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IIpnioxkenne 1. JpMUTOBBI ONIEPATOPBI.
C MareMaTH4ecKOW TOYKH 3pEHHS HaOOp BCEBO3MOXKHBIX BOJTHOBBIX (DYHKIIHIA,
OTHCHIBAIONIUX PA3JTMYHBIE COCTOSHHS YaCTHIIbI, 00pa3yeT JIMHEWHOE MPOCTPAHCTBO {@}, a

ornepaTopsl (PU3NYECKUX BEIUYUH €CTh JMHEWHbIE ONepaTophl, NEHCTBYIOIIME B 3TOM IPO-
CTpaHCTBE U MpeoOpasyroliue Mo HEKOTOPOMY 3aKOHY JIEMEHTHI (BEKTOPBI) 3TOTO MPOCTpPaH-
CTBa

Y= flcp , (IT1.1)
IpUYEM Y, € {(D}
B nuHEMHOM NPOCTPaHCTBE 3aaHO CKAJSIPHOE IIPOU3BEIECHUE IBYX BEKTOPOB Y U @,
OIIpEIETIIEMOE CIIEAYIOIM 00pa3oM
(w]o) = [w' (e(x)dx. (IM1.2)
OueBuHO, BBEJICHHOE HAMH CKAJSIPHOE NPOU3BEICHHUE YAOBIETBOPSET CIEAYIOIUM TpeboBa-
HUSAM:
<\|1 | \|1> > (0, mpu4eM 3HaK PaBEHCTBA JOCTUTAeTCs TOJIbKO it Wy =0,

(wlo)=(olv)" (I11.3)
JIBa BEKTOpA Ha3bIBAKOTCS OPTOTOHAIBHBIMH, €CITH <\|/ | (p> =0.

3ameTuM, 4To ¢ yuetoM omnpenenenus (I11.2) ycinoBue HOpMUPOBKM BOTHOBOW (DYHKIIMH U BbI-
pakeHHUe Ui OTIPENIEJICHUS] CPEeTHETO 3HAYCHHS HaOIroaeMol (U3NIECKON BETMUYUHBI MOTYT
OBbITH 3aMKCaHbl B BUJIE:

(wlw)=1, (I11.4)
(4) = <\v‘fl\v> . (I11.5)
Brenem nonsiTue oneparopa A , COTIPSIKEHHOTO OTEepPaTopy A , C TIOMOILBIO CIETYIO-
mero COOTHOICHUSA:
<12[+(p‘\|/>=<(p ,21\|/> (I11.6)

Omneparop A, s KOTOpOTO A" = A, nasbiBaetcs CaMOCOIIPSDKEHHBIM, WM SPMHUTOBBIM OTIe-
paTopom.

JlokaxkeM Temneppb cienyroliee yTBepxkiaeHue: Onepamopsl Quauueckux eeauyun A6Js-
IOMCsL SPMUMOBLIMU.

CrnpaBe/UIMBOCTb 3TOTO YTBEPKACHUS CIEAyeT U3 CIENYIOIUX paccykaeHui. M3me-
psieMble dKCIepUMEHTE (U3MYECKHUE BEITMYMHBI MOTYT IPUHHUMATh TOJIBKO JEHCTBUTENbHBIC
3HavyeHus. [lorromy

<\p Izlw> = <\|I zzl\y> (I11.7)
C npyroii ctoponsl, u3 (I11.3) umeem

<\|J ﬁ\u>* = <A\y|\|1>. (I11.8)
CpasuuBas (I11.7) u (I11.8), Haxonum

)= vl

HNHorna B KBAHTOBOM MEXaHUKE PACCMATPHUBAIOTCS U HEAPMUTOBBI onepatopbl. OgHaKo,
MOYKHO YTBEPKAaTh, YTO TAKOMY OIEPATOPy HE MOXKET ObITh MOCTaBJICHA B COOTBETCTBUE H3-
Mepsiemast pu3ndeckasi BeJIMYuHa.
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IIpnaoxenne 2. [IpoxoxkaeHue MOTOKAa 4YacTUIl Yepe3 NMPAMOYTOJbHBINH MOTEHIHAJIbHbIN
O0apwbep.

PaccmorpuM 3amady O IpOXOKIEHMM NMOTOKA YAaCTHIl C dHEpruem £ depes3 NpsMo-
yTOJIbHBIH NOTEHIUAIbHBINA Oapbep BbICOTON V) u mmpuHoi a (cm. puc.L.1).

PaccMoTpuMm cHawana cocTosiHHE CBOOOJHOM
YaCTHUIIbI B BUJIE INTIOCKOM BOJIHBI ¢ Bpoiisis.
w(x) = Aexp(iky). (I12.1) Yo
Brruncnienue IMIOTHOCTH TOKAa BEPOSTHOCTH IS CO-
crostaus (I112.1) maer

J =4

2 hk

m
[Tony4yeHHOE COOTHOIICHHE IMO3BOJISIET MHTEPIPETUPO-
BaTh cocrosiHue ([12.1) xkak cocTosiHUE, OMUCHIBAIOIIEE
MOTOK YAaCTHIl ABIKYIIUXCS B TIOJOXHTEIHHOM Ha-
IPaBJIEHUH OCH X CO CKOPOCTBIO v =fik/m u ¢ mwior-

=|4v. (I12.2)

-a/2 0 a2

Puc.M.1. MpamMoyronbHBIA NOTEHLWaNbHbIA
Bapbep.

