Nekuunsa 10.

Toxk1ecTBeHHOCTH MUKPOYACTHIL.
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CyIHCCTBeHHOﬁ 0COOEHHOCTBI0 KBAHTOBOMEXAHUUECKOTO OIMMCAHUS aHCaMOJI OJHrHa-
KOBBIX MI/IKpOO6T)eKTOB ABJIICTCA NPUHIUIT TOXICCTBCHHOCTHU. CYTB 9TOro0 NpyvHOMUIIA 3aKJIIO-
YaceTCd B HEPAZJIINIUMOCTH JABYX OJWMHAKOBBIX MHUKPOYACTHUILL, HAIPUMED, SJICKTPOHOB. B otnu-
YUC OT ABYX OAMHAKOBBIX KIIACCUYCCKUX O6’I)GKTOB, Harpumcep, 6Hnnnapz[me mapoB, UX HC-

Puc.10.1. PaccedgHre KnaccUYecKux LWAapos.
Apa coBeITVA ABNAKTCA PAsNUYUMBIMM.

BO3MOKHO II€PEHyMepOBaTh, U B JIIOOOH Mo-
MEHT BPEMEHHU pa3inyaTh, KOTOPbHIA M3 3JIEK-
TPOHOB NIEPBBIM, a KOTOPBIA — BTOpOH. B ko-
HEYHOM CYeTe, NPUHUUNUAIbHA Hepa3Indu-
MOCTh KBAHTOBBIX MHKPOOOBEKTOB CBf3aHA C
OTCYTCTBHEM Y HMX KJIACCUYECKOW TPAeKTOPUU
JBUKCHHUS.

UToOBl MOSICHUTH CMBICH CKa3aHHOTO
paccMOTpUM B Ka4eCcTBE IIpUMeEpa MpoLecce pac-
cestHUs JBYX OmimumapaHbix mapos (puc.10.1) u
IBYX 3NeKTpoHOB (puc.10.2) mpyr Ha apyre.
Ilycts B cucteme 1eHTpa uHepuuu map 1 pac-
CEMBAETCS HA yrosl O M perucTpupyercs: HeKo-
TopeIM JerekropoM D. Bo3moxken u apyroit
nporecc: map 1 paccenBaercs Ha yron m—0,
IIPY 3TOM B TOT XK€ JETEKTOp Momajzaer map 2

(cm. puc.10.1). D10 pasznbie coObITHsA. IMEHHO Hamu4ue TPAeKTOPUHU TMO3BOJSET MPOCIEIUTH,
XOTsl OBl MBICIICHHO, 32 JIBUKCHHUEM KaXIOTO W3 mapoB. [1oJHAsS BEPOSITHOCTh PETUCTPAIIUH

1 2

1+2

201

Puc.10.2. PaccedHne TOXECTBEHHbIX YacTil
B KBaHTOBOW MEXaHWKe.

00BEKTa JIETEKTOPOM B paccMaTpUBAEMOM
clly4ae, €CTh HIPOCTO CyMmMMa BepOsSTHOCTEH
paccesiHus Ha yrojl O v Ha yron w—0:
P,=P0)+P(n—-0). (10.1)
B KBaHTOBOM cCiyyae KaKIblid U3 dJIEK-
TPOHOB OINHUCHIBAETCSI BOJTHOBBIM MAKETOM, Jie-
JIOKQJIN30BaHHBIM B HEKOTOPOH oOsiactu mpo-
cTpanctBa. [Ipu cOmmkeHUU B KaKOW-TO MO-
MEHT BpPEMEHH BOJHOBBIE (YHKIMH 000MX
ANEKTPOHOB MEPEKPHIBAIOTCS, a, CIEA0BATENb-
HO, yTpPauMBaeTCS BO3MOXKHOCTh UX HICHTH-
¢bunupoBats. B pesynbTare, MBI 3HaeM, 4TO
JIETEKTOP, PACIMONIOKEHHBIM MoJ yriaoMm 6 K
OCH, BJIIOJIb KOTOPOH IBUXKYTCS DJIEKTPOHBI,
3apeTUCTPUPOBANl TONAJAaHUE YaCTHUIIB, HO
OKa3bIBaeTCsl MPUHIUIHAIBHO HEBO3MOXKHO
OIpEIeNINTh, KAKOH M3 JABYX AJIEKTPOHOB ObLI
3apeructpupoBan. O6a COOBITHS, TpPEICTaB-
JeHHble Ha puc.10.2, SKBUBaJIEHTHBI IpYT JpY-
ry. B KBaHTOBOI T€OpuM BEPOSTHOCTh KaKOIO-

1100 COOBITHS OMPENENIeTCs KaKk KBapaT MOJIYJIS aMIUIATY Ibl, a MOJIHAS aMIUTUTYIa BEpOsT-
HOCTHU PETUCTPALIUU AJIEKTPOHA JETEKTOPOM €CTh

F@O)=70)+ f(n-0).
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Torna ns BEpOSITHOCTH UMEEM
P =|f(®)+ f(n-0)" =|f(®) +|f(n-0)" +2Re f(0)f (n-6). (10.2)
Jaxe eciiu P(0) = | f(9)

OTJIMYAIOTCS IpYT OT Jpyra. B KBaHTOBOMEXaHMUYECKOM CIIy4ae BO3HHMKAeT MHTEpPEpeHLUs
aMIUTUTYJ, CBA3aHHAs C HEPA3JIMYUMOCTBIO JABYX paccMarpuBaeMbIx coObiTHil. Kakoe u3 BbI-
paxenuii (10.1) wnu (10.2) sBAsieTcsl NpaBUIBHBIM — BOIPOC, OTBET HA KOTOPBIN JTOJIKEH JaTh
JKCHEepUMEHT. B HacTosIiee BpeMsi UMEeTCsl MHOTO CBHJETEILCTB TOTO (B TOM YHUCIIE U JIaH-
HBIX T10 PACCESHUIO TOXK/IECTBEHHBIX YaCTHUIL), YTO MIPABWIBHBIM siBisieTcs BbipaxkeHue (10.2).
C mareMaTHYeCKOW TOYKHM 3PEHHUS TOXJECTBEHHOCTh MHKPOYACTHI] TpeOyeT ompene-
JICHHBIX CBOMCTB CMMMETPHH BOJIHOBOM (DYHKIIMM CHCTEMBI YacTHUI] OTHOCHTEIBHO IepecTa-
HOBKM UX MecTamu. [lycTh, Hampumep, uMeeTcs cucreMa U3 JBYX 3JEKTPOHOB, OMMChIBacMasi
BOJHOBOH ¢GyHKumen y(&,,&,) (3aeck &, u &, - COBOKYIHOCTH KOOPJHMHAT IIEPBOTO M BTOPO-

2
, kimaccuueckas (10.1) u kBanToBomexanuueckas (10.2) BeposiTHOCTH

ro 3J1eKTpoHa). TOXIeCTBEHHOCTh AJIEKTPOHOB O3HavaeT, uro y(§,,&,) u y(§,,&,) onuchl-

BalOT OJIHO M TOXKE COCTOSIHUE JIBYXDJIEKTPOHHOMN CHCTEMBI.
BBeneM onepaTop nepecTaHOBKH 3JIEKTPOHOB MECTAMU

Py(E,.8,) = w(E,.8)). (10.3)
B cuny TOXIeCTBEHHOCTH YaCTHI]
(SHSYEPAT(SRSPE (10.4)
[ToneiictByem Ha (10.3) oneparopom nepectaHOBKH. Torna
Pz\ll(il,&z)=7\,P\|I(§1,§2)=7\,2\|I(§1,§2). (10.5)

C Apyr oi CTOPOHBIL JIBOMHAs NEpCCTaHOBKA YaCTUI] MCCTaMU HC MCHACT UCXOJHOC COCTOSHHUC,
T.C.

PRy(&,,8,) = w(E.E)). (10.6)
Conocragnss (10.5) u (10.6), Haxonum A = £1, T.e.
V(E,8,) =1W(E,,8)). (10.7)

Takum 00pa3oM, MPUHLMII TOXKECTBEHHOCTH BEJET K OINPEIEICHHON CHUMMETPUM BOJHOBOM
(GYHKIMHM TBYXYaCTUYHOW CHCTEMBI: OHA JOJDKHA OBITh cuMMeTpudHa (A =+1), nubo aHTH-

cuMMeTpuyHa (A = —1) OTHOCUTENIBHO NEPECTAHOBKU YaCTHUL] MECTAMHU.

