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MNPUHIUITIBI TEOPUU TBEPJIOI'O TEJIA

Kuwura COACPIKUT ACHOC U AOCTYIMHOC H3JIOKCHHUEC OCHOBHBIX Hﬂeﬁ H PE3YJIbTAaTOB
COBPEMEHHOW Teopuu TBepAoro Tena. OHa mpeAcTaBiseT co00i yaeOHBIN Kype TEOPUHU
TBCPAOro Tcliia, OCHOBAHHBLIA Ha JICKOUAX aBTOpa, NPOYUTAHHBIX B AHrnun CTyACHTaM
KeMOpumKCKOTO YHUBEPCHTETA.

Hacrosiee, 2-¢ u3ganue CyecTBEeHHO NepepaboTaHo U pacIIuPeHO, TaK YTO KHHUTa
OTpakaeT COBPEMEHHOE COCTOSIHMEC (U3UKH TBEPJAOTO Tela. BKIIOYEHBI HOBBIE
Hapana(i)BI, MOCBAIICHHBIC MCTOAY IICCBAOIOTCHIIMAJIA, TIOBCPXHOCTHLIM 3JICKTPOHHBIM
COCTOsAHUAM B MCTallIax, KOHe6aHI/IHM HCHUJCAJIbHBIX PCIICTOK, MAarHUTOONTHUYCCKUM
SIBJICHUAM, BIUIHUIO MarHUTHBIX HpI/IMGCGf/’I B MCTaJJIaX, CBCPXITPOBOJHUKAM I ponaa.

KHura npezacraBiseT UHTEpeC Al CTYACHTOB (U3NYECKHUX, (PU3UKO-TEXHHUECKUX,
MCTAJUIOBCOAUYCCKUX U OPYIrux CHCI.IHaJIbHOCTeﬁ, HU3ydJaromux KypC TCOpHU TBEPAOIO
TeNa, a TaKXKe JIJIs TIPeroIaBaTesieii, MOJOABIX YICHBIX U UHKEHEPOB, MPUCTYIAIONIUX K
paboTe B TaHHOM 00JIacTH.
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muddepennuansHoe 183, 236

— — H30JMPOBaHHBIM aTOMOM 235,
254

CxxumaemocTs 254

Cuia kospuutuBHas 365

— Jlopenmna 210

— ocumusitopa 188, 295, 300



Cuibl Ban-nep-Baanbca 151

— oOmensnsIe 170

Cummerpus kpucramion 15, 137—140

— OTHOCHTEJIBHO O0paIlIeHus] BpEMEHH
139

Cunrynspaoctu Ban Xosa 305, 307,
361—367

Ckun-cnoii 317, 333, 348

Cxun-3¢pdexr 317—321

— aHoMaJbHBIHA 319, 327

Cxopoctb rpynmnoBas 65, 198, 234

— npeiidonas 249

— 3ByKa 61, 233—235, 254, 273, 323,
421

Coenunenust uHTepMeTauInueckue 148

Cootnomenue Jlunnena — Cakca —
Tennepa 301

— Xarena—Pyb6enca 313, 315

CooTtHomieHust qucnepcronHsie 291,
297

— KenbBuna 270

— Kpamepca — Kponura 292

— Omnzarepa 245, 270, 287

Conpotusienue 252

— MUHUMYM 253, 384

— ocrtaroyHoe 253, 384

— peterounoe 253—260

Cocrosinue npomexxyrounoe 450

— cMenanHoe 454

Cocrosiaust BUpTyanbHble 135, 136

— JleNloKan30BaHHble 179

— JIOKaJIM30BaHHbIE 262

— MOBEPXHOCTHBbIE 225—228

— pe3onaHcHsbie 135

— snekTponnsie 30, 95—140, 201

s — p-rubpuam3anus 135

Cnupans Kopnio 336

Cmiassl 157, 185, 186

CpoznctBo 3nekTpoHHoe 150

Craructuka bo3e — Diinmreiina 60, 80
84, 408

— Hocurenel 3apsna 163—168

— ®epmu 159—163

Crenku binoxa 365

Cymma pemerounas 54—59

— craructudeckas 393

Cdepa Burnepa — 3eiitiia 61, 97, 116

— — —paauyc 97, 116

— Jlebas 61, 64

— Depmu 143, 179, 180, 192

— Dpanpga 69, 70, 98

Cxema notopsitouuxcs 308 67, 107,
211, 239, 259, 341, 363

— npuBeAeHHBIX 30H 37, 106, 187, 342

— paciuupeHHsIx 30H 38, 101, 106

Temmnepatypa [ebas 62, 81, 83, 254,
268, 421, 425

— Kropu 372, 376, 393, 403

— JIoKanbHas 244

— Heens 387, 393

— mepexoja K CBepXIpPOBOIUMOCTH
238

— Depmu 175

— DHHiTelHa 63

Tenzop aedopmaruu 239, 261

— maccbl 210—215 Teopema biioxa
30—34

— bopna — Omnmnenreiimepa 230

— Kommu 292

— JInyBuss 242

Teopus bapnnna — Kynepa —
Mpuddepa 418, 434

— Bo3mymeHuit 98, 171, 366, 422, 424

— I'ma3bypra — Jlangay 451

—rpynn 17, 34, 373

— Ilpyne 315

TennoemMkocTh MarHonos 409

— petetku 59—64, 277

— — ynenbHas 403

— snekTpoHHas 168, 271

TennonpoBoaHOCTb 264—268, 272—
277

Tepmo-3. 1. c. 269, 278

— ruranTckas 271, 385

t-matpuna 130

Touku kputnueckue 66, 67, 159



Tynnenuposanue 218—225, 363, 446

Tarta-pyHkiun npeodpazoBanue 56

Yeneuenue GpoHOHOB 277—279

VYpaBuenue kunernyeckoe (bonbimana)
242—246, 262,314, 318—329

— — B MaruuTHOM nouie 280, 329, 336

— JlonoHoB 436, 444, 452

— Ilyaccona 172

YpaBuenus Maxkcseinna 288—290, 318,
437

Yposenb akuentopusii 215, 230

— atoMHbIi 113

— noHopHbIk 215, 230

— npumecHsiid 189, 204—208, 211,
215

— @epmu 96, 155, 158—163, 186, 193

VYposuu Jlannay 354

VYcunenue 3Byka ajeKTpoHamMu 325

Ycnosue npuunHHOCTH 292

— (deppomaraeruzma 376, 390

VYcnosus rpannunbsie bopaa —
Kapmana 38—42

®a3za napuuanbHoi BosHbl 130—132,
135

®akTop aTOMHBII 73

— Jebas — Yomnepa 79—S85, 236

— CcTpyKTypHbIii 73, 177, 236, 254, 258

®eppomarneTusm 388

®eppomarnetusm 370—377

@nykTyanuu Toka 245

®opmanusm ['opbkoBa 445, 448, 452

®opmyna bopa st pazosoro
uHTerpana 353

— bopna 301

— I'pronaiizena 84

— Jleb6as — Xrokkens 175, 189

— Kuaysuyca — Mocortu 299

— Ky0o 245, 247, 283, 318, 333

— JIungemana 83, 255

— Jlunnxapaa 173

— Omnzarepa 403, 417

— Ilunnapnaa 441, 442, 452

— Panes 276

®opmyna cymmupoBanus Ilyaccona 354

— Unmbepca 318, 442

— loxmu 337

— DOinireina 311

dopmpakxrop ncepnoaroma 238, 241

®doTtonpoBoaumocTts 311

doroaddekr 311

Oyukiuu atomusie 110, 195, 199

— bioxa 95, 114, 200, 217

— — KOJIMYECTBEHHBIN pacuer 113

— Banbe 195, 199—204

®ynkuus ["'amunbrona 209

— I'puna 90, 127

— Koppensuuu 79

— — BpeMeHHoM 245

— orubaromias 204

— niceBaoBoJIHOBas 121

— pacrpeenenus paauansHas 79, 236,
260

F-uentp 207, 208, 310

[Hemouka nuuetinas 47—>51, 401

Yacrora nedaeBckas 61

— naa3MmenHas 188—191, 313

— — noHoB 233, 300

— IUKIOTpOHHas 328

— DHMHIITEHHOBCKAs 43, 92

UYucno koopaunanuonnoe 148, 394,
397,401, 403, 404

— Jlopenna 268

[Hupuna nunum 298, 307

Illens onTuueckas 188

— sneprerudeckas 100, 103, 141, 166,
187, 308, 429, 434

OxpanupoBanue 173—175, 192, 194,
238

— aromoB npumecu 175—179, 196

— cuHryssipaocts 179—181

Okcutonsl 215, 309

DnextpoHsl Oyxnatomue 377, 409,
410

— BaJIeHTHBIC 95, 122

— ropsiume 262

— npoBogumocTH 95, 191



ONEeKTPOHBI

— a¢dextuBnbie 319, 334, 347

DnekTpornpoBoHOCTh 240—250, 288

Omuccus g-kBaHToB 193

— JJIEKTPOHOB 228

DHeprus HOHU3AIUN IPUMECHOTO
ypoBHS 206

— KxoppensitmonHas 95, 133, 153, 194,
197, 377

— HyJeBbIX KoJiebanuit 60, 82, 197,
255, 415

— cBs3u 151—156, 232, 234

— Depmu 96, 154, 155

Oddext ne ['aaza — Ban Anbdena 354,
364—367

— Jxo3edcona 448, 450

— 3eebeka 269

— u3oTonu4eckuit 425

— Kenapima — ®panma 224

— Kona 179—182, 234, 327

— Komnmo 253, 385

— MasITHUKOBBIN 72

— Meiiccuepa 438, 450

— Meccbayapa 82

— Hepncra 286

— ocTarouHbIx Jy4eit 301, 304

— IlensThE 269, 270

— pa3MepHblit 276

D¢ dexT pasmMepHbI paaodaCcTOTHBIN
[NanTmaxepa 347

— Tomcona 270

— Dapanes 321

— Xomma 280—285, 338

— lly6nuxoBa — ae ["aaza 360

O¢ddexTr! rpanull 30861 158

OddexTr TepMoTEKTpUYECKUEe 268—
272

SBnenus kooneparusHbie 393, 403

Sueiika Burnepa — 3eittia 16—20,
116, 154

— —— 00beM 26

— sneMeHTapHas 16, 18



NPEOVCJIOBUE PEIAKTOPA IIEPEBOJA

B Bex pe30HOHOB M MOIMIHHIX YCKOpHUTENIeH Teopud TBeDAOro Tela
Ha [epBHIA B3MNIAL MOKET HOOKA3aThCA UeM-TO BpOJe TDaMMaTHKH
IPeBHEIPEYECKOIO f3bIKA — HPEJIMEeTOM, BIOJHE H3yIeHHEM, B CBOEH
3aKOHUEHHOCTH BeChMa H3AIMHEIM M MOJHOCTHIO 3acTeiBmaM. OmHAKO
B neliCTBATEABHOCTH 2TO coBceM He tak. HaoGopor, B Hame Bpems
OHa Pa3BHBAETCA eIBa JH He OBICTpPee, UeM B CBOH «repoMYeCKHiA»
nepuoy, — wouery 20-x m magamo 30-x rogoB Hamero Beka. llpmumm
TOMY — HECKOJIBKO, N

Bo-nepBrix, ¢usuka TBepLOro Teia eCTh OfH& M3 OCHOB COBPEMEeH-
HOH pAJMO3JEeKTPOHHKH. «3aKas3bl» TeXHUKHA BHHYKAAT (U3EKOB
HepexOiMTh K M3y4eHHI0 Bce Oojsee @ 0ojdee CIOKHHX CHCTEM
B CcaMHX pasHooGpasHHX YCIOBHAX, C YYeToM Bce O00abmero
u OOJNBINETr0 YHMCJIa KOHKPETHHIX 0COGEHHOCTeH, pa3lImdHHX B3aBMMO-
NeHCTBHA H T. [.

Bo-B1opriX, mepexoq K H3yYeHHI0 He CIMIIKOM WAEAJM3APOBAH-
HHX CHCTeM JAHMKTYeTCA H BHYTPEHHHMHM HOTPeOHOCTAMH, JOTHKOR
pasBUTHA CaMOH HAayKH — He TOJBKO (HM3UKA TBEPAOrO Tela, HO
¥ ¢usmkm BooOme. - HleiictBaTensHo, 6e3 NpeyBeIWIEHHA MOFKHO
CKasaTh, 9TO «TJIABHOE CIHOBO» B COBPEMEHHOH (QH3HKe eCTh «83aUMO-
Oelicmeuey. ViMeHHO B3amMojeficTBEe IOJied M TACTHUI[ APYT € APYroM
OTBETCTBEHHO 34 BCE WHTEDECHHE fABIEHWA B (PU3MKe dlIeMeHTapPHHX
qacTul (BKJAKNYAS M KX CHOHTAHHHN pacmag); HMEHHO B3amMOTEH-
CTBHE MEKIY 2JeKTPOHAMH 00yCAOBINBAET DAL HHTEPECHHX A BA;KHEIX
appexror B TBepamx Teaax (00 3TOM UMTaTENbh Y3HAET M W3 HACTOH-
el KHUTH); BMECTe € TeM MOCIe/I0BATEAbHE yIeT Pa3IuIHEIX B3aAMO-
HeficTBMil LpeNCTaBIsAeT HanbOAbMINE TPYAHOCTH JJIA TEOPEeTHKA.
Teopusa TBepmoro Tesa, mMOMHMO BCErO HPOYero, Jaer HaM Healb-
HYI0O BO3MOKHOCTH JJIsI m3ydeHuA 3)PeKTOB, 06YCIOBIEHHHX B3aAMO-
DeficTBHeM, W IS «OHPO6GOBAHAAY COOTBETCTBYIOIMUX MATEMATHYECKHX
MeTonoB. [{emo B TOM, 9TO B QU3WKe DIEMEHTAPHHX YACTHI[, IOMHEMO
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QHCTO MATEMATHTECKUX OCTOKHeHHit, ecTh, MO-BH[AMOMY, M IPHH-
MUIOHATBHGIE TPYAHOCTH, CBSBAHHBI® ¢ HEACHOCTAMH B CaMOM mOCTA-
HOBKE 3afadd. B Teopmm TBEPAOTO Tela TaKMX TPYAHOCTEd HeT —
KBAHTOBAd MEXaHMKA HAXOJUTCA TaM B IIpefelaxXx cBoeil OnpuMmenu-
MOCTH, H IIOCTaHOBKA 3a/{a9f B 00meil ee oprme COMHEHNI He BHIBRIBAET.

Haxomern, B-TpeTbHX, Ha 0ase TeOPHU TBEPHOro Teja ceddac
HadpHAeT pPa3BHBATHCH OOIMAA TEOPHs KOHIEHCHPOBAHHHX HeyHmopsA-
JOYEHHBIX CHCTEM, B THCIO KOTOPHIX BXOAAT OOHIKHOBEHHLIE JKIITKOCTH
n amopdHHE Tera, a Takke, NO-BHANMOMY, H HEKOTOpHe Omonoru-
gecKue 0OHEKTHL.

K cosxanennio, yae6HUKH 10 TEOPHU TBEPAOTO Tejla, KAK 3TO TacTo
6mBaeT, ¢ TPYAOM IOCIEBAT 3a passpTHeM caMoll Hayku. B 60oxb-
MUHCTBe KHWUT, H3JAHHEX B MHOCIegHee BpeMd, YIOp [elaercd
BCE JKe Ha CTapHe (KIacCHIecKue» npobiaeMEl, O HOBBIX jK€ [OBOPUTCH
JAAMH Gollee WIM MeHEe BCKOJIb3b UM C SABCTBEHHO ONIYTHMEIM (IIDH-
nexanmem, [1pegraraemas BHEMaHMIo ynrartetei kaura . 3alimana
fpejCTaBisieT COG0M B 3TOM CMBICIE CIACTIHBOE HCKIIIEHHE. B nei,
MO-BANAMOMY, BHIAEDKAHO PA3yMHOE COOTHONIGHWE ME/KAY CTapbhMA
@ HOBHIMH 33Ja9aMH, OpHYeM B- HIeHHOM OTHONIGHHH H3JI0/KeHHEe,
KaK IIPABIIO, [OBEEHO A0 (H3MKM HAIIMX JHEi. Hazosem Takxnme,
HampuMep, Hayjaly BHOpaHHRe W3 DasHHX INaB ODaparpags, Kak
«CmaryisprocTs sxpaEmposanns. Jddexr Komay (ra. 5), «lleperop-
MEpOBKa CKopoctd 3Byka» (ra. 6), «Marmmramit mpoboiy (ri. 9)
m 1. 0. Vckmodennsa m3 aToro mpasmia penku. llosany#, B cBAsm
¢ cojlepKAHHEM KHATH aBTOPY MOKHO C[eiaTh JHUINb [BA YHpeKa:
BO-IIePBHIX, HEKOTODHH KpeH B CTODOHY MeTajaoB B ymepl ¢usmke
HOJNYIPOBOJHAKOB M [UIIEKTPHKOB, BO-BTOPHIX, HIOXHO® OTCYTCTBHE
TOro, 94T0 Temeph MHOT/Ja HA3HBAIOT TEOPHell TBEPAOTO Teaa «Ha MoJe-
KyJIAPHOM YPOBHE» — TEOPHH MeXaHHIECKUX CBOUCTB pealbHHX KpH-
CTaJAN0B. BIpoueM, YKIOHN TaKOTO THOA B KHUTe, HAWCAHHOX ONHUM
aBTOpOM, BHAMMO, Hem3GeKHE, GyLydnm, Kax MpaBMio, 0GyCIOBIEHH
gpuImHaMy JIETHOTO XapaKTepa.

CTuab KHATH JIydiIe BCEro XapaKIepuayercA CIOBAMH H3 IDeRH-
CIOBUA aBTOpa: «JTa KHAra MonHA ufiei, a He ¢arros. Oma mocesa-
meRa WM3I0KeHH0 NPHHENALOB, & He ONNCAHMIO ABIeHmiy. IoGaBmM
oT ceff: M3I0KEHHI0 — Ha YpPOBHe, KOCTYIHOM JHIOAM, 3HAKOMHM
¢ »lIeMeHTaMI KBAHTOBOM MEXAHHKH M C IPOCTeHINAME CBeJeHHAMH
M3 OmHCATeNbHOH PU3MKH KpPUCTAJIOB (IPMMEPHO HA YPoBHE CTYMeH-
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TOB 4-ro Kypca usmiecKkoro gaxyiprera). VimMa aBropa KEHETE focTa-
TOYHO XOPONIO M3BECTHO, M COBETCKUA YUTATENh ysie MOT IO JIOCTOMH-
CTBY OLICHHTH ;KHBOH W JOCTYIHGI CTHIBH MBIOMKEHHS Jayke BeChMa
TPYMHBIX BOMPOCOB, 3ATPOHYTHX B €r0 KHHUTE «JIEeKTPOHH 1 GOHOHED,
WJI, 1962; wmepnarormueckoe MacTePCTBO He HU3MeHAET JafiMaHy
¥ B HACTOSMIEHd KHWTE.

Kax gacro OmBaer, HEIOCTAaTKM KHUTH CYTh IITPOJOJIIKEHNA
ee MOCTOMHCTB. VIMEHHO, CTpPeMACh K IPOCTOTE U (IPO3PATHOCTHY
nanoxkenus (u gocruras eel), aBTop mHOTrJa OHIBAeT BRHYK/IEH ;KepT-
BOBATH CTPOTOCTHI0 M, KAK IPAaBUIO, JOIKEH OIPAHAYMBATLCA JIHMIIb
OpocTefmuME MATEMATAYECKAMA MerofaMu. B Gonsmmncree ciydaes
3T0 DOYTH HEe OUIYIAeTcA, HO OPH PacCMOTpeHmH HamGoJjee CIOMKHHX -
sagad (ri1. 5!) craHoBuTcA 3aMeTHEM. BrnpodeMm, B KHEre TaKOTO THOA
3TO, IO-BHAUMOMY, Hem30e)KHO; M3 IPEAWCIOBHA aBTOPA C OUEBHIHO-
CTBIO clIefyer, 9ro BCe cjaenamo cosHartelnbHo. Ciemyer JIHINB DeKo-
MEHOBATh UHTATENI0, ;KeJIalmeMy TIy0me m3yYnTh Ipesmer, obpa-
THTBECSA B HalIbHedmeM K 6ojiee HogpoOHBIM KypcaM, YKA3aHHEIM, B 9aCT-
HOCTH, B CIHCKe JHTEpPaTypsl B KOHIe KHWrH., Hak oTMedaeTcs B Hpe-
JHCIOBKH aBTOpa, OH CO3HATEIBHO He NeNaN CCBUIOK Ha OPHTHHANL-
Hole paboTH, oTchHUIas gmrarens K o6zopam m momorpadumam. Coot-
BeTCTBEHHO pEJAKTOP TaKme He yKasbBal® OPHIHHAIBHEIX pabot,
3a HMCKIOUEHHMeM JHIIb OJHOTO-ABYX CJIYYaeB, KOTAA 3TO Kas3ajdoCh
coBepmeRHo Heob6xoxmMbIM. B comcor amreparypsl o0aBIeHH He-
KOTOPHIE KHATH COBETCKAX aBTOPOB, MOTYIIWe OKa3aThCA MO0Jes-
HeIMH HOpr Gojee TayGOKOM HM3yYeHHM DPACCMATPHBAeMHIX B KHHTE
BONPOCOB,

1965 r.

IlepBoe uspanne kamru k. 3aiiMana «lIpuEnune Teopau TBEPHOTO
TeIa», BHIIEUIee B CBeT B pycckoMm mepesoge B 1966 r., GmicTpo
HCUe3II0 ¢ MOJOK KHIDKHHX MArasWHOB, BRIKUAA H OYKAHACTHIECKHE.
BepoaTno, 570 — nydYmas pemeHsHA, KOTOPYI0 KHHTAa MOKET WOJY-
auTs., W aBTOpy W mHepeBOqIMKAM OHA MOJKET J0CTABATH TOMBKO
VIOBONBCTBHE. BpAx nm, OJHAKO, ero pasfeNsaT HOBHE IOKOICHHA
crymentoB. EcTecTBeHHO BO3HMKIIA MBICAB O BropoM usganmm. Taxosoe
¥ MOABWJIOCH 1A aHTIHHCKOM sAswnike B 1972 r. w HiiHe mpepnaraerca
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BHEMAHMIO COBETCKOro wmrarens. He mmmme sameruts, 9T0 paGoTa
aBTOpa Haj BIOPHM H3JaHKEM OTHIO[b HE CBEIach TOJBKO K MCIpaB-
JeHMmI0 MONYIGHHHIX paHee MAaToCYIeCTBEHHEIX omedaTok. Humra
BAMETHO OTIOJHEHa 3a cueT GoJee mMoppoGHOrO (WIH COBCEM HOBOTO)
M3JI0’KeHNA PAAA 3aad, OTHOCAMUXCA K «TOPATIAM TOIKAM» COBPEMeH-
HOH ¢uamkm TBepporo texa. llpm sToM 0o6mEiE CTHIH KHATH COBEP-
meHHO He uaMmeHmicda. Ilak m mepBoe H3JaHHe, «Ta KHUTA HOJHA
aneil, a He (aKTOB...», KaK ¥ ImepBoe, H3[aHHe OHa HANKCaHa OIeHD
ACHO, a MeCTaMH TPOCTO YBJIEKATeJIbHO, KAaK M B IePBOM W3JAHAH,
HeIOCTaTKH KHHTH CyTh HPOJOsKEHHsA ee pocrommcTs. Ilocnepmmx,
npaBia, ropasao Oonbile, 9eM MEPBHIX.

MoHo mnamesThes, uro kmmra . 3afimama Oymer molesHa
KAK JIMI[aM, BIEPBHE IPHCTYIAIIMUM K H3YIEHHIO TEOPHH TBEPAOTO
Tera, TAK H cHemuajmcram Ho (U3NKe TBEPHOTO Tejga — TEOPETHKaM
M 9KCOePHIMEeHTATOPaM, KeIAINuM HONHee 03HAKOMUTHCA € HOBHIMA
HOCTHIKEHHSMH B 3ToH o6aactu. OTHelbHBHE MECTa KHHATH 6ymyT
HoJie3HB TAKKe HWH;KEHepaM, CTAlRMBAOIIUMCA B CBOEH IPAaKTHKe
¢ MCIONb30BAHIEM 9J1eKTPUYECKHX, MATHATHHX H ONTHIECKAX CBOHCTB
TBEPHOTO TeJa.

[epesox Bumonnen II. E. 3minGepmanom (mpepuciosme aBTOpa,
rx. 1—3, § 1—3 ra. 4), A. T. Muponosnm (§ 4—7 ra. 4, ra. 5—17,
§1—5 ra. 8 m WM. II. 3parmmem (§ 6—8 ra. 8, rm. 9—11):

B. Bonu-Bpyesuu
Mapr 1974 r.



NPEANCJIOBAE ABTOPA KO BTOPOMY M3JAHUIO

B mHoBOM wu3aHMM MBI HaMepEHH CIef0BATH HOPHHOUOAM, H3J0-
JKeHHHM B OPEIUCIOBHH K mepBomy m3ganni. OgHAKO 3a BOCeMb JeT
COBPEMEHHBIE HAayYHHE 3HAHMA, KAK [PABANO0, MOYTH YABAHBAIOTCAH,
a CHeNWAaNHCTH 0 PH3HKe TBEPIOTO Teja He Oe3ferbHAYAIN B TeUeHHE
3TOT0 cpoka. Tem He MeHee OCHOBHAA TACTh HEPBOHATAIBHOTO TEKCTa
COXPaHMIA AKTYyaJbHOCTh; NPUILIOCH HOGAaBHTH JHIOIL HECKOJIBKO
HOBBIX Pa3feloB, OXBATHBAIINX TEMH, 3HaUYeHAE KOTOPHX B MoCIe[n-
Hee BpeMs BO3POCIO, HIN BONPOCH, B HOBUMAHAA KOTOPHIX IIPOM3O0INENE
CYINECTBEHHHH CABHT HJIM CMECTHIHCh axkmeHTH. fl mmtanca tawxske
VIOMHHATh MEMOXOMIOM 0 HEKOTODHIX SIBJIEHHAX MK 06lacTAX McCie-
noBaHWA, CBABAHHKX ¢ (QyHTaMeHTAILHOH Teopmeil, — mayke ecan
roBOpUTh 0 HuX moppoGuee He Ohuro BoamoskHOCTH. TakrmMm obpasowm,
ofmue paMKd KHUTH ORJIM pacOIMpEHH!, 9TO HO3BOJIHJIO, HAaUpPHMED,
CKa3aTh HECKOJBKO CJIOB O MATHMTHHX M HEMarHATHEIX OpPHMeCHX,
F-nentpax, mOBepXHOCTAX, TYHHEIWPOBAaHWH, NepexojaX H CBepX-
oposogumoctu 11 poma. Ilpm stom o0muit mMarematmueckmii ypoBeHB
He BO3POC, HECMOTPH Ha TO, YTO alnapaT COBPEeMEHHOH KBaHTOBOM
TEOPHH CTAHOBHMTCA BCe Gojee o0MEmpUHATHIM B HaHHOE obixacrd,

fl Becsma Omaromaped MHOTEM KoiuieraM, ocobemno Boby Yam-
6epcy sgecs B Bpucrome m ®emepmro I'apcua-Monunep B Maagpupe,
3a paAx moapoOHEIX 3aMeJaHHE, KOTOPHE 1 HOUHTAJICA YIeCTh B HOBOM
Texcre. Bo6 JpaHc oxasan GOABIIYI0O MOMOMb B COCTAaBICHWH YyKasa-
Tens. M, HakoHen, 4ToGsl YMTaTEN0 He MOKA3aJI0Ch, ITO BPEMSI MOETO-
orcyreTBusa B HemOpumxe OnIO [IA MEeHA NEPHAOAOM HOITOH CCHUIKH,
xoTenocs OH mpocto Ho0aBUTH, UTO DPHCTONB — TOMKE JOBOIBHO
YIOTHOE Mecto.

Bpucrons, mapr 1971 r.
Hac. Baiiman



IIPEJVCIJIOBAE ABTOPA K IEPBOMY U3[NAHWUIO

Jlyume OLITH MYApPHIM, deM GOraThM.
Jlydme CTpeMHTBCA K 3HAHHUAM, UYeM
K JICHLTAM.

IIpumuu XVI.16

I'pamnms mozHaHms Beerfa B Apmkennu. Cerofuslnee OTKPHITHE
CTAHOBHTCS 3aBTPA COCTaBHOM WACTBIO TOH MyXOBHOM 00CTaHOBKY,
B KOTOpO# IpOTEeKaeT KaKk[OJHeBHAA ICCIe/[0BATeNbCKAA pabora.
K xommy caegylomeil Hegelu OHO HOHafaeT BO BCe CHENHATBHEIE
Kkypcs. Uepes mecsn BOBHHKAOT TpeGoBaHusA BKIIOYMTHL €ro B IPO-
rpammy o6Iero CTyAeHIecKoro Kypea. Ha caenyromuiil roq, 4 yBepeH,
OHO HOKAJKETCH CTONEL M306MTLIM, 4re OyieT CYATATHCA HM3BECTHHM
KamJOMy IIKOJIBHHKRY.

IIpomece TpOJBHEHAS [PAHMIE HAIIMX 32BOEBAHME , BOBJENH-
BAHWA W OCBOEHHA HOBOH TEPPUTOPHE MIET HOCIef0BATeIBHBIMI
aramamu. IIy6anKy0TCA OpUTHHAIBHEIE CTATBH — HA PajloCTh aBTOPaM
¥ Ha cyq umraTenedl. 3arem ny6IuKyloTCs 0630PHEIe CTATHH, AANOIIHE
HaM Tpy6Hii cxemMaTHdecKmil mIaH — OpPOCTEAMHNA OYTEBOTHTEND
To JuTepaTypHOMy Jdecy. [laree nayT Monorpaduu — CTPOTHE oboape-
HHs, COEep/Rallue KapTy 3aBOEBAHHOW MECTHOCTH, yCTaHABIABAIOMue
BOIpPOC O IPHOPHTETe H IOMEMAINe KaKABH (aKT WA Teopuio
Ha CBOE MeECTO.

Haxonen, Ham HyxHs yuebuuru. Cymectsyer riyGoras pasauia
MesKLy MoHorpagmeit m yaeGunmrom. Monorpadusa majaraer, yaeOHIK
o6pacuager. Hukorma He mpegmonarajgoch, YT0 CTYAEHT CMOKET yio-
JKATH B CBOEH rooBe BCO QU3MKY miam XOTA OBl KaKyoO-TO obracthb
¢usnkn nexmxoMm. EMy He BYKHO 3aIIOMHHATH TO, WTO JETKO HafiTh
B MoHOrpaduax, B 0030PHHX M OPUTHHAIBHEX CTAaTBAX. Ho oun pmou-
;KeH HAYIATBCA wumamy 9HTH HMCTOYHAKM, NOJKEH UBYIHTL ASBIK,
Ha KOTOPOM OHH HAMCAHEI, AOJKeH 3HATH OCHOBHbIC 9KCIEPHMEHTA b
Hele GaKTH M o6mue TeOpPeTHUECKHe TPUHIMIL, Ha KOTOPHX OCHO-
paHa mM3yuaeMas HayKa.

[exs oToft KHULH — UBIOKHUTH 10 BO3MOKHOCTH HPOCTO BIEMEHTHI
TEOPUN HMAEANHHOT0 KPHCTATIUIECKOrO0 TBEPIOro Teja. dra KHHUTa

noxna udeti, a He PaxToB. OHa MOCBANIECHA H3JIOKEHUIO NPHHNHMIOB,
a He OIMCAHMWIO ABJIEHUH,
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Teopuss ocHOBaHA HA aHAJIW3e CBOWCTB HEKOeH TIHIOTETHIECKOR
Mmomenu. B (u3uKe, KOTOPYH MOKHO OHOpEJeNNTH MOYTH KAK WHTENI-
JeKTyaJdbHOe YIpPayKHeHHe C IeJbi0 HOTIMHATH Bceememmylo mare-
MaTHKe, HAamd MOJEIN OKa3HBalTCA MaTeMarmieckumu. Teopmm,
KOTOpHE PaccMaTPHBAKTCA B HTOH KHHTE, — 3TO MaTeMaTHIECKHE
Teopun; Hambolee BakHEe IOHATHA, HAODHMED IMOHATHE (IOBEPX-
woctn Depmm», mpepcraBiafior coboil aGCTPAKTHEHIE MaTeMaTHIECKHe
HOCTPOEHKS, KOTOPHE HeJb3A HU 00LACHATH, HA B JONMKHOH CTENeHH
ypasyMerb, He MOJb3ySACh (OPMAIBLHEIM al@apaToM TEOPHH.

Bee, ur0 A mommiTasicA CHeNIATh, — DTO AATH MOCIHENOBATEIbLHYIHO
MATeMaTHICCKYI0 TPAKTOBKY HPOCTEHMAX Mojeielf, OPHUIOAHBIX A
IeMOHCTPamUK OTHeIbHHX npmHnumoB. Hanpmmep, ecam namboiee
HHTEPeCHHEe CBOHCTBA CBEPXIPOBOSHHKOB MOKHO HOHATh B paMyax
MofeAn CBOGORHHIX BJIEKTPOHOB € KOPOTKOAEHCTBYIOIMUM IPHTAMKE-
HAeM MKy HEMHU, TO 9Ta MOZeIb M KIafleTcd B OCHOBY pacudera.
Ha 310l cragmm Jiydile BLIACHUTL YCIOBHS, BajKHBE IJIA CaMOTO
CYICCTBOBAHHA ABJEHHA, Y6M BHIKCATH MAacCy I'DOMO3IKEX ypaB-
HeHMi#, OCHOBAHHHX XOTA W Ha Golee pealmCTHIECKHX, HO 3HAYH-
TeIbLHO (oliee CAOKHEX (H3MIECKHX CO0OpaKeHHAX, C eJUHCTBEHHOM
nenbl o0HapYKUTh, TAe HOJKHB HAaOMOAATECA OTKIOHEHHA OT IIpo-
cteix opmya. Jlnsa 03HAKOMIEHHNA € TAKEME yCOBepPIIeHCTROBAHHAMHA
sleMeHTaPHLEIX MOJeieil YaTaTens [OJDKeH 00paTAThCA K OPHTHHAIb-
HBIM CTATBAM U MOHOTpaduaAM. ‘

C gpyroil CTOPOHBI, KOJIb CKOPO MOJENb HPHHATA, HEAB3A YKJIO-
HATBCA OT RAJbHeHIIHX BHKJIagoK. Ha cBoem omwite a1 ybenmics,
YTO He TaK JIerKo HAWTH B I1e4aTH HPAMON BHIBOA MHOFMX HPOCTHX,
XOpOImIO H3BECTHHIX OPMYJN M3 mepBHX NpUHNEOOB. OpHrEEANLHEE
CTaTbE He BCermga MAYT D0 KpardadmeMmy IYTH, aBTOPH 0630poB
HaX0[AT He0OXOuMbIe PA3BACHEHUS BeCbMa TPDOMO3AKNMHA (HIN HHe
nX JOCTOMHCTBA), & MOHOTPA(UH CIANTKOM 03a009eHEI IIOJIHOTOR B CTPO-
rocThio W3JoMeHus. fI crapaics ZOBOOUTH BCe PacdeTsl A0 KOHIA —
WIH M0 KpaliHeidl Mepe AenaTs WX BPa3yMHTENLHHIMM B OpHHIMIE, —
He npmberad CIMIIKOM 4acTO K OOHYIHOMY 3aKIHHAHUIO YTOMIEHHOIO
aBTopa: «MosKRHO OKA3aTh, 9T0...» IlomsITKa OXBATHTE CTONB IHPOKYIO
06J1acTh IMEET TO HPEeMMYINEeCTBO, 9TO MOMKHO IPHUBIeYL o0mue mpuu-
ouoel, Takue, Kak TeopeMa bBiioxa m TeopuaA 30H, YHEPHIUPOBATH
MHOTHE pa3gelbl d COKOHOMHUTE TeM CaMBIM MHOI'0 YMCTBEHHOI Hep-
TEH,
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Yro mpegmomaraercs 3apaHee um3BecTHEM umTatenio? OH [qomkeH
OLITh 3HAKOM C DIEMEHTAMHM (H3HKH TBEPAOr0 TeIa, HaupEMep C Teo-
pHed cBOGOAHBIX 3IeKTPOHOR B METAJLIaX, — TaK, KAK OHA M3JIaraercs
B CTyZeHYeCKHX Kypcax. fl mpepmosaraio H3BECTHEIMEH TaKKe dle-
MEHTH KBAaHTOBOH MexaHHKH, B gacTHocTH ypapHeHume lllpemmurepa,
TEOPHI0 BOBMYIIEHHH W TEOpHMI0 paccesHusd, — BCe 3T0 B obneme,
KOTOPHI Temeps CYNTAETCH NPHHATHM [UIA CTYeHTOB, OKaHIABAIOMMX
KYypC dKCIepHMEHTANBHON Qmsuru. Sl mHTaica moAfep:KMBATh pac-
YeTHHIA ammapaT Ha 3TOM YPOBHE; B CIy9aAX, KOTAA BEIHCIEHHA
yrposkal| CTaTh CAUNIKOM TPYHNHHME, S OCTAHABIWBAICA. B kuumre
HeT HA MATPHI ILIOTHOCTH, HA METIEBHX [UArpaMM, HH TOYEeK BeTBIe-
HusA, HE TaGiAMO XapakTepor, HM APYTAX TORKOCTe anmapara COBpe-
MmenHo# Teopru. [IpodeccnoRaIBHEIM «TeOPETHKAM) IPHETCA HONCKATH
cefe mAmMy rae-HUGYAb B APYroM Mecte.

Ias obaerueHuss Tpyna Tex peneH3eHTOB, KOTODHE CYJAAT O KHHUTe
mo ToMy, Uero B Hed HeT, HO3BOJABLTE MHe Cpa3y MPH3HATHCA, UTO
B KHHTE OTCYTCTBY€T CepbesHoe pACCMOTDEHWe TeOpHH CIJIaBOB,
nmcaoKanmit, F-IeRTpos, NpEMEeCHEX NeHTpoB @ T. x. Huuero He cka-
32HO0 O MaCHUTHBIX PE30HAHCAX, CBABAHHEX € OTJeIBHEIMH aTOMaMH
WIM ¢ ARpaMH, W He CHelaH0 HUKAKWX IONKTOK WHTEePIDPETHPOBATH
Tagde CYMECTBeHHO MAKPOCKONWYeCKHWe ABRIeHHAA, KaK {eppomar-
HATHEE HOMEHBI, UBJEHHA B P — n-Hepexojax HIW IPOMEKYTOUHOe
cocrosgHue cBepxnpoBopEMKOB. (OrpaHmdeHme TONBKO HIPOCTHIMH,
AealbHHIMA KPHCTAIJIUICCKUMEA TBEPABIMA TeJIaMH, KOHEYHO, HCKYC-
CTBEHHO, HO OHO yEoOHO, mGO UpPHUIAET H3IOKEHHI0 HEKOTOPOe efHH-
CTBO: B NEHTPE BHHMAHHH ~— MATEMATHIECKUE CIENCTBHA MEePHOMMI-
HocTM pemerku. CBepx TOro, Apysbd, KA3HD KOPOTKA! :

dTa KHHra, DOCBAImEHHAA OmCTpo paspuBalomeiicsa . obixacra
¢usmKu, He mIpeTeHAyeT HA KaKylo-TaGo HOBH3HY. 3[eCh IpefcTa-
BJIEHH JIHIIb TEOPHH, PEryJAAPHO MCHONb3yemse, W Te, KTo paboraer
B HaHHOH ofjacrTw, CIATAIOT COPABENIABOCTh UX XOPOIIO YCTAHOBJIEH-
Ho#t. He penmaerca HMKAaKMX TONKTOK KPUTHKOBATH 3TH TEODHH,
00CY)KIATh BOSMOKHOCTH WX WUPUMOHEHHA LI HHTEPOpeTandd Tex
AN WHHX ABJeHAH, GOPMyJIHPOBATH CO BCEH MaTeéMaTHYECKOH CTpO-
roCTHI0 WM [eMOHCTPHPOBaTh BCK 00gacTs HX UpuiaokeHmd. Bcee
VCHIMA HAUPaBIeHH Ha AOCTH;KEHHWEe ACHOCTH HM3IoeHmsa. Umraredio
OpeiaraeTcs YCBOUTH HOBHE MOHATHS; OYCTh OH BO3JEPMKHTCSA
OT KPHTHKH [0 Te€X [I0P, HOKA He MoHMer CMBICTA HOBHX M[ei; eClH: e
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mocjie DTOTO OKAMKeTCHA, 9T0 ero CKeNTHOU3M OmpAaBJaH, IycTh OH o6pa-
TATCA K OFPOMHON JHUTEparype, Ha KOTOpoil oCHOBaHA JaHHaA HayKa,
0 II0CTapaeTcA HAaWTH HCTHHY B 3TOM OOMJBHOM M HOAYaC MYTHOM
nerouanke. fI yMBIMUIEHHO He A ONPSIMHX CCHIIOK Ha OpUTHHAIbHEE
CTATHN; 9TH CBeJEHHA CTYAeHT CMOKET HAWTH B MOHOrpaduax m 0630p-
HHX CTaThAX, IEPEeYMCHACHHHIX B KOHIE KHHTH.

ATa KAAra GLIa HATaTa KAK KypC JeKUHA QA CTY/MeHTOB CTapHIMX
xypcoB Kem6puIKCKOTO YHEBEPCHTETA, CHENUATA3UPYOIIAXCA 0 TE0-
peTduecKoil W SKCOepMMEHTANbHO# ¢m3mKe; oHa OblIa HamACaHA
B TeUeHHMe NOCHAENHHX HBYX CEMECTPOB W 3aKOHYeHA B IOCHeJHHe
HECKOJIBKO Helelb mpe0OHBaHWA aBTOpPa TaM, OIPH aKTHBHOM y4aCTHH
cotpyaHukoB Hopengumcxo#r maGoparopmm. Paborare B Teuenue
IeBATH JeT B 3TOl eAMHCTBEHHOI B cBOeM pofe daboparopun — 60ib-
masg OpuBmJIerdd. fl cAMIMKOM XOpOII0 MOHAMAW, CKOJIb TPYAHO KATH
B COOTBETCTBMH C TeéM YHHKAJALHHM 00pa3moM, KOTOPHH OHA yCTaHO-
BIJIa M HPOJOJDKAET YCTAHABIMBATL B MApe (U3HKNL

Ho HKasemmmmcxaa mpaboparopus — 3TO He HOPOCTO 3HAMEHHTAA
naboparopmsa; aTo o6ATens TyMaHHOCTHE M APY:KOH. f1 xoTex 651 BrIpa-
3UTH 0JarofapHOCTh CBOMM Jpy3bsAM — ocobenHo Hesmaio Mortry,
Bpaitany IMnnnapay n Bonkepy XeiiHe, KoTOpHE HPHIIacHIA MeHsA
B KemGpmmk, pagymHo OIpHHALH, YIAIH, CO 3HAHHEM fela IOJeMH:-
3HPOBAJIM CO MHO#, MHOIO DOMOTAJIM MHe W Boo6me nenanm KA3HB
37ech IPHATHOR, HATEPECHOMA 1 3aXBaTHBamed. OHE CIHIIAT My3HKY
cep; CBepX TOTO, OHM 3HAKT, YTO HAYKA CO3/aHA JIA 9EI0BEKa,
a HWe dYeNoBeK I HAYKH.

Hoe, 3atiman
HKssemgmmckan naGoparopusa, Hembpmmx
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NEPNOINYECKUE CTPYKTYPBI

Ousars! Quare! Onsars!
Tomac Komnbéean

§ 1. TpancasumoHHas cuMMeTpHs

Teopmio puangeckux cBOACTB TBEPABIX Tex GBLITO GBI MPAKTHIECKH
HEBOBMOKHO IIOCTPOMTH, ecanm 6b Hambosaee craGuibHBIe CTPYKTYpH
M 60JIBPIIMHCTBA TBEPILIX TeJN He UPEACTABIATH CoGOH perymgpHbX
KPUCTAIIAYECKAX PemeToR. 3axavy /N Tel MOKHO NPUBECTH K BHAY,
AOIIYyCKAIIEMY Pa3yMHOE PAacCMOTPeHme, 0/arofaps CYyImeCcTBOBANAIO
mpaHcasyuortoti cummempuu. Ilocnenree osHagaer, aro cyujecmeywom
mpu 6GA3UCHWIZ 6eKMODAQ, a;, A5, A3, MAKUT, UMO PACCMAMPUBALMAS
AMOMHAS CMPYKMYPA OCAEMCA HEUSMERHOI NPU NAPAAIEAHBLL Nepe-
Hocar (MPAHCARYUSZ) HA A060T 6eKmop, npedcmasisioyuii coboi
AUREHHYI0 KOMOUHAUUID IMUL MPEX 6EKMOpPO8 € YeACHUCACHHBLMU
Koagpgpuyuenmamis.

[TpaxkTmaeckr 310 ecTh aMmb upeammsanusa. JlabopaTopHEii o6pa-
3el] M0 HeoOXOZEMOCTH MMEeT KOHEYHHIE Pa3MepH; MH He MOMKeM
NGYTOMY II€PEHOCHTh PACCMATPHBAGMYIO CTPYKTYPY 4Yepes TPaHMILH,
Opmako Ta obmacts, B KOTOpOH yKazaHHOe OOGCTOATENBCTBO HMeEET
3HadeHme, — 9TO CIOH aToMoB BO.IM3HW caMod rpaHmmH; B Gaoke m3 IV
aTOMOB B TAKOH CIOH BXOZMT Bcero OKoao N®/3 aTomoB, Hampmmep
opun aroM Ha 108 aroMoB Makpockommueckoro oGpasma. Kpome Toro,
6OMBMUACTBO KPHCTALIUIECKAX TBEDAHX Teld 06ragaer HeCOBEpINEeH-
HOI CTPYKTYPOH — HeeKTHl PEINeTKH, NPUMECH H AUCIOKAIIAN HApPY-
MAWT PEryIAPHOCTh DPACHONOKEEHA aTOMOB. JTH HECOBEPIIEHCTRA
UPHBOJAT KO MHOIMM HHTEPECHHM (QH3MYeCKMM gBienmaMm. OxHako
Mbl OymeM, Kak OPaBWIO, MTHOPHPOBATH NX. M 6yIeM KacaThCs BIECH
FaBHHIM 06pa3oM JIMIIb CBOMCTB M/I€aJbHO COBEPIIEHHEIX TBEPJbIX
TeN; ABIEHAs, CBA3AHHEe C TBEDJAHM TeJI0M KaK HEKOTOPOit MaTpnlei,
PacTBOpHTENIEM HAHM TpOCcTO (GOHOM mIA HeGOABIIOr0 KOJMIECTBa
TPASH MW MAKPOCKONMYECKMX TPEIHH B CTPYKTYPHHIX NePeKTOB, —
9T0 ocobad Tema.

Ipynmy rpamcnsanmit mer GymeM DpeCcTaBaATE ¢ TMOMOIIBIO NPOCH-
Pancmeennoil peuwemku, wnn pewemku Bpaes. Haumem ¢ karo#-nmbo
TOYKM M HMOCTPOMM 3aTeéM BCe OCTAJIBHEE TOUYKH IyTE€M TPAHCIAMMI.
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OTH TOYKM UPEACTaBaAnT c000il ysab pewemku, onpeneiseMie Habo-
POM BEKTODOB

1 = L, + lya, + lsas (1.1)
rae ly, 1, 13 — nensie wncaa (fur. 1).

Ho TBeppoe Temo — 310 QuamgecKas CTPYKTypa, a He Habop Mmare-
MaTHIeCKHX ToueK. llycrs BOIM3m Hagsama kooppuuHar O HaXoQATCA

[ S |

[

l

. ° ° . :

. . . 1!

1 !

® ° . I

a, 4
0 g *

Our. 1. @ur. 2. PasnuuAse BOBMOMKHOCTE Bsfopa

DIeMEHTADHOH AUCHKH.

KaKge-To aToMH. TPpaHCIATAOHHAS WHBAPHAHTHOCTH YTBEP/KIAAET, ITO
B TOYHOCTH TAKHE 3Ke aTOMEI JOJMHB PACIONATAThCA W BOIMAN KamK-
xoro yata pemerxkm (dmr. 2).

Pacmonosxenme aToMOB BO BCOM KPHCTAJIEe MEL MOKEM, OYeBHITHO,
onpeelnTh, 3a4aB COCTaB ONHON 24eMEHMADHOU AuelKU, HALPEMEP

®ur. 3. flgefira Burmepa — 3edTna,

papaiieienyunena, o0pasoBaHHOIO Ga3sMCHHME BEKTODAMH &, A, aj.
Becy kpucrami CTPOMTCA HyTeM OeCKOHEYHOTO IOBTOPOHHS TAKHX
00BEeKTOB, KOTOPHEe CHRIANMBAWTCA [OO0A00HO KHpOAYaM B CTEHE.
Opguako (akTHIecKoe ompeleleHNe 3JIeMeHTapDHOW AdYeidKk:m ocraercs
0 HEKOTOPOH CTEeneHH NPOW3BOJIBLHBIM.
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Jl0BOIBHO OYEBHIHO, UTO IS BTOH IeIH MOMEHO 6UIO 6B BHIGDATH
m06ofl mapajienenmnex NOAXOAAIUIX PasMepoB, GOPMBI M OpPHEHTA-
ouE — 370 BuAHOo m3 ¢ur. 2. Ho, BepoATHO, He CTONH OYEBHIHO, YTO
dopMy dleMEHTAPHOR AYEHKH TaKiKe MOMKHO HECKONbKO H3MEHUTb.
Ilpepmono;xmmM, HampEMep, 9TO HEKOTOpPasA TOYKA CTPYKTYDHL €CTb
HOeHTp cuMMeTpum (CIeJOoBATENBHO, W BCe DKBHBAJIEGHTHEE TOIKH
ofmanmaior 5THM cBoitcTBoM). Takyw Touky ymoOHO BHOpDarh B Kaue-
CTBe IeHTpa AYCHKM; IPU HTOM cama Adeiika OyJeT MeHTPAIbHO CHM-
MeTpmuHOi. MOMHO HPEJIOKATH pPeryJsApHEMA OpueM LIOCTPOeHUs
f9€6K, NeHTPHPOBAHHHX TAKUM 00pa3soM, TaK HA3EIBAEGMEIX AIeEK
Buznepa — 3etimya (¢pur. 3). lIMerso m3 BHOPAHHOTO IMEHTPA EYKHO
IPOBECTd BEKTOPH TPAHCAANAHA K OnmmaiimuM SKBABANCHTHEIM y31aM
pemeTKH; 3aTeM NOCTPOMTH ILIOCKOCTH, HEepIeHJHKYJIADHHE JTUM
BEKTOPaM H IpoXojAmue depe3 ux cepenuny. Torga o6macTh, KOTOPYIO
OTPaEHYAT BCE TaKHWe INIOCKOCTH, OymeT, 0YeBHIHO, 3IEMEHTAPHOMH
suefikoti. Bce Toukm »T0i obmacTm jeykar OamKe K BEIGpaHHOMY
HeATPy, 9eM K A1060My APYTOMY Y3y PemeTKd.

JieMeHTapHAA AYEHKA MOKET COJeP/KaTh OfUH WK Goree aTOMOB.
Ecim oHa COOEp/KHMT TOJIBKO OXAH aTOM, MEI IOMEIIaeM ero B y3eil
pelleTKH W Ha3bBaeM TAKyl CTPYKTypy pewemkol DBpaes. Ecau
Ha ONHY bDIeMEeHTapHYI0 sAdYefKy UIPHXOAHATCA HECKOIBKO aTOMOB,
TO MH HMe€eM pewemky ¢ 6asucom. B panbHeAmeM MH game BCero
6ymeM mpegmoxarath Ges coequalbHEIX OIOBODOK, 4TO PacCMATPHBae-
Masg CTPYKTypa mpefcrapiser coGoit pemeTky Bpass. dro memaercs
AU IIA TPOCTOTH; B MEACTBATENBHOCTH TOIBLKO HECKOJBKO ILPO-
crefimux TBepAHX Ten (Hampumep, N[eOYHEIe MeTANIH) 06IamaroT
TaKOH CTPYKTYPOH.

IlepeuncienmeM n KiaccumKanmmed BCeX BOBMOKHBIX THIOB KpH-
CTalIMIecKuX CTPYKTYP, & TaKKe onpefenenneM PaKTHICCKOH CTPYK-
TYPH PpeaNbHHX TBEDPAHX Tel 3aHEMaeTcA kpucmaadsozpagus. llpn
9TOM CTPYKTYPH KIacCHQUOAPYIOTCA B COOTBETCTBHH C HUX CBOIi-
CTBAMH CHMMETPHH — WHBADHAHTHOCTHI0 OTHOCHTEILHO BpameHHi
BOKPYT KakKux-mmbo ocell, OTpa)KeHHHA B INIOCKOCTAX M T. A. ITH
CBOIICTBA CHMMETPHH 9YacTO OKAa3hBAIOTCA BeChbMa IOJE3HEIMH [N
YIOPOIMEHHAs PAcueroB W MOTYT GHITh 3YHeKTHBHO HCIOIH30BAHEL HPH
pemIeHNN BONPOCA O YHCIe HapaMeTPOB, HEOOXOMMMEIX [T ONACAHMS
MAaKpOCKONIMIECKAX CBOMCTB TBepporo rexa. Ogmaxo 4robH BOCHOJNb-
30BATHCA B IOJHOM Mepe TPeHMYIMeCTBAME TAaKOro IOAXona, Heobxo-
MM MATeMATHIeCKHH ammapar meopul epynn, H3I0MKEHHE KOTOPOIo
yBexno Ol HAC CIMIIKOM JAleKO OT Hamei riasHO TeMel. Ecim orpa-
HUYATHCA B OCHOBHOM PACCMOTPEHHEM OYeHB IIPOCTEIX TBEPALIX Tel,
TO GOJBIMMHCTBO CBOMCTB CEMMETPHH MOKHO OOHADY/KHTH HEIOCPE-
CrBemHO, He Ipmberas K (OPMATIbHOMY ajJre6pamiecKOMy aHAIH3Y.
Bo BeakoM cayuae, cymecTByer MHOTO HPEBOCXONHBIX KHHT 1O KpH-
cramorpadum, a Takje MO TEOPHN I'PYNN K ee IPAMEHEHHAM B TeOPAH
TBEPAMX Tel.
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dur. 4. O6beMHONEHETPEPOBAaHEAsA KyOmdecKas peImeTxa.

@ — Ky6muecKas dHeMeHTApHAA Adefina; 6 — GasmCHBE BeKTOPH DemleTKR Bpasd; ¢ — AueiiKa
Bursepa — 3eitTia.
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B »TmX KHmErax [eraJbHO PACCMATPHBAIOTCA pPa3IHYHBIE THIOEL
pemerok Bpass. 37ech MBl PacCMOTPHM JIMIND OHH CIy4all, KOTOPHIA
I UIIOCTPAPYET MHOTH@ OCHOBHEHE 3aKOHOMEDHOCTH M IDefCTaBiaAgeT
B TO 3Ke BpeMsa OOABIION CAMOCTOATENBHHH HHTEDPEC, MOCKOIBRY
COOTBETCTBYIOMAA CTPYKTYypa MeHCTBHTENBHO pealu3yerci B KpH-
¢TaIax HEeKOTOPHX XMMAYECKUX dieMenToB. Pedb nofiner 06 o6eemmo-
YEeHMPUDPOBARKOL Kybuueckoll pewemke, m306paKeHHON Ha ¢ur. 4.

Jdra CTPYKTypa Ha TEPBHA B3IJsAA HpeACTaBiser coboit Kyom-
JeCKYI0 PeImeTKy ¢ IBYMS aTOMAMH B BJIeMeHTapHOH AdYelike WU JBe
B3aHMOINPOHUKAWIKME HPOCTHE KyOuueckde MOAPEIIeTKH, Ompefede-
MBIE PaBEHCTBAMH

{=1la,+la,+ la,

(1.2)
. 1 1 1
U= (letg) ast (L) at (Lt ) o
rae Iy, l,, 1, — menrte wmcaa. Ecam, ogEako, MH Hammmem
1
ai:’z_(_ax+ay+az),
1
ay= o (ax—ay + &), (1.3)
1
33':3 (ax+ay_az)a
TO BEKTODH BCeX TOYeK o0emX moppemeroKk GymyT
! = L, + lLa, + lsa,, (1.4)

rne ly, 1y, I3 — menste uncna. Ecam cymma (I; + I, + I;) nedernas,
TO MH IIONafiaeM B IeHTP Ky0a, ecIH YeTHafs — B €ro BepIIAHEL.

Taxum o6pasom (¢ur. 4, 6), 10 meficTBETENbHO pemeTKa Bpars.
Bmecro xyGmuecko#l 9MeMeHTADHON SYIeHKM MOKHO PAaCCMOTpETH
u sueiiky Burmepa — 3eiitna (¢ur. 4, 6), nuA mocTpoeHns KOTOpoif
HY;KHO «0TpyOMTE» BepmmHE Ky6a Ha LOJOBHHE HX pAaCCTOAHUS
ro nentpa. llomyuaemas ¢urypa mmeer, 09eBAHO, Ty 5Ke CHMMETPHIO,
410 ¥ Ky0, HampEMep HCXOJIHHE BEKTODH &, &y, A, 33/{aI0T OCH CHM-
MeTpUH YeTBEPTOTO MOPSATKA.

U3 ¢ur. 4, e BugHO Taxke (BepOATHO, siCHee, TeM M3 PacCMOTpe-
HUA MCXOAHOTO Ky6a), YT0 BEKTODH ay, a4y, a5, T. €. IUATOHAIH Ky0a,
HpefcTaBagoT coGOH OCH CHMMETDUH TPEeThero mopaAmKa. B camom
jejie, 3TH BEKTODH NIPOXOJAT Yepe3 IIeCTHYTOJbHEE TPDAHH AYefKn,
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@ur. 5. O6pasoBanre 06HEMHEONERTPHPOBAHHON pelleTKH U3 ATeer Burmepa —
3enrna.

B xauecrBe Xopomero ympaskHeHHA YUTATEN NPeJIaraercs IPem-
craBuTh cefe, KaK yHaKOBATh TAKWe MHOTOTPAHHMEY B IEPBOHAIANb-
Hy10 pemeTry (dur. 5).

§ 2. Ilepronmaeckme PyHEIHR

Yro6sr onpenennts GA3UTECKYI0 MOAENH KPHCTANIAICCKONR CTPYK-
TYpH, Haf0 3a4aTh 3HAU6HUA HEKOTOPOR (YHKOMH OPOCTPAHCTBEH-

Qur. 6. [lepmofmueckas (QYHKOUS HECKOJBKHX MEPeMEHHHIX.

HuX Koopamuar f (r) (sro MokerT OHITE JOKAJIBHAS KOHIEHTPAINA
9IEKTPOHOB, IEKTPOCTATHYECKAA MOTEHNHAN B T. A.). Ty YHKOHIO
Haf0 CBf3aTh ¢ PacmosoykeHueM atoMoB (¢ur. 6). Yeaosume Tpancia-
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[MOHHOH CHMMETPHH COCTOMT B TOM, 9T0 OHA JOMKHA OHTEL nepuodu-
ueckKoll PYHKYUeE mpexr nepeMeHHunx

fe+ 8 =7(). (1.5)

Papencreo (1.5) goakHO BHIIONHATHCA BO BCEX TOYKAX DPOCTPaH-
CTBa, Y, ¥ IS BCEX BEKTODPOB TPAHCIALAM.

Ham xopomo 3HaKoME HepAoAuIecKne QYHKINA IiIsA OFHOTO H3Me-
pennsa. Tar, mas QyErmum, maobpaxeHHOH Ha ¢umr. 7, MH HMeeM

fl+D=7() (1.6)

roe ! mMeer Bmpm l,a, mpudeM 4 — mepHOx QYHKOHH, a l; — Hemoe
qHCIo.

®ur. 7.

Mu anaeM Taxike, 4T0 M00YI0 NepHOXUYSCKYI0 (YHKIMIO MOKHO pas-
J0:UTh B pad Qypue

f(@)= % Apelninz/a (1.7
rge n — mejioe 4muCIo. JaNAMEeM 3TO B BHO
f@= % Agete, (1.8)
Ifie BeIWUYHHH g B3ATH m3 Habopa obpamuuiz Oaur pewemru 1)
n=nZt. (1.9)

Hospdummentar 8 (1.8), Kax X0pomo W3BECTHO, HAIOTCA BHPA-
FEHHEM
1 -
A== S f (z) 8% da; (1.10)

1o aAuekke

obnacte wHTErpEpOBaHHA B JAHHOM ciIydZae Gymer, HampuMep,
0 <z < ¢ — oHa Ao/KHA COBIATATH C OJ{HON 2IEMEHTAPHOM AYeliKoi
pemerkn. IIpocTeiimee moka3aTeabeTBO TOTO, 9T0 U3 BhpaskeHns (1.8)

1) MuossmTens 25 yR06HO BKIWOYATH B 9TO ONDefeieENe, XOTA B KPUCTAJLIO-
rpa¢Hu OPAEATO ABHEO NHCATH €0 B SKCIOHEHTE.
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caegyer yciaopue mepmogmunocTd (1.6), MOMKHO HOJYIHTH, BOCHONB-
30BABIIACEH PABEHCTBOM

eigl =1, (1.11)

CIpaBeIABEM IiA aoforo g w nag Beex rpaHcasanui /. Copasegnn-
BOCThH 9TOT'0 PABEHCTBA CIEQyeT M3 TOTO, YTO

gl =n 2L 11 = nly2n = Tieace amemo X 21, (1.12)

ecnu ¢ OPUHAMAET OJHO M3 DPaspEmeHHHX 3HadeHud g, m I = La.
Bupog gopmyast (1.10) rarme sorexaer m3 pasencrBa (1.11). Mu
He pacCMaTpHBaeM 3/[eCh IAaTOJOTMIeCKHe B MaTeMaTAYeCKOM OTHO-
meHnE QYHKINY U MOITOMY MOKeM CBOGOLHO mOJBH30BATHCA HAHBHOM
reopueir Dypse.

Pacopocrpanenne sTEX TEOPEM HA CTPYKTYPY € TPeMA HPEMOYTOIb-
HHEIMH KOOPAMHATHHIMEA OCAMHA He IpefcTaBiser Tpyha. [cam B xade-
CTBe TAKHX OCeil B3ATH a,, &y, a; K

fe+ =7+ la;+ lyay + la,) =f (l‘), (113)

TO

f= 2  A(g g &) exp{i (g +gy+ga)}, (1.14)
s 8y &7
rge Kaknoe 3 9HCON g, M T. JX. eCTh ofparHasa aiamsa #m3 Habopa
2nn/a, w T. . ITE COOTHOINGHHAA MOKHO HOJYIHTh, OPEACTABIAL
pHasane Qyurumo f (r) B Buge paga Qypre mo KoopAUHATE X M IOKA-
BEIBASL 3ATEM, 9TO RayKAHH KO3QQUIMEHT Pa3iioKeHAA 6CTh HepHOTH-
4ecKasA (YHKOUA y; COOTBETCTBEHHO €ro MOKHO DasioRHTE B DAX
Gypse (amamormaHo paccy;RzaeM W IIA KOOPAEHATH 2).
Ilepennmem suipakenme (1.14) B BuHme

f)= 2 Age's'r, (1.15)

TZe g ecTh BeKTOpP C KOMIOHEHTaMH (g., g,, £;). 10T BerTop obma-
maer cpoitcrBom rtmma (1.11), T. e. pusa awGoro BerTOpa

leay

nnx

g-l= (gxlxax+gy yay‘l‘gz zaz)—

2nny 2:rmz

+

lyay+ l,a, =253 X Lenoe wmeno,  (1.16)

KakoB On Hm G6Bu1 Bexrop Z. Tarmm obpasom,
eigole==1 (1.47)

sl BCeX BEKTOPOB pemerkn ! M JUIA BCeX 6eKmopog o6pammol
pewemsu g,
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Ouesupno, cpoitcrsa (1.17) mocrarouno, wrobu pagp (1.15) mpen-
crapiaan  ¢yurmmo tama (1.5), obmamalnmylo OepHORHYHOCTHIO
penteTKH}

Fr )= Ageie- T+ =3 A eigoreigsl = ) Ageldreaf(r). (1.18)
g g g

Herpygro y0emarbcs u, B HeOGXOZMMOCTH 3TOTO YCIOBHSA,
T. €. JOKa3aThb, 9ro cymma (1.15) MokeT copmep:;kaTh JUIOL Te CIarae-
MBI8, KOTOPHIE COOTBETCTBYIOT BEKTOPAaM g, V/OBIETBODAKHIMM YCJIO-
suo (1.17).

Ocraercs Jammb OOCTPOHTH BEKTOPH oOpaTHON pelmeTkH JIA
HeNpAMOYTOJAbHONM pelmerku. JTO JErKo cenars crefylomuM obpa-
oM. IlpmMeM B KaduecTBe mpoiiki Ga3ucHBLL 6eKkmopos o06pamHol
pelemyy ClegyIonine:

_ laaXas) __[agXay] _ [agXxay)
b= aj-[agxag] * 2 apfagxasl ’ b a;-[agXag] ’ (1.19)

3=
4 HaOommeM

g = gibi + g:b, + ggbg = 2amby + 2nn5b, + 2mnghs, (1.20)
rae ny W T. A. — Iejbe YHCIA.

W3 mpocThix $opMyT BeKTOpPHOro aHanmsa ciepyer, 4ro by-a; = 1
arT g0 7 bja, =07 1. 1., mostomy

g-1 = (g1by + g;by + g3by)-(lias + loas + lsag) =
= g1ly + g,y + gsls = 27 X Ilemoe wmcio. (1.21)

Taxnm ofpasom, aro6oit BexTop w3 Habopa (1.20) ymoBaerBopser
yeaosuo (1.17).

Mosxro Hammeats Takie gopmyay tmma (1.10) ana roapdunmen-
TeB pasnomkenma (1.15). Ona mmeer BHUJ

1 ;
Ag=——r0 f (r) e—i€ T dr. (1.22)
Vsngelikn

TIo ageifke
JloxasaTeqbCTBO MOKHO HONYIHTh, YMHOMKasA psal Ha exp (—ig-r)
N WHTErpHpyA mowienno. Vurerpax or exp (ig-r) IO BIeMEHTapPHOR
sveiike, OUeBMAHO, paBeH HyJo, ecim Bextop g mmeer Bmp (1.20).
Uckawouenne cocraBiser ammb ciaydaid g = 0.

§ 3. Cnoiicrea o6paTHOH penieTEn

Bexktops, onpemensemsie gopmyioir (1.20), T. e.
g = n]_ -23‘[1)1 + n2-2ﬂ:b2 + n3-2ﬂb3, (1.23)
o6pasyooT pemerKky ¢ OCHOBHOIl s9eliKoil, HOCTPOEHHOH! Ha BEKTOpax
2nh,, 2nb,, 2nb,. 9Ta pemerka HaskBaeTcsA 06pamHol IO OTHOIIE-

HUI0 K HCXONHOH mpsamoii pemerxe. Oma mpencrapiaser co6oii uHBa-
puaHTHHIE reoMerpudecKuit 00LEKT, CBOMCTBA KOTOPOTO HTPAIOT OCHOB-
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HYI POJNb B TeOPWH TBEPAHX Ted. Heroropre mpocrelimme reoMerpu-
geckue cpolicTBa o6paTHO! ~pemIETKHM JeTKO BHBONATCA.

1. Kaxcowii eexkmop o6pammoli pewemku nepnendukyiiper Hero-
MOPOMY MHONCCCMEY NAOCKOCIMED, NPAMOL DEUEmEL.

Brifepem kakoit-tm6o BeKTOp 06paTHOH pemeTKH g W BEKTOD
npamott pemerk:m 7 m paccmorpmMm coormomerme (1.21)

gl = 20 (ngly + nyly + ngly) = 2nN, (1.24)

rge N — mesoe umciao. IT0 COOTHONIEHHE 03HAYAET, YTO AAMHA NPO-
eKONE BeKTOpa ! Ha HAIpaBieHWe BEKTOPa g paBHA

2aN
gl -~

TakuM CBOHCTBOM, OJHAK0, o6aamaeT GECKOHEUHO MHOIO TOYEK HPA-
moit pemerkm. [{omycrmM, HampmMep, 9T0 BeKTOD pemietk:m I’ ompe-
7elAeTcaA TeJIHMH YHCIaMA

l;=li—mn3, l;= lz—mn3, l;=l3+m(n1+n2), (1.26)
rome m — menoe uwmcio. QueBHAHO, UTO
g-l'! =gl =2aN. (1.27)

Taxmm 06pazom, BeKTop I’ EMeeT Ty ke IPOEKIHIO HA HALPaBICHHE g
¥ OOTOMY OIpefeisaeT TOIKY, KOTOpad JeRUT B MIOCKOCTH, HOPMAXb-
HOit g | oTCTOAmEH OT Havaja KoopAuEar Ha paccrogunu d. CremoBa-
TeILHO, €CIM Ha 5TOM MIOCKOCTH JesKMT XOTSA OB 0fHA TOYKA PeImer-
KH, TO Ha Heli JeKAT H OECKOHEYHOE MHOKECTBO TAKAX TOYEK; MBI
MOCTPOMIN ORHY U3 naockocmell pewemru. OUeBHAHO, YTO JOKa-
3aHHOE COOTHOIERME MY MPAMOMA i 0O6PATHOM pPeleTKaMH eCTh JIAME
YaCTHEIA CIy9ail WBBECTHOH B TPEXMEPHOH TIeoMeTpHH B3aHMOCBA3N
MEKLY COBOKYNHOCTAMA pPagMyCOB-BEKTOPOB TOYEK Ha ILIOCKOCTH
E HopMmanell K IIOCKOCTAM.

2. Ecau komnoHenmu eekmopa g He umewm o06uezo MHONCUMEAS,
mo abcoamuas eeaununa | g | obpammuo nponopyuonasvra paccmos-
HUI0 MeHcOy NAOCKOCIAMU DEWemKL, NePReHOUKYAIDHOLMY 6EKMODY &.

dro cnexyer m3 dopmynn (1.25) (em. ¢ur. 8). Ecan gnmcaa
(ny, 1y, ny) He HMEIOT OOMEro MHOMHUTENA, TO BCETHA MOKHO IOJO-
6parp BekTOp pemerxm I” Tam, 4TO

g.7" = 2n (N + 1). (1.28)

JT0 03HA"Yaer, 4TO MIOCKOCTL PEMETHH, HA KOTOPY HOMamaer
TOYKA PeIDeTKH ¢ BEKTOpoM 1", HAXOAHUTCA HA PAaCcCTOAHHT

d= (1.25)

&= ﬁ‘%ﬁ“— (1.29)

OT Hauala KOOPAMHAT, T. €. OTCTOMT HA paccrosumu 27/ | g | or wio-
CKOCTH, B KOTOPO# JI@KMT TOYKA pemerku ¢ Bektopom I (dur. 8).
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N3 s1ux gBYX DAEMEHTAPHHIX I'eOMETPAISCKHX PE3YIBTATOB BHTHO,
470 mpocTeHmmid CHOCOO 0XapaKTepw30BATh IJIOCKOCTH PEINeTKA
COCTOMT B BaJaHWW HOPMaJed K HWM, BHIPAKOHHHIX U€Pe3 BEKTOPH
obparHodl pemerku. B mpsamoit pemieTke caMBIMH 3aMETHEIMH OKA3H-
BAIOTCA T€ IVIOCKOCTH, KOTOPHE ¢ HambOJbNIeld MIOTHOCTBIO 3aCEIeHH
y3naMu pemerkd. IJ0CKOIBKY TIOTHOCTEH Y3JIOB PEIIETKH IOCTOSHHA
B IPOCTPAHCTBE, TO CAMHMHA 3aMETHHIMA IOJKHBL OHTH TE IJIOCKOCTH,
KOTOpPHI® HAJIbIIe BCET0 YHAJEeHH APYT OT Apyra, T. €. INIOCKOCTH,
0TBeYAIOUe HAMMEHBIINM BEKTOpaM OOpPATHOM peuleTKd.

®@ur. 8.

OGo3HaYeHAe IIOCKOCTEH PEIIeTKE C MOMOIMILI0 COOTBETCTBYIOMEX
AM BEKTOPOB 00pATHOM pPEINeTKH SKBHBAJIEHTHO IPEMEHEHHUIO UHIEKCO8
Muaaepa, 0GBIHHX B KIIacCAYeCKOR KpucTanaorpadun. Ilycrs mMeerca
AJIOCKOCTh DEMIEeTKH C HODMalbio g, Takad, 4TO /A BCeX TOUEK I
Ha 3TO# HI0CKoCTH BHIONHEHO paBeHcTBO (1.24). Ecnm B3sare ma aTol
IAOCKOCTH TOYKY C KoMmoHeHTam:m l, = [, = 0, TO MH IOXIyYuM
I, = N/n,, Tak 970 OpH mepecedeHAN IIOCKOCTH € OCHIO a; Ha MOCIeN-
Hell 0TCeKaercs OTPE30OK INHEI

N

d1= (—n-l—) aq (130)

IMomoOHEM ke 00pa3oM 9Ta WIOCKOCTH Mepeceder 0Ch &, HA PACCTOARHH
N

= (7-) @ (1.31)

oT Hagana KoopamuEar. OTpeskm, OTCeKaeMEle PacCMATPHBAEMOH mao-
CKOCTBI0 HA KOOPHHHATHHX OCAX, W3MeDeHHLEe B eJUAWIAX [JJIHH
COOTBETCTBYIOMAX Oa3HCHHX BEKTOPOB, 00paTHO HPOIOPIAOHAILHE
IEIBIM YHCIAM Ny, Mg, Ng. OTA OENHE YHCIA LOCIHE COKpAIIeHHA
Ha o0muii MHOMUTENs W IIPEACTABASOT coboit muAeKRcH Muinepa
maHHOM mmockoctm (Pur. 9); MX BamHECHBAIOT B BHAE (75, Ry, Rg).
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OgeRUHO, TJIOTHO HACEACGHHEE IUIOCKOCTH (T. €. INIOCKOCTH
¢ MajpMU 3HAYEHUAME WHAEKCOB Mmiiepa) Kax pas M €CTh Te IIO-
CKOCTH, KOTOpHE Jierde BCero OOHAPYMHMBAIOTCA B €CTECTBEHHHX
KpHCTa/JIaX OPH POCTe KPHCTAJINOB WIH IPH WX DPACKAIHIBAHHM.
Visygenne reoMeTpumH TAKUX rpaHeil GBJIO CYMECTBEHHO IS KIacC-
cHUeCKoill KpmcTajurorpaduy; IpH 9TOM OCHOBHOE OTKPHTHE COCTOANIO
B YTBEP/K[EHHH, 4TO MOKHO HAlTH eJMHCTBeHHHIN Habop BEKTOPOB
a,, a,, a3, NPH KOTOPOM Bce HabmoJaeMble B MaKPOCKOOMIECKHX
KpHCTa/IaX TPAaHH HMET Maisie WHAeKcH Mmimepa.

d,

9,=(3,1,0)

9= (1,0,0)

@ur. 9. PaccTogErme Mek[Qy IJIOCKOCTAMA ¢ GojpmmMm uEAeKkcaMd Mupaepa
MEHBINE, ¥eM PACCTOSHME MEKAY I'AABHHMM IUIOCKOCTAMH CHMMETDHH.

CieyeT yHOMAHYTH O ABYX COTJIAIIEHAAX OTHOCATENBHO 0003HA-

wenmit. Cmmeox (111) mpepcraBaser miockocrs (1, —i, —1); sHax
MHEYC JJIf KpaTKoCcTH mmuiercs Hap dmciaoM. CuMBOA ¢ GurypHBIMA
crobramm {110} mpexcraBiser BCe PA3NHIHHE INIOCKOCTH, KOTODHE
B cuny cuMmerpun skBmBasenTHH wiockocrr (110). Cioma ormocATCA
mrockocr (101), (041), (110) u (110) m . &.
3. O6vem assemenmaphoii sueliky o6pamuol. peuemru 06pamuo
NPONOPYUOHAAEH 06beMY SACMEHMAPHOT, SHEUKU NPAMOU Ppeuemku.
910 caefyeT m3 mpOCTHX (GOPMYT BEKTOPHOLO AHANM3A. JIEMeH-
TapHAA sAueiika o6paTHO# pemIeTHM HpejcraBiger coboi mapaiiene-
nmned, TOCTPOSHHHH Ha BeKTopax 2mby, 2mb,, 2mbg. Cormacmo ¢op-
myaam (1.19), ee oGwem Oynmer
3 _ [ag X ag]- {[ag X a4] X [ag X @a]} __
(27)3 (by+[by X bg]) = (2m)? s 1aa X 83]° =
— s [ag X ag]-[{as-[as X ap]} a3 — {ay-[ay X as]} ag]
= (2n) (ar-[ag X a3})® =
(2m)3 83 (1.32)

T Taglagxasl v *
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rae v, — 00beM 9JeMEeHTAPHOH AYefKH, HOCTPOSHHOM Ha BEKTOpax
a;, A9, Ag.

Muoxkurens 8n® mOABWICA 37[€Ch B CBA3M C HALIUM OIIpefe]eHHeM
ofparHoil pemerxu. Yame OpUHATO HTHCATH

eig-l = "K' Ry (1.33)

rge R; — Bexrop pemerku, a Bektop K, mo ompemeneHHIo CuHTAOT
BOKTODPOM 06paTHOHl pemeTkn ¢ o0beMOM 9leMeHTAapHON sAdYeiKm,
pasubeiM 1/v.. HemocTaTok Taxoro ompemeseHEs COCTOMT B TOM, 9TO
MHOKATENb 27T HOSBIAETCA B 9KCIOHEHTS; TO He COTJIACYEeTCA TaK/Ke
M C TPHHATHM 0003HAYeHNEM BOJHOBOH (yHKOEEH CBOGOJAHOTO 3JeK-
TPOHA

p=eikr, (1.34)

4. Ilpamas pewemra seasemcs o6pAMHOL NO OMHOWEHUIO K C60€l
obpamuotl pewemre.

ITO0 DOApa3yMeBaeTCsl y:Ke B HA3BAHAHM W MO’KeT OHITH OHPABIAHO
nyTeM TOCTpoeHms, Hampumep, Bextopa [by X by)/(by- [by, X byl)
H JI0Ka3aTeJIbCTBA TOTO, YTO OH COBLAJAET C BEKTOPOM aj. JTO MOYKHO
yeMOTpeTh M W3 BEBOAa ¢opmyast (1.32).

9. Ouemenmapras suelika obpamuol pewemku He 0083amMesbHO
npedcmasasem coboll napassesenuned.

Ileficteurensro, MB modatm Beerga GymeM paGorath ¢ sgelRoOMi
Brrrepa — 3eiitna B o6parnoil pemerre. Tarkad Agveiika HasznBaercsa
son0li Bpuasosna.

s manocrpagud ¢BoiicTs o6parHOH pemmeTKE PacCMOTPHM Bask-
Hyl0 u 00bYHO HabNIONAeMYI CTPYKTYDPY — ePAHEYEHmpUupOSaHHYI0
kybuneckyro pewemry. OHA CTPOUTCA W3 YETHPEX B3aUMOIPOHIKAIOIIAX
IPOCTHIX KyOMYeCKHX pEIeToK, DACIOJIOKEeHHHX TakaM o06pasom,
9TO €CHH MBI IOCMOTPHUM Ha OJHY U3 HUX, TO YBUIUM Y3JIH KaK B IeHTpe
RaKOOH rpaHd ee dieMeHTapHOH sUeHKH, TaKk M B BepmuHAX Kyba
(pmr. 10, a).

JTa CIPYKTypa HAa IePBHI B3TVIAT BHIMARUT KaK pemeTKa ¢ 0asm-
coM, ofpasoBaHHasA BeKTOpaMm (a,, a,, a,) W COMAEP/KAImas UeTHpe
aToMa B DIEMEHTAPDHOM AYeliKe.

Opuaro ecnu B KavecTBe 0asuUCHEIX BEKTOPOB BHODATH IOJOBHHE
OuaroHaJed rpaHeil Kyba

a1=(07 _;—a7 —;—a)v Ay = (%d, 07%‘“)7

ay— (La, La, 0)' (1.35)

2 2

TO AHHEHHAA KOMOMHAIAA JTHX BEKTOPOB C IEMOYHCICHHLIMA KO-
¢umueRTaMu MOKeT OHpeReXuTh Ji06oi ysem pemerxu (¢ur. 10, 6).
[loaToMy (aKkTHYECKE IpaHEeNeHTPHPOBAHHAA KyOWd4eCKas pemeTKa
ecth pemerka DpaBs ¢ 6asMCHHIMEH BEKTODAME a;, 4y, ag.
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Tenepp Mbl MOTJIH OB TOCTPOHUTH 06PATHYIO PEIIETKY YMCTO aire6-
pamuecknM nyrem. OfgHAKO yHoGHO BOCHONB30BATHCA OTMETCHHLIMHA
BHIIE reoMeTpmyecKuMu cBoiicrBamu. Hampmmep, oueBmmHo, 910 mIO-
CKOCTH, IepHeHIuKynsapHEe pebpaM KybGa, mpepcrasiasor cobolt
BR;KHHEE IJIOCKOCTU penreTKH. 110 OTHOIIEHMI0 K OOLYHBIM TeKaPTOBRIM
0CAM, HalPaBJIEHHEIM II0 BeKTOPaM a,, a,, a,, 9TH IIOCKOCTH JOJKHEL
mmeTs augexcs Mmnnepa (100), (010), (001) i 1. j1.; uEEME crOoBaMH,
orm orHOcATesA K Habopy mimockocreir {100}. Herpymuo yGemuthea

04
®umr. 10. T'paenenrpEpoBaEHasd KyOWdecKas pemleTka.
@ — KaK 9Yertipe R8adMOIPOHMKAIONMME MOAPENETKH; 6 — Kak pemierka Bpaso.

TaKKe, 9T0 BTH MIOCKOCTH OTCTOAT HPYTr OT APyra B HPOCTPAHCTBE
Ha paccroaamd a/2. CiemoBaTenrbHO, HM COOTBETCTBYIOT BEKTOPEI
o6paTHOH peImeTKH, HWMEIue IIHHY

21
lg|=7,-z

d HAOpAaBIGHHLE BAOJL OCEd IPAMOYIONHHON MEKAPTOBOHM CHCTEMBE
KoopamHEAT B ob6parHom upocrpanctse. Hama ofparmas penreTka
OOJKHA BKJIKNYATH B cefd BCIO MPOCTYID KYyOMYECKYIO PelleTKy, KOTo-
pasg obpasyercsd STHMH BEKTOPAMH.

Kpowme Toro0, uMeeTcsa BaskHAS IIOCKOCTH PENMIETKHE, KOTOpPAs Iep-
NeHJRKYNADHA JUaroHaIl KyOWIecKol dieMeHTapHOH sdeitkm. Jra
IIOCKOCTH ePeCceKaeT BCe TPH OCH HA PABHEIX PACCTOAHHAX OT HaTaja
KOODAMHAT W TO0BTOMY JOJJKHA HMeTh HMHmeKch m3 HaGopa {111}.
Taxwe niIoCKOCTH yAajdeHH XPYr OT APyra Ha DAcCCTOAHHe, PaBHOe

Y/, nauab Beelt muaronannm KyGa, T. e. Ha PAacCTOAHME a/V'3. Tosromy
COOTBOTCTBYIOMAA WM BeKTOpP o6paTHOH pemeTKH HMeeT HOJHYIO
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mmury 27}/ 3/a m omEmHAKOBHE MPOSKOUE HA OCH KOODAMHAT; OH TOJI-
sKeH HMeTh BHUJ
2n
g'=7(1, 1, 1). (1.36)
JTOT BEKTOD, OYEBHIHO, HANPABIEH BJOIb [JUATOHAIH KyGmde-
CKOHIl JeMeHTapHON AdYefikm B 06paTHOM HPOCTPAHCTBEe, W NIHHA €0
paBHa IOJIOBHHE JNHEHH 3Toli gmaroHanm (cM. ¢ur. 11). C momompio
HTOTO BEKTODA MBI IIOJNy49aeM IEHTPH Ky06oB HpOCTOH KyOGumdeCKoi
pemeTKy.

4nfe

(100)
a ')

@umr. 11. ¢ — mrockocrm {114} B rpaBenesTpupoBaHHOll pemerke; 6 — COOTBET-
CTByIOINad AdedKa o6pAaTHOH permerkd.

Tenepp MO;KHO M3YYHTE U BCE {Pyrue IIOCKOCTH pemeTKH (Hampn-
Mep, cymecrByloT manpasienms {110}, nepmnemmmrynapmse mmaro-
HaJAM TDaHell OCHOBHOIO Ky0a), HO OPH DTOM OKAa3EBAETCA, ITO COOT-
BETCTBYIOMIHE 3TUM ILIOCKOCTAM BEKTODH 00paTHO# peIeTKH CoBIla-
AAa10T ¢ BeKTOpamu, orsedanmumu maockoctam {100} m {111}. Tarum
o6pasoM, pemerxka, ofpaTHas rpaHeNeHTPHPOBAHHOM KybHIeCKOil,
ecTh 00heMHONEHTPNPOBAHHAs KybWdueckas pemeTka (M, KOHETHO,
Haobopom).

doma bBpmimossa rpaHemeHTpEpoBaHHOE Ky6HUecKoH pemerkm
ecTb Auelika Baraepa — 3eiitna o6parnoit pemerkn. My yxe BEIenn
ee (cM. ¢ur. 4, 6); BT0 MHOTOIDAHHMK C KBAJPATHHIMEA ¥ IIECTHYTOIb-
HbMU rpaamE. l[eETpaM KBaIpaTHHX IpaHeil COOTBETCTBYIOT HANPAB-
JeHHA HOPMajlel K IJIOCKOCTAM Ky6a upsamoil pemerkd. Llentpsr
HIECTHYTOJBHEIX I'PaHe# COOTBETCTBYIOT HOPMAJAM K AHATOHAIBHEIM
OTOCKOCTAM. ‘

Wnrepecno oTMeTHTH Rajlee, 910 IPpaHeNeHTPAPOBAHHAS KyOHIeCKas
CTPYKTYpa «IJIOTHO ymakoBaHa». Ee Mo;kHO mocTpomTh myTeMm mocie-
ROBaTeIbHOTO HaNOMeHHmA mmockocredr (111), rasxmas wms Koropmx
IpejicTaBisier CcoGofi CeTKy IIeCTHYrOJBHHKOB, COCTABIEHHYIO
Kax Obl m3 TBepAHX mapoB. B 9T0M cocromT OfHA W3 IpPHYMH TOrO,
9r0 TaKasg CTPYKTypa BCTPEYAeTCA y METANNIO0B, B KOTODHX CBA3b
BbIBBAHA He OGONBIIIMH HAaOPABICHHHIMH CHJIAMH, a OpPEeJCTaBIAeT
€060l B 3HAYMTENHbHON CremeHH 0o6LeMHEN >ddexT.
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§ 4. Teopema Baoxa

Mu sHaeM Temeph, KAk n300paskaTh QYHKOUM, 001aaoNIe Iepuc-
NMYHOCTBIO POMeTH:A. JTOro, OFHAKO, HEOCTATOYHO A (PU3HIeCKOH
TEOPHI; HYKHO eIIe PAaCCMOTPETh Pa3iIWdHHe BO3OYKICHASA, KOTOPHE
HapymalnT TOYHYI TPAHCIANMOHHYI0 CHMMETPHIO DacCMaTpPHBAaeMON
cTpykTyps. CymecTByer HECKONBKO THHOOB TaKHX Bo3OyKAeHuil;
u3 HEX Hambolee BAKHBl KoueOaHUS pelemkrl, T. €. RoxeGamuma
aTOMOB OKOJIO HMX WOJIOKeHUH DPABHOBECHSA, a TaKiKe JMEKMPOHHbE
COCMOAHUSA, OTBEYAIIHEE NBHMKEHUI0 SIEKTPOHOB B IOJie HOKOANIeRcs
pemerka. B ra. 10 6yxyr paceMOTPEHH TaKKe CRUHO6bE 804HbL, KOTO-
pHle TPEACTaBIAnT coboii Bo30y)KIeHHsS CONHOB, JTOKAIU30BAHHBIX
B aTOMax KPHCTAIIa.

Haspapnme Bo30yKIeHAA ONUCHBAIOTCA YPABHEHHAMA MEXaHUKH,
unn ypasuenmem Illpepunrepa, uiln sxe CIXHOBEIM OOMEHHBIM I'aMAM b~
TOHHAHOM; 60 6CEX CAYUAAX Mbl UMEEM YDAsHEHUE, UHBADUAHIMHOE ONLHO-
cumeavio mpakcasyuli pewemku. Ilycrs, Hanpumep, 7° (r) ecTs moren-
IOUATbHAA DHEPrHA 3JeKTpoHA B Touke r. Torma 77 (r 4 7) = 7" (r)
s Beex I. BonHoBasg GyHKImA 2aeKTpoHA P (T) AOMKHA YAOBJIETBO-
pate ypasmerumio [Ipepmurepa

(- v+ 7" () —8) =0, (1.37)

KOTOpPOE 0CTAeTCs HeM3MEHHHIM LW 3aMeHe I Ha I -~ I BO BCex ome-
paropax, ReHCTBYOmHUX Ha (QYHKOHIO 1.

B caygae koneGanmii peleTKn MM COMHOBHX BOIH (opMaNbHOE
PacCMOTPEHHE HEeCKONBKO YCHOMHASTCA, HO NPMHIAN OCTAETCA TeM
me camuuM. Ilyers

(ug, Ugy « « oy Uny - o)

CyTh CMemeHHs aToMoB B yamax 1, 2, ..., m, ... (WIm cMemieHus
COMHOB, MM OIEPATOPH CHHHOBHX OTKIOHEHHH M T. 1.). Y paBHEHUST
IBIDKeHHA (MTH TAMAJbTOHHAH) 3aBHCAT OT STHX IEDeMEHHBIX (Man
0IepaTopoB) TaKMM 06pPasoM, YTO TPAHCIANHWA HA BEKTOP pewerxd I,
T. . 3aMeHA BO BCex (OpMYyIaX BeIMIHH Uy HA Upyy, HAYETO HE MEHAET.
Vlopvu cioBaMH, BCe AYCHKH DPOMETKM OSKBHBAJNEHTHH W HEPasiu-
qEMHL. DT0 HATOMEHAET «KOCMOJIOTHIECKUHA TPAHIMIN , KOTOPHIHA IIaCHT,
gro Beemennas BHIIAMAT B OCHOBHOM OJMHAKOBO HE3aBHCHMO OT TOYO,
13 KAaKOH TOYKM MH PacCMaTpHBaeM ee.

Yro6s BHPA3HTH 5TO CBOHCTBO MaTeMaTHieCKH, 0603HATUM depe3
FH(0)m|0), (1) u|l ) cooTBeTcTBEHHO TaMIIBTOHNUAH I BOIHOBYIO
¢yrknmo xo m mocie rpancaanua !. Hampmmep, B ciaydae daeKTpo-
HoB Mul mmeeM |0) =y (r) 1 | 7} =1 (r 4 7). B cayvae ronebanni
pemerkn, ecin cumBoix | 0) ofo3Hadaer COCTOAHNE, B KOTOPOM aT0M It
coBepIIaer Karoe-nmGymb OHmpefeleHRoe [ABMKEHHE, TO COCTOAHHE,
B KOTOPOM TO ke CaMoe ABHKeHHe coBepmaer atoM (n —+ 7), Oyuer
obosmagaTeea cumMBOIOM | 7).
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CBoficTBO TPAHCIHANMOHHON WMHBADHMAHTHOCTH MOKHO CHOpPMYIH-
pOBaTH TaK:

# (1) = ¢ (0). (1.38)
3amawa Ha COOCTBEHHBIE BHAYEHUS LMeeT BUT 1)
G (0)]0) = &0 (1.39)
TosknecTBeHHOE € 9THM ypaBHEHHE
HE)|T)=E|1) (1.40)

tonygaerca u3 (1.39) mpocro myrem mepeobo3HadeHHS BCEX mepe-
MEHHEIX B omepaTopax u B mcKomux ¢pyaxmusax. Ho, cormacro (1.38),
OTCIOfIa ClIeyeT

SO =8|, (1.41)

T. e. ¢yHKEDEA | I ) TakiKe eCTH pemmeHHme ypaBHEHHA, KOTOPOMY yHO-
BaerBopaer ¢yrrnma | 0). Ilockoasky ¢ymxnun |2 ) u | 0) He 06a-
BaTEJBHO OJMHAKOBEI, TO MOTI0 OH MOKAa3aThCsA, ITO IYTEM IPOCTHX
TpaHCAAnAA J000T0 pelreHMs, KOTOpPoe HaM YAAJIOCH HAWTH, MH
MOjKeM IMONYIATH BEIIMKOe MEOKECTBO PIIeHAN yPaBHEHU IBUKEHAA.
Bce sta pememwms, pasymeercsi, BHPOIKKEHH 0 SHEDPIHUH.

OueBupgHO, OFHAKO, YTO 970 a6CYypHHO; HOBHE PENIEHHAS ONKHH
OHTE B KaKOM-TO CMEICAe DKBHBAJIEHTHH ucxogEOoMy., Ciemyer pac-
CMOTpeTh JBA CJIydad.

1. Hdomyctmm, 9to pemenme |0) He evpoxcdeno (dero Ha caMoMm
nenxe He GHBaeT, Tak KakK, KPoMe TPAHCIANUOHHON WHBapHAHTHOCTH,
BCE pemeTKH 001amaioT elle M CHMMETDHEA IO OTHOINEHHIO K OTparKe-
umaM). Torma egWHCTBOHHAS BO3MOKHOCTH 3aKJIKOYA6TCA B TOM, ITO
HoBag QyEEnma |7 ) oTIMYaeTcs IUmMb MHOKATENEM ' OT HCXOLHOH
|0}, m, cremoBaTeabHO, ¢ PE3MIECKONX TOIKM 3POHAA OTH COCTOSHHS
OJWHAKOBEL. VIHHMHA CTOBaMH, JONKHO CYHIECTBOBATH TAKOE THCIO Aq,
4TO B pe3yJbTaTe OJHOrO INATa B HANPABIGHWH BEKTOPA a; MBI mOJY-
TaeM

|ag? = A | 0). (1.42)
N3 ycmoBusA HOPMHUDOBRH CIeAyer, 4TO
[A[P=1, (1.43)
TagR 9T0
Ay = eike, (1.44)

1) Ecam Kose6aHUSA DPEIIETKHA ONUCHBAKTCA ¢ IOMOIIBIO KIACCHISCKAX ypap-
HeHHil ABIDKEHWHA, TO POJIb SHEPTHM HrpaeT 4acToTa ©, 4 POdb (IaMIIBTOHHMA-
Ha»— MaTpUIa CHCTEMH CBASAHHHX JHHEHHEHX [uddepeEnUAanbHEX ypaBHe-
HAil, BHBEJEHHHX B IPENONOKEHHW, 9TO OTKIOHEHHS OT IOJOKEHHA pPaBHO~
Becua Maju. CM. § 2 HacTosAme#d rJIaBHL.
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rge k; — medCTBUTENbHOE 9MCI0. AHATOTMIHO 1A €JUHHIHEIX TPAaHC-
IANEA B HAUPaBJGHHH APYrux OAa3MCHHIX BEKTOPOB MEL HMEeM

|ag) =ei2|0), |as)=-e®s|0). (1.45)
B caywae Tpanciaammm obmero BHfa NPUXOJUM K COOTHOIIEHHIO
| ) =|lLas+ Lay+lsag)= e | (l1— 1) as + Lay 4 lag) =
= eihals| 0 4 Lyag - [sa) = gilkala+holathsls) | 0),
(1.46)

HeiicrBurenbro, OHIO cfexaHo [, maroB B HAOPaBIeHHH aj,
l, maros B HAIPABIEHAH @, B T. J., U HOCJIE KayKAOTO mara QyHRIusI
YMHOXAJach HAa COOTBETCTBYOIMHA Kosddummuent.

OunpenennM BeKTOp k paBeHCTBOM

k = kby -+ kgby + ksbs, (1.47)

rae by, b,, by — Tpoiira BeKTOPOB 06pAaTHOR PEINETKH, COOTBETCTBYIO-
mas BEKTOPAM a;, a,, A, coriacHo coorHomenmam (1.19). Torma
coorHomenue (1.46) mpuHmMaer BHT

| 2y = e®-2{0). (1.48)

910 W ecTs Pe3yabTaT, KOTOPHE MH CTPEMHIHCH MOKa3aTh.

Has a0boil  eoanosoll Pynryuu, Yyooseaemeopsioujell YpasHeHU
HMTpedunzepa (Uau €20 KAGCCUNECKOMY UL KEAHMOGOMY IKEUSAAEHMY),
cywecmayem makoii 6ekmop K, ¥mo mpancAsyus Ha 6eKMOp pewemku {
SKBUBALCHIMHA YMHONCEHUI dmMOll GYHEYUL HG Ha30600 MHOHCUMELD
exp (ik-7).

PasamaHsM BOJIHOBHM (YHKOHAM MOTYT OTBEUaTh WM DABNAIHEIE
sexmopt k, HO m106as N3 HUX JOJKHA YAOBIETBOPATH dTOMY YCIOBHIO.
910 — cmiIbHOEe YCIOBHEe, Hamaraemoe Ha (OpMY 3IeMEHTaPHHIX BO3-
6yRIeHmiA TeM BechMa CYI[eCTBeHHKM (aKTOM, UTO peImeTKa TpPaHC-
JAOAOHHO WHBAPWAHTHA.

Hanmo, ommako, JOKasaTh COPABENIMBOCTH BRHICKA3AHHOIO YTBEpIH-
mAeEma B Oomee obmem caydae.

2. Hpemgmonosxum, uto cocrosguue |0) Berpoxmeno. llycrs pus
HPOCTOTH. 9TO COCTOSHAE BHPOKAEHO ABYKPATHO, TAK UTO 3aBETOMO
cymecrBylor fBe pasameusie ¢yEkmmm |0) m |{0),, orBevaromume
oxHO# W Toit ke sHeprmu. Torjga TPAaHCIANHMA HA BEKTOP PEMETKH 3;
gpEBefer camMoe 60JbIIee K JHHOHHON KOMOHHAIIMA TeX 3Ke ABYX QyHEK-
nuii. HosTomy

|ag; = Ti' {0} T7*| O),
lags=Ti |0+ T 0

Ypena T @ 1. . HOTOMY W 3aOHMCAHHl TaKAM 06pasoM, 9T0 OHH
COCTAaBIAIOT BIEMEHTH HeKoTopoit mMarpmiusl 1. Ilocnennas pomxua
65Th VHETApHOH, WTOGH COXpaHHTH HOPMADPOBKY. [lus KparrocTH
panmmeM napy ypasmenmit (1.49) B Bupme

(Ja) = T1(]0). (1.50)

(1.49)
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3amerum Temeps, gTo gynkmuu | 0); u | 0),, Gynydn BHPOKAEHH,
He ONPeNeNeHH OfHO3HAYHO. MH Moram OH HauaTh ¢ JIOOHX NPYIHX
ABYX QyHKUuit, mpeficTaBIAMAX COOOR NmHeHRnbe KoMOEHanUH Iep-
Bex. Hampmmep, Mpr mMormm 6n HavaTh ¢ QyHrmmit

|0}1= 8% {0)1 + 8|0,
|0}, = S%[0)1+ S22 0,

rae wncaa S m T, 4. CyTH BIeMeHTH APYrofl (IPOM3BOIBHOMN) YHHTAD-
HOX MaTpEOH S.

Bribepem temeps 8§ taxum o6Gpasom, uwrobm martpuma ST,S-!
Ona guaroHanbHOM. Us anre6psl M3BECTHO, UTO 9TO BCEIZA MOKHO
cperars. Ilycrs, Hampumep, moCTemHAA MATPHIA EMeeT BHJ

STis_i=(eik1 0 )

0 e

Torpa merpyano moxasars, uto cocroanmsa | 0}; u |0}, npeo6pa-
3YIOTCA OPH TPAHCIAMAAX TOYHO TAK Ke, KAK €CIN OH OHH OBHUIH
He BHPOJKIEHH, MMEHHO B COOTBeTCTBUH ¢ opmynamn (1.42) — (1.45):

[agy =10}, |ag)y==e®i|0},. (1.53)

Cocrosmmio | 0}, oTBeyaeT BONHOBOH BEKTOP C KOMIIOHEHTOH K,
B HaOpaBlIeHHH a&;, a cocrosanmio | 0}, — BOIHOBOX BEKTOD C KOM-
HOHEHTO# /| (BooGme roBops, OTINIHOM OT k) B TOM e caMoM Hampa-
BIGHUAM.

[TocMoTpmM Temephb, YTO MOKHO CKa3aTh O TPAHCIAANHUAX B APYTUX
Hanpaerennax. BubepeM HampaBienwe a,. EciIm B3dTh HavaIbHBIe
cocrosirma | 0)y m | 0),, To pe3ynpTar TPAHCAATRHA B HTOM HAIIPABIe-
unE Oyner ompeneiAThesa APYroit Matpumed Ty, YTO B CHMBOJINIECKOM
3amEcH [mMelomeit TOT jKe CMBICH, ITO M paHee, cM. dopmyas (1.49)
u (1.50)] npmmer Bup

(1.51)

(1.52)

(la.)) = T, (10)). (1.54)

Mer Moram 65 Temepb BEIGOPOM HMOAXOAAINMX HAYANBHHX (yHKImI
upusecru Marpuny T, K quaroHazsnoMy Buay [em. dopmymy (1.52)].
Ha mepswrit B3ra1As KaskeTcs1, 970 914 YYHKIEA HECOBMECTUMHI ¢ yHK-
LUUSMH, NPHMCHAEMBHMH NpH AMaroHammsamum wmarpuust T,. Pac-
CMOTPHM, O[HAKO, ABA BO3MOKHBIX Ipeo6pasoBaHmA:

Tz(lai))szTi(IO)),}
Ti(a)) =TT (|0).

Orcroma BufHoO, ato Matpunst Ty 1 T, KOMMYTHPYOT IPYT ¢ APYroM.

TEOPUN MATPHUIl €CTh Teopema, LIACAINAs, 4TO TOTNa CYMEeCTBYeT
yHHTapHas Matpuna §, Takas, uTo ¢ ee HOMOmbI o06e MaTpHmH T,
1 T, MORHO 00HO8pEMEHHO TIPUBECTH K AHArOHATbHOMY BALy. Cieno-

(|31+az))={ (1.55)
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Barenbso, ¢yuriuu | 0} u | 0}, upu Tpavcasmum a, He GygyT mepe-
MemmMBaThCSI, a OyZyT DPOCTO yMHOKATHCH Ha (Da3oBhie MHOMKHTEIR

Jagdi=e2|0h, |ag)y=eii| 0} (1.56)

ITogo6HElil e pesynbTaT CUPAaBeIJIUB W OPU TPAHCIAINAN HAa Bek-
TODP @y, IOITOMY MBI HO CYIIECTBY BO3BPANmIaeMCH K TeM ke opMmy-
xam (1.45). Haa wampodl us ¢ynxumit | 0); u | 0}, cymecrsyer Boi-
HOBO# BEKTOp, TAKOM, UTO

| 2} = ei-2| 0}, (1.57)

OuermmHo, obobmenwe Ha ciaydait Goree UeM JBYX BHDPOMKIEHHBIX
QYHKIUA TPUBHAIBHO. )

Taxum ob6pasom, M moKazalxud Teopemy B obmem smpe. Jlwo6oe
pernenue, OTBEYAIOMIEE BHIPOKACHHOMY 3HAYEHWIO HHEPIHH, MOKHO
OpeICTaBUTh B BUe JHUHEHHON KOMOWHAIMH peINeHHH, OTBeYaoIIUX
TOH jKe HHEPIHH, OpUIeM KajKkaoe U3 HUX YOOBIETBOPHAET YCIOBUIO
paccMaTpEBaeMoro THOA, XOTA W He JiId Bcex (YHKIHA € OTHHM
u TeM ke BexTopoM k.

dto u ects meopema Laoxa. Ee Mmoo Oeimo GH moKasaTh u 6omee
o6muM METOZOM ¢ IDOMOINBIO Teopuu rpynm. JloKasaTenbCTBO MWOMY-
gaeTca KaK eCTeCTBEHHO® CieficTBUE Teopemsi: «B Hmole KOMIIeKCHEBIX
umces Ai06oe mpemcraBienne abeqepodl T'PYHIH MGKHO Ppasio:KHTH
Ha CyMMy OOQHOMEPHWX HpefcTaBilenui». I'pynna rtpamcasmuit Kpu-
crania — abenera; 5T0 BHATAT, HATPHMED, UTO BCE DIEMEHTH I'DYIIIEL
KOMMYTHDPYIOT APYr ¢ fapyrom. IlocienHee BriTeKaer ma TOTo 09eBHI-
morOo ¢arTa, d9TO, CRAsKeM, TpaHcaAuuA (ay. -t a,) TOKIecTBeHHA
¢ TpaHcuanmeir (a, + a;): MBI MOKeM IOJOHTH K TOYKE peIIeTKH
PA3IHYHHIME IyTAMA, HO PE3yJbTaT Bcerfa OYAeT OfuH m TOT #Ke.
Matpumsr Ty, T, u T. A. JaoT mpexcTaBieHnHe HTUX TpPaHCIALMIL,
¥ TDOTOMY WX MOKIO IPHBECTH K JHATOHAIBHOMY BHAY.

§ 5. IlpuBenenne x 3oHe Bpmmrosna

Teopema Biaoxa mmeer Takyio oOmHOCTH, 9TO Ha JAaHHOM JTAIe
3T0 HasKe TPYRHO OCO3HATH. B Ciyvae DIEKTPOHHHX BOJH U3 Hee
clienyer, 9T0 KaRAYIO BOJHOBYI QYHKIHIO MOSKHO 0OXapaKTepPH30BATh
ee BOJHOBHM BexTopom k m Hammcats

Pic (r+7) = ety (). (1.58)

3ameruM, 9TO HTOMY YCIOBHIO YIOBIETBODsAET W OOHYHAA BOJIHO-
pasg QYHKOUA CBOOONHOTO DIEeKTPOHA

P (r) = eker. (1.59)

ATOTO ¥ CIEOBANO OKHUAATH, TAK KAK MH W B JIaHHOM CIydae
paccmarpusaeM pemenne ypasnenmsa llpepunrepa ¢ mepmopuieckum
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HDOTEHIUANOM, HO TOJABKO CaM MOTEHIMAT OKA3HBAETCA TOBCIOAY
pasubiM Hyao. Takasa nposepka ¢ nomowwio «nycmoii peuemkuy IacTo
OKA3KBAETCA OYCHDL IIOJNE3HOX B TEOPHH TBEPAHIX Tel.

Wunoraa GnBaer ymoGHO IpENCTaBETH BOJHOBYIO (GYHKIHI 3IIEK-
TPOHA C [aHHHIM 3Hauenuem k B Bupe, Bo3MomHO 6oJee OIUIKOM
K BOJHOBOW (ymrmumm cBoGommHoro asmextpona. Ilomosxmm

P (r) = etE*Tyy (r) (1.60)

u OymeM HaneATsCA, 9T0 QYHKIUS Uy (r) OKa’KeTcs IMOUTH MIOCTOSH-
Holi. [leficTeuTensno, u3 gopmynsr (1.58) caepyer, uro ¢yErnmums
ug (r) momxuHa OHTH TEpHOXUMYECKOi, T. e.

ug (v + ) = uy (r). (1.61)

Teopema Bmoxa ¢opmyampyercs mmemno B Takoit gopme.

Hosprsomuiica 3geck muO;KuTenb exp (ik-7) mamommpaeT MHO-
JATeNdb exp (ig-l), KoTopH# PUrypEpoBal IpHM H3YIeHHH HNEepPUOTH-
geckux ¢ynrmmi. OueBnaHO, BOJIHOBOH BexTop k mMeer Ty sxe pasmep-
HOCTB, 9T0 W BEeKTODP o6DaTHOW pemeTKN g; OH OPUHANIEKHT, TAKAM
o6paszom, kK o6pariHoMy npocrpanctsy. Ecam okamercs, 910 HEKoOTO-
POMY COCTOSIHUIO OTBEYaeT BOJHOBOW BEKTOD g, TO COOTBETCTBYIOIIAS
BOTHOBASA QYHKIHA GymeT HepmofndecKoi:

g (£ +7) = €81y (1) = g (1), (1.62)
HOCKOJIBKY
eigl=1 (1.63)
nis Beex .
yere reneps ¢ynxnum Py oTBeuaer BonHOBOM BeKTOD K, TaKOH, UTO
k=g+ Kk, (1.64)

rjae g — Kaxoi-amnGo BexTop obparHoil pemretku, a k' — HOBBIH BOJI-
HOoBOo# BerTop. Torma ma ¢opmyn (1.58) m (1.63) momywaem

Vi (1 1) = eHETR) Uy () = 18-k Iy (v) = oIy (r).  (1.65)

JTO MHOKHO BHIDABHTH, CKa3aB, UTO (YHKIOUA Yy YHOBIETBOPSET
Teopeme Bioxa rax, xax ecam 6l eil oTBewan BONHOBOH BexTop k'.
Hepponauansuoe obosHatenme k HeopHosHaumo; Kakmol (PyHKOHH
OTBEIAET BCE MHOKECTBO BOBMOKHEIX BOJHOBHIX BEKTOPOB, OTIHIA0-
muxcs ApPYyT OT [Apyra Ha BEKTOPH OOpaTHOH pemieTKH. 910
06CTOATeNBCTBO, PaByMeeTcs, He NPOTHBODEINT TeOpPeMe; MOCeHASA
YTBep;KRaeT MPOCTO, UTO0 KakA0H QYHKINN [I0MKeH 0TBEYaTh Mo Kpaii-
Hell Mepe o00uH BOJHOBOH BEKTOD.

TaxnM 06pasom, MEL CTOTKHYINCH ¢ TIPo6IeMoil: KAK OJHOBHATHO
ONpefeJdTh BOAMOBOH BEKTOP, COOTBETCTBYIOMME TAHHOW QyHKITHH?
Moskro 6ruro 641 B KauecTBe OpEeHTHDA BBATH IPEICTABIEHHE (1.60)
1 mommrathea mopobpars k rakmm oGpasom, 9robm Gymrmma uy (r)
0 BO3MOMKHOCTH MEHbIIe HM3MeHsAnach. TaKoil mOAXOM, OJHAKO, HpPO-
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M3BOJCH M [asKe, Kak 970 OymeT BUAHRO H3 ZajdbHelmero, omuboueH.
IIpaBuabHas HPOWERYDPA COCTOMT B CHONYIOMEM.

PaccMoTpuM, UT0 OPOECXOAUT B OXHOMEPHOM ciydae [cp. ¢ ¢op-
myaamur (1.8) — (1.12)]. Amamor oGpaTHoii pemeTkm — 510 HaGop
o0paTHHX JJIMH pEmIeTKH:

gn=n2—“. (1.66)

a

JlaHHOMY COCTOAHHMI0 MOJKHO IIpUONCaTh Ji060e BOJIHOBOE UHCIO
u3 waBopa

2 ‘.
k=n=" k' (1.67)

WHadYe TOBOPA, BOJHOBOE TUCIO0 & oupefeaeHo JHb #o Modyawo 2nla.
Bcee toukm k ma ¢ur. 12 sxsmBameHTHH.

flpugedennan sona

bpunmoana
e A e
) H 1
L] 1 ]
] i 1
1 ] i
; I «—95——»
k LK Cok ok
l i L l i l 1 : I 1
2nfa  -mla 0 nja  2nfa 4rfa

<————g——a—

®mr. 12. B ogEoMepHONl 00paTHOM peleTKe BCO TOIKH k IPMBOUATCA K TOUKe k'.

EcrecTseHHO, B KauecTBe IPeACTaBUTENA BceX dmcenx & Buibparh
uyncno k' ¢ HAMMEHBITHM BO3MOKHKIM a0COTIOTHHM 3HaZeHmeM | k' |.
I pyruvn cioBamm, MH GymeM Bcerga BeIGEparh OAA BOAHOBOTO THCIR
TO 3HaYeHume, KOTOPOe JIeKHT B HHTEpBaie

<k (1.68)

OueBunHo, TOT WHATEPBAJL COBIajgaeT ¢ 30HoN DpunnmwosHa Hamei
OZHOMEDHO! CHCTeMH; OH IPENCTABIAET cODOH dIeMEeHTAPHYIO AUeliKy
obparnoit pemerku. B ciyuae Tpex n3aMepeHuit Mul felaeM T0 ke camoe,
a WMEeHHO: BHOWpAaeM BOJHOBOU BEKTOD B IepBoil 3oxe Bpummosza
B 06paTHOM mpocTpaucTse. /I3 aneMeHTaDHHX FeOMeTPHIeCKAX co0bpa-
JKEHUIl FABCTBYET, YTO BTO BCErjla BO3MOKHO. BmbGepem BeKrTOp ¢
B dopmyre (1.64) Tak, wro6sr Benmumua |k’| Grura mamMeHmbiTent
W3 BO3MOYKHBIX, MUIM, HOKIME cIoBaMd, 4To6H Touxa k' memana BO3-
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MOKHO OImKe K HavaJy KoopgmHaT B o6paTHOM npocTpaHCTBE. IJTO
03HavaeT, 9To TOUKA k' momsxHa meskars Oiyske K HaZalmy KOOP[AUHAT,
9eM K a06oMy mapyromy ysay obparsoi pemerku. llocaegmee paBHO-
3HAYHO YTBEP/KJEHWIO, YTO OHa JekuT B sAuefike Buruepa — 3eiirna
paccMaTpMBAEMOM pelierkw, T. €. B 30He bpmiaosHa. OweBmamo,
a106y10 Toury k B o6paTHOoM mpocrpaHCTBE MOMKHO RDUSECMU K COOT-
BeTCTBYIOMeH Touke B 30He Bpmmmiosua (¢mr. 13). Ilostomy mrobyio
BOJHOBYI (QYHKIWI0 MOKHO ONMCATH B CIeMe NPUEEOEHHHT 30H.

- e

9

1

®ur. 13. Bee Bonmosne BexTopr k mpusogsarcsa kK Bekropy k', KotopHi# aemur
B 3ome bpunniosna.

Targnm o6pazom, m000i BOAHOBOM (YHKIHM OTBE4aeT npuUgsedeH-
HBll 604H060T 6ekmop. MosKeT CyImecTBOBaTh, OMHAKO, MHOFO YHKIHA
¢ OfHUM W TEM K€ NPHBEIECHHLIM BOJHOBHM BEKTODPOM, HO COOTBET-
CTBYIOIUX PABNUIHHM dHEpPruAM. [lpnmenenue cxeMmel mpUBeEHHEIX
30H He MO3BOJNAET MPUOMCATh KaiJod M3 »TEX (YHKOUMHA pasimIHEe
spavepusa BexrTopa k.

WnTepecHo mocMOTpeTh, 4TO NPOUCXOOAT ¢ COGCTBEHHHIMU (YHK-
nuAMu cBOGOHOTO BIEKTPOHA B mycTodl pemerke. Ilycrs

P = ek T em gilk=g) roiger o ofk'o¥ (plg 1) (1.69)

rpe k' — mpuBefeHHoe 3HaUeHME MCTHHHOLO BOJHOBOTO BEKTOpa K.
1o Borpaskenme umeer euj (1.60), Tark rak exp (ig-r) ects mepmopm-
yeckad (QYHKIUA B HaHHOHM penieTse; BUIHO, OTHAKO, CKOMb HMCKYC-
CTBEHHBHIM OKA3LIBAETCA TAKOE LPEACTABIEHHWE A NIOCKOH BONHHL.
Ecan sneprusi (B OMHOMEDHOM CaIydae) HAeTCS BHPayKEHWEM

g (=22, (1.70)
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TO OHA OKA3LIBAETCH MHOTO3HAUHOM ¢ymrmmedn k' B mpuBesenmoi
some. Ha ¢ur. 14 wacrs mapaGoam AB mpu TpaHCIAOME HA BEKTOP
oGparHoii pelmmeTKE mepefBHraeTcsa B moioenne A'B’ (To e camoe

o ¢ } 8 18
1\ & Ji

[ 74

AN /o

AN /ot

I \ / i

1 \ // |

1 N S &=t em

1 \ / \

I N /

1 \\ // :
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-3n/a -mja 0 n/a 3nja
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@ur. 14. JHeprua cBoGOLHOrO BJIEKTPOHA B IPHBEJEHHOIH 30mHe.

AMeeT MecTo A ApYyrEX dacreir mapaboxsr). OdeBHpHO, B JaHHOM
ciygae HaubojIee eCTECTBEHHA CIEMA DACULUPEHHWIL 30H, B KOTODOM
KayKIOMY COCTOSHMIO OTBEYAeT (HCTHHHKI) BOMHOBOH BEKTOD k.

§ 6. I'paunussie ycaopna. Hoxeuer cocroanmit

Bo BceM m3I0/KeHHEOM OplIa CyniecTBeHHA DOJNHAA TPAHCAAHOHHAA
CAMMeTpHA, B CBA3H C YeM penleTka cumraliach Gesrpamminoil. Pac-
cMOTpeHHe TAKOH PeNIeTKH 3aTPYAHATENBHO B MATeMaTHIECKOM OTHO-
[IeHAW, BBHAY TOTO UTO MIPUXORUTCA HMeTh Ael0 ¢ GecKOHeTHHM
QHCIOM ATOMOB ¥ COGCTBeHHHIX (pyHKIME. M MOKeM H3y4aTh TaKue
CHCTEMbI, JHALIL IOJAaras 9UCI0 ATOMOB KOHOIHBIM M 3aTeéM IePeXOfs
K Ipefeny, KOTJA 3TO 9HCIO ycTpemiserca K Geckomeanocrd. [lpu
3TOM HY/KHO OmUIo OH BBeCTH T'DaHMIH KaK HEKOTODHE DeajbHEIe
HOBEPXHOCTH, Ha KOTODHX, HalpuMep, BOJHOBAA (YHKIMA JOKHA
obpamarsca B HyJib. Ho ator myth tawsxe neypoben, n6o B pesyib-
TaTe OTPAJKEHMA OT BCEX TIPaHHUI[ TOYHLIC CTATMOHAPHEE COCTOSHHA
TaKo#t cucreMsl mso6pamannch Gl crogummu BorHamu. Memonbsopa-
HUe TakmX QYHKOUHA 1A ONHMCAHHMA DIEKTPOHOB NPOBOAUMOCTH,
KOTODEIe Ha 0YeHb MAJBIX PACCTOAHUAX OGHITHO HEKOTE€PEHTHO Paccen-
BATCA ATOMAMA IIPHMECH WM TEeIIOBHIMH KOJe0aHMAMH DPeIIeTKH,
¢ MaTeMaTWIecKol TOYKH 3PEHHS IPOMO3JKO, a ¢ PU3UIECKoM Hmempa-
BHJIBHO.

CymecTByer MarTeMaTHYeCKHii IpmeM, KOTOPHIA IO3BOJISIET yAOB-
JeTBOPHTEIBHO DPOIINTh NmpobieMy Iofcyera COCTOAHUE M IIPU 3TOM
He BBOAUTH KaKHX-Iu60 gusndecKux ddertos, CBASAHHHIX C I'DAHH-
maMmE., ITOT IpPHWeM COCTONT B NPHMEHEHHH YUKAUYECKUZL TPAUNIHBIX
yemosuit miau ycaosuti Bopna — Kapmana.
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B omHOMepHOM carydae MBI mPeRUOJIOMKEM, ITO (KPHCTALIY COCTONT
u3 L sueex, KOTODHE COeAMHEHH TaK, 4T0 00pasyoT 3aMKHYTHH
kpyr. 1lpm pTOM DIEKTPOHHAST BONHOBAS (YHKIHUA JONKHA YIOBIET-

BOPATH YCIOBHIO
b (z + La) = (2), (1.71)

KoTOpoe ofecmeumBaer HEOPEPHIBHOCTL €€ B TOYKE COGUHEHWA.
Ho ycmosue Teopemsr Bmoxa B ciyuae OgHOTO M3MEPCHHS TJAACHT:

Pr (€ -+ La) = etbLlayy, (), (1.72)

TaK YTO JOJMHO OBITH

eirle —. 4, (1.73)

k:EIme, (1.74)

rge m — meinoe 9Hclio.
B ommomepuoit mpmBeneHHON 30HE MBI mMeeM —it/a << k << s/a,
M IO3TOMY IelLie YHCIa M3 WHTepPBaa

—FL<m<+L (1.75)
JANyT BCE CYIIeCTBEHHO DPAa3JANYHLIe 3HAYEHHA NPUBEICHHOrO BOJHO-
poro umeaa. Beero mmeercs . Takwmx sHadenmil (HAHO PaccMOTPETh
OBA DASMMYHBIX CIy9as, KOrja L ueTHO wiM HedeTHO — B CYIHOCTH
3TO BIOJHE TPUBHAIHHKIA Bonpoc). OHHM OTCTOAT APYT OT Apyra Ha pac-
crosnnu (1/L) (25/a). Tlockonbry BenmanHa L penmosaraerca 04eHb
GoNbIION, BTH 3HAYEHUA pACTHpefeNeHH B 00OPAaTHOM NPOCTPAHCTBE
MPAKTHYECKH HENPEPHBHO H € MOCTOSHHON IUIOTHOCTHIO.
Brickasannpie cooGpaskeHMs MOKHO PacupoCTPAHUTL W HA TPeX-
MepHEHI CIy4aii, eCIH NPUHSITH, YTO HANla MAKPOCKOMAIECKAS CHCTEMA
OHKJIAYHA B Tpex maMepenmax. Ilycrs oma mpexacrasisier c¢oGoit
KPHCTAJI ¢ pasMepaMH IO TpeMm GasMCHBLIM HATPABICHHAM PEIIeTKH
Lia;, L,a, u Lga, Torpa B coorBercrenu ¢ yciaoBuem (1.71) nannmem

Y@+ L) =9 (), $ -+ La,) =9 (r),
Y (r + Lag) = ¢ (r). (1.76)

Husa dyurnum BDaoxa ¢ BoanoBmM Bexropom k stm ycmoBms mpu-
BeIYyT K pPaBEHCTBAM

eik'(L1a1) — eik- (Loag) — e‘ik- (L3ag) — 1’ (1.77)

KOTOpBIE MOTYT BBIOOMHATHCHA, JUIIL €CIAU BEKTOD k umeer BH[T

9.
k = Jisby =+ by -+ by = 2L by + Z’Z’:% byt 22’;‘3 by, (1.78)

rfie my, m,, Mg — ueasie gucnaa, a by, by, by — rar 06vaHO — BEK-
TOpH 0OpaTHOW pemerkH, omnpepensiemeie dopmyramm (1.19).
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drorT pe3ynpTAT CIEAYeT CPABHATH C ONpeNeTeHHEM BeKTopa
ofpaTucii peuierkd

g = ny-2nby - n,-2nb, + ny-2xh,, (1.79)

e n, ne, Ry — Hexwe gucaa. Jonycmumbie sHavenus pextopa k
[popmyna (1.78)] momywaorca pemennmem oGpasyoImux saeMeHTap-
HO sAgeiiku o6parTHOd pemerku Ha Ly paBHBIX yacTell s HalpaBlie-
Hus by, Ha L, gacreit nus nanpasmenns by, u wa L, wacreit pis nampas-
nenns by, Taxmm obpaszom, B ofpaTHoM mpocrpaHcTBe PaBHOMEDHO
pacmpefieTeHEl PANK TOYEK, ITO W ToKaszaHo Ha ¢ur. 15.

PN I NP
INENN)
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@ur. 15. 3oma bEpuamosHa TDOKPHBAeT Ty jke ILIOMANb, 9TO W DJIeMEHTapHAas
sgeika 00PAaTHOM peIIeTHH, M COJACPIKHT POBHO N «paspemeHHEX» K-BEeKTODOB.

YT0661 BHUACAUTE MIOTHOCTH 3THX TOTEK, 3AMETHUM, UTO OHI MOTYT
MOKPHTH BCIO 3JIeMEHTaPHYIO A49eiRy 00paTHOH peIIeTKH, eciu Iease
g@ciIa my, My, Mg Tpoberanr 3HAYEHHA

0<m<Ly, 0<my<Ly, 0<my<L, (1.80)

Ho opm sroM monydaeTcs He Ta siaeiika, ROTOPYIO OBLT0 OBI eCTECTBEHHO
OpUHATH B KadecTBe OCHOBHON B30HE mua k-Bextopos. Beposrwo,
ayuame Owuto 6m1 mo amamorum (1.75) paccmorperb 006aacTh

—'%‘L1<m1<%[/1, *—%L2<mz<%Lz,
1 1 (1.81)
-—7L3< nlg< -L-)—Lg.

TaxgyM myTeM MBI MOJYTUIH Obl DIEMEHTAPHYIO AYEHKY B BHIE
mapajielenuIefa ¢ HEeHTPOM B Hadaxe KooppumHar. Opmaro ymoOHee
BCEro BHIODATH DIEMEHTADHYI0 A9eHKy B BuIe ndeliku Burmepa —
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Sefitra; TakuM o0paszoM, MH BO3BpaIaeMCA K HameMy CTapoMy
Ipyry — K 30He bpmiiiosHa.

Ho o6mem 308 Bpmiaosna cosmagaer ¢ 00seMOM dJieMeHTapHOR
gueiiky, WMeomell BUJ Napajiejenuinefa, U MOTOMY B HEH JOIKHO
comep/RaThcs B TOYHOCTH TO JK€ WUMCHO «DPas3pemieHHBIX 3HAYEBH
sextopa k. Cormacmo mepasencream (1.80) mam (1.81), sTo wmcio,
ogeBugHo, paBHo Ly X L, X L; = N, 4ro B TOYHOCTH COBIafaer
¢ UHMCIOM DJIEMEHTADHBIX A4YeeK BO BCEM MAKPOCKONHYECKOM KpH-
crajie. JTo BecbMa BajKHad TeopeMa: 30wa Bpuadiosna codepacum
POBHO CMOALEO DPASPEULEHHHBLE 60AHOEBLT 6€KIMOPOE, CKOALKO dLEMEHMAD-
HOX aueek codepacum GA0K KPUCMALia.

Kak ymxe 6muto moxasamo [cm. gopmyny (1.32)], obmem zomm
Bpunnosnaa pasen 8n*/v.. Eciu B o6beme V KpuCTaiia COAePKUTCS
N snemeATapHHIX AYEEK, TO

|4

UC:T' (1.82)
Torga Ha KaskAHil paspemenHniii k-Bektop B k-mpocrpamctse mpu-
xogarcd o0beM

A Bl _ B (1.83)

N v 14

CllefoBaTeIBHO, 6 dURUYE 00DeMa 06PUMH020 NPOCMPAHCIEG UMEEMCS
V/8n® paspewennviz k-eexmopos.

[ToCKOMBKY IpPAaKTHYeCKN BenunduHa /N OueHb BeJIWKA, TO pacupe-
Jlefelme pPaspelieHHHX BeKTOPOB MOKHO PAacCMATpPUBATh KaK Hempe-
puBHOe. YacTo cymmey mo k-BeKTOpaM 3aMeHSIOTCA HHTErpalaMu

Z-»Sdkz—g—Z?SSSd%, (1.84)
k

IpHYeM OJHOKPATHHE HHTErPAI CIYKHT IS KPATKOTO 0603HATeHNA
mpepena cyMMEL. Ba)KHO HOMHATB, OJHAKO, YTO, KOIZA MH IepPeXO/uM
K (aKImIecKoMy WHTEIDHDOBAHMI0 B K-IpoCTpaHcTBe, HEOOXOAUMO
yumTHBaTh BecoBoit Muommrenb V/8n®. Jlna mpocTOTH M Oymem
o6praHO mpemmoixarath, uto obvem V = 1. Torma N ofosnagaer
ancao Aveer B enmHmIe obweMma kpmcramia, a 1/N — obwem omnoi
DIeMEHTApHOU sdelikd.

Pesyaprar (1.83) B [eficTBHTENBHOCTH He BaBHCHT OT BHIGOpa
Karoii-tu60 30HHOH CTPYKTYPH; BTOT PE3YIbTAT XOPONIO H3BECTeH
B TEODHM MBIYUeHHS W B TEOpUH CBOGONHMX aieKTpoHoB. Ho roT
$axrr, 910 30HA Bpmimiosna cofep:xut T04HO [N paspemeHHbx TOYEK,
BO MHOTUX CIyd9agx oKasmiBaercs moinesmee. OH mokasniBaer, 4TO
5Ta BOHA CYMECTBEHHO MHBADHAHTHA M OMPENeNseTCs TOABKO CTPYK-
Typoll KpHCTANIa; yBeIMdeHHe PasMepoB KPUCTAILIA HMPOCTO yBeJIH-
quBaeT IIOTHOCTL cocTosHuUil B k-mpocTpaHcTBe.
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Crnemyer, Bupouem, npusHarh, 4ro yciosus Bopra — Hapmana
HEBO3MOMKHO PEalIbHO OCYIeCTBUTh. B IByMepHOM Clydae ceTh AYeeK,
HaHeCeHHAad Ha MOBEPXHOCTH TOPA, MUKIMIHA B 000MX HANIPABICHAAX,
HO IS TPEXMEePHON pemleTKH BHIOJHEHHWe BCeX TPeX YCIOBHE HeBO3-
MOKHO NpH JI060H Tomonormm. Bo BCAKOM ciaydae, 9TH YCIOBHA
mperpacHo pafoTanT KAk MareMaTHIeCKHA WpmeM, M, KpoMe TOro,
X MOMKHO 060CHOBATH C IOMOIIBI0 HECKOIHKO TPOMO3ITKHX DacueTosB.
Jlemo B TOM, 9TO IIOTHOCTH COCTOSHHWI AaCHEMIOTOTHYECKH B IIpeMese
GONbLIIMX KBAHTOBHIX YHMCEI BEChbMa HEYYBCTBUTENLHA K TOYHOMY
BUYy TPAHNYHHX ycaopumid. J[o Tex mop moxa Msl He cobmpaemcs
M3y9aTh IOBEPXHOCTHEE 2PPeKTH KaK TAKOBHE, NHKINYECKHe yCIo-
BUsA, HECOMHEHHO, ynobHee BCeX JPYIHX.



TJIABA 2

ROJEFAHUA PEHNIETRU

H6o Taxme XOpOINO YHOPANOICHHHE
ABIKEHNS I DPeryjispHHE HIAaTH XOThb
M He CJIBIMME, HO, GyAyYW HOHATH,
KaKYTCH MCHOJHEHHRMYA TapMOHUH.

Tomac Bpayn

§ 1. Jlupamuka pemieTkn

IpocTeiimee TBepHoe Teno — 3TO, IO-BANHMOMY, TBEPHBIA aproH.
OH COCTOMT W3 NPABWIBHO PACIOIOKEHHHX HEHTPANbHHX aTOMOB
¢ KPEOKO CBA3AHHLIMH 3aMKHYTHIME 3JeKTPOHHEIME 060I0TKaMn. ITH
aToOMH yAep:KUBaKTCA BOMU3M Apyr apyra cunamu Bam-mep-Baambcea,
KOTOPHe [eHCTBYIOT B OCHOBHOM MEKY OMIDKaUNIEMH COCeIsAMHM
B pemerke. (Du3muecKwe NPOLECCHT B TAKOM KPHCTAJIE CBA3AHBI
C TEIJOBHIM NBUKEHHEM AaTOMOB BONMBW CBOWX WAeaJM3NPOBAHHBIX
TOJIOKEHN!T PaBHOBECHA.

Hnsa mpocrefimero oOUCAHWA TAKOIO [BIJKEHWS HMCIOIb3YETCA
Modeav Jlimumerling, COTIACHO KOTOPOM KaKIBI aToM Konebiercs
mogo6HO APOCTOMY TAPMOHHIECKOMY OCHHANATOPY B HOTEHIHATBHON
AMe, 00pA30BAHHOW CHJIAMU €r0 B3aUMOJIEHCTBHA C COCENAMH. IJTH
CHJIE HHKOTJa He 00pasylT TOYHO KBAJPATHYHON AME co cdepu-
9eCKOU CmMMeTpuei, HO B CpeIHeM MPHWHATAS AlIPOKCHMAIMA BCE jKe
pasymua. [Ipu 570M cueKTp Bo3OYKIeHUHA KPUCTATIIA COCTONT W3 YPOB-
Hell, pacmoNIO}KEeHHBIX HA PpACCTOAHWHM /vy [APYr OT HApyra, THe
Vg — JUHUIMETHO6CKAS wacmoma, T. e. 9aCT0Ta OCHUNIATAN KayKI0T0
aToMa B CBOeH TOTeHMEHAJIBHOI sMe.

Mogens Jiinmreitna MokeT GBITH IOJIe3HA, €CIH HOCTATOYEH JIHAIID
o4eHb TPyOBl y9Yer TemIOBHX Koxebamwmii — 0COGEHHO HIpPH OTHOCH-
TEJIbHO BHICOKMX TeMIepaTypax, KOT[a IpPeINmoNo}KeHHe O He3aBH-
cAMOCTH KonmebaHWil pasmamaHHX aToMOB ompasmano. Cpasy BHIHO,
ONMHAKO, 9TO eCIAM ABA WU 60Jee aTOMOB JIBHMKYTCA B YHHCOH, TO CHJIHI
MEKIY HHUMIH, CTPEMAIMIECs BO3BPATATH 3TH ATOMH B TOJOKEHHE
PaBHOBECHS, YMEHBIIAITCA W, CIEJ0BATEIBHO, KBAHT HHEPTHUH BO3-
Oysienusa OymerT HeCcKoabKo MeHbIme. CyIMecTByeT TeHIeHIMSA K KOp-
persaud MBYKEeHHA COCeTHUX AaTOMOB.

Y7000 MONYIUTH CIIEKTP BCEH PemeTKN, HYMKHO 3a/1aTh JOKAJIbHEE
CHJIHL ¥ TOJTIOCTHI0 OMKCATh MBIGKeHWe. JTa mpobiema Osta 611 Hepas-
pemnmoii, ecaum OB He CyIIeCTBOBAJO CBOMCTBO TPAHCIAOUOHHON
WHBApUAHTHOCTH penierku. Har morasamo B § 4 . 1, pacemarpu-
Baemuie BO3OYKIEHNA JOJKHEL VIOBIETBOPATE Teopeme Broxa. Juna-
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MUNECKAs, MEoPUs Peuemky TPeICTaBiAer cofol mpocTeluinii IpuMep
NpuMeHeHHs MaTeMaTHIecKoro aunmapara, pasBHTOTO B I 1.

OnpegenuM IPese BCETO CMEWCHUA peuiemru: CMeMeHme S$-TO
aroMa B [-ii DieMeHTapHOH fueliKe M3 MOJIOMKEHHA DaBHOBECHA ONH-
CHIBAeTCS BEKTOPOM WUg. IlycTh aTOT arom mmeer maccy M. Torpa
KAHETHIeCKas DHEPrusA CHCTeMEl eCTh

Exin= D & M| uat [ 2.1)
st

Mu pacemaTpuBaeM ceiigac HamGomee obmuil cirydgail pemeTkH ¢ 0asu-
COM ¥ I03TOMY BBOIHM HHIEKC §, HyMepyOmuid aTOMH B DJIEMEHTap-
HOU gYeiKe.

Tl HAIMCAHEA TMOTEHNMAIBHOA DHEPTHH HYKHO GHIIO OHl 3aaTh
MeskaTOMEEe CHAE. OIHAKO MOJKHO IPEIIONOKATH ¢ MOMHOH 06mHo-
CTBIO, 9T0 CymecTByeT HexoTopas (yHkmua ¥~ (W), BHPparkalomas
32BUCUMOCTh HOTEHIMAJLHOE SHEPIUU KPUCTAIIAA OT KOOPAMHAT BCEX
ATOMOB, WJIH, 9TO TO jKe CaMoe, OT MTHOBEHHHIX CMeMeHNnil STHX aTOMOB
W3 y3710B paBHOBeCHOW pemerkm. [lomycTum paxee, 9TO 9Ta $yHKRIUA
MOCTATAeT MEHHMYMa, KOT[la BCE BEKTODPH Uy 00pamaoTcs B HYIb.
Jl e CTBUTENBHO, MOKHO 0)RUATE, YTO PACHOIOKEHIE aTOMOB B A/ealb-
HOli pemerke oTBedaeT ycToliumBOMYy paBHOBecmio. Bocmoxpayemes
CTaHAApPTHOM Teopmeii ManpX KoxeGaHmi U pPasmoKuUM QYHRIUIO
9" BOAMBH MOJOKEHWH PABHOBECHSA B CTELEHHOM PAJ O NeKAPTOBHM

KOMIIOHEHTAM Uy BEKTOpa Ug:

- : 89° 1 s s, 5297° i I
7—. =7 uJ r_T—] ~a v u] '7 —_—— + “ s -
ot 2 sty 6u§l 0 + 2 L W L[-_ 0“.];[ 6”?’[’ _]0 h

slj ss”, W, jj’

(2.2)
TlocToAHHOE claraeMoe JJdA HaluX Ieledl mHTepeca He MPeACTaB-
asier, a Ko3QPUOUMERTH B JHWHEHHOM WieHe Da3oKeHHA MOJKHBI
GBTh paBHH HYJIO (MB Haxopmmca BOIE3H pasuopecns). Taxmm
06pa3oM, HEPBHI CyIeCTBEHHEL WieH KBafpaTHyeH M0 CMEIeHAAM —
DTO TAK HA3BIBAEMBIA 2aPMOHUYECKULL WACH.
Buaa ¢yuxnnm (2.1) m (2.2) 1 DOAB3YACH OOBITHEIM JArPAH;KeBHIM
dopMaTU3MOM KIACCHIECKOH MeXaHWKH, OJNyYaeM ypaBHEHUA [BU-
JREHHA

Mui,=— { 329° ]0 u,,, (2.3)

50 a9
o Juyg, qugrgs

CIpaBejIIBHeE JJIA BCeX Y3J0B § B dileMeHTapHOW sdeilke, JIA BCeX
5IIEMEHTAPHHX AdYeeK ! B PelleTKe U A KOKLOH NeKapTOBON KOM-
morentsl (j = z, Y, Z) BeKTopa CMeINEHHI.

Coornomenme (2.3) mpepcrasisger coboli, pasymeercd, CHCTeMy
OTPOMHOTO UHCJIa CBA3AHHHX AnQQepeHnuaIbHbIX ypaBHEHHI. Pac-
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CMOTPHMM, OHAK0, Ko3(dunueHTH B MPaBod dactu paseHcta. llomo-

AUM
[—‘QZK—]OE (CR A (2.4)

i Byl
Ougy duoy,

@opMaTbHO 3T0 KOMIOHEHTH TE€H30PA B HEKAPTOBHIX OCAX; COOTBET-
cTBenHo ypapHenme (2.3) MOKHO 3ammcaTh B HECKOIBKO Golee mpo-
CTO# BEKTOPHOH ¢opme

Ms;;sl = - 2" Gsl; s’ e Ugryre (25)

JT0 ypaBHEHME MOJKHO MHTEPIDeTHPOBATH CIeNYIOIMUM 00pa3oMm:
KajKjoe CjrlaraeMoe B CyMMe B IIPaBOf YaCTH PaBEHCTBA LIPECTABJIAET
coboit cuay, deticmeyrowyio na s-i amom ¢ -1 suelire, 6bI36AHHYIO CMe-
ujeHueM Uy atoMa m3 yaia s sigefikm 2. Mokso Gwuro .6nl cpasy
Ham@EcaTh 5T0 YpaBHEHHe, KOJL CKOPO M3BECTHH MEKATOMHEIE CHILI
g, KpOM€ TOr0, HW3BeCTHO, YT0 B IOTEHHHAIBHYI0O DHEPTHI0 DEIIeTHKH
HAIOT BKJIAN CIJIL B3aWMOJEHCTBHA Me:KAYy HapaMhm aTOMOB.

OpgHako He3aBACHMO OT (H3MYECKOM WHTEPHOpPETAIUHA CHJII OJHO
HX CBOHCTBO, 0E3YCIOBHO, MOJIKHO HMETh MECTO: CHJIHI He JOJKHE
3aBHCeTh OT abCcoMTHOrO momoxenus sueex I m I B pemerke. TeH-
30p G MosKeT 3aBHCETH TOJBKO OT OTHOCHTEIBHOTO pPAaCHONOKEHHA
IeeR

Gus; s = Giue (h), (2.6)

rie
h=17 —1.

Torga ypaeBHenmsa (2.5) UPHHAMAIOT BHJ
Mg = —Zh G. (h)-u, 11 2.7
e

OtH ypaBHEHHA 3aOHCAHE B (opMe, HHBAPHAHTHOHR OTHOCHTEIBHO
TpaHCAANEi, 9T0 HeoGX0AMMO NIA copaBefgamBocTH Teopemsl Baoxa.
DeiicTuTenbHO, 3aMeHA, HAIPAMED, HEAeKca ¢ Ha [” IPUBOAMT MPOCTO
K HOBTODeHMIO TOro ke Habopa ypasHeHmd. Ilpepmono)xmm Temeps,
9T0 MH HAILIH pemenme — HaGop (QYHKIOWHA, ODUCHBAONMX 3aBUCH-
MOCTh BEKTOPOB Ug OT BPEMeHH iIA T0000ro 3HageHmA nHAexca Z.
9TH (QYHKOUA [OJKHHEL YAOBIETBOPATH yexoBmio Bioxa (1.48) mam
(1.57). Cymectayer BOmHOBOH BeKkTop q 1), Tawoii, dro

Ug (t) = el hyg, (t)v (28)
1) Mb TpEMeHSeM DTOT CEMBOI Jiif 0G0O3HAYEHHS BOJHOBOTO BEKTOPA BOIH

B pemlerse W CHMBOJN K /s 9IeKTPOHENX BoxH. O0a BTH BeKTOpa, pasymeercs,
ompefeneRH B OFHOM U TOM jke 06paTHOM IPOCTPAHCTBE.
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Iie U, o (£) ecTh cMemenme B TO# sAweiike, B KOTOpo¥ OHI0 BHOGpPaHO
HAaYaJo KOOPOMHAT [JI BEKTOPOB pemeTku J. JameTmMm, 4TO BO BCeX
AYeKax aTOMBl B Y3l1aX S IBUKYTCA B OJHOM K TOM jKe HAPaBICHIH
M ¢ TOH 3Ke aMILINTYNOH; TOAbKo $assl KonebaHmH MEHAIOTCA OT AYeHKE
K sueiike.

Jlna Kaskmoro pemieHMA JHHAMHYECKHX YPAaBHEHHWH CymecTByer
Takofl BekTop {, jus Koroporo ycaosme (2.8) BumoaHsmercsa. Urobir
YCTAHOBMTH, KaKOW MMEHHO BOJTHOBOH BEKTOD COOTBETCTBYET JAHHOMY
pemenuo, Hano BepHYThCA K ypaBHenmaMm (2.7). IlopcraBisda B HuX
¢yarnuur (2.8), moaygsaem

M, goitl= — ;:_;] G (h)-uy, gelaebeiae?, (2.9)

Ha wmuommrens exp (iq-7) MoskHO COKpaTuTh. UTOOEHI 0TPasmTH
npom3BoJ B BHOOpe Hadala KOOPAHMHAT, a TaKiKe TO 06CTOATENBCTBO,
9TO MBI pacCcMaTpPHBaeM DPENIEHHE ¢ OIPefeJeHHLM 3HaYeHneM BeKTopa
q, Ham@imeMm

u;, o = U, ¢ (2.10)
Torma umeeM

,Mﬁafz_gqgewunmmpuﬂq=
=—§Gw@lkm (2.11)

roe

mdwzgmmmmm (2.12)

ectb ($ypre-o6paz cmiosoro Temsopa Gi.

Hosrre ypasmenns (2.11) orHocmrensHO serko pemmuts. Bee pemo
B TOM, 9TO UHCJIO X OrpaHmdeHHO. IlycTh Ha KasKmywo diaeMeHTapHY
AYefiKy IPHXOAUTCA 1 ATOMOB, M IYCTh BCErO B pelieTKe HMeeTes
N sueer. Torga mepoHavanpHas cuereMa (2.3) mim (2.5) comepRuT
3nN ypapmenui (cumraeM OTHEIBHO YDaBHEHHA JUIA KajKIOH U3 Tpex
IeKapTOBHIX KOMIOHEHT BeKTOpoB). B HoByI0 cmcremy (2.11) Bxomar
TONBKO 3% YPABHEHHA — TPEXKOMIIOHEHTHOe ypaBHEHHEe I KayK-
JOF0 W3 . 3HAUeHH uHeKca S.

My mMeeM 37ech OYeHb APKAM IpuMep POAH TPAHCIANUOHHON
pHBapuanTHOCTH. TOMKIECTBEHHOCTH CTPYKTYDHl BCEX 3JIeMEHTapHEIX
966K TPUBOJAT K TOMY, YTO IS pacieTa JBHKEHWsl BCel CHCTEMBI
Hamo EMeTh mHpOpMamuio JHIL 00 oxHON w3 sueek. Ilpasma, sxerasn
HaWTH pemeHuA A PAsNWIHBX 3HAUEHMH BEKTOpa ¢ (a TPaHMYHELE
yCI0BHA «paspemaiomy ToIHO /N TAKHX 3HAUEHWi), MBI JOIKHBL KaK-
Ielii pas mpousBomuTh ocobuiit pacuer. IlpakTmaeckm, ofHaKo, GrBaer
HHETepeceH TOJNbKO OTPAHWYEHHHIH HAGOD TaKHX PeNIeHuid, a OCTalb-
HHle MOKHO IIONYYUTH [IYTEM WHTEPIOJSAIHH.
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HanbHeitmuii pacaer siaemenrapen. Hak m B 00RUHOA Teopuum
Konebammil, Mel mpenmoxaraeM, 910 BexmumHa U ¢ comepsxur Bpe-
MeHHO# MHOmmTenb exp (ive). Torma mero cBOAWTCA K peNIEHMIO
CHCTeMBI 3n ypaBHEHHI

D G (q) —V2M 8055} UL =0 (2.13)

e

Aaa KoMIoHeHT BeKTopa Ug, ¢. JTO ecTh 3aiada Ha cOOCTBEHHE® BHA-
9eHNA; 3n peIleHHil ee MOAYYIAIOTCH, eCAM OPHPABHATH HYNIO HeTep-
MUHAHT MATDWIiH, CTOANEN B (QUTYPHHX CKOOKAaX B JeBoil wacru
(2.13), w HaliTm KOPHM BOZHHKAIOMEro TAKAM 06pa3soM ypaBHEHUA
oast v2. B camom meme, BCe, 9TO MBI J[eTaeM, CBOMUTCH K HAXOMRKIOHIIO
3n HOpMaJbHLIX KoJeGaHmil n aTOMOR B 2JIEMEHTAPHOU S9eliKe B Ipefl-
IOJIOJKEHUH, 9TO MX B3AHMOMNEHCTBYE OIMCHIBAETCS CHIOBEIM TEH30-
poM G (q). ITOT TEHBOP OTIAMUYAETCA OT MCXOIHOTO TEH30PA ME-
aromubix cui Gigyr (h) w 3aBucmt or Bexropa q. [as manmwix snade-
Hull mHAEKCOB s m s B dopmyiae mas rensopa Gy (q) cymmmpyercs
B3aWMONIEHICTBHE 6cexr aTOMOB (THIIA $»— aTOMOB B Y3JIaX § KaKJ0H
DIIEMEHTAPHON MAYeHKH — CO 6écemu aTOMaMH B yajax §, mpadeM
OPHHAMAIOTCS BO BHEMManme (as30Bble COOTHOUIEHWS.

§ 2. CpoiicTBa KoneGaHmMil pemIeTRA

YUro6s momsiTh CBOHCTBA KomebaHuil PeureTri, IOJNe3HO M3YYUTh
HECKOJIBKO IPOCTHIX ciaydYaeB. lIpocredmmit m3 HHX — 3T0 CcAydail
AuRetinol yenouru. 1lyeTs Mel MMeeM OHOMEPHYIO ¢PEUIETKY», B KOTO-
po¥i Ha KOKAYIO 9iIeMEHTAPHYIO ATeHKY IPUXOAUTCH OJ[UH aTOM ¥ B3aMu-
MOJefcTBYIOT UG OMvKaine coce. Y paBHENUs [BIKEHH JETKO
Bemmcath sBHo. Ilorenuumanpnas snepros [cp. (2.2)] B manmom caiyuae
mMeeT BH

7= % o (U — Upsa)?, (2.14)

i

rfie & — CHIIOBas MOCTOSIHHAsA. ¥ paBHenus gemuenus [cp. (2.5)] 6ymyr

Muy= — o (20— Upsa — Ura). (2.15)
Ilogcranmosxoit
u;=Uge'? (2.16)

oHU mpeobpasyoorca B aHamor ypasHenmid (2.11):

Mﬁq= — (20— 0'1® — e 9% Uy = — 20 (1 —cos ga) Ug.  (2.17)
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3mech @ 06o3HaTaeT PACCTOAHAE MEKAY aTomaMu B Iemoure (¢ur. 16).
Mp moayumim ypaBHEHHE NIPOCTOTO TFapPMOHEYECKOTO OCIHILIATODA

€ YaeToTOu
v,;:]/;i;Zsin (%a) . (2.18)

JTOT X0POMIO W3BECTHHH Pe3yALTAT MIMIOCTPUPYET MEOTHE 0CO6eH-
HOCTH TEOPHH.

a
/7
>/
4 &,
% &
/(x,
7 7
Ry
7/
- ’ ~~.
/
y/
-nja o n/a
—
q
)

®ur, 16. YacTotH KonebaHmil JTUHEHHOK NENOYKH.
1. Bce Bo3MOkHEIe KonefaHmA MOMKHO NOJAYUMTH, mepebmpas
gpcla ¢ W3 MHTepBana

— Tyl (2.19)

JTOT WHTePBAJ COBHAfaeT ¢ 30HOHM BpmimiosHa jyis Hamero caywas.
Bce smawenma ¢, neikamme BHe YKa3aHHOTO WHTEPBAla, NPHBOJAT
IIPOCTO K HOBTOPEHHIO YYKe MBBECTHLIX IBUMKEHMI:

uy=Uei@¢+t)l =T, (2.20)
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PaccmoTpenne BOJHOBHIX BEKTOPOB BHe 30HH Dpuaaiosna 6pio On
3[1eCh COBEPIIGHHO HEeCTeCTBEHHHM (X0TA M He GeccMBICAeHHBIM!).
Ecam 65 MBH DONB30BAINCh 3HAYCHUAME | |, TPEBOCXONAMUME Tt/a,
MBl moaydanm Obl IpaBUIbHEIE pPe3yabTaTh. dacrora vg, COIrIAcHO
dopmyre (2.18), ects mepmogmueckas Gpynkmua q. IlosToMy BceM 3Ha-
9eHHAM 9HCI2 ¢, KOTOPHe IPUBOAATCH K OMHON M TOI sKe TOYKE B 30HE
Bpunnosna, oTBewaer oJMHAKOBASA YACTOTA.

Bceero mmeerca Toano N pasiuaHbIX pemenwuit, coorBeTcTBYIOMEX N
paspelmeHHHM 3HaUeHHAM 49mciaa ¢ B 30He Bpmiaaiosma. dto coraa-
CyeTcA C YUCIOM cremenedl cBoGOXE MCXOAHOHM pemerkd (paBHbM V).

2. Ona manwx 3nadennit g (1. e. upm qa & 1)

=z
Vg ~ ]/74 ag. (2.21)
IIpomopnmoHanbHOCTE YACTOTH BOJIHOBOMY UMCIY aHAJIOFMIHA XOPOIIO
M3BECTHOMY CBOHMCTBY OOBIYHBIX YIPYTHX BOJH B CIUIOITHOH cpefe.
Ecnn gauna BOIHE BO3MYIIEeHAS ropasfo GoJbUIe MOCTOSHHON pemer-

KM, TO NEmOYKa aToMoB Befler cebsa mogolHO «TAMKENOH yOpPyroi
CTPYHE» B KJIACCHIECKON MeXaHuke.

Aveika 1 Auedra 2 Ayeika 3

Qur. 17. [IByxaToMHasA JHHEHHAA IENOTHA.

Ilpu Goapmux 3HAYEHAAX ¢, OTHAKO, CKOPOCTH BOJHBI HE 0CTAETCH
nocroarHo#. Ilpm ¢ = m/a, T. e. KOrga [imHa BOJHH paBHa 2a,
dyuRInA V4 IMeeT TODH30HTAIBRHYI KacaTenbHyI. B atom otkaome-
HUH OT JHHEHHO#l 3aBMCUMOCTH HPOABIAETCA CBOMCTBO, Ha3HBaeMoe
Aucnepcuell.

Pacemorpum Temeps Gojlee CIOMKHBEIA caydaii: THHeAHY0 Uemoury
aTOMOB, PACIOJOKEHHBIX HA OFHOM M TOM jKe PACCTOSHWM APYT OT
Opyra, ¢ TAKUMH jKe CHJIOBEIMH IIOCTOAHHBIMH, KaK H IDCKJE,
HO C IByMA PasiIiIHbIME YepefylomuaMucs maccamu My u M, ($ur. 17).
Temeps XKaskgaA dIeMeHTapHAsA AdeliKa CONEPIKHUT /BA atoMa. Ypas-
Henus, anagormunsie cucreme (2.11), mMmeT HeCcKoaBKO GoMee cIosK-
BHE BUjx, ueM B caydae (2.17):

Miffi—:- — 20U+ 20 cos ga-U,,

L. (2.22)
MU, = —2aU,+ 20 cos ga-Uy.
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Yro6s HAATH TACTOTY v, HANO PEIUTH JeTepMUHAHTHOE YDPaBHeHne
20— Mv* —2ocosga

—2acosqa 20— Myv? =0, (2.23)

KOTOpOe MMEeT NBa KOPHA
2 1 1 1 1 \2 4sin2qa
i=a (g ta) 2ol (artaw) — s @9
FEcam rpad@uecky NPeJCTaBATH 3ABHCAMOCTH DTHEX J[BYX KOpHGi
0T ¢, TO TOJy4aTCA KDPHBHE, m300paskeHHBe Ha ¢umr. 18.

Kak m B cayuae OgHOATOMHOM NENOYKM, HMeerca KOpeHb V.,
KoTopeii BOam3E TOUKE ¢ = (0 CTAHOBHTCA NPOHOPIUOHANBHBIM g.
CooTBeTcTRyIOMee KojeGanme HA3HIBAGTCA AKYCIMUYECKUM, TaK Kak
OHO AHANOTWYHO JJIMHHOBOJIHOBOMY KOIeGaHUIO IENOYKH, paccMaT-
puBaeMoii Kak ympyrmii KOHTHHYYM. B KauecTBe ympaKBEHHA TATA-
TEN0 NpPeACTaBIAeTCH BOSMOKHOCTh MOKa3aTh, 9YTO TaKHM IyTeM
HOJNyIaeTcA OOEHTHOe BHpPasKeHHe CKOPOCTH 3BYKa B PacCMaTpuBaeMol
cpene. '

Ecrs, ogHaKo, eme ofHa BeTBb Vi. B6ansm g = 0 cooTBercIByIO-
maa 4YacToTa ecTh

v ~ 20 (7}T+7§;) . (2.25)

Hrta BeTBh 3HAYATENHHO yAAJeHA OT AKYCTHIECKOH, OfHAKO HpPH yBe-
amueEEE ¢ IacTOTH obemx BerBeil crpemaArca cOmmsmrbea. Coorser-
cTRyIOIee KojebaHme Ha3HBA-

Onmiseckan AV erca onmuueckum. Herpymao
eemab v, npopeputh, 4T0 mpm g = O
/\ DOJPeImeTKA JIeTKHX W THKe-
T IHX ATOMOB NBHKYyTCHA Ge3 me-
dopManuié B IIPOTHBOIOJIO-
Aryemuuecras 7 HHX HampaBienmax. Haue
roBops, IBYXaTOMHAA MOJEKY-
Jla B KayKOOM sAuelike Koiaeb-
JercA TaK, Kak ecam OB OHa
Orla HE3aBHCHMA OT CBOMX CO-
cemeit. Ecam, rar sro GmBaer
B CIy4ae MOHHEIX KPHCTAJJIOB,
n/2a i) 7/2q ATOMH DasHOTO THIA WMEKT
q—> DN OKTPHYECKHA 3apAnN HPOTH-
@ur. 18. Yacroter KonebaHWHA ABYyXaTOM- BOTIOMOAHOTO 3uarKa, 19 B(3-3HH-
HOH IemOuKIL KaeT ONTHYECKA AKTHBHEN 0C-
MUIINPYOMAR JATOIBHEIA MO-

MEHT.
MNurepecro  UBYIHTH Tepexoj OT ONHOATOMHOHM  IELOYKH
(cM. ¢ur. 16) ® gByxaTomnuoi (cM. ¢ur. 18). Haurem ¢ mepsoro ciayIas.
Ilyere mul BHGpaNW dJIeMeHTapHYI AYelfKy Tak, UTO OHA COJEPIRHT
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IBa aToMa, U IpeHeOperam TeM GaKTOM, 9TO MACCH MX TOKAECTBEHHEI,
Torga Jerxo moKasaTh, 970 OUTHYECKASA M AKYCTAYECKAS BETBH COEIU-~
HAKTCA B Touke ¢ = m/2a, 4ro wmaobpasxeno ma ¢ur., 19, a. Ilpn
cpasHeHuu ¢ Qur. 16 Mosker MOKAa3aThCHA, YTO UMCI0 THIOB KoaebaHuil
yasomsmock. OgHAKO, yABAMBAA FANHY 2J€MEHTAPHON A9eHKHU, MBI, 096e-
BHIHO, VMEHBIIMJIM BJBOe pasMmeps 30HH Bpmiamwsna. C momombio
TPAHCIANUM Ha paccroAnme /e (T. e. HA BEKTOP o6paTHOHE pemerkn
CHBOGHHON A9efiKM) MBI MOKeM paspepuytb ¢ur. 19, ¢ m moxydmrn
us mee gur. 19, 6. ¢ARyCTHUECKAA» M «OUTHYECKAA» BETBH LUPH DTOM
HENIPePHBHO IEpexXofsT APYr B gpyra. Taxmm obpasoM, pasmepw
npuBemeHHOR 308K Ha fur. 19, a GezocioBareabHO YMEHBHIEHH BIBOE
00 CPABHEHHIO € TeM, UTO MOIKHO OHITH Ha CAMOM [ele.

-n/2a 0q_>71/2a -nla  -mf2a 0 __,W/Za afa ~nfa -nf2a 0 _)7!/2(1 nfa
q q

a ] 8

O®ur. 19. Yacrorel KosebaHmil.

a — OXHOATOMHON NUHeHXHOR IeNOYKH, pPacCMaTPHMBaeMON KAaK ABYXATOMHAA, 6 — OJHOATOM=
HOW JMHEWHOR IemoykHW (IOKa3aHbH TPAHANB 30HH); 6 — OBYXATOMHOH mmHeliHO# uemouxm,
paccMaTpEBAEMOl KaK ONXHOATOMHAA.

To ke camoe MoskHO BHpasuTh u mHade. IToogepennoe mamenenme
MacC aTOMOB B I€IOYKe HPUBOJUT K NOABJIEHHIO B TOYKAX -+ n/2a
HOBHIX TpaHuI 30HH. IIpm mepexome dYepes 3TW TpaHmIE dYacTOTa
Gojiee He MEHAETCA HEOPEPHBHO; BO3HUKAET WIEIb. OTO MOKHO
6puto 6Bl OPOMILIIOCTPHPOBATE ¢ momomeio ¢ur. 19, ¢ — npyroit cmo-
c06 ommcaHEmMA AByXaroMHOM memouku. B ri. 3 mer Gymem wacro cram-
KNBATLCA € STHM SBIEHUEM.

Crenyromuii ciydai, KOTOPHE MH DPacCMOTDHM, — 9T0 ABYX- HIR
TpexMepuas pemerka BpaBs mpm yduere B3amMofelcTBHA ¢ GImwai-
muME coceamu. IIpm aTOM, OHAKO, YPABHEHHUSA CTAHOBATCA CAHMITKOM
TPOMO3IKEME H TOJyIuTh o0mee pemenme tpyaso. Hampoe mame-
PeHme YBeINYMBAET HA EIHHUNY YHCIO AEKaPTOBHX KOMIOHEHT BeK-
TOpa CMeMEennd. 1109TOMy B TpeXMepHOM CiIydae NPUXOAUTCA pPemaTh
Ky6mdeckoe ypaBHenme s V.

QusmdecKui CMBICA HTMX TPeX KODHEH MOKHO BHISCHHTH, HCCIe-
Iya mpefelNbHbIA caydail QJuuHEHEX BOMH. Ilpm stom paccmarpuBaercs
IO CYINeCTBY yOPYIHil KOHTHHYYM, BHYTPEHHASA CTPYKTYypa KOTOPOTO
CTONb MeIKoMacmTalHa, 9T0 OHA HE OKA3HIBAET 3aMETHOTO BIMSHUSI
Ha CBOWCTBA JJIMHHOBONHOBHX KojebaHmit. X0opomo H3BeCTHO, dITO
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B TAKOM KOHTHHYYME€ MOTYT PAacOpPOCTPAHATHCA TPHE DABIHYHHIX TAIA
AKYCTHYIECKHX BOJH, 00JajalomuX DasJWIHBIMA CKOPOCTAMII.
OcHoBHOE pa3nuine MEK/IY STHMH TPEMA aKYCMUNECKUMU Ko0.4e-
Ganuamy COCTOMT B THHIE MX noaspusayuu. Hanpumep, B caydae
H30TPOIHON Cpefsl OfHO M3 KoiaeGaHWil (BONH) MOASPH30BAHO npPO-

2

T,
LTIZ

a 0

®ur. 20. IlosepxHOCTE HOCTOSHHOR YaCTOTHL.
a — IUIA M30TPOIMHOM cpensl; 6 — NNA peasibHOro KpHCTaNa.

JoabH0 — BEKTODP CMEIMEHHWs RayRAOTO aToMa IapajiieneH Hampasle-
HHII0 PaCHpOCTPAHEHMsI BOJHHL. [iBa APYIMX KojeGaHMSA pacmpocrpa-
HAOTCA € OJHHAKOBOH CKOPOCTHIO M IOJSAPH30BAHEL RONEPEUHO —
ATOMHl IBMAYTCA B IUIOCKOCTHA, NMEDPIEHAMRYJIAPHOH BOIHOBOMY BeK-
topy. llpomonpuas Boxna, 5006-
me roBopsA, uMeer GONBIIVIO CKO-
1 POCTH,9eM IOMEePEUHLIe; COOTBET-
CTBEHHO IOBEPXHOCTH HOCTOSH-
HOHM TacTOTHI B (-HPOCTPAHCTBE
MMEIOT BHA, WOXOOHHIN wu30fpa-
L aennoMy Ha ¢ur. 20, a.
Makpocrkonmueckne yOopyrue
CBOMCTBA KPUCTAIIHIECKAX TBEP-
TMBIX Tedl OOLIYHO OKA3LIBAIOTCSH
aHH30TPONHHIMA, B LIOTOMY OMNH-
CaHHAfA BHIIE OPOCTAasA KapTUHAa
0 p Ib%ﬁuqusoHu gomeT BBecTH B 3abay:xgenue.
punmosia  CKOPOCTH PACOPOCTPAHEHnsA BOIH
JIAHHOTO THOA 3aBHCUT OT HATPAB-
aennda. Ilostomy (cm. dur. 20,06)
dopMa TOBEPXHOCTEH HOCTOSH-
HOH 4YacToTH [IA IOUepednoit
BeTBE MOKeT OHTH o09enb fadexa oT cdepmueckoit. Ilomepeumdsie
RKoJe0anmsa, eCIH WCKINYAThL HEKOTOPHE CHeNHaAbHEE CHMMeT-
PUYHEE HAODaBIEHWA pPACHPOCTPAHEHMSA, CTAHOBATCA HEBLIPOsK-
JeHHEMH, TAK 9YTO COOTBETCTBYIONIHE HM IOBEPXHOCTH IOCTOSH-
HOH TACTOTEHL MOTYT IIepecekaThCd CIOKHKM o6pasoM. DopmanbHOe

-~

)

ur.*21. Jncnepcma KomeOanmd pe-
MeTKE B J[IREHOM HANpaBJIEHUH.
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pasnoskenne KomeGaHWE Ha HONEPETHEE M IPOHOJBbHbIE 0Ka3HBASTCH
npu STOM HECKOIBKO YCIOBHBIM, IMOCKOIDKY (AKTHYECKH B TaKoi
cpefie BEKTOP NOJXSApH3AIMEU [oHmpelerA0Mui HaIpaBIeHHe BEKTOPA
Ug; em. (2.11) 1 (2.13)] He HampaBien cTporo napanieabHo HIA CTPOTO
HepHeHAARYISAPHO BEKTOPY (.

TaroBul cROCTBA ANWHHOBOIHOBHX KouneGaumit pemerkd. Ecanm
HaOpaBIeHHe BEeKTOpPA ( 3aJaHO, TO MEKAY 4acTOTOHl v M BOJIHOBHEIM
TUCIAOM ¢ JIOMKHA CYHIeCTBOBATH (PYHKIHMOHANBHAA B3aBHCHEMOCTD,
cxemarmdecku uaobpakemnas Ha ¢ur. 21; ora 3aBHCHMOCTH JHHEHHA
B OKDPECTHOCTH TOUKH ¢ = (), IpAYeM HAKIOH OPAMOH JIHMHHU DaBeH

I
VSN

)

=
f/\

Vi

Qur. 22, Opma w3 BerBeit yHKIUU Vg B CXeMe TOBTODAIOMMXCHA BOH.

COOTRETCTBYIOMEHl MaKPOCKOOMYECKOUX CKopoctH 3ByKa. llpm ysenn-
4YeHWu ¢, OflHAKO, MH HpubImKaeMcs K Tpammie 30HH Bpmmiosna
1 BO3HHKAET HUCIEpCHA.

IIpu sToM TOUHEIA BUJ YHKIOUA Vg CHIBHO ycao:kHsgercs. Boobme
roBOpPsA, KPUBHE Vq HAKIOHAIOTCA TaK jKe, KaK ¥ B JIMHEHHOM CIyuae,
HO TOYKA ¢ TOPH3OHTAIBHOM KacaTeIbHOH MOKeT W He J[OCTUTAThCA.
Enmucreennoe mpaBmZIO COCTOMT 3eCh B TOM, 4TO BCe KODHH Vg
TOJMKHB OHITH HENPEPHBHHEMH (VHKIMAMH BeKTOpa q B o6paTHOM
IPOCTPAHCTBE, NEPHOAMYECKHMH ¢ HepuonoM o6paTHO# pemeTKH.
Jdro caegyer u3 paceMorpenmsa Bepaskenmit (2.8) m (2.12). Kar
H B JAuMHEAHOM clIydae, eciu g ecTh BeKrop ofpatHoil pemerrn,
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TO PEelNIeHHA C BOJHOBHIM BEKTODOM ( = ( -+ ¢ TOMKIZEeCTBEHHE pemre-
HHAM € BOJHOBHM BeKkropoM . Taxmm obpasoM, QyHKIHA vy HEPHO-
OUYHA ¢ mepmomgoM g. JTa QYyHKIuUA HeIPepHBHA B (-HPOCTPAHCTBE,
n6o oHa mpepcraBageT cofoi pemrenye 3agauE HA COGCTBEHHEIE 3HA-
9genps, MpAIeM MATPUI(a COOTBETCTBYIOINX VPAaBHOHNH CHMMETPHIHA,
a8 HKo3(QQUIOUEHTH CyTh HENpPepLIBHEIE H HepHopmueckne GyHKIUH
BEKTOpA (.

