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BBEJIEHUE
B cootBercTBUM ¢ paboueil mporpaMMoi B TEUEHHE CEMECTpa CTYIEHT JOJKEH BBIOJIHUTH JIBA TECTO-
BBIX 3aJlaHMs, BKIIOYAIOIIHE KaK 3aJ1a4H, TaK U BOIPOCHI. KOHTPOIUPYIOLIHUE CTEIIEHb YCBOCHHUS TEOPETHUECKO-

ro Marepuasia.

VYueOHbIit MaTepuan kypca “Teoperndeckas pu3uka” HE MOKET OBITH KOPPEKTHO pa3/iesieH Ha JICKIIUU U
MPAKTUYECKHE 3aHATHSI, TOTOMY YTO BBITIOJTHEHHE MPAKTUYECKUX 3aJIaHUH 10 ITOMY KypCy TpeOyeT He TOJIbKO

WCIIOJIB30BaHMsI JICKITMOHHOTO MaTepuraia, Ho U 0oJiee MOAPOOHBIX U YIITYOJICHHBIX BRIYMCICHUH, TPOI0JI-

KAIOLMX U PACIIUPSIONIMX PACUETHI, IPUBEICHHbBIE Ha JIEKIUAX. [[03TOMY B TaHHBIX METOIUYECKUX YKa3aHUSAX
UCIOJIb30BaHa HyMepalus GopMyJ, MpUBeIEeHHAs B KOHCIIEKTe JieKuuid. [IpakTuueckue 3ajaHusi BO MHOTOM
SIBJISIFOTCS MPOIOHKEHUEM U Pa3bsICHEHUEM TEOPETUUECKUX CBEICHHM.
CopepxaHue Bcex 3aHATUHN MPUBEIEHO B CENYIOIIeH Tabynlie U COOTBETCTBYET MOJHOMY IEPEUHIO TEM
BCEX 3aHSTHUH, U JICKIIMOHHBIX, ¥ MPAKTHYECKUX, KOTOPOE MOXKHO HAUTH B KOHCIIEKTE JICKLIHUH 1O JUCITUIIIMHE

“Teopernueckas ¢usuka’. [Ipenmaraemspiii yaeOHBIM MaTepUall TaHHOTO Kypca yUUThIBAET crienuuky Ha-

npasnerus oOyuenust 01.04.03u opueHTHpPOBaH Ha U3yYEHHE OCHOB KBAHTOBOM TEOPUHU HE TOJIBKO MUKpOYAC-
THII, HO ¥ KOHJCHCUPOBAHHBIX CPEI.

Ne 3ausatus
10 YY.IUIaHY
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IIpakTuyeckoe 3ansaTue Ne 2. BosiHoBasi pyHKuusi cB060AHOM MuKpouacTuibl. HempumeHumocTs
HCMO0JIb30BAHNS BOJTHOBBIX NAKEeTOB. BbIBO BhIpakeHUil 1JIs1 KBAHTOBOMEXAHHUYECKHUX 0NepaTopoB ¢u-
3UYeCKOil BeJIMYUHbI B KOOPAUHATHOM MpeAcTaBJIeHUN BbIBox ypaBHeHUI KBAHTOBAHUA. 3a/1auM onpe-
AeJIeHUs1 COOCTBEHHBIX (PYHKIMI U cOOCTBEHHBIX 3HAYEHHIA.

[Ipumepom BosHOBOHW (DyHKIMH ‘P(Z ) B THMJIBOEPTOBOM MPOCTPAHCTBE COCTOSIHUN OyJeT BOJHOBAs
GyHKIUST CBOOOTHOM MHUKPOYACTHIIBI, KOTOpAsi BUXKETCSI B HEOTPAHUYCHHOM IMPOCTPAHCTBE U MOXKET UMETh
moboe 3HadeHne umnyiasca P . KoprmyckynsipHble 1 BOJHOBBIE CBOMCTBA ()OTOHA M MUKPOUYACTHUIIHI AHATIOTHUY-
Hbl. Eciii hoToHY € sHEpruen 7w, netrsimemMy BJIO0Ib OCH X, MOKHO COITOCTABUTh BOJTHOBYIO (DYHKITHFO TUTOCKOM MO-
HOXPOMAaTHYECKOW IEKTPOMArHUTHOW BOJIHBI, PACHPOCTPAHSIONICHCS BAOIb 3TOM OCH: E ( X, t) = EO Cos(a) t— k x) ,

rne k =271/A — BonHOBOE uKCIO, @ BenuurHa E SBISETCS HANPSHKEHHOCTBEO BIEKTPUYECKOTO TIOJIS BOJHBI, TO 3a-
MEHMB YaCTOTY U JUIMHY BOJIHBI (JOTOHA HA YaCTOTY U JUTMHY BOJHBI e Bpoiins mukpodactuisl, o = E/7

kg =27/ A = p/h, nonyunm BonHoByIO QyHKIMIO Mukpouactuusl W (X,t) = Acoa t— 27X/ A5 ), koTopyio
OOBIYHO 3alUCHIBAIOT B BUJIE SKCIIOHEHTHI OT KOMIUIEKCHOM epeMEHHOM:

_i[a)t—ZZTX A j —L(Et—px)

U(p,xt)=Ae ' r )= Ael (1.12)

- 3TO BOJIHOBas (YHKIIHS CBOOOIHOW MUKPOYACTHIIBI C SHEPTHEH £ U UMITYIILCOM p, JIETAIIEH BIOJIb OCH X, T]Ie
A — HeKoTopas OCTOSIHHAS, ONPEAEIINTh KOTOPYIO U3 YCIOBUS HOPMUPOBKH HE yAAETCA, T.K. YAaCTHIIA IBUIKET-
Csl B HEOTPaHUUYEHHOM ITPOCTPAHCTBE.

[110THOCTH BEPOSTHOCTH TAKOTO COCTOSIHHS ,0( p, X, t) = ‘LIJ( P, X, t)‘2 =| 4\2 = CONS! oAMHAaKOBa BO BCEX

TOYKaXx MPOCTPAHCTBA, T.€. YACTULA C ONPECIICHHbIM 3HAYEHUEM HMMITYJIbCa 0 PaBHOMEPHO ‘pa3Ma3aHa’ Io
BCEMY IIPOCTPAHCTBY. DTO COOTBETCTBYET IPEJICTABICHHUIO O TOM, YTO peajbHas MUKPOYACTUI[A HE MOMKET
UMEThH OIPE/ICIICHHOE 3HAaUeHUE UMITYJIbCa, @ HAXOAUTCS B CMEIIAHHOM COCTOSIHUH, BOJIHOBAsl (DYHKIMSI KOTO-
poro 6yaer cyneprosurmeii (1.7)cocTostHMIA ¢ pa3THYHBIMUA HMITYJIECAMH:
i
-—(Et-px)
W(x,t)zj-c(p)w(pxt)dp:j ¢ p e d. (1.13)

B knaccuyeckoil ¢pu3nke Takoe pas3ioKEHHE Ha3blBAeTCsl BOJIHOBBIM HakeToM. C ero MoMOIIBI0 MOYXKHO Orpa-
HUYUTH 00JIaCTh, B KOTOPOW HE paBHA HYJIO BEPOSTHOCTh OOHapyKeHHs yacTuipl. Hampumep, B ciyuae

constnpu —Ap+ py < p<Ap+ R P (x,1=0)

C = IMOJIYYNM MaKeT, N300paKEeHHBII Ha PUCYH-
(p) Ompu p<-Ap+ pwm p>Apt+ p i P preyH

ke B MoMeHT BpeMeHu t=0. IlenTp nakera Oyaer ABUraTtbcs C IPYNIOBOH CKOPOCTHIO,
PaBHOI CKOPOCTH KIACCHYECKON YacTULbl V= Po/M. OOHAKO pasHble Y4acTKH MaKeTa

IBHKYTCS C Pa3HOM CKOPOCTBIO U €CIIM HayajbHas IIMpUHA makeTa B MOMeHT t =0 paBHa AX, = 10 M, 10

yKe CIyCTs CeKYyHIy TTaKeT “pacIuibIBeTCs” 10 pa3Mepa h/ MAX = 10° m B ciaydae m= 10730 kr .

T.e. ucnonp3oBaTh B KJacCUYECKOH (U3MKE BOJHOBBIE MAKETHI JIJISI OMUCAHHS YacTHI], 00Jadaronux
BOJIHOBBIMH CBOMCTBaMH, HEIIPABOMEPHO. A OTBET Ha BOIMPOC Kak Oy/eT ce0s BECTH CO BPEMEHEM CYIepIo3u-
s (1.12)B KBaHTOBOM TeopuH OYIET JaH TMO3KE.

HenpumMeHNMOCTD A3bIKa KJIacCU4YEeCKOH (PU3UKU TpeOyeT i ONUCaHHs KBAaHTOBBIX OOBEKTOB IPYroit
MaTeMaTHKH. DTO - A3bIK OomepaTopoB. Kaxk ol THHAMHYECKON epeMeHHOM f cTaBUTCS B COOTBETCTBHE HEKO-

TOpasi oneparopHas BennunHa f (KBaHTOBOMEXaHWYECKHMH ONEpaTop), KOTOPHIH AEHCTBYET Ha BOJIHOBYIO

¢dbyaknmo. TakuM omepaTopoM, MpeoOpa3yrIIMM OJHY BOJHOBYIO (YHKIIMIO B IPYTYIO, B IPOCTPAHCTBE CO-
v (<) G G - G | Wi(7)
. U3 Gy Gy .. Gy || ¥
CTOSIHUU OyJeT MaTpHIla ‘P'(Z) =GY¥Y (Z) i W (Z) = Z(Z) =| " T2 2N Z(Z)

Y'(€)) (G Gy o Gu)\Wn(S)



(MaTpuYHOE 3a/1aHKE OTIEPATOPOB).
MO’HO onpeAenuTh IeHCTBYIOMNI HA BOJHOBBIE (DYHKIIMU OIEpaTop IpyruM crnocobom — kak audde-

peHIMaNbHbIH onepatop. Takoit onepatop f 11000 qUHAMUYECKOH TIEPEMEHHOM ONPEIEsIeTCs BRIPAKCHHEM
CpPEJIHEeT0 3HAYEHHS BEJIMYMHBI | , BBIYUCIEHHOTO mm ar00oro cMerranHoro coctostaust (1.1):

jw (¢)d¢ (1.14)

B stom BeIpaxkenuu oneparop f nmeiictByer Ha Bce q)yHKHI/H/I, CTOSIIKE CIPaBa.

B nanpheiimem OyeM HUCIIONb30BaTh KOOPAMHATHOE MPEACTABICHUE, KOT/Ia BOJHOBBIE (DYHKIUU SBIIS-
I0TCS1 PYHKITUSMH MPOCTPAHCTBEHHBIX KoopauHat. CoryacHo (1.12)

LP(x,y,z,t):”'jc( R B 9) é’l(Et_m) dp dp dj

(p.T1)
(paccMaTprBaeM CYIEPIIO3UIHIO 110 MTOJTHOW CHCTEME BOJHOBBIX (DYHKIIMH CBOOOIHBIX YACTHII).
Haiiném oneparop umnysnbca P . CornacHo omnpenenenuo BepostHocTH (1.11),cpenHee 3HaueHUE UM-

MyJbCa MOXXHO BBIYHCIIHUTH 1O (hopMyJIe <f)> =j parP =j pc (T) ((”[) d |, roe d3p= dp, dp, dp. [oncraBum

croza Koaq)(bnuHeHTH C( I)) BbruuciieHHbIe o Gopmynam (1.10):

J-W P YW(T) d’r, CD(" I.[‘PD Tt ‘P(E),?,t) dr, rae d®r = dxdydz, a Bce muTerpamsr Ge-
pyTcs B penienax —o < X, Y, Z< oo Torz[a J.J-J.W T, t r) f',t)ﬁW(b,?,t)W(? ',t)d3r 'd>rd 3p.
Etpn) L lEeR) L
Ho pW(p,7,t)= pe” =-nO " =-n0W (P T,1) Tax kak

0 ( E)F) = (Fi Ii Izaij(pxx +pyy+ pza = Hig(+ ajpy+ akpZ: "} IleperpynmupyeM TOIBIHTETPATbHBIC
VA

(p)=[[w(r.1) (—ihﬁ)TW (P, )W (p.r1)d3p |W(F'1)d% d% =

BBIpAXKCHU . =4(F'~") cornacuo ycnosuio
MTOJTHOTBI (1.9)

= Twﬂ(r,t)(—ihi)w(r',t)a(r rytdd = TWD(r”t )(+ hﬁ)W(”t,c) P

Ortcroza, coriacHo omnpezenaeHuio oneparopa (1.14), monydaeM BhIpaKeHHE OIepaTopa UMIYJIbca M OMEpaTo-
POB €ro MPOEKIUi B KOOPIAUHATHOM IPEACTABICHHUU:

A = ~ .. 0 o 0 0
p=-iald, =-ih—, =-ih—, =—ih—. 1.15
P Px ox Py dy pz 07 ( )
0 no g
AHanornyHbIe MPeoOpa3oBaHus JaayT, HAPUMED, CpeaHEE < > j lP 6 Wy (r ,t)d r.

CpenHee OT KOOPAMHATHI B KOOPIUHATHOM IPECTABICHUH BOJHOBON (DYHKIIUHU BBIpAXKaeTCsi GOpMyIIoi
dp = ‘\I/(T,t)‘z dV< X> = .[ xdp = .[ \IID(T, t) XU (T, t) dr. [ToaTomMy omepaTopbl KOOPAUHAT B 3TOM IPECTaBIIe-
HUH COBIAAAIOT C QYHKIMSAMH KOOPAWHAT U HE COAEPIKAT MPOU3BOIHBIX:

F=f, X=x, Y=y, 2=z (1.16)

A Tak Kak COTJIaCHO KJIACCHMYECKOH MeXaHHKe Jo0as (u3nuecKkas BETHUMHA MOXKET OBITh BBIpaKEHA depe3
000011IeHHBIE KOOPIUHATHI U 0000IIEHHBIE HMITYJIBCHI, TO pa3jaras €€ B CTEIIEHHOU P 110 3TUM IePEeMEHHBIM
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Y MCIIONB3YS MOJTydeHHbIe Bhile (GOpMyJIbl, IToaydaeM f (px, Py: Py % Y, a = Z Bmkips Bx By B,k9 Su

n,mKkl, p,s
+00 . 9 n 0 m 9 k i
<f (px' Py Pz X Y, %>::[OLP ( i Dn’m%’ plsarmklps(_ h&j (_ ha/j (_ ha_Zj X ¥ 2LIJ( { ) d =

= [WAT) f (B By Pk B AW(T) .

Takum 00pa3om, 4TOOBI 3amucaTh onepaTop JIFOOW (U3NYECKON BEIMYMHBI B KBAHTOBOM MEXaHUKE,
HA/I0 TIPEJCTaBUTh €€ KaK (QYHKIHIO KOOPAUHAT U UMITYJIbCOB, U 3aMEHUTh UX HAa COOTBETCTBYIOIIHNE ONEpPaTO-
pe (1.15)u (1.16):
- A a s A aA 0 0 0
f=f(p,p,p,x,y,%= -h——h— -h— X V7Z (1.17)
Xy e ox' ~dy 0z
B KOOPJIMHATHOM MpPEACTaBICHUH. DTOT Iu(depeHInaIbHbIii OnepaTop JOKEH J1eHCTBOBAaTh HAa BOJHOBYIO

byHKIHIO.
Ipumep: onpenenum oneparop ['amuibToHA (OTMEpaTop 3HEPTUU) MUKPOUACTHIIBI, TBUKYILIECHCS B CTa-

[IHOHAPHOM MOTeHIHansHoM Toje. Cormacuo (1.17)

A

A= b (39,9 =2 (h0) Uy (x v d=—To s G (5 v ) (1.18)
_2m ot (%1 Y, _2m hor A % Y 4= om L}IOT XY £ .

VuTeM Tenepsb, 4TO €CIIH YacTULA HAXOAMTCS B YACTOM COCTOSHUM ¢ BOJHOBOH dynkumeit W, ({,t), To

BenuunHa f 00s3aTebHO paBHA COOTBETCTBYIOIIEMY pa3pelleHHOMY 3HadeHHIo f; M cpenHee 3HaueHHe HTOM
. n

BEJIMYMHBI B TAKOM COCTOSIHUM TaKKE€ PABHO < f > =f = J- Wi () fW (£)d{ . Berutem u3 sToro ypasHeHus ye-

noBue opToHOpPMHPOBKHU (1.2) yMHOXKEHHOE Ha ckamsp f, W, mpupaBHUBAs HYIIO MOABIHTErPATBEHOE BBIpaXe-
HUE, MOJIYYUM YpaBHEHHE KpaeBoil 3a1auu

1?Wi (¢)=fw (<) (1.19)

Bce Bo3mosknble pyHKIMKH W, , yIOBIETBOPSIOIUE STOMY YPAaBHEHUIO, HA3bIBAIOTCSI COOCTBEHHBIMU (DYHKIIHS-

A

mu oneparopa f, a coorBercrByrommue uncna f; - cobcTBeHHBIMU 3HaYeHMAMU. TosbKO 3TH 3HaueHus f; mo-

I'YT OBITh U3MEPEHBI Ha OMbITe (FOBOPSAT, YTO MepeMeHHass f MoXeT MMeTh TOJBKO JAUCKPETHBIA CIEKTP pa3-

pemEHHBIX 3HaYeHui). JIpyrux 3HaYeHuii BeJJuunHa f mMpuHUMATH He MOKeT.
Ecnm xe xpaeBast 3amaua (1.19) umeer HecueTHOE YHCIO COOCTBEHHBIX (DYHKIUH, COOTBETCTBYIOIIUX
HETIPEPHIBHOMY PsIIY COOCTBEHHBIX 3HaU€HUH f , TO MX CHIEKTpP HENIPEPHIBEH.

HOJ’Iy‘IeHHOG YPAaBHCHUEC KBAHTOBAHHWS BCIIMYNHBI f COOTBCTCTBYCT BepOHTHOCTHOﬁ TPAKTOBKC NPUHIN-
na KBaHTOBOM cymneprosuiun. [Togcrasum (1.1)u (1.19)8 onpenenenue (1.14):

(1)=[wH0) fW(0)de =36 q[W (0) I () & =T f ¢ f[W ()Y (¢) € =T icic;fp =X} ¢ 1

=wi(e) 0
_ |~ 12
OTO — KJIaCCHYECKOE ONpPEEICHUE CPEIHErO 3HAYECHUS (f}— 273' fi / 27? , rae B = |C|| — BEPOATHOCTH 00-
[ [
HapyxeHHs 3HaueHust f = fj.

3agauu:

. ~ d
1. Haiitu coOcTBeHHBIE (GYHKIIMU U COOCTBEHHBIE 3HAYSHUS oreparopa A= X+d—.
X

Pewenue:

3amucaB ypaBHeHue kBaHToBaHus (1.19) AY = (X+ di) Y = AY, paznensieM nepeMeHHEBIE:
X



dy _ dy _ _ S
W (A— X) dX u mHTErpHpYyeM 00e YacTu J-? =InW-InC= .[(A— X) dx= AX—7 . Orcrona

2
X A
W (X) =Cexp AX-; . D10 cobcTBeHHBIE (PYHKITMHU omepaTropa A, COOTBETCTBYIOIIUE HEMPEPHIBHOMY

creKkTpy coocTBeHHBIX 3HaueHui A. [TocTosHnyto unterpupoBanusi C omnpenensieM U3 yciaoBUsI HOPMUPOBKHU:

E:|LIJ|2dx:|C|2E:exp(—x2+ 2A>) dx=| ¢2E: ex;‘— (% A&) dﬂex() 33):TI| € ex‘) %= , OTKyZia

=/ Tt (unterpan Ilyaccona)

C :1/ [\/?[exp( A2) B e a — MMPOU3BOJIbHBIN (ha30BBIA MHOKHUTEID.

2. Haiitu cobcTBeHHbIE QYHKITUH (X) ¥ COOCTBEHHBIC 3HAUCHHS OmepaTopa Py B CIyuae KOMITAKTH-

(buKanuu KOOpaUHATHI (t// (x + a) =y ( X)) .

Pewenue:
— |hd_l'|J =
dx

Pa3yensist nepeMeHHble B ypaBHeHuH kBaHToBaHus (1.19) Py ( X) = P , 1 uHTErpUpYs 00€

4acTH, I %IJ =% Py I dx, moayuum InP-InC =I% Py X, Tae C — MOoCTOsIHHAS WHTETPUPOBAHUS, a [Py - YHCIIO,

|
paspelieHHoe COOCTBEHHOE 3HaYeHHEe MpoeKIu ummynbea. Orcioga P =C exp(g Py Xj . Ho ¢ yueTom ycnoBus

w(x+a)=y¢(x nmeem exp(lg pxaj: co{%)ﬂ sirﬁ%j: , 4TO 1a&T %a:nn, n=0+1+ 2%+ 3,.

CrieKTp pa3pellieHHbIX 3HAYEHUH IPOEKIUMU UMITYIIbCa Py, = TN/ & OKa3aics JUCKPETHBIM, IOCKOJIBKY JBH-

’KEHHE YaCTHUIIBl C TAKMM MMITYJIECOM I10 YCIIOBHIO 3a/1a4i (DaKTHUECKH MPOUCXOJUT B OIPAHNYEHHOI 00sacTu
0< x< a. KaxaoMy pa3pelIcCHHOMY 3Ha4E€HUIO Py, COOTBETCTBYET BOJIHOBas (PpyHKuus | = Cexp(innx/ a) ,

a, 2 2ca
riae nocrosiHHas C omnpenenseTcs: U3 yCiI0BUsSI HOPMUPOBKHU Io |qJ| dx= | C| Io dx=1, orkyna C = ]/ Ja.

3. HaiiTu BBIpaXkeHHe orepaTropa TPaHCISAILUH TY ( X) =y ( X+ a) , OTIPEJIEIIAIONIETO BOJIHOBYIO (DYHK-

OUIO B TOYKC, CMCH.IGHHOﬁ Ha pacCTOsIHUE a.

Pewenue:
Hcnons3yem paznoxenue pynkuuu B psag Teitnopa:
2 52 n an © N 3N o N
W(x+a)=W(x)+ AN Ui PR S i P Sl (TR Zy—zexp(y). Iostomy
ox 2! gx? nt gx" =nax =l

nuddepeHIMaTbHBINA OTlepaTop TPAHCISAIMY Ha PACCTOSIHUE 8 UMEET BhIpaKeHue | = exp( aa—j
X

~ 0
AHaJIOrMYHO OTepaTop yriia MoBOpOTa BOKPYT OCH Z Ha yroi o = ¢ wumeet Buj /1 = exp(or % :

4. Haiitn coOcTBeHHBbIE ()YHKIUH M COOCTBEHHBIC 3HaueHHs oreparopa f :Sin(a/acl)), rae ¢ - yrox

MMOBOPOTa BOKPYT OCH Z.
Pewenue:.

0°,0° ¢ ¢°
Ecnu ucnonb3oBath Gopmyiny paszinokeHus B psx GyHkimm Sing =¢ — 31 + T + o

ypaBHeHue kBanTtoBanus (1.19)3aganHoro oneparopa IpuMeT BHT



. 3 5 7
fLIJ=Sini W=dw—idw LdW_ dLIJ+..=fLIJ. Wiiem pereHne B BHUjE LP=Cexp(0((1)).
do do  3'dp3 5!'dd> 7!dp’
3 05 07 09
[Tocne moacraHoBKHM moyyduM | 00 ——+———+——... W =sina¥ = W, 1.e. coOcTBeHHbIC 3HAYCHUS

3 5 71 9l
omeparopa f =sina.
I[Ipu moBopore Ha yronm 2m  (yHKOUS HE AO0DKHA H3MEHHUThCs: W (¢ + 2T[) =y ((I)) , OTKyza
exp(@ [2r1)= 1. [Toacrasiss B 370 paBeHCTBO O = Red +i Ima , umeem

exp(Rea 02t Pexd( In O & ¥ exp(ReDT2) cps midmR-i  §in ¢y m)Z= . UYro6bl BHIIONHSIOCH
=1 =1 =0

3TO cooTHomeHune, Heooxonumo Red = 0, Ima =m - nenoe uucno. T.e. cOOCTBEHHBIE 3HAUEHHUS OIEpaTopa

f nmuckperner m paBubl f, =Sin(im), m=0,+1+ 2+ 3,.., a COOTBETCTBYIOIINE BOJHOBbIC (YHKIIUU

m =Cexp(imd) . Tlocrosuuyto C HaxoMM U3 ycIOBUS HOPMUPOBKH J-02n|‘-IJm|2 dx= | C|2J-02T[ dx=1, otkyma
c=1am.

IIpakTnyeckoe 3ansaTue Ne 3. CBolicTBa KBAHTOBOMEXAHMYECKUX onepaTopoB. Onepanus 3pMu-
TOBOrO conpsixenus. Kommyrarop oneparopos. Oneparopsl HMIYJIbCa, MOMEHTA MMIIYJIbCA H JHEPIUH
B KBAaHTOBOIl MeXaHHKe, KOMMYTALlHOHHbIE COOTHOIIEHUs1 Me:k1y HUMH. CoOcTBeHHbIe QyHKIIUH U €O0-
CTBEHHbIC 3HAYEHHH ONEPAaTOPOB MOMEHTA HMITYJIbCA H OIIEPATOPA €r0 NPOEKLUHH HA BBIICJICHHYIO 0Ch.

KBanToBoMexaHW4eCcKue OonepaTopbl AOJIKHBI YIOBJIICTBOPATH CBOﬁCTBy HHHCﬁHOCTH, CJICAYIOUICMY U3

YCIIOBHSI ITOJTHOTBI: (qu ] ZQ fLP, , Te G —III00ble KOMIIJIEKCHBIE YHUCIIa.

N ox .. 0 _ .
BBomiT NOHATHE KOMIUIEKCHO COIpsbkEHHOro omeparopa f =| f Xi,—lha— =f|x% ,+|ha— 51
)(i 4

TPAaHCIIOHUPOBAHHOI'Q OIICpaTropa ]?T , 1O OMMPECACIICHUTIO YIOBJIICTBOPAIOMICTO YPAaBHCHUTO
) 1 — 1 AT
[W(¢)fw(¢)de =[w(¢) FTw(¢)d¢ (1.20)
(MeHsieTcst MecTaMH TIOPSJIOK TOABIHTETPATbHBIX (DYHKIUH, Ha KOTOpBIE NelcTBYeT AuddepeHIHaNIbHbIN ore-

parop f).
OnepauH;I COBMCCTHOI'0O KOMIIJICKCHOT'O COIIPSKCHUA W TPAHCIIOHUPOBAHHA HA3BIBACTCSA 3PMUTOBBLIM

£+ _ £7 £+ £ .
conpsokerrem: f = f . Ecii IpH 9pMHTOBOM COIPSDKEHHH OIIepaTop He MeHsiercst, f+ = f , To Takoii orre-

paTop Ha3bIBAETCS SPMHUTOBBIM HIIH CAMOCOMPSLKEHHBIM. OnepaTopbl, ONMUCHIBAKOIIME Bee (PU3HUECKHE Be-
JIMYUHBI TOJKHBI OBITH JPMHTOBBIMH.

JlelicTBUTENLHO, COBEPIIUM BHAYAJIEC OMEPAIIHI0 KOMIUIEKCHOTO COMPSIKEHHUS, a TOTOM TPAHCITIOHUPOBA-
HUs B onpezeneHun cpearero (1.14):

=[w(0) F W) de = [w(e) T w(¢)ac = [w(¢) W(Z) & |

o_
Ho ¢usuueckue BeTHUNHBI HMEIOT BEMICCTBEHHBIC 3HAUEHUS U II03TOMY < > I LIJ Z ) d{ . Tlo-

3TOMY JJIsl BCEX ONEpaTopoB (PU3HMUECKUX BETHUUH fr=1 (1.22)

Hycts nBe codcteennble Gynkuun W, u W, oneparopa dusnyeckoii Benmauubl f (1.14)coorsercr-

BYIOT JIByM pa3HbIM coOcTBeHHbIM 3HadennsaM fi n f;. Takue pyHkuun o6s13aTenbHO HOWKHBI OBITH OPTOTO-

HaIBHBIMU. J[J1s1 TOKa3aTenbCcTBa yMHOXKHM IepBoe ypaBHeHne kBanToBanus fW; = f;W¥, ciesa Ha QpyHKIMIO
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g £ —
Wi, co BTopsIM ypaBHEHHEM fy j= f j'¥j mpozenaem omeparuio KOMIUIGKCHOTO CONPSDKCHHS U YMHOXKHM
cineBa Ha QyHkuuo ;. BerateMm seBble M TpaBble YaCTH MOTYYEHHBIX YPaBHEHNUH,
~ ~ * * * *
WITW —w = fWw - Wy
3areM MPOUHTErPUPYEM JaHHOE PAaBEHCTBO IO MEPEMEHHBIM KOH(UTYPALMOHHOTO npOCTpaHCTBa U COBEPIINM
OIlepalfIo TPAHCIIOHUPOBAHMSI BO BTOPOM CJIaraéMOM IOl UHTETPAJIOM U y4TEM 3pMUTOBOCTh fT=f:

jw?fwi—wif[w} dZ=jW,-D(f—§*T)‘HdZ= f-f J“H*LFdZ-
) = z0

=y T
Jlokazanu OpTOrOHaJIbHOCTH ABYX CO6CTBCHHBIX (GYHKIHA, COOTBETCTBYIOIIMX Pa3HBIM COOCTBEHHBIM 3HaYe-
nsam ;2 f; jw (Q)dz=0 (1.22)

A

3ameTHM, 9TO MOPSIOK JIEHCTBUS BYX pasHbIX oneparopoB f u § Ha BOMHOBYIO yHKIIHIO CyIlleCTBe-

HeH. BooOiue roBopst, MX HeJib3s mepecraiaarh. f gW# g fW.
[TokaskeM, 9TO TIPOUCXOAUT C TIOPSAAKOM JEHCTBHS IBYX OIMEPATOPOB (GM3MUYECKUX BEIUYUH TIPH PMH-
TOBOM conpsikeHuu. C 0JHON CTOPOHBI

ILPD( fgw) dZ IpchrmHpreM'[qJ( fg) ¥ d(KOMnneKCHoe

BCIICCTBCHHAs BCIUMYHMHA COIPSDKCHHUE

C npyroii CTOpOHBI IPUMEHSIEM ONIEPALIUIO TpaHCHOHI/IpOBaHI/IH IIOCJIEZI0BATENBHO K KaKJJOMY OIlEpaTopy:

[wo(fow)dz = [(aw)( e oz =[( Fwo)(aw) o = [w(d Tw) & [w (g Fv)

Jv (W v

KOMILIICKCHOE
COIIpsIKEHUE

Oxka3bIBaeTcs, 4TO MPU HIPMUTOBOM CONPSIKEHUHU ABYX CAMOCONPSIKEHHBIX ONEPaTOpPOB, COOTBETCTBYIOMIMX (Hu-
3UYE€CKUM BETMYMHAM, IOPSIOK UX JICUCTBUS MEHSETCS:

(6] <o
_ et

A A \F ~eay
Amnanorn4sas ¢popmyJa MoJIyduTcs Uil IPOU3BEACHUS HECKOIBKIX OMEPaTOPOB: ( fQg h) =...h"g .

A

f*=gf. (1.23)

BBoasT nmoHATHE KOMMYTATOpa ABYX OMEPATOPOB:
[f,g]=fg—g?. (1.24)

A

Eciu kommyrarop aByx omeparopoB f u § paBeH Hyimo (TOBOPAT, YTO 3TH ONEPATOPBI KOMMYTH-

DYIOT JIPYT € APYTOM), TO 3TU OIEPATOPBI UMEIOT OOIIYI0 CHCTEMY BOJHOBBIX QyHKIMH W, a BeIHYUHEI

f 1 g MoryTt OBITh U3MEPEHBI WM ONPEACICHBI OJJHOBPEMEHHO.

Jlei{CTBATENBHO, B 5TOM CiIydae | g¥; =g ?Wi =gf¥ ug f‘Pi =fo¥, = fgW¥ = g,f¥ , Tak xak
=g ¥ =fi¥

f, m gj-uucna, T.c. (fAQ—(_A:]?)‘P, =0.

B tom ciyuae, ecniu KoMMyTaTop [f@} #0, T.c. omeparopsl f u § He KOMMYTHPYIOT, OHH HE

HUMEIOT OOIIIeH CHCTEMbI BOJHOBBIX (DYHKIIMI U BeJIMYMHBI f M1  He MOIyT GBITH H3MepPeHbI HJIU Ompeeie-
HbI OJTHOBPEMEHHO.
Hanpumep, He KOMMYTHPYIOT OTIEpaTopsl X = X U Py = —ihd/0X:

o n .0 .0 L 0w . o a .

[% B |W=X-n—W|-| —ih—(XW) | = —ih—+inW +ih— =inW¥ , re. [X Dy =in (1.25)
ox 0X 0X 0X

OTO0 03HAYaeT HE TOJIBKO TO, YTO KOOPAMHATY X MHUKPOUYACTHIIBI U IPOEKLHIO €€ UMITYJIbCAa HAa OCh X HEJb3sI U3-
MEpPUTh OJTHOBPEMEHHO, HO M TO, YTO TH BEJIMYHHBI HENNB3s CBA3aTh OJIHON (GopMynoi. B kBaHTOBOM Teopuu,
HAIpUMeED, He OY/IET CIpaBeIMBLIM KIACCUYECKOE ONPEIENeHre uMITyiibea Py = mdy di.
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Cornacuo cBoiicTBy (1.23) Ipu 5pMHUTOBOM COTPSKEHHH KOMMYTATOp ABYX (DH3UUYECKHUX OMEPAaTOpPOB
~ + ~ A\t A+ A A ~
MEHSIET 3HaK: [ f Q} = ( f (j) - ( g f) =gf-fo= —[ f, Ag] . DTO O3HAYaeT, 4TO IS ABYX SPMHUTOBBIX OIIe-
patopos f*=f u §* = § Bemonusercs ycnosue [f@] =S, (1.26)

A4 A o o )
rae S = S - TaKKe SPMHUTOB OIEPaTOp, KOTOPBII MOKET COOTBETCTBOBATh TPEThEl (PH3MUYECKOI BeTHMUUHE (HO
S MOKeT OBITh TAK)KE BEMIECTBEHHON KOHCTAHTOM WITH HYJIEM, €CIIU OTIEPaTOpPbl KOMMYTHPYIOT).

B ciyuae quckpernoro cnekrpa fW; = f;W; gucno i, kotopoe Hymepyer paspenieHHble BenuuuHbl fj,
MOKET MpoOeraTh KOHEUHBIH UM OECKOHEYHBIN P 3HAYCHUH U HA3bIBAETCS KBAHTOBBIM YMcIOM. Yacto on-
HOMY U TOMY K€ KBAaHTOBOMY YHCIIy 1 COOCTBEHHOMY 3HaU€HHUIO f, COOTBETCTByeT HECKOIBKO pasHBIX cOOCT-

BEHHBIX BOJIHOBBIX PyHKImid Wy, j=1,2,...K . B atom ciydae roBopsT, uto cucteMa K pas BBIPOKICHA OTHO-

CHUTEIIbHO COOCTBEHHOTO 3HaueHus f; M BBOZAT cieqyromiee KBaHTOBOE YHUCIIO |, Mpoberatomiee K 3HaUCHHUH, a

yuciao K Ha3bpIBalOT KPaTHOCTBHIO BBIPOXKJICHMA.

3agauu:

1. HaitTu koMMyTaTOp OTIEpaTOPOB KOOPJAUHATHI X M KHHETUYECKON YHEPTUU TBUKEHUS] MUKPOYACTHUIIBI
¢ maccoit M. [Toka3aTh, 4TO Takoi KoMMyTaTop coryiacHo (1.26)Takke ABISETCS CaMOCONPSHKEHHBIM OTIepaTo-
pom.

Pewenue:.

A

- A o =\2

3anaHHble onepaTtopsl X=X u E,, = '3 / 2m= (— WzD) / 2m= —hZA/ 21T UMEIOT KOMMYTaTop, IEHCT-
R w92

b =008 ="2m "o "0

K
h2

% ( )%IJ) , TaK KaK

Byrolwii Ha QyHKImo W ! [)A(, EKHH] W=-
9% 9% 9% 9% 9°

A =—5 +—5 +— 1 9aCTHEIC IPOU3BOJHBIC —5 W — MOXKHO NIEPECTABHTE MECTAMH C IEPEMCHHOM X.
ox= ody° 0z ay 0z
92 d WY _ 0w . %Y y

Ho —2(XLIJ) =— | WH+x— |=2—+ X——5, U TI03TOMY HCKOMBIii KOMMYTaTOp JBYX CaMOCONPSKCHHBIX
0X 0X 0X 0X X

oreparopoB (PU3MUECKUX BEIMYHMH BhIpakaeTcs cormacHo (1.26) depe3 TpeThii caMOCONPSHKEHHBIN OmepaTop

2
MPOEKIIMH UMITYJIbCA! [)?, EKHH] = _h9 = —iz(—ihiJ =—j n P, .

m 0x m 0 X m
. ~2 52 - 0 5_20
2. Haiitn kommyraTop oneparopoB A~ u B, rne A= x—, B=—xX.
0X 0X
Pewenue:
[IpousBonubie B AuddepeHnnaIbHbIX onepaTopax OyayT IeHCTBOBaTh HE TOJIBKO HA INEPEMEHHBIE,
A oV - 0 o
BXOJSAIIME B COCTaB OIeparopa, HO W Ha Bce (QyHKIUHU cipara, T.e. A¥Y = Xa—, BW =a—(XqJ) =y + Xa—,
X X X

A 2 A 2
A2y = Xi(xijw = x2:—2+ Xai Y, B2y =ai(xai(x\P)j =1+ 3Xai+ )g:—z V.  Beruucuiars
X X X X X X

A A

KOMMYTaTOp[AZ, BZ} TaKoW KOMOWHAIIMK MPOU3BOIHBIX CIHUIIKOM clIokHO. Korga peusr uaér o BBIUYHUCICHUN

KOMMYTATOpa OIepaTopoB, ABJIAOIMHNUXCA CTCICHAMU JPYTrUX OIICPATOPOB, TO BCCra MPOIIC BEIYUCINTL BHAYA-

JIe KOMMYTaTOp CaMbIX MPOCTBIX ONEPATOPOB: [A, I:%]‘-IJ = xai(w + x%—lpj —ai( XDx%—qu =0. T.e. onepato-
X X X X

pel A u B xommytupytor u AB = BA. Torna nocienosareiabHO MeHsieM MecTaMu oniepaTtopbl A u B
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AB _AE MB: ABAAAé A BB/ u BUIUM, 4YTO [AZ , éz} = AABB- BBAAO. OnepaTopsbl A2
=B

u B? Taxke KOMMYTHPYIOT.

A ~

3. lna omepatopoB A u B, ymoBIETBOPSIONIUX KOMMYTAITMOHHOMY YCIOBHIO AB- BA=1, maiitu:

KOMMYTAaTop [AZ, I:%Z} :

4. Onepatop f coorBercTByer mpousBoabHON QyHKIMK f (X), 3aBUCSIICH OT KOOpAWHATHI X. Bprauc-

JUTh KOMMYTATOP 3TOTO OIlepaTopa U orepaTopa MPOEKIUN UMITYJIbCca Ha OCh X.

Pewenue:
® n
. 1d'f n
Oyukmuto f (X) MOXHO MPEICTaBUTh B BUjIE psaa Teitnopa mo crenedsm X: f (X) =2 =
n=0 n: dX x=0
® n
c ~ o c A 1 d f AN =~
Tak xkak f =f (X) ,TO MCKOMBI KOMMYTaTop [ f, px] =2 = X', Px |- Kommyratop omeparopos
n=0"" dX"|, g
X=Xu Py =-ihd/0x cornacuo (1.25)ussecren: XPy — Py X= . Torma
KMP = XXX X Rp= TXRRXXXX KT P -Ixh)l = .= 70 KXXKxK+X mAT XXX 0= % " or xinx L
N MHOXKUTENEH N—1 MHOXUTENICH N MHOXXUTENEH N—1 MHOXUTENICH

CoBepIIid N TOCIEOBATENbHBIX IIEPECTAHOBOK OIMEPaTOpoB X H Py, W MEPEMECTHIH OIEpatop Py H3
) ) ) ) AN 2~ — N~ A 30._ iihl
KpaifHell npaBoil B KpaifHIO JIeByI0 mo3unuio. Hamumm kommyratop | X, Py [= X P— B X = nk . Bee-

> 1d" g

JI€EM HOBYIO (DYHKIIUIO g(x) = df( X) / dy. Torna [f, f)x] = =l oL nind™ L. Ecom cleNnaTh CIBUI WH-
n=0'" OX

x=0

JeKca cyMMupoBanus N—1 — N, To moayduM pasnokeHue B psn Teinopa HOBOW GyHKIIMU ( ( X) )

00 n
R 1d . df .
[ f, px] =y =429 ink" = g( X) =—. Tewm xe cnocoOoMm, paznaras oneparopHbie QyHKIUU B psa Teit-
— n! gx" X
n=0 x=0
JI0pa, MOKHO HAalTH KOMMYTaTOpP ONEPATOPOB JIIOOBIX BETUYHH, 3aBUCSIIUX OT KOOPAUHAT U UMITYJIbCOB.

5. Haiitu oniepatop, SpMHUTOBO-COIIPSKEHHBIN OnepaTopy Pt
X

Pewenue:
OmnepaTop MPOEKIIUU UMITYJIbCa SPMHUTOB, T.€., coriacHo (1.23)

. dY _(dY e (dY o d d) __d
ME —|h—j :(—j —if mh(—j =—in—, (—j =-—
Px ( dx dx :E_ih)):m dx) X o T ax dx

i ]k
KpoMme KOOPAMHAT M HMITyJIbCOB BaKHBI BEIHUMHBI MOMEHTAa mMmyihca L=Fxp=deffx y z
Px Py Pz
AL i j ok i j Kk
[TosTomy omeparop MoMeHTa uMmmyibca L=Fxp=det X y Zz|=-hdef x 'y Zz|, a omeparopsl
Px Py P 0/0x0/0yo/o

€ro MPOEKINi I:X = —ih(y%— Zij; I:y = —ih(z%— Xa%} ; I:X —ih(xaiy— y%} . (1.27)
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OnHako MOTEHIMaNbHAas YHEPTUsl MHOTUX 3ajlady KBAaHTOBOW MEXaHMKH cdepuuecku cummerpuuna, U =U (I’) .