HOCTBIO HaCTHUIL B IIOTOKE (B OIHOMCPHOM CJIy4ac - YUCJIOM YaCTUIl Ha CAUHULY ,I[J'II/IHLI), paB-
HOH |A|2 . AHaJIOTUYHOE BLIYHCIECHHE INIOTHOCTH TOKA BCPOATHOCTHU [JIA COCTOAHUS

y(x) = Aexp(ikx) + B exp(—ikx) (I12.3)
JacT

j=4"v-|Bv. (I12.4)
B JaHHOM CJIy4a€ MOKHO, OUCBUJIHO, TOBOPUTH O COCTOAHUHU, OIMMUCBHIBAIOIIEM BCTPCUHBIC I10-
TOKH 4aCTHUL, IPpUYEM BCINYHNHBI |A|2 u |B|2 OonpeaACIA0T INIOTHOCTHU YaCTHUI B ITIOTOKE.

[lepeiinem Temepb K 3ajade O TYHHEIUPOBAHMU uYepe3 MPSAMOYIOJbHBIM MOTEHIHMAb-
HBIN Oapbep. 3anuiueM cranuoHapHoe ypaBHeHue llpenunrepa B kaxxaoi u3 obnacreil Hempe-
pBrIBHOCTH noTeHIHana (cm. puc.Il.1)

2 2
ob6mnactu LII1 — h— d \2'] = ,
2m dx
h d*y
obmacts II R +V,y =Evy.

Ms1 MOKEM PacCMOTPETh IBE BO3MOXKHOCTH: £ <V, 4TO COOTBETCTBYET TYyHHEIUPOBAHUIO

gyepe3 MOTEeHIMANbHBIN 0apbep, 1 E >V, 4TO COOTBETCTBYET Ha10aphePHOMY ABHKEHUIO Yac-
THIIBI.

Bosee moapoOHO OCTAHOBUMCS HA ciyuae TYHHeIupoBauusi. Beoas k° =2mE/h* u
y y

k’ =2mV, - E) / h* , nepenuieM ypasHenue Illpeaunrepa B Bue:

o6mactu LIII V' +ky =0,
o6macts 11 v —k’y=0.
PernieHus 3TUX ypaBHEHHIA 3aITUIIIEM B BHJIE
obmacTs | v, (x) = A, exp(ikx) + B, exp(—ikx),
obmacts 11 vy, (x) = 4, exp(—kx) + B, exp(kx) , (I12.5)
ob6nacts 111 v, (x) = A4, exp(ikx).

Oo6mmee pemenne (I12.5) o3Hagaet, yTo B oOnactu | CymecTBYIOT Majaromuii Ha 0apbep U OT-
pPaKEHHBII OT HETO MOTOKHU YacTHIl. [Ipy 3TOM BEJIMYKMHY MaJaroIIero NoToKa CIeyeT CUUTATh
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3alaHHoN BenmmunHOM. UTo kacaetcs obnactu 11, To MBI monaraem, 4To B 3TOM 00JIaCTH CyIIIe-
CTBYET TOJIbKO MPOLIEAINI Yepe3 MOTeHIUaIbHbINH Oapbep MoTok. Takum 06pa3oM, Mbl UMeeM
qeTbipe Kodpduuuenra B,, 4, ,B,, A, (kod3bbULUEHT A, ompejaenseT YUCIO YACTHI B Ha-
JAIOIIEM MMOTOKE U MOXKET OBITh BBIOPAH MPOM3BOJIBHO), JJII KOTOPBIX W3 YCIOBHI HEMPEPHIB-
HOCTU BOJHOBOHM (DYHKIIMU U €€ MEepBOi MPOM3BOAHON B TOUKAaX pa3pbiBa MOTEHIMANA JIETKO
MOJIYYUTh YE€THIPE YPAaBHEHUS.

BepositHoCcTH TTpOX0XKAeHUS (TYHHEIUPOBAHMS) YACTHUIIBI Yepe3 MOTeHIUAIbHBINA Oaph-
ep D W oTpakeHHUs OT HEro R OmpeAesuM CIICIYIOINUM 00pa3omM

‘ J
p=Ir =~ R=Z, (I12.6)
Jo Jo
3nechy j, u Jre - MPOLIEAIINI ¥ OTPaKEHHBIM OT NOTEHUIUAIBHOTO Oapbepa NOTOKM YacTHll, a
Jo - Majarommii Ha 6apbep NoTok. ITockomnbKy cieBa u crpasa oT Oapbepa CKOPOCTH YaCTHIL B

paccMaTpruBaeMOM CiTydae OJMHAKOBBI, U3 BeIpakenus (I12.6) momygaem
e Ml i B
. 7 .
Jo |A I | Jo |A 7
T.€. 3Ha4eHHsI KOI(PHULIUCHTOB MPOXOXKICHUS U OTPAKEHUS OINPEICIIIIOTCS B KOHEUHOM CUeTe
aMIUIMTYJaMU TUIOCKUX BOJIH, BXOJSAIIUX B Bepaxkenue (I12.5).

Msbr He OynmeM 3/ech MOAPOOHO AHAIU3UPOBATH YpaBHEHHS I KOA(P(UIIMEHTOB
B,,A4,,B,, A, acpasy 3amumem peuieHue. i1t BEposITHOCTH TYHHETUPOBAHHS MOTY4HM:

2..2
Do 4k , (I12.8)
(k2 +K2)2Sh2Ka+4k2K2

B BaXHOM 4acTHOM ciyuae Ka >>1 umeem sh(ka) ~ exp(ka)/2 >>1. [1o3TOMy BBIpOKEHHE

(112.7)

AJI1 BEPOATHOCTU TYHHCIIMPOBAHUA MOKHO IICPCIIUCATD B BUAC:

k*+x
C 3KCHOHEHIINAJILHOU TOYHOCTLIO IMEEM

D ~ exp(—2xa) = exp(—%1/2m(V0 - E)aj, (I12.10)

YTO COBMaJaeT ¢ obuieit ¢popmynoit (6.2) 1 cnydas TOTEHIMATBHOTO Oaphepa MPsMOYTOib-
HOU (hOpMBI.