CxasaHHOE 03HAYAET, YTO, KOIJa MEI IIPOROJIKAEM AHArPAMMY
troa ¢ur. 20, 6 3a WpefexH OJHOH 30HH, FOIKHA HOJXYIATHCA Kap-
TrHEA, monobnasg maobpaskennoil na ¢ur. 22. Takwme TwarpaMMbl MOKHO
paccuynTaTh, 3HAA CHIOBHE MOCTOSHHEE, HO IPAKTHIECKH OOBITHO
OHpeIeNAT AUCIOPCHOHHEE KDUBHE A DPasiHIHHX HaOpaBJIeHHi
OO0 FauHEIM O JuQpaKOuM HEeUTPOHOB WJIM PEHTITeHOBCKUX JyJei
(cM. § 8 macrosmeil raaBe) M 3aTeM HHTAKTCA MOLO0paTh MOAXOA-
mpe aTOMHHE CHIOBHE IOCTOSHHEIE.

B Goiee cuoHOM CIyZae HECKONBKHX TPEXMEDPHBIX PEIIeTOK
¢ 6asmcoM B [ONOJNHEHME K ONWCAHHBIM BETBAM HOABIAKTCA ele
HoIepednLle M IPOJOJbHEE ONTHYIECKHE KoJIe0aHMsA W OTBedanuiue
HM JMCIePCHOHHEIE KDHBHE H DIOBEDXHOCTH HOCTOAHHOM HHEpruw.

Bce o™i caydanm B mpuHIMOE OXBATHIBAIOTCA HAIMNM OBMUM ypaBHe-
amem (2.13).

§ 3. Pemerounsie CyMMBbI

OKBHBAIEHTHOCTh (B IPENENBHOM CIydae IJIUHHBX BOJH) HOD-
MaJIBHHX KoJe0aHuil pelerkym W yOpyTrHX BOJMH B MAaKPOCKOIHYECKOM
CITOMIHONK cpefie OTKpHEBAeT yMOOHHHA NYTh A yCTAHOBICHUA CBABH
MeKJy ATOMHEIMM CHJIOBEIMHA HOCTOAHHHIMHM, C OJHOH CTOPOHH,
¥ HaOIoNaeMHMHI YIPYTEMYA MOCTOSHHBIMU TBEDAHX TeI — C APYroi.
IIpuenunmanbHo 3Ta HpPOrpaMMa OTHOCHTENBHO IPOCTa, HO HPAKTH-
gecKoe OCYHISCTBIEHME ee MOKeT I0TPefoBaTh TPYHOEMEUX PacieToR.

Bossnramomue TpygHocTH OOYCIOBIEHH OFHOH TIaBHOHl HpHYn-
Hoii. MBI Jerko yBHAHM ee, PACCMOTDEB MOBOJBHO YacTO BCTPEYAIO-
muiica caydail, KOTAAa MeKATOMHBIE CHIEL XOPOIIO H3BECTHHEL. JTO
cay4Yaif MOHHHX KPHUCTAJAN0B, B KOTODHX CBA3b BO3HHKAET PIIABHEIM
obpasom Grarofjapsa KYJXOHOBCKHM CHJIaM, [eHCTBYOINUM MERIY IPO-
THBOMOJOKHO 3apskeHuniMm wmomamu. IlonHas snerTpocrarndecKas
9HeprHA CHCTeMBl MOHOB, DACIOJNIO’KeHHBIX, CKaykeM, B Toukax R,

gaeTcs BHIpayKenyem
2

+e
g__z_zl D (2.26)

npmieM Bubop sHaxa B (2.26) 3aBmCHT OT TOr0, COBUIAJAIOT MAHA HET
BHaKH 3apAmoB, pacmojiomeHHHX B Toukax R; m R;.
BrepaskeEne (2.26) MOMHO mepenmcaTh B BHAE

1 e2
8:—?Na—a—, (2.27)
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rie @ — MOCTOSHHAA pemerkd u KoaddumueHt o (6e3pasMepHrii)
3aBUCHT OT PACHOJOKEHUA HOJOKATENBHBX W OTPHUIATENIBHKX HOHOB
B pemerxe. ITOT KodpPUOMEHT, HABHBAEMBIH nocmosknoll Made-
AyHea, TPEJCTABIAET, TaKkmM 00pasoM, M3BECTHHIH HMHTEPEC Kak
mapaMerp, XapaKkTepuaylomuil JaHHHN TAN KPHCTALIAIECKON CTpPYK-
Typsl 0GE30THOCHTEIBHO K pasMepaM SJIeMEHTADHON sdefiku.
[lyers, Hanpamep, AOHHE KPECTAI COCTOUT M3 ABYX MOJPENIeTOR
{¢ur. 23) — mompENIETKN IOJIOKUTENIbHEIX WMOHOB, PACIOIOKEHHBIX
B ysnax I, m DOJpemeTKH OT-
PUOATEIBHEIX HMOHOB B y3JaX
{ + x. Torma samaga cocTont B
TOM, 4TOGH BHYACHATH CYMMY

a=a> {’1;_1_17171} (2.28)

(B TmepBOM WieHe MWCKINTALTCA
caaraemoe ¢ 7 = 0). Bena, ogua-
KO, B TOM, 9TO OTHEIBHO IepBasd
¥ BTOpas CYMMEI B MpPaBOH 4acTH
(2.28) pacxopsarcsa: B obaacta pa-
amyca [ mMmeeTcd N0 MOPAJIKY Be-
amaaus [?2 craraeMelX B KasKoo#
A3 3TAX CYMM.

Becy pag B meéaoM yCIOBHO
CXOUTCA, ONHAKO CXOIHMOCTH Qur. 23.
OKA3HBAaETCA OYEHL MeJJIeHHO.
3amaga o BHIHCIEHWH TAKHX CYMM BechbMa ciokHa, CaMuit mywmmit
upaMoii MeTon pacdera O OpeniosKeH IBBEHOM. B sroM Merone
paccMaTpUBAETCA NOCIEIOBATEIBHOCTh PACHIHPAINAXCA 060I09eK
¢ IeHTPOM B Havale KOOPAWHAT, NpHIeM KayKAaa Taraa 060109Ka
BHONPAETCS 3JACKTPUYECKH HENTPAJIbHOM.

PaccmorperHas TONBKO 4TO TPYZHOCTH BO3HMKAET HE TONBKO HpPH
pacdere sHeprud cBsasdm. Ml BCTpedaeMmcd ¢ Hell M UPH BHYHUCICHUH
BenuanH THOoa, HampmMmep, (2.12) — ¢yppe-o6pasa Temsopa wMem-
aTOMHBIX CHJI. 3[€Ch BHOBbH MMEETCS CYMMa I0 BCEM Yy3JaM PeImleTKH,
7 CXO[UMOCTH €€ B CIyYae KYJIOHOBCKHX CHJI OKA3HIBAGTCA MeJJIeH-
moil. Jlro6as momsiTKa paccumTarh AAHAMHIECKHE CBOMCTBA pelIeTHH
HONHOTO KPHCTAJNJIA HATAIKHBAETCH Ha Ty 3Ke mpobiaeMmy.

CymecTByer o9eHb WasmHAsg HpoIedypa, U3RECTHAA RaK Memod
Jeaavda, ¢ TOMOMBI0 KOTOPOHl YKazaHHYH npolGieMy MOKHO PEHINTE.
BoamoskHo, 5T0 IPOCTO TPIOK, a He OJUH H3 OCHOBHEIX METOXOB B TeO-
pUU TBEPAHX TEJX, HO 3TOT TPIOK CTOAHL KPACHB, 9TO PaJW HEro CTOUT
HECKONBKO OTCTYNHTEH OT TeMbl. OH HITIOCTPHDYET TAKIKE HEROTODPEIE
YepTH TeOPHH NepuopmdecKuX QYHKIWHE B pellerke.
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Ilpeskpe Bcero pacemoTpum (GYHKIHAIO

2_ SV g-it-r izt = F(r, p). (2.29)
Va<
d10 ecTh TMepHOAMYecKaA QyHKIUA r ¢ mepwomoM pemerkd. Ciaego-
BaTEIBHO, ee MOKHO pasiomurh B pam Dypbe mo obpasmy (1.15):

F(r, p) =) Fge'e*r, (2.30)
g
rge, kak u B dopmyne (1.22),
=L 0 2 S pterprg—iger
Fg=- S VEZ e e-ig-r dr, (2.31)

npEYeM MHTErPUPOBAHME BEJETCSA IO BCEMY KPHCTaJLIY.
BaefleM Temeph B Kask[HHA WieH paga MHO;KATENb exp (ig-l) = 1.
Torma

«l
l

S e~720?-1ger . (2.32)

'slll

I

<= <=

2
V=

JleficTBATENSHO, BCEe WIGHH CYMMH 3[eCh OJMHAKOBLI: IO/EIHTE-
rpaJbHHE BBIDAKEHUSA OTIMYAOTCA JHUIIb BEIOOPOM HAYala KOOpMAH-
HAT B PasamYHHX Toukax I B KpMCTajse; HHTEIPaJ OEHICTPO CXONMTCA,
0 BCe y3Ibl YKBHBAJEHTHEI.

Wnterpan B ¢opmyme (2.32) merxo seumcants. OH pagen
2n 1

Fg::-v—as—e_gz/[‘pz. (233)

IopcraBnsa sro BHpamenme B dopmynsr (2.29) u (2.30), maxopum
COOTHONIEHNEe, HM3BECTHOE B UMCTON MaTeMaTWKe KakK npeodpasosarie
mama-Pynryul (B MaTeMaTHKe OHO OOBYHO JOKa3HBAaeTCA A IPO-
crot Kybmueckoll pemeTKm; Hamr pesyabrar Goiee o6mmii):

2 il-pl2p2 2T 1 42/4p2ige :
ﬁZel P2t = ST N — g-g/hotgiger, (2.34)
[

Ve p3

PaCCMOTpI/IM Temeph TOHROAECTBO

Vel

Ilpumensas ero K aesoit uyactw paseHctBa (2.34), mmeeM

e=#0 dp = I—:T . (2.35)

LS N ( ~1t-r 1202 g, 2.36
; |Z—r| Z V= ..Se P ( )

1
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Pazobrem HITePBAT MHTErPUPOBANNA 110 mepeMeHHOH 0 Ha [Be
gacTH HEKOTOpol ]:[pOHSBO‘IbHOI/I TOUKO# G 1 2aMEHHM HOJBIHTEr PANlb-
HOe BHPasKeHIe B IePBOH YacTh B COOTBETCTBUY ¢ PaBeHcTBOM (2.34):

G o

! \ ig-r il .
;-U_—;l_ e S Z——e g2hp2pig- dp_]_z—"l/_g it rlzpzdp__

—r L eig-riﬂi+ \! fc (G 11
=%, G2 Z 22/4G2 Z ll—rl erfc {G [I —r|}.
¢ )

3Ieck BTOpOE CIAraeMoe COMED:KHT OONOAHUMEAbHYI0 PYHKYUIO
owubor (erfc), wotopas GHCTPO CTPEMHTICA K HYNO IPH GOXBHIMX
3HAYEHHAX AapPryMeHTa.

3amaga 3akmio9aeTca B TOM, 4ToOH BHOpaTh Taxoe 3HadeHme (,
IpHE KOTOPOM Kak pAx mo I, Tak u pAX mo g GHCTPO CXOAATCH; JIETKO
BHCTH, 4T0 06a pAfa CXOATCA TOPasfo JNydine, 9eM MCXOJHBIH DPAX
(2.36). ToBopsa «pusmueckm», A0 0GCTONT TaK, KAK eCIH OB MEL IIOMe-
MaJIK 3apAf B TOUYRY T B ABa prana. CHavana Ml o6pasyem chepruecku
CUMMEeTPHUHOE TayCCOBCKOE paclpefieienue 3apafa, II0THOCTE KOTO-
poro Ha PACCTOAHHM 2z OT IEHTpa IpomopnuoHainbHA exp (—G?z?).
Todeunre 3apAAEl B y3IaX pemieTky Ha MaJeKUX PacCTOAHEAX OYAyT
B3aHMOJEHCTBOBATE C TAKAM 3apPKEHHHM O6JTaKOM D0 3aKOHAM
SIeKTPOCTaTHKHE, 9TO M NPUBEJET K IepBoMy ciaaraemomy B (2.37).
3aTeM M yTOYHAEM HANI PAacieT, HOMEIAs TOYETHEIH 3aPAX B TOURY T
¥ BHUHATAsA TayCcCOBCKOe pacmpefeienme 3apsaga. Byaydm HefATpaab-
HBIM, Takoe o0pa3oBanme Ha JAJEKHX PACCTOAHHAX B3aMMOFEHCTBYeT
C pemerkoif BeebMa crabo, OJHAKO [aeT CYMeCcTBeHHbIH BRI B 6HICTDO -
CXOMAMYIOCA CYMMY IO COCEHHUM y3JIaM PENIeTRH.

Ho ma 3T0M mCTOpHA ellle He 3aKAHYABAETCA, TAK KaK BCe clarae-
Mble B IPUBEEHHON BHIIE CYMMe IONOKUTEIBHHL, & OpH r = (0 oHa
CONEPKUT CAaraemoe, CBABARHOE ¢ BAUAHWEM B3apsafa, HOMEmEHHOTo
B Hadaje KOOpAWHAT, Ha camoro cebs. ITo UIpoABIAeTCH KAK pac-
xonuMocTh B Touke r = ( cxaraemoro ¢ 7 = (0 Bo BTOpO#t CcyMmme,
Briutem Beamumny 1/r m3 psaga B neBoit WacTw paBeHCTBA. JTO DKBH-
BaJleNTHO YCTPAHEHHIO IepBOTO Wwiena B cymme no I B mpaBoit wacr:
u 3amene ero B mpepene npu r— O Ha

%—erchr—-i—:—z—% { E?e—zz dz——l—g—ﬁ} =

Gr
Gr
2 1 0 ., 26
= —= 22g — = .
VX §e T (2.38)

Takum o6pasom,
o~ 82/4G2

1 n 1
2= T D e +2 ] erf"{GW}—T/——- (2.39)
10 g
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Buipamenaa (2.37) n (2.39) comepxar eme ofHY CHHIYJIADHOCTB:
pacxogures wiel ¢ ¢ = 0. OgHaKo, mepexoqa K BHUMCICHUIO TOCTOAH-
woit Magenyara (2.28), M BHUHTaeM OJWH pAA U3 APYroro, u 3TH
CHHTYISAPHOCTH B3aMMHO YHHYTOKAITCA. 9T0 00CTOATENBCTBO 03HA-
9aeT OpoCTO, 9TO CPEMHAN MOTEHINAT KKI0H MOIPeMeTK, BEIHCIse-
MBI OTeNBHO, OB 65t 6ecKoOHeueH, HO IOJIHAI 3apAK BCEr0 KPACTAIIa
paBeH HYJI.

TakuM 06pa3oM, BHIMOJTHEHHOE MPeolPa3oBaHme MMeeT H HEeKOTO-
puit ¢usmaeckuii cmerca. Pacemorpum Temeph Gostee CIOMKHBIA CILy-
gait. IIyers npm maHHOM KOMe0AHAM PENIeTKH B KayKAOM y3le BO3HU-
Kaer NUOOJLHHKNA MOMEHT

p (§) =peial, (2.40)

KyT10HOBCKOEe mOJe, COOTBETCTBYIONEE pACIpPefeleHHI0 3apana
B TOYKe r, JaeTca HpPocToii POPMYNO# BIEKTPOCTATHKH: OHO IIPeJ-
craBiger 060l rpaJUeHT MOTEHIHANA, CO3JAHHOTO TUHOIAME
e

E(=v{3p0V(7=7) =709 {3 ) ea

[MoxydmBiiasgcs CyMMa IO y3JaM DeIIeTKH eCTh JHMIIb HECKOIBKO
yCIo/KHeHHH BapHaHT cyMmu (2.36). 9Ty CyMMy MOKHO BHITHCIHTDH
B TOYHOCTH TaK Ke, KaK MBI BRIYUCIAIU BHIIIE [Jis TaCTHOTO CIyTas
¢ sekropom q = (. B pesyapTare moiyaeM BHIDAKEHHE

ST o 4 el D) Temlatgi2/hGE RER
zl‘lu—:rT:?ZG—z = T T el +§l‘1 i e Gl =rh

(2.42)

KOTOpOe MOKHO Au({epeHnipoBaTh IOWISHHO B COOTBETCTBHH C (Op-
myaocit (2.41). Mt umeeMm 37ech daxTudecKm Te Ke (OPMYIH, 9TO
u mpu pacdere rKospdumuentos cmmoBoro Tensopa (2.12), ecnm mpm-
HATH, YTO MKy MOHAMU AeHCTBYIOT KYJIOHOBCKHE CHJIBL.

PaccMoTpAM BRJIaJ B 9IeKTPHIECKOE IOJIe OT UiIeHA B IIEPBOM
cymie ¢ Bexropom g=0:

in p-q
EO (I') = —-—lz- e q2/4G2‘|_qz_ q. (2.43)
3a ucKIOYeHHeM MHo:KATERIA exp (—¢*/4G?), 370 ecTh MaKPOCKONH-

geckoe dexTpmueckoe moie E (r), cBsasaHHOe ¢ MAKDPOCKOIMHIECKOU
BOJHOI HOJXAPU3ANUHA

p (r) =peia-r (2.44)

B KpHMCTAa/Lle, PaccMaTPHBAeMOM Kak cmiiomuas cpepa. Taxumm obpa-
30M, BeHpaxenume (2.41) Moo mepemmcaTh B BHUJE

B =E()+ = (1 —erioy BBt 3 (345 () (249)
g+0 [



§ 4. Yoeavrnas menaoemrocms pewemru 59

Mur He 6ygeM 3aTpyAHATDH Ce0A BHIMCHBAHNEM BCEX WIGHOB B CyM-
Max 1o g m oo I, a IpocTo 3aMeTHM, ITO ITH CYMMEI OHCTPO CXOAATCA
[mexarogan oxpectrocrs Touxm r = (, Toe MOKHO BOCHOJIH30BATHCH
opueMoM, HPUMEHEHHHEM IpwW BhiBofe dopmyust (2.39) mna ycrpaHe-
HUA coOCTBEHHON PHEPTrHA UMONS B Haualxe Koopauaart]. B momyuen-

HOM BHIPa)KGHHH ABHO BLIIEIEHO Makpocronmdeckoe rnojae E (r), Koro-
poe WIoxo semer ce0s bansm Touku q = (; ocraonuecsa YIeHH OHCTPO
CXOJATCA [JIA BCeX 3HAUEHMH BEKTOPA ¢ U OJHO3HAYHO OIPEJSIAIOT
JoranbHoe moxe (eMm. § 2 ra. 8).

ITo JOKAJIbHOE IOJIe MPPAET BAKHYI0 POJb B AHUHAMUKE DelleTKH
HOHHOI'0 KPHCTAJJIA, TAK KAK OHO CHOCOOHO MOJAPA30BATE CAME HOHEL.
Bosnukaomue npu sToM HHIYHAPOBAHHEE JUMOAH B CBOIO OdYepefb
JAOT BRIAN B CHJH, fAedcrsyiomue Ha moHH. WX Hago yImTHBAaTh
mnpy cocTaBaeHAE »QPERTHBHOTO CHIOBOrO Ter3opa (2.4): meHTpaIbHoe
ImapHoe B3aMMOJEefCTBEEe MEKAY TOIEYHHIMA 3apAJaMH OKAa3LIBaeTCHA
HeTOCTATOYHKIM /I ONHCAHAA SKCIEPUMEHTANBHHX MAaHHHX. Haum-
Hasg € 9TOTO HYHKTA TeopuHd, POPMYIH BHIIAAAT ROBOIBHO CIOKHO,
XOTA W BHBOAATCA NI OpocTodl (uamdeckoll Mmomgenm. B pamrax
mocaeTHel KayKaplil HOH 3aMeHseTCA MAaCCUBHON «cepAneBmHON» ¢ 3apd-
JIOM, PaBHHIM, HaOpmMep, e¥, KOTOpaA B3aHMOJEHCTBYeT C JHMICHHOMH
Macch «000JOYKOIY BAJEHTHHX BJEKTPOHOB ¢ 3apamoM e~. B taxoi
060oa0ueuR0ll MoJeAw PABIUIHBIE 3aPAMbL U CUIOBHE IOCTOAHHEE IIPefi-
craBIAnT co6oil Heuro Goiabliee, deM IPOCTO yMOOHBIE IOATOHOYHEE
mapaMerpsl, HCIONB3YeMbIe [JIA COTNIACOBAHHA CHEKTpAa Koiebammit
pelieTKN ¢ DKCIePHMEHTANBHEIMA NAHHHIMM: OHH OTPaKaOT (PaKTH-
qecKOe CYMEeCTBOBAHME B KPHCTAJLIE CIII HEYeHMpPAIbH020 M MHOTO-
YaCTHYHOTO THAIMA.

B xoBameHTHHX WM MeTAIINIECKHX KPHCTANIAX CXOAHMOCTB
PeIDeTOYHHIX CYMM JIeTKO ofecmeumBaeTcss 3a C4eT CHIBHOIO SKpa-
HAPOBAHAA MaJbHOJEACTBYIOMMAX KYJOHOBCKAX IOJEH IIOIOKATENb-
HHX HOHOB BAJIEHTHHIMH 3JeKTpoHamm (eM. ra. 5). OmgHaro pacder
coexTpa KogebaHuil 37eCh YCIOKHAETCA W3-3a APYIHX THIOB MHOTO-
qacTUYHBIX cumia. K umeay mx orHocsTcd, HampMMep, CHIE COIPOTHB-
JeHua W3rn0y KOBAJEHTHHIX cBszedl (§ 2 ri. 4) mam ckarmio rasa
saexTponos mposogumoctu {(§ 11 ra. 6). asa HempoBomsmux KpH-
CTAJJI0B HeoOXO[MMO Takke HOPHHATH BO BHUMAaHHEe TUHAMIIECKYIO
CBA3b JIEKTPOMATHATHOTO HOJS ¢ IOJAPHHMA KoJe0aHnAMA PeIleTKH,
OpuBOIAmMYI0 K obpasoanuio noaspumornos (§ 3 ra. 8).

§ 4. YpeabHas TEIIOEMKOCTH peHIETKA

OcnoBHOE ciiefcTBEE 13 aKTa CYMECTBOBAHMIS KOJIeCaHnl peleTKu
COCTOHUT B BO3BMOKHOCTH HX TEMJI0BOTO BO30YIeHNA, 4TO IPOABIAETCA
KaK BRJIAJ B TEIMIOEMKOCTH TBEPHOTO Teda. UTo6k BEMNCIUTD ee, HAHO
fIBHO BBECTH BMECTO KJIACCHICCKHX KOOPZUHAT Uy H COOTBETCTBYIOMMX
UM HNMOYJIBCOB KBAHTOBOMEeXaHHMYeCKHe omepatopu. Bce comepska-
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mne § 1 HacTogmell IIAaBH CBOAUTCA K YIBEDRIEHUIO, 9TO ¢ NOMOIIBI0
KAHOHMYECKOTO INpeo0pasoBaHms BMECTO JTHX KOOPIHHAT MOIKHO
BBEeCTH HOBEHE IepeMeHHBle, ONMCHBAKINHE CUCTEMY HE3aBHCHMbIX
rapMOHHYECKHX OCHHIIATOPoB. OTCOfa ABCTBYET, YTO PACCMATPH~
BaeMble BO3OYKICHHUA NOJKHH IONYAHATECA CTATHCTAKE Bose — Oiin-
niTefHa: HOPMAJBHOMY KOMeGaHHI0 MOMHO CO0OMUTH J060€e THCaIo
KBAHTOB DHEPTHH HAvq, TAe Vq — COOTBETCTBYIIAS KIACCHICCHAA
qacTOTA.

CraTtmcTnueckas MeXaHHKA B HTOM CIydae YTBEPKLAET, 9TO B Cpe-
HEM HMeeTCHA
1

hvg/RT
PT _y

ng= (2.46)

KBAHTOB Ha KojiebaHWA (-ro THHA, COOTBETCTBYIOINWMA BRJAJ B BHEP-
THI0 eCTh

&= (na+3) Mve- (2.47)

3mech yUNTHBAeTCA W BSHEPrHsA HYNEBHX KojeGaHHH, KOTOPYIO
B manpHeiimem Gymem omyckarb. Taxmm o6pasom, CpegHAsS DHEPLUs
BCEH CHCTEMBI [A€TCSl BHIPAsKEHHEeM

— hv
g=> e_"@%?i’ (2.48)
q

rle CyMMUDOBaHME BEeIETCA M0 BCEM THOAaM Kojebanmit (T. €. He TONEBKO
[0 BCEM DA3NHIHEIM BOJHOBHIM BEKTOpaM, HO M II0 BCeM LOIAPI3a-
HSM).

IlockonbKy (-BEKTODH pacmpeneleH:H B o6paTHOM HPOCTPAHCTBE
¢ mroTHOCTHIO V/87®, 8Ty CyMMy MOKHO 3ammcaTh B BHE MHTErpaia;
HAKOHEIN, YAEAbHYI0 TeII0eMKROCTh MOMKHO BHUHCIHTS, XubdepeH-
OUpyA IOJNYYeHHHH HHTETPAI IO TeMIeparype:

1 5 _ 11 (g e 2.49

CV= 'IT—aT‘— kT2 —S-J’-t—3. 2 SS S (gth/hT_/[)Z q. ( . )

IloZnonapusanua

970 BHIpayKEHHE MOKHO (OPMAJIbHO YIPOCTHTH, BBEMS CNEKMPA.lb-
Ryl naomuocmy Koaebanuti pewemku P (v)dv. Ilo ompegenenuo,
BermanEa P (v) dv ecth fomsa obmero umcaa Kojebanmii, mpmxomsa-
masAca Ha WHTepBaX 9acToT OT v 10 v -+ dv. B ciayuae cTpyKRTypH
¢ 7 aTOMaMH B 9JIeMEHTapHO# AgeiiKe Bcero mmeerca 3nlV xomeGanmii.
Taxum obpasom,

hv/RT
Cy = 3nNk S %gﬁi—m— D (vydv. (2.50)

ITpu sTom, opHAKO, BCA 3ajada OPOCTO MEPEHOCHTCA HA BHIHCIE-
HRe ¢OyHKnua Z(v), KoTOpoe MokeT MoTpe6oBaTL MONHOTO PemeHds
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IMHAMHAYECKAX VPaBHOHNH, ONACHBAIOMNX Kolebanus pemerka. ['py6o
HpUONMKEHEYI0 (QOPMYJIY MOKHO HOJIYIHTH B CIEYIONUX IIPEIo-
JIOVKEHUAX

1. Bymem yYnTHBATH JWINL aKyCTWYECKHE KOJIeOaHMSA, NHPHIEM
JMOTMYCTAM, 9TO OHM XaPaKTEPU3YITCH OJUHAKOBOU CKODOCTHIO 3BYKA:

Vg = $§q. (2.51)

2. 3ony Bpnamiosna, B mpefenax KOTOPO# HAXOIATCH pa3perleH-
Hble 3HAUeHHA BEKTODa (, 3aMeHmM cepoil Toro sxe obbema B obpar-
HOM IIPOCTPAHCTBE.

Bropoe mpenmonoskenne o3Havaer, YTo0 CYMECTBYET MaKCHMaJbHOe
BOJHOBOE UNCIO AIA KoXebaHUH pemieTHKH, TaK HassBaeMmoe debaes-
croe 60an080€ uucao q,. Jlebaesckas cgepa ANIPOKCHMEDYET 30HY
Bpuanwsaa. Paguye chepst aerxko maiitm, samedas, 94To OHa JOJKHA

cofep:xars TOYHO N TOYEK HpPH IUIOTHOCTH HX B (-IPOCTPAHCTBE,
pasuoit V/8n?. CoorsercrBenno moMKHO GHITH

Vo4 .
N = o= = nqy, (2.52)
T. €
612 \ 1/
qD=( lj‘ ) °. (2.53)

Ilogo6Hana anmpokcuMammss 4YacTo UPHMEHACTCA M B IPAMOM
peuieTke, Adeiika Burunepa — 3efitma samenserca cgepoii Buenepa —
Jeiimya ¢ pamuycoM r's m € TeM ke oObeMoM

3 =v. (2.54)
CiemoBaTeabHO,
9 \Ya 1 21
gD=(_2_) = A=~ 26r. (2.55)

D
HApyruMu cioBamu, 2paHuunGs OAUHG 604HBL AKYCTHIECKOTO THIIA
JIMIIb HEeMHOro 6oiblie CpegHero auaMerpa 3JIeMeHTapHOH AYefiri.
B pemerke He MOTYT pPaCHPOCTPAHATHCS BOIHB ¢ Godee ROPOTKOR
JIMUHON BOJHEL.
C yueroM ABYX yKa3aHHHX MONYINEHUI CIEKTPadbHAA ILIOTHOCTD
OPHHAMAET BHJ
dng2dq 32
Sondh, ~ V5

T (v)dv= dv, (2.56)
Thae vp == sq, ectb OJebaesckas wacmoma, Dopmyna paA ymexbHOM
TeNnJI0eMKoCTH OymeT

vp o/T

h/RT a0 .
Cy=3Nk | BRI 3 gy 3Nk (£)'3 [ 2 g (257
0

] (VAT _q)2 v} (e*—1)2
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M moxoskuaum sgechk z = Av/ikT n
k® = Avp. (2.58)

IocuexHee PaBeHCTBO aeT ompepeleHune memnepamypvl Jebas ©.

Bripaskenne (2.57) @ ecrp sHaMeHuTHil saron [Je6as Oas menao-
emrocmu (gur. 24). OHO mMeeT 0YeHL HPOCTYIO CTPYKTYPY.

1. Korma ormomenme 7/© Beamxo, BepXHHH Ipefer WHTerpana
Mall ¥ MOTHHTEerpajIbHOe BHIpasikeHne MOKHO PaslosRUTh B PAJ IO €Te-
memAM z. B pesysxbraTe moxydaem

o 4 1 /16\3 |
2z
0
CooTBeTcTBEHHO
Cy = 3Nk. (2.60)

910 ects saron Hwaonza n IImu.

2. Ilpu Hu3KMX TeMIepaTypax BepXHUM IIpeles HHTerPaa Bo BCeX
TPAKTHYECKH HHTEPECHHX CIYJafX MOJKHO YCTpeMATh K GecroHed-
moctm. Torga mHTErpal CTpEeMATCH K IOCTOAHHOH 4m%/15 u

Cy~ZE Nk (5) (2.61)

710 €CTh XOPOIIO M3BECTHHH KYOUUHBLL 3aKOH (T menacemrocmu,
COpaBeIEBHN IpH HEBKAX TeMIeparypax.

Mopmyna Jlebas ompasasiBaeTcs Nis GOXBUIMECTBA TBEPHHIX Tel,
a temmeparypa Jlefas TaGynmpyerca Kak QusmiecKuit mapamerp
pemectBa. Oma jgaer Hambo-
nJee ynoOHBHI B JUHAMHYECKOHR
TEOPHN PEIeTKHE MacmTab Tem-
mepaTypsl: BenwunHa kO mpep-
CTaBIACT MAKCHMAJIbHBIA KBAHT
¢ pHEPrmM, CHOCOGHHI BO36Yy-
nUTh KoJebaHWA  DPemIeTKH.
Kpome Toro, temmeparypa O

3Nk |- ==~ === == mmmmemseso ooz

T3 .
CBS3aHA CO CpefHell CKOPOCThIO
3ByKa B KpHCTAJIe COOTHO-
meHneM
0 ] e

7/ kO = hqs  (2.62)

@ur. 24. 3axkon Jlefas [nsA TEINIOEMKO-
CTH. Tem He MeHnee IpM BHBOJE
dopmyast (2.57) 6unu cenanst
cavMple pajEKaibHEe ympomenus. BBl TPHHEAT OY€Hh CHEIMAalbHEIT
BUT CHeKTPaIBHOM MIOTHOCTH Kolebanmii pemerkn (gur. 25, a). Coor-
somerne P (v) ~ V? [OIKHO BHIONHATHCA BOnm3E Toukm v = 0,
KOTTIa MaTepuail BefeT cefa Kak ynpyruit KOHTHHYYM, HO pe3Kmis
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o0OpHB CIeKTpa Ha YacToTe Vp He o6ocHoBan. Boaee TouHme pacuers:
(pesynbTaTH KOTOPHX TpENCTABIeHL, HampuMep, Ha ¢ur. 25, 6)
NOKAa3HBAIOT, 9TO HMEETCSA OOIMMPHEIA YIACTOK C HECKOIBKAMM ITHKAMH,
“OTOPHIE COOTBETCTBYIOT KOJIeOaHNAM Pa3TuIHON ION APH3AIHH, CATHE0
OTIMYANIUMCH 1O CKopocTAM. Mmeercs Taryke TeHmeHmUA K obpa-
30BAHMIO 3aMETHOTO IHKA IIPH BHICOKHX YACTOTAX, UTO CBA3aHO ¢ CHIIb-
HOil pmcnepcrell BOMM3M TpamHUN 30HEL HpHBHE LIA YaCTOTH Vq Kak
dynrmun BexTOpa ( ymromalorces (cp. ¢ur. 22), m, creoBaTENTBHO,
MRy HOBEPXHOCTAMH, OTIHIAIMMACA MO 9acToTe Ha dv, BaKI0-
qaercss Gouabmumii 06beM B (-TIpoCTPAHCTBE.

D) 21)

Yy v 0 v

a 1)

@mr. 25. ¢ — peGaeBCKUA CHEKTD; 6 — HCTHHHHN CHEKTDP KOJeGaHHA pemerkd.

Ilpu paccmorpermm pemerku ¢ GasmcoM HEOGXOZHMO HPUHATH
BO BHHMAHHE TaKyKe onTmieckme Komebanmsa. JacroTa mx Majo 3aBH-
CHT OT BOIHOBOTO BEKTOpPA, W IO3TOMY B3[€Ch Jy4Ylle HPAMEHAMA
Mmodeav Jinwmerina, B KOTOPO#A BceM Koae(aHUAM HPHIHCHBACTCS
omH1 H Ta e uwacrora. Otcroma

hvo/hT 0./T
—anE BV BT o (BT
Cy = 3Nk - Nk e (2.63)

rae GE — dliHwmerinoscrkad memnepamypa, oupenejxaeMand PaBeHCTBOM
k@E = h'VE. (2.64)

Cnemyer 3aMeTnTh, OFHAKO, UTO W [Jf CIOKHOIO KPHCTALIa
MOKHO OBUTO 6B BHPa3UTh TEIVIOEMKOCTb B BHIE eIHHON (OPMYIHL
He6as, ecnm 65 Benmauny N B dopmyae (2.57) MH cumTaiym He YHCIOM
3JIEMEHTADHHX AYeeK, a NMOJHBIM YMCIOM aTOMOB B KpHCTaJIe. JTO
KakK pa3 TO caMoe, YTO IOJYYMIOCH Ol B NpeHeOpeskeEnn pasinIdaMi
KOODJAMHAT M MAacC aTOMOB B dieMmeHTapHO# sueiike. Mopmymna [lebas
He CONEP/KHT HHKAKHX IapaMeTpoB, XapaKTepH3ylommx (QaKThde-
CKYI0 CTDYKTYDPY Kpucramma. [losTomy yRasaEHBEM momxom Mor 6w
naTh He Takoe Y)k mioxoe npmbamskeHme. B cymmoctm, MBI mpmMe-
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Hf€M MCKYCCTBEHHO YBelmdeHHYI 30Hy Dpmiiossa [pacimpenrmyio
30HAYI0 cxemy (¢ur. 26, a)] n npenebperaeM HaxmuueM HIIH, KOTO-

Coepa Jedan

"4 e
© e

Aryemuueckan cemeb Onmuyeckan cemes

&

@ur, 26, IloBepXHOCTH MOCTOAHHOUW IacTOTH JJIA AKYCTHYECKOH M omTAYecKOH
BeTBei.
G — B CXeMe pacIMdpeHHRIX 30H, 6 — B IBYX OTHEIbHBIX BOHAX.

pas Bo3HEKaer (Kak, Hampumep, Ha ¢ur. 19, 6) 3a cuer meconmaje-
HAA MACC W YCIOBHA ABIKEHHMA [QiA pPasiumdHBIX aTOMOB B dJIeMeH-
TapHoil Adeiixe.
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§ 5. CmekTpanbHasA INIOTHOCTH KoNeGaHMii penreTKm

QarTHUecKoe BHUNCIHENNE DACHPEJENeHHs YACTOT HOPMATbHBIX
koJebaHUil cocTaBifgeT 3afaly YHCASHHOTO pacdera. YToOH moBecTH
ee Jl0 KOHIQ, HET WHOTO IIyTH, KpoMe penteHuA ypasHeHmit (2.13)
IS TyCToll CeTRH 3HAYeHMIl BeKTODa ( M ONpeJedeHusa YuciIa 3HaUe-
auil GynROuN ve, NONAJAIOMAX B KayRALIT MHTEpPBAT JIHHHE dv.

CymectByer, 0IHAKO, BRI IPUILUT (Tak Ha3kBaeMas meopema
Ban Xoea), xotopomy nopuuisercs Qysrinsa 9 (v) u KOTODHI onpe-
JeiaseT TWPHUpPoRy ee cuHryasipuocreit. Ilonunoe pgokasaTenbcTBO 5TOM
TEOPeMBl He BXOJNT B HAIUIH 3a7add, Ho ofmumil Xo07 paceysxmeHmit
HITePece,

Hma mpocToTn GymeM paccMaTPHBATH JIHINB OJHY BETBH CHEKTPA
(ur. 26). Hons obmero uncaa kojefadmili ¢ 9acToTaMu B AHATA30IE
dv papua

D (v) dv= 2 5 S S dsyg, (2.65)

rae UHTETPHPOBAHHE BeJeTCA 10 00BeMy CJIod B (-IPOCTPAHCTBE,
B KOTOPOM v < vq <L v + dv.
Brepem Bextop
Ovg  Ovq Ovq )
9

o=V = (T 55

(2.66)
T. €. TPajHeHT 9YacTOTH Vq B (-IPOCTPAHCTBE. OTOT BEKTOP WMeeT
pasMepHoCTh Cropocti (B Mogenu [le6Gas oH paBeH CKOPOCTH 3BYKa)
U UTrpaeT BajKHYI0 DPOJb BO BCEX 3a1avaX, CBA3AHHEX C IMePEHOCOM
DHEPTUH BOJHOH. [leACTBHTETBHO, HTO ecTh He YTO MHOE, KaK 2pyn-
n06as CKOPOCMb BOJHOBOTO IaKeTa ¢ BOJHOBEIM BEKTOPOM ¢ B Cpefe
¢ JAUHBEIM B3AaKOHOM JUCIIEPCHH.

Onpepenenne (2.66) mosBoser GopMaIbHO YUPOCTHUTH GOPMYIy
(2.65). Bospmenm aiemenT 0GbeMa B (-IIPOCTPAHCTBE B BHAe IWIMHIPA,
60KOBag IIOBEPXHOCTH KOTODOTO IEPHEHJUKYJIAPHA IIOBEPXHOCTH
vq = v. llaomane ocHoBamms muamugpa wycerk Gymer d.S,, a BLICOTA

dv

Hampasienne mopMalIi K MOBEPXHOCTH Vg = V COBII2JlaeT ¢ HATIPaB-
JleHHeM BEKTOPRa Vg, TaK UTO U3 (GOPMYIEI

1
D (V) dv=giv SS dSydg, (2.68)
clexyer
! DW= pis [ Sy 2.69
(V)“SnsNS vg (2.69)

rie vq ecth abCOoNIOTHAS BeJHYKHA BEKTOPA V.
@opmyroit (2.69) mer Gymem moJAb30BATBCH KaK B TEOPHH Kojeba-
HUI pelleTKH, TaK M B T€OPHHU 3JAeKTPOHHEIX cocrogamit. Cama mo cebe
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aTa QopMyia TOBOPMT HEMHOTO, HO OHAa II03BOJIAET BHIACHHUTH IPH-
popy CMEryaspHocreil gyukmum P (v). ITH CHHTYIASPHOCTH JOJKHBE
BOSHHKATH B KDUMUYECKUT MOuKAT, B KOTOPHX BeIWIMHA Uq obpa-
MAeTcsa B HYJIb, T. €. QYHKIUA Vq ABIAETCA JTOKAJIBHO (IUIOCKOMY.

Ipenmonosxum, 9To TOUKa (. Kputnieckad. [ockonbry QyHRIHA
vq HEOpPEePHBHO 3aBHCHT OT (, €6 MOKHO PA3T0KHTh B OKPECTHOCTH
aroit Toukm B pApx Teitnopa. Jlmmeitnwii wien pasiokeHAsA Opona-
maer, Tak Kak vq = 0. HBagparmunbie WIEHS € IOMOMBIO mpeobpa-
30BaHAA K TJIABHHM OCHM MOKHO IPHBECTH K CyMMeé KBagpaTos.
Taknm o6pasoM, MOKHO HaNHCaTh

Vq="Ve+ o]+ )+ asks + ... (2.70)
re & = q — (. €CcTh BEKTOpP OTKIOHENHA OT KPUTHIECKOH TOUKH,
OTHECEHHHI K BHOPAHHAKIM [IaBHKIM 0CAM, & KODQGUINEHTH 0y, &y, Gy
OIpENleNATCA BTOPHME HPOM3BOJHHMEA (GYHKINA Vg 1O KOMIOHEH-
TaM BEKTOPa (, BHUMCIEHHEIME B KDHTHIECKON TOTKe.

IIycrs, manpumep, Bce KOdPPUIMEHTH &y, Oy, Qg OTPHIATENBHH.
1o 03HAUAET, 9T0 (YHKIAA Vv UMeeT JOKAJIbHEE MAKCAMYM ¥ DOBEPX-
HocTH mocrosHHONR wacTors (2.70) cyrs sammncompe. Hak maBectHO
A3 aHAIHTEIECKON TeomeTpuH, o6beM, OrPaHHIEHHEIH TaKOW MOBEPX-
HOCTBIO, COOTBETCTBYIOMEH TaCTOTE Vq = V M OKPY/RAwMmedl TOIKRY (e,
eCThb )

2
2 leV (2.71)
Jogoeaz|”

JmppepeHUpysT WO V B COOTBETCTBHY C OHpe/eTeHAeM (2.65),
HAXOUM
,______1____ a2
:D(v)—lmZNMHOW3 7 (ve —v)"2 (2.72)
dra ¢opmyna cmpaBefiuBa Opm v < V¢, eciam v > V¢, TO OKpe-
CTHOCTH TOUKH ¢, HE faeT BKIafga B BeJuinny P (v). Bmpro, 410
CHHTYIAPHOCTh PACCMATPHBAEMOTO TANA He HOPTHT HEIPePHBHOCTH
camoil Qpyuknmmm P (v), HO ee mpomsposHas 07 (v)/0v umcmeiTHIBAET
paspHB W CTPEMHTCA K —O0, KOTAA V —> V. CHHU3Y.

Fcrp u JpyTHe BO3MOKHOCTH ATXA KODPPUIUEHTOB Oy, &y, X3
Tag, ecau OJWH W3 HUX MOJOKUTENEH, & [BA JIPYTUX OTPHIATEIBHET,
TO BO3HUKAET cedaosas mouka. B 9T0M caydae BAf CHEKTDa B OKPECTHO-
CTH TOYRHE V, HOJTyIaeTcs U3 Tex ke GopMyT aHaINTAIECKOU FeOMeTpIn:

C+O(v—v) (v<<vwe),

= 1 1/ .

2 W) Ce (V=) 2-FO(v—V) (V>>Vo)- (2.73)
2 12

4n2N | aqozs |

Kak @ B OpefbymeM Ciyiae, PaspuiB HENPEPHBHOCTH MCHLITHBAET

TONBbKO IPOM3BOAHAA: (YHKIOHMA C OHOCTOPOHHEH BEPTURAIBHOMN

KacaTeNbHOI naKTagpBaercs Ha miasnyio gyrkmmio C -+ O (v — ve),

KOTOpas BO3HAKAET 3a Cd4eT APYTHX obiuacTeil 30HEI Bpunmniosna.
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Beero, xar mokasano Ha ¢ur. 27, cymecTByer 4eTHpe TAONA KpH-
tnuecknx Touek. Cameonst S; m S, 0603HATAIOT CEMIOBHIE TOIKHE COOT-
percTBeHHO 1-r0 W 2-ro Tmos [mocaemHWI LoOXyYaeTcs, KOTAA JBA
roa(dunmeHTa O HMOJOKUTENBHE, a OJWH OTPHIATeleH; HOBefeEme
¢yrrnEA HpE ToM 06paTHO Takosomy mia gyurman (2.73)]. Cuaygai
MHHAMYMa, OUEBHJHO, AaHAJOTHYEH CIyYal0 MaKCHMyMa.

Paccmorpennre TONBKO 9TO CHHTYJIAPHOCTH HE OY6Hb ONACHH,
HO OHM BechbMa BaskuBI. Teopema Bam XoBa, 1o cymecTBy, YTBEPIKIALT,
9710 chekmp doadcer codepicamv no Kpaiinel mepe no o0Hol kpumu-
yeckotli mouke o6oux munos Sy u S, U umo npouseodnas GYHEYUU

D) | ¥

Murumym Maxcumym
l \

@nr. 27. Pasnmumme TUNH CHETyJAApHOcTeid mo Bam Xosy.

14

D (v) doascua cmpemumbcs K —o00 HA 6epIHEM KoHYe cnekmpa.
IoxazaTeqbCTBO Tpebyer 3HAHAA HEKOTOPHX TeopeM (YHKIOHOHAIB-
HOH TONOJNOTHH, KOTOpOe 3[ech He mpejpnoiaraercsi. Xof paccyskie-
O, OfHAKO, MOMKHO HPOHIJICTPHPOBATH Ha CIyYae ABYX H3Mepe-
Hu#i [Toryma cemiaoBHE TOYKM HPHUBOJAT K JOTapAQMAYECKAM CHHTY-
JIAPHOCTSAM, a8 TOUKH YKCTPEMYMOB — K KOHEYHHIM DPaspHBaM QyHKIHH
g (V).

CyTh mema B TOM, 9TO JacTOTA Vq €CTh HEOPEpHBHAA IePHOJHTe-
cKag QyHROUA BeKTopa q B o6paTHOM mpocrpaucTee. Ilycrs oma mMeer
MOHEMYM B HEKOTOpPoOil Touke m B 3ome Bpmmmiosna (¢ur. 28). Ama-
JIOTHYHHE MHHHMYMH OyayT, OY€BHIHO, W BO BCeX SKBHBAJEHTHHIX
toukax oOparmoit pemerku. IlycTh famee vq HOCTHTaeT MaKCHMYyMa
B HeKoTopoii Touke M B 30oHe BpmaniosmHa. JTa KpHTEYeCKas TOUKa
GymeT cOOTBETCTBOBATH BePINUHE X0JIMa, BOSHEKAIOIETO BOKPYT TOIKH
M B cxeme mosropsrommxcsa 308 1), Taxkne sepmuun GyayT pacopepe-
JeHH N0 BCeMy OOpaTHOMY HIPOCTPAHCTBY.

1) Ecng MaKcUMyM MONafaeT B YIOJX B0HHI, TO MOMKeT IIOKA3aTbCf, 9TO MHTE-
rpApPOBATH CHELYeT JHUIIb IO TOH 9acTH OOJACTH, KOTOpas NEMHT B Ipefenax
30EH. ABTOMATHYECKA MOABATCH, OGHAKO, M BKIALH OT APYTHX YIJ0OB B0HH, Tak
4TO pesyabTApYIOmiee BHpamenme Gymer mopobuo (2.72). B cmpaBemnmBocTd cKa-
3aHHOTO JIETKO yOem#aThCs, CABHHYB 00acTh MHTEIPHPOBAHAS TaK, YTOOH BRIIO-
YATh B HEe PAcCMAaTpUBAEMHH NHK HEIRKOM. VIHTErpHpOBaTH MOKHO IO 41060%
DIIeMEHTAPHOR svefike o6paTHO# pemerkd; 3oma BpmianopsHa BHOEpaercA JBIND
IJA TPOCTOTH.
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Paccmorpum remeps myrs MM, coeqmHAIOMUI ABa MaKCHMyMa.
QOyBRIAA Vg JOMKHA MEHATHCSA BONbL HETO; B HEROTOPOH Touke X
OHA JOCTHTHET CBOEro MAHHMAJIBHOIO 3HAYEHUS Ha 3TOM IyTH. Dymem
Temepb WUPOHM3BOJBHLIM 06pazoM CABHWrarTh Ham nyTh. Torga Boa-
HOKHeT CepuA Todex X, X, X. O#m 06pasyior Apyroit HempepHBHELL
OyTh; OH HEm30e:KHO TOJNKeH OpPOHTH Tepe3 TOYKH M, MOCKOJIBKY

B HEX QVHKIUA Vq ROCTH-

@ /M/Z raer alCOMIOTHOTO MKIIH-
724
AR MyMa.
L //_ AN PaCCMOTpHMTe}]epb OyTh
Y \ 1 mm, TPOXONAMUNE MeKIY
/7 I
/ol N asymsa  MumHEMyMamu. Ha

@_*%ﬁ*_a(__‘)(.ﬂ_@ 3TOM IYTH JOJKEeH OBITH 10

)

|

i

|'
! \ L S KpaiiHeil Mepe OJMH MaKCH-
{ \ o mym S. I10 cepToBas TOU-
! N /’ t Ka, OHA COOTBETCTBYeT MH-

N
; Y ' mmmymy ma myrm tnma MM
i 1 5 -
@ i @ | M MaKCHMyMy HA OyTH TH
: ! na mm. Tarxum o6pasom,
| H Halla QYHKIMA Vq UMEeT 10
1 _‘———~———7——g—— -—--<  gpalineii Mepe ogHY KpUTH-
20U GO3MOMHbLIU BbIO0OD . N
3/}77gMEHmapHul]ﬁ‘l(2ﬁl(u oopamHol pewenru UeCKYI0 TOUKY THII& S.

B ofbmem TtpexmepHOM
@ur. 28. OrsHckaHme cefIoBoll TOUKM. cIydae OpU HAJWIAN Tpex
AKYCTHIECKUX BeTBeH Cmek-
Tpa pacCyHEeHHA YCIOKHATICA. B medTpe B0HH DpmimosHa
(r. e. B mouke ¢ = 0) pocruraerca abCONIOTHHIN MHEHHMYM [JId
BCeX Tpex BeTBed, HO QYHROUIO Vq 306Ch HEIb3d DPasOKHTh
B pax Teiimopa, a ckopocrs me ofpamaerca B HYIb. Hipome Toro,
momepeunsie BeTBM HEPA3ImIWMHL I HOTOMY 4acToTy Vq Hago pac-
CMATPHBATh Kar ABys3Haunyio ¢ynriuo ¢. Ogmaro Teopema B TOM
BHMIe, B KAKOM OHa Opma chopMynaupoBaHA, NO-IPeKHEMY CIOpaBe.-
AmBa i BCell cmexrpanbHoii mmortnoctu. Pasymeerca, uermHHOE
YHCHO KPUTHYECKMX TOYEK MO/KET 3HAYUTENbHO IIPeBHINATH MUHH-
MaJgbHOE WX UHMCI0, YHRA3aHHOe B TeopeMe.

§ 6. JIndparnua HA NAEATLHOM KPHCTANIE

Ecam 68l BCce aToMBl KpuHCTANla 3aHHMANN TOYHO NpEAHAa3laveH-
HEIe I HUX Y375 PEHIeTKH, T0 BCe HabalogaeMiie GH3HIeCKHe BeJIl-
YWHb, CRABAHHEE ¢ KPHCTAJIOM, GBIM OB CTPOTO MEPUONNUECKHAMHU
dyaxmusamu. Hanpumep, HoTelnmmanbHAA IHEPTUA JJIEKTPoTa yI0-
BIETBOPsNA OBl YCIOBHIO

Va4l =79 (. (2.74)
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[Iycts Ha KPHCTANJ HALpPaBIeH NYY0K OBICTPHX 9IEKTPOHOB.
IIpu paccegunmu Ha TaKOM HOTeHIHane GyAyT UPOUCXO[MTH IEPEXOAb!
DIEKTPOHOB M3 OJ{HOTO COCTOSIHUA B Jipyroe. B GopHOBCKOM npuban-
JKEHHN TEOPWH BO3MYINEHHE BePOATHOCTh TEPeX0jia M3 HAYaIbLHOTO
cocTosumsa ¢ Boamopoit ¢ymrmueit ¥y B Komeunoe (Wy:) mpomop-
NHOHAABHA KBaJpaTy MAaTPHIHOTO DIEMEHTA

m%ykEES Vi (1) 7 (v) ¥y (v) dr. (2.75)

BoarMeM BOJHOBEE QYHKIMH B BHAe INIOCKHX BOJH
Yy == eiker, (2.76)
Cornacuo gopmyie (1.15), moTeHRNHmAZ MOKHO Pa3NOKUTh B PAJ dypre
W@:%%gw. (2.77)

Tarum o6pasom,

My = S e-ikr S g eiereik rdr =S 7' S i (k+g-k") 1 dp —
g g

{ 7 g ecnnkJrg—k'———‘O,}
O B APYyrux caydasax.

(2.78)

Ecau Bertop k ¢urcupoBaH, T. €. DIEKTPOHLI B ajaiomeM IyIKe
MOHOXPOMATHIHE W HMEKT TOYHO ONpefleleHHOe HampaBleHue MBH-

JTebarouiuil

nyHoK - Koucm _k
Kpucmani \\N(\p e pagrEe
a
®nr. 29. ¢ — mEPpaKOEA PEHTTEHOBCKEX Jydedl; 6 — HOCTpOEHM® cepun
JBalbaa.

jKeHuda, To JII/Id)paI‘I/IpOBaHHHe OYYKH MOYHO Ha6JIIOJIaTI) TOJIBKO
B HallpaBJICHUAX, COOTBETCTBYIOIINX BOJHOBBIM BEeKTOpaMm

K =k -+ g, (2.79)

rme g — OfMH M3 BEKTODPOB 00DATHOW pPEIleTKH KPUCTAILIA.

B nanmom caydae Hajo eme IotpeGoBaTh, 9TOGH 9HEPIUII gudpa-
THPOBANTIOTO U MaJIaoLiero TMy9IKOB OpUIN OJNHAKOBH, T. €. 7100H
COOTBETCTBYIOINI@ BOJTHOBBIE BEKTODH HMEJIU OJIMHAKOBHE HTMHbIL. Jro
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HaRJIafHBaeT OrpaHmueHme Ha yrox paccespma. OGosmagnmm dgepes
20 yron mexpy Bexropamu k m k', rorma

lg|=2]k|sin®. (2.80)

YUro6H YRZOBIETBOPATH 9TUM TEOMETPHIECKAM YCIOBHAM B O06PATHOM
mpocTpagcTBe, mocrpouM cgiepy Jeaavda (dpur. 29, 6), pagmyc OP
KOTOPOH paBeH BOJIHOBOMY BEKTOPY majgaromiero ayda. Eciau Hadalo
KOODAMHAT B 00paTHOH pelleTKe MOMECTHTHL B TOYKY I, TO BEKTOp g
AOJ:KeH IepeBecTH HAC B TOURY Q, mpuiem OQ coBmagaer ¢ BOJHOBHM
BextopoM k'. Cuemosarensuo, pudpakimmsa BOSHHKaeT IPH TAKHX
OpHeHTANEAX KPHCTAJIa OTHOCHTENBHO IAJ[AIOIHEr0 JIyd4a, MPH KOTO-
PHIX TOYKA o6parHOil pemerrd momajgaer Ha cdepy.

To e caMoe MOKHO BHIpasuTh 1 nHaue. Hak mokasano B § 3 ra. 1,
IJHHA BEKTOPAa o0paTHO# pemreTKm oGpaTHO OPONOPIHOHANLHA pac-
CTOAHAI d MEMAY IIOCKOCTAMH, K KOTODHIM 3TOT BEKTOD IMepIIeH-
TUKYIAPeH,

2nn
lgl="3- (2.81)
rge n — mexoe umciao (o6mmit HamGONBMWA meaAWTeNb KOMIOHEHT
BEeKTOpPAa g OTHOCHTEIBHO TPOHKHE OCeil B oGpaTHOM IpPOCTpAHCTBE).
CooTBercTBeHHO 0003HAYNE depes A IAXHY BOJHH HAaHAIAX IEKTPOo-
HOB, moaydaMm u3 gopmya (2.80) u (2.81):

nh = 2d sin 0. (2.82)

JT0 COOTHOMEHHe H3BECTHO Kak 3axon ompadcenus Bpoeea l). Ero
HeTPYAHO BHIBECTH, pacCMaTpWBAasg COOTHONMEHHA MemAy (Qasamu
IY9KOB, OTPAKEHHBIX OT
IOCJIeI0BATENBHO  HAYOIMX
mrockocreir permerkd. Yro-
Obl MuparnpoBaHHLie TyY-
Ku OBIM KOTEepeHTHE, Ha
usboroynom myra ABC
(¢ur. 30) pmomxmo yria-
JBIBATHCSA I[EI0€ THCIO K
BOJIH.
Benwguna wMaTpuuHOTrO
®ur. 30. Bparroscnoe OTPayKeHue. 9JeMeHTa paccedHMA 3aBU-
cur ot ynknmu 7°g. Mor-
70 6B MOKA3aTBCA, ITO JUIA HIEKTPOHOB dTa QYHKIUA ecTh Pypbe-
06pa3 MOKAIBHOro morenmuana. OFHAKO IS OYEHH MEIIEHHEIX
3JIeKTPOHOB 9TO, IO BCedl BEPOATHOCTH, HempaBWaAbHo. Mmul eme
BepHeMCsA K JaHHOMY Bompocy B § 6 ra. 3. Paccmorpennas Teopusa cmpa-
BOIJIMBA M JMA ONHCAHMA AUPPAKIIMH DEHTTeHOBCKHX Jydeid ¢ TeM

B
dsin@  dsin8

1) B mameii muteparype ofpamo ymorpefiserca 6olee TOTHOe HA3BAHME:
dopmyna Byasda — Dparra.— Hpum. ped.
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JHIIb WCKJIIYeHHeM, 9TO Ha NOCHeIHHe BJIMAET JOKaldbHasdg MIOT-
HOCTH DIEKTPOHOB B KpucTaine. IJ0CKOIBKY, OMHAKO, 3Ta INIOTHOCTE
TO/e eCTh HepHogudecKaa ¢yHruums, momobno ¢yurummm (2.74),
Du(paKIEOHHAA KapPTWHA KadecTBOHHO He MensgercA. Teopms, m3I0-
;KeHHad B 9TOM maparpade, pa3yMeercsa, OTRPHBAET IYTh K M3 YMHUTEIb-
HO CHOKHOMY W YCHEOIHOMY H3YYEHHI0 CTPYKTYpPH KPHCTAJLIOR
¢ IOMOMIBI0 DPEHTTeHOBCKHX JIydei.

Heditporrt paccemBaroTca raaBHniM o0pasom Ha sappax. Coot-
BeTCTBYOIIMA MMOTEHIHAT LIPAKTHYECKH [eabTo06pazeH B NMPOCTPaH-
CTBE, HO CYIIECTBEHHO MeHAercsa oT 3iaemenra K siementy. Daxrm-
9eCKH, HOOCKOJLKY CeYeHHA DacCesHHA HEUTPOHOB PasiWuYHBIMA HK30-
TOMaMHK OFHOTO M TOTO K€ 9JEeMEHTA CHIBHO OTIMIAITCH APYr OT
Apyra W IOCKOJABKY BTH H30TONH GECHOPANOYHO PacCHpeneseHbl
B Kpucrajie, Bcerga Oymer
CymecTBOBaTH  HEKOTOpas |
OIS HEKO2ePEHMI020 pac- |
CcedHHUs, co3aloman aad- 5

E
]
i

$ysnmoHHnE ¢on Ha mgED-
pakmnoHHOH KaptuEe. To
JKe caMoe MOSKeT CIyIuThbes
Jajke B IPUCYTCTBHH Of-
HOTO JIHIIb H30TONA, TAaK
KaK HeHTPOHH TyBCTBUTEN b-
HBl K ODHEHTANNH CIMHOB
FRep. - @ur. 31. ApTHdeppoMarEATHAA CTPYKTYpa

Aundpaxmma HOUTPOHOB C Y/IBOEHHOH dJIeMEHTaPHOR AYeEKO.

upemcTaBIgeT 0co0b HHTe-
pec OIS HW3yYeHUA GHMU-
Peppomazrumnnz KpucTadios (Pur. 31). ATOMB 9THX KPHCTAIIOB
UMEnT IOCTOAHHBIE MATHUTHHIE MOMEHTHl, YHOOPA/OYEHHHE TaK, 4To
MOMEHTH BCeX AaTOMOB OJHOH DOJpEmeTKH HaUpaBieHH B ONHY
CTOPOHY, & JpPYrod — B IPOTHBOOOJOKHYKW. Marumrasie CBOHCTBA
TakMX cuereM ME pacemorpuMm B § 6 m 11 ru. 10.

31mech Ke 3aMeTHM IIPOCTO, 9TO HEATpPOH, obIajalomuii MarHHT-
HBIM MOMEHTOM, YYBCTBATEIEH K JIOKAJBHOMY MATHHTHOMY IOJIO
KaKIOr0 aToMa H cIocoGeH pasiamiaTh aTOMBI, B KOTOPHX MATHHTHEE
MOMEHTH ODHEHTHPOBAHH IO-pPa3HOMY. B peayiabrare pieMeHT mepmo-
JMYHOCTH CTPYKTYPH YBEIHYUBACTCA, 9TO NPHBOJAT K YMEHBIIEHUIO
pasmepos asdpexruBHON 30HEH Bpusmwosna. [loaBasioTea HoBHE Bek-
topu ob6paruoit pemerkm (c¢p. ¢ur. 19), a ciemosaTenbHo, W HOBHe
auEpzn Ha podpaknmonmoii Kaprmme. OHM Ha3HBAOTCH JIHHAAME
MAzHUMHOT CeePIPewEmEL.

WNanosrernaa BHIIE dIEMEHTAPHAA  2€0MEMPUHECKAS MEOPUS
AuGpaRmUM HA KpHUCTANIe HIHOPHDPYET HEKOTODHE YCIOMKHenHs,
HallpHMeDp BJIMSAHME TEIUIOBHIX KoXeGaHuil pemerkn, paccMaTpHBaeMOe
B caexqylomenm maparpade. Hamo yaects Takske HellpephIBHOE B3amMO-
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IeficTBue Mafalomero m AudparvpoBaHHOTO Jjyueil ¢ HOCAEJOBATeNdb-
HHIMZA ATOMHBIME CIOAMH HPH IPOXOJKIEHNH OTHOCHTENBHO TOICTOTO
ofpasma. 9T0 TPUBOJUT K PARY CIOKHHX 9PQeKToB, TAKUX, KakK
nepeuuHoe eauieHue W masmuukoswill spgerm. Hms obbacHeHNA HX
OPUXOAUTCS MPHUBIEKATDh OUHAMUYECKYI0 meopulo AW(GPAKINA peHTIre-
HOBCKmX Jiyueii. CymecTBo fela COCTOMT B TOM, UTO DPEHTTE€HOBCKHE
ayun (MIM 3JMERTPOUGI, WINM HEHTPOHH) IPH PACHPOCTPaHEHUN B KpH-
crajie 061a7a10T FUCHEpPCHel CKOpocTH, 0COGEHHO eciu HOYTH YHOB-
JNeTBOPAIOTCA YCIOBHA Korepeutnod mudparmum (cm. § 3 ra. 3). [ra
nyga wim GoNbIlee MX WHCIO, MPUHAJIEKANEe Pa3TUIHBIM MOBEpPX-
HOCTSIM IOCTOSHHOM DJHEPIHHM, MOTYT BO30OYLIAaTHCA OHOBPEMEHHO
W 3areM, paCIpoOCTPaHAACHL 1o o00pasmy, uHTepdepHpoBaTh ApPYT
¢ apyrom. B cayuae dugparyuu ssekmponos masol smepeuu TaKue
9 PeRTH TOMHOCTBIO OmpelensioT HAOIIZAeMyI0 KapTHHY ABJIEHHH

(em. § 9 ra. 6).

§ 7. lndpakuua Ha Kpucranie ¢ Koxediiomesica pemeTroit

Pacemorpum Temepnr Gomee obmuil caydvali, Korga IOTEHOUAT He
obsazarensHo mepuopwdex. llyers on upepcraBasger coboil cymep-
MO3UMUI0 ATOMHBIX IOTEHIHATIOB

7" (r) = ; 7o (t—Ry), (2.83)

rge BexTop R; samaer Qakrtmueckoe MONOKEHWE TOTo aroMa {Wian
HMOHA), KOTOPOMY CJIemoBano 6m HaxoxuThes B yaxe I, a yurmus 77,
ecTh MOTeNIall, CO3JaBaeMEIA OTAEeIbHLIM aToMoM. Jlma ympomeHus
samucu GyjeM paccMarpuBarh pemerky bBpass.

Torga marpuunsiii saement (2.75) mpuHUMaeT BU

(ﬂk’k: 5 e-—ik'-l’ 2 7)(1 (r'—‘Rl) eik"'dr=
[
3 [etwmrry, e —Rydr =
2
S et (koKD Ry S ¢ B-KVU-ROgr (o Rpydr.  (2.84)
2

Hasuii nHTErPad B BTON CyMMe HOMUHAIBHO Gepercsa Ho BCEMY
MpPOCTPAHCTBY WM 1O KpaiHell mepe mo Bcemy rpucranay. Ciemyer
ORUATD, OTHAKO, 4TO PaguyC AeHcTRIA aToMHOTO Totennuana 7, (r)
ogenp orpanuuedH. [lpm osrom pesyiaprar mHTErpHpOBaHHS efBa IH
MOJKET B3aBHCETh OT pACHONOMKEINsa IMenTpa 5Toro IoTeHnuana —
troukn R,. Bseaem sexmop pacceanus

K =k' — k. | (2.85)
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Torga paccMaTpUBAeMBIi MATPHYHEI diemeHT Gymer

M= 7o (K) 5 S e, (2.86)
1

rge Mi BBEan (ypbe-o6pas aroMHoro morennmaia ')

1 )
7o (K) = — S V' (x) e=iK T dr. (2.87)
[+
IIpepcrapienne MATPHIHOTO DJIEMEHTA B Bu/e NPOU3BeJeHHA
amoMH020 I cMpYKMyproeo gakmopos BechMa mojesno. lipesxne Becero
PacCMOTPHM CTPYKTYpPHHiL GarTop AIA mpeanbHolt pemerkn. Ilycrs
I BCeX Y3JI0B PelIeTKH

R, =1 = L, -} lya, + lsa. (2.88)
3anuuieM BEKTOpP paccesHHA B BHJE
K = Kb, -+ Kb, + Kb, (2.89)

rge by, b,, by — rpoitka ofparasx Gasucusix Bexropos (1.19). Torga
CTPYKTYpPHEHI parrop Oymer

S‘ e— iK1 — Z e~ 1 (K1l1+Kaolo+K3l3) —
T i1, 12,13
_—_—( 2 e‘fKili) ( 2 e—iK2l2) ( 2 e“iK3l3) =
0<lq<Ly 0<le<<Le 0<l3<La
/] ¢—iKaLs | — e iKola { . ¢— 1K3L3)
= ( | _e— iK1 ) (\ 1__8—1'K2> ( {—e K3 ) : (2-90)

rie, kKak u B gopmyae (1.76), senmunnst Ly, L,, Ly cyTs uncaa sie-
MEHTApPHEIX sAYeeK, KOTOPHE YKIANBBAIOTCA BIOJb KAKMOM U3 CTO-
POH KpHCTALIA.
KRamsit  MHOmuTexs B Qopmyne (2.90) mopajgra efuHHIE!
n 6uerpo ocmmrrnpyer mpn usmenennn Bekropa K. Jlwo6oit mponece
yepeaHenns mo HeroTopoi obmactu 3mavennmii pextopa K obparur
9TO BHPpaskeHme B Hyab. VICKiIodenmme COCTaBJIAET CIyIal, KOTNA
o61acTh yCpeTHEeNMA BKJIOWaeT HYyJIH BceX 3HaMeHaredeidl. B raxoM
cuyqae
e~ Kt —e-iKa—g-iKa=1, (2.91)

YT0 MOKeT GBITH BHIONIEHO, JHIIbL eCiIH Kapoe u3 amced Ky, Ko,
K, xparmo 2m ¢ memouncienHsiM Koaddummenrom. o, cormacuo

1y Mu BBeJH 3fech Benmauny N = 1/v, (aucno pieMeHTADHHIX AYeeK B MakK-
POCKONMIECKOM euEANE 00beMa KPHCTAILIA) JIIA TOr0, YToOH QyHRIus 72, (K)
COXpaHHIAa pasMepHOcTh omeprum. [liaockme BoimEL (2.76), BXomAmue B BHI-
pgﬁcerme (2.84), TawKe, OYeBHHO, HODMHPOBAHH B MAKPOCKONWTECKOH e UHUANE
obpema.
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onpenenenuio (1.20), s10 ecrs yciosme copmageHuma BekTopa K
€ OHAM M3 BEKTOPOB 00paTHO# PpeImeTK: g.

Ecnm pertop K gelicTBuTebHO paBeH BeKTOPY 06paTHOH penIeTkH,
TO KaK YHCIUTeNb, TaK H 3HAMEHATENh B KaKIOM COMHOMKHTENIE B
soipaennn (2.90) pasuHsl myalo. Bosspamasch Torma K uCXOZHOHR
CcyMMe, BUIEM, 9TO KasK/Ablil ee 4ieH mpu 3ToM mMeeT BHJ exp (—ig-l)
I, CIEIOBATENLHO, TOYHO DAaBEH eJWHHUIE, a caMa CyMMa pasHa V.
OTcona BHTEKAET BA;KHOE HPABUIO

= S = g (2.92)
2

rae 8-cHMBOJI paBeH Hys0, ecin K He coBOagaeT ¢ OLHAM U3 BEKTOPOB
00paTHON pemieTRA g.
Mopcrasnsas Bupamenme (2.92) B pasencreo (2.86), momayuaem

M =T"a(g) O —x, g (2.93)

<TO0 B TOUYHOCTH COBIAJAeT C IIOJYIEHHHIM paree pesyiabratom (2.78).

Ilycrs Temeph B KpucTaimie Bo30ymEmeHH KoaeGaHHS peOIIETKH.
Kaxnoiii aToM CMeIMeH W3 CBOEr0 MIeAJbHOTO MOJIOMKEHHA B y3Jje
peleTsn:

Ri=7+4u=10-4) (Ugeitl 4 Ute—ia-l), (2.94)
q>

rae senuanHa Uq, Kak ¥ B gopmyrnax (2.8) u (2.10), ects BexkropHas
aMILIETYAa KOJeGaHus C BOMHOBEIM BEKTOPOM (; CyMMa GepeTcsa TOMbKO
0 HOJYIPOCTPAHCTBY BEKTOPOB ( W NS BEMECTBEHHOCTA CMEINeHM
nmoGaBlisercss KOMIUIOKCHO compsukeHnoe caaraemoe Ui = U_q.

Ilopcrasnsaa sextop (2.94) B crpyRrypHBIE MHOMmuTEAb (2.86),
oI yaaeM '

'117 Z PR =% Z exp[—iK- {l+ Z (Ugeia-t+ Uge—iq.z)}] _
t t B
:1_1\/. Z [e—iK-lH exp{— iK.(quiq-l_l_U;e—iq.l)}] . (2.95)

l q9>

910 paBemncTBo TouHOe. PasmoskuM Temeph HKCIOHEHIMAJIbHEE
QyHEKIEE, apryMenT KOTophX nponoprnuonanen sektopy Ug (mo mpep-
LONOMKEHNI0, BTO MAJ0€ CMemeHue):

exp{— iK.(Ugeia-! |- Uge-ia-)} =
=1—iK.(Uglt!+ Uge ) — | K- Ug]*... . (2.96)
Hopcrapun s10 B dopmyny (2.95). Iocae Brumcienus mpousse-

IeHwsl MOABHUTEA, oueBmapo, wien tioa (2.90), Koropif ommceBaet
OuPPAKIHOHHYIO KapTHHY IS WACATBHOH KPHUCTANIHYECKOH CTPYK-
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Typw. Jlamee Gymer caemoBaTh CyMmMa BCEX WIEHOB, JIHHEHHBIX
mo K-Ug, 1. e. BEpaskenne BHaa

ANkt (K Ug)eiat= o 3 (—iK-Ug) 3 i (1=Kt =
q [4

v
i q
= SV (—iK-Uqg) 0k—q, g; (2.97)
q

3ech OPEHATO BO BHMManme pasencrso (2.92). Hak msl yeugum B § 9
HacToAmeN riaBe, KBagpar momyiasa B (2.96) Tawske OnBaer BaskeH,
u6o mMeeT NeM3MeHHHE 3HAK.

YroOH HOHATE CMBICI 3TOTO Pe3yJabTarTa, PACCMOTPHM JBA caydad.
Ha ¢ur. 32, a sextrop K nesxur B 30He Bpmunmosra. J10 osnmadaer,

Jora Bpunmosna Jona Bpunnwana

dur, 32. ¢ — EOpMANbHHE IpOIECcCH; 6 — Ipoleccs mepebpoca.

9T0 BOMHOBOI BexTop k' paccesHHOr0 9IeKTPOHA (HIM PEHTT@HOBCKOTO
Jay4a, WA HeATpoHA) OTIMIAETCA OT MCXOgHOrO BekTopa k me Gomee
4eM Ha HOJIOBHHY BexTtopa ofparmoil pemerxu. Ilo ycmosumio BomHO-
BLIC BeKTOPHL ( OrpaHmYent 3onoill Bpuiiosna, Tak 9o B cymme (2.97)
ocraercsi ToMBKo caaraemoe ¢ Bextopom q = K. Jlpyrmmm caosamum,
MATPUYHLI 3JEeMeHT [uisi Takoro mepexopa OGymer

My = —i{(k’' —k):Ug} 7o (k' —Kk), (2.98)

rae
q=k'—k. (2.99)
Ecau sxe Bektop K we sescum B mpegerax mepsoil 3omsl Bpmi-

awsua (pur. 32, 6), To B cymme (2.97) ocraerca oxun wien. MmenHo
CymecTBYeT BeKTOp (, Takoit, uto K —q = g, 1. e.

q=k' —k — g (2.100)
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3ona DBpunnosua, Oymyum »siemenTapHoil sYeiikoil o6parHOR
peHnIeTKH, MOKeT OnITh MOBTOPEHA Tak, YTOGB TOUHO IOKPLITH BCe
mpocTpaHcTBo Bekropo K; mioboir Bertop K MOMHO 0ZHOBHATHO
HOCTPOUTH U3 HEKOTOPOTO BEKTOPA g — BEKTOPA TPAHCIAANUN B 06paT-
HOW peIreTHe — M BEKTOPA ([, KOTOPLIA, HO ONPeNeNenHIo, JTe:RHAT
B Tpefeiax ONHON DieMeHTAPHOH gdefiku »Toi pemreTku. B cootser-
creuu ¢ § D 1. 1 Bekrop q ecth BekrTop K, npusedenmnrii ® meppoit
sone Bpmamaosna.

Nrar, B oGoux cxywanx cupaBegmusa (opmyraa (2.98), mpuwem
IOAXO/AIIee 3HAUEHWe BEKTOpa ( Ompefensercsa ONHUM U3 COOTHO-
mennit (2.99) u (2.100); ectum B mommmii Hafop BeKTOPOB o0paTHOM
penieTKy BRAIOYHTH ¥ BeRTop g = 0, 10 coormomenume (2.100) Gymer
mpuMeHuMo Bcerpa. Paccesnuwe maer B dio6oM HanpapIeHW¥, HO €ro
aMIIATYNa 34BHCHT OT aMININTYAH TeX KoxeGaHuil penieTku, BOJTHO-
BOH BEKTODP KOTODHX YAOBIETBODPAET YKABAHHHIM YCIOBHIM.

§ 8. dounonnt

BoaMokHOCTE paccessHHS ONpeAeNsAercsA He TOIBKO TeM, odpa-
maercsd Wid He o0pam@aercs B HyJAb MaTpu4Hbil smement. JlommHo
BHIIONHATHCA el YCJIOBME COXPaHeHWs dHeprmu. B ciaydae umpeanb-
HOW peuieTKy BCS CHCTeMa CTATHYHA, W MOYTOMY HAUaJIBHOE W KOHEeU-
HO® COCTOAHWSA IIEKTPOHA {PEHITEHOBCKOrO Iy4a, HeHTPOHA) MMEnT
OHY W Ty 3Ke 9HEPTHIO.

(DaxTHIECKH peIIeTKA HAXOMUTCA B HOCTOSHHOM JBHi:eHOU. Bex-
top Uq B ¢opmyme (2.94) momxeH comepskaTh BpeMEHHOH MHORHTEIb
Tuna exp (ivgt), Toe vq ecTh 9acTOTa HOPMAJIBHOTO KoJeGaHWA ¢ BOJ-
HOBHIM BextopoMm q. Ha camom pmeme, Ug ecTh cymma Tpex BEKTOpOB,
PasNIHYAMUXCA [0 aMITUTYe, HAUpPaBIeHUI0 M dacrore. ITH BEK-
TOPH COOTBETCTBYIOT TpPEM PAa3TUIHHM AKYCTHUYECKHM KOJeGaHUsM
¢ MAHHHIM BOJHOBBIM BeKTOpOoM. BospMeM moKa O/HO M3 TAKHX KOXe-
GaHuil ¥ BCIOMHUM, 9TO BOJHOBEE YHKIIMHM TATAIOIIEI0 U PAaCCesSHHO-
ro nyukoB ¥y m Wy moiskuel oreevats sueprusam & (k) u & (k).
COOTBETCTBEHHO Y HHUX MOABAAKTCSA BPEMEHHBI® MHOKHATEAH THIA
exp{i€ (k) t/n} u exp{i& (k') ¢#/#}. llpm ycpegHennm =0 Bpemeny
MPUAETCA BHYHCAUTh MHTErPANBl BUIA

S exp [ 1{8 () — 8 (k') +fvg} 7 | dt,
HOTODEIE DaBHH HYJII0, €CaWd He BHIIIOJAHAECTCA YyCAOBHE
€ (k) — & (k') + Avg=0. (2.101)

OdpyraMu ciopamm, TUGPAKIUA OKA3HBAETCA Heynpyeoi; OYIOK
npuobpeTaerT KBaHT DHEPIUH TOTO KoJeGaHWs peuleTKH, ¢ KOTOPHIM
OH B3aHMOZEHCTBYeET.
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Arto mamero eme He Bee. Caaraemsie, cocrasiasomue Ug, OyayT
cofepsKaTh TaRe M KOMIDIOKCHO  CONDS/KGHHLIA  MHOJKHTEND
exp ( —ivqt); 910 TpUBOAMT K AuPPaKIMH C TOTEPeil 3JIeKTPOHOM
KBaHTa dHeprun Avq. B ofoux cayuasx HameueHwHbe cooOpaKenus
MOJKHO CTPOT0 000CHOBATHL € MOMOINBI0 CTAHAAPTHOIH HeCTaUOmapHOH
TEOPUN BO3MYyHIeHU.

Veaopuam (2.100) u (2.101) moxHO gaTh 0U€NE HATIATHYIO HIITEP-
mperamuo. MBl TOBOPHM, YTO HaJaloDIMi DTeKTPOH (MW PEHTITEeHOB-
CRuWil AV, AU HeWTPOH), BRAMMOJEHCTBYS € PeNreTKOo, IOTJIOMAeT
(win moposknmaer) fowow ¢ BOIHOBHM BEKTOPOM ( M dHeprueil Avg.
I9TH IPOIECCH MOKHO IPEeCTaBUTh Tpaduuecku C ILOMOIIBIO [HA-
TpaMM THIa m3ob6pakeHHnx Ha ¢ur. 33, ¢ wim 6. Ycmosme (2.101)
BHIPAsKAeT 3aKOH COXPAHEHUA DHEPTHH B TaKUX HPOIECCax.

a 7]

@ur. 33. IlpomeccH pacceAHUS 3IEKTPOHA.
a — norjomenue GoHOHa; 6 — M3ayyeHHe GOHOHA,

Ecan remeps mocmorpers Ha ycuonue (2.99), cmpasemnmmBoe mns
scex sextopo (k' —k) B mpemerax mepBoit 3omE bpummmosna, To
BUIHO, 9TO0 OHO BHIMIAAUT KaK 3aKOH COXPAHEHNMA HMITyIbca. ¥ MHO-
sKkad ero ma /i, mMeeMm

ik = tk -- fq. (2.102)

K mMoyascy bmesTpoHa ROGABHICA KEQ3UUMRY.AbC TOTIOMEHHOTO
donoHa Aq. B sToM m cocTomT ompaBiamme HazBaHHA ¢homon (10 aHa-
JoTHE ¢ «POTOHOMY) NI KBAHTOBAHHOIO aKyCTHIECKOTO BO30Yy:Kmenus
¢ TacTHIEenoNo0HKMI CBOMCTBAME.

Onmako B obmeM ciaydae 9TOT «3aKOH COXDAaHEHHA HMIIYJIhLCa»
He BHIOOJHSeTcs: Kak BuAHo m3 yeaosusa (2.100), smeRTpoH MoKeT
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mpuo6pecTn WIH TOTEPATh B JONOJIHEHHE K MMIYJILCY (OHOHA eme
nMnynbe Ag. MB HasoBeM TaKkWe LPOMECCH npoyeccamu nepebpoca,
min U-npoyeccanu '). O cuenmansaoM caywae (2.102) 6ymem roso-
PHTL KaK 0 HOpMaibHoM npoyecce, mam N-npoyecce 2).

B cymuoctm 3mecs HeT HHYEr0 YAHBHTENBHOTO. V3GHITOUHBIN
AMITYJBC /ig IPOCTO IepeaeTca KPHCTANIY Kak meiromy. Pacemarpm-
Bas KoJebaTelqbHHE COCTOSIHAA PEIIETKM, MH He NPHHMMAJIH BO BHH-
MaHHe JBI;KEHHA IeHTpa MacC HfealbHOH peineTkd, HA $oHe KOTO-
poro m copepmraloTcs Kojebanmsa. Moxuo yGemurbes, 910 GyHmaMeH-
TaJNbHBIA 3aKOH COXPAHEHN A UMIYJIbCA BHIIOJIHASTCH NI BCEH CHCTEMEF
¢ y4YeToM JBMKEHHS, CBA3AHHOIO W C 9TOH cremeHbio ¢Bobojsi. IIpo-
HeccH mepe6poca MOKHO IPEACTaBHTh ce6e Kak pokaeHme (Mam
VHEYTOKeHHe) OHOHA € OJHOBDPEMEHHBIM OGPITTOBCKHM OTPayKEHHEM.
B rakoM mpomecce MMIYJNBC, 0IeBHAHO, IEPERAETCA KPUCTALTY Kak
LeIoMYy.

flpnenme mHeynpyro# mudpakmmm pgaer BechMa IEHHHIA MeTOX
A3yUYeHHNA AWHAMEKH KPHCTALINYecko# pemerxku. dumdparmumsa gyua
B HEKOTOPOM HampaBJEeHHH CBA3aHA ¢ KoJeDaHHAMH pemeTkH, obixa-
RAOIUIMHA ONpeeleHHEM BOJXHOBHM BEKTOPOM . MoKHO mocmorpers,
KaK M3MeHWIACh SHEPrus MMPpPardupoBAHHON YACTHLHI, M, CIEEIOBAa-
TeTBHO, H3MEDHTEL BeINUURy /vq. PaccMarpuBas pasnmdmbie Hampas-
JeHHA W H0-DAa3HOMY OPHEHTHPYA KDPHUCTAII, MOMKHO BEYEDPTHTDH BCIO
¢yHRIEID vq. Pasymeercs, sta QyHKmua mMeer HECKOIBKO BerBeil
¢ pasaHuYHON HmoJAApH3anumedl, HO X IPU CHCTEMATHIECKOM PacCMOT-
PeHNH MOJKHO DPa3mernTh. UYBCTBUTEABHOCTh HEUTPOHOB K JOKAlb-
HHEIM MATHATHHIM MoMeHTaM (§ 6 HacTosmed riaBhl) IOKA3LIBAET, 9TO
Ta K TeOpHs MONKHA ONMHCHBATH M HEYHPYIYIO HUPPAKINIO DOJAPH-
30BAHHHX HEATPOHHHX ImydukoB Ha MmazHonax (cm. § 10 ra. 10). Iipnm
9TOM W3BIEKaeTCd aHAJOTHYHAA MHQOPMANWA O 3aKOHE HCIEDPCHE
MAarHoHOB,

Opgrako TaKOM ONHKHT NPAKTAYECKHE MOMKHO OCYIIECTBATH TOJBKO
C TeIIOBBHIMUY HEATPOHAMH, MITMHA BOJHE KOTOPHIX HOPAIKA DOCTOSH-
HO# pemerxkm, a sHeprusa mopsgra 0,1 se. Ilpm atom cusur sa cuer
sHeprum (QOHOHA, KOTOpasg MeHbIIe wWihm mopsgra kO (mpumepuo
oxomro 0,01 26), MomO merko Habmwpatb. Ilnsa 9deKTPOHOB HiH
PEHTTEeHOBCKHMX Jy9ell DHeprus NydKa ROJMKHA OHTH MHOro OojNbme
(MeCSITKM WIW COTHH DJIEKTPOHBOABT), WM IWOITOMY HEBHAYATEABHEIE
H3MEHEHUSA SHEPIAM UPH NAPPAKINA He yIaercs o00HADYHUTH.

Mparuno orbopa mis keasmamoynasca (2.102) ocHoBadHo Ha HATAUYHH
B pemerKe AanbHero mopsaara. YUTo ke MmoAydmres, KOTHA TaROM
MalIbHUA HOPSIOK OTCYTCTBYET, KAK 9TO WMEET MECTO B JRHAKOCTAX
AIE cTeKIax? Ympyras audpaknua onmpepenasnach Ob Torga Keampa-

1) Ot memenkoro caora Umklapp.— ITpun. nepes.
2) Ot amrmamiickoro cioa Normal.— ITpux. nepes.
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TOM MORyJAA Marpmumoro siementa (2.86), koropwiit B ¢Bolo ouepenb
IpPONOPIMOHAJIEH KBaAPATY MOZYJA CTPYKTypHOro ¢akropa

1 —iK. —Ry/ 1 .
=_172_Z e K-(R;—Ry )=W SP(R)B’lK'RdR. (2103)

w

NudpaknuonHasg KapTuHa 3aBHCHT 0T ¢yphe-o6pasa mapHoit pysrmun
rxoppensanun P (R) — BeposaTHOocTH 06HApY)KHTH ABa aroMa Ha pac-
croaaun R npyr ot apyra. B sR@pxocTu 3TO ecTh He 4TO HHOE, KaK
obpaHAS paduasbHas PyHkyus pacnpedesenus.

JTo paccymaenne Jerro 0600muUTH M MOKa3aTh, 4YTO aMILIHTY/A
neynpyzot pudpargnm S (K,v) gmaercas nBoiHEIM ¢ypee-o6pasoM
gynryuu roppeasyuu P (R, t), sasucaweli om epemenu. llocnemmasn
QyHRUMA Jaer BEPOATHOCTh OOHADY;KUTHh KaKoi-HEOYZL aTOM B TOU-
ke R B MOMEHT { IPH YCJIOBHH, YTO aTOM (BO3MOKHO, TOT K€ CaMBIil)
onpepesiento Haxoguiacsa B Touke O B moment 0. Hampumep, mccaemo-
Banne quppakoul HEATPOHOB MO3BOJAET U3MEPHUTH YACTOTHHE CIEKTD
QayKTyammizi IIOTHOCTH ¢ BOJAHOBEIM BekTopoM K — dmsmueckymwo
BeIMYNHY, KOTOPAasA OUMCHEBAETCA OYEHb OCTPOR QYHKOHWeHX TOABKO
IIA pemerok, oTHOCHTeNbHO Giamakmx K ppeansHoi. Ilogo6HEIM sxe
06pasom HOJAPM3OBAHHEE HEHTPOHH AEPPArEPYOT Ha QIYKTyaUHMAX
cnunosoli naomuocmi. Ilociegnne ONUCHBAIOTCS AHATOTAYHHMA HYHK-
OHAMHA KoppensaunuuM wian ux ¢ypbe-o6pazamu, 3aBHCAIMUME OT OPO-
CTPAHCTBEHHBIX KOOPAMHAT (MM OT MMIYIKCOB), & TAK/KEe OT BPeMeHH
(nrm oT ’HEpPrUM).

§ 9. ®arrop [eGas — ¥Yommepa

Cinaraemsie 8 gopmyne (2.97), coorBercTByiguue mpoIeccaMm pac-
cesENA C ydJacTHeM OJHOTO (eHOHA, HEe WCYEPIHBAIOT BCETO, YTO0
MO3KeT BOHMTH B CTPYKTypHHi MuOm@Texb (2.95). Jlerro Bumers, uTO
nepeMHOKeHHe comHO:RATeNel Tmma (2.96), a TarsKe CIegyIOIMIX
32 HEMH YJIGHOB DPasJoyKeHUs BKCIOHEHTH NaeT BKIAH, COfeprKamue
pasimunbie npoussenenus muoskureneir suga Uq exp (ig-Z). Ilpo kam-
OB TaKOH MHOMHTENb MOKHO CKa3aTh, YTO OH COOTBETCTBYET HOPOK-
TeHUI0 MK YHNITO;eHHI0 OHOHA, W, CAEL0OBATENBHO, TAKNE IPOA3Be-
TMeHUA OTBEUAT MHOZOPOHOHHBLM RPOYECCaAM.

Boofme roBopA, BEpPOATHOCTH ITHUX mporeccoB OncTpo yOEBaeT
o Mepe yBeIMYeHHs WX HOPAAKa, W OHH He BHOCAT CYHECTBEHHOTO
Braaga B ¢on Heyupyro#i mudpparmumm. EcTh, ofHaK0, BasKUHIE KiIacc
cTaraeMsIx, KOTOPHE IPOHCXOAAT 0T KBagparnanoro wiena —| K- Ug |2
B pasnoxennu (2.96) m maroT B cpemHeM HeMmaJdwii BKIaj. Baraamys
Ha popmyirs (2.95) m (2.96), MoyxHO 3aMETATD, YTO MATPAYHHHA dIIeMEHT
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KaK yIPyroro, Tak M HEYNDPYLOrO paccedHUA IOJIKEH COJIepKaTh
MHOKHTENb

e—2W=1ql{1—|K.Uq[Z}, (2.104)

r7e mpousBeJienme Teneph Oeperca mo BCeM BEKTODAM (.
Owu nasuBaetess garmopoxn Jebas — Yoaaepa. Mo sanucanu ero
B TaKoll Qopme, ykCjAAf BOCHOIB30BATHCA TH3BECTILIM PaBeHnCTBOM

N

lim ﬁ(1—%an)=exp{—lim%{— Zan}, (2.105)
Noeo i Noeo 50 i

na6s mpeobpazopats mponsseenne B cymmy. Tarnm oGpasom,

e=2W = exp { — V| K- Uq[?}, (2.106)
q
I
=2 KUyt (2.107)
q

Y1065 BHYUCIATE BTy CYMMY, HAJ0 3HATh aMIIATYLY {-TO KOJe-
6anua pemerku Ug. Ona Gyger dynxnmeil reMmepaTypel. 1\1]31 aHaeM,
910 CpemHsAA SHEPrAA TaKoro KoxeGamms maercs opmymrod (2.47):

gq= (ﬁq + %‘) th’

rae nq — cpejHee YMCIO GOHOHOB JAHHOTO THIIa, ompenensemoe gop-
myaoii Bosze — Jfimmreiina (2.46).

B kiaccmuecKoll MeXaHMKe DHEPrHs IPOCTOr0 TapMOHHIECKOTO
KoNe6anysa BHUMCIAETCA KaK CyMMa KMHETHYECKOH M MOTeHIMAbHOH
smepraii. llociegnme, Kar MBBECTHO, OJMHAKOBEI 1). Taxum obpaszom,
pasencrsa (2.1) m (2.8) mator

g — ‘Zl] M|t = NM,| Ut =2 NMv3 | Uyq P (2.108)
B sq sq

Eenu Ha pieMeHTapHyo sYeflKy NIPHMXOJHTCA BCET0 OJUH aToM
macesr M, 1O

, &g (mgti)n
|Ua = s =i, (2.109)

Tax rak perrop Ug m3BecTeH jia KajIol BETBH CHEKTpa Kojeba-
pufl PEIIeTKH, TO ML MOReM B IPHHI[HIIE TOYHO DACCIMTATH (PaKTOD
Ilebas — Yomnepa.

1y MmeroTcs B BHAY CpefiHVe 3HAUYCHUA.— IIpun. ped.
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Yrofs OCMOTPETh, KAK OH BefieT c¢ebsi, paccMoTpuM j1ebaeBcKyIo
MOJeIb ¢ ONWHAKOBBRIME CROPOCTAMH IAA Bcex tpex mox. Hasa mwoboit
3aJaHHOI DOJAPHSANUH B CpeJHEM HOJIYINM

|K-Uy [P = K?| Ug 2. (2.110)

IIps ydere Tpex pasIWIHBIX MOAAPH3ANMEA MHOKATENL Y/, mpoma-
naer ).
C yuerom Beipaennit (2.46), (2.56) u (2.109) mer umeem
1, A1 nqtle oo
W=gK —*NMa?HS—Vq &g =
v

1 R2K2 1 1 3v2
0
3 h2K2T2 or 1 1
= S {ez_i—l—i}zdz. (2.111)
0

3iech IPEHATH Te e oGosmadenns, 9to u B Gopmyie (2.57).

Ilpu BHICOKHX TeMOepaTypax BepXHMI DOpefe] HHTerpala Mal
¥ SKCOOHEHOHAIBHBIA MHOMKHTENDL B IONLIHTErPAJLHOM BHPAKEHAU
MOJKHO PAasioRHTh B PAJ L0 CTeeHAM z. B peayibraTe moJaydaeM

3 BK2T
—> 2.
W — 3 ren (2.112)

TakmM 06pasoM, MHTEHCHBHOCTH PEHTTEHOBCKOH AupaKImOHHON
KapTHHLI, OPOLOPIMOHAJIbHAS KBAApPATy MOAYJIA MATPHIHOTO 3Je-
menra off kg, YMEHBIIAGTCA B

e-2W ~ g-3n2K2T/M~O? (2.113)

pas. Muosxurens (2.113) o9eHp CHIBHO B3aBMCHT OT TeMHEpPaTyDH,
a TaK:Ke OT JJIMHE BeKTOopa paccesnus. ToT ke pe3yibrar MONyIUICsH
651, ecan OB OpH pacdere CpefHeidl sHEPTHHA KaKAOTO KoJeDaHWs MEI
BOCHOOAB30BANNCE KIACCHUECKOH CTATHCTHKON (ToT[a MH HMean OFI,
oueBnaHo, q = kT).

Ilpu temneparypax Hmwxe fgeGaeBCKOH (opMyna VCIOKHIETCH.
3aMeTnM, OfHAKOG, YTO HOPU CAMHX HH3KHX TeMIepaTypax BeJINIwHa
W crpeMHTCA K HEKOTOPOMY IMOCTOSTHHOMY BHATEHHIO. JTO IPOUCXO-

1) EcTh 0HO I0J€3HO€ IPABHJIO: B DTOH MOJENM BCE TPH MOJL BHIDOYK/IEHBL
OpH KayKIOM BHAYERHN BeKTOpPa (. II09TOMY BEKTOPH MOJADH3AIMM MOFKHO
BLIOPATh IMPOU3BONBHO ¢ T€M YCJIOBHEM, 9TOGH OHM (MM OPTOrOHANBHH. Brbm-
‘patoT oHo KojebaHne ¢ BEKTOPOM Uq, napainenbeERM K, a oBa ADYTEX — C BeK-

Topom Uy, nmepuenpuxynspusm K. 9TO0 M JaeT HYKHHIH pPe3yJbTaT.
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oUT 3a CUeT CIAraeMoro l/, moj MHTerpa;oM, T. €. 32 CUeT HY1eshlT
KoAe6anull PemeTKA. JTo He HpeHeGpe:KuMo Majbid addext:

3 n2K?

Benmumaa B mpasoit gactm (2.114) cocrasuser Y/, ot suavenus W
upa 7 ~ ©. Cama sHepeus HyIeBHX KomeGaHWHA MOKeT (QH3MIECKH
He UrpaTh HAKAKOA POIM, HO CBA3AHHOE C HEll Jeudcerlue MOKHO Hemmo-
CPefCTBEHHO HAOIIONATE.

Ovuenb MOX0KAE paccysaenas o0bACHAT u fierm Meccbayspa.
CrexTp fAePHOTO y-H3TYIeHIA MOKET COleP/RATh 0IeHb Y3KYIO TUHHIO,
KOTOpasA, IO-BHAAMOMY, He YIIHPAETCA M3-3a TEIIOBOTO JBU;KEHIA
ATOMOB BOJIHM3M HX TOJOKCHHII paBHOBECHSI B Kpucrajae. Mu mmeem
3[[eCH 1eI0 IO CYMECTBY ¢ HPOCTHIM KiaccumieckuM sapienmeM. Ms-3a
spdexra Jlommrepa 4acTroTa MBNYUEHASA «, MCIHYCKAGMOTO HCTOYHH-
KOM, ABIDKYIIAMCA € IOCTOSHHON CKOPOCTBIO U, CIBHIAETCHA Ha BeIH-
ypry ov/c. 1IpenmonoskmM, OFHAKO, WFO 3TOT HCTOYHAK TOMEINeH
Ha CBH3AHHHI AaTOM, OCHHIJIHDPYIOMAN C 9acTOTOH Vq H aMILIATY-
soit Ug. Tlockomsky mpm 9TOM CKOPOCTH MEHAETCA BO BPEMEIH, TO
MOJKHA HABMIOATHCA WACTOTHASA MOMYJANHMA HCIHYCKaeMOTO H3IY-
venus. Ilogo6HO TOMY Kak 9T0 HOJIydYaercsd B BJIEMEHTapHOW TeopnH
pagmomepesadn ¢ GACTOTHOH MOTYIAIUeH, CIEKTD HAIIEr0 MCTOYIAKA
pacImemIsAeTcs Ha PAM JHHME ¢ TaCTOTAMA ®, ® == v, O &= 2v i T. L.
Jlna xodeGammii ¢ Magoll AMINIATYAOH [OJS HHEPTHH UBIYUCHHA
B HecMemenHol siummm coctasaser npamepmo 1 — 1/, (k-Ug)?, rme
k — BonmoBoil Bertop y-$orona. IlpocymmmpoBas BRIamsl OT BCeX
BO3BMOKHEIX KoseGammil, Kak 5TO [eNajioch OpH BHBOAE (opMyd
(2.104) — (2.107), momydum, 4YTO OTHOCHTEIbHAA HHTEHCUBIOCTH
HecMeMeHHOM JMHNE KOHeYHa W paBHa B TouHocTu dparropy [Hebas —
Younepa.

Ha crapgapTHOM s3HKE TEODHH TBEDJOTO Tela MOMKHO CKa3arh,
9T0 WMIYJIBC, TEPeNaBaeMslii aToOMy UDH Y-H3JAYY6HHM, YACTHIHO
pacxopyercss Ha pofieHme $OHOHOB, IPUIEM JUHAA YMUPALTCA Ha
BEIMUAHY, COOTBETCTBYION(YIO dHeprum dTnx (PoHoHOB. OpHAKO HPY-
rasg — TakiKe KOHEIHAA — YacTh HMIYJIBCA MepefaeTcd KPHCTAILIY
KaK IeNoMy, He MPUBOJA K HCIYCKAHMIO WIH IOTJIOMEHNI0 (OHOHOB;
OYeBHIHO, TP DTOM HMEET MECTO JHUMb GECKOHEYHO Majad IoTeps
nrn npmobperenme) sueprum. Paxtop [lebas — Yommepa, Kak n
B caydae AupaKnud PEHTTEHOBCKAX JyUed, mH3Mepser IIPOCTo
MO0 TAKMX YUPYTAX IPONECccoB (npoyeccos bes omdauu). Ilomyuaro-
Mascs NpefelbHO y3Kasd IMHAA OKA3LIBAETCH, KOHETHO, TPE3BETANHO
MONe3HON JUIA MCCAef0BaHUA MAarHUTHHX IIOJed MOIEKYJ W TBEDABIX
Tex, I IMPOBEPKH TEOPHM OTHOCHTEIBHOCTH M T. [.

[pu BuBome opmyast (2.111) momygaercs, MeKIy UPOIUM, eme
onWH mHTepecHH pesyabrar. V3 Beipaskenuit (2.1) n (2.8) scHo, gro
cpefHmit KBajparT aMILINTYAR KonebaHMH KaKAOTO aToMa B6aE3M
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COOTBETCTBYIOIIETO y3Ja PeNIeTKH IpH Temmeparype Boime aefaeB-
CKO# paBeH

1 . » _ OR2T
TZ'U”:ZIUQI %Mke2. (2115)
i q
I:pI/I TeMieparype T CpeqHEeXKBaJpaTUYHOE CMEIMEeHNe Ka)KIaoro artoma
U3 COOTBETCTBYIOIIErO0 HOJOMKEHHA PaBHOBECHA COCTABHT HEKOTODYIO
HOJY0 I, CKaxKeM, CpenHero pagmyca BHeMeHTapHOﬁ AYeHKN Ts. HpH

3TOM
9R2T
xr = ]/m— . (2.116)

Ha »710ft mpmee ocHoBama gopmyra Jurdemana Oas memnepamypu
naassenus. llpegmonoxum, 910 TBEpHOE TENO MOMMKHO NJIABATHCA,
KOT{[a & JIOCTHTAeT HEeKOTOPOTO CTAaHZAPTHOTO 3HAYEHHA Zp. OTciopa
tTeMoeparypa nuiaBierns I, CBASHIBAETCS ¢ JPYIAMH ATOMHABIMH
LIOCTCAHEBIMU TBEPIOTO Tela

To= 0 MAE%?. (2.117)

OwaspiBaercs, UTO HapaMerTp &, s OOJNBMMHCTBA TBEPAHIX TeN
saxoguress B mpegenax 0,2—0,25.

ATHM TPABHJIOM MOJKHO BOCIONB30BATHCA I HpulIHMKeHHON
onenkn temmeparypet Hebas mo mssectnoit TemMuepaType IIaBIeHHA
T.. OHoO maer rakske ynoOuml cuocob mua OLICTPOIl OBENKH BeIMYNH
(mampumep, W), saBmcamux oT aMmauTyaH Koxebanuit atomos. Tak,
dopmyay (2.112) mMoxxHo mepemmcarb B BuUjE

(2.118)

rjie gp — mebaeBcKoe BodHOBOE umcxo (2.53).

§ 10. ArrapMoHN3M ¥ TemiOBOE paclINpPEHHE

B mauganme pTol riaBn Mbl pasiyarali IOTEHOUANBHVIO SHEPTHS
rpucrania B pAx Tednopa mo cMemeHHAM pemerku. Jtot pAx (2.2)
6p11 0oGopBaH Ha wiIeHax Broporo mopspaka. OmHakro GyxnyT m mpyrue
WIeHB PA3JICIKEHUA, HAIPEMep

(3)=Z Jud’ i
7 wul ul,

07 ], (2.119)

i oul’ 3
e Ouly Oul g, OULyn
i
].].’]'”
u T. 1. QaKTHYeCKEE pacuer BO3HUKAIMAX KOd(PPUIHEHTOB NPeNCTaAB-
JIfieT 09EHD CIOKHYIO 3a1aTy, TAK KaK OHH 3aBHCAT 0T €OMETPAIECKHEX
$aKTOPOB W TPETHMX DPOM3BONHHX OT MEKATOMHHIX HOTEHMHAIOB 7~,
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C TaRUME QHeAPMOHUNCCKUMU UACHAMIU CBA3AHO HECKOIBKO Bajk-
HHX Qusndeckux sABienuit. 113 nux maubosee M3BECTHO menaosoe pac-
wupenue. Ero He JerKO BEIBECTH HEIOCPENCTBEHHO N3 BHPAKOHEA
Tuma (2.119), no o6masn pusnaeckas unes gocrarogno npocra. G pocrom
TeMIepaTypH YBEIHYWBASTCA ¥ AMIDIATYHa Koaebanmil pemerku,
a 3HAYAT, U CPeJHEKBAJpATHIHEE 3HAUEHHWA CMEIIEHUA Uy U T. [.
AHrapMoHWIecKHe WIEHH HAIOT BKIAN B CBOGONHYI HHEPrHI0 KpH-
crajiia, KoTopas Temeph He 00643aTeTbHO MUHMMAJbHA IS Kojeba-
Auit BOIM3M DPUHATOH «pPaBHOBECHOW» KOHYUrypamuu, B KOTOPOI
Kak[g0e cMeIleHue Uy paBHo Hyao. Ilpm srom Bech xpmeramm pac-
mupAerca (MM CHEMAETCA) 0 TexX MOopP, TMoKa He Gyger JOCTUTHYT
obpeM, IpH KOTOPOM MoJHAs CBOGOAHAA DHEPIUA MUHHMAJIBHA.

Beuny orcyrcrsma umudopMalmm 06 aHTapMOHWYECKHX diIeHAX,
HeoOXOUMON A/ pacuiera M3 «IePBHX NPUHIHIOOBY, MOKHO (eHo-
MEHOJOIMYEeCKN HpPefIoJOKATh, YTO 9acTOTa KOIeGaHwWii pelreTHH
ecTh pynknus obbvema. [Ipumenm 11 MpocToTH, 94TO H3MEeHeHHE 00beMa
AV TpPHBOJHT K OTHOCHTEIHHOMY H3MEHOHHIO YACTOTH, OJHHAKOBOMY
JUIA BCEX MOZA:

A AV (2.120)

Torpa moamyo cBoGoxHYH 9HEPIHI0 KpHCTANIa Kak (QYHKIHIO
o0bemMa MOKHO 3ammcaTh B BHIE

:1;_(AV) +Er n(ZSthL;,). (2.121)
q

3nech HepBHI WIeH OPeAcTaBifeT TOTeHIHANBHYI0 DHEPIHio, CBA-
BaHHYI0 CO CKEMAEMOCTBIO X TBEPJOTO TelId, PACCMATPHMBAEMOTO KaK
yupyruii RoHTHHYYyM. Bropoil wieH ecth cyMma CBOGOJHHIX BHEp-
Uil PABIMYHHX KoaeGaTeIbHHX MOJ PEIIeTKH B TOM BH/e, B KaKOM
ona OOHYHO TOJAyJaeTcs B CTATHCTHIECKOH MEXaHMKe OCIHIIATOPOB
Boze — Jiinmreiina.

Hundpdepenmupys mo obbemy M moabaysack coorHomenunem (2.120),
HAXOAHUM YCIOBHE MAHAMYMa CBOGOI{HOﬁ PHEPIHUH:

v _
% (AV_) S\ vhvg 5 L oth o ‘9 —vE (D). (2.122)
q

3necs € — oneprua Kosebaumit pemreTku npd temueparype 7, onpe-
nenseMas gopmymor (2.48). Mu mpmmuim, takum ofpasoMm, K gop-
myse I'proualisena: pacmmpeHue npu Temmepatrype I mpomopimo-
HAQJIBHO IUVIOTHOCTU CpefHe# TemIoBOK sHepruu, T. €.

A — & (T). (2.123)
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Koagppuyuenm menaogozo pacwupenus, GyZyIn Tpom3BORHOE OT pac-
IIIPeHHs 10 TeMImeparype, HPOMOPIUOHANEH YHeIbHOH TemIoeMKo-
et Cy.

Cpasuueas pesyiabrar (2.123) ¢ omeITOM, MOMKHO HaWTH HOCMOSH-
nyto I'pronatisena y. O6pano oma OGamaxka K 2. Ilocroammas mpen-
cTaBiser coboii GespasMepHBIA mapamerp, yAoOHEIH A ONHCaHHMA
aexToB, CBA3AHHRX ¢ aHrapmomuunocrsio. J[laa momenm [lebaa
coornomenne (2.120) mokHO 3ammcaTh B BHJE

'91ln 6

OTciofa SCHO, YTO MOCTOAMHAS Y XaPAKTePH3yeT BIUAHHEe M3MEHEeHNA
ofpeMa Ha Temmeparypy [lleGasg. B meficTBATENBHOCTH 5TO CIHIMKOM
yOpoIeRHasa MOJeTh TeIIOBOTO pacumpennda. Pacmmpenne mo-pasto-
My BO3JEHCTBYeT Ha pPasNIWIHBe MOJHI: 3HAYeHHe IapaMmeTrpa y M
OPOROIbHEX Kodebauuit o6saHO Topasfo Godbine, UeM NJiA IOmEPed-
HHIX. IlosToMy BRIaze aTHX KojebaHmil B mpaByio gacTsh (2.122) mago
paccMaTpPEBATH MOPO3HE.

AHTapMOHE3M BIHAET TAK)Ke W Ha yIPyrue HOCTOAHHEIE, KOTOPHE
MEHAIOTCA C H3MeHeHmeM o0beMa #W TeMmmeparyphl. JTH SBIEHHA
OUeHbh CIOKHH N He ONHCHIBAITCH 3JIeMeHTapHoil Tteopmell; oHR
3aBHCAT OT PAJA PasIMYHHIX IapPaMeTpoB.

§ 11. ®onou-dononnoe B3amMofeiicTBHE

C ¢opmanbHO# ToYKM 3peHms Hambojee BajkHOe NDOABIEHHE
aHFrapMOHE3MA COCTOMNT B HapYIIEHAM AMHAMHYECKOH He3aBHCHMOCTH
pasnImIHEEX Moy pemerxH. llogcraBuM, Haupmmep, Brpaskenua (2.8)
u (2.10) » dopmyny (2.119). Hdua cnyvas pemerxku Bpass moskHO
HAOHCATh

7S = D) Apnr t wupup =
e

=3 D RAuriUUgUpexp{i(q-l+q-V'+q-1")} (2.125)

wi qq'q”

Mul momb3yeMcs 37lech CaMBIMM KOMIAKTHBIME 0003Ha9eHHAME JJIA
TeH30opa KO3QPHIMEHTOB TPETHETO IOPAAKA U A CKAJIAPHOTO HPOM3-
BefCHUA €ro Ha BEKTOPH CMEIeHMA,

Bupasxenne (2.125) Hago yduecTh HpPH COCTaBIEHMH yPaBHEHHH
IBUyKeHNA. XapaKTep €ro MOKHO HPOWIIIOCTPUPOBATH, NPUMEHSAA,
KaK ¥ B caydae Tenszopa (2.6), IpuHOND TPaBCIANAONHON HHBAPHAHT-
moctu. Tensop KosdduumenTos B BepaskeHH: (2.125) moser 3aBuceTh
TONBKO OT OTHOCHTeAbHOTO monoenus yamos I, I' m 1. Iloatomy

All'l” = A (h,a h”)v (2.1 26)
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rie
=0 —1, h =1 —1.

Ilopcrasasas s10 B Popmyay (2.125), momygaem

3 — > A(h,h): UyUq Ugrea+a'+a") lgiq’ -0 gig” n” —
th’h” qq’q”
= 2 {2 B(h, h") et Weia b |: U, Uy Ug D eilata+a) -1 =
qq’'q” h'h” [
= ) Ndqiqsq,eA(q', q') ¢ UgUg Uy (2.127)
qq'q”

Wraxk, remsop wosddunmentoB ceasm Memny KoseGaHHAME ecTh
¢ypre-o6pas TeH30pa AHrapMOHEIECKOTo wieHa. llpu Gomee moapo6-
HOM DaCCMOTPEHHM MOKHO 3aMeTHTh, YTO CyMMUpPOBaHHe To I mpu-
BORUT K MOABIEHHI0 MHOMuTensa rtuna (2.92), roTopsit ofpamaercs
B HyJb, €CIH He BHIIONHEHO YCJIOBHE

q+q 4 q" =g, (2.128)

r/ie, KaK BCerja, BeKTOp g ecrb aubo Hynb, 1uGO OJMH H3 BEKTOPOB
obparHo#t pemerru. Takum 06pasoM, Ha KBaSHMMIYILCH KoaeGaHmil,
KOTODPH® OKAa3LIBAIOTCA CBA3AHHHIMM, HAKIAIBBAeTCA HEKOTOPOE
ycJaoBue. ’

IT0 MOKHO MHTEPHIPETHPOBATH CIeAylommM o6pasom. Paccmorpi
AHTapMOHNIECKNE WIGHH KaK BO3MYOIEHHE KOIeGaTelhbHOTO IBHIKE-
HAA pelleTRH, NOJIMHAIMEroca ypasuennam (2.11). Itu ypaBrenus
C DOOMOMBI0O KAaHOHAYECKOTo mpeoGpa3oBaHMs MOMHO HIPHBECTH
K CHCTeMe YDaBHOHHI [BM)KEHUSA HE3aBHCHMHIX NPOCTHIX TapMOHII-
9eCKHX OCHHIIAATOPOB. XOpONO U3BECTHO, UTO TaKHe YPAaBHEHHA B
B KBAHTOBOM MeXaHWKe IOJNYJalTCA M3 FaMAJIBTOHHAHA, KOTOPHL
B CBOKO 09epefb MOKHO BEIPA3HTDH Yepe3 0HepaToOPl POKIEHAA M YHIT-
TOKEHNA KBAHTOB KoJebaHWA Kamkmoro Tmima.

JefiCTBATeNbHO, MOMKHO II0OKA3aTh, UTO CIPABEIUINBO PABEHCTBO

. /2
U, = _z(ﬁ) " eqlag—aty), (2.129)
Te eq — CIHHMYHBINA BEKTOD NOJADPH3ALMH KOJeGAHHA ¢ BOJHOBHIM
BEKTOPOM (, IPHHA/IEKAMEro HEKOTOPO# BETBH CIeKTpa, a BeXH-
YHHHL (g, Qg CYTh ONEDATOPH YHUUTOKEHMA U DOKIEHHA (GOHOHA
MIAaHHOTO THUA. BexkTop momspmsamum ompemensercs, KOHEYHO, myTeM
pemenusa 3amadu Ha cobcrBenmbte 3Hadvenus (2.13) mna gacroTst Vq.

TaMunpronnan, yYmTHBAa0OMUil TAITH TAPMOHIIECKAN WIEH, 0UeHb
NpOCTO BBHIPAKAETCA Uepe3 BBECHHBIE OIEPaTOPH

1,

Ho= > D) fvq (aqat + atay). (2.130)

Ilo nonapusamuam q
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Cobcrsennsie QYHRIMM HTOTO FaMIIBTOHMAHA ONUCHIBAIOT COCTOSHUA
¢ BagauHsM dncaoM ¢goroHoB. Hampumep, B COCTOAHMH, ONUCHBAEMOM
dynarnuei | ng), EMeETCA ng KBaHTOB (-i Momsl. llopcraBafs BHpa-
srenme (2.129) B amrapmonmdeckmit wren (2.127), monygaeM oueHs
CIOMRUOe BHPAKEHAE, Colep/Ramee IPON3BEACHNA OMePATOPOR dq, dg
n 1. 1. Hanpmmep, BosHEKaeT WieH, copepsxammit (mocie mepecta-
HOBKJI HEKOTODPHX CHMEOJOB) BRIPa)KeHHE

Oq-q’'-q*, gq2q q"- (2.131)

Ecan paccMaTpuBaTh €ro Kak BO3MymeHHe, fo0aBienHoe K HEBO3-

MYIIeIHOMY TaMUIbTOHMAHY J#,, TO OH HPHBOJHT K Il€pexojam,

B KOTOPHX BOSHHKaeT ojuH (OHOH B COCTOAHHH ( M YHAYTOMKAETCHA
N #

mo omioMmy ¢(omomy B cocrosmmax q' u q”. Ilpasmmo oropa mis
TAKOro Mepexoja WMeeT BHT

g +q9"=q —¢g. (2.132)

Omo unamomunaer yesiosue (2.100). Ecam 6m BekTop g paBmaica
HYI0, MH CKAa3adH Op, 9TO KBASHMMOYJIBC COXPaHAETCA: HMIYJIbCH
fiq’ 1 hq” yEEYTOMAIOTCSA M BO3HHKAeT HMIYILC fiq. Ecnm Bextep g
He paBeH HYJIO, TO KBA3MHMIYIBC yyKe He COXPAHAETCHA, HO OH MOKET
MeHAThCA JmMmb Ha Beamuudy fig. TaruM obpasoM, esaumodeiicmeue
Joronos ¢ ononamu upuBoaur Kak K N-, Tak m x U-mpomeccam
moxo6Ho TOMY, 9TO IPOMCXORUT UOPH PACCesHAH BHEIIHEro NydYKa
PEeHTreHOBCKHX Jydeli. Vmewnrcs, 09eBHAHO, M JPYTHe NPOIECCH,
B KOTOPHIX OfWH (GOHOH YHMYTOKAETCH, a JBA IMOPO:KAawTcsa [omm
BLISLIBAIOTCA BO3MYIMeHHeM, coupsyxeHHuM ¢ (2.131)].

Mo;KHO TOKa3aTh, UTO JJIA PEATBHBIX HIPOIECCOB DHEPIHUA JOJKHA
coxpausthea: B caydae (2.132) mommuo 6HTH

IT10 MOKHO 060CHOBATE, PACCMATDPUBAS BPEMEHHYIO 3aBHCUMOCTD QyK-
Oni, ONHMCHLIBAIIMMX KOIEGAHHA PemeTKH.

OueBmmHO, Ha caMoM jelne KodpdunueHTH (OHOH-POHOHHOTO
B3aMMOeHCTBHA 09eHb CIOJKHEL, TAK KaK OHN HOTYIAIOTCA U3 aHTap-
MOHHTECKHX Kop(PHIMeHTOB, NEePeNyTaHHEIX ¢ BeKTODAMH HOJADH-
samun. IlpaBmia QIA pPeaNbHEIX IEPEXOOB MeKAy KoaebaHmaMm
PasIuIHON HOASPH3AmMUM TaK/Ke CAOMKHBI, IOCKOJBKY OHH 3aBHCAT
OT BO3MOKHOCTH OJHOBPEMEHHO VAOBJIETBOPHTH 3aKOHAM COXDaHEHWS
PHepruu W KBasmmMIyabca. fIcHO TakKe, 9T0 MOryT GHTH IPOIECCH
$o1oH-POHOHHOI 0 B3aUMOJIeficTBAA U Golee BLICOKOI0 MOPALKA, KOTAA,
crameM, n POHOMOB YHHUTOKAeTCA, a n’ mopokmaercsa. Tarme mpo-
1eccH ceg3aHwsl Jubo ¢ wieHamMu mopsaka (n - n') pasmomenus
morennnanbHoil sHeprum B pax Telmnopa, nubo ¢ wreHaMu BHCIIETo
nopAxKa Teopum Boamymenuid. [Ipu sToM HOMKHBI yAOBIETBODSATHCA
apasuia orbopa, amarormgusie (2.128), — moxnoe usmenenne KBasH-
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HMIYIBCA JIOJKHO OHTH paBHO /g, rae g — aubo Hyab, ambo BEeKTOp
obpaTHOii pemnieTEy.

ITpomecert porOH-POHOHHOTO B3AMMOIEHCTBUA BACKHEL B TEOPHIE
pelerouHo#l mposoguMocTH. MBI BepHeMesa K stomy Boupocy B § 10
ria. 7.

Wsnoxennpiil BeiIe HOAXOJ K JMHAMUKE DEIIETKH HYKIAaeTcs B
HU3BECTHOM MOAU(PUKAINHE NPH UePexXoie K ONHCAHNIO KEAHMOGHL
kpucmaaaos (0Co06EHHO TBEPAOTO Teausa), B KOTOPHX AaMINIHTYAA
HYJeBHX Koje0aHWiA aTOMOB CpPaBHEMA € IOCTOSIHHON pelleTKH.
B sTom ciyuae psajgsi HecranumonapHOH TeOpUM BOBMYIMEHMIT, COCTABIIEH-
Hble U3 KOdPPuImenTor Bee Gouaee u Gosee BHICOKOTO TopAfKa (OIH-
CHIBAIOINMX MOCIEOBATEALHO Bce Goxee u 0oJsiee CIOMKHLIE IPOLECCHE
B3amMofieicTBUA OHOHOB), YiKe He cxomarcesa abcomrorro, QopmansHo
MOJKHO MOJYYHTh [Jayke ompulyamenvisle 3HAYCHUA CHIOBEX LMOCTOAH-
HHX BTOpPOTO mopsAfxa (2.4), BEYMCASEMBIX Kak LPOM3BOJHLIE OT
TOTeHNUANhHON DHEPTHH NPH DPABHOBECHOM PACHOJOMKEHHH aTOMOB
pemerku. Bo m3bemanme sTux HecypasmocTeli Clegyer BOCIOIB30-
BaThCA OJHUM U3 CTAH/JAPTHHIX MPUEMOB MeopUL MHOZUL Mmen, HAIPH-
MeD JUazpaMMHOU MEeTHUKOU WIN DAZLOHCEHUCM RO CEAIAHHBLM 2DYNNAM.
Taxum myrem moskzo Ghito 6B nepenopmuposams Bee KodPPMIMEHTEL
B3aUMO/IEHCTBISA, BHIIOIHIB CYMMHUPOBAHME TEX HIH HHHX 0eCKoHed-
HBIX IOAIOCHIEN0BATeABHOCTEH DA TeOPDHU BO3MyIIenuii. AnprepHa-
TUBHHIA 0yTh, ¢usmuecku Gojiee NPO3padHHil, COCTONT B BLIbOpe
Opo6HBIX ATOMHHX (QYHKIHE B fyxe memoda Xapmpu M B OTHICKAHKK
BapHAlOHHEIX YCNOBWII, HagaraeMblXx Ha IapaMerpsl. PesyiabTaTl
B 000MX CIyYaAX OKAa3blBAIOTCA IOYTH OAMHAKOBEIMEH. (MOHOHHBIA
CIOEKTD, dHEePTHA B3aHMOJelcTBHA OHOHOB ¢ GOHOHAMH M T. JI. HMEIOT
BIIONTHE HOPMAJbHHI BUA; OAHAKO 3QQEKTHBHbIE CUIOBHEE IIOCTOIH-
Hble, PABHO KaK M Kod¢@umuents: Gosee BHICOKMX HOPATKOB, CIeyeT
OmpefeNATdb camocozaacosakkbim nymem. Tar, Bmecro (2.4) mapo
nHEcaTh IPHUMEPHO Clefyloimee:

G = > (2.134)

LpuYeM TPOU3BOJHBEIC OT LOTEHNMAJBHON SHEPIrHH IO CMEmeHHIM
ycpednaiomesa ¢ BOMHOBOH (yHKIme:n (OHOHOB |), COOTBETCTBYIOM{EH
TEM K€ 3HAYEeHHAM CHIOBLHIX HOCTOSHHBIX.

927°
ou, duy,

§ 12. KoneGanus HemueanbHOH pemIeTRH

Kpucranmnsr, ¢ KoTopeiMum MBI mMeeM Jlell0 Ha ONIEITe, HHKOITa He
OhIBAIOT HAEANBHLIME, DPABHO KaK M OECKOHEUHO IIPOTAKEHHBIMI.
Ilo sToii mpmuune HEOGXOAUMO PACCMOTPETH, KaK BIAHAIOT CTPYKTYP-
HElE J(eEKTHl W HaIWmdde LHOBEPXHOCTeH Ha KoideGanms perreT.
Jdro — mpobiema, He umeloman kourma. OHa BegeT K TARAM TPYAHBIM
3ajjagaM, KaK AHHAMHUKA IOJHOCTHI0 HEYIOPAOUEHHEIX CHCTEM, HAlPH-
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Mep supKocTell mium crexod. I1 Bce ke, maske OrpaHMYHBINNCH pac-
CcMOTpeHMeM TONBKO WM30JMPOBAHHHX HedeKToB, HampEMED aTOMOB
3aMemeHna ¢ APYrodl Maccoil, Mbl y:Ke CMOKeM IOHATH P HHTepec-
HEIX (pu3mYecKux ABIEHUH.

CymecTBeHHEIe MOMEHTH PACCYIKEHAA OOBHUHO 3aTeMHAITCH MHO-
FRECTBOM TPHBHAJNBHHIX pHerajeil. UToOe yMEHBIINTh KayKYMYIOCST
CIOKHOCTE BHUUCIEHHI, BOCIOAb3yeMcsa a0CTPAKTHEIMA MaTPHYHBIMI
0603HaTeHUAMA, B KOTODHX, Hampumep, obmme ypaBHEHHA Komeba-
Bl udeaavHoll pemerkn BpaBd OPHHAMAOT BUJ

L(v)u=0 (2.135)
BMECTO

Mviu,— Q) Gyooapr =0. (2.136)
<

B ormx ypaBHenuwax, He OTIHYANINUXCA 10 CYMECTBY OT ypaBHe-
Bt (2.5), croaGer u 3amenseT HaG0pP BEKTOPOB CMEIIGHHS Ug [IT5 KoJIe-
faHmda ¢ 9acTOTOM vV IPH MeMRaTOMHBIX CHJIAX, XapaKTePH3YHMUuXCH
rwoucrauTamMu Gup. Juuamuneckasn mampuya L umeer cummerpuio
pewerkn. Coraacuo § 1 macToAmell raaBH, Kakgad OHOHHAA YaCTO-
Ta V = Vq ecTb KOpeHb ypasmemms (2.135). BssaB Takoii KopeHs
u pemad ¢ HEM ypaBuerue (2.13) 1A co6CTBEHHRIX BOKTOPOB, MOKHO
Ha#TH HOPMApPOBaHHKH BerTOp modspusamuu Ug, COOTBETCTBYIOMMIA
HaHHOMY (QOHOHHOMY COCTOSHHIO

u; = Ugela-l, (2.137)

IlpeamosnoskuM Temeph, 910 MBI H3MeHmAU Ha O} Maccy aTomMa B
B yane I = O (pakTu9ecKkn 310 HPOU3BOJIBHHI y3ea) n (W) H3MEHIIH
Ha O0Gy KOHCTAHTH B3amMOMNEHCTBHA DTOrO aToMa C ero COCegsAMHU
B kpmcraiane. Torma nmuEamMmueckue ypasHenus (2.136) mpumyr Bup

Mvzul —_ E Gul Uz -—}— 6Mv2uo —f— z 6Gul Uz = 0 (2 138)
[ 124

CHMBOINYECKHN DTO MOKHO 3AIECATH CIeIymuM obpasoM:
Lu 4+ 6Lu = 0. (2.139)

Taxum obpasoM, maMeHeHue (U3MIECKOR CHCTEME HPOABIAETCH KakK
BO3MYMeHHe MHAMHYECKOH MATPHIH IIePBOHAYAIBHO WAEaJbHOTO
KpHCTAILIA.

B cmenmanbsnom caydae auHeitnol memourn [cp. (2.15)] atu ypasme-
HUA MOJKHO pemmTh Gojee Wiam MeHee HemocpezncTBenno. OpHako
memod gymrkyuii I'puna nmeer Golee MUPOKyH 001aCTh TPUMEHH-
MOCTH; BMECTE ¢ TeM OH, BeposATHO, W He ciokHee. DOKyC COCTOMT
B TOM, 9T00H mepemmcaTh ypasHenue (2.138) B anre6pamdeckn dKBH-
BAJIGHTHOM BHJIE

(1 + RSL) u =0, (2.140)



920 I'a. 2. Kosebanus pewemru

THe pesoaveenma, unm gywryus I'puna R, ectp mMarpuma, oGpatHasm
nuramudeckod marpune L. Ecan marpuna R cymectsyer u ee MoskHO
BEIYACIHTH, TO OCTATCA JININb PEeIINTDh JHWHEeiHHe ypaBleBus, 3a0n-
caunnie cmMBoamueckw B Bupme (2.140).

PesonnBenTa H0MKHA 3aBHCETH OT V2, MOCKOJIbKY OHA OIpeeaser-
ca aberpaxTHOM dopymyoit

R(v)L (v) = 1. (2.141)

Herpyzano y6emnthes, uro coGerBennsie Bexktopw (2.137) maior mam
OJHOE pelleHue 3ajavyu: [OJb3YACh CBOHCTBOM OPTOTOHAILHOCTH
STHX BEKTOPOB Kak pemiennii (2.13) u upoBofis cTamfgapTHRE BETHCI e~
HHUA, moaydaeM [uA Marpuusl R (v?) Brpa)keHue
*
Rur (v) = o V_Eq__‘iq?em-a-m. (2.142)
T q

HJig IPOCTOTEL MHEI 3/{eCh OHATH HPEALONaraeM, YT0 CyMMHPOBaHHE
110 BCEM BOJIHOBEIM BEKTODAM ( BKJIKYAET TAKKE M CYMMHDPOBaHHE
10 Pa3IHIHBIM COCTOSHHAM HoJdApusanunm GoHoHOB. B mpasoit wacTm
(2.142) moppasymeBaercs ofbYHOE TEH3OPHOe IPOHM3BEHEHHE [BYX
MeKapPTOBEIX BEKTOPOB, MabH oTpasuTh TOT (aKT, 9TO AUHAMUYIECKAS
MaTpHHa mpefcraBiaser coboii TeHsop. IT0, OGHAKO, TOKEe eCTh HOBOIb-
HO TPHBHAJIBHOE 0600menne GopMys, KOTOPHE MOMKHEO OBJI0 OB HaIH-
€aTh, HAaOpPWMEp, [IA OAHOMEDHOH NEemOYKH.

B npmmmmne msr Moraum 6bi BRAMCIUTH cymmy B (2.142) nas Bcex
3sHavenuii pasHoctu (I —7'). [Ipaxrmueckm, ofHako, B 3TOM HeT
He006X0[UMOCTH, NOCKOIAbKY BosMymenne SL mpengnonaraerea cmiabHo
JOKAaTN30BAaHHEM B OKpeCTHOCTH fedeKTHOro y3aa. [lycTs, Hanpumep,
B KadecTBe NpPHMecH B3AT m3oTon. Torfa B ypasuernnu (2.138) ¢mrrypn-
pyer TonbKO m3mMeHeHHe Maccwl. llogcraBmas (2.142) B (2.140), nony-
JaeM ypaBHEHHE TOJBKO J{IA U, — BEKTOPA CMEMEHHs, OTHOCAMEroCA
K fepeKTHOMY y3i1y. TO ypaBHEHHE COMEPIKAT JHUMbL CYMMY, OTpe-
nensromyo Ry, (v?):

U*U
{1 +_§AJ;_£_§V2_ _‘1_2_}.u0=0. (2.143)
q

2 2
v 'Vq

Ycaosue obpamedus B HyJAb [eTePMUHAHTa 3-T0 IOPANKA, COOTBET-
CTBYIOIErO TEH30PY B QUIypHHX CKoOKaX, jlaeT ypaBHeHHe A V2,
T. €. OIPENENAET YaCTOTH HOPMAIBHLIX KOJIe6aHmi pelmersn, cofeprxa-
meii fedgerTH. B 6omee CIoHNX CIyIaaX, KOrga UBMEHAIOTCA H CHJIO-
Bhle IOCTOSTHHBIE, OTHOCAMMECH K HECKONBKAM Y3JiaM, HOAY4YaTes,
OYEeBLIHO, aHATOTUIHHE YPaBHEHHUA, OJHAKO NOPATOK HETCPMHIIAHTOB
6ymer Oojiee BLICOKEM.

Il comaineHmio, 9TH ypaBHeHHsi TPYAHO PENIUTh — faske 2JIeMeH-
‘TapHHA caydait M30ToIa B Ka4eCTBE IIPHMECH 3aMelieHHs KCCIefOBaH
TOIXBKO YHCIeHHo. OpHAKO, 9TOGH MOUATH, 9T0 OPOMCXOQAT, JOCTATOT-
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HO paccMmoTperh paseHcrBo (2.143) Kar cKalApHOe yPaBHEHHE, WTHO-
pEPYs TeoMeTpHTIecKme PakTophl (BPoje BEKTOPHOTO XapaKTepa W,).
Torma gacToThl HOpPMaJbHEIX KoiebaHW! GyRyT KODHAMHA ypaBHEHHSA
BHJIA
oM 1 v2
45 7 2 v
M N vi—w
q
q
JTH KOpHE MOKHO Halith rpadmueckm (¢mr. 34). Mu wmmeM Touxwm,
B KOTOPHIX (yHKIHS

=0. (2.144)

Il

f=a (2.145)

Ny
q q

nepecekaer TOPH30HTANBHYI JHHHAKN, OTBeJAIOIyl OpAAHATe
(—M/6M).
\ |

f
I
|
!
i
!
z
I
f(v ) | JloxaibHoe Konedanue
- » M
f oM
!
! |
T
|
0 Tl T

1
!
|
|
I
|
!
|
! {
! !
! |
| |
T i
| |
| I
¥

I I
| |
| |
I I
| i
4 {
' !
{ i
| i

g ———— I S

®ur. 34. T'paduvecroe pemende ypaBEemmsa (2.143) gas coexrpa KoxeGaEmi
PemerKH ¢ W30TONHOA NPHEMECHIO.

Ilycrs, vaupumep, Benmaura 8 orpmmaTtenpHas. Torga Kaskgei
KopeHb ypaBuenusa {2.144) noikeH AeKaTh BEHIIE COOTBOTCTEYIOMEroO
moiioca vg pyErnmE f (vZ); TacToTH HOPMAaAbHHX KoxeGaHHE Bo3MY-
HIEHHO! CHCTEMbI PACHONATAITCH MEKAY YACTOTAMH IS HASAILHOTO
kpucramia. Ho BexmaumHm vq pacmpefeleHE BCIOAY HIOTHO, o6pasys
30HY: PAaCCTOAHHAA MemTy HEMH cTpeMarcsa K mymio Kak 1/N. CremoBa-
TeJIbHO, HOBHIE pemiendss B GOJBINMHCTBE CBOEM He OTIAYAIOTCA OT
crapeix. Mz dur. 34, ommako, BAAHO, 4TO camulii Goabmoil KopeHBb
HAYeM He OFPAHWYEH W MOKET OTO[BATATHCA OT MOTONKA 30HH, Vyanc:
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Ha KOHeYHoe paccroaBme. Ind 3Ha4WeHHH v, HIPEBHINAIMUX Vyaxc,
cymmy (2.145) MomEHO HpNGIMKEHHO 3aMEHATEL MHTEIPAIOM CO CHEKT-
palbpHOR mIoTHOCTRIO (2.65). MMenHO

Vmake
- S Vi (v

F(v) = ) gy, (2.146)

vZ—v'

Yacrora ocoboro KogebammsA, BO3HUKAIOIOr0 W3-3a HEHJEAJbHOCTH,
ompefenAerTcs U3 YCIOBUA paBeHCTBA (yHKmEu (2.146) Benmamue
(—M/8M).

PaccmarpuBaemoe ocofoe xomebaHue NONIKHO OHITH JLO0KAAU30GAH-
HblM. OTO YTBEPIKIEHUE BHTEKAET 13 00mel Te0PeMEl — 80.4H080€ HLCAO
KoAe6ameabHoz0 OSUNCEHUS pewemrl RpU uacmome, Jexcaujell eHe
cneKmpa HOPMAAbHBLE KoaeGanui, Joaxcno Ovimb MuuMbM. BosabMem
MOJeIb NUHeAHON MEemOYKH, PACCMOTPEHHYI0 B § 2 HACTOAIMEH TIIaBH.
Tlomaras B (2.16) ¢ = ix m pemas ypasHenme (2.15), moaywaewm,

mopobHO (2.18),
¢/ na
v—1/ 2L 2sh (%) (2.147)

ITOMY COOTHOIIEHHI MOKHO YHOBIETBOPHUTH HPH JIOGOM BHAYCHIH V.
Pasymeercs, takoe aHAIHTHIECKOe PeINEHHe, PACCMATPHBAEMOE Kak
HOpMaJIbHOE KoiebaHme MIealbHOU pemreTky, (UBWIECKH He J03BOJe-
HO: eMy OTBeYaeT aMILUIMTyJla CMEIEHMA U; KoTopas Hapacraer (i@
3aTyXaeT) BAOND IENOUKH Kak exp (Z=xl) u moToMy He yJOBIETBOpPAET
NERIAIECKEM IPAHAYHHEM YCIOBHAM. B TO jKe BpeMs B HemgeaabHOM
KpHECTAIIe ycioBusa B6ausy nedekta MOTYT OHITH TAKHMM, ITO AMIIH-
ryma KoideGanua Gymer 3aTyXaTh OPH yIaleRHH OT JeeKTa BO BCeX
HaIPaBJEHHEAX; COOTBETCTBEHHO HAa OTHAJEHHHX TpaHEIax obpasia
OHa OKa3mBaerTcHd npeHeOpexkmMo Masod. 'oBopsAa ¢umsmueckm, mpH-
MECHEIA aToM, [JIf KOTOpOro HapmcoBaHa ¢ur. 34, Oymydu nerde
OKPYKAWMAX aTOMOB KPHCTAJNIa, mMeeT W Gojiee BHCOKHE COOCTBEH-
Hble 4aCTOTHl HEe3aBHCUMBIX Komebanmil «yHHmITeAHOBCKOTO» THIA., ITO
IPOABAACTCA KaK HOPMalbHOE KojefaHWE, 9acTOTa KOTOPOTO JIEHKUT
BEINE 30HH JEeNOKAJIM30BAaHHHX (QoHOHHHX KoxebGanmit. Ilpm rarom
A0KAIBHOM K0JIe0AHHA COBMECTHO C aTOMOM IIPHMECH [BHIKETCA JHUIIb
HeGONBINce YHCIO0 COCOMHHMX aToMoB pemetku (¢ur. 35, a).

Tarum e 00pasoM MOKHO HCCIEROBATH M JPYTHe MPUMEDH Kole-
Gamni, JoKanW30BAaHHHIX BOAmM3m yana ¢ gedexrom. Te sxe sddertn
6ynyT HMETh MECTO, HAIPUMED, €CIH YBEIWIHTH CIIOBEE IIOCTOSHHEE
B OKpeCTHOCTH HeKoToporo aroma. C apyroii CTOPOHH, aToOM C yBelau-
gemHOM Macco#i mmeer G6ojJee HUBKYI0 BHHHMTEHHOBCKYIO UACTOTY,
H TOTOMY JOJKHH HaGMI0IaThCAd JTOKAIW30BaHHEIE KoJe0aHUH, OTIHE-
OUBOINECA OT HUXMCHez0 Kpas OOBIIHON B0HH, HAIPUMED OT 30HBI ONTH-
YeCKEX (OHOHOB B HBYXATOMHHEIX KPHCTAJJIAX.
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Wnrepecno, 4ro Te0pUA n08ePITHOCMHBLL KOAC6AHUL CTPOUTCA IIO
ToH ;xe cxeme. Honeuno, MoyxHO 65110 OB BOCHOIB30BATLCA M CTAHAPT-
HOM TPaKTOBKOH 604n Pases w JIsea Ha cBOGOIHON IIOBEPXHOCTH CILIOMI-
HO# CpefBl, 3aMMCTBOBAB €6 U3 KIACCAIECKOA TEOPMM YIPYTOCTH
¢ pobaBimenneM, MoKeT OHITH, TOIBKO JAe6aeBCKOTO OorpaHnMYeHHs Ha
BEJIHYHHY BOJTHOBOTO BEKTOPA, MapallelbHOT0 IIOCKOCTH IOBEPXHO-
cra. OJHAKO TAKHE BOJHB COOTBETCTBYIOT KOJIeGAHHAM, JOKAIH30OBAH-
HEIM Yy HOBEPXHOCTH H OHKCHOHEHIMAJBHO 3aryXalomuaM B TaIy0b
rpuctamaa. W xora cooTBeTcTBYWOHIas 3ajada  JUIg  HCKPETHOM
pellleTKN OPEfICTABIAETCA OYEHD CIOKHOHM, MHOTOEe MOKHO IOHATH,

0%,

¥Tee,

vene®’ YT A

Vmaxc ~ Vaaxe

a d

@ur. 35. ¢ — NOKAIbHASA MOJA KOJeGAHHHA HMerkodl NpPHEMECH, PacIoJaOKeHHAS
Bolle (OHOHHOH 30HH; 6 -— PE30HAHCHAsA Mofa KodeGammii TsIKeJOH IpEMecH,
pacmosiosKeHHas BHYTPH (OHOHHOR BO0HEL.

paccMaTPHBAA CHCTEMY KAK IHMHeHHY0 MemOYKy MI0CKOCTeH pelmeTHH,
OpOCTUPAIYIOCA B ONHOM HAmpaBlIeHW:A OT Goabmoro mepexra —
IIOCKO# 1oBepxHoCTH. CHIOBHE HOCTOAHHHIE HA HOCASTHEH paBHEL
ayaio. IloatoMy B AByxaToMHBIX KpHCTAIAAaX H3ydaeMble Koiebamms
momanxy Obl B IMeab MY BETBAMA ONTHYECKOTO H AKYCTHIECKOTO
¢omonnoro caexrpos. lloBepxHocTHbIE KOTeGaHAA MOTYT HATh 3aMeT-
HEIA BRIAZ B YACILHYI0 TemI0EMKOCTh MAIEHbBKAX KPHCTALIHTOB,
a Take MOTYT HIpPaTh Ba/KHYI0 DPOJL B HEKOTOPHX 3IEKTPOHHHX
yCTpo#CTBAX,

XapakTepmCTHIECKAA YaCTOTA JOKAIW30BAHHHIX KOMeOamHMil mpm-
MeCH HEeHOCDeACTBEHHO HabJimmaercd OpA OUTHISCKOM IOTJOI[eHHH
B @AR@parkpacHoM guaunasoHe (cM. § 4 ra. 8). urepecno, Kpome TorO,
OTMETHTD, YTO HPUMECH C 4acTOTON COOCTBOHHBIX KOIeOanmi, JesRameit
enympu (GOHOHHOH 30HBI, TAK:Ke CO37AeT JHHWI0 MOIOMEHnd, XOTA
H HECKOIBKO YIIEPeHHYo. B mpocroM ciaydae ¢ m30TOmOM B KadecTse
npumecn [ypaBHerme (2.143)] 5To COOTBETCTBYET mOMOMRHETEIBHOMY
suwavennio 8)/. M mMeeM 3fech HelTo ¢ IPUMEPOM pe3oHaHca: NpH
COOTBETCTBYIOMEH TacToTe aMOAMTYZA KojeGaHmii ysra ¢ OPEMECHIO
ropasgo GoJiblite, 4eM y OCTAJIBHHIX Y37T0B Kpmceradiaa. Ommako oHa
He yOHBaeT SKCHOHEHIWAJIBHO C PACCTOSHAEM W IMOTOMY KoJdebaHue
OKa3plBaeTCA He CTPOTO JTOKAAN30BaHHEIM (Pur. 35, 6 ).He yaupurens
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HO TakKKe, UTO Takasd IPUMECh OYeHb CHIBHO paccemBaeT (GOHOHH
EaHHOM YaCTOTH.

Teopnst pesoHaECcHNX Mof mpefcTaBasier co6oil Mo CYymLecTBY LPo-
CTO QHAJIUTHYECKOE IPOJONIKEHHe TEODHH JOKAJIA30BAHHBIX COCTOH-
Buii. Pesonancrasa wacrora Haxoputcsa us ypasuenus (2.144), B KoTo-

poM cymma f (v?) sameHsAeTcs IVIaBUEIM 3HadeHMeM muHTerpana f (v?)
(2.146). B T0 e BpeMs wupuHa pesoHaHCa oUpefexAercsa MHHMOM
YaCTBI0 TOTO K€ MHTErPalia, BEYACAAEMOTO TEHEPh HPH V < Vyaxe.
JlorasaTenbcTBO 9THX yTBEPKAEN Ui 06HIHO JAeTCA B CBABH C PelleHHU-
em ypasreHmsa [lpegwArepa mias KBaHTOBOM YaCTHIH B CHEpPIICCKE
CAMMeTDHIHOR HOTeNNuanbHol Ame. Te ke paccyienus TpUMeHIMEL,
OJJHAKO, H K BOJIHAM B CIIONIHHX CpEax M B PETYJIADHHYX PEHIeTKAX.



TJIABA 3

JJERTPOHHBIE COCTOAHNA

Ecrp mecthiiecaT peBATE cIoCoGOB
COYMHATL IIeCHM IJIeMeH, M . KajKubli
M3 HAX NPaBUJIbHEH.

Kunaune

§ 1. CBoGopubic axexTPOHBI

Paccmorpum TBeppmii Harpmii. Hampeii atom ero comepssmr
11 saexrponos. Ho 10 w3 =HAX HaxomaTCs B COCTOAHHEAX, KOTODHE
CHIBHO CBASAHE C ARAPOM W 06pas3yioT WOH € CyMMapHBIM HOJTOME-
TelIBHBIM 3apagoM -+ | e |. B cBoGogHOM aToMe ocraromuiics aaeKTpon
IBHKETCA IO HeKOoTopoi#l opbuTe B moae storo moua, Horma artomsr
cOnmmaroTcd, o6pasysa TBepAoe TeJo, 3TH OPOHTH NMEPEeKPHIBAIOTCA.
[lepexprToe, Kak MOJKHO MOKRA3aTh, OKA3HIBAETCA HACTONABKO CHIb-
HBEIM, 9T0 CXeMa KBAHTOBAHWA, B KOTOPON KaMKOHH DICKTPOH TOKAIM-
30BaH BONMBM CBOETO aToMa, CTaHOBUTCA wenparoguoil. Ee neoGxommmo
3aMEHHTH CXeMOH, B KOTODOM BOJHOBAsg (QYHKIHS 2JEKTPOHA Ipef-
craBrsfer coboit pemenme ypasuenms [lpemmurepa ons ABmREAHSA
B mode Bcex mOoHOB. MrTak, ¢ caMOoro Hagala MLl Da3NuYaeM 6HympeH-
HlUe 2AeKmMpPOHb, KOTOPHE PACCMATPHBAKTCH KAK TOYTH MOIHOCTHIO
JTOKaNU30BAHHKEE, W 6GLEHMHbE AEKMPOHbL, WIXH 9.€KMPOHBL NPOE0-
dumocmi, ROTOPHE HAJ0 OMACHIBATH PyHKYusmi Daoxa; mocaemame
OTIMYHEL OT HYJS BO BCEM KpPHCTAJIe,

B macroAmei riaaBe ME BOCHOIB3YeMCA 00H02AEKMPORHOY Modeavio,
T. €. mpeHeOpesKeM BCEMH B3aMMONEHCTBUAME, 00YCIOBJISHHEIMI
KYJOHOBCKAM OTTAIKHBAHHEM, MEKIY BANEHTHHMH 3JIeKTPOHAaMI.
Coorsercieyomue 9QPERTH — Koppeasyus U 06MeH — paceMaTpH-
Bajorca B Ti. 5. Ilpu onmcammm B3amMOJIECTBHA BHYTPEHHAX 3JCK-
TPOHOB APYT € APYTOM UM C BAJEHTHEIMA JIEKTPOHAME TaKme d)POKTH
00LMHO BKIIOYAIOT B OIpefeienme morennmana 7 (r), meHcTByromero
Ha KAMOHE BAJEHTHHI BJEKTPOH NPH ero ABIVKEHWH B KpHCTalie.
IIpegmonaraerca, HampuMmep, 9To HoTeBnuan 7 (r) BHUMCIEH Rak
XapTpHEBCKUE HAW XapTPU-POKOBCKMH HOTEHIHAN HOHOB.

PagmraabHOTO yupomeHwWs KOCTUTAOT, HPENIOJaras, 4TO HOTeH-
nuan 7" (r) mocrosuen. Ilpu 9TOM 3MEKTPOHHE ABTOMATHYECKH OKA3HI-
BAIOTCA B COCTOSHHUAX, ONUCHBAEMHIX ILNIOCKMMH BOJHAMHE

[k) =y = eik-r (3.4)
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¢ pHepruei

€ (k) = 2% (3.2)

2m

Kaxk mMet BEjlenn B § 5 1. 1, 3TH COCTOAHUSA YyZOBIETBOPAIT TEOpe-
se Bioxa. IloBepxuocTs mocrosiHHON sHepruu cyTh cdeps B k-mpo-
crpaHcree. Paspemennsie 3HadeHNA BeKTopa k pacmpejenens B 9TOM
mpocrpancree ¢ maorHocrsio V/8n®. Ha camoMm jene KammoMy smade-
HEo BeKTopa k OTBEHAOT JiBa COCTOAHMSA IEKTPOHA € HPOTUBONO-
7I0/KHO HAaOpaBIGHHMMYU couHamu. Ecin B eguuune o6beMa KOHQUIY-
PaIOHHOro mpocTpancrsa umeercs ZN 3neKTpoHOB (T. €. Z BJIeKTpo-
HOB Ha atoM, 1 aTtoM Ha snemeHTapuyw siueiiky m NN 2aeMeHTapHBIX

k

//A'/ e
//*

@ur. 36. [osepxaocrs MepMu 1iA cBOOOMHEIX IICKTPOHOB.

fAYeeKk Ha efmHEANY o6GBeMa), TO, ITO0H YAOBIETBODHTH IPHHIHALY
[Taynu, HyKHO 3aDOJHHTL BCE COCTOSHHA C BOJHOBHIMEM THCIAMH,
He TPeBOCXOAAmMUME kg, THe

4 2
T ﬂ?k%’ el = ZN,
nian
kp= (302 ZN)3. (3.3)

ToBopar, 49to noseprHocmv @Pepmu mpepcrasiser coboit cdepy
¢ pammycom ky (dur. 36). Inepeus Pepmu, wim yposenv Depmu, —
5T0 MAKCHMAJIBHAS 3HOPTHA, AOCTHKAMAA IPU TAKOM PacIpemerleHnn
2JEKTPOHOB!
2k,
2m *

gF = (3.4)
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3amernm, 9to pagmyc chepst Depmm cpaBEEM ¢ pagmycom cdeps
Hebas. ]leficteaTenHO, M3 CONOCTABIeHWS COOTHOmeHmi (3.3) m
(2.53) monyuaem

fp— (% )”3 . (3.5)

Ito O3Ha4aer, 4YTo AJWHaA BOJHEI DJIEKTPOHA Ha ypoBHE (DepMn Ccpap-
HAMAa C MeKATOMHBIM DacCTOAHHEM

2\1/
xF:k_F ~ (7) 3'2,67'3’ (36)

e ry ecTh pagumyc cdeph Burmepa — 3elitoa.

§ 2. lIndpaknus BaaeHTHBIX DIEKTPOHOB

06 orpaEMYeHHOCTH MOJeNH CBOGOJHHIX DIEKTPOHOB CBHIETENIB-
CTBYeT TONBKO 9YTO HOJYYeHHHI De3yJAbTAT: SIEKTPOHH Ha ypPOBHE
DepMn HAXOHATCA B COCTOAHHAX C JUIHHOM BOJIIHE, CpaBHUMOH
¢ TOCTOAHHOW pemerTkH. IIpw 3TOM AOMKHE HMETh MECTO CHILHEIE
RudparnuoHnEe 3PeKTH, Aarke ecnm moTeRmEAN ¥ (r) He CIMIMIKOM
38MeTHO OTJIMYAETCA OT HOCTOAHHOIO. BymeM paccMaTpHBATL DTOT
OOTEeHOUAN KAaK BO3MYINEHHE H HOJOMKAM

EW =8+ k|7 R4 3 LEIZLOL (3.7)
<

I7le TPUMEHAIOTCA NHPaKOBCKHE 0603HAYEHWA MATPHYHHX DJIeMEHTOB
DOTeHIHaNa MEKAY HEeBOSMYMEHHHMH coctosHusamE (3.1) u

B2
0 —
Ek= 2m

: (3.8)

Ouesmuno, morermuan 7° (r) o61agaer mePHOAAIHOCTHIO PEIIETRH.
Hak nmoxaszano B § 6 ri1. 2, B TakoM crygae MATPHIHHE IEMEHTH 6r0
obpamartorca B Hyxb, ecam BekTop (k —k’) He paBem KaxoMy-1m6o
BeKTOpy o6parHoit pemersn. [IpnAuMasn Bo BEUMaHue paercTso (2.78),
IO y9aeM HEMEIJIeHHO

97 |2
EM=BL+T 0+ S ol 3.9)
gzo Ok %k-g
rae 7g ecth dypbe-KoMImoHeHTa moTermEana ¥ mif BeKTOpa 06paT-
HOU pemeTkn g [kak u B gopmymne (1.15)].
Bosrukaer BOIpOC: HACKONBKO YAOBIETBOPHTENBHO TAKOe Pasio-
skeHne? J[oJKHBI GHITH BLITOJHEHH JBA YCIOBH:

1) dypse-roMmomenTH 7"¢ ROWKEH GHICTPO CTPEMHTHCA K HYJIIO
OPH yBEeIWYEHNN BEKTOpA g
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2) He MOMKHO OHTH BHPOJKIEHHSA HEBO3MYIIEHHBIX COCTOSHME,
CBA3LIBAeMHX BO3MYIIEHHEM, T. €. He JOJKHO MMETh MECTO PABEHCTBO

&= & _g. (3.10)
Veinosue 1 moka He 6ymeM paccMaTpuBaTh (MbI BepHEMCS K HeMy
mosske).
Ycaosue suposaenns (3.10) oKBEHBaleHTHO PaBEHCTBY
k| =1k —gl (3.11)

TeoMeTpu4ecKn 3T0 03Ha4aer, 9TO KOHeN Bekropa k aeswmr ma mep-
HeHIHKYIAPe K BeKTOPY g, TPOXOAMEM depe3 ero cepequny (dur. 37).
UapiMa cIoBaMu, npocmoe pasioxcerue meopuu eosmyujenuti (3.9)
: necnpasedauso, kozda eexmop k aexcum

:I'paﬂuz{a S0H%  Ha epaHuye 3oHv DBpuaarwsna (uaw

DpurnoaHe  g6ausu uee). @opmyay (3.9) MokHO

OpPEMEHAThH, JHIIb KOTHa cdepa He-

HEIX METQJJIOB 9TO YCJIOBHE BBHIIOJ-
| HAETCSI PEIKO.

dur. 37, 3amernm, uro Ha ¢ur. 37 wmaobpa-
FHEHO B CYNIHOCTH He dTO HWHOe, Kak
mocrpoenne 9sanbiga (¢ur. 29, 6), onmceBawilee KOIepeHTHYIO
GparroBeKy0 AHPPARIHUI JIEKTPOHA € BOJHOBHM BekTopoM k
B mampapienmn Bexkropa k' = k —g. B ofomx cayuasax reomerpu-
YeCKOe YCIOBYUEe COCTOHT B TOM, 9T0 TpeyroapHmK OPQ momxen GHTH
paBHOGEIPEHHHIM, IPAYEM er0 OCHOBaHHeM P CIy:KHT BeKTOp obpar-
Hoit pemerku g. Taxkum 06pa3oM, MH IOATBEPAWIN DPAcIeToM YTBEp-
JKIEHHEe O TOM, 4TO BAJNGHTHEE HIEKTPOHE HCIHTHBAT JHPPaKIHMIO

Ha pemIeTKe TaK ke, KAaK N DJIEeKTPOHHI, Majfailiue M3BHE.

Yro6E OTHICKATH peleHue B OKPECTHOCTH I'PAaHMIBI 30HH bpui-
JTI09HA, HAJO ABHO PACCMOTPETh YPaBHEHNA TEOPHH BO3MYMEHWI.
CBOHCTBO IEPHOJMIHOCTH PEIIeTKH HPUBOAHT, B 9aCTHOCTH, K TOMY,
Y70 IOTEHIIHAN MOMKeT CBA3HIBATH JHIIb COCTOAHHS C BOJHOBHIME
BeKTOPAMH, pa3IMIalOIUMHCA Ia BeKTOp o6parHOd pemerku g.
ITosToMy MBI TPHHUMAEM, 9TO BOJHOBYIO PYHKI[HIO MOKHO Pa3IOKATh

B pAX

i "
k i k-g BOSMYIIEHHHIX COCTOAHHME He JOCTH-
{ ~., raer rpaummsl 30HK bpuanosna —
e L]
P gi @ UpaKTUYECKW [ajke NI OJHOBAIEHT-
I
1

Y= ) o _geik-0)er, (3.12)
g
Ecau ator pag mopicTaButh B ypaBHenue IHlpexmurepa

(~Evi7 @) n=E0n 3.13)
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H HOMHORHUTH HOCTe/Hee Ha OJ{MH W3 Yl1eHOB pasiosxeHus (3.12), to
DOAYYaTCA JTWHeHHBIe YPaBHEHUA NS KOodQUIIEeHToB o

{Ek-g— & (k)} ak_g+§ Vg =0, (3.14)

npuYeM BeKTOp g NpPHHAMAaeT Bce B3Hadenms (BRaouaga g = 0 m
g’ = 0). Kaxr usBectno, npocras gopmyra rtecpnu Bosmymenuii (3.9)
OoIyJaercA, eCIM CINTATH MAJBIMH BCe KO3(QQUIMEHTH y_g, KPOMe
Kospdunuenta ay. HeficrBurenpao, torma
7 g
ak_g%’w-—o—-. (3'15)
q-g

HNumenno »sTo pomymenme CTAHOBUTCA HeCHpPaBeATHBHEM, KOTAA
BerTop k memur BO6am3N rpanmAnst 308K Bpuiaoosna, nanpumep B6In3H
TpaHuOH, OpoXoaAmieii gepes cepeguHy BekTopa G. Rosddmmmenr
opn ¢yermum exp{i (k — G)-r} crasoBuTca TOrZAa CTOAB Ke Bak-
HEIM, CKOJb M KO(QQUIUEHT mPM MCXOJHOW HEBO3MYIeBHOI BOJIHO-
Boii pynrunm. Ilo cymecTBy 37eCh NPOHCXOAUT GPIITOBCKOE OTpaske-
HHE JJIEKTPOHOB OT DEIIETKH TOYHO TaK ke, KaK eclIm OH 3TO OBLX
BHEIIHUH 5JeKTPOHHEIA mydok. Ycixosue (3.11) okBuBalzenTHO yCiIO-
saaM (2.79) m (2.80) (em. § 6 ra. 2). Ilpm cocraBIeHUM BOJHOBOH
GyHRUHHN CTaOEHOHAPHOTO COCTOAHHUA LAJANMUM W AudPArupOBAHHEIHR
OYYKH JONKHEI PacCMAaTpPUBATHCA HA PABHHX IPABAX.

[Ipubamskentoe pelreHwe 3agadin MOKHO HONYYHTH, 0TOGpacHBasg
B ypaBHeHusX (3.14) Bce KodPPHIVEHTH, KPOMe YIHOMAHYTHX JIBYX.
Torpa, capmras Hawamzo orcdera sHeprum Ha 77, Mb DPHXOLHM K
CHCTeMe JABYX yYpaBHEHHI

{€k— & (k)} o+ 7 ok -6 =0,
7 _cox+ {&k-c — & (k)} ax_¢=0.

Herepvnuant ee kBagpatuien no &(k), m Hyam ero JamTCA BHIpa-
REHIeM

EXK) =5 (Eh+8hc) = =V BI—BL ol T 4T el (3.17)

(3.16)

(3nmecy mpunsTO BO BHEMaHmE, uT0o ¥ _g = 7°§.) Tammm o6pasom,
dyurmun exp (ik-r) u exp [i (k — G)-r] cyemmBaoTcs u Bo3HEKAIT
HOBBIe BOJHOBHE QYHKOHH Y* ® -, IpHHAZIEKAMUE COGCTBEHHHM
3HaueHumAM sHeprnm €t m &-.

Jlaa mpocTOTH paceMOTpPHM, UTO NPOUCXONHT B OTHOMEPHOM CIYy-
qae. B6anan Tourm & = 0 pasHoCTh HeBO3MYIMEHHHX SHEPIHH CTOIH
BeJMKa, 4To ciaraeMuM 4 | 7 g |> moxkuo mpene6peus. Haxomum

&(k) ~ &p. (3.18)

Taxnm obpasom, BoaHOBOH QyBKmEE Y~ oTBeuaer napabonudecKuit
BaKOH IWCIePCHH, XapPaKTePHHHA a5 cBoOOMHOrO 2leKTpoHa. B Touke
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k = 1,G, T. e. Ha rpaHune 30HW DBpnimrosHa, 00eEM HEBO3MY-
MEeHHHM BOJTHOBHIM (YHKIOHAM OTBEYAEeT OfNHA W Ta K€ OJHEprusd;
mMO3TOMY

& (36)=8—|7|. (3.19)

JHeprua 3JeKTPOHA B COCTOAHHAE C BOJHOBOH ¢yHEmmed P~ mo
CpaBHEHHI0O ¢ DHeprmed CBOGOZHOTO DJIEKTPOHAZ YMEHBIIAETCHA
Ha | g |. Tar oGerour meno B rouke A ma ¢ur. 38. Cocrosmmmo
¢ BOJTHOBOH (pyHKImMeR p* Ha rpaHEOe 30HH OTBEIAET SHEPTHA

g+ (3 G) =8 +|7l. (3.20)

9T0 3HATYEHHE BHIOIO, I6M JIA CBOOOKHOTO 3NMEKTPOHA. ECiIH BEeKTOD
k m3amensercsa B mpepernax 30HH Dpuiiriosna, To sHeprasa paccMaTpHd-
BAaeMOF0O COCTOAHMA NUPH YMEHBINEHAH Kk CTpeMHTCA K &h_g. Tarmm
06pa3soM, BO3HMKAIOT [BE SHepreTmIe-
CKMe 30Hbl, pasjeieHHme meiapio AB
mmpuaoit 2 | g |.

Iloyunrensro cpasunrs ¢ur. 38
¢ ¢ur. 14. llog meiictsmem mepmonn-
TECKOTO MHOTEHIHAJA CXEMa IIPUBE-
OeHHBIX B30H, TOBOJABHO HCKYCCTBEH-
y Hasg B Ciaydae cBOGOTHOTO 2JEKTpOHA,
pasbuBaercs Ha YHEPTETHIECKHE 30HHL.
3TOT Pe3yIAbTAT MOIKHO NPENCTABUTH
mHave, ecid HAaYePTHTh BeTBb P* BO
BTOPOil 30He B cxeme pPACULULDEHHBLE
aon (¢pur. 39). Ilpm sromM scHee BHI-
HO, Kak mapabonmdecKumil B3aKOH QuC-
AR A mepcmm TpeBpamlaeTCA B BO3MYIIEH-
_ HE DHEPreTHYecKWil CHEKTP — BBO-
¥ OATCA JUIMb Pa3PHBE Ha TPAHUGAX
e 0 . ie¢ 8ouu Bpmrmosna. 9ro ABnenne ama-

K JIOTAYHO paccMoTpeHHOMY B § 2 ra, 2
®ur. 38. Dmeprust sexrpoma B (PUT- 19, 6), T BBenenme 1BYX pas-
OHOMepHOM cilyuae (cXeMa OpH- JIMYHBIX MacC NPUBENO K PACINOMIeHNI0

BeJIeHHHX 30H). KOIe0aTenbHOTO CIEKTpPA perleTKH.
Uro6w mydire MOHATH HPOUCXOTA-
mee, HaiijeM BoXHOBHE QyHKmEA B Touke k = 1/,G. Ilycrb Beamanm-
Ha 7" ¢ orpumarerbua. W3 dopmyn (3.12) u (3.16) maxomum

1p—._ eil/gGr+e—il/zGr

V2

¥ =V 2Asin— Gr. (3.22
2

8k

re
’
Sa

=12 cos Ler 3.21
3 )



o
o~ e
-

o
L.~

8(x)

@ur. 40. Tlepuopugeckuil MOTEHNHMAJ H KOHNEHTDAaNUA 93JEKTPOHOB B COCTOA-
HUAX §- H p-TAOA.
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Takum obpasom, ¢pymxuusa | ¢~ | Bernra B6amam Toukm r = 0,

a rawke BOJII3N M060T0 y31a paccMATPEBAEMONl JTMHERHON IIEIOTIKI.
Oua omuceiBaeT COCTOSAHME, B KOTOPOM DIEKTPOHH CROHIEHTPHPO-
BaHbl BOIH3M aTOMOB. JTOTO KaK Pas M CIHeI0BAI0 OKIAAThE. Ompuya-
meabKble BeIUINHH 7 ¢ COOTBETCTBYIOT MePUOANIECKOMY ITOTEHIIIATY
(dur. 40), xoTOpHIL caM OTpHIATENeH BOIM3H KaKIOLO aTroMa, T. e.
NOTEHIHANY npumsaxceHus 0as aaektpoHoB. Tarkum oGpasoM, sneprusa
B COCTOAHHMH C BOJAHOBOH QYHKIHWeH Y~ moHW;KeHa 3a C4eT 3aXBaTa
SJEKTPOHA MOTeHIHAAbHBIMK sAMaMu atoMoB. llomoGHEIM ke oOpa-
30M DHEPTHA B COCTOAHMH C BOTHOBOH QyHrimefl P+ ypermuena, Tak
KaKk Temeph IJIOTHOCTH 3IEKTPOHOB GoJbIme B 061aCTAX € IIOMOMKH-
TeIBHEIM moTeHimanoM. Ilo aHamorum ¢ KaaccupuKamueidl aTOMHEIX
COCTOSHMIT MOYKHO CKa3arb, 4T0 (YHKIHA P~ OUUCHBAET COCTOAMIC
s-rAma, a QYHKIHA P* — COCTOAHME p-THIIA.

3amerumM, Me:KAY HpodnM, 4To pasdoenie (3.12) obecmeampaer
BHmojiHenme Teopemsr bmoxa (1.58) pmna ¢yarmmm . Moskmo
HANUCATH

wk:eikq‘%ak_ge_ig.r____eik-ruk (1-), (323)

riae Uy (r) — mepuogmIecKasg (QYHKIHAA € TEePHOJOM pelleTKH |Rak
u B fopmyae (1.60)].

Buamo raxike, aro BosiHoBHE QyHEMUN B Tourax A m A’ ma dur. 39
TOKTECTBEHHE; o6e oHm paorca ¢opmyaoi (3.21). Amamormuno
dyuruua * (*/,G) coBmagaer ¢ TOYHOCTBIO I0 TOCTOAHHOM ¢ pyHKIIeH
P* (—,4G), tar 9ro Touku B m B’ ma sounoii cxeme ¢ur. 38 m 39
9KBHBA/EHTHH. 3[eCh Mbl CTAAKHBAEMCSI ¢ HPOABIEHHEM 3aROHOMEp-
Hocrei, PACCMOTDEHHHIX B § 5 ra. 1, rae 6HI0 MOKABAHO, YTO BOJIHO-
BOl BEKTOD JI060r0 COCTOAHHA ONPENeNeH JHIlbL ¢ TOYHOCTBIO [0
BEKTOpAa 00paTHOH pEmIeTHH.