X =rcosp sirb
U s Takux 3aga4 ynoOHee nepeiTi B chepruuecKyro CHCTeMY KoopauHar Y = rsing coH.
Zz=rcosf
[Tocne 3amMeHBI TepeMEHHBIX OKa3bIBACTCS, YTO MIPOCKIUH OIIepaTopa MOMEHTa HMITYJIbCa IIPHHUMAIOT BUJT
S 0 ~ ~ .. 0
L, =in| sing—+ctgd cop— |; L cosp— + cteP si L,=-1h—, 1.28
x(d)aegﬂbady(s‘b Qﬁ@q)jzaq) (1.28)
o _ta, Pa, fa_ .o 9 o, 1 2%
a OIeparop KBajpara MOMeHTa ummyibea L= =Ly+Ly+L;=-h" — +ctgb— . (1.29)
062 09 sin%0 a9 2

A A

6. Haiitu xoMMyTaTop oneparopoB koopauHaTsl Ly u L, .

Pewenue:.
B nexaproBoi#i cucTteMe KOOpAUHAT Tocie moacTaHoBKU (1.27) W BBIYMCICHHS BCEX MPOU3BOIHBIX TO-

~ A . \2 0 0 0 0 0 0 0 0 0 0 ~
yHEM [LX,Ly]:(—Ih) y——72— || z—= %—|-| z—— %= || y¥—- #z||=h% ¥- ¥ | hi L.
0z 0y){ 0x 0z ox 0 dz 0 0y
DTOT pe3yJbTaT MOKHO 3alucaTh B 0oJiee 001IeM BHJIE, €CTH BBECTH 0003HAYCHHS HHIECKCOB
I =X,¥,2=1,2,% (1.30)
Y UCTIOJIb30BaTh €IMHUYHBIN a0COMIOTHO aHTUCUMMETPUYHBIA TeH30p 3-T0 paHra JIeBu-UuBHUTTHI Ejjk » KomIIO-
HEHTBI KOTOPOTO MEHSIFOT 3HAK MPU KXKIOW NEPECTaHOBKE JIFOOBIX JBYX MHICKCOB!
€123~ 8xyz = +1' €132~ ¢ xzy: _1’ €310~ ¢ Xy~ =+ 1 €3 € zyx 1’8 23T € yz? + 1’8 213 € y)é - L (1-31)
OcTanbHble KOMIIOHEHTBI 3TOT'0 TEH30pa C MOBTOPSAIOIIMMUCS UHAEKCAMH PaBHBI HYIIIO.
C moMOIIBI0 ATOTO TEH30pa MOXKHO 3aMMCaTh BRIPAKECHHUS] KOMMYTAaTOPOB JIFOOBIX ABYX MPOEKIUN MO-

MEHTa UMITYJIbCa: [I:, , I:J] i gy Lk =ih z Eukl—k (1.32)
k=1,2,3

B Takux BhIpakKeHHUSX MO BCEM MOBTOPSIFOIIUMCS MHIeKcaM (0 uHAeKCy K) moapa3yMeBaeTcss CyMMUPOBaHUE.
C moMOIIpI0 BBEAECHHBIX 0003HAUECHHH KOMMYTATOpPHI ormeparopoB Bcex koopawHatr (1.16) m mpoekiuii um-

nynscoB (1.15)3anumyrcs B Buze [)?, X ] =0; [f)l  Bj ] =0; [)2, B ] = ihQ; (cumpon Kponekkepa).
7. HaiifTu KOMMyTaTop onepaTopoB KOOPAUHATHI (2 u I:Z.

Pewenue:
Vio0Hee HCIOIB30BaTh BBIPAKEHUS 3THX ONEpPaTopoB B chepuyeckoil cucreme koopaumuat (1.28),

(1.29). Tak kak npousBonayro 0/0p MOKHO MOMEHATH MecTamu ¢ pyHKIUAMEU CtgO u ZI/ si’ 0 IpyTroii mepe-

y i ©2
MEHHOH, TO [L ,LZ} =0. Touno Tak xe omeparop L koMMmyTHpyeT ¢ APYrUMH MPOEKUUSIMH MOMEHTA UM-

myJbca: [ﬁz,ﬁi}:o, I=X,Y,Z.

Buaum, 4T0 MOKHO OHOBPEMEHHO U3MEPUTH HIIM OIMPEICIUTh BEIUYMHY KBaJapaTa MOMEHTa UMITYJIbCa Yac-
THIBI U OJIHY M3 €ro npoeknuii. Ho ocTanbHble MPOSKIIMH MOMEHTA UMITYJIbCA OYIyT MPHUHIUITHAILHO HE OIpe-
JIeTICHBI BBUY OTCYTCTBHsI UX kKommyTarmu (1.32).

8. [lokasarh ciefyrolme KOMMYTAIlOHHbIE COOTHOLICHHUSI JUISl IPOCKIMI OIIepaTopoB KOOPANHATE,
MMITYJIbca ¥ MOMEHTA HMITYJIbCa: [Li e ] = ihgy X ; [Li . P ] = ingy A

A
A

[ii,tz}:iheijkﬁj&—ihgm %L, ; [ E}:iheijkﬁj@—ihgjkﬁjtk;

[If,(f)3+ P2+ pg)}:o, [If,(x2+ y2 + zz)}:o; [f)z,liz]:[Fz,I:z]:O;
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9. KommyTraTop [I:, , )?j ] # 0. [ToaTomy 1 KOMMYTaTOp [I:, ,U (X, Y, Z)] #0,tme U (X, Y, Z) - IOTEHIH-

aJTbHAsI SHEPTHUS CTAI[MOHAPHOW 3a]]auH, 3aBHUCSIIAs OT KOOPAMHAT IEKapTOBOU cHcTeMbI oTcueTa. OOBSICHUTE,
moYeMy B MOA00HOI 3a/1a4e 00 AIEKTPOHE, HAXOIAIIEMCS B KyJJOHOBCKOM TIOJIE aTOMa MOYKHO OJJHOBPEMEHHO
U3MEPUTH BEJIMUMHY €TI0 SHEPrHU U mpoekunu L, ?

~

10.Onpenenutb coOCTBeHHBIE (PYHKLIUU U COOCTBEHHBIE 3HaUEHUs oneparopa L, .
Pewenue:

Cornacro (1.28)uckarh pemars 3aaqy KBaHTOBAHUS I oneparopa L, B chepudeckoii cucreme Ko-

OpJIMHAT TIPOIIIE, YEM JIJISi OTIEPATOPOB ﬁx 1507051 I:y : I:ZLIJ = —ih?}—:; =L W.

Nmem pemenne B Buge W = A( r, 9) eim¢ , uTo 1a€t L, = 7am. 13 ycaoBus nepuoIudHOCTH (QyHKIUH
W (d)) =y (d) + 2T[) BUIMM, 4TO gM2m — COS( ZTm) + i Sir(ZTIr’rj = ., T.e. M—Ir000€ LEeN0e YUCIO.

11. Ompenenuth coOCTBEHHBIE (PYHKIMU M COOCTBEHHbIE 3HAYEHUS ONEpaTropa KBajJpaTa MOMEHTa UM-

myJIbCca.
Pewenue:
~ 2 2
So 0 ol 0 0 1 0 2
[Moacrasnsiem (1.29)B ypaBHenue kBanToBauus (1.19) LW =-# —2+Ct96 +— Y=Ly
00 00 sin®0 o>
Y UIIEeM pellIeHue, pa3iesis IepeMeHHbIe: W (9(])) = @(9) P (¢) .
2 2 2
PesynbTar moacraHoBKu ) 6—@+ctgea—® -h? © a—q) = L% paszenuM Ha L (2CD U NeperpyI-
00° 00 sin%0 ¢ 2 sin“@
. 10%0 _ sin’# aze 00| L%sin’ _ 5
nupyeMm:.  — =- +Ctg0— |-———— = consE —-m". JIBe He3aBHCUMbIC (QYHKIHH pa3-
D o2 © | 902 Ls) 72
byukuumst ¢ ¢yukuust 6
2

HBIX TIepeMeHHbIX ¢ 1 O Bceraa paBHBI, €CIIM OHU COBIAIAIOT ¢ KOHCTAHTOM, KOTOPYIO 0003HAYMIA KaKk —M”.

Torma perreHneM JeBOro ypaBHCHHS 62CD/ 6(1)2 +m%d =0 Oyner GpyHKIUs CD(¢) = Ad™ KOTOpast yIoBIIe-

TBOPSIET YCIOBHIO MIEPHOANYHOCTH P (¢) = ((I) + 2T[) uro naér €M™ = cos( ZTm) +i Slr( 2nm) = . Te M-

JIF000E€ 1EJI0€ YUCIIO.

Tornma mpaBoe ypaBHEHUE, I'1IE 62®+Ctgeae =1 i(Sinea—ej IIPUBOIUTCS K BUJ
paBoe yp Py 90 sineoel” a8 ) T Y
2 2
Slie aae (S 9?;3) :;2 +ﬁ ©=0. Oro muddeperunanbHOe ypaBHEHHE Ha3bIBaeTcs ypaBHeHueM Jle-

KaHapa v, KaKk MOXXHO HaMTH B CIIpaBOYHHKAX ITO CICHHUAJIbHBIM q)YHKI_II/I}IM, HUMECT PCHICHUC B TOM CJIy4ac, KO-

rua 12 =14 (I +1) , rae | — nenble uncna, yaoBIeTBOPSIONINE yCiIoBUio | > |m| Pemennem Takoro ypaBHEHHS
OyayT MpHCOeTUHEHHBIE TOJUHOMBI JIexaH ipa Hm (COSG) , KOTOpbIE MOYKHO HAiTH B CIIpaBOYHHKAX.

Kak Buanm, nonmyueHusie pemeHus W (9(])) = conslﬂm( COQ) ™ gpsercs coBCTBEHHBIMMU GbyHKIUSIMU

A
—

U oreparopa L2, U oreparopa I:Z (cM. mpenpIayIIyIO 3a1ady), MOCKOJIBKY 3TH ONEpaTopbl KOMMYTHPYIOT.

KBanroBele uricina | 1 m B aroMHO# (u3uKe Ha3bIBAIOT OPOUTAIBHBIM U MAaTrHUTHBIM KBAHTOBBIM YHCIIOM.
Ho nns ynoOcTBa BBIYMCICHUN Takue pelieHHs HOPMUPYIOT TaK, YTOObI MPH MHTETPUPOBAHUU TIO TIO-
BEPXHOCTHU c(epbl €TMHUYHOIO Paguyca BBIIOIHIOCH YCIOBUE OPTOHOPMHUPOBKH. JIJis 3TOr0 BBOAAT cdepu-
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2 +1(1 -m)!

yeckne HYHKIUH Wim(8,9) =Y (8,0) = 4 (1+m)] R™(cosd) e (1.33)
VYcnoBre OpTOHOPMUPOBKH JAET
2 m
[Wim (8.0)¥im(8.0)dQ= [ [ Y[ (8,0)Y(8,0)sin B ab =51 3ym- (1.34)
$=06=0

A
= A

Chepudaeckue GyHKIMHA 00pa3yrOT MOJHYIO CHCTEMY BOJTHOBBIX ()YHKIIMIA ONEpaToOpoB L2, ul,:
L2v["(8,0) =2%1(1+2)Y,"(8,0), L,Y"(6,0)=7nmY"(8,0). (1.35)

IIpakTuyeckoe 3ansaTne Ne 4. BbIBOI COOTHOIIECHHSI HeoNpeaeJeHHOCTel 151 (PU3NUeCKUX BeJu-
ynH. Ucnosib30BaHue COOTHOLIEHHUSI HeOoNpeaeJIeHHOCTeHl I OleHKM MHUHHUMAJIBHOIO Pa3pemeHHOro
3HAYEeHMS JHEPIUH U UMITYJIbCA MUKPOCHCTEMBI.

OTtcyTcTBHE KOMMYTAIlMM CaMOCONPSKEHHBIX ONEPaTOPOB AuB IBYX (PU3UYECKUX BEIMYUH O3HAYA-
€T HEBO3MOXHOCTh OJJHOBPEMEHHOT'O ONPENEICHUS UX 3HAaUeHUil. Bo3HHMKaeT BOpoCc — KakoBa HEONpPEIEIeH-
HOCTB TIPU MX OJJHOBPEMEHHOM H3MEpPEHUH?

Hamnpumep, no kpuBU3HE TPAEKTOPHUH 3JIEKTPOHA B MArHUTHOM I0JI€ MOKHO U3MEPUTH BEJIMUNHY CKO-
POCTH WJIM UMITYJIbCA TAKOTO 3JeKTpoHa. Ho kakoit mpu 3ToM OyJeT HeonpeaeneHHOCTh AX ero KoopAHuHAaThI?

Cornacuo (1.26) [A, B] =iC,rne C - Tperuii caMOCONPSHKEHHBIN OTIepaTop MIIH YHCI0. Berauras u3

oreparopoB A u B ux cpennue 3HadyeHus (BemiectBenHbie uncia) (1.14)mepexoaum K HOBBIM OrepaTopam
AA= A—< A> u AB=B —< B> . HeTpynHo nmpoBepuTh, YTO OHU TaK)KE CAaMOCOIPSDKEHBI M UMEIOT TOT JK€ KOM-

MyTaTop [AA, AI:%} =iC

CocTaBuM HeOoTpULATEIbHYIO OUIHHEHHYIO (hopmy | ” O(AA— IAB ‘-I—" d( =0, rae a - npous-

BOJILHBIN BEIIECTBEHHBIN mapameTp. [Ipeobpasyem aTy q)opMy CJIETYIOIIUM 00pa3oMm:

| (o) =j((aAA* +ing' )W )((aAA—iAé)W)dZ [v (O(AAT+ ing. )(O(AA— AB)Wd =

TPAHCIIOHHPYeM =AB TpaekTopus
HCpBbIId oneparop ANEeKTpoHa
jw (0( (AA)? -ia (AAAB-ABAA+(AB onz jw (0( (A'A% +a G (A B) /..ﬁ
=iC

= 0(2<(AA)2> +a(C) +<(AB) > .
[leperpynnupyem HOIy4eHHbIE CPEJHUE BEJIMYMHEI, BBIJENAS MOIHBIA KBapar:
2

| (O() =|a®+2a 2<(<AC,2)2> ' 2< EAC/Z)2> <(AA)2> _4<<(AL?:)2> + <(AB)2> > 0. [lepBoe ciaraeMoe B KBaji-

2

C
ATHBIX CKOOKaxX —H3TO HEOT I/II_[aTeJIBHHﬁ HOJIHBII71 KBaagpar =2 U. OJCTAaBJIAS B caMo¢C
) a+ < < > =>0.II I (a

2 (AA)2>

BO3MOXHOC HYJICBOC 3HAYCHUEC, HAXOAUM, YTO IIPU JIOOBIX 3HAYEHUIX napamMeTpa o JOJPKHO BBIIIOJIHATBCA CO-

oromenue | (0) = —4<<(i:—">;)2>+<(AB)2> >0 nm \/<(AA)2><(AB)2> >(C)/2.
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HeonpeneneHHOCTRIO d)HSH‘ICCKOﬁ BEJIMYMHEI A Ha3bIBAeTCs BEJIMYHMHA

((am?) :\/<A2—2<A> At A}2> = R)=( A% =n, + (1.36)

[TonyuenHOE COOTHOIIIEHHE HeoIpeaeieHHOcTel [ eif3en0epra it IByX BETUINH
AAN,B=(C)/2 (1.37)

OTIpeIEISETCS BETUIMHON CpeTHEro 3HAYCHHS MX KOMMYTaTopa [A, B] =iC.

CooTHolIeHnEe HEONPEAETICHHOCTH COTJIaCYeTCs ¢ IPUHIIUIIOM JIOTIOIHUTENbHOCTH bopa: ecinu aBa orne-
paTopa Au B ne KOMMYTHPYIOT U COOTBETCTBYIOIINE BeTMUYUHBI A U B He MoryT ObITh U3MEpEeHbI WK OTIpe-
JeTICHBI OJJHOBPEMEHHO, TO IIpuoOpeTeHre HHPOPMALUU 00 OJHOM BETMUMHE COPOBOXKIACTCS IOTEPEN HH-
dhopmaruu o Ipyroi BeJIMUNHE.

Eciu A A - O u BenimunHa A Oyzer TouHO u3MepeHa, To A, B — o u Bennunna B craner cosep-
LIEHHO HEOIPEIECICHHOM.

Ipumepor. [)A(, f)x] = in (1.25)u nosromy A, XA, p, = 7/2. Onpenenus BonHOBYIO GyHKiHio (1.12)
CBOOO/IHOI YaCTHIIBI C ONPEaeNeHHBIM UMITYIbcoM (A, P — 0), MBI moTy4miin GeCKOHEUHYIO BOJIHY, “pa3Ma-
3aHHYI0” B HEOTPaHUYEHHOM TpocTpaHcTBe (A, X — ). ViMImynbc He onpenensercs B KaKoW-To TOUKe ¢ KOOp-
JUHATON X U HE MOXET OBITh BhIpaXKeH uepe3 KoopArHATy. OH OMHUCHIBAET BCIO KBAHTOBYIO CHCTEMY Kak LeJI0e.

Tax kak L, = -i79/d¢ (1.28),10 [(15, I:Z} =ih u A,$ DL, >7/2 (Henb3s ONHOBPEMEHHO U3MEPHTh
MPOEKIMI0 MOMEHTa HMITYJIbCa Ha OCh Z U a3MMYTaJIbHBINA yroi ¢ chepruueckoil CHCTEMBI KOOPIUHAT).

CooTHOIIIEHHE HEOTIPEACIEHHOCTEN HE TO3BOJISIET JIeNIaTh TOYHbIE PACUEThI, HO MMO3BOJISIET OEHUTh
MUHUMAaJIbHOE BO3MOXKHOE 3HAUE€HHE JTF0O0N BETMYUHBI.

Ilpumep: yCTh NIBMKEHUE MUKPOYACTUIIBI C MACCOM M OrpaHUYEHO Y4aCTKOM IPO-
CTPAHCTBA C HEMPO3PAUYHBIMH CTCHKaMH (TaKOi y4acTOK, H300paKeHHbIN Ha PUCYHKE, Ha3bI-
BaeTCs MOTCHIIMAIBHBIM SAIMUKOM). Tak Kak yacThIla 3aBEIOMO HaXOIUTCSI BHYTPH JTaHHOMN
o0yacTu, TO HEONpPEeAEeNEHHOCTH €€ KOOPAUHAT He MPEBBIIIAIOT MONEPEYHOr0 pa3Mepa MOTeH-

uuaneHoro sumka: AX,Ay,Az< d. [lostomy A, p, =A, py =4, p,= % = Zid a KUHETHU-
aX
2 2 2
(8,p.)° +(Bupy) *(80p)° 30

ycCcKasa BHGPFI/I}I HJaCTHULBI HEC MOXET 6BITB MCHBIIIC BCIINYHNHBI EKHH = ~ >
2m 8md
[Ipu yMeHbIIEHNH pa3MepPOB MOTEHIMAIBHOTO SIIMKAa HAMMEHbIIAas pa3pelieHHas SHEPTHUS HaXOAAIIEHCA B HEM
YJaCTHULBI JOJI>KHA B03paCTaTB. HO 3TOI71 HpI/IIII/IHe 3.]'[eKTp0H HE MOXKET ynacn, Ha S[IlpO aToOMa NJIN HAXO-
AUTHLCSI BHYTPH siapa. Ero kuHeTnveckas sHeprusi OyeT Bo3pactarh ObICTpee moTeHnnanbHoln. CymmapHas

3 kZ¢€
md® d

sueprus E=E, + E . 2 3 OKaXETCsI [TOJIOKUTEIILHOM, U 3JIEKTPOH 0053aH MOKUHYTH SIPO.

3agaun

1. OueHnTh MUHUMAJIBHYIO BO3MOXHYIO SHEPTHIO0 OJTHOMEPHOTO KBAaHTOBOTO TapMO-
HUYECKOT'0 OCHUJUISTOPA.
Pewenue:
Cpennee 3HaUE€HUE SHEPTUH OCLUIUISTOpA

. S2 o2 p2)  k(x
(E)= .[ W () Zp_;;]+k% W(x) dx:<2—xm>+¥.Ho <x>:<px>:O,HH30npe;[eneHH171

—00

AL py = \/< p)2(> —< pX>2 = \/< p§(> , AgX = \/< X2> —< X>2 = \/< x2> U COOTHOLIEHMSI HEOTIPEAEIIEHHOCTEN
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2 2
AHpXZ%HX,HaXOI[HM <p)2(>2%;> u <E>s8mh<2X2>+k ;( VciaoBue d<(12> 8m}22x2>+k<2 > =0

OIpelesieT MUHUMYM YHEPTUHU U BBIIOJIHIECTCS IIPH <X2 > = \/hz/ 4mk, gro maér <E> = g\/E . C yueToMm BbI-
m

paxeHus 111 9acToThl W= ,/K/ M. Haxoaum MUHUMANBHYIO BO3MOXKHYIO SHEPTHIO OCHUIsTopa Eqpin = 70y 2.
Omna Ha3bIBaeTCs SHEPTUEH HYJIEBBIX KoyieOaHuii. MeHbIlee 3HaueHUe SHEPTHH OCHUJUISITOP UMETh HE MOXKET.

2. OueHuTh MUHUMAJIBHYIO BO3MOXHYIO SHEPTHUIO ABYX3JIEKTPOHHOTO HOHA.

Pewenue:. e
OneHuM HeonpeaeIeHHOCTh KOOPAMHAT 2JIEKTPOHOB Kak Al ~T; / 2 (cm.pucynok). To- @‘
I/1a U3 COOTHOIIICHHS HEOMPEEICHHOCTEH MUHIMAIbHBIE BO3MOKHBIE BETUYMHBI UMITYJILCOB ~e

2 2
+ 1.1 k
JIIEKTPOHOB [ ~ h/ l; , a BeIMYHMHA DHEpruu HoHa E = PitPa_ kZe| —+—= |+ é B
2 n I ‘rz —r 1‘

CHUILy CUMMETPUH ] « I5 OyleT MUHUMAaNbHA IIpH [ =T =T, ‘fz —FJJ =r,+r,=2 ,te.

2n® _Aze  ké dE n*

E= 5 . YcnoBre MUHUMYMa 3TOTO BeIpakeHust — =0 nmaér r =
2mer roo2 dr meke ( Z-1/4)
mek? &} z-1/4)°

h2

YEHMsI IPUIUIOCH CAENATh MHOTO JOMYIICHHUH.

. Iox-

cTaHoOBKa aacT popmyny Eqin = , XOPOUIO COTIACYIOUIYIOCS C OMBITOM, HO [ €€ MOJTy-

3. Yacruia ¢ Mmaccoif M HaxXoaUTCA B IPSIMOYTOJILHOM MOTEHIIMATFHON sIME IIMPUHBI & C U
OECKOHEYHBIMU CTEHKAMU B COCTOSIHIH, OITCHIBAEMOM BOJTHOBOH (yHKIHEH ) (X) = AX( a— )9 ,

rae A= consl. BerauciauTs HeonpeaeneHHOCTh SHEPTHH YaCTUIIBI B 9TOM COCTOSTHUY U HAWTH Be- m
POSITHOCTH OOHAPYKEHUS YaCTUIIBI B COCTOSTHUM C HAUMEHbIIICH YHEPTHEH. X
Pewenue: 0 a
Zhn?
M3BecTHO, 4TO pa3pelIeHHbIE 3HAYECHUS YHEPTUHU TaKoW cucTeMbl Ep, = W ¥ COOTBETCTBYIOT OHH

2 . (mx
COOCTBEHHBIM QYHKIHAM Y, = \/: sinfl— |, e N=1,2,3,... [loaTomy 3a1anHas B yCIOBUU (DYHKITHS OITH-
a a
[00)
CBIBAET CYINEPIIO3ULIUIO YUCTHIX COCTOSIHUM: ) (x) = Z (oN () ( x) .
=1

2
a
N3 ycrnoBusi HOpMUPOBKHU jo ‘Lp (X)‘ dx= A I (? )(2( X— 6)2 dx=1 HaxoaMM HOPMHPOBOYHYIO KOHCTAHTY
A= \/30/ a> M COMIAcHO (1.5) Berumncisiem k03 PUIHMEHTHI Pa3IIOKEHHUS:

_ra o« _ . |2¢a . TNX . . _ TNX
Ch = .[0 Wn(X)(X) dx= A\/;J.O X a )Sln? d. ITocne 3amMeHBI IEpEeMEHHOH Y = HOJTY4UM

2 1 3 TN
c, = 3_2 2 a(ij I ysin y dy —(ij j ¥ sin ydy = .= 4\/1_2( I cost ) wm
a>Va| \m) ¢ mn 0 (m)
=(sin y—ycosy)|£m :(Zysin y—( Y- 2) cosy)‘:n
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8\/15 sinzm — 8/15
(m)> " 2 (m)’

BeposTHOCTh HaX0KAECHUS B OCHOBHOM COCTOSIHMM C MUHUMAJIbHOH dHeprueil E; paBHa
=|c/* = 64M19x® = 0,99855.

Cpennee 3HaUY€HUE SHEPTUN MOKHO BBIYUCIIUTH ABYMS CIIOCOOAMH — HJIM Yepe3 CyMMHPOBaHHE MOy~

641517°n° _ 480 1
yeHHbIX BeposiTHocTelt: (E) =Y B E, Z|Cn| En= D = >
=135, (m)° 2ma®  ment T35

Z 0 TonpKO I YETHBIX N.

Cn:

WM U3 ONPEJICNICHHs] CPETHETO C MOMOIIBIO ornieparopa kunetndeckoit suneprun (1.14) (U=0 BHyTpH siMBI):

)= [y Ewax= A[° KH( szaz(“ R P 1

. 2 2.2 o
AHaITOrH4HO CpeIHUHU KBaJIpaT YHEPIUU YaCTUIBI MOKHO BBIYUCIHUTD 110 (bopMyne E“)= Z|Cn| En , HO Hau-

IEM €ro ¢ IOMOIIbIO KBaJpaTa olepaTopa KHHETHUYECKON SHEPTUH

af ~ * ~
< > I U EK(EKlJJ) dx = j ( L—i-w )( I.itp) d>. Ho um 3amannas BoaHOBast QyHKIIMS, HU OIepa-
TPaHCTIOHUPYEM 0
MIePBBIN OmepaTop
A T ow e 52 52 2
top E, He cogepxar i, BemectBennsl. [loatomy E . = E, Y= EY= —%y( AX( a— ))) = ﬁ{% u

~ 2 2
<E2> = I(?( EKlJJ) dx= j;( Ahz/ n) dx 30h4/ m &. Cormacto (1.36)HeonpeneIeHHOCTh BEIMYMHBI SHEP-
T'MU B COCTOSIHUY C 33JJaHHOM BOJIHOBOH (pyHKIMEH (X) = AX( a- X) Oyner paBHa
2
4 2 2
m-a ma2 m§

4. OnpeaenuTh BOJHOBYIO (DYHKITHIO YaCTHIIBI, PU KOTOPOH MTPOU3BEICHUE HEOTIPEISTICHHOCTEH
A XA, p, IMEET MUHUMAIIbHOE 3HAYEHHE.

Pewenue:
U3 BBIBO]Aa COOTHOIICHHUS HEOTIPEICICHHOCTH IBYX BennyuH A M B BHIHO, 4TO 3TO BBHIMOJIHEHO, €CITH
2
2
A Ay (2 C C
= H(O(AA— IAB) LP‘ d¢=|a +<—>2 <(AA)2> —<—>2 + <(A B)2> =0. T.e. TOHKHO BBIMOTHATH-
2( (@A) 4 @A)

A LoA C
Csl YCIIOBHUE (O(AA— IAB) Y =0, npuuem O = —<—>2. B nHamewm cinydae I1BUKEHHE YaCTULBI OTHOCUTEIBLHO
2( (@A)

Hayaja KOOpAWHAT CHMMETPUYHO U <X> :< pX> =0. [Toaromy AA= A= x, AB=B= P =-ihd/ox,C=h.

h 2.0 d¥ _ xdx
3anucaHHOE yCIOBUE IPUHUMAET BUJT o1 X —( ) h— |W =0 Pa3genss nepeMeHHble, —— = — oL 1
2(¢) Yoo

0x

UHTErpupys, noinydaem ¥ (X) = Cexp(— x2/ 4< )<2>) :
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IIpakTuyeckoe 3anaTue Ne 6. KBazukiaaccuueckoe npud/anxeHne KBAaHTOBOI MexaHuku. MeToa
BenTuens-Kpamepca-bpuiuiosna u ero ucnosb3oBanme 1JIsl oJry4eHus pemiennil ypapHenus lpennn-
repa B KBa3MKJIACCHYECKOM NMPHOJIHKEHUH HA IIpUMepe ABUKEHHS MUKPOYACTHIbI B OTHOMEPHO I0-
TEHIUAJIBLHON AMe NIPOU3BOJIbHOM (DOPMBI.

Bo3HukaeT Bonpoc — eciy KBaHTOBBIE YPaBHEHUS ABMKEHHS TaK MOX0XH Ha KJIACCUYECKHE, TO TMPH Ka-
KHX YCJIOBHUSX HEOOXOIMMO HCIIOJIB30BaTh KBAHTOBYIO TEOPHIO, a IPU KAKUX YCIOBHIX MOKHO OOOWTHCH ypaB-
HEHHMSIMU KJIACCUYECKOH PU3UKU?

Jlns oTBeTa OyneM aHAIM3MPOBATHh ABMKEHUE MUKPOYACTHUIIBI B 3-MEPHOM IPOCTPAHCTBE M UCKATh pe-

menue ypasuenus [llpeaunrepa (2.3)B Buze W (F,t) = ex%%S(? ,t)j , (2.11)

YIS S(T‘, t) - HOBas Heu3BecTHas QyHkuwus. [loacranoska B (2.3) gaér

2 . 2 . . .
Sy 5 (—'isjw ruw =12 (—'isj(—'is%'—iz W+ W um
ot 2m 7 2ml\n - 7 n

0S_ 1 (=.\2 i
-—=—(0S| +U(T)——AS. 2.12
ot 2m( ) (1) 2m ( )
DTO ypaBHEHHE OTJIMYAETCS OT ypaBHEHUS ['ammiibToHa SIKOOM KITaCCHYECKOW MEXaHUKH
0S p? 1 (= \2
-—2=H(r,p)=—+U(r)=—|(0S,| +U(T), 2.13
=t ()= 2 U ()= L (0, +u(n) 213

_ 32
rIe Sﬂ — (pyHKIIMOHAT JEHCTBHS, TOJIBKO MOCIEAHUM ciaraeMbiM. [Toatomy ecimu 7AS < (D 3 , TO YpaBHCHHE

(2.12)mpakTudecku COBMAAET C KJIIACCHUECKUM ypaBHeHUEeM (2.13)u 1i1st ONUCaHUs ABMIKEHHS YaCTUIBI MOYXK-
HO OyIIeT UCIOJIb30BaTh YPaBHEHHUS KITACCHUYECKOH (DU3UKH.
B ciydae cranimoHapHbIX 3a71a4 HeU3BeCTHYIO (QYHKIUIO B perieHuu (2.11)Haao npeacTaBuTh B BUIC

S(7,t) =-Et+ 1), (2.14)
riae £ —mosiHasi SHEprusi, U OHO, B COOTBETCTBHH ¢ (2.8),3amuriercs, kak
W(r )= exp(—I%EtJ @(r), e (r) = exp(lgs(f)j. (2.15)
Ypauenue (2.12)nocine noacraHoBku (2.14)mpumeT BU
1 /=2 ih
E=—/(0s|] +U(T)——As, 2.16
2m( ) ( ) 2m ( )

L m 2 o B . N
Y COBIAJIET C KJIACCUYECKUM ypaBHEeHUEeM E = %(Dsﬂ) + U( r) = ?n +U ( r) , T7Ie S, ( r) - HOBBII (DyHK-

. - \2 - ~
uoHaI JercTeus, ecmu hAs, = hll (D %) < (D %) .Ho Us, = P u nmosromy ycioBueM NPUMEHUMOCTH KJ1ac-

cudeckoi (u3uku Oyner f)z > h(ﬁf)) =hdiv p,roe p= \/Zm( E- U(T)) .

B ciyuae ogHoMepHo 3amaun div p — % :%(\/Zm( E- U(T)) = \/ ( ! ( )) (—Zm%—g) = ——rg%
2/2m( E-U(T

Y yCJIOBHEM MIPUMEHUMOCTH YpaBHEHUI K1acCHYecKo pU3uKH, yCIOBUEM, KOT/Ia pe3yabTaThl KBAHTOBOM Teo-
pHUH IEPEXOIAT B PE3YJIbTATHI KIIACCUYECKON TEOPUH, CTAHOBUTCS

umm p> > mijgrady| (2.17)

p3 > mh dy
dx

3T0 — YCIOBHE CIIPABEATUBOCTH KBA3UKIIACCUIECKOTO MPUOIMKEHHUS, KOTIa pe3yIbTaThl KBAHTOBOU TEOPUHU
COBIIAJIAIOT WJIM MPUOIMKAIOTCS K pe3yibTaTaM KJIacCHUecKol Teopuu. BuiHO, YTO ypaBHeHHUSs Kjiaccuye-
CKOM (PM3MKM MOKHO IPUMEHSATH UJIM B CJIy4ae O4eHb 00JIbIINX UMITYJIbCOB YACTHI, WX B TOM CJy4ae,
KOI'/Ia OHU JIBHKYTCS B IIJIABHO MEHSIIOIIUXCS MOTEHIHAJBHBIX MOJIAX ¢ MAJBIMHM IPAAHEHTAMM MOTEH-
nuaJa.
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Ecnu ycnoBue kBasukiaaccuuHOCTH (2.17)BBIMONHACTCS, TO PElIeHHe BOJHOBOTO ypaBHeHus [Ipennn-

oV

repa (2.3), ihE =HW, nis craiimoHapHBIX 33724 UIIYT ¢ TOMOIIBI0 TPUOIMHKEHHOTO MeTona BerTiens-

Kpamepca-bpumtrosna (meroa BKB). [list sToro B ypaBHenue (2.3) M0ACTaBIAIOT BOJTHOBYIO (PYHKIIHIO, B3S-

Tyto B Buje (2.15), W (F,t) = exp(—i%Etj H[/(F) , T71e l,U( ) exp( ( )j a HOBYIO HEU3BECTHYIO (DYHKITUIO

S(T) PaCKIa/BIBAIOT B PSiL 11O MAIOMY rapamerpy /i :

N R (BY
s(1)= 9 (N += () + = 2()*+-. (2.18)
[Tocne moncranoBku B (2.15)u (2.18)B (2.3)nonyyaem ypaBHEHHE

2m(E-U()) = (09" - hiPs=

2 2 2
:(ﬁso+_ﬁﬁsi+(z) fge+. ]{a% 1 §+(E) 5 §+_..]— h{az s+ 112 P{_ﬁj 52 2@..]
| | i | | |

2 2 2
+k —, ﬁz =A= 0 > + 9 > + 0 5" [IpupaBHUBas B 3TOM PaBEHCTBE ClIaracMble IIPU OAU-
ox ~dy 0z ox= dy° 0z

HAKOBBIX CTETEHSX Mapamerpa f/i , monydaeM CUCTEMY YpaBHEHHH, MO3BOJISIONLYIO TIOCIIEN0BATENLHO HAWTH

BCE (PYHKLUU § (T) :

npu ho‘ 2m( E- U) = (i %)2 (kmaccuueckoe ypaBHenue ['amuabToHa-SAK00H),

npu At 0=20s, (Mg +AS, (2.19)
2 - 2 - =

npu 7 ‘ O:(Dsl) +20gMs+As.

W3 nepBoro ypaBHEHUsI MOKHO HaWTH QyHKLUIO S (?) , IOJICTaBUB €€ BO BTOPOE YPAaBHEHUE HAUTU

GyHKIHIO S (?) , IOJICTABUB B TPEThE YPaBHEHUE HANTU QYHKIHIO S3 (?) U T.II. ¢ T000I TOYHOCTBIO.

OO0BIUHO, BBUTY MAJIOCTH TTOCTOSTHHOM [ImaHka 7% 3Ty cucTEeMy pemaroT ¢ TOYHOCTHIO J0 CaraeMbIX
- N, R .
MEePBOT0 MOPSIIKA MATOCTH: S( r) = %( r) +—- Si( r) . Ecniit paccMoTpeTs citydait 0 JHOMEPHOTO JIBUKEHHS Yac-
[

THIIBI BIIOJb OCH X, TO M3 MEPBBIX IBYX YpaBHEHU cuctembl (2.19)noxydanm

dx

ds_ [d’s (d%j
dx [dx2 j/z dx )’ (2.21)

Permrenuem nepsoro ypasaenus (2.20)0ymer

2
(d—%j = 2m( E- U( X)) = [;?( )9 (3TO KBaJpPAT UMITYJIBCA YACTHUIIBI), (2.20)

X
=+[nk(x) dx, rze k() ——p ——\/ZrT(E— u ¥). (2.22)
a
[Moxcranoska B (2.21) C(lj—i) =+ p( X) =+h k( X) naér dSaE(X) =- > k](- X) dk((jx)) , OTKY/1a TI0CJI€ HHTETPUPOBAHHUS

s(X) = _%j%(x);) = ——;In( k(X)) +In(cons) = Ir{ le(nf)tj . (2.23)
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[ToacraBisis monydenusie perrenus B (2.22)u (2.23)8 pemenne (2.15)cranmonapuoro ypasaenus Ipeaunre-
pay (X) = exp(lg S( X)j = ex;{% %( )) + §( )(j , TIOJTy4aeM CTallMOHApHOE (HE 3aBHCAIICEe OT BPEMEHH) KBa3H-

KJIaccuueckoe pemienue ypasHeHus [lpénunrepa.
Ha pucyHke 310 pemeHre n300paxeHo B Cllyyae IBUKEHUS YaCTHIIbI B TOTEHIIUAIBHON sSIME IPOU3BOJILHOM

¢dopmer U =U (X) . Touku X; ¥ X2 —3TO TOYKHU MOBOPOTA, BBIACISIONINE KJIACCUUICSCKU JONYCTUMYIO 00J1acTh D,

KOTOPYIO KJIacCHUeCKas YaCTHIIA HE MOXKET MMOKMHYTH (OHA JI0JKHA COBEpIIATh KOJIeOATEIbHOE IBIKCHUE Me-
KTy TOUKAMH X1 U X2).
B sT0i1 065acTu penienre MOXXHO 3aKucaTh IByMsI CIIOCOOaMu:

(//(x):iexp ifk(x')dx' +% ex —iJX’ k( x) dx| wnm

Je(a I R

C C X

¢(x) =———sin Ik(x') dx'+¢ |. (2.24)
X k() |

3neck C1, C2, C 1 § - MOCTOSIHHBIE HHTETPUPOBAHUSI.

B kiaccuyecky HeJIONYyCTUMbIX 00JIacTIX @ ¥ C Ha PUCYHKE BhIpaKeHUE KHHETHYeCKOo# sHeprun E — U
OTPHUIATENIbHO, ¥ KJIaCCHUYECKas MEXaHWKa He JOIMYCKAaeT BBIXOJI YACTHUIIBI 3a MPEEIbl TOTEHIHMATbHOU MBI,

B KBaHTOBO# T€OpPHH BEPOSITHOCTh HAXOXKICHHUS MUKPOUYACTHUIIBI B TUX 00IACTIX OTIUYHA OT HYJIS.
MeHsist 3HaK 1OJT KOpHEM Bbipaxkenus (2.22)wu (2.24),

K(x)=ik(x)=%\/2m(u( 3-8, (2.25)

MOJIy4aeM OTIUYHOE OT HYJIS KBa3WKJIACCUYECKOe penieHne ypaBHeHus [lIpenunrepa B KI1acCCHUECKH HEJOIyC-
THUMBIX 00JIaCTsIX:

] >(l 1 X
] C L 1
W, (X) :Lexp —J-K(X) dx'|, ¢, (x)=——2=exp —I Kk(x) dx'|. (2.26)
Kk(X) ¢ K () %
2 y
BepostHOCTB |Lp| 00OHapyKEHHUS YaCTUIIBI BHYTPH MMOTEHIIHAIBHOM AMBI (KITACCHYECKHU JOIMYCTHMast 001aCTh)
OCIIHJTUPYET C MEPEMEHHON aMILTUTY/I0#, a BHE SIMbI (KJaCCHYECKH HEJIOMYCTHMast 00J1aCTh) OUY€Hb OBICTPO

2
3aTyxaeT Mo HKCIIOHEHIMabHOMY 3akoHY. Ho npu npulimkeHnn K ToukaM MoBOpOTa |qJ| ~1/p > o, Tak Kak

B TOUKAX IIOBOPOTA UMIYJIBC P = \/Zm( E- U( )9) - 0.

IIpakTyeckoe 3ansaTue Ne 7. [IpaBuio kBantoBanus bopa-3ommepdesnbaa u ero ncnojib30BaHue
AJIS1 IOJIy4eHHs CIIEKTPa pa3pellleHHbIX 3HAYeHn i JHepruu. Pemenue 3a7a4 Ha npeogo/ieHHe MUKpoYac-
THLEeH OTHOMEPHBIX MOTEHIHAJIBbHBIX 0apbepoB NPOou3BOIbHOI (popMbl. TyHHeIbHBIN 3P deKT u ero
POJIb B QU3HYECKUX ABJICHHUAX.

