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Beeoenue

Teopusi kaHanupoBaHHWsS OCHOBaHA Ha ypaBHEHHH JU(D(HY3HOHHOTO THIIA,
BriepBble BBeaennoro M. JIunmxapmom [1] (em. Taxxe, Hampumep, [2], [3], [4], [5]).
[To3zxe HO. B. MapteiHeHko it onucanus 3G ¢dexra KaHATMPOBAHUS PEIIIOKUT
WCIIONB30BaTh KHHETHYECKOoe ypaBHeHHe Ookkepa-Ilimanka B mpocTpaHCTBE
nonepeuHsix sHeprui [6] (cM. Tarke, Hanpumep, [7], [8], [9]). B 1973 roxy B
pa6ore [10] myist aTHX ke Tenelt ObuTo MpeIokeHo ypaBaenue okkepa-Ilnanka B
IPOCTPAHCTBE MOMEPEYHBIX KOOPAUHAT M CKOpOCTei. [lepedncieHHbie ypaBHEHUS
CBsI3aHbI ¢ TMOHATHEM Koddduimenta auddy3un, KOTOPHIA M3 PA3TUYHBIX
IPUHIATIOB Toay4eH B [1] u [10].

[Tpu IBMKEHUW YaCTHUIBI BHYTPU KpPHCTaIa €€ TPACKTOPHUS OINPEICIISATCS
HEMPEPBIBHBIM TIOTCHIIMAIOM aTOMHOM IEMOYKH WM AaTOMHON IUIOCKOCTH,
KOTOpbIA B CBOIO OYepelb CBA3aH C MOHATHEM MOTCHIIMAIBHOW SHEPTUH
B3aMMOJICUCTBUS HaJETAIONIEH YacTHIbI C aToOMOM KpucTtaia. B o63ope [11]
pacCMOTpEHbl  MapHbIe  MEKATOMHBIC  TOTCHIMAIBI  B3aUMOJACUCTBHS U
B3aUMOJICICTBHE HOHOB C aTOMaMH TBEPIBIX Tel. AKTYyalbHbI BOIPOCHI,
CBSI3aHHBIC C TIOTCHIMAJIIOM B3aMMOJICHCTBHS HMOH-aTOM TPU TPOU3BOJILHOM
CTCNICHW HWOHUW3AIMM, OJHEPTUH HAJCTAIONIMX MOHOB W MpPU  Pa3IUYHBIX
KOMOMHAIUSIX TAPTHEPOB COYAapPCHUS.

[TpoxoxaeHne 3apsHKEHHBIX YACTUI[ Yepe3 KPHCTAT COMPOBOXKIACTCS
pa3IMYHBIMU  SIBJICHUSIMHA. B paboTe 3arTparuBalOTCsl SIBJICHHS HarpeBa u
OXJIOXKJICHHUS 3apsHKCHHBIX YaCTHI[ B KaHajlaX KpHCTajllla M PE30HAHCHOE
KOTEPEHTHOE BO30YXIEHHE OpPOMTAIBHOIO 3JIEKTPOHA HOHA, IBMKYIICTOCS B

IINTOCKOCTHOM KaHaJI€C.



B [12] IIPEACTABICHO JKCIEPUMEHTAIIBHOE CBHJIETEIIBCTBO
nepepacnpesieieHns]  HadyaJlbHOTO  W30TPOIMHOTO  TIOTOKA  YacTHIl  TOCIIe
MIPOXOKJICHUS Yyepe3 TOHKUHM KpucTtaml. HaGnroganock yBeandeHre U yMEHbIICHUE
MOTOKA YaCTUI[ B OCEBBIX M IUIOCKOCTHBIX HAIPABJICHHUSIX B 3aBUCHMOCTH OT
yCIIOBUM 3KcTiepuMenTa. [Iiist 3TuX siBeHui ObUIM BBEJIEHBI TEPMUHBI MOMEPEYHOE
OXJIQXKJICHUE W TIOTEPEYHBIM HarpeB, oToOpaxaromue TOT (HaKkT, 4YTO yBEITUUCHHUE
MOTOKa BIOJb OCEBOTO WM IUIOCKOCTHOTO HANpaBJICHWH  BBI3BIBACTCS
YMEHBIIEHUEM TMONEPEYHON PHEPrUu MOHA U MOTOK YMEHBINAETCS B pe3yJbTaTe
YBEJIMYEHHMS ONIEPEYHON SHEPTUH (HATrPEB).

B [13] nmpuBeaeHbI SKCIIepUMEHTAIbHBIC JaHHBIC, CBSI3aHHbBIE ¢ AP (eKTaMu
HarpeBa W oxyaxiaeHus. [IpoBeneHbl W3MepeHUs I PA3IUYHBIX HOHOB B
OOJBITIOM AMana3oHe MOHHBIX dHEprui. Mcmoib30BaHue pa3sTUYHBIX KPHCTAIIOB
MO3BOJISIET M3YYHUTh 3aBUCUMOCTH AS()QPEKTOB OT aTOMHOIO HOMEpa aTOMOB
Kpuctayuia. VI3MeHeHHe OpHEeHTallMd KpHUCTala TMO3BOJSET PacCMOTPETh
3aBUCUMOCTh d((eKxTa OT pa3MepoB KaHajla W HMHTCHCHBHOCTH TIOTCHIIMAJIA
KaHaJMpoBaHus. M3Mepenus, mpoBOUMBIE C KpUCTAJIIAMHU PA3IMYHOMN TOJIIIMHBI,
MOKAa3bIBAIOT ycwiieHne A (pexTa ¢ yBelInueHneM JUTHHBI ITyTH HOHA B KPUCTAJIIE.

Ha wHawanpHOM 9Tame d2¢dexkTsl HarpeBa U OXJAXJACHHS  HE
BOCIIPOU3BOJAMINCH C IOMOIIBIO KOMIBIOTEPHOrO MojenupoBanus. B [13]
COOOIIAeTCSI 0 KOMITBIOTEPHOM MOJICTTUPOBAHHH, PE3YJIBTATHl KOTOPOTO BIICPBHIC
neMoHcTpupoBaiu 3pdextsl Harpea u oxynaxaeHus. NN-CTMC monenupoBanue
OMKMCHIBACT B3aMMOJCHCTBHE HOHA C JBYMS TNapaJieIbHBIMH IermodkamMu u3 N
aTOMOB KPHUCTaJJIa, KX W3 KOTOPBIX COAEPKHUT N 3JIEKTPOHOB. BBeneH yuer
MHOTOKPATHBIX CTOJIKHOBEHUN MOHA C aTOMOM.

KauecTBenHoe o0bsicHeHe 2 (PEKTOB HarpeBa M OXJIAXKIECHUS MOXKET ObITh
MOJYYeHO Ha OCHOBE 3apsaoBo-oOMeHHON mozaenu [12]. B [14] mpeanaraercs
oObsicHeHne A((PEeKTOB HarpeBa W OXJAKIACHHS B paMKaxX €IUHBIX MOICIBHBIX
MIPE/ICTABIICHUM, CBSI3aHHBIX C TTePEe3apsaIKon.

B pa6ore [15] paspaborana KuHETHYECKas TEOPHs IPOXOXKICHHUS

MHOT'03apsIIHBIX TSDKENIBIX HOHOB, ydMThIBaromas Aud@y3uto B MPOCTPAHCTBE



MOTIEPEYHBIX HMMITYJIbCOB M OOMEH 3apsiioM MEXIy KPHCTAIOM W HOHOM. B
JaJbHEWIIIeM ObUT TIPOBEACH YMCJICHHBIN aHAIM3 KMHETUYCCKUX ypaBHeHH [16].
PacdeTsl MPOU3BOAMIKNCH ISl K30TPOIHBIX ITyYKOB MHOTO3apsAAHbIX HOHOB Al 1 Y
KaHaJMPOBaHHBIX B kpuctamuie Si Baosb ocu <100>. ITokazano, 4To mepexoa Ot
OXJTAKICHHUSI K HAarpeBy HM30TPOMHOrO ITyYKa TSHKEIBIX MHOTO3apsIHBIX HOHOB
3aBHCHUT HE TOJIbKO OT 3HEPTUU MOHOB, HO U OT TIyOWMHBI UX NMPOHUKHOBEHUS B
KpHCTAJII.

[Ipn kaHanWpOBaHWM HOHOB BJIIOJIb IUIOCKOCTEH WM OCEW KpHCTasia
MOXHO TMOA00paTh YCIOBHSA, MPU KOTOPHIX YACTOTAa «COYIAApCHHI» HOHA C
aTOMaMH KpHUCTa/la paBHA YaCcTOTE IMepexoja MEXIAy YPOBHSMU SHEPIHH
OpOUTANBHOTIO 3JIEKTPOHA (WM B 1€JI0€ YUCIIO0 pa3 Ooibiie Hee). B aTom ciydae
BO3MOXKEH PE30HAHCHBIN MEPEeXO0/1 AIEKTPOHA B COOTBETCTBYIOIIEE BO30YKIECHHOE
coctostHue. CymectBoBanue 3¢ dexra Obl10 npenackazano B.B. OkopokoBbIM u
HOCUT HAa3BaHUE PE30HAHCHOTO KOI'ePEHTHOTO BO30YxmeHus (resonant coherent
excitation, RCE) [17], [18].

[lepBbie OSKCHEpUMEHTANIbHBIE TMOATBEpPkKACHUS d(pPeKTa CBsA3aHBI C
KaHAJIMPOBAaHUEM HEPEJSITUBUCTCKUX HMOHOB. Coobmiaercs o HaOMIOJAeHUU
KOTEPEHTHOTO PE30HAHCHOTO BO30YXKIEHHs BOAOpoAonogo6HOro uoHa He' ¢
MePEX0JIOM DJICKTPOHA M3 OCHOBHOT'O COCTOSIHHMS ¢ N=1 B B0O30yxkacHHOE C N=4.
JIBMKCHHE WOHOB MPOMCXOJNUIO B MOHOKPHUCTAJUTMUECKOHN IicHKe cepedpa [19].
DKCHEpUMEHTHI 0 MPOXOKACHUIO BOJAOPOAONOAO0HBIX HOHOB ¢ Z OT 5 10 9 u
reIMANION00HBIX HOHOB F'* B pasiHYHBIX OCEBBIX HAMPABICHHSX KPUCTAILIOB AQ
u Au omucansl B [20] u [21]. 3aech ocymiecTBIsUICS IMEepexoa OpOUTAIBHOIO
AJIEKTPOHA U3 OCHOBHOTO COCTOSIHUA ¢ N=1 B BO30YyXJIeHHOE C N=2.

C koHua 90-pIX ro0B MPOLIJIOr0 CTOJETHS COOOIIAETCS O PE30OHAHCHOM
KOTEPEHTHOM BO30YKICHHUH PEISITUBUCTCKUX BOJOPOAONOA00OHBIX HOHOB aproHa B
peXUME TIOCKOCTHOTO KaHAIMPOBAHUS B KpUCTaie KpeMHus. M3BecTHBI paboThI
M0 PE30HAHCHOMY BO30YXKJEHUIO AJIEKTPOHA U3 COCTOsSIHUSA 1S B cocrosiHue ¢ N=2

[22], [23], u3 cocTosinus 1S B coctosinue ¢ N=3 [24]. AHaIOrHYHbIE SKCIICPUMEHTHI



IPOBOJAMIIUCH C TeIUHNONOOHBIME MOHAMH aproHa. Tak ke M3BeCTHBI pabOTHI C

25+ 24+

noHamu Fe™ u Fe™.

B oakcmepuMmeHTax UM3MEpSIUCh  3apsIOBBIE  paclpellesieHUusT HOHOB,
MPOJIETEBIUX KPUCTAUT W (WJIM) WHTCHCHUBHOCTH JIy4YeH, WCITyCKaeMbIX HOHAMHU
IpU  BBHICBEUMBAHMM BO30YXKJIEHHOTO COCTOSIHHS, BO3HHUKAIOIIETO BHYTPHU
KPUCTAJUIMUECKOW MUILICHHU.

Ha mporsokenun Bcero BpemeHu wu3yudeHusi 3ddexra OkopokoBa
Pa3BUBAIOTCS METOJAbl BBIYUCICHUS (DYHKIIMM BEPOSITHOCTH PE30HAHCHOTO
KOTEPEHTHOTO  BO3OYXKICHMSI, W  TPOU3BOAMUTCS  CPAaBHCHHE  YHCICHHBIX
pe3yabTaTOB C pe3yiabTaTamu 3KcnepuMeHToB [25], [26], [27], [28]. Metogamu
KOMITBIOTEPHOTO MOJICIUPOBAHUSI TIPOU3BEACHO HCCIEIOBAHUE BIUSHUS TOHKOMN
CTPYKTYpBI SHEPreTHUCCKHX YPOBHEH OPOMTANBHBIX DJICKTPOHOB MOHAa Ar' " Ha
BEPOSATHOCTh PE30HAHCHOTO KorepeHTHoro Bo30yxacHus [29]. [IpousBeneH yder
CIUHOBBIX A(PPEKTOB, BO3HUKAOIIMX TMPU I[JIOCKOCTHOM KaHaJUPOBAHUU
no3utpoHoB [30].

B [31] cooOmaercs o HaOMIOACHUH PE30HAHCHOTO KOTE€PEHTHOTO
BO30OYXKJIEHUsSI BHE YCIOBMM KaHainupoBaHus. Tenepb Uil PE30HAHCHOIO
KOTE€PEHTHOTO KaHAJIMPOBAHUS B YCIOBUAX OCEBOTO KAaHAIIMPOBAHUS HCIIOIB3YETCS
tepmun 1D RCE, B ycnoBusix miockoctHoro kananupoanusi — 2D RCE, Bue
ycnoBuil kananmuposanust —3D RCE.

B o0030pe [32] ormewaercs Majas H3YYEHHOCTh KaHAIHPOBAHHS
OTPHUIIATEIBHO 3aPSHKEHHBIX YaCTHIl KaK TEOPETHUECKH, TaK M dKCIICPUMEHTAIILHO.
DOTO CBSI3aHO C MaJOW [JMHOW JeKaHaIWpoBaHus. PemeHue BuauTcs B
WCITOJIb30BAaHUU KOPOTKUX KPUCTAJIJIOB U IMyYKOB YACTHUIl C BHICOKUMHU DHEPTHUSIMHU.
Nudopmarus o0 KaHaIMPOBAaHWM TIO3UTPOHOB aKTyajdbHAa B BHIY 3aIlycKa
MEXKIYHAPOIHOI0 JMHEWMHOTO KOJUIaaepa.

3amaya BBIUUCICHUS KBAaHTOBBIX MOIMPABOK K KJIACCHUECKUM YPaBHEHUSM
JBIKEHUS OBICTPBIX 3apsHKECHHBIX YaCTHI] B KpucTalIax [33] ¥ BO BHEITHUX ITOJISAX

[34] — akTyanbHas (uszndeckas 3a1a4a HACTOSIIETO BPEMEHH.
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KpHUCTaJIa

1.6.3. Komnonenta D (X) koxppunrerta nuddy3un

1.6.4. Komnonenra D,, X kosdpduumnenra nuddysun
1.6.5. Komnonenra D, X xosdpduumnenra nuddysun
1.6.6. Kommnonenra D, X kosdpduumnenta nnddysun

1.7 MonenupoBaHu€e NPOLIECCOB, CBA3aHHBIX C KAHAIMPOBAHUEM



T'naea 1

Teopus NJIOCKOCTHOI0 KAHAJIUPOBAHUS

1.1. KanaaupoBaHue 3apsizKeHHbIX YaCTHII

KananupoBanue 3apsiKe€HHBIX YAaCTHUI[ — JIBHJKCHHE 3apsOKEHHBIX YaCTHIL
BHYTPM MOHOKpPHCTaJIa BJOJNb «KAaHAJIOB», OOpa30BaHHBIX MapauIeTbHBIMU
psIaMu aTOMOB WJIM IUTIOCKOCTed. KananmupoBaHue 3apspKeHHBIX YacTHIl OBLIO
npezackasano M. T. Poourconom (M. T. Robinson) u O. C. O3nom (O. S. Oen) B
1961 u oOHapyxeHo B 1963 roxy. Paznuuaior oceBoe (akcualibHOE) U
IUIOCKOCTHOE KaHaJIUpPOBaHUE.

OceBoe  KaHaJMpOBaHUE  HAOMIOAAETCS, KOTJa IMYy4YOK  OBICTPBIX
3apsHKEHHBIX YacTHUIl MaJlaeéT Ha MOHOKPHUCTAJUI TOJ] MajbiM YIJIOM K OJHOU W3
KpucTtayiorpadpuueckux oced. Ilpu 3TOM MONIOXKUTENBHO 3apsKeHHast OblcTpas
yacTHila, NOpUOIIKasCh K OJHOM W3 I[EMOYeK aTOMOB, MapallieIbHbIX
KpUCTaJIOrpapuueckoil ocu, B pe3ylbTaTe CEepUU IOCIEAOBAaTEIbHBIX aKTOB
cl1aboro paccesHUsl Ha YHOPSAOYEHHO PACIIONOXKEHHBIX aToMaX Kak Obl TJIaBHO
UCKPUBJISIET CBOIO TPACKTOPUIO TaK, YTO HAOMIOAAETCA TMOYTH 3€pKabHOE

OTpakeHHe 4acTHibl oT uenouku (6 ~6,; puc. 1.1.1, xpuBas a). U3 Teopun
CIIEAYET, YTO TAaKOT'0 poJa «3epKaJIbHOCThY Habmopaercs npu €, <6,, roe 6, —

yroJi JInaaxapaa, KOTOpbIi ONpeaensieTcsi COOTHOIIEHUEM:




3nece Z,g, Z,6 — 3apsalpl ABMKYIIEHCS YaCTULBI U Apa aTOMa MOHOKPHUCTAILIA,

E — OHCPIrusg 4aCTUIBI, | — pPacCTOAHNC MCIKAY COCCIAHUMHU aTOMaMH B ICIIOYKE.
HpI/I TAKOM JIBUJKCHHHU YaCTHIId B TCUCHHUC BCCTO BPEMCHHU YACPKUBACTCA BAAJIN OT

s1ep, HaxoAAuMxcsl Ha ocu uenodku. Ilpu yBenuuenun 6, no 3HaudeHus 6, >0,

XapakTep JBWKEHUS U3MeHsieTcs. YacTuiia MOXKET HUCHBIThIBaTh OJU3KUE
CTOJIKHOBEHHMSI C s/IpaMH, B pe3yJIbTaTe KOTOPHIX OHA PacCEeUBAETCS Ha OOJBIION
yroi (puc. 1.1.1, kpuBas 6) u ganee JABHKETCS TaK K€, KaK B HEYMOPSIOYCHHOM

cpeae. Yron 6, cocraBideT BEIMYMHY IOpsAKa Aojied rpamgyca. B Tomme

Kpucrajajla 4YacTuld, ABHXYIIAsJACA B PCKHME OCCBOIO KaHAJIWMPOBAHUA,
HUCIBITBIBACT ITIOCJICAOBATCIIbHBIC AKTblI «3CPKAJIBHOI'0» OTPAKCHUA OT Pa3HbIX
OCIIOYCK. B HOHGpG‘-IHOﬁ IIJTIOCKOCTH ABMKCHUC TaKoM HJaCTHUIbI B O6IH€M cliydac

IpeJICTaBISIeT cydaitHoe Oyxaanue (puc. 1.1.2).

Pucynok 1.1.1. TpaekTopHuH 3aps’KEHHBIX YaCTHUI] B KpUCTaJlle IPU yIJIe MMaJIeHusl Ha rpaHb

kpucraiia 6, <6, (xpusas a) u npu 6, > 0, (xpusas 6)
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Pucynox 1.1.2. JIBr>keHHE 4aCTHUIIBI B PEKUME OCEBOT0 KaHATMPOBAHUSI B TOJIIIIE KPUCTAIIIA

[InockocTHOE KaHAIMPOBAHHWE HAOIIOMACTCS TPH TAJACHUM ITydKa O]
MaJIbIM YTJIOM K KPUCTAJUIOrpauyecKol IJIOCKOCTU. B 3TOM ciydae yacTuilbl

MNOIICPEMCHHO  OTPaAXAKTCA OT COCCOAHHUX HHOCKOCTef/'I, HX  TpPaCKTOPHUHU



HaromMuHarT cunycouay (puc. 1.1.3). IIpu 3TOM yacTuna Takxke yJIepKUBaeTCs

BJIaJI OT SIAEP.

Pucynok 1.1.3. IlimockocTHOE KaHATUPOBaHUE

Yactuna, Haxomsamiascss B PEXUME KaHAIMPOBAHUS, TEPSIET MEHBIIE
DHEPIUH, TaK KaK OHA MCIBITBIBACT MEHBIIEE KOJIWYECTBO COYIAPEHUN C
OTJICJBbHBIMU aTOMaMH. TpaeKTOpHsl KaHAIUPOBAHHOW YACTHUIBI TOpa3io OJIMKE K
OpsMOM  JIMHUHM, YeM TpPaeKTOpUsl JIO0O0W JApPYyrod 4YacTUIbl ABUXKYIIEHCS B
KpHUCTAJLJIE 110 3Ur3aroo0pazHoMy IMyTH.

Hapsny ¢ kaHaaupoBaHMEM  MOXET  HaOJIOJaeTcs  SIBJICHUE
JEKAHAJIMPOBAHUS — BBIXOJ 3apsKEHHOM YacTHLBl M3 PEXUMa KaHAIMPOBAHUS
U3-32 MHOTOKPAaTHOTO pacCesHHs Ha DBJEKTPOHaX M TEIUIOBBIX (DIyKTyanui
aTOMHBIX fAnep. B cBOr ouepenp, HEKaHAJIMPOBAHHBIE YAaCTUIBI MOTYT TaK e
IIpeTepIIeBaTh CIy4al pacCesHUs W CTaTh KAaHAJIUPOBAHHBIMU. OTO SIBICHUE
HAa3bIBAIOT PEKAHAIUPOBAHHEM. LIEHTpaJbHOW TOYKOM TEOpHM KaHAJIMPOBAHUS
SBJIIETCS. TaK Ha3bIBa€MOE MpPaBWJIO OOpAaTUMOCTH, M3 KOTOPOTO CIEAYyEeT YTO
BEPOSITHOCTA J€- U PEKaHAJIUPOBAHUsA DPAaBHBI, €CIIM DHEPTUEH IIOTEPh MOYKHO
npeHeOpeyb. DTO MpejcKa3aHue ObUIO MOATBEPKIEHO B 3KcnepumeHTax c¢ 2B
IPOTOHAMH, TJI€ YCIOBHE MPEHEOPEKEHUS FIHEPTUeH oTepr ObLIO COOIIOACHO.

B pabote [1] npoBenen Teopernueckuil aHaU3 dpPeKTa KaHATUPOBAHHSI.
OTKJIOHEHUE 3apsKEHHOM YacTUIIbI B KaHallaX KpUCTaJlia MPOUCXOIUT Oiaroaaps
SJIEPHBIM  CTOJIKHOBEHHUSIM, KOTOpBIE COMPOBOXKIAIOTCS OoJblIed mnepenava
DHEPIMM W HUMIIYJIbCA, YEM IIPU JJIEKTPOHHBIX CTOJIKHOBEHUSAX. ODJIEKTPOHHBIE
COYJapEHHUsl COIPOBOXKAAIOTCS MAJIOM Iepeaadyer MMITYJIbCa, TaK KAaK JIEKTPOHBI
ABJISIFOTCSL  JISTKUMU YacTUUaMH. lIpy SIE€KTpOHHBIX COYJAapeHHsX 4YacTula
BO30Y)K/Ia€T WJIM BBIPHIBAET 3JIEKTPOHBI ATOMOB, TepsAs IMPU 3TOM DHEPTHUIO.

PaccmoTrpenne sddexra kaHaTupoBaHHs MPOU3BOAUTCS B paMKax MaJIOyTJIOBOTO



paccesiHMsI, TaK Kak paccessHue Ha OOJbIlIre YIibl MPUBOAMT K IMOJHOM MOTEpe
IIEPBOHAYAJIBHOIO HANpaBieHUA. JIBMKEHHE YacTHI] B KPUCTAUIE MOJ MAJIBIMU
yriaaMu K aTOMHBIM psiilaM U IUIOCKOCTSIM B IIEPBOM NMPHUOJIMKEHUH OIMCHIBAETCS
HEIPEPBIBHBIM MOTEHIMANIOM. OCHOBA HEMPEPBIBHOTO NPUOIMHKEHUS 3aKIH0YAETCS
B [PEANOJOXKEHUU, YTO B OTKIOHEHUE TPACKTOPUM JAKOT BKJIAJ MHOIO
HocJeI0BaTeIbHbIX aTOMOB. HemnpepbIBHBIN NOTeHIMan OECKOHEYHOM aTOMHOM
LIETIOYKH HA PACCTOSIHUU I OT OCH LIETIOYKH UMEET BUJ:

U_s(r):Bv(R:W» 3

T
rac V (R) — IIOTCHIIHAJI B3aI/IMOI[eI‘/IICTBI/IH AAPO-aTOM, HOH-aTOM HJIM aTOM-AaTOM,

r’=x*+y?, d — paccTosHME MeXIy aTOMaMM B IIeMOuKe. 37ech yCpeIHEHHE

IMPpOU3BOAUTCA II0 HC3aBUCHMbIM TCIIJIOBBIM KOJICOaHMUSIM aTOMOB KpucTaja.

HenpepbIBHBIN NOTEHIMAN KaK (PYHKIHS paCCTOSHUSA OT INIOCKOCTH UMEET BUJL:
(1 (r) — _ [2, 2
U,(r)= Ndeer<V(R =y +r )>T dr,
0

rIe Ndp — CpeJIHEEe YHUCJIO aTOMOB Ha E€IWHUIlY IUIOLIAIU IIJIOCKOCTH, dp —

PACCTOSIHHE MEKy TIIOCKOCTAMH, 2 = X* +2°.

AHamn3 JBWKEHMS KAHAIMPOBAHHBIX UACTHII B KaHATAX KpPHCTAia
poM3BeleH B paMKaX KIACCUYECKOM MeXaHHKH. MHOTOKPAaTHOE paccesHHe
OTIMCHIBAETCA C TOMOIIBIO Au((y3HOHHOrO ypaBHeHHs. MCX0as M3 pasiTHuHBIX

10/1X0/10B, K03 duIreHTsl qudy3un noaydeHsl, Hanpumep, B [2] u [4].

1.2. 'eoMeTpHs KPUCTALIIOB

WNneanpHblll KpUCTAIUT ONPEHECIAIOT KAaK TENO, COCTOSAIIEE W3 aTOMOB,

PACIIOJIOKEHHBIX B IPOCTPAHCTBEHHOW PEIIETKE TaK, YTO MOYKHO BBECTH TpHU



—

BEKTOpa OCHOBHBIX TpaHCIAIMHA 8, D, ¢, o0Nagarommx CIeayIonM CBOMCTBOM.
[Ipn paccMOTpeHUHM 3TOM ATOMHOW PELIETKU W3 IPOU3BOJIBHOM TOYKM I pemieTKa

HMCCT TOT KC BUIO, YTO U IIPH PACCMOTPCHUHN U3 TOUYKHU r'

—

’ — — e —
r'=r+na+n,b+ngc, (1.2.1)

rac nl, nz, n3 — IIPOU3BOJIBHBIC LCJIBIC YHCJIIA. OcHOBHBIC BCKTOPLI TPAHCIIALINHN

—

Q

uHorza o0o3HavarTes 4, a,, a,.

CoBOKYNHOCTh TOYEK [’ TPH Pa3IMYHBIX 3HAYCHUSAX 4ucen N, N,, N,
OTIpEIEISIET KPUCTAIUIMYECKYIO PEIIETKY, MPECTaBISIONIYI0 COO0N peryispHoe
NEPUOINYECKOE PACIIOIOKEHNE TOUYEK B IPOCTPAHCTBE.

Onepannio mepeMelIeHns] KpucTaiia Kak IEJoro MapajuielIbHO CaMOMY

ce0e, ONKChIBAEMYIO BEKTOPOM

T=nd+n,b+nc=na +n,a, +na,
HAa3bIBAIOT TpaHCILSIUEH. BekTtop TpaHCHsAuuMyM KPUCTAUIMYECKOM PEMIETKH
CBSI3bIBACT JIIOOBIE JIBE TOUKU PEIICTKH.

HaumMenbmmii mo oObeMy mnapaienenunes, MOBTOPEHUEM KOTOPOTO
MOXHO COCTABUTHh BCH KPHUCTAJUIMYECKYH) PEIIETKY Ha3bIBAIOT JSJIEMEHTAPHOU
SYEHKON KpHUCTaIIa. DTON sUelKoil — ee pazmepamu, GOpMON U pacroIoKEeHUEM
aTOMOB B HEW — TOJIHOCTBIO OMNpPENEsAeTCS CTPYKTypa Kpuctaiia. Beauuunsl u
HaIpaBJIeHUs] Tpex pedep AIeMEHTapHOW SYEHKU 3aal0T TPU BEKTOpPA, KOTOPHIE
Ha3bIBAlOT OCHOBHBIMU MEPUOJAMHU PEUIETKHU; 3TO — HANMEHBIINE PACCTOSAHUS, Ha
KOTOPbIE MOKHO CMECTUTh PEIIETKY TaK, YTOObI OHa COBMECTUJIACH caMa ¢ COOO0M.

Bcé€ MHoOroo0pasme KpHCTAIZIOB MOXET OBITh ONMHCAHO € IMOMOIIbI0 14

TUMOB  KPHUCTAJUIMYECKUX  pemerok (pem€rok bpase), paznuvarommxcs

—

COOTHOIICHUSIMH MEXKIYy BEIMYMHAMU Oa3uCHBIX BEKTOpOB a, b, ¢, W yIJoB

mMexay HumH (puc. 1.2.1).
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Pomduvecras P Posbusecxas § ;
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Pucynok 1.2.1. YeTslpHaaaTe NpoCTpaHCTBEHHBIX pemieTok bpase. P — cuMBOJ IPUMHUTHBHOM
sueiiku, | — oObeMHOIIeHTpupoBaHHOU, F — rpanenenTpupoBannoii, C — ¢

[IEHTPUPOBAHHBIMHU OCHOBAHUAMH, R — pomMO03apruecKoit

[TonoxxeHne W OpUEHTALMS IUIOCKOCTEM B KpHUCTaulaX OIMKCHIBAIOTCS C
MOMOIIBIO HHACKCOB Mmmiepa. OHH ONIPENeIIIOTCS CISTYIONTIM 00pa3oM:
1. ompenensitoTcs TOYKH, B KOTOPHIX JaHHAas IUIOCKOCTh IMEpPEeceKaeT OCHOBHbIE
KOOPAMHATHBIE OCH, U MX KOOPJMHATHI 3alKCHIBAIOTCS B €JUWHUIIAX MOCTOSHHON

peIIeTKH;



2. Oepyrcsi oOpaTHble 3HAUEHUS TOJYYEHHBIX YHCE W TPUBOIATCS K
HaUMEHBIIEMY 1IEJIOMY, KPAaTHOMY Ka)KJIOMy U3 uucell. Pe3ynbTaT 3akitodaeTcs: B
KpYTJIble CKOOKH.

JInst mIocKOCTH, KOTOpas MepeceKkaeT OCH B TOYKax ¢ koopauHatamu 4, 1 u 2,

ob6parusie urcna oyayt 1/4, 1 u 1/2; cnenoBarensHo, HHAESKCH Musiepa Jis 3T

10ckocTh ecTh (142). Ecnu miockocTh nepecekaeT aHHyI KOOPAUHATHYIO OCh B
OECKOHEYHOCTH, TO COOTBETCTBYIOIIMI HMHIEKC Musiepa paBeH Hymt0. MHAEKCHI
Mumnepa nansi HaumOoJliee BaXXKHBIX IIJIOCKOCTEH B KyOMYECKHMX KpHUCTalIax

WUTIOCTpUpYIOTCs puc. 1.2.2.

Pucynok 1.2.2. Uanexcer Muiepa Uit Hanbouiee BaKHBIX IIIOCKOCTEH KyOM4eCKOTO KpUCTallia

HabGop wunmekcoB (hkl) moxer o3Ha4aTh OTIACNIBHYIO IJIOCKOCTh WM
CEMEMCTBO MApPAJUICTBbHBIX IIJIOCKOCTEN. ECHM IIOCKOCTh TEpPECEKaeT OCh B
00J1acTH OTPUIIATEIBHBIX 3HAYCHUH KOOPAMHAT, COOTBETCTBYIOIINM MHIEKC TaKKe

6yz[eT OTPULATCIIBHBIM HO 3HAK MHHYC B 3TOM CJIydac IMOMCHIACTCA HC IICPCO

WHICKCOM, a HaJl HUM — Hallpumep, (hkl).HJIOCKOCTH, DKBUBAJICHTHBIC T10

XapaKTepy CUMMETPHUH, 0003HAYAIOTCS WHIEKCAMH, ITOMEIICHHBIMH B (PUTYPHBIC



CKOOKM; HampuMep Bc€ TpaHM Ky0a MOXHO OOO3HAUUThH uepes {100}. Yacto

pocTOo roBopAT — 1mtockoctH (100).

Jlist 0003HaveHMsI HAMpaBleHUH B KPUCTAUIE TPUMEHSIOTCS WHICKCHI,
MIPEICTaBIISIFOIIIE COOOp HA0Op HAMMEHBIITUX IIEJIBIX YHCEN, OTHOCSIIUXCS MEXIY
co00ll Kak KOMIIOHEHTBHI BEKTOpa, MapaJIeIbHOTO JaHHOMY HANpPaBJICHUIO B
COOTBETCTBYIOIIEH CUCTEME KOOPAUHAT. DTH IIeJIble Yncia B Cay4yae HalpaBlIeHUN

MUIIYTCS B KBAaJIPAaTHBIX CKOOKaXx: [hkl]. B xyOuueckux KpucTajax HarpaBiICHHUE
ocu X 3alMIIETCS KaK [100], OTpHUIIaTeIbHOE HampaBjeHue ocu Y — Kak [O 10].

Jlnst onMcaHMs CEMENCTBAa HAIPaBICHUN HCIHOJIB3YIOTCS TPEYTOJbHBIE CKOOKU

<hkl> . HacTo mpocTo roBopsT — [hkl]-HaHpaBJ'IeHI/ISI.

B pabote paccmaTpuBaeTcsi KpPUCTALT KPEMHUS — alIMa30IMO00HbIN
kpuctayul.  I[IpocTpaHCTBEHHass pelieTka ajaMasza SBIsETCS  KyOM4yecKou
rPaHELEHTPUPOBAHHOW. EJMMHCTBEHHBIN mapamerp, KOTOPBIM XapaKTEepPU3YHOTCS
KyOHWYecKHe pelieTkd — JJIMHa peOpa OCHOBHOTO KyOa d, KOTOpas Ha3bIBacTCs
MOCTOSIHHOM pemieTku. s omucaHusi pacrojioKeHUsT aTOMOB B KyOHMYECKHX
pelIeTKax MCMOIb3YIOT MPSIMOYTOJBHYIO CHUCTEMY KOOpAMHAT ¢ ocamu X, Y, Z
BJIOJIb Tpex pebep KyOMdecKkoW suelkh, a B KaueCTBE CJAMHHIIBI HM3MEPEHUS
KOOpJMHAT BBIOMpaETCs MocTossHHAS d .

DneMeHTapHbIi KyO aiMa3omoJo0HOr0 KpHUCTala COJIEPKHUT BOCEMb
atomMoB. Ha puc. 1.2.3. npeacTaBieHO pacmoIO)KEHUE aTOMOB B 3JIEMEHTAPHOMU
KyOnuecko sueiike anmasza. KoopauHaTbel BOCBMH 0a3HMCHBIX aTOMOB  JIJIst
OCHOBHBIX IJTIOCKOCTHBIX HAMPABJICHUN aIMa30MO000HBIX KPUCTAIIJIOB MPUBEICHBI
B Tabsuie 1.2.1. 3mech KOOpAMHATEI aTOMOB MIPUBEICHBI B €IMHUIAX MOCTOSIHHOM

pewérku a,, a,, a,.



Pucynok 1.2.3. Pacniono)xeHue aToMOB B 3JIeMEHTapHOM KyOW4ecKOH siueiike anmasa (IpoeKIus
Ha rpaHb Ky0a). 3HaueHus ApoOeil yKa3bIBalOT BHICOTY aTOMOB HaJl 0a3MCHOMH MJIOCKOCTHIO (32

eIMHULY JUTHHBI IPUHATO pedpo Kyba)

Tabmuma 1.2.1. KoopmuHaTel BOCBMHU Oa3MCHBIX AaTOMOB JUISI OCHOBHBIX IUICKOCTHBIX

HaIpaBJIECHUHN aIMa30M0I00HBIX KPUCTAUIOB B €IMHUIIAX a,, ay , 4,

1 1 1 1 3 3
X ol = il fd d S
a =d, ' 0 0 2 2 4 4 4 4
1 1 1 3 1 3
o) a=d | Y o || o |5 |7 |5|37 |3
a=d ol e st
‘ 2 2 4 4 4 4
d | x | o | Y2 ]2 | V2|2 |2 |2 |32
Y= 4 | 4 | 2| 4| 2| 2 | 4
(110) a :i Y 0 ﬁ _ﬁ 0 0 ﬂ _ﬁ 0
vy /2] ' 4 4 4 4
a =d 1 1 1 3 3 1
’ 2 0 2 2 0 4 4 4 4
Y | o | L| L ||| |7
© 3 ! V3| V3 | VB | 43| 43| 43 | 43
d
(W a,="m0 |y | g [J2 | N2 o | o [ Y2 2]
4 4 4 4
2 1 1 1 1 3 1
a =./-d _ - il = ol d _
’ 3 4 0 4 4 2 0 4 4 2




Terpasmpuueckoe  pacmonoxeHue CBsi3ed B CTPYKType — anmasa
WUTIOCTPUPYETCS CXEMOW MPUBEIEHHOM Ha puc. 1.2.4. B cTpykType anMasa aToMbl

CBA3aHbI MCKOY c000M KOBaJICHTHBEIMM CBSI3SIMU.
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Pucynok 1.2.4. 300paxeHnne KpUCTAUIMUYECKOM CTPYKTYPHI aJiMa3a, MOKa3bIBAIOIIIEe

TCTPASAPUICCKOC PACIIOJIOKCHHUC cBsA3el

1.3. YpaBHeHus IBUKEHHUS TEOPUH TVIOCKOCTHOT0 KAHAJIUPOBAHUS

PaccmoTpuMm  ABMKEHHE YACTHIBI B TUIOCKOCTHOM KaHane. Cucremy
KOOpJIMHAT BhIOEpEM TakuM 00pa3zoM, uyToObl ock OX Oblia NMEepHeHANKYIIApHA, a
ock OY mapamienpbHa aTOMHBIM TUTOCKOCTSIM, HO TIEPIICHAUKYJISIpHA HAMPABICHUTO
MajicHusT MOHOB Ha KPHUCTAUI, KOTOPOE MPOUCXOAUT B HamparieHmn ocu OZ.
ByneM HCMonb30BaTh MajoyrjioBoe MmpuOmkeHue [8], koTopoe roBOpUT O TOM,
YTO B MPOIECCE JABMKCHUS CYIIECTBYIOT TOJBKO TOMEPEYHBIC CHIIbI, TPOJIOIbHBIC
e OTCYTCTBYIOT, TO €CTh

F =0.