§ 3. Mopmenp mouTH CBOGOJHBIX 3ICKTPOHOB

3aKOHOMEPHOCTH, YCTAHOBJACHHBIE B OJHOMEPHOM CJAydae, MOHO
0600mure Ha cIydail Tpex wusMepenmidl. PaccyarpuBas m3MeneHie
$ynriun € (k) mo HekoTOpOMY ONpeTETEHHOMY HANpPaBIeHU0 B K-npo-
crpaHcTBe, JeTKo y0egurhesA, UTO OHA wu3ofpaskaerca uapaboaoi,
XapaKkTepHo#l g ¢BOGOLHOrO HIAEKTPOHA; MPH MEPECeUeHHH T'paHIIl
sonsl Bpmuaosua gynruma € (k) mcobirmBaer paspuiBel (Pur, 41).
Beanumua paspsiBa saBmcMT OT WMHTEHCHBHOCTH COOTBETCTEYIOMIEH
ypobe-KOMIOHeHTH ToTeHnuaia. Ecam rpammma 3omel Bpmammosna
HOPIeHIARYIsApHA BeKTOPY 00paTHO# pemerril G 1 geamT ero momo-
JaM, TO IO HMOPAXKY BeJHYUHH PAa3pHB Oymer pasen 2 | ¢ |. Taroi
PaspuiB IOABINETCH BCAKAN pa3, KOTAA JHHUS IOCTOAHION dHepruau
mepecekaeT rpanuiny 30He. TaxuMm o6pasom, chepa cBODOAEHIX DIEK-
TPOHOB, KOTOpas Npoxoauiaa 6o ueped To9ry O (pur. 42), pacmenaaer-
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¢A Ha oTpe3ok rumepbosomaa S, PacHOJIOKeHHHH BHYTPH 30HB K
ounceiBaeMbiii ofEuM u3 Kopuedi] (3.17), u BetBb S', Nemamymo 3a
TpaHmIed 30HLL.

CnegoBatensuo, ¢Qyurmusa & (k) HempepsiBHA BHYTPH LepBO#
30HH Bpumriosna, HO HCOHTHBAET PA3PHB NP IePeceuenuy I'PaHnIEL

a

Gur, 41, Oyeruua § (k) mMeer pa3pHBE Ha TpPAHANAX B30HH b puaaosHa
BROXb Junne OAB

9TOH 30HH B 1000 Touke. OTCI0OHa BHTEKaeT ONuH u3 Haubolee 3amMe-
9aTeIbHHX BHBOJOB TEOPHUH: HEKOMOPHIM 3BHAUCHUAM IHEPSUL MOZYM
He cOOmeemcmsosamb HUKAKUE AEKMPOHHBlE COCMOsHUL, MHAYe T0BOPA
B 9IEePreTHYecKoM CHERTpe
MOT'YT TIOABHTBCH  wjeau.

DIerTpoHHBIE YPOBHI DHEP- T

ruu 006pasyioT IHepreTHdYe-

cKue 30Hb. 910 — QyHIA- _7”

MEHTAJIbHOEe CBOHCTBO; OHO /

0byc10BIUBAGT MHOTHE IPY-

THe CBOHWCTBA METANIOB U /M

noxyapoBogankoB. Ilpupo- !

Ja ero — B Op3rTOBCKOM I

orpaskenun. Ha saextpon- ¢ l 1 : —

HEIE BOJHOBBIE (DYHKIUU ¢Ha- £ ‘\ l G q

RIAAIBIBACTCS»  IEPHOAHY- ,

HOCTH PEMIeTKH, 4T0 M HpH- /nawub/l ’_‘

BOJINT K PaCIIenIeHnio dHep- SOHEL | BRII0IHT

ruu. @ur. 42. Pa3pHB JHEAH HOCTOSHHON BHEP-
Pacemorpim rtemepn 3a- PHH Ha TPamENE 30HH B pmiiosHa.

nady o6 onmpesenenun GyHK-

nun & (k). Buiumcnenns npememymero maparpada MmOJCKA3HBAOT
nyTh ee pemieHuA. Bocmosssyemcs ypasuHemmamu (3.14) nns kosddu-
fNUeHTOB pasnoxxenna (3.12). Brimeamm BCe GieHH, COOTBETCTBYIO-
mue KoadPummeHTaM NpPH BONHOBHX (PYHKOUAX, KOTOPHE MOLYT
mepeMelaTheA oo Hpuanie GIM30CTH TOYKU K K rpaHmme 30HH Bpui-
mosna. Pemaa coorBerersymimee ceryaAapHOe ypaBHeHHe, HaiieMm
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onepruro & (k). Hamee, ¢ moMompio psga Teopum BO3MYINEHMA TH-
oa (3.9) MOKHO HAHTH MOUPABKE K HOIYIeHHOMY PEHIeHHI0, Y4YHTH-
BaloInwe BAMAHWE HPOYUX (yPHE-KOMIOHEHT MOTEHI[HA]A.

JdTa Tmpomeaypa HA3HBACTCA METONIOM nNOumU c60600HHL ieKmpo-
nos. M MOKHO DONB30BATHCH, €CIH PAN, cofepimamuil ypbe-KoM-
noHeaTs 7'g, GricTpo cxomuresa. Takasd CXOXUMOCTB, OFHAKO, TIpej-
craBiferca Hempasjomopobmoit. [HeiicrBmrensHo, ¢yHKuusa 7°(r)
eCTh IIOTeHIHal CHCTeMH MOHOB. II3BecTHO, 910 IrOJe BOIHSE meHATpa
OHa O9YeHb CHIBHOe — (yHknma 7°(r) mmeer riay6okuil ¥ pesxumit
npoBad BOau3W Kaskmoro yama peumierku. ClIeTOBATeNBHO, OHa HMeeT

N

&)
x

Qur. 43, Paspupn ¢ymxnum % (k) Moram OH BOSHUKHYTH B TOUKAX X1, Xa
X g, Xy B OpAMOYTonbHOM 00paTHOM pemerke,

¥ (ypbe-KOMOOHEHTH ¢ 09eHb Majo# maunoil BoaHH. [Tosromy Bemn-
anHa 7'y MOKeT OHTH BeIHKA [ 3HAYEHHH AJIMH g, BO MHOTO pa3
OpeBHINAIAX pasMepsl HepBOH 30HH bpmaxiosma. Hpome Toro,
MOJKHO YTBEDKEATH, 970 QYHROUA Py (r) BHYTPH HOHA HOJIKHA BECTH
cebsa momo0HO aTOMHOM BOJHOBOM YHRIMHM — ¢ HECKOJILKOMHE OCI[HJ-
IANAAMA, COOTBETCTBYOMEMHA OOMBUION KHHETHYECKOW dHeprau. ITo
OLATH 03HATAET, 9TO B mpencrasienund (3.12) HyREO COXpannUTh MHOTO
9I€HOB BIIOTH MO CAMEIX KOPOTKHAX NJIWH BOJH.

Wanoswenntie coofpaskenusa CBONAT HA HET 3HaYeHUe MeTona
mouTH cBOOOJHEIX BIEKTPOHOB KAK HPAKTAYECKH OPHEMIEMOH CXEME!
pacdera 30HHON cTpyKTyphl. OKassiBaeTca, OJHAKO, YTO €T0 MOKHO
cierarh PopMalibHO UPHUTONHEM [JIA 9TOW IeIHM, eCclId BBECTH Hpef-
CTaBI€HHE O ICEBAOMOTEHNUANE. JTa TOYKA 3peHHA OyaeT DPas3BHTA
B § 6 Hacroamed riaBHL.

Mogenp noarn cBOGOIHIX 3IEKTPOHOB BEChMa IIOJIE8HA KaK IPHeM,
muioeTpapyomuit  xox ¢yakmam & (k) B k-mpocrpamerBe. Pac-
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CMOTpUM ciydail (EByMepHoit) mpsaMoyronbHoli pemerku. Ilpm stom
ofpaTHas pemerKa Tak;e upaMoyroabua (dur. 43). Jlerko mocrpouts
mepeyo 30HY DBpmamsna — sto ecthb mpsaMoyroibEuk RR'R"R".
Oyuruus & (k) moxxua OHTH HEeMpePHBHA BHYTPH 30HH Bpunaosna,
HO Ha A1060i W3 AuHWIT, 0IePUIMBAIOIUX ITY 30HY, OHA MOMKET HMETh
Pa3pHIBH.

Pacemorpnm, ®ak pacmomoskensl Touru paspeiBa pymrumm & (k)
BHe meHTpanbHO# 30HH Bpuanwsna. Oy MOryT meskarh Ha IepIeH-
TUKYIAApPAX, HPOXOMAAMUX dYepe3 CepeguHbl J000T0 U3 BEKTOPOB
obparuoii pemerku. Taxum o6paszoM, paspHBH BO3MOKHE Ha J060M
u3 nuHnid u306paykeHHonl ¢u-

TYpH — HaupuMmep, BERTOD g, 4@
pasbmBaer mOmOJIAM HUATO-
HaJbHAS JHHUH, OPOXOAAMAL
gepes yroll 30HH BpmiiosHa.

NN,
IlepBonauaapuas ¢urypa (cm. j/ \t
¢ur. 41), ma KoTOpoil m30GpasKe- 3
HA JUHAA Pa3pHIBOB, HEBEPHA — .,
OHa HE HOKa3hBAaeT BCEro, ITo 4
MOTJIO OHl BCTPETHTBHCA asKe c

0\ i
N/

/

C

B clyYae KBagpaTHON pelrer-
k. Tak, crauykum QYHRIHE
& (k) u cooTBercrBywmue ie-
AU B CHEKTPe MOLIH OBl BO3- g
HHKHYTH B Toukax X;, X,, y
X, Xymron (cm. dur. 43).

B cBasum co cka3aHHBIM MOT-
J0 OB MOKa3aTbCs, UT0 (QYHK-
nua & (k) ropasmo caoskHee,
ueM Ha camoM jede. Ilpemcrasum cebe, Hampmmep, 9YTO MBI HO-
OBITAINCh W300PAsHTh JNHAE HOCTOAHHOW DHEPrAM HMCXOAS U3 MO-
genu mouTH CcBOGOTHHX »iaexTpoHoB. OHE BHIIAmenn O Tak,
Kak aTo m3obpameno na ¢ur. 44 (MB CKOHIEHTPHPOBANH BHUMaHUE
Ha o6macru, oTpaHHUEHHON yKasaHHHM HalopoM miockocteii). Jdru
JMHEH MOMKHO HOCTPOMTH, PHCYs KDYTH, XapaKTepHme s cBoGOJ-
HEIX DJIeKTPOHOB, 1 BBOJA Pa3PhIBH TAK, KAK 9T0 MOKA3aHO Ha Qur. 42.
Mosxuo 6BI0 OBl TaKke ABHO PENIMTH CEKYIADHOe ypaBHEHHUe IJif
SHePTHH BOJH, CMEIIMBAKMUXCA B paccMarpmbaemoil toure. Tak,
BOJIHA B TOUKe P mepemyiHBAaeTcsa ¢ BOJHOE B Touke P’, MOCKOAbRY
06e 5TH TOYKH B cXeMe CBOGOIHBX 9J1eKTPOHOB OTBEYA0T OJHMHAKOBOM
9HEPTHH M OHH OTAMYAKTCA TONBKO HA BEKTOD 00paTHOM pemierkwd.
AHaormueo, 91065 HaHTH pemieHue B TOUKe (), HYKHO PaccMOTPeTh
HeTepMUHAHT PasMepHOCTH 3 X 3 A BOJH, BOIHOBLIE BEKTODH KOTO-
PHIX B MOJeNH cBOGOAHLIX aneKTpoHoB paBEH 0Q, 0Q' 1 0Q".

U3 crasanBOTO ciegyeT, 9uTo B To4kax P m P’ mel SyjeMm pemarh
OMHAKOBHE ypaBHeHMA. ¥ POBHU 9Heprmum B obemx rodKax OymyT

B

@ur. 44. JIuEEEN DOCTOAHHOM BHEPrUU B
OpAMOYroasHOH 3oHe DBpmaamsma.
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onuHaxoBbl, Hmwkanil 13 HUX OTHeceM K BHyTpeHmHel 00JacTi mepBOH
30Hb BpmaiosHa, Torga BepXHUU YPOBEeHb B KamkjoM ClIydae IpH-
HANIC/KUT JUHAM OOCTOSHHOU DHEPIHH, IPOXONsmeidl BHe IpaHUIL
sonsl bpmmosna. Togno raw ske m B Toukax @, Q' u Q" ypaBHeHNA
OYyAYT ONUHAKOBLIMU M OYIyT HaMJeHL TPU KOPHSI, OTBEYAIOHIUE TPEM
3HaveHuAM sHepruu. Hopens, oTBevaOmuil HauMeHBIIEH HHEPTHH
(B KayKmoll W3 Tpex TOYeK), MOKHO OTHECTH K OGNAaCTH BHYTDH TI'pa-
HUI, HoKa3aHHEX Ha ¢ur. 44. CregoBaTenbHO, BO BCEX TPEX TOYRaX
9HEpPruA ojguHarkosa. MoyKHO 00GPATHTBCA K OKPECTHOCTH STHX TOUEK
¥ MOKas3aTh moaobHeM ke obpasom, 910 Toukn A u A’, B u B’, C
u C’ momapHe SKBHBAIEHTHHL B TOM j;Ke cmbiciae. Touku A u A’ cyrs
AMILb pasauanpie oGo3HAUeHNA OFHOH H
TOH ke BOAHOBOHN (yHKIWM; OHM I PHBO-
'l pmATCA ApYr K ApPVIY € IOMOUIBI0 TPAH-

B 5 0
,4'/@’\,, CIANME HAa BeKTop oOparHO# pelreTku.
AN

C’C

IlocMoTpuM Temepb, YTO TPOH3OHIeT,
€CIM KYCOYKM, M3 KOTOPHIX COCTOUT pac-
CMaTpHBAEMas KapTHHa BHe TepPBOH 30-
ool BpmansHa, mepeHecTH Ha BEKTOPHI
@ur. 45. Ilpusegenme k og- OOpartHoi pemerkn. OHH OTIHYHO IO-

HOI 30He BpHJIJIIOBHa. noﬁny'p IPYyr K Apyry u 06p33y101- emi-

HYI0 30HY: B creme PACUUDEHHBE 30H
BCE 9TH KYCOUKHM TPHHAAJIEXRAT emopol soHe Bpmamwosna. Rpoxe
TOTO, 9KBUBAJCHTHBIE TOYKHM TPAHULB IOATOHAIOTCS TaKMM 00DPa3oa,
91066 auHnE GbuTn HenpepwBHB (hur. 40). Fnepeus & npusedermoi
3one Bpuaatosna ecmv HenpepvisHas gynryua eekmopa k.

Honyuarmeecs upexcrasienue Jid MoBepXHocTe#d paBHOH auep-
THU uMeeT BHJ, HoKazaHHHU Ha ¢ur. 46 (mus uzobpaikenHs RKa:RIoil

V) N ZANEVAN
©jene
N A 7N

llepsan zona bpuantosna Bmopes sona bpuanrosHa

Qur. 46. CxeMa TmpHBeReHHNX 30H mis ur. 44.

BeTBU Oepercs orhedpHas 30Ha). MosKHO eumraTh, 4TO JMHAUA B DTHX
30HAX OTHOCATCA K PABAMIHLIM MOBEPXHOCTAM, W HAIOKUTH OJHY
RapTHHY Ha Apyryn. Torma smeprmsa & (K) owakercs MHOTO3HATHOMN
¢ynrnmeil Bexropa k B mpmeememmoit some Bpumamosma. Pamee o
umenan oguO3HaURYW Pynrmuo € (k), ompenenenuylo, ogHAKO, B CXeMe
DACIIHPEHHBIX 30H.
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Mossuo moiitm mambmie. MoskHo mokasarh (Hanpumep, B paMKax
MOJIeNIM IIOYTH CBOGOIHHIX 2IeKTpouoB), uro ¢yHruus & (k) B Kak-
HOH BeTBHM HeIIPepPHIBHA 1 MMeeT HeIpepPHBHBE OPOM3BOAHEIE. BuyT-
peHHHe Tpaumisl, u300pa;KeHHEe Ha ¢ur. 45, HUUYEM HE BBIEIEHb
Ha DIOBEPXHOCTAX PABHOH SHEPTHM; KOHTYpPHBIE IHHHM INIABHO 1IPO-
XOAAT uepes HUX. BenoMHIM Temeps, YTO caMa OCHOBHAA 30Ha bpmi-
JII09HA ecTh DiaeMeHTapHad AdYelKa o6parHoil pemerku. TpaHcaauuamu
Ha BEKTOPH OOpATHON peUIeTKH €e MOKHO HOBTODHTH H IOJYYHTH
CeTKY, IOKPHBAoIMy0 Bce k-mpocrpanctso. Hpome Toro, TOYKM THOA
P w P, roropme ObUII SKBUBAJIEGHTHH H LPeACTABIAANH IIO3TOMY
OJHH 1 TE e COCTOAHUA ¢ OJUHAKOBHIMH DHEPIUAMH, Teleph COBIa-
mator, Tak 9ro ¢ymrmusa & (k) oxaszwBaerca HeNpepLHIBHOH Tak:Ke
U IpH IepeceTeHnn COOTBETCTBYIONX rpanur. MoKHEo HOKa3arhb, 4To
KOHTYDHl TMOCTOAHHON 3HEPTHW IIABHO IEPeXOfAT M3 OJHON SYelKM
B npyrvio. Takum ob6pasom, 6 npedeaar OAHHOL dHEP2EMUUECKOT 30HbL
onepeus npedcmasasem coGoii Henpepwsnylo PyHkyuio eexmopa k
¢ nepuodom obpamuoii pewwemku. ME HaznBaeM TaKoe IPeICTaBICHUE
cxemoii nosmopswouuzca son (Pur. 47). OHO Horydeno I0 TOMY sKe
B TOYHOCTH IPUHIUIY, YTO X IPEACTABIEHHE, ¢ KOTOPHIM MBI CTaj-
RUBaTHCEL B § 2 TI. 2 B CBA3K € H3YYCHHMEM HMOBEPXHOCTEH MOCTOAHHON
9acTOTHl A KoJebauuil pemreTKu.

dror mpuEmHO Haxogut cefe mITepecHOe IPHMEHEHHEe B MeTojie
XappicoHa, HCOONb3yeMoM Ipu mocrpoenun moBepxHoctn Depmu
IJIA MeTalioB ¢ BaJenTHoCThIO Z (B CXeMe MOBTOPAMIUXCH 30H).
IIyers BO3MYImAKMUI HOTEHIHAT B CX€Me ITOUTH CBOOOJHEIX DIEKTPO-
HOB OYeHb Mal. Torja HOBEPXHOCTH MOCTOAHHONW 3HEpPruM JOJRHEBL
6mTh cdepamu. Beramemint pagmyc cdepel, o6meM KoTOPOH paBeH
obnexy 30HB Bpmimiosma, ymuoskeHHOMy Ha /,Z, W HOCTpoHM ee,
BLIOpa®E IEHTP B Havale KoopauHar. llocrpomm Taryio ke cdepy
OKOJIO Kagaoro ysina o0paTHO® DPEMIETKH W TAKAM IyTeM HOJY4YuM
CETKY C IIePHOIUIHOCTHIO, XapPAKTePHOR [IA CXeMBI IOBTOPAKMUXCA
son (¢ur. 48).

W3 510l ceTKM MO0 BHOMDPATH pa3jmiIHbe YacTH, HelPEepLIBHO
mepexoJAmue APYr B gpyra u o6pasyiomue IoBepXHOCTH, MOBTOPAIO-
mEecsa B Kaygoi 3ome Bpuamosxa. Hampmasd m3 TakmX OTAEILHEIX
¢uryp cocrapiader BerBbh mosepxHocTn DepMu, WIH UacTh HOBEPXIIO-
et ®epyu, otHOCAmyoca K 1-i, 2-#, 3-it u 1. 1. 3oHaM Dpuraosna
(¢pur. 49). ITocKoAbKY HTH TIOBEPXHOCTH HOCTPOEHH U3 cfep, B MecTax
COeMIHeHHA OTeNbHLIX JacTel UX, Ka3amoch 65, JOIKHE BOSHAKHYTH
ocrprie Bpierynsl. OpgHako CMemuBAaHUE COCTOAHHN, CBA3LIBAEMBIX
(Pypbe-KOMIOHEHTAMHI OTEHI[NANa, WIPHUBEAeT K OKDYIVICHHIO YIJIOB
1 K 00pa3oBaHUIO TIafKOro reomMerpudeckoro obnerra. Har M VBH-
UM B II. 9, modydariuecs TaKuM IyTeM MOBEPXHOCTH JacTo BeCchMa
MOXO0:KH Ha Te, KOTOPhle MOKHO HaGa0farh 9Kcnepumentanbuo. OHum,
HECOMHEINHO, AT M0Je3HbH OPUeHTUD IPH UCCIe0BAaHUH HOBEPXHO-
creit DepMut CIOMKHLIX METAIIOB.
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Te :xe ¢opMydas u TeoMeTpHYeCKHe IOCTPOCHUA BO3HHKAIT H
B OJunamuyeckoli meopuu Ougparyuu (§ 6 ria. 2). Ilygor pacupocTpa-
HAOMAXCA B pemerKe ORCTPHX BJIEKTPOHOB HIM PEHTTeHOBCKMX
JIydedi, A KOTOPOTO MOYTH BHIIOTHEHH YCIOBHS JHQPAKIUM (3.11),
Hexb3d Gojiee paccMaTpUBATh KaK IPO-
CTYI0 ILIOCKYIO BOIHY C €IUHCTBEHHEIM
poaHOBHM BekTopom k. B BomxmoByIO
¢yHROHUIO OyYKa, TAK jKe Kak U B
¢yrrmuio (3.12), Heo6X0ZUMO BKJIIO-
9AThL PasiHYHbe [AuppardapoBaHHEIE
BONHLI, 49TO H3MEHHT CKOPOCTH BO3-
HEKaomero Bo3byxmenus. Hanpumep,
B6AM3H OPOCTOH TPAHAIBI 30HH HAMO
B3ATH CYMMY II0 KpaitHeil Mepe ABYX
BOJIH; 9TO IpHBEIeT E KBaJpaTHOMY
ypasrennio tima (3.17), aBa KopHA
KOTOPOTO OIpPeNeIAT 9SHEPIUH bdIeK-
TPOHOB WIH (POTOHOB B 3aBHCHMOCTH
or Bertopa k.

C DoMOImpBI0O DTHX KOPHEH MOKHO
HNOCTPOHUTD NOSEPLHOCIMU  ROCMOAHHOU
sHepeuls, morazauEsie HA ¢ur. 50. Uec-
xomeEe cepsl «CBOGOTHEIX (OTOHOB»
¢ pajHyCcoOM V/c B C eHTPaMH B TOYKax "
obparroit pemerkm P m @, KoTopee p G Q
mepecexainch Obt B Touke O Ha rpa-
mnme soHH (cp. ¢ur. 29 m 37), pac- ®ur. 50. TloBepxHOCTH MOCTOAH-

HOU JHEepIrua B JUHAMHAYECKOHN
MENTAIOTCA Telepdb Ha ABA THNEP6OIO-  peonmm pudpaxmum pemTremoB-
una. IHosromy Toukm Tuma S mum S’  crux myveil mam GHICTPHX BIEK-
n300pKAOT DIEKTPOMATHHTHOE BO3- TPOHOB.
MyH[eHHe TacTOTH V, PACHPOCTPAHAI-
meecd B KpUCTaJjie B BHAE KOMOMHATMM MOBYX IJIOCKAX BOJIH C
BonxHOBEIME BexTopama SP uw SQ wim S'P u S'Q. Ycunosme co-
rIacoBAHUA ¢ LAJAOIMUM PEHITeHOBCKAM H3IyIeHHeM [aHHOH dac-
TOTH OPHBOAWT K BO3OYKIEHHIO Jydeil, COOTBETCTBylomMux obenm
BeTBAM IIOBEPXHOCTH NOCTOAHHOK sHeprmu. B pesyibrarte BO3-
HAKaoT mATeppepennmonune adderrs (cm. § 6 ra. 2). C roumo-
CTBI0 10 m3MeHeHHA Macmraba (BONHOBLHE BEKTODH PEHTTEHOBCKOTO
KBaHTa Wi OHCTPOTO dJeKTpPOoHA OOHYHO ropasgo Ooabire THONI-

HOTO BeKTopa obparHoil pemerku) ¢ur. 50 meficTBUTENBHO MOAHOCTHIO
copmagaer ¢ gur. 42,

|
|
|
|
|

§ 4. Meron cuapmoii cBasn
B merojie mout: ¢BOGOIHEX 3IEKTPOHOB PACCMATPHBAIOTCS BOJIHO-
BHE (YHKIOUA BHE aTOMHBIX OCTATKOB, T. ©. TaM, T/l OHH 09eHb MOXO0KHA
Ha mrockne Boaub. G Apyroil CTopoHL, BHYTPH aTOMOB 3TH QYHKIINH
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HOMO0HB ATOMHBIM. 9T0 06CTOATENBCTBO MOCKA3HIBAET COBEPIIEHHO
UHOH c1oCc06 WOCTPOCHNA DAEKTPOHHBIX BOJHOBHX (yHKHmi. Vmenno
MOKHO NOOBITaTBCS CKOMOWHHDOBATH aToMuble (yHEmuE (Kakmas
M3 KOTOPHIX JTOKaIN30BaHa BOTH3H HEKOTOPOTO ONpefeleHnoro aromMa),
4T00bl OJYIATH BOXHOBYH (YHKIHMIO, OTIHYHYI0 OT HYJA BO BCeil
pemrerke (¢pur. 51).

Our. 51. BonmoBaa ¢QymKnmuma 3JEKTPOHA B TBEPHOM Teue.

Ilyere ¢, (r — ) — BoaHOBamw PyHKHEA smeKTpoHa B CBOGOTHOM
aTome, pacumoxoskeHHoM B Toure J. Torga merxko mocrpouts ¢yHkImo,
yaoerersopawmyo yciaosuo Baoxa (1.58):

Pk () = 21 ™ o (r—1). (3.24)

JTO ecTh CyMMa CIVIBHO JOKAIH30BAHHHIX ATOMHEIX BOJHOBHIX pyHK-
Ouif, ITOMHOKEHHBHIX Ha OCHWIIMDPYOMHuiT (as0BHHE MHOMUTEID
exp(ik-?). BuyTpm kamjoro aromMa riaBmyio poab Gyger HTPATH
COOTBETCTBYIOMAA ATOMHAs QYHKONWA, C XOpOWeil TOYHOCTHIO YIOBIe-
TROPAWIAs JHOKaTbHOMY ypaBHemmio Illpegummrepa.

B ravecTBe mepBoro mpmOIWMKEHUA BHYMCINM C HTOH BOJHOBO
dyHENnell cpefiee 3HAYCHHE SHEPIHH

S¢§{—§%w+%%n}mwr

{ oroar

& (k) = . (3.25)

Ecam aroMubie BOJNHOBHE QYHKNME COCONHHX SU€EK IEPERDPHBAIOTCH
He CINIIKOM CHILHO, TO HOPDMHDOBOYHLIA MHOKHTENIHh B 3HAMEHATENE
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MOMKHO, IO BCeH BHUANMOCTH, MOJOKUTH PABHHIM enmHuime. Yncaurenn
JKe MO;KHO TIepeHucaTh B BHJE

& (k) & D) ek t-0) _g é5(r—1") { ——-;%VZ—!-'V(IP)} $a (r—1)dr=

w

= 3| eik-ng, (3.26)
. :

e
o= [ 01040 { — 5o V4T @) $awdr.  (3.27)

31ech NpUHATO BO BHUMAHEE, 9T0 B CHIY HePHOTHYHOCTHE HOTEHINANA
pemierky DasIMYHEIE WHTETPAJL 3aBHCAT TOJBKO OT BEKTOpPa h =
=1 —1' — paccTosiHHA MEKAY Y3JIaMH PEMeTKH, OKOJ0 KOTOPHX
MEeHTPHPOBAHEL COOTBETCTBYIOMME ATOMHbIE (YHRI(H.

ITyers dyEENHA ¢, (r) YyHOBIETBOPSET YPABHEHHIO

{ — g V24 (1) } da (1) =8ada ), (3.28)

rje Temepb v, (r) €CTh NMOTEHIHAJ W3OJHPOBAHHOTO aTOMa, PAacio-
JOKEeHHOTO B Toyre r = (.
ITpeneGperasd BO3HMKAWOIIMMEA HHTETPAJaMH HOEPEKDPHITHA, MOIY-
qaen
gO N gav
1
Enm o | S5+ T ()= va () $a () dr.

Ve

(3.29)

Uro6s wHTerpan &; He o0paTmics B HYJIb, NOJAKHO, 0YEBHUIHO,
UMETh MEeCTO HEeKOTOpoe IIepeKphiTve QyHKIHA ¢, (r + h) u ¢, (r).
JTO TepeKpritne OymeT YCHIEHO 3a CYeT HOBHINCHUS NDOTeHIHala
BOAM3W aTOMa, pacmoldoskenHoro B ysie h. Bee e cuenyer osupmars,
9t0 BenmumHa €p GyJer oUYeHH Maja /I BCeX aTOMOB, Kpome Oiu-
sRafmmx cocemnein.

Paccyorpnm mpocrylo ky6uueckyio pemerky [h = (e, 0, 0) n
t. 1.). Torma

€ (k) =~ €, + 2&,,, (cos ak, + cos ak, + cos ak,), (3.30)

ecin ¢, (r) mMeer cuMmmeTpuio Kyba. B arom ciygae sona Bpmimosma
upencrasiger coboii, pazymeercs, xy0, M NOBEPXHOCTH HOCTOAHHOM
9HEePTUA UMeIOT B[, NOKAa3aHHB Ha ¢ur. 52. U3 Bepakenms (3.29)
JerK0 yCMOTPeTh, UTO BEIWTAHA &g CYMECTBEHHO OTPHIATEILHA.
My monyumnm 9HepreTH4ecKyl 30HY, IIHPHHA KOTOPOH paBHa
12 | €190 |, a maumenpmas sueprua — (&, + 6 &14).

Oyrxmusa & (k), paccmMarpuBaemas B HampaBIeHHH OCH Ky0a,
nMeer MUHHMYM OpH k£ — (0 ¥ MakcHUMyM Ha rpaumme 30HH Bpmi-
awsHa, rae k = (n/a, 0, 0). Buemne s10 HamoMuHaeT KpHBHe, IOXY-
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1aeMble B MOZIeNH TOYTH CBOGOJHBIX 8IeKTPOHOB (cM. dur. 38), ogHaKo
KpUBU3HA y OCHOBAHWA 30HH B JAHHOM CJIydae 3aBUCHT OT Hapa-
MeTpa &g B memom cTpykTypa 80HE ompepexsercs MHTEr paAIaMa
tana (3.29), KOTOpHe BechbMa WYBCTBHTENBHH K JETANAM ILOBECHUS
ATOMHEIX BOJHOBHIX (YHKOWH BHE aTOMHOTO OCTAaTKA, a TaK/Ke K 3Ha-
9EHHI0 HOCTOAHHON pemerkn. OueBmpHO, UTO 30HA GYAET CY/KATHCS
IpA yBeIWICHAM CTENEeHH JOKaAM3amHU aTOMHHX (YHKOWN win mpu
VBeJIWIeHNE TOCTOAHHON pemIeTHH.

Memod cunvhoii cessu m03BONMAET YEMOTPETD OXHY BUKHYIO BAKOHO-
mepHOCTE. Bossmem NV atomos m pasmectnm mx BOanm APYT OT ApPyTa.

010 &(K)
NN
T
28,00
100 &
N7/
-/ 0 - nfa
a 6

®mr. 52. ¢ — nuEME nocrosmmoit smeprum; 6 — ¢ymrnma € (k) Booas ocm
Ky6a (MeTOx CHIBLHOU CBA3HM).

Hampeii atoM obmajgaer pasApuyHHEIMA YDOBHSIME, COOTBETCTByIOMHE
M BOJHOBHE QYHROUH TYCTh OYAYT ¢a, ¢p, ¢.. OueBmamo, omnm
ONHCHBAIT /N-KPaTHO BHIPOMKIEHHHE OJHODIEKTPOHHEE COCTOSHUA
BCEHl CHCTEMHI.

Ilpm c6nmxenmm aToOMOB aTOMHEIE QYHKIHM TepPeKpHBATCA
u ypoBHH, pamee N-KpaTHO BEIPOKAEHHHE, Pacmemisiores, o6pasys
somsl. Hammomy atomMHOMY ypoOBHIO oTBedaer 3oHa, comep:kamag N
cocrosanmit. MoxkHO ropopmts 0 3s-30Hax, 4p-30Hax ® T. f., BO3HH-
KaoIuX u3 COOTBETCTBYIOIUX ATOMHEIX VPOBHeH. JTa Riaccmdmea-
nusA 0co0eHHO ygauHa B CIydae MEPEeXOLHHIX METalT0B, ¥ KOTOPHIX
aToMHble d-QYHKOUA JOBOJBHO KOMIAKTHO PAaCIOJNOKEHH B IIpefe-
JlaX aTOMHOTO OCTaTKa, B PE3yIBTaTe 4ero 00pasyercs OTHOCHTEILHO
y3Kad ¥ XOpOoINo OmpefeleHHas d-3oHa. .

Onnaxo m3 ¢ur. 53 sAcHO, 9TO pasaUYHbIe 30HE MOT'YT CTOIDH 3HA-
YUTEIHHO PACIIHPHTEHCS, YTO HAYHYT IIePEKPHBATHCSA. B TakoM cayuae
upocTas MeTOJHKa, KOTOPYI0O MH 3leCh PAaCCMOTPENM, [OIKHA OHTH
BHJIOM3MEHEHA: BOJIHOBAA (PYHKIMA CHCTOMBl JOJYKHA HPEACTABIATH
cob0it AUHEUHYI0 KOMOUHAYUID AMOMHNX GYHEYUL

=33 ™ 1By90” (1 —2). (3.31)
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3nech ¢§) (r — ) ecrb ogHA M3 aTOMUBIX QYHKIUIT, EHTPHPOBAHNBIX
OK0I0 TOUKH 7.

Teneps my:HO BOCHONb30BaThCsA BHpaskeHmeMm (3.31) rak mpo6-
Ho#l ¢QyHKOWeHl OpHW BHYMCAeHNH sSHepruu. llocaemnad MUHEMUBH-
pyeTcs IOAXORAMMM BeGopoM Koaddumuentor f;. Ovesmano, TakuMm
oyTeM M IPHIeM K chcTeMe JMHEHHBIX YDaBHEeHWH, mpmueM Koag-
dunmentsl B meit GyoyT 3aBHCeTh OT BHIpaskeHuil Tama &y B GopMy-
e (3.26). DT BRIpa)KEHIT B CBOIO ouepejb BRIIUAOT B ce6s wWHTe-

3
&
¢,
C o N-rpamroe
Fnepeemu-| === abipovcderue
qeckue T & Ypoenu
30HbI 6 J === N-rpamroe | condodne
msepdom | == & soipoidene ( omomoa
mene - I e N-rpamroe
== ablpoxiderue
— -
ad ———
0

Qur. 53. PasMbITie aTOMAHX YPOBHCH B DHEPreTINCCKIE 3OHH TPH COIIKEHHN
aTOMOB.

rpaast Tuma (3.29) ¢ Tem, offako, OTIHTIEM, 9TO aTOMible PYNKINH
OOJ 3HAKOM HHTErpaja MOTYT Temepb COOTBETCTBOBATEH Pa3JNIHBIM
VPOBHSIM aTOMOB, PaCIOJIOKEIHBIX B PA3NBIX y3TaX PemIeTHH,

Meron numeitrpix roMOuHanuit atomnbix opbmt (JIKAO) mmpoxo
NPHMEHAETCHA B KBAHTOBOH XHMUH JUIA NOCTPOCHUS 60AHO6ML PYHKYLTL
soaerys. OTHAKO OH He OUeHD YAOBIETBOPHTENEH IIA KOAULECTEEeHH 020
pacuera gynrmmit Broxa B TBepupix Temax. J[el1o He TOABKO B BH-
IHCIIHTRNBHEX TPYAHOCTAX, ¢ KOTOPHIMHE MBI CTAIKABAGMCSH, ONEPUpys
€ TPEXIEeHTPOBBIMM HHTErPANaMH M C HEOPTOTOHAIBHEIME 6a3mMCHBIME
QVHKIMAMA: €CTh U NPHHOUNUAIBHBE BO3PaKEHHS NPOTHB NIPeJi-
CTABIEGHAA COCTOAHNMA BaJeHTHHX 3JEKTPOHOB B MONYIPOBOZHHUKAX
WM B METaJJax € IOMOMBI0 BHpayrenmil tuma (3.31).

Ilpm o6pazoBaHmu TBEpIOTO Tela HOTEHIUAN KAKIOTO AaTOMa
OepeRpBIBAeTCS ¢ MOTelnaTaMy ero cocefel. [lomyerum mo mpocrore
OVUWIEBHOH, 9TO OTHXETBHBIE ATOMHbIE TIOTEHITHANBL IIPOCTO CKIAIHBAIOT-
ca (¢ur. 54 m 55). Ilpu sToM raaBHBE NMOTEeHIHATBHHIE AMHl GYIYT
HEeHTPUPOBAHBL OKOJO ATOMHBIX sIfiep, & B IPOMEMYTKAX MEXIY HUMH
obpasyioTea 061acTH HOCTOAHHOTO MONMKEHHOTO MOTeHImAana. fCHO,
UT0 B O9THX YCIOBMAX HHIUBUIYaNbHEIE aTOMHBIE QYHKIHHE, QHTypu-
pytoomue B (3.31), yse He cymecTByioT, 60 COOTBETCTBYIOIHE MM
VPOBHH BHeprum GHIN GBI BBIIIE Me:KATOMHEX 6aphepon. B mpuammie
Hexopouro Bepaskarh yHrnun Broxa B mome 7 (r) wepes coGerBennnte
QYHRINH ypaBHEHHH ¢ COBEpPINEHHO [PYTEM MOTEHIMAIOM Vg (I),
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B00aBOK, YIOBIETBOPAIONIUE €Ie TPAHUIHEM YCIOBAAM, He HMEIOIHM
OTHONEHHA K JaHHOH# 3agade [H, (r) GHCTPO CTpeMUTCA K HYIIO TIPH
r— oo]. Ilpm srom Hamo 6BuT0 GBI CMECTHTH BCE Y3JIBI BOJHOBHIX
¢VHKIEIA, 9T0 HE TaK-TO JIETKO.

Bo Bearom cayuae, pacemarpupaemuiii HaGop QyHKIUE He noaow,
HOCKOJBKY B HeM Hemocraer cobcrBennnx Qyurimit ypasuenns [Ilpe-

&
P —-

E=0- == _ R ap—

®ur. 54. CpAzaHEHE COCTOSHHA CBOOOXHOTO aToMa.

JUHTepa, COCTABJEHHHX N3 PACCegHHBIX BOIH H NPHHATICKAIAX
HeIPepEBHOMY CIEKTPY — 06IacTH DHEPTHIl, PacCIoloKeHHOIl Bhilne
HyJd, OT KOTOPOTO OTCIMTHIBAETCA HOTEHIMAX U, (r). Xora BHyTpm
aTOMHOTO OCTOBA BHpakeHHe (3.31) MOYKHO HOBOJBHO XOPOIIO HOO-
rHate K QyHKOUM g, OHO He MOKeT NPeTEeHJ0BaTh Ha OIHCaHHe OJI0-

&
—_—
~ . I,
¢ 5 ¢
L .o Fad
F— — T— -V
?“\ e — 27
Vs

@mr. 55. Oysrunn Bioxa B Kpucraiie,

XOBCKUX (QYHKOUH B mpoMeskyTourioli o6iactin — TaM 3TtH QyHRIAR
IIOXOKHU CKOPEe HA KAKME-TO MPOCTHie KOMOUHAINI OCHYNLY II0CKAX
BOJH (eM. § 6 macToAmei raapnt).

ITUM METOMOM, O[HAKO, yCTaHaRInBaercsa oxna Bawnasa obmas
33KOHOMEPHOCT.

Cormacuo ¢opmyiae (3.26), smepruio B k-mpocrpamcrse MozkHO
pasnoxuth B pag DOypee

& (k)= 2 e™-'Er. (3.32)

MoxrO moOKaszaTh, 9TO paszlosKeNle TAKOTO THIIA CHPABEIHBO
BCeryia (MeToJ JMHEeHHBIX HKOMOHBanil artoMIuLX (GYHKIDN, Oyxydm
IIpOBEJeH TOYHO M H0 KOHIA, JlaeT 2LepIHIc HMCHII0O B TAKOM Bujme),
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xota KoadppurimenTs &;, BooOIIe TOBOPS, He BHIPAIKAIOTCH HPOCTHMA
murerpagamu tuna (3.27) wiu (3.29) u MoryT ne obecneamBath OHICTPOH
cxomuMoCT pAga mpu OoiabIIMX 3HadeHuAX Bexrtopa 7.

BenomamMm Temephb, 9TO BEKTOPH mpsMoil permreTku, ¢, caMH CyTh
o6paTHEI® BEKTODPH! IO OTHOIIEHHIO K BEKTOpPaM o6paTHOH pemeTkH g
(. 4 § 3 ru. 1). @opmyna (3.32) amalormaHa BHPAREANIO

7 (1) = ere7y, (3.33)
g
CHpaBemiuBOMYy A mepuopmdeckoit pynxmnm 7°(r), v. e. 7' (x-+1) =
= 7’(r). Takum o6pasom, sHepeus 6 kKaxdol sHepzemuUueckoli 30HE
doancha 6vimv nepuodudeckoli GYHEYUET ¢ 06pammuoli pewemse:

&k -+ g) = €& k). (3.34)

B opemmaymeM maparpade 5To CBO#CTBO yi;ke OBIIO OTMEUEHO.
Ipencrasnenune (3.32) mHOTHA OKABHBAETCA YAOOHEIM; IIPH 3TOM
dyuxmusa & (k) aBTOMaTHIECKHM YNOBIETBODAET YCIOBHIO TEPHOAMY-
noctu. Ecam paccmarpupath Koaddumuentsr &; Kar IapaMeTpH,
KOTODHE MOKHO MOAOHpaTh, TO YacTO OKAa3BBAETCH BO3MOGKHBIM
cormacosars maGaomaemymn mosepxuocts Qepmm ¢ dT0H QOPMYIOH,
B kauecTBe HHTEPHONALMOHHON (GOpPMYJNB OHA HECKOJIBKO MEHBIIe
obocrnoBana ¢ «pusuYecKod» TOUKH 3pEHHA, UeM COOTBETCTBYIOIAH
dopmyda Mojenaw moYTH CBOGOJHBIX DIAEKTPOHOB, B KOTOPOH dypne-
roMIoHeHTH g paccmarTpuBaoTCA Kak mapamerpel. OnHako Ha
0CHOBE 3TO# QOPMYIE! JIerde BeCTH BHYMCIEGHNA, HOCKOIBKY OHA BHpa-
JKAeT 9HEPrUI0 HEIMOCPeACTREeHHO B BHAE CYMMEl NIDOCTHIX aHAJIHTH-
JeCKUX (yHKIUI.

§ 5. Meron sueex

Opuo us Bospamenuit npotne Meroga JINAO mMokHO CHATE, ecan
BOCIIONB30BATHCA (QYHKIHAMI, YIOBJIETBOPAMIMMME ycaoBuio buo-
xa (1.58). ITocmemmee oamavaer, UTO BOJAHOBadg (GYyHKIEA JOJHA
yMHoxaThea Ha exp (ik-7) mpu cyemenmm ee Ha BeKTop pemieTkum
(mampmMep, oT OFHON TpaHH dIeMEHTapHOH suefikn k ppyroit). Hpy-
rag BO3MOMKHOCTH COCTOMT B TOM, 4T00H Hanucath AuddepenauanrbHoe
ypasuenue ansa QyHRIUM Uy (r), Gurypmpymoneit B gopmyne

P (r) = e Tuy (). (3.35)

Coraaciio mapecrnoit gopmyme (1.61), sra Pynrnma mowxHa GHTH
IepHOIHYecKoll B NpAMOI pelueTke.

B opmOMepHOM cIydae 5TO BHIIAANT A0BOJIBHO mpoerTo. MokHo,
nampuMep, BuOpaTh Kakoe-To BHauenue &, IPOMHTETPUPOBATH ypaB-
CHME, MOCMOTPETh, YOBIETBOPSETCS M YCJIOBNE HepPHOIUIHOCTH,
n3mennth 3uadenne € u 7. A. OnHaKo B ciydae Tpex W3MepeHuil Takol
HoIX0T TpoMosfaok. Ycmosue (3.34) MOMKIO BHIIOIHATBCA Ha BCeil
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TIOBEPXHOCTH DIeMeHTaPHOH ATeNKH, T. e. Ha GECKOHEYHOM MIIO;KECTBE
rogex. [losTomy pemenus B sieMeHTapHOW AYeHKe CTPOATCA U3 pas-
JNIHHX CepHIeCKUX TaPMOHUK M OTHICKHBAIOTCH Takue IuHHeHHbie
KoMbmHAIME HX, KOTOPHE CIIHBAIOTCH B KOHEYHOM YHCIE TOUER
Ha TpaHnne gyefixu. MoyKHO yIydmimTh 3TY METOJWKY, €CIE Ompene-
JUTH CPEeJHIOI0 IO IIOBEPXHOCTN AYEHKHN OEMOKY COIMBAHMA W MUHH-
MH3HMPOBATh e CHeIHaNIbHEM II000poM KodPduIimenToB. ITO HOBOIE-
HO yTOMATENbHAH, HO B IPUHIUIE AOCTATOTHO fCHAA WPOIEIypa.
Taxmm myreM ymaloch J0BOJABHO YCIIENIHO pACCUMTATh CTPYKTYPY
SHEPTeTHICCKNX 30H AIA HEKOTOPHX TBEPAHX TeJl, HO K CYNIeCTBEHHO
HOBLIM TEOPETHIECKOM IPeJICTaBIeHTAM 3TOT METO]| He IPUBE.

Meroy Ad9eer BHIVIAZAT UPAMBIM W HECHOKHHM. OJIeMeHTapHAas
AYeiiKa IpefcTaBiseT coboff XOpOoUIo OHpefereHHOe TeOMETPHIeCKOe
nouaTae, a ycropme Bioxa merko sammcars. OmHako B meaoM Hes
MeToJda He BHOJHe mpaBmibHa. He ciemosano G BO3ABHTaTH HCKYC-
CTBeHHEIE TPaHOOM AYCHKM U CO37aBATH OPH CIIMBAHNA Pa3PHBLL
B Toil camoil obmacTH, Tie HOTEHUMAA MeNJieHHee BCEeI'o M3MeHsSeTcH,
a pornoBHe QyHKOuN Hamboxee GIMBKM K NIOCKWM BoaHaM. B ompe-
HeJeHUH yCAoBHH CIINBAHUA HMeeTCA IIPOM3BON, W HTO HHOTHA HPH-
BOAUT K TOMY, 4TO, IO-BHAMMOMY, PasyMHAas OPOLENypa JaeT COBEp-
NIeHII0 HempaBUABIbE Pe3yIbTaThl jase B mpocreiimem cayuzae
IYCTOH penieTku.

Hwmeercs mpepgmecTBeHHnK 06IIEro MeTo/a SI€eK, KOTOPHM HHOTA
Gnipaer ypobuo moab3oBaTheA. I1o memod Bueznepa — 3eiimya. 3awve-
TIM, YTO 9JeMeHTapHad AYefiKa IPAHENeHTPUPOBAHHON U 06 heMHOI[eH-
TpHpoBaHHON KyOmueckuX pemerok (sAgeiika Bmruepa — 3eittna)
nmpegcTaBifger coGoil IPABMIBHEI MHOTOTPAHHHE, KOTODPHIH MOSKITO
npubmmskensio 3aMeHnTh cdepoir. Ilyers sro meiicteuTennho cdepa,
o0beM KOTOPOH paBeH 00BbeMYy DIeMEHTAPHON SUelKM; clleoBaTelbli,
pagnyce ee paseH rg [em. dopmyny (2.54)].

Pacemorpum cocrosinme ¢ poxzosbiM BertopoM k = 0. Coorser-
CTBYWOINAsA BOJHOBag (YHKIHA JOJIKHA YAOBIETBOPATL YCIOBHIO

P (r + 2) = Py (r), (3.36)

T. €. JOJN;KHa HepnojgnideCKu HM3MEHATLHCA IIPH nepexonge oOrT ATeliKkT
K sS4eiKe. CJIBJIOB&TGJIBHO, OHa 6}’}16T HMeTh T'OPHM30OHTAJBHYIO Kaca-
TeJNBHYI0 Ha Tpanume Adeiikn. MBaue ropops, ma moBepxuocTu cfepnl
Burrepa — 3eiitna paccmMarpuBaeMas QYHKIMSA JOJsKHA YIOBIETBO-
PATHL YyCIOBUIO

5‘Fk [2)

it Lrszo. (3.37)

Ecan morennuan Buyrpu cdeprt cepHIecKd CHMMETPHICH, TO HY/KHO
pemuTh JHIUL pagumanbHoe ypapHeHHe Illpesumnrepa ¢ rpammunb:
yerosuem (3.37). CrnemoBarensHo, snepruio & (0) MosKHO ompemennts
oxpuosuagHo (fur. 5H6).
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droT cmocol T03BOJIAET MBAMHO ONPeNeIATh ILOJOKeHHe MTHA
30HBl IPOBOJAMMOCTH B OJHOBAJIEHTHOM METAJJIe; ero MOJKHO JOBOIBHO
YBEPEHHO PAMEHATH IPH PacdeTe SHEPTUH CBA3I 3IEKTPOHOB B MeTa-
aax (§ 3 ru. 4). MosHO moHiTH HECKOJABKO Aajblie H HAMMCATH YPaBHe-

< |l -7

o,

<75
I |
|

) :
! |
// A TTT7 73777
¢ // )///? /%/ / ?%/ JoHa /flpos’oﬁuMocmu 7 //%
/. o I T A éo (0 )

VA

®ur, 56. Meton Bumrmepa — 3eiitna.

HUe A TepHommueckoil ¢yHKmmm ug (r), omnpegenseMoll paBeH-
crBoM (3.35),

e VR 2 V) ik T (= { B )~ e (3.38)

Haxee momuo morpeGopartsh, 4T06H (yHKIuA uk(r) mMeZa TOPH3OH-
TAIBHYI0 KacaTeabHyl upu r = ry. Takum myrem A ¢yHKIum
& (k) moayuaercs HEYTO OTANIHOE OT PE3YABTATA TEOPHH CBOGOHBIX
3JIeKTPOHOB [X0Ta 6Bl W ¢ yYeToM HOBOrO Hadajga oTCUeTa 3IHEPTHH
€ (0)]. Unaue ropopsa, momydaercs HEUTO XapaxTepmaylomee opMy
301IBI.

Ogmako B 5TOM METONE MBI COBEPINEHHO HTHOPUPOBATU CTPYK-
Typy TBEepHoro tesia. OTBET 3aBUCHUT JHINb OT 06HeMa, IPAXOAAMLErocs
Ha OfWH aTOM, a He OT (AKTHIECKOH TeoMeTPHN KPHCTANINYeCKOH
pemerkn. Tor jxe caMulil Pe3YIBTAT Moaywamiucsi Ob1 W 1A KATKOCTH,
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IZle ATOMBI, OKDY)Kalommume MaHHBIN, pacmpesereHs 6ecmopAgodHO,
H i TBePAOTO MeTaia Toll jke mIoTHocTH. Hpacusrie AudparIuoH-
Hble 3PYEKRTH, KOTOPHIE MB MOAPO6HO MBYIAAM B HMPENBIAYINUX Iapa-
rpadax, 3j7ech OpOCTO BHIOAJAT M3 PACCMOTPEHHUS,

§ 6. OproroHanu3oBaHHBIE IIOCKHE BOJHEI

O6partumMcsi Ternepb K HEKOTOPHM MeTOHaM, KOTOPHE (aKTHICCKH
OPUMEHATCS A pacdera 30HHOW CTPYKTYpH. Moskmo 6puio O,
HaOpumep, CHATH OCHOBHEIE BO3DAJKEHHS UPOTHB MeTofa CHILHOM
cBaAsd (§ 4 Hacrosmeil raaBe), ecam GBI a) TPOMBBOIBHEIM 06paszom
mobaBuTh K 6IOXOBCKOH cymme aromuux Qymxmuii (3.31) ciaraemsie
Buga (3.12), cocraBmenHhe W3 IIOCKUX BOJH, W 0) MCKINYNTE H3
6ioxoBcxoit cymmur (3.31) Bce (mrTHBHLIE (YHEIEE, KOTOpLe Ha
caMOoM Jiee IePecTaT CyHeCTBOBATh IPH YIOTE MePEKPLITHA ATOMHEIX
noreRquanos (¢ur. 54 w 55). Tax umenno u nocTynua X eppuHr, Korga
BBeJ IPEACTABICHHE 00 O0PMOZOHAAUI0EAHHBLE NAOCKUL GOAHAT.

Paccmorpum mabop ¢yurmmit Bioxa, mocrpoeHHBX U3 gHympen-
HUT AQTOMHEIX QYHKIMH, T. e. (QYHKIUN, OOWCHEBAIOIIAX 3aHATHE
ypoBHa; uMoHA. YdurwiBas pasenctso (3.24), MORNO IammcaTh

buc = 2} e 1h, (r—1). (3.39)
L -

Boauorpie gywknum «BIyTpeHHHNX» COCTOAHHUI, Takie, Kak by (r),
CHIILHO JoKanu3oBausl. lloaromy BHpamenne (3.39) ects He 910 HMHOE,
Kak nTuHeiiHasa RoMOWHAIMA BHIPOJRACHHHIX OJHOIEKTPOUHLIX BOJHO-
BHIX (YHKIUH, Kaykgad W3 KOTOPHX COOTBETCTLYET JTOKAIM3ANNH
BJEKTPOHA HA OHpEIeIeHHOM aToMe. JTO BHPAKEHHE (GaKTHISCKH
ectb pemenue ypasHenna lllpegumrepa mis Bcero Kpmeranana, Coot-
BeTCTByIOIee OfNHOMY u3 riaybokmx yposmeir &;. M3 wmero mMomuo
651710 GBI DOCTPOUTH YBKYIO 30HY, KOTOPAsA B KPHCTALIE Oymer moJ-
HOCTBI0 3aIOJIHEHHOH.

Boxnopste pyarmun cocrosinuii ¢ Goee BEICOKOR 9Heprueit, 6yayan
pelIeHrAME TOTO 3Ke caMoro ypasrenmusa Illpemgunrepa, doaxcHsl 6oimb
opmozoraavLHhl K PYHRIUA by :

(i, i) = O. (3.40)

Hpome toro, kak Mpl 3HaeM, QYHKIHA Px B 06IacTAX MEKLY
aTOMaMH IIOXO0Ka Ha II0CKyI0 BoaHy. CooTBeTCTBEHHO GyIeM MCKATh
BOJIHOBYI0 QYHKIMIO OTHOTO M3 BO3DY:RIEHHLIX COCTOAHMI B BHIE

K= e T — ) Bbye (3.41)

Moagxopamum BeiGopom Kospdurmentos B; MokHo moburhCA TOTO,
4ro6nr BupakeHme (3.41) yHOBIETBOPANO YCIOBHIO OPTOTOHANBHOCTH
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(3.40). Taxum oGpasoM, pyHKOMS yx MPEBPAMACTCA B OPMO2OHAAUZ0-
sannyic naocryn eoany (¢ur. 57)

Xk=eik"'—; (b, €¥T) byy. (3.42)

JT0 — pazyMHOe BHpa)keHue. [[eHCTBUTENBHO, B OPOMEKYTOIHOR
obnacrn, rae Bce GyHKIHU by Majbl (BHYTpPeHHHE COCTOSHHS CHIBHO
JokanuszoBann), Gyuknua (3.42) mmeer Bupg exp (&k-r); BMecTe ¢ Tem

@ur. 57. CrpyKrypa OpPTOTOHANHM30BAHHEIX ILIOCKEX BOJH.

a — maocKag BOJHA, 6 — BONHOB&A OYHKIEA CHJBIO JJIOKAJABOBAHHOTO COCTOHHA;, 6 —
OPTOTOHANMBOBAHHAA IJIOCKAA BONHA, T. €. INIOCKAs BOJHA 34 BHYETOM BOJHOBON ¢yHKIUEA
CHJIBHO JIOKAIN30BAHHOIO COCTOAHUA.

B CaMOM aToMe 0OHa OPTOTOHaJbHA KO BCEM BOJHOBHM (YHKINAM
BHYTPEHHHX COCTOSHHEN H IOBTOMY MOKeT HM3006pa)kKaTh BOJHOBYIO
¢yBrnmi0 oxHOoro M3 BO3OYIKAEHHHIX AaTOMHBIX ypoBHei. Ilycrs,
Haupumep, BOJTHOBEE GYHKINN BEYTPEHHAX COCTOSHUM CyTh QYHRIUM
A 25 U 2p (Kaykjas M3 HEX AMEeT OfHY V3elbHYI MOBEPXHOCTH).
Torpa dymxmua xx Gyner mMeTh eme oZHYy JOUOIHUTETBHYIO V36Ib-
HYI0 IIOBEPXHOCTh TOYHO Tak e, Kak u Gysrnuu tana 3s u 3p.
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PasnosknuM tenmeph MCKOMYIO BOJXHOBYI0 (YHKIHIO B DAL MO OPTO-
TOHANM30BAHHBIM IINOCKAM BOJHAM, T. €. OyleM HCKaThb pemieHne
ypasvenus [llpemunrepa B Bupe, amazornauom (3.12):

i = ?g] - gk -g- (3.43)

Hns ompeperenus Koo(pPUIMEHTOB Ok_g BOCIOAB3YEMCA BapPHAINOH-
HOIM OPHHIUIOM, MHUHUMHU3HPYA CcpedHee 3Ha4eHWe oHueprnu. Jra
Opomeaypa Tak/Ke XODPOIMO B3HarROMa, W HeT neobX0quMOCTH ABHO
BHIOMCHBATHG BCE BEIPAKEHUA.

OxaspiBaercsd, 4T0 Ha HAYAILHHX cTagusx papn (3.43) cxopmres
yaneuTeasHo GbicTpo. G TOMOIMBI0 OHOR AHIIE OPTOTOHAIMIOBAHEOH
LIOCKON BOJHEL YACTO YHAETCA OPEICTABUTL BOJHOBYIO (YHKIJHIO
B 6oxpmux obnacrax k-mpocrpancrea. lame B yraax scus bpnanos-
a Mo}KeT HOoHaJobmThesa Beero 3 mau 4 wieHa. ITOT METO/ C yCOEXOM
OpHMEHAICH A HCCIeTOBAHMSA HEKOTOPHIX MeTalliioB M NOJNYHpo-
BOXHHUKOB. lIpuMeHUMOCTE ero He orpaHumyera ycaopueM cPepuuecKoi
CHMMETPHM HOTEHIHANOB, OKPY;KEHHEIX HPOCTPAHCTBOM, B KOTOPOM
CHITBE OTCYTCTBYIOT,

Houemy tax moxyuaerca? Becsma yOemmreabna cilegyomas
aprymenranus Quianunca m Hielfumana.

Myers rounas Boanosas ¢ynxmmsa umeer Buj (3.43) ¢ meroro-
PHIME OIpefeTeHHEIME 3HAUeHUAMH KOOPPUINCHTOB ak_g. Hamummem
PyHKRIHIO

b= ay_geitk-9)r, (3.44)
g

NPencTaBIAANMYI0 coboii MPoCTO JAUHEHHYI0 KOMOMHAIHIO ILIOCKHX
BOJH ¢ TemH ke Koagduiumenrtamu, Torma ¢ yuerom pasencts (3.42)
un (3.43) mommuo wmammecarh (Mpl omyckaeM uuiekc k, mmesa B Bumy,
9T0 OH BCerfla OfNHAKORB)

b=¢—2 b1, $) br. (3.45)
IlogcrasuM sTo B ypasmenme Ipemmarepa Sy = &¢. Hoxyumm
FHg— 3 bty $) Hbi=E$—E X (bis 9)bi. (3.46)

Wnn, mockonbKy b; ecth cobcTnennaa ¢yHKIMA ramMuibronmana &,
OPUHALNEKAMASA SHePTHA &;,

o%’tf)—tZ (bt,qb)&bt-i—EZt (b1,d) by = E . (3.47)

Takum o6pasom,

.f%’qur;(g—gt) by (br,d)=E. (3.48)
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Ha 310 paBeRcTBO MOHO CMOTPETH KaK Ha HoBoe ypasHenue Ll pemmu-
repa

(H + T'r) ¢ = Ed, (3.49)
rie oneparop 7°p (opMalIbHO OTpeJeNeH PaBEHCTBOM
Tr¢= tz (& — &) by (brs @) (3.50)

Tarnm 06pasoM, «CriIasrenAas» BOTHOBAS QYHKIMA ¢ YHAOBIETBOPSAET
HOBOMY ypaBHEHNIO, B KOTOPOM «TaMHIBTOHWAH» WMEET BUJ

T+ T = — e V2t T+ T (3.51)

Hexo obcromr rak, Kak ecau 6l Hafo ObUIO PasHOMHTD MO HIOCKAM
BOJHAM coOCTBeHHbe (YHKONN TaMUIBTOHUAHA C NCe6GONOMEHYUAACM

T =7 + 7% (3.52)

Tenepp Mo;kHO TpuMeHHTH (OPMANBHBIT anIapar, pacCMOTPEHHHI
B § 2 macroameil rrappl. HoadUImuUenTH Qi_g JOJSKHBL YIOBIETRBO-
paATH ypasHenwsaM 1una (3.14) ¢ TeM mCkI0YEHHEM, TTO BMECTO by phe-
KOMOOHOHT MCTHHHOTO ILOTEHHUANa penteTku ¥ HYIKHO HOACTABIATH
dypre-KoMuoHenTH morenmuana I'.

9T ypaBHeHHs TpeNCcTaBIA0T coboli, pasymeercss, He 6oaee
geM APYIyo QOpMY ypaBHEHHI, HOJNYYalOMUXCA HPH BapbHPOBAHIK
KOD(MpHINEHTOB Xy B BEIPayKeHUH IS CPefHero 3HAUeHHUsA DHeprni,
ecanm B KadecrBe nmpoGuoil ¢ymxmum Gepercsa (3.43). OmHaxo oxaswl-
Baercs (BechMa BEPOSTHO, 9T0 DTO — 00IMee CBOMCTBO), 4T0 Pypbe-
KOMIIOHEHTH noTeHnuaia I' Majsl BCera, MCKI0YAA NepBble HECKOIb-
KO 3Hadennii BekTopa o6parHoil pemerkn. OYHKINIO ¢ MOMKHO HA3BaTh
ncesdosoarnosoli ¢gynryueid., OHa ymoBIeTROpsieT ypasHeHmio (3.49),
B KOTOpOM 3(QQeKTHBHBI MOTEHIIHAT OTHOCHTENBHO crab. Ml BHCBB
BO3BpAMAEMC K OPOCTOH Mojeixs mouTH CBOGOJHBIX BIEKTPONOB.

Yreepsmnenue, uTo omepatop I’ MOKHO paccMaTpuBaTh Kak ciIabriil
JORAMBHLIA moTenmmai, He sapisgerca crporuM. Cmmeon 7p darti-
yeckn 0003HAYAET HETOKAILUBI OlepaTop

g (v, 1) = }tj (8—&) b; (r) b (x'), (3.53)

TaK 4YTO

Vp= | Vnle v) ¢ @) ar. (3.54)

Orcioga BUANHO, HalpHMep, 9TO pPe3yiAbTaT fAeHcTBHA omeparopa 7 g
Ha QYHKIEH ¢ PAsHLIM MOMEHTOM KOJIWYECTBA JIBMIKEHHA Oymer pas-
angneM. CoorBercrsensc Hajo OBIO OB ODHCATH

Vo= T+ T+ Tat e (3.55)

rae onepatop 7, peiicTByer TOoABKO Ha GYHRINU S-TROA B T. H.
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CyTe mema cocTomy B TOM, 4TO TOTEHHMAN atoMoB 7, Gymyum
NPpUTATABAOIMAM, OTpHUIlATeleH. JT0 O0COGEHHO OTHOCHTCA K OKDecT-
Hoctu TourM r = (. llorenmman sxe 7 g, comepskamumii pasHoCTh
€ —&: m EBagparMUHH{ IO BONHOBHM (GYHKIHAM BHYTPEHHHX
COCTOAHAM, IOJOMATENEH. ITH JBa MOTEHIHAJa YACTHIHO KOMIICH-
CHPYIOT APYT Apyra M VMEHBITAT 3Hadenue peawdumasl . Iomxo-
MM BhIGODOM BOMHOBHX (YHKIOUA BHYTPEHHHX COCTOSHHIT 9Ty
KOMIIGHCAIMIO MOKHO VCHJNTH, HO HHKOTJA HEIb3A AOCTHUD ITOJHON
KOMTEHCAI[AH.

Crmemyer 3amermTh, UTO ONMCAHHEIA BHIUE ITPOIECC IIOCTPOEHMA
onepaTtopa 7'p He ogHo3Ha4en. MosKHO HOKAa3aTh, 4TO IS 6aiCHM-
HBLL 94eKMPOH06 cobcmeennble suauenus zamuavmonuana (58 -~ V)
odunaroet npu A0EHL ncesdonomenyualaxr euda

7 np = ; (Fiy )by, (3.56)

2de pynryuu F; cosepuenno npoussosvrbi. Yrobu y6eguthea B oToM,
BaMeTHM, Tr0 omeparop 7p BCerma UpoeKTHPYeT (PYHKIHIO ¢ I
MHOKECTBO BOJNHOBHX (VHKOAH BHYTPEHIHX COCTOAHMWI. IMcwroimmie
7Ke CoOCTBeHHEe (JYHRIUM BAJEGHTHHX 3JTeKTPOHOB, OPTOTOHATBHHLI
K aToMy MHOKecTBY. Iloaromy moGaBienme omepartopa 7 g K raMmib-
TOHHAHY He MEHsIeT 3aJaun Ha cOOCTBEHHEIE 3HATEHUA B MIPOCTPAHCTBO
Co0CTBEHHBX ()YHKIOUI BaJGHTHBIX DJEKTPOHOB.

Tarkum obGpasom, pasymuo Bebupas GyERIE Fy, MOKHO TONH-
TaThCA MOJYYHTH XODPOUIyi0 KOMIeHCAIMK. ilomaras, wampumep,

Fg = —%.bt, (357)

MBI OO y4dIaem

Po=7¢p— 2101 7°9) bre (3.58)

CrremoBarensno, u3 moreHnuana 7 MOMKHO BHTECTH T100YI0 €ro IacTb,
KOTOpaA IPEeCcTaBifACTCA B BHAE CYMMEI BOJNHOBHMX (QYHKIWHA BHYT-
PeHHHX COCTOAHWMIT. ITO W oOBACHAET, II0YEMy BO MHOTHX CAydasax
oneparop I' oxasriBaerca Becbma maneiM. TarmM o6pason, TpHHIHD
KOMIIGHCAI[MH, XOTA OH M He OPejCcTaBiIser coGoil CTPoro MoKaszaHLOi
TEOPeMEl, BCe JKe OUPAaBJALBACT npedcmasienue o0 neesdonomenyuane —
OKQA3YBACTNCS, CAACHIMMbE IAEKMPOHBL 8 MEMAALAT U NOAYNDOSOOHUKRAL
6edym ceba max, Kar ecau 6ol OHU He CAULLEOM CULLHO 83aUM00eticmeo-
84U € UOHAMU KPUCAsIUMecKoT, peutemKku. B aToM 1 cocronT TpHanma
OPAaKTHIECKOTO YCIeXa MOJeNH TOUTH CBOGOXHEIX 3JIeKTporoB (§ 3
HACTOAMEH TIaBH) | — He TOJIBKO IPH MOCTPOSHHN KPACKBLIX KaPTHHOK
masa mosepxmoctn @epmm (pur. 49), wo mw B Teopmm ropasgo Goiee
CIIOKHBIX ABJIEHHN, KaK, HAIPAMED, 3IEKTPONPOBOHOCTA B POHOHHBIX
cnextpos (eM. § 12 1 13 rux. 6). Bo Mumormx oTmourennax MeTos ICeBI0-
DOTeHOUANA OKABAJCA ONHAM W3 Hambosee MIIOAOTRODHBIX HAmpPaBie-
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HOl B TeOpHH TBEPJAOTe 7Tena co BpemeHu paborsi Bioxa B Haga-
xe 1930 r.

Tem me MeHee ¢ TeOPETHYECKOH TOYKW 3PEHHA ONWCAHHAA BHIINE
Pa3HOBHJHOCTH «aHATMTHYECKOI0» NCEBIOOOTEHINATA, OCHOBAHHOTO
Ha (opMaimaMe OPTOTOHAIM30BAHHBIX INIOCKUX BOJH, He BIIOJHE
yaopiaersopuTenbHa. IlcegomoTennuai, Kak GRUIO HOKA3aHO, CHIBHO
3aBUCAT OT 3HEPTHM M OT MOMEHTA KOJIHWIecTBa [BMKEHWS. 3TO —
He HACTOAIMANR JTOKAJNHHHIA IOTEHITHAN; OH He OUpefeIeH OJHO3HATHO
W He NWPHCHOCOGIEH eCTECTBEHHBIM 00pasoM s OMHCAHWA d-30H
(cm. § 10 macroameit riapwl). I'TaBHB pe3yabTar, YCTAHABINBAEMBIH
€ €70 TIOMOIIbI0, COCTOMT B TOM, UTO MOIEIh IMOYTH CBOGOHEIX 3TEKTPO-
HOB QaKTHIECKN ropasfo Jy9Ile, 96M HTO KajKeTcs Ha HePBHIi B3TIAL.
IT10T pesyaAbTaT, ONHAKO, TOUYTH C TAKOH sKe ACHOCTHIO BEITEKAET
H 13 paccMaTpmBaeMeX B ciegyioneM maparpade MeTomgoB, 0CHOBAH-
HIIX Ha OpefcTaBieHuN o0 sueedHoM moTednumaine. Boxee Toro, tam
He OPHUXOIUTCA TOBOPUTH O (HOCEBIOMIOCKWX» BOJHAX Bpoge QyHK-

onn ¢ (3.44).

§ 7. IlpucoegnHennple MIOCKAE BOIHEL

Ob6mee Bospasxenne uporus merona JIKAO u merona staeex cocrout
B TOM, YTO B IPOCTPAHCTBE MEAY HOHAMU METANIA TMOTEHITHAT MAJO
meusercsa. Ilyers sror morennuman meficrBUTENBHO CHEPHUICCKH CHM-
MeTpmueH B obxactu pagmyca R, BOKPYT KaRNOTO y3Ja H DOCTOSHEH
B mpomemyrounbix obractax (fur. 58) 1). Bymem cumrars, uto R,
HECKOABKO MeHbme pajgumyca cdepst Buruepa — 3efitma rg, Tak 410
paccMaTpuBaemsle 00gacTH He mepexpoiBatorcsa. ¥ pasuenme Ilpemun-
Tepa BHYTPH Kam/o0il cdepsl pagayca R MOIKHO pPemuTh TOTHO (BHIpa-
3UB pemeHme 4Yepe3 cepmIecKkue rapMoHuKmM). MoKHO TaKsKe HalTH
TOUNbe pemrenuA (mIockme BONHE) M B obmactm’BHe cpep. Cmneas
3T PeImeHHAA Ha IOBEPXHOCTH KKAOH chephl, MOKHO IMOCTPOUTH
pemrenne ypaeuenms lllpeguarepa Bo BceMm Kpucraiie.

QDaxTHIecKn IPOmeLypPa COCTOMT B CIACAYIOIMEM: XIYCTh & eCcTh
9HEPrHA DPACCMATPHBAEMOTO COCTOSHNA, BHYTpE RaKmoid cdepn
pemenne ypasrennsa Ill iemmurepa umeer BHT

¢ (r) = Cmﬂzz(r ) Yim (9, ¢), (3.59)

rae Y, (9, ¢) ects cepruaeckas rapMonnka, 0, ¢ — moiaApHEE YIIH
BeKTOpa ¥, a %2, — pemmenne pajiHalbHOTO YPaBHEHWS (B ATOMHBIX
eIMHANAX):

__:Z_ai( ‘%)Jr{ H‘“—{—W‘(r)}%l €%,  (3.60)

1) Aprop wmonpayercs TepmmHOM «nuffin-tin  potentialy— GyxsambmO
«moreHuEan B Bupe $opMOUEK [JIA IPHTOTOBICHU CROGEY.— ITpum. ped.
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i

s C €IMHCTBEHHOH HJOCHOH

R

(tk-r). llompayscs CTaHEaPTHHIM Pa3ToKEHHEM IIOCKO

BOJHBI IO C(bepI/I‘IGCRI/IM rapMoHnKaM, JIerKo IIOKa3aTh, 9TO ToTrAa

BriGepem Teneps rosddurmentst C,, rtar, drobu pysrmmm $(r)
BOJHOH exp

TOYHO CIHUBaJfaCh Ha IIOBEPXHOCTH I

(3.61)

)} Y (6, &7).

J1 (kRs)

I Z(Rsv €

QL+QH{
3necy yram 6, ¢’ ompegeasior Hampasienne Bextopa k, a Bean-

unHa j; (k) ectb chepuueckas Qymkrua Beccens 1). IMogcraBaas

Clm =

JHKeHUBIM BHU[ IIOTEHITMAJA,

puban

@ur. 58.

aHcCTBe

(IITIB). B npocrp
r), & BHYTpA cdepH ¢ I[eBTpoM

VCJIOBHIO

1L RAOCKOL 60AHOLL

B dopmyay (3.59), moayuaem ¢ymkmmo ¢y (r),

Ha3BBABMYIO RPUCOCIUHEHNO
Mexny cdepamu oHa pasHa exp (ik
B TOUKe I OHa YHOBIETBOpSET

Bapakenue (3.61

(3.62)

elkldy (r—1).

ok (1)

EgeE
L -
D, D3
H.mmm
5 8t
)
e R
o =)
)
=
s H
g=28
Tahq
(&)
B
B s S
=) ®
Hg @5
Ymcmﬁ
2525
o HE .
EER2
epumﬂ
oo o
=%22
Ea
g =
SNl
@mmk
SE53
o8B ma
e o
SeE&
=EHEZ
Eo g =
aal
X E
SEER
cE2:
a3
peB
HEx

1) OTa ¢ymEnms BHpamaercs uepe3 OGHUHYIO ¢yuromio Beccensa mopsnka

(I 4 Y,).— Hpum. nepes.
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BOITHOBYI0 (yHKIHIO MO:KHO moctpomth us IH1B; coraacmo reopeme
Broxa, oma momkma mmers Bup '

Py (r) = ; o —gdr—g (1), (3.63)

rae KOdQQUIMeHTH Ok_g IOATEKAT OUpPeNeTeHuio.

Ciregyromyuii mar cocToNT B TOM, 910G BOCMOJIB30BATLCA BHIParKe-
nueym (3.63) xak mpoGHoit GyHKIIell IpY BRMICTENUT DIIEPINN BapHa-
IHOHHLIM MeTOMIOM. JIerKo MoKazaTh, 910 KOdh@UIUEHTH PaszIo;KeHus
HOJKHEL YHOBIETBOPATH YPaBHEHHAM BHIA

{(k—g)>— &} o_g -+ gE Tgg0gcgr =0, (3.64)

rge I'ggr — unrerpain, comepmamuit Gynrmmm Pk—g, Pk—gr M TAMHIb-
TOHHAY € NEePUOIUYECKIM IIOTEHIIHAIoM.

BriBox ¢opMys Oms TaKMX HMHTErPANOB 3aBelN OB HAC CAHITKOM
manero B meraxn meroga. Pesyabrar maeer mmp

4 R% ’ j —g Hs
Tag == - { —1k—g)-(k—g)— &) LOE=E LD
< . . Vi i1 (R,
+ 3 @U1) 21 (005 Oge) e (k=5 R (K —g' | R 2L 8L Y
=0
(3.65)
re Oggr — yron meswny Bexropamu (k — g) u (k —g'), a pyHRINA
721 — TNPOM3BOJHAA OT PamMATbHOH QyHRImuH 7. Buraagka, mpn-

BogAmas K Qopmyine (3.65), COCTOMT B OCHOBHOM B BLIYHCIEGHIH
[JaBHOTO WIeHa — THIA TMePBOTro CIaraeMoro B mpasoii wactm (3.65).
ITOT WIeH MPOUCXOXUT OT ofmacreir BHe cep. OcranpHple ciaraeMue
BOBHHKAIOT M3-3a MefCTBHSA OIepaTopa IpajueHTa HA IPHCOSIWHEH-
HBIE IVTOCKAE BOJHBI, UPOUSBOJHEIE KOTOPHIX UMEIOT PA3DHIBEL HA IO-
BEPXHOCTH KayKIO# cdeprr.

3agata o pacdere BOHHOH CTPYKTYDH CBOIMTCS Temephr K peme-
HUIO CHCTEeMEI JMHeHHnX ypaBHennit (3.64). Mckomoe pemenwe cyme-
CTBYET, JHWBb eCM NeTePMUHAHT CHCTeML 00paInaeTca B HyIb. Brbe-
pes 1exoTopoe sHauenne pexkropa k. Bee koapdunment 6ynyr sanu-
cetb 0T & — ambo SBHO, KaK B CAMOM ypaBHEHHH (3.64), 1m60 mesan-
HO — depe3 Bennauny I'gyr, ompegensiemyo ¢opmymoit (3.65). Ierep-
MITHAHT CHCTEMBL BHYUCAACTCA A7 HEKOTOPOTO 3a1aHHOTO 3HATeHN &,
KOTOPOEe 3aTeM H3MeHAercs, moka He Gyger Haiinen xopens. CooTser-
CTBYIOTee 3HAYeHne & U JlaeT HCKOMYI0 OUEHKY QYHKIEE & (k).

Paccmorpennas Tonbko 910 MeTosmEa pacuera 30HHOM CTPYKTYDH
METATI0B € HOMOMBIO HPHCOEAMHEHHHX ILIOCKAX BOIH JOBOIBHO
HanexHA ® HpakTuyHa. OHa cBA3aHa ¢ GOJBIINM 06HEMOM BHTHCIH-
TeJBHOH PaGOTEHl, 110 BCE JKe FOJMTCH JUTA peleHns KOHKPEeTHEIX 3aj1ad.
Pesynwrar, Hanpumep, He CAWIIKOM yBCTBUTeTEH K BHOODY pagmyca
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aTOMHOTrO IOTeHIHaja Rg M 0CTAeTCA CHPABEIJIHBHIM B IPUCYTCTBHU
d-30m (cm. § 10 Hacrosmell rmapsr). VHTEpECHO, OBHAKO, IOCMOTPETE,
KaK MB B KOHIIE KORIOB BO3BpallaeMcs K (GOopMyJaM, HOXOKHM IO
CTPYKType Ha POPMYIbI METORA IoYTH CBOGONHEIX 2IEKTPOHOB. ¥ paB-
menne (3.64) B TOYHOCTH COBHAjAeT ¢ HmPEKHHM ypaBHeHueM (3.14),
€CIH TOJNBLKO 3aMEeHUTH TaM (ypPbe-KOMIOHEHTH HOTEHIWAZa aTOMOB
foee CIOMHLIME BHPaKeHHAMU

%.g-gr - Fgg'.

IOpyraMn  ciaoBamy, BeIHYUEB Il'ggr CYTh (Qypbe-KOMIIOHEHTH
speRTHBHOTO aTOMHOIO HoTeBmEana. Kcam OH 0KazaloCh, 9TO OHU
He CIUITKOM CHJIBHO 3aBucAT ot é m k, a mpexcrasasior co6oil mpocTo
HeKoTopHe QyHKIuH oT aprymenTa | g — g’ |, To moBepxHocTs QDepmn
M BCe OCTANbHOE MOMKHO ObLTO OB CTPOUTH HPAMO IO METOAY II0YTH
cRO0OHEIX 3JI@KTPOHOB.

K cosxanennio, KOMIOHEHTH mcepfonorennuana (3.65), mocrpoen-
HOTO M3 UPHCOCIUEEHHHX IJOCKHX BOJH, 0OBYHO HE TAaK MAaJH, Kak
X0Tea0Ch 6B, JTO BHIHO N3 KOHTPOJIBHOTO Paciera ¢ HycTod pemerkoi,
v. e. u3 pacuera Qyurnuu &€ (k) muA «pemeTEm» € TOTEHIIMAIOM
7" (r)=0. Ilockompky mpoussBopusie mo r or ¢ymrmumi 12, B (3.65)
He WCUe3aI0T aBTOMATHYECKM B TOUKE 7 = R, TO M KO3(QQUIIMEHTH
I'gs He obpamaiorcss B HYJIb Jasie TOTAa, KOTAA (ypbe-KOMIOHEHTEHE
lICTHHHOTO moTernmana ¥ g_g paBusl Hyno. llpm aToM, arobnr moxy-
aiTh maske TpuBmanbumil pesyabrar & (k) = k%, Tpebyerca memanas
BeIOHCANTeIbuaA pabota. Tarkum ofpasoM, Heab3s 00bACHUTL HpaK-
THYeCKHH yemexX MeToJa HPHCOSTUHEeHHHX IUIOCKAX BOJH, HPOCTO
ame;nupys K IPEACTABIGHHIO O IICEBIOMOTENIHAae, BBEJEHHOMY
B § 6 macroameit raBr. ITOT BOmpoC Ml eme obcyaum B § 8 macron-
meHd riaaBbl.

§ 8. Meron dymrunii I'puna

WamaraeMas HIKe METOIHKA IO BHAY NPHHITUONAABHO OTIMIAETCA
0T paccMOTpeHHol paHee, HO IO CYHDIECTBY CBOAHTCA K Tomy e, Hau-
HEM €O CTAaHJapPTHOTO WHTErPAIBHOTO YPABHEHHA UIA BONIOBOK
GyHKROEE B TONe ¢ MPOMBBOJIBHLIM HOTeHnmaioM 7°(r):

1- i - ! 14 I ?
p=—7 | S’i"—‘l"r‘—'}r—,l—'ﬁ“if‘(r)xp(r)dr. (3.66)
3@ech
x* = &, (3.67)
TaK UT0 % — neiicTBuTeNbHAA BelwdyEHA mpu & > 0 ® MHEMag IpH
€< 0.

Pasencteo (3.66) osmauaer, 9To BoNHOBasA QYHKIMA IpPH pacces-
HUM HA TOTEHI[HAIe IePeX0UT camMa B cefs; OT/leIbHEIe BOJTHE, IPAX0-
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AAmue U3 pasTUYHBIX TOUEK I’ ¢ mHTeHCHBHOCTHIO 77 (r') P (r'), cria-
ALIBAIOTCA M BHOBB Jal0T GyHEmmio P (r). PaccmoTpum Temeps moreH-
&I TOrO jKe BHJia, 9TO M B IpefHAyIeM maparpade, mpraeMm

V()= 2w, (r—1). (3.68)

Hopcrapasa sro BEIpasenune B ypasrennme (3.66), momyuaem

vO=—7 3 [ ROy ppryar,  (3.69)
2

1 Jr—r’|

T7le HHTeTPUPOBANIE BEeTCA TOABKO MO AYeliKe ¢ MEHTPOM B TOUKe 7,
TAK KaKk ILOTeNIUal v, (r — ) BO BCEX OCTAXBHBIX AYeHKaX paBeH
HYIIO.

Mpr wmem ¢yuxmmu Bioxa. d1uM 06cTosTenBCTBOM MOIKHO BOC-
IOMB30BATECA, 4TOOB 3aMeHMTH apryment B ¢QyHKmmE P (r') Ha
r —7 =1r". Torga

W)= — 4 D [ SREoX Dy (g e ( — 7y ar =
[3

fr—r’|

= — 2z | (6 (0 K =1} va () i () . (3.70)

Mo cymecTBy, MEI yrBep:TaeM Temephb, YTO BOJHOBAA (YHKIHA
B TOUKEe I €CTh CyMMa BRJIaf0B BOJH (C NOAXOAAMEME (a30BHIME
MHOKUTENSIMHA), PACCeAHHHIX Kamaol na sieex I m t. 1. Ilockounpky
BCe AYEHKM TOK/[GCTBEHHBI, MOKHO BBECTH CMPYKMYPHYW GHYHKYUIO
Tpuna, waun epunuan

G (e k; r—v)= 3 ZEImH D uer, 3.7y
[4

KoTopas faer sgfleKT B TOUKe I 34 CIET BONH, PACCEAHHEIX B TOUKE
r’, a Tak/Ke BO BCeX SKBHBAJEHTHEIX TOUKaX B JAPYIMX AYeHKax
(¢ur. 59, 6). Tarum oGpaszom, ITOGH HOTYYATEH BCIO BOTHOBYIO (PyHK-
nuo0, HY;KHO0 NPOMHTErPUPOBATEH JHIIH IO OQHON AYelike.
Crenyfomuil mar coCTONT B MOCTPOSHHN (YHKIHMOHAIA, BAPHAIIS
KOTOPOTO HPHUBOJMT K HHTErpanbHOMY ypasuenumio (3.70). Jlerxo

TOKa3aTh, 4TO NCKOMHI (YHKOMOHAN HMEeT BHJT
A= { i @) va () i () dr +
+ [ [ vt O mem K=o p ) arar. (3.72)
3neck WHTETPUPOBAHNE BEIETCsI TOJBKO [0 ONHOM sueiike. IT0CKOTBRY

HOTEHIIHAN PaBeH HyJI0 BHe N000# u3 aroMuuix cdep, ob6IacTh HHTE-
IPUPOBAHEA MOKHO B KyKAOM CIydae orpanugnts chepamu r, r’ << R,.
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Bossmem temepp mpobHyio GYHROUIO BHYTPH KUKION AYeHKH
B Bime (3.59)

i (1) = 21 Cim 21 (r) Yim (0, ). (3.73)

Ouepnauo, B KoHedHoM mrore gyHrumonan (3.72) mpemscrasut coboit
KBagparnduyn Qyarnmo wosddummentos C,,

= 2 Ny v ComChn. (3.74)

im; U'm’

Hatee, ycioBHe CTAHOHAPHOCTH Jaer CICTEMY .THHeHdisX ypaBie-
HEi, merepMuHAHT KOoTOPoll | Ay pme | AOTKEH 0OpAaTHTBCA B HYIb.

®ur. 539. O6ugnad dynuaa Upuaa (4), OUACLIBAIONIAA PACIPOCTPAHEHHE BOJIHK
@3 TOURM I’ B TOMKY r, 3aMEeHseTCA CTPYKTYPHO yrrnueii I'puna (5); nocaeguna
00BONHHEAST BONHH, HAYMAE W3 BCEX IKBHBAJIGHTHHIX TOUEK PEINETKH r”,

JroT meTepMEHAHT ecTh (YHKIAA BOIHOBOTO BexTopa k m amepram
€ = »2. KopHuU JeTepMHIaHTA YCTAHABIHRAKT WMCKOMEIE COOTHOIIE-
HIIsA, ompefendwmue pasniudasie BeTsH Qynxuunm &(k).
HeGesrnaTepecen u (QarkTAYECKUH BHJ ITOr0 AeTepMHHAHTA. Jie-
MeHTH ero HAIOTCS BEIPAKeITHeM
Alm' l'm'=Alm; 'm’ +%Sll’§mm' nl,—-—nlL[ . (375)
' it—jidy
Roapdummentnl A jn;ms OTPEAGIAITCS CTPYKTYPOH KpHCTALIA,
Onu mosBisAoTes U3 pasnoskennda ynkmuu I'puna (3.71) mo cdepn-
9eCKNM TIapMOHHKAM, 3aBUCAMEUM OT HOMAPULIX YITOB BEKTODOB T
i r”. 91 Kodppumments 3aBUCAT OT % U K, HO BO BCeX JPYrux oTHO-
MIEHMSAX OHU OIPEAeNATCA TOABKO CTPYKTYpoil pemerkn. Darruue-
cKite GOPMYIL 0UeHB CAOKIIBL, IOCKOABKY B HIX BXOTAT KOdYPUIUEHTH
Krnebma — lopaana u cheputeckue pynrmun Becceast j, m r; or pas-
THTABIX apryMenTon. IIpu BHYHCIEHUN DEMEeTOYHBIX CYMM 3/€Ch OKa-
3LIBaeTCsA MOMe3HEIM MeTo IBanbaa (§ 3 ri. 2), uro Mosruo 6BLTO Wpes-
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BHUJIeTh y)Ke Ha OCHOBAHMH Bifa 3maMedaremeii. Tem me menee pias
RaKJ0H JaHHOA CTPYKTYDH KOSQPHUIUEHTH A . pe MORIO Taby-
JWPOBATH Pa3 M HaBCErja.

Aromumii morenmman BxoguT B (3.75) depes morapHdMHEUECKYIO
opousBofnyo L; pagnannHoil Gynruum %#;, B3ATYO HAa MOBEPXHOCTH
cpepsi — Tak ke Rar M B dopmyiae (3.65). ITo cBA3AHO € TeM, ITO
npobrag QyErmua (3.73) ymopmerBopAeT BHYTPH AaTOMHONE cepsl
ypasuenmio Hlpexmurepa, w mo310My DOAMHTCIPAILHLIE BHpaske-

Hna B popmyaax (3.70) u (3.72) momuo mepemmcaTh ¢ yueToM papei-
cTBA

Va (1) Pk (1) = (V2 -+ &) Px (1) (3.76)

Iloanayacr pnamee teopemoit I'puHa, TPHXOOAM K IOBEPXHOCTHEIM
HHTerpajaM, B KOTOPHX QUIYyPHPYIOT XPOU3BOAHEE 0T Qyarmun 1 pu-
Ha [oHH moABAAIOTCA M B gopmyne (3.75) B Bume PyHrmuit n; m jil
O NPOM3BOJHEIe PaAualbHON Qyurmuu. B sToM Merome CyImecTBeHHO
opeguoaokeHne o cepmueckoil cummerpun (BOMH3H KasKTOT0 aToMa)
morenyuaia v, (r).

Otcrona scHO, uto Memod @ynryuii I'puna (U3BECTHLIA eme Kak
metox Hoppuarn, Hona n Pocroxepa, i KKP) ouens moxo:x ma Meroq
IPHCOeNHEEHEIX MIOCKUX BOIH. B mociemmem merofe CTPOMTCS pas-
JosKeHne 0O cjepHIecKIM TrapMOHHKAM (JI0 JKeIaeMOro MOPAIKA),
mocae 4ero HY)KHO peIInTh CEeRyJIsApHOe yPaBHEHHe, BO3HHKAIIIee
B CBASH CO BRJIAJAMH OT PA3JIWIHBIX BEKTOPOB ,00paTHOM penierxu.
B wmerome HHKP mo Bcem BerTopam pemnerku [PakTHiecK:m mocie
dypre-mpeobpasopanms ¢yurmum G (%, k; r —r") — mo merTopam
oGparaoit pemerku] Gepercst cymma, HO 3aTeM (3a cueT BKIAJ0B OT pas-
JWYHHX clepIIeCKIX TaPMOHAK) BHOBh BOSHUKAET CEXYIAPHLIA feTep-
muHaHT. na npumenenus ofoumx MeTomoB HY:KHH 6nicTpogeficTByro-
mue BEYACAATEIbHbIE MAIMTHHE, 1 06a OHM BHOJHE «PaboTocmocoOHbLY.
ITpenmymecreo meroga HKP cocrout B ToM, 9To B duemenrax merep-
MEHAITA CTPYKTYPHbIE W aTOMHBIE CBOICTBA pPasiepsioTCd M IOTOMY
HX MOKHO PacCimTaTh OTHENBHO u Gwrcrpo o6bemmuuth. [lpemmyine-
C€TBO METOAa IPUCOETUHEHHBIX IIOCKMX BOJIH COCTOMT B TOM, 9TO OH
JaeT Aydmyl0o KapTUHY BOJHOBHX (YHKOUA BHE aToMHOH chepsl.

§ 9. MogeabHble NCEBROMOTEHIAAIBI

B § 6 macrosmeil raasel MBI BHIEIH, YTO BJAAHOE IDOTEHIHAIOB
OTAENBbHBIX aTOMOB IIa HIIEKTPOHB MOM{HO CBECTH K BO3JEHCTBHIO Cia-
6oro mcepgomorennmmana. Haw oTpamaerca »TOT BajKHLIA (pakT Ha
pacuere 30HHOH CTPYKTYPH B CIydYae SUeeTHOrO MOTEHIHAaa?

Ilorennmansl atoMoB He GurypupyoT sBHO Hu B Qopmyue (3.65)
(merop IIIIB), mn B dopmyxe (3.75) (meroq KKP); yxasaname ¢ooT-
HOIIEHUA COJIEPIKAT TOJABKO TpPagueHTH (yHKOui % ;, BHUWCIeHHEIC
Ha ToBepxHocTH aToMHO#M cdepr. Te ke rpagumedTnl HOABIAKTCA
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il B TEODHMH pacCeAHHMA Ha CPepHIecKOoM NoTennnane (MOTOX Mapiualib-
HHEX BOJH, cM. § 5 . 5). M ciuiuBaeM Kakyl paguajbHylio BOIHO-
ByI0 Qpyurmuio 2 ; (r, &) ¢ BOXHOBOH QyHKI[Ue# CBOGOHOTO BICKTPOHA,
OTBEYAIOMEN TOMY jHe BHAUEHWI0 sHeprud € = %% M MOMEHTY KoJmde-
ctBa aBmkenusa [. llpu avom oupegensercs gase v, (6), ceazaunas
¢ axorapudmMudecKoil npoussomnodl GyHRIUM %; dopmysoi

1, = FL B ) i () —tgng (§) ni (xr)
PRI Rs, 6) T i (wr)— gy (8) ny (wr) lr=Rs”

(3.77)

Cdeprueckne dynrmum Beccenst j; u n; (ji u nj — ux npomasogusie)
UPeACTaBIAlT coboit, pasymeercs, pelleHMA DPagHANBHOTO ypaBIie-
uua llpegurrepa (3.60) mas csoGoguoit 9acTHIET BHE HOTEHITHAN BITBIX
M (cp. ¢ur. 58).

Bupgno, 9ro, onpefienus $assl BCeX MapIHATBHEIX BOJH IPH M0GHX
3IIAYEHWAX DHEPTHH, MB HmONyumiam Ont Bclo Heob6Xommmylo mndopMma-
U0 0 MOTeHIMAaNe aToMa; HallpuMep, B BRpaskeHHH (3.75) qumarowans-
HBI¢ DJEMEHTHI CeKYIADHOTO [eTeDMHHAHTa COZEPMKAT IPOCTO
% ctg M, (€). IT0 HOBONBHO ecTeCTBEHHO; (a3H OMpPeNeNAI0T Cewenie
paccestHUsA BIEKTPOHOB OTJAENHHHIM aTOMOM, a CIENOBATEIBHO, I Kap-
THHY IuQPaKINU 3IEKTPOHOB C 9HEPTHed & Ha pelleTKe M3 ATOMOB.
MosxHo gyMaTh, 9TO KaApli aToM pacCemBaeT TAK, KAk €CJAH Obl OH
OBl MB0JMMPOBAHHEIM M XaPAKTEPHBOBAICA aMRAUMYBOL paccesHus
Ha yrox 6 (&-mampuyeil) cravIapTHOTO BHOA:

ta (8) = — 22X SV (214 1) sinm, exp (iny) P, (cosB).  (3.78)
13

A

Hanwune ray6okoll mOTEHIUANBHON AMBI MOKeT HPHBECTH K GOJb-
muM snavennam ¢as. Opmaxo B gopmynax (3.77) m (3.78) mosxHo,
09YeBH/IHO, OTOPOCUTH B BEIPAKEHUAX JIA 1); BCe CIaraeMble, KPaTHHE
7. IlpupuMars BO BHUMaHHE HYRHO TOJILKO OCTATOK; BIIONHE BO3MOJK-
HO, 9TO OH NPHBOJUT K o4eHb crabomy paccesnmio. W3 teopum pac-
CeAHHA HM3BECTHO, YTO C POCTOM INIYyGHHBI MBI MONEPEUHOE CPIeHHe
| 2. (0) |* me Bo3pacTaer mo GeCKOHEYHOCTH, a OCHWIJIMPYET IO Mepe
HOABJIGHAA HOBHX CBA3aHHWX COCTOAHMH; LPH BTOM U0 HOPALKY
BEIHUAHNLI OHO DPeJKO IIPeBHINAeT HECKOJIBKO 3JITEKTPOHHBIX JINH
BOJH B KBagparte. Jlpyrumm crxoBaMm, GopHosckoe npubauicenue,
6 KOMOPOM ceueHue paccesHus ¢ nepexodom us cocmoanus k ¢ cocmos-
nue k' nponopyuonaavho eeaunune | (k' | vy |k) |2, nenpumenumo, ecau
nomenyuas v, (r) ouendv 2aybor. B sTOM ciydae BMeCTO Ha3BAHHOTO
NpubNUsKeRnss Hafo HOJB30BATECA, HANPUMED, METOAOM IIapI[HATb-
HHBIX BOJH,

B arom ofcrosTenbcTBe Kak pas M COCTOMT MPHYMHA MejeHHON
CXOIAMOCTH PAJOB, (UIyPHPYIOIHUX B MOJEIH TOYTH CBOBGOJHBIX
51eKTPoHOB (§ 2 Hacrosmeit raasn). JleficTBUTENBHO, MBI O B3yEMCS
TeOpHed BO3MYIeHu#, Kabbl ommcaTh paccesnme Ha KajKIOM ATOMO



§ 9. Modeavnbie ncesdonomenyuaasy 132

gpucraiana. Ogmaxo mias ommcaHus OHICTPHIX OCHWLIAIWH BONHOBOMR
QYHKITIH BHYTPH ATOMa HY/KHB (yPbe-KOMIOHEHTR HOTeHIlHala B CO~
roro mopagka. Hocaegnue B To ke BpeMs Juuib o4eHb cnabo BIMANT
Ha ofmyio KapruHy Audpakmun GI0XOBCKUX BOJNH BHE aTOMHHX 0CTO-
Bop. Kammmoit ysen ¢gynruum %, moGaBiaser r ¢ase 1), claraemoe g,
HO 9TO He MeHgeT CYMecTEeHHO Bepaskenuil (3.65), (3.75) u (3.78).
Bsegenune ncesmomorenimana (3.50) B merofe OpTOrOHANU30BAHHBIX
INIOCKUX BOJH HPeXCcTaBiser coboiil ¢ 9TOH TOURH 3penusi He 9T0 HHOE,
KaK aHaJINTHYECKHI mpreM [If yCTPaHeHns YKa3aHHHX Y3JO0B NyTeM
BHYHTAHHA OPTOTOHAJU30OBAHHBIX BOJIHOBHX (YHKIHA BHYTPEHHHX
cocroAHUN atomuoro ocrosa. Ocrawimuiics ciaaluil HCeBIOOOTEH-
muaa I’ yerpoeH Tak, ¥To BHEe aTOMHOIO 0CTOBA OH IPHMBOJUT K TeM iKe
BOJHOBBHIM (PYHKIHAM, 9T0 ¥ MCXOAHBIA HOTEHIHATX aTOMA U,.

dTa IHTEPUpPETANUs POTU HCEBIOMOTEHIMANA HABOJUT HA MBICIL
0 BO3MO;RHOCTH WHAYE NONOUTH KO BCeil mpobiierse 30HHOM CTPYKTYPH —
3AMEHUMb NOMEHYUAL OMOEALHOZ0 AMOMA Uy CAAOHM ROMEHYUALOM Wq,
KOmMOpYL Tapakmepusyemcs moil e amnaumydol paccesmus aaek-
mpoHoe nposodumocmi. VIHTYNTHBHO TPEICTABIAETCH OYEBHIHBIM,
YTO PHEPrHs DIEKTPOHA B mcxomHoM Kpucraiie & (k) 6yyer raroi ske,
KaK M B YKa3aHHOM THIOTETHYECKOM Marepmaine. B mocmemmem cmy-
gae, ONHAKO, METOJ HOo4YTH CBOGOTHBIX 3JIEKTPOHOB JOJIKEH Oyner
ABATH XOPOIIO CXOJAMUECH BHpaKEHMA. Bce, 910 MBI [OJ:KHBE
clenaTh, — 3TO 3aMEHHUThH BeJMUHMHB 7 gr_g M D'gg: , duUrypmpymomune
cootBeTcTBeHHO B gopmynax (3.14) u (3.64), na mogxopamue gypbe-
KOMIIOHEHTEI HAIETO MOOeAbH020 NOMEHYUAAA.

Taxrasa mporpaMma CTAIKHBAETCA ¢ TPYNHOCTAMI H3-38 HETOKaJNb—
ROCTH M HEOJHO3HAYHOCTH IICeBOIMOTEHIHAZA H M3-3a 3aBUCHAMOCTIE
ero ot sHepruu. TPyAHOCTH 5TH y3Ke OBIIM BHABIEHH B CBA3K € AHATH~
THYEeCKUM BHpaykenueM (3.56) mra mcespgomorennuana. Ilpu ¢gmrenpo-
BAHHLIX SHEPrHH & WM MOMEHTe KOIWYeCTBA [BWKEHHA [ CymEecTByer
GECKOHEYHO MHOTO JOKANBHHX IOTEHHUMANOB W, (r, &), I1A KOTOPHX
pemrenne paguanbHoro ypasuenuss Ilpemmurepa (3.60) Touno BOC~
IPOU3BOJUT HMCTHHHYIO PajUajbHYyl0 BOJINOBYID (QyHKuuio %; BHe
aromaoro ocrosa (¢pur. 60). Opnaxo, Kak TpaBuIo, ONMH W TOT 3KE
MOJ@ABHLIA MOTeHOuad w; (r, ) HeOpUMeHHM [(if DA3IWIHHIX 3Ha~
yenwd [ mam piaA pasiudHbIX smepruit. IlosTomy BosHMKaer HeobXo-
JUMOCTh BBOAUTH omepaTopsl Tuma (3.595), mo-pasHoMmy JHelicTBylomue
Ha KOMIOHEHTH BOJIHOBON (YWKIHWH, COOTBETCTBYIOINE DA3IHTHEIM
3HAUEHHAM MOMEHTA KOJHMIEeCTBA JBIKeHUs. Ha UparkTHKe KOIKperT-
HBIl  BHA KaMJ0oil KOMIOHEHTH M00eAbH0o20 Nceelonomeryuaia
w; (r, ) Boibupaercs riaasHeM o6pazom mo coobpaskeEmAM YR06-
CTBa BHIYHCICHHIA, a He M0 KakuM-nubo wmumM Oosee rany6oxmM mpm-
qHHAM,

HOan pemerxm, usobpaskenHoit Ha ¢ur. 58, ciaexyer, 04eBHAHO,
B3ATHh MOJEIBLHHIN HOTeHHHmal B Bage O-QyHKIUA Ha NOBEPXHOCTH
aromMuoit cdepu m s Kamporo ! momodpars MomHOCTH O-QyHKIHR
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Tak, 97006 BOCOPOM3BECTH (ba3y 1 (&) (¢pur. 61). Moabsysace nasect-
HHMHA AHAIATHICCKIMH CBOHCTBAME ILIOCKHX BOJH U CepHICCKHX
dyaxnmit Beccenss, Mpt mosryuaeMm s MaTPHIHEIX DIEMEHTOB (IICEBIO-

v

3 \b

Our. 60. MogenbHEHI TOTeHNHAN W, KOTOPOMY BHYTPH aTOMa OTBEIAaeT BOJHOBASA
QyEENNA ¢, HMATADPYET felicTBUe MCTMHHOTO MOTEHINAIA U, KOTOPOMY COOTBET-
CTBYeT MCTHHHAS BOJHOBas QYHKIUA 1.

TWOTEHIMATAY, KOTODHEe QHTYPHDPYIOT B CEKYJIAPHOM ypaBHEHHH
sterona KKP, cnenyomyio dopmyry:

/ N TJi(lk—g| R lk—g' |R
TI{KP 431 2 (2l—|—1) tg ji(] g{ljl(,z.j/;s()!}z g'| s)Pl(coseggI),

(3.79)

, R,
clgn;=ctg nl—%s—)). (3.80)

Bupaskenne (3.79) Beckma cxonno ¢ opMynon (3.78) misa aMImTHTy B
paccesHns U30ANPOBAHHEIM atoMom. OHO mepexoauT B Hee B mpefene
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MalbBx $as, Korma BOIusM rpasmis 3oubl bpuamosna |k —g |
~ |k —g | = «.

Jlo6onrtno, 4r0 cexyaspmoe ypasHenue Meroxa HHKP momxmo
npeofpasoBaTh B CHCTEMY ypaBHEHHI Merofja IOUTH CBOGOIHBIX DIIeK-
TPOHOB € MATPUYHKIMHA dJieMeHTaMu mortennuata Buaa (3.79). Hasa
BTOT0 HY:KHO TOJIBKO HPOBECTH Psif NpeoGpa3oBaHuil MATPHIl B3 MPEX-
CTABIIEHHA MOMCHTA KOJHWYecTBa MNBmkeHus (3.64) B upepcraBleHHe
BexTopoB obparmoii pemerxkm. Popmyaa (3.79) u Bupaskenme (3.65)
IJIA MAaTPHIHHX 2aemMenToB B Merofe IIIIB mMelor cxoguylo anrebpam-
YeCKYI0 CTPYKTYPY, XOTA MOCIefHee BEpasKeHne caMo mo cebe HeIb3s
BBHIBECTH M3 KaKOT0-1ubo Habopa HPOCTHIX JOKAIBHLIX MOTEHOUAJOB.

Jo (%Fs)

\ T~
Ro(r)
RS l l Al
8 24, riomen L=7 Rs
Uy, nomen | | |AZ
=2 Rs

dur, 61. MopeapHHHA ICEeBIONOTEHI[HAN, HCIOAb3yeMHE 1A pacdeTa MAaTPHIHEX
synemerToB B Merone HHKP.

ITpakrrueckuit pacueT S9e€THOIO0 MOTEHIHAN A JIA TOTO HJIN HHOTO
KOHKPETHOTO KPHCTANJIA LpeicTaBisger cofod AOBONBHO CIOKHYIO
IpolefypPy, 38METHYIO POIb B KOTOPOil mrpaer yuer 3gdexToB sKpa-
HUpPOBaHUA, Koppeaanud u o6mena (cm. rix. 3). Ogens yaobHo ¢ caMoro
Hadajga, TAK CKa3aTh, eme 0 TOTO, KaK aToMBl 06BeHHAITCA B peIneT-
Ky, 3aMeHHTh rnIy6oKme MOTeHOHMaJbHHIE AMLI B IPENENTaX aTOMIHX
0CTOBOB MOZeABHBIM IICeBIONOTEHINANIOM W, TeflCTBYIOMNM Ha BaleHT-
Hble 9JeKTPOHLI. F.CIM B3ATH TAKOH ICEBLOMOTEHOUANX (BHE aTOMHOTO
0CTOBA) B KYJOHOBCKOM BHUfe, (—Ze%/r), To MOMKHO Jae PacCcIMTaTH
CTIeKTpaJbHEE TepMB CBOOOJAHOTO aToMa M mojobpars ITapaMeTphE
TNOTeHITHaJda W TaK, 4To0b IIONYYATH COTJIACHE € HKCIEPHMEHTOM.
Takasg npomegypa 1moasoaser 06ofitTn MHOTHe TeOpeTHYeCKHe PaCueTE:
caMocoIIacoBaHHOTO IoiA B aromMax. OHa cocrapiaser 0OCHOBY MeTO-
nos Xeiine — Abapenrosa u IHloy; cooTBETCTBYIOIMEE MoOesbHbE
nece6donomenyualsl CXeMaTndecky n3obpaskeHsl Ha ¢dur. 62.

B merone Xeiitme — AfapernroBa BHYTPEHHAA 00JXaCTh «aTOMHOTO
0CTOBA» HMeeT HPOM3BOJBHBEIA PAAAYC, a HOTEHIHAX w A B Hell cum-
TaeTcsl NOCTOSHHHIM M TAaKHM, YTOOH g 1000r0 3HAYEHHS MOMEHTA
KOJIMTecTBA JABWKEHHs IOJYYANNCH NPABAJIbHBE COOCTBOHHBIC 3HATe-
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HNUA DHEPTUY CTAaUHOHADPHHIX COCTOAHME 971eKTpoHoB. B merome 1oy
JiiAd KOKIoro 3Havemid ! paguyc R; nopbupaercs Tax, 94toGnl He 6BLTO
CRagIka norermuaia WU Ha «rpanmile aTOMHOTO OCTORa». DO3HMKAIOT,

8 &
Ry r r
{ \ ‘A, i wLU
N < %,
A / - Ag_Ag \\‘ —_AO// RO
N ! —(A;—A; : \\ //
Vo) V| feel)
' ! i !
| i
a g

Qur. 62. ¢ — MOJenbHHIH IICEBRONOTeHNHAN Xeitne — AGapeREKopa; 6 — Mo-
neabHH nceppomoternuan IMoy.

OJHAKO, TPYAHOCTH IPU HOAOOpe STHX mAPAMETPOB JUIA TAKUX 3Haue-
Huii omeprmm & GIOXOBCKUX COCTOSAHHI, KOTOpPHE HE COBIAfaloT
€O CHOOKTPaJBHLEIMH TepMaMH aToMa.

§ 10. PesonancHble 30HB

¥ixe B panHux paforax mo METORY CHIbHOM cBA3W (§ 4 macrosimei
TJIaBH) OBUIO 3aMEYEHO, YTO BONHOBHE (YHKIHH d-COCTOSHWII 0YeHBb
CHIBHO KOHIOEHTPHPYITCA BHYTPH ATOMHOTO OCTOBA; II0 9TOH IpUYHHEe
TePeKPHITHe MX MeKIY COCeJJHIMHE aTOMAMU MOKeT HPUBOAHTEL K o6pa-
3OBAHHI0 TOJBKO y3KuX 30H. B nepexodnwix saemenmazr me Bce BHyT-
penHue d-ypoBHHU 3aIIOJHEHSBI, U JeKaT OHK 0YeHb OIUBKO K §- H p-yPOB-
HAM BaJICHTHHX 3JeKTpoHoB. llocneqnue rubpumnsupyores, obpasys
OOBIYHYI0 30HY IPOBOJMMOCTH. ¥ 3KasA «d-30Ha» ¢ INIOTHOCTHI) COCTOA-
Hmi, cnoco6HO# BMecTHTD 10 10 91eKTPOHOB HA aTOM, HOMAaeT BIVTPD
«$ — p-30HLD U eubpudusaupyemcs ¢ Hell B TOUKAX, TJ[e 3TH 30ILI Hepe-
cexamorea (fur. 63). HonarHo, 910 onucaHHasaA CHTYAI[UA OGN BasKHA
3-34 CBA3AHHEIX ¢ HEW MATHUTHHIX SBIICHNI.

Herpynmo HaliTy MHTEPHONAGHOHHYI CXEMY, T. €. BRBECTH 300e4b-
WOl 20MUABMOHUAK C IOATOHOYHLIMU IapaMeTpaMu, Tak dgToOBI
B Merome JIHAO d-soma m3ofpakaiach BOIXHOBOH (yHEImHel BHIa
(3.31). Cremenp rufpuausaiium IpE 3TOM Oy/eT ONPefedATHCS IPOU3-
BOJIBHEIMH MaTPHYHBIMH 5JIeMEHTAMHU, CBASHIBAIOMUMHA JBe CyOMATPH-
npl, OTBEYAlOIMue § — p- W d-30HaM.

Onparo HajleRAMAaA KOMMIECTBEHHAS TPAKTOBKA JOJ/KHA YYHThHI-
Barb M TakoH (akr, mOmIepKHYTHH B § 4 macrosmed riaBel (CM.
¢ur. 54): npu o6pazoBaHnE KPHCTANIA CaMH aTOMHHE QYHKINHM HCUe-
BaI0T U3-33 MEePEKPHTHA ATOMHEX IOTEHIUATI0B. Taroe HcIesHOBEHUE
ATOMHBIX QYHKIUA, OJHAKO, He BCerfga OLBaeT MOAHHM — BOJIH3N
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HCXO[HEX d-yPOBHEH MOTYT COXPAHHUTBCA 6UPMYAibHble CEA3AHHbBLE
cocmosnus. B nunammdeckoil Teopun romeGanmil pemerku (§ 12 ra.2)
MBl Ha3LBaJM Pe3oHAHCHWM TaKoe BO30Yy:KAeHme, KoTopoe, OyayId
CHNIBEG CKOHIENTPHPOBAHO BONMBM aroMa IPHMeCH, HMMeJI0 BCe Ke
KONeuNyI0 aMIUINTYAy M B OCTaibHoil dactu Kpueranna. llopoGmmm
;ke 6OpaszoM BOJAHOBAA (YHKIOUA 5NEKTPOHA ¢ Pe3OHAHCHON SHepruel
MO/eT XapaKkTepPW30BATHCA OOJBIIOM aMIIATYA0H BHYTPH MOTEH-
IHaAbloi AMB, He OyIyInm B TO K€ BpeMs CTPOro TaM JOKaJM30BaH-
Hoit. Pacemortpenye pammanbuoro ypasuenms Illpepunrepa (3.60)

& e

&
g
d-30te! i :

0 § == [paruya 0 & = [panuye
SOHS! SOHb!
a Bpunmoana ) Epunnome

@ur. 63. a — d-308H, DepeceKawmue s-30HY; 6 — s — p-THOPHAN3AMHA.

[OKA3HLIBAET, YTO HTO JETKO MOMKeT cayduthes upm [ = 0 ms-3a peii-
crBus «nenTpobexuoro morenmmanay [ (I + 1)/r®. Iocremnumit cosgaer
6apnhep, CKBO3b KOTODHIE 9JIEKTPOH MOJKET TYHHEIHPOBATH CO CBOErO
BUpPTyaabHOTO YpOBHA (Pur. 64).

CymecTBOBaHAE TAKWX PE30HAHCOB (M He TOJIBKO A d-COCTOA-
HHil, HO Majke B HEKOTOPHIX CIYYasiX M AIAA P-COCTOAHHA CBOOOIHBIX
aTOMOB) TPEJCTABIAET O/[HO M3 HEACHHX MeCT aHAJMTHIECKOH TeopHu
HCeBIOTIOTeRI[HANa, usioennoit B § 6 macrosmeit rmasn. He scHo,
HaIpuMep, HYKHO JI¥ IPH OPTOTOHANHM3ANAH OTHOCUTH TAKHE COCTOA-
HHSI K aToMHOMY ocToBy. UT06H ysicautrh cefe cuTyammo, Heobxoammo
elme pas BEPILyThCA K 00meil TeOPHM PaCCeAHNA, B KOTOPOI Pe30RaHChl
IaBlio M Xopomio m3BecTHsl. BOiusm pesomamcHo# oHeprum &; dasza
[-it napmumaibHoil BOJHH MPOXOAUT depe3 N/2 B COOTBETCTBHH € (op-
My10#

tgm; (€) N?V_K’g- (3.81)

IloncTaBuB HAUTOKE CYMHANIECS DTO BHIpakeHHe B (OPMYJIE MeTo/la
II1B nan KKP , mMul MoseM HaATH COOTBETCTBYINMI 3aKOH AMCHEP-
cun saexrponoB & (k). IIpu 9ToM OMKHO MOTYYHTLCH CIOAKHOE BRIPaA-



136 Ta. 8. Suermponniie cocmoanus

JKeflge, IIeHTPHPOBAHHOE OKOJIO TOYKH &; — TOTHO TaK jKe, Kak I B
Merofie canbioil ceasu (fur. 63). OfHAKO B TAHHOM CIyIae DONOMKERNE
¥ IIAPHHA pe30HAHCHOI S0l BHYTPH B0HLH TPOBOIUMOCTH BLIpa-
MATCH depe3 DHEePruio &;, OTCINTAHHYIO OT HYAA SUEEIHOTO HUTeH-
nuana m Uepes mmpuHy pezonanca W, Hu opny u3 stux Benuduus
HEAB3A CTPOTO BHUUCITUTEL B MeTone JIKAOQ.

Ly

I

vﬂ Y, UMICH (r)

@ur. 64. BonmoBag QyHKNEA BHPTYAIBHOLO COCTOSIHAA, NPOHEKAIAA CKBO3HL
nesTpobesKENE Gaprep.

Ecnu noperasuts Berpaskenue (3.81) 8 dopmyny (3.79) nas marpud-
HEIX 2aemenToB ncespomorennuana HKP, to Bermannnt 'y oRasyT-
cA CHETYAADHLIMH IpPU HEPrum, Oamsroit K &;. ITa CHHIYIAPHOCTD
CHIBHO YXYANIAeT CXOTUMOCTH PHAOB B MeToje HodTH cBoGOIHBIX
anexTponoB. Hocnenuee, ogHaKo, He CBA3AHO ¢ 0COBEHHOCTAMI UMEHIIO
aroro Meroja. CuiabpHasA SHepreTHYEcKas BaBUCHMOCTbH MAaTPUYHBIX
2JIEMEHTOB ICEBAONOTEHIHANa J[ajke Ha BHAYNTENBHOM YZAaleHlHn
0T DPE30HAHCHOTO YPOBHA COCTABJIAET XAPAKTEPHYI0 UYEPTY Teopuu
30HHOH CTPYKTYDH MHOTHX TBepjnX Ted. OHA He BCerga B J0CTaTOY-
HOH Mepe YIMTHIBAeTCSI B pacderax.
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§ 11. Cummerpus KpueramroB m CHOHH-OPOHTAILHOE B3aNMOJEiicTBHE

Iipm pacuere cTPYKTYDPH 30H BeChbMa BajKHYIO POJb HIPAIOT CBOI-
CTBA CUMMETDHH Kpucraiana. JMx obbuHO HCCHENYIOT ¢ HOMOL{LIO
TEOPHM IPYNIN, OQHAKO HOCAETHAA CHHMINKOM 00mupHa, 9T06H I3aa-
rate ee B 910ii Kuure. B obmem ocHOBHAs TeopeMa IJacuT, 9TO sHep-
eus, pacemampueaenman karx GYHKEYUS KeasuuMnyivea 6 3one Bpua-
A09Ha, obaadaem cumMmempuel 6ceii Mmouewnol epynnb. KPUCALLA.
Jhobsre mpeobpasopanusa (HampUMep, BPAMIEHMA KPUCTALIA BOKPYT
0cH), OCTABJIANIINE KDPHCTANI HEH3MEHHBIM, Hpeo6pasyloT B cebs
camy Taxske n pynxnuno g (k).

Ye, 1 !
l 9z i 195
- M
k| kg z
1
.9 \
- 9 r A X
97; Jg4 E 9s
a a

Qur. 65. ¢ — npomssonbHas Touka k B 06paTHOM WpPOCTpAHCTBE; 6 — TOUKE
H JIMHHM CUMMETDHM B KBafDATHOH 30He B pmiaiosHa.

JTM 06CTOATENILCTBOM MOYKHO BOCHONB30BATHCA A KIacCHPH-
RallM¥ W YNOPOIMEHUA DHEePreTHIeCKHX YPOBHEH M BOJHOBEX (yHK-
Iuif, COOTBETCTBYIOMMX DPA3INIHEIM TOYKAM 30HH BpumiamiosHa. Pac-
CMOTPMM, HampHMeD, KBAaJPaTHYI peIeTKy ¢ KBaJpaTHOH B30HOMH
Bprmosna. Brbepem HekoTopyio mpomsBoabHYI0 TOuRy k M mocta-
BUM cefe 3afavy Pas3a0KHTH COOTBETCTBYIOMYIO BOJHOBYIO (YHKINIO
B pAL N0 OPUCOEAUHEHHHM WIH MO0 OPTOTOHATH30BAHHBIM ILTOCKHM
BOJIHAM — TaK, Kak 9To jenanocs B gopmynax (3.63) mam (3.43):

Y= %} Ol —gPr—go (3.82)

Verosumes Brmouars B cymmy (3.82) Toxpko caraemsre ¢ 06 paTIEIME
BeKTopaMu u3 Habopa, mokasamHoro ma ¢ur. 65, a. Boo6me rosops,
npn sTtoM Bee BeKTOpH (k — g) Gyayr pasamuHBIME TIO BemmuUMHe
u mo mampasnenmio. To jxe Gymer ormocuThes m K kosPunumeHTaM
Qg — HUKAKHUX ABHHX COOTHOINEHNH Meskny Humu ne 6yaer. [HosTomy
Heab3sl 06ofTHCEL 63 pelleHns CeKyASPHOrO yPABHEHHS MAaKCHMATh-
HOll cremenu CIOKHOCTH.
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Hyctp, ogHako, peluenme mmercs B HEKOTOpoOH Touke A, jexa-
melt Ha ocu cmmmerpum B 3one Bpumimosna. QueBmmmo, TOTKa B pas-
goxennn (3.82) Gyger MHOTO OgMHAKOBHIX Koodpdmimentos. Hampu-
Mep, ImapH TOYeK (g5 U gg), (o M &4), (g U g;) PACIONOIKEHE CHMMOT-
PHMYHO IO OTHOMIEHHIO K TOYKe A m moroMy umm OYIYT COOTBETCTBOBATE
OJNHAKOBEE KoadduumerTol. MOKHO CIUTATh, 9TO BMECTO 8 MMEOTCHA
TONBKO O Pa3IUYHEIX Ko3pPuruenton. CoOTBETCTBEHHO METEPMITHAHT
Oymer Golee HU3KOr0 IOPSAIKA W peilaTh CERYJIAPHOE ypaBHEHHE
6yaer agerye.,

To ke caMoe cOpaBeJIHBO M [IA TOUKH 2, JeKaledl Ha Aumaro-
maxn. B rouxkax X mw M Oymyr manpHeiliine yOpONIeHHA, TaK Kar
OHH JI€;KAT HA CePefWHAX BEKTOPOB 00pATHON peImeTKH, 9T0 IPABOAT
K HOABIEHHI0 HOBEIX COOTHOINGHME MeKAY Rosdpdumumenramu. e
BBHIIIIE CUMMETDHA TOYKH B 30He Bpmimiosna, TeM HEHKE HOPALOK
CeKYISADHOTO YypaBHEHHA, KOTOpoe Hamo peinars. Ilpu sadarhom
06veMe BUIMUCACHUTL 048 MOYEK ¢ BBLCOKOIL CUMMEmMPUEll MOHCHO NOAY-
yumeo Goaee mounble snauenus gpynryuu & (K), wem daa npoussonvroli
MOuKW 30HbL. ‘

Teopua rpynmn pmaer, moskanyit, maske Goxbire., OHa 103BOJSAET
VCTaHOBUTH BUA GYHKINI, KOTOPHE BXOIAT B PA3JIOMKEHHE C OTUHAKO-
BhivMn Koadunmerrama (B Oollee CIOMKHBIX CIydasx c¢Kos@duimenra-

MH, PasTHIalONAMUCA MHOKATENAMH THIIA 1/V3). OHa yra3BBaer
Tak:Ke, B KAaKUX TOTKAX 30HH BPuiIniosna MOMRHO OKATATH BBIPOSKIE-
Hug ypopueir. Hanpumep, B Touxe M umeercs, CKaskeM, 4 BHIDOKIEH-
IIBe TI0 9HePTHA 0PTOTOHATH30BAHHEE IIOCKKE BOIHB WIH 4 IPHCOeH-
HeHHHe ILNIOCKHe BOJHEL, COOTBercTBymImue Bexktopam k, (k — gg),
(k —gy) m (k —g,) Ha ¢ur. 65. OrBeuatompe WM ypPOBHH OyIyT
pacCHIeIIATHCA LON JeHCTBHEM BO3MYIIEHHS, CBA3AHHOIO C HOTEH-
nua’ioM pemerku. MosKHO foKasarh, OJHAKO, ITO ABYKPATHOE BEHIPOIK-
JeHie Bcerga ocraercsa. lIpum mocrpoennn m309HEPreTHISCKAX IOBEPX-
HocTell Taras WHQOPMAIUA OKA3BIBAETCSA BECHMA IOJE3HOH.

Ecrp opun. cayuaii, xorga teopus rpynn ouenp BaykHa. WmenHo
U3BECTHO, UTO B TSA/KEIHX ATOMAX MMEeT MECTO CHIBHOE CRUH-0DOUMAAb-
noe s3aumodeticmsue. OHO ommcHBaeTcsa omepatopoMm suma AL-S, rae
S — omeparop cmuma saexrponos, a L — omepatop opfuraibHOro
MOMEHTA KOJHMYecTBa [ABIKeHus. B ciaydae cBobomHOro aroma 9ToT
OTIepaTOp UPHUBOJAUT K CHATHIO BHIPOYKIEHUST HEKOTOPHIX COCTOAHUH
¢ O/JIMHAKOBHMHA NPOCTPAHCTBEHHLIMH BOTHOBHIMH (YHRIUSAMH, HO C
NPOTUBOMOJOKHO HampapnedasiMu cuumHamu, Hampumep, aromvumii
P-yposens pacmennsierca Ha gBa: Py, u Pqjy. OHZ 0TBEYAIOT HOTHOMY
MOMEHTY KONMYeCTBA HBHKeHuA j — 3/, m j = 1/, coorBercraenno.

[Ipn mocTpoenun pHepreTwIecKUX 30H MBI MPEIOIATAIH [0 CHX
Iop, 9T0 CHUH HE MIPAerT POJH; MBI HPOCTO IOJB30BAIHCH HPOCTPAT-
CTBEHHBIME BOJTHOBHIME (YHKITHAMA, CUNTAsA, ITO ABA DIEKTPOHA C IPO-
THBOHOJOHKMH CHNHAMEI BCEI/[a MOJKHO IHOMECTUTH B /IBA COCTOSAHHUS
¢ OIHOI M TOH jKe IPOCTPAHCTBEHION BONHOBON QymKimmen Py, Coma-
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opbiuralbHoe B3aHMOEHICTBIE MO/RET CHATH BHIPOIKICHNE DTHX COCTOS~
HIiA. 3aMeTuM, OFHAKO, 4T0 (QYHIaMEHTANBHLII KBAHTOBOMEXAaHWUe-
CKHII YPHHIAIO CUMMEMPUL OMHOCUMEAbHO O00DAIYEHUS BPeMERL
BCEra COXPAHIET KPaAMePCO6CKOe GhlpoXcOeHnUe MeRIY TMPOM3BOJIBHOM
6nox0oBCKOH (yHKIMeN Yy (I} U ee KOMIUIEKCHO CONPSMKeHHON QyHE-
mueit g (r). Hocmegass QyHRIAA ONHCHBAET COCTOAHWA, OTIMIAIO-
muecs ot Py (r) n3MeHeHHeM 3HAKA OJHOBPEMEHHO BOJTHOBOTO BEKTODA
o cumna reKTpona. s «GeccnnHOBHIXY TACTHI HE3aBHCHMO OT TOY Y-
HOM IPyIOB CHMMETPHM PEIIeTHKH 9TOT HPHHIMI IPUBOTHT K PaBeH-
crey € (—k) = & (k).

B upoussonbmoi# roure 30us Bpmiiiosna, B Koropol camu GyHK-
mun P He BHPOJKIEHbl, CIHH-0POUTATBHOE B3aUMOMEiCTBME He pas-
Hender COCTOAHHME ¢ INPOTHBOMOJOKHBIMA CIOMHAME, €CIN HOTEHITHAT
pewieTku obmagaer IenTpoMm uHBepcwu. [eficTBHTENBHO, M3MEHEHIe
OPHCHTAIIMYE COHHHA B COCTOAHHHM ¢ BOJHOBOU QyHKIUEH Yy (T) 9KBH-
BAJNEHTHO Tepexony K (yHrOau Py (—r) — mocaepHas IPUHATIEKUT
TOU ;Ke DPHEPTHUH.

B 3one BpuaaosHa ecth 0co6Gbie TOTKH, B KOTOPHX BINAHNE COHH-
opOuTadBHOTO B3AMMOJEMCTBAA MOKET OKA3aThCH BECHMA BayKHEIM.
Han6oxee wunrepecen meHTp 30HE BpuaiaosHa — To9Ka KyOude-
CKOW cumMerpuu. B Mojienn cANBHO CBSA3AHHHX DIEKTPOHOB MBI MOTIH
MOCTPONTE «P-30HY» M3 aTOMHHIX p-QpyHKIui. B atoMe ectb Tpu Takue
¢yakunu, 1 oHE BHpPOKAeHsl. (COOTBETCTBEHHO IOJYIAITCHA TPH
D-30HBI, OTBEYAIONM{AE, CKayKeM, ATOMHEIM (QYHKOUAM THIA Dy, Py
U p,. ITH TPH 30HBL BHPOKAEeHH B Touke k = (), oHM mepexomAT APYT
B pyra npH npeobpa3oBaHHAX KyOMueCKOH CMMMETPUH B TOH TOUKE.
Kawsnoe cocrosnme B 30HE ABAKAL BHIPOIKACHO IO CIHHY, TaK 4TO
BCETO MMeeTCs MEeCTHKPATHOE BEIPOIKIEHNE.

Hpu manomenunm CumH-opOUTATBHOT0 B3aWMMOEHCTBHA HPOHMCXO-
AMT pacmemieHrme Ha YeTHIPEXKPATHO M ABYKPATHO BHIPOKEHHbIe
yvpopuu. JleiicTBuTensHO, Teleph NPHM HOCTPOSHHH B30H CleqyeT
UCXOINTh U3 aTOMHBIX QYHRIUA THIA Pg/e, TETHPEXKPATHO BHIPO/KIEH-
HBIX, W THIA Py, BHPOASHHHX IBYKpartHo. MaTepecmo mocMmor-
perThb, u4To CAYIHTCHA, eCAH 0ToMTH OoT o9k k = 0 B HEKOTOPOM IPOH3-
BOJLHOM HalpaBieHHH. Ecium pemerka uMeeT IEHTDP WHBEPCHH, TO
KayKIull ypoBeHb Oyer eme OCTABATHCA ABYKPATHO BHIDOFKIEHHEIM,
4To mokazaHo Ha ¢ur. 66, 6. MokHO CRazaTh, 4TO 30Ha ¢ j = %/,
BHOBL pacIiemiIsercs Ha 30HY ¢ m; = -3/, (npoexmus Gepercs,
HanmpuMep, Ha HampaBleHHe Bexropa k) m Ha 30HY ¢ m; = +/,.
B orcyrcrBme neHTpa MHBEDPCHH 9TH 30HLI JOMONHHUTEIHLHO PacHIemH-
anch 65 Tak, Kak moKaszamo Ha ¢ur. 66, 6. B pesyaprare cuum-op6u-
TATHLHOTO B3AMMONEHCTBUA CIMH 9TeKTPOHA CTAHOBUTCA TYBCTBUTENb-
HHM K TOMY, CKOIb «3aKPYYeH» IOTEHIHAJI KPHUCTAJLIA BOKPYT
HampasIennms Bektopa k.

It 9¢PeRTH HrpaloT Ba)KHYI POJb YV IOTONKA BAJEHTHOH 30HEI
B TaKHX mojympoBogamkax, kKak Ge m InSb. B mepsom cayuae cmpa-



140 Ta. 3. Gaesmponnbie cocmosanus

BeNIMBA KapTHHA, H306paskeHuas Ha ¢ur. 66, 6, BO BTOpOM — LEHTD
VHBEPCHM OTCYTCTBYET, W BLIDOJKIEHWE, HMEIOIICe MEeCTO B IeHTpe
sounl Bpuminiosna, cHuMaercs, eciu OTOHTH OT HEHTPa B IIPCH3BOTb-
HoM Haupasimenuu. (DaKTHIECKHN BHAK W BEINYANY PAaCHICIUI eI
MOKHO B W3BECTHOH Mepe Npeyrajgath, 3HAf MNONOKeHuWe Bemelh
B ¢BOOOIHOM aToMe.

Ilpm konmdgecTBeHHOM paciere yAoOHO paccMaTPHBATh OIEPATOP
cun-opburanbHoro B3ammojeticrsua A LS kax mosmymenme. Boru-

& 8 &
AT
Z2h S _
k k k
o a 0
6 6

@ur. 66. BauaAme coEE-0pOMTAIPHOTO B3aMMOMEHCTBEA HA YDPOBHEM p-THIA
BOamsE meATpa 30EHH BpmiiiosHa.

a — mMecTh YPOBHEH, BHIPOKACHHEX B ToUKe k = 0; 6 ~ B pemeTKe ¢ LEHTPOM HWHREPCHN CIOAH~
opbATANBHOE B3AMMONEHCTBRE OCTABIACT BCE YPOBHM IBYKDPATHO BHIPOKIEHHEIMHA, 6 — B OTCYT-
CTBME I[¢HTPa HHBEPCHH BHPOMKIEHNE CHUMAETCH IIOJIHOCTHIO.

31 I[eHTpa 30HH DpnianrosHa aror omepaTop meficTByeT riaBHBIM 06pa-

30M Ha HepHOINIECKYI0 4acTh Uy PyHKIMU BIoxa, yAoBIeTEOPAOINYIO

ypasuenuwo (3.38). [lonsayack cxomcTBOM 2TOr0 ypaBHEHUA € OGHIY-

BeM ypaBHenmeM Illpemmurepa, MH MoeM paccMaTpuBarh clia-
raemMoe

ih?

T m

)
k-V:Zk-p (3.83)

Kak no0aBky, caabo Boamymammyso (mpm Mmansix k) dyHrumo u,.
Mexopsa ua a1oro, MOMKHO, He BHIOJIHAA TNOJHOTO pacieTa 30HHOK
CTPYKTYPH, BHYMCIUTH DHEPTUI0 CHHH-OPOGHTAILHOTO PaCIICIIeHHA.
Taroit mogxon mssecren Kar k- p-memod.



TJIABA 4

CTATUYECKUE CBOUCTBA TBEPILIX TEJI

OcTaHoBHTECE, O BHI, HENPEPHBHO [IBH-
mymuecsa chep...

Mapaoy

§ 1. Tune! TBepaBIX Ten. 30HHAA KapTHHA

Mpt f0BOTBHO TIOPOGHO PACCMOTPENH TEOPHIO BIEKTPOHHOM CTPYK-
TYDHI TBEPAHX Teld, TAK KaK HMEHHO 3TA CTPYKTypa ompejenser THI
TBEPHAOTO Tela W MaKPOCKONWYIECKWE CBONCTRa ero.

PacemoTpmM mOJIHOCTEIO 3aI0JMHEHHYI0 30HY, HaJ KOTOPOIl MMeeTcs
sHepreTHIecKas INeJab (3ampemeHHas 30HA). JTO — OCHOBHOE COCTOSA-
HUe; W3 CBOMCTB CHMMETDHH €r0 ABCTBYET, 4TO DIEKTPHYECKUI TOK
npoTexarh He AOJA:KeH. Y106l BEHIBBaTH TOK, HPHKIANHBAIT JIeEK-
TPUYECKOS moJIe, KOTopoe Bo30yKLaeT HeKOTOPHIE 3MeKTPOHEL B COCTOA-
HYA, [Jaolue PesyIbTHPYIOmui BKIaf B To0K. OfHAKO IpH HamImInn
HHEPTeTHYeCKOU INeTn AJA ImepeBoja SIEKTPOHOB BBEPX depes IMelh
B CIeIYIIYI 3a Heil 30Hy Tpebyercsa KoHeUHAs dHePrHs BO3Oy:xie-
HnA. Manoe NocToSHHOe JIEKTPHIECKOE HOJNe HE MoKeT COOOMHATEH
3JEKTPOHAM DTy DHEPrHio, U, CIef0BATeIbHO, TBEPHOe TEIO0 paceMart-
puBaeMoro THua 6Gymer usoasmopoM.

HAomycram, ofiHAKO, ITO MMPUHA 3aMPETEHHOM 30HE! &yap HeBen-
Ka. B peaynprate TemnoBrX ¢IykTyanmii OpH KOHEYHOM TeMIIepa-
Type T mainoe, HO BCe jKe OTIWYHOE OT HYJA TUCIO DIEKTPOHOB Gyner
B036ysKleHo B BePXHIO B30Hy. JTO UHCIO OHPEIENAETCH XapaKTep-
HEIM GonbMMaHOBCKHM MHOEHTeNeM Buga exp (— &EgaplkT). Taxrue
9JIEKTPOHKE cnocoGHK 6e3 TpyZa HepeHocuTh TOK, W IOTOMY MaTepmall
Oyner o6magarTh KOHETHOH DIEKTPOIPOBOJHOCTHIO, GHICTPO BO3PACTATO-
meil ¢ pocToM TeMmeparype. B aTOM ciyuae roBopAT, 9TO BEIMecTBO
npegcrasaser coboit noaynposodnur (Pur. 67).

ITycre Temeps 30Ha He 3amoNHeHa A0 KOHIA (Kak, Hampumep,
B OXHOBaJEHTHOM Meranxne). IIpu aroM meTuHHOE ocHOBHOE cocTostnue
CHCTEMHl ITO-OPEIKHEMY CHMMETPHYHO OTHOCHTENLHO 3aMeHBI 3HAKA
y 7106070 M3 BOIHOBEIX BEKTOPOB, W, CI€X0BATENBHO, TOK B HEM PAaBeH
nyiao. Opgnako GeckonedHo OMM3KO K BEPXHEMY 3aIIOJHEHHOMY YpPOB-
HI0 PacCHIOJOKeHH TOKOHecymue cocrosnus 30ubl. CoOTBETCTBEHHO
npoBoguMocTh Oymer BejquKa u He OyJeT CIMIIKOM CHIBHO BABUCETDH
OT TeMImepaTypH (3Ta B3aBHCHMOCTBH OCTAeTCA IJHUINb TOCTONBKY,
MOCKOJIBKY. TeMOepaTypa BIMAET Ha IPOMECCH DPaCCeAHAA 3IEeKTPO-
HoB). B sToM caygae ME mMeeM [eN0 ¢ THOHYHBIM MEMALLOM.
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Urobs yeTaHOBHTE, Oyher M JaHHOE TBEpHoe 1eJ0 CKopee
BCETO METALIOM, MHOJIYIPOBOTHMKOM WIM M30JIATOPOM, BCHOMHHUM
(§ 6, rm. 1), uro 3oma Bpunrrossa cofepHUT POBHO CTOJNBKO «paspe-
MIeHHRX K-BEKTOPOB», a CJAENOBATEIBHO, W PABINIHHX 3JERTPCHHBIX
BOJHOBEIX (YHKUIMH, CKOABKO DIEMEINTADHLIX AYE6K COHEPIKUT KPH-
crami. Ho Ha KaskIyl0 paspeilieHHYK IPOCTPAHCTBEHHYIO BOIHOBYIO
QYHKIMIO MOKeT OPUXOJUTBCA 2 3IeKTPoHA € DPOTHBOMOJIOKHO
panpasaeniniMe connamu. [losTomy ecnim B emmpune o0bema comep-
skureda NV DlIleMEeHTapHBIX AYeeK, TO Ha RaKIYI0 DHEPreTHYeCKYIo 30HY

\X\ \:\\‘“\\\\ 3ona nposodumocmu

Ujens ¢ anepzemu-
YeCKOM CreKImpe
(sanpewenran s0Ha)

Banenmnas sona

JoHa

Sansimere
COCMOAHUS

@ur. 67. a — posbyskeHne HocuTelell B IONYIPOBORHUKE; 6 — HepeHOC TOKa
9IEKTPOHAMM B MeraJiie.

npuxogutcsas 2N dIeKTPOHHBIX COCTOSHME, T. €. IO 2 COCTOAHMA HA
sleMeHTapHYI0 AdeiKy B oxuoii 30He. llofcumTHBasA IUCITO HIEKRTPO-
HOB, TPAXONAMUXCA Ha DIEMEHTAPHYI0 AYEHKY, MOYKHO B M3BECTHOH
Mepe IpeNyrafarh CBONCTBA TBEPHOTO Teja.

1. TBepmoe Tex0, B'KOTOPOM Ha dJIEMEHTAPHYI0 AYENKY HPUXOANTCH
odur cBOGOIHEIH BIEKTPOH, BCeraa Gymer MeTasaoM. THMHYHEIE TP/~
CTABUTENH TAaKWX Tl — 00HOBAleHMHble wesounvle Mmemadas Li,
Na, K, Rb, Cs u 61azopodntie — Cu, Ag, Au. ¥Y Bcex HUX dHepreru-
gecKad 30Ha W 30HA BpHMINiosHA 3aMONHEHB HANOJIOBHHY.

2. Trepaoe Telxo, B KOTOPOM Ha BIEMEHTAPHYIO AYEHKY HPUXO-
MUTCS HeuemHoe WHCIO BIeKTPoHOB, Beerga Gyaer merammom. Tax,
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B Al, Ga, In, Tl ma avom npuxogurest mo 3 sIeKTpoHa, KOTOPHIE
MOTYT 3aMOJHHUTD JUIIb OFHY DHEPTeTHUIEeCKYIO 301y M eme HMOJOBHHY
30HEI.

JameTn™, ofako, aro As, Sb, Bi, B KOTOPBIX Ha aTOM OPHXOIATCA
IO 5 BJIEKTPOHOB, KPUCTATINUBYIOTCA B CTPYKTYPE ¢ 2 ATOMAMM Ha 3Je-
MEHTApHYI0 AYEHRY, B CHIIY Yero yKa3aHioe TOJNLKO YTO MPABHIO K HEM
Henpumennumo. M neficrBurenbHo, 9TH BelmecTBa IpecTaBAAIOT coboil
noaymemanave; 10 21eKTPOHOB MOUTH HOJHOCTHIO 3aIOIHAIT D 3HEp-

IO

X ISR NINIO IR
R R R R S AR IR AR

Sansmere
COCIMoAHUS

@ur. 68. IlepexpuBaminyecs sHepPreTHYecKEE 30HH.

TeTHYeCKUX 30H; OJHAKO HOCJHefHAA U3 HAX 3aI0JNHEHa He JI0 KOHIA
I cIeTKa mepeKpriBaercs ¢ 6-it 3omoii. Ilosromy mpm a06oit Temmepa-
Type BCErJA MMEeTCHd HEeKOTOpOoe KOJTMYECTBO HIIEKTPOHOB, CHOCOG-
HBIX TEPEHOCUTh TOK.

3. Tseppoe Teso, B KOTOPOM Ha DIEMEHTAPHYIO AUEHKY IPHXOANT-
€A uemHoe 9YUCIO IIEKTPOHOB, He 00A3aTeNbHO mpeacTaBifer coGoi
u30NATOD. [leHCTBUTeNBIO, SHEPTETHICCKEE 30Nl MOTYT Nepekpbi-
éamuca (Gur. 68). Ilpu 5ToM MOKeT OKa3aTbCA DHEPTETHUYECKN BBILOJ-
HHM He 3aI0JHEeHWe HUKHEeH 305, a IepeXojl JacTH BIeKTPOHOB
B BEPXHIOK 30HY.

B omgnomepHOM ciiygae 9T0r0 He IPOUCXOTUT: BCe BOHBI OTIETEHHI
apyr ot apyra (cm. ¢ur. 38). Ho B peaTpbHHX MeTamraX BHOJHEe BO3-
MOKHA CUTYyanusl, cXeMaTHuecky u3obpasxennasa wa ¢ur. 69. Wmenno
B HEKOTOPHIX TOYKAX TPAaHUIN 30HH DBpuwiiosHa osHeprernyecKas
mens, KOHeTHo, Moxker ObTh. Ofnaro o6xacTb BONM3HN Aua 2-i 9HEep-
TeTUYECKOH 30HH (HampuMmep, BOIAMBH TOUKH A) MOMKET OKa3aThCH
HIOKe noronra 1-i 30mbl. IloaToMy ameKTpoHE! «mepenuBaOTCA» yepes
Kpail sonsl bpmmirosna B6ausm ToURE A M YIIE 30HE 0CTAIOTCH
HE3aHATHIMA.

BosnukHOBeHne Taro# CHTyalum JerKo IpOCHEUTH, HOJB3YACH
MOJIeAbI0 TIOYTH CBOGOJIHHIX 3JIEKTPOHOB W CXEMOH PACHIMPEHHBIX 30H
(cp. § 3 rar. 3). Cdepa, Bmemaromasn 2N cocTosHus, IepeceraeT rpa-
HUIBL 30HB Bpmimiosna B pasamumbix mecrax (¢ur. 70). Ecam coor-
BeTCTBYIOIIHE ¢ yphe-KOMIOHEHTH NOTEHNHana (MIN  ILCEeBOmO-
TeHIEala) JOCTATOYHO Malbl, TO IPH NEPeceYeHUH T'PAHHI 30HBI
Bpuanosna orensure YacTu ¢GepH MpocTo PasbeNuHATCH; B 0CTAN b
HHX jKe MecTtax cdepa DepMu oCTaHeTCA MPAKTHIECKH HEM3MEHHOI.
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Tor daxr, aro atn Rycoukn mosepxuoctn DepMu MOJKIO BHOBD COeIH-
HUTh B CXeMe TPUBEIEHHHX WJIHN IOBTOPAKNIUXCA 30H, HE HMeer
OTHOMIEHNA K OGHYHEIM DJIEKTPHIECKHM CBOHCTBAM KpHCTAJLIA.
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®or, 69. HepexpuTne 30H B JBYXBAJIEHTHOM MeTallie. )
@ — cxeMa pacHApedHHX 30H; 6 — DHEPrUA KaK QYHKIUA BeKTOpa K B IIPUBEIEHHOH zome.

4. Bce TBepabie meaa, TOCTPOGHHBIE U3 O8YLOAACHMHWEL ACMeft-
mog, OKa3LIBAIOTCA MeETANJaMH — dHepreTHdecKue IIeAM He CTOIb
BEJINKH, 4TO0H yHep:KaTh DIEKTPOHH B OojHol 30He DBpmiamoosua.
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Onnako Heroropnle m3 mux (Sr, Ba) — mmoxme mnpoBOgHMEHN; 1O
BCell BePOATHOCTH, HEPEKPHITHE 30H ¥ HAX MAJo.

5. Teepusie mesa, TOCTPOCHHEIE U3 YEINBLPELBAACHMHBL IAEMEH-
mos, oRaseBared aubo Merasdaamu, 1ubo moaympoBogaukamu. Mure-
pecen cayuait oJoBa, Koropoe B omHOH ¢ase mpexcrariser coboi
MeTaJln, a B ApPyrofl — moaynpoBogHNK. lI3MeHeHme CTDYKTYPH Kpu-
cTasaa MeHser opMy 30HE BpUIIIOsHA, & CAef0BATENBHO, H BO3MOMK-
HOCTH TOABICHNS 3aMpEIleHHEX 30H, HOCTATOYHO HIMPOKHX, UTOOB
yoep:kats Bce snerTponnt., B IV rpymme nepumopgmgeckoit cmcreMsl
5IEMEHTOB HaGIIOAeTCA HHTEPeCHAd IOCAeH0BATEIBHOCTE CBOMCTB.
Yraepog B Bmae amMasza upeacraBisger coGoil MOIYOPOBOAHHUKE CO
CTOIh IUMPOKON  3ampemeHHOR
30H0il, YTO IPAKTUIECKH OH OKa- - N ~
apiBaercsa wmaoxATopom. Kpemuunit ;\
M TepMaBuii — TUIAYHbIE TOXY- \\
nposoguuki. OnoBo Momer OBITH \

KAk MeTaJlJioM, Tak W moaymopo-  /
sogunkoM. CBHHeN — THOHYHBIH \
smeransa. CTpyKTypy sHeprerude- |
CKHUX B30H B 9TMX Kpucrammax |
MOJKHO IIDEACTAaBHTEH cefe ¢ IIo- \\ /
MOIIBIO MOJENIM MHOYTH CBOGOM-  © /
HBIX 9JAERTPOHOB; IOJIYIPOBOIHY-
R — 970 «MeTAJLIL ¢ GoabpuimmMu \
AHEPreTHIeCKIMH MIeAAMH U (e3 \

HePeKPHTAA 30H. RSN

6. ATOMEI RepexodHbL dAeMEH-
mos, BXOAAmMUX Kaxk B rpymmy Pur. 70. Ciepa cBOGOTHEIX JJIEKTPO-
sexesa (Cr, Mn, Fe, Co, Ni), ¥oB nepece}guomaﬂ TPaEUNH 30HH

PHILIIOBHA.

TaK M B APYrue TPYIIIH, KOTO-

pHe DpenuecTBYOT e B Iepmo-

AudecKoll rabiamie, XapaKTePH3YIOTCHA HE3aNOJHEHHRIMH BHYTDEH-
BnMR d-ob6ooukamu. Hampumep, B arome Fe samarn Toasko 6 m3
10 cocroanmit 3d-060M09KRM, HECMOTPA Ha TO, 4TO eme 2 IEKTPO-
Ha HAXOHmATCA BO BHemHed 4s-o0osoure. Hormga atomsr cOammxarored,
o0pasysa TBepHoe TENO HWAM JKWJKOCTh, YPOBHH DYHEPTHH BHENIHHX
BRJIGHTHBIX 3JIEKTPOHOB CO3JAI0T IIHPOKRYI «s-30Hy». llocmemusas
He CAHNIIKOM CHJABHO OTIMYAETCH OT S0HLI HMPOBONMMOCTH OGHUHEIX
MeTajJioB, ONMCHBAaeMOH B MOJeNH IOYTH CBOGOIMHLIX SICKTPOHOB.
C npyroii cTropoHH, d-3TeKTPOHK B M3BECTHOM cMbicae (M. § 5 rur. 10)
OPOJOIKAIOT BeCTH ce0s Tak, Kark ecam OB OHM MO-TIPeRHEeMy IpH-
Hagne;xann cBouM aromam. s 4f-smexTponos B rpymme pedrose-
MEALHYL 2AeMEHMO6 DTO, NEAICTBUTENBHO, 0YeHBL XOPOllee NPUOIHKe-
nme. OpgHako d-QyHKIMH pa3IAYHBIX aTOMOB (DAKTHYECKH [OJKHEL
MePEeKPEBATECH, 00pasya yskyw «d-30HY», CHOCOOHYI0 BMeCTHTD
mo 10 asmerrtponos Ha aroM. Kak mu Bumenm B § 10 ra. 3, sra soma
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nepecexaerca u rubpmpusupyercs ¢ s-30moii. Crporo romops, CTOIb
CIORHAA HDHEPIeTHYECKAA CTPYKTYPA BO3HUKAET M3-32 HAJAWYUA Pe30-
HaHCa [IPU DHEPIrud GHIBIIETO aTOMHOT'O d-YPOBHs, W €€ HEeXb3d pas-
JOKHTH Ha OTHeIbHBIe S- U d-30HEL.

TeM He MeHee €CTECTBEHHO TOBOPHThL, HaIpHMep, UTO HH OJHA
W3 HA3BAHHEIX 30H He 3AaMOJHEHA W MOTOMY MAaTepHall OKAa3HBaercsa

Yposerns Pepmu

d
Sarmmse | CRE R ERERR s | 530K

GCITIONH N N SaHAmeie {7
A N COCIIOARUA

®ur. 71. ¢ — MepexXoNEHil MeTaln; 6 — GIarOPOSHHH MeTaiw.

MeTaJIoM; IPOBOTUMOCTH €T0 06YCIOBIeHa TIaBHEIM 6GPa3oM «S-3IeK-
tpounammy (¢ur. 74, a). B cnyuae 6uazopodunz menaracs d-cocTosnns
camn o cebe 3amoaHeHb. Omuako onu 06pasyIoT Pe3oHAHCHYIO d-30HY
BHYTPH OOBIYHON 30HBI WPOBOJAMOCTH IOYTH CBOOOJHEIX BaleHTHEIX
9JEKTPOHOB. JTA PE30HAHCHAS 30HA JEMHT Ha HECKOJIBKO DIEKTPOH-
BoabT Hume yposusa @epmu (Pur. 71, 6), ¢ YeM U CBASAH PSA BaKHBIX
5¢$eKTOB; B OTCYTCTBHE HOCIEHNX HA3BaHHKEE Marepuansl Oouim Oni
HOPOCTHIMA OHOBANCHTHHMH Merasnmamd (cMm. § 4 ra. 9).

. § 2. Tunst tBepabix Tex. Kapruna ceszeii

Wsmoskennoe MCYEPUBIBACT LOYTH BCE PE3YNBTATE, KOTOPHIE
JerKo MONYYUTh B pAMKAX MOJeIN aHepreTHueckux 30H. Pacemorpin,
ofHako, BHOBEL mogynposoguuku Si m Ge. Owu obaagaior cmpyriny-
poil aanasa (dur. 72), roropas moxobua rpanenenNTPUPOBAHHOA Kybm-
geckoil crpyrrype (cm. § 3 ro. 1) ¢ Tem oTamumenM, UTO Ha dIeMeHTap-
HyI0 sgefiky Temepb NPHXOAUWTCS ABa atoma. Urobel moCTpOUTH
peimeTKy THOA ajiMasa, Haxo BBATH I'palenenTpPUPOBAHHYI Kybude-
CKYIO pemeTry, yIoid KOTOpPO# HAXOIUTCHA, CKayieM, B Touke A,
U TOMECTHTH JPYyroit atoM B ToUKy B, pemamyo Ha riapnoit guaro-
manu vy6a Ha paccrosuwu, pasmHoMm /4 ee muunu ot Tourm A. ladee
HYJKHO MOCTPOUTE HOBYIO TPAHENEHTPUPOBAHHYI0 KyOUTeCKYIO pemer-
Ky, COBMECTUB OJiIMH W3 ee YIIoB ¢ Todroil B. Ionyuarcs Bce B3amdo-
NPOHUKAIOHE TPaHeNeHTPUPOBAHHNE KyOMJecKwe penieTHd, B COBO-
KYIHOCTH o0pasyiomye Penerky THIIA ajMasa.

IMocaerusin obmamaer Tof ke 3oumoit Bpmammosma, w10 M rparme-
OeHTPHPOBaHHAS KyOnuecKast peniera, HO Tellepb Ha 3JIeMEHTaPHYIO
AYeHRY OPUXOAUTCH & BIEKTPOHOB, TAK YTO HYMKHO 3aHOJHUTDH
4 aHepretmueckue 30HH. PaccMaTpHBas CHCTEMY € TOYKH B3DEHNS
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MOJeTH CHJIBHO CBA3AHHHIX 9IEKTPOHOB, BHIMM, YTO YLOMSHYTHE
30 o6pasyloTcs m3 4 ypoBHe#r cBo6opEoro aroma: B cayuae Si
9To OUH 3s- ¥ Tpu 3p-ypoBHs, Bcaydae Ge—4s- u 4p-ypopnu. Ilpm
CONIMKEHUN 3aTOMOB 30Hb MEPEKPHBAIOTCSA B «CMEIBBAKTCAY, B Pe3yIb-
tate wero o6pasyioTcd 4 HOBHe 30HBI, OXBATHBAIOMHUEe HOYUTH TY Ke
o6acTh pHepruii (Kaxk yKassBajgoch B § 11 ra. 3, Tpu U3 HUX B OTCYT-
CTBHE CHMH-OPOHTANbHOrO B3amMofeiicTBuf Onam OH BHPOMIAEHB
B menTpe 30HL b puiiaosna),
Bepxusasa 30ma oTpeneHa ot
TPeX 6dAeHMHHL SHEPreTH-
gecKol menno mopanka i se.

Benmomumm  Tenmepn, UTO
TaKas KOMOMHAIMA ATOMHEIX
$- ¥ p-QYHKIUH X0POIIO H3-
BECTHA B TEOPHH XUMHYE-
ckoit csasu. Mssectro, uro,
KOMOMHHUPYH HX, MOJKHO IIO-
JAYIUTH YOTHPE HOBHE aTOM-
HHEe BOJHOBHE (QYBKIHH,
RaKIasA M3 KOTOPHX BHITS-
ByTa B HaOpaBleHWW K
pepmmuaM Terpasapa. B
9aCTHOCTH,  TeTpasapude-
CKag CHMMETPUA MOJEKy-
am tana CH, o6vbacHser-
cA 06pazoBaHNeM KosaieHm-
HBX ceAsell 3a CdYeT cua-
PHBAHHUS 3JeKTPOHOB B COCTOSIHMAX € TAKMMU TUODHANBIME § — p-
¢ynxnmamm. O6patumca BHoBb K ¢ur. 72. Bmpmo, 4To atom B T09-
ke B oxpymen Kak pas 4 OnmxadmuMu COCeNAME, PAaCHOJOMKEH-
HEIMH B BepmimHaX Terpasapa. Hamub# us HoCIeRENX B CBOIO 0UepelE
CBA3aH TAKUM ke 06pasoM co CBOMMHE COCelAMH U Tak fanee. VHpMA
CIOBAMH, 6ect kpuUcmaat nodoben 00HOU 2U2GHMCKEOT. KO6AAEHMHO C65-
3AHHOU MOaeKYae.

Pacuersr 30HHOH CTPYKTYPH DOATBEPIKJARIOT BTy TOYKY 3PEHHA.
Briosse xopomee coriacue ¢ ODHTHHEMHE JJaHHBIMH MOMHO HOJYYHTH
¢ TOMOINDLIO BCEr0 HECKOJBKHX OPTOTOHANMBOBANHEIX TJIOCKUX BOJH
(¢ mogxomamumu kKoaddunmenTamu ncepmomorennmana). Ilomyzaro-
mMuecs B pesyibTaTe BOJNHOBHE (YHKIMM ONHMCHBAIOT TEHJEHOUIO
K KORI[EHTDAIUH DJEKTPOHHOH IUIOTHOCTH BJOJNb (CBAZEH». OJeK-
TPOHHAS CTPYKTYpa cXeMaTHdecKH mpepcrasiesa Ha ¢ur. 73. Ham-
it mon Ge nam Si oxpysen 8 piIeKTPOHAMM, KOTODHE OAHOBPEMEHHO
OpUHALIEKAT B COCEIAM HTOTO MOoHa. B eHCTBATeNBHOCTH DTH BIEK~
TPOHE He JOKAJIH30BAHH Ha ¢BA3AX. VIx BomnoBHe QyEKINH, TOf06HO
OYHKUEAM CcBOGONHEIX B3JEKTPOHOB B MeTajje, IPOCTHPAIOTCA HA
Bechk Kpucrann. Ho B oOmacTaAXx MEXAY COCeIHMMH HMOHAMM BCErza

O®nr. 72. TerpasgpHuecKEe CBA3SH B CTPYK-
Type amMasa.
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CYIMecTBYeT DIeKTPOHHOE 00JaK0 BHICOKOH INIOTHOCTH, COOTBETCTBYIO-
mee mape DIEKTPOHOB € MPOTHBOIOJNOKHO HANPABIEHHEIMH CIIHHAMI.

3ameTnM, 0JHAKO, YTO CKRa3aHHOE M0 HEKOTOPOH cTemeHH caMoode-
Buzno. JleiictBurensuo, B pemleTKe ¢ HeGONBITNM KOOPIHHAIIHOHHBIM
9EcioM, A8 KoTopoll npmbGmimienme sdeedHoro morennuara (§ 7
ra. 3) HeymoBIeTBOPUTETBHO, HOTEHLHANbHAA BJHEPTHA DIEKTPOHA
He 6yzer 0CTaBaTHCA MOCTOAHHOH BO BCell MpoMermyTOdHOH obaacTn
Mexay aroMaeME octoBamu. Ilpm 11060t mOMBITKE €aMOCOrIacoBaH-
HOro pacuera (cp. § 2 ra. 5) suexTpoHHB 3apsam OyjeT aBTOMaTHYE-
CKM HaRaIlJIMBATHhCA BIOIH TeX JU-
Huil (COeMUHAIOMUX COCeHIEe aTOM-
upe ceprl), THe mOTeHImaln Oyier
monmxen. O6mue xumuaeckume coob-
pajKeHnsa KaKyTCH CYHIECTBEHHHBI-
MH, KOJb CKOPO MBI XOTHUM —
Hagalia — OOBSACHUTH C€aM  (akrT
CYIECTBOBAHMUA  KPHUCTATINISCKAX
CTPYKTYP TAKOIO THIA.

ITocmoTpuM remepb, Kak MeH:A-
eTcad BTa KapTHHA UPH Iepexofe
or Ge k InSbh. Bemomuum, uro In
u Sb HaxomATCA B TOM jKe PALY
OepPHOTUIECKON CHCTeMBI, YTO N
dur. 73. daeKrpoHHAA CTPYKTypa Ge, m, ciaegoBaTenbHO, ATOMHBII

Ge (cxemarmieckn). 0CTaTOK y HUX opuH u ToT ;re. Of-

HAaKO B aTOMe HHIHA MMeeTCH TOIBKO

3 BHeWIHHX dJIeKTPOHa, a B atome cypbmbl — 5. Coeguuenme InSh

TaKyke WMeeT CTPYKTYpY THIa aiMmasa, Ho Temepb In sanmmaer Bce

yaapt A, a Sb sammMaer Bce ysin B. Pacmonoskenme mOHOB cXeMa-
THYECKN HOKa3aHo Ha gur. 74, a.

Bo MHOTHX OTHOIIEHHSIX OHO HACTOJNBKO TOXO03Ke Ha CTPYKTYpPY
Ge, 910 8 DIERTPOHOB, NPUXOAAMUXCA Ha aTOM, MOKHO Pa3MeCTHTDH
1o TeM e «QYHRIUAM CBA3HY, 9TO II B Ge (¢ur. 74, 6). Opnako upu
9TOM OCTAIOTCH HEKOTOPHIe OCTATOYHBIE 3apsAAs: 3apAm wmoma Sb
He TOJHOCTHI0 HEHTPAXH30BAH 4 3IEKTPOHAMH, KOTOPHIE B CpeIHEM
okpyskawor ero. C ApyToil CTOPOHSHI, Ha aTOME In orasmBaerca HeGOMb-
moit M36HToYHE OTPHIIATEABHBIE 3apAg. IT0 00CTOATENLCTBO JTETKO
OIHCaTh, HECKOJIBKO C/KEMas HJIeKTPOHHOe 061aKo IO HAIPABIEHMIO
ot maana K cypbme (Gur. 74, 6). BosHukaomee coegunenne nNpeacTas-
aser coboil HOIYIPOBOAHUK, 30HHAS CTPYKTYPa KOTOPOTO B OCHOB-
Hom mojmobHa crpykrype Ge; IIMpuHa 3anpemleHHOd 30HHL Y HETO,
Of[HAKO, OKA3HBaeTCA MeHbIIe. JTO — THIATHHI IpeICTaBUTEND
unmepmemasiuneckux coedunernuii 111 m V rpymnm.

O6patumecs Temepb K COeAUHEHMI0 ZNS, cOCMABAEHHOMY W3 dile-
menro 11 u VI rpymn (aroMm muHKa mMeerT 2 BaJIGHTHBHIX DII@KTPOHA,
a atoM cepsi — B). Dro coepmuenme (fur. 75) obpasyer Kpmerami,




Qur. 74. ABTEMOHNM] MHAKSA (CXEMATHYECKH).

a ~ TOJIbIE MOHBI, — CHMMETpPHUYHBIE CBSIBH; ¢ — SJIEKTPOHB CBASH IIONAPHBOBaHbI ocTaTo9~
HBIM 3apAOOM WOHOB.

@ur. 75. Cynpdun DUHKA (CXEMATHYECKR).
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B To9HOCTH uofo0HHE InSb (coGeTBenHo, ara CTPYKTypa oGHYHO
Ha3HBAETCA CTPYKRTYPOH yurkosoii obmarku). CepHUCTHH HUHK TOM:e
OKa3HBaercs NoaympopofgamxoM. OXHAKO Temeph 3JEKTPOCTAaTHUe-
CKOe IDATAKEHUe SJIEeKTPOHOB K moHY S najxe cmibuee, gem B InSh,
33 CUET JAEKMPOHH020 cpodcmsa: 8 DIEKTPOHOB, HA KOTOPbHIE BAHSAET
STOT MOH, CTPEMATCA eme OJamKe MOMONTA K HeMy U 06pasoBaTh 3aIo-
HeHHYI o6omoury. IIpu atoM mom Zn%* mpakTHiecknm ocBoGomkgaerca
OT BIIEKTPOHOB,

Qur., 76, a — xmopucras Medb (cXeMaTdA4ecKdm); 6 — crpysrypa NaCl; s —
crpykrypa CsCl.

JdToT mpomecc 3asepimmaercdA, Haupmmep, B coegumHenmm CuCl.
AtoM MeqH 316Ch HOTHOCTBI) TEPAET CBOM HJIEKTPOHH, KOTOPHIE HAYT
Ha ofpasoBanme 3aMrHyTOH o6omouxm moma Cl-. CBOGORHEIX dilek-
TPOHOB 37eCh He 0CTAeTCH, M IOJYIATCA UPAKTHICCKH HE3aBHCHUMELE
wous Cu* u Cl-. CoegmueHns TakOTo THIA KPHCTAJLIH3YIOTCS B BUJE
ORHOH W3 CTPYKTYD, mOKa3aHHHX HA dur. 76. CBA3h Temeps He mMeeT
KOBaJeHTHOTO xapakrtepa. OHa 06ycioBIeHa B OCHOBHOM B3IIeKTDO-
CTATAICCKAM HPUTAKeHHeM HOHOB, DHEPIHI0 KOTOPOro MOMKHO GHIIO
6L paccImTATH ¢ TOMOMBIO METOJOB, M3I0KeHHHX B § 3 ri. 2. Terpa-
d(pUYECKOe pacHmosIokKeHne OAmKaNMuX coceneil afecs ys;xe He oba3a-
reabHO. HaoGopor, rmasroe — pasMecTHTh Kak MOKHO GOJbBLIC OJIO-
AATOTBHHX HOHOB OKOJO oOTpumarexrbHoro um Haobopor. Honnwue
kpucmasant umeor crpykrypst tama NaCl m CsCl.

BosHuxaer TOHKMA BONPOC: EMEET JH CMHICI TOBOPHTH O «30HHOMN
CTPYKTYPe» OPUMEHHTEIbHO K BAJCGHTHHM 5JI€KTDOHAM B TAKHX KpPH-
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cramnax? BoxHoBse QyHRIUA BAJEHTHHX DIEKTPOHOB CHJIBHO JIOKa-
JN30BaHHE BONM3HM COOTBETCTBYIOIIAX WOHOB M HE XapaKTePH3YIOTCH,
momo6HO OIOXOBCKHM (YHKIHAM, TAKAMH CBOHCTBAMH, KOTODHIC
OTBETCTBEHHHI 32 TOABHIKHOCTL CBOGONHEX «IHPOK» (cp. § 6 ri. 6).
Hlnpuia 3aupemenHoi 30HH OEIa 66, 0CIEBAIHO, YEM-TO BPOJ€ BTOPOTO
WOTEHNNANIA MOHM3ANAA ATOMa MeTayila. JIeKTPOIE ¢ dHepruei Bo3-
GysmneHnsA, NpeBHINAIed IMAPHHY 3anpermenHoil 30msl, Gwam 6w,
KOHEYHO, ropasno 0ojbile MOXO0KM HA MOABH;KHEE HOCHTEIN TOKA
B 06HTHON 30HE IPOBOJMMOCTH.

IlpakTuaecKkH He CYMECTBYOT DPE3KOM TPAHMIE MEXAY MOHHBIMH
¥ KOBaJeHTHHIMEH KpucrTasnamu. B coepumenmax III w V mim Il n
VI rpynn seerma ecth HeKoTOpas modd moHHOM cBasm. C Apyroi cro-
POHBL, [ajke MOHHLIE KPHCTAIIH MOTYT MPOABIATH HEKOTODEHe HOJNY-
IPOBOAHMKOBEE CBOKCTBA.