D~ (ﬂzj exp(-2ka). (112.9)

IIpuaoxenne 3. Iloruaombl IpMura.
[TommHOMBI pMHTa MOTYT OBITH OIPEIEIIEHBI C TTOMOILIBIO COOTHOLICHHUS

H, (&) = (1) exp(&?) j& exp(~E?). (IT3.1)

OHH TaKKe MOTYT OBITh OINpEENIeHBI KaK KOA(GUIIMEHTHI pasioxeHus B psn Teinopa
dbyskmmm ¥ (E,1) = exp(2tE —t*):

PEn=3 1,65 (13.2)

Oynkuus ¥ (E,¢) Ha3zpIBaeTCs NPOU3BOAIIEH QyHKIUEH MTOTUHOMOB DpMUTA.

[TonnHOMBI DpMUTa YAOBIETBOPSAIOT ClenytoneMy AU pepeHInatbHOMy YpaBHEHHIO
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HJ(€)-2EH(§)+2nH ,(§)=0. (I13.3)
VYcioBue opTOroHaIbHOCTH MTOJTMHOMOB DpMUTA
[H,©H, @ exp(-& Mg =2"n75,,. (I13.4)
[TonnuOMBI DpMUTa YAOBIETBOPAIOT CIEAYIOUIMM PEKYPPEHTHBIM COOTHOLIEHUSAM
1
¢H, (&) =nH, () + EH 1 (8), (I13.5)
H (§)=2nH,,(§). (I13.6)
HepBLIe HECKOJIBKO ITOJIMHOMOB 9pMI/ITa HUMCIOT CJ'IeL[yI-OH.II/Iﬁ BU
H,&)=1, H(&)=2E, H,(&)=48" -2,
H,(&)=88"-12¢, H,(§)=16&" — 488> +12. (I13.7)

IIpnaoxenne 4. Cpepuyeckue GyHKIUH.
Coepuueckre QyHKIUU MOTYT OBITh OIpeesieHbl KaK OrpaHUUEHHBIE PEIICHUS 3aa4n
Ha cOOCTBEHHBIC 3HAYCHHS YTIIOBOM YacTu omeparopa Jlammaca
A,Y,,,(6,0)+17,,(0,0)=0. (TT4.1)
3neck A ={({+1) -cobcTBeHHOE 3HaueHUE, ¢ - M0OO0E IeI0e HEOTPUIATEILHOE YHCIIO, T.C.
(=0,12,., a m mpoOeraeT UETOYUCICHHbI HaOOp 3HaueHud or —¢ g0 /:
m=0,x1%2,... £ ¢, Bcero 2/ +1 3HaUCHUI.
O6mee npeacraBaeHue At Y, UMEET CICAYIOMUN BU
Y, (0,0) = P (cos 0) exp(imo) , (I14.2)
rae P (cos0) - npucoemunennbiii momuHoM Jlexanapa. B wactHom ciydae m =0 mpucoe-
JMHEHHbIE IOJMHOMBI IIPEBpAILAOTCs B 00bIUHBIE TOMUHOMBI Jlexkanapa P, (cos0) .

[pucoenunennsie moauHomsl Jexanapa P (x) u nonunomsl Jlesxanapa P, (x) onpenes-
IOTCS CITIEIYFOIIUMH BBIPAKCHUSIMU

1 d' [, .y
Pf(x)_zé—ﬂy(x -1), (114.3)
m
P () =(1-x2)" j—mg (x) . (I14.4)
X

SIBHBIE BBIPAYKEHHS JUIsI IEPBBIX HECKOJIBKHX ITOJIMHOMOB JIeKaHpa MMEIOT BUJIL:
1 1
B =1, R(x)=x, B(x) =0 =1}, P(x) = (5x° ~3x). (I14.5)
[TpuBeneM Takxke sIBHbIE BBIPRXKEHUS /IS IEPBBIX HECKOJIBKUX C(hepuyecKuX (yHKIHUIA:

. , 1
YOO (6’ (P) =1 > YIO (67 (P) =cosf > Yl,irl (67 (P) = s1n(6) exp(izq)) ’ Y2,0 (6, (P) = E (3 COSZ (e) - 1) P
Y,.,(6,0) =sin(0) cos(0) exp(£ip) , ¥, .,(6,¢) = sin”(0) exp(+2ip) . (114.6)

BBenennble Hamu cdepudeckue (QYHKLUUU YAOBIETBOPSIOT CIEIYIOIEMY YCIOBUIO
HOPMHUPOBKHU

[¥:,.(0.9)7,,(0.0)sin(0)d0dp = N, 3,5, - (I14.7)
31ech
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_dm (L4 m)!

2041 (L—m)!
B Texcre mocoOust Mbl 6YI[CM HCIIOJIb30BAaTh HOPMHPOBAHHBIC Ha CIWHHUILY C(bepnqecxne
byHKIMY, T.€.

