Mmasa 19. Many4yeHue npu nepexoaax Mexxay ANCKPETHLIMU YPOBHSIMU

OcCHOBHEIE XapaKTCPUCTHUKHU II0JIA U3JIYUCHHA B KBAaHTOBOM MEXaHUKE MOKHO MOJIYy4YHTh. UCXOOA U3 aHa-
JIOTHH C KJIaCCHYECKO 3J'IeKTpO,E[PIHaMHKOﬁ. Bemnuuna QJICKTPUYCCKOI'0O U MAarHuTHOIO BEKTOPOB BOJIHBI ITPO-
NMOpHrOHaJIbHA SKCIIOHCHTE

(1) expli (kr —ot)],
B apryMeHTe KOTOPOH yIiIoBast 4acToTa ® U BOJIHOBOW BEKTOp k CBSI3aHBI COOTHOIIEHHUEM

o = ke.
B03MOXHO H3JIy4YeHHE 3JEKTPHUECKOTO W MArHUTHOTO THITOB, K&XKAbIH MX KOTOPHIX HUMEET IAMIIOIBHYIO U
KBaJpyMONbHYI0 coctaBistomue. CylmecTBYIOT Tak)Ke OKTYIOJbHAs W 0oJiee BBICOKHME THITBI CHMMETPHH, HO
MEPBBIX IBYX B TCOPUH U3IYUEHHs OOBIYHO JOCTATOYHO. BaXkHYIO POJIb HUrpaeT Maias BEJIMYMHA MOCTOSIHHOM
TOHKOH CTPYKTYpsl o.. OHa 00ecreunBacT OTHOCHTENILHO IOJT0€ BPEMs JKH3HHM BO30YKIEHHOTO aTroMa o
CPaBHEHHIO C MEPUOIOM OOpalleHHs 3JIEKTPOHA MO KJIACCHYECKOW OpOMTe, a TakKe JOMHHHUPYIOIIHHA BKIIa
H3TyYEHUS DIEKTPHUECKOTO TUIIOIBHOTO THIIA.

19.1 Snekmpuyeckoe AunosibHoe u3sJly4yeHue

PaccmoTpuM snekTpuvecKuii JUIONb, COBEPIIAIONINI rapMOHHUYECKHe KojiebaHus. Ero MOMEHT paBeH
MIPOM3BEICHHUIO 3apsiia Ha BEKTOP I — CMEIICHHE OT MOJIOKEHHUs paBHOBecHs. DOpMyITy Ul AUMTOIBHOTO MO-
MEHTA 3aIUIIEM Cpa3y MPUMEHUTENBHO K SJICKTPOHAM:

(1.)  d=-—er

>

TaK KaKk UMEHHO OHW, B CHJIy MaJIOil MacChl, CBETAT sIpU€ APYTUX dactuil. Jlajee BClomy MBI OylIeM paccMaTpH-
BaTh CIIy4all MOHOXpOMamuyecKux KOJeOaHWid, KOTIa CMEIICHUE OINPENeisieTCs TapMOHHYECKOW (QyHKIueH
BPEMEHU:

(1.2) r =r, exp(—iot)
MOLI.I,HOCTI: n3ny4yeHus Knaccun4eckoro agmnonsa paBHa
PAETRY)
1.3 W=——¢-I|
(1.3) Sl
YuutsBas popmyisl (1.1) u (1.2), moryqaem:
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(14 W=2—r

B nmpuMeHeHuH K aTOMy 9acToTa @ = @y, OTIPENEISIETCS Yepe3 IHEPTUIO MEePEX0/1a MEKAY ABYMS YPOBHIMH:

B kBaHTOBOI MEXaHHUKE Hapsaay ¢ MOITHOCTBIO WHpI/IHSITO IMMOJIL30BATLCA 6€POAMHOCHIbIO nepexoda:
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OnHa paBHA YHCIy M3JIy4aeMbIX 32 CEKyHIy KBaHTOB. OIEHUM UYHCICHHOE 3HAYEHUE BEPOSTHOCTH Mepexoia
IUTS aTOMa BOJIOPOJIa:

2 (02
A~ e—cwc—zroz ~ao(k;)

B MHoXxwuTeNE A7) paanyc opOUTHI 7) IPUMEM PaBHBIM dy— pa3Mepy MOHA MM aToMa B Teopuu bopa, a gacto-
Ty ® BbIpa’kaeM 4epe3 IHEPIUIo Iepexoa:

Takum o6pazom

A ~od’o

mn mn

15 -1
JIist Tepexo0B  ONTHYECKOTO JHMara3oHa BEJWYHMHA O, COCTaBiseT okoso 10° ¢, ciemoBaTeibHO,
9 -—1
Apn~107¢c .

BBISICHUM 3aBUCHMOCTH A, OT 3apsga Z sapa BojopojaomnogodHoro wona. Kak cienyer u3 dopmyn
(13.5.1), B cmydae BOAOPOIOTOOOHBIX HOHOB CIIPABETMBBI COOTHOIIICHIS

(16) wOCZZ’aOOCI/Z'

Cornacho (1.5) BeposSTHOCTh NEPEXOA0B MPOMOPLHOHANIEHA Ky0y YacTOThI OOpalleHHsI 3JIEKTPOHA U KBaJpaTy
panuyca aroma:

3 2
Amn oc (’Omn aO .

[oncrasmnss crona (1.6), momyanm:

17 A, xZ*

TakuM 00pazoM, BEpOATHOCTh CIIOHTAHHOT'O M3ITyYeHHsI OBICTPO PACTET TPH MEpexoje K MHOTO3apsIHBIM HO-
HaM.

19.2 Tunbi usnyyvyeHusi npu nepexodax Mexxoy OUCKPEeMmMHbIMU YPOBHSIMU

OnexTpuyeckoe JUMOIbHOE H3IydeHne, ooo3Hayaemoe El, mMeeT MeCTO mpH BBHITIOJIHEHUH ONpeneicH-
HBIX ycnoBuii, OHUM Ha3BIBAIOTCS npaguiamu ombopa M OyInyT BBIBEICHBI HWXKe. B cilyuae mepexomoB, He
YAOBJICTBOPSIIONIMX MpaBUJIaM 0TOOpa Mo KaHanmy El, HEOOX0MUMO YYUTHIBATh APYTHE, MECHEE BEPOSITHBIC TIPO-
1eccel. B actpodusnyeckux mpUIoKEHUIX HarboJee YacTO BCTPEUAIOTCS MUIOIBHBIE TIEPEXO0IbI MAaTHUTHOTO
tuna M1 u snekTpudeckoe KBaapynonbHoe u3nydeHue E2.

Pa3Mepbl aTOMOB 3HAYUTEIHLHO MEHBIIIE JUTMHBI BOJHBI, TO €CTh, BEMUYHHA k7 3HAYNTEILHO MEHBIIE ¢/TH-
HUIIBL DTO MO3BOJISET Pa3IOKHUTh B PSJ IPOCTPAHCTBEHHYIO YaCTh IKCITOHEHTHI (1)

exp(ikr) = 1 +ikr — (kr)* ...



Enuanma B mpaBoil 4acTH OTBEYaeT AWIOIFHOMY MpUOMmKeHWio. Clemyromue Ba ClIaraeéMbIX OIHCHIBAIOT
m3ydeHne mo kanajgam M1 u E2. MomHOCTh 3JIEKTPUIECKOTO KBaAPYTIOIBLHOTO U3IYyUEHUS BEIPAKACTCS Yepe3
KBaAPYIOJbHBII MOMEHT (Q:

b
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MIPEACTABIAIONINN COO0H MaTpHUIly BTOPOTO TOPSIKA:

1o o
Oup =€| X, X, —ESQﬁr
(2.2)
WNHnexcol o 1 B mpoberaroT 3HadeHus 1, 2, 3, COOTBETCTBYIOIINE MIPOCKITUAM PaTNyC-BEKTOpa I' HA OCH KOOpP-
JYHAT.

MO]_I_[HOCTL AUTIOJIBHOTO U3JTYYCHUS MAarHuTHOI'O THUIIA ONIPEACITIACTCA aHAJIOTHUYHO (13), HO 4€pe3 BCKTOP
MAaroHuTHOro MOMCHTa J:
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BTopoe paBeHCTBO CrpaBa CHPaBEIIMBO I MOHOXPOMATHYECKOTO H3JTyUEHHUS | ~ eXp(—im?).
CpaBHMM BEPOSITHOCTH DJICKTPHUUCCKUX KBAJAPYIOIBHBIX U JIUIMOJBHBIX MePexoa0B. [lockoibKy
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d ~ er, Q~erz, r~e®

T0 X MorHOCTH (2.1) 1 (1.4) oTHOCATCS Kak
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(2.4)

CrnenoBatenbHO, IPU OAHOW M TOH k€ SHEPTHH KBaHTa Mepexo] Mo kKaHainy E2 mo kpaifHel Mepe Ha YeThIpe
MOps/IKa BEJINYMHBI MEHEe BeposiTeH, yeM El:

Ao W g2 <10+

AEl WE]

OTMCTI/IM, 4YTO Majiasd BCJIWMYMHA IMPOU3BCICHUA kr~a COOTBCTCTBYCT MAJIOMYy pa3Mepy aroma r» ~ dp 110 CpaB-
HCHHIO C ILHHHOﬁ BOJIHBI U37Ty4a€MOT'0O UM CBCTA:

ag . A~ QL.

Teneps Mbl MOkeM paciputh psij (1.3.3) mponmopIuii, CBA3BIBAIOIINX MACIITAObI JUTHHEI e, Ac, H do:
2.5 re:Xc: ap: A~ot:o:lah

BeposiTHOCTh AUMOABHOTO U3TYUYEHUS MATHUTHOTO TUIIA TAK:KE€ OTHOCUTEIHHO HEBENUKA. MarHUTHBIH MOMEHT
3JIEKTPOHA | TI0 TIOPSIIKY BEIMYMHBI CPaBHUM ¢ MarHeToHOM bopa . CiaemoBarensHO
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We, W ‘d‘z ®’ea,
(2.6)
Wrak, onenku (2.4) u (2.6) mokaszanu, 4To U3 TPEX pacCCMOTPEHHBIX TUIIOB paguanMoHHBIX nepexoznos (E1, E2
1 M1) caMbIM HHTEHCHUBHBIM SIBJIIETCS 3JIEKTPUUYECKOE AUIMONIbHOE H3myueHue. [lepeliném kK onmmcaHuio U3my-
YeHUS] B KBAHTOBOW TEOpHU. MBI MOJlydYUM OLICHKH Ul BEPOSITHOCTEH MEPEXO0J0B, a TaKXKE BBIICHUM, KOT/Aa

cJleAyeT yuuThiBaTh kaHanbel E2 u M1.



