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§ 6. CIIMHOBBIE BOJIHbl B EPPOMATHETUKAX

B npocroii’ Mofeny deppoMarHeTHKa Kax/blii aToM, HaXo-
Jampics B yajde n, o0JapaeT MarHHTHBIM MOMEHTOM W H
npyu JOCTaTOYHO HU3KUX TeMieparypax (Huxe Touku Kropu)
3TH MOMEHTBl BBICTPAMBAIOTCS IIOYTH B OJHOM HAlPABJACHHH,
Takum ob6pasom, KpuCTaAa NPHOODETAET KOHEUHBIN MATHHT-
HBIH MOMEHT B OTCYTCTBHE KaKOro-iu6o BHENIHEro uoJs.
DKCIIEPUMEHT IIOKasbiBaeT, 4TO g-pakTop IJs STOTO MOMEHTa
pecbMa OJIH30K K 2; N03TOMY MOXKHO CUHTATb, YTO MArliuT-
HEIl MOMEHT BO3HHKaeT OJaroiapsi CIOMHAM HeCNapeHHBIX
aTOMHBIX 3J€KTPOHOB, npHYeM OpOHTAJBHBIH BKJAJ «3aMOpoO-
JKeH» KPHUCTAJJIHMUYecKHM ToJeM, Kak IoKasano B ra. 9, § 3.
HecmoTpsi Ha TO UTO HEPTHS B3AUMOZAEHCTBUS HMEET 3JIEKTPO-
CTaTHYeCKyI0 Ipupony H oOycjaoBiJeHa OOMEHHBIMH B3aHMO-
REHCTBUSAMHM MEXAY 3JEKTDOHAMH, SBJEHHE B LEJOM MOXKHO
paccMaTpHBaTh, B34B 2(Q(EKTHBHLIH TaMHJIbLTOHUAH, KOTOPLIH
COJEPIKHT B KayecTBe CJaraeMoro reitaeH6eproBckoe B3anMO-

JelicTBHE
=— X JumSn +Sm» (14.61)
n, m

rae S, — omeparop cmuHa aroMa B yaje n. OOHMYHO NPUHH-
maercst, 4T0 Jup=0, a BeJIWUUHBl J,m TOJOKUTENbHBI, TaK
YTO B OCHOBHOM COCTOSIHHM CIIMHBI BCE€X ATOMOB, a CJENOBa-
TeJbHO, M BCE MATHUTHHIE MOMEHTH! Napasiie/bHel. [lpu atom
KaxKioe cJjaraemoe S, -Sp DOpPUHUMAeT CBOE MaKCHMAaJbHOe
3Hadenue S?, rze S—CHHMH aTOMa, TAK UTO 3HEPTHSA OCHOB-
HOTO COCTOAHMA HAETCS NPOCTHIM BHIPAKCHHCM

E;—S? 2 Jam. (14.62)
n, m

ITo6p 060CHOBaThH CKa3aHHOR, 0GO3HAYUM COCTOSHHE, B KOTG-
poM BCe CITHHBI BEICTPOEHbI B ONHOM HAallpaBJeHHH (HA30BEM
ero oceto z), uepes |0>, a oneparop S, -Sm, caeays (7.35),
3anumeM B BHAE Sp -Sm=13(Sn+Sm—+Sn—Sm+)+ SnzSmz.
Toraa nmonyuum

Snz| 0>=S]0>

¥ Su+ [0>=0 mpu BCcex n, TaKk yTO
Sn-Sm|0>=52]0>. (14.63)
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JanpHefimas 3ajaya COCTOMT B TOM, YTOOH QIpPENENHTDb
¢usuyeckyl0 NPUPOAY W 3SHEPTHH HHBKOJEXamHX BO36yXK-
JeHHEIX COCTOSIHHI CHCTEMBI, KOTOPHE 3ace]dloTcs 3a cuer
TENJIOBOTO ABHIKEHUS NPH HU3KUX TeMIeparypax. EcTecTBeH-
HO [pPeNNoJoXHTb, 4YTO B3aumojeficrsue (14.61) obaagaer
CBOHCTBOM TPAaHC/IALHOHHOA HHBAPHAHTHOCTH, TaK 4YTO IO-
CTOSIHHBIE BEJWUHHB! Jnym 3aBUCST TOJBKO OT PasHOCTEH Bek-
TOPOB M—N=(; B JajbHelllleM MBI GYyJeM I0Jb30BaTLCA
obosnayenueM Jom=J,. [lostomy coGcTBednbie (QVHKUUH
oneparopa V JAO/KHBL HecTH HHAekc k, mpuuem oueBLAHO,
4TO BOJHOBOE cocTofHue |(0> TakxkKe TpaHC/IAUHOHHO-HHBA-
PHAHTHO H COOTBETCTBYeT 3HaueHuio k=0. Bzap B rauectBe
UCXOJHOT'O0 OCHOBHOE COCTOSIHKE, B KOTOPOM BCE CIMHEI IIa-
paJssieNbHbl, MOXKHO IOCTPOUTL GOJILIIOE YHCJIO pasHLIX BOJ-
HOBHIX (PyHKuui ¢ panapivd k., Hama neas cocrout B 1no-
CTPOEHHH COOGCTBEHHLIX (PYHKLHHA, COOTBETCTBYIOUHX HMEHHO
HU3KOoJeXalluM COCTOSIHUAM. Mvea B BHLY yNOpSNOYEHHbLIH
XapakTep OCHOBHOTO COCTOSIHMS, MOYKHO HCKATh BO3OYKIEH-
HOE COCTOSIHYE, «IIOBEPHYB» CIIHH B OJHOM Y3/€ P C HOMOIIbIO
MOHHIKAIOWEro oneparopa S,- M 3areM lpOH3BejsS NDOCKTH-
poBanue IS INOJYUEHHA COCTOSHHS C onpejpeNeHHbIM K.
ITonyuensyo npobaylo QyHKIMIO MOYKHO 3amilcath B BHJE