A

D710 ycioBue oOecreyrBaeT JBMKCHHE YACTHUIIBI C MOCTOSHHOM CKOPOCTBHIO Ha
HEOOJIbIINX OTPE3KaX TPACKTOpUHU B HarnpasiieHuu ocu OZ.
JIBvokeHue OJHOW OBICTPOM dYacTHIBl OyJeM OMUCHIBATH C TOMOIIBIO

KIIACCUYCCKOT'O YPAaBHCHMA IBUKCHUSA



m==Fo (1.3.1)
rae M= )M, — pEIATUBUCTCKAas Macca, y = _ — nopenu-dakrop, f=—,
J1-p? C
U — CKOpOCTb BapH)KeHHOfI JaCTUObl B HAIIPpABJICHHUN OCH oz y C — CKOpOCTb
ou oy

cBeTa, M, — Macca mnokos; F =-— U , U :U(X) — IOTEHUHUAJIbHAA

o X
SHEPrus B3aUMO/JICUCTBUS KaHAJIMPOBAHHOW YaCTHUIIBI C aTOMAMHU KPUCTAJLIA.
[ToreHunanbHass SHEPrusi B3aUMOJICWCTBHUS KAHAJIUPOBAHHHOM YaCTHUIIbI
MOXeT OBITh TIPEJCTaBiIC€HAa B BHJE CYMMBI CBOETO CpPEIHETO 3HAYeHUs U
bayKTyanuu
U=U+d, (1.3.2)
rne U = U(X) — HEMNPEPBIBHBIN MMOTEHIHMAJ TIOCKOCTHOTO KaHalla. HenmmHenoe

cToxacThuyeckoe ypaBHeHue JBukeHHs (1.3.1) MoxeT ObIThb JHMHEAPU30BAHO C
MOMOILBIO PA3JI0XKEHUS B PsJl MO MajJoOMy IapaMeTpy, poJib KOTOPOrO HUIpaeT
GbaykTyanus NoTeHIUanNa.
Pewmenune ypaBaenus (1.3.1) Oyaem uckarb B BUje
X=X+ X. (1.3.3)
Crnaraemble B BbIpakeHHH 115 ToTeHuuana (1.3.2) pa3noxkum B ps MO CTENEHSIM
OX, B OKPECTHOCTSIX PErYJSIPHOM TPACKTOPUHU, YUUTHIBASI TOJBKO JIMHEHHBIE MO OX
YJICHBI
U =U(x)=U(X+X)~U(X)+U_ (X)X,
(1.3.4)
M = (X) = (X+X) = U(X).
Tenepb NpoeKLKs CUIIbI MOKET OBITH 3amcaHa B BUJE:
. _ Uy :_aU(x)_aUx(x)éx_aw(x)
" OX OX OX OX

WM Ke
F=-U,(x)-U,(x)-aU,(x)
rne ok, = —éUX()_(), — (QuIyKTyaluuu NpoeKIruu CUJIbI.

C ydetoM BblIIIE CKa3aHHOTO, ypaBHeHue (1.3.1) nepenuiiercs B BUje:



m(X +&)=-U_(X)-U_ (X)x-U ().
3 AaHHOI'O YpaBHCHHA MOKHO BBIICIINTb YPABHCHHC, OIIMCBIBAIOINUC JABHMIKCHHC
N0 PEryJsipHOM TPAeKTOpPHH (WIEHbI HYJEBOIO IMOPSIKAa MAaJIOCTH) U YpaBHEHHE,
OINIMCBHIBAKOIIIUE IBUXCHHUE I10 Xa0TUYECKOU TPACKTOPHUH (IIJIGHLI IICPBOTO ITOPAOKA
MaJIOCTH):

mX =-U_(x), (1.35)

moX+U_ (X)o = oF (X). (1.3.6)

C IMOMOIIbIO JIMHCAPU30BAHHOI'O CTOXACTHYCCKOI'O0 YPAaBHCHHA IBHIKCHHA

(1.3.6) coctaBuM cHUCTEMY YypaBHEHHMH Il CpeAHUX KBaapaToB (QIIyKTyarui

JUHAMHWYCCKUX BCIIUYHH:

— 5X? = 26X0X,
dt

<%6x6>'<:6_>'<2+6x65<:6_x2+1 5xoF, —U  6x%
m

9 5% — 25%5% = 2 5%OF, — U 5% .
dt m

Koppensauuu monepedHord KOOpPAMHATHI U (IIYKTyalldd CHUJIBI, CKOPOCTH U
GbayKTyalluu CUJIbl OonpeAesnmM, pemus ypasHenue (1.3.6). st 3TOro ucnosib3yem
METOJ] BapHalliK MPOU3BOJILHON MOCTOSIHHON. Pemenne OyaeM nckaTh B BUIC

X =C,0X +C,,,
nonaras, 4ro ko3(pduuuentsr C;, u C, ABIAOTCA QYHKIUSIMHA BPEMEHH. 31€Ch OX,

U OX, — PEILIECHUsI COOTBETCTBYIOIIErO OJHOPOAHOIO YPABHEHUS
U (x
&+4A)&:Q
m

CocTaBUM CUCTEMY ypaBHEHUH [JIsl ONpENeSeHNs HEU3BECTHBIX KO3(P(UIIMEHTOB

C u C,

C,6x, + C,6x, =0,
oF,

C,6%, + C,6%, =

Teneps, cornacHo metory Kpamepa, uckombie KO3hPUITMEHTHI ONPeaeIsaTCs KaK



oA 1 xR
OA L mEXOX, —O%0X,
A

C AV 1 6X16FX

A mEXOX, — 6%OX, |

rac
0 ox, SE 6x, O
A = =—0X,—*, A,= =0 X,
1= 10F, 5%, > m PR Lt
m m
oX, ~ 6X
A= X1 2= 6%,6%, — 6%,6X, .
% 6%,
OTtcroma nmeem
1 5x, t' 6F t/
Cl:__f / -2/_- / /dt,’
m+ 0x t° 6%, U —o% t7 ox; t

C—lj 5x, t' 6F t'
Lomd ox t 8%t =%t 6x, t

dt’ .

Takum oOpa3oMm, OKOHUATENbHO pemeHue ypaBHeHHS (1.3.6) MoxkeT OBITH

3aIIMCaHO B BHUJIC:

dt’.

1 jéFX t' ox t 6x, t' —ox t/ 6x, t

OX=—— I co 4/ — /
m ox 7 ox, t1 —ox t' ox, t

0

CocTtaBUM KOppeNsIlMOHHbIE (PYHKLIUN

tLOF t OF t' &x t &x, t' —ox t’oox, t
6X6Fx:—£f X X Xl 2 Xl 2

m S L Y B S / dt/'
X 0 ox, tt —ox t 6x, t

0

LOF t SF t &% t &x, t' —ox t’oox, t
6X6FX:—£ X X / X1 : 2. : 1 / 2 dt/
m-4 oOx 106X, t1 —ox t' ox, t

Ecnu xoppensunronHas GyHKUus QIyKTyarui ciiydaiiHON CHIIbI SIBJISIETCS JIebTa-

KOppEIUPOBAHHOU

SF tsF t' =D 6 t—t',

TO MOJYYUM CIAEAYIOIIHMN pe3yabTarT:



GXOF. —0, SXOF, — Duc (1.3.7)
2m

rie D, = f §F, t 6F t'dt’ — xommomenta ko>pduumenta aupdysun B

HanpasieHun ocu OX . OKoHUATeNbHO, CHUCTEMa YpPaBHEHHM I CPETHHUX

KBaaApaToB (I)JIYKTyaHI/Iﬁ JAUHAMHAYCCKUX BCIIMYHUH IICPCIINIICTCS B BUAC.

2 5X2 = 26%X0%,

dt
19 5x6x = 5 — 10,55, (1.3.8)
dt m

de_2 &_Uxxéxéx].

dt ml 2m

VYpaBuenue (1.3.5) um cucrema ypaBHenuit (1.3.8) pemrator 3amauy omnmcaHHS
poIecca MHOTOKPATHOTO PACCesSHUS KaHAJTWPOBAHHBIX YACTHI[ B INIOCKOCTHBIX

KaHaJIaX KpucCTaJlia.

1.4. YpaBHeHue »3BoJOHUM (QUIYKTyanuii mnomnepeyHod 3IHePrum

KaHAJIHUPOBAHHBIX YaCTHIY

Haitpem pemienue JMHEApU30BAHHOTO CTOXACTHYECKOTO  YpPaBHEHUS
nerkeHus (1.3.6) B mpocTpaHCcTBe MomepeyHbIX dHepruid. [lonepeunyio sHepruto

KaHaJIMPOBAHHOM YaCTHUIbI 3aMUILIEM B BUJIE
m., -
EL:EX +U(x). (1.4.1)
Hcnonw3ys Beipaxkenus (1.3.3), (1.3.4), MmoxkHO 3anucarhb
m — . 2 - — m W) O .2 T - T <
EL:E X+o0Xx 4+U X4 06X :E X7+ 2X0X+6x° +U X +U, X 6X,

rac



onpcaACACT CPCAHCC 3HAYCHHC, a

SE, =mxéx+U, X 68X

onpeaessieT QIyKTyalrio MONepeyHON YHEPTUN KaHATUPOBAHHOM YaCTHUIIbI.

CkopocTh M3MEHEHUs (DIyKTyaluyd TMOMEPEYHON SHEPTUH CO BPEMEHEM

HacTCA BBIPAKCHUCM
SE, =m X6X 4 X6X +% U, X 6x .

C yuetom (1.3.5) u (1.3.6) nepenuiem:

SE, =m Y X §F, —U 6 +i U, X &x =
m m dt
=—U,6X+X6F, — XU _6x+U_ X X6x+U, X 6x=X6F,,

SE, = X6F,.

X
DOBOJIOLMST  CpeIHEro KBajapaTta (QIYKTyaluid T[ONEepeYHOn

OIIMCBIBACTCA YPABHCHUCM

d 6E ° —
——L = 26E 6E, = 2mX*6%6F, 42U X6xSF,.

[Mpunumast Bo BHuManue (1.3.7), mepenuiiem:

2
d € ° o

dt XX "

(1.4.2)

SHEPTUU

(1.4.3)

CoBMecTHOE HHTCIPUPOBAHHUC KIIACCHYCCKOTO VYPAaBHCHHA JABHIKCHUA

(1.3.5) u ypaBuenus (1.4.3) mO3BOJSAET MOCTPOUTH 3aBUCUMOCTH CPEIHETO

KBaJpara (QUIyKTyallud TONEPEYHOW DSHEPruM Kak (QYHKIUU OT TJIyOHHBI

IIPOHUKHOBCHHA B KPUCTAII, HAYAJIbHBIX 3HAYCHUH HOHGpG‘-IHOfI KOOpAWHATBI U

CKOPOCTH.



1.5. YpaBHenue ®okkepa-Ilianka

VYpaBuenue Dokkepa-IlmaHka B mpoCTpaHCTBE MONEPEYHOM dHEprun E

MOJKET OBITH 3aIIMCaHO B ciaeayromem Buac

2

@:_iAp+1 0 . Bp’

ot oE, 2 OE]
rne p=p(E,,t) — oynkima pacupesenenus, 3aBHCAIAs OT MONEPEIHOMN
SHEPIUM U BpeMeHH, A= A(EL,t) — kodbdumMeHT cHoca (IpeidoBbIit
Koa(huireHT)

A=lim 2L
At—0 At

B= B(E L,t) — ko3 dunment auddy3un

2
B — lim AEL
At—0 At

[11].
OnpenenuM CKOpOCTh U3MEHEHUS MONIEPEYHON SHEPTUN CO BpeMeHeM. [
storo mpogudpeperuupyem (1.4.1) mo BpeMeHH M BOCIIOJIB3YEMCS ypaBHEHHEM

newkenns (1.3.1). [Tomydwnm:

dEti =mx&+U, ()%= x(mx+U, (X)) = X5F,.

Brons ki1accuueckux TpaeKTopuil OyJeT BBITIOTHATHCS COOTHOLIEHUE

dE, -

= XoF, ,
dt
rae X — peuienue ypaBHeHus HploToHa B OTCYTCTBUU (IIyKTYyaluii
mx =-U_(X).

Tenepr U3MEHEHUE MONIEPEYHON IHEPIUHU ONPEIEIISIETCS KaK



t+At
AE, = [ dtX(t')sF,(t).
t

Koaddumment caoca A nepenuiiercs: B BUJIE:

t+At

_I|m—'[dtxt)6F t').

At—0

Tak kak cpeanee oT QIyKTyalluyd CUJIbI PaBHO HYJIO, TO OKOHYATEIBHO MOJIYyYUM

PaBEHCTBO HYJIIO U ApeiidoBoro ko3¢ duimeHTa

A=0.
Onpenenum quddy3nonnbiii koapdunneHt B
t+At t+At
—i!m)A—tjdt jdt"x ")5F( "SR, (1').
3nece  OF, (t')SF, (t") =D, (t'\t")S(t'—t") — xommoHeHTa aUQQy3HOHHOM

MaTpuibl. Beipaxenue nis quddy3noHHOT0 Ko PUiiMeHTa nepenuieTcs B BUIE:

) 1 t+At 2
B=lim—— ! dt'D(t)%(t")

HJIN K€ OKOHYAaTCJIBbHO

—2
B=D(x)X(t) .
OnpenenuB kodddummenTsl cHoca u nuddys3uu, ypaBHenue Dokkepa-
[Inanka npumeT B ypaBHeHUs 1udPpy3un

@ _ D(X) )'((t)2 o°p
ot 2 OE?’

Pemenuem ypaBHenus auddysuu apisercs GyHKUus pacnpeneneHus ['aycca

2
P =—1_ exp[——(El — EZLO) j
275E” 20E]

TJIe JUIS CPEHETO KBaapaTa (IyKTyaluu IONepeuHol sHeprun SE° crpaBemBo

2
mo
cootrHomenue (1.4.3), E :TXO+U(XO) — TIOTIepeYHasi dHEPTHUs B MOMEHT



mo? mo?
Bpemenu t,, E = 2" +U (x) = " +U (X,) — momepeyHasi SHEPrusi B MOMEHT

BpeMeHU {.

1.6. Koappunuent nudpPysuu

CTOJIKHOBEHUS KaHAJIMPOBAHHBIX YACTHUI[ C AApaMH aTOMOB KpHCTAJlJIa U

UX 3JIEKTPOHAMU OIMHCHIBAIOTCS C MOMOUIBI0 KOMIIOHEHT AU () Y3MOHHON MaTpHILIbI

=l

Dr

=l

_ D, Dy T
D, D, T
B cmnydae ecnu koppensuuvoHHas QyHKIusS (QIyKTyaruid CiydailHOM CHIIbI

ABJIACTCA I[CHBTa-KOppeHHpOBaHHOﬁ, TO 3TH KOMIIOHCHTBI OIIPEACIIACTCA KAaK

D, r :fdtzéfi L of, r,,
roe i, ] :(X; y). Tak Kak cujga CBsi3aHa C TIOTEHOWAJIbHOM JSHEPTUEH

_08U(F)

5 TO KOMMIOHEHTHl Kod(dduimenta mauddy3uud MOTryT OBITH

ICPCIIMCAaHbl B BUIC

oJ r oU T,
D, 7 = [, Lo 2 (1.6.1)
8Ilaj2

[MoTennuansuas dHeprus B3aumoneiictus U I ObICTpOH YacTUIBI €

aTOMaMH KpHUCTaJUla TPEACTABISIET CO0OM CyMMy MOTEHIIMATBHOM DSHEPTHUH

B3aUMOJICICTBHsL OBICTPOM YaCTHIBI C sipamMd atoMoB kpuctamia U T u

MOTEHIIMAIBHOW DSHEPTrUHd B3aMMOJICUCTBUS OBICTPOM YACTHIBI C aATOMHBIMH

aekTpoHaMu kpuctamia U, T
ur=u,r +U, r.

nucl



[ToTenmuanpHast dHEPTUS B3aWMMOJICHCTBUS OBICTPON YACTHUIBI C SAPAMHU

aTOMOB KpHUCTajlIa UMECT BU/.

- ZZ,6°
UnucI r :Zﬁ’ (162)

rae Z,e, Z,6 — 3apsabl ObICTPOM 4aCTHULIBI U aTOMOB KPUCTAJLIa COOTBETCTBEHHO;

I — BEKTOp, ONMPEACISIIOIIMNA TOJOKEHHUE sipa HalleTalolleld 4acTuipl; I —

n

BEKTOp, OINPEACIAIOIINI MOJI0KEHHE N-TO sAapa Kpucraimna. Bexrtop I MoOXer

ObITh TpEACTaBlIeH Kak T =T+, 17 F;"o: a,n, an, an, — BEKTOp,

OHpCIleJIHI-OHII/Iﬁ MOJIOKCHUE N -TO y3j1a KpHCTﬁJ’IJ’IH‘IGCKOﬁ PCUICTKH, ax ) ay, az —

NEPUOAbl KPHUCTAJUIMYECKOW pemieTkn B HampaBieHun oceir OX, OY, OZ

COOTBCTCTBCHHO, nx, n N, — IMeJbIe 4YUuCa; 5|7n — BEKTOp CMCIICHUA N-TO

y! z
aroMa us3 y3ja KpI/ICTaJIJII/ILIeCKOI?'I PCUICTKH.
HOTeHHHaJIBHaSI SHEPrus BSaHMO,Z[ei/'ICTBI/ISI 6LICTp01‘/'I JaCcTHULbI C aTOMHBIMHU

ANIEKTPOHAMHU KPUCTaJIa UMEET BU/L:

~ Z, 7€’
U,(F)=-22 (1.6.3)
noj=L il —=1r,
J
rIe Fnj — BEKTOp, OMNPEICISAIONIMIA ITOJI0XKEHHE | -TO DJIEKTPOHA N-TO aToMa
KpucTayia, npuueM I, =T +JF , &F, — BEKTOp, ONPEACIAIONINIA CMEIIEHHE | -TO
J ] J

AJIEKTPOHA N -TO aTOMa KpHCTaJIa.

[IpunuMas BO BHHUMaHUE BBIIIE CKa3aHHOE, MOXXHO BBIJICIUTH SIICPHBIN
kodpunment nuddy3ur, OTBETCTBEHHBIM 3a paccessHUEe Ha  TEIUIOBBIX
GbayKTyanusix aToMOB U AJIEKTPOHHBIN KodhduimeHT nuddys3un, OTBETCTBEHHbIN
3a paccesHue Ha KBaHTOBBIX (IYKTYaIIUSIX aTOMHBIX DJICKTPOHOB:

DF =D™ 7 +D*F .

AHajioruuHoe pasaciIiCHUuEC MOKCET OBITH MNPpOU3BCIACHO W OJIs1 KOMIIOHCHT

muhPy3MOHHON MaTPUITHI:
Dij (F): Di?UCI (F)+ Di?l (F)’ (1.6.4)

rac



osU r OoU
Di?ucl F* :fdtz nucl l nucl
aIlaJZ

o, r, ooU
Di?l ? :fdt el 1- : el
01,0,

1.6.1. Ycpeanenune KoppeasinMoHHON PYHKUMH (IYKTyanuii NOTeHIHAIbLHOM
JHEPruM B3aMMOJCHCTBHA KAaHAJHPOBAHHON YacTHMIbI C SAAPaMH aTOMOB

KpHuCTaJlJ1a

OnpenenuM  QUIyKTyaruioo MOTEHIIMAILHON SHEPrUu B3aWMOJICHCTBUS

OBICTPOM YaCTHUIBI C SIAPAaMH aTOMOB KpucTaia oU KAaK Pa3HOCTb MEXIY

nucl

CPEAHMM 3HA4YCHUEM IIOTCHLHAIBHON DJHEPrUM <Unucl ?> U IOTEHIHAIbHOU

snepruent U,

&Jnucl r :<Unucl r >_Unucl r.

B nmanHOM ciydae moj CpeJHAM 3HAYECHUEM IMOTCHUUAIBHON 3HEPTUU <U nucl r >

Oynem monuMmath ycpeaHenue (1.6.2) mo He3aBHCHMBIM TEIUIOBBIM KOJICOAHHSIM

aroMoB Kpuctauia. COOTBETCTBYyIOIee cpenHee OynaeM 0003Ha4aTh CHMMBOJIOM
(...), . Takim oGpasom, <Unuc, r >E<UnuCI r >T.
PasnokeHne TMOTeHIHManbHON odHepruu B3ammogeiicteus U () B

uHterpain Oypre umeeT B (CM. TIPUITOKEHUE 5):

a’ 4ZZ o
nucl( )_Zf g - e Xp Ig r_rn

Ycpennenue nociaeIHero BblpaxeHus: OyeM MPOU3BOIUTE C MOMOIIBIO (PYHKINUU

pacupenenenus ["aycca:

f () = (2((a, ) exp| - 2(5~_)



rae of, — BEKTOp CMELIeHHMs N-ro aToMa M3 y3/1a KPUCTAUIMYECKOH pelleTKH,
<(6F )2> =<(é? )2> :<(6F )2> =0’ — CpelHui KBaapaT (IYKTyallMil TEIIOBBIX
nx ny nz n

KoJICOAaHUHI aTOMOB Kpuctajja N-copra B pacy€Te Ha OJHY CTCIICHBb CBO6OI[I>I.
By,HeM CUHuTaTb, 4YTO TCIIJIOBEIC KoJIcOaHHsI B TPCX IPOCTPAHCTBCHHBIX

HalpaBJICHUAX HE3aBUCUMBI, TO €CTb

for,)=1(x,) () (),

n

OX ?
exp|— > ; anamormuHo ompenemstores  f(dy,) m
o

rne  f(ox,)=
270l

f(z.).

Takum 00pazom, noayyaem

UnlF), =[O @0)U,..(0)

xfd ox, f(ox,)exp —ig,ox, fd oy, f(oy,)exp —ig dy, x

xfd 6z, f(oz,)exp —ig,oz, .
Bo3bMeM 011MH U3 MHTETrpaIoB, HAIIPUMED:

fd ox, f(6x )exp —ig X, =

1% ?

OX
= d &x exp|—ig.ox — —"
«fZWUi foo " p[ H% 202

AnasornyHo  Oepyrcd  uWHTErpansl 1o oy, W OZ,. YuuTBIBasg, UTO

gioi]

—expl| —
-9

0,0, +0,0, +0,0, =J°C”, OKOHYATEILHO MOTYIHM




Teneps GaykTyalys MOTEHIIMATLHOW SHEPTHH B3aUMOJIECHCTBUS OBICTPOI YaCTUIIBI

C jdapaMHi aTOMOB KPHUCTAJLJIA 3aIlIMIICTCA B BUJIC:

2 2
nucI Zf d g 47rzzze EXp Ig F’_F;O [eXp _IQ(SF; _exp[_g; ]]

(1.6.5)
Hcnone3ys Beipaxkenue (1.6.5), cocTaBUM KOpPPEIALUOHHYIO (YHKIIHIO
bayKkTyanuii TOTCHIUAIBHON DHEPTUU  B3aMMOJCHCTBUSA  KaHAJIMPOBAHHOMN

qaCTUOLI C AApaMH aTOMOB KpUCTAJlJIa

Ny,

i i d%§ . d%q (4722,8%)
&Jnucl(r)&)nucl(r):z_f(zﬂ_g)s (272_q)3( ﬂ-glzqzz ) eXp(lg(rl_rno))x
2

xexp(-id(F, -, ))(exp(—i@&ﬁh )~ exp[— g 202 B[exp(iq’ﬁnz )~ exp[— ngz D

HpOI/I3B€I[eM YCPCAHCHHUEC JaHHOI'O BBIPAXKCHUA 110 HCE3aBHCHUMBIM TCILJIOBBIM

KOJICOAHUSM aTOMOB Kpucrtajuia

ZI I

MMy

xexp(-id(F, -7, )) jw d(sT,) f (5rm)(exp(_ig5ﬁl)_exp(_ g v DX
i = N o qzaz
xJ;)d(é'l’nz)f(é‘l’nz)[exp(mé‘rnz)_exp[_ = ]j

Beraucnum OJMH U3 MHTCTPAJIOB, HAIIPUMCD,

<5U nucl (F

2
X

T d(5x,) f (5xn1)(exp(—igﬁxnl)—exp(_ 9 20 )J -

2 _2 2_2
= exp(—gx—;XJ — exp(—gx—zaxJ =0.

Taxum obpazom, ipu N, # N, paccMaTpUBAEMbIi KOPPEJISATOP PABEH HYJIIO:

<N

(8U 0 (1)U, (F,)). =0, ipu 1y 1.
Paccmorpum  caydair n =n,=n. B 23roM caydae cpenHee OT

KOPPEJSIMOHHON (DYHKITUU 3aMUIIETCS CIAEAYIOITUM 00pa3oM:



, ) d°g ¢ d°G (47Z,2,%)
(U (6) s () :ZI(Zn)J(znf P
(e .

—
o
—~
S,
=
N—r
—
—
S,
=
~—
VR
@D
x
o
—
Q
S,
=
~
@D
>< o
©
7~ X\
(=]
N
N—
N——
VR
@D
x
©
—
o)
%
=
~
@D
x
©
7~ X\

e’ D

- " d’g g Y A
<5Unucl(r)5unucl(r2)>T :Zj gsj(zﬂ)s 22 eXp(Igrl_lqrz)X

n (27[)
xexp(ir, (d- g))Eexp(WJ _ eXp(Wﬁ.

beckoHneunslie CYMMBI B IIOCJICAHCM BBIPAKCHUUN SABJIAIOTCS I[CJ'IBTa-(l)yHKHI/IHMI/I

Jupaka

CUSCE g’)=%exp(ma( ))zex.o(.na ~g,))=

- Jan,exn(ina, (3,9, nxp(na (0.-0))- 2 (0, -9, )o(a,-0.)

B cBoto ouepeib nebTa-(QyHKIMN CHUMYT MHTETpUpOoBanue o dg, u dg,

. ) dq dq dqz (472.28°)
(U (1) 0V () f I +q§+qf)(Qf+Q§+qzz)x
27y . _ .
x%exp(l(gxxi—qx><2)+'qy(y1—yz)+'qz(2rzz))X
yz

2 2 2 2\ 2
><£exp(——(gX gx) GXJ—GXD[——(QX +2qx)0x_q§ j—qzzafn.

3aMeHUM  pEeryJiipHOE€ pacHoJIOKEHHWE aTOMOB B  KpHUCTaIorpaduyeckon

INIOCKOCTH HA XaO0THYCCKOC, YCTPCMUB Gy n o, K OeckoHeuHOCTH. B aTOM clIy4dac

BTOpOE ciiaraeMoe B CKOOKax OyJeT paBHO HYJI0. MaJoyriioBoil XxapakTep

pacCCAHNA KaHAJIMPOBAHHBIX YaCTHUIL obecrnieunBaeTcs YCIIOBHUCM.

2 2 2 2 2
gX+gy+gz zgx-i_gyl



2 2 2 2 2
qx +qy +qz qu +qy '
I[anee A IIPOCTOTHI IIOJIOKHM O, = Oo,=0. C YU4CTOM JOTOIr0 IIOCJICIAHCC

BBIPAXXCHUC IICPCITUIICTCA B BUJIC

(4n2,2,6%)

dg.dg.d
(éUnuc,(Fl)aunud(rz»T:I dg, I q,dg,dgq,

X

(227 (22)° (97+a;)(af+a))
x%em(i(gxx1 = 0,X, ) +id, (Y, = ¥,) +10, (7, - zz))eXp(—W}

Breraucioum HHTCI'paJI 110 dqz , IPUHKAMAas BO BHUMAHHE, YTO Z = ut,

2

J da, exp(ia, (7, - 2,)) = [ da, exp(iva, (t, ~t,)) = ~~5(t -t,),
IOy YHM:

do, ;94,99 (472,28°)

X

<5Unuc| (Xl’ yl’tl)é‘unud (XZ’ yz’t2)>T :j

(22)* (2x) (9F +)(af +a))
xfjfa)l 5(t,—t,)exp(i(9,% —a,%, ) +id, (¥, — yz))eXp[—W}

(1.6.6)

1.6.2. Ycpeanenue KoppeasimuoHHON PyHKIUH (IYKTyalHil MOTEeHUMATbHOM
JHEPruM B3aMMOJEHCTBUA KAHAJIUPOBAHHOW YACTHIBI € ATOMHBIMHU

3JIeKTPOHAMHU KPHUCTAJLJIA

QuyKTyaluio NOTEHIIMAIBHONW SHEPTHUU B3aUMOICUCTBUS OBICTPOrO MOHA C

aTOMHBIMH 3JIEKTPOHAMM Kpuctamuia 6U I II0JIOKKMM PaBHOM Pa3HOCTH MEXILY
CPEOHUM 3HAYCHUEM TNOTEHIIMAJIbHOW HHEpPruu <UeI ?> A IIOTCHIIMAIILHOU

sHeprueit U, T :



Onpenenum <Ue, r > @nykTyauuu NOTEHUMANbHOM »Heprum U,

BBI3BIBAIOTCS KBAHTOBBIMHU (DIYKTYaIlUsIMH, KOTOpPBIE WCIBITHIBAIOT aTOMHBIC
DJIGKTPOHBI, M TEIUIOBBIMU KOJeOaHUsAM siep aToMoB Kpucramia. [IpomsBemem
ycpennenue (1.6.3) mo kBajgpaTy MOyl BOJIHOBOW (DYHKITMH aroma KpHCTalia u

110 HE3aBUCHMBIM TCIUIOBBIM KOJICOaHUSIM aTOMOB Kpucrajia. COOTBCTCTBYIOHII/IC

cpennne GyaeM o6o3Hadars (...) u (...) . Takum oGpasom, <Uel r >E <Uel r >eT.

Paznoxum B unTerpan ®ypbe NOTEHIHAIBHYIO SHEPTHIO B3aUMOJICHCTBUS

U, (F) (cM. npunoxenne 5):

szdg“ ; expi@?—?nj

Ycepennenue U, (F) 0 KBaJpaTy MOJYJIS BOJHOBOM (DYHKIIMHM aTomMa KpHUCTaylia

Oy/eM pOM3BOIUTH aHATOTHYHO [14].

PaccMOTpHM  COMHOKHUTETH Zexp igr—r . Eciu BomHoBas (pyHKIMS

e

HaﬂeTaIOH_[efl HJaCTHUIIbI, H&XOI[HHICfICH B OCHOBHOM KBAHTOBOM COCTOAHHUH

Y, =", (é‘l’h,...,é'ﬁu) HOPMHUPOBAaHa Ha CIUHUILY .fdrjl...d T

rie
dr; =d(§xj1)d(§yh)d(5zh) — DJJIEMEHT o0beMa J,-TO D3JIEKTPOHA HaJleTarolen

4aCTHIIbI, TO 3TOT COMHOXXHUTEJIb MOKHO II€pEeNucCaTh B BUAC:

I= e
ITocneaHee BRIpaKEHHE MOYKHO TPEOOPa30BaTh CIEAYIOMINM 00pa3oM:
ZZ ZZ 2
Zexp ig -1, :Zdej1 fHdei\\I!O\ exp ig I —T,
e 1:1 1= )

B ¢urypHbpIx ckoOKax CTOHUT TNIOTHOCTh BEPOSITHOCTH [T |, -TO AJIEKTPOHA:



p(ﬁfh)= ZZIﬂdTii‘TO‘Z '

1# )y
DNeKTpOHHAs! TIOTHOCTH p(&’h) HOPMHPOBaHa Ha IOJIHOE YHUCJO 3JIEKTPOHOB
aToMa KpHCTaJljIa!

Idfjlp(ﬁfjl)zzz'

C yuyetoM TOrO, uT0 I, =F + OF , paCCMATPUBAEMBbId COMHOXKUTEIb 3AIUIIETCSA B
] ]

BUJIE:
Zz - — — — — — ZZ 1 — -
Zexp ig r—r ) =expig r-r Z—dehp 6T, exp —iger, .
J:]- e Jl:]- 2

Bennuuny

F(9) = [dz, pleF, Jexp(~igeT, )
HazoBeM (opm-pakTopoMm aTtoma Kpuctamuia. Takum oOpa3oM, MOTEHIMATbHAsS
SHEPIusl B3aUMOACHCTBUS OBICTPOM YaCTHUIIBI C aTOMaMH KPHUCTalIa, yCpEeIHEHHAs
M0 KBaJIpaTy MOAYJISl BOJHOBOM (DYHKIIMM aTOMOB KpUCTasllia paBHa:

L d’g 4nze? N,
(Ueu(r)>e:—zn:f ngs Wgzle F(g9)exp ig r —r,

Kak u B mpenpinynmieM myHKTE, yCPEIHEHUE <Uel (F)>e 10 HE3aBHUCUMBIM

TEIJIOBBIM KOJIEOAHHSIM aToMa Kpucrtajajla IIPpOHU3BCACM C IIOMOIIbLIO (I)YHKI_II/II/I

pacnpenenenus ['aycca:

0

U, (F),, = [d(or,)f (@) U,,.(3)),

—00

—

[lpynumass Bo BHUMaHue, 4to I =T+

n Ny n?’

Bolpaxcerne it (U, (F)>e,T

IMCPCIUIICTCA B BUIC!:



S d’g 4nZe’ oo S
<Uel r >e,T:_Zf 27T93 - Zle F(g)exp Ig r_rno X

g
X f d ox, (6% )exp —ig,ox, f d 6y, f(6y,)exp —ig,oy, x

x [d 6z, f(52,)exp ~ig,62, .

HuTerpupoBanue NpUBEAET K CIEAYIONIEMY pE3yJIbTaTy:

2 2

" d’g 4nze’ o
(Ug 7 >e’T:—zn:f 27rg3 7rg21e F(g)exp ig ©—T, exp[—gza ]

Takum 00pa3oMm, BbIpaxkeHHWe s (QIyKTyallud TOTEHIUAIBHOW SHEPrUu
B3aUMOJICHCTBUS OBICTPOM YACTHIBI C IJICKTPOHAMH aTOMOB KpHCTajula HMMeEeT
CJICTYFOIIUN BUJL:

S d’g 4nze’ N
6Ue,(r):—2f ngs Wgzl exp ig F—r  x

(1.6.7)

z, 2 2
x> exp —ig 8t 461, — F(g)exp[—g; ]]
-1

Hcnonp3ys Beipakenue (1.6.7), cocTaBUM KOPPEISAIHUOHHYIO (PYHKIIHIO
baykTyanuii TMOTEHUIUATBHON DJHEPTrUW  B3aMMOJCHCTBUS  KaHAJIMPOBAHHOMN

YaCTHIBI C 3JICKTPOHAMHU aTOMOB KpUCTaJLIa:

ArZ e
5Ue|(f)5Ue.(F)—Zf f q . exp ig [ —T  exp —ig r,—F  x

Ny,

=1

2 2 2
x[Zexp —ig ot + o, —F(g)exp _99 ]]x

Z, q202
x| > exp iq or, +6%,  —F(a)exp|— ]]

=1
[IpousBeneM ycpemHeHue MAaHHOW KOPPENIAIMOHHON (QYHKIIMKA TI0 KBaJpaTy

MOJYJIsl BOJIHOBOM (DYHKIIMI aToMa KpucTasia:



47Z.€°
<&Jel(r)6uel(r) f f d q - EXp Ig |_ﬁ'_Fr;o exp _Iq F;_F;Wo X

M.y

2 2 2
><<[Zexp[i§ 8t 461, |—F(g)exp —g; ]]> X
€

=t

Z, . q202
X Zexp{id’ 6T, +or, | —F(a)exp| - > ] .

=1

h=1

z, 2 2
COMHOKHUTEb <[Zexp —ig or, + 6?,“ — F(g)exp[_ go ]]> T0CIIE
&
IPOLENYPHl YCPEAHEHHUS IPUMET BUJI:

zZ, g202
[Zexp —ig or, + 0%, —F(g)eXp[— 5 ]] =
&

h=1

=F(9)

z 2 2
- . 9o
E exp —igor, —exp[— > ]]

=1

AnHanoruuHoe BBIPAKCHHUC IIOJIYYUM U AJISI BTOPOI'O COMHOMKHTCIILA. OxoHYaTeJIbHO

CpeaAHCC 3aIMMIICTCA B BUAC!

