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I'PYIIIIBI CUMMETPUU OPBUTAJIBHBIX
U CIIMHOBBIX MOMEHTOB 2JIEKTPOHA B ATOME

JIst MHOYKECTBA 3HAYEHWI KBAHTOBBIX YHCEN CO3JaHa aIUTHBHAS TPpyNma ¢ OWHApHOW omepanueit
M YCIIOBHEM IUKIMYHOCTH. [IpH 3TOM HCTIOIh30BaHBI MAaTPUYHEIE TIPEICTABICHHUS TOUEYHBIX IPYII CHMMETPHH.
PaccmoTpeHHast MeTO¥KA JUIS OITMCAHUS CHMMETPUI OpOMTaIbHOTO MOMEHTA UMITYJIhCa TaKKe MO3BOJIAET To-
BOPUTH, YTO CUMMETPHS STHX BEKTOPOB ONPEAEISET MX KOHIPYIHTHOCTH B COOTBETCTBYIOIIEM IPOCTPAHCTBE.
DTa MeToIMKa MPUMEHUMA ISl ONTUCAHUSI CHMMETPUH MarHUTHBIX MOMEHTOB.

BBenenne

[Ipu onMcaHnM COCTOSIHMI AJIEKTPOHOB B aTOMax 3a OCHOBY O€peTcsi IPUHITUIIT 3aripe-
ta [laymu. DtoT nmpuHun riacut: «KBaHTOBBIC unciaa N,I,M,S y KaXI0ro 3JIeKTpoHa CTPOTo
WHIUBUyalIbHBIE. Bce siieMeHTapHbIE YacTHIlbI, Uil KOTOPBIX BBIMOJHIECTCS YKa3aHHBIN
NPUHIAI, TOXYUHAIOTCS cTatucTuke depmu—/lupaka u Ha3piBaoTCsA (epMUOHAMU. Y 3JIEK-
TPOHA B aTOME YKCIIO N OMpEAesAeT YPOBEHb €ro SHEPTHH U MOXKET MPUHUMAThH TOJIBKO Lie-
JouncieHHble 3HadeHus. Haummenbinee 3HaueHue N=1 coorBerctByeT K ypoBHio. Ilpu
n=2,3,4... npuxoaum K ypoBHsM L,M,N wu 1.n1. Hapsny ¢ kBaHTOBBIM 4ucIOM N, TTOBEIE-
HUE AJICKTPOHA Ha COOTBETCTBYIOIIEM YPOBHE DHEPTHU OMHUCHIBACTCS OPOUTATBHBIM YHUCIOM
|, KOTOpOE MOKET MPUHUMAThH 3HAUCHHUSI O,l,2,...,(n—1). Uucno 1 onpenenser KBaHTOBAaHUE
MOJyJisi OpOUTATHPHOTO MOMEHTA 3JIEKTPOHA M €r0 opueHTannu. KBaHTOBOE YHCIIO M Ha3bIBa-
€TCS MarHUTHBIM M OTIPEIETAET XapaKTEPUCTUKN MAaTHUTHBIX MOMEHTOB JIEKTPOHOB B aTOME.
Yucmo M MOKET IPUHUMATh 3HAYCHHUS —I,—(I —1),...,—1,0,1,2,...,| . DICKTPOH, HAXOSIIHIACS
B cocTossHMM N,|,M Ha mepBhIX MOPax pacCMaTPUBACTCS KaK YaCTHIA, BPAIIAIOIIASCS HA OIl-
penenenHoi opoute BOKpyr sapa. [Ipu mepexoje u3 coCTOSHUS N B N’ 3JEKTPOH MOTJIOIIAET
(n < n’) WJIU U3JTy4aeT (n > n') sHepruto. Kaxxpiit atoM Xapaktepusyercs MHANBUYaTbHBIM

Ha0OpOM KBAaHTOBBIX MEPEX00B. DKCIEPUMEHTAIBHO OBUIO YCTAHOBJICHO, YTO MPH JICHCTBUU
MarHUTHOT'O MOJISl Ha BEILECTBO HAOIIOJAETCS PACLIEIICHUE CIIEKTPAIbHOM JIMHUU. DTO MpH-
BEJIO K MOHATHIO CITUHA KAaK XapaKTEPUCTHKU COOCTBEHHOI'O MOMEHTA MMITYJIbCA JICKTPOHA.