19.3. Mampu4Hbie asieMeHmbI ornepamopa OunoJyibHO20 U3J/T1y4YeHUs

BeposTHOCTD CIIOHTaHHOTO M3Iy4YeHHS B KBAaHTOBOW MexaHHMKe oTinyaercd oT (1.5) TeM, 4TO. MHOXH-
Teb «2/3» 3aMeHseTcs Ha «4/3», a paIinyC—BEKTOp ANEKTPOHA — HA MAMPUYHBLUL JNEMEHN Ty

3
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32 r,=[v,ry,dr

HUMECT TPU KOMIIOHCHTBI:

%, =[w,xy,dr,
33 Y =, yy,dr,
Zan = |V 2y, dr

[Ipr ananu3e NOJSAPU3OBAHHOIO H3NMyUEHHS yHOOHO HCIONB30BATh cepuuecKue KOMNOHEeHMbl PagmnyCc—
BEKTOpa:

1 1 ;
. =+—=(x—-iy)=+—=rsin0e®,
&, \/5( y) \/5
34) &, =z=rcosH,
1

& =—E(x+iy)=—%rsin66

+ip

Cocrapnsitomias &, onMMuChBaeT TMHEWHO TOISPU30BAHHOE U3TYUYSHHE, a KOOPAWHATHI &f — KPYTOBYIO TOJSIPH-
3aIMI0; BPAIICHHUE AIEKTPUUECKOr0 BEKTOPa B IBYX Pa3HBIX HAIMIPABICHUIX.

Hwxe 11 MaTpU4HBIX 3J1€MEHTOB MBI 4acTO OyAeM NMPHUMEHSThH NpaBuia 3anucu no lupaky. B Hux Ha-
YJaJbHOE U KOHEUYHOE COCTOSHMS 3alIUCBIBAIOTCS HE B II0JIE HHAEKCA, a IPSIMO B CTpOKe. BoiaHOBas GpyHKIMS Y,
1 €€ KOMIUIEKCHOE ConpshKeHue Yo Jupaky 0603HauaroTcsa Kak

v, = | n>, yhi=<n]|,

a MaTPUYHBIN JIEMEHT MTPOU3BOJILHOTO oreparopa (G BBITIISAUT CIICAYIONIMM 00pa3oM:

<k|Gln>=[yiGy,adr.

3anmch UHAEKCOB B CTPOKE YIOOHEE B CITydae CIOKHBIX U JITMHHBIX BBIPAKCHHN.

19.4 Opmo2oHasibHOCMb 80JIHOBbIX hYHKUUU

BaxHyto ponb B TEOpUH M3ITyYEHHUS UTPAET OPTOTOHANBHOCTH BOTHOBBIX (DYHKIHWH: €CIIM KBaHTOBBIE CO-
CTOSIHMA kK M 1 UMEIOT pa3Hble COOCTBEHHBIC 3HAYCHUS SHEPIMHU, TO AJSI COOTBETCTBYIOIIMX MM BOJHOBBIX
(YHKIHH ), M i CIIPABEIITUBO PABEHCTBO:

@41 <kln>=[y;-y,dr=0,



3/1ech HUHTETPUPOBAHHE BBIMOIHAETCS 110 BCEMY IPOCTPAHCTBY, a dr, Kak OOBIYHO, 0003HAYaeT 3JIEMEHT 00bE-
Ma. BeiBenem (4.1) nnst ogHoMepHoro ciyuasi. [lo ycnoBuro 3agaun, o0e QyHKUUH, i U Yy, SBISAIOTCS pelle-
HussMH ypaBHeHUs [IpenuHrepa ¢ pa3HEIMU COOCTBEHHBIMH 3HAUCHUAMU, £ 1 E);:
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(423) _h_\V;; +U(x)\|/n :Ean,
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(4.2b) —vy, +tUMX) vy, =Evy,.
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VYpaBHeHue (4.2a) yMHOKUM Ha Vi, a (4.2b) cHavana 3anuIeM B KOMIIJIEKCHO COTIPsDKEHHON hopme

2

—h—m(\uz )" +U(x)-y, =Ev,.

MOCJIe Yer0 YMHOXKUM Ha \,. BeluTeM BTOpOE mpeoOpa3oBaHHOE YPaBHEHUE W3 MEPBOTO M HMPOUHTEIPUPYEM
pe3ynbTaT 1Mo Bcel 001acTi U3MEHEHHSI apTyMeHTa:

2m

~(E,~E,) I\vn W} dx = f\u ()" dx - j(w )y d.

ITocne HUHTCTPUPOBAHUS 110 YACTAM PAa3HOCTL ABYX MHTCIPAJIOB CIIpaBa HpI/IO6p6TaGT BUO:

n

W, | j(w)(wk>dx v j(w ) (y})'dx.

—00

Jlerko yOenmuThCs, 9TO TIOCTIeTHEE BRIPAKEHHE PaBHO HYJIO: HHTETPABl B3aHMHO YHUUYTOXKAIOTCS, @ BOJHOBAs
(GyHKIHS BMECTe ¢ e€ MPOU3BOIHON Ha OECKOHEYHOCTH HMCYe3aroT. TakuM 00pa3om, MBI MPUXOANM K PaBEHCT-

BY

~+00
*
(E,~E) | v v,dv=0,
—00
M3 KOTOPOr'o B CHUIIy IIEPBOHAYAIBHOI'O MMPEATIOIONKCHU A

E #E,

BbITeKaeT (4.1). OpTOroHaTEHOCTH M HOPMHUPOBKA OOBEIUHSAIOTCS B YCIOBUE OPHMOHOPMUPOBAHHOCHU BOTHO-
BBIX (DYHKITUI CBS3aHHBIX COCTOSHHIA:

1, ecmu k=n,

4.3 k dx=9, =
(4.3) |n J-Wk Vi @5 = O = 0, ecmu k #n.

Hanpumep, opTOHOPMUPOBaHHBIMU SIBJISIIOTCS pacCMOTpeHHbIE BbIe chepudeckue pyHkuun (13.6.2):

Yl,m (69 (p) = ®l,m (e) ’ q)m ((P) .



HpI/I PA3JIMYHBIX 3HAYCHUAX [ ¥ m OHM aBTOMATUYECKH OKa3bIBaIOTCS OpPTOTOHAJIBHBIMHU KaK COOCTBEHHEIE BEK-
TOPELI OII€paTOpa KBaJpaTa MOMCHTA:

@4 [¥,.¥,d2=5,35,,
Q .

[To ananoruyHo# NpUYMHE OPTOHOPMUPOBAHHBI GYHKUIUH D,,(() KaKk COOCTBEHHBIE BEKTOPBI IPOCKLNH /:

2n
45 [@,-®,do =35,,.
0

Ho ¢ysxumu ©y,(0) camu 1o cebe He SIBISIOTCS COOCTBEHHBIMU (PYHKIIUSMHU KaKOTO—IIMO0 U3 OMEepaTOpOB MO-
MEHTa; OHU B3aMMHO—OPTOTOHAIBHBI TIPH PA3IMYHBIX /, HO HE MIPH Pa3IHYHBIX /1.

YcnoBusM OpPTOTOHANBHOCTH W HOPMHPOBKH VIOBJIETBOPSIET TAKXKE CIIMHOBAs BOJHOBAs (PYHKIWS
(18.3.5). CrimHOBas mIepeMeHHasi G MPUHUMAET POBHO J1Ba 3HAYEHHS, G = *'2, MO3TOMY B TaHHOM CIyd4ae ycIio-
BHUC HOPMUPOBKHU BBIPAXKACTCA B BUAC CYMM

o=+%
“46) > 1q, (@ =1

)
==/

JUTst 000X 3HAYCHUH Mg = +%5. BRIYHCIUM 3TH CyMMBI:

2 2
mg = +1/2 Q+1/2 (_ 1/2)‘ + q+l/2 (+ 1/2)‘ =0+1= 15

mg = _1/2 ‘q—]/Z (_1/2)‘2 +

2
4. (+1/2)[ =1+0=1.

AHaJIOTUYHBIM 06pa30M BBIBOAATCA COOTHOIICHUA OPTOTrOHAJIBHOCTHU IJISA pa3HbIX COCTOSTHHI — mg 1 Mg,

o=+
4.7) z dn (0)-q, (0)=0, ecaumg #m,.
o=-% ’

JleWicTBUTENBHO, IYCTh My = —%2 , a my = +Y. Torna:

9. (- 1/2)%/2 (- 1/2) +49., (+ 1/2)%/2 (+ 1/2) =0+0=0.

Taxo# ke pe3yibTaT MolydaeTcs Ipyu Apyrou mape: mg =+ , a my = —%. JIBa ycnosus, (4.6) u (4.7), MOXHO
O00BEINHUTH B OJTHO

o=+%
(4'8) Z qms (G)'qmsr (G) = Smsms”
o=}

aHamoruvHoe (4.3).

19.5 lNpaeuna om6opa no opbumasibHOMYy KBaHMOBOMY HUCY

HeKOTOpHe ATOMHBIC NTEPEXO0Abl HE MOTYT OCYHICCTBJIATLCA 110 KaHAITy 3JICKTPUYECKOT0 JUITOJBHOT'O U3~
JIy4YCHUA. Hx Ha3wpIBaloT BaHpeH.[éHHBIMI/I. Kocmuueckue oOBEKTEI Jal0T MHOTOYHMCJIICHHBIC TIPHUMCEPLI 3a1pe-
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MEHHBIX TEPEX0I0B: HEOYISIpHBIE, HAONIOMaeMble B Ta30BBIX TYMaHHOCTSX, KOPOHAIBHBIE — B 3BE3THBIX
CIIEKTpax, a Takke JUHUSA A=21 cM HeHTpaIpHOTO BOAOPOJa. B 3TOM pasmerne Mbl M3II0KHM CTIOCO0 BBISIBIICHUS
pa3pemEHHBIX U 3aMpellEHHBIX MEPEX0J0B MPUMEHUTEIHLHO K BOJOPOIONOA00HBIM cucTeMaM. CyIIeCTBYIOT
mpaBuiIa 0TOOpa, Ha OCHOBAHWH KOTOPBIX NIETAIOT BBIBOJ O TOM, BO3MOXKCH JIM JaHHBIA TIEPEX0.T KaK dIIEKTPH-
YECKU JUTOJBHBIN, WU K€ HAJI0 UCKATh APYTUE TUIBI U3TYICHHSL.

Ha npumepe IMHEHHO MONSIPU30BAHHOTO M3IYYCHHUS TOKAXKEM, KaK MOTYT OBITh IOJIyYCHBI MIPAaBHIIA OT-
Oopa s BOIOPOJIOIOI00HOM CHCTEMBI, TOYHEE — IS AJIEKTPOHA, HAXOSAIIEroCs B KYJIOHOBCKOM mose. st
peTIeHUS 3TOH 3a1a4yl TOCTATOYHO BBISICHHUTD, ITPU KAKUX IMapaMeTpax Mepexoaa MAaTPUIHBIA AJIEMEHT pajinyc—
BEKTOpa OKA3BIBACTCS PaBHBIM HyJI0. Jlake Takasi, Ha BHJ HECJIOXHAs 3a1ada, TpeOyeT ompeneiaéHHol Mare-
MaTHYECKOM IMOATOTOBKH.

Koraa maTtpuyHbIN 351eMEHT OT/INYEH OT HynsA?