PaccmoTpuM BaXkHBINM 4aCTHBIN CIly4all — CUCTEMY JIBYX HEB3aHMOJCHCTBYIOIIUX JJICK-
TpoHOB. B 3TOM ciydae, kak Obut0 mokazaHo B JI 5, BonHoBasg ¢yHkius cuctemsl W (E,,&,)
npejcTaBuMa B BUJIE POU3BEICHHSI OTHOUYACTUYHBIX (DyHKITHIA

V(&8 =, (E)DV,(E,). (10.8)
Bripaxenue (10.8) He ynoBIETBOpsieT MPUHLUIY TOXAECTBEHHOCTH. IlepecTaHoBKa 4acTHIl
MeCTaMU BEJIET K IPYyroMy COCTOsIHUIO VY, (&,)y,(&,). OnHako, u3 ABYyX BBEJEHHBIX OJHOYAC-
THUHBIX QyHKIMH Y, () U y,(E) MOXKHO MOCTPOUTH JBE KOMOHMHAIMHU, yJOBIECTBOPSIOIINX
HEOOXOUMBIM CBOMCTBaM cUMMETpUH. OJIHA U3 HUX SIBJISETCS CUMMETPUYHON

1

\Vs(‘glaaz):ﬁ(‘lﬁ(&l)‘yz(az)+W1(§2)W2(};1))= (10.9)
a pyras — aHTHCUMMETPHUYHOM OTHOCHUTEJIBHO MEPECTAHOBKU AJIEKTPOHOB MECTAMU
1
»G2) = T WGV (G ) = WG )W Gy ) - 10.10
(RS ﬁ(w EDV2(E) =y GV, (&) (10.10)

Haunbomnee Ba)KHBIM CBOMCTBOM MOJIYUYCHHBIX COCTOSIHUM SIBJISICTCS TO, YTO JaXC B OTCYTCTBUC
BSaHMOHeﬁCTBHH B O6H.[CM CJIydac BOJIHOBas Q)YHKHI/ISI CHUCTCMbI TOXACCTBCHHBIX 4YAaCTHIl HC
MOJKET OBITh npeacTraBjicHa B BUAC ITPOU3BCACHUA OJHOYACTUIHBIX q)YHKHI/IfI, T.C.
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Vs (€1562) # 9,(8)9,(E,) - (10.11)

CocrostHus, UIsi KOTOPBIX BbImosHeHO ycioBue (10.11), Ha3pIBaroTCs mepenyTaHHBIMH (OT
aHTIUICKOTO «entanglement» - mepemyThiBaHHE) W JIE)KAaT B OCHOBE MHOTHUX COBPEMEHHBIX
MPUJIOKEHUN KBAaHTOBOM TEOpPHWH, BKIIIOUAsh KBAHTOBBIE KOMITBIOTEPHl M KBAHTOBYIO TEJENOP-
Tauro.

Jlo cux mop Mbl paccMaTpUBAIU JIHILIb CUCTEMY U3 ABYX dactul. O0oOuIeHre Ha Ciy-
yaii N - 4acTUYHON CHCTEMBI JAellaeTcs dneMeHTapHo. BomHoBas QyHKius cuctemsl uz N
qacTul O0JIKHa OBITH CUMMCTPUYHA HWJIIM aHTUCUMMCTPHUYHA OTHOCHUTCIIBHO IMEPCCTAHOBKU
T1000¥ Taphl YaCTUI] MECTAMM:

W(E s &iren&jrnby) = 2W(E 500 € 5 E s Gy ) - (10.12)
B uvacTHOM ciyyae HEB3aMMOAEWCTBYIOUIMX YACTHIL NMpaBUiIbHAs (TO €CTh YOBJIETBOPSIOIIAs
IPUHLIMITY TOXKIECTBEHHOCTH) aHTUCUMMETPHYHAsl BOJHOBasE QyHKUUs N - 4aCTMYHOM cHcC-
TEMBI MOXKET OBbITh 3alKiCcaHa B BUJE

V(&) Wi(Ey) o Wi (Ey)

1 wa(E) vl ()
WG = JN : (10.13)

Wy (&) wy(&y) o Wy(Ey)

3nech y,(§;) - «0OBIUHBIE)» OJHOYACTUYHBIE BOJHOBbIE (PyHKIMK. MHOrO4acTU4Has BOJHOBas

dyHkups, 3amucansas B Buge (10.13), HaspiBaercst nerepmunantom Cimrepa'. [TepecraHoBKa
YaCTHUI] MECTaMH O3Ha4aeT MEepecTaHOBKY Hapsl cronouoB B onpexaenurene (10.13). Xopomo
U3BECTHO, YTO NPHU TAKOH NEpecTaHOBKE ONpPENEIUTh MEHSAET CBOHl 3HAK, TO €CTh BOJHOBas
¢ynkuus (10.13) gelicTBUTENBHO SIBJIAETCS aHTUCUMMETPUYHON OTHOCHUTENBHO MEPECTAaHOBKU
M000# maphl YaCTHUI] MECTaMHU.

bozonvl u pepmuonvl. Hpunyun Ilayu.

Wrak, Mbl BUAEIN, YTO C MATEMATUYECKON TOUKHU 3PEHHUS MPUHLIUI TOXKIAECTBEHHOCTH
YacTHIl O3HAYaeT CBOMCTBO CUMMETPHUU: BOJHOBasl (DYHKLHUS CHCTEMbI YAaCTHUIl JIOJKHA OBITH
anb0 CUMMETPUYHA, MO0 aHTUCUMMETPUYHA OTHOCHUTEIHHO MEPECTAHOBKU YAaCTHUIl MECTAMH.
A Kakoi u3 3THX Ciy4daeB peanusyercsa B npuponae? OkasbiBaercs - ob6a. [Ipuuem cummerpud-
Hasi BOJIHOBas (DYHKIIMsSI OMKCHIBAET COBOKYMHOCTh YacTHI] ¢ IenbiM cruHoM (s =0,1,2,...), a

AHTUCUMMETPHYHAS — COBOKYIHOCTh YaCTHI[ ¢ TOJNYIENbIM criuHoM (s =1/2,3/2,...). Takum
00pa3oM, CIIMH OKa3bIBAa€TCsl Ba)KHEHIEH XapaKTepUCTHKOM, OMMCHIBAIOILIEH CBOMCTBA CHM-
METPHUH YACTHII.

[ToMHMO 37€KTPOHOB K YUCILy YAaCTHUIL C MOIYLENbIM CIUHOM OTHOCSTCS NMPOTOH U HEH-
TPOH, MIOOH (MX ChHH - 1/2) u MHOTHe apyrue yacTunbl. LIenbiM CIMHOM XapakTepusyioTes,

Hanpumep, (HOTOH, HEHTPANbLHBIA U 3apsykeHHble MMOHBI (T, 7" ), YACTUIIBI — KBAHTHI Hepe-

HOCUMKH cj1aboro B3ammoneiictus (W*,Z° - 6030HBI) U Apyrue yacTuubl. IloHATHE cHUHA

MOYET OBITh BBEICHO U Il COCTAaBHOI'O OOBEKTA B CIIydae, €CJIM SHEPTHsl CBA3H 3TOr0 00BEKTa
3HAQYMUTEJIBHO IPEBBIIIAET €r0 YHEPTUI0 B3aUMOJEHCTBHS € OKpYKaromum mupoM. Hampumep,
SHEPIrus CBSI3U ATOMHBIX JI€P HA MHOT'O MOPSAJKOB IPEBBIIIAET SHEPTUIO B3aUMOACUCTBHS S1-
pa ¢ PIIEKTPOHHOM 000JI0YKON aroma. ITO MO3BOJSIET PacCMATPUBATh SAPO KaK €IUHBIN 00b-
€KT ¥ BBECTH IIOHATHE €T0 CIIMHA. AHAJIOTUYHO, €CIU B I'a3e MU KUIAKOCTH SHEPIHsl B3aUMO-

! J.Slater (1900-1976) — amepuKaHCK it (H3HUK — TEOPETHK.
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JIEHCTBUSI aTOMOB (MOJIEKYJ1) MaJjia Mo CPaBHEHHUIO C UX BHYTPEHHEH dHEpTruen (MmoTeHIuagIaMu
MOHM3AIMH U (WJIN) AUCCOIMAIIMH ), TO MOKHO TOBOPUTH O CIIMHE aTOMa MU MOJIEKYJIbI.

N3 paccMOTpEHHBIX CBOMCTB CUMMETPUU BOJIHOBOW (DYHKIIMM CHUCTEMBI YACTHUI[ C OYe-
BUIHOCTHIO cienyer npunuun [laynu. /Jee uacmuysl ¢ nomyyenrvim cnunom He Mo2ym HAXO-
oumbvbcst 6 OOHOM U MOM Jice KBAHMOBOM cocmosiHuu. JIeNCTBUTENbHO, MyCcTh W, (&) =y, ().

Torna

1
v, (E,85) B (Wl(él)‘lll(az) Wl(&z)‘ljl(al)) ) ( )

T.€. TAKO€ COCTOSIHME HEBO3MOXXHO. DTOT MPUHIUM (M3BECTHBIA TAKXKE KaK MPUHIIUII 3ampeTa
[Taynu) Obu1 chopmynupoBan B.Ilaynm emie 10 co3maHus KBAaHTOBOM MEXaHHWKH Ha OCHOBE
aHaJIM3a aTOMHBIX CIIEKTPOB.