(114.8)

[I7..0,0) d2=1. (114.9)
Takue GYHKIUM OTIMYAIOTCS OT BBEACHHBIX paHEe YMHOXKEHHEM Ha YHUCICHHBIM MHOXH-
20+1 (0 —m)!
TeNh |———— .
4t (L +m)!
PexyppeHTHOE COOTHOIICHUE TSI TPUCOSAMHEHHBIX TTOJMHOMOB JlekaHpa
! +m f—m+1
xP"™ (x) = P (x)+ ————P" (x). 14.10
" (x) ) (%) Y (%) ( )
Baxnas popmyna
14
4 1 r .
- = Yz/m(ep(Pl)Ym(ezs(Pz): n>r,
1 nom 20+1\
|a - | = , (I14.11)
h=n 4n 1 rl .
— —1Y (0,,¢0)Y, (0,,0,), r<r,.
7'2 — 2£+1 7"2 Em( 1 (Pl) (m( 2 (PZ) 1 2

3neck (0,,¢,) u (0,,9,) MONAPHBIHA M A3UMYTATBHBIN YIIIBI BEKTOPOB 7, U 7, .

Ipuioxkenue S. MoMeHT KOJIMYECTBA ABHKEHUSI B MHOI'03JICKTPOHHOM aToOMe.
PaccMOTpuM raMuiabTOHHAH JABYXDJIEKTPOHHOTO aTOMa C y4e€TOM B3aUMOJEHCTBUS Me-
Ky JIEKTPOHAMH

H=H +H,+V,, (I15.1)

rne H,, H, - OAHO3IEKTPOHHbIE TAMUIBTOHUAHBI, YUUTHIBAIOIINE B3aUMOAEHCTBHE KaXI10r0

U3 JEKTPOHOB ¢ sAapoM, V,, = e’ / 7;, - OIEPaTOp MEXAIECKTPOHHOro B3aumonencreus. 1loka-
JKEM TCICpb, UYTO OICpaTop KBaapara IIOJIHOI'O Op6I/ITaHLHOFO MOMECHTa CHCTEMBbI

A A 2
L’ = (fl 4 2) KOMMYTHpYeT ¢ onepatopoM ['amumnbrona (I15.1), To ecTh B cTanMoOHapHbBIX

COCTOAHUAX CHUCTCMBbI KBaJpaT IMOJTHOI'O0O MOMCHTA CUCTCMbI UMCCT TOYHO OIPCACIICHHOC 3HA-
YCHUC. I[JIH AO0Ka3aTCJIbCTBA YTBCPIKACHUA HAM JOCTATOYHO Y6CILI/ITBC${, 4TO KOMMYTATOpP

[i, H} 0. (I15.2)
OueBumHO, OnepaTop i KOMMYTHPYET ¢ KaKIbIM M3 OJHOYACTHYHBIX TaMUJIbTOHUAHOB, BXO-
nsauux B (I15.1). Iloaromy HaM 10CTaTOYHO YAOCTOBEPUTHCS, YTO [L:,l/ 7”12} = 0. Paccmotpum
PaBEHCTBO
LD Bered || Lrod) .
rae f - mpou3BOJIbHAS AuddepeHnupyeMas QyHKIUs.
JI71st 0;THOM M3 KOMITOHEHT, HAalIPUMEP, X - KOMIIOHEHThI MOMEHTAa UMEEM
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S((x, _xz)z +(n _y2)2 +(z, _22)2) =

=2i(y,z, _Zlyz)f'(ré)

~ . 0 0
[Expf(ré)]:_l yla_21_zla_y1

N3 cooOpaskeHHii CHMMETPHU CIIETyeT, YTO

y 2 . 2

lgxz’f(}ﬁlz )T: =2i(y,z, —z,,) f'(r3) .
OObenuHss ABa MOCIEIHUX PABCHCTBA, NOITydaeM

r 2
[Lx,f (nz)J =0. (I15.3)

AHaJOrM4HO, mojiy4aeM, 4to paBeHcTBO (I15.3) crpaBeanuBo u i ABYX APYTUX KOMIIOHEHT
HIOJTHOTO MOMEHTA, T.€.

Lfod)]=o0.

Bei6upas f(§) = 1/ \/_ , 3aKn}(;qaeM, 4TO

i, 1/r12} ~0.

[ToaTomy OKOanTean:o uMeeM

ZH} 0. (I15.4)
Mo:xHO Takxe ILOKa3aT:I>, YTO B PACCMATPUBAEMBIX yCIOBUAX

§H} =0, (I15.5)

rae S = s%l + §2 - OIIEPaTOp MOJHOTO CIIMHOBOIO MOMEHTA JIBYX JJIEKTPOHOB.

O6a yreepxaenus (I15.4) u (I15.5) crpaBeauBBI W ISl POU3BOJIEHOTO KOJUYECTBA
9EKTPOHOB. [109TOMYy MOKHO yTBEP)KIAaTh, YTO B MHOTOJIEKTPOHHOM aTOME IIPH YUYETE JIEK-
TPOCTATHYECKOTO B3aMMOJCHCTBHSI MEXKIY DJIEKTPOHAMU MOXHO HaWTH CTalMOHApHBIE CO-
CTOSIHUSI ¢ TOYHO ONPEJEeNCHHBIMU 3HAYEHUSAMHU OpOUTATBHOIO U CIMHOBOTO MOMEHTOB 3JIEK-
TpoHHOI 00osouku. Habop Takux coctosHuil oOpa3yeT aTOMHBIN TepM B npubamwkenuu LS -
cBs3u (cm. JI 11).

