHBHBIE TAMUIBTOHUAHA, B KOTOPBIX B3aUMOJIEHCTBHE CO BCEMH APYTHMH
JIEKTPOHAMH OTHCHIBACTCS HEKOTOPHIM moTeHmanoM U (r,), Tak uto Hage. (1) =T (1;)+U,,, (1), 1
PEIICHHSMH OJHOYIEKTPOHHOTO ypaBHeHHs sBnsiotes Gynxumn {¥, (1)}, To nonnas BonHosas dyHKums

3TOI CUCTEMBI 6y;[eT JACTCPMUHAHTOM CneﬁTepa, TAKIKC KaK B CJIydac HCBSaHMOI[efICTByIOIHHX qacCTull,

TaK KakK (1)OpMaJ'IBHO OTH 3aJa41 3KBHUBAJICHTHBI. Bces Hpo6neMa COCTOUT B HAXOXIACHNHU 3(1)(1)6KTI/IBHOFO

norenuuana U " (’”,- ) DTOT MOTEHITUAT MOXKET OBbITh 3a7aH, UCXOIA U3 KAaKUX-JIM00 PU3NIECKUX
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NPEIOI0KEHHIA, HAIIPUMED, U3 MOJIENIA OJTHOPOTHOTO JIEKTPOHHOTO ra3a WK APYroi MpHOIMKEHHON
monenu. B maparpade «MoienbpHbIe 3a1a4i» MBI YK€ UCTIOIB30BAIN OHOAIEKTPOHHOE MPUOIIKEHUE,
paccMaTpuBasi HE3aBHCUMO JIBUKCHHE JIEKTPOHOB B MOJIEKYJie O€H30J1a U MOJIEKYJIE MOJIMEHA,
npe/noaras s HUX CyIIeCTBOBaHUE MOTSHIINATIOB, 3aCTABIISIONINX AIEKTPOHBI IBUTATHCS 10
OKPYKHOCTH Pajiflyca 7 WIHA B OTPAaHHYCHHOW 00JIACTH OTCHIIMAILHOTO SIIUKA, COOTBETCTBECHHO.
Takum 06pazoM, TpuOIMKeHAYO0 QYHKITHIO N-3JIEKTPOHHOMU CHCTEMBI B OJTHOJIEKTPOHHOM
NpUOIKEHIH MOXHO 3aIicaTh B BUJIE onpenenurens (nerepmunanTa Cueirepa), COCTaBISHHOTO H3

OJTHO3JIEKTPOHHBIX (DYHKIUI, HA3bIBAEMBIX CIIUH-OPOUTAIISIMHU.

N!

¥ (1,2,...N) =Y (1) P{¥,(1)¥,(2)..¥, (N)} =

P

det{¥,(1)¥,(2).. %, (N)} =

) W) . W)
e w.@ . ww)
wo0) ¥(2) . (W)

Kaxxnas cim-opburanb V', 3aBUCHT OT TpeX ACKapTOBBIX KOOP/MHAT JJIEKTPOHA X, V;,Z, U OT
CIIMHOBOW IIEPEMEHHO| O, , IPHHUMAIOLICH /iBa 3HaYCHMs. TaK Kak CIIMHOBBIC [IEPEMEHHBIC HE BXOJIAT B
HEPEIATUBUCTCKUX OJHOAJIEKTPOHHBINM TaMUIBTOHUAH, TO CIIMH-0pOuTany ‘¥, MoOryT OBITh 3aIIMCaHbI B
BHUJIE€ IPOU3BEJCHNS IPOCTPaHCTBEHHOM YacTH ‘P, (xj, Vs zj) Ha CIIMHOBYIO QyHKIHIO S (O'j) :

‘Pi (]) = (’Tj)Si (U_/ )
IIpocTpaHCTBEHHYIO YacTh CIIMH-OPOUTANIH, @, (rj) , Ha3bIBAIOT B ClIy4yae aTOMOB aTOMHOM OpOUTaJIbIO

(AO), a B cimyuae MoJIeKyJIbl MOJIEKYJIsipHOU opOuTansio (MO). Iyt o4HOTO 37eKTpOHA CITUHOBAS

(GYHKIMS MOKET ObITh IBYX THIIOB X :|a> 1100 |,B> (:9]05) = %|a>,§: ,B> = —%|,B>j , U CIIMH-OpOUTAIN

MOTYT OBITh 3aITMCaHbI B BUJIC pa, e, [ Wi B 001meM ciydae ?; (cla +c,f ) , TJIe ¢; ¥ ¢ IPOU3BOJIHBIC
yucna. Eciou kaxxaas opOurtans ¢, BcTpedaercs B onpegenurene Ciueltepa qBax/bl, CO CIMHOBON YaCThIO

o (p;a) 1 f — @, TO MHOTO 3JICKTPOHHAS (DYHKIIHS
Y(1..N)= de‘[{gz)1 (Dea(1)e (2)B(2)e, (3)a(3) e, (4),8(4)...@% (N—l)a(N—l)(/)]% (N),B(N)} Oymer
cOOCTBEHHOM (yHKIMEN CIIMHOBBIX OIEPaTopoB S ’ 51 S‘: C COOCTBEHHBIMM 3HAYEHUAMH S (S + 1) =0u
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S, =0, coorBercTBeHHO. TO ecThb Takoil AerepmuHaHT Cieifrepa OyJeT ONMCHIBATh CUHITIETHOE

COCTOsIHHMEC aTOMa HUJIM MOJICKYJIBI. 10T cnyqaﬁ HanboJiee BaXKeH IJIg Ol CAaHUA MOJICKYJI, IJIs
OOJILIITMHCTBA KOTOPBIX OCHOBHBIM 3JICKTPOHHBIM COCTOSAHHUECM SABJISACTCSA CUHITICTHOC COCTOSIHUC. H2160p
IMPOCTPAHCTBCHHBIX yacTe OIHOJ3JICKTPOHHBIX (byHKI.IPIfI, BXOJAIUX B ACTCPMUHAHT, HA3bIBAIOT

KoHurypanueil. [IoHITHO, YTO A OTHON KOH(PUTYPALUU MOXXHO OCTPOUTH Pa3HbIE JETEPMUHAHTEHI

o o o 1 1
Creitrepa. Hanmpumep, /U1 1BYX3JIEKTPOHHOM 3a/1aui ¢ KOH(PUTyparuei (gol) (g02) MOKHO IIOCTPOUTH

nerepmunantsl: ¥ (1,2) =det{pa,p,B}, ¥,(1,2)=det{pa,p,a}, ¥,(1,2)=det{pS,0,8} n

¥, (1,2)=det{pB,p,a} . llocTpoeHHbIe TAKNM 0GPA30M JCTEPMHHAHTEI HE 00S3ATEIIBHO SIBIISIOTCS

~2
COOCTBEHHBIMH (PYHKLHMSMU orieparopa S , U €CIIM HaM HY>KHO OIUCATh COCTOSIHHE CUCTEMBI C

OIpeIeNICHHBIM CIIMHOM, TO M3 HUX HEOOXOIUMO TIOCTPOUTH JTMHEHHbIE KOMOWHAINY, COOCTBEHHBIE IS
CITUHOBBIX OTIEPATOPOB (CM. §......).
C TEpMUHOM «3JIEKTPOHHAsI KOH(DUTYpAIHs» BbI BCTPEUAIUCH TIPU OOCYKICHUN TIEPUOINICCKON

CHUCTCMBI JJICMCHTOB H n. MeHz[eﬂeeBa. ATOMHEIC Op6I/ITaJ'II/I @; , XapaKTCPU3YHOTCA H360p0M KBAaHTOBBIX

yucel (n, [, m), rie n — rilaBHOE KBAaHTOBOE YHCIIO, [ — OpOUTAIbHOE KBAHTOBOE UMCIIO U 11 — MAarHUTHOE
KBaHTOBOE YHCJIO, KOTOPHIE MOTYT MPUHUMATD CIIEIYIOIINE 3HAUCHUS:

n=1,2,3,...,0;

[=0,1,2,....n—1 (I/IJII/I s,p,d,f,...);

m=1,1—1,..,—] (Bcero 2/+1 3HaueHus).

OmHORIEKTPOHHBIEC YHEPTHH WM COOCTBEHHBIE 3HAYECHHUS OJTHOIJICKTPOHHOTO OIlepaTopa
[pé&nuarepa 00pa3yroT MOCIEA0BATEILHOCTD:

£,<25<2p<3s<3d (mmm 4s).

[Tonubie BoHOBBIE (DYHKIIH aTOMOB 3aITUCBHIBAIOTCS B BUE CICUTEPOBCKUX IE€TEPMUHAHTOB,
COCTaBJICHHBIX U3 CIUH-OpOUTaseH ;o uin ¢,;f. Eciiu cniuH-0pOUTa b BCTPETUTCS ABAXK/IbI B
JeTepMUHAHTE, TO OH OOPATUTHCS B HYJIb, TaK KaK OyJIeT HUMETh JIBa OJIMHAKOBBIX CTOJIOIA UM CTPOKH,
YTO COOTBETCTBYET NMpuHLHMIy [laynu, corimacHo KOTOpOMY B aTOME HE MOXKET OBbITh IBYX 3JIEKTPOHOB C
OJIMHAKOBBIMU HaOOpaMu KBaHTOBBIX YHCEN 1, [, m, my. CIIMHOBOE YHCIIO M, IPUHUMAET JBa 3HAYCHHUS:
+%2 1 -Y4, Tak 4TO Ha SHEPTrETHUYECKOM YPOBHE, COOTBETCTBYIOIIEM ¢/, MOXKET OBITH (2/+1)-2
JJIEKTPOHOB, TaK KaK OH BBIPOXKACH MO KBAHTOBOMY YHCIY /1. DIIEKTPOHHBIE KOH(PUTYPALIMU aTOMOB
umerot crenyroumit Bux: Li — (15)%(2s); Be — (1s)%(2s)% ... F — (15)%(28)*(2p)’; Ne — (15)*(25)*(2p)’; ...
Ti(15)%(25)*(2p)°(3s)*(3p)°(4s)*(3d)” 1 T.1. Ecimn siekTpoHHast KOHGHUTYPALHS COOTBETCBYET
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MaKCUMAaJIbHO BO3MOKHOMY YHCITy 3JIEKTPOHOB, 3aIOJIHSIOIINX BBIPOXKIEHHBIA YPOBEHD &y, (2[+1)-2
3JEKTPOHOB, HAIIPUMED, (15)2(25)2 158105 (15)2(25)2(2p)6, 10 Kaxaass AO BcTpeyaeTcs B I€TEPMUHAHTE
CreliTepa 1BaX/Ibl, CO CIIMHOBOM YaCThIO o ¥ 5, U BOJIHOBAs QyHKIMS B BUJIE OAHOTO JeTePMUHAHTA

Oy /IeT SBIATHCSA COOCTBEHHOM JUIS OIEPATOPOB OPOUTATBHOTO MOMEHTa L°, L. ¥ OIepaToOpoB CIIMHOBOTO
MOMeHTa S°, S. C Hy/IeBEIMH COOCTBEHHBIMH 3HAYCHUAMH. TaKas 3JIeKTPOHHAS 000T0UKa HA3BIBACTCS
3aMKHYTO, ¥ eif BCeria COOTBETCTBYET IEKTPOHHOE COCTOSHIE 'S, Tie GobInas OykBa S 0603HAUYACT,
YTO MOJIHBIN OpOUTAIBHBIM MOMEHT aTOMa PaBEH HYJII0, @ BEPXHUIN MHJIEKC CJIeBA YKa3bIBAET, UTO
MYJIBTUIIIETHOCTD 3TOTO cOCTOsTHUS (TepMma) 2S+1 paBHa eaunwuIle. B ciydae He3aMKHYTON AJIEKTPOHHOM

000JIOYKH MOKHO IMMOCTPOUTDL PA3JIMYIHBIC JIMHEHUHEBIC KOM6I/IHaHI/II/I ACTCPMHUHAHTOB CneﬁTepa,

A2 o~ A2~

cobcTBeHHbIE 1151 onepatopoB L ,L_,S ,S. . Hanpumep, anexTponHoil KoHbuUrypauuu (ls) (2s) (2p)

COOTBETCTBYIOT TPH JIMHEHHbIE KOMOWHALIMY JETEPMUHAHTOB, OTBEUYAIOIIME PA3TMUYHBIM YHEPTeTHUECKIUM
COCTOSHUSIM aToOMa yriaeponaa (TepMaM)Z3P, 'Du'S. borsmme OykBbl S, P, D ... yka3pIBaloT OJHOE

3HaYeHHe OpOUTATBLHOTO MOMEHTA aToMa 1, 2, 3..., a BepXHHe HHIEKCHl 0003HAYAIOT MYIbTUILIETHOCT
(28+1) coctosiHms. TakuM 06pasoM, TepMBI HIH SIEKTPOHHBIE COCTOSHNS aTOMa 0G03HaYaloT, Kak " [Y |

rac L ecth CYMMApPHOC 3HAYUCHUEC 0p6I/ITaJ'IBHOFO MOMCHTAa aTOMa, 2S+1 —ero MYJBbTHUIUVICTHOCTD,

J =L+S§ - cyMMapHbIil MOMEHT aTOMa U | V| - Y€THOCTb. UETHOCTh COCTOSIHUS ONPEIEISAETCS YETHOCTBIO

CYyMMBI Zli , T7ie /; — opOuTanbpHbIE YHCIIa 3a0JTHEHHBIX OJJHOAIEKTPOHHBIX YPOBHEH aToMa. B

0003HAYCHUSIX TEPMA B BEPXHEM MPABOM YTy JUIsSi HEYETHBIX COCTOSIHUN CTaBUTCS UHICKC «0»,
nanpumep, “P°. JU1si 9eTHBIX COCTOSHUIA 3TO Yrox ocTaeTcst mycthiM. Hampuwmep,
N: (1s)*(2s)*(2p)° — *s°, D, *P;
0: (1s)*(2s)*2p)* — 'S, 'D, °P.
[To aHamoruu ¢ aToMaM# BBOJIUTCS TTOHATHE O MOJICKYJISIPHOM AJIEKTPOHHOM 00oJouke, rae BMecTo AO
ucnoib3yrorces MO ¢ onpeeieHHbIMU YUCIaMU 3aI10JIHEHUS.

[TycTh y Hac ecTh N-37eKTpOHHASI MOJIEKYJIa (aATOM) C TAMIJIbTOHUAHOM H= Zh ZU i ]

i=1 i<j

rae h(i)= _EAi — Z|Z—i| eCTh OJHOAIICKTPOHHasi YacTh raMuiibToHnana u U (i, j) = %

ri_rj‘

JIBYXAJIGKTPOHHAS YaCTh, ONMPEICIIAIONIAs B3aUMOJICHCTBHIE AIEKTPOHOB MEX Ty co0oii. Eciiu BommHOBast
(byHKIHS 5TON MOJIEKYJIBI (aTOMA) 3amrcana B BUI€ 0JHOTo AeTepmuHanTa Crieiirepa:

¥ (1..N)= Adet {¥, (1) ¥, (2)..¥ (N)} , To monnas sueprus cucTembl Gy 1eT ONPEACIATHCS KaK
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cpenHee 3HadeHue oneparopa H, 1.e. £ = <‘P|H | ‘P> MIPH yCIIOBUH, YTO BOJTHOBAS (DYyHKITUS

HOpMHpOBaHa Ha 1, T.e. <‘P|‘{’> =1. Ecnu npeanonoXute OpTOroHanbHOCTh CIMH-opouTanei ¥, -

<‘{’i (r)‘ ¥, (r)> =8, , TO yCIIOBHEM HOPMUPOBKIT OyJIET ABIATHCS BEIGOP A = 1 .

JN!
1

JIN!

(NY)" <det {¥,(1)..%, (N)} ‘ det{¥,(1)..¥, (N)}> MO’KHO 3aITiCaTh 4€pe3 MHTErPajibl OT CIHH-

Cpennee 3HaueHue oneparopa H Ha BomHOBOW GyHKImMu VW (l ..N ) =

opOuTaNiell ciaeayromuM 00pazom:

E=<‘P|f-\l|‘lf>:i(‘?i|iz|\lfi>+i(<‘{1i‘1’j“P}PJ.>—<‘P1.‘PJ.“Pj‘Pi>)=

i i<j

- i(\{!JM\PQ%Z((W}PJ v ) (| w,e,))

ij
3/1ech MaTPpUYHbBIN JIEMEHT <‘P ; |iz|‘P l.> €CTh MHTErpaj OT OJAHOIIIEKTPOHHOI'O OIlepaTropa iz(z ) , T.€.
<‘PI, | h ‘ ‘I’j> = I‘I’j (x,y,z,O') h (x,y,z)‘l’,. (x,y, z, O')dxdydde'.
3aMeTuM, 4TO IJIs BEIYMCICHUSI MHTETpaja, HEBAXKHO KOOPIWHATHI KAKOTO 3JIEKTPOHa Oy Iy T
HMCIIONb30BATHCS, TAK KaK <‘Pi (])|i1(])|‘1’1 (])> = <‘Pi (k)|iz(k)|‘l’, (k)> . Marerpan
<LPi\Pj ‘\PiLPj> = (1|} =
1

[N RHCEERARACHRENY ] 9

(x—%) +(1—-») +(z-2)
x¥, (xl,yl,zl,a, )‘Pj (xz,yz,zz,O'2 )dxldyldz]daldxzdyZdzde =

=1 (o) ¥ () = (.0 ¥, (7. avdv-dandr,

i
Wuterpan (ij|ij) HaspIBAKOT KyJIOHOBCKIM MHTETPAIOM, TaK KAK €r0 MOKHO PAaCCMATPHUBATH KAK
(v * *
KyJIOHOBCKOE B3auMozeiicTBue 3apana p, (r,0,) =Y, ¥, ¢ 3apanom p, (r,,0,)="Y ¥, . Haterpan

<‘P e “I’ 3 l.> = <ij | ji> Ha3bIBAalOT OOMEHHBIM MHTErPAJIOM, M OH 3alIUChIBAETCS KakK:

(i]7i) = [ ¥ (7.01) ¥ (7.0 ) ===

""1_”2

Y, (;I,O'I)Ti (E,Uz)dl/ldedaldaz.

Taxxe Kak U B CJIy4ac€ OOAHOJJICKTPOHHBIX UHTECTPAJIOB 3HAUYCHUSA JABYXIJICKTPOHHBIX UHTCI'PAJIOB HE

det{¥, (1)..¥, (N)}, re.

3aBUCAT OT TOT'O, KaAKUC MAPbI SJICKTPOHHBIX IICPEMCHHBIX 6y,HYT HCIIOJBb30BaHBI AJIsd €0 BBIYMCICHHA, T.C.
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<‘Pi(171,01)‘1’j (5,0'2) ‘Pi(ﬁ,al)‘l’j (;2,62)>=<Ti(;1,0'1)l}’j (Z,O'k) ‘Pi(;l,al)‘l—’j (i,o*k» (k:tl).

Ecnu nerepmunant Cneiirepa BkitouaeT kKaxayro MO nBaxk/bl, T.€. CO CHMHOBOW (DYHKIIMEH O U

co cruHoBOH (yHkuuei B, unu umeercs N/2 MO: ¢, ..., (oly , TaK, 4To
2

det{@ (Da(l)e (2)ﬂ(2)...(p% (N—l)a(N—l)(o% (N),B(N)} =¥(1,2,..,N), T0 BbIpaKeHHE

1
JN!
<\P|i’\1|\P> MOXKHO IMIPOUHTCIPUPOBATDH 10 CIMHOBBIM IIEPECMEHHBIM, CUUTAsd, YTO
(palhlpa)=(0hlo)(a]a)=(p|h|p), raxxax (a]a) =1

(0.8 h|0.8)= (0| 1|0.)(B| B)= (0| 1|@,). n ananormano, uro

¢i“¢jﬁ‘(/’ia¢’_/ﬂ> = <¢i¢j ‘Q(o_/><a|a> <ﬁ|ﬁ> = <¢i<”j ‘¢i¢/> -
=(papa|papa)=(p0|0p,) a|a)a|a)

u <¢ia(p/ﬂ‘¢[ﬂ(o]a> = <(p,.(pj ‘(pl.goj><a|,8><ﬂ|a> =0 moyry4uM BBIpa)KEHHUE <‘P|?I|‘P> yepes
IPOCTPAHCTBEHHbIE yacTu cnuH-opouTaneit, AO niu MO B Buze:

/2
i

(¥[711¥) =230 o)+ 2 20516~ 7).

31ech unciio OOMEHHBIX HHTETPAJIOB B JIBA pa3a MEHBIIIE YKCIa KYJOHOBCKUX 32 CYET TOTO, YTO YaCTh
0OMEHHBIX UHTETpaJIOB 00paTUIIaCh B HYJIb IPU CIIMHOBOM MHTErpupoBaHuu. [loayueHHoe HamMu
BBIpAKEHHUE JJIsl CPEHET0 3HaYCHHsI FaMIJIbTOHWAHA Ha 3aJJaHHOM (YHKIMU B BUJE J€TepMUHAHTA
Crneiitepa ucnonb3yeTcs s oJydeHus ypaBHeHui, onpenenstomux AO win MO, kK yeMy MbI 1

HepexoIuM B CleyoleM naparpadge.

§6 CriuH.

Kak cnenyer u3 onsitoB llltepna u I'epnaxa (1922 r.) mo pacieruieHuIo mydka aTOMOB cepedpa B
MarHWTHOM T0JIE€, KOMIIOHEHThl MArHUTHOTO MOMEHTA aTOMa B HAIPABJICHUN BHEIIHETO MAarHUTHOTO TOJIS

HMCIOT TUCKPCTHBIC 3HAYCHUA, YTO MOXKHO 06’b$[CHI/ITB, €CJIK IMPEAIIOJIOKUTD, YTO SJICKTPOH 06naﬂaeT

KpoMe OpOuTaIbHOTO MOMEHTa (omepaTop L =rx p ) eme cOOCTBEHHBIM MOMEHTOM (CITUHOM), KOTOPBIi

IPOSIBISIET ce0sl TaK, Kak €CiIM Obl AJIEKTPOH ObUT BPAILAIOLIMMCS TBEPIbIM TEJI0M. BennunHa BO3MOXKHOM

IMMPOCKIUHA 3TOr0 JOMOJIHUTECIBHOI'O MOMCHTA paBHA % (B ATOMHBIX €AMHHUIIaxX % ) COOTBeTCTByIOHII/Iﬁ

3TOMY MOMEHT, MATHUTHBI MOMEHT, KOTOPBIA OIIPEAEIAET SJHEPI U0 B3aUMOAEHCTBUS AIEKTPOHA C
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eh
MarHuTHBIM ToJieM (3¢ ekt 3eeMana) paBeH i = 2— [Tpu 5TOM OTHOIIIEHUE MATHUTHOTO MOMEHTA K
mc

MEXaHUYCCKOMY BJBOC OouIbIIEe JJIA CIIMHA 3JICKTPOHA, YCM IJIA Op6I/ITaJ'IBHOFO JABHMOKCHUA.

~ A~ o~

Omneparop cnimHa S UMeET KOMIOHEHTHI S, S ,S

yo Pz

, AJIs1 KOTOPBIX, TAKXKE KaK IJI1 KOMIIOHCHT

o~~~

oreparopa opouTanbHOro MomenTa L, L, L., BBIIONHAIOTCS KOMMYTALMOHHBIC COOTHOLICHHS:

S, =88, =ihS_;
S,S.-S.8, =ihS,;
$5.-55 —inS,

Tax kak onepatop H KoMMyTHUpyeT ¢ oneparopamu S° =S-S u S, To BoiHOBas QyHKIHS,

coOcTBEHHAs JIIA H , JOJIZKHA OBLITH TaK)Ke COOCTBEHHOM q)YHKHHGﬁ 9TUX OIICPATOPOB C CcOOCTBEHHBIMH

3HaueHusMu S(S+1) u S., COOTBETCTBEHHO, €CIN S — CIIMH YaCTHIIBI ( % B CJIy4ae 3JIEKTpOHa), a S; -

BCJIMYMHA IIPOCKUIWH CIIMHA Ha OChb Z. OOBIYHO B HepeHHTI/IBHCTCKOﬁ KBaHTOBOM MEXaHHUKE BBOJAT ABC

h

CIIMHOBBIC (bYHKI_[I/II/I o B, CcOOCTBEHHEIE JJIA OoIieparTtopa SZ ¢ COOCTBEHHBIMH 3HAYECHHUSIMHA +E nu —5

1 1
(+E u B B aTOMHBIX eIMHMIIAX). Tak 4To

S.

z

p=-31).

h —~
@)=2a); S,

[Ipu sTOM eciu BBeCTH (hopMaIbHO UHTETPUPOBAHUE TIO CIIMHOBOM MEPEMEHHO, KOTOpasi B Cllydae

3JIEKTPOHA PUHUMAET JIBA 3HAYEHHS, TO
(ala)=1=(B|p) n (a|B)=(B|a)=0.

Teneps BoiaHOBasE (QyHKIMS, ONUCHIBAIOLIAS 3JIEKTPOH, MOKET OBbITh 3alKMcaHa Kak MPOU3BEICHHUE

koopauHatHoii yactn @ (x,,y,,z,) Ha cruHoByo o 1) mm B(1): W (1) =@ (1) (1) =@ (1) B(1) (B 0Gmem

ciayyae O (1) (cla (1) +c,B (1)) . Ecniu y Hac umeercs cucreMa u3 N 4acTull, TO OIepaTop

§(1,2,...N)=S(1)+8(2)+..+S(N) u
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BBeznem 1Ba HOBBIX omepaTopa:
S =(s,+i8,), S =(s,-is,).

OTH onepaTopsl Ha3bIBAIOTCS ONEPaTOPaMU MOBBIIICHNS U TOHWKEHUS, TaK KaK OHU, ICHCTBYS Ha
(GyHKIUIO ¢ COOCTBEHHBIM 3HaYCHUEM S JUIs OlepaTopa 3: JIat0T COOCTBEHHYIO (DYHKIIUIO 3‘: c
COOCTBEHHBIM 3HAYCHHUEM Ha eIMHHILY OOJIbILIE WU MEHbIIIE, COOTBETCTBEHHO.

S*|B)=|a) u S'|a)=0;

S1)=0 n 5 |a)=|p)
JeicTBUTENBHO, IyCTh OIIEPaTOp (Sx +iS y) JIeMCTBYET Ha CIMHOBYIO (DYHKIIHIO | ,B> , (Sx +iS y)| ,B> .
[ToneiicTByeM Ha 3Ty QYHKIHIO OIEPATOPOM 3‘: U y4Te€M KOMMYTAIlMUOHHBIE COOTHOIICHHUS.

X7z

S.(S,+iS,)B=(S.5, +iS.S,) B=(iS, +S,S.+S,+iS,S.) B =

y-z

(S, +i8,)+(S, +i5,)S.} B=(S,+i8,)(1+5.) B =

S.S, =iS, +8.S., S.S, =—iS, +5,5.;

=(s, +iSy)(1—%],B =%(Sx +iS, ) B.
Te (S, +iS,)B=a, (S,+iS,)a=0.
Taxoke MOXKHO TTOKa3aTh, YTO
(S,-iS,)a=p u (S, -iS,)B=0.
B o0mmem ciyqae, eciau ¢GyHKIUSA sBIsSETCS COOCTBEHHOH JUIsl oriepaTtopa 3‘: ¢ COOCTBEHHBIM 3HAYCHUEM
m, TO ONepaTop (Sx + iSy) MEePEBOJIUT €€ B COOCTBEHHYIO (DYHKIIHIO 3: C COOCTBEHHBIM 3HaUCHHEM m+1,

COOTBETCTBEHHO OIEepaTop (Sx —iS y) , IEUCTBYs Ha 3Ty (PYHKIIMIO, TIEPEBOJIUT €€ B BOJIHOBYIO (DYHKIIUIO,

COOCTBEHHYIO ISl 3‘: ¢ cOOCTBEHHBIM 3HaueHueM m-1. I1o 3Toil npru4rHe 3TH onepaTopbl Ha3bIBAIOT
OIepaTopaMy IOBBIIICHUS U IIOHUKEHUS, COOTBETCTBEHHO.

Hcnons3ys oneparopsl E u 3: , MO’KHO JIEHICTBOBAaTh ONIEPATOPOM gi Ha COOCTBEHHBIE
(byHKIUM omepaTopa S’: .

(S, +iS,)(S,=iS,)= S + 87 +iS,S, —iS,S, =S + 8. +i(~iS,) =S} + S +5..

C npyroii cropousi, S* =7 +87 + 52 . Tloacrasuss S; +S; =S°S™ - S, , momyuaem:
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SP =SS +S-S. wm S =SS +S+5S..
3amernm, 4To ecii y Hac ecth N a5ektpoHoB, 10 S, (1,2,..,N)=S (1)+S (2)+..+S (N) u
S (L2,...N)=S"(1)+S"(2)+...+ 8" (N).
JI715 OCTPOEHUsS MHOTOYACTHYHOM (hyHKIIH, COOCTBEHHOI /ISl OTIEPaTOPOB $* u S, umeercs

HCCKOJIBKO CHOCO6OB, KaK TO: METOA IMPOCKIIMOHHBIX OIICPATOPOB, METO ﬂMaHy‘II/I, METO/J CllapuBaHUA,

METOJ] IEPECTaHOBOK, JUArOHATN3ALMS MATPHIL 3‘\2 u 3‘: .

Pazbepem nekoTopelie 3 HUX. [IycTh y Hac ecTh BoJHOBasI (yHKLIUSA |‘P> , IPEACTaBIISIONIAs COOO
JMHEHHYI0 KOMOMHAINIO COOCTBEHHBIX (DyHKITHIA “PS> oreparopa 53 C COOCTBEHHBIMU 3HAYEHUSMHU
S(Si+1), S, (S, +1), S, (S, +1), ... 8y, (Sy +1), Takuro |W)=c |¥,)+¢,|W,)+..+¢, |V,
[Toctpoum onepatop 1’/3E , BBIPE3AIOINH U3 |‘I’> TOJIBKO KOMIIOHEHTY C COOCTBEHHBIM 3HaYEHUEM

S,(S;+1) B BHIE CIEMYIOMEr0 NPOU3BEACHHS:

~ $2-8, (S, +1)
v S(S +1)=8, (S, +1)

[TopeiicTByeM 3TUM omepaTopoM Ha (PYHKITUIO |‘I’> .
PY W) =Po¢|®)+..+ Pic|® ) +...+ PPc, |O,,).
O4eBHMIHO, YTO B ITOM CyMME OCTAHETCS TOJIBKO KOMIIOHeHTa PYc, |CDI.> =c,P" |d),.> , TaK KaK IpH

neiictuu PY Ha mo6yio (yHKIHIO ‘(D j> c j #1 OyIeT moiaydaThCsl HOJIb, TAK KaK B YHCIIUTENE

00s13aTenbHO OyAET IPUCYTCTBOBAThH HYJIEBOWH COMHOKHUTEIb [Sj (S it 1) -, (Sj + 1)] =0. [Ipu neticrBun

. S,(S,+1)-5,(8, +1)
PS, ) @ 6 1 1 k k .
Ha Cl| l> MBI OYJIEM UMCThb |k¢! Si(Si +1)_Sk(Sk +1)

ci|(I)l.> =ci|q)i>, T0 ecTb P |‘P> = ci|d)l.>.

Takum o6paszom, orepaTop P mpoeKTHpyeT QYHKIIHIO |‘P> Ha HampaBlieHHE |d),.>. Oneparop P*
Ha3bIBAIOT MMPOCKIIMOHHBIM O1epatopoM. [IoHITHO, YTO C €ro MOMOIIBI0 MOXKHO OCTPOUTH COOCTBEHHBIC

(yHkIuu oneparopa S” , HCIOMB3y4 3aMKuch S° 4epe3 ONepaToOphl MOHHKEHUA-MOBBIIICHHUS, H ONIEPaTop

—~

S

z

2 =88 +82-8. =88 +8°+5.,
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S, =S (1)+S.(2)+..+S.(N);
S,=8,(1)+S,(2)+..+S,(N);
S.=S.(1)+S.(2)+...+8S. (N),

ecnu y Hac umeercs N 4acTHil.

I[J'ISI OTOI'0 HY>KHO IMOCTPOUTH CIIMHOBBIC (1)yHKIII/II/I C pas3/JIMYHbIMU 3HAYCHUSAMU MMPOCKIUU CIIMHA,

T.€. COOCTBEHHBIE JUIs OnepaTopa S. , a 3aTeM MOJTY4YUTh U3 HUX COOCTBEHHbIE GYHKIMHU onepatopa S~

HaanMep, AT ABYX JJICKTPOHOB MOKHO ITOCTPOUTH CICAYIOIIUC COOCTBEHHEIE q)YHKL[I/II/I orecparopa SZ

|aa>, >, >, > . ,HCP'ICTBYSI Ha HUX OIICpaTOPOM IMPOCKTUPOBAHUA:
P _ S*—S,(8,+1) e S, =0
S,(8,+1)=8,(S,+1)’ S, =1

MBI [TOJTyYUM (YHKIHIO |aﬂ - ﬂa> , COGCTBEHHYIO M1 S° ¢ COOCTBEHHBIM 3HAYEHHEM HOJIb. 3aMETHM,
YTO B 3TOM CIlydae OnepaTtopoM P* MMeeT CMBICH JeHCTBOBATH JIMIIL HA QYHKIMK |a/5‘> u | ﬂa> , T.€. Ha

TC, Y KOTOPbIX SZ =0 , TaK KaK IMPOCKIUA BEKTOPA Ha OIPCACICHHOC HAIIPABJICHHUC HC MOXCT OBITE
OouIbIIIE €ro MOOYJIA.

pu aeiictBun P™ Ha QyHKIUHU |aa>,

)| b)),

ju1s1 oreparopa S° ¢ COOCTBEHHBIM 3HaueHUueM S, (S, +1)=2:

a> MBI [TOJTyYUM TpU (PYHKIIMU, COOCTBEHHBIE

|aa) = P*|aa);
|0¢,B>+|ﬂ0¢>=PS2 a,B>=PS2 ,Ba);
| BB)=P*|BB).

JleiicTBOBaTH OomepaTopoM P° B Cllydae MHOTHX YacTHII JOCTATOYHO YTOMHTEIBHO, XOTS JAHHKII

METOJI JIETKO IIPOrPaMMUPYETCs JUIsl IOCTPOEHHUS COOCTBEHHBIX GyHKimi S° u S. na DBM.

S -
Jns moctpoeHust cOOCTBEHHBIX QyHKIMN S° U S, 03 UCIOJIb30BaHUS BHIYUCIUTENIBHBIX MAIIUH

MOXHO PCKOMCHA0BATb METO/ CIIMHOBBIX CHapI/IBaHI/If/'I, KOTOpHﬁ JIC)KHUT B OCHOBE MCTOZa BaJICHTHBIX

cxeM. MeTo/iuKa IIOCTPOEH s BCero Habopa coOCTBEHHBIX (DYHKIMIA OnepaTopoB S° u S, JUIs CHCTEMBI

13 N 4acTUI] COCTOUT U3 CIEAYIOIIUX 11aroB.
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Crpoum Bce BO3MOXKHBIE (PYHKIIHMH, Y KOTOPHIX 3HaYEHHE CIIMHA COBIA/AET C €ro MPOEKIHUEH, T.€.

S =S, . D10 nocTpoeHne HaYMHaeM ¢ (QYHKIMU C MAKCUMAIIbHBIM 3HaueHueM S.. Takyto QyHKIuUIO Jerko

MOCTPOUTD:

O, = ‘a(l)a(Z)...a(N» =|aa..a).
310 QyHKIUS COOCTBEHHAS AT Si C COOCTBEHHBIM 3HAUE€HUEM S = %N U COOCTBEHHAas AJIs 3‘3 c

N(N
COOCTBEHHBIM 3HAUYEHUEM 7 7+1 .

. 2N .
JHanee, u3 3Toil PyHKIMHU MOTydaeM Bce GYHKIIMU MYJIbTHUILIETA, > +1=N+1 byHKuuu,

—~

JIEHCTBYS MOCIEA0BATEIBHO ONIEPATOPOM S .

S® =, (S:ﬂ, SZ:E—IJ;
2 2

SO, =, (S:E, Szzﬁ—zj;
2 2

SO, =D, (S:E, SZ:E—3J;
2 2

~ N N

SO, =0, [s=2, 5 =-2

N N+l ( 2 z 2]

o~ ~ N
Ha cremyromem mare Ml Hody4aeM COOCTBEHHYIO (pyHKIMIO S° 1 S.cS=§ = e 1, ucnonb3ys ogHy

CITUHOBYIO CKOOKY, WJTH CITApWBasi CIIUHBI Y 1-01 U 2-0#f 4aCTHIIB:

®, =[[«(1)A(2)- B(1)a(2) ] (3)a(4)..a(N)).

U3 aroit pyHkImu, neictBys oneparopoM S, moiaydaeM N-1 GyHKIMiA My IbTHILIETA!

Jlanee crpoum @, ¢ S=S. = %— 2, 00pa3zys ABe CITUHOBBIE CKOOKU:

®, =|[«(1)5(2)- () (2) [[a(3) A(4)-(3)a(4)]a(5).a(N)).
U U3 HEe C IIOMOIIBI0 3: MOJTy4aeM BeCh MyJIbTUIUIET U3 N-3 QyHKIUN U T.1.
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Tpumepst. [TocTpoeHHe BeeX COGCTBEHHBIX yHKIMI OMIEPATOPOB S° 1 S, /TS 4ETHIPEX YACTHIL
o, =|a(l)a(2)a(3)a(4)) S.=2, S=2.
ITocTpoeHue KBUHTETA.
D, = |aaaa>
S =S, -iS,.
S (aaaa)=S"(1)+S5(2)+S (3)+S (4).