1 1
Crun OJICKTpOHA MOXET IPUHUMATL 3HAYCHUA S=E nim S=—E. Bce MNEPCUYUCIICHHBIC

KBaHTOBBIe wmcia (N,l,M) ykasaHel B aTOMHBIX €IWHHIAX, OMPENETSEMBIX MOCTOSHHOM
Inanka (7).

CuMMeTpHUs B3aUMOOPHEHTANMH OPOUTAIBLHBIX MOMEHTOB 3JIEKTPOHOB B aTOMe

OpOuTanbHBIE MOMEHT HUMITYJIbCa JJIEKTPOHA — 3TO BEKTOpHAs BEIMYMHA. B3anmo-
OopucHTalusl BCKTOPOB Op6I/ITaJII>HOFO MOMCHTA NOAYUHACTCA YCJIOBUAM KBAHTOBAHUS. HpI/I
BbIOpAaHHOM HaIpaBJIEHUU OJTHOTO U3 BEKTOPOB OPOUTAILHOTO MOMEHTA UMITYJIbCa JIEKTPOHA
MMPOCKIHHU OCTAJIbHBIX BCKTOPOB HA 3TO HAIIPABJIICHUC PABHBI OTHOIICHUAM LCJIbIX YHUCCIL.
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Pucynok 1 — OpueHTanUu BEKTOPOB I(O,l,Z)

oTHOCHTENIbHO BekTopa | . =3

Ha pucynke 1 B kadecTBe mpumepa MpuBeeHa B3aMOOPUEHTAIUSI BEKTOPOB MOMEH-

ta umnynsca npu | =3,2,1,0 (t.e. |, =3). Obuee uncno opOUTAILHEIX MOMEHTOB PAaBHO

p/a
|« +1=nN. Bce 3TM MOMeHTHI JexaT B yrioBoM HHTepBaie oT 0 1o T B obmem ciydae
MHOKECTBO MOMEHTOB MMITYJIbCOB |; 00pasyloT ajylMTHBHYIO IpyIIy ¢ GUHAPHOHN omneparu-

eil g ®e, =6, . Marpuna Konu a5 5Toro MHOXKECTBa puBeieHa B Tabuune 1.

Tabnuua 1 — B3anmoseicTBre OpOUTATbHBIX MOMEHTOB UMITYJIbCa 3JIeKTpoHa (MaTpuia Kam)

€=l 1 2 =l —2 €=l
€=\l e 1 2 -1 =l —2
Iy Iy 2 3 | e
I, I, 3 4 e 1
e=l -2 -1 I e -3 -2
| | e 1 -2 -1

PaccmoTpenHas rpynma sBiIseTcs MUKIMYEeCKod ¢ mopsakoMm | . i aToit rpynmst

MOYKHO TIOCTPOUTH U30MOPGHYIO el KprcTamuiorpaduiecKyro rpymiy moBopora. MarpuuHoe
MPEJICTaBICHUE KPUCTAIIOTpaQUUECKUX TPYIIT aKTUBHO UCIOIb3YETCS B KPUCTAILITOPU3UKE.

I'pynnbl BpameHusi 1 HX MATPUYHOE NPe/ICTaBJICHHE
Ecnu nmeercs kakoii-mubo 0OBEKT, MPOCTPAHCTBEHHOE JIBUKEHHE KOTOPOTO MPHUBO-
JUT €ro K HAYaJIbHOMY, HCXOJJHOMY COCTOSIHHMIO, TO 3TO JIBUXKEHUE SBISIETCA ONepanuen cum-
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MCTpPHUHU. Ecimu IMpU TaKOM ABHIKXCHUU XOT OBl OJJHa TOYKa OCTacTCA HGHOI[BI/DKHOI\/JI, TO Ta-
Kasa onepanuss CUMMETPHUHN HA3bIBACTCA TOYCYHOM.