Bee crasanHOe eme He WCYEPIBBAET KIACCHPUKANMUIO TBEPABIX
Ten. CymecrByOT MoAEKYAADHBIE EDUCMAAAL, B KOTOPHX CTPOHTENb-
Hele GI0KU MPeACTaBIAT cob0i cTafHabHEe HeHTPaTbHBIe MOJCKYILI,
BpoOje, Hanpumep, moaeryast CH,. 9t Groku cBA3aHH APYT ¢ APYTOM
cunama npursskenns Bam-mep-Baannca. Jlamee, ecth ocolnlii Kiace
BEMEeCTB ¢ 6000 POOHOTE 623610, B ROTOPHIX CHJIEI MERLY TPYHIIaM# MOJIe-
Kyl BO3HHKAlOT 3a cueT oGoOmecrsienua nporona. CpoiicTBa TakmX
KPHCTAAIOB 0OBYHO OOPENeIAIOTCa XNMATECKAME XaPaKTePHCTHKAMHA
OTHeABHEIX MONeryX. Vcriawouasa ocobsil caydail KIacCUIeCKW IIPO-
CTHIX KPHCTAJIOB W3 HMHEPTHHX 2J6MeHTOB, BEIMEecTBA C BaHJep-
BAQALCOBRIMA M BOJOPOAHEIMHA CBA3SAMH MMEIT OGRYHO BeChbMa CJO3K-
HYI0O CTPYKTYPY; PACCMOTPEHHME WX BBIXOAUT 33 PAMKH 5T0H KHHUTH.

§ 3. Omeprusa cpasm

Onna u3 MEeHTPAINBLHEX 3ajlad TEOPHM TBEPABIX Tel COCTOUT B TOM,
uTOOM 1OKA3aTh, MOYEMY TBEpHAbBIE Tena saBisioTcsa TBepAemu. Hrage
roBOpsA, HAJO IMOKAa3aTh, 94TO BCS Kyda, HAaOpPHMep, aTOMOB HATpHA,
NOMEmCHHEX B AMUK, Oyaer KOHZEHCHPOBATHCH, 00pasyd KPHCTAILI
MEeI0YHOro MeTalAa., Jdra 3agada B IeOM CAHMIIKOM IPEeTeHNHO3HA,
HO MOJKHO H3y9aTh HEKOTODHIE ACHEKRTH DHEOPTeTHKH KPHCTAIJIOB.
B wactHOCTH, MOKHO TONKITATBCA BHYUCTHTH DHEPTHIO CBA3H KPH-
CTaJLIa, OTCIMTHBAEMYIO 0T HEKOTOPOTO YPOBHS CHCTEME M30JIMPOBaH-~
HBIX aTOMOB. Pe3yibLTaT MOYKHO CPaBHATE AH0O ¢ ONBITOM, 1u00 G BHEp-
roefl ApyruxX BHMBIOUICHHHX TBEPAKIX Tel, COCTOAIMUX W3 TeX IKe
aToOMOB, HO C APYTOl MOCTOAHHONA PENIeTKA WIH ¢ JPYroil CTPYKTYpPOH.

Hanpamep, B crabocrn cun Bam-mep-Baanbsca momuo ybexmrhes,
3aMedas, CKOMb MajJa SHEePTHSA CBA3W MOJTERYISAPHBIX KPHCTALIOB —
mopsipra 0,1 96 Ha OOHY MONEKYNY; DHEPTHA CBA3W KPHCTAJIIOB C BOJO-
POfHO# CBA3KI0 (THOWIHHA mpuMep WX — mef) OGHYHO HEeCKOIBKO
Gonpue, nampumep 0,5 ¢ Ha Moneryny. Ofa sty THIA TBepALIX TEd
FMeIOT HU3KYI TeMIepaTypy miapilenus. Meramim — ropasgo Gomee
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«THINYHLIE TBEDP/BIe TeJNa»; 9HePIufd CBA3W HMX JemwuT Meskay 1 u 5 ag
na atom. VMoHnEe 1 KOBAJIGHTHEE KPUCTAJIIB CBA3aHH 09€Hb CHIIBHO:
X 5HeprusA cBasy mopagka 10 se Ha aToM.

Ocnopubie cooGpaskenns, MCXOAA U3 KOTOPHX MOJKHO NONBITATHCH
BHYHCIUTH DHEPTHIO CBS3M, ACHH M3 IIPE/IecTByoIquX rias., Hamnpu-
Mep, B clAydae MOHHEIX KDHCTAJIOB BEYUCIAT LOCTOSHHYI Mage-
ayHra (2.27) pisa gaHHO CTPYKTYPH U T€M CAMBIM ONPEIeNAI0T BRIAL
DIEKTPOCTATHYECKNX CHJ B DHEPTHI0 CBASH.

JT0T BKIAL MMeeT BHI

— LN (4.1)

OueBugHO, 9TH CHIH CTPEMATCH YMEHBIIUTH MOCTOAHHYIO PEIIETKH
a u Cxarh Kpmerami. M DpOTHROZEHCTBYIOT CHAB OTTANKMBAHWUA
Me;KIy aTOMHBIMH OCTATKAMM, ONACHBAEMBIe IOTEHIMAIOM BHMA

$(R)=Bexp (—L); (4.2)

3gecb R — paccrosunme MeXIY ABYMS HOHAMH.

Herpyano cioxuTh 5TH BHPayKEHHS M BHYWCAWTHL MOIHYIO dHEp-
THIO TBEPAOrOo Teja Kak (QYHKINuI mapamerpa «. PesynsTaT MOoMiHO
CPaBHATH € DKCOEPUMEHTAJBHEIMU NAHHHIMH [IA NOJIHOH DHEPrum
CBASM W C/KEMAaeMoCTH TBepiaux Ted. K comkanenwio, mapamerpst B
M 0 IS MAHHOU Iapsl MOHOB HeNb3A PacCINTaTh M3 HEPBHIX NPUHIU-
IIOB €O CKOJIBKO-HMOYOb YHOBIETBODUTENBHOH TownocThio. Camoe
Golbllee, 9TO MOMKHO CHEIaTh, — BTO UOJYIHTHb HaGOp SMIMPUIECKRAX
3HaveHwi, Gojiee WIM MeHee COTNACYOMUXCA ¢ HaGMIOTeHHAMH 08
pAfla Pa3IMYHEIX KPACTANIOB, B KOTOPHE M3YYAEMEIE MOHBI BXOMAT
BO BCEX BOBMOKHHIX KomOunanumsax. Tawo# denomemosoruuecknii nom-
X0l MOJKHO paccMaTpmBaTh KaK cmocod OIpeieleHuss XapaKTepUCTH-
YeCKHUX WOHHBZ paduycos pAma DIEMEHTOB.

T'opasgo 6osee Tpyamy®o 3aauy OpPeJICTABAAET BHYUCIEHNE DHEP-
TUW CBA3W KOBAJEHTHHX KPHCTAJLT0B. B mpunmume 3Ty SHEPTHUIO
MOKHO OBI0 6B HaliTH, PACCYUTAB 3aKOH JHUCIEPCHH BIEKTPOHOB
W OOpefieldB BRIAJ OT DHEPIHW KAKIOTO 3IEKTPOHHOTO COCTOAHMUS,
IlpaxTudeckm, ommakro, gerde A0Ka3aTh, 9T0 IOJTHAS DHEPIHA KpH-
cTaNTIa AOBOJABHO OIM3Ka K CyMMe SHePruil oTHeIbHHX KOBAJIeHTHHX
cBA3ed U 9TO CHeKTp Koaebanmil pelleTKH MOKHO HaliTH, paccMarpu-
Bag cuxnbl, HeoOXxommmele Mig msrmba w (Mam) PaCTAKEHWA CBs3EH.
Coraacue ¢ onmToM B caydYae anMasa NOJNyIaeTcA OTIMIHEIM. Takum
06pasoM, paszofpaBmmECh B BHEPTeTHKE KOBAJIEHTHOH CBASH, MEL ViKe
3HAYNTENHHO MPOABUHYINCEH BIeper Ha HYyTH K BHIUCICHWIO DHEPIHH
CBA3N TOJYIIPOBOMHAKOB.

JHeDrus CBsASH KOBaJeHTHHIX TBEPHHX TeJl BaBUCHT HOUTH WCKIIO-
9ATEABHO OT CTENEeNH HACHIIEHHA KOBAJEHTHHX cBsased. Ilosromy
CTPYKTYPa TAKWX TBEPAWX Ted He 00A3aTedbHo NoJkHa OHThL €Tporo
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ynopsijgodennoit. YacTto Kamplii JaHHBLT aTOM MOJKeT HMeTh IPaBUIb-
HOe WHCIO CoCefeil, o6pasyomux IOYTH NMPaBUABHYIO reoMerpuue-
CKYJ0 KOHQUI'YDAIlHIO, & BCA CTPYKTYPA B IQMOM MOMKeT GHITH upu
9TOM JIHIIeHR [ajbHero mopanka. Hampumep, o6nrgmoe KBapuesoe
¢mekA0 IpeficTaBiisger co6oi COBOKYIHOCTL aTOMOB, B ROTOPOY Kar eI
aTOM KDOMHHA JIe;KUT B IEHTPE TeTpasapa, MOCTPOEHHOI0 Ha aToMax
KHCIOPOAA, & KaJKALN aTOM KUCAOPONA JIEKUT MOYTH TOYHO Ha JIUHWH,
COeNMHAOMER aToMbl Kpemuusa (¢ur. 77). Xora rtaras CTPYKTyDa
ABHO YCTOUYMBA KaK ¢ XHMHYECKOH, TaK W ¢ AUHAMHYCCKOR TOuek
3peHHs, HEACHO, KaK ONHCATh ee 9HEPIMIO CBA3H Ha A3bLKe 30HHOM
TEOPHH.

®ur. 77. PasnudEEle CTPYKTYPH H3 KOBAJNEHTHO CBS3AHHKX ATOMOB.

a — KPACTAJN; 6 — CTEeKJIO.
3nech m306pakeH ABYMEpPHHIN aHajor Si0,.

IHepeus ceasu memaaaos mMeer ropasgo Golee CIOKHYIO IIPHPONY.
Kax obrrano, Moo yrBepswmarTs, uro, yramas 3MEKTPOH W3 JAHHOTO
aToMa M Jiefas ero CBOGOAHEIM, MH yBeIWYHBAEM HEOIPeeleHHOCTH
ero xoopaumuatel. COrTacHO COOTHONMEHHIO HeoupemgeneHHocreit I'eii-
3eH0epra, HEOTPEeTeHHOCTh WMITYIbCA DIEKTPOHA IPH 9TOM YMEHB-
maercs. GoOTBETCTBEHHO HOHWKAETCH CPENHAA KUHETHIECKAH BHED-
THA BJIGKTPOHOB, W, TaKAM 006pa3oM, CHCTEMa CBABHBAETCA B €AHOE
nexoe. Tem ne Menee pacders HOTHON PHEPTUA CBABH OTHOCATCS K UHC-
Jy TPyAHeHdmmx Bo Beeft Teopum Meramnos. CymecTByer MHOTo pas-
HBIX CIOCOGOB Da3meNuTH 3Ty 3afjadyy HAa YACTH C TEM, UTOOH y4ecTh
CTOKHBIG MHOTOYACTHYHEIe dPQeKTH Twma, Hampumep, KOppeIAqAH
u ofmeHa B d;exTpomHOM rase (cM. § 8 rir. 5).

B man6onee mpocroM BapmaHTe MEI PACCMOTPHM ABA OCHOBHEIX
BRI/, NeACTBYOIMHUX B NPOTHBOIOJLOKHEX Hampaslennax. Korma
ATOMHI CONMKAIOTCA M MX BOJHOBHE QYHKIMH MePeKPHBANTCH, Kaik-
HBIA 9EKTPOH TOJYIaeT BOBMOKHOCTD II€PeMelaThCa B Golee mMpo-
KO#l 06macTm mpocTpaHCTBa, T OH B CpemHeM mMeeT Goiee HHU3KYIO
HOTeHIUATBHYI0 dHEePrHo. C IPYTOolf CTOPOHEI, IPH CRATHH ITEKTPOH-
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HOTO rasa Bospacraer sHeprus Qepmm, a ¢ Hell U cpefHAA KHHETHIE-
CKasg 9HEePTHsA HIEKTPOHOB. MeTaliay oTBedaer Takas IJIOTHOCTH, MPH
KOTOPOH COOTBETCTBYIOIME CHJIH yDPaBHOBEIIUBAIOTCH.

Jua wirocrpanum 5TAX PacCy:KIeHui HauHeM co ¢cBOGOJHEIX aTo-
MOB MEZ0YHOTO MeTaljia, HaupuMep HarpuA. HasrAEE aToM COTED:KHUT
ONEH BalEHTHHII JIEKTPOH, CBA3AHHHIA (C HAaUMEHBIIeH bdHeprmeit
&,) B mome aToMHOro IOTEeHIMaNa U, (r). BHe aToMHOTro ocTOBA 3TOT
OOTEHIuANl uMeeT KyJOoHOBCKHA Bmy —e%/r. I[loTeHmmam Kpumeramia
¥ (r), meficTByoIMuil Ha SICKTPOH IMPOBOJXMMOCTH B TBEPOM MeTajlie,
ONMCHIBAETCA, 0YEBHAHO, ropasyio Goiee ciaosxHoil QyHKIHER, Hexenn

A S

®nur. 78. Mogens Burmepa — 3e#iTma AJMA pacueTa DHEPrUE CBA3H.?
a — OXHOATOMHBIA rag; 6 — MeTasul,

mpocTas CyNepImo3dmus KyJIOHOBCKAX IOTeHNuanoB. [leficTBHTeNBHO,
B moTeHnuad 7~ (r) MOJKHBL [aBATh BKIAM B BCE «OCTAIBHEIE) DIIEKTPO-
HH mpoBoguMocTH. llpepmono:xum, ofHaKo, B KavecTse rpy6oro
OpubIMKeHns, UTO BEH(EICHHEIH BIEKTPOH 3a CYeT AEHCTBUA CHI
BIEKTPOCTATHYECKOT0 OTTAIKUBAHKA BPEGMEHHO BHITOHAET BCE OCTAJIB-
HHle BaJeHTHEE 9JJIEKTPOHH u3 TOH sAdeiixu DBurmepa — 3eiitna
(§ 5 rm. 3), B KoTOpOil OH caM HaxopmurcA. B To ke Bpemsa BO Bcex
OCTANBHHX AYefiKax KPHCTAAIA €CTh BIEKTPOHH, KOTOPHE AeNAIoT
3TH SYEAKH CTPOTO DIGKTPOHeHTpadbHbeIMu. Jpyrmmu croBamu,
3QPeKTH MePeKPHTHA ATOMHHX HOTEHIHAIOB, KOPPEIARHA IEKTPO-
HOB ¥ T. A. VUMTHBalTCA Bh6OpOM moTenmmaia 7~ (r): MH moidydaem
er0 paBHHIM VU, (r) Ipl r << ry B Kasoil seiike (dur. 78).

OuesmaHo, uTo Ha (QarTUUECKO# TpaHHOe aTOMHOH cdepsl Takas
anmpokcaManua Oyjer mioxoil. M Bce ke cpegHsas moTeHIUATbHAA
SHEePTuA SIeKTPOHOB B KPUCTAJJIe OKayKeTCA CYNIECTRENHO MOHMKeH-
goit. ToBopa togumee, mpmMeHeHue Meroxa Burmepa — JefiTna moxa-
3LBaeT, UYTO AHO 30HH mposommMmocti & (0) AOJKHO JeskaTh HEMHOTO
HIKe 9Heprum Gaphepa Me Iy aToMaMd, T. €. Ha HEKOTOPOM YPOBHe
HEKe suepruu — e2/r,. Taxum 00pasoM, yMEHBIIAS I's, MBI BEIATPELI-
BAaeM B HOTEHNUANBHOH 9HEPTHH.

Hna caydas cBoGOJHOrO TEKTPOHHOTO raza pacier BKIaja, IpH-
BOIAMeEro K OTTATKMBAHMIO, TPUBHAJEH. B camom feme, u3 QOpPMyI
§ 1 1. 3 JerKo ycMOTpeTh, 9TO RA0MHOCMb COCMOAHUL (IMCIO0 03BO-
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JIGHHHIX COCTOAHMIA HA e{UHUIHH HHTEPBAT SHEDPIHHA) 1aeTCHA BEIPaKe-
HEEeM

A" (€r)=

vof w

n
%—F ] (4'3)
TAie n — KOHI@HTPAIMA YIEKTPOHOB, a & — aneprua Depmu. Orcona
BLITGKAET, 9TO

N (8) ~ &2, (4.4)
u, CIe[0BaTeNbH0, CPeIHAA dHEPIUA Ha OOUH 3IeKTPOH Gymer
% 3
gkin'—:? 81«“- (4'5)

JdTa BenMIMHA, OYEBHHO, IPONOPIMOHANbHA 1/r2.
CxiapmpiBas Hafiflennbie BHINe JBa BKJIAAA B HOIHYIO SHEPTHUI0, KaK
mOKa3ano Ha ¢ur. 79, Mpl 0GHAPY/RAM MEHEMYM LDpH HEKOTOPOM 3Ha-

&
Kunemuuecsas
onepeusi = Y5 &y
Pasrosecrerit o6sem
IOPRUA &,
Jnepeus: { \ —_—
oAU 5

TlomenyuansHa s
onepeun =8&(0)

@ur. 79. Buagu B 9HOPTHIO CBASH MeTAaIOB KAK QYHKIHE Me;RaTOMHOrO pac-
CTOAHTA.

TeHMH Fs. JTO BHAUEHWE I's M HYKHO CUMTATH ATOMHBIM paguycoM B
DEAILHOM  MeTalle; OHO JOKHO JlaTh HaM DasyMHYI0 OIEHKY
HOJNHOH SHEPrAM CcBASH. Pe3ympTaThl, HmoIydaeMmbie TaKmM rpy6emM
IyTeM, RAI0T IO KpaiiHedl Mepe MPaBUIBHBINA HOPANOK BEIWTAHB. DTO
TOKA3EIBACT, YT0 06U X0/ HANIMX PACCY/eHAN B NPHHIANeE Hpa-
BUJIEH.

HNurepecro 3amernTh, 9T0 BO BCEX MENOMHEIX METALIax 9HePTUs
CBA3M oweHb Gumska K */;€;. M3 5T0TO SMOApPHIECKOTO dakrTa u us
paBencTBa (4.5) ME 3akm0gaeM, 9To ypoBens OepM: B MeraiIe opu-
6ImsuTENBHO COBHAAET ¢ BHEpPrmed TOTO YPOBHA HM30JAHPOBAHHOTO
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aToMa, M3 KOTOPOTO IPENIOJNIORUTEIEHO BOBHHKIA 30HA IPOBOIHMO-
cri. VIMeHHO 5TOTO M CIE0BAIO0 OKUIATh Ha oCHOBauuu Merofa JIKAO
u opmya tuma (3.30) AaA 30HHI, 3aMOIHEHHON HANOIOBHHY. Taxum
06pPasoM MOKHO OBLTIO OBl HPEIOHATE I APYToe 00bsACHEHNe DHEeP I
CBA3H METAJJOB, CBA3aB €ro CO CIOCOOHOCTLIO 3NEKTPOHOB Mepexo-
uTh B 6GI0XOBCKHE COCTOSIHUS HapaMH, TpAIeM B KaKAOW 1ape CHUHb
DIEKTPOHOB AHTHLAPALIEABHB APYr Apyry. lipm rakom mepexoze
BNERTPOHBl He «ITPadyloTcay yBEIMIEHHEM HMX DIEKTPOCTATHICCKOIH
DHEepPTUK, YTO HPOMBOILIO OB B CIydYae OTJAEIBHEIX aTOMHBIX opbur.

Xapakrep CHI CBS3H BAMAET HA YOpyrume W IIACTHICCKHEe CBOI-
cTBa TBepAHX Tel. IOBaXeHTHB® KPHCTANIB OBIBAIT IHECTKHAMH
M XPYIOKAMH, TaK KaK HAaIpaBJIeHHbI XapaKkTep CBA3€H IPENATCTBYET
COBUTOBOMY [BMKEHHIO, & TaKyKe MelllaeT IepeMeleHHio OJHOTO
aToMa BCJe] 33 APYTHM, Kak 9TO MMEeT MECTO IPH JBUKEHWH JACIO-
Kanuu B pemreTke. VIOHHSsIe KPHCTAWIB Topasmo Gonee HIaCTHIHHL,
eCIM OHM COBEPIIEHHO uHCTHE (OGbIYHBIE KPHCTANIH MOTYT OBITH
M XPYIKUMH M3-32 HAIWYAs BHEAPCHHHX B HUX JederToB). JIeKTpo-
¢TaTMyecKde CHJIH — HeHalpaBieHHble, W HOTOMY MOHBI MOTYT
mepeMemaThCA C MECTA HA MECTO B TO Mepe, B KaKkoil 9TOMY He MeIlaoT
uX pazmeps. Meraqibl OKasHBaloTCA iamboinee MIACTHIHBEIMUI B HHX
BO3MOJKHO CBOGOIHOEe mepememenme aucaokanuii. [lemo B Tom, 9ro
depMEeBCKas BHEPIHA BIEKTPOHHOTO, Ia3d YMEHBINAETCH, eCITH HOHH
nepscatcsa maibie Apyr or apyra. CooTBETCTBEHHO BHEPIUA CBA3H
3aBHCHT B OCHOBHOM OT ILIOTHOCTH YUIAKOBKH, M CICTeM& JIeTKO HpH-
cmocaGamBaercad K JOKAILHLIM OTKIOHEHUAM OT CTPOTOH PeryispHo-
CTH PeIieTKH.

§ 4. Moneah #eCTKAX 30H U IIOTHOCTb COCTOAHMIA

[loueMy MHOTHE METAJIH CYMECTBYIOT B Da3JMIHBIX (A30BHIX
COCTOAHUAX ¢ PasULIMH KPHCTALINIECKMMH CTPYKTYypaMu K C H3Me-
HEHHEeM TeMIepaTyphl MCIBITHBAIOT Iepexof M3 oAHOW ¢asel B APY-
ryio? DHeprus, CBA3aHHasd ¢ TEINIOBEIM Bo3by:imenmeM Kpucrasia,
nepennka — mopagka 0,1 s¢ Ha aroMm. Pasumma B sHeprusx pasiwd-
HEIX CTPYKTYp /joiukHa OvTh Mana. [leficTBurensno, B HAmIeM
rpy6oM TOAX0/e, UBJIOMKEHHOM BEHIIe M OCHOBAHHOM HA (OpMYJIaXx,
HOJY4eHHHX II0 MerogaM Burmepa — JefiTna ®m CHIBHOH CBA3H,
HEBO3MOJKHO YCTAHOBHTH Pasjimume MeAy (aszaMH ¢ PasHHIMH KpH-
CTANIINIECKUMA CTPYKTypPaMd, HO C ONHHAKOBEIMH ILIOTHOCTAMH.
NHTepecHo OTMETUTH, UTO NP HIABIEHHU MIOTHOCTH METAIOB CyIme-
CTBEHHO He MeHAeTCA; pPAaCcCMOTPEHHEIH BHIIE MOAXO0J, HACTOIBKO
HETYBCTBATEICH K CTPYKTYDPHBIM CBOHCTBAM, WTO O B PaBHOL Mepe
OPEMEHEM K JKHJKOMY MeTally, KOTOPHIH MOKHO paccMaTPUBATh
KpaifHe YOPOIMEHHO KaK CIydYaiiHbii KOMTIakTHHI Habop cgepmde-
CKUX WOIOB, YAGP/KMBAEGMHX BMECTE (KIeeM» CBOOOTHBIX DIEKTPOHOB.
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CymecTByer, ofHAKO, (H3WIECKOE SABIEHHE, KOTOPOE LO3BOJIHAET
IPOILLIIOCTPUPOBATh TPHUHIUN, ONPeREAHOIUN CTPYKTYPHYI0 dHep-
rmio TBepAHX Ted. Paccmorpum ciemyromyo tabamiy:

O6BeMHOEHTPUDO- TI'eKcaronajgrHan
CrpyrTypa BaHHAA KyOMueckas «y-TNaTyHL? MJIOTHAS YIAKOBKA
AgZn AgrZng Ag/ng
Crapst CugAl CupAl, —
Cll5SIl CU318I18 CU3SII
DIEeKTPOHE 3 2 7
_— —=1,5 —=1,615 —=1,75
ATtoM 2 ’ 13 ’ 4 ’

B raskmom cronlile TpHUBefeH PAL CILIABOB C OJMHAKOBOM CTPYKTYpOi
OCHOBHOIT PeIIeTKH, HPHIeM KAKIHHA CIJIAaB CYMECTBYET B BHUIE CTa-
6uabHOR yeroitumBoi dasst Golee MIK MeHee ONPETETEHHOTO COCTABA.
Yro e obmero me:ray aumu? B HIDKHeH ¢TpoKe yKAa3aHO OTHOIIEHME
9HCAA BAJEGHTHHX 9J6KTPOHOB K 9YMCJHY aTOMOB B PeIleTHe, IOCTOSH-
moe musa Kampgoro crombma. Taw, B CugAl, mMeercs 9 piaeRTpoHOB OT
aromos Cu m mo 3 oJeKTpoOHa OT KasKmoro m3 4 aromos Al, uro co-
craBaser scero 21 smextpoH Ha 13 atoMmoB,

JTOT HpHMep WLICTpupyer npasuto IOm-Posepu, dacro rTpak-
TyeMmoe Ha OCHOBe MOMEJH HecmKUZ 30K B TEOPHH CILIaBOB. B mocaen-
Hell moJaraercs, 4To BCE BAJIEHTHEIE DJEKTPOHHI COCTABIAIOINUX dile-
MeHTOB 0000mecTBAAITCA, HONANasd B eUHY0 30HY MOYTH CBOGOMHBIX
2JEKTPOHOB — MPHEMEPHO TARYIO jKe, KaK B OOHIIHOM THCTOM MeTalle
(cM. § 3 ra. 3). Tar, Hampumep, B THIOTETHIECKOM CILIaBe COCTABA
CugSng oxrasanocs Gu mo 1,645 snexrpona Ha aToM.

Iomycrum rtemepb, 4TO CTPYKTypa 30HH DBpummriosna manHOTO
CIJIaBa 3aBHCHT OT CHMMETPHH OCHOBHOHM KPHCTAIIHIECKOH pemerTkn
u caabo 3aBHCHT OT HPHPOAH ATOMOB, 33HHMAIOIUX Y3Jbl PENIeTKH.
Torga oRas3bIBAGTCH, YTO AIsi CTPYKTYPH Y-JTATYHH 9Ta 30HA [OJHKHA
GHITH TAKKX Pa3MepoB W TAKO# POPMEL, 970 OHa OyJer Kak pas KacaTh-
ca cdepr, oTBevalomeil cBobogHKM snexTpoHam. llpm srom pammyc
moclegHe TAKOB, 9TO OHA BKIIogaeT mo 1,615 siexrpoHa Ha arom.
IMosromy B momo6HSIX BemecTBaX HOBEpXHOCTE DepMu, NO-BATHUMOMY,
RAcaercs TPAHMIE 30HE Ha JOBONLHO 3HAIATEIHLHOW ee dacTH, HO,
BEPOATHO, HE IPOHMKAET CKBO3b Hee B ciemyomyio 3omy (dur. 80).
IMockoabKY BHEPTHA COCTOSHUN, HAXONANAXCA BHYTPH 30HB BOIH3H
€e TPaHMIH, MeHbIIe YHEPTUH CBOOOTHEIX IEKTPOHOB C TeM jKe BOJHO-
BEHIM BEKTOPOM, BO3HUKHOBeHEE MOLOOHOH METanImv1ecKoNl CTPYKTYPH
CBA3AHO C BRIMTPHIIEM B aHeprun csisn, Jlanaoe o0bacCHeHNE KPUCTAT-
JAWYECKOH CTPYKTYpPH MHOTHMX YHCTHX METANJI0B ¥ pPa3nudHHX ¢$as
CIOKHEIX CINIABOB OYEHh WMBAMHO M HEPEIKO PACIeHHBAGTCA KAK
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OfHO W3 TPHYMPAIbHEX [OCTHKEHUH dIE€KTPOHHOA Teopu: MeTallIoB.
K cosxanenmio, HIMEIOTCH OUIpefeIeHHbe BO3PaKeHHAsI TIPOTHB HCIOIb-
30BAHMS MOJEeN: IIOYTH CBOGONHEIX BHIEKTPOHOB NPHMEHHTENBHO
K TakuM meramiaaM, kak Cu, Ag u Au, A7A KOTOPHIX HOBEPXHOCTH
Mepmu (yne B YMCTOM MeTallie) KAcaeTCs TPAHMIBI 30HHL (CM. §4
ra. 9). Teopermueckoe 060CHOBaHME CaMO MOLENT JKECTKIX 30H TAKHIE
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®ur. 80. ¢ — moBepxHOCTh,DepME KacaeTca TPAHALE 30HK; § — JHEpIWA LOHMA-
JKAETCA TO CPABHEHHIO CO CITyIaeM CBOGONHHIX BIEKTPOHOB; ¢ — ypoBeHh (depmu
[pOXOIAT BOAM3N MAKCHMyMa ILIOTHOCTE COCTOAHHHE.

DOfBEpPTaeTcs MeKoTOpoMy comuenmio (cM. § 3 To1. 5), HeCMOTPA Ha
yGeuTebIEe CBAETeNHCTBA B MONB3Y HANMIHA «dHPErTOB IPAHAIL
30HH» B Pa3IMYHBIX JACTHHIX CIyJasX.

B cymuoCTH, MBI yTBED/KIAeM CIeTylomee: OCyIMecTBIAeTCA TaKkasd
CTPYKTYpa, npu Kotopoit yponens QDepmu mpoxoanT BOIH3M Bepxmei
TpaHmI TOit o6macTH SHeprmil, e BENHWKA NAOMHOCTL COCTROAHUL.
Mocenuas ynrmua yxe Gruia ppefena pasee [cm. (4.3)] mna rasa
cBoBOHBIX BIeRTPoHOB. UT06H BHEHCIATL ./ (§) AIA pearpHOTO
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MeTajlIa, HYKHO OIPeeNnTh BeTuInHy 00beMa, 3aKIA0YEHHOTO MY
COCe[HMMIA M309HEPTETHICCKIMH HOBEPXHOCTAMA B 30He BpHIIOsHA.
JdTo 3ajjata B TOYHOCTH TOTO jKe THNA, YTO W PACYET CIEKTPAIBHOMN
IIOTHOCTH [AA KodeGaumil pemiersu B § 5 ra. 2.

Tar sxe kax m Tam [em. Popmynn (2.66) —(2.69)], moxmo Hammcarn

mwpﬁﬁﬁsds (4.6)

Ivk|.

Mu BBesTH 3/1€CH BEKTOP PAa3MEPHOCTH CKOPOCTH
1
Vie= 3 Vi& (k), (4.7)

T. e. TpaguenT sueprun B k-mpocrpamcrse. B dopmyae (4.6) abeo-
JIOTHAA BeIHIMHA HTOTO BEKTODA MHTErPHPYETCs IO M303HepreTHde-
CKO#l NOBEPXHOCTH, COOTEETCTBYIOIIeH sHeprum &.

Tar kax ¢ynxmus & (k), nogo6uo vq, HempepsiBHA B obpariom
NpOCTPAHCTBe M IepHOJUYHA C HepuoxoM obpaTHoil pelmeTRH, TO
reopema Ban Xosa B upumenennn k meil ocraerca B cume. [leficTer-
TeAbHO, MOCKONBKY (yHrnma & (k) o6srano He umeer KPaTHOTO KOPHA
B IeHTpe 30HH [061acTh aKycTHYeCKUX BeTBeil B caywae vql, To cpenn
cunryinsprocreit € (k) MOMIKHLI BCTpeYaTHCA KPUTHYECKHE TOUKI
BCEeX YeThPeX THHOB — MAKCHMYMBI, MHHUMYMBI M CEIJIOBHE TOTKH
OBYX THIOB,

Boo6me roBops, miIoTHOCTL COCTOAHMII B MeTATIax He CIUUIKOM
CUJIBIIO OTIMYAeTCA OT 3HAUEHHH ee JiA CBOBGOJHOTO 51eKTPOHHOTrO
raza, 3a HUCKIIOYEHHEM IePeXONHBIX MeTaioB, IfAe yaKas d-30Ha
(mam sompr) emocoGHa BMemarb mo 10 BIEKTPOHOB Ha ATOM, TaK UTO
IIOTHOCTE COCTOANMMA B d-30He (MIH 30HaX) JOKEA GBITH 3HAYNTEIBHO
BRIITe, TeM B 0OHYHOI s-30me. ToMmy MMenTCs HOATBEP:KICHNS; CymIe-
CTBYIOT TaK e CBHIETEIBCTBA B MOMBL3Y TOTO, 9TO d-3JEKTPOHE JAT0T
BRJIAJ B 9HEPTHI0 CBASM METAIIA, KAK M CIe0Bak0 OKAAATH B TaKoi
MOJ{eJIH.

§ 5. Crarnernka Qepmu A dIeKTPOHOB

Ho cux mop mm mpegmomaramm, arto paccmMaTpuBaeMas cucrema
DJIEKTPOHOB HAaXOQUTCA IPH HydeBoil temmeparype. B coorpercrsum
¢ mpuununom [aynu ME canTaNm, YT0 YPOBIM 3aIOJHENB L0CTeI0BA-
TEIBHO, HAYMHAsA ¢ CAMOTO HUHEro, BIIOTH K0 yposiss Depmu, KoTo-
poMy orsedaer sHeprua €. V3 cTatHCTUYECKON MeXaHWKR H3BECTHO,
HT0 BAEKTPOHB NofauHAloTeA crarncTuke Mepmir— Tupaka u Bepost-
HOCTH 3alOTHEHUA YPOBHA ¢ sueprueit & onpeyenserca dopmysoi

1

f° (&)= oA (4.8)
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3neck § — yposenv Pepmir, T. e. XUMHYCCKHI HTOTEHIHAJ, WIH CBO-
GonHast pHEPIHUA B pacueTe Ha OJUH JJIEKTPOH; B YCIOBUAX TEPMOIMHA-
MIT9eCKOTO PaBHOBECHA OH HOJKeH OBITH MOCTOSHEH BCIOAY B oGpasie.

Ityers B untepmanme suepruum dé umeerca (&) dE cocrogumil.
Tornma, ecin n ecTh HONHAS KOHI[EHTPAUA 9JI6KTPOHOB (IMCIO DIIEH-
TPOHOB B efimHUIle 06beMa RPUCTAIIA), TO MOJMKHO OBITH BBINOJHEHO
yCaoBue

o

nss (&) 4 (&) dE. (4.9)

0

Pasencrsa (4.8) u (4.9) ompepensior yposenb Mepmu {, a TeM caMbiM
M BCe pacupereienne.

Ilpn abcomioTHOM HYyJe CHTyalMsi TPUBHAIBHA: HETPYAHO 3aMe-
T™ATh, 410 GyuKnuaA f° (&) paBHa egmuuie, Korma &€ << §, u o6pamaercsa

B Byab upn & > {. Taxum oGpasom,
4 €r
n=| 0 @ds={ s as. (4.10)
o

0

9TO €CTh IPOCTO MATEMATHIECKAA 3aTIICh onpeiesenns ypousa MDepmu:
{=8&p upu T = 0. (4.11)

Yrober ompegenurs ypoBens Depmu [ rax ¢ymkmuio Temmepa-
Typst I', Hy:KHO B OIPUHI[AIE 3HATH BCIO INIOTHOCTD COCTOANM f” (&).
OpHako B MeTalIax pacupeneneHne CUIbHO 6upoxcdeno, 1. . kT K Er.
B sroM crysae MOKHO BOCIONB30BATHCA CHETYIOMHM MATEMATHIE-
CKAM IIPHEMOM.

HyCTB HaZgo BHIYACIUTHE MHTErpaJl BHIA

oo

1= ¢@r@as, (4.12)

0

rne g () — meroropas ¢Qynkums ouepruu. Ilpommrerpupyem mo
9aCTAM:

I=16E&) € — | 6(8) S5 db; (4.13)
0

3/ech

¢#&) = g8 de. (4.14)

o!_’-;as
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Tlepsnit wien B (4.13) o6pamaerca B HyJh OPH IOJACTAHOBKe 06omX
npejenos [mu MoyKeM camETaTh, 310 g (0) = 0, HIpEEAB 3a HaYANO OTCUE-
Ta DHEPTHH [OCTATOYHO HA3KOE ee 3HaueHme].

Ocranmpitca HHTErPaJ Jerde BHYHCINTH, TAaK Kak (QYHKIHEA
(0f°/08) mmeer cuMMeTpUYHK nAK opm 5Hepruu § = { — oHa Bemer

]
Lt —arYse
A
/A
AR
oty
/ :,’ t
roo
II |: \
! II: \\
/l i: ‘\
! i t
] I \
i I \
/ q \
II i \
H ' \
t |T=D \
if 1
i [ \
/ it \
/ b \
/ o
/ . ih fg(g) \
J it \
7/ 1 \
/ it AN
e q \\\

@omr. 81. Oyarnua Qepmu — Jimpaxa u ee npomssogsas upm T' = 0 m OpH Ko
He4HOA TeMIlepaType.

cebsa morobuo §-pysrmmm ¢ naxom mupusoit kT (pur. 81). Pasnosxum
¢vakuuo G (€) B pan Teimopa orono sTo#l TOTKHE:

CE=6D+E—-DC Q) ++5(E -6 (D) +... (415
¥ HOJICTABMM 9TO pasioskerue B sBmpaskenme (4.13). Ilomyamm
I=G(;)§J (—%%’) d84-G' (¢ Q =0 (—L)dg+... . (4.16)

0
3aMegas, 4T0

i (—9%) d&=1 O =1 () =1, (4.17)
BHEJMM, 9TO B MePBOM NPUGIMKEHAN HCKOMEIM MHTErpaja paBeH
4
I~G(@)= g g(8)d&. (4.18)
9

910 TO 3mavenume, ROTOPoe Mul monyamiam Onl upm I' = (.
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O6muit wien paga B mpaBoii wactu pasenctBa (4.16) mpomopmumoHanen
HHTErpaxy

Famcir | 6= (—25) a5 -

0

__ (k)
T nl

(‘6—5)1* exp {(§—0)/kT} d(‘s-—;)
¥ ) [exp{((E—0mTT 12 % \TFT

g ©—38

— (kT)n zn dz . 2Cn (kT)n hifu g n YeTHEIX,
= s E+na +e—z)_{ } (4.19)

- 00

0 pgua 7 mevermnx,

31ech KOdPQUIMEHTSH ¢, JerKO BEMHCIAIOTCA KAK CYMMEI CXOTAMAX-

£

—

&

Qur. 82. Ipu Beicokmx TeMmmeparypax ¢ymrmma (Depmm — Jlmpaka mepexopur
B KJIacCHYeCKYI0 (YHKIMIO pacupefienesns BoxabmMana.

CA pAJOB. Hpal{'mqecxn PeARO OPAXONUTCA YIATHIBATEH YIEGHE HaJbIIO
BTOPOTO, IS KOTOPOTO

203 == 2. (4.20)

Tarum 06pasom, Mu TMeeM
%0 d
0 ~ _nf_ 2 [ % (%)
§ 2(8) 1°(8) d& ~ § g (8)d8+ % (72 [ L3 Jgtoee o 2
Hanpumep, 41061 BHUBCINT, KaK u3meHsercsa yposers epmn
¢ remneparypoii (¢ur. 82), Bocmoxssyemcs gopmymavna (4.9) m (4.10).
Hony4nm caemyromee ypaBnenne:

%p
j A" (8) d8

0

Oy Oy g

A (E)f° (&) dE =
VA

i

(8) dE 4+ % (kT)? [a-/’gé‘é)]izc-y . (4.22)
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Kax serxo mpopepuTh AuddepeHnupoBanueM No {, OpHOINKEHHOe
pemenne (4.22) mMeer BHJ

L — Do (KT [;% In f(g)]‘g (4.23)

=B

Ormernm, uto { << &p (kpome cayuag T = 0), mo npn kT £ &€p
IompaBKa Hepeamka. ViMeHno Tax 0GCTOMT [0 B MeTAIaX IPH 00b-
HHX TemmepaTtypax. ¥ poseEs Qepmn { monxeH NOHMKATHCA C IOBH-
MeHpeM TeMIIepaTypH, TaK Kak IPH TeMIOepaTypax, HpeBHIIaoIuX
TeMIepaTypy BHPOKIEHAA 3IeKTPOHHOTO Tasa, T. e. mpu kT > &,
dynkmma pacmpepenenns @Depmu — Jlmpaka gomkHa NEPeXOAUTH
B KIacCHICCKYI (YHKIHI0 pacupefelNeHnd

10 (&) ~ e- 6T, (4.24)

Kak Bmpno m3 ¢opmyusl (4.8), 5T0 BO3MOXKHO TOJNBKO Il BHEPTHIA,
npesmmalomux (. YTobH mociefEee yCIOBHE BHEIIOJHANOCH [iA
BCeX 3HaueHHmil »Hepruu B 30He, yposeEb Depmm [ pommen nexaThb
Emxe smeprum & = 0.

§ 6. Crarucruka Hocmreneii 3apsAAa B MOTYHPOBOAHHKE

Ilng DonynpoBONHHKA XapaKkTepHO Hanmume OGojpmoi menm
B mnotHOCTE cocroanmit, @aktmdeckd o0gacTh WHTETPEPOBAHHAA
IO DHePTHH pasfejeHa HA JBe: CHA3Y BBePX BIUIOTH J0 3HAYCHAR
&€, — TMOTONIKA BAJEHTHOW 30WHI M 3aTeM CHOBAa BBepPX OT &, — [HA
30HH mpoBogumMmocTd. Takmm o06pasom, YCIOBHe, SKBHBaleHTHO®
pasencteam (4.9) m (4.10), BHpaskaerca temeps B BuJE

6o %o o
S N (6) d8=S fo(&) A5 (8) dE -+ ﬁ °(8) S (8)dE. (4.25)
0 [1]

c

3mecy ¢ynrnmn (&) m (&) mpepcraBasaor coboil mmorHOCTH
COCTOAHIIA B 30HE TPOBOANMOCTH W BAJEHTHOHX 30HE COOTBETCTBEHHO,
ITocienHee paBeHCTBO MOKHO LEPENNCATDH €INe TaK:

€, o .
(t—r@ys@ =\ re g @20
0 €

c

JT0 He 03HAYAET HMYET0, KPOME TOT'0, 9TO YHCIO 3IEKTPOHOB, BO3-
Oy/RICHIBIX B 80HY TPOBOMMOCTH, PABHO THCIY JHPOK, 0CTABITHXCH
B BAJEHTHOH 30He,

np = N (427)
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WNnaTepecHO HECKONXBKO WHAYE BAMUCATH CTATHCTHYECKHE pacipe-
neleHNs B paBeHCTBe (4.26). Samerum, gTo

1
=P E-O=l-mmm—pm 1=
1
=api—@—onr i/ Entn), (4.28)
rae
&+ L= —(& — 0. (4.29)

JpyramMuz cioBaMu, BePOATHOCTL HANTH AHPKY Ha HEPTeTHIECKOM
yposHe &, maxomamemcd Ha paccrognmm | & — { | Huoace ypoBHA
(DepMa 1A 3I6KTPOHOB, TAKOBA HE, KAK BEPOATHOCTH HAMTH alleK-
TPOH ¢ bHeprmeil, Kotopast Ha | & — { | swuwe yposua @epmu. [Iuprm,
nogobHO sMeKTpOHAM, momumHAOTCA cratmcrure Mepmu — upaxa,
HO WX PHEPrusi KAaK OBl OTCIYATHIBAGTCS ¢ OOPAMHOM HANPAGAEHUU.
Yno6HO OTCUUTHIBATH BCE DIEKTPONHLIE DHEPIHH OT YPOBHA &, W HC-
HDOJB30BATh IIEPEMEHHYI &,, PaBHYI0 & — &.. DHEPIHH Ke [HPOK
Gy/eM OTCUATHBATH OT MOTOJKA BAJGHTHOH 30HH: &, = — (& — &y).
Yporens Qepmu AN 9I@KTPOHOB PACIOIOKEH TP HEKOTOPOH dHEPTHH
é. = —C., ypoenr @epMm pOIA MOEHIPOK COOTBETCTBYOT OHEPIIH
én = —C;. Torma pasenctso (4.20) mpmumMaeT sup

o]

{ @&t s (B0 d =

0

(8ot T) e (8) dEe.  (4.30)

Oty g

Benmunrn §, m {;, pasyMeercs, He He3aBUCHMEI: OHH [OJHHBI
COOTBETCTBOBATH OJHOMY M TOMY e yposHI0 QepMu Beeil cueremsr .
IToCKONBKY OHE OTCYATHIBAIOTCA OT 3HAYEHUI, OTCTOHAIAX APYL OT APY-
ra Ha BeINUHHY &gap, MBI HMeeM ')

Ce"‘gh:’ggap- (431)

Karg Mpr ceiivac moramem, yposens Depmm [ o0ndmE0 memur
B ofmactm ouHepreTMYeckodl meam, Tak 9ro obe BeAWIMHH L, B {p
MOJORUTEIBHE U game Bcero npessimanT kT (fur. 83). B stom cixy-
yae ¢yaxmau QepMm I DIEKTPOHOB M HAHPOK IPAKTHIECKH He
OTIMYA0TCA OT KIAcCHIeCKuXx (QyHKOM pacupefeneHusA B obracTax
9HEeDPIUH, B KOTOPHX IepeMeHHie &, I &) HMOT0KUTEIHHH, HaIpUMep

1 (8. + L) &~ e~ (EetlanT, (4.32)

1) TIo-BmauMoMy, 3Mech yA00Hee ONpeNeNATH BOIHMIHHH [ W {5 TaK, 9T00H
o0e OHA B THOHYHHIX YCIOBUAX OBUIH HOIOKUTEIbHEEIMIA.
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910 06CTOATENLCTBO HMECKONLKO YIPOMAaeT BHYMCIEHHE WHTErpa-
108 B (4.30). Cornacao teopeme Bam Xosa (§ 5 ra. 2), B6nusu nHa
30HE MPOBOAHMOCTH MIOTHOCTH COCTOAHME JOMKHA MMETH BHJ

Mo (8) =55 (ih"_;f)s’ g, (4.33)

JTO ecTh IO CYIMECTBY TO JK€ BhIpaskeHue, 9T0 M I raza cBoOOAHEIX
BIEKTPOHOB, HO ¢ agiermusHoll maccoii m,. OnHaKO B obmeM ciaydae
MOCJeHNN apaMeTp ompeferdaercd Kak

Me = (msmyms)’%; _ (4.34)

BEIMIHBH My, Ny U My HEIOCPEACTBEHHO CBA3AHH ¢ KO3OPHIMeHTaMH
pasiomenma oneprun & (k) BOimsu ee mMmauMyMa B k-mpocrpasctBe,

K2k | R2k} | h2K3
Be= 5 + 5 T g (4.35)

npuYeM CECTeMa KOOP/MHAT CB3aHA C INIABHRIME JOKQJIBHHMHA OCAMH.
IT10 yTBEDKAEHHE TOKa3hBAETCHA TOYHO TaK ke, Kar dgopmyna (2.72).

Yy, %/
‘ D

é’v ggﬂp /
0- 5

@ur. 83. a — alcoyiorHad dHepreTMdecKas cXeMa IOJNYUPOBOAHMKA; 6 — BHEP-
FeTHYOCKHe CXEMH AJISl «IIEKTPOHOB)» W (HHIPOKY.

Hopcrasnsaa supamenna (4.32) m (4.33) B ypasmernme (4.30),
MBI TIOy9aeM :

oo
3
o= | e-CBerton L (200) "2 g g, —
0

= (G2 ) " emtenr o) § e-ratindz =

2n2 \ K2 3
—9 ( ';L’;g ) ~te/RT (4.36)

B mpocTeIX MOEENAX HHEPTeTHUECKUX 30H, B KOTOPHX, B 4aCTHO-
ctu, npenefperaercs cnuE-OpPOHTANBHEIM pacmenienmeMm (cm. § 11
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. 3), IIOTHOCTH COCTOAHANA BOMM3H MOTONKA BATEHTHON 30HH OMICH-
Baercsa Gopmyraoit Toro ke Bupga, 9ro m (4.33), m xapaxTepmayercd
AHATOTHIHKIM IIaDaMeTPOM My, PABMePHOCTHE Macchl. [oaToMy MBL IOXy-
9MM aHANOTHIHYH GOopMYAy AIA MOMHOTO IUCTA IHPOK, BO3GYKIeH-
HHX Opwm TeMmmepatype I'»:

kT \%2 .
=2 (o) e W (4.37)

ITpupapuuBasg BeIWIWHH I, U Ny W UCHOIB3YA paBeHCTBO (4.31),
MOKHO HAMTH KAy M3 HAX IO oTherbHocTH. llepemmoxasn, Hanpn-
Mep, JeBHe B IpaBHe YacTh ypaBHenni (4.36) w (4.37)cooTBercTBenHO,
mOJAyIaeM BeTUINHY

kT

272 )3 (memh)s/i e-Bear'T, (4 38)

nenp =4 (
He 3aBUCAMYI0 OT HojxokeHAs ypouA Depmu, Tak 4TO 3TOT Pe3ydb-
TAT COPABEJIAB B JOBOIBHO OOMIAX HPENIONIOKEHHAX, JUNIEL GH ypo-
Berrs Depmm ocrasancsa BEyTpm sueprermuecKoir mexm. Vapitexras
KBaIpaTHEIH KOPEOHb M3 9TOH BeAMYWHHL, HAXOLHAM

kT

ne=np =2 (Znhz

)" (memy)8 o~ Bgapsznr, (4 39)

Bumpro, 49T0 TeMmeparypHAsS 3aBHCHMOCTh ROHIEHTPAIEH HOCHTeN el
3apsafa AeHCTBUTENBHO OMUCHBAETCS OGOJIBIMAHOBCKHM MHOKHTENEM,
Kak ecam On TtpeGoBanach aHeprus &gap/2 [ AKTHBATAU SIEK-
TPOHA B 30HY IPOBOTUMOCTH,

C momompro ¢opmyn (4.36), (4.37) u (4.39) merko maiiTm Bemm-
9mEH §, 1 §; mo orgenbEocTH. Tak Kax GopMyssl CHMMETPIIHE, Ode-
BEAHO, 9T0 ypoBenb Mepmu { Gyner nesxaTh B CepefuHe sHepreTHYe-
CKOH INeNW, eCid m, = my. Honb cxopo &gap > kT, atm dopmyns
CODPaBENJIHBL JIA COOCMEEHH020 ROAYNPOGOOKUKA, B KOTOPOM BCe
HOCHTENIN 3apAfa CO3HAHB TePMUIECKHM BO30y:Kuenmem.

B mamem m3:TosKeHMH MBI IMIaBHEIM 06pasoM orpaHmImBaeMCa pac-
CMOTDEHHeM THCTHX, NPAaBHIBHHX KPHCTAILIOB, OHAKO HeoOX0ommMo
YOOMAHYTH, 970 B OOJIBNIMHCTEE CBOEM HOJYIPOBOAHAKE HE ABIAIOTCA
COBEPIIEeHHO YnCTHMA. JlefcTBHTEeNbHO, MBI IOYTA BCErM[a MCHOIb3yeM
AL2UPOSAHHBE TOAYIPOBOSHHAKHA, T. €. HOJIYIPOBOJHUKH, K KOTOPHIM
mobapiens mpumecn. THOHIHHLIA CnyTIait — 9T0 OOHOPHAS TIPHMECH,
HampuMep aroM As, BBeJIeHHEI B KA9€CTBE IPHMECH 3aMEI(eHAA B KpH-
cramn Ge (¢ur. 84). Ha ocnosammm coobpakenuii, N3T0KEHHEIX
B § 2 macToAmel IIaBH, 0IEBHAHO, ITO BTO MOMKHO CHenaTh, He HAPY-
mas CTPYKTYpH CBA3€d B pelIeTHe, eciam 9-H 3JIeKTpoH AsS cramer
cBoGofHEIM 1 momajer B 30Hy IPOBOAAMOCTH Kpmetaimia. Takum ofpa-
30M, moxy1aerca obpasen n-muna; MH fo0aBisgeM HEKOTOPOE KoJdmde-
CTBO 9IEKTPOHOB, HO AHPKA B BAJIEHTHON 30HE He HOABIAITCA.
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ECJIH aMeeTcst N TaKUX OOHODHHIZ aAmMoM08 B €INHHUIE 06'beMa
d ’
TO OOJIKHO BHIIOOJHATHCA YCIOBHE

n, — Np = Nd’ (440)

€ IOMOMIBLI0 KOTOPOTO MOKHO BHIYUCIUTD Mgy Ny, Lo B Gp KaK GyHKIAR
remmeparyps 1. B wacrmocTm, ecim Mmarepmal CHIbHO JErHPOBAH
nyTeM BBefeHHA GOJBIIOTO YWCIa JOHOPOB, TO ¢ IMOAABIAIINNM IIepe-
BeCOM B HeM OyAyT HIPHCYTCTBOBATH BIAEKTPOHH. ¥ poBeHb (Depmm
B 9TOM CIydYae NOIMKeH HaXOAuThCA B obmactm sHeprumii, B KOTOpPOH

®ur. 84. a — pomop B Ge; 6 — axnmenrop B Ge.

VPOBHE 33HOJHEHBl STUMH OCHOGHWMU HOCUMeASMU 3apAna, T. e.
B6aman MHA 30HL IPOBOAEMOCTH. lIpm goCTaTOYHO CEIBHOM JIETHPO-
BAHHYM ILIOTHOCTB 9TOTO Fa3a HOCATeNell MOKHO JOBECTH 0 BEJIMIHHK
nopAfKa XapaKTepHOM A MeTaJlIoB, I B STOM CIydae pacupepmeie-
HAe cTaHeT BHPOKICHHHM fajKe IpH OOKYHOA TeMmepaType.

CymecTBYIOT IPAMECH, KOTOpPHE BeyT ce0s oGpaTHEIM oGpasoM.
Ecar Brectz B Ge (rake B KaZecTBe HIpPEMecH 3aMeIIEHHA) aTOM
In, ofaagaromuil T0JAbKO 3 BIEKTPOHAME HA ATOM, TO CBA3M OK&KYTCA
HACHITENHHMHA He MOJHOCTH W B BAIEHTHOH 30HE OGCTAHETCA JBIPKA.
Bregenme raxoit mpumecu npuBoguT K oGpasoBanmio o6pasma p-muna,
o ectu N, ecTh KOHNEHTDAOWAA aKYenmopHoi NPAMECH, TO HMeeT
MeCTO DPABEHCTBO

ng —np = —N,. (4.41)

B o6meM caydYae B KPACTALIE MOTYT IPACYTCTBOBATh KaK JOHODHI,
TaK I aKIENTOPH, TaK YTO B KOMREHcUposakHom oOpasie

g — 1y = Ng — No. (4.42)

Ogmako 5TH NPHMECHEE ATOMH MPABOIAT W K MOSBIEHHUIO JOKAIBHBIX
ypoBHell B 3ampemennoit 30He (cM. § 4 1. 6), @ COOTBETCTBEHHO B CIIy-
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Hae HU3KUX TemMOeparyp, Korja Ha 3THX ypOBHHX MOeT HaXoJuThCA
3HAIATENbHAA 9aCTh H30HTOIHRIX HOCI/ITGJIGE CTHTHCTI/I‘IGCRaH Teopusa
CTaHOBHTCA AOBOJBHO CIIOKHOM,

§ 7. DIeKTpPOHHASA TEIIOEMKOCTD

INeKTPOHH B METANIAX [OJKHE BHOCATL HEKOTOPHIH BRIaJ B HOJ-
HYI0 TemI0eMKOCTh. UToOH HAfTH €ro, BHUMCIMM CPEIHIN DHEPrHI
piaeKTpoHOB. Bocmomsayemcs dopmymoi (4.21), mpemgmomaras, gro
cHuCTeMa IeKTPOHOB CHIBHO BHIPOK/EHA:|

%=S &1 (&) A" (8) dE =
& 2
= § 8N (8) A+ 5 (TR s (8N (&)} ] gt (443)

ITpoguddepermupyeM 5TOT Pe3yabTaT MO TEeMOEpaType, YIHTHBAA
[ep. (4.22)), uro yposens Depmum { TaxKe 3aBHCHT OT TeMIIEPATYpHL:

Ca=F=tht) St rr[ 4@+t 258 yory=

=2 ag , n2 KT 8 4°(8) —
=5 BTN Er)+ N0 | 7+ WG ']«6=c'_

—nk X g S EB) (4.44)
3 n
dgech MCmONB30BaHO paBeHCTBO (4.22) m chmaraemele mopsagxa T2
¥ BHIIE OIYIIEHHI,
Jro odeHp BaxKHEE pesynrbrar. CpasEmM Bupamenme (4.44)
C TeMIIOEMKOCTHI0 KIACCAIECKOT0 rasa acTun, ckaskeMm >/ ,nk. B kpan-
TOBOM CIyd4ae pPesyabTaT HaMHOTO MeHbmme. s CBoﬁonHHx BILEKTDPO-
HOB ILNIOTHOCTH COCTOAHRH (4.3) mpm smeprum, pasuoii smeprmm Dep-
Mu, cocrasuser 3/,i/€ z, Tak 410
Ca _ 7% KT (4.45)
Celass 3 €r
Jiia 00m +HKIX METANJIOB OpH OGEYHBIX TEMIEPAaTypPax 5T0 OTHOLISHHE
cocrapnsaer npmmepio 1/100. Orcioma sAcHO, HMoYeMy TemIOeMKOCTb
Meralja HOBOJBHO TOYHO OHHCHBAETCA PEMEeTOTHOH COCTABISIONIeH
(cm. § 4 ru. 2) u mouemy saxon Iiogonra u IlTl conpaBefjiEB IpH BHCO-
KHX TeMIeparypax.
OrmernM Taxme, 410 Temiaoemrocrh (o auueiima no 7. Ilpm
OYeHbh HHU3KHMX TeMOeparypax 5ToT IMHEHHHH WieH, KOTOPHH OOBTHO
3a0UCHBAIOT B BHE

Ca 7, (4 46)
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MOJKHO OTHEIUTE OT PelIeTOTHOro WieHa, KOTOPHEA CTPEeMUTCA K HYIII0
6eicTpee — kak 7I'3. Vsmepenme y naeT HEMOCPEACTBEHHYI0 HH(OP-
Manmio o BenwdnHe f° (F) — INIOTHOCTM COCTOAHHN Ha YPOBHE
Qepmn. Haopumep, AAs DepPeXomHBIX METANIOB HabMI0JaloTCH BEICO-
Kie 3HAYeHUs Y B COOTBETCTBUU CO CKA3AHHEIM B § 4 HACTOAMIEN rIaBHL.

Ilpomexoxpenne JNHHERHOTO XO07a TOILNIOGMKOCTH IPH HHAZKAX
TeMOepaTypax MOKHO TOHATE ciaemylomuM obpasom. PaccMorpum
pacupenenenue Pepmu (pur. 85). Bausnme Temmeparype CBOUTCA
K BOo30ympaeHMI0 HEGOMBIIOTO WYMCIa BJAEKTPOHOB Ha (0Jie¢ BHCOKHE

(&)

7 »

/ :
] ¢

@ur, 85. TepumdecKoe BO30YMK[IeHHe 3IEeKTDPOHOB B MeTajlile.

yposEH. Ho aror apdexrr mommer GHiTh 3aMETHHIM TOXBKO B oGracTh
sHepruit mopaxaka k7 BOamsu &p. MBI MOmeM CKasaTh, 9TO KayIbii
5IeKTPOH M3 00Inero ynciaa, opmmepHo pasuoro k7.4 (€r), npuobpe-
Taer sHepruio mopanka k7. Takmm 06pazoM, MOTHHA BHUTPHOI YHEP-
TUA COCTABIAET OPUAOIH3HUTEIHHO

08 ~ I2T2 4" (€p). (4.4T)
I9T0 COOTBETCTBYET TEIIOEMKOCTH
Coy= %GTE ~ 22T (&) (4.48)

C TOYHOCTBIO [0 YHCIEHHOTO MHOKHTENS 5Ta ONMEHKA COBIAAeT
¢ mpe;RHEM peayiabratoM (4.44).

Hame paccy:xpgennme B CYITHOCTM CBOAMTCA K TOMY, 4TO 3JEKTPO-
HBI, pacOolo)KeHHKe B Tuybmue pacupepesierms @Depmu, modrtm
«He YYBCTBYIOT» BIHMAHWA TeMOeparypH. VX cocrosiHme oumpegensercs
npurnuonoM [laymau, xoropeid Tpebyer, 9T00H DIGKTPOHH 3aMOIHANE
BCe YPOBHH, HO He I03BOJsSET UM BTOPTATHCA APYT K APYry Ha ypo-
Benb. He ymmBmreapto mosroMy, 9r0 STEKTPOHH, PACIONOKEHHLIE
B riy0OKHX BHYTPeHHMX 000J09KAX HMOHHBIX OCTOBOB, HE CIENyeT
OPHHEMATE BO BHEMAHWE LUDPHU BHYKMCICOHHM TEIIOEMKOCTH TBEPIOTO
Tela, MO KpaliHe#l Mepe fo TexX LOp, ITOKA TeMueparypa He CraHer
CTONL BEIHKA, 9TO OHM CMOTYT BO3OYMIATHCH TEPMHISCKHM ITYTEM.
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§ 1. dopmynnpoBka ¢ HOMOIBI0 TEOPHH BO3MYINCHMI

Teopus ameKTPoEHO# CTPYKTYPH B TOM BHJE, B KaKOM OHa ObIIa
M3JI0KeHa B Ti. 3, OCHOBAHA HA 00H034CKMPOKHOT MOOeAU: RayKABIH
BJIEKTPOH PaCCMATPHBAETCA KaK He3aBHCHMAsg JacTHIA, ABIKYIIAACH
B IIOJIe 33JaHHOTO MOTeHIHANa, B dPPeRTaMI B3aNMOLOHCTBEA MEKIY
BIEKTPOHAMA HPOBOJUMOCTE MH mpeHebperaem. MseectHo, OmHaKO,
9TO B3aHMOJECTBHE BOBCO HE MaJI0; OffHA er0 YacTh, MalbHOLEHCTBYI0-
mast, o0yCIOBIMBACT KYALOHOECKUE CUABL MEKAY B3apsAIaMH, a IPYTYIo
9acTh COCTABAAIOT TaK HA3HIBAEMEe 0O0MEHHble CUAbl, CBA3AHHLIO
C aHTHCHEMMETpPHeH BOJHOBHX (YHKIHI,

Ha mepsmit Barasag MoskHO Obuio O mogymaTh, uTo dQdexrTs
BBAMMOMEHCTBHA MOKHO YI€CTh C IIOMOINBI0 CaMOCOTIACOBAHHOM
uponenypst Xaprpn mwizm Xaprpn — Doxra, KoTopas npuBOIAT B €COOT-
BETCTBH® AaTOMHEIE TOTEHIMANH C PACIHpeNeleHneM 3apAga BaJlenTHEX
BIEKTPOHOB (TaK K€ KaK, KOHETHO, H 3ICKTPOHOB 3aT0IHEHHHX 06010-
9eK MOHHLIX 0¢TOBOB). OZHAKO BHIIOJHHUTH 3Ty IIPOrPaMMy MOCTeg0Ba-
TEJIBHEIM 00pa3oM OTHIOAb He JIerKO, U HPHXOAATCA mpmberats K Tem
uiu wHKM annpoxcmManmaM. Tax, ciegys Burmepy m 3eittmy (cwm.
§ 3 ro. 4), mHOrma mpexmONAraT, YTO JIEKTPOH, HAXOTAMMIC
B [aHHOUM sAYeliKe, TYBCTBYeT TOJBKO MOTEHIHAN, 00yCAOBIEHHHIH
3apsUKEeHHBEIM HMOHOM OJHOHW 9ToM AYeliKW; BCe OCTaJbHHEE SA9eiiKn
CYHTAIOTCH 3JJTEKTPHIECKH HeATPaJIbHBIMHE.

IToaromy B mociemume romnl Golibline YCHIHA OHLIM 3aTPAaueHH
Ha MCCIEI0BAHUE 3a0auu MHO2UX Mmes — 3aJa9H O rase AEKTPOHOB,
B3aMMOMIEHCTBYIOIUX APYT ¢ APYTroM 1o 3akony Kymora. B Bacrosmee
BpeMs OCHOBHbIE 2PeKTH, 00yCIOBICHHEIE B3aMMOJEHCTBHEM, XOPO-
wWo TOHATH. DBOnsmas 9acTs COOTBETCTBYWOMER TEOpPHE MBIOKeHa
BeCbMa CJIOKHBIM (ODPMAJIBHBIM SBHIKOM, OJHAKO TJIABHLIE DPe3yilb-
TATH YAMBUTEIBHO OPOCTH, W WX MOKHO TMOJIYIATH ¢ IOMONIBIO DJie-
MEHTAPHHX co00paskeHnmid.

PaccmorpnM moBefenme rasa CBoGOJHLIX DIEKTPOHOB IOJ Aeifct-
BHEM HEKOTOPOTO HECTAHOHAPHOTO BOAMYmeHHA. IlycTh Ha 3iIek-
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TPOH, HAXOQAMAKECA B MOMEGHT BPeMeHN { B TOUKe r, feliCTByeT HOTeH-
nuan

U (x, t) = Ueta-reinteat, (5.1)

Tarkum o6paszoM, MH HaXiaJbiBaeM Ha CWCTEMY BO3MYIIEHHE C 4acTo-
TOX ® H BONHOBEIM BEKTODPOM (, MeIJIEHHO BO3PacTalomee ¢ IOCTOSH-
HOH BpeMeHH O.

Ileficteyas  ma cocrosaEme ¢ BoxHOBOM ¢QyHkmueir |k) =
= exp i {kr -+ & (k) ¢/2}, Bo3Mymenue HmoaMemuUBaeT K HeMy ApY-
THE COCTOSAHNA, TAK YTO BOAHOBAA QYHKIUA NPUHAMAET BHJ

Py (v, ) = | K) + bi4q (£) [K+ q)- (5 2)
I{oatquunemm byq () MOYKHO DHMHECIHUTEH B IEPBOM nopmme TEOPHH
BO3MYIIEHMIA:
Brere (8) = (k-+q|d% |k _ Y el0let
k+q % (k)—6 (k+q +ho—ie 6 (k) —8 (k--q) ko —ika

(©3)

9T0T pesyabTaT BHITEKAET HENOCPEACTBEHHO H3 HeCTAaIlHOHAPHOTO
ypapueaua lpexmurepa AId ¢YHKOHH Y, B KOTOPOM K HEBOSMYMIEH-
HOMY TaMEJAbTOHHAHY — OHePaTopy KHHETHYeCKo# bHeprmm ¢ cober-
pepHnME 3HaueEmamn & (k) — moGamiena Beamumea (5.1), mpepmo-
maraeMas Mayoi.

IlocmoTpuM Teneps, KaK MEHAETCA INIOTHOCTD 3apA/ia B pesyabTare
TAKOTO W3MEHEeHNA JICKTPOHHKX BONHOBHX ¢ymrmmii. Bynem upep-
I0JaraTh, 9TO0 9JNEKTPOHH JBIKYTCA B CB0oeoOpasHOM «KeIey» —
B OJHOPONHON Cpejie moJoKETEIsHOTO 3apapa. Torma

p (r, t)-eg{lxpk(r, typ—1) =
=e % [{e—ikr b q () e~ i+ D 7} {eikor

+biq (f) EEHD T} — 1] &
~ e 3 (Bura () 077 b () -107). (5.4)

3n1ech ONyImEeH wWieH mopsapaka | b |2, W cyMMEpoBamme IDOBOIHTCH
00 BCeM BANOJHEHHHM 3T€KTPOEHBIM COCTOSHHAM.

Ilockoapky BenmumHa 0p, IO OOPENENeHNIO, BeIHeCTBeEHa, BUJHO,
aro Boama (5.1) cosmaer BOBMYymEHHWA JBYX THIOB B PacmpefelleHnH
3apsAfa; OJHO PACHPOCTPAHIETCS BMECTE C BOJHOH, &8 APYroe CABUEYTO
no ¢ase Ha 180° oTHocmTEnNBHO Hee. 3aMeTEM Temeph, UTO SBEpPIusA
BOBMYIIEHHA MOJKHA OHTH BeIIeCTBEHHA, T. €. K BoxHe (5.1) Hamo
no6aBUTh KOMOJIEKCHO CONPSKEHHOE BHPaKeHHe

SU* (r, t) = Ue~ia-re—ioteat, (5.5)
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Torpa oxassiBaercd, 970 H3MeHEHAE IIOTHOCTH 3aPA/A CIeIyeT 3a mMoJ-
HBIM BO3MyMeHNeM, 6e3 nobaBiennsa Karux-ImG0 JHNTHAX Qyphe-KoM-
DOHEHT, T. e.

K +
E@—E k0T ho—iha

-6p=e >
k

V/4 . .
T EW—6 k—9—roF o } efvreiotent 4 Ko, conp.  (5.6)

Uro6s HeCKOIBKO 0GOGIUTL 5TOT pesyibrar, BBeJeM (YHKIHMIO
f° (k) — BepOATHOCTH TOTO, YTO B HEBO3MYMIEHHOM METAJIe COCTOSHHE
¢ BOJHOBOH ¢QyHKImmeit lk) 33MIOMTHEHO; TO MOMKeT OblTh, Hampmmep,
¢ynarnusa Qepmun — Jupaxa (4.8). 3amensas nepemeHHyI0 CyMMHpPOBa-
mra k Bo Bropom wunere (5.6) ra k + q, MBI Mo3KkeM mepenmcaTh cyMMy
B CIEIYIOIIEM BHIE:

0 (k) — f0 (k . .
v e%‘? {‘6 (k)f—fé)(qu()j;zg)_ma} ¢'1-Tetote! L Kouna. comp., (5.7)

npuieM CYMMHPOBAHMe BeNETCS Temeph Mo BCeM coctosmEmAM | k),
KaK (BamONTHEHHHIMY, TAK M «HE3aIOJHeHHEIM.

910 pacIpefeNeHne 3apsAa CO3MaeT MOTEHNUAILHOE IOJe, AefcT-
ByloHmiee Ha BJIEKTPOHH HOCPEJCTBOM KYJIOHOBCKMX cHia. IlasoBeM
ero 8@ (r, t); cormacuo ypasHenmio Ilyaccona, ME mmeem

V2 (6D) = —4nedp. (5.8)

Mosxro cumrars, 9ro 8@ MeHserca B mpocTpaHCTBe M BO BpeMeHH
TakK jKe, Kak u 8p, T. e.

0D (r, t) = Deia-Teloted® L Koyma, comp. (5.9)

Komburupysa ypasmenus (5.7)—(5.9), moxydaem

— PO = —linel S, g =LA (5.10)
k

—& (k49 +hio—iha *

810

4me? fo k)_-fO (kL q)
{ Z € (k) — € (k+ q) + 7o — ke } U. (5.11)

TaxoBa moTeHImmaNbHAsA DHEPrHs, CBA3AHHAA C TepepacIpeene-
HHeM 3apAfa, 06yCIOBIEHAKM AeiCTBYeM HCXOMHOro moTeEnmana 8%.
Ho cam aror mopmni motemmuan 8@ raxme HYMKHO paccMaTpuBaTh
Kak BO3MyHIeHMe, BIMSIOIEe HA pacopefeieHne dJIeKTPOHOB. UTo6k
pacder OHIT €aMOCOINIACOBAHHKIM, HaYajbHOe Bo3Mymenme 0% yuse
mosxHO copep:xars 6. Wnnvna cioBamm,

U, t) =87 (x, t) + 6D (r, 1), (5.12)
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rge 677 (r, t) ecTb HCTHHHHN BHEIDHWN HOTEHIWAN, AedcTByHmMmi
Ha CHCTEMY.
Bosemem 67" B BHze

8T = 7 eta-reiote | Kowmu, comp. (5.13)
Torma paBsencrsa (5.12) m (5.11) maror

4me? 1 1o (k) — 0 (k+q)
U= 7 { € (k)—€ (k+q)+ho—ika } u, (5.14)

nin
‘W
_ 45
u e(g, o) ’ (6-19)
rme
4ne2 fo (k) —f0 (k+q)
e(a, o) =1+ 5~ Z E (ko) —% (&) —ho o (5.16)

(mns ymoGcTBa MBI M3MEHWIM 3HAK 3HAMEHATONA B CyMMe).

Wnsimme crosamu, sPdexTHBHLIAE wmwoTeHmman 9, peicTByomumi
Ha JJCKTPOHH, eCTh He IIPOCTO UPHWIOKeHHHN moTeHmman 7°, a ara
BeIHYHHA, [eJIeHHad Ha Jussexkmpuueckylo nporuyaemocmdv € (q, o),
KOTOpasA B38BHCHT OT JIMHHE BOJHE M OT 9AaCTOTH HPWIOKEHHOI'O
BOSMYIEHHA. JTOT PE3yAbTAT IOJNYIEH BHINE A eUHHIHON Pypbe-
KOMIOHEHTH, HO, IIOCKOJIbKY Ha PAa3iMIHHX cTaguax [cM., mampumep,
(5.2) u (5.4)] Ms numeapmzoBanW ypaBHEenHUA, 3PPEKTH, TPOHCXOA-
mye oT Pa3JImIHHX Qyphe-KOMOOHEHT, MOKHO UPOCTO IIPOCYMMHPO-
BaTh. TakuMm o6pasoM, ecnim upefcrasuts 87" B Buje muterpana Oypobe

87" (r, t) = S S 7 (q, ®) e'1-7eio! dq dw, (5.17)
To sddekTuRHEI mOTeHOUAN, AeHCTByOINl Ha BIEKTPOHH, 6CThH
8L (x, £) = S S %eiq"eimdq do. (5.18)

Buipawenue (5.16) msBectHO Kar ¢opmyaa Juudzapda. B cie-
Rywomem maparpade aToi raaBel Gyger HOKa3aHO, 9T0 OHA CONEPKAT
B 3apojbime oObACHeHHe PANA HHTEPECHHX (H3HYECKUX ABJICHHH.

§ 2. OkpaHHpOBaHME CTATHYECKOTO IO

PacemoTpmm  feficTBHe  CTATHYECKOTO BO3BMYIIEHHS, NONOKUE
o = 0. Wccnenyem cmavama Bux ¢yarumm € (q, 0) mpm 3HaveHHAX

BOJIHOBOr0o BexTopa q B6mmam q = 0. B srom cxyzae B popmyne (5.16)
MOKHO TNPUOTH;KEHHO B3ATH

€k + q — &k =~ q-vi8 (k) (5.19)
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u, mockoubkRy ¢ymrmma f°(k) saBucur Tonsko or sHeprmm & (k),
20— 1 (k+q) ~ — - Vi (k). (5.20)

Cymmuposanne B (5.16) MosxHO Temeps 3aMeHNTH MHTETPAPOBAHEEM
(6yneM mOMEHTB, 9TO Temepb CyMMa B NPHHIHAIE pPaCIpPOCTPAHAETCA

7
7
r
7/

-

Y

X

Y

X

X 7
| u— 7
X 7

%

@ur. 86. [lelicTBme BO3MyIIeHHS Ha pacupepmeaenue (depmwm,

Ha BCe COCTOSHHA, 3aIOJHEHHHEe W ImycThie). B pesyabrare momydaem

4:rce2 {q-V, 6 (k)} afO‘
e(q, 0) > 1+~ S 14,8 ®)] (—3g) &=

=112 [ (T r@ag=11+2, o)
raue

22 =d4ne " (8x). (5:22)

3nech memons3oBaH TOT PaKT, 9TO0 mpomsBojmHas (— 4f°/0&) sasucmr
TONBKO OT 9HEPTHH U, coriacHo gopmyaram (4.13) —(4.18), mpepcra-
BIger coGoll mpaxtaieckm T09HO O-QyHKIHI0 OT & — &p.

Bmpgno, ato € — oo mpu ¢ — 0. B coorBercrBmu ¢ tbopmynon (5.15)
aT0 o3Hauaer, uto Y — 0 mpu ¢ — O u Purcmposamuom 7°. Wnnmn
CIOBAMHE, 6HEWHEe NOAE ¢ GOALUUMU DAUHAMU 60AH NOYMU NOAHOCTILIO
9KPAHUDYEMCS € Pe3yabiname NepepacnpedeseHus AeKmpoHos.

Tor e pesyabrar MOKHO HOAYIATEH W ¢ HOMOMBI0 Gojiee IPOCTHX
coobpasgennil B npubauncernuu Tomaca — Pepmu. llycrs moTenmuad
BO3MYIIEHAA B HEX0TOpOit Toure r ecth §%. Torga pynrmus pacmpese-
JeHHA 3IEKTPOHOB MOJHUMETCH Ha 3Ty Beamguny (¢umr. 86) mo cpas-
HEHHIO CO CBOUM 3BadeHHmeM B Toi touxe, rme 6% = 0. Ho arto ozma-
gaer, 9ro yposenb Vepmm { wsMenmrcd, eciad SIEKTPOHE HE CTAHYT
VXOIATH B3 aToi ob6macTi. DaKTAIECKE MMEHHO 9T0 W NOJMKHO IPOH30M-
i, 160 BeAMIMAA {, 6yyIN XAMAYECKAM MOTEHIAATIOM, JIOJKHA GHITH
BCIOKY IOCTOAHHOMN B oOBeme.
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Ecim sneprus 89/ meBenmxa, T0 MOMKHO CIHMTATH, UTO C0H TAKOM
TOIMIMHH CPe3aeTcA ¢ BePXa PacCUpeNeNeHnsA, T. e. JOKAJIbHAA KOH-
IeHTPanuA 3JEeRTPOHOB H3MEHAETCH HA BEIHYHHY

on (r) = — A" (&F) 6U (x). (5.23)

Ho msmenenme KOHOEHTPAmu® COOTBETCTBYET M3MEHEHHMIO JOKAIIE-
HOHl ITOTHOCTH 3apAfa, KOTOpPOe B CBOK OUepefh BHBHBAET H3MeHe-
Ene moresnuana 0@ (r). Ilocnegnas BenrmumEa HOMKHA YHOBIETBO-
pATH ypasHenmio Ilyaccona

VA(8B) = — dne?n (r) = 4ne®. 4" (82) 1L (r) = 26U (5.24)

9T0 eCcTh B CYMHOCTH OKBHUBAIEHT paBenctBa (5.11)— Hamo amms
npomsBecTH 3fech mpeobpasosamme Dypse. Bmecto cymmnr mo k
yie cromt BermynEa Jf (€r), m M cHOBa mpmAeM K dopmyie (5.21).

OrmernM, 910 ANA Kaaccuueckozo 2asa, HANpUMED IS HOCHTETOH
sapAfa B IOXYOpoBoAmEKe, dopmyry (5.23) Hamo 3aMeHHTH, Kak
MO}KHO I0Ka3aTh, COOTHOIIEHWEM

811.(r) & e =S (IAT — g — 20 5. - (5.25)

3nech n, — CpefHAA JOKANbHAA KOHNEHTPALUsA HOCHTeNed. D10
caepyer, manpuMep, a3 ypasHennsa (4.32). Mu BHOBE, monydaem gop-
myny Buga (5.24), "o Temeps
4meln

2__ 0

A= T (5.26)
Haornoers cocrosmmit A CBOGOAHOTO SIEKTPOHHOTO Ta3a MOKHO
3amMUCATh B BHJE

S B =57 (5.27)

rne T'p ecrb, mo oupenenenuio, memnepamypa Depuu (r. e. Erlk).
Taxum o6pasom, kBanTOBas gopmyna (5.22) mus napamempa sKpanu-
posanus A DKBEBANEHTHA KIACCHIECKOR gopmyae Jebas — Xiorreasn
(5.26) B TpENMONOKEHMM, YTO BNEKTPOHH HMEIOT OIEHD BEICOKYIO
a0 peKTHRHEYI0 TeMIepaTypy, IPAMEPHO paruyo T'p. Tor e pesyiun-
TaT (5.26) MOKHO HONYIHTH W HemoCcpeqCTBeHHO, €CIAU IPH BHBOIE
BupaskeHns (9.21) B3aTh B Kauectse f° Qymrmmio pacupejgexenns
Bouapnmana.

§ 3. IxpaHEpoBaHHBIC ATOMEI NPHMeECH M HeATPAIBHEIE CEBOATOMBI

Tanmaup# caydait BosMymieHHA B TBEPAOM Tejle NPeHCTABISIET
Co60il 2IEKTPOCTATHUECKOE L0Ie BOKPYT 3apsKeHHOM opuMecw. 3ame-
HOM, HanpuMep, OJWH WOH B METAJJIMYECKOH pelleTKe Megm HOHOM
nuuxa (cm. dur. 87). Torxa B TouKe, I/ie panbime 6BLT TOXABKO eAMHIT-
HBI 3apsapm, moaBUTCA 3apax +2 | e |. 310 MomkHO paccMaTpuBaTh,
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Kak ecIm Osl Ha HefiTpanpHOM (ome 6mu momemex 3apapx + |e |
3apmaua COCTOMT B HCCAEMOBAHNN €r0 BAMAHAA Ha a3 cBOOONHEIX BIIeK-
TPOHOB.

IlpoBecTn COOTBETCTBYIOMMUE pacuer IPOME BCEro, IPEeAUONOKUB,
gro morenmuanst 0% m 60 B ypapuenwm (5.24) OZEHAKOBH Be3je,
KpOMe CaMOTo IEeHTPa IPEMecH. Y PaBHEHHIO

VE (5U) = A (8%) (5.28)
YaoBJIeTBODAET pemeHne BANLA
89 = £ g-tr, (5.29)

r

priOpanHoe TakmM oGpasoM, 9T00B OHO Bemo cebsa mojob6HO mOTEH-
OEaly TOYEUHOTo 3apAfa BOim3m Tourm r = (. JTOT pe3ynbTAT THIN-

®ur, 87. JIByXBanemTHAA OpUMeCh B OJHOBAJEHTHOM MeTajyie (a) BaMEHsercH
TOYEYHHM B3apAJOM B HENPePHBHON OfHOpPOAHOH cpeme (6).

qeH — MH TOIVIWIN 9KPAHUPOSAHHBIL KYJAOHCECKULL Nomeryuan,
DKCIIOHEHIWAIBHO CHAJAIOINuH UPH YHAAJeHHH OT IeHTPa ¢ paduycom
sxpanuposarus 1/A. B coorsercrenu ¢ Hammm 06IMEM TPAHIATOM dKPa-
HEPOBAHHS HIEKTPOHLL HE ¢3aMeYaloT» IPAMecH, HaXofIsCh Ha PacCTos-
HOW HECKOJBKHX TaRUMX Pajuycos oT Hee, B meraniae sroT pagmyc
HOPAAKA MEXKATOMHOTO PACCTOAHHSA, B NMOJYHOPOBOAHHKE OH HAMHOTO
Gonrie.

IToryumm Temeph 5TOT Pe3yIbTar ¢ HOMOIMBI0 HalEHHOTO paHee
BHPAKeHHA [ IWANeKTPHIECKON mpormnaeMoctr. «Buemmeey momxe
67" (r) ecTb UMCTO KYJTOHOBCKHU IOTEHIIMAl

87 ()= (5.30)

Xopomo m3BecTen ypre-06pas dToit QYHKIUE, BHIACIEHHBI B COOT-
percteum ¢ (5.17) B TpexmepHOM SNWKe eIMEMIHOTO o0Bema:

7 (q) =", (5.31)

g2
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Ormernm, 9ro ¢pyurmud (5.31) mmeer curryiaaprocrs npu g = 0, 910
COOTBETCTBYET 6ECKOHEUHOI «06aacTn [efcTBUA» KYIOHOBCKOrO MOTEH-
muana,

@opmyas (5.19) u (5.21) maoT HAg SKPAHMPOBAHHOrO MOTEEIMATA
BHIPa;KEHHE

4re? 4rie?
L= (1+42/¢?) — M+ (5-32)
J70 ecTh He 9TO WHOE, KaK ¢ypbe-o6pas (5.18) yxe msBecrHoro mam
morernuana (5.29). Ocobennocts B € (q, 0) mpm q — 0 corpamaercs
¢ ocobenrocTeo B 7°(q), 9T0 OPUBOJMT K HCYSSHOBEHHIO AaJTLHOMEH-
CTBYIOIIel "acTH I'oJ0T0 KYJIOHOBCKOro moreHmuana (95.30).

ITOT MOAXOXK MOKHO MCHOJIB30BATH TAKIKE A ONHCAHASA BIHAHUA
MeKDIeKTPOHHOTO B3aWMOJ(ECTBUA Ha pPAaCIpefeleHne NOTEeHIHAIa
B gucroM Merarne. B mpuHmmme MarTpmuHbie 37IeMEHTHl CaMOCOTIACO-
BaHHOTO DKPAaHHPOBAHHOTO MOTEHIAANA U, (r), KoTopue moTpebGoBa-
Juch OBl HaM DU pacdere 30HHOW CTPYKTYPH B ONpHOIMKEHAE IOYTH
cBOOOJHHX 5IeKTPOHOB (cM. § 3 Hacrosmeidl riaBH), MOKHO BEYUC-
JIMTH, PAa3feIHB COOTBETCTBYIINA® (yphe-KOMIOHEHTH NOTEHIHALa
roaoro wona, 7’y (r), Ha AHAIEKTPHEYECKYI0 IMPOBHIAEMOCTh [Kak 3To
r 6ruto cenano B gopmyde (5.18)].

H1s pealbHEIX IIyOOKAX NOTEHIWAJIBHEIX SM HOHHHX OCTOBOB
ara mporenypa 6sura O0sr Hempasomounoii. Ilompo6yeMm, ommakxo, Boc-
MONB30BATECA METONOM ICEBIOHOTEHIHANA, COMOCTABHB KarKIOMY
roJIOMy HMOHY MOJENBHHI ICeBROIOTeHOUAN Wy (1), oupemeleHHEIH
coraacuo § 9 ra. 3. Ilpm ycaouu, 9T0 HOTEHOHEANE HOHHLEIX OCTOBOB
He IepeKpHBAIOTCA, HOJIHHH «HOTeHMHUAN» [0 BBEIEHHA DKPaBHpOBa-

HUA MOJKHO 3anCaTh B B¢ CyHepOO3uNuN MOHHLIX MCeBAONOTEeRIINa~
JIOB:

Ty ()= 2wy (r—Ro). (5.33)

Cornacao ¢opmynam (2.86) m (5.18), dypHE-KOMIIOHEHTH COOTBET-
CTBYIOINET0 CaMOCOTJIaCOBAHHOTO HOTEHIHAJIA HMEIOT BHJ

1 iK- (K)
%(K)=T;e" R’le}c,—cT)' (5.34)

3pech qepes wy (K) ob6osunavena y:xe gypobe-koMmoHenTa (Mianm MaTpHd-
HEIH 9eMeHT) ICEBIOHOTEHNHANA Wy, B caydae mmeaJbHOR pemieTHH,
Korga CTpyKTypHHE daxrop (2.92) mpocro orbupaer BeRTOpH 06par-
HOH pelleTK¥, TO BEIPA/KEHHE JaeT HAM MATPWIHLIE BJIEMEHTH SKpa-
HUPOBAHHOT0 ICEBJOHOTEHOHAaNa, ompepensiomume kKoapdummenTnr T
B dopmyne (3.64) B Momenu mouTm CBOGOTHBIX HIEKTPOHOB.

Ilpn wmopxomsmiem Brifope CTPYKTYpPHOTO ¢(aKTopa BHPaKEHHe
{5.34) MOKHO MCHOIB30BATh TAK/Ke A ONEHKA MAaTPUIHOTO 3JIeMeH-
Ta, OMACHBAMMEr0 PacCesHne DIEKTPOHOB IPOBONAMOCTH Ha HCKamke-
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HUAX HAeadbHON KPHCTAJIMIeCKO#N pelmeTku, HampuMep Ha doHoHAX
(em. § 12 ra. 6), nan Zayke paccesHHe NEKTPOHOB B JKALKAX MeTAJ-
aax. B Dogo6HEX ciydadx MOYIMTENBHO lepenncaTh Brpamenue (5.34)
B KOODAMHATHOM IIPOCTPAHCTBE, BHIONHNB 06paTHOE mpeobpasoBanue
Oypwe. [Ipu arom moryuaercs gopmyra tuma (5.33). [edicTBHTENBHO,
HOCKOJBKY SKPAHHPOBAHNE PACCMATPUBACTCA B JIMHEHHOM mpubiike-
HEH, MH MOKeM CHadajia yd9ecTb sT0T 3QerT, a HOTOM YiKe CIO:KHTH
9KPAHMPOBAHHBIE IICEBOMOTEHIUANL OTAEIBLHHX IEHTPOB W,. Taknm
nyTeM HOXyIaeM

Us (r) = g ws (r—Ry). (5.35)

Ileo oBeronT Temepb TaK, KAk ecam O KajKHBH aTOMHBIA HeHTp,
pacmono;kennniit B Touke R, Hec ma cefe oKpaHMmPOBAHHLIN MOHHELA
mcesmomorTennuan w, (r), dypne-o6pas roroporo ects wy (K)/e (K, 0)
(em. dur. 88).

Iz r-—)-g I I

_A_ilﬂz— r_.‘%éé'_ze-hr
w(r) T - r

J ¢

®ur. 88. a — DOTEHNWAN [OJIOTO WOHA; 6 — TCEBAONOTCHIWAJ TOJOTO HMOHA;
6 — SKPAHIIPOBAHHKH NCEBIOMOTEHINAT.

Kax M Bugenn, ocHOBHO 3QeKT SKpaHHPOBAHAA COCTOHT B TOM,
qT0 JaTbHONeHCTBYIOMAN KyJOHOBCKHE NOTEHOWAlI mpeoGpasyercs
B OKpPaHMPOBAHHHLIA KYJIOHOBCKHH, ONMCHBaeMbd QyHKIueHd BHAA
(5.29). C momompsio gopmyt (5.7) mam (5.23) HeTPYAHO MOKA3aTh, ITO
KajKIbill MOH OKPYs/KeH Teneph 00MaKOM IEKTPOHHOTO 3apsAfa, IIoT-
HOCTH KOTOPOTO CIAfAaer Mo HKCHOHEHTe ¢ XapaxrepHod ammmoi A1
PaccyaTpuBaemoe ¢ jocTatouno GolbIIOro paccrofuus, aTo obaaro
TOMRHO CONePKATh KaK Pas TAKo#M OTpUIATeNBHBI 3apaf, KOTOPHIL
Hefirpasmayer 3apsax atomHOro ocrosa ~+Z |e |. Wmaue rosops, Mbt
DONVUMIM HelimpaabHsii ncesdoamonm. Bo MHOIMX MeTamImYecKux
CHCTEMaX ero MOMKHO paccMaTpuBaTh Kak efmHoe obpasoBanue.
Hanpmrmep, TemnoBoe CMemleHHe WOHAa U3 CBOETO Y3la peeTKH
(¢ur. 89) mpuBOUT K BOSHAKHOBEHHIO HJIIEKTPHYECROTO HOJNSA, IOJA-
PUBYIOIMEro »IEKTPOHHBIA rasz M TeM CAMBIM BHIBBIBAIOMEro [altbHel-
Iee TepeMelleHne 3aPANOB; B IMHEHHOM IpubImKennn Bee oTH sPPer-
TH YIUTHBATCA CaMOCOITACOBAHHEIM 00pa3oM, eCIH OPOCTO paccMar-
pUBATH CABWI IICEBHOATOMA KaK I(EIOTO.

JaMeruM, OJHAKO, 4TO HKpaHmpylomue ofilaka COCEHHX HOHOB
06A3aTeNbHO JOJNYKHBL IIePEKPHIBATHECSI, CO3[aBaA B MEHKY3EIBHOM
IPOCTPAHCTBE HEUTO MO0GHOe Tady CBOOOIHHIX dIEKTPOHOB TOHU ILIOT-
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HOCTH, KOTOpas OPEAmoNarajach M3HAYAILH0. B MCTHHHO «aTOMHON»
cucreMe (THIA TBEPHOTO aproHa) BIEKTPOHH JOKATH30BAHEI HA aTOM-
HEIX OpOHUTANAX, KOTODPHIE TP UPHHYAUTEIBHOM WX CcOIMKeHNH
HCIBITHBAIOT CHIABHOE B3aUMHOE OTTaliKuBaHue. JRpaHupylomee obaa-

@ur. 89. HefitpaarEHe NCEeBIOATOMH.

KO B MeTajljie ecTh He Golee 4eM JO0KaTbHOE HOBHINEHNME ¢pedHell MIoT-
HOCTH 3apAma, WOPOKIaeMoe O0eCIuCIeHHHMHA (el0KAAU306AHHBLMIE
COCTOAHUAMH Ta3a 3JIeKTPOHOB TPOBOIMMOCTH.

Meron, ocHoBaHHBIH Ha KOHIEOIHH TICEBI0aTOMA, TPENCTABIAET
co0oil aninb npubIMKEeHHYI0 NPONeayPy YCTPaHEeHUS PacXxoguMocTel,
BOSHIKAIOIINX TPU PacCMOTPEHMH TOJOTO WOHHOTO HOTeHIMana Tay-
G0KO BHYTPH HOHHOTO 0CTOBA W Ha GONBNIMX pPacCTOAHHAX OT HEro.
TeM He MeHee IPUMEHUTENBHO K IPOCTHM MeTajJaaM 3TOT MeTO] HHTYH~
THBHO TPENCTABIAETCA BHOOJNHE HAJERHHM W JaeT «B HYJeBOM IIpH-
OMReHnyy OTJIWYHBIE ONEHKH IJIf MHOTMX HabGioIaeMBX BeTWINH

(cu. § 12 m 13 ra. 6).

§ 4. CnHryJiﬂpHOCTL axpanuposannsa. Iddexr Kona

Gopmyra (5.21) AnA IUDTEKTPUIECKOH IPOHMIAEMOCTH CIIPaBef-
anBa ToabKo HpHOTmKenHo. UT06H HCCIEOBATH XapawTep SEpPaHH-
popanmsa Ha HeCOJBININX PACCTOAHHAX, HAJO BHUHCIHTH CYMMY
(5.16) mns Goxpmmx 3maveHmil . Pe3ynbTar 3aBHCHT OT KOHKPETHOTO
BUa n309Heprermieckux movepxHocreil & (k). B mamem cayuae mgas
MOZieN Tt CBOOOHEIX BIEKTPOHOB NpH abCOTIOTHOM Hylle TeMImeparypH
pacuyer HeCHOKeH H BHIIOJHAETCH HeloCPe[CTBEHHHIM WHTEerpPHpOBa-
HueMm no k-upocrpancrsy. Otser ruacur:

_ 4ne? n 1, 4kp—q? 2kp-+-g
(0 0 =1+ o {7+ S | geg [} 630

rae kp — pagnyc coepn Oepmu.
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Ecan mpegcraBaTh 5T0 BHpaskenme QopmarsHo B Buze (9.21),
10 BerMunHa A oKaykercs ¢pyurmmeit ¢ (fur. 90), xoropas npm g — 0
CTpeMUTCA K 3HaueHWI0, ompemensemoMmy dopaymoit (5.22). Ibgex-

12

1
]
{
0 2K —q—>

®ur. 90. 3aBECAMOCTH HapaMeTpa SKPAHHDPOBAHHS OT BOJHOBOIO HHCJIA.

muenas dauna sxpanuposarus, 1/A, pacrer ¢ yseIndeHHeM g: KOPOT-
KOBOJTHOBHIE KOMIIOHEHTH IIOTeHI[HANa SKPaHUPYIOTCH Bee ¢ OOMbIIIM
u GOABIIMM TPYIOM.

Unrepecro mosenenme gopmynst (5.36) mpm g = 2kp, KOTAA JT0Ta-
pudMHIeCKHH WieH WMeeT CHHTYIAPHOCTh. JTO CBOHCTBO OTBETAET

VN
A4

®ur. 91. Obaacru cheprt @epMmu, fJaOOmUe BEIAA B AHIIEKTPHYECKYIO IPO-
HHAAEMOCTS. ’
a) manse ¢; 6) g < 2kg; 6) ¢ =2kpe

HeKoTOpPoMY peanbHoMy adpderty. PopManbII0 NPONCXOIRIEHIE CHETY-
aspHoctu obbacusercs Haxmamem commnosrmrens [0 (k) — f° (k + q)
oy 3HakoM cymmbl B (D.16). Hax caemcTBme MbI IOJKHBL paccMaT-
pUBATL TOJNBKO Te 3HAYeHHA K, A KOTOPHIX COCTOSHME C BOJHOBOM
Ppynrueir | k) samonneno, a cocroanne |k -+ q) mycro, mam maobo-
por. Jlna meGonpimx SHAUEHWH ¢ TaKkme COCTOAHUS IPUHAIEKAT
asyM oGaacraM za mosepxHocta cdheprr Pepumu (dur. 91, a). C ypenn-
denmeM ¢ dTH 06IacTH HOCTENeHHO PACMPSIIOTCS, TAK YTO CyMMa YBe-
gmumBaercs. Hakowel[ MOCTHTAETCA TAaKOe 3HATEHWE ¢, IPH KOTOPOM
Bes cepa aeT BRIAJ B CyMMYy. JTO MMEeT MeCTO, KOorja

g = gc = 2kp (5.37)
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Ilpu panpmeiimem yBeIuYeHHE ¢ B CyMMe 1o k HMKaKHX HOBHIX Wie-
0B 60JBINe HE IOABIAETCA, N MOITOMY QYHKIHOHAILHASA 3aBUCHMOCTH
CYMMHI OT ¢ M3MEHserCs, HeCMOTPA Ha TO UTO KaiKIbli WieH CYyMMBI
ocraerca HempepHiBHOI ¢ymnxmueir q. OfEAKO BRIaj OT HOCIEHETO
HeGOJIBOIOTO Y4acTKa cgephl, 3aXBaTHBAEMOTO0 HENOCPeCTBEHHO
mepe TeM, Kak ¢ AOCTHTaer 3HaUeHUA 2Ky, HEBENWK, H B pe3yabrare
0cobenHOCTh OKasmBaeTca He ouenb cuabHol. Cama amoTeKTpUIe-
cKagd NPOHUIAEeMOCTH OCTAeTCA HenpepHBHOM, HO HOPOW3BO/HAA
de/dq morapmdMmUECKH YXOAAT B GECKOHEYHOCTH HPH G = (.. JTOT
HATISIAHHIA BHBOJ MOmHO 00600mmTs Ha caydail HecdepmaecKoR

Cur. 92. a — agpomanusa Koma mMeeT MeCTO, KOTia BEKTOD ( COeJHHAET Te TOUKH

nopepxuocTH (epMy, B KOTOPHX KacaTellbHHe NAPAJJIeNbHE APYF APYTY; 6 —

BO3MOKHO CYIIECTBOBAHZE HECKOJBKNX 3HAYEHUIL g, /1A 338[1aHHOIO HAIPaBJIeHUA
BEeKTOpa (.

nosepxuoctn Mepmu. Jlwbas cymma, mOCTpPoeHHAS 1o o0mMeMy UPHH-
guny (5.16), Gymer ofinamats momo0HONM CHHTYJISAPHOCTHI HPU TeX
3HAUEHNAX (, TPH KOTOPHX CYyMMHpOBaHHe GymeT pacupoCTpaHsaThCA
Ha sHaveHus Kk, Je;Kamme Ha BCeil MOBEPXHOCTH W TONBKO Ha Hew.
Ipn ¢uKCHPOBaHHOM HAUPABIEHMH ( MOKHO OKM/IATh, YTO BETMIHHA
g. Oyner ompefenAThCA HaWGOJIBIIMM B 5TOM HANPABICHHHM PaccTof-
HEeM Me;K/Iy TOUKaMH ToBepPXHOCTH. 3MepuB ¢, Kak QyHRIIUIO HALPAB-
JMeHms, MH CMOReM ompefenuTb $opmy mosepxmocT:m Depmu, xors
(¢ur. 92, 6) nua KaHHOTO HANPABIEHHUA MOKET 0KAa3aTLCA HECKOJIbKO
3HAaUeHNit ¢,, COOTBETCTBYIOIMUX KAaK MAaKCAMyMaM, TaK I MHHUMyMaMm
«THaMeTpay.

Taxoso upoucxoxmenune sgfexma Kona B cmexTpe KomebaHuit
pemerkn. MoHORY ¢ BOJTHOBEIM BEKTOPOM ( COOTBETCTBYeT Ouarojaps
[BIREHAI0 HOHOB LOTEHIHAX ¢ (yphe-KoMmomentamMm Tuma (9.17).
DIIeKTPOHH IIepepaclpefensTcA, SKPAHUPYA 3TO moie. B pesyuas-
TaTe WOHH B3aHMOJEHCTBYIOT [APYr ¢ [APYTOM HOCPEACTBOM BTOT0
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SKPAHAPOBAHHOrO 1OJsA, o6parHo mpomopruouansuoro & (q). Tawum
00pa3oM, U3MEHATCH CIJIL B3aUMOAeHCTBUA MKy HOHAME, H 9aCTO-
ta KomeGaumit 3roil moger sapucut ot & (q) (cm. § 12 rx. 6). Haamane
CHHTYJIAPHOCTH y & OoTpaiKaercd, TakuM obpasoM, Ha (QOHOHHOH
qaCTOTe,

TMomoGueii addexr, Mo-BATAMOMY, H0JkeH HabMOmaThCA W AIA
q060it IPyrof CHCTEMH BOMH, PACIPOCTPAHSIOIHXCSH B TBEPIOM Tele,
Hanpumep miasa couaoseix Boad (§ 11 ra. 10), ecnm oHm B3aumoneil-
CTBYIOT C 3JEeKTPOHAMEH MPOBOJUMOCTH. ITO NO3BOJNAET B IPHHNUIE
pasBuTh 0o0muit Merox uccregoBaHus mosepxuoctm Depmm, xo0TH
obHapymenne paccMaTpuBaeMoro spderra MoKeT OKa3aTbCA MPaK-
THYECKH HEeOCYMIeCTBIUMBIM,

§ 5. Hpasuno cymm Opunensa

Hannaue cunaryasapuoctu y ¢pyurmun € (q, 0) IpuBoguT n K Apy-
romy martepecaoMy creacteuio. [ToxcraBum Bripaskenme (9.36) B dop-
MYy 1A DKPAHEPOBAHHOTO IIOTEHI[IATA TOYedHoTo 3apAfa. CoraacHo
dopmyaanm (5.18) m (5.31), MsI moTydnM AAA MOTEHIHATA HA PAcCTOA-
HOU 7 CIeIyioee BHIPaKeHHe:

buen [ 1, 4kF—@% [ 2%kptgq -1
%(r):4n825 {q2+ 2/3%2 [?"‘ Shpg 10 2k§~—q l]} emirdq.
(5.38)

Be3 Bcakoro pacyera Mo;KHO HPOBEPHTH, UTO HAJIWYMe CHHIYIAPHO-
CTH IIpH ¢ == 2kp TIPUBEIET K IOABIEHMIO 0¢000T0 BKIaA B HOTEHIHAT
9, (r). Bmecto maaBHON SKCHOHEHNHAIBLHOH (QYHKIHE MH HOIVIHM
TOTeHIEAN, Ccodep:Kamuii Mo0aBRY, OCOUIIHDPYIOIEYI0 € BOJTHOBHIM
qucioM 2kp.

BMmecto Toro utoObI SIBHO BLIBOZHUTL 3TOT PE3yIbTaT M3 QOPMYIH
(5.38), MBI BOCIOIb3yeMCS HECKONBKO MHBIM IIOJXXOH0OM, HPEAIO/ReH-
asiM Dpugerem. PaceMorpuM cdepirdecKn CHMMETPUIHBIA MOTEHIAT
9L (r). aBectno, uro ypapnenue LIpeguarepa ¢ TakKmM HOTEHIHATIOM
IMeeT pemIenme, KOTOpOe Ha GOJIBIIMX PACCTOAHHAX BemeT cebsa cie-
nyomuM o0pasoM:

Vi, ~ - sin (kr— g I+ ) Py (cos6). (5.39)

3pecs P, (cos 0) ecrs ofpraHpil moiamHoM JleraHApa HOPATKA l.
B mamHIT MOMeHT HaC HHTEpecyer He 3agada O PACCeAHMM, a CTAINIO-
HapHOe COCTOAHHE «CBOGOJHOLO» 3IEKTPOHA, HAXO/IMErocd B I0Ie
TOIBKO moTeHIHana 9L (r), NCTOYHHK KOTOPOTO PACIOOKEeH B Havasle
KOOpIHHAT.
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Cymecrsoranue pemenuit Tura (5.39), caBuHyTHX M0 pase HA BelXH-
YUHY 1]; 00 cpaBHeHH© co crydaem U (r) = 0, cocrasaser ornpaBHOi
TYHKT MeMmoda RapyuaibHblL 604H, MCIOIB3YEeMOro Iy PellleHusa 3aad
0 paccegHHU Ha NOoTeHIuaxax Takoro Buma (cp. § 9 ra. 3). Kax uasecr-
1o, ¢yurmuE tHma (5.39) MokHO 00aBUTH K IIOCKOH BoJHE
exp (ik -r), uzobpaskaromeil HaYaJAbHOE COCTOSIHHE, M BHYUCIUTH pac-
CeAHHYIO 1acTh BOJHEL. Juddepenyuasvhoe nonepeunoe ceuenie pacces-
HUS eCTh, 10 OTPENENIeHHIO,

S (2L 1) €M sin P, (cos 0) | (5.40)

=0

1

Y (9) =72

Ho Bepmemca ® crammonapusiM cocroamuam (5.39). Menoansyem
9TH BOJHOBHE (yHKIHHM B KaiecTBe OasucHbix u OymeM B3alONHATH
COOTBETCTBYIOIIE YPOBHE B HODSJKE YBEJIWMYEHHA DHEPLUH, TOUHO
TaK JKe KaR Mbl IOCTYIIANH Panee ¢ mockuMu Boauamu.” [lpu moacgere
9yuciaa COCTOAHUE yHo6HO BOCHONB30BATHCS TIPAHHYHEM YCJIOBUEM
MHOTO THIIA, 4 HMEHHO IPOCTHM TpeboranueM, 9To0b GyHRIuUA Py = 0
npu r = R, rar 6ynro Mel paccmaTpuBaeM Goabinyio cdepy paguyca R,
B IIeHTpe KOoTopoil Haxomures atoMm. CreqoBaTenbHO, «pa3pemeHHbIen
3HAYeHHA Kk MOI/KHBE YIOBIETBOPATH YCIOBUIO

kR———é—l:rc 4+ 1M1= Lenoe uncao X . (5.41)

Ecmur 6m1 nama cdepa Ghuta mycToit, Tak 4ro Bee caBurum das v,
PaBHANNCL OB HYJI0, TO «Da3pelleHHEe» 3HaUeHHMA k 00pa3oBLIBANU
611 Habop gucen

kn:(n+—§-l)%. (5.42)

ITpu KaKAOM 3HAYCHHN 1 MOKHO B3ATH, KOHETHO, MHOTO DPasdMIHBIX
3HaveHwid [, u rampgomy ! oregaer (2! 4 1) pasimumBIX BOJHOBHIX
¢yurmuit. OfHAKO MOKHO HOKa3aTh — 5T0 CIEAYeT IO CyMeCcTBY
n3 obmeil TeopeMs 0 pacmpegeNeEuH COOCTBEHHEIX 3HAYEHWUI, — 4T
LOJHOe YHCAO COCTOSHUHA € hnepraeil, Menblreil &y, T. €. ¢ BOTHOBHIM
BEKTODOM, MEHBIIUM 4eM Kkp, B 9TOH CXeMe TaKOBO jKe, KaK U B Goiee
TIPHBLEYHOM Caydae ¢ KyOndeckum ssmmkom (em. § 6 1. 1). Ho xorpa
B IeHTpe cdepsl pacmonoxeHd aroM, ¢HBATH (a3 v; OTIAHIHEL OT HYJIA,
U TOTOMY «paspelleHHbley 3HAYeHUA kK He PABHH k,, a CABHHYTH Ha
BeTNYUHH N ,/R. 3amerny Temeps, 9To CABHT (pa3H 1), 3ABHCHT OT k.
W13 dur. 93 Buano, 9ro B HOBOM HaBope GymeT coLePIKATHCA

ni (k) ——ny (&)
11

HOBHIX PaspemenHbIX 3HATCHHH Me;KIy ABYMA TouKaMu k u k' ma ocu k.
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CroenaemM Ttenmeph ecTecTBEHHOE IPEANOJIOKEHHEe O TOM, 4TO 1)
obpamaerca B Hyxb npu k = (. IlomHoe 9meiI0 5I€KTPOHOB, KOTODO®
TpebyeTcs, YTOOH 3aTMONHUTH BCe YPOBHU BILIOTH [0 NPEKHETO ROI-
HoBOro Bekropa Depmu k = ky, ecThb

Z=2 3 @+ 1) m (k). (5.43)
i

3mech OpuHATO BO BHEMaHHEe, 4T0 mMeerca (2] 4+ 1) cocroanuit ¢ gan-
HHM | B DIeKTPOH MOKET HaXOAWTHCSA B OBYX DA3AHYHHX CIHHOBHIX
COCTOAHMAX. MH MONOMUIM DTO UYUCIO DIEKTPOHOB PABHBIM Z —
Pa3HOCTH BAJIGHTHOCTEH IPEMECH W MeTalla OCHOBHOH pemerku, nbo
Iisi HeWTpaiamsamuu 3apsga mpuMecr TpeOyercs HMEHHO 2TO UHCIO
H30HITOTHEIX DIEKTPOHOB IO COCEACTBY € HeEH.

Paseucrso (5.43) Bmpakaer npasuso cymm Dpudeas. OHO ocHO-
BHBAETCA HA IBYX OOMIAX HOXOIKOHAAX: IEKTPHICCKUR 3aPAN IpUMecH
ZOM:KeH ObiTh HedTpaln30BaH H30KITKOM 3JIEKTPOHOB B 06I1aCTH KoHed-

v

Nl
1

Qur. 93.

HEIX Pa3MepoB; BOIHOBoU BekTop DepMu kp Ha GoNBIINX PACCTOAHUAX
OT IIPAMECH JOJIKeH OBITh TAKHM jKe, KaK B TMCTOM M OJHOPOHOM KpPH-
crajie.

Ha wcnonnsopanum dopmyns (5.43) ocHOBAH BechbMa HOJE3HHH
MeTOJ, pacdera HOIEPEYHOTr0 CEUeHMs pacCcesHMA Ha IpuMecH. BriGe-
peM HeKoTOPYIo pYHKIHIO THOA 3KPAHMPOBAHHOTO KYJIOHOBCKOTO HO-
renguana (5.29) u pBefeM B Hee MOATOHOYHHIR mapaMerp A. Brrumenmm
cHBHIE (a3 W HalileM TO 3HAUEHHE A, UPH KOTOPOM YIAOBIETBOPAETCH
coormomenne (5.43). Ompenenus Takmm o6pa3oM OKOHUATENBHO BHA-
geHma cEBEroB (a3 1;, MH MOMkeM HAWTH 3aTeM CeYeHHe PACCeAHUH
¢ moMompio dopmyau (5.40). Ita mpomenypa naer BechbMa yIOBIETBO-
pHUTeIbHEIE DEe3YJIBTATH, He 0UeHEL YYBCTBUTEIBHEIE K TOMY WIH HHOMY
KOHKpeTHoMY BHOGopY Buza ¢yurmun %/ (r). Itor MeTox B NpuUBIMIe,
HECOMHEHHO, JIy9Ile, 9eM IPAMoe HCIHONb30BAHIe MATPUIHEIX 2JTeMeH-
ToB BEIpaskeHus (5.38), craskeM, B 60DPHOBCKOM IPHOIMAKEHHAN. - Y CJI0-
BHA NPUMEHHMOCTH LOCTeNHEr0 OOHYHO He BHIOMHAITCA, Tak Kak
OBI;KEHHe 3JIeKTPCHOB HPOBOJUMOCTH OKA3HBAETCA CAHIIKOM MeJ-
JIOHHBIM,

OpHaro PAacCMOTPHUM Temepb DPACIpPefeNeHne KOHNEHTPAITHU 3JeK-
TPOHOB, CBABAHHOE CO CABHHYTHIME IO $ase BosHamm thma (5.39).
Ha Goapmux paccroAnmAX r oT aToMa A IUIOTHOCTH I3GHITOTHOTO
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3apsja Mbl Hafigem
kg
2
bp—e 3V 2+1) | {1ba, 00 P—[ps, 2 (0) 1} 22 k=
4 0 ey
=y ) (2z+1)5 {sin? (r— 3 i 4-m; ) —

i 0

. 1 1
_Slnz(kr_ilﬂ)}ﬁdk::
kp
— : . 1
= 2;2 2 (2l+1)5 sin (2kr — lzv -+ ;) sin mﬁd(kr) ~
l 0
s 2k
~ 2;2 3 (2l—]-1)(_1)lsmmL(r1;m. (5.44)

!
Mp mcmonszoBamm, 37€Ch HODMHPOBOYHHIA MHOHTeNh (2mR)~Vz
175 BOTHOBEX ¢yEKnui (5.39) B cPepe pagmyca R u oNyCTHIN 9IeHH,
KOTOpHE Ipr GoNBIINX BHAYEHHAX I' CTPEMATCA K HYJIIO OHICTpee, deM
BHIONCAaHHOE IIOJ 3HAKOM CYMMKEl BEIPajKeHHe.

My monyumnu OCHUMAHDYOMYI0 IUIOTHOCTH 3apfAfa, COOTBET-
CTBYIOMYI0 CHHFYJIADHOCTH B BHpasKenum (5.38). Ammamrtyma ee
CTPeMHUTCA K HYJIO TONBbKO Kak 1/r%, Tak 4to aToT addexT He Apiagerca
nperebpesknMo MauabsiM. VHTEpecHO, 9T0 mo COCEACTBY € IIPHMECHIO
3JIEKTPOHE He IIPOCTO CKYUMBAIOTCA: MMEIOTCA OOJIACTH, B KOTOPHX
u30HTOUYHAS IIOTHOCTH 00 OTPUNATEIBHA, T. e. JJTEKTPOHH OTTYIA
BHTQJIKHBAaWOTCA. IT0 06CTOATENLCTRO
uMeeT GOIBIIOE 3HAYEHUE [UIA MOHUMAHAS
ABJIEHWN, CBA3AHHBIX CO B3aUMOJeCTBHEM
MeXIY mpuMecaiMu m co cusurom Haiira
B cmaasax (em. § 2 ru. 10).

Cyrp nmera smech B TOM, 9YTO JOKAIH-
30BAHHBIH 3apAx 0O0YyCIOBIEGH HE OTHAM
HIH JABYMA DIEKTPOHAMHU, CBA3aHHBIMH
okono mpumecu. OH cosgaercs GHCTPHIMEI
BIEeKTPOHAME (epMm-rasa, ROTOpHe, IMpH-
TATHBAACH K IIPHMECH, HECKOJNBLKO 3a-
Me[JIAI0T CBOE [BW)KEHHE BO3je Hee I
CKAaIIMBalOTCA B 9Tolt oGmactm. Hanmume @ur. 94. Tano sapsapa Bo-
Pe3Koil TPAHNUIE HITEKTPOHALX JINH BOJH Kpyr HpHMECIH.
OPUBOAAT K BOBHHKHOBEHHIO B(HEKTOB
uATepdepeHnuM, B Pe3yabraTe I€T0 BOKPYT DAaCCEMBAIOIEro IeHTpa
obpasyworesa raxo sapaga ($ur. 94).

B crywae xorga B «HOPMAXIBHOMY METANIE DPaCTBOPEHBI ATOMEI
nepexodnoeo Memaaaq, CIefyer UPHHATH BO BHOMaHNe HaJHune Heaa-
mojaHeHHHX d-o6o104ex. Hak mur Bugenn B § 10 ra. 3, d-opburanu cro-
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60IHOTO aToMa MPHUBOJAT K MOABIEHHIO pesoHarcos [cv. (3.81)]: daso-
B ¢BUT d-BOIHEL BHICTPO MPOXOAUT YePes ni/2 B UHTePBATe 9HEPIHH
mupusaoit W. Coraacro mpasmwry cymm @pugens (9.43), 0TCIOfIa ClTe-
oyeT, 94To IPH IPOXOMKIEHNH y3KOH IOJIOCH HHePrum BOJHMSH pPe3o-
Hauca mpuMech npmobperaer 3apaf Ao 10 moBHX anexrporos. OxmaKo
TONHBI 3apA NPUMECH MOJMKeH OHTH CKOMIIGHCHPOBAH TaK, 9T00HI
3apa7 SIeKTPOHoOB HedrTpanusosai 3apsafg ee agapa. luade ropops,
HOH JOJKeH COJep:KaTh NpPUMEePHO CTOJIBKO Ke «d-3IIeKTPOHOBY,
CKOIBKO I CcBOGOXHHIL aToM. OJT0 O3Hausaer, 4ro yposeHbs Depmu
B METAIJIe-PACTBOPUTEIE JNOJKEH
Jemars B pe3oHaHCHON obracTm.
1 JneKTpoHK d-060I0YKH CRO-
& foqHOTO aToMa BCerga MATHITIO

TMOASIPUBOBAHBI: B COLIACHI ¢
Chun<GHUT> npasmaoM XVHIA UX CIHHH BH-

Yposers Pepmu CTPaMBalOTCA TaK, YTOOH HOJY-
quaoch Hamboibliee 3HAaYCHIIE

d-d-00mennoe MOMEHTA, COBMECTHMOE ¢ TPHHIIH-

C paciennienue mom ITaynam., B arome mapramia,
=N HanpuMep, Bee dd-3TeKTPOHBL MO-

—3

— Cnun<seepr> YT MMETH OHY M TY 7Ke ODHEH-
TauWio COHHA. JTa TeHICHIIA
= MOJKET COXPAHUTRCA i OCae pac-
TBOPEHHA B [[PYTOM MeTalJe —He-
CMOTPA JasKe HA TO, YTO CTAIUO-
HapHBIe AaTOMHEIE YPOBHH ViKe
@ur. 95. Pesomamce npu paccesmyn ~ 1GAb3A XaPAaRTEPU30BATh oIIpese-
DNEKTPOHA HA MargaTHoit npuMecu, JEHHOH COMHOBOMN MOJIAPH3AMUeE.
DOAPU30OBAREOE (BBEpPX). IIyers, Hanpumep, Ha mpuMecH
nMeercd W30HTOK 3JIEKTPOHOB
co cumHaME «BBepx». [ias ApPyroro a;erTpoHa € TeM ke HampaBie-
HUeM CIMHA, HaJeTalolero Ha aToM, 3To Oyer BHIIHALETh KaK pe3o-
HaHCHBIA ypOBeHb, Je/Kamuil Hmxe yposusa Depmu; K TaroMy aToMy
vneKTpon Gyger mpmrArmBarthed (cM. dur. 95). Taxum obpason, mior-
HOCTh CHHWHOB, HANPABICGHHHX «BBEPX», BO3pacraer M yCTAHABIH-
Baerca HoaApHu3oBaHHOe cocroanme. G APYroll CTOPOHBI, AAA 3JeK-
TPOHA CO CHHHOM «BHH3» d — d-06MeHHOe 63auMmodelicmeue TOBEIIIAET
9HEPIHI0 pe3oHaHCa, 4TO BejeT K O0eJHeHNI0 HPUMECH HIEKTPOHAMYE
co cnmHamu «BHI3». OKOHYATENBHEI Pe3yJNbTAT HOJKEH OLITH TaKHM,
9100b MOJHHI 3apsAj] MOHA OKAa3alCA CKOMIIGHCHDPOBAHHLIM. DBce ske
B OOAXOMAAIIEM pAacTBOPHTEIe MO:KHo HAOIOAaTh M BO3HMUKHOBEHHE
TUIAMUIECKOI'0 MHOTO3JTEKTPOHHOTO MATHUTHOTO Momenta. Hampas-
JIGHHE er0 IMIaBHO QIYKTyHpyeT, a m0 BeTWINHE OH CPABHUAM C MOMEH-
TOM CBODOJHOTO arToMa. JTOT IWPOIECC MO3BONAET OOBACHHTE pPHAX
cHelUQUIeCKIX DIEKTPUIECKUX W MATHHTHEIX CBOHCTB CILIABOB
C MAJBIM COflep/KaHMeM MePeXoNHsXx MeTawaoB (cm. § 6 ra. 10).

= [INOIMIHOCT CITUHOB




§ 6. Huonexkmpuueckas nPOHUYAEMOCMb NOAY NP 0800HUKA 187

§ 6. /TusreKkTpnueckas NPOHUIAEMOCTh TOTYOPOBOIHHKA

Maxpocronmdeckas 7AUANEKTpUIeCKas NIPOHHIAEMOCTh METANLIA
crpeMuTcs R 6eckonegnoctn npu ¢ — () BeIemcTBuMe TOTO, 9TO METALT
00Ia7aeT BEICOKOM IIPOBOJMMOCTBIO. JTOT Pe3yIbTaT BeITeKaer u3 gop-
mya (5.16) m (5.21). B monynpoBogHHKe HIH HB0JATOPE, OTHAKO,
TPOBOAMMOCTh Malia; €CIH He YIATHBATH TEIMIT0BOTO BO30Y/KIEHMs
HocHTeledl 3apama, ee Mo;KHO cyuTaTh pasHoi Hyao. CiegoBaTenbHo,
CTaTHUeCKasl QUAJAEKTPUIeCKaA npoHunaemMocts & (q, 0) gomxHa ocra-
BaThCA KOHEYHOH st GOIBUINX JIUH BOJH.

OGBpAacHARTCA HTO HAIHIEEM DHEPTeTHIeCKOl IeNu MEEAY 3aloi-
HEHHBIMH U TYCTHIMM COCTOSIHHAME. 3HaMeHate’xb B cyMMe Tuna (5.16)
13-3a 5TOr0 He HCYE3aer, a 0CTaeTcsl KoHedHsM npu q = 0.

Yro6pe Beumenautrh € (q, 0) M peatbHOro MOIYIPOBOIHIKA,
HY/RHO 3a/[aTh KOHKDeTHYI0 MOJeIb 30HHOH CTPYKTYpPH. 37eCh yike
HelAb3S HMCHOIb30BATh NMpocTod pacder § 1 HacToAMed IIaBH, TaK
KaK HeBO3MyINeHHHe BoauoBbie ¢yukiuu | k) Goabme me apaswTes
IPOCTO IUIOCKMME BOJIHAME. Jlerko moxasarh, O[HAKO, ITO IJIs TOTO,
uTO6H MOJYYATH MPABHIBHYI0 GOPMYIy, JOCTATOUHO BBECTH B CYyMMY
(5.16) KBampaT MaTpHYHOTO DieMeHTA INIOCKOH BOXHEL exp (iq-r).
ITpu sTOM MBI mOTY9HM

_ 4ie? |k TT | k4q+g 2 {70 (k) —f (k+q4-g)}
S(q,@)—1—l—'qu2 € (k+q+g) —€ k) —rotita )
» 8

(5.45)

B cy My clegyeT BRIAKYHTH M WIEHH, AIA KOTOPHX BeKTop o0paTHOR
pemeTsu g == (), TaK KaK MaTPHUIHBIA dIeMeHT OT exp (ig-r) MemRuy
6110X0BCKUMA (YHKIUAMHA, OTIHYAIOMUMECA II0 BOJTHOBOMY BEKTODY
Ha q + g, #He obpamaercsa B Hy:nb. CuTyauusa sjgech @m0 CYINECTBY
TaKag jKe, KAK B Teopun Audparnum, paccMarpuaemoi B § 7 ria. 2.

Mu He 6y7eM IHTATHCA TOYHO BHUHCAUTH cyMMmy B (5.45). I'pyGoe
npudImAeHne MOsKHO MOIYIuTh clefylomuM obpasom. Bocmoasayen-
cA cxeMoli mpusenenubrX 30H. [IyeTs cocrosnue ¢ BoaHOBOM GyHKImeil
| k) samosreno. Torga mycreie COCTOSHUS, KOTODHE MOTYT «3allelHTh-
ca» 3a Hero B cymme B (5.4D), HaXOmATCA TOIBKO B ClelyIomel 30He.
Ecam BoaHOBOH BekTop q mad, 1o pynknusa |k + q + g) omucrsaer
cocToAHNe, KOTOPOe HAaXOAUTCA 0YTH BeprikraiabHo «Hamy | k). Ilpen-
MOJ0KHM, YTO HHePreTHYeCKuil 3HaMeHaTedb OJMHAKOB AJIA BCeX 3Ha-
geHuit k 1 paBeH INupHHe IMEIN:

£ (k+q+8)— & (k) ~ Ega- (5.46)
Hamee HaO BHYACIHTE CYMMY

Dot k+q+ g (5.47)
g
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ana ao6oro eektopa k. Msl MoieM BOCHOMIB30BaTHCA CHAeLyIONIEH
TeopeMoli: MyCTh YJIeH, COOTBETCTBYIOINUI KHHETHYECKON sHEpPrum
B rammiabToHHaHe &, ectb —(A%2m) V2%, a coGcrBenHEme GyHKIIA
S cyrp | n) m |s). Torma

D (En—&s)|(n |t r | s) P = h2q

(5.48)

HoxazateabcrBo 910 Teopemsl (KoTopas mpefcraBisger coboii 0606-
HeHne XOPOIIO H3BECTHOTO RNDASULL CYMM O4f CUL OCYUALAMODOS)
CrelyeT M3 Pas’oKEHUs CPefHer0o 3HAUeHHS ABOHHOTO KOMMYyTAaTOpa

([, etrr], e—ia-T] (5.49)

B COCTOSTHHH | S).
Ecnn Basath B xKagectse | s) Qymrumo | k) u mpegmoaossuts, Kak
n B (5.46), 4ro A1 BCeX CYIMECTBEHHHIX B CyMMe QYHKOHH | n)

8n—‘gs=g(k+q+g)_8(k)%ggap, (550)
TO MBI OOJTYIUM

D[k | s [kt g g) v g 2L

2m
ga
g 1Y

IlomcraBiaa coormomenusa (5.46)" m (5.51) B cymmy (5.45) =
CRJIafBBasg BKJIAABL OT K&KAOT0 M3 711 3JEKTPOHOB 3all0JHEeHHOIR
30HH (BRIIIAS M WIEHH, A KOTOPHX cocTosiHme |k) mycroe, a
Ik + q + g) — samonnennoe), HaXomuM

hre? n R 2

: (5.51)

& (q7 0) ~1 —l—?— lg_gap _—Zm —‘ggap E]
4nine?n2 Fog, 2
=g = (s_gap) . (5.52)
.BILG‘CB BBEICHA RAA3MEHHAAL Yacmoma
4rine? \1/2
0p= (T) : (5.53)

QuaudaecKwil CMBICA DTOTC IapaMerpa BCKOpPE MPOACHUTCA.
Dopmyaa (5.52) mokassBaer, 4TO CTATHYECKAA TUDICKTPUYIECKAs
OPOHAMAEMOCTsE mpu ¢ — 0 CcTpeMATcs K HEKOTOPOH MOCTOSHMHOM.
Hocnegasa pomxua mpepcrasiaaTs coboit He 4To MHOE, KaK MaKpo-
CKONHMYECKYI0 TUAIERTPHYIECKYI0O MPOHMI[AEMOCTh TBEPHOro Terxa. UYem
MeHbIIle DHepreruiecKas INedb, TeM GOoJbIne TOJAPU3YEMOCTH CPEHl,
T. e, TeM GoJbiIe BeamduHa €, HOHEYHO, HEAb3S OTOMICCTBIATH
Gurypupyomyno BhIe BeIHUNHY &gup C ONTHIECKOR IENBIO MEATY
IOTOIKOM BaJeHTHOH 30HH M gHOM 30HHI HpoogumoctH. Cropee ato
€CTh CpeflHee JHepPreTHIECKOe pACCTOSHUE MEAYy YPOBHAMEH, pac-
HOJI0/KEeHHBIMA BEPTUKIBHO APYT Had APYTOM B IDWBEIEHHOU 30HE.
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Tarum o0pasoM, 3aIeKTpoCTATHIECKOEe I0Jie BOKPYT IpUMecH
B TOJAYOPOBOJHUKE BKPAHUPOBAHO He TaK, KaK B MeTajljie; IPOCTO
LOTEHIUAN CTAHOBUTCA DPaBHHIM e2/er, Tpe & — craTHiecKas AUAJIeK-
Tpudeckas mnpoHmraemocts. [lopromy BOIHM3HM UpUMECH BO3MOKHO
00pa3oBanye CBABAHHBIX AJIEKTPOHHBIX COCTOAHUE — RPUMECHBE YPO8-
Hell, KOTOPHIe Mbl eime OymeMm paccMarpusarh B § 4 ri. 6. Houeuwno,
eCllm B Cpefe ’MeeTcs OCTATOYHAS KOHUEHTPAamuA n, HOCHTeIeH
3apAfa, TO MH MOKeM KiIacemgecKuM cmocobom [mo dopmymam [le-
6an — Xwoxrensa (5.26) u (5.29)] ompemennTsh, Kak B3KpaHApYeTCH
OpuMech Ha OOJbMHUX PACCTOAHHUAX.

§ 7. Ilnasmennsie KoaeOaHUsA

PaccemoTpuM Temepp HecranmoHapHHE 5PPeKTH, KOrga 4acToTa o
(BHEITHETr0» BO3MYIMAIOMErc HoJIA OTAMYHA oT Hyxs. Ilpu sTom Bos-
HHKaeT HECKOIBbKO Ba'KHHX sABJeBmi. Ilpeskme Bcero 6pocaerca
B I'1a3a ciaydail, Korga B BHpa;eHHax (5.16) wiu (5.45) penuuuna Ao
COBUATAET C PA3HOCTHIO DHEPTHH IIA KaKoH-Hubyab HapHl. COCTOA-
Huif, CBA3aHHHIX BOSMYHIEHHEM, T. €. KOTIA IpPH HEKOTOPOM 3Hade-
sun k, oTHOCAmMeMCs K 3aHOTHEHHBIM YPOBHAM, BHIIOJHAETCI pa-
BEHCTBO

€(k+q+g —& K = ho. (5.54)

B srom crygae ¢pyurnua e (q, &) EMeeT CHHIYASAPHOCTH; TOUHEe,
MHEMAsg YacThb (A0 CTAHOBUTCHA JOMHHHDYIOMEHR. JTO COOTBETCTBYET
OPOCTO ONMUHECKOMY NO02A0WjeHU (UIH HMCIYCKAHWI) 2IEKTPOHAMHA
¢ mepexofioM HIEKTPOHA M3 COCTOAHUA C BOAHOBOM ¢yrkmmed | k)
B cocroanme |k -4 q - g). 310 HaspBaerca o0dHOUACMUUHBM 603-
6yacdenuem cucreml. K mopobumM sddextam M Bepmemca B § D
ri. 8.

IDomycTuM Temepb, OJHAKO, 4TO BeAWIHHA fi» BEJINMKA — HAMHOTO
Gonpme Ja000H SHEPreTHYecKO PA3HOCTH B 3HaMeHaTele BBIPaske-
g (5.16). Qurypmpymomyo TaM CYMMY MOKHO HmpeoGpasoBath
K BUIY

43182 210 (k) {€ (k) —€ (k+q)}
e(q, 0)=14--— Z(ﬁm E—{8(K)—F K+t (5:59)

ITpn aroM B KadecTBe 3HAMEHATens MOMKHO B3ATL Tpocto (Awm)?,

4 YHCINTeNDb PAasJOMUTh MO CTENeHAM (. Hemee YJdeHBl mCcYe3arrT,
u MBI HaXOQuM

4re? < 1O (k) 2%
el 0) =1+ 4—! T)® (— T )"

2
i 5.0

2
Ige o, — IMasMeHHasA dacrora, ompemeneHHas mo Qopmyae (5.53).
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JTOT Pe3YAbTAT TMONy4eH A Cciyias CBOOOJHEIX BJIEKTPOHOB.
K memy e MosRHO HpHiTH M ¢ TOMOINLIO BHpamkenmsa (5.45), ecam
mociegHee Iepemucath B BHIE

fine? < 210 () [T k+qto 2 {8 (k)6 ktqtg)

S(q’®)=1+—q‘z—k ) (ho)? — 1€ (K)— € (k- q+8)12

(5.57)

Ecan momxno I[pl7[6JII/I}KeHH0 CYUTaTh 3HaMeHaTelb ODOCTOAHMBIM, T. €.
eCJH BBIIOOJIHAETCA YCJIOBHE

ho > & k) —€ (k+q+ g (5.58)

i Beex samATHX Kk u g Bcex g, KOTOPHIM COOTBETCTBYIOT 3aMETHHIO
MATPUYHbIE DJIEMEHTH, TO UPH CYMMWPOBAHHU IO g MOYKHO BOCIONB-
soBaTbCA mpasmwioM cymm (5.48). B wmrore moaydaercs BeImumHA
(4ne?/mw?) oA KasKmoro M3 B DIEKTPOHOB B BAaMOJHEHHBIX COCTOA-
HUAX.

Nz gopmyan (5.56) BmaHo, 9to & — 0, Korga © — wp. Ho npn
& = O b1 umeem, corsiacHo (5.15),

U= oo, (5.59)

Hdpyrumu crosamu, GeCKOHEUHO Majloe «BHeNIHee II07e» 7  BH3HIBAET
Gonpmoe spdextusroe moiae 9. — cumerema camoBo3bGyxpmaerca. Yac-
TOTA ®p COOTBETCTBYET COGCTBEHHBIM KONMEOaHMAM 3IEKTPOHHOTO
rasa, Ha3BIBAEMBIM NAGIMEHHBMMU KOAEOQAHUAMU.

ITOT pe3yAbTAT MOMKHO MOJNYYUTH M C IIOMOIIBIO 3JI€MeHTAPHHIX
cooGpasrennit. Ilycrt pieKTpOHB, KOHIEHTDAIMA KOTOPHX ecTh I,
CABUHYTH KaK IleJ0€ Ha PAacCTosgHNe X IO OTHOIIEHHMIO K 3aKpeIeH-
HOMY (OHY HOJOMMTEIbHOI0 3apAfa pemerkn. lIpm 5T0M BO3HUKHET
NoTAPU3BANAA

P = nex, (5.60)
KOTOpas B CBOK 0YEpe/lh BHI30BET JIEKTPHYECKOE IIOJe
E = —4nP. - (5.61)

CregoBaTensHo, ypaBHEHHWe ABUKEHHS RAMKJIOTO 3apAna OGymger mMETh
BUJI

mx = ¢E= —4mnex. (5.62)

Ouesunno, pemenme (5.62) onmcrBaeT IPOCTOE FAPMOHMIECKOE KOJe-
6anure ¢ gacToToil ®p.

II1azMenHAs TacTOTA COOTBETCTBYET NOBONBLHO GOIBHION sHEPrum,
mopsagka 10—20 26, mosTOMy TarWe KoixebaHHA He BO30y:KmaoTcA
IpH TeIToBLIX sHepruAx. Ho ecin ucereoBaTh MPOX0KAeHIe GHCTPEIX
BJIEeKTPOHOB CKBO3b TOHKNE METAIINYeCKHe INIEHKH, TO OKajKeTcsd,
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910 HabIoaeMse SHepreTHYecKue MOTePH COOTBETCTBYIOT Bo30yskje-
HHI0 OHOTO HJH HEeCKOILKHX KBAaHTOB 3THX Konebamuil. MHTepecHo
OTMETHTH, UTO fajke B MOJYIPOBOJHMKE INIa3MEHHAsg YacroTa Wp
BaBHCHT TOABKO OT MOJHOH KOHIEHTPAIUM BIeKTPOHOB B BaJeHTHOMN
sone 1). O6wsacHAerca aTo TeM, 4r0 yciopme (9.08) BHIOJHAETCH,
KOTNa TUIABMEHHAs SHePIUS 3aMeTHO IPeBHIIaeT PasHOCTh SHeprui
MKV 30HOH MPOBOJMMOCTH U BaJeHTHOK 30HOH, T. €. BeIUYNMHY,
0BBUHO HECKOJIBKO MeHBRMYI 5 26. C mpyroil CTOPOHE!, DJIEKTPOHL
HOHNHX OCTATKOB, OYIYYH CIHMITKOM CHIBHO CBA3AHH, HE JAIOT HAKA-
KOTO BRJaja. PasHOCTh DHEDPIWA MEKAY HSTHMHU YDPOBHAMH H 30HOMH
JIPOBOAHMOCTH 3HAUNTENBHO TPEBHINAET Awp.

MosxBo HaliTu ¥ BHICIINE WJIeHB PA3TOKeHNA € (¢, @) B PAX HO CTe-
mensaM ¢. IIpu aToM MOJKHO HaiiTh TO 3HaYeHMe (), 3aBHCAINEE OT (,
mpu KoropoM & obpamaerca B Byib. [as CBOGOXHEIX BIEKTPOHOB
pesyIBTAT TAKOB:

3 ¢k

w(q):mp[i-}—m—m-g——{—...], (5.63)

Ile vp eCTh CKOPOCTh dmerTpoHa Ha moBepxmoctn (Qepmum. Tarum
06pasoM, MOTYT CYMEeCTBOBATh IIa3MeHHEe KoleGaHusa ¢ PasnnIHbMA
JIUHAMHA BOIH; KBAHTH 9TAX KoJebanmil MOKHO Ha3BATh NAASMOHAMU.
Onnako 3akoH micmepcnu (5.63) mokasniBaer, YTO YaCTOTA HE OYCHL
CHAIBHO 3ABHCHT OT ¢ ITA3MOHBI HPEACTABIAIT COGOH B OCHOBHOM
J0RAIN30BaHHLe KojebaHms, JIHIIL MeNJIEeHHO IlepeMemaiomuecs
B cpefe.

Crporo ToBopsA, BeIHIHHA € (q, ®) ABILETCA KOMIJI@KCHOH, 1 BH-
pamenna (5.55) u (5.57) ompenensioOT ee BEMECTBOHHYIO TaCTh (» npen-
MOJOMREHAH, 4To o0 Mano). MHuMas TacTh JaeTCsA BHPajKeHHeM

4n2e?

o (4, 0)= —o8 V{10 (k) — 1 (k+ @)} 88 (k+ @) — 8 (K) — Ao},
- (5.64)

rge O-QyBEmuA mnosBIAeTcA UDPM HHTETPUPOBAHUM B (5.16) wmz-3a
HATM9us I[OJI0ca BOMUSW BEIMECTBEHHON OCH IpH

ho = & (k + q) — & (k). | (5.65)

Bripasmenne B npasoil wactu (5.64) obrapaer TeM HHTEPECHHIM CBOH-
CTBOM, YTo OHO ofpamiaercsa B HYNb, KOTAR

® 2= qUr, (5.66)

1y TloMuMO paccMATPHBAEMHX BJieCh, B IOIYNPOBO[HAKE BOSMOMKEH ellle
n7a3MERENe EoJe6GaHWsA SHAYATENBHO MeHbIIed dacToTH. B HHX Y4acTBYIOT
TOJBKO HOCHTEAH 3apAfa — DJIEKTPOHE MPOBOJAUMOCTH ¥ JEIPKY; BAJCHTHEIE JKe
DJEKTPOHH, PABHO KakK 1 DIEKTPOHK Goree TayGoxmx o6ox0uex, 06pasyor «hom,
BINAHTE KOTOPOTO NPOSBIAETCA B BaMeHe WCTHHHOH Macchl Ha ohdexTHBEYIO
I B NOABNEHNH MHOMOTEN & B BHAMEHaTede ©F (¢ — JMANERTPHIeCKad MPOHH-

[aeMocTh pemerkn).— Ilpuxm. ped.
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T. €. KOTJa 49acToTa  CIHIMKOM BeJIHKAa I TOTO, 4T06H BHOATH
OHY 4acTHLOy U3 (epMHEBCKOW cdephl moCpefcTBOM OFHOTO JIHINb
M3MEHeHHs ee BOJXHOBOTO BEKTOpa Ha BenuduHy . OTCOma ABCTBYET,
9T0 MIa3MeHHBIe KoJe0aHUsA C 9acToTOl, IPeBHUIAIIIEHA TOJLKO 4TO
YKa3aHHYI0, HE MOTYT OBICTPO BaTyXHYTh.

HApyroe uaTepecHoe sAiBienwe, CBASAHHOE ¢ IIA3MEHHBIME Kojeba-
HUAMH, MOKHO IIPeJCKa3aTh ¢ HOMOMBI0 opMyIH (5.56) mas e (q, o).
Ecam sra ¢opmyra meficTBHTENBbHO [aeT BHCOKOYACTOTHYIO AHATIEK-
TPHIECKYI0 NPOHHEMAEMOCTh Meramiaa (fias [IMHHHX BONH), TO KOM-
naekcHull noxasamesv npeaomaerus N mamHold cpemmt 6GymeT BhIpa-
HaTHCA PoPMyTOi

0)2
N*=e(q, o)~ 1——F. (5.67)

Ecim o << wp, TO BeImYMHA € OTPUOATEIBHA, W IOKA3aTelh Hpe-
Jominenna N ABIAeTCA UHCTO MHHEMEIM, JTO HIPHBOLAT K NOAHOMY
ompasxcernuto ceeta. Ho ectm o > 0, ¥ AMdIEKTPATECKAS NPOHHIIAE-
MOCTD € LIOJIO;KHTeNIbHA, TO IMOKa3aTens npeaomiaenusa N oKasnBaercd
BEIIeCTBEeHHBIM — MeTAJJ CTAHOBHTCA RNPO3PAMHHLM TPH OCBEIeHH,
HOPDMAalIbLHOM K €r0 HOBEePXHOCTH. ITOT BHIBOJ HECKOJIbBKO H3MeHAeTCH
Ipn yuere pacceAnms 3aeKTpoHoB (cM. § 6 ri. 8), ogmaro sBIenue
yavmpagduoaemosoti npo3payrwocmy METOTHHX METALI0B HabI0KaeTca
Ha OIEITE. :

§ 8. KBasuuacTans! ¥ SHEPrus CIEIICHHAS

IlpuBenennslit BEIIE pacIeT, 0CHOBAHHHIA Ha PACCMOTDPEHHN TAIJT K-
TPpHIeCKOH NIPOHHIAEeMOCTH, ABIAETCA, KOHEIHO, TOABKO HOpPHOIH-
xeHHHM. IHambosee cymecTBeEHEe Hpenmodo/KeHus GHIM chopmy-
IupoBaHH B § 1 HacroAmell rmasw, TAE MBI ZONMYCTHIH, YTO KaKIVIO
$ypbe-KOMIOHEHTY NOTEHIWAaJa MOMKHO PacCMarphABaTh IO OTHeNb-
HOCTH. JTOT (POPMAJbHHIE HpHEM HM3BECTeH KaK Rpubauicenue rao-
muyeckux a3, M AM OPUXOTATCA MOJb30BATHCA MOYTH BO BCex Gosee
TAy0OKAX HMCCIEeTOBAHMAX.

Mt He OyzeM BXONMTH B PACCMOTPEHHE dTHX (0Jee CIOMHEIX Te0-
puil U OTPAHMIUMCSA UMb HEKOTOPHIME obmumu 3amevanmamu. Oxa-
3HIBaeTcsA, 9UTO CHJIBHOE JajlbHEe B3aMMOMEHCTBUE MEKIY 9IeKTpo-
HaMH, CBA3aHHOE € KYJOHOBCKHNM LOTEHIIMATIOM, MOJKHO CBECTH K BKpa-
HUPOBAHHOMY B3amMopedicTBmio thma (5.29). JIeKTPOHH HE TeIBKO
ONeBalT OO0IJAKOM 3apAAA ATOMH IIPUMECH, HSKPAHHPYHA HUX I0Te
Ha OONBIIMX PACCTOAHMAX, HO W KWL DIOKTPOH TaKe HeceT
Ha cebe, TaR CKasarb, cobcrBeHHOoe 06maKo 3apsaga — QaKTHICCKH
«IONOKUTENBbHOEY 061aKro, coorBercrsyomee 3PQeKTHBHOMY BHITAJ-
KHBAHUIO «IPYTAX» 3IEKTPOHOB W3 cocemHmX obmacredl mpocrpaHcTBa.

Hamportus, nosumpor, ABWRYIAACA CKBO3H KPUCTANI, OPUTATH-
Baer K cebe «orpmmaTennHoey o6IaKko 3apAga siaeKTponoB. HHade
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FOBOPsA, BEPOATHOCTH OOHADYKHTH BIEKTPOH BOIM3H HO3ATPOHA
nopeimaerca. Ilo ar10fi mpuwamEe CKOPOCTH QHHUZUAAYUU NOSUMDPOHA
B MeTalllle OKa3hbiBaeTCA HECKOJILKO 00JiblIe, 4eM oHa 6Gbuia Obi B He-
BOBMYINEHHOM OJHOPOTHOM 3JeKTPOHHOM Trase. Bce ke MHorowacTwmd-
HEle 3QQeRTH He IPHBOAAT K CKOIbKO-HEGYIH CePhe3HOMY M3MEHEHHIO
VIIIOBOH KODPENANHHE MEXTY HalpaBIeHAAMYU PACHPOCTPAHEHHS NBYX
V-KBaHTOB, NCOYCKAEGMBIX B HPOLIecce aHHUTWAANMH. II0CKOABKY CUH-
Taercd, 9T0 K MOMEHTY AHHATHIA-
IIME HO3UTPOH B PEIIETKe 0CTAHABJIH-
BaercsA, 110606 OTCTYIIIeHAE OT 3MHC-
CHA Y-KBAaHTOB B HPOTHBOMOIOK-
HEIX HANPaBIEHMAX [OJKHO OHITEH
06yCI0BI16HO KOHEUHHIM 3HAYEHHEeM
HNMOYIbCa, IOCTABIAEMOr0 AHHNIH-
JUpyomuM aiexTporOM (dur. 96).
Pacunpegenense ¢-KBaHTOB 10 3HA-
yeHnAM yriaa 0 mosBoxser, cleio-
BaTeJIbHO, HBMEPUTH paclpefeleHHe
3J1eKTPOHOB HTPOBOJAMOCTH IO MM-

myabcaM. JTO MOMKET OKasaThCA —fé—‘f
HOJe3HHM IPE IpPOBePKe Teopuid
BIIEKTPOHHOM CTPYKTYDPH METAJJOB
M CIJIaBOB.
Crporo roBODA, NIA KOpPPEKT- \)

HOTO ONHCAHHA 9SIEKTPOHA C ero
COGCTBEHHHEIM 06IaKOM IONOKATOAb-  Qur. 96. CoxpaHemme mMUyJIBCA
HOTO 3apAfa HYKHO HMCIONb30BATh NPH AHHMIWIALNME TO3UTPOHA M
BOJHOBYI0 VHKIHIO OYEHDL CJIOKHO- SJIeKTPOHA.

ro Buga. Opmako sto o6pasomanme

HeceT 3apaAj dJEKTPOHA ¢ U B HTOM BechMa CXOJHO C wacTuied. Bims-
HHEe «IPYTUX» BIEKTPOHOB CBOJUTCA K MOAU(DHKAIMM CBA3H MEMKTY
BHEPTHEH 1 BOIHOBHIM BEKTOPOM 9TOr0 KBAHTOBOTO cocTosinuA. Hampu-
Mep, MOKHO HOJTYYHTH PaBEHCTBO 1)

k2k2

8(k)=m, (5.68)
rge BenwawHA m* BoBCe He paBHa 0GRYHOH Macce CBOBONHOTO DiIeK-
Tpoa m. OKa3biBaeTcs, 4TO 9TH K6A3UYACMUYBL BUOJHE CTaGHMIBHEH,
Korga osmeprusa ux Onmska k ypoBuIo Pepmu, HO 3aTyXaioT W Crpe-
MATCA PacmacTbCd TpPH yAaleHHH OT moBepxroctm Qepmm. Iror
dakT ouenph BayKeH IIA GopMaabHOro 060CHOBAHNA KHHETHIECKOM

TeOPHA W IPEACTaBIeHHA o MoBepxHOoCcTH Mepmm.
Onncanme CHCTEME! ¢ TOMOINBIO IPEACTABICHHA 0 KBA3HIACTHIIAX
0 CymeCTBY [a€T HaM KaPTHHY CIIEKTDPA dAEMEHMADPHLLE 6030yHcOeHUT

1) Crporo roBopsA, B3aHMOAEHCTBHE MEKIY DIEKTPOHAMH MeHsSeT BHL 3aKOHA
nucnepend (cm., Hampmmep, [1]).— ITpum. ped.
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saexrponnoro raza. He 6yayanm B coCTOAHMHE TOYHO PACCIHTATH HTOT
CIIEKTD A PEANBbIOTO METANIA, MB BCe Ke MOKeM JaTh BIOJNHG
V/OBIETBOPUTENLHEE OEHKHM XapaKTePHCTHK BIEKTPOHHOLO Trasa
COOTBETCTBYIOMel ILIOTHOCTM B paMKax Mmojennm «keme» (cm. § 1
nacrosmeit raasn). [Ipa 9TOM sHeprusa 0CHOBHOTO COCTOAHNA B Ha3BaH-
HOIT MOJeJNH Jaer HaM OTpeleneHHbe CBeJeHHA W OTHOCHUTEIBHO dHEp-
rum cBA3K Merasaa (M. § 3 ra. 4). T'pyGylo annporernManmio Barmepa
u 3efTiia 0 TOM, YTO JJAEKTPOH BEITECHSET BCE IPYIHe 3JeKTPOHBI
TIPOBONUMOCTA M3 S9efKU, B KOTOPYIO OH IONAJaeT, MOKHO 3aMeHUTH
OpAMBIM PAacdeToM dJIEKTPOCTATHIECKOTO B3aMMOJAGHCTBHA MEKAY
5JEKTPOHOM ¥ HKPAHUDPYIONHM ero o0xakoM; 3TO faer 3HATMTENIBHO
Ay4Imyo oneHRy aPdeKToB asekmpontol Koppeiayli. B TEOPHH MeTaJ-
AMIECKOH CBA3MH.

PapusiM 06pasoM cieayer OjKHAATh, YTO PHEPTUA B3aUMOJEHCTBUA
Me;RIY ABYMA KBasudacTHmaMm Oymer oueHb HEBENMKAa — MDUMEPHO
TaKON, KaK ecam Obl KYJOHOBCKMH NOTeHNWan OBUI SKpaHHPOBAH.
Taknm o6pasoM, HAHIA CHCTEMa OTBEYAeT YCIOBHAM HOPUMEHHMOCTH
passuroit Jlamgay modeau gepmu-acudrocmu. B 1ol Mojenn HamHU3~
ITAM 9HEPTeTHYECKHM YPOBHAM CHCTEMH! 0TBeYaeT Bosby:xienne ofHoN
WM HEeCKOABKHX KBA3HUACTHI{ B 0ojee BEICOKME JHEPTeTHYECKU®
COCTOAHHA — B TOUHOCTH TAK jKe, KAK U B Ta3€ HEE3aUMODeUcmMEYyouux
depMmoHOB HpHM 0UeHb HMBKOH Temieparype. OJHAKO ¢ POCTOM UHCIA
yacTam, Bo30yapeHHLX Buiie ypoBHA QDepMH, MBI JOJKHB YIHTH-
BaTh ¥ 5PPEKTH B3auMOAeHCTBHA Mex Ay HEMH. ITH dPPerTH ommch-
BaoTcsa 700aBOYHLIM 3HEPreTHYeCKHM CIaraeMEIM BHJA

=t S f(k oK, 0)0n(k, 0)on(k, 0). (569
k, 0; k', 0
3xaeck 8n (k, 0) ecTh M3MeHEHMe YHCIA 3AMONHEHAA KBAZHIACTHYHOTO
COCTOSAHMA C BOJHOBHIM BEKTOPOM Kk ¥ CIIHHOM O IDH IepeXofe CHcTe-
MBI U3 OCHOBHOTO COCTOSIHMA B JaHHOe BO030y:kpeHHoe.

[apamerpsl, nenoxbayeMsie B Mogean Jlangay, onpejgeasoT ciekTp
rasa 9IeKTPOHOB IMPOBOAUMOCTH, & TeM CaMBIM U TaKHe ero CBOKCTBA,
KaK, HALIPEMep, dAEKTPOHIYI0 TemwioeMkocTsb (cM. § 7 ri. 4). Bamnas
ocobenrocrs pynkmmu Bzammopeiictsus f(k, o; k', ¢'), durypupyio-
meil B mpasoii wactu (5.69), cocToUT B TOM, UTO OHA 3aBHCHT OT B3AUM-
HOW OPHMEHTATWH CUMHOB ABYX 2JMeKTpoHOB. IIpm oOhambX Meraniu-
YECKUX MIOTHOCTAX 5TO 06MEHHOe B3aUMOAeHiCTBHE [elaeT Tapaiilenb-
Hyi0 opueHTanmlo cuwHOB Goxee Byiroguoi. CyTh fena COCTOMT 3/eCh
B TOM, 9T0 B cwiy upuHNuna llayam aBa saexTpoHa ¢ OJMHAKOBHIMH
CIXHAMH He MOTYT HaXO[HUTHCS B OJHOH W TOH ke TOYKE MPOCTPAHCTBA.
D70 06CTOATEIBCTBO YCHINBAET POJIH ROPPEIANNHE I HECKOIBKO 0cnab-
JfeT WOTEHNHAIbLHYI0 JHHEPTHI0 B3aHMHOTO DIeKTPOCTaTHIECKOIro
OTTAJIKUBAHNA JIEKTPOHOB, JTOT 3PeKT HeBeInK, HO OH HECOMHEHHO
UIpaer BAKHYIO POJb B TEOPDHH MACHUTHHX CBOHCTB METaNIOB (CM.

§ 2—5 ru. 10).
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§ 9. Ilepexox Morra

Hpyroit xagecrBeHHE ddderT, o6ycIoBIEHHEHH O CymecTBY
CHJIAMH B3AWMOMEMCTBHA Mem[Jy OJEKTPOHAMH, He TacTo Habiio-
7laeTca Ha OUEITe, HO OH BajKeH DpPMHIHMOManbHO. Ilpenmonomxkmm, uto
MBI MeIIeHHO cOnmzkaem GonbIIOe YMCAO aTOMOB BOXOPORA (MIE aTo-
moB Na, UM OPOM3BOIBHYIO COBOKYIHOCTh ATOMOB C HETOTHBIM THC-
JIOM SIEKTPOHOB B djIeMeHTapHoli sdvefike). CoriacHo nmpHADEIaM,
copmyanpoBannsm B § 1 i, 4, sIeKTpOHHIIE BONHOBHE QYNKIHN
KaKmoro aromMa Gynyt mepexpriBaThes, 6yAyT 06pasoBHBATBCA BOHDI,
1 TBEep/l0e TeJI0 HENPEeMEHHO JIOJKHO CTAaTh IPOBOAHUKOM. JT0 JOMEKHG
UPOM30HTH, Ka3alnoch O, HE3aBUCHMO OT TOTO, CKOJb [ANEKO ADPYT
OT ApPyTa HaXOMATCA aTOMH.

B sror mapagokcambHuL pesyabTaT TpPyIHO moseputh. U paktn-
YeCKH, MO-BUAUMOMY, fie10 obcrout He Tak. MopMaabHas HKBABAJEHT-
HOCTb, CKajkeM, Haopa /IOKANH30BAHHBIX ATOMHHX (YHKIHIK
¢o (r —1) mabopy GroxoBcKux Gymrmumit ¢k (r), mpemuoraraBmascs
B § 4 1. 3, cupaBe[IUBa TONBKO B IpeHeGPeKeHEH opuEnmnoM [layan
M BB3aMMOJEWACTBHEM MEKAY 9IeKTpoHamMd. Eciam mMeerca mno dea
9IIEKTPOHA HA aTOM, TO [JeTePMHHAHT, COCTABICHHEIM M3 BOIHOBHIX
(YHKIEHE BCeX COCTOAHMI $y () B 3aNONHEHHOH B0He, COBNATALT C ae-
TePMUHAHTOM, COCTAaBJIEHHHIM W3 BCEX JOKAIM30BAHHHX aTOMHEIX
bynxmmit 1), ¢, (r —17). Ecam, ogmako, Ha aToM OPUXOMATCA TOIBKO
110 OHOMY BJAEKTPOHY, TO [AeTepPMUHAHTHI, COCTABICHHHE U3 GIOXOB-
CKUX (YHKOWHA HAWOJOBHHY 3al0JHEHHOM B0HH M M3 JOKATN30BAaH-
UPIX ATOMHHX QYHKOUY, OTHIOAb He OJWHAKOBH. IlepBOMYy W3 HuX
COOTBETCTBY®T pasMeIieHHe [BYX 3MeKTPOHOB Ha HEKOTODHX aTOMAax,
B TO BpeMsA KaK HEKOTODEE aTOMEI OCTAIOTCSA IOYTH MYCTHIMH, a TAaKoe
pacmpejienenye 3apajfa MoKeT JaTh GOJNBINOH MONOMHTENbHEH BRI
B TOJIHYI0 KyJTOHOBCKYIO dHepruio cucreMsl. 1losromy maGop moKannm-
30BAaHHBIX QYHKIME MOKeT OKasaThCA Jywmeif TPOGHOE BOSHOBOMN
(pynxmueit cumcrems, Heennm Hab0p HEIOKAJH30BAHHBIX dyHKIUi
Buroxa. Bonnosas ¢ymrnma meporo Tama COOTBETCTBYET MB0JIATOPY,
TOra KaK BTOpasg ONACHIBAET NPOBOJHWK.

Uro6Bl yeTaHOBHTE pasnmdane MeMRIY STHME CAYy9asMA, MOJKHO BOC-
HOJB30BATRCA CHeRAyIIMuMA coolpaskerusaimu. IlyeTs MBI BeBeanm
O/THH DJIeKTPOH M3 HEeKOTOPOH COBOKYNMHOCTH JOKATU30BARHEIX COCTOM-
nuii. Ilpm aTOM OCTaHETCS WYCTOH WOH, T. €. MOIOKATENbHEIN 3apAxu.
IIeKTPOH GyTeT IPATATUBATHCA K HOMY H MOMKET Jae MONACTh B CBA-
3aHHOE COCTOSIHME, TAK IT0 PAKTHIECKM OH He CMOKeT CBOGOLHO JBH-
TaThCA IO KPUCTANNY M faBaTh BKAaf B ToK. Ho Temeps mpenmoso-
/KM, 9TO MMEOTCA YiKe DA TAaKUX d1eKTpoHoB. OHm 6yTyT CTpeMETHCH

1) Crporo roBops, 3pech ciefoBano O paccmatpuBaThk ¢pymruuu Bammbe
(M. § 2 rn. 6). Opmako paccyinene He MEHseTCA, €CHU NPEMNMONOKATH, 9TO
TpubAMsKenWe CHIBHOH CBABH CIPaBEeNINBO, KOT[[a aTOMH HAaXOAATCA Ha GOJb-
IIMX PACCTOARMAX APYT OT fpyra.
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3a9KPAHHPOBATH BapfAjl MOHA, MOTEHIUAJ KOTOPOTO MOMHO B3ATH
B BHje, aHATOTHIHOM (5.29):
e2
——e M, (5.70)
-
Eciu KOHIEHTpAlus 3JIeKTPOHOB, OTODPBAHHEX OT MOHOB, €CThH 7,
10, coraacuo gopmyae (5.22),

A2 — Lme2n/3
=—5—

(5.71)
le yaerox (3.3), (3.4) u (4.3)].

O6braHOE KYTOHOBCKOE HOJe CHOCOGHO 3aXBATUTH 3JICKTPOH B CBA-
sagHoe CocTosHMe. Hm3meMmy COCTOSHHIO — OCHOBHOMY COCTOSIHHIO
aroMa BOJOpPOJa — COOTBETCTBYET pPajuye

K2
——5 - (5.72)
*
Ecau janHa sxpanupoBandsa 1/A meublie, 4eM dy, TO ke 10 CBA-
saEHOe COCTOSHEE He cMokeT ofpasopaThes. Taxum o6pasom, 4TOGEH!
HOHM30BAHHEIE aTOM ObLI CIHOCOGEH BHOBb BaXBATHTH OTOPBAHHDBIH
OT Hero 5IEeKTPOH, MOJIKHO BBIIOJHATHCA YCIOBHE

A< agt,

ayg=

n=Y > hay. (5.73)

Eciu cpeguee pacCTOSHHEe MEKJy aTOMaMW B HAIleM CIydYae IIDeBbi-
ITaeT deTHpe ATOMHEIX PAJHyca, TO METANINYeCKoe COCTOAHHE He-
yCTOHUMBO W CHCTeMa MOJIKHA CTATh H30JATOPOM. Boaee Toro, aror
5eKT MMeeT KONTeKTHBHBIA XapaKTep: KRB0 ANIIHnd cBoOOHBIA
9JI6KTPOH TIOMOTAeT 0CBOGOMTHCA OCTAIBHEIM. Iasxe ecaym MeI HE TOY-
Ho HAmTH umeao 4 B HepaBeHctBe (5.73), BCe PaBHO KajKercs
BechMa BEPOSTHEIM, 410 Iepexof Oyxer MPHHOUMNAIBHO OYEHB Pe3-
wuy. C6mumskas Hamm aToMel Bomopojpa miau Na, Mbl yBUAENH OB1, 9TO
9Ta CHCTEMA BHE3AIHO0 MpPEeBPATHIACh M3 M30JATOPAa B METAJNI C ompe-
7eTTeHHBIM ME/KATOMHBIM PacCTOAHMEM.

Hepexod Momma HaGI0a/IM B HEKOTOPEX OKACIAX, KOTOPHIE CRAT-
K006pPasHO TIPEBPAMAIOTCHA B MPOBOJHUKH MO JOCTHHEHIH HEKOTO PO
reMuepaTyphl. ITH IPECTABIEHHA MOMKHO IPUMEHHTH TAKKe K LpH-
MeCHHM I{eHTPaM B MOJIYOPOBOJHHKEe — Iiafo JIMIIb MoIuQUITEPOBATH
BENMUNRY Qg 1), VMHOMKIB €e Ha MAKPOCKONMIECKYI JHDNEKTpHIe-
CKYIO TpOHHIAeMocTh (Kak B § 5 macToAmen [JIaBHI) MOJTYIPOBOAHUKA
{em. § 4 ra. 6).

Bee 113;10KeHH0e 0 CYMECTBY TeCHO CBA3AMO C 2UNome3ol Buesuepa
O TOM, UTO IpH MalIofi KOHIOEHTpanuu DIeKTPOHHBIA Ta3 Oymer «Kpu-

1) TIpn sToM m oGo3HAZaeT spdertusay0 Maccy.— ITpux. ped.
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CTaNIIN30BaTHCAY. HyCTB ry €eCThb CpeﬂHIfIﬁ paguyc C(bepb], 3aHIMAaeMOR
OJHHUM 2JIEKTPOHOM, T. €.
A 4 1 I
*gﬂr(’:?l‘. ( /*i)
HOTGHILHZ}JIBH&H 9HEPTruA dJJEeKTpOHa n3-3a HAJIWYUA B aTOH C(bepe
(bOHa OOJOKHTETBHOTO Pa3Ma3aHHOT'o 3apsafa 6yﬂeT oo HnopsijARy
BE&JIIMINHBI paBHa
e2
- 27‘0 :

(5.75)

C mpyroit cropoHbl, NMOCKOJBKY ABHKEHHE DJIEKTPOHA OTPaHuYeHo
061acThi0 mpoCTPaHCTBa BHYTpH BEIGpaHHO#E cdepr, o Gymer obia-
HaTh dueprueil HymneBHX Kojebanmit

B2

—_  *
mrg

(5.76)

Taxum 06pa3onm, HoTeHNUAIbHAA DHEPIAA HAYHET HEPeBENIABATL I PH

e2 h2
ET
T. €. KOTfa
ro == 2az. (5.77)

UncneHHBI MHOKHTENb 3[leCh, KaX M B HepaBseHcTBe (5.73), He cle-
IyeT IPHHUMATH BCEPHE3; OTHIONH He ACHO TaKke, OpH KaKHX YyCJI0-
BUAX NoT0o6HEA mepexon BooGme Mosker Habmiomateesa. Tem He Menee
BAayKHO fACHO OTHAaBaTh cefe oTueT B OTPAHMIEHHOM XapaKTepe IpHMe-
HUMOCTH TPOCTORK 30HHOH TeopuM, H3JIOKEHHOH B IiI. 4, paBHO Kak
I IpPOCTON TEOPHH KOPPEIANHU SIEKTPOHOB, DPACCMOTPEHHOH B Ha-
CTOAIMeH riase,.



TJIABA 6

JANHAMUKA 3JIEKTPOHOB

Cpofofa ecTh OCO3HAHHAS HCOOXOAM-
MOCTb.

Ppuipux Ineeave

§ 1. OGuge npyHIMAIIBI

o cux 1Op Mbl PACCMATPHBAIHM CTATHYECKME CBOHCTBA TBEPABIX
rexn. OpHaxo MHorHe W3 Hauboiee BAKHHX (QU3MICCKUX sBICHH,
HAPAMED 9NEKTPONPOBOAHOCTE H  TEMIONPOBOJXHOCTH, ABIANTCA
ANHAMUTECKHMH — OHH  OByCIOBIenn BO3/CHCTBHEM BHEINHUX CHI
m molneli. BosHmraer 3agaua o CO3MaHAW TEOPUH TaKuX ABIEHH,
0co6emnHo HPUMEHNTETHHO K BIEeKTPOHAM IPOBOAUMOCTH.

JiemeHTapHble IPWHIANE 3/eCh 0UeHb IpocThl. Ilpexspe Beero
HaJl0 BHMUCIATH CKOPOCMb BMEKTPOHA B COCTOAHMM C BOIIOBOM (yHK-
nueit | k). CoorsercrByiomasn sueprug ectb & (k); B snementapHoi
KBAHTOBOM MEXAHWKe ¢ Hell CBA3KBAETCA B3ABHCAMUI OT BpPEMEHH
MHOKATENDb, KAk OyJTO SJEKTPOH MMeeT YacroTy

vi= & (k). (6.1)

Ho, cormacHo TeopHE BOJH B Cpefie ¢ JHCIOEPCHER, 2pynnosas
ckopocmb BOTHOBOTO IAKeTa € JacToTaMu, OIM3KHMH K Vg, PaBHA

1 7€k
Vk—’:Vkazf—%Tl . (6.2)

Cropocmb aaekmpona «6 cocmoanui | Kk)» ectb B TOUHOCTH 2paduenm
snepeuu & (k) ¢ k-npocmpancmee.
Tt cBOGOIHOTO DIEKTPOHA BTO MPABAIO AeT OOLIYHLIE Pe3yabTaT

h2k2
g)="2"% (6.3)
u
=X P (6.4)

Ijl6 P — UMOYIbC dMeKTpoHa. V3 sieMenTapHOA KBaHTOBOW MeXa-
HAKA XOPOMIO M3BECTHO, 9TO MMEHHO TAKOBA CKODOCTH JJIEKTpoHa,
PaccMATPUBAEGMOTO KaK BOJHOBOM HaKer, ¢BOGOJLHO PacCIpPOCTPAHAI-
ImuicA B IPOCTPAHCTBE.
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Ilamee, semmumua 7k Bemer ceGs mOZOGHO uMnyabcy B FAPpPaK-
muorHHX Aptennax (§ 8 ria. 2). Ecrecrsemno mpepmonosuTh, €UTO
IMHAMHYECKHMH B3aKOH YCKODGHHA WMECT BH]

fk =F, (6.5)

rme F — cma, peifcrByromas Ha 5IeKTPOH. MBI NpuImIK K 33aKOHY
HbiotoHa: cKOPOCMb USMEHEHUA KEA3UUMNYALCA PAGHA NDULOHCEHHOU
cuae.