S D =D, =L(ﬂaaa+aﬂaa+aaﬁa+aaaﬂ) S. =1;

\/Z z

SD,=0,= %(ﬂﬂaa + papfa+ pacf+apffa+afaf+aaff) S.=0;

S, =0, = %(ﬁﬂﬁa + o+ fapf+appp) S.=-1;

S D, =D =|:B:BIBIB> S, =-2
SO, =0.
Jln1st moCTpOeHHSI SIIEMEHTOB TPUILIETA UCIOIb3YEM OJHY CITMHOBYIO CKOOKY (CIIapMBaHKE CIIUHOB Y

NEpBOI U BTOPOI1 yacTuIl).

O, = ‘(aﬂ—ﬂa)aa> :‘(aﬂaa—ﬂaaa» S. =1
R o N
SO, =D, = \/Z(aﬂﬂa+aﬁa,b’ Bofo - Paaf) S, =0;

1

SO, =0y = ﬁ(aﬂﬂﬂ—ﬂaﬂﬂ) S.=-1L

S @, =(BBBB - BPBB)=0.

JU15t TIOCTPOGHIIS 2IEMEHTOR CHHITIETa HCTIOB3yeM B CTHHOBBIE CKOGKIL,
D, =|(af - pa)(af - pa)) =|(apap - appa - faaf + fapa)) S.=0;
S®,=0 u S, =0.

Amnanoruysoe IMOCTPOCHUE MOXKHO ITPOBECTU IJIAA TPEX BJICKTPOHOB.

@, =a(1)a(2)a(3)=|aaa) S:% SZ:%;
O, =5 :L(aaﬂ+aﬂa+ﬂaa) S:éj S :l;
’ 1 \/5 2 z 2
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1 3 1
D, =5, =— ap+ a+o S:—’ S =——;
3 =5 (Bap+ pPa+app) S S=75
_ 3 3
D, =5D,=|ppp) S==, S.=--.
2 2
MBI nosTyunim 3JeMeHThI KBapTeTa. Jlanee 1 MoCTpOoeHUs 2JIEMEHTOB Ay0JIeTa UCII0JIb3yeM CITMHOBYIO
CKOOKYy.
, = (af-fa)a = —=(apa—faa) S==, S =~;
V2 27 T2
O, =5 O, =——(aff-faf) S=+, S =1
6 5 \/E 2 s z 2 ’

D, =85 D= (ﬂﬂﬂ_ﬁﬂﬂ) =0.
Bumecro @, moxHo noctponts O, = a(aff - fa)=(aaf)—(afa) u &, =aaf-paa. O, O,, O -
JMHEWHO 3aBUCHMBbIE PYHKIMU. 13 HUX MOXHO NOCTPOUTH JIBE JTIMHEHHO HE3aBUCHUMBIE U OPTOrOHAJIbHBIE
JMHEWHbIE KOMOMHALIUY:

D, =D,

D, =D, +cD..
C OIPEIECIIUM U3 yCIOBHS <<I)5 |d)51> =0.

<(a,8a - ,Baa)‘(aaﬂ —afa+caaf —cﬂaa)> =—l+c=0;

c=1.
1
O} —E(aﬂa—ﬂaa),

D =L(O!a,b’—aﬂa+aaﬂ—ﬂaa) =

NG (2|aaﬂ>—|aﬂa>—|ﬁaa>).

-

JlBe pynkuuum ans S =%, S. =

V4

N 1
Takum ¢ IMyTEM IIOJIy4YrM CHIC ABC OPTOIrOHAJIbHBIC U IMHCUHO HE3aBUCUMBIC q)YHKL[I/II/I JIIA S= E

us, =—

z

N | —

o, =i2(aﬂﬁ—ﬂaﬂ);

@, =1 (2lapp) | ap) | Bpa)).
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§7. YpaBuenne Xaptpu-Poka. Meton MO-JIKAO. m-31eKTpOHHOE TTPUOIMIKEHNE.
[TpuHIIUIIBI TOCTPOEHUS MOTYIMIIMPUIECKUX BAPUAHTOB METOa MOJICKYJISIPHBIX

opOuTanei.

B npenpinymem naparpage ObU10 MOJIy4eHO BBIPAKEHHUE I CPETHETO 3HAUE€HUS TaMUIbTOHHAHA

MHOTORJICKTPOHHOM CHCTEMBI, BOJTHOBAs (DyHKIIMSI KOTOPO# 3amucaHa B Buje gerepmuHanta Crueiitepa:

(PHNY) 1S .
E= ey~ 2l ;((1/49//_, ) ~lvw v ) (7.1)
eClin y,; - CHHH-Op6HTaHH.
Amnajiornysoe BBIPpAXXCHUC 1A FE Bo3Hukaer JJIA CHeHH(queCKOFO 3adaHusA I[eTepMI/IHaHTHOﬁ

q)YHKI_II/II/I, B KOTOpOﬁ BCC CHI/IH-Op6I/ITaJ'II/I MOXXHO pa3ac/InTb Ha Iaphbl € OI[HOﬁ U TOH Ke

NPOCTPAHCTBEHHON YaCThIO ¢, (r) , YMHO>)KCHHOW Ha CIIMHOBYIO (pyHKIHIO o wuin 3. B aTom cirydae,

KOTOPBIM OTBEYAET 3aMKHYTOMN 3JIEKTPOHHOU 000JI0UKE MOJIEKYJIbI I aToMa:

£ L2332 t1) -1 02

rae ¢, - aroMHas (AO) wm MonekysipHas (MO) opOurans.

Jlns moucka ypaBHEHUH, ONPEACISIONINX CIUH-OPOUTAIN U OpOUTAIIN, BOCIIONIB3YEMCS
BapHALMOHHBIM MPUHIIMIIOM KBAHTOBON MEXaHHKH, KOTOPBINA JIEKUT B OCHOBE OOJIbIIIEH YacTH

NpUOIMKEHHBIX METOJI0B pelieHust ypaBHeHus LLpénnunrepa 11 MHOrO4acTUYHBIX CUCTEM.

BapI/IaI_[I/IOHHHﬁ MMPUHIHUIT YTBECPIKAACT, YTO CPECAHCC 3HAUCHNEC N'AMUJIbTOHHAHA H na IIPOU3BOJIBHO

BbIOpanHO# GpyHkiuu V' , Ha3piBaeMoe QyHKIMOHATIOM SHepruu E, Bcernia 00bIle Wik paBHO

-~ ¥|H|¥
HanMEHbIIEMy COOCTBEHHOMY 3HAQUEHHIO TaMHJIbTOHHaHa H , T.e. E = % > E, unu
E= <‘P|I/1\7|‘P> >E,, ecnn <‘I’ | ‘I’> =1, nnsa nro6oii npoOHOU GyHkIuN WV .
JIefiCTBUTENBHO, €CIIU H umeer JMCKPETHBIN CIIEKTp, T.€.
HY =EY, E,<E<E,.., (7.3)
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TO COIJIACHO IIOCTYyJIaTaM KBaHTOBOW MEXaHUKN COOCTBEHHEIE (1)}’HKLII/II/I an 06pa3y}0T MOJIHBIN H360p

S,

byHKIHIM | Y, > :

=1| n moOyro ¢pyHkuuo ¥ MOXKHO MPEICTABUTH B BUJIEC PA3JIOKESHHS IO COOCTBEHHBIM

¥, (7.4)

v ZZnZI‘PJ(‘PnI‘P):;%

rac KO3(1)(1)I/IL[I/I€HTI)I ¢, CyThb IIPOCKIHNH YV nHa OasucHbIE BCKTOPBI IPOCTPAHCTBA, HATSAHYTOI'O HA

COOCTBEHHBIE (DYHKIINH H.Ecm Tenephb pasnoxkenue ¥ MoACTaBUTH B MHTErpal
<‘P|j-\[—EO|‘I—’> =<‘P|fl|‘P>—EO, HOJTYYHM:

(V|H-E, W)=Y clc,(¥,|[H-E,|¥,)=
v (7.5)

:ZC:C./ (E/ _E0)<\Pi‘\PAi>:Z|Ci|2 (E,. _Eo)2 0,
1]

i

TaK KaK <‘I’[ “P/> =0.,E>2En |c,.|2 > 0. M3 nocieiHero HepaBeHCTBA CAEAYET, YTO <‘P|I/L\I -k, |‘P> >0

jo i
wim E>E;.
Taxum 00pa3zoM, NONE3ysACh BAPHALIMOHHBIM IIPUHIUIIOM, MBI MOKEM MOAOHPaTh GyHKuo ‘¥

TaKUM 00pa3oM, 4TOObI MAaKCHUMaIbHO TPUOJIM3UTHCS K HAMHU3IIEMY COOCTBEHHOMY 3HAYCHUIO H i x
SHEPTHH OCHOBHOTO COCTOSIHHSI paCCMaTpPHBAeMOl cHCcTeMbl. MOXHO JOKa3aTh MOJHYIO SKBHBAJICHTHOCTh
BapHAlMOHHOTO NpuHIHNIA 1 ypaBHeHus Ll péaunrepa (6onee moapodHo cMm. C.OmmreitH
«BapuanroHHbIA METOJT B KBAaHTOBOW XuMum», «Mup», Mocksa, 1977, 362 c.).

Hcnonb3ys BapualMOHHBIA MPUHLUI, MOXKHO TOJ00PATh ONTUMAIBHBIM 00pa3oM CIIMH-OpOUTAIN
WM opOuTaIu B BRIpaXeHUs X QpyHkImonana 3aepruu (7.1) u (7.2), HaliIGCHHBIX 71 BOJTHOBBIX (DYHKIIHIA,
3aJlaHHBIX B BHJIE AHTUCUMMETPU30BAHHOTO IPOU3BECHUS WK aeTepmMuHanTta Cieirepa. s nmoucka
HAWTYYIINX OpOUTANICH, T.€. MUHUMHU3HPYIOIIUX (PYHKIIMOHAT SHEPTUU, UCTIOIB3YIOT METO/IbI
BapHALMOHHOTO UCYUCIICHUS, KOTOPOE YCTAHABIUBAET YCIOBUS, PU KOTOPHIX (DYHKIIMOHAI JOCTUTAET

9KCTpEMYyMa. B maTtemartuke oA TCpMUHOM (((bYHKL[I/IOHaJ'I» NOHHUMAKOT CJICAYIOLICC. Ecau umeercs

MHO>XECTBO (DYHKITHIA {M } Y U KOKI0W 13 QyHKITUH, PUHAJISKAIIEH 3TOMY MHOKECTBY
(‘P (x) eM ) , IOCTABJIEHO B COOTBETCTBUE YHCJIO, TO TOBOPST, YTO HA MHOXKecTBe M 3a7aH (pyHKIIMOHA.

Hanpumep, {M} ectb pyuxuun y(x), 3aganusie Ha otpeske [a,b], a < x < b, uMelone HENPEPHIBHBIC
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b
pomM3BOHBIE ', TorAa AmuHa maHun [(y)= I, 1+ ( y '(x))2 dx ectb pynxuuonan. ITo ananoruu ¢

a
nepBoﬁ u BTOpOﬁ IMPOU3BOJHBIMHA (i)yHKIII/If/'I B MaTCMaTH4YCCKOM aHaJIN3€ BBOJAT IIOHATHEC O HepBOﬁ u

BTOpOIi Bapranuu ¢pyHknuonana. [loscaum sto cnemyrommm odpazom. [Tycts Ha oTpeske [xl,xz] 3aJ1aH

(byHKIMOHAT:
Y()A/):]%F(x,y,y')dx. (7.6)

PUCYHOK

BeezieM GyHKIHU y = y + a7 (x),rme 7(x)=7n(x,)=0 u o.— HekoTOpHIil Mapametp. B sToM ciyuae

~

byHKIHOHAT Y( y) ABJISIETCS QYHKIMEH OT o

Y()A/)zq)(a):IF(x,y+a77,y'+a77')dx (7.7)
n®'(0)=0u ®"(0)>0, re. Y()A/) =0(a)= fF(x,y(x,a),y'(x,a))dx ecTh (ByHKITMS OT 0, IMEIOIIas

Rl

MuHUMYM Tipu @ =0 . Iuddepenmnman 3toit pyHkumm Ha3pIBaeTCs MEPBOM Bapuanmend GyHKIIMOHAIA U

obo3HauvaetTcs oY,

5Y=[d®] . (7.8)

da
Yacraeiii quddepenmman GyHKIuu y = )A/(x,a) npu « =( Ha3pIBaeTCs Bapuanuen QyHKIUH Y U

0003HaYaeTCst Kak Jy :

oa

Sy= LMJ a. (7.9)

HeoOxonuMbImM ycroBueM MUHUMYMa (MaKCUMYyMa) SIBIISIETCS:
§Y =0, 5’Y>0 (5°Y<0). (7.10)

Takum 00Opazom, s MOMCKa MUHAIMYMa (DYHKIIMOHAIIA SHEPTHH £ He00X0IMMO TIPUPABHSITH K
HYJIIO €T0 TIEPBYIO BapHAIHIO.
O0E =0. (7.11)
B kxauecTBe BapbupyeMbIX QYHKIMH B QyHKIIMOHAJIE SHEPIUU BhIOMpatoTcs cniuH-opoutanu YV, . Ilpu

IIOUCKE MUHUMYMa E HGO6XOI[I/IMO TaKXKC YUECTh JOIMOJTHUTCIbHBIC YCIIOBUA OPTOrOHAJIbHOCTH U
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HOPMHUPOBKHU <‘P : “If j> = 0, BapbUPYEMbIX QYHKIHMH, YTO MOXKHO CJIENATh, UCTIOJb3Ys METON

HEOTpEe/ICIICHHBIX MHOXUTeNel Jlarpamxka (cM. maT. nonosHeHue). [Ipy uConb30BaHUH STOTO METOIA
HCO6XOI[I/IMO nepeonpeaCInTb (I)yHKIII/IOHaJI OHEPIUH, 4TO IPUBOIAUT K HeO6XO,HI/IMOMy YyCJIO0BUIO
MHUHUMYMa!
N
SE= 2y ((wi|ow,)+ (o |w;)) =0, (7.12)
i#]

e A; ecTb HeompeeneHHble MHOXHUTeNH Jlarpatka. 13 nocieHero yciosus, IPUPABHSB HYIIIO

KO3 UIMEHTHI TPH HE3aBHUCUMBIX BapHALIUAX ‘51// /.> " <5l//i , MOXHO MTOJIYYUTh YpaBHEHUS XapTpu-

®doka s ciuH-OpOuTaNel B BUIE:

~ N ~
F‘I’[:Z/il./.;//j W F|‘P[>:Z/1U‘t//j>. (7.13)
J J

Omneparop Xaptpu-®oka uinu ¢pokuan F 3amuchIBacTCs Kak

ﬁ’:/ﬁﬁ(fj—]?j). (7.14)
J

311ech, TaKkKe KakK U paHbllle, /1 €CTh OJIHOZJIEKTPOHHBIN ONepaTop, BKIOYAIOLIUI onepaTop
Za
R —r

a 1

. o A 1
KUHETHUYECKOI 3HEpPruu 3JeKTpOHa U €ro B3aUMOJICHCTBUE C ApaMu /i = ) A, - Z ,a

a

KYJIOHOBCKHHU OIICPATOP 1]. A OOMEHHBIH oneparop Kj OIPEACIICHBI KaK HHTCTPAJIbHBIC OIICPATOPHI,

cienyonmM oopa3om aelicTBytomue Ha GyHkimo W :

fw, ()= 200y (o)

J

il (7.15)
— ¥ (1), (1
Kj\Pl.(z):I—’( J¥.( )‘Pj(2).
|’”1 - ”2|
Hcnonb3yst 5T OnepaTopbl, BeIpaxkenue QyHKIHoHana suepru (7.1) MOKHO 3anucars B BUJIE:
N R 1 N .
B =200 A% )+ 2 (017 ) (11K | 2.) (7.16)

Tak Kak MaTpUIla HEONPEAEICHHBIX MHOXKUTENEH Jlarpanxka B HallIeM ciIydae sIBISETCS 3pPMUTOBOM

TO €€ MOKHO C TIOMOIIBI0 YHUTApPHOTO NpeoOpa3oBanus U cnHUH-opOUTaNeH, BXOIAIIUX B

:
A=A,
CHCfITepOBCKHﬁ JACTCPMUHAHT, IPUBCCTU K JUAT'OHAJIbHOMY BULY. HpI/I 9TOM MHOTO3JICKTPOHHAsA

BOJIHOBas PyHKIINWS, 3aaHHAs B BUE AeTepMuHanTa Crieirepa, He MEHSAETCS, a TAKXKe OCTaeTCs
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HeM3MeHHBIM (okuan F . DTa mpoueaypa Mo3BoseT 3anucarh ypaBHeHus: XapTpu-Doka B Bue 3a1a4u

Ha cOOCTBEHHBIE 3HAYEHUS orieparopa F .

(7.17)

Ecnu nipu BeIBO/IE ypaBHEHUIT HCIIOIB30BaTh (D)YHKIIMOHA SHEPTUH, IPOMHTET PHPOBAHHBIH 110
CIIUHY, B YacTHOCTU (pyHKIMOHAMT (7.2), TO MOYKHO B CIIy4yae 3aMKHYTOH 3JIEKTPOHHON 000JI0YKH

IMMOJIYYUTb aHAJIOTUYHBIC YPpABHCHUSA JIS Op6I/ITaJ'IeI71 @, , ABJIIOIUXCS HPOCTPAHCTBCHHBIMU 49aCTsAIMHU

CIMH-OpOuTaneil:

(7.18)

)
SO
+

Vof o
./2(211—1{]).

Kaxnas ciun-opOutans ‘¥, MoxxeT ObITb MONTyYeHa peleHueM ypaBHenuii (7.17), eciu u3BecteH

oneparop Poka F . OnxHako, pokuan F 3aBUCUT OT CIMH-OpOUTANICH BCEX APYTUX 7 — | AIEKTPOHOB, TaK
YTO /ISl €70 MOCTPOCHUSI HEOOXOAMMO 3HATh 3apaHee dTH CIUH-opOuTanu. JlanHoe 3aTpyJHEHHE MOYKHO

000TH, UCTIONB3YS UTEPATMOHHBII METO]] PEIICHUs yPaBHEHH, B KOTOPOM BBIOMPAETCSI HEKOTOPBIHA

HaYaJIbHBIN HAOOP 3aHATHIX CTUH-OpOUTANICH {‘P?} , Ha KOTOpOM cTpouTcst onepatop F° . ITocne
pellleHus 3a1aul Ha COOCTBEHHBIE 3HAUeHUs A1 F’ MOJIydaroT HOBBI HaGOp {‘P}} , C KOTOPbIM
3amuckiBaeTcss F' M 3TOT Npolece HOBTOpsSeTcs 10 TeX 10p, T0Ka CHUH-OPOUTAIH {‘Pf‘ } ,

MCTIONb30BaHHbIE IS OCTpoeHns F* | GyayT mpaKTHYeCKH COBMAAaTh ¢ HAGOPOM {‘Pf“} , IOy YEHHBIM

Ha cleyromeM mare urepamnuii. KoneuHno, Takoit MeTo/ peilieHus] ypaBHEHUH BO3MOKEH, €CIIN

UTEPALMOHHBIN IIPOLIECC CXOAUTCH, T.€. €CIIU |‘I’i —%¥..,|— 0 npu i = . Bo MHOIruX NIPaKTUYECKUX

i+l
ClTy4asix TaKoW CXOJMMOCTH He HaOmromaercs. Takoi mpoliece pemieHus ypapHeHnit Xaptpu-doka
Ha3bIBaIOT MeToA0M caMocoriacoBanHoro noiis (CCII). B oGmiem ciydae pemenne ypapaenuit (7.17) u
(7.18) maet Ham OeCKOHEUHOE YUCIIO CITMH-opOuTael (opouTaineit). OpOuTaiu, BXOASIIUE B

ACTCPMUHAHT CneﬁTepa, Ha3bIBAKOT 3aHATBIMU Op6I/ITaJ'I$IMI/I. Nx 6y,JleT NHITyK IJIg Cliydas CIIMH-

opburaneii u ]% JUI OpOHTAase 3aMKHYTOM IEKTPOHHOM 000104KH. OcTaBImecs OpOUTa N HA3bIBAIOT

BUPTYaJbHBIMU (BaKaHTHBIMH). B KauecTBe 3aHATHIX OpOuTaseil BEIOUPAIOT Te PYHKIIUH, KOTOPBIM
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COOTBETCTBYIOT HAMMEHBIIINE 3HAUEHUs &, (IPUHIMII TOCTpoeHus win npuHuun «auftbau»). Takoit BIOOp
00YCIIOBJIEH T€M 00CTOSITEILCTBOM, UTO COOCTBEHHbIE 3HaUCHUs (POKHaHa & (PU3NYECKH COOTBETCTBYIOT
MOTEHIMAJIaM MOHU3AIUU PACCMATPUBAEMON CUCTEMBI. JlefiCTBUTENBHO, Pa3HOCTh YHEPTUid V-
AIIEKTPOHHOU CUCTEMBI H (N-1)-37IEKTPOHHOM, /7Sl IOCTPOCHUS BOJHOBBIX (DYHKIIMK KOTOPBIX

MCIIOJIb3YETCS OJIMH U TOT )K€ Habop ciuH-opOuTaneit {‘P ,.} , 1 (N-1)-371€KTpOHHas cucTeMa HE COJIEPIKUT

cniuH-opouTanu ¥, :

AE=E(N)-E(N-1)=(¥,|h|¥,)+ i((\{f;}l,{ |, )— (P, YY) (7.19)

J

9TO BBIPAKCHHUC COBIIAAACT C MATPHUYIHBIM 3JICMCHTOM OIICpaTopa F ,

(P9, = (W |+ 2 (1K, )| ¥,) = & (7.20)

[Tomyuennslii pe3yabTar Ha3piBatOT TeopeMoil Kynmanca. CoOcTBeHHbIE 3HaUeHUs (OKHAHA,

COOTBETCTBYIOLIME BUPTyaIbHbIM opOuTamsim YV ( j>N ) MOJKHO TPaKTOBATh KaK MPHOIMKEHHBIE

BEJIMYMHBI CPOJICTBA PACCMATPUBAEMOMN CUCTEMBI K 3JIEKTPOHY, TaK KaK:
E(N)—E(N+l)=—gj. (7.21)
3amerum, uto B npudmmkeHnn Xaptpu-Doka (ypaBaenus (7.17)) BUpTyanbHble CIMH-OPOUTAIN U
COOTBETCTBYIOIIME UM COOCTBEHHBIE 3HAUCHUS OJHO3HAYHO HE ONPE/IeNICHbI, TaK YTO, CTPOTO TOBOPSI, OHH
HE UMEIOT (PU3MYECKOTO CMBICTIA.
[ToHast sHEPTHS aTOMa WIIM MOJICKYJIBI B IPUOIMKeHNN XapTpu-DPoka He SIBISICTCS POCTON
CyMMOM OJIHO3JIEKTPOHHBIX 3HEpruid. [[edcTBUTENBHO:

ijlgi =2(¥, |ﬁ|\Pz> = i@’i |i’|‘//z> + ﬁ:«%l//j ‘%‘//,«>—<‘//in ‘W.f‘/’i>)' (7.22)

i i i,j

CpaBHuBas 310 BeipaxkeHue ¢ (7.1), momygaem:

N 1 N
Eyo = 28— 2 ((iil#7) = (i i) (7.23)
i i,j
B cityuae 3aMKHYTO# 21€KTpOHHOIT 000J10UKH:

B L%
Ey =23 ¢, —52(2<zj‘|ij>—<zj|ji>). (7.24)

2
§8. Meron MO JIKAO. Monexynst H,  u H,.

65



st HaxoskieHus1 pelieHuid ypapHeHuit Xaptpu-doka B ciryyae MoJieKys yI00HO HCTOIb30BaTh

NpeCTaBlIieHHE onepaTtopa /' B KOHEYHOMEPHOM 0a3uce OJHOYaCTUYHBIX (QyHKIMI. B kauecTBe Oazuca

MO>KHO BBIOpaTh JII0OYI0 cucTeMy QyHKIIUN { ;(i} , KoTopasi oOpa3yeT MoJIHbII Habop (Z| Z,>< X | = 1] , TO

€CTb 110 KOTOPOH MOKHO Pa3JIOAKHUTh B PsAJl MOJIEKYJIIPHBIE OPOUTAIH ¢, (31€Ch MBI pACCMAaTPUBAEM

clly4yail 3aMKHYTOM 2JIEKTPOHHOM 000JI0UKH):
goizz%.;(j 170071 (pzZCj;(‘/. (8.1)
J j

Ha mpakTtuke 115 mpecTaBieHus ¢ UCTOIb3YIOT KOHEYHbIe HAa00phl n3 M 6a3ucHBIX QyHKINN { X j} ,

KOTOpBIE MOT'YT OBITH BEIOPAHBI pa3IMdYHBIMK criocobamu. Hanbomee pacripocTpaneH METOT Pa3IoKEHUS
MoJeKyJIapHbIX opouTaneii (MO) no aromusiM opoutansam (AQO), HaliIeHHBIM U3 PEUICHHUS ypaBHEHUI

Xaptpu-Poka /1715 aTOMa UM COCTABIEHHBIM IO IPUOJIMKEHHBIM (OpPMYyJIaM, TO €CTh NIPEICTaBICHNE

M
MO B dpopme nuHelHON KoMOuHamK atoMHbIX opoutaneii (MO JIKAO). IIpu noacraHoBke ¢ = Zc X
J

B ypaBHeHHe XD nosryyum:
FY ¢, =€).¢,; (8.2)

YMHOkasi 3T0 ypaBHEHHE TOOYEPETHO HA ;(,.* (i =12,.,.M ) W AHTETPUPYS, IPUIEM K CUCTEME

JIMHEHHBIX ypaBHCHI/Iﬁ C HCM3BCCTHBIMHU BCIIMUYMHAMU Cj .

(nlFlz)e+(n|Fla)e+ -+ (| Flauew =2 (| m)e +(nl e+ -+ () 2 ) e ):
<ZZ|F|/1/1>01+<12|ﬁ|12>02+"'+<12|ﬁ|ZM>CM :8(<7(2|Zl>cl+<Zz|)(2>cz+---+<Zz|ZM>CM)>

(8.3)
(|FLa) e+ (| Fl ) es + ot G | Fl Y ew = (L) e+ (| 2) 60+t (| s Ve )-
3Ty CI/ICTeMy ypaBHeHI/Iﬁ MOJXHO 3a11ucaThb B ManI/ILIHOM BUJIC:
Fe=¢gSc wmm (1?—53’)2=0, (8.4)

r7ie MaTpuia F UMeeT MaTPHIHBIC JIICMEHTHI F; = < X |F ‘ ;(],> , Marpuna S - S, = < X ‘ x j> M ¢ ecTh

BEKTOP-CTOJIOEI, COCTaBIeHHBIN U3 K03 uumenTto paznoxenus MO mo AO.

Kax u3BecTHO u3 TUHEIHOM anreOpsl, CUCTEMa JIMHEWHBIX ypaBHeHHH (8.4) MMeeT HETPUBUATILHOE

peuieHue, TOJIBKO €CIU IETEPMUHAHT MaTPULIbL (F -8 ) oOparaercst B HyJIb:
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=0. (8.5)

U3 pemenus ypaBHeHus (8.5), KoTopoe sBIsSETCs ypaBHEHHEM M-0l CTENEeHN OTHOCUTENIBHO &, MOKHO

HalTu M KOpHeH: &,,¢,,...,&,, , IOJCTAaHOBKAa KOTOPBIX B (8.4) MO3BOIUT NOIYYUTh COOTBETCTBYIOIIUE UM

MO ¢, (i =1, 2,...,M) B BUJIC PA3I0KEHUN:
M
0 =267 (8.6)
j
Ecnu &; pacnonoxeHsl B TOPSKE BO3pACTaHUS, TO IEPBHIC % KOpHEW OyayT OpOUTAIbHBIMH

OHEPIUAMU 3aHATHIX MO, a OCTaBIIIHECA (M - %) - OHEPTHUU BUPTYAJIbHbIX COCTOSITHUH.

Hust pewennst (8.5) HeOOXOAMMO 3HATH MATPUYHBIE BJIEMEHTHI F, = < X, ‘F ‘ ;(q> us, = < Xy ‘ ;(q>.
Marpuunsie snemenTsl F, OyayT BBIpaXaThCs CICAYIOLMM 00pa3oM Yepe3 MHTErpajibl OT Oa3UCHBIX

byHKIUHI:

iz+zk:(2j; —]/f\k)‘)(q>:
N

~ (-5 4]z, )+ ZIIZ|R | 2,)+ 3350 (2{orlas)~(orlsa)

(8.7)

k=1 r,s

Pemenue ypaBHeHHs Ha MCEeBIOCOOCTBEHHBIC 3HAUCHHS (JOKMaHa F' , 3aITMCAHHOTO B MAaTPUYHOM

(bOpMC, MOXKHO HaUTU METOAOM HTCpaHHﬁ. Ha IMEPpBOM IIAre 3aJat0TCs HCKOTOPBLIC HAYaJIbHBIC 3HAUCHUA

K03 (HUITMEHTOB {c,lcr} , C KOTOPBIMHU BBIYUCIISFOTCS. MAaTPUYHBIE 3JIEMEHTHI [ ; , - C HallICHHO! MaTpuIeii

TOJTy4aroT HAbOp & ¥ HOBBIE 3HAYECHHS {c,fr} , C KOTOPBIMU OIISITh BBIYUCIISIFOT MAaTPUYHBIE 3JIEMEHTBI szq
9] 3

Y HaXOJIAT CIEAYIOUINI HaOoP {ckr} U T.JI. DTOT MPOLIECC TTOBTOPSIOT JI0 TE€X MOP, MoKa KO HUITUEHTHI

{c,’;} Ha 71-0i nTepanuy NpaKTHYECKH He OyIyT OTINYaThCs oT Koddduuuentos n+1-oi. Ynucno

I/ITepaHI/Iﬁ 6yz[eT 3aBUCCTH OT KOHerTHOﬁ 3a/la4ui U OT napaMeTpa CXOAUMOCTH 5, KOTOpI:IfI OOBIYHO

n+l

BBIOMpACTCS KaK 10°-107 n 3aJa€T OCTAHOBKY UTEPALMOHHOTO MPOLECCA, ECITU ‘ck —c, |<0 nns Bcex

3HaueHUH k u r. Yucno ureparuii, HeO6X0UMOE JUI MOIyYeHUs ¢, C 3aJlaHHON TOUHOCTBIO, ONpeessieT
CKOPOCTh CXOJMMOCTH IpOoIiecca, KOTOpasi 3aBUCUT OT MHOTUX MPUYUH, CPEIU KOTOPBHIX MOKHO

YIOOMSAHYTH BBI60p HayaJlbHBIX 3HAYCHUMN {CI(;} , HUCJIO 0a3UCHBIX (bYHKHHﬁ, BCJIMYUHBI UHTCTPAJIOB S g
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MCKOY 0a3UCHBIMHU (byHKHI/ISIMI/I, OHEPIreTUYICCKas ICJIb, OTACIIAIOIIAA 3aHATHIC MO or BUPTYAJIbHBIX, U
Apyrue. Yacro JJIA BBI60pa Ha4daJIbHOI'O HpI/I6J'II/I)KeHI/I$I (CIO,...,CI%/Z) HCIIOJIB3YIOT pCHICHUS, ITOJTYYCHHBIC

C ManHHefI ¢)OKI/IaHa, B KOTOpOﬁ OITYHICHBI YJICHBI 3JICKTPOH-3JICKTPOHHOI'O BSaHMOHGﬁCTBHH nimn

peLICHUA, HaﬁI[GHHBIC JJI OMITUPUYCCKU 3aJaHHBIX 3HAUCHUMN qu , HAIIpUMCpP, B MCTOZC XIOKKeIs (CM. §
I[J'ISI NOJIYUCHHA MaTpPHUIL FuS H€06XOI[I/IMO paccuuTaThb CICAYONIUC UHTCIPAJIbI.

1. MHrerpaibl nepekpbiBaHus Mex 1y 6asucHbIMA QyHKUMAME S, = < Xy ‘ ;(q> = .[ ;(; ( y) Xy ( ,u)d 7. Ecin

X, ( ,u) "y, ( ,u) ecTb AO, TO 3TH QyHKIIMM MOTYT OTHOCHUTCSI K OHOMY M TOMY %€ aToMy, JIN0O K

Ppa3JINYHbIM aTOMAaM. B MEPBOM CJIydac Mbl UMCEM JICJIO C OJHOUCHTPOBBIMU UHTCIPAJIaMHU, BBIYUCIICHUC

KOTOPBIX NPOCTO BBINIOJIHSCTCS B ChepruecKoil cucTeme koopauHar. Eciv ke y, u y, LUEHTPUPOBAHBI Ha

AJlpax pa3HbIX aTOMOB, PACCTOSIHUE MEXAY KOTOPBIMU R, TO MBI UMEEM TaK Ha3bIBAEMBIE JIBY XLIEHTPOBBIE

UHTETpaIbl < ymya q> , JUIsl BBIYMCIIEHHS KOTOPBIX HEOOXOIUMO 3aaTh QyHKIUU ¥, U J, B OJHON U TOMI

ap
KC CUCTCMC KOOpJAUHAT.

PacemoTpum npocreiinimii ciy4ai, koraa y,, 1 y,, €cTb HopmupoBanHeie AO Bogopoza ls-tuma,

HEHTPUPOBAHHBIE HA AIPaxX a U b, pacCTOSAHNE MEXIY KOTOPhIMU R:

1 1 —rb

—ra

Zap:ﬁe =7 qu:ﬁe =% H Spq:J.;(a(x,y,z);(b(x,y,z)dr.

BXO):[SHJ_II/IC B MHTCIrpal q)YHKLII/II/I X, 1 ¥, HaM U3BCCTHBI B Pa3HbIX C(i)CpI/I‘IGCKI/IX CUCTCMAX KOOpAUHAT,
(l’a , lga 0, ) u (l"b , Lgb’ (% ) , UTO HC ITO3BOJIACT IMPOBCCTU HHTCTPHUPOBAHUC. B3sate 3TOT HUHTCTPaJI BO3MOXHO,

€CITU TIEPEUTH K AIUTMIICOUAATIBHON (IUTMITHYECKOI) CUCTeMe KOOPANHAT /L, V U ¢, B KOTOPOH sipa a u b

nexat B Gokycax amurnca (puc. 1).

PHUCYHOK.
v+,
=-£ 1< u<o);
= (Isusw)
y=lalh (-1<v<+1);
R
¢ (0<p<2r).
DneMeHT 00beMa B AITUIICOUIATIbHBIX KOOpJUHATaX €CTh
1

a’r=§R3(,u2 —vz)d,ua’vd(p.
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B stux xoopaunarax:

S =<% lb>:R_32J?Tj(,u2 —vz)e”Rd,udvdgoz(l+R+%R2]eR.
01-

8 1
B moiekyie Hy mesxxbsaneproe paccrosnue R = 0,74 A wnu B atomMubix equannax R = 1,40 a.e., u
BenimunHa S, cocrasnger 0,75 a.e., 10 ectb AO CHIBHO NepeKprIBaroTCcs. OU4EeBUAHO, YTO HHTErpan S,

OyZeT yMeHbIIAThCS MPH yBEIUYeHUH R.

2. UnTerpanbl KHHETHYECKON SHEPTHH:
1 1
<;(p ‘ —EA‘;(q> = _E-[Zp (x,y,2)Ax, (x,y.2)dz,

o0 o 0
rae A - omeparop Jlamtaca A=—+—+—u x,, %, ectb AO cBoboaHOr0 aToma.
ox~ oy~ Oz
B chepuueckoii cucteme KOOpIUHAT € IIEHTPOM Ha aTOMHOM sijipe AO UMeeT CleayIouii BUI:
n-1 —cr
o= X (r:%,0) = N~R(r )e Y. (%9),

raie N — HOPMHUPOBOYHBIA MHOXHTEIb, R(r”’l) - IOJMHOM n-1-0M cremenu or r m Y, (S,go) -

chepuyeckas QyHKIHA.

Ecnu Qpyskunn g, ¥y, OTHOCATCS K OJHOMY SAPY, TO MHTETPUPOBAHUE MOXKHO BBINOJHUTH B

chepudecKkux KOOpIUHATAX, 3a/1aB onepaTop A (JilarjacuaH) B BUJIC:

0 +%i 1 o0 1 ¢ 1 cos$ 0

A=— + +— +— .
or’ ror r’sin®90¢° o4 r’sing o9

I[J'IH (bYHKI_II/II/I /}/’p u Zq , HCHTPUPOBAHHBIX HA PA3HBIX sAApaX, B3ATb 3TOT ABYXHCHTPOBbBIM UHTCTPAJI
MOKHO, nepefmﬂ K BHHHHCOHHaHBHOﬁ CUCTCMC KOOPpAUHAT, TAKIKC KaK JJIA Spq .