Ipuio:xkenune 6. Pacuer 3Hepruu 3J1eKTPOCTATHYECKOT0 B3aMMO/IeliCTBHUS IBYX AaTOMHBIX
3JIEKTPOHOB.

Brruncinum KYJIOHOBCKYIO 3HCPIHUIO B3aHMOHeﬁCTBHH ABYX BJICKTPOHOB, HAXOAANINUXCA
B OCHOBHOM COCTOSIHUHU B T'€JINONOJJOOHOM HOHE C 3apsAaoM Z :

2
~\2 — \2 e 3 3

AE = [y, F ) o (B ) === dnd’r, . (I16.1)
7 7|

Wcnone3ys paznoxeHue 1/ |171 - 172| no cpepuueckuM GyHKIusM (cm. 114.11) u yuuTtsiBas, 4ro
(GYHKLIUU S - COCTOSIHUH SBJIAIOTCS ChepuuecKd CUMMETPUYHBIMHU, a

[7,,0,0)d2 = [Y,,(6,0)Y,,(6,0)d2 =0 (£#0,m#0),

IMOJIYYHUM, YTO IIPU UHTCTPUPOBAHHU IO YTJIOBBIM KOOpAMHATAM IIEPBOIr0 U BTOPOIr'O IJICKTPO-
Ha B CyMMy 110 / ¥ m JacT HEHYJEBOW BKJIaJ TOJbKO ciaaraemoe ¢/ =0, m =0:.
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6 2 © no2 0
AE = iz; 16712"‘1”12 exp(—2Zr, / a,)dr, J‘%exp(—2Zr2 lay)dr, + jrz exp(—2Zr, / a,)dr,
0 0 o N )
ze’ 18 i 5z’ 5
= 2% 167 exp(-& )| [ 22 exp(-&,)de, + [ &, exp(-&,)de, | =2 =2 7Ry,
2a, 3, 5 &1 £ 8a, 4

AHaJOTMYHO MOTYT OBbITh BBIYUCIICHBI KyJIOHOBCKUN U OOMEHHBIM MHTETPaJIbl 1151 BO30Y KICH-
HBIX aTOMHBIX COCTOSIHUH.

Ipuio:xkenne 7. JeKTPOHHBbIE TEPMbI B KOH(pUTypauusix np2 u npn’p.
PaccmotpuMm 3amady 0 MOCTPOSHHWM BOJHOBBIX (PYHKIIMKA TEpPMOB KOHpHTypamuii u3

JBYX SKBMBAIEHTHBIX H JBYyX HEIKBUBAJEHTHBIX p - SIEKTPOHOB np° u npn' p . IlonHas Boj-

HOBasi (PYHKITUSI CHCTEMBI MOXKET OBITh MPEJCTAaBIICHA B BHJIE MPOU3BEICHHUS MIPOCTPAHCTBEH-
HOM ¥ CITMHOBOW BOJTHOBBIX (DYHKITHI

Y (&,,8,) =v(r,n)y(0,,0,), (IT7.1)
IpUYeM OHA JIOJDKHA OBITh AHTHCUMMETPHUYHON OTHOCHTENBHO MEPECTAHOBKH JJIEKTPOHOB
MeCTaMH. JTO 3HAYUT, YTO MPOCTPAHCTBEHHAS] YaCTh BOJHOBOU (DYHKIIMH SIBJISIETCSI CHUMMET-
PHUYHOM, a CIIMHOBAs - aHTUCUMMETPUYHOM, UITH, HA000POT, MPOCTPAHCTBEHHAS YaCTh - aHTH-
CHUMMETPUYHOM, @ CIUHOBAsI — CHMMETPHYHOM:

yj(glagz):\Vs(aaljz)XA(Gl’Gz), (117.2)

yj(ghéz):\VA(;;’?Z)XS(GI’GZ)' (117.3)

Habop cniuHOBBIX BOTHOBBIX (YHKIUH ¢ TpeOyeMbIMU CBOMCTBAMHU CUMMETPUHU OBLIT TOCTPOCH
BJI 11 u umeeT ciemyronuii Bus

Ys(0,,0,) :‘TT>, S=1 M =],
1
15(6,,5,) =E(]N>+M>) S=1, M, =0,
15(01,0,) =), S=1, My=-1,
1
%4(0,,0,) :EQT\”_‘\LT» §=0, M;=0,
Tpu cUMMETPHUYHBIX BOJIHOBBIX ()YHKLHH 00pa3yloT HA0Op COCTOSIHUN ¢ CyMMapHbIM CIIMHOM
S =1 un npoekuueil Ha BBIACIEHHYIO OCh z paBHOM M ¢ = 0,£1. AHTUCUMMETPUYHOE COCTOSA-
HHe, oOpas3yeT cuHriet, aias Hero S =0u M =0.
Hama 3amaua Temeppb U3 OJHOZJIEKTPOHHBIX  BOJIHOBBIX  (PyHKUMHA  BHUAA

y(r)=R,(r)Y,,(0,0) NOCTPOUTH IPOCTPAHCTBEHHBIE BOJHOBBIE (DYHKIMU IBYX3JIEKTPOHHOI

CHCTEMBI C pa3IMYHONU CUMMETpUEH.
Haynewm ¢ mocTpoeHusi CHMMETPUYHON OTHOCUTENIBHO MEPECTAHOBKU AJIEKTPOHOB MEC-
TaMH POCTPAHCTBEHHON BOJHOBOW (yHKUMHU. HeTpynHO BUAETH, UTO Ui M, = m, = m CUM-