[IpaBua oTOOpa MONHOCTHIO OMPENENSIOTCS 3aBUCUMOCTBIO BOJTHOBBIX (DYHKIMH OT YIJIOBBIX IEPEMEH-
HbIX. Hioke Ham motpeOyetcst popMyna, cBsI3bIBaIOIIasl NPUCOEANHEHHBIE TTOMMHOMBI JlexaHnapa ¢ Tpems 1o-

m m
0

m
CJI€I0BATEIIbHBIMU 3HAUYCHUAMHA HUKHETO MHACKCA: , “I-1,m “ 1+, [IpuBeném e€ 6e3 BRIBOIA:

S.D  wh"(W=aB(W+yH"

rie

[+1-m [+m
p=cosd, ao=———, y= .
21+1 21+1

BeposTHOCTD IMHEIHO MONSIPU30BAaHHOTO M3ITyUEHUS MPOMOPIIHOHATbHA KBAAPATy MOIYJIS MaTPUIHOOTO dJie-
MeHTa <k|z|n>, yriioBas 4acTb KOTOPOTO COJEPKHUT MHTETPaj

[ m; (a0

s ynpoueHus 3anucu GopMyII 3[ech U B JAIbHEHITNX BBIKJIaJKaX 3TOTO maparpada Mbl OlycKaeM HHJIEKC
y cepuiecknx (yHKIHNA — ceiyac OH He urpaet Hukakoi ponu. CormacHo (4.1), mocinenHui HHTErpai paBeH

o[ (WY, (dQ+7 [ Y (WY, (WdQ.

VYuutsiBas ycnosue (4.4) OpTOHOPMUPOBAHHOCTH CepHUeCcKUX (QYHKIMA, OKOHYATEIBHO MOIyYaeM:

(52 [HuYwdQ=ad;" +y8)".
Q

Teneps 0YEBUIHO, YTO MATPUYHBIN 3JEMEHT OTIIMYEH OT HYJIS TOJIBKO B TOM ciy4ae, eciiu [’ oTin4aercs ot /
Ha €UHUILY B Ty WIH UHYIO CTOPOHY. AHAJIOTUYHO BBIYHCISAETCS BEPOSTHOCTH M3IYYCHUS, MTOIIPU30BAHHOTO
M0 KpYTry, TOJNBKO B TMOABIHTErpanbHON (yHKIMH, cormacHo (3.4), Hago 3aMEHHTh TIPOM3BEACHUE

* * .
Y, -cos@ Yl Ha 1, -smO-Y, * Omyckas MaTeMaTU4eCKHe BBIKIAIKH, COOOIINM, YTO PE3yJbTaT OCTaETcs TeM
’K€ CaMbIM, YTO U JIJI IMHEUHOU MOJIsIpU3aIuu.

Urak, chopmynupyem npaBuio oTé0pa no opouTaabHOMY KBaHTOBOMY YUCIY / AJIsl aTOMa BOJIOPOJa WIH
BOZOPOJONOJO0HOTO HOHA B KyJIOHOBCKOM NPHOIMKCHUU: 8EPOSMHOCHb INEKMPUUECKOZO OUNOTILHO20 U3TY-
YeHUsL OMAUYHA OM HYISL NPU GbINOTHEHUU YCNOBUSL

(53)  Al==l.



[lo3gHee MBI YBUIVM, YTO 3TO MIPABHUIIO COXPAHSETCS W IIPH Mepexoe K 6oiee caoxHbM cucreMaM. OHO ocTa-
€TCsl CIIPaBeTUBBIM JIJIS1 0OHOAIeKMPOHHBIX TIEPEXOJIOB B TOJIE C LIEHTPAJILHOW CUMMETPHEH.

Cxema nepexoaoB 6e3 y4éTa TOHKOMN CTPYKTYpbl

CxeMbl epexoJ0B TOTO0 MM MOHHOTO MOHA WIIM aTOMa Ha3bIBAIOTCS Juacpammot I pompuana. Takue
CXEMbI, M0 CYIIECTBY, Mbl Y€ NMPUBOAWIM B udeTbipHaAaToi rinaee. Pucynku 14.1.1 u 14.3.1 ucnonb3yrot
MaKCHMaJbHO YIPOIIEHHYIO MOJEIb, B KOTOPOW SHEPTHUS JTI000T0 COCTOSHUS aTOMa BOAOPOAa MOTHOCTBIO OII-
penensieTcs BEMUYUHON ITaBHOTO KBAHTOBOTO ykcia. Takoe ynpoleH:e BIIOIHE MPUEMIIEMO, TIOKa MBI HE MH-
TepecyeMcsl TUITOM HM3ITy4acMOro KBaHTa.

Tenepb Mbl IEPEUIEM K PACCMOTPEHUIO TOJIBKO Pa3pelIEHHBIX MIEPEXOJO0B, TO €CTh, U3IYyUEHUS 10 KaHa-
ny d1. Ycenoxnenue Moaenu npoBeaéM B ABa dTamna. CHavana yyTéM opOuTanbHOe KBAHTOBOE YHCIO /, HO Bpe-
MEHHO He OyZieM YUMTBIBaTh TOHKYIO CTPYKTYypy. Juarpamma I'porpuana i nepBeIX 4eThIpEX ypOBHEH aToMa
BOJIOpOa MpuBeeHa Ha puc.19.5.1

Cepua Naamana
NMiHna Hy,
Marwa H|3

Nwrmna Py

n=1

Piic. 19.5 1. PanuaLpMoHHLIe Nepaxoisl B aToke BOA0POAA Ba3 yUSTa TOHKOR CTDYKTYPEL

Cepus JlaiimaHa B 3TOM IPUOIMKEHUH COCTOUT W3 OAMHOYHBIX JIMHHM,

np — 1Is, n_=2,
1 y4€T OpOUTAIBHOTO KBAHTOBOTO YHUCIIA HE IPUHOCUT HUYETO HOBOTO 1O cpaBHEHUIO ¢ puc.14.1.1. [lepexomast
OCTaJIbHBIX CEePHid COJIEPIKAT HECKOJIBKO KOMIIOHEHT. B cepun bansmepa Tpu KOMITOHEHTHI:

np — 2s,

ns,nd —2p, n=3

u €€ cxema yCIOXHUIACK TI0 cpaBHEHHIO ¢ puc.14.3.1. B cepuu Ilamiena yxe maTh KOMIIOHEHT:
np — 3s,
ns,nd —3p, n>4
np, nf — 3d,



a B 00mmIeM ciy4yae WX 4UCIO paBHO 2n—1, rae n — TIaBHOE KBaHTOBOE YMCIIO HIDKHETO YpOBHS. B KyJIoHOB-
CKOM TIPHOIMKCHUH BCE KOMIIOHEHTHI B CYMME JIAIOT OJIHY JIMHUIO.

19.6. llpasusia omb6opa no NoJIHOMy MOMeHmMy

Crnua—opOuTanbHOe B3aMMOJCHCTBUE MPUBOAUT K TOMY, YTO OpOHMTanbHBIN MOMEHT il mepecTaér ObITh

COXpaHsoIeiics BennuuHor, u ¢opmyna (4.3), cTporo roBops, CTaHOBUTCS NpHOMMKEHHONH. WHTEeTpamom
JBIKCHHS OCTAETCs MOJIHBIM MOMEHT aToMa /ij, yCJIOBHEM COXPAaHEHUSI KOTOPOTO SIBISIETCS TOJIBKO OTCYTCTBHE
BHEIIHUX ToJieil. [To3ToMy B cityuae M301MPOBAHHOTO aTOMa JAEHCTBYET TOYHOE MPaBMWJIO 0TOOpa MO KBAHTO-
BOMY uuchy j. Ero MbI onpenienisieM U3 CIeAyIOMUX cOOOpasKeHNH.

AunonbHoe usny4yeHue
M3 kBaHTOBOM AIEKTPOAMHAMUKH M3BECTHO, YTO KaXKJIOMY KaHaly M3JIy4YEeHUS COOTBETCTBYET CBOE 3Ha-
YCHHUC BHYTPCHHCTO MOMCHTA (l)OTOHa ﬁQ TaK, B CJIy4dac JUIIOJIBHOI'O U3JTYYCHUS BCIIMINHA Q paBHa CAUHHULIC:

(6.1) Or1,m1 = 1.
Z[OHyCTI/IMBIe HU3MCECHCHUI MOMCHTA
A=) —j

OTIPEIETISIOTCS y>Ke U3BECTHBIM HaM IIPABUIIOM CIIOKEHUSI BEKTOPOB. IlycTh B pe3ynbTaTe MOTIomeH s KBaHTa
MOMEHT aToMa U3MEHseTCs ¢ j Ha j . 13 3aKoHa cOXpaHCHUS MOMEHTA BHITCKACT:

(6.2) i=j+Q.
HpOCKLII/IH MOMCHTA Qz MOXET HpI/IHI/IMaTL TpI/I 3HAUYCHUA:
(6.3) 0,=-1,0,+1.

Kak u B mpeapiayieM pasjesne, Moje3Ho paccMOTpeTh JBa BapuanTa: j < 1 uj > 1. B nepBom cityyae, corac-
Ho (12.2), j paBHO HYI0, THOO MOJIOBUHE.

KoHeuyHo, MOMHBI MOMEHT OJHOTO 3JCKTPOHA HE MOXET ObITh paBeH HyJr0. [losToMy B ciydae aroma
BOZOPOZa WIIM BOJOPOIOTIOAOOHOTO HOHA MOYKHO OBUTO OBI HAYMHATH Cpasy co ciydas j = 2. Ho paccmatpu-
BaeMoO€ 3/IcCh MPABUJIO 0TOOpPa MO MOJHOMY MOMEHTY MMeeT OOIIMiA XapaKTep: OHO MPUMEHUMO KO BCEM
HMOHAM U aToMaM. 3J1eCh BaXXKHO TOJILKO OTCYTCTBHE BHEIIHETO MOJsl. BHYTpEeHHHUH MOMEHT CHCTEMBI M3 He-
CKOJIBKUX 3JICKTPOHOB YK€ MOXKET OKa3aThCsl PaBHBIM HYJIIIO, TOSTOMY MBI 0OCYJTUM BCE BO3MOXHBIC BapHaH-
ThBI.

1. j=0. B arom ciy4ae j, npuHUMAaeT €IUHCTBEHHO BO3MOXKHOE — HYJICBOE 3HAUYCHUE, U TIOJTHBINA HAOOP
npoekIii j ', copmanaert ¢ (6.3). CienoBarensHo, j =1 u
(6.4a) j =j+1

2. j="'.3amaua c coueranneM MOMEHTOB | 1 2 B IpyroM KOHTEKCTe yxe Obuta pemiena B pasaene (18.4).
Mgl MOKeM BOCHONIB30BaThesa Gopmyioit (18.4.5), 3ameHuB B Heil j Ha j  u [ Ha j. B pesynbrare momy-
qUM

(6.4b) JT=1/2,3/2.

3. j > 1. Ilo anamoruu ¢ pazgenom 18.4, Bce 3«(2j+1) 3HaueHUs map npoekuii O 1 j, 3anuIIeM B Ta0JIn-

Iy ¢ TpeMs CTpOKaMu U 2j+1 cronOuamu.