Kak mbl yBunuM B panpHeiimeM, npunuun [laynm Heo6xoauM 1Jis MOHUMAaHUS CTpOe-
HUS 3JIEKTPOHHBIX 000J104ek aToMoB. [loaToMy maaum u apyryro GopmMyIupOBKY MPUHIIUIIA,
4acTO MCIONB3YIOIIyIocsl B aTOMHOM (pusuke. [Tockonbky BomHOBast (DyHKIIMS aTOMHOTO 3JIEK-
TPOHA OJHO3HAYHO 33Ja€TCsl KBAHTOBBIMU 4YMCIaMH n,l,m,,m , TO MOKHO YTBEPkKAATh, YTO 6

amome He Moxcem ObiMb 08X INEKMPOHOB, XAPAKMEPUIVIOWUXCS OOHUM U MeM dHce HAbOpOoM
KBAHMOBBIX HYUCEIL.

W3 cka3aHHOTO SICHO, YTO CTATUCTHYECKHE CBOWMCTBA aHCAMOJIS YaCTHII C PAa3TMYHBIM
3HaUEHUEM CIHHA (1100, WIH MOIYLEI0ro) oka3bIBatoTcs paznuyHbiMu. [Ipuniun [Taynu ne
MO3BOJISIET YACTUIIAM C TOJYIENbIM CIUHOM (Hampumep, JEKTpPOHAM) 3aHSITh COCTOSIHHE C
MUHUMAJIbHOM 3Hepruen. YacTuipl OKa3bIBAlOTCA PACIpPEACNICHbl N0 3HEPreTHYECKUM YpPOB-
HSM, IPUYEM YeM OOJIbIIIe YHCIIO YACTHIl B aHCaMOIIe, TeM 0oJiee BHICOKUE COCTOSIHUS OKa3bl-
BAIOTCS 3acelieHbl. B pe3ynbpTaTe cpeansst SHEpTUs aHCaAMOJISl YaCTUIl 3aBUCHUT OT WX KOJTHMYECT-
Ba U OTJIMYHA OT HYJISI IaXKe TIPU HyJeBou Temrieparype. Kak ciencrBue, ancamOib MaKpOCKO-
MUYECKH OOJIBIIIOTO YKMCIa YACTHUI] HE MOJUMHAETCS 3aKOHAM KJACCHYSCKOM CTAaTHCTHUKH, OCTa-
€TCsl KBAHTOBBIM IPH JIOCTATOUYHO HU3KUX TeMnepaTypaxz. TUNUYHBIM PUMEPOM TAKOI'O aH-
caMOJ1s1 SIBJIIETCS SJIEKTPOHHBIA ra3 B MeTa/ulaX, KOTOPBIA OCTAETCSl KBAHTOBBIM OOBEKTOM NP
TEeMIIepaTypax BIUIOTh 10 TEMIEpaTypbl KuIeHUs BemiecTBa. CTaTUCTUUYECKHUE CBOMCTBA aH-
caMOJ1s1 YaCTHII C TIOJTYIEIBIM CITMHOM OIHCHIBAIOTCS pacTpeieICHUEM (DepMI/I3 — Jupaka. Ilo-
ATOMY YaCTHIIbI C TIOTYLIEIBIM CIUHOM HA3bIBAIOT ()epPMHU- YaCTULIAMU, WK (hePMHOHAMHU.

Uto Kacaercst 4acTHI] C LIEJIBIM CIIMHOM, TO OHM MOTYT HaXOJIUThCS B OTHOM U TOM K€
KBAaHTOBOM COCTOSIHWH, 00Jiee TOro, Y4eT CBOMCTB CHMMETPUHU BOJHOBOW (DYHKITUH MPUBOJIUT
K YBEJIMUYEHUIO BEPOSITHOCTH OKA3aThCsl B OJHOM U TOM € COCTOSIHHM 10 CPAaBHEHHUIO C pacue-
TaMU, HE YYUTHIBAIOUIMMU 3TO CBOMCTBO. B pe3ynbpTaTe /uist 4acTull C 1EJIbIM CIIMHOM 3aCeJIeH-
HOCTh OCHOBHOT'O YHEPI'e€THYECKOTO COCTOSIHUSI OKa3bIBAeTCs OOJIbINE, YEM B TEOPUHU, HE yUH-
THIBAIOIICH CBOWCTBA CHMMETPHUH BOJIHOBOW (DYHKIIMH OTHOCHTEIHHO HX MEPECTAHOBKH MEC-
tamu”. B pe3yabTaTe MpU OTIIMYHBIX OT HYJISI TEMIIEpaTypax MaKpOCKOIMMYECKH OOJIBIIOE YHUC-
JI0 YaCTHI[ OKa3bIBAETCSl B COCTOSIHUM C MUHUMAIIBHOU dHeprueil — Habmronaercs siBienue bo-
3¢~ DHHIITEHHOBCKOM KOHJEHCAIMM. DTO O3HAYAET, YTO CTATUCTUYECKHE CBOMCTBA aHCaMOJIA
YACTHUIl C LEJIbIM CIMHOM TaK)K€ OTIMYAIOTCSA OT CBOMCTB aHCAMOJIS KIIACCUMYECKHMX YaCTHUI[ M

? C HOBBIIICHHEM TEMIIEPATyPhl YACTHIIbI 3aCENAIOT BCe 00JIee BHICOKHE SHEPTreTHUECKHE COCTOSHHS, B Pe3ylbTa-
TE€ BEPOSITHOCTD JUISL ABYX YACTHIL IIOTIACTh B OJTHO M TO )€ COCTOSHHUE IaJaeT, 1 Mbl IIOCTEIIEHHO NEPEeX0IuM K
KJIaCCHYECKOMY CTaTUCTUYECKOMY PacIIpe/ieIeHHUIO.

 E.Fermi (1901-1954) — uranbsuckuii ¢pusux, HoGenenckas mpemus (1938) «3a OTKpbITHE HCKYCCTBEHHOM pa-
JHOAKTHBHOCTH ...»

* Takoit clyuaii COOTBETCTBYET KIIACCHUECKOH CTATHCTHYECKON TEOPHH.

> Sh.Bose (1894-1974) — unmiickuii pu3HK.
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ONUChIBaIOTCS pactpeneneHuem bose - DitHmTeliHa. COOTBETCTBEHHO, YAaCTHIIbI C LIEJIBIM 3Ha-
YeHHEM CIIMHA MPUHATO Ha3bIBaTh 003€- YacTUIIaMU WJIH 0030HAMHU.

I/IMCHHO C BO3HHUKHOBCHHUEM 6036-KOHI{€HC&T& CBsA3aHbl TAaKHC MaKPOCKOHI/ILICCKI/IG
KBAHTOBBIC SIBJICHUS KaK CBEPXTEKY4ECTh U CBEPXIIPOBOAUMOCTE. [Ipuuem At BOSHUKHOBEHUS
CBEPXIPOBOISIIETO COCTOSIHHUSI HEOOXOAUMO, YTOOBI B 3JIEKTPOHHOM Ta3e MPOU3OIILIO CIapH-
BaHUE AJIEKTPOHOB C MPOTHUBOMOJIOKHBIMH CIIMHAMU. Takue 3JIeKTPOHHBIE Naphl (MX HA3bIBAIOT
Kyl‘IepOBCKI/IMI/I6) BO3HMKAIOT IIPU OIPEICICHHBIX YCIOBUAX B PE3YyJIbTATE B3aUMOACUCTBUS
AMIEKTPOHOB C KPUCTAITMYECKON PEHIETKOM U MOTYT OBITh pAaCCMOTPEHBI Kak 003€ — YaCTHUIIBI.
boze-konaeHcanus KynepoBCKUX Map U 03HAYAET MEPEXO] B CBEPXIPOBOISAIICE COCTOSTHUE.

Takum oOpa3om, CBOICTBA CUMMETPUH BOJHOBOW (DYHKIIMU CHUCTEMBI TOXIECTBEHHBIX
qacTUull OTHOCUTCIIBHO HUX HepCCTaHOBKI/I MecTaMu BGIIYT K COBepHICHHO pa3J'II/I‘-IHI>IM craTtu-
CTHYECKHM pacIpe/ie]IeHUsIM B aHcambie yactur . B KauecTBe ele OJHOro npuMepa MposiB-
JICHUsI CBOMCTB CHMMETPHUH BOJHOBOHM (YHKIIMU B MAaKPOCKOITMYECKOM MHPE PACCMOTPUM BO3-
HUKHOBEHUSI CBEPXTEKYUECKH B KMJIKOM renuu. Hanbonee MMpoKo pacrpoCTpaHEHHBIM H30-

4 o
TOIIOM T'CJIUA SABJISICTCA 2H€ . AToMHOE AAPO 3TOro M30TOoIa MMECT HYJICBOU CIIMH (HBJ’ISIGTC?I

0030HOM). DJIEeKTpOHHAsE 000JI0YKa aTOMa B OCHOBHOM COCTOSIHMM TaK)XX€ XapaKTepu3yercs
HYJIEBBIM 3HAYEHHEM IOJIHOTO MEXaHUYECKOro MoMeHTa. [103ToMy aToMm B 1IeI0M UMEET HyJle-
BOW MEXaHMYECKHM MOMEHT KOJMYECTBA JBIKECHHS M MOXET OBITh PacCMOTpeH Kak 0o3e-
cucrema. ITpu onpeneneHHoM 3Hadenun temnepatypbl (7 =2.17 K) B XHIKOM TelIuH Ha-
Osro1aeTcs ABJIEHUU 003€-KOHJIEHCAIMH, YTO U O3HaYaeT BOZHUKHOBEHHUE CBEpXTeKyuel (asbl