METPUYHBIC BOJTHOBBIC (DYHKITUU 3aIUCHIBAIOTCS B BUJIC

Vs(A,5) =R, ()R, () 1,(0,0,)Y,(00,,9,), m=0,£1. (I17.4)
Kpome TOro, BO3MOXKHBI €I11€ TPU CUMMETPUYHBIX COCTOSIHUS, KOTOPBIE OCTPOCHBI U3 (DyHK-
IUHI C m, # m,. ITU COCTOSIHUS UMEIOT CJIECIYIOIINHA BU]T

Vs (7,7,) = Rnl(”l)Rnl(rz)'%(Yll(elaq’l)ym(eza@z)+Ylo(ela(Pl)Yn(eza(Pz))a (I17.5)
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Vs (7,5) =R, (n)R,, (1) '%(Yn (6,.9))Y,,(0,.9,)+Y,,(6,,0)Y,,(6,.9,)), (I1.7.6)
Vs (r,75) =R, (1R, (r,) '%(YIO (0,,90,)Y,,(0,,0,)+7Y,,(6,,0))Y, (ezs(Pz))- (IL7.7)

Takum 00pa3oM, IMEETCs BCETO MIECTh CHMMETPHUYHBIX OTHOCUTEIIFHO ITEPECTAHOBKH KOOPIH-
HAT 3JICKTPOHOB MecTaMH (YHKIMH C BEIIMYMHOW CYMMapHOW MPOEKIIMUA OPOUTAIBLHOTO MO-
MeHTa M = m, +m, cooTBeTcTBEHHO paBHOW M = 0,2 (cm. (I1.7.4)) u M =0,£1 (cm. (I17.5)-

(I17.7)). TTockonbKy MBI HMEEM COCTOsIHME ¢ M =2, 3Ha4uT y Hac umeerca 'D - TepM. DTo
TEpM BKJIIOYAET B ceOst MATh BOJHOBBIX (pyHKIWMi ¢ M = 0,£1,+2 . OcTaercs erie ofHa BOJIHO-

Bas QyHkuus ¢ M = 0. Ee ciefyeT oTHeCTH K TepMy 'S .
CripaBeisIUBOCTh MOJYUYEHHOTO PELICHUS MOKET OBITh NMPOBEPEHA HENOCPEICTBEHHO

A A 2
neiicTBueM omepartopa L’ = (61 + sz Ha MOCTPOCHHBIE BOJIHOBBIE (YHKIMH. JleHCTBUTEIND-

HO, BBeJIEM 0003HAYCHUS

|L =2,M =i2>=Yli1 0,0,)Y.,(6,,0,), (I17.8)
1
[L=2.M = 1) == (1 01,00 (0:02) + Fo 01, 0))Yea 0.0, (I17.9)
|M =0>1 =Y,(0,,9,)Y,,(0,,9,), (117.10)
1
[ =0), == (1,010 0200, + 71,0107, (6.2)). (I17.11)

Jlns BBIUMCIIEHHUS pe3ybTaTa AeficTBus onepaTtopa L* Ha coctosuus (I17.8-11) samumem ome-
A A 2
patop L’ B Bume L’ = (61 + fzj =07 +0% + 2(EIZKZZ +0,.0,, +€1y€2y). [TpssMbIM BbIUHUCIIE-

HUEM (€ro MOKHO NPOBECTU B JAEKApPTOBOM cHCTEME KOOPAMHAT) HETPYJIHO MPOBEPUTH, UTO
byHKIIUN |L =2,M = i2> u |L =2,M = i1> SBIIAIOTCS COOCTBEHHBIMH (DYHKIIUSIMHU OTEPaTo-
pa L’, COOTBETCTBYIONMMHU KBAaHTOBOMY YHCIy cyMMapHoro momenta L =2. To ecTh 3TH

(GYHKIUN JEHCTBUTENBHO SBISIOTCS KOMIIOHEHTaMU D - TepMa, COOTBETCTBYIOIINE MPOEKIIN-
am M =+1,2 . Uto kacaercs pynkiuu D - Tepma, COOTBETCTBYIOIIeH npoekuuun M =0, 1O

MOKHO YOEIUTHCS, YTO OHAa SIBJISIETCA JIMHEHHOW CyNeprno3ulueld COCTOSHUMN |M = O>l u
|M = 0>2, npuyeM
L=2,M =0)=—= (M =0) +|M=0),). (I17.12)

NG

AHAJIOTUYHO, AJis S - TepMa UMeeM

L=0.M =0)=—— (=0 M =0).) (I17.14)

NG

[oxBeeM Temeph MTOTH: B KOHMUIYpAUH np’ HMEIOTCS cuHrieTHble Tepmbl 'S u 'D. Co-
OTBETCTBYIOIIME UM BOJHOBBIC ()YHKIIMU 3aIIMCHIBAIOTCS B BUJIC

% 1
1°S) = R, ()R, ()| L = 0, = o>~ﬁ(]N>—M>) (I17.15)
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|L=2,M =+2) 1
|"D) = R, ()R, ()| = 2,0 =21) .EQN> -[¥1). (I17.16)
|L=2,M=0)

I[lepeiineM Tenepb NOCTPOCHUIO MPOCTPAHCTBEHHBIX (YHKUUH, MPUHAMAISKAIIUX TPUILIICTHBIM
TepMaM, T.€. SIBJISIOIIUXCS AHTHUCHMMETPUUYHBIMM OTHOCHUTEIBHO NEPECTAHOBKH 3JIEKTPOHOB
MecTaMu. MBI MOKEM MOCTPOUTH BCETO TPU TAKUX COCTOSHUS:

. 1

v, (r,n)= Rnl(rl)Rnl(rz)'E(YII(GI’(PI)YIO(GZ’(PZ)_Ylo(el’(pl)Yll(ez’(pz))’
- 1

v, (7R.1) :Rnl(rl)Rnl(rz)'E(Yll(elﬂ([)l)yl—l(ezﬁ(I)Z)_Yl—l(elﬂ(Pl)Yll(OZJ(Pz))’

.o 1
v, (7. 7) =Rnl(rl)Rm(rz)-ﬁ(x(](el,cpl)m(ez,cpz)—K,l(el,cplm)(ez,(pz)).