Tadmuna 19.6.1 Cayyaii j> 1

S-1 ] 5 [ g+t [G+2 ] . Jji-4]/j-3]j-2]j-1
- S+l | g+2 | 5+3 | ... | j=3]j-2]j-1 J
S+l | G+2 | G+3 | G+4 | | -2 -1 J Jj*1




[TepBas cTpoka oTBedaeT 3HaUCHUIO (J;, paBHOMY «—1» u3 (6.3), BTOpas — HyI0, TpeThs — «+1». KpacHbIM
BETOM ToMeueHbl 2j+3 = 2«(j+1)+1 mpoekuuu, oTBEYaIOIMe MOJTHOMY MOMEHTY j', paBHOMY j+1. 3enéHbii
psag — 2j+1 npoekuus MoMeHTa j, a u€pHblii — 2j—1 = 2(j—1)+1 mpoekius momenta j—1. Utak, j* MoxeT nipu-
HSATh TPU 3HAYCHHUS:

(6.4¢c) j =717 j+1.

Bce tpu dhopmysr (6.4a,b,c) MOXKHO 00BETUHUTH CIEAYIOMIMM 00pa3oM:
(6.5a) Aj=0,*1,

(6.5b) jt+j = 1.

[Tomydennsiii pe3ynpraT HarroMuHaeT (5.3), HO MEXIy HUMH €CTh U cepbE3Hoe paznuune. OpOUTaTbHBIA MO-
MEHT 00s3aH M3MEHHUTHCS, a IOJHBIM MOMEHT, €CIIM OH OTJIMYCH OT HYJIs, MOXKET COXPaHHMTh CBOE IIpEXHEe
3HaueHue. [IpotuBopeuns 3aeck HeT. [leno B TOM, 4TO CYIIECTBYIOT ellé IpaBuia oToopa no yvémuocmu. OHU
(bopMynUpyIOTCS OTACIBHO OT MPAaBUI 0TOOPa MO0 MOMEHTY, HO (opMyna (4.3) yuuThIBaeT UX aBTOMAaTHUECKH.

B >TOM IyHKTE MBI HEe pa3iudaiy ABa KaHaja JUMOILHOTO M3nmydeHwus. [etictBurensHo, poronsr E1 u
M1 uMerOT OJIHO U TO K€ 3HAYCHHE MOMEHTA, PaBHOE /i, CIIEIOBATEIbHO, UX CBOMCTBA 10 OTHOIICHHIO K Ipa-
BTy OTOOpa 10 MOMEHTY OJMHAKOBBL. HO pasnmuue MexIy HUMH, KOHEUHO, CyliecTByeT. OHO CBSI3aHO C J0-
MOJTHUTEIFHBIMU 3aIllpeTaMu U3Ty4YeHUs 1o kKaHaimy M1 u Oyner pacCMOTpEHO TO3/THEe.

KBagpynonbHoe usny4eHue

BHyTpennuit MoMeHT (hOTOHA, H3Ty4aeMOoro WM TIOTJI0IaeMoro 1o kanany E2, paBen 2/:

(6.6) O =2

HanpHelire paccyIeHNU BO MHOTOM aHAJIOTUYHBI CIIyYar0 JIATOJIBHOIO U3IYyUYECHHS U HOBBIM B HUX SIBJISETCA
TOJIEKO YHCIICHHOE 3HaYeHHne MoMeHTa ¢oToHa. [Ipoeknns MmomeHTa . Ternepb MOXKET MPUHUMATH IISTh 3HAYe-
HUM:

(6.7) 0,=-2,-1,0,+1, +2.

CnenoBaTenibHO, HAJ0 PACCMOTPETh JIBa BapuaHTa: j > 2 u j < 2. Jlyig mepBoro BapuaHTa CIpaBeinBa Tadauia
19.6.2

Tadmuma 19.6.2 Cayuaii j > 2

T2 50 5 | 5+1 615 1j-417-3 ]/
T TS =5 | j—4 | j-3 | j—2]j-1
TR T ETE a3 2 =1
S+l | 5+2 | 5+3 | 5+4 -3 1 Jj-2 —1 J Jt1
—+2 | 5j+3 | j+4 | 5+5 Jj=2 /-1 j ljt1]j+2

Omna cocTapieHa aHaJorudHo Tadmuie 19.6.1, HO UMeeT MATH CTPOK, 110 YUCITY TMPOCSKINI BHYTPEHHETO MOMEH-
Ta (poTOHA. XOPOLIO BUAHO, YTO IIATH LIBETHBIX PAJOB MPOCKIMH OTBEYAIOT IISITU BO3MOXHBIM 3HAUCHHUAM MO-
MeHTa j "

Kpachbrit Cunuii 3enéHblit OpaHKeBbIi UeEpHnlit
J=it2 J'=it1 J'=] J=i—1 J'=j=2

ScHo, uTO BMEcTO TipaBmiia (6.5a) MBI TIOJTy9aeM yCIOBUE

(6.8) Aj=0,+1, 2.

N3 deThIp€X BO3MOXKHBIX 3HAYCHHUN KBAHTOBOI'O YHCIA j, MEHBIINX NBOMKU: 0, Y2, 1, 3/2 mist nepBbIX TPEX pe-
3yJBTAThI OBLIN MOJYYEHBI B IPEAbIAyIIeM MyHKTe. [locTpouM TabmuIly mpoeKiuii sk mapbl MOMEHTOB (O = 2
u j =3/2. B neBoM cTONOLE MPHUBEICHBI BCE MPOCKIIMH MOMEHTa (DOTOHA, a B BEPXHEH CTPOKE — MPOCKIIHH J.
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Ta6auna 19.6.2 Cayuaii Q=2, j.=3/2

m; 32 12 -12 -3/2

Qz
2 +7/2 +5/2 +3/2 +1/2
1 +5/2 +3/2 +1/2 —1/2
0 +3/2 +1/2 1/2 -3/2
-1 +1/2 —1/2 3/2 —5/2
-2 —1/2 -3/2 =5/2 —7/2

O4eBHIHO, YTO 3/1€Ch j' MOXKET MPUHUMATh YEThIpe 3HAUCHHUS:
j'=1/2,3/2,5/2,7/2.

[locneanauii pe3ynbpTaT B COBOKYMHOCTH C (6.4a,b) MOXHO 0000IIHUTE CIEIYIOIIUM 00pa3oM:
(6.8b) j+j =2

dopmyel (6.8a,b) HCUepIBIBAIOT MpaBmiia 0TOOPA MO MOMEHTY IS KBaAPYTIOILHOTO M3TyUCHUSI.

[AByXKBaHTOBOE U3ry4YeHue

Paguanuonnsiit nepexon 2s — ls  sampemén mpasuiaamu otbopa (6.5b), (6.8b) mo BceM paccMOTpeH-
HBIM KaHaJIaM M3JIyUCHHA: AWUIIOJBHOTO M KBAAPYIIOJHLHOIO. ﬂCHO, YTO BKJIIOUCHHEC PYTruX KaHaJIOB, C eHIé
OONBIIUMH 3HAYCHUSIMH BHYTPEHHETO MOMEHTa (DOTOHA, TOJBKO yCHIUT 3arpet. [loaToMy 37ech HE MPOUCXO-
ot poxneHue Ly,—kBanra. TeM He MeHee, U3ITy4YeHHE U 371eCh UMeeT MECTO. TONBKO BMECTO OJTHOTO KBaHTAa,
aToM BOJIOPOJIa UCITyCKaeT Cpa3y JBa, CyMMa SHEPIUil KOTOPHIX COBIANAET ¢ 3Heprueil £, mepexozna co BTO-

pOro YpOBHSI Ha TEPBBIH, a CyMMa MPOEKIMH WX MOMEHTOB paBHa HyI0. Takoil mepexon Has3bIBaeTCs 08yx-
k6anmogvim. CHEKTp ABYXKBAHTOBOTO H3IIyUEHHS SIBIISICTCS HENPEPHIBHBIM B JHANa30HE YacTOT OT HYJS 1O

-1
E21 /h . COOTBCTCTByIOH.[aSI BCPOATHOCTH HCBCJIMKA U COCTABJISICT OKOJIO 8 cex , Ha 7-8 MOPAAKOB BCIMYUHBL

MEHBIIIE BEPOSITHOCTU Pa3peHIEHHBIX MEepexofoB. Tem He MeHee, IBYXKBAHTOBBLIC MEPEXOMBI UTPAIOT 3aMET-
HYIO pOJIb B TEIUIOBOM M3JIYYCHUU PA3PEKEHHOTO raza Mex3BE3THON Cpellbl: UX BKJIAJ B ONTUYECKOM JHara-
30HE CIIEKTpa cocTapisieT okoyo 30% .

19.7 [lNpaeuna omb6opa no 4émHocmu

[Tycts 00e BonHOBBIE PpyHKIMHK B (3.2) UMEIOT OAWHAKOBYIO YETHOCTh. VIHBIMU ciioBamHu, TUOO OHU Of-
HOBPEMEHHO MEHSIOT CBOM 3HAK NPH BO3ACHCTBUM HAa HUX OIEepaTopa MHBEPCUH ¥ — —T, JINOO 00€e COXPaHSIOT
cBo€ 3HaueHue. [lokakeMm, YTO B 3TOM Cllyyae MaTPUUYHBIN 3JE€MEHT JUIIOJILHOIO MOMEHTA paBeH Hyio. [lis
3TOTO BBIMOJIHUM 3aMeHY MEPEMEHHBIX

(7.1) p=-r.

UncneHHoe 3Ha4YeHHWE pe3yiIbTaTa HE 3aBHUCHT OT BBIOOpa MEpeMEHHBIX WHTerpupoBaHus. Ho mocie 3amMeHbl
(6.1) MaTpUYHBIN JIIEMEHT MEHSET 3HAK:

(72) 5, =[v,@ry,©dr ==y, (Ppv,(E)dp =,

b

YTO BO3MOXKHO TOJIBKO TPH Iy, = 0. [losicHuM 3Ty nenouky paBeHCTB. [Ipon3BeneHne BOMTHOBBIX (PyHKIMN HE
MEHSIET 3HaKa B CHJIy CAEIAaHHOTO IPEAIOIOXKEHU 00 UX oquHaKoBoi 4éTtHocTU. Kpome Toro, obiactu MHTEr-
PHPOBaHUS 110 I M 110 P OJWHAKOBBI, & TAKKE PAaBHBI DJIEMEHTBI HHTETPUPOBaHUs dr =dp = dx-dy-dz. Taxum 00-
pas3oM, B ciIydae JIEKTPUYECKOro AUMOIBHOTO M3IIyUCHHS 3alpelieHbl IePexXoabl MEX Iy COCTOSIHUAMH C OIU-
HAaKOBOM Y€THOCTBIO. DTO AAET IONOJHUTENBHOE IPABIIIO 0TOOPa, KOTOPOE MBI 3alIHUIIEM CUMBOJINYECKH:

(7.3) 4yéTHOE T HEe4YETHOe  UIA AMIOJIBHOTO M3IYUYEHHUS 3JIEKTPHUUECKOTO THIIA.