3. I/IHTCFpaJ'II)I BSaI/IMOHeﬁCTBI/Iﬂ QJICKTPOHOB C s/IpaMu.

Z
< X, ‘m‘ ;(q> ,Tne Z, - 3apsj aapa a, |r — Ra| =7, - PaCCTOSIHUE OT JJIEKTPOHA 10 sAapa o. MaTerpas

3JEKTPOH-SAEPHOIO B3aUMOIEHCTBHS MOXKHO Pa3JeIUTh HA TPU TPYIIIIbL:

o OZIHOLEHTPOBBIE, B KOTOPBIX ¥, , J, W I, OTHOCATCS K OIHOMY LIEHTDY, < X ;(a'> ,
Z 7z 7z

. neyxuentposbie: {7, | =] 7). (x.|=2]2) v (x.|72| x.),
r, r r
ZL'

o TPEXIICHTPOBBIC: < X | ;(b> , BKOTOPBIX Y,, ¥, U ¥, OTHOCSTCS K pa3HbIM LIEHTPaM.

c
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OHOICHTPOBBIE M IBYXIICHTPOBBIC MHTETPAIbl MOYKHO BBIUMCIIUTh, UCTIONIB3Ysl CHEPUUECKYIO U
AIUTUTICOUIATIBHYIO CUCTEMBI KOOPJIMHAT, a JIJISl B3ATUS TPEXIIEHTPOBBIX HHTETPAJIOB HEOOXOAMMO
UCTOJIB30BaTh 0OJIee N30IIPEHHBIE TTOAX0AbI (0osee moapoOHO cM. ClielTep «  » M OpUTHHAIILHBIC
paboThI).

4. aTerpaibl 3JIEKTPOH-3JIEKTPOHHOTO B3aUMOICUCTBUS:

1 2

< XXy ‘ X, ;(S> = ” ;(; (1) ;(; (2) ‘_1—_‘ ya (1) ya (2)drldr2 , B KOTOPBIX MHTEIPUPOBAHUE BEJIETCS 110

KoopauHaTam mepBoro (1) u BToporo (2) 371eKTpOHOB U "”1 - rz‘ =1, €CTb PACCTOSHUE MEXKIYy STUMHU

QJICTPOHAMMU. CpeILI/I ITUX ABYXJJICKTPOHHBIX UHTCIPAJIOB IIPUHATO BBIACIIATH OAHOLCHTPOBBIC, B KOTOPBIX

"

Bce yeTblpe AO OTHOCSTCS K OTHOMY LIEHTPY, T.€. < YAy ;(a> , IBYXIICHTPOBBIE KYJIOHOBCKHE

(ol 2oy =[x () 2 (2) rL 2, (1) 2, (2)drdr, =

12

-7 mz0) i % (2) 74 (2)drdz, .

W3 nocnenHei 3anucu HHTErpajla MOKHO BUAETh, YTO MHTETPAI MOKHO MHTEPIIPETUPOBATH KAK

9HEPTUI0 KyJOHOBCKOTO B3aUMOJICHCTBUS JBYX 3apSI0BbIX paclpeneieHuil y, v, U ¥, %, ,

JIByXIICHTPOBBIE THOPUTHBIE HHTETPAJIBI < Xuh

X ;(b> , IBYXIIEHTPOBbIE OOMEHHbIE < XXX lz;> u

TPEXLEHTPOBLIE U YETHIPEXIIEHTPOBBIE, B KOTOPBIX BcTpeuaroTcss AO Tpex HEHTPOB ( Xas X %) WIN

YETBIPEX LIEHTPOB ( Xas Xos Xos Xa ) . Ecnu BeIuMCIIEHHE OHOLEHTPOBBIX U JBYXIIEHTPOBBIX KYJIOHOBCKHUX U

rUOPHUIHBIX UHTErpajoB 0T AO MOXHO BBIIOJIHUTH aHATUTHUYECKUMU METOAAMHU, TO pacdeT OOMEHHBIX
JBYXIEHTPOBBIX U MHOTOLIEHTPOBBIX MHTEIPATIOB MOKHO BBIMOJIHUTH TOJIBKO YUCIIEHHO (O0siee moapoOoHO
cM. Crelitep ¥ OpurHHaIbHBIE pabOThI, IUTHPOBAHHBIE B ATOM KHUTE).

Pacuer HUHTCIPpAJIOB ABJISCTCSA HanOoJee CI0KHBIM 3TallOM KBAaHTOBOXUMHYECKUX pacycToB.

Mm* .
KonudecTBO 1BYX3J€KTPOHHBIX UHTETPATIOB < pq|rs> eCTh ~ < rae M — aucno 0a3uCHBIX PYHKIUN 1

ObICcTpO pacTeT ¢ yBenumaeHueM M. [1o 3toit mpuunHe BHIOOP 0a3MCHBIX (PYHKITNI HEOOXOIUMO
BBITIOJTHSATH ONTHMAJIBHBIM CIIOCOOOM, YUHUTBIBAS KaK YMCIIO PACCUUTHIBAEMBIX HHTETPAJIOB, TAK U CTETICHb

CJIO)KHOCTH HUX pacyeTa.

) +
§9. Monexynspusiii noH H, u monekyna Ho.
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. +
PaccmoTpum anexktponnoe ypaBuenue Llpénunrepa ayis MmonexynsapHoro vona Hy mpu

(bHKCHpOBaHHOM MCXKDBAACPHOM PACCTOAHHUU R:

?I‘P(x,y,z,s):E‘P(x,y,z,s), 9.1)
rae I/L\I=—1A—L—L;
2 7, |rh
0?9t o
A =——+—+— (oneparop Jlamiaca) u
o "oy T o (onepatop )

7

a

(X, =x) (%, =) +(Z,==2) s 5| = (X, =x) +(%, = »)’ +(Z,~=) - paccrosmus o

QJICKTPOHA A0 sA4apa a u b, COOTBCTCTBCHHO.

PUCYHOK.

3nech R—a €CTh PaJinyC-BEKTOP, ONPEAEIIAIOIINN MTOJOKEHHUE S1/1pa a,
R, -smpabu

r - 3JICKTPOHA.

Tak kak B MOHE BOAOpPOJa UMCCTCA BCEIO OJJUH 3JICKTPOH, TO B raMUJIbTOHHAHC HC COACPIKHUTCA

YJICHOB MEXAJICKTPOHHOTO B3aUMOCHCTBUS, U oniepatop H coBmanaet ¢ ¢pokuanom F . Pemenus

ypaBHenus IlIpénunrepa OyayT sBIATHCSA cMH-opOuTasamu P, (x, v, z,s) Monekyspaoro nona H, ™ u
MOTYT OBITh TIPEICTABICHBI KaK TIPOM3BEICHHS MOJICKYJISIPHON OpOuTaIn (p(x, v, z) Ha CIIMHOBYIO
dyskumo o (s):

‘P(x,y, Z,s) = go(x,y,z)a(s).

Tak kak onepatop H He COIAEP>KUT CIMHOBBIX MIEPEMEHHBIX, TO ypaBHeHHE (9.1) MOKHO

* v ~ v
YMHOXHWTb HA O (S) U IMIPOUHTCIPUPOBATH 10 CIIMHOBOU NNIEPEMEHHOU §, IPUHUMAIOIICH JIBA 3HAYCHUSA

1 1
(E’_Ej . YuuTsIBas, 4TO <0'| 0> =1, nosyunm ypaBHeHus aiig MO (p(x, ¥, z).
Hp(x,,z)= Ep(x,y,2). (9.2)
Ecnu ¢pynxmmro go(x, V, z) uckatb B Bujae JIKAO 1 orpaHu4IUTHCS TOIBKO ABYMSI aTOMHBIMH
opOHuTasAIMH ¥, U}, aToMa BOJOPOJa, TO
O=C ), FCo ¥ 9.3)

a ypaBHeHue (9.2) cBeercs K cHCTeMe JTUHEHHBIX YpaBHEHUH (CM. 8.3 B peapIayIeM pas3zene):
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H,c+H,c,=ES c+ES,kc, 9.4)
H,c +H,c, =ES,c+ES,c, '
170031
{(Haa ~ES,)e,+(H, —ES,)c,=0
, 9.4%)
(Hba —ESba)c1 +(be —ES,,)c, =0
rne Haa :<Za I/—} Za> :be :<Zb|i_\[|lb> u Hba :Hab :<Za I/—}|Zb>:<;{b|[/—} Za>’
S, = < 2. ;(a> = < X | )(b> =S,, =1, ecnmu AO BbIOpaHBI HOPMUPOBAHHBIMH (DYHKIHSMU
(2=l ) =1 S, =S, = (x| )= (x| 2.) -
C ydeToM paBeHCTBA MaTpU4HbIX 2nemenros (H,, =H, , H,=H, v S, =S, =1,S5,=S5,,=5)
HOJTY4YHM:
(Haa —E)cl +(H, —SE)c2 =0
. 9.4)
(Hab —SE)c1 +(Haa —E)c2 =0

I[J'ISI TOTrO, YTOOBI PCUICHUC JTOI CUCTEMBI OJHOPOJHBIX JIMHEHHBIX ypaBHCHI/Iﬁ OBLIO
HCTPHUBUAJIBHBIM, T.C. YTOOBI C1 1 C2 OTHOBPEMCHHO HC OLLTH PpaBHBI HYJIO, HCO6XOI[I/IMO HOTpCGOBaTb

PaBEHCTBO HYJIIO ONPENEIUTENS], COCTABICHHOTO U3 KO3 (PHUIIMEHTOB Mepel HUMU:

H,—E H,-SE

a

H,-SE H,_—E

det =0. (9.5)

PackpbiBas ieTepMUHAHT, MOJy4YaeM YpaBHEHUE BTOPOUM CTENIEHN OTHOCUTENBHO £
(H,-E) —(H,~SE) =0 (9.6)
Ucnonssys popmyiny a* —b* =(a+b)(a—b), nomyunm:

(H,-E+H,—-SE)(H,-E-H,+SE)=0,

nJIn
H,+H,-E(1+S)=0
H,-H,-E(1-8)=0,
OTKY/Jla HaXO0/JUM Ba KOPHA:
H +H H —-H
Elc — aa + ab , Ezc — aa ab , (97)
1+S 1-S
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o < +
KOTOPBLIC ABJIAKOTCA OLICHKAMU CBCPXY OHCPIUH ABYX HU3MIUX SJICKTPOHHBIX COCTOSSHUH MOHA Hz .

Bonnossie pynkiun (MO), COOTBETCTBYIOIINE STUM COOCTBEHHBIM 3HAYCHHSIM JIETKO TOTYYHTb,
MOJICTaBMB TIoo4epeHo £ u £, B ypaBHeHHs (9.5) ¥ ydTS HOpPMHUPOBKY <(p] |(p1> = <(/)2 |¢)2> =1.

1

1
=——(1.+2,)> — (2.1
0=t a) e=—=(t-1)

Jnst y, u y,, BeIOpaHHbIX Kak pemeHus (AO) 3agaun 00 aTome BOJIOPOAa, JIETKO PacCUUTATh

1 1 1 1 1 1
_EA_r__E|Z”> n H, =z, _EA_F__Z

a a

|2,)-

MaTPUYHBIE DJIEMEHTHI S = < Xa Zb> , H,, = < Xa

Beipaxenue a1 S yxe ObUI0 HAMU [IOJIY4€HO B IIpeAbIaylieM naparpade. Marpuunslii anement H

MOXHO IMPEACTABUTH KaK:

1
—|z.)-

b

Haa = Els (H)<Za
rae k., (H) =-0,5 a.e. ecTh HEPrus aTOMa BOJIOPO/ia B OCHOBHOM COCTOSIHMH. VIHTEeTpan

1 *
—| /’{a> = J.Md 7 JICTKO BBIYUCIINTB, UCTIOJIb3Y s DJUNIMIITHYCCKUEC KOOPAUHATBI, TAKKE KaK 3TO OBLIO
14 r

b b

(7.,

CIeNaHo aJisi uHTerpana S:

R3 (utv)R
1 12;;001?(;12—1/2)8 2
(l=lx)y==TT] dpdvdg =
r, 7 R
N . 9.8)
2 o1 (u+v)R

JI7nst BEIYKMCIIEHH MAaTPUYHOIO J1eMeHTa /1, MOKHO MCIOJIb30BaTh TOT (akT, yro AO y, ecTh

cobcTBeHHas (PyHKIMS TaMIJIBTOHHAHA aTOMa BOJIOpoJa (—%A —lj X =E, (H) %, - Homyunm:

7,

11
~=A-—|z,)~{Z
z

Hab :</1/a lb>_<;(a

1 1
5 Z|Zb>:E1s(H)<Za Z|lb>

2
HuTterpan nepexpriBaHUs < Xa | ;(b> =S, = e ® [1 +R+ R?j .

Pe3onaHcHbIN HHTCrpaJl 3JICKTPOHHO-AACPHOI'O B3aHMOHeﬁCTBHH MOXHO TaKX€ B34Thb, nepeﬁ)lﬂ K

SJNIMIITUYCCKHUM KOOpAWNHATaAaM (CM. Mart. I[OHOJ'IHGHI/IC).
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1
(7. r—|Zb> =e " (1+R).

Ucnonb3ys Beipaxenus (9.7), nojiydeHHbIE I OLIEHKU JIEKTPOHHOM SHEPTUU HOHA BOJIOPOJa B

OCHOBHOM U IIEPBOM BO36y>KI[eHHOM COCTOSAHUAX U YUUTBIBAA, YTO IIOJIHAA SHECPIrUs CUCTECMbI B

. . o ZAZB
HpI/I6J'II/DK€HI/II/I EopHa-OnneHreHMepa €CTb CYMMa SJICKTPOHHOH U SAJCPHOHN SHEPIUU . HOJ'Iy‘II/IMI
.1 |
E1=E1 +E, E'2 :E‘2 +E
nin
E =E, (H)+—— A+ B
R 1+S
A-B
E =E (H)+—+ ,
=, )+ 4+ 45
1 1
rac A :<Za r_|Za> ’ B :</’{a F_|Zb>, S = <Za Zb> :
a b

Taxk xak uHTErpansl A, B 0oiblie HyJIS M MOXXHO 1I0Ka3aTh, 4To A > B, T0 3Heprus E;' < E) 1 MOXHO

HapuCOBATh CICAYIOIYIO SHEPIrETUYCCKYIO AUarpamMmy:

PUCYHOK.

HpI/I 9TOM SHCPIruu E 1 COOTBETCTBYCT BOJIHOBAsA (bYHKI_II/IH @ =

1
m(lﬁﬁ(b),ab}-

1

?, Zﬁ(% —Zb)-

Ecau noctpouts rpaduky usMeHeHus E, (R ) uk, (R ) OT R, TO MOJTy4nM, 4TO (DYHKITUS
NOTEHIUAILHOW JHEPIUH E, (R) MMeeT MMHUMYM IIpY HEKOTOpOM 3HadeHun R =R, =2,5a.e., a

Gynkuus E, (R) HENPEPBIBHO PACTET C YBEIMUYECHUEM R.

PUCYHOK.

+ v
Taxum o6pazom, ansg nona Hy B mpocreitmem Bapuante npudamkenust MO-JIKAO nonyyaem iBe

KPUBBIX OTEHIHATIBHON SHEPTUH, OJJHA 3 KOTOPBIX COOTBETCTBYET E| (R) 00pa30BaHUI0 XUMHYECKOU
+

CBs3H B HOHE Hy ', COOTBETCTBEHHO MOEKyJIsIpHas opOuTaie ¢, = N ( Ko+ ;(b) (rme N ecTh KOHCTaHTa

HOPMHUPOBKH) Ha3bIBaeTcs cBs3piBatomeii MO, a BTopas E, (R) HE IMEET MUHUMYMAa, U

COOTBETCTBYIOIAs €if opouTans ¢, = N ( P ;(b) Ha3bIBACTCS paspbIxiisitonieil. 3HaueHue R., npu
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KOTOpPOM HUMECTCA MUHUMYM Ha HOTGHHI/I&J’ILHOﬁ KpHBOﬁ, Ha3bIBAOT PABHOBCCHBIM MCXKbAJICPHBIM

paccTosTHUEM, a TITyONHY TOTEHIIMATLHON MBI {E (oo) -F (Re )} = D, Ha3pIBAIOT SJHEPIUEN TUCCOLUAIIH

cuctemsbl. Bennuunsl R, u D, B ucnonb3oBaHHOM Bapuante Meroaa MO-JIKAO cocTaBistoT:

R, =2, 52056 = 1,3(1’1) A, D, = 1,8(2’64) 5B =170 KH% oyp 11 AOCTATOUHO 3aMETHO OTIMYAIOTCS OT

SKCHEPUMEHTANIBHO ONpe/ieJeHHbIX 3HAUEHUH, KOTOphIE YKa3aHbl B CKOOKAX. DTU OTJIMYHS CBA3AHBI C
HCIIONIb30BaHHBIM Npubmmxenuem. [Ipu ysenudenun 6asucHbiX QyHKIUIA B npeacTaBieHn MO MOXKHO
TIOMy4HUTh SHEPIUIO AUCCOIMALIMH U PABHOBECHOE PACCTOSHHE MOJeKynsapHoro nona Hy' ¢
SKCHEPUMEHTANBHON TOYHOCTHIO.

IomyueHHbIe 1Be MOIEKyIspHbIe opoutamt ¢, = N(x, + ,) # ¢, = N(x, — 1, ), cBs3pBaromas
¥ Pa3phIXJIAIONIAs, UMEIOT PA3HyIO YETHOCTH 110 OTHOLIEHUIO K ONEPAIMK 3e6PKATbHOTO OTPAKEHHUS B
TJIOCKOCTH, HEPIEHUKYIAPHON K MEKbAAEPHON OCH M HPOXOASIIEH uepes cepeuHy MeKbAIepHOTO
pacctosuus Hy', korna GyHKIMK g, Uy, MEHSIOTCS MecTaMu. [Ipu 3TOM ¢, He MeHseTCs, T.e. ABIAETCS
YEeTHOH (yHKIIHEH 1 0603HAUACTCA KaK ¢, (3HAYOK g POMCXOMIUT OT CIoBa «gerade» - «deTHAMY), & @,
MEHSIET CBOIi 3HAK M 0003HAYAETCS KaK ¢, (3HAYOK U IPOUCXOJIUT OT «Ungerate» - «HeueTHas»). [IonsTHO,
uTO QYHKIMS @, 0OPAIAETCS B HYJIb B CEPEIMHE MEKBAIEPHOTO PACCTOSHUSA R, T.e. uMeeT y3en. Eciu
HAPUCOBATh paclpe/eNeHue IeKTPOHHOM mI0THOCTH B Hy ', HCTIONB3Ys KOHTYpHBIE UArPAMMBI, B

. 2

KOTOPBIX Kayk/iasi IMHHUS COOTBETCTBYET ONMPE/ICICHHOMY 3HAYCHHIO SIICKTPOHHOM MIIOTHOCTH: p, = ‘(p g‘

2

I/Ipl,lzwu

PUCYHOK.

, TO IOJIYYHUM CJICAYIOIIUC NBC KAPTUHKHU:

I'maBHOE OoTIMYHME B ATUX JuarpaMmax COCTOUT B TOM, YTO JJIA COCTOSHHA f?2 (R) BCPOATHOCTD HaWTU

3JICKTPOH paBHA HYJIIO B TOUKC MCXKAY sAApaMHU, TOTJa KaK IIpru 06p330BaHI/II/I XUMHWYECKOU CBSI3U E1 (R)

3JIEKTPOHHAS MJIOTHOCTh MEXTY SIAPAMU UMEET KOHEUHYIO BEJIMUUHY.
[TonsiTHEe O CBSA3BIBAIONINX U HECBSI3BIBAIOIIUX OPOUTAIISIX PACIPOCTPAHSIETCS U Ha 00JIee CI0XKHbBIE
MOJIEKYJIbl. OKa3bIBa€TCs, UTO YMCIO y3710B MO CBSI3aHO C MOJOKEHUEM COOTBETCTBYIOLIETO
HHEPreTUYECKOro ypoBHs. UeM O0Jbliie Y3JI0B, TEM BBIIIE IO SHEPTHH OH PACIIOTIOKEH.
OTMETHM, 4TO MOJIEKyJISIpHEIif HoH H, ' sIBIIsleTCS eMHCTBEHHON MONEKYIISPHOI CHCTEMOH, s
KOTOPOI MOYKHO TOYHO pemuTh ypaBHenue llpénunrepa B mpubnmxennn bopua-Onmnenreiimepa,

HCIIOJIB3YS JUITUIITUICCKHUE KOOPAUHATBI U HaWTU «UCTUHHBICY MO, HC alllIpOKCUMUPY UX
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paznoxxenusmu 1o AO. (bonee noapo6no cMm. I'.bete «KBaHnTOBast MexaHuka MPOCTEUILINX CUCTEM,
OHTMU, Mocksa-Jleannrpan, 1935 r.).

Kpome 4eTHOCTH 10 OTHOIICHHUIO K TUIOCKOCTH, IEPIICHAUKYIISIPHOM K MEXbBIIEPHON OCH («u» U
«g» cocTosIHNSA), penenns ypasaenns Lpémunarepa s Hy', MO xapakTepusyroTcs 3HaueHHEM
OpOUTAITBHOTO MOMEHTA KOJIMYECTBA ABWKCHUS A, KOTOPBIH npuHNMaeT 3Hauenus 0, 1,2, 3 ... u
COOTBETCTBYIOIIINE COCTOSTHUS 0003HAYAIOTCS TPEUSCKUMH OyKBaMH G, T, O, ¢ U T.1. [Ipn 3TOM mpoexius
OpOUTAIIBHOTO MOMEHTA Ha MEXKBSJIEPHYIO OCh MOKET IPUHUMATH JIBa 3HAYeHUS A U — A, U SHEprUs
COCTOSIHUS HE 3aBHCHUT OT HalpaBJIEHHs BEKTOpa OPOUTAIILHOIO MOMEHTA, T.€. KaXIbli U3 yPOBHEH T, O, (0
... JIBOKIBI BBIPOIXKJICH.

Takum obpazom, MO H," 0603HauaroTCst Kak log, 1oy, 1ny, 1ng, 2064, 264, 21y, 27, ¥ T.A., TAE
udpa yka3plBaeT HOMEP yPOBHS ONPEIECICHHOIO TUIIA, HAIIPUMED, Gg B IOPSAAKE BO3PACTAHUS SHEPTUH.
OcnosHoe coctostane Hy' ecthb 16, epBoe Bo30yskIeHHOE cocTostHUE 16y, Ciieyolee BO30YKIeHHOE
COCTOsIHME 20, ajiee UAEeT 17y U T. 1.

PaccmoTpum teneps Monekyy Hy. DieKkTpoHHAsS CTPYKTypa €€ MOXKET ObITh Mpe/IcTaBIeHa KakK
N06aBIEHIE OTHOTO 3IEKTPOHA HA YPOBHU MoneKyspHoro nona H, . Ecim anekTpoH 106aBiseTcs Ha
HU3IIUN YPOBEHB, TO OJYYUM KOHPUTYPAITHIO (lcg)z, €CJIM Ha TIePBBIA BO30YKICHHBIN — KOH(DUTYpaIIHIO
(lcsg)l(lcsu)1 u 1.7. B cinyyae konpurypauuu (lcsg)2 Yy Hac UMEETCs JIMIb OJJHA BO3MOXHOCTh IOCTPOEHUS
BOJTHOBOM ()yHKIIMU B BUJE AeTepMuHanTa Creiitepa:

Y= Lde‘[ {(p a(l)g ﬂ(2)}
\/5 1 1 s

rae ¢, =lo, , Torna Kax s KoHpuUrypauuu (16y)'(16,)" MOXHO TOCTPOUTH (yHKITMH:
¥, = Lde‘[ {(pla(l)(ﬂz“ (2)};
2
1
Y, = ﬁdet {(01,3(1)(02,3(2)} ;
1
Y, = ﬁdet {(010! (1) %:3(2)};

v, :%det{(pﬁ(l)(/’za(z)}'

T'amMmuneTOHMAH MOJICKYJIbI H2 COACPIKUT OIICPATOP KYJIOHOBCKOI'O BSaHMOﬂeﬁCTBHH OJICKTPOHOB
MCKAY 0060171, KOTOpBIﬁ HEC ITO3BOJIACT NPOBECTU Pa3ACIICHUC DJICKTPOHHBIX IICPEMCHHBIX. I[J'ISI

npuOIKEeHHOTO penieHns ypasHenus Llpénunrepa Oynem ncnonb3oBaTh MeTo XapTpu-Doka,

3aMuChIBasi BOJTHOBYIO (DYHKIIMIO MOJICKYJIBI Kak AeTepMuHaHT Creiitepa W' st 2JeKTpOHHOM
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2 2
KOH(l)I/IpraI_II/II/I (IGg) NN (¢1) . MOJ’ICKYJ'ISIpHBIC OpGI/ITaJ'II/I {QJI} 1 COOTBECTCTBYIOIHEC UM 3JICKTPOHHBIC
OHEPI'MU TCHICPb JOJIKHBI UCKATBCA KaK COOCTBEHHBIE Q)YHKLII/II/I U COOCTBEHHEBIE 3HAUYECHUA orneparopa

- +
®doka (pokmana) F . Taxxke kak u B cimydae noHa H, , Monekymnsipable opOuTaM ya00HO UCKATh B BUJIC

TuHeHOM KoMOuHanmu aToMHbIX opoutaneit (JIKAO). Ecniu mo aHanmoruu ¢ BOJIOPOIHBIM HOHOM
OTPaHUYUTHCS IBYMs aTOMHBIMU OpOUTAISIMU, TO YpaBHeHHE XapTpu-Doka Fo = @ cBeAeTcs K

CHCTEME JIMHEHHBIX ypaBHEHUH, TOYHO TaKHX Xke Kak (9.4), B KOTOPBIX MaTPUUHBIE IEMEHTbI H , HyKHO

3aMEHUTh Ha MaTpUYHBIE d1eMEHTHI (pokuana F,, . Oneparop F' cornacHo ( ) ecTs:

~ 1 1 1 ~ ~ . ~
F= _EA ————+2/-K v ommuaercs OT raMWIbTOHMaHa HOHAa Hy  mpucyTcTBHEM KYJIOHOBCKOTO /
v,
b

a
1 oOMeHHoro K omeparopa. Marpudsele aneMentsl F, =F,, u F,, = F, KpoMe OZHO3JIEKTPOHHBIX

HWHTCIPAJIOB COACPIKAT AOIMOJHUTCIIBHO ABYXJJICKTPOHHBIC MHTCI'PAJIbI, H€O6XOI[I/IMBI€ JJIA BBIYHUCIICHUA

A

MaTPHUYHBIX JIEMEHTOB MHTErPAIIBHBIX onepartopos [ u K .

o = (. _EA_Z_E Xa) (2|21 - K| x,)
Fy=(z]-~a-—— L)+ (221 R | 2)
ab a 2 ra rb b a b/>
rac
X . 1
(20| z) =2 2. (e (2)| 2. (Ne(2)=
12
=2(cie, (XuZa | Xua) + S0 (220 | XaZs) F 0 (XX | Ha o) 3G 220 | 2 X))
- , 1
(2K |2)=[2.()e(2)|Hz 1)e(2)=
12
=cie (Huta| Xt ) ¥ (s | o) F el (Xt o 20a) F 36 (Xt | X )
(21| ) =2(cle/ (x| ora) +eser s | o) 16 (| 2tV + 06 (2| 2020
(K| ) =cre (x| ora) + e, (i 2o2ts) + 16 (| 2o2ts) + 36 2t 202
rae < Y Ars ;(S>=” 2, W)z, (2)L 7, (1) 7,(2)dr,dr, ectb ABYXOIEKTPOHHBIC HHTETPAIIBL, B KOTOPBIX
UP)

MHTErpapOBAHHIE BEJCTCS [0 KOOPMHATAM TepBoro (x,,,,z, ) — (1) u Broporo (x,,y,,z,) —>(2)

3JICKTPOHOB, 7;, =‘rl —rz‘=\/(xl —x2)2 +(y1 —y2)2 Jr(z1 —22)2 .
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VuuteiBas 5KBUBAJIEHTHOCTb GYHKIMN ¥, U ¥, H TO, YTO

(o | )= o) = (o | o) = (o2, | 2.2, ) » nORy i

F:m =Haa +Cl*cl <Zala ZaZh>9

Za) ¥ 200, (20| 2u s+ (cl0y + 630 ) (22

Fy=H,+(cie, + 650 )z 2attn) + (s + 650 (22| 2 Z)

rae HM u Hab €CTh MAaTPUYHBIC DJICMCHTEI OI[HOI)J'ICKTpOHHOI\/'I YaCTHu raMuJIbTOHHaHa, KOTOPLIC

+
COBIAAAOT C MATPUYIHBIMU 3JICMCHTAMU 'AMUJIBTOHHAHA JJISI MOJICKYJIAPHOI'O MOHA Hz . Takum O6p330M,
JJId IMOJIYYCHUS MATPHUYHBIX 3JICMCHTOB doxkuana H606XO)II/IMO BBIYUCIIUTD TPU ABYXIJICKTPOHHBIX

HHTCIrpaia:

Xa )(a> = ” 7.7, (2)L 2.(1) x.(2)dz,dr, (onHOUCHTPOBEIN KYJIOHOBCKHIT HHTErpaI),
7

12

(XX,

Z. Zb> = H z. (1) z. (2)rL Z. (1) %,(2)dz,dr, (1ByXueHTPOBBIN rHOPHHBII HHTEIPAN) 1

12

(2.7,

(XZo| Xa20) = ” 2.z (Z)VL 2. (1) z,(2)dr,dr, (uByXueHTPOBBIH OOMEHHBI HHTETPa).

12
Brruncnenne 3Tux MHTErpajioB JOCTATOYHO CJI0KHO, M PACCMOTPEHHE METOJ/IOB UX pacyeTa BHIXOJIUT 3a
pamku nanHoro nocoous. (ITogpoduee cm. Cneiitep « DNEKTpOHHASI CTPYKTYPa MOJIEKYID)).

Ecnu cuntaTh, 4TO MaTpUYHBIE JJIEMEHTBI F, U F,, BBIYUCIIEHBI, TO noaydeHrne MO u

COOTBETCTBYIOIIMX UM OJHORJIEKTPOHHBIX (PYHKIUN OyJET MOTHOCTHIO SKBUBAJICHTHO UX PACUETy IS

N
H2 . B pGSyHLTaTe HOHyLH/IM JABa O)IHOSJ‘IeKTpOHHI)IX ypOBHH 3HeprI/II/I 8g 58 (‘,‘u . KOTOpI)IM COOTBeTCTBy}OT
nse MO:

¢ =N, (Za +7(b) u ¢, =N, (Za _Zb)

(lag) (1o,)

ITonHas noTeHuMabHAs 3HEPTUst MOJIEKyJibl Hy F (R) OyJeT onpenesaThCs Kak CpeaHee

3HAYEHHUE FaMWIBTOHUAHA MOJIEKYJIbl F = <‘~I’|H |‘P> Ha BoyIHOBO (yHKIMK P, moCcTpoeHHOM B BUIE

nerepmuHanTta Crertepa:

¥ = det{p (1 (1) (2) 5(2))
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1
E(R) =2¢, _<¢)1(p1 |¢1¢’1>+E =

o 9.9
=2E, (H) +E —m«ll

XoZa) X | 2 2s)+ 22| 2620 ) + 4 (X,

A+ B
-2 .
Taxokxe kKak 1 g Hz+ MOTEHIMAJIbHASA KpuBas F (R) HMeeT MUHUMYM IIpU PaBHOBECHOM

3HAQUEHUU MEXBbsJIEPHOTO PaccTosiHUA R = R,, CM. pHuC.
PUCYHOK.

PacueTHble 3HaUeHMs MOJIEKYJISIPHBIX IOCTOSHHBIX R, 1 D, , nony4deHHsle o popmyiie (9.9),
cocraBisAOT: R, =1,4a.e. (1,40), D, =3,625B (4,46 5B). B cxo6kax yka3zaHbl S5KCIIEPUMEHTAIbHbIE

3HA4YCHUA.

§ 10. MO nByXaTOMHBIX MOJIEKYI.

B npubmmkennn Xaptpu-Poka MokHO monyuuTbh MO aiis 6oJiee CII0KHBIX TOMOSIIEPHBIX
JIByXaTOMHBIX MOJIEKYJI, HCTIOIB3Ys paznoxeHrne MO 1mo cooTBETCTBYIONUM aTOMHBIM GyHKIusIM (MO-
JIKAO). IIpu 3TOM TaKxke Kak Jyist H," nosssrcs opburanu lo,, 16y, 2064, 26y, 17, ¥ T.1., TOE, KaK yke
TOBOPHJIOCH, 1M ]pa yka3siBaeT HoMep MO JaHHOTO TUTIA B TMIOPSIJIKE BO3pACcTaHUsl SJHEPTUH, OYKBHI G, T,

d, (... COOTBETCTBYIOT BEJIMUMHE MOMEHTA UMITyJIbca 1eKTpoHa [, =0,1,2,3,4,..., COOTBETCTBEHHO, a

MHJICKCHI g ¥ U YKa3bIBaOT 4eTHOCTh MO 1O OTHOIIIEHUIO K MHBEPCUU B IIEHTPE cuMMeTpuu. Ecin
OTPAaHUYHUTHCA PACCMOTPEHUEM TIIABHBIX (MaKCUMAaNbHBIX ) KO3 uImeHToB B paznoxeHusx MO nmo AO

TUNOB 1s, 2s 1 2p, ToO MOKHO npeacTaBuTh MO crenyromum o0pa3om:

lo, = N(1s, +1s,) - ceasbiBatomtas MO @@
lo, = N(ls, —1s,) - paspeixysroras MO G}@
20,=N (25, +2s,) - cBssbiBatomas MO @E)

20, = N(2s,—2s,) - paspsixsomas MO E}@
30, =N(2p.,—2p.,) - cBasbBaromas MO

36, =N(2p.,, +2p.,) - pasperxasiomas MO OT>D
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N(me +2pxb)
’ - cBa3bIBaromast MO
N(2p,, +2p,)

N(pra_szb)

Iz, = ) - paspeixastomas MO

g
N(zpya - 2pyb
HHH BCEX T'OMOAACPHBIX MOJICKYJI, 06paSOBaHHI>IX aTOMaMHM IIEPBOro U BTOPOro rnepuoaa, 3a

HCKIIFOYCHUEM MOJICKYJI Oz )41 Fz, Ha6HI-OIIaCTC}I cireayromias rmocjaea0BaTCIbHOCTb OJJHOSJICKTPOHHBIX

SHEprui g;:

g

¢(lo,)<e(l0,)<e(20,)<e(20,)<e(1z,) < (30, )< £(1x,) < £(30,). (10.1)

B monekynax O, u F, opOutansHas sHeprus 5(3c7g) HIDKE 5(17zu ) .

HpI/I YMCEHBIICHUU MCKDBAACPHOTO PACCTOAHUSA MOJICKY JIbI (R —> 0) MOJICKYJIAPHBIC 0p6I/ITaJ'II/I

JOJDKHBI TTepexoauTh B AO 00beTMHEHHOTO aToMa, a pu R — o0 cooTBeTcTBOBaTh AQO pa3eieHHbIX
aToMOB. Mcronb3ys TOT GakT, yTo npu u3MeHeHnn R cummetpust MO 10DKHA COXPAHATHCS, MOKHO
HApHCOBATH CIEAYIONLYI0 KOPPEISIUMOHHYIO quarpamMmy 11t MO roMosiiepHbIX MOJIEKYJI.
PUCYHOK.