4 Ze
(a0, E), =X [ qu R —exp g T—T, exp —iq -, x

M,ny

Z, gzaz Z, q202
> exp —iger, exp[ > ]][Zexp igor, exp[ > ]]

j1:1 j1 =1

xF(9)F(a)

[IpousBeneM ycpeaHeHue <5UeI (rH)oJ, (F2)>e M0 HE3aBUCUMBIM TEILJIOBBIM

KOJICOaHHSIM aTOMa KpHCTaJlja;

Adn/Z
(0,06, =3 [+ qu T gt x

Ny,

Z 2 2
xexp —iq r,—1, F(g)F(q)fd ot f((SFnl)[Zexp —igeT, _exp[_g o ]]x
jj=1

qZO_Z
fd ot f(oT, )[Zexp igor, —exp[ ; ]]

h=1




=0, moaTOMYy

2 2
WnTerpan fd o, f(or )[Zexp —igor, —exp[ 920

(U (10U, (1)), =0 mpu ny=n,, j, # J,.
PaccmoTpum citywait n, =n, =n, j, = j2 =]:

d3 47TZe — L
U, (m)oU (1) = Zf f q o exp ig r, ,—h, eXp—iq n—r X

z, 2,2
x[Zexp[—iQ 8t + o1, }—F(g)exp _ ]]x

j=1

z, 2,2
x[Zexp{id’ 8T, + oT, }—F(g)exp 4 ]]

=1
[IpousBenem onepanuy yCpeaHEHNs TaHHOU KoppemmHOHHoﬁ GyHKLIHH:

d3 d3 47rZe L o
<6Ue,(r)6Ue|(r) Zf g f q % exp ig n—r,  exp —iq r,—r X

Zy
><< Y exp —ig or, + ot —F(g)exp[— >

j=1

Z 2 2
x| D exp i of, + ot —F(q)exp[—q; ]]> :

j=1

HpoaenaB HGO6XOI[I/IMI>I€ BBIYUCJICHUA, IIOJIYYHUM!

g2 47TZe .
(U, (F)0U, (B)), , f f A exp ig T -1, x
S o2 2 2 2
xexp —ig r,—r, |F |§—d exp[# +F(g)F(q)exp[#]].

Kak u B mpeapiayiieM MyHKTE, 3aMEHUM OECKOHEYHYIO CyMMY JeibTa-(yHKIUen

Jupaxa, npounrerpupyem no dg, u dg,, yctpeMum o, U 0, K GECKOHEYHOCTH,
INPUMEHUM YCIIOBHE MaJIOYTJIIOBOTO PAacCEsHUs, U BRIYUCINM UHTerpan no dg,. Tak

Ke OJIs1 IPOCTOTHI ITOJIOXKUM O, = O'y =o. B utore IMOJIy4YHM.



3

X

f dgx quxdqy ArZe’ 2 21
P 9l+q) 9l +q vaga,

9,—q, o’
2 )

<6Uel X:L’yl’tl 6Uel X:L’yl’

X6 4, —t, exp i g% —aqX, +iq, ¥,—y, F |§—d| exn[

1.6.3. Komnonenra D (X) ko3(pPpuumenta nupdpy3nu

Cornaco (1.6.4) paccmatpuBaeMasi KOMITOHeHTa UG (y3HOHHOU

MaTpulbl COCTOUT M3 JIBYX CllaraCMbIX:

0

nuc 0
Dxx I( ) dt &6_ nucl(xl’yllti)gunucl(X21y2’t2)’

Del Jdt __éU X1 yl’ ) (Xziyzitz)'

Onpenemm D) (). Mcnonssys (1.6.6) sanumem:

il () [qp 00 doda, (4722€°) (22
D ( )_Idtzﬁxiﬁxzj( j ) (gx+q )(qx+q)0ayaz5(t1 tz)

(gx _qX)ZGZJ_

xexp(i(gxxl—qxxz)“qy(yl_yz))eXp[_ 2

Bo3bMeM MPOU3BOIHBIE 2w 2 Tax xax % =%(t), X% =%(), i=¥(t),
ox,  0OX,

Y, =Y,(t,), To mocne wuurerpupoanus mo dt, momydmm, dYTO X =X, =X,

Y, =Y, =Y. Komnonenra DJ”(X) xoddpuumenta nuddysnu nepenuumercs B

CJICIYIOIIEM BU/JIC



X

2
nucl _ dgx dqxdqy (47[212262) (27[)3
O (X)_I(zyz):“I (27)° (95 +ay)(as +a5) vaa,

<9,0, exp(ix(g, _qx))exp{_(gx -q,) o J

2

Beruncium unterpan o dg, aHaJOrMYHO CIEAYIOUWEMY

i 1 o
J.le(a2+x2)(b2 +x*) ab(a+b)’

—00

IMOJIYyUYUM

DnUCI(X)ZJ dgx J. dqx (472'2282)2 T (272-)3X
XX (27[)3 (272_)3 17=2 (gx+qX)Uayaz

xexp(ix(g, —qx))exp(—(gX ~4.) o’ J

2

[lepelinem k nepeMeHHbIM Burnepa:

dQd
g,+4,=Q, 9,-0,=q, dg,dq, = qu
n dQ dq 2)\2 H q262
DM (x)= | = |—=(47Z,Z,¢ exp(ixq)exp| — :
XX ( ) IQ '[(272')3( Ll ) ZUayaZ p( q) p( 2
Bemnunna L, = J d—Q — 3TO, TaK HA3bIBAEMBIH, SIACPHBIA KYJIOHOBCKUM JIoTapuM.

SAnepHbIit KyJIOHOBCKHI Jiorapudm B cilydae pelsiTUBUCTCKUX SHEPTH paBeH
138
L =2n [ ]
7/ %

1,29aEM,
L =In . :
ZlZZe (Ml + M 2)

rne E — sneprus wactuusl; M, M, — macchbl ObICTpO YacTULBI U g]Ipa aTOMa

B ciiydyae MaB-sHepruit —

KpHUCTaJLIA.

Bprunciaum ocraBuuniicss HHTErpal



jdqexp(ixq)exp[—qzzazjz mexp(— Xzzj.

o 20
B pe3ynbraTe mMONMYyYHM KOMIIOHEHTY D:;c'(x) kodpbunmnenta auddy3un B
HampaBiaeHun ocu OX :

(2.2,6*) 2z

DL (%)= va,a, o
y“z

XZ
exp| — L. 1.6.9
o2 | @69)

Onpenenum DS x . Mcnons3ys (1.6.8) 3amumem:

2
d(xyo (g 00 [0 rdada,  (47Z€)  (2z) o
0= o o e ey CETCE T

(gx _qX)z 62],

xexp(i(gxxl—qxxz)+iqy(y1_yz))F(‘g_q‘)eXp[_ 2

roe F ‘Q—Cﬂ =F 0,,0, . Tak kak ¢opMm-hakTop CBsI3aH C DICKTPOHHOU

motaocThI0 P(T)

MOXXEM 3aIlnucarTh:

F g,.,9 :fdxpxexpig—q X .
X1 7IX ayaz X X

Bo3bMeM npou3BOHBIE = u uHTerpan mno BpemeHu. KoadduimeHnt
X X
1 2

mudPy3un nepenuieTcs B CAeAYOIEM BUJIE:

X

2
s p dg, ;dodo, (472,%) (2x)’
D ()= (zfr)?’I (27) (g5 +a))(a +ay) vaa,

(gx _qX)Z 62],

xgquexp(iX(gX—qx))F(‘g_qDeXp[_ 2

Beruucnum unrerpan no dg, , momy4nm



)  dg, da, o2 2 T (Zﬂ)?» )
D, (X) = I(Zﬂ)s I(Zﬂ'f (47221 ) (gx + qx) va,a,

xexp(ix(9, ~d,))F (|9 —q'\)exp(—(gng) : J

ITeperinem k iepeMeHHbIM Burnepa

el d d 2\2 H ~ R ‘o’
Dxx(x):jg‘[ﬁ(wrzle ) ZUZa exp(lxq)F(\g—qDexp[_q; j

y—z

: dQ
exp Igx . Bemuuuny L, :I— HA3bIBAIOT SJIEKTPOHHBIM

rae Fq:fdx'zx

yYz

KYJIOHOBCKUM JIOTapu(MOM. DIIEKTPOHHBIN KyJTOHOBCKHI Jlorapudm paBeH
L, = In(wj—ﬂz,
rjie M, — Macca 31eKTPoHa; C — CKOpOCTh cBeTa; E,, =M.’ — sHeprus mnokos
L — JopeHi-pakrop, [ = v ol —
J1-p? C

CpeIHUI HOHU3alMOHHBIN oTeHman kpuctaia, | =11,57,.

anekTpoHa, E,, =0,511MbdB; y =

2_2
q; j IIpencraBum

Beramcnum  mHTETpa J dgF (q)exp(ixq)exp(—
MOCJICTHIOKO SKCIIOHEHTY B MHTETpaJie KakK

ool -7 )= g [ exp[ = ]

Takum 00pa3om, UMeeM:

quF(q)exp(ixq)eXp(—ngzj:

- Td 5X) expL (522jjdqp(q)exp(iq(x—&)).

2n0° -

[IpumenuB K TMOCIeAHEMY BbIpaxeHuto s ¢opM-pakTopa oOpaTHOE

npeoOpazoBanue Oypbe, NOITyUHM:



F(a)

. exp(igx),

p(x I dg—~
a
TO €CTh BHyTpeHHI/II?'I HHTCTpAJI IIPCACTABIIACT CO6OI>1 QJICKTPOHHYIO INIOTHOCTS!:

jqu(q)exp(ixq)exp( qo ) \Z/ﬂai Td(&x)exp(— (5)(): Jp(x—5x).

20

OcraBmmiics HHTCI'paJl — 3TO YCPCAHCHUC BHCKTPOHHOfI IIJIOTHOCTH II0 TCIIJIOBBIM

kosneOanusiM. Terneps HHTEpPECYIONIUI HAC UHTErpal MEePENHILETCS B BUC:

j =2maa,(p(x)), .

2

2
. o
quF(Q)exp(lxq)eXp(— =
OKOHYATEILHO KOMIOHeHTa D (X) koadurenta nuddys3uun 3anuieTcs B BUIEC

Djl(x):(zlez)z%”{,;(x)}T L.. (1.6.10)

DNEeKTPOHHYIO TUIOTHOCTh HM30JMPOBAHHON aTOMHOM IEMOYKU B IJIOCKOCTHOM

KaHaJIC IIPCACTaBUM B BUJIC PA3JI0KCHHUA B TpI/IFOHOMGTpI/ILIGCKI/Iﬁ paa CDpre:

BPE %ZF(Q)EXPE ZngCOS(Zﬂ'LZ—:(X— X )D

rme d — mepuoa pelieTKH KpUCTalIa; F(g) — (dopm-dakTop aromoB

Kpuctaijia, o — CpCaAHAsad aMIUIUTyaAa TCIIJIOBBIX KoJIcOaHUH aTOMOB KpucTajia,

~ . 27n

d — BeKTOp OOpaTHOM peImeTKH, { = X, N, — 1enoe 4ucio, a, — Hepuoj
a'X

KPUCTANIMYECKOI pemeTky B HampasieHuH ocu OX ; X, — KOOpAHWHATHl aTOMOB

AIIEMEHTAPHOM SYEHUKU KPUCTAILIA.

Wrak, komnoHneHnTa D (X, y) koddunrerTa nudpy3uu nmeeT BUI

DXX(x):(ZlZze ) @exp[—zx—:J L, +(zle2)22—7’<,o(x)>T L,. (1.6.11)
o)

vaa, o v



1.6.4. Komnonenta D, x kod¢pduunenta nuddysnu

Cornacmo (1.6.4) paccmatpuBaeMasi KOMITIOHEHTa U (y3HOHHOU

MaTpHuObl COCTOUT U3 ABYX ClJIaIraCMBbIX:

D:;CI (X) :Idtz &aéunucl (Xl’ y1’t1)5Unuc| (Xza Y2’t2)1

D (x)= [ du%ayilaue.(xl,yl,tocsue.(xz,yz,tz).

OnpenenuM KOMIOHEHTY D:y”"'(x) koaduimenta nuddysun. C ydgerom

(1.6.6) umeem:

nucl - _ dgx ququ (472’2122@2)2 (272-)3
Dy (X) .’.(2”)3,'. (27[)3 (gi +q§)(qf +CI§) va,a,

(gx _qX)2 GZJ_

xdy %

xexp(ix(gx—qx))exp£— >
Jlanee npounterpupyem no dd, . Jlnist 5T0r0 BBENEM HOBBIE IEPEMEHHBIE

t=q;, dt=2q,dq, .

[Tomyuum

¥ q Tdt 1
q y [ .
_L B loz+ ) (o2 + ) 0[2 (t+95)(t+95)

Tak kak npeaensl UHTETPUPOBAHUS COBITAIAOT, TO JaHHBIM UHTETPAJI PABEH HYJIIO,

CIIeI0BATENBHO, paBHA HYIIIO 1 kKommonenTa D™ (x) kosddurmenta mu 3UU
Xy Yy

Dy (x)=0. (1.6.12)
OnpenenuM KOMIOHEHTY DZ', X kodpdunuenta aupdysun. C ydetom

(1.6.8) umeem:



2
Do (g © 0 dg, (doda,  (47Z€)  (22)
ny(X)—jdtg ox, 8)/1".(27[)3'[ (27[)3 (gf+q§)(qf+q§)uayaz S(t,—t,)x

(gx _qX)Z GZJ,

xexp(i(gxxl—qxxz)-l-iqy(yl_yz))F(‘g_q‘)eXp(_ 2

o 0

Bo3smeM nmpousBoaHbIe — VR IpOUHTETrpHUpyeM 1o dt,,
1

ai_ do, (doda,  (47Z¢)  (22)
xy( ) J.(27z')3'[ (27[)3 (gf+q§)(qf+q§)vayaz

(gx _qX)ZO-Z}

2

X

xg,d, exp(ix(g, —a,))F(|g —G\)eXp[—

rre F |g—d| =F g,.q, .

IIpounterpupyem no dq, . Kak nokasano Bbiie,

a, 0
g +0)(as +a7)

J da, (
MOATOMY
D)f)',(x):O. (1.6.13)
Urax, komnoneHra D, X kos¢pduimenta muddysnn paBHa HyIHO

D,, x =0. (1.6.14)

1.6.5. Komnonenrta D, X ko3dpuunenrta nupdysun

Craraemble, COCTaBIIIOLIME, JAaHHYK) KOMIIOHEHTY OTJIMYAKTCS OT
ClIara€MbIX pPAacCMOTPEHHBIX B TPEABIAYIIEM NYHKTE TOJBKO MOPSAKOM
muddepennupoBanus. Tak Kak CMeNIaHHBIC MPOU3BOAHBIC PABHBI, TO MOXKEM

3aIucarTthb.

D x =0, (1.6.15)



D, x =0. (1.6.16)
Kommonenra D, X koadduimenra muddysnn paBHa HyIr0

D, x =0. (1.6.17)

1.6.6. Kommnonenrta D, X kod¢pduunenta nuddysnu

AHQJIOTMYHO BBIIIE IPUBEICHHOW NPOLEAYPE OIPEAECIUM KOMIIOHEHTY

D;‘;C' (x) xoaddunmenta muddysun. Yunrsipas (1.6.6) nmeem:

. dg, dgdg, (47[2122(92)2
D (x)=[ =]

» T n en) (@) (@)
Xf)iﬁa)l qiexp(ix(gx—qx))exp{—Wj.

Brraucium uaterpan no dg, aHaTOTMYHO CIEAYIONIEMY

° NG Vs

_de(a2+x2)(b2+x2) T a+b’

nepeiieM K rnepeMeHHbIM Burnepa, BBeneM siIepHbIN KYJIOHOBCKUU jorapudm u

npouHTerpupyem no dq. [locme npoaenaHHbIX ONepaui MOJTyIrM:

22.8) 2z (X
Dnucl :( 172 _ L. 1618
W (X) vaa, o exp[ 20'2] " ( )

Ornpenenum COCTaBIISIONIY IO D;':/ (X) kod(punuenta quddy3uu:

2 3
] dgx dqxdq ViYA e2 27
D;, x :f f f L - ! — X
8y1 8y2 7T gx + qy qX + Qy Uayaz

gx_qx 20_2]

X6 t,—t, exp i 9% —q%, +iq, y,—y, F |§—d|exp|—




— — X -
e F ‘Q—Q‘ =F g,.,q, :fdx’o—exp 1 g,—q, Xx . Kak wu mnpexnae,
aa
y~z
0 0
OpoaciacM  CICAYIOIIHME OIepaluu: BO3bBMEM  IPOU3BOJHBIC W’ W’
1 2

npounterpupyem mo dt,, npounrerpupyem no dq,, mepeineM K NEPEMEHHBIM

Burnepa, BBeieM 3JEKTPOHHBIN KyJTOHOBCKHII JJorapu(M, BHIYUCIUM UHTETPA 10

el
dq . B utore IMOJIYUYHM CJICAYIOIICC BLIPAKCHUC IJIA Dyy X

D! x = Z¢? 22_”(,) x). L, (1.6.19)

v

Wrak, komnonenta D, X koaddummenta nuddys3uu umeer Bu

vy

2
228 2n

va, a, o

2
X
D,, X S

yy

(1.6.20)

(]

2
L+ 2 o x ), L.

exp[

Tak kak Mbl UMEEM TOJBKO ABC HCHYJICBBIC KOMIIOHCHTLI KOB(I)(i)I/IIII/IGHTa

muddy3un, To B JanbHeeM Oy1eM UCIoIb30BaTh CIEAYIOIIee 0003HAaUCHHE
Dx =D, x=D, x. (1.6.21)

Takum o00Opa3oM, CTOXAaCTUYECKHHA TIOIXOM K TEOPUHM KaHAJTUPOBAHMSI
MpUBEI K BBIPAKEHUSAM IS siiepHOTO Kod(duimenta nuddys3uu, KOTOPHIA ¢
Jorapu(pMUYECKOW TOYHOCTHIO COBMAIAET C TEM, UTO OBLI MpeIokeH JImHxapaoM

[2], a aist anmekTpOHHOTO — ¢ TeM, 4To ObLI npeanoxeH KuraraBoi u Oryku [4].

1.7 MoaenupoBaHue NPOUECCOB, CBA3AHHBIX C KAHAJIMPOBAHUEM

Panee Oblnma pa3paboTaHa KOMIIbIOTEpHAs MpoOrpaMMa MOJETUPOBAHUS
TPACKTOPU  OBICTPBIX  3apsDKEHHBIX YacTUI[ B  IUIOCKOCTHBIX  KaHaJlax
aIMa30MoA0NOHBIX KpucTauioB, Ha3BanHas PST (the Phase Space of Transversal

coordinates and velocities), T.K. MoJaenupOBaHHE NPOU3BOAUTCS B (Pa30BOM



IIPOCTPAHCTBE IOMEPEYHBIX KOOpPAMHAT W ckopocteit [15]. Ilpumensembiid s
pacu€ra TpPACKTOPUW YHWCIEHHBIM METOJ OCHOBAH HA PEIICHUH CHCTEMBI
mubdepennnanbubix ypaBHeHuid Pynre-Kyrtet 4 mnopsiaka. Ilporpamma PST
MO3BOJISIET BECTH PACUET IS ITOJIOKUTEIBHO U OTPUIATEIIBHO 3apSKEHHBIX YaCTHII
(IpOTOHBI, MOHBI, TSHKEIbIE OTPUIATENIBHO 3apSKEHHBIE YACTHUIBI) B OJHOM M3
Tpex IUIOCKOCTHBIX HampasieHuid (100), (110) u (111) kpucrtamioB KpemHUA,
repMaHusi U anMasza. Bo3MojkeH BbIOOp MOTEHIIMANIa WM30JUPOBAHHOTO aToMa U
AJIIEKTPOHHOM IUIOTHOCTH B mnpubmmkenun Monsep wimm Joins-Tépuepa. C
nomomplo nporpammbel  PST  MOXHO NOIYy4YUTh CIEAYIOIMIME pPE3YJIbTaThl:
TpaekTopuu,  (pa3oBble  TPAaEGKTOpPUHU,  YIJIOBbIE W  MPOCTPAHCTBECHHBIC
pacrpesenieHus i JIF0OOro CEYEeHHs] KpUCTaula, CHEKTPhl MOTEPh DHEPrUU Ha
ANIEKTPOHAX,  BEPOSTHOCTH  JICKAHATMPOBaHUS  (BBIXOJbI  4YacTUI) U
OpUEHTAIIMOHHBIE 3aBUCUMOCTH.

B npunoxenusix 1, 2, 3, 4 mpuBeneHbl YpaBHEHHS JBUKEHUS TEOPUHU
OCEBOT0 KaHAJIMPOBAHMS B MPOCTPAHCTBE MOMEPEYHBIX KOOPIMHAT U CKOPOCTEN, B
MPOCTPAHCTBE TMOMNEPEYHBIX JHEpruii u ypaBHeHue Dokepa-Ilnanka B
MPOCTPAHCTBE TMOMEPEUYHBIX JHEPTUil, a TakK K€ IOJYYEeHbl KOMIIOHEHTHI
kodpdunmrenta auddy3un, HUCXOAS U3 CTOXACTUUYECKOTO IOAXOJa K TEOpUHU
KaHanupoBaHus. K HacTosimieMy BpEMEHHM TMOJTOTOBJIEHBI BCE JaHHBIE IS
Moau(dUKAIUKM  BBINIE  yKa3aHHOW  TporpaMMmbl  JJIsi  ClOydass  OCEBOTO
KaHaJIUpoBaHUs. B nanpHeillem miaHupyeTcs pean3anusi IporpaMMbl HA OCHOBE

YPaBHEHUM ABWKEHUSI OCEBOTO KAHAIUPOBAHUS.
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KaHaJIUpPOBaHUs
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KaHaJIUPOBaHUs
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I1.4.3. Komnonenra D, X,y xo3dduunenta mudpdysun
I1.4.4. Komnonenra D, (X, y) koadunmenta nuddpysuun
[1.4.5. Kommonenra D, (X, y) koadunmenta nuddysun

[1.4.6. Kommonenra D (X, y) kodddunmenta nuddy3un
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aTOMOM KpHCTaJI1a

2.1. ®yppe-KOMIIOHEHTA NOTEHIIMAIBHON JHEPTUN B3aUMOACHUCTBHS HAJIETAXOLIETO
aToMa ¢ aTOMOM KpHUCTaJlIa
2.2. lloreHnmanpHas dHEPrUs B3aUMOJEHUCTBHUS HAJIETAIOIIET0 aroMa C aTOMOM
KpHCTaJIa
2.3. lloreHnnanpHas SHEPrUs B3aUMOJCUCTBHUS HAJIETAIOIIETO aToMa C aTOMOM
KpUcTaJUIa ¢ yuetoM npuniuna [laynm
2.4. IToTeHuManbHast SHEPTUS B3AMMOJECHUCTBUS MOHA C aTOMOM KpHCTasia
2.5. TloreHumanpHas 3HEpPrUs B3aWMOJCKCTBUS HMOHAa C aTOMOM KpHCTajuia ¢

yaetom npuHuumna [lTaynm



I'nasa 2
IHoTeHMAJBbHASI JHEPTUsl B3AUMOAEHCTBUS OLICTPOI

HaJIeTAKIIEed YaCTUILI C ATOMOM KpHucCTaijia

2.1. ®ypbe-KOMIIOHEHTA MOTEHUHUAJIbHON JHEPTUH B3aUMO/IeUCTBUS

HAJICTAIOIIECI0 aTOMa ¢ aTOMOM KPHCTAJLJIA

PaccmMoTpuM nponecc CTONKHOBEHUS aTOMa ¢ 3apaaoM Z€ ¢ KPUCTaLIOM,
3apsj aTOMOB, KOTOporo Z.e. byaem roBoputs o OBICTpOM aTOMe, MOApa3yMeBasd,

YTO CKOPOCTh HAJIETAIOUIEr0 aToMa OOJbIIE CKOPOCTEH ATOMHBIX 3JIEKTPOHOB.
JpyrumMu  cioBaMM, paclpeiejieHue JJEKTPOHOB B aTOME 3a  BpeMms
B3aUMOJICUCTBUSL HE HW3MEHAETCS. OJTO NPUOMMKEHUE TEOPETUYECKH U
AKCIIEPUMEHTAJIBHO MOATBEPIKICHO JIJII CUCTEM JIBUTAIOIIUXCA C OKOJOCBETOBOM
ckopocThto. Tak cormacHo [l] B cucremMe KOOpAMHAT, JBUTAIOLICHCA CO

CKOPOCTBIO, COOTBETCTBYIOIIEH JsopeHi-paktopy ~v~1,4—16 c TOYHOCTHIO

nopsinka 10* —10° mabmomaercs 3amesyieHHe BpeMeHHU. JIaHHOE NPHOIIKEHNE
NPUMEHUMO U K HHEPTHBIM ra3am. B [2] momaraercs, 4To 351eKTpOHHBIE 000JI0OUKH
aTOMOB MHEPTHBIX Ta30B P B3aUMOJICHCTBUN NCKAKAIOTCS HE3HAYUTETHHO.
[ToTennuanpHast PHEPTUST B3aMMOJICHCTBHS HAJIETAIONIETO aTOMa C aTOMOM
KpUCTa/UTa CKJIQIbIBACTCS W3 KYJIOHOBCKOTO IIOTEHIIMAjda AaTOMHBIX sIIep,
KYJIOHOBCKUX ITOTCHIIMAJIOB aTOMHBIX 3JICKTPOHOB, KYJIOHOBCKHX TIOTCHIIMAJIOB
sJlpa HAJIETAIOIIETO aTOMa C AaTOMHBIMU AJIEKTPOHAMH KPHUCTAJIAa M KYJIOHOBCKHUX

INOTCHIMAJIOB aTOMHBIX SA€p KpHUCTalJIa C 3JICKTPOHAMH HAJICTAOMICTO aToOMa.



Vi 4, & e? 4, Z.e?
V= TR £ +3°% = N Zz—e, (2.1.1)

2‘ h=1 =1 ‘ 1 I '2 =1 ‘ h=1 ‘rz

rac fi 151 F; — BCKTOPLI, OIPCACILAIOIINC ITOJIOKCHUC Apa HAJICTAIOIMICTO aTOMa U

—

aToMa KpHuCTaJlIa, Fljl )41 rzjz — BCKTOpHBI, OIIPCACIIAIOMUC ITIOJIOKCHHUC jl-I‘O

QJICKTpOHA HAJCTAOIICTO aTOMa H jZ-FO QJICKTpOHA aTOMa KpHUCTAJlIad, IIPpUYCM

h, = r1+3fj1, L, =T +§fj2, é?h, 5!7].2 — BEKTOpBl CMEILIEHUs |, -TO 3JIEKTPOHA

HaJICTAIOIIETO aTOMa M |, -TO AJIEKTPOHA aTOMa KpHCTaa.

QuykTyauud  NOTEHUMANbHOM  »Hepruum  B3aumojerctus  (2.1.1)
BBI3bIBAIOTCS KBAHTOBBIMU (DIYKTyallMsIMU, KOTOPbIE HCHBITHIBAIOT aTOMHBIE
AJIEKTPOHBI, W TEIUIOBBIMHM KOJIEOaHMSM siipa aroma Kpucrtamwia. [IpousBenem
ycpennenue (2.1.1) mo kBagparaM MOJyJied BOJHOBBIX (DYHKIMI HAaJCTAIOUIETO
aToMa, aToMa KpHUCTaJUla U IO HE3aBUCHUMBIM TEIUIOBBIM KOJIEOAHUSIM aTroMma

kpuctaimia. COOTBETCTBYIOIIIE CpeHHe Oynem 0003HaUATE (...) , () » (.); -

Pa3znoxenue noreHuuanbHOM 3Hepruu B3aumoaeicTeus (2.1.1) B unTerpan

®dypbe uMeet BUJ (CM. IPUIIOKEHHE S):

d3—' 47TZZ€2 L . 2 Z, Z,
V:f 93 L2 exp i§ T, T, ZZexp ig n—n, -
27 g g

h=1 j,=1

2 7 2 Z,
47(2 —F > expig 6,1, — Zexp ig -1,

h=1
YCPGI[HHM IMOCJICAHCC BBIPAXKCHHUC II0 KBaJApaTy MOAYJIA BOJIHOBOU

(yHKUIMM HaJETAIOLEro aToma:

d°g |4nZ,Z,6° Lo a4 &
<V>e1:f o S—exp g T, ZZGXP ig rlJ 2]2 -
0 g h=1Jo= el
477 8% | & S A7 e* & S
——2— (Y expig -1, ) ——F-> expig [0,

j1: el j2:1
I[Iporeaypa ycpeqHeH s [0 KBaapaTy MOAYJIS BOJHOBOM (PYHKIIMH pacCMOTPEHA B

. 1.6.2. 3anuiiem JIMIIb OKOHYATENIbHBIE PE3YJIbTATHI:



Z, 7, Z,
DD eXpig T, T, =F g expign-n; |
h=1 =1 el =1

Zl

Yexpigrn—r, ) =F gexpigi—r, ,

jl =1 el

riue Fl(g) — (opmM-dakTop Haneraroniero aroma. Takum 00pa3zom, 3aUIIEM:

2

3R 2
<V>e1:f 9 [47TZZG Z,—-F g expigrn—r, -

27 ° g
47Tez Zz - o —
e Z,—F g ) expig h—r,
Jo=1

[IpousBenem ycpeaHeHue <V >e1 M0 KBaJIpaTy MOJYJIsi BOJHOBOM (PYHKITUU

aToMa KpucTtaluia, IMoJIy4YruM:

d’g (4nZ,e? o
<V>e1,e2:f 27T3[ 922 Zl_Fl g eXxpugnrn—-r —

4re? = i o
——Z,-F g (Y expig -1, ,
e2

g -1
ZZ
doexpig n—t, =F,(g)exp ig . —T, ,
j2:l e2
rne F,(g) — dopm-dakrop atoma kpuctaiuia. Takum o0pa3oM, MOTEHIMATIbHAS

DHEpPrus B3aUMOJECUCTBHsS  HAJNETAIOUIErO0 aroMa C aTOMOM  KpHUCTalia,
YCpEIHEHHAs M0 KBaJpaTaM MOJAYJEH BOJHOBBIX (PYHKIMN HAJIETAIOIIETO aToMa U
aToMa KpucTajljia, UMeeT BUJ!
35 2
Vo= [S85 7 Ry 2,-F g expig
' 27~ ¢
[Tocnennee BoIpakeHHEe MpeACTaBIsET cO00M paznoxkeHue B unrerpas Oypoe. OHO

MOJKET OBITh MNEePCrIrMcalno B BUAC!

3=

d - — —
Ve =[5 9 P 1§ -7, .
T

rac



2
Vg=-2"7 Fg z,Fg . (2.1.2)
g
q)prC-KOMHOHeHTa HOTGHHH&HBHOﬁ OHCPIUHU BSaI/IMOHeﬁCTBI/Iﬂ HaJICTAOLICTO
aToMa ¢ aTOMOM KpucTaJia.
BBenem 0003HauCHHS

—

I

=0, L=+,

2 n
o= an,an,an, ,

rae I, — BEKTOP, ONPEACIAIOINH TOJI0KEHUE DIIEMEHTAPHON SYEHKU KPHUCTAILIA,

a, a,, a, — HepHoJpbI KPUCTAJUTMUECKON pPeIIeTKH B HampaBiieHusx oceir OX,
oYy, OZ; n, n,, N, — Leble YuCha; Of — BEKTOp CMEUIeHHs N-TO aToMa U3

Yy3Jj1a KpHCT&JIJIH‘-IGCKOﬁ PCUICTKH. C YU4CTOM Hep60603Ha‘IeHI/Iﬁ BBIPAKCHUC IJIA

<V >e1,e , IPUMET BUJL

V=[5

pr@I[HCHI/Ie MMOJYYCHHOIO COOTHOHICHMA I10 HCE3aBUCHUMBIM TCIIJIOBBIM

3—)
sV g exp ig r—r,—or

s

KojeOaHusiM atoma Kpuctaima (cMm. m. 1.6.1) mpuBener K cieayroleMy
pe3ybTaTy:

d*g
27

V g exp|ig F—T, — > |

3

Voo = f

rae o’ — cpeaHuii KkBaapar GIyKTyaluil TEIIOBLIX KONeOaHuii aToMa KpUucTasia
B pacyeTe Ha OJHY CTeneHb cBOOOAbl. Ecmu o, =0, =0,, To MOKHO 3anucath
g:0¢ +9,0, + 90, =g’c”.

PaccmoTpum bypbe-KOMITOHEHTY MOTEHIINAJIbHON SHEPruu
B3aMMO/ICHCTBUS HAJIETAIOIIETO aTOMa C aTOMOM KpHCTalia

2

2

g

BBens nmoTeHIMannl HajaeTarmero aroma

Zl_Fl g Zz_Fz g



47e
19 =— Zl_Fl g

H aTOMa KpucTalliia

47e
V2 g =—5 Zz_Fz g ,

2

MOJKEM 3aIIuCaTh.

V() =j—ﬂv1(g)v2(g). (2.1.3)

B pabore moTeHIMAanel H30JUPOBAHHBIX AaTOMOB BBIOMPAUCH B
OpUOIMIKEHUU SKPAHUPOBAHHOIO KYJIOHOBCKOTO MOTEHIMANA U MNPUOIMKECHUU

Momnsep. [lepBblii U3 HUX JAa€TCS BHIPAKEHUEM

Ve or :Eexp —ur
r
rae Ze — 3apsj aroma; [ = 1, a=0,88534a,Z ECp— paguyc 3KpaHUPOBAHUS,
da

a, =0,529 A — panuyc bopa. @ypre-KOMIIOHEHTa MOTEHIIMANA B MPUOIMKEHUH

KYJ'IOHa HUMCCT BU.

Adr/e
VK(g): 92+,le :

ITorenunan Monbep onpeaensercs Kak

VA (r):$Zai exp(—%},

rne ¢, f, — Oe3pazmepHble Ko3(Q(uUMEHTEl npuOIMKeHus Mouibep,

a, =(0,35; 0,55; 0,10), yos =(O,3; 1,2; 6,0). dypbe-KOMIIOHEHTa TOTCHIIHANA B

npubamxeHuu Moiibep uMeeT BUJI;

VY (9) :4n2e2+.
oF

I[JI?I IIOTCHIMAJIOB B3aHMOﬂeﬁCTBHﬂ WOH-aTOM M aTOM-aTOM HauoOojee

ynOTpGGI/IMBI ClIeayroaume armpoOKCUMalnmn:



1. npubmxenue Mombep

R !

r i
rne Z,, Z,6 — 3apsaael OBICTPOrOo HMOHa (aToMa) M aToMa KpUCTalIa

COOTBETCTBEHHO; & — paauyc 3kpaHupoBanus. Komnonenra ®@ypbe noreHnuana

B33HMOHCﬁCTBHH B HpI/I6JII/I}KeHI/II/I MOJ'II)Cp OIIPCACIIACTCA BhIPAKCHUCM

3
Q;
VM(g)=4nZ,Z,8*y —1—.

i=1 i

2. mnpubmmwkenne [Joins-Tepuepa

VPT(r)=2a,Z¢" 1

T
N
N[
o
w
D
X
©
[
W
N——

' . B tabuuue | npuBeieHbl 3HAYEHHUS TTAPAMETPOB &, b 11 KpeMHus

rae B, = ek

Y TEPMAaHUs.

Tabnuua 2.1.1. 3nauenus mapamerpos 4, bi notennuana [oiina-Tepuepa ans KpemHHS U

repMaHusl.

Si Ge
2

aia'& bi’A a'i’AZ\ biiA

2

KomnonenTa @yphe moTeHIMAIA H30IMPOBAHHOTO aTOMa B MpUOIvKeHun J{ons-

TepHepa nmeer BUL:

2,1293

57,7748

2,4467

55,8930

2,5333

16,4756

2,7015

14,393

0,8349

2,8796

1,6157

2,4461

0,3216

0,3860

0,6009

0,3415

4 892
V D-T (g) = Z”aozlezzai eXp(—ITj .
i=1

3. motennuan Jluagxapaa



Haunbonee w4acto paamyc SKpaHMpOBaHHsS BBIOMpaeTcs B  BHJIE,

npeaaoKeHHOM PupcoBbIM U JIMHIXapAOM:
2
a, =0,88534a, (zl% +2,7 ) &

2 72

a, =088534a,(2,% +2,%] *.
Tak xe HUCIIOJIB3YIOTCA W JAPYruc  alIpoKCHUManuu  IIOTCHIHAJIA
HN30JIMPOBAHHOI'0 aTOMa W IIOTCHIMAJIA B3aMMOJICHCTBUS HAJICTAIOIICH YaCTHUIIBI C

aTOMaMH KpHUCTallia, cM., Harpumep, [2], [5], [6], [7], [8], [9], [10] u mp.

2.2. IloreHumajbHAsi HJHEPrusi B3aAMMOACHCTBUS HAJIETAKOLIETO

aToMa ¢ aTOMOM KpHUCTAJJIA

Paccmorpum  (2.1.3) B cimyyae DKpaHUPOBAHHOTO  KYJIOHOBCKOTO
noreHuuana. Mmeewm:
4rZ.7.6°9°
g*+u) (9% +45)

Vat.fat_ (g) = (

Paznoxum  ¢Gypbe-KOMIIOHEHTY TMOTEHIMAJIBHON DHEPrUM  B3aUMOJCUCTBUS

Vit (9) B uHTErpan ®ypse

_ _ .. d%g
Vat.—at.(r) = J.Vat.—at. (g) exp(_lgr)ﬁ;
. ArZ.Z.8°g° N i
V, r)= 1=2 exp(—gr) ——.
at.fat.( ) I(g2+M2)(gz+ﬂ§) p( lg )(272_)3

Boruncnup uHTErpast (CM. IpuiIoKeHue 6), OKOHYATEIbHO MOJYYUM:



22,6 1 exp(—p4 )—yz?exp(—yzr) |
= 1

Vi o () == (2.2.1)

PaccmoTpum B3amMoAEHCTBHE JIBYX OJMHAKOBBIX aTOMOB C 3apsiaoM Ze.
[ToTeHnMa HW30JMPOBAHHOTO aToMa TakXe BbIOEpeM B TNPUOIMKEHUU
HKPAaHUPOBAHHOTO KYJIOHOBCKOTO MOTECHIMANA. B 3TOM citydae ¢pypbe-KOMIOHEHTA
MOTEHIIUAJIBHON dHEPruu B3auMoiercTus (2.1.3) nepenuiiercs B BUjE:

2 2
4r(Ze) g
Vat.—at.(g): 2 2 2 "
(9% +47)

Pa3znoxum 310 BeIpaxkeHne B uHTErpas Oypne

; )
Vy_a(F)= j—exp( )39
g +y) (2z)’
Brruncnus wHTErpansl (cM. mpuioxenue 7), V,, .. () IS IBYX OIMHAKOBBIX
aTOMOB HepeHI/IHJeTCSI B BH/C:
2
Vo w =2 2 pryexp(-pr). (222)

DKpaHUPOBAHHBIA KYJIOHOBCKUU MOTEHIIMAI SIBISIETCSI HauOosee MPOCThIM
BujmoM npuOmmwkenus. [lpuBemeM  pe3ynbTaT  MOTCHIMAIBHOW — DHEPTUU
B3aMMOJICHCTBUS HAJIETAIOIIEr0 aTOMa C aTOMOM KpHUCTaJljIa, BEIOPAB MOTEHITHAIIBI
M30JIMPOBAHHBIX aTOMOB B NMpUOIMKeHnn Mosbep
3 3 o

Arl,Z 22
Vi (9)=4r2,Z,6°9 ;;(g A )(92+,Uj2)

re  BBEICHBI OOO3HAUCHUS AL :ﬁ, a1:0,88534a02[% —  paauyc

a,

DKpaHUPOBaHU, a, = 0,529,& — pamuyc bopa, g, :&, a, :0,88534610227%.
a

2
Kak m B ciydae SKpaHMpPOBAaHHOI'O KYyJOHOBCKOIO TIOTEHIHMANA, IOJTYy4EHHOE

BhIpKEHHUE pa3jiokuM B uHTerpai @ypne. B utore momyunm (cM. mpuitoskeHue 8):



Z/Z e .S ufexp — 4 —M?exp — ¥
Vo a (=223 a0, " ujz L (2.2.3)
i=1 j=1 i M

HOCJICI[HCG BBIPAKCHHC HCCIOXXHO Hp606p8,30BaTI> I ciiydas

BSaHMOHeﬁCTBHH ABYX OAMHAKOBBIX aTOMOB C 3apsJ0M AApa Ze

33 [EEXP —pul — pl exp —ur
Vo a (r)——ZZaa — - (2.2.4)
i=1 j=1 H _:LLj
B, B ol % _
3necp U = S u;,=—, a=088334a,Z paguyc HSKpaHUpPOBaHWS,
a

a, = 0,529,& — paaunyc bopa.