B o0nactu BOIM3U TOUEK MOBOPOTA Xj, UMEIOLIeH MUPUHY AX U OTMEUEHHYIO ITYHKTUPHBIMU JTUHUSMHU
Ha PUCYHKE, YCIIOBHE KBa3UKIaCCUYHOCTHU (2.17)He BHIMOIHIETCS U MPUXOIUTCH HCKATH TOYHOE PellieHne
ypaBHenus IllpenunHrepa ¢ noTeHIMaIbLHON SHEPrUEH
ou 2 .
UX)=U(x)+—= Ox=x)+ A x ¥, i=1,2.
-E OX |y=x
5
dqu 2m
Hanpumep BOIM3M TOYKH TOBOPOTA X = X pEIIEHHE TAKOTO ypaBHEHUS — t—a (x - Xl) =0, rzae
dx® #

oa=duU / d>4x:x1 , 3aIUChIBaeTCA Yepe3 QYHKINI0 DWpu:
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@(x) =const@ (&), rae & = e

- Eﬂx1 )(2”"‘)%(&—@ (2.27)

Bennunna nepemenHor ¢ s peajdbHBIX MUKPOCHCTEM (aTOMBI, MOJIEKYJIBI H T.I1.) O4€Hb OBICTPO PacTET ¢
yIaJeHneM OT TOYKH IMOBOPOTa, U GYHKIIUA DApH B mipejese 00abuX ¢ MPUHUMAET BT

1,y 92 1
& exp( <&

2 T g

o(&)= (2.28)
m

X
s 3 ) s P -t

Mo0:KHO IIPOBEPUTH, UTO MPH |E | > 1 (Ha rpaHHIIaX BHIICICHHBIX HA PUCYHKE UHTEPBAIOB KBa3UKJIACCUYHOCTH)

X

jK(X)dX' npu ¢ >1lum X< X,

X1

TouHble perienus (2.27)u (2.28)coBnanyr, T.e. INIAaBHO NEPEHIyT B KBa3HKIacCHueckue pemieHus (2.24)u
(2.26),kaK MOKHO BHJIETh M3 MPEICIbHBIX 3HaueHU# GyHKImu Diipu B (2.28).I1pu 3TOM 0OKa3bIBaeTCs, 4TO
KOHCTaHTa ¢ B Boipaxkenuu (2.24)nomxHa ObITh pasHa ¢ = T7/4.

[TosTOMY B KIIaCCHYECKH JOMMYCTUMOM 001acTi b Ha prcyHKe KBa3uKiIaccuueckoe pemicaue (2.24)
MOZKHO 3alliCaThb UKW OTCUUTBIBAA ICPECMCHHYIO X OT JIEBOM TOYKHU IMOoBOpOTa X1:

w(x)zﬁsin lek(x') dx+ 7 E%X)si lek(x) o|><—£1 k) awl -7,
c . [%
k(X)Sln j

. N TT
WM OT MPaBOil TOUKU MOBOPOTa X! (X) = k( X) dx +Z . I[lpupaBHUBas 3TH BbIpaKEHUS,

X2

lp(x)=—\/%x)sin jk(x') dx'+lzr—£ K X) dx-l_zT =

X

,[ lé )9 d)'ﬂ']—; , BUIAM, 4YTO TaKO€ pa-

=q =0 =q

BeHcTBOo —C sin(a - 9) =-Csina co®+C coa si=C 'sBh BO3MOKHO TOJBKO IPH BHITOTHEHUH YCIOBHSI
p . n+1
0= I dx+ j dX+ nr, C'= (—1) C, roe N —uesoe MoJIOKATEIBHOE YUCIIO. (2.29)

B xmaccuueckoit TGOpI/II/I YacTHIA KOJEOJIETCS OT TOUKU X1 JIO TOUKH Xp M OOPATHO IO 3aMKHYTOH TPaeKTOPHH,
Tak uTo (2.29)MOXKHO 3anucarh, Kak HHTErpall OT €€ UMITYJIbCa 110 3aMKHYTOH TPACKTOPUH:

gSp(x) dx= 2Xj2 o dxe 21175( H-%j F0,12,3,. (2.30)

X
WJIH, TIPH IBHYKEHUH B 3-MEPHOM MPOCTPAHCTBE (JS pdr = ZTW( n+%) , h=0,1,2,3,.. (2.31)

Otu yenosus (2.30)unu (2.31)Has3piBaroTcs mpaBriamu (YCIOBUSAME) KBaHTOBaHUs bopa-3oMmep-
tdenpia. IX MOKHO HCIIOIB30BATh IIPH BBIIIOIHCHUH YCIIOBUS KBa3UKIACCUYHOCTH (2.17)npu ABUKEHUH JTFO-
00#i KBa3MKJIACCUYECKOM YaCTHUIIBI TIO 3aMKHYTOH TPaeKTOPHH.

PaccrosiHue MexIy coceTHUMU y3i1aMu (HyJISIMH) KBa3HUKJIacCcHueckoro pemenus (2.24) Ha pucyHke

PaHo MOJIOBUHE JUIMHBI BOJHBI e Bpoiins yactuust Ag/2, a mmpnna AX BbIIEICHHBIX HAa PUCYHKE HHTEPBa-

JIOB, TJI€ YCJIOBHE KBa3UKIIACCHYHOCTH HE BBIOJHSCTCSI, U HAJI0 UCIIONIh30BaTh TOYHOE pelneHue (2.27),1em
Oounbie, yeM Oosee MoIoruii Buj umeet kpusas U (X) ¥ 9aCTO paBHA HECKOJIBKHM PACCTOSIHUAM Ap . B aTom

cllyyae rpaBuiia KBaHTOBaHUs bopa-3ommepdenbaa 1atoT HeTOYHBIN pe3ynbTaT. X MOKHO IPUMEHSTH TOJIBKO
B CIIy4ae KPYTO MEHSIOIUXCS CTEHOK OTEHIUAIBHOMN SIMBI.
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3agaum.
U(x)=kx*/2 1. ITonw3ysch ycnoBueM KBaHTOBaHUS bopa-3ommepdenbia HAWTH pa3peleHHbIe
3HA4EeHUs YHEPTUU OJHOMEPHOI'0 KBAHTOBOI'O FapMOHMUYECKOI0 OCLHUIIIATOPA.
Pewenue.
Ey

ITommas SHEPTUA OCHUIIITOPA B TOYKE NOBOPOTA X=a COBIAAACT C MOTCHIUATIb-

- 6:1 0 c:t HOM sHeprueil: E, = kaz/ 2. IloacraBmsist GyHKIIMIO UMITYJIBCA p \/Zm( E - U )

B ycioBue kBaHTtoBanus (2.30), j dx j ‘/2 m— 5[ )% dx T[h( A — j YYUTBIBAEM BBIPAKEHUE IS

YaCTOThI ocummﬂTopa k=m’ u COBEpIIaeM 3aMEHY NMEPEMEHHON X = aCO0SP moj 3HaKOM HHTerpaia. Toraa

+a

[p(xax- ”“"Jn g  @os)= m Y sife 6= m YTR e o fom] ]

[Toacrasmnsst a’ = 2E,/k=2E, / o’ , TIOJTy9aeM pa3pelIeHHbIN CIIEKTP 3HAYEHUH SHEPTHH OJJHOMEPHOTO OC-

LHUILIATOPA E, =hw(n+1/2) rze n=0,1,2,3,... (2.32)
2.Yacrtuia Maccsl M nalaeT BEPTUKAJIBHO HA TOPU3OHTAIBHYIO IJIACTUHY U YIPYTO OT Heé y

oTckakuBaeT. [[poKkBaHTOBAaTh IBUKEHUE YACTHIIBL. h
Pewenue. lm
YacTuia coBepiaer ABMKEHUE MEKIY IByMs Toukamu oBopota y = Ou y = h. B BepxHeit g

TOYKE Ha MaKCUMaJIbHOM BBICOTE MOIbEMA €€ MOJIHAs HHEPTHs paBHA MOTEHLIUATbHON YHEPTHH

E = mgh. C xoopauHaToil Y UMITyJIbC MEHSIETCS KaK p( y) = \/2 m( E- U( )a) =42 m gﬂ g3 )/

[Moxcrasisis B ycnoBue kBanTtoBanus bopa-3ommepdensbaa (2.30),nenaem 3ameny nepeMenHon y = h— X:

h h 0
2[ p(y)dy=22nt I ydr-2/2/h § % d:x% 2/2 M g%qzz“_m\é?g 3= m( +Hléj
0 0 h
OTcroza pa3penieHHbIC 3HAYCHHS BHICOTHI M SHEPTHH YIIPYTO OTCKAKUBAOIICH YaCTHIIBI
<[ 3(0+12) ?
2m\/2g

o . - 3
Jlnst knaccuueckoii yacTuup! ¢ Maccoit m=10"19 kr nomyanm h, =1,0810"° ( n+ 1 32/ M IIPaKTUYECKHU He-

, E,=mgh rze n=0,1,2,3,...

MIPEPHIBHO MEHSIOIINECS 3HAUCHUS BBICOTBI. JIMCKPETHOCT Pa3peIIeHHOr0 CIIEKTPa BHICOT 3aMETHA TOJIBKO ISt
MHUKPOYACTHII.

Bonpoc: Ha KaKkyro BBICOTY MOJICKOYUT BBEPX MUKPOUYACTHUIIA, €CIIA COYIapPCHUE C IIIACTUHON abCOIIOT-
HO YIPYTO, a OHA TaJjiaja ¢ IepBOHAYaIbLHON BBICOTHI N, He COBIAIAONICH HU C OJHUM M3 Pa3pelICHHbIX 3Ha-
yenuii h,?

3. HaiiTu BEpOATHOCTD MPOXOKIEHHS DIEKTPOHA Y€PE3 OJAHOMEPHBIN MPSIMO- Ul(x)
YTOJNBHBII MOTEHIMAIBHBIH Oapbep ¢ OTBECHBIMU CTCHKaMH (KBa3WKIIACCHYECKOE W, T(j)
npuOIIKeHne). DHeprus anekTpoHa E MeHsbIe BricoTh Oapbepa Ug, mpu- = Wipom

m
yemUq — E =15B, a mmpuna 6apsepa & = 1 HM (CM. pUCYHOK). L Wiax
Pewenue. I I I X

Bennuuna uMmnysbca 9acTUIBI B KJIACCHYECKU JOMYCTHUMbIX oOmactsix | u I 0 4

naér k= p/h =, /2m( E- U) / h=+2 ml:_,L/h . B ximaccuuecku Henomyctumoit odaactu |l cornmacuo (2.25)
K=, /2m(U0 - E) / 7. Tak xak cTeHKH Oapbepa B TOUKax moBopoTa X = Ou X =a OTBECHBI, TO KBa3UKJIaCCHYe-

CKO€ IPUOJIMKEHHE MOXKHO MCII0JIb30BaTh ¢ Xopoiieil TouHocThio. CoracHo (2.24)u (2.26)BoaHOBbIC (YHK-
[[UH YaCTHIIBI B 3TUX 00JIACTAX
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v (x)= % (|kx)+%exl:( ikx), wy (X)=\/BE p(ikx), @, (x)= %exp(/(x)+%exp(—/(x). (2.33)

“Vhan =Yorp =Vnpou

3HaK KOMOMHAIIUN exp(iikx) yKa3bIBaeT HANPABIICHHUE JIBM)KCHUS YACTHIIbI (CPABHUTE C BBIPAKEHHUEM BOJTHO-
Boii QpyHKImH (1.12)cB00O0IHON MUKPOYACTHIIBI, IBMXKYIIEHUCS BIIOTb OCH X). DTO MO3BOJISIET MPEICTABUTD
BOJIHOBYIO (DyHKIHIO B 0071aCTH | B BH/IE CyMMBI BOJIHOBOH QYHKIUH VW, (X) YaCTHIIbI, IBIKYIICHCS BIOJIb
OCH X U Majaroleil Ha 6apbep U BOIHOBOI QYHKLUHH (X) YaCTHUIIBl, OTPAXKEHHON 0T Oaprepa. B obnactu
[l MoxeT cyiiecTBOBaTh TOJILKO YacTHIIA, IPOIIEAIIAs Yepe3 Oapbep, IMEIOIIast BOJTHOBYIO () YHKITUIO

Yipomw (X) U YIAISIOIIAsACS BIOJb OCH X.

2
[110THOCTH BEpOSITHOCTH OOHAPYKEHUS YaCTULIbI |Lp| HE JI0JKHA UMETh Pa3pbIBOB, T.€. BOJIHOBBIE

(GyHKIMH TOJDKHBI IEPEXOAUTH OJTHA B IPYTyr0 Ha rpanuiax X = Ou X =a 6e3 ckaukoB. [ToaTomy Hazno nc-
MOJIb30BATh YCIOBHS “CIIMBaHUS BOJHOBBIX (DYHKIMI: HA IPaAaHULAX 00J1acTeil JOJIKHBI COBNAAATh UX Be-
JIMYUHBI ¥ BEJIMYUHBI UX MEPBBIX MPOU3BOIAHBIX (YCIO0BHE MOHOTOHHOCTH ()YHKIIHIA):

Wil,e = Wit | g \/Ci %:% \/Af (2)
dy | _ dyy| 'kq kG _KA_KA (2)
dx |x:0 dx |x—0 \/_ \/_ \/_ \/_

Py |X:a:llJ||| |X:a 3%6Ka+% g"@ —W da (3
dwy | _ dyy | _ KA xa_KB cxa_IKB ia
2y W Ny i < Y

Ota cucrema ypaBHeHI/II/I BCCTa NO3BOJIAICT YCTPAHUTD JIMIIHHUEC ITOCTOAHHBIC UHTCTPUPOBAHUA, BXOAA-
e B BoJaHOBbIE QyHKIHH (2.33).BeposTHOCTH MPOX0XKAEHUS YaCTHIIBI Yepe3 Oapbep HiIu K03 UIIHEHT
npoxoxkaeHusi D MOXKHO onmpeenuTh Kak OTHOIIEHUE BEPOSTHOCTU TOTO, YTO YACTHUIA OKKETCS 3a OaphepoM
K BEpPOSITHOCTH €€ Ta/ieHusI Ha Oapbep, T.€. KaK OTHOIIIEHUEM KBaJIpaTOB MOJYJIEH COOTBETCTBYIONIMX BOJHO-

BBIX (DYHKIIHIA: D= \wnpom\z/\%an\z :|B/C1|2

Haiizem ato otHowenne B/Cy, yerpauss nmumnne nocrosinubie Ag, Ao u C, 13 cuctemst (1)-(4):

XK+ — a - (K+Ik) [ka (K+'k) a zKka
(3) K (4) 2\/?:016'( \/F é wm A= 2Kk &ag

_ —Ka:(K_ik)B jka :(K_' ) ika Ka
(3)xk-(4) = Z&Aze N d 170117 Y 2Kk &a g
Ho mo ycnoBuro xka= a,/2m( U, - E)/h =5,1e. €%> " u A < A. [losromy B ypasuenusx (1) u (2)

MO>KHO TIpeHeOpeub MaibiM K03 puuneHToM Aq U UCKITIOUUTH U3 HUX KO HUImeHT Co:

()xik+(2) = 2VkC = (k- K)Az I Cl=i—(K_ik)2 Bdk@ &2
Jk 4kk
2
_.kaZ AkK | oa_ 16¢2K? s2xa_ 16E(U0 E) s2/zmUo-E)a

. \2 2
L ki) (2 +1?) ug
4. Onpenenutb BEPOSITHOCTh MPOXO0XKIEHUSI MUKPOYACTUIIBI Uepe3 OJJHOMEPHBIN MOTeHIIUATbHBIN Oapb-

ep mpou3BoIbHOI hopmbl (KBazukiIaccuueckoe npuoimxenue). M ¢ moMomipro noiaydeHHoi GopMyIibl uccie-
JI0BaTh SIBJIEHUE SMUCCUU WU BBIPBIBAHUS 3JIEKTPOHOB U3 METAJIJIa BHEIIIHUM 3JIEKTPUYECKUM IOJIEM C HAIpsi-

Otcrona D =

JKEHHOCThIO b .
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Pewenue

Ecmu noteHImansHbIii 6apsep UMeeT MPOU3BONIBHYIO (OpMY, TO pa3odbeM U
ero Ha N OECKOHEYHO Y3KUX MPSIMOYTOJIBHBIX 0aphepoB MHMPUHOM AX U BBICOTON
U (X) KaK/IbIi (PUCYHOK ciieBa). BeposSTHOCTh MPEoI0IeHHsT KaKIO0ro TaKoro i-ro
OpsIMOYTOJIbHOTO ~ Oapbepa TONMydeHa B TpeAbIAyLIeH 3ajadye W paBHA $E ::E .

16E(U(% )~ E) -2 [om(U(x%)-E)ax/n 0 X AR X
D = ( 2(()§ )) )e (U(x)-8) >§/ . BeposiTHOCTH HE3aBUCHMBIX COOBI- x
U= (X

THI — IPEOJOIEHNS KKIO0Tr0 U3 y3KuX 6apbepos —nepeMHoxkatorcs: D = Dy D,...D,,. [loka3areny 3KCIOHEHT B co-

MHOYKUTEJISIX TIPU 9TOM CKJIaIbIBatoTCs M pH A X — 0X Jat0T UHTErpal:

D = constlex —%Xf\/ m(U(X) - E) dx (2.34)

— 9TO BEPOSITHOCTh TYHHENIBHOTO d(eKTa — mpeoaosaeHus naaaroieil MUKpOYacTUIIeH ¢ MacCoi M U SHEPTH-
et £ Oapbepa mpou3BosbHON (popMel. 3anucaHHas (Gopmyina sSBIsSeTCsS NPUOIMKEHHOM, TaK KakK IMOJIydyeHa ¢
TOYHOCTBIO JIO TIOCTOSIHHOIO MHOXHTEJNS, 3aBHCALIEro oT ¢opMbl 6aprepa. Ho rimaBHbIM pe3yiabTaToM Oyner
HKCHOHEHIMAJIbHAs 3aBUCUMOCTh K03 duimenTa npoxoxaeHuss D oT ToMmuHb U BEICOTHI Oapbepa U OT Mac-
Chl YaCTHUIIBI.

[IpuMeHHUM MOTyYEHHBIN Pe3yJIbTaT K SIBICHUIO XOJIOAHOW SMUCCHUU — U(x)

BBIPBIBAHUIO JIEKTPOHOB U3 METaJlJIa BHEIIIHAM YIEKTPUYECKUM I10JIEM C Ha- - Yo

npsbkeHHoCThi0 IS . Ha rpanuiie meranina BO3HUKAeT JBOMHOMN 3JIEKTPUUECKUM Agux -e

CJIOH, [UIsl IPEOIOJIEHUS] KOTOPOT'O U BBUIETA DJIEKTPOHOB U3 METaJljla HaJ1o0 3a- E M X

TPaTUTb SHEPIHI0, paBHYIO padote Bbixona A, . . OZHOpPOJHOE MOJIE, HAIPaB- 0 X -
R

JIEHHOE TIPOTUB OCH X, KaK II0Ka3aHO Ha PUCYHKE, CO3/1aeT IOTCHIHAI e - Bakyym X

« MeTann Hre—"

thtttt+t+r+t- e K

#(x)= .[ E dx=E x. [loTeHunansHas 3HEpTHs JJIEKTPOHA C OTPULATEABHBIM ~ ~ -
0

3apsJIoM —€ B TAaKOM IT0JI€ YOBIBA€T C POCTOM X JIHEHHO: U (X) =Up— e¢( X) = Uy — €& . Boznukaer tpe-

YTOJIbHBIH MOTEHIMAIBHBIN Gapbep, TonmuHa X, = E/ €E koToporo, Kak BUIHO U3 PUCYHKA, ONPEIENSETCS Be-

JMYMHON PabOTHI BbIXOA AIeKTpoHa u3 Metaiuia A =Uy — E. BeposTHOCTh TYHHEIIBHOTIO IPOXO0KICHUS

yepe3 Takoi Oapbep WM BEPOSTHOCT BHIPBIBAHUS JIEKTPOHA U3 META/UIa B KBAa3HKJIACCHYECKOM HPUOIIIIKe-

/ X2 A/
HMU paccuyuThiBaeTcs cornacHo (2.34): D ~ ex —% .[ VALx —€E xdx| = ex _Bh—Z]rEn B2 | u ouenn
e
0

=2 5B nonyyaem D ~4010° npu E=10° B/u.

DTOT pe3yJIbTaT HE YUUTHIBAET TO, YTO BBUICTEBIINUM 3JIEKTPOH, YAAISASICH HA PACCTOSIHUE X OT MOBEpX-
HOCTH METaJlJia, BHI3IBAET MOSABIIEHUE HA TOBEPXHOCTHU MOJIOKUTEIHLHOTO HHAYIIMPOBAHHOTO 3apsija, AelcTBHE
KOTOPOTO, COTTIACHO METOJTY 3epKaIbHOTO OTOOpaKeHU s, YKBUBAJICHTHO JCHCTBHUIO Ha BHUICTEBIINI JIEKTPOH

Mmana. [lnsg metannac A,

_ 2
cunsl Fy, = kez/ (2 X) CO CTOPOHBI 3€pPKAIbHO PACIIOIOKEHHOI'O TOUYEUHOT O U(x)

sapsga +e. Cormacho cBssu Fy =—0U/0X 5T0 03HAYAET, UTO K SHEPTHH T

BHemHero nojist E Hamo modasuts ciiaraemoe U om = —ke2/ 4 X, KoTopoe E M I; B ~
Ll N X
YMEHBIIIUT BBICOTY U IIMPUHY MOTEHIIMAILHOTO Oaphepa. Pemenue 3amaun ¢ 0% % -
sneprueii U (X) =Ug - eEx- ké/4 > TaéT pe3yabTar FEFFFTFEET,]- _ Bakyym
meTann H-" e X

-

2y 2mA 2 SXXTZ T

D'~ex TTooE 3“"4)(0() , T71e (I)(O()=.[ 1—y—%dy-HOHHBII713JIJII/IH- brtrsrerst] <—E—
e
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TUYECKUI UHTETPal, 3aBUCALLUN OT ITapaMerpa o = ke3E/ (4 HX) . X1 ¥ X2 —HOBBIE TOYKH IT0OBOpoTa. HoBas

BeposiTHOCTH D' ~ 1010° PE3KO YBEIMYUBAETCSA, YTO YKA3bIBAET HA TO, YTO PE3YJILTATHI KBAHTOBOMEXAHUYE-
CKUX PACYEeTOB OYEHb UYBCTBUTEIbHBI K HCIIOJIb3YEMbIM (PU3MUECKUM MOAETISIM.

IIpakTuyeckoe 3ansaTue Ne 8. TouHble pemieHus cranuoHapHoro ypapuenus lllpenqunrepa aas
YacTHLbI, HAXOAALIEHCH B IPSAIMOYI0JIbHOM MOTEHIHAJIBHOM sIMe U VISl YaCTHLBI, IIPeoaoJieBaroei
NPSIMOYTo0JibHbIE OTeHIHAJIbHbIE 0apbepbl. KoadpuuueHThI 0TpakeHNs1 M MPOXO0KIAEHUS Yepe3 MOTeH-
HMajdbHbIe 0apbepbl. 3HAYEHUS ITUX 32/1a4 VI ONUCAHNUS (PU3UKHU IeTepOCTPYKTYP.

Haiitu pemenne craimonapuoro ypasHenus Llpénunrepa (2.7)B a3neMeHTapHBIX QYHKIHIX yIaércs
TOJIBKO JUIsl TOTEHIIMAIBHBIX 0apbepoB U SIM MIPSIMOYTOJIBHOM (POPMBI.

3agaum.
1.Yacruua c sHeprueit E Haneraer Ha NpsSMOYTOJIbHYIO MOTEHIIMAIBHYIO CTYIIEHBKY n NG
BbicoThl U =16E/ 25 (cM. pucynoK). OnpenenuTs BepOSTHOCTh OTPaXKEHHS YaCTHIIBI OT I S
CTYNIEHbKH U BEPOSATHOCTH €€ MPOXO0KAeHUs B 00actb X > 0. E 4
Pewenue L X
’ I il
VYpasuenue lllpequnrepa d_liJ + 2—r2n ( E-U ( X)) Y =0 B obmactsx | u Il umeer Bug
dx®= &
2 2 2m(E- U
m+ klzl]J| =0 u M+k22l]J“ =0, 1me k12 :ZLZE, k12 ZM.HXTOHHHCPCIHCHM aHajo-
dx® dx® h n

rmanbt (2.33): v, (x) = G+ G €M%,y (x) = Bé?* . D1 pemenus neobxommo “cumTs” Ha rpanuie 06-

“VYnan =VYorp ~Vnpou

JIacTeu.
Wlo=Wilyeo =G +G =B

mam Cy/Cy = (kg = kz)/( kit ko) .

3amMeTuM, 4TO B OTIIMYHE OT KBa3HKIIACCHYECKUX perieHui (2.33),3amucanHble 3/1eCh PEIICHHs HE COJepIKaT

dy,|  _ dyy |

dx |X:0 dx |X:0

= ik G - ik C, = ik, E. Uckimtouas otcrona B, Haxo-

MHOKUTENS ZI/ Jk. [ToaTOMy BEpOSITHOCTH IPOXOXKACHUS YaCTULIBI yepe3 Oapbep Helb3s, BOOOIE TOBOPSI, OI-

o o 2 2
peneniaTh OTHOIIEHHEM KBaJpaTOB MOIYJIEH COOTBETCTBYIOIINX BOJTHOBBIX PpyHKIM D = ‘qJHpom‘ / ‘l]JHaﬂ‘

BeposTHOCTE IPOX0JKIEHUS YaCTHUIIBI uepe3 Oapbep mwin kodddurment npoxoxkaenus D onpenensitot
KaK OTHOIICHHE TUIOTHOCTEW TIOTOKA BEpOSATHOCTH (2.5) mpomie X 1 naiaroliuX YacTHIL:

D = jupom/ Jnax - (2.35)
AHaJIOTHYHO BEPOSITHOCTh OTPAKECHHUSHUS YaCTHIIBI Yepe3 Oapbep i kodbduimeHT orpaxkenus R -
3TO OTHOIICHUE TUNIOTHOCTEH MOTOKA BEPOSTHOCTH (2.5) 0TpaKCHHBIX U MAJArOIINX YaCTHUIL:

R= jorpaxc/ Jnan - (2.36)
OTH BEPOATHOCTH CBSI3aHBI COOTHOIIIEHUEM R+ D=1 (2.37)
Panee BBIUMCIINIIN, UTO ISt CBOOOIHOM YaCTHUIIBI B 00aCTH |, T/Ie MOTEHIMAIbHAS SHEPTHS PaBHA HYITIO, U IS

2
jOTpam :‘wOTan(‘ :22: ki — ko 2= \/E—«/E—UO 2
Jnan ‘wnaﬂ‘z C1|  kp+ky JVE +JE- U,

[oxcrassisi, cornacHo yenosuio, Ug =16E/ 25, umeem R=1/16 u, coorsercrBenno, D =1-R=15/1€

MaJaroIei, U 11 OTPaKEHHOU JacTuIlel, R =

2. HaiiTu criekTp pa3perieHHbIX 3HaY€HUH SHEPTUN YaCTHUIIbI, HAXOJSIICHCs B OJ1- U, MU(x)
HOMEPHOM MPSMOYTOIHFHOW MOTEHIIMAILHOMN SIME€ KOHEUHOUM BBICOTHI, H300paKeHHOUN Ha Uy
PHUCYHKE. I 1 {|E 11 x

0 a
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Pewenue
Orta 3a/1aua UMeeT OOJBIIIoe MPUKITAIHOE 3HaYeHHE. Takas MOTeHIHAb-

Hasl siMa 00pa3yeTcsi, HapuMep, B IPOCTEHIIEH TOTYTIPOBOIHUKOBOM TE€TEPOCT-

pykrype. [To100HbIe CTPYKTYPHI (KBAHTOBBIE HUTH) SBJISIOTCS OCHOBHBIM dJIe- GarxAlcAs | Gahs |GayAlxAs

MEHTOM Pa3HOOOPa3HbIX HAHOYCTPOMCTB. ; %
B obmactax |, Il u lll crarmonaproe ypasHenue Llpenunrepa E ~—d—

30Ha| HpOBOIIHMOCTH

2
((jjxlf + 2m ( E-U ( )) W = 0 3ammmercs kak imefpom

3anpcuiCHHadg 30Ha

|)%—K]2_LU|=O, rie K1=%,/2m(Ul— E) (U(X=Uy); B =T

BAJICHTHasA 30HaA

Ay, 2, _ _1 _o)-
1) =5k =0, e k=-/2mE (U(%=0);
X

1)) ¢’ 1’2'” ~K3Wy =0, rze K, =%,/2m(U2— E) (U(X=U,).

Pemenus 3Tux ypaBHEHH, KOHEYHBIE B 00JIACTH X — 100 MMEIOT BH
=AY, y, =Csin(kx+¢), gy =Be “2*, e A B, C,¢ —nocrosuuble. Fcnonb3yeM yclIoBus Helpe-

PBIBHOCTH 3TUX PELICHHUI Ha rpaHUIax o0JIacTel U pa3JeluM BTOPOE U3 3alMCaHHBIX HIDKE YPaBHEHUH Ha
[IEPBOE, a YETBEPTOE HA TPETHE:

l.|J||X:O=qJ”|X:O :>A=C5in¢ (1)
% = % = AKl = Ckcogb ( 2 ( ) =K1 = kCtg¢
dX x=0 dX x=0 ( )
~ _ _ nckpa Otcrona 4
Wi lyea = Wi e g = Csin(ka+¢) = Be (3) E ; = kctg(ka+¢) = -
dyy| dllJlll | — Ckcos{ ka+§) = —k, BE¥22 (4
dx | x—a
Ho Kq = / 2mU1 -Kk?, /Zm;J 2 _K? [Tostomy ctgdp = -1, ctg ka+¢ 2r2U22
h k

Ho ¢yukmus ctgd cBszana ¢ pynxuei sing : Ctg ¢ = —1 u nepuoaununa: ctgdp = Ctg(d) + T[n . Io-

S|n2<|>

. nk ,
3TOMY MoJy4Yuian Sing = \/_ <1. Yron ¢ naxomurcs B 1-m mnm 3-M kBagpanre. ¢ = arcsin———+ 1y,
mts

1/2mU1

510 QyHKIHA ka

A Tak Kak Ctg(ka+ (I)) <0, To yron

|

ka+¢ =1, — al’CSinzh—\/LU HAXOINUTCI BO 2-M UiH 4-M (-m)m
mUs

KBajJpaHTe (31ech Ny U Ny —1iesbie uncia). Vickiouas u3 aTux

910 yHKLSL

J2mu, J2muy, -

[Tonmyuynm ero pemienue rpaguyeckuM METO0M, TIOCTPOUB
rpaduku 3aBUCUMOCTH TIPABOM M JIEBOW YacTe ypaBHEHUS

JIBYX COOTHOIICHHH yroia ¢, mosrydyaeM TpaHCIEHIEHTHOE P S A -arcsin="rs lz-arcsm S,
ypaBHeHI/IG JJIs OHpe,Z[GJIeHI/I}I pa3pemeHHblx 3H3.‘ICHI/H71 3H€p- ;
ruu E: M- i
. hk . hk | 3
ka = JT( = f1) —arcsi(———- arcsi——. (2.38) o A i

(2.38)or nepemennoit k = %\IZmE: ; 7
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1 U
Tax kxak gacTHIa JODKHA HAXOAUThCA B siMe, TO E<U, <U; m 0k < %Q/ZmUZ , a TIpa-
Bas 4acTh ypaBHeHUS (2.38)He MOXKeET ObITh paBHOU IEIOMY YHCITY 7. UHUCIIO pa3pelieHHbBIX JqHC- m
KPETHBIX YPOBHEH SHEPTUH TSI YACTHUIIBI B TAKOH sIME PABHO YUCITY MTEPECEYCHUH IBYX TpaUKOB N
Ha TIpUBEJIEHHOM pUCyHKe. [1o koopauHaTam 3TUX MepeceueHuil pacCUUTHIBAIOTCS Pa3pelIcHHbIC 077

3Hauenus Ep = h2k§/2m.

a !, 3T0 QYHKLMS
3ameTHM, 4TO €CiH sIMa O4eHb MenKad, T.e. Ka=—,/2mU, <« 1 ! ka
h L e I
(npﬂMaﬂJI Ha rpaduKe), TO TOYEK MepeceyeHus, T.c. paspelleHHbIX ™ 1o dymmaus
3HAYEHUH SHEPTUU HET, U YacTULAa HE MOXKET HaXOUThCS B TAKOU sIMe, an ‘ -k
00s13aTeNbHO BbUIETAeT U3 He€. | 0OBOPAT, UTO B TAKOM ClIydae y CHCTe- | -2arcsin. 2mU,
MBI OTCYTCTBYIOT CBSI3aHHBIE COCTOSIHUS. R e S w
B ciyqae cuMMETpUYHON TOTEHIIUAIBHON SIMBI, KOT 1A m AN ‘
U, =U;1=U, X0Ts OBl 01MH pa3pelleH bl YPOBEHb SJHEPIHHU B sIME TN }
UMeeTcsl, Kak BUIHO U3 BTOPOro rpaduka. ‘ i k
3. Haiitu cpeaHee 3HauYeHHE KBaJpaTa KOOPAHHATHI X MUKPO- 0 ‘JZ%UO

YaCTHUIbl, HAXOASILEHUCS B OJHOMEPHOU NIPSMOYTOJIbHOM IIOTEHIUAIIb-
HOM sIME IIMPUHBI & ¢ OECKOHEYHBIMH CTEHKaMH B PAa3pEIIEHHOM YHEPIeTUYECKOM COCTOSIHUH.

Pewenue
HawnGoiee mpocTo paccuuTaTh YPOBHHU YHEPTUHU B MIPSMOYTOJIBHON MOTEHITMATBHOM siMe ¢ 0ECKOHEUHBI-

MU cTeHKaMu. Eciii ucnonbs30Bath pelienue npeaplaynei 3anaun, To u3 ypasHenus (2.38),monaras
U =Uy=Uq - o, nonyunm ka=T1(np - ny).

Ho mipoire HemocpeacTBEHHO 3anmucarh perienne (X) = Csin( kx+ d)) ypasuenwus [lpenunrepa

2
v + 2—m( E- O) W = O BHyTpH siMBI. Vcri0nb3yeM rpaHiYHbIE YCIOBHSI HA CTEHKAX SIMBI, ) (X = O) = 0, uro maér

dx® 1

:k2
. v s a
sing = 0w $=0,u Y (X = a) =0, gro gaér sinka = 0, otkyma ka= %\/ZmE= T n. Kaxxgomy paspenieHHOMY

. [ TNX
3HAUEHMIO SHeprun E, cooTBeTcTBYyeT BONHOBas GyHKUUS ) (x) = Csin| — | . Ilocrosunyto C HaxomuMm u3
a

YCJIOBHSI HOPMUPOBKH j(?|tp|2 dx=| qZISSinZ (mtny g dx= = |C|2 a/2=1.

2.2
thh_r; onuceiBaeTcs GpyHKIMeH (X) = \/Z Sin(m(j . (2.39)
a a

CocrosiHre MUKPOYaCTHLIBI € SHEpruen E, =

2ma
a 5a X of g 3™
CpenHee 3HaYCHHE <x2> :J-l]J X2l]J dx= —.[ xzsinz(—j dx= —(—j .[ fSinZ( )) dy
a a a\ mn
0 0 0
y=TIN
_Z(aj‘q’ vy 1) yCcos 2y ol 1 1
=—|=||=-|=——=|sin2zy-——— —a | - ————
altm) | 6 | 4 8 4 3 z(m)z
y=0
a a 2 W M U(x)
3aMeTHM, 9TO B KJIACCHUECKON TEOPHH <X2> = J- x2 dx .[ dx= a ) LA Wipe
3 R
0 0 E maz
4. HailTu BEpOSITHOCTb IIPOXO0XKIECHUS U BEPOATHOCTh OTPAKEHHUSI MUKPOYaCTH- y 1 oI
0 a

1Bl C9Heprueit E, mposerarorieit Hal MOTEHITMATBHOM sIMOM MPSAMOYTOIBHON (GOPMBI
MIMPUHBI &, U TyOouHbl Ug (CM. PHCYHOK). -]
Pewenue 0
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B obnactsix I, Il u lll crarmonaproe ypasaenue [peauHrepa u ero pemeHus
d? 1 . .
) dx“;' Kk =0, e kg = /ZmE = v A= Gexp( ik 3+ Gex(~ ik X;
=Vnan :\VOTp

2
1)) dd%wzzq;” =0, rae k =%,/2m( E+ W) = v (3= Aexp( ik 3+ Aexd- ik X;

2
) %”Lklzlbm =0, rae k 2%\/2”‘5 =y (3= Bexp( ik },20¢ G G ,A A ,B=const
X
=V npow

Hcnonb3yeM ycaoBHs HEIPEPHIBHOCTH 3TUX PEIIEHUH Ha IpaHULIax o0acTeil U pa3enuM BTOpOe U3 3alucaH-
HBIX HM)KE YPaBHEHUH Ha MEPBOE, a YETBEPTOE HA TPETHE:

W |x:0 =Yy |x:0 =Q+G=A+A (1) Cxnampisas (4) + Ky % (3) nomyunm
% o % Y kG- kCo= kA~ kA (2 A= Bk12;k2k2 dtate)a (5)
Wilea=Winlcq  =AdP+ M= BER  (3)  Bermman (4) ~kp x(3) morymin

d(ljp)ll Ix—a ) dq(;I>|(| Ix—a = Alod® - Ao "% = Bk @16‘(4) A= Bk22k2k1 dlasiele (©)

YMHO>KI/IM Tenephb ypaBHeHHe (1) Ha k; u cmoskum ¢ ypasaenueM (2). ITocie moacranosku (5) u (6)

oo G B B o b - 47 -

4kq ko
_ B gka 2+k1+k2 gikoa | o i+ K deoa |
4 kiko ki ko
C yaerom €22 + g2 = 2 coslg 5, e7K22 — gk22 = 2 jsin kz au|x+ iy|2 = (x-iy)(x+iy) = ¥ + ¥ o10
2, k1 + k5
naét |B| ‘Cl‘ 'kla gE 4cosk, a- K+ Ko S|rk2a = cos k2a+( ) st ks ¢
_ 4 kg ko k2k2
BeposiTHOCTh TpOX 03K IeHMsI YacTUIbl B 00JacTsh Il Oyner paBHa
-1
i 2 k2 + k3 k- k3
= Jpom _ ‘wnpoml = |2 =| cos kpa +¥ sifka| = B( 5 ) siflba ,  (2.40)
Jrian ‘llJHaH‘ |Cl| =1-sirf kpa Akq I<2 Ak{ kz

re k1=%\/2mE, Ky =%4/2m( E+ Uy).

CoOOTBETCTBEHHO BEPOSITHOCTh OTPAKEHUS YaCTHIIBI, TTpoJieTatomen Haa ssMoit R=1— D. Takoe oTpakeHue
BbI3BbIBACT 3(h(heKT paccessHUsI CBOOOIHBIX SJIEKTPOHOB B METAJIaX Ha MOTEHIIMAIBHBIX sIMaX BOJIHM3H HOHOB
KPHCTAJUINYECKON PEIIETKH, T.€. SIBISETCS IPHYMHON MOSBICHUS IEKTPUIECKOTO COPOTUBIICHHS B METaJLIaxX
— caenctBus 9h(HEeKToB KBAHTOBOM TEOPHH.

2.2
IIpu kya= TN, otkyna E, = T[Zh—r; —Up, nonyunm D =1 u R=0 - yactuna
2ma %Tp U(X) Wnpom
MpoJieTaeT Haj sIMOM 0e3 oTpakeHus, He 3aMeuast e€. Takue ypoBHM SHEPrUM Ha3bIBa- T I \V«
FOTCS PE30HAHCHBIMH. B fan A
3aMeTHM TakKe, 9TO CACTAHHBIA PacdeT U MOTyYEHHBIC Pe3yIbTaThl MOKHO
MCIOJIb30BATh MIPH MPOJETE YACTHUIIBI HAJl TPSIMOYTOJIBHBIM TIOTEHITUATBHBIM Oaphe- l 1 o] or X

0 a
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pom. Hano toneko 3amenuts Ug — —Ug, T.e. punsTh Ko =%,/2m( E- UO) :

U(x) U, 6onbuie Toro, noiaydeHHbIi pesynbrar (2.40)MOXKHO NIPUMEHHUTH U K IOA0aphEPHOMY
Worp 4, Wpo  TPOHHKHOBEHHIO JaCTHIIEI (TyHHembHBIH 3ddekT, cM. puCcyHOK ciieBa). B aTom ciydae
<o Tporl . 1
gm Whan HaJ0 3aMeHuTh Ky = iK , re K =—«/2m(U0 - E) > 0. Tak kak
y 1 o |mox h ,
a
2 2 )2
-Ka a ki - (IK) ) 2
L - ) [ U
Slnz(lKa): g :__( —2Ka 2+eZKa) —— __ 0 ,
2i 4 4k (ik) 4E(Uo - E)
1 y
To D= 5 . DTOT pe3ynpTar 0ojee TOYeH, 4YeM TOT, KOTOPHIH ObLT MOTy4eH B
+ Ug ( “2Ka _ 5y e2|<a)
16E (Up - E)
3amannu 3 U1 K03 UIIMEHTA TPOXOXKACHHS Yepe3 MPSMOYTOIbHBIN MOTEHIIUATBLHBIN 0apbep B KBa3UKJIACCH-

2Ka
YECKOM MPHUOJIMIKEHUN U COBMAJET C HUM, €CIIU IPUHSATH €

>1.

IIpakTuyeckoe 3anaTue Ne 9. MeToabl pemieHusi cramoHapHoro ypasHenusi lllpexnnrepa nis
YaCTHUIIBI, HAXOAAIIEHCS B IPONU3BOJIbHOM MOTEHIIHAJIBHOM MoJie (Ha IpuMepe OTHOMEPHOIl MoIesIn
aToMa H 0JJHOMEPHOr0 KBAHTOBOT'0 FapMOHUYECKOro ocumiuisitopa). [Ipeacrasiienue o oHOHAX

B ciy4ae npou3BoJIBHOM 3aBUCUMOCTH OTEHLIUAIbHON SHEPIUH OT KOOPAWHAT PEHICHUE CTAllMOHAPHO-
ro ypasHenus lIpénunrepa, kak npaBuIIo, HEJIB3sI IPECTABUTH B BHJIE JIEMEHTAPHBIX (PYHKIUIH, HO MOKHO
3amucarhb B BUJE psizia, KOTOPBI 0003HAaYal0T KaK HEKOTOPYIO crienualibHyo GyHkuto. JIlrobas u3 cnennans-
HBIX (QyHKUMi (chepuueckue Gynkumu, pynkuuu beccens, Dpmura U T.11.), IMEIOIIASCS B CIIPABOYHUKE T10
CIeLUaNbHBIM (DYHKIMSM, SIBJISETCS peIIeHueM HEKOTOPOH (pU3NYeCcKOoi 3a1aun.

UroOs1 3anucaTh pemenue ypasHenus Lpénunrepa B Buie psaa, MOKHO UCIIOIB30BATh OOIINN METO,

KOTOPBIN MPOJIEMOHCTPUPYEM, pelliasi CASAYIONIYIO 3a1a9y. U(x)
1. Haiitu pa3pemnieHHbIe 3HaYEHUS SHEPTUH U COOTBCTCTByIOI_HI/IC WM BOJTHOBBIE (DYHKITUH 0 X
Ut “OTHOMEPHOTO aToMa” ¢ TIOTEHITHATBHOM SHEPTHEH U =- qu / | >¢
Pewenue
VYpaBHeHue @ +2—r2n E+ qu 1)
dx= & |X|

npu E > 0 umeer HenpepbIBHBIN pa3pelieHHsli ciekTp. Paccmorpum ciyyaii E < 0.