DNEeKTPOHHBIE COCTOSHUS (TEPMBI) JIByXaTOMHBIX MOJIEKYJI XapaKTePU3YIOTCsl KBAHTOBBIMHU UHCIIAMU

IIOJIHOT'O CIIMHOBOT'O U ITIOJIHOI'O Op6I/ITaJ'II)HOFO MoMeHTOB. Kak u AJI1 aTOMOB, MYJIbTUILJICTHOCTD TECpMa

(2S + 1) 0003HaYaI0T BEPXHHUM JICBBIM UHICKCOM, IPOCKITUIO MTOJIHOTO OpOUTAIIBHOI'O MOMEHTA Ha OCh
MoJIeKyJIbI A 0003HaYal0T OOIBIIUMU TpeueckuMu OykBamu X, I1, A, @..., KOTOpble COOTBETCTBYIOT

3HaUYeHHSIM A = le. =0,1,2,3.... Ot o003HauECHHUS (ZS“A) WCITIOJIB30BaHbI B TA0JIHIIE. DJICKTPOHHBIC
i

KOH(UTYpalliy C TIOITHOCTHIO 3aMIOJIHEHHBIMU (3aMKHYTHIMH) 3JIEKTPOHHBIMU 000JIOYKAaMH, B KOTOPBIX
kaxaass MO BaXk/Ibl 3aHATA U HET BRIPOXKICHHBIX opOuTasei (7, o...), 3aM0oJTHEHHBIX YaCTUYHO, BCETIa
COOTBETCTBYIOT HyJIEBbIM 3HaueHHsM A 1 S, T.e. cocTosiHusAM 'Y . CripaBa BHU3Y y 0003HAUEHHUs TepMa
JUISL TOMOSIIEPHBIX JIByXaTOMHBIX MOJIEKYJI CTaBsSIT HHIEKC «Z» WITH «U», YKa3bIBAIOIINI YETHOCTh
BOJIHOBOHW (D)YHKITMH IO OTHOIICHHUIO K Oomepaiuu nuHBepcun. Tak kak kaxaas MO Takke sBisieTcs
(GYHKIHMEW TUMA «Z» WU «U», TO YETHOCTh MOJTHON BOJTHOBOH (PYHKIIMU, COCTABICHHOW B BUJIC
npousseneHnii MO, onpeensercs: ¢ MOMOIIbI0 EPEMHOKEHHUS YETHOCTEH OT/IeIbHBIX OpOHTAJICH 110

npaBwiIaM g*g =g, u*u=g u g*u =u.OTCro/a cIeayeT, 4YTO COCTOSIHUS THIA «UW» MOTYT

BCTPETUTHCSI TOJIBKO JJIs1 MOJIEKYJI C HEYETHBIM YHUCIIOM 3JIEKTPOHOB. B 0003HaueHun Tepma cripaBa
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CBEPXY IJId COCTOSIHMI X (A = 0) CTOUT 3HAK «» UIIH «-», KOTOpBII71 YKa3bIBa€T HAa YCTHOCTH BOJIHOBOH

(YHKIMH 110 OTHOIICHHUIO K OTPAXKCHHUIO B TUIOCKOCTH, B KOTOPOH JICXKHUT OCh MOJIEKYJIbl. Tak kak Bce MO
TUTIA G CHMMETPHUYHBI 110 OTHOIICHHUIO K OTPAXXEHHIO B TAKOW TNIOCKOCTH, COCTOSIHUSL X~ MOTYT
BCTPETUTHCSI TOJIBKO JJIs1 HETIOJTHOCTHEO 3aTIOJTHEHHBIX (OTKPBITBIX ) AJIEKTPOHHBIX 000JI0UEK,
BKJIFOYAIOIIMX JABYKPATHO BhIpokaeHHbIe MO (m, 9,..). Hanpumep, coctosinue X~ BO3HUKAET B CiIyyae,

Korga ABC BBIPOKIACHHLIC 7'C-Op6I/ITaJ'II/I 3aIl10JIHCHBI HAIIOJIOBUHY, U CyMMapHas MMpOCKIUA UX
Al o\
Op6I/ITaHBHOFO MOMCHTa paBHa HYIIIO, (72' ) (71' ) . I[J'IH OTKPBITBIX 3JICKTPOHHBIX 06OJ'IO'-I€K TOMOAICPHBIX

ABYXATOMHBIX MOJICKYJI MOKHO COCTABUTDh BOJIHOBBIC (l)yHKIII/II/I, COOTBTCTCTBYIOIINEC PA3JIMIHBIM

SJICKTPOHHBIM COCTOSAHUAM (TCpMaM) MOJICKYJIBI. Taxk oboirouka 1'52 IMOpOXKAACT COCTOAHUA lA g 32; u
g+ )
Zg . I{J’IS[ MOJICKYJI 02 u B2 BCTPCHACTCA MMCHHO TaKOU THUII o6omnouku. Ilo OKCIICPUMCHTAJIbHBIM JaHHBIM

OCHOBHBIM COCTOSAAHHUEM 3TUX MOJICKYJ SABJIACTCA COCTOAHUEC 32; , UTO COrJIaCy€TCs C IMpaBUJIOM I yHAa,

COTJIaCHO KOTOPOMY HanOo0Jiee HU3KOE 10 IHEPTUU COCTOSTHUE UMEET MaKCUMAaJIbHBIN CITHH.

[Topsimok pacnonoskernss MO (10.1) 1m03BOJISET BBISCHATH CBOWCTBa CHMMETPHUH OCHOBHBIX
COCTOSIHUI BCEX TOMOSIIEPHBIX JBYXaTOMHBIX MOJIEKYJI, COCTAaBJIEHHBIX U3 aTOMOB BTOPOIO MEPUO/Ia, a
TaKXe OIICHUTH MPOYHOCTh X CBSI3U, KOTOPAsk 3aBHCHUT OT TOT'0, HACKOJIBKO YHCIIO AJICKTPOHOB Ha
CBSI3BIBAIOIINX OPOUTAISIX MTPEBBIMIAST YHCIIO 3JICKTPOHOB Ha paspeixistrommx MO. Hanpumep, Monekyna
H, nmeeT nBa CBA3BIBAIOMINX 3JIEKTPOHA, U €€ YHEPTHS TUCCOITUAIIIN TIOUTH BIBOE OOJIBIIIE YHEPTUH

+
nuccouuanuu nona Hy . Monekyinsl Hep, Be; 1 Na; HMeroT paBHOE YMCIIO CBSI3BIBAKOLIUX U

PA3PLIXIAIOIIUX SJICKTPOHOB U ABJIAIOTCA IMPAKTUYCCKU HCCBA3AHHBIMUA U T. 1. B Ta6JII/II_Ie MMPUBCICHBL

3JICKTPOHHEIC KOHq)HpraHHH, CUMMETPHUA OCHOBHOI'O COCTOSAHUSA, DHEPIrud JUuCCoalnu (DO) ! u

PaBHOBECHOC MCKBAACPHOC PACCTOAHUC AJIA TOMOSJACPHBIX MOJICKYJI U UX ITOJIOKUTCIIbHBIX HOHOB.

Tabnuma 2. DneKTpoHHbIE KOHPHUTYPAIIH, TUIIBI OCHOBHBIX YJICKTPOHHBIX COCTOSHUMA U
cnekTpockonuyeckue mapamerpsl (Re, Do) ToMoOsIepHBIX ABYXaTOMHBIX MOJIEKyJ. (3HaueHus Re u Dy
B3sThI M3 K.-I1. Xp106ep, I'. ['eproepr «KoHCTaHTHI 1ByXaTOMHBIX MOJIeKyI», M., «Mupy, 1984).

Monekyna Kondurypamus Tepm Do, 5B R., A
H," (1o,) 5 2,69 1,06
H, (1o,) Tt 4.48 0,74

! D, ormmuaercs or D, , BBeeHHOI paHee Kak riyOMHA IOTCHIHATBHOM SIMBI, Ha SHEPTHIO HyJICBOTO KOJNECOATEIBHOTO

YPOBHSI.
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He," (1c,) (15,) 2y 237 1,08

u

He, (10,) (10,) 'z — —
Li," [Hes] (20,) 25 1.4 .
Li; [He:] (20, ) 'S 1,04 2,67
Be, [Lis] (20,) 'z — _
B, [Be:] (17, )’ s 3.0 1,59
C» [B] (1z,)’ 'z 6,21 1,24
Cy B (1z,)' (30,) '3 8,4 1,27
N, B2 (17,)' (30,) 2z 8,71 1,12
N, B2 (17,)' (30, ) 'zt 9,76 1,10
0," N (1z,) I, 6,66 1,12
0 N (17, ) 5! 5,12 121
F' [0,] (1z,) I, 3,33 1,32
Fs [0,] (1z,)’ 'S 1,60 141
Ne; [F2] (30,) ' — _

J71st reTeposICpHBIX IByXaTOMHBIX MOJIEKYJI, TAKXKE KaK U JIJIsl TOMOSIIEPHBIX, UCTIOTIb3YETCS
MOHSTHE O CBA3BIBAIOMIMX U pa3pbixiisaomux MO. OnHako, Tak Kak TeTeposiiepHble MOJIEKYJIbl HE UMEIOT
ueHTpa uaBepcun, MO XapakTepu3yoTcs YETHOCTBIO 110 OTHOLIEHHIO K 3Toi onepauud. [1o 3Toi
npuyrHe KodpumenTsl npu AO 0HOTO TUIIA OT Pa3HBIX aTOMOB (Harpumep, 1s, u 1s,) HE COBMANAIOT,
KaK 3TO OBUIO B ClTydae MOJIEKYJI C OJMHAKOBBIMHA ATOMaMHU, a OMPEACIISIOTCS B PE3yJIbTaTe PEIICHHUs
ypaBHeHni XapTpu-Doka-Pyrana. [IpnOimmKkeHHO COCTOSHUS T€TEPOSIICPHBIX MOJIEKYJT MOKHO
paccMaTpHuBaTh, Kak BO3MYIICHHbIE (BUIOM3MEHEHHbBIE) COCTOSTHUS TOMOsIIEpHBIX aHaioros. Hanpumep,

coctaB MO 151 mosiekysisl CO B HEKOTOPOM CMBICIIe aHaiorudeH coctapy MO B mosekysie Ny, st
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monekynsl NO aHanmorom 6yeT MoneKyIapHbIii HoH O, u T.1. J{1s TeTeposIepHBIX MONEKY TaKKe
MOJIE3HO UCIOJIB30BaTh KOPPEISILIMOHHBIE TUAarPAMMBI.
PUCYHOK.

W3 koppensiuoHHbIX quarpaMm (pUc. ) CIeayeT, YTO MPH U3MEHEHUH MEXbIIEPHOTO PACCTOSHUS
R 0THOANEKTPOHHBIE HEPTUH, COOTBETCTBYOIME MO, MEHSIOTCS, TaK YTO IIPHU Pa3HBIX 3HAYECHUSIX R

JIByXaTOMHAsI MOJIEKYJIa MOXKET UMETh Pa3IMuHbIC AJIEKTPOHHBIE KOH(PUTYPALIMHU, YTO YACTO HAOIIOIAeTCs
B IIPaKTUYECKHUX pacyeTax. IIpu sTom nis &, (R) JEHCTBYET «IIPAaBUJIO HEIIEPECEUEHUs», COTJIACHO
KOTOPOMY IOTEHIHAIbHbBIE KPUBBIE &, (R) , KOTOpBIM cOOTBETCTBYIOT MO 0/1IHOM M TOM XK€ CUMMETPHH,

HE MOT'YT IEpCCCUbCH. HOpSI)IOK CJICIOBAHUA OJHOIJICKTPOHHBIX ypOBHeﬁ AJIA TETCPOAACPHBIX

ABYXAaTOMHBIX MOJICKYJI [P PaBHOBECHOM 3HAYCHUU MCKBAACPHOTO PaCCTOAHUA R= Re CHG,HYIOHJHP'II

lo<20<3c<4o<lr<50<2n<60.
3ametnMm, uTo oTHeceHHe MO K CBSI3BIBAIOIINM HJTH PA3PBIXIIIONIAM OpOUTAIISAM JIJIS TETEPOSACPHBIX
MOJIEKYJI HE BCET/Ia COBIAIAET C OTHECEHUEM B CTydae TOMOSICPHBIX MOJIeKyJ. Hanmpumep, aiis

monekyibl LiH MO 26 uMeeT cBsI3bIBatOLIMi XapaKkTep, TOrAa Kak opOUTanu 1o, roMosaepHbIX MOJIEKYJI

Pa3phIXJIAIOLIKE.

§ 11. MO MHOTroaTOMHBIX MOJIEKY/I.

MonekynsipHble OpOUTAI MHOTOATOMHBIX MOJIEKYJI, KaK MIPABHJIO, UIIYT B BHJIE Pa3JIOKEHUH 110
0a3uCHBIM (PYHKITUSM, B KaU4ECTBE KOTOPBIX yI00HO BEIOMPATh (DYHKIIMH, allTPOKCUMHUPYIONHNE aTOMHBIE

opb6uranu (AO):
M
0=2.c1: (11.1)

Koa¢hduuuents! ¢, nomyuaror, pelas UTepalMOHHBIM METOA0M CUCTEMY ypaBHeHUI XapTpu-Doka-
Pyrana:

Fe=gSe,
rae F - MaTpuna GpoxKrana, S - MATPHUIA MHTETPATOB [EPEKPHIBAHIS OA3HCHBIX (YHKIHI U ¢ - BEKTOP-
cronben, npeacrasistommii MO ¢ B mpocTpancTBe 0a3UCHBIX (yHKITHIA { ;(l.} . [lonsiTHO, YTO TI1aBHAS

CJI0KHOCTH B pacuere MO MHOT0aTOMHOM MOJIEKYJIBI COCTOUT B TIOJTYYSHUN UHTETPATIOB, HEOOXOAMMBIX

JJI BBIYHUCJIICHUA MAaTPUYIHBIX 9JICMCHTOB qu . HpI/I OTOM HOJYYAaCMbIC PE3YJIbTAThI U BLIYUCIIUTCIILHBIC

3aTpaThl CHJILHO 3aBUCAT OT BBIOOpA CUCTEMBI 0a3MCHBIX (PyHKIMI. B kadecTBe 6a3uca, KOHEUHO, MOKHO
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HUCIIOJIB30BaTh AO, IMOJTYYCHHBIC B PE3YJIbTATC PCUICHU S ypaBHeHI/Iﬁ XaprI/I-q)OKa JJIs1 aTOMOB, OAHAKO
N3 TOBOJIBHO CJIOXKHO MOJYYUTh, a4 KPOME TOTO OHU HE MPCACTABUMbI B aHAJIMTUICCKOM BUJC. CHGﬁTepOM

OblLIa mpeIokeHa npocTas cxema npudamkennoi 3anucu AO. Ilo Caelitepy aroMmHas opOurans @,
3aJ1aeTcsl B BUJIE:
_ n-1_—¢r
P =N Y, (9,0), (11.2)

rae n,l,m - rmaBHOE, OpOUTATIHLHOE U MAarHUTHOE KBAaHTOBBIE YKclia, N — HOPMUPOBOYHBIN MHOKUTENb, ¢

- mapameTp, onpezessemMblii uepe3 3PEKTUBHBIN 3apsa AaTOMHOTO S1Ipa Z,gp, U 3P dexTruBHOE T1aBHOE

Z?d%ﬁ

*

KBAaHTOBOE YMCIIO 1 | ¢ = , X, (%,0)=F, (cos3)e™ - mapossie pyukiun. Creiitep BBen

NpaBUIIa ONPENEICHUS Zygp¢ YEPE3 KOHCTAHThl SKPAHUPOBAHHUS 3apa/a Apa IPYTUMU 2IEKTPOHAMHU U
pexoMmeH10Bail 3G (HEKTUBHBIE IIABHBIE KBAHTOBBIE YKclia 71° . TakuM 00pa3oM, B 9TOM IOIXO0/I€ KayKIbIiA
JJIEKTPOH B aTOME PACCMATPUBAETCS TOYHO TAK)KE KaK B BOAOPOAOINOI00HOM aTome, ¢ 3(PpPEeKTHBHBIM
3apsiioM Zpg U 3P HEKTUBHBIM TIIABHBIM KBAHTOBBIM YHCIIOM 71, U €T0 SHEPIUsl 3a[1aeTCs TAKXKE KaK B

aToOME BOJ0poaa:

E:_lﬁ

n 2 T
Bonnoseie ¢pynkiuu (11.2) Ha3eiBaroT opouTansmu ciueiiteposckoro tuna (STO — Slater type orbital).
I'maBHoe oTimune STO ot ucTuHHBIX AO COCTOHUT B TOM, YTO MX paJHalibHbIC YaCTH HE UMEIOT y3J10B. Ha
PHCYHKE IIPUBEICH TpaduK 3aBUCUMOCTH OT » paauanbHoi yacti STO (MyHKTUpHAS THHUS) U
paauanbHOl yacTu Tounor AO Ss-tuma.

PUCYHOK.

[TapameTps! ¢, 6a3ucHBIX QyHKUUIT CIEHTEPOBCKOro TUIIA MOXKHO HAXOJUTh BAPUAIIMOHHBIM
nyTeM, oAOupas Te 3HAUEHUs1, KOTOpPbIe Jal0T MUHUMAIbHOE 3HaU€HHUE MOIHOM 3Hepruu aroma. [Ipu

9TOM Kaxkayto AO ¢ KBaHTOBBIMH YHMCJIAMU A, [, m ((pn ; m) MOYKHO MCKaTh B BUJE JTMHEHHON KOMOMHAIUN

STO ¢ pa3HbIMU 3HAUYEHUAMU IAPAMETPOB G, .

Hcnonb3oBanue 6a3ucHbix GpyHKuid STO okazanochk KpaitHe CII0KHBIM IS TPOBEICHUS
peanbHBIX PacUYeTOB, OCOOCHHO I MHOTOATOMHBIX MOJIEKYJI. [ TaBHas TPy AHOCTh BO3HUKIJIA NIPU pacyueTe

TPEXUCHTPOBBIX U YCTBIPCXIUCHTPOBBLIX ABYXIJICKTPOHHBIX UHTCIPAJIOB, BXOAAIINX B MATPUYIHBIC

3NIEMEHTHI (POKHaHa - < XX | X ;(a> u < X | XX d>. ITo »T0i mpuuKMHE BMecTO 6a3uCHBIX (PyHKIMIA CTaIu
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UCTIOJIB30BaTh OasucHble pyHkimu rayccoporo tumna (GTO — Gaussian type orbitals), B KOTOPBIX B

KCTIOHEHIIMATHHOM MHOYKHTENE BMECTO 7 CTOUT 7°:
D = NF'e Y, (9,0). (11.3)
Panuanbhbie yactr 6a3ucHbIX GyHkuuii GTO yn00HO 3anucBaTh B JEKAPTOBBIX KOOPAWHATAX KaK:
X = x"’y"z”e"“z. (11.3a)
I'maBHoe mpenmyiecTB0 GTO COCTOUT B TOM, YTO MPOM3BEICHUE IBYX [AyCCOBBIX (yHKIIHI,

LNECHTPUPOBAHHBIX B Pa3HBIX TOYKAX a U b, 9KBHUBAJICHTHO OI[HOI>’I FHYCCOBOﬁ q)YHKLII/II/I, paCHOHO}I(CHHOﬁ

MCXKAY 3TUMHU TOYKAMH, T.C. ¥ ¥, = X.- BCJ'IC]ICTBI/IC 3TOr0 CBOMCTBA TPEXUCHTPOBLIC U

YETBIPEXIIEHTPOBBIE HHTETPAIIBI MOTYT OBITh CBEJICHBI K JIBYXIICHTPOBBIM, KOTOPBIE JOCTATOYHO MPOCTO
BBIYHCITUTD.

PacninaToii 3a Gosiee erkoe BHIYMCICHUE HHTETPAJIOB SIBISIETCS CYLIECTBEHHOE YBETUUYCHHUE YUCIIa
0a3uCHBIX (DYHKIUI1, KOTOPBIE HEOOXOAUMBI JUISI TTOJTyUYEHUS PE3yJIbTaTOB C TOW )K€ TOYHOCTBIO, YTO U B
ciydae ucnonb3oBanus 6azuca STO. Kpome Oounbiioit pasmepHoctu 6azuca GTO mo cpaBHeHHIO ©

6asucom STO HCI0CTAaTKOM GTO sBngercs TO, YTO OHH HC YAOBJICTBOPAIOT I'PAHUYHBIM YCJIOBUSAM Ha

sIpe, KOTOpble HakaapiBatoTcss Ha AO (% = —% , conditions). /[nst mprimMepa nmpuBeaeM pacueT
SHEPTHH aTOMa BOJOPOJAA C UCIIOIB30BAHUEM PA3NUYHOTO uncia 6azucHbix pynkiuit GTO mns
annpokcumarmu AO (FO. Abamkun, A. JleMeHTBEB).
n, GTO E, at. en.
1 -0,424413
-0,435813
-0,496979
-0,499277
-0,499809
-0,499940
-0,499976

10 -0,499999

~N O N bW

W3 npuBeieHHBIX JaHHBIX BUIHO, YTO JUIS MOJTYYEHUS SHEPTHU aTOMa BOJIOPOJa C TOYHOCTHIO JI0 LIECTOU
3Havanie mudpsl HykHO B34Th 10 6a3ucHbix Gynkmuii GTO. B Hacrosiiee BpeMs npakTuyeckue

pacyeTsl MOJIEKyJI MpoBoAATCA B 6azucax AO, annmpoKCUMHPOBAHHBIX (DYHKIMSMH rayccoBoro tuma. [Ipu

9TOM uncio 6a3ucHbIX QyHKIHE GTO MOXKET OueHb CHIIBHO BaphbHPOBATHCS (n =10 +1000) .
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CyuiecTByeT MHOTO crioco0oB 3aianust 0azuca s noayuenus MO metonom CCIIL. Cpenu Hux
BBIJICJIUM CJIEIyIOLIHE.

1. MuHMMAaIbEHBIA 0a3MCHEBII Ha60D BKJIFOYAET TOJIbKO AO AaTOMOB, 3aIllIOJIHCHHBIX 3JICKTPOHAaMH B UX

OCHOBHBIX COCTOsSHHAX. HaHpHMep, MHHHUMAaILHBINA 0a3uc JJIs1 MOJICKY JIbI H2 BKJIKOYACT ABC (I)YHKL[I/II/I

;((lsa) u ;((lsh) . B ciryqae monexyiibl BoAbl MUHMMAJIbHBIN 0a31uc cOCTOUT U3 7 pyHKumit: 1S s 1Sy, s

1S,, 28;, 2p,,, 2py0 u2p,.

Kaxnas AO moxeT ObITh BbIOpana kak opOuTais ciertepoBckoro tuma (STO), koTopasi B CBOIO ouepeb
AnmMpPOKCUMHUPYETCS PA3IOKEHUEM B psiJl 110 7 HyHKIUAM rayccoBoro tuna — 6aszuc STO-nG, rae

n=3,4,6 . Koapduuuents: B paznoxennn STO nmo GTO nmoaduparoTcst METOIOM HaUMEHBIIINUX

kBapatoB. [Ipyroi ciocob 3aganus AO uepe3 GTO cocrout B ux moadope u3 ycioBUS MUHUMAaJIbHOCTH
xapTpu-(HOKOBCKOW dHEprun aToMa, paccuntanHo B 6azuce GTO. [Ipu stom st anmpoxcumanuu AO
OCTaBJISICTCS JIUIIH YaCTh TayCCOBBIX (DYHKIUI, BHOCSIINX TJIABHBIN BKIIAJ B €€ pa3liokeHne. Takum
obpazom, hopMUPYIOTCS 6A3UCHI U3 CTPYIIITUPOBAHHBIX TayCCOBBIX (yHKIMH (contracted basis sets).
Kaxnyro rpymiy rayccoBblX (yHKIHI C TOCTOSHHBIMU BECAMH MOKHO MHTEPIIPETUPOBATH KaK OJHY
6asucHyto ¢pynkuuto i AO.

2. iByxakcnioHeHTHBIH 0asuc (DZ, double-zeta). Kaxxnas AO 3amosHeHHOH 3JIEKTPOHHON 000JI0UKH

ANMPOKCUMHPYETCS ABYMs 0a3uCHBIMU QYHKIMAMU. [10 CpaBHEHUIO C MUHUMAJIBHBIM 0a3MCOM YHUCIIO
¢bynkumii ynBauBaercs. bazucuele ¢pyHkumn BeiOuparotes kak STO-nG ninn kKak KOHTPaKTHPOBAHHBIE
Habopsr GTO.

3. TpexokcnonentHslii 6asuc (TZ, triple-zeta). Kaxnas AO 3anonHeHHON 00070YKH aTOMa,

00pa3yoIero MoJIeKyJy, almpoOKCUMUPYETCS TpeMs 6a3UCHBIMH (DYHKITHSIMHU.

4. ba3sucHble cUCcTEMBI € pa3HoU annpokcumareii AO BHYTpEHHEN U BHEUTHEN DJIEKTPOHHON 000JI0YKHU

(split-valence basis sets). Hanpumep, ans aroma C 1s-AO annpokcuMupyercst oaHo# QyHKIueH, a 2s- u
2p-AO nBywms.

5. basuchl ¢ BKItoueHneM nossipuzannoHubix Gyuknuit (DZP, TZP). B 6a3uc nodasnstorcst AO, KoTopsie

HE 3aIl0JIHEHBI 3JIEKTPOHaMU B aToMax. Bkimouenue atux AO no3sossiet mydine onucate MO. Hanpumep,
i 1s AO BKIIIOUYAIOT MOJSPU3ALMOHAYI0 QYHKIHIO 2p, 11 2p - 3d u 1.1. CyIiecTBeHHO OTMETUTh, YTO
NOJISIPU3AIIMOHHBIE (DYHKIIMU JIOKAJTM30BAHbI B TE€X JK€ 00JIACTAX MPOCTPAHCTBA, YTO U BasieHTHbIE AQ.

6. bazucel ¢ BriroueHneM 1udQy3Hpix GyHKIUN. ITH 6a3UChl BKIIIOYAIOT 0a3uCcHBIe (GYHKIIMH ¢ MaJIbIMU

3HAUYCHUAMU SKCTIOHCHIHAJIBHBIX MMAapaMETPOB & , KOTOPLIC JIOKAJIM30BAHbI BAAJICKE OT AACP U OIMUCHIBAIOT

MO punbeprosa Turma.
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B nutepatype, mocBsIIEeHHONH KBaHTOBO-XUMHUYECKHM pacueTam, 4acTo BCTPEUAIOTCS CIICTY OIS
0003HaueHus1 6A3HCOB.

3-21G — 6a3uc, B kotopoM st AO BHYTpeHHEH 3JEKTPOHHON 000JI0YKHM UCTIONF30BaHA OJTHA
crpynnupoBaHHas GyHKIus, cocTosmas u3 Tpex npuMutuBHbIX GTO, a BanenTHbie AO MpeICTaBICHBI
IBYMsI (QyHKIUSIMU — OJTHOW CTPYNIIMPOBAHHOW, BKITIOUaroIei ase npumutuBHbie GTO, u onHOM
npumutuBHOM GTO. AHanornyHsIM ciocoOoMm pacmmppoBbiBaeTcsa ob6o3Hauenue 6-31G.

6-31G* - 6a3uc ¢ BKIFOYEHHEM OHOW MOJISIPU3AIIMOHHON (QYHKITUY I KaKI0TO aTOMa, BXOJIAIIETO B
MOJIEKYITy.

6-31G** - Ga3uc ¢ BKJIIOYCHHUEM JIBYX MOJISPU3ALUOHHBIX (DyHKINHA.

J1yist 6a3uCOB U3 CrPYNIUPOBAHHBIX TAyCCOBBIX (DYHKIIMIA WM KOHTpakTUpoBaHHBIX GTO ucnonb3yroTcs
ob6o3nauenus: (4s)/[2s], (9s5p)/[3s2p], (10s6p)/[5s3p] u T.1.

OTu 0003HaYEHUS YKa3bIBAIOT, YTO U3 0A3UCOB, BKIIOYAIOIINX /1 IPUMUTHBHBIX TayCCOBBIX (DYHKIIUH,
cenanbl 0a3MChl MEHBIIEH Pa3MEPHOCTH, B KOTOPBIX YacTh 0a3ucHbIX pyHKIui coctout u3 rpynn GTO ¢
MOCTOSTHHBIMU BecaMu. Hanpumep, (9s)/[3s] o3HadaeT, 9To B pe3ybTaTe aTOMHOTO pacyeTa,
BBITIOJIHEHHOTO B 6a3uce u3 9 npumutuBHbIX GTO TuNA S, TOCTPOCHBI TpU Oa3ucHbIE QYHKINH,

HCIIOJIb30BAHHBIC IJIS1 alIlIPOKCUMAIIUA MO.

npu GyHKIUIX, IICHTPUPOBAHHBIX Ha siipax H, OyayT npeHeOpekumMo Maibl; B) BajieHTHbIe MO —
opburanu, oOpazoBanHbie AO BHEIIHUX 000J0YEK aTOMOB, B KOTOPBIX Kaxkaast n3 AO BXOJUT ¢ BECOM
OJTHOTO TIOPSAJIKA, T.€. B 3TUX OPOUTAIIAX HEBO3MOKHO BBLICTUTH IMPEHMYIIECTBEHHOTO BKJIaJa KaKO-

160 AO; ¢ MO punbeproBa Tuma — opOUTAIIH, JIOKAJTM30BAHHbBIE BAAJIEKE OT IIEHTPa MacC MOJICKYJIbI U

noxoxkre Ha AO BOZ0POI0NI0I00HOTO aToMa C HEKOTOPHIM (D (HEKTHUBHBIM 3apsi/IOM SiApa, TOMEIIEHHOTO
B IICHTP Macc (WK IIEHTP 3apsiaa) MoJieKyJibl. [ToHSITHO, YTO ISt OJTYUYCHHS OJTHODJICKTPOHHBIX SHEPTUi
BHYTPEHHHX DJICKTPOHOB (3TH SHEPTHH BaYKHBI, HAIIPUMED, MIPU HHTEPIPETAIIMUA PECHTTCHOIEKTPOHHBIX
CHEKTPOB MOJIEKYJT) Oa3uc joipKeH BKIodaTeh AQ, JOKaTu30BaHHBIE OKOJIO siep. B pacuerax
PaBHOBECHOW F€OMETPUUYECKON CTPYKTYPBI MOJIEKYJIBI JJIsi OCHOBHOTO 3JIEKTPOHHOTO COCTOSIHUS
Haunbosiee BakHbl BasieHTHbIE MO, onpenenstomue KoHPOPMAIHIO CUCTEMBI U €€ CTaOUIBLHOCTb.
CoOTBETCTBEHHO YIOp HEOOXOAMMO JieaTh Ha BeIOOp OazucHbeix AO BHemHHX obonouek. Hakowner, nmpu
OTMCAaHUH BO30YXKICHHBIX SJIEKTPOHHBIX COCTOSIHHM, B KOTOPBIX 3acesieHbl pundoeprosckue MO, 6a3uc

JOJIDKCH BKJIFOYATh I[I/I(i)(bySHI)Ie q)yHKHI/II/I ((byHI(III/II/I C MaJIbIMH SKCIIOHCHUIHUAJIBHBIMU & , KOTOPBIC

JIOKaJIM30BaHbI BAAJICKE OT AA€DP.
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Jnst Moneky1, He 00J1a1aloIMX CUMMETpHUEN paBHOBECHOI FreOMETPHUUECKON CTPYKTYPBI, MOJICKYJISIPHBIE

opOuTanu ¢, HyMepyloT B IIOPsAJKE BO3PACTAHUS COOTBETCTBYIOIINX OJHOAIECKTPOHHBIX YPOBHEH, U

nl n2 nN
SIIEKTPOHHYIO KOH(QHIYDAIIHIO XapaKTepu3yioT ux unciamu sanonuenns: (@) (¢,)" ...(¢y)" ,1e 1,
npuHuMaroT 3Hadenus 0, 1 u 2. 3aMKHYTas 2JeKTPOHHAs 000J104Ka ONUCHIBACTCS KOH(UTyparuei
2 2 2 o o
(0) (¢,) -.(@y)" ams N-271eKTPOHHOI MOJIEKYJIBI 1 €if COOTCTBETCYET OJIHA ACTCPMUHAHTHAS (YHKIIHSL.

Ecnu monekyna uMeeT 3J1eMeHThl cuMMeTpud, To ee MO J0NOTHUTEIHHO KIacCUu(DUIIUPYIOTCS TIO CBOMM
CUMMETPHUIHBIM cBOKCTBaM. B aToMm ciydae s kaxaoit MO HE0OX0AMMO YKa3bIBaTh THII CHMMETPUH,
TaKKe KaK 3TO JENIajJoCh JIsl aTOMOB M JIByXaTOMHBIX MOJIeKyJ. O6o3HaueHuss MO 1151 CHMMETPUYHBIX
MOJIEKYJI BBOJSITCS B COOTBETCTBUU C MPUHSTONW B TEOPUH T'PYIIIN 3AMKUCHI0 HETPUBOUMBIX
npencrapieHuii. Teopus rpynn Takke UCIONIb3YeTCsl P 3aIUCH TTOJIHBIX BOJTHOBBIX (DYHKITUN MOJIEKYJT

(cm. «Teopus rpynmmy» B MaTeMaTudeckoM AornonHenun). Hanpumep, as monexynsl Boasl (H,O, R.(OH)

=1 ar. en., £ HOH = 105°) a5exTpoHHast KOHGHUTYPALUSI OCHOBHOTO COCTOSIHUS ' A 3aMiChIBAETCS KaK
’ 1

(1a,)" (24,) (1b,)" (3a,)’ (18, ), Tt 0Bo3HauenHs a1, by U by XAPAKTEPUIYIOT PAZTHUHEIE TIO

CUMMETPHUITHBIM cBoKicTBaM MO, Takke Kak 4| yKa3bIBaeT Ha CHMMETPHUIO MHOTO3JICKTPOHHON ()YHKIIHH.
[Mosicaum 310 Goee mopoOHO. B 0011eM citydae onepanueii CAMMETPHH HA3bIBAIOT MEPEMEIICHUE TEa,
KOTOPOE MEPEBOJIUT €T0 B SKBHBAJICHTHOE TOJI0XKEeHHE. J[JIs1 MOJIEKYJIIbI 3TO TaKasi Onepanus, mocie
KOTOPOH COXpaHseTCsl HEM3MEHHOM siiepHast KoHpurypamus. Monekyna H,O, nmeroniast reoMeTputo
PaBHOOEIPEHHOTO TPEYTOIBHHKA, TIEPEXOIUT cama B ceOsl pH ciiemytonux onepamnusx (cm. puc. 11.1):
PUCYHOK.

IToBopoT Bceit Monekysbl Ha yrou 180° - siApo aToma KHCIIopojia ocTaeTcs Ha MecTe, a siapa Hy u Hp
MeHstoTest Mectami (C,); OTpakeHUe B TNIOCKOCTH G()’Z), B KOTOPOH JISKUT MOJIEKyJIa, BCE sipa OCTAIOTCS
Ha CBOMX MECTaX; OTPaXKEHHUE B IUIOCKOCTH G(Xz), MEPICHIUKYIIPHON TUIOCKOCTH MOJIEKYJIBI — siipo O
ocraeTcst Ha MecTe, siapa H; u Hy MeHstoTest MectaMu; eIMHUYHAS WK ToKAecTBeHHas onepanus (1), mpu
KOTOPOH C MOJIEKYJION HHUYEro He nmpoucxoaut. [1o onpenenennto B MaTeMaTHKe TPyNION Ha3bIBAIOT
COBOKYITHOCTh JIEMEHTOB, CBSI3aHHBIX MEXIy COOOH B COOTBETCTBUHU C HEKOTOPBIMHU IpaBUIaMH. YeTsipe
anementa {I, Cy, o(xz), 6(yz)} oOpasytot rpymiy. @opmanbHble pe3ylbTaThl TEOPUU TPYIIL, B KOTOPOI
3JIEMEHTaM He MPUITHUCHIBAETCS KaKOH-THO0 (PU3NUECKHIA CMBICT, TO3BOJISAIOT O€3 pelIeHUs] ypaBHEHHMA
CKa3aTh, 4TO /Ul MOJIeKyJIbl BoJbl MO, a Takke MHOT03JIEKTPOHHbIE (PYHKIIMK MOTYT OBITh YeThIpeX
THUIIOB: a1, a3, b; 1 by. [Ipu 3TOM K THITY a; OTHOCSTCS (PYHKIIMHU, HE MEHSIIOIIHME 3HAKA MTPH BCEX
orepanusx CAMMETPHH (TPYIIIbI); BOJIHOBBIC ()YHKIIMH TUIIA 8, MCHSIOT 3HAK MPH OTPAXKCHHSIX B

IUIOCKOCTSIX G(Xz) U 6(yz); K TUIY b OTHOCSTCS (YHKIUH, MEHSIOLIHE 3HaK Ipu noBopoTe Ha 180° (Cy) u
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NPU OTPAKEHUU B TUIOCKOCTH G()z) ¥, HAKOHEII, OpOUTa K TUIa by MEHSIOT CBO# 3HAK mpu onepanusix C,
u 6(xz). 3aMeTHM, YTO CUMMETpHIiHbIe cBOiicTBa MO HaKJIapIBalOT ONPEACICHHBIE OTPAHUYCHUS Ha TUTT
aToMHBIX opoutaneii (AQO), ucronb3yromuxcs A ee npeacrasienus B Buae JIKAO. [leiictButensHo,
HampuMep, opouTaNu a; v by He MOTYT OBITh COCTaBIICHBI KaK JTMHEHbIe KoMOMHauu AQO s-TuIa, TaKk KaK
9TH (DYyHKIIMK HE MEHSIOT CBOW 3HAK MPH OTPAKEHUHU B TUIOCKOCTU MOJIEKYIBL. J{J1sl mpeAcTaBIeHHs TaKUX
opOHuTANICH TOAXOIST JIUIITH KOMIIOHEHTHI 2Py aTOMHBIX OpOUTANICH 2p, a TAKKE HEKOTOPBHIC KOMITOHEHTBI

AO tunoB d, f 1 T.71. AHATIOTUYHYIO CUMMETPHIO siiepHOTo ocToBa (Cyy) MMeEeT MoJieKyia

dopmanbaeruna HoCO. Ee sekTpoHHas KOH(UTYpalust it OCHOBHOTO COCTOSHUS ' 4, 3aIUCHIBAETCS

Kak (lal )2 (Za1 )2 (?aal )2 (lb2 )2 (4a1 )2 (lbl )2 (Sa1 )2 (2b2 )2 .

st monexkynbl ammuaka NHiz umerorcs onepauuu cummerpui: I, Cs (120°) u C; (240°) —
noBOpoTHI Ha yroi 120° u 240° Bokpyr ocu, npoxojsuiei yepes sapo N U HEHTp TPeyrojbHHUKa,
00pa30BaHHOIO sA7paMH BOJIOPOJA, @ TAKXKE TPU INIOCKOCTH OTPaXeHus (G, G2, 03), IPOXOAALINE Yepe3
11p0 N 1 OMCCEKTPUCHI YTIIOB PABHOCTOPOHHETO TPEYTOJIbHUKA e BOAOPOAA. DTHU ILIECTh ONEpaLuii
obpasytotT rpyniy Csy, A1 KoTopoit MO MOryT ObITh TOJIBKO TPEX THIIOB: aj, a, U e. [Ipu 3TOM, Kak

CJIeyeT U3 TEOPUHU TPYIII, OPOUTAIH TUIIA € OTHOCSTCS K JBAXK/IBI BEIPOXKICHHOMY SHEPTEeTHUECKOMY

ypoBHI0. OCHOBHOE 3JIEKTPOHHOE cocTosHre NH; nMeeT cuMMeTpHio ' 4, ¢ 51eKTpOoHHOM KOHpHUTyparuei

2 4 2
(lal) (le) (2a1) .
Bce cumMeTprYHBIE MOJIEKYJIbl XapaKTEPU3YIOTCS TaK Ha3bIBAEMBIMU TOYEUHBIMHU TPYIIIaMU

CUMMETPHUH, 00pa30BaHHBIMU U3 CJIEIYIOIIUX ONEpaluii CAMMETPUH:

1. I — To)xaecTBeHHOE MTPeoOpa3oBaHUE;

2. C, — IOBOPOT BOKPYT OCH Ha YIoJ 2% . Ocb ¢ HanOOIBIIUM /1 HA3BIBAIOT TJIABHOM OCBIO
CUMMETpUH;

3. 0 — OTpakK€HHUE B IUNIOCKOCTH: OOBIYHO BBIACISIOT OTPAXKEHUE B MJIOCKOCTH,

NEPIIEHANKYIISIPHOM K r1aBHOM ocH oy (h — oT anruiickoro cinoBa horizontal — ropuzoHTaNBEHAS) U
oy (v — ot vertical — BepTukanbHas); 64 0003Ha4aeT OTPAKEHUE B IJIOCKOCTH, MIPOXOIAIIEH Yepe3

TJIaBHYIO OCbhb U ,I[CJISIIJ_Ieﬁ MOIIoJIaM YIoJI MCXKAY ABYMs OCSIMU BTOPOIr'O IOpsAKa,

HepIEeHIUKYIAPHBIMU I1aBHOM ocu cummerpui (C, );
4. Sn — IOBOPOT Ha 2% C IOCIIEAYIOIIMM OTPAKEHUEM B IUIOCKOCTH, NEPIIEHIUKYIISIPHON K

OCH ITOBOpPOTa (36pKaJ’ILHafI IMOBOPOTHAA OCB);
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5. i — omepanvsi ”HBEPCUU B 1IeHTpe cumMeTpuu. [Ipu 3Toit onepanmu BEKTOp ¥,
OIIpEeNSIOMNI KaKyl0-T100 TOUKY, IEPEXOAUT B —7 (ir = —r) .