AHaJIOTUYHO MpebIIyLEMy CITydar0 MOXKHO YOeIUThCs, 4TO (PyHKIIUH

1
|L:1’M:i1>:.E(Ylil(ela(pl)ylo(eza(pz)_Ylo(el’(Pl)Ylil(ez’(Pz))’ (I17.17)
1
|L:1’M :0>:'ﬁ(yll(ela%)yl—l(ezaq)z)_Yl—l(ela(Pl)Yu(eza(Pz))' (I17.18)

A

ecTh coOCTBeHHbIE (YHKIMH oneparopa L°, COOTBETCTBYIONIME 3HAYEHHIO OPOUTAIBLHOTO

KBaHTOBOro uncia L =1. TakuM 06pa3oM, UMeeM TPUILIETHBIA TepM P, KOTOpOMY MpHUHAJI-
JIeKaT CJEIYyIOIINEe BOJIHOBbIE (PyHKINN

™)
L=1,M =+
2P = Rnl(n)Rnl(rz){:L e ;r>>. %(]NHH}). (I17.19)
W)

WTak, BOMHOBBIE (yHKIMH BeeX TepMoB 'S, 'D u ° P mocTpoeHsL.
[epeiinem Teneps K aHAINM3Y KOH(PUTYpalUy ABYX HEIKBUBAJICHTHBIX p - SJIEKTPOHOB,

JUTSL OTIpeIeICHHOCTH KoHpurypamuu 2 p3 p . Mbl 3HaeM, 4TO B 3TOH KOH(UTYpAIIH TTOMUMO

tepmoB 'S, 'D u *P eme cymectBytoT TepMbl P, S, *D. Kak MOXHO TIOHATh MOSBICHHE
9THUX JOTOJIHUTENBHBIX TepMOB? B KOH(UIypaluu HEIKBUBAJICHTHBIX 3JIEKTPOHOB Yy HAC BO3-
HUKAeT JOTIOJHUTENbHAS «CTETIEHb CBOOOAB». MBI MOXEM BBIOMPATh HE TOJNBKO YIJIOBBIE, HO
U pajuaybHble (YHKLIUHU B BUAEC CUMMETPUYHON MM aHTUCUMMETPHUYHOW KOMOMHALIMU OHO-
AJIEKTPOHHBIX PaJUaIbHBIX (YHKIIMA:

R(r,n) = %(RZI (1)R5 (ry) + Ry, (1) Ry, (1, ))= (I17.20)
Ry 0501) = (B )Ry () = R ()R (7)) 7.21)

[TosTOMYy BO3MOKHBI CleAyIOIIMEe KOMOMHALIMY paJuaibHOM, YIJIOBOH M CHMHOBOM BOJHOBBIX
GyHKIM, 00pa3yIOUMX aTOMHBIN TepM:

Y(§,,8,) =R(n,r,) L’M>X(61562)
1) S S 4 'SD,
2) S A S P
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Otu ABe KOMOMHALMU MBI yxke paccMorpenr. CooTBeTCTBYOMME (QYHKIMN 3aal0TCs BbIpa-
xenusmu (117.15,16,19), B KOTOpbIX B KauecTBe paauaibHON (YHKIUH CTOUT CHUMMETPH30-
BaHHast komOuHanwms (117.20). OgHako Teneps MOSBIAIOTCS €I B KOMOWHAIMH, B KOTOPBIX
panuaibHas BOJIHOBasH (PYHKIMS SBJISIETCS aHTUCUMMETPUYHOM, a CHMMETpHsl YII0BOM U CIu-
HOBOH (pyHKIIMI COBIAIAIOT.

(.8, = 9{(1’1,1’2)|L,M>x(61,62)
3) A S S
4) A A A.

Jlerxo BuzeTh, 4TOo B Cciaydae 3) peamusyrorcs Tepmbl “SD, a B ciaydae 4) - 'P. BonHoBbIe
byHKIUY, IPUHAJISKAIINE 3TUM TepMaM €CTh:

1)
°S) =R ()| L = 0,M = 0) o %(]N%M)), (7.22)
)
1)
*DY =% (1.1, L= 2,M = 0.£1:42) o %(]N%M}), (7.23)
)
'"PY=R,(r,r)|L = = oL -
|'P) =R ()| L = LM = 0,21) 2QN> 1), (7.24)

IIpuaoxenne 8. Cuinbl Ban-nep-Baanbca.