Ot gea mpumHmuna (6.2) m (6.5) pelicTBHTENLHO CHPABEIINBEL,
HO mX Hajgo obocHoBaTh. MMeHHO Hajo IOKa3arh, KakuMm ob6pasom
IpHCYTCTBUE KPHUCTAINMYECKOH peImeTKH HpPHBOUT K Tayboxromy
N3MEHCHMIO XapaKkTepa PacHpoCTPAHEHHA DIEKTPOHA, a TaK:Ke MOXY-
YATh HW3BECTHOe mpefcraBienne 06 amOPOKCHMAalMAX, B KOTODEIX
CHpaBe[IMBH DTH IPOCTHIE BAKOHH. XOJ pPacCyAeHHl TOBOIBHO
ClIo’KeH U pasbHBAETCA Ha HECKONBKO JTAIlOB.

§ 2. ®ysrunn Bannne

Hanomaum name onpepeienune (§ 4 ra. 3) dynxmun Broxa depes
aTOMHBIE BOJHOBHE QVHKRIUA &,:

Vi, n =ﬁ ; ey, (r—1). (6.6)

Orta ¢opMyna MMeeT COBEDIIEHHO SACHBI CMBICI — OHA OIMCHBAeT
poany exp (ik-7), HamokeHnHy0 Ha HAabOp JTOKATWM30BAHHEIX ATOMHBIX
$yurnmit, onpenenA0mux ¢asy ¥ aMILIATYAY B KaKZoH AYeiike pe-
mrerku (pur. 97).

@ur. 97. Bojna, HaJOeHHasd Ha AaTOMHLEE BOJHOBHe (QYHKIHAH.

__Jaa omucansa guHaMAYecKAX 3PPeKToB MBI MOTIN GBI MOIHITaTHCA

OOCTPOHTE IO TOMY ke o0pasmy BOMHOBYI0 (QYHKOHIO, 3aBUCAMYIO
OT BPEMEHM:

P (r, 1) ~ }Ljf(z, 1) o (r—10). (6.7)
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Jnecs ormbaromasn ¢yrruma f (7, {) moxasmBanga GBI, CKOJIb CHIBHO
MeHseTCA BOJHOBaA QYHKINA BOIN3H y37a ! Mo CPaBHEHUIO C JTOKANb-
HOHl aToMHOI QyEKOUEH ¢, (r — 7).

Opgrako nmpubiauKeHne CHJIBHO CBA3AHHBIX IEKTPOHOB KaK TaKo-
Boe He coBceM yxo6HO BBHAY 3aTpyIQHEHHY, BOBHHKAIOMHAX C OPIC-
roHanamsanuei. J[ledcTButensHO, QyHRUMA, ompegereHHas ¢opMmy-
aoi (6.6), He sBuserca pemermeM ypasmenusa Ilpegunrepa B mose
KPHCTANLIAIecKoTo NoTeHOmasa. Hak wu3pecTHO, HYIKHO COCTABHTH
IWHeHHY0 KOoMOMHAIMI0 ATOMHEX (OYHKOMA THOA

Pk =T/17 lZm e®lemdm (r—1) (6.8)

¥ ONIpemexuTsh Ro3pPumuenTs, morpeboBas, 4TOOH YHOBIETBOPAIOCH
ypasuerne Illpegumurepa. TaxkuM o6pasoM, MH HeE CMOKeM BOCIIOJNb-
30BaThcAd npepfcraBienneM (6.7), He pemimB ImpeNBAPHTEIBHO 3a4aUy
0 JIMHeHHOH KOMOMHAINN aTOMHHX (YHKOUH — HOBOJBHO yTOMHTEIb-
Hoe Hagajol

Moskro, ofHAKO, onpedeaums YHKIAA TaK, 9T00H OBH 00JIafain
HHTePEeCYIOMMMHE HAC CBOMCTBAMH JOKAJTM30BAHHHEX ATOMHHX (YHK-
nmit. Ilpednosoacum, umo cyuecmsyem makas @yrkyus a, (r), wmo
ucmunnvie gynkyuu Baora ¢ n-Ui svHe umeiom eud

1 ikl _
wk,,,=w ? ek-lg, (r—1). (6.9)

ITY HOBYIO QYHKIHIO @, Mbl HazoBeM gyHkyuel Bannve. Ona 3aBn-
CHT OT HOJOKeHNA TOYKH B IIPOCTPAHCTBE, HO He oT BexTopa k. Kam-
Joif sHeprermieckoil 3oHe Cymer orBedarh cBos ¢yHEMua Bamnwe,
TOTHO TaK K€ KaK KarKJasg aToMHas BOJHOBAH QYHKIWSA B OpUOIMLe-
HUN CHABHOH CBASH IIOPOJKIAET CBOX 30HY.

Jlerko o6paruts popmyay (6.9). Ilycrs mer kaxkmm-1m60 cnocobon,
CKajKeM MeTOJOM OpPTOTOHAJXMBOBAHHKIX IIOCKHX BOJH, pPENINIR
ypaBHenue llipegmurepa mns ¢ymxumit Bioxa Py, ,. Torma mommno
YMHOKHTH paBeHCTBO (6.9) Ha COOTBETCTBYWOIIMH BOJIHOBOH MHOMKH-
TeIb W IPOCYMMMDOBATH II0 BCeM 3HadenusaM k B soHe Bpmmawswa:

. 1 .
2 e~y n(r) === Z elk--Ug, (r—1)=
k V¥ k, ¢

=VN D 8wan(r—0)=VNan(r—0'). (6.10)

My BoCmOB30BATHCH 31ECH PE3YNBTATOM, KOTOPHIHA, CTPOTO IOBOPS,
He GBI JOKa3aH, HO JEerko MOKeT OHTH HOKa3aH 10 aHaNOTHH C (2.92):

2 ek =, (6.11)
k
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eci {1’ u CyMMUDOBaHHEE BeJeTCA IO BCEM BOBMOREHM 3HAUEHHUAM
BekTopa k B 3one Bpunnrosna.
Papemcrso (6.10) MoxHO mepemmcath B BHRE

ap (r—12) =71_ﬁ Se= ikt (1). (6.12)
k

Nenonabsys opToroHanbHOCTE GYHRIMA Pk, , 1 Pk, - V1A PABHHX 30K,
JIeTKO JIOKa3aTh, UTO OPTOTOHANBHH MEXKEY cobolt 1 ¢$ynrmun
a, *x —1) u a, (r—1) (mpu n’ = n). Kpome Toro, Bcerma oproro-

@ur, 98. Oysxkuun BaHHBE, COOTBETCTBYIONHE COCETHHUM Y3JIaM.

HAJbHH APYT APYTy OyErnun Baunse, majke mpmHAajIesKalnue oXHOK
W TOH ke dHePreTHYeCKOU 30He, eCIU OHH INEHTPHPOBAHE Ha Pa3HBEIX
yaaax pemerru (fur. 98). Umenno

S an(r—10)a, (r—1)dr= 7%,— D eik"e‘“‘""S P&, "k, n OF =
Kk’

= S ek =3, (6.13)
k

(3meCh HCIOMB30BAHO MBBECTHOE CEOMCTBO OPTOTOHANBHOCTH (YHKIMI
Broxa ¢ pasinYHKMH BONHOBEIMEH BeKTODAMH).

@Oyuknun Banube, Takum o6pasom, mpegcTaBIsaioT coboii pesyib-
TAT YHHTAPHOTO Hpeobpasopauus QyHKIuA Biaoxa u gawor dopmanbHo
9KBUBANEHTHOE MPEACTaBlieHre JIeKTPOHHHX cocrosmmit. Kak ymwe
yKaseieadoch B § 8 . 9, oHM, Bo3MOKHO, Goee HOAXONAT A ONU-
CaHusA MBONATOPA, TNie 3IEKTPOHH XOPOIIO JOKAIN30Bansl 1 3YderTh
KOPPeJIAlWHE OTPAaHHYMNBAIOT X ABW;KeHUME 061acTblio BOIM3H «CBOETOY
aToma. B Meramgax wim B DOJYyTPOBOJHHKAX, OOHAKO, GIOXOBCKHE
COCTOAHMA, COOTBETCTRYIOMME 3JIEKTPOHAM, GHCTPO PacupoCTpamsio-
MUMCA 9epe3 BeCh KPHCTAJLT, GoJbie TOMATCA 1A ONHCAHHA FACTHIL,
KBA3WYaCTUL, ONHODNEKTPOHHMX Bo30ykmeHHi, HocuTenel 3apAnga
W T. WO
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IIpencrasnenne 06 mcTaHAOM BANEe PYHKIUN BaHube MOYKHO TMOXY-
YATH ¢ moMompeio dopmyas (1.60)

P (r) = N~z (r) eiker, (6.14)

eCIM TPHHATH, 9T0 Hepmogndeckas QyHrnus u (r) HPHEMEPHO onH-
HaKoBa A1A BceX OJ0XOBCKHX COCTOAHuUI B some. [[ma caygas mpo-
cTo# KyOmuecKoil pelmeTKN ¢ MOCTOSHHON pelleTKH d JIerKo JOKAa3aTh,
4910 QyHKMuA BaHune, cOOTBETCTBYONMAs Y3y B Hadajde KOOPAUHAT,
HMeeT BUJL

_ sin (niz/d) sin (rvy/d) sin (riz/d)
()= () ot g ) (6.15)

Idra QpyHKIMA moXoKa Ha u(r) B IMEHTPe AYEHKH, HO OHA PaCIpoCTpa-
HAETCA Ha MOBOJBHO OOJBLIOE PACCTOAHEWE ¢ MOCTENEeHHO 3aTyXalo-
muMy Kolnebanmamu. It Komebanua HeoOXoAUMH AAA obecredeHus
OPTOTOHANBHOCTH, XOTA HHKAKOr0 NPAMOro (HU3HIECKOTO CMbICIa
He umeT. Oyuknuu BaHHbe HOTE3HH OIA BLIYHCINTCIALHEIX Ieldei,
OJIHAKO OHM He TOfATCA AMA HeTOCPEeNCTBEHHOTO MCTOJKOBAHHA Puan-
YeCKUX ABJIEHHUH.

§ 3. YpaBHeHmsa nBWKeHHA B npejncTaBleHnn Barmbe

HaM mnpepgcromt Halita pemeHue HECTANUOHAPHOrO YPABHCHHA
Illpeguurepa 1A BIEKTPOHA, ABMMKYNIErOCH B IMOTEHOHAJIBLHOM ILOJE
PeIleTKN IIIOC IOTEHIIMAJ BHEITHETO YJIeKTPHIEeCKOTO MOIH:

(S84 p(r, t) = in HED (6.16)

3gech FF° ecTh TaMUILTOHHAH JIEKTPOHA B WACATBHON pelleTKe H
9l — moreHLEAT BO3MYMIEHHA.

ITompiTaeMeda moctpouth pemenwe Tuna (6.7), HO ¢ QyHRUEAME
Baunspe B KagecTBe J0KaTM30BaHAKX QYHKIUE, T. €. MOJOKAM

B, 8 =2 Fa (7, 2) an (r— 1), (6.17)

3nech A Kammoil SHEPreTHIecKON B0HH, T. €. JJiA KAXKI0T0 THIA
JORAIbHBIX (ywkuuii Bannne, B3gra cBos ormbaomas QyRKIHA.
HopcraBum eoipaskenne (6.17) B ypasnenue Illpexunrepa, mommo-
RUM Ha ay (r — U’) @ mponuTerpupyeM mo Beemy Rpucraaay. doab-
3ysAch cooTHomeHmeM oproroHanbHoctn (6.13), momywaem
. ) Of pr (¥4 1)
S S @ (1= ) (4 U) an (c— V) fu (I, ) =i "2 (6.18)

n, 1

Hanee, camu pyHEnun Bannbe ORIM HOAYYEHH W3 POUICINA YPaB-
HeHUs [(IA HEBO3MYNIEHHOI'0 KpPHCTAJNIa, WMEHHO

H iy n = En (k) Pr, n (6.19)
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A n-it 3ouH. [lpEMenssa aro ypasuexue K pasexcrsaM (6.9) u (6.12),
HAXOJUM

Sa,, (r_l)____j__ze—ik-lo%olpk’nz Ze—ik-lgn(k)qpk'n:
Kk
e

1
VN <
-ik.zgn (k) 2 elk-lUg, (r——l') ——

k 44

VN
1

N

= N &n,r-van (r—0).  (6.20)
v
3necnb, no onpedeaenuio, BBefied ypre-o6pas smepruu: nogobuo (3.32),
MBI JIMEEM

Enr =1 O En (K) ek, (6.21)
k

Unrepecno cpasuuth ypasrenus (6.20) u (6.21) ¢ (3.27). Hoad-
¢unuent &€,,; upeacraBisger cobofl MHTETpaJ MEPEKPHITHS JIA Ta-
MILIBTOHHAHA PeNIeTKA MeyKly QyHKmuAMuO Baunbe B n-ii oHepreTmye-
cKOIl 30He, COOTBETCTBYIOMUMHA Y37TaM, HaXOAAMUMCH HA PACCTOAHUN
. Beuny oproroHanbuoCTH (YHKOUA BanHbe oTH Pe3yIbTATH TOTHEL,
TOT/[a KaK IPH HCHOIAb30BAHME ATOMHHX (YHKIOUA oM OpuiM JWIIb
npubInKeHHBIMA.

Honcraeaasa pasenctso (6.20) B ypasuenme apmxennsa (6.18),
monydJaeM

Z {6nn'8n, 1v+ Unar (T, V) n (L, t)=ih

n,

afn' (l’v t)
=, (6.22)

t ?
rie
U (1, V) = S a (r— 1) U () an (xr— 1) dr (6.23)
€CThb ManI/IqHBIﬁ 3JEeMEeHT IIOTEeHIIHAaJNa BO3MYINCHUA 10 q)yHRIUJHM
Bannbe.
Orm ypapHenmsa sBiAoTCA ToUHLIMH. [Ipejge deM mepexommThb

K OpuGIIKEHMAM, Mbl MOMKeM cjelarth eme ofaua mar. Paccmorpum
CIeIYIOIYIo Tens JoPMalbHLHX PaBeHCTB:

En (—iV)[ (1) =) &n, et = 1f (r) =

= N & [ 1TV @V | )=

=S [f@rrvimtg (B2} =
[2

=S i (r D). (6.24)
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B arom BrBOge mpeguosaranocs, uro pyuknua &, (k) B maunoi sone
ecTh HeIPepHBHAA aHATHTHYECKAsa PyHKIUA kK — oKpecTHOCTH M06BIX
0CO6HX TOYEK, B TOM YHMC/IEe W TOUSK BeTBIeHMs, nckiouanuch. Coor-
BEeTCTBYIOIYI (YyHKIHAI0 omepaTopa (—iV) MOMKHO BHPAa3UTh € DOMO-
Wb CcOooTHOINeHMA, ob6parmoro (6.21), T. e. Hamo HammcaTh

gn (k) =2l gn, leik'l (625)

¥ Pa3JI0KHUTh O9KCOOHEHTY B PAJ N0 CTEHEHAM omepaTtopa V. B pe3yib-

TaTe mojaydaerca pasioskenue Teimopa mia dyuxnun f (r + 7). Dop-

Mmyna (6.24) copasemnmea, ecnim QyHRUmA f (r) HempepssHA, H T. X.
Iopcrasnaa (6.24) B ypasuenme (6.22), M moayuaem

[%’n'(——iV) far (v, t)—it ?fna(+t)] + D) Unar (1, V) 0 (2, ) =0.
n,l
(6.26)

9T0 ypaBHeHHe — IOKA eme TOYHOEe B Ipefqesax [aHHOH B0HH —
oupenenser ormbawmyo ¢yHxnao f, (r, ). OHO BeckMa HHTEPECHO
u moxeasno, ubo temepsr ormbaromas f, (r, ) paccMaTpuBaerca Kak
HeOpepHBHAA (YHRIUA TOYKW r, HOHOOHAA HEIPEePHBHOHA BoJHE,
pacopocTpaHAnINelics o KpHcramly, a He Kak QyHKoud, ompene-
JeHHAsd TOJBKO HAa MHOMKECTBE yaioB-penierku. J[0BOIBHO TPOMO3IKOE
pasHocTHO® ypaBHenne (6.22) samenserca upu sToM AuddepeHnuab-
HEIM ypaBHEHUEM.

Boxee toro, aro puddepernuansuoe ypaBHeHHE He JHILEHO CXO[-
crBa ¢ BpemeHHHM ypaBHewmeMm [lpemmurepa. Haupumep, muas cBo-
GOMHBIX DIEKTPOHOB MBI MMEeM

& (k) =

r=l’

h2k2
2m ?

(6.27)

opu 970M ypaBHeHme {6.20) mpuHEMaeTr Bujn

[ — g V2—ift o for (0 ) 3 U (3, 1) 1 (1, ) =0, (6.28)

n, 1

JT0 moxoke Ha oOKYHOE HectamumoHapmoe ypasmenue HIpemmurepa,
B KOTOPOM f,-(r, ¢) ecTb oOBUHAs BOJHOBAA (YHKIMA DIEKTPOHA.

§ 4. OxpmBanenTHHNi ravmabroHEaH. IlpmwecHple ypoBHH

Urobn mHamnydmmam o006pa3oM HCHONAb30BaTh ypasuenme (6.26),
00BIYHO [[eTAI0T HECKOJBKO IpPepmojioskeHu#. Bo-meperix, mpepmoia-
TaioT, YTO [Jis ONWCAHUS [BUKYNIETOCA SIEeKTPOHA JOCTATOUHO UCIONb-
30BaTh QyHKIMH BaHHbe TONBKO OJHON 30HEL. JTO 03HAYAET, 9TO MHI
npenebperaeM MarpwinbiMm dneMertamu U,,- (I, U'), mas woropwix
ns&n'. VasMu cioBamu, Ml npednosazaeM, wmo 603myujenue He
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CMOAb CUALHO UAL He CMOAL PE3K0 MEeHSEMCS, 80 8DeMenU U 8 RPOCMPAH-
cmee, 4Mobbl ebl36amb MeXcdy3oHHbe nepexodel. I10 HE BCEra BEPHO.
Hanprmep, BECOKOYACTOTHOE DIEKTPHUIECKOE IIONE MOMKET BHI3BATH
ONTHYECKHMI TMepexom B BepXHOI0 30HY. OueHb CHABHOE DIEKTpHYe-
CKOe Iole MOMeT npusectTn K agfexmy 3unepa (cM. § 8 HacTosmei
I1aBBI).

Honyernm ganee, 9T¢ MOKIO TpeHeOPeTh MATPUIHEIMU dJIeMeH-
vasa Upy (T,1'), worma I 5 17, IT0 onsTh 03HAYALT, UTO G03MYUEHUE
JEORCHHO MEHSEMCA OM MOUKEW K MOuKe ¢ peuemre, Tak 9T0 MaTpHd-
upiit anement (6.23) ncuesaer ms-3a oproronanknocTH Gymrnui Ban-
be, OTHOCAIUXCA K DPasiIddHeiM y3daM. IJTO NPHOGIIKEHHEe MOKeT
NpHBECTH K CepbesHbiM omubkaMm, ecam morewruman 7/ (r) mpepjcras-
Jiger coboit 6HECTPO MEBAIIYIOCA QYHKOWIO, HaupuMep moixe BOIH3H
TpEMecH B MeTallie MJIM HOJYLIPOBOJHUKE.

Haxonern, moxmo manmearsb

Unn (2, 2) = U ) )=, (6.29)

T. €. 3HAUEHHIO OTeHHmaja Ha I-M yaxe pemrerru. B pesyabpraTe
VpaBHEHHEe ABU/KEeHUA NPUHEMAeT BH[

{60(=1V) =i -} atr O+ U@ Fa (e, 0)=0,  (6.30)

TpuYeM 37ech GepyTca 3HAUYEHMA T HIA KaXKHOro yana pemreTku. Fcre-
CTBEHHO, TAK CKa3aTh, HHTEPHOJMPOBATH 3T0 YpPaBHEHHE MeRAY
y3IaMH pemleTKH W CIATaTh f, (r, t) o6HuHOll HempepnBHOE HyHK-
nmeit Koopmauar. OHa Hrpaer ponb BOJHOBOH QYHKOME DIEKTPOHA
R moJe J0KanbHOro moTenmmana 7L (r).

Pasamune mexpy ypasmenmeM (6.30) m mcXoZHRIM ypaBHeHHeM
(6.16) cocrout B TOM, YTO Temeph He HY/KHO ABHO BRJIKYATHL B pac-
CMOTpeHne oneparop F#° — raMmiIsTOHHAH 3JIEKTPOHA, ABIKYILEToCH
B TOJe HealbHOH pPelieTKH. JTOT 0NepPaTOp 3aMEHATCH IKEUBAACHM-
Hum eamuavmonuarom &, (—iv). 3uas Bun dyukunun & (k) B omHoi
30He, MHl MOYKEM DPACCMOTperb Bce guHaMudeckue 3dgexrts, obycraoB-
JeHHLIe MEIEHHO MeHAWMMMHACH BO3MYMAIIIEMA IOJNAMH, HIHO-
PHPYA IIOTEHIHA] PeleTKH Kaxk TaroBoit. [ 3To# meanm JocTaTOTHO
paccMaTPHBATH DIEKTPOH KaK CBOOOJHEI, HO ¢ MOANPUITPOBAHHEIM
OIIepPaTOPOM KWHETHIeCKOW sHepruu, &, (—iV).

Iaa cnyvas oGHAHHX CBOGORHHIX BMEKTPOHOB (1. . [AiIs TycToit
pemersn) MH y:Ke ycranosuam B (6.28), uro ypasuenme (6.30) cpo-
murea K obwaHoMy ypasuenuio Illpenunrepa. Ecam (kax B moaympo-
BOOHUKE) 3aKOH mucmepcny BOMM3H JHA 30HH IPOBOJHMOCTH OCTALTCH
mo-TpeKHueMy napabonmIecKnm, HO HMEeT BHJ

8®=§§, (6.31)
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rie m* He ecrb OOBYHAA Macca 9JIEKTPOHA, TO DKBUBAJNEHTHHIHE Tra-
MUNBTOHUAH OyIer TakuM e, Kak H A CBOOOJHOTO 9AEKTPOHA, C TEM
AU OTIAWYNEM, 9T0 Macca m BCIOAY 3aMeHserca Ha m¥.

Ha s1oM ocHOBBIBaeTCH HAEA O RPUMECHMZ YDOGHAZ B TONYIPO-
sogauke, Mot yixe suzesu (M. § 6 rai. 4 u § 5 ru. 5), uro mpumeck,
vanpumep taua As B Ge, cosfaer sddertuBHOE TolIe

(’Zl(r)=——e2

re &€ — CTaTMIeCKas JUBIeRTPHUYeCKas NPOHUIAeMOCTh cpensl. Ecan
BTO TOJ€ MOMKHO CIUTATH MEJIEHHO MEHARINUMCH W eciau (gopmyra
(6.31) amexBaTHO ONWCHIBAGT 3aKOH [WCHEDPCHH SIEKTPOHOB BOIMBH
IHA 30HE MPOBOAMMOCTH, TO dKBWBasienTHoe ypapnenue Ilpeguurepa
COBIAJIAET C YPABHEHHEM I aTOMA BOHOPOMA, 3a MCKIHYEHHEM TOTO,

YTO BMECTO MACCH! 9IEKTPOHA CTOMT m* u 3apay samensercs Ha e/} € ).

Ipu sTOM MOKHO BOCHONB30BATHCHA XOPONIO W3BECTHOW Teopueim
atoMa pomopoga. IlpumeMm [HO 30HH NPOBOAEMOCTHM 3a HYJIbH OTCIETA
KUHETHYECKON HHEPIHU; CBA3AHHHE COCTOAHWA DPaACHOJOMKEHH UpH
DHePruAX

(6.32)

er !

m*et 1

Wo=—sz557 (6.33)
HEJKe HA 30HBI. DTA DHEPrMH, OfHAKO, HeBenmku. Ecau, mampmmep,
m* = m/10 u & = 10, TO JHepeus UOHUAUUU NPUMECH020 YPOSHS

cocrasisger 10-3 pudbepe. Taxum
06pasoM, 5TH YPOBHHM JeMKaT Hemo-

R \\ CPEJCTBEHHO II0J| AHOM B3O0HHL IIPO-
: BOAUMOCTH, B 3anpeleHHOH 30He
\ Jowa npo@oﬁumaa@ (¢ur. 99).

Ormerum Taxsxe, 910 «6OPOBCKUI

4l

paguyc» SKBHBAJEHTHOH BOJIHOBOH

Sampewennan sona pyarnun [r. e. ormbawomeir ¢ynk-

muu  f(r, )] yBeamumsaerca Ha

o ] MHOKUTENs (me/m*) (B HammeM mpu-
%WW Mepe oOH pasen upmmepro 100).
MWW Hmenuo 3ro Gospimoe BsHaueHHE
MWWW «GOPOBCKOTO PAAHyCa» OTIPABIHBAET
R R HETIOMBROBAHIIE UpUGIMKEHHOTO Ta-

muapronnana (6.30) g ommcanmsa
rosmymenus (6.32), Hecmorpa ma
TO TTO TmOCTe/EHee OHICTPO MEHAETCA
B6aIman toukm r = 0.

Vpopuu, mopobusie (6.33), ypepemmo mabiofaloTcA SKCHEpH-
MeHTaJBHO, XOTS fAeralu Teopuu B Habmromaemsbie ddQerTH ClodkHee,
gem MH 0Opucosayum speck. Hlampumep, upepmososkennme o TOM, 9TO

®ur. 99. Ipumecase ypoBHH.

1y B coperckofi amrepaType dTOT CHOCOD pacuera OGHYHO HAZHBAIOT METO~
oM sdderTusnoit Macch.— ITpun. ped.
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HpEMECH He BIMAIOT APYrT HAa APyra, ONPaBTaHO TOABKO IpPH OYeHB
HU3KEX OTHOCHTEIBNHX KouneHrpanusax. locratousno mumers IHIIb
no oguomy aromy As mam Sb #a rampasie 10° atomos Ge unu Si, arobr
BOAHOBGIE (YHKIIMH 5HIEKTPOHOB, JOKATH30BAHHBIX HA COCEIHHAX
OPUMECHHX I[eHTPaX, HAYaJIM IePeKPhBATHCA. XOTH 9TH (ATOMBDY
H He HAXOMATCA B y3JaX NPABHIABHON pEIIeTKH, COBOKYMHOCTH HX
HogofHa cucTeMe, PacCMOTPEHHON METO/IOM CHiibHOM cBfAsu B § 4 ra. 3:
clieflyeT ORHIATH, 9TO YPOBEHb PpACIENHTCH B Y3KYI0 30HY (CM.
¢ur. 100), mpmuem coorBercTBylomas BoXHOBaA (yHKIuA Oyger

NOWN \‘é\
SRR

R
\\‘}“\E\

H(E)
a 0

@ur. 100. ¢ — TmepexpHTHE BONHOBHX (YHKIUI NPUMECHNX COCTOSHHE; 6 —
NpUMeCHAA 30HA, BOZHUKAWINAA H3-3a IEPEKPHTHA B 06iacTW 3ampemeHHEIX
9HEPrui.

IPeICTABIATE CO00H NUHENHYI0 KOMOMHAUUI0 OTMeIBHBIX ATOMHBIX
¢dyurmuit 1). Ipu Goree BHCOKUX KOHNEHTPAUAX TPHMECH WHTETPAIbi
neperpuTEa [ep. ¢ opmymoit (3.27)] nupessoinyT sHePrU0 HOHA3AMUY
npuMecHHX yposueil. COOTBETCTBEHHO Hamla y3Kas 30HA B KOHIE
KOHI[OB COJILETCA ¢ JHOM 30HHBI TPOBOAUMOCTH, OT KOTOPOH (aKTHIe-
CKM ¥ OTINENUJUCh BHadajge mpuMmecHbie cocroauusa. Teopwmsa taxmx
RPUMECHBLT 30 TIPELCTaBIsieT MHTEepPeC B ABYX OTHOIIEHUAX. Bo-mep-
BBIX, 9TO €CTh IIPEJEJBHDII CIy4all 21eKTPOHBHX COCTOSHHHA B Heymo-
PAXOYEHHON CHCTEMe; BO-BTOPHIX, MBl MMEEM 3JIeCh CHCTEMY, B KOTO-
pPoil momXomAmMUM MOAO00POM KOHIEHTPANHN pasAudHHX NIPHEMECcei
yraercsa Bodsarth umepexom Morra (em. § 9 rx. 5) or maoampyiomero
COCTOAHUA K MeTaJIMIeCKOW MPOBOIUMOCTH.

C gpyroit cropous, Merofi 3GPeKTHBHOrO TaMAJIBTOHWAHA OKAa3hl-
BAeTCA HEPHUTOAHBIM B AHAJOTHIHOUA 3agade 00 YpPOBHSX, OTBEUAIO-
IMAX 6AKAHCUL OMPUYAMEAbHO20 LOHE B MOHNOM Kpuctajie (F-yenmp).
OgeBunHo, OTCYTCTBHE OTPHUIATENLHOTO HOHA B SJIEKTPUIECKH Hei-
TPAJABHOA peleTke HKBHBATEHTHO HAIWYMIO JTOKATHBOBAHHOTO MONO-

1) B cuiry GecropAfouHOTO DACHONIOIKEHNA aTOMOB HMpPMMECH IO [XHOM pac-
cMaTpusaeMoll y3KOH 30HEI BCe Ke MOI'YT OCTaThcA JHCKPETHHE YPOBHH, OTBE-
Japuue, HAOPUMeD, JOKAJA3ANAN 9JIEKTPOHOB Y CIydailHHX CKOIJNeHUH aToMOB
npuMecu.— Hpun. ped. :



208 Ta, 6. Jurnamura saexmponos

JKMTENBHOTO 3apAfga. B moxe mociegmero 9IeKTPOH MCIHTHBAET
RYJI0HOBCKOE IPATAKeHwWe, ommchisaemoe dopmynoii (6.32). Ommaxo
B [JAHHOM CIydae MCIONB30BAHAE BOJOPONONONXOGHEIX BOJHOBHX
¢yEROEE y:Ke He ompaBmaHo, mbo u ddPerTHBHAA Macca IAEKTPOHA
IPOBOTEMOCTH Mm* HeI0CTaTOIHO MAJa, U JAIEKTPAIECKASA IPOHHUIAL-
MOCTB BEIECTBA & HeJOCTATOTHO BednKa. B yRasaHHHX YCIOBAIX DIEK-
TPOH MPOBOJAT GOIBIOYI0 TACTH BPEMEHH B HEMOCDEeNCTBEHHOHN 61130~

u) ‘
6

Pur. 101. ¢ — oGrako amexTpoHHOTO 3apAga B F-leHTpe; 6 — TOTEHKHATHHAA
AM& B MOJ/IN TOUETHOTO WOHA.

CTH K BaKaHCHH, IJle¢ ero Jydlle BCEr0 PaccMaTPUBATH Kak OGHTHYIO
TOTyI0 YacTHOY, ABIKYIYIOCA B 3JIEKTPOCTATHIECKOM HOJe COCeTHHX
woHoB. CyMMapHHIN DOTEHMHAT MX HOXOK HA AMY C IIOCKAM JHOM
u 6e3 rakoii-mubo ocobemmoctn B menrpe (cm. dur. 101). Ha ocrome
9TOl MoOeAu MmoueuHo020 UOHAE, HECMOTDPSA Ha ee IIPOCTOTY, YAaercsd
TOCTPOUTE VAOBIETBOPUTENBHYI0 KOJINIECTBEHHYI0 TEOPUI0 3IEKTPOH-
HBIX COCTOAHMI B meHTpax okpackd (cm. § D ra. 8). tlpocreiimnm npu-
MepoM HoCAegHuX caykar F-mentp,

§ 5. Kpasmknaccmueckass NMHAMAKA

Y pemenmioo n060H 3aZaUM O ABIKEHAHM SJEKTPOHOB B pPeNIETHe
MBI MOTJIM GH IPHCTYOHTH, HAYAHAHS C SKBUBAJEHTHOTO YPAaBHEHHSA
IlTpepunrepa (6.30). Opnaxo. ecnu suepras & (k) ciosxubM 0Gpasom
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sasmcHT OT BeKTopa k, 510 MOTI0 O IPUBECTH K CePHEe3HEIM MaTeMa-
TUYECKHM TPYLHOCTAM.

Bonpmurucrea stux TpymHocrelr Mosxno wusbeskarb, NPHMEHAS
NPHHIHUI COOTBETCTBUS. XOPOUIO H3BECTHO, UTO BOJIHOBHE IAKETH,
cocrapieHHse u3 pemeHuit ypasHenusa Illpegmarepa, pacupocrpa-
HAWTCA 10 TeM Ke TPAaeKTOPHUAM, 9TO W KIACCHIECKHe YaCTHILI, OIH-
CHIBAEMBIE COOTBETCTBYIOMMM KIaccnyecKnM raMmiabroHranoM. Cormac-
HO MPEeJUHTePOBCKOI HOPMyINPOBKe KBAHTOBON MEXaHHKH, 0nepamop
TaMHiibTOHAR B BOJHOBOM ypABHEHMM HOJYYaercsa HyTeM HDOACTaHOB-
KH —iAiV BMECTO KIACCHIECKOTO MMIYILCA P B KIACCHICCKYIO (fyHK-
yuro Fammasrona. O6pamad Ty NPONERYPY, MBI MOKeM 3aMEHHTDb
omepaTop —iV B YKBWBAJIEHTHOM raMmibroHmae & (—iV) Ha uM-
OyJase p/A M HABBATH MONYYAIINYIOCH B pe3yabraTe QYHKONIO IKBHBA-
JNeHTHOH Kiaaccmueckoii ¢ymrrmeir I'ammasroma. Tawum o6pasom,

B—iv)+ UM ~E (5 ) +UD=FH(rp).  (6.39)

Hamm smeKTpoHHBIE BOJHOBHIE HaXeTH OymyT Bectn celsa momo6HO
KJIACCHIECKHAM TOYETIHHIM YaCTHIAM, KOTOPHE IOJIAHAIOTCH ypaBHE-
HHEAM [BIWKEHUS, oupefeaseMeiM 310l ¢yarmumeir I'amunbrona.

Ypapueunsa T'aMuIbTOHA 3aUHCHIBAIOTCA CHMBOJHYECKU CIETYIO-
mum o6pazom:

;___ age k54
=% P= — 5

(6.35)

Ilepsoe m3 HuX mpespamaercsi B ONpeeIeHHE CKOPOCTH

ek Py | . 08 (pn)_ 1 08 (K)
V== (R HUE) =T = T 650

3nech ncmob3oBana 6oee IPUBHIHASA J7IA Hac nepemennas k. ¥Ypas-
menne (6.36) ects He 4TO0 MHOe, Kak ypasuerme (6.2), Koropoe MH,
HaKoHeI[, BHBeIN. Bugio, 9to Benmunna

ik = p (6.37)

JIGACTBHTENIBHO HUIpaeT podb KIACCHIECKOTO HMIYNBCA; HECMOTPA
Jaxke 1a To, 9TO aTa HepeMeHHas He OIpefeleHa OJHOSHATHO, OHA
Cay;RuT AIA 00603HATEHHSA «COCTOAHUAY, B KOTOPOM B OCHOBHOM CKOH-
fIeHTPUPOBAH BOJHOBOH MaKerT.

Bropoe ypaBuenme l'amMmmibToHA MOKHO 3ammEcaTh B BHIE

. a4

Ho ecanm ¢ymrmusa 9L (r) ecrs, ckaskeMm, MOTeHIHATbHAS HEpPLHs
9JIeKTPOHA B 3aJ[aHHOM BJIEKTPOCTATUIECKOM IOJe, TO IpaBad 9acTh
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(6.38) ects mpocTO KIacCHUeCKas CHIa, [AEMCTBYOWAsS HA BIEKTPOH.
Hanpumep, B sieKrpmiecKoM moixe HaupsaenHoctm E mbl mmeem

ik = eE. (6.39)

TeM caMuM 70oKa3aH BTopoit sakon amuamuku (6.5). Iepemenmas fik
UTpaeT PoJlb MMIOYJILCA B TOM OTHOIDEHWH, 4TO JlelicTBHE TOCTOAHHOM
CHTHI TpHBOAMT K yBeawdeHuio fk ¢ mocroAHHOH cKopocThio. BHOBB
T0 06CTOATEILCTBO, TTO BEKTOP k ompeyienen HeoJHO3HAYHO, HE UTPAET
POJIH, TAK KaK TOJbKO MPOM3BOTHAA OT 9TOH BeAMUMHEI BXOJAT B yPaB-
HEHHA.

Yro racaercd BauaHAA MarautHoro mois H, To Mul mpepgnomaraem,
970 CIpaBeiMBO ypaBHeHme ¢ cuaoll Jopewya, T. e.

hl::=e(E+%[v><H]), (6.40)

rie V — CKOpPOCTh BOJHOBOTO IIaKeTa, ONIpefeleHHas DPaBeHCTBOM
(6.36), ¢ — ckopocTh cBera. 9Ty GOopMyldy Ierko HammcaTh IO 8HA-
soruu ¢ (6.39), Ho KOPPEKTHEIA BHBOJ ee 3HAYMTEIBHO 6oJiee CIOKeH.
MoskHO moJarate, YTo OHA COXPaHsAeT CHNY BINIOTh [0 O4eHh 60b-
muX MarHETHEX moxed (em. § 8 ra. 9).

§ 6. Tenzop Macchl. JAEKTPOHBI H JBIPKH

Bocnmonp3yemess Temepbh KHHEMATHUIECKHM H NHAMHYECKHM YpaB-
menmama (6.36) m (6.39), maGm BRUNCIHTL YcKOpeHUE BIEKTPOHA
SRR IO
V=R & ST
2g
108 (k) nok _ 1 %6k o (6.41)

1 9
=E71Z{f ok 3t % 0k ok

CpaprmBaa 3T0 ¢ OGHYHBIM ypasHenmeM HnioToma

mv = ¢E, (6.42)

BMAM, UYTO SKBHBAJIEHTOM MacCCH JJIeKTpOHa ABIfercA obparHbii
TEH30P

1 1 92¢€ (k

N ALY (6.43)

m ) dk 9k
rtor TeHzop mpeacraBisfer coboir HambGomee OIU3KMI aHANOT JMHA-
MHUYECKOR Maccel aiexkTpona. B momynpoBopnuke, HampmMmep, H30-
pHepreTmIecKas MOBEPXHOCTh MokeT mmeTh Buf (4.39), T. e.

272 212 252
£ (k) =k gt ng (6.44)

2my 2mo

B cHCTEMe KOOPAMHAT, OTHECEHHOH K HEKOTOPEIM JOKAMbHBIM T.JAaBHBIM
ocam. JleicTBHE HIEKTPHYECKOTO TMOJIA, YCKODPAWIETo JIEKTPOI,
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Oyfmer IpH 9TOM BecbMa Pa3iWYHEIM B PasHHX HampamieHuax. Ecam
H309HEepPreTHIecKas IOBEPXHOCTh NpencraBiser coGofl sinammmcons,
BHITAHYTHII B HaNPaBAEHUH Ky, T. €. €CIU My > M, ~ M4, TO Macca
Oymer KazaThCA 3HAYMTENBHO GONbBUICH HPH H3MePEHHH B HaIpaB.le-
HEN BAOJb «Hoamue (fur. 102), uem TPy M3MEPEHHH B IIOMEPETHOM
HANDABIEHHH. JTO BAKHO YYUTHBATH NPH BHYHCICHHM BKIANa pas-
JIWYHBIX COCTOAHHA B CPERHION LOABIBKHOCTH deKrTpoHon. Ciaemyer
TaK}Ke MONmPEIUPOBaTh Lpoctyio dopmyay (6.33), ommcwBamwimylo
YPOBHHO [IOHODHOI HDUMECH B PaMKaX BOJOpOmHON momenu. Vmenuo,

kZJ k3

@ur. 102. Macca BenuKa BIONB «OJITHEI.

Haj0 OPUHATH BO BHEMAaHHMe AHM30TPOIMIO DKBUBATEHTHOTO I'aMHIb-
TOHMAHA B Ka’KIAOW MOJIMHE, a TaK:Ke HAINIAe HECKOIbKHX (BHIpOHS-
JleHHEIX 110 9HEPTHH) NOJIHH Y IHA 30HHI IPOBOAAMOCTH MHOTHX IOJY-
TIPOBOTHUKOB.

Tensop o6pamnoti macchi He 005I3aTENBHO ABNAETCH LOJOKHTEIHHO
onpefieeHnbiM. B Tex caydaax, korga (xak B GraropomHEX MeTad-
adax Cu, Ag, Au) noeepxnocts MepmMm compuKacaerca ¢ rpaHuien
BOHBEI, MBI MOKeM IpHOIWKeHHO NpefmcraBuTh ee B Bupe (6.44), Ho
C ompuyameibHol BeIWINHOH m,, 9TO Aaer runepboIOUAANBHYIO
HB09HEPreTHIecKyI0 HoBepXHocTh (Pur. 103); B cxeme moBTOpAIOIUXCH
308 (§ 3 r1. 3) MOKHO €YmTaTH, UTO OHA NPOXONHT Uepe3 rPaHHUIY
somsl. [lunammka aexkTpona B rako# Toure k-mpocrpancrea BursAneNa
6b 0ueHb CTPaHHOU C KIaccmyeckoil Toukw spenusi. OHa KOpPEHHBIM
06pasoM MeHseTCA BCIENCTBHE CINIBHOIO GpITTOBCKOTO OTPAasKeHIIs
or rpanunst 30HE. (DaKTHTIECKU BIEKTPOHBI CTPEMATCA PacIpOCTpa-
HATHCA MAPAIeIbHO INIOCKOCTAM DeIeTKH, KakK OB HampaBisemble
HabopoM BOJHOBOIOB.

Bonee o6rranoil gBNACTCA CUTYaNnsa, KOIJAa UMEETCA ROYWMU 3aN0.4-
HEHHAs 30H@, KAK B NONYNPOBOJAHMKE 1M monymeraiue (dur. 104).
Tar rar B cxeme moBropsaromuxcsa son & (k) ecrb HempepLBHAg Te-
puognveckas (QYyHKIUA, TO OYAYT 3alOJHEHH BCE COCTOAHHA TOUTH
0 HEKOTOPOTO TOYHO OIpefenenHoro Mmakcumyma ¢ynrnmn & (k).
Ecan stor maxcumym pocruraercs, ckaskem, B Touxe kg, 10 cKopocTh.
vk, Oyayunm rpagmentom & (k), obpamaerca B myas mpm k = k.,
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m riaBHble 3Hauennmsi temsopa 0°€/0kok Gypyr ompuyamesbrbimu
BO BCeX HANPABJIEHUAX B OKpecTHOCTH K.

CBolicTBA BIEKTPOHOB C OMPUYAMEALHOU pdekmusnoll Mmaccoli
HACTOJNBKO OTIIMYAIOTCA OT CBOHCTB OOBIYHEIX FACTHUI[, 9T0 SHAYHTEIB-

8(K)
k,
= \

4

L

N

@ur. 103. I'umepbomonnanphas m3osmep- Our. 104. «J[HpoYHHI KapMagy
reTHYecKast OBePXHOCTH («IIefKan). HAaBepXy M[OYTH 3al0JHEHHOH
30HH

HO yjo6Hee TepeiiTh K oGparHO# KapTMHEe H MCCIefoBaTh CBOMCTBA
HeOOIbIIOro YnciIa dspok B 3amosHeHHolt 3omHe (dur. 105). Mu yixe
ymomuHaiau B § 6 ria. 4, 4TO YHCIO TAKHMX JBPOK JerKO HOACYATATH
¢ momompo cratuctnkn @Depmu — Jlupaxa, npunumMas, 4To DHEpPTHA

é,= 6,—6(k)

a )

®ur. 105. @ — BaKaHTHOE MecTO B DIEKTPOHHOM DPAacCHpefieleRnH; 6 — COOTBeT-
CTBYIOmAS «IHpKa» (IIKAJa DHEPIHM IePeBepHYTa).

VBEJIMINBACTCA GHU3; TEMePh MBI IOKAKEM, ITO eCTH PACCMATPHBATH
JEIPKM KAR NOAOHUMEALHO 32DAKEHHBIe TACTHIH, TO C TeM jie COTya-
HIeHmeM OTHOCHTEeIBHO HAIlPaBIeHHA OTCUCTA DHEPrHM ONUCaHHe HX
[AHAMIYECKAX CBOHCTB Gy/ieT YKIambBaTheA B HPUBHMHYIO KIACCH-
YeCcKyio cXeMmy.
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Ilna mavama 3amMeTmM, 9TO IHPKY B cocroguuu k» cregyer onm-
CHBATh € MOMOINBIO JIeTePMUHAHTA, COJepsKamero BCe BOJHOBEIE
QYHRIUN 30HH, 32 MCRIWUYenneM Px. MomxHo moiTn panpme m pei-
CTBUTEIHHO LOCTPOHTH BOJHOBOW IAKeT W3 TAKHX J[eTePMHHAHTOB.
Opmako TIaBHOE COCTOMT B TOM, 9TO «CKOPOCTBY OBIPKU COBIAJaer
€0 CKOPOCTLI0 HENOCTAIOIMEro COCTOSHWS; BOJHOBOH mHaker Oyper
OBUTATHCA B OPOCTPAHCTBE € TOH jKe CKOPOCTHIO, YTO H €ro Ccocegu
€O BCEX CTOPOH OT JBIPKHU:

1 9¢€ k
= 28 (6.45)

PacemorpuM Temeph SIeKTPHMUECKMHE TOK, CBA3ARBHHU € ABPKOMH.
Tok B LeAMKOM B3amOJHEHHOH 30He paBeH Hydlo. ToK »ieKTpoHa
B cocroaunmu k ecth —|e | vi. CraemoBaTenbHO, TOK B3alOJHEHHOH
30HH ¢ OJHEM HEHOCTAIONAM DJIEKTPOHOM HOJsKeH OBITH paBeH

Jh=0—(—-lelvk)=|e|vk. (646)

Wnade roBopsA, AHPKA BeleT ce0A Kak NOLOMUMEALHO 3aPAICEHHAL
yacmuya.

JmnamMudecKn AHIPKa BefeT cebdA TaK jKe, KaK COCTOAHHA OKOJIO
gee. Cropocts Oymer maMeHaAThecA mo 3akomy (6.41). Brpamas aro
9epe3 TOK, MBI UMeeM

1 928 (k) 1 92% (k)
%2 ok ok '("lel)E:lel{—F 7k Ok

.

.
le]v=|e] elE . (6.47)
Jd1o ecTh opMydia 1A YCKOPEHHUA YACTHIE € MOJOKATENLHEIM 3aps-
moM | e | m ¢ mMaccolr m¥*, rje
SCEPUN N 1 (6.48)
m 7 ok ok
Tak Kak Mbl HaXOAEMCHA BONHM3M ONOTONKA 30HHI, BCe KOMIIOHEHTEl TeH-
30pa KpPUBHBHE W309HEPreTHIeCKON IMOBEPXHOCTH OTPHUI[ATENLHH,
U mo3toMy m* — BeamumHa TmojokuTenbHas. Takmm oGpasom, amHa-
MHYecKHe CBOICTBAa JHPKH MOLYT OKa3aThCsA aHM30TPOIHELIMH, HO OHH
6yIyT, IO CYMECTBY, COBIANATh CO CBOMCTBAMH KJIaCCHIeCKOM TaCTHIEI
¢ MOJOMUTEIBHON Maccoi.

MexaHuU3M AHPOYHON HPOBOJMMOCTH Yy HOTOJNKA BaJIEHTHOH 30HBI
npencrasisier coGoif, KOHEIHO, XapaKTepPHOe CBOMCTBO HOJYIPOBOJ-
BUKOB. B KpeMHWN W TePMAHHE, B KOTOPHX H309HEPTEeTHIECKHO
HOBEPXHOCTH y IeHTpa 30HH DpminiosHa pacmieluieHbl W3-3a CHHH-
opburannuoro BzammopeiicTeusa (cp. ¢ur. 66), mommO QarTHIECKH
Ha6IOATh KaK WICTKHE», TAK | (TSIKEJBIey ABPKE, COOTBETCTBYIONIIe
msyM BerBam ¢ymrmun & (k). llocmegnme KacaioTcs B TOYKE MakKcu-
MyMa M XapakTepu3yloTCs PA3HEIMH 3HAYEHWAMH KPHBHBHEL

OueBHAHO, CKOPOCTh [ABIPKH YBEAUINBAETCA IPH yAaleHHH OT TOU-
KN MaKCEMyMa, T. e. ¢ yomBanueMm & (k). BHOBE KmHeTHYECKYIO dHED-
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THIO ABPKHE yMoOHO mnpeacraBisaTh B Buae &, = &, — & (k). Ira
Pa3HOCTh YBEIMYMBAETCA NPH yAaJeHHH OT HaJala, HAXOIAMEroCs
V DOTONIKa BAJEHTHOH 30HHK. JTo yCI0BHOE corvlameHne OBIO BBEJIEHO
B § 6 ru. 4.

C momoGHoit cnryanmeil Mbl MosKeM BCTDETHTLCS M B CIydae LIOJNY-
Mertamina TEHa Bi (c 9eTHRIM 9mCiIoM 5JIEKTPOHOB B 3JIeMeHTapHOM

a

@ur. 106. 3oHa ¢ He6ONBIIEM HepPEKPHTHEM.
a — pacIMpeHHaA 30HHaAA cXeMa; 6 — cXeMa TOOBTOPAIOIIAXCA SOH.

Aveiike). VIMeHHO TaK MOKeT MOMYYMTHCA, €CTH HHAKHAA 30HA CIETKA
mepeKpHBaeTcA ¢ BeDXHell, KyZa M <«HepeTeKaer» HEKOTOPoe YHCIO
snexTpoHOB (¢ur. 106). PaBHoe uncio Aupok ocraneTcs TOrma B HOYTH
samonnennoit 3ome. CoCTOAHMA, 3aHEMaeMble STHMH JHPKaMH, OIpa-
HAYeHH KyckaMmm noBepxHocts .Depmm, KOTOphIe MOKHO CKOMOGHHU-

a §

@ur. 107. Cdepaueckas MOTOCTH B BIAEKTPOHHOM paclpefeseHmH (a) CTAHOBHTCS
«ppipoanoi cdepoiy (6).

poBaTh, Kak B § 3 rum. 3, ¥ OepPeCTPONTH B 3aMKHYTHIE IOBEPXHOCTH
B cxeMe IoBTOpAImMuUXCs 30H. Takoll OHpPOTHBI kapmak Jerde npej-
CTaBIATH ce0e Kak He0OAbUIOe YHCIO IOJOKATENBHO 3aPAKeHHLIX
9aCTHll, CKOPOCTH KOTOPHIX HAUPABIEHE HAPY/KY OT IEHTPA, HeMeln
paccMaTpuBath nmoBepxHOCTh DepMu OIA BIEKTPOHOB CO CKOPOCTAMH,
YCTpeM/IeHHBIMA BHYTPH, B HesdaHATHEe oO0macti k-mpocrpancrsa
(dur. 107). Ommako cremyer MOFYEPKHYTh, UTO PasfeldeHHe COCTOA-
HOH Ha «3JIEKTPOHHEIEY M «JHPOYHEIEY TONWTCA He BCErfla: HaIpHMep,
OHO OTKA3HIBAET B ciIydae, KOT[a MMEIOTCA «Meidkm», Kak Ha ¢ur. 103,
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Bompoc o toM, MOKeT Ju IHPKA ABATATHCH KaK ¢BOOOMHAS JacTH-
I[a B MOHHOM KpHCTaJie, BH3sBaer comuenwne. HeanaunrenbrHoe mepe-
KPHTHE BOJHOBHIX (JYHKIUA BAJEHTHHIX 3JIEKTPOHOB COCEFHHX HOHOB
OPHBOIUT K TOMY, YTO BajXeHTHas 30HA OKAa3HBAeTCA OYEHb Y3KOH
(eMm. § 4 rn. 3) u coorBercTBylomas dQQeKTHBHAZ Macca BeIMKa.
Ilo-Bupgumomy, 9To cosgaer HeoOXORUMEIe YCHOBHA NIA CAMO3ATEAMA
apipku. Hanpumep, B rpucramine KCl om ocymectBiserca myTeM
JOKANM3AIMA AHPOK B obimacty Mexay peyma mouamu Cl-, roropre
HOATATHBAIOTCA APYr K APYry ¢ obpasoBaHmeM ycroHumBoro V-yew-
mpa; OHPKA MOKeT BRICBOGOINTHCA M3 HEro JWIMb 6Jarofaps TepMum-
yecKoMy Bo3Oy:kmemmio. ITo o0pasoBaHmMe, HABHIBAGMOE NOLAPOHOM
Mmaaozo paduyca (eM. § 3 ra. 8), ¢TOJIH YYBCTBUTENIBHO K JUCKPETHOR
OpHPOJie PelIeTKH, 9TO OHO MOJKET IepPeBUTAThCA JUIIh IOCPENCTBOM
«OPBUKKOBY M3 sueiiku B gueiiry. Ilo srToit mpuamne mpexpcraBienme o
«BaNEHTHON 30HEe» B MOHHOM KpHUCTAJIe uMMeeT Mamo cMmuicia {(cp. § 2

o, 4).
§ 7. Ixcuronsl '

CymecTsoBaHue [BYX THIOB HOCHTENIEl 3apsama IIPOTHBOIOJOIK-
HOT0 3HaKa, HO B OCTAJBHHX OTHONIGHHAX 061afgalomux OAM3KAMEI
CBOMCTBAMH, JGKHUT B OCHOBE IPHKIANAHON PUBHKHN HOJYINOBOIHUKOB.
B § 6 rn. 4 yme Gbuio mOKa3aHO, KaK MOYKHO OyTeM JerHPOBaHHA
AKIeOTOPHOM IPUMECHI0 YBelw-

YMBATH THCIO AKPOK J0 MIOO0T0 N uiiilairdidudd W
7KEJIaeMOT0 YPOBHA, IIPHUFOTOB- \\\\\\\i\\&\\
JAA TeM caMbiM o0pasel p-THIa. \ \\\

B § 4 macrosame#t TIaBH MBI o — — & Jloroprbis yposnu
BUJIEIH, YTO B CIydae MOHOPHEIX
LpaMeceil NpuUTSKeHHEe U3GHITOU-
HHIX 3JI@eKTPOHOB IPUBOAUT K 00-
PA30BAHHI0 NPHMECHHX YDPOBHeil
HEIOCPEICTEEHHO MO THOM 30HBL
nposogamocta (dur. 108). Te e
coo0paskeHHusi CIPaBeNIWBL M
IS aKOeNTOPHHX IpuMeceii, 3a-
PAJKEHHEIX oTpuHHatenbuo (ubo
OHM JOJJKHBI 33aXBATHTH UYeTBep-
THIH BaJEHTHHA 9JIEKTPOH [Jisi COXPaHEHWsA CTPYKTYPH CBA3el
B PeIleTKe) , CJAeI0BATEIbHO, IPHTAIMBAKIMX AHPKHA. B pesynnTate
06pasyoTcs CBA3AHHLIE COCTOAHWA [AJIA [OHPOK, PAaCIOJNOKeHHELIe
HEeMHOT0 HIUKe HYJIeBOT0 YPOBHH HX KUHETHYECKOH JHEPTHH, T. e.
HeMHOTO BHIIe IOTOIKA BaJleHTHOA 30HE. <«JHEePIHI0 HOHH3aIUI»
TAKOTO aKYenmopwo20 YpPOo6HS MOKHO NPHOIMKEHHO BBIYUCIUTD
no gopmysie tmua (6.33), XO0TA W 31eCh HPefNOJOMKEHHE O TOM, 9TO
& (k) ectp mpocras kBampaTHiHaA QyHRIMA, nofobnaa (¢ o6parHBEIM
3HakoM) pyrrouu (6.31), MOsKeT OKa3aThCA CIAUINIKOM HAWBHBIM,.

-o- — -o- Axyenmopnsie yposHu

(®ur. 108. IIpmMecHHe YPOBHH B I10-
JYODPOBOJHHEKE.
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B romnencuposantom o6pasye, B KOTOPOM B 3aMETHOM KOJIHYECTES
OPHCYTCTBYIOT W [JOHODHEIE M AaKUENTOPHEE NIPHMECH, HEKOTOpHE
3JIEKTPOHEL MOTYT «CBAJUTHCA» C JOHOPHEIX yPOBHEH M aHHHUTHIAPO-
BaTh ¢ AHpKamm Ha axuemropax (¢ur. 109). B coorsercrBum ¢ dop-
Myoit (4.42) pesynbTupyIOMmee TUCH0 HocHTeNed 3apAfa (M UX BHAK)
onpefensaercs pasHoctsio Ny — N,. Opmako ¢TOMT 3aMeTHTh, 4TO
(ILYCTHIe» aTOMBI IPUMECH He ABJIAIOTCSH DIERTPHYECKY HEHTPATbHHIMI
o0BexTaMH; HOHOPH OYAYT BapAMKeHs NOJOKHTEILHO, a AKILEHTO-
PEL — OTPHUATEIBHO, TAK YTO OHN OYAYT MPUTATHBATE UITU OTTANKH-
BaTh OCTAIOIMUECA HOCHTEIH 3apsma.

L L

- 9 & 5 ¢ o —_—- — — - — ——— e ——

SRR RSESESSESTSE AT AT A AT ATV N

SRS SRERER SRR

R R
a J a8

Qur, 109. ¢ — noHOPHHE M AaKUeNTOPHHE. YPOBHH, B3AHATHE OHI€KTPOHAMHA H
NEIPKaMH; 6 — BIEKTPOHH H IHDKHE DPEeKOMOMHHDPYIOT; & — H30HTOYHHE 3IEK-
TPOHH, TePMHYECKH BO30YIKIEHHEIE B 30HY IPOBOIUMOCTH.

Pacevorpum Temepr coOCTBeHHBIH HOIYIPOBOJHHK WiIum oOpasel,
CTOJIb TIIATEABHO CKOMIIEHCHPOBAHHHINA, 4TO UMCIA 9ACKTPOHOB M [bI-
POK ompegensoTcs Popmyoi (4.39) ¥ mOITH OHEHAKOBH. OTH 4acTH-
OB 3apsIKeHH ITPOTHBOLOJOKHEIM 00pasoM w IO3TOMY LDPUTATH-
BaloTCA APYr K Jpyry. MosKHO HOCTPOHTH BOMOPOJOHOmOGHEE BOJ-
HOBHe ()YHKIWH, COOTBETCTBYIOIIME BPAMEHNIO HJIEKTPOHA H JHPKE
BOKDYT HX OOmIero IeHTpa MacCH; IIOHWJKeHWEe SHEPTHH Iaph OKa-
meTcsa BeIWIMHON Toro ske Buma, uro ¥ (6.33), ¢ TeM mcriawdeHmeM,
970 Maccy m* HYKHO 3aMEHUTH IpUBeNeHHoH addexTHBHOR Maccoif.

JT0 O03HAYaer, 9TO HECKOJBKO HIIKE IHA 30HBI HPOBOLUMOCTH
CYIMecTByeT DHEPreTHIECKUH YPOBEHb AJIEKTPOHA, CEA3AHHOIO C JBID-
KOW Ha ypoBHE, HAXOHAIMEMCH HEHOCPEICTBEHHO Haj MOTOIKOM Ba-
aenTHOH 30HEL. CobcTBEHHO, MMEETCSA Jlaske Melas CePHA TAKHX YPOB-
Helf, COOTBETCTBYIOMMX PAa3iWIHEIM KBAHTOBHIM YHCIAaM aToMa BOJO-
poma, u, Goxee TOro, mejdas 30HA JIKCUMOHHLIZ COCMOAHUL, COOTBET-
CTBYIOIaA H0GaBIeHUI0 KHHETHIECKON pHePTUH 00Mero mMeHTpa Macck
BIeKTPOHHO-gEIpouHod mapw (¢ur. 110, 111, a).

O6pasoBanme S5KCUTOHA MOYKHO IIPEACTABUTE cefe m mHBIM 0Gpasom,
paccMarpmBas Bo3Oyykgenubie aToMmbl. Ilycts opguH W3 2JI€KTPOHOB
aToMa WINM WOHA IpuBeleH B BO3OYKIEHHOE COCTOSHHE, OUMCHIBae-
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Moe, crasweM, QyHKumenr ¢, (r). Ilocrpomm rorga ¢ysrmmio bBioxa
BHIA

P =2 ekl (r—1), (6.49)
[4

g106B  o6ecHeunTh BOBMOMKHOCTH pAacIpocTpaneHus Boa0y:kmenns
mo wkpucranxy (cm. ¢ur. 141, 6). Ha mepswil Baraax 3pecs Goabime
He CONEepsSUTCH HUYIero, KpPoMe COCTOSHUSA B
sone mposogumoctu. OpmHako npubimKenune
cuwibnoit casu (§ 4 ra. 3), Ha KOTOPOM MEI
MOJKHH  Obir OBl OCHOBLIBATHCH, SABJIAETCHA
OHOZJIEKTPOHHBIM — B3aWMOTEHCTBHE  MERAY
5JEKTPOHAMH B HEM He IPUHMMaercad BO BHH-
manme. BomsoBas ¢yHKIuA, oNKHCHBAIOAsd
DKCHTOH, cIokmee, deM (6.49); mpmwrymuiica
3JIEKTPOH HeceT ¢ cOB0H JOKANBHYIO HOJTAPU3a-
U0 APYIUX 9JIEeKTPOHOB BAJIEHTHON 30HHI, MHEI-
ME CJII0BaMH, OH HeceT ¢ coboil u cobGcTBenHyilw @ur. 110. HSxcmrom-
neipry. Tpebyercs eme HebGoabmioe KoJjmde- HEI@ COCTOSHMNA.
CTBO. DHepruu, 4YTOOLl PasgenuTh BTy dJIeK-
TPOHHO-IHPOYHYI0 TApy Ha HBa HE3aBHCHMHIX HOCHTeNA 3apsfa.
ITo cymecrey s711 mBa cmocoba OMUCANUSA YKCUTOHA dKBHBAJEHTHH,
Onuako NPAKTHYECKH B PAasHEIX CIyYagX OKAa3HBAGTCH IIOJe3HBIM
TOT HJIH HWHOM u3 uux. B IoaynpoBogHHKE ¢ JETKAMM HOCHTEISAME

PETFIILILIIIVIPLI V7777
100202007000 2,27262 72708
270,727, 00005 20,%,74

2
1,002, %,00074,%,7%%
4025%1,%0 0,44, 2,] 0%,
i el

a

®ur. 111. ¢ — axcuron Banrse — MortTa; 6 — sKcHTOH (D pemkend.

3apAga M BHCOKMM 3HAaYeHWEM [UJeKTPUYECKON WPOHUIaeMOCTH
foiee yoaumniM TpUbInKeHneM CAYRUT srcumon Bannve — Momma,
KOTOPOMY OTBEYal0T BOTOPOMOIONOGHLIe COCTOSHUA OOJBITOTO pa-
zuyca. B caydae MOJIeKyNIApHOTO KpucTanna (THIa TBEPAOTO aproHa
HIN QaHTPAIEHA) NPABHIALHEe UCXOOUTh N3 MOJeNH skcumona Ppenreas,
Y KOTOPOTO BOJHOBAasg (QYHKIHA HOYTH TeEJIWKOM KOHIEHTPHDPYETCA
B OJHOW 3jeMeHTapHOH svelike. B WMoHHOM Kpucradjie, HanmpuMep
B NaCl, axcuTOH XapaKTepusyercA PaguycoM ITPOMEKYTOYHOH Beld-
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YHHBI, H ero MOBeJeHNe YIaeTcsl BIOJHE YHOBIETBOPITEJbHO ONKUCATH,
cuATas mpocro, 410 siaeKTpor ¢ moHa Cl- mepexommur Ha cocepHmA
ysex ¢ Na*

OKCHTOHHEIE JIMHHH MOKHO OOHADPY;RUTH B ONTHYECKHX CIEKTpax
MOYNPOBOXHAKOB W mM30asATOpoB (em. § 5 ri. 8). Opmakro, Oymydm
BIeKTPHYCCKE HEATPAJIbHHIM, 9T0 BO30YyIKOEHME HEe JaeT Hemocpef-
CTBEHHOTO BKIaja B 9JE6KTPOIPOBONHOCTH. XOTA IKCHTOH HpPEACTaB-
Jaser coGoit TOABHIKHBIA 00BEKT, COIOCOOHEIN B PWHIUIIE IIEPEHOCUTH
JHEePrHi0 B Kpucraixie, oOHADYRATH HTOT 9(b(§)em DKCIEPUMEHTaIbHO
e TAK-TO JIETKO '),

§ 8. Ilpoboii 3mmepa. Tynnemmporanme

Teopusa »KBEBAJIEHTHOr0 aMWIbTOHHAHA, pa3BuTafd B § 4 Hacrod-
miell raBbl, OCHOBHBAETCS HA HPEANONOKEHHH O TOM, 4TO MOKHO
upeneGpeus MEKIY30HHRIMH IepexofaMud. ITO CIHPABEIIABO TOJBKO
IpH He CIAKIMKOM CHJIBHOM 3JIEKTPAISCKOM II0JIe; MBI JOJIKHEL IMeTh
BO3MOJKHOCTH OIYCTHTH MATDUYHEIE DIEMEHTH THIa

Upr (T, T) = 5 @t (c— 1) U (r) an (r— 1) dr (6.50)

0 CoOGpa;KeHUAM OPTOTrOHAABHOCTH (PYHKRIMY BaHHbe B Pa3TMIHBIX
30HaXx. )

Ecam norenmuan 9. (r) GricTpo MeHseTcs B IPOCTPAHCTBE, TO ra-
paHTHpOBaTh ofpamenne B Hylb MaTpmunoro siemenra (6.50) HeBo3-
moskuo. C 9MCTO MaTeMaTHYECKOU TOUKM 3PEHUA OYEeBHJHO, ITO Be-
POATHOCTh MERAY30HHOTO Iepexofia Gymer 3aBuceTb o1 Beanauasl V.

Mput Morsim 65 B HPHHIHIE BHYACIATE 9TY BEPOATHOCTD IO METOAY
§ 4 macrommeil riaasni. Jlerde, OfHAKO, pacCMOTPeTh 3T0 sBJIeHHE
6oiiee «pusmueckum» cmocobom. IlocMoTpuM cHavama, 9TO HPOHCXOJUT
¢ DJIeKTPOHOM TOJ felicTBueM caaboro adeKTpmIeckoro moid. Ecam
3IeKTPOH CBOGOMEH, OH HEHPEePHBHO YCKOpAeTcd IoJIeM, CKOPOCTh
ero GecmpefelbHO YBEIHYMBAETCA, M OH JETUT [0 TeX TOP, IOKa
He pacceercda WIM MOKA He BHIgeT u3 obpasma.

Ho mpemmonossumM, 910 9J€KTPOH HAXOAUTCA B OAHOH OTHENBIO
B3ATOM MPOCTOH 30He. MH MOKeM paccMaTpHMBATh OJHOMEDPHYIO MOJEIb
¢ BIEeKTPHYECKHM TOJIeM, HAIpaBIEHHHM BHoAb ock z. Mzobpaskaio-
masA TOoYRa B k-mpocrpamcTBe HenpepsiBHO jBmkerca ot O rk A
{Pur. 112). [locmennasa sxBUBaNeHTHA TOYKe A’, TaK UTO MBI MOTJIH
611 npencraBuTh cefe, YTO TYT HPOM30Nie] BHE3ANHHIH CKAIOK Hasaf.
WUnu, ecrm mCmonn30BaTh CXeMy MOBTOPAIMEXCH 30H § 3 ria. 3, sToT
MPOMece MOYKHO PacCMaTpPUBATh KAK IBUKEHWE BBePX M BHHU3 L0 Ile-
propmaeckoit kpupoit OABC u 7. 1.

1y IIo-BHAMMOMY, B MONEKYJAPHHX KpPHCTANJIAaX DYKCHTOHHHHA MEXaHUM3M
MArpanHdM 9HEPrAM YCTAHOBJIEH ROBOJBHO HaMeKHO.— [lpum. ped.
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B KoopEWHATHOM HPOCTPAHCTBE 3XEKTPOH, BHXOAA H3 ToUKEm O,
YCKOpAeTCA, HO 3aMe[iAeTcA npw Npubimmennn K Touke 4. 3arem
HampaBlleHWe [BIKEHHA n3MeHsAeTcA Ha oOpaTHOE, DJIEKTPOH HOXO-
muT mo Touk:m B, cHOBa yckopserca m T. M. B Touke A mpoumexommET
OparroBCKOe OTpajKeHHe, BIEKTPOH He MOMer Hpolitu B obmacTs,

&K
£ .
A A c
(6] B
k——
a
t
c
B
A
o X
6

@ur. 112, dueKrpoH, ABIMYmuiicA B DIeKTpHYecKOM Ioxe (OJHOMEDHAA MO-
IleJIB).
a — TPaeKTOpHA B K-IpoCcTpaHCcTBE, 6 — NYTh B KOOPAHHATHOM IPOCTPAHCTBE,

pacmoio;keHEyI0 3a A, TaK Kak IPH 5TOM €ro HHEPrHs 0Kasajach O
B 3ampemieHHO} 30He. [|BMiKeHWe SJIEKTPOHA OTPAHMYEGHO KOHETHBIM
OTPEBKOM OCH Z.

Tlycts Temeps mmeercd eme Apyras 30Ha, HW3IIAsg TOYKA KOTODOU
A" cooTBETCTBYET DHODPTHE Ha &gap Ooubpmeit, gem Toura A. Beerma
MMEETCA BO3MOMKHOCTD TOTO0, YTO BIEKTPOH MOMYYHAT OT BIEKTPHIECKOTO
HoJIA [0CTaToOYHO GoMbIIyIo sHepruio u nepeiiner u3 4 B A” (Pur. 113).

Y6enurseA B CHpaBegIMBOCTH CKA3aHHOFO HPOINEe BCETo, IPeRmo-
JIOJKEB, 4TO 3JIEKTPHYECKoe Ioje mocrosHHOo, J3oOpasmm Ha rpa-
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¢ure smepruio eEx, MolyIaeMyio »TeKTPOHOM OT HOJAA, KaK QYHRITUIO
KoopauHaTel x. IIyCTh BIEKTPOH JOCTHT TOYKE A, IOTOIKA HIKHEH
30HB. 3aTeM eMy I0Jaraercs oTpasurhes Hazam. OJHAKO eCIH 3JIeK-

\ TPOH CMOKeT NpPOATH [Jajbiie
8(k) Ha pPacCTosHUE
€gap
d=—% (6.51)
A~ mo roukm A", To on mpmoGperer
Eep OT IOJIA [TO0CTATOYHOE KONMIECT-
- BO DHEPTHH [JAA TPeoI0JeHns

" sueprermueckoi menn (gur, 114).

Ilo cymecrBy »aT0 3apmada o

. MmyHHeauposaHuu. INERTPOH MOI-

0 ~ JKeH MPOHHKHYTH CKBO3b 3ampe-
Kk —=

meHHyo o6ixactb. B 0ObYHBEIX

®umr. 113. BMecro TOr0o urobH mMATH
K Touke B, 5IeKTpOH MOMeT «Hepe-
TIPHTHYTHY 3aNpPEMeHHY0 B30HY U HO-

gamagyax o TyHHenbHOM 3ddeKTe
(¢pur. 115) Gaprep mpepcraBiasger
cob6oit o6racth, B KOTOPOH MOTEH-

”
macrs B TO9Ky A”. mmas 7 6osblre MONHOH DHEPTHH

BNIeKTpoHAa & B ITyCTOM IIpOC-
TPAHCTBE, W IOTOMY KHHETHIECKas DHEPTUs 3JIeKTpPoHa moj 6aphb-
epoM oKasalachk 6m orpumareabHoii. CormacHO KBAHTOBOH Mexa-
HHKe, HTO O3HAYaeT, 9TO BOJHOBas (QYHKIHMA 9IEKTPOHA HIPOIOP-

O@ur. 114. HaxkioH 30H B CHJIBHOM B3IEKTPHIECKOM IOJeE.

OUOHAJLHA 9HYKCOHOHEHIUWAJIBHOMY MHOMKHUTENI0 C BemMEeCTBEHHBIM IIO-
KasarejgeM:

ll)=1l308'5x, (652)

e
(6.53)

Ecan ImoTeHIrAaN Y" saBUCHUT OT X, TO HJIs BBHIYHUCIEHNA BEPOATHOCTH
mepexojga MOKHO BOCIOJB30BATHCA METOAOM BeH]IeJIH —_ HpaMep-
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ca — Bpunnwosua. [Ipn arom uckoMas BePOATHOCTH, T. €. OTHOLIGHNE
BEPOATHOCTEH MPOXOKAEHNSA M OTPAIKEHUS, JAETCH BeNWIAHON

X2

P:exp{_zjﬁ(x)dx}, (6.54)

x4

Tie Zy M T, CyTh rpammnu obmactu Oapbepa, a MHOMKHTENb 2 Opo-
MCXOOUT OT BO3BEJEHNA B KBAJPAT BOJHOBOH (YHKIMA IIPX BHIYHC~
JIeHHH HJIOTHOCTH BEPOATHOCTH.

Y W
AVAVAY

4L
000 ///%

@ur. 115, TyHEEenIHpOBaHWEe CKBO3b NOTEHIHAJBHHIMA Gapbep.

Uro6sl mpmMeHHTH HTOT MOAXON K Halel 3afgade, HYMRIO Paso-
6paTbcsA B MPUPORE BOIHOBOH (YHROUM BHYTPH 3ampemiedHOl 30HHI.
ITOT BOIPOC MHl PAHbIIE He 3aTPATHBAIM. Y paBHeHAEe B UYaCTHEIX
T POU3BOJHBEIX

— g VO {7 (1) — E} 9 =0 (6.55)

OTpe/eJIeHHO HMEET pelleHnsA JIA JIOOHX 3HaueHHH &€ Jake B ToM
ciydae, korma 7°(r) mpepcrasisier cofolf mepHORMUECKHMIT HOTEH-
MAaT, TOMYAHAIONINACA YCIOBHIO

7+ 1) = 7). (6.56)

JdTA pelleHHsA, OQHAKO, HE YHAOBIETBOPAIT yCIoBUAM Biroxa m, cie-
JI0BATENBHO, HElNpHeMJIeMbl B KagectBe COOCTBEHHBIX (YHKIMIA, cooT-
BeTCTBYIOINUX MEePHOJNIECKNM TPAHUIHLIM VCIOBHAM.

Huaro Bce ke me Memaer HaM MCHIONB30BaTh pasao:kenme Dypne

I moTeHNuada, Kak B § 2 Iu. 3, W NMOOKITATBHCA HaliTH penremme
B BuUme

V=2 oy_geik-0r, (6.57)
g
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HO ¢ KOMIJIeKCHHIMH Komuonenramu k. Mer mpuiem K ToMy ke Habopy
JnuHeinHX ypaBHenwmit, uto u (3.14), ¢ Tem oTimameM, 9TO TeIePh HYK-
HO ABHO NHCATH

Ek-g

il

= k—g), (6.58)

n60o 9Ta BETMYMHA, CTPOTO TOBODS, HE SBIAETCA YiKe (HeBO3MYIIEH-
HOil pHeprueil», a Gymer BCEro JUIIb Pe3yJ1hTATOM NeHCTBHA oIepaTo-
pa (—A2/2m) V? na wienst cymmut (6.57).

PacemoTpuM B OJHOMEDHOH MOfeN: 061acTh 3aTpeIeHHOHR 30HHI,
T. e. caydaii, Korga Bekrop k HaxopmrecAa BONM3W TI'DAHUIE 30HH,
COOTBETCTBYIOMEA BOMHOBOMY THCIY

1
7G== (6.59)

(a — Kparuaiimiee paccTOAHWE MEKAY ATOMHEIMH TUIOCKOCTAMH, Tep-
HeHIUKYJAAPHHMHA dIeKTpuiecKomy moamo). JIaa cBo6ogHEIX 97aeKTpo-
HOB DHepIruA paBHsAmach OH BelHINHE

B2 71 \3
0 (=~
8 =5—( ). (6.60)

ITpu maanmumu Bo3MymeHNd 7 ¢ MH JOJKHB, Kak # B ciayuae (3.16
?
pelnTh JETePMHHAHTHOE yDaBHEHHE

{%szg} {_g;—(k—G)Z—g}=|7/‘Glz. (6.61)

Kak = B ra. 3 [ep. (3.19) m (3.20)], nupu BemecTBennom k ypaBuenme
(6.61) He mMeeT pemeHHil, €C’IM DHePTHA & JEKAT B 3aUpemenHon
30He, T. €. B obnactn

B —|T | < E<EL|TVg). (6.62)

Ho remepn GyfeM paccMarpuBaTh § Kak IIPOM3BOJDBHBIA Iapamerp
N pemnM ypapHeHme oTHOCHTENbHO k. Ilomoskum

k=3G+x, E=8+e, (6.63)

cumrasdg, ITO BEAMYAHH ¥ W & Maxsl. Torma mpubiamxenHoe penrenme
TAKOBO:

w2 2T [w] ) (6.64)

A2 480 .

OueBMIHO, 910 BEINYMHA ¥ CTaHeT dmcro MEmMoi-mpu | & | << | 77 |.
Buauur, cormacuo (6.62) m (6.63), eoamosan Pymryus saermpona
¢ aHepauell 6HYMpU 3aNPEUEHHOT 30HbL COOEPHCUIN BEUYECTNEEHHBILL IKCNO-
HEeMYUALbRbIL MHOMCUMELb, ITO COBEPIICHHO NPABHIbHOE TacTHOe
pemernue ypasuenus IlIpegmurepa, Ho 06nHO0 Henpurogroe ¢ Puam-
geckolt ToYKu 3peHus, m6o, MCHONB3YA €ro, HEIb3sA YAOBIETBOPUTH
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HePpUOAUIECKIM WIN JPYTHM IPOCTHIM TPAHHIHEIM YCIOBHAM s
60X BIIOTO KPHCTALIA., JIEKTPOH HPOCTO He MOKET PACHPOCTPAHATHCA
Ha CKOJBKO-HEOYOb 3aMeTHOE paccTosgHme B Iiy0h KpmcTamia. ITo
00Imee CBOHCTBO BOJMHOBHX QYHKINI B TePHOAWYECKOM IIoJe yiKe ORI0
OTMEYEHO IIPY PACCMOTPEHUM KoJieGaHHN pelleTKy ¢ JacToToH, He mpu-
Hapie:kameR obmactn ¢omonmoro cmerrtpa (cM. § 12 ra. 2).
BosBpamasice R Hamme#l 3ajade O TYHHEIHPOBAHHEW, MEl BHJIHM,
9T0 NPOXOKAEHUE Uepe3 3ampeileHHyl0 001acTh MOKHO DPACCIATATH,
HCHONB3YA BHpaskenue (6.54) ¢ rosddumuenrom P, paBHEM MHEMOIT
qactu % B fopmyne (6.64). Ecan snexrpuueckoe moje mpEBOIAT K JIH-
HeHHOMY BO3pDacTaHHIO YHEPTHH dJIEKTPOHA B 3ampemeHHoit obmacrw,
TAK 9YTO BENIWYHUHA € NPONOPHUOHAJIBbHA DPACCTOAHHI0O T OT IMMEHTPA
moTeHnuaNbHOro Gaphbepa (HOJHAA DIMPHHA KOTOPOTO €CTh d), TO MEE

nojysaeMm :
pa=met (36) (1-5)"

Hanee, mETErpApYsA, HAXOMAM

p—exp { — 21761 Ch0) 2 _Egap (6.65)

30 ="XP{—TW}‘

31ecs mcmonb3oBausl pasencrsa (6.51), (6.59) u npmasTo Bo BHHMAa-
HHe, 410 BeruanHa 2 |7 ¢ | paBHA UIMpHMHe 3aUpeMeEHHON SO0HEI.

Dopmyna (6.65) moxassiBaer, 9410 npoboli 3uHepa MOIMKEH UMEThL
MecTo, ecim BdieKrpuueckoe noine E Oymer mocraToumo cuiabHOe:
Ha OyTE B OJHY IOCTOAHHYIO PENIeTKA & DIEKTPOHY Hago npmobpectn
9HEDPTHI0, KOTOPAA OTHOCHTCA K HIADWHEe SaIpemeHHOH 30HBl Kak
Egap/€°. He scHO, opmHako, MOKHO JM Ha ombiTe HaGIOZaTh 3TOT
3QdeKT, MOCKOJIBbKRY OH MACKHPYeTCA MAPYrEMH 00Jee CIIOMKHBIAM
ABJIEHUAMU, HANPHEMED npoboem sa cuem ydaprol uonusayuu. Hocnen-
Huifl adderr mpexmcraBasger coboil pasMHOIKEHHe HOCHTENEH 3apsaia
BCIEACTBEE MOHU3AMAM NPHMECHHIX YPOBHEH HAJETAIOIHM HOTOKOM
9IIEKTPOHOB M QNHIPOK BEICOKOHW JHEPTHU.

Ouens moxoxuii 5Pdexr uMeer MeCTO B MyHHeAbHoM Ouode (ducde
Jcaku), B KOTOPOM BHEITHEE 3JEKTPHYECKOE II0Je HPHIATAETCA IIep-
NEeHANKYJIAPHO TOHKOH HJIEHKe W30JATOPA, PAa3HedAmeNl Cuibiio
JermpOBaHHEE MONYIPOBOAHUKHA p- U n-THOOB. CKOPOCTH TYHHENHPO-
BaHWA ompefersaercs rIaBHHM 00pasoM TOJNIMUHOA M Opmpogoi Gape-
epa, OJHAKO CaM IPOIEeCcC TYHHEIWPOBAHHUA OCYIMECTBIAETCH 6iaro-
7apA TOMy, 9TO B 30He, KyZa HePeXORZWT HOCHTENb 3apA[a, MMEeTCsH
OTTAYHAS OT HYJA INIOTHOCTH HE3aHATHX COCTOSHMI, W 9TOT MPOIece
YYBCTBHTENEH K TOYHOMY B3HAUYEHHIO0 HHEPTHM 3JIEKTPOHA, KOTOpoe
IIpN HepeceIelNnM UM 3anpermeHHoll 06JXacTh Ompenessercs BHEITHIM
3IEKTPUIECKUM II0JTIEM.

Haupumep, npu myaesom cmemennu (fur. 116, a) yposens Deprm
1o o6e croponsl Gaphepa JO/IKEH pacmosaraThes HA OXHOW M TOM ke
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Bricore (ep. ¢ § 6 ra. 4). Ilpu sToM HeGoabIIoe BHEIIHEe HANIPAAieHNUe,
OPUIOAKEHH0e B (OPAMOMY HAUPaBIeHMH, 3aCTABUT 9YITEKTPOHHE M3
n-061aCTH TYHHEIMPOBATH HABCTpEYy ABIPKAM U3 p-001acTH, PEKOM-
GMHApPYA ¢ MOCHeIHIMA, 9T0 U ofecnednBaeT mpoTeranme Toxka. Oxuna-
KO 1pu 6oibmedl pasHOCTH MOTEHIMANOB HOCHTENW 3apsAjia, MPOHIsL

a 6
n-mun oL _ [ Sampesenian
—a--g_Ri-== Yposons —9==9=2F v SoH
/ Pepmu -
| - ‘
R T /Q////é A ,
“ Hsonamop
[4
/
g /4
~1| q /
\ /
p \ L/
¢
\ ..~ Hanpasicenue
-9 ——@ —=|— —o——o-F T
v
EW/'/?/? W/W r_ -

_

9 c

®ur. 116. BoasraMumepHasg XapaKkTeDHCTHKA TYHHEJILHOTO MHOIA.

a — HYIIeBOE CMel[enne; 6 — TYHHEIMPOBAHUE CKBOBD 3aUPSNIEHHYIO BOHY; 6 — TYHHEINPOBA-
HUe ¢ yuacTaeM QOHOHA; 2 — WHMHERINA HeOCHOBHHIX HOCATENeH 3apana.

Gapnep, GyayT momazaTh yike B 3alPEMEHHYI0 30HY; cBOBOAHOS JiBH-
srenme mx TaMm mesosmoskuo (pur. 116, 6). CoorBercrBenno Tox Oymer
YMEHBIIATHECA, HO e [0 HYJTf, MOCKOABKY HOCHTENH 3apfAia MOTYT
TepPATH DHEPTMIO Garcjapsa B3anMOJSHCTBHIO C dorOHAMI (MYyHHeAU-
posanue ¢ yuacmuenm gononos, dur. 116, 6). Anarormunsiii sddext
¢ yuacrieM GoHOHOB HAGIIOAETCA U B ONTHKE; OH MBBECTEH TAaM Rak
sppert Kenmpmra — Dpanma ). Hpn eme 6o bIIeil pasHOCTH HOTell-

1) ManosKeHHas 3[ech TPAKTOBKA HECKOJBKO YHPOUICHA. DaKTUIeCKHd POIb
$OHOHOB CYN[ECTBEHHA, BHUMO, B VCIOBHAX, KOTJa SKCTPEMyMEL BaleHTHOM
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IUamoB 32 GaphepoM BHOBEL OKABHBAIOTCSA DHEPTETHYECKM DPa3perleH-
Heie cocrosinns (pur. 116, 2). CooTBeTCTBEHHO TOK OmATH BO3PacTaer
BCIeJICTBUE UMICEKUUU HEOCHOGHWL Hocumesel, T. €. NPOHWKHOBEHUSA
3JTEKTPOHOB B MaTepwal p-THOA M AHPOK B MATEPHAN n-THOA,

Anmanormgso ob6CTOMT [eT0 B CIyuae IIePEXONOB, BO3HMKAIOUIMX
Ha KOHTAKRTe Me/Jy CBEPXIPOBOIHAKAMU. OM€Ch, OJHAKO, HMeer
MecTo eHIe SIBJICHME K02ePEHNMHO020 MYHHeAUPO6aHUs, KoTopoe Gymer
paccmorpero B § 10 ra. 14.

§ 9. JueKTpOHEI HA OBEPXHOCTH

Ilpn paccmoTpeHnm BOMHOBHIX (YHKIMHA BIEKTPOHOB B TJI. 3 MEI
CUATANM, 9TO OHU YAOBIETBOPANT MUKIXICCKHM TI'PAHAIHEIM YCIO-
BuaM (1.76) rax, xak ecam GH 3MEKTPOHH HAXOJHIHCHh B ILIyGuHE
maccusHOTO ofOpasma. Ho kax ofcromT merno y mosepxHOCTH?

IIpexpe Bcero HEOGXOAUMO KAKAM-TO MOJEIbHEIM 06pa3oM onuCcaTh
pacupeeleHre aTOMOB, HOHOB ¥ INIOTHOCTH 3JIEKTPOHOB B IIPUOOBEPX-
HOCTHHIX CI0AX. B o0meM ciyTae MOKHO CIATATH, YTO Y HOBEPXHO-
CTH HMeeT MEeCTO HOABeM HOTeHOHAIa HA BeIWIHHY pabombl 6wxrola
(pumr. 117). Ilocaepmrasa ompegensiercsi Kak paGora, KOTOPYIO HYKHO
COBEPIUIATH IEKTPOHY, Haxopamemycs Ha yposHe Depmm B raybune
o6pasma, 9T00B BHIATH HAPYIKY, OTAANHUBIINCH HA 3aMETHOE PaCCTOsA-
e ot moBepxHocTH. OmHAKO paccumraTh TouHyI0 dopmy Gapwepa,
KOTOPHH BIEKTPOH MOIKEH IPeolodeTh, YpesBudaiino TpyRuo. [ame
B TOM ClIydae, KOTHa MATePHAJ OYAIIEH OT BCeX XMMHUYECKHX IPHEMe-
ceil (a 970 3agaga TPOMAAHOE TEXHOJOTHIECKON CIOKHOCTH), MOLYT
€Ile MMEeTh MECTO BCEBO3MO;KHEe HMEPECTPOHKU ATOMHOH# CTPYRTYDPH
H CT0:KHBE H3MEHEHNA 91eKTPOHHON IJI0THOCTH, 00yCIOBIeHHEE HeHA-
CHIIEHHHIMA XHMAIECKUMH CBA3AMY, JeficTBueM cui m306parKkeHns
M 1p.

Herpymao, ofHako, MOKasaTh, 9YTO YCIOBHS Ha IOBEPXHOCTH
JIMNIG He3HAYNTEIHI0 MOBIMAIOT HA INIOTHOCTH OGHYHHIX 6JI0XOBCKAX
cocroanmii, BoxHoByH0 (YHKIHI, 5KCHOHEHOHWAIBHO B3aTYXAMIYIO
B of0acTH BHe KpHUCTaxia, MOKHO CIINTH C JUHeHHoH KoMOmHammen
y/Ke HOYTHM BHIPOKAEHHHIX GIOXOBCKAX BONH BHYTPHm o6pasma; 3To
HIPUBEAET NHIIb K GECKOHEYHO MajoMy CHBHTY sHepruu. [leralam mpo-
mecca cmumBaHuA GyRyr oupemeasThca TovHOoM dopmoit Gaprepa, HO

30HH W 30HH IPOBOAHMOCTH (CHpaBa M CJIeBa OT IepexXoda) PACIONOKeHH B DPas-
JWYHEEX TOYKax 30HH BpmmmiosHa. Hak ¥ B onTHYecKAX WpPOIeccaX, MCHYCKAHME
u (unam) moriomerne GOHOHOB ofecHeYHBaeT 3aKOH COXPAHEHUSA KBASHAMIIYJIbCA
UpH TaKHX «HEOpsAMEIX» nepexopfax. C [pyroil cTOpoHH, KOHeYyHOe 3HAYCHWE
MJOTHOCTA TYHHEXBHOTO TOKAa B 00JACTH 6 BOJLTAMIEDHOR XapaKTePHCTHKHA
(pmr. 116) 06ycaoBIEEO B OCHOBHOM HAJMYMEM [O3BOJEHHHX COCTOAHMI B 3alpe-
enBoii 30He. Ilocaeqane MOryT OHTH CBA3aHH KaK ¢ MOCTOPOHHUMY NPAMECAMH,
TaK M C «XBOCTAMEY IUIOTHOCTH COCTOSHHH, 00pasylomuMucs INpH AOCTATOYHO
CHILHOM JeErapoBaHUM NONYNpoBogHHUKA [16].— ITpum. ped. -
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5TO HE CKayKeTCA Ha 30HHOH CTPYKTYpe M TOMY HOJ06HBIX 06hemMHBIX
CBOMCTBAX MaTepuala.

Pacemorpum Temeps DAEKTPOH ¢ HHeprueil B sampemeHHodl 3o0He.
Hak moxasano B npeppixymem maparpade, COOTERETCTBYIONIEe pellleHne
ypasHenus Illpegmurepa enympu KpECTANIIA TakK;e OIpefeasercs

—_—wama BHIT00%, Yposery Pepmu

— s —

A

@ur. 117, TloremnuanpHbil 0apbep HA MOBEPXHOCTH M pabora BHXOJA.

B OCHOBHOM JKCHOHEHIMANbHOR QyHRmmeil paccrosnus (6.52). Ilyers
oHa BHOpana yOuBapome# B riAy6p o6pasna u raajgko (T. e. IO BeTH-
9uHe U 0 TPafuenTy) CIMHTa C IPOCTON HKCHOHEHIMaN bHOi GyHKIIei,
oTBedalolell 3IEKTPOHY, KOTOPHIA yKe BHIIeNX M3 o6pasla CKBO3H
moBepXHoCTHHIN fapbep. Tem camMbiM MBI mOCTPOUM COGCTBEHNYIO QVHE-
MU0, YAOBICTBOPAKMYI0 OOIMHM YCIOBUAM KOHEYHOCTH M T. 1. |
UPHTOM JTOKAJH30BAaHHYI0 Y IOBepXHoCTH Kpucramia (¢dur. 118).

¥o(?)

@ur. 118. BoamoBag $YHKOUS HNOBEPXHOCTHOTO COCTOSEHUA.

31ech TOTEe3HO PACCMOTPETh CIENYIOINYI0 BCIMOMOTATEIHHYIO 3aja-
9y. BMeCTo HCTHHHOTO KPHCTALINIECKOT0 MOTEHINATa BO3bMEM IO TEH-
Oual pelleTKH ATOMHBIX HOTEHIWAJIOB (MM HCeBJOTNOTEHIIHAIOB)
¥ yCpegHNM ero B KajKJOH IIOCKOCTH, MAapaiielbHON IMOBEPXHOCTH.
Pacupenmenenne moTeHIHaia OCTaHETCA HEPHOJMUECKHM JHIIbL B Ha-
TNpaBlIeHun ocu z — B TIy0b KPHCTANIA, W 3a7ada, TAKUM 06pasom,
OKa3HBaeTCA IO CYMECTBY ofgHoMephoil. Bymem camrarh, 910 MBI
HAIIH TOYHOE ee PelleHne — JOKATM30BAHHYI0 QYHRIUO Y, (z), KO-
TOpOoe oTBeYaeT dHeprum &, B sampemenHoil 3ome. [loCKOIBRY RpH-
CTANI O0CTaeTCA, 10 NPEJHONOKEeHHI0, TPHBUATIBHO IIEPHOTHIHEIM
B HampaBleHHAX, HapalJelbHHX IOBepXHOCTH, TeopemMa bDBioxa
(1.58) momkHa Bece eme OCTABATHCA B CHJIE NMPUMEHUTENILHO K TPAHC-
JATHAM B miockoetH zy. CIeqoBaTelbHO, JOKATHUZOBAHHOE COCTOAHUE
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OJTHOMEDHOH 3a/Iauu MOJKHO MOPOKAATH IIENYIO 30HY NO6EPIHOCMMHBLE,
WIH MAMMOECKUZ, COCTROAHWIL BULA

Y = P, (2) exp [i (k. + kyy)l. (6.66)

3necs k, n k, — KOMIIOHEHTHl BOJTHOBOTO BEKTOPA B IJIOCKOCTH, TTapal-
leIbHOH moBepxHOCTH. B cayuae moutu CBOGOMHEIX 3JIEKTPOHOB,
HaIlpEMep, ClHefyeT ORUAATH, YTO COOTBETCTBYIOIMUN 3aKOH TUCHEPCHH
Oymer mpubIMKEHHO OUUCHBATHCA GOPMYITOR

& (k) ~ Eo-F o (k3 K3). (6.67)

JT0 BHIpa)KeHHWE CHPABEIIMBO BOJIM3M HEKOTOPOro ABYMEDPHOr0 aHa-
JoTa TPaHANE 30HH B IIPOCTPAHCTBE IIepeMeHHHX k, m k.

(DarTrYecKu 9AeKTPOHHBIE MOBEPXHOCTHRE COCTOSHNA B NPUHIAIG
SKBHBAJEHTHE IOBEPXHOCTHHM MOjaM KoleGaHWMiEl pemeTkm, pac-
cvorperasiM B § 12 ra. 2. Ilyrem mopxopsamero mepeoGo3nadenus
TMepeMeHHHX MB MOTIHN OB J[ajKe BOCHONB30BAThCS BHPAMKEHHAMH
(2.138) —(2.145) nns onmcaHus NOBEPXHOCTHHX JJIEKTPOHHKIX COCTOS-
HUI B MOJIOJH CHJIBHOH CBA3H ¢ COOTBETCTBYIOHMIMMY IPAHNTHEIMY YCI0-
pusiva, OHaKO TOYHBIE BHAYEHHA DHEPTHH IOHOOHBIX COCTOSHHA
ONpeNeNnATCA KOHKPETHHMH Xapakrepuctukamu wmomenn. Jlaske
B OTHOMEPHOM CJydae 04eBH/HO, 4T0 (opma Gapbepa M ero mojosxe-
HHe 10 OTHOIMeHHIO K «GmmkafinieMy» aroMy pemerku OyAyT UTpaTh
pemraromyio poxb. JeficrBurentno, wMeHHO OHH OYIyT ONpPENENATH
JIORAABHOE 3HAUEHWE TPagneHTa QyWKIUM ) W, CAEJOBATENHHO, BO3-~
MOMRHOCTH IJaJIKO CIINTh ee ¢ pemeHmeM B oObemMe. B Tpexmepnom
clygae curTyamus eme ciroxkHee. [eficrBurennhHo, cliMBaHHe HYIKHO
OPOBECTH 3[eCh IO BCell MOBEPXHOCTH, KOTOPas HUKOTAa He Ghpaer
IPOCTO HIAOCKOCTHIO CKAYKA JJIEKTPOHHOTO MOTeHmuata. Mbl MokeMm
B IPWHIHIIE PACCMOTPETH YCIOBUA BOBHUKHOBEHMSA MOJ0OHEIX COCTOA-
HUl B AaHHON 3ampemeHHoH 30He. OJHAKO KOJMYECTBEHHBIH pacder
HHEPTeTHYECKOTO CHEKTPA W JAPYLUX CBOHCTB IIOBEPXHOCTHHBIX COCTOH-
HHl BechMAa BATPYNHHUTENEH M3-32 MX YYBCTBHUTENBHOCTH K BIHAHMIO
ocofeHHOCTeH CTPYKRTYDPH, XUMHUIECKUX MPHMECed W nojeill mpocTpaH-
crBennoro 3apama. Hecmorpa Ha 9Ty TeopeTndeckyw HeIpeicKa-
3yeMOCTh XAPaKTePHCTHK TOBEPXHOCTHBIX COCTOSHMNI, BHACHUIOCH,
YT0 OHM TeM He MeHee UIPaloT BAJKHYIO POJb B (U3UKE pealbHBX
OO yNPOBOTHUKOBHX YCTPOHCTB. IJT0 O6BACHAETCA CIOCOGHOCTLIO
Ha3BAaHHHX COCTOSSHUH €O37aBaTh JOBYIMIKHU [ HOCUTemel 3apsaia,
NEeHTPH peKoMOMHATIUM, KAHAIH KOPOTKOrO 3aMHKAaHUA, HoGaBouHBIe
eMKOCTH W mpoume uemenaTeabHue s@derts. Ilogobupe cocroanms
OKa3HBAKTCH CYMECTBEHHHIME TaK/Ke B MOBEPXHOCTHOM KaTalu3e
M B APYIMX XUMAYECKHX ABJICHUSX HA JOBEPXHOCTH.
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Wcrnrnsle moBePXHOCTHEE COCTOAHAA MOTYT CYI[ECTBOBATH TOMBKO
B TOM CiIy9ae, KOTTa 3alpemeHHad 30HA PACHOJOKEHa HIKe MoBepX-
HOCTHOTO IOTEHIHAIBHOTO Gaphepa. Bolee BHCOKMM BHEPrHAM OTRe-
9al0T JIHIIb KBAa3HCTAIHOHAPHBIE COCTOSHUA ~— TAK Ha3HIBAEMBIE «Mil-
MOAEMHbLEY NOGEPIHOCTLILHE 604Hb, AHATOTHYHEE pe3oHancaM {cp. § 12
ra. 2). R qmeay THOHYHRIX B TAKO# CHTyallunm HOBEPXHOCTHBIX ABIe-
HOlf OTHOCHTCA IMHUCCHA IEKTPOHOB, BO3OY/KIEHHBIX TOPMUTIECKH HJII
onrmieckn (cM. § 5 ria. 8), a Tarike ofpaTHHIl mpomece: mocTeTHMI
mMeeT MecTo, eciam oO6XydaTh HOBEPXHOCTH IMOTOKOM 3JIEKTPOHOR.

Judparnua dIEKTPOHOB BHCOKON 3HEPrHH, IIPOXONAMMX CKBO3H
TOHKHE IJeHKH, 6pma pacemorpena B § 6 ra. 2 m § 3 rut. 3. Jugpar-
YU HUSKOIHED2EeMUHECKUT (MeOAeHHBLT) IACKMPOH06 BHATATENBHO TPY-
Hee MOAMaeTcsA KOJIMYeCTBEHHOMY ommcanmio. [las siexrpona, oTpa-
3WBIIETOCH OT IIOBEPXHOCTH, HOPMAJBHAA COCTABJIAIONMAA BOIHOBOTO
BEKTOPAa ysKe He IpeAcTaBisger co00#f Xopoluero KBaHTOBOLO YHCIA,
CymecTBeHHOe YCIOBHE BOZHHKHOBEHHS KAQPAaKINUMOHHOTO IHKA CBO-
JUTCA K JBYMepHOMY aHalnory paseHctsa (2.79):

ki =k +g. (6.68)

BMecTo HaJalbHOTO H KOHEIHOTO BOJHOBHIX BEKTOPOB 9JeKTPOHA
N BeKTopa o6paTHOU pemeTKH 3[ech QHUIYPHDYIOT HX IPOeKINH
Ha IJIOCKOCTh, HapailelbHYH IOBEPXHOCTH [IIOCKOCTh Xy B CIy-
qae (6.66)]. HopManrbHylo KOMHOOHEHTY OTPaKEHHOTO HyYKa BCEIIa
MO;KHO mojo6paTh TaK, 4To0b BHOOIHATOCH yeaosme |k 2= | k |2,
obecrevuBamiee coxpaHenne sHeprud. llpm aToM pacmpocrpanenne
TuparuposaBmero MyIKa 9JIEKTPOHOB OKa3HBAETCA BO3MOJKHBIM He-
3aBHCHMO OT 3HEPTHN WM HAIDABIEHHA HANAIOMeEro mydKa.

Opnaxo 4ro0H BBHMYUCIATH HHTEHCHBHOCTH AuPpakmul, HeolXo-
INMO CIDUTH NAJAONMYI0 M OTPa)KeHHYI0 BOXHBI ¢ COOTBETCTBYVIOHIeH
JamHe#tHoit Kombmnammeli Bcex pemenuit ypasHenua Illpenunrepa
BHYTpPE Kpucramla. [Image roBops, Hajgo y4ecrb BCe BIEMEHTHI KOM-
nAeKcHol 30HHOL cmpykmypy RaHHOrO Rpucraxia. OTHOCHTEILHEI®
VHTEHCHBHOCTH PAa3IHYHHIX AAPPArApOBABIIAX NYIKOB OyayT TpH
3TOM 33BHCETH OT CPABHUTENBHOT0 BHRIAAa COOTBETCTBYIOIIUX ILIO-
CKHX BOIH B 9TH BHYTpeHHHE BoJHoBsie pyHnuruu. Hanpumep, manbo-
Jee WHTEHCHBHBIe MKW JMOMKHH HalXiogarbCcs, Korga Iagalomue
9JEeKTPOHH HONAmaloT BHYTPHh KPHMCTANJIa € DHEPrHell, oTpevaromiei
3ampemenHoil 30He OOBYHHX OGIOXOBCKHX COCTOAHWIA. 3 nToM cayuae
cuTyanua 0am3Ka K OCYIMECTBIEHHI) HOIHOTO TPEXMEPHOTO YCJIOBHA
guppaxmnun Byaeda — Bparra (2.79). Ognako u B mammoit of1actm
SHePTHH MOT'YT HMeTh MECTO TOHKHE 3P(eKTH «Pe30HAHCHOT0Y» Xapak-
Tepa, KOTHA «MHMOJETHHEY» IMOBEPXHOCTHHIE BOJMLI IO3BOIAIOT DIEK-
TPOHAM (OPOCOTUTHCH» B PasinuHbie AudpakOuonnme myuku. Pac-
cesnue 3ICKTPOHOB Ha HOPUMECH, IOIJOIIEHMEe W APyrue HEOYIPyrue
sdderT eme Golee YCAOKHAOT AHTEPIPETALHIO ONKTOB N0 JAHPPAK-
Huu MEeJIeHHKX 3JeKTPOHOB.
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§ 10. Paccesnme dIEKTPOHOB HPHMECAMHA

B§ 2nm 3 ra. 56610 MOKa3aHO, 9TO HOTEHINAT 3apAKeHHON NPH-
MecH B MeTaJjlaX sKpaHHpyeTca u mpuHuMaer Buj (9.29)

U (1) =22 o=, (6.69)

3mech BeamumHa A ompexensierca gopmyaoit (5.22). C momompio dae-
MEHTAapHO! HecTallMOHAPHOH TEOPHN BO3MYDIEHHWH JIerKO BEYMCIHATBH
COOTBETCTBYIOINEE CeUeHHEe paCCesHuUsA:

2mZe2 \2 1
o(8)= ( 72 ) ’
(K2+}\12)2
rage K = 2kg sin (6/2).

Ananormunnii pes3yabTar [OJKeH OBITH CHPAaBEIHE A CIydasd
paccesHHsa HOCHTeJNeH 3apdAga B OOJYHPOBOJHHKE; TOJIBKO Telepb
Beanuira A gaerca gopmydaoit (5.26), BMecTo m cToutT m* H eme BKI0O-
TaeTCsA MHOMHTENb 1/8?, yuuThiBalomuil AUAIEKTPHYECKYIO IPOHHA-
HAaeMOCTh Cpedsl. IJTO HEeNOCPEeACTBEHHO BHTEKaeT H3 HPHHINIA
DKBUBAJEHTHOTO TaMUIbTOHHAHA.

Opuako sty GopMyanl He clIefyeT MOHHMATD CANIIKOM OYKBaJIbLHO.
[Tpu pewenmn 3amaum 0 paccessHMM B HEX HCHOJNB3yerca G0PHOLCKOE
OpHOIMKenne, IT0 He 09eHb XOPOHIO LIS IEKTPOHOB ¢ (epMUEBCKOR
aHeprueif, paccemBaeMbX Iay6okoil morTeHmumanpHOR aAmoi (6.69).
Jlyuame 650 GH MCIOJAB30BATH METOX HAPIMAJIBHBIX BOJH, COLJIACHO
gopmyne (5.40), u npasuao cymm Dpnpensa. [Ipu arom mo-npexnemy
HeT HHUKaKOH TapaHTHil, YTO BOJHOBBE (QYHKIOUH DIeKTPOHA IIpe.-
CTABAAIOT COBOA HeHCTBHTENBHO OTPOCTHIE HJIGCKME BOJLHEL, & HOTeH-
HHAT MOMKET OKa3aThCA CJHHIIKOM CHABHBIM, 9TO0BL MOMHO OBLIO
¢ HDOJHBIM OCHOBAHHEM BOCHOJB30BATHCHA YKBHBAIEHTHBIM TaMHJIBTO-
unanom. Haxonern, pacceanue BOBCe He OIPeeNAeTCsA TOJIBKO PasHO-
CTBI0 3aPANOB PACTBOPUTENA W PACTBOPEHHOI'O BEMIECTBA; BO3MOKHO
ellle pacCeAHHe M3-32 OTNWIMH HOTEHIMANOB HOHHHX OCTOBOR — OT-
anume, CKaskeM, B oPderTuBHEX motenmmanax (3.71) mpumecHOTo
joHa W 3aMemaemoro uM mona. Tak, paccesnue MPOUCXORUT NPH BBE-
senmy Ag B Au HecMOTpPA Ha TO, 9TO0 OHH HMEIOT OTWHAKOBYIO BaJeHT-
HOCTH U IOYTH OJUHAKOBREE aTOMHHEE 0OBeMHI.

Ilpu pacceaunn Ha IPUMECH TEPEXO/HOI0 METALIA OUPefeIAIIlyI0
poib mrpaer d-pesonanc (cm. § 5 ri. 5). M3 smpamenmit (3.81) m
{(5.40) aBCTBYeT, WTO CeUeHME DACCEAHHA [OJKHO IIPOXOJHTEL Yepes
MaKCHMYM HPH Pe30HaHCHOW sHepruu (Korpga c¢ABHT d-¢asH NpoXOquT
wepes sHadenme J1/2). 3aMeTwM, OJHAKC, 9TO STOT PE30HAHC MOJKET
3aBlCETh OT B3aMMHOIl OpHEHTAUWU MATHATHOTO MOMEHTAa IPHMECH
U COMHA& pacceAHHoro siaextpora (¢ur. 95).

B HekoropHXx cayuasx mmeercAa HeGoapmoe pobGaBouHoe § — d-
obMeHHoe e3aumodelicmeue MEKIY COHHOM S8 PaCcCesHHOIo dIEKTPOoHA
NPOBOIMMOCTE H IOJHHM cmmHOM S d-saexTpoHoB mpumecu. Hax

(6.70)
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Gyner mokazamo B § 6 rua. 10, raMmIbTOHHAH HA3BANHOTO B3AMMO-
JelcTBaA ClIefyer MHCAThH B BHUJE

Ha-a= —2=Ss. (6.71)

Qurypupyiomuii 31ecs «obMenHminy mapamerp J 0BHTHO oTpHIlaTe-
JeH. JT0 B3aMMOJeHCTBIE BeeT K BayKHBIM (H3MIECKIM CIefCTBUAM,
u6o Gmarofaps eMy LIpH PACCeSHMH MOMKeT HPOHMBOHTH (IIePeBOPOTH
HampaBJIeHUA COHHA TAaJalomiero sIeKTPOHA.

B moxynpoBojHnKe BO3MOMKHO TarsKe pACCeAHHe HEHTPANbHOI
npumecsio. llocnennas Bosumkaer, HampuMep, KoTga Ha IOHOPHOM
IPUMECHOM YPOBHE HAXOJUTCA BIeKTPOH WM JAbpKa 3aHHAMAaeT aKIel-
TOpHBIA ypoBenb (cM. § 4 u 7 Hacrosmeit raasw). Pacyer paccesHus
B 3TOM ClIydae HpefcraBisger co00H CephesHylo 3ajady, DKBHBAICHT-
HYI0O pacieTy paccesHWsA MeJIeHHLIX 3JI6KTPONOB HeHTPAIbLHLIMH aTo-
MaMH BOJODOJIA.

§ 11. AnumaGarnuecknii npmaIuI

Obparumes Temeps K pacCMOTDEHUIO B3AMMOISHCTRIIA MEKLY 916K~
TPOHAMH TPOBOAUMOCTH M KodeGanmamu pemerkn. OUeBHIHO, 3TO
OYeHb CIOKHAs AUHAMHIECKad 334a9a — 710 TEX HOp, IOKA MBl He J0-
RajKeM, 4T0 ee MOKHO HCCIAeHOBATh ¢ MOMOMBIO HIEMEHTAPHO| Teopun
Boamymennii. O6ocnoBanie Takoro WoAXoja maercs meopemoii Bop-
#na — Onnencelimepa, K BBHIBOLY KOTODOH MH ceifgac ¥ mepeiigem.

Hamumen oneparop IaMubroma Beell CHCTeMBI HOMOB H 9I6KTPO-
HoB. Har m B ra. 2, mycrs BekTop w; ykasmBaer momgoskenme I-To
HOHA OTHOCHTENBHO I-T0 y3iIa perreTKy (s MPOCTOTH MbI IPEIIosa-
raeM, 4TO JJIeMeHTAPHAs SYEHRA CONEPSKHT OJHUIl aTOM); BEKTOP T;
YKagplBaeT IoJNoKenne i-ro saerTpona. [Toansii raMmuabpronman pasen

B v K2 g2 B2 92 o2 ‘
==\ 55 TR o i 2 = T 7w )G,
l i 1<j

(6.72)

Hepriie fBa wiena cyTh OmepaTopH KUHETHIECKOH DIEPTHE HOHOB
1 oerTponoB. Cilegylomuil WieH onnchBaeT B3aHMMOIEHCTBIE MeRIY
arexkTpoHamu. [latee ciegyer moTeHImANbHAS DIEPIUA DIEKTPOHOB
B I0J€ HOHOB (HaXOAMHXCA B CMEM[EHHBIX TIOT0/KeHUAX), M, HAKO-
Hell, ciaraeMoe G(u) CHMBOJMYECKH HpEACTaBAgeT TOTENHATBHYO
SHEPIUIO TIOOBX NPAMBIX B3aMMOJASHCTBUI Me:KIY HOHAMI.

Honuiraesea B ravectTse cobeTBeHHBX (YNKIIHHA TaMIIBTOHHAHA
B3ATH BHIpa:ReIus

¥ — y(u, r) O(u), (6.73)
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rie Gyurnua P yaosaersopser ypapnenuto lllpennurepa nms amerTpo-
HOB B CTATHUYECKOM peleTKe ¢ MOHAMH I, 3aKPelJeHHBMA B TOYKAaX uy!

(— S s+ D+ 7 @ o =8 () ¥ (u, ).
i ij

(6.74)

Pazymeercsi, HaspaHHasA QYHKIUSA MOKET — B CYHIHOCTH JIazke J(OJ3-
Ha — OWTH MHOTOSJEKTPOHHOM; GyjneM mpexloxararh eme, 9To MH
B COCTONHUH HaiTH COGCTBEHNLIe 3HAUYEGHUA ATOW 3amaum, &, (1), cKa-
sweM, B Buge Habopa wpasuiacTHiHEX ypopHeit. Ho artu cobersennbie
suagennA OyIyT 3aBUCETh OT Uy, 9HEDTHA DIEKTPOHHOTO rasa Oymer
3aBUCETH OT MOJO;KeHUSA MOHOB.

MoneiictByeM Temephb Ha 9Ty BOJHOBYI (YHRIMIO OIEPATOPOM H:

W — S P g g, () PG ()Y =
orr = 2 e ( (w) ¥=

B2 92

= (w0 { — 3 g7 o+ Ee (W TG ()} D(w)—
2

12 i o a2y
——-EW 27‘5-%7%—(1) 0 f (6.75)
2

Eciu Mo:kHO IpeHeGpeunh UleHaMM, HAUMHNCAHHBEIMH 3[ech B TIO0-
cileiHell CTpoke, TO MOJTHYIO B3aJady Ha OTHICKaHHE COOCTBEHHBIX
snavenmii ypasnenna PV = ¥ Mbl cMoeM pemmTh, HOTpefoBaB,
urobu Qynruns O(u) ymoBirerBOpATIA YPABHEHHIO THITA yPaBHEHMA
IIpeauarepa:

{ =D g sy T & W+ G () } O () =ED (). (6.76)

Vpauenme (6.76) ecTh ypaBHeHHe [T BOIHOBOM (GyHRIMM OTHUX
HOHOB. JT0 Kak pas To, 9TO M5 JOJRHBE Gblmu 6Bl HAIMCATH, €CIIN OBl
IIOMHTANNCH HEemoCcPe/ICTBeHHO KBAHTOBOMEXAHNIECKH PEIINTh 3a/1a7y
o muHavuke pemeTkH (cm. § 1 T 2), ¢ TeM MCKIIOYEHUEM, UTO 37[eCh
K OPAMOMY B3amMOJefiCTBHIO MeALY IOHAMM J00aBJIAETCS WIeH
&, (u), mpegcrapasomuii cO00H TMOJHYI0 DHEPTHIO CHCTEMBI DIEKTPO-
HOB KaK YHKIUI0 KoH(GUTYpALuH HOHOB. JTa BeIWIHHA €CTh aduaba-
muueckuil BRIAX 37IeKTPONOB B dHeprmio pemeTku. OH paBeH u3Me-
HeHII0 WX SHePruH, o0yCHOBIEHHOMY TeM, YTO PACIpeneleHue diIex-
TPOHOB JOIRHO HePeCTPanBaThCsS B COOTBETCTBUN C IBU{CHNEM pemeT-
k1. B mpunmume ot wieH 3aBUCHT 0T MCTHHHON BIeKTponnol KoHdn-
PypAllH, HAIPHMED OT YHCIa KBA3M4acTuIl, BO3OYRIEIHbX B MeTAILIe
TPH JaHHO TemmepaType, HO IPAKTHYECKH OH OYEHb MATO YyBCTBHTE-
Jel K TARUM IeTalAM, W OGBTHO ero MOMHO BHYHCIATH B IPEIoso-
SHEHHUM, UTO 2JeKTPOHBl HAXONATCS B CBOEM OCHOBHOM COCTOAHHH.
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HeobGxopmmo, oguaro, mokasaThk, 9To MO;KHO Hpenebpeup Heaqma-
GarmdecknMu 4YieHamu B ypasHenmm (6.75). Jlerko ycraHOBUTH, 9TO
OHU He Mal0T MOYTH HHKAKOTO BRKJIAJA B CpefHee 3HAUEHIE DHEPTHM
cucreMH B cocroaanu V. Ilepsuii m3 aTUX WIEHOB JaeT HYAb, H6O OH
OPWRBOTAT K WHTErpajaM THOA

6 7] 1 on,

Te n, — MONHAA KOHIEHTPALMA 3lIeKTPOoHoB. Bropoit 4ier man noro-
My, UTO Jajke B XVAUIEM CAy4ae, KOTJa JIeKTPOHBI }KECTKO €BA3AHEBI
CO CBOMMHF HOHAMHK H

P (ug, 1) =Y (r; — w), (6.78)
OH naBaJ Obl BKJIaJ
By h2 621]J
5 ¥ 5 2M ﬁu2 dr= S'l])* 2M Or-
K2 52
= —771} 5 Vo arlf dr. (6.79)

310 eCTh B TOUHOCTH KMHETHIECKAA SHEPLHA SJIEKTPOHOB, HOMHOKEH-
Has Ha oTHomeHme m/M, T. . BeIMYWHA, HEITOMKHAS O CPABHCHUIO
¢ OOBIYIHBHIMH TENUIOBRIMH YHEPTHAME: OTHoIneHme m/M 1o mopsagry
peamuaHEl cocraiaser 10~* wam 1075,

JTa OIEHKa, KOTOPYI MH 37eCh eIBa HAMETHJIM, He YYHTHBAET
HeAWATOHAJXBHEX HeaguabaTmIeCKNX YJeHOB. B wgacrHocTn, mepBbIit
M3 HEX, cofepRammil Jv/0u;, MOMeT BH3BATH MEPeXONHl MEETY JICeK-
TPOHHHMH COCTOSHHAMA NPHU IBIKEeHENH MOHOB, JTO €CTH He UTO HHOE,
RaK eé3aumoldeliceue aAeKMpPOH08 ¢ HOHOHAMU, KOTOPOE MH pac-
cMorpuMm B § 43 macroameir rnasm. @opmyna (6.77) moxasmBaer
Wb, 9T0 AUATOHAIBHEIE DJEeMEeHTH HeagnadaTHdecKUX II6HOB DPABHE
Hyno. Bo Bropom mopsAgxe Teopm¥M BOSMYINEHHN MBI NoJdyumau G5t
OTIWIHBIE OT HYJA BKJIAXHE B 9HEPTHI0 PelieTKH 0T HeAMaroHAJIbHHIX
3IEMEHTOB ITOr0 OLmepaTropa.

Anuabarngeckuil NPWHOUO BayKEH IOTOMY, 9TO OH HO3BOJAET
OTHENUTE [BWKEHNE HOHOB 0T IBHKEHUA 3JTEKTPOHOB TaxuM obpasom,
9TO0 0CTaeTcsa TOILKO OCTATOYHOE B3aMMOEHCTBIE MEKY 3AeKTPOHAMHA
r ¢oronmamu. On obGocHOBHIBaeT Hanie HATYHTHBHOE IpeJICTABIeHUE
0 TOM, 9TO PHEPTHUfA 3JMEeKTPOHHOTO Tras3a ecTh CYMEeCTBeHHAA dacTh
moJHO#A ynpyroii sHeprum TBEPAOTo Texa, KaK ¥ OPefmojarajoch Ipn
paccMoTpeHum sHepruu cBssum B meramnax (§ 3 ra. 4). ITocme yuera
3TOTO BKJIAJA B SHEPIHIO MHI MOKeM PaceMaTPUBATHL DAEKTPOHH U KO-
JebaunaA pemeTKH KaK MOYTH HE3aBHCHMbBIE OGBEKTH.
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§ 12. IlepenopMHEpOBKA CKOPOCTH 3BYKa

AmnaGaTHdeckuii OpPUHEOANT HPUBOJUT HAC K CIHefyIOIMeMy Ipo-
cToMy paceyskmenmio. I1ycTs MH paccMaTpuBaeM CIeKTP KoiebaHuid
peleTKyn, cocToAmeil m3 roianx moHos. K wemy mpuseser noGasienne
BIIEKTPOHOB?

Kak sro gacto OmBaer, oguH pPe3yJbTAaT MOKHO HOJIYYUTH CPasy
6es BesKOro TpyAa. [IMAHOBOIHOBEE IPOAOJIBHEE KOJe0aHusA perer-
KM TOYEUHHX 3apAfOB NPHBOGAT K KoJeGaHMAM IUIOTHOCTH M K BO3-
HUKHOBEHNUI0 IOJAPU3AIUOHHBIX HOJIell, KOTOpHe MOKHO DPacCUHTaTh
MAKDOCKOIMIECKHN, COBEPIEHHO TaK ke, KaK B ypaBHenmsax (5.60) —
(5.62). YpapHeHus JBHIKEHNA IIOJOKHATEIbHBIX HOHOB, MacCa KOTOPLIX
paBEa M, 3apsn pasen Ze, a KoHIEHTpanusA IV, BHIVIAAT C1e[yONHM
obpasom:

Mx = —I/mNZzezx. (6.80)

JT0 03HAUAET, 4TO [MIA MPONOJHHON BOJNHBL C BOJHOBBIM BEKTODOM €
9acToTa OKA3HBAETCS PABHOM NIa3MeHHOW YacTOTE HOHOB

4ruNZ2e2 \1/
Q,=("5—)" (6.81)

M IIOYTH He 3aBHCHUT OT ¢.
ITpenmoNoRuM Temepb, 9TO B PEIIETKY BBeeH 3JeKTPOHHHI ras.
Kaxk moxasano B INI. 5, 9TO OPUBOAMT K MOAMQPUKAIMH BCEX BIEKTPO-
CTATHYECKUX IoJed, co3/aBaeMuX ApyruMn ucrognnkamn. Hanpumep,
HAIPAMKEeHHOCTh H3BHE NPHIOKEHHOTO BIEKTPHYECKOro IOJA ¢ BOJI-
HOBBLIM BEKTODOM ( M JacTOTOH » yMHOMaercsa Ha BelmumHy, obpat-
HYI0 IuOJIeKTpHYecKoil mpoHmmaemoctTs & (q, ), OUpPeleqeHHOH IO
dopmyae (5.16). DTo MOMAKHO OTHOCHTHCA ¥ K CHJIaM, 06yCIOBICHHBIM
MOIAPHU3ANNeH HOHHOM MIA3MHE; IpaBylo dacTh ypapHenns (6.80) mysx-
HO MOMeNHTH Ha £ {(, ®), I7ie  eCTh BOJTHOBOI BEKTOP paccMarTpHBae-
Moro KomeGaHuWs, a » — MCTHHHAS 9acroTa ero. 9T0 03HaYaer, 4TO
mabaronaemMas gacrora 6yger
Ky v (6.82})
IpakTHaecKkn BeTHUMHA Vq Mala, H €10 MOKHO npeHebpedb B €
(1. e. maasma KoaxeGierca MeqeHHO IO CPaBHEHMIO CO BCEMH dIeK-
TPOHHHIMH JABWeHnamm). Vcmoxssysa nDpubImKeEHOe BHpaKeHHe

(5.21) ma & (q, 0), Mu monydaem

s 4nNZ2e2 q2
AR 3 Eranet &) (6.83)

NZ2 172
Vqﬁq(m) . (6.84)
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JApyravu caoBamu, npu ¢ — 0 CKOPOCTh PacHpocTpaHeHus Koldeba-
HHUl DPOROJBHON aKyCTHYECKOH BETBH CTPEMHTCH K HEKOTOpONl KOH-
craure. Ecnn xommenrpamus ceo6oamoro saexTponnoro rasa ects NZ,
TO 3TAa KOHCTAHTA paBHA

s= (3o )" vr, (6.85)

The vp ec1h, Kak 00HYHO, QepMHeBCKas CKOPOCTh 3ITEKTPONOB. DTo
HEeIJI0Xad ONeHKA [l CKOPOCTH 3BYKA B OONBIIMHCTBE METATLIOB:
0cobeHHO Xopolla OHa JAJIH METOTNHX METaJd0B. Qopmyaa (6.82)
TIOKA3bIBACT, B YACTHOCTH, Kak Bosmukaer spdext Koma (§ 4 ra. ).
I'pynmosas cxopocrs pasua mpomsBoguoit 0T 9acToTH Vq 10 ¢, a mpo-
usBoHag or ¢ (g, 0) mmeer JMOrapu@MUUECKYI0 CHHTYJAAPHOCTH LI
g = 2kp.

Boxee mocieosareasublii TOAX0 K IHHAMHKE KpPHCTALIHIECKOLT
PemeTR MeTadl0B, NPUTOJHBIA 1A BCeX THIOB HMOMAPHIALHU M TS
BCeX [UIMH BOJH, MOT OBl COCTOATH B CJAENYIOIIEM:

1. Hapo paccumraTs bIeKTPOHHYIO 30HHYIO CTPYKTYPY MWIealdb-
HOTO KpHCTa/Lia.

2. [lamee caemyer paccaumraTh 30HHYI0 CTPYKTYPY TOTO siie KpH-
CTajIa €o CMeIMeHHBIMH MOHaMHU [5T0 orBeuamo 6B Hasmamo (GOHOHA
C BONHOBHIM BEKTOPOM ¢, Kak B cayuae (2.49)].

3. PaccmarpuBasi pasHOCTH IIONHEIX DHEPTHIT HTHX ABYX CTPYKTYD
KaK COOTBETCTBYIOIEE WN3MEHEHNe (IOTeHIMAaJbHOW 3Heprum» |rima
(2.2)], magme:xuT BEIHCANTE FAaCTOTY g JAHIOI0 HOPMaJbHOTO KOJe-
Oaumsn,

Bes sra mporpamma BHIIMAZEMT yeTpamialome, TAK Kak HCHO.b-
30BaHNe anuabaTHIeCKOTO MPHOIMKEHNsT ONPABAHO JHMIIb IPH YCI0-
BHM CaMOCOTTTACOBAHHOTO pacduera KasKmoil crpywrypsl. lomyecrin,
OIHAKO, YTO MBI PACCMaTPUBaeM Ionepednsie KoaeGanus, P KOTOPHIX
JTOKAJIbHBIA aTOMHBIA 06beM ocraercs memsMeHHEM. Torma G6mbmas
9acTh DHePIuu CBA3M Kpucramna (cp. § 3 Ia1. 4) He MeHAeTCS, M MOK-
HO OTPaHIIHTHCA PACCMOTDEHHEM JHIIh MAJIOro BKIaja B Hee, LpPo-
ucTerammero ot gegopmanuit mosepxuocru Mepumn. ocrequue Mok~
10 TPaKTOBATL KAK BO3MYIIEHHA, 06YCIOBJICHHLIE PACCeAHIIEM 3TeK-
TPOHOB Ha CMeHmIeHHHX monaxX (ep. § 7 ru. 2 u § 13 macrosmei raa-
Bo). PaccmoTpum mpocroiil caywait Meramna ¢ mod9TH CBOGOIHBIMU
anexrponamu. Torjga gopmannsm sKpaHEPOBAHHOTO MCEBIOMOTEHIIA-
Ja, PasBUTHE B § 3 Ta. 5, TOYHO, ¢ IOJHBIM COOMIONEHIeM YCIOBHs
CaMOCOTTaCoOBAHUA, ONUCHBaeT Bce 3dderter, ofycmopiennse yra-
3aHHBEIMH cMemenmAMU. Tarkum o6pasom, o6HapY;KHBaeTCA B3aUMO-
CBABL MERAY YaCTOTOM ¢ W Pa3IUIHBIMU  (ypPhe-KOMIIOHEHTAMH
9KPAHMPOBAHHOIO MOHHOTO TICEBIOMOTEHIUANA W, (q - g).

JTa B3aMMOCBA3B ObUIa HOBOJBLHO VCIENIHO MCIOJIb30BAHA apu
UHTEPUPETalUN CIOKHHX AMCTEePCHOHHEIX KPUBKIX, TIOJYYCHHHX NIPH
9KCIEePUMCHTATHHOM HCCIEJOBAHUI CHEKTPOB IIONEpPedHEIX RoIeba-
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HHE pemreTKu MeTomoM audpakimuu HefiTpomos (cm. § 8 ra. 2). Vka-
3aHHasA CBA3h MO3BOJIAET Jallee MOKA3aTh, BEPHYBIIMCH K ONUCAHUIO
B 00RUHOM IIPOCTPAHCTBE, YTO META/T AMHAMUIECKM Befger cebd Tak,
KaK ecau Obl Mbl MMeIU IAPHBE CHIB B3AMMOJASHCTBUA Me;RAy «Heil-
TPAILHBIME IICEBA0ATOMAMMY, ITH CHJIBI MOKHO TaK:Ke HHTePIPeTHPO-
BaTh KaK Pe3yJbTaT 9KPAHUPOBAHHOTC SIEKTPOCTAaTHIECKOTO B3AMMO-
JeficTBA My 00JaKaMu «ICeBI03apsiay, 06BONaKUBAIOIIMHU T0OJIbIE
MeTasaudeckne noHb. ONHAKO TAaKaA KapTHUHA MOJKET IPUBECTH K He-
BePHBIM BHBOJAM IPH PACCMOTPEHHH JIMHHOBOJHOBHIX UPOFOABHBIX
KoJIeGaHuit pelmeTKH, KoTaa JOMHHUDYIOT oOMenHbie apdertrr. lartee,
0Ha COBEPIIEHHO HEIPHTrOHA B CJYUae IMePEeXOMHBIX MeTAAJIOB ¥ NOTY-
IPOBOIHUEOB ¢ KOBAJEHTHOH CBABEIO (cM. § 2 ra. 4).

§ 13. Bszammopeiicreue smekTponos ¢ (oHOHAMEA

BzanmoeiicTBue jeKTPOHOB ¢ (GOHOHAMEH IIPOINe BCEro HMCCIemo-
BaThL, MPEIMOIOKUB, 9TO ATEKTPOHEI IIPOBOAUMOCTH B MeTAJIe MCIHI-
THBAIT HEYUPYIoe paccesHue Ha KoaebaHUAX PEMIeTKN TOYHO TaK ke,
KaK PeITreHoBCKME Jy4l, HefiTPOoIs Uiy GhcTphie daeKTpoHsl. Takoil
TWOJAX07 HA TEePBHIA B3TIAL OPECTABIAESTCS CAMIIKOM HAaUBHBIM, OJHAa-
KO ero MOsKHO 060CHOBATH B paMRax agnabaTHIecKoro MpubINKeHnd,
passutoro B § 11 macrosmieir raaser, lpuaesr neruwsoM Ha BOOpy:ke-
HHe TeopHlo, paseuryio B § 7 um 8 ri. 2. Ha ocnoBanum paBeHCTB
(2.86) m (2.97) mp1 npuinan K ciaepykomel gopMyiae: MaTPHUHBIA die-
MeHT g mepexopa ua cocrosuus k B cocrosame k' Moykno 3ammcarthb
B BILIE

Mg =174 (K) (K- Uy), (6.86)

rie K=k —k, a q =K nanu q = K — g B coorpercTBHH C TeM,
PacCMATPUBAIOTCA JH HOPMaJIbHEIE HPOIEcCH HIH HPOIeCCH Iepe-
opoca; Ug ecrs BekTopHAsA aMINTATYyAa KojeGaHUA pemeTKH ¢ BOJIHO-
BEIM BeKTOPoM (, a seamauna 7, (K) npepcrasiser coboil MarpmyHerii
BJeMEeHT MOTeHIANA OTAEIBHOTO ATOMA UIN MOHA A 3TOT0 Mepexoa.

CMpica 3ToTO peayibraTa 0YeHb NPOCTO MOHATH CIeLYIOMUM obpa-
30M. BosbMeM KBajpar MOAYIsS MaTpPHYHOTO 3TeMeHTa of g H IOf-
cuHTaeM BEDOATHOCTH pAacCesnud 10 CTAHAAPTHOH TEOpHH BO3MYy-
meunii. Torma raxpuil atom B penierke Oyner BecTHm ceba TaKHM
obpaszonM, Kagk ecau Ob 01 0OIagal CpPeJHHM CeYeHMeM DPacCesnusd,
PaBIBIM

5 (K) = 0q (K) N [K-Uy I, (6.87)

rae 0, (K) — cedenne usoauposannozo atoMa AlA PacCesiiuAa Ha Bek-
Top K.

JTo coBepinenHo sicliag gopMyta. OHa yTBEP;KIAeT, UYTO Kawblil
aToM paccewBaeT HIEKTPOHH HE3aBHCHMO, HO HHTEHCHBHOCTH pac-
cesinnsg 3aBUCHAT OT CMEHIeHWs [aHHOTO aroMa OTHOCHTEIbIO ero
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cocefteil B peurerxe. Cpeduee 3mauenue gakropa | K-Ug |2 mo scem
q nosmisgerca B Teopunm ¢akropa ebas — Yoamepa, paccmorpen-
Hoit B § 9 ru. 2; Kak mokasaro B dopmymax (2.107) u (2.118), ono
B TOYHOCTH D3BHO CPEAHEKBAJPATHIHOMY CMENEHMI0O MOHA U3 CBOEro
yalla, OTHECEHHOMY K BeJIW4YIHe IocTosiHHONH pemerkn. Opmako,
HCCIeNya KayRABII IIPONECC B OTAEIBHOCTH, . T. €. BHOPAB OHmpeedcH-
Hoe spauenne K, MBI OJJKHH PaccMATPUBaTh pacCeAHHE Ha COBOKYII-
HOCTH CMeIIeHHil PemeTKH, ONMCHBAEGMBIX TOYHO ONMpPENeNeHHBIM BOIN-
HOBBIM BEKTOPOM; KOPPeNSANUS MeRIy CMEIMeHHAMH COCeTHNX HOHOB
CTAHOBUTCA IPH 3TOM CYIIECTBEHHOI, W paccesHne AINHHOBOIHOBEIMI
KonebaHuAME YMEHBIIAeTcs.

Eme Gonee sicao a10 BupHO M3 dopmva (2.86) um (2.103). Muosku-
renb N| K-Ug |? paer mpubnmxenHoe 3nadenme KBaipaTa MOTVIA
CTpyKTypHOTrO ¢akropa. llocrearuit npomoprumonazeHd BelndnHe
S (K) — ¢pypre-o6pasy maproil KOppeTANHOHHOH (YHKIUE aToMOB.
Taram oGpasom,

o (K) = 04 (K) S (K). (6.88)

ITOT PeayNbTaT COPABE/INB KaK JUIA TBePOTO Tela, TAK W JIA JRUI-
rocth. Paccesnme 51eKTPOHOB IPOBOJMMOCTH ONDEHEJIAETCA DajH-
aTbHOH QYHKHOMEN pachopefeleHusA AaTOMOB SRIJKOCTH.

Korpa Mer mepeiijieM K pacCMOTPEHHIO 2IeKTPHYECKOTO COIPOTHB-
JeHUA M T. J{., MH OofpobHee HCCIEyeM 5TOT CTPYKTYPHHIA (parTop
H OPOaHalH3MpPyeM POoIb BRIANOB OT PasiH4HLIX 9acTOT KoJeSammil
pemerxu. IlpupgercA Takxke ydecTb H3MeHeHUEe DHEPTHME 3IEKTPOHA
npn pacceAnmy, Kak B paBeHcrse (2.101). IToka mMBl 3aMeTHM JHIIE,
uTo aguabaTmaecKumil MPUHIND H03BoJsAeT 060cHOBATh opmyay (6. 87),
u60 OH JaeT HaM BO3MOKHOCTH PAaCCMATPHBATEL DEIIeTKY KaK 3aMOpO-
JHeHHYI0 B IPOU3BOJBLHOM KOHQUTYypALmm, a 3areM PacCYUTHIBATH
paccefgHne IEKTPOLOB IIPH TaKOM CIerKa HemepHOJHIecKOM DPacio-
Jo3KeHnH MOHOB. EnmucrBeHHBil HuHaMHUECKHE dPPeKT ABIKeHHA
HOHOB COCTOUT B YIOMAHNYTOM TOJBKO UTO U3MEHEHUW DHEPTHH dJeK-
TPOHOB.

3ajaTa 0 B3aMMOJEHCTBUM HIEKTPOHOB ¢ (OHOHAMH, TAKHM 06pa-
30M, CBOIUTCS B OCHOBHOM K BHUHCIenui pexudutnt o, (K). Eciu 6u
ATOM CO3JIABAN TONBKO caabuit norenmuan 7°(r), KECTKO © HNAM CBSA-
BaHHHIA, TO TOTAA Ai1A AuddepeHINaNbHOTO CeYe s PACCeAHNS B et-
HIvIt{HHf/i TEeJIECHHH yTos1 2, COTITacHO dIeMEHTADHONH KBAaHTOBOM MeXa-
HHKe, B GOPHOBCKOM TPUGIMKEHHH MBI IMeAHN OB

do,

ﬁ_( OIIN ) | 7" a(K) 2. (6.89)

B sroit dopmyne Benmunna

7" o(K) = N S 7 o(r) e~ KT dy (6.90)
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ocTh (yphe-06pa3 DOTeHIMANa MOHA, HOPMUPOBAHHHA HA DieMeH-
TAPHYIO SUEHKY KpHCTalia,

Onnaro, Kak ykaswmBsaioch B § 9 ria. 3, merunHaa moTeHIHaIbHAS
sIMQ ATOMA WM MOHA ORA3BIBAETCS CIMUIKOM IIyOOKOM, YTOOH MOKHO
6BL10 BRITHCAATL 3PeKTHBHOE CeUeHHWe pacCesHuA B OOPHOBCKOM
upubamxenun. [opasgo ysmecrnee smech Ovi1a 6 gopmyna (3.78),
OONVIeHHAas MO0 MeTONy HNAaPUHANBHHEIX BOJH, WIH KaKag-HEOyanL APY-
rag rtouHasg QopMyna ANS AMILTETYIH pPacCeaHusA. B wacTHOCTH, MEL
MOJKEM BOCHOJNB30BATHCA METOOM IICEBOOLOTEHIMANA, PASBHTHM
B§ 6 m9 ra. 3, paccmaTpuBas B3amMOJeHCTBHE BIEKTPOHOB ¢ POHO-
HaMH [0 TOM sKe cXexe, 9T0 M CTPYKTYPY BOH.

ITo HAROIDMT HA MHBICIH 3aMeHHTHb Qyphe-Komuonenty 7, B dop-
myie (6.89) ma coorsercTBYWOINyI (yphe-KOMIOHEHTY AaTOMHOTO
ncepgomorennuana. ONHAKO H3MEHEHME MOTENNHAta, 06yCIoBIeHHOE
CMeMeHreM WOHA, ROMKHO OTpasKaTh Hi00nie QQPeKTH, CBA3AHHEIS
¢ mepepacupefenenueM INIOTHOCTH 3apsla B diIexTpoHHOM Tasze. Hax
MBl BHTeA:A B § 3 1. D, 5T 3PPerTH MOMKHO NPUGIMMEHHO yIeCTb,
uome;siuB ypbe-KOMIOHEHTH TOJ0T0 MOHHOTO MOTEHIHAIA Ha JAHIIEK-
TPAYIECKYI0 IPOHANAEMOCTD.

Kopoue roBops, xoppexrsas mpoieaypa tarosa. llpesxme Bcero
BMECTO CYNEpPUIOSHIIMU «aTOMHHIX» moreHrmaxoB (2.83) ciuemyer B3ATH
Cynepuosunuio ncesdoamomunz noreHnuasion (5.35). Ilpu stom BMecto
dopmyast (6.89) momywnm

do

Tga"z( SnhIN ) ws (K) P, (6.91)
rae ws (K) — dypbe-06pas «moreHmuagay HeATPaJIbHOTO HCEBJIOATO-
ma. Qopmyaa (6.91) He yunThiBaer BCeX MOPAJKOB TEOPHH BO3MYIIe-
HAQ 10 HOTEHIHATY PACCeAHHA; KPOME TOTO, OHA JOBOJBHO HeHafer-
Ha npu Goasmux sHaueHHAX K, Tak Kak upubiHkeHne JIWHEHHOTO
SKPAHUPOBAHUA HECHPABEIIUBO B obiacru aromuoro ocrosa. Ho Bce
/Ke 9Ta PopMysa JaeT HaM YIOBIETBOPHUTENALHOE CaMOCOIIACOBAHHOCE
IPUGJAMKEHNe IS TPOCTHIX METANIOB ¢ HOUTH CBOGONHLIME DICKTPO-
HaMIH.

IloBenerne Benmumnel wy(K) BO BCeX NWPOCTHIX MeTadjgaX IpH-
MepHO oJHO W T0 sre. Haxk My sujenm B § 3 ©i1. 5, mCEBAONOTEHIHAT
204020 HOHA, Wy (I'), COTEPSKUT AAABHOMCACTBYION[EE KYIOHOBCKOE HOIe
BaJdeHTHOTO 3apapma Ze. CiepoBarenpHo, (ypwhe-o0paz ero goiskeH
Becrn cebs [cp. ¢ dopmyaoi (5.31)] mpumepno rax

4nZN e

w (K) % ——222" 1 97/(K). (6.92)

Craraemoe 77'(K) smecs ocraercs xomeunmm npun K — O HezaBmemmo
0T KOHKPeTHOro BHAA PyHKONM F°(r) BHYTPH HMOHHOTO 0CTOBA.
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Ocofennocts B Bripaskenmm (6.92), KomeuHno, KOMIEHCHpYeTICa
ocobennocteio Qpynxiun e¢(K) npu K = 0, touHe Tar ’Ke KaR U B BH-
paskernu (5.32). CobGupasa Bce 3TH pe3yJabTarH, MOKeM HAOHCATh

wp(K)  —4nZNe2/K2--9°"(K)  —2/38p|(K2/A%) 77 (K)
e(K) ~  1ri4ne y (GmkE 1+ (K2/A2)

ws (K) =
(6.93)

Qurypupyomui 37ech IapaMerp IKPAHHPOBAHHA A OIIPeHeIAeTCS
dopmymoit (5.22) waum, Trognee, popmynamu (5.21) u (5.36). Illo cyme-
ctBy (6.93) — a0 QopMyNa IA MATPUTHOTO 3JIEMEHTa DHEPIHH DJIeK-
TPOH-POHOHHOTO B3aWMOJEHCTBUA B IMENOYHHIX MeTaljaax, moJydYeH-
Haa Bapgunom B 1937 r. Bupum termeps, 410 mCEBLOATOMHBIN (PopM-

Qur. 119. @opmpakrrop mceBgoaTOMa.

30HHAsA CTPYKTYpa ONpeNeNaeTcs NIIb 8HaueHwsMu GopMmbaKTOpa B TOUKAX £y, &2 U T. M.,
OTBEYAIOINX BEKTOPaM OOpaTHON DEIeTHU.

daxrop (pur. 119) mrpaer meHTPANTBHYI POIL B TEOPHH IPOCTHIX
MeTaJI0B ¢ TOUTH CBOGONHHIME dTeRTpoHaMu. 3Hasg Berwunny w, (K),
MBI MOKeM B NPHHIUIE PACCYHTATH 3aKOH JUCIEPCHH JICKTPOHOB
(cm. § 9 rn. 3), coexrp woaebammit perrerrn (em. § 12 macrosmeit
FIaBh), XAapAKTePUCTHKU SBIEHHHA ITepeHoca B KPHCTALINIECKOMH
n sxuaxoil dasax (em. § 5 ri. 7) m maske TeMmepaTypy Iepexorna
B cBepxmpoBopamee cocrosHue (em. § 1 ra. 11) Y). K comamennio,
ourypupyromuit 8 gopmyne (6.93) ocToBHHI BKIay B IICEBIOMOTEH-
guan 77 (K) mu «toramem» (cMm. § 6 ra. 3), Hm ogHOBHATHO OIpefeleH.
Ilosromy woppensnus MemJy NepeYHCTEHHLEIMH BEIIE CBOHCTBAMHE
OTHIONb He TAK HPO3PaTgHa, Kak Gs HaM XoTenoch. fHwsHb pegro oxa-
3BIBaeTCA CTOAH 0Oesobaavnoii!

B aroMm paccysmennu caenyer 6BITh 0CTOPOIKHLIM B OZHOM IIYHKTE.
[IpepmososkumM, 910 MBI WHTEPECYEMCS JIEKTPOH-QOHOHHEIM B3aNMO-

1) Cm. xuury [17].— Hpun. ped.
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meficTBMeM JJA ABYX SJEKTPOHHHX coctosuuil k u k', orauvaomuxcsa
npnbau3NTeNbHO HA BeKTOp 00paTHoii pemeTkn. Brito 651 coBeprneHHO
HEIPABHMIBHO HCTONB30BaTh (Qopmyay tuma (6.89), orHocamyocs
K cIy4aio CBOOOMHBIX 3JIEKTPOHOB, A BHYHUCIEHUS COOTBETCTBYIO-
ifero cedenud paccesnnd. JIBa paccMaTpuBaeMEIX COCTOAHMA, BOJNHO-
Bbie BEKTOPH KOTOPHIX TI0 BHAY CUJIBHO pasjmyaiorTcs, B AeilicTBUTENb-
HOCTH 0UeHb ONUBKHU, UTO SCHO BUJHO HA CXeMe HOBTOPAIMUXCA 30H.
Bsuxy toro uro onw o6a Haxomaresa BOIM3M IPAHWLH 30HHL, KayKA0E
03 HEX IpeICcTaBiser coGol CA0KHYI0 CMeCh INIOCKUX BOJH, KK YKa-

@ur. 120. B cxeMe IOBTOPAIUIUXCS B30H IPOLECCH Tepefpoca MOMKHO CBeCTH
K HOPMalbHHM IIPOIEccaM.

spBazochk B § 2 m 3 rir. 3. OxaswBaercs (Kak W JOJKHO OBHITH, ecam
TeopHs BHyTpeHHe coriiacoBama), uto sHadenue 7 ,(K), Beaucnenuoe
KaX MATPHYHBIA 3JIeMEHT MeyKIy NPAaBIIBHEMA BOJTHOBEME QYHRIUA-
MH, CTPeMHTCA K Hymio, Korga K — g.

K stomy pesyasprary mozkno mpuiitm m ppyrum nyteMm. Ilepexonm,
KOTODBI BBIDAAAAT KaK IpoIljecc mepedpoca, 6ynyun msobpamen nua
OMHOM UpuBefeHHofl 30TbI, MOKHO TPEJCTABUTH KaK HOPMalbHEH
upoirecce B cxeme nopropsaiommxcesa 30u (dur. 120). Marpuansil saemenr,
KOTOpbIi Teneps Gymer nponopuuonanen sennante q - Ug, Oyner obpa-
mMAaTbCA B HYIb BMeCTe C BOJHOBHM BEKTOPOM (OHOHA (.

§ 14. Horenumanst gedopmanuu

B cnywae monympoBogHMKa, KOTJa BOJHOBHE (YHKIMA JOBOJBHO
CIOKIH, YAOGHO BOCIONB30BATHCA (PEHOMEHOJOTHIECKUM IMOIXOJIOM,
pacemaTpuBasi KpHCTAJJM Kak ynpyruit xouruayyMm. Hogebanwus
PEIIeTKH TP DTOM ONMMCHBAIOTCA KA BOJHBE YOPYIuX Odedopmainni.
HHanpumep, fgexaproBel KOMOOHEHTH TeR30pa AedopMamue B TOUYKe T
HMEIOT BHJT

Wij (r) = Weiar. (6.94)
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Homycrum, dro JoxambHAsS pgefopManmA NPHBOAUT K H3MEHEHHUIO
PHEePTrUH HOCHTENA 3apAfa Ha BeJHUNHY

S8 (r) =21 &i; Wi (1), (6.95)

e &;; — TeH30D nomenyuasa OJefopmayuis.

Herpynmro BHYECAHTH MATPHYHEIN DIEMEHT JIA PacCeAHHS dIex-
TporoB. IHogo6Ho, craxeM, dopmyrne (2.84), Haxogum IIA KPHCTATIA
CNHUIHOTO 0OBeMa

M= | e~ r58 (r) ek dr = (2 W4E1;) Seiesq.  (6.96)

i

Ilpm paccesHNE KBAa3MAMIOYJIBC COXPAHAETCA; B3TO IOBOJABHO ecTe-
CTBEHHO, W00 IIPH TAKOM PaCCMOTPEHMHE pelleTKa CriameHa. Bepoar-
HOCTHL paccesnmsa npomopmmonainsEa | WO |2, a mociefndas Bexmum-
Ha — TOTG }Ke THNA, UTO M CTPYKTYpHEI darTtop (6.88) B Goxee Tou-
"ot Teopum. [nA omeHKd Ko>pPunuenToB &;; MH MOMKEM IIPEACTa-
BUTH cebe, 4TO Bech 00pasen HOXBEPTHYT onHoponHOﬁ fAedopmamuu
WY, u onpenennts, Kak MEHAETCA IIMPAHA 3aMPEIIEHHOU 30HHL.

Ilna wmeramia Jerko HalTH KOMIOHEHTY TeH30pa &;;, COOTBeT-
CTBYIOINYI0 usMeHemmioo obbnema. Paccy:kmenms mpoTekamoT B CYIN-
HOCTH TaK ke, Kak B § 2 ri. 5. Ilepemennoe oTHOCHTENBHOE H3MeHe-
ume obpema A (r) IpmBOJUT K TOMY, UTO KOHIEHTDAIAA BJIEKTPOHOB
BOIM3HM TOYKHE r CTAHOBHTCH paBHON n, (1 — A) BMecto n,. ITO Beger
® capury yposus Mepun (myis cBoGogHOTO 2IEKTPOHHOTO rasza) Ha Be-
JUYAHY

82 (r) =7"/%%=§ A (r). (6.97)

B ciayvae TARHHOBONHOBHX KoXe0aHWH HIOTHOCTH MOKHO BEPHYTHCH
% mocrosumnoMmy yposuwo (Depmu, mpuHAR BO BHHMAHHe, UTO TacTh
2JEeKTPOHOB MOKeT yHtu m3 obracTed IDOBHITEHHOM KOHIEHTDANUH.
910 Manoe OTKIOHEeHHE OT JOKAIbHOH SIeKTPOHERTPANbHOCTH BHI3HI-
BAeT BO3HHKHOBEHHE DJIEKTPAYECKOrO WTOoJA, MOTEHIHAN KOTOPOTO
B TogHOCTH Kommencupyer capur yposas Mepmm (gur. 121). Taxum
06paszoM, BOZHMKAKIMUAN IIOTEHIWAT OKABHBAETCA TOYHO DAaBHBEIM
peamanae —O{ (r), KOTOPYHO MHE OTOKAECTBIAEM ¢ H00aBKOil K dHep-
run mocurens O& (r). CnegomaTenbHo, IDOYp TeH3opa IOTEHIHANA
mefopManmua TOJKEH PaBHATHCA

S &= —= &n. (6.98)
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Tem caMbIM MBI CTPOrO BHMHCIHJIN TPENEIBHOE 3HAUCHHE BeINYUHEI
ws (K) npu crpemrennn K k myao B dopmyre (6.93). OugeBmnno, aro
CBOHCTBO IICCBJOATOMHOr0 (PopMPaKTOPa — MOJHOCTHIO CaMOCOINIACO-

Q. ¢ @ W @
Q @ ©- O .0
2 o -0 @-0

)

¢
/
e
““““““ LK fse)

a8

dur. 121. ¢ — BOAHH IVIOTHOCTH B pPelieTKe TPUBOFAT K M3MEHEHHIO QIEKTPOH

HOU IIOTHOCTH; 6 — ypoBeHb (DepMII HOBHIIACTCH HI¥ IOHIKAGTCH, 6 — dilek-

TPOHEl TlepeTeKAT TaKHM 006pa3oM, UTOOH COXPAHHTH IOCTOSHHEIM YpOBEHb
DepMu; 5T0 MPUBOAMT K BOSHAKHOBEHWIO feh0PMAIHOEHOrO WOTEHIHANA.

BaHHO®: OHO BBHIIOJHSETCA TOYHO LW ydeTe WIeHOB JI0GOro mopsjpka
B papme. reopud BosmymeHnit. IIpm n1060ii mommTKe BoCHOMb30BATHCSA
A9eeIHEIM HoTeHNHanoM (cM. § 7 ro1. 3) B 3agade o HehopMEPOBAHHOM
KpHCTalllIe PACCMOTPeHHBI BHIIe 3(PPeKT CaenyeT VYATHBATH Kag
CABHT HYJEBOI0 YPOBHSA SYECYHOI0 IOTEHI{HAaja.



TJIABA 7

KUHETUYECKUE CBOVICTBA

Tyr He OWi0 «pas, 7ABa, TPH — H
puepen!» Kasmpgmi HaamHan Oesxars,
KOIJia XOTeJ, B OCTAaHABIMBAJICH TOXKe,
xorja xoren. Takum o6pasoM, ysHaTH,
OKoH4eH xH Ger, G0 Henerko.

Jvwuc Kapponr

§ 1. Kunernueckoe ypasHeHme

Hocurenu zapsama B Merajie WIH TOJYOPOBOJHMKE MOLYT MOJ-
Beprarbes fAefiCTBHIO BHENIHMX HOJed M T'PajUueHTOB TeMIepaTypH.
OHE TaKs/Ke NCHLITEHIBAIT PAaccesHue HA IpUMecAX, KojebanuAx pemer-
Kz u T. . 91i 90PerTs FoKHE OHTh c6anaHCHPOBAHEL — HAC WHTE-
PEeCYIOT Takme CHTYami#, B KOTOPHX DIeKTPOH YyCKOPSeTCd HoldeM, HO
IpH paccesHUd TepseT H3OLITOYHEE DHEPIHI0 B UMIYIbC. B aroii riase
MBl PaCCMOTPHM <«OOLIMHBIE» KUHETHIECKIe CBOHCTBA, HaDII0/aeMbe
OpH HANOKEHNH IOCTOAHHHX moJeif.

HanGoaee mpocToil moaxox K peumieHHio aroit obmeil 3aadu OCHO-
BAH Ha KUHEMUYECKOM YpasHeHuu, uIu ypasuenuu BLoavymarna. Mer
paccmaTpuBaem QyHEIHIO fi (¥) — JOKATBHYIO KOHIEHTPALHIO HOCHTE-
Aeit sapsaga B cocrosiivd k B orpecrHoctn Touku r. Crporo romops,
3Ty REIMYMHY MOKHO OHPeJeluTh TOABKO B TEPMHHAX MEIKO3EPHW-
CTHIX pacumpenelenuil, cpefHHX mo aucaMbii0, MATPHI[ ILTOTHOCTH
u T. 1. Mmeerca ofmmpuas IuTepaTypa IO 9TOMY BONPOCY, HO OHA
OTHOCHTCS CKopee K GopManbHOMY AlNAPaTy KBAaHTOBOH craTtmcrmde-
CKOH MEXaHHKH, ¥eM K TEOPHH TBePHOTO Tela.

IlocMoTpuy Temepb, Kanmmu crmocobaMu GyHEIWA fi (¥) Mosker
HM3MEHATHCA BO BpeMeHN. Bo3MOKHBEI HPONECCH TPeX THIOB!

1. Hocurennm 3apsga OpUXOfAT B 06AacTh NpPOCTPAHCTBA BOAM3H
TOUKH I 1 yxouar u3 mee. llycrs v — CKOpOCTH HOCHTEIA B COCTOS-
und k. Torga B reueHve uHTEPBANA BPeMeHN { HOCHTENR 3aPANA B 3TOM
COCTOSHNUY NpoiayT myTh tvk. CaeoBatreabmo, Ha OCHOBAHHM Teope-
Mmu JlmyBmansa o6 uwasapuanTHOCTH (JazoBOoro oHBEMa CHCTEMBI YHCIO
HOCHTeNel B OKPECTHOCTH TOYKM I' B MOMEHT BPEeMEHHU # PABHO YUCHY
UX B OKDECTHOCTY TOYKH I — IVy B MOMeHT Bpemenm (:

fe(r, &) = A (& — tw, 0). (7.1)

JT0 03HAYAET, TITO CKOPOCTH H3MeHEHHMA (QYHKIUHN pacupeneledus
u3-3a Jughysuu ecrthb

of af
%J = Vgt = — Vi Ve (7.2)
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2. BHeminne moiA BHBHBAOT H3MEHEHHE BOJHOBOTO BekTopa k
Ka;KJI0T0 HOCHTeNd, colyacHo paseHctsy (6.40),

ﬁ:%(E+%[vka]). (7.3)

Benuunny k Mo:xHO paccMarpmBarh KaK «CKODOCTBY HOCHTENA 3apAna
B k-mpocrpancTBe, Tak UTO mO aHALOrWu ¢ paseHcTBoM (7.1) mMeem

fk (I‘, Z) == fk——l;t (I‘, 0)7 (7.4)

CJIGIOBATEIBHO, TOJ AeWCTBHEM no.ell QYHROAA pACHpeNelleHHsa Me-
HAETCA CO CKOPOCTHIO

ofy . Ofy . 1 o,
T = — K= — 7 (B 5 exH) =5 (7.5)

(MBI mCmOTB30BaNN 3fech oGosHauenwme d/0k mus rpapuenta B k-mpo-
CTpaHCTBE — olieparopa Vi).

3. Bamsmue mpomeccos paccesnus oKasbBaercsa 0Gojiee CIOKHBIM,
Mp1 orpammumMest 3jech B OCHOBHOM YIPYTHM paccesnmeM. IIpm stom
QYHRIUA fy MEHACTCA CO CKOPOCTHIO

d
= Ve =R =R —aR QKA. (1.6)
scatt

IIponece paccesnusa us cocroauus k B cocroamme k' mpusommr
K YMeHBIIeHHWIO fy. BepodaTHOCTH 9TOTO TpOIEcca 3aBUCUT OT BeIU-
YUHB fy — 9ucaa Hocurenedl B cocrosnnu k, m or pasnoctn (1 — fi) —
4uciaa CBOGOIHBIX MECT B KOHETIHOM COCTOSHUA. VIMeercs Taxske o6par-
HbI mponece, nepexon u3 k' 8 k, KotopHil Beger K yrenunuenno QyHK-
nuu fy; OH mpomopiuoHazed Berwumue fio (1 — fy). OueBupgno, Hago
HpPOCYMMHPOBATh 110 BCEBO3MOKHBIM cocrosuuam k', Ilasa wasxmoit
napsl snavennit k mw k' cymecrsyer, ognaro, «cof6CTBeHHAS» BEPOST-
nocts mepexona Q (k, k'), papuasa ckopocTn nmepexoja B ¢aydae, Kormga
cocrosinne k moxmocTrio 3amoameno, a cocrosnne k' Bsaxanmtro. Cor-
JaCHO NPUHYURY MUKDPOCKORUMEcKOl ofpamumocmu, Ta ke QyHKIHA
Jaer M cKopocth mepexopna us k' B k, mostomy mom mETErpaiom moaB-
aserca obmuit MHOKHUTEID.

Runernueckoe ypaBHeHme BHpayKaeT ciegylomee: aad ad060i
TOYKH I W aas awboro suavdenus Kk momHasg CKOpoCTh H3MeHeHHA
dyrknuu fi (r) paBma By, T. e.

E.fl] _{_ifl] _}_ﬂ_l =0. (7_7)
0t Iscatt gt tiela at laire

OTMmernM, 4T0 3mech paccMaTpUBAaeTCH cmayuoHaproe, Ho He oba3a-
TeIbHO pasHogecHoe cocmoanue. [as mocaepHero gyHKIuA pacupe-
Aenenusd obosHavaercd yepes fi, OHO OCYIIECTBIAETCH TONXBKO B OTCYT-
CTBHE WOJell m rpagueHToB temmeparypsl. Ecniu BHeDTHee moie camo
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n3MeHAeTCA BO BPEMEHH, TO TPH ciaaraemelXx B JeBoit gactm (7.7)
B CyMMe JIOJI;KHHL [aBaTh CKOPOCTh M3MeHeHHA QYHKOHMH fy TOM ed-
cTBEeM BHemHeR cmaw (cMm. § 6 ra. 8).

JomycTuM, ogHAaKo, 4TO paccMaTpuBaeMoe CTamHOHAapHOE pac-
mpefeleHde He CIHWIIKOM CHJBHO OTJIHYaeTcad OT PaBHOBECHOTO.
IMoxomuam

gk = fu— fi (7.8)
rme, Kak B § 5 ru. 4,

f

3/ech HY/KHO IPOSBATH HEKOTOPYIO 0CTOPO;KHOCTH. MMeHHO, Kak
ompepenuth GyHROUIO fi B cIydZae, Korga TeMOoeparypa 3aBHCHT OT
xoopauHat? Byaem cumrarh, 4TO B KajKHOH TOYKe MOKHO KODPPEKTHO
ONPEREIATH JOKATBHYIO TeMHepaTypy T (r), m momosKEM

g (r) = fi (r) — & {T (1)} (7.10)

Ecniu BBefeHme JOKaXbHOW TeMIepaTyDH BHI3EIBAeT 3aTPYAHEHHS,
MOEHO MOTpeGoBaTh, YTOOH OKOHIATEABHOE PelleHHe YHOBIETBOPAIO
RaKOMY-TH00 IOMOJHUTEISHOMY YCIOBHIO, HampaMmep

S gk (r) dk = 0. (7.11)

1
= s GO +1 ! (Ew)- (7.9)

e

-Togcrasnasa Bupaxkenne (7.8) B kunetmueckoe ypasuenme (7.7)
O menoan3ya pasencrsa (7.2) u (7.5), moxydaeM

0fy O ofy
—Vk G ——_(E_l-_[kaH]) ok ot ;lscatt (7.12)
nin
6 0
e g £ (B4 L e )k
afk gk e gk
= =T L TV T (B e HT) g (T13)

C momompio gopmyrasl (7.9) u onpegenenus (6.2) ato ypaBHeHue
MOKHO IePemucaTh B BALE

(55 w{ ~ 2= e e )} -

0fk (?gk e agk
= = Jooas TV ar F g e Hl g (719)

JT10 — JIWHeapu30BaHHOe ypasHeHwe Boxsnmana. B mHem onymeH
wren (E-0gc/0k) nopsagxka K2, cOOTBeTCTBYWIIME OTKIOHEHHAM OT
sakoga Oma. Or6pomen Tamme wien vi-[vi X HI, TompecTBenno

PABHHIE HYI0; B JEByH YaCTh YPaBHEHHS MAaTHATHOE TOle SABHO
He BXOJHT.
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Hopcrasnaa supassenne (7.6) B ypanmenme (7.14), momusHo y6e-
AMTBCS, qTO MBI TONYIUIMW JuHeHHoe WHTerpo-nudpdepeHnnaIbHOe
YPpaBHEHHEe OTHOCHTENbHO «MoGaBKM» gi(r) K (QyHKRUEE pacupene-
aennsa. Dysxnua ge(r) oupemensercs WHTEHCHBHOCTBIO DI eKTPH-
9eCKOTO MOJIA M BEIHYMHOW TPafUeHTa TeMIEPaTypH, BXOIAMIAMA
B HEOJIHOPOJHBIN WieH B JeBoil wactu. [lanee B T0i I7aBe MBI GyaeMm
OTBICKABATH PEIIeHUS KHHETHYECKOTO YPABHEHUS A pPAa3IUIHHIX
CIy4aeB B IOPA/Ke YBEIWYCHUH CIOKHOCTH.

Kpurnueckn macrpoennmii unrtatens MOT 65 BOCCTATH 37€CH TIPO-
THB CTONb IPOCTOAYIIHOTO MCHONb30BAHAA KBAZHKIACCHUECKUX Tpef-
CTaBJIEHMI I ONMHCAHUA MOBEIeHHA KBAHTOBOMEX AHHUECKON CHCTeME.
B camom pene, MoskHO sm Tak GecmepemoHHO npenebperars MHTEp-
¢epennueil Me;KAY 2IEKTPOHHKIMH BOJIHOBHIME IaKeTaMu ?

Jlast orsera wa momoGHHe BOIPOCH HYyskHa Goiee yCOBEPIICHCTBO-
BaHHas# METOIMKA, B KOTOPOH MHCIIOAB3YIOTCA MATPHUIH ILTOTHOCTH
u(unn) ¢pysknnu I'puna. Kak u 8 § 1 1. 5, poemmee moje paccmarTpu-
BaerTca Kak craboe BO3MYI(EHHE DPaBHOBECHOTO COCTOSIHUS CHCTEMbI
MHOTHX YacTHN. OHO BHBHIBAET LUHEUHHI OMKAUK, BEIHUNHA KOTOPO-
TO JlaeT COOTBETCTBYIMME KuHeTHueckue Kosddumuments. Temaop
DJIEKTPONPOBOJHOCTH, HaNPUMep, MO;KHO BHPa3uTh B oOmem BHIe
¢ noxomsio gopmyas Kybo 1):

oo

Ouv =7 | Uu(®) 1, (0) dt. (7.15)

o

0

Unage roBOps, IpOBORMMOCTH oONpeLerseTcs OyHKITHeH apemennii
koppeaayuu (cp. § 8 ra. 2) mexay cocrapnaomeit j, (0) omepatopa
IIIOTHOCTH TOKA B HAYaJAbHHH MOMEHT BpeMeHM M CoCTaBisiomed j, (1)
B HEKOTOPHU HOCHeaylomui MoMenT ¢. 9Ty QYHKIMIO HAJO0 IPOMHTE-
IpHPOBATh MO BCEM 3HaYeHHMAM ! > () M YCPeJHHUTH Pe3yIbTAT IO PaB-
HoBecHOMY aHcamOmio. Pasymeercss, CoOTBeTCTBYIONIee CpeiHee 3Ha-
denne caMOro BekTopa j (¢) paBmo mymw. OmHako Kak 3aTyXaHpe
gayrkmyayui Toka, TAK W OTKIANK CHCTeMb Ha BHEIHee IoJe OIpeje-
JAATCA B TOYHOCTH OJHMMH H TeMu ke aderTamm — paccesHueM
Ha OPUMECH H T. J.

@opmyns mofgo6HOTO Bufla BechyMa HsAmEE. OHH JeKaT B OCHOBE
CTPOTOr0 JIOKAB3aTeNbCTBA PALA TeopeM, KacanIiuXCHd KHHeTHIeCKHX
RoapgunrenTos, Hanpumep cooTHomennii OH3arepa B Teopui HeoGpa-
TUMEIX Iporeccos (cum. § 9 macrosmeii raapm). OfHAKO ABHO PACKPHTH
Coflepsranne Beipamkennidl tana (7.15), ceensa WX K TaKUM BelWyUHAM,
Kak 3(Q¢eKTHBHOE CeYeHMe pacCesHuA M T. 1., JAJEKO He HpPOCTo.

') Bupumo, aBTOp paccMaTpHBaer 3jech IPOCTPAHCTBEHHO OJHODOAHYIO CH-
CTeMy eA\MHHYHOIo o6beMa. B obmem cayuae dopmyaa Kybo mmeer Gomee criom-
HEI BHA (cM., HampmMep, Kuury [15], § 14). 910, OFHAKO, He BIMAET HA MOCJe-
Ayiomue paccysaeHus.— [Tpux. ped.
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Ity upesBHUAiiHO TOHKYIO 3afady yAaXoCh PemHUTh IIOKa 4TO IHIIb
[T HeCKOMBKAX IMPOCTHX CTAHJAPTHHX ciydaes. H HauleMmy ygoBmer-
BOPEHHIO, 9TH YCOBEPIIEHCTBOBAHHbIE PACTETH IOATBEP/KIAIOT MOUTH
BCE Pe3yIbTATH, MOJydeHHbIe 3HAYUTENBHO MPOIIe ¢ IOMOMBIO yPaB-
Hernsa bBoabnmana l).