; 2 2
1) BBoiM HOBYIO MIEPEMEHHYIO X = L y. Torma a2 =—4 &Ei u ypaBuenue (1) npuHu-
\ 2mE dx? dy?

2 G
d’y 1. « imkef
MaeT BUJI ———y+—YP=0, tH¢ 0 =—F——= 2
dy? 2¥ |y|Lp N 2mE )

(aTOT 9TaI, 3aMeHa epeMEHHOM, He 00s13aTelNeH, U UCTIONIb3YeTCs ISl YA00CTBa BEIYMCIICHUH, T.K. YpaBHEHHE
(2) ucrnonp3yeT MeHbIIIEe TapaMeTPoOB, YeM ypaBHeHue (1), uMeeT Oostee MPOCTOI BUL).
2) UiemM acMMIITOTHYECKOE PEIlIeHNE B 0COOBIX TOUKaX (3TO TOYKA Y — 00, B KOTOPOU ypaBHEHHE MPH-

2
HUMaeT aCUMITTOTHIECKHIA BH/T dd—j;'z"“c - % Y, =0 1 MMeeT KOHEYHOE ACUMIITOTHIECKOE pereHue Y, =€ y/ 2).
3) Pemienne ypaBuenus (2) mpeacrasisiem B Buae ( y) =W, ( y) f ( y) = gV/? f( )) 3

roe f (y) - KOHeYHast (QYHKIIHsI, ypaBHEHUE JIJIs1 KOTOPOU moiyduM, mocTasisis (3) B (2), U BBIYHCIISS IPOU3-
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2
BOJIH d_llJ =£ —le_y/2 f+ e_y/Zﬁ =1' eY2 - 2—:L ey zﬁ+ gy zﬁ.ﬂocne THOJICTAaHOBKH B (2) 1
Yo 4 2 ¥

dy? dyl 2 dy dy d
2
COKpAIIICHHS Ha € y/2 , IOJIy4UM ypaBHEHHE air_df +9f = 0, 4)
dy? dy
pelLEeHne KOTOPOro HILEM B Bijie cTenienHoro paga f (y) = z A f (B aTOM citydae B Touke Y = O He BOSHHKHET
k=1
pacxoaumoctH). [ToncranoBka B (4) naér z k ( Kk —1) A )}<_2 - z KA )y_l +a z A )If =0 wm
k=1 cmemaem k - k+1, k=1 k=1

T.K. CllaraemMoe ¢
k=1 3anynsercs

z yk [( K+ 1) KA+ — kKA +a /H = 0. A TaK KaK HOJIMHOMBI yk SIBJISTFOTCS JITHEHHO HE3aBUCHMBIMH () yHKITHSIMH,

k=1

TO JIOJDKHBI OBITh PABHBI HYJTIO BBIPOKEHHUS B KBAJPATHBIX CKOOKAX, CTOSIIIME ITPU KaXKIOM TTOJIMHOME yk . [Tonmyuaem
k-a

PEKYPPEHTHBIE COOTHOIICHHS /15t KOA()(OHUIIMEHTOB psjia; A= m A, k=1,23,.. (5)

4) Ecim oToT psig HE 000pBath, TO pu K — 0 A g D% A . O10 K03 PULIMEHTBI PA3IOKEHHS B Psi HYHK-

o K
mn f (y) - Z% = & u pernenne (3) GyeT pacXoaUTHCS l]J(y) =W, ( y) f ( y) L eV , = 00, YTO TPO-
k < X

2
THBOPEYUT TPEOOBAHUIO |l]J| — IIOTHOCTh BEPOSITHOCTH OOHapY>keHus yacTulibl. [ToaTomy psii Hamo obopBaTh npH

nenoM K = n, monaras B (5) o =n (mpu 3toM Bee koaddunuentsr A iq, Ant o, Ay 3i-..= 0). [loacrasmss Bepake-

mk? o

Hue 1 o u3 (2), momydaeM CHeKTp pa3peleHHbIX 3HaYeHuH sHeprun E,, = — 57
2h°n

n=1,2,3,.., KaKIoMy u3

n
KOTOPBIX COOTBETCTBYET KOHEUHasl BOIHOBas QyHKIHA Y, (y) =g V2 Z A )}< , Tie Bce KoadduirenTsl A, co-
k=1
rinacHo (5) BeIpaxkaroTes yepe3 KO3 HUIMEHT A , KOTOPBII ONpenerseTcst U3 yCIOBHS HOPMUPOBKH QYHKIMHU Y, .

[IpuMeHnM 3TOT METOJT K 3a7jau€ KBAHTOBAHUS OJHOMEPHOTO TapMOHUYECKOT0 ociuiuisitopa U (X) = kxz/ 2.

Bo MHOrHx ¢usnyeckux 3amavax JBIKCHHE YACTUIIBI IIPOUCXOJUT BOJIHM3H JHA MTOTCHIIMAIBHOW SIMbI (HAIIpH-
Mep — Kosie0aHHUs HOHOB KPUCTAJUTMUECKON PEIIETKH, UMEIOIUX OTHOCUTEIIBHO He- U(x)
OOJIBIITNE AMIUTUTY/IBI).

Cosmenas Hagano koopauHaT X = O ¢ THOM sIMBI, U J00ABIIAs K HOTEHIIH-
aJIbHOM YHEPTUU KOHCTAHTY TaK, YTOOBI OHA OKa3aJach B 3TOW TOUYKE PaBHON HYIIIO,

U(0)=0— 2

U (O) = 0, pa3nokuM Nnpou3BoNIbHYI0 QyHKIMI0 U (X) B pan Teitnopa:

2 3
U (x)=u(0)+ v D<+id—;J nér 29U ey
0 dX |y=o 20 dx®| 3! dy

=0 B Touke Min :kxz/_2

. Bugno, 4To BOJIM3H TOYKA MUHU-

x=0
AHIapMOHHNYCCKUC ITOIIPAaBKU

MyMa MOTEHIMAIbHON SHEPTHH, €CITU MPEeHeOpeYh MaJIBIMU aHTAPMOHUYECKUMH TIOIPAaBKaMH, JIt00ast cuctema
Be/IET ce0s KaK TapMOHUYECKUI OCHMIIISITOP C UKINIECKON 4acToTol W= /K/m.
quJ N 2m nw? »

- 2 ly=o0. 1)

Pemnm s Hero ypaBHenue llpénunrepa —
d  n? 2
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/mw d? _ mw d?
1) BBoaum HOBYyIO nepemennyo { =,/—X. Toraa =
h ¢ hodg?

d*p _{2y+oap=0, me a=2E. @)

ay? hw

2) B penenbHoit Touke { - © 3TO ypaBHEHHE MPUHUMAET BH]I

u ypaBuenue (1) 3amurrercs 6oiee

HPOCTO

dY,,
dy?

- (P, =0, Tax yro acumIITO-

_72
THUYCCKOC PCHICHUEC MOXKHO B34Th B BU/IC anC =e ¢ / 2 .

3) Pemienue ypaBuenus (2) mpencrasisiem B Buae (Z) =W, (Z) f (Z) = e_zz/ 2t (Z) . 3

2
I[Tocite BBIYMCIIEHHST IPOU3BOIHOM ((jquzJ == d_dz(e—ZZ/Z;j_; - e_zz/2 j et /2( i f_ Zd_Z + (Z 2. l) f] ,

2
MOJICTAHOBKH B (2) U COKpAIIICHHS HA MHOXKHTEIb € -C/2 MMeeM ypaBHEHHE % -2C dr + (O( 1) f=0, 4

d¢

pelIeHrE KOTOPOTo UIIEM B BHIE CTENIEHHOTO psina f (y) = z Al <, [MoncraHoBka B (4) maér
k=0

> k(k-1) AL =23 k¥t +(a-1) > ALK =0n D ZK[(k+2)(k+1) Auy- 2kA+(a- 1) A]=C
k=0cmemaem k — k+2, k=0 k=1 k=0

T.K. CllaraeMsle ¢
k=0 u 1 3anynsrorcs

ITonHOMBI Zk SIBJIIOTCS JIMHEHHO HE3aBUCUMBIMU (DYHKIIMSIMU M TIOSTOMY PaBHBI HYJTIO BBIPKEHHS B KBaIPaTHBIX
CKOOKax, CTOSIILIME MPU KaKIO0M IOJIMHOME Zk . [lomyyaem pexyppeHTHbIE COOTHOILEHUSI T KO3(PUIIMEHTOB psiaa:

Ay = 2k - (a-1)

ka, k=0,1,2,3,.. )

4) Ecrm 0T psig He obopBath, Tonpu K — 0 A5 DE Ay . D10 KOdDPUIMEHTEI pa3nokKeHus B sl QyHK-

© 72l 2 2 2
mn f (Z) - ZZ|_| = ¢f u perienue (3) Oyaer pacxoauThes Lp(Z) =W, (Z) f (Z) et /ZeZ . 00,4TO
L

Z,X—.oo

2
MPOTUBOPEUUT TPEOOBAHUIO |l]J| — IUIOTHOCTH BEPOSITHOCTH OOHapyKeHusl yacTHLIbl. [loaTomy psii Hao ob6opBaTh

np 1eioMm K = N, momaras B (5) o —1= 2n. [loacTaBnsst BeIpaskeHUEe T 0, U3 (2), HOITyd4aeM CIEKTP pa3peleHHbIX
3HavyeHui sHeprun B, = hm( n+1/ 2) , n=0,1,2,3,.., KaKI0My U3 KOTOPBIX COOTBETCTBYET KOHEUHAsI BOJIHO-

Bast Qynxuus Y, () = e_zz/2 i A(Zk :
k=0

2
ITpu aToM ypaBHeHue (4) mpeBpamiaercs B ypaBHeHHE DPMUTa % -2 ar +2nf = (6)

d¢

2 g" 2
pelIeHHEM KOTOPOTro OYIyT OIMHOMBI IPMHUTA, BEIpKaEMbIe TPOU3BOJHON f (Z) =H, (Z) = ( 1) e ddZ et

370 npeACTaBIeHNE MOKHO HAlTH B CIIPaBOYHHUKAX, TJI€ TAKXKe MPECTAaBICHbI pEKYPPEHTHBIE COOTHOIICHHS

M () =20HA(Q) - 20H () () d“gz(Z):Zan_l(z)- ®

C ux nomolpto, 3Hasl JBa MepBbIX nomuHoMa Hy (Z) =1lwu Hy (Z) = 2( , MO>KHO, HE BBIYUCIISISI TIPOM3BOTHBIC, TI0-
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CJI€10BATEIbHO MOIYYHTh ITOJMHOMBI BICHIEro nopsiaka: Ho (Z) = 4Z2 -2, Hjy (Z) = 8Z3 -1, ...

B urore BonHOBas (hyHKIMs, COOTBETCTBYIOIIAs 3HAYEHHIO SHeprun Ep, = hw( n+1/ 2) , UM€EET BUJI
2
— =(“/2
W (2) =Co 12 Hy(2). (©)

+00 *
! - MHOXKHTEJTb, CIIEAYIOLINIA U3 YCIOBUS HOPMHPOBKHU j_oo 1S (Z) me(Z) d{ =%

rae C, = ———
JV/m2"n!

3agaun

2. Tloay4uTh omepaTopsl, KOTOPbIE MPH ICHCTBUH Ha BOJHOBYIO (DYHKITHIO OCIUJIISATOPA IEPEBOIAT €O
B 00JIee BBICOKOE MITH O0Jiee HU3K0€E DHEPTeTHUECKOE COCTOSTHHE. [I0CTPOUTE C MOMOIIIBIO STHX OMEPAaTOPOB
BOJIHOBYIO (DYHKIIMIO B COCTOSIHUHM C dHeprueil E,, u mpoBepuTs ycioBust HOpMUPOBKH B opmyie (9).

Pewenue

[Moacrasmss (9), Haxoaum

W = 20,6 C2H,+ G 692 dHY 4 =Wt Gu &2 B2

d¢ _Cna =2nH,_; u3 (8) =Yna
J2n
. _ 1(d
[Tomyannu onepaTop, HOHMKAIOMINI TOPAIOK GyHKIMU Y, —| =+ | Wy =P (20)
J2ndg
_72 1 72 ~72 / n+1 n
(Y, =Cne ¢ /ZZ Hn = = Ch ¢ /2 Huit+ G &t /2 NHyq = P ﬁ'1+\/:tp Rl
noacrasiss (7) 2 _Cry 2 2
= (215G “Jn

[MoxacraBmnsas croga pynkuuio P,—q u3 (10), momyunm onepartop, MOBHIIIAIOMNI NOPATOK GyHKIMH P,

1 d ~
—2(n+1)(i d_zjtpn_wml' (11)

YMeHbIUT 9HEpTHI0 E = /10)/2 0CHOBHOTO COCTOSIHUSA C BONHOBOH (GyHKIKMEH Y,,—o Hemb3st. [TooTo-

My, cornacto (10), (C% + ijo =0, uHTErpUpPYs TO COOTHOILIECHHE, J-% =- .[ {d{ , momy4aem BOJIHOBYIO
0

_72
(1)YHKI_[I/IIO OAHOMECPHOT'O OCHUIIJIATOPA B OCHOBHOM COCTOSHUMU. l.|Jo = Coe Z /2 . HOCTOHHHyIO HHTCTIPpHUPOBAHUA
+o00

Co HaXOJMM U3 YCIIOBHSI HOPMUPOBKH I . |qu|2 dZ=C3 I _+: ¢ & = GJm=1, otkyra Co=1/4m.

BonHOBYI0 (GDyHKIHUIO ), MOXKHO MOJTY4YHTb, IIOCIIEIOBATEIILHO AeHCTBYS onepaTopamu (11)Ha ncxon-

n
Hyto pynkumio Yo N pas, aro paér Y, (1) = ﬁ(z —dizj e—zz/z' 910 1 ecTh pemenune (9).

3. Ha noH kpucTayinueckon pemeéTKy, paccCMaTpuBaeMblid KaKk OJTHOMEPHBII

<>
rapMOHMYECKUH OCHIILIATOP C Maccoi M, :KECTKOCThIO K 1 3apsoM +(, B HAIIPaBICHUH GGGGGGGH@QGGGGGGGQ X
— 7
E

KoJieOaHU HavaJlo JeHCTBOBATh AIEKTPHUUECKOE MOJIe ¢ HanpshkeHHocThio E . Kak mpu 0
3TOM U3MEHATCS pa3pellleHHbIe 3HAUSHHs SHEPIHH OCLUIIATOpa?
Pewenue

[ToTeHIMAaN HIEKTPOCTATUIECKOTO MOJIs CBA3aH C €r0 HAaNpshkeHHOCThI0: E = —gradd nim E =-0¢/0x,

otkyna ¢ = —EX u momosmHHUTENbHAs SHEPrUs 3apsia B AieKTpuyeckom noie U (X) = ( X) =-EXx

2 2
VYpasuenue lllpenunrepa npumer Bua d—i" + Z—rzn E- mo—xz
h

q + gEX | = 0. Ero MO>KHO IIpUBECTH K
X
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PacCMOTPEHHOMY paHee YPaBHEHHIO ISl OCLIJLIATOPA, PeoOpasys K BULY (BBIIEIISS MOJIHBINA KBAPaT)

2 22
d” ljJ 2m E—ﬂ X2 -2 (EZ X+( Zj &E = 0, u BBO/1 HOBBIE IepeMeHHble E' = E+ q°E ,
o 2 o N 2 no? 2moy?
2 2 42
X'=XxX- 9E . Iomyunm ypaBHeHHE Y + 2m E'- LS Y =0, coBmazgaromiee ¢ ypaBHEHHUEM JJIsl OCLIUILIS-
Mo’ dx? 72 2

TOpa B OTCYTCTBUM IEKTPUUYECKOTO MOJIsI, KOTOPOE HMEET U3BECTHOE perenue E' = hco( n+1/ 2) . IlosTomy Bce
pa3pelIeHHbIE YPOBHU SHEPTHH OCLIIIISITOPA CABUIAIOTCS IIPH BKIIFOUEHUH T10JIS1 HA OJMHAKOBYIO BEJTIMUMHY

1) ¢’E?
E,=7wl n+= |- .
n ( 2) 2mw’

IIpakTuyeckoe 3ansaTue Ne 11. Pemenue 3agay AJsi MUKPOYACTHIBI, HAXO/sIIIEHCS B 1MoJIe LEeH-
TpajabHbIX cW1. HykJ10H B aTOMHOM sijipe, 1eiTPOH, 3JIEKTPOH B aTOMe BOJOPO/iA.

HpI/IMeHI/IM PE3YIbTATHI, ITOJTYYCHHBIC B JICKIIUU K PCHICHUIO 3a/la4 ¢ HCHTPAJIbHO-CUMMCTPUYHBIM I10-
TCHIIMAJIOM.

3agaun

1. OnpenenuTs BeTUYNHY CPEAHEH CHIIBI, IEUCTBYIOIIECH Ha SJIEKTPOH CO CTOPOHHI SApa aTOME BOJIOPO-
Ja, HaXOAsAIIeMCsI B OCHOBHOM COCTOSIHUH.

Pewenue
_ * ke2 2 —r/rl
CornacHo onpenenenuto cpenero (1.14) < Kyn> = quloo 2 WooTredr, tae Yygo(r) = fYo= 3
Tiry
noap ) 2
cornacto (3.22).IToatomy <FKyn> 4k92 e 2"gr= 4k3é —Lg¥)| = 2 Eé ,Tae = o paxuyc
P 2 2 . If kmé

nepBoit OOPOBCKON OpOUTHI aTOMa BOJOPO/A.

2. OmnpenenuTh HaHOOJIEEe BEPOSTHOE PACCTOSTHHE AIIEKTPOHA OT IIEHTPa aTOMa BOJIOPOJIa, €CITH aTOM
HAXOJUTCA B BEJIMYMHY CPEAHEN CHIIBI, AEMCTBYIOLIEN HA 3JIEKTPOH CO CTOPOHBI sSIIpa aTOME BOJAOPOAA, ECIU
AJIEKTPOH HAXOAMUTCS B 2S-U B 2P-COCTOSTHUU.

Pewenue
HaunbGornee BeposTHOE pacCTOSIHUE COOTBETCTBYET MAKCUMYMY (DYHKIINH INIOTHOCTU BEPOSTHOCTH OOHApY-
2 1 -va r
eHust snekrpona dP/dr = ‘t/l(r)‘ Arr? . B 2S-€OCTOAHMH, KOra foo(r) = Fe /%1 1—2— , YCIIOBHE
T r
1 1

MaKCUMyMa d(r2 foo(r )/dr ~ ( 1 r/2r r/rl)/dr =0 naér r,, (3i \/E_S)rl, T.€. BEPOATHOCTh OOHa-

1
24r13 2

—r
PYKEHUS 4acTUIbl UMEET iBa MakcuMyMa. B 2p-cocTosHuu, korna f21(r) = /2 , YCIIOBHE MakK-

cumyma d ( r? f21(r))/dr ~d ((r4/r f)e_r/rl)/dr =0 naér r,,, = 4ry, 4T0 COOTBETCTBYET BTOPOI GOPOBCKOM

opbwure.
AHAJIOTUYHO MOXKHO TOKa3aTh, YTO PaANYChl OOPOBCKUX OPOUT COOTBETCTBYIOT TOUKAM MaKCUMyMa
TUIOTHOCTH BEPOSITHOCTH OOHAPY)KEHUS SJICKTPOHA B COCTOSIHUSIX C MAKCHMAaJIbHBIM 3HAYCHHEM OPOUTAIBHOTO

KBaHTOBOTO uuciaa |, =n—1.
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3. CuuTast, 4T0 HEUTPOH HE MOXKET IIOKUHYTH AP0, KOTOPOE MPH 3TOM 00pa3yeT LieH- E
TpaJIbHO-CUMMETPUYHYIO TIOTEHIIMATBHYIO SIMY C OECKOHEYHO BHICOKMMHU CTEHKAMU Pajiyca k

r, =1, 1% a0 15M, rje A —4ucno HyKJIOHOB B SIJIpe, OMPEACIUTD CIIEKTP pa3pelIeHHbIX 3Ha- “Yiyn

YEHUH SHEPTUM €r0 dHEPruH. CYMTATh, YTO HEUTPOH HAXOJMTCS B COCTOSHUM C HYJIEBBIM 3HAUE- T
;
HHeM MoMeHTa umiyibca | = 0. A r

Pewenue
Vpasuenwue lpeaunrepa (3.4) 11t paauanbHOM BOIHOBON (GYHKIIUN PUHUMAET BHT

Fa(r aj 7z (E O) f =0 wu ynpomaercs 3ameHon (3.5) f ( ) (r) / r Ilomyuum ypaBHEHHE

d R 2 2m _ . o _

prcl +k?R=0, rze k? = ? E . Ero pemienne R( r) = CSIn( kr+ O() B CHJTy TPAHHYHBIX YCITOBHIA R(O) =0u
;

R( I;I) =0, yro naér a =0 u Kr, = TN OyaeT cOOTBETCTBOBATH Pa3peIICHHBIM 3HAUCHUSM YHEPIHU

2.2
En:nzh—rzl,r/:[en:L 2.3,
2mr;

4. BzaumoJieiicTBUE MEX Ay IIPOTOHOM M HEHTPOHOM B AEUTPOHE MOXKHO MPHUOIMKEHHO OMHUCATH T0-
teHimanom U (r) = -Ag /0 , e A= 100M»B, a =9,97010*6m. Haittu BOJIHOBYIO (DYHKIIHIO OCHOBHOT'O

COCTOSIHHMSI ICHTPOHA C HYJIEBBIM 3HaueHneM MoMeHTa umityibea (1=0), a Taxke sHepruto cBsi3u neirponal

Pewenue
Vpasuenue (3.4) 1151 paananbHON BOIHOBOU GyHKIKHK Tocie 3ameHbl (3.5) f (r) = R(r) / ' IpUHUMAET
’R m
I CCII_ +% ( E+Ae" o‘) f=0,rme p= MpMMh npuBeneHHas Macca. COBEpPLIMM 3aMeHY MEPEMEHHOM
r
p

2 2 2
(=e ~T/2a . Torga no npasuiry HeH6HHua_ (ﬁj dZ 5t Z—d= ! 2. d + 1 Z . C takoii mie-

dr?  \dr dr2dl 402’ dZ? 4a dZ
2 d°R, , dR 81 B
dg? a

PEMEHHOI paccMaTprUBacMOe YPaBHEHHUE 3aMUIICTCs Kak

2
R+ a‘ﬁf‘ ’R=0.

" . _ |8uAa
Ecnu caenath emié ogHy 3aMeHy epeMeHHON X = TZ , TO IPUXO0JIUM K AuddepeHInaIbHOMY

2 2
R
ypaBHenuio Beccenst X2 2d°R >+ X— + ( X =V ) R=0, rme V2 = - 8“;0( (paccmaTpuBaeM CBA3aHHBIE IPYT €

dx dx
JIPYroM HEHTPOH U MPOTOH ¢ 3Heprucit E<O, Haxomsmmecs B MOTCHIIMATIBHOMN SMe).

[ToryueHHOE ypaBHEHHE UMEET JIBa pelieHus B Buae pynkuuii beccens: R( X) =GJ ( )§ + G, ( *,
KOTOPbIE MOXKHO MPE/ICTABUTH B BUJIE CYMMbI OECKOHEUHOTO psijia (CM. MaTeMaTu4eCKue CIIPaBOYHUKN):

(_1)n v+2n
Jy (X) => —(—j , F(k) —ramma-dyskiusa. Ho mpu X,{ - O wnm r — 00 3TO pas3ioKeHHe

ncon'T(n+v+1)\ 2
X -V
naér J_,, (x) xﬁo(zj — 00, D70 pus3nvecku HeBepHO. BomHoBas GyHKIHs (BEPOSITHOCTD) HE MOYKET MPH-

HUMaTh OeckoHeuHoro 3HaueHus. Iloaromy C, =0.

I[To Tem ke mpuuuHaMm paguanbHas Gyakmus f (r) =R ( r) / I' TOJDKHA OBITh KOHEYHA B IPYTOH 0CO00i

8AG>
hz

Touke I —» 0, T.€. R|r:0= HZ=1= Fsz . 2/h2 =0 wm J,| X= = 0. I[oxcraBniss 3agaHHbBIE B
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YCIIOBHU 3Ha4eHHA A, 0, a TAK)Ke MacChl IIPOTOHA My M HEUTPOHA My, TOIyYUM  +/ SUAD 2/ n2 = 3,10. U3 Tab-

mun pyHKuK beccens HaxoauM, 4ToO MEpBbIi KOPeHb ypaBHEHUS J,, (3,10) = O monyuaetcs ipu V = 0,45.

2,2
. VT .
[TosTomy sHeprus cBa3u aeiTpona E; = - e =-2,11M»B. Coobmias siapy U3 HEUTPOHA B MMPOTOHA
a

TaKyl0 MUHUMAaJIbHYIO SHEPTHIO, Pa3BAJIMBAEM €0 Ha OTAENIbHbIE yacTUIlbl. KpoMe Toro, B mpolecce perieHus
HAIIUT BOJIHOBYIO (DYHKIIMIO JEHTPOHA B OCHOBHOM COCTOSTHHHU. Eciin mepeiiTu ot mepeMeHHbIX X U { K nepe-
2 _ T

C, 3 8uA o 2a

0,4

MEHHOH I', oHa OyeT paBHa l]JlOO(r) = o 2

, TA€ MOCTOSAHHYIO C]_ HaxXoJiT U3 YCIOBUA

[ee]
HOPMHPOBKI J.O C12Jg,45(...) dr=1.
5. DNEKTPOH B KYJOHOBCKOM I10JI€ siipa 3apsifa +Z€ HaXOAUTCS B OCHOBHOM COCTOSIHUM C HAMMEHbILEH

BO3MOXHOM sHepruei. [lokazars, 4To CpeHU SJIEKTPOCTATUYECKUI MTOTEHIIMAI, CO3/1aBa€Mblii COBMECTHO

ke( Z-1 - 2
SIPOM U DIIEKTPOHOM, PaBEH <¢> = M +ke z + 1 e 2211y L

/

,TIe g =

rgor kmé

IIpakTnyeckoe 3ansiTue Ne 12.

[IpumMep KOHTPOJBHBIX 3a4aHuil 1-i aTTecTaluu I CAMOCTOSITEIbHON MOJATOTOBKH.

1. B chepuueckoii cucreme KOOpAMHAT HAMTH COOCTBEHHBIC PYHKIIUU M COOCTBEHHbIE 3HAYCHHUS OTIe-
paropa A= iiz , TJIe Z— OIepaTop KOOPAUHATHI Z, a I:Z — oreparop NPOEeKIMH MOMEHTa UMITYJIbCa Ha OCh Z.
Kakum o06pa3zom 310 caenatsh? Byzer in cieKTp cOOCTBEHHBIX 3HAYSHUH TaKOTO OIlepaTopa HEMPEPBHIBHBIM HIIN
JUCKPETHBIM?

2. MOXHO JI1 OJJHOBPEMEHHO U3MEPUTH MPOEKIIMA MOMEHTA UMITYJIbCa MUKPOYACTHUIIBI HA OCU Z U X?

Jlnst 0ObsICHEHMS! BBIYHMCINTE KOMMYTATOP ONEPATOPOB ITHX BEIUYUH [LZ L x} :

3. MukpouacTuiia HAXOIUTCS B OJJHOMEPHOU MPSMOYTOJIBHOM IMOTEHIIMATBLHOM sIME IIIMPUHBI @ ¢ Oec-

oo mpu X<0; Xx>a . .
E€ cocTosiHMe ¢ HanMeHbIIel YHepPriel ONICHIBACTCS

KOHCYHBIMU CTCHKaMU U (X) = O O< <
npu 0< X< a.

y y [2 . (1 5
BOJIHOBOI QyHKIMen Y (X) =.|— Sln(—j . BoruncnuTe cpeiHIO BEeIMUMHY KBajipaTa KHHETHUECKON SHEPTHH
a a

YaCTHILBI B 5TOM COCTOSIHUU! <EKﬁH> =7?

4. PaccMarpuBaeTcsi O4HOMEPHBIN KBAaHTOBbIM rapMOHUYECKHI OCHMILIATOP C 4acTOTON . BoiHoBast
¢Gynkuus P coorBeTcTBYET 3HEpruu E. B cocTosiHMM ¢ BOITHOBOW (yHKIHMeH ' dHEeprusi OCHULIsTOpa yBEIuU-

yeHa Ha hw: E'= E+hw. 3anummure oneparop A, cBs3bIBaronuii otu pyHkmum: ' = Al .
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IIpakTuyeckoe 3ansaTue Ne 14, Pemienue 3a1a4 ¢ HCNOJb30BaAHHEM TEOPUHU BO3MYILEHUI. AHrap-
MOHHMYECKHii O/THOMEPHBI OCHMILIATOP (MOH KPUCTAIINYECKO# pemieTkn). OCHUIISITOP B MoJie KyJI0-
HOBCKHUX cwi1. KBaHTOBaHMe 1UI0CKOr0 poratopa. Paciensienue pa3peieHHbIX YPOBHEH JHEPIUH ATOMA
BO/IOPO/Ia MPH 1€eiicTBUN BHENIHEro djieKTpuyeckoro nois (3¢gexr rapka).

[IpuMeHuM pe3ysabTaThl, MOTYYEHHBIE B JIEKIIUU K PEIICHUIO 3a/1a4 METOJIOM TEOPUU BO3MYILEHUN WU
meTonoM Putna.

3agaun

1. MukpouacTuia ¢ Maccoil M u 3apsiioM (| HaXOAUTCS B OJTHOMEPHOM NMPSMOYTOIbHOM Mo- A {1/
TEHIMATbHOHN SIME IHUPHUHBI & ¢ 0ECKOHEUYHBIMU cTeHKaMu. Kak u3MeHsITCS pa3pelieHHble YPOBHU
SHEPIHH IIPH BKITFOUCHHH 3EKTPHIECKOTrO MOJIS ¢ HAMPSDKEHHOCThIO E ?

Pewenue:

£
m
q

X

JlonoHUTEIbHASL DHEPTHUS 3apsi/ia B AJIEKTpUIecKoM moie (Bo3myiienue) V (X) = ql)( x) =-Ex 07774

2 TNX
BosHoBbie QyHKIIMH HEBO3MYIICHHOM 3a1au, corinacHo (2.39),nMeroT BuI Lpn( ) \/7 sin . [Toatomy
a a

a
. . A 209E . o TINX
JIMAroHaJIbHbBIE MATPUYHBIE DJIEMEHTHI OIIEPaTOpa BO3MYIICHUN Vnn:j Y,Vu,dx= L I Xsirf | — | dx. Henas
a a

3aMeHy TIEPEMEHHOM Y = TIN¥/ @ 1 MCIIONb3ysl TaGIMYHBII HHTErPAJT, HAXOUM IIOTPABKY K YPOBHAM SHEPTUH B
MIEPBOM MOPAJKE TEOPUU BO3MYILECHUH!

. y=mm
el oy =— ZQE( j jysm ydy= - 2qEal  _ ysin2y cos2)  __ ET A_ aE o

n a ®n2| 4 4 8y:0_T[2n24_

YPOBHU HEPIHH CABUHYTCS BHU3 Ha OJMHAKOBYIO BEJTUUHHY.

2. XecTkuil IJIOCKUH POTaTOP ¢ MOMEHTOM MHEPUUH | ¥ TUIOJIBHBIM MOMEHTOM Pg

Bpalaercs B claboM OAHOPOJIHOM 3JIEKTPUUECKOM IOJIE ¢ HANPsKEHHOCThI0 E . Beruncnautsb
ITONPaBKH K SHEPTUU POTATOPA B IEPBOM U BTOPOM IOPSAIKE TEOPUH BO3MYILIEHH.

Pewenue:
[Tnockuii poratop —3TO, HAIPUMEP YACTHUIIA, BPAIIAIOIIASCS BOKPYT OCH Z C TTOCTOSIH-
HBIM MOMEHTOM HHepuuu | = mr? = const. B MUJIUHAPUYECKONM chucTeMe KoopauHat ornepatop Jlamiaca numeer
o( 0 1 0% 92
Bugr A=——| r— + —— t—5 @ TaKk KaK MCHJCTCs TOJBKO YIIIOBask KOOPJMHATA ¢ dacTHIIBI, TO ypaBHe-
ror\ o aq) oz
uue [lpenunrepa (2.7)B ciydae OTCYTCTBHS DJIEKTPHUYCCKOTO OIS IPHHUMACT BU/T
2 2
10 2m 0 21
—2—Lg+—2El]J =0 wm —q2J+k2l]J =0, rae k2 == E.
r<od /] 0] fi
Ero pemenunem Oyner pynkuus P, (¢) cek® = cdm YIOBJIETBOPSIOIIAs YCIOBUIO Y, (¢) ((]) + 2T[)
m?h?
rjae M—1esble 9Yucia. OTo JaéT pa3pelleHHbIe 3HAUeHNs SHEPTUH “HEBO3MYIIEHHON 3amaun: Egp, = T

[MocrosirHy0 C HAXOAUM U3 YCIOBHS HOPMHPOBKH I 5 "YW 0 = |C|2 én dp =2 qz =1. T.e. BonHOBas

GbyHKIMS poTaTopa, COOTBETCTBYIOIIAsA 3Heprun Eq, umeer Bug Y, ((I)) = %eimq; ,Tme m=0,+1+2, ...
Tt

I[Tpu nosiBIEHUN 3IIEKTPHUUYECKOTO MO mosBiseTcs nooaska V = — Py LE = — po,E=— pE Cco% « mno-
TEHIAJIBHON SHEPruy poTaTopa. MaTpu4HbIe 2JIEMEHTHI ATOr0 OIepaTopa Bo3myieHus (4.6)
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21 2n ) 2m 2
Vo= J. L|J*m\7L|J _do =_F32LEJ- gimd cosp dno o =_Ze;E J‘ gn—m+1)c|) d+ J‘ Ién—m—l)tl) u}
0 L) :(e‘¢+e‘i¢) /2 Tt o 0

2m
=——=0 s ao60ro meaoro N#0 u j e_'nq’dcb =21 npu n=0, T.e.
in

2n . . =2 —_
Ho [ e dp =1 é”""q) fSE
0 ¢=0 n 0

2 .
[ e dp =25, (4.30)
0

[109TOMY OTJINYHBIME OT HYJIs OYAyT TOIBKO MaTPHUHBIE eMEHTE V11 = V10 =~ PE/2.

Cornacto (4.14)nonpaBKu K SHEPTUH BO3HUKAIOT TOJIBKO BO BTOPOM TOPSIKE TEOPUN BO3MYIICHUI:

2 2
. [Vnm|2 _ ’Vm+1 m‘ ‘Vm—l rr\ _
En'= Eomt Vit —— =Kt + =
" " =er ngr:n m_EOn " EOm_ EOm-l EOm_ EOml

_h2m2+(g,Ej2 2| . 2| _h2m2+|c§E2|(_ 1,1
2| 2 ) | n?(m?-(m+1)?) p¥(nf-(m-?f | 20 20* { 2n+1 2m-

n'm? , pE®
2l p?(4m?-1)
3. YpoBeHns sHeprun Ep HekoTopoii HeBO3MYIIIEHHOH KBAaHTOBOM CHCTEMBI IBYKpaTHO BhIpoxieH. [locie
BKJIIOUCHHUS Bo3MyIieHus V (M00ABOK K MOTEHIMAILHOM SHEPIUH) STOT YPOBEHb paciieruisiercs. Haltu pa3sHocTh

PACIIEIUICHHBIX YPOBHEH SHEPTUH, €CITH MaTPUYHBIE HIIEMEHTBI OIlepaTopa BO3MYIIEHHs paBHbI Vi1 =0, Voo =3,
Vip =Vo=y/

Pewenue:.

B cityuae BbIpOXKICHUS 1151 HAXOKICHHSI TTOMPABOK K SHEPTHHU HAJO PeIliaTh CEeKyIsipHOe ypaBHenue (4.27):

de[{\/li/_AE vV VEZAE‘ =(a-2E)(B-AE) -y’ = (AE)Z ~(a+B)AE+ap —y2 =0, uTo JaET BA peLLeHus
21 22

2
AE; = > + (G—ZBJ + y2 . Paccrostnue mexny paciiernenssivu yposasamu A —AE, = (O( - B)Z + 4y2 .

4. AtoM BOJIOpO/Ia HAXOAUTCS B BO30YKIEHHOM COCTOSIHMH, KOTJIa €r0 3JIEKTPOH HAXOUTCS B 000JIOUKE C

—

TJIABHBIM KBAaHTOBBIM YHCIIOM N=2. BKIIFOUarOT BHEIIHEE YIEKTPUUECKOE TI0JIE C HAPsDKEHHOCTRI0 E , HampasiieH-
HOM BI0JIb ocH Z. OnpeenTh paciiereHre YPOBHEH SHEPTHH O/ AEHCTBHEM TOTO MO (JIMHEHHBIH (-

dekr [lTapka).

Pewenue:.

k’mé

CornacHo (3.14)yposens sHepruu E, = — HEBO3MYILIEHHOH 3a/1aur OyZIeT B ciryyae N=2 4eThIpex-

2n°n?
KPAaTHO BBIPOJKIEH OTHOCUTENBHO KBaHTOBBIX uncesn | =0,m =0 u | =1,m = 0, 1. Ilepenymepyem COOTBETCT-
Byrome BoiHoBble pyHKmH (3.19) Ym (r, 9,(])) =f. (r )Y|m (9(])) B CJICIYIOIIIEM TIOPSIIKE:

W1 =Waoo(r.6,0), W2 =Wa10(r,0.9), W3 =Wo11(r.6,0), Ws =P211(r.6,9).

B cdepuueckoii cucreMe KOOpAMHAT BHEIIHEE YIEKTPUUECKOE IO MPUBOAUT K J0OaBKe (BO3MYIICHHIO)
V =-P [E=-p.E£= e£= e rcod, MaTpuyHbIC HIEMEHTHI KOTOPOTO BEIYUCISIIOTCS KaK

Viek = [[ [ Wi €E1COSBY P sirBdrde d .
=Y =Wy
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2l +1(1 —m)!
am (I +m)!

TMosicTaBnAs BhIpakeHus chepuaeckux QyHKIwmit, Y| (9,¢) = 3 Hm(COSG) d™ e ayy =

T 2n
nonydaem Vi = eEj o (1) PP (r)dray ey, A™ (cosd) co® R™( coB) st | ¢ ™M g
0 0 0
Ho mocneauii vHTErpai OTJM4eH OT HyJIs U TOJbKo mpu M’ = m (cm.(4.30)B npeapiayiieii 3a1aue). [Tostomy pas-
HbI HYJTIO MATPUYHBIC 3JIEMEHTBI, JJIsI KOTOPBIX M' Z M
Vi3 =V31=V14= V1= Vog= Va7 Vor V4z Vaz V430,

IMpu M'= mu | ' =| noxsmETerpambHast GyHKIMS BO BTOPOM HHTErpajie OyaeT HeYeTHa U 3TOT HHTErpajl TakKe 3a-
Hy1stercst. [To3ToMy paBHBI HyITIO BCE IMAarOHaIbHbIE MAaTPUYHbIE MEMEHTHL: V)1 = Voo = V33= V44= 0. Octaéres

BBIYHCIINTH GI[I/IHCTBGHHHﬁ HEHYJIEBOM ManI/IqHLII?I SJIEMEHT

V12 —V21 dEJ. f20 73 fz:( drao@. l& PO((C()ﬁ co$ Fp( CCB) Sﬁlw o éo d’
0 =co¥

2T[

2EL+ 1 1 0

IToacraBisis croia MHOKUTEIN o = 1 O U agg = , 4 TAKXXE paJralbHbIE BOITHOBBIE
+

1 —r/2rl r 1 —r/ L
bynkuuu, npuseaenusie B (3.22): f,o(r)= |—e 1-— |, fu(r)= , IMEEM
()= [ 1| ()= s

\/é 1 r/r —r/r -/
V5 =Voq = 2TIEE—— - e g™ cole si B=—— e/l d-—[ re fra dr.
127 7elm dnaard o\ 2 jo =2/3 12rf' (I) 21 {)

OcraBurecst ”HTETpalbl JIETKO BEIYUCIUTH METO0M AU pepeHurpoBanus 1o napamerpy o = —ZI/ r1, TaK Kak

) ) n r n 0 0
jr”eo”dr— j _d' e | = dn(—ij.Torna jr4e°”dr=——g=24r15, jr5e°"dr:%):120r16
0 da" g da" @ ‘0 da”\ @ 0 a 0 a
6
I/IV12=V21—e—E4 24r3--—1 |=-3 ¢gE.
2r1 r

CekyusipHoe ypaBHeHue (4.27)11s1 HaX0XKACHUS TIOMPABOK K BHIPOXKACHHOMY YPOBHIO SHEPTHHU PHHUMACT BUJT
0-AE Vp» 0 0
V,; 0-AE O 0
0 0 O0-AE O

0 0 0 O-AE

de

= 0. PackpbIBas onpeenuTens, MOIyduM anredpanieckoe ypaBHEeHHE

(AE)4 - (V12)2 (AE) 2= 0, kopuu kotoporo AE =V;5, —V;,, 0, 0. 13-3a nmuneiinoro 3¢ ¢dexra Llrtapka, npo-

MOPHHUOHAJIBHOT'O BEJIMYUMHE HAIIPAKCHHOCTH SJICKTPUUCCKOI'O I10JIA, l'IpOI/ICXOI[I/IT PaCIICILICHUEC 4'KpaTHO BbI-

k?mé kzmé K mé

posxaeHHOTro ypoBHs sHepruu (3.14)Ha Tpu noxyposHs E, = — o2 ———+3reE, - - 3reE,- g rie

Iy —paanyc nepBoii 60poBckoii opouThl. YacTuuHOE 2-KpaTHOE BHIPOXKIEHUE COXPAHNUIOCH
5. Haiftu pasperieHHble 3HaueHHs SHEPITUU OJJHOMEPHOTO KBAHTOBOT'O aHTAQPMOHUYECKOTO OCLIILIATOpA C MO-

+0a X3 , TIIe o0 —MaJjiasgd KOHCTAHTA.