Ha puc. 2.2.1 u3o0paxeHbl MOTEHLIHMAJIbHBIE 3HEPIMM B3aUMOICHCTBUS
OBICTPBIX aTOMOB cepedpa W KpeMHHUs, omnpejesnsieMble BblpakeHusiMu (2.2.1) u
(2.2.3). 1 cpaBHEHUS HA 3TOM K€ PUCYHKE IMPUBEICHBI OTCHIMABLHBIC SHEPTUH
B3aMMOJCHCTBUSI aTOMOB B MNpHOMMKEHHH Monbep (HMCHOJB30BAJCS PaJnycC
skpanupoBanusi @Dupcoa) m Jounsa-Tepuepa. Ha puc. 2.2.2 wuzo0pakeHbI
NOTEHUUAIbHBIE HSHEPrUM  B3aUMOJACWUCTBHUA  OBICTPBIX aTOMOB  yIJepoja,
onpejensieMbie BelpaxeHusMu (2.2.2) u (2.2.4), ¥ TNOTEHIUAJIbHAs SHEPTHs
B3aMMOJICUCTBUS aTOMOB B mpuOmmkeHnn Moibep. M3 pUCYHKOB BHIHO, UTO
MOTEHIMAIbHAS DHEPIHsl B3aUMOJICHCTBUS OBICTPHIX aTOMOB YYBCTBUTEIbHA K
BBIOOpY MOTEHLIMANa M30JMPOBAHHOIO aroMa. B ciiydae BbIOOpa MOTEHIMAJIOB
U30JIMPOBAHHBIX AaTOMOB B MPUOIMKEHUM SKPAaHUPOBAHHOTO KYJIOHOBCKOTO
noTeHuuana W npubmkeHun Moibep HaOMIOJAIOTCS MOTEHLMAJIbHBIE SIMBI,
COOTBETCTBYIOILIME MPUTKEHUIO aTOMOB. [Ipu BbIOOpE MOTEHIMATBHBIX SHEPTHUH
B3aMMOJICUCTBUS aTOMOB B mpuOmmxeHussix Monbsep u  Joitna-TepHepa

HAO0JIFO1aeTCA TOJIBKO OTTAJIKUBAHUE.
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Pucynok 2.2.1. IloTeHuManbHble SHEPTHM B3aUMOJICHCTBHS OBICTPBIX aTOMOB cepedpa U
KpeMmHus 0e3 yuera npuHuuna [laynu: croniHas TMHAS — MOTSHIUAIBI H30JIMPOBAHHBIX
aTOMOB BBIOPaHBI B MPHOJIMKEHUH YKPAHUPOBAHHOTO KYJIOHOBCKOTO rnoteHiuana (2.2.1);

INYHKTUpHAas — B npuomkeHur Mombep (2.2.3); TOUKM — NOTEHIMaIbHAs SHEPTUs
B3aMMOJICHCTBHSI AaTOMOB BbIOpaHa B IpUOJIMKEHUH Moubep; ITPUXITYHKTUPHAS JTUHUS —

MOTEHIIMATbHAS YHEPTUS B3aUMOCHCTBHUS aTOMOB BbiOpaHa B ipudmkenun [oitns-Tepuepa

Firm, sB 207
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—agd
Pucynok 2.2.2. IloTeHuManbHbIe SHEPTUH B3aUMOJICHCTBHS OBICTPBIX aTOMOB yriiepoja 6e3
yueta npuHuuna [laynu: crjioniHas JMHUS — MOTEHIIUAbl H30JIMPOBAHHBIX ATOMOB BHIOpaHHI B
NPUOIMKCHUU SKPAHUPOBAHHOTO KYJIOHOBCKOTO moTeHIHana (2.2.2); myHKTUpHas — B
npubmmkennn Monbep (2.2.4); TOUKM — NOTEHIMAIbHAS SHEPTUS B3aUMOICHCTBUS aTOMOB

BbIOpaHa B npubamkeHnu Mosbep



2.3. TloreHumajbHasi JHeprusi B3aMMOJEHCTBHSI HaJIETAIOIIET0

aToMa ¢ aTOMOM KpHCTaJLIa ¢ yueTom npuninuna Iayan

AHQJIOTUYHO TOMY, KaK JTO JieJlaeTcsl B KHUHETHYecKoW Teopuu [13]

n00aBUM K BBIPOKEHHUIO JUIS IMOTCHIMAla B3aumMopercTBus (2.1.3) MHOXHTENb

[1— ”En(g)j, C TMOMOIIBI0 KOTOpPOro OyJeM Y4YuThiBaTh npuHuun llaymu, —

min
Hepexo/1 AMEKTPOHOB MOKET IPOU3OUTH JIUIIb B HE3AHATHIE COCTOSHHUS
2
* g I:min (g)
Vat.fat.(g) = Vl(g)vz(g) 1- '
A Z .
rae Z.., — MUHHMaJbHOE 3HA4eHHE W3 3apsaoBeIX uucen Z, u Z,, F. (9) —
cooTBeTCTBYOIM (Gopm-pakTop. [loreHnmansr Hameratomero atoma V;(g) u
aroma kpuctamia V,(g) BoiOepeM B HpHOMMKEHHH HKPAaHUPOBAHHOTO

KYJIOHOBCKOTI'0 MIOTEHIIHAJIA.
Paccmotpum cityuait Z_ . =Z,, Toraa

N () =j—ﬁv1(g)v2(g)[1-@].

1

Onpenenum bopm-dakrop u3 BBIPAXKEHUS JUIS MIOTEHIIHAJIA

V(g)= 4”e[z F(9)]:

Y% ? 2 AxZe 2 Z 12
F(g)zz_%zz g ”——Z(l— 29 Zj: Z,U y
e Arre 9° + u 9"+ u 9 +u

[Tomyuum

. _ 4xZZ,%9’ o
vat.at.(g)—(gzwfl)(zgzwz)(l )



Paznoxum 310 Beipaxkenue B uHTerpast Oypee

2 35

477,Z,e%g" ( % j __d%g
a -a ( ) 1- exp(_lgr) .
e I (0% +uf)(9°+15) o*+uf (27)’

BbruucnuB wHTETpasbl (CM. TPWIOKEHUE 9), BBIpaXECHHE U MOTCHIUAIBHON

PHEPIUU B3aMMOJCHCTBUS HAJIETAIOIIErO0 aroMa ¢ 3apigoM ZE€ ¢ aTOMOM
KpHcCTaa ¢ 3apsaoM Z,e ¢ yueroM npuHuuna [laynu npu ycnosun, uro Z . =7,

MEePCIUImCTCA B BUAC!:

Z,2,6* 11 exp(—pr) = 3 exp(—pr)

at at()_ lLllz_llez (231)
2 2 3
_Zlize ZILll " 2((,uf’r—Atlyzzr+Zuzz)exp(—,ulr)—Zyzzexp(_luzr))_
' (:U1 —H )
Paccmorpum citywant Z = Z,, Toraa

Va:.—at.(g) = g—ﬂVl(g)Vz(g)Ll— y\] )

2
Hcnonb3ys Beipaxkenue st popMm-hakTopa, 3anuiiemMm

. ArZ.7.e°g’ 1
Vaa (9) = v [1— 2|,
(@)

Paznoxenne 3toro BbeIpaxkeHHss B uHTerpail @Dypbe NPUBENET K CIEAYIOLIEMY

pe3ynbTary:

4rZ,Z,8%9° o
Voo (F) = I @ +M)(92+ﬂ22)(1 7 +2 }exp( 1Gr)

3-»

d°g
(27)*

BerauciuB uHTerpansl (cM. mpuitoxkenue 10), Bolpakenne sV, . (r) s
B3aMMOJICHCTBHS HAJICTAIOIIEr0 aToMa ¢ 3apsaoM Z,e ¢ aroMaMH KpHCTalia C
3apsaoM Z,e ¢ yderom mnpuHuuna Ilaymm npu ycmoBuwm, uro Z... =2,

NEpEenmumeTCsa B BUAC!:



Vi (ry= Bt xR (oar) — p eXP(—fT)
at.—at. - 2 2
r M~ H
" leze2 /122

(2.3.2)
2r

(i 2)2(ZMZGXP(_Mr)JF(MZﬂzr—ﬂer—Zﬂf)eXp(—ﬂzr))-
H—H,

Ha puc. 2.3.1 uzoOpakeHbl NOTEHIUMAIbHBIC YHEPTUM B3aUMOJCHUCTBUS

OBICTPBIX aTOMOB cepedpa M KpeMmHHus, 6e3 yuera u ¢ ydyeroM npuniuna [laymu

(BeIpaxkeHus (2.2.1) u (2.3.2) COOTBETCTBEHHO).
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Pucynox 2.3.1. IloreHnnanbHpie SHEPTUN B3aUMOICUCTBUS OBICTPHIX aTOMOB cepedpa u
KpeMHus 0e3 yuera (CIUIOIIHAs JIUHUS) U C YUeTOM (MMyHKTUpHast TuHUS) npuHiuna [laymnu.
[ToTeHnnanbpl M30IMPOBAHHBIX ATOMOB BBHIOpAHBI B MPUOIMKEHUH SKPAaHUPOBAHHOTO

KYJIOHOBCKOT'O ITOTCHIIMAJIA

PaccmoTpum B3amMopeHCTBHE JIBYX OJMHAKOBBIX aTOMOB C 3apsaoM Ze,

yuutsiBas npuHiun Ilaymu. B sToM ciiydae ¢ypre-KOMIOHEHTa MOTEHIMATBLHON

9HCPIruu BBaHMOHCﬁCTBHH 3aIIUIICTCA B BUJC:

Vi w@=2 V() (1—@).

2
T



Bri0OpaB moTeHIMan M30JMPOBAHHOTO aTOMa B MPUOJIMKEHUH SKPaHUPOBAHHOTO
KYJIOHOBCKOTI'O IOTEHIIAAJIA, UMEEM:

. 4r(Ze) g 2
Vat,—at.(g): g )292 (l— 2,U Zj.
(g + 1 ) g +u

Pa3noxenue nocieqHero BeipaxkeHus B uHTerpain dOypoe

47c(Ze) ?g? 10’ __.d%
Voo (F)= [1— exp(—gr)
o j g +y) 9+ 4 (27)°

MPUBEIET K CIENYIOEMY pe3yabTaTy (cM. mpuiioxenue 11):

Vo a(r)= %(uzr2 —7ur +8)exp(—ur). (2.3.3)

Ha puc. 2.3.2 npencraBiieHbl NOTEHIIMAIBHBIE SHEPTUU B3aUMOJICHCTBUS

IBYX OBICTPBIX aTOMOB YTJIEpO/Ia, ONpeelsieMble BeipakeHus Mu (2.2.2) u (2.3.3).
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Pucynoxk 2.3.2. IloTeHuManbHbIe SHEPTHH B3aUMOJICHCTBUS ABYX OBICTPBIX aTOMOB yriiepoja 6e3
ydera (CIUIONIHAs JIMHUS) U C y4eToM (MyHKTUpHas JuHus) npuHiuna [laynu. [Torenuuans
M30JIMPOBAHHBIX aTOMOB BBIOPAHBI B MPUOIMKEHUH SKPAaHUPOBAHHOTO KYJIOHOBCKOIO

INOoTCHIIMaia



Jlnst cpaBHEeHHs pou3BeneM ydeT npuHnuna [laynu B Hambosee mpocTom
BBIPDQKEHUU JI1 MOTEHIMAJIbHOW SHEPTrUU B3aUMOJCHCTBUSI JABYX OJMHAKOBBIX
aTOMOB, TJI¢ MOTEHIMAaIbl H30JMPOBAHHBIX ATOMOB BBIOpaHBI B MPUOIMKEHHUH
Mombep. B »sTtomM ciaydae (Qyphe-KOMIIOHEHTa IOTEHIIMATBLHOW DHEPTUU
B3aMMOJICUCTBUS 3aMUILIETCS B BUJIE:

V;._at.(g)=47r(Ze)292i23‘,( M )(1— F;g)j.

i1 19 T4 )(9 + 4y

Boipaxkenue st hopm-dakropa ompeneauM cieayromum odpasomM. Ilotenmman

H30JIMPOBAHHOI'0 aTOMa IMPCACTAaBUM B BUC!

V(g)= 4(;8(2 F(9)).

Vv (g) BbIOEpEM B npuOImxeHn Monbep

3 ;4
4nze} =" (2 -F(9),

H U3 IIOJIYYCHHOI'O COOTHOIICHUA BbIPpAa3uM Q)OpM-(l)aKTOp

F(g)_z[l—gzi%).

i1 §° T 4

OOpaTuB BHUMaHHUE HA TO, YTO CyMMa KO3((PUIUEHTOB ¢, npuOimxkeHus Moibep
paBHa 1, mocienHee BbIpaXXEHUE MOXKET ObITh TPEOOPa30BaHO K BUY:
5 3
Za 90’2 7,
i=1 g +1u|

Takum 00pazom, popm-hakTop onpeaensieTcsi BBIPaKeHUEM:

a
ZZ ,U.
i=1 g +Iu|
Tenepp  (dypbe-KOMIMOHEHTAa  MOTCHIMAJIBLHONW  DHEPrUM  B3aUMOJICHCTBUS

HEPETULIETCS CASAYIOUUM 00pa3oM:

Va-a(9) =47(2¢) gzzz(g + 4 )(g + 4 )[1_Z%j

i=l j=1

PaznoxeHnne nocnenHero BelpaxkeHus B uHterpain Oypee



.= (gz+ﬂ, )(g o ) 2 g H 2 eXp( lgr)(

MPUBEJIET K CIEAYIONIEMY pe3yJIbTaTy (CM. puiioxkeHue 12):

Vi o () =[4r(2e) 0> il 1y Gt sg

2

. Ze " GG\ HTEXD —r —psexp —ur
Vat.—at.(r) - —Zz@ia]— 3 ]2 _
r == I —
2.34
I ST — pgair + 2005 eXP —4F — 2415 €Xp —puF (2.34)
2 Y i |
i=1 i=l j=1 M M]

Ha puc. 2.3.3 npencraBieHbl NMOTEHIIMAIBHBIE SHEPTUU B3aUMOJICHCTBUS
JBYX OBICTPBIX aTOMOB yTiepoja 0e3 ydera u ¢ yaetoM npuHiuna [laymm B ciydae

BI)I60pa IIOTCHIOUAJIOB H30JIMPOBAHHBIX 4aTOMOB B l'IpI/I6JII/I}K€HHH MOJIbep

(Beipaxenus (2.2.4) u (2.3.4) COOTBETCTBEHHO).
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Pucynok 2.3.3. [loTeH1IManpHbIe SJHEPTUU B3aUMOICUCTBUS JBYX OBICTPHIX aTOMOB
yriaepona 6e3 yueTa (CIUIONIHAS TUHUS) U ¢ y4eToM (TIyHKTUpHAs JIUHUA) npuHiuna [laynu

[ToTeHunanel M30IMPOBAHHBIX ATOMOB BBIOpaHbI B IPUOIMKEHUH Monbep

N3 puc. 2.3.1-2.3.3 BuaHO, 4TO yueT npuHnuna [laynu B BeIpaKeHUH IS

HOTGHHH&HBHOﬁ OHCPIUH BSaHMOHeﬁCTBHH IMPpHUBCJII K YBCIIMYCHUIO FHY6I/IHI)I

HOTGHHH&HBHOﬁ SMBI, YMCHBIICHUTIO PaCCTOAHUA MCIKOY aToMaMu,

COOTBCTCTBYIOLIECTO MHHHUMYMY HOTCHHHaHBHOﬁ SMBI M TIOSIBJICHUIO 00J1acTH

OTTaJIKuBaHus. MOoKHO IIOKa3aTb, YTO

YBCIIMYCHUC  3apAJ0BOro  4ucja



HAJIETAIOIIEr0 aromMa MPHUBEAET K YBETUUYECHUIO TNIyOWHBI MOTEHIUAIBHON SMBI U
BBICOTHI TOTEHLMATBHOTO Oaprepa. Tak e yBenuueHue Z MNpPUBEIET K TOMY, YTO
HIMPUHA 00JIACTH OTTAJIKUBAHUS YBEJIIMUUTCS, U MAKCUMYM OOJIACTH OTTAJIKUBAHUS
OyJeT NPUXOAUTHCS HA MEHBIIINE PACCTOSHUS.

N3 puc. 2.3.4, KOTOPBI ABISIETCS 00BEAUHEHUEM PE3YIbTATOB puUcC. 2.3.2 1
2.3.3, cienyeTt, 4To MpU BHIOOpPE MOTEHIIMAJIOB B3aUMOJICUCTBUS M30JUPOBAHHBIX
aTOMOB B NpuOmMDKeHUH Monbep TiyOMHa NOTEHIUANbHON SIMBI W BBICOTA
NOTEHIIMAIbHOTO Oapbepa MEHbIE, YeM B cllydyae BbIOOpa MOTEHIUAIOB
W30JUMPOBAHHBIX ATOMOB B MPHUOJMKEHUU KYJIOHOBCKOTO 3KPAHHMPOBAHHOTO
noTeHuana. Takum o0pa3oM, PyHKIUS SKPAaHUPOBAHUS CYIIECTBEHHO BIIUSET Ha

KOHEUHBIN PE3YJIbTAaT.
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Pucynox 2.3.4. TloreHnnanbHbIe YHEPTUN B3aUMOJICUCTBUS JBYX OBICTPBIX aTOMOB yriepoja 6e3
yueTa (BBepxy) u ¢ yuetoM npunnumna [laynu (BHu3y). CrutonHasi TMHUS — MOTEHIIUANIBI
M30JIMPOBAHHBIX aTOMOB BBHIOPAHBI B MPUOIMKEHUH SKPAHUPOBAHHOTO KYTOHOBCKOTO

NOTEHLIMaNa; MyHKTUPHAs — B MpUOIMmkeHnu Moibep



2.4. TloTeHunajbHasi JHePrusi B3aUMOJAEHCTBUSI MOHA C aTOMOM

KpucTajia

OnpenenvM MNOTEHIMAIBHYIO SHEPrUI0 B3aUMOJCHUCTBUS HAJIETAIOIIETO
MOHa C aToMOM Kpuctauia. [l storo mnpeobpasyeM (ypbe-KOMIOHEHTY
NOTEHIMala HAJIETAIOUIET0 aToMa, BBIPAXKEHHYIO 4epe3 aTOMHBIM (opM-(pakTop

F(g), moGaBuB um OTHSB BenmuumHy Z , KOTOpas OyHeT OmpeaessTh, YUCIIO

9JICKTPOHOB, OCTABIINXCs B aTOME ITIOCJIC HOHU3 Al

4rre dre
V1(9)=—2 —Fk(9 )— °2,-2,+2,-F(g ) =—Q+V. g,
g 9° g®
Are(Z,—F
rae V,(Q)= ” ( — e(g)) — (ypbe-KOMIIOHEHTa MOTEHIMaIa HaJIETAIOIIETO

MOHA C 3apsoM aToMHOro siapa Z.e. Bemmunny Q =27, —Z, Ha30BeM 3apsa10BbIM

COCTOSIHHEM HAJIETAIOLIEr0 NOHA.
Boipaxkenue (2.1.3) B ciyyae B3aUMOJACHCTBUSL HAJIETAIOIIETO HMOHA C

aromoM kpucramia V. . .. (g) Oyaer uMeTh BUI:
2
Vi o (9) = QeVs (9)+—V, (9)Va(9). (24.1)

Az

Bri6epem moTeHIMabI Ve(g) u Vz(g) B BUJIC SKPAaHUPOBAHHOI'O KYJIOHOBCKOTO

IIOTCHIIMAJIA. TeHepB IMOCJICAHEC BLIPAXKCHHUC MCPCITUIICTCS B BUAC!
47QZ8"  47(Z,-Q)Z,'g’
o'+ (9P +2)(9°+15)

Vion—at. (g ) =

Paznoxum nostyueHHoe BbipaxeHue B uHTerpasin Oypee

_ 2.2
47Z'QZ e’ N 472(21 i Q)?Ze gz exp( lgr)
0*+u; (9% +p) (07 +45)

Vigw o (F) = 9;

(2



BbrarcnuB uHTErpaiisl (CM. puiioxeHue 13), OKOHYATEIIbHO ITOTYIHM:

Z.e°
Vionfat.(r) :QTZEXD(—,UZY')-F

Z-Q)Ze* 1
+( 1 —Q)Z, . 2(yjexp(—uer)—ﬂzzeXp(—ﬂzr))'
r He —

(2.4.2)

PaccmoTpum Beipakenue (2.4.1) Tak ke U B ciiydae BbIOOpa MOTEHIIMAJIOB

B33HMOHCﬁCTBHH HN30JIUMPOBAHHBIX ATOMOB B HpI/I6J'II/I)K€HI/II/I MOJ'II)Cp

3. «a. 3 oo,
V(9)=42QZ,e*» ——— +49°(Z, —Q)Z ¢’ v :
2 J'Z—ll,uj2+gz ( 1 ) 2 i;(ﬂi2+gzx,uj2+gz)
3nech p, = ﬁ, U, = 1 Pa3nosxeHue NocueHEro BeIpaXkeHus B uHTerpan dyphbe
a a

e 2

IPHUBEJICT K CIICAYIOIIEMY pe3yibTary (cM. puiioxenue 14):

2 3
V(r):QZ—Ze a; exp(—yjr)+
j=1

(2.4.3)

(Zl_Q)Zzez 3 aiaj 2 2
+ My EXPL—441 ) — L EXPL—u;:1 ).
r i;uf—uf( (sar) = sty exp( )
Ha puc. 2.4.1 npencraBiieHbl MOTEHIIMAIBHBIE SHEPTUU B3aUMOJICHCTBUS

OBICTPOTO MOHA cepebpa MpH Pa3IUYHBIX 3aPSIOBBIX COCTOSAHUAX Q ¢ aTomMoM

KpEeMHHUsI B cCilydyae BbIOOpa MOTEHIIMAJIOB M30JMPOBAHHBIX HMOHA M aTroMa B
MPUOIMKCHUN SKPAHUPOBAHHOTO KYJIOHOBCKOTO ITOTEHIHAIA M TPUOIMKCHUN
Monsep. B cnyuae BbIOOpa MNOTEHIIMATIOB H30JIMPOBAHHBIX HOHA W aToMa B
MPUOIMKEHUH  SKPAaHUPOBAHHOTO  KYJIOHOBCKOTO  TMOTEHIMATa  yBEJIUYCHUE
3apsIIOBOTO  COCTOSIHHMSI HAJICTAIONIET0 HMOHA BEJET K YMCHBIICHUIO TTyOWHBI
MOTEHIIUAJIBHON SIMBl U YBEJIMYEHUIO PACCTOSIHUS, COOTBETCTBYIOIIETO MUHUMYMY
MOTEHIIMAJIBHOW SIMBI. B ciiydae BBIOOpa MOTEHIIMAIOB M30JMPOBAHHBIX HMOHA U
aToMa B MpUOMmKeHnn MoJibep HaOMI0AaeTCs TOJIBKO OTTAIKUBAHUE; YBEINUYCHHE
3apsI0BOr0 COCTOSIHUSI MOHA BEJET K YBEJIMYEHUIO PACCTOSHUS, HA KOTOPOE MOTYT
CONMMKATHCA MOH U aTOM. Tak e, Kak U B CIydae B3aUMOJICHCTBUS HEUTPATHHBIX

aTOMOB cepebpa u kpemHus (puc. 2.2.1), MOJy4dMIM, 4TO NOTCHI[MATbHAS dHEPTUs



BSaHMOHeﬁCTBHH HaJICTAIOIECTO HMOHA C 4aTOMOM KpPHCTAJJIa YYBCTBUTCIIbHA K
BbI60py MMOTCHIMAJIa N30JIMPOBAHHBIX MOHA U aTOMA.
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Pucynok 2.4.1. [loTeHunanbHble SHEPTUU B3aUMOIEUCTBUS OBICTPOrO HOHA cepeldpa Mnpu
Pa3NIUYHBIX 3apsI0BBIX COCTOSIHUAX Q ¢ aToMOM KpeMHus 6e3 ydera npuHuumna [laymu.

ChonomiHas TMHAS — MOTCHIUAJIBI U30JIMPOBAHHBIX MOHA U aTOMaA BBI6paHLI B HpI/IGJII/I)KeHI/II/I

SKPaHUPOBAHHOI'O KYJIOHOBCKOI'O IMMOTCHIMAJIA, ITYHKTUPHAA — B HpI/I6J'II/I)KeHI/II/I Monbep



B [10] npuBeaeHsl HEKOTOPbIE MOTEHLHMAIbBI B3aUMOJEUCTBHS MOH-ATOM,
MOJTy4YE€HHBIE HA OCHOBE 00pabOTKM 3KCIEpPUMEHTANbHBIX JaHHBIX. B 3T0# pabote

IMOTCHIUAJIbHAA DHCPIUA BBaHMOHCﬁCTBHH MpcaAcTaBjCHa B BUJIC!:

2
U(R) :leTzeexp(—xB(x)), X =£,

-B
rae Z,, Z, — aToOMHBIE HOMEPA sIIep NApTHEPOB COyAApPEHU, a; = g(Zf‘ +2Z;) )

— JnauHa  JKpaHupoBaHus, & =0,8853, a:%, £ =0,5. OO6pabotka

HKCIIEPUMEHTAJIbHBIX JAHHBIX MOKa3aja, 4TO (PYHKLUIO B(X) yI0OHO UCKaTh B

BUJIE.

B(x)=—

¢ +Cx

+chl
3Ha4yeHHusd KOX(P(PHUUHUEHTOB ¢;, ¢, U C, NPUBEICHBI B YKa3aHHOW paboTe I
pPa3IUYHBIX NAPTHEPOB COYJAPEHMUS.

Ha puc. 2.4.2 uzoOpakeHa NOTEHIMAIbHAs 3HEPrUs B3aUMOJEUCTBUSA
obicTporo moHa yriaepoma C' ¢ aroMOM KCeHOHa Xe€. 31eCh NPHUBEACHBI
pe3yNbTaThl AJIs CIy4aeB BbIOOpa MOTEHIMAIOB B3aUMOICUCTBUS U30JIMPOBAHHBIX
MOHA M aTroMa B NPUONMKEHUS SKPaHUPOBAHHOTO KYJIOHOBCKOIO MOTEHIMAaa
(2.4.2), B npubnmxenun Monbep (2.4.3) U ¢ UCTOJIB30BAHUEM AaNMPOKCHUMAIINH,

npuBenenHo B [10]. Ha pwuc. 2.4.3 npuBeneHbl NOTEHIMAIbHBIE 3HEPTrUH
B3aUMOJICUCTBHS OBICTpOro HWoHa aprona Ag® ¢ aromom aproHa Ag c

UCIIOJIb30BaHUEM TeX k€ MpuOIkeHud. M3 pUCYHKOB BHJIIHO, MOTEHLIMAJIbHAs
JHEPrus B3aUMOJCHUCTBUS B Clly4ae BbIOOpa MOTEHIMAIOB B3aUMOJCUCTBUS B
npuOIkeHnn Modbep JIydllle ONMUCHIBACT peajbHYyI0 CHCTEMY, Ye€M B cllydae
NPUOJIMKEHUSI HKPAHUPOBAHHOTO KYJIOHOBCKOIO MOTEHIUaNa. AOCOIIOTHOTO
COTJIaCHsI C DKCIEPUMEHTAIBHBIMU PE3YIbTaTaAMH HE IOJYy4YEeHO, Tak Kak B [10]
NPUBEACHBI PE3yNbTaThl s dacTtui] ¢ 3Heprusmu 1-300 x3B. B pabote xe

paccMaTpuBaeM OBICTPBIE YACTHUIIbI, SHEPTHSI KOTOPBIX Nopsiika MaB.
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Pucynok 2.4.2. TToreHuunaabHas SHEPTHs B3auMOIeicTBHs noHa yriepoaa C ¢ aromom

KceHoHa 0e3 yu€Ta npuHLuIIa Hame: CIUIOIIHAA JTUHUA — MNOTCHUIHAJIbI U30JIMPOBAHHBIX HOHA

u aroMa BI)I6paHI)I B HpI/I6JII/I)KCHI/II/I SKpPaHUPOBAHHOI'O KYJIOHOBCKOT'O ITOTCHIMAJIA, ITYHKTUPHAA

— B IpUOIMKEHNH MOJIbep; IITPUXITYHKTUPHAs — pe3yJbTar, npuBeaeHHbIi B [10]
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Pucynok 2.4.3. TloTeHManbHas SHEPTUs B3aMMOIEHCTBHS MoHa aproda AQ~ ¢ aroMoM aprona
6e3 yueta npuHuuna [laymu: crisoniHas JMHNAS — MOTEHLUANBI H30JIMPOBAaHHBIX HOHA M aTOMa

BbIOpaHbI B MPUOIMKEHUN SKPAaHUPOBAHHOTO KYJIOHOBCKOI'O IIOTEHIIMANA; TYHKTUPHAs — B

npubImKeHnu MoJbep; IITPUXITYHKTUPHAS — Pe3yJbTarT, npuBeaeHHbIH B [10]



2.5. TloTeHunajbHasi JHepPrusi B3aUMOAEHCTBUSI MOHA €C aTOMOM

KpucTaia ¢ yderom npunnuna Iaysan

JloO6aBMM K BBIPAXEHUIO MJI1 MOTEHIUAIBHOW SHEPIHM B3aUMOJICUCTBUS
F
HaJICTAIOMIETO HMOHAa C aToMOM Kpucrtaimna (2.4.1) MHOXUTENb (1—L(g)}
min
MOMOII[BI0 KOTOPOTO OyAeM yuuThiBaTh puHLun [laynu
V. V \/ min(g)
Vion-at.(9) = Qe (g)+ (9)V,(9)|1 , (2.5.1)
Zmin
rae Z., — MHUHAMaJIbHOE 3HAaueHHE U3 3apsAmoBbX umcen Z, u Z,, F. () —
COOTBETCTBYIOIINN PopM-(hakTop.

PaccmorpumM Belpakenue (2.5.1) B cinyvae Z, =Z,, TOorna

Vi o (6)=QeVi(g) + 3 v (Q)V, (g)[l—%j.

e

Brioepem mnorennmanst V,(9) u V,(g) B npuOMMKEHUH SKPaHUPOBAHHOTO

KYJIOHOBCKOTO MOTeHInaa. Beipaskenue it popM-(axropa mosydeHo B 1. 2.3

Z
F(g9)= ,
(9)=471 7

TaKUM 00pa3oM, MOJYyUUM:

4ﬂQZze2+47r(Zl—Q)Zze2g2(1 2 }

Vi:n—a.(g): -
t 0+ (9P +u)(0°+3)\ 9P+

Pa3noxxum nostyueHHOE BbIpa)keHue B HHTErpail Pypbe

. 47QZ,e*  4r(Z,-Q)Z,e%g? ( ue } d°g
V. = 1- :
lon—at_(g) jL gz+lu22 +(g2+luez)(gz+lu22) g s eXp( zgr)( )




WHTerpanpl BBIYUCIUM C TOMOINBIO TEOPHH BHIUETOB (CM. mpuioxenue 15),
OKOHYATEJIbHO IMOTEHUMAIbHAS 3HEPrusl B3aUMOJCHCTBUS HAJETAIOUIEr0 MOHA C

3apsiioM Z,e ¢ aTOMOM KpHcTala ¢ 3apsaoM Z,e ¢ yuetoM npuHinuna Ilaynu B

ciydae Z_ .. =Z, IPUMET BUL:

2
Vi;n—at. (r) = erze

Z —0Q)Z.e?
BTQZE L () - lexp(—sr)) -
r He — H,

exp(—,r)+

7 (27 = roslr + 2483 )exp(—pa,x) = 2483 exp(~ 11,1 ) ).

(2.5.2)

PaccmotpuM Belpakenue (2.5.1) B cyvae Z . =Z,, Torna
* 2 F
Vo 2 (@)=QeV,(0) + 2V, (g, (0) 1- 29
4r Z,
WU JKe, BHIOpAB MOTEHLMAJIBl HAJETAIOIIETO0 MOHA U aroMa B MPUOIMKEHUU

9KPAHUPOBAHHOI'O KYJIOHOBCKOI'O IIOTCHIHAJIA, 3aIIUIIICM !

47Q72,¢*  4n(2,-Q)Z,£'¢’ (1_ 1 )
0 +p; (9P + )@+ )

Vi;n-at. (g) =

Pa3znioxxeHne moay4eHHOTO BBIpaKEHUsI B HHTErpasl Dypbe

\ 47Qz,e* 4r(Z,-Q)Z,e%g? 1y .\ d°g
V, - 2 1- 22 —gr) —3
lon—at.(g) J[ gz+u22 +(g2+ﬂez)(gz+lu22) 2 eXp( zgr) (272_)3’

2
9 +4
WHTETPajbl BBIYUCIUM C TIOMOIIBIO TEOPHUHM BBIYETOB (CM. TpuioxeHue 16).

OxoHYaTEIBHO BBIPpAKCHHUC  IJIA HOTeHHI/IaHBHOﬁ OHCPIUH B3aHMO,Z[eI>'ICTBH$I

HaAJICTAIOIICI'O MOHA C 3apsaa0M Zee C aTOMOM KpucTaJljia € 3apsaa0M Zze C y4CTOM

npunuuna Iaynu B caydae Z,, = Z, IpUMeT BUA:



. Z.e°
Vionfat.(r) :QTzeXp(_ﬂZr)_'_

Z,-Q)z,e* 1
& ?) : ﬂz_ﬂz(ﬂfeXp(—uJ)—ﬂzzeXp(—uzr)F
e 2
(Z,-Q)Z," 4
2
2r (w2 -u)

+ (2222 exp(— 1) = (137 = 122 it + 242 Jexp(— 1) ).

(2.5.3)

Ha puc. 2.5.1 nzo0pakeHa moTeHIIMaaIbHas SHEPTHs B3aUMOICHCTBHUS HOHA
cepeOpa IpH Pa3IMIHBIX 3aPSATOBBIX COCTOSHUSAX Q ¢ aTOMOM KpemHUs 0e3 yueTa
u ¢ yderoM npunHinuna Ilaymu. IloTeHuuansl W30IMPOBAaHHBIX HMOHA U aToMa
BBIOMPATTUCH B MIPUOJIMIKEHUN SKPAHUPOBAHHOTO KYJIOHOBCKOTO MOTEHITHAA.

B cnywae, He yuuThiBawonieM npuHumn Ilaynun B BblpaxkeHUHW s
NOTEHIIMAJIBHOW JHEPTUU B3aMMOJCHCTBUSA HMOHA cepedpa ¢ aTOMOM KpEeMHHUS,
YBEIIMYEHUE  3apSAJIOBOIO  COCTOSIHUSL BEIET K  YMCHBIICHUIO TITyOUHBI
MOTEHIIUAJIBHON SIMbl U YBEJIMYEHUIO PACCTOSHUS, COOTBETCTBYIOIIETO MUHUMYMY
MOTEHIUAIBHOU SIMBI.

VYuer npunuuna Ilaynu B BbIpakeHMM U1 NOTEHIHAIBHOW OJHEPTUU
B3aMMOJICHCTBUSI MOHA C aTOMOM KpHCTaJlJla BEJET K TOMY, YTO B JMAara3oHe
3apsiioBbIX 3HAaYeHu oT 0 10 12 HaGmtomaeTcst U 001acTh NPUTSIKEHUS, U 00J1aCTh

OTTaAJIKUBAHHUS. YBEJIMUCHUEC Q B YKAa3aHHOM AOHWaIlla30HC BCIACT K YMCHBIICHHIO

IIIyOHHBI MIOTCHIIUATBHOMN SIMBI, YBETHYEHUIO BBICOTHI MOTCHIIMAILHOTO Oapbepa 1
YBEIIMUEHUIO IMMPUHBI oOjlacTh oTTankuBaHus. Hauumnas co 3Hadenms Q =13,
HaOJFOMAeTCsl TOJIBKO OTTAJKWBAaHUE HAJICTAIOIIETO MOHA W aToMa. YBEIMYCHUE
3apsI0BOTO COCTOSIHHSI TIPUBEAET K YBEIIUUYEHUIO PACCTOSHUSA, HA KOTOPOE MOTYT
COMMKAThCS MOH U aTOM.