§ 2. JAEKTPOIPOBOIHOCTD

[Tycrs Ha cHCTEMY HANOKEHO TOJNBKO HIEKTPHYECKOoe IMO0Je Ens
«GecKOHEUHOHEY cpege HONIep/REBAETCA MHOCTOSHHAA TeMIeparypa.
C yuerom suipayienud (7.6) momydaem

( on )vk.eE:——%!itli] —S (fu—fu) Q (k, k') dk’ =

—Fg scatt
= | (=) Q ey k) . (1.16)
D70 ecTh HPOCTOE MHTErpPATbHOE ypPAaBHeHHe [JIA Hen3BeCTHOHW QYHK-

nna gk.
BMecTo TOTo 4ToGH HEIOCPeJCTBEHHO DPemiaTh ero, cheraeM (eHo-
MEHOJOTHIECKOe NPefIoIOKeHNne:

of,
L I 747
ot ]scatt# 7 Bk (7.17)
TeM caMbiM MBI BBORAM 6pems peaarcayul, T. 1Ipu BHIKIOYIEHTH HOJA
1060e OTKJIOHEHHe gy OT PABHOBECHOTO pacmpepeienns Oymer sary-
XaTh IO 3aKOHY

o8 &k
T
nin
gx (t) = g (0) et (7.18)

Ilpunsaras anopoKCEMAalHsA PasyMHA, HO [OJI/KHA OuiTh 000CHOBAHA,
910 Gygmer cpenaHo B § 3 HACTOAMEH IIaBH. -
Moncrasiasas ompenenerme (7.17) B ypaswenne (7.16), maxogmm

gk = (__%]%.)Tvk.gE, (719)

1) Tak 0GCTOUT He0 JUUIb LUPH HCCHEOBAHME KIACCHICCKHX siBaeHuil mepe-
poca. CyecTBYOT 3a7add, B KOTOPHIX MHCIOIb30BagHe dopmyn tuma (7.15)
Heo0X0INMO TPUHNMIHAIbHEO. K umMexy MX OTHOCATCA, HAampuMep, HEROTOpLIe
BOIIPOCH TEOPHH CHJIBHO JIETHPOBAHHEIX IOXYOPOBOJHUKOB U IOLYNPOBORHHROB
¢ Majiolf MOJBMAREOCTHIO, HCCIENOBAHHEe TalsBAHO- M TEPMOMATHHTHHX sIBJIEHHI
B CHILALIX MAarHUTHHX HOJAX u Ap. IIpHl pemeHHd STHX [ajieK0 He MPOCTHX
3a1a4 ABHOE (PACKDHITHE» BeparkeHmil Tuma (7.15) B pAne ciyvaeB YAamoch
PaKTHIECKH OCYIIECTBUTH ¢ LOMOINBIO TEX MJIN MHBIX OPHONHKEHHHX METOIOB. —
Hpun. ped.
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Uro651 TOAYIATH HIEKTPOTPOBOMHOCTE, BHUYHCIMM COOTBETCTBYIOMIYIO
ILIOTHOCTH TOKA

J:25 ekakdk=25 evigi dk —

— o | § D) (— 25 o as. (7.20)

31eck mpE mepexoje OT HEePBOH CTPOKM KO BTOPOH HPUHATO BO BHH-
MaHHe, 970

S evifi dk =0,

HCHOIb30BaHK Takske Gopmynsr (2.66) u (4.6) mig mpeoGpasosanna
obpeMHOTO MHTEerpajia B k-mpocTpaHCTBe B MHTerpal Mo M309Hepre-
THYECKUM TOBEPXHOCTAM W 110 DHEPIHH.

CormacHo § 5 ra. 4, B meramne Qynruua (—0df%/0€) sener cebs
kak O-dpyuxnua ot (& — ), moaTomy ocraercs TONBKO IPOMHTErpPIH-
posarh mo mosepxmoctn Pepmm. Taxnmm o6pasom,

J:

1 e2g Vi Vg dSF
_kkTTF @
an3 1 s vy

(7.21)

CpaBEHEM 9TO BBEIpa;KeHHe ¢ OOBIYHOHE MaKPOCKOUHIECKOH (opMyaol
J = 0-E, (7.22)

rie ¢ — tensop. lloaywum

e21 S ViV ASE

. — (7.23)

e

T 4n3

Uro6s1 BEIBECTH 5T0 BHpaskeHmue, ucxofa us dgopmyan Kybo (7.15),

MBI MOTIH OB ONPEIEINTH BEJIHMYMHY T KaK BPeMsA 3aTyXaHHA COOT-

BeTcTBYIOMEN QayKryanun — Qypbe-KOMIOHEHTH TOKA eVyg ¢ BOJHO-

BeiM BeRTopoM k. Ilpu ycpepnennmu mo amcamOai0 BePOATHOCTH TRKOH

¢ayrryanuu oupegenserca gyaruueir Gepmu — Hupara. 910 m npm-

BOJIUT K moABIeHuio B dgopmyre (7.23) mioTHOCTH COCTOSHMII BMECTO
1/kT.

OBBYHO MMEIOT [0 € KPUCTALIAMH KyOuMIecKoll CHMMeTpHH,
IIPH 9TOM MEH30P IACKMPONRPosoOHocMUL CBOTUTCA R CKAIAPY, HOMHO-
REHHOMY Ha eMHHYHBI Tensop. B caysae xorma ofa sexropa E
1 J HampaBleHs 0 OCH %, HOABHTEIPANbHOE BHpasKenue B {7.21) ecth

(vxvi-E), =viE, (7.24)

aro maer Y, BRIajga or KBagpata cxopoceru, v2E. Iosromy

2 2
1 eTLSUdSF=/1 e2 1

0=4n3 i3 i3 k3

5 AdSg, (7.25)
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Fle Mbl BBeIU OauRYy c60600H020 npobeza
A = w. (7.26)

910 ecTh OCHOBHAA (OPMYJa /IA HIAEKTPONPOBORHOCTH.

Unrepecno mocmorpers (fur. 122), Kak BHMIAINT GYHKIHUA pac-
npejenenus fix, sajanHas BepakeueM (7.8). Haxk BujgHo u3 paBen-
crea (7.19), yHRIUA gy BeIWKa ToNbKo BOnu3n mosepxnoctu Qepmn.

etv-E

-

QAN

a 1]

®ur. 122. a — cMemeHHasA INoBepxHocTh (DepMH; 6 — cMemeHHOe pacIpegele-
Hue Oepyu.

He6oapimaa pobaBka HOABIAETCA ¢ TOH cropomsi, rae vi-eE > 0,
T. e. TaM, I'ie 3JeKTPOHH YCKOPAIOTCA nojeM. Ta sKe BeJWIHHA BHYH-
taered C NPOTHBOIOIOKHOH CTOPOHEL

daxrnueckn 1o teopeme Teiltopa MOKHO Hanucarh

ff 08 (k) et et
h=f—sgag s E=1 (k—FE). (.20

ITO BHIIAZAT TaK, Kak 6yaro Bes chepa Pepmu casunyiack 8 k-npo-
crpancree Ha penwauny (et/f) E. 9ro HeckoibKo HeBepHasg WMHTEp-
nperanusa. B [JgeficTBHTENBHOCTH IIoJle He JefCTBYeT Ha COCTOAHHA
BGan3u gHa soun, B raybune chepsr Gepuu. W3-3a npunnuoa Ilaynn
mojle He MO;KeT MPHIATH YCKOPEHHA DIEKTPOHaM B TAKHX COCTOA-
HHAX; [0 HTOH ke HPpUIUHE OHM He PACCeMBAITCH IIPHMECHIO.

OTmMeTHM, OIHAKO, 9TO 3ITEKTPOLNPOBONHOCTL HE 3aBHCHT OT TeM-
meparypet (ecid He CUHUTATH BO3MOKHON TeMIepaTypHOH 3aBmHCH-
mocTu T). dra ke ¢opmyna copasegausa npu I = 0, worga pac-
npegenenue Depvum mmeer coBepHIeHHO YeTKylo Tpamunmy. Mosxmo
CKa3aTh, 4T0 3SJIEKTPONPOBOJHOCTH BHPAa)Kaercd depe3 CMeIeHHe
acecmroti  noseprrocmuy Depmu.

3aMeTHM Tar:ke, 9T0 BHpakenme (7.27) Mo;KHO TpeICTABUTH
B BHJE

fu=1"(Ex—etvy-E), (7.28)
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Kak OyJTo K DHEPruH 3JEeKTpoHa B cocTosHMH k nobaBmiach Beau-
IHHA

08, = ervi-E. (7.29)

970 B TOUHOCTH COOTBETCTBYET KIACCHYECKOIl CHTyallum, KOTOpas
uMega OR MeCTO, eciy OBl 3JeKTPOH €O CKOPOCTBIO Vi IBHTrajcsd
B moje E B Teuenme mHTEpBAJia BPEMEHH T. ITO 3aMedYalue JeKAT
B OCHOBE KuMemuueckozo Memoda pemenus moxobubx sagad. [loba-
BOUHAH JHeprusg, npuobperaeMas B IPOMEKYTKAX MEHY CTONIKHO-
RBEHHAMH ¢ OPHMECAMH, COOTBETCTBYeT Haamdmio dpeiighosoii ckopocmu
dv B HampaBJIeHUU TOJA; UMEHHO

6v-—3—{f-:ev-Er, (7.30)

Hin Jias KJIACCHYECKOMN JacTUIBI MacCul m

dv=""-E. (7.31)

my

Ilyerp KonmeHTpanHa YacTHI[ eCTh 7, TOTJa MOJHAs WIOTHOCTH
TOKa paBHA

J = nedv, (7.32)
i, cpasamBag gopmyan (7.31), (7.32) u (7.22), naxoamm
6="10T (7.33)

m

Jlerko moxasaTe, 4T0o B Ciaydae CBODOJHOIO BJIEKTPOHHOTO Ta3sa
dopmyan (7.25) u (7.33) sxBuBagenTHr. OfHAKO 1A MeTAILIA NEPBas
13 HEX IPUHIMAOMAIBHO 3HaYuTeabHO Jayunie. C TOUKHM 3peHHA TeOpUH
JUHEHHOTO OTKJIXKA eme Jgydine 6mn0 65 HaOomcarth

0= A" (€x). (7.34)

JT0 BHpasKeHHEe NOKa3hlBAeT, UTO HJIEKTPONPOBOJAHOCTH OIpPe/edAeTcs
TOABKO CBOMCTBaMH dJeKTpouos Ha yposHe Depmm, a Be uX HoAHOR
KoHIeHTpanueid. BoXBIIy0 3IEKTPONPOBOJHOCTE METANLIOB Clegyer
00BACHATL CKOpee GONBUION BeJIUIHHONA TOKa Jp = €Vp, MEPEHOCHMOTO
HeGobIION TPYHIOil 2IeKTPOHOB Ha BepiuHe pacnpefenenus QDepmu,
a Te BHICOKUM 3HaUYeHHeM MOJHOW KOHIeHTPAanuu cBOOOIHBIX dIeRTPO-
HOB, KOTOPBHIM MO;KHO IPHAATH HeGoJIbyI0 ApeidoByi0 cKOpPoCTh ).

Ocrosrast Qopmynaa (7.25) moxassiBaer TakiKe, Y10 NMPOUCXOAUT,
Korjga miomanb cBobogHoir mosepxmoctH DepumH  yMeHbIIaeTCs
B pe3yabTaTe B3aUMOJeHCTBHUA ¢ rPAaHMIaMyu 30HLI, M YYATHBAET BIMA-
HHe PelleTKH, OrpaHuInBaiomee dPPEKTHBHYH CKOPOCTH 3ME€KTPOHOB

1y Boapiag CKOPOCTb Ha moBepxmocTn (@epmu 00ycioBIeHa HMEHHO BBICO-
Koii NOJHOH KOHUEHTpanueil SJIeKTPOHOB.— I[lpum. ped.
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aa mosepxHocTd Depmu. Tarkme s5¢PeKTH MeHCTBHTCILHO MOMKHO
HaOAgaTh B MeTaljiax Tuoa DBi.

C apyroit croponsl, gopmyna KuHermaeckol teopuu (7.33) yrobua
Iid moxynposofHukroB. Ilpm srom mom n ciaegyer moHEMATH KoH-
mentpanuio cBoGomHBIX HocuTeneil 3apaga. O6sano muuryr

o=mnle|uy, (7.35)
Tnie
lelx
= 7.
b= (7.36)
ecTh nodeuxcnocmd Hocureneli. B Goxee ofmem caydae CYHTAIOT,
9TO 3JIEeKTPOHEL U JABIPKA BHOCAT HE3aBHCHMLIC BKJIAJAB B IIOJHBI
TOK, U ONPeAeIA0T WX HOJBUIKHOCTH PABEHCTBOM

c=mn.le|u,+ n,lel pp (7.37)

Herpyano BmBectm ¢opmyny (7.35), cramem, ma (7.20), mpm-
HUMas B KagecTBe f° KiIaccuueCKyl (YHKIUIO pacmpefeileHns [rTmma
(4.32)] n Boramcassa uaTerpaist suga (4.36). Ipm aToM MHE gonmyckaew,
9T0 BpeMA pelaKCallid T MOKEeT 3aBHCeTh OT HHEPILHH; B (POPMYIyY
(7.36) Hamo mopcTaBHTH €r0 CpejHEEe 3HAYEHHE

2 | 6t (8) e T () a%

=
WL (BT g (4) ag

(7.38)

rge .4°(&) ecrb IIOTHOCTH COCTOAHMHA B paccMaTpHBaeMoil 30He.
Taxum oGpasom,

to = ‘_enllL (7.39)

rae m, — sddexTHBHAA Macca 9ITEKTPOHOB. AHamormynaa (opmyra
copasejiinBa U AaA OHpPoK. W3 »1tux dopMya Buamo, 9TO IMOABHK-
HOCTH MO/KeT 3aBHCeTh 0T Temueparypsl. C poctom I pacupepeneHme
pasMaspiBaeTCA N cpegHee BpeMsA peraxcanuu maMensercsa. B cayuae
MeTailaa T0 00CTOATENLCTRBO, UTO T 3aBMCHT OT BIEPIHH, He HTpaeT
Gonbino# poiai, b0 CYIMEeCTBEHHO TOAbKO 3HadeHme T (€r).

§ 3. BriumcieHue BpeMeHH perarcanEn

Mbs1 noka eme He pemuTH WHTeTpaidbHoe ypasuenne (7.416), HanGo-
Jdee ofmee peniennme HMEET BHN

gk___(__%)%) ¢E-A (K), (7.40)

toe A (k) — BexrTop, 3aBHCAIMEA 0T HMoJoKeHHd TOUKKH Kk Ha momepx-
nocr Mepuu. Daementaproe pentenne (7.19) moayuaerca, ecim B3ATH

A (k) = vy, (7.41)



§ 3. Buuucaenue spemenu pesarcayulL 251

OTKyja fACHO, 4To A mpexcraBiger co0oit sekmophylo OAURY c60-
600n020 npobeea 31eKTpoHOB. B ofmem cayiae aamna Bexropa A (k)
MOKeT OBITh IepeMeHHoil, W HampaBlieHHe €ro MOKeT He COBIANATH
¢ HampaBIeHHmeM CKOPOCTH Vi Ha mosepxHocT Depmum.

Hnorga npegnmomaramort, 4TO

A k) = (k) vk, (7.42)

rae 7 (k) ects, MO ONPEIENEHNIO, AHUIOMPONHOE 6PEMS PEAAKCAYUL,
saBuCAINee OT I0J0KeHHA Ha nosepxHoctu Pepmu. Herpymuo ycra-
HOBUTH, ONHAKO, 4YT0 HTa ANNPOKCHAMALUA He BCerfa JaeT MOIHOE
pelieniie MHTErPAIBHOI0 YpPaBHEHHA; K TOMY ke He CYIIeCTBYer
mpAMoro Meroma BeramciaeHnsa ¢yErmmu T (k).

daevenrtapHaa ¢opmyaa (7.19) ngaer, cobeTBeHHO, eMHCTBEHHOE
mpocToe pemenne KuHerwdeckoro ypasuenusa. Ilogcrasam — ero
B ypasrenue (7.16) u momycrum eme, YTO paccesHme ympyroe, T. e.

Qk, k')dk' =6 (8§ — &)Lk, k') dQ’ d&’. (7.43)
3necy dQ' ecTh 2TEMEHT TeMeCHOT0 YIMa B HANPAaBIeHHM BEKTOPA
k' — BOJHOBOIO BEeKTOpPAa OJIEKTPOHA IOCIe CTOJIKHOBEHHA (BeH-

ugHa BeKkropa k' ¢mrcuposaHa Temeps yCIOBHeM HEM3MEHHOCTH 9HEP-
rau TpHu PACCeSHHN).

Onyckasa ¢ obenx cropoH O-gymkumm ot suepruu Depmu, Haxo-
auM 118 Todek Ha moBepxHoctiH Depmm

vi-E=1 S (vi— Vi) -BE (k, k') dQ'. (7.44)

910 ectb (QYHKOUOHAIBHOE COOTHOINIEHNe, KOTOpOe HaKIanbiBaeT
Hexotopsie yeaosua Ha Bux ymxmun X (k, k'). Jlerxo moxasars,
970 OHO BHOOJIHAETCHA, KoTHa MosepxHocTh Depmu ecTh chepa, U BeIH-
gHa | v | mocToAHHA, M, KPOMe Toro, KOTHa

2k, k') = £ (0). (7.45)

Tlocaeamnee o3Hagaer, 9T0 ypaBHeHHIO (7.44) MOKHO YIOBIeTBOPHUTH,
eCcaI BePOATHOCTh PACCeSHUSA 3aBMCHT TOJLKO OT YIia MEKAY ABYMA
BOJHOBHIMH BekTopamu. J[oKazareabCTBO DTOTO YTBED/KIEHHA CBO-
AUTCA K YOpaKHEHHI0 [0 cfepudeckodl TPUTOHOMETPUH, KOTOPOE
MBI OCTABJSEM THTATENIO.
K01p CKOPO HazBaHHBIE YCIOBIA BBHIIOJHEHBI, Ml CPa3y HOTyIaeM
1= 5 (1 — cos ) £ () 4. (7.46)
Kak BugHo, BpeMsa pelaxcamum o0paTHO UPOHOPOUOHAIBHO
HHTeTPaly II0 BCEM HAOpaBAEHHAM OT BEPOATHOCTH pPacCesHH:A, HO
B3grol ¢ pecosmM MHosmrexem (1 — cos 0). IHocmegnmii ysenmam-
BaeT OTHOCHTENbHHI BRIAT IPOLECCOB PACCesHHA HA 6osblime yTIb.
Kax BugHo u3 ypapHeHus (7.44), 3T0T MHORMTENb OPOMCXOMHUT OT
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yrena (vy — Vx-)-E: cymectBen #e camblii (aKT pacceAHHA BJEK-
TPOHA, a T0, HACKOIBLKO M3MEHSETCHA IIPH HTOM KOMIIOHEHTa €ro CKOpo-
CTH BHOJH NIEKTPHIECKOTO MOJA.

BepoaTHoCTh paccesHms MOJKHO BHPAsuTh depes nufdepeniiuanb-
noe afpdexTunnoe cevenne o (0) mIA pacceAHHA Ha NPHMECH H Yepes
KoHIleATpanuio mocxexneil NV;. [xa mnumm csoGogmoro mpobGera A
MONYIHUM

—+ =N:2n | (1—cos0) 6 (6) sin 0 B, (7.47)

ey

§ 4. Ilpumecnoe pacceanme

Tenmeps y Hac 3arotoBaeHH Bee neobxoaumuie popmyasr — (6.70),
(7.25) m (7.47), mossoasiomue «u3 MepBHIX IPUHIHIOBY BBIYHCAUTH
3JIEKTPOTIPOBOJHOCTL CHCTEMBl CBOOOTHEIX 3AEKTPOHOB MeTajia, Co-
meps;kalero sapss;xeHubie npuMecu. Hak mpasmiro, mac Gyuer nuTepe-
coBaTh ydeavhoe conpomueaerue ) p:

n
mip R 2mZe? sin 6 d6
p= ne21A= — Ni2n5(1—cosﬂ)( ) T =
0
1
__ v 2mZe? \2 823 dz _
-——76 N2 ( hz}»2 ) S {1+(2kF/)V)232}2 . (/.48)
0

31ech memoap3oBano pasencrso K = 2k sin (0/2), Bnreraromee us
FeoMeTPUIeCKHX Coofpasrenuil, U BBeJeHA IepeMeHHaA HHTerpupoBa-
Hug z = sin (8/2).

Huarerpax B (7.48) Herko BHIYMCIUTH KaK (YHKIMIO IapaMmerpa
(2k/A); MM He cTaHeM BHIOMCHBATL TOUHOH Popmyawt. Baskno aunis
OTMETHTH, YTO 3apAKeHHas IMPHMECh BeﬂeT cebd Kar reomMerpudecroe
MPENATCTBUE C PATHYCOM

ymZe?
2~ I (7.49)
KOTOpBl, cordacHo gopmyaam (0.22) u (3.6), 0o HOPANKY BeJHYAHDL
CpaBHEHM € pajuycoM atomHoil cdeprr. OTMeTHM TaKKe, YTO CONPO-
THBJIEHHWE He 3aBHCHT OT TEMIIEPATYPH H JOJIKHO OBITH IIPOILOPIO-
HaJIbHO KBaJpaTy PasnocTH BajeHTHocrell Z — npaeuao Junde.

B peficrputeasnocTu gopmyia (7.48) maer sappimenHoe 3Hadenue

comporupienua. Jlyume BoCmonb30BATHCSA BhpaskenueMm (0.40) jpus

1) Ias kpaTtkocTu GynaeM Ha3sBATh e€ro IPOCTO CONPOTHEBACHUEM.— [Ipun.
nepes.
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TOIepedHoTo CeYeHHs PACCeAHUs, NOAYIeHHBIM [0 METOy Iapluaib-
meix BoaH. MHTerpmpysa uwo yray 0, maxommm

b o<y
=Ni—];% Z‘, Isin? (0,1 —My)- (7.50)

=1

3aTeM MOMKHO ONpegeanTh CBHTH (a3, moTpeboBas, YTOOH OHH Y/I0B-
nersopsin mpasmay cymm Dpmpmens (5.43). 3naumrenbHOe ocmamoy-
Hoe conpomusenue, 09eBIIHO, TOI/KHA IaBaTh NPUMeCh IIePexXoHOro
meranzia ¢ d-pesoHancom B6imsnm yposHs Depmm (em. § 5 ra. O m
u § 10 1. 6). JleficTBATeNbHO, LIPH BTOM 1), ~ 7/2. B ciydae marnuT-
HHIX IpuMeceir s — d-B3aumMojieficTBHe, 3aBHCsIIEe OT COMHA, TAKKe
NPHBOJAAT K MOABIEHHI0 MUHUMYMA COMPOMUEAEHUSR; DTOT dfighexm
Kondo 6ymer pacemorpes B § 6 ra. 10.

Jlna BHUMCAEHHA NOJBHKHOCTH, CBA3AHHOW C pacCesHHEM HA
3apA/KEHHOM MPUMECH B IOJYIPOBOJHMKE, MOJKHO NMOCTYNHUTh B CYII-
HOCTH TaK ’Ke, Kak ¥ mpd BeiBoje gopmyasi (7.48). DaxTadeckn BpemA
peraKCamuyd 3aBHCHT OT JHEePTrHu:

1
1 A Ze2\2 [ 1523 dz
__N,v2:rt(——) \ TR (7.51)

e mapamerp A ompemensercss Temepsh dopmynoit (5.26); mpemmona-
TaeTcs, 4T0 OH HECKOJBKO MEHBIIe «TeILIOBHX» 3HaveHnH k.

TIpsMBIM PACYETOM MOKHO YCTAHOBHTH, YTO MHTETpai B dopmyne
(7.51) noBonbuo c1ab0 3aBUCHT OT DHEPTUH &, IOOTOMY T 3ABHUCUT
oT oHeprME Hocuresieil B ocHosHOM Kak &%v ~ &*/2m*'/2. Ilopcras-
7555 9T0T pesyabratT B Gopmyay (7.38), BHAEM, UTO ITO IPAKTHYECKH
CBOAMTCH K 3aMeHe HHePruuM & Ha ee cpejHee 3HaYeHHe kT. Cueno-
BaTEIBHO, B CIydae MPHMECHOTO pacCesaHus

o~ T°2m#tz, (7,52)

Mopmyia Takoro THHa (QAaRTAYECKU [aeT JMUIb OYeHb rpy6oe
npubTmKReAne, Ho ofmuil KaueCcTBeHHBIH BLIBOJ O TOM, 4TO HOJBIR-
HOCTh MOMKHA VBENIHYHBATHCA € POCTOM TeMIepPaTypLl, ABIAETCH
BHONHE HAJEYKHHIM. JTO 03HA4aer IPOCTO, 9TO IPH HarpeBaHUH rasa
HOCUTENeHl 3apAfa OMH JBIGKYTCA B CpegHeM OLICTpee H IOTOMY Cla-
Gee paccemBaioTCA 3aPAKEHHOU MPUMECHIO.

§ 5. PenlrerouHoe compoTHBICHHE

Pacuer Taxk HA3LIBAEMOTO PEULEMOUH020 CONDPOMUBAEHUS MeTall-
JI0B — COIPOTHBJIEHHA, OGYCIOBIEHHOTO paccesHmeM Ha TEIIOBBIX
KOMeGAHMAX pPeNIeTKH, — IIPeCTaBlsAeT Goiee CIOKHYIO 3a7adty. Mmu
MOJKeM TOJBKO HAMETHTHh er0 OCHOBHYIO CXEMY.
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B xauecrBe mepBoil aNHPOKCHMAIUN MCHOJb3YyeM HpeCTaBienue
o moTenmmayie medopmaruu, BBejieHHOe B § 14 riI. 6. JIEKTPOH «IyB-
cTBYeT™ (AYKTYHPYOMuil MOTEHINAJ, PABHEIA 0 BeIAYNHE

68 == &5A, (7.53)

e A ecTh JOKaXbHOE, TEPMUYECKH QIYKTyHpyHIlee OTHOCHTEIbHOE
namenenne oOnema. CileToBaTelbHO, CONPOTMBIEHHE MOMMKHO OHTH
IPONOPIHEOHAIBHO CPeIHEMY KBaApaTy QIyKTyaruu IIOTHOCTH, KOTO-
pHil 0 M3BECTHOMY UPHHINNY KIACCHYECKOH CTATHCTIECKOH MeXa-
HUKK ompemeirsdercsa QopMmysoi

A2— NKTB, (7.54)

rue f — CEMMaeMOCTh KPHCTAJLIA.
BripasuB 3Ty BeIWYMHY Yepe3 CKOPOCTh 3BYKa S W INIOTHOCTH D,
MONyYnM

NET kT

rae M — Macca moHa. 9TOT pesyiabrar Gojee m3BecTeH B 06meM BHfe
T

OOKA3LIBAIOMIEM, UTO CONPOTHBJIEHHE HPONOPIMOHANBHO abconroTHOR
Temmeparype. Xapakrep 3aBHCHMOCTH OT aTOMHOM MacCH M OT TeM-
nepatyps [lefas © (xoTopas HpomoOpIHMOHAIBHA CKOPOCTH BBYKA S,
cormacuo § 4 ra. 2) B 06mes Coraacyerca ¢ OmBITOM.

Y106 OPOABHHYTHCA JIajblle, MOKHO MCIONb30BATH BHIPAMe-
ane (6.87) mrs sQderTHBHOrO CeYeHHA DACCOAHHA UPOMSBOIBHBIM
nonom penrerku. [lo dopmyie (7.47) naitnem (o6parnymo) giaHy CBO-
6ommoro mpobera

1
= N2m S 6o (B) N |K-Uq P (1—cos0)sin0dB,  (7.57)
' 0

rme 0, (8) — muddepennmanbHOe CedeHHe PACCEAHUA «CBOGOAHEBIM
ATOMOMY.

IlycTh paccMarpmBaioOTCsA TOJBKO HOPMalIbHBIE NPOLECCH, .KOTAA
BekTOp paccesnua K pasen BonHOBoMy Bekropy ¢omona q. Crpyk-
rypusiit parrop | K-Uq [ paerca popmynamnm (2.109) n (2.110). ITpu
BHICOKHX TeMIEpPATypax MBI HMeeM

2 7293 kT
KTK2 kT P (7.58)

2
NlK'Uql ~ M’V; ~ MS2 ~ Mk2®2 RS

(3mecr BHOBD BBemeHa temmeparypa [lebas). [IparTaueckn asro To ke
camoe, uto u A? B dopmyaax (7.54) u (7.55).



§ 5. Pewemounoe conpomueaenue 255

Tak xax senumunsa (7.58) me zasucutr or K, T. e. He 3aBHCHUT OT
yria paccesHHA 0, MBI MOKeM OTHeNbHO NPOHHTErpmpoBath mo 6.
Hoxyanm

1 — R2qBAT
& = Ve Jrrmer (7.59)
TIe
b1
Eazan 0 (8) (1 — cos 0) sin 0 dO (7.60)
0

ecTh TMOJHOE CedeHHe PACCeAHWsA M30IUPOBAHHHM aTOMOM, BHYHCIEH-
noe ¢ BecoBHM MHozKuTereM {1 — cos 0), yInTHBaKUM H3MEHEHHE
HMOYJBCA B HANPABIEHHH IOJA.

C momompio Gopmynn JlungeMana A TeMIepaTypH IJIaBJIeHUs
(2.117) aTo BHIpasKeHHe MOKHO eme Gosee ynmpoCTHTH:

%zz\fca%—xzﬂ%ﬂ—, (7.61)
Tie Z,, ecTh KoHCTaHTa, ¢urypupylomasa B dopmyre (2.117) u nopm-
6amsurensno pasmas . 0,2; 7', — temmeparypa miaBienus. Mosuo
TOHiTH elme [Aalblle, IPEAHONOMKHUB, UTO CEUEHHS DACCEAHHS HMOHOM
1 3apA;KEHHON IPHMEechi0 B OCHOBHOM ojmHakoBLl. Hecrompko mpe-
o6pasys gopmyay (7.49), moxydaeM HedTo BpOAe

Trm
Ai ~ 50a o (762)

Ife IJIMHA @ oIpefelena TaK, 9To a® ecTh 0GheM dlIeMeHTapHOH AYed K.
IJTo o3Havaer, 4ro AAmHA cBoGOAHOTO mpobera aIeKTpoHa B MeTaJLle
Opu TeMIepaType IaBIeHHsS cocTaBider mpuMepHo 50 IOCTOAHHBIX
pelrerkd. JTo He BIOJHE TOYHO, HO HOPAJOK BEAHIHHLI BCE jJKe MOXY-
Jaercsa NPaBUJIBHBHIL.

Yrobsl HaHTE caMo COIPOTHBIEHHE, HANO0 CKOMOMHHPOBATH
dopmyasr (7.59) mau (7.62) u (7.33). lomyumm

mvp

pi = L. (7.63)

ITOT peaynbTAT MPUOIMKEHHO CIPABEIUB 1A CBOGOTHOTO 2IEKTPOH~
Horo rasa. @opmyaa (7.63) yrounser rpy6oe QyHKOMOHATBLHOE COOT-
wmourenne (7.56).

Ilpu HU3KHX TeMmepaTypax moioskenue ciokuee. CTPYKTYpHBIL
dparrop (7.58) 6GbuT BHYHCIEH B PAMKaX KJIACCHICCKOHM CTATHCTHKH.
IIpm mepexome X HU3KAM TeMOeparypaM HaJ0 3aMEHHTDh, CKajKeM,

senuunry (k7/hivg) Ha cpefHee YMCIO 3aLONHEHMA g, ONPeeTeHHOe
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oo gopmyre (2.46) ). IMoayunm

kT Bvg/kT
N|K-Ug P~ 57 { x5 i } : (7.64)

10T comHOEHMTENb B HHTerpane (7.57) s¢perTnBHO MpHBORHT K 06pe-
3aHHUI0 MHTETPHPOBAHHA IO YII0BOH MepeMeHHON. BeposaTHocTs pac-

a )

Qur. 123. ImeKTpoH-OHOEHLC HOPMAJLHEE IIPOHECCH.
@ ~— IPH BEHCOKHX TeMIlepaTypaX; 6 — IPH HU3KAX TEMIEpaTypax.

ceAHUs GHCTPO Magaer, €CJAH HOINOMATHCA WM HCLYCKATHCA JOJKHEL
(OHOHI, TACTOTA KOTOPHIX CIHITKOM BEIMKA, YTOGH OHH MOIIH BO3-
Oy:rmaThcs TepMuiecku. Munadwe rosops, OPaKTAYECKN HCKRIAIIAITCSH
OPOLIeCcChl PacCed s, NIA KOTOPHX

Wvq > kT. (7.65)

B mopenu [leGas gns HopmanbuEIX Tpormeccos (¢ur. 123) B cayuae

cpepuueckoit morepxmoctm Qepmu 3T0 yCIOBHe PABHOCHABHO cle-
Rylomeil CBA3K Me;KAY BeIUIAHON ¢ U YIIIOM paccesHus 0:

q . 3] ap T

S =sin— > 2, 7.66

- 7= 2%, @ (7.66)

Mo:xuo Gonee wmim. MeHee TOYHO BHYHCIMTH IMHY CBOGOIHOTO

npoera B IIPeAUOIOKEHNH, UTO CEUCHUE O, (6) crabGo saBucmT OT

yraa 6 m ero MOKHO BHHECTH 3a 3HAK HHTErpaisa Kak KOHCTAHTY.
Toraga ma ocmosanmm (7.57) moayanm

e/T
1 = hij%_)kT T)4 Y 4zt dz (7 67
A; V9 Jiee (”@" Ve 07)
e nepeMeHHas HHTEI‘pI/IpOBaHI/IH
hiv )
=9 _ (93 (5
= _(qD) (7 ). (7.68)

1) Heprus HyseBHX KoueGammit me sxomur B Gopmyny (7.64). Jina pmoxa-
3aTeNbCTBA 3TOTO0 TPeGyercsl MOAPOOHHIL AHAINS IPOIECCA PACCEAHNA ¢ YIETOM
PasIuIns MeKy MCHyCKAHHEM H HOrIOmenueM (OHOHA.
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Ilpn BrICOKEX Temmeparypax, Korga otHomenue O/7 Maxo, mHTe-
rpax crpemurcsa k (6/7)%, u MeI cHOBa IpuXOAUM K peayabTary (7.59).
Hpn HESKHX TeMmepaTypax HHTerpai CIPEMHTCH K IOCTOSHHOMY
snavenmio 124,4 m compoTHBIeHHE OKa3HBAETCSA MPOIOPLHOHATLHEIM
7°. Jra cunbHAaA TeMIEPATYPHASA 3aBHCHMOCTb DEIIETOTHOIO COIPO-
TUBJIEHUA IpecTaBafger co0oif XapaxkTepHHH KBAHTOBHIE agexr,
noo6HO meGaeBcKoMy 3akony T° sl TEIIOEMKOCTH.

IIpomcxosxyienite 3T0# 3aBHCAMOCTH MOMHO IIOHATH CIENYIOMEM
oGpasom. JpderTuBHoe cedenme paccesHHmA, OYIYYm HHTEIDALOM
MO yriaM, BRIIOYAMIMAM MHOKHTETb

(1—cos 8) sin 0d6 — § sin3 (—g—)d(sin—g—), (7.69)
04eHb YYBCTBUTENLHO K BeJIHMUMHE yIiaa o0pesaHms, HaBA3HIBAEMOTO
mHORuTeNeM (7.64). Ompenenus Bexmumay yria ofpesanmsa ma Hepa-
pencrsa (7.66), moayumM, Wro MHTerpan IOMKeH BeCTH CebH Kak

(@p/2RpNT/6) ' .
S 85in3(%)d(sing)~(—g—) (7.70)
b

B TIOJIHOM COOTBETCTBHH € opmyinoii (7.67). JuannnorosmoBsie OHOHDI
BecbMa Mal03PEeKTHBHH B Kav4ecTBe MCTOYHHKA CONPOTHBIEHHS, U60
B pe3yabTaTe PAacCesAHMS Ha HUX HAOpaBleHNe ABWKEHMH DIEKTPOHA
MOeT M3MEHITHCSA JHIIb Ha MaJBA yroJ, TuHEHHO YMeHBIIAImUics
¢ TeMIepaTypoi.

Hopncrasns Buipamenne (7.67) 3 (7.63), moxyuum dopmyry, msse-
CTHYIO RaK sakor baora — I'prownaiisena. CompoTHBIEHME MHOIHEX
MeraaioB OpPH HM3KAX TeMIepaTypaX NpubHMKeHHO IOMYHHAETC
9TOMY 3aKOHY, HO €ro He CllefyeT NPUHHMATH 6e30TOBOPOTHO IO CJie-
JAYIOIAM TPHIHHAM:

1. IIpegmomaramoch, 9TO 5IEKTPOHBI PACCEMBAKTCA  YIPYTHM
obpazom. Ha camom jieme 570 He Tax, HO eCT IPOBECTH dopmanbHOe
paccyMoTpeHne IpoIeccoB B3AUMOMIEHCTRUSA MY DIEKTPOHOM U (BOHO-
IIaMi, B KOTODHIX IOCJEAHWE MOTYT POMKIATBCA H YHHITOKATHCA,
C yIeTOM TOTO, 4TO 3JEKTPOH MOKeT TePATh I HpmoGpeTaTh SHEPIUIO,
10 PesyabTaT OKRaKeTCA HouTH TakmMske. B dopmyme (7.67) Bmecto
IPEe/RHEero MHTerpaza HOSABHTCS

e/T
475 dz
(#—1) (1—e72)

C TARUM jKe ACHMOTOTHYECKUM INOBe[eHWeM, KaK ¥ pambile, IIpH
MalblXx U Goabmux 3maveHHAX 7.

2. Ilpenmomosxefime o meGaeBCKOM Bmjie CIERTPa (OHOHOB ABITET-
CA 0YeHb CHIBHHIM YIDOIIEHMeM, HPEHATHM TOJXbKO pagm yaoGCerTBa.
Crenyer mo oTAETBHOCTH YYMTHIBATH BKIANH LPOTOABHEX ¥ IOIe-
PeUHBIX HKoleGammit.
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3. ®yuknua o, (0) He ecTb KoHCTaHTa, M, CIEf0BAaTEIBHO, €e
HeJXb3d BHHOCHTBH M3-I0J sHaka muTerpana B (7.57). Ceuenue g, (0)
onpenenserca popmyaamu (6.89) u (6.93). B wacruocru, o, (0) naun-
HAaeT YMeHBIIATECHA, Korga yroix © upesmmaer, ckamem, 20-—30°;
3T0 CKa3HBAaeTcd Ha TeMIepaTypPHOH B3aBHCHMOCTH COIPOTHBIEHUS.

4. Hambomee CyImMecTBeHHE HCTOYHMK omMMOOK CBA3AH € mpe-
HeOpeskenmeM mporeccamu mepe6poca. Hax morasamo B § 7 ra. 2,
B cayuae, Korga Bexrop K BrXoamr 3a mpepmens 3omel bpunmiosna,
BMECTO HEero Hajmo 6parh

q=K —g, (7.711)

rie g — Bekrop obparmoil pemerku. Hmorryma me caemyer, uro
momo0HHe 3navenua K He Hamo yduurhiBath B dopmyrae (7.57); cede-
HHe pacCesHHA aToMOM, O, (0), otamuHo or mynra m npm 0 = m,
rkorra K = 2ky. 910 upesnimaer gp — jefaeBcKoe IpeferbHOe 3Ha-
dgeHMe BOJHOBOTO BEKTODA.

TpyanocTh ¢ y4eToM DOJIH HpomeccoB mepeGpoca B 3IEKTPO-
CONPOTUBJEGHNH BaKIIUAETCA IIPOCTO B YCIOKHEHHH TIeOMeTPHH
3agaun. Jlaske B Ciay9ae BBICOKUX TeMIepaTyp HpH IOJCTaHOBKe
sextopa (7.71) B umcxommyo Benwumny B (7.58) BHAcHAeTCA, 4TO
«CTPYKTYpHBIA (aKTopy yiKe He ABIAETCA HE3aBHCHMHIM OT yria
paccesHmsa — noABisAercA NoGaBounpid MHomTenbs K?/¢%, KoTopmit
MOsReT 3HAYNTEeJBbHO HPEBHIIATh efuHuNny. ITo BuaHO Ha ¢ur. 124, a,
rae K, ouesmgno, Hamuoro Ooxbine, deM g¢. Ilnsa takux Gorpmmx
sHadeHmit yraa O nnddepenmmanpuoe cedeHme pacceAHHA 0, (0)
MOJKeT OHTL HeBeJIMKO, HO OTHOCHTENBHBIM BKIAX WX B CONPOTHBIE-
Hue 3HAYNTEIbHO yBenmauBaerca Onaromaps muosxkureno (1 — cos 0).

Mantie sHadeHOA ¢, HYKHHE IS HEKOTOPHX NPOIECCOB Iepe-
fpoca, CYIMECTBEHHE Tar:Ke [AiA oObACHEHHA TeMmepaTypHoil 3aBu-
cumocTn comporusienusa. Hak ciemyer w3 mepasencrsa (7.66), oTm
TPOIECCH HEe «BHMODPA;KUBAIOTCA» BIUIOTH /0 HMBKHX TeMIepaTyp.
Eme sicHee bTo MOKHO YBHAeTh, M300pasHB TPEYrOJbHHK BEKTOPOB
(¢ur. 124, a) B cxeme moBropsoomuxcs 30 (¢pur. 124, 6). Ilpn satom
MEHMMAJTBHOE 3HaUYeHHe ¢ JJis Iporecca uepefpoca OKaswBaercHd,
09eBHHO, PABHHIM MHUHAMAJIBHOMY PaCcCTOAHNIO MEKAY MOBEPXHOCTBIO
Mepmu B ONHON 30HEe W ee MOBTOPHHM H306pasKeHHEM B CIeIyIOIei.

Ecau mosepxuocts PepMu BHTAHYTA 110 HANPaBIEHHIO K IpaHuIe
30HH, TO MHHHMMAalbHOE 3HadeHHEe ¢ YMeHBIIAercd, BCJeJCTBHE Uero
priansl B maTerpan (7.57), mpomopumoHanbHEe MHOHTenl K?2/g7,
Bo3pacraioT. Morxo 6B TMOKA3aThCA Naske, YTO CONPOTHUBIEHHE ;
JONIKHO WMeTh 0COGEeHHOCTh, KOTa moBepxHocTh (DepMmm Kacaercs
rpaHuIH 30HH. B 9T0OM ciydae, Kak ykaswBaxock B § 13 ra. 6, maTpmu-
HHE 27eMeHT DIeKTpoH-OHOHHOIO B3aMMOMECTBHA IS TAKHX ITPO-
neccop obpamaercd B HYIb.

He cymecrsyer mnpocroit (GopMyJas, KoTopasg ommceBaia Gu
BKJIAJ IpolleccoB mepefpoca B aleKTpmdeckoe compormpienne. Tem
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He MeHee ofmume coofpasKenmsa, KOTOPHE NPHBEIM HAC K (opMylam
(7.56) m (7.67), mo-mpeskHeMy OCTAIOTCH B CHJIe, XOTA IHOCIeIHee
BEIpa;KeHHEe M HelIb3sl CYNTATH TOYHHEIM Pe3yabTaToM Teopuu. MosrHO
MOHATH BCIO QUSNKY ABIEHHUA, HO OKOHYATEIBHHE pe3yiabTaT WMOJY-
gaeTcd TOIBKO C IOMOMBPI0 KPONMOTIHMBOTO UHCIEHHOTO pacuera.
OrMerM ogHO 06CTOATEABCTBO: cormacHo (opmydae (6.93), maa Gonab-
mux 3HadeHmit K, 1. e. mug Goasmmx yriaos 0, sgdertnsHOE cedeHme
paccesHHA HIEKTPOHA HA aTOMe ABHO 3aBHCHT OT BEAHIMHH 7~ —
(OCTOBHOTO» HOTEHOMANA IICEBAOATOMA. IT0 HOJIKHO OTPaKaThCA Ha

Jona 3ona
bpunarosna bpuamosna

a )

®pr. 124. dneKTpoE-QOHOEEHE NpoleccH unepebpoca.
a — Ha chepe, COOTBETCTRYIOMEH CBOGONHEIM DIIEKTPOHAM; 6 —[B CX€Me IIOBTOPAIOIMMXCA BOH.

COMPOTUBIEHNH, OIHAKO CTOIb 3Ke 3aMETHYIO POJb B 9TOM OTHOUICHHH
MOJKeT MIpaTh Apyroit agderT, TakKe BHI3HIBAeMEI moTennuazom 77:
ncKakeHne nosepxnoctn MepMur U cMemMBaHHE BOIHOBHIX (yHKII
B6NU3A TPAHUOE 30HHI.

Anagormunslil pacuer mas scudkozo meramia GaKTHIECKH HAMHOTO
nerve. Pasymmo mpmHATE Momelnb IOYTH CBOGOMHBIX 3IEKTPOHOB.
Torma ¢ momompeio popmya (6.88), (6.91), (7.25) u (7.47) mu mpumem
K BBHPayKeHUIO

2hp
3
PL =T o j |wo(K) S (K) K dK.  (1.72)
0

PanaBuylo poip 37ech HIpanT INCeBROATOMHHE QopMmpartop w, (K)
u cTpykrypunii daxrop muprocrn S (K). Tocaegumit MosxHo ompe-
TeTATh DKCHEePHMEHTAIBHO € NOMOMBI0 AMQPAKIHA HEATPOHOB WIH
PeHTTeHOBCKUX nydeil. JleficrBuTenbno, B GOJBIIMHCTBE JKHIKHX
MeTaJIIOB aTOMHEl PACHOJIATATCs CTOJIb CXOTHEIM 06pa3oM, 9To mocie
NPUBEJEHUA K OJHHAKOBOMY aToMHOMY pajmycy Beawumny S (K)
MOKHO UpPHOIIKeHHO W300pasuTh €QWHOH CTaHAapTHON KpUBOM
(pur. 125). IIpn vebonpmux 3nauennax K CTPYKTYpPHHI dakTop Mai,
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IMOCKOJBKY IIOTHOCTh PACHPENeNeHAS aTOMOB NPAGIAZHTEIBHO OIHO-
pofHa. 37ech PAKTHYECKH enle CIPaBEIHBA KIacCHIeCKad (OpMYy-
aa (7.54). Opgnako BRIax OT IepBOH KOODPAMHANHOHHON cdepH B
pajmanpeyl0 QyHrumo pacupemenerus P (R) [cp. (2.103)] maer
oak B pyrrmun S (K), 3a Roroprim oHa KoxeGaeTcd BOMU3H eAHENTIHO-
ro snadenmAa. [luamerp cfepn (Depmu, 2ky, 3aBUCHT OT BAJEHTHO-
ctu Z. CoOTBETCTBEHHO B CIY-
315K 9ae MeJT0YHHX MeTall0B Bepx-
HUH Opefei WHTETPUPOBAHUS
B dopmyre (7.72) me pmoctu-
raer Tourn mMarcumyma S (K),
a mpu Z = 2 »3rorT mpenen
Imomagaer B WPOBaJ KPHBOMH

3a ee MHKOM.
Ilockonbry manpHuMii moO-
PANOK, UOPHBOAAIINE K BO3-
- HAKHOBEHMI0 30H Dpmiimoona
H T.I., B JaHHOM CIydae oT-
CYTCTBYeT, pasiuTIie MeRIY
HOPMAJIBHEIMH IIPOOEcCaMi H
mporneccaMu mepeGpoca JmoIa-
erca cmplcna. Tem He menee
©3-33 HAJTWIAA WOJ HHTCrpa-
A3 oM BeCOBOTO MHOMUTENA T60-
@ur. 125. TunngHoe NOBEHEHHE CTPYK- METPAIECKOTO IPOUCXOKIC-

TypHOTO (AKTOPA JKUJKOLO METAJLIA. Hus, K3, oCHOBHOH BKIam B
TIOKa3aHO, Kalk MEHFCTCHA CTPYKTYPHHIR (haxTop -
¢ freMmepaTypoif; TpMBeNeHH Tamme smavemns ~MUTETPAM NAKOT 3HavYeHma K,

2k maA Da3IHHIHBIX BaJICHTHOCTell MeTaluIa. Oan3Kue K 2]‘;F. ITo atoit mpu-
9UHe JOMAHMPYOIMYIO POJb
MO-IIPE}KHEMY HUIrpaeT «OCTOBHHIA»  mcepgomorenmuan 7. DBoas-
pacranwe COUPOTHBAGHHS IIPH ILIABIEHHM MeTalia MOYKHO oO0Bsac-
HHUTh H3MeHEeHHEeM CTDPYKTypHoro ¢axropa mia GolbmmX 3Hade-
anit K. Ipomcxommr mepexox oOT BIeKTPOH-POHOHHEIX HPOLECCOB
mepebpoca (mx adderr ocTaercsa TpomOPOUOHATBHEIM ') K PacCesHHIo
co saazeHuaAMEu K BOnm3n MarcumyMma dpyaxgun S (K). dtor marcamyMm
yiKe eCTh BeAMIMHA HOPANKA CHUHWME; PAKTUISCKHM OH MOKET ele
YMEHBIIHTHCH OPU MOBHIMEHAN TEMHEPAaTypPH.

3145

§ 6. HogBmwrHOCTS HOCHTEICIH

3agaua o paccedHuM HOCHTEIeH 3apAma Ha KoaebaHuAX pemeTKH
B IOJAYOPOBOXHMKAX OKABHBAeTCsA B o00meM 3HaYuTeNIbHO OGosee
mpoctoit. IlocRomsKy OOHYHO CcIMTAETCA, UTO BCE HOCHTENH HaXo-
narca B HeGoapmoit o6mactm k-mpocrpamcrBa BOIM3M MHHEMYMA
g(k), Bo3MO)KHOe M3MeHeHHe BeKTopa k B aKTe pacceAHns HeBEHHWKO.
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ITosTOMy MOIKHO HCIOIB30BATH METOJ[ HMOTEHIMANA NefopMallld, CM.
§ 14 rxn. 6. BepoaTHOCTH paccessHHA NPONOPIHOHATLEHA BelWIMHE

| oftirc 2t (8) = | 2) Wi [* 17 (8). (7.73)
17

rae WY; ectb aMIinTy1a KOMOOHEHTH TeH30pa HeQopManuu B yOpY-
roil BOJHe, &;; — KOMIOHEHTA TeH30Pa moTeHruaia AedopMammm.

Beuny manocrm Bekropa k' —k MomHO BOCmONB3OBATBCA HKiac-
CHYECKOH CTATHCTHKOI ANA YOPYTEX Koxebanmil; momoGHO dopmyie
(7.54), Mp1 mmeem

WY~ KT. (7.74)

Taxum obpasom, BpeMs pelaKCamuy, NPONOPIHOHANBHOE O6paTHOM
peauunie (7.73), Gymer Becru cebs RKak
1 1/
—— ~ TE&*m*%e, 7.75
3aBUCAMOCTS OT SHeprumu W OoT 3PPEeKTHRHON MacCH CBA3ama 37ech

¢ IIOTHOCTBI0 cocrosgumit B soue [cp. (4.33)]. Ilomerasasa aTto coor-
HomreHue B ¢opmyxasl (7.38) m (7.39), momxyaaem

B~ T 2ma=5/2, (7.76)

Brmrpeim B mogBmiKHOCTH BCIEACTBAE MRIOCTH 3(QERTHBHOE Macch
BeChbMa ONIyTUM.

Opnako m 5Ta TEOPHA TOMKe CIUIIKOM UPOCTA, [aske IPU BHIHC-
JeHNH (D0 Becell mpogopMe» — ¢ MATPHIHEIMH STEMEHTAMH M T. I.
Jlexo B TOM, YTO MHOTHME HONYIPOBOJIHUKE XapPaKTePH3YIOTCH HECKOT b-
FUMA DHEPreTHYeCKUMH MHHHMYMaMU —J0AUHAMU» — B 30HE Tpo-
BOJMMOCTH ¥ COOTBETCTBEHHO HABHBAKTCA MHOo20doaunnbimy (cM. § 6
ra. 6). Jlaa Hux cymecTBeHHO MEMKIOIMHHOE PAaCCEAHHE ¢ yuacTHeM
¢ononos ¢ GoaBmMUMH BOJHOBHIMHE BeKropamu. Ilo 5Toll mpumumme
cootHOmeHHKe (7.76) NPaKTHYIECKN OKAaB3HBAETCA HE OUEHb YHOBIETBO-
PUTETHHEIM.

B monmympoBonumke Hembada mpenefperarh H3MeHEHHeM bdHEPTHHA
HOCHTEJIA 3aPAJia IPU NCIYCKAHUN UiH moTiaomennn gonona. Bananue
9TOr0 9herTa Ha MOXBHKHOCTH HOcHTeNel B ciaboM mole HeBelnKo,
HO OH wWrpaeT IVIaBHYI0 DPOJb IPH HBYYeHWH SBJEHHWH NepeHoca
B cuavhbiz noasx. llycrs, manmpumep, K TOHKOMY IpPOBOJAIMEMY 06pa3-
Iy DPHUI0KEeHo Hamps;KeHMe B HECKOJBKO Boabr. Ha myrtm mempuy
3IIEKTPOIAMU IEKTPOH HOJIKEH OTHATH COOTBETCTBYIOIEe KOIMIeCTBO
SHEPTrHEH B BHJIe [HKOYJIeBa TeIla — IPAKTHIECKN TYTeM M3IyYeHnH
HexoToporo umena ¢oronor. B meranie pimua cBoGogHOTO MpoGera
II0 OTHONIPHHIO K SIEKTPOH-POHOHHBIM CTOJKHOBEHHSM CTOIb Mala
[ep. (7.62)], uto ofpasem ycmen 6H MCOAPHUTHCA JO TOTO, KAK BTOT
MeXaHH3M OTAaduyM dHeprum cramer HedhPeKTMBHEM, B Xopomem
NOIYyIPOBOAHMKE, OJHAKO, yiKe COBCeM HeBOIBIIoe 3IeKTpUYecKoe
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moie (Hampmmep, HampsmenHocrtbid 1000 e/cum) momer npmsecTH
K Ieperpyske 3Toro Kamaja oTfauy Heprun. B pesyasTarte pacupe-
JeneHue 3IEKTPOHOB HO DHEPTHH yiKe MOKeT OKa3aTbhCsA HEePaBHOBEC-
HEIM B OTJIHYMe OT Ipefmonarapmeroca B gopmyue (7.38). Taxum
06pas3oM, MBI TOJAyTIaeM CHCTEMY 20PAYUL JAEKMPOHO0E; COOTBETCTBYIO-
mag TeOPUA BechbMa CIOKHA, NMOCKOABKRY 0COOEHHOCTH (PHU3MIECKHX
ABIEHUN B TAKOH CHCTEME OMPEeNAIOTCA BUAOM MATPHIHHX 5JIEMEHTOB
3JdeKTPOH-OHOHHOTO B3aHMOJEHCTBHA, (POPMOI CHEKTPOB aKyCTH-
YeCKHX U ONTHIECKHX KONeSaHwmil pelleTKH M CTPYKTYPOH sHepreTH-
9eCKHX BOH B HaHHOM Marepuaie. OOmmit aderr, ogHAKO, COCTOUT
B TOM, 970 IPOUCXONAT OTKIOHeHnd OT 3akoHa Oma, mpuieMm B KoHIe
KOHI[OB IIOTHOCTH TOKA HOCHTENEH 3apAfa OKaswBAeTCA MOYTH Hesa-
BucAmenr or F.

/Lo cux mop, paccMaTpuBas 3afgaty 00 dIEKTPOIPOBOIHOCTH, MBI
mpefuosaTald Tak#Ae, 9T0 KBasuBOJXHOBON Bexktop k mpencramiasger
co00il Xopomee KBaHTOBOE YHCI0, HPUTONHOE A HYMEPAIMU DIEeKT-
pounnix cocrosumii. OfHaKo B psjge cuCTeM, HaOpPHMED B CTeKJIax,
aMOPPHHX DONYIPOBOXHUKAX WJIM KOMIEHCHPOBAHHEIX IIOJYHPOBOJ-
HHKaX ¢ npuMecHbiME 30HamMu (cMm. § 2 ro. 4, § 9 ro. 5 u § 7 ra. 6)
HaufoJee yHadHbIM OKa3HBAETCA ONHCAHHME JIEKTPOHOB IIGCPEHCTBOM
COCTOAHUN, 40KAAU306AHHHZ B PA3NAIHEX ToIKax obpasmna. [Iposomu-
MOCTH IPH 3TOM OCYIIECTBISAETCH JHUIIb HYTeM TePMUYECKH aKTHBHPO-
BAHHBIX RPHHCKOS C OGHOTO NEHTPA JOKATU3ANUHN HA APYTOil ¢ HCHyCKa-
HEeM N OOTJIomeHneM QOoHOHA TAKOH JaCTOTHI, 4TOOH mepexox OHLT
9HEePreTMYECKN paspemieH ).

§ 7. Runernueckne Ko3PPuumeHTH

ITycrs 1eneps B 06pasme, TOMEMO 3IEKTPHYECKOTO TOJIA, HMECTCA
Ipajuent Temmeparypsl. B mpemeOpesikeHNN BIUSHUEM pasMepoB
u gopmsl obpasna KuHerHIecKoe ypapHenme (7.14) umeer Buj

(~ 50 ) e (oo (p- L)}~ 0

Jscatt”

Ilo cpaBmenuio ¢ ypasuemmem (7.16) MBI auinbh 3aMeHHIE 31eCh
sertop E Ha Gonee crosuyo BeKkTopHYI ¢yukuumo ot k. B tex yeno-

1) MaKTHYeCKU 2JIEKTPOHH B TAKUX CHCTEMAX MOTYT HAXOJHTHCS, BHEMMO,
KaK B JOKQJIN30BAHHHX, TaK ¥ B HEJIOKAAH30BAHHBIX COCTOHHHAX (OTBEUAIONIIX
COOTBETCTBEHHO 00JIaCTAM JHCKDPETHOIO W HENPEepHBHOIrO CIeKTDPOB BHEPTHIL).
IIpsixKoBast IIPOBOMMOCTL HMMEET MECTO, €C/N IIOYTM BCe HIEKTPOHLI COCPeo-
TOYenLl B COCTOAHMAX MEPBOTO THIIA, T. €. IPH J0CTAaTOYHO HU3KOHU TemMOeparype.
IIpu noBBIIICHNH TeMUePaTypH UPHIKKOBASA IIPOBOAAMOCTD CMEHHETCS OOBIYHOM;
OTHAKO X B 3TOM MOCJHEJHEM Cjiyiae KOMIOHEHTH BeKTOpa K He Moryr caysuth
XOpOWINMII KBAHTOBHIMH YHCJIaMH: MaTepUall He XapaKTepusyerca [JajJbHHM
NOPAKKOM B Paclofo;ieHUN aTOMOB, COOTBETCTBEHHO UeMy CHJIOBOE IIOJIC Hele-
puogudHO B HpocTpaHcrBe.— IIpum. ped.
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suaAX (cm. § 3 Hacrosme# IJIaBH), KOTAA OOPABAAHO HCIOJIb30BaHHE
BPEMEHM DPeJIAKCAMM, BHUJ pelieHHA HaM H3BECTeH:

fk—floc:(_%)TVk'[B(E—%VC)—[—?E;)-T—C(—VT)]. (7.78)

IloxcraBuB 5T0 BHpamkenme B mwHTerpas trma (7.20), BHUHCINM
3JIeKTpnqecmn71 TOK

J=7= J‘[3 eZLSSVka(—g{g) d&- (E_%V;)_i_
+7= 4n3 8;17 ngkvk(g;‘—g) (—'z—%)—'dg (—=vD). (1.79)

Orcofa BEHO, YTO IPH HAXHINHN OJHOTO JHINH FPafiMeHTa TeMoepary-
PH J0JKEeH BOBHHKHYTH 3JAEKTPHUYECKHUI TOK — TAKOBO IPOHCXOKIE-
HUE MmepMoIieEmpuieckozo spgexma.

Hanubonee Bakppil s¢dexrt, oOyCIOBIEHHBIN TpPAagUMeHTOM TeM-
mepaTypsl, COCTOMT B HOABIEHWH HOTOKA menaa. Moriao O moka-
3aThCA, 4TO ITO €CTHh IOTOK BHEPTHH

2§ 18 (k) vic dk,

HO DTO ObI0 OHI WeBepHO. «HONMIECTBO TEIJIOTH) PABHO «BHYTPeH-
Heil sHeprum» 3a BhiueroM «cBoGommo# sHeprmm». CBobGomHAA DHEPTUA
Ha OZMH 3JEKTPOH ecTh XuMHUecKuii morenmman . Hoamgectso
Temia, IepeHoCHMOTo »AeKTpoHoM B cocrosumu k, cocrasiser, cie-
nosarersro, & (k) — {. Boxee crpormii amamua mopTBep:Kfaer, UTO
moAHBH motok Temiaa (Ha egwHMIy 00beMa) paBeH

=2 [ 28 ®) — T v dk. (7.80)

Ilpessme uem paccmarpmsaTh BHpavkenme mia U, ormermm, 1uTO
B Qopmyine (7.78) mpucyrcrByer uieH, HpomopHuoHalbHEE VI; oH
ONUCHLIBAET BRAAJ B MEKTPHISCKUH TOK, 06yCIOBICHEHA H3MeHeHneM
XUMIUECKOTO MOTEHIHMAIA C TEeMOEepPAaTypoll BIEKTPOHHOTO Tasa
[ep. (4.23)]. Opmako B OGHYHKX YCIOBHAX OOEITA JIO0W Takoi
rpaguedr { OPOABIAETCS MWL KaK OJHa M3 COCTABIAOMUX 3. . C.,
usMepAeMoii B menu. ITosToMy MBI mpocTo ONyCTUM BTOT WiIeH, MpPef-
mojaras, 9T0 BCE CBA3aHHBIE ¢ HUM DPQeKTH MOMKHO yd4ecTh, MOHUMA
nox E «nabGiamwgaemoey 30eKTPUIECKCE IOJIe.

Ha ocnopammu (7.78) — (7.80) momHO HaAIKCATH CIEAYIOME
o060o0mennse YPaBHEHNUST ITepeHoca:

J =¢Ko-E + - Ki-(—VT), (7.81a)
U=cKi-E+ 1 K- (—VT). (1.816)
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Bxopamue ciona rosgpdunments (Garruieckn 5T0 TEH3OPH, HO COOT-
BETCTBYIOIee 0000menne ABjIALTCH IUCTO GOPMANBHEIM) ONPefeNIoT-
¢ paBEHCTBAMH
1= n{ 0f0Y\ 88
K=y 55 w1 (—5g) 5 d&. (7.82)
Wnrerpans 3mech MOKHO BHUYHMCINTH ¢ IOMOIBI0 0o0mell Teope-
Mo (4.21), wacaromeiicn unterpanos ¢ pyHrnmeir Depmu. Mmenno

[ o) (—F5) dE=0 @) +5 (1 [ﬁ?—éﬁ]g:ﬁ coes (1.83)

rpe remepdb ¢yurmus @ (§) cama ecTh MHTETPald IO H30JHeprerHye-
crot mopepxmoctu & (k) = &. Omsako 9T0 MHTErpUPOBaHHE YiKe
He mpefcTaBifAeT NPUHINNAAIBHBIX 3aTpPy/[HEHHH.

B moawmoit amamornm ¢ gopmynoit (7.21) met umeem

K= | v (7.84)

0= %nd T v

Brefem remepnh ¢ynnuno K, (), onpenenennyio no tumy (7.84),
HO He NIf mosepXHocTd Depmit, a JAA NPOM3BOJIBHOH IOBEPXHOCTH
nocroannoit snepruu §. Ytobn serancaurs K,, Hano B3sATE GyHERIAIO
DO (&) = (& —)* K, (&); oma obpamaerca B mHyap npu & = ¢,
1 HOATOMY OT BTOPOTO 4JieHa B mpaBoii 9acTu paBeHcrsa (7.83) ocraercs
TOIBKO

K. =+ a2 (k7)2 Ko (O)- (7.85)
Pesyabrar 11 K; HecRoIBKO Gollee CIoKeH:
1 0
K, = 5 (kT)Z[—é-‘-gKO(E)]‘éZC. (7.86)

Roapdunnent npu E B ypasuenuu (7.81a) ecrs, KOHETHO, 2IEKTPO-
IPOBOJIHOCTH, OIpejeiseMasd M0 TOKY, KOTOPHA MOJKEH M3MEPATLCHA
B m3orepmmueckux yerosuax (VI = 0). 9tuM mpocro MoATBep:HiAAeT-
ca gopmyna (7.23); odermpHo,

o =c*K;; (7.87)

JKBUBAJEHTHEIE COOTHOIIGHWS CTHPABEIWBH M JJs TEeH30DOB, CBO-
JAMAXCsA B cydae Ky6HuecKoi cumMerprn K ckamapav. DarTidecku
pasencrso (7.87) mcmonbayercs i OHpeleleHHA KHHETIIECKOTO
roapdumuenta K, Do M3BeCTHOH B3JEKTPOTPOBOIHOCTH.

§ 8. TemxonpoBojHOCTH

Kosdduiment npm rpajguenre temmeparypm B dopmyre (7.816),
ompeelsAmeil MOTOK Temna, MOKHO Obiio Gbl HazBaThL men.ionpe-
800HOCMbI0 DIACKTPOHHOTO Ta3a.
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B peiicreurensrocTH 3To OBIO GH HEe COBCeM BepHo. B srcmepu-
mente yeraosue E = 0 He Bumoansercs. Jlerde ocymecTBuTh yCa0BHSA
pasomMrsyToii memm, korga J = 0. Cormacmo dopmyme (7.81a), aro
COOTBETCTBYET TOMY, 9TO BHOJb 00pasma_ meHCTBYeT 3iIeKTpUIecKoe
noe

E—_—%K;‘Ki%-VT- (7.88)
Mogcraasia sro B (7.816), momydaem

U= KK VT — 7 Ko VT = (Ko— KKK - (—VT). (7.89)

o BbIpasKeHHne HaJ0 CPAaBHUTE C oIlpenenaenneM TeIIOOPOBOIHOCTH .

U= »(—VT). (7.90)
B cayuae meramna pasaudme DpeHeOPEeKHMO MAalo, TaR UTO
1
%= K.. (7.91)
Cornacuo (7.85) u (7.87), MokHO Hammcarsh
n2 k2

ITO COOTHOUIEHHE "TaBHO H3BECTHO KaK sakon Budemana — @panya.
CMBICT ero jerko noHATh. B mpomecce 5IeKTPONPOBOTHOCTH KasKIBIR
9;1eKTpoH moj mefictBueM cuiani eE mepenocur ceoit sapan e. Tox,
OTHECEHHBIT K eJUHHYHOMY IIOJNI0, mpomopumuoHaieH e. B mporecce
TENIONPOBOJHOCTH KAyKIBIH 9JE€KTPOH IO BIMAHAEM TEPMHYECKOMH
«emaw kVT meperocur csoto «reniosyio sHepruioy k7. IloTok Temia,
OTHECEHHHIA K eIWHMYHOMY TPajUueHTy TeMIePaTypH, OpPOROpPIuoHa-
aen penwanne k7. OTHONIEHYE DTHX ABYX KIMHETHIECKUX KOPPHIHeH-
TOB HOJKHO OHTH MopAmKa k27/e?; muomuTenp 7%/3 BosHUKaeT BCIel-
CTBUE TOTO, 9T0 MBI OTPAHHIMBAEGMCS PACCMOTPEHHEM TOJbKO depmu-
9aCTHI[ — IEKTPOHOB, Haxogammxcs Ha moBepxuoctn Depmu.

Herpypmo mowrasars, duro 3akoH Bugemana — Dpanma wumeer
BecbMa o6mui xapaxrtep. OH cCOpaBeiuB, eCIH MOKHO HCHOIL30BATH
BHpasitenne (7.40), T. €. eciium BIAUAHNE PACCETHHS MOJKHO ONMCATH
¢ TOMOIIBI0 BEKTOPHOM NAWMIE CBOOOAHOTO Ipobera, 3aBHCAMmMER oT
noaoskenua Ha nosepxuocrn Depwmu. Hyskuo, ogmawo, drobsr pac-
cesture GBHIIO ynpyauM.

Yrobul yoequThess B 9TOM, PACCMOTPHM ABHHIN BHJ{ QYHKIIHU pac-
npemexeHuss B YCIOBHIX mponecca temnonposoguHoctu. Coraacho
(7.78),

fk_fa:(—%%) (—(g—lz,g)rvk-(—VT). (7.93)
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ITpegcrasum rpagudgeckn nomepeunsiit paspes pacnpegeienius Qepua.
Haxk mokasano Ha ¢ur. 126, B pesynbraTe mobasnenna k f° Brpaske-
unA tana (7.93) kpail pacupefenenns PacIIBIBACTCA € TOIl CTOPOHEHI,
e BeamwumHa Vi +(—V7) modomutenbHa; Apyroi Kpail cramoBUTCA

Kpyue.
AHaJIIITIIquKII 9TO MOMHO 3alHCaTh B BHJEC
. afe . /
szflr)(_(Tvk'VT)W: O(T——Tvk-V]). (794)

OJIeRTPOHBI, ABIDKYNIMECH NPOTHB TPAHEHTA TeMIePATypPH, Kak Ol
«ropsidee» Ha
8T = —wv-VT. (7.95)

H3060p0T, JIEKTPOHBI, NBIKYMBEECA B IHPOTHBONOAORHOM HaOpasb-
JIEHHH, OKA3BBAaIOTCA «XOJOOHEe» — X (TeMIeparypa» HIKe cpeaHeﬁ
TeMIIepaTyps 3JIeKTPOHHOTO raaa.

Xonodnsie opayue

(E-(~afPBTv- (-VT)

@ur. 126. Pacnpenmenenme @epMi B Dponecce TeIIONPOBOJHOCTH.

I Tomy ke pesyabrary OPUBOJAT M KHHETHIECKAd TPAKTOBKA.
B o6xacts ¢ temmeparypoit T saeKTpoHst, 06Iasalmue CKOPOCTHIO v,
monaganT, npoinda naTepBal tv. 061acTh, KOTOPYI0O OHH OCTABHIH
W B KOTOPOW OHH B IIOCHeJHHH pa3 MCHHTAIH TePMAIM3yIOUlee pac-
cestHne, HaxogurcA nupn remumeparype 7' + 67. CiaemopartennHo, «rey-
meparypa» 5THX HJIeKTPOHOB Buime Ha 87.

Tarum 06pazoM, B BHKCIEPHMEHTAIbHBIX YCIOBHAX H3MepeHus
TeMAONPOBOTHOCTH CYMMAPHOTO IIEPEHOCA JICKTPOHOB HeT — Het
HHKaROro moToKa 3apaAna. Ilorok rewia orauden or HyId BCIeACTBHE
TOTO, 4TO B OJHY CTOPOHY HIYT «TOPAINE» DIEKTPOHHI, & B APYTYH —
TaKoe ;Ke THCI0 «XOJNOAHEIX». JTo moraszamo Ha ¢ur. 127, a. Copasa
u300pa/KeHs 3TeRTPOHBI, Bo30y)kAenubie Hajxy ypoeHem Depam,
cleBa — OKAa3aBIIMECH HIKE ero.

HoemoTpim Temeps, KakuMm cmocoGOM 9TO pacmpejeleHme MOMKET
penarcmponaTth Omarogapsa paccesHMIO. B pesyuasrare pacceasus
TOPAYHN DJICKTPOH MOKeT HOmacTh HPAMO HA APYLYIO CTOPONY CHepsi
Depymu, M3MeNUB HAIpaBIeHWe ABWKeHHA Ha obpartnoe. Iazopem
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YCIOBHO BTOT IPOIECC 20DUOHMAAbHBIM. AKTH DPacCesHHA TAKOTO
THOa  BeLYT TAK:KEe K  YMEHBIIEHHIO HIEKTPONpPOBOTHOCTH  (CM.
¢ur. 127, 6). Onu ABIAOICA ynpyeumu, W JUIA HOX CHPABEJJIUB
sakon Bugemana — Dpanna.

OfHaKO BO3MOMKHEL M 66DMUKAAIbHbE IePeXojbl, IPH KOTOPBIX
«TOPATHAY IEKTPOH Tepsaer BCIO CBOI M3OHTOYHYIO SHEPTHIO H «CBA-
aupaercsy mox ypoBenb Mepmm. Taxoit mporecc cinabo Bauser Ha
SAERTPHYECKHN TOK, HO OKa3hIBAeTCA CTOID ke 3PeRTUBHLIM B Orpa-
HUYEHHN DOTOKA Temia, KaK ¥ pacceAnue Ha 6oIbLIMe yT/BL.

Topusormanensid npoyece

Bepmuxansnsid
npoyece

@ur. 127. PacnpenesieHns 3JeKTPOHOB U IIPOLECCH pacceAHuA.
@ — TP TEILIONPOBOAHOCTH; 6 — IIPH BIIEKTPOIPOBOTHOCTH

Beprunanpupie Tepexoisl, @O OIPefedenuio, SIBIAIOTCT Heynpy-
2umu. VIx me 6mBaer mpu paccedHMH Ha IIPHMECH, U B DTOM CIyilae
TeILIONPOBOGHOCTE IIounHgeTcs 3aKkony Bupgemana — @pauma. Hpy-
THMH CJIOBAMH, MOCKOJLKY COIPOTHBIEHHEC O TIOCTOSSHHO, HMeEer
MECTO 3aBICEMOCTE % ~ 1. BepTuKaapHBIE IIPOLECCH ¢ 09eHb CyIIe-
CTBeHHH TaKsKe IPH PACCeSHNMH Ha (OHOHAX B CIyYae BHICOKHX TEM-
meparyp, u6o TpH 3TOM MAKCHMAIbHasd JHEPTHA, KOTOPYI MOKeT
Hpo6pecTn AW MOTEPATH JIEKTPOH, PaBHA MAKCAMAIBHOM 3HEPIIL
donoua, 1. e. £O. Ira BeIHUHHA MEHDIIC PA3MAa3KHM PacIpeselens
@epyn BOausu yposusa Depmu (mopsiaxa kT'); mosromy saxon Bume-
Mana — Dpaura OKA3LIBAETCA CIPABEIINBEIM H s PEWETOTHOTO
COTPOTHBIGHAA B IPEebHOM CIydae BHCOKAX Temmeparyp. llockomas-
Ky B 2TOM CiIydae COTPOTHBJIGHHE O; HpomopmumoHaiapHo T, rermmro-
MPOBOIHOCTh ¥; HOJKHA CTPEMHTBCA K KOHCTAHTE.

Onmaxko mpU HEBKUX TeMIeparypax CpefHsas dHeprud, mpuobpe-
TaeMas M TepAeMas JMeKTPOHOM IPH DPacCeAHHH, PaBHA CpegHed
sHeprui GoHoHA HPH JAWHON Temmeparype, T. e. ZOIKHa OHITH TOPAN-
ka k7. dtoro BHOJHE JOCTATOYHO, ITOOB BRIBECTH JIEKTPOH M3 CIOA
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«TeDMHUYECKOM Pa3sMa3Km» W CHeNATh «TOPAIHH» SICKTPOH «XOJMOTHEIMY
miu HaoGopor.

BrBom ¢opmyntr, coorsercrBylowmeir sToMy ciaydao, Ttpebyer,
OYeBHMIHO, HOZPOGHOr0 PACCMOTPEHNS PA3IMYHBIX HPOLECCOB, B KOTO~
PHX BO3HHKAWT WIN yHUITOKaTCH GoHOHM. I'pylyIo omenKky MosxHO
OOJNYYUTh B IPERHONOKEHNU, ITO BCE ITPOIECCH PACCEAHHA OHHA-
KOBO 3(Q(EeKTUBHH B OTPAHHYEHUHU IOTOKA TeIla. ITO 03HAYAET, UTO
Opu pacdeTe «BpeMeHH perxakcanmmy o oOpasuy dopmyasr (7.46)
MOSKHO OHYCTMTb MHO;RUTeId (1 — cos 0), yumrhBaomuil usMeHenne
KOMIIOHEHTHEL CKODOCTH HJIEKTPOHA B HaUpPaBJIEHHH IIOJIA.

Ho mpu muskumx remmeparypax B muTerpamse (7.70) MHOKHTEND
(1 —cos0)=2 sin® (6/2) cramoBurcsi cyimecTBeHHEM. IloaToMy B
npe;xEeM OpHOIMKeRNU, B KOTOpPOM 0GpesaeTca MHTEFPUPOBAHUE HO
YIJI0BO# HepeMeHHOH, MH JOJKHE OyCTHTH MHOENTEN b { 1/0)2, Bri-
aucans, mogobro (7.67), «BpeMsA pelarcalMy Ui TeIIONPOBUAHO-
CTH», MB TOJYYuAN Gbl

1 73
S~ 7.96
Tt Met ( )
BMECTO 3aKoHA I B cilydae HIeKTPONPOBORHOCTU. I1OACTABIAA BTy
BeqmanRy B Qopmyry (7.84) u memonnaysa dopmyan (7.85) u (7.91),
HaXOIHAM
MO ~
Hi~ 7z (/.97)
Taxass 3aBUCHMOCTL [efCTBHTENDLHO HAGIIONAETCS — HHMKE TeM-
neparyput Jlebas uponeccs 9i1eKTPOoH-OHOHHOIO B3aUMOJEHCTBHA
TNPUBOJAT K TOMY, 9T0 omHoweHue JIopenya uMeeT BHJ

i T\2 -
S~ (@) (7.98)
BMecTo mocrogHHOTo B3Havenus (n%/3) (k/e)?, orTBedaomero sakoHy
Bupemana — ®panna (7.92). Ofgnaro npm NpegeibHO HHU3KAX TeMIe-
parypax, Korpga ocrarousoe comporusienue (§ 4 ra. 7) oOyciaoBieno
VOPYIEM paccesHMeM Ha IPUMECH, pPACCMATPUBAEMOE OTHOIIEHUE
BHOBB BOBBDAINAETCHA K 3Havenuio uucaa Jopewya, Gurypupyomemy
B (7.92).

Homedno, mpu BHYUCIEHHH TEMJIONPOBOTHOCTH Hamo OHIO OB
y9ecTh M BRJIAJ IpoileccoB mepebpoca, HO 3T0, KAK MBI 3HAEM, CIOK-
Hasg BHUUCIUTENbHAS 3ajaya.

§ 9. Tepmosaexrpuaeckue dHherTHr

Uz obmux ypasnennit (7.81a) u (7.816) supgno najamdme B3aWMO-
CBA3BKM MEKAY MOTOKaMM asiieKTpuuectsa m temaa. llycrs, manpumep,
B o0Opasme B YCIOBHAX DPA3OMKHYTOH WeHHM CO3aH TPAJHEHT TemIile-
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parypet. llomaras J = 0 B ypasmennn (7.81a), moaywaem (cumras
K03 pHUIeHTH CKAIAPaMH)

E——" (K;K1) VI = QVT (7.99)

— B IeOH UMeeTCH 9. 1. C.

Uro6st 06HADYKATE M USMEPHTH DTOT dddeKT, COCTABAM M3 ABYX
HOPOBOJAHUKOB — MeTamioB A u B — saMKHyTyl0 Ilemb, Tak 4YTOOH
KOHTAKTHl HAXOJUINCH NPH pasamiIHbX Ttemmeparypax I; m Ty;

(= 1T)J —=

@ur. 128. ddpderr 3eebexa. Qur. 129. dddexr Ilennrhe,

B HEKOTOPOH MPOMERYTOTHON TOUKe, TemiIeparypa Koropoit pasua Ty,
BRIIIUM BOALTMETP. J. . ¢. B I[eId, OO ONPEIEIeHA0, PABHA HHTE-
rpaiy oT HampssKeHHoCTH woid E Broas menu

Epdz + 5 E,dz+ E Epdz—
2

2 Ty
05 g det | QuSrde={ (Qa—0p)ar. (1.100)
1 Ty

BosHuKimmee B [ennm HaIpsyKCHHEe OKAa3HBaeTcAd (ymrmueil pas-
HOCTH TeMIeparyp KOHTAKTOB WM PAa3HOCTH abCOAlOMHBL Juggepen-
YUAAbHEL mepMmossekmpodsuncyuur cua Q IBYX MeETamaoB. 9ITO
XOpOIIo U3BECTHHIN agfiferm 3eebera (Pur. 128).

CymecTByer 1 Apyroe ABIEHNE, CBA3AHHOE ¢ KHHETHICCKAM KOD(-
dunmenrom K, purypmpyromum B ypaBHeruAX (7.81). Ilpenmonmosxum,
qT0 TeMOepaTypa NOALeP;KIBAETCA MOCTOAHHON BROAH rend (Pur. 129),
7. e. VI = 0. Coruacuo (7.81a),

U=¢KiE, J=¢K,E, (7.101)
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H, CIeI0BaTeIbHO,

U=1K7Kd= T1J. (7.102)

CoamajuM remeph ¢ moMoIsIo 6arapen ToK J BAoas nemn. B Bersn
A 6yner Teup morox temina Il4J, a B Berem B — orumunHil 0T HEro
noror tenaa IlpJ. Ha KoHTAaKTaX WOTOK TEmNMa HOJKEH OHTH HEmpe-
PHIBEH; CJAeI0BaTeXbHO, KoJwWdecTBO Temna, pasnoe (I, — Ilg) J,
fymer BEIEIAATHCA B eWHHITY BpeMeHH Ha OJHOM KOHTAKTe H HOTIO-
marbes Ha apyrom. Opma KoHTakr Gyger HarpeBaThCd, B TO BpeMs
KaK JApyro — oxmamparbcsa. 910 agexm Ileavmoe.

Kax supmo ma pasencts (7.99) u (7.102), xosgpuyuenm Ieavmoe
OpAMO CBA3aH € BeIWINHOW fupdepennumaibHOl TEPMO-3. . C.:

I = Q7. (7.103)

9ro — me cayuaiinoe copmafenue. Pasemcrso (7.103) mpepcraBasier
coboit ogHO W3 coomuouseHuii Keaveurna. Camm 3tH COOTHOIEHHA,
HCIOTB3YEMEE B TEODHH TEPMODIEKTPHIECKHX ABJIEHNHA, BHTEKAWT
KaK YJACTHHIA CTydail U3 coomHouwenul On3azepa, M3BECTHHX B TEPMO-
guHaMuke HeoGparmMuix mpomneccos, Ilocnename cocroaT B yrBepskje-
Hu®, 9T0 MaTpuia KosdpdunmentoB B ¢opmyrnax (7.81), HammcaHBEIX
nua sexmann J u U/T, goixHa OHTH CHMMETPHYHOM, — BOT LOYEMY
roadduument K, mossiserca B HuX ABaskpel. CymecTsyer emie ojuH
TepmodaeKTpudecknit agdexr — agfexm Tomcona, Habaiomaromuircs
B eIl IIPH HAJIWYNHA OJHOBPEMEHHO U 3JIEeKTPHUYECKOTO TOKA, M MOTOKA
Temaa; COOTBETCTBYIOMuIT KospPuuueHT HETPYAHO HaldTH uM3 obmux
cootnomennit (7.81).

Yro6sl ABHO BEYACIHTH BEJIWYUHY TEPMO-3. 1. C., BOCIOJIB3yeMCH
dopmymamu (7.86) m (7.87). Iomxyuam

_n?k dlno (&)
Q=" [ 25210 ]323;’ (7.104)

rae o (§) —«sHayenne IPOBOIUMOCTH, KOTOpoe Habmomamzocs O,
ecin 6u yposens Pepmu pasuancsa §». B mpmenmune merpymno (xota
OPAKTHUECKH YACTO CIOKHO I 0e3ycHemHo) NPHMEHHTH 5Ty (op-
MYy, MCHOJB3YA PE3YIbTATH PasTHYHBIX BEYHCIEHHI BIeKTPOLpPO-
BOJHOCTH.

ITycrh, manpumep, ¢ (§) MOMHO BHPasHTh 4Yepe3 KOHIEHTPAmHIo
HocHTelXell 3apaAma ¢ mapHOil oHeprmedl M 3dPeKTHBHYI UOABUIK-
HOCTH HX

c (&) = n (&) en (8). (7.105)
Torna

a2k A (8) dln p (8)
0=S-Swr [L2 422k ]%=t. (7.106)
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CMBICI IIepBOTO caraeMoro sfech siceH. Har ykasmiBadoch B § 7
rd. 4, «TEIIOEMKOCTH HA ONWH 3JIEKTPOH» DPaBHA

Ca =" por L8 (7.107)

Crenoparennno, koaddumuent Ilenstse QI mpencraBusier coboit
OTHOUIEHHE «TeIIOTH B pacdere Ha ONMH JJICKTPOHY K 3aPANY SIeK-
TpOHA, UTO HAXOJUTCA B TOUHOM cooTBercTBum ¢ Popmynoi (7.102).

[TpousBognas OT MONBMKHOCTH YYHUTHIBAET BHJ{ DHEPTETHIECKOTO
pacHpeneNeRns DIEKTPOHOB, YYaCTBYIOIINX B CO3faHum ToKa. Tak,
ecin p (&) pacrer ¢ sHeprueii, To Ipeobaamaoilas 1acTh TOKA CO3/jaeT-
¢ olexrpoHaMmu ¢ Ooiblueil pHeprmei, W OHH HEPEHOCAT IIPOLOP-
NHOBAaNbHO OOJLINEe Temia.

K wmeramny ¢opmyna (7.105), romeuno, Hempumenuma. B osrtom
ciyuae HY/KHO BHPA3HTh SIEKTPONPOBOAHOCTH Wepes INIOMA/b
nosepxuoctr @epmu u mimuy csobommoro mpobera, Kak B (opmy-
me (7.25), wanm Yepes IWIOTHOCTH COCTOSIHMI, IIIOTHOCTH TOKA 3JIERTPO-
HoB Ha mopepxmoctn Depmu U BpeMs pelakcamud, Kak B Qopmyie
(7.34). ITaa cucreMst CBOOOKHHX 2I€KTPOHOB Pe3YIbTATH, HONYyIEHHBIE
oGoumu cnocobamu, sKBHBajeHTHH. OgHako A IPaBHIBHOM MHTEp-
mpeTanui TEePMOIEKTPUUECKHX fABIEHMI B MeTajue Wid B CINiaBe
Hazo co0MI0AaTh OCTOPOKHOCTH NpH BHOOpe Mojenwu; B Heil crenyer
NpaBWIBHO YY€CTh 3aBMCHMOCTH YKa3aHHKX BEJINYMH OT SHEPIHH.
Jta 3aBUCHMOCTE NIpPOABIAETCHA B paAxe »Ppdexron; Hambolxee ApKmi
M3 HEX COCTOUT B BOSHUKHOBEHHN 2U2aHMCKOL mepMmo-3. 0. ¢. B obpas-
me ¢ marumrEsiMa opumecamn (§ 6 ra. 10). Cromr ormermTh, dTO
3apAx e ob6bMHO OTpHIATENeH, Tak 4To AudpdepeHImaIbHAS TEPMO-
5. 1. ¢. Q pomskHa GHTH OTpHIATENbHOH — ocoGenmno ecau p (&)
BozpacTaer ¢ ypenrudeHueM & (Gosee GHICTpHIE BIEKTPOHHL TpyjHEe
paccewBaOTE).

Jlng moxympoBomHMKa NojoGHEIe (OPMYJIE He TOAATCA. S1ech
HaJ0 BePHYTbCA K OMpeeleHHI0 PasimIHkX Koapdunmenton (7.82)
1 yike Helb3fA MCHONB30BaTh cBoHcrBa ¢yHruum Pepmm, Kak B dop-
myae (7.83). B wacrHOoCTH, HHTerpal Ana Kosdpdumuenra K; umeer Bup

[ & —0and; (7.108)

OH BKJIIOUaeT B ceGd «Temao», COOTBEICTBYIOINEE BejidudHe (., BBe-
menHo#t B § 6 ru. 4,— sHeprum HOCHTEXA 3apAfa, OTCIMTAHHOH OT
merunHoro yposua Qepmm, a He o1 Kpas Oamwxaimeir somm. Cie-
ROBATENbHO, UMEETCA BRJIAK B TePMO-d. [. €., NPHMEPHO paBHHIA

1%
e~ 72, (7.109)

U eime 9JeH, OGLYHO MEHBINHN IEePEOTO, YINTHBAIOIIAA SHEpreTAde-
ckyro sapucaMocTs U (&).
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B ToM caydae, Korja MOOJAYOPOBOAHHUK COJAEPKMT B OCHOBHOM
IHPKI», NMOJYYaeTcA aHAJOTHIHHIN pe3yabTar. llo-mpexxueMy Bes-
guHA {, MTpaeT podb (Temia B pacueTe HAa OJMH HOCHTENBY, HO 3HAK
3apAfa Temeph MOJOKUTENbHEI. B IpHCyTcTBHH 0GOHX TULIOB HOCH-
Tenell aapAja mMoaydYaercs HEKoe NPOMEKYTOYHOE BHAUEHHe TepMo-
9. . C.— BRIAABl OT OJEKTPOHOB (OTPHIATENbHBIH) W OT JBIPOK
(monoxMTENbHEI) GepyTeAs € OTHOCHTENbHHIMH BECAMH, PaBHHIMU
OAAM DTHX HOCHTENEH B HOJIHOM TOKe.

ie]v

&y, yeenutueagmes

)

dur. 130. Bo3MoKAKHE MOJENH IPH pAcIeTe TEPMODIEKTPOABIKYMEHR CHILL.
a — DJIEKTPOHHAA IOBepXHOCTh Depmm;” 6 — NHPOYHAA MOBEPXHOCTH Depmis

WnrepecHo paceMOTpeTh [ABA PABHONPABHEIX MOAX0JA, KOTOPHE
MOJKHO WMCHOJNB30BATh B CIydYae MeTaljia IS PacCMOTPeHHA «chephl
aeipor». Kark m B § 6 rui. 6, ee MO)KHO IpeJCTaBIATH B Kauecrse
nosepxroctn DepMu [ MEKTPOHOB C OTPUIATENBHHM B3apAfOM e,
HO obmamaiomeli Toll XapaKTepPHOH 0COGEHHOCTRIO, YTO €€ INIOMA[b,
a TAKIKe CKOPOCTh H BPeMA PEeTaKCAIUM DIeKTPOHOB BCE YMEHbIUAIMCS
¢ pocTOM PHepru|, Tak uto Benmuuna d In o (§)/0€ B dopmyie (7.104)
oTpunaTenpHa, a AAPPEPeHNAATHHAA TePMO-3. M. C. () TMOT0KHTEdB-
Ha. EcrecTBenHee paceMaTpuBaTh CPepy «IBIPOKY, AIHA KOTOPOM 4HCIO
HOCHTEIel M WX HOABHIKHOCTD Yeéeauyusaimces TPU BO3PACTAMMH
pHeprum (B HANPAaBIEHMH OT HEHTPa), HO 3apA HOCHTENEdl HOIOKU-
reren. O6a mogxoxa FaloT ofMH M TOT ke peayiabrar (¢pmr. 130).

§ 10. TemnompoBogHOCTH PelICTRH

B nsoxAropax W MOJYOPOBOJHEKAX 3HAYMTETbHEII BKIaJ B nepe-
HOC TemIa MOTYT JaTh eme Kolebamma pemeTkn. CoorsercTByHOIas
3amava odYeHb CJI0KHA, W MH o0CyIHM ee nmmb B oOmMUX deprax.

Bynmem paccmarpmsarth GoHOHH Kak ras vacrum. CoraacHo sie-
MCHTADHON KWHETHYECKOH TEOPHH, TeILIONPOBOJHOCTh Tasa ecrh

' 1
w= 5 CvA, (7.110)
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rge C — TemI0eMKOCTh, U — CKOPOCTh M A — JimHA CBOGOXHOTO
mpofera TacTHIH.

MosxkEO fmomycTHTB, YTO HPH BEICOKAX TeMmepatypax ras (oHo-
HOB o6mamaer ob6wanolt Temnoemkocrsio 3Nk, xak B dopmymae (2.60).
Moxno Taxme IPeNIONOKATH, 9T0 QOHOHH IBHIKYTCA CO CKOPOCTHIO
3ByKa Ss. OmEako miIf BWUMCHeREa A DNPHXORHUTCA HCHOJB30BATH
HeKoTOpHe rpy0sile npubamuenmsa. Ilpocreiimee W3 HMX TOro Ke
TANA, 9T0 U COO0paKeHHMsA, WCHONIb30OBAHILE B § 5 HaCTOAMEH IIaBhl
IJIA OOPHKH JIWHH €BOOOJHOro mpofera sIeKTpoHOB.

BeooMAmM, 9T0 OTHOCHTeNbHOEe H3MEHEHHe JOKalIbHOH CKOPOCTH
3ByKa, 00yCI0OBIeHHOE OTHOCHTeNBHHIM pacmupenmeM A pemerkm,
paBHO

— =yA, (7.111)

rae y — xoapunmenr I'pomafisena, BBeIeHHHA B TEOPHH TeIMIO-
Boro pacmmpenus [cm. (2.120)].

JlokanbHbIe TeWIOBHE (IYKTyammd ILIOTHOCTH BHIBOBYT pacces-
HHUe, TPONOPHUOHATBHOE CPeNHeMY KBajgpaTy 3Tod BeXmummni, Hemo-
cpeficTReHHOE CpaBHeHme ¢ Qopmynoir (7.59) maer

1 272
<~ Va , (7.112)
T, €.
Ds2  a
ANW?’ (7.113)

I8 @ — [UIHHA, 00 MOPAAKY BeIAIHHH PaBHAA MOCTOAHHON penreTku,
D — mnoraocrs. TakuM o6pasou, orGpacHBadA UHCTEHHEE MHOMKUTE-
71U, moixydaeM Ha ocHoammm (7.110)

U~ —=a. (7.114)

Jdra hopmynra mHTEpeCHA TeM, ITO, 3a MCKIIEHHEM @, B HEE BXOTAT
TOTBKO MAKPOCKONAIECKHEe BOINIMHE.

Hpasyio wacts (7.113) MoHO BHpPasHTh Take Yepe3 TeMIePATyPy
NIaBJAeHNA; aHagoraano (7.62) maxommm

A~%‘-2’-2T'—n-a. (7.115)

ITr GOPMyIL Pa3yMHO ONMCHBAIOT XaPAKTeD 3ABHCAMOCTEl I TIOPANIOK
BeTHIUHE 3(Perra; B TACTHOCTH, SACHO BHJHO, 4TO TEIIONPOBOM-
HOCTh pemerku o6paTHO IIPOmOPOUOHATBHA abCONIOTHOH TeMIepa-
Type, HajKe eCIH NPOYNEe MHOMKATENIN CIUIIKOM TPyGHL.
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Tem He MeHee 3T0 BOPHO TOJBKO IS BHICOKAX Temmeparyp (Beime
mebaencroit), u QaKTATOCKOE NOJO;KEHHE BEMENl OKa3HBAeTCA BOBCE
He TRKHM IPOCTHM, KaKHM BHLIATUT. [le1o B TOM, 4T0 «TEIIOBHE
GAyRTYyanId ILIOTHOCTHY IO CYMECTBY €CTh TO ’Ke camoe, 4T0 H
«(poHOHH, Hepemocamue Temao». [losToMy Hamo paccMATPUBATE BCIO
CUCTEMY, ABHO BBOAA B3amMmojue#crBue Memay @onowamu, Kar B § 10
ria. 2.

IMpu srom ob6HapyKUBaeTCA OTUH BeChMa WHTEPECHHIN pe3yabTar,
a UMEHHO: MYCTh OCYMIECTBAAIOTCH TONBKO HOPMaibHBE POHOH-POHOH-
HEIe TPOIUECCH, B KOTOPHIX KBA3WUMOYAbC coxpassercs. Ilycrs,
majee, Kak@EM-TO o6pPasoM CO3JAaHO COCTOSAHUE, B KOTOPOM (POHOHHBIE
9Meaa 3AMOTHEHUS CYTh Mg, NOMHEE KBa3HUMOYIbC 9TOF0 COCTOSHHSA
pased

P= % ngfiq. (7.116)

Ho sopmanbHbie npomeccH paccesansa GOHOHOB Ha (POHOHAX He H3Me~
uaor peamaaast P. Ilostomy awboii momusli moTok Temma, COOTBET-
CTBYIOmMHl safanHOMy 3Hauenmio P, mHe Oymer saryxarth, Tak 4To
TeNIOTPOBOHOCTE OIKHA GHTh O0eCKOHeTHOM.

HeficTeaTenpHo, B 00pasne TPOUCXOAUT KoHeekyus (HOHOHORB.
ToduHo Tak e, KaK U B CIydae meyeHus rasa, CTONKHOBEHHUS MERITY
9aCTHIAMA OPUBOJAT K 00MeHY MMIYJIbLCOM MEKAY HAMH U B KaKo#-
TO CTeeHW K YCTAHOBIEHHIO HEKOEro JIOKAJbHOTO PABHOBECHS BHYTPH
rasa; OHH He MOFYT (eC/H He yIATHBATL KOCBEHHOTO B3aWMOLEHCTBHS
€O CTeHKAaMR) 3aMeATHTh CYMMapHE# neperoc temia. ITpw pacemoTpe-
HAW Tmpomecca menaonpogodHocmu B rase CATyamusa, KOHETHO, COBEp-
nienno wWHAA. MH CHeOUAJbHO HAKIAJHBAEM YCIOBAE OTCYTCTBHA
CYMMapHOTO IepeHoCa YACTHI[; OPE 39TGM POIb CTOAKHOBEHAH CTa-
HOBHTCA CYIIECTBOHHOH, W60 <«ropAdmey WACTHIH, ABWKYIIHECA B
OJHOM HAaOmpaBIeHWH, MOTYT IePeAaTh CBOIO DHEPTHIO «XOJONHEIM»
gacTunaM, ABmKymuEMca Hascrpeay. OpgHako gia rasa ¢$oHowon
3aKOH COXPAHEHHUA IOJHOTO UHCTA (JACTHI He MMEET MecTa, M Io-
3TOMY HA3BAHHOE YCIOBHEe HAJOKUTH Helb3A. Jloboe amciao mobapod-
auXx (POHOHOB, HY)RHOE IS HMePeHoca Temaa, POMEAeTCA Y TOPAIero
KOHI{a, MPOXOJAT K XOJOMHOMY KOHIY W TaM MCYE3aer.

TenronpoBOAHOCTh KPHCTANIA OKA3HBAETCH KOHEUHOW Oaaro-
mapsa upomeccaM mepebpoca. Tax Kak B TAKMX UPOTMECCAX KBAZHEM-
OyJIhe He coxpausercsa, seirwguHa (7.116) me ocraerca mocrosHHON
¥ TOTOK TemIa JHCCHONUDPYeT. DBHUYHCIeHWe TemI0cONPOTHBICHUA
B 3TOM CIydae IpefcTaBifer coGoil HOBOABHO CIOKHYKH 3amady, HO
KOHEYHEIH pesynbTar coorsercreyer gopmyiam (7.414) u (7.115) apm
BBHICOKHX TeMmepaTypax. TeM caMeIM oOpAaBAHBAETCS W PACCMOTPEH-
HHI padee 0YeHb HAWMBHEIN pacder.

C mpyroit cTopons, mpu BH3KHX TOMOEPATYPaX CONPOTHBICHHE,
obycaosaenuoe ¢ponon-GoHoHTRME Hponeccamn nepebpoca (pur. 131),



§ 10. Tenaonposodrnocmv pewemxu 275

o9eHs ObiCTpO cTpemuTes K Hymo. Hamomunwm (cm. § 2 ra. 2) reomerpu-
9eCKUe YCIOBMA, KOTOPHIM [OJKHH TNOMIMHATHCA 3[1eCh BOJIHOBHE
BEKTOPH:

q+4q =q"+g (7.417)
a TaKKe yCIOBHE HJIA 9acTOT (OHOHOB:
v+ v =, (7.118)

CuemoBaTersHO, BeKTOD q” HOMKEH GHITH JOCTATOYHO BEJNHMK, ITOBHI
9HEePrua COOTBETCTBYIOMEro (OHOHA PaBHANACH CyMMe SHEPIHH
$ononOB ¢ BoMHOBEIME BekTopamu q ¥ q'. C ApyToit CTOPOHH, CymMMa
MOCTeHUX MOJMKHA BHXONHTh 33 TPAHUIIB IePBOH 30HM Bpminiosna,
HHaTe MH He IOJYyYAM HIPOIecca ‘

nepebpoca. Taxum oGpasom, miun-

Ha BeKTOpa q” He MOMKeT OHITb q
HaMHOTO MeHbIIe, ueMm g/2. B mo- q A "
mnenum [lebas 310 COOTBETCTBYyeET qd
HEPABEHCTBY

7" >Bap, (7.119) 9

Jora
B KoTOopoM [ €CTh 4HCiIo MOPpAAKA bpunnmoana

Y, nan %/ IOpyramm caoBamm,

" = pkO. (7.120)  ®wmr. 131. domor-GonorEHe mpomeccs:
nepebpoca.

r

BepositHOCTS OCymecTBIeEMS
npomneccoB mepe6poca Tuna (7.118)
OPONOPHHMOHATBHA HPOU3BENEHNIO COOTBETCTBYIOMMX UHCEN 3aIOMHu-
HUA GOHOHOB

Nalqr & e~M/ATe=m'/RT oy g=WV/RT oy p-BO/RT (7.121)

(mocienHee BHpaMKeHHe CUPABENJMBO NpPH HHEBKAX TeMIepaTypax).
JdTa BenmumHa G6HCTPO cTpemmTea K Hymo. MoskHo CKa3aTh, UYTO
paccesnme ¢ mepeGpPoCcoM «BHMODAsKHBAETCA» M TEIIONPOBOTHOCTD
CTPeMHATCHA K 0ECKOHEYHOCTH, KaK

X ~ TeBO/T, (7.122)

Tlle IOKasaTellb CTENEHH 7 3aBHCHT OT KOMKPETHHIX 0COGeHHOCTel
MOJen .

Ha camom mene mpm sToM anmma cBoGommoro mpoGera ¢oHOHOB
CTAaHOBHMTCA CPAaBAMMOM ¢ pasMepamu kpucramra. Ilyers pacemarpu-
Baemwii o6paser; npexcrasaser coGoii crepsens muamerpom D. Torga:
B dopmyre (7.110) MoKHO HOJOXUTH

A=D (7.123)

x ~ T°D, (7.124)
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TaK KaK yOeIbHAA TEIOEMKOCTh OPH HHU3KAX TeMOepaTypax mIpo-
nopguoHansHa I3 (§ 4 ra. 2). Jror pasmepnuiii sffexm nehcTBE-
TEeJIBHO HAOMIONAETCH HA OLKITE.

CyimecTByioT, OfHAKO, B APyrAe MeXaEA3MH PaccesHus GOHOHUSB.
Naske B «AMeaTbHOMY KPHCTAIIO HE BCO ATOMBl DKBUBAJIEHTHEHL: Kajk-
DOMY XEMHYECKOMY 2JIeMEHTY OGHYHO COOTBRTCTBYOT CMECH H30TONOB
¢ pasmmuHod Maccoil. (DOHOHH MOTYT pPAaCCeHBATHCA HA NOMOGHEIX
HEOJHOPOZHOCTAX Macch. C IOMOIBIO dIeMeHTApPHOE Teopu:m ympy-
roCTH JErKo HOJIyIuTh, HAUPUMED, giopmyasy Poses, onpeReddnmyo
CCUGHMEe DACCeAHHS BOJHEI C BOJHOBRIM BEKTOPOM ( Ha TOYEUHOH
HeopHopogHOcTE MaccwH 0M B cpeme ¢ muorHOCTHO D:

4
0 (g) = gz (OM)2. (7.125)

Ecam 6o Macca KayRIOTO aTOMa MOIIA OTIHYATHCA OT CPefHero 3Ha-
9eHNMA Ha 3Ty BeIWYMHYy, TO JInHAa cBoGogHOro mnpo6era ¢omuona
paBHAIACH OH

qnN 2 M \2 4na
N Alg) = A OME (W) Tt (77.126)

rxe N = 1/a3.
31ech BO3HHKAeT TPYAHOCTH B CBABH C CHUIBHOH 3aBHCHMOCTBHIO
A (g) or gq. UmerHo, ecrecTBenHO Grl0 6BI, 0606maa gopmyny (7.110),

HTOJOXATH
x=7 | C@v@A®Edg (7.127)

(IPOCYMMHEPOBAB TEM CAMBIM BRJIAJH OT BCeX BO3MOMKHHX KoJdeGauui).
Ho aro mpusomar K pacxogumocts npm g — 0, m6o mpm sToM Temio-
emMrocTh C () u CkOpocTh U (¢) DPAKTAYECKH IOCTOAHHEL, TOTHA KaK
A (g) ~ g~*. CunegoBarenbHo, NPHHAMAA A AJIAHHOBOJIHOBEIX KOJe-
Ganmit mebaesckmit cmexTp Tmoa (2.56), M ImoJydaem

f ¢%dg dg
N~ ~ | — —>o0. (7.128)
S § q2

q4

Paspemenne 3TOT0 3aTPYyAHEHHA IpeNCTaBiser €oboil MOBOIBHO
ciaoxuayio 3agavy. CyTs fena, oFHaKo, IPOCTa: B KPHCTAJIEe BCeTNa,
nasKe NpA HA3KAX TeMIepaTypaX, HHTEHCHBHO HAYT HODMAJbHEIE
mpomneccH paccesnnsa GoHoHOB Ha PoHonax. Camu mo cebe oHE He oTpa-
HAYABAIOT TeILUIONPOBOJHOCTE, HO OHH YCTAaHABIMBAIT PaBHOBECHE
MOy PasiNYHEIMEA KOJTe0aHmAMEA W YMEHBINAIT HMOTOK Tela, mepe-
HOCHMOTO MIWHHOBOIHOBHME QOHOHAME, KOTOpHIe ciialo paccemBaior-
¢A Ha M30TOHAX.

Ecan sopmanpHoe (oHOH-POHOHHOE paccedHme [eHCTBATENIBHO
O4eHhL MHTeHCHBHO, TO yepenueruio B (7.127) mommHa mogseprathes
cxopee Bermamra 1/A (¢). Ilpm sToM wmuTerpax CraHOBHATCA KOHET-
auM. B arom ciydae aammy csoGomEOro mpofera MOKHO OINEHUTH



§ 11. Yeaeuenue gononos 277

no dopmyiae kmHermueckoit Teopmu (7.110), mpepmonoxme, aro mph
tremneparype I WMEOTCA TOJABKO (THOHAIHHEEY (QOHOHH € BOIHOBHM
BEKTOPOM

7~ 5. (7.129)
IIpm sTO0M MOKHO HATHECATH
A~A(g) ~T4, (7.130)
OTKyZa ClIefyer
x~(6—]‘1{4-)2% (7.131)

Bosee TmarensuEil pacuer, 0CHOBAHHHHA Ha (eHOMEHONOTHYECKOM
MOJeIA B3aMMOJEHCTBMA MERTYy (OHOHAMEH, NIPHBONET, OJHAKO,
K Gomee CIOKHOHE 3aBHECAMOCTH

M 1
%~ g (7.132)

Iro B o0MHX YepTax COOTBETCTBYET OIKITY.

§ 11. YBaeuenme (ononos

JIeKTPOHHK B MeTaljie paccemsaioTca pororamu. Ho m, maoGopor,
POHOHE paccemBalOTCA dIeKTpoHamH. Boolme ropops, NoclelHee
paccesHHe CTOJNbh MHTEHCHBHO, YTO PEMETOYHYI TEIIONPOBOXHOCTH
TpyaHO Habxromats Ha (OHE TEIIONMPOBONHOCTH 3JIEKTPOHHOTO rasa.

CymecTByer oguH BasKkHBEIA sieKTpmIecKuit addert, oGycHaoBIEH-
HEI (OHOHAME B MeTaljlaX W B moaympoBogEmKax. [lycts mo KoH-
TYpy mporekaer ajerkrpuwdyeckmit ToK. Cormacuo gopmyne (7.27), sto
MOJKHO IIDeJCTAaBHTh B BHAe cMemmenus nosepxuoctn Depmu B k-
npoctpancrBe Ha Benndnny (et/h) E. Paccmatpmpaemas cmcrema
BJIEKTPOHOB B3auMogelicTeyer ¢ fornonamm. Ecau Her Gosbiie HUKaKuX
B3aMMOJ€ACTBEHA, KpoMe 3JIEeKTPOH-QOHOHHOTO, TO CHCTeMa (OHOHOB
Gy/[eT CTPeMHETHCS NPHHATH B PABHOBECHE CO CMEUJeHHOL DIEKTPOHHOM
cucreMo#, T. e. QOHOHHAA cmCTeMa caMa Oy@eT CTPEMATHCA CMe-
CTHTBCA B COOCTBEHHOM NIPOCTPAHCTBE HEMOYIBLCOB.

Opuako mogoGHEIA CHBAT CHCTEMEI OHOHOB COOTBETCTBYeT «peii-
dy» poHOHOB B 0GHYHOM mpOCTPAHCTBE, T. €. HATWIMIO HOTOKA Temja.
Homycrnm, ato apeiidoBas ckOpocTs GOHOHOB PaBHA CKOPOCTH npeida
anexkrponos (7.31). Ecam mommas rtemnoemrocts ¢omoroB ecrs Cp,
TO B pelIeTKe BOBHUKHET IIOTOK TEILia

UL ~ Cy Tév. (7.133)
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BeoomumM, 4ro 3TOT HOTOK Temia YOABANCA Onarogaps HaiWIMIo
anexrprmeeckoro toka (7.32). Cuegosarteabro, xosdduiment llensrhe
B 5TOM ciydae ecTb [cp. dopmyny (7.102)]

U, C.T

Nrave roBops, BOZHAKAET PElUEMOYHAS MEPMOILEKMPOIEUNCY LA CUAG

0p ~ L, (7.135)

ne

Jdror apderr Gua 6u HAMHOTO Goibiie OGHYHOTO 3AEKTPOHHOTO
BKJIafa, ompegensemoro gopmyioi (7.106), B KoTOpyI0 BXOZHT 04eHb
MajleHbKas TeIIOBMKOCTh JIeKTPoHOB [cM. Brpamenme (7.107)],
a He TemIoeMKocrh pemerkw. OH mONy4eH B HPENIION0MKEHHH, TTO
(QOHOHH He PacCeMBAIOTCA HA HA 9eM, KPOME HIEKTPoHoB. IIpm o6sru-
HBIX TeMIepaTypax Helo 00CTOHNT WHAYe — OCYMIeCTBIAITCA (OHOH-
doroHHEIe mpomeccsl mepeGpoca W T. M., KaK yKaseBalock B § 10
HACTOAMEA TrIaBH, M 3TO B 3HAYATEONBHOH CTENEHH OTPAaHHIHBAET
paccmarpaBaeMuii agigerm ['ypesuua.

IIpn BE3kuX Temmeparypax, KOTAAa B3aMMOAEHCTBHE MEKAY (POHO-
HaMHE HpeHeGpexuMO Malo, 3QPeKT YsreueHus GoHomos cpasy xe
obHapykmBaerca. B 3ToM caydae TEMIOEMKOCTh peINeTKH Beer
ceba Kax 7. JIisA oHOBANEHTHOTO MeTANIa ME IONYIHIH GH

O~ (5) (7.136)

910 GOIBIIAA OMPUYAMEALHAS TEPMO-3. X. C. (IOCKOABKY CIOJA BXOXAT
3apAn YJIEKTPOHA é). :

@opmyna (7.136) He Bcerga COOTBETCTBYeT YKCHEPHMEHTAJIBHO
Ha0n0gaeMbIM 3aBACAMOCTAM H0 CleXyomed npudune. Ilpenmosoxe-
Hue 00 ypiaedeHdnm (OHOHOB B HANPABIEHHH APeiPoBOR CKOpocTH
3JTeKTPOHOB OCHOBAHO HA 3aKOHEe COXPAHEHHSA KBAa3WUMIYJIALCA TPH
B3aHMOJIECTBAH 3IeKTPOHOB ¢ oHoHamu. Pacemorpum (dur. 132, a)
OOBIYHHII HOPMAJABHHHA HPOIECC, B KOTOPOM BIEKTPOH pPaCCeHBAETCH:
u3 cocrosnua k B cocroanue k' ¢ mcoycranuem gonoda. Ecaua s arom
IIpomecce OPOCTO M3MEHAETCS 3HAK KOMIOHEHTH BekrTopa k B Hampas-
JIGHHM II0JA, TO (OHOH MCHYCKAeTcd B TOM jK€ HampaBlIeHAH. Taxmm
myreM 3aMeIfercd DHIeKTPAIECKMHA TOK C OJHOBPEMEHHEIM ITOABIIE-
HAeM H30HTOYHHX (OHOHOB, ABUIKYIMUXCS IIAPANIEILHO HOCATEIAM
3apAga.

IfocmoTpuM Temepn, UTO HPOMCXOAHMT NPA 3IEKTPOH-POHOHHOM
nponecce mepebpoca. Hak mokasamo ma ¢ur. 132, 6, doror memy-
CKAaeTcsi INPEAMYMEeCTBEHHO B HAUPABIGHWH, RPOMUBONOAONCHOM
HaIpaBJIeHAI0 TOKa Hocureneil; BekTopH k, k' w q mommun B cymme
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JaBaTh BeKTOp obOparHo# pemerxkn g. CihepoparelbHo, pacmpejesie-
HUe (OHOHOB He (YBIEKAaercdy HIEKTPOHAMU; MOKET OKAasaThbCdA, 410
dononst gpefigyor B obparmom HampaBieHHH.

Takum oOpasom, ¢arTudeckuii 3Hak TepMo-3. 4. ¢. Qp Moker
6HITh KaK HOJORUTEIBHBIM, TAK W OTPHNATENBHHIM B 33aBHCHMOCTH
OT TOTO, KaKne IPOMecCH, HOpPMalibHbe mium ¢ nepebpocom, Goxee
CYlleCTBEHHH B QOPMIPOBAHAN PELIETOYHOTO COMPOTUBICHNA MeTAIIa,
OueBnzHo, 3T0T 3Q$eKT 09eHb CHIBHO 3aBHCHT OT (OPMEI MOBEPXHO-
cra DepME U OT PACCTOSTHUA MeHRy Hell m rpanuneir 30aH Bpunaosna
(cp. § 5 Hacrosmeit TmaBk).

Qumr. 132. YBiedenne (OHOHOB BIEKTPOHAMH.
@ — HOpPMaJibHBIE IPOLECCHI} 6 ~— mpoleccH nepebpoca.

Crienyer oTMeTuTh, 4TO IPH HAJINYUHM TOJNBKO HOPMAJBHEIX IIPO-
LLeCCOB HIEKTPOH-QOHOHHOTO PACCEAHHS COOGPAKEHHA OTHOCHTEIBHO
coxpanennd Benndnssl (7.116) ocraBanucs 651 B cume: ysiuedenne Gono-
HOB TOYHO KOMIEHCHPOBaJo 65l fpeiid) BIEKTPOHOB M MOJIHBINH HMIYIBC
cucTeMHl He AuccmnmpoBad 6ul. llpoBogumocTs mpwm 5TOM CTpeMUIACEH
Obl K 6@CKOHEYHOCTH, eC/IH He YIHTHBATH OCTATOYHOTO COMPOTHBICHHUA.
Jlns pealbHEIX METANIOB BTO ABIeHNE He HabI0gaeTCsA, HO-BUAAMOMY,
13-3a CHJBHOTO BIMAHUA dJeKTPOH-POHOHHEIX IPOIEcCoB mepebpoca.

Coobpaskenns aroro maparpaga IPUMEHMMBl TakMke M K HOJdy-
nposogauKam. Hocurenau sapsAga B HEX «yBIEKAIOT» B3aMMOJIeHCTBYIO-
mue ¢ HuME QoHons (cM. § 6 macroameidl riasw). B artom ciayuae
aderr Gouapmie, TaK KAk B PACCEAHHM HOCUTENEH 3apsAfa y4acTBYIOT
TONBKO (POHOHBI ¢ MaJBIMH BOJHOBHIMU BEKTOPaMH (; COOTBETCTBYIO-
mye aauBH cBoGoanoro mpoGera Bemuku. Ilpw HM3KMX Temueparypax
MOKHO Jaske BBIABUTH 38BHCHMOCTH TEPMO-3. . C. OT pa3MepoB
o0pasma. 3HAR PEUIETOYHOM TEPMO-3. 7. €, COBIALACT CO SHAKOM
HocHTENmed 3apAmna.
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§ 12. Idpderr Xouna

BepreMmca K KuHermueckomy ypapHeHHWio (7.14), n06aBHB K ajieK-
TpruecKoMy moaio eme MarnutHoe moide H. B mpmbnmkenum Bpe-
MEHH pelarcamuy ypaBHeHFe IDHBOAUTCA K BHAY

afo g
Eevy (—-5{3-) B X ). 28 (7.137)

JT10. ecTh AudpdepennuaibHoe ypapHeHHe OTHOCHTEOIBHO gk Kak QyHK-
nuu BekTopa k. Pacemorpum caydait ¢BoGOJHEIX 3IEKTPOHOB, KOTZA

ik = mv. (7.138)

IIpum 5TOM COCTOAHNE BJIEKTPOHA MOKHO XapaKTepH30BaTh CKOPOCTHIO,
a He BOJHOBHIM BektopoM k. Bymem mcrarhp pemeHune B BHje

ge=(— o5 ) Tvi-eA, (7.139)

rme A ecTh BeKTop, MOJIerKallluil OmpefeleHHI0. JTO BHIpaKennme,
eCTeCTBeHHO, amajormuHo gopmyiae (7.19); B orcyTcrBHe MarmmTHO-
ro OOAA BeKTOp A c¢BOAWTCA K HAUOPMKEHHOCTH 3JeKTPHIECKOr0

nonsa E
Mopcrasnsaa suipamenne (7.138) m (7.139) B (7.137), momysaem

VE=veA+ (oo =) v x Hj A. (7.140)

Tlocnenmee ypaBHeHWe, OYEBUAHO, YAOBIETBOPAETCA TOJECTBEHHO,
eciu

E=A+-—[HXA] (7.141)

D710 BEKTODHOe ypaBHEeHHNEe MO;KHO pemuTts orTHocurenabno A. C mo-

MOIIBIO dJIeMeHTapHHX TeoMeTpuuYecKuXx coobGpaskenuit (cm. dur. 133)
JIerKO JOKA3aTh, 9TO PeIerne

HMeeT BW[

__E—{(et/me) [H XE]
A=SGl BXEL (1142)

-1
-
P

]

|
A et
mc

I

!

|

{

XA
[H ] MosxkHO HMCXOEUTH M HEIO-

CPEJICTBEHHO H3 ypaBHEHUSA
- (7.141). Ecnm ¢yuxmus gy na-
E erca  dopmymoi (7.139), To,
Kak JerxKo yGemuThbCst, 9IeKT-

(wur. 133. pHYECKWA TOK pPaBeH HPOCTO

J=0,A, (7.143)

rie 6, — o6bYHAg SIEKTPOIPOBOHOCTE MeTallla MM IOIYOPOBOX=
HUKA IIPH HYJeBOM MaTHUTHOM Iole. 9To caexyer us popmyr (7.19) —
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(7.23), ecim B Hux 3amenuts E #a A. CregoBarelbHO, Ha OCHOBa-
mum (7.141) u (7.143)

=71;J+ x| = ool +po [Hx I, (7.844)

mc nme

rune p, — 00BMHOe compormBienme 006pasya B OTCYTCTBHE MAarHMT-
HOTO MOJA.

Orcloma BHAHO, UTO IJjid MOABIEHHAS TOKa J HAI0 HAJIOMHATH
BIEKTPUIECKOE I0JIe, COCTOAMEe M3 [ABYX KommoHeHT. HommomenTa
€r0 B HampaBjieHWW TOKAa J, T. €. BIOJDH NPOBONA WM HOJOCH MeTal-

Ja, eCThb
E" = PoJ- (7145)

JT0 osHauaer, 4ro HabirofaemMoe conpoTWBiIeHMe ofpasma He H3Me-
HACTCA NPH HAJOKEHAHW MATHHTHOTO IOJA: MAZHEMOCORpOmUSAEHUE
omcymemeyem.

Ecan, onpako, maremtHoe mone H mepmempmrynspuo BexTopy J,
TO MMeeTcd TOMepedHoe DIEKTPHIEeCKoe IOoJIe

Eg=——pofiJ. (7.146)

dto ecth afiekm Xoaaa. I cBOGOZHBIX BIEKTPOHOB IIOCTOSHHASA
Xonna, mo ompepelienmio, pPaBHA

== o, (7.147a)

RN, eCIU MCKIUATE BPOMA PellaKcaluy ¢ IOMOMBI Popmyis (7.33),

R=—1. (7.1476)

nec

Tor ¢arr, 910 mocrosauuass Xoiana o6paTHO HPONOPHAOHAIBHA
KOHIIEHTPANHHA HOCHTeNle# 3apsfa, JIerKo MHTePIPEeTHPOBATH C IMOMO-
mMpI0 KAHETHYECKOTo moxxoma. Takr, ecam cumrath, Kak B dopmy-
ae (7.31), uro Hocmream sapsapma apeddyioT €o CKOpocThio OV, TO
B HaNpPaBI€HWH, NEPIEHAUKYIAPHOM MATHHTHOMY moaio H, Ha Hux
Oyner meiicTRoBaTh cmia Jlopenna,

< [6v x H]. (7.148)

Uro6bl CKOMIEHCAPOBATH BHIBBAHHOE 3TOH CHIOH OTKIOHEHHe HOCH-
Tejgelf, Hao HAJOMKHUTH IONEePeUHoe IAEKTPHICCKOe IM0JIe

EH_—[Hx(Sv]:— [Hx J (7.149)

JdaBucuMocTh 1/n mosBIsgeTca MOTOMY, UTO OPH 3afaHHOH BeIWIHHE
TOKa HOCHTEIW NBIKYTCA TeM ObICTpee W, CIEeHOBATEILHO, OTKJIO-
HAKTCA MATHATHHIM HOJEM TeM CHJIbHee, UeM MeHbIe MX KOHIeH-
TpamuA.,
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Kuneruueckoe paccmorpenme ofbsicHAeT Takke, mOYeMy OTCYT-
CTBYeT MarHeT0COOPOTUBJIEHHe B 3TOM LPOCTOM CiIydvae. JIBe CHIHI,
CTpeMAMMEcs OTKIOHUTh HOCHTeIH B HAIPABIEGHHH, NOIEPEIHOM
TOKY, TOYHO KOMIEHCHDYIOT ADPYT Apyra. B pesyiabrare Hocurenm
3apAfa ABHKYTCA BIOJb 00pasna Mo eACTBAEM TOJIBKO IPONOIBHOTO
SJIEKTPHIECKOTO HOJsA TAK, KaK €CIm O MATHHTHOTO IOJA BOBCE
He OBUIO,

Qaxruaeckn fopmyna (7.1476) cmpasemimpa AIA IpoM3BONBHOM
cheprt B k-mpocrpamcrse, samommenHolt Hocmrenmamu. Omnpegenum
mapaMerp m* COOTHOIIEHHEM

Hkp -~ m*vp, (7.150)

The Bce menndmHbl Gepyrca ma moBepxsHoctm ®epmm. Ilpm sroMm B
noaHo#t amanormu ¢ (7.146) momayuaenm

e (7.151)

m¥*coy
Ho Torga [cp. smipamenue (7.25)]

2 2 k
00=—e—STUFdSF:1 ¢ \'LSF-::

1203k 1203 m¥*
et 1 4m ,, ne?y
=g A gy s (7.152)

Ifie n [eHCTBATENBHO €CTh KOHLEHTPANUA HOCHTENOH, 3aKII0YeHHBIX
BHYTDH cdeprl pamnyca kp. Kombunmpys pasencrsa (7.151) u (7.452),
BHOBb IIojiyuaeM pesyiabrtar (7.1476), me saBmeammii or t mw m*,

Onuaxro samernM, 4T0 B cirydae cfheps dupok BHAK 3apsafa e GBI 61
OOJNOKATENBHBIM, T. €. mojie XoJla AMeno 6 HPOTHBOMOJOMKHBIH
BHAK M0 CPABHEHMUIO CO CIYydaeM DJIEKTPOHOB. JTO COrMACYeTCS ¢ IPerk-
HUMH DacCyKEeHHAMA. PaccMaTpuBas suexmponmyio HOBePXHOCTH
Depmu, 0XBATHBAWINYIO HE3aMOTHEHHYI cdepy, MHl MO-LPeKHEeMY
ucnonan3yem coorrouenue (7.150), Ho macca m* remeps orpumarennHa,
TaK KaK BEKTOP CKOPOCTH 3JIEeKTPOHA HANPABIEH K NEHTPY chepsl
(pur. 134). Ora ke oTpmmaTenbHas BeIMYMHA BoOfeT W B dopmy-
ay (7.151). B smamenatere OKOHYATENBHOTO BHIPAKEHHA (7.152)
Oyner crosaTh BeawumHA | m* |, MOCKONBKY, Kak B dopmyrne (7.23),
HaJ0 BHYUCINTH BEIHYHHY

82 2 dSF 621: kF dSF
) = . A
1o:%% ST FTopl =123 ) e (7.153)
Crepoparensno, mocrosrHan Xouia R GymeT comgepkaTh MHOMKHTNDb
| m* |/m* = —1, 410 QparTHUeCKM CBOGHTCA K W3MEHEHMI0 3HAKA
sapana.

T POPMYJIE HENOCDeNCTBEHHO HEmPHMEHHMEL Jaske K ToJTympo-
BOJHAKY € OJHOH 30HOH# HOCHTEXIedl B3apsfa, HOCKOIBKY BeIMdHd-
Ha T () MomeT M3MEHATHCS B 06GIACTH BaNONHEHHHIX COCTOSHMULL.
‘JHEPreTHIecKas 3aBUCAMOCTH BPEMEHH pelaKcanum, OTBEYAIOMAs
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pasniuuHHM MexaHudMam paccesuusa [em. (7.51) m (7.75)], upmBoaur
K DOSIBIEHAK LONPABOYHOTO MHOKHTENs, HO OH pEIKO AANEK OT
equaunsl. Ha ocrosammm dopmyn (7.147) u (7.34) mMer monygsaem mus
204406CKOTL NOJeUFCHOCMU OCHOBHEHIX HOCHTededl 3apsga B obpasiue
clieflyolee BHIpaskeHde:
= | R | oc. (7.154)
3nak wocrosHHo#l Xonna R coBmagaer co 3HaKoM 3apAfa OCHOBHBIX
HOCHTENeH,
Teopus spderra XoldIa U APYrAX ralbBaHOMATHUTHHIX ABJIEHUI
OCHOBEIBAeTCA, 0UEBHIHO, HA CYMECTBEHHOM HCHOJb30BAHMH TEOPEMEL

7
a o)

Qur. 134. ¢ — chepa «vuaexTpomEOB» (Macca m* HoxoMuTesNBHA); 6 — cdepa
«ORIPOK» (Macca m* OTPHUIATENBbHA).

Biroxa W Ha ONHCAaHHM BDIEKTPOHHHX COCTOAHHA B IIPOCTPAHCTBE
obparHO# pemerkn. B HeymopsmogeHrHo# cAcTeMe, KOra KOMIOHEHTH!
BEKTOPA k yiKe He ecTh XOPOIMEEe KBAHTOBKE YMCIA, BHBOJH, MOJIYyIeH-
HEE ¢ IOMOIIbI0 KAHETAYECKOTO YPaBHEHHS, CPa3y Ke MomajfaioT Mmof
comuernue. IlostoMy Mu moiKHHE 06parHThCA K Kaxoi-nmbo 6oxee
060CHOBaHHOH TeopdHd, TAKOH, Kak MeToz HRy6o [cm. (7.15)]. Dakra-
9eCKH, OJHAKO, HOKA eHle HeT TOYHOH TeOpHH, C HOMOIIBI KOTOPOH
MBI MoTJIH OB 3aMeHUTH mpoctyio gopmyny (7.147). Hocnemuaa dopmy-
Ja faer BHOJHE YOBIETBOPHTEIBHOE COTMACHE ¢ ONBTHHMY MaHHHIMH
IR FKAJKAX METAJIOB (cM. § 5 HacTosamed Ti1aBH), HECMOTPA HA TO
90 JumHA ¢BoGOAHOTO npofera BIEKTPOHA OKAa3KBAETCA TaM MOPAIKA
Me:KaTOMHOro paccrosnmsa. Hescso, ogmako, MomHO 1M HabImo01aTh
adpexr XojTa B UPERETBHOM CIy9ae MPHLGKKOBOH IIPOBOJHEMOCTH
o JIOKANIM30BAHHBIM COCTOAHHAM '

§ 13. Jllsyxzonnas mopmens. Marseroconpornsienne

ITycre B o6pasme mMeloTCsT HOCHTENM 3apsAfa ABYX THIIOB, HAODH-
Mep dJIeKTPOHBI M JHPKE. PaccMoTpeB MX IO OTAENBHOCTH, HOAYIHM
COBEpIIeHHO aHajormgHo gopmyne (7.144)

1 1
=;i—J,+ﬂi[Hani], (7.155)
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rme
Py =—2 (7.156)

myc

H 0y €CTh BIEKTPONPOBOJHOCTD, 0GYCIOBIEHHAS HOCHTENAMHI TEPBOIo
TAOA (MX BKJNaj B MONHHEE Tok paseH J,). [lomoGuriM ke o6pasom
A HOCHTeNeil BTOPOTO THNA CBA3bL MEMIY MX BRIAAOM B TOK M IPH-
JOEHHHM 3JeKTPAYECKHAM [fOIeM JaeTCs COOTHOTIEHHEeM

1 1
E:EJZ—’_ﬁZ,[H Xc—z-]z]- (7'157)
3a1[at{a COCTOHUT B BHUWACIEHHM NOJJHOTO TOKAa
Y =5+ 7, (7.158)

Pemennsa ypasmemmit (7.155) m (7.157) matorea opmymamm Tmma
(7.142). B pesyunpraTe momydaem

J=( O, __ O )E——( o1y +2 022 ) [H x EJ.

14+-p3H? © 14-P3H?2 1+pia2 +pBsH?
(7.159)
®nrr. 135 maaoCTpEpYET 9Ty HOBONBHO rpoMo3nKyl0 (opmyry.
hpm e
(7/0'1).]! ﬂl[IIXJ1/0';' \\\\\\\
____________________ T,
ﬂz[HxJz/o'z] J ////
(1/2,)], \\\\\ ///
\\\i\ ///

®ur. 135. Braags B addexr Xonna or HocHTesel u3 OBYX 30H.

Uro6H BEECIRTH mOCTOARAYO Xo0JIa, HAmo 00paTuTh 570 BHIpa-
’KeHwe, BHPasHB aieKTpmIeckoe nmone E gepes sexropn J u [{H x J1.
Ana cra6oro MarHHTHOTO TONSA JIETKO HaXOIEM

BR= 04814050, — oiR + 3R, . (7.'160)

(01 02)2 (014 09)2

3necy BenmumHN Ry m R, mpemcraBiasioT co6oi MOCTOSHHbIE Xomnna,
COOTBETCTBYIOMHME HOCHTENSIM KaKIOTO THHA, KOTAA APYTHE OTCYT-
crayior. CiemoBaTenbHO, HPW NPOTHBOLONOMKHHX BHAKAX Ry, m R,
Oynmer mabnofaThCs HeKOe IPOMEKYTOUHOe 3Hadenme R. B caydae
TMORYIPOBOJTHAKA SIEKTPOLNPOBOAHOCTh HOCHTelelf KaKIOTo THHA
HaIo BHIPASUTH 9Yepe3 WX KOHIEHTPANHuI0 W HOBWKHOCTD, T. €. 0y =
= mepy, B T. 0. Taknm o6pasom, mamepsemas Ha ombITe XOIIOBCKAs
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nopBmwRHOCTH (7.154) MoKer He COOTBETCTBOBATH KAKOMY-Tu60 MAKPO-
CKOIMIECKOMY 00BOKTY, eCId TOJIBKO HOCUTENH 3apA/a i3 OGHOM 30HK
He HAXONATCH B MOJABIAIONEM GOJBITAHCTES.

Pacuer MarserocompoTHBISHAA HECKOIbKO Oomee ciroxern. Hysxao
HAATH CBA3H MOYKIY MOJHEM TOKoM J u KomuoHnenTo# noxsa E B Hanpas-
aeamu J. lloxygaem

(J-E)
p: J2 =

04 + O2
_ T RH? | TP
( 04 Og )2—1’ ( 0‘131]{ _l_ 102BZH )2 (7.161)

[T R THpiie 1+pia? +piH?

3Ty BEJIMYNHY Hajo CPaBHATh C CONPOTHBJIEHHEM B OTCYTCTBHO
MarHuTHOI'O IIOJA

Po = ——. (7.162)

01+ 0g

TTocie HexoTOpHX mpeoGpasoBaHHH HAXOAUM

Po Po (014 09)2+ H?2 (B101+ Po0s)?

Dra GopMyna He Tak YK BasKHA cama mo cebe, mb6o He 9acro BCTpE-
qaercA Takasd CHTyamuda, KOTJAa HMETCA [Be TPYNOH HOCHTeNel
€O CTOJIb HPOCTHMH cBoficTBaMu. TeM He MeHee OHa MO3BOJAET BHIAC-
HATH OCHOBHEE 0OCOBEHHOCTH ABJIEHHA MATHETOCONPOTHBJIGHHA.

[pesxne Bcero BeqwamHa AP MONIOMKATENBHA, 338 HCKIIIGHHEM
cayqas B, = P,, xorga Ap = 0. [Ipyrama ciosamu, eClid ABe IPYNObL
HoCHTeNe#l 3apfAfa HEOAMHAKOBO OTKIOHAIOTCA MATHHTHBIM HOJEM
BCAENCTBAE PA3IMIMA B MAcce WIH 3apsAfe, WIu AIuHe cBOGOXHOTO
mpoGera, To HEBO3MOKHO TAK MOK0GPATh 3IEKTPHIECKOe Hoje, IT06H
obe cocraBisomume ToKa Owim mapamiensas emy. llommmift Tox,
PaBHBIA BEKTODHOH CyMMe COCTaBIAIOMMX, YMeHbIIAETCA, H nabiro-
maeMoe CONPOTHBIEHHEe BO3Pacraer.

XapaKkTepHO TAaKKe TO, 9TO MarHeTocomporusienme Ap mpomop-
muoHansHo H? mua cmalnX MATHUTHBIX IMOJEH M CTPEMHTCA K Hachl-
wenuw B cryvae cuinpHux moxeit. Ilocaexnuii apdexr caas3an ¢ TeM,
970 MH OTPAHTYABAINCH DPACCMOTPEHHEM 3aMKHYTHIX WH30DHEPIerTH-
vecKnX IoBepxHocTeir Hocmreneid sapsama. B § 4 ra. 9 Gymer moxa-
3aHO, YTO MHOTTA MOKHO HAATH 0cOGeHNbIe HAIPABAGHAA B KPHUCTAILIE,
n1A KorTophix Ap He HacHImMaercH.

@opmyan suma (7.161) n (7.163) merxo oGobmaroTes Ha ciydai,
KOTIA MMEeTCA MHOTO THIOB HOCHTENeH, JAONM[IX HE3aBHCHAMEIE BKIA-
mH B TOXHHIHA Tok. MHawe roBops, MOKHO PAacCMAaTPUBATH CIOIKHEIE
nosepxuoctn (Depmm, mpudeM pasIUYHHIM dacTAM #AX OyAyT oTBe-
wars pasuble sHauenus mapamerpa B. CymecTBoBaHHe MarseTocOIpo-

ﬁ‘ﬂ; PQ—Po __ 0109 (B1—Po2)? H? (7.163)
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THBJIEHHA MeTAaJJOB CBH/ETENbCTBYeT, ClemoBaTelbHo, 006 m3MeHe-
ann B Ha moBepxHoctm Depmu (MOTyT GBITh pasHbe ddPeKTHBHEIE
MacChl MJIH, BO3MOMKHO, HM3MeHAeTCA BpeMA pemakcamuu t). OgHako
OKOHYATeAbHAA (opMyJa He OYeHb HArJNAJHA — OHA IPeJCTaBlIAeT
€000l CITOMHBIE HHTErpajk, Ccofepalimii pa3THIHEE JOKAJIbHBIE
nponsBofHEEe o1 ¢pyuknur & (k),— m ee TPYIHO HMCHONB30BATH [JIA
ROCCTaHOBIeHUSA ¢opMH moBepxHocTy QDepmu 10 3KCIEPAMEHTANBHBIM
3HAYEHNAM MaTHeToCOHupoTHBIEHHA Ap.

IIpocrefimuii caygaii OTHOCHTCA K TOJAYIPOBOAHMKY € OZHOI
«gomuoi» Hocurened 3apsaga (§ 6 rn. 6). Brmag ux B raaxsBanomar-
HUTHEIE dQPEeRTE HeTPYAHO BHYHMCIHTH B IPEIIOJOMKEHNA O IMOCTOSH-
CTBe T Ha KaKO0H M3 N309HEPreTHIeCKNX HoBepxHocrei. Uier ¢ cuioit
Jlopenna B ypasuerun (7.137) gaer, KaKk BAHO, KOMOOHEHTY I'PafHeH-
ta mo k, Hopmanpuyio oB6oum Bekropam v u H. Ecxu Tor manpasien
BOJb TJABHOM OCH JOJWHBI, TO B KauUeCTBE «XOJIOBCKOH Macch»
B dpopmyxny tuna (7.138) Boiimer, 04eBEAHO, T2 BENWYMHA /; W3 BHpa-
wenusa (6.44), KoTOpasg oTBEUAET YKABAHHOMY BHING «HOHOEPEYHOMY™
sanpapiaenuio. CoKeHne BRKIAIOB OT BCEX JOMWH C PASHEIME OPHEHTA-
OMAMA W pA3IWYHHIMA HEIHATOHAJIBHHIMHA KOMIOHEHTAMH TEH30DPa
kpuBu3HH (6.48) maer cymmapmyo mocrosmmyw Xomra. Iocaenmas
o6sa3aHa OHTH W3OTPOHHOM, €CAW MAKDPOCKONMIECKAA CHMMETPHSA
KpHucrania kybmdeckasa. [lamHoe ycioBme CAMMETpHH, OJHAKO, He
OTHOCHTCA K MarHeTocompotHBiIeHmiO. Ilociegnee Morker m3MeHATHCA
IpH BpameHAW KPHCTANNa BOKPYT OCed, mapajilelbHHX HAIpaBie-
HHAM 3JI6KTPAYECKOTO WM MATHHTHOTO mojel. IToT sddeKT anm3oTpo-
DM MAarfHeTOCONPOTHBICHWA [aeT IEeHHEE CBENeHHSA OTHOCHTEIBHO
3JI6eKTPOHHOM 30HHOM CTPYKTYPH NOJYIOPOBONHHKA.

PaccMoTpeHHBIE TONBKO 9TO DACIET OTHOCHTCH K NONEPEUHOMY
MAZHENOCONPOMUBACHUI0 — MATHUTHOE TOJe CIMTANIOCh HMePHeHNuKY-
JAPHHIM HAIDaBIEHHI0 TOKa, MOKHO PaccMOTpPers m npodoavhoe mae-
HemoconpomueieHue, KOTJa MAaTHATHOe TIOJe NapajlielIbHO KOHTYDY,
IO KOTOpOMY uporeKaer TOK. B TpocTo#l OBYX30HHOU MOpmeNH Ipo-
IOJIBHOE MaTHETOCOMPOTHBIERENEe OKA3HBAETCA OTCYTCTBYIOIEM. Mosk-
HO yGemmThCs, 9TO HTO €CTh CIE[CTEHE NPEeANoJoMeHusa o chepude-
CKo#l cumMerpun Kaxmoit somsl. DopMynsl mis mpomonkHOTo ddhderTa
OKa3HBaWTCA eme Ooliee CIOKHHMEA W3-32 HEOOXOJAMOCTH YIUTHI-
BaTh HechepuunocTh moBepxuoctu Pepmu. ItoT addert Tarxe Habaro-
JaeTCA HKCIePUMEHTAIBHO B METANIAX ¥ B moxyrnposomamirax. Ilpax-
THIeCKH H3MEHEHHE COUPOTUBICHHA MOHOKPHCTAIIIMYECKOTo oGpasma
CIOKHEIM 00Pa3oM 3aBUCAT OT B3AMMHON OpHeHTAIWW TOKA, MAaTHUT-
HOTO MHOJfl W KpucTaidiorpadmiecKnx oceii.

B upmmnumne, paBHO KaX W NPAKTHIECKH, JNerKO HPEICTABUTH
cefe W fpyrme SABICHNA HEPEHOCA, BOSHAUKAKIOAE NPH HAIOKEHHH
MarHUTHOro mnojiA. Tak, Haupumep, IPU HANWIAW MOTOKA TeIia BIOAb
HaIPaBJIEHUs IpaJieHnTa TeMIepPATYDPH BOBHHKAET IOUEPEYHOE DIEeK-
Tpmieckoe moie. IATo ecth afifexm Hepucma, amanoruwwunil sdderrty
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Xonna. Knaccmpnramua mono6HEX 9PHEKTOB ¢ yaeTOM CBOHCTB CHM-
MOTPHM KPUCTANJIa W WX BBAMMOCBA3H, BHTEKAIOIMEN U3 COOTHOMIEHMH
Onzarepa, opencrasisier co6oil IpeAMeT CaMOCTOATENLHOTO TeopeTH-
geckoro mccnefosaruA. OpFako BCe KMHETHIECKWE KOB(PPHUAEHTH
MOYKHO TOJNYYATH, pemiad ypaBHeHHme DoJbOMaHa, KOJb CKOPO CIOpa-
BEJIMBO OPUGTMKEHWE BPEMEHH pPeIaKCamuu.

B cBsasn ¢ popmymnoit (7.163) caegyer oTMeTHTH emnte omHO 00CTOA-
renbeTBO. Ilycrs HocmTenm o6owX THDOB WMEIOT OMAHAKOBOE BpPEMS
penaxcanmm t. Torma sexmumua Ap/p, s3asmcur Tonsko ot tvH. Ho
B OTOM CJlydJae BpeMs DpelaKCalluy T 06paTH0 TPOTIO POAOHAIBHO
comporusinenno p,. CaemopareanHo,

Lo (i) , (7.164)
00 Po
rae F — ¢pyuknus, onpefensemMas TONbKO HPHPOINON MeTasia.

JTta 3aKOHOMEDHOCTH W3BeCTHa Kak npasuso Koaepa. W3 mero
BHHO, YTO PE3yIBTATH H3MEDEHHH MarHeTOCONPOTHBIEHWMS Ha pa3-
ApTHHX o6pasmax MokHO m300pasuTh Ha ONHOM M TOH e OCHOBHOM
amarpaMme. HpoMe TOro, MOKHO HCCIENOBATH BIHSHUE OYeHb CHIE-
HHX @oJiedl, MCHOAB3YA AAHHHE AJIA OYeHb WACTHX 06pasnoB mpm
049eHb HHU3KUX TEMIEepaTypaX, KOTZa CONPOTHBICHHE D, HEBEIHKO.

IMpasuno Komepa sBiAerca, o9eBHAHO, TONBKO NPHOIMKEHEHEHIM.
OHo HEKomM 06pasoM He 03Ha4YaeT, YTO HOCHTENH 3apsAfa ABYX pas-
JUYHHX THIOB JIEHCTBUTEIBHO AMEIOT OFAHAKOBOE BPEMA PeXaKCAInA
WIH Ja)e YTO WX BPEMEHA PeNaKCalud HAXOMATCH B HOCTOSHHOM
OTHOIIEHAHW APYT K APYTY HABABHCHMO OT TOTO, IPOMCXOUT JIH pac-
CessHHe Ha NPUMECAX WIN Ha QOHOHAX, IPH BEHICOKAX TeMIepaTypax
win npy uaskax. OHO CBHETENBCTBYET JHOIH O TOM, 970 OTKJIOHEHHE
HOCHTEIA IPOMOPIMOHAILHO HPOM3BENEHWI0 BEAMIMHB MATHHTHOTO
moiA HA BpeMsa Mempay croikHoBenmaME. OTKIOHeHWA oT DpaBmia
HKosepa moraswBaioT, 4T0 PasTUYHEe MEXaHH3MH PACCESHUA MO-Pa3-
HOMY BJAHAKT HA pPasiMYHEeE TPYIIH HOCHTENEH 3apana.



TJIABA 8

OIITNYECKUE CBONCTBA

Ho tume! Uto 3a cBeT GIecHYT B OKHS?...
Illexenup, «PoMeo m JImyanertas

§ 1. Maxkpockonngeckas Teopus

B oroft riaBe MEH paccMOTpEM BOHPOCH, CBA3AHHHE € pacHpo-
CTpaHeHHeM OJIEeKTPOMATHATHHIX BOJH B TBePABIX TeXax. XOopoIIo
U3BECTHO, YTO OJHW BEIeCTBA nPO3PAYHLL, a APyruae HeT, OXHU ompad-
Jtarm CBeT, a IPyTHE noz4owyaom Naganilee Ha HAX N3IYyIeHne, ITH
8PPeRTH B3aBACAT OT TACTOTH WMIMTYIEHHs, MOITOMY MBI BKIOUNAM
B PAcCMOTpeHHe Bech CHOEKTDP 3JeKTPOMATHUTHHX BOJH — OT JJIHH-
HHIX PaJiEOBOJH N0 MATKUX PEHTTeHOBCKHX JIydeil.

JIIeKTPOMATHATHE® BOJHHN OMHCHBAIOTCA DPeNIeHNAMH ypaBHEHHM
MaxcBenna. 3amumiem mociegEme B BHIE

[VxH=2 %?4-4_’20_}3, v-E =0,

[VxEl= L2 v.H=0.

(8.1)

B aroit rmaBe mMet He GymeM paccMaTpWBATh HEMKAKAX MATHATHHIX
spdexToB, mosToMy momossmm p = 1.

Paznmame mesxmy mpomeccaM:m pacopOCTPaH@HHS BOJH B CBOGOJI-
HOM IPOCTPAHCTBE W B TBEPAOM Tele 3aKII0TEeHO B ABYX Kosdprummen-
TaX — QUaAeKMPUUECKOTL NDOHUYAEMOCU € W IACKMPONDOEOOHOCMU C.
Ileppas ompemenser BeIWYAHY TOKOB CMeNEHHsA, O6YCIOBICHHHIX
3aBHCEMOCTBI0 moAA E or Bpemennm, Bropas ABIAETCA Mepod peailn-
HHIX TOKOB, BOZHAKAWIAX MOJ HeHCTBHEM BIEKTPHIECKOTO moJjs 1),

Ucrmiowas MargEuTHO® mojNe, HodydaeM

e O2E 4ng OE
V2E=0—2—¢_9t—2.+_c2—ﬁ' 4(82)

JTO COOTBETCTBYET PACHPOCTPAHSHMAIO 3aTyXawImeit Bonus, DaKrcupyem
9aCTOTY BOJHE ® ¥ Gepim

E = Epeitker-on, (8.3)

1) QaKTHIECKH TOKM CMEIIEHWA, KOHEYHO, He MEHEO «PeaNbHH», YeM TOKH
IPOBOJEMOCTH, ITO 0GCTOATENBCTBO, OIHAKO, He BINAET HA JATbHEHIIHe paccysis
nemmsa.— Ilpun. ped.
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Torpa posmoBoe ypasHenme CBOOMTCA K COOTHOMIEHHIO

—Kie o 00 (8.4)
nin
K=2 (o4 2220)", (8.5)

Taxkmm o6pasom, BomHOBoe umcao K B o6meMm ciIydae OKa3nBaeTcs
KoMIIexkcHHM. Jlnsa cBoGogHoro mpocrpancTBa Mbi mMead Obl IPOCTO

w
K=2, (8.6)

49TO COOTBETCTBYET BOJHE, PAaCIPOCTPAHAMENCI 0 CKOPOCTHIO CBeTa.
B cpene cxopocte pacmpocrpaneHms MeHseTCs: yToGH HaliTm $aso-
BYI0 CKOPOCTh, HYKHO IIOJEJIHTh CKODOCTH CBETa HA KOMNAEKCHBIL
nokasamest NpesoMACHUS

N=(e+

4noi \Y/
=) (8.7)

Bce HabaoaeMbie MAKPOCKOIIMIECKUE ONITHYECKHE CBOMCTBA MOMKHO
Bepasute uepes N. Pacemorpmm, Hanpmmep, kax 6ymer pacmpo-
CTPAHATHCA B HAIPABJIEHHU OCH Z BO3MYIIEHHE YACTOTHI ®, 3aJaHHOE
BHadajde B BHfle mIockoil Bosaun. Ompegenum BeMEeCTBEHHYI0 ¥ MHH-
mylo dactE N:

N =n + ik. (8.8)
Boarosoe gucio Gymer pasuo
K="10 Ko (8.9)
7 dopmyaa (8.3) macr
E:wap{iw(%—t)}exp(—k‘fz). (8.10)

IJT0 03HAYAET, UTO CKOPOCTH YMEHBLIINWIACH [0 3HAYEHUA ¢/N, W BOJIHA
Opd JABIGKEHWH 3amyxaem — OTHOCHTEIBHOE H3MEHeHHMe aMIUTUTYIIbI
Ha JyimHe BOIHE paBHO exp (—2mk/n).

3aTyxaHme BOJHE CBSA3aHO, KOHEYHO, € MOIIOMEHUEM 3HHEPIHH
HIEKTPOMATHATHOTO MoasA. Y1066 BHUNCINTS BEIUYHHY DOTJIONMEHNA,
HY/KHO ¢ IOMONBI0 ypaBHeHmH Maxcpemnma HafiTH TOK, OTBeYAOHIMi
poaue (8.10). On onpemensercss mpaBoil 9acThbi0 NEPBOTO M3 ypaBHe-

it (8.1):

4no )

Yo (et g 0 e ©.11)
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[mociennee — Ha ocuoBaumm ompegenenus (8.7)]. Cropocrs renepa-
ouy KOyJIeBa Telula PaBHA BEIECTBEHHOH YaCTH BEJTMYHHBI

J.E= —-—NZE?- (8.12)
Iosromy rosgguyuenm nosaoujenus (o SHePTHUH, HorﬂomaeMaﬁ

OPU TPOXOKAEHMH dYepe3 CIOH BeEIeCTBA EIHHWIHOM TOJIUHE)
naercsa gopmyaon

n|E|?2 ¢

Yacro paccmatpuBaercs Apyrag MOCTAHOBKA 3aadl — H3JIyde-
Hne majaeT Ha IOBEPXHOCTh Matepuana. B ofmem cayuae 510 CHOMK-
HafA omrmdeckad 3ajada, HO HAC 6yneT HHTEPEeCoOBaTEh TOJBKO Caydalt
HopmanbHoro namenus. Tpebyercsa nafitu peumienue ypasuenuii Make-
Bexmna, umetomee Buj (8.10) BHyTpH epennt u ciMToe ¢ KoMOMIanueir
najaniled u oTpaskeHHol BONH cHapy:u. Takmm obpasom, B obsactu
z2>0 Mot Gepem

_ Re(J-E)  2ko (8.13)

E, = Eypelo(Nz/c—t), (8.14)
a pana obnactm z <C 0, orpevamomiel cBOOOZHOMY IPOCTPAHCTBY,
cremyer HAOMCATH

Ex :Eieiw(z/c—t)_}_Eze»’im(z/ﬂ—t)_ (815)

Jro ecTh cymMma BOJH ¢ ammiantygamu E, u F,, pacupocTpansaomuxcs
COOTBETCTBeHHO HampaBo u Haleno (¢ur. 136). CwimBag sTH BHIpa-
JKeHHs HA TpaHulle, HOJydaem

E, = E, + E,. (8.16)

C »TuMH BOJIHAMH CBA3aHbl, ONHAKO, W MarnuTHbIE HOJA; NYCTh
MarHUTHLI€ BEKTOPEL HaHpaBJ’IBHH BIOJAL oOCH Y. Boruncasas H
¢ IDOMOINbIO ypaBHeHI/II/I MaxcBenna u cmuBasg MaTrHATHBIE TOJA Ha
Tpanuie, HaXxoAuM ele OOHO YCJIOBHE, HajJaraemMoe Ha aMOJANTYObI:

—NE, = E, — E,. (8.17)

CremoBareibHO, OTHOIMEHNE KOMIUIEKCHBIX AMILIUTYN OTPayKeHHONR
U Iafamoleil BOIH ecTh

Ey, _1-N
'E_i—m7 (8.18)

q9TO COOTBETCTBYET BEM[ECTBEHHOMY K0o@UylUenmy ompancerus
(n— 1)+ k2
R=|13x | =i (8.19)
Mu BHIPA3WJIMN €ro uepes3 BeleCTBEHHYI0O U MHUMYIO 94aCTH KOMILJIEKCHO~

ro moxasarensa uperomienus N, (8.8).
flcno, gro pmust ompepenenns n ¥ K JOCTATOYHO HM3MEPHTH He3a-
BHCHMbBIMI cmoco0aMu HKOQOUIMEHTH OTpPajkeHHs H IOTJIOINeHHHA.
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Moatomy o6bHYHO NPUBOAAT 3HAUEHWA WMEHHO OTHX OITHIECKHX
MOCTOAHUBIX N W k, ¥ Ansa mux OyAer MOCTPOeHA TeOpHs B MaHHOM
rrape. Qakruyeckue yciaoBus ombita MOTYT OHTH 3HAYHTEIBHO Goxee
CIOKHBIMA — MOM(ET HCCHEeN0BAThCH, HaIpuMep, oOoTpaykenue IO
YIJIOM K TOBEPXHOCTH WM TPOXOskjeHUue depe3 TOHKYI0 IIeHKy, —
FAO BCe Pe3yIsTarThl B MPHHIINIE AOM;KHBI BHPa/KaTLCH Uepe3 Te jKe
ABa Kosdpdummenra.

VAAVARY

dur. 136.

Oxnako Koap@uIuents n u k He BIOJIHE HE3ABHCUMB APYT OT APY-
ra, Onu cBasaum ducnepcuonhbmu coomuouteHuamu. Benmanna N2
B gopmyrne (8.11) cay:xur mppmepoM 0606ujeHHOlE 60CTPUUMNLEOCIIU,
O603nauyM TOCHEAHII depe3 o (m); OHAa BXOAHT B COOTHOIIENHE

D(o) — a (v) Flo). (8.20)

3necy D(w) n F(0) — Pypbe-KOMIOHEHTH II0 BpeMeHH (Ha YacTo-
Te ®) or 0Go6mennoro «cmemennsy D u «cuarhy F cooTBeTcTBeN O,
Kaxk u B areMeHTapHOR TEOPHHU Liellell MepeMeHHOTO TOKa, 5Ta BOCHPH-
NMUYMBOCTb JOJI3KHA OBHITH KOMIUIEKCHON BeJNHUYMHOIL:

a(w) = a' (0) + ia” (0); (8.21)

TeM CaMBIM YYUTHIBAeTCA CABHMT a3 Me;kay Besmaunamu D u F.
Opnaxo coornomenune (8.20) ects mpocro pesyawbrat gypbe-npe-
o6pasoBanusa paBeHCTBA
+ o0
D@:SAa_mmec (8.22)

— 00

Hocaennee onpegenser cMemenne B MOMEHT BpeMeHHU / KaK CyMMapPHBIH
AUHELHbLIE 0MKAUK CHCTeMB Ha BO3IeHCTBHSA CUJI BO BCE JPYIUE MOMEH-
el Bpemenn ¢. OfHaKo CMelleHHe He MOKeT BOBHHKHYTH Jo IpPMio-

P
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JKeHHA CHJBI, HO3TOMY d)yHKIIHH OTRJINKA HeOpeMeHHO MOJMKHa yIo-
BJETBOPATL YCA08UID RPUHUHHOCMU:

A —¥)=0 gua ¢ >t (8.23)

Wnage rosopsa, B unrerpaze Pypre, cay;kameM oOnpefeleHHeM BOC-
OpHEMIABOCTH, Ge3 moTepu OOGHIHOCTH MOJKHO OTGPOCHTH BRIAN OT
HOPeAMIeCTBYIONIHX MOMEHTOB BPEMEHH:

400 oo
o () = S A (t) etot dt = S A (1) eiot d. (8.24)
— o0 0

Yro6bl IpEAATH TAKOMY HHTETPATy TOUHBIA CMHICH, TPHHATO Pac-
cMaTpUBaTh a () Kak QYHKIAIO KoMN4eKcHoll IepeMeHHoH o, MMen-
mei, cKaykeM, 6eCKOHETHO MAIYI0 HOIOKUTEIBHYI0 MHEMYIO IacTh ie.
Ilpm srom m3 mpencraBienma (8.24) caemyer, 910 paccMaTpHBaeMas
(PyHKIHUA He AMeeT 0c00eHHOCTeH B BePX HEll HOIYIIIOCKOCTH KOMILIeKC-
HOI YaCTOTH ) M CTPeMHTCA K HYJII OPH | ® | — oo BEOIB M060TO
HanpaBJeHAsA B yKa3aHHOH obinactu. 3aMKHeM Temeph KOHTYD HHTe-
IPHPOBAHMA, [JONOJHHUB BENIECTBOHHYIO 0Ch IOJYKPYroM OecKoHed-
HOro paguyca, W BOCIOAB3yeMCS U3BECTHOH B TeOpUHm (QYHKIHH
KOMILTEKCHOTO mepemenHoro teopemoit Homm. Ilomyanm

“+ o0

@ (Q) = — S 280 go. ©(8.25)

- 00

Wuarerpan sgech HOHMMAaeTcA B CMEICTKe I[VIABHOTO 3HAYGHHA, U Iepe-
MeHHAS WMHTErPHPOBAHMAA BEI[ECTBEHHA,

W3 onpeperenua ¢ypre-o6pasa AiIsA «OTPHOATENBHHX YACTOTY
ciaefyer, 9TO BedWdnmHA O (—®) KOMINIEKCHO CONpsykeHa ¢ o (o).
U3 dopmynsr (8.25) Brrerator coomruowenus Kpamepca — Kponuaa,
KOTODHM JOJKHB YIOBIETBOPATH BEMECTBEHHAA M MHHMAag 9acTH
pocapuavansocta (8.21):

o (Q) = —er- 5 %dw%— const, (8.26)
! .
u
, 2 [ .

0

B paccmarpuBaeMoM ciaydae BemecTBEHHAs W MHuMas gacto N2
OnpenensloTCA PaBeHCTBOM

N? = (n* —k? + 2nki, (8.28)
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u, ClIefoBaTENIbHO, MOJKHBI BRINOJHATHCA COOTHOHMICHMA

@'2n (0) k (o) do’
0)'2_0)2

e () =k ()= |

0

+ const (8.29)

7T ®'2— @2
0

2n () k (0) = —=2 f {n? (@) —k2 (o)} do’ (8.30)

Ecnu m3Becren, craskeM, Ko3d@uUIuenT noriomeHns Kak QyHKIAA
9acTOTH AIA BCeX YaCTOT, TO C MOMOIEBIO 3THX COOTHOIICHHH MOMKHO
BErIHCIuTh N (0) 1 k (©) mo ormensaocTH. CoorHomenns Kpamepca —
Kponnra He dABIANTCA CIyYaflHEIM Pe3yJIbTaTOM, CBOUCTBEHHHIM
RaKoH-1mb0 9acTHOH Mofjeln, — IPH BHBOME X OBLIO HCIOIB30BAHO
ogHo Jaumb yeaosme mpmumnmoctn (8.23). OHH MMEIT COBEPIIEHHO
ofmuit XxapaKTep W COpaBe[IuBH B IPHMEHEHHN K JIOOHM QyHKOUAM
ANHEHHOr0 OTKIHKa, HANIPUMep K AMSIEeKTPHIECKOH IPOHHIaeMOCTH
(5.16) mam ® moeepxmocTHomy mmmegancy (8.106).

§ 2. Imcoepcusas W mOrIOLIEHHE

Ilpocrefimias Momeab TBEPHOTO TeXa €CTh COBOKYIHOCTh HE3aBH-
CUMBIX HEATPaJIBHHX aTOMOB, (PMKCHPOBAHHKX B mpocTpaBcTtBe. Hak
JeHCTBYeT 31eKTPOMAarHATHAA BOJHA Ha mofoGHylo cucremy? s tex,
KTO HEHOCTATOYHO 3HAKOM C COOTBETCTBYIOmEH Teopuei, namuM Kpat-
KOe HBI0KEHWe ee IPHMEHUTEeIBHO K LIPOCTOMY Clydais, KOrJa Bee
ATOMBI COJEPKAT TOABKO MO OJIHOMY JIEKTpoRy. BoNHOBYIO (YHKIHIO
OCHOBHOTO C€OCTOAHMA aToMa ofozHaumMm depe3 ¢, (r); mpu Bo3Oy-
KIOCHAM BIEKTPOH MOKET HepedTH B COCTOAHMS, ONMCHIBAEMEE ATOM-
HEME QYHKIOUAME ¢; (T).

Ilyers smexTpmueckoe mosie BOTHH B OKPECTHOCTH aTOMa eCTh

E (t) = E, (elot 4-¢~i0t); (8.31)

MH npeHefperaem 37eCh NPCCTPAHCTBEHHOH 3aBUCHMOCTBIO, COZED-
mameiica B obmem seipaskeHun (8.3). llonwayschr mecTamumoHApHOH
TeOpHeH BOSMYIMEHHHA, MOIKHO 3aNHCATH BONHOBYI0 PYHKIHIO DIEKTPO-
Ha B NMI060# MOMEHT BPEeMEHH f B BHIO

(g 1) = goe 1Bt ; i (t) gsesibinm ©(8-32)

Beamanny eE-r Mp paccmMarpmBaeM KaK IOTEHIHAX BO3MYIMIEHMA,
meiicTeyomuil Ha sinertpoH. llogcraBmB BHpaskenme (8.32) B HecTa-
. nmomapHoe ypapuenue lllpexmurepa, DOMHOKHB pe3yXsTaT Ha ¢4
M TPOMHTErPHPOBAE IO BCEMY IPOCTPAHCTBY, JIETKO J0OKasaTh, 4TO
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KOOQPUIUEHTH ¢j, COOTBETCTBYIOME BO3GYIKACHIBIM COCTOSTUAM
C MHAeKCAMH j, MPUOAMKEHHO YHOBIETBOPAIOT yPABHEHHIO

iﬁ—‘:;ch: 5 ¢1eE (1) - réo drei(€i-Eo)in, (8.33)
Pemenne ero umeer Bup

t
cj(t) = % 5 eE ;o (€19t 4- e~ 10ty ¢i(E5-Con/ngy —
0

i cé_(é (- (g—g
_pi(ho+6j-8o)t/h . { i (~ho+8j-06o)t/h } , (834)
o+ (65— €o) fio—(€;—60)

:eExij { !
raoe
exjo = S rexd, dr. (8.35)

OueBujiHo, 370 €CTh MATPHUHEIA 5TEMEHT KOMIOHEHTH THNOIBHOTO
MOMEHTA JJIeKTPOHA B HANPABIEHHH 3JEKTPHUIECKOTO BEKTOpA MO,
B3ATHIA N0 BOJXHOBHM QYHKIHAM $o U ¢ ;.

CormacHo OGBIYHOM mpomenype, MPUHATOH B y4eOHMKAX Mo KBaH-
TOBOM MeXaHHWKe, Jalee HyKH0 OBLTIO OBl BETACIHTE Beanunuy | ¢; (£) ?
U IOKAa3aTh, 4TO OHA OYEHBL GHICTPO OCHWIIUPYeET, 33 MCKINYICHHEM
TeX Ciydaes, KOTJA TACTOTA O YAOBIETBOPHET YCIOBHIO

ho = ho; = (8 — &,). (8.36)

Hocae sToro HeTpymHo MoKasatTh, 4T0 GYIET MPOUCXOANTH KBAHTOBHI
[epexof U3 OCHOBHOIO COCTOSHMA ¢, B COCTOAHHE C BOTHOBOH PyHK-
nueit ¢;, mpHIeM BEPOATHOCTH MEPeXoJa ONPEAeTAETCA KBaAPaToOM
MOJ{yJIA MaTpUIHOTO 3nementa (8.35).

Mer, onmako, moiigeMm 10 APYroMy TIyTH M BHYHCIHM BeJTUIHHY
AUIOTBHOTO MOMEHTA ATOMa B DACCMATPHBAEMOM HeCTAI[HOHAPIOM
cocrosnmn. Ha ocnosanmmm dopmyn (8.32) u (8.34) momyaum

(ex (1)) = S P*(r, t) exp (v, t)dr =

= D {eaoje; (1) e~ 4 exjoct (t) 1ty =
j

1 1 1 . .
— 2 2 iot —imt
=B e iy { g+ o ) (€9 b el (8.37)
7

3/1ech He BHIIUCAHEL WIEHE!, KOTOPhie GRICTPO OCIWIINPYIOT X He HaXOo-
IATCA B (pase ¢ IPUIOKEOHHBIM TOJIeM.

TakuMm 06pasoM, JUOOALHLIA MOMENT aToMa TIPOITO PIIMOH AT CH
noaw. Ompepenum amomuyro noaspusyemocms dopmynoi

(o) — 3 Lol 20 (8.38)

I3 0 —e?

J
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Y1066l BHACHUTH, KAKOTO MOPANKA 9TA BEIMYNHA, MOIKHO HCIOIB-
30Batp upasmio cymMm JTomaca — Palize — Hyna, spamiomeecs
YACTHHIM CaydaeM Teopemsi (5.48). OHo raacur:

20 S Aoy 2 =1 (8.39)
i

Y0650 BBECTH TOHATHE CUAbl OCYULALAMOPE [JIA [epexoma B j-e
COCTOAHUE:
2m
fj——— hOle.Z'gle. (840)

e

Torpa sepasrenne (8.38) MORHO 3amHCaTh B BIIE

2 i
o (0) = — E To—ot (8.41)
7
MPAYEM CYMMa 9HCelN f; IO BCeM j, T. €. IO BCEM IepeXoaM U3 OCHOB-

HOTO COCTOSIHHS, PAaBHA eIMHUIE.

Ecan temeps momectnts N Takux aToMoB B eguHHIHOM OOBeme,
T0 obpasyercs cpema, BemECTBEHHAA YaCTh AUIIEKTPHIECKOU IPO-
HHIIAeMOCTH KOTOPOH paBHa

4dniNe?2 Q3 /i
e(0)=144aNo (0) =1+ — Z Tt (8.42)
7

Crporo rosops, ciegyer pazindarh HAHNEHHYIO 3][€CH ROREPEUHYIO
JIMBJIEKTPUYECKYIO HPOHHI[AEMOCTH M AHSJACKTPHYECKYI0 I POHH-
aeMOCTh IIA nPodoabHo HOMAPU30BAHHBIX BOJH 3JeKTPOCTATHIECKOTO
OIS, PACCMOTPEHHYIO B Ti. 5. OjHaKo B IpeesbHOM Ciydae JJInH-
HBIX BOJIH, T. €. B 061acTH OOBYHON «ONTHKE», 5TH BEJIMYHHEL COBIA-
palor gpyr c¢ papyrom. [HeficrBurennHo, sP@eKTH SKpaEMpPOBAHHA
¥ OOJADH3ALMH 4TOMOB IO CBOEMY XaPaKTepy JOKalIbHH M OIpele-
JATCA B OCHOBIOM BeIHYMHON DIEKTPHUECKOTO MOIA B HENOCpes-
CTBEHHOM OKPECTHOCTH KayKA0ro MOHA WM aToMa.