Tenepb CTaHOBHUTCS SICEH CMBICT 3alpeTa Ha W3MEHEHHUE OpOUTaIbHOTO KBAHTOBOTO 4rcia /: cornmacHo (12.7.6),
OH OTpakaeT IpaBuiIo oTOopa mo uétHocTu. Ilepexoapl ¢ Aj = 0 He 3ampelieHsl, TaK KaK IIOJHBIH MOMEHT HE
CBsI3aH HEIIOCPEACTBEHHO C YETHOCTBIO.
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B ciygae kananoB M1 u E2 Takxke ©MEIOT MeCTO TIpaBmiIa 0TOOpa MO YETHOCTH, HO OHH TIPSIMO MTPOTHUBO-
oytoxkHBI (6.3). [Ipuannaa OTAMYMS 3aKIII0YaeTCs B CIEMyIoneM. MarHUTHBIE MOMEHT m SIBJISICTCSl aKCHAIb-
HBIM BEKTOPOM, a HE MOJSPHBIM, KaK TUNONbHBIA MOMEHT d. [losTomy B oTiinuue ot d OH HE MEHSIET 3HaKa [PU
oTieparuy HHBEPCHU:

(7.4) m(-1) = m(r).

ManI/ILla KBapYyMOJbHOI'O MOMCHTA (22) COACPIKUT MapHBIC NPOU3BCACHUA KOOPANHAT, MIO3TOMY OHA TAKKC
HC MCHJICT 3HAKa:

(7.5) Qop(-1) = Qop(r).

N3 (7.4) u (7.5) BEITEKaeT IpaBMIIO 0TOOpA 0 YETHOCTH 1Tl KaHainoB E2 n M 1:
(7.6) y€THOE — YETHOE U HEYETHO — HEUYETHOE.

JleliCTBUTENBHO, 3/1€Ch MOKHO OYKBAJIBHO MOBTOPUTH BCE PACCYKICHHUS, KOTOpbIe HAac mpuBenu K (6.2). Tomnb-
KO Tenepb 3HaK «MUHYC» BO BTOPOM paBeHCTBE (7.2) MOSBUTCS, €CIIU NMPOU3BEACHNUE BOJHOBBIX (YHKLUH u3-
MeHum CBOW 3HAaK IPU OTeparii HHBEPCUH. VIHBIMH CIIOBaMH, MaTPUYHBIE 3IE€MEHTHI My, U Oy PABHBI HYITIO
B CJIyyae BOJIHOBBIX (DYHKIHH pa3Hou YETHOCTH.

19.8 Mynbmunnembsi amoma eodopoda

Mynomunniemom Ha3bIBACTCS COBOKYITHOCTD JIMHHMA, 0Opa30BaHHBIX MEPEXOJaMHU MEKAY KOMIOHCHTAMH
TOHKOH CTPYKTYPHI ypoBHEH nl v n’l’, TO ecTh pa3peméHHbIE TTIePEeX 0 Ibl

nlj —n'lj.
C yuéroM TOHKOH CTPYKTYpHI cepus JlaiimaHa pacuieruisieTcst Ha JBE JTUHUH:

Lsip — npin,  1sin — npsp.

E€ nyGnernas ctpykrypa mwurtoctpupyercs puc. 19.8.1. [IlyHKTHPOM YCIOBHO TOMEUEHBI TTOJIO0KEHUS

Puc 19.8.1. OyGnetHaA cTpykTypa cepwmy NaimaHa.

YPOBHEH B KyJIOHOBCKOM MpHOMMkeHHH. 1151 y1oOCTBa BOCIPHUSTHS 3HAUUTENBFHO YBETHUEH MacliTad TOHKON
CTPYKTYPBHIL.

OTMeTHM MHTEpPECHOE CBOHCTBO YPOBHSI 2Si,: C HETO HET IyTH BHU3 MO KaHATY JJIEKTPHUYECKOTO IH-
MOJIFHOTO M3JIydeHus. Takue ypoBHM Ha3bIBAIOTCS MemacmabuivHuimu. JlnuTenbHOe mpeObIBaHHE aToMa B
METacTa0MIBHBIX COCTOSTHUSX JIEaeT BO3MOXHBIM X OTHOCHTEIHHO OOJIBITYIO HACEIIEHHOCTb.

B ciydae 6anpMepoBCKON CepHy pa3perieHbl 7 MepexoIoB:

2512 — npip, 2pip — nsip, 2p1p — ndsp,
2psp — ndsp,
2810 — npsp, 2p3/2 — nsip, 2P3/2 — nds),.
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Cxema miepexo1oB uist tuHui Ho, mpuBoguTcs Ha puc.19.8.2. BemencTsue Toro, 9T0 YPOBHU 1S10 H NP1, NP3
U nds;, TIONapHO COBMANAIOT, KaXKas U3 JIMHUI cepun bambmepa COCTOUT U3 NMATH KOMIIOHEHT. KOMITOHEHTHI

5 ful o
52
—
n=3 |Ir2/ / 32
n=2 12

Puc. 19 £ 2 Cxema nepexonos, OTBETC BEHHED 33 NUHAK Hy

TaKUX Iap 0003HaYEHEI HA PUCYHKE OJMHAKOBBIM IBETOM — CUHUM HJIN 3€JICHBIM.

B obmiem ciyuae nepexo10B Ha HHYKHAN YPOBEHB C TIIABHBIM KBAHTOBBIM YHCIIOM /1 TIOJY4YaeTCs PaBHBIM
8.1 Nirans = 6n-5.

Wx 4ucno nerko cocyuTarh, BOCMOJIB30BABIIMCH cXeMOi Ha puc. 19.8.3.

ns ng nd
=0 1 2 I'=in-2 n-1 n
[
AR
e e
¢
1 — == n =32
=0 1 2
ns np nd — = En-52Z =——f==n+12
—=r=12 B o R

Puc.19.8.3 Mopexodu Meny ypoDiaMy ToHKoR cTpy kTyprd a'yf —= nlf.
Unciio KOMITOHEHT JIMHWH 7~ — 1, UMCIOIIUX pda3Hble JIIAHBI BONH Nijpe, MOXKHO IOACYHUTATH, OOBCITUHUB
YPOBHH C OJJMHAKOBBIMH 3HaueHusIMH j. [1o mpaBuiy orbopa (6.5a) Ha ypoBeHb j = 1/2 BO3MOKHBI JIBa MEPEX0-

Jla, @ Ha BCE OCTaJIbHBbIE — MO TPU. KBAaHTOBOE YMCIIO TOJHOTO MOMEHTA IMPU 33J]aHHOM 3HAYCHUHU 7 MOXKET
MIPUHUMATH /7 Pa3HbBIX 3HaUYeHUH, oT 1/2 mo n — 1/2. CnemoBaTenbHO, MNjipe PaBHO

(8.2) NMine= 2+3(n—1)=3n—1.

HarnsinHoe npencraBieHue o 4ucie KOMIIOHEHT MOXHO MOTY4YuTh U3 puc. 19.8.4.
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n=3/2 n=1/2 n+12
=112 302 52

: ™ X/
WV

v/
AL T

1 r J = fay= 1= 112
=112 3i2 512

Fuc.19.8.4 NMuH1M TOHKDH CTPYKTYPEI NYT —= rj.

3HaueHUSA Nirans ¥ Miine VIS TIEPBBIX ISITH CEPUIl aTOMa BOAOPOJA U BOJOPOIOIIOOOHBIX HOHOB, BEIYHCIICHHBIC
no ¢popmynam (8.1) u (8.2), mpuBenens: B Tabi. 19.8.1.

Ta6auua 18.8.1 Yucjio nepexoaoB M YMCI0 JUHUA TOHKOH CTPYKTYPbI

CepI/ISI n ]Vtrans ]Vline
Jlaiimana | 1 2 2
banpmepa | 2 7 5
ITamena 3 13
bpekera |4 | 19 11
Ilpyama | 5| 25 14

OO6e BenMUYMHBI B CHJIy MpaBUi OTOOpA MOJHOCTBIO ONPENENSIOTCS 3HAYEHHEM TJIaBHOTO KBaHTOBOI'O YMCIIA
HUKHETO cocTOosIHUA. [103TOMY OHU OIMHAKOBBI U1 BCEX WICHOB ONPEACIEHHON CEPUM.

B ycnmoBusix 3BE3MHBIX aTMOC(ep TN MEK3BE3THOTO ra3a OTAEIbHBIE KOMIIOHEHTHI TOHKOW CTPYKTYPHI
aToma BOAOPOJa, KaK MpaBuio, He BUAHBI. OHU TEPEKPHIBAIOTCS 3a CUET KOHEYHOH IUPUHBI JIUHUH, 00yCIOB-
JICHHOH JTN0O JOTUIEPOBCKUMH CMEIICHUAMH, TH00 3 dexTamu naBieHus. Ho pe3oHaHCHBIE mepexoabl BOJO-
POIIOTIOAOOHBIX MOHOB Kelle3a yKe UMEIOT JOCTATOYHO BBICOKYIO BEIMYHHY PACIISIUICHUS W OTACIbHBIE KOM-
MOHEHTHI TOHKOH CTPYKTYpPhI MOTYT HAaOIIFOAATHCS B CHIEKTPE COTHEUHON KOPOHBI.

19.9 B3aumodelicmeue 3/1IeKMpPOHOe C rosieM HyrneabIx konebaHuu

B xonme 40-x rT. pa3BUTHE BHICOKOYACTOTHON TEXHUKH ITO3BOJMIO (DHU3MKAM HCCICIOBATh CTPYKTYpPY
YpOBHEU aToma Bojgoposa ¢ n=2. B pe3ynbrare ObUIO 0OHAPYKEHO B3aWMOICHCTBHE aTOMHOTO DJICKTPOHA C
MOJIEM HYJIEBBIX KOJICOaHUH, O KOTOPOM IIjIa peub B TiaBe 11. DTo B3auMOJICHCTBHE MPOSBIISICTCS B HECKOJIb-
KHX acleKTax. 37eCh MBI M3JIOKUM Pe3yibTaThl OmnbITOB JIamOa—Pm3epdopaa mo pacrienieHnro cocTosHUM
aToMa BOJIOPOJa C OJHON U TOH e BETUYMHOH j, HO Pa3HBIMU 3HaueHUsMH /. [[puHIMnuansnoe 3HaYeHUE JUIs
pa3BUTHSI KBAHTOBOW AJICKTPOJIMHAMHUKH MMEIO OOHAPYXKEHHE TaK Ha3bIBAEMOTO0 aHOMAIIbHOTO MarHUTHOTO
MOMEHTAa JJIEKTPOHA — €T0 OTJIMYHUs OT MarHeToHa bopa. [lome HyneBbIX KoneOaHMid OMpeeNnseT TakKe CHITBI
Ban nep Baambca mpu B3amMOIEHCTBHH NBYX MOJEKYJ B S—COCTOSHUSAX. Takoke Oyaer paccMorped ddexT
Kasumupa.