Ha puc. 2.5.2 npeacraBieHbl HECKOJBKO  A3TAloOB  HBOJIOIUU
MOTCHIIMAIBPHONW HPHEPTUM B3aUMOJICUCTBUS MOHA C aTOMOM KpHCTaUla C y4eTOM
npuHiuna Ilaymn mnpu  W3MEHEHHWHM 3apsaoBOro cocTosHus. [loTeHImamsl
W30JJUPOBAHHBIX MOHA M aTOMa BBIOMPAIUCh B MPUOIMKCHUH SKPAHHUPOBAHHOTO

KYJIOHOBCKOI'O ITIOTCHIIHAJIA.



V{r}, sB é0T

Q=10

30T

_6'] -

-120—+

Firy, sB 031

-03—

Pucynok 2.5.1. [loTeHunanbHas 3HEprysi B3aUMOJICHCTBUS HOHA cepedpa MpH pa3INuHbIX
3apsIOBBIX COCTOSTHUAX Q ¢ aTOMOM KpeMHus 0e3 ydeTa (CIUTONIHAs JIMHHS) U C yIYEeTOM
(myHkTupHast auHMA) npuHIMna [Taynu. IloTeHunansl M30IMPOBaHHBIX HOHA U aTOMa BbIOpaHbI

B HpI/I6HI/I)KeHI/II/I 9KPaHUPOBAHHOI'O KYJIOHOBCKOT'O ITOTCHI[MAJIA
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Pucynok 2.5.2. IloTeHumanbpHas SHEPTUs B3aMMOJICHCTBUS HOHA cepedpa pU Pa3TUIHbIX
3apsAZ0BBIX COCTOAHUAX Q C aTOMOM KpeMHHUS C Y4eTOM (IIyHKTUpHas JuHUs) npuHiuna [laynu.
[ToreHnuanbl N30JUPOBAHHBIX HOHA U aTOMa BHIOpaHbI B PUOIMIKEHUH S9KPAHUPOBAHHOT O

KYJIOHOBCKOTI'O ITOTCHIIMAJIa
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Tnaea 3
MoaeanpoBaHue nmpoiecca HarpeBa

KaHAJIMPOBAHHBLIX HOHOB

3.1. sIBJjieHHs1 HATPEBA M OXJIAKIEHUS] KAHAJTUPOBAHHBIX HOHOB

B [1] MPEICTaBIECHO AKCIIEPUMEHTAIBHOE CBHUJIETEIBCTBO
IEpePACIIPENCNICHUs]  HAadaJbHOIO  M30TPOIHOIO  MOTOKA  YaCTHI[  IOCIIE
IIPOXO’KJICHUA Yepe3 TOHKUHM KpucTtaml. Habnroganock yBeaMdyeHre U yMEHbIIEHUE
MIOTOKAa YacCTUIl B OCEBBIX M IUIOCKOCTHBIX HANPABJICHUSX B 3aBUCUMOCTH OT
YCIIOBU 3KcriepuMeHTa. [t 3TuX siBIeHU ObUIM BBEJEHBI TEPMUHBI MOIEPEUHOE
OXJIQXKJIEHWE W TOMEpPEUYHbId HarpeB, oToOpaxaromue TOT (akT, 4TO YBEIUUYCHHE
MOTOKAa BJOJb OCEBOrO WM IUIOCKOCTHOTO HANpaBJICHUW  BbI3BIBAETCS
YMEHBUIEHUEM TMOMNEPEYHON 3HEPrMy MOHA U MOTOK YMEHBILIAETCS B pe3yJbTaTe
YBEJIMYEHHUS TONEepeYHOoN dHepruu (HarpeB). Ha TOT MOMEHT Takoe MOBEJICHHE He
ObUIO MpEeACKa3aHO CYIIECTBYIOIIEH Teopuell U HE BOCHPOU3BOIUIOCH
KOMITbIOTEPHBIM MOJCIIUPOBAHUEM.

IlepBble SKCHEPUMEHTHI MPOBOJIUIUCH B OCEBOM Hampasiiennn <100>
KpHUCTAJUIa KPEMHUS TONIIMHOW OT 2,9 no 8,7 mxkMm. B kauecTBe HajeTaronmx
yacTull Beioupanucek nousl C (18 MaB), Cu (46 M»aB), Au (92 M»aB), | (121 MaB).
Jns wonoB C HaGmromancst pexum oxnaxnenus. Jns Cu  HaGmromanoch
IMPOMEKYTOUYHOE COCTOSIHME C OXJIAXKICHUEM [IJIsl KaHAJIMPOBAHHBIX HOHOB M
HarpeBOM I CJIa00 KaHATMPOBAHHBIX HOHOB. B HEKOTOpOW cTemeHu 3TO

CIIpaBEUIMBO U Il HOHOB |. DKciepuMeHThl ¢ HoHaMU AU MOKa3bIBAIOT CUJIBHOE



COKpallleHHe TMOTOKa BJOJb KpHUCTaUIOTpaduiyeckoi ocu —  Harpes
KaHAJIMPOBAHHBIX NOHOB.

B [2] npuBeneHbl SKCIIEpUMEHTANIbHBIE TaHHbIE, CBA3aHHBIE C d(PexkTamu
HarpeBa W oxJyaxzaeHus. [IpoBeneHbl W3MepeHHs I Pa3IMYHBIX HOHOB B
OOJBIIOM AMana3oHe MOHHBIX AHeprui. Mcmosb30BaHue pa3TUYHBIX KPHUCTAIIOB
MO3BOJISIET M3YYHUTh 3aBUCUMOCTb 3()QPEKTOB OT aTOMHOIO HOMEpa aTOMOB
Kpuctayuia. VI3MEHEeHHEe OpHEHTauuu KpHUCTala IMO3BOJSET PAacCMOTPETh
3aBUCUMOCTh 3¢ @dexTa OT pa3MepoB KaHalla W HMHTEHCHUBHOCTH TMOTEHIIHAJA
KaHaJIMpoBaHus. M3MepeHns, mpoBOAMMBIE C KPUCTAJIAMHU Pa3IMYHON TOJIIHMHBI,
MOKa3bIBAIOT ycuiieHue 3((PeKTa ¢ yBeIMYEeHUEM JUTMHBI ITyTH HOHA B KPUCTAJLIE.

N3BecTHBI AKCHEPUMEHTHI, KAK B OCEBBIX, TAK M IUIOCKOCTHBIX KaHalIaxX

kpuctamuia. Tak, Hampumep, aid MOHOB Y ¢ »Heprusamu E =141, 177 MbB,

KaHAIMPOBAaHHBIX B KpHUCTaie KpeMHUs Si, B oceBoM kaHanme <100> wu
miockoctHoM Kanane (110) naGmromaercst apdext oxnaxaeHus; s UOHOB Y ¢

sHepruet E =63, 92 MaB — marpes. Ilpu E =117 MbB Hnalmonaercs

MEPEXO/IHBIA ATall OT OXJAXACHUS K HarpeBy. OTOT JTall XapaKTepu3yeTcs
YBEIIMYEHUEM OCEBOT0 MOTOKA, KOTOPBIM BUJUM TOJIBKO IPH yIiIax OOJBIINX, YeM
KPUTUYECKUN yrojl. B 3Tol 00acTu MOHBI BCE €llle KaHAIMPYIOT B TOM CMBICIIE,
YTO HUX JABWKEHHE OIpPENEseTCs HENPEPhIBHBIM MOTEHIUAIOM M AJIEKTPOHHBIN
3aXBaT U MOTEPS BUJIOU3MEHSIOT YIJIOBOE pacipe/iesieHHE.

[Ipy HUBKUX PHEPTUSX B MIOCKOCTHOM Cily4yae HaOIr0JaeTcs MpoBal (puc.
3.1.1), KOTOpbI MOSIBIAETCSA, BEPOSTHO, H3-3a CKOIUJICHUS HArpeThbiX HOHOB,
KOTOpbIE€ HE JIOCTAaTOYHO OBICTPO MEPEXOAAT K OOJBIIMM yriaM. DTOT MpOBal
CIIOCOOCTBYET BO3HMKHOBEHHWIO TPYAHOCTEM B ONPENEICHUM OXJKICHUS U
HarpeBa. B oceBOM cilyyae OXJIaxJI€HUE U HarpeB JIETKO pa3InuUMBI.

OceBoe HanpasieHue <110> kpucramia Si ObUIO HCCIICIOBAHO C MOHAMU
Ni, Br, Y u Ag. B o011eM, HHTEHCHUBHOCTh OXJIAXIEHUS B cpaBHeHuu ¢ <100>
ocbio Beime Ha 30%. OpHako, OOHApPYKEHO OTCYTCTBHE IEpexoia K HarpeBy
KaHaJIMPOBaHHBIX YyacThll. C 3TUMU K€ UOHAMH U KPUCTAILIOM HM3y4eHa TJIOCKOCTh

(111), koTOpas Tak e MOKa3bIBa€T OTCYTCTBUE PEKMUMA MEPEX0a K HArPERY.
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Pucynox 3.1.1. OceBoe u MIIOCKOCTHOE paclpeeICHUs HOHOB Y TOCTIE TIPOXO0XKICHUS
kpucraia Si(001) Tommunoi 3,4 MkM. DHeprum Beixoaa 177 (kBaapatsr), 141 (kpyru), 117
(TpeyronpHukn), 92 (kpectuku) u 63 MaB (3Be3noukn) [2].

OKCNEPUMEHTAIBHO TMOATBEPXKIECHO, YTO TPH TMPOXOXKICHUU dYepes
kpucTay1 Si noHos Jjerde, yeMm Ti: p, He, C, O, F, S u Ca He Ha0ro1aeTcss HarpeB.
N3mepenus npoBoauauck 11 120-k3B p, 0,5-M»aB He, 7-M»B S u F, 22-M»3B Ca.

CuibHOE yBENWYEHHE TOTOKA (OXJIaXICHHE) MOHOB S HAOII0IAI0Ch MPH
npoxoxaennu B <100> oceBom HampaBnenuu u (110) mIockocTHOM HanpaBiIeHUU
KpucTasa Si.

[Tpu nemxennu nonoB Ni, Cu, Ge u Zn ¢ sneprueii okoso 40 MaB Brosb
oceBoro Hanpasieaus <100> B kpuctamie Ni HaOronaetcst 3¢ ext Harpesa.

st KpUcCTaJljia Pt  waGmomaercs Ka4ueCTBEHHO OTJINYHOE
niepepacrpe/ieliecHie MoToka Mo cpaBHeHHio ¢ kpuctauiamu Si u Ni. CuiabHoe
OXJIAKICHHE XOPOIIO KaHAIMPOBAHHBIX MOHOB, HaOmogacTcs, B oomeM, mis Ni,
Br, Y, Ag, I, Au, Pb u maxe Th. Dkcmepumentsl ¢ monamm Ag u AU,
KaHAJIMPOBAaHHBIMH BAOJAL ocu <110> xpucramia Pt, Takke MOKa3bIBAIOT
OTCYTCTBHE TIepeXojia K HarpeBy MPU HU3KUX SHEPTUSIX.

B T1a6n.3.1.1 npuBeiaeHO cpaBHEHHWE 3HAUYCHUN 3apsIOBBIX COCTOSHUM
HOHOB A(, KaHAJIMPOBAHHBIX BAOJb OocH <100> M B MIOCKOCTHOM HaIlpaBJICHUU
(110) kpucramna Si, u BroJyib mwiockocTHoro HarmpasieHus (100) B kpuctammiax Ni
u Pt, ¢ 3apsoBBIM COCTOSIHUEM [Jis Tepexojia B CliydailHOM HarpaBiieHuu. B

ciydae Kpuctaia Pt nHalOmomaercs  CHIBHOE — OXJIAXKACHHE  XOPOIIO



KaHAJIMPOBAHHBIX MOHOB MPU BCEX dHEprusix. M3 Tabmuibl BUAHO, YTO TSI BCEX
KPUCTAJIOB 3HAYEHUE 3apsIIOBOTO COCTOSIHUAX ISl KAHAIIMPOBAHHBIX HOHOB BBIIIIE
IIPU BBICOKOW SHEPruu (OXJIaXKJICHHWE) U YMEHbIAaeTcs NMpu HU3kou (Harpes). s
kpuctayioB Si 1 Ni 3T0 00CTOSATEIIBCTBO HAXOIUTCS B COOTBETCTBHH C 3apsIOBO-
oOMeHHOM Mozenbto. g kpuctamwia Pt HaOmomaeTrcs CHUIIbHOE OXJIaKICHUE
KaHAJIMPOBAHHBIX MOHOB IPH JIFOOBIX YHEPTUSX.

Ta6muma 3.1.1. 3naueHue caydyailHOTO 3apsA0BOr0 COCTOSIHUS M CABUTOB AQ nu AQ

0CCBOC TIOCKOCTHOE

3HAYCHUH KaHaJIMPOBAHHLIX 3apsa0BbIX COCTOSTHHH I10 OTHOIICHUIO K CJ'IyT-Iaf/'IHBIM 3HAa4YCHUAM

U, | 5
Hon ar. § Q ryeaiiioe AQ eoe | AQ oerocroe Pexum
en. |
100-M»B Ag | 6,15 | Si | 21,04+0,03 |-2,25+0,06 |-2,35+0,06 |wHarpes
240-M»sB Ag | 9,52 | Si | 24,09+0,03 | +2,02+0,06 | +0,90+0,06 | oxnmaxkaeHue
100-MaB Ag | 6,15 | Pt | 20,40+0,05 |-0,79+0,06 |-0,34+0,06 | oxJaxxJIeHHE
220-M»B Ag | 9,12 | Pt | 25,98+0,03 | +0,80+0,06 |+0,26+0,06 | oxmaxmeHue
100-M»B Ag | 6,15 | Ni | 21,20+£0,05 |-0,73+0,06 |-0,45+0,06 |wHarpes

KananupoBaHHble WOHBI, JBUTAIOIIMECS B KPUCTAIIE, UCIBIThIBAs
MHOTOKpPAaTHOE PACCEsTHUE Ha DJIEKTPOHAX WJIM TEIUIOBBIE (IYKTyallud aTOMHBIX
A5iep, MepeXoaiaT U3 PEKUMA KAHAIMPOBAHUS K HEKAHAJIMPOBAHHOMY JIBUKEHUIO U
HaoO0opoT. BeposTHOCTH, mepexoja OT HEOONBIIMX TMOMEPEYHbIX HSHEPruil K
OONBIIMM paBHA BEPOSTHOCTH OOpATHOrO TMporecca. IDTO TaK Ha3bIBAEMOE
npaBuwio oOpatumoctu. Habmromaemoe yriioBoe mnepepacnpeieieHue HOHHOTO
MOTOKA TMOCTe MPOXOXKIEHUS KpHUCTala — 3TO CBUACTEILCTBO HApYIICHUS
mpaBuiIa oOpaTUMOCTH. XOPOIIIO U3BECTHBIM UCTOYHUK OOPATUMOCTH — DHEPTHUS
notepb HOHOB. HapymieHue mpaBuia OOpPaTUMOCTH MOXKET TMPUBECTH K
YBEIMYCHHIO MMOTOKA KaHATMPOBAHHBIX MOHOB, HO TAKUM 00pa30M HE MOXKET OBITh

OOBSICHEH Harpes.




KadgectBernHoe oO0bsicHeHNE 3P (HEKTOB HArpeBa U OXJIAXKJACHHUSI MOXKET OBIThH

MOJYYEHO HAa OCHOBE 3aps0BO-OOMEHHON Mojenu. BhICTpbId, TsHKENbld HOH
UMEET CPEeIHUM 3aps] Z,€, KOTOPBIM JaeTcs anmnpoKCUMaIUen ZI ~ le/ 3 U/ Uy, T
Z,, U — aTOMHBII HOMEpP U CKOPOCTb HOHA, uo:ez/h — ckopocth bopa.

HonHblil 3apsa ObICTpO (QUIYKTYHUpPYET M3-3a 3aXBaTa M MOTEPHU 3JIEKTPOHOB. M3
puc. 3.1.2 cienyer, 4TO UMK 3aXBaTa U MOTEPU U3MEHSET MONEPEYHYIO YHEPTUIO

noHa. PaccmaTpuBast MOH, Kak TOYEUHBIN 3apsifl, €r0 MOMEPEYHYIO JHEPTUIO MOKHO

3anmcath cremyomuM obpasom E = p?/2M,+U (r), tne U(r)=ZU ) (r),
U,(r) — moTeHImMambHas OHEPIHA AaTOMHOM IENOYKM Ui  MPOTOHA.

AHHpOKCI/IMaHI/IH TOYCYHOI'O 3apsija HC ABJICTCA TO‘—IHOfI, HO IIO3BOJIACT
KauyeCTBEHHO OOBICHHUTH 3(1)(1)61(’1‘1)1 HarpcBa U OXJIAKIACHU . Ecau non 3axBaTbiBacT

9JICKTPOH Ha pacCTOAHHUH rc OT aTOMHOM LOCTIOYKM KpuUCTallla U TCPACT Cro Ha
pacCToAIHNN r,, TO IIPOUCXOJUT YMCHBIICHHC HOHCpC‘IHOﬁ OHCPIruM HOHa

AE, =U(r)-U(r)). C yBenuueHHeM pacCTOSHHS OT AaTOMHOI LEIOYKH

Kpucrajajlia, BBICOTa HOTGHHH&HBHOﬁ AMBL  OJIA  9JICKTPOHA VYBCIMYHUBACTCA U
MMPOUCXOAUT CKOIINICHHUC JJICKTPOHOB B OCCBOM HJIM INNIOCKOCTHOM HalIPaBJICHHUH.

Ecnu I, > 1, moreps U 3aXBaT MOHOM DJIEKTPOHA MPUBEAYT K YBEIUYCHUIO HOHHOU

IJIOTHOCTH M, TAKUM 00pa3oM, K YBETUYCHHUIO BBIXOISIIETO U3 KPUCTAIIJIAa HOHHOTO
MOTOKA.

Ha wHawanpHOM »9Tame »d>¢dekTsl HarpeBa W  OXJAXKICHUS  HE
BOCIIPOU3BOAMIINCH c MTOMOIIBIO KOMITBIOTEPHOTO MOJIETTUPOBAHMUSI.
Kowmmerotepras nporpamma CRYSTAL-TRIM, ocHoBaHHas Ha MO OMHAPHBIX
CTOJIKHOBEHHM, U YYUTHIBAIOIIASI DHEPTHIO TOTEPH AJIEpP M DJIECKTPOHOB, YIJIOBOE
paccesHHE€ W MHOTOKpaTHOE paccessHue Ha DJJIEKTPOHAX, He I[OKa3blBasa
CYILIECTBEHHOT'O OTKJIOHEHUS! YTJOBOrO pACHpeleieHus] OT CIy4alHOro. OTH

pe3yNbTaThl OKa3IUCh B coryacuu ¢ porpammoit LAPOSE.
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Pucynok 3.1.2. [lonepeunslii noTeHIIMaI KaHAIMPOBAHHOM YacTUIIbl. 3aXBaT 3JEKTPOHA Ha
PacCTOSIHUU I yMEHBIIAET MOTEHIUAIBbHYIO 3Hepruio. [ToTepst anekTpoHa Ha pacCTOSHUM [

YBEJIMYHMBAET NOTEHIIMAIBHYIO SHEPTHIO. [3]

B [2] cooOmiaeTcss O KOMIBIOTEPHOM MOJACIUPOBAHUU, PE3YyJIbTATh
KOTOpPOro JeMOHCTpUpYIOT dddekTsl HarpeBa u oxiaxacHus. NN-CTMC
MOJICTUPOBAaHUE OIKCHIBAET B3aUMOJICUCTBHME HOHA C JBYMS MapalieIbHbIMU
nernoukamMu w3 N aToMOB KpHUCTaia, KaXIblii M3 KOTOPBIX COJEPXKUT N
ANIEKTPOHOB. BBEZIEH yueT MHOTOKPATHBIX CTOJIKHOBEHHI HOHA C ATOMOM.

B [4] npennaraercs oObsicHeHue 3((EKTOB HarpeBa M OXJAXKACHUS B
paMKax €IWHBIX MOJECIbHBIX MPEICTABIICHUN, CBSI3aHHBIX C mepe3apsaakon. Eciu
3apsii MaJarolIuX YacTHUll SIBIsieTCS (PyHKIMEH yTiia MaieHusi, TO pe3yIbTUPYIOIIee
pacripefieyienne He OyaeT W30TponHbIM. Eciu B HEKOTOpOM Auarna3oHe YTJIOB
3aps]l MEHbIIIE CPEHEro, TO B OTOM HampaBieHUH OyneT MUK, HANPOTUB, €CIU
3apsin  OoJbllle CpeAHero, TO 4YacTUlbl A()QPEKTUBHO paccerBalOTCs U3 ITOU
YTII0BOM 0071aCTH, B pe3ybTaTe 4ero oopasyercs jgyHka. [Ipu npoxoxaeHun uepes
KPUCTAJJI WX PABHOBECHBIA 3apsii 3aBUCUT OT PACCTOSHHUS HAUMEHBIIETO
COJIMDKEHUS C ITIOCKOCThIO MJIM LIETIOYKOM, TO €CTh OT yIJIa MaJIeHUs] Ha KPUCTAaJLL.
B npou3BOIRHOM HAampaBI€HUM OH COBMAJACT C PABHOBECHBIM 3apsioM st
amopdHoi cpenbl. [Ipu IBMXKEHUM B OCEBOM WJIM TJIOCKOCTHOM KaHajie 4yacTHIla

3aBUCACT B TOYKC IIOBOPOTA, H, CCJIIM OTHOIICHHC BCPOATHOCTH CpbIBa K



BEPOSITHOCTH TOAXBATa AJEKTPOHA B 3TOM 00JACTH MPEBBIIIAET 3TO OTHOIICHUE B
LEHTPE KaHaja, PaBHOBECHBIN 3apsi/i KAHAJMPOBAHHBIX MOHOB OKAa3bIBAETCS BBIIIIEC
PABHOBECHOT'O 3apsijia JIs CIIy4ailHOrO HApaBJICHUS U B YTJIOBOM pacIpe/iesieHun
BO3HUKAET JIyHKa. B  OpPOTUBOMOJIO)KHOM CJydae pPaBHOBECHBIA  3apsij
KaHAJIMPOBAHHBIX MOHOB HIKE, YEM JIJIsl CITyYailiHOTO HAIpPAaBJICHUS U B JUaNa3oHe
YIJI0B KaHAJIMPOBAHUS TOSIBIISIETCS UK.

B »10i1 )€ paboTe npuBeeHbI Pe3yabTaThl MOJICTUPOBAHUS TIJIOCKOCTHOTO
kaHanupoBaHus HOHOB C B kpucTauie Si. YUUTBIBAIUCH MIEPEXO0IbI TOJBKO MEXKTY
JBYMsSI 3apsiIOBBIMU COCTOSIHMSIMA OKOJIO PAaBHOBECHOTO 3apsiia HOHA. 3apsj
MEHSUICS CKaukamu. PaBHOBECHBIN 3apsi/i ONpeNiesIIeTCsl BEPOATHOCTSIMU 3axXBaTa U
CpbIBa 3JICKTPOHA. B MOJIHOM COIJIacMM C SKCIEPUMEHTOM IPU HU3KOW SHEPIUU
HaOJII0/1aeTCsl HArpeB, MPU BHICOKON — OXJIAKJICHHUE MTyUKa.

[To3ke, Ha OCHOBE BBIIIE OMHCAHHOW MOJENH, OblIa MpeIokKeHa CUCTEMA
ypaBHEHUH, C TIOMOIIBI0 KOTOPOM MOXKET OBITh OIpeAesieHa 3aBUCUMOCTH
CKOPOCTH TIE€pEeX0Jia HArpeB-OXJaXIAECHUE OT aTOMHOro Homepa uoHa [5]. Ilpum
MaJbIX aTOMHBIX HOMEpPAX YpaBHEHHS CUCTEMBbI CTAHOBSITCS HECOBMECTUMBIMU. B
HKCIEPUMEHTAX 3TO MPOSIBISETCS KaK MCUE3HOBEHHUE Mepexoa OT OXJAXIACHUS K
HarpeBy y JIETKUX MOHOB. C MOMOIIBIO MPEIJIOKEHHON MOJAENIH, MOKa3aHO, YTO
pu JIOOBIX CKOPOCTSAX JIETKUX WOHOB PABHOBECHBIN 3apsii B IICHTpE KaHaja
OoJibllle, YeM CpeAHUN 3apsj HOHAa, ABUXKYIIErocs B amMop(HOM Marepuale.
[ToaToMy cpemuuii 3apsiyi KaHATMPOBAHHBIX JIETKUX HMOHOB HEMHOTO MEHBINE U
UMEET MeCTO cJ1al0bIi A PekT oxnaxkaeHus 0€3 rmepexoia K HarpeRy.

B [6] mpoBeneH TEOpETUUYECKUN aHAIN3 OXJIAKACHUS U HArpEeBa MOHOB C
ydaeToM 000j09euHbIX A dekToB. [TokazaHo, 4To pe3koe M3MEHEHHE MOTEHIIHAlIA
MOHU3AIUHU TIPU TIEPEX0Jie OT OJHOM 00O0JIOUKH K CIEAYIOIIEH MOXKET MPUBECTH K
HEOJHOKPAaTHOMY TIEpeXO0Jy OT HarpeBa K OXJKICHUIO U OoOpaTHO TMIpH
YBEIIMYEHUH CKOPOCTH MOHA.

B pabGore [7] pa3paboTaHa KUHETHYECKass TEOPHUS IPOXOXKIACHUS
MHOTO3apSAIHBIX TSHKEIBIX HOHOB, YYHTHIBarOIas AUQPQy3u0 B TPOCTPAHCTBE

MOMEpEUYHbIX HMITYJILCOB U oOMeH 3apsAaoM MEXKAY KPHUCTAJJIOM M HOHOM.



[TpuBeneno BbipaxkeHue Isi (YHKIUU pacHpeesieHus, ¢ TOMOIIbI0 KOTOPOil Ha
3aJJaHHOW TIyOMHE KPUCTaJJIa MOKHO BBIYUCIIUTD JOJI0 KAHAJTUPOBAHHBIX YaCTHIL,

HaXOAIMUXCA B 3apsad0BOM COCTOJAHUHU Q PaCCMOTpeHO OJHOJJICKTPOHHOC

NpUOJIMKEHUE, YUUTHIBAIOIIEE TO, YTO OCHOBHOM BKJIaJ B Mepe3apsiiKy BHOCST
IIPOIIECCHI C M3MEHEeHHEM 3apsia Ha equaniy Q' — Q £1. Ipossienue >3¢dexToB
HarpeBa U OXJIAKJICHHS MYyYKOB TSKEJBIX MHOTO3apsiIHBIX MOHOB OIPEACISIETCS
3aBUCHMOCTBIO BEPOSITHOCTEH 3axBaTa M IOTEPU DJIEKTPOHOB OT MPUIEIBHOTO
napaMeTpa MpU B3aUMOJCHCTBUM HMOHOB C AaTOMHBIMH II€MIOYKAMH, YTO U
ONpENENAET XapaKTep YIVIOBOTO W NPOCTPAHCTBEHHOI'O pAaCIpEAeeHus 3apsa
KaHaJIMPOBAHHBIX HOHOB.

B nanpHeliieM ObLT MPOBENEH YHCICHHBIM aHalW3 KUHETUYECKHUX
ypaBHeHuil  [8]. PacueTbl NpPOM3BOAWIMCH Uil  W3OTPOINHBIX  ITyYKOB
MHOT03apsiTHBIX MOHOB Al m Y KaHaJIMpOBAaHHBIX B KpHCTALIE Si BIOJb OCH
<100>. [loka3aHO, YTO TEPEXO] OT OXJAKJCHUSA K HAarpeBy M30TPOMHOrO Iy4YKa
TSKEJIBIX MHOTO3apsiAHBIX UOHOB 3aBHCHUT HE TOJIBKO OT HEPTrUU MOHOB, HO U OT
rIyOMHBI WX TPOHUKHOBEHHUS B KpucTawl. [lokasaHo, 4TO ¢ OmNpeaeieHHBIX
3HAUYECHUU TIYOMHBI MPOHUKHOBEHHUS OTHOCHUTEIIBHBIC YIJIOBBIE paclpeeiaeHUs
MPAKTUYECKU HE U3MEHSIOTCSI, T.€. 0OHAPYKUBAETCSI CBOMCTBO aBTOMO/IEIIHOCTH.

B [3] paccmotrpena wmopaenb, NO3BOJISIONIAS ONPEAETUTh CKOPOCTh
nepexofa OT HarpeBa K OXJAXKICHUIO KakK (QYHKIUIO OT HHEPTUil CBSI3U B
KpUCTAJUIE W HajeTalliel dactuie. Tak >Xe TMpOU3BEJIEH Yy4eT SHEPruu
BO30Y)KJICHMsI HAJIETAIONIETO HMOHA. JTa MOJENIb NPEICKa3biBaeT OTCYTCTBUE
HarpeBa Jijisl JITKUX HaJeTaIoIUX YaCTUIl U MEePEeX0/ OT HAarpeBa K OXJIAXIECHHUIO C

YBEIIMYEHUEM CKOPOCTH HAJIETAIOIIEH YaCTUIIBI.



3.2. MoaenupoBaHue TNPOLECCOB HarpeBa M  OXJAXKIEHUS

KaHAJIUPOBAHHBIX HOHOB

MopenupoBaHue Ipolecca HarpeBa MPOU3BOJUIOCH C HCIOJb30BAaHUEM
KOMITBIOTEPHON MPOrpaMMbl MOJICIUPOBAHUS TPACKTOPUM OBICTPBIX 3aPsHKCHHBIX
YacTHUI] B KaHAJaX aJMa30mogo0HbIX KpucTamioB PST (cm. m. 1.7). IIporpamma
ObuTa MOTM(UIIMPOBAHA: TIOSBHIIMCH OJI0K BBIOOpa moTeHnuaia «Mou-Atom» (cM.

I'JI. 3), N OKHO BBOJ4d YHCJIa OCTABIIHUXCA B aTOMC 3JICKTPOHOB Ze'

[IpousBoamiock MojaenupoBaHUE NBWKEHHS HOHOB cepebpa B (110)
IJIOCKOCTHOM KaHaJIe€ KpHUCTaula KPEMHHUS TONIIMHON 3 MKM. M3BeCTHO, 4TO mpu

sHeprun 100 MaB u cpegnem 3apsymoBoMm coctosiHuM Q =19 wnoHOB cepebpa

Habmonaercs 2¢dext Harpesa, npu sHeprun 240 MaB u Q ~ 25 — oxnaxkaeHue
[2].

Pacuer nexaHamupoBaHHsSI TPOU3BOJUIICA C HMCIOJIb30BAHHEM BbIPAXKEHUS
JUIl  TOTEHIMAJbHOW DSHEPrUM B3aMMOJECHCTBUS HAJIETAIOIIEM YacTULBI C
HENPEPHIBHBIM ~ MOTEHIIMAJIOM IIJIOCKOCTHOTO KaHajla KpuCTalyla B  BHUJAE
Pa3JI0KEHUS B JIBOMHON TPUTOHOMETPUUECKUM Pl Pypre ¢ yUETOM CTPYKTYPHOIO

daktopa u pakropa [Jebas-Bamnepa (cM. npunoxenue 17)

8 22
U(X):%ZZV(g)exp(—O_ g jcos 27N, X—Xii ,

n, j=1 2 a,
X _
rae X = i Oe3pasMepHas KoopauHara, d — MEpUO PEIETKH KpUcTamia; (
2zn.d

X

— BEKTOp OOpaTHOM peweTku, (, = — TMPOEKIHUsI BEKTOpa OOpaTHOM

a

X

pemetkn Ha och OX ; V(g) — (ypbe-KOMIIOHEHTa MOTEHIMAIbHONW SHEPTUU



BSaHMOHeﬁCTBHH aTOM-aTOM, HOH-aTOM, AApPO-aTOM; O — CPCAHAA aMILINTYy/dad

TEIUIOBBIX KOJleOaHuUI aTOMOB KpucTaia; X;, — Oe3pa3MepHas KOoopAMHaTa

aTOMOB 3JIEMEHTApHON SAYEHKH KpUCTaJlja, BBIOpaHHas B €AMHHALAX &, (CM. TaouI.

1.2.1).

PaccmaTtpuBamuch ciydad BbIOOpa (ypbe-KOMIIOHEHTHI IMOTCHIIMAILHOM
SHEPIUU B3aMMOICHCTBHUS HAJIETAIOIIEr0 HOHA C aTOMOM KpHCTauia 6e3 ydera u ¢
yuetoM mnpuHiuna I[laymu (cm. m. 2.4 u 2.5 coOoTBeTCTBEHHO). IloTeHIMABI
HN30JIMPOBAHHBIX 4dTOMOB BBI6I/IpaHI/ICB B HpI/I6JII/I}KeHI/II/I OKPaHHUPOBAHHOI'O
KYJIOHOBCKOI'O ITIOTCHIIHAJIA. YHOMﬂHYTBIC BBIPAKCHUA UMCIOT B!
47QZe*  4r(Z,—Q)Z,’g?

2 7 T 2 2 2 2\’
g*+1i (97 +2)(9°+18)

Vion—at. (g ) =

47QZ,e* N 47(Z,-Q)Z,e’g"
9+t (97 al) (974 42)
ArQZ e’ N 47(Z,-Q)Z,e*g"
9"+ p (0P +p)(97+ 1)

PC3y.]II->TaTBI MOJCIUPOBAHNA, HC YUYUTBIBAIOMICTO W Y4YWUTBIBAIOIICTO

Vion (@) = Bcmyvyae Z,, =72

e!?

Vinae(9) = Bciydae Z,. =2,.

npuHiun [laynu B BeIpakeHUW IS MOTEHIIMATBHOM SHEPTUU B3aUMOJICUCTBUS
HaJIETAIONICH YacTUIlbl C HENPEPHIBHBIM MOTEHIIMAJIIOM IUIOCKOCTHOTO KaHala
KpUCTaJUla, I Pa3IMuHbIX 3apsAaoBeIX coctossHuid Q w  osuepruii E
npeacraBiaeHbl Ha puc. 3.2.1-3.2.4. Jlnsg HaArIsgHOCTH Ha 3THX JKE€ PHUCYHKaX
U300paKEHbl ~ TpeleNibHble  Ciy4au  3apsSJOBbIX  COCTOSIHUM: Q=0,
COOTBETCTByIOmMK atomy, U Q=47 — sapy cepebpa. DPypbe-KOMIOHEHTHI
MOTEHUHUAIBHOW HHEPIUM B3aMMOJEWCTBUSA HAJETAIOMIETO aToMa C aTOMOM
Kpuctauia 0e3 ydera u ¢ yderom npuHnuna I[laymu (ecm. m 2.2 u 2.3
COOTBETCTBEHHO) TaK K€ OMPEACIICHBI TP MOTEHIINAIaX U30JIMPOBAHHBIX aTOMOB,
BBHIOPAHHBIX B TPUOIMHKCHUH JKPAHUPOBAHHOTO KYJOHOBCKOTO TMOTCHIMANA U

HUMCIOT BHA.
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@ypbe-KOMIIOHEHTA IOTEHUHUAIBHOW HSHEPIUM B3aWMMOJEWUCTBUSA HAJIETAIOIIErO
AJlpa C aTOMOM KpHUCTaJJIa UMEET BUL:
4rZ,Z,6°
Vnucl.—at.(g) = 2;22 .
g+,
3nech MOTEHUUAT HW30JIMPOBAHHOIO aToMa KpHUCTajula Tak JkKe€ BblOMpayics B
IpUOIMKEHUHU SKPAaHUPOBAHHOTO KYJIOHOBCKOTO MTOTEHIIMAAJIA.
W3 BBIIEYNIOMSHYTBIX PUCYHKOB BHUAHO, YTO HA MalblIX TIIyOMHAxX
KpUCTAJIa IIPOUCXOIUT IepepaclpeesieHue N0ToKa. 13 puCyHKOB ciienyer, 4to
MEHBIIMM 3Ha4eHUsIM Q COOTBETCTBYET HMHTEHCHUBHOE JEKaHAIHpPOBAHHUE, IS

Ooonpmmx Q XapakTepHa MeEHbIIAs CKOPOCTh BBIOBIBAHMSI YAcCTUI[ M3 KaHaja.