{k>= 2 exp (ik-p) Sp- | 0. (14.64)
P

IMokaxeM, 4TO oHA JEeHCTBUTEJLHO sABJAseTcAd CcoOOCTBEHHOMH
tdyuxuuelt oneparopa V npu Bcex k. Onepartop S, Sm KoM-
MYTHpYET C Sp, €C/IH TOJbKO HHJEKC P HE paBed N HJIH M,
MNOCKOJIbKY CIIMHOBBIE OmepaTophl Ha PA3HLIX Y3ldaX KOMMY-
TUpYIOT ApYT ¢ ApyroM. Torpa c yueroM pasenctBa (14.63)
HMEEM

Sn-Sm|k>=52|k>-+exp (ik-n)[(Su Sm), Sa-]|0> -+
+exp (ik-m) [(Ss - Sm), Sm-]]0>.

Bripaxerua 1A KOMMYTATOPOB CJeRYIOT M3 H3BECTHBIX
nepecTaHOBOYHHX cooTHOLIeHHH (7.28) u (7.30) nad cnumo-
BEIX ONEPATOPOB; NOJIyUdeM

[(Sn 'sm)y Sn—] = Sm—Snz”—‘Sn—sz

npu Bcex m==n, (Cayualh m=n MOXHO He paccMaTpHBarh
BBHAY TOTO, UTO Jun ==0.) OObeuHAA NoJyUYeHHLE [Ba BHI-
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paxenusa ¢ (14.61), naxogum
Viko=—8" Z I om | K>—S 2, Jum {€xp (ik 1) (Sm——Sa_)+

+exp (ik- m) (Sn-—Sm-) }|0>=
= E,[k>+S X Jo{[1—exp (ik-q)]exp (ik-n) S +

+[1—exp (—ik-q)]exp (ik-m)Sp-}| 0>, rie qg=m—n,
V|k>=E0[k>+'S§Jq[1—exp (ik-q)]| k>4
+8 2 Jq[1—exp(—ik-q)][k>=

! =E(,|k>+2S§Jq(1—cosk-q)|k>. (14.65)

[loJiyueHHBIit pe3yJbTaT JOKasblBaeT, uTo cocrosiiue |k> sB-
Js1eTCst COGCTBEHHBIM COCTOSIHMEM C 3Hepruedl Bo3OyXKAeHUA

2S > Jq (1—cos k-q), rae BexTOp q NpoGeraer Mo BceM y3Jam,
q

HUCXOsl M3 BBIOpaHHOrO (PUKCHPOBAHHOTO y3na. [Ipu KaxkioMm
k Mbl oslyyaeM Bo36ykKAeHUe NMOJA0GHOTO THHA, HA3LHIBAEMOE
maruoHoM, JlaHHas 3ajaua, OUEBMJHO, aHaJIOTHMYHA 3a/laye O
KoJIe0aHHSIX PeIIeTKH, PacCMOTPEHHOH B § 5, npuueM MOBOPOT
CIlHHA B y3Ji1e COOTBETCTBYET CMENIEHHIO aToOMa B 5TOM Yy3Jie.
3aMeruM, uTo HNpH Rk — O 3Heprus Bo30CYMKIEHHS TOXKe CTpe-
MUTCA K HYJIO Kak k2, Tak 4To BO3OYKIEHUS MOXKHO CO3Jarh
NpU CKOJb YIOAHO MajoH 3Hepruu. B oTaMuue oT 3TOrO
cpefHee 3HayeHHe omeparopa V mo cocrosiHuio S,-|0> ¢
OIHUM MNepeBePHYTHIM CHHHOM B y3Je P OyAer KOHEYHEIM.
Cocrosuue | k>, COOTBETCTBYIONEe 3HaueHnio k=0, xota u
o6JajaeT HYJeBOH 3Heprueil Bo3GyxKJeHUS, He TOKIECTBEHHO
OCHOBHOMY COCTOSIHHIO, HOCKOJBKY OHO JA€TCS BbIparKeHueM