Y'F\ / ¥

X xj ZI‘ Xf

Pucynok 2 — IIpou3BoJibHOE TOUEUHOE JBHKEHHUE (),
BpalleHHe BOKPYT ocH Z Ha yroa ¢ (0)

PaccMoTpuM 00BEKT ¢ TOUEUHON CUMMETpHUEH. «3aKpenuM» Ha TOM 00BEKTE OPTOTO-
HaJbHYIO CHCTEMY KOOpJIHUHAT (x, Y, Z), Ha4yaJio KOTOPOU PaCIIOIOKEHO B TOYKE, COXPaHSIO-
el ceoe mosiokeHue. [locie BBITTOJIHEHHST TOYEYHOM oOreparuu OObEeKT MEPEeXOAWT B Ha-
YallbHOE MOJIOKEHHE. 3aKpeIUieHHas Ha 00bEeKTe KOOPIUHATHAS CHCTEMA (x, Y, z) MEePEXOIUT

B (X', Y, Z’). Onucanue B3aMMOOPUEHTAIMKA KOOPIMHATHBIX OCEU IOCIIe TOUYEYHOTO JBHKE-
HUS, OCYLIECTBIISIETCA MaTpuLien Ditiiepa:

cosxx’ cosXxy' cosxz

[E|=|cosyx' cosyy' cosyz (1)
cosxz coszy’ coszZ

Ha pucynke 20 npuBefieHO BpallleHne 00beKTa Ha YroJl ¢ BOKPYT ocu Z. Marpuua
JTOr0 BPALLECHUS (R) B COOTBETCTBHUH ¢ opMyioii (1) mpumeT BUI:

cose sing 0
IR=|-sing cosp O (2)
0 0 1

OueBuAHO, YTO MOBOPOT HA JHOOOH YroJl, KpaTHBIM ¢, SBJSETCS ONepanneil TOUeYHOH

cumMmeTrpuu. Tak Kak mpu BpamieHuu Ha yrona 360° (27z paduaH) 00BEKT cOBMagaeT N pas, TO

(/)[Pa

ocu Bpamenns. CoBokymHocTh MaTpun R R?,...,R" o6pasyer mmxiamueckyto rpymmy [7].
Martpunia R B hopmyiie (2) sBIsieTcsi MaTpUIleH-reHepaTOPOM TPYIIIIHL.

—— (unu ] ) SIBIIIETCS LEJIBIM YUCIIOM, PABHBIM N ¥ 3TO YKCIIO OMPENEISAET MOPSII0K
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Ecnu snemeHTapHbIl yros mOBOPOTa TAKOW, YTO IOJYyYEHHAas MYJIbTUIUIMKATUBHAS
rpymma BpaleHUs: UMEET TaKOW ke MOPsIOK, KaK U Ipynna opOUTaIbHBIX MOMEHTOB 3JIEK-
TpOHa B aTOME, TO OHAa M30MOP(HA aJATUTUBHON TpymIe, npuBeaeHHON B Tabmuue 1. Takum
0o0pa3oM, B3aUMOOPHUEHTAIUSI BEKTOPOB OpPOMUTAIBHBIX MOMEHTOB HMIIYJIbCA 3JICKTPOHOB
B aTOME MOKET PACCMATPUBATLCA KAaK TPyIIAa BPALIEHUW 3TUX BEKTOPOB BO BHYTPEHHEM
aTOMHOM TIPOCTPAHCTBE. JTa TPYINa MOXKET ObITh Mpe/cTaBiieHa n30MOp(HON eil Tpymnmoi
BpallleHUsI B OPTOrOHAJIIBHOM (J€KapTOBOM) IIpocTpaHcTBe. [Ipu 3TOM JIeTKO y4ecTb HE TOJIb-
KO B3aMMOOPHUEHTALIUH, HO U MOZYJIA BEKTOPOB OPOUTATILHBIX MOMEHTOB IEKTPOHOB.