OnbITbl J1am6a-Pusepcopaa

VY4t pensaTUBUCTCKUX 3(PPEKTOB — 3aBUCUMOCTH MacChl JIEKTPOHA OT CKOPOCTH U CIIMH—OPOUTAIBHOTO
B3aUMOJICHCTBUSI — TpuBenu Hac K (opmyne (18.8.3). [MompaBka K SHEPrHU YPOBHS C IJIaBHBIM KBaHTOBBIM
YHCIIOM /1 OTIPENeIIsIeTCs TOJIHBIM MOMEHTOM j M He 3aBUCHT OT BeanuuHbI / (puc.18.8.1). OcTaBmieecs: BEIPOXK-
JICHUE MO0 KBAaHTOBOMY YHCIY / CHUMaeTcs 3a CUéT B3aUMOJECHCTBHUS aTOMHOIO 3JIEKTPOHA C 3JIEKTPOMArHuT-
HBIM II0JIEM HYJIEBBIX KOoeOaHui, Mpupoa KOTOpbIX u3jioxkeHa B riase 11. Hynesble konebanus, unu korebda-
HUs 6aKYYMa, TIPUBOIAT K HOJNOKHUTEIEHOMY CMEIIEHHIO YPOBHS 2 sy, OTHOCHTENIBHO YPOBHS 2 °p. DTO cMelle-
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HUe ObTO 3aMedeHo emé B 1934 1., HO MmepBbIe TOYHBIE U3MEpEHUs ObUTH TpoBeeHb B 1947 1. JIamGoMm u Pu-
3eppopaOM pagHOCKOMIMUECKIM METOIOM.
Cxema onbiTa mpuBeAeHa Ha puc. 19.9.1. B BakyyMHOM cocy/ie HaxoIuiach Bosib()paMoBas neus 1,

LAlO)

Pwc.19.91. Cxema onera MNamGa-Pusepdhopaa.

CO3/1aK01Ias MMyYoK aTOMOB BOJOPOJA B OCHOBHOM COCTOSIHUH 125y, TTydoK, HATPETHIH MEUbIO 10 TEMIIEPATypPHhI
oko710 2-10°K ~ 0.2 5B, HampaBIIsuIcs Ha 3MEKTPOA 4, CIOCOOHbII IMUTHPOBATH YIEKTPOHbI, €CIIH €ro HoMbap-
JIUPYIOT YacTHUIIBI, HEPTHsl KOTOPBIX NPEBBILIAET padOTy BhIX0oAa. B skcnepuMenTe ucmosb3oBaiics o0paser ¢
paboToii BBIXOJIa HECKOJIBKO DIIEKTPOHBOJIBT, MO3TOMY KHHETHYECKasl SHEPTHs aTOMOB ObUIa HEIOCTATOYHOM
JUIsl BEIOMBAHMSI U3 HETO 3JeKTpoHOB. Ho mymika 2 ucmyckana 3JeKTPOHBI, JOCTaTOYHO 3HEPTHYHBIE IS BO3-
Oy>XIeHus1 aToMa BOJOPOAA Ha BBICOKHE YpOBHH. B manpHeiiiiem, mocie Kackazja CIIOHTAHHBIX IIEPEXOOB,
aTOMBI, GOJIbIIEi YaCTHI0, OKA3BIBAIINCH B OCHOBHOM COCTOSIHHH. Ho Ha MeTacTaGHIIEHOM ypoBHE 25|, HMeeT
MECTO HaKOIUIEHHE aTOMOB. DHeprus Bo30ykAeHHs BToporo ypoBHi — 10.2 3B — BmnonHe nocraTtoyHa amis
npeosoieHnsl paboThl BBIXOJa U3 BellecTBa 3JekTpona. Ha snextpon 4 monagaer my4oK BO30YKAEHHBIX aTo-
MOB U BBIOMBAET U3 HETO AJIEKTPOHBI, TEHEPUPYSI B LETH IEKTPUIECKUI TOK.

BCJII/I‘-II/IHy 3HepFeTI/I[IeCKOI>'I eI MEXIOy OJIN3KAMU YPOBHAMMU IMO3BOJISACT UBMCPUTH HCTOYHUK BLICOKO-
YaCTOTHOTO M3iydeHus 3. HampumMep, eciim ero 4acTora paBHa 4acTOTe Mepexoma 2°s,, — 2°ps,, TO aTOMBI BO-
JI0PO/Ia T10J] BO3/ICHCTBHEM M3TyUCHHS MEPEXO/IAT C METACTAOHIBHOTO COCTOSHUS Ha yPOBEHb 2”3/, ¢ KOTOPO-
O y’Ke BO3MOJKEH Pa3pelISHHBIN PagHallHOHHBINA MEPEXo B OCHOBHOE COCTOsHHE. Pacmax coctosHus 2°ps,
TIPOMCXOUT MPUMEpHO 3a 107’ ¢, YTO 3HAYMTENHHO MEHBIIIE BPEMEHH MPONETa OT Medr 10 MuieHd. UTak, B
cllydae pe3oHaHca MPOU30IIeT IeTovKa Mepexo10B

22Sl/z - 22173/2 - 12Sl/z-

Ha QJICKTPO NOMaayT aTOMBI TOJIBKO B OCHOBHOM COCTOAHUH, UX SHEPruAd BECbMa Majia, 1 TOKa HE GYILCT.

YacToTa H3ITy4eHHs, COOTBETCTBYIOIIAs epexoy 2°s,, — 2°psy , neskut B auamasone 10° MI'm, u coot-
BETCTBYIOIIIEE TIPEKpalieHne Toka Obuto 06HapykeHo. Ho B ompitax JIamba m Puzepdopma Tok mcuesan emre
npu ogHON yactote BU-mcrounuka, paBHoii (1062+5) Mru. D910 03Ha4aeT, 4TO CYIIECTBYET pa3HHIIA SHEPTUil
MEXIly YPOBHSIMU 251, U 2P|, U BO3MOXKHA JPyTas [ENOYKa IEPEX0J0B B OCHOBHOE COCTOSIHUE!

2810 = 2p1p — 1sip.

Takum oOpa3oM, PHEPTHUA YPOBHS C 7 =2 U j = !5 3aBUCUT OT BEIMYUHBI OPOUTAIHHOTO KBAHTOBOT'O YHCIA /.
CxeMaTH4ecKu 3To n300pakeHo Ha puc.19.9.2.

2Py,

___T___ - jzph‘l

Puc.19.9.2 . NamBosckMi caeuMr
ypoeHs 2’5, . atoma sogopoaa
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3enéHas cTpeNka cripaBa Ha PUCYHKe 0003HAavYaeT y)ke U3BECTHOE HaM paclieIUICHUe YPOBHEH ¢ pa3HbIMH 3Ha-
YCHHUAMU j, OHO OIIpEACIACTCA CHI/IH—Op6I/IT3JII)HBIM B3aHMOZ[eﬁCTBPIeM 1 3aBUCUMOCTBIO MACCBhI 3JICKTpOHA OT
CKOpPOCTHU. JIByMsi KpacHBIMU CTPEIIKAMH OTMEUYEHA Pa3HOCTh SHEPTHUH § U p COCTOSIHUU TIPU OJTHOM M TOM XKe
3HaveHny j. OHa TOTyYniIa Ha3BaHUE JTIMOOBCKOTO CIIBUTA.

JTamboBCcKkuu caosur

B ocHoBe Teopuu 13MO0BCKOrO CABUIa JISKUT HOHATHE (PU3NIECKOTO BaKyyMa — HU3LIETO SHEPreTHYe-
CKOT'O COCTOSIHUSI KBAHTOBAHHBIX IOJICH, XapaKTepU3YIOLIETOCsi OTCYTCTBHEM KaKUX—IHOO peabHBIX YaCTHII.
YacTuusl kKak Obl TPeOBIBAIOT B BUPTYaIbHOM cocTosHUM. HyneBble koje0anus BakyyMa IpOSBIISIFOTCS TOIBKO
IIPY B3aMMOJECHCTBUM C peaJbHBIMM YacTUlaMH. Hampumep, CIIOHTaHHOE M3JIyYCHHE MOXHO HMHTEPIPETUPO-
BaTh Kak MpeBpalleHue BUPTYaIbHOrO OTOHA B PeaNbHBIA KBAHT CBETa MPHU MEPEXoie BO30YKIEHHOTO aToMa
B OCHOBHOE cOcTOsiHME. V1 Hao0OpOT, MOTJIOUICHNE U3TYYCHUSI 03HAYaeT nepexos GOTOHA B BHPTyalbHOE CO-
crosiHue. CyIecTBYyeT TakKe IEKTPOH—IIO3UTPOHHBIM BaKyyM, OTKYyJa BO3HHMKAIOT peajbHblC YACTHLBI IpU
POXIEHUH 3JICKTPOH—TIO3UTPOHHBIX 1map. OOpaTHBII Mpolecc — aHHUTHILSIMS DIIEKTPOHA U TIO3UTPOHA COOT-
BETCTBYET HMX IEPEeXojay B BHPTyallbHOE cocTosHHe. TeopeTnyeckoe 00OCHOBaHHE JIMOOBCKOTO CIBHra B
1949 r. nan bére. MBI ocTaHOBUMCS Ha YIPOMIEHHOM paccMOTpeHHH 3¢ (eKTa, OrpaHHYUBIINCH BKIAJIOM HY-
JIEBBIX KOJICOAHUI AJIEKTPOMAarHUTHOT'O IOJIS.

DNEeKTPOMArHUTHOMY BaKyyMy COOTBETCTBYET HyJeBas dHeprus ocimuuisitopoB (11.1.10). Hamomuaum
BBIBEJICHHYIO B OIMHHAAUATON r1ase ¢popmyiny (11.1.9) mis sHepriun rapMOHHMYECKOT0 OCHMIUIATOPA PaBHA

E, = ho(nt's).

B ocHOBHOM cocTosiHuM npu # = (0 UMEIOT MECTO BaKyyMHBIE, WIH HyJieBble KonebOaHus. OHU NpUBEIEHBI Ha
puc.11.2.1.

Kosieb6anust 31eKTpOMarHuTHOIO BaKyyMa MMEIOT XaOTHYECKHH XapakTep, MO3TOMY CPEIHAS HAPSKEH-
HOCTb UX 3JIEKTPHYECKOTO MO paBHa Hyr0. Ho cpenHuit KBajpaT aMITUTY bl HAPSKEHHOCTH IOJIS OTIHYEH
OT HYJIS1 U IMEHHO C 3TUM OOCTOSTEILCTBOM CBsI3aH J3MOOBCKUi cBur. Ha puc. 19.9.3 nzo0paskeHsI 31eKTpOH
€ U saapo Ze/. 3nech r 0003HAYAET PAINyC—BEKTOP AIEKTpOoHA 0e3 yuéTa ero NBIKCHHUS IOJ BIUSHUEM HyJIe-
BBIX KoJieOannii. KoneOaHnus BakyyMma BBI3BIBAIOT «JPOKaHHS» JIEKTPOHA, KOTOpPhIC

O g

r ol
Ze \%
Prc. 16,6 3. "MpoxadmKe” aTomHoro 3neKTposHa

OIIUCBIBAKOTCA BCKTOpOM é 3TI/I JOIIOJTHUTCJIIBHBIC HGpCMeI_LIGHI/IH 3HAYUTCIIBHO MCHBIIIC paCCTOSIHI/IH o slz[pa:
9.1) E<r

Tak kak 2JIEKTPOH HAXOIMTCS B TOJIE SIJIPa, TO €ro JOTOJHUTEIbHBIC MIePEMEIICHIS BHI3bIBAIOT N3MEHECHUS KY-
JIOHOBCKOTO TOTeHIHaa ¢. B cuiy (9.1) u3aMeHeHne NOoTeHIUAala OTHOCUTEIHFHO HEBEJIUKO, U MBI MOXKEM TIPH-
MEHUTh pa3yiokeHue B psan Teinopa mo manomy napamerpy & Beenaém o0o3HaueHUS xi, Xy, X3 Ui KOOPIAUHAT
Xyz pamnyCc—BEeKTOpa r. AHAJIOTHIHBEIM 00pa3oM 0003HAYMM KOMIIOHEHTHI &, &, &; cMmemenus &. Torma

9.2) Q(r+&) — e® = &; 0p/0x; + 25, O*@/Ox; Ox;j + ...