Breipaskenne (8.42) npepcrasiaser coGoil IpoTOTHO AHCHEPCHOHHOR
dopmyns. MHTEpECHO OTMETHTH, 9TO OHO CBOJMTCH K pe3yJibrary,
noaygennoMy B § 7 rar. 5. Horga saexTpoHH «cBoGOHE B TOM CMEICTeE,
9TO BCe YACTOTHL (); PABHEL HYJIIO M CYMMa CIII OCIMILIATOPOB f; paBHA
elnHuNe, INIA3MEHHYIO HacTOTy HPH KOHIEHTPAUHH JIeKTPOHOB
MOJKHO B3amHcaTh, COTMIacHo (0.53), B Buje

op = 22 (8.43)

B aToM cayuae srpaskenue (8.42) nepexogur B popmyay (5.67), o6nac-
HAOIYO ABTeHWe yabTpaduonerosoit npospaunoctu. OrMernM, ogHa-
KO, 470, 00JIy9as BeIeCTBO WOIEPEYHO NOJAPH30BAHHHMHA GOTOHAMH,
MbI HpaHTI/I‘leCKI/l He MO:keM HeHOCpeHCTBeHHO B036y,lII/ITI) IpoaoJabHO
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DOJAAPU30BaHHEE NIa3MeHHbe Kodebawusa. [{ns mabaionenus naas-
MERHbLT AURUL HAZO BO3OYAMTE 9IEKTPOHHBIA Ta3 2IeKTPOHAMHA BHICO-
KOl 9HePIMH WM 3Ke CTaBHTh ONHITH IO HPOCBEIHBAHMIO TOHKHX
IJIeHOK, KOTHA yjpaerca HaOIIONaTh N06ePIHOCMHLE NAGSMEHHNE Ko4e-
barnus.

Onmako B o0meM cilydae MEUHEMATBHOE 3HAUEHEE ®; COOTBeT-
CTBYyeT ONTHYECKOW MJIN HHPParpacHod o6IaCTH 9acTOT W BaBHCH-
MOCTB € OT @ ORasmBaerca Goxee ciromxuoll. B mpemennmom ciayuae
HUBKNX TaCTOT Mbl HOJNYYUM CTATHYECKYIO AUIIEKTPHIECKYI0 TPOHH-
NaeMoCTb, 3aMETHO MPEBHIMANMYI0 eIAHUIY:

8(0)=1+§‘__,fj$—’;f. ' (8.44)

Ho snauenne & (0) ne Mosxer 6HITL OYeHB BEIHKO, MO0 T8 GONBIIAH-
CTBA TBEPABIX Tel IIa3MeHHAA 9acTOTa ®p 0O NOPARKY BeIMYHHbE
cpaBHMMA € 00BYHGIH OnmTHIECKOl YacToTo# cBOGOIHOTO aToMa.

B pauapmeiimeMm ¢ yBexmuenmem o OUBJICKTPHYECKaA NIPOHHUIlAe-
MOCTh & (®) BO3pacTaer, IOKa He BOZHEKAeT CHHIYIADHOCTD opn
BHATEHNH O = ;. 3aTeM & (») NPUHAMAET OTPULATEIbHHE 3HAYE-
HHAS B HEKOTODPOIl 00macTw 9acToT M CHOBA CTAHOBHTCH MOJOJKHTENb-
HOi BOIM3W CIedyomell pe30HAHCHOH wWacToTH. B KOHITe KOHIOB
¢ (0) CTpeMUTCA K B3HATeHMI0, OHpeNelseMOMy ($OpPMy:Ioit (5.67);
T. €., KOPJa 7acroTa o Goiblle BCeX m;, MOTyIaeM

(02
y2

e(@) >1—_5. (8.45)
B orpectHOCTH KajKI0# pe3oHAHCHON YaCTOTH ®; UMeeTcHa 00IacTs

AHOMALLHOL Oucnepcuu. B 9acTHOCTH, mpH OTPHIATEIBHOH HHATEK-

TPHIECKOA HPOHNIAEMOCTH €& HOKasaTelb mpelomienns N cramo-

BuTCA, coraacHo gopmyae (8.7), uwmero mEEMEIM; Tarum o6pasom,
n=0, k=|e|"? (8.46)

1 B pesyubrare, Kar caepyer us (8.19), mpoucxomur noawce ompa-
KECHUe CBETa OT MOBEPXHOCTH TBepAoro rera. Ilpaktudeckm Gymer
Ka3aTbCA, 9UTO KPHUCTANI OCTAETCH MPO3PAYHEIM, XOTA W C OYeHb
GombmmM mOKa3aTeleM IPENOMIEHHA, BILIOTH A0 YACTOTHI o — ©j,
IOCIe MOCTHKEHNA KOTOPOH KPMCTATJI BHESANHO CTAHOBHTCA HEIIPO-
3PAYHEIM ¥ IOJHOCTBI0 OTPaKaeT CBeT. 3aTeM HpH 60lIee BHICOKHX
9acTOTaX BHOBR mHoABIAercA obmacts mpospasmocrn (gur. 137).

Omuaro Takoe mOBeJeHHe He COIMACYeTCA ¢ AUCIEPCHOHHEIMH
coorromernuamu (8.29) u (8.30). Momkro 6xTh Takie I MOTIOmeHNe,
UpomopnuoHaibHoe mpoussefennio 2nko. [leficTBuTensHO, MBI mORA
He 3aTpParABali TOH CTODOHH HECTAIMOHAPHOH Teopun BO3MYIIeHHi,
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KOTOpas OTHOCHTCA K NOTJIONIeHWI0, CBA3AHHOMY € ATOMHBIM Ilepe-
xogom (8.36). OO mposABAsieTrcss B BUAE Pe3SKOU JHHHH, HO-BHIAMOMY
8-06pasHoro BEAa, HAa 9aCTOTe ;. UTOOH YHOBIETBOPATH JUCLIEPCHOR-

4 l !
&{w) : t
| |
| il
| ]
1 1
) I
£(0) i !
| .
e S i e -
0 w,! wy ‘w
|
1 |
] |
| |
| i
i |
| |

@dur. 137. Jucmepcus cpera.

HOMY coorHomneHuio (8.29) ¥ UpaBMIBHO 3aUMCATH JUCIEPCHOHHEIE

91eHn B BHpasiiennu (8.42), Hago B3ATH
200 (@) k (©) =2 20X S 15 (0—0,): (8.47)

J

Jdra BeJnINHA LOT/RHA PABHATHCS MEMMOM 9aCTH KOMIVIEKCHOH THBIEK-

TPUIECKOH HPOHHI[AeMOCTH, KOTOPAsA NpHHUMAET BHJ

N ist
e )—1-1-4JT < s"fj{—m%‘—i‘;;z—-{—ﬁz—m' —(D:)} (8.48)
M
Bmecyo Goxpmmoro mokasaTtens NpeIoMIeHHA BONEH3H ©; Hmodydaem
Pe3KyI0 IHHAK HOIJOIeHus Ha 970d wacrore (dur. 138).
IIparkTruecku GeCKOHETHO Y3KWe NUHAHM HUKOIJA He HABMIOHAIOTCA.
Bcerma mMeerca HeKOTOpOe yIIMpeHHE W3-3a OpuMecedl W T. . WIH
OPOCTO BCJIENCTBYME eCTECTBEHHOIO PajMalUuOHHOT0 3ATYXAHUA YPOB-
nefi. CornacHo CTaHfapTHOH KBAaHTOBOW Teopuu, moaobubie sdderTH
MOJKHO y9ecTh (EHOMEHOJOTMYEeCKH, BCTABJIAA, CKamem, B dopmy-
(8.31) darrop saryxamma exp (—,I'?), coorsercTByromuii Bpe-
MeHHU 3aryxaHmsa (keadpama ammaurypm) mopsmka 1/T cek.
Herpyauo mosclofily BRI0YHTE B pacier 3TOT QaKrtop, HoOaBisAs
BenuumHy 1/,iI' K gacroram ©; B gopmyrnax (8.37) mum (8.38). Ecan
npeneGpeds I'2 mo cpaBHEHHMIO ¢ @}, TO B BHPayKEHUN M BEIECTBEH-
HOM 9acTH HOJAPHBYEMOCTH, A CIeZOBATENbHO, H B BEHIECTBEHHOM
vacta & (w) BMecto 9iaeHoB f;j/(w} — »?) mosBaTca ciaraembie Buja

©0}—@?
/i (©I— w2 o2 *

(8.49)



298 T'a. 8. Onmuueckue ceoticmsa

B pesyabrare mcuesaeT CHHIYJNSPHOCTD BEJIHYHMHLI N M JUCHEPCHOH-
Hafg KPUBAA PasMBIBAETCH, TAK UTO HOJTYYaeTCA UK MIHPHHOH IO PAL-
ka 2I' (¢ur. 139).

Xopomo maBecTHo, UTO 3aTyXamme camo Mo ceGe BHI3BIBAET pas-
MeITie §-QyHKIuM, IepexofAmed B OKPECTHOCTH YacCTOTHL ® = ®j
B KOHEUHYI0 (yHKIUIO BUIA

T/2n - 2l'w2/n
(@j— 02+, 02 7 (03 -2+ e

(8.50)

Hombunupys supasenusa (8.49) m (8.50), AeHCTBHTENBHO MOMKHO
mocTpouth opMyny tuma (8.48), yie Gonee win Meree o6Iaga0UyI0
CBOMCTBAME [UCIEPCHOHHBIX GopMyn camoro obmere Bupa:

‘ 4riNe2 0 — o? il'j0 o
e(w)=1+ m Zfi { (07— 02)2 -3 +(m‘]4—(o2)2—}—(021’§}_

J

4nNe? fi

=1+ 2 (0} —o0?)—iol; (8-51)
7

HecMorps Ha To, 910 pacyer GBI IPOBEAOI /I MOJEIN He3aBUCUMBIX

aTOMOB, 3TO BHIPayKeHHe HaeT PeHOMEeHOJTOTHIecKoe omucanme Ji0Goit

CHCTEMBI, CIIERTP MOTIOMEHHA KO-

TOpo# IHpexcraBiasger coboll Ha-

f0p MUMCKPETHHIX JHHMM.

JTOT aHAMH3 CAeLyer yTod-
HUTH €Ie B OJHOM OTHONIEHIM.
B coornouennn (8.42) mompasy-
A ~  MeBaercsl, UTO JA0KAAbHOE I0TeE,
/ OOJNAPHU3YIOMIEee KamIBIH  aToM,

»  eCTb TO 3Ke caMoe, 94TO H MAKPO-
S cKonuueckoe TMoje, TMPUIOIKEHHOe

k kpucramwry. Crporo rosops,
W) 3TO HEBepHO; AaToM HAXOIHTCH
He B abCOJIOTHO HEIPEePHBHOM
cpeje, a DpAaCIOIO)KeH B yaie
pemierky, rae oH OKpy:ked (1o
He TIPOHU3AH HACKBO3B) «Ipy-
THMH» aTOMaMH, TOJSPU30BaH-
UBIMH AHAJIOTHIHEIM 06pasom (cM.
ur. 138. Bemecrsenmas u mmmMaz § o DML 2). W3  siementapmoi
JacTH TIOKa3aTeasa IIPeJoOMIIeHHs. DJIEKTPOCTATUKNA H MAarHeToCTa-
THKH XOPOIIO H3BEeCTHO, YTO IPH
3TOM JIOJKHA BO3HMKATh MHONPABKA K JORAABHOMY oMW, Eerm
«IMOJIOCTBY, OKpYysKalomasa artoMm, 6Goixee miu MeHee cdepudiia, To K
JoKanbHOMY monio fobarnsgercs nonpaska Jopenya (cm. dur. 140)

4
Eyocar = Emacroscop 1 < P, (8.92)

nw)

w; W
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rme P — cpemusa monapusamusa. Orciofa BMecto coornomenns (8.42)
moxydaem gopmyay Kaaysuyca — Mocommu:

—1 4
%W:?HNOL. (8.53)

B pesyabrate HabuiojaeMsie JHMIIEKTPHIECKAA IPOHHIAEMOCTh
M MOKa3aTelb LHPEJTOMICHHA ONMCHBAITCA gopmymamu, Gosee CIOK-
feMn, geM (8.51); manpumep, MOReT BOBCE He 0CYIMECTBIATHCA Caydai
«II0 THOTO» OTPAKeHHU,

dur. 139. VYmmpenue pucnepcmonmod — @ur. 140. [Tompasxa JlopeHuna us-
KPUBOIL. MeHseT JOKaTbHOe Tojie Giaaromaps
OUIONAM, HABEEHHEIM HA COCETHHUX
aroMax 1ojieM B cdepHuecKoii mo-
JOCTH B OJHODOXHO NOJsAPU30BAH-
HOIl cpefe.

DnexTpHUecKaA MOJNAPHU3ANMA CPeIBl MoykeT OHTH 00yClIOBJeHA
M YHOPAROYEHHHIM PACION0KEHNEM ROCMOAHHHL TAMOIbHBIX MOMEH-
TOB, KOTOPHIME 00IaJa0T MOJEKYIBl sKAJKOCTH WIH TBEPIOTO Terna.
B sroM ciaydae HeoOXopuMbl gadbHeiumme yrounenma. H gmery mx
OTHOCUTCH, HAIIPHMEP, MOTENb L0Ka1bH020 noas OH3azepa, B KOTOPOR
OPUHEMAKTCA BO BHAMAaHme QAYKTYyalud B OPHEHTANH COCETHHUX
ATOMHEIX JUIIOTBHBIX MOMEHTOB.

§ 3. Onruueckne KoreGaHHA B MOHHBIX KPHCTALIAX

Bepremcsa k ypasHenusam AswkeHns pemerkn. Hax Owuto moka-
3ano B § 1 1. 2, cmemenue s-ro woHa B !-fi AUeliKe ymoBIeTBOPAET
ypasuenno (2.7), T. e.

Ms;.l-sl = -—Z} Gss' (h) *Us’, 14he (8'54)
s’h
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Ilycrs remepn ma cumcremy meficTByer sIeKTpOMATHMTHAA BONHA
tuna (8.3). B mpaByio wacte ypasmemma (8.54) cregyer moGaBuTH
cmiry

esEgei(K-1-ot) (8.55)

rjie e; — sapAnx s-To uoHa B gUYeliKe.

UTo6bl yaecTs BAMSHEE HTOTO HEOTHOPOAHOTO WIEeHa, HANO0 HaiiTu
TONBKO YaCTHHIA HHTerpat AuddepeHnUanbHOro ypabHeHusa (8.54).
Ouesnnro, 910 B npepmomosxennn (2.8) mpm q = K 3sasucamui
OT KOOPAMHAT MHOMKHTONDb OTAEIAETCH; MOJNYYaeTcA ypaBHEHHEe I
Uk, avmamryner komefanms ¢ BomHoBHM BexTopoMm K,

MsﬁsK = 2 Gss' (K) Uk + esEoe_i(’)t. (856)

Uro6s mpegcraBuTh ceGe, Kak BHIVIAQAT PELICHUS DTHX ypaBHe-
HHUH, PACCMOTPUM TIPOCTYIO MOKENb — JHHEHHYIO JBYXATOMHYIO eH0d-
Ky, Kak B (2.22). [IparTudeckn IPHXOAMTCA MMETH JENO C HIEKTPO-
MarHATHBIMA BOJHAMH, NJIMHH KOTOPHX CTOJb BEJHKH MO CPABHEHHIO
C ATOMHBIMH pa3MepaMH, 9T0 MOKHO HoXoskuTh ¢os Ka =~ 1. Ecan
8apsAnbl ABYX aTOMOB PAasHOTO 3HAKA, KaK B THMIMIHOM HOHHOM KpH-
cTanie, TO WOJydYaeM

MUy = 20 (U — Uy) - eE e o,

. (8.57)
Mz[]z =2a (U{ -— Uz) — eEoe_ iot,
Pemenne atux ypasnenuii umeer Bujy
/M .
(Us— Us) = £o “ﬁf;’f;é’ 2 piot, (8.58)

rie @r — Co6CTBeHHAA Yacrora cucTeMHl npm g = (), ompeneiasdemas

mo ¢opmyire (2.25). MoKHO BHUMCIHTL CBSBAHHHI C DTHM MBIIKe-

HHEM JHTOMBHEI MOMEHT H BHA3HTh €r0 KaK IOJAPH3YeMOCTH pe-

MeTKH:

4mNe? (1/M - 1/M,)
0F— 02

dnNa () = (8.59)

TakuMm 06pa3oM, WCHONB3YA YHCTO KIACCHICKIIE coofpaskenus,
Mbl IPATITH K TUCHePCHOHHOR Popmyite tuna (8.42). Uncanrens B mpa-
Boil wacti (8.59) MoxHO 3amucaTh Kak Qp% UTOGH SBHO OTMETHTH
6oabmoe cXogCcTBO 3TOH BEAWYMHEL © KBaZpaToM ILIA3MEHHOH 9acTo-
TH (6.81) cmcremst monos. IloCKOMBKY OB TOPAs/o TAieTee BJIEKTpo-
HOB, 9Ta 4acTOTa BHAYMTENBbHO MeHbme 7. C Apyroit cropomH, wr
€CTb NPOCTO YacTOTA JIMHHOBOJHOBEIX KOJEGAHHA pelmeTKH, OWeHb
Mazas IO CPaBHEHNIO C 9aCTOTaMm JIO0BIX BIEKTPOHHHX NEPeXOI0B
B aToMax miun moHax. CiregoBaTessHo, B IIHPOKOM HHTEPBAJE YACTOT
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MOJKHO HMCHOOJB30BATh BEIPAJKEHHE

Q

~ P
1 (0)) ~ & (OO) +m— . (8-60)
3necs orOpommena monpaBKa, CBA3AHHAA C 9PQHEKTAMH JIOKAIBHOTO
noxs [tanma (8.53)]. B ¢opmyne (8.60) Benmumna ¢ (co) mpepcrasaser
coGoit TUOIEeKTPUYECKYIO NPOHAIABMOCTD, OUPENeIaeMyi0 U3 uamepe-
HUf TokKasareld IPeIOMIEHAA HAa 9acToTax © » ®rp, HO eme /o
mopora Bo30y;KIEHUA 3IEKTPOHHHX Iepexonos. Hak caexcraue (8.60)
MBl noixydaeMm gopmysy Dopuna pana cratmiecKoit AWaNeKTPUISCKOH

IPpOHUOAaeMOCTH
2

& (0) &~ € (00) w—; . (8.61)

B rpexmepHOM MOHHOM KPHCTAJNAE BeIWIMHA ®y OyAeT 4aCTOTON
nonepeuro MOJAPA3OBAHHEIX ONTHYGCKUX KoieOaHHi, KOTOPHIM OTBe-
4aeT JUIOJBHBHIN MOMEHT, CHIBHO B3aHMONEHCTBYIOIANE ¢ UOTEPEIHOR
3IEeKTPOMAaTHATHON BoiHOH. DakTWuecKm MH WMeeM 3716Ch ROAAPU-
MoK —CMeCh C€BETOBHIX KoJeGaHMA ¢ KojeGaHHAMA NOIAPH3ANHE
pemersn. JTa CMeCh KaK pas M Hpencrasiser co0oll HacTosmee HOD-
MalbHOEe KoJebaHme, cmocoOHOe pPACHPOCTPAHATHCA B BEIECTBE.
Horga wacrora ® cranosurca Ooiabile o7, AUDIEKTPHYECKAA IIPO-
HUITAeMOCTh OKashBaercd oTpumare’dpHoil. Tounmo Tak e, Kak
n B cayaasax (5.67) u (8.46), npu aTom Gymer IpoMCXOAUTE HOJHOE OTPa-
’KeHHe M3Jy4eHHs OT HOBEPXHOCTH KpucTaina. J@gexm ocmamounnz
Ayuell — moABIeHAE 00JACTH 9ACTOT, ¢ KOTOPHIMA 3JIeKTPOMArHUTHLIe
BOJHH HE MOTYT DaCIpPOCTPAHATHCA B KpHCTalie, — HAOMIOaeTcs
BIIOTH JI0 YaCTOTH (p, ONPENeNeHHON pPaBeHCTBOM

2

0f = 0f +—L- (8.62)

g (o0) °

Ilpu uacrorax, GOapmux ®;, BeamamHa (8.60) BHOBL CTAHOBHTCSH
moIoKATenbHOE. OfHAKO, KaK BEITEKAET H3 ONpPENeleHHA JHAICKTPH-
qeckoil mpormnaemocru [cp. (5.59)], B kpucranne Moryr cymecrBoBaTh
0YeHb CHIBHHE (UIYKTYADHN SIEKTPHYECKOTO IOAA ¢ TacToToH o,
B OTCYTCTBHe BHEIIHero BozOymaennsa. OHN aHATOTHYHL MIa3MEHHHM
KoebaHnAM moHHOM pemerku. OgHako B paccMaTpHBaeMmhle Koaeba-
HHIA BHOCAT BKJIAJ KaK JOKAJNbHHIE MeKATOMHEE CHJILI, TAK H JalbHO-
neficTByIOIMUe dieKTpocTaTHIecKne moasa. Jacrora oy COOTBETCTBYET
INJINHHOBOJHOBOMY IPENedbHOMY 3HAYEHUIO RP0A0AbHOI BETBH CIIEKTIPa
onrm4ecKuX Kojaebammit pemerkn. Mexons us gpopmyn (8.61) u (8.62),
MBl mpuxoguMm B jgomonnenme K (8.60) r coommowenuto Juddena —
Carca — Tesnepa:

O () (8.63)

ok e (o) °

OHO OKa3HBAETCA COBEPINEHHO OOMIMM, COPABEJIABHIM MIA TIOOGHX
OOJIAPHHX MAaTePHAaNoB.
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BB peiicrBurenpnoctn 3mamenartenn B popmynax (8.59) u (8.60)
TOJRHBL COJIePsKaTh elle MHHMbIe ciaraemsie [cp. (8.51)], coormer-
crByomue guccunatuBHbEM dddexram. Hampumep, sueprus smexrpo-
MarHUTHOTO MOJAA MOsKeT HOTJAOMATHCA LPH BO3GYKIeHUH (OHOHOB,
KOTOPHIE CBA3aHBI C OOTHIECKHMH KojebaHuaMHu penieTkn Gmarojgaps
ANrapMOHMYHOCTH CHJOBHIX HOCTOAHHHIX [cm. § 41 ra. 2, § 10 ton. 7
u § 4 nacrosmeii raase]. Takue >PPeKTH JOTIKHEL 3aBICETH OT TeMIe-
parypel; orE OyAyT NPOABIATHCA TAKKE B MBMEHEHHMH dPPEKTHBHOMN
CHJIOBOIi MOCTOAHHON @, MCMOJb3yeMON B FapMOHHIECKOM HpHGIHMsKe-
nun [em. (2.25) manm (8.53)]. Boxee toro, mas meroropoit xougurypa-
IHE CMEMeHni pemIeTKH Bl3auMUas KOMIICHCAINA MERATOMHBIX CHI
MOKET Jlaske 0Ka3aThCA CTOJIh TOHKOHN, 4TO IpW TemmepaType HHKE
HEeKOTOpoil kpurmueckoii ¢ BeIMUHHA ®F CTAHET 0MPUYAMEALHOT.
Magrpockonmaecku 910 JOIKIO HPOSBUTHCA B BHJE IEPeX0fa B ceeHe-
mosaermpuueckyo Gaszy (§ 5 ra. 10), B KoTOPO# CTPYKTYypa KpHCTal-
JHYecKOoil perreTky XapaxkTepu3yercsa HaJH9meM HOCTOSHHOM cobCTBeH-
Ho# TOJAPUIAIUK,

CpapHuTenbHAsg MATOCTD YACTOT NPOOJMBHEIX OUTHICCKUAX KoJeHa-
HUH UTpaeT BaRHYI POJIb B TEOPHU NOAAPOH06. DTEKTPOH B HOHHOM
Kpucraiie ecer ¢ coboil cosaBaeMoe UM CaMUM dJIeKTPHIECKoe TIole,
IoaApusyoUlee OKPYHAOILYH ero obracts pemerku. Hpu onmcannw
HOKOAMEroCA 3JEeKTPOHA Mpl BIIpaBe MHCIONB30BATH CTATHIECKYIG
ousneKTprdeckylo npornmaesocts € (0). OpHako pAmHaMHYecKuit
OTKJIUK pemerkH Ha Bo3jelictBue, 00yCIOBIEGHHO® BIGKYIIHMC
9JeKTPOHOM, OTpaHHYeH dYacTOTOM ®y; COOCTBEHHHIX KoJdebaHui
3N eKTPHIECKON MOJSPU3ANUN CPeH.

Curyanmsa sgech o9eHb IMOX05Ka HA TY, C KOTODPOH MEL UMeEM 6o
B Teopnu maa3MoHoB (§ 8 T, 5). Ecin sHeprus siextpona mpesenmaer
hwr, To Oymer W3nydeH OmTHYeCKUHE OHOH, B Pe3yabTaTe UET0 HIIeK-
TPOH 3aTOPMOSUTCA ¥ CHIBHO pacceercs. laske B ciaydae MeenHo
ABH/RYINErocA 9JIeKTPOHA HeoOXOAMMO yYecTbh MPOMecch BHPTYaTIBHO-
r0 WM3IydeHHA KBAHTOB ONTHYCCKHX KOAeGaHUH ¢ MOCHeqyIOMmIM
norJaomenneM ux. IHEIMEA cT1oBaMu, DIeKTPOH Beger ce6a Kak JacTHIa,
oKyTaHHasa ofrakoM BEpPTyanbHBIX (oHOHOB. CobcTBeHHAs bsHeprus
TAKOTO COCTABHOTO 00BEKTa 3aBHCUT OT €r0 CKOPOCTH, TaK UTO 3¢~
fexrTHBHAA «Maccay HOCATENA 3aPANa 3aMETHO YBeJINIHBAETCA.

Cmcrema ¢ wmpeanwsMpoBAaHHBIM TaMHJIBTOHHAHOM, OTBEYAIONIUM
noaspony Goavwozo paduyca '), mocaymmIa mpeaMeToM OGIIHPHEIX
HCCIENOBAHMIA B KauecTBe MOJEIH TEOPHH IOAA ¢ CHIBHEIM B3aHMO-
peiicrBueM. OpHako HpakTHIecKH HAGII0OMaTh 00BEKT TAKOTO THNA
Henxerxo. Mcuoapsopanue 3T0H MOeNTH ONPABAAHO, JIUIND €CIHN 06IaCTh
HMOJAPUBAIMA 3aHEMAET 3aMETHO OOJNBIIUA 00beM, HeyKelIW BJeMeH-
TapHaA gYelika. B mpoTusHoM ciayIae Dolee KOPPEKTHOR 0KA3HIBAETCHA
MOZIeIb aBTOJOKRAIHB0BAHHOTO NOAAPOHA Marozo paduyca (§ 7 ra. 6).

1) Cm. [21].— Hpun. ped.
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§ 4. Dorou-GoHOHHBIE TEPEXOBE

Ha aswike Teopum moasi morsomenne MHOPaKpPacHOTO M3JIYIeHH
KPHUCTAIIOM OOUCHIBACTCA KAK B3aMMOJeHCTBHE (HOomMoKa ¢ OJHAM WK
HecroabkuMu ¢oHoHaMu. [Tpasmia or6opa i Beex TaKUX MPOIECCOB
axTuueckn ysxe Gbuin yceranosiens namu B § 7 m 8 ta. 2, xora gop-
MaJbHO pedyb LIIa TaM 0 Heynpyeol Jugparyuu. Tax, B mpocreiimem
cryvYae usMeHeHue BOJIHOBOI'O BEKTOpa AMPparupoBAHHOTO MydKa
JOJI;KHO PABHATHCA BOJHOBOMY BERTODPY HM3IY4YeHHOro (OHOHA:

k —k' = q. (8.64)

AmaToruuHO CHBHI YACTOTH CBeTa JOJKEH COBIaJaTh € UYaCTOTOM
domona:
o — o = wv. (8.65)

Ionrnasa aranorus ¢ gopmymamu (2.101) u (2.102) ouebugua. B neko-
TOPBIX YAaCTHBIX CIYYaAX OKa3HBAGTCA BO3MOKHEIM YIOBJIETBODPUTH
YKA3aHHEIM YCIOBUAM 6e3 BCAROrO ydacTus AUPPATHPOBAHHON BOJI-
HBl — HOJHAsA HHEPIHMA H WMOYIBC (OTOHA LEIMKOM IIePefaloTCs
KPHCTANITY.

Baskmo 3aMeruTb, UTO MBI 37[eCh MHTEPECYeMCA dIEKTPOMATHHT-
HBIME BOJTHAMH, 9aCTOTH KOTOPHIX JeKar B BAAUMON 1 uHPpaKpacHoi
obnacrax cmekrpa. CooTBercTBYIONME ATHHB BOIH HaMHOro Goablie

14
14
| Onmuveckas
8emas
Aryemuyecran
8emes
Jona 4] Jona Jora 0 3oma
Bpunmoana 7 Bpunnoana bpunmosna 7 bpunnioana
a é§

@ur. 141. Tloraomende ONTHYIECKEMH BETBSIMU.
a — OHOMepHaA CXeMa; 6 —- TpexXMepHas cxema.

MocToAHHOR pemeTkn Kpucraiia. CiemoBaTensHo, BeJIHYHHA BEKTO-
pa |k —k’ | gpessrigaiino Mana mo cpaBHeHHIO ¢ padMepaMH BOHH
Bpunaioana. [Tosromy 1A Beex 0GHTHEIX OTTHIECKHAX SBICHHUN MOKHO
camrath k — k' &~ 0 m wmHTepecoBaTHCA TONBKO BO3MOKHHIME M3Me-
HEeHHAMH JHEp2ul, COBMECTUMBIMHA ¢ 30HHOE cxemol. Takoit momxon
momoansAer «AadpaRmUOHHYIO» TOUKY 3peHusa (NpW paccMOTPeHNH
PEHTTeHOBCKHX JydYeil ¥ HeHTPOHOB), KOT[a W3MEHEHHE UMRYALCA
BEIUKO, a PasjiuinsA B YHEPTUAX o6Hapy:xuTh Henerko (dur. 141, a).
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CiemobarensHo, Ha C€XeMe HPHBEJEHHHIX 30H PacCMaTPHBaeMBbIi
polect — MOIMION[eANe HIA HCIyCKaHWe OJHOTO OHTHIecKoro ¢osHo-
Ha — u3o0paskaercsa MO4YTH BepTHRaNTsHOM nuumeir npnm ¢ = 0. [lpm
HAIMIUY HECKOJIBKAX BOTBEH B OUTUISCKOM CIIEKTPe MOT'YT B IPHHIIUIIE
HabNoAATECA HECKONbKo pasnmauwx amemi (Pur. 141, 6). Ogmaxo
MHATEHCHBHOCTH WX 3aBHCAT OT
MATPAYHHX 3JI6MEHTOB dHePTHH

B3aMMOJEACTBAA HIEKTpoMar-
7 = HHETHO® BOJHB ¢ KPHCTAIIOM.
_/ Kaxr mut Bugenu B § 3 macros-
© meid raaBbl, B OOJBLIIAHCTBE
MOHHKIX KPHCTA/JIOB BTO B3a-
mMopeiicteue (B ciydae IoIe-
PeYHHX onrtHYecKmx Koueba-
HmiT) OKa3EIBaeTCA OYeHb CHIb-
Hicoustic HEIM. Torga onMcasme CACTEMEI
s Ha A3biKe crabo BzamMomeicT-
Epomona 0 9— b‘pgg%ay ; Byomuax ¢oTonoB u GoHOHOB
CTAaHOBHTCHA HECOCTOATEIbHEIM
@ur. 142. MBorofoHoHHOEe mOrIOmMeHHE. ¥ Bo3HMKAeT 3PPexT ocraTod-
HHX ay4veii. B mexotopmx mo-
JAYOPOBOTHUKOBHX COGTUHEHHAX BCe jKe O0HADY/KeHH ONTHYECKHE -
KoIe6aHUA ¢ BeCHMAa HE3HAYATeNBHEIMH JUIOIBHHIMM MOMEHTAMH.
B aTix cydasx oKasnBaeTcs BO3MOKHHM Haburonenue odHogdoroHH020
n0240WeHILS B OOKITAX IO IPOCBEYMBAHUI0 TOHKHX INI@HOK.

3ameuad, 4UTO IpONeccH MOINomMeHHA (M HcnycKaHuAa) GoToHa
«BEPTHRAJBHED B 30He BpmamiosHa, MOMKHO HPEANOIOKHUTE, ITO BO3-
MOJKHH W [PYIHe «BePTHKAIbHEE» IEePeXofsl, Kak 3To m3obpakeHo
Ha ¢ur. 142, B Hmx yuacTByIOT H aKyCTHIeCKasd, M ONTUIECKAsA BeTBU
KoneBanyi. JHeprua morjomaeMoro ¢oToHA, 0YEBHIHO, €CTh

h(o == hVoptic — ﬁvacoust. (8 .66)

14

voptic

@DaxTHIeCKH MCIe3a0T GOTOH U aKyCTHIECKHT OHOH B MOABIAETCH
outudeckuit Poron. TpeGosaHAA COXPAHEHAA HMIYIbCA TAKIKE BHIIOI-
HAwTCA. MoKHO mpemebpeds UMIOYIbCOM QOTOHA M IMOJOMKATH TPOCTO

fidoptic = Aqacoust- (8.67)

910 PABEHCTBO 03HAYAET, ITO LEPEXOJ] MOJIAEH OHTh BEPTHKAIBHEIM.

Tlomo6HEe mpomeccH paspelleHs mpaBmaamMm orbopa u, CiaefoBa-
TenpHO, MOTYT Habmomatbess. OHEM DPHBOAAT K 00pasoBaHMIO LETHIX
HOOC TOTAoTMeHHs B fAalekoir mapparpacHo# ob6mactn. llmpmua
n ofmas CTPYKTypa TAKHX IIOJOC 3aBMCAT, OYEBUIHO, OT Habopa
BO3MOYKHEIX IIEPEeXO/I0B U3 AaKYCTHYECKOM BETBU B ONTHIECKYIO M OT pac-
cToARNA Merkay mocaenanmu. IloaHoe o6CysiaeHre IPONECCOB TAKOTO
THIDA npefcraBiser cofoil, KOHEYHO, [OBOJBHO CIOKHYIO 3ajady,
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TAK KaK NPHUXOAUTCA PACCMATPHBATL PA3HOCTH ABYX (PYHRITHI, KarK-
flas ¥3 KOTOPHIX ABIAETCS QyHKNMeH KBAa3UAMIOYJIbCa B 30He Bpmi-
JM09HA.

JTAM HE MCIEPIHBAIOTCA BCe BO3MOJKHEIE IIPOIECCH. Paccmorpen-
Hble BHIIEe HEPeXOBl MOYKHO HAa3BaTh (PASHOCMHBMUY TPOLECcCaMu.
Bo3MOKHH TaKKe cyMMapHbe IOJNOCH, COOTBETCTBYIONME TOMY, TTO
9Heprus GOTOHA PAcXomyercs Ha CO3ZaHHE J6yr GOHOHOB ¢ PaBHBIMH
¥ IOPOTHBOMOJNOKHEIMA II0 8HAKY EMIyJhcaMu. B sToMm ciyuae

hw = ﬁVoptic - AiVacouts,

(8.68)

ﬁroptic = ~—fiacoust -

Yro6n QakTHIeCKH BHYHCIATH BEPOATHOCTE mepexoja, Haxo
3HATh 3aBHCHMOCTDH HEJMHEHHOT0 WIeHa B IUIOIBHOM MOMEHTE OT CMe-
menus pemrerkd. Nuwmu croBamm, folskeHn GwTh, HampuMep, H3Be-

CTeH TeH30D By B BRPayKeHHH IS OUIOIBHOTO MOMEHTa I-if Aqeiikm,
00YCIOBIEHHOT0 CMEMEHUAMA Ug:

Ml == 2 As'usl“*—z Ug ‘Bss"us'l- (8'69)

Kasxnoe cmemenne sateM ¢ momompio $opmy. (2.8), (2.10) n (2.129)
BBHIPA/KAETCS 4epe3 OMepaTOPLl POKICHHA M YHHYTOKEHHS (POHOHOB
pasaminBIX Beredl cmektpa. Craraemoe B By, coorsercrymomee
TPOU3BE/IEHNIO J[BYX TAKUX OLEPATOPOB, BH3HIBACT HHTEPECYIOIIME HAC
fBYyX(oHOHHBIE IpoleccH. DaKTHIECKN BEPOATHOCTH Iepexofia Oymer
cofepsKarh KBaJApPATH ABYX MATPUYHBIX DIEMEHTOB THIA

(nq+1]ad|ng) = (ng+1)"2,

(8.70)
(nq—1]aq|nq) =nlps,

OTBEYAIOIIHX YBETNIEHUIO MM YMEHBITEHNI0 HA eIHHAIY THCEN 3a1Iol-
Hennsi QOHOHHEIX cocTogEMiA. IlocKoNBKY cpegHee sHauenme ng
ABIAeTCA QYHEKIUEN TeMmepaTypsl, COTIACHO (2.46), stm mpomecco
3aBMCAT OT Temueparypsl. B obmem caywae, ommako, roodumment
HelMHeHnocTH B, HEBeIWK, TaK UTO 9TH TOMOCH OKAZHIEAIOTCS
Ca0piME [0 CPABHEHHIO ¢ HOJOCAME JUIA ONHO(DOHOHHKIX IPOTECCOB.

Crout oTMeTHTh, UTO A1 MI060H BeTBH (ynKIHA Vq ABIsIETCH
HeNPepLIBHOA uUepmoamdecKoit (¢ wmepmomom o6parHOi pemrerkn)
¢ysrnmeir q (cp. § 2 ra. 2). Orcooma caeryer, uro cymma miam pas-
HOCTH J11000# Iapsl TaknX QyHKIUHE 06IagaeT TeMH Ke CBOMCTBAMIL.
Hoaromy Teopema Bam Xosa (§ 5 ra. 2) npumenuma pacipegeine-
HYI0 9acToT; B HAbII0flaeMoM cHEKTpe MOIyT OPHUCYTCTBOBATH CHHIY-
JAPHOCTH TONBKO 9eTHPeX THIOB, Kak moKasamo Ha ¢ur. 27 (noba-

BOUHBIE CHHTYNAPHOCTH MOTYT NOSBATHCA TONBKO OT MATPHYHBIX
3J16MEHTORB).
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Brinre mur sptnmcanu npasuia orbopa (8.64), (8.65) gasa seynpyroi
gudparuau csera. OHE OHpemeNs0T YCAOBHA, HPH KOTOPHIX QOTOH
[k, ®) mosxer mpesparuthes B ipyrod goror | k', o'} ¢ manydennem
doHona | q, v). ITOT mpoLecc NPOABIAETCS Ha OLOEITe KAaK CMEIIeHHe
YaCTOTH CBETA, PACCeAHHOro KpucramioM. OUeBHIHO, 9T0 paMAHOECKoE
paccestue 1) mepsoro mMOPAZKA SKBHBAIEHTHO OHHOPGHOHIOMY TGTJIG-
menuo. CrexTp RKoMOMHAUMOHHOTO PACCEAHHSA BTOPOTO HOPAZKa
COMOPHKAT UOJOCH, MPOMCXOMAllEe OT ABYXPOHOHHHX NPOLECCOB
u 1. #. Ilpomecchl, B KOTOpPHX yYaCTBYHT ARyCTHIeCKHe (HOHOHEE
¢ KOHEYHEIM 3HAUEHHWEM BOJHOBOTO BEKTOPA, HABKBAKT OpPULLI0IH0E-
CKUM paccesHueMm %),

ITpasuna orGopa mas BomnoBoro Bektopa (8.64), (8.67) m(8.68)
OCHOBAHH Ha MCHONB30BaHmMU Teopemsl Broxa (em. § 7 ra, 2). Ipm
HaJAWINW OTKJIOHEHMH OT TPAHCIANMOHHOH CHMMETDHH, NpUCYIIeR
HIealbHONH pelmeTKe, OKABHBAITCA BOBMOKHHIME M OEPEXOHl B TPO-
N3BOIBHYI0 TOUKY 30HH Bpmmmiosua. [lostoMy mpumecu mim apyrme
mepeKTH KPUCTALINIeCKOll pelleTKU OPEBOAAT K HOABIEHHI0 MHJpa-
KpPacHOro IOTJIOMmMEHWA M [APYruX onrtmdeckux 3ddexToB, KoTOpHE
nHade Obim Oni 3ampemteHsi. llogpo6GHeit pacger nmopebubix afdex-
TOB, KOHEUHO, OYeHHL CHokeH. ONHAKO DKCOEPAMEHTANBHO VIAeTCs
HabIoaTh YeTKAe CIeKTPAJTbHEE JHHUA, CBASAHHBIE € L0KZAbHBLML
Koaebanusmu, W TAKA, 00yCIoBIeHHNe pe3onancamu (cm. § 12 1a, 2).

§ 5. Mexnyzonnbie mepexopbl

Horpa saerTponnr HaxogaATcA B GIOXOBCKAX COCTOAHHAX, 06pa=-
3yIOMUX IMHPOKWe BHEPTeTHYeCKHe 30HBI, DIEKTPOHHEE IePeXobl
H3 3ANOJHEeHHBIX COCTOSHAN B MYCTHE NPHBOAAT K MOABIGHUIO ITHpPO=-
KOo# mosocH moryomenusa. I[lo-mpekHeMy AT OOTHYECKHX YacTOT
BonHOBOM BexTop (orona K Man mo cpaBHeHHIO ¢ pasMepaMd 30HH
Bpunamosna, mosTOMy MOKHO upeHefpedh MM I CYHTATh, YTO BCE
mepexofs «BePTUKANBHED, KaK moKaszaHo ua ¢ur, 143.

Mu yske IPHBOJHIN BHPAyKeHHE IS TUHIGKTPUYECKOH TPOHHIA~
emoctm moidympoBsogHuKa [Popmyma (5.45)]. B Tom caywae mac
foIBpIIe WHTEPECOBANO CTATHYECKOE MOBEJeHHe NOPH BCeX [IKHAX
BOJIH; TEIEDL WHTEPEC IIPefcTaBiser YacTOTHAA 3aBUCHMOCTH &(q, )
B nauEHOBONHOBOH obaactu. Coraacmo gopmyne (5.57), mmeem
e(q, o)=14 Ane? Z (ke ‘|k+q+g)|22{z(k)——‘6(k+q+g)}

! g2 (hw)2 —{€ (k) —€ (k+-q-+g)}?

k
4 2 1
o A 2 mﬁ—lfﬁﬂ ,  (8.71)
K

1) B coBerckoit amTeparype game ynorpebuserca Golee onpefeneHHHIE Tep-

MUH — Kombunayuonnoe pacceanue.— Ilpum. ped.
2y B coBeTcKO# JjawreparType NDHHAT OoJee TOUHHE TEePMHH — paccesnue

Mandeavwmama — Bpuanrsna.— Ilpum. nepes.
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rae fx — cmia ocnunasrtopa [cm. (8.40)] mua mepexoma mexmy
cocrognmem | k) B Bamenrmoir szome m cocrosunmem |k -+ g) (pac-
MOJIOKeHHEM HEHOCPeNCTBEHHO HAaJ NEPBHM B CXeMe HPHABEReHHEIX
30H) B 30He IIPOBOJUMOCTH, IPHYEM PasHOCTH DHEPTHH YKa3aHHBIX
COCTOSHWA paBHA BeIWYHHE
hog. IlockoasKy BogHOBON
BekTOop k mamenserca meupe- \\\\ \ ,
PHBHO, CyMMa TIepeXOfuT B ﬁ \\ x k ,

HHTErpaJ BHIA \\\ N
(0, o) =14
+ 4me? S f (@) #q (0') do’ 8

m ®'%—@p2 4 < hw

EA Sona npogodumocmu

®712) % I
e S a(0') do’ —aHCTO YPOB- ons - (ARSI

Hell B mHTepBaie dw’, oA Ko-
TOPHX pAa3HOCTh HHEPTrHU IO
BEPTHKAIH COCTaBjsAer ho'; 0 k=
f{0’) —cuna ocmmunaropa,

T. €, YHECJIO HOPAAKA eIUHUULI dur. 143. BepruranbHHe MeXAY30HHHE
JUIA IepexooB B paccMaTpu- mepexonnl B TOJYOPOBOAHAKE.
BAGMOM HHTEPBAalle 4acToT.

Marepec mpexncraBiser He CTOJBKO 3Ta GOPMyla IS BEMECTBOH-
HOH 4YacTH [U3JIeKTPHYECKOH IPOHMIAEMOCTH, CKOJBKO BEIPAsKEHHE
nnsa MauMoi dactm ee. OGpamieHne K AUCHOPCHOHHEIM COOTHOIICHHAM
(8.29) m (8.30) morasmBaer, 4To KodPPUIMEHT MOFIONMEHUA NOIKEH
HMETh BHJ,

20n (0) k (@)= 3- lme S (@) Sg(0") 8 (0—0') do’
2”""’2 1 @) S 4 (o). (8.73)

3oHa
bpunmosra

K tomy e camomy pesynpTary MoskHO GOm0 OW DpHATH, 3aMeTHB,
4TO B [HBJEKTPHIECKYI0 HIPOHUIaeMocts & (q, o) B ¢opmyne (5.45)
BXOANT MHEMAs 49acTh, OHpefielifeMad TapaMeTPOM o, BBEIEHHBIM
B (5.1) B KaduecTBe WOCTOSHHOM BaTyXaHuA BO3MYMEHHA, DKpaHHDYe-
MOTO cHCTeMOH aneKTpoHoB. O4eBHAHO, 9TOT MapaMerp Urpaer Ty e
poub, uTo W mapamerp mupusaH dpERE I'; B dopmyne (8.51), asuawo-
meica, mo cymectBy, anamorom gopmyn (5.45) m (5.57). Ilostomy,
nepexofa B o6parHoM Hanpasienun oT (8.51) x (8.47) (darrmueckm
ycTpeMifA K HyXKH IMUPHHY JHHAA KajKJOTO Hepexofa), M BHOBb
npuxogum K dopmyre (8.73).

IMockonbky ¢ymrmua 'y (o) B (8.73) ommcmBaer cmekTp 3Ha-
9eHni pPa3sHOCTH DHepPTuil ABYX 30H — BAJEHTHOW M TPOBOIHMOCTH
(o6e ameprmm AarTCA HENPEPHBHEIMA QYHEKIHAME, MePHOINIECKAMEA
B ofpaTHOH pemeTke), OHa MMeeT TOJNbKO cmHTyiIAproctr BamXosa,
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yrasaunbie B § 5 ra. 2. Haubonee Bammuoli U3 HHX ABIAETCA Kpail
ROAOCHL NOo2AOUjeHUs, COOTBETCTBYIOMHEI MHHNMAIBHOM (@O BEpTH-
KaJlm) pasEocTH sHepruil fiw,, Mexay soramu. Kak moxaszano B (2.72),
B DTOH OKPECTHOCTH CHOEKTpP MOJKEH BecTH celsa TaK, 9To0

N (@) ~ (@ — )2, (8.74)

Cremyer oTmernmth, OJHAKO, 4TO BeJIWYHHA Am, COBCeM He 00a3a-
TEJIBHO COBHAMAGT C «IHEPTeTHIeCKOoi IMenbioy Egap MEKIY HOTOIKOM
BaJIeHTHOM 30HBI M JHOM B30HH mpoBogmmoctu (cm. dur. 144). dta

o
Z

//
VA

_______ }og, 3 B T ——

N
R
PR

R SE SR
A e
O v WO XRERORK
BRI
SoHa Jona
0 k bpunnrasxa . 0 k bpunaiosta
a 1)

®ur. 144. ¢ — npAMble Tepexofll He 00A3aTeNbHO COOTBETCTBYIOT INHPHHE
3aOpeMeHHOM B0HH; 6 — Nepexof ¢ yuacTmeM (OHOHA.

TOYKH MOTYT OHITH DAcCHONOKEHH He BePTHKAIbHO XPYT HAajg APYroM
B k-mpocTpancTBe; HamMeHBIIEe PACCTOSHHUE RO 6EPMUKAAU MEKITY
30HAMHA MOKET HECKOJBKO IIPEBHIIIAT> &gap.

Tem He MeHee ONTHYECKHE TEPEXONH, COOTBETCTBYIOIME e =~
=~ Ezap, MOKHO HAGIIONATH, €CAM [AONYCTHTH BO3MOKIOCTD OJHO-
BPeMEHHOI0 HCIYCKAaHHA WIN noriomenus founona. Taxue nenpamuie
Oepexofisl, WIAX TEePeXORs ¢ Yyuacmuem ¢GoHoHA, TErKo IOJyYaroTCa
BO BTOPOM HopAxke Teopuu Boamymenwii. I[lpouece pasbubaercs
Ha JBa 3Tala: HAUPHMED, BEPTHKAIBHBLIA MePexoj[ BBePX — IIOTJIoMe-
Eme ($oToHA, M 3aTeM HePexo] B HONXONSANUA MUHAMYM B 30HE Ipo-
BOIEMOCTH € WCHYCKAHHEM WIW HOTJOUmeHHeM (OHOHA € JOCTATOYHO
60JIBITIM BOTHOBHM BEKTOPOM (. 3aGOTHTLCA O COXPaHEHWH IOJHOMN
SHEPTAHW B IIPOMEKYTOUHOM BHDPTYAIBHOM COCTOSHMH He HYKHO;
obmuM ycaroBueM Oyper

ﬁ(l) == ggap i ﬁ'\’q, (8.75)

rge vq — vacrora gormona. Tak rax smeprus hvg Mama (Hanpmmep,
0,03 26) mo cpapHeHWIO ¢ INUPUHOI 3aTPemEHHO#l B0HBI, TO PE3YJlb-
TarT BHINMIAJAT TakuM o6pasom, Kak GyATO moJoCa HOTIOMEenAd HAYH-
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HAercs CO 3HAIeHNA &gap. OMHAKO BEPOATHOCTH HEIIPAMBIX IEPEXO/0B
3HAYATENHHO MEHbIIe, YeM HPSAMHX, ¥ 3aBACHT 0T TEMIEPATYPH depes
Yuexa 3aMONHEHHS (QOHOHHHIX COCTOAHHWI, Kak B ¢dopmyune (8.70).

Ilpunsraa BwImE TPAaKTOBKA 3JIEKTPOHHHIX IEPEXONOB B HUeANb-
HHX KPHCTALIAX OCHOBAHA HA IIPOCTOM OMHODIEKTPOHHOR MOMIENH.
Opaaxo gaKTHUECKW TIpU TaKOM Iepexofe, Kar wa ¢umr. 144, B Koxeu-
HOM COCTOSHUHM WMEIOTCH KaK AHPKAa B BaJEHTHON 30He, TaK U DIIEK-
TPOH B 30HE IPOBOJUMOCTH. KCiim 5TH J(Be UacTHIH HeMEJJIeHHO e
pasoiayTCesA, OHA CMOTYT B3AUMOmEHCTBOBaTE. [1pu 3T0M, Kak ommcauo
B § 7 ri1. 6, o6pasyercsa CBA3AHHOE COCTOSIHHE — HKCHTOH BamHbEe —
Morra. llommas sHEpruA HKCATOHA OKA3HIBAETCSI MEHBINE SHEPTeTH-
YECKOM e MEeKIYy PaspeIleHHHMM 30HAMH, W3 KOTOPHIX IIPOM3O0II-
IM paccMaTpuBaeMsle 4acTHIH. HBIMA ClIOBaMHA, B ONTHIECKOM CIEKTPO
Hike QyHIAMEHTAJIBHOTO Kpas HOTIOMEHNA BOSHHRAIOT SKCUMOHHbE
AUHUL. ITO ABIeHHE 0COOEHHO 3aMOTHO NPOABIAETCS B HOHHHX KpH-
crannax, rae sKcmToHsl DpeHKeNIA, XOTA U «MAJOTO PAFAYCay W MPAaK-
TUYECKK HENOABY/KHEIC, XapaKTepH3yoTca GoJABIIMME CHIAMH OCI[UI-
naropos. Ilocnename oTBEYAIOT ATOMHBIM MK MOJEGKYISPHEIM BO36ysK-
JIeHHBIM COCTOSTHHUAM, M3 KOTOPHX W NPOUM30IIIN DKCHATOHH., B momo6-
HEIX MaTepHajaXx B3amMOIeNCTBHE MEKIY IEeKTPOMATHHTHEIM IIOJeM
U 9MCTO DKCHTOHHBIMH COCTOSHHAMH MOKET OKA3aThCS CTOAb HMHTEH-
CHBHEIM, YTO BOBHHKHYT 0CO0Be pacHpoCTpansdoImuecsa B UPOCTPaH-
cTBE diIeMeHTapHbie BO3OYKmeHns — moaspuronnl (cp. § 3 Hacros-
Med IJIaBHI).

OnTrueckme CBOWCTBA TOJYHIPOBOJHHKOB M MOHHHX KPHCTAJLIOB
BEeChMAa OCHOKHATCA U oboramaiorca Grarogapa HaJIWIAIO HpOMecei
u pedexTor cTpyKTypH. Tak, Mo:kHO HaONIOZaTh PasiUYHbIe JUHUH
OOTJIOTHEHNA, CBSIBAHHEE ¢ HepPeXOJaMu MEMKTY BOIOPOHOIOL06HBIME
VPOBHAMH 3apsMKeHHHX mpumeceir (§ 4 ra. 6).

Teopuss oUTUIECKUX MEPEXO0B B IEHTPAX OKPACKH OKa3LIBAETCA
HEeCKOJBbKO 6olee CIOKHOHN N3-3a MCKAKeHUs pemerku BOansu nedex-
10B. IlocKoaBRY Ha 5TO MCKa)KeHHE BIWAET DIEKTPOCTATHIECKOE B3a-
AMOJeHCTBHE ¢ ONTHYECKH AKTUBHEIM 3JI€KTPOHOM, OHO [JOJKHO 3aBH-
ceTb OT BIEKTPOHHOTO cocroAHmA cucremel, CiregoBaTelbHo, IPH
onmcanuyu COOCTBEHHBIX COCTOSHME AedeKTa HaJo MCIOAB30BATH Kak
JMEKTPOHHBIE, TAaK H aroMuse nepemennsie. OJHAK0 onTHMUeCKH
Iepexoy UPOUCXOTUT 38 HePHUOJ, COOTBETCTBYIOMKA 4acTOTe MOTIomae-
Moro miu uenyckaemoro ceera. G gpyroit cropoun, npems, Tpefymo-
meecs pemeTKe, 9ro6H, DeopMHDPYACH, UPUHATH KOHQHTYPAIHIO,
0TBEIAIOMYH HOBOMY 3JEKTPOHHOMY COCTOSTHHIO, COOTBOTCTBYOT 3Ha-
quTenbHo 00JibIIeMy mepuojy Kodebanuil, onpenenaeMoMy IUHAMIKOR
pemrerku., lloaToMy ¢ TOUKM BpEeHUS NOBEEHHA PpeIIETKH IMepPeXof
clegyer paccMaTPUBaTh KaR Headuabamuueckuli WIH M2HOSEHHBLI
(cp. § 11 ra. 6).

910 06CTOATEABCTBO JEKAT B OCHOBe HpuHumHOa Ppanka — Kondo-
na, moscHsemoro ¢ur. 145. Ilycrb mcramenme pelnerkn BOIH3H
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nedexra MOKHO OHNMCHBATH ENAHCTBEHHON IEDEMEHHOM W, BaIpEMep
BeANYNHOK «OHINANErO» CMEIeHAS WOHOB BHYTDPh HJIH HAPYKy.
Horpa snexTpor naxommrcs, crakeM, B COCTOAHEA | @), MOTEHIHAI b-
HasA 9HEePTUA PemIeTKA HMeeT MAHAMYM OPH HEKOTOPOM BHAYEHHH U,
He COBOAJAIOMEM C PABHOBECHHM CMEIEHWEeM Up A JAPYrOro 3JIeK-
TpoHHOTO cocToAHudA | b), Ourmaeckuii nepexoqus [ a)s | b) ¢ mordo-
MeRneM cBera mpouaoiiner Ges naMeHeHWA HefOPMAIEH peIIETHH,
T. €. «BOPTHKAIBHOY BJOJb JIHWHAA U = U,. Hampotms, m3nydenme
ROJKHO HATH HPH (UKCHPOBAHHOM BHAYEHHH U = Up, COOTBETCTBYIO-
meM pAaBHOBECHOMY 3Have-
HHUI0 CMENIEHMA B HCXOJHOM
BJIeKTPOHHOM coctosmmm | b).
Ouerupno, Aw,p 7= Awpg. [Ipak-
THYECKHA, OFHAKO, CAeNyeT YIH-
THBAaTh TeINIOBoe BO30y:KIeHHe
KoitebaHmE pemerkm BOIM3M
ROKIOTO MMHEAMYMA DOTEHIH-
anpHOM osHeprum. Wanydgenme
$OHOHA TPUBEJET K YIUHPEHHIO
JUBHA B B KOHIe KOHNOB HpPH
BHICOKAX TeMIepaTypax BOBCE
CMAKeT DPA3IUTIHE MEKITY ITH-
MH JABYMS mpomeccamd 1),
Mex30HHERE ONTHICCKHAES He-
pexoxms HaOIIONAIOTCA, KOHEU-
HO, ¥ B MeTaxxax. Tam oHm
MOIUPHUITAPOBAHKH 34 CYET TO-

——

Uy uy u TO, 4TO SJEKTPOHH MOI'yT He
@ur. 145. Bananwme cmemermit pemerxm IO/MHOCTBIO 3amONHATH 30HY
Ha ONOTHYeCKUe IePexofrt B F-meATpe. HJIA MOTYT HaXOJUTHCA B HE-

Eléepexon AB’ (Omormomenme cBera) cBAsaH ¢ CKOJIBKHX PAa3JHYHHX 30HAX.
JMbIAM M3MCHEHWEM OHEPIWM, 4eM IepPexol
BA’ (manyuenme cpeTa). IIDA BHICOKHX TemIie- leopnsa rarmx nepexonoB CTpo-

PATIELS SoNlumc YU, VCTIVOT s wieC TR B PHEIEIG HA OCHOBE

0GONX HANpPABIEHHAX, coo0payKeHHd, H3NOKEHHHX B

ganHoMm maparpade. Ogmaro

€aMO HTO ABJIEHHE MOKEeT OKa3aThCA B MBBECTHOH Mepe 3aMaCKHPOBAH-

HEM (IarogapA BHCOKOH OTPajyKaTeIBHOH CHOCOGHOCTH MaTepmana,

CBA3AHHOH € OONBIION MNPOBOJEMOCTBIO BIEKTPOHHOH CHCTEMED
(cM. § 6 pacroame# raaBw).

Hpyroe ABieHne, M0 CyMmecTBy 9KBABAIGHTHOE MEK30HHBIM Iepe-
X0flaM, COCTOHT B UCRYCKAHUU MALK020 DEHM2EHOBCK020 USAYUEHIS
(cm. dur. 146). Ecan yganurs 21eKTPOH ¢ OXHOTO U3 CaMBIX TIy6OKHX
aTOMHHIX YPOBHEH B TBEDPAOM Tele, TO IPU IIepexofpe 3JIeKTPOHOB
€ Da3IAYHBIX JAPYTHX YpPOBHe#l BHM3 HCIYCKAETCA KBAHT PEHTIEHOB-

1) MonpoGaee cm. [21, 22].— Mpun. ped.
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CKOTO mM3xyueHHs. Mu mmeeM Heno ¢ mepexofaMd W3 BaJeHTHHIX 30H
Meraa; MHTYATHBHO SCHO, YTO CIEKTD HMCIYCKAaeMOro H3JyYeHHH
6ymer comepsRaTh IMOIOCY YaCTOT, COOTBETCTBYIOIMUX 30HE COCTOSAHLH,
BAHATHX 3JEKTPOHAME IPOBONAMOCTH MM BaJEHTHHIME DJI€KTPOHAMH.
DaxTHYecKAA BAK 5TOr0 CIEKTPA 3aBHCHT OT IIPON3BE[[eHNs MIOT-
HOCTH COCTOSTHWH B 30He Ha KBaj{paT MOXYIA COOTBETCTBYIONIETO MaT-
PHYHOTO B3JIEMeHTa ;A pac-
CMaTPHBAaeMOTO mepexosa, Xo- &
POIIO MBBECTHO, ITO B FAMHIIb- N W P
TOHHAH B3aMMOJENCTBHA MeK- & tnpoaaa“wwacmu
Ay BIEKTPOHOM H 3JIEKTpoMar- 5 |
HUTHHEM II0JIeM BXOJIWT oLepa- =
TOP HMITYJIbCA BJIEKTPOHA (T. e.
TOK, OTBEUAIOMHHA €ro JBHIKE-
HHIO), MO3TOMY HAI0 PacCMOT-
perb MaTPUYHHI 37IeMeHT THUIia

[ i (r) er. grad 4. (r) dr,
(8.76)

Toe ¢, — aroMHAA QyHKOUA,
COOTBETCTBYIOIAS COCTOSHUIO, 1
U3 KOTOPOTO YHOAJeH JIEKT-
poH, K — Boamomo#t Bexrtop
PeHITeHOBCKOTO  mMajiydenpma, @ur. 146. HMcemyckamme peBTTeHOBCKOTO
JIAuMHE BOJNEH, CBA3AHHHE C H3Iydenus.

noJ0GHEIME nepexofaMu, CTOIb

BeIUKH TI0 CpPaBHEHWIO C ATOMHEIME pasMepaMm, 4TO BSTHM BOJI-
HOBHIM MHOKHTENEM Mo;KHo upeneGpeus. Hukaxwx mpasmi orGopa
JUIST EMIYJIBCA He BO3HUKAeT, HOCKOIBKY ¢o(r) ABIAETCA JOKalH-
30BaNHOK (yHKOHEI,

OfHako 9T0T MATPHYHBIA 9TEMEHT MOMKET CHJIBHO H3MEHATHCA
BHYTPH HOJOCH B COOTBETCTBHH C TeM, OTBeIaeT AR (QYHKNHA ¢q
$- WA p-COCTOSHHIO, a TaKde B BABMCHMOCTA OT TOTO, BefeT Ju ceba
$yurnmusa P (r) BHyTpu aroma Oojee MIE MeHee Dof00HO S- WIM
p-cocTogHmIo. BaaumopieiicTBre MeRAY DJHEKTPOHaMM TAKIKE BIHAET
Ha Xapakrep cumeKrpa. CiegoBaTelbHO, TOYHEIE BHJ CIEKTPa HMCOy-
CKaHuA He 00a3aTeapHO NPAMEM 06pasoM XapakTepusyeT IIOTHOCTD
COCTOSIHUM, XOTSA HEKOTODHIE XapaKTepHLIE CBOHMCTBA 5TOH (YHKIHHA
OH [OJKEH oTpaKaTh — ocobenno peskuii o6psie Ha yposHe Depmm.

Onruueckoe AW PEHTT€HOBCKOE TMOTJIOUIEHNe KPACTAIIaMuU COIPo-
Boskmaercs Bo36y:RmenmeM DIeKTPOHOB Ha Goiee BHCOKME SHEPreTH-
YecKme YPOBHH. B mosympoBofumKke WU M30JSITOpE B5TH BO3OYskeH-
HHe BIEKTPOIH, KaK NPABUJIO, OKAa3HBAIOTCA IOJBHIKHBIMM, YTO,
€CTCCTBEHHO, TPUBOAUT K IOABIeHHI0 gomonposodumocmu. Ognako
HOCHTENIH BapsAga, BO3UHKIING TAKUM INyTeM, YPe3BHYAfHO Ierko

7

& Amomtibie
ypoeHu

S

¢
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MOTYT 30T6AMbEAmMubca IPAMECAMA M HeeKTaM# peMIeTHH, O UeM
CBUZIETENBCTBYET MHOKECTBO CIAOMKHHIX ABIeHni, HaGX0JaeMEX DKC-
HepUMeHTAIBHO,

Eciu smeprus goroma HoCTaTOYHO BETHKA, TO 3JMEKTPOH MOAKeT
OHITE euOUM HAPY¥HY CKBO3H MOBEPXHOCTD KpHMCTANa. OJeMeHTap-
Haa Qopmyna OinmreiiHa 1A PomosPderma HPocTo TOBOPHT HAaM,
9TO 9HEPrHA DHIEKTPOHA BHe IMOBEPXHOCTH KPHCTAIA HE MOJKET
OPeBHIIATH BEINIMHEI

Euare =10 — ¢w. (8.77)

HeficTBUTEIBHO, DIEKTPOH HOJIKEH IPEOHoaeTh 6aphep, BEHICOTa KOTO-
poro maerca paboroil Barxoga ¢w (§9 ra. 6). Oxnaxo dorosmerTpons
MEHBIIeH SHEPrud NOKHBI MPOMCXOLUTH OT YPOBHEH (BHYTPH KpH-
cramia), dexamux Hmre yposHA Qepmu. [lostomy nmpsmele usmepe-
HAs BeauInsH (€, ©) — QyHKINM pacmpeseNeHusI SMATTH POBAHHEIX
SIEKTPOMOB IO PHEPTUAM MPH 3aJAHHON 4ACTOTE CBETA ) — IOJKHEL
HaBaTh JOBOJBHO HONHYI0 HHOOPMAIHIO 0 BEPOATHOCTAX IEPEXOL0B N3
3aWOJHEHHEIX 30HHKX COCTOAHEA B TyCTHE. ITH BePOATHOCTH MoRo0HK
TEM, KOTOPH® OUPEHeIs0T HOTIOMeHne CBeTA.

Has waTepmperanuu pe3yiNbTaTOB TAKMX H3MEPEHHH €CTeCTBEHHO
mOCTPOUTh AHArpaMMy dHeprermieckmx ypoBHe#t (dumr. 147) u pac-

hw

@uwr. 147. Buemnuit doroaddexr.

CMOTPETh BePTHKAJBHEE, WJIH RpAMble, EPEXOJEl — TaK jKe KaK 570
menanmoch B cBAsu ¢ fur. 143. B mpuniume Mpr MOKeM 3afaBaTh 3Ha-
geHnA KaK §, Tak @ o. COOTBETCTBEHHO 3Mle€Ch, KA3aM0CH OB, MOMKHO
TOAYIATh HECKONBbKO GOnbmTylo wHQOPMANMIO O 30HHOH CTPYKTYpe,
4eM, CHayKeM, M3 JAHHHIX 10 CHeKTPaJbHOMY pacIpefeleHHI0 MEeK-
sounoro morsomennsa [cm. (8.73)]. Opgmaro dawrmueckm orosmuc-
CHOUHEE CICKTPH il MHOTHX KPUCTIIMYECKAX TBEPHBIX Tel He
COTRACYIOTCS © VPEACTABIEHVAME, H3iMosKeHanMu Bhume. Ilo-Brammo-
My, OHH OTBEIAlOT PACIpeeleHHI0 BHA

n (&, o) ~ps(€)p: (& —to) (8.78)
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JTO COOTBETCTBYET TOMY, KaK eciu Ghl Ge3 BCARUX 3ampeToB AOMYyCKa-
auch A066e «HeHPAMBIEY HePeXoAbl MeRIY HAUAALHEME I KOHEIHHIMA
COCTOAHUAMHE C INIOTHOCTAMH COOTBETCTBEHHO 0; (§ — Aw) um p; (&).
OnHTH TeXHUIeCKA TPYIHH, U B HCTOJKOBAHUU MX Pe3yJLTATOB HET
equmHOT0 MHeHWA. IloKa eme He ACHO, BH3BAHO JH 3TO PACXOKIEHHE
¢ BHIBOJaMYI 3JeMEHTaPHON TeopHM IIPOCTO CHATHEeM Upasmi oTtbopa
0 KBa3HBOJIHOBOMY BEKTODY BOJIM3HM MOBEPXHOCTH, CKBO3H KOTOPYIO
uger amuccus (Kak B cayvae TUQPAKIUM MeIICHHHX SIeKTPoHOB, § 9
ra. 6), mim e 32 310 OTBETCTBEHHBI MHOTOYJIEKTPOHHLIE 3Q(eKTH.

§ 6. BszaumopeiicTBme ¢ 3IEKTPOHAMH NPOBOIHMOCTH

Yro e TpoUCXOUT ¢ ONTUYECKUMH CBOMCTBAMH B CIydae, KOTIa
TBePIoe TeNo SIBIAETCH CPABHUTENLHO X0POIuUM IpoBoguuKoM? [Ipes-
HOJOKEM, HAIPEMED, 9TO MOMKHO NpeHe6peusb BeNuInHoil € B popmy-
ae (8.7) miA KOMIVIEKCHOTO HOKA3aTENA IPEJIOMICHHA; DTO LIPEMIo-
J0jKeHNe CIPABEIJINBO IS METAJJIOB,

Tormga momygaem

4no
N2 = i, (8.79)
w
TAK YTO BEmECTBEHHAs W MHMMAas YacTH HOKaszarTels IIPeloMJIeHHA
PaBHH IO abCOJIOTHOH BeIwdnHe:
. 221G \/2 ,
n+lk=(—(5—-) (1419). (8.80)
Haubomee odeBmmHoe cuemcTBme, BHITEKAONEe OTCIOHA, COCTOUT
B TOM, 4TO OTpajKkaTelbHas CIOCOGHOCTH TBEPHOTO TEla CTAHOBHTCH
caenb Gonpmroi. Ma dopmynst (8.19) BHTEKaer COOTHOMEHHE

R~ 1—2 (52 )", (8.81)

2n0

H3BECTHOE KaK coommowenue Xazena — Pybenca. OTRIOHEHHSO OT HjIe-
RJIBHOH OTPasKaTeNbHOM CHOCOOHOCTH IIPOLOPIUOHATBHO

( o )1/2~ ( 20 )1/2’ (8.82)

2
2n0 0pT

rTe T — BpeMA pelaKcalum B Kiaccmueckoit ¢opmyme (7.33) nnsa
OPOBOAUMOCTH, 8 @Wp — OGHMHAA ITA3MEHHAS 4aCTOTA HIEKTPOHHOTO
rasa. Mu smaem, uto ormomtexme (8.82) Oymer BechMa Majio Fajke
B TO#l ofmactu, rme o mpmbamwkaercs K WHOPaKpacCHBIM 4acTOTaM.

dlieMeHTapHAs MAaKPOCKONAIECKAs TEOPHA MpeAmojiaraer, d9ro
NPOBOJUMOCTh ¢ HE BaBUCHT OT YACTOTH. JTO CTAHOBHTCSA HEBEPHHIM,
KOTHA 2/IeKTPHIECKOE II0JIe MEHAETCA CTONEL OBICTPO, YTO 3IEKTPOHB
e yCOeBalT MpeTepueBaTh COYZAPCHHA, T. € KOTHAA

0t > 1, (8.83)
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Yro6s mccTeoBaTh 5Ty 061acTh, MH JOMKEH BeDHYTHCA K KAHOTH-
JeckoMy ypaBHeHnwo (7.14).

Jaa MoMHOTH, a Takie B CBSISH C TeM, 9TO 3TO HAM fajlee IOHa-
Joburcs, punumeM ypasaenue Boabsnvana s ¢yrxmum pacmpenene-
HHA, KOTOPaA MOKET MEHATHCA B IPOCTPAHCTEE M BO BPEMEHH:

afo 8y dgy . Ogy
eE.vk(_ﬁ-)=T+vk‘Tl:_+Tt. (8.84)

Kax m B caywae (7.17), mu BBeaum Bpema penakcanmu. Hpome Toro,

3[eCh ABHO BH/ENEH YjeH, OIMMCHBAIOMNA H3MeHeHne HePaBHOBECHOR

qacTu QYHKIMH pacHpegeleHHd gy CO BpeMeHeM; Kak BHIHO M3 (op-

myasl (7.7), sror wiem umpefcrapiaser coGoi HYacTh IPOUM3BOTHOM

9fx/0t, ocraomyoca mocie yuera BCeX OCTAIBHHX (PaKTOpPOB, ompe-

JelAKOIAX H3MeHeHHe (QYHBKIMH DACHPEIeNIeHHA CO BPEMEeHeM.
[Ipegmonoxum Temeps, yro, momobmuo (8.3),

E =Ejci(X-r-ot) (8.89)

¥ 9T0 QYHKIUA gy MEHAETCA B IPOCTPAHCTEE H BO BPEMEHH II0 TAKOMY
ske 3aKoHy. Tarum o6pasoM, HOJOKAM

= — 2 ) © (k) eirr-on, (8.86)
IlopcraBagsa 810 BHpaKeHHe B ypar;HeHne (8.84), moayuaem
eEp-vie= 8 LK v D (k) = i (k), (8.87)
OTKYHA
D)= P (8.88)

1 —ioT+itKevy

BoamomKHOCTE CTOTE IPOCTOrO pEIIEHHA CBA3aHA C JHHEHHOCTHIO
HMCXOZHOTO KHHETHIECKOIO ypPaBHEHHA.
omo6uo ¢opmynam (7.20) —(7.24), mMeeM HIJIA NIPOBOJHMOCTH

as
o-Eo=5 [ @G0 wi e —
e? ViV dSp
= s S T—it(@—K-v,) Avy -Eo. (8.89)

Taxum o0pasoM, TpPoBOAEMOCTh UMeET BEIIECTBEHHYI0O M MHHMYIO
9aCTH; BEINEeCTBeHHAA 9acTh O JlaeT BKJIad B MHEMYyIO dacth N2, Torga
KaK MHEMas 9acTh O OPOABIAETCA KaK OJHO H3 ClaraeMHX B BemiecT-
BeHHOH 9acT¥ UOEKTPHIECKOR NPOHHIIAEMOCTH.

B cayuae o6nianoil saeKTpoMaramTHOR BOJHH, (asoBad CKOpOCTH
KOTOpo#t Goxbe cKopoctT: »aexTpoHa Ha mosepxuoctm Depmu, cia-
raemoe K-.vy MOKHO oIyeTmTh — OHO MHOTO MeHbIIe . IIpemmo-
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;maras JUif IPOCTOTH, 4TO MeTaJNN obrafaer Kybmueckol cmmmerpmei,
monydaeM u3 dopmyas (8.89).

o (©) e2 S w(1+iot) dSp=0 (0) 1+iot (8.90)

= 1on3 14+ w22 1+w2t2 !

rae o (0) — of6wYRas crarmgecKas LOPOBOIMMOCTH METAJIA.

3to BhipaykeHme ciemyer moxpcraButh B gopmyan (8.7) m (8.19).
Ecau nonomuts ¢ = 1, 1. e. mpere6peds MHEPIUOHHON MOJNAPH3Ye-
MOCTBIO HOHOB, To U3 dopmya (8.7), (8.8), (7.33) = (5.53) monygarorca
CaefyIONe BHIPAKEHMA A BeMecTBeHHOH m MumMmol uacrteit N2

_ 4no (0) ot wh 12
n’—k*=1— ey = ~ Ty (8.91)
H
4ma (0) 0T
2k o (8.92)

TizasMenHas wacrora SAEKTPOHHOTO rasa BHOBb BXOJHT CIOfa BeChMa
CymecTBeHHKM 00pasoM.

Usno:xennan meopus [ pyde oxBaTsiBaer Tpu pasimgHEe 001aCTH
wactor (cMm. ¢ur. 148).

I. o € 1/x. 910 oOnuHaa HE3KOYacTOTHaA o6mactb. MumMmasn
gaets N? 37eCh BeIHKA II0 CPAaBHEHHI0 € BEIECTBEHHONH YAacTbio,
TAaK 9TO METaMJ CHJIBHO OTPaykaerT, M BHIIOJHIETCA COOTHOINEHHE
Xazena — Pybenca (8.81). Rosddunment mormomenns noITa He 3aBH-
CHT OT @ I MPOMOPIHUOHANEH NpoBoANMOCTA. Bemecrsernasn gacrs N2
oTpHmaTenbHa W 10 abCONITHON BeJIWInHE BHAYUTENHHO HPEBHINAET
eUHBLLY .

I1. 1/ € 0 € 0p. 10 0baacmy pesarcayul, rae B 3HaMeHATEIAX
B Bupaennax (8.91) m (8.92) caaraemoe ®%t?* HaumHaer HIparthb
BaKAYIO poab. Hosddunment moraomenusd GHICTPO CHagaer ¢ Iacro-
Toit, on mpomopmuoHaien 1/®w? ®m, KaK 9T0 HU CTPaHHO, 06pAMHO
gponopnuoHaned npopofumocta. Muwmmas dactb N? cramoBures
Menbile BEMeCTBEHHOM, OJHAKO MOCTETHAS BCE €Ie 0CTaeTCH OTPH-
nareabpHo u Goapmodt mo Berxmumde. OHA JaeTcs BHpaMKeHAOM

mz
nz—k2=1——(—£—, (8.93)
nofo6nuM Bupaskenmam (5.67) u (8.45). Takum o6pasom, wmeramn
BCE eme CUJIBHO OTpaskaer, NpugeM

1 2
Rz1_—l/_ﬁ_0—.;~1—mpt . (8.94)

I11. 0, € ©. BemecrBennasa gacts N? cTaHOBHTCA IONOKUTENb-
HO#, m oTpasKkareqbHas cmocobHOCTE cmagaer mo Hyas. Merannd mox-
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7KeH TeHeph CTaTH GoJiee WJIN MeHee IPO3PadYHLIM, HOCKOJABEY KOd(-
PHUI7eHT NOTIOMEHAA PaBeH

0)2

20n (o) k (o) ~ Zp . (8.95)
(4 WeTC

Ws dopmya (8.91) u (8.92) BrTeRaioT onpeserenHEe COOTHOLICHTSA

Me/KTy BeJHYMHAMHE N K K, DPaccMaTpUBaeMBIMM KaK QYHRKIHU ©.

h

{
!
t
!
!
|
!
+
!
!
!

@zr. 148. Cxemarmueckoe NOBEEHNMEe ONTMYECKMX XapaKTePHCTHK METAJLIOB —
BEMIECTBCHHOM ¥ MHHMMOH dYacTeil [HAJIEKTDHYECKOH NIPOHHIaeMocTH, Koaddu-
UHEeHTA OTpayKeHHA W KooduUilMeHTa MOTJIOIIEHHS.

I — o6iacTh, B KOTOPOH BHEIIONHAIOTCA COOTHONIeHWA XareHa — Pyfenca; II — o6nacts
pexnakcarm; I11 — o0nacth yaerpadmoneroroif npospaunocTd. OGpaTUTe BHNMAHAE HA JIOTa-~
pupMuyeckn#t mMacmTal 4aCTOTHL.

B pefictBUTENBHOCTE, OJHAKO, OHW He BCerjia BHIOIHAITCA. ITO
MOKHO JI0 HEKOTOPON CTEHEHM WOHATH, €CAH HPEeJUoJ0/RATh, YTO
BpeMd pelJakcalumm T, BXopamee B mHterpai (8.89), me mocrosanno,
a Mmenserca uHa moBepxuoctm Mepmm. Taxum 0GpasoM, ME MosReM
B MPUHIANE Pa3ludarh TPH HHTErpajia

S w dSg, S 20 dSy, S 2. 4, (8.96)
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COOTBETCTBYIOIME TPEeM PasNMYHBIM THIEM ycpegueHust v (k) mo mo-
sepxHoctn Depmu. Her HuKarEX O0CHOBAHHI CYMTATH HTH PABIHIHBIE
cpefHAe OQWHAKOBLEIMU

3aMeTHM TaKiKe, UTO IPH BEICOKHX YaCTOTaX BEI[ECTBOHHAA YaCTh
N? saBucur or maTerpana

S vdS g, (8.97)

KOTOPHIl I CBOGOMHEIX DIEKTPOHOB LPOIOPIMOHANEH UHCIAY BIEK-
TPOHOB ¥ 06paTHO HPOmOPIMOHANEH MX Macce. B IIOTHOCTHE cocTof-
HUHA, ¢ APYTOil CTOPOHEI, MOABIAETCA APYLOH THO yCPeIHEHHA CKO-
pocTH — rapMOHHYECKOe CpefHee

S 45r (8.98)

v ?

Kak U B (4.6). Pasmuane Mesxiry qBymMa TakuM 06pasoM BHUHCIEHHEIME
CPeHAMI MO’KeT #aTh HHGopManuio 06 aHM30TPONMHA PacIpefe]eHus
CKOpOCTell BiIeKTPoHOB — To moBepxuoctn Pepmu. Hemenecoofpasmo
«MCOPABIATHY HabmofaeMee Beawanusl (8.97) ¢ MOMOIBIO MHOMHATE-
Jifl, CBABAHHOIO C (OLNTHYECKOH MacCoily, KOTOpPad TOTHA OKA3HBAETCH
CYIEeCTBeHHO OTIMIHOA OT (TePMHIECKOM MAcCH», BHIOMpaeMoil u3
yCiI0BUA COOTBETCTBHA GopMyaH (8.98) BHPaKEHHIO A HIKTPOHHON
TEIJIOEMKOCTH CBOGOMHOrO 3iMeKTpoHHOTO rasa. HeaBmoe mpemmouo-
eHne o ToM, 410 BCe mosepxmoctu Mepmu cyrh cdepr, wacro He
OIPABLIBACTCA JlasKe MIA OJHOBAJCGHTHEIX METAlJIOB.

§ 7. AnoManbHBI ckuH-3{deRT

Coornomernne Xarema — PyGenca (8.81) mosxer HapymaThes eme
u apyrum nyrem. Hosddunuenr noraomenna ompenessiemurii dopmy-
a0t (8.79), o4eHb BEJHMK, W DIEKTPOMATHHTHAS BOJTHA OUEHB OBICTPO
ocnaliasercs WO Mepe IPOHHKHOBEHUS B MeTalli. ak caegyer ms
coornomennii (8.10) u (8.80), xapakrepHoe paccrosHure, Ha KOTOpPOM
3aTyxaeT BOJHA, HOPAAKa

S S— (8.99)

ko (2:rr0'o))1/2

JT0 ABIEHAE XOPOII0 M3BECTHO B KIACCHKe KaK cKUH-oferm.
Hasosem semwamny 8, maBaemyio ¢opmymoit (8.99), raaccuueckoti
2ay6unoti crun-caoa 8.

[Tpu BHICOKMX FacTOTax Iiy0MHA CKUH-CIOS MOJKeT CTATh OUEHD
Maoid. B 09eHb UMCTHIX MeTalNTaX IpPU HEH3KHX TeMIepaTypax OHa
MOJKeT CTaTh 3HATUTENBHO MEHbIIe CpefHedl JJIMHH CBOGOJHOTO HpO-
Gera A. OGrraHAaA TEOPHA BIEKTPONPOBOTHOCTH OKA3HBAETCH B 9TOM
clydae HENPUMEHHMOH, IOCKONBKY 3ddeKTnBHOE IOTe, HeHCTBYIONIee
Ha HOCHTeIb, OHICTPO MeHAeTCA Ha JIMHe, TPOXOAUMON HOCHTEIeM
MEXTY CTONKHOBEHUAMH.
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Yro6s paccMOTpeTh STOT Caydaif, Hago PemnTb KUHETHIeCKoe
YpaBHEHHE ¢ YIeTOM HPOCTPAHCTBEHHOTO M3MEeHEeHHA OYVHKNUU gy.
Ecar mpenebpeusr mamenenmem Bedtuuumd E u gy Bo Bpemenm (pac-
CMATPHBAEMO© ABJIEHHE MOKHO 0es Tpyha HabIIOJaTh P JacTOTaXx,
3HAYATENBHO (ojiee HUBKUX, YeM JaCTOTH, UPH KOTODHX HACTYIaer
obcyaaBmmiica BHITG PEXXKUM PeJTaKkcamun), 10 u3 ypasuenus (8.84)
MEl moJgywaeM pgufdepeHEmMaNBHOE YpaBHeHme A QYHKOWE gyl

g og
eE(r)-vk(—-—Z%O—)=-;k—+vk- - (8.100)

HamGoaee npamoit meron pemenns ypaseenns (8.100), opuvenn-
MHH K PAAY 8afad, CBSA3AHHHX C HCCIENOBAHNEM MHOBEPXHOCTEH,
TOHKHMX IIEHOK, HPOBOJOK M T. [l., COCTOHT B HCOOJb30BaHHH Hop-
nyavt Gambepca

. r
g n=-—2(—2) S veE(r) el ds’, (8.101)

Herpynao porasars corepmenHo ¢opmanbHO, 9To BHpaxkenue (8.101)
yaosinersopsier auddepeanumanbromy ypasHesmio (8.100); aro ects
npocero 0Gobmenne oObraHON QOPMYJIH A pelleHHsl YDaBHEHHA

%-&-Oﬁy'—_—-]‘(v’f)-

QusnyeckHn 5T0 03HAYAET, 9TO TOK, CO3HABAGMHIE DIEKTPOHAME
B TOYKE I B HAIPABJEHHH V, 3aBACHT OT NPEHHCTOPHH JJIEKTPOHOB,
JAOMUX BKIajg B 9707 TOK., MHTerpan B mammcaEHOH BHme ¢op-
Myie Gepercsa He o BCeMy mPOCTPAHCTBY, a JHUIIB IO IPENHICCTBYIO-
mieMy OTPE3KY TpaeKTOpEH (miamHoll §'), IpoxofAmedl depe3 TOUKY F
B Hanpasienu® v. Takum 06pasom, B TOYKe I’ SIEKTPOHE YCKOPAIOTCA
cunoit ¢E (r'). Co BpemeneM, oJHaKO, BIWAHME CHIH, AeficTBoBaBNIeH
Ha 9JeKTpoH B (oiiee paHHHE MOMEHTH BDEMeHW, ocClabeBaer BCIeH-
CTBHe WPOLECCOB PelaKcaliny; SKCHOHEHUHANBHHE (PaKTop XapakTe-
puayer Beanunny sdderra ocaabrerns B 3aBECUMOCTH OT PaCCTOAHAA,
uzMepseMoro BRons tpaexropuu. Ilonyriacengeckasa gopmyna (8.101)
B OpmHEOUOE TecHo ceazana ¢ Gopmymoit Ky6o (7.15) -— B mocaenmei
HHTErPHPOBAHKE TAKMe IPOBOJATCA IO IPETHCTOPHU CHCTEMEL.

@opwmyiia (8.101) mo3BosiseT BHUACIATH CAIY IEeKTPAYECKOTO TOKA
mexopa u3 obmeit opmyasi (7,.20), OgHaro 3amMeTuM, YT 3Ta CHIA TOKA
GymeT 3aBHCETH OT F, a TAX;Ke OT TPAHWYHLIX YCHOBUl, HALOMEHHHX
Ba ¢yurmmio g(v,r). TaxuMm o6pasom, moayYaeM HHTErpaIbHOE
ypaBHennme, ompefensaiomee J(r) Kax QyHKOHOHAT BIEKTPUIECKOTO
mona E(r). C gpyroii cropous, 5TH [[Be BEIWYUHHEI CBA3AHH ypaBHe-
nuama MakcBenna, sauncasnbiMa B Goxee obmeit dopme, zem (8.2)
a WMeHHO:

V2E = dn 4 Anio (r) (8.102)

c¢2 dt c2
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(mMnl mpeneOperaeM 3pech OOBYHEIM TOKOM cMemienus). Takmm oGpa-
som, u3z (8.101) m (8.102) monywaerca unTerpo-gaddepenmuaNLHOe
ypaBHeHHMe, penrasg -KoTopoe MOKHO IOJNYYHTH pacupefeieHme ToKa
J (r) m smentpmueckoro noias E (r) B6amsu moBepxmocTH.

Tounoe pemenue 3T0T0 ypaBHEHAS BECHMA CIOKHO M 3aBHCHUT OT
TPAaHUYHEX YCIOBHI: OHO 3aBHCHT OT TOTO, OTPAKAIOTCH JM 3ep-
KaJbHO BIEKTPOHK OT HO-

o

BepxHOCTH miId AEHy3HO
paccemBarporcsa Ha Heilt. HoH-
KPeTHHU BHUJ HOJYYEHHBIX
dopMya He TaK BasKeH, KaK
X Quamdeckuit cmuica. [le-
0 B TOM,YTO HE BCe DIEK-
TPOHBI YYaCTBYIOT B IOTNO-
[HIEHHM M OTPayKeHHH DIeK-
TpoMarsuTHOR BOJHH. Ilo-
JYIATH 3HAYATEIBHYIO 9HED-
THIO 0T 3IEKTPAIECKOTO HO-
JA MOTYT JMIIb Te SIeKTPOHH, 60JbImag dacTh cBoGoAHOTro mpobera
KOTOPHIX HPOXOAMT BHYTpH CEmH-ciof. Ecaum, nanpumep, raybmaa
CKMH-cI0A paBHa O, TO MOKHO IPENNOJNOKHTH, YTO IUIMb 9aCTh
3NeKTPOHOB, mpomoprmonanxbHas O'/A, asfifexmusno ysactByer B
nposogmMoctr (cM. ¢mr. 149). [dua  xamymeidicss OPOBOAHMOCTH
MOJKHO HAUHCATh

@ur. 149. IpdeKTHBHE TONBKO SICKTPOHEH,
HaXO[AMMUeC B CKHH-CJIOE.

o' =2 B2, (8.103)

rie P — MHOKHUTeNb, BBEAEHHEIA B CBA3H C HECTPOTMM XapaKkTepoM

HaCTOAMEro0 PaccMOTpPEHHA.
Torma, corxacHo Bupakernuo (8.99), mosepxnocTs ¢ TaKko# mMpo=-

BOJAMOCTHI0O WMeeT IMMyOmHy CKHH-CJIOA, PaBHYIO

c c
' - : . (8.104)
(2no’w)*/2 (2:1 —3 B ——i oow)%

C moMOMBI0 MOCHEXHETo COOTHOmeHMA MoxHO mHadtn & m o’. Tax,

0_,__( 9p2 )1/3 1 (29_)2/3 (8.105)

T\ 8n (,)1/ 3 A

— »ddexTnBEAA TPOBOTUMOCTH, HPOTOPHAOHATIBHAA o 12, "o me
3ABMCAINAA OT MIWHH cBoGOMHOTO Mpobera; mocaemHAS COKpamaeTcs
¢ mauHoil cBofomHoro mpobera, BXoiAmel B OOBUHYIO CTATHYECKYIO
IPOBOIMMOCTh G, DHIOJIHEHME YKa3aHHHX 3aBUCAMOCTeNl 03Hagaer,
9TO MH HaXOJAMCA B YCIOBHAX GHOMAAbH020 ckUK-dfgexma. 1IparTu-
YECKH MOBEPXHOCTh MeTallia JIelaloT dYacThi0 IIOJAOrO0 Pe3oHaTopa
H Ha6I0NaloT 3a W3MeHeHHeM Pe30HaHCHHX CBOMCTB TAKOH CHCTEMBI.
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Hanpumep, usMepsaioT noseprHocmMbll umnedanc, KOTOPHE Kak pas
paBseH

. E 4n
Z (0) = —4mio _(9-15(/“7’2)- = (8.106)

B o6o3Hadennax § 1 HacToamed TyIaBH.

Ecrp eme psag usMeHeHHH, KOTOPEE NPUXONHTCS BBECTH B TEOPHIO
ONTHYECKHX CBOMCTB METAJIOB B IPEAETBHOM clydae aHOMalbHOTO
ckaH-3gderTa, 0coOenHO ecnu HepeiTH K 4aCTOTaM, COOTBETCTBYIOMMM
obmacte perakcamuu. Hampumep, HMeeT MecTO MOTOMHHTEILHOE
MOTIOMEeHAe MONTHOCTH OTPAyKeHHON BOJHEHL, CBH3aHHOE C MEACTBH-
TeNbHHM PaCCesiEMeM DIEeKTPOHOB IOBEPXHOCTBIO, €CIM NOCTeNHAA
ABJIAETCA (IIEPOX0OBATON»; BKIAT 3TOTO 3PPeKTa OKa3HBACTCA CPAaBHA-
MHM cO BrIamoM 3¢PexroB, PaccMOTPEHHHIX paHee B mpeHebpeme-
HHHM TaKUM DPACCeTHTEM.

Opmaro Hamboiee HHTEPECHOE CBOWCTBO AHOMAIBHOTO CHREB-3(-
¢erTa — BTO ero 3aBHCHMOCTH OT TeoMeTpuE HoBepxHoctH Depmm.
Kark MH BHeIM PAHBIIe, TOIBKO T 3JIEKTPOHE], KOTOPHE ABUKYTCH
HOYTH HAapPATIeNIbHO HOBEPXHOCTH, «3PQERTABHOY IPHAMMAIOT YIaCTHe
B nposoguMocta. Ecru mam obpaser mpeacraBiaser cofoit MOHOKpDH-
CTAILI, TO BTH SITEKTPOHH NOJKHH IPHMHANIEKATh Y3KOMY mosCY,
oxBaruBaomemy mnosepxHocTsh Depmu. Ecam mosepxmocrs ®epmu
CHJIbHO aHA30TPOIHA, TO JONKHH HAGTIONATHCA PASIHUYHLIEe BElAIHHE
HOBEPXHOCTHOIO HMIENAHCA HPH M3MEPeHHAX Ha DasIMIHEIX TPAHAX
MeTaJJIM9eCKOr0 KPHUCTAaJlia M IOPH PA3IHIHHX OPHEHTAaOUAX IIOJXA.

O6o6mas npexcrasienne 06 agigfexmusnon caoe (8.103), Mosumo
YyCTaHOBHTH, KAKOe HMEHHO TeoMeTPHIECKoe CBOHCTBO mccaemyerca
Ha ombrte, llpeqmonomuM, 410 HYKHO PACCMATPHBATE JAHIIL T 2JIEK-
TPOHH, BEKTOPE CKOPOCTEH KOTOPHX COCTABIANT C MIOCKOCTHIO (Z, ¥)
(rpammmeii meraiia) yrae, He mpesocxopamume ~B8'/A (saexTpmae-
CKOe IoJIe HAPaBAEHO IO OCH X).

B mexoropoil Touke P, mpmmamIemameir mosacy ddderTmBHHIX
9TeKTPOHOB, CKOPOCTE V COCTABIAET YToI O ¢ anekTpuueckuy nonem E
(cm. dar. 150). Mlupuna mosca pasua 2p8’ | p |/A, rxe | p | — pagmye
KPHBMBHLL B INIOCKOCTH, IIPOXOMSANIEH depes CKOPocTh V W OCh Z.
dmeMeHT 2TOTO mosica [IMHH ds, Takum 00pasoM, COOTBETCTBYET
wiomagu nosepxuoctu MPepmu, pasHOR

2p6’ o]
ds =221l g, (8.107)

M, O9YeBHMJIHO, JaeT BKJaj B NMPOBOIUMOCTh B HAUPABIEHHH X, OIpe-
AenameMuit obpaHON (popmymnoin (7.23):

2 2 !
A0 = 5 W8S = oy Acos 2010l cos0ds.  (8.108)
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Taxum 06pa30M, IIOJTHAA Kamylaacd IPoBOIUMOCTE MeTalljla eCTh

’ 2 6’ 2| 8
o' — B0 Slp]coszﬁds:%(§[pyldk!j, (8.109)

rae Py, — pagayC KPHBUBHH cedeHHA mopepxHoctH Depmu mMIOCKO-
CTHI0, HApAANeIbHOR HIOCKOCTH (X, Z), B TOYKe, Jeiaieil Ha Iosce,
a HHTETPUPOBAHME IO KOMIOHEHTe MMOYJIbca k, Beferca IO BCEMY

Fpwexmuarsie
3AEKMPOHLI

@ur. 150. Ilosac agdeKTHBENX 3JeKTPOHOB Ha moBepXHocTH (Depmu.

mosicy. 9Ty BeXHIMHY CJelyer Temeph HOJACTABHTH B BHpaskeHHE
(8.104) u sarem Hailitn B oTmensnoctu 8’ u ¢’. BoXee moamwii apanus
NOKashIBaer, YTO BEIHINHA BBEJEHHOTO paiee B TEOPHIO NPOM3BOJIL-
HOTO MHOKMTEIA [ paBHa:

8

P=5v5"

Kpacora mosyIeHHOTO pe3yiprara COCTOMT B TOM, 9TO NOBEPX-
HOCTHWI WMIOEJAHC He 3aBHCUT HH OT AJUAHH CBOGOAHOTO mpoGera,
HHA OT CKOPOCTH HIeKTPOHOB, a ONMpene’serc JWNIb JOKATHbHOH EpIl-
BH3HOH, IPOMHTEIPHPOBAHHON IO OMPE/eNIeHHOMY HOACY MOBEPXIIOCTH
®epmu. Uurerpar (8.109) ocobentio ayEcTBATEIEH K 061acTAM € 60H-
IEM PajgHycoOM KPHUBU3HH, T. €. K CPABHHTEIBHO INIOCKUM yYacTKaM
nopepxuocru Depmu. Tarum o6pasom, oH aer undopMALHIO, B KaKoii-
TO CTENeHH JOMOIHUTENBHYI K MHQODPMAIHE, TMOIYyYaeMoil U3 IPyrux
«3PPeKTOBY; MOCTeTHIE YACTO 3ABUCAT OT MEJIKUX JeTajell CTPYKTYpL
nosepxuaoctn DepMm 1 or Madpx obaacreidl MHOTOCBA3HOH MOBEpX-
Hoct Depmu. OgHako 06paTHTH COOTHOMEHNME MEIKIY JAHHON HOBEPX-
HOCTHI0O M COBOKYIHOCTBIO 3HaueHmil mHTerpano tmma (8.109) mis
PA3THYHLIX OPHEHTANHI [0SACOB HeJIerko; A 3TorTo o6erano Tpedyerca
IUTATEIBbHAS TpoIefypa moadopa mo meroxy npob m ommbox.

(8.110)
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§ 8. 3aryxanme yasTpasByka

Teopuio 3aTyXaHdAA BHICOKOYACTOTHHIX YOPYFHX BOJH BCIELCTBIE
B3aWMO/IEHICTBUA € JEKTPOHAMH HPOBOJUMOCTH B MeTajjxe Hanboiee
eCTeCTBEHHO BRIIYHTH HMEHHO B 9Ty IJIaBY, XOTH, CTPOTO TCBOPA,
3aTyXaHme YABTPasByKa He NPHHALIGRHT K WHCIY ONTHYECKHX
cBoitcTs. 3BYKOBAA BOJNHA B TBEDPAOM Tel€ BLIBLIBAET TIOABIELIE
5IEKTPUYECKAX HOJeH, YCKOPAIOIMNX BJIEKTPOHE B OCHOBHOM Tak e,
Kak dIeKTpoMaranTHasA BonHa. Ho cKopocrh 3ByKa HaCTOIBKO MEeHbIIe
CKOPOCTH cBeTa (0HA flaike MeHbIe (EPMUEBCKON CKODPOCTH 3J1eKTPo-
HOB), 9T0 HaOTIOZAIOTCA HEKOTOPHE cuenmpudeckne shdeKrTsl.

B o6branoit HuU3KoUacToTHOH 00JNacTH 3aTyXamHme MOKHO DPacCyi-
TaTh ¢ HOMOMIBIO DJIeMEHTAPHOH KuHermueckoil teopmu. 'as smerTpo-
HOB MAacChl m C KOHIeHTpamwedl YacTul{ 7, CPeJHeHl CKOPOCTHIO Uy
u qauHol crobopnoro mpobera A ofmagaer BA3BKOCTHIO

N =g nmAvg, (8.111)
3Ty BABKOCTH MOKHO y4YeCThb B 06bI‘IHOM RIAQCCHYECKOM BBIpAKenun
AJA CWI, AeHCTBYIOWHX Ha sxeMeHT cpemsl. Torga nas mocrosmHOM
3aTyxXxagmd IIPOJOJABHBIX VIPYrHX BOJH YacTOThI ®© noaytaercs
BEIpajKeHNe

®2

Ds (8.112)

a=i
5
rge D — MIOTHOCTE Ta3a M S — CKOPOCTH 3BYKA. JTO BHpaskeHue
MOKHO TIPECTABHTh B PasimiunbX (opMaX, HANpPHMep uYepes mpo-
Bogmmocth (7.33):
4 @:mvy

oc=—ﬁ D3 0.

8.113)

Ecin wamepennst DPOBOJATCA B OYeHb YMCTOM METAJNTe HPH HH3-
KHX TeMIepaTypax, TO BpPeMA PeIaKcalinyl IEKTPOHOB OKA3HIBAETCH
Bechma Goapmum. Tem He MeHee, HMeA JIeI0 € YIABTPa3BYKORBIMH
BOJNHAMH, 09eHb TPYJHO MOTACTH B 00JaCTh PelaKCamuy, THe wt = 1.
Onnako, MOCKONBKY CKOPOCTh BBYKA MHOTO MeHbITe (epPMUeRCKoi
CKOPOCTH, MOMKHO TONydInTh [AMHY CcBoGogHOTO mTpobera, mpeBb-
ITAONLY0 IHHY 3BYKOBOH BOJNHE, T. €. JOOMTHCA BHIOMHEHHA Hepa-
BEHCTBA

gA > 1, (8.114)

YroGs paccMOTPeTh 3TOT Caydail, BepHeMca K dopmyue (8.89), namw-
meii peileHHe KMHETHYECKOTO YPaBHEHHs NDH HAIHYWH HIEKTPHYE-
CKOTO WOJNHA, CHHYCOMZAILHO M3MEHSIONIEroCs B WPOCTPAHCTBE H BO
ppemern. Kak Msl Bugenu, o6o6meHmas HPOBOAMMOCTH pPaBHA

®) = 62 g Y.V dSF
o (q, )_4313 1—it(@=q-v) A

. (8.115)
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IIpn paccmorperum stoit gopmyast B § 6 macrosmeit raaBe ME
momaraam ¢ = 0, mBO CKODPOCTL 9IEKTPOMAaTrHHTHON BOJXHEL TaK
BeJHKA, YTO €e BOJHOBOH BEKTOP MOMKHO CYMTATh IPUMEPHO PaBHEIM
nyino. Ho Korga BO3HWKHOBEHWE 5NEKTPHYECKOTO TOJNH BHI3LIBAETCH
AKYCTHIeCKON BOJMHOH, KOTOpAaA pacupoCTpaHAETCS TOPA3NO MelyieH-

@ur. 151. «ABrodasuposray.

Hee JJIeKTPONHOB, CaraeMoe (v HaLo yaep:kaThk. Torga BemecTBeHHEAR
9acTh HPOBOAMMOCTH OymeT CBsA3aHa ITABHHIM 06pa3oM €O BRIAZOM
Tex obuacreit mosepxnocrn Mepmu, te © ~ q-v. Do Epyroi cmocob
BHIPOUKEHUSI TOTO (aKTa, UTO COCTABJASAIONMANA CKOPOCTH 2JeKTPOHOB
B HAaPaBJeHWH DACHPOCTPAHEHHS BONNH PaBHA CKODPOCTH 3BYKA.

Gur. 152. TlosAc »AeKTPOHOB, B3aNMOAEHCTBYIOMNX ¢ (JOHOHOM C BOJHOBHM BeK-
TOPOM (.

JTO sABJIEHUe HA3HBACTCA IPHPeKmoMm «asmogasuposKus 1), dmex-
TPOH, KOTOPHIL ORa3aNcsA Ha TpeGHe BOJIHEI, MOKET IPOLOJKATh 3a6H-
PaTh OHEPIHI0 OT IOJIA, ABULAsCh B HAIPABJIEHHN, IOUTH TePIEHIHKY-
ASIPHOM BEKTODY pacrpocrpaHenns Boumw (cM. ¢ur. 151). Ogenmgro,
TOMBKO Majiasg 9acTh JJIEKTPOHOB Ha mosepxuoctm Depmu Mmoser
YAOBJIETBOPATH 3TOMY ycioBmio. Ecnm monrocTsio mpenebpeas wacro-
Tolt ®, TO 9TO YCIOBHE BHJENAeT HOoSAC Ha momepxHoctm (Depmm
(em. dur. 152), B TOIKAX KOTOPOTO CKOPOCTH HIEKTPOHOB HOpMaJbHA

!) My me HamiE Goiee YAAYHOTO OKBHBANEHTA AHTIAACKOMY TepMHRY
¢surf-riding resonance».— ITpux. ped.
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K BEKTOPY (, — II0AC TOYHO TaKO 3xe (0 PMH, KAk ¥ BBEJ€HHKI B TGO PHH
aHoMajbHoro cRuUH-3dderta (cMm. § 7 macrosmedl raamsr).
Herpynuo omenurs Bripamenme (8.115) B mpepmene mpm gA > 1.
9dderTHBHAA MUPHAHA II0SCAa 3aBHCHT OT TOTO, CKOIL OBICTPO BO3-
pacTaeT BeIWYMHA Tq-V IPU YAAIEHUH OT MOJOMKEHHS TOTHOTO Pe3o-
Hauca. Yem Goiblle BeIHYIMHA T, T€M YiKe CTAHOBHTCA MoAC. TodHO
TaK ke, Kak u B dopmyae (8.107), sxement «odpPerTuBHONY mIOmann
OpPOmOPHHOHAIeH JIOKAIBHOMY pPAAHYyCYy KPHBH3HHE MOBEPXHOCTH
m ofparHo mpomopnmonanen A. Hampumep, B paccMaTpmBaeMoM
OpeeSbHOM ClIy4ae ¢ HOMOIEBI0 DIeMeHTapPHHX coobpaskeHuil mumd-
depennumanrbHOE TOOMETPHM MOKHO HOMYYHTh TOUHYI (POPMYIY

2
Oun (4, 0 =757 & [0y dk,, (8.116)

T7e HaUpaBlIeHnA T I J NePHeHIAKYIAPHE HAUPABICGHHIO PACIPOCTPa~
HeHHA ([, & OCTAJIbHbE 0003HAYCHHNA COBHANAIOT ¢ MCHOIb30BAHEBIME
B fopmyne (8.109).

Warepecras ocoGeHHOCTH 3T0# GOpPMyIsl COCTOMT B TOM, 4TO OHA
He cojtepsut mapamerpa A. Bamuo amums, uroGH cymecTBOBAT RAKOI-
a0 MexanusM, 0DyCIOBIHBAIONINIA B KOHIE KOHIOB PACCESHHE BICKT-
TPOHOB, HO B PACCMATPHBAEMOM Mpefiesie HHTEHCHBHOCTD PACCEAHHA He
urpaer poad. C raxkoii curyamueil Mu ke Berpedanancs B § 7 nacrosniei
raaper. [lefictBurenbHo, Brpakenme (8.116) MoRHO HCTHOIB30BATH
mia BoBofa Qopmyant (8.109) maa amomampHOTO CRUH->dexra,
BRJIOYAaA W BBeJlGHHHI paHee HNpPOMBBOJNBHBIE MuO:kuTeNb f. Ias
STOr'0 HYMHO, BO-IIEPBHX, mepeiith K yphe-KOMIIOHEHTAM B COOTHO-
mennn (8.102), moaygensom us ypasuenuit MaxcBeia, u, BO-BTOPHIX,
yiecTh TPAHHUYHBIE YCIOBHSA, ONUCHBAIOIINE MOBEJCHHE DIEKTPOHOB
Ha DOBEPXHOCTH Merajia.

Brio 6H 09eHB X0POMO, ecnm OB B TEOPHM 3aTyXaHMA yIbTpa-
3BYKa OKa3aJoCh BO3MOXHEIM HCIIOJB30BaTh camy gopmyay (8.116).
OnmT mo W3MEpPeHWI0 3aTyXaHUS BOJH, PACTHPOCTPAHAOMUXCI dYepes
MOHOKDHCTANIJI B PAa3IWIHBIX HAOPABJEHHAX, TEXHHYECKH OCYMIe-
CTBUTHL TOPAa3[0 Jierde, WeM OIBIT, CBA3AHHEINA C M3TOTOBIEHNEM pas-
Ap9HEEM 06pasoM OPHEHTHPOBAHHBIX KPHCTAJNIHYECKNX IMIOBEPXHO-
cTelf, KOTODHE MOJIKHEL OCTABATHCA YHCTHIMU M COBEpIIEHHEIMH BO
BpeMsl H3MepeHHH DOBEPXHOCTHOTO COLPOTUBICHHA.

I mecuacThio, BTOT BKCHEPEMEHT He gaeT TPAMOI Mi{opMamHL
o ¢opme mosepxuoctr Pepmu. 3aryxamme HeHCTBUTEIBHO CTPEMHTCSH
K Belmumme, He 3aBucAmeir or mammam csobomHoro mpobera siex-
TPOHOB, T. €. cooTHomenme (8.113) He Brmosamsercss, HO HWCTHHHAA
BeJIMYNHA DTOTO 3aTYXaHHA 3aBUCUT OT KOHKPETHOIO BHIA B3aMMO-
IeflCTBHA 3JIEKTPOHOB € BOJHAMHA pelierku. [ pyrumu CIOBaMH, dIEK-
TPHYECKOe IOJe, HeHCTBYIONMEe HA DJIEKTPOH M BO3HUKAIMEe B pe-
3yJabTaTe CMEMIEHNHA aTOMOB H IOSIBICHUA HANPSAKEHHN B pelleTKe, He
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yAaercs BEYACIKMTSH HEIOCPEICTBEHHO; CBEPX TOTO OHO Pasidubo A
pasunx Touer momepxuHocTH (Depmu. KHasanoch G, B mogmHTErpaib-
Hoe BepasKeHue B opmyne (8.116) my:xHO HORCTAaBUTDL nomeHyuas
deghopmayuy Tiua, obcysunapmerocsa B § 14 ria. 6, ogHAKO 3TOT MOTEH-
1Al OKa3hBAETCA BHAUYATENBHO G(oJee CIOKHBIM, Hampmmep A
cIydas MHOTocBAsHOU moBepxHocTu (Depmu, W ero ropasio TpyaHEe
BHIPA3UTh Uepe3 HECKONTBKO NapaMeTpoB, YeM [JiA HPOCTOTO METaidia
€0 CBOOOJHBHIMU DIEKTPOHAMHU.

3aTyxanme yIAbTPa3BYKA 3a CUeT B3aMMONEHCTBUA €O CBOOOIHBIMHU
HOCWTeNAAME MO’KeT NPOUCXONNTHE M B HOIYOpoBOZHEKe. VloHHLe
KPHCTAIIH (e3 IeHTPA CHMMETPHH, HAUpPAMED COe[IMHEHHS HJIeMeH-
toB 11l u V gam 11w VI rpynun (§ 2 ran. 4), obmuno mpencraBisoT
coboit nveszossexmpuru. JloxaneHaa pedopmamms W;; (r) cssszama
TaM He TOJbKO ¢ moTeHnuaiaoM fedopmarnun (6.95), Ho B ¢ JOKATEHEIM
DIEKTPUIECKAM NOAEM

OF; (l‘)--:z ﬁijkWij(l'). (8117)

i

berymaa RoaHa 3JTeKTPUUECKOTO IOJA, NIEPEHOCHMasg MAKPOCKOIH-
YeCKOH 3BYKOBOM BOJHOH, B3amMOJEHCTBYeT € HOCUTENAMH, BTOT
MeXaHH3M B3aWMOMEMCTBUA OKA3HBAETCA MOMMHHDPYION(MM BIJIOTH
710 CPaBHUTEIBHO BHCOKMX MIKDOBOJHOBHX YacTOT. [leTanbBmit xa-
paKTep ABNEHNA 3aBHCHT OT 3HAYEHNHA KOMIOHEHT Nbe30sIeKTpuie-
CKOTO Ter3opa f;;, B HaOPaBIENUH BEKTOPA MONAPH3AHNAR 3BYKOBOH
BOJIHBL,

B cpeme co cpaBEUTENBHO Mano HPOBOJUMOCTEI0 MOIKEO HEIO-
cpeficTBeHHO HAONIONATH aKYCMOIAEKMPUUECKoe Node, CO37aBaeMoe
OyYKOM YABTPa3BYKOBHX (OHOHOR, IepefalomuX CBOW MMOYJbC HO-
cutexsM. 9ToT 3(dexT, ouepnHO, 06paTeH ypaedennio POHOKOB HIeK-
rponamu (§ 11 rar. 7). C BEM TeCHO CBABAHO ABJTEHHE YCULCHUA 36YKQ
SAEKMPOHHBM NOMOKCM; TOCTEHEe MOMKET WMETh MECTO TPH HAaloKe-
HUH TOCTOSBHOTO 9IeKTPHYECKOTo IOJA B HAUPABIEHWH PacIpocTpa-
HeHHUsA yALTPasdByKa. 9T0T 8eKT MOKHO paccMaTPHBATH KaK Mazep-
HBIIi: 5HePruA, IOCTYNAOMas OT DIEKTPUYECKOTO MOJfA, HAPyIIaer
paBHOBeCHOe pacupefielleHne HOCHTelell, YT0 B NPUBOAT K KOTEpeHT-
HOMY HCNyCKaHmo OHOHOB. MOMHO OTMETHTH aHAJNOTHIO ¢ YepPeHKOB-
CKUM H3JTy9eHHeM: dIeKTpHIecKoe moJie coobmaer HocuTenio npeidioByio
cropeoeTh (7.31), mpeBOCXOAAMYI0O CKOPOCTL 3BYKQ, TeM CaMHM lelas
BO3MOKHBIM TIPAMOE pOskleHne (GOHOHOB € CoXpaBeBHeM JHepTHH
1 AMOyIbea.

IlpuBenennulli BLIIe BHEBOJ GCHOBAH Ha KBAa3WKJIACCHYECKOM pac-
CMOTpEHHHN KHHETHYECKOTO ypapHenmA. Te ke cample pe3yJbTATH
MOKHO LOJYYHTH (B M3BECTHOM CMHCIe foiee ¢TPOro) W M3 KBAHTO-
Boit Teopum. Paccmorpum, mampumep, yciosme (2.101), woropoe
BBEIPasKkaeT COXpaHeHHe PHePTUH IPY DOTIomenun onoHa ¢ 9acToToH ,
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CBA3AHIOOM C IEpPeXofoM HJIEKTPOHA M3 COCTOAHEA Kk B cocrosume
k + q. 910 ycaosme maer

7'za)=8(k+(I)'—g(k)%q-—%ik—)=ﬁq-Vk. (8.118)

Ta e semmumna crout, mo cymecrsy, u B gopmyie (8.115). JIpyrummu
ciroBamd, «3gdert aprodasupoBKm» IpefcTasisner coboil He uTo mMHOE,
KaK DJEeMeHTapHELA IPOIECC 3IeKTPOH-POHOHHOTO B3aUMOFeHCTBHA,
obeymmasmuitcs 3 § 8ra. 2 u § 13 ra. 6.

@opmyny (8.115) MOKHO HOXYIATH TAK/KE M COBEPIICHHO IHEIM
oyTeM. JanmmeM 3HaMeHATeAbL B BHUIE

1— it (0 — g+ v) =~ (& (k+q) — & (k) — ho —ifio), (3.119)

rge & = — 1/7. 910 ecTh Kak pa3 3HAMEHATENb CYMMEI, PHIYpI-
pyome# B dopmyae (5.16) u » gpyrux Popmymax ra. 5. Ilocae me-
CTOKHEIX MAHHNYJIANAA C HCIHOIb30BaHHEM CcooTHOmeHua (8.118)
MBI IOJYdYaeM B CIydae, KOTZA q M o MATH,
4nioy (q, ®)
e(q, o) w1+ —"—.

(8.120)

3nech o; ofo3mauaer WPOJI0IABHYI0 IPOBOLUMOCTh, T. €. COCTABJIAI-
I[y}0 OPOBOAAMOCTH O B HampaBJeHHH PACHPOCTPAHEHHA (PoHOHA.

Jpyrmmu crosamu, MBI BHOBB BEEea:m gopmyry (8.7). Kommrexc-
Hasl [U3IeKTPHYeCKasd IPOHAIAEMOCTh SIEKTPOHHOTO I'a3a, BHIINCIEH-
Hag B § 1 I, 5, yme comep:kuT NPOBONHMMOCTH KAR CBOIO MHUMYIO
wactb. B dopmyre (5.1) MBI cHETAIE — 0 HPOM3BOXBHOH II0CTOSHHOM,
XapaxkTepHa3yIOMled 3aTyXaHme BO3MYI[AIOMEro MOJA, HO OYEBUIHO,
970 €CTh CMBICH OTOIRIECTBHTE — a ¢ 1/7. B Buipasnenun (5.16) zaxio-
geH Gonbmok GHIMYECKHN CMEICI,



TJABA 9

NOBEPXHOCTh ®EPMN

Troit BE 3arajoueH TaK...
Hiexcnup, «l'amaer»

§ 1. CuapHbie MarHUTHBIE HONA

Boo6me roeops, aiaexrpoHIbie cBoilcTBa METANJIOB HNPH BHICOKHX
TeMIeparTypax ONpPeNelsioTCs CKOPOCTAMM, BOXHOBEIME (YHKI[HAMH,
BEPOATHOCTAMA MEPeXCH0B U T. [., YCPEIHEHHBIMA CIOKIHNIM 06pasoM
mo Bcefi mosepxuoctn Mepmm. Ucknogas HeACHYI0 ¥ 0ODHBOYHYIO
urdopuamuio, moaysaemyo u3 sdpdexra Koua (§ 4 ra. 5) u anHUTHIA-
uun nosurporos (§ 8 ria. 5), sddexrtnrEOe ompeselNenne BHAa 3TON
MOBEPXHOCTH H3 3JKCOEPHMEHTANBHLIX [AAaHHBIX CBA3AHO C MCIOJB30-
BaHUEM 9MCTHX 00pasnos HpH HUSKUX TeMIlepaTypax, KOTfia paccessnne
2JIEKTPOHOB He «3aMasmBaery siplernnmit. B ciaydae ;xe Korma BpeMs
pellaKkcalmn BJIEKTPOHOB OYeHb Majyo, e fACHO [ake, MOMKHO JN
BooOme TOBOPHTEL 0 cymecTropaunu nosepxHocrn Mepmu. Hanpumep,
opu pgamHe cBoGogmoro mnpobera A HeompeereHHOCTH B MMIYJIBCE
siextpona Oymer mopsamka %/A; OmpHm BHCOKHX TeMmIleparypax »3Ta
HeoHOpeeleniocTh BIOAHEe MOLOT OKa3aTheA HOPSHJKA PAa3MepoB HeKo-
TOPHIX jeTanefl CTPYRTYPL B309HEePreTHYecKHX ToBepxuocTeli BobpaT-
HOM HPOCTPAHCTRE.

Mz yske paceMaTpmBanm aHOMAJGLHEA ckun-odderr (§ 7 ra. 8).
Tloutu BCE mpyrme crmocoGH mccaefopanus mosepxnoctu Depmu cra-
3aHEl C MCTUOJL30BAHNHEM CHIBHHIX MAarilMTHHX Hodell. Bamamme mar-
HATHOrO TOJA Ha COCTOAHHUE JJIEKTPOHA OIMCEIBAGTCA DABEHCTBOM

(6.40).
k=-[v x HJ. (9.1)

970 o3uavaer, 4To HM3MeHeHme mexropa k

1) mepmengunysnspuo nampasienuno H;

2) mepmepmUKYJIAPHO CKOPOCTH V, KOTODAas B CBOI odepefb mep-
TeHIUKYNAPHA H309HEPTeTHIECKOM IIOBEPXHOCTH.

Takxum obpaszoM, Toura k posmskHa DpHBaJIeHKATE opbume, OIpe-
nerseroil mepeceyenmem nosepxnocTH MepMu ¢ MIOCKOCTHIO, HepIIeH-
IuRysApoft manpasnenmio marnurHoro moxs H (¢ur. 153). Marumr-
HOe T0Jie IIPOCTO 3acTapisger M300PKAOIYI TOUKY JBUTATHCA IO
atoil opbure 663 MaMeHenwsa YHEPTHH.
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B orcyTcrBme paccesHEs dieRTpoH coBepmiaerT OfUH 060pPOT 3a
BpeMs
2n ¢k dk

;

N T I 7
Op eH 7 v,

(9.2)

rje v) — COCTABIAIMAA BEKTOPA V B IIOCKOCTH, NePUEeNANKyIAPHOH
marugraomy monw H B rouke k. Coorsercraymomas wacroTa o
HA3LIBATCA YUKAOMPOHHOU HaAcnomoil.
A cBoGOTHBIX BSIEKTPOHOB dJIeMeH-
TapHbE reoMerpuueckue coobpaskenmsa
IaioT

@ dk _m * dk — 2mm ’ (93)
v, oy ok B
TaK 9TO
eH
O = me (94)

Ilpunaro BBOAuMTL eme ojHY «3ddex-
THBHYIO MAaCCY» — YUKLOMPOHHYIO Mac-
cy mi;, OUPEAEINAEMYI DPABEHCTBOM

o =2 (9.5)

*
mgt

®ur. 153. «Opbutan suIEKTPOHA
B MarHUTHOM IHOJe. Crmegyer OTMETHTH, 9TO BeIWYMHA mjy,

BooOime TOBOpsA, OTIUYAETCA OT AHHA-
Mudeckodl macce  ssexrpora. Oma xapawTepmayer  CBOicTBa
opGute, 8 He OTHEILHOTO 3TEKTPOHHOrO COCTOANHA,

-—
e — —_—————

T é+d8

dur. 154.

HOJIGBHOG reoMerpm4yecroe olipeneieHue HHKJIOTPOHHOfI MAaCCEhI
MOMHO noaryumThb, 3amedasy, 4TO
‘ 1 dg

U_L=_h_ dk_L ) (96)
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rae dk | — upHpameHne £ B INIOCKOCTH OPOGHTH, HOpMaTbHOE K Cede-
nmio nosepxsoctn Depmu [ora dopmyra HeABHO COMEPIKHTCA YiKe
B cootHomennnu (6.2)]. Pasemctna (9.2) u (9.5) mator (¢ur. 154)

« __eH 1 ch % I L LI T L

mh=—sr e Y, = % Y e (®.7)
rue o4 — mwiomangb, orpanndenuas opbuToll, PacmoNoKeHHOW B IJLO-
CKOCTH, NMepHenguKyIAapHoil MarauTHoMy momio H.

§ 2. JluamarnuTHHIA M IUKIOTPOHHEIA PEe30HAHCHI

Ecrecrsenno mpefmoioUTH, YTO ITO HEPHOJHYECKOe [BH(CHHE
DIIeKTPOHA MOKHO 0GHADY/KATH ¢ IOMOIIBIO PE30HAHCA € BIEKTPOMAr-
HATHHM TOJIeM COOTBETCTBYIOWmEH dacToThl. EHHCTBEHHOE YCIOBHE
COCTOMT B TOM, 9TO DIIEKTPOH MOJIKEH COBEPIIMTL IO KpaliHed Mepe
ommH 06opoT mo opbuTe 3a BpeMsA MeKY ABYMA HOCIEHOBATCIbHEIME
cronkuopeHuAMEu. JlOBOIBHO JIETKO IOCTPOHTH (QOPMAIBLHYIO TEODHIO
OTRJIMKA CHCTeMH HA IUPKYJISAPHO IOJNSAPH30BAHHYIO 3JIEKTpOMAr-
HOTHYI0 BOJNHY, PACIPOCTPAHAKMYICA HapajilelbHO HaOpaBJCHHIO
MATHHTHOTO moas. ¥ o6HO, HAampUMep, BBECTH BMECTO COCTABIAIOMUX
BeKTOpa k HOBHIe mepeMeHHbie, XapaxTepusys TouKy k ¢ moMompio:

1) smeprum & (k) (B MarEwTHOM IoJIe OHA OCTAeTCHA LOCTOAHHOMN);

2) mpoekmuu BekTopa k Ha HampaBieHme MAaTHHTHOTO moas, kg
(oBa TaKIKe 0CTAETCSA MOCTOAHHOM);

3) «pasoBoit mepeMeHHOI» ¢, ompefenAeMoil HHTErpasoM 1o opbure
TOro s;Ke THma, Kax murerpax B (9.2), a uMenHo

kW
ch dk
=g § 5 (9.8)
1
Jra mepeMenHasa ynoGHA HOTOMY, YTO IPH HAIWIUA MATHHTHOTO IIOJA
0OHA aBTOMATHYECKH BO3PAacTaerT C LOCTOAHHOU CHOPOCTBHIO

b= oy (9.9)

¥ 1A ofHOTO momnoro obopora ¢ = 2m.

JTH IepeMeHHEE MOJKHO MCIOONbL30BaTh B KavyeCTBe KOOPAHH ar
B KHHETHYECKOM ypasHenuu. Byjmem paccmarpusaTh BHepaBHOBECH VIO
qacTs gx B popmyne (7.10) rar dpysxnuwo or &, kn, ¢. Hak n B yp ae-
nepnu (8.84), BBemeM BpeMsa perarcanuum. Kpome T0TO, B KHHeTH ¥e-
CKoe ypaBHeHHMe Hamo A00aBHTH WIeH

of - 1 08 og
T Jmag = 76 =15 (9-10)

OHHCLIBaIHIOHﬁ BJIUAHNE MArHHUTHOTIO HOJA Ha pacnpepejieHue aJeK-
TPOHOB. HOCJIG}IHEG Boipakedde OJSHKBHUBAJIEHTHO WMCIOJB30BAHHOMY
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B Qopmyue (7.137), rme marHuTHOE MOJie WPEATONATANOCH CIalbBIM,
opHaro dopma samucn (9.10) Gomee wommarrHa.

Boapmesm mosre, MeHAIONIEECs BO BpeMeHH € 9acToTofl ®, W mpe-
HeOpeskeM TPOCTPAHCTBEHIHM H3MEHEHHMEM HanpssKeHHocTH moaa E.
IIpenmonoskam Taksxe no amanornn ¢ (8.86), uro

g (&, b, §) = — ) © (Jom) etce-o00, (9.11)

T. €. UTO JIBIJKEHHE BCEro 3JIeKTPOHHOTO pacupefeieHus (eciu He
KamsJo0ro OTHeJIBHOTO DJAEKTPOHA) IpefAcTaBiser co0od Bpammenne Ho

0p6nTe ¢ dacrortoil OPAJTOREeHNOoro nmons. Toraa KHHeTH4YeCKoe ypaB-
HeHue

afo g dg | g
HMeeT penieHue
etv-E
@ (kn) =g rore (9.13)

Har u npesxne, no6apra k QyHKunM pacnpeneseHns HPOIOPIHONATE-
Ha HaNPKERHOCTH 3aeRkTpudeckoro mois (Pur. 155); reneps, oguaxo,
OHa He CoBIajaer o (Qase C BHENIHMM IOJEM, €CIH IPHJIOKeHHasd
YaCcTOTa He COBIAaJaeT C MUKIOTPOHHON TaCTOTON CHCTEMEL.

IlpoBossA BEIVUCIEHNA, aHAJOTUYIHbIE TeM, KOTOpPHE NPUBENH HAC
& dopmyae (8.90), momyuaen, 910 Meranx Gymer necrH cebA Tak, Kak
ecair OL ero mPOBOMEMOCTE OBia PaBHa

1—i(log—w)T
Onuitel mo 1HabIloIeHnIo MOBePXHOCTION0 CONPOTUBACHHH, OTPaka-
TEABHOHE CIOCOGHOCTH, TOTMOMEHAS I T. JI. OYAyT OOGHAPY/KHBATH
AuHA0 Juamasrumuozo pesonarca (MupuHH 1/7) Ha 9acToTe M = O,
AHAJOTHSL M@Ky DTHM Pe3yIBbTaToM M Teopuell ONTHIECKOTO pPeso-
nanca [em. (8.51)] owesmpna. Jlms ceoGopmmix omexrponor ¢opmy-
ay (9.14) merko mOTYYMTH UPSMO M3 YPABHEMHA ABIGKEHHSA, OJHALO
pesyabrar (9.14) mmeer 60apmyio obmuocts. llpaspa, on He BmoMHe
TOUeH IiA mpousBoibHOM mosepxnoctu Depmm, worga mpemmomnosxe-
mne (9.11) osmauaer mpeneGpeskeHMe BEICIINMH TapMOHHKAMH IO
epeMeHHoH

©opmyna (9.14) sammcaHa AIA UUPKYJAAPHO MOXAPU3CBAHHOTO
Jy9a, NOBOPAYHBAKIEroCA eMecme € DIEKTPOHAMH, IBMAKVIIMMUCH
o opburam B MarnmTHOM mHoie. M3 reomerpmuecknmx cooGpakeHuit
09eBHJHO, 9TO B (opMy:ie [JIA JAyda, HOJAPH30BAHHOTO B IPOTHBO-
NOJOKHOM HAOPABIEHHH, BMECTO — @ OYHeT CToATh -, Tak 4TO
pesoHanc 6yzier orcyTcTBOBaTE. PACCMOTDUM, OHAKO, MHUMYI TACTH
o(®), KOTOpas Qaer BRIAJ B GEWecmEeNHyl0 YacTb KOMILIEKCHOTO
noxasarend mpeiaomiaenna (8.7) m, ciegoBaTeNbHO, MeHAeT GazcBYIO
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CKOPOCTH BJIEKTPOMATHMTHON BOJHEL. [liia nuHefino morsapH30BaHHOTO
Jyda, pacopoCTPaHAINEroCs BOJDL HANPABICHHA MAaCHUTHOIO IOJA,
JiBeé IHPKYJAPHO NONAPH30BAHHLIE COCTABJIAIONMAE MMEIOT pas3HHe
CKOPOCTH, TaK 9T0 INIOCKOCTH IOJAPH3AMMM HEIPEPHBHO MOBOPAuM-
BAeTCA IO Mepe HPOXOJKIeHHA BOJNME B KPHCTAMLIE. ITO — XOPOLIO
u3BeCTHLI agigferm Dapades.

s monynpoBOAHHKOB B BHINEM3JIO0/KEHHOM 3aKII0OYEHA MOUYTH
BCA TEOPHsA [HaMarHUTHOro pesoHadca. Hocurenm zapaga — smex-
TPONB HWJIH JIBIPKA -—— 3aHMMAlOT B IpocTpanctse sueprum & (k)
ne6Gonpuiae oGaacra, pacmoao-
jKeHHBle BOJIMSM MUHHMYMOB
HIH MaKCHMYMOB 30l B aTHX
061acTAX DHEpreTHIeCKne Io-
BePXHOCTH OOBIYHO BIIHUCOU-
gaasHsl (cp.§ 5 ria. 2); mosk-
HO IIOKAa3arh, 4TO Ha BCEX
OapallIelIbHHY COUGHHAX 3JI-
JHOCOMAA UACTOTA @y OfHA
U Ta jKe, TaK 9Yto Habaoga-
eTCH JINHUSA, HPeCKa3HBaeMasd
dopmyanoit (9.14). Pazymeeres,
9acToTa O HS8MEHAETCA NpH

Qur. 155. JIeKTpHYecKOe TOJe cMelaer

II3MeHeHNIn OpUenTanuu KpHuc- pacupejieneBue (I)epl\IH.

TaJgdJa, TeM CaMBIM JaBasg HH- 9TO CMCINCHAC JIBIKCTCST BOKPYT MOBEPXHOCTH
@epMA, 3aTYXaA BO BPEMEMH,

POPMALIHIC 0 PACIONOIKeHAH DI, SATYXAR BO BpeMenH

oceit amnuncouma. Curyanus

Gosee cmoskua BONMBM MAKCHMyMA BaJeHTHOH 30HHI B I[eHTPE B0HH
Bpuwitiosna, rae ypoRHH paCHIEIIAOTCA BCAEACTBHE CHHE-0PGHTATID-
HOro B3aumopedctsua (§ 9 ri. 3), HoO ¥ B 3TOM CaIydae PaccyoTpeHIe
TPOBOMTCH B OCHOBHOM TaK jKe, KaK U PaEbIIe.

B caywae meramnoB BO3HHKAOT JBe TPYAHOCTH, KOTOPHIC, Kasa-
1ock 6p1, He mo3possAIOT Habmogars onncanntiit spdexr. Urobs pas-
PeINTh Pe30HAHCHYIO JNNHMAI0, Hajo PaboTaTh HA BHICOKHX 9acTOTAX,
xKorga ot » 1. B atux ycroBmuax ray6uma CKHH-CIOA OYeHb MaJa,
I Mbl moIagaeM B aHoMaunbHyw o6xactk (§ 7 ra. 8). Tarkum o6pasom,
paguyc BUHTOOOPA3HOH TPAGKTOPHH JJIEKTPOHA B MAarHHTHOM IOJe
B KOODPHNATHOM IpocTpancrse Gymer MHOTO GOIBIIMM, UeM TO pac-
CTOSIHWE, Ha KOTOPOe IPOHMKACT 3IEKTPHIECKoe Iolle.

JTO HABOJUT Ha MEIC/Ib, YTO MaTHHTHOE IOJNE CIefyeT HATOMKHTD
HePHeRINKYAAPHO IIOBEPXHOCTH MeTajila, TaK 4To6H B CKHH-CIIOE
PC30HAPYIIINE DIEKTPOHE GhUIN «dPEKTHBHE M MOTIH IMOTIONATH
momuocrs. Ecin, ognako, mpoananusnpoBaTs 3Ty cHTYammio, T0 0Ka-
SBIBAETCHA, UTO «PE3OHAHCY B HTOM CJIYIae CHILHO PasMBIBAETCA M CTa-
HOBUTCA e/iBa 3aMeTHRIM. B IpuENmOEe MOMHO HpocliegdTh 3a TeM,
Kag 970 MPOUCXOMUT, moncrapadas gopmyry (9.14) B pasencrso (8.7).
KRax n B cryvae (8.91), koMmurekcnstii moKazaTels NPeIOMICHAS HMEET
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OONbITYI0 MHUMYI 9acTh, 9TO CBA3aHO TIABHHM 06pa3oM ¢ TeM, 4To
sewecmeennan 1acts N? Bemumxa m orpmnmarenpna. Merann — camum-
KOM X0pOomuil IPOBORHMK; €HHCTBEHHOE, YTO MBI MOKEM H3MEPHTD, —
810 HeGONbIOe WM3MeHeHHe OTpa)kaTeldbHOll cmocobmoctn (8.94).
Yro6r yBHAETH B MeTANIEe PE30HAHCHYIO JHHHUIO TOTO THNA, KOTOPHIX
aJerko Habnlojaercs B HOJYHIPOBOJAHWKe, Hafgo GBUlo OH IOJHATHCA
BHIIE MJIa3MEHHON YaCTOTH ®p, a 9T0 MOTPe6oBalio GBI OTPOMHBIX
MaTHUTHHX TOJeH.

C mpyroit CTOPOHHI, HyCTh MEL IMEEM JIeI0 ¢ MaTepPHAJIOM, YIOOHEIM
miA HabmofenuA OMAMATHATHOTO pesOHAHCa,— HalpHMep, ¢ OYeHb
uncrhiM HatpueM mpu 4° K, Korpga yike B mMarmutHOM mosie mopsaka
HECKOJBKHUX THCAY spcref wxT.» 1. Eciau paGorath Ha ouenp Hu3Koi
9acToTe, He NPeBHIIAIIel HECKOIBKAX T'epI[, TO MOKA3ATENb IPeIoM-
aenus (8.7) MosKHO cHenaTh HOYTH BEIIECTBEHHHIM M HaGIIONATH Npo-
XOKJIeAHe BJIeKTPOMATHUTHON BOJHH 4epe3 MeTANIHIECKYI0 NIacTHH-
Ky. 91o ciaegyer u3 gopmyan (9.14); nonaran o< oy, DoryIaem

N= (e-}-_[‘m:) () )1/2 ~
~ (Tone) = () =t (9.15)

JT0 9HCNO OKA3HIBaETCA O4eHb GoxplmmM, mopaaka 10°, Taxum obpa-
30M, BOJIHA PACHPOCTPAHAETCA UYepes MeTANI €O CKOPOCTBIO BCETO
IWIIb HECKOJNBKO CAHTAMETPOB B CEKVHIY — MBICHOE, IIONajaiIiee
B 00671aCTh «4e0BEUECKUX» MACIITAG0B IINHE U BpeMenn. Bamuo, aT0-
611 B BEIpaskenun (9.15) 9acToTH @ W Wy WMEIW OfUH U TOT jKe 3HAK,
B COOTBeTCTBHM ¢ BEOopoM 3HaKOB B BHpaskenuax (9.8) m (9.11) sro
O3HaYaeT, UTO MH MMeeM [el0 ¢ MOJAPU30BAHHOW IO KPYry BOJHOM,
Bpamaiomeiicsa B gase ¢ snexkTpoHaMu. lmaMarHHTHEIC i OJIa3MeEHEBIe
B030Y:RAeHNA BIEKTPOHHOIO rasa o0BbeIUHAITCA B 2e4UKOHHYI0 BETBE.
K coxanenuio, wndopmamus, KOTOPY MOMKHO HOJYIHTH U3 ITOTO
ABJIEHNA, OTPaHWYeHa, MOCKOJBKY BHpaskernue (9.15) B meproM mpu-
OMMKeHHN MPOCTO HE 3aBHCHT OT reomerpum mosepxHocrm Depmm.
B kommencmpoBamnom moxympoBojgumke (§ 6 ra. 4) osmexTpommoe
1 AHPOYHOE TeJUKOHHEE CIaraeMbie B3aHMIO YHHUTOMKAIOTCA H 0CTa-
0TCA JWINb YIEHH 00Jee BBICOKOTO HOPANKA, ONUCHBAIOIIE pac-
IPOCTpaHeHNEe a4b@iéeHO6CKUL BOIH. JTO —eme OO0 MaCHeTOILIa3MeIl-
HOe ABJEHHWe, U3BECTHOE B acTpoduaure.

OxassBaercsa, YT0 CHIBHHIA PE30HAHC MOMKHO OOHAPYMUTDL B TOM
clydae, KOT/[a MATHUTHOE IIONe NAPAALeAbH0 TOBEPXHOCTH, JTOT Pe3o-
HaHC, HABHBAEMHH YUKAOMPOHHbM, BOHUKAET CIEAVIOMMM 06pasoar.
IIeKTPOH ABUWKETCA 110 BUHTO06pasHoit opbuTe, 0Ch KOTOPOH, Hampas-
JeHHasA, CKajKeM, IO OCH z, mapaiexpHa mosepxHoctd (dmr. 156).
ITocme rasmoro 060poTa OH MOMANAET B CKMH-CION 1 «BUATY OCIUIIH-
pyomee dIexTpudeckoe moye. KCam OH Bo3Bpamaerca Kaskaui pas
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B (ase ¢ moneM, To oH Gymer mpmobperaTh OT HMOJsL dHeprmio u Gymer
HAGAIONATHCA «PE30HAHCH,

Herpynuo BuiBecTm hopmydy, ONUCHBAOIIYI0 DTO SBJIEHME. 3alu-
weM pemenne KuHermaeckoro ypasuenus (8.101) B Bupge

i
2 oy rogr ’ ; das
S (v { ] v Ee yeeorar} B (9.16)

— 00

J(r, )=

31ecs MH TPOMHTETpUPOBAIH 1o mopepxuocty Mepmu, IT06H IOIY-
9uTh HOAHBIA TOK. B Boipaskenum (9.16) Bce eme ABHO coxpansercd
OCHOBHAA YePTa PElieHusa, COCTOAMASN B TOM, UTO BKIAJ B TOKB TOIKE T

\\.\\éﬁ \\\\}

®ur. 156. IlEKIOTPOHHHHA pe30OHAHC.

B MOMEHT {, IPOMCXOQAMMAN OT IEKTPOHA CO CKOPOCTLIO V, 3aBHCHT
0T HMIYJIBCa, TMEPESAaHHOIO IOJNeM B NPeNUIeCTBYIOmed Toure r’,
yepes KOTOPYIO DIEKTPOH NPOoXoAml B Golee paHHWII MOMEHT BpeMeHH
¢t'; maMATh 06 HTOM HMIYIbCE CO BpeMeHeM MCUe3aeT, W 3TOT IPOIece
omcEBaeTca YaKTOPOM BaTyXaHUA CO BPEMEHEM pellakcamum T. ITOT
¢10co6 OmMCAHHA TPOIEcca BIPKTPOHPOBOJHOCTH 10 OYXY OYeHb
6nnsor gopmysne Hybo (7.15).

B paccmaTpuBaeMoM CcIydae TPAGKIOPHU BUHTOOODPA3HH., OIeK-
TPOH MOCTHTAET TOUKH T IO KPUBOii, BIOJIb KOTOPOil 3aTyXanme BO Bpe-
MeHH OIPEeHeNifAeTCs TeM jKe CaMbHIM DKCIOHEHIWANBHEM (aKTOPOM.
Yepes oguu mepuof 10T ParTop 6ymer paBeH exp (—2n/wyt). Dmer-
TpuYecKoe Toiie [AeHCTBYeT JIMIIb B TeUeHWe KOPOTKOTO BPEMEHH,
KOTJla BJIEKTPOH HaXOJUTCSA B CKWH-CIO€; WpH Rampom obopore dasa
aeKTpoHa Gy/leT OmepesKaTh WIN OTCTABATEH OT (asHl OCINALAPYIOINE-
ro HONA HA BeaInunny 21w/owyg. TakuM o6pasoM, MEL MOKEM CBeCTH
gHTerpai mo BpeMeHu B gopmyre (9.16) K pesyasTaTy mEpBOTO MpO-
XO:KICHHMA dYepes CKUH-CIOil, YMHOMEHHOMY Ha cymMMy (axrtopos
3aTyX8HHEA [UIA BCEX HOCIENYIOIMUX IPOXOKIEHWH, T. .

Ao e )=t (9.17)
Ine
ev=exp (— j;‘T i i’)‘;’ ). (9.18)
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«IPPEeKTURHOCTDY ITEKTPOHOB MOGKIO ONEHHTDL, 3aMeTad, 410 Kark-
ABIA DIEKTPOH OCTAETCS B CKMH-CJICE JWIIb B TEIGHIE BPEMeH DoPAJ-
Ka ¢pm/wg, Taxoro, uro (Pur. 157)

’ 14
2 6 8 ()24
th g, (9.19)
rie R — pagmyc opéuTH B KOOPAMHATHOM NPOCTPAHCTRBE, a Uy —
CKODOCTh JJIEKTPOHA B IUIOCKOCTH CEUCHHS, NePHeHIHKYJIAPHOTO
MAaTHUTHOMY [OJI0 (IpHueM IochefHee MapasjlelbHO IOBepXHOCTH).

Ez

————

81{ /// /7776%/%

a - o)

@ur. 157. «20PeKTABHL DIEKTPOHB, HAXONAIUMECS BUYTPH YIAd O

a — Ha BEHT000Da3HO# TPaCKTOPUA B KOOPIMHATHOM OPOCTPAIICTBE; 6 —— Ha OpliTe Hu roBepx-
HOCTH DepMU,

BonpmuHCTBO SXEKTPOHOB, NPOXOASMAX 9epe3 CKUH-CIOH, Gyier
CTAIKABATBCH € IOBEPXHOCTHI0 METANMa; HTH 9JIEKTPOHLH PaCCeH-
BAIOTCA ¥ BHOWBAIOT w3 HIPH. JPPEeKTHBHB JHINb T€ 3JIEKTPOHH,
KOTOpHE [BIKYTCA NApPalIeNbHO IOBEPXHOCTA BHYTDPH CKUH-CIOH.
Paccympgaa tax me, rak mpm BmBome dopmyanr (8.107), awr yurem
TOJABKO TE€ HIEKTPOHH, KOTOPHC LIPHHAMIERAT BNEMEHTY I ICIHAIH
mosepxHoctn Depmu

dS = 2Bém | p, | k. (9.20)

3meck CHOBA P, — PajnyC KPHBHBHH OPOHTH B Ciace TonmuHO# dk,
B TOYKE, Te CKOPOCTh MApalifiebHa MOBEPXHOCTH METAdna.
O6bepunas DTH PacCY;KEeHHA, HOJIyYaeM pe3ylbTaT, Omo cyle-
crtBy moxomuit ma (8.109):
e2p8’ dk
N S lpy ldky (9.21)

T 2n3h {—ew

IloBepXHOCTHLIH WMIeNAHC TENePh MOMKHO BHYUWCIATH, NOJLCTABIAA

pupaskenne (9.21) B dopmyan (8.104) = (8.105).
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Ilas mammx macrogmux ueneil OPENCTABISET WHTEPEC NMeHHO
pesonancuuit gaxtop (9.17)., On ocmumamupyer, UpHYeM HHUKH pac-
DOJOIREHB - HpH

» = noy. (9.22)

Ha mpaxToke 9acTOTy « HORAEP:RUBAIOT HOCTOSAHIION, M3MEHAA Mar-
uprHee moge, Torma yciosue

Lo, (9.23)

T *
H om§e

O YyYeHHOe ¢ NOMOIMEI BHpaxkerua (9.5), ecTh YCIOBMe NOABJIEHHS
OUKOB IPH M3MEHeHHM MaTHMTHOTO moxs H. CyImecTBeHHO 0TMETHTD,
9T0 TPH YUKAOMPOHHCM DE20HaHce B oTAnYHMe oT ¢OHYNOro amamar-

@ur. 158. 9KcTpeMaldbHEE OPOUTH.

HHTHOTO Hadnlofaerca He opmH muk [cp. ¢opmyay (9.14)]. Oueprusa
Oyner MOTIOMATHCA, €CIHM 9aCTOTA TAKOBA, UTO BPEMS MY HBYMH
HOABJIEHAAMH DJIEKTPOHA HA MOBEPXHOCTH PABHO IEJIOMY YUHCAY
TePHOJOB HM3MEHEHHA JAeKTPOMATHUTHOTO moasf. OcTpora Keasxaoro
pesoHaHCa ABHO 3aBHCHT OT BeleCTBeHHOH gacte w B opmyae (9.18);
3aMeTHHI dderT mosyuaercs, ecaIu CHPaBefINBO HEPBEHCTBO oy T > 1.

Ho ecrp eme omgna tpygmocts. Benmumma oy (wim, 9710 TO K€
camoe, BeJIWIMHA mY) BaBHCHT oT Bhibopa op6utsl. B ciywae mpo-
H3BONLHOY moBepxHOCTH DepMU 5T BeAWYNMHA pAsAuyHa OJAA PasHHX
opbHT, Jake KOTAA OHH UIPHHAJIEKAT DALY NapallelbHHX CI0eB,
IepueHIuKYyIAPHLX MarHOTHOMY moaio (¢ur. 158). Taxum oGpazom,
nepemennas w B gopmyine (9.21) cama apasercs gyuruueit k,, n Braa-
ALl OT PasNWYHHX CI0eB He o0asaTedbHO GyAYT OCTaBaThCH CHHEA3-
HBEIMA,

Toumsrt pacuer GopMH Pe30OHAHCHOW KpPHBOI CTaHOBHTCA TEIeph
ouenb ciaoykHEIM. o mpocroe paccy:pmerme, KoTOpoe MOMKHO IOf-
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KpenmuTh (OPMAJbHHMH BHKJIJIKAMHE, IOKA3HBAET, YTO OCHOBHOM
BRIAX AT CeYEHMA, IMe Macca mjy Kak QyHKUmA k, cralmoHapHa,
7. 6. EMeeT WIN MOHAMYM, HIH MakcmmyM. Ecam pasiosuTh mi 1mo
cremensiM Ok, B OKPeCTHOCTH KaskAOH TaKOH TOYKHM, TO IOCTOAHHHI
YleH TAcT Pe30OHAHCHHIN NHK, KOTODPHI He MCUe3HET LpPH ydeTe cie-
Aylomero wiena pasnoskenus [mopsgka (8k,)2]. Bruajsr B maTerpat or
apyrux obiacreilt monepxuocti Mepmm, rae Macca mjy THHEHHO 8aBH-
cur ot 8k,, okaspiBaloTCA He B daze M YHHUTOKAWOTCH B Pe3yabrarTe
uuTeppepernun. MLl pacCysjain 37ech Tak ke, Kak U B oOLYION
BOJIHOBOI OIITHKE, Il PelleHus aHAIOrMIHKX 387(a1 yA06H0 Noayyarh
€ IOMOINBI0 I'eOMETPHYIECKOTO MOCTPOEHHA, U3BECTIOTO O HA3BAHUCM
cuupasa Hopaio.

§ 3. MarmeroconpoTuBIeHNE B CHIbHBIX IOIAX

Teopus 2aab6anoMazHUMHNBE seeHul, passutas B § 12 ra. 7,
cIpaBefjinBa JULib B CIyuae chePHICCKUX N309HEePTeTuIeCKuX MoOBepX-
mocreii. Ipn wyt>>1 omucauue dIEKTPOHHLIX COCTOAHUIA C LOMOILBIO
JIeKapTOBEIX KOMIOHEHT BEKTOpa k ¢TaHOBHTCA MareMaTUYeCKH 09eHb
IPOMOBIKIM H IPUBOAUT K GOPMyTIaM, KOTOPHE C TPYAOM IOJAI0TCA
¢mamdeckoii murepmperanuu. llpome paccMaTpmBaTh SBJIEHHA mepe-
HOCA € HOMOMBI0 KMHETMIEeCKOTO YPABHEHH, 3alIMCAHHOTO B IIepOMEH-
uHx &, kg, ¢. DBynem mckarh cTamuoHapHOE pelleHHe B HOCTOSHHOM
aleKTpHIeckoM moie. YpasHernue (9.12) B aTOM ciIydae IPUHUMAET BUL

af0 g g
eE-.v (—ﬁ) :=_17—+(0H—[?E)—. (9.24)

Tlo ananoruu ¢ smpaskenneM (8.101) MosxHO 3ammcaTh peinenne 3TOT0
YpaBHEHUs B BHJE

3
g (& kn, §) = o= (— IRY (v (& b, ) P0R g7 B (9.25)

Kax u B crydae gopmyast (7.27), MOKHO CKazaTh, 4TO CMeHICHHE
nmosepxnoctn (Depmu B TOUKe, XapaKTepmayemoil $asoBHM YIIoM ¢,
paBito CyMMe CMeIeHuil, CO3TaHHBIX BIEKTPUIECKUM IOJeM B JPYIHX
ToaKax 0POUTH, ABIKYIIAXCA 3aTeM 1o opbuTe Mot lefcTBMeM MarHWAT-
HOTO IOJA, TpHYeM WX BINAHEE 3aTyXaeT ¢ XapaKTePHHIM BpPeMeHeM
penakcaruu t. B caydae ciaboro mois saryXaHue IPOHCXONUT CTOND
GBICTDO, 9TO HAGIONAeTCA JNIIb HeGONBII0e OTKIOHEHHEe HAIPABISHHS
CMEICHUSA OT HAIPABIEHHA 3JEKTPUIECKOTO TIOJIsA, TPHBOJAIIEE
k spperry Xomma [ep. (7.141)].



§ 8. Maenemoconpomueaenue 8 CUALHOLL NOALT 337

Ten30p TPOBOAMMOCTH MOYRHO BBHYHCIATL TeHeph C IOMOIIBIO
BLIPA/KEHNA] IIA TOKA

J = 2S eViLk dk =

e

= (0 v b )2 (8 b, 975 06 dhudg. (9.26)

3ech TpH OUpejeleHnH HieMeHTa ILTOMARM DA ILTOCKOCTH Ky ==
— const MBI ucnoxbaoBain gopmyas (9.7) u (9.8). Ilogcrasasas cioga
soipasicenne (9.25) M OAB3YACH TEM, 9TO ITPOW3BOTHAA OT QYHKIHM
@epMyr CBOHUT TPEXMEPHBIH MHTErpaJ K HHTErpasy IO IOBEPXHOCTH
depmu, HaXOIHM JIIA TEH30Pa HPOBOJUMOCTH B JIEKAPTOBOM CHCTeMe

KoopauHar
2m

o=t 2 (] :{ya(qs, ) v (6 — ', ) X

x et dg dg' } dhu.  (9.27)

910 ecty gopmyaa IMokau, copepskamas TaK Ha3HBAEMBIT UHMeEZPaL
no mpybke, — yHUBepcadbHad Gopmyna I TeH30pa IPOBOAUMOCTH
B MATHHTHOM ToJe. YKA3aHHEIM BHIIE SABHBE BHBOJX 5TOH GOPMYIH
«ruma Ky6o» [ep. (7.15)] upessrsaiino mpoct, TeM He MeHee OHA OYeHb
aspderTHBHA.

B crabmx moaAX MOKHO HOJM0KHTh wpt < 1 m HanmcaTh

v (6 — @) =vs($)— ¢ S+ ..., (9.28)

TOCKOJIbKY 9KCIOHEHIMATBHEI PakTop orpammumBaer pocr ¢'. Oge-
BUIIHO, 9TO, KaK U B Bupaskennu (7.137), craraemuie B Oqg, 3aBUCANIAE
ot MmarumTHOrTo mona H, CBA3aHB ¢ TaHTeHIMAJBHRIMEH (K opbuTe)
IIPOMBBOJHKIME OT CKOpOCTed BIeKTpoHOB. B KawectBe ynpaskHeHms
MOJe3HO MOJYIHTH TAKUM LIyTeM 3HAKOMEe QOPMYTH A CBOOOTHBIX
3I16KTPOHOB.

B cunbHBX moiAx, Korjga oyt > 1, MOKHO MCHOJaB30BAaTH TOT
$akr, 9T0 CKOpPOCTH CYTh MmEpHOlMYeCKHe QYHRIHME ¢ K ¢'. Obunacrs
wHTerpiuposaung 1o ¢’ or 0 0 0o MOKHO PasbuTh Ha YIACTRH, Kask-
metit mHo# 2m, Tawkum o6pasom,

00 2n

[remvromy (g agr = Semrmmient| o= #1ouT (¢) g’ =
0 " 0
i 25

-0yt ~
Z—-—mg;se Hf(¢")d¢' =
. \
2n

ont [ o=¢Ion%f (47)dg". (9.29)

0
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ITpu aToM MHOMUTENb Of B Popmyre (9.27) coxpamaerca:

| 2m2m;
1 e m}"lt ‘. n —9 /05T 7
Cop =TT | Z{ | | Ve (§)ve(p— ) e PO dg dg’ ) dkn (9.30)
0

(cKopocTH, TRKIOTPOHHAS MACCa M [UKJIOTPOHHAA 9aCTOTA, pA3yMeeTcs,
3aBHCAT OT kg, HO HET HeoOXOAMMOCTH ABHO OTPAYKATH 3[ECH ITO
06CTOATENHCTRO).

ITockoabky Temepb 06iaCTh M3MEHEHMs ¢’ KOHEIHA, MOKHO pas-
JOUTH DKCHOHEHTY B PAX

e R & IO (9.31)

OHT 2\ ot

Ocranpune yHknmu B supaskennn (9.30) He 3aBHCAT OT wy, T. €. HE
3aBMCAT oT MarmmTHOTo moiA. Takmm obpasoM, mopicraBisa pas-
aommenne (9.31) 8 (9.30), M momygaem pa3nomeHI/Ie TEH30Pa HNPOBO-
gaMocTH 1o ctemenam 1/H.

fisuple Qopmynn aus marserocompormsieHus u sdderra Xomra
MOJKHO IONYIUTh, OTOKAECTBIAA NOJIKHEM 00pa3zoM mepphle Hemcde-
3aomue WIeHH DPa3loeHHA NIA KaKHoill M3 KOMIOHEHT TeHzopa O.
HampaBuM MarHmTHOe ImoJe TO OCH 2z, KaK 3T0 OGEMHO Aeiaercs.
Has rmaBroro wiena ¢ yseroMm ompexerxenus (9.8) momygaem

[ oetonag =1 ;-

=~ | Ak (9.82)
H "1

JT0 BHpaskeume ofpamaercA B HyJAb mpu obXofge 10 BaMKHyTOMR

opbute.

Omcioda meayem YUMo 6 PASLOHCEHUU MEH3OPA Oqg Gydem omcym-
cmeosamy waek, He sasucsyiiil om H, ecau o0un us undercos o, p omuo-
cumes K 0CU, DACNOAONCEHNOIL 6 NAOCKOCMU, NePReHIUKYIAPHOT Mae-
rumuomy noaio H.

Cnepyomu# 4i1en pasjioskeHHA MOKHO IpeolpasoBaTh Tak ke,
Kak B cayuae (9.32), a 3ateM IPOWHTErpHPOBATL IO TaCTAM:

2mn 2n

[ova9—00dp =Zn by (9) == [ (6~ a9’ (9.33)
0 0

*
my
Bropoit wren B (9.33) '06pau1aeTCH B HyIAb H3-3a TOT0, UTO opbuTa
naeer meHTp cumMerpun. O HAKO TepBBIA WIeH gaeT BRJIAK B KOMIO-
Henty O, onpefersanmyo adgdext Xoana; uenoassysa pasenctso (9.32),
HAXOTHM

oyx=—1——%5 T o (o (8) 2y (9 dg d =

= I S oA (kz) dks, (9.34)
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Wnrerpan 8 fopmyre (9.34) ecrb He uTo mHOE, Kak 00BeM, 3aKI0O-
qeHHBU BHYyTpH noBepxHoctu (Depmm, pasbmroit Ha cmou. [ pyrumnm
CIIOBAMH,

Oy =710, (9.35)

T/le 7 — YUCJO BJIeKTPOHOB, 3AaKJKYEHHHX BHYTPH IOBEPXHOCTH
Qepmu. Tem caMBIM MBI DOINTBEPAUIN CHPABEIITHBOCTL COOTHONIEHHS
(7.147 6) mpu oYeHBH CHIBHBEIX MATHHTHHX IONAX IS NPOM3BOJIBHOR
mosepxaoctn Depmu.

Pacemorpum remeps, 4TO NPOMBOMTET,” €CTU MBI MMEEM «OLIPOU-
HYIO» TOBEPXHOCTH. llepecrmorpeB BHUMATeNbHO BECh HPOAEIaHHEHIH
TOJABKO UTO BHIBON, MOKHO
y0equThesa, 9T0 3HAK BHIpa-
sweHust (9.32) onpenensercsa /
HampapiIeHneM o00xoma op-
omrer  (dur. 159). Tarmm
06paszoM, 3aMKHYTHH 00BeM
JAHPOK Oymer maBaThk B op-
myne (9.34) Braamg mporu-
BOMONO;KHOTO 3Hara. B 06-
meM cIydae HYH{HO HaIll-
caTh

7
a )

ec
Oye =7 (Me—1n)- (9-36) g0 150, B varmmmon mone uso6paskaio-

Olas TOYKa JABUMKETCA 110 IOBePXHOCTH (DepMn
3[0 eCTh 0606[U;eHHe pac- TaK, YTO 3amoJHEHHas 00JacTh ocTaercsHd,

o - CHa}KeM. cleBa.
CYIRACHHU § 13 1. B IAna «dncKTPOHHON opONTED (¢) M AN «IEPCYHON
CHJIBHBIX IIOTAX OTHOCHUTEN b~ OpOHTH» (6) 9TC OBHagaeT INPOTHBONOJOMKEBIE Ha-
Hble TOABHKHOCTH ABYX TH- TIDBICHIA BRALICHIIA.
OB HOCHTEJIEH He urparmoT
posm. IJT0, OFHAKO, CTPABEJANBO JHIIL 70 TeX HOP, IOKA MBI HMCEM
60 € 3AaMKHYTHIMH H309HEPTETHIECKUMH HOBEPXHOCTAME Bl eK-
TPOHOB B JHIPOK.

Bosppamasice & coornomenunanm (9.30) w (9.31), merko maiith, uro
B QopMydax A Oyxy U Oy, WieHH mopspka (1/opt) obpamamores
B HyJb; 3T0 MOKHO 6e3 TpyJa HPOBEPHTH, HCIOTB3VHA COOTHONICHMS
(9.32) m (9.33). Uro6n RaliTH WEHCYEBANNIYI KOMIOHEHTY, HATC
mepefita 3 (9.31) x caexyomemy uleny pasioeHmA WOPAIKA
(1./(1)1.117)2.

[Iposenennre BHIe pacCys;kIeHUS COPaBeAMBH W IS KOMIO-
HeHT @, CBABAHHEIX C 0ChI0 2. Tak, AN KOMIOHEHT 6., U G,, HePBHIA
ujleH paBeH HydI0, a wien mopagka 1/H oramuen or myas; Kommo-
HEHTAa O,, COJAEPIKUT WIeH, He 3apucAmuit or H.
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Coﬁnpaﬂ pesyjabTaTH, BUAHUM, 9TO T€H30D NPOBOJAMMOCTH B CHIABb-
HBIX HOJAX nMeeT BN

. _Ayx — A
H2 H H
o= A= Aw  —Au | (9.37)
H H? H
Azx Azy 4
H H ez

3pech KospdurmenTor A, w T. N, OTIHIHE OT HyJAsS M He 38BHCAT
or H. 3amermy, UTo HegHATOHAJILHBIE 2JIE€MEHTH BTOM MaTPHUIH KOCO-
CHMMETPHIHK — B MATHWTHOM mojie coorHomenus Oumnsarepa (§ 9
rii. 7) IPUHUMAIT BUJ

Oy (H) = 0y, (—H), (9.38)

DOCKOJIBKY TEPeCTAHOBKA 0CeH AKBUBAJIeHTHA 00paljeHnio MarEuTHOTO
noJis.

C mepBoro B3rifma Ha BTy MATPHIY KasKercs, 4TO MarHeTocompo-
THBIEHMe, H3MepAeMoe B HaupaBIeHUHW, MepHeHTUKYISIPHOM IOJI0,
JOJKHO BO3pacTaTh HPOLOPHUOHAABHO H? 10 6GecKoHeIHOCTH —
Belb O,, vOmeaer kak 1/H% Opguako oleMeHTapHOe pacCy;KIeHme
IIOKa3KBaeT, 470 9T0 HeBepHo. Ha ombiTe MBI u3MepseM 9.[.C. B IpO-
BOJIOKe, IIo Koropoil Teder Tok. Kar i B crywae gopmynst (7.161), mur
JIOMKABL HAWiTH COOTBETCTBYIOMIYI0 KOMIIOHEHTY MEeH30pa Conpomusie-
nua, obparHoro Temsopy (9.37).

Pacemorpum, HAampuMep, MOIePeTHOe CONPOTHBICHHE P .. V3 die-
MEHTaPHBIX COOTHOIIEHUI MaTPHIHON axreGpnl ciemyer, UTO

1 Ayyd - A%y
e N TR
(AyyAzz -+ A% H? Ay Az Az,

(Ay Af) H2 - (AguAyyAsz -+ AxyAdy 4 Ay Azx) | HA Ay Aje
(9.39)

¢ TOYHOCTHIO {0 WIeHoB Huamiero mopsaaka no 1/H. Tawkum oGpasom,
nonepeunoe MazHemoconpoOMUGACHUE 6 CUALHBIL ROAAL CMPEMUMCS
K nocmoannoll eesunune. I'OBOPAT, UTO UMEET MECTO HACBUjeHUe ITOM
KOMIIOHOHTH. OTO XapAKTepHO A BCeX ANATOHANLHBIX KOMIOHEHT
TeH30pa P. Mbi yiKe OTMETHIIM HTO CBOWCTBO IIPH PACCMOTPEHHH HPO-
croit mByxsomHoil Momenn (§ 13 rax 7).

XoTsi mPOBOAUMOCTL O, CTPEMHATCH K HYJII0, TeM He MeHee 3710
He o3HAYaeT, UTO He MOKeT Teub TOK. J.1.C. B HANpaBJIeHHH OCH I
cBA3aHA ¢ XOMITOBCKMM TOKOM B HANpaBieHnu ocum y. O.A.C. B Ha-
HOpaBIeHEN Y, CBA3AHHAS C 9THM TOKOM, BHI3HIBAeT B CBOI0 OYepesrb
IOABICHEE XOJLIOBCKOTO TOKA B HANPABIEHUM ¥, M UMEHHO 9TOT TOK

MB 7 nabaiogaen.
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Ilna camoit mocrosaHHOM Xoja MB HOJTYyIaeM B TOM Ke Ipefedb-
HOM CJIydae BHIPAKeHHe

Pay == (9.40)
Ayx
KoTopoe ¢ ydetroMm (opmyist (9.36) paer
—— (9.41)

(ne—nn) ec

B wacTHOM ciaydae KOMREHCUPOGAHH020 METAJNA, T. €. Meraana
C O/TUHAKOBBIM YHCIOM DJIEKTPOHOB U J{BIPOK, DTO BHpaskenue obpamaer-
ca B GeckomeuHocrb. Bosppamasch BHOBb K opmyme (9.36), wmut
BUAHM, 9TO JNuHeiHH mo 1/H BRIaj B KOMIOHEHTY Oy, ofpamaercs
B HYJIb. B 5ToM ciyuae Bce KOMIOHEHTH TEH30pa YIEIBHOTO COOpPO-
THBJEHUA, BRAIOUag U caM Kosdduimenr Xoaa, HOIAHB KBajipa-
TUYHO BO3PACTaTh B MArHUTHOM IoJe 0e3 HachIIeHUA.

§ 4. OTKpsiTHIE OPOUTHE

Haunnaa ¢ opuyas (9.33) 1 ganee, Besge MOIY9aNMBO IpeAnoTa-
rajloch, 9TO MBI MMEEM [0 TOJIBKO ¢ 3aMKHYTHIMH H309Heprerude-
CKYMH TOBEPXHOCTAMH JUIsI BJI€KTPOHOB HJIM A BIPOK, WM JJIA TeX
u gpyrux. Ho Takas curyanus He ABIAeTCA eTHHCTBEHHO BOBMOMKHOM.
PaccmorpmyM, mampumep, mnosepxmHocth Depmm, KorTopas Kacaercs
rpaHEEMIE 30HM Dpmumosna, kak ma ¢ur. 160, a. Paccmorpmm aiex-
TPOH, BBHUIeTaRmMUA u3 Touk:m D’ Ha 3TOM NIOCKOM CeYeHHH. Yro
npomsoiifier, Korga on gocturuer Tourn A? Hak moxasaHo B § 3 ra. 3,
oTa TOUKa K-IpoCTpaHCTBA YKBHBaNeHTHA ToUKe A’, mosydaemoil u3 A
TpaHCAALHel Ha BeKTop oOparHoil pemerku. M3 Toukn A’ m3obpaska-
foIIas ToYKa ABMkeTcs B B, a 3aTeM ¢ HOMOIBIC TPAHCIANNK IepPexo-
AT B SKBHBAJEHTHYI Todxry B’ u pamee 8 roukn C, C', D u D’.

Takoe moCTpoeHNEe «OPOUTHY KaKeTCHA HCKYCCTBEHHBIM, TaK Kak
npencTaBiIfgeTcd, UTO OHa paspHBHA Ha rpanumax somsl. Opmaxo
darTugeckn Touku A m A’ oTBEYAIOT TOYHO OJHON W TOH sKe BOJFHOBOIX
dyarmun. Uro6bl HMOACHATH 3TO, HADHCYeM CXeMY NO6MOPAOUULCSE
30H, Kak B § 3 r1. 3 u § 8 ra. 6. BmecTo Toro utobH cpBUTATE pac-
CMaTPUBAEMYI0 TOUKY Ha BeKTOpP OOpaTHOW PpeIleTKH KajKAHH pas,
KOIZIA OHA IHepeceKkaeT IPAHUIY 30HH, TPHCTPOUM elie OfiHY SYedKy
oGpaTHO# pemeTRH Mo APYIYI cTopomy oT rpanuns. OpGura Temeps
HempephBHA Ha TPAHUIE 30HBEI, €€ Pa3IAIHbe YYACTRU COeANHANTCA,
Kak mokasamo Ha ¢ur. 160, 6. Mbi HasoBeM Takyw opbuty dwpouroi,
IOCKOJIBKY OHA OTPaHNYMBAeT He3aloJHeHHYI obmacrs k-upocrpas-
crBa. Bt cooTBercTBYeT CBOsS XapaKTepHas IUMKJOTPOHHAA YaCTOTa,
Tar jKe Kak W opbHUTaM, PacCMOTPEHHHLIM B § 1 HacTosmied riaBHL.