BemiecTBa. 3BecTeH M Apyroit u30Tomn rejus - 5 He . Y 3TOro aTomMa TOYHO Takoe ke CTPOEHHE

AIIEKTPOHHOM 000JIOUKH, B SAPE KE UMEETCs OMH HECKOMIICHCUPOBAHHBIN CIIUH HEUTpOHA, B
pe3yJipTaTe 4ero aTOMHOE SApO, a, CIENOBAaTEIbHO, U aTOM B LIEJIOM OKa3bIBaeTcs (epMu —
cucreMoii. B cucteme pepMHOHOB BOSHUKHOBEHHE 003€-KOHAEHCAIIMA HEBO3MOXKHO, a, CIIE/I0-
BaTEJIbHO, HEBO3MOYKHO M SIBJICHHE CBEPXTEKydeCTH. M AeMCTBUTENBHO, IPU TEMIIEpATypax B
HECKOJIbKO TpasycoB KenbBuHA B *uukoM remuu ~He cBepXTeKydecTh He Habmiomaercs. B
1972-74 ronax GbLIO yCTAHOBIEHO, YTO B ~He CBEpXTEKydecTh BOSHHKAET JHIIb MPH TeMIIe-

parypax menbmmux T =2.6-10" K. BO3MOXHOCTh BO3HHMKHOBEHHS CBEPXTEKYUecTH B °He
oOycrnoBieHa ciaeaytomuM. [Ipy Takux HU3KUX TeMIepaTypax CHUJIbl MPUTHKEHUS MEXIY aTo-
Mamu (cuiabsl Ban-nep-Baanbca) mpuBOmAT K 00pa3oBaHUIO MOJEKYISPHBIX KOMIUJIEKCOB

(3He)2. B ornuune OT atoMoB “He 3TH MOJEKyISpHbIE KOMIUIEKCH SBIAIOTC 603e-

4acTULIAMHU, YTO U IPUBOJUT, B KOHEUHOM CYETE, K BOSHUKHOBEHHUIO cBepxTeKydecTu. [loaBo-
Il UTOT CKa3aHHOMY, MbI Obl XOTEJIM OTMETHUTH €IlIe Pa3, YTO COBEPILEHHO Pa3InYHbIE CBOMCT-
Ba cucTeM U3 (hepMu- U 003€ — YaCTHIl HE CBSI3aHBI C KAKUM-JIMOO HOBBIM (DM3MUYECKUM B3aH-
MOJIEHCTBUEM MEXAY HUMH, a SBJISIOTCS MPOSBICHUEM CBOMCTB CUMMETPUU BOJHON (pyHKIHU
CUCTEMBI YaCTHL.

B 3akmrouenue 3Toro paszena OTBETUM Ha BaXKHBIM BOMPOC, KOTOPBIA 00CyX aaycs Ha-
MU IIpY aHAJIU3€ KOPITYCKYJISIPHBIX U BOJHOBBIX CBOMCTB MHUKpouactull (JI 2). A umeHHo, no-
yemy, HECMOTpPS Ha TO, YTO OTAEJbHBIM MHUKpOYacTULlaM (Hampumep, (poTOHaM, FJIEKTPOHAM)
NPUCYIIN KaK KOPIYCKYJISAPHBIE, TAaK U BOJHOBBIE CBOICTBA, KOTJa Mbl TOBOPUM 00 3JIEKTPO-
MarHMTHOM U3Jy4Y€HUH, Mbl OOBIYHO TOBOPUM O BOJIHOBOM I10JI€, KOTOPOE MPHU OMPEIEICHHBIX
YCIOBHSAX MPOSBISET KOPIYCKYJISIpHBIE CBOMCTBA. M, HA000POT, KOrJa Mbl TOBOPUM 00 3JIEeK-

6 Kyneposckue mapsi — 1o umenn JL.Kynepa (L.Cooper, p.1930) - oaHOro u3 cosjareneii COBpeMeHHOI TeOpUH
cBepxmposoanmocTy, Hobenesckas npemust (1972).

7 B KBaHTOBOI TEOPHH JI0KAa3BIBAETCS TEOPEMa, YTBEPHKIAOIIAA, YTO COBOKYIHOCTH YacTHI[ C LETBIM H TONyIle-
JBIM CITUHOM JIOJDKHBI ONIMCBIBATHCS COOTBETCTBEHHO CUMMETPHUYHOM M aHTHCUMMETPUYHOM BOJTHOBOW (yHKIHEH
OTHOCHTENEHO NEPECTAHOBKY YaCTUIl MECTaMH (TeopeMa O CBSI3H CIIUHA U CTATHCTHKH).
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TPOHAX, TO OOBIYHO UMEEM B BHUJly YaCTHUIIbl, KOTOPHIM, ObIBA€T, PUCYILN U BOJHOBBIE CBOM-
ctBa. To ecTb Jui aHCaMOJIs YacTUI] BOSHUKAET HEKOTOpasi acCuMMeTpus B onrcanuu. [Ipuunna
3/1€Ch B CBSI3U CIIMHA CO CTAaTUCTUKON. COBOKYMHOCTH OOJIBIIOT0 YKcia (POTOHOB, KOTOPBIE SAB-
JsI0TCs 0030HaMU, MOXKET HaXOJUThCS B OJJHOM U TOM K€ KBAHTOBOM COCTOSIHMHM, YTO IIPUBO-
JIAT K BO3MOKHOCTH BO3HHKHOBEHHS KJIACCHYECKOTO 3JIEKTPOMATHHTHOrO mous . IIpu pac-
CMOTPEHUH JIEKTPOMATHUTHBIX SBICHUH, KaK MPAaBUJIO0, Mbl UMEEM JIEJIO C OTPOMHBIM KOJIHYe-
CTBOM (DOTOHOB, KOTOpbIE MPAKTHUECKH BCEraa oOpasyloT Kiaccuueckoe mone.” B Takoit cu-
Tyauuu oOHapy’KUTh KBAHTOBbIE CBOWCTBA M3Ty4YECHHUsl OKA3bIBAE€TCS HE BCernaa Bo3MoxkHo. Ha-
000pOT, €ClIi TOBOPUTH O COBOKYITHOCTH 3JIEKTPOHOB, 00Pa30BaHUE KIACCUYECKOTO IEKTPOH-
HOT'O TOJI NMPUHLIMIIHAIBHO HEBO3MOXKHO. [IpuHumn Ilaynm He mo3BoisieT Aaxe ABYM 3J€K-
TPOHAM 3aHITh OJHO U TOKE KBAHTOBOE COCTOsSIHUE. B pe3ynbTare BOIHOBOE 110JI€ OKa3bIBAET-
Cs BCET/1a KBAHTOBBIM, U TIPEXKJIE BCETO MPOSBIISIOTCS KOPIYCKYJISIpHbIE CBOMCTBA OOBEKTA.

MHOro03/1eKTPOHHBIN ATOM.

IIpubnuoicenue camomo2naco8anHo20 nos.

[epeiinem Tenepp K U3y4EHHIO CBOMCTB MHOTO3JIEKTPOHHBIX aTOMOB. B o01miem ciydae
BOJHOBasI (pyHKIMA Takoil cuctemsl ectb Y (E,,...,&, ), rne &, (i =1,...,Z) - COBOKyIIHOCTb KO-

OpAMHAT BCEX aTOMHBIX JIEKTPOHOB. MBI yXe OTMeYalli, YTO B3aUMOJEUCTBUE MEXKIY 3JIEK-
TPOHAMU JIeNIaeT HEBO3MOXKHBIM BBEJCHHE OJHOAJICKTPOHHBIX BOJMHOBBIX (hyHKIUH. [TlosTomy
JUISL OITMCAHMs CTAllMOHAPHBIX COCTOSIHUN aToMa ¢ Z 3JEKTpOHaMH, BOOOIE TOBOpPsl, HEOOXO-
JUMO peliath cranuoHapHoe ypaBHeHue lllpeaunrepa B 3Z - MepHOM mpocTpaHcTBe. Takas
3aJa4a He MOXET OBITh pellieHa TOUHO Jaxe Ul ciydyas Z =2, HO9TOMY HEOOXOJMMO UCKaTh
NpUOIMKEHHBIE MTOAXO0/IbI K PEHICHUIO 33/1a4U.