31ech O MOBTOPSIOLIMMCS MHIEKCAM BBIIONHAETCS CyMMHPOBaHHE. YCpPEOHUM HM3MEHEHHE IOTEHIMajia IO
YIVIOBBIM IIEPEMEHHBIM, YUUTHIBAs XaOTUYHBIM XapaKTep «IPOXKaHUS» JIEKTPOHA. Xa0TUYHOCTh 03HAYAET, YTO
B CPEAHEM JJIEKTPOH HE MEHSAET CBOETO MOJIOKECHUS

(9.3a) <>=0,

CMCIICHUSA ITIO PA3HBIM HallPpaBJICHUAM CTAaTUCTUYCCKU HE3aBUCUMEI,
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(9.3b) <ErEp=<E> <> =0

U UX CpeHME 3HAUEHHs OJUHAKOBBL:

(9.3¢) <§§> = <§§> = <§§>_

Tpu dpopmyis (9.3a,b,c) IMEIOT KOMIIAKTHYIO POPMY 3aITUCH:
(9-4) <Erg> = 15<E">5y,

rue

<> =<ti>+ <g§> +<E2.

C omompro (9.2) u (9.4) momyanm:

(95)  <or+&-o(r)>= <& > ’e

2
2123 OX;

Cymma B mipaBo#t wacti (9.5) siBisiercs oneparopom Jlammaca. [loaromy ¢ momomisio ypaBHerus [lyaccona

(9.6) A =—-4mp

e€ MOXKHO BBIPA3UTh Yepe3 IIOTHOCTE P 3apsIOB, CO3/IAIOIINX MMOJIE C MOTCHIIHAIOM (. B JaHHOM Cilyyae moJie
coznaérest aapom. [1oaToMy Bech 3apsiji, ONpPEACISIFOIIUN AIIEKTPOCTATHISCKHN TTOTEHIHAN, COCPEIOTOYCH B
Havase KOOpHHAT:

9.7) p = Zed(r).

DHeprus >IeKTPOHA B MOJIE C IIOTEHIINAJIOM () PaBHA
(9.8) U=—eq.

[Moncrasum (9.7) u (9.6) B (9.5) u ¢ momomkto (9.8) MoMydrM BEIpaKEHHE IS CPETHETO0 3HAYCHUST N3MEHEHUS
SHEPTUH 3JIEKTPOHA:

(9.9) A<U>=<U(r+&)-U(r)>= 2?75 <& >8(r)Ze’.

Benuunny <€*> HaliIéM U3 ypaBHEHUS IBUKCHHS JIEKTPOHA B MOJIE HYJIEBBIX KOICOaHHil.

(9.10) me% =ef.

3nech € — HanpsHKEHHOCTh DIIEKTPUYECKOTO TOJI AJIEKTPOMAarHUTHOTO BakyyMma. [lepemnuiieM mocienHee

ypaBHeHue 17151 Dypbe—KOMIIOHEHT CMEIIEHUS U TTOJIA:

% — Z (gokefiw,{t , E= nge’iwkt’
(9.11) O O

I7ie ®; — YacToThl Moj Konebanuil. [{ng @ypre—kommnoHeHT ypaBHeHue (9.10) mpeBparaercs B anredbpaude-
CKO€ C IIPOCTHIM pEIICHHEM:
2
kz_ikw <&i>:%<gkz>-
(9.12) Mm@y m,
Teneps Haliném Dypbe—KOMIOHEHTHI oISl BOJHBL locpeacTBoM ANy 0003HaUMM YHCIO KOJIeOaHUH B y3KOM
WHTEpBaJie BOJIHOBBIX YHCEN OT k 10 k + Ak. OHo coBmagaet ¢ uucioM Kosnebanuit AN, B HHTEpBajie 4acToT OT
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® 70 ® + A®, €ClIM 4acTOTa M BOJIHOBOE YUCIIO CBS3aHbI N3BECTHBIM JTUCIIEPCUOHHBIM ypaBHEHUEM ® = kc. To-
rma u3 (2.2.8) cnenyer

2
AN, =AN, = _oo, KAk,

2.3 2
T C T

BHyTpI/I JHarra3oHa BOJIHOBBIX YHUCECII Ak COCpEAOTOUCHA DHEPI'UA Koye0aHui I10J14, paBHasA
(9.13) Ek = Vzhmk'ANk

C apyroil cTopoHBI, 3Ta ke 3Heprus omnpenenstercs Oypbe—KOMIOHEHTON HANpsHKEHHOCTH TOJIS:
<& >
E =—+=V.
(9.14) 4n
[IpupasusB apyr apyry nesble gacth (9.13) u (9.14), momyqnm:

<€ > =2 o KAk,
T

(9.16)
OTKyaa, COrJIaCHO (9 12), CJICAYCT BBIPAXKCHUEC [JIs1 CPCAHCTO 3HAUCHHUA KBaJipaTa CMCIICHUA:
e’n 2 &h Ao
<& >=——kANe==———%.
(9.17) m O)k Tm,c W,

[Ipocymmupyem (9.17) mo Mogam KoeOaHwMiA:

2 ¢h 5 Aoy

<& >= Z< gi>=

nmic’ o o,
3aMeHI/IM CYMMHPOBAHUEC UHTCTPUPOBAHUEM U BBIYHCIINM OHpeHeHéHHBIﬁ HUHTCIrpal ¢ HWYKHUM IIPEACIIOM 0 U
BCPXHUM (07!

(O]
. 2¢eh tdo 2 &h . (o,
<ge=z SR A0 2 N[O )
nmc’ s o om0

(9.18)
HOHy‘{CHHLII‘/'I HUHTCrpall UMECT JIOI‘apI/I(I)MI/I‘lCCKyIO pacxoauMOCTb Ha HU)KHEM U BCPXHEM IIpeAcaax. Hwxani
mpeacia o BLI66p6M 13 YyCJIOBUSA PE30HAHCA 3JICKTPOHA U BOJIHBI:

9.19a ho, =2-7* Ry.
( y

JeiicTBUTENbHO, paccMaTprBaeMasi MOJENb IPEAIoJiaraeT, YTOo MOXHO NpeHeOpeub CKOpPOCTHIO JBHIKEHUS
3JIEKTPOHA B KYJIOHOBCKOM IIOJIE Sipa 1O CPABHEHHUIO CO CKOPOCTBIO €ro «BUOpanun» B MoJie HyJEBBIX Koneba-
HHUHM. DTO NPEAIoIoKEHNE HE BBIOIHIETCS I KOJIeOaHHi, 9acTOTa KOTOPHIX MEHBIIE YaCTOThl 0OpalieHus
3NIEKTPOHA 110 0pouTe ~ Z* Ry//i. BEIGOp MHOKHTENS «2» B paBoii yactu (9.19) o6cynuM Hinke.

Bubpartiyst peITHBUCTCKOTO 3JIEKTPOHA 3HAYMTENBHO OC/IAbjeHa BCIEACTBUE 3HAUUTEILHOTO yBEIHUe-
HHS €10 Macchl. [103TOMy BEPXHIOIO FPAHUILY YaCTOTHI (0 MOKHO BBIPA3HTh YePE3 SHEPTHIO MOKOS DJICKTPOHA:
2 2
(9.19b) hw, =mec”=Ry/a”.

[Moncrasus (9.19ab) B (9.18), momyumnm:

<> _2 e In[ —— |=26’q In[ ——
(9.20) r mc \o’Z’) = o’z

B pesynprare BeIOOpa MHOXHTENS «2» B hopmyde (9.19a) apryment morapudma B (9.20) coBman ¢ pe3yibTa-
TOM TOYHOTO pacyéra, BHIMOJIHEHHOro bEéTe mo perentamM KBaHTOBOH 37EeKTPOAMHAMUKHA. OTMETHM, YTO OLIHO-
Ka B JIBa—TPH pas3a IpHU BBIYUCICHUU OTHOIICHUS y/(®; HE MEHSET CYLIECTBEHHO BeNUYMHBI Jorapudpma. Ko-
HEYHO, 3TO CIIPABENIMBO TOJBKO A0 TEX MOp, MOKAa 3TO OTHOLIEHHWE NOCTATOYHO Benuko. Hampumep, B cirydae
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atoma Bozopoza (Z=1) oxo mpesocxomut 10*. [TosTOMY yBeInUYeHHE apryMeHTa B [Ba pa3a IPHBOIHT K H3Me-
HeHuo Jorapudma Bcero Ha 6%.

2 1

“nl
N o/ 2 % .
C TOYHOCTBIO 1O MHOXUTECJIA YHUCJICHHOC 3HAUYCHUC <§ > — pa3Mepa O6ﬂaCTI/I, 3aHATONU
«IPOKAIIMMY» JIEKTPOHOM, ECTh CPEJHEE T€OMETPUUECKOE KIIACCHYECKOTO PaJnyca 3JIeKTPOHA H €ro KOMIITO-
HOBCKOﬁ JJIMHBI BOJIHBI:

(9.21) V< &>~ rke

Tereps MbI MOYKEM PACHIMPHUTH TPOMOPIIHIO (2.5), CBS3BIBAOIIYIO APYT C IPYTOM XapaKTEPHbIE MACIITA0BI 7,
Xc, Ao, ., TOIIOJIHUB €€ HOBBIM 3BEHOM:

(9.22) re:<2f;2>1/2:)i(;: ag:h ~ ot o lal

[Monxcrasus (9.20) B (9.9), mony4ynm monpaBKy K MOTEHIMAIHHON SHEPTUH IIEKTPOHA!

2

4 1
(9.23) A<U>= §a3a§Ze28(r) In (az—Zj

L o
[TompaBka sHEpreTryecKoro ypoBHs AEy momyyaercs myTéM ycpeaneHus (9.16) mo cocTosSHUAM 3JIEKTPOHA.

4 1
(924)  AEL =< AU, >= jAU v, (r)|2dr = §a3a§Ze2 In (ﬁj : j [, (r)|28(r)dr.

Bcniomunas cBoicTBO 0—(pyHKIUU:

[ £@)d@w)dr = £(0),

rmociie HHTerpupoBanus (9.24) nmomydum:

4 2 2
(9.25) AEnL,:§ofa§Ze2 1n(22—a2j-|\pnl(0)| :

CornacHo pazzneny 16.6, BomHOBas (pyHKIHA 3JEKTPOHA, HAXOAIIETOCsA B KyJIOHOBCKOM IT0JIe, B Havyajie Koop-
JIMHAT OTIMYHA OT HYJIS TOJIBKO Js s-cocTostHui. U3 (12.6.7), (16.6.21) u (16.6.32) cnenyet

Wno(0) = [Yoo(0,9)*|Roo(0)* = (1/4n)-(4Z°In’ag) = Z*/(mn’ ap).