I'pynnbl cuMMeTpHH CIIHHA 3JIEKTPOHA
DJNEeKTPOHBI B aTOMAaX MPH OJUHAKOBBIX KBAHTOBBIX COCTOSHHSX (ducna N,|,m) moryr

N 1 1
HaXOJUTHLCA B OJHOM M3 ABYX CIIMHOBBIX COCTOSIHHMM:. S= +E Win S= —E. Tak Kak X CIIUH

OBLT BBEJICH KaK BEKTOP COOCTBEHHOTO MOMEHTA JJIEKTPOHA, TO BEKTOPHI S U — S paccmar-
pUBalOTCA KakK JBa CIIMHOBBIX MPOTHUBOIOJIOKHO HANPABIEHHBIX cOCTOAHUA. Cle10BaTeNbHO,
MO>XHO BBECTH MOHSTHE IJIOCKOCTH 3€PKAIBHOIO OTPaXEHHS B CIIMHOBOM IPOCTPAHCTBE
ANIEKTPOHA, KOTOpas JHOO0 MEepHEeHIUKYISIpPHA 3TOMY BEKTOpPY S, NMOO MapaiesibHa emy.
B nepBoM cniydae S paccMaTpuBaeTcs Kak MOJIIPHBINA BEKTOP, BO BTOPOM — KaK aKCHAJIbHBIN.
Hanuumue Takoro «3epkaia» B CHUHOBOM MPOCTPAHCTBE AJIEKTPOHA B aTOME MOXKHO ONHUCATh
TOM e TpyNMol, YTO U Tpylla aHTUCUMMETPUU B «3apsI0BOM INPOCTPAHCTBE» DIIEKTPOHA
" TO3UTPOHA. Ot ABC 4aCTUIbI COBCPIICHHO MACHTUYHBI BO BCCM, KpOMEC 3apsaa. Ecmu ux
OIKCaTh MaTPUIIAMU

—-e 0
e = , e = , (3)
0 +e

TO 3apsI0BOE C-3€PKaJi0 OMHMCHIBACTCS TPYIIION:

0 -1)(1 O

©=]71 oo 1/~M) (4)

JlecTBUTENBHO, (C)(— e) = (+ e), (C)(+ e) = (— e).

[TnockocTh OTpaxeHHs B 3aps0BOM MPOCTPAHCTBE OO0YCIOBIMBAET TaK HA3BIBACMYIO
C-CUMMETpPHIO. JTa CUMMETPHUs, B COOTBETCTBUU C Teopemoi O. Hérep, onpenenser 3akoH
COXPAHEHHUs DJIECKTPUUECKOTO 3apsifa, a TAaKKe MONYEPKUBACT YCIOBHOCTD IIPUIUCBIBAHUSD
3HAKOB 3JIEKTPOHY M MO3UTpOHY. HO abCONMIOTHBIM SIBIISICTCSI TO, YTO 3TH JBA «COCTOSHHUS»
2JIEMEHTAPHOI0 3apsiia UMEIOT IPOTHBOIIOJIOKHBIE 3HAKH, a IPU 00pa30BaHUU CUCTEMBI ATOT
3apsizl NCYE3AeT:

—-e\ 0 -e
= :>(O)
0 +e +e

HcuesnoBeHue 3Haka OTpaXXac€T «MCUC3HOBCHHUC» MACCHL (me + mp). 210 mpouccc aH-

HUrWIAnuy. Tak Kak € U P MMEIT Pa3sHble 3HAKU, TO B IPEJENax OJHOM CHUCTEMBI, KOTJa
paccTosiHME MEX1y HUMH HEBEJIMKO, IPOLECC aHHUTWISIIUN Heus0exeH. B mpuHuune Bo3-
MOXKHO CYIIECTBOBaHME (KBa3H)yCTOWYHMBOW CHUCTEMBI, KOTJa € U € BpAIIAITCsS BOKPYT
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00I11ero EHTpa MacC U HEUTPAILHOTO «IIEHTPA 3apsii0B». [{Ba CIIMHOBBIX COCTOSIHHS 3JIEK-

1 . .
TpOHa S= iE CBSI3aHBI MPOCTpaHCTBEeHHOM cummetpuelt ( P -cummerpus). Ilnockocts 3ep-