B cootBeTcTBUU ¢ HAOOPOM OTepanuii CHMMETPHH, XapaKTEPHU3YIOIINM SIIEPHBIA OCTOB,

MOJIEKYJTy OTHOCST K OIpPEAEIEHHON ToueuHo! rpynne. Cpeiu TOYEUHbIX IPYII BBIAEIUM CIAEAYIOIINE.
o Cyv — TOUEUHBIE TPYIIBI CHMMETPUHU IPABMIIBHON N-yroibHOU nupamuabl. Co, —
monekyna H,O, Cs, — monekyna NHj.
. Dy — rpynmnsl CMMMETPHUM IPABUIIBHOM N-yTOJIBHOM NpU3MBbL. Dgp, — MOJIEKYT1a
6ensomna CgHe.
. T4 — rpynma terpadapa, BkitouaeT 24 snementa cummerpun. CHy oTHOCHTCS K
9TOU rpyIIIe.
. O — rpymnmna cumMmMeTpuu Ky6a, Bkitodaet 48 snemeHToB. Takas cummeTpust
XapaKkTepHa ISl KOMIUIEKCHBIX coeauHeHunit Tuma MeLg (PtFg), B KOTOpBIX TUTaH bl

PAacIoNOXKEeHbI B BEPUIMHAX OKTad/Ipa.

§ 12. m-3nexkTpoHHOE MpuOImKeHne. Meton Xtokkens. [[pyrue moirysmMnupudeckme

METO/IbI.

PaccmoTpum MoneKyIibl, y KOTOPBIX BCE si/Ipa JIeXKaT B OJTHOM TUIOCKOCTH. B XUMuu K Takum
MOJIEKYJIaM OTHOCSATCSI IbTEPHAHTHBIE YTIIEBOAOPObI, Y KOTOPBIX YePEAyIOTCs OJIMHAPHBIC U IBOMHBIC
cBs3M (OyTaMeH, TeKCAaTPUEH) U apoMaTHIecKue coennuenus (6er3oi, HadtanuH, peHanTpeH). Tak kak
9TH MOJICKYJIbl CAMMETPHYHBI IO OTHOIICHUIO K OTPAXKECHUIO B TUIOCKOCTH, IPOXO/SIIEH uepes siapa, To
Bce nx MO nensarcst Ha J1Ba THIIa — CHMMETPUYHBIE, T.€. HE MEHSIOIINE 3HAKa MTPU OTPAKCHUU B
TUIOCKOCTH MOJIEKYJIbI, KOTOPBIE Ha3bIBAIOT G-OPOUTAISIMH, U AHTUCUMMETPUYHBIEC, MEHSIOIINE CBOM 3HAK
IIPU OTIepaIK OTPAXKEHUsI, KOTOPbIe Ha3bIBAIOT T-opouTansamu. Paznenenne MO Ha 6 1 T yacTo
UCTIONB3YIOT TAKXKE 110 OTHOIIEHHIO K JIOKATBbHON CUMMETPHUU MOJIEKYJIbI, TO €CTh 110 OTHOIICHHIO K
oreparyy OTPaKEHUs B TUIOCKOCTH BBIJICIIEHHOTO (pparMeHTa MOJIEKYJIbl, B YACTHOCTH K OT/AEIHHON
CBSI3U. T-31eKTpoHHBIe MO npeacTaBistoTCs JIMHEHHBIMU KOMOMHAIIMSMU T€X KOMIOHEHT aTOMHBIX
opOuTaleii, KOTOpble MEHSIOT 3HaK MPU OTPAXKEHUH B TUIOCKOCTH. Hampumep, nst AO Tumna p KOMIOHEHT
Pz, €CIIM OCh Z TIEPIICHANKYJISIPHA TUIOCKOCTH MOJIEKYJIbl. KpoMe Toro, Kak cieIcTBUE CHMMETPHH,

MaTpUYIHbIC 3JICMCHTDBI (bOKI/IaHa, O6p330BaHHI)Ie (I)YHKIII/ISIMI/I O U T TUIIOB, O6paHlaIOTC$I B HYJIb, TO €CTb

=0 pa3acisACTCA Ha IBa YPABHCHUA!

< Xo |I? | ;(ﬂ} = (0. Takum 0Opa3oM, BEKOBOE ypaBHEHHE det‘l? —&S
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det‘F” —-&8”

u det‘F“ -&8°

9

TaK KaK MaTpUIlbl FuS IIPUHUMAKOT OJIOYHBIN BU.

7] DI o _[s7] [
o [l s

Kax nmpaBmiio, ypoBHU dHEpPTrUH M-OpOUTANICH PACcTIOararoTcs BhIlle YPOBHEH 3all0JTHEHHBIX G-

%)
Il

F=

opOuTasiei u oTneneHsl OT HUX. [1o 3Toi npuyrHe MpUOIMKEHHO BO3MOKHO 000CO0ICHHOE
paccMOTpPEHUE TM-3JIEKTPOHHON CUCTEMbI MOJICKYJIBI IPU (PUKCUPOBAHHBIX G-OpOHTAISIX €€ OcToBa. Takou

moAxXoa K pacucTy BHCKTpOHHOﬁ MOHeKyHHpHOﬁ CTPYKTYPbI HA3bIBAKOT TT-3JICKTPOHHbLIM HDI/I6J’II/I)KCHI/IGM.

IIpocreiimein opraHuYeCKO MOJIEKYJION, JUIsl KOTOPOH BO3MOKHO HUCIIOJB30BaTh TT-3JIEKTPOHHOE
npubmnkenue, seisercs monekyna stuineHa (CH,=CHy). Ecnu uia ee onucanust B xapTpu-(hOKOBCKOM
npuOIKEeHUH BEIOpaTh MUHUMANBHBIH 6a3uc AQO, Bkmovaromuid pyaknun 1s, 2s u 2p aromoB C u 1s

aTOMHBIE opOHUTaIN BoJopoaa, To MO m-tuna OyayT oOpa3oBaHbl TUIIb ABYMsI (DYyHKIUSIMU
Xa=2p. (Cl) uy,=2p. (Cz) . Ilpu puxcupoBaHHBIX G-opOHUTaANAX 3a1a4a HaxoxaeHus MO B m-
3JIEKTPOHHOM NPUOIMKEHUH cBeneTcs K onpeneneHuto MO mornekysisl Bogopoa B 6asuce u3 1syx AO,
peleHre KOTOpoH yke ObUIO pacCCMOTPEHO Mpex e (cM. § ).

Jlnst pacCMOTPEHUS T-3JIEKTPOHHBIX CUCTEM YacTO MCIOJIb30BAJICS BEChbMa MPOCTOM
IMIMPUYECKHUNA METOJI, MpeanoxeHHbIH Xtokkenem. B npubmmkenun Xrokkens (Hiickel approximation)

npeamnojaracTcs: a) Ka)K,[[BIﬁ T-DJICKTPOH OIIMCBIBACTCA 3(1)(1)CKTI/IBHBIM OJHOJJICKTPOHHBIM

raMUTBTOHHAHOM H (i) ¥ oT KakIOro aTOMa, IIOCTABIISIOLIETO EKTPOH B CHCTEMY, Gepercs oaHa AO

(2p,); 6) BCe UHTETpAIIBI IEPEKPBIBAHUS MEXKTY PA3HBIMU 0A3UCHBIMHU (DYHKIIUSIMU OOPAIIAlOTCS B HOJIB:
Sij = <ﬂ(i ‘Z,> = 5,]- ;

B) JUaroHajbHbIC MATPUYHBIC DJICMCHTEI 'aMUJIbTOHWAHA 3aJat0TCA OMIITMPUYCCKUM IIEPEMETPOM 0L

H/l/t = <Zy ‘ﬁ‘lﬂ> =a. HCHI/IarOHaHBHBIe 3JIEMCHTHBI Hﬂv CUHUTAIOTCA OMIITMPUYCCKUM IMapaMETPOM B,

cClIin (l)yHKL[I/II/I L UV IOEHTPUPOBAHBI HA COCCAHUX aTOMax, U paBHbI HYJIIO JJId q)yHKHI/Iﬁ HECOCCOIHUX

szep:

f, eciu v - cocenu;

H,, = (2, H]x)=
0, ecmnm u,v OTHOCATCH K HECOCEHUM  SIPaM.
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B CJIy4ac MOJICKYJIbI 9THJICHA JIJIST HAXOKACHHUA OAHOIJICKTPOHHbBIX ypOBHeﬁ OHEPIHUU

(opOuTANBHBIX PHEPTUIA) B METO/Ie XIOKKEIsI HEOOXOAMMO PEIINTh BEKOBOE YpPaBHEHUE 2-0T0 MOPSAKA:

p  oa-c

Pemast ypaBHeHue, OTy4aeM ABe OpOUTaNIbHbIE SHEPIUU: & =+ f U & =a — [, KOTOPbIM

1 1
COOTBETCTBYIOT 1Be MO: ¢, =$(;(1 +7,) 1, :3(;(1 —1,)-

I[J'ISI MOJICKYJIbI 6YTaI[I/IeHa B OTOM HpI/I6HI/I>KeHI/II/I IMOJIy4YrM BE€KOBOC YpPAaBHCHUC 4-oro nopsjaKa:

/C CH, 2,4, 4,4,

H,C c —

Pa3nenus ypaBHeHHe Ha B 1 0603HAYNB X = , IOy YU M:
x 1 00
I x 1 0
=0.
01 x 1
0 0 1 x

3445

4 2
nmu x° —3x" +1=0, oTkyga HaxoauM x =+ , YTO SKBUBAJICHTHO

& =a+1,6188; €4

& =a+0,6188; €3

H )

& =a-0,6184;

€
&, =a—-1,6188; "y
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Hywmepanus opoutanbHbIX SHEPruil HAUMHAETCA ¢ HanboJiee TIyO00KOro ypoBHs, TaK Kak
napaMeTphl o U 3 ABISIOTCS OTPULIATEIbHBIMY BeTMurnHamMu. [lapamMerp oo MOKHO MPHOIIKEHHO CUUTATh
paBHBIM OPOUTATBHON HEPTUU aToMa yriepoja, paBHoii -11,5 sB. 3nauenne napameTpa 3 B 3aBHCUMOCTH
OT METOJIa OIIEHKH JIS)KHUT B HHTEpBaie oT -1 3B 10 -2,5 3B. Hanpumep, olieHka 3 Mo TepMOXUMHUYECKUM
JaHHBIM /17151 OyTaaueHa qaet 3HaueHne ~ -1 3B, a omeHka mo sHepruu Bo30yKIACHHSI MOJIEKYIIBI IPUBOIUAT
K B =-2,353B. B T0 ke Bpemsl MOCTOsSIHHAS 3 HE CUIIBHO MEHSIETCS MPH MEPEX0/IE OT OJHON MOJIEKYJIBI K
JPYTOiA, 9YTO U TIO3BOJISIET UCITOJIb30BaTh METO] XIOKKEJS JIJIsl OLICHKH N3MEHEHUS KaKoi-In00 oaHON
MOJIEKYJIIPHON XapaKTePUCTHKH B PsAIE MOJIEKYI.

[TonHas 3HEPTHUs AIIEKTPOHHOTO COCTOSHUS B MPUOIMKCHUN XIOKKEIIS €CTh CyMMa OpOUTAITbHBIX

3HeprI/II71 &; , YMHOXXCHHBIX Ha COOTBCTCTBYIOIINC YHUCIIa 3alIOJIHCHUS 7, :
E=) ne,
i

J171s1 OCHOBHOT'O COCTOSTHHS OyTa/lueHa T-3JIEKTPOHHAS SHEPTHS COCTABIISET:

E=2¢+2¢, =20 +4,472p.
Ecnu nepBoe Bo30ykJI€HHOE COCTOSHUE OyTaJneHa pacCMaTpUBaTh KaK Mepexo]] OAHOTO IEKTPOHA C
BepxHeit 3ansToit MO (B3MO) Ha HmxHIOI0 cBoOoHYI0 opouTans (HCMO), To 3HEprus Bo30yxKaeHUs

AE cocTaBuUT:

E=¢-¢,=2-(0,618)p.
IToxcraBnss &, B cucteMy ypaBHeHH Hc, = &;c;, HalileM MOJIEKYJIApHbIE OpOUTaIIN:

=0, 372( +;(4)+0 602(;(2 +;(3)
=0 602(;{1 ;(4)+0,372(;(2 —;(3);
=0,602(x +2,)-0.372( 1, + 15);
@, =0,372( 1, - 2,)—0,602(x, — 7).
3aMeTHM, 4TO OpOUTANILHBIE SHEPTUU YBEIMUHBAIOTCS C yBETHUEHUEM YHCIA Y3108 y BOIHOBOI

¢Gynkumu. OyHKIUS @, HE UMeeT Y3710B, QYHKIUS ¢, MEHSAET 3HaK MEXIy 2 U 3 siipamH, T.€. UMeeT OJIUH

y3el, ¢, UMeeT 2 y3ia, T.K. MeHseT 3Hak Mexny sapamu 1,2 u 3, 4, ¢, obnagaer 3 y3namu. Eciu 2p, AO

I/I306paSI/ITL Kak 9, Trac 3aTCMHCHHAA 4aCTb COOTBETCTBYET €€ OTPULATCIIbHBIM 3HAUYCHUAM, TO

opOutaisim OyTajnena Oy1eT COOTBETCTBOBATH CJISAYIOIIAs CXeMa:

'Y N
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NN T TR
NN TETES

3 y3na
KauectBenno nosenenne MO coBmazaeT ¢ pe3yibTaToM, MOJYYEHHBIM B MOJIEIN CBOOOHOTO AJIEKTPOHA
(cMm. § MonenbHBIE 3a/1a4N).
AHaJOTHIHBIM 00pa30M MOXKHO B METOJIe XFIOKKEJIS OIHUCATh MMOJIUCH C MPOU3BOJIBHBIM YHCIIOM
gepemyronmuxcs oguHapHbIX 1 ABOUHBIX cBsizel: C;=Cr—C3=Cs—Cs=Cs...C,.;—C,. OpOuTaIBHBIC SHSPTHH

OyIyT OIpenesIThCs U3 PeIeHHs CIeAYIONIET0 BEKOBOTO YPAaBHEHHUS !

x 1 0 0 .. 0

x 1 0 .. 0

0 I x I .. 0
=0 mwm D, =0.

0 .. .. 1 x 1

0 .. .. 0 1 «x

Beraucinas nerepmunanTsl D, 1 x =1,2,3,..., HOXy4HM CIETYIOIUE NOJUHOMBI OT X:

D =x
D, =x-1
D,=x"-2x

[TomydenHoe peKyppeHTHOE COOTHOIIEHNE COBIAAeT C COOTHOIICHUEM JIJIs TIOJTMHOMOB YeOsbIeBa oT

apryMeHTa 4, eClly MOJIOKUTh X =2c0S Y.

T.(9)=2cosIT,,(9)-T,_,(9).

n n—

sin(n+1)39
e 7,(9) =)
B sin(n+1)3

W3 yenosust D, =T, (9) 3
sin

=0 nmomyvaem:
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(n+1)9=jr, j=12,3,..n,

T 7T
OTKyJIa CefyeT x, =2c0sd =2cos (ﬁj um E, = a+2[cos (ﬁj , TIIe 1 — YUCIIO aTOMOB YTJIEPO/T
n n

B IICIIN, aj HYMEpPYCT 0p6I/ITaJ'IBHBIe OHCPI'Uu.

JI1st TonMeHa ¢ MPOU3BOJIBHBIM YHCIIOM aToMOB N (n — 9eTHO) CpHy 40, TakKe KaK JTT MOJICKYJTBI

OyTaaneHa, MOXHO OLIEHUTh HAUMEHBIITYIO SHEPTUIO BO30YKACHHUS KaK repexo nekrpona ¢ B3MO

n n
=— | HAaHCMO | j=—+1|:
(’ 2) (’ 2 j

—+1 |z —Ir
AE =2[4cos \2 ) —cos{2— :4ﬂsin(£jsin _ =4fsin| ———
n+1 n+l 2 2(n+1) 2(n+1)

a+ﬂsina_ﬂ]
5 .

(cosa—cosﬂ:2sin 5

AE—0 mpu n— o,

Taxum 06pazom, pH yBEIMYEHUH YUCIIa aTOMOB B [TOJINEHE SHEPreTHUecKas M1eIb WU SHEeprus
BO30YXKJ/ICHHUSI CTPEMUTCS K HYJIIO, YTO HE COTIIACYETCS C DIKCIICPUMEHTAIILHBIMU JJAHHBIMH, COTJIACHO
KoTOpbiM AE ~ 23B mipu N — 0. [lo Bceil BUIUMOCTH, TAKO€ HECOOTBETCTBHE OOBSICHACTCS
HE/I0CTaTKaMU MCIIOJIb30BAaHHON MOJIEIH.

B mpubmmkenun XroKKkemsi aHaTUTUYECKH HAXOATCS TakKe opOoutanbubie sHeprud u MO
MUKIMYECKUX MOJIMEHOB ¢ n atToMaMu C B KoJiblie (IUKI00yTaAMeH, IMKIONEHTaAUCHNUIT, OSH30J1 U T.11.),
JUIsl KOTOPBIX BEKOBOE YPaBHEHUsI UMEET BHJL:

x 1 0 0

1 x 1 0 .. O a-—
=0, e x=

M

1 0 .. 0 1 x

2
OpOuTanbHble SHEPTUH &, ONpPENEIAoTCs 1o hopMmylie &, =a +2[3 cos -~ j ( j=1, 2,...,n). B
n

YaCTHOCTH, JJIsl MOJIEKYJIbl O€H30J1a MOJIy4UM OpOUTaIbHbBIE SHEPTUH, IPOHYMEPOBAHHBIE B ITOPSJIKE

BO3paCTaHus:

a
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i=6 ¢(a,)=a+2p (cos%:])

J=L5 8 (elg):a+,3 (0052—7[=00510—ﬂ:1]
6

j:2;4 & (e2u):a—,6’ (cos%{:cosg_”:_lj

j=3 84(b2g):a—2,8 (cos%j

VYpPOBHY SHEPIUH &, U &, WM B 0003HAYEHHAX, yUYUTBIBAIOIIMX CUMMETpHiiHbIE cBolicTBa MO,

€ e n e, , ABJIIIOTCA ABAXKbI BRIPOXKIACHHBIMHU. BHGKTpOHHaﬁ KOH(I)I/IpraI_II/IH OCHOBHOI'O COCTOAHHUA

OeHzoma 0e3 yueTa G-3JIeKTPOHHOM 000JI0UKH 3aIHUChIBACTCS KaK:

(ay, )2 (elg )4 lAlg )

IMonnas n-snexTponnas sueprus E =2¢, +4¢, .

3aMeTnM, UTO TaKXKe KaK B CIydae MOJEKYJbl OyTaJHneHa, 0 Mepe YBEIHMUEHUS OpOUTAIBHOM
SHEPruu yBenuunBaeTcs uncio y3moB MO. KauecTBeHHO Takas e KapTHHA HaMu ObLIa TIOJy4YeHa MpH
PacCMOTpPEHUH 3TOM MOJIEKYJIBI B MOJIENIA CBOOOTHOTO JIEKTPOHA.

Monexynsipabie opOuTanu 6eH30a B MeTo/1e XIOKKEIsl OTy4YaroTCsl CIeayIOIIHe:

1
o = g(ll+lz+ls+l4+ls+%)—>glé

|

®, :E(lz"'}(}_}(s_lé)

1 —)82,
?; Zﬁ(% = X2 X X5+ Xs)

1

¢4=5(zz—13+15—16)

. —> &
P =m(2xl—z2—za+zz4—zs—zﬁ)

1
D5 = E(ZI_Z2+Z3_Z4+ZS_Z6)_)84'

B teoputo X1okkesns MOKHO BKIIFOUUTH U JAPyTHE aTOMBI, IPUHUMAIOIINE yYacTHe B 00pa3oBaHUU

7T-3JICKTpOHHOI>i O6OJ'I0‘IKI/I, BBC/I JOIIOJHUTCIIbHBIC TapaMETPhl, OIIPCACIIAOIINE COOTBETCTBYIOIIUC UM

MaTpUYIHBIC 3JICMCHTHI. TToxoxum 06p330M B CXEMY XIOKKEIIs BKIIFOUAEeTCs TaKXKe 4acTh G-BJ’ICKTpOHHOﬁ

o6onouku (BasieHTHBIE MO). DTO Tak Ha3bIBAEMBIil PAaCIIMPEHHBIN METO]T XIOKKEIsl, B KOTOPOM

AUaroHaJIbHbIC MATPUYIHBIC 3JICMCHTBI OAHOJJICKTPOHHOI'O 3(1)(1)€KTI/IBHOFO oreparopa
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< X ‘H (i )‘ 4 ﬂ> = ot OOBIYHO 33JIaeTCs KaK MOTEHIMaIbl HOHU3AIMU COOTBETCTBYIOLIUX aTOMOB B

BAJICHTHBIX COCTOAHMAX, a HCAUAIr OHAJIbHBIC H

v

AJIL COCEJHUX aTOMOB L U V OIIPCACIIAOTCA KaK

H, = %(aﬂ + aV)SW ,rae S, = <;(H ‘Z\/> €CTh MHTETpaJI IepeKpbIBaHMsI, a mapameTp k = 1,75.

B HacTosmiee Bpemst npubimkeHne XIOKKels TPAaKTHYECKU HE UCTIONB3YETC s, TaK KakK
COBpEMEHHAsl BRIYUCIUTEIbHAS TEXHUKA MTO3BOJISIET IPOBOIUTH PACUETHI MOJIEKYJISIPHBIX XapaKTePUCTUK
B 00Jiee TOYHBIX MPUOTKCHHSIX.

Mex Ty TOUHBIM CaMOCOTJIACOBAaHHBIM pellieHrueM ypaBHeHu Xaptpu-Poka-Pyrana u nx
SMIUPUYECKON UMHUTALIMEH B METO/1€ XIOKKEJIs JIEKUT MPOINACTh PA3IUUHBIX HOTYIMIUPUYECKUX CXEM
pacueTa, B KOTOPBIX MaTPHYHBIC DJIEMEHTHI (POKHAHA OIICHUBAIOTCS PA3IMYHBIMU criocobamu. [TonpooHoe
OIHCAaHUE MOIYIMITMPUIECKUX METOJIOB COJICPKHUTCA B ABYXTOMHUKE «[lomyamMmupudeckne MeTo b1
pacuera JIeKTPOHHOM CTpYKTypbI», MockBa, «Mupy», 1980, TT. 1-2. Boapmias yacte 3TUX METO/I0B
HCIIOJIB3YEeT MPHUOIMKEHHUE TTOJTHOTO NpeHeOpexenus auddepernuanbapM nepexpbiBanuemM (T wmm
«complete neglect of the differential overlap» (CNDO)). B aTom noaxozae cuntaercst, 4To AJst 1000

napbl AO, HEHTPUPOBAHHBIX HA PAa3HbIX A/APaX W U v, tudpdepenuuanbHoe nepekppisanue y,x,dv=0.

[Ipu 5TOM B MaTpu4HBIX JeMeHTaX (DOKHaHa HEe HY)KHO PACCUMTHIBATH OOJIBIIIOE YHCIIO
JIBYX3JIEKTPOHHBIX UHTETPAJIOB, UTO MO3BOJISIET KapJAMHAIBHO COKPATUThH BpEMS UX pacyeTa Ha
BBIYHMCIUTENBHBIX MalInHax. KpoMe Toro, omyckarTcs IBYXLEHTPOBBIC U TPEXIEHTPOBbIE
OJIHORJIEKTPOHHBIE UHTETPAJIbI ONIEPATOPOB KUHETUUECKOM SHEPTUU U AIIEKTPOH-SIIEPHOTO
B3auMojieiicTBUA. Cpeu NOdy3IMIUPUIECKUX CXEM, KOTOPBIE MOIYYHIH JOBOJBHO ILIKPOKOE
pacnpoctpanenue, ykaxem cienytormme: [TITATT/1 u TITTATL/2, YTTATT (vactuanoe npeHeOpekeHme
muddepentmanpabiM niepekpoiBanrem), MUTIJIIT (momudummpoBanusiii meton UITJIT) AM1 (mepBas

Bepcus, papadborannas B ropoae Octun, CIIIA, Austine model).

§ 13. 3apsiabpl HA aToMax, OPSAOK CBSI3HU, CBOOOIHAS BAJICHTHOCT.
PaccMoTpuM BOJTHOBYIO (DYHKITHIO MOJIEKYJIBI C 3aMKHYTOM 3JIEKTPOHHOM 000m0uKoii n3 N
3JIEKTPOHOB B npubmmkenun Xaprpu-Poka-Pyrana. Kaxnas MO ¢, BXOAUT B 1€TEPMUHAHTHYIO

BOJIHOBYIO (DYHKIIMIO ABaKIbI, CO CHMHOBOM (pyHKIIMEH |a> 51 | ,B}. [TosHBIA 37IEKTPOHHBIN 3aps]T

MOJICKYJIbI Q OIIPCACIIACTCA KaK:

NJ2

Q:ZZ<¢i|¢i>e:_N>
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rac N —aucio QJICKTPOHOB, € — 3apA[ 3JICKTpOHA B aT. €AUMHUIIAX, € = —1, Q0 = Zcik}(k .

Cucrema 0a3uCHBIX PYHKINUN { ;(k} OOBIYHO COCTAaBIISICTCS U3 AaTOMHBIX OpOUTAIICH,
[EHTPUPOBAHHBIX HA SApax MOJIEKyJbl. Eciii MoJieKyia COCTOUT U3 HECKOJIBKUX sAep, 0003HAUEHHBIX a, b

Y C, TO MOYKHO BBIJICITUTH TPH TIOJICUCTEMbI 0a3WCHBIX (PYHKITHI { ;(,f} , { ;(,f} u { ;(;} , B KOTOPBIE BXOJIAT

(yHKIIMU, HEHTPUPOBAHHbIE HA SIPaxX aTOMOB a, b 1 ¢, cooTBeTcTBeHHO. Pasnoxenne MO ¢, no 6asucy

Tenepb OyJeT BHITIISIETh KakK :
M, M, M,
_ a ,a b b c . c
O, = zciklk +zcik7(k + zcik?(k .
k k k
B Gosee ob6mieM cimyuae 111 MHOTOaTOMHOM MOJIEKYJIBI € k simpaMu, 0003HaYaeMbIMH OyKBamH a, f3, y...:
k (M,
_ a, a
=D | e |
a=1 k
rie k — uucio saep B cucteMe, a M, - 4ucio 6a3ucHbIX (GyHKUMH, HEHTPUPOBAaHHBIX Ha sajpe o. [Tocie

IMMOJACTAHOBKH ITOCJIICIHCTO BbIPAXKCHUS B Q noJjry4dacm:

M

s
fa p al B
Zcik Ciy <Z > -
/

HepeHI/IHIeM 9TO BBIPAXKCHUC, CIPYIIIIMPOBAB YICHBI, OTHOCAIIHUECS K OAHOMY SJPY.
k

f)|=2P
a

rae P, MOJKHO TPaKTOBAaTh KaK 3JIEKTPOHHBIH 3aps aToMa o. Eciau ydecTs, 4To aToM o UMEET SIIPO C

k N/2 M,
:Z 2 ;

a,p i=1

k N2 &k M, M

0=N=|23 3> Y el (1
Bk I

a i=1

3apsA7oM Zg, TO NONHBIN () GEKTUBHBIN 3apa] aToma o OyzaeT g, = Z, — P,. JlanHasd cxema nprOIMKeHHON

OIICHKH 3apsI0B aTOMOB, 00pa3yroMIMX MOJIEKYTy Obuta mpemokena MammkernoM (K. Mulliken), n

BBIYHCIICHHOE TAKMM 00pa3oM pacripe/ielieHHe 3apsiI0B B MOJIEKYJIe Ha3bIBAIOT paclpeaesieHHeM 110

MaHHI/IKeHy. SaMeTI/IM, 4To an =0 , YTO COOTBCTCTBYCT HeﬁTpaHBHOCTH MOJICKYJIBI.

a

N2 M, Mg
Cymmsbr P, = ZZZ ¢/ Ha3BIBAIOT MOpsIKaMU CBA3el Mesity atomMamu o 1 . B mpoctom
i=l k1

metozie MO umu metoze Xrokkens npenmnosuaraercs, uto AO y;” pa3sHbIX LIGHTPOB He IIEPEKPHIBAIOTCS,

T.C. < xe ‘ 2’ > =0 111 @ # ff U UTO Y OAHOrO LIEHTPA OPTOrOHAILHEI 1 HOPMHPOBAHBI: < X ‘ 7’ > =0,.B
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3TOM citydae 3G GeKTUBHbIE 3aps/ibl HA aTOMax ¢, OyIyT paBHBI 1, U IMEET CMBICI pacCMaTpPUBaTh
TOJIBKO TIOPSIIKU CBSI3EH.
Hanpumep, 11 Monekyiisl OyTaaueHa, Kotopas Oblia pacCMOTpEHa paHee, ObUIN MOTy4eHbI
cienyrome MO, 3aHAThIE FTEKTPOHAMU:
@ =0,3717 4, 40,6015y, +0,6015 7, +0,3717 g,
@, =0,60154,+0,3717 y,—0,3717 , —0,6015y,.
CoOOTBETCTBEHHO MOPSAKU CBSI3EM:
B,=P,= 2(0,3717)(0, 6015)+ 2(0,3717)(0, 6015) =0,894,
P, =2(0,6015)" =2(0,3717)" = 0,448.

2 0448 3
0,894 0,894
1 // \\4

Eciii IpUHATB, 9TO MOPSIOK CBSI3H IS G-3JIKTPOHOB Fj; =1, TO MOXKHO HONY4YUTh B MeTOJe XIOKKeIs

CJICTYIOIY IO TaOJIHILY:

OTHineH byranuen benson Anertuied

F, 2 16894; 1,448 1,667 3

KauectBenno mudpsi B Tabnuiie npuoOIMKeHHO COOTBETCTBYIOT KPATHOCTH CBA3EH, KOTOPHIE
INPUBOASTCA B XMMUUYECKUX (hOpMyJIax.

[Mopsinku cBsizelt Takke UCHOIAB3YIOTCS ISl ONPEeICHHUs BAJIEHTHOI'O COCTOSIHUS aTOMa.
PaccmoTpum atom I, KOTOpEI CBSI3aH ¢ aTOMaMHu p, I' U S, TOTJIa CyMMa MOPSIIKOB CBsI3eH OyneT

XapaKTCPU30BATb €TI0 BAJICHTHOC COCTOSHHUC:

Ecmm png atomMa B XUMHYECKUX COCOUHEHUSIX MOYKHO HATH MaKCHMalIbHOE 3HaUeHNEe N,

max ?

TO BEJIMYMHA
F. =N,_, — N HaspBaercs ero cB00OAHON BaJeHTHOCTBI0. Harpumep, 11 MosieKy bl OyTaaneHa

H2C 1=C zH—C 3H=C4H2

wistatoma C; N =By + P+ Fo . +Fr. =3,894;

st aroma C; N =B] + Foe +Fo o + B + Fo o =4,341.

N__. U yTIIeBo0po 0B NpuHATO 4,732. Takum 00pa3om, cBOOOTHBIC BaJICHTHOCTH aTOMOB yTJIepo/a B

max

moutekyne oyraauena Oyayt 0,838 mis C; u 0,391 mis C,, yTo 006I9HO M300pakaeTcsi Ha AUArpamMmme:
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0,391 0,391

0,838 0,838
CZ—C3 T
/ N
1 Ca
Hadranun.
1,74
1,60
0,4
0,1 0,45

EOHOHHCHI/IH K OIMpCACIICHHUIO NHACKCA CBO60,Z[HOﬁ BaJICHTHOCTH.

[IpeanonararoT, 4TO MakKCUMaJIbHAsI CyMMa MOPSAJIKOB CBSI3€M JOCTUTAETCs B 3TOM MoJiekye. B
MeTo/1e XIOKKEJISl CEKYJISIPHOE YPAaBHEHHUE JUIsl ONIPEIETICHUS OJJTHOJIEKTPOHHBIX 3Hepruil © MO

3alIMIICTCA:

E| :a+\/§ﬂ§
E,=a;
E, =a;
E, :a—\/gﬂ.
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1 1 1 1
==t Xt X = X
?, \/57(1 \/glz \/gla \/8Z4
1
0, :E(lz + X +Z4)'

P I 1

EN

N, =3P°+3—=4,73

B

_
-

F=N_ —N.

max

§ 14. OrpaHM4eHHOCTH OJAHORJIEKTPOHHOU Moenn. [IoHsATHE O KOPPEISIIMOHHON SHEPTHUH.
Bo30y>k/1eHHbIE COCTOSIHUSI MOJIEKYJI.

OnHO27EKTPOHHAS MOJEIb IIUPOKO UCIOJIB3YETCS BO MHOTHUX TEOPETHUECKUX MHTEPIPETALUAX
3KCIIEPUMEHTANIBHBIX IAHHBIX. B yacTHOCTH, OnMcaHue peHTIeHOBCKUX U OXke-CIEKTPOB, BOSHUKAIOIIUX
B pe3yJIbTaTe Paciaga BHICOKOBO30YXK/IEHHBIX JBIPOUHBIX COCTOSIHUN MOJIEKYJI IO CYIIIECTBY OCHOBAHO Ha
sToit Mmoaenu. [loscHum 0O6pa3oBaHue YIOMSHYTHIX JbIPOYHBIX COCTOSIHUI M BO3HUKHOBEHHE CIIEKTPOB B
paMKax mpoCTOro ByXCTaJuWHOTO nojaxoa. Ha nepBoii ctaauu B pe3ynbTaTe B3auMOACHCTBUS
MOJIEKYJIBI ¢ OBICTPBIM 3J1EKTPOHOM (€) min poroHoM (hv) 0Opaszyercs «abIpKay WU BaKaHCHUS HA
OJTHOZJICKTPOHHBIX YPOBHSIX BHYTPEHHHX (O0CTOBHBIX) MO, 4TO COOTBETCTBYET MOSIBIICHUIO OYCHb

BI)ICOKOB036y}K,I[CHHOFO (I[I:IpO‘{HOFO) COCTOSAHUS MOJICKYJIAPHOI'O MOHA:

AB+e—>(AB+)*+e'+e“ WA

AB+hv —(4B") +e.