B paccmarpuBaeMoM npHOIMKEHUU COBUTH YPOBHEH ¢ />>1 paBHBI Hym0. OKOHYATENBHO OIYyYUM:

8 o’Z* 1
— In Ry.
3n (Zzoczj Y

(9.26)  AEL =

HpI/IBGHéM AJIs1 CIIPAaBKU Ooltee TOUHOE BBIPAXXCHUEC, KOTOPOC MMOJIyHacTCAd B KBaHTOBOH QJICKTPOAUHAMMUKE!

8 o’Z* 1 19
AE,, = —— Ry{ln(—z 2)+——Bn}.

Koaddumnuents! B, npuBeeHbl B Ta0IHIIE.
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n 1 2 3 4 )
B, 2.984 2.812 2.768 2.750 2.721

COBpCMeHHHﬁ YPOBCHb Pa3BUTHUA KBaHTOBOU QJICKTPOAUHAMUKHU IMMO3BOJIACT C 60JIBIHOI>1 TOYHOCTBIO pac-
CUHNTATh CABUTU ypOBHeﬁ. TaK, TCOPCTUYCCKOC 3HAUCHUEC YaCTOThI IEpeXoaa 22S1/2 — 22p1/2

AVieop. = 1057.87(2) MI'n
JIMIIb B IIECTOM 3HAKC OTINYACTCA OT pE3yJibTaTa USMCPCHUA:

AVsgen.. = 1057.86(2) MI'm.
JI>MO0BCKUil cABUT, KaKk U BCE PENIATUBUCTCKHUE IOIPABKH, 3HAUMTEIBHO YBEIMUUBAIOTCSA Y BBICOKO3aPAIHBIX
noHOB. [Ipnuém 31ecy HabmomaeTcs cBoeoOpas3Hasi KOHKYPEHINSI HECKOJIBbKUX Ipolueccos. Jl1s Bogopoaomno-
N0OHBIX MOHOB HeoHa (Z=10) u nuHka (Z=30) oHa 1eMOHCTpHpYETCs B cieAyloiiei Tadnuie. B nepBoii ctpoke
npuBen€H 3apsaa sapa (Z=1 mis atoma BOJOpOJa), BO BTOPO — BENWYMHA TOHKOW cTPYKTYpHI (18.8.3) mms
2p—BNeKTpoHa, B TPEThe — JIOMOOBCKHH CABHUI COCTOSHHSA 28y, OTHOCHUTEIBHO 2p1,. DHEPrusl paclleriCHHs
nu3MepeHa B JICKTPOHBOJIBTAX.

Z 1 (Bomopon) 2 (Heon) 30 (Iluak)
AEQ2’pys - 2°py) 456107 0.456 36.9
AE(2*sy, —2%py,) 4.38-10° 0.0202 0.962
OTHoOIICHUE ~ 10 ~20 ~40

Uucna B 4eTBEPTON CTPOKE PaBHBI OTHOIICHUIO BETUYUHBI TOHKOH CTPYKTYpHI U JISMOOBCKOTO CIABUTA JUIS Ka-
KJIOTO MOHA MM aToMa. BeipaskeHue aist 13MO0BCKOr0 CABUIa CONEPKUT KyOUUECKyI0 3aBUCUMOCTD OT O, & He
KBaJpaTU4YHYI0, KaK TOHKas cTpyKTypa. OgHAKO, 3a CUET JIOTapH(PMHUECKOT0 MHOXKHUTENS Pa3HHUIIA B SHEPTUAX
pacLIenIeHuUs MOJIyYHIach BCEro OAMH MOPSIOK BEIMYMHEL, a HE 1Ba, KAK MOYKHO OBIJIO OKHIATb.

AHOManNbHbLIN MarHUTHbLIN MOMEHT 3JIeKTPOHA

O dexTl, CBSI3aHHBIC C MMOJIEM BUPTYAIBHBIX YaCTHII U, B YACTHOCTH, C HYJIEBEIMU KOJICOAHHMSIMHU, TIPOSIB-
JIAIOTCS B aHOMAJIBHOM MarHUTHOM MOMEHTE JIEKTPOHA.

B 1947 r. Pabu nyTéM pagroCIeKTPOCKOITMYECKUX HCCIEIOBAaHUA yCTaHOBHI, YTO COOCTBEHHBIN Mar-
HUTHBI MOMEHT JIEKTPOHA OTJIMYAETCS OT MarHeToHa bopa. IlonpaBky k MAarHUTHOMY MOMEHTY BIIEPBBIE TI0-
syunn HIBuHrEp:

V4ET usieHOB CJICAYIOIICTO MOopsAAKa MaJIOCTH IO MapaMeTpy A ,E[aéT boJiee TOUHOE BBIpAXXCHUEC!

2

wo=p | 1+ —1.31) == | +...|~1.001161-p,.
2n 21

XoTsd 3Ta nomnpaBkKa COCTABJIACT BCETO 0.1%, TEM HEC MCHEC, OHA Ha6ﬂIOZ[aJ'IaCB B 3€EMAaHOBCKHUX CIICKTpax aTo-
MOB HAaTpus U raJijivs.

Cunbl BaH gep Banbca

B kiaccuueckoil MEXaHHMKE OTCYTCTBYET B3aMMOJEWCTBUE MEXAY OCLHUIUIATOPAMH MPU OTCYTCTBUM KO-
nebaHuii. B 1elicTBUTENEHOCTH 1B MOJIEKYIBI MOTYT B3aUMOJICHCTBOBAThH APYT C APYTrOM, JMake HAXOIsICh B
HEBO30YXIEHHOM COCTOSHHH. JTO B3aMMOJEHCTBHE OCYIIECTBISETCS IOCPEICTBOM HYJEBBIX KoJeOaHWH U
SIBJISIETCA OCHOBAHMEM JIsl aHainu3a cuil Ban nep Baanbca B KBaHTOBOU TeOpHUU.
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Ad ekt Kasumupa
ITomecTnMm B pe3CpByap Ha ABC METANIMYCCKUEC IJIACTHHBI IUIOIIAAbIO S Kaxaass U OTKadyaceM H3 HETro
v
BO31yX. PaccTosiHue d Mexay IIacTHHAMK OyaeM cYuTaTh HeOombmuM: d < S, B BakyyMe IUIaCTHHBI IPUTSI-

TMBAIOTCS APYT K APYTY C CHJIOW, MPONOPUHOHATBHON OTHOLICHUIO
F~S/d.

OO0®BsicHeHMe 3TOro P eKTa COCTOUT B TOM, UTO B MPOCTPAHCTBE MEKAY IUIACTUHAMU, KaK B BOJHOBOJC WU
pe30HaTOpe, pealn3yoTcs He BCe MOJBI KojeOaHuil 3nexkTpoMarHUTHOro Bakyyma. CormacHo (9.13), mmot-
HOCTb DHEPTHH KoJiebaHuH, a, CIeIoBaTeNbHO, U JaBIEHUE MEXY IJIACTHHAMHU MEHbIIE, YeM CHapyKH, U TuIa-
CTHHBI IPUTITUBAIOTCA. DTOT HEOOJBIIION 10 BenuyuHe 3G (GeKT HabI0AaIICsT IKCIIEPUMEHTAIBHO.

Teoperndyecku BO3MOXKEH oOpamubvil 3¢gexm Kazumupa: Npu BBIHYKICHHOM KOJICOAHMU TLIACTHH
JOJDKHO TIOSIBUTHCS M3JIyYeHHE Ha dacToTe Konmebanmid. Ho Tak Kak MeXaHWYecKHM MYyTEM ITOKa He yma&rcs
BBICOKHMX YacTOT, XapaKTEePHBIX Ul U3Iy4eHHUS B paJuoJHara3oHe, TO TaKOH 3KCIIEPUMEHT el He ObLT Mpo-
BEJCEH.

19.10 U3zny4yeHue HelimpasibHO20 8000pP00a Ha OJIUHE 80JIHbI A = 21 cMm

Bepuémcs k Bonpocy 0 CBEpXTOHKOM CTpyKType aTroMma Bojopona. PaHee oH ObLI paccMOTpeH B paszene
18.9 mpenpinymeit rnael. HamoMHUM, 4TO B3aMMOJEHCTBHE MOJHOIO MOMEHTA 3JIEKTPOHA j U BHYTPEHHETO
MoMeHTa siipa I PHBOIMT K PaCIIeNICHHIO OCHOBHOTO COCTOSIHHS aTOMa BOJ0poaa 1°S,, Ha B TOIypOBHSL.
KBaHTOBOE 4MCII0 MMOJIHOIO MOMEHTA [ BEPXHEr0 COCTOSIHUS PaBHO €AMHUILIE, 3 HIPKHETO — HYJIIO:

F=1, F'=0.

Beraucimm BeposITHOCTD CIIOHTAHHOTO MEPEX0/1a MEXTy KOMIIOHCHTAaMU CBEPXTOHKOH CTPYKTYpBI. DTOT Tepe-
XOJ BO3MOKEH TOJILKO M0 KaHATy MAarHUTHOTO JHIIOJBHOTO M3Ny4YeHus. [IeHCTBUTENBHO, DIIEKTPUICCKUH [TU-
MOJIBHBIA Mepexo/l 3ampeméH mpaBuwioM oToopa mo 4étHocTH (5.3), a KBaIpyHONbHBIH — HpPaBUIIOM O0TOOpa
mo MoMmeHTy (6.8b). [lomenus MomHOCTE M3MydeHus (2.3) Ha PHEPTHIO KBaHTA, MOXYYHM (HOPMYITy IS BEPO-
ATHOCTH IIepexoa

4@, o 4QCn)
10.1 A, =—— =—
( ) MI |ll| e

|2_4 1
3 hc’

S

2

n i

MarHuTHBIE MOMEHT 3JIEKTPOHA B aTOME IO MOPSJIKY BEIMYMHBI OJM30K K MarHeToHy bopa . st onenku
YHCIEHHOTO 3HaueHus Ay noactasum B (10.1) py BMecTo |p|. B pesyabrate momydmnm:

Ay en =310 ¢,

Harra rpy0ast orieHka oka3anach BechbMa OJIM3KOUM K TOUHOMY 3HAYCHHUIO BEPOSTHOCTH Tepexoia
_ -15 -1

Ay o =2.85107 ¢,

OTa BenMYMHA Maja HE TONBKO IS 3eMHBIX JabopaTopuii, HO W JJs KOCMHYecKnX macmraboB. Hampumep,
BpeMs JKU3HU Ha BO30YKIEHHOM ypoBHE F'=1 cocraBiser

1~ 1/A =10 ner,

YTO BCETO B JIECATh pa3 MEHbIIE BpeMeHH oOparieHus Hameil ['anakTuku BOKpyr neHTpa. Ho 6omnbmas gyBeT-
BUTEIBHOCTH PaMOTEIIECKOIIOB MO3BOJISIET 3apETUCTPUPOBATh a)e TaKkoe, Ha MEepBbIil B3I, ciaboe u3myye-
HHE.
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