TeHIMaIbHOU 3Hepruei U (X) =

Pewenue:
[NonoGnas 3a1aua BO3HUKAET B TEOPHHU KoJieOaHM MeKaTOMHON peméTku. [Ipu HarpeBanuu koneOaHus Ho-
HOB CTAHOBATCSl aHTAPMOHUUYECKHMH, YTO IIPUBOJUT K POCTY CPEIHETO PACCTOSIHUSI MEXY aTOMaMH U YBEJINUEHHIO
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00bEMa PEIIETKH.

AHrapMOHHYeCcKy!o rnomnpasky V = X> MOJKHO CUHTATb MaTbIM BO3MYLICHUEM, U JUIS pacuéra MaTPUYHbIX
3JIEMEHTOB ATOT'O BO3MYIILIEHHUSI BOCTIOBb30BAThCSI M3BECTHBIMU (4.22)MaTpUUHBIMU SJIEMEHTAMH KOOPIMHATHI OCIHII-

msrropa. Cormacho (4.18)V,,, = O ( X ) = C(z XX %, - HeryneBoit, cormacto (4.22),5Ta cymMmMa MOXKeT OBITh
mn K1

TOJIBKO

n-2)i [(n-0n [ _( # ¥?
Ipx M= n_3” (Xs)n_gn = Xn—3n—2xn—2n—1xn—1n:\/( 2l'n(x)) \/( 2rm)) an):( Zrmj \/n(n_l)(n_ 2)
npn m= n-1]

3 = —_
(X )n—ln = Xn-1n-2Xn-2n- 1% 1nt Xp-1nXnr 1Xm 108 Xa 1 X1 Xn1

\/(ani) dn [, [ [0 [0, \/zm\/m \/nzﬁf?’( z,hjz

mpu M= n+]| (Xs)n+1n - (Xg)nmlze{%f

32
fpu M= n+3” (X3)n+3n =(X3)nn+3=(ij \/(n+3)(n+ 2)( n+]) '

2mw
B nepsoM nopsijixe Teopuu BO3MYILIEHUI 3Ta aHrapMOHUUECKAs ONIPaBKa BKJIAJ B SHEPTHIO HE Ja€T, T.K. V,, = 0. A
C TOYHOCTBIO JI0 BTOPOTO MOPSIIKA TEOPHH BO3MYIIeHHH coritacHo (4.14)HaxomimM

. (a(xS)n_gj . (a(xs)n_lnjz . (a(xS) mln)z ) (a( <) Mnjz
Eon — Eon-3 Eon— Eon-1 Ey,— Eoy 1 Eq— Eg 5

ITocne MOACTAHOBKH BBIYMCJICHHBIX MATPHUYHBIX 3JICMCHTOB IMOJIYYHUM

, rie Egp :hw(n+%j.

2.2
E, =hw(n+ 1) ha (30n2 +30n+ 1j n=0,1,2,.
2) smiw’

6.ITapameTpu3ysi B OCHOBHOM COCTOSIHMM aTOMa BOAOPOAA BOJHOBYIO (DYHKIIMIO B Buze (O(; r) =Ce ™ )

rac a —IrnapamMeTp, BBIYUCIIUTDL C TIOMOIIBIO METOJa PI/ITI_Ia 3HAYCHUEC SHCPIrur B 3TOM COCTOSAHUH.

Pewenue:
* 2% 2ar T[|C|2
BHrauane 13 ycrnoBust HOpMHUPOBKM Hax0JuM KOHCTaHTY C: I G pdVv = | C| I €29 am P dr=—2 =1,
0 a
oTKyzxa Y (C(; r) =4ya 3/ mie " . Jlanee cormacuo meroxy PuTia BerumciseM QyHKIHOHAN
2
. - ~_ m*1d(,d) ké
a) = [ (o;r)Hy(a;r)4m?dr , rae H =-—=— r’—|-—.
=dV 2myp< dri dr r
[Mocne mojcTaHOBKY MapaMeTPU30BaHHOM (DYHKIIMH, BBIYUCICHHS TPOU3BOIHBIX 0] 3HAKOM HHTErpa-

2 2

J1a ¥ BBIYMCIICHUS! HHTETPAJIOB MOIYYHM Ji (O() = -ka + . YClI0BHE MUHMMYMa 3TOTO BBIPAXKEHHUS

dJ (a) _ na _ _kmé 1
o - ke +—— =0 paér pewenre Og=——— =-—. C NOMOLLUbIO TAaKO} MapaMeTpU3aLnHu yIaloch Ba-
a m oo

PHALIMOHHBIM METOJIOM HOJIYYUTh TOYHYIO BOJHOBYIO (DYHKIIMIO aTOMa BOJOPO/Ia B OCHOBHOM COCTOSTHUH
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naf _ k’me*

Y= - e—r/rl (cM. 3.22)u Tounoe 3Hauenue sHepruu E; = Jy(0g) = - kefa ot > 3
AL ET m 2h

IIpakTnyeckoe 3ansiTue Ne 16.3agaun BoIYMCIeHHs COOCTBEHHBIX 3HAYEHUI M COOCTBEHHBIX QYHKIMIA
onepaTopa CMHA U ONepaTopa NMPOeKUHMH CIUHA J1JIsl 3JIEKTPOHA H CHCTEMBbI IBYX 3JIeKTPOHOB. JIBH:Ke-
HHe PeJATHBHCTCKOM YaCTHIBI ¢ HYJIeBbIM CIIMHOM B 3JIeKTPOMArHUTHOM noJie. ToHKast cTpyKTypa.

C nomortnsto matpuil [laynu ypasuenue Kieitna-I'opaona-®oka (5.2) 1151 cBOOOIHBIX YaCTHI] CO CITH-
HOM 1/2 MOXXHO JIMHEapH30BaTh, €CIH YIECTh, YTO IS 3TUX MATPHUI] BHITTOJIHSIIOTCS COOTHOIICHHSI

10
()']2_:0%:0'%:()'3:| :(O :J'

C MOMOIIIBIO 3TUX COOTHOIICHHH ypaBHeHHE (5.2) NpUBOIAT K BULY

2 32 Wy, 2 2 2\, 2(y,
(h—26—2+mzczj vz =h2(01202+0§a +0:§a J vz =—h2(ioli+iozi+io3ij vz |
c? ot Wy, 0x oy 07 )| Wy ox dy 0z) (W_y,

h 0 h 0 2( o )2
OTKyZa mc— i—— || met+t =— |W=-a"| o) W. 5.21
A ( c atj( C atj ( ) ( )
y y [ Ve y
Eciu BBeCTH HOTOTHUTENBHBIA TBYXKOMIIOHEHTHBIN crinHop W' = W , YZIOBJICTBOPSIIONIUI YPaBHECHHIO
_]/2
.h o T
I——+mc W =ihno MY’ (5.22)
cadt
.h o R
to u3 (5.21)cnenyer, uto '_& -mc|W'=inc MW . (5.23)
Cc
VYpasuenus (5.22)u (5.23)auHeiiHbI 10 TPOU3BOIHBIM M X 00BEAUHSIOT B OHO MATPHYHOE YPaBHEHUE
iﬁooai—mclj 76 W
¢ ot o =0. (5.24)
i76 i—0,—-mcO || W
c °ot

3anuch Takoro JIMHEapU30BaHHOTO YPaBHEHHUs YNPOILAIOT, BBOAS 4-psiiHble MaTpuIlbl JlMpaka:

o _(ro _ (0 o)y _ (0 o) _ (0 o3 (5.25)
Yo =VYa = 0 1 » Y1=Yx = ~o, 0 Y2 =Yy = 5, 0 » Ya=Y2 = —o, 0 -

C noMoIpI0 Takux Marpuil ypaBHenue (5.24) 1511 ¢cBOOOAHON PEIATUBUCTCKOM YacTUIBI CO cliHOM 1/2, Ha-
3pIBa€MO€ ypaBHeHHeM Jlupaka, 3anuieTcst B popme

(ihy“%—mc])(:O WIN (f)“yu—mc)xz('hyo%—ihVDT]—mcjx:O, (5.26)

w 1
rae Y = ( W j - YeTBIPEXKOMIIOHEHTHBIH cTosoer (bucnuHop Jlupaka).

YmuoxuM ypaBaenue (5.26) 6To 4-KOMIOHEHTHBIH CTOJI0€I) CeBa HA MATPHILY Yo M YYTEM, YTO MPO-
usBenenue YyYo =| (emuHnunas marpuna). Torna ypasaenue (5.26)npumer Buxg

.0 . g
|hax = (mczyO + |hcy0yD]])x . (5.27)

Takoe YpaBHCHHE HA3bIBAIOT TraMIJILTOHOBOM (bODMOﬁ ypaBHEeHHS JIpaka, 1 OHO aHAJIOTHYHO BOJIHOBOMY

ypaBuenuio [lpenunrepa (2.3) ih%x = éx =H X . [lonyunnu onepatop ['aMuiIbTOHA WK OTIEpaTOp SHEPTUH

CBO0OIHOI YacTHIIBI cO cTuHOM 1/2 (371eKTpOoHa):
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i = mcy, + i oyey [ = mcy, - VOVﬁF- (5.28)
3anauu:

1. Onpenenuth cOOCTBEHHBIC 3HAYECHHS M COOCTBEHHBIC (DYHKIIMH OIepaTopa MPOEKIIUU CITMHA Ha OCh Y.
Pewenue:

Cornacno (5.19)pemenne ypaBHeHNs KBAHTOBaHUs OIEpaTopa S, MILEM B BUAE CTONONA U3 ABYX M0~

A (a)_h(0-i)a a ~inp/2=Sya
: =— = + —
CTOSIHHBIX YHCEN. Sy ( Bj > (i 0 j( Bj %(B) MOJIy4asi CACTEMY { iAo /2 SyB OTKYZ[a Sy s
BEPXHEro 3Haka HaxoJuM [3 =10 , i HiwkHero - 3 =—id . T.e. nBe coOCTBEeHHBIE (YHKIIUU OorepaTropa Sy

a
uMeroT Bug Y =( i j . 3aBUCUMOCTH OT KOOPAMHAT 3/IeCh HET U MHTETPUPOBAThH B YCIOBUH HOPMHUPOBKHU HE
*la

Hazo. Ho TpancnonnpoBanue 3Toil GyHKINH, YTOOBI IPEBPATUTH CTOJIOEL B CTPOKY, 0053aTENbHO, T.€. B yCIIO-
BUY HOPMHUPOBKHU BOJHOBBIX (DYHKITHH ISl YACTHIL CO CIIMHOM CIIelyeT OpaTh He KOMIUIEKCHO CONPSDKEHHBIE, a

* . % a * .
IPMUTOBO-CONpsDKEHHBIE GyHKImn: P = (O( Fia )(4_ j =aa (1—? ) = 2|O(|2 =1 Tte Q =%.
T

A 1(1
Taxnm 06pa3om, HOpPMHPOBAHHBIE COOCTBEHHBIE (YHKIIMH OLIEPAaTOpa Sy UMEIOT BUJ S, =th/2 = ﬁ aE
- i

|
2.CnuHoBas QyHKLHUS 37€KTpOHA uMeeT BUI Pg = C( 3) . HaliTi BeposITHOCTh HAX0XKIEHUS DIIEKTPO-

Ha B COCTOSIHMM C NpoeKLmeii ciimba S, = 7/2.
Pewenue:

x 4i
Bravane Haxoaum koHcTanTy C H3 yCIIOBHSI OPTOHOPMHUPOBKH l]J;Ll]J s=C C(—4i 3)( 3) = |C|2 (16+ 9 =],

1 . 1
otkyna C = 5’ CobcrBennbIe (yHKIHUH IBYX BO3SMOXKHBIX COCTOSIHMIA MPOCKIMH CIIMHA HA OCh Z Yy/p = ( Oj u

C

4i 1
j =CiPytCH_qp= . Uckomas BeposT-
C

_(0 21
l]J_]/z = (J . IToaTOMY M3 IpUHIMIA Cynepno3suuun Yg = 5( 3

2
3. Haiitu BoHOBBIE (DYHKIIMM CUCTEMBI M3 BYX YaCTHII CO CIIMHOM 1/2, KOTOpBIE SBISIOTCS COOCTBEH-

HBIMU (YHKIHSIMHU OTIEPAaTOPOB KBaapaTa CYMMapHOTO CITMHA W MTPOEKIIMU CYMMapHOTO CITMHA Ha OCh Z.
Pewenue:.

CoOcTBeHHBIMH (DYHKIIUSIMH OTIEPATOPOB S2=

g+ 3) uS,=Q,+ 9,0yner nuHelinas koMOuHa-
[IUS U3 TPOU3BEACHUN CTMHOBBIX (DYHKIIMI KaXK0M U3 YaCTHII:

AR

rae uHjaeke 1 wim 2y cTos011a moKa3bIiBaeT, KaKoi U3 OepaTopoB MPOSKIIUU CIIMHA ICHCTBYET Ha JTaHHYIO
¢byuknuto. 3aech kodpduimentsr d,B,yY u & - koapdurments! Kiebra-I'opaona B cootHomenuu (5.11).

A e A 1 0)(1 O 1 1 0
Cornacro (5.19) S, = §,+ §Z=E +1 .
2\0 -1,{0 1, 2(0 1,(0-17,
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Jlerko YBUACTH, IECPEMHOKCHUEM MAaTPHUIl HA COOTBETCTBYIOIIIMEC CTOJ'I6I_[I)I, qTo

AT
IR TR

T.e. oneparop S, = §,+ 9, UMeeT TpH cOOCTBEHHbIE HYHKIIUU

oo (o} o o) 0, = wo=r{3) ], l[3;

st kotopeix S,P, = £7/2M, , S, = 0,.

[NoneiicTByem Tenepp Ha 3TH QPYHKIIUU OIIEPATOPOM

#=(5+7%) =8 B2 F 5 155 L5

00 D06 L0 06 L 3 B N

[TepeMHOXast MATPHIIBI U CTOJIOIBI C COOTBETCTBYIOIIMMHU UHIEKCAMH, HAXOAUM SzljJJ_r =212 . ,

w0 3 o3 L 33 383

Bunno, uro ¢pynkius g Oyner coOCTBeHHOH (QyHKIMEN onepaTopa S JBYX Cllydasix —Korja Y =[3 i

+ .
Y =—f. Ycnosue HopmupoBku Yollg =1 npu stom maér y =3 = J/ J2.
Takum 06pazom, HOTy4YrIH COOCTBEHHBIE (PYHKIIMK OIlEpaTopa CliMHa CHCTEMBI, HAITPUMED, U3 JIBYX
351eKTpOHOB. OHM 00pa3yroT WK TPUILIET, COOTBETCTBYIONIMI CIIMHOBOMY YHMCIy S= 1,

oo=[31 8] =23 wm 3 o(93.)

rie S (W, Wor) = 20° [Ws Wor), SWe = £7/2[M , S =0ygy,

W CUHTIJICT, COOTBCTCTBYIOH_[I/Iﬁ CIIMHOBOMY YHCIIy S = 0,

1((1)(0) (0 (1 5 -
LUozzﬁ((O]l(ljz_(ljl( sz}me SWg2 =0 g, SWo2 =0y

4.Tloka3atsb, uyto oneparop ['amunbrona (5.28)He KOMMYTHPYET HH C OIIEPATOPOM OPOUTAIBHOTO MO-
MEHTa UMIYJIbCa, HU C OIIEPATOPOM CIIMHA 3JIEKTPOHA, HO KOMMYTHPYET C OIepaTopoM MOJIHOTO MOMEHTa J.
Pewenue:

C y4eToM MOTy4YEeHHOT'0 paHee KOMMYTAIMOHHOTO COOTHOILICHHUS [Li ., P J- ] = ihsijk R ¥ IMOCTOSIHCTBA

MaTpull Yo ¥ Y B BeipaxkeHuu (5.28),Haxoanm, Harpumep, 4To

[, )= —cyovs| Lo b ovov | Lo b= oy [ L P =-t 0oy 7y P)zoO.
=inpy =ity =0

UTo0OB! HATH KOMMYTATOP [éz : I:q , mogctaBuM B (5.28)marpuiisl (5.25)u nepeMHOKUM UX, TOTyYast

Aﬂ_ho?,o élo_lo 0 op)|_ _ cr. 0 050 -G03
S R= E(o ng,m (o —|] {o —Ij(—ﬁl:ﬁ oj T2 FEce,ff-fwe, 0 j

Ho mnst matpun [Maynu (5.18)nerko npoBepuTh KOMMYTallMOHHOE COOTHOIIICHHE [Oi oy ] = 2igy Oy . U mo-
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~ ~ Ch . . O 02 . 0 01 . ~ ~
yH=——T7 2i = 2i =-h - z0.
3TOMY [SZ ] 5 px{02 0 j py(c1 0 %) (Vy PV x py)
=YoYy =YoYx

Kak BHIHO U3 IOJIyYEHHBIX COOTHOLIEHUH B Cllydae ydera ClIMHa ¢ oreparopoM I'aMuibToHa OyaeT KOMMYTH-
poBaTh OrepaTop mojHoro Momenta J = L+ S: [JZ, H} = [ L,+S,, H] =0 (aHaJIOTHYHO [J 2 H} =0).

CoGctBennble 3HaueHMs (5.16)MMeHHO 3TOr0 orepaTopa MOXKHO OIPEICIUTh OJHOBPEMEHHO C Pa3pelICHHBIMH
3HAYECHHUSAMU DHEPIUH.

5. Onpenenutsb pa3pelieHHbIe YPOBHU SHEPTUHU B OJIHOIJIEKTPOHHOM aTOME, CUUTAsl, YTO SJIEKTPOH SIB-
JIIeTCS PEISITABUCTCKOM YacTUIleH, HO 0e3 yJyeTa ero CruHa.

Pewenue:.

Taxkas 3aa4a cripaBeIIMBa JJIsl IPOHHOTO aTOMa, KOT1a OecCIMHOBAas YacTuIa ¢ 3apsaoMm ( = *e, Ha-

-+ —
npuMep TC —ME30H JBHKETCS B TIOJIE sipa ¢ moTeHnuaiom gd =+ ng/ r, A=0 (BIussHHEM MarHUTHOTO T10-
a5 mperebperaem). Ypasuenue (5.8),onuceiBaroniee ABMKEHHE TaKOW YacTUIIBI (3JIEKTPOHA) UMEET BH/T

kze ) 2.2 2 4 _
E+T P +r%c’ AP - mPcY =0.

~2
Kak u B mo00ii neHTpansHoii 3anaye, A = %i(rza—wj —L—qu , & pEILLIEHUE UIEM B BUE
r2or\ o ) nx
R(r d(R/r 2
Lp(r,e,d)) :ﬁYlm(,q)) . ITociie moACTaHOBKH € y4€TOM %%(ﬂ (dRr/ )j :%3 5 u I:z\{lm = h2|(l +1)Y|m
r r r

MOJIyYHM YpaBHEHHE ISl ONIPEeSICHUS paiuaibHON QyHKIINH
d?R [ nfd- B 2kz& E I(1+1)-k?*Z%"/ %

+ + R=0
dr? c’h? chr r?
YHpOCTI/IM 3aIIUCh OTOI'O ypaBHCHI/IH, BBOIs1 cne;[y}omne HapaMeTpH:
ke 1 2Z0E , _ mict- E? 2 2
=—= (moCcTOSsIHHAS TOHKOU CTPYKTYDPEIL), N = K — +1)=I(1+1)-Z“a
hc 137,15 L ch c2h? p(p+1)=1(1+1)

2
R « +1
Torna ypaBHeHHE IPUMET BU/T (1—2 +—R- FJ(Lz)
r r r

JIATUBUCTCKOI'O 3JICKTPOHA B OAHOJJICKTPOHHOM aTOME.

R- k2 R=0, ananornuusiii ypasaeruo (3.8) aus Hepe-

Kak u nipu pemrennu (3.8)uiem perrenue HoBoro ypaBHenus B Buze (3.9): R( r) =" rp+1g( r) . Ilo-

CJIe MTOJICTAHOBKH, BHIYMCIICHHS IPOU3BOIHBIX U 3aMEHE MepeMeHHon X = 2Kr, rd 2/ dr? = 2kxd 2/ dx?, oJy-
YHUM BBIPOKACHHOE THIIepreoMerpuyeckoe ypaBuenue Kymmepa, kotopoe monyvanu pasee B (3.17):

d’g dg ( n j
X—=+(2p+2-x)—-| p+1-— | g= 0.
dx? (2p ) ax P )¢
T.e. BostHOBast PYHKIIHS, OMKMCHIBAIOLIAS PEISTHBUCTCKHI 3JIEKTPOH B aTOMe, uMeeT TOT ke Bu (3.19)uto u B
cllydae HePEJISATHBHUCTCKOIO 3JICKTPOHA: U (r,9,¢) =Ae “rP F( p+ 1—2i 2P+ 2, K rj ym (9 q)) .
K

OTtnuune B TOM, YTO BMECTO LI EJIOI'0 Op6I/ITaJ'II>H01"O KBaHTOBOIro uncia | mossuics nmapamerp P, KOTOpBIﬁ MOX-

1 1
HO HaiTH, perras KBaJpaTHOE ypaBHEHHE p2 +p- I(I +1) +7%0°=0, OTKyma p = 5 * (I +§j -Z%2.

Ho ¢yukius Kymmepa (3.21)momkxHa ObITh KOHEYHA, YTOOBI HE BO3HUKIIA OECKOHEYHOCTh ) — oo . [ToaTomy,
r oo
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KaK ¥ sl HEPEISTUBUCTCKOTO JIEKTPOHA, JIOJHKHO BBITIOHATHCS PAaBEHCTBO P+ 1—2l =-n=0,-1-2,.
K

2
e n _ 1 )
aZMaibHOE KBAaHTOBOE 4KCIIO). [lofcTaBsis croaa p, mojsydaeM ypaBHEHHE 2— =n, +E * .1 +—2 Z°a°,
K
ITIO3BOJIAOIICC BBIYUCIINTH pazpemeHHLIe 3HAYCHUA 3HepFI/II/I.
ZoE mc2
I/I3 OTHOIICHUS BBCACHHBIX BBIIIIC napaMeTpOB — = —————— HaX0JUuM E =
2K [2 4 _ 22 2
m-C E 2 2 n
1+Z°a —
2K

3HaK 3TOM YHEPrUU MOJIOKHUTEINICH, TaK KaK B HE€ BXOAUT OTPOMHAsI SHEPTHS TTOKOS M . Takoit ke 3HaK “+”
HAJI0 OCTABUTH B BHIPAKEHUHU 1Tt /2K , KOTOPOE 1JIsl JIETKUX SIEP PACKIAIBIBAEM B PSI 10 MAIOMY [IAPAMET-

py Z%0° «1 (mst sxenesa, Hanpumep, Z=26 u Z%a? =0, 036). Toraa

12
2.2 2 2
Ao de(ied) a0 o e 2 ZO s ozt =n- 2 o 249 e
2K 2 2 (1+1/2) 2(11+12 P+ 1

N=n +|+1 - raBHOE KBAHTOBOE YHCIIO.

Ecmm IMOACTAaBUTB 3TO PA3JIOKCHHUE B IOJIYYCHHOC BBIPAXKCHUEC IJId DOHEPIrUH, TO €0 TAKXKE MOKHO pas-

JIOKUTH B PSJI IO MaJIOMy [apameTpy Z20? ¢ TOYHOCTBIO JI0 CIaraeMbix nopsiIka Z%a*, ecnu Bocrionb3o-

BaThCs (PopMyIIoif (1+ 8)_]/2 = 1—%8 +§£2 + 0(83) :

Y2 2
E=md|1+ o’ = =mé -1 2’ 2+§ Z’a” S|+
(n-2%a?/(21+1)) “n2(1-z2¥n(2+9)" O o E 28 ¥ 2+ )
2.2 4
WIH E, = me - mc” ZZO( + mc fb (:—3— n j+0(26a6). (5.29)
2n n 8 2+1

3HCCB HepBOC cJiaracmMoce —3HeprI/I${ ITOKOA 3JIeI<TpOHa, BTOpOC cJlaracMoe, €CJIN 1moaACTaBUTh HOCTOHHHYI'O TOH-
mc Z2a? _ Kmé Z
2n® 2h°n?
OBLIO TIOJIYYSHO MPH PELICHUH HEPEIITHBUCTCKOTO ypaBHeHus Ll pénunrepa, XoTs, Kak BUIUM, pelIaTh HaJ10
COBCeM He moxoxee Ha Hero ypaHenue (5.8)monydeHHoe U3 pelsaTUBUCTCKOro ypasHenus Kieitna-I'opaona.

TC mc® Z%a (3 n
[Tocnennee cnaraemoe Eq = 1
n

KOH CTPYKTYypHI O = et naét Takoe xe Belpaxxenue (3.14)>neprun E, = - , KOTOpOe
C

—- j Ha3bIBAETCSI TOHKOW CTPYKTYPOU IHEPreTUYECKUX
8 2+1

YPOBHEH. DTO pelnsITUBUCTCKUHN A((DHEKT, MPUBOIAIIUN K PACHICTUICHHIO BEIPOXKACHHBIX YPOBHEH SHEPTUH
(3.14)n0 xBaHTOBOMY uHCIHy |, T.€. K CHATHIO BBIPOKACHUS. DTOT 3D PEKT Mall, HO CYLIECTBEHEH IPH PACCMOT-
PEHUH CIIEKTPOB aTOMOB.

6. OnpenenuTh MIUPUHY TOHKOM CTPYKTYPBI AJISl 2JIEKTPOHA, HAXOSIIErocs B 000I04Ke C IIIaBHBIM
KBAaHTOBBIM 4nciioM N. OLIEHUTh BEJIMUMHY paclIeIyieHus ypoBHs Ey.

Pewenue:

Tak kak | =0,1,...n — J, To mUpruHAa TOHKOW CTPYKTYPHI, T.€. PA3HOCTh MAKCUMAIILHOW U MUHUMAJTbHOM
BEJIMYUHBI SHEPTUU

o e o _mEZ%4%(3 n 3 n \)_ mé Za* n\_2mc Z%a*(n-1)
AE;" = Epj=p-1~ Eni=0 = 2 o s = 2 n- = 3
n 8 2(n—])+1 8 10+ A n (2n—1)

n



46

=3,55110°

OTHOCHUTENbHAs BEJIMYHMHA pacCIJICHU A

AE _2m& Z%*(n-1) /mdZ2a? _ 47%0%(n-1)
|En| n3(2n-1) 2n? n(2n-1)
mpu Z=1,n= 2 1 yMEHBIIAETCs C POCTOM KBAaHTOBOTO Yucia N.
IIpakTuyeckoe 3anaTue Ne 17./IBU:KeHHe PeSITUBHCTCKONH YaCTHIIBI € MOy EJbIM CIIMHOM B
3JIeKTPOMATHUTHOM moJie. CIMHOBBIIi MATHUTHBINH MOMeHT. 3a/1auya KBAHTOBAHUS BOJIOPOI0NOI00HOTO

aToMa ¢ y4eTOM PeJSITHBHCTCKUX MONMPABOK M CNIUHA 3j1eKTpoHa. OnepaTop CNIUH-OPOUTAIBLHOIO B3au-
MOJEHCTBHUSA U €ro COOCTBEHHbIE 3HAYCHUS.

PaccMoTpuM Tereph ABMKEHHE BO BHEITHEM DJICKTPOMATHUTHOM I10JIE PEISTHBUCTCKOM YaCTHUIIBI CO
ciimaoM 1/2 (Gnextpona). s atoro Hago B ypaBaenus (5.24)wu (5.26)n01cTaBUTH Oniepatop 4-MMITyiibca U3
BeipaxkeHuit (5.6).Cpa3y paccMaTpuBaeM ciiydaid ABHXKCHUS B CTallMOHApHOM moiie. Toraa

1 1
—Et -——Et
W(rt)=er (), W (rt)=er Y'(7), (5.30)
U IIOCJIE NTOJCTAaHOBKU U BBIYMTAHUS IOCTOSHHOW YHEPTUH ITOKOS mc? , IOJIy4MM CUCTEMY U3 ABYX YpPaBHEHUH
AJ1s1 OCHOBHOI'O U AOIIOJIHUTCIIBHOI'O CHI/IHOpOB'

(E-ad)y’ oo[Q in0 - qA) (), (5.31)
(E q¢+2m8) )= of-n0- aAy () (5.32)
3,Z[GCB q) —IIOTCHIIHNAJI 3JICKTpI/I‘-IeCKOFO I10J14, A BCKTOp'HOTeHHHaﬂ, 3aI[aIOIL[I/II>'I I/IHI[YKI_II/IIO MAromuTHOTO I1OJIA
B= rotA:[i,A],a E'=E-mé < mé.
3agaumn.

1. OnpenenuTts BbIpaXkeHUE JUIs OIIepaTopa CHIMHOBOIO MarHUTHOIO MOMEHTA U HAWTHU €ro COOCTBEHHbBIE
3HAYCHUS.
Pewenue:
B HepensaTuBUCTCKOM NMPUOIKEHHHU B JIeBOi yacT ypaBHeHus (5.32)M0okHO peHeOpedb Majiol BeJTNYu-

HOi E'- qb 1o cpaBHeHMIo ¢ 2MCE ¥ [HOACTABHTH ONYYCHHYIO QYHKIMIO ) (F) = Zi(”f [q—i nol —qA) g’ (F) B
mcC

. ] =) — C — s — _ —=\\2 S
ypasuenue (5.31): E'g' ()= (qq) +—2mC(OEq inl] qA)) qu (7).
oxacrasisist Matpuisl Haymn (5.18),HaxouM clieyrolee COOTHOIMIEHHE s TI0OBIX ABYX BEKTOpoB A i B

R A, A-iA B, B, iB
(9R08)=( p, %, [ 5, ey |7 teronsen

_(AB.+ AB+ ABy IABy IAB,  ABg ABy iAB; IAB, ) _
AB,- AB+IABIAB, ABg# AB§ ABs IAPBy IAB)

_ABEQO 1)+|(A(By AyBX)[ﬁ j+|(Asz Azsgtﬁ ) ( ABg AB)Z[€0 'j=*AB]+a[ﬁ”A@
C YUYE€TOM 3TOr0 COOTHOUMICHUA MPHUBEACHHOC BBIIIC YPABHCHHUE 3alIMIIECTCA KaK
E'w'(F)= ( ¢+—( ind - qA) +—0[E it - qA— 0 - qA]ij (7).

[TpeoOpazyeM BEKTOpPHOE MPOU3BEICHUE B 3TOM BBIPAKEHUU:

[—ihi—qA—ihi—qA]qJ [ indl,- mm]w +[ gA - qA]qJ + v‘u{m ]+ hc{Aiwj.Bpegynmam TaK
=0 =0 =ing| O, A]tb'=inqBW’

KaK COOCTBEHHBIC 3HAUCHUS DHEPTUHN JOJDKHBI YIOBIETBOPATh YpaBHEHUIO KBaHTOBanus HY'= E'YP', momy-
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YHUJIA BBIPAXKECHHUE OII€paTopa I'amunpToHA 114 HepeHHTHBHCTCKOﬁ qacTHUulbI CO CIIMHOM 1/2 Bo BHeEIIHEM DJEK-

A1y < .
TPOMArHUTHOM TIOJIE: H= o (—IhD - qA) +ab - OB (5.33)
m
B kitaccuueckoii aeKTpoAMHAMUKE SHEPTUs B3aUMOCHCTBHSI MATHUTHOTO MOMEHTA YaCTHIIbI C MHTYKIIHEH
BHEIIIHEr0 MarHUTHOro noist E = — Py, B. [losromy nocnexnuee cnaraemoe B (5.33)03Havaer, 4To yacTHIa CO
ciuHoM 1/2 obnamaetr coOOCTBEHHBIM (CTUHOBBIM) MarHUTHBIM MOMEHTOM, OIIEPaTOp KOTOPOTo MPOMOPIIHOHA-
o hq . 2
JICH OTIepaTopy CIinHa Pms = M 5= M0 = 4 S, (5.34)
2m m

1 KBaHTYETCs BMecTe ¢ oneparopom criimua (5.14).J{ist snekrpona

A2 _ 2 A _ _ eﬁl

Prdh s=MFW . Pros b <= HH5W o vae iy = - arvteron Bopa. (5.35)

2. HaiiTi momnpaBKy K SHEPTUH JICKTPOHA B OJJHOAICKTPOHHOM aToOMe (TOHKYIO CTPYKTYPY), CUUTAsI
AJIEKTPOH PEISTUBUCTCKOM YACTUIICH U YUUTHIBAS €TO CITHH.
Pewenue:.

Ha s71eKTpOoH AeHCTBYET 2JEKTPUYECKOE MOJIE sApa ¢ MoTeHIraaIoM g = — kZ@/ r. MaruuTHo€ moJie
orcyrctByer, A=0. U3 ypaBaenus (5.32)BbIpa3zuM CIMHOPHYIO BOJHOBYIO (DYHKIIHUIO , 3aMUIIEM € C TOYHO-

CTBIO JIO MAJIBIX ClIaraeMbix mopsiaka 1/ 02 ,

qJ(r):Z;C(l Ezmgpj o[Q—ihi)qJ'(r*):Zrlno(l Ezmgp jatqﬂ'hi)w'(r*),

U nojicraBuM B ypaBuenwue (5.31):

(E-ab)w'(F) =%(—ih3 [ﬂﬁ)(l— Ezmgp + ...j(—ih(? [I]?J) Y '(F) = (uepssiit oneparop 0 neiictByer Ha )

:i(l—%)(—ih(r @) ¢(r) - :’;8(6 Mo )(-no )y () + 4‘:&‘1’ 8(4 7o ) ).

4
Hcnonb3yeM cooTHOLIEHNE (6,5\) (6 B) = ABOI+ ﬁ[ﬁ A B} , IOJTy4E€HHOE B MIPEIBIAYIIEM 33aJJaHUU U COOMpaeM

cinaraemele ¢ E' B eBoii yacrtu.
(1o 7 2 ey 2l g - 2o AU =2 h’q -_iha
E(l pr jw (r)—(qcb o 2 0% 4n~’r6(D¢) 220006, D]j '(r).

Heo6xoauMo monyunTh ypaBHEHHE KBAHTOBAHUS OTIEpaTOpa SHEPTUU H Y'=E"'Y". ITosromy uToObI N36a-

BUTHCS OT JIUIIHETO COMHOXHTEIIS B JICBOW 4acTH, MOJEHCTBYeM Ha 00€ YacTH 3allMCaHHOTO YpaBHEHUS TUd-
52
=2 . 4.
(hepeHumansHbM oneparopom | 1+— 2 [0° | u npeHeOpexEéM MabIMK BBICIIIETO mopsiaka 1/C" :
am

c? nt ¢
peoOpa3oBaHUN MPUXOAUM K CIEIYIOIIEMY YPaBHEHUIO:

E'llJ'(f) =(l_l’xo"'\’/\p +\7co)w'(?)'

2 2 4
E' (1+ h j{l_ h 0] 2j¢ (F)=E ( 1- 16h - 454}“ () = E W (T). Mocne Beex mpomeskyTOUHbIX
mcC

h2
2m
a Vp +V,, - onepaTop BO3MYILEHUI1, BbI3BaHHBII PENIATUBUCTCKMMU IOIIpaBKaMu. Bo3myiienue

s h =4 4 hq (=2
e e () B

DZ

roe Hy=- - orteparop ['aMuIIbTOHA HEPEIATUBUCTCKOH 3a0a4M, KOTO MBI peLIaId PaHblIIe,
0

HEC CTOJIb CYHIECTBCHHO, ITOCKOJILKY BBI3LIBACT CABUI BCCX

telre)T
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YPOBHEM SHEPTUHU Ha OJWHAKOBYIO Mallylo BeauunHy. Omeparop \700 - [ED(I) } (5.36)

Ha3bIBACTCs OIIEPaTOPOM CHI/IH'OD6I/ITaHBHOFO B3aUMOACHUCTBUS. DTO BOSMYI_HGHI/IG BBI3BIBACT PACHICIIIICHUE

YPOBHEI1 HEpPIruM, COOTBETCTBYIOLIUX oneparopy Hg U CHATHE BBIPOKACHUS.
BbruncnuB 1uaroHanbHble MaTPUYHBIE AJIEMEHTHI, [T0JIy4aeM MOMPaBKHU K YPOBHSIM SHEPTUU B IEPBOM

4_4
, o Z%*mc?(3  n
HOpsIKe TEOPHHU BO3MYLIECHHUI E jljJ | (V +Vco)ljJ (7) d3r= Enl = y = —— . (56.37)
n 8 2]+1
OTa pensITUBUCTCKAs MMONPaBKa Ha3bIBACTCSl TOHKOU cTpykTypoid. CpaBHuTe pe3ynbraT (5.37)c BelpakeHHeM
(5.29),korna He yuuTHIBaNCS CIMH 3J1eKTpoHa. Kak oTMeuanock paHee, OTHOBPEMEHHO C SHEPrUeH MpH ydeTe

CIIMHA MOYHO OIPEIENIUTh TOJIbKO MOHbIH MOMEHT (5.15).Yuer ciHa MPUBOIUT K 3aMEHE KBAHTOBBIX YHCEIT
OpOMTAILHOTO MOMEHTA UMITYJIbCa Ha KBAHTOBBIE YKCIa | moiHOoro momenra (5.16).

3. Berunciuth cCOOCTBEHHBIE 3HAUEHUS OllepaTopa CHUH-OPOUTAIBLHOTO B3aMMO/ICHCTBHS M OLICHUTh Be-
JTUYHUHY TOMIPABKU K YPOBHSM DHEPTHH, BEI3BAHHYIO CIIMH-OPOUTAIBHBIM B3aUMO/ICHCTBUEM.

Pewenue:

B citydae KyJOHOBCKOTO IEHTPAIILHOTO B3aUMOJICHCTBHSI, HAIIPUMED, B OJHOIJICKTPOHHOM aTtoMe (1o-

HE) Dq)( ) (ere) kzZ rr:r (r—j =- kZerLS. Omneparop cuuH-opOHUTaIBHOTO B3aumozeicTeus (5.36) 11

3JICKTPOHA C 3aps oM ( = —€ MOXHO 3aIMcaTh BBIPA3UTh B BUAC IPOU3BEACHHUS OIICPAaTOPOB CIIMHA U Op6I/I-

s kZ€ h [@r hm] kzZé

TAaJIBHOI'O MOMCHTAa I/IMHyﬂbca: co —
2T 2meErd

CoriacHO BEKTOPHON MOJIENN CII0KEHUSI MOMEHTOB, BOJTHOBAs ()YHKIIMSI IOJDKHA OBITH COOCTBEHHOM

32—12—282)/2 U CO-
kzé 1 2 kZén? 1(1
PRCICE 2(.]2 Lz_Sz)lle s ( (J+1)— I(I+1) 2(2+1D,

IIpakTuyeckoe 3anaTue Ne 18. MukpoyacTuiia 1 aTOM BO BHEIIHEM MATrHUTHOM noJie. dakrop
Jlanne. HopmauibHblil 1 aHoMaubHbIH dQdekT 3eemana. D dekr [Iamena-baka.

SEE.

(dhyHKIHEH orepaTopoB L2 82 uJ 32 = (L + S) =%+ &+210¢ Orcroga SOL=

rmacho (5.13), (5.14) (5.16)V_ P, =

PaCCMOTpI/IM JABMOXKCHUC BapH)KGHHOﬁ MHKPOYAaCTHULBI BO BHCIIIHCM MAIrHUTHOM II0JIC.

3agaum.