O4eBUHO, YTO MPUUYMHHON 3(DdeKxTa HarpeBa MHOTO3apsAIHBIX HOHOB SIBIISIETCS

HHTCHCUBHOC JCKAHAJIMPOBAHHUC.
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Pucynox 3.2.1. Pacnpenenenue nonoB Ag ¢ E =100 M»aB, kaHalMpoBaHHBIX B INIOCKOCTHOM
kanazue (110) kpucramna KpeMHHUS , 110 IITyOMHE KpUCTalla IPU Pa3IMuHbIX 3apsiA0BbIX
COCTOSIHMSIX HAJICTAIOIIEr0 HOHA. 3apsA10oBoMY cocTosiHUuI0 Q =0 coOoTBETCTBYET Ciiyyai aToma

Ag, Q=47 — aapa Ag. [loreHnanbpHas SHEPTUS B3aUMOICHCTBHUS HAJICTAIOIIETO HOHA C

aTOMOM KpHCTaJlJIa BBI6I/IpaJ'IaCB B BUJC oe3 yucTa IIpuHIOUIIa HaYJ'II/I
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Pucynox 3.2.2. Pacnpenenenue nonoB Ag ¢ E =240 M»aB, kaHaIlMpOBaHHBIX B INIOCKOCTHOM
kaHaze (110) kpucranina KpeMHHUsl, 110 TTyOUHE KpUCTaslia P Pa3INdHbIX 3apsSA0BbIX

COCTOSTHUSIX HAJIETAIOIIEro HoHa. 3apsaoBoMy cocTossHUI0 Q =0 cooTBETCTBYET ciydail aroma
Ag, Q=47 — sapa Ag. [loTeHnmanpHas SHEPTHs B3aNMOACHCTBHS HAJIETAIONIETO HOHA C

aTOMOM KpHCTaJlJIa BBI6I/IpaJ'IaCB B BUJC oe3 y4d€Ta MpuHIUIia Hay.]'II/I
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Pucynox 3.2.3. Pacnpenenenue nonoB Ag ¢ E =100 M»aB, xaHalMpoBaHHBIX B INIOCKOCTHOM
kaHaze (110) kpucranna KpeMHUsl, 110 TIyOMHE KpUcTasula P pa3iIudHbIX 3apsSA0BbIX

COCTOSIHUSIX HAJIETAIOIIEro HoHa. 3apsaoBoMy cocTossHUI0 Q =0 coOTBETCTBYET ciydail aroma
Ag, Q=47 — aapa Ag. [loreHnmanbpHas SHEPTUs B3aUMOICHCTBHUS HAJICTAIOIIETO HOHA C

dTOMOM KpHUCTAJLJIa BBI6I/Ip8.JIaCB B BUJIC C YUCTOM IIpHUHIMUIIA Hay.]'II/I
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Pucynox 3.2.4. Pacnpenenenue nonoB Ag ¢ E =240 M»aB, kaHalMpOBaHHBIX B INIOCKOCTHOM
kaHaze (110) kpucranna KpeMHHUsl, 110 TTyOUHE KpUCTaslia P Pa3INdHbIX 3apsSA0BbIX

COCTOSIHMSAX HQJICTAIOUIET0 HOHA. 3apsAnoBoMy cocTosiHUI0O Q =0 cooTBEeTCTBYET Citydai aTomMa
Ag, Q=47 — sapa Ag. [loreHnmanbHas SHEPTUs B3aNMOACHCTBUS HAJIETAIOUIETO HOHA C

dTOMOM KpHUCTAJLJIa BBI6I/Ip8.JIaCb B BUJIC C YHCTOM IIpUHIMIIA Haym/l

Ha puc. 325 wu 3.2.6 0Opou3BEeACHO CpaBHEHUE PE3YJIbTATOB
MOJICIUPOBAHUSl TPU BBIOOpPE TOTCHIIMAIBHOW DHEPTrUU  B3aUMOCHCTBUS
HaJICTAIONICH YacTUII C aTOMOM KpucTauia Si B Bujae 0e3 ydera U C y4eTOM
npuHiuia [layny npu OJMHAKOBBIX 3HAYEHHUSX 3apSAAOBBIX COCTOSHUM. MOXKHO
CKa3aTh, YTO MPU HEOOIBIINX 3HAYCHUSIX 3aPSTOBBIX COCTOSHUN y4eT TMPHUHIIUIA
[Taynu B BbIpa)XK€HUM 1Sl MIOTEHIMAIBHOM SHEPTUU B3aUMOJICUCTBUS HAJIETAIOLIEH
YacTHIIBl C HEMPEPhIBHBIM MoTeHIHanoM (110) mmockocTHOro kKaHalla KpucTayia
Si BeleT K BECOMOMY BIIMSHHIO Ha KOHEUYHBIA pe3yibTaT: HaOomacTcs OoJjee
WHTEHCUBHOE J€KAHAJIMPOBAaHUE, YEM B CIydyae, HE YUYHUTHIBAIOUIEM MPUHIUI
[Maynmu. C yBenuyeHreM 3aps0BOro cOCTOAHUA Q pPa3HOCTh MEXIY CKOPOCTSIMU

JEKaHAJIMPOBaHUsl B ciydasx 0Oe3 ydera M ¢ yderoM mnpuHuuna [laymu npu



OIWHAKOBBIX 3apsAA0BBIX COCTOSHHUAX YMCHBIIACTCA M IIPHU OOIBIINX Q HC

OKa3bIBACT 3aMETHOI'O BJIMSHUSA HA KOHCUHBIN pe3yJibTar.

e Q=10
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Pucynok 3.2.5. Pacnipenenenue nonos cepedbpa ¢ E =100 M»sB, kananupoBaHHBIX B
wiockoctHoM kanane (110) kpucranna KpeMHHUs, 110 TIyOMHE KpHUcTasia IpHU pa3iIndHbIX
3apsJIOBBIX COCTOSTHUSX HAJIETAIOMIETO HOHA. YepHbIE TOUYKH — MOTECHIIMAIbHASI SHEPTUS
B3alMO/ICIICTBUS HAJIETAIOIIET0 HOHA C aTOMOM KpHUCTaJljla BbIOMpasach B BUje 0e3 yuera

npuniuna [aynu, pozoBsle — ¢ yuetom npuHuuna [laymu
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Pucynok 3.2.6. Pactipenenenue nonoB cepedbpa ¢ E =240 M»sB, kaHanupoBaHHBIX B
riockoctHoM KaHaute (110) kpucramia KpeMHUsI, 10 NIyOWHE KPUCTAIUIA TIPU PA3ITUIHBIX
3aps/IOBBIX COCTOSTHHSIX HAJICTAIOMIETr0 HOHA. YepHble TOUKH — MOTEHIMAIbHAS SHEPTHS
B3aMMOJICHCTBHS HAJIETAIOIIETO HOHA C aTOMOM KpHCTalljla BRIOMpaiach B BHJIE 03 y4yera

npunuuna Iaymm, po3osie — ¢ yuerom npunnumna [laynu

3.3. IloreHumajbHasi JHePrusl B3aUMOACHCTBHS HaJeTalIeH
YacTUIbl ¢ HeNpPepPbIBHBIM MOTEHIIHAJIOM IIJIOCKOCTHOTO KAaHAJa

KpucTa/ia 0e3 yuyera u ¢ ydyeTom npunuuna Iayau

Ha puc. 33.1 wu 3.3.2 wu3obpaxeHa TMOTEHIMAIbHAS DSHEPTHUS
B3aUMOJICHCTBHS IIPH Pa3IMYHBIX 3aPAAOBBIX COCTOSHUSAX HAJECTAIOIICH YaCTHIIBI C
HenpepbiBHBIM noTeHIranoM (110) mrockocTHOro KaHana Kpuctamia Si 6e3 yuera

u ¢ yueroMm npuHiumna Ilaymu coorBercTBeHHO. M1 Ha mepBoM, U Ha BTOPOM



PUCYHKE TIpH YBEJIWMYCHHUHM 3apsiioBOro cocTossHUS Q  mpociexuBaroTCs
CJICTYIOITNE 3aKOHOMEPHOCTH

® JBYXBSIMHBIA BHJ TMOTCHIMAILHONH DHEPIrUUM CMEHSICTCS OJHOSMHBIM BHJIOM.
Jlnst cioydass BbIOOpa IMOTEHIIMAIBLHOM SHEPTUM B3aMMOJICHCTBHS HAJICTAIOMICTO
WOHA C aTOMOM KpucTaia 0e3 ydera mpuHiuna [laymn 3To mpoWCXOAWT TMpHU
Q =20, c yuerom npunnuna Ilaymn — npu Q =14,

e B Cilyyac JBYXBAIMHOIO TIOTCHIIMAJa BBICOTA IICHTPAJBHOIO TOpOa
YMCHBIIIACTCS;

® YBEIMYMBACTCS TITyOWHA MOTEHITUATBHOU SIMBI;

¢ YMCHBIIACTCS IIWUPHUHA HOTCHHH&HBHOﬁ SMBI.
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Pucynoxk 3.3.1. IloTeHunanbHas SHEprus B3auMOJICHCTBUS MPU Pa3IMYHBIX 3aPsT10BBIX

COCTOSAHHUAX HAJICTAIOIICTO HOHA Ag C HCIIPECPBIBHBIM ITOTCHIHUAJIOM (1 10) IIIIOCKOCTHOI'O KaHajaa

kpuctayuia Si 6e3 yuera npuHnuna [aymm
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Pucynoxk 3.3.2. IloTeHunanbHas HEPrusl B3auMOJICHCTBUS MPU Pa3IMYHBIX 3aPsI0BBIX
COCTOSIHUSIX HaJeTarollero noHa Ag ¢ HempepbIBHbIM noTeHnuanoM (110) miockocTHOro KaHaia

Kkpuctaiuia Si ¢ yuetom npunina [aymu



Ha puc. 3.3.3 nmnpuBeaeHO CpaBHEHHE MOTEHUUAIBHBIX SHEPTUid
B3aMMOJICUCTBUS MPU PA3IUYHBIX 3aPSIOBBIX COCTOSIHHSIX HaJeTaroniero nona Ag
¢ HemnpepbiBHBIM MoTeHnHaaoM (110) miockocTHOro kaHama kKpucramia Si 0e3
yaetra u ¢ yderoM npuHimmna [laymu. CpaBHUBas BUA MOTEHIIMATBHBIX SYHEPTUN
B3aMMOJICUCTBUS HAJICTAIONIEd YacTUIIBI C aTOMOM KpHUcCTauia 0e3 ydera U C
ydyetoM npuHiuna I[laynu npu oAMHAKOBOM 3apsilOBOM COCTOSTHUH, MOKHO
CeNIaTh CICAYIONINE BEIBOIBL:

e yuer npuHIMna [laynu BegeT K yMEHBIIEHHIO BBICOTHI MOTEHIIUATBHOU SIMBI.
CrouT OTMETHTb, UYTO Pa3HOCTh AMIUIMTYJ  MOTEHIMAJIbHBIX  SHEPIHi
B3aMMOJICUCTBHS HAJICTAIONMIEH YaCTHUIBI C aTOMOM KpHcCTaula 0e3 ydera U C
ydetoM npuHIuna [laynu npu oluHaKOBOM 3apsiIOBOM COCTOSIHUM YMEHBIIAETCS C
YBEITMYCHHUEM 3aPSI0BOTO COCTOSHUS;

e yuer mpuHIMNa [laynum BeAeT K YBETWUYCHHUIO BBICOTHI IIEHTPAILHOTO TOpOa
JBYXbSIMHOTO MOTEHIIHANIA.

CormocTaBisisi  pe3yibTaThl MOJETUPOBAHMS, IPEACTABICHHBIE HA PUC.
3.2.1-3.2.4 ¢ BUAOM TOTCHIMAIBHOW HHEPTUU B3aUMOJCHCTBUS HaJCTAIOIICH
YAaCTHIIbI C HETIPEPHIBHBIM MOTEHIIMAJIOM IIOCKOCTHOTO KaHajla KpUCTalia, MOXKHO
OTMETHTh, YTO CHJIBHOMY JICKaHAIMPOBAHUIO COOTBETCTBYET IOTCHIIMAIBbHAS
DHEPTHUs, UMEIOIIAsl IBYXBSIMHBIN BUJ, CKOPOCTh JICKaHAJIUPOBAHUS YMEHbIIIACTCS

TP IIEPEX0JI€ K OAHOSIMHOMY MOTEHIIMATY.
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Pucynok 3.3.3. [loreHnnanpHas 3HEprysi B3aUMOIEHCTBUS IIPU Pa3IMUHBIX 3apsIIOBBIX
COCTOSIHUSIX HaJeTarollero nona Ag ¢ HenpepbIBHBIM noTeHnuanoM (110) miockocTHOro KaHana
kpuctayuia Si. CIuloniHas JJMHUS COOTBETCTBYET MOTEHIMATBHOW SHEPIHU B3aMMOICHCTBUS
HaJIETAIOILEro MOHa ¢ aTOMOM KpHCTalia, BEIOpaHHOU B popme Oe3 yuera npuniuna [aymnm,

NYHKTUPHAs — ¢ yyeToM npuHiuna [aynu



3.4. CroxacTuyeckass  YCTOMYMBOCT M  HEYCTOMYMBOCTH
MONEPEYHOro ABUKEHUSI KAHAJMPOBAHHBIX YACTHI[ B MJIOCKOCTHBIX

KaHaJ/J1aX KpUucCTaJjjia

C mMOMOIIBIO YpPaBHEHHUS, OIMMCHIBAIOMICTO JBIKCHHE IO XAOTHYECKOM
Tpaektopuu (cM. 1. 1.3)
msx+U,_ (X)6x=6F (X),
NPOM3BEACM JIMHCHHBIM aHAIW3 YCTOWYMBOCTH JIBHXKCHHS KaHAJIUPOBAHHBIX
YACTHIl B OKPECTHOCTH Kiaccuueckoil Tpaekropun [9]. Koosddumment U . (X) Ha

HEOOJIBIIINX BPCMCHHBIX OTPE3KaX JAOIMYCTHMO paCcCMAaTpruBaATh KaK HC 3aBHUCAIIYIO
OT BPCMCHHU BCIIMYHUHY. Pemenue COOTBCTCTYIOICTO OJHOPOAHOI'O YpPaBHCHUA
OyJleM HCKaTh B CJICAYIOIIEM BUJIE

ox = Aexp(pt),

1 P — KOPHHU XapaKTECPUCTUUYCCKOIO YPABHCHUS

mp? +U _ (X,) =0,

, U, (x
p1’2:i o Xxn(] O)'

Eciu U, (X,) >0, To KopHU P, — KOMIIIEKCHO CONpPSKEHHbIE, YACTO MHUMBIE

yucna. Muawe, mpu U, (X,) <0 uMeeM NOJOXUTENbHBIH M OTPHLATEIBHBIN

nercTBUTeNnbHbIe KOpHU. M3BecTHO (cM., Hanmpumep, [10]), 4To B mepBoM ciiydae
peanuzyercss  ycTOWYMBOE, a BO  BTOPOM  HEYCTOWYMBOE  pEIICHHE
i pepeHnnansHOTO YPaBHEHHS.

N3BecTHO, YTO ABMIKCHUE CUUTACTCS CTOXACTHYCCKH HEYCTOWYHMBBIM, €CIIH
TPACKTOPUH  «Pa30ErarTcs» OKCIOHEHIMAIBHO ObicTpo. Takum  obOpaszom,

HEPABEHCTBO



U, (x)<0 (3.4.1)
omnpenenser o0JacTh CTOXACTUYECKOM HEYCTOMUYMBOCTH MOMEPEUYHOrO JBUKECHHS
KaHAJIMPOBAaHHBIX YAaCTHIl, TaK KaK BEJMYMHA CpPEAHEro KBajapara (QiyKTyarui
ABISIETCS ~ MepoW  paszOeraHusi  TpaeKTOpuM.  SIBJIEHME  CTOXaCTUYECKOM
HEYCTOMYMBOCTH TMONEPEYHOIO JBWKCHUS KAHAJIMPOBAHHBIX YACTUI[ HE
HaOJIOaeTCsl B OTCYTCTBHE CIIy4aWHbIX cuil. JIMHEHHBIM 3aKOH BO3pacTaHUs
CpeaHero kBaapara (PIyKTyaluil NonepeuyHord CKOPOCTH KaHAIMPOBAHHBIX YACTHI]
HaOJFOMAeTCsl IJIs1 TEX YYACTKOB TPACKTOPUH, IS KOTOPBIX

U._(x)>0. (3.4.2)

Touka nmeperu6a rpaguka QyHKIUM MOTEHIMATLHON SHEPTUH HAXOJAUTCS
Y3 YPABHECHUSA
U,(X)=0.
Touka X, paspmenser 00JIACTM CTOXAaCTHUYECKHM YCTOHYMBOTO M HEYCTOWYMBOIO

JBHYKECHUS KaHAJIMPOBAHHBIX YaCTHL.

B cnydae ucrnonb3oBanus Oe3pa3MepHBIX KoopauHat ycinoBus (3.4.1) u
(3.4.2) npumyT BUI

UXX(X)<O, UXX(X)>O
COOTBETCTBEHHO.

Ha puc. 3.4.1 u 3.4.2 npuBeneHsl rpaduku 3aBHCUMOCTH BTOPOM
MIPOU3BOJHON MOTEHIIMATBLHOM SHEPTUH B3aUMOJICHCTBUSI HaJIeTao1mero nona Ag ¢
HenpepbIBHBIM noTeHIanoM (110) miockocTHOTO KaHama kpuctauia Si 6e3 yuera
u ¢ yyerom npunumna Ilaynm ot 6e3paszmepHoil koopauHaTel X . ComocTtaBisis
3T PUCYHKH C BHJIOM INOTEHIMAJIBHONW SHEPIUM B3aUMOJEHCTBHUS HAJETAIOLIETO
MOHA C HEMPEPHIBHBIM MOTEHIIMAIOM IUIOCKOCTHOTO KaHaja Kpucrtamia (puc. 3.3.1
u 3.3.2), MOKHO CKa3aTh, YTO:

e i1 BCEX 3HAYCHUW 3apsAJIOBBIX COCTOSHUM OOJIACTSIMU CTOXACTUYECKOM
HEYCTOWYMBOCTU TIONEPEYHOrO JBHMXKEHMSI KAaHAJUPOBAHHBIX YACTHUIL SIBJISIOTCS

00J1aCTH, paCIOIOKEHHBIE BOJIM3H aTOMHBIX TIJIOCKOCTEH;



e JUIsl 3apSAJIOBBIX COCTOSIHUN, KOTOPBIM COOTBETCTBYET JABYXbSMHBIN IMOTEHLHAT,
o01acT pacrhojOXKEHHbIE B IEHTPE MOTEHUIHUATbHON SIMbI SBISIOTCS OOJIACTSIMH
CTOXaCTUYECKOM HEYyCTOMYMBOCTH IIONEPEYHOTO JBMKECHUS KaHAJIUPOBAHHBIX
YaCTHLI;

® JUIsl 3apSAJIOBBIX COCTOSIHUM, KOTOPBIM COOTBETCTBYET OJHOSMHBIA MOTEHILIHAI,
o01acT pacrnojOKEHHbIE B IIEHTPE MOTEHLUMAIbHON SIMbI SIBJSIIOTCS OOJACTIMU
CTOXaCTUYECKOM YCTOMYMBOCTH IIONEPEYHOTO JBW)KCHMS KaHAJIMPOBAHHBIX
YacTHLI;

® JUISl 3apAIOBBIX COCTOSIHUN, KOTOPBIM COOTBETCTBYET JABYXbSIMHBIN ITIOTEHINAT,
o0JacT pacnoJIOKEHHBIE CIpaBa M CleBa OT LIEHTPAJIbHOM 00JacTU SIBISIOTCS
0o0JacTsIMM  CTOXaCTHMYECKOM  YCTOMYMBOCTHM  MONEPEYHOIO  JIBHXKECHHUS
KaHAJIMPOBAHHBIX YACTHII.

B oOnactax croxacTMUeCKOW HEYCTOMYMBOCTH IMONEPEYHOIO JIBMXKCHHS
KAHAJIMPOBAaHHBIX YaCTULl HAOJIOMAETCS HKCIOHEHUMAJIBHBIM pOCT KBajapara
¢GiykTyaluii monepeyHo CKOpOCTH, YTO BEAET K CHUIBHOMY JAEKaHAIMPOBAHMIO
WOHOB cepeOpa. B o0macTsx, Mg KOTOpPBIX BBINOJHSAETCS ycioBue (3.4.2),
IPOUCXOANUT CKOIUIEHHE HOHOB cepedpa, HO M3-3a MHOTOKPATHOI'O PACCEsHUs OHU

BBIOBIBAIOT B JPYTHE KaHAJIBI.
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Pucynok 3.4.1. Bropas npou3Bo/iHast OT HOTEHIIMAIILHON SHEPTUU B3aUMOACHCTBUS MTPU
Pa3IMYHBIX 3apPSJIOBBIX COCTOSIHUSX HAJIETAIONMIETO HOHA AQ ¢ HEMTPEPHIBHBIM MOTEHITUATIOM

(110) mnockocTHOrO KaHana kpucramia Si 0e3 ydera npunipna [Taymu



so00

-1a0® 1

-210°

-3.10° A

4107 4 -50001

-510° 1

6107 L -1t 4
Pucynok 3.4.2. Bropas npou3Bo/iHasi OT MOTEHIUATbHONW SHEPTUU B3aUMOJICHCTBUS IIPH
pa3JII/I‘-IHI)IX 3ap$[IIOBI)IX COCTOSHUAX HAJICTAKOIIICTO HOHA Ag C HerepI)IBHI)IM IIOTCHIOHNAJIOM

(110) mnockocTHOrO KaHana kpucramwia Si ¢ yuerom npunimmna [laymm

Ha puc. 3.4.3 nmnpuBegeHO CcpaBHEHHE BTOPBIX MPOU3BOAHBIX OT
NOTEHIIMAIBHOW  SHEPrUM  B3aUMOJCICTBUS  HajeTatromiero uoHa Ag ¢
HenpepbIBHBIM noTeHIranoM (110) mrockocTHOrO KaHama Kpuctania Si 6e3 ydyera
U ¢ ydetoMm mpuHImna llaynm nms 3apsSAOBBIX COCTOSIHUNA, COOTBETCTBYIOIIHMX
IBYXBIMHOMY TMOTeHIHany. M3 pucyHka BumHo, uTto ydeT mpuHiuna [laymu B
BBIPXEHUU ISl MOTEHIIMAIBHOW SHEPTUH B3aUMOJICHCTBUS HAJIETAIOIIETO NOHA C
aTOMOM  KpUCTa/yla  BelAeT K  YBEIMYCHHI0O  IEHTpalbHOW  oOmactw,
COOTBETCTBYIOLLIEH CTOXACTUYECKOM HEYyCTOMYMBOCTH IONEPEYHOTO JBUKCHHUS
KaHaJUpOBaHHBIX yacTull. C yBeJIMYEHHEM 3apsSA0BOrO COCTOSHUSA 3Ta 00JIacTh
yMeHbInaeTcss u mocie 3HadeHuil Q=20 mpu BeIOOpe MOTEHIMATBHON >HEPTHU
B3auMojeicTBus 06e3 ydera mpunHimna [laymu u Q=14 — c yderoM mnpuHIIMIIA

[Taynu ucyesaer coBceM.
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Pucynok 3.4.3. Bropas npou3BojiHas OT NOTCHIIMAILHON YHEPTUU B3aUMOICUCTBUS TIPU
Pa3IMYHBIX 3aPSIOBBIX COCTOSHHSIX HAJIETAIOMIET0 HOHA AQ C HEIIPEPHIBHBIM MTOTCHIIUAIOM
(110) mnockocTHOro KaHnana kpucramia Si. CIuiomHas JHHUS COOTBETCTBYET MOTCHIIMATBLHOM
DHEPTUHU B3aUMOJICHCTBHUS HAJIETAIOUIETO MOHA C aTOMOM KpHUCTaJlIa, BRIOpaHHOH B opme Oe3

ydera npuHnuna [laynm, nyHKTUpHas — ¢ ydyerom npuHiuna Ilaymm

Wrtak, Bce pe3ynbTaTbl MOJCIUPOBAHUS TOBOPSIT O TOM, 4YTO TIPH
npoxoxacHnn noHoB Ag dyepe3 (110) miockocTHOW KaHa Kpuctamia Si
HaOmopaeTcst (G¢GeKT HarpeBa, HEOOJBITUM 3HAYEHUSM 3apSIAO0BBIX COCTOSHUN
HMOHA COOTBETCTBYET HanbOojiee MHTEHCUBHBIN HarpeB. [IoHSATHO, YTO pe3ynbTaThl
HOCST TPHOJMKCHHBIM XapaKTep B BHIY BbIOOpa MOTCHIIMAIOB M30JUPOBAHHBIX
aTOMOB B HauOoJiee MPOCTOM amnmpOKCHUMAIIUU KYJIOHOBCKOTO SKPAaHWPOBAHHOTO
noTeHIMana. TeM He MeHee, B UTore NMpu (GUKCHPOBAHHOM 3HAYCHUHU 3apsTIOBOTO

COCTOAHUA HAJICTAIOIIIECTO HOHA (2 IMOJIY4YCHO Ka4C€CTBCHHOC COIJIaCUuc C

sKcriepuMeHToM. B [2] oTmewaercs, 4TO [JI1 BCEX KPHUCTAUIOB 3HAYCHUE
3apsAI0BOT0 COCTOSIHUS JIJIsi KAHAJIMPOBAHHBIX HOHOB BBIIIIE B PEKHUME OXJIAKICHUS

U 3apsIOBO€ COCTOSIHUE YMEHBIIAETCS B PEKUME HarpeBa. IJTO YTBEPXKIECHUE



CIIPaBEJIMBO U IS ITOJYYEHHBIX PE3YJIbTATOB: CWJIBHBIM HArpeB COOTBETCTBYET
MEHBIIMM 3HaueHusM Q, ¢ YyBETMYEHHEM 3HAYEHHUS 3apsI0BOTO COCTOSHUS
MHTEHCUBHOCTh HarpeBa yMeEHbIIAeTcs. bojiee TOUHbIE pe3ysbTaThl MOTYT OBITh
IOJIyYEHBl NPU y4YETe MU3MEHEHUsS 3apsiioBOrO cOocTOsiHUS Q B 3aBUCUMOCTH OT
DHEPIUM MOHA.

B npanpheiimiem mutaHupyeTcss MoaepHu3anus mporpammbl PST ¢ 1ienbro
U3yYEHUs SIBJICHUSl HAarpeBa HE TOJBKO B aIMa30NOJOOHBIX KpUCTaJlIaX, HO U B

kpuctamiax ¢ ['LIK pemerkoit (kpuctamist Pt u Ni).
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Tnaea 4
BavsiHve KBAHTOBOI0 COCTOSHMS HAJIETAIOIEr0 HOHA HA
MOTEHIMAJILHYIO JHEPTUI0 B3aUMOAeliCTBUS C aTOMaMHU

KpucTawuia

4.1. IdpdexT OKopoxoBa

SHGKTPOHBI HOHa, ABHIKYHICTOCA BIOJIb KpHCTaHHquCKOﬁ OoCH,

MOCJIE0BaTEILHO B3aMMOJICHCTBYIOT ¢ aroMamu ¢ nepuojgoMm T . Ecnu ydacrora
V= ? COBITQJIaCT C SHEPrUeH mepexoja, JeJIeHHON Ha mocTosHHyo [Tnanka h, o

ANIEKTPOH BO30YKIaeTCs pe30HAHCHO. [[Jisi MOHA, ABHIKYIIETOCS CO CKOPOCTBHIO U

BIOJIb KpHCTaHHHHGCKOI;'I OCH C PpPACCTOAHHUCM MCKIAY aTOMaMH d , dacToTa
L
pe€3oHaHCa VvV  OacTCA BbIPA)KCHUCM VZ?ZE. CJ'IGI[OB&TGJ'IBHO, YCIIOBHUC

pe3oHaHca I epexoaa N — N’ MOXHO 3aIKMcaTh B BHJIE

_ho

d

BnepBeie 310 ycioBue Obuio HaiijieHO OkopokoBbIM. COOTBETCTBYIOIIEE €My

hV: En’ - En(:ha)no)

pe3oHaHCHOE BO30YxaeHue HasbiBaeTcs 3 dexkrom Okopokoa (resonant coherent
excitation, RCE) [1], [2].

[lepBBIe DKCIEPUMEHTANbHBIE TMOATBEPKACHUS d(PQeKTa CBSI3aHBI C
KaHAJIMPOBAHUEM HEPEIATHBUCTCKUX HOHOB. CooOmaercs o0 HaOI0ICHUN

KOT€PEHTHOT'O PE30HAHCHOTO BO30YXKJIEHUSI BOJOPOJONOAO00OHOIO HOHA He" ¢



MEePEX0J0M DJIEKTPOHA M3 OCHOBHOTO COCTOsSHUS ¢ N=1 B B0O30OyxmeHHoe ¢ N=4.
JIBKeHre WOHOB TMPOMCXOIMIIO0 B MOHOKPHUCTAJUTMYECKOW TUIeHKE cepebpa [3].
DKCHEpUMEHTHI MO MPOXOKACHUIO BOAOPOAONOA00HBIX MOHOB ¢ Z OT 5 10 9 u
FeNHHATIIONOOHBIX HOHOB F'* B pasiMYHBIX OCEBBIX HANPABICHUSIX KPUCTALIOB Ag
u AU omnmcanbl B [4] m [5]. 3mech OCYIMIECTBISJICA NEPEXoJ OpPOUTATIBLHOTO
AIIEKTPOHA U3 OCHOBHOTO COCTOsIHUA ¢ N=1 B BO30Yy>kJIeHHOE C N=2.

C xonna 90-pIX TOJOB MPOLLIOTO CTOJETHS COOOIIAeTCS O PEe30HAHCHOM
KOTE€PEHTHOM BO30YKICHUH PEISITUBUCTCKUX BOJOPOAONOAO0OHBIX HOHOB aproHa B
peXKUME TIIOCKOCTHOTO KaHAJIMPOBAHUsS B KpUCTaiie KpeMHus. M3BecTHBI paOOThI
10 PE30HAHCHOMY BO30YKIEHHUIO JJICKTPOHA M3 COCTOSHUSA 1S B cOCTOsSIHUE ¢ N=2
[6], [7], u3 cocTositnus 1S B cocTosiuue ¢ N=3 [8]. AHaJOTHYHBIC IKCIIEPUMEHTHI
MPOBOAWINCH C TeIMUNOJ00HBIMU MOHAMU aproHa. Tak ke W3BECTHBI padOThI C
nonamu Fe®* u Fe**".

B oakcmepuMmeHTax UM3MEpSIIUCh  3apsIOBBIE  paclpeliesieHUusT HOHOB,
MIPOJIETEBIMUX KPUCTAUT W (WJIM) WHTCHCHUBHOCTH JIy4eH, MCITyCKaeMbIX HOHAMHU
IpU  BBICBEUMBAHUM BO30YXKJIEHHOTO COCTOSIHHS, BO3HHUKAIOIIETO BHYTPHU
KPUCTALUINYECKON MUIIEHHU.

Ha mnporsokenun Bcero BpemMeHu wu3ydeHus ds¢dexkra OkopokoBa
pa3BUBAIOTCS METOJBl BBIYUCICHHS (YHKIMH BEPOSITHOCTH PE30HAHCHOTO
KOTEPEHTHOTO  BO3OY)KICHMsI, W  TPOU3BOAMWTCS CPAaBHCHHE  YHCIICHHBIX
pe3ysbTaTOB C pe3yibraTtaMu 3kcnepumenToB [9], [10], [11], [12]. MeTogamu
KOMITBIOTEPHOT'O MOJICIUPOBAHUSI TPOU3BEICHO HUCCJEAOBAHUE BIUSIHUS TOHKOMU
CTPYKTYpBI JHEPIeTHUCCKHX YPOBHEH OPOMTANBHBIX JIEKTPOHOB MOHA Ar' " Ha
BEPOSITHOCTh PE30HAHCHOTO KorepeHTHoro Bo3Oyxknaenus [13]. [IpousBenen yuet
COUHOBBIX A(PQPEKTOB, BO3HUKAIIMX TMPH IIOCKOCTHOM KaHAJUPOBAHHUH
MO3UTPOHOB [ 14].

B [15] cooOmiaercs o HaOJIIOJAEHUHM PE30HAHCHOTO KOTEPEHTHOIO
BO30OYXKJIEHUsSI BHE YCJIOBUM KaHaJIupoBaHusA. Temepp sl  PE30HAHCHOTO

KOTCPCHTHOI'O KaHAJIMPOBAHUA B YCIIOBHUAX OCCBOTI'O KaHAJIMPOBAHMA UCIIOJIB3YCTCA



tepmud 1D RCE, B ycnoBusax miockoctHoro kanamupoBanus — 2D RCE, BHe

ycnoBuil kananuposanust —3D RCE.

4.2. YpaBuenue lllpeannrepa 1t BOA0POA0N0A00HOT0 HOHA

OCHOBHBIM YPaBHCHUCM KBAaHTOBOM MEXAHHUKHU SIBJISICTCS YPaBHCHHUC

[Ipenunrepa:
in?Y _ iy
ot
2 2 2 2
rne H =—h—A+U (r) — omeparop TammibToHa, A= 0 =+ g =+ 0 5
2m ox~ oy® oz
omepatop Jlamnaca, U(r) — moTeHuuManbHas OHEPIUs B3aUMONCHCTBHSL

3anucaHHOE B TaKOM BHUAC YPABHCHHUC IIPUTOAHO JJIA JIFOOBIX KBAaHTOBBIX

00BeKTOB. B 3aBHCHMMOCTH OT TOTO HU3y4dacTCA JIM OTACJIbHAdA 4daCTula, aTOM HJIN

A

KpUCTAJLI B LIEJIOM — U3MEHseTcs BuA oneparopa ['amunerona H , ctpykrypa xe
YPaBHEHHUSI OCTAETCSI OTHOU U TOM XKe€.
Ecnu cunoBoe mosie CTalMOHAPHO, TO YPAaBHEHUE JIOIYCKAET PELICHUE

BUIA
Y(x,y,2,t)=w (XY, z)exp(—% Et).

KoopaunaTtHas yacth PyHKIIMHU COCTOSIHUS 1,//(X, Y, Z) YAOBJIETBOPSIET YPABHEHUIO

Hy = Ey, (4.2.1)
rne E — mnonnas sHeprus cucremsl. IlocnenHee ypaBHEHHE Ha3bIBAETCS
cTalimoHapHbIM ypaBHeHueMm llIpenunrepa.

Paccmotpum 3amauy o BomopojomnooOHON cucteme. Tak ke, Kak U B

CJIydac 3a/lauun 00 aToMe BOJOPOJA4, 3aja4a CBOOAUTCA K PaCCMOTPCHUIO JIBHIKCHHUA



9JICKTPOHAa B HOCHTPAJIbHO-CUMMCTPUYIHOM KYJIIOHOBCKOM IIOJIC, ITOTCHIMAJIbHAA

9HCPI'UA KOTOPOTO 3a4aCTCA BIPAKCHHUEM

U(r)=

PemeHne B UEHTPaJIbHO-CUMMETPUYHOM TI0JIE MPEICTABIsIET COOOU pelieHue

Ze?
—

ypaBHeHus1 (4.2.1), nmpuuem ero yaoOHee HCKaTb B CHEPUUYECKON cucTreMe

KoopauHaTt

Hy (r,0,0)=Ey(r,0,9), (4.2.2)

rae raMuJbTOHUAH UMECT BU.

2

. K
H=--—A+U(r)=
S A+U(r)

Ww(1o(,0 1 o(. .0 1 0°
=———| S| = |+ 5———| sinf0— [+ 5— = [+U(r).
2m\rcor\_ or) r°singd o6 00 ) r°sin“@op
[Tocnennee ypaBHEHUE JOIMMYCKAET Pa3AeiICHUE NEPEMEHHBIX
l//(r,H,(p):R(r)Y(H,go).

Tenepb HCXOJHOC YPAaBHCHHC Hlpez[HHrepa paciiagacTCs Ha IBA YPABHCHUA

hzlg(rzéjR—ZerU (r)+2mEr? =
R or or

2
N ;i(Singij-F%@—z Y
Y sin@ 06 060 ) sin“6dp

[IpaBas u yeBas 4acTb ATOTO PAaBEHCTBA €CTh (PYHKIIMU Pa3HBIX HE3aBHCHUMBIX
MEPEMEHHBIX, MIOATOMY OHH JOJKHBI OBITH PaBHBI OJHOW M TOM K€ MOCTOSHHOM
Benu4yMHE. B 3TOM ciyuyae pereHue ypaBHEHHS C MPaBOM YacThbIO PaBEHCTBA
BBIpa)KaeTcsi OIHON U3 cheprudeckux GpyHKumit Y, (Q,gp), a MOCTOSIHHAS BEJIMYMHA
pasra 7°1(1+1). 3necs | — opGuranbHoe kBantosoe uucio, 1=0, 1 2,...(n-1);
M — MarguTHoe KBaHTOBOe umciao, mM=0, =1, +2..., +|. Pemenne
paANaIbHOTO YpaBHEHUS 3aBUCUT OT Buaa mnoreHnuana U (r) B ciuyugae

paccMOTpeHMs 3agaur 00 aTomMe BOAOPOJA WM BOJOPOIONOAO0HON CHCTEMBI

pellieHne W3BECTHO. DTO paJuajibHble BOJHOBBIC (YHKIIUU Rm(r), rme n —



TJIaBHOE KBaHTOBOE unciio, N=1, 2, 3... Huxe npuBeeHbI paguiaibHbIe BOTHOBBIC

(GYHKIIUH 17151 OCHOBHOTO M OJMMKaMIINX K HEMY BO30YXJICHHBIX COCTOSIHUN
R, = 2 exp r
° q% a)

R —L(l—LJex (—ij
0= ot 2a)" " 2a)

R21 =

r r
2\/§a% exp(—g)

U T. 1. 31eCh az%’ A.

Tak e npuBeAeM HECKOJIBKO chepruuecKuX PyHKIUI

1
Yoo e

N

Yo =4 /% cosd,
Y, u /% sin@exp(+ip)

Wrak, momHast BoaHOBAsE (PYHKITUSI COCTOSIHHSI aTOMa BOJOPOJI0NIOI00HOTO

" T.J.

HOHa OIIPpCACIACTCA BhIPAKCHHUCM

Vo (1.0,9) = R, (1Y, (0,0). @23)

4.3. @opm-pakTopbl  HEKOTOPBIX  COCTOSIHHI  JJIEKTPOHA
BOJOPOJIONOA00HOT0 HMOHA, MOJYy4YeHHble HA OCHOBEe YPABHEHUS

HIpeaunrepa



B BOmOpOIOMONOOHBIX HWOHAX BO3MOXHBI  CIEAYIONIUE COCTOSTHHS
atektpona: 1s, 2s, 2p, 2p, m=+1, 3s, 3p, 3p, m=+1, 3d u 1. 1. Onpenenum
(dopM-(haKkTOpbl COCTOSIHUN C TJIaBHBIMHA KBaHTOBBIMH 4uciiaMu N=1 u n=2. Ilo

OIIPpCACICHUIO
I‘P (F)W(F)exp(-igr)d°r, (4.3.1)

rac BBCBHOHKOﬁ 0003HaYaeTCsa KOMILIEKCHOE COIIPSKCHHC. B O6HICM ClIy4ac B

cepruueckoil cucreMe KOOPAUHAT TOTYYUM:
2z 0 V4
= J d(p_[rzdrj‘P*(r,H,¢)‘P(r,Q,gp)exp(—igrcose)sinede.
0 0 0

HecnoxHo onpenenutsh BbelpaxkeHue i F § B ciaydae OTCYTCTBHS YIJIOBOM

3aBUCUMOCTH B npousBeneHun ‘¥ W

I‘P r,@)rsin(gr)dr.