MHOTr03JIeKTPOHHBII aTOM, KaK MPaBUIIO, pACCMAaTPUBAIOT B MPHUOIMKEHUH CaMOCOTIa-
coBanHoro noyist Xaptpu. Kak yke ormeuanoch panee (cMm. JI 5), ocHOBHas uues 3TOTO IMOJ-
XoJa 3axiouaercss B cieayromeM. CocTosHuE KaKIOro M3 JIEKTPOHOB OIMCBHIBAETCS CBOMU
BOJIHOBON (yHKIMEH y,(E,), KOTOpas onpenensercs U3 oiHoYacTUYHOro ypasHeHus lllpe-

JMHTepa, OMMCHIBAIOLIETO JIBMKEHHE I -TO JIEKTPOHA B CAMOCOIJIACOBAHHOM IOTEHLIMAJIE,
CO3JAaHHBIM AJIPOM ILTIOC BCEH COBOKYITHOCTBIO DJIEKTPOHOB, KpOMe 3alaHHOro0. IIpu sTOM Cy-
IIIECTBEHHO, YTO CaMOCOIJIACOBAHHBIN MOTEHIIMAJ COXPAHSET LIEHTPAIbHYI0 CUMMETPHIO, I10-
9TOMY OKa3bIBA€TCSI BO3MOJKHBIM BBIJCJIICHUE YITIOBOM 4YaCTH OJHOXJIEKTPOHHOM BOJHOBOU
(GYHKIMM U BBEJECHUE KBAaHTOBBIX 4MCeN #,/,m,, XapaKTePU3yIOIUX KOOPAUHATHYIO BOJHO-

Byl0 ¢yHKIMI0. Kpome TOro, CiMHOBOE COCTOSHUE SJICKTPOHA XapaKTePU3YeTCs KBAHTOBBIM
YUCJIOM M, TO €CTh B NPUOJIMKEHUU CaMOCOIIACOBAHHOIO MOJS BO3HUKAECT TOT XK€ CaMbIii
HAaOOp KBAHTOBBIX YMCEJ, KOTOPBIM Mbl UCHOJB30BAIM MPHU OMHCAHUU COCTOSIHHSI OJHORJICK-
TponHoro aroma'’.

bonee monpoOHO paccMOTpUM 3Ty CXeMy Ha MpUMepe ABYXAJIEKTPOHHOTO aroma (aro-
Ma renus). IlycTs cocTosiHMe OZHOTO U3 3JIEKTPOHOB OmUChIBacTcs GpyHkuued y,(§,), a BTO-

¥ IMonsTHE KITACCHUYECKOTO YIEKTPOMArHHTHOTO TI0JIs ABIAETCS 3HAUMTENBHO 00JIee CI0XKHBIM, YeM MPEICTaBIIe-
HHE O COCTOSIHUH ¢ OoJbIInM unciioM GpoToHoB. bonee nmoapobHo 3TOT Botpoc OyxaeT obcyxaarscs B JI 13.

’ B HacTosiIIee BpeMs SKCIIEPHMEHTAIBHO MOTYUYeHbI X HEKIACCHUECKUE YIEKTPOMArHUTHbIE TOJIs, HECYILHE MaK-
POCKOITMUYECKH OOJIBIIYIO SHEPTHIO M COJEPIKAIIie OTPOMHOE KOJIMYECTBO (DOTOHOB — TaK HA3bIBAEMBIN «CHKATHIA
cBeT». Takue moms mpeAcTaBIsIOT cOOOM eIle OIMH MaKPOCKOIMMIECKAH KBAHTOBBIHA A(P(PEKT U MHUPOKO U3yIarOT-
Cs1 B COBPEMEHHOU KBAaHTOBOM OITHKE.

' CkasanHOe Hy’IaeTcs B HEKOTOPOM yTouHeHHH. Kak MBI YBHIMM B JaJibHEHIIEM, B TAKENBIX CHCTEMAX Kpaii-
HE CyILIECTBEHHBIM OKa3bIBACTCsI CIIMH-OPOUTAIBHOE B3aUMO/IEHCTBHE. B 3TOM ciiydae coCTOSIHUE aTOMHOTO JJIEK-

TPOHA IIPABUJIBHEE XapPAKTEPU30BaTh KBAHTOBBIMHY YMCIaMU 1, (, j, mj .
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poro - y,(&,). Torna kaxaplil U3 2JEKTPOHOB CO3AAET B IPOCTPAHCTBE IEKTPOCTATUUECKUI
MOTEHLIMAJ, ONPEAECIAEMbINA KaK

¢, (r) = I|p‘( £ s hs (pz(f)=jp2( )d3 (10.15)

7 -7l
rae p,(7) = e|\|fl. (7. )| - IJIOTHOCTb 3apsAJa, CO37aBaeMasi B IPOCTPAHCTBE KAXKIbIM U3 DIEKTPO-

HOB. [loaTOMY camMOCOrjiacoBaHHbIN MOTEHIMA, B KOTOPOM JBHXKETCS KAXKIBIA UX JJIEKTPO-

HOB, UMCCT BU/[
2 2

Ze Ze
(eff) (77 — = eff) (77 — -
Vie(n) =- +eq,(ry), V,"(r)=- +e,(7,), (10.16)
n &)
a ypaBHeHI/IH CaMOCOrJIaCOBAHHOT O I10JIA 3aIIMCBIBAKOTCS B BUIC

(F, + 7 @), ) = By, (7).

(£, + 747 Gl () = B ). (10.17)

OTmeTHM, 4TO MOJIy4YE€HHbIE YpaBHEHUSI XapTpU HE yIOBJIETBOPSIOT MPUHIUITY TOXK/E-

ctBeHHOCTH. [lomHas BomHOBAsI PYHKIMS CHCTEMBI IBYX AJIEKTPOHOB
v(r,5) =y, (7w, ()

HE ABJISICTCA HU CHMMGTpH‘-IHOﬁ, HHU aHTHCHMMCTquHOﬁ OTHOCHUTCIIbHO NICPCCTAHOBKHU JJICK-
TPOHOB MecTamH. MoauduKamnus YpaBHCHHH CaMOCOTJIACOBAHHOTO TIOJISI XapTpHU C IENbIO
YIIOBJIETBOPUTH IPUHIIMITY TOKIAECCTBEHHOCTH ObLIA BHITIOJIHEHA B.A.®okom' . ITosTOMy B co-
BPEMEHHON JHTEepaType MO aTOMHOM (u3HKe NPUOIMKEHUE CaMOCOTJIACOBAHHOIO MOJIS U3-
BECTHO Takke kak meton XapTtpu — Doka. Cnenyer umers B BUIY, UYTO 3((HEKTUBHOCTH UC-
MOJIb30BaHus MeToAa XapTpu win XapTpu - Doka Juist ONUCAHUSI CTPYKTYPbl MHOTO3JIEKTPOH-
HOr'O aToMa B 3HA4YUTEIILHOU MCpPEe 06yCHOBHCHa TEM, 4YTO IJIaBHOM YacThI0 CaAMOCOIJIACOBaH-
HOT'0 MOTEHLMaNa SBJSETCS MOTEHLIMA B3aUMOJICICTBHS C AaTOMHBIM SIAPOM, @ SHEPTHST MEX)-
JICKTPOHHOI'O BSaHMOﬂeﬁCTBHH, KakK IpaBWJIO, CYIICCTBCHHO MCHBIIIC. 9TO MO3BOJISLET B paac
ciaydaeB (OCOOCHHO NMPU KAaYeCTBEHHOM aHAJIM3€ aTOMHON CTPYKTYpbI) CYIIECTBEHHO YIIPO-
CTHUThH 3aJlady ¥ pacCMaTPUBATh CTPYKTYPY MHOTODJIEKTPOHHOTO aToMa B PaMKaX TEOPUHU BO3-
MYILIEHUH, BBIOMpasi B KaYECTBE HYJEBOTO MPUONMKEHUS MPUOIMKEHNE HEB3aUMOIEHCTBYIO-
[IMX JJIEKTPOHOB.

Amomuvle 060104KU U N0O0OONOYUKU. DNEKMPOHHASL KOHPUSYDAUUSL.

[Mpunnun Ilaynm oxas3pIBaeTcsl OTBETCTBEHHBIM 3a CYIIECTBOBAHHE OO0OJOYEUHOM
CTPYKTYpPbI aTOMOB U MHOT0OOpa3ue ux cBoicTB. Eciu Obl He MPUHIUIT 3ampeTa, BCe IEKTPO-
HBI 3aHSJIM OCHOBHOE COCTOSIHUE C MUHUMAJIbHOM 3Heprueil. Kak Mbl yke oTMedanu, COCTOsI-
HUE aTOMHOTO 3JIEKTPOHA MOXET OBITh 3aJaHO C MOMOIIBI0 HA0Opa M3 YEThIPEX KBAHTOBBIX
yucen n,l,m,,m , IPUUEM HE MOXKET OBbITh JIByX IEKTPOHOB, Y KOTOPBIX 3TH HAOOpPbI KBAHTO-

BBbIX YMCEJI COBMAAAIOT. B pesynbpTraTe, Mo Mepe yBelIWYeHHs Yuclia 3JIEKTPOHOB, OHU JTOJIKHBI
3aHUMAaTh COCTOSIHHS CO Bce 0oJiee BBICOKMMHU 3HAYSHUSAMH TJIABHOT'O U OPOUTAIBHOTO KBaHTO-
BOT'O YHKCe.