1. OHpeI[CJII/ITB Pa3pCIICHHBIC 3HAYCHUS SHCPIrUn CBO60,Z[HOFO 9JICKTPOHA, ABHXKXYIICTOCSA B MArHUTHOM

noJie ¢ MHAyKuuen B, HampaBrneHHOM BOJIb OCH Z.
Pewenue:

= 2 -
Omneparop sHepruu Takoi yactuiisl noydex B (5.33): H = Zi(—lhD - qA) —Z—qﬁ B,rne q=-e€
m m

¢ =0 (sa1ekTpHruecKoe Mojie OTCYTCTBYeT). BekTop-moTeHInal, 3aarolui MOCTOSHHOE MAarHUTHOE TI0JIe, 3a-

i j kK
numeM B Buge A, = A, =0 = xB. Torma rotA= i i i = kB (MEIYKIHS [TOJIS HATpaBJIeHa BIOJIb 2)
A ' ox oy 0z v P
Ac A

. - R2oy 1( .. 0 2 2oy e -
Vpasuenue lllpequarepa HY=EY Oymer H =——— +—| —ii— +eBx -————+—B = .
P P pa Hp=EY 0oy 2m ox 2m( dy j Y omaZz T

Pemenue sroro quddepeHnnaibHOro ypaBHeHUs, KOO GHUIMEHTH KOTOPOTO HE 3aBUCAT OT KOOPAHMHAT Y U Z,
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uieM B Bujie Y (X, Y, Z) = écxy é[sz f( )) a TaK)K€ YYUTHIBAEM HAJIMYUE CIIMHA, ézl]J =+ (h/ 2) Y . ITocne noxa-

CTaHOBKH, BBIYUCIICHUSA IPOU3BOJHBIX U COKpPAIICHUS SKCIIOHEHT, ITPUXOJUM K YPABHCHUIO

R d%f 1 h2[32 . . oh
-——F+ —(qBX+ O(h) f, KoTopoe mocie 3aMeHbl IepeMeHHON X' = X+— 1
2m dx? 2m 2 m qB
9B . h [3
nepeobo3HaueHnss W=—, E'= E- > —— mnpeBpammaercs B ypasHenue llpénunrepa s oqHoMepHo-
m m
2 2m| _, mw? X2 .
ro KBAaHTOBOTO F'APMOHHYECKOTO OCLMILIATOpA d_ + ? E'- — f =0, crekTp pasperieHHbIX 3HAYCHUI
Xl

3Hepruii KOToporo u3BecreH: E'y, = hw( n+1/ 2) . CBoOOHAs YacTHIa CO CIMHOM 1/2, NBIOKYIIasicsl B IIOCTOSTHHOM

gB 1 [3 Oh B
BHEIITHEM MarHUTHOM T0JIE MOYKET UMETh BETMYMHbBI SHEPIHU E,=a,/—| n+=
m 2 2m 2 m’
Bropoe cnaraemoe B 3TOM BBIPQKECHHH COOTBETCTBYET KHHETHUECKOM SHEPTUH T10- Z\
CTYINATEJIbHOTO ABM)KEHUS BJIOJIb HAIIPABJIEHUSI MArHUTHOTO MOJIsI, KOTOPOE MOXKET \/\(%33 »
IPOUCXOAUTH C JIF000I CKOPOCTBIO V, = hB/ M. A IBUXKEHUE B HAINPABJIEHUH, TIEP- 4 B paspeLeHHbe
. ==~ TpaekTopuu
MEHANKYISIPHOM K MATHUTHOMY ITOJIFO KBAHTYETCSI: YaCTUIIA MOKET BPAIIaThCs C C:._:’_ _ N > P aekTpona
LIMKJIOTPOHHOI# 4acToTol W= B/ M ToMNBKO 10 OpOUTaM paspenIeHHOro paauyca, —ﬁ‘ N
il B P 4
KOTOpble 00pa3yroT TpyOku Jlanaay. Panuycel opOUT onpenensitoTcest yCIOBUSIMH =malN
p 1 pon _ [ O
Er =P = pg ne 2 | wrp =P = |2 (on+1); n=01,2,.. 71| [ e
2m 2 eB gB A | U] |y anaay
X 7
. )
2. OTHORIIEKTPOHHBIN aTOM MIOMEIICH BO BHEIIHEE MOCTOSTHHOE MATHUTHOE 7
rmoJie ¢ MHAyKuuen B, HanmpaBiaeHHOM BA0Ib ocH Z. OnpeenuTh pacilereHne e
YpOBHEH SHEPTHH aTOMa B TAKOM TIOJIE. l
Pewenue:

CuuTast 2JIEKTPOH HEPENSITHBUCTCKOI YacTHIeH, moacraBum B ornepatop ['amunbrona (5.33)BeIpakeHue

JUISL BEKTOP-TIOTEHIHANA B BHe A= %[ B, Y] , 4TO JTaéT rOtA=% Bdiv -t divB+ (f (I)B- (BD)T |= B:
=3 =0 =0 =B

2
H —i(—lhD+ B, D _kze | @ 5 (CHO) KkzE_ hme [0 + nLB r 2+—hec”rl.3>
2m 2 r 2m 2m r 2m

2
€ rg 12
Kanparuunbiv o B ciaraeMbIM B 3TOM BBIpaK€HUU MOXKHO ITPeHEOpedb, eCiu 8—[ B, r] <
m

34
wm B« al = 401,055]10 =2,601C Tx, uro onpasaaHo. CoBepIIMB HUKINYECKYIO IEPECTAHOBKY BEK-

er? 16001°mo%°

TOPOB B CMEIIAHHOM MPOU3BEICHUH —ih[l?;, f} M=B [ﬁf,—ihﬁ} =B Eﬁr:,ﬁ] =B[L u MOJICTaBUB OIEPATOP
z h ~ n? . kzé

cnuHa S=—0, NIPUXOJIUM K BeIpaxkeHutro H =--—A~A-
2 2m r

ITepBble aBa caraeMbIX SBISIIOTCS oneparopoM ['amuinbrona Hg HeBo3MyIeHHOM 3a1auu (OZHOIIIEK-

+—el_5>[€ﬁ+2§).
2m

TPOHHBIN aToM 0e3 ydera MarHUTHOTO 1oisi). [locnenHee ciaraemoe — oneparop Bo3mylileHus (onepaTop
B3aUMOJICHCTBHSI CYMMapHOTO MarHUTHOTO MOMEHTA JJIEKTPOHA C BHEITHMM MAarHUTHBIM MOJIEM)

~ e - [2 oy __ 2 (2 a o
V—%B L+28)— %DB: (pnop6+ pf'[:HI/IH)DE
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3ameTuM, 0JIHaKO, YTO COOCTBEHHBIE BOJIHOBbIE ()YHKIUH onepaTopa Hq 10mKHBI OBITE COOCTBEHHBIMU (DYHK-

2
UMM OTlepaTopa MOJTHOTO MOMEHTa J 32 = (L + S) , HO HE SIBJISIFOTCS COOCTBEHHBIMH ()YHKIIMSIMHU OTI€paTopa

A

+ S. IMostomy 3armimem oneparop V , BBojs oreparop J 2 , 00paTHBIi K oreparopy J 2=300:

VA :ié j+HS):_eHBj\J2A3(:\]+ *%z_ea"jg:(]"%}*_ :DH).'.
2m =1 2m

b
wnH
(@

+2

2 2 2\2 2, =2 2 A 2 2 “ it
W3 cootHowennst L2 = (J - S) =P+ S-21¢ Haxomum J [B= ( P+ 82 - ) DTO0 omeparop, KOMMY-

f]2+:§—*l_2)j: ;:’](H—Z (Jz+ 8- I%J

T.K. B 11 Z.Dra 3amuck, HCIONB3Ys YPABHEHHS jzl]J = hzj(j +1)l]J , I:Zl]J =h (I +1)l]J, éZlJJ = hzs( S+1)ljJ

II03BOJISICT HAWTU JUArOHAJIbHBIC MATPUYHBIEC DJIEMEHTHI OIIEPaTOPa BO3MYILECHHUI, T.€. IONPABKU K YPOBHIM

I

TUPYIOLIUH ¢ onepatopom J , T.e. V= £ BEﬁ_Z( P+=

SHEPIrUHU B IEPBOM MOPSAAKE TEOPUH BO3MYLIECHHI ED = j ljJ+\7QJ dr.
Y4uTem Takxke, 9TO COOCTBEHHBIC 3HAYECHHS JIIDOOTO0 0OpaTHOTO ornepaTopa ft OyayT 0OpaTHBIMHU Be-
JMYMHAMK COOCTBEHHBIX 3HAUCHHI orepaTopa f: 1 = fA_ll?l]J =f1f Y, oTKyaa f_ll]J = (ZI/ f )l]J , T.C.
+ eB lj(j+1)+s(s+1)—l(|+])
2m 2 i(i+2
1j(j+1)+s(s+)-1(1+1

MHOXHUTENh g =1+— HasbIBaeTcs dakropom Jlanne.
2 i(i+Y

Jlns anektpona S=1/2,a pacuieruieHue ypoBHEH SHEPTUH IPOUCXOAUT 110 KBAHTOBOMY YHCITY

Iy = ( (j+1)) Y. Torna E® = [y hmjwd3r=?—;‘ghn],rue

3 . .
m; = iz =t E .. ], ome j =1 £1/2. Takoe pacuienicHre Ha3pIBacTCs aHOMaTbHBIM 3 dekrom 3eemana —

WHTEPBAJIbI MEXKy PACUICIUICHHBIMHI YPOBHSIMHU YHEPIUU 3aBUCIT OT BEJIMUYUH KBAaHTOBBIX uucen | u |. Eciu
CIIMH HE YYUTBIBaTh, MPUHATH S = 0,70 | =1, T0 g = 1 U paciuieruieHne SHEPreTHIECKUX YPOBHEH SKBHIUCTAHT-
HO (HOpManbHBIN 2ddexT 3eemaHna).

3. locTpouTs AMarpaMMmy pacHIeTIEHHBIX MO ACHCTBUEM CIa00T0 M CUIILHOTO BHEITHETO MAarHUTHOTO
TTOJISI DHEPTETUYECKUX YPOBHEH ISl SJIEKTPOHA M3 000JI0YKH C TJIABHBIM KBAHTOBBIM YHCJIOM N = 3.

Pewenue:.

Cnauana BbIYHCIIIEM BeJIMUUHBI (hakTopa Jlanae it 2JIeKTpoHa, HaXOSIIEroCs B Pa3HBIX 1101000J104-
Kax aroMa C Y4eTOM pacIIeIJICHUsI B TOHKYIO CTPYKTYpY:

OnexTponHbiii TepM | 15, 2sy, 2py, | 2Py | 38y, 3Py, 3Py, 3y, 3ds/,

KBaHnToBBIC UnCIa =0 =0 =1 =1 =0 =1 =1 =2 =2
i=1/2 | j=1/2| j=1/2| j=3/2| j=1/2 | j=1/2| j=3/2| j=3/2| j=5/2

dakrop Jlanze g 2 2 2/3 4/3 2 2/3 4/3 4/5 6/5

AHoManbHbIN 3¢ (DeKT 3eeMana CripaBelJIuB B cliy4ae OT-
HOCHUTEJIBHO €1a00ro MarHuTHOTO 1ot B, korna pacuenieHue
SHEPreTHYECKUX YPOBHEH, BEI3BAHHOTO 3TUM IOJIEM 3HAYUTEIHHO ! 7
MEHBIIIE PACILEIUICHUs] YPOBHEN BBI3BAHHOI'O TOHKOU CTPYKTYpPOH —

>
cunbHoe none B

3
2
1 1
_2 :mt2‘§

-2

>

cnaboe none B

eB mé 240( n , 3d;-y, -3
(cm. pucyHOK): — gh <K A| ——— . OT0 maér 3Pjzgt =
2m n® 8 2j+1 o=t 9%
3pj=1/2/1 g=2. =
ji=1/2 =7 9=2
B« 1Ta (moctaTo4HO CHIIBHOE IOJIE). I
B ciyuae 6oitee CHIIBHOTO MarHUTHOT'O TTOJISt pa3phIBacTCs ‘oo

- — o 1S._ —
cBs3b Mexy L n S. Toraa c MarHUTHBIM [I0JIEM B3aUMOAEHCTBY- 1=V )1 =2
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€T He MOJHBIA MOMEHT J , @ HEMOCPEACTBEHHO OPOUTANLHBIA L ¥ cMHOBBIA S MoMeHThI. OniepaTop BO3My-

- eB/~ -~
IIeHUs TpUHUMAaET Bua V = 2— ( L+ ZSZ) , ¥ €T0 JMaroHajJbHbIe MATPUYHBIE JIEMEHTHI, T.€. TOTIPABKU K
m

SHEPTHUH E(l) =Iw+\7w d3r:ezﬁ(m +2 r‘g),rz[e m=0+1%2,..tl, m=%1/2,u
m

m+2m = —( [+ 1) — 1 ,—(I - ZI) ,-..) | + . B cuibHOM MarHUTHOM T0JI€ TPOMCXOUT paciieruieHue Ha 2|+3

MOIYPOBHSI, PaCIOJIOKEHHBIX HA PaBHBIX paccTosHUsAX. D10 —dddekr [Tamena-baka.

IIpakTuyeckoe 3ansaTue Ne 20. Oco6eHHOCTH 3aN0THEHHS IJHEPTeTHYECKUX YPOBHEH B MHOTO-
3JIeKTPOHHBIX aTomax. Tepmbl. CBs3b Paccensi-Caynaepca. [Ipasuia Xynjaa.

3agauu:

1. O6ocuHoBaTh Hannuue LS-cBa3u u npaBuin XyHa MpH 3aroHEHUH YJIEKTPOHHBIX 11010007I0YeK aTo-
MOB.

Obocnosanue:

CornacHo npuHIUMY 3anpera [layinu 3J1eKTpOHBI HE MOTYT HAXOIUTHCS B OJTMHAKOBOM COCTOSTHHH, T10-
3TOMY B MHOTORJIEKTPOHHOM aTOM€ JOJDKHBI OTIIMYATHCS XOTS OBl OJJHUM 3HAUEHUEM JIF0O0T0 M3 KBAHTOBBIX
yucen. [Ipu 7ToM B OCHOBHOM COCTOSIHUM OHH JTOJDKHBI 3aIIOJIHSATh HU3IIUE Pa3pelIeHHbIC YHEPTeTHIECKUE
YPOBHH, T.€. HAXOJUTHCA HAa BHYTPEHHHUX 000JI0YKax M M01000I0UKaX.

COBOKYITHOCTh COCTOSIHUH 2JIEKTPOHOB C OJITHAKOBBIM TJIaBHBIM KBaHTOBBIM YHCIIOM N Ha3bIBAETCS DJICK-
TPOHHOHM 00070uK0¥ aroma. Kakmast 060mouka AenuTcsl Ha 2IEKTPOHHbBIE MOA000I0YKH, T.€. HA0Op COCTOSIHUM €
OMHAKOBBIMH urciaMu N u |. O60104YKH ¥ 1101000I0UKH aTOMOB ITPUHATO 0003HAYATH OYKBAMHU:

n 112345 I 0/1/2|3|4
o6omouku [ K |L|M|N|O nogobomouku | S| p|d|f | g
[TonHOCTBIO 3amOJHEHHAsT MOJ000I0YKA COAECPKHUT 2[@2 +]) AJIEKTPOHOB, PA3IUYAIOIIUXCS 3HAYECHUSAMU
n-1
KBaHTOBBIX YHceN MU M. B IOIHOCTBIO 3am0HEHHON 0000uKe OyneT Y| 2(2| + ZI) = n? 3JIEKTpOHOB. [Ipn
=0
k’mée' 72

OTOM HCJIb3d PA3pPCHICHHLIC 3HAYCHHUSA SHCPTHUU EOn == , MOJIYYCHHBIC IJId 3JICKTPOHA B OJHOJ3JICK-

2n°n?
TPOHHOM aTOME UCIIOJIL30BATh Ul 3JIEKTPOHA B MHOT02JIEKTPOHHOM aTOME. DTH 3HAYEHHs MEHSAIOTCS C y4ETOM
noneit Xaptpu V, a TakKe C y4eTOM PEIATUBHCTCKHX IIONPAaBOK (TOHKas CTPYKTypa MM CHHH-OPOUTAIIbHOE
B3aMMO/IEHCTBUE). DHEPrus i-ro 3NEeKTPOHA B MHOTOIEKTPOHHOM atome E; = B +V, + ZV“ +E,*...
j#i

B aTomax ¢ 00JbLIMM YHMCIIOM 2JIEKTPOHOB BKJIAJ Moyl XapTpu HACTOJIBKO BEIMK, YTO MOKET YBEJIH-
YUTh SHEPIUIO JIEKTPOHOB, NPUHAUIEKAIMX K BHYTPEHHUM I01000I04KaM TaK, YTO OKa)KETCs, YTO DHepre-
THYECKHU BBITOJIHO 3aII0JIHEHHE BHELIHEH 1101000/109KH, @ He BHYTpeHHel. Tak IpoucXoauT, HalpuMep, B aTo-
Max NepEeXOoAHOM rpynmnsl. B aTome sxenes3a, HanpuMep, BHAYaje 3al0JHAETCS JJIEKTPOHAMHU BHEWHAA 4S 1o-
1000J104Ka, B KOTOPOM 3JIEKTPOHBI OyIyT UMETh MEHBILYIO SHEPIHUIO, H TOJIbKO IIOTOM 3aIONHAETCS BHYTPEH-

st 3d no6omonouka; 2° Fe(152252 [:?3 ¢ F? 4 §) .

OpnHako B O0JIBIIMX aTOMax moJie XapTpu MOYTH CHEpUIECKU-CUMMETPUYHO, YTO MPUBOIUT K CMEIICHUIO BCEX

YpOBHEH YHEPrUM Ha OJUHAKOBYIO BEIMUMHY, HO HE IPUBOIUT K PACIIEIUICHHIO YPOBHEH. Takoe paciieruieHue

HOSBUTCA M3-32 HAJIM4YMs HECUMMETPUYHOM 4acTH cymmapHoro moss Xaptpu Vi .. =V, £ Zvji Vi cuveerp
j#i

WIN U3-3a NPUCYTCTBUS CIHMH-OpOMTaNbHOrO B3aumopeicreus E  ~ L [§. OnHako mpakTHueckd BO BCEX

aToMax CIUH-OpOMTalIbHOE B3aMMOJEHCTBUE MHOIO MeHblIe nost Xaptpu: E <V, ., . Bnusaue cymmapno-

I ocT
r0 KYJOHOBCKOTO IOJISl OCTAJIbHBIX 3JEKTPOHOB pa3pyllaeT CBsI3b CIIMHOBOIO M OPOMTAIBLHOIO MOMEHTOB JJIS
OT/IEIBHOTO 3JIEKTPOHA, TaK e Kak e€ pa3pyllano BIMsSHHE CHIbHOrO MarHutHoro moiisi (3ddekr [Mamena-
baka). CinHOBBIE ¥ OpOHUTAILHBIE MOMEHTBI OT/ICNIBHBIX JJICKTPOHOB B MHOTOAJICKTPOHHBIX aTOMax HE3aBUCHU-
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MBI U CKJIQJIBIBAIOTCSI HE3aBUCUMO, CO3/aBasi OpOMTANIbHBIN U MTOJHBIN CIIMHOBBI MOMEHT BCETO aToMa:
(=YL, 8=%§.
i i
B utore cknanpiBatoTcs ¥ 00pa3yroT MOJHBIH MOMEHT aTOMa KIMEHHO 3TH CyMMapHbIE MOMEHTHI:
J=L+S.
Takast cBsI3p OpOMTANBHBIX W CIHMHOBBIX MOMEHTOB B aTOME Ha3blBaeTcsi LS-CBA3bI0 MM cBs3blo Paccens-

Caynnepca.
KBaHTyrOTCS Takre CyMMapHbIe MOMEHTBI 110 TeM ke npasmiam (5.13), (5.14u (5.16),410 1 MOMEHTHI

OTJICTTLHOTO AJICKTPOHA. B MOTHOCTHIO 3aMMOTHEHHBIX AJIEKTPOHAMH 1O10007109KaxX Z L =Z S =0. IToaromy

cBoiicTBa aToMa OyayT onpeae/isiTb KBaHTOBbIe yucaa L, Su J = | L- S,..., L+ S moxo0os04ex, 3amoi-

HEHHBIX )JIEKTPOHAMH YaCTHYHO.

Takoe COCTOIHME 2JIEKTPOHHOM CUCTEMBI aTOMa WJIM MOHA 3a1a€TCs TEPMOM! m. L=
B LICHTPE CTaBUTCA OYKBa, COOTBETCTBYIOLIAs BEJIMUUHE L, B IeBOM BEpXHEM yriy —
yrcio 2S+t1, xapakTepu3yroiee MyJIbTHILIETHOCTh TepMa (eciu yuecTb 0osiee ciia-

01234 ..
L5~ SPDFG
TEpM

0oe cuH-opOHUTaNnbHOE B3auMoneiicteue E , ~ LB~ LMg, rne Mg =-S§,-S+1,..., S 1, § To ypoBeHb 3HEp-
I'MH, COOTBETCTBYIOILUI JAHHOMY TEpMY paciienutcst Ha 25+1 noJypoBeHb), B IPaBOM HUYKHEM YIITy 3aIlUChI-
BAaIOT BEIMUMHY J = | L- q L+ & Tepwm ompenensier Bce CBOMCTBA AIEKTPOHHON CHCTEMBI aTOMa UJTH HOHA.

Hanpumep, 0CHOBHOE COCTOSTHUE aToMa IeJTHsl x 1s®> (L=0, S=0) onucsiBactcst TEPMOM 180,
v

OCHOBHOE COCTOSIHHC JTUTHA  gris) (TR 152 2¢ (L=0, S=1/2) 6ynert 3a1aHo TEpPMOM 281,2, a BO30yXIIeHHOE
&[]
cocrostrue st 1St 28 P MoxkeT nmeTs 1Be BOHOBbIE QyHKIMH [ B @] A 8] =1,S=1/2) (repm 2 Py2 3/2)
2 |
win (L=1,S=3/2) & (repm *Pyy 3/0)-
5 AR ;
C yderom nosist XapTpu S5HEpreTHYecKue ypoBHU U3MEHsI0TCs, Kak B = By +V; + ZV . 3Hak “+”

j#
COOTBETCTBYET CHMMETPUYHON KOOPIMHATHOW (PYyHKIMH dJICKTPOHOB | M | U aHTUCHMMETPUYHOI CIIMHOBON
¢yHkun (MapacocTosHKue), a 3HaK “-“ — CUMMETPUYHON CIMHOBOW (QyHKIMH (0pTococTosiHue). YeM Oosbiie
CHMMETPH30BAaHHBIX CIIMHOBBIX (DYHKIIUI AICKTPOHOB OY/ET CTOSITh B BEPXHEH
CTPOKE COOTBETCTBYIOIIEH nuarpammbl FOHra, TeM Oombiie OyAeT BeTUUnHa CyM-

N-n
=N %(1.2,.. N [ ETETEATE S
2 n

MapHOI'O0 CIIMHOBOT'O KBAHTOBOI'O YHCJia S= ( N-— I') G;— - 5 CUCTEMBI

3JIEKTPOHOB U TEM MEHbIIIE OKaxeTcs e€ sHeprus E; .
Yem OombIIe CIIUH SANIEKTPOHHON CUCTEMBI aTOMa, TEM MEHBIIIE €0 SHEPTHUSl.

3aBUCHMOCTH TUIOTHOCTH BEPOSTHOCTHA OOHAPYKEHHUS AJIEKTPOHA B aTOME OT PACCTOSIHUSA [ ¥ OT BEJINYH-

HbI KBaHTOBOTO 4mciia | ompezessiercss BOJIHOBOM (PYHKIMEH, MOJYyYCHHOU Il OJHO3JICKTPOHHOTO atoMa B
t|zp|2 3s,0=0 (3.19). Dra 3aBucHMOCTh It N=3 — 00OJOYKH IMOKa3aHa Ha PUCYHKE.
‘ I BunHo, 4To ¢ yBenuueHueM | IIIoTHOCTB 31eKTpOHHOro o0Jiaka cMena-
3p,0=1 eTcsli B CTOPOHY sifIpa, I/Ie PE3KO BO3PacTaeT OTpUIATENIbHAs KYJIOHOB-

_ //////////////m,,,”m____ r CKas SHEPIrus B3aPIMO,Z[CI>'ICTBPI}I SJICKTpOHA C AApOM

0 411///
B)| ! 3d,0=2 -kz
6>Ar ,//// _ r < Kyn> I g eZ PdV <0. ITostoMy cymMapHasi SHEPrHs JJIeK-

r | 4s,e=0 r
ol— _ -

)]
~

TPOHHON CHCTEeMBbI OyJIeT MEHBIIE IS COCTOSIHUS, B KOTOPOM CyMMa
OpOUTATEHBIX MOMEHTOB UMITYJIbCA MAKCHMAJIbHA.
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ITo Tem e mpuYMHAM BUJHO, YTO OJMH U3 MAKCUMYMOB 3JIEKTPOHHOM IIIOTHOCTH 4S-COCTOSIHUS CIIBUHYT
K S/Ipy €IIE CUIIbHEE, YTO BBI30BET 3HAYUTEILHOE YMEHBIICHUE YHEPTUU nyn U CYMMapHOM SHEPIUH CUCTEMBI.

DJEeKTpOHAaM CTAaHOBUTCSI YHEPreTUYECKU BBITOJHEE 3aMOJIHATh CHayasa 4S-10/1000J104Ky, U TOJIbKO IOTOM —
3d-nogo0600uKy. X0Ts OCHOBHAsI IJIOTHOCTh JJIEKTPOHHOTO 00Jaka 4S- COCTOSIHMS, KaK BHIHO U3 PHCYHKA,
pacmpejesieHa Ha 3HAYMTEIbHO OOJIBIIIEM PACCTOSHUM OT SI/Ipa, YeM IUIOTHOCTh 3d-00/aka.

Bce »To mpuBoauT K npaBmiamM XyHIA, MO0 KOTOPBIM JOJKHBI 3aMIOJTHSATHCS JIEKTPOHHBIE MTOJ000JI0YKH B
MHOT'03JICKTPOHHBIX aTOMaX U MOHAX, YTOOBI MX SHEPIus Obljla MUHUMAIILHON (OCHOBHOE COCTOSIHUE CHCTEMBbI):

» 1. [Ipwu 3anosHeHNH 1101000JI0YKH IOJKESH BBIIIOIHATHCS MPUHIAI 3anpeTa [laymu — Bce 2IeKTpOHBI
JOJKHBI OTIIMYATHCS XOTSI OBl OJTHUM 3HAYCHHEM JTF000T0 U3 KBAaHTOBBIX YHCEIL.

» 2.1Ipu ycnoBuu (1) 3amoHAIOTCS COCTOSIHUS ¢ MAKCUMAJIbHBIM BO3MOYKHBIM 3HAY€HHEM CYMMAapHOTO
CIIMHOBOTO YHCla S

» 3.1Ipu BeinosiHeHuu yciaoBui (1) u (2) 3amoHsIeTCesl COCTOSHIE ¢ MAKCUMAJIbHBIM BO3MOXKHBIM 3HAYCHH-
€M CYMMapHOT'0 OpOUTAILHOTO KBAHTOBOTO yucia L.

» 4.Ecnu nogobosnouka 3anonHeHa Ha 50%wu 6ombiie, To ocymiecTBisiercs cocrosHue ¢ J = L+ S=max,

eciu MeHble, yem Ha 50% -to J = | L- q =min.

2.3anmcarh TepMbl OCHOBHOTO COCTOSIHHSI aTOMa XkKee3a Fe u ofHOKpaTHO MOHM3HpOBaHHOTO aToma Fe.
Pewenue:.

3anosHeHHE JIEKTPOHHBIX 000JI04YeK B aToMe Feumeer Bu 26 Fe( % 25° p6 3¢ p6 o 453 . He no xoHma

3aIOJIHEHA TONBKO 1006010uKa 3d°, KOTOPYIO MOTYT 3aIlOJHATh 2(2 + ]) = 1C snexrponoB. Cnenys npaBu-
nam XyHJa, EPEeYHCINM BEJTHYMHBI KBAHTOBBIX YHCEN MU Mg 3TUX DJIEKTPOHOB B CIIEAYIONICH TabuIe:

m= -1-22 110 |-1]-2
rns =

1
2] 2|2

N e IO

N IN
NN

NP
N
NP
N

[To mpaBuTy BEKTOPHOTO CIIOKEHUSI MAKCHUMAIBHOE CIIMHOBOE M MaKCHMAaJbHOE OpOUTATIbHOE KBAHTOBOE
YHCII0 3TOM Mmoao0oouke Oy/eT CyMMOH COOTBETCTBYIOIIMX KBAaHTOBBIX UMCEN OTAEIbHBIX 3JIEKTPOHOB. [Ipu
3TOM OyAyT CKIQAbIBAaThbCS W KBAaHTOBBIE uyWclia M u Ms. M3 TaOmuibl BUAHO, YTO MAaKCUMAJIbHAs CcymMMa

6 6
Shax = Mg max= 2, My=2 1 MakcumanbHas cyMMa Lyay =M max= D, M= 2 MOXYy4HTCS, €CIU B3STh KBAHTO-
i=1 i=1

BBI€ YHCJIa W3 TMEPBBIX MIeCTH CTONOIOB Tadymubl. [Ipu stom J =L+ S=4, 1.k. momo6oJI0oUKa 3amoJiHeHa

OoJblIie, YeM HaronoBuHY. [103TOMY TEpM OCHOBHOT'O COCTOSIHUSI aTomMa Fe 5 Dy.

Y nona °Fe’ ( Is% 257 p6 3¢ p6 o 452) B 3d-mo1060104Ke TOJNBLKO 5 3JIEKTPOHOB M HAZ0 OpaTh CyMMY

5 5
KBaHTOBBIX YHCEN M3 MEPBbIX 5 cTonOUOB Tabmubl: Spax = Msmax= 2>, Ms=5/2, Lnax =M max=2>,m=0.
i=1 i=1

ITpu sTom J = L+ S=| L- $= 5/2 1 TepM OCHOBHOIO COCTOSHHUS HoHA &' 685/2.

3. OnpenenuTh BO3MOXKHBIE TEPMBI aTOMa a30Ta N (152252 p3) .

Pewenue:

O003Ha4YMM IIECTh JIEKTPOHOB CO BCEMU BO3MOXHBIMH 3HAYCHUSIMUA KBAaHTOBBIX YHCEJ MU M, KOTO-
pble MOTYT HaXOJHMTHCS B HAIIOJIOBHHY 3aIl0OJIHEHHON 2P-1101000J104Ke OyKBaMU:
a |o© B r i e
m= | 1 0 -1 1 0 -1
m=|1/2|1/2|1/2|-1/2|-1/2|-1/2
3 3

Onpenenum cyMmmbr M = Z m u Mg = Z Mg KBaHTOBBIX YHCEJI 7Sl BCEX KOMOMHALMN U3 TPEX JIIeK-
i=1 i=1
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TPOHOB, 3AMOJIHAIONINX 2P-110000I0UKY:

M | Mc M | Mc M | M¢ M | Mc
a6 |0 | 3/2|* |aBn |0 | 1/2 | #/6Br | O | 1/2 | +|One | -1|-1/2 | #
abr |2 | 1/2|# |aBe |-1|1/2 | #|6Bn|-1|1/2 | +|Brn | O | -1/2| +
abg |1 | 1/2|# |arn |2 | -1/2| #|06Be | -2|1/2 | #|Bre | -1|-1/2| +
ade |0 | 1/2|* |are |1 | -1/2|#|Orn |1 | -1/2| + | Bne | -2 | -1/2 | #
asr |1 | 1/2|+ |ame |0 | -1/2|* |6re | O | -1/2|# |rme | O | -3/2| *

Tax kxak uncna M u Mg nomxasl npuanMarth 3Havennss M =0,21,..#L n Mg=%1/2,..* S, 10 3Ha-

KoM “*" B Ta0iuIe 0003HaYCHBI Bce HAOOPBI TaKuX umcen s 3Hadenuit S=3/2, L =0 (310 TepM OCHOBHOTO

COCTOSIHUS aTOMa a30Ta ¢ MAaKCHUMAJIbHBIM 3HAYEHUEM CIIMHOBOIO YHcia S 483/2 ); 3HaKoM “#” 0003HAYEHBI

Bce HaOopsl uncen M u Mg st 3Hauenuit S=1/2, L =2 (310 TepM BO30YKIEHHOTO COCTOSIHUS aTOMa a30Ta

’D 3/2wm 5/2|); 3HAKOM “+” 06o3HaueHsl Bce Habopel uncen M u Ms nns 3Hauennit S=1/2, L =1 (310 Tepm

B030Y’KJIEHHOTO COCTOSIHUS aTOMa a30Ta 2 P1/2 i 3/2])- Kak BHIHO, Bce KOMOMHALMHM BOIIIN B COCTaB OHO-

ro U3 BO3BMOKHBIX TCPMOB.

4. HapucoBaTb Bce BO3MOXHbIE quarpaMmbl FOHra v onpenenuTh ux Yucio A1 KOOPAUHATHON YacTh

BOJIHOBOU (DYHKIIMH aTOMa yTiaepoaa 6c, KOTOPBI MOXKET HAaXOJUTHCS B BO3OYKIEHHOM COCTOSIHUH, & TAKXKe
YHUCJIO BOBMOXKHBIX nuarpamm FOHra a1 BOJTHOBOM (YHKIIMH 3TOTO aTOMa, BKITFOYAIOIIEH KaK KOOPIUHATHYIO,
TaK U CIUHOBYIO YacTh.

Pewenue:

Uucno pasHbeix quarpamm FOHTa U1t KOOpIUHATHON (DYHKITUU PaBHO YMCITY BO3MOXKHBIX MOCIIE0BA-
TEeITLHOCTEN HeBO3pacTaromux uncen 6, 5+1, 4+2, 4+1+1, 3+3, 3+2+1, 3+i}1 2+2+2, 2+2+1+1,
2+1+1+1+1, 1+1+1+1+1+Bcero 11 rakux

koMmOuHanwmii. Ho Tak kak quarpamma FOnra $ (] ¢lP $

IS CIIMHOBOM 9acTH BOJIHOBOH (DYHKI[MHU He <[FTATRTATATE]  [9] *[ATAATATA] $ ¢l 4; i [¢ $ x “ 1‘ :’
MOXET UMETh 00Jiee 2 CTPOK, TO BO3MOKHO ] Lyl [2 =

TOJILKO 4 TaKMX KOMOWHALUH, IPUBEIEHHBIX S=3 o §=2 S=1 S=0
Ha PHUCYHKE:

IIpakTuyeckoe 3anaTue Ne 21.3/1eKTPOH B MHOTOLIEHTPOBOIi KBaHTOBOI cucTteme. KynoHoBckuid
1 00MeHHbIH nHTerpaJ. Cesasywuue MoJieKyJasipHbie opouTauan. Ilpeacrasiaenne o meroge JIKAO. O6-
pa3oBaHMe MeKATOMHBIX CBfi3eil B KPUCTA/UIMYECKON pelieTKe ¢ TOYKH 3peHust KBaHToBoi Teopun. Ko-
BAJICHTHASI M MeTa//In4YecKas cBsi3b. Oco0eHHOCTH rHOpuan3anum 31eKTpoHoB. MoHHas cBs3b. I'omo-
AecMHYecKHe U reTepojecMuuyeckne CTpyKTypsl. Ban-nep-BaanbcoBa u BogopoaHasi cBsi3b U HX 0CO0€H-
HOCTH.

[Tomyuyennslie panee MmeTooM XapTpu-Doka pe3yabTaThl Ui pacyeTa SHEPTuU U BOJHOBOH (pyHKIMH
3JIEKTPOHA B MHOT'03JIEKTPOHHOM aTOME He O0BACHSIOT 00pa30oBaHUE MEXATOMHBIX CBs3€H, T.€. 00pa3oBaHue
KPUCTAJUTNYECKON CTPYKTYpHI HIIK JII000M APYroi KOHIEHCHPOBAHHOM cpebl. Kpome Toro, ycinoBue Makcu-
MaJIBHOCTHU CIIMHA B OCHOBHOM COCTOSIHMM aTOMa IPeJICKa3bIBaeT CYLIECTBOBAHHE OOIBIIOT0 COOCTBEHHOTO
MarHuTHOro MoMeHTa. OOMEHHBIE CHIIBI BBICTPAUBAIOT TAKME MOMEHTHI B (PEppOMArHUTHYIO UM aHTU(EPPO-
MarHuTHYIO CTPYKTYpY, T.€. paccMaTpuBasi KOHJEHCUPOBAHHYIO Cpeay KaKk Ha0Op MHOIO3JIEKTPOHHBIX aTOMOB
MPUXOJMM K BBIBOJY, UTO OHA, KaK MPaBUJIO, TOJDKHA ObITh (DeppOMAarHeTUKOM, YTO HEBEPHO. Y CTPAaHEHHE BCEX
3TUX MPOTUBOPEUUI 1 0OBSICHEHNE 00pa30BaHMsI MEKAaTOMHBIX CBsI3€H 3aKJIIOUAETCs B TOM, YTO 3JIEKTPOHBI
HAaxOoJATCs B I10JI€ MHOTOLIEHTPOBOM CUCTEMBI U3 MHOTUX UOHOB.

1. O0bsicHUTH 00pa30BaHUE MEKATOMHOMN CBSI3H B IBYXaTOMHOW MOJIEKYIIE.
Obvacuenue:



55

Kak Ob110 MOKa3aHo It 0JHOJIEKTPOHHOT0 aToMa (3.19)mI0THOCTE BEPOSITHOCTH OOHAPYKEHHS DJIEK-
TpoHa B npeenax tenecHoro yriia dQ =sin0d0dd ompenensiercst kBagparom Moayiis cheprueckoit HyHKINU:

2
o =[Waml” ~ % "(6,0)] dQ.

Or yriia (I) 9TO BBIPAXKCHUEC HEC 3aBUCHUT, a4 3aBUCUMOCTDH IIJIOTHOCTU JJICKTPOHHOI'O oOjaka oT yria 0 JJIA HE-
CKOJIBKHMX HU3IIUX SHEPI€TUYCCKUX COCTOSIHUM ITOKa3aHa Ha CICAYIOLIECM PUCYHKE!

3d-cocTosiHne
¢=2,m=%2

- 3d-cocTosiHNe
3d-cocTtosiHne (=2, m==1

2p-cocTosiHue 2p-cocTosiHue

Taxue BBITIHYTHIE B OTIPEAEICHHOM HAIPaBICHUU TUIOTHOCTH AJIEKTPOHHBIX 00JIaKOB Ha3bIBAIOTCS
3JIEKTPOHHBIMU MJIM ATOMHBIMU opouTansMu. C y4eToM B3aUMOIEHCTBHSI SJIEKTPOHOB B aTOME 3TU 00JI1aKa eré
ne(GopMUPYIOTCS, HO OCTAIOTCSl HaNlpaBJIEHHBIMU B npocTpaHcTse. [1pu nepe- o
KPBIBaHHH 00JIAKOB MOSIBIISIETCS BKIIA 0OMEHHO# SHeprun (0OMEHHbIH HHTe-
rpai), KOTOPBI MOKET yMEHBIIUTh CYMMAapHYI0 SHepruto. Ho nepekpbiBanue
MOJKET IIPOUCXOAUTH JUISl AEKTPOHHBIX 00J1aKOB, 00Pa30BaHHBIX NEKTPOHAMHU
U3 pa3HBIX aTOMOB. Takoe 00JIaKko MIIOTHOCTH BEPOSITHOCTU OOHAPYKEHUS HIIEK- 4 9 "
TPOHOB HAa3bIBAETCS MOJIEKYJIIPHOW opOuTanbto. Ilpu sTOM nepekpuiBaromuecs o if’i} . 0\<H
AJIEKTPOHHBIE 00JIaKa BBITSHYTHI B ONIPEIEICHHBIX HATPABICHHUSX U MOJIOKEHHS
COCE/IHUX aTOMOB OyJyT CTPOro yINOpPsI0YEHbI B IPOCTPAHCTBE B COOTBETCTBUU
C HaIpaBJICHUAMH TaKUX CBA3YIOIIUX opOuTaneid. Harmpumep, nepekpriBaroiiye- WY
Cs1 3JIEKTPOHHBIE 00J1aKa JUis JibJla U300pakeHbl HAa PUCYHKE CIIpaBa.

PaccmoTpuM 351€KTpOH B 10JIE€ ABYX COCE-

HUX MOHOB, HaXOAALIMXCs Ha paccTossHuM R. B nepekppiBaromemcst 371eKTpOHHOM
00J1aKe ATOT JEKTPOH MOXKET MIPUHAIJIEKATH KaK K OTHOMY aTOMY U UMETb BOJI-

HOBYIO QyHKIUIO | (f) , TAK U K IpyroMy aroMy, B KOTOPOM OH OIIUCHIBAETCS

BOJHOBOU (QyHKIMEN ) (F - ﬁ) . MonekynsapHast opoutanas oopazoBaHa Win

CUMMETPHYHOH, NI aHTUCUMMETPHYHOH KOMOUHANUEH IByX aTOMHBIX OpOHTa-
neii: W (F) =N, (0, (F) 2wy, (r-R)). (7.1)
Kak 1 B IByX3IEKTPOHHOM aTOME IeJIisi HOPMHPOBOYHBIH MHOKHTENIb HAXOJUM U3 YCIOBUS OPTOHOPMHUPOBKU
212 2 - 5\ - . 5 C B\ (v
Jlws (7% = NG {flwy (F)[ 0 %+ fluy (7 -R) a % [yt () (F-R)d ¥ [y (r-R)y (r)d ¥} =1
=1 =1 =| =l
rire | = j Wy (F )y (F —ﬁ)d 3 = IQJ|T (F —F\3)L|.| (F)d % - MHTETpaJl IEPEKPHITHUSL. (7.2)

OH OTJIMYEeH OT HYJIS TOJIBKO B TOW 00JacTH, I/Ie OJHOBPEMEHHO HE PaBHBI HYJIO BOJIHOBbIE (PYHKIIMH 000UX
3JIEKTPOHOB, T.€. MHTETPUPOBAHHE BEAETCS O 00JIACTH, B KOTOPOI MEPEKPHIBAIOTCS AIIEKTPOHHBIE oOnaka. [1o-

TOMY HOPMHPOBOYHbIE MHOKUTEIU N, = ZI/ \ 2(1i I ) . (7.3)

Kak BugHO, 1Be MonekynspHble opOuTanu P, (f) CO3/1aI0T Pa3HYI0 JEKTPOHHYIO TUIOTHOCTH!

s (0 =190 O +1on O 20 O )20 (0w ).
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OpOutans Y, OPUBOJUT K CTYILEHUIO,

|\|1_'_|2 /\\%lz a opOuTanp Y_ — K pa3pexeHuIo JIeK-
3 7 \ TPOHHOM IJIOTHOCTH MEXIYy HOHaMH, B
\\\ /’/ \\ 3alITPUXOBAHHOM Ha PUCYHKE 00J1aCTH.
- RN ~ N r r
) TR

IIppy  sTOM  mEpEeKpBIBAIOTCA
JIEKTPOHHBIE 00J1aKa BHEIIHUX 3JIEKTPOHOB, KOTOPbIE HAXOATCA B I10JI€ ATOMHOIO A1pa, SKPAaHUPOBAHHOIO
00JIaKOM BHYTPEHHHUX JIEKTPOHOB, T.€. B TI0JI€ HOHA, JAJIsi KOTOPOTO MOXKHO cuuTath Z =1, To mpu 100aBieHNH
K OJHOMY HMOHY BTOPOIO IOTEHLMAJIbHAS JHEPIUsl CUCTEMBI YBEIMYMBACTCSA HA BEIMYMHY DHEPIrUU KYJIOHOB-
CKOI'0 OTTQJIKUBAHUS MOHOB U KYJIOHOBCKOT'O IIPUTSKEHUS JIEKTPOHA KO BTOPOMY HOHY

_kz?¢ _ kzé
R r-R]
CpenHior YHEPTUI0 CUCTEMbl MOKHO BBIYUCIIHUTH 11O (hopmyJie
1 B oo\, B ke k&€ ké
(Euner) = 57y 07 (1) 20 (1 -R)) (-5 8- AR

=H N

U (7.4)

)(llJ| (7) = wy (r‘ﬁ))dsf-

A0t

C yuerom HoWy = EgWy i » [Wiindy,y d°r =1 nonyaum seipascere  (Egyer) = B

rie Eg —oHeprust BHENIHETO 3JIEKTPOHA B H30JMPOBAHHOM aTOME,
Q= j Lpr(f)UHOHlIJ, (r)d3 + I Wy (F - Q)UHOH$,| (F —R) d®r - kylnoHOBCKHI uHTErpAa,

, QA

2(1+1)’ (7.3)

A= j Lpr(f)UHOHlp“ (fF -R)dr +Ilp|T (F-R) U on W) (T) d3r - OGMEHHBIH HHTErpall, BEIYUCISEMBIIT 110 061aCTH

MEPEKPBITUS ATOMHBIX OpOUTAIIEH.
Yurem Tenepsb, UTO JOMOJTHUTENbHYIO SHEPTUIO, BXOAILYIO B BBIpAXKEHHUE 11 A MOKHO 3alHMcaTh KaKk

_k€|,__R

U om R ‘# - 4‘ . Ha pucynke, B 3al0TpMXOBaHHOM 00J1aCTH IIEPEKPHITHS ‘r - R‘ <RwuU,,; <0.ATak

r

2 2 o
KaK B 00JIaCTH MEPEKPHITHS |ljJ+| > |ljJ_| , TO B 3TOM Cllydae cyMMapHas dHeprus <ECHCT> OKa)KeTCsl MEHbIIEeH
B cllyyae, KOr/ia KOOpJAWHATHAs BOJIHOBAas (YHKIIHMS MOJIEKYJISIPHOM OpOUTAIN CHMMETPUYHA, a CIIMHOBAS - aH-

2
TUCUMMETpPUYHA, T.€. DHEPT€TUYECKHU BBITOJIHO MapacocTosiHue. B aTom ciyuae opoutaib |ljJ+| Ha3bIBAIOT CBA-

o 2 .
3YIOIIIeH OpOUTAIBIO, a OpOUTAITH |ljJ_| - Pa3pBIXJIAIOIICH OPOUTATIBIO.