> Sp-|0>. Onmaxo onepatop XS, sBASAETCA ONEPAaTOPOM
p

p
NOJHOTO CHHHA CHUCTeMbl; €ro JeldcTsue Ha cocrosguue |0>
BLIpaxaercsl B G6ECKOHEUHO MaJioM IOBOPOTE HalpaBJIeHUS
VHOOPAOYEHUS CIUHOB W HE COOTBETCTBYET KaKOMy-aub0
BHYTPEHHeMY BO30ykKAeHUI0 B cucreMe., ONMCAHHOE BBIPOXK-
JeHHe MEXAY COCTOSIHHAMHE C Pas’iuyYHBIMH HalpaBJeHHAMHA
HAMarHHYEHHOCTH BHYTpEHHe NpUCYIIe B3aHMOJEHCTBHIO V,
KOTOpoe 06J1aJjaeT BpamaTeqbHOH HHBApHAHTHOCTEIO. B peans-
HOM KpHCTaJJie aHH30TPONHS CHHUMaeT 3TO BHIPOKACHHE; OHA
NposBJAsAETCS B 106aBJeHHH K V cJaraemblx, HapyLIaomiux
BpAallaTeJbHYI0 HHBAPHAHTHOCT.
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Onepatop B ¢opmyne (14.64) HasbiBaeTcss 0OnepaTopoMm
POXKIAEHUSI MATHOHA M 0603HAyaeTcd 4Yepes ay:

af=of" X exp (ik-p) Sp-,
p

r1e of° —HOpPMUPOBOUHBIR MHOXKHTEIb. C TOMOLIBIO TaKOIG:
onepaTtopa MOXHO MOJYYHTb H JBYXMAarHOHHOE COCTOSIHHE

1|)=af§af£|0>.

DT0 He COBCEM TOUHOE COOCTBEHHOE COCTOSHME, HO OWMOKa
uMeer nopsapok 1/N, rae N —uncao (o6eiuHo 60OJBLIOE) ATO~
MOB B kpucrane., C Takoil ke TOUHOCTBIO ONEPATOPH POXK-
IeHUS ¥ YHHYTOXKEHMS] MAarHOHOB INONYHHSIOTCH IIepecTaHo-
BOYHBIM CcooTHoweHusAM Dboze — Dimwredna (v, 19, § 1
ra. 6,§ 3, n. A), Tak YTO MOIKHO FOBOPUTL O COCTOSIHHH, B
KOTODOM HMEEeTCH #xy MarHOHOB C BOJHOBHIM BeKTOpoM k.
Kaxapit Marnod HECeT SHEPTHIO BO3GYXKIEHHSA, AaBaeMywo-
dopmyJoit (14.65).

§ 7. 9KCUTOHBI B JHIJEKTPHKAX (3KCHTOHbI ®PEHKEJS).

B npocTelx auaIeKTpUKax, HanpuMmep B TBepaofl (hase
HHEDPTHBIX T'a30B, 'l OTCYTCTBYIOT BaJEHTHBIE SJIEKTPOHHL,
HepPEeKPHITHE ATOMHBIX BOJHOBBIX GYHKIME AeHCTBUTENHHO
oueHb MaJo. [TosToMy B oueHb XOpOILIEeM NMPHOIHKEHHU MOXK-
HO CYHTaTh, YTO B OCHOBHOM COCTOSIHHH UMEIOTCH OTJEJLHBIE
SJIEKTPOHbI, 3aHHMAIIIHE AaTOMHBIE OPOMTANH OTAEJBHBIX
aroMoB. Kak u B c/y4ae COHHOBLIX BOJH, MOXKHO NOINLITATh-
cfl MOCTPOUTb BO30YKIEHHBIE COCTOSIHKSA, IEPEBOJS SIEKTPOH
IaHHOTO atoMa B Oosee BLICOKOE He3aHsToe OopOGHTanbHOE
cocrosHue. ONHAKO M 3[eCh MBI BHOBb BHIHYKJEHHl M pPOH3-
BOJHTh ONEpAUHI0 NTPOEKTHPOBAHUS IIPH NMOCTPOEHHH COCTOS -
HHA ¢ onpejeieruniM k.

IlycTb (p—MHOT03IEKTPOHHOE OCHOBHOE COCTOSIHHE 4TOMA,
a @' —B036yKIEHHOE COCTOSIHHE, HOJIYYEHHOE U3 ¢ IMyTeM
nepeBoJla 3JEKTPOHA Ha CoJiee BBHICOKYIO OpOMTadb; jaJjee,

NyCcTb @p H (p—COOTBETCTBYIOUIAE BOJHOBHE QYHKUMH /IS
JaHHoro ysiaa p. Jng Bcero Kpucrajaia B LEJIOM COOTBET-~
CTBYIOIIEE OCHOBHOE COCTOSIHHE GyJeT HMEeTb BHUJ

Tt]:];’I(PP’