JloroBopumcst 0 CleIyIONIe TEPMUHOIOTHA. ATOMHOW 000JI04KO# (cltoeM) Mbl Oyaem
Ha3bIBaTh COBOKYIHOCTb AJIEKTPOHOB C OJIMHAKOBHIM 3HaYEHHEM IJIABHOTO KBAaHTOBOTO YHCIIA.
O06o050ukH NMPUHATO 0003HAYaTh OyKBaMM JaTUHCKOro ajdaButa. OO0I0UKY, COOTBETCTBYIO-
myio n =1, Ha3piBatoT K — 00010uKoi. Jlanee ncnoab3yoT nociaeayomme OyKBbl JJaTHHCKOTO
andasura L, M, ... ATOMHOH 1T0A000JI0YKOI MBI OyJIeM Ha3bIBaTh COBOKYITHOCTD 3JIEKTPOHOB B
aTOME C O/IMHAKOBBIMH 3HAYECHUSMH TJIABHOTO M OPOUTATBHOTO KBAHTOBBIX 4Hced. OueBUaHO,

"'B.A .ok (1898 - 1974)- coBeTckuii HUMK — TCOPETHK.
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YHCIIO0 MECT B M0JI000JI0UKE OINpENesseTCs] HA0OPOM Pa3IUyYHBIX 3HAUYEHUH m, U m,_ 17 3a-
nanHoro ¢ w paBHO 2(2/+1). [lns maHHOTO 3HAYEHUS 7 TJIABHOTO KBaHTOBOT'O YHMCIia OpOu-

TaJIbHOE YHCII0 MOXKET IPHHUMATh /1 PAa3IMYHBIX 3HaYeHH. Hanpumep, K - 000109Ka COCTOHUT
13 €MHCTBEHHOHN mMo00010ukH s, L - o6osouka (7 =2 ) COCTOUT U3 JABYX MOI0007I0UeK 2§

u 2p , ¥ Tak ganee. Obmiee yncio MecT B 06omouke - 27° . CyMMHpyeM Bce BBINIECKA3aHHOE B
CJEAYIOIIEH TaOIuIIE:

n 1 2 3 4
000JI04KH K L M N
101000JI0YKHU Is 2s,2p  3s, 3p, 3d 4s, 4p, 4d, 4f
YHCII0 MECT 2 2,6 2,6, 10 2, 6,10, 14

DJEeKTPOHBI, KOTOPbIE HAXOAATCS B OJJHOM 1M0000JI0UKE, Ha3bIBAIOTCS SKBUBAJICHTHBIMH.
Pacnipenenenne 37eKTpOHOB IO 000JI0YKaM 1 TI0Z000JI0YKaM Ha3bIBACTCS 3JICKTPOHHOM

koH(purypammeit. [Ipunsaro cinenytomee 0603HaUECHUE HIEKTPOHHON KOH(PHUIypalMu: 3amHchl-

BAIOTCS 0003HAYEHHS MOJI000I0UEK, B KOTOPBIX MMEIOTCS JIEKTPOHBI, U CIIpaBa BBEPXY yKa-

3pIBaeTCA MX KonmuectBo. Hampumep, umeercst kondurypamus 1s>2s°2p° . Dra 3anmch 03Ha-

49acT, YTO UMECTCA CCMb JJICKTPOHOB, IBAa M3 HUX HAXOIATCA HaA K — O6OJIO‘-II(C (3Ha‘-II/IT, oTa
0007109Ka SABJISETCS MOTHOCTBIO 3aHSTON), HA L — 000J0YKe HAXOIUTCS TATH JEKTPOHOB, U3
HUX JIBa — B 25 U TpU — B 2p - mopobonoukax. [Ipu atom 2s —1momo00I0uKa TaKKe sSBISCTCS
MOJIHOCTBIO 3aHATOM, a B 2p - 0JI000JI0UKE UMEETCs €1lle TPU CBOOOIHBIX MecTa. PaccMoTpeH-
Hasi KOH(UTrypaIiys COOTBETCTBYET aTOMY a30Ta, NMPHYEM DIICKTPOHBI B ATOH KOHQHTYypaIuu
3aHUMAIOT COCTOAHUSA ¢ MUHUMAJIbHBIM 3HAYCHHUEM SHCPIUu.

OtmeTHM, 4TO 3a/1aHUe DIIEKTPOHHON KOH(MUTYpaIUH MO3BOJISIET TPYyOO OLEHUTH YHEP-
ruro aromMa. MakTHYECKH MBI Y4JIU SHEPTHUIO BSaHMOILGﬁCTBHﬂ ATOMHBIX 3JICKTPOHOB C AAPOM U
HEKOTOPYIO YacTh SHEPTHH 3JIEKTPOCTATHYECKOTO B3aUMOJICHCTBUS JICKTPOHOB JIPYT C JpY-
TOM. I[J'IH JIydlIiero nmoHUMaHUWA O6HII/IX IMPUHIMIIOB, UCIOJB3YCMbIX IJId OIMMUCAHUA CTPOCHUA
AJIEKTPOHHBIX 000JI0UEK MHOTO3JICKTPOHHBIX aTOMOB, MbI CHayaJia pAaCCMOTPUM PSiJI TIPOCTEH-
KX MHOTI'O3JICKTPOHHBIX CUCTEM. K HpOCTCfIHIHM CUCTEMAaM Mbl OTHOCHUM, BO-IICPBBIX, ATOMBI
ICJIOYHBIX METAJUIOB, COJICPIKAIINE €IMHCTBCHHBIH JIEKTPOH CBEPX IMOJIHOCTHIO 3aITOJTHEHHBIX
00oJoueK ¥ 1moxo00I04YeK, a, BO-BTOPBIX, JTBYXAJIEKTPOHHYIO CHCTEMY - aTOM Tellusl U Tellue-
1o1I00HbIE HOHBI. 3aT€M 3TH MPUHLHUIIBI Oy AyT 00OOIIEHBI Ha Cllydyail aTOMOB C IIPOU3BOIHHBIM
YHCIIOM DJIEKTPOHOB.

ATOMBI LIEJI0YHBIX METAJLJIOB.

K aromam 1mienoyHsIX MeTalJIOB OTHOCATCA OUTHM Li, Hatpuil Na, xanuii K, pyOu-
muii Rbu ue3uit Cs. DTO DJIEMEHTHI, KOTOPHIE CTOAT B TIEPBOM Tpymme TaOIHIlbI
.M. MenzeneeBa, 1 UMEIOT TI0O OJTHOMY 3JIEKTPOHY BO BHEIIHEH 000Jiouke atoMa. B kauecTBe
npuMepa MpUBEEM dJIEKTPOHHbIE KOH(DUTYpaIuu A1l aTOMOB JIUTUSL U HATPUSL:

Li: 1s?2s,

Na: 1s°2s*2p°3s.
VY Oosiee TsKENbIX ATOMOB LIEIOYHBIX MeTaJJIOB (Kanuil K, pyounuii Rb u uesuit Cs) BHeu-
HUH AJIEKTPOH HaXOMUTCS B 45, S5 U 65 1M0o7000109KaX COOTBETCTBEHHO.

BHewmHuil 37€KTpOH HaXOAMTCA JOCTATOYHO JAJEKO MO CPaBHEHHUIO C OCTAJIbHBIMU
ANEKTPOHAMH, 00pa3yIoONIMMH aTOMHBIA OcTOB. [loATOMy B mepBOM MNPUOIMKEHUH MOMKHO
CUMTATh, YTO BHEUIHUM 3JIEKTPOH JBUKETCS B T0JIE OCTOBA, COCTOSILETO U3 sijipa C 3apsiioM Z
u Z —1 atoMHbIX 371€KTpOHOB. [10JIHBIN 3apsal OCTOBA OKa3bIBAETCS €AMHUYHBIM, OJHAKO, MO
CPaBHEHMIO C aTOMOM BOJIOPOJA OH HE SIBJISIETCS] TOUEUHBIM, a PacIpeieeH Mo pa3Mepy Io-
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psnka 60poBCKOro paauyca (pasmep octoBa). CxeMaTHUYeCKH Takas CTPYKTypa aToMa IIesnod-
HOro MeTayuia n3oopaxkeHa Ha puc.10.3. Ha paccTosHHSIX, MPEBBIMIAIOIIUX pa3Mep aTOMHOTO
OCTOBA, OYEBHJIHO, TIOTEHITUAJ COBITAJIAET C MOTCHIIMAJIOM TIOJISI TOYSUHOTO 3apsiaa, Hao0opoT,
BOJIM3M aTOMHOTO sipa 3KpaHH-
pyroliee JeiicTBHE OCTOBA MPOIaaa-
€T ¥ TIOTEHIIMAJ OTIPEIIENISICTCs 3apsi-
JIOM aTOMHOTO snupa Z . B obmem
BHUJIC TO TMOTCHIIMAT MOXXHO 33J1aTh
KaK

V(r)= ——Ze’f(:)e . (10.18)

Zc1)e rae Z,,(r) - (bdexTuBHbIi 3apsz,

YUUTBHIBAIOUIMN CTENECHb YKPAaHHPOB-
KA siipa aTOMHBIM OCTOBOM. KoH-
KpeTHbIA BUI QyHKUMU Z (1) on-
penensiercst pacrpeieieHueM 3apsaa

[0 aTOMHOMY OCTOBY, OJHAKO, IPH
TH000M pacmpeieNieHuu 3apsiia OHa JOJKHA YAOBIETBOPSATH CICIYIOIIUM yCIOBUSM

Puc.10.3. CTpoeHue atoma LenoYHoro Metarnna.