4.3.1. CocTrosinue 1S

BonnoBast hyHKIIMS 9TOTO COCTOSIHUSI IMEET BUI:

L p(_)
Jra? a

lPloo(r’é”gp) RlO( ) 00(9 gp)

3anuiiem BelpaxkeHue A popm-pakropa

()=~ [ 5 exp(—g)]zrsinmr)dr=§aiwrexp(_gjsm<gr)d

Cornacho [17]

°r : 2am
fxexp —ax sin mx = ——
A a2+m2

rae a> 0. Ternepp 3anumieM:

16
F(9)=—= (4.3.2)

(4+(ag)2)



Ha  puc. 4.3.1. nmnpeacraBimeHa  3aBHCUMOCTh  (opM-(paxTopa
BOJIOPOJIONIOA0OOHOIO MOHA, 3JIEKTPOH KOTOPOrO HAaXOJIUTCS B COCTOSHMM 1S, OT

Oe3pa3MepHOil BemunHbl K = ag .

F{k) 17

05T

0 5 10
i

Pucynok 4.3.1. 3aBucumocts hopM-(hakTopa BoJOPOIOTIOJOOHOTO HOHA, SJIEKTPOH KOTOPOTO

HAXOJUTCS B COCTOSIHUM 1S , OT Oe3pa3MepHoOi BenuunHbl K = ag

4.3.2. CocTosinue 2S

BonHoBas GyHKIIMSA COCTOSHUSL 2S UMEET BU:

1 r r
Wzoo(r’9’§0) - Rzo(r)Yoo(‘g’q’) :W(l_z)exlj(_gj-

3anuiieM BeipaxeHue s Gpopm-pakropa

47 1 r r i .
F(g)zgo(mﬁl—g)exp(—gn rsin(gr)dr =

1 7 r’ r r .
= 725 j(r—g+ (Za)zjexp[—g)sm(gr)dr.
0

[Tocne BBIYUCIIEHHS HHTETPAJIOB (CM. IpHIIOKeHHE 18) momyyum:

1 _3-(ag)’ +3(1_(ag)22) | (4.3.3)



Ha puc. 4.3.2. npeacraBimeHa  3aBUCHUMOCTh  (hopm-daxTopa
BOJIOPOAONOAOOHOTO MOHA, 3JEKTPOH KOTOPOTO HAXOIUTCA B COCTOSHUHM 2S, OT

Oe3pa3MepHOil BemunHbl K = ag .

Flky 17

0571

0 2 4 6
&

Pucynok 4.3.2. 3aBucumoctsb hopm-(hakTopa BoJOPOI0TIOJO0HOTO HOHA, SJIEKTPOH KOTOPOTO

HAXOJUTCS B COCTOSIHMK 2S, OT Oe3pa3MepHoit BenuunHbl K = ag

4.3.3. CocTosinue 2p

3HayeHne MarHuTHoro mMomeHta M=0. BomHOBas (QyHKIHI 3TOrO

COCTOAHUA UMCCT BHU.

f3 r r
V’zlo(r’e’(”):Rzl(r)Ylo(e’(D): a4 5 (—Z—ajcose.
a

3anuieM BeipaxeHue A Gpopm-pakropa

2
J'd(pj'rzdrj[‘/ exp(—zLajcosH] exp(—igrcos@)sinodé =

(—gjdrjcos @sinfexp(—igrcosd)do.

16a

[Tocne BBIYUCIIEHHS HHTETPAIOB (CM. IpHIIoKeHue 19) nmomyyum:

1 3(1—(a91)2)+ 1 1-3(ag) 1

(1+(ag) ) | (L+(ag)?) 2(a0) 1+(a0)” 2(ag)’ |

F(9)=

(4.3.4)



Ha puc. 43.3. nmpencraBneHa  3aBUCMMOCTh  (popMm-(akTopa

BOJIOPOONOA00HOTO MOHA, AJEKTPOH KOTOPOTO HAaXOAMTCA B COCTOSHUU 2, OT

0e3pa3MepHO BeMIMHBI K = ag .

FlE) 1

057

-0.5—

Pucynok 4.3.3. 3aBucumocts GhopM-(hakTopa BOAOPOIONOLOOHOTO HOHA, ANEKTPOH KOTOPOTO

HAXOJIMTCS B COCTOSIHUM 2, OT Oe3pa3mMepHOit BeinurHbl K = ag

3HayeHHe MArHMTHOro MomMeHta M ==1. BomHoBasg ¢yHKUMS 3TOrO

COCTOSTHHS IMEET BHUJI:
r r . .
Vo1 a(r0.0)=Ry(r)Y, 4(0.0)= WeXp(_zjsm fexp(tip).

Bripaxxenue st popm-pakropa npumeT BU:
27 0 T 2
r r . . .
F(g)=|de|ridr —exp(——jsme exp(—igrcosd)singdo =
! ! ! 8Jza’? 2a
1
32a°

jr“ exp(—é}dr!exp(—igr cosd)sin’ 4dé.
0 0

[Tocne BeIYUCIIEHHS HHTETPAIOB (CM. TipriioxkeHue 20) moayyum:

F(g)-= 1 1 1_1—3(ag)2

= 4(ag )2 (1+(ag )2)2 1+(ag )2 (4.3.5)

Ha puc. 4.3.4. npencraBieHa  3aBUCUMOCTh  (dopMm-(akTopa

BOJOPOJIONOI00HOTO MOHA, AJIEKTPOH KOTOPOrO HAXOJIUTCA B COCTOSSHUU 2P CO

3HAYEHHEM MarHUTHOTO MOMeHTa M= =1, oT 6e3pa3smepHoii BennunHbl K =ag .



05T
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Pucynox 4.3.4. 3aBucumocts popMm-hakTopa BOAOPOAOIIOA0OHOTO HOHA, SJIEKTPOH KOTOPOTO

HaxoauTCsa B COCTOAHUH 2 p €O 3HaYCHHMEM MarHMTHOIO MOMEHTA M = il, oT 6e3pa3MepH0171

BeNMYKMHBI K = ag

4.4, YpaBHenue /lupaka ajisi BOJAOPOA0IN0I00HOIr0 HOHA

PenstuBucTckoe YPaBHCHHUC, IIPUIOJHOC JId  OIIMCAaHMA CBOMCTB

1
QJICKTPOHOB M APYIruXx 4aCTUIl, UMCIOINNX CIIMH E , HHOJY4YHII I[I/IpaK PaCCMOTpI/IM

TEOPUI0 OJHOM 4YacTUIlbl, TO €CTh BCE TIOJIYUYCHHbIC PE3yabTaThl OyAyT
CIIPaBEJIUBBI ISl BOJIOPOIOTIOIOOHBIX HOHOB.
VYpaBuenuss Jlupaka TpeACTaBISAIOT COOOW CHUCTEMY  OJHOPOIHBIX

muddepeHIIMANbHBIX yYpaBHEHUH MEpBOro MOpsAKa Mg JBYX CIHHOPHBIX
byHKIMA @ U ¥

® o
i— =me+d0y,

ot @ V4
.0y A
= =—-my+ :

ot X +opy



. 01 0 —i
rae G=(GX, o, GZ) — w™arpuusl [laymn, o, = , O, =] . :

10 1 0
1 0 - . ~
0,= , p=-1V — omnepatop ummyiabca, V =I i+ j o +k o _
0 - ox "oy 0z

ornepaTop Habia, M — Macca JJIEKTPOHa.

COBOKYHHOCTI) ABYX CIIMHOPOB @ WU K MOXHO MNPCACTAaBUTH KaK CINHYIO

YCTBIPCXKOMIIOHCHTHYIO BCJIMUNHY /' , HA3BIBACMYIO 6I/ICHI/IHOp0M:

¥,

BBens uetbipexpsaabie MaTpunbl Jlupaka

) 0 o 5 1 O
a = ) = )
o 0 0 -1
CI/ICTCMy ypaBHeHI/Iﬁ MOKXHO HepeHI/ICEITB B BUAC €AUHOT'O ypaBHeHI/ISI
.0 .
i E"’ —(ap + pmy,

KOTOPOE€ Ha3bIBaeTCs ypaBHeHUEM Jlupaka.

[Tocnennee ypaBHeHHE MOKHO 3anucarh B popme ypaBHenus Llpeaunrepa
Y Ay,
ot
rone H=ap+ Am.
OnHrM W3 BaXHEWIIMX NPUMEHEHUM YypaBHeHud Jlupaka sABnsercs
UCCIICIOBAHUE JIBMOKEHUS DJIEKTpOHAa B MmoJie sAxpa. B orom ciydae B
raMuibToHMaHe ypaBHeHust [lupaka B Qopme Ilpenunrepa mnosBUTCA

JOITIOJIHUTCIBHOC CJIara€MocC

H=dp+pm+U,



o
rne U=———, r>r, — mnoTeHIMaJbHas SHEPrusi BOJOPOAONOAO0OHOIO HOHA.

r

2

3necn Ot—e——i e —3apsag aapa v r, — paanyc sapa
pe 137" p p 0 paanyc sapa.

JU1s BONTHOBOM (DYHKIIMU |/ CHPABEIJIMBO YCIOBUE HOPMUPOBKU
J.c,y*wd °’r=1,
KOTOpOE B c(hepruuecKOi CUCTEME KOOPJUHAT MEPENUILETCS CIEAYIOIUM 00pa3om
2z o V4
_fdgoj rzdr_[l/ft//sm 9dg=1.
0 0 0
3nech ' — KOMIUIEKCHO-CONPSIKEHHBI OMCITUHOP
+ * * * *
v'=W, v, v v
[Tpu oTCyTCTBUM YIJIOBBIX 3aBUCHUMOCTEH B NMPOU3BEIACHUM W'y HOPMHPOBKA B
cepuueckoil cucreMe KOOpAUHAT IPUMET BUJ
4r[y yridr =1.
0
OHeprus 3JE€KTpOHAa B aTOME MPUHUMAET ONPEJCICHHbIE 3HAUYCHUS,
no3ToMy OyZieM HCIIOJIb30BaTh cTallnoHapHoe ypaBHeHue Lpennnrepa

Hy =sy .

Bbynem uckarb BOJTHOBYIO (DYHKLIMIO CTAIIMOHAPHBIX COCTOSHUIA B BUJE!

m (NG,
YV = = 11/

Z (_1) 2 g(r)Q”/m
.1 .
rae f(r) u g(r) — pammansusie Qpynxmum, | = jiE — OpOWTAIBLHBI MOMEHT
5JEKTPOHA, | —— MONHBIA MOMeHT »yekTpoHa, |'=2j—1. VYrnosas wacts

BOJIHOBOH (YHKIIMH |/ ONPEEIIACTCS IIApOBBIMK CIIMHOpamu €2y, 1 Q.

Crioco0 ompeneneHnss paauaibHbIX (YHKIMH omucaH, Hampumep, B [18].

[TpuBeneM ML OKOHYATEIBHBIN PE3YJIHTAT:



r.]I'
Zam

f(r)=AJm+teexp —Ar 2xr "|F —n, 2y+1 2Xr +

F1-n, 2y+1 2Xr |,

g(r)=—AJm—cexp —Ar 2ir "7|F —n, 2741, 2ir — r;am Fl-n, 2v+1 2Xr |
X_
A

BI/ICHI/IHOp B OTOM CJIy4yac IICPCIUIICTCS B BUIC.

Jmte| F(=n,, 2y +1,22r)+ ”Zfam F(L-n,,2y+1,24r) |Q,,

X _—
w = AQArY exp(-Ar A

L1 n,
—(~1) 2 Vym-g| F(=n,, 2y +1,2r)- 5

X_i
A

F-n,,2y+122r)|Q,,

(4.4.1)

Koaddumment A ompexaensercss U3 yciaoBUs HOPMUPOBKHU. JIMCKpETHBIE ypOBHU

9HCPI'MU AAI0TCA BBIPAKCHUCM:

2

e mc
= _ ,
Ly (Za) (4.4.2)
(«/x2 —(Za) + nr)Z
.1 : 1
—[J+§]:—I+1,CCHHJ:|+§,
X= (4.4.3)
.1 : 1
J+==I1,ecm j=1—=.
2 2
PanuanbHOE KBAaHTOBOE YKCIIO TIPOOETAET CIICAYIOIIUE 3HAUCHHUS:
B 01,2...npu x <0; 444
" 11,2,3...pu x > 0. (444)

[TapameTpbl A U ¥ ONPENENAIOTCSA BBIPAKEHUSIMU BUIA:

2 2 2
A= —m;c_g (4.4.5)

v =X ~(Za). (4.4.6)



F(a,ﬂ,z) — BBIPOXJCHHAs THUMepreoMerpuueckas (yHKUUsA, ompeaenseMas

psiaom
az ala+l)?’
Fla,8,2)=1+——+—F"F<—+ 4.4.7
(.5.7) AL B(B+1) 2 (4.4.7)
KommnoneHTsI IIApOBLIX CIIMHOPOB UMCIOT BHU !
j+m
i L
Q. 21 yecmn j=1+=,
il j—m
2] I,m+%
(4.4.8)
_ Jz_'m ‘;1YI 1
Q.= : 1+ 2 lecmmj=1-=,
" J+m+1 2
—Y 1
\ 2j+2 1y
rac m — MATrHUTHBII MOMEHT QJICKTPOHA, HpI/IHI/IMaIOI_HI/Iﬁ 3HAYCHUA

m==j,+(j-1)..., Y, — chepuueckue GpyHKIHH.

4.5. ®opMm-pakTOpbl  HEKOTOPBIX  COCTOSIHHII  JJIEKTPOHA

BO}IOpOI{OHOI{OﬁHOFO HOHA, MNOJYYCHHBIC Ha OCHOBC YPaBHCHUA

Jupaxka

[Tpu ydere cnmHa 3yekTpoHa oOo3HaueHHe ''Nl" KBAaHTOBOIO COCTOSIHHS

YacTHUIbl 3aMeHseTcs O0003HAa4YeHUEM nl ", Tme KBaHTOBOE YHCIIO J

XapaKTEepU3yeT TMOJHBIM MOMEHT DJJIEKTPOHA B JAHHOM COCTOSIHMM. Takum

o0pa3omM, B BOAOPOAONOO0OHBIX aTOMaxX BO3MOXKHBI COCTOSTHUS 1S

%1 28%1 Zp%i
Zp%, 33%, 3p%, 3p%, 3d% Y Tak jajiee.



Onpenenum ¢dopm-dpakTopsl coctosnuit 1s,,, 2s,,, 2p, u 2p,, . llo
b % b %

OIIPEIEIICHUIO
F(g)= j y yexp(—igr )d°F.

B o6miem ciydae B cpeprueckoii cucteMe KOOPIMHAT MOTYIHM:
2z 0 V4
F(g)= j d(p.[rzdr.[z//ﬂ//exp(—igr cosd)sin&dé.
0 0 0

HecnoxHo onpenenuth BelpaxkeHue i F § B ciaydae OTCYTCTBHS YIJIOBOU

3aBUCHUMOCTH B IIPOU3BCACHHUHA V/+V/:

F(g):%ofc/ﬂ//rsin(gr)dr. (4.5.1)

45.1. CocTosinue 1SV

2

DTO COCTOSHHE XapaKTEPHU3YeTCs CIEAYIONMMH KBAHTOBBIMH YHCIIAMHU:
1, . 1 . 1
n=1, 1=0, j :E, I'=2)-1=1, mziE. Tak kak | :I+E, TO COTJIACHO

(4.4.3) x=-1. PagunanbHOe KBAaHTOBOE YKCJIO PaBHO N =N — ‘X‘ =0.

CHauana paccMOTpUM HaJETAlOLMH BOJOPOAONOAOOHBIN HOH, 3JEKTPOH

KOTOpOIro HaxoauTCsa B COCTOAHHHN 1s IIpru 3HAYCHHUHU MArivMTHOI'O KBAHTOBOTIO

el
1 .

gucna m :E' OnpenenuM BBIPAKEHUS ISl TUIIEPTEOMETPUYECKON (DYHKIMU U

IIaPOBBIX CIIMHOPOB:

F(-n,, 2y +1,24r)=F(0,2y +1,24r)=1,

Y 1
QO =0 :( OOJ: -
jim 0 A |»



o1
_ —1——=co0sé
V3 " v
lelm :Qill = 2 - - 1 4..72- H .
o1y /ngl _|Esm Gexp(io)

BonnoBas q)YHKHHH HaJICTAaromcro BO,ZIOpOI[OHOI[O6HOFO HOHA, 3JICKTPOH KOTOPOI'o

1

HAXOIUTCA B COCTOSAHUU 1S.,, M= E , (4.4.1) 3anuieTcs B BUE:

% 1)

vm+ e
0

Ivm—¢g cosé
ivm— ¢ sin @explip)

[locTosiHHyt0 A ompenenuM, HUCXOAS W3 YCIOBUS HOPMHUPOBKH BOJIHOBOM

A 4
——(24r) " exp(— Ar
v = (24r) " expl

byskuuu ¥ (cM. npuiioxxerue 21):

_ | @y
2mr(2y +1)
Onpenenum BBIpaKEHUE TUISt dbopm-dhakTopa HaJIETaIOIIEeTO

BOJOPOIONIOI00HOT0 HOHA, AJIEKTPOH KOTOPOI'0 HAXOJUTCS B COCTOSIHUM 1S

%Z
(21)2%1 2 _
F(g)=——"—=|[r7 exp(—2Ar)sin(gr)dr.
(9) o2y T )! p(~24r)sin(gr)
[Tocne unTerpupoBanust (cMm. npuiioxeHnue 19) Bolpaxenue i dopm-hakTopa
MEPENUIIETCS CISTYIOIINM 00pa3oMm:
22)7 sin(2y6
F(g)=2 T snerd)
29 ((24) +9°f

(4.5.2)

riae @ = arctan(ij )
24

[lepeiinem K pacCMOTPEHHIO HAJIETAIOIIETO BOJOPOJONOI0OHOTO HOHA,

QJICKTPOH KOTOPOI0 HAXOOHUTCA B COCTOSHHHU 1s IIpu 3HAYCHHUHU MArdtuTHOI'O

%
1
KBAHTOBOI'O UuCjIa M = —E. B stom CJIydac U3MCHATCA BbIPAXKCHUA JJISI HIAPOBBIX

CIIUHOPOB U BUJ] BOJIHOBOW (DYHKIIHH:



2 1. i
— 15y, | |i—==sinfexp(-ip)
Q I'm :QE o 3 - 7 '
J 2" iY iicose
\/§ 10 [47Z_
0

m+e
im—esinfexp —ip
—im—ecosé

BI/II[HO, dTO HU3MCHCHHUSI KOCHYJIMChb 3HAKOB M IIOPAAKA 3JICMCHTOB IHAPOBLIX

-1
r'exp —Ar

A
=— 2\
4 NL%s

COIMHOPOB M BOJHOBOW (YyHKIMH, HO 3TOT (DaKT HHUKAK HHU TIOBIUSAET Ha
IpOU3BENEHUE ¥ ' U BbIpaxeHue g ¢GopM-(pakropa. DT pacCykACHUA

CIIpaBCAJIMBbI U IJIs1 BCECX OCTAJIbHBIX PACCMOTPCHHBIX COCTOSIHUHM — 2S

y 2Py,
Zpy.

2
Hrak, popMm-(hakTop HaneTaromero BOJAOPOJONOI00HOIO0 HOHA, 3JIEKTPOH

KOTOPOI'0 HaxoAuTCd B COCTOAHHU 1s , IIpU 3HAYCHUAX MAIHUTHOT'O MOMCHTA

el

1
m = iE omnpenensercs Boipakenuem (4.5.2). Ha puc. 4.5.1 npencrasien rpaduk

3aBUCUMOCTH QopM-(akTopa oT Oe3pa3MepHOl BEIMIHHBI K = % . B aToM cnyuae

dopmyna (4.5.2) nepenuieTcs CISAYIOMUM 00pa3oM
_sin 2varctank
24k 1+k?

F k




0571

0 1 2 3 4
k

Pucynok 4.5.1. I'paduk 3aBucumoctu hopM-(hakTopa HaJIETAIOMIEro BOJAOPOIONOA00HOT0 HOHA

9

aprosna ot 0e3pa3MepHON BeTMUUHbBI K = % Cocrosinue aekTpona — 1S 1 3HA4YEHHE

2

MarHMTHOTO KBAHTOBOTO YMCciia M=+ —

45.2. CocTtosiHue ZSy

2

1

Jna mero: n=2, 1=0, j==, I'=2j-1=1, mzi%.

2

U3 (4.4.3)

cienyer, yro X=-1. KBaHroBOE umcio n :n—\x\:l. Kak wu panbie,

paccMOTPUM CHayvaja JJIEKTPOH B COCTOSIHUU 23

el

CO 3HAUYCHUEM MArHuTHOTO

1
MOMEHTa M =§. [Tonyuyennast B urore ypbe-komnonenta ¢popm-paxropa Oyaer

CIpaBeJIMBa M 1JIA ClIy4as M = — E

3anuieM BBIPAKEHUS ISl TUIEPreoOMEeTPUYECKUX (PYHKUMNA M IIapOBBIX

CIUHOPOB:

2Ar
2y +1°
FL-n,,2y+1,24r)=F(0,2y +1,24r)=1,

F(-n,, 2y +12Ar)=F(-1,2y +1,2Ar)=1-

v\ (i
o, -0, 7 )-| Vi |



1 1
Y —1——=C0s6
J3 v
Qu,=Q, .= T =1 4.” .
272 /EYM —1 ﬁsm eexp(l (P)

BonnoBas q)YHKHHH HaJICTAaromcro BO,ZIOpOI[Ol'IOI[O6HOI‘O HOHA, 3JICKTPOH KOTOPOI'o

HAXOJUTCS B COCTOSIHUM 2S,,, BBINJISLAUT CIEAYIOIIUM 00pa3oMm:

5
Jmie1- 24, ]
2y +1 X_Zam
A
0
A a1
= ———(2Ar)Y " exp(— Ar - 2Ar 1
v m( ) exp( ivm-¢ 1—27/+1— S |cos®
X_i
A
. 2Ar 1 . .
ivm-—¢ 1_2y+1_ ~Zam sin Gexp(ig)
A

[locTosiHHYIO A ompenenuM U3 yCIOBUS HOPMHPOBAaHHSA BOJHOBOW (DYHKIIMHM Ha

eAUHUITY (CM. mpuItoKeHue 23):

3
N )
2mr(2y +1 st
(X Zogmj2 2y +1
A

®dopmM-pakTOop HAIETAIOMIET0 BOJOPOJAONOJAOOHOIO HOHA, JJICKTPOH

KOTOPOT'O HaXOJIUTCSA B COCTOSIHUM 28 y;» PABEH CIEJyIOIIEMY BbIPaXEHHIO:
2



F(g)- 2y x

1
2mal’(2y +1 +
gr(2y +1) _Mm]z 2 +1
A
1
x|<2m| 1+ + r27‘1exp 2r)sin(gr)dr —
X=—~ )
A
81 22 Y
- m r¥ exp (= 24r)sin(gr)dr +2m re 2r)sin(gr)dr |.
211" j Xp (- 24r)sin(grydr + (Zy ]j X (=2r)sin(gr)

Z

[locne mHTErpupoBaHus (CM. MPUIOKEHUE 22) MOIYYUM BhIpakeHue misi (Hopm-

(akTopa B penATUBUCTCKUX equnnnax (7 =1, ¢ =1):

2)\ 2v+1
Fg= X
1 1
2vmg 2)\ ° + g +

[X_chm]2 2v+1

A

1 2¢ .

x[im|1+ gy + ~Zam 'sin 2+0 —

= N

' [ 20
2v+1 ~ Zam 2 ~+1 2
x-S0 | | 2D . >

He cnoxHo BUACTH, YTO B OOBIYHBIX CAWHNIAX IOCICIHCC BBIPAKCHUC IMPUMCT

BU/I.



2)

Fg= X
1 1
2vmc2g 2\ ‘492 | +
mes | _ Zamc® 22yl
hch
x|{mec? |1+ L — |+ 226 ~tsin 276 —
[X_Zamc X — amc
BCA hcA

2 € sin @1 ngcz

ey 7
8)\27+1 me —FX_Zozmc2 }@z

hcA

rIe H:arctan(— ,
21

9HCPIrUs IMOKOs 3JICKTPOHA.

gj X=-1. 3necs hc=2-10° 3B-10X, mc®=0,511 MsB —

(4.5.3)

3anumieM BblpakeHue st GopMm-dakTopa, 3aBucslIee OT Oe3pa3zMepHOI

BEJIMYMHBI K = 9.
22
Fk= 1
2yme’k 14+ k2 L -+ L
. Zomc? 2y+1
heA
x[{mec? |1+ 1 2 Zzgmcz sin 2~arctank —
Zamc _co
HeA hicA
47 ,, e [sin Gl@nkg , ~ sin &2 ardmnk
— mc mc
2+ +1 . Zamc? J1+ k2 2v+1

hc

Ha puc. 4.5.2 npencrasnen rpaduk 3aBucumoct F = F(k).

1+ k?

F
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Pucynok 4.5.2. I'paduk 3aBucumoctu hopm-pakTopa HAJIETAOIIETO BOJIOPOI0NO000HOTO HOHA

aproHa ot 0e3pa3MepHOIl BEIUUMHBI K = 2g_)\ . CocTosiHuE 3IEKTpOHA — ZSy, 3HA4YCHHE
2

MAarHyuTHOI'O KBaHTOBOTI'O Yucja M = th

4.5.3. CocTosinune Zpy
2

DTO COCTOSHUE XapaKTepH3yeTcs CIEAYIOIMMH 3HAYEHMSMH KBAHTOBBIX
I 1 1
ucen: n=2, |=1, J:E’ I'=2j-1=0, m:iE. Tak kak JZI_E’ TO

cormacHo X = | =1. PagnanbHoe KBaHTOBOE YMCIIO PaBHO N, =N —|X| =

HpI/I JaHHBIX KBAaHTOBBIX qucjaax 3armuiemMm BBIPpA’KCHHUA JUIL
TUIEPreoMeTpUYECKUX (DYHKIIMI U IIapOBBIX CIUHOPOB:
21
27 +1’
Fl—n,2y+124r)=F(0,2y +1,24r)=1,

F(-n.,2y+124r)=F(-1,2y +1,24r)=

1
—l—==cosd
_ \/_ \/ 4
Q. Qﬂ, 1 :
V[_ —|————sn10exp( )

Jar



Takum  oOpazom, BolHOBas  (DyHKUMSA, ONUCHIBAIOIIAs  HAJETAIOIIMNA

BOJIOPOJONIOAO0OHBI HOH, 3JEKTPOH KOTOPOTO HAXOAUTCA B COCTOSIHUH Zp}/,
2

3aIIMIICTCA B BUJIC:

—ivm+¢|1- 2Ar__ cosé
2y +1 X—Zam
A
idmrg1- M sin @explip)

(24r) " exp(- Ar

<
Il
5>

2y+1 ,_Zam
2

2Ar 1
Jm—g¢g|1— —
2y +1 X_ZOCm

A

0

[lomyyeHnHass BoJiHOBasgs (DYHKIMS OTIMYAETCS MOPSAKOM U 3HAKAMHU 3JIEMEHTOB
YETBIPEXCIIMHOPAa OT BOJIHOBOM  (DYHKIMH, OIMCHIBAIOIIECH  HaJIECTAIOIIMMA

BOI[OpOI[Ol'IOZIO6HI:II>i HOH, 3JICKTPOH KOTOPOI'0 HAXOAUTCA B COCTOAHHNU 2S (CM.

b
. 4.5.2). Panee roBopuJIOCh, YTO ATO HUKAK HE BIUSET HA BhIpaKeHUE 11 HOPM-

dakxropa F(g). [Toaromy hopm-pakTop HaleTarOMEero BoI0po 00, 100HOTO HOHA,

AIEKTPOH KOTOPOrO0 HAXOAMTCS B COCTOSHHH 2] Y Oyner omnpenensiThes
2

BeIpakeHueM (4.5.3), Ho BennuunHa X =1.

3aBucuMOCTh (hopM-(hakTopa HAJETAIOIIETO BOJIOPOIONOAO00HOIO HOHA,

JJIEKTPOH KOTOPOTO HaXOAWUTCA B COCTOSHHUHU Zp}/, oT 0Oe3pa3MepHO BEIMYHUHBI
2

9

k = 57 npecTaBicHa Ha puc. 4.5.3.



Pucynox 4.5.3. I'paduk 3aBucumoctu hopm-hakTopa HAJIETAOIIETO BOJIOPOI0IIO0T00HOTO HOHA

aproHa ot 0e3pa3MepHO BETUUMHBI K = 2% . CocrosiHue 3meKTpoHa — 2 i 3HaYCHHE
2

MAarHyuTHOI'O KBAaHTOBOTI'O 4yucja M = j:E

4.5.4, CocTosinne ZDy
2

Jlns sToro coctosHus N=2, | =1, | :g, I'’=2j—1=2. Cornacno (4.8),

) 1 .
Tak Kak | =+ E’ X =—2. KBanroBoe uucio N =n —‘x‘ = 0. Tak KakKx MarHUTHBIN

MOMEHT TIPUHAMAET 3HAYCHHUS m:ij,i(j —1)..., TO JUISl COCTOSTHUS Zpy
2

3

BO3MOJKHBI CJIIEAYIOIIHAE €0 3HaAYEeHUA M = iE , M= iE .

1
3HaueHMe MArHMUTHOIr0O MOMeHTa M :iE. 3anuiiem BBIPpAKCHUSA IJIA

TUIEPreoMeTPUYECKON (PYHKIIMHU U IIAPOBBIX CIUHOPOB:

F(-n,,2y+1,24r)=F(0,2y +1,24r)=1,

2Y iicose
_ _| V3 | N27
Q, =0, = = ,
m 21z 1 1 ] ]
22 Y —i——singexp(ip)

Ell \/@



2 1
- |=Y ———_(1-3cos* @
o Jeva| [~ l-seoso)

j'm §’2'1 3 3
2 2 _Y N
5 21 [872.

Takum oOpa3om, BOJHOBas (BYyHKIIHMS HaJETAIOIIETO BOJOPOJOINOI00HOTO HOHA,

cos@sin fexp(ip) |

9JICKTPOH KOTOPOIro HaxoauTCsa B COCTOSHHU 2py IIpru 3HAYCHHUU MAIrHUTHOI'O
2

1
KBAHTOBOI'O YyHcia M = E ICPpCINIICTCS B BUAC.

2i~/m + & cosé
—iv/m+ ¢ sin dexp(ip)
Jm—&(1-3cos? 0)
—3Jm— ¢ cosOsin Gexp(ip)

W= (2Ar) " exp(— Ar

5>

[Tocie HOPMUPOBKH BOJTHOBOW (DYHKIIMU TOIYYUM CIEIYIOIIEE BBIpaKECHUE IS
NOCTOSIHHOM A (CM. Tpuiioxenue 24):

_ |
2mr(2y +1)

Onpenenum  popM-pakTop HaJETAIOMIETO BOJOPOAONOAO0OHOTO HOHA,

9JICKTPOH KOTOPOro HaxoauTCsa B COCTOSHHHU 2py IIpu 3HAYCHHWU MArHUTHOI'O
2

1
KBaHTOBOTO yuciaa M= 2 :

__ @)
- 8a(2y +1)

F(9)

2z 0
(22)" [de[ r* exp(~2r)dr
xT(1+ 3c0s? 6)exp(~igr cosd)sin & 6.
0

[Tocne unTerpupoBaHus (CM. IPHIIOKEHHUE 25) MOTYYUM CIIEAYIOIIEE BhIPAXKEHUE!

2)\ 2y+1 -
Fg= — 21" 27y sin 296 +

gl 2v4+1 2X °+g?

+§r 2v—1 «f 2\ 2+g2cos 2v-14 —%F 2v—2 2\ °‘+g?sin 2y—2 9 |,

(4.5.4)



rae 0 = arctan(ij )
24

3anuiiem BBIPAKEHUE LISt dbopm-dakropa HaJIETAIOLIETr0

BOI[OpOI[OHOI[O6HOFO HOHA, JJICKTPOH KOTOPOro HaxoAuTCs B COCTOSAHUU Zpy,
2

1 .
MPA 3HAYCHUM MATHUTHOIO KBAHTOBOIO 4YHCIA M :iE’ oT 0Oe3pa3MepHOi

9

BEJIMYMHBI K = ——:
24

F k = L 21" 2+ sin 2~arctank +

KD 2941 14K

+EP 2v—1 «/1+ k®cos 2v—1 arctank —

3

K

I 2y—2 1+k® sin 2y —2 arctank |.

Ha pucynke 4.54 npencraBied rpaduk 3aBUcUMOCTH  dopMm-hakTopa

HaJICTAromcro BOIIOpOIIOHOI[O6HOI‘O HOHA, J3JICKTPOH KOTOPOI'0 HAXOIUTCA B
1
COCTOAHUH 2py IIpu 3HAYCHUHW MArHuTHOI'O KBAHTOBOI'O 4YHCJIA m:iE, oT
2

0e3pa3MepHO BETUIHHEI K .

F (k)

. 3
-g2-4 i

Pucynok 4.5.4. I'paduk 3aBucumoctu ¢popM-(hakTopa HaleTarolero BoJA0poa0nog00HOro HoHa

g9

aproHa ot 0e3pa3MepHO BETHYHHBI K = e CocTosiHHE dJIEeKTpOHA — 2 py , SHAaUCHHE
2

MarHMTHOTO KBAHTOBOTO YHCcia M= +—



3
3HayeHHMe MAarHMuTHOIO  MOMEHTa m:iE' Belpaxkxenne s
TUIEPreOMeTPUUECKON (YHKIMI OCTaHETCsl TaKUM K€, KaK W JUIsl 3HAYCHUU
1
m= iE . [IlTapoBbIe CIMHOPBI NEPENUILYTCS B BUAE:

.13 . )
Y, —i.|-——sin @exp(i
Q,. :QE,LE :( ) ]: Py p(ie) ,

0

1
_EY21 — /%cos@sin gexplie)
Q, =Q, ,= = '

e S N
=V ~\g; i Oexp(2ip)

BomnnoBas (bYHKIIHﬁI HaJICTAaromcro BOIIOpOI[OHOI[O6HOF O HOHA, 3JICKTPOH KOTOPOIo

HaxXoauTCsa B COCTOAHUU 2py IIpyu 3HAYCHHMU MAIrHUTHOI'O KBAHTOBOI'O 4YHCJIA
2

m = > 3aIUIIETCS CISAYIOIUM 00pa3oM:

—ivm+ g sin Oexp(ip)
3 4 0
=.|—A(2Ar )" exp(— Ar :
i \/; (22r) " expl Vm — & cos@sin Gexp(ip)

Jm—gsin® Oexp(2ip)

[Tocie HOpMUPOBKH HailieM MOCTOSTHHYIO A (CM. IpuiiokeHue 26):
_ | @)
2mr(2y +1)°

OnpenenuMm  popm-pakTop HaAJIETAIOMIETO BOJOPOIONOAOOHOTO HOHA,

QJICKTPOH KOTOPOro HaxoauTCsa B COCTOSHHHU 2py IIpru 3HAYCHHUU MArHuTHOI'O
2

3
KBaHTOBOTO yuciaa M= > :

F(g)= fd(DT rzdrjl/ft// exp(—igr cosd)sin &d6 =

27+l on - .
= % !d(o! r exp(- 2/1r)dr£sin2 Oexp(—igr cosd)sin A 6.

[Tocne uHTEerpupOBaHus MOIYYUM (CM. PUIIOKEHUE 27):



2\
F g _3 X

1
S rovi1 atig 2

1 2 2 -
x|[-I" 2y—1cos 2y—-16 +—T 27—2«/2)\ +g°sin 27—20].
[ 9 (4.5.5)

rae 0= arctan(ij )
24

3amumieM BeIpakeHue s popMm-gpakropa (4.5.5) or Oe3paszmepHoi

BEJIMYUHEI K = i.
21

Fk == s
K

T X

2 -
D 2v+1 1+k? "2

x|—I" 2v—1cos 2~ —1 arctan k +%F 2y —2 \J1+k®sin 2y —2 arctan k

['padux 3aBucumoctu F = F(k), Mpe/CcTaBlieH Ha puc. 4.5.5.

Flk) 17

057

0 1 2 3
k

Pucynox 4.5.5. I'paduk 3aBucumoctu hopm-pakTopa HAJIETAOIIETO BOJIOPOI0NIOI00HOTO HOHA

aproHa OoT 663pa3MepH0171 BEIUYHHEI K = % . Cocrosaue 9JICKTPOHA — 2 py , BHAYCHHC
2

MarHuTHOI'O KBaHTOBOI'O YUcjia M = ZIZE



4.6. IloreHuuajJbHasi JHEPrusi B3aUMOAEHCTBUS HAJeTAIOIEr0
BOJAOPOJOIOJI00HOI0 HMOHA ¢  HeENpPepbIBHBIM  NOTEHIHAJIOM

IVIOCKOCTHOI'0 KaHaJ1a KPpUCTaJajaa

B [6] coobmaercs o HaOMIOACHUM KOTEPEHTHOTO PE30HAHCHOTO

BO30YXK1eHusT 1S 2JIeKTpoHA B COCTOSIHHE N =2 PEISITUBUCTCKOIO HOHA Art™

KaHAJIMPOBAHHOTO B KpucTaiie kpemHus. Jons nonos Ar'™" mpomenmmx uepes

kpucTamn Si tommumuaon 100 1M B pasnMYHBIX HalpaBleHHMsX Obuia MeHbie 107°.

1 Ha6J'HOI[aHI/I B HCCKOJIbBKHX

[Tpu ycnoBuM KaHaIMpOBaHUS MOSIBIEHUE HOHOB Ar
JECATKAX MPOLIEHTOB CIIy4aeB.