Jlanee, Ha BTOPOI CTaIMU TPOUCXOIUT 3AMOTHEHUE ITOH BaKaHCHH JIEKTPOHOM C BBIICIICHHEM
KBaHTA JIEKTPOMArHUTHOTO U3My4YeHust hv (DeHTTeHOBCKUI CIIEKTP), TMOO ¢ BBIOpOCOM 3rekTpoHa (Oxe-
addekr). DTa cxema, npeacTaBiIeHHas Ha puc.14.1, 1eXXUT B OCHOBE COBPEMEHHBIX MPEJICTaBICHUH O

boTodneKTPOHHOH (@), 2NIeKTPOHHOH (0), peHTTeHOBCKOH (B) M OKe-3IIeKTPOHHON CIIEKTPOCKOTIHH.
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Pucynok 14.1. Cxema, nosICHsIOIIAs] BOSHUKHOBEHUE (POTOIEKTPOHHOTO (@), JIEKTPOH-3TIEKTPOHHOTO
(6), peHTTEHOBCKOT'0 IMUCCUOHHOTO (B) U OKe-dIIEKTPOHHOTO CIIEKTPOB.
B pamkax 0IHO3JIEKTPOHHON MOJIENN TAKKE BO3MOXKHO aJIEKBATHOE OMMCAHUE PUAOECPHOBBIX MU

PpUAOEPTrOBCKUX COCTOSIHHIA MOJIEKYJI, KOTOpbIe 00pa30BaHbl IEPEX00M AIEKTPOHA C BaJieHTHBIX MO
YPOBHE B COCTOSTHUS, aHATIOTMYHBIE COCTOSTHUAM 3((EKTUBHOTO BOAOPOIONIOI00HOTO aToma.
Punbeprosckoe cocTosiHUE MOJIEKYJIbl XapaKTepU3yeTCsl TEM, UTO OJIMH 3JIEKTPOH JBHKETCS TaK JAJIEKO
OT BCEX SAJIEP U IPYTUX AIEKTPOHOB, YTO CO3/1aBAEMOE UMHU CHJIOBOE T10JI€ MOXKET OBITh XOPOIIO
MPUOTUKEHO MOJIEM HEKOTOPOT'0 TOUEYHOTO MOJIOKUTEIBHOIO 3apsia. DHEPTUU TAKUX COCTOSIHUN
anekTpoHa E, onpenenstorcs Takke Kak B aTOME BOJ10po1a 3 (PEKTUBHBIM TTIaBHBIM KBAHTOBBIM UHCIIOM
Nypp = N — O, I1e 6 — HOIpaBKa, Ha3bIBaeMas KBAHTOBBIM JA€(EKTOM:
R
E =———.

(n-0)
Jlist mostexyt u3 aromoB | u II meprooB n 00bI9HO HAYWHASTCS C 3, AT O0JIee TSHKEITBIX MOJICKYJT
puAOEproBCKUE COCTOSHUS OTBEYAIOT OOJIBIIMM 3HAYEHUSM IJIABHOTO KBAaHTOBOTO uucia. Hanpumep, nis
JIByXaTOMHOM MoJieKyJibl Kanus, Ky, umeercs Tpu cepun Bo30yKIEHHBIX COCTOSIHUM, KOTOpBIE
OMUCHIBAIOTCS Kak nepexosl aekTpoHa ¢ AO 4s nHa AO ¢ n > 7. Jlns coBnajieHusi TEOPETUUECKUX U
AKCIIEPUMEHTAIIBHBIX JIAHHBIX KBAHTOBBIHN Ie(heKT O Moa0upaeTcs Uit KaXKA0r0 3HAYCHUS 1.

Metonom CCIT (MO-JIKAO) ¢ yI0BI€TBOPUTEIHHON TOYHOCTHIO PACCUUTHIBAIOTCS PABHOBECHBIC
TE€OMETPUU MOJIEKYJT B OCHOBHBIX JIEKTPOHHBIX COCTOSIHHUSIX C 3aMKHYTBIMH JIEKTPOHHBIMH 000JI0UKaMH

N MHOT'HMC OIPYIrUue€ XapaKTCPUCTUKH, TAKHEC KaK YaCTOTbI KOJ'I@63HPII>1, JUITIOJIBbHBIC MOMCHTHI U T.[.
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[ToHATHO, YTO pe3ynbTaThl PACYETOB 3aBUCAT OT Oasuca, BHIOpaHHOTO s pasioxenus MO. Ognako,
naxe eciu 6a3uc AO TakoB, UTO Pe3ysbTaT HE MEHSETCS IPU €T0 PACIIUPEHUH (XapTpH-(HOKOBCKUI
npenen), mero Xaptpu-Poka He MOKET MPUBECTH K TOUHBIM 3HAYEHHSIM COOCTBEHHBIX 3HAUCHUI
(oHepruu E) ¥ TOYHBIM BOJTHOBBIM (DYHKITUSIM MOJICKYJISIPHOTO raMIJIbTOHHAHA. Pa3HOCTh MICTUHHOTO
(TOYHOTO) 3HAYEHUS] HEKOTOPOW HAOII0JaeMOM BEIMYMHBI M €€ 3HAYCHUS, TIOTYYSHHOTO B XapTpH-

(OKOBCKOM TIpejiesie, Ha3bIBAIOT KOPPEIAIIMOHHON MOMPaBKoi. B cirydae sHEprum — KOppesnoOHHO’

ouepruei: £, =FE  —FE, . 1loxTouHoii sHepruei E

Kopp moun moun

IMOHUMAIOT UCTUHHYIO SHCPIUIO CUCTCMBI B

HEPEJIATUBUCTCKOM BapHUaHTE KBAHTOBOM MEXaHMKH. Bo MHOTHX 3a/1ayaxX y4eT KOppeIsiuOHHBIX
TIOTIPABOK SIBJISIETCS IPUHIUITHATIBLHO BaXXHBIM. Tak 0e3 BhIX0/1a 32 paMKU XapTpU-POKOBCKOTO
NPUOIIMKEHHSI HEJb3S C YAOBIETBOPUTEIBLHON TOYHOCTBIO TIOTYYUTh SHEPTHH TUCCOIUAIIMY U HOHU3AIIUU
MOJIEKYJI, aKTHBAIIHOHHBIE OAPhEPHI PEaKIUii, a TAKXKEe, XOTs Obl KAUECTBEHHO ONMHUCATh BO30Y KICHHBIE
JJIEKTPOHHBIE COCTOSHUS, BKJIIOUYAIOIIHE MEPEXO0/IbI AIIEKTPOHOB B BAJIGHTHON 00JIaCTH.

TepMHH KOppeALUs B3AT U3 MAaTEMaTUYECKON TEOPUHU BEPOSATHOCTH, I/1I€ BBOJUTCS MTOHATHE O

KOPPEJIMPOBAaHHBIX (CBSA3aHHBIX JAPYT C IPYTOM) M HEKOPPEJINPOBAHHBIX MIEpEMEHHbBIX. B KkBaHTOBOM

MEXaHHUKE BCPOATHOCTD HaWTH OQUH J3JICKTPOH B TOYKC 7], 4 BTOpOfI B TOYKE 7, OIIPCACIIACTCA (SaI[aCTCSI)

JIBYX2IIEKTPOHHOI (ByHKIMeil ioTHOCTH 7 (7,7, ) = <(I) (r1yry) ‘ O (7,17 )> , TJIe HHTETPUPOBAHHE
,

3.

BBITNIOJTHCHO I10 BCEM IICPEMECHHBIM 73, 7;...F,, , KPOME 71 U 7, . Taxk kak IIpU MaJIbIX PACCTOAHUAX MCKIY

JJIEKTPOHAMH 7}, = ‘r] —7,| KyJIOHOBCKOE B3aHMO/IEHCTBHE (OTTAIKUBAHUE) IEKTPOHOB YBEINIUBACTCS:

V(5.1,)~—, 10 1pu #;, — 0 1m0 oHEpreTHIecKUM coobpaxernam (¥ (r;,7,) — ) BEPOATHOCTL HalTh
12

J1Ba SIIEKTPOHA OJHOBPEMEHHO B OJHOM | TOH e TOUKe J0JIKHA ObITh HyneBoH, T.e. (7, rz) =0.
OxasbIBaeTcs, 4TO B Cilyyae BOJIHOBOH (yHkiun O (rl, Ty..ry ) , 3aJJaHHON nerepmuHanToM Crelitepa, He
CYILIECTBYET KOPPEISALIMH MEXK/Iy SMCKTPOHAMH C PasHbIMH CIIMHAMH, T.¢. Gynkums (7,7, ) He MeHseTcs

npu r, —> 0 , UTO ABJIACTCA OI[HOI71 N3 IPUYIUH BOSHUKHOBCHUA KOppGJ’IHL{HOHHOﬁ TIOIIpaBKH.

KpOMe TOro, BOJIHOBas ¢)yHKHI/I$I, 3alaHHasA KakK OAUH ACTCPMHUHAHT, HC B COCTOAHUU IIPABUJIBHO

OIMUCAThb NUCCOLMUAIINIO MOJICKYJIbI HA OTACJIbHBIC ATOMBI. Haan/IMep, BOJIHOBAas (I)YHKHI/ISI MOJICKYJIbI

BOAOpPOJa NIpH YBCIIMUCHUU MCKBAACPHOT'O PACCTOSHUA (R —> OO) JOJIDKHa nepeﬁTn B IIPOU3BCACHUC JIBYX

atomubix Gynkumii: W (7,7, ) ——= 1, (1) 7, (r,) . B neiictBurensrocTh:
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Kak BUHO U3 MOCTIETHETO BhIPAKEHHUS, TIPU R —> 00 B BOJIHOBOH (DyHKIMK OyayT IPUCYTCTBOBATH
npoussenenns y, (1) x,(2) u z,(1) x,(2), oTBeyatouye cuTyarym, Kora JBa 31eKTPOHA JTOKAIH30BaHbI
OKOJIO sI7Ipa a WK b, T.€. OMHChIBatoLIe oTpuLaTeabHbli noH H'. Takum o6pa3om, XapTpu-(hoKoBcKas
dyHKIHA npu R — 00 GyzIeT ONuCchIBaTH cMech HOHOB Bojopoaa (H', H) u HeHTpanbHbIe aTOMBI, 4TO HE

corjacyercs ¢ (GU3MKON 1 XUMHUEH peakiuu auccoruanuu Ho.

JpyrumM npuMepoM HETPaBUIIBHOTO MOBEACHUS OJJTHOTEPMHUHAHTHONW (DYHKITUH SIBIISIETCSI MOJIEKYJIa
. o 2 2
LiH. JInst 3T0#1 MOJIEKYJIBI C YETBIPbMSI 3JIEKTPOHAMHU {(10‘) (20') - 3JICKTpOHHAs1 KoHpurypanus} MO

1o mouTH moiHOCTHIO cocTaieHa u3 1s AO nutus, a MO 26 ecth nuHelHas komOunanus 2s, 2p, AO Liu

Is AO Bomopoaa. [Ipu R — oo MO 1o nepexonut B 1s-op6urans Li, a 26 MO — B AO 1s Bogopona.
2 2
CrieioBaTebHO, Ha IMCCOLMALIMOHHOM Mpejiene Mel iMeeM Koudurypammio (Is,,) (Ls, )", aro

O .
COOTBCTCTBYCT HOHHOMY COCTOSSHUIO LiHc¢ ABYMs DJICKTpOHAMU Ha aTOME Lin ABYMS Ha aTOMC H.

IlorennmanbHas kpuBasi £ (R) , HaiienHas metogoM MO JIKAO (CCII), s monexysnel LiH Oyaer naru

K HOHHOMY IIpeJiey, TOraa Kak TouHas £ (R) JIOJDKHA aCHMITTOTHYECKU MPUOIINKATHCSA K CyMMe

SHEPTUH JBYX HEHTPAIBHBIX aTOMOB (CcM. puc. 14.2).
PUCYHOK.

Koppensunonnas sHeprust MosieKysibl npumepHo coctasiisieT 0,5 % oT ee MOoIHOM 3Hepruu.

Hanpumep, 11 Monekyibl N, B OCHOBHOM JIEKTPOHHOM COCTOSIHUU 12; XapTpU-(POKOBCKAs SHEPTUsl
E,, cocrasnser: E,, =—108,9956 ar.e/1. npu paBHOBECHOM MEXKbsIepHOM paccTostanu R, =1,094 A, a

KoppessinuonHas oneprust E,, =-0,5382 ar.ex.= =—14,65B, T0 ecTb Ha OHY JICKTPOH PUXOUTCS

okoso 1 3B koppensitinonHo# sHeprun. Mzmenenue E.,.,

npu Juccoranmu 1Ujin O6pa30BaHI/II/I MOJICKYJI
MMpEACTABIIAOT, 110 CHACTbIO, MCHBIIUC BEJIIMYHUHDBI, YTO MMO3BOJISCT, XOTA U C 0O0IBIION IMOrpC€IHOCTbIO,
pacCUUTBIBATD SHCPTHUU AUCCOLNHAIIMN MOJICKYJI B paMKax HpI/I6J'II/DKCHI/I$I Xaprn-d)oxa. VYBenuueHue

Empp MOJIeKYJTbI N TIpH tucconaniu cocrasisieT ~ 0,166 at.em. =4,517 3B (44 % ot

SKCIIEPUMEHTAIBHON 3Hepruu qucconranuu D, = 9,902 3B). 3ameTM, 4TO peasATUBHCTCKAs MONPaBKa K

104



TOJIHOW SHEPrUHU MOJIEKYJI TAKXKe J0CTaTOYHO Benuka (st No ~ 1,4 5B), Ho B otimume ot £, oHa

MPAKTUUYECKU HE MEHSETCS MPU U3MEHEHUH MEKbSJCPHBIX PACCTOSIHUM, T.€. HE BIMSIET Ha TOUHOCTh
pacuera XxapaKTepUCTUK MOJIEKYJI, COCTaBIIEHHBIX U3 aTOMOB MEPBBIX Tpex neproaos. [Ipu nepexoae k
00J1e€ TSHKEIBIM CUCTEMAaM PEIITHBUCTCKHIE OMUOKU PACTyT, M UX YYE€T CTAHOBUTCS 00S3aTEIIbHBIM.
OnHO37EKTPOHHAS MOJIEIIb, KAK YK€ YIIOMUHAJIOCh, TPAKTUYECKU HE MOXKET AaTh
KOJIMYECTBEHHBIX PE3YJIbTATOB MPHU OMUCAHUH BO30YKJACHHBIX dJIEKTPOHHBIX COCTOSHUI MOJIEKY,
0COOEHHO MOJIEKYJ C OTKPBITBIMH JIEKTPOHHBIMH 000J0YKaMH B OCHOBHOM cOCTOsSTHUH. Hanmpumep, s

+
HOHAa MOJICKYJIbI a30Ta N, OKCIICPUMCHTAJIbHO YCTAHOBJICHO, YTO BO36y}KI[eHHOC QJICKTPOHHOC COCTOSAHUC

2 o . 2 3
ects "I, ¢ 31neKTpOHHON KOH(pUrypanuen (30 g) (17Z'u) JexuT Ha 1,16 5B BbIllIe OCHOBHOT'O COCTOSIHUSI

1 4
PANES o 9)
X Zg C KOH(i)I/IpraHI/IeI/I (3615') (17Z'u) . PacueTr »THX COCTOSHUN B HpI/I6J'II/I)KeHI/II/I XaprPI-qDOKa

TIPUBOJIUT K COBEPIIEHHO MHOMY PE3yNbTaTy: OCHOBHBIM COCTOSHMEM OKa3blBaeTcs cocTosnue “I1 , a
BO30YXK Iyt it BO30 0,63 5B
YXKICHHBIM “X! ¢ oHeprueii Bo36yxaerus 0,63 9B. JIpyruM XopowiM NPUMEPOM, YKasbIBAIOIIMM Ha

HEOOXOMMOCTh OTKa3a OT IPEICTABICHHS BOTHOBBIX (PYHKIIHIA B OJJHOXICKTPOHHOW MOJIEIH, SIBIISIETCS
CHUTYalus, BO3HUKAIOIIAS TIPH OMMCAHUU BO30YKACHHBIX COCTOSHUM OeH30ma. CIEeKTp MOTIOMIEHHS
napoB GeH301a B yibTpaduoneToBoii obmactu ¢ makcumymoM ripu 2600 A (4,9 5B) usBecTeH co BpeMeH
Hayaja pa3BUTHUS CIIEKTPOCKOITNH, OJHAKO KOJIMYECTBEHHOE €T0 OMMCAaHUE C TOYHOCTHIO 710 1 3B ObL10
BBITTOJTHEHO TOJIBKO B TIOCJIETHEE BPEMSI C HCIIOJIb30BAHUEM METOJIOB, YUHTHIBAIOIIUX KOPPEISIIMOHHBIC
3P HEKTHI.

Hmeercst 1ocTaTOYHO MHOTO Pa3IHYHBIX CIIOCOOOB y4eTa KOPPEISAIUOHHBIX MTOMPABOK, CPEIN

KOTOPBIX OyIyT pacCCMOTPEHBI JIMIITh HECKOIBKO OCHOBHBIX.

§ 15. Meton koHGUTYpaAITMOHHOTO B3aMMO/ICHCTBHS.

J1st 57IeKTpOHHOM 000JIOYKH MOJIEKYJIbI B MIPEABIAYIUX pasnenax (cM. § MO MHOroaTOMHBIX
MOJIEKyIT) ObIJIO BBEICHO MOHATHE KOH(UTYpaLlK, KOTOpasi ONpeAessiach yKa3aHHEM YMCell 3al0JIHCHUS
opOuTaIBHBIX ypOBHEH nj. Eciii Bce opOuUTanbHbIE YPOBHU HEBBIPOXKICHBI, TO KAXKIOH KOHPUTYpaITUH

OTBEYAET OfIHA JCTEPMUHAHTHAS (DyKHIHSA, B KOTOPOH KaX/Jas OPOUTAND ¢, MOXKET BCTPETHTBCS IBAXK/IBI,
CO CITMHOBOH (DyHKIMEH o UK 3, T.€. UMeeTCs ABE CIIUH-OpOUTanu @, u @, (”,- = 2) WJIN OJUH pa3

(”,- = 1) . Takum 00pazom, kaxaeiid ferepmuHanT Crelrepa, COCTaBICHHBIN U3 CIMH-OpOUTaNIeH, OTBEYaeT

3JEKTPOHHOM KoHpurypauuu. (B coyuae Beipoxkaenasix MO, BooO11I€ TOBOPS, MOKHO TIPCTPOUTD

HECKOJIBKO JIETEPMHUHAHTOB, OTBEYAIOIINX OAHON KOH(PHUTYpaIHH).
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IIycts {goi} €CTh HaOOp opOuTasell, MOyYEeHHBIN B Pe3yJIbTaTe PEUICHUS ypaBHEHUI XapTpu-
®doka, ¥ U3 HUX COCTaBJIEH HAOOp CIMH-OpOUTaNeit {y/i} , 00pa30BaHHBIN YMHOKEHHUEM KaXKIOU
IPOCTPAHCTBEHHOH YaCTH ¢, Ha CHIMHOBYIO (DYHKIUIO 0 WK . OCHOBHOE COCTOSIHUE MOJIEKYJIbI ¢ N
anektponaMu B Teopur MO onnceiBaercsa nerepmunantoM Cnelitepa W, , B KOTOpBIN BXOIAT CIIMH-
opOHTaNIH, OTBEUYAIOIINE HU3IINM OPOUTAILHBIM YHEPTHSIM:

V¥, =det{yy,.wy}.

B pesynbrate pemenus ypapaenuid Xaptpu-Ooka 4iCIo MOTydaeMbIX CIIMH-OpOuTaieil, BOOOIe roBops,

OECKOHEUHO MM PaBHO 2M, ecnu Juid NIpeIcTaBlIeHus opOuTanel ¢, UCIoyb30BaHO M 0a3HuCHBIX
¢byxuanumii. Tormga 3 octaBmmxcs 2M — N BUPTyaIbHBIX OpOHUTaIelt MOKHO TIOCTPOUTH OJHOKPATHO

BO30y>KJICHHBIE IeTepMUHAHTBI ‘¥ ( r ) =det {l//lylz...l//i_ll//pl//m...l//N} ;

pr
JBYXKPATHO BO30YK/IEHHBIE I€TEPMUHAHTHI ‘I’( ; ), B KOTOPBIX 1Be 3ausiAThie MO, ¢, U @, 3aMEHCHBI Ha

prs

BUPTYaJIbHBIC @, U @, ; TPEXKPATHO BO30YIK/ICHHBIC - ‘P( 4 ); YETBIPEXKPATHO BO30YKacHHbIE VW ( 5,’jq)

u T.4. Eciu ¢pyHkunn {y/i} 00pa3yIoT MOJIHbII Habop Z| 1//i><1,yi | =1, T.e. 100yI0 OTHONIEKTPOHHYIO

1

(YKHIIMIO MO>KHO MPEACTABUTH B BUJIE PA3JIOKEHUS ch.l//i , TO IPOU3BOJIbHY0 MHOT03JIEKTPOHHYIO

1

bynakuo VY (l, 2,...N ) MO>KHO TIPEJICTaBUTh B BUJIC JTUHEHHOW KOMOWHAITUH JIETEPMUHAHTHBIX

byHKIIHIA:

V(L2 N) =2 e, W (1) + 2, (5 )+ e, ¥ (50 )+
-

V4 prs
JlelCTBUTENBHO, €CIH {Wi} - MONTHBINA HAbOp QyHKIMH, TO, 3apUKCHPOBAB KOOPIUHATHI BCEX AIIEKTPOHOB,
kpoMe N-oro, OyieM UMeThb OIHO3JIEKTPOHHYI0 pyHKIH0 ¥V (N ) , KOTOPYIO0 MOKHO 3aIiCcaTh B BUJIE

Pa3JI0KCHUA:

Y(1,2,..,N)=Y ¢(1,2,..,N-1)¥, (N),

r7e KO3 PUIMEHTHI SBISIOTCS GYHKIMAMHU OT KoopAuHAT N-1 3nextpoHoB. [loBropum 3Ty npornenypy,

3auKCHpoBaB nepeMeHHble 1,2,..., N —2 B ko3 dHULUEHTaX pa3nokKeHHs c, (1, 2,.,N-2,N— 1) , 1

MOJIYYHM:

¥(L2,N) =3 ¢, (1.2...N=2)¥,(N-1) ¥, (N).
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[ToBTOPSIS 3TY POLIEAYPY, BOTHOBYIO (DYHKITHIO OT IIEPEMEHHBIX N 3JIEKTPOHOB MPEICTAaBUM B

BHJC PA3JIOKCHUS 110 IIPOU3BCACHUAM CHHH-Op6HTﬁJ’I€ﬁZ

Y(L2,.,N)= D ¢, Y, ()Y, (2) ¥, (3)..F,(N).

i,j.k..n
Tax xak ¢pynxmus ¥ (1,2,..., N ) AHTUCHUMMETPHUYHA I10 OTHOLICHUIO K IIEPECTaHOBKaM KOOPANHAT
3JIEKTPOHOB, TO IIPOU3BEACHHS B IPEABIIYIIEM Pa3I0KEHUHA MOKHO CIPYIIIMPOBATH B I€TEPMHUHAHTHI

(KOH(I)I/II‘ypaIII/II/I) U MOJIYYUTb MPEACTABJIICHUC MHOFOSHeTpOHHOﬁ (I)yHKIII/II/I B BHUJIC PA3JIOKCHUS 110

JETEPMUHAHTHBIM (DYHKIUSIM:

Y(L,2,.,N)=Y ;¥ (L2,..,N),
K

rae K — cooTBEeTCTBYeT HAOOpy MHIEKCOB ijk...n .
[Tpu TakoM mpecTaBICHUN BOJIHOBOW (DYHKITMH 3a/1a4a MOMCKAa COOCTBEHHBIX (PYHKIIUN U

COOCTBEHHBIX 3HAYCHUIH MOJEKYJISIPHOTO raMIIIbTOHMAaHa H cBeJeTCs, TakkKe Kak U B clIyyae onepaTopa

q)OKa, K PCHICHUIO BEKOBOT'O YPABHCHUS:

det‘f-\I—ES‘ —0,

n3 KOTOpOFO GYI[YT HaXOAUTHCA BHCPFI/II/I El’ E2 , 1 HOI/ICKy COOTBGTCTBYIOH_II/IX BeKTOpOB E’,
COCTaBJIEHHBIX U3 KO3(G(GHULUECHTOB C, MPH PELICHUU CUCTEMBbI TUHEHHBIX ypaBHEHHIA:

He=ESe.
3I[€CB I/‘} - ManI/IHa BHCKTpOHHOFO TraMHUJIbTOHHUAHA C JICMCHTAMHA HKL = <IPK |I/‘}|\PL> . § - ManI/II_Ia
MHTETPAJIOB NEPEKPhIBaHUS (METPHKA IPOCTPAHCTBA) € dJIEMEHTaMU S, = <‘P X |‘If L> ¥ ¢ - BEKTOp-

cTonbel, COCTaBIEeHHbIH 13 KO3()(UIIUEHTOB ¢ .

B o0mem cnyuae B kauecTBe 0aznca OJHOYACTUYHBIX (DYHKIIUI MOTYT OBITh B3SITHI HE
00s13aTeIIBHO XapTpHU-POKOBCKUE HYyHKIIUN {(p,.} , a moObIe 6aszucHbie QyHKIH, Hanpumep, AO. Takoit
METOJ] MPUOIMKEHHOTO pereHus ypaHenus Ll penunrepa 1ist 5JeKTPOHHOH 3a1a4U Ha3bIBAIOT METOIOM
kKoH(purypanuonHoro p3anmoaeicteus (KB). MoxxHo nokaszats (Teopema Mak/loHanbaca), 9To

nony4daemsle B Metozie KB sneprun E, E,... ABISIOTCS OLIEHKAMH CBEPXY TOUHBIX COOCTBEHHBIX

3HaYeHUH raMHJIbTOHHAHA U TAKUM 00pa30M NPUOIMKEHHO COOTBETCTBYIOT BO30YKICHHBIM
3JIEKTPOHHBIM COCTOSHUSAM cHCTeMBI. [Ipr 3TOM ¢ yBennyeHneM 4rcia KOH(QUrypammii B pa3iokeHun

BOJTHOBOM (I)yHKIII/II/I TOYHOCTD IMOJIYyYaCMbIX PE3YyJIbTaTOB BO3PACTACT.

107



TTosicHuM mMcnob30BaHuE METOo4a KB na MMPpUMEPE MOJICKYJIbI 0en3ona. OCHOBHOE QJICKTPOHHOC
1 V) 2 2 4 .
COCTOsSHUC Alg 9TOU MOJICKYJIbI UMCCT JJICKTPOHHYIO KOH(l)I/Il"ypaLII/IIO (GZu) (ezg) (elg) , B KOTOpOU
Op6I/ITaJ'II/I a,, nu elg AHTUCUMMCTPHUYIHBI OTHOCHUTCIIbHO OTPAaXCHHA B IIJIOCKOCTHU MOJICKYJIbI (Op6I/ITaJ'II/I TT-
TI/IHa). PaCCMOTpI/IM CUTyallllO, KOTZla OJUH 3JICKTPOH € BBICIICTO 3aHATOTO YPOBHA elg MNEpEXOoJUT Ha

Ooiee BBICOKUH ypOBeHb e, . Tak kak 00a 9TH ypOBHs JBaKIbl BEIPOXKIECHBL, TO MOSBIIAETCA 8

Pa3IMYHBIX CIOCOGOB MOCTPOESHHS IETEPMUHAHTHBIX (DYHKIHIA, COOTBETCTBYIOIIMX BO30YKACHHON
) 2 2 3 1
SIIEKTPOHHON KOHHTyparm (da,, ) (ez g) (e1 g) (e,,) , mpencraBnennsIx Ha cxeme 15.1.

Cxema 15.1. Bo3MoXHBIE OTHOKPAaTHO BO30YK/ICHHbIE J€TEPMUHAHTHBIC (PYHKIMH, BOSHUKAIOIIHNE TIPU
NEepexo/ie BIEKTPOHA ¢ BEPXHETO 3aHATOrO YPOBHS €,, Ha HWKHUI CBOOOJHBIH e, .

Herepmunant Creiirepa Pacnipenenenue 3meKTPOHOB 110
YPOBHSIM C YY€TOM M3 CIIMHA.

Y, (OCHOBHOE COCTOSIHUE)

lIIl

\IIZ

\P3

\II4

\IIS

LP6

LP7

LPS

BonnoBas dyHKIMs MosieKyJibl OeH301a B mpocTeiieM Bapuante KB 3anuceiBaeTcs B Buje
JTUHENHOW KOMOWHAIIMY JAEBSATH AETEPMUHAHTOB:
8
Y=c¥o+o¥ +.+¢ V=D Wy
K=0
B pesynprate mis Monekynbl O€H30I1a IOTyYaeM MIeCTh BO30YKACHHBIX JIEKTPOHHBIX COCTOSIHUI: TPU
'B

CHHIJICTHBIX COCTOSAHUA: 1E

lu>

1 .3 3 3 1
B,, ¥ Tpu TPUIUIETHBIX cocTosiHMA: “E, ,°B, , B, (cocrosnus E, n

lu> Tu®

°E,, MBaXIbI BBIPOXKIEHB). Takoii MPOCTOMH pacueT MoJokeHus Bo30ykKIEHHBIX COCTOSHUI GeH301a ObLT
BeITIoNHEH [lorutom B 1953 rojy B paMkax MOy3MITUPUIECKOH CXEMBI BEIYHCICHUST MATPHIHBIX
anemenToB (Meron [Tapuzepa — [1ape — [loruta) ramuneronnana. [Tomyuennsie pesynbrarsl (Tabnuma
15.1, cronGerr 2) MUIIb KA4€CTBEHHO COTIIACOBAIIUCH C IKCIIEPUMEHTAILHBIMU JJaHHBIMU (cTosberr 1).

6 .
Ucnonb3oBanue Heomnupuyeckoro metona KB ¢ Bkimouenuem nopsiaka 10° konpurypanuit (kosioHka 3)
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IMMO3BOJIMJIO MMOJYUYUTH KOJIMICCTBCHHOC COIIaCUC paCCUNTAHHBIX MOJIOXKEHUM B036y)KI[eHHI)IX ypOBHeﬁ C
SKCIICPUMCHTOM.

Tabnuma 15.1. Dueprun Bo30OyxaeHus (4E) 3IEKTPOHHBIX COCTOSHUI MOJIEKYJIBI O€H301a.

AE
CocrostHue Bonee TounsIit
OKCIEPUMEHT [X] ITIIT [xx] KB [xxx] pacuer
MKCCII+TB[xxxx]
X '4, 0 0 0 0
°B,, 3,95 1,5 4,06 3,89
°E,, 4,76 2,2 5,02 4,50
332u 5,60 3,0 6,02 5,44
'B,, 4,90 5 5,25 4,70
'B,, 6,20 5,8 6,60 6,10
'E, 6,95 8 7,47 7,06

OtmeTuM, 4TO JUIsl pacueTa SHepruil Bo30yX1eHUI MoJieKyibl OeH3oua ¢ ommbkamu meHee 0,2 3B
BOJIHOBAs (PyHKIIMS JOJDKHA BKIIFOYATh OY€Hb MHOTO KOH(pUTyparmii. Tak Hanmpumep, paclIupeHne Jrcia
koHpurypanuit 10 20000 ¢ ogHOBpeMeHHo onTuMu3anueit MO 11 HECKOTBKUX COCTOSIHUH TTO3BOJISIET
MOJYYUTh SHEPTUU HU3IINX IEKTPOHHBIX COCTOSIHUMN ¢ ommOkamu 1 — 2 3B. Pe3ynbTarel Hanbomee
TOYHBIX COBPEMEHHBIX PACUETOB CTIEKTpa OeH3oa ¢ ommbkamu B AE meHee 0,2 3B tpebyroT

s dexrusroro yuera 10° — 10° kondurypanmii. Takasi CHTYaLHs SBISETCS THIIMYHOM 1T GOJIBIINHCTBA
Monekyl. [Ipu 3Tom, K coxxareHHIo, B TAKUX pacueTax TepsIOTCs MPUBBIYHBIE B XUMHUHU MIPEJICTaBIEHUS 00
00pa30BaHUU XUMHUYECKHUX CBSI3eH B MOJIEKYIax.

B paccMoTpeHHOM npuMepe NpH NOCTPOSHUH JETEPMUHAHTHBIX QYHKIMN |/, HE IPUHUMANACh BO

BHUMAHHC UX IIPOCTPAHCTBCHHAA U CIIMHOBAA CHUMMCTpPUS. HpI/I ooistee BAYMYHNBOM IMOAXOJAC HYKHO
Y4€CThb, UTO TOYHAA BOJIHOBAs (bYHKL[I/IH OITUCBIBACT HCKOTOPOC ONIPCACIICHHOC SJICKTPOHHOC COCTOAHHC

MOJIEKYJIBI, XapaKTepU3yEMO€E TUIIOM TOYE€YHON CHMMETPHUU U ONPEAEIECHHBIM 3HAUEHHEM CIIMHA S U €ro
MPOEKIINHU Ha OCh S,, TO eCTh ABIAETCS COOCTBEHHOM Is omepatopa S° ¢ COOCTBEHHBIM 3HAUEHUEM
S (S + 1) U JUId onepatopa S, ¢ cOOCTBEHHBIM 3HadeHueM S, . B 3ToM ciydae npu ee npencTaBIeHUN B

metoze KB perepMuHaHTBI MOKHO BCET/1a CIPYMITMPOBATH TAKUM 00pa30oM, YTO KaXIbIi YIeH
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pas3yioKeHus: OyJIeT UMETh TOYHO Ty K€ CHMMETPHIO, YTO ¥ TOYHAsl BOJIHOBas PyHKiws. Takue
CTpYNIMPOBaHHBIC (DYHKIMH MIPUHSITO HAa3bIBaTh KOHPHUTypauoHHbEIMH (QyHKIUsIMEU cocTosiHus (KDC).
Ecnu MbI viieM pemienus ¢ u3BecTHor cummerpueil, To KOC MOXKHO MOCTPOUTH 3apaHee U TEM CaMbIM
COKpaTHUTh YuCIio OazucHbIX QyHkuuid B Metoae KB. Kak npaBuio, B MOJIEKYIISIPHBIX 3a7a4aX CTPOST

K®C, yunTsiBas qullb CIUHOBYIO cuMMeETpHI0. C 3TOM LeNbI0 U3 NeTEPMUHAHTHBIX QyHKImi ¥V,

00pa3yroT QyHKIUH, COOCTBEHHBIE JIJIS1 ONIEPATOPOB 3'3 " 3‘: C OIpeJIeIeHHBIMU COOCTBEHHBIMU
3HaueHusIMH. Hanpumep, eciu 3ajjaua COCTOUT B pacyeTe CHHIIIETHBIX AJIEKTPOHHBIX COCTOSHUHN OeH30a,
T.e. coctossHUi ¢ § =0 u S, =0, To Bo3moxubiMU KOC OynyT cnenyronme gpynkuuu: ¥, ¥, -¥,,

Y, -¥,. ®yskuyuu (cm. § Cmn) ¥y, W,, ¥, u ¥ He Hy)KHO HCTIONIBL30BATh, TAK KAK OHHM OIUCHIBAIOT

TpUIieTHble cocTOsHUA (S =1 1 S, =1) ¥ UX BKJIa/ibl B CUHIVIETHYO (DYHKIUIO HYJIEBBIE.

§ 16. MeTo1 BaeHTHBIX CBs3ell Miu BalleHTHBIX cxeM (BC).

Kak cremyer u3 pe3ysnbTaToB Npeablayiero naparpada ass npeacTaBiIeHus BOJTHOBON (YHKINH B
metone KB cnenyer ucnonszoBate KOC (koHpUrypanmoHHBIE QYHKIIUH COCTOSHUS ), KOTOPBIE TOJIKHBI
OBITH COOCTBEHHBIMH IS OEPaTopoB S° u S_ . Tak xak onepaTtopsl S ‘u S. MHOTO3JIEKTPOHHOM

CUCTCMbI CUMMECTPHUYIHBI OTHOCUTCIIBHO IMEPECTAHOBOK KOOPAUHAT 3JICKTPOHOB, TO OHU KOMMYTUPYIOT C

o~

onepatopom anTucuMMerpusamn A=Y (-1)" P, re. AS> =524 u AS, =S_ A, oTKyja cieayer, 4ro
P

AHTUCUMMCTPHU3ALHUIO BOJIHOBOM (1)YHKL[I/II/I MOJKHO BBITIOJIHUTD ITOCJIC ITOCTPOCHUS €€ HpaBHHBHOﬁ

COHUHOBOM YacTH. O,I[I/IH M3 CII0cO00B IMOCTPOCHUA COOCTBEHHBIX (bYHKI_II/Iﬁ CIIMHOBBIX OIICPATOPOB

OCHOBaH Ha HCIOJIb30BAHHHU CIIMHOBBIX CKOOOK [a (1) B(2)-B(1)a (2)] ¥ HOCUT Ha3BaHUE METON

BaJICHTHBIX CXeM WU cBsizei. [Ipu 3ToM popmanbHO Kaxkaast CIMHOBAs CKOOKa [a(i ) p ( J ) -p (i )a ( J )]

MOJKET OBITh COIIOCTABJICHA CB3H, 06p330BaHHOﬁ QJICKTPOHAMH 1u J HCTOpI/IquKI/I 9TO COIIOCTaBJICHHUEC
CBA3aHO C TCM, YTO HepBLIﬁ pacueT OCHOBHOI'O COCTOAHUSA MOJICKYJIBI BOOOPO/Ia, BBITIOJTHEHHBIN

laiitnepom u Jlonmonom B 1927 rony [Heitler H., London F.Z. Phys. 44, 556 (1927)], 6b11 cnenan

BapUAITMOHHBIM METOJIOM C BOJHOBOM (pyHKIHEH ‘P (1, 2) , coctaBieHHoi n3 AO Bojopona y, U %,

CJIeIYIONTUM 00pa3oMm:
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LWal) 7 @a(2)]
R i s
=[za1 ()m( )z, (1) ][a(1)B(2)-B(1) (z)
=4y, z, (2)[a(1) B(2)-B(1)a(2)].