1, r— oo,
Z . (r)—> (10.19)
Z, r—0.

KauecTBeHHBIN BHI pacnpenesieHusl MOTEHIMala, B KOTOPOM JABMIKETCS BHEIIIHUN aTOMHBIN
AJIEKTPOH NpuBeAcH Ha puc.10.4. Kak BUIHO, OTEHIMAIbHAS sIMa JUIsl 3TOTO 3JIEKTPOHA OKa-
3bIBAETCS INIyO’Ke, 4eM JUIsl JJIEKTPOHA B aTOME BOJIOPOJIA, 4, 3HAYUT, YPOBHH CMECTATCSI BHU3
1o ocH dHepruil. KauecTBeHHBIN aHaIN3 CUTyallud MOYXHO MOBECTH B PaMKax TEOPUU BO3MY-
IIEHUI aHAJIOTMYHO TOMY, KaK Mbl pacCMaTpHUBAJIM CMEILEHHE aTOMHBIX YpOBHEH, 00yClOB-
JIEHHOE KOHEYHBIM pa3MepoM aToOM-
Horo snpa (cm. JI 9). Ornuuue 3a-
KIIIOYaeTCsl B 3HAKE U BEIMUYUHE d(-
(dekTa. Y4er KOHEeUHOro pasmepa sij-
pa zenajn NOTEHUHUAIbHYIO 5IMY, B KO-
TOPOU JABUIKETCSI aTOMHBIN 3JIEKTPOH,
MeHee TIIyOOKOH — B pe3yJibTare
SHeprusi ypoBHed Bospactana. Cel-
yac — cuTyanus obparHas. bomee cy-
LICCTBEHHBIM SBJIACTCA TO, YTO pPa3-
MEp aTOMHOI'O0 OCTOBA Ha HECKOJIBKO
HOPSIKOB 0OJIbILE PaUyca aTOMHOIO
Prc.10.4. 3dpchekTMBHBIA NOTEHLWAN, co3gaBaeMbiii SJpa U COCTABJIACT BEIMYUHY MOPSI/I-
ATOMHbIM OCTOBOM B aTOME LENOYHOro MeTanna. Ka GopoBckoro paguyca. Kak cienct-
BUE, TIPOMCXOANUT HE TOJBKO CMeElle-
HUE § - YPOBHEH, HO U COCTOSIHUI C HEHYJIEBbIM 3Hau€HHEM OpOUTaIHLHOrO MoMeHTa. Eciu
BOCIIOJIb30BaThCSl TEOPUEH BO3MYLICHHWH, TO BEIMYMHY CABUIAa YPOBHEH B aTOME IIEIOYHOIO
MeTaJljla OTHOCUTEIBHO UX MOJIOKEHHSI B aTOME BOJOPO/1a MOKHO OIPENEIUTH KaK

SE,, = j R%(r)-8V (r)ridr, (10.20)

r
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re n,! KBaHTOBbIC YUCIIA BHEIIHETO DIEKTPOHA, dV =—(Z , (r) - e’ / 7, a UHTerpan QpakTu-

YCCKHU 6epeTc;1 o pa3Mepy OCTOBaA. Brruucnenue HHTErpaja OOJIKHO OBITE MMPOBEACHO JIA

KOHKPETHOro BHaa QyHKUMH Z,, (). Mbl OrpaHMYMMCs JIMIIb OOIIMMH COOOPAKEHHAMH.

HaubGonpiias BennyrHa MonpaBKu K YHEPruu OyaeT HaOMoaThCs AN § - COCTOSIHHUM, T.K. AJIs
3TUX COCTOSIHUN OTCYTCTBYET LIEHTPOOEXKHBINH MOTEHLUATIbHBIA Oapbep, U AJIEKTPOH C Hau-
00JIbIIeH BEPOATHOCTHIO MOXKET OKa3aThCsl BHYTpHU ocToBa. 1o Mepe yBenndyeHus opouTanbHO-
ro KBaHTOBOTO YHMCJa LIEHTPOOESKHBIN MOTEHIMANl BO3PACTAET, YTO MPUBOAUT K YMEHbBILIECHUIO
BEPOATHOCTH OOHAPYXHUTh JIEKTPOH BHYTPH OCTOBa. B pe3ynbrare MmoyioKeHHe YPOBHS OKa-
3bIBAETCs BCE OJIMKE K MOJI0KEHUIO aHAJIOTMYHOT0 YPOBHSI B aTOMe Bojopoza. PacueT mokassi-
BAE€T, YTO C YYETOM KOHEUYHOTO pa3Mepa aTOMHOTO OCTOBA MOJIOKEHHE SHEPIeTUUECKUX YPOB-
HEel B aToOMax IIEJOYHBIX METAJJIOB MOKHO OMHCaTh Cienytomei hopmytoi

Ry
E,=—F7——> (10.21)
(n o An 14 )
rae A,, - KBaHTOBBIH Je(EKT, 3aBUCAIIMA OT KBAHTOBBIX uucen 7 ¥ . CHexTp mosyquics

BOJIOPOJIOTIOTOOHBIM. OTMETUM TOJBKO, YTO YYET HETOYEYHOCTH KYJOHOBCKOTO IEHTpa MpH-
BeJI K CHATHIO «CITy4aifHOr0» BBIPOKACHHUS 1O BEIMYMHE OPOUTAIILHOTO MOMEHTA.

Jliig npoBeneHus 0osiee TOYHBIX PACUETOB CIIEAYET €IIE YUECTh MOJIIPU3aLUI0 aTOMHO-
IO OCTOBA BHEIIHUM 3JIEKTpOHOM. llonspusanus ocTtoBa NPUBOAUT K NOSBICHUIO Y OCTOBA Ha-
BEJICHHOI'O JUIOJIBHOIO MOMEHTA U K JIONOJHUTEIbHOMY B3aUMOJAEHUCTBUIO TUMA «3apsij - AU-
noib). C yderoM 3¢¢exra Noiasipu3aliy B3aUMOACHCTBUE 3JIEKTPOHA ¢ aTOMHBIM OCTOBOM

MOJKET OBITH 3aIIMCAHO B BUJE:
2

2
V(r) =—67—C1 DF (10.22)

r
BHGCL IIOCTOSAHHAasA Cl q)aKTI/I‘-IGCKI/I OMnpeacsACT BEJIMYMHY HAaBCACHHOI'O JUITOJIBHOI'O MOMCH-

ta. PannansHoe ypasHenue llpenunrepa aius ynxuuu u,,(r) = rR ,(r) 3aIUCBIBAcTCS B BUJE

d’u,, 2m
—dr/ +h—2(E —Vy (", =0, (10.23)
rac
e’ ase’ R0 +1)
Vg (r)=——-C =5+ : 10.24
o (1) r byl 2mr? ( )

Kak BH/IHO, MOJMSPH3AIHOHHAs 106aBKa K d((EKTHBHOMY IOTCHIHATY HE MEHSET ero BHa .

[Toatomy, BBOIS 3 (dEeKTUBHOE OPOUTATHLHOEC KBAHTOBOE YHCIO ¢ , MBI MOXEM 3amucarh 3¢-
dextuBHbI noteHman (10.24) B 0Ob14HOM BUJE:

2 2* *
S RAGES

V. (r)=——
e (1) r 2mr?
3nech (¢ +1) = £(£+1)—2C,. OTciona HaxouM
A (2¢+1)° -2C, ~r- G
2 2 (+1/2
Bcnomunasi, uro pemenue ypasaenus (10.23) 3anuceiBaercs B Buze (JI 7)

Ry

12 910 YTBEPKACHNUE, KOHCUYHO, HE CIIPAaBCIJIMBO IJIsA COCTOSIHUH C HYJICBBIM 3HAYCHUCM 0p61/ITaJ'l])HOFO MOMCHTA.
Hdus S - coctosimii pemerne ypasHeHus (10.23) ¢ motennumamom (10.24) TpedyeT OTASTBHOTO pACCMOTPEHHS.
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(n, - paguagbHOE KBAHTOBOE YMCIIO), BBEJIEM KBAaHTOBBIN nedekT” B COOTBETCTBUM C BBIpasKe-

C
HHEeM 4, = m Torna BeIpaKeHHE IJIsi SJHEPTETHYECKOTO CIIEKTpa TAKXKE MOXKET OBITh 3a-
+
IIUCAaHO B BUJC
R
E,=-——2>_. (10.25)
(” -4, )

Kak BuzHO, ¢ yBenMueHHEM OpOUTAIBHOTO MOMEHTA BEJITMYMHA KBAHTOBOTO JeeKTa MagaeT, u
B Ipejiesie 0oNbIuX ¢ MBI IEPEXOJUM K CIIEKTPY aToMma Bojoposa. Takas 3aBUCHMOCTD KBaH-
TOBOTO Jie(heKTa OT OPOUTAIILHOTO KBAHTOBOT'O YHCJIa 00YCIOBIIEHA HATMYUEM LIEHTPOOESKHOTO
NOTEHIMATIBHOTO Oaphepa, KOTOPbI Bo3pacTaeT ¢ yBenuuenueM /. Kak yxe ormewanock, B
o0I1IeM cilyyae BeTMYMHA KBAaHTOBOTO Je()eKTa 3aBUCHUT HE TOJBKO OT OPOUTAIBHOTO, HO M OT
TJIABHOTO KBAHTOBOTO YHWCIIA, XOTS 3aBUCHUMOCTH OT TJIABHOTO KBAaHTOBOTO YHWCIA SIBIISCTCS
cnaboif u el yacto npeHeOperator.