OnpenenuM TOTEHIHUAIbHYIO SHEPTUI0  B3aUMOJECHCTBUSA  OBICTPOTO
BOJIOPO0NO00HOr0 HoHa Ar'™* ¢ HempepbIBHBIM MOTEHIUANOM IIOCKOCTHOTO

KaHaja KpucTajia KpeMHus (cM. puiioxenue 17)

1 8 o’g® d
U X :¥ZEV(g)exp — cos| 2mn, | X — X, —||,

Ny =1 2 ax

X _

rae X = q Oe3pa3mepHast koopauHaTa, d — TMepHoa pelieTku Kpucramia; g
. 27n d y

— BEKTOp OOpaTHOW peleTku, g, = — TMPOEKIUsI BEKTOpa 0OpaTHOM

aX

pemetkn Ha ocb OX; V(g) — (ypbe-KOMIIOHEHTa MOTEHIMAIBHONW SHEPTrUu
B3aUMOJICUCTBUS aTOM-aTOM, MOH-aTOM, SIAPO-aTOM; O — CPEIHSAsS aMILIUTYla
TEIUIOBBIX KoJeOaHWi aTOMOB Kpuctamia; X;, — Oe3pa3MmepHas KOOpAMHATA

aTOMOB 2JIEMEHTApHOM SYEHKM KpUCTalljla, BBIOpaHHas B €IMHULAX &, (CM. TaouI.

1.2.1). ®ypbe-KOMIOHEHTY MOTEHI[MAIa B3aUMOIEHCTBUS V(g) BbIOEpEM B (hopme

(cm. m. 2.1):



V(@)=L v(aM.0)

Bri6epem ¢ypre-KOMIOHEHTY MOTEHIINAa HAJIETAIOIero HoHa Vl(g) B BUJIE!

Vi(0)="07 (2 F(9))

a (Qypbe-KOMIIOHEHTY IOTEHIIMajJa aTOMOB KpHCTaslIa Vz(g) B MPUOIMKEHUU

Moubep. Takum 00pazom, mosryvaem:

3

V,(g)=47(Z,-F(g))Z,e2> =%
1(9) 77( 1 1(9)) o€ ;ﬂiz'ng
rae Fl(g) — (opM-hakTOp HAJETAIOIIErO HOHA, /i :?. dopm-dakTopsl I
2

HAJIETAIOLIEr0 MOHA, 3JIEKTPOH KOTOPOTO HAXOAWUTCSA B COCTOSHUSIX C TJIaBHBIMU
KBaHTOBBIMM 4YHMCIaMH N=1 uW N=2, mnoJiydeHHbIE HCXOJs W3 YypaBHEHUU
[lIpennnrepa u lupaka, npuBeacHsl B 1. 4.3 1 11. 4.5 COOTBETCTBEHHO.

PesynbraTel mpencrtaBieHsl Ha puc. 4.6.1 - 4.6.3. IloreHuuanbHyrO
OHEPIrUl0  B3aUMOJCHCTBUS  BOJOPOAOINOAOOHOTO HOHA C  HENPEpPbIBHBIM
MNOTEHIIMAJIOM IUIOCKOCTHOIO KaHalla KpUcTajuia OyJeM OTCUMTHIBATh OT JIHA
MMOTCHIMAJIBHOW sIMBL. JUJIsI KaXX0M paccMaTpyMBaEeMOU IUIOCKOCTH KPHUCTaslla BUL
MOTEHIIUAIBHOW  DHEPTruM  B3aUMOJACHCTBUS  BOJOPOJONOAOOHOTO HOHA C
HENPEPBIBHBIM TMOTEHIIMAJIOM IJIOCKOCTHOTO KaHaja KpUCTaula OyAeT OJHUM U
TEM K€, OTIUYHSI KOCHYTHCS JIUIIb aMIUTUTY/IbI U(X), MO3TOMY MPEACTaBUM TIO
onHOMYy Tpaduky s Kaxaod miockoctd. Ilycte 310 Oyaer rpaduk
COOTBETCTBYIOIIUN COCTOSIHUIO 3JIEKTpoHa 1S BOJ0p0a01I0A00HOTO MOHA ((PpopM-
(bakTop BBIYUCISETCS MCXOS M3 BOJHOBBIX (pyHKIui ypaBHenus lllpemunrepa).
JInst OCTaNbHBIX cOCTOSHMIT mpuBeneM 3Hadenns ammutyn U(X) B tabm. 4.6.1 -
4.6.3. Tak e npoaHAIM3UPYEM TMOTEHIUAIbHYIO SHEPTUI0 B3aUMOJCHCTBUS
OBICTPOTO HMOHA C HEMPEepbIBHBIM MOTEHLUMAJIOM B 3aBUCUMOCTH OT YHCIa

claraeMblx B pasnoxeHun Pypbe, B yacTHOCTU paccmorpuM N =41 u n =201.

I[J'ISI CpaBHCHHA Ha KaXIOM PHUCYHKC IIPUBCACHA IIOTCHIHAJIbHAA OHCPIUsd



B3aMMOJICHCTBHSI HAJIETAIOMIETO OBICTPOrO fAApa aproHa ¢ HENpephIBHBIM

MOTCHOHUAJIOM ITINIOCKOCTHOI'O KaHaJIa KpHUCTaJlJIa KPCMHUS.



U(X), sB 207

1251

0 005 0.1 013 0z 025
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Pucynok 4.6.1. [ToreHuuanbHas SHEPTUs B3aUMOJICHCTBUS OBICTPOIl HaNlETAIOIIECH YaCTUIIBI C
HenpepsIBHBIM noTeHuanoM (100) miockocTHOro kanana kpucramia Kpemaus. CriomHas
17+
JIMHUS — HAJIETAI0Iast YaCTUIa — SJIPO aproHa; MyHKTHUPHAst — HOH Al 3JIEKTPOH KOTOPOTO

HaxoauTCsa B KBAHTOBOM COCTOSHHNN 1s

Tabmuna 4.6.1 AMIUIMTYZa MOTEHIIMATLHOW PHEPTUU B3aMMOACUCTBHS OBICTPON HaJeTaroIiei

YACTHUIIbI C HETIPepBIBHBIM noTeHranoM (100) miockocTHOTo KaHala KpucTalia KpeMHus, 5B

Haneraromast yactuna — uon Ar-'". ®dopm-phakTop BEIYUCIICH, HCXOIS
Haneraromas
U3 BOJIHOBBIX (DYHKIIMH ypaBHEHUS
yacTuia — sapo Ar
[Ipenunrepa Mupaxa
n,=41 | n =201 | Cocrosune | n =41 | n =201 | Cocrosthue | n =41 | n =201
232,21 232,67 1s 219,55 219,99 15}/2 219,55 219,99
2S 221,76 222,23 25% 221,79 222,26
2p 222,48 222,95 ZP% 221,19 221,65
2p,,,
2p, %%
220,51 220,97 1 221,87 222,34
m=+1 m=+=
2
2 p% ,
220,54 221,00
3
m=+—
2
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Pucynok 4.6.2. IloreHnmanbpHas SHEPTHUS B3aUMOJICHCTBHS OBICTPON HAJICTAIOIIEH YaCTUIIBI C

HenpepsIBHBIM NoTeHuanoM (110) miockocTHOro kanana kpucramia Kpemaus. CrutoniHas

17+
JIMHUSA — HaJICTArolas 4actua — sSApo aproHa; NyHKTHPHASA — HOH Ar , JJICKTPOH KOTOPOI'O

HaxoauTcCsa B KBAHTOBOM COCTOSHHNN 1s

Tabmuna 4.6.2. AMIUTUTY]a TOTCHIIMAILHOW YHEPTHH B3aUMOJCUCTBHS OBICTPON HAaJETArOIIeH

YacTUILIBI C HENpepbIBHBIM NoTeH1KaioM (110) rmiockocTHOro KaHaga Kpucrauia KpeMHusl, 5B

Haneraromas

yacTuna — sapo Ar

7+
Haneraromas yactunia — non Ar-' . ®opm-(akTop BEIYUCIICH, HCXOIS

U3 BOJIHOBBIX (DYHKIIMH ypaBHEHUS

[penunrepa Mupaxa
n,=41 | n =201 | Cocrosune | n =41 | n =201 | Cocrosthue | n =41 | n =201
408,49 408,70 1s 386,14 386,34 15% 386,14 386,34
2s 389,17 389,37 25% 389,20 389,30
2p 390,15 390,36 2 p% 388,39 388,59
2p,,,
2p, %%
387,47 387,68 1 389,32 389,42
m=+41 m=-+=
2
2p,,,
Py
387,50 387,71
3
m=+4-—




U(X), 5B 5007
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Pucynoxk 4.6.3. IloTeHnmanbpHas SHEPTHU B3aUMOJICHCTBHS OBICTPO HAJICTAIOIIEH YaCTUIIBI C

HenpepbeIBHBIM NoTeHnuanoM (111) miockocTHoro kanana kpucramia Kpemaus. CrioniHas

17+
JIMHUS — HaJICTAroIas 4acTula — sSApO aproHa; NyHKTHPHAA — HOH Ar , JJICKTPOH KOTOPOI'O

HaxoauTcCsa B KBAHTOBOM COCTOSHHN 1s

Tabmuna 4.6.3. AMIUIMTYZa TOTEHIIMAIBHON YHEPTUN B3aMMOJACHCTBHS OBICTPON HaJeTaIoIIeH

YaCTHUIIbI ¢ HEMPEPHIBHBIM NoTeHnanoM (111) mmockocTHOro KaHana Kpucraiia KpeMHus, 5B

7+
Haneratomas yactunia — von Ar-' . ®@opm-(paxTop BEIYUCIEH, UCXOIS

Haneraromas
U3 BOJHOBBIX (YHKIIUI ypaBHEHUSI
yactua — sapo Ar
IlIpenunrepa Hupaxa
n =41 | n =201 | Cocrosume | n =41 | n =201 | Cocrosnume | n =41 | n =201
451,54 451,56 1s 426,72 426,75 15}/2 426,72 426,75
2s 429,08 | 429,11 2s,, 429,11 | 429,13
2p 429,85 429,88 2 p% 428,48 428,51
2p,,,
2p, "%
427,77 427,79 1 429,20 429,22
m==+1 m=-+=
2
2p,,,
7
427,79 427,80
3
m=+=




W3 npuBeAeHHBIX TaOIULl BUTHO, YTO MPU NEPEXO0/IE U3 OJHOTO KBAHTOBOTO
COCTOSIHUA B JIpyroe IOTEHUWalIbHAasl 3HEPrus B3aUMOACUCTBUS H3MEHSETCS
HE3HAYNUTEIILHO. Y BEJIMUYCHHE YNCIIa YWICHOB B Pa3JIokeHuu B psal Dypbe Takke He
IPUBOJUT K CYIIECTBEHHBIM M3MEHEHUAM. J[JIsI OCHOBHOIO COCTOSIHUSL aMIUIUTY/a
NOTEHUUAIBHBIX SHEPTUM C YUETOM M 0€3 yueTa CIMHA JIEKTPOHA COBIAAeT.

Ha ocHOBe mONYy4YEHHBIX BBIPAKEHUN Ui MOTEHIUAIBHON 3HEpPruu
B3aUMOJICUCTBUS BOJOPOAOINOAOOHOTO HOHA C HENPEpPhIBHBIM NOTEHIHAIOM
IUIOCKOCTHOI'O KaHajla aTOMAaMM KpUCTala ¢ IOMOIIb0 nporpamMmel PST (cwm. 1.
1.7)  BO3MOHO  MPOM3BECTH  MOJEIUPOBAHME  TPACKTOPUHA  OBICTPBIX
BOJOPOOINONAO0HBIX MOHOB B IIJIOCKOCTHOM KaHAJle KpPHUCTA/UIA. 3Has PEIICHUE
ypaBHeHui Ilpenunrepa u Jlupaka BAOJb TPAaeKTOPUHU, MOYKHO OIIPEAEIIUTH
BEPOATHOCTh BO30YXKIEHHS Ha IEpPeXoie OpOUTAIBHOIO IEKTPOHA W3 OJHOIO
COCTOSHHME B APYroe M, KaK CIEJACTBHE, 10M0 HOHOB Ar'’', coxpaHMBHIMX

3apAaI0BOC COCTOSHHC.
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Cnucox mpuiIoKeHuil K riase 4

[MPMJIOXKEHUE 18 Beruncnenune ¢opm-pakropa BOJOPOAONOAO0OHOTO HOHA,
AJIEKTPOH KOTOPOTO0 HAXOAMUTCS B COCTOSIHUM 2S, UCXOJSl U3 BOJHOBBIX (PYHKIUN
ypaBHeHus lllpennnrepa

[MPWMJIOXKEHUE 19 Beruucnenne dopm-pakropa BOJOPOAONOAOOHOTO HOHA,

AJIEKTPOH KOTOPOTO HAXOJAUTCS B COCTOSIHUM 20, UCXOMS U3 BOJHOBBIX (PYHKIIMI

ypaBHeHus lllpennnrepa
[MPUJIOXKEHUE 20 Beruucienue ¢opm-hakTopa BOAOPOAONOAOOHOTO HOHA,

QJICKTPOH KOTOPOI'0 HAXOAUTCA B COCTOAHHUH 2p, m Iil, HCXO0As1 U3 BOJIHOBBIX

dbynkuuii ypaHenus peaunrepa
[MPUJIOXKEHUE 21 Brruncienue HOPMHUPOBOYHOTO KOIPQPHUIIMEHTa BOIHOBOU
¢yHKIMK ypaBHeHUs Jlupaka BOIOPOAOINOIOOHOIO HMOHA, 3JIEKTPOH KOTOPOTO

HAXOJIUTCS B COCTOSIHUM 1S, , MCX0/1 U3 BOJHOBBIX (PYHKIIMI ypaBHeHuUs [{upaka

%’
[MPUJIOKEHUE 22 Beruncnenue ¢opm-aktopa BOAOPOIONOAOOHOTO HOHA,

AJIEKTPOH KOTOPOTO HAXOAUTCS B COCTOSIHUM 1S ,, HCXO/S U3 BOJHOBBIX (DYHKIIUN

1o
ypaBHeHus Jlupaka

[MPUJIOKEHUE 23 Brruncienne HOPMHUPOBOYHOTO KOIPQPHUIIMEHTa BOIHOBOU
¢bynkuun ypaBHeHus [{upaka BOJOpPOAONOAOOHOTO HMOHA, BJEKTPOH KOTOPOTrO

HAXOJUTCSA B COCTOSIHUU 25

%

[MPMJIOXKEHUE 24 Bepluncienrne HOPMHUPOBOYHOTO KOA(D(UIIMEHTa BOJIHOBOM

¢bynkuun ypaBHeHus [{upaka BOJOpPOAONOAOOHOTO HMOHA, BJEKTPOH KOTOPOTrO

HAXOJIUTCSA B COCTOSHUN 2 py , M= E
2



[MPJIOXEHUE 25 Beruucnenne dopm-pakropa BOJOPOAONOTOOHOTO HOHA,
1
AJIEKTPOH KOTOPOTO HAXOJIUTCS B COCTOSTHUH 2 py, m= 5 WCXOJsI U3 BOJTHOBBIX
2

bynkiuii ypaaenus Jupaxa
[MPUJIOXKEHUE 26 Brrluncienne HOPMHUPOBOYHOTO KOIPQPHUIIMEHTa BOJIHOBOU

bynkuun ypaBHeHusi [lupaka BOJOpOAONOAOOHOTO HOHA, BJIEKTPOH KOTOPOTO

3

HaXOJUTCS B COCTOSIHUU 2P,,, M= —
% 2
[MPWMJIOXKEHUE 27 Beoluucnenue ¢opm-pakropa BOJOPOAONOAO0OHOTO HOHA,

3
AJICKTPOH KOTOPOT'O HAXOJUTCS B COCTOSTHUU 2 py, M = —, UCXOMS U3 BOJHOBBIX
2 2

bynkuuii ypaBHenus Jupaxa



I'maBa 5
Brusiarie KBaHTOBBIX (DITyKTyaruii Ha CTOXaCTHYECKYIO JUHAMUKY 3 dexTa

KaHaJIMPOBAHUA PCIITUBUCTCKUX 3JICKTPOHOB U ITIO3UTPOHOB

5.1. KBanrtoBblie (hIyKTyalMy KaHAIUPOBAHHBIX YACTHUIL
5.2. MopenupoBaHue NBWKEHHS SJCKTPOHOB U MO3UTPOHOB B IUIOCKOCTHOM

KaHaJIe KprcTaia



I'naea 5
BiusiHue KBaHTOBBIX (IYKTYalUid HA CTOXACTHYECKYIO
AMHAMUKY 3P (PeKTa KAHATUPOBAHUA PEJIATUBUCTCKUX

JIEKTPOHOB U IIO3UTPOHOB

5.1. KBanToBbIe QIYKTYaAlIUN KAHAJIMPOBAHHBIX YaCTHIL

B OCHOBY KBAaHTOBOM MEXaHHUKH MOJ0KEHO YPaBHCHHUC IBU)KCHUA B (bOpMC

['eitzenOepra
2 drA a
A= %[ H, A] ,
rie A — omeparop, He 3aBucsmmii oT Bpemenu, H — oneparop [amunbToHa,
~ h? 0?0t 0
H=——A+U, A=—+—+—, U=U(XY,2) — noreHuuanbHas SHeprus.
2m ox~ oy® oz

3anuiieM MMOCJIICAHCC YPABHCHHC [JIA OIICPATOPOB KOOPIAHMHATBI U

MMITYJIbCA

2 oira a1 2 I 2
r=—|H.7 |, p=—{H,B|.
h h
Brrancnenme onepatopos (npusioxxeHue 28), MpUBEAET K YPAaBHEHHUIO JBIKCHUS B

dopwme I'eiizendOepra, 3anmmcaHHOE JIJIs1 OTIEPATOPOB KOOPIUHATHI M HMITYJIhCa

VU, (5.1.1)

=Sl
Il

3 |o»
Sio
Il

KOTOPOE OMKCHIBAET JBUKEHUE OBICTPO 3apsHKEHHOM YaCTHUIbI B KPUCTAILIIE.



Pemenne cucremsbr ypaBHenwit (5.1.1) OymeM uCKaTh B MajOyIJIOBOM
npUOIKEHUU

F=F+5F, p=p+5p (5.1.2)

rae = <\P‘?‘\P> = {X; Y; Z} u p= <\P‘ f)“P) = { P Py pz} — CpeaHHE 3HAYCHMS

oIepaTopa KOOPIAMHATBL M MMIIy/bca 4acTHLpl; |V) — KBaHTOBOE COCTOSHHE,

KOTOpOE B IpecTaBiIeHun [ eif3enGepra He 3aBUCUT OT BpeMeHH; OF = {6%;69;0}

u o 6 = {5 R0 f)y;O} — (uykTyanun omepaTopa KOOPJAWHATBI W HWMITYJIbCa.

HOTCHHI/I&HBHy}O OHCPIrUuro B3aHMOﬂCﬁCTBHH 3apﬂ)KeHHOI>’I qaCcTuubl CO BCEMHU
3HeKTpOHaMI/I n ﬂI[paMI/I KpI/ICTaHHa HpeI[CTaBI/IM B BUJIC CyMMBI cc Cpe):[eHOFO
3HAYCHUS U QIyKTyaruu

U=U+dU.
Pa3HO)KI/IM MMOCJICAHCC BbIPpAXKCHHUC B pPAd II0 CTCIICHAM 5? B OKPCCTHOCTAX

KJIaCCUYECKOU TPAaCKTOPHUH, YIYUTBEIBAA TOJIBKO JUHEHHBIE 110 OT YJIEHBI

U=U()=UX+RY+F)=U(xy)+U, (X y)R+U (X y)F+(x,y).

Takum o0pazom, mpaBast yacTh ypaBHeHHs (5.1.1), 3ammcanHoro s omepartopa

HMIIYJIbCa, ITPUMCT BU
VU ~i(U, +U, &+U &)+ U, +U, &+U ),

ouU
rme U = —.
A5 OX

[MoncraBum (5.1.2) B (5.1.1), U coxpaHMM BEIMYUHBI OJHOTO IOPSIKA
MaJIoOCTH. B pesynbraTe moayyuM JBE CUCTEMBbl ypaBHeHWi. OjHa cucrema

ypaBHeHI/Iﬁ OIIMCBIBACT 3BOJJIOLHNIO CPCAHUX 3HAYCHUM KOOPpAHWHATBLI U UMITYJIbCAa

X U
i :l EX i EX = — UX (513)
dt m| | dt| "’ K o
Z p, P, 0

Jpyrasi — HBOJIOIUIO (DIyKTyaIruii onepatopa KOOPAUHATH U UMITYJIbCa



d (%) 1(60,) d(dh)_ (U. U,\(s% 14
dtlsy) mlop, ) dtlsp, u, u, \sy) (5.14)

rae BenuuuHbl Tuna U, = —0°UIOX0y BBIUUCIIAIOTCS BJOIbL TPAEKTOPUH, KOTOPas

SBJIIETCS pELICHUEM CUCTEMBI ypaBHeHUH (5.1.3).

Cucrema ypaBHenuii (5.1.3) mnpexncraBisier co0OMl  KJIACCHYECKOE
ypaBHEHHE ABWKEHHUs. Ero pemienne paccMaTpuBaioch B riase 1, m. 1.3. Pemenune
MPEACTABISIIOCH B BUJIE CYMMBI JIByX HE3aBUCHUMBIX JBUKEHUW, OTHO U3 KOTOPBIX
IPOUCXOIUT II0 PETrYJIAPHOM TPACKTOpPUH X, a Jpyroe SBIAETCS Majou
baykryupyroried qo6aBkoir 6X. TaMm ke ObUla cocTaBieHA CHCTeMa ypaBHEHUU

JUTSL CPETHUX KBAJIPaTOB (IYKTyaIlluidi JUHAMUYCCKUX BEITUYHH:
d — —

— 65X = 26X0X,

dt

19 5ex—5¢ - L0 e,
dt m

Lo 3[& —UXX(SX(SX].
dt m{ 2m

ITpuHuMas BO BHUMaHHE, 4TO X=X+ OX, U COOTBETCTBEHHO P, =P +0p,,

NEpEnuIIeM MOCIEAHIO CUCTEMY YPAaBHEHUM

—6x2 = E6x6 P,
dt m

d op* -~ —
a6X6px: :]x _Uxxéxz’ (515)

S spt=D. — 20 5x5p..
dt px XX XX pX

3necy D, — xommnonenTa korddunrerta nuddys3uu B HanpaBieHuu ocu OX .

XX
CoctaBuM cuCTEMYy YypaBHEHMI MJiS CpPEJHUX KBAApPATOB KBAHTOBBIX
baykTyanuii omepaTopa KOOPAWMHATBI M HMIYJbCa BJOJb KIACCHYECKOU

TPAEKTOPUHU JIBU>)KEHUS B INIOCKOCTHBIX KaHalax KpucTasuia (mpuiioxeHue 29):



d N 2| ((P|5pSR|W)+(¥|5%5p, [P
d ((¥]5p,0%| )+ (¥|5%5 P, |¥)) 1
dt 2 m

(¥|(5p.) %)=V ([(6%) %), (5.L6)

)|

¥|5p,0%

¥)+(¥|5%5 P,
2

3 twion. ) =-20, |

Cpennue kBaapatbl (QIyKkTyanui onepaTopa KOOPAMHATHI U UMITYJIbCa HE
paBHBI HYJIIO B HayaJbHbII MOMEHT BpPEMEHHU (TO €CTh IMPU BIJIETE YaCTHUIl B
KpHUCTAJUT), TaK KaK OHM JIOJDKHBI YJOBJIETBOPSTH MPUHIIUIY HEONPEAeICHHOCTU

Feﬁ3eH6epra B COOTBETCTBHUM C OCHOBHBIMM IMOJ0KCHUSIMH KBAaHTOBOM MEXaHUKH.

‘I’> - <‘P‘5f)x5)?“11> paBeH HYJIO B

Mo>KHO TOKa3aTh, YTO KOPPEIATOP <\P‘5)A(5 P,

HAaYaJIbHBIA MOMEHT BPEMEHH JUIsI BOJHOBBIX (DYHKIIUH MHUHAMH3ZUPYIOIIAX
COOTHOIIIEHHE HeompeaeneHHocTel ['elizendepra (cm. npusoxenue 30).
Pesynprupyromee cpenHEeKBaJpaTHUYHOE OTKJIOHEHHWE OT KIACCHYEeCKOU
TPAaCKTOPUM  OMpEAeNUM KaK CyMMYy CpPEJHEKBAJPATUYHBIX OTKJIOHEHUH,
OTIpEIEIISIEMBIX YaCTHBIM perieHuemM CUCTEMBI HEOTHOPOIHBIX
nuddepenpanbabix  ypaBHeHUE (5.1.5) uW  0oOmIMM  pEIICHHUEM CHUCTEMBI
OHOPOAHBIX  nuddepennmanbupix  ypaBHenuit  (5.1.6). Takum  oOpazowm,
KBAaHTOBOMEXAaHWYECKAasl  HEOINPEACICHHOCTh  IOMEPEYHOW  KOOPAWHATHI U
UMITyJIbca OBICTPON 3apsHKEHHOM YacTHIIBI MOXET ObITh yYT€HAa C TOMOIIBIO
pEIIeHUs] CUCTEMbl HEOMHOPOJHBIX nuddepeHuanbaplx ypaBHeHuil (5.1.5) ¢
HEHYJICBBIMH HAYaJIbHBIMU YCJIOBHSMH, KOTOPBIE MHHHUMHU3HUPYIOT COOTHOIICHUE

HeonpeneneHHocte ['eitzendepra.



5.2. MopaeaupoBaHue [JABMKEHHMSI JJICEKTPOHOB M IO3UTPOHOB B

IVIOCKOCTHOM KaHaJI€ KPpUCTaJjia

C mnomonipio mnporpammuoro komrmuiekca TROPICS [4] mpowusBeneHo
MOJEIUPOBAHUE JIBMKEHUS DJIEKTPOHOB U NO3UTPOHOB € 3Hepruen 855 MnaB B
(110) myockocTHOM KaHajle KpucTauia KpeMHus. Pacuer ObUT mpou3BeneH IS
CJIy4aeB YUUTHIBAIOIINX:
®  TOJBKO MHOTOKPAaTHOE PaCCEsSHUE;
®  TOJBKO KBAHTOBBIE (DIYKTyaluy,
®  MHOIOKpaTHOE paccesHUE M KBAaHTOBbIC (IyKTYyalllH.
3aBUCUMOCTD JOJM YaCTHI], OCTABIIMXCS B IUIOCKOCTHOM KaHaJle KpHCTajlla, OT

TIyOMHBI KpHUCTAJIIA pecTaBiIeHa Ha puc. 5.2.1 u 5.2.2.
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Pucynok 5.2.1. 3aBucuMoOCTb J0IM 3JIEKTPOHOB C d3Hepruei 855 M»aB, kaHanupoBaHbIX B

wiockoctHoM kanane (110) kpucrania KpeMHUS, OT IITyOHMHBI TPOHUKHOBEHUS B KPUCTAILI
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Pucynok 5.2.2. 3aBUCUMOCTb J10JIM MO3UTPOHOB € 3Heprueil 855 M»aB, kaHanupoBaHbIX B

wiockoctHoM kanane (110) kpucranna KpeMHUS, OT TITyOHMHBI TPOHUKHOBEHUS B KPUCTAILT

Pesynbrarel MonenupoBaHusi OblTM  (UTUPOBAHBI  HKCIIOHEHIIMAIHLHOU
byHKUMEH

f 1 =const-exp —I/l,,

rae | — riy6una nponnkHoBenus, |, — nmHa nexananmupoBaHus.



Ta6muma 5.2.1. JIMHBI IeKaHATMPOBAHUSI JISl SJICKTPOHOB U TIO3UTPOHOB C dHeprueit 8§55 MaB

B (110) mIockoCTHOM KaHalle KpUCTa/lla KPEMHUS, MTOIYYEHHBIE B PE3YJIbTaTE KOMIIBIOTEPHOTO

MOJICJIUPOBAHUS
JInuHa nexaHaaupoOBaHUS, MKM
MHorokpaTtHoe
MHorokpaTtHoe KBaHTOBBIE
paccestHue U KBaHTOBBIE
paccessHuE baykTyanuu
GaykTyanun
DJIEKTPOH 46,97 5,68 4.56
[To3utpon 107,1 9,913 1610

B [S] mpencraBineH kpuTHYeckuii aHanu3 paboTel [6], B KOTOpO#i ObLIa
olpesesieHa AJuHa JeKaHalupoBaHusa (~ 18 MKM) 1 3JI€KTpOHOB ¢ 3Hepruei
855 Mb1B B miockoctHoMm (110) kaname kpuctamuia kpemHus. B [S] Obwio
OTMEYEHO, YTO JUIMHA JI€KaHAIMPOBAHUS JUI OTPHULATEIIBHO 3apSKEHHBIX YaCTHULL
JIKUT B AuanaszoHe ot 2,5 1o 12 mxM. BusgHO, 4TO yder KBaHTOBBIX (IIyKTyauui
CYIIECTBEHHO YMEHBIIAET UINHY JIEKaHATUpoBaHus ¢ 46,97 no 4,56 Mxm.

BnusiHue KBaHTOBBIX  (IyKTyanuii Ha Mpolecc JIeKaHaJIUpOBaHUS
NO3UTPOHOB ~ MPUBOJAMT K  MAapaJoOKCalbHOMY pe3yJbTaTy, a HMEHHO:
JIeKaHAJIMPOBaHUE MPAKTUYECKH MOJHOCThIO MOJaBieHO. D(P(eKT mnoaaBieHUs
OCEBOT0 M IUIOCKOCTHOTO JEKAaHAJIWPOBAHMS PENSATUBUCTCKUX IPOTOHOB ObLI
BIIEPBBIC OOHAPYXKEH B JKCIEpUMEHTE [7], HO HE MOJydmsT OOBSCHEHHS JO CUX
Iop.

Ha puc. 5.2.3 npuBenens! pa3oBbie TpaeKTOpUX TO3UTPOHOB C dHEPruen 8§55
M5B B (110) muiockocTHOM KaHajie KpUCTalia KpeMHHUSI IPU y4€T€ MHOTOKPATHOTO
paccesiHUsI M KBaHTOBBIX (QuiykTyauuidl. da3oBble TpaeKTOpUU MOCTPOEHBI Jist
rJIyOMHBI TPOHUKHOBEHUS TO3UTPOHOB B Kpuctamul oT 17 nmo 20 mxm. Ha

HaYaJILHOM JTare ObLIO 3acCelIeHO [Ba INIOCKOCTHBIX KaHaia, 0< X/ a <1. 3geco
X/a, — momepevHas KOOpIMHATA, &, — IEPHOJ KPHCTALIMIECKON PEIIETKH B
HanpaBieann ocu  OX . Pacyer mgonmm dYacTWIl, OCTaBIIMXCS B KaHale,

IIPOU3BOAMUIICA B JHAIIA30HC OT —\/E a0 \/E, TO €CTb B IIPCACIAX KPUTHYCCKOI'O




yIiia KaHanupoBaHusd. Ha puCyHKe 3TOT auana3oH OTMEYEH KPAaCHBIMU JIMHUSMMU.
BunHo, 49TO 71 TO3WTPOHOB HAOIIONACTCS WHTECHCUBHOE pEKaHAIMPOBAHUE,
KOTOpO€ M  ABJSACTCA  NPUYMHOM  MPAKTUYECKU  IIOJIHOIO  IIOJABJICHUSA

JEKAHATUPOBAHUSL.
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Pucynok 5.2.3. ®a30Bble TpaeKTOPUU MO3UTPOHOB € FHepruer 855 MaB B (110) mnockocTHOM KaHaje KpUCTaUIa KPEMHUS IIPU Y4eTe MHOTOKPATHOTO

paccessHUS 1 KBAaHTOBBIX (DITYKTyaluit
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3akrouenue

B pamkax aHX&eBEHOBCKOTO MOAX0/Aa K Teopuu 3¢ dekTa KaHATUPOBAHUSA
COCTAaBJICHbl YpPAaBHEHHUS JBUKEHHUSI IUIOCKOCTHOTO U OCEBOr0 KaHAJIUPOBAHUS.
OnpeneneHbl KOMIOHEHTH TU(DPY3UNOHHONW MATPUIIBI AJIs CIy4aeB TIOCKOCTHOTO
M OCEBOTO KaHanupoBaHus. [lokazaHo, YTO KOMIOHEHTHI Boib oceir OX m OY
paBHBI MeXAy COOOW, a CMeNIaHHble KOMIIOHEHTHI pPaBHBI HYIIO. SepHBIMA
kodpdunmreHT auddys3uun ¢ norapuMUIEcKod TOYHOCTHIO COBIAJIAET C TEM, YTO
ObLT mpeuioxkeH JIMHXapaoM, a 3JIEKTPOHHBIM — C TE€M, YTO ObLI MPEJIOKEH
Kwutarapoit u Ouyku.

[lomaras, YTO CKOpPOCTb HAJIETAIOIIET0 YAaCTULBI OOJbIIE CKOPOCTEN
ATOMHBIX JJICKTPOHOB, IIOJYYEHbl BBIPAKEHUS [JI1 NOTEHIMAJIbHONW SHEpPrUuu
B3aMMOJICUCTBHS HAJIETAIOLIE YaCTUIIBI C aTOMOM KpHUCTaiuia 0e3 ydera U C
yuetoMm npuHmmna [laymu. Ilokasano, uyto yder npuHnuna llaynm B BeIpakeHun
JUIS.  TOTEHLHAIbHOW JHEPrHUM B3aUMOJAECHCTBHS aTOM-aTOM MPHUBOAUT K
MOSIBJIEHUIO O00JIACTH OTTaJKUBaHUS. B KOHEYHOM HUTOre BCE IOJyYECHHbIE
BBIPDOKEHUSI MOTYT OBITh HUCIOJIb30BAaHBI B KA4yeCTBE HYJICBOTO MPUOIMKCHUS
MOTEHIMAJIBHOW YHEPTUM B3aUMOJACHCTBUS HAIETAIOMIEN YACTUIBI C aTOMOM.

[IpousBeneHo MojenupoBaHue JBWXeHUs uUOHOB Ag uepes (110)
IUTOCKOCTHOW KaHasl KpucTauia Si. Pe3ynbpTrarsl roBOpsAT 0 HabaroAeHUN 3 dekTa
HarpeBa; HEOOJBIIMM 3HAYEHUSIM 3apsIOBBIX COCTOSSHUM HMOHA COOTBETCTBYET
HamOoJiee MHTEHCHBHBIM HarpeB. [lokazaHo, YTO CHJIBHOMY J€KaHAJIHWPOBAHUIO
COOTBETCTBYET MOTEHIHMAIbHAS SHEPIrUsl, UMEIOIas NBYXbSIMHBIM BUJ, CKOPOCTb
JIEKAHAJIMPOBAHUSI YMEHbBILAETCA MpPHU MEpPexoJie K OJHOSMHOMY MOTEHIHAITY.
[Tocneanee OOCTOATENBCTBO OOBACHEHO C TOYKM 3pEHUS YCTOMYMBOCTH U

HeYCTOﬁQHBOCTH ABWKCHUSA KaHAJIMPOBAHHBIX YaCTHII.



Pe3ynbratel MonIeIMpOBaHUS HOCST TNPUOIMKEHHBIH XapakTep B BUIY
BbIOOpa MOTEHLMAJIOB M30JUPOBAHHBIX AaTOMOB B  Hauboiiee IPOCTOU
aNIpOKCUMalUU KYJIOHOBCKOIO DKPaHUPOBAaHHOIO MOTEeHIMana. TeM He MeHee, B
UTOTE MpH (PUKCUPOBAHHOM 3HAUYECHUU 3apPSI0BOTO COCTOSHUS HAJETAIOIIEr0 HOHA

Q I[MOJIYYCHO Kad4CCTBCHHOC COIJIaCUC C OKCIICPUMCHTOM. bonee ToO4HBIC

pe3yJIbTaThl MOTYT OBITh MOJIYYEHBI [IPH yU€TE U3MEHEHUSI 3apsA0BOIO COCTOSHUSA
Q B 3aBHCHMOCTHU OT 3HEPI'MH HOHA.

Ncxons n3 ypasuennii Llpenunrepa n [Iupaka, noyrydeHbl BBIpaXKEHUS IS
NOTEHUUAIbHON SHEPTrUM B3aUMOJACMCTBHS HAJIETAIOLIETO BOJOPOJAONOA0OHOTO
MOHAa C HENPEPHIBHBIM MOTEHIHMAIOM IUIOCKOCTHOTO KaHaja KpHUCTalla,
YUHUTBHIBAIOIINE COCTOSIHUS AJIEKTpOHA MOHA. Ha OCHOBE MOy4eHHBIX BBIPAKEHUN
C MIOMOIIIBIO IporpamMmbl PST BO3MOYXKHO MPOU3BECTH MOJEIUPOBAHUE TPACKTOPUI
OBICTPBIX BOJOPOJONOJOOHBIX HMOHOB B IJIOCKOCTHOM KaHalle KpUCTajula. 3Has
pemienue ypaBHeHui Ipenunrepa u Jlupaka BIOJIb TPAGKTOPUH, MOXKHO
OIIPENETUTh BEPOATHOCTh BO30YK/IEHHUS HA MEPEX0/ie OPOUTAIBHOTO AJIEKTPOHA U3
OJIHOTO COCTOSIHHE B APYroe H, KaK CICACTBHE, T0II0 HOHOB Ar''", COXpaHMBIIHX
3aps710BOE COCTOSIHUE.

[Ipou3BeneHO MOAECIUPOBAHUE JIBHXKEHHSI AJIEKTPOHOB M TMO3UTPOHOB C
sHepruerd 855 M»rB B (110) mMmIOCKOCTHOM KaHaje KpHUCTalla KPEMHUSL.
Pe3ynpTaTel MO3BOJIMIM ONPEACINUTHh [JUIMHY JEKAHAIWPOBAHUSA AJIEKTPOHA.
BnusgHue KBaHTOBBIX (IIyKTyauuil Ha Mpolecc AEKaHATUPOBAHUS IO3UTPOHOB
OPUBOJNUT K IApPaJOKCAIBHOMY pE3yJIbTaTy, a HWMEHHO: [EKaHAINPOBAHUE
MPAKTUYECKHA TOJHOCTHIO MOAaBIECHO. [IpHUnMHON 3TOro sBIsSE€TCS MHTEHCHUBHOE
pekaHanupoBaHue MNO3UTpoHOB B (110) miockocTHOM KaHalle KpUCTaula B

npeaenax KpUTUYECKOro yriia KaHAJIMPOBAHMUSL.