HmenHO nosiBneHue 0OMEHHOT0 MHTETpajia, B KOTOPBI OJJHOBPEMEHHO BXOAST OTHOCSILIUECS K Pa3HbIM
aToMaM BOJIHOBbIE DYHKLIHUU Y, U ) , IPUBOAUT K PACIIEIIJICHUIO YPOBHEW SHEPTUH JIJISl pa3HbIX OpOUTANIEH.

OOMeHHas 3Heprus BBIYHUCIAETCS B TOM 00JacTH, I/ie EPEKPHIBAIOTCS SJIEKTPOHHBIE 00JIaKka ABYX pa3HbIX aTo-
MOB, U HE UMEET KJIACCUYECKOI0 aHaJIora.

2. Kak paccuutaTh CBS3YIOIIHE MOJEKYJSIPHBIE OpOUTAIM B CUCTEME M3 MHOTHUX aTOMOB C OOJBIIMM
YHCJIOM BaJICHTHBIX AJIEKTpOoHOB? KakuMm o0pa3oM 3TH opOHTanu CBsI3aHBl C OOpa30BaHHEM pa3pelICHHBIX
OHEPTEeTHYECKUX 30H?

ObvsacHenue:

B Takux cucremax (3T0 MOKET ObITh KaK MOJIEKYJIA, TAK U Y4aCTOK KOHJCHCUPOBAHHOM CPEJIbl) CBSI-
3YIOIIYIO OPOUTAITb BBIYMCIISIOT METOIOM JIMHEHHOW KOMOUHAIMK aTOMHbBIX opouTanei (meton JIKAO), mpen-
noxennoit P.Mwuukerom (1932r.). B aTom MeTo1e pe3ybTHPYIOIIYIO BOJTHOBYIO (DYHKIIUIO CTPOST KakK Cy-
MEPITO3UIIMIO HEB3aUMOICHCTBYIOIINX aTOMHBIX OpOUTANIEH — BOTHOBBIX (DYHKIIUH 3JIEKTPOHOB U3 COCEITHUX

MHOT'03JIEKTPOHHBIX aTOMOB: P = ZCnl]JnaT : (7.6)
n

KoopaunaThbie BoHOBBIE (YHKIIUH, BXOASIINE B TAKYIO CYMMY, CHMMETPU3YIOT UM AaHTUCHUMMETPU3YIOT C
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nomouibio auarpamm FOHra. 3atem, Kak U B cllydae MHOTO3JIEKTPOHHOTO aTOMa, 3alIUCBHIBAIOT (DYHKIIMOHAI

X R
J :j > Cnl]J;J_r Hl > oW e o r... 3atem K02()(QUIHMEHTBI C,, ONPEAENIAIOT C HOMOLIBIO BAPUALIMOHHOIO Me-
n n

2
Toja, HanpuMep —Mmetoaa Xaptpu-Poka unu metona Putna. B pesynpraTe MonexymnsipHas opOuTaib |ljJ| MoO-

KET OYEeHb CUJILHO OTJIMYAThCA OT aTOMHOU opOuTanu. Takast opOuTanb Oyner cBsi3biBaTh Bce N aToMoB cuc-
TEMBbI OJJHIM IMEePEKPHIBAIOIIUMCS JIEKTPOHHBIM 00JIAKOM.

E E paapelLeHHas [TepexpbIBaHUE AIEKTPOHHBIX 00JIAKOB MPUBOAUT K TOMY, YTO
AE  sHepreTudeckas . 2
2p 2p }~— 30Ha OTZEJBHBIH NIEKTPOH C INIOTHOCTBIO BEPOSITHOCTH || MOXKET OKa3aTh-
o8 g Iw sanpeluenras  CST 3a TIpeieIaMu cBoero atoma B ro6oM 13 N atomoB cuctemsl. Ero
— sHepreTiieckast
i BOJIHOBast QyHKIMsI (MOJICKYJIsIpHAst OpOUTAlb) PACIPOCTPAHAETCS Ha

BECh 00BEM MIPOCTPAHCTBA, 3aHATOrO ITUMU aTOMaMHU. A TakK Kak I10

npuHuuny [laynu B OMHON KBAHTOBOM CUCTEME HE MOTYT HAXOAUTHCS

JIBa TOXKAECTBEHHBIX JIEKTPOHA, UMEIOIIUX OJUHAKOBYIO SHEPTHUIO, TO
KKl TUCKPETHBIA YPOBEHb SJHEPIUU JJIEKTPOHA B U30JUPOBAHHOM

Isp—— Isj——— aToMe, OIpeieNisieMblii 3HAYeHHSIMU KBaHTOBBIX yucel N, |, mu o,

N30NMMPOBaHHBLIM  CBA3AHHaA cucTeMa o

ATOM 13 N aToMOB JOJDKEH paciienuTbes Ha N ypoBHEH, COOTBETCTBYIOIUX PA3HBIM BO3-

MOYKHBIM MOJIEKYJIIPHBIM OpOuTasisiM. MOXKHO CKa3aTh, 4TO TO pac-

HICTUIEHUE IPOUCXOAUT U3-3a B3aUMOJCHCTBUSA 2JIEKTPOHA C HOHAMU U 2JIEKTPOHAMH U3 COCEIHUX aTOMOB.

[Hupuna pacwerienust nocruraet AE ~15B. Ecin B kpucraimie tBepaoro tena Haxogurcess N ~ 1073

0—23

aTOMOB, TO PACCTOSHUE MEXJLy PACIIECIUIEHHbIMU ypoBHsiMu OE = AE/ N ~1 3B HuuroxHo. [loaTomy no-

JIOCBHI PACHICIITICHHBIX H3-3a B3aHMO,Z[eI>'ICTBH$I C COCCOAHUMHU aTOMaMUu ypOBHeﬁ OHCPIruu Ha BHGPFCTHHCCKOﬁ
auarpamMme Ha3bIBalOT pa3pellieHHbIMU YHEPreTHYeCKUMU 30HaMu. [10710Ckl 3HaYeHHI SHEPTHUH MEXy HUMU —
3alpelleHHbIe YHEepreTuyeckre 30Hbl. KBaHTOBasi TeOpHs 3ampeiaeT 3JIEeKTPOHY UMETh SHEPIHI0, COOTBETCT-
BYIONIYIO 3alIPEICHHOM 30HE.

Pacmieruienue sHepreTHUECKUX YpOBHEW TEM CUJIbHEe, 4eM OoJblie 00JIacTh mepe-
KpbITUST U uHTerpan nepekpoitus |. [loaToMy 3aMeTHO pacleIUIsIIOTCSl YPOBHU SHEPTUU
QJICKTPOHOB, HAXOAAMIUXCA Ha BHCIIHUX HO,Z[O6OJIO‘-IK3_X C6JII/13PIBI_HI/IXC$I aromoB. Mx 3iek-
TPOHHBIE 00JIaKka MepeKphIBaIOTCS B HauOobIIeH crenenu. Paciiennenue ypoBHel sHEpruu
N3 BHYTPCHHUX 3JICKTPOHHBIX HOI[O6OJIO‘-IGK O4YCHb MaJjio, HO BO3paCTacCT IpHU C6JII/DKGHI/II/I
aTOMOB, T.€. IpU YMEHbLIEHUH paccTosiHUS R Mexay numu. [Ipu sTom 3anpernieHHas 30Ha
MEXIY PACHIMPSIOMIMMUCS Pa3pElICHHBIMH 30HAMH MOXET Hcue3HyThb. OOpa3yercss omHa

ruOpuaHas pa3penieHHas 301a. Ha pucyHke 3To moka3aHo JAJIs peIIeTKy yriepoaa 6c.
3aMeTHM, 4TO JIEKTPOHHAs CTPYKTypa B OCHOBHOM COCTOSIHUM U30JIMPOBAHHOI'O aTOMa yIJIepOoAa UMEET

BH/]I 6C(152 28 pz), TO B KPUCTAUTMYECKON peméTke, 00pa3oBaHHON aTOMaMH yriepoja YHEPTeTUYECKH BbI-

rOJIHEE COCTOSIHUE C MAKCUMAJIbHBIM CITUHOM 6C(lez 25 p3) .

3. OOBSICHUTD YTO OOILEr0 U B UeM paznure JUIsi KOBAJIGHTHOW U METaJUIMYECKOM CBSI3M aTOMOB B KpH-
CTAJUIMYECKOH pelieTKe TBepAOro Teja.
ObvsacHenue:
C ymenblieHHeM paccTosiHUs R Mex 1y nonamu
pacTér 001acTh NepeKphIBaHUSI SJIEKTPOHHBIX 00JIaKOB
Y BeIMYMHA OOMEHHOTro nHTerpana A pacter ObicTpee,
YeM BeJIMYHMHA KYJIOHOBCKOTO MHTerpayia Q, 4ro odec-

‘ \/Q [I€YUBACT MUHUMYM UX CYMMapHOW SHEPTUH — DHEP-
AR N R THIO CBS3U E; MOJICKYISIPHOW OpOMTANIN, KaK TTOKA3aHO
N P —— — == 9
Eeg —— Ha pucyHke. [Ipu nanpHeiimem cOMMKEeHUH COTTPHUKa-
Ecner 7N A caroTcsi OpOoUTaIN BHYTPEHHHUX MOJHOCTHIO 3aII0IHEH-

e HBIX TT010001049ek aromoB. [To mpununy [aynu smek-
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TPOHBI U3 OJJHOM TAaKOM MOA000JI0UYKH HE MOT'YT IIPOHUKATh B JPYTyI0, OHM HE MOT'YT [I€PEKPBIBATHCS, YTO IpU-
BOJIUT K TOSIBJICHUIO OYEHb CHJIBHOTO 0OMEHHOT0 OTTalIKuBaHus ¢ sHeprueid A'. CoceqHre HOHBI OKa3bIBAIOT-
Csl B y3/1aX KPUCTAJUIMYECKON PEHIETKU Ha TAKOM PacCTOSIHUU

R=d mpyr or npyra, koTopoe coOTBETCTByeT MUHUMyMY 3Heprun E .. =—E..

CBs13b MEX/1y COCETHUMH aTOMaMH, OJy4YeHHasi OJJOOHBIM 00pa3oM, HAa3bIBAETCS] KOBAJICHTHOM CBSI-
3b10. OOBIYHO KOBAJICHTHBIE CBA3YIOIME OPOUTAIN CHIBHO BBITAHYTHI H NEPEKPBLIBAIOTCS B Y3KHX 00J1ac-
T1X. [loI0OBHHHOE paccTosHUE MEXAY LeHTpaMu aToMoB C B Takol pelieTke, COOTBETCTBYIOIIEE MUHUMYMY
SHEPIUH, HA3BIBAIOT ATOMHBIM PAJycoM Iy =d/2. DHEPruio KOBANEHTHON CBA3U MOKHO BBIYMCIIUTH UCTIONb-

3ys MOATOHOYHYIO (PopMyITy E

CHUCT

=%+ Ce ™%, (7.7)

rae m=4, a napamerpsl 8, C u oo Haxonaat u3 ypaBHenus Llpenunrepa.

YacTHBIM cilydaeM KOBAJICHTHOM CBSI3H SIBJISIETCS CIIy4all METAJNIMYECKON
CBSI3M, XapaKTEPHOU ISl METAJIJIOB, 3JIEMEHTOB U3 NEPBOU MIIM BTOPOM TPYIIIIHI,
UMEIOIIUX BHEITHUE S-TI0A000I0UKH. DIEKTPOHBI U3 S-TI0J000JI04eK UMEIOT che-
pUYECKHE aTOMHbIE OPOUTATIN OYEHb OOJIBILIOTO pa3Mepa, KOTOPhIE EPEKPbIBAIOT-
Csl BO BCEX TOYKAX KPUCTAIIMYECKOW PemETKH, 00pa3yst 0JJHO CIUIOIIHOE HJIEK-
TPOHHOE 00JIaKO.

Taxue BaJeHTHBIE JIEKTPOHBI U3 BHEITHUX S- 1101000JI04€K C BEPOATHO-

2 o o ..
CTBhIO |l.|J| MOJKHO HAaWTH B JIFOOOM TOYKE PELICTKH, IO3TOMY MOXKHO CYHUTATh O3TH

AJIEKTPOHBI KBA3UCBOOOJAHBIMH, T.€. BEAYIIUMHU ce0sl TaK, KaK €cliid Obl OHU BBIPHIBAINCH U3 AaTOMHBIX OCTOBOB
U IBUTAJIUCH 110 PEHIETKE CBOOOIHO ¢ KHHETHUYECKOW dHEPTUeH, CpeaHsIs BEIMYMHA KOTOPOH OINpenensieTcs ¢
nomouibio GyHKIUMU pacnpenenenus Gepmu:
3 3_n° 23 1
<EKHH>:_E¢:_ (31'[2n) =
5 5 2m R
Dta 3Heprus ¢ ymeHbieHueM R pacrer 6osee ObICTPO, YeM KyJTOHOBCKHM MHTETpai QQ, HO KaueCTBEHHO HE
=E(R.
Mertainn —3To KpUcTalInyecKasi peleTKa U3 MojI0kKHUTEeIbHbIX HOHOB, OKPYKEHHBIX CO BCEX CTOPOH 00-
JIaKOM CBOOOJHBIX AJIEKTPOHOB. CBsi3aHa 3Ta PeIleTKa, KaK U peieTka HEMPOBOIAIINX KOBAICHTHBIX KPUCTAI-
JIOB, HE JJIEKTPUYECKUMH, a OOMEHHBIMU CHUJIAMH KBAaHTOBOW MPHUPOAbI, COMMKAIOIMIMMU HMOHBI PELIETKU 0

MEKaTOMHBIX PacCTOSHUI O, COOTBETCTBYIOIIMX MHHUMYMY CYMMAapHOH KYJIOHOBCKOH, OOMEHHOW U KHHETH-
YECKOUW HEPTUH.

MeHseT Buj rpapuka E ..

OpnHako (uznyeckre CBOWCTBA Cpell C KOBAIEHTHOW M METAJUIMYECKOH pereT-
KaMU pa3ivyHbl. MeTajulbl U3-3a HAJINYUSA KBa3UCBOOOIHBIX 3JIEKTPOHOB IPOBOAST
aneKTpuueckuii Tok. Kpome Toro, »nekTpoHHOE 00JaKo M30TPOITHO, TOATOMY He-
Oonbliast feopManus pelieTKH He U3MEHsIET MeTallIn4ecKux cBs3eil. OHu He Ha-
IpaBJeHbl. DTO MPHUBOAMUT K CIIOCOOHOCTH METAIIOB J1e(OPMHUPOBATHCS HE Pa3py-
1rasich (CBOMCTBO ILUIACTUYHOCTH).

B koBaneHTHON pelleTke CMEIIeHHe aTOMOB IPHUBENO Obl K U3MEHEHUIO Y3KO
HaIPaBJICHHBIX CBSA3YIOIIMX MOJIEKYSPHBIX OpOUTase, a OHU JOJKHBI OCTaBaThCs
cuMMeTpUYHbIMU (oMHaKOBbIMU). [ToaTOMY KpHCTayuTHUecKas cpea ¢ KOBaJCHT-
HBIMH MEXaTOMHBIMH CBSI3SIMHU JIOJDKHA MMETh 3HAYMTENIBHYIO TBEPAOCTh (COMpOTHBICHHE AedhopMaluu) U
XPYNKOCTh (MpH CHIJIbHOW BHELIHEH Harpy3Kke CBS3M Pa3pyLIalOTCs, U pelleTka pasiambiBaercs). K Tomy ke
BHEIIIHUE JIEKTPOHBI B TAKOW pEIIeTKE JOKAJIM30BaHbl B 3aIITPHUXOBAHHBIX 00JACTAX M HE MOTYT CO3/1aBaTh
AJIEKTPUYECKUM TOK.

4.Yem 00yCIIOBICHO pa3uure B CTPYKTYpE KPUCTAIUIMYECKUX pemEToK? Kak Ha 3Ty CTpyKTypy Bius-
0T IpYrue BUABI MEKAaTOMHBIX CBSA3EH?
Obvacnenue:
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Bo03MOKHBI Apyrye TUIIBI MEKAaTOMHBIX CBSA3€H, IpU- E Na IE
BOJISIIME K U3MEHEHUSAM B CTPYKTYpPE KPHCTAIIIMUECKON pe- o381 cl
metku. [Ipexae Bcero 3To MOHHasI CBA3b, BO3HUKAIOILAS Me- |> \
Ky CONMMKAIOLIMMUCS aTOMaMU Pa3HOTro copra (MeTajuia u .

HeMeTasuia). Hampumep, BHEIIHEMY BaJeHTHOMY 3S-
JIEKTPOHY HATPUsl SHEPreTUUECKU BBITOJAHO IEPEMECTUTHCS
Ha HUKEJEeKAIUI [TOJHOCTHIO HE 3aII0JIHEHHBIN YPOBEHb
sHepruu 3P XJI0pa, KaK MOKa3aHO Ha pUCYHKE crpaBa. Bosz-
HUKAIOIME NOHBI OYIyT NMPUTATUBATHCS IPYT K IPYTY KyJO-
HOBCKHMMU CWJIaMH, BBICTPaUBAOLIMMU UX B pemieTKy. Ho B Takoll pemeTke Ha Ky-

JIOHOBCKYIO CHITY FKyJ] IMMPUTSHKCHHUS ABYX COCEIHUX MOHOB BJIMAIOT IIOJIA BCEX MPOYUX MOHOB. C YUYETOM OTHX

noJIeil pe3ynbTUPYIOLLY0 ity F, MOKHO 3amucaTh KaK Foyn =0 —, (7.8)
r

rae I — pacCTOsTHUE MEKIy HOHaMH, a O — IOCTOsIHHAS MajienyHra, KOTopasi pa3jndHa Ui Pa3HbIX PEIIETOK U
s NaClpasaa a =1,748.

DnexTponnbie 102060m0ukH HoHOB Na*™ n Cl™  GymyT HONHOCTBIO 3aIONHEHE! YIEKTPOHAMH, H TIPH
CUJIbHOM COJIMDKEHHU MOHOB HMX 3JIEKTPOHHBIE 00J1aKka HAuHYT MEePeKpbIBaThes. Toria B 001aCTH MepeKphIBaHUS
OKa)KyTCS AJIEKTPOHBI U3 Pa3HBIX aTOMOB C OJJMHAKOBBIMU KBAaHTOBBIMU YHCIIAMH, YTO 3alpEIIeHO MPUHIUIIOM
[MTaymu. [TosTOMy BO3HHMKAIOT OOMEHHBIE CHJIBI KBAHTOBOM MPUPO/BI, MPEMATCTBYIOIINE MEPEKPHIBAHUIO JIECK-
TPOHHBIX 00JIAKOB. DTH CHJIBI TOJDKHBI OTTAIKHBATH YPE3MEPHO COJM3MBIIMECS HMOHBI. DKBUBAJICHTHAS UM I10-

TEHIMAIbHAS DHEPIUsl OYEHb CHMIILHO BO3PACTAET NPH CONMIKEHHH HOHOB. |jp |

const . . '|
Uoom =—7—, e 6 <N < 10. 3aBucumocts 3G GHEKTUBHONH MOTEHIUATHHON |

r ‘\ U _ _const

SHEPrUU B3aWMOJICUCTBUSA JBYX COCEIHUX HOHOB B PELIETKE MOHHBIX KpH- ‘\g°—6"" rn r
CTaJUIOB, aHAJIOTUYHA TOM, 4TO ObLJIa IPUBE/IEHA BHIIIC /U1 KOBAJICHTHBIX Kpu- 0 EE— p——
CTaJUIOB, M MO3BOJISIET ONPEIENIUTh paccTossHue d MeXy COCETHUMHU HOHAMH, E cpagii~ -
COOTBETCTBYIOIIEE MUHUMYMY SHEPIHUU. e o2

B uncrom Buze woOHHas CBsI3b HE CymlecTByeT. Pemérku, oOpa3oBaH- d UKyﬂz'O‘Fgor
HbIE MEXKAaTOMHBIMH CBS3SIMH OJHOTO THIIA HA3BIBAIOTCS I'OMOJCCMHYCCKUMU /

cTpykTypamu. OOBIYHO MPU 00pa30BaHWUU KPHUCTATUIMYECKOW PEIIETKH OJHOBPEMEHHO BO3HHKAIOT BCE THIIBI
CBSI3€H, pa3iMyHa TOJBKO BEIMYMHA MX BKJIada. Takue pemérku oOpa3yloT reTepo/IeCMUYECKHE CTPYKTYPHI.
Tak B kpuctauie NaCl npermyiiecTBeHHON CTAaHOBUTCS HOHHASI CBSI3b, & KOBAJICHTHAS CBSI3b MEXK/y COCCIIHU-
MU MOHaMU XOTS U CYILIECTBYET, HO ciaba. Pa3HooOpa3zue KpUCTAIUIMUECKUX CTPYKTYP BBI3BAHO OJJHOBPEMEH-
HBIM HAJIMYMEM HECKOJIBKUX THIIOB MEXKATOMHBIX CBsi3ei B HUX. Tak HEHaIlpaBJeHHAs METAJUIMYECKasi CBSI3b B
KpUCTaJljax, Harpumep Fe,BbrI3BaHHAs MepeKpblBaHWEM BHEIIHUX 4S-11070007104€K, COTPOBOXK/IAETCS HAJTUUU-
€M KOBAJICHTHBIX CBS3CH M3-3a BOSHUKHOBEHHSI CBSI3YIOIIMX Y3KOHAMPABJICHHBIX opOuTanell BHyTpeHHHX 30-
3JIEKTPOHOB. DTO NPUBOIUT K BbicTpauBanuto atromoB B ['1IK, OLIK u T.11. pemérku.
DKCMEPUMEHTAIBHO OMPEAEIUTh HATUYUE PA3HBIX TUIIOB CBA3EH MOKHO C TIOMOIIBIO METOIOB DJIEK-

TpoHOTpauH, KOTOPBIE MO3BOJISIOT C TOYHOCTHIO 104 +10° um ONPEJEIUTD PACIPEAEICHUE TUIOTHOCTH
3JIEKTPOHHOTO 00J1aka B 1t000i Touke pemérku. Ha pucyHke HuKe oKa3aHO pacipeaeeHue dIeKTPOHHON

2 .
IUIOTHOCTH P = —e|ljJ| B [IOYTU TOMOJIECMUYECKUX CTPYKTYPaX, II€ OAWH U3 TUIIOB MEKaTOMHBIX CBSI3€H CTa-

HOBUTCS ONPEACIISAIONINM. B reTrepoieCMUUECKUX CTPYKTYpax 3JIEKTPOHOTPAMMBbI MOKAXYT HAJI0KEHUE pac-
MPEIEIEHUN 3JIEKTPOHHOM NIJIOTHOCTH, COOTBETCTBYIOIIUX JAHHBIM THUIIAM CBA3EH.
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PacnipeeneHue 31eKTPOHHOM IOTHOCTH B TOMOJIECMUYECKUX CTPYKTYpax:
a) KOBAJICHTHAsI CBs3b B ajiMa3e (IIyHKTHUPOM BbIJICJICHA IUIOTHOCTD Y3KOHAIIPABICHHOH CBS3YIOIICH Op-
ourtanu Mexay nByms aromamu C); 0) MeTayuIn4ecKkas CBs3b B aIIOMUHUY (INIOTHOCTH CBA3YIOLICH Op-
OuTanu MEXy aTOMaMH MTPAKTHYECKH MMOCTOSIHHA); B) HoHHAas cBsi3b B NaCl (CBsa3yromas opouTais me-
KTy HOHAMHU TIPAKTHYECKHA OTCYTCTBYET)

Nmenno pazHooOpasue pacripeaereHus 3IeKTPOHOB U 00pa30BaHHBIX UMH CBSA3YIOIIMX opOuTasneii on-
PENensIoT pa3HooOpa3ue GU3NUECKUX CBOMCTB KOHACHCUPOBAHHOM CPEbI.
B opranuke cymiectBeHHOH sBisieTcs Oosee cinabast, HO onpee-
JsFoIast BoJopoaHas cBia3b. OHa OTBewaeT, HalpUMep, 3a MPUTHKEHUE
JOHHES CBSAE APYT K APYTY MOJIEKYJ BOAbI H ABJIACTCA KOMOWHAIMel KOBAJIEHTHON U
= MOHHOH CBSI3H.
@t @+ JIBe cBs3yIOIME KOBAICHTHBIE OPOUTAIIN B MOJIEKYJIE BOJbI CHIIBHO
. ; BBITSHYTHI M IpuOMKeHsl kK atomy O. B pesynbrare Takoro cmenieHus

3IIEKTPOHHOTO 001aka atoM O CTAaHOBHUTCS OTPHUIIATEIBHO 3aPSHKEHHBIM

KoBaneHTHaA CBA3b o
HOHOM, a OUE€Hb HEOOJIBILION

+
oCcTaToOK H  — MOJIOKUTETEHBIM HOHOM, CIIOCOOHBIM MpuTA-

HYThCS KYJIOHOBCKOM cuitoii K HoHy O U3 coceqHEN MOJIEKYJIbI
B Ty 00JIaCTh IPOCTPAHCTBA, B KOTOPOH 3JIEKTPOHHOE 00JIaKO
MPAKTUYECKH OTCYTCTBYeT. OOpazyeTcsi mpocTpaHCTBEHHAs pe-
méTKa Jabaa. Jleq HempocTo pa3pylnuTh MEXaHUYECKH, T.K. BEIU-
YUHA SHEPTUHU BOAOPOIHO# cBsi3u st Jbaa ~20k/x/Moib
CpaBHUMa C BeJIMYMHOMN KoBasieHTHOU cBsi3u ~80-400k/[x/Mob.
Ho, BcE xe, 1€ He Tak MPOUYEH, KaK METasll.

B kpucTamiax u3 aToMOB MHEPTHBIX dJIeMeHTOB Wi u3 Moiekyn (O,, No u | 5 5 5

) Tl T onie e

T.II.) CYLIECTBYET MOJICKYJIsipHas Win BaH-nep-BaanbcoBa cBa3b. 3a cueT duykTyanuii dI G G e Sy
IPU CMELIEHUH JJIEKTPOHHOH O0OJIOYKM B MOJIEKYJIE WIIM B ATOME BOZHHMKAIOT DJIEK- Y <cf=3 <cf> <cf->

—d—

TPUICCKUEC OTUITOJIbBHBIC MOMCHTBI, BLICTPOCHHBIC B MOJICKYJIIPHYIO KPUCTAJUIMYCCKYIO T <P <P

peierky. Mexanusm ee 00pa3oBaHKs TAKOU JKe, KaK M B CIy4ae HOHHOU PELIETKH, HO
BMECTO KYJIOHOBCKOM CHITbI B3AaMMOJICHCTBHUS 3apsiI0B HOHOB BO3HUKAET OoJjiee crabast RESE OIS T S
Ban-nep-BaanbcoBa cuiia B3aMMOAEHCTBUS UX DJIEKTPUUECKUX TUIOTLHBIX MOMEHTOB:

Kk 2
Fous = a%' (7.9)

Ban-nep-BaanbcoBy cBs3b MOKHO CUMTATh OCJIA0IEHHON (GOpMOI HOHHOH cBs3H. CyIIEeCTBYIOT U OoJiee
cy1abble HHAYKIIMOHHAS U TUCIIEPCUOHHAsSI CBA3b, TAK)XKe 00YCIOBIEHHbIE IPUPOJION 3JIEKTPOMArHUTHOIO B3au-
MojeiicTBusa. Ha 60ibIuX paccTOSHUAX JEMCTBYET CIIMH-CIIMHOBAS CBS3b, SBISAIOMIASACS PEAMETOM U3YUEHUS
KBaHTOBO! XHMHHU.
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IIpakTuyeckoe 3anaTue Ne 22. Meroa aguadarudeckoro npudau:kedusi bopua-Onnenreiimepa
NPH B3aNMO/eliCTBHHU 3JIeKTPOHHOM M MOHHOM noacucTeM. 30HbI bpuiiiosna u o0pa3oBaHue paspenieH-
HBIX JHEPreTHYeCKUX 30H B KPUCTALJIHYECKOM TBepAoM Tese. JHeprus @epmu u noBepxHocrs Pepmu.
Oco0eHHOCTH 3aI10JTHEHHS 3JIEKTPOHAMH Pa3pellIeHHbIX 30H.

Pewenne ypasnenus lllpenunrepa B KOHACHCUPOBAHHBIX CPEax U3 OTPOM- ® ®
HOTO 4YMCJIa HOHOB M 00pa3yIolX CBA3YIOINE OPOUTAIN 3JIEKTPOHOB CIUILIKOM C@D C@?e <@> Q@D

croskHa. BonHoBas QYHKIMS TaKO# CHCTEMBI 3aBUCHT OT KOOPAMHAT R Bcex mo-
HOB ¥ KOOpAUHAT [ BCEX 31IeKTpOHOB: HY ( ﬁi T ) = EcnchlJ( R T) : (7.10)

A

A oneparop I"'amunbrona rakoi cuctemel H =H, + Ho + H o, rae

onepatop ["'aMHJIbTOHA HOHHON TTOACUCTEMBbI

. ~H2A, ke? 1 L
D TR Y R PR
KHHCTHYCCKas BCC IIPOYUC

KYJIOHOBCKOE 1¢
SHEPTIA MOHOB  prqpmopielicTare HOHOB — B3aMMOJICHCTBHUS

HOHOB MEXIy cO00¥t

2 2
) R —h AI 1 ke
orepatop I'aMuIIbTOHA IEKTPOHHOI mogcuctemsr H, = ' + 2.~ Ie _r | '
2m, 2i,j¢i‘ri_rj‘
KHHCTHYCCKAaA KYJIOHOBCKOE

SHEprus HOHOB BBaHMOHeﬁCTBHe DJICKTPOHOB

orepaTop BO3MyIUEHHs (B3aMMO/IEHCTBIE JIEKTPOHHOI U MOHHOM nozxcuctem) H,, =V (fl R ) :

Yrpoctum 3a1ady, pa3aeanuB OOIIyI0 CHCTEMY Ha MEIJICHHYIO (MOHBI) U ObICTPYIO (3JIEKTPOHBI) TIO-
cucremsl. T.x. Macca HoHOB M, >> My, To OyaeM BHaualle CUMTaTh, YTO BCE KOOPIUHATHI HOHOB R; mpu nsu-

YKEHUH JJIEKTPOHOB (PUKCUPOBAHBI (MOHBI HE YCIIEBAIOT CMECTHTHCS). Takoi 1Mo1X0 1 Ha3bIBACTCS METOJIOM
ajmabaruveckoro npubamkenus bopua-OnnenreiiMepa (Meron AITBO). T.e. BHavyae Ha0 UCKATh COOCTBEH-

—

HEIC (DYHKLIH JIIEKTPOHHOI MI0ACHCTEMBI YR n(T n( ) 3aBHCAIINE OT HEM3MEHSIOMMXCS KoopauHat R; noHos
KaK OT MapaMeTpOB, U OIpeesieMble 13 331a4H (H + Hne) WeR ,.( ) E W e,R(1 ) (7.11)

Pemras sty 3amauy, Hanpumep, Metogom XapTpu-Poka, HaxoauM GyHKIUN llJeR n(f i) U COOTBETCT-

BYIOLIME pa3pelleHHble 3HaueHusl Egp, 2eKTpOHHOM nojacucTeMbl. 3aTeM PacKIafblBAEM B CYNEPIO3HLIHUIO 110

MOJTyYeHHOH cucteme yHKIHMA WeR n BOJHOBBIE GyHkuu nonxoi 3axaqu (7.10),

( ) leJm( )qJeRn( ) (7.12)
=c,
MOJICTABIISIEM 3TO pasiioskeHue B ypaBHenue (7.10),yMHOXKaeM ciieBa Ha COMPSKEHHYIO (DYHKITUIO Lp;'R m(f i) ,

HHTETPUPYEM MOIYYSHHOE PAaBEHCTBO 110 BCEM KOOpAMHATaM [ 3JIEKTPOHOB U yuuTbiBaeM (7.11)u yciaoBue
HOPMHPOBKHU I l]J;R m(F i) Wer r(F )d % i= O - [lomyunm ypaBHeHUe

)

~h2A,
2M,

+ Een+zu mn l'|JI/I n( ) = ECI/ICTLIJI/I n( T?I) ! (713)

pul

rie Unp= 2 [Weg F) - ‘ %
j

i Ei 5 ‘ﬁi _ % ( ﬁj ) Wer n(Ti) @1 . D10 ypasuenue Gyzer ypas-
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HenueM lllpenunrepa, 11s onpeencHns BOTHOBBIX GyHKIMH Y, p, (Ri ) MOHHOM IOJCUCTEMBI, KOTOPBIE B pa3-

noxenuu (7.12)cunTanuch MOCTOSHHBIMU KO3 HUIIHEHTAMH.
B stom cyth MeToa AIIBO — cHavana HaXOAAT CIEKTP SHEPruil 2IEKTPOHOB Eg, Ha HEMOABUIKHBIX

MOHAaX B y3JIaX PEIIETKH, a 3aTeM pemaroT cuctemy (7.13)ams onpesieneHust SHEPrUl CUCTEMbI JJIEKTPOHOB U
HOHOB C YY4€TOM JBHKEHHS HOHOB, cuntas, 4yto U,y — O mpu m# n. B Takom ciyuae, ABUKEHUE JIEKTPOHOB

Y MOHOB COBEPIIEHHO HE3aBUCHUMO.

Meton AITBO, BooOIIIE TOBOPSI, XOPOIIIO MPUMEHUM JIJIsI aTOMOB C MTOJIHOCTHIO 3aMIOJIHEHHBIMH JJICK-
TPOHHBIM 000J10YKamu (TakuMH, Kak noHHas pemetka NaCl). B merannax BHemHne 000I0YKH aTOMOB HE 3a-
MIOJIHEHBI U DJICKTPOHBI BOJIM3H MOBEpXHOCTH DepMu NepecTpanBarOTCs MPU CMEIICHUN HOHOB, T.€. UX JIBUXKE-
HUS HE HE3aBUCHMBI.

Haxe B npubmmxenun AITBO pemienue 3anaun (7.11)m51s1 3JI€KTPOHHOW TTOACUCTEMbBI OKA3bIBACTCS
CJIMIIKOM CJIOKHBIM. B oHOYacTHUHOM pUOIMKEHNH, [TOCIIe TPUMEHEHUs MeToa XapTpu-Poka ypaBHEHHE
HIpeaunrepa aist KOOPAUHATHON YaCTH BOJIHOBOM ()YHKIIUH BBIICIICHHOTO I-T0 AJIEKTPOHA 3aIUIIETCS B BUIE

272
—K20);
i Fi P )=E.o(F
+U3q)q) (r|) Q@ (r| ) =Eei@ (rl ) J (7.14)
2mg
rze 3(ppeKTUBHBIN MOTEHIMAN SBJIAETCS CYMMOH KYJIOHOBCKOIO 1 OOMEHHOT'O MHTETPAJIOB, a TAKXkKe MOTEHIHA-
J1a KYJIOHOBCKOI'O B3aMMOJICHCTBHS DJIEKTPOHA CO BCEMH MOHAMM peIIETKU. VICIIOnb3yI0T JanbHEenIme yupo-

LIAIOLIKE NPEJIIOI0XKEHHS 0 BULE dpdexrnBHOro noreHmmana U, (ﬁ ) :
B npubnuxeHnn no4YT CBOOOIHBIX IICKTPOHOB (IpUOJIMKEeHHE c1a00i CBS3H) CUUTACTCS, YTO B CPE/I-

HEM OTpI/IHaTCJ'II)HHﬁ BKJIaa KYJIOHOBCKOI'O B3aHUMOJICHCTBHUS MEXKAY 3JICKTPOHAMH U HOHAMU KOMIICHCHUPYETCA
IMMOJIOKHUTCIIBHBIM BKJIAAOM KYJIOHOBCKOT'O B3aHMMOJCHCTBU MCKIAY KBAa3UC-

T b x  BOOOIHBIMHU DJIEKTPOHAMH B JI000I TOUKE PELIETKH KPOME Y3KOH OKPECTHO-
.@ D), () —

' \Ua 2 @ cru y3710B, T.€. IPAKTHYECKU BCIOTY Uspgp (ri ) =0. B aTom ciy4yae ypaBHe-

| o

uue (7.14)3anumercs kak | —— - Eg; |@ (ﬁ ) =0, a ero peleHne umMeer
2m,
. . . 1 I0;T;
BU/I PAKTHYECKU CBOOOIHOM YaCTHUIIBI: (0] (ri ) = Wexp T , (7.15)
rae L —nuHeiHbi pa3mep peméTku. 3aBUCUMOCTh SHEPTUU TAKOTO KBa3UCBOOOIHOTO 3JIEKTPOHA OT €0 UM-
yJIbCa J0JKHA UMETh BUJL 1apa00IMYeCKON 3aBUCUMOCTH Eei = ﬁz / 2m, (7.16)
B npelicTBUTENnBHOCTH 3Ta MapaboInvecKas 3aBUCUMOCTb HapyIIaeTcs, T.K. ; 7
AIIEKTPOH HE CBOOOJICH, a HAXOIUTCS BCE XKe B [10JI€ HOHOB MEPHOANYECKOM pe- z p? y
WETKU. [1yCTh HOHBI TOKOATCS B y3J1aX TAKOM PEIIETKH, KaK [TI0Ka3aHO HA PUCYH- ]
1 o I -~ -
ke. Touku P u P', pacnonoxeHHbIe B pa3HbIX sYeHKax PeHIETKH HA OJJHHAKOBOM ,Ef j‘f
. iy + .
paccTOsHUM OT €€ y3110B SKBUBAIEHTHEI. BonHoBas Qpynkuus onekrpona B otux g tr/+= i | ﬁl/
TOYKAaX JIOJDKHA OBITh OJIMHAKOBA, YTO JAET yCIOBHE MEPUOANIHOCTH PEIIETKU € | b
. a
a(r)=q(5+), (7.17) 8, X

roe | =ina+ jnyb + Kn,C - BeKTOp peméTKy, COeANHSIOMMNI SKBUBAJICHTHBIC TOUKH €€ sueek, Ny, Ny, N, =

IIPOM3BOJIbHBIE IIeITbIe ynciia. Takue npeArnonokenus spistorcs ycnosuem AIIBO (nBrkeHHe 3JIEKTPOHOB HE
BJIMACT HA ITOJIOXKEHUE NOHOB B y3J1ax).
Jls1st ipocTOThI OyIeM paccMaTpUBaTh KyOHUECKYIO peléTKy, B Kotopoe a = b= c= d— mexmoy3eib-

io: ] ipi N, d+ip, N, d+ i d
Hoe paccrosinue. Torma moacranoska (7.15)B (7.17)maér exp % = ex Pixnx piyh y idl: =

2T[h I I 2T[h I
Jlerko BUIETB, 4TO IIPH 3aMEHE Py — Py +T N, By - By +T N, Bz ~ Pz +T n,,rue
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nx', ny', nz' — HOBBIE II€JIbIC YHCIIa, yesoBue (7.17)He u3MEHHTCH, T.K. exp( 2ru (nxnx' + nyny +n,n )) = 1. Tlo-

3TOMY BEJIMYHMHY [ [UIi 3JEKTPOHA B PEHIETKE HA3bIBAIOT KBA3UMMITYIbCOM. BekTop

b= Tz—nn +12—nn +kinn (7.18)
d d d
Ha3bIBAIOT BEKTOPOM obOparHoi pemérku. [Ipu 3amene P~ Q+hb (7.19)

BOJIHOBBIE (DYHKIIMH JIEKTPOHA HE U3MEHSIOTCS, T.€. KBa3UUMIYJIbchl [ B [} + 7D dpu3nyeckn sxBuBaent-

HBbI, UM COOTBETCTBYIOT OJIMHAKOBBIC BOJHOBBIC (PYHKITUY U OJIMHAKOBBIC 3HAYCHUS YHEPTUH.
[ToaTomMy Bce 3HaUEHUST KBa3UMMITYJIHCOB Pa30MBAIOT Ha 30HBI BpHILITIOIHA, UMEIOIINE OJUHAKOBBIIA

i . 1z 1L/}
00béM. B nepBoii 30He bpuiuItosHa KBa3UUMITYIbChl MEHSIOTCS B IIpeeaax —F S Pix, By, Rz = +F' KBasu-

UMITYJIBCHI U3 OCTAJIbHBIX 30H BpHUILTIOOHA PUBOAATCS K KBa3HUMITYJIbCAM U3 TIEpBO# 30HBI 3ameHoH (7.19).
Ecnu pemérka u3 N3 y3JI0B MMeeT Kyouueckyro popmy ¢ pasmepom LxL XL, rme L= Nd, to cuura-
0T, YTO Ha MPOTHUBOIIOJIOKHBIX TPAHUIIAX ITOW PEIMIETKH TAK)KE BBITIOIHSIETCS YCIIOBHE TEPUOANIHOCTH

a(x.¥.2)=@(x+ Ly+ Liz+ 1, (7.20)
KOTOPOE Ha3bIBaeTCs IpaHUUHBIM ycioBueM bopraa-Kapmana. [Toxcranoska (7.15)gaér
p; ipyy L ipi, L) _ 2T . _ 21 2100
exp( ';l‘ jex 'h—y ex % = , OTKyza piX‘Tnx , p.y—T » Pz = L —0n,, (7.21)
=1 =1 =1

n n n ..
rae Ny ,Ny ,N, — HE3aBUCHMBIC LEJIbIC YHCIIA. T.e. ycioBue SKBUBAJICHTHOCTH siueek pemérku (7.17)onpene-

JsieT rpaHuIlbl 30H bpritiosHa, a rpanuuHoe yceinosue (7.20)3a1aét qucKpeTHbIC 3HAUSHHsT KBA3UHMITYJIbCOB,
obpasyromux 31i 30HbI. Tak kak L = Nd, To BHYTpH KaK101 30HBI BpHiTi09HA MOKET HAXOUTHCS N sHave-
HUN KBa3UMMITYJIbCA, PABHOE YHCIY Y3JIOB B pacCMaTpUBaeMOM 00bE- 1- 3oHa
J . K 2-730Ha BppnniosHa 2-9 30Ha
Me TPEXMEPHOI KyOU4IeCKO PEeIIETKH.
U Tak xak sHeprus KBa3ucBOOOJHOIO AJIEKTPOHA , ONHUCHIBAEMOIO

O

LTh _mh 0 mh ,zh

¢ynkuueit (7.15)pasna Egj = ' / 2m, , to ancno N® —510 uncio pas- d d d d

3onbl BpunniosHa . AP,
PEIIEHHBIX YHEPIETHUECKUX YPOBHEH B KaXKIOW M3 Pa3pelIéHHbIX 2 = hibie¥. h
DHEPreTHYECKUX 30H. 15 3

o N . A 3 ‘
B ciiyuae ogHOMepHOH U IByMEpHON KPUCTAILIIMYECKON pe- = | ’ ‘ ‘ ‘ e
mETKU 30HbI BprinrosHa n3o0pakeHsl Ha pucyHKe cripaBa (00bEMa — ;

BCEX 30H OMHAKOBBI). — / I~
ITpoBeacHHBIE 3/1€Ch TPAHKIIBI 30H BpHiLTI09HA 00YCIOBICHBI = ‘ ‘ 61/ P ‘ I Pe

bu3rYecKMHU pHYMHAMH. PaccMOTpuM paccesiHre 00J1a1aroInX _pmh —n—gl 0 7%1 ‘ _27%1
BOJIHOBBIMHU CBOWMCTBAMH JICKTPOHOB C UMITYJILCOM [ Ha CJIOSIX JIBY- d‘_‘ // —]

MEPHOM peméTKu, KOTOpbIe 00pasyroT eé [ Tgl |

y3ibl (MOHBI). Y ciioBus Bynbda- ‘ ‘ ‘ —

BparroB, ONMKCHIBAIOIINE MAKCUMYM 3TO- —_ymh

ro paccesiHus Ha closix 1, d

2d sin@=m\, (7.22)

e )\B:ZT[h/pzzm/in+ o -

ne bpoitieBckas 1yiiHa BOJIHBI QJIEKTPOHA, MOTYT OBIThH MEpEIUCaHbl, €CJIA BOC-

II0JIb30BATHCSl TPUTOHOMETPHYECKUM COOTHOIIeHHEeM Sind = p, / N pi + pf, . Io-

CJie ITOJICTAHOBKU HAaXOAMM, 4TO Ipy M= 1 ycioBue MakCUMaJIbHOTO pacces-
HHUSI QJIEKTPOHOB (7.22)COOTBETCTBYET IpaHHLIAM IIEpBOii 30HbI bpriuosHa
P, =777/ d . DNeKTPOHBI C TAKMM 3HAYEHUEM KBA3HMMITYJIbCA HE MOTYT ABHIAThCS M0 PEIIETKe, TaK Kak
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MTHOBEHHO paccerBaroTcs Ha e€ ciosx. [Ipu paccesHuu Ha ciiosix 2 Hajo 3aMeHuTh d — d/ V2, uto cootser-

CTBYET TpaHUIIE BTOPOIi 30HbI bpuiuII03Ha HA PUCYHKE CTIpaBa U T.1I.