[Tokaxxem, 4TO BHE 3aBUCHUMOCTH OT CHJ, HPUBOJAMIMX K OOPa30BaHUI0 XUMHUYECKON
CBSI3H, MEKLY JOOBIME' aToMaMu (MOJIEKy/TaME) Ha GOMBIIHX (10 CPABHEHHIO C ATOMHBIM Pas3-
MEpOM) PACCTOSHUSAX NEHCTBYIOT cialble CHIIbI MPUTSKEHUs, U3BECTHBIE KaK Cuibl BaH-n1ep-
Baanbca. Kazanoch Obl, JanbHOAEMCTBYIOIIUI XapaKTep CHJ MEXIy aTOMaMU MOXKET OBITh
00yCJIOBJIEH UX AMIIOJNb-IAUNOIBHBIM B3aUMOAECHCTBUEM (MM B3aUMOAEUCTBUEM IMIIOJNb - Ha-
BEJICHHBIN AUNO0ib). O HAKO, BCE aTOMBI (KpOME aTomMa BOJIOPO/ia) B CTALIMOHAPHBIX COCTOSIHU-
X XapaKTepU3YIOTCsl HYJIEBBIM 3HAaYEHHEM JAUIOJBLHOIO MOMEHTA, a MOTOMY CHJI B3aMMOJIEH-
CTBUS MEXJly YJAJICHHBIMH aTOMaMH BO3HUKATh HE 10JKHO. Kak Mbl yBUAMM, yHUBEpCAIbHBIN
XapakTep ITUX CHJI UMEET YMCTO KBAaHTOBYIO MPUPOLY U 00YCIIOBJIEH HYJIEBBIMH KOJEOAHUSAMU
ATOMHBIX JUMOJIbHBIX MOMEHTOB.

Paccmotpum cnenyronnyro moaens. [lycte umerores aBa aroma (JTMHEHHBIX OCITUIUIATO-

R pa), yAaJIeHHBIX Ipyr OT Jpyra Ha pac-
crossaue R . Ilycth koseGaHus dJek-
TPOHOB IPOUCXOJAT B HAIPABICHUU

>  TPIMOH, COEIUHAIONIEN aTOMBI, a X, U

)

X, - MX CMCHICHHA OTHOCHUTEIBHO IIO-
Puc.M8. Mogenb gUNonb-gunonsHoro

B3aUMOJelcTBUA aTOMOB. noxenust pasHoBecus (puc.II8), mpu-
yeM x;,x, << R. Ilycth Takxke o, -

! JlokasaTembCTBOM 3TOTO ABIAETCS TOT (haKT, UTO MPH HU3KHX TEMIEPATypax JMo0oii ra3 MepPeXOIuT B KOHIEHCH-
POBaHHOE COCTOSIHHE, TO €CTh €r0 aTOMBI YIEPKHUBAIOTCS APYT BO3JIE APYTa CHIAMH ITPUTSDKCHNS.
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JacToTa KOJcOaHMIl aTOMHBIX OJICKTPOHOB. 3anumemM NMOTCHIUUAJIbHYIO SHCPIUui0 CUCTEMBI B

BUJE
2 2 2 2 2
e e e e 2e°x,x 2d.,d
yo__© £y O L R T (I18.1)
R-x, R+x, R R-x +x, R R
Takum oOpa3zoM, B paccMaTpUBaEMOM CJIy4yae B3aWMOJICHCTBHE aTOMOB MPEICTABUMO B BUJIE
B3auMoeicTBus 1ByX aunoneit. [ns pynkuuu ["amunsTona numeem:

2.2 2.2 2
I ., mox; 1 ., moyx; _ &N

H=—mx + ——+—mx; + ; (I18.2)

2 2 2 2 R

BBo/1s1 HOBBIE KOOPIUHATHI
X, +Xx X, —X
g=0"0 p-hTh
i G
nepenuieM QyHKIU [aMUIbTOHA B BHJIE
2¢2 2.2 2 2 2
1 ., mo& 1 ., mon (-
H=—m§2+—0+—mn2+ oM e (8 311)

2 2 2 2 R

WIn
1 ., mo, 2¢° 1 ., mo; 2e°
H=—m&+—|1-——— | +—m’ + —>| 1+ ———n’. (I18.3)
2 2 m,R 2 2 mo,R
MpI nosyuriu GyHKIU0 ["aMHIbTOHA IBYX HE3aBUCHMBIX OCHHJLISTOPOB C YaCTOTAMHU
2¢°
0, =0, 1+ 3
- mmyR
Pasnaras KopeHb B psiji 10 BTOPOT'O MOPSIIKA MAJIOCTH, HMEEM
2 4
e e

0, =, lx

mo.R>  2m’w)R°
C TOYKM 3peHHsI KBAHTOBOM TEOPUHM OCHOBHOE COCTOSIHHE CHCTEM ABYX OCLUJUIATOPOB XapaK-

TEpU3YETCS dSHEPrUe

4
e

2m’wyR°
MBI BUIMM, YTO DHEPIUSA CHCTEMBI 3aBHCHUT CTEIIEHHBIM 00pa3oM OT MEXBbAJAEPHOIO PacCTos-

HUA, IPUYICM ITOTCHI AL B3aHMOHCﬁCTBHH €CTb

U(R) = —%.

E=E +E =hwo,/2+ho_/2=ho,|1- (118.4)

DTO M eCcTh NMOTEHIMal, onuchiBaronid Ban-nep-BaanbcoBckoe B3aumoaencTeue. Mbl BUIUM,
4TO 3TO B3aUMOJICHCTBUE OOYCIOBICHO HAIMYUEM HYJIEBBIX KOJIeOAHUN aTOMHBIX TUTOIBHBIX
MOMEHTOB.

B 3axmouenue orMeTuMm, 4to notenuuan Jlennapaa-J/oHca Ha GONBIINX PACCTOSHUSIX
MEXK]ly aTOMaMH KakK pa3 U ONUChIBaeT CUiibl Ban-nep-Baanbca.