KaJIbHOTO OTPa)KEHUS CYIIECTBYET B CIIMHOBOM IPOCTPAHCTBE (ms) Ota MmIocKocTh Hopmu-

pyeT rpyniy TOro ke BUAa, 4To U I (C)
Ecnu coctosiHue S U S npeacTaBUTh MaTPULIAMU:

1 0
B)=|21] )= 1]
0 2
TO
o —1\1) (O 0 -1y O 1
2= 11, 1li=12
-1 0)§ )1 o) 0

VYKka3aHHBIN [IOAXOJ K ONMCAHUIO CUMMETPUM CIIMHOBBIX COCTOSIHUM 3JIEKTPOHA pac-
CMaTpHBaeT CIHH Kak MOJApHBIA BekTop (puc. 3a). Ecnum BekTopsl S W S akcualbHBIC
(puc. 30), TO INIOCKOCTb OTPaXKEHUsI IM, mapajieabHa S U S.

Lt ¥l

Loy
Lot

i
5 | e

¥ (]

Pucynok 3 — JleiicTBHe CIIMHOBOIO 3epKaJja [T, Ha BEKTOP CIUHA:
(a) cMH — NOJSIPHBII BEKTOP, (0) — CHUH — AKCHAJIBLHBIN BEKTOP
OueBHIHO, € W € TaKKe MOKHO PaCCMOTPETH KaK BEKTOPHI aKCHAIbHBIE MM I10-
1
JSIpHBIE B CBOCOOPA3HOM 3apsI0BOM MPOCTpaHCTBE. B mo0oM ciydae cuMMmeTpus S=i§

u €=+l onucelBaeTcs TOYEUHOHN I'PyNIoON BTOPOro MOPsAKa, HAIPUMEpP, OTPAXKEHUSI B IIJIOC-
KOCTH WJIM TIOBOPOT BOKPYT OCH 2, HJIH JIFO00H APYroi Tpymnmnoi BTOPOTo MopsIKa.
Bce ckazaHHO€ OTHOCUTCS TOJIBKO K PACCMOTPEHHIO T€OMETPUUYECKHX CHUMMETPUI

1
B CHMHOBOM U 3apsiZIOBOM IPOCTPAHCTBAX. DJIEKTPOH U MO3UTPOH, CIIHH (+§ U aHTHUCIHH

1
(—E OIMCHIBAIOT Pa3HBIC COCTOSHUS Jlake B ciiydae paBeHcTBa N,|,m. B wactHOCTH, IpH
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B030yxaeHnn K -cepuu peHTT€HOBCKOTO M3JIy4€HHUS B PEHTI'C€HOBCKOW TpyOKe «BBIOMBAIOT-
Cs1» DJIEKTPOHBI C CaMOI0 HWXKHETO YPOBHSI aTOMOB aHTHUKATOAA. DJIEKTPOHBI C Pa3HBIMHU
CIIMHAMU JIOJDKHBI BecTH cebst onnHakoBo. OTHaKO HA caMOM ke JieJie BO30YKIatoTcs 1Be

K, -mann: K, n K, . VX JUIMHBL BOJIH OTJIMYAIOTCS HA BEIUYHHY 4-10°A=4-10"nm,
o
Hust 6parrosekux yrinos 3 > 60° paspemenne K, n K, naxe He TpeGyeT NMpenM3HOHHBIX

METOAMK. Pa3nuuns SHepreTMuecKkux MapaMeTpoB CIUHOBBIX COCTOSHUM C OJMHAKOBBIMU
KBAaHTOBBIMH YUClIaMd N, |, M BBIXOIWT 32 paMKH aHaJM3a TE€OMETPHUYECKUX CUMMETpHid. Du-

S3UYCCKAad HCTOXIACCTBCHHOCTL JJICKTPOHA U MO3UTPOHA BUAHA YKC U3 CaMOIr'o q)aKTa CyHICCT-
BOBAaHUA «QJICKTPOHHOI'O MHUpa.