A Tak KaK CKOpOCTb KBa3MCBOOOIHBIX 3JIEKTPOHOB Ha IpaHULIaX 30H bpuiiosna oOpaiaeTcst B HOb,
p_OE =0, (7.23)
Ha TrpaHulle 30Hbl bpurosHa
TO mapabojruecKas 3aBUCUMOCTD (7.16)3akoHa qucrepcuu SHEPrur (3aKOH 3aBUCHMOCTH SHEPIHH OT KBa3H-
UMITYJIbCa) TOJDKHA MCKAXKaThCs B COOTBETCTBHH C (7.23),KaK MoKa3aHO Ha PHCYHKE ClICBa.

E / g baspewertbie Ha sTtom pucynke 15 Tpetbeit 30061 bpuinto-
i ,: Sonn e A IHOKA3aHBI COOTBETCTBHS JUCKPETHBIX 3HAUCHHIA
i : KBa3uKUMITyJIbca (7.21) TMCKPETHBIM 3HAYEHHUSIM SHEP-
! _—— : 3-9 T'HH, KOTOpble 00pa3yloT pa3pelieHHbIe SJHepreTHye-
| : CKHE 30HbI, pPa3/IeJI€HHbIE YYaCTKaMU 3alPEIEHHbIX
PN Ui 1 AE JHEpreTU4ecKux 30H mmpuHoi AE . Takas ctpykrypa
i | =/ L = }2_;‘ SHEPreTUYeCKUX 30H UMEeTCs JAake B ciydae ciaboit
! : ' ' : : g {AE CBsI3M C HOHAMH, KOT/J1a 3JICKTPOHBI ITOYTH CBOOOIHEI.
: : : : P19 Ha sT0i1 nnarpamme MOKHO CMECTUTh UMITYJIb-

ChI HA BEIMYMHY Py — Py +T n, rae

n=x1,+2+ 3,.. (7.19),T.e. npuBeCTH BCE UMITYJILCHI U BCE 3HAYCHHUSI DHEPTUH K TEPBOI 30He bpuinirosHa,

KAaK I0Ka3aHO CTPEJIKaMU Ha pucyHke. [lonyyum npuBeneHHy0 E
OHEPIreTUYECKYIO IMarpaMMmy, KOTOpasi II0Ka3bIBAET, YTO DJIEKTPOHBI
C UMITYJIbCAMHU U3 IIEPBOM 30HBI bpHIIII0PHA MOTYT MMETh HECKOJIb-
KO pa3pelIeHHbIX 3HAYEHUH JHEPIUM, OTHOCSIIMXCA K pa3HbIM pas3-

PEILIECHHBIM YHEPT€TUYECKUM 30HAM.

paspelLeHHble

QHEPreTudeckue
30HbI

YTo0OBI IIOKa3aTh, KaK IMPOUCXOJUT 3aIllOJTHCHHUE SHEPICTUYC-
CKHX 30H, B IPOCTPAHCTBC KBASUUMITYJILCOB CTPOAT U30OHCPICTHUYC-
E——Z 3allpelleHHble

P,=V2mE, CKYIO [OBEPXHOCTS Ecp(fg): Enax, KO- / B
preTuyeckne

TOpas Ha3blBACTCS HOBEPXHOCTBIO Dep- KN | A--—-- — " 30Hbl
mu. Hwxe smagenmsa E. 5 Bce paspe- _mh 0 =h D
d 'X

Py

IIEHHBIE YPOBHU DHEPIUM JIOJKHBEI OBITH
3al0JIHeHBI DIIEKTPOHAMH, a BbIwe, npu E > B,y — He sanonxensr. Bennmanny Egy

Ha3bIBaloT ypoBHeM Depmu. B ciyuae kpucramna kyouueckor (opmel, KOrja Bce

HalpaBJIeHUs] KBa3UUMITYJIbCa PaBHOLIEHHBI U E = p2 / 2m, nmoBepxHoctb Pepmu sB-

nsieTcst chepoi ¢ panuycoM Py, = ,/2mﬁb , KOTOPBIN HA3bIBACTCS UMIYJIbCOM Depmu.

Tak Kak KBa3MUMITYJIbC MEHsIETCS ckaykamu (7.21),a OMH SHEPreTUYECKU YPOBEHb MOXKET 3aHUMATh
JIBa DJIEKTPOHA C Pa3HBIMU IPOEKLUUSIMHU CIIMHA, TO BHYTPU NOBEPXHOCTH DepMU HAXOIUTCS

gruo(% ngn(‘/zml':rb)g ) (2mEq))3/2

- 3_ o
= = L° =N, coCTOsIHMIA, 3aII0JIHEHHBIX KBa3UCBOOOIHBIMHU JJIEK-

Ap,Apy AP, (2m/L)° 3

TpOHaMH (ITO YMCIIO EKTPOHOB). X koHmeHTpanus N = N, / 3= (ZmEb)S/Z / 3en 3,

AHAJOTUYHO KOHIIGHTpAIMs 3JEKTPOHOB C JHEPrueil, He MPEBBIIIAIONICH HEKOTOpOro 3HaueHus E,
MeHbIIero yposrst Pepmu Ey, , onpenensiercs: popmysoi n( E) = (2mE)32 / 3rn°. Otcroma dn= g( E) dE —
3TO YHKCIIO JCKTPOHOB B €MHMIIE 00beMa KpHCTallia, UMEIIUX dHepruto ot E 1o E+dE, a

32
g(E) = dr(;(EE) = (;r[?hg JE (7.24)
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— IUNIOTHOCTh DHEPreTUYECKUX YPOBHEH, T.€. UUCIIO Pa3pelIeHHBIX YPOBHEN SHEPTUU HAa SHEPreTHUECKON A1a-
rpaMMe B MHTEpBaJe 3HaueHwuii ot £ 1o E+dE.

ITpu T = 0K Bce cocrosiaus BHyTpH chepbl Pepmu 3anoaHensl (Pepmu-doHn), a 3a e€ npenenamu —
cBo0oHbL. C pocTOM TemrepaTtypbl Heboubinas yacth (~1%)pepMueBCKUX IEKTPOHOB, HAXOASIIUXCS B y3-
koM cioe mmpussl OE ~ K; T, K; —nocrosHuas bonbiMana, 3annMaer coctostnus BHe Oepmu-ona, BOIM3M

oT cepsl DepMu, U IPUXOIUTCS YIUTHIBATH BEPOSTHOCTD 3aMIOJIHEHUS COCTOSHUS C dHepruen £, KoTopas or-

penensiercs ynkimeit Oepmu: fy (E) = = 1 : (7.25)

exp qu’ +1

5T
ITpu Temneparype T > 0K cratuctuka pacupeneneHus KBa3UCBOOOIHBIX JIEKTPOHOB MO SHEPTETUIECKUM
YPOBHAM NOAUYUHACTCS PACTIPECACICHUIO q)eDMI/I-HI/IDaKa:

(2m)®®  JEdE

dn=g(E) f,( B dE= 5 . (7.26)
21CH -E
exp ——— |+1
Kg
YToOBI CPABHUTH PA3IUYHBIE METAJIBI, BBOAAT 00BEM, Npuxoasiuiicsa Ha 1 atom V, = 4T[F\% / 3= 1M3/ n,u

Ry 1 3
XapaKTEPU3YIOT MeTa/I Oe3pa3MepPHBIM IMapaMeTpoOM rg=—=—3—, (7.27)

rg rg\V4m

rae 'y —paauyc nepBoi O0poBCKOil OpOUTHI B aTOME BOJOPOJIA, N — KOHIIEHTPAIHsl HOHOB.
Jlnst GonpimHCcTBa MeTamioB 1,8<r, < 5,€. C momompio (7.27)MOKHO BBIYUCINTD CPEIHIOI KHHETUYECKYIO

SHEPIHUI0 KBa3HCBOOOIHOTO 3JIEKTpOHA B pemmérke metama npu T = 0K:

Ey
JO Edn_3 _3(%)”351_2,21

(Eo) B =cl | 277 & (7.28)

E 2 2
.[ . *dn  ° o To
rae £1 = 13,60B —anexkrponnsiii Punbepr. [Ipu HarpeBanuu 10 KOMHATHBIX Temneparyp GpyHkius Oepmu
npaxkruyecky ocra€rest papHoid 1 npu E< By u Onpu E > B, uoT0T pesynbrar nouru He H3MEHUTCS.

IpakTuyeckoe 3anaTue Ne 23. IIpoBoAHUKH, AUIIEKTPUKH U MOJyMeTaJIbl. Pacuér s3HepreTuye-
CKHX 30H MeT010M Burnepa-3eiitia. CB3b 3J1eKTPOHHOH CTPYKTYPbI KPHCTAJUINYECKOH PelIeTKH ¢ Me-
XaHMYECKMMHU CBOMCTBAMHU MeTAJIJIOB. JHEPrus cuenjieHus U KodppuuueHT c;KHuMaeMOCTH.

[TomryueHnHast 3aBUCUMOCTh UIMEET MECTO JIMIIb JJI KPUCTATHYECKUX CPeJl C YACTUYHO 3anoJHEeHHON 1-
it 30H0#1 bpumosna. Eciu moBepxHocts @epmu npubImkaercs K rpaHunaM 1-if 30HbI, TO OHA MepecTaéT ObITh
chepudeckoit. M3 pucynka 300 bpuiutrosHa i1 IByMEpHOM PENIeTKH Kak ciienyeT, uTo B Touke Op Ha rpaHuIle

2
1 (J2m

. _ 2PN
1-ii 30HBI BeIMunHA SHEPTUH Ey = — 0OJIbIIIE, YEM B y LN
2 d d AbIPOYHbIN
e KapmaH
2 700 ~N .05
T[h P NZTN
touke O Ha ocu Py, rae By =——| — | . T.e. noBepXHOCTH, COB- , / %\ R
2m\ d Th 6> I e -
~d N
MajaroIias ¢ TpaHUIaMH 30HBI bpHIITIOPHA HE N309HEPTeTUYECKASI. . ﬂ f \a\ 0 T P
N3osHepreTrdeckast mOBEPXHOCTh Eq) = CONSI JOJKHA BBITSTUBATL- R % L L 0o 4K //‘
. hR nh MOBSPXHOCTH ’eneKTpoT-iHbM
CsL BJIOJIb OCEH Py U Py, KaK 9TO M300paXEHO HA PUCYHKE CTIpaBa. q E = const capan
N 7
Ecnm ancno 35mekTpoHOB paBHO 2N°, 1o, ¢ Y4eTOM yJIBOCHHUSI H3-32 VR % ™~ / .
MPOSKIIMH CITUHA, TOJDKHBI OBITH 3allOJIHEHBI BCE COCTOSTHUS B 1-if " R 5’ g
S 1/}
d d

3one Bpuiutrosna. Ho Ha rpanwuiie 51oii 30u61 0E/dp =0 u BbITS-

~ e
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HYBIIAsICS BIOJIb " u [IOBEPXHOCTH MU JOJDKHA I KaTb I'Pa”Hubl 30H bprintrosHa nox nps-
asic 0JIL Oce N y TioBe octh e 0 a Imepeceka’ a 30H b IODHA 110

MBIM yIJI0M. B pe3yinbTare 4acThb 3JIEKTPOHOB BBIXOJUT U3 NIEPBOM 30HBI BO BTOPYIO, T.€. OKAXETCS BO BTOPOU
paspenieHHo# YHePreTHIeCKOi 30He. TakuM AIEeKTPOHAM SHEPTETHIYECKH BBITOHO 3aIIOJHITH COCTOSTHUS BO
BTOpO#i 30He bprinttosna BOmu3u Touku O, 00pa3ys B 3TOH 30HE 3aM0THEHHBIE DJICKTPOHHbBIE KAPMaHbI U 0C-
TaBJIsIs HE3AMOJHEHHBIMH COCTOSIHUS BONTM3K TOUKH Oy B yIITy MepBOii 30HbI bpruiutosHa (IpIpovHbIe Kapma-
HEI).

[To sT0i1 MpruKHe, HApPUMEP, YUCIIO KBa3UCBOOOIHBIX AJIEKTPOHOB B pPelIeTKax, 00pa30BaHHBIX aTo-
MaMH C YETHOM BaJICHTHOCTHIO, TOYHO COBIIQ/IAET C YHCIIOM YHEPIeTUUECKUX COCTOSTHUM B BaJICHTHOM 30HE, HO
Mepexo/isl B AJIEKTPOHHBIE KAPMaHbI TAKHE 3JICKTPOHBI CIIOCOOHBI CO3/1aTh MPOBOIUMOCTD (mosymeTasuisl). Ho
[JIABHOM MPUYUHON CYIIIECTBOBAHUS HpOBOI[I/IMOCTI/I y 3JIEMEHTOB C YETHOM BAJICHTHOCTBIO SIBJISIETCS m6pmm-
3anus, T.€. IepeKpbIBaHUE YHEP- TR e
TFEeTUYECKUX 30H, COOTBETCTBYIO-
IIMX pa3HbIM 30HaM bpuinitosHa.

B pesynbrare miia tpex-
MEpPHBIX KPUCTAJJIOB, PEIIETKH
KOTOPBIX COCTOSIT U3 aTOMOB C
OO0JIBIIUM YHCIIOM 3JIEKTPOHOB,
nosepxHocTu PepMu MOTyT IIpU-
HUMAaTh OYEHb MPUYYUIUBBINA BUJ.

[IponemoncTpupyem te-
nepb OJMH U3 METO/IOB pacueTa
HHEPreTUYECKUX 30H B METAJJIaX B TOM cily4ae, KOT/Ja BaJeHTHBIC HJIEKTPOHBI HEeNb3s CYUTATh IMOYTH CBOOOI-
HBIMH U JBUKYIIMMHCS HE3aBUCUMO APYT OT Apyra, a HEOOXOAMMO y4ecTh UX B3auMo/eiicTBue. Takoe B3au-
MOJIeIiCTBHE PUBOIUT K MOSIBICHUIO OOMEHHOTO U KYJOHOBCKOTO MHTErpajia. BbIBOA 3THX MOMpPaBOK AOCTA-
TOYHO CJIO’KEH, IIO3TOMY IPUBEIEM KOHEUHBIHN pe3ylbTaT UX BHIYUCICHUS.

Cpenusist BenmuurHa OOMEHHOM SHEpruH, MPUXOAAIIAsACS Ha OJMH AJIEKTPOH B KyOMUYeCKO! periéTke,
BhIpa)keHHast yepes mapameTp o (7.27),0Tpurnarenpua, T.K. 00ecreynBaeT MUHIMYM SHEPTHH I 00pa30BaHHUsI
0,916

o
Burnepa-3eiitiia 061aK0M 3JIEKTPOHHON TUNIOTHOCTH, TO HEOOXOMMO Y4€CTh SHEPTUI0 KYJIOHOBCKOTO B3aUMO-
JEWCTBHUS Pa3HBIX YYaCTKOB 3TOTO 00JIaKa MeX1y co00it (COOCTBEHHYIO SHEPTHIO 3JEKTpOHA). Takke HAI0
Y4€CTh KYJIOHOBCKOE B3aUMOJECHCTBUE C 3apsilaMU U3 COCEHUX si9eeK. BCE 3TO 1aéT nonpasKy, HA3bIBAEMYIO

KOpEJAIMOHHOMN 3Hepruei. E€ momysMmnupudeckoe Boipaxkenue, npeaioxkennoe Hozpepom u [laitHcom u noc-
TATOYHO XOPOHIO COOTBCTCTBYIOIICC SKCIICPUMCHTAJIbBHBIM JAHHBIM, UMCCT BU

noBepxHocTb Gepmu
MblLLIbAKA

noBepxXHoCTb epMn cBUHLA NoBEPXHOCTb PepmMUn Xpoma

MEXKaTOMHOM CBSI3U, U PaBH - == . JIEKTPOH SBIAETCH “pa3Ma3aHHBIM 110 S4YEH
€KaTOMHOH CBSI3 aBHa ( E E . Tak kak 21nekTpo eTc asMasa 0 s4Yelike

1,2 .
<EK0pp> =| —=—-0,112+ 0,031 I |E;. B urore cymmapHas cpeaHsst 3HEpryst OXHOI YaCTHIBI ra3a KBa3UCBO-
l'o

60I[HBIX BJICKTpOHOB UMECT BeJII/I‘II/IHy
2,21_ 0,916_ [ 1,2
(Ee) = (E)+{Bogu) +{ Bopp ) = : G- 6+ 250,115+ 0,031Inp| &, (8.1)

0

rae E1 = 13,69B —anexkrponnsrit Punbepr.
3amanug.

1. O0BsACHUTH 00pa30BaHUE pa3peNICHHON YHEPTeTHYECKOM 30HbI (30HBI IPOBOJANMOCTH) B IMTPOCTHIX
MeTaJulax ¢ moMollbio MeTona Burnepa-3eittia.

Pewenue:

CaMbIM MPOCTHIM METOJIOM pacuéTa SJHEPTeTUYECKUX 30H B METAIIIaX SBISETCS
MeTon sueek Burnepa-3eiitia (SIB3). Jlas e€ moctpoeHus BoIOMparoT y3en (MOH), KO-
TOPBI OyneT HaXOAUTHCS B LIEHTPE SYCHKHU, TIPOBOMAT OT HETO OTPE3KH MPSMBIX JIH-
HUH KO BceM OMMKalIINM y3J1aM, U 4epe3 CepelnHy KaXkJI0ro OTpe3Ka MPOBOAST Mep-
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HNEHAUKYJSAPHYIO K OTPE3KY IUIOCKOCTh. Takue II0OCKOCTH OrpaHuyaT 00bEM SYEHKH.

z B ciyyae ninoTHOYIakoBaHHBIX METAJIOB siueliku Burnepa-3eiitua xo-
POLIO anmpoKCUMHUPYIOTCS chepoit ¢ paguycoMm Ry, coBIagaromumM ¢ KOBaJIEHT-
HBIM PaJInyCcoM, B LIGHTpe KOTOpoi Haxoautcs noH. Hanpumep, AB3 ais OLIK-
pEILIETKH UMEET BUJ YCEUEHHOTO OKTadIpa U NOKa3aHa Ha PUCYHKE CJICBA.

VoHHBIE paguyCHl, T.€. T€ PACCTOSHUS, Ha KOTOPbIE aTOMBI COJTM)KEHBI B

MOHHBIX KPUCTaJlJIaX, BCEr1a MEHBIIIE KOBAJICHTHBIX PAaAUYCOB, HA KOTOPBIE OHU
COIKEHBI B ClTyyae KOBAJICHTHOW WIIM MeTalTn4eckoil cBsa3u. Hanmpumep, st Na

Riona =0,0958M < R) =0,185HMm.

Coenaem oonywernue:. €Ciau ISKTPOH HAXOUTCS BHYTPH OJHOM cepbl
(5IB3), To Ha HETo EHCTBYIOT TOJILKO T€ 3JIEKTPOHBI, KOTOPbIE OKa3aIUCh BHYTPH
ATOM cepbl U TOJIBKO IMoJie HoHA B €€ 1eHTpe. [IpuueM mosie noHa AeCTBYET TOJb-
KO B HEOOJIBIION 00acTy ¢ paguycoM R, .. BONN3M LeHTpa S4YelKH, a B OCTaIbHON

e€ 4acTu 2JEKTPOH MOXKHO CUMTaTh cBOOOAHBIM. Ha paccrosinne 2Ry nonsl pa3aBu-
HYTBI Otarogaps cBsizyrotei opourtanu. [Ipu Takom nomymeHnn Mbl IpeHeOperaeM 1moka 1 0OMEHHBIM B3au-
MOJICWCTBHEM, U B3aHMOJICHCTBUEM C JIEKTPOHAMU (DIIEKTPOHHBIMH 00JIaKaMK) M3 COCEIHUX SUeeK, U KYJI0-
HOBCKHM JJIGKTPOCTATHYECKHM B3aHMOJICHCTBHEM STYEEK APYT C IPYTOM Kak 1esoro. T.e. paccMaTpuBaeMm ca-
MYIO YIIPOLIEHHYIO MOJEIIb, YUUTHIBAIOIIYIO TOJIBKO KUHETUYECKYIO SJHEPTUIO 3JIEKTPOHA U KYJIOHOBCKYIO
SHEPTHUIO €ro B3aUMOCHCTBUS C HOHOM.

B Takom CJIydac UMECM 3aaady O ABHIKCHUU BJICKTPOHA B HCHTPAJIbHO-CUMMCTPHUYHOM I10JIC, KOI'/Ia KO-

OpJUHATHAsI YaCTh BOJIHOBOW (D)YHKIIMH JIEKTPOHA UIIETCS B BUAE Pnym (r , 9,(1)) =f n(r )Y|m (9(1)) , @ pagrab-
Has BOJTHOBast PyHKIUS onpeaensercs u3 ypasaenus Lpénunrepa (3.4)

1d df 2m
B R E V)00

Pemate 5T0 ypaBHEHHE TaK, KaK MBI 9TO €U B ClIydae U30JIMPOBAHHOIO aTOMA, UCIIOJIb3Ys TPaHUY-
Hoe ycinoBue f (r) — 0, Henb3s. DNEeKTPOH HAXOIUTCS B IEPUOINIECKOM I10JI€ PEHIETKH, U BOJIHOBAs (PyHK-

I - o0
IIUS DJICKTPOHA B OOJIBIIEH YaCTH TYEHKH TOJKHA OBITh MMOX0KEH Ha BOJHOBYIO (DYHKITHIO CBOOOIHOM YaCTHUIIBI
. pﬁ R 2 —
(7.15), 1, (F) = @pn(r) = exp( j U onlF), ©.2) bl 7

rae Upp (f) = ubn(? + F) , @ Ha TPaHUIIE AYEHKH TOJKHA YIOBIETBOPSTH YCIOBUIO
nepuoangHocTy (7.17)u Ge3 ckayka JODKHA EPEXOIUTh B BOJHOBYIO (DYHKIIHIO RO 2R0 3R0 4R0 5R0

AJIEKTPOHA U3 CIEAYIONIEN TUCUKHU:

_ dog,, (T
(Ppn(r):(pbn(r + ) (8.3) (pp—(r) =0. (8.4)

dr r=Ry,3Ry,5Ry....
BunHo, uto cornacHo (8.2) ycnosue (8.3)aBTOMaTHUECKHU BBIMIOJHSCTCS 11 umitylibca P =0, cooTBeT-
CTBYIOLLETO LEHTPY IIEPBOU 30HBI Bpnmnoaﬂa. Pemenne ypasuenus Lllpenunrepa
h 02
2mg
B 3ToM cirydae (P =0) cooTBETCTBYET AHY 30HBI IPOBOJIUMOCTH JUISl XOPOIIO IPOBOISIINX AIEKTPUICCKHUIA

—— Ppn tUou (r)(p“pn =EpfPpr (8.5)

TOK METaJJIOB, M MO3BOJIIET HAITU BOIHOBYIO (DYHKIMIO (P, (F) U COOTBETCTBYIOIIEE €l MUHUMaJIbHOE 3HaYe-

HHe 2Heprun Eg, B N-if sHEpreTudeckoii 3oue. 715 3T0Oro 3aJat0T KOHKPETHBIN BuA QyHkuuu U, . ( ) U IIPO-

W3BOST BBIYUCIICHHUS YUCICHHBIME METOaMH (3TO TOCTATOYHO TPYJOEMKHIN TPOIIECC).
UroOb! HaliTu pemierne (8.5)npu P # 0, moACTaBIAIOT pelIeHUe B BUIE, aHATOTHIHOM (8.2):

Ppn(7) = exp(- J%n() (8.6)
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Brruncnenne npon3BOIHBIX 1aéT

. . - N2 L o
ﬁchpn(F)zﬁﬁ[ p(lprj(ponj ((Ip (POn"'D(POnj eXF(IF;lr Bz (%) Pont ZLP_;Lli(F’On"'izq’On exé%)-

[ToacraBisist aT0T pe3yibrar B (8.5)u cokpainas Ha eXp( ipr/ h) , IMEEM
2 =2

- h .\ Ihp _ R -
Eﬁn(POn(r): EDZ(POn(r) rrZD(f’On(r) Zprrb(POn(r)"'Unon(POn(r)'

*
OTO BBIPaXKEHUE YMHOXKHM CJIEBa Ha CONPSKEHHYIO QYHKLIUIO (g, (r ) U TIPOUHTETPUPYEM I10 00BEMY

AB3, cunrast, 4TO BBINOJIHEHO YCIOBHE HOPMUPOBKH j 4 nF\’S /3(an (F)(pOn (r)d3r =1, uto gaér

_ e - =2 LR
Epn __+j(p0n(r)UH0H(pOn(r) r __I(pOn D (pOn( )d r= m D (I)On(r _chpor(r )p [ﬂ](p()r(l’ )j T
TTocneHee cIaraeMoe B 3TOM BHIPAKEHHH PABHO HYIIO, T.K. JUIS chepudeckd CHMMETPUYHO 3a1a4H
p Mgy, (F)dr = pd—di%n(r)rzsinedrd 8d¢ ~ cod si®dB, u unterpan no 0 B npeaenax or 0 1o 7 pasen 0.
rdr

B uTore nomyunnu BeIpaskeHUE YPOBHEW SHEPTHH, COOTBGTCTByIOH_[I/IX 30HE MPOBOJIUMOCTH MeTalia:

Epn = E0n+2p_nb’ rae Egp =I<P5n(T)UHOH<P0n( )d3r __I(pOn Dz(F’On( ) (8.7)

3TO0 3Heprusi Burnepa-3elTna, T.e. HIKHUKW YPOBEHb pa3pelICHHON SHEpreTuye- ET

E 4 paspeluenHast
CKO¥1 30HBI, OTY9aeMbIi C IOMOIILI0 YUCICHHBIX METOI0B. K HeMy nmobaBiis-

3Heprus
B M30TUPOBAHHOM | aah 1 ook

arome

FOTCA KUHCTUYCCKUEC SHCPIUr F)Z/erb OJICKTPOHOB CO BCEMU NUCKPCTHBIMU

3HAUEHUSMU UMITYJIbCOB, COOTBETCTBYIOIUX 1-11 30He bpumntosna. Cpennsis
o T
SHEPTHsI, MPUXOIAIIASACS HA O,I[I/IH 9JIEKTPOH B TaKoii 30He cornacHo (7.28)paBHa |

(Epn) = Bo Eq) Bon+ 22151 (8.8)

[TpuBeneHHbI pacdeT ObLT CUIBHO ynpoméH MIPUHATHIMU BBIIIE TONYIEHUAMH. [, TeM HEe MeHee, pe-
3y/lbTaT BO MHOI'OM JOCTaTOYHO XOPOILIO COIJIaCYETCs C AKCIEPUMEHTOM. [l mpuMepa 3anulleM BEITUYUHY
OHEPTHH CLCIUICHNUs OJHOBATICHTHBIX METAILIOB, IPUXOIIYIOCs Ha 1 Moutb pernérku, coaepxaiieid Nagoraqpo

aTOMOB. Eci = Nap (< Er)n>_ EclTOMa) = NAB( E)n+§ % - EFOMaJ’ (8.9)

roe E

aroma ~ QHEPIHSA OCHOBHOI'O COCTOSIHHS BAJICHTHOI'O DJICKTPOHA B U30JIMPOBAHHOM aTOME, 4 BEJIIMYHNHA

DHEPIUHM CUETUIEHUs E., paBHa SHEPruH, KOTOPYIO HaJ0 COOOIIUTH 1 MO0 MeTalIa, YTOOBI Pa3JIeInTh €T0 Ha

OTACIBbHBIC aTOMBI.

At Na, Haripumep paccunTanHas BenndnHa Egy =-0,6110F,, 3 / 5=0,144F, E -0,378F,

aTomMa

rae B =13,69B, 1 E ng = Nag ( 0, 089EE1) =-1,158119 JI5K/MOIb , B TO BpeMsi, KaK IKCIIEPUMEHTAIbHAs
BemuunHa Egna = 1, 107018 [T/ mons .

IKCIIep

DHeprust Ecul( RO) J0JKHA HUMETh MHUHUMYM, KOTOPBIN COOTBETCTBYET MEKATOM- 'ECLH
dEcul \ d,/ 2
HOMY paccTostHuto d: " =0. (8.10) | R,
" IRy=a2 '

TpynHocTh B TOM, 4TO cama popmyina Juist E g MOIydaeTcs YMCIEHHBIM HHTETPUPOBAHHU-

em ypaBHenust Llpénunrepa (8.5),u ans Haxoxaenus npou3BoaHoi (8.10)He00X0AMMO IPOU3BECTH 3TO YHC-
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JIEHHOE BBIUMCJIEHHE MHOTO pa3, YTOOBI MOJYyYUTh YOBIETBOPUTEIHHYIO 3aBUCUMOCTD Ecul( R))

JlxoHn bapinH npeanoKuil J0CTaTOYHO XOPOIIYI0 HHTEPIIOIALMOHHYIO0 (hOpMyITy TaKOH 3aBUCUMOCTH:

ECLll= Eon +g Ecb ~ Broma = %‘F%"'% B- Eroma: (8.11)

rae A, B, C —nocrosazble. @pénux yrouHui 3Ty Gopmyily, OOHapyKuB, 4To BONM3u ypoBHa E = Ey, mocro-

sHHast A=-3ry, a BTopoe ciaraemoe B (8.11) —5To cpenHss KMHETHYecKast SHeprHsl, IPUXOIAIIAsiCcs Ha OUH

B 3 2,21
JIEKTPOH. — = 5 Ep = — E (7.28).Torna sneprust Buraepa-3eiitia, 3annucaHHas ¢ OMOIIBIO TapaMeTpa
Ro ro
=35 C .
o mpumer Buj Eg, = ? t— E,, rae C — eauHCTBEHHBII mapaMeTp, Ul ONpeiesIeHns] KOTOPOro Haslo

MIPOBOAUTH YUCIIEHHOE pelieHre ypaBHeHus Lpénunrepa onuu pas.

B nefictBuTeNnbHOCTH, HEOOXOAMMO PACCUUTHIBATH SHEPTHIO CIETIIICHUS 10 Oosiee TOYHOM GopMmyiie ¢
y‘IGTOM O6MCHHOﬁ n KOppeJIHL[I/IOHHOﬁ BHCPFI/II/I, BCJINYHNHBI KOTOpBIX B pacque Ha OJWUH aTOM HpI/IBe,Z[GHBI B
(8.1). Torma BenmuurHA SHEPTUH CLEIUICHUS, TPUXOIAIIAACT HAa OHY sSueiKy SIB3:

Ecu1: EOn +g Et]p +< E06M>+< E(opp>_ ETOM& = %n +< EE>_ EI‘OMa =

=y + 220, - 0918 1| 125 1154 0,031 Img | Ep- Epppyy - (8.12)

ro o o
Oxka3bIBaeTcs, 4TO MapaMeTPhl SMEKTPOHHON CTPYKTYPHI KPUCTAJUTMYECKOM Cpefibl, BRIYUCICHHEIC B
KBaHTOBOI T€OPHH, TO3BOJIAIOT ONPEIEIUTh MHOTHE U3 €€ MEXaHUYECKUX CBOICTB.
2.3Hast 3aBHCUMOCTb YHEPTUH CLEIUICHUS OT MEKATOMHOTO paccTosiHus (0T paguyca S1B3), mony4uth
dbopmyny st koddduIEeHTa CKUMaeMOCTH MeTajla.
Pewenue:

1adVv
Koaddunuent cxxrumaemoct Beraucisiercs mo popmysie [3=————. IIpu 6sicTpoM (aanabaTndeckom)

V dp

CIXKaTuu CpCabl BXOAAIIYIO CrOAa MPOU3BOJHYIO MOKHO BBIYUCIIUTE C IOMOIIBIO I-ro Hauana TCPMOAUHAMUKNU

oU dp __d°U

TdS= dU+ pdVv, otkyna p=——— #u -— .
=0 PEV o1V P75V ™ av T av2
Ho 06BéM cpenbl 3 N aTOMOB TPOTMOPITMOHATICH 00bEMY STUESHKH BHrHepa-BeﬁTua V=N 4an / 3, oT-
dv _3dR, 1_vdp_,, ddu_1V Vo 1R dU
Kyl;a —=—— H —=——-= —————.Ho — -53710 BHyTpeHHs1s
Vv R B dv dv dv_ VvV av av V9 F%

SHEPrus eAUHUIBI 00bEMA CPEIbl UM CyMMapHas SHEpPIus CIETUICHHUS BceX e€ aTOMOB (;IqeeK), YHCJIO KOTO-

U
PBIX PAaBHO KOHIIEHTPAI[MK aTOMOB N: v =B [h, rne E - sneprus cuennenus (8.9)nmm (8.10),npuxons-

masicst Ha 1 arom (Ha onny SIB3). B pesynbrate E =Nn————. (8.13)

3. OmnpenenuTh BEIMYUHY CKOPOCTH 3BYKa B IIPOCTOM METajlIe M KOA(P(PHUIIMEHT ero CXKMMaEeMOCTH C
MOMOILBIO (POPMYJIBI ISl CPEeIHEH SHEPrHH BaJIE€HTHOTO AJIEKTPOHA.

Pewenue:

13 xypca TepMOANHAMHUKHU U3BECTHO, YTO CKOPOCTh 3BYKa B KOH/IEHCUPOBAHHOI cpejie OnpeenseTcs

3aBHCHMOCTBIO JIaBJICHHS P OT IUIOTHOCTH CPEJIBI p: Vg = ? = Lg : (8.14)
\dp \mdn
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rae p — aasnenne, V —o00béM, N —gucio gyactuil ¢ Maccoit m B 3tom 00bEMe, N = N/V — IIIOTHOCTH YKCiIa Yac-
Tu1 (BaJICHTHBIX 3JICKTPOHOB MJIM aTOMOB B OJJHOBAJICHTHOM METAJLIE).
U3 ypaBuenus 'n66ca-/{rorema SAT— Vdpr N@ =0 npu ycnoBuu TepMOIMHAMHUYECKOTO PAaBHOBECHUS

T=const nonyuaem —=———=n (8.15)

A Tak Kak XUMITOTCHIU AT WJIX DHEPIUs, MPUXOAAIIAiACA Ha OJJHY YaCTHUIY JICKTPOHHOI'O rada B €IUHUIIC 005b-

, OE 0 . N

emMa l=—=— (n< E1>) = —( n( EJ)L/ L IJIe¢ B KAYECTBE CPCAHCH DHCPIUH, MPUXOJAIICHCSI Ha OJUH Ba-
=lm

on

JICHTHBIH DJIEKTPOH M3 30HBI IPOBOIUMOCTH, MOYKHO MCIIOJIb30BaTh BeipaxkeHue (8.12), < E1> = < Ee> , TO TIOCTIe

62<Ee>+20<Ee>J P _n(62<Ee>+26<Ee>}
an 3 '

dp
8.15 ——=n
MOJICTAHOBKH B ( )HoTyYnM dn ( on? dp m|  9n? an

3 4
J171s1 BBIYMCIICHHS STHX TIPOU3BOIHBIX yuTeM cooTHoInenue (7.27): — = (nVB )]/ ,rae Vg = Emg’ . To-
o

ra Bipaene (8.12)sanmmercs kax (Eq) = (2,21( )%+ 0,284 n\ ) 3~ 0,115 0,031 (m\é)_ia) .

2

0%(Es) . O(E
Oreiona LEe) 9 Ee) _ 2,21(5—%@/5%‘]/% 0,28{—2——2jB/513n_2/3+ o,o{——2+_1jmn‘1 g.
an on 3 9 3 9 3 3

=2,456 =0,1262 =- 0,0103
-1

I[Tepexons oOpaTHO K mapamerpy [, HOACTaBUM N = (VE rS’ ) , nY3= Vé/ 3r0 , n?23= VEz 3r02 U TIOJTyYHM BBI-

1= 2,456+ 0,1262

pakeHue A7 CKOPOCTH 3ByKa B MeTaIe: V,, = 3 -0,0103| . (8.16)
m |’O ro
Hns Na, nanpumep, I =3,96.
1dv
Kosddunuent cxxumaemoctu 3 = “V do OMPEIEIISIETCS Yepe3 CKOPOCTh 3ByKa. ECIM MOICTaBUTh B
p
d(N/n 1
sty popmyny V = N/ n, o nomyuum 3 = —QE-IM = ﬂﬁzij =%_{£pg = 12 :
N dp Nnps d N=const dn  u3(8.14) nnmvs,

Bunnm, 4T0 MHOTHME MEXaHUYECKUE XapaKTEPUCTUKN METAJIa ONPENEISIOTCS CTPYKTYPOU €ro 3J1eK-
TPOHHOW CHCTEMBI.

IIpakTyeckoe 3ansTue Ne 24.

[Ipumep KOHTPOIBHBIX 3a/IaHUi 2-i aTTeCTAIllUU TSl CAMOCTOSTEIILHOM MOATOTOBKH.

1. MukpoyacTuia ¢ Maccoi M u ¢ 3aps0M ( HaXOJAUJIach B OJHOMEPHOH MPSIMOYTOJIbHOM
MOTEHIMATBHOM SIME ITUPHHBI & ¢ OECKOHEYHO BHICOKUMH CTeHKaMH (BOJHOBAst (DYHKITHSI TAKOTO
2 . (X .. S
COCTOSIHUS Y =,|=sin| — |). BHYTpH SIMBI BKJIFOUAIOT CJIa00e€ ICKTPUICCKOE MOJIE C HAPSHKEHHO- ;8 .
a a

cThio € ¥ ¢ noterumanoM @ (V = O — SHeprus yacTUIBI B TakoM noie). Ha kakyro Bemmumayus 0 @

KaKyl0 CTOPOHY CMECTHUTCS IIPU 3TOM YpOBEHb 3Heprun Eg = 7 2/ 2Ma® 0CHOBHOTO COCTOSHHS? VYyecTs, 4TO

[¢sin? &g =(£2- ¢ sin( %) - co$ 2))/ -
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2. Ha ckoabKo TIOAypOBHEH paciieruiseTcs ypoBeHb sHepruu 4f B aroMe BOAOpO/Ia, €CIIU YUeCTh TOH-
KyIo CTpykTypy? Kakumu OyayT 3HaUEHUS JHEPTHH ITUX MOAYpOoBHEH? OTBET 000CHOBATH.

3. Cuwuras, 4TO caMOCOIJIacCOBaHHOE MoJie XapTpH A | —ro 3eKTpoHa U3 000JI0YKH C TJIaBHBIM

2ke?

f

KBAHTOBEIM UHCJIOM N= 3 aToMa C 3apsAJ0BbIM YHUCIIOM Z = 22 paBHO Ij i (F; ) = , TAC
k=9010°; e- 3apsijl IEKTPOHa; [} —ero yHajieHue OT sijpa, HalTH SHepruio 31oro siekrpona E; (8 2B).

Vkazanue: cpaBaute ypaBHenus Llpeaunrepa nis oqHOAIEKTPOHHOTO aToMa ¢ ypaBHeHueMm lllpenunrepa mis
YKa3aHHOTO MHOTO3JIEKTPOHHOT'O aTOMa.

4. B uéM cyTh METOJIa JIMHEWHO! KOMOWHAIIUU aTOMHBIX OpOUTAJIeH U KaKUM 00pa3oM HaXOJAT CBSI-
3yloIue OpOUTaIu B KPUCTAJUTMYECKOM TBEPIOM Teie?