JlaHHBIE IO BETMYMHAM KBaHTOBOTO JIe()eKTa OCHOBHBIX COCTOSIHMIA aTOMOB IIEJIOYHBIX
METAJJIOB B COCTOSHHUSAX C Pa3IMYHBIMU 3HAUYEHHSIMHU OpOMTAILHOIO MOMEHTA TPHBEICHHI B
Tabmuie'*. B Toif sxe TaGuIe IPUBEICHB! 3HAYCHHUS TOTEHIINAIOB HOHM3AINA TEX K€ ATOMOB.

VA DjIeMeHT A, AP A, A , TTorenman
HoHM3aIuu, 3B

3 Li 0.412° 0.041 0.002 0.000 5.37

11 Na 1.373" 0.883" 0.010 0.001 5.12

19 K 2.230" 1.776" 0.146" 0.007 4.32

37 Rb 3.195 27117 1.233" 0.012 4.16

55 Cs 4.131 3.649° 2.448" 0.022 3.89

Kak BUIHO M3 JaHHBIX, NPEACTABICHHBIX B TAa0JIMIE, BEJIMYUHBI KBAaHTOBBIX J€(PEKTOB, 00y-
CJIOBJICHHBIE HETOUEYHOCTHIO OCTOBA, CYIIECTBEHHO MPEBBIIIAIOT MO0 BEIMUYMHE 3HAUEHUS «II0-
JSPU3AUOHHBIX» J1epekToB. OTMETHM TaKke, UMEHHO BO3pacTaHUe pa3Mepa aTOMHOI'O OCTO-
Ba y TSDKEIBIX aTOMOB HIEJIOYHBIX METAJJIOB MPHUBOAMUT K YBEJIWYCHUIO KBAHTOBBIX NIE(EKTOB
ATOMHBIX COCTOSIHUH 10 MEPE yBEIMUYEHUS 3apsiia sapa.

B 3axitouenue, B KauecTBe NMpUMEpPA, MPUBEJIEM JUAarpaMMy SHEPreTHUYECKUX YPOBHEU
aToma HaTpus (cM. puc.10.5), HarIsAAHO WITIOCTPUPYIOILYI0 OTMEUYEHHBIE BbIIIE OCOOCHHOCTH
CIICKTPOB aTOMOB LIEIOYHBIX MeTaioB. HinkHee cocTosiHie atoma Hatpus - 3s,,. Beime o

SHEPIHH JIOKHUT AYONeT 3p,,,,, eue Bbime — ayoner 3d,, s, . [lonoxenne sroro nybnera

TPAKTHYECKU HE OTIHYAETCS OT TOJIOXKEHUs ypOoBHeil ¢ n =3 B atoMe Bojopona' . B pesyis-
TaTe OKa3bIBACTCs, YTO YPOBCHD 4, JIKHUT [0 SHCPIUH J@XKe HIKE, YeM 3d), 5/, , HO BBILLE,

4eM 3p,, 5, - Takoe xe pacrnonoxeHne s, p U d - COCTOSHUN peanusyercs u uis Ooee Bbl-

" Unorma B nuTeparype BBOIAT TONpaBKy PuaGepra O , =—4,. B 3ToM ciiydae B 3HaMEHATele BBIPAKCHHS

(10.25) 3HaK MeHseTCS Ha NPOTHUBOIOIOKHBIH.
" 3HakoM «*» B TaIHIE TOMEUEHBI KBAHTOBBIE Ie(EKTHI, P PAcueTe KOTOPHIX NONPABKa, CBA3AHHAs C KOHEU-

HBIM Pa3MepOM OCTOBA, TOMUHUPYET.
15 Pacuemnienre 3THX U BBILIEIEKAIUX Iy0OeToB 00YCIOBICHO CHUH — OPOWUTANBFHBIM B3aMMOJACHCTBHEM H B

JAHHOM pasJielie He PacCMaTPUBACTCSL.
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COKMX 3HAQUSHHH I'JJaBHOTO KBAaHTOBOro uucina. Ha AuarpaMme yKasaHbl TaKXKEe f - COCTOsAHUA,

CylIecTByrOIue s n > 4. B manpHelnieM Mbl yBUIAUM, YTO UMEHHO TaKOE PaCIIOIOKEHUE
DHEPreTHUECKUX YPOBHEH OMpeAenseT MocieA0BaTeIbHOCTh 3aMOTHEHUS aTOMHBIX 000JI0YeK
1 T10/1000JI0YE€K B MHOTOJICKTPOHHBIX aTOMaX.

OHeprus, 5B

K b d
5.12 A
—7s I 6p 1/2,3/2 b) d 3/25/2 5f;/z, 7/2
—06s,,
" %/ 2 4d; 5, Yoo
4.0} - 5S1/ g
4p 1/2,3/2
—3d 32,572

- 4S1/2
3.0t
20k 3p1/2,3/2
1.0}

0t 3s

12

Puc.10.5. Cxema sHepreTnyeckmx yposHer atoma Na.
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3amaun.
B noteHuuanbHON sIME TPEXMEPHOTO H30TPOIHOTO TapMOHHYECKOTO OCHUILISATOpA

V =mo’r’ / 2 HaXOHATCS BOCEMb OJMHAKOBBIX (pepmu-uactuil. [IpeneOperas ux B3au-

MOJIEICTBUEM MEXAY COOO0M, ONPENeINTh SHEPIHI0 OCHOBHOIO COCTOSIHUSL TAKOM CHC-
Tembl. Kak MU3MeHUTCS 3Ta 3HEprust pu JOOABJIEHUH €11e OJTHON TaKOU )K€ YaCTHILIbI?

OueHuTh cpeHee 3HaAUYEHUE KUHETHUECKON 3HEPIUU AJIEKTPOHHOIO (hepMHU-raza B Me-
TaJljax MpU HyJeBoi Temneparype. CpaBHUTH MOJYyYEHHYIO BEJIMUUHY C XapaKTepHOH
JHEpruei KyJOHOBCKOIO B3aUMOJICHCTBUS IEKTPOHOB. Ykazanue: Onpedenumsv 4ucio

9Hepeemu4ecKux cocmosaHull ¢ unmepsane suepeut om E oo E +dE u, cuumas, umo

3, HAUMU MaKCUMAIbHO

KoHYenmpayus c606OOHbIX 371eKmponos 6 memanne ~10% e’
B03MOJICHYIO IHEP2UIO INEeKMPOHA 6 Memalle.

ATOM ILIETIOYHOTO METaJIa MOXKHO pacCMaTpUBaTh, KaK OJHOAIEKTPOHHYIO CUCTEMY, B
KOTOPOIl €IMHCTBEHHBIH 3JEKTPOH JABMXKETCS B I0J€ aTOMHOIO OCTOBAa, MpEACTaB-
JSIOUIETO SJIpO C 3apsaoM Z U COBOKYHNHOCTb Z —1 31ekTpoHOB. OLEHUTH pazMep
aTOMHOT'O OCTOBa aroma Jiutus (Z =3), cuuTas, 4To 1Mo 00bEMY OCTOBA OTPHUIIATEIb-
HbII 3apsz pacnpenened paBHoMepHo. [loTennuan nonusauuu aroma aurust 1, = 5.37

3B.

Onpenenutb 3HEPTUM U BOJIHOBBIE (YHKIIMHU CTAL[MIOHAPHBIX COCTOSHUI B LIEHTPAJIbHO
2

e eza0 .

- CHMMETPUYHOM MoTeHImane V(r) = - ar—z, a, - 6opoBckuii paauyc, o <1 -
Oe3pa3MepHbIN YUCICHHBIA MHOKHUTEIb.

[Torenuuan nonuzanuu atoma 1esus (Z=55) pasen 3.89 sB. Onpenenuts KBaHTOBBII
ne(eKT OCHOBHOTO COCTOSIHHS.

Onpenenuts >HEPTHI0 KBaHTA TOJIOBHOHM nuHMM AU(PY3HOH cepuu B aTtoMe JTUTHS

(Z=3). KBanToBbie nedextsl p - u d — cocrostunit pasubl A, =0.041 n 4, =0.002 co-

OTBETCTBEHHO.

IoTenmman nonu3anuu nona Be™ (Z=4) pasen 18.3 3B. OnpenenuTts KBaHTOBBI Jie-
(eKT OCHOBHOTO COCTOSIHHSI.

CKOITbKO KOMITOHEHT UMEET TOHKAasi CTPYKTypa HUKHETO BO30Y>KIEHHOTO COCTOSHUS
atoma HaTpus (Z=11). O1leHUTh BEIMYUHY PACIICTUICHHUS.