Vcronb30Banne CIMHOBOM CKOOKH |8 — for| B BONHOBOI (yHKIMH IPHBEITO K CBA3AHHOMY COCTOSIHHIO

MoJiekyJibl Hy, T.€. K MOTeHIHanbHOM KPUBOM C HATMYMEM MUHUMYMa U TAKUM 00pa3oM IMOsIBJICHHUE

CIIMHOBOTO CHIapUBaHUSA [a,B — ﬂa] CTaJIO TPAKTOBAThCS Kak 0Opa3oBaHue CBsi3u. CIMHOBbIE (PYHKIIUU

a(i) upf ( J ) NIPUITMCBIBAIOTCSA IBYM OPOMTAISAM %, U ¥ ;, UCHTPUPOBAHHBIM HA SIPAX i U j MOJIEKYJIBL.

[To »TOM NpUYHMHE OT/IENIbHBIE CIMHOBBIE CKOOKH (CIIapeHHbIE CIIMHBI) OTHOCAT K MIPOCTPAaHCTBEHHBIM
001aCcTsIM MOJIEKYJIBI, T/Ie TIO aHAJIOTUHU ¢ Hy MOXHO 0KUAATh NOSIBIICHUE XUMHUYECKOH cBsi3u. Takas
TPAKTOBKA HA CaMOM JieJle JOCTaTOYHO OECCMBICIIEHHA B OTPBIBE OT PACCMOTPEHUS pacipeiesIeHHs

3J'IeKTp0HH0171 IJIOTHOCTHU U 3apsJia B MOJICKYJIC, OAHAKO Ha 3TOT (1)3.KT HC O6paH_IaIOT BHHUMAHMHA U

CIHMHOBbIE DYyHKIIMU [a (z' ) p ( J ) -p (i )a ( J )] n300paxaroT KJIaCCHUYECKUMH BaJIEHTHBIMM LITPUXaMU Ha

CTPYKTYPHOU XUMUYECKOU (hopMyJIie MOJEKYJIbI. [I0CKONBKY Ka)KI0H CIIMHOBOW CTPYKTYpE,
00pa30BaHHON U3 CIMHOBBIX CKOOOK, B 3TOM CITy4ae COOTBETCTBYET CBOM HAOOP XUMHUECKUX CBSI3EH,
MTOCKOJIBKY 3JICKTPOHHOE COCTOSTHUE, KOTOPOE OMHMCHIBACTCS BOJTHOBOU (DYHKIIMEH, COCTOSIIEH U3
nuHeitHoi koMOuHanu KOC ¢ pa3HbIMU CIMHOBBIMU CIIAPUBAHUSIMHU, BOBMOKHO CYUTATh PE30HAHCHBIM
COCTOSIHMEM MEX]ly pa3HbIMU CTpyKTypamu. Eciu siipa MoseKkyisl n300pa3uTh TOUKaMH U Kax10i Takoi
CIIMHOBOM CKOOKE IMOCTaBUTh B COOTBETCTBUE YEPTY, COSTUHSIONIYIO IEHTPHI (s171pa), K KOTOPBIM
HaYyaJIbHO TPUITHUCAHBI 3JIEKTPOHBI, TO COBOKYTHOCTh 3TUX JIMHUI 00pa3yeT BAJICHTHYIO CXEMY.

[TosicauM 3TO Ha MpUMepe MOJIEKYJIbl OeH30a. byaeM paccMaTpuBaTth 3Ty MOJIEKYIY B T-
AIIEKTPOHHOM TMPHUOIMKEHUH, B KOTOPOM PACCMAaTPUBACTCS TOJIBKO MIECTh JIEKTPOHOB M UCIIOIB3YETCS
mects 6a3ucHbIXx AO Qynkuumii (2p, komrnoHeHTsl AO Ha Kaxa0M aape yriaepona). Ecium sapam C
COIIOCTAaBHUTh TOYKHU, TO CHHIJIETHYIO BOJHOBYIO (GyHKIHIO OeH3011a B MeToie KB M0OXHO MOCTpOUTSD,

ucnonsiys cienyromue KOC 1 cooTBETCTBYIONME UM BaJICHTHBIE CXEMBbI:

1, =A{ 2102 (2) 1 (3) 2. (4) 25 (5) 2 (6)[@ (1) B(2) - (D) (2) ]} *
+[a(3)(4)-B(3)a(4)][a(5)5(6)-B(5)a(6)]

PHUCYHOK.
2%, = A{ 7, (1), (6))[@(2) B(3)- B(2) 2 (3) ]%
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[ a(4)B(5)-p(4)a(5)][a(6)5(1)-A(6)a ()]
PUCVYHOK.

3.y = AU (1)-2(0)}[ @(1) B(2) - B(1)a (2) ]+
*[«(3)8(6)-B(3)a(6)|[2(4) B(5)-B(4)(5)]
PUCYHOK.
4.9, =A{ 7 (1).2,(6)}][«(1) B(4)-B()a(4) ]+
#[a(2)B(3)-B(2)a(3)][a(5)A(6)-B(5)a(6)]
PHCYHOK.

5.9, =A{x(1)..2,(6)}[ (1) B(6)- B(1)x(6) ] *
*[a(3)(4)-B(3)a(4)][«(2) B(5)-B(2)a(5)]

PUCYHOK.

[lepBble 1Be BaJ€HTHbIE CXEMbI IPUHATO Ha3bIBaTh CTpyKTypamu Kekyie, a cinenyromue Tpu —
cTpykrypamu Jlptoapa. Takum o6pazom, BOTHOBaS (PyHKIIHSI CHHIJIETHOTO OCHOBHOT'O COCTOSTHHS
MPEJCTABIISETCS KaK JIMHEHHAsT KOMOUHAIMS [IATH CTPYKTYP, U C TOW BOJIHOBOU (DYHKIIHEH MbI HAXOIHM
MHHHUMYM Ha NOTEHIIMATbHOM MOBEPXHOCTH, T.€. CTAOMIIbHYIO PABHOBECHYIO CTPYKTYPY MOJIEKYJIBL.

Crabunu3anuio MOJIEKYJIbI IPUITUCHIBAIIN «PE30HAHCY» PA3NIUYHBIX CTPYKTYp. OTCI0/1a BO3HHUKIIA
TEOpHUsl PE30HAHCA, OJJHO BpEeMs LIMPOKO UCIOJIb3yEeMas B OPraHUYECKONH XUMHUH.

Kak cnenyert 13 Bblllle H3JI0)KEHHOTO HA CaMOM JieJie KaX/1asl BaJIeHTHAsl cXeMa (CTpYKTypa) He

uMeeT GU3NIeCKOoro cMbIcia, a mpocto sBisgercs KOC B mpencTaBieHny BOTHOBON (yHKIIUU:

Y (1, 2...6) =q¥,+c,¥Y,+c,%¥,, +c,¥,, +c'¥, +¢\Y,.
Koadduuuents! ¢, onpeaenstor Bkiaajx kaxaoi KOC (cTpyKTypbl WM BaJIEHTHON CXEMBbI) B IIOJIHYIO
¢yukuuto. [ToHaTHO, YTO MpH pacupeHun dazuca { ;(} yucio KOC 6yner pactu. Takoi meTon

noctpoerusi KOC B metog KB Ha3biBatoT MeTo10M BasieHTHBIX cxeM miun cBsazeit (BC). B atom meroze
CYILIECTBYET CMOCO0 MOCTpOeHUs TMHEHHO He3aBUCUMBIX KDC, Kaxk10i1 U3 KOTOPBIX COMOCTaBISAETCS
BaJICHTHAs cxeMa wiu auarpamma Pymepa. Eciiu AO BXOIUT B IETEpMUHAHT JBAXK]IBI CO CIIMHOM 0. U 3,
TO Ha JUarpaMMe e COOTBETCTBYET NETJISA, U ITOU CXeME COOTBETCTBYET HOHHAH cTpykTypa. KOC

OeHsoIa:
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¥ =A{7 1) 1,(2)..2:(5) 2 (6)} [ @ (1) B(2)- (1) (2) ][ (3) B(4) - B(3)x(4) | (5) B(6) Gyner
COOTBETCTBOBATh JHArpaMma:

PUCYHOK.

U T.4. Pymepom ObLI0 T0Ka3aHO, YTO MPU HOCTPOCHUH JUarpaMM cileayeT BHIOUPATh NI AUarPaMMBI C
HeTlepeceKalouMUCs JUHUAMHU, T.K. UMEHHO cooTBeTcTBYIomMEe MM KPC 00pa3yroT cucteMy JIMHEHHO
HE3aBUCUMBIX 0a3UCHBIX (YHKIIHH.

B monekynsipubix pacuerax metoq BC ¢ HeopToroHaabHbIME 0a3ucHbIMUA AO { ;(,.} MPaKTUUYECKU

HE HMCIIOJIb3YETCs, TaK KaKk TpeOyeT OONBIINX 3aTpaT BPEMEHH Ha pacdeT MaTPUYHBIX HJIIEMEHTOB
raMMJbTOHHAHA. TeM He MeHee UHTepIIpeTanus 00pa30BaHUsl XMMUYECKUX CBS3EH B MOJIEKYJIaxX 3a CUET
CHapuBaHUs CIIMHOB JIEKTPOHOB COCEITHUX aTOMOB IIHPOKO JI0 CHX IO UCIOJB3YETCS B XUMHUECKOM
JaUTEeparType.

Takum o6pazom, meton BC o cymiecTBy siBisieTcsi 0lHUM U3 BapuanToB MeTonia KB, a koropom
MCII0JIb30BaHa OMpeiesieHHas IPOoLeaypa MOCTPOCHHSI MPABUIILHBIX CIMHOBBIX (DYHKLIUN U B KaUeCTBE
OJTHOZJICKTPOHHBIX (yHKIHIT Oepercs Habop AO, a He MO. BomHoBYI0 (QyHKIINIO, TTIOTYYEHHYIO B METO/IC
KB, Bceria MmoxHO mpenctaBuTh uepe3 pynkuuu BC u Takum 06pa3oM Mpu UCIIOIb30BAaHUH BCETO
Habopa Oa3uca OHOAIEKTPOHHBIX (PYHKINK 3TH METO/IbI SKBUBAJICHTHEL. [Ipn orpanndeHHOM
ucnoisib3oBannu KOC pesynbrarel KB u BC pacueToB MOryT CHIBHO pa3inyaThbCs 3a CUET pa3HON
CKOPOCTH CXOJUMOCTH HUCIIONIh3YEMBIX Pa3JIOKEHUH K TOUHOW BOJTHOBOW (DYHKIIHH.

Jlis mpuMepa pacCMOTPUM IPECTaBICHUE IETEPMUHAHTHON (PYHKIIMHM OCHOBHOT'O COCTOSIHUSI MOJIEKYJIbI

BOZIOpOA det{q)(l)a(l)go(2)ﬂ(2)} , B kotopoit MO ¢ = (;(a +;(b)ﬁ. Iloncrasnsist @ B

JETEPMUHAHT, TOJTYYUM C TOYHOCTBIO 1O HOPMHUPOBOYHOI'O MHOMKHUTEIIS:
detip(1)a(1)p(2) A(2)f =det{z, (Na (1) z,(2) A2)}+det{z, (1N (1) 1, (2) £(2)}+
rdet{z, (Ve (1) 7, (2)A(2)}-det 2, ()() 1 () B (2)}.

[Tony4yennas nuHeliHasi KOMOUHALKS IETEPMUHAHTOB €CTh CyMMa JBYX MOHHBIX U OJJHOM KOBaJIE€HTHOMN

CTPYKTYP - (H; +H; ) + (HZ +H, ) +(H—-H). Boxee noapoGHoe onucanue Merona BC cm. B kuure (P.

Maxk-Bunu, b. Carknug «KBanTtoBas mexanuka monekyin», MockBa, «Mup», 1972).

§ 17. MHorouactnuHas Teopusi Bo3myiieHuii. Teopust Bo3myuienuii Ménnepa-Iliecce

(Moller — Plesset).
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OJIHI/IM u3 HanboJee pacpoCTpaHCHHBIX MCTOOOB HpI/I6J'II/I)KeHHOFO pCLICHUS YPABHCHU

[péaunrepa B KBAHTOBON ME3aHUKH SIBIISIETCSI TEOPHsI BO3MYIleHUA. OCHOBHAs Uaesl METoaa
3aKJII0YaeTcs B MPUOIMKEHHOM BBIYUCIIEHUU COOCTBEHHBIX 3HAUeHUH U (PpyHKLUH onepatopa H ¢

IMOMOLIbI0 U3BECTHLIX PE3YyJIbTATOB, ITOJYUCHHBIX AJIA OIIEpaTOpa H 0 KOTOpBIﬁ oTimuaercs or H Ha

o1eparop V , Ha3bIBacMBbIi BO3MYIICHUCM. HpennonaraeTCﬂ, 4TO oreparop V' cnabo meHseT CIICKTP

—~

Ha4daJIbHOT'O OII€paTropa HO , T.C. ABJISICTCA MaJioil BEJIMYUHOM.

Taxum obpazom H= Iil\0 +V n CIICKTP IiI\O HU3BECTCH:
H,|¥,)=E|¥,) (i=0,12,..). (17.1)

Hawm xenatenpHO MonyyuTh coOcTBeHHYIO pyHKIMIO ¥ 1 coOcTBeHHOe 3HaueHne E omepartopa H ms

OCHOBHOI'O COCTOSHUSA CUCTEMbI, KOTOPBIC OIIPCACIIAOTCA U3 YPABHCHUS!

H|®)=(H,+V || %)= E|¥) wm

(17.2)
Hy|¥)=(E-V)|¥)
Bynem nanee cantats, uto Gynknus | W) HOPMHPOBAHa TaK, UTO:
(¥,|¥)=1 (ycnoeue npomexyTouHOii HOPMHPOBKH). (17.3)
B sTOM citydae
E0:<\P|H0|\P0>:E0<T|T0> (17.4)

E=(V,|H,+V|¥)=(¥,|H,|¥)+(¥,|V|¥)=E(¥,|¥).
oTKyaa crientyer, uto nonpaska k E, (aE) npu nepexone ot H, K H Gy/IeT BHP@KAThCA CIeTyOMM
06pasom:

sE=E-E,=(¥,|V|¥). (17.5)
BosHOBYIO (pyHKIHIO |'\) OCHOBHOTO COCTOSIHHS CHCTEMBI C ONIEPAaTOpOM H MOJKHO 3aIHCaTh B

BUJIE PA3JIOKEHUS 10 COOCTBEHHBIM QyHKIMAM H )

|‘P> = |‘I’0>+ Zc,. |‘{’l> ,rne ¢, = <‘Pl|‘l’> €CThb IIPOEKILIMH BEKTOpa |‘P> Ha 0a3UCHbIE BEKTOPBI |\P,> , T.€.

1

[9)=[®0)+ S )) =[Wo)+ 2| ¥ ) ¥) =%, + O] W), (17.6)

i#0 i#0
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rae Q= Z| ‘Pi><‘Pi| €CTb IIPOEKIIMOHHBIN ONEpaTop Ha MOANPOCTPAHCTBO, OoNpeaesieMoe QyHKIUAMU

1

{V.} (i#0),narsuyroe na Gynxmmun {¥,} u oproronanshoe |W, ). Ecin BBecTH IpOeKUMOHHBI

oneparop P = | ‘I’0><‘P0 | , TO BOJTHOBYIO (hyHKIIHIO |‘P> MOYHO TPEICTABUTH KaK:
W) =W ) (W, | W)+ D | W) (W, |¥) = P|¥)+O|¥). (17.7)
i=0
3amerum, uto P’ = |‘PO><‘PO|‘PO><‘PO | =P, Tk <‘PO |‘P0> =1 u O’ =Q, Kpome Toro

P+ @ = Z|‘Pl><‘l’l | =1 (} - €IMHUYHBINA OMEPaTop).

Onpenesim byHKIHIO OT OmepaTopa f(iio) KaK f(ﬁo) =/ (E)|W,)(¥,]. Eemn < -
MPOM3BOILHOE YHCII0, TO OYEBH/IHO, UTO
e|¥)=€|¥). (17.8)
Borutem n3 Toxaectsa (17.7) ypasuenue (17.2) H,| W) =(E-V)|¥). lonyanm ypasHenne:
(e=H, ) ¥)=(E-¥)|¥), (17.9)

peleHre KoToporo GopMaaIbHO MOKHO 3aIHCaTh KaK

|‘P>:(e_lH0)(e—E+V)|‘I’>, (17.10)

1 —~ —~~

-1
= = (e -H 0) €cTb onepartop, oopartHslil |€ —H, ) [ToacraBum NMOCIIENHIOKO 3aIKCH |‘P> B
e f—
0

Trac
(17.7) n nomyuum:
)= P|¥)+0(cH,) (e-E+V)|¥). (17.11)

By,Z[GM Jajiee peuiaThb 3TO YpaBHCHUC MECTOI0OM HTepaHHﬁ, MMOCJICA0BAaTCIIbHO BbIPAKCHUC (171 1) B €Iro

IIPaBYIO 4acTh. B pe3ynbrare nosy4num pasiioxKeHue |‘P> I10 CTEIIECHSIM BO3MYILEHus V.

¥ =P|¥)+ Q_ (e-E+V)|P¥)+ ¢ (e-E+V) Q_ (€e-E+V)|P¥)+...=

)

—_
m
|
o
~——
—_—
m
|
=
~—~——

(17.12)
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Ecnu Teneps BCIOMHUTD, UTO ( ) z f |‘P ><‘{’ | U CJ'ICI[OBaTeJ'IBHO

2

! _ZI‘PX |

Takxe onpenenenue Q = Z|‘P [><‘Pl_ ,
i#0

BO3MYULICHUM [ | ‘P} :

V(Y| E - E+V W)

ETAS S sl

~ 5 (E-E,) '
(17.13)
Yy |\P,.><\Pi\\yj><\yj\E0 —E+V ¥ WY, |¥ NP |E,-E+V|¥,) .
i, j#0 k%0 (Eo _E,')(Eo _El)

Tak kak <‘Pi “I’/> =06, u E,— E =AE , BbIpa)eHue 1 |‘P> MO>KHO TIEPETHCaTh CISAYIOIMHUM 00pa3oM:

W)= |w,)+ Z|>< IAE+V|0> cy [REV1G10) (17.14)

i E _Ei)(EO _E./)
311ech MTPUXH Y 3HAKOB CYMMHUPOBaHUS 0003HAYAIOT, YTO CyMMa OepeTcst 110 BCEM 3HAYCHHSIM UHIICKCOB
kpome 0.
Tax kax cornacto (17.5) aE = (¥, |V |¥), o, noxcrasmss (17.14) B (17.5), nonyuaem:
R 41 10 L4 B L4 ) AL D LA I C LA AT A
7 (E-E) = (E,-E)(E,-E) A& (E,~E,) (7.

=aE' ' +aE* +aE® + ...

15)
Taxkum 06pazom, MBI TOTYUWIIN psAfl TeopuH Bo3mylueHuit Penes-1Ipénunrepa. Beioupas €

JIPyTUM 00pa3oM MOXKHO MOJTYYUTh pa3InyHbIe BAPUAHTHI TEOPUH BO3MYIIIEHUH, HAIPUMED, NTpU €= E
-~ 1 2 3
MOJIy4aeM TEOpHUI0 Bo3MylieHnl bpromnena-Buruepa. BenndnHbl AE ),AE ( ),AE ®) HaspiBatoT

COOTBETCTBEHHO NOMPAaBKaMu MEPBOro, BTOPOTr0, TPETHETO U TIOJIIO MOPSAKOB.
B npakTudeckux pacyerax yaoOHO B kadecTBe /|, BEIOpaTh onepaTop, MPeACTaBISIONMNA CyMMy

onepartopoB Poka, T.e.

H, =i1?(i). (17.16)
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Omneparop BO3MyLIEHUS V=H —I/-I\0 ectb V =

N —~ —~
—Z(Ij —Kj),TaK Kak
i<j ri—rj‘ j=l

~ N

I/IF( :iz +Z( )

J

—

H=H, = Zh T —

i<j

I‘—I/'j‘

Cob6ctBeHHbIMU (DyHKIUSMU H |, sABIIAIOTCA AeTepMUHAHTBI Clieiitepa, COCTaBIE€HHbIE U3 XapTpH-

poxosckux opouraneit V,. Tak kak F'¥, = ¢\¥';, To cobcTBeHHbIE 3HaueHust £, H, OyayT NpeacTaBiIATh
co0oii cymMbl &, Tex MO, U3 KOTOPBIX COCTABJIEH JI€TEPMHHAHT.

Y, - Ey=¢ +te+..+&y;

‘I’({’) — E({’)=51+82+...+5 te,+e

i+l

+o ey

‘I‘(”q) - E(54)=51+82+...+5 +&,+¢

ij i+1

ot E e HE Tty

Jj+l
u T.71. COOTBETCTBEHHO, OJACTaBIsAA V ‘P( ’ ) , ¥ ( fj?q) (Bo BrOpoMm nopsjke TB He Hy>)KHO yUUTHIBATh
JIeTepMUHAHTBI, 00pa30BaHHbIE TPOWHBIM U O0Jiee BBICOKUMU BO30YKICHUSMH, T.K. JUIsI HUX MaTpUYHbIE
AIIEMEHTHI <‘PO |V“P( i )> oOpamatorcst B HOb) B (17.15) mocie yTOMUTENbHBIX, HO 3JI€MEHTapHBIX

1 2
BBIKJIAJIOK TTOJIYYUM IPOCTHIC BBIPAKCHUS IJIA MOIIPABOK MEPBOr'0 U BTOPOI'O IOpAAKa, AE( ) u AE( ) ,

BBIPDAKEHHBIE YE€PE3 IBYXDJIEKTPOHHBIE MHTETPAJIBI U &,

:__l;(l KU)
i 5 ((ki| pa)—(kt|ap))

Pp,g=N+1 gk+gl_gp_gq

2

rae k, | — uanexcel 3auaTeix MO, a p, ¢ — BUPTyalbHbIX. 3aMETHM, YTO B IIepBOM nopsake TB mbl

TOJTy4aeM XapTpH-(POKOBCKYIO SHEPTHIO CHCTEMBL:
P 0, ()
By =25 _52(1@/ ~K;)=E"+EY.

i=1 ij

IlonpaBku BTOpOro mopsiika OyayT BCerjia OTPULATENBHBL, T.K. &,& <&,,E,.

W3nosxxennslii Bellie BapuaHT TB HazbiBatoT Teopueil Bosmyuennit Ménnepa-Iliecce (TB-MP).
CoOOTBETCTBEHHO, B pacdeTax 4acTo yKa3blBaloT Kakoi mopsinok TB Obut ucnonb3oBan (MP2, MP4 u 1.11.).
IIpumep: pacder NOJHON PHEPTUU OCHOBHOTO MIEKTPOHHOr0 cocTosiHus HrO B pasnnyHbIx

MPUOTMKEHUSIX B IBYX3KCIIOHEHTHOM 0a3uce rayccoBbix GyHkiui (DZ). R, — paBHOBEcHOE

mexbsagaepHoe paccrosiaue (B3aro u3 N.C.Handy “Loredo lecture notes”, Cambridge, UK, June 25, 1997).

117



Meton E(R,), at.ex. E(1.5R,) EQR,) Yucnao KOC
CCII -76,009838 75,803529 75,595180 1
KB-OJ1 -76,150015 75,992140 75,844817 361
KB-OATY -76,157626 75,013418 75,900896 17678
[Tomnoe KB -76,157866 76,014521 75,905247 256473

Kak u ciemoBano 0Xuaath, U3 TaOJMILI BUIHO, YTO OIIMOKA, CBSI3aHHAs C MCITOJIb30BAHMEM METOAA

Xaptpu-®oxa (CCII), yBenuuuBaeTcs ¢ yBEIMUYCHUEM MEXbSIICPHOTO PACCTOSHUSA.

§ 18. KonebarenbHble U BpalaTelibHbIe COCTOSIHUS MOJIEKY L.
B HpI/I6J'H/I)KCHI/II/I EOpHa-OHHCHFCﬁMCpa QJICKTPOHHBIC U AACPHBIC IICPCMCHHBIC PA3ACIIA0OTCA, TAK
YTO BOJHOBAsA (bYHKI_[I/IH MOJICKYJIbI 3alTUCBIBACTCA B BUJAC IIPOU3BCACHUA BHCKTpOHHOﬁ (bYHKI_II/II/I Ha
saaepHyto (cM. § 5):
‘I’(i;,Ra):‘I’e(ri,Ra);((Ra). (18.1)
Ecnu QJICKTPOHHAA 3a/lada pClICHa JJIsI BCEX 3HAUCHUI AACPHBIX IEPCMEHHBIX Ra , TO IIOJIy4YCHHAaA
(byHKHI/ISI E(Ra ) OMpEACIIACT NIOTCHIUAJL, B KOTOPOM JIBUIKYTCS AApa MOJICKYJIbI, U SIJICPHASA BOJIHOBAA

byHKIMS ;((Ra ) HAXOJUTCS U3 PELICHHUS IEPHOrO BOJIHOBOIO YPABHEHHUS:

U 1

M
Z—MANZ

a a<f

Z,Z,

W+E(Ra) 7(R,)=Ex(R,). (18.2)

B ypaBHeHue BXoAAT saepHble koopauHatel (X, ,Y ,Z wim R—a ), 3aJJaHHBIE B HEKOTOPOI
NPOCTPAHCTBEHHO (PMKCUPOBAHHON CHCTEME KOOPAUHAT, Ha3biBaeMou 1abopatopuoii cucremoii (JICK).
OTH KOOJMHATHI ONPEACIIAIOT IBUKEHUE MOJIEKYJIBI KaK LEJI0ro U MEPEMEILECHHUS A1ep APYT OTHOCUTEIBHO
napyra. [Ipu pemeHnn 3Toro ypaBHEHHs KeJIATENbHO OTAEIUTh KOOPAUHATHI, ONKUCHIBAIOIINE CMELICHUE U
IIOBOPOT MOJIEKYJIBI KaK ILI€JI0r0, T.€. BBIIEIUTH €€ IIOCTYNATEIbHOE U BpalaTesibHoe ABMKEeHUs. C 3Toi
LEJIBIO OT JJa0OPaTOPHON CUCTEMBI KOOPJIMHAT MEPEXO0JIAT K IOJBHKHOM CUCTEME, JKECTKO CBSA3aHHOM ¢
MOJIEKYJIOM, Ha3bIBaeMo MoJiekysipHoi cuctemoit koopaunat (MCK). [Tonoxenne MCK oTHOCHTENBHO

JICK 3a1aCTCAd MIECThIO KOOpJAUHATAMU — TPHU NICPEMCHHBIX, OIPCACIIAIONINEC HAYaJI0 HOBOM CHUCTEMBI

koopauHat B JICK u Tpu yrna Diinepa (U, o, ;() , onrceiBatomue moopotr MCK B mabopaTopHoit

CUCTCMC.
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KpOMe TOro, AJ1s1 BbIACJICHUA BOJHOBOM (I)yHKIII/II/I, OHpC}ICHHI-OHICﬁ IMOCTYNAaTCIIbHOC NABUKCHUEC
MOJICKYJIbI, HA49aJ10 JICK COBMCHIAIOT C HCHTPOM MACC AACP (60.]166 CTPOIr'0 HY?KHO BBIACJIAATH IEHTP MaAcCC

AACP U JJICKTPOHOB, HO MbI CHHUTACM, YTO OHU COBHa,Z[aIOT)Z
ZXaMa ZYaMa ZZaMa
X M =X ’ Y M =% ’ Zz M = °
y.M. ZMa Y. M. ZMa .M. ZMa

HpI/I BI)IGOPC MCK HY>XXHO TaK>X¢C 1M03a00TUTHLCS O TOM, YTOOBI BHYTPCHHCC IBUIKCHUC SAACP MOJICKYJIbI HE

(18.3)

NPUBOAMIIO K €€ BpalaTeIbHOMY JIBIDKEHHIO KaK IEJIOTO0, T.€. YTOOBI MOMEHT KOJMYECTBA JBHKECHUS
modnekysibl B MCK Obl1 paBeH HyIIO.

Taxum o6pazom, MCK BbIOHpatoT 3 ycinoBuii oOpaiieHus B HOJIb TPEX KOOPIUHAT LIEHTPa Macc U
TPEeX KOMIIOHEHT MOMEHTa KOJIMYEeCTBA ABMKEHUS MOJIEKYJIbL. DTH MIECTh yCiIoBui BIOOpa MCK
Ha3bIBAIOT YCIOBUAMH DKKapTa.

ITepexon k MCK 1o3BoJISIET BBIACIUTD IEPEMEHHBIE TOCTYMATEIHLHOTO ABUKEHUSI MOJIEKYJIbI,

BpallaTCJIbHBIC IICPCMCHHBIC (U,(D, l’) U IICPCMCHHBIC OTHOCHUTCIIBHOI'O ABHIKCHUA SAACP (KOHC63T€J’IBHBI€
HepeMeHHLIC). B PE3yJbTaTe MMOJIHAA BOJIHOBAsA (I)YHKHI/ISI MOJICKYJIbI IPEACTABIIACTCA B BUIC

IPOU3BEICHHs 2IeKTpOHHON QyHkin W, (Z,Ra ) , KonebaTenbHoOi QyHKIUH (Ra) , BpalaTeabHOM

(byHKI_II/II/I Kot (a,,B, ]/) u HOCTyHaTCHBHOﬁ q)yHKLH/II/I JABVDKCHUA HEHTpa MaccC
X (Xu.,u.’ Y;..w.’ Zu..u. ) =X (R”“”‘ ) .

Y=Y, (1R, ) 20 (R,) Z (@ B.7) 2 (R ), (18.4)

a M0JIHAs SHEPI Ul MOJIEKYJIbI 3aIIUILIETCS B BU/I€ CyMMBI IIOCTYNATEIbHON, BpaIllaTeIbHOM,
KoJ1e0aTeIbHOM U AJIEKTPOHHOMN SHEPTHiA:
E=E+E +E +E, (18.5)
[Ipu Takom paccMoTpeHnu Kaxjas u3 GyHKIui B npoussenenuu (18.4) onpenensiercs cBOUM
ypaBHenueM lllpeaunrepa.
B cityuae ¢cB0OOIHOM MOJIEKYJIBL, T.€. MOJIEKYJIbI, HA KOTOPYIO HE JICHCTBYIOT BHEIIHHE CHIIBI,

ABWXKCHUC LICHTPA MACC ONPCACIIACTC YPABHCHUCM!

8,2 (R ) =Bz (R ). (18.6)

roe M = ZM . - DTO ypaBHEHHE CBOOOJHOIO IBU)KEHUS YaCTHUIIBI C MAacCcoil M U ero pelieHue ecTb

o

\IJ — e*[PRI(.MY
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BpamiarenbHoe JBMKECHUE MOJICKYJL.

PaccmoTpum nanee BpamartenbHoe ABMKEHUE MoJieKybl. [lycts y Hac umeercs N snep, KecTKo
CBSI3aHHBIX MEXy CO0O0M, 1 KaXJ0€ A1po XapakTepusyercs paauyc-sekTopoM 7, B MCK ¢ HauanoM B
[EHTPE Macc MOJIEKyJibl. Eciii B mepBOM MPUOIMKEHUN UX CUUTATh HEMOBUKHBIMU, TO IS

BpAIIAIOIIEHCS] MOJIEKYJIBI C YIJIOBOM CKOPOCTBIO (@ MOMEHT UMITYJIbCA WJIM MOMEHT KOJIMYECTBA

JABH)XCHUS B KJIaCCHYECKOM MEXaHHKE 3aITHCHIBACTCS CJIICAYOIUM 06p2130MI

T Sm sV = Yo [ x{@x7) |- Tar-

w Ly .|| (18.7)
= »x » 1 vz a)y ’
]zx Zy IZZ a)Z
rae [ - TeH30p MHEPIUU C KOMIIOHEHTaMH (TIPH BBIBOJIE MCIIOIH30BAHO COOTHOIIIEHUE
ax(be) =b(a-c)—c(a-b)):
_ 2 2. _ 2 2. _ 2 2.
L=Ym Otz L= ey L=Xm (5 00)
k k k
]xy =Iyx :_kaxkyk;
¢ (18.8)
I.=1, = _Z My X Zies
k
Iyz = Izy = —Z m,y,z,.
k
Kunernueckas sHeprus Bpamaromencs MoJIeKyJbl OyIeT:
1 — — 1 —2 — e\ — = = A
T==YmV, - V,==>mV, =y mV,-(oxr)=wJ=0+lo. (18.9)
2 k 2 k k
Hampasnenue oceit B MCK mMoxHO BBIOpaTh Tak, 4TOOBI MaTpulla TEHXOpa HHepuuu [ crana
IraroHanbHOU. Takyro cucTteMy KOOpAMHAT HAa3bIBAlOT COCTEMOM IJIaBHBIX Oceil MHEpUUH. B 310
CHCTEME KOOPJIMHAT KHHETUYECKask SHEPT Sl UMEET BUI:
1 1 1 J: g T
T==wl +—wl,,+—a' ] =—+-—Lt 4 (18.10)
2 2 2 21, 21, 21,
COOTBETCTBEHHO OTEPATOP KHHETUICCKOW SHEPTUH MOJICKYJIbI B KBAHTOBOM MEeXaHUKe OyIeT:
j\Z 3\2 j\z
T=—t-y4 b 4 (18.11)
21, 21, 21,
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1

rac Ja - KOMIIOHCHTBI ITIOJIHOTO MOMCHTA KOJIMYCCTBA ABWXKXCHUA MOJICKYJIbI, 4 1 ppodoe - TJIABHBIC

aa’

KOMITOHCHTBI MOMCHTA MHECPIHHU 110 I'NNIaBHBIM OCAM A, buc MOJ'ICKyJ'IHpHOfI CHUCTCMbI KOOpAWHAT.

B 3aBucumoctu ot cootHomenus mexuny 1, I,, u I, BBIIENAIOTCA CIEIYIOLMINE TUIILI MOJIEKYII:

1, <1, <I, -accuMETPUYECKHHA BOIYOK,

1,=1,, =1, - 11apoBOl CHUMMETPUIECKUH BOIYIOK,

I, <1, =1, -BBITAHYTbI CAMMETPUYECKHUN BOJIYOK,

W

l,=1, <I, -CIIIOCHYTBIi CHMMETPUYECKHI] BOJIYOK,
1,=0;1,, =1, -nuHeiiHasd MOJNEKyIa.
PaccmoTtpum penienue BpamareabHOM 3a4a4uu 171 IByXaTOMHOH (JIMHEHHO) MOJIEKYJIBI €

AaepHbIMU MaccaMu M| u M, ¥ KoopauHaTaMu E u R, BJICK.

(Xl :Yl 7Zl) (X27Y27ZZ)

X

I'amMunpTOHMAH JUIS A71€PHOM BOJTHOBOW (QyHKIMK (R1 , Rz) B npubnmxennn bopua-OnnenreiiMepa

€CTh:
— 1 1 .
H,=———A-——A+E([R-R)),
oM, 2M,
& & & _
rac Ai = aXiZ + ayﬁ + aZl? u E(‘R‘) - IOTCHIUAJIbHAas (1)YHKL[I/I$[, MOJIYyYCHHAA B PE3YJIbTATC PCILICHUA

SIIEKTPOHHOM 3a/1auu.
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Puc. 18.1. MoMeHTBI HHEPIIMU HEKOTOPBIX MOJIEKYJ B CUCTEME IJIaBHBIX OCEUW MHEPIIUHU (a,b,c) B

2
ATOMHBIX €AMHHUIIAX (m . a ) .

109 28' H
y—L C7\:r=l.09
"H
Codepnueckuii (maposoit) Bomuok CHy H I, =1,=1_=5310" krm*=
=2,08-104 ar. efl.
H
/ 1,11
E 1,39 &
A H
Beitsany eIl ciMMeTpruuHbIi Bordok CH3F o 110 1,,=5,310" kr-m*=

=2,08:10" ar. ex.
I, =1,=32,9-10" kr-m*=

=1,29-105 ar. efl.
F

1 ﬁ,332

H———C¢C._

%_/2 F
'
CruttocHy ThI cumMeTpuyeckuit Bomuok CFsH F 10848

1, =1,=81,1-10" xr-m*=3,18-10° ar. ex; 1,,=149,1-10™" kr-m>=5,84-10 ar. en.

C

o LI6L 1561 .

aa

JIuneitnas moiiekyna
1, =1,=13810" xr-m*=

=5,40-10" ar. ex.

1,2075
O———©oO

JByxaromHas mosexyna O 1,=0

I, =1_.=6,12-10" at.-en.

Taxoke kak B atToMe BojiopoJia (cM. § 4) mepeiineM kK mepeMeHHbIM SIkoOu:

_ &M, M, -R-R, (18.12)

Eu.M. -
M +M,

2l

B KOTOPBIX H)IepHI:Iﬁ raMWJIbTOHHUAH 6yI[eT3
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—~ 1 & 1 o2 —~ o~ —
H e - V :H H M. R T Y 1813
T2 00° 2(M,+My) R, (0)=Ho+ How (R (1819

y.M.

MM
rae i =—>"—2— - npuBeJIcHHas Macca sep.