Ha camom mese ofpaTHasi peluerka TPexMepHa, UTO MOKA3aHO Ha
¢ur. 161. OgeBupmo, 4T0 pasnuyHble MIOCKHE CEYEHHS TAKOH MHOTrO-
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cpA3HOI HoBepxHocTn (DepMEm MOTYT [aBATH KAK 3INeKTPOHEHE, Tag
U JBipouyHble OPOWTHI; pacCy:Rjenue, MpuBojsAiiee K popmyie (9.36),
IOJKHO OHITE BHEOM3MEHEHO.

SIS

Ar

é

@ur. 160. Opbura.

o — B [IpUBEIEHHON 30HE; 6 — B cXeMe [OBTOPAOLINXCA 30H,

CymecTByer eme OAHA BO3BMOKHOCTh, yKasaHHaa Ha ¢ur. 162,
Wmeerca mimockocTs, JUAUA IepeceYeHHs KOTOPOH ¢ IOBEPXHOCTHIO
Qepmu He ectb 3aMrHyTaa Kpmasg. «Op6UTE» B DTOH IMIOCKOCTH

Pur. 161. Ha wmHorocBa3mOf NoBepXHOCTH (MepMH MOryT OHTH BJIEKTPOHHHE
¥ JHPOYHEE OpOUTH.
B Touxke P HOCHTEIH MOMHO OTHECTH K .THOﬁOMy TUIIY B 3ABHCHMOCTH OT HalIpaBA€HUA IIOJA.

apasiorcsa omkpumstmy. Ilon peiicTBmemM mMarsuTHOro mois m3obpa-
Ka0Masg TOUKA He BO3BpAIIaeTcs Ha3aj] B HePBOHAYAJBHOE MOJ07KEe-
aue. CoorsercrBywomuit BekTop k HempepsiBHO MeHserca 40 Gecko-
HEeYHOCTH B CXEMe NOBTOPAIOIMMUXCH 30H.
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CymiecTBoBaHEE OTHPHITHIX OPOWT B KODHE MEHAET PACCMOTpPEHEE,
ipoBeieHHOE B npepsiayimem maparpade. llycers, Hanpumep, umeercs
OTKpEITasg opbuTa B Hampamiienmut ocu y. Torma yike Hexb3sA yTBep-
sKOaTh, uyro mHTerpan (9.32),

S ve (§7) dg’ = _mi;} S dk,, (9.42)

ofipamaercsa B HyJb. JleACTBUTENbHO, HPH BHEMATEIBHOM PaccMoOTpe-
HHEW OKA3LIBAETCA, YTO 3TOT HHTErpajl 0 TPAGKTOPHUHE MOKET Cofep-
sKATh TOJOKUTEIBHO ONpefielIeHHOe IO/BIHTerpajpHoe BHPAasKeHNe

%>

%
Petolese!
ot

oS
120

&

e
ok

o
%!

o,
25
o

&

Qur, 162, OrxpeiTas opbmra.

¥, CcIAenoBaTelbHO, HoJsKeH ObiTh Konewnbm 1), Taxmm o6pasom,
HHTerpaj »Toro Tuma OymeT faBaTh BKIAJ BO BCe KOMIIOHEHTH TeH-
30pa O, CBA3AHHBIE ¢ HAPABIEHMEM Z; B YACTHOCTH, KOMIOHEHTA Oy
He Ovmer npomopmmoHambHa (1/wpyT)?, & OKayKeTCS He 3aBHUCAMEN
or H.

3ech OoNATH HY;KHO COOTBETCTBYIONAM 00pa3oM paccyuTaTh Marme-
Toconporasierne. Bmecto (9.37) MH nMeeM B HEU3ITeM nmopsanke uo 1/H

— A
yx
xx H _Bzx
A, A — A
ol o A i P (9.43)
A
B ;" Ay,

1) Crporo rosops, caegyer IepeoIpefeinTs «PasoByl0 IePeMEHHYIO» ¢ R
caydas OTKPHTHIX opbur. IIpH 3T0M He BO3HHKAET TPYAHOCTeH; HYIKHO JHMb
BBECTA LEPEMEHHYI0, W3MEHSIOILYIOCA BIOMb TPAEKTODHU 3JEKTpPOoHA B K-mpo-
CTPABCTBE,
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OTclopa ABCTBYeT, 4T0 KOMIOHEHTA 0., BeieT cebGd Tak ke, Kak
cregyer u3 Qopmynsl (9.39), cTpeMsch K HaCHIEHHIO, OXHAKO M5
Y-KOMIIOHEHTH TEeH30Pa COMPOTHBICHUA MBI IOJYYaeM

1
Pyy = A (BxxAzz -+ ng) =

2
= - BxxAZZ‘FBZB; . ~ H2, (9.44)
{Azz (Ayx + BxxAyy) ‘i‘ BxxAyx"i_Ayszx}/Hz

Taxum oGpasoy, nonepeunoe mazmemoconpomusienue 6 HARPAGAEHUL
OmEDPUMOL opbumel 603pacmaem nponopyuonatvHo H?, ne 06napyxcusas
HACYLyeHUs.

ITO TMOpasUTENTBbHOe ABIEHWE BA;KHO NPU H3YUeHHM II0BEPXHOCTH
@epmu. MccreqoBaniie MarHETOCOIPOTHBI@HIA MOHOKPHCTALIO0B B 3a-
BHCHMOCTH OT OPHEHTALM OTHOCHTEIBHO MArHHTHOTO W DJIeKTpHUe-
CKOTO TOJIeil fjaeT CBefieHWA O TOmOJOTHMH IoBepxuoctu. Hampmmep,
eciu O0Hapy:KHBAIOTCH HANPABIEHUA, B KOTOPHX HACHIIEHNEe He
HacTymaer, To nopepXxuocts DepMu Ho/:KHA HENPEPHBHO MepeXxofnTh
U3 ONHOIl 30HH B APYTYIO B CXeMe NOBTOPAIOMUXCA 30H; OHA HE MOMKET
COCTOATH M3 3aMKHYTHIX obJacreil 9TeKTPOHOB M ABIPOK, €CIH TOJDLKO
06beMbl BTHX ofiacTedl He COBNAZAOT B TOYHOCTH APYT € APYIOM
[ep. (9.41)]. )

Ha ¢ur. 162 usobpasena tunudnas oTepwitas opGura. Ha mep-
BB B3LJAN MO0 6Bl MOKA3aThest, YTO BCE OTKPBITHIE OPOGHTH TAKON
sKe IPHPOALI, T. €. 9TO OHH HPOXOAT BJAOJbL «OCeH» MHOTOCBAZHON
nosepxHocty @epmu. Takum o6pasom, MoskHO GbIITO Gbl ORHAATH, UTO
HalpaBJIeHNuA, [JIsi KOTOPHIX OTCYTCTBYET HACHIIEHIE MAaTHETOCONPO-
THBJIEHUA, OYAYyT TOUHBIMHM HALPABJICHWAMN CHUMMETPHH KpHCTAJLIa.

JTO, OJHAKO, HEBEPHO, B 4eM MOKHO YOeAWTHCSA C HOMOMBIO Cle-
Ayoomero paccysgenus. llyers HexoTopas mIocKocTh TNepecexaer
MHOTOCBA3HYI0 MOBepXHOCTH DepMu 1o TakuM YIIoM, 4TO B COTeHHH
6yayT TPHCYTCTBOBATH KAK 3aMKHYTHE DJICKTPOHHBI® OPOUTH, Tak
W 3aMKHYTbie [bpounbie opbute (¢gur. 163). Torma Gymer npucyr-
CTBOBATH U OTKPHTaA opbuTa WMIH II0 KpafiHedl Mepe npoTsLennas
opbura, OTAENANMAA YACTH IIOCKOCTH, CONEPKAMYID DJIeKTPOHHBIE
OpOUTH, OT TOM ee 4acTH, KOTOPas COXEPHKUT /bIPOUHbIe OpGHMTHL.

JlokasaTeasbcTBO NPOBOAUTCA HA OCHOBAHMM HHTYATHBHHX co0Gpa-
srennit. Henpsa HapucoBaTh 3aMRHYTHe HeTIH ¢ 3aTeMHEHHEIMEA 06Ja-
CTAMU BHYTPH, H300pasKaioN[yue 3JIeKTPOHHBE OPOUTH,  3aMKHYTHE
HeTIN ¢ 3aTeMHEHHLIMU O00JIACTAME CHADYIKY, U306PasRA0Mye JHpPOd-
HEle ODOHTHL, He IPOBEA MONOJHHUTENbHYI TPAHHIY MLy 3aTeM-
HeHHBIMH ¥ He3aTeMHEHHEIMU obnacramu. Pasymeercsa, sta rpammna
MOJKET TPeACTABIATH c0Gol GOTBUIYI0 BaAMKHYTYIO NETI0 — Rpoms-
HEHHYI0 opbumy, HO HETPYAHO HaliTH cJaydad, KOrga oHA Heorpa-
HAYeHHO NIPOCTHPAETCS B MPONW3BOJIBHOM HANPABIEHHM B oOpaTHOH



§ 5. Maznemoakycmuueckue 0CYUALIYUL 345

pelieTre. Iro npome BCcero IOHATH, PAaCcCMOTPEB IPOCTBIE MOJEJIH.
HpI/I 3TOM OKAasblBaeTcsg, 4YTO YacTo BCTPeUaloTcd anepuoﬁuttecn'ue
OTKPBITHIC Op6I/ITI>I TAKOro pofa, MAyline B HampaBACHHAX, HOTOpPHE

@ur. 163. OTkpuras opbura, pasgensromas  Pur. 164. Iosepxuocts DepMit
06IacTH BIEKTPOHHX U IHPOIHHX OpOuT. ¥y Menu.

COCTABJIAIOT 3aMeTHbII yrox ¢ ocamu cummerpum. Tax obcTonmt neno,
Hanpumep, B Oaaropoambix Mmeramnax Cu, Ag, Au, HOBEpPXHOCTH
@epmu KoTOpbIx M3o6paskensl Ha ¢ur. 164.

§ 5. MarHeroakycTnUecK¥e OCHMILIANNNA

Kax Mu Bumenn B § 8 i1, 8, usMepenue 3aTyXaHus YABTPA3BYKOBHX
BOJIH He TO03BOJIAET HEIOCPEACTBEHHO ONPefelaTs GopMy HOBePXHOCTH
@epmu. OnHaKO eCAM HAPALY ¢ YIBTPA3BYLKOBOH BOJHOR IPHIOKEHO
MATHUTHOE DoNle, To HaGII0al0TCs ABIeHUA, KOTOPhie IPAMO 3aBUCAT
or reomerpun mosepxmocrn @epmm.

OTH ABIEHNs YPE3BHIYNHO CIOKHB W B TEODPETHYECKOM H B JKCIe-
PUMEHTAJILHOM OTHOTIEHUN; HAIPABJIEENA MaTHUTHOTO TOJA, BEKTOpa
pacHpoCTPaHeHHs YIBTPA3BYKOBOM BOJHBL M BEKTOPA MOJIAPUIALAK
MOKHO OPHEHTHPOBATH APYT OTHOCHTEIBHO APYTa MHOTHMH Dasinmd-
mEME crmocobamu. Ilonmoe pacemoTpenme JoRHO OBLIO OBl OCHOBHI-
BaThCA HA TeH30pPe 0006MeHH0 NIPOBOAUMOCTH O ((, ), AaHATOIAIHOM
ter3opy (8.115), 1o BEHPpPaskeHHOM Yepe3 NHKJIOTPOHHEIE KOOPIMHATEH,
kak B (9.14) uam (9.21). 910 MOKHO cejaTh, HO 9TO Hem3bOeRHO
NPUBOJNUT K 3HAUNTETBHEIM OCJIOKHEHSAM BCIEICTBHEC FeOMeTPAYEeCKOM
CHOKHOCTH CATYATIHH.

CymecTBo flena ACHO BHJHO Ha CJIeAYIHeM IIPOCTOM NpHMepe.
ITyeTs MarEMTHOE TOJIE HAIPABIEHO 110 OCH Z, a TMONEPevHasg yabTpa-
3BYKOBafA BOJHA ¢ BEKTOPOM NOJIAPUBALNH, HATIPABICHHBIM 110 OCH ¥,
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pacmpocrpaHdercd B HampaBiaeHHmm . Pacemorpuy pmeficTBUTENBHBIR
HyTh 3JEKTPOHA B KOODJMHATHOM TpocTpamHcTBe. J{ig cBOGOTHBIX
9JIEKTPOHOB 910 GyjeT BUHTOOGpasHAsl KPHBas, T. €. B LPOCKINHE Ha
ITOCKOCT (2, y) — okpyskHOcTh. Jas «op6uri» B k-mpoctpamcrse
TakKe Jerxo Haiity npoexnuio. B obmem cayuae [em. (6.40)]

k=" [Hxr]. (9.45)
DIlleMeHTaPHOe WHTEeT PHPOBAHIE 110 BPeMeHH faeT
k :% [H X r]. (9.46)

‘Opbura, mo Koropoit gBmxercsa Touka k B k-npocrpancrse, coBnamaer
¢ IIPOeKIlMed Ha MIOCKOCTh (X, §) TPACKTOPHH, ONHCHBAEMOMN TOUKOMN T
B KOODIMHATHOM IPOCTPAHCTBE, «PAcTAHYTO#» B el/chi pas m mo-
BepHYTOi Ha yroa m/2 oTHocurenbno H.

- 2r,

a 5

PDur. 165. a-—TPACKTOPHA IEKTPOHA B KOOD/MHATHOM IIPOCTPAHCTEE; 6 eme op-
6nra A moBepxHOcTH Depym.

PaccmoTpuy Teuepb 9ieKTpuUUecKoe II0JdE, CO31aBaEMOE 3BYROBOI
BOJHOHK. [lna BCex HpakTH4ecKHX melell MOKHO CYHMTATh 3TO LOJIe
CTANMOHAPHEIM, OCHWIIMPYIOMMUM B IPOCTPAHCTBE U IIePUEHARKYIAD-
HBIM HAaNPABIEHAI0 pacupocrpanenus. lpakrmaeckn, 9To6b F06HTHCS
BBIIOTTHEHAA YCAOBHA 0T > 1, Tpebyorca ¢Toib CHATbHEIE MarHnT-
Hble MOJNA, 9TO Wy > ®; JAEKTPOH YCIEBAET COBEPIIMTH MHOTO 06o-
POTOB, HpEKAe 9eM HOPOU30HTET paccesHWe WIH OPEKAE geM H3Me-
HHUTCA SIeKTPHuecKoe moie. Baskaylo posib IPH 3TOM MIpaeT xapak-
Tep HW3MeHeHUA 3TeKTPHYECKOro HOJA, MeACTBYIOMEro Ha dJIeKTPOH,
npH mepeMelieHIH eT0 II0 TPAeKTOPHH.

HKax Bunmo n3 gur. 165, BosmoskHO TaKkoe pacupemeneHue JJIEKTPH-
9eCKOro MO, 9TO JJIEKTPOH YCKOpAeTCA B 00eMX TOYKAX, B KOTOPHIX
Bexkropel E u v mapamnensHel. 910 eeomempuueckuii pesonanc; OH,
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OYeBUHO, HacCTymaeT, Korga auaMmeTp Op6ﬂTBI paBeH HeYeTHOMY
YUCJHY IIOJTYBOJH IIOJAA:

h 1
2ry = —z 2k, = (n+7) A. (9.47)

J1ia 3amanHuHO# JIWHE BOJHHE W DU H3MEeHeHOM HAUPSKEHHOCTH Mar-
HUTHOrO NTOIA MHTEHCHBHOCTH MOTJOMEHUA OyaeT OCHUIIEPOBATH
¢ ompejeseHHBM mepuomom mo 1/H. 3ToT mepumopm KoOJIKEH [NaBATh
auamerp mosepxmoctin DepMu, usMepeHHBIH Memy TOYKAMH, B KOTO-
pHIX CKOPOCTH BJIGKTPOHOB MAPANIEIbHA 3JIEeKTPHYECKOMY BEKTODY,
BOZHHKAKMEMY IPH IPOXOKEEHUHA 3BYKOBOHM BOJHBL.

Opuaxo yexosme pesomanca (9.47) He o9eHb TOYHOE. JTO BAXHO O3
PACCMOTPEHHA CIAydasd KPYyrosoil opOuTH, Tyie, CKaeM,

vy (£) = vy sin ogt (9.48)
"

z () = r, sin ogt, (9.49)
1ak 910 B Hoxe E, exp (igx) sHeprns, morJomeHHAA 33 IIePHOM, PABHA

2n/mH

SE-th:Eyvo S exp (igry sin 0gt) sin oyt dt =
i

E.v 21
.y 0 . . . _
= o S exp (igry sin &) sin § d§ =
0

Eyvo

2nJy (gry). (9.50)

0324

Taxum oGpaszoM, «pe3oHAHCH» OyayT HacTymaTh B TeX TOUYKAX,
B Koropux ¢ymrmma Beccems J, (¢r.) mmeer maxcmmymsl. Bwmecto
(n 4+ Yy) B (9.47) Mt moaywaem umcaa 1,22; 2,23; 3,24... (n + Y,).
CiremoBaTe/IbHO, HAJ0 HPOABIATH OCTOPOKHOCTH IPH WHTEPIPETAIHH
s¢pexrta. Bomee Toro, B pacuer BXOOHT COOTHOMIEHUE MERTY IMOJEM
HaIPsKEHAR yOpyroit BOJHK U CHIAMHA, {eNCTBYOIAME HA 3JIEKTPOHbI;
BUZL TOTO COOTHOIIEHHS BJIMAET Ha IOJOKEHWE Pe30HAHCOB.

Juamerp saGopa BIHCAHHBIX 3AEKTPOHHEIX OPOHT MOKHO oupeje-
auThL eme Golee HPAMHEM myTeM ¢ HoMombio s@gexma I'anmmazepa,
T paduowacmomuoze pasmeprozo sggexma. Ha nponspoasHo# gacTo-
Te paguopmanasona o < @y M3MepAeTcA MOBEPXHOCTHHIHE WMIENaHC
TOHKOW IJACTHHKYU OYeHb YHCTOTO METAJia, HapaJie]bHO HOBEPXHO-
CTH KOTOPOU HPHUIOKEHO MATHUTHOE HoJie. ¥ CKOPSeMHH B CKEH-CJI0@
HJMGKTPOH ONMCHBAECT BaMKHYTYI0 TPAaeKTOPHIO, IHaMeTp KOTOpPOi
BospacTaer ¢ ymenbitenuemM mouns H. Horma pasmep Tpaexropmm
CTAHOBUTCH HOCTATOYHO GOMBINEM, DJIEKTPOH CTATKHBAETCA ¢ HILKHeH
HOBEPXHOCTHIO ILIACTAHKYM H paccenBaercsa. IIocKONBRY DOBepXHOCT-
HbeIE UMOEHAHC YyBCTBYeT «aderTuBmbiey 2eKTpPoHH (cM. § 7 ra. 8
7 § 2 HacToAWEA rJaBhl), OH M3MeHAETCs, KOTAa BeJHIHHA 2T, B dop-
aryie (9.47) menaerca pasmoit Tommumme obpasma (¢mr. 166).
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BosmosuocTh Habaomath 9T0 siBJIEHHE He CBA3AHA C YCIOBUAMHI
AMaMarHUTHOIO pPe30HaHca, a caM addeKT BHpayKeH pesue, yeM MarHe-
TOARYCTHYECKUH, MOCKONBRY TOBEPXHOCTH INpPEJCTaBIsAeT coboit pe-
aJIBHBIA MpOCTpaHCTBeHHBIH paspeis. OgHAKO U B 9TOM caydae Habiuio-
DAIOTCS OCHIIISINK ¢ TlepuogoM, He sapucsamum ot 1/H: npoucxonnr
HaJIO/KeHHe BRJIAJ0B OT PA3TUYHBIX TPYOIO BKCTPEMAAbHBHIX OPOUT.
Ilpnanna storo cocrour B ToM, 9T0 3PPeKTHBHBE DIEKTPOHB W3
CKUH-CJIOA, PACIOJNOKEHHOT0 0KO0JI0 BepXHell IOBePXHOCTH IJIaCTHHKY,

X B O P

\

BRI

NS
ShS!

a 6 8

@ur. 166. Pagnogacrorsnii pasMepusil addext.

a — PKCTpeManbHad TPAGKTOPHUA; 6 — TPAEGKTODPUs, OTBEYaomiasg PACCeAHUI0 CTEHKOW; ¢ —
LIeNOYKa TPaeKTOPHH, CBABAHHBIX C BHYTPECHHNMU CKUH-CIIOAMH.

OPABOJAT K TMOABJIEHHUI0 TOHKOTO CJO0S TOKa, PACIONOKEHHOr0 HHKe
9TOHl IOBEPXHOCTH Ha PACCTOSHUE, PABHOM JuaMeTpy opbmrTei. IToT
HOBBIH «CKHMH-CJIOH» BEICTYIAET B KadecTBe MCTOYHUKA HOBOTO Habopa
TpaekTopuit u T. 1. Ecay memouyka TakuX TpaeKTOpWil KaK pas yMe-
IMaeTcs Ha TOJIIUHE IJIACTUHKH, CO3JaBasfd «CKUH-CION» M HA BIKHEH
ee MOBEPXHOCTH, To o0paser; Gyner KazaTbcsa Topasfgo Gosee npospad-
HBIM [ PafAB0d9acTOTHOTO TOJA, YeM MO3KHO O®io Ov omuparn. Ho
KaK TOJIBKO 9JIeKTPOHH HIKHEH TPAaeKTODPUN HAUHYT YEAPATHCA O 1MO-
BePXHOCTB, KAPTHHA PE3KO M3MeHWTCA. BJarofgaps [JOMOJHHTENLHBIM
BO3MOKHOCTAM KOMOWHAUHUH Pa3iMYHHX TPYNI DKCTPEMAJBHKIX Tpa-
eKTOpUH HAaOJNOmeHNA 3/eCh OKa3bBAIOTCH J[OBOJBHO CIOMHBIMMH.
Onnako at# ¥ moxo0HbIe UM HEPE3OHAHCHHIE MazHemoMopg@Hble ABIe-
HHA MOT'YT aTh BechbMa 06HIBHYIO HHGopManmio o nopepxuoctr Qepmu.

§ 6. KeanroBanne opénr

IMukaorponHas wacrora @y HoAofHA 4ACTOTE MPOCTOTO TapMOHN-
9eCKOro oCnuIaATopa. MoskHO 03KUIATH, CIAEI0BATENBHO, YTO DHEPTHA
OyfleT KBaHTOBATHCA, IPHUEM NOPUHS 9Hepruu 6Gymer pasHa fog.
OJTO CIPaBeIJIMBO, XOTs COBEPUIEHHO 06Iiee MOKasaTelAbCTBO eme He
Mo;keT OBITH TpOBEMeHO.
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PacemorpusM cBoGOHbIe HIERTPOHE B MAarHMTHOM moJse. [l HEX
cupasemiuBo ypasHenue lllpexmHrepa

(Lv—<a) v=28, (9.51)

om
rme A — BeKTop-moTenmuad. MEl WIleM CTalHOHAaDHbiE COCTOSHASA
Tako#l cucreMul. Bribepem KajambpoBKy, HpPH KOTOPOW

A = (0, Hz, 0), (9.52)

Tak uTo poTop A maerT MaruuTHOe moje H, HampaBleHHOe 10 OCH Z.
Ioncrasaaa (9.52) B ypasuenme (9 51), nonyqaeM

2t (L a) T+ B =0, (9.53)
9T0 ypaBHeRHWE, OYEBWIHO, MOJIKHO MMeTh pelleH’e BHAA
P (x, y, 2) = e PRy (), (9.54)
rie pynrkous u(r) yZOBIETBOPSAET YPABHEHWIO
(B — (p—5r ) }u=0, (9.55)
u
& =& — 1 k2. (9.56)

JlBAscenne B HAIIPABJIEGHUH OCH Z, T. €. BIOJb [OJA, He OTIMIAETCSH

OT JIBH/KEHHS CBOOOJHOTO OJJIEKTPOHA, W BHJIAJ B KHUHETHIECKYIO
SHePTHUI0 TOUHO TaKoi sxe. Ho ;s oupemeneHUs xapaKkrepa ABM/KEHAS
B INIOCKOCTH (Z, ¥) Haj|o PEIUUTh YPABHEHNE HA COGCTBEHHBE 3HAYEHUSA
{9.55); ero mos;kHO 3anmMcaTh B BHE

B2 9% (z el AP \2 ,

— 612 Pulz) 1 : ( — ) u(z) = 8&'u (2). (9.57)
D10 ecTh He UTO WMHOE, KaK ogHoMepdoe ypasuenne lllpeguurepa mis
BOJHOBO# (yHKOHEM u(x) TPOCTOTO TAPMOHHYECKOTO OCIHIIATODA
¢ 4acTtoroi

op =2 (9.58)
U ¢ IEHTPOM B TOUKe
1 &
x(,:@wﬁ. (9.59)
Taxum obpasom,
g = (n—l— %) oy (9.60)

€=(n+1§)ﬁwH—}—§—;k§. (9.61)
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I9T0 ¥ eCTh HCKOMHI Pe3yNbTAT: SHEPIUA HJIEKTPOHA IPEACTaBIeHa
B BHEfle CYMMEI 9HEPTHHE NOCTYHATeABHOTO ABMKEHEA BIOIb MATHATHOTO
IOJIA ¥ KBAHTOBAHHOM DHEPrUHM IUKJIOTPOHHOIO ABHKEHUS B TILJIO-
CKOCTH, IePIEHAUKYIAPHON MATHATHOMY IOJIO.

Bosaukaer nHTepecHEIH BOOPOC: KAK BHYACIATH 9UCIO COCTOSHUIH?
Ilycrs, kax u B § 7 ror. 1, MB AMeeM AmMuK co cropoamu L, L, L,.
CocraBasaoman %k, KBaETyeTcA, KaK OGBIYHO, W DPACCTOAHHA MemIy
COCeIHHME 3HAUeHHAMYM ee paBHH 2n/L,. Vs smpua BonmoBO# ¢ynk-

- [,_r -

@ur. 167. Pemenne ypasmerns lIpepmarepa fjis 3IEKTPOHA B MATHHTHOM IOle.

nnz (9.54) caegyer Takske, UTO UHCHO P KBaHTYeTCS H PacCTOSHIA
MELIy COCeHMME 3HaveHHsAMU  paBuH 271/L,. OHeprusa He 3aBHCHT
or P, Tak uTO AAA AaHHOH BeJWUYHWHH 7, Kaszajcchk 6B, MOEHO BHOPATH
a00yio BeawanHy P m3 GeckoHeuHOH MOCIENOBATENBHOCTH,
Qaxtuueckn 3T0 He Tak. Hak mokxaswnaer pepaskenme (9.56),
¢yHEKOuA u 33BHCHT 0T P uepes WOMo;ieHHe IEHTpA OCUMJLIATOpA

Zo=

L _ v (9.62)
g m WH

9T0 03HAYAET, 9TO €CJH HIEKTPOH BHIIETAET B HaNPABJEHHH I CO CKO-
poCTHIO vy, TO OH OyZieT ABHTATHCA B MATHOTHOM IIOJIe IO OKPYHKHOCTH
¢ TEeHTPOM B TOUKe 2, (cM. ¢mr. 167). Ita OKPYRHOCTH He MOJMHA
6blTE cOEWmKOM GONBmMON: TodYKa &, HOJKHA ObITh PACHOIOAEHA
BHYTPH HAIMUKA, TaK YTO HA DOJOEHHe IeHTPa HARJIAJHBaeTcs
OT'DaHWIEHEE

0<z,< L, (9.63)

B cuay (9.62) pTo marIapmBaeT orpaHWYeHme Ha 06IacTh paspe-
meEEHX 3HaYeHmidl f. ITa mepemMenHas He TOABKO KBaHTyeTcs (¢ pac-
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CTOAHHEM MeK[y COCe[HUMH 3HAYeHUAMM, paBHHM 21/L,), HO u moa-
sKHA VNOBJETBOPATH VCIOBUI

H

0<Bp< ™38 L= Lo (9.64)
TaxuM ofpasom, mMeerTcas TOIBKO
L
p=52"2EL, (9.65)

pasanmuubix smavenmit f. Kampwmit yposemwn omeprum (9.61), coor-
BeTCTBYIOIMUME NaHHOMY BHOGODY n W k,, p-KpaTHo BHpO:kAeH. Mar-
HHUTHOE IOJe, KOHEYHO, Pa3pyIIMIo Hally IEPBOHAYAIBHYIO CXeMY
kBanToBanusA. llepemennre k,, k,, k,, KoTopsie 6HIE pambIIe KOOp-
Annarama B k-mpocrpaHcTBe, He ABIAITCA Golee «XOPONIEMA KBaH-
TOBHIMM YHCIAMAY; 33[[AHHHIM 3HAUCHUAM COBOKYNHOCTH BTHX IIapa-
MEeTpOB He COOTBETCTBYET ONpeNeleHHAA BOTHOBas ¢yurmusa (9.54).
Tem He MeHee BOCIOTB3yeMCS HTHM IPOCTPAHCTBOM ¥ W30GpasuMm p
HOBHIX YpOBHE, KOTOpPEE COOTBETCTBYIOT HEKOTOPOMY BHAYeHHIO
sreprEm & (9.61), ¢ moMomplo mOBepXHOCTEH, COOTBETCTBOBABIIMX
9TO¥ PHEPrUMH B MEPBOHAYaIbHOU cxeme. Ecam me o6pamarte BrmMa-
HIA Ha KOOPAMHATY Z, TO IIOJY9IAeTCA, UTO BTH MoBepxHocTw (ur. 168)
OpeacTaBaAnT coboit oxkpy:kHOCTH B naockoctu (r, y). @aktmveckn
HOBEI® COCTOSIHMjs HE JIOKAJW30BaHH B TOH MM WHOH TOUKE OKPYik-
HOCTH, a BPAIAIOTCA 10 HEH ¢ 9acTOTOl wy. MBI Mo:keM Kiaccuduin-
POBATh Pa3IWIEEE YPOBHY B MAaTHUTHOM II0JIe, YKA3HIBAA OKPYHKHOCTH,
Ha KOTOPHIX OHH PAaCHONO0ieHH!.

Heticmeumensro, Moo Y6eOumbes, Mo NOAHOE UUCAD yposeHeli,
CORBANHBE ¢ JanHblM Marpockonuveckum oGvemonm K-npecmpancmea,
ocinaemes € Ho6ol creme mem e, umo u npexde. MB MoKeM IONbL-
soBarbcA coorsomenueM (9.7); mromans -MexRIy ABYMA M303HEPreTU-
YeCKUMM HOBEDXHOCTAMY, DasfeNeHHEHIME dHeprumeit 0, papHa

2nm

*
8 = 8¢, (9.66)
Uyery Benmumma 8% paBHa KBaHTY HUKIOTPOHHON 9acTOTH Aimy.
BenmommmM, 4To DIOTHOCTH «paspelieHHBIN» COCTOAHHN B OGBIYHON
cxeme KBanToBaHH pasHa (L. L,)/(211)? Ha emENIY DIOMANH TI0CKO-
etn (ky, ky) (cp. § 6 ta. 1). Taxmm o6pasom, UHCAOM COCTOSHHI
Me;K/ly NBYMA KBAHTOBAHHHMN OpGHTaMH paBHO

L.L, S __.'2ﬂm"i[ LyLy

(@n)2 72 hog enz P (9.67)

B cuny (9.65).

JT0 M ecTh WCKOMHEH peayabrar. Om TIOKa3BIBaeT, YTO BJIAWAHHE
MAarHHTHOTO TIOJA CBOAMTCSA X TOMY, UTO OHO, TAaK CKAa3aTh, CO3J(AeT
KBauTOBaHEbE opbmTH B k-mpocTpaHcTBe W 3actamiser cBoGopHbIE



$

@ur.” 168. CxeMa KBaHTOBaHMS MNJIA CcBOOOJHBIX BIEKTPOHOB.
a ~—— B OTCYTCTBUE MATHUTHOT'O ond, 6 — B MAOrHATHOM IIOJIC,
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DIEKTPOHBl (KOHAEHCHPOBATHCA» Ha Oamxaiimux opbutax. Ymcenao
COCTOSIHMI Ha Ka)kaoll opfure TOWHO paBHO YHCIY LUPEKHHUX «pas-
pelieHHHX COCTOAHHUID» B KOJXBIE, B KOTOPOM JEKHT opbuTa.

Uro ke mpoHCcXoAuT B oO0ImeM cJaydae, KOIja Mbl HMeeM Jejo
¢ DJIeKTpoHaMu B Kpucraiie? [is ogHoli 30HK TPUMEHNMA KBAa3UKIAC-
cudeckas Tteopus § 5 ria. 6. Ypasuennme lllpemmurepa (6.30) gna
9KBUBAJEHTHOTO TAMHJIBPTOHUAHA B MATHUTHOM IT0Jie WMeeT pelreHud,
KOTOPHIE YEOBIETBOPSIOT IPHHIMIY COOTBETCTBHS M KBAHTYIOTCH
¢ momompio gopmynst bBopa, ompemensionieli Bo3MOHEE 3HAYEHNSA
dasoBoro mHTErpasa:

$p-dr = (n -+ ) 2an. (9.68)

31ech n — mexoe 4UCI0, Y — (azoBasg noiupapra (THIIHYHOE ee 3HA-
qenme ecTh 1/,), a p T — coupsiKeHnble epeMenubie, o0osHAYAOI{Te
UMIYALC M KOOPAUHATY YACTHILH,
ABM:Kymieiica mo opbure. \H

Il nMmyabca MBEL MOSKEM OpH-
IIATH O6I)1‘IHOB COOTHOIIIeIine

p="rk+—A, (9.69)

A MOJI0LeHNe T BJIeKTPOHA Ha TPaeK-
TOPUM B KOOPAUHATHOM IPOCTpAaH-
CTBE MO;KHO BBIYACIHTE C IOMOIIBIO
Popmyant (9.45). B pesyarraTe mo-
¢ile TPUBHAJIBHEIX TeOMeTPHIeCKHX
npeoOpasoBaHNil TONXYIaEM, ITO A0 |
wadv opbumwsr ¢ k-npocmparncmee
KEAHMO6AHA:

=22 (nt ). (9.70)

W3 dopmya (9.61), (9.66) m (9.9)
ABCTBYET, YTO 9TOT PE3YIBTAT YiKe
6B TOAYYeH [ CBOGOJHBIX BIeK-
TPOHOB. @ur. 169. TpybKH, COOTBETCTBYIO-
IOna onmcamvAa  5IEKTPOHHBEIX mue ypopnsaM Jlamnay.

ypoBHeHl B MarHWTHOM IIoJe Tpe-

OyeTca Telleph BHINOJHATH Ciefyiollee IocTpoenme B k-mpocTpas-
crre. Brifepem Benmumny n. Ha ramxpgoll mmockocTn, mepeceKalomel
noeepxHocTh DepMy ¥ NEPHEHANKYIAPHOH MarHATHOMY IOJI0, HapH-
CyeM DHepreTHYecKMil KOHTYD WIomanw #,. CoelnHmEM 3TH KOHTYDH
B HempepHBHYI TPyOKY, och KoTopoit mapamtensaa H, a miaomans
Homepednoro cedenus nocrosiHHa (¢ur. 169). Amamormumo Hapucyem
Tpy6KE ®m muas apyrux BeawynH n. llpegmomosmm, 4To Bee «paspe-
MIeHEHEe TOYKH» OOBYHOM CXeMBHl KBAHTOBAHMA CKOHJIEHCHDOBAJIACH
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Ha Oanmxaiimei Tpy6xe. Ilpm arom mosygaercs psj cocTosHm, BHPOsEK-
TIeHHbIX 10 SHePrHW; Temeph CIENYeT NPHHATHL, 9T0 STH COCTOAHHSA
BPalIalOTCA BOKPYT KakaoHl TpYyOKM ¢ IMKNOTPOHHOE dWacToToH,
COOTBETCTBYIOIEH nanHoil opbure.

§ 7. 3dbdexr ne T'aaza — Ban Anbena

KsanToBanue sHepru; NpuBOLUT K HEKOTOPHIM MHTEPECHBIM ¥ HOPa-
3UTENBHHIM DPe3yJabTaTaM. JHEPTHfA SJEKTPOHHOTO Tasa Kak IelIoro
33aBUCAT OT HAUPMKEHHOCTH MarHUTHOro mojd. Ho marmuTmas Boc-
OPEEMYHEBOCTH, KOTOpPaA B OCHOBHOM JMaMarHATHa (MBI mpeHe6peraem
3/{eCh CHMHOBHIMY 3((QeKTaMu) M He 3aBHCHT OT TeMOEpaTypH, OCIHII-
JUDPyeT DU U3MEHEHWHM MArHUTHOTO IOJA. 3TO SBJIEGHHE Ha3bIBaeTCH
apgpermom Oe I'aasa — san Auavgena.

Urobrs paccMoTpers 8TOT 3(P¢eKT HPH NPOH3BONBHON ¢opMe Ho-
BepxHOCTH DepMU, MOIKHO IOCTYIATE CAENYIONMM 06pa30M. SalumeM
CBOOOJHYIO DHEPIMIO CHCTEMBl; I CIyYasd YacTHI, IONUYUHAIOMUXCH
cratucture Qepmm — Jlupara, oma pasHa

= NL—kT X In (1 4 ett-B0/aT), (9.71)

3nech cymma Bepercs Mo BCeM BOBMOKHBIM COCTOSHHAAM ¢ oHepruedr &;,
a XHMAYeCKU# moTeHnuay { pUKCHpoBaH myTeM 3ajaHHs YMCIa 3am0J-
HEHHEIX COCTOAHWE [Kak, Hanmpwmep, B cayuae (4.9)].

Jaa Hamell cHCTeMH KBaHTOBAHHMWIX yposHell Jlawday ovueprus

paBHa

& =& (n+v k), (9.72)

rie n — opOuTAIBHOE KBAHTOBOE YUCIO, Kak B (9.61), mo, pasymeercs,
KayKAHE Takod ypoBeHb p-KpaTHO BHpPOxEZeH [cM. (9.65)]. Bospmem
KpucTaln B BHAe Kyb6a egummmunoro o6wema. Cormacno Qopmy-
aam (9.67) mam (9.70), gncao cocrossmit B k-mpocrpancrse, upmxo-
AAMHAXCA HA YU CTOK TPYyORm JurmHLL dk, (Kaxk 0GBIUHO, MBI H3MepseM
Tpy6ry B Hanpaeienmm BeKropa H), Oymer pasmo

3

4n3d ko= 2n2hcdk (9.73)
Tanxum obpasom,

o

F—Nt—kT § {5 el S‘ 1n(1+exp[t§%L—W])}dlcz.

On2hc s

—o00 =0

(9.74)

Uro0s OLEHUTH DTOT 3BEPCKUI WHTErpal, BOCHOJb3YEMCS YHCTO
MaTeMaTHIeCKNM KYHINTIOKOM, HM3BECTHHIM IOJ HA3BAHUEM HopMyib
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cymmuposanus ITyaccona. Paccvmorpum mpomsBosbnylo Gyrknuio f ().
B obmactz n << x < n -+ 1 MOKHO HamuCaTh

f(x)= 2 g—2mixs g (9.75),

s=—o0

rue

n+1l
go= S f (z) e2izs . (9.76)

1o ects mpocro pag Dypee tEna (1.7). Temeps aosxrHO HamucaTs

o0

f(n—l—%)= Z e=2mis (n+l/a) g — 2 e- g =
§=—00 §=— 00

o

n-+1
= > (=1 S f @) exmissdg,  (9.77)

§==—00

CYMMI/IPYH 9TO BHIpaKeHWEe [0 BCEeM HHTepBaJlaM HU3MeHeHud Iepe-
MeHHOI X, MBI HOOJYydYaeM

oo

S f(n—{—-%—) =S f(@)det+-2 S (—1)° Sf(x)cos2nxsdx. (9.78)
0

n=0 s=1 0

IIpumenunm 3Ty GOPMYIY K CyMMe IO 72 B BBIPajkeHMH (9.74):

F=N§—-kT§o o Sln(1+exp[§_ﬁ—’i&_])dx}dk,_
0

— oS

—2kT 2 S 2n2hc —1)" x

s=1 —

% ;fln (1+exp [C—'ﬂ;??—’“—)]) cos 2ruas dr } dk.. (9.79)

PHCCMOTPHM CHagajJa MHTerpaJiel BUAA

oc

S (1-t*9xp I:——(a;c;_—%”—a]) cos 2mas dz =
0

1 %6 cos 2nxs o2E + afo
=g |1 O 5 | +S4nw (108 28 +-L %8 ) aa.

(9.80)
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Maur BOCHOOJIB30BAJUCH 3TEeCh TeM 06CTOHTGJIBCTBOM, 9To

&-8)rT
pp din —l—a% ) (&), (9.81)

rae f° (&) — ¢yurmma @epmu, ompepenseMas COOTHOIICHEEM (4.8),
U IBaK/Hl IPOUHTErPUPOBAJIA 1O JacTaM. VnTepecysch mumsp ocmmi-
JEpYyIomeld JacTeio cBOGOAHOHE omeprmm, MH mHe Gynmem mamee pac-
cMaTpuBaTh nepshiii wien B (9.80). Mcmonssys coormomenue (9.61),
HOJy9aeM

TaKk uT0 G&/0x = hoy u *€/02* = 0. Kak u panblre, HWKEE npe-
Jell WHTerpaja MO}KHO HMOJORUTH PABHHIM —o00, TAK KaK Hambolee
CYHIeCTBEHHHI BRJIaj, B HMHTEIPAT JiaeT o6iacTh, Jealmas BOJIM3H
yposus @epmu, tne & = {. Takum ofpasoM, BKIam B cBobogEYI0
SHEPTHIO, TTaBaeMBId STUM cioeM pacupepenerns DepMu, TpomopLHo-
HaJleH HHTerparxy

o0

I, (k) = 20860 ko) S cos 2mzs 2L gz, (9.83)

-0

Xors marerpan (9.83) dopmanrpHo mMeeT BuT (4.13), ero menp3s ome-
HATH C IOMOMBIO popmyuant (4.13), Tak KaK HOABHTETPAJBHOE BHIpa-
“KeHNe CIHIKOM GHCTPO OCHIILTHPYeT BHYTPH CI0A BOIMBH mOBEPX-
gocrn @epmn. Ho M moixem mcmombzoBaTh TOT Gakt, uTO npous-
BofiHaA — 0f/0x mMeer makcumym B Touke X, rme

€ (X, k) = ¢, (9.8%)
apuiaem
ch
X= el A (€, k), (9.85)

tae A (§, k,) — miomans momepeuHoro ceuenus nosepxuaocta Depmu
cloem k,. PasnomM MHTErpax oTHOCUTENBHO DTOH TOYKH, BCIOMH-
Has, uro Jf°/0r — uernas ¢yHrmua z:

oo

k kT
Is(kz)z—lmzms—gd, S cosZns(X-{-Wn)

— Ton cos 2nsX E" cos (ZMkT n) o dn =

0_]‘0_

an dn:

T 4n2s2kT hog an

o
= T fnzsekT O0S (

schoA (L k2) ) 2n2%kT (Ao g -
eH { sh 2n2skT/hog) f —

sch.A (Q,kz)) .

= —g(s, k;) cos ( i (9.86)
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B sT0T MOMEHT, HO-BUAMMOMY, CJeNyeT OCTAHOBHTHCHA WM IOMAI~
TAaThCA OCMEICIATH HpomcXonamee. Msl paccMaTpuBaeM onpefelleBHEH
catoit Ha mosepxmocru Mepmu. Yposers Mepmm, onpenensiemuil o6ne-
MOM, OXBATHIBAEMEIM BCeil DTOH MOBEPXHOCTHIO, He 00A3aTeIBHO COBOA~

-
-

- - ~
o B SR H
—_—__ T Ty
R \t\\\\\\\:\“g““\\‘:\\\\\‘\

D \\\‘,:Q\\ R

N
RN

a )

@ur. 170. a — mopepxHOCTs (epME He 00sa3aTeqbHO COBIANaeT ¢ YPOBHEM
JlaBpay; 6 — ODpE HM3MEeHeHWH MATEHTHOTO [O0AsA YpoBHH JlaHAay DpOXOJAT
gepes yposeHb @epmu.

HaeT ¢ ogEuM m3 yposHei Jlangay. Ilpm naMeneErEM MarHETHOTO HOJR
yporum Jlampay mpoxopsaT uepes ypoBens (DepMHm, Kak yKasaHO Ha
¢ur. 170.

Ilycre 7' = 0, Tax urto pacopepesieame DepMm ImpeaCcTaBIAACT
co0oft abCoNIOTHO PEe3KYI «(CTYHEeEBKY». UYTo DpomCXojmT, KOTAa

& & er
el A 77/
s, ////////// G

i ,

a ] a

Onr, 174. 3anosneEne ypoBHed Jladmpay Opu H3MeHeHHH MAarHATHOTO MOJsA.

yposens Jlanmay npoxozut gepes {? IlycTs, HanmpuMmep, mose Takoso,
qT0 { JeKAT mocepeRuHe MoKy IByMsa yposuamu Jlaunay (dur. 171, a).
Torma umedo cocTogmmil, nexamux Hmxe yposus Depmm, Oyper
TOUHO TaKHMM e, KaK B OTCYTCTEMe ypoBHe#l Jlampay, Ho moiaHaA
DHEPTHUA 2IEKTPOHHOTO rasza 6yjer MeHbIIe, YeM B OTCYTCTBHE MarHAT-
HOTO mHoAA. B pacuere Ha 9IEKTPOH, PACHOJOKEHHHH HA YpOBHe
Mepmu, sTo yMerbmenue Gymer mopspka !/, fiwg. Ipm Bospacrapmm
MarsmTHOro nojs H »ieKTpoHE OyAYyT HOGTATEBATECA K YPOBHIO
®epmn (fur. 171, 6), Tax uro mx cBoGoAHAas DHEPrUsA BO3pacTeT M0
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Marcumyma. Ho korma yposems Jlangay npoxomur uepes ypoBeHb
Qepmu, oH HaYmHAET 0cBOBOmmaThea (Qur. 171, 6), @ CpPeIHsA BHep-
TUA 3JIEKTPOHOB CHOBa MaflaeT, JOCTHTAs MHHMMYMA, KOTHA { JeMuT
mocepeamHe MejkAy AByMsA ypoBuamm Jlampay. Takmm o6pasom,
CBOGO/IHAA OHEPrUA AJIEKTPOHHOTO TIa3a peryJsipHo OCOUIAUDYeT
€ DepPHOTIOM, OLIpe/e i IeMEIM HHTePBATIOM MEKIY OBYMA IOCIe0BATeIb-
HBIMA COBIAfeHHAME ypoBHA Jlampay ¢ yposHem Mepmu. B srom —
cmeicn Brpaskenns (9.86); mepmon ompepenserca W3 yCIOBHA

schA (C, kz)
2R 8 o, (9.87)

Bonpmas wacrs seramcaennit ot (9.74) mo (9.81) mpemerasmsmsa coBoit
OPOCTO DAaCCMOTPeHMe OCHHIIANUA ¢ momombio psajmos (Dypre, mo-
CKOJIBKY H3MEeHeHWe SHEPIMH IPH HPOXO/HKISHHU KaKAOTO YPOBHSA
9epes moBepxHOCTh DepMu He OMUCHIBAEGTCA MPOCTOH CHHYCOMIAIBHOM
dyrrnmeii. JTo M ofBACHACT IOABIECHNE HMHIEKCA S, TNPHBOJSAIIEro
K BHICIIAM I'a PMOHHKAaM.

Mur yann taxske TOT paKT, UTC IOBEPXHOCTD DepMu Be sBAsETCH
abcomorao peswoir mpu T == 0 NeUCTBUTETBHO, OCHIIIALNA CTJa-
SKABAIOTCA, eCJH

kT >> fl(OH. (988)

ApyruMu cioBaMu, MarHHTHOE mOIe HOTKHO GHTEH JOCTATOYHO CHIbL-
HHM, 9T00bl PaccTOAHHE MeKAY OPOUTaME 6BLIO HOPAMKA TONIUHEL
TeNJoBOro ciosa BOimam mosepxHocTn Depmm.

Pacuer, onnaro, eme He xomuen. Ioxyuenmoe BHDasKeHHe OTHO-
CHTCA K IONEPEYHOMY CeUeHHMI0 IPW JaHHOM 3HAUeHWH k,; Teleph
HaJ0 IPOCYMMHUPOBATEH IO BCEM CJIOAM. MBI MMeem

o

- . bi4 R (Cs
F=2kT S (—1) S{r%g(s,kz)cm(scail(ic k. (9.5

s=1 — 00

Jro unrerpan tuma Openens; XopolIo WSBBECTHO, YTO I/IaBHLIHN BRJIAJ
mpoucxoput or ofsacreit, B KoTOpHX ¢asa cTanmomapHa. Hyctn

0A (G ko)
=0 (9.90)

upu k, = k, Ilposemem pasiomenue B OKPECTHOCTH 9TOH TOUKH,
monaraa k, = k, + k':
1700 4n
J:%Oi E‘kzﬁo..- (9-91)

{moxBO mpemeGpeus mamenennmem g (s, k,); Rpome TOTO, MBI HesBHO
TpejmonaraeM, 4ro Kapas 4actb mosepxmocrn Mepmm mMeer IeHTD
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cumMerpnu]. Takum o6pasoM, TOIB3YACH CTAHAAPTHHIME CBOACTBAME
paTerpana OpeHend, MH nDoiayuaeMm

(2] . H
F=2kT D\ (—1)° 52— 8 (5, ko) X

s=1

X cos{%(%oi%k’zﬂg...)}dlﬁ’z

g8

~ KT D) (—1)° (k) €5, Foo) X
s=1
() e (it 2
~247 3 (10 (525)" s
X [y cos (S Ay 5 ). (9.92)

IsykpatHo mauddepenuupys sTo BHpaskeHHme mo [/, Mo;keM HaATH
BKJI2aJ B MArHMTHYI BOCIPHUMYMBOCTL MeTaJLIa.

Gopmyaa (9.92) xaskercs 0YeHD CIOKHOM, HO HHTePOpETAMA €6
mocrarodno mpocTa. Bmecto Toro 9TofH paccMaTpHBATH OTHAEABHOE
cedenme, GymeM paccMaTpUBATh BCIO AJIUHY MAaTHHTHHIX TPYyOOK, pac-
MUPAOMAXCSA OPHA BO3PACTAaHWY MAarHUTHOTO mojs. Hak M BHpeanm
BHIIIG, DHEPIHs M3MEHAETCS, KOTAA KakAasa Takasg TpyOKa IpoOXommT
gepes yposens Pepmu. Ho npu pacmmpenum maupoli TpyOREW JmHMA
nepecedenua ee ¢ mopepxuHocthio PepMu mpocTo mepeMemaeTca BBEPX
MJIA BHU3 Ho moBepxHocTH (cM. dur. 169), Tak dTo sHepPrua UPH 3TOM
MeHseTCA Malo, 334 HCKIIOYeHMEM TeX CIyUaeB, Kormga TPybKa coBceM
BHIXOZHUT U3 moBepxHocTH @Pepmm. 9TO HPOMCXOJUT, KOTHA IIOMAAD
HONEePeYHOT0 CeYeHNS MaKCHMaJbHA HIN MUHEMAJbHA. JTEM 0GBsC-
HAETCA NOSABJIEHNE HmapaMerpa 4, B LepmopunyeckoM MHo:kuTemne. [l
HepBO# TapMOHMKHE MBI MMeeM

T Ao= 21 (n47), (9.93)

rge y — dasosasg mompaBka. TarmMm obpasoM, nepuod ocyusssyutl
MA2HUMHO020 MOMeHmaA, paccmampuéeaemozo kak gywkyus 1/H, neno-
cpedcmeenro daem nAowadd MAKCUMAADHOZO AU MUHUMAALHO20 RonNe-
peunozo ceuenus noseprrocmu Depmu NA0CKOCMbIO, NePREHIURYALDHOL
MAZHUTRHOMY NOAI0.

B gpeiicTBuTennHOCTH, ecanm Ha choskHoil mosepxHoctm {epmm
AMEITCS PASTNYHEEG MUHAMYME B MAKCHMYMEl HONEPeTIHOrO0 CeYeHus,
Ra’KIpiii 13 HuX OyAeT maBaTh ¢BOM OCHEILINPYIOMNIA UIeH, A Pe3yib-
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TEPYIOIUA MATHATHHH MOMEHT MOMKeT BECTH ce6fl OUeHH CIIOHKHBIM
06pasoM OpM M3MEHEHHH NOJA. AMIUIETYIA KaKAOH OCHUIIANAE
Oyner saBuceTb oT A4, — JOKAJbHOA KPHBHBHH moBepxHoctTH Depmu
BOMM3HM bKcTpemanbHOro cedenus. OHa 6ymeT Takske MEHATHCA € TeM-
neparypoil mpubamsurerbHo Kak exp (—kiT/hAwy), Tak 9T0 MOKHO
OLeHATE INUKJIOTPOHHYI0 9&CTOTYy Ha cTanuoHapHoi opGmre. OpHako
B MIPACYTCTBUY IIPUMECHOTO PACCEAHHS aMILTHTYNA YMeHBINAeTCH eImie
npuMepHo B exp (—1/wyt) pas, 1. e. cucreMa Befer cefa Tak, Kak
Gynro OBl ee HeNTb3s OXJAAANTH HUKe HEKOTOPOI Temueparyps 1’y =
= filkr.

UsnosxeHHB#l TOMBKO 9TO pacdeT OTHOCHJICA K CBOGOJHOM oHep-
THW ¥ K MarHUTHOMY MOMEHTY 3JeKTPOHHOTo rasa. Ilpyrme nabmogae-
MbIe CBOMCTBa CHMCTEMBI, HAIPUMeDP 3JEKTPO- M TemJIONPOBOJHOCTD,
Takxe OOHADY/KUBAKT OCOWIIANUY B CHILHBIX MArHATHHX TOJAX.
®opmanpHoe paccMoTpeHme 3TOro 3ddeKTa SHATUTEILHO Gojee Ca0M-
HO; IO CYIIECTBY Ke BCe Jelo 3/lech B M3MEHEHUN 3dGeKTUBHON HI0T-
HOCTH COCTOAHUM Ha yposHe (Depmu npu mamenenum monsn. Ocruiis-
Ouy  3JEeKTPONPOBOAHOCTY HABHBAIOTCA afiiexmom Ily6rurocea —
de aasa.

§ 8. MarneroonTaueckoe moriomenne

B moaymposommmke yposum Jlammay MoskHO OGHADYKUTD Helo-
CPENCTBeHHO ONTWYeCKHMHM MeTofamu. Paccmorpmm, manmpmmep, mpo-
CTY10 DapaboiadYecKylo 30HY HPOBOAHMOCTH, OTBEUAIOMYI0 HIEKTPO-
HaM ¢ 9QPeKTHBHOH Maccoit m*. B cxeMe MarHmTHOTO KBAaHTOBAHUSA

®ur. 172, @ — cxeMa MarHETHOTO KBAHTOBAHAA AJIA NAPaGOIMYECKOD 3OHBI
6 — TIOTHOCTH COCTOARMIA.

(9.61) yposmm omeprmm npegcraBasoT co6oit pAx mapabosx OTHOCH-
TeJIPHO HEePeMeHHOH k,, OTCTOAMEX APYr OT Apyra Ha BeJHYAHY
MATHNTHOTO KBaHTA Awy (Pur. 172).

Huciao cocrosnnit, KOTOPoE CiefyeT NPHIACATH KAXAOMY OTPE3KY
papaGosel, maercs Bepaxenmem (9.67). Jlns Kammoro suavenua
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MAarHHTHOIO KBAHTOBOTO YHCJA 72 MH HWMeeM NPOCTYH OJHOMEPRYVIO
3ajgiavy o naortHoctu cocroanui. CyMMupysa BRIags! oT Beex napabou,
OpPOXOAAmMX B 0GNaCTH DHEPruMil, MEHBIIMX &, MONYy9aeM BhIPaskeHHe
A TMOJIHOHM IJOTHOCTH COCTOSHHM:

V(€)= 432(2”‘*)3’“&@;,2{5 (ntg)non) ", (9.94)

Ipu 0z — 0 ara ¢opmyna, ecTecTBEHHO, IPABOAUT K CTAHAAPTHOMR
HNJIOTHOCTH COCTOAHUI i mapaboaudeckoil 3ouw (4.33). MarnuTtHOE
moJie, OJiHAKO, co3faeT cuibubie cunryispuocru Ban Xosa (§ 5 ra. 2)

HURTOMpPOHHSIE
DESOHAHC

@ur. 173. MarveroonTudeckye NePeXORH B IOJYIIPOBOMHUKE C ABYMA ABIPOU-
HHIME 30HAMH.

tuna &-Y2 pus raskmoro yposus Jlammay B cooTseTcTBEM ¢ o0muM
paccmorpermem sgderra me l'aasa — Bam Aunbdena, DpoBelNeHHHM
B § 7 HacroAme# riaps.

Hepexonnt mespy yposHamm Jlappay TOJUNHATOTCH TPaBHIAM
or6opa Ar = =4 1; aT0 Bcero nWInb WHOH crocob ONMCAHWA HUAMAT-
HNTHOTO pesonanca (cM. § 2 Hacrosimeds raass). Ho MarguTHAs CTPYK-
Typa IJIOTHOCTH COCTOSIHWN JOCTATOYHO OTYETINBA, M €€ MOJKHO
HabmiomaTh B mHEQpaAKpacHHX CIOEKTPax, CBABAHHHIX € IEREX0[aMU
u3 ppyrux sou (cp. § 5 ra. 8). IT0 OCHOBHOE MazHemoonmuueckuil
aperm. .

DaKTHYECKH IS MHTEPNPETANHNA ONBITHHX JaHHEIX HYKHO YyYeCTh
KBAHTOBAHWE COCTOAHMN BAJEHTHOH B0HH [C APYIEMH BHAUCHHAMH
wy # m* (pur. 173)]. lna tanwanoro CHIBHOTO mepeXofa, KOTOPHH
npoucxonuy GH B OTCYTCTBME MATHUTHOTO HOJS, MATPAYHBIA 9ieMeHT
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(8.40) MomHO cumraTh He 3aBHCAMEM 0T H W HAIOKATH MATHHTHO®
npasuiio orbopa An = 0. Torna RoMGUENPOBAHEAA IIIOTHOCTH COCTOM-
Huil (8.73) npummMaer Tor e BHA, Kak H (9.94), Tak uTo mpH COB-
OafieHid © ¢ MEK30HHOH pesoHaHCHOM wuacToToi

hon = &g+ (n+5) A (@) (9.95)

DOABNATCA CHHIYIAPHOCTH BUAA (0 — ,) Y2 Ipakrnueckn, oxHa-
KO, OHN YIIHPAIOTCA BCJIEHCTBHE CTOJKHOBEHWUIL.

Taxum ofpasom, paccmaTpupaemoe ABIeHWe NO3BOJAET OYEHD
TOYHO HAXOAUTH HUKIOTPOHHEIE YACTOTH 2JEKTPOHOB M JBIPOR M, H M}
B ofsacru sHepruif, Jesxamux mo o6e CTOPOHE OT 3amPeIMeHHON 30HH,
B obmem amm3oTpomHOM ciydae ¢ yUeTOM BHPOJKIEHHS BajeHTHON
30HH ¥ Hemapabonmueckolt 3aBucuMoctH sHeprum oT |k | marmero-
OUTUYECKMHA CHEKTP MO:KeT OHThb 0YeHDb CIO;KHBIM, OJHAKO OH HAeT
HEOIeHUMY0 MHPOPMAnH0 06 3J1eKTPOHHOE 30HHOU CTPYKType KpH-
crania,

§ 9. Marautabti nmpodoi

Hosclony B HacTosme# riaBe M UMENIH [IeJN0 € DIEKTPOHAMH
B CHTBHBIX MAaTHUTHHIX N0AAX. B wacTroCTH, MBI HCCTenoBany ABNERNS,
BOZHHMKAION[{e B TOM CiIydYae, KOTJa 3JIEKTPOH YCIEBAET COBEpPIIHMTSH
MHOT0 060POTOB 110 HUKJIOTPOHHOI 0p6uTe, NPEsKTe TeM OH PACCEeTCA.
Mur Bugenu, 4ro 9TOMY CiIyYai0 COOTBETCTBYET HOBAasA CXeMa KBAHTO-
BaHWA, B KOTOPO# ypoBHu JlaHAay «IONJIOIA0T» OTeJbHEe Pa3pelleH-
HEle COCTOAHMA 610X0BCKO# cxempr. Pasymeercs, ecam ecrh pacces-
aue, yposad Jlangay 6ynyT yIIAPATLCA, HO 0 TEX HOP, IOKa wxT > 1,
3TAM 3PPeKTOM MOKHO mpeHe6peUs.

OfHaKo NIpefIokeHHAA CcXeMa KBAHTOBAHWM, COIMACHO KOTOPOH
JuA Kammo#l opbmThl BRIIOMHEHO coorHouenme (9.70), eme He ecTb
opejelbHast ¢Xema, COPABeAMBAS B CJAYYae TPOMALHBIX MATHUTHBIX
nosel. Kpasukmaccuueckas Teopus § 6 HacTosImed INTaBH OIMAPAETCSH
Ha OPUHOUO SKBUBAJTEHTHOI0 FaMAIbTOHMAHA, W3I0KeHHHH B § 4
ri. 63 ona cnpasedausa auwb 6 npeHedpeACCHUL MencdY30HHULML nepe-
zodamu. Hein MaTHATHOE HOJE OYEHB BEIHKO, TO TAKME IePeXOibl
ROJI/KHB IPOMCXOAUTh, HANPHMep, TYHHEJIBHEIM IYTeM, KaK B dddek-
te 3unepa (§ 8 ru. 6), n crema Onsazepa (9.70) mapymaercs.

Hro6bl HOHATEL CYMHOCTH 3TOro 3PPeKrTa, MpPomle BCETo HAYATH CO
CTydasd OYeHb CHIILHBIX MArHHTHBIX II0JIeH, KOTIJla BOJHOBbe QYHEK-
UM 97TeKTPOHOB B OCHOBHOM COBIAZIAlOT ¢ BOJHOBHIMA (YHKIMAME
CBOOOJHBIX 9ACTHI, B MArHHTHOM IIOJNe, a HOTeHIHAN KPHCTaJLIHde-
CKO# pelieTKM MO/KHO PAaCCMAaTPHUBATL Kak BOaMyImeHue. OrpaHmImM-
€A pacCMOTPEHHeM [ByMEePHOTO IIPOCTPAHCTBA B ILIOCKOCTH, IIepIEH-
MUKYIAPHOM MarmuTHOMY mosio. Torma opbmra Gymer mpemcraBiATh
co6oit orpysHOCTE B mIocKocTH (K, k).
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Brepem Temeps BO3MYIMEHHUE BHAA
T (x) = ) T g™ (9.96)
g

10 ecTh cepusA ILIOCKOCTEH, 0TCTOAMMUX APYT OT APYyTa Ha 2n/g.
Korga op6ura mpoxogut Yepes IPAHUILY 30HEI, T. €. KOI'/[a KOMIIOHEHTa
BONHOBOTO BeKTOpa B Hampapiennn z, k,, paBHa ==/,g, umeercs
BO3MOKHOCTD ODIITOBCKOTO OTpakeHHms. BMecTo Toro 4rolfBl Hempe-
PLIBHO IPOJOKATHCA BRoAb AB, opbura MoKeT u3MeHHTbH HampaB-
aernne Ha AC u 1. 1.

Ecian yBenmumBaTh BeIMIMHY BO3MYIIEHNA, TO TPAGKTOPUH B TOT-
Ke A pacmensaTcs mo sHepruH, i OTyTh AC craner IPemoITuTeNbHBIM.

3ona Sona
bpunnioana bpunmoana
a 6

@ur. 174. a — opbura cBOGONHOrO 3IeKTPOHA B MATHHTHOM HOJe; 6 — B HEPHO-

AWIECKOM II0JIe PeIIeTKH BAJ OPOUTH BOIM3A TDAHHENE 30HE MEHAETCH, HO B CHIb-

HOM MarHHTHOM HoJle OpPOHTa OIATHL MOMKET CTATh TAaKoil e, KAK MIA ¢BoGOTHOTO
DIEKTPOHA.

DMeKTPOH B HTOM Cjiyuae [BUKeTCS O 00bIIHO# (OTKpHITO#) opbmTe
B CTaHZapTHOH cXeme mopropamomuxcs 3oH. Yacrs B oxpymuocTu
na ¢ur. 174, a obpasyer ormensHylo obzacts mosepxHoctm Depwmm,
OPOXOAUMYI0 IIOJTHOCTHIO HEe3aBHCHMO.

ITpm yBeamdeHVH MATHUTHOTO IOJA Mbl BEPHEMCH K CXeMe C Kpy-
ropsiMu opburamu. Bmecro toro wrofsl Beerjga caenoBath BRoab AC,
STEKTPOH MOKET Rpofumbcs dYepe3 DdHEPreTHYeCKyl IIedb,T. e.
«OPOTYHHEIMPOBATHY Uepe3 06aacTh, pasfernanmyio opduTs B o6par-
HOM IpPOCTDAHCTBe, W OKazarbea Ha ydacTke opbuts B.

Ilna omeHKM BEPOSATHOCTH MepeXofa MHl MO;KeM NCIOJIb30BaTh
dopmyny (6.65) mas smmeposcroro mpoGos. Jiexrpmueckoe mone K
MOKET BEI3BATh TYHHENBLHBIH mepexof depe3 HHePreTHUeCKYI0 IMelb
BEJIMIHHH &gap, €CIN

eEag?
(€gap)?

e &° — KuHeTHYeCKasas JHEPrusA BIEKTPOHA BO3je MEJH IOPATKA
smeprum  Depmu &, a @ — COOTBETCTBYWOIIHA MEpHOJ PEIIeTHH.

>1, (9.97)
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Hanee, saextpon, npubamxaomuiica K Toaxe A B cxeMe IOBTOPSI0-
IAXCA 30H, UMEET CKOPOCTH

hik
roe kF — papmyc (DepMI/I aro BBIpa’KeHHe He COBCeM TOYHO Ha rpa-
HUOeé 30HL!, HOCKOJBKY 5SHepreTHuecKHme IIOBEPXHOCTH MHMCKaKaAKTCH
n3-3a HaJW4YUA DBHEPreTHYecKoit ImeJH, HO MBI IIpefmojiaraeM, 4TO
3TO0 HCKa;KeHme MaJjo.

HBHH{GHI/IG 9JIEKTPOHA C TaKoH CHKOPOCTHI0 IMOIEpPeK MAarHuTHOIO
HOJA OPHBOAUT K NOABJIEHUIO CHUJEL JIopeHD;a. HOCHGI(HHH oo BeJaunIn-
He paBHa CHJIIe, KOTOPYIO BEI3HIBAJIO (3931 9JEKTPHYCCKOE IIOJIe Haupsa-
FEHHOCTH

~2E (9.99)

c
HAUPABJIEHHOE NEPHeHAHKYIAPHO CKOPOCTH V. OJTO MTOJE MOMKET
BRI3BATH TYHHEJBHHIH EPEX0f, eci BHIOIHEHO yciaosHe (9.97), T. e.
€CIH mapamerp

evH a%9 Ne_h kpa g
¢ (‘5gap)2 ~ "me (%gap)z (9100)

npesnimaer exuaany. Coraacuwo (3.3), mpomssenenme kpa mopsaxxa
enuaunbl, OKoHuaTeabHO ¢ yueroM (9.4) ycaoBHe Mazrummozo npo6os
OPUHHMAET BUJ

kogér ,

@ ap)? > 1. (9.101)

JTO YCIOBWE B3HAUMTENHHO MeHee JKECTKOe, WeM, CKameM, TpeGo-

BaHWe TOTO, 4TOGH PacCTOSHME MeKAY yPoBHAME Jlangay mpeBHIILaio
BeJIMUNHY BHepreTnueckodl menm. JasA HEKOTOPHX MeTajJIoOB OHO
BhINONMHsIeTCA B moiaax mopsapka 100 kopemed m momer BHI3BAThH
B 9dpexte ne 'aasa — Banm AunpdeHa u B pyrux addexTax mosBIeHEE
HOBHIX OPOHT ¢ MHO;KECTBOM Das3JUYHHX ILIOIANeH.



raABA 10

MATHETU3M

Bce maunmanocs ¢ mopsgxa, MM KoB-
YATCA H ¢ HEer0 jKe HAaYHeTCsA BHOBB,
COlTACHO 3aKOHOJAATENI0 LOpAAKA H
MHCTHYECKOH MaTeMaTuke HeGecHOTO
ropopa.

Tomac Bpayn

§ 1. OpburanbHas MarHMTHasA BOCHPHAMYHBOCTD

B s10if rnaBe Mu GyJieM WHTepecoBATHCHA MATHHTHOMN BOCIIPUHAMYH-
BOCTBIO TBEPJHIX Teld, He OCTAHABIUBAACHL HAa BJINIHUN MATHWTHOTO
nojsA HA APYyrde HX CBOHCTBA, HAOPHMEP HA SJEKTPOLPOBONHOCTD.
Hocnennsaa TeMa caumroM o6IMHPHA, YTOGH MBI MOTJAW OCBETHTDH €6
netanbao. MuI ocraBEM B cTopoHe GOMBIIYIO YACTh ABICHWE MazHuUm-
H020 pesochahca. MBI oOyCTHEM TaKike TEOPHIO TAKHX TeXHWUYECKH BajK-
HBEIX MAKDPOCKOIMYECKHX XaPaKTePUCTEK MaTHATHHX MaTepHAJOB, KaK
2ucmepesuc, KOIPYUMUSHAR . CULA, OCMAMOYKbL MAZHEMUIM H# T. .
ITocrenEne cymecTBeHHO OmpeNelNAldTCS BOBHWKHOBEHHEM B obpasme
ofsaacTell CHOHTAHHOE HAMATHHYEHHOCTH — (OMEH06, MATHUTHBIE MO-
MEeHTHl KOTODHX ODHEHTHPOBAHLI B DA3HHX HaupasieEnsx. MH He
OyneMm faske paccMaTPHBATH KPACHBYI TEODPHIO cmeHor Baoza, KoTo-
pble Pa3felNAT JIOMEHB C PasiINIHOA HAMATHHYEHHOCTHIO M KOTOPHE
MOKHO 3aCTaBUTH ABUTATHCA C IIOMOOIBI0O BHEWIHETO IIOJIA.

PaccMoTpmM cHauana Hemazwummwsle meepdvie meaa, B KOTOPHX
HEeT OCHOBAHUY IPEANmOJaraTh, 9T0 aTOMB MW MOHB 06JIaNaloT JoKa-
JU30BAaHHBIME MarHUTHEIMA MoMeHnTamu. He Gymem raxske yumThBaTh
COVHBI DJIEKTPOHOB MM HPEANONOKAM, UTO BCE COUHH KECTKO Cla-
pennl. Ilpm sToM BCe ke mMeeTcs BKIAX B MarHATHYIO BOCIPUHAMYMN-
BOCTB, CBSI3aHHBIA C OPOMTANBHEIM [BHKEHIEM 3JIEKTPOHOB.

B npocreitmenm ciygae aMeeTcA ouH aTOM, WM HOH, copepRamui
TOJNbKO 3aMKHYTHE 97TeKTPOHHEIG 060JI0UKH, IIPHIeM SHEPruA BO36YK-
lenuA ero B Gosiee BEHICOKOe COCTOSHHE BEINKA. XOPOIIO M3BECTHO,
4TO 3TO NPUBOAUT K Juamazremusmy; BOCIPHIMIABOCTL OTPHIATEIbHA
" npuOIHKEeHHO paBHA

Ze2N —
1= '—mrz, (101)

rae Z — moaHOe [UCIO 9JIEKTPOHOB B aToMme, N — uqmcno arTomoB

B epunmne obbema, a r? — cpegHuil KBampar pagmyca o6iaKa piek-
TPORHOTO 3apaAjna BOaM3M Kaskgoro atoma. Qopmyny Takoro poxa
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clefyeT HCHOIb30BATH AJNSA WHEPTHHIX Ta30B B TBEPAOM COCTOAHHH
WIW ANA BHYNCIEHWS BKIAJa WOHOB B MOHHOM KpPHCTAaJIe.

3anmcaHHH# BHIe Pe3yJbTAT BHITEKaeT IO CYIMECTBY M3 BHIpa-
JHeHAA [N SHePTWH BO3MYIIEHHS IIePBOr0 MOPAAKAa B OCHOBHOM
cocroaumu | 0) Kaskmoro aroma:

0]

2mc?

A2)0), (10.2)

e A — BEKTOP-IOTEHIMAJ MArHUTHOTO WOJA. ITO TONYYaeTcH
aBTOMATHYECKY, €CIH HNCHONH30BATH CTAHNAPTHOE BHpPAa)KeHUe HJIA
TaMUJIBTOHHAHA B MATHUTHOM TO0Jie, 3AONCHBAf KWHETHYECKYIO SHEp-
THIO B BHe

= (V-2 A) (10.3)

[cp. ypasmenue (9.51)].

Ecau, ogmaxo, mMmeiorcs Bo30yIEIeHHEIE COCTOAHWA aToMa, CKa-
seM | n), OpOGHTANBHBIN MOMEHT KOTOPHIX OTJIHYeH OT HYNA, TO OHHU
MOTYT IPUMEMIATHCA K OCHOBHOMY COCTOSHHIO H3-3a HaJUYHA B (op-
myae (10.3) wrena, numeitHoro mo A. CooTBeTCTBYWOINUI onepatop
HMeeT BHT

—2-;-C-H-L=VH-;LL, (10.4)
rge L — omeparop opOMTAIBHOIO MOMEHTA KOJIUYECTBA IBHKEHUA
3JEKTPOHOB, a i, — OOGHUHHI omepaTop MArHITHOTO MOMEHTA, KOTO-
puiit mpomopnuoHaieH L. Bo BTopoM mopajke Teopmum BO3MyHIeHWi
9TOT YJIEH MAeT BKJIAN B HHEPTHIO

0|H. 2
sg= ) LlZ el (10.5)

KOTOpHI# monoskuTeseH ¥ KpajgpartmieH mo [fI. Ortcioma Bo3HHKaeT
noCTOAHHBI napamaznemusm Ban Daera; sta dopmyna mpuMeHHMa
K aTOMy, HOHY WJIHU K MOJeKyIe.

ITpumenenne cooruomennit (10.2) m (10.5) k¥ peaabHBIM TBepHBIM
TelaM MPAKTHYECKN OKA3HIBAETCS 0YEHB CJIOKHEIM, II03TOMY MBI 06pa-
maeM BHAMAHNE JANINL HA NPUHIMINAJIBHYI0 CTOPOHY DTHX COOTHO-
menn#i. 3amermM, onHako, uro BrjIax (10.5) mommeH BospacraTh
B caydae, Korja oHeprus BosOY)KIeHHA CTAHOBHTCA MAaJoH, Kaw,
HanpuMep, B c¢aydae, KOTHA Haj 3aIl0JHEHHOW sHepreTHUYecKoil 30HOH
HMeercd HeGodbMmasa meab. UTo jke NPONCXOMAT, KOTHA BTA HEeNb CTpe-
MHTCH K HYJIK, T. €. KOTAA MH IepexoauM K cBOGOXHBIM HoOCHTe sM?

Teopus omATh CTAHOBHTCH OUEHb CIOKHOE, HO JIA CBOGOIHEIX
3JEeKTPOHOB CyIecTByeT Tounoe pemenne. B § 6 rx. 9 mur momyumin
YPOBHM 3HEPIMU CBOGOHLIX DIEKTPOHOB B MATHUTHOM I0JIe; HeTPYAHO
MOJCYATATD U CPefHee UBMEHeHNe YHePTHN BCET0 3JIeKTPOHHOTO Tasa,
Ha8JI0 JHUMb YOBTOPWTH BHUHMCcIeHna § 7 ra. 9, KoTopee IpuBean
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K adpexty ne 'aaza — Bam AnbdeHa, TONTBKO Teleph BMECTO HCCAE0-
BaHHA OCHWJIJHDYIOIMHEX WIEHOB MBl COCPENOTOYAM BHUMANUC Ha
4ieHax, IpepcraBafomux coboif mMomoTomEsle ¢yHrmmm H. B ¢op-
myxe (9.80), Hampumep, MBI OmyCTHIH Craraemoe

1 6
s | ()52

[mocenmee paBercrso momyueno ¢ yuerom (9.82) u (9.58)].

Cootrsercreytomuit wier B gopmyne (9.79) comepsxan cymmy mo
BCeM 3HAUCHHAM § M HHTETPAT IO BCeM cJI0sAM k, chepn Depmm.
IMonmmit BKIax ero B CBOGOXHYI SHEPIUIO PaBEH

0 =_—4n212kT irhﬁfci[fo(g)]x=0 (10.6)

X=

AFp= —2kT 3} (—1) S 53 TR T e | ()l by =

=1 — oo

(o]

= —zx () & | 0 @emoar, 3 (10.7)

c
s=1
[Mb1 omycrmnm mepsrie aBa crraraemmix B (9.79), u60 oHm He saBmCHT
or H]. UnTerpax mo k, ecTh, 0O CYmMecTBY, Mepa [IMHE 3aT0JTHEHHOMN
obaacra k-mpocrpamcra Bpomb ocm cdepn Depmm, a cymma mo s
faer — n%/12. BhumcaAs oTclofa BOCHPHHMYMBOCTB, MBI IOJYYAEM
Ouamaznemusm Jlanday
esz
AL = — [Gmgmes * (10.8)

Honyyennas BoCHPEMMIMBOCTH OTPHNATENBHA, MOCKOIBKY obpa-
3oBanme yposHeil Jlammay cBAsaHo ¢ yBeamuenmeM mONHOH dHeprmm
cucremsl. 9ro Buano u3 ¢ur. 171. Tompko Torma, Korma ypoBenn
QepMu JTeKUT TOUHO LOCEPEEHE MEKAY ABYMA YPOBHAME Jlannay,
BJIEKTPOHEl MOTYT «KOHAEHCHPOBATBCA» HA COOTBETCTBYIOMEH TpyOKe
Ges mamenenusa cpepmeir smeprnu. Korpa yposens Jlampay upubam-
aercA K mosepxaocTH PDepmu, BMeCTe ¢ HOM MONHAMAIOTCA I HIEK-
TPOBH, T03TOMY Beamuuna AF; moaoxmrenswa. BocnpmumumpocTs
HE 3aBHCHT OT TeMIepaTyps, m6o oHa mpexcrasiser coboit cpenpmit
apdext, m agecr He TpeGyercs, uTo6H paccTogHmE MEK/TY YPOBHAMA
Aoy Gprio Goapme k7. . .

Herpynwo Beramcants Beamumny (10.7) m mus Goxee obmero cay-
49asg npomsBoapHON moBepxHoctm Depmu, paccy;xmag B OCHOBHOM
Tak ke, kak B § 7 ra. 9. Ho pesyuabrar, moayuenmbil TakmM mmyTem,
mepepe. [lasi paccmorpenma aumamarmermama Jlammay B cayuae
OIEKTPOHOB B IEPUOAMYECKOI pemeTre TpebyoTca 6olee CIoKHEIS
BLIUHCJIEHNAST, HAa KOTODHX MH 3[eChb He OyAeM OCTaHaBIMBATHCH.
HKpome unenos, galomux napamarsernam Ban Duera m nmamMarsermsm
Jlarpay, mMeoTcs Takke TepeKpeCTHHIE WIEHHI.
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§ 2. ComHoBBHII MapaMarHeTA3M

MarenTHOe ©oOJe CHEMAeT BHPOXKIEHHE ME:RAY JJICKTPOHAMH
C TPOTABONOJIOKHHIMA COAHAMIN, HAXOAAIMEMICA B OJHOM H TOM ke
opburanbEOM cocTosHud. B Meranie 9TO BEI3HBaeT Imepepaciipejese-
HUe DICKTPOHOB MEKAY COCTOSHHMAMH C PABJIHYHBIMH OPHEHTAIMAMI
ClnHAa, B Pe3ylbTaTe 9ero BOBHUKAET MATHHTHHEIT Moment. Pacger
aroro adderTta siemeHTapeH. DymeM pasnuuaTh 3IeKTPOHBI €O CIIH-
HOM «+» B «—» (II0 OTHONICHHI0 K HANPABICHHI0 MATHUTHOTO HOJA
H). Jneprmm wmx paBHH

Buv = & (K) — poll,
gk— = g (k) + H-Ohr,

e & (k) — smeprusa B OTCYTCTBHE MATHUTHOTO HOJA, & fg — Mar-

HUTHHA MOMEHT BJIGKTPOHA.
Yucma 3IeKTPOHOB B KAyKJ0M COCTOAHME OYAYT HABATHCH ABYMA
pasanuneiva pyarmuamu  Depmm — Jupaxa [suga (4.8)] ¢ opmmm
U mem e XUMUYECKHM MOTeH-

(10.9)

& nnanom §. Har sugmo wu3
1 /‘ N ¢ur. 175, cocroaHna co CIB-
z“m-_---—-—--\ '} HOM «-F» cojiep:KaTt Temepsh
|3 16 . 6ombiTe 3TeKTPONOB, UeM PaHb-
’i : ‘L}' me, a HMEHHO:
= =2 R

ne= {5 (8) £ (8cr) dE,

0

(10.10)

IOCKOJBKY TJIOTHOCTH COCTOA-
Ui TOpH OepBOHAYAJILHOH
oHeprum € IOPOBHY pasfene-
@ur. 175. Pacupememenua @epmm pmxas HA MEXIY JIEKTpOHaMH CO
CIOIVHOB, HanpaBnemmx 4BBEpX» H (BHH3» cOomHaAMU ((A{—-» " «—».

B MAarEATHOM IIGZe. AHaJIOTHYHO 3aNMCHIBAET-

ca Gopmyna HIA KOHIEHTpa-
AN SIEKTPOHOB € OTPUIATENHHLIM CONHOM. PasHOCTh KOHIEHTpA-
AN DICGKTPOHOB €O CIMHAMHE «-» M «—» ONpefesseT MarHATHBIH
MOMEHT

M=o (n—n)= o | 5170 (8 —pol)— o (€+ )} A" (8) dE ~
0

(&)

00

~wll ( (—55) 0 (8)d8=wH.y €. (10-1)
b
3mecs mpumHATa BO BHEMaHWe Qopmyna (4.18).



§ 2. Cnunoewii napamaznemusan 369

ITOT TONOKUTENBHHA MaTHUTHHH MOMEHT IPHBONAT K NaApaMde-
Hemusmy Ilaysu. OH He 3aBUCHT OT TeMIepPaTypPsl U HEIOCPEICTBEHHO
oHpefessieT MWIOTHOCTH cocTogHnE npu speprud Oepmu. B npurnume,
CIIe[IOBATENBHO, OH NOJ:KeH OBTEH OPSAMO CBA3AH C DJISKTPOHHOM TEmIo-
eMKOCTBIO (§ 7 IaI. 4), OBHAKO LPH BBeleHAWH HONPABOK HA MeKIIEK-
TpoHHOE B3amMojeidcraue (§ 8 ri. 5) TouHoe coBUANEHNE Yie He MMeeT
mecra. IpakTmaecky TpyaHOCTS colOCTaBNeHM TaKOTO POJA COCTOMT
B TOM, 4To AuamaramtHag mnompaska (10.8) me mana m me msBecTHa
€ [OCTaTOYHOH TouHOCTHI0. OOHAKO B HEKOTOPHIX CJIYYIaAX MOIKHO
H3MEPHTH COMHOBYI BOCHDHEMYHBOCTHL HEIOCPENCTBEHHO C IMOMOIIBHIO
SJIIEKTPOBHOTO COMHOBOTO PE30HAHCA BIEKTPOHOB MPOBOIEMOCTH.

s rasa cBOGOAHBIX 3JIEKTPOHOB JIETKO MOKA3aTh, UTO

e2k

xXp= ot (%ﬂ:—m;n’:—z, (10.12)
T. €. BeJINYAHA COAHOBOH IapaMarAATHON BOCOPHUMYEBOCTH Ta3a CBO-
GONHBIX BIEKTPOHOB POBHO B TPH Pasa 60JbIIe BeJWYMHE AWAMATHHT-
Ho#l BocmpummumsocTr (10.8). Ommaro pemerxa BIHAeT Ha 3TH IBA
THOA MarHATHOH BOCIPHMMYMBOCTH COBEPIIEHHO HO-pasHoMy. IlycTs,
Hampumep, moBepxHocTh Depmm cthepuueckas, HO «dPPeKTHBHAL
macca» paBHa m*. Jlerko mokasaTb, 4TO BOCIDHEMYUBOCTE Y p,
3aBUCAMAA OT NJIOTHOCTH COCTOSAHEN, NPAMO NPONOPIHMOHAJBHA m*,
TOrfla Kak BOCOPHUMYMBOCTGL Y1 OO6pamHo NPONOPOHOHAJBHA m*,
NOCKOJBKY OHA ompefiefiAercad OpPOUTANBHEIM JBHKEHHEM 3JIEKTPOHOB
E He 3aBHCHT 0T MarHetoHa Bopa.

Hpyroe aBienwe, cBA3aHHOE CO CHMHOBONX BOCHPHHMIHBOCTBHIO, =
a10 cdeuz Haiima. B maranTHOM mosne H comHH 2meKTpoHOB monApH-
8YI0TCSA, U BOSHAKAXMAR ¢peHAN MAaTHATHE MOMEHT, NPUXOAAIAACA
Ha OJVH 3JEKTPOH, PaBeH

{Me) = %po. (10.13)

INeKTpPOH, HaXopAmuniica B TOUKe r, GyfeT B3aMMoOJeHACTBOBATH C Mar-
HATHBIM MOMEHTOM [i; AApa, HaXORANETocs B Touke R, ¢ moMompbio
«KOHTAKTHOTO B3auMoneiicTBHAY

o%”m=§ﬂ(m-ue)6(r—ﬂ), (10.14)

XOpOIlo M3BECTHOTO B TEODHH SAEPHOTO pesoHaHca. lloxcraBisas
(10.13) B (10.14), maxomum CpPEHIOI HEPTHIO B3AMMOAECHCTBUA

(Hin) =2 2 H 9 (O) Ppr=Ap-H,  (10.15)

rge | P (0) | — xBajpaT aMmIATYAH BOMHOBOH (YHKNUE B TOUKe
pacmoNoKeBus Afpa. ITY BHEPIHI0 MOKHO HMHTEPUPETHPOBATH KAK
u3MeHeHWe All; BeIMYWHH Kaj)KYIMeErocs MATHHTHOIO MOMeHTa sAApa,
BRI3HIBAIONIEE CABHT PE30HAHCHOHW 9ACTOTH B MATHHTHOM IIOJE.
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Ouesupno, casur Haifita pomsed ObITh HPOUOPILOHANECH Y p.
Opmaro B Qgopmyay (10.15) sxomur mmowureab | ¢ (0) |?, xoTopwi
HelIb3HA ONpeNe]nTh U3 KaKoro-Inb0 He3aBHCHMMOro onbTa. B IpmH-
IHIIe 3TOT MHOMKHUTENBb OTHOCUTCA TOJIBKO K COCTOSIHHSIM HA HOBEPX-
moctn MepMu, TAK 4TO FOBOPAT, UTO OH CJIYKHUT MEpOIl TOro, B KaKoi
cTemeHN BOJHOBHIC (YHKIUM cocTosHuUil ¢ sHeprueit Mepmu mmeror
xapakrep s-pymxmuity., Cpsur Haiita — sro Beamumpa, KOTOPYIO
ynoGHO OUpemensiTh, HO HHTEPUPETHPOBATH HONYIEHHEIE PE3yIbTATH
He OYeHb IeTKO.

1§ 3. 3axon Kiopn — Beiicca u ¢eppomarnernsm

Mpennonomum Temepsb, 9T0 Kapblil aroMm Beper ceba momoGHO
MaJIeHLKOMY MATHOTHKY ¢ MaTHATHHM MOMeHTOM . Ilogob6mEi mar-
HOTHBHII MOMEHT MO:KeT OBITH CBSBaH C He3amOJHeHHOoIl d- unm f-
060JI09KOH HWOHa IMepPexofHOTO MeTaJlla HJIU PEeJRO3eMelBHOTO 3Jie-
menta. B maramroom mosme H wrassmeiii marmurux 6ymer obmamath
smeprueit — u-H. Ilpegmomoskum, wuro Bce aTOMB HE3aBHCHMEL;
GyNyun JIOKATU30BAHHBIME, OHH YIOBIAETBOPAIT CTATHCTHKE boJybrma-
Ha. Jona aToMoB, MATHHTHBEII MOMEHT KOTODHIX paBeH M, IPOHOP-
IHOHAIBHA

n(w)=en HAT, (10.16)

Ecnu npunsre, 9To Kaskmplil MATHHTHK MOKeT CBOOOZHO BpamaTh-
cs, TO cpefHUA MArHUTHBI MOMEHT DaBeH

o LT 20
W=-——""-""-",
\ et HAT gg
rae dQ — siement TenecHoro yriaa. CoBorymmocTs N TaKHX aTOMOB
B enunune ofbeMa o0yCIOBIHBAET BOCHPUUMIHBOCTD

(10.17)

Af
w-H/RT a0
a (u) S kT MHe N 1N @2
— N i e ~ — = — . 10.18
x JH S ep_-H/kT a0 kT <MM> 3 kT ( )

JT10 BHpA)KeHWe HOJYYEHO [AJAA ciaydas, KOTJa HAOPsKeHHOCTH Mar-
HHUTHOTO TOJA CTONb Maja, ITO HKCHOHEHTOH Mo;kHO HpeHeGpeds;
KpoMe TOTO, MH BHPA3WIH CcpejHee 3Hauenue adpuHOopa WU Tepes
cpefHee 3HauYeHWe * — KBaJpaTa AJHHE BEKTOpa M.

B macroamee BpeMst GoJiee €CTECTBEHHO CBA3ATH RasikABIH MaTHUTHK
CO COMHOBHM MAaTHUTHEIM MOMEHTOM S, HIPOeKINA KOTOPOTo Ha
HaOpaBlIeHHe MATHHUTHOTO TOJS KBAHTOBAHA:

w-H = BHS,. (10.19)
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Snecs S, npoferaer snavenus oT S 10 —S NENCUUCTEHRBME CEad-
kKamH, a f— ynaBoennmii marnetoH Bopa. Ilycrs, nanpmmep, S = 1/,.
B ¢opmyae (10.17) emecto muTeTpasioB 6yAYT CTOATH CYMMBEL:

PSH/RT __ ,—pSH/RT
(Wy=ps [ (PSHJRT 3~ BSH/KT

J=psir. (10.20)

B mpepesme mpu MasmX sHaverwsX H 9TOT PpesyJabTaT COBIajaeT
¢ ¢opmyaoit (10.18), ecaiu npEHATH BO BEUMaBRE TOT GaKT, 9T0 B COOT-
BETCTBRE ¢ NPABUIOM KEAHTOBAHUSA ECJNUYNEH MAIBMTHOIO MOMERTA

(u*) =8 (§ + 1)p~ (10.21)

@opmyna (10.18) pmpaskaer xopomo n3pecToR cakcn Kropu pna napa-
MarHATHOH BOCOHPAEMYHBOCTH. JTOT 3aKCH NPHOINKEHHO EBILCAHACTCH
ANS HEKOTOPHX TWIOB TEEPABIX TeJN, B 0COOEHHOCTH ANA TeX, B KOTO-
PHX MarHETHBIE aTOMH HJIM WOHH PacHOJOREeHH JIOCTATOYHO A2JeKo
APYT OT ApYyra, TaK uTO BHOOJHAeTCA Npeamnonoxkenne o6 mx Hesa-
BHECHMOCTH.

Bo MHOTWX BeINecTBaX, ONHAKO, COCEJIHNE CIBEL B3aNMOMEACTBYIOT
IPYT ¢ ApYyTroM. 9To MokHO IpEbIMKeHHO yuecTh, BBOUA neae Beiicca

H; = AN (). (10.22)

IpegnosiaraeTcss, 9To 3TO IOJE CBA3AHO €O CPefiHEH HAaMarHMYeBHO-
CTHIO CPedbl, OKpyRawmeil Kak[bli#l OTHeNLHHH aTOM; CHJIY B3anMO-
HeiicTBHA, ompefieIAeMyI0 IapaMeTpoM A, MH OCTaBIAEM IPOUBEONb-
HOH.

Ilonpoe moxe, nelicTByromee Ha atTom, parHo Temeps H -+ Hj.
Ilopcrasasis ero B pwpasenme (10.20), mpmGamsnenHO DonyuaeM

N (wy=+ L8 @4 AN (u), (10.23)
OTRYIR
N{(Ey= AT 10.24
L= 3k (T — Q) ( . )
The
AN (2
g— 2200 (10.25)

[TonyuenrOEe cooTHOmeERUe W3BECTHO KakK zakon Kiopu — Beiicca; ono
ONICEBAaeT IOBeeHMe MATHUTHON BOCOPWMEMYMBOCTH MBOTHX TBep-
OBX  Ted.

Ouepngao, mapamerp O mMeeT pasmeprHOCTL Temmepartype. Yro
npomnsoiiner, ecam B fopmyae (10.24) momossute T << 6? Kasanocs 61,
Op; 3TOM MaTHUTHAS BOCIOPAWMYFBOCTH CTaHOBHUTCH GeCcKoHEvHOH,
a 3aTem orpmmartenbHoil. UToGE HcciefoBaTh, 9TO (GaKTHIECKW DpoO-
HCXONT B 9TOM CIIyYae, MBI ICJKHB BePHYThCA K cooTromennio (10.20)
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H peinuTh VPaBHEHHE
N (wy=nNpSth { 82 v o+ } (10.26)

Ilpn H = 0 sTo ypaBHenHe mMeeT oOsYHOe pemenne {(u) = 0, monpn
T << 0 sunHo, uTo HoABIAeTca W mpyroil kopens p 5= 0. Homomenune
9TOT0 KOPHS JEerKo OunpefeiuThb

M) ‘ rpaguaeckn (fur. 176); wnpm
M T = O on, o4eBHgHO, CTPEMHT-
ca K

M) = NBS. (10.27)

Cucrenta Beger ceba Tak, Kak

Oyaro OGsI BCEe MArHHUTHBIE MO-

T T MEHTH OPHEHTHDPOBaHB Hmapaj-

JeJBHO; Mbl TOBOPHM, 4TO TaKoe

©ur. 176. CamonmponssosibHas Hamar- TBepjoe TeJao IpexcTaBiseT Co-

HUYeHHOCTH B (eppoMarHeTHKe. oom g[jgppomagnemun n oOHa-

py;kuBaer GONBOIYI0 BeJAHYHHY

©¢aMOIPON3BOJIBHON HaMATHEHYEHHOCTH [ajKe B OTCYTCTBUE MaTrHUT-

goro moxsA. [Ipm HarpeBammm caMonpou3BOJIbHAs HaMarEHYEeHHOCTH

yMeHBINAeTCA M 3aTeM McUe3aeT NPHU CTPOTO OMPEJeNeHHOH TeMImepa-
Type, HasuBaeMoil memnepamypoii Kwpu:

Tc=6. (10.28)

§ 4. O0mennoe B3amMmofeiicTBHe

Moneryaaproe noixe Beiicca, ompeselnsgeroe ¢ IOMOUbIO TemIepa-
typr Kiopn (10.25), oueHs BeanKko — oHO HaMHOrO GoJbile 0GLIYHOTO
BHYTPEHHEro 1104 B CHCTeMe MArHMTHEX Aunodeil. Hoapdumment A
80 MHOIIX (epPOMArHWTHHX BeIECTBAX He paBeH Y/, 7, Yero MO:KHO
uia0 6Ll oxmuaTh AiA mousd Jloperna (8.52), a cocraBider BeIMYHHY
mopaara 1000,

IIpuHATO CBABHIBATh 3TY BEJWIHHY LOJA C 0OMEHHbM G3auMOdel-
cmeued — DIEKTPOHOB,  DPACHOJO;KeHHBIX 'Ha COCENHHX aToMaXx.
B pamrax momenu I'eiisenGepra — Jlupaka co cTporoii Joxanusanuei,
Korja aToM B I-M y3ile PeMIeTKH MO;KHO XapaKTepPH30BaTh OIePATOPOM
HOJHOTO CHHHAA S;, FaMWIHTOHHAH CHCTeMBl 3aIMChIBaeTCA B BUJe

H = '—; -]—ll’Sl'Sl"_‘ﬁH’g S (10.29)

Ob6mennnii unmezpas Jys BaBHCAT OT OTHOCUTENBHOrO MOJO/REHHA

yamoB pemerku 7 u I', oH mMeeT GOIBIIYIO BeANIUHY JHIIb TOTAA, KOTAA

pasmocts I — I’ paBHA OJHOHE-ABYM HOCTOAHHLIM PEIIeTKIL.
TaMWIPTOHHAH CUCTEME MOXHO IepeIicaTh B BUIe

H = —g {; JuSe+pH}- S, (10.30)
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Ilpm oveHb HHBKHX TeMOmepaTypax, KOIZla BCe CHWHL PacHoJOKeHB:
VIOOPANOYEeHHO, TaK 4YTo jag Bcex I’

BSu) ~ (), (10.31)

nepsbiil unen B rammisronunane (10.30) MOMHO OTONAECTBHTEL € Mo~
JeKYIAPHBIM HOJEM

pH, = TwSe=5( 3 Ju) (10.32)

? 134

A:

1
Np2?

(Z J,l») , (10.33)

orryzaa naa temueparypsl Hiopm (10.25) maxogmm

=3 S (S+1) 3 Ju. (10.34)

I

dta dopmyna BhpaskaeT BeJWINHY 0OMEHHOTO B3aMMOJCHCTBHA depes
TemMmepaTypy mepexopa B ¢eppOMarHATHOE COCTOSHUE.

CaoiictBa cnunosozo eamuavmonuana (10.29) Gymyr raasHEM
[pejMEeTOM Halllero PacCMOTPEHWS B OCTAJNBHOH WacTH STOH TIJIaBH.
Opmaro ompasmaE Ju Tako#d BHOOD TaMUJIBTOHMAHA, ABIAIIUHACH
OCHOBHKM mpepnoios;ienmem Teopmm? Ha sror Bompoc 6o maHo
MHOTO Ppa3iIdIHHIX OTBETOB, M HMEHHO 3JleChb KpoeTcsa HeACHOCTh
npupofasl eppoMardeTHsMa KaK (U3MYECKOI0 ABJEHUA.

C moMOmMBI0 TEOPHH TPYII JErKo IOKAa3aTh, YTO CKaJIApHOEe IiPO-
HU3BeIeHINe COHHOBHX OLHEPATOPOB COOTBETCTBYET Ipocreiimeil dopme
B3amMOJelCcTBEA, XOTA HApPAXY € HEM MOI'YT HMeThCs T JpyTHe,
Godee CJOO/RHLEIE B3aUMOmeliCTBHS, Takme, KaK, HaOPHMep, HUIOIE-
JIUIOAbHOEe B3AaMMOMEHCTBHE

S;-8 3(S1-R)(Ss-R
Oszgdip-dipzﬁz{ ;332 - (51 }35( = )}7 (1035)

rae BekTop R — paccTosgnme MexAy [BYMS COMHAMH.

X 0pomIo H3BECTHO TAKKE, YTO COUHL 2JIeKTPOHOB, PACHOJ0KEHHHX
HAa TOM ;Ke aToMeé HIH Ha COCeHUX aToMaX, CTPEMATCA CIapATHCH
u3-3a obMenHoro bSQderra, ABIAIMETOCA CHEJCTBHEM NPHHNUIA
Iayau. Ecnu, manpumep, ¢, B ¢p CyTh JIBe BOJHOBHE (QYHKIHH,
KOTOPHIM Mbl (IPHOACHBAEM JABA BJEKTPOHA», TO MOKHO IOCTPOMTH
COCTOABUA [ABYX THIOB B 3aBHCHMOCTE OT TOT0, HapajaelbHB HJIH
AHTHIAPAJIeIbHEN COHHbBL HIeKTPOHOB. OTH COCTOSHHUA NIPEICTABIAIOT
co60oil CHMMETPHYHYI0 H aHTHCHIMMETPHYHYI0 KoMOHMHAIHH

Dy (r1, 13) = 2772 {$a (11) $5 (F2) +- $a (r2) $5 (r1)}

» (10.36)
Dy (r1, 15) =272 {da (11) ¢b(r2) — ¢ (rs) ¢u (r)}s
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opuuem rombuuanma @Og cBssaHa ¢ aETHHApaJIeNlbHBHIMH CIIHHAMA
(cuneaemmoe cocrosinue), a KombmHamumsa @Dy — ¢ TAPAITEIBHBIMA
cumHAMH (mpunaemiuoe coctosinne). Ecnm remeph BHUYUCIWTH CpelHHE
3HAUeHHA KYJIOHOBCKOU sHeprum €2/ | r; — ry | B 3THX ABYX COCTOAHI-
X, TO OKa3HBAETCA, UTO 9TH CpPejHWe OTIMIAOTCA Ha BeAUIHHY

2 [ {42 (00 68 (r2) Ty #(0) o (r) drudray (10.37)

KOTOpas W eCTh 00MeHHH{ unmezpar. JIeTKO ImepemmcaTs ero B BHfe
pasHocTH Me:REy sHadenmamu 2JS,-S, Ina mapanielbHEX W aHTH-
mapaine’sburx commHoB S; m S, coorsercrpenHo. Takmm oGpasom,
3HAK ¥ Beamumpa J 3aBACAT OT 3HAKA W BeJIHINHE 00MEHHOTO
HHTErpaja.

Wmerorest gsa xopolo u3BecTHHX caydad. llycTs pmpa smerTpoHA
OPAHANIEKAT 00HOMY U MOMY e aTOMY, HO He 00pa3yioT 3aMKHYTOH
006010UKH. BHI KyIOHOBCKOTO B3amMONEHCTBHA W QYHKIUN ¢, U ¢y
B 9TOM CAydae TAKOB, 4YTO BenwunHa J NONOKHATeIbHA, H COHHHL dJeK-
TPOHOB CTPEMATCS PACHOIOMHUTHCA TaK, YTOOH IOJHBIH COAH HMeT
MaKCHMAJIbHYH BEINYHHY, COBMECTHMYI0 € YHCIOM HEe3aBHCHMBIX
cocToAHMA B 000M0UKe, TOANEKAINEH BalOTHEHNIO. ITO €CTh NDABUAD
Xynda, obpsacHALMEe, TTOUEMY JITEKTPOHH B He3amodHeHHOH d-06o-

. JIOYKe WOHA MePeXOqHOTO MeTallIa CTPeMATCA pPAaCHOJOKATBCA TaK,
9100 HOH 006/agal MOCTOAHHBIM MarHUTHBIM MoMeHTOM (§ O rua. 3).
HccaemoBanme mapaMarHeTusMa M MAaTHUTHOTO Pe30HAHCA TAKUX MOHOB
B 3aBUCHMOCTH OT OKPY/KEHHA WX B CIO/KHHIX KPUCTAJNJIAX COCTaBIAeT
BayRHBIA pasner QU3HKMA.

Ho mMbI 3mech mHTepecyeMcs B3amMomefiCTBHEM MEKAY CINMHAMI
3JIeKTPOHOB PA3Iu4Nbiy WOHOB; UPH STOM OKassBaeTcA, 4TO pacder
IOYTH BCErJa AaeT OTPHmATeNbHY Beamduny J, U, TakuMm 06pasoM,
AHMURAPAAAEADHAA OPUEHTANNS CIHHOB OKA3bBaeTCA IPeII0uTH-
tenpuoi. Ilpocrefimyyv mpAMepOM CHTYAIHH TAKOTO POAA CIYAKUT
Modeav MOJNERYIAB Bopopoma, npedaoscennas I'atimaepom uw Jondo-
HOoM, B KOTOPOM CEA3aHHOMY COCIMOSAHUIO OTBEYAIOT CIIaPEHHBIe CIINHEL.
Mo npmanMand 9to 6e3 JOKa3aTeIbCTBA IIPH PACCMOTDEHHH KOBa-
JeHTHOH cBaAsu B § 2 ra. 4.

Ha ocHoBamWm »TOTO, CIAENOBATENBHO, TPYAHO OOBACHATH TOT
$arT, 9TO MHOTUE METAJJIH, OGHIHO «IePeXOofHbIe» DIIeMeHTH, (eppo-
MarguTHE. M5l MoeM HOHATH, H0IeMy d-9IeKTPOHB KajKAOT0 OTAeIb-
HOI0 WOHA CTPeMATCA PACHOIOKHTIBCA TAK, 4TODH IMOMHHIA cHouwH,
cKayKeM, B ciaydae Fe 6u1 paBeH 5/,, HO MBI He MOKET TOHATH, OYEMY
B3aUMOJeficTBHe MATHHUTHHIX MOMEHTOB COCEIHIX WOHOB IPHBOJUT
K IapalledbHoll WX opmeHTamuu. 3Jamgada eme 0olee YCI0A{HAETCA
B CBA3H C TeM, UTO 3TH d-3AeKTPOHLL HE OCTAIOTCA CTPOrO JOKAIM30-
BAHHHIMHA Ha OTge bHbX HoHax (§ 1 ra. 4); uUX cocToanusa, oTBeUa0ONIAe
pasInuHbGIM aTOMaM, MepeKpHBAlOTCA U 06pPas3yloT Y3RYI0 30HY.
IMocneguaa B cBolo ouepens rUGPUAH3YeTca ¢ 0OHUHON S-30HOM,
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3JIeKTPOHH KOTOpPOii cBOGOAHO yYacTBYOT B mpoBopmmocTd. ['ammiab-
ToumaH Modeau [elisenGepea, RECMOTDPS Ha ero ycmex B (eHOMEHOIO-
Imueckoil Teopum ¢eppoMarHeTHE3Ma MeTaJIOB, CJHeqyeT CepLesHo
IpoAHATN3NPOBaTh, NCXOAA W3 NepBHX NpuHNumos. Hexoropsie
acreKTH ATOH TOHKOM 3amadnm — ofHoH W3 Hamboiee BAIKHEIX (yHa-
MEHTAJXBHEX 3a7aY TEOPUH TBEPHOro Teda — obcy:mpanTes B § S
u 6 HacToameil rJaBBl.

§ 5. @eppomarseTH3M 30HHBIX 3I€KTPOHOB

[lepeiifieM K UpegeIbHOMY CIyUal0, 06paTHOMY CJIYYal0 JOKAIN30-
BAHHBIX COUHOB B Mopenn I'efizenfepra, m HOMECTHM BCE BJIEKTPOHE!
B 30HY Gaoxosckux cocrofumii. IlycTs ngi €CTh WHCIO 3aMONHEHHSA
cocroarug | k) co comuoMm «-b». B modeau Koarekmususuposanmblr
saexmponos CTOHepa K DJIEKTPOHHOMY TaMHIBTOHHAHY 00aBIA€TCS
cjaraeMoe TIIA

ngintz“"f\]? E R4 Nk~ (1038)

. Kk, k’

TaxnM 06paszonM, Kasaas mapa dJIEKTPOHOB C IPOTHBOIOJOKHBIMA
cuuHaMd 1aeT BEJAay BexwduwHH /N, 0oTBeYaOUA IOJOKMTENLHOM
«OOGMeHHOI» »Heprum. JTOT BKIAZ, HO-BHANMOMY, BO3HHKAeT H3-38
TOro, 4TO BPEMA OT BPeMeHH 00a 3JIeKTPOHA MomagalT B d-060J0UKY
OJ(HOTO H TOTO :Ké aToMa; OH, OfHAK0, He 00f3aTe]bHO TOYHO OMHUCH-
paerca uprerpasom tuna (10.37). Briaps 91eKTPOHOB C 00uHAKOSHIMU
CIMHAMI HeT Heo0X0AMMOCTH YIATHEBATH SBHO, MOCKOJIBKY EX MOYKHO
BRJIIOIATH B OTpejedeHNe HY:IA DHEPTHH.

XoTA paccMaTPUBAEMO€ CcjaraeMoe MOKHO HHTEPHDETHPOBAThH
¥ B IyXe mpefcTaBienusa o BHyrpemHeMm mode tuma (10.22), M Bce
;we mMeeM meio ceifgac ¢ pacmpepenenueM Depmu — Hupara. Coor-
BOTCTBEHHO MOKHO BOCIIOJB30BATHCA PACCYRAHEAME § 2 Hacrodamel
riaBe. llycThb ng — TONHOE YHCIO 3JEKTPOHOB €O COHHOM O Ha
atom. Buecro (10.9) mus sHepruu 5IeKTPOHA €O COHHOM «+» NMEeM

Cicr = & (k) — poll +Un.. (10.39)

Anasormunas ¢opMmyiia cupaBefauBal M A BIEKTPOHOB CO CHOH-
HOM «—)».

X pMuuecKnil TmoTeHIUal 3JIEKTPOHOB HTHX ABYX THIOB OJHHAKOB
(Qur. 177), Tar 9T0 KOKHH YHAOBJIETBOPATHCH YPABHEHHA

[o.7)

niw = | 51 (Bud) —F (B} S (®) A8, (10.40)

0

n= S AP (Bia) + £ (B)} I (8) d8. (10.41)
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B npepene mpm H — 0, T — 0 aT;m ypaBHeHHA NMeIOT pelieHe.

tana (10.11). BocmpummumsocTs mpm sToM DpEEEMaeT Bu
y= ws” (€r) (10.42)
11U (6F) ~ '

Heno obcromr Tak, Kak ecam 6 mapaMarHETHAZg BOCIPHMMYRBOCTD
Haynm (10.12) ysenmumnacs B [1 — Y/, U #*(&r)]"1 pas. OGmennoe
Bammopieiicreue (10.38), nemas Gouee BuwrogHO# MapaIeTBHYIO
OPHEHTALUI0 CIHMHOB, YBEIHIHBAET HOJAPM3YEMOCTH CHCTEMEL.

OueBmpmO, OmHAKO, YTO 3TO (OPMATBHOE peITEHHE CTAHOBHTCA
HEYCTOHIMBEIM, - KOoTZja OGMEHHOE IIoJle HOCTATOYHO CHJIBLHOE, T. .
KOrfa

FUN (8r)>1. (10.43)

Ycaosme (10.43) orsewaer mepexony k ¢eppomarmermamy. lleiicrsm-

TeIbHO, A coBMecTHocTH ypasvermd (10.39) — (10.41) my:moO,

cKayKeM, 4ToOH n, OBLIO ToOpas-

et no Goxbmie n_; OpPH 3TOM B CHC-

Teme OymeT CymeCcTBOBATH IIO-

CTOAHHKI MATHATHEHI MOMeHT. B

3TOM cayuae ypasrenuws (10.40),

(10.41) moskEO 9YHCHEHHO pemIUTH

M. HafiTd ( ) Kak QYHKOUO TeM-

meparypsl. HauecTBerno ™ pesyib-

TAT HANOMHUHAET BHDa ;KEHHE

(10.26). Cucrema xapaxrtepmayer-

— ) ? = CA TeMIeparypoil UHIOpH, HIDKE

KOTOPO# MarHMTHHIH MOMEHT Ha-

CHINAeTCsA, CTPEMACH K NOYTH

OOCTOAHHOM BeJHYHHe. DBrimie

toyku Hiopu Teopus Taxsxe npen-

' ' CHAa3LIBAeT HeYTo mnogobHOe 3a-

' kory Hriopu — Beitcca (10.24).

1 B a10#i Mofenn HETPYIHO ABHO

BHYUCJANUTD YHENBHYI TENI0eM-

KOCTh, CBABAHAYI0 € IEpeXoioM.

, MoskHO, Hampumep, HaHTH dHEp-

7, ruo Kak ¢yHrnuio 7 um, mudde-

0 PEeEDUDPYA ee, MOJIYIUTH Yielb-

®ur. 177. @ — geppomarsermsm som- HYIO TemIoeMKoCTS (cp. § 7 141. 4).

HHX DIEKTPOHOB; 6 — dleKTpoEHas OKashBaercs, 4To B Touke Kopnm

yAeabHas TellloeMKocTh deppomarERT- (YHKIUA () HCOBITHIBAET pas-

HOTO MeTaiia. PHIB, a HEHOCPEJCTBeHHO HU-

JHe DTOH TOYKH WMeeT OCTPHIi

ook (¢ur. 177, 6). Takasg ocolemHOCTD melcTBUTENBHO HABIIONAETCA

npu mepexofie B peppoMarouTHOE COCTOAHNWE, XOTS TEOPHA U HE BOC-
npomsBogAT (GOPMY IMKA BO BCEX JETajAX.

C/nk
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Tarkum o6pasom, KapTmHA OAYyHO0QOWUL IAEEMPOH0E CTOID Ke
xopomo o6bACHAET GONBIIAHCTBO HabIIOfaeMBIX CBOHCTB Qeppomar-
HHTHHIX MeTallIOB, CKOJb ¥ MOMelh JOKaJIN30BaHEHX cnuuoB. Oma
COBMECTHMA TaKxe ¢ obmeit somHOi Teopueit (cM. § 10 ra. 3), ¢ Teo-
pumeit sBJeHHmIt mepemoca, ¢ HmccaemopanmsimMyu mosepxmoctm Depwmm,
npHU KOTOPHX MOMKHO, HaIpUMep, HaGJM0/aTh KBe Pa3iHYHEE CHCTEMB!
30H, COTEPs/KAAX COOTBOTCTBEHHO 3JEKTPOHH CO COHWHAMH (BBEDX»
n «sEu3». G APYroil CTOPOHH, TOYHAA NPHPONA «OOMEHHOH» SHepruu
U comepmeHHO He fCHA; AMEOTCA He3aBUCHMBIE YKa3aHHA Ha TO,
4T0 pQeKTUBHbEE MATHUTHEIE MOMEHTH /0 HEKOTOPOH CTeNeHH JOKa-
amsoBauH (cM. § 6 w 11 macroamei raassr). Ilo-prpEMOMy, 1A mepe-
XONHBIX METaIIOB ¢ d-30HaMU Hambojlee HIOJXOAAMIeHl OKa3HBAETCH
30HHAA MOLENb, B TO BPEeMS KaK 9IE€KTPOHH B JACTHYHO 3aMOJHEHHBIX
f-cocTOAHMAX B peKo3eMeJbHBIX MeTajiax, BUAHMO, BCErja BeAyT
cefs TAK, Kak ecam OB cymecTBoBajia TreiizeE6eproBcKaA JoOKa-
JIH3AMAA.

Har ormeuasocs B § 3 ri. 8, HeKoTopHe BemecTBa ABIAKTCH
cezHemosiekMPUKAML; OHF MOTYT 06JafiaTh HOCTOAHHBIM 3IEKTPHYE-
CKEM MOMEHTOM B OTCYTCTBUE pIeKTpHuecKoro nodsa. Maxpocroum-
YeCKN 3TO ABJIeHHE POXCTBEHHO feppOMaTHETH3MY, OJHAKO BOSHMKAET
0HO BCIGICTBHEE ropasfo Gojee CIOMHOI0 B HeoOHUYHOT0 MEKPOCKONN-
geckoro a@Perta. OmHo cBsA3aHO €O CHOCOOHOCTHIO HEKOTOPHX KpH-
CTAIMYeCKAX CTPYKTYP HEMHOTO HCKaKaThCSg, B Pe3ylbTare Yero
B Kamjoll Adelike pemeTKE BO3HWKAET ANINOJBHHA MOMEHT.

§ 6, MarauTaNIe NpuMecH

ATOMH DepexofHHY NN PeNKo3eMeJbHBIX dJIeMEHTOB, PacTBODeH-
HHX B 00OBYHOM MeTajijie, YaCT0 COXPAHAIOT JToKAIA30BAHHEE MATHAT-
HBIe MOMEHTHI. 9TO 00CTOATENBCTBO JEIKAT B OCHOBE DPANA MHTEPECHBIX
DKCIePUMEHTAJIBHO HaGII0IaeMbIX ABIOHAN I TEOPeTHUECKUX HPEJCTa B-
genuii. Ilpepnomennas OpupeneM WATepIPETANAA Ha A3HKe a30BHX
cABUTOB {cM. § O 1. D) momosHAET OGHYHOE WX ONHCAHHE ¢ IIOMOUIBIO
2amusbmonuana Andepcona; MOCTeTHAR TO3BONAET BHIOJIHETH HMOJY-
ROJIMYECTBEHHOE HMCCIENOBAHWEe MHOTEX OCOGEHHOCTEH STHX SABICHWH
¢ UOMOmMBI UMb HeGOIBIIOro THCIa (eHOMEHOJOTHYeCKHX Iapa-
METpOB.

Ilpesxge BCcero IpegnoONOREM, ITO «OOMeHHOE» HIH (KOPPEIAITOH-
HOE» OTTAIKHBAHHE MEEIY HIEKTPOHAMU ¢ LPOTHBOHOJOKHBIME
CONHAMH BCTYHAeT B JAeficTBMe, TOJBKO KOINA OHW 2aHWMAT OXUH
I TOT se aTOMHEIH d-ypoBeHb ¢ pHeprueil €;. B paMrax ynpomeBEHOTO
npubnuxennsa Xaprpun — Doka, y)ke HCHOIB30BAaHHOTO B (opMyle
(10.38), moaosrum

O?gdd= Und+nd_. (1044)
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3mech ngs — CpefHee YHCIO d-3JIEKTPOHOB ¢o cuuHoM ¢. Ecan 6m mpm
PaCTBOPDEHNH IEepPeXOoRHOTO IJIEMEeHTa B OOBIUHOM MeTalNle aTOMHLIE
YPOBHH 0CTaBANHCh a6CONOTHO PEBKHUMH, OHH HeN30Ee:KHO TOJAPHU30-
BaJmch OB TaK, UTOOH, CKajykeM, BOIWYHHA 7 . CTAHOBUJIACH 110 BO3-
MOKHOCTH GOIBIICH, a BeINYHHA Ry. — Madod. B cymmocTH 5T0 —
B 000CTpeHHOI opMe — Ta jKe CHTyalusi, 4TO W PaccMaTpPHBABMIAACH
B § O HacToAmeir r1aB. B sTom caydae sPderTuBHbIE DHEPIHHE YPOB-
Hell pacmenasioress (¢ur. 178):

Eao=Ea+ Unye. (10.45)

Bzrenem Temepsr B3ammojieiicTBHE MEKIY NOKaJAN30BAHHBIME d-COCTOS-
HOAMH U GIOXOBCKHMH COCTOAHMAMH 3JEKTPOHOB TPOBOTUMOCTH
(¢s-DIIEKTPOHOBY) METATMA-PACTBOPUTENA. I1yCTh MHTEHCHBHOCTD 3TOTO

a 0 8
@ur. 178. ArvoMHre d-ypoBEH (¢) WONApH3YHTCA H pacielIAITCA H3-3a

d — d-p3anmMmopieiicTBuA (6), a 3aTeM M YIIMPAIOTCSH, IPEBPAIAACEH B Pe30OHAHCHNIE
3a cYeT THOPUAN3ANUE ¢ $-3IEKTPOHAMU (6),

BaauMojieitcTrua paBEa V. OHO He 06f3aTENbHO 3ABHCHT OT CIHHOB,
B MPHHINIE MATPAYHEE 3IEeMEHTH COOTBETCTBYIOMEro TaMILIbTOHUAHA
B 3HAYATEILHON CTeHeHM TaKHWe ’Ke, KaK U HPH § — d-TH0pHANZANNIHE.
Ecnm omuctiBaTh 30HEYIO0 CTPYKTYPY HEPeXOHOr0 METANIIa ¢ IIOMObIO
MOJleJbHOT0 TaMHIbTOHHAHA, yKazauuoro B § 10 ra. 3, To coorper-
CTRYIOINU}A MATPHIHBIA BIEMEHT MOKHO ObIO0 OB HOJYYHTH, 3HAM
(HHTerpaJ mepekpHTHA» Tuna (3.27) B MeTome AUHeHHHIX KoMOuHAMHit
aroMubX ¢ynknumii. Ilo 5Tolf mpwYmHe MBI M IPEXIOJIOKAM, 4TO Pac-
CMaTPHBAEMOE B3aWMOMEHCTBHE CBAZHEBACT TOABLKO S- U d-COCTOSHUSA
¢ OAMHAKOBHIMH CHWHAMH, ¥ NpeHe(Ope:xeM MajaHM 00MeHHHM B3aHMO-
JeficTBHEM MEKIY CAMUMH S-DJIEKTPOHAMH.

Bynmem pacecMarpumBaTh HOBOE B3amMOJ@iICTBME KAaK BO3MYINEHIHe.
Torga ono mpmBomuT K mepexofaM ¢ d-ypOBHel B s-30Hy H o6paTHO
€O CKOPOCTHIO

Yo (%) V2" (Eao)- (10.46)

CpoiicTBa MeTalIa-pacTBOPHUTENS BXOIAT CIOla TONBKO uepes

IIOTHOCTh COCTOAHME B $-30He mpu dHeprum Fgug, (10.45). Ojmako
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9T0 YMEHDINEHHEe BPEMEHH JKH3HHW MOKHO HMHTEPUIPETHPOBATE KAk
SHepTeTMYecKoe YIIMpeHHme d-ypOBHA HA BeJIHINHY Ws. Buecto
PeBKOT0 YDOBHA IpPH DHEPIMH §go MB MMeeM Telleph CIeKTPAILHYIo
TI0THOCTh THOWYHO JOPEHOEBCKOTO BHUMA

2141 Wo
Puo (€) = 3 G —Fao)iFWE ° (10.47)

B npuHnuNe MEHTP JHHNH Tak#e HeMHOTO CMeCTHTCH, HO 9TOT shperT
He HrpaeT CYMEeCcTBeHHOU ponm.

®opmyna (10.47) meiicTBHTENBLHO B TOUYHOCTH COBHAJIAeT C Pe3yab-
TaTom pupdepennmpopannsa cymmel Dpupens (5.40), paccmarphsae-
MOl Kak QyHKIUA sHeprmH, BOimsm pesomanca tuma (3.81). Tamum
o6paszoy, Haml pacder MIPHHH W, ¢ HOMONMBI0O MATPUYHOIO die-
MenTa s — d-pzammoneiicteusa V (10.46) He cBA3aH HEIPEMeEHHO
¢ NCTHHHOH (H3WYecKoll KAapTHHOH ABJEHUH, XOTA HATHCAHHBIE
BHIIEe (GOPMYTHl W CHPABEJIMBE IPH He CIANIIKOM CHIBHOM B3aHMO-
TeACTBHI.

Onmaro BBejd yUIMpeHHe d-ypoBHEH Ha HPHMeCH, MHL yiKke He
MO7KeM GBITh YBePEeHH! B TOM, YT0 MATHUTHAA TOIAPU3ALAA COXPAHUTCH.
JleficTBUTENBHO, CATYALNA Teeph TOYHO OLMCHIBACTCA YPaBHEHHAMII
(10.39) — (10.42) — mago AOIMb MOACTABUTDH B HIIX BHPAKEHNe (10.47)
BMecTo Y/, ¢ (&). Taxuy myTem Mbl HPHXOANM K YCIOBHIO CYILECTBO-
BaHAA TOCTOSHHOTO MarHHTHOTO MOMEHTA Ha MOHEe IPUMeCH; COrjlacHo
(10.43), monApPM30BAHHOE COCTOAHNE DHEPIeTHIECKI YCTOMYMBO OTHO-
CHTEIBHO ImePeH0Ca DJIeKTPOHA M3 Nyl -PACIPEReNeHNA B Rg_~Pacupe-
[eJeHne, eCciam

d1a Teopus obbACHAET pasimuHEIe HabiiofaeMble CBOMCTBA Pas-
$ABICHHBIX CILIABOB, COMEP:;KANMIMX IEPEXONHLIC M PEeSKO3eMelbHbIe
9J6MeHTH, OpPH Pa3yMHOM M COIJacOBAHHOM BhIOOpEe HapamerpoB
U u V. Hanpumep, npu BBefenny B Al B KagecTse IpuMeceil 97eMEeHTOB
rpynms sxeineza or V o GO MarHHTHbe MOMEHTH He HOABIAITCA,
XOTSL Te jKe IPUMeCI OKa3blBAI0TCA MATHATHRIMI IpH BBefernu ux 3 Cu,
Ag n Au. Boxee BrCOKasg KOHIEHTPAIMA dIeKTPOHOB IPOBOJNMOCTI B
Al IpHBORUT K cIMIIKOM 60bIIOMY 3HaueHmio Bexmunms J s B (10.46),
a ¢ Hefl — W K GoJaploMy VIIHPeHHO d-ypoBHedl U MOHILKEHWIO NMHKa
oas (8) B (10.47). Ycnosme mamaramuenHoctn (10.48) mpu sTom He
BBIOOJIHAETCHA.

CaME 9JeKTPOHH TPOBOAWMOCTH OCHOBHOTO MeTajxa Tawke
YyBCTBYIOT TPICYTCTBHE HpuMecH. ITOT addexT, onHaro, B3aBUCHT
or cnuna. llycTh MATHHTHHIH HOH TOJHOCTBHIO TOJSAPH30BAH, M IOJ-
L cnmH ero pasen S. Kcam Bce d-COCTOAHUA CO CIHHOM (BBEPX»
BAMIOITHEHH!, TO S-dJEKTPOHBI ¢ TeM ;K€ CIMHOM He MOTYT Nepeitn
B d-cocrogung. CICHOBATETHHO, B HTOM CIydae BHIUIPHIBAIOT TOJBKO
$-2JIEKTPOHH €O cmuuoM «BHU3». llonb3ydck o0bYHOE Teopuen BO3-
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MymieHuil (MaTpMuHbI# dieMeHT V), MO'KHO OHEHHTB, KAK MEHAETCH
9HePIWA OTHX BJIEKTPOHOB 3a CYET BHPTYAJBHBIX [EPeXoJoB Ha
d-yposuu. Ilycrs mociemmme pacmososkenst Brmie ypoBHA Depmu
Ha paccroannu U ot nero. Torga mckoMoe 11aMeHenne sHeprun (Ha OLKH
3TEKTPOH) €CTh

J Ve

A= (10.49)
Nuave rosops, cucrema Befier ce6s Tak, Kak ecam OB Memjy JoKa-
JAM30BAHHBIM MaTHUTHBIM MOMEHTOM IpHMecH (CO cImHOM S;) I cHmHOM
(5) @2JIeKTPOHA TPOBOJUMOCTH CYIHECTBOBAIO B3aMMONEHCTBIE:

Foa=—(5) s Sib (r—Ry). (10.50)

3nech 1epes R; nr 06o3Hagensl TPOKKM KOOPAMHAT {-T0 aTOMA IIPHMeCH
W 9JI€KTPOHA. SaMeTHM, 4To OPH J106oM 3Hare V 3HaK mpaBoil wacTn
(10.50) 6marompHATCTBYeT AHTMIAPAIIEIbHON ODHMEHTALMA CHHHOB
(cm. § 7 macrosime#l raamr).

ITo oTHOmeRMI0 K CBOGOAHOMY BIEKTPOLHOMY Tasdy § — d-B3amMo-
aeiicreme (10.50) mpencrasasger co6ofl CHIBHO JNOKAIN30BAHHOE BO3-
mymenue. Yro6H HOCMOTPETh, K UeMy OHO IPHBOIHT, BHIYHCIAM
MATHHTHBIH (OTKILK) CHCTeMH KaK (YHKONIO BOJHOBOTO dHCIIA,
HONB3YACH B OCHOBHOM TeM ;Ke CIOCOBOM, UTO M NPH BHYHCICHHR
AMDIEKTPUIeCKOM npornnaemoctn B § 1 r.1. 5. MarTHueckn HacTosman
3aava 3HAUUTEJLHO IPOMNe, TaK KaK ML OpeHeGperaeM CINH-CITHHO-
BBIM B3aWMOJEHCTBIEM BHYTDH Tasa MW MOMEM CUUTATh, UTO BeCh
odeKT CBA3AH TOJIBKO C CBHENIHUM» Bo3MymieHHeM. COOTBETCTEBEHHO
MH He3ABHCHMO DPACCMATPHBAEM $-DJIEKTPOHBI CO CIHHAMHU «BBEPX»
H «BHHE3»; IPH 5TOM KLIHU 9MEKTPOH 061amaeT MATHATHEIM MOMEH-
rom gfs. Tem ke myrem, uTo m mpm BeBosie dopmyast (5.16), Msr
OPUXONAM K CJHEAYIOMeMy BHPaKeHHIO IJIA 0606HeHHOd BOCIpIHM-
guBoct® (cp. § 1 ra. 8):

0 (k) —70(k
%o () =2 (gBs)* ) %((T'JF(S_(—;E%. (10.51)
k

Cynma 31ech Gepercs mo DJIeKTPOHHKIM COCTOAHUAM ¢ 0GOMMI CHHHAME.

Har m B 1. 5, B pamMrax Mopeau CBOGOIHBIX 3JeKTPOHOB 3Ty
CYMMY MORHO BHUHCAHTEL aABHO. ITomobHO ¢opmyrne (5.35), mpn sTom
IOJIYYaeTcA OPOCToe AHAJTUTHYECKOE BHIPALEHHE, BTOPas NPOUBBOJ-
Hasg OT KOTOPOTO HO ¢ BMeeT ocobeHHOCTh npu g = 2kp. CooTser-
creyiomee npeobpaszosanse Oypse [ep. (5.17)] onmcmsaer mpocrpasn-
CTBEHHOE pacOpefe’leHNe HAMATHHYCHHOCTI B OKPECTHOCTH JOKAJIH-
sopanHoro MoMenTa (10.50). OcoGemmocTt TPHBONUT K TOABJIEHWIO
OCHWIIAPYIOMETO YIeHA C BOJHOBHIM YHCIAOM Z2ky, cHaJalomero Kak
1/r® na Goumpmmx paccrosmmax (pur. 179). o ects sfgerm Pydep-
mana, Kummeasn, Kacyu v Hocudw. OGHADY:KATH ero MOKHO HO
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MaJbM u3MeHeHHAM cjapuros Hafita (em. § 2 wmacroameil riaphni)
OJIsi PAa3NMUHBIX IHOHOB, PACHOJOREHHEIX Ha PAa3HbIX PACCTOAHIIAX
0T JAaHHOI IPUMeECH.

Ha ssmke § 5 ro. O MarHUTHO-IOJIAPH30BAHHYI0 LIPHMECH MO:HO
6510 6B paccMATpPUBATH KaK 006JacTh, B KOTOPYIO H3-3a pe3oHaHCA
(3.81) B d-cBurax ¢assl BTATHBAIOTCA JJAEKTPOHBI CO COIMHOM (BBEPX).
AFRanoruYHHE PEBOHAHC IS SJCKTPOHOB CO COUHOM «BHH3» HACTYHAET

H \,H ,‘ m“r IR

$
vH Hv
i M:w *N* i) ,',:,:2”@*“4* bt
¥ &HV*H'HVW 1y W‘MM* ' B

} 4 A M NM& mn'ﬂ y

Qur. 179. OpuaenepcKkue OCHWLIANNE CIXHOBOM MO PH3ANUA  $-371EKTPOHOB
BOKDPYT mpuMecH A HPHEBOAAT K (eppOMATENTHOMY B3aMMOJEHCTBHIO ¢ Gam3iIesa-
meji npaMecnio B.

OHEZ MOryT, OHAKO, OKa3aThCA OJATONPWATHEIME ¥ A BO3HIKHOBEHHA aHTAPEPDOMATHETH3~
Ma B caydae foJiee maJieKMX aTOMOB nmpumecud C.

opu ropasmo OodBIINX 3HEPrusAx, Tak 9ro Ha yposHe (Depmu coort-
BeTCTBYyIOMMMUe cxBUrH a3z cuabHO pasnmuanrca. Cormacuo (5.41),
9TO NPUBOGUT K OCHIIAANMAM MAarHRTHOH NOJIADPHBALNUH, KOTODHIE
MIOJHOCTHI0 AHAJOIMYHH (PHUAETEBCKHM OCIHIULIANNAM IUIOTHOCTH
3apA7a BOKDPYT 3apAIKeHHON mpmMmecH. JTO ONHCAHNE DKBHBAJEHTHO
mozenn AmpnepcoHa, Ho B oramane or (10.49) omo me maer memocpen-
CTBEHHOTO BHIpasKeHWA Beamamusl J uwepes V m U.
ITo-prmuMomy, Goiee BasKHO TO OGCTOATENIBCTBO, UTO PACCMOTDEH-
HOe ABJIEHAEe PACKDHBAET MEXAHU3M CBASH MeEJYy MOMEHTAMH IBYX
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COCEJHUX MATHUTHEIX HOHOB. VI30OHTOK s-3IeKTPOHOB CO CHOUHAMUI
«BHU3» B HEIOCPEICTBeHHOH G/IM30CTH 0T IPHMECH CO CIHHOM BEEpX»
HHYIUpPYeT Ha JM060# APyroil mpuMecH B 9TOH 061aCTH COMH «BBEPX).
TeMm caMBIM MBH HoJIydaeM MeXaHU3M, Je;Rallluil B ocHOBe reilzenbep-
roBCcKoil ofMenHoil momenu deppomarHetmsma (cM. § 4 Hacroamein
raasel). B mocaenmell JIOKaJH30B&HHLIE MOMEHTH, O0TBEYaiomiye
d-060j10uKaM HOHOB IEPEXONHOTO Merallyia, 00HAPY/KHUBAIOT TEHJCH-
U0 K NapajliIefbHON OPHEHTALNA B CANY CTPeMJIEHNA WX HOJAPHB0-
BaThCA AHTHNAPAJUIENHHO MArHETHHIM MOMEHTAM Ta3a JJIeKTPOHOB
LPOBOJEMOCTH, B KOTOPHIM OHH IOTPYJKEHSHL.

BzamMojeiicTBIe TaKOro THIA OPUBOAUT K CIOKHHM MaTHHTHBIM
¥ TemnoBHM sPerTaM B pa3baBIeHHBIX CIJIaBaX, B KOTOPHIX Mar-
HITHEIC HOHHL CAyYaiiHBIM 00pa30M pacopefesieHtl 10 PelleTKe pacTBo-
puTens. B mpepenbHOM ciydae, KOTAAa HEMArHATHHE pPacTBOPHUTEND
[MOTHOCTHI0 3aMeIleH M PACTBOP LHEPEXOANT B UHCTHIH TepeXofHHl
MeTaiI, MH IPIXOMUM K Modeau Boucosckozo — 3unepa pgna ¢eppo-
MarHeTH3Ma B MeTajmax Tuma Fe. Jamerum, d9ro oOHa ropasfo
Gomee «IMHAMHUHA», YeM MOjelb, OINHCHBaeMas TaMHIbBTOHHAIOM
Teitsenbepra m Jimpaxa (10.29). Marmuranie MomenTh d-06oia0dex
Temepb CO3AIOTCA YiKe He NelbIMK YHCIAMH H€AIbHO JOKAaJIN30BaH-
HBIX «d-DJTeKTPOHOBY, a IPEACTaBIAIOT OO0l CpeHne MOMEHTH B 6a0-
XOBCKHX COCTOSHUAX, OTBEUAIINX CYIIeCTBeHHO IHOPHIE30BaHHEIM
s- m d-zomam. Taxmm o6pasoM, 3Ta ‘MOJelIb y:ke He OPOTUBOPEIHT
LUPOCTOMY BAPHAHTY B30HHOH Teopmm ¢eppomarHermsma, obcys:inas-
memMyca B § O HacrosAmedl raaBhl, XOTsA NHTEPIPETanHI0 mapamerpa
U rtemeps ciexyeT H3MEHHTH.

Dueprusa s — d-pzanmopeiictema (10.50), sapmesamas or cnmma,
OTBETCTBOHHA Tak:;Ke 32 0COOBIHA 3(eKT, CBABAHHBIE C dICKTPHICCKAM
CONPOTHBIEHWEM, OGYCIOBIEHHHIM MATHHTHHIME LpmMecsmu. [leii-
CTBUTEIBHO, PACCMOTPHM, KaK W B I, 6, 3a7adqy 0 BHUNCIEHUR Aud-
depeHnHUANBHOr0 IOUEPEYHOTO CEeYeHHA DACCeSTHHA S-dIEKTPOHA CO
CHONHOM «BBePX» 3a CYET B3aUMOAEHCTRHA ¢ MATHATHOH IPEMECHI.
ByaeM canTaTh, YTO CIHH S-3IeKTPOHA HPH 3TOM He H3MEHAeTCd, T. e.
HavaJbHOe U KOHEJHOE COCTOSHUS HUMeHT COOTBETCTBEHHO BUJ
|k, +) =m | k', 4+

B mepsoM 6opHOBCKOM DNPHONHAEHHN aMILINTYRA PacCeAHNA
COBIIAfaeT ¢ MATPWIHBIM BJIEMEHTOM

19— (&, +|Haal K, +)=—(5) S&- (10.52)

B HOpPMATBHEHX YCJIOBHAX 9TO BHpasenue (He ofpamamomeecs B Hylb
IpU BO3BEEHWH B KBajpar), mobaBiseMoe K OOBIYHEIM MeXaHH3MaM
paccesmna (§ 4 rua. 7), BrmomHe MOrio Ob YAOBIETBOPATH Halle
11060NEITCTBO.

TMonxona MefaHTUYHO, HOCMOTPHM, OAHAKO, HA BHICIINe WIEHDI
PALA TeOpPHN BO3MYyImeHmil. I3 sieMeHTapHHX KyPCOB KBAaHTOBOM
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MeXaHUKH MLl 3HAEM, 9T0 BTOpoe OGOPHOBCKOe mpubImkeHHe HMeer
BH

1@ = Z k, +] H s ‘k"v o) (k”, olwsd‘k/’ +) (1053)
g (k) —¢ (k") ’
k”, 0
IIe <«IpoMe:RyToO4Hoe» cocroguue |k”, o) cBA3aHO C HAYAJBHBIM
W KOHEYHHM COCTOSTHHAMH TaMUJIBTOHHAHOM B3aWMMOJEHCTBHA &% 4.
JTo BHIpayKeHHe, OfNHAKO, He BIOJHE BepPHO. B mOMHON HeCTanmoHap-
HOIl TeopuHU BO3MYINEHWH MBI JOJKHE PACCMAaTPUBATH IHArPaMMBE
apyx tamnos (gur. 180). IIpm npamon uponecce (dur. 180, a) snexrpon

@ur. 180. Hpsamoii (a) m obMennk# (6) MpoLeccs B s — d-PaccessHHA BTOPOTO
TOpALKA.

OfpaTuTe BHEMAaHAE HA OTHOCUTEIbHbBIE OPUEATalluM s- B d-CIIHOB IIPK Nepexonax ¢ nepeGpocom
CIHHa.

BHadaje, [0 TOT0 Kak OH 6ymeT WCOYmEeH B KOHEYHOM COCTOSHINH,
nepexogut B cocroaume | k”, o) (KoTopoe, CliefoBaTENBHO, MOIKHO
GhiTh BakaHTHO). IIpu o6amennom upomecce (¢pumr. 180, 6) mmr npenmo-
jJaraeM, 4TO BIEKTPOH, yske HaxXoJamuica B cocrosmmu | k", o),
nmepexopuT B cocTosHUe | k', - ) M0 TOTO, KaK «HAYANBHEINY BJIEKTPOH
mepexoanT B NpoMe;kyTouHoe cocrostume. Ilpasmia pguarpammmoii
TeXHUKH MOKazwupaoT, 970 BHpaskenue (10.53) caegyer mepenmcars
B BHjE

2) 1 ”n n ’
£ =k2m{(1_fk”)<k’ + | HsalK", 0) (K", 0| FHsq k', +)+
“ o
+ .fk” <k”’ o I (%sd I kli‘l‘) (k’ "l‘ | (’?ng l kl’? 0)}’ (1054)
rae fye — 9HCIO0 3aNOTHEHHA TPOMEKYTOYHOIO COCTOSHHSA.

B cayuae o0buHOro MOTEHIMAJIBHOTO PpAaCCeAHHS IPOU3BEHCHUE
ABYX MATPHUYHHIX diaemeHToB B (opmyine (10.54) He sasmemt oT mx
nopsagKa, TaK 4T0 (YHKIUA fi» BEIIAAeT W ME BHOBb IPWXOJAM
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K supamennio (10.53). Bruag mocamemHero B cedyeHme paccesHHA
Oymer JIUIOb MAaJO# HompapKoil ¥ wieny mepBoro mopapra (10.52).
QOpHako B cJayyae CIMHOBOTO PACCeSHHA CIEHYeT MOMHUTE, YTO OIe-
parop H,q comeprmur wienst Tuna S{¥s, m Si¥’s,, KoropHe «mepe-
OpacHBAOT» CIMH JJIEKTPOHA NPOBOAAMOCTH 3a CYET HOJIAPIBAIHN
npmymecn [em. (10.104)]. Omepatoput S m S{¥’ He KoMMyTAPYIOT
IPYT ¢ APYTOM, B CHAY 9ero MOPAJOK COMHO/KHTENeHd B BHIPAKEHHH
(10.54) cramomurcst cymecrBeHHENM. (G TOYKH B3peHHA CIHHOBOTO
MAarHUTHOTO MOMEHTA TPAMECH JeficTBATeNsHO He0e3pasimuHO, KaKOH
W3 OBYX HepexomoB mpowmsoiiner cradana. OueBHAHO, HAOPHMEp, 4TO
IPAMOi mpoIece 3aupemieH, ecIH NpAMech yike 0061afaeT MaKCHMaIb-
HBIM CIMHOM (BBEpX».

B pesyaprare, Brumciaaa mpasyo gacth (10.54), MEl mpmxommm
K BHIDQ)KeHUIO BWJA

—~ I\ ae fk"
tKNz(T) Si)§m~ (10.55)

MEo&uUTeID fy» 37eCh HE KOMOEHCHDPYETCA BKJIAJAME OT APYTUX OHa-
rpaymm. IlockoabKy QYHKOUA fi» PE3KO U3MEHAETCA NPH YHEPrHH,
pasuoii sHeprmu (DepmH, BCSA cyMMa Bo3pacTaeT NpM NPUOIMKeHNH
€ (k) k &€p. [IpunuMas, HanpuMep, 9TO INIOTHOCTH COCTOAHHI B 30HE
uposogumocTH nopanxa 4 (€rp) BOIOTH MO HEKOTOPOH 3Heprum
€, — D, moxmo npumbamuenso oneduTbh upasylo dacts (10.55).
Mz1 noxywaenm

I\ awm D
g &~ 2 (—N—) S¥H” (gF) In m . (1056)

OcmamouHoe conpomueseHue, CBI3aHHOe C OOHYHRIMU 3apsAkeH-
HHIMH TPEMECAMEA B MeTajlaX, He BaBHCHT OT TeMmepaTypwl (§ 2—4
ra. 7). OpHako B ciy9ae MAarHUTHOR DPEMECH HHTEIDUPOBAHNE MOTHOR
BePOATHOCTH pPACCeAHMs Ha HEH I0 (TEIJIOBOMY CJIOI0» TOJIHHBI
kT na mosepxnoctn DepmMu He OPHBOANT K CIIa’RUBAHAI0 0COOCHHOCTH
B dopmyae (10.56). CiaemosaTenbHO, CONPOTHBIEGHHE OJHAHO JIOTa-
pEGMAYECKN B3aBHCETH OT TeMIEepaTypsl IPHMEDPHO B COOTBETCTBUH
¢ dopmynoit

o (L)~ po {1 =2 (57) " (Er) In 7 } - (10.57)

Tlockonpky- BenmumHa J CYIMECTBEHHO OTPHIATeNbHA, aTa (opmyra
TpefcKassBaeT GHCTPOe YBeJIUYeHNe 0CTATOYHOr0 CONPOTUBIHNS NPH
noHKeHnyu Temmeparypil. G ydeToM NJeaJisHOTO CONPOTHBICHUSA
(§ 5 ra. 7) 0CHOBHOrO MeTajjIa, KOTOPOe HPHW HH3KAX TeMIeparypax
MeHseTcd Kak 1'%, 570 o0bACHAET TAWHCTBEHHBIE MURUMYM CORPOMIUE-
JeHus, 7AaBHO Y:ke Habmomasmuiics B pas0aBIeHHEIX cCIIaBax,
comepkalliX TepexomHEe sjeMeHTH. Hak BugHO W3 QOpMYIHl THIA
(7.104), cnipHas oHepreTHYecKas 3aBHCAMOCTH mpaBoft wacti (10.56)
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00BbACHACT U 2U2GHMCEYI0 MepMo-3. J. €., TAKKe HaBII0aeMy0 B TAKHX
MaTepHanax.

Ilonnas Teopus eroro agperma Kondo nomxHa, 0fHAKO, HPAHAMATD
BO BHHMaH#e U B3aHMHYIO HOJIAPU3ANMIIO COCEIHUX IpHMecel, mompasn-
KU BLICHIMX HOPAJAKOB B DAJe TEOPHH BO3BMYLIeHWM AJA f{, IPHPOIY
OCHOBHOTO COCTOAHMA CHCTEMBI C § — d-B3aWMOJICMCTBUEM ¥ MHOTHE
gpyrue TomKocr#. Jra obgacrs npejcrasiager coboil B HacToAlee
BpeMd OJHY W3 IVIaBHBIX cep IPHMI0)KeHHSA COBPEMEHHBEIX KBAHTOBO-
MeXaHHYeCKHX MeTOJ0B K (U3WKe TBEPJOTO Telja.

§ 7. AurudeppomMarsernsm

Ofmee ycaoBHe CcymecTBOBAHUA (eppoMarHeTHsMa B MOIeIH
Iefizenepra cocrour B TOM, uro obGMemHHI muTerpad Jyu B (10.29)
noMKeH OHTH WOJMOKUTENbHHM. B sTOM ciyuae BHYTpeHHee Hole
mapasjeNsHo CHEHAM, H CHCTEMa NPUHEMAeT KOHQUIYpauum, yKa-
3aHEY©0 Ha ¢ur. 18!, a.

~

Qur. 181. ¢ — deppomarsuTHOE yHOpAHOYeHHE; 6 — aHTU(EPPOMATHUTHOE YIO-
pAgoIeHHe.

Ipennonoxnm, ogHako (B COOTBETCTBMH C TeM, 4TO YacTO [aeT
BHUHCIeHNe Jyv), 9TO B3HAaK OOMEHHOIO HHTETPala OTPHIATENeH.
Hanpasunenne monexynaproro noas (10.32) B xammgom yaie pemerkn
Oyner OPOTHBOMOJNOIKHO HANPABICHHI CpPeHeH HaMarHHYeHHOCTH
OGaH3IesialliiX COWHOB., B 3TOM C¢jiyYae NpefnodTHTeNLHON OKa3k-
BaeTcHa KOHPHUTypanusa, uzobpaskennasa Ha ¢ur. 181, 6. Takasa cacrema
HazHBaercsa anmugeppomazhumnuoy. UToGH HOHATH, YTO ke HIpoHC-
XOOUT B BTOM CIydYae, pacCMOTPMM HOPO3HB [Be MOLPEIIeTKH, CONEp-
JKaIAe OPMeHTHPOBAHHEE B IPOTHBOIOIOMKHE X HAPABICHAAX CIHHEI.
ITycrs p, ecTh cpemHas HaMaTHEYeHHOCTh aTOMa IOXPEIIETKH (D).
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OfmeHHOE B3aWMOMENCTBHE NPHUBOAAT K MOABJEHHIO MOJCGKYIAPHOTO
moJjd, JAeHdcTByiOHlero Ha mojpenietky O.

H‘=%(E J) o= ANy, (10.58)

Cywmma 3gech Geperca TOJABKO Io GImxaiiiinM coceqaM, TaK Kak OpH-
HEMAaeTcsA, YTO0 BeXWuYmHAa Jy CYIMECTBEHHO OTIAWYHA OT HYJA JNINH
Ha OYeHb MaiHX paccrognmax. CyMecTBeHHas 0COOEHHOCTb COCTOHT
B TOM, 4TO Temepb BeJIWYUHA A ompuyamesvHd.

ApanormyHo m3-3a BTOTO JKE B3AMMONEWCTBHA Ha KKIHIA y3elx
mofmpemeTkH @ OyAeT AelicTBOBATL MOJIEKYJAAPHOE IIoje

H* = ANp.. (10.59)

Bygem Temeps cauTaTh HAWIW MATHUTARA KJIACCHYECKHME, TAK HTO
cpednas BeIWYMHA MAarHATHOTO MoMeHTa WM B moae H paerca dop-
mynoit (10.17). Ilepeuwmem a1y dopMyay B BHAeC

w=2(5"), (10.60)

BBOZIA cmMBON £ pAna obosHauenus ¢@gywryuu Janxesena, ompepe-
nsemoit mpaBoii wacreio cootHomernua (10.17). Mu nomkmsl Temeps
PEeIINTh JBA YPaBHEHWA:

M_:x (l_"_(H‘]tTM) ,

o (Y

IIpm BEICOKHX TeMmepaTypax, KOT[a COPaBeAJHBO HNPUOIIKeHue
(10.18), mx MOKHO mPOCTO CIOMATH, B MONYIHTCA ypasHenue (10.23).
Pesynprar mourm Touwmo coBmajaer ¢ gopmynoit (10.24):

LA ()
=3 T 10’ (10.62)

rfle, IOCKONBKY BeIHWYWHA A OTpHIaTeIbHA, depes O ymobHo o06o-
auaunth Benmauay — AN (u?)/3kT B cooTBercTBME ¢ ompegere-
umem (10.25). IlapamMarmaTHAs BOCIPHEMYMBOCTE YMEHBIIAETCSH, Tak
KaK MarudTHHIE MOMEHTH CTDPEMATCS DPACHOMOMKUTHCA aHTHIADAI-
JeJIBbHO, IPOTHBOAEHCTBYA ODHEHTHPYIOMEMY MAHCTBHIO MarHUTHOTO
HOJIA.

OpHako IpH HUBKHX TeMIepaTypaX pelleHHe MMEeTCH Naske B OT-
CYTCTBHE MATHATHOTO Hoxass. Eciam moxoxursh

Moo= — py (10.63)

(MHETYHTHBHO SICHO, YTO WMEHHO TaK OGCTOWMT [ei0 B CIydae ymops-
modeHHO# aHTHPEPPOMATHUTHOX  peImeTKH, n306paskeHHOW Ha

(10.61)
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¢ur. 181, 6), To nmepex oTpUIATEIBHON BEIMYMHON A MOABHTCH 3HAK
MHHYC, X MH IDHJEM K ypaBHCHHIO

n=2 (&ik'TN—’“) . (10.64)
Ono ToYHO coBHmAfaerT ¢ ypaBHEHHEM, BCTDEUYABINEMCA B § 3 HacTOA-
me# TJ1aBH M NPUBOAAMUM K feppoMarneTnsMy, HaNPUMEp ¢ ypaBHe-
amem (10.26), comepskamum «KBAHTOBEIAY KBUBAJERT (QYBKIUK
Jlammesena.

Taxmam o6pasoM, ¢ TOUKH 3PEHHA OTAEIBHOTO COMHA (eppoMar-
HETU3M ¥ aHTA(epPPOMATHETH3M KasKyTCA MOXOKHME — CHCTEMa Iapa-
MarfidTHA TP BHICOKHX TEMIEPATypaX, HO CHJIBHO TIOJAPHU3YETCH
HIJKe HEKOTOPO# TeMIepaTypH, KOTopad B CiIydae aHTH(eppOMarHe-
THKa HasHBaeTca memnepamypoti Heeas

Ty = 0. (10.65)

Opmako MakpockommuecKoe LOBefleAHMe B 0GOMX CIyuasX CHIBHO
ornmyaercA. Ilpm anTHpepPOMATHATHOM YHOPANOYEHWH pe3yIbTH-
pyomasi NOoJspu3anua OTCYTCTBYeT, TAK 4TO chHcTeMa He obaamaer

‘ SR A
- \ N
vA H .
Yy —-—— S
1 i
A u,’ ‘
! My ’,’ !
P - L

a 1] G

Qur. 182. MarEuTHAS BOCHPHEMIHMBOCTD aETHeppOMATHETHKA.
a) %)) CTPEMHATCA K HYTO} 6) % | OCTaeTcs MOCTOAHHON; 6) ¥ = 1/sx) + 2/3% ) «

NOCTOAHHOH HaMarHAYeHHOCTEI. Ha ommTe HaGmopgaercs amms
U3MEHEHNE BOCIDHMMYHBOCTH, KOTOPOE MOKHO DACCUUTATH, pemmas
ypasuenusa (10.61) npm manmumm Mamoro marmmtHOTO mons .

TOT pacdeT B OPUHNWIE 3JIeMEHTAPeH W HECKONbKO IDOMOBMOK.
Pesynprar ero muTepecem Tem, uto oH BaBHCHET OT opuenTanum H
0 OTHOWEHHI0 K HAOPABJICHWI) HAMATHWIEHHOCTH /IBYX HOXPEIIETOK.
Korma wmarmmtaoe nmome H mapamtersmo M, BOCHDHEMYMBOCTE
obpamaercs B myas upu 7 = 0. D10 mpomcxommT W3-3a TOTO, 4TO
MOJIEKYJISIPHOE TOJTe CTONb CHIBHO, 4TO OHO He JONYCKAeT IepeopHeH-
Taouu COMHOB IORpemeTK: (&) Bo BHemHeM mote. G ApyToit cTopoms,
sHaveHNe BOCOpWEMYHBOCTA ¥ npu I = 0 mouTH coBmayaer co 3Ha-
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gegmeM npd I' = Ty, HONAPU3AIESA MOXPEIIeTOK B HAIIPaBICHUM,
NepHeHANKYJIAPHOM MACHATHOMY IO, OKA3BIBAeT Majioe COHpo-
THBIeHAEe HeGOJBIIOMY MOBOPOTY HAMATHMYEHHOCTH B HaINpaBlieHIH
nonst (gur. 182).

[IpakTHYeCKA MaKPOCKONWYECKUE 06pasern CONepPHAT MHOIOYHC-
JIeHHBI® JOMeHH ¢ Pa3dWYHBEIMA OCAME IOJSAPW3ALUA, I [JIA CcpenHei
BOCIPAMMYUBOCTE MOKHO HaNIHCaTh

1 2
X=73 X+ 3 XL (10.60)

Herpyaro 3ameTdTh, 9T0 HAKJIOH KPHUBOH ) B Touwe Iy WCHLITEHIBaeT
pasphiB, CBABAHHHI ¢ aHoMajdedl yAeIAbHOH TENJIOEMKOCTH IIDH
MONAPH3ANAHA DemeTHKH.

CieqyeT 3aMeTHTh, 9T0, MOCKOJIBKY ¥, = ¥, MarHATHOe IOJe
DOKHO OBIO OBl OPHEHTHPOBATH BCE JOMEHH B NePUEHAHKYJIAPHOM
HampaBjeHu. IT0 He HaGIIOZaeTcsA, MO-BUAWMOMY, BCIENCTBHE AaHM-
30TPONAN CIAH-CIXHOBOTO B3aNMOIEHCTBUA, CTPEMAMErOCs BH/IEIHTH
ompeneieHHNe HAOPABIGHAA B KpPHCTAIIIe.

Mopgenb, KOTOPYI Mbl 3[eCh DAcCMOTpeIH, eCTh JHAIIb TPOCTOR
ciaydaif, BHODAHHLIL A3 MIAPOKOTO KJIacca CHCTeM, B KOTOPHX Habio-
[aeTcss OCPOMHOe KOJHYecTso pasHooGpasumx ssiernit. Teopmio
MOJKHO Pa3BMBATh B PAsIddHBIX Hampasienmax. Hampumep, moxmHO
PaccMOTPeTb CIOMKHYK KPHCTAJIAYECKYI CTPYKTYPY, B KOTOpOH
MaTHATHHE HOHH He 06pasyioT mpocToll KyOudeckoil permeTKd, I MOKeT
0Ka3aThCA HE COBCEM OUeBHIHBIM, KaKHM 00pa3oM cucteMa pasobbercs
Ha mogpemerknm. HKpome Toro, BaammofeiictBme MoxceT ObiTh Gomee
HAIbHOMEACTBYIOMMEM, TAK UTO Helb3d OTPAHHUMTHCH YUeTOM B3AMMO-
neficTBEs GIMKARIIAX CcoCefed, MIM ke OHO MOKeT OMTH aHTH(ep-
POMATHATHBEIM A OZHHX Tap CHUHOB M (epPPOMArHUTHHIM IS APY-
rx. OnHAM B3 CIECTBAR TAKOTO YTOYHEHMA TeOpHH [KoTOpOe MOMKHO
Ges Tpyma mposect, noGasiaa wrem Tuma A'Np_ B (10.58) m uzen
tama A'Np, B (10.59)] ssaserca mavenemme remmeparyphl Heeas,
KoTOpas CTAHOBHTCA OTIMIHedl or mapamerpa O B (10.62).

Kpome Toro, MOKeT OCYHIeCTBIATBCA CHYIail, KOIZla B KPHCTAJIe
EMEIOTCA [BAa PA3HHX THIA MATHWTHBIX MOHOB ¢ Pa3iIWYHLEIMA MarH@T-
HEIME MoMeHTaMH. TOI[la MOKeT OCYI[eCTBATHCA CHTyanms, m3obpa-
sxenmas Ha ¢ur. 183, rme cmmum aToMoB copToB A M B opmeHRTHpO-
BaHH B IPOTHBONONOKHEX HAOPABIGHHsAX, HO CACTEMa TeM He MeHee
06IafaeT MOCTOSHEHIM MarHATHHEIM MOMEHTOM, TaK KaK MarHATHHA
MOMEHT OfHOM IOJpemeTKd GoJbIIe MATHHTHOTO MOMEHTa ApPYyroi
HOApeIIeTKA. DTO fABJIEHWEe HA3HBACTCH eppumazKemusmon, oynyum
XapaKkTepHO 2 (EePPHTOB; MAKPOCKONHYeCKoe NOBeJeHme TaKoH
chHcTeMbl OYeHb TOXOke Ha NOoBejeHHe (eppoMarHETHKA.

Bo mmormx anTE(GEppPOMATHHTHHIX BeMeCTBAX MATHATHBE HOHHI
OTCTOAT HOBOIBLHO AAJEKO APYT OT Apyra, W B 3TOM CiIydYae TPYRHO
IIPEeIOJIOKHATE, YTO OHM CBA3AHEL IPH MoMOmA 06MeHHOro MHTErpaia
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tuna (10.37). 9To He 03HAYAET, YTO YB/IH KPACTAJIAIECKON DeIIeTKH
PacImoIoAeHsl 09eHb JAJIEKO APYr OoT APYra; 5TO O3HAadYaeT MPOCTo,
970 MPOCTPAHCTBO MY MATHUTHHIMU HOHAMHE BATOJHEHO GOXbIIEM
4HCIIOM HeMATHHTHHX noHOB. Harnpumep, 9T0 MOTYT OHITb HOHBI KHCJIO-
poma, kak B MnO. Mm mmeem

Torfa [elI0 ¢ MeXaHmm3MoM, H3-
BECTHBHIM IIOJ] HAa3BAaHUEM KOCGEH- @
Ho20 06MeHa, KOUHA d-BIEKTDPO-
HE HoHa Mn cBA3AHHI C DdieK-

TpOHAMMW KHCJIOpOJa, & T€ B CBOIO

ouepenb B3AEMOJCHCTBYIT uepes
06MeH C d-3JeKTpOHAMH BTODOTO
wona Mn.

Crryanusa Mosker OHTH MoO-

mobra H300pa:KeHHOE cXeMaTH-
gecknm #Ha ¢ur. 184. Ecam artom

A mMeer cOEH «-+», TO OH MOKET
OPHHATH 9JAGKTPOH €O COHHOM
«—» W3 p-COCTOHHHA aTOMa KHC-

nopoaa. Ecam arom B mmeer
CIEH «—», TO OH MOykeT 3abpaTh
OCTaBHIAIACA 9JIeKTPOH aToMa KHC-
nsopopga. TaruMm o6pasom, B3au-
MOTEHACTBEE MEKAY CIHHAME p-3JI6KTPOHOB aToMa KHCJIOPOXa Lpe-
ofpa3yeTcss BO B3aWMOJEHCTBHE MKy CUHHAMH d-o60Ji09eK Mar-
HHTHHX HOHOB. lIpakTHuecK: HpH pacuere 8Toro d@ifeKTa BCTpeda-
eTCA PAJ TOHKOCTeH, HO B OPHHIWIE DTOT PacueT oGbpACHAeT Habmo-
JaeMble SBIEHHA.

@ur. 183. @DeppnMarseTH3M.

®ur. 184. KocBennnii o6MeH.

MexaHuaM kKocséeHHozo oOMeHa B pazfaBleHEHBIX MATHHUTHBIX CIIa-
BAX, ONNCAHBHH B § 6, MoskeT MMeTh aHTH(GEPPOMATHATHHE XapaKrep.
Kax nokasamo ma ¢ur. 179, sTo nmpomcxogur, KOrpa Bropas mpHMeCh
HaXoguTCA HA PACCTOSHWU, OTBEYAIIEM OPDHEHTAllMH CIWHA (BBEPX»
B ocnumnaanuax Pynepmana, Kurrens, Hacyn m Hocnpsl, BosHHKAl0-
XX BOKPYT NEePBOTO MAaTHETHOTrO mMoHa. Ho A1 NORNMaHRs TPUPOALL
aETAQeppPOMArHEeTH3MA B IHCTHIX MeTajjlaX THOA XPOMAa MBI JHOJKHBH



390 Ta. 10. Maznemusm

BePHYTHCA K KapraHe OJy/KJaiolEX BJIeKTPOHOB (cM. § 5 Hacrosmpel
TJIaBHI)

HerpynHo KoMTHYECTRENHO TOHATH, KAK MOIKOT OPOU30UTH cTa0MIH-
8anus aHTH(EePPOMATHUTHOX KOHPUTYypammum 3a CcYeT OOMEHHOro
B3aVMOJEHCTBIA 5JIEKTPOHOB IIPoBogUMOocTH. IIyCcTh YiKe yeTaHOBHICS
IOPSNOK THHA m306paskennoro Ha fur. 181, 6. Baarogapsa oGMeHHOMY
B3amMofieiicTBuI0 U 3MeKTPOH €O CUMHOM «BBEPX», PACIPOCTPAHIIO-
mMuiicA o0 KPHCTamTy, Gyjer 4yBcTBOBATH dddeKTHBHOE mOJe, 3aBH-
CAMee OT JOKANBHOM MONApM3amum. ITo moixe GyAeT WMeTh Hepmo-
AUIHOCTD MATHUTHOH CBEDXPENIeTKH M, CIe0BATENLHO, NPHBEIET
K BOSHUKHOBEHHIO PaspLIBa 9HEPIHA HA TPAHUIE «IOI30HLD, JeKAMEH
BHYTPH ofbano#t somsr Bpminwora (cp. § 6 ra. 2). Ara ocobenmocts
B0HHOH CTPYKTYDH MOABUTICA B 06DA30BAHUM CBEDXPEIIETKH DIIEK-
TPOHHOM IUIOTHOCTH MJA 9JAEKTPOHOB CO CIHHOM «Bepxy. asa
BJIEKTPOHOB C HIPOTHBOLOJOKHEIM CIHHOM 3HAK BO3MYMEHHS M3Me-
HATCA, A BISKTPOHM GYAyT CTPEMHATHCH BALOIEHTH JPYTYIO CBEpXpe-
merky. Ecam oxamerca, gro stm pacupenenenus cormacyores ¢ ep-
BOHAYAJIBHO UPHHATOY HAMM KapPTWHOH HAMAarHMYCHHOCTH, BHATHT,
MBl M HAIUIM CaMOCOIJIACOBAaHHEIM ITyTeM aHTH(ePPOMArHWTHOE YHO-
pA/0YeHAe 9IEKTPOHOB, He Tpebysa HX JIOKAJIN3AIud.

UTo6sl mepeBecTH pacCysKIEHHS 3TOTO THIA HA MATEMATHICCKZI
SISBHIK, MPEAIONO0;KMM, YTO Mbl IEPeNLIH 0T BOCHPHEMYHMBOCTH IS
ongopoxHoro caytas (10.42) w -BocupuwmumBoCTH, BaBmCAmeit
OT BOJHOBOTO Bekrtopa q. Hax m mpm BeiBoze gopmymsr (10.51) gas
BOCIPAMMIMBOCTA %, (q), JTerKO NPHHATHL BO BHAMAHHAE M OOMEHHOE
BaanmopeicTsre Buma (10.38). [las aToro my:xHO TONBKO CIemoBaTh
paccyxpennam § 1 ra. 5. Pesynsrar geiicTBurensHo ob6HapymBaer
3aMeTHOe CXOACTBO ¢ BhIpakeHmem (10.42):

X (q) = — 20 : (10.67)
1—= Ughs)2 %o (@)

Horpa smamemarenn sroro BHpamenmsa ofpamaercss B HYJB, pac-
CMATPHBAEMOE HaMH HEMArHUTHOE COCTOSHHE METAlia CTAHOBHTCH
HeycroiyusuM. TaxmMm ofpasoM MarHWTHOe YmOpsZOYeHHE ompepe-
asgerca ycaosuem Osepraysepa

3 U (889 1o (@) > 1, (10.68)

a ycaosume ¢eppomarmermama (10.43) mpeacrasiser coboit wacTHEIR
crygait mepasemcrBa (10.68) mpm g = 0.

Bompoc o ToM, BO3HEKAT IH B pe3yabTaTe 0GHTHOTO OGMEHHOTO
B3aHMOJEMCTBUA B OOBIYHBIX METAIAX YCTOMUNBEIC 60.4HB CRUHOG0L
niomurocmu, MOKAa elle TBePAO He pemeH. JapecTHo, ogHAKO, 4To
B IIEPeXONHEIX MeTaanaXx Beawdmda U BechkMa BelTWKa M DHEPTHM
QIeKTPOHHBIX cocrofgumii & (k), KoToprie ciegyeT mojcTaBIATH
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B dopmyay (10.51) mnsm g, (q), ompeneIAITCA HCXORHOH BOHHOU
crpyxrypoit. Torma m3 pesyabTatoB § 4 ri. 5 ACHO, HaOpuUMeEp, YTO
BOJIHOBBIE BEKTOPHL ([, JIeKAIMKe Ha HapalIeabHbIX IUNIOCKUX yIaCTHAX
posepxHoctr MepMm, MOTYT HPHBONHETH K 6OJIBINON] Bexmumue ¥, (q),
nmosromy yeaosme (10.68) mMoxker smmonHmThCA. B orom caydae
anTA(QeppPOMATHATHOE yHOpAZoUeHUe GyIeT UMETh YPe3BHYaliHO CIOsK-
uH Xapa®kTep: W3MEHEHHWA COUHOBOW NIOTHOCTH DKBUBAJIEHTHH
TeNnKONATLHOMY PaCHoIOMEeRNI0 CIMHOBHIX MOMEHTOB Ha KOHYcCe,
a JJIMHA, ONpPEeLeIArIIaa TOBTOPAEMOCTs KaPTHHE, HUKAK He CBsA3aHa
¢ OCHOBHOH KPUCTAJIIWYECKOH peImeTHOH.

§ 8. Mopeas Usnnara

Ilpu paccMorperunm ¢eppomMarHeTHsMa ¥ AaHTHPEPPOMArHETH3MA
MBI NCIIOIB30BAJIN 04eHE Ipy6oe npubimsxenne I COCTOANNNA TaMAIb-
toruana (10.29). JleficTBMTENbHO, MH OPENOOJNOKHIA, YTO BCe COH-
HOBEIE MOMEHTHI, 34 HCKIIYEHHEM pPACCMATPHBAEMOT0 ABHO, PaBHB
cBOEMY CpeJHeMY 3