3akiroueHne

KBaHTOBBIE COCTOSTHUS AIEKTPOHOB B aTOME OBUIH MEPBOHAYATBLHO OMMCAHBI HA OCHO-
BE aTOMa BOJIOPO/a, 3aT€M BOJOPO0MO100HOT0 atoMa. Jlaiee ObUTO YCTaHOBJICHO, YTO OOHA-
PY)KEHHBIC JIJI1 TAKHX CHCTEM COOTHOIICHHUS MEXIy KBaHTOBBIMH dmciaamMu N,l,m,S coxpa-
HSIOT CBOM BHJ JJISI BCEX aTOMOB. DTO OOBSICHHUIIO TIOCIEOBATEIIFHOCTD JIEMEHTOB B IEPHO-
nunueckoit cucreme /.M. Menneneesa. ilHBapuaHTHOCTh OMMCAaHKS B3aUMOCBSI3EH KBAHTOBBIX
COCTOSIHMI AJICKTPOHOB B aTOMax HE3aBHCHMO OT UX MECTa B IMEPUOJAMYECKON CHCTEME TOBO-
PUT O HATMYUU CHUMMETPHI1, CBSI3BIBAIOIINX PA3IMIHBIC COCTOSIHUS SJIEKTPOHOB.

[TokazaHo, 4TO B3aMMOOPHEHTAIIMM BEKTOPOB OPOHUTAILHBIX MOMEHTOB AJICKTPOHOB
OTIMCHIBACTCS TATUBHON TPYMIONW Topsnka N (TJIaBHOE KBAaHTOBOE 4MCIO). M3oMopdHOit
ell SIBNIsieTCS TOUEUHas TPYITa BPAIICHUS TOTO ke MOPsIKa B IEKapTOBOM MpocTpaHCcTBe. Ec-
JIY B OTY TPYIITY BPAIIEHUs] BBECTH JOMOJHUTEIBHBIA 3JIEMEHT OTPAKEHHS B TIOCKOCTH TIEP-

o n
NCHAUKYJIIAPpHONU €U OCH BpallCHUS, 6YI[GT MOoJIyd€Ha TOYCUHAad rpymmna —, KOTopas OInUChI-
m
Ba€T CUMMCTPHUIO MATHUTHBIX MOMCHTOB 3JICKTPOHA.

- _ 1 . .
Bekrops! civHa 3ekTpoHa S = +E usS= 5 o0J1afaloT 3epKabHON CUMMETpHEN He-

3aBUCHMO OT TOTO, SIBJISIFOTCSI 3TH BEKTOPHI MOJSPHBIMUA WJIM aKCHaIbHBIMU. ['pyrmna cummer-
PHH CIIMHOB JIEKTPOHA U30MOp(HA IPYIIIe CAMMETPUH JIEKTPOH-TIO3UTPOHHON (e, p) naphl.

CrnenoBarenbHO, B3aWMOCBSI3M PA3IMYHBIX OPOUTAIBHBIX U CIIMHOBBIX COCTOSIHUH
3JICKTPOHA B aTOME MOYKHO paccMaTpuUBaTh Kak CBO€OOpa3HOE BpalieHue (711 OpOUTaIbHBIX
MOMEHTOB) U OTpa)KEHHsI (VI CIIMHOB) B COOTBETCTBYIOIIMX BHYTPEHHHUX IMPOCTPAHCTBAX
aTOMOB. DTHM TpyNIaM CUMMETPHH COIMOCTABJISIOTCS H30MOP(GHBIC UM TOYCYHBIC TPYIIIIBI,
KOTOpbIE 3((HEKTUBHO UCTONB3YIOTCS B KPUCTAIIIO(DHUBUKE.
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V.A. Liopo, A.V. Nikitin, A.V. Sabutz, S.S. Sekerzhitsky The Symmetry Group of Orbital
and Spin M oments of Electronsin Atoms

For a plurality of quantum numbers created with the additive group of a binary operation and
the condition of cyclicity. Here we have used the matrix representations of point symmetry groups. Our
procedure for the description of the orbital angular momentum symmetry also suggests that the symme-
try of these vectors defines their congruence in the corresponding space. This technique is applicable to
describe the symmetry of the magnetic moments.
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