M +M,
Tax xak raMHIBTOHUAH NIPEACTABISIET CYMMY JIBY TaMUJIBTOHMAHOB OT IIEPEMEHHBIX LIEHTPA MaccC

R, ... 1 OTHOCUTEIBHBIX IEPEMEHHBIX (), BOJIHOBYIO (DYHKIIHMIO MOKHO 3allMCaTh B BUJI€ IPOU3BEICHUS

(cm. § 4):

24 (Ris0) = 2(0) (R ). (18.14)

OyHKIUA Z(@) OyZeT onpeAensiThCs U3 YPAaBHEHHUS:

{—L o +V(Q)}z(é)=Ez(@), (18,15

a pyHKIHS Z(Rl{.,w,) U3 ypaBHEHUs JJIs1 JBHKEHUsS] CBOOOIHOM YacTullbl ¢ Maccoit M =M, + M, :

12 = %

—iP, ,, Ry.x.
Z(R”") =e ",

(18.16)

Jlst perennst ypaBaenus (18.15) nepetinem k chepudaeckum koopauHaTam. [lycTs HanpaBieHne

ocH Z COBIIAJIAET ¢ HampapjeHueM ot atoma 1 k 2. Torna oTHocuTenbHbIE KOOpaUHATEL X, —X,, ¥, =Y, u
Z, — Z, 3aluIIyTCs CIeIyOIUM 00pa3oM:

Az

Z]

<Y

R:ZI'-ZZ'
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X, - X, :(Zl' —Z;)SiIthOS(p:RSingCOS(p,
Y -7, =(Zl'—Z;)singsingz):RsinSsin(p, (18.17)
-

2
Z,-Z, =(Z£—Z;)cosl9=Rcos,9.

B chepuueckux koopaunarax oneparop H, OyAeT B TOYHOCTH COBNAAATH C ONEPATOPOM

OJTHORJIEKTPOHHOTO atoMa (cMm. § 4, Beipakenue 4.16).

2
A=-L iziRzi+ 21, ﬂ(smgﬂ}%% 82 +V(R). (18.18)
2u|R°0R OR R sin$09 08) R’ sin” 4 0¢p

Tpu dpuKCHPOBAHHOM MEKD/ICPHOM PACCTOAHMH R (3KkecTias moneky1a) Oyaem HMETL ypaBHCHHC:
- gl Sind— |+ —5x(&e)=(E+V(R))x (S
ZﬂRz{Sing 83( &SJ sinzgagf}l( 0)=(E+V(R))x(%.0)
Wi (18.19)

Tlﬁﬁz(g,go):(E+Vua));((9,¢).

Pemenus sToro ypaBHeHus ecTh chepuueckue QyHKuuu Y, (9, (p) , KOTOPBIM COOTBETCTBYIOT

COOCTBEHHBIC 3HAUCHU:

E,=V(R)+ R2J(J+1) (J=0,1,2,..). (18.20)

2u
Kaxnpiit yposens J BbipoxkaeH 2J +1 pa3, T.K. E He 3aBUCUT OT KBaHTOBOro yucina M =—-J +J .

JIn1st IByXaTOMHOM MOJIEKynbl 4R’ ecTh ee MOMEHT HHepIUH / OTHOCHTENBHO OCH, TIPOXO/ISIIIEH

gyepe3 MeHTp Macc. JlelicTBUTENbHO, ecu d; M d; €CTh pacCTOSIHUS OT siiep | U 2 10 1eHTpa Mace, TO

RM RM
momenT unepunn [ = M,d} + M,d; . lloncrapum d, =———— u d, =——2— u nonyunm:
M +M, M +M,
MIM,R*  MM;R* MM,(M +M
= 1, —+ 1, = 1 2( 1 22)R2=,UR2 (18.21)
(M, +M,) (M, +M,) (M, +M,)
1
ukE, = EJ (J +1), ecnu mocrosuHyr0 BenuuuHy ¥ (R) MONOKHTE paBHOi HyTi0. Benuuuny 57 B

Ha3bIBAlOT BpAIaTeIbHOMN MOCTOSHHOM, 3HaYEHHE KOTOPOH OIpeieNsieT PACCTOSIHUE MEXTY

BpalaTeJIbHbIMU YPOBHAMUA DHEPIUU.

E(J+1)-E(J)=(J+1)(J+1+1)B—=J(J+1)B=2B(J +1). (18.22)
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Ecan Y HaC UMECTCA JIMHEiHasg MHOT0aTOMHAas MOJICKYJIAa, TO €€ BpalllaTCIIbHBIC YPOBHU IIPpHU
q)HKCHpOBaHHOﬁ TCOMCTpUHA 6y,HYT OIPCACIIATHCA TAKKE, KaK JJIs ,Z[BYXB.TOMHOP'I MOJICKYJIbI C MOMCHTOM
D> MM R,
unepuuyn [ =

DY

i

,Tae R, - pacCTosHUE MKy aTOMaMu [ U j, a M, - Macchl sizep.

BhIuMCIIMM BpalaTeNlbHy 0 MOCTOSHHYO B juis MonekyJisl kuciopoaa Os (R, =1,2075 A =2,28 ay).
M
Macca siapa kuciaopoja %0 M ~ 16-1840m, , npuBeneHnas Macca 4 = 7 Hu B=0,65-10'5 ar. en. =

-4 -1
1,77-10" 3B = 1,42 cm™. Takum 00pa3om, pacCTOSHIE MEX/y HyJI€BbIM MEPBBIM BpalaTeIbHBIM YPOBHEM
COCTaBHT 2,8 CM'I, a MEX]Ty HyJEBbIM U JeCAThIM — 31 em

Jlnst HeJTMHEHBIX MHOTOaTOMHBIX MOJIEKYJI BpallaTesibHas 3a1a4a Npu (GUKCUPOBAHHON

TeOMETPUHU MOJIEKYJIBI (’KECTKasi MOJIENb) CBOJIUTCS K PEIICHUIO yPaBHEHUS:

2 2 2

~ J J
Hy(%,0,7)= ]—“+1—b+l—c 2(9:0.2)=Ex(3.0.%), (18.23)
bb

aa cc
rne a,b,c - rinaBHBIE OCH MHEPLUH B CUCTEME KOOPAMHAT LIEHTPa Macc, BBIOpaHHbIE TakK, YTO
1,<1, <I. .Kovmoonenrel J, , J, u J, MOXKHO BBIPA3UTh Y€PE3 YIIIbl DWUJIEPA, 3a1A0LIKME TIOBOPOT
MCK otnocutensno JICK, nocne yero pemarts ypaBHenue (18.23) (Ilogpoduee cm. P. 3ap « Teopus
YIII0BOTO MOMEHTa», MockBa, «Mupy, 1993). Jlns pemienus 3Toi 3a1a4u MOKHO BBIOpaTh Oasuc, B

KOTOPOM BOJIHOBas DYHKIMUS ¥, MPEACTABIAETCS B BUJIE psJla:

;(i(,9,¢,;()=Zci/;(j (9,0,7) (18.24)
J
¥ JanbIe HOTyYHTh IPUOTIKEHHBIE PEIICHNS MATPHIHOTO YPABHEHHS:
He =ESc,.
E, GyyT ONPEIeNAThCS U3 yCIIOBHSL:
det‘f-\I—S‘E‘ =0.

PaccmoTpum Teneps Oosiee yacTHbIE cirydau. BekTop yrioBoro MomeHnTa J MOXHO 3a/1aTh KaK B

JICK, tax u 8 MCK. ITpu 3ToM, Tak kKak J° He 3aBHCHT OT BHIOPAHHOM CHCTEMBI KOOPIHHAT,
2 72 2 2 72 2 2
Jo=Jy+J,+J=d+ T+

A

Cas3p Mexny komnoHentamu J B MCK u JICK 3anaercst MmaTpuiiei HalipaBisitlOIIMX KOCUHYCOB C :
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Jx Cxa cxb cxc Ja
J=1C o G|l s
Jz za czb czc ']c

—~

Martpuiy ¢ MOHO 3aITHCaTh uepe3 yriel Diinepa ¥ HoKas3aTh, 4TO OHepaTops J° Z u j:
KOMMYTHUPYIOT JAPYT C ApyroMm. M3 3Toro 006CTosITENhCTBA CIASAYET, YTO BOJTHOBAST (DYyHKITHS ;((3, o, ;()
JOIKHA OBITH COOCTBEHHOM 17T BceX Tpex omepaTopos. s chepuueckux dyukuuii e™? ects
coOcTBeHHAsT PYHKITUS j: C COOCTBEHHBIM IIeNIBIM 3HadeHueM M. J{ns ,Z coOCTBeHHOM OyIeT PyHKITUS

e ¢ nenviM kBauTOBEIM uKcIOM K. Takum 06pa3om,
Pr(Se.x)=J(J+)x(%0.x) J=01..

T2(9.0.2)=My(9.0.7) M=-J=+J;
J2(%0.2)=Kx(9.0.2) K=-J=+J.
Clie/loBaTeIbHO, IMEIOTCS JIBA KBAHTOBBIX UMCIIA, ONPE/IEISIONINX IPOSKIMK BekTopa J Ha ock Z JICK
(M =-J+J) nnaocs c MC (K =—J +J), n Bonrossie dyuxunn y (4,9, y)=e"e"*d;, (9). Ecnu

1,=1, =1, (chepruyecknii Wiy MAPOBOW BOITYOK), COOCTBEHHBIE (DYHKLIUH ONMPEAEIAIOTCS TPEMs

KBaHTOBBIMU unciamu J, K u M, a cOOCTBeHHBIC 3HaYCHHS (BpalaTeIbHbIC YPOBHH) HE 3aBUCST OT
KBAHTOBBIX unced K U M, Tak 4TO KaxAblii YPOBEHb BBIPOXKIECH (2J + 1) pasa. B ciayuae BBITSIHYTOTO
Bomaka (1, <1, =1, =1)

J: o Jy J?
Ta L Tb 4 Tc

21 21 21

aa

H =

2
Ecnu x 3TOMy raMunisTOHHAHY TPUOABUTH U BBIUYECTh 2; , MBI TIOJTyYHM:

C a

T2r 21 21 20 1, 21 °F

2 2 2 2 2 2
H Jb +J_+J_0_J_0+J_—J_+J2 1 ! .
21, 21

CrnenoBaTenbHO, BpalllaTeJIbHbIC YPOBHHU SHEPTUU Oy IyT ONPECIIATHCS IBYMsI KBAHTOBBIMU YUCIAMU J U
K:

E(JK):J(J+1)-%+K2 (%—%}

s cromennoro Boyka [/ =/, =1,, <1, aHalOTMYHBIM ITyTEM IIOJyYUM BpalaTelbHbIe

YPOBHH
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E(JK)= J(J+1)-i+1<2 {L—i}

21 21, 21
1 1
Tak kak [, <1, TO AJis BBITAHYTOI'O BOJIYKA MHOKUTEb EYRREY > 0. JIns CIIroIEeHHoro BoIuKa
1 1
37 37 <0, Tk I<I, . B pe3ynprare 1 CAMMETPUYECKUX BOJIYKOB OyI€T CIIpaBEAINBA

cJIeayronias KOppeadaluOHHasA Auarpamma:

-J=1, K=0
J=1,K=0 -| '
J=0, K=0 - J=0, K=0
BoITsinyThIit Veemuuenue I, - CrutromeHHbIH
BOJIYOK BOJIYOK

Kaxaplil ypoBEHb BBITSHYTOI'O U CITFOCHYTOT'O BOJTYKOB BBIpOKAEH 2J +1 10 KBaHTOBOMY uMciy M.

§ 19 Konebanust MOJIEKy!I.

Hpemne qyeM O6CY)K,Z[3TB Koe0aTenspHoe ABUIKCHUC SIICPp MHOT'OATOMHBIX MOJICKYJI, pPaCCMOTPUM
KosiebaTeapHOE IBIDKEHUE B IBYXaTOMHOM MoJieKyJie. Kak y)e MbI 3HaeM U3 TPEIbIIyIIero TeKCTa, B
chepudeckux KoopanHatax syiepHoe ypaHenue [Ipénuarepa 1ByXaTOMHOM MOJIEKYIIBI 3aITHCHIBACTCS
cienytoum oopazom (cum (18.18) u (18.19)):

—i%iRziw(k)Jr
2uR° OR OR

2uR? JZ}Z(R)Z(SW)ZEZ(R);((S,co), (19.1)

Ir7ie BOJIHOBAs (PYHKIIMS IPECTAaBIICHA B BUJIC TIPOU3BEACHUS PaIMAIbHON QPyHKIUN ;((R) U QYHKIHH

—~

7(3,9), coberBenHoi st oneparopa J” :
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;((19,(0) =Xim ('ga(p); JZZJ,M ('9’¢) = J(‘]+1)ZJ,M (‘9>¢)'

y‘-II/ITBIBaSI, qTo q)YHKI_II/IH Z(lg,([)) €CTh COOCTBEHHAS (1)YHKI_II/I$I oreparopa KBaapara MOMCHTA

KOJIMYECTBA JIBMKEHUS U TIPEIICTaBIASA (yHKIIUIO ;((R) _£ (R) , ypaBHenwue (19.1) nepenumiercs B
BUJIC:
1 o J(J+1)
-—— V(R)+———= 7" (R)=E"y"(R). 19.2
{2’uaRz+()+2#Rz}Z() 7' (R) (19.2)

B noxyuyenHom ypaBHEHUHN V(R) - MOTeHIANbHAsA (QYHKIHS, BKIIOYAIOIast KyJJOHOBCKOE

B3aMMOJICHCTBUE SJEP U MOTEHIMAII, IOJYYEHHBIN B PE3YyJIbTAaTE PEIIECHUS AIEKTPOHHOIO YPaBHEHUS, a

J(J+1)

oreparop R2 OIIpEaACIIsACT HeHTpO6e)KHBIﬁ IIOTCHOHUAaI, COBHaBaeMLIfI Bpall€HUEM MOJICKYJIbI.

Eciti 9JIeKTPOHHOE COCTOSIHUE MOJICKYJIbI CB3aHHOE, TO NIOTeHIHAN V (R) MM IOTEHIHAIbHAs

KpHBasi UMEET MUHUMYM IIpH R = R, aipu R — 00 CTPEMUTHCA K HYJIIO.

PUCYHOK.
bynem paccMarpuBaTh ABUKECHUE SIEP MOJIEKYJIbI OKOJIO TOYKH PABHOBECHOI'O MEXKbAIEPHOIO

paccTostHus R, 1 0003HaYMM OyKBOH ¢ OTKJIOHEHHE OT MOJIOKEHHs PABHOBECHS ¢ = |RE - R| =aR.

DOyHKIHIO V(R) paznoxkuM B psan Teisiopa mo MajioMy NpupaiieHuo q =aR :

oV 1({ 0% )
VIR)=V(R — —
(R)=( e>+(aRjH€q+2(aR2]“q ;

oV
Ecmm octaButh B PAa3JI0KCHUHN ITOTCHIMJIA TOJILKO TPH HCPBLIX YJI€HA U YYC€CTb, UTO (— =08
R=R,

TOYKEC MUHUMYMaA U 0003HAYUTE 6y1(B0171 K BTOPYIO IPOU3BOJHYHO IIOTCHIMAJIA B TOYKEC MUHHUMYMaA:

oV
= [ 5R2 , IOJIYYUM YPAaBHCHUC KAPMOHHUYCCKOI'0 OCHUIIIATOPA, PCIICHHUE KOTOPOT'O OIMUCAHO B §
R=R,

«["apMOHHUYECKUN OCITUIIISTOPY.
1 &% 1 Y
(———+Ekq2])((q):E )((q), (19.3)

rae E' =E"—V(R,) npu J =0.
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B npuGrkeHUN rapMOHHYECKOTO OCIHILISTOPA KojieOaTelIbHbIC YPOBHH JIBYXaTOMHOM MOJICKYJIBI
1 K
OIIPEJEIAI0TCS KBaHTOBBIM yncaoM v =0,1,2,... E =w,| v+— |, T1e @, =, |— , a8 COOTBETCTBYIOLIUE UM
2 U
BOJIHOBBIE (D)YHKIIMH 3aMHCHIBAIOTCS B BUJIE:

2
_4q

2(a)=C.H,(q)e *, (19.4)
rae H,(q) - monuuoMs1 Dpmura.

ITpu J # 0 B moTeHHMaIbHON (PYHKIMH KOJIEOATEIFHOTO YPAaBHEHUS MOSBISETCS

J(J+1)

JIOTIOJTHUTEIIbHBIHN YJieH >
2ur

, KOTOpLIfI MOKHO YY€CThb, HAIIPUMEP, C IOMOLIBIO TCOPHUHU

BO3MYIICHHIA, JINOO C TOMOIIBIO YUCICHHOTO PEIICHUs YPABHEHHSI, UCIIONIB3YS Pa3JIOKEHHE
KosiebareabHOM PYHKIMH 1O (YHKIUSIM FapMOHUYECKOTO OCIIIIISATOpA. DHEPTUU KOJIeOaTeTbHBIX

YpPOBHEH IByXaTOMHOM MOJIEKYJIbI B TAPMOHUYECKOM MPUOIMKEHUN SKBUAUCTAHTHBI U

2E=E (v + 1) —-FE (v) = w,. Kak npaBui1o, 1715 CTaOUIBbHBIX ABYXaTOMHBIX MOJIEKYJ @, Ha IOPSI0K
MeHbIlle D, U SHEPruil 3IeKTPOHHBIX 1€PEXO0I0B U Ha MOPSIOK U OOJIbIIIE SHEPTUil YUCTO BpalaTeNIbHbIX
nepexoaoB. Hampumep, 11t Monexyibl kuciaopoja O, B OCHOBHOM 3JIEKTPOHHOM COCTOSIHUHM X 32;
-1 o
@, =1580 cM ', a sHeprus BpaIaTeIbHOIO IIEPEeX0/1a ¢ IePBOro Ha AECATHIH yPOBEHb Obl1a HAMHU
-1 o o o
orieHeHa Kak 32 cM . [1o 3Toit mpuunHe 111 HeOOMBITNX 3HAYCHNH KBAaHTOBBIX YHCET (J < 40) KaKIbIA

Koyie0aTebHBI YPOBEHb XapaKTEPU3YyEeTCsl CBOSH BpalaTeIbHON CTPYKTYPOH.

KoneGanus B 1ByXaTOMHOI MOJIEKYJIE SBIISIFOTCS IPOCTHIMH CXKATHSIMH PACTATUBAHUSIMH BJIOJIb
MeXbsIepHON ocu. [Ipu paccMOTpeHUN MHOTOaTOMHBIX MOJIEKYJI OTHOCUTENbHBIE ABUKEHUS SIAECP
BKJTIOYAIOT U3MEHEHUSI MEXBSAICPHBIX PACCTOSHUHN, U3MEHEHHUE YTIIOB MEXKIY CBSA3SIMU, TOBOPOTHI
MOJIEKYJIIPHBIX TPYII BOKPYT CBSI3€H M IpyTrHe ABMXKEHUS, UTO MPUBOJUT K PA3TMYHBIM THIIAM
KoJIe0aHM si/Iep OKOJIO MOJIOKEHUs paBHOBecHs. Beero amst onucanust kojaeOaTenbHbIX ABHKEHUN
MOJIEKYJIBI, cocTosmel u3 N sijep HaMm Heooxoaumo 3N-6 nepemennbix (3N-5 B ciryyae JIMHEWHBIX
CUCTEM), TaK KaK IIECTh MIEPEMEHHBIX 33JIal0T MOJIOKEHUE MOJIEKYIISIPHON CUCTEMBI KOOPIUHAT
OTHOCHTEJBHO JIA0OPATOPHOI U ONpEAEIAI0TCS YCIOBUAMU DKKapTa. /{1t paccMoTpeHus KoiedaTenbHbIX

I[BI/I)KGHI/Iﬁ SAACP B MOJICKYJIC y,Z[OﬁHO HCIIOJIb30BaTh €CTCCTBCHHBIC KOOPAUHATBI, KOTOPBIC BBI6I/IpaIOTC$[

KaK OTKJIOHEHHS OT PABHOBECHBIX MEXbsIICPHBIX paccTosinmii (R, ) u yrios (a,, ). Hanpumep, s

TpexaToMHOI MoJieKysbl HyO B KauecTBe €CTECTBEHHBIX KOOPIMHAT MOKHO BBIOPATh KOOPAWHATHI
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rel —7"1

q,= s 4y =17 —r2| ugq,= |ae —a|, I7ie pABHOBECHBIE 7; M 7, - MEXKbsepHbIe paccToanusd O—H, a a

— YTOJI MEXKAY CBA3SMH; 7,,, ¥,, U O, - PABHOBECHBIE 3HAYEHHUs r€OMETPHUIECKUX napaMeTpos H,O.

PUCYHOK
Hepexo;[ OT ACKAPTOBBIX KOOPAUHAT K €CCTCCTBCHHBIM BHYTPCHHUM KOOpAUHATAM AOCTATOYHO
CJIOXKCH, XOTs B JTHHEHHOM HpI/I6J'II/I)KCHI/II/I AMeEeT YSTKUH AJITOpUTM U 6BICTpO BBITTIOJIHACTCA C IIOMOIIBIO
BBIYMCIIMTCIIbHBIX MAIINH.

Ecnu 3amansl cMeleHus Beex sijep MoJieKylibl u3 N sijiep B IeKapTOBOM cUCTEME KOOPAUHAT

(ax,,ay,,az; i=1+N) or nonoxeHus paBHoBecHs (x,,,V,,Z, ), TO JUIS OTACICHUS KOISOATEIBHOTO
ABWIXKCHUA ANCP OT IMOCTYNATCIIbHOT'O U BpalllaTCJIbHOT'O JIBUKECHUI MOJICKYJIbI KaK HEJI0ro HeO6X0)II/IMO
BBINOJIHEHUE YCIOBUN DKKapTa:
N N N
ZmiAXuJL = 0’ ZmiAYL;JL = 0’ ZmiAZuJL = 0 (195)
i i i
(YCJ'IOBI/IH HCTIOABHXKHOCTHU LCHTPA MACC IIpHU CMCIICHUAX H,Z[Cp);
N
Zmi (yieAZi _ZieAyi) =0;
i

N
D om(x,ay, =y, ax,)=0; (19.6)

N
Zml. (z,8x,—x,az,)=0
i

(YcnoBusl, HCKITIOYAIONIHE BPAIIEHUE MOJIEKYJIbI KaK LEJI0r0 Py CMEIIEHUSX sep).
VY4er 3THX IIeCTH YCIOBUH MPUBOIUT K 3N-6 MEpeMEHHBIM, OTIPEICIISIONINM KOICOaHUsI sIep.
JlanpHeiimee paccMoTpeHne yio0Hee BeCTH B AeKapTOBBIX koopauHatax. [y N sigep MOIeKybl

IIOJIHadg SHEPIrusA B KJIACCUYECKOM MEXaHUKE €CTh:

N 2

E=T+V=Zm§"‘ Y (Xps Vs Zioees Xs Vs 2 ) (19.7)

IIpy ManbIX CMELICHUSAX SJIEP AX, (i =1+3N ) , €CIIM 0003HAUEHUE AX, UCIIOIb30BATh AJIsl CMELICHHH 110
BCEM TPEM OCSIM JICKAPTOBON CHCTEMBI KOOPAMHAT, MOTCHIUATBHYIO (HYHKIHIO V(A)Cl.) MOYHO

MMpeaACTaBUThb C TOYHOCTBIO 1O BTOPOI'o NMopsAaKa MaJOCTH 110 CMECIICHHAM B BUJIC!

3N 3N 2
V(ex)=V(0)+ Y| 2| ax 15| =2V | sxax, (19.8)
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. X m. ax,
A QyHKIHMIO KHHETUYECKOW SHEPTHH 3amucaTh Kak 1 = Z >
i=1

Ilepeiinem OT KOOpAMHAT CMEIICHUN AX, K MAaCC-B3BCIICHHBIM KOOPIUHATAM:

= Jm, ax;, (19.9)

B KOTOPBIX ITOJIHAS SHEPTUA CUCTEMbI N AACP 3alIMIICTCA KaK:

:_qu 2 ! [‘W} a4, (19.10)

[Ipu 3T0¥ 3anucu Mbl npuHAIN V (O) PaBHOH HYJIIO ¥ NCTIONB30BAJIN YCIOBUE MUHMMYyMa V mipu ax, =0,

2
T.C. L = 0. BBens o6o3HaueHue k _ oV , BBIp@XKCHHE JUIs £ NepenuiieM Kak:
dax, ), Jmm; \ 84,09, )
1 3N . 1 3N
=52q,. +§Zkl.jqiqj=T+V. (19.11)
i i,

3anuieM ypaBHeHHsI HproToHa (F; = ml.a,.) JUIS IBMDKEHHUS anep. Tak kak cuia, IeHCTBYIOIas Ha sapo i,

V T\ .
F;- =———, a YCKOPCHHUEC €CTb — | —— | = d,, YPAaBHCHHUC MOXHO 3aIluCaThb B BUJC:
d .

i i

d(‘aT}a_V:o (i=1:N)
dt aqz aql

WIN (19.12)
Z 4,=0 (i=1+N).

[Tomyuennas cucrema 3N COBMECTHBIX JIMHEWHBIX MU QepeHIInaabHbIX YPaBHEHUI BTOPOTO MTOPsIIKa

pelaercs noJICTaHOBKOM:
q, = A cos(wt+¢), (19.13)
rae A, @ u ¢ - nocrosiHHble BenuuuHbl. [logcraBus g, B Buze (19.13) B (19.12), nonyuum amus

onpenenenus 4, U @ CHCTEMY JMHEHHBIX ypaBHEHUM:

3N
kA, -0’4, =0, (i=1+3N) (19.14)

i=1

HJIM B MAaTPUYIHOM BUIEC!:

KA-aw*4=0, (19.15)
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rae A - BeKTop-cTonbel, cocTaBlIeHHbIN n3 4, . HeTpuBuanbHOe pelieHue 3Toi CUCTeMbl ypaBHEHUI
BO3MOKHO, €CIIH

det‘IA(—a)Z} 0. (19.16)

Peliast MoJiy4eHHOE BOJHOBOE ypaBHEHHUE, MoydnM 3N KOpHEH @’ , KakIOMy U3 KOTOPBIX OyeT
COOTBETCTBOBATh BEKTOP A, C dJeMEeHTaMu A, ( j=1+3N ) , [J1e IEPBbII MHJEKC HyMepyeT KOPEHb
BEKOBOTO YPABHEHUsI, & BTOPOM KOOPAMHATY. Bennuuubl 4; Ha3bIBalOT aMILTMTYIaMU KOJIeOaHuid, a @, -

yactoTamu koneOanuii. [Tocrostaaas ¢ B (19.13) cyTh da3za xonedanuid, KOTOpast MOKET ObITH BEIOpaHa
MIPOU3BOJIBHO.
Takum 00pazom, OTy9IaeM, 94TO KKI0E SIPO j MOJIEKYIIBI KOJIEOIETCSI OKOJIO CBOETO MOJIOKCHHUS

paBHOBeCHsI € 4aCTOTOM @,, (pa3oil ¢ W amIunTyI0# Konebanus A, . Ilpu sTom YacToTa o, u pasa &,
COOTBETCTBYIOLIME KOPHIO i BeKOBOro ypaBHeHus (19.16), onnHaKoBbI JUist BCeX si/ep, @ aMIUIATY bl A,

pasnble. Tak Kak 4acTOThI KoeOaHui u (a3bl COBMAAAIOT JJIsl BCEX SAEP, TO OHU COBEPIIAIOT KOJIeOaHHS C
4aCTOTOH @, OKOJIO MOJ0KEHUsl PAaBHOBECHUS, JOCTUTasi CBOUX MAKCUMAJIbHBIX U MUHUMAJIbHBIX

(Hy.]'IeBI)IX) CMeHIeHI/Iﬁ B OZTHO U TO K€ BpCMH. Taxue xonebanust AACP HA3bIBAIOT HOPMAJILHBIMU

KosebaHusamMu. YacToThl HOPMAJIbHBIX KoJIeOaHUH HA3LIBAIOT (bVHJTaMCHTaJ'II)HI)IMI/I 4aCTOTaMMU.

ITony4yeHnnsle BEKTOpbI A, w3 pemenus (19.15) msa xaxnoro KopHs a)i2 3aa10T MEePEX0l K HOBBIM

3N
KoopauHaTtaM .= A.q ., B KOTOPBIX KHHETHUECKAS U IIOTCHIHUAJIbHAsI DJOHEPTUU IPUBOAATCA K BUAY .
i jaj 2
Jj=1

1 3N 1 3N
T:—ZQ[Z, V:_Za)iZQiz'
25 25
COOTBETCTBEHHO B HOPMAJIbHBIX KOOpAHHATaX () ypaBHEHUs IBUKEHUS AIep 3alUIlyTCs B BUJE:
0,+@0,=0 (i=1+3N)
0, =N, cos(wt+¢,),

rac N. u &; - IPOU3BOJIbHBIC IIOCTOSSHHBIC BEJIMIHNHBI.

1

Tpu penienny BekoBoro ypasHerus (19.16) mecTsb KOpHe# @ MOMKHBI ObITH HyJIEBBIMH, TAK Kak

MOTEHIMAIIbHAS SHEPTHUS SJCP 3aBUCUT TOJILKO OT BHYTPEHHEW KOH(PUTYPALIUU MOJICKYJIbI U HE MEHSIETCS
MPU TIOCTYTATEIHHOM M BPAIIaTEIbHOM JIBIXKEHHH MOJICKYJIBI Kak 11es1or0. COOTBETCTBYIOIINE ITUM
JBHKEHUSIM LIECTh KOOpAMHAT Q onpenenstorces u3 ycnoBuid Jkkapta (19.5) u (19.6). OctaBumecs 3N-6

HOPMAJIbHBIX KOOPJAMHAT 33Jal0T BHYTPEHHEE ABUKEHUE SIIEP.
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B HOpManbHbIX KoopauHaTax (), KoyebaHMe sIep CBOIUTCS K 3a7ade 0 He3aBUCUMBIX 3N-6

OCHUJLIIIATOPAX. CxeMaTH4YEeCKH HOPMAJIbHBIC KoJIeOaHus MOJICKYJIbI BOJIbI MOKHO H306paSI/ITI)

CJIEAYIOIIUM 00pa30M, BBEJI €CTECTBEHHbBIC KOOPAUHATBI AF,, AV, U AQ:

O, = N, (ar; +a1,) PUCYHOK », =3650
0, = N, (a7, —an,) PUCYHOK o, =1595
0, = N,aa PUCYHOK o, =3756

HopmanbeHoe konebanue @, COOTBETCTBYET CHMMETPUYHOMY CMEILEHHUIO SMIED, @; -
AHTHCHUMMETPUYHOMY, & (», COOTBETCTBYET M3MEHEHHUIO yTIila MEKAY CBA3SIMHU.

HOpMaHLHHe KOJ'IC6aHI/I$I, CBs3aHHBIC C UBMCHCHUAMU OJINH CBs3CH MOIJICKYJIbI, IIPUHATO HA3bIBATh

BaJICHTHBIMH KOJIEOAHUIMU (a)l " w, ), a I(OJ'Ie6aHI/I$I, COOTBCTCTBYIOIIUC U3MCHCHUIO YIJIOB MCKY

cBs3sIMU ( @, ), — 1eOPMAIIIOHHBIMHU.

B HOpManbHBIX KoopAuHaTax O, (i =3N - 6) ypaBHenue llIpénunrepa ans koneGanui suep

MOJICKYJIbI UMCCT BU:

3N-6 22 3N-6
LS9 \121 oL > &) Q'Y =EVY, (19.17)
2 i=1 aQI 2 i=1

rae E, - konebaTenabHas SHEPrusl.

Tak xkak raMUILTOHHAH B HOPMAJIbHBIX KOOpAWHATAX €CTh CyMMa I'aMUJIbTOHUAHOB, 3aBUCAIINX OT

koopauHar Q. :

H(Q-Qsy)=H(Q)+H(0)+..+ H(Osy )
TO BOJIHOBas GYHKIMSI OyJIeT 3alHMChIBATHCS B BUJIE IIPOU3BEACHHUS:

\P(Ql"'Q3N—6) = \Pvl (Ql)'\Pvz (Qz)'---'\Pv“_ﬁ (Q3N—6)’
aE =E +E +.+E

ViN-6

IIpu stom dyukuuu ¥, (Q) €CcTb COOCTBEHHbIE (DYHKIMY JIMHEHHBIX TAPMOHUYECKUX OCLHMIIISTOPOB, IS

1
KOTOPBIX KBaHTOBBbIC uncna v, =0,1,... u E, =, (Vi +E .

Taxum 06pazom, kosedaTesbHas SHEPTUs MOJIEKYJIbl, nMeronied 3N-6 HopMaIbHBIX YaCTOT

xonebaHuil @, onpeznengerca 1o Gopmye:
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1 1 1
=m, Vl+5 + o, V2+E R 1) SV V3N_6+E

VisVaeVin_e

CaMbIii HIOKHHAH KOoae0aTeIbHbII YPOBCHBb COOTBETCTBYCT HYJICBBIM 3HAUCHUAM KBAHTOBBIX YHCECJI

v, =0 u o603Hauaercs kak £ (0, 0,...,0) Y HA3BIBACTCsI OCHOBHBIM KosiebaTebHbIM ypoBHEM. Ecim
B030Y KJIEHO TOJIBKO OJIHO HOpMaJIbHOE KOJIeOaHue, T.€. TONBKO V, =1, a Bce OCTalbHbIE KBAHTOBBIE YHCIIA
HYJIEBBIE, TO ATOT YPOBEHb HA3BIBAIOT (PyHIaMEHTAIBHBIM U 0003HAYaOT £ (O 1 0) . OHeprus nepexojia
C 9TOT0 YPOBHsI HAa OCHOBHOM OyJIeT paBHa (yH/IaMEHTAIbHOM YacTOTe ..

KoneGarenbHble ypOBHU S9HEPTHH, [Vl KOTOPBIX TOJIBKO OJHO U3 KBAHTOBBIX YHCEN V, OOJIbILE

CAMHUIIbI, HA3bIBAIOT O6€[2TOHHBIMI/I YPOBHAMH, a YPOBHHU C HCCKOJIBKMMHU V; , OTJINYHBIMU OT HYJIA,

IMMPUHATO UMCHOBATb COCTABHLIMU WJINA KOM6HHaHI/IOHHI>IMI/I. Haan/IMep, JJIs1 MOJICKYJIbI BOJIbI (HQO)
KoJIeOaTeIIbHEIC YPOBHH pacriojiararoTcs CJICAyroumum O6p330M3

PUCYHOK

Pucynoxk 19.2. Kone6arensusie yposau H,O: @, =3650 em’! (BaJIeHTHOE CHMMETPUYHOE
Kosebanue), @, =1595 em”! (medopmarmonHoe Konebanne), @, =3756 cM’! (BanenTHOE

AHTUCUMMETPHUYHOE KoJieOaHue).

B cirygae MoIeKkys ¢ BBICOKOW CHMMETPHEH SIEPHOTO OCTOBA MOSIBIISIOTCS BBIPOXKICHHBIC
KosiebaTepbHbIe YPOBHU. Tak, HApUMep, A1 MOJIEKYJI C YUCIIOM OCel BpalleHu (WM OTpaKeHuH ),
OOJIBIIMM TpeX, MOSBIISIOTCS IBAKBI BBIPOXKICHHBIEC KOJIeOaHust (OJJHOH 4acTOTe COOTBETCTBYIOT JBE
KosieOaTenbHbIe QYHKIMH), a JUI OKTadIPUYECKUX U KyOMYECKUX MOJIEKYJI BEIPOXKICHHE JOCTUTAET TPEX.

BelIie MBI paccMOTpenu MoIe b TApMOHHYECKUX KoJleOaHUil MOJIeKYJIbl. B neficTBUTEIbHOCTH
TaKasi MOJIEJIb XOPOIIO PadOTaeT TONBKO JJIsi HIKHUX KOJIEOATEIbHBIX YPOBHEW MOJIEKYJI C JIOCTATOYHO
KECTKHUMH CBS3SIMH, T.€. C TIOTEHIHAIAMH, JUISI KOTOPBIX CMEIICHHUS SI7Iep OT MOJIOKEHHSI pABHOBECHS
JOCTaTOYHO Maibl. J{ist BO30YKICHHBIX KOJIEOATEIBHBIX COCTOSIHUH, a TAKIKE IS MOJIEKYJI C OONBIINMHE
aMILTUTYIaMH KOJIEOaHUH Takoe MPUOIMKEHIE OKa3bIBACTCSl HETIPUTOJHBIM U HEOOXOMMO YUUTHIBATH B
pa3NoKeHNH OTEHIINAIIA YICHBI O0Jiee BBICOKHX MOPSAKOB. B aTOM ciydae pelienue o KoinedareTbHOM
JBIDKEHHUHN YK€ HEJIb3s CBECTH K 3a/1a4€ O TAPMOHHYECKOM OCIIUIATOPE JUIS KaXKI0W HOPMaIbHOW
KOOPIMHATHI MOJIEKYJIbI U IPUXOTUTCS MEPEXOTUTH K IPYTUM MOJICIISIM HITU K YUCIICHHOMY PEUICHHIO
ypaBHEHUH ¢ peabHBIMU TOTEHIMaIaMu. Kpome Toro, B A€HCTBUTEIIEHOCTH KOJICOAHHSI MOJICKY T
CBSI3aHBI C BPAILIATEIbHBIM COCTOSTHUEM MOJICKYJIBI, TaK YTO OOBIYHO HAOIIOAAIOT B CIIEKTPAX

KOJ'IC6aTeHBHO-BpaH_IaTeJILHBIe nepexoanbl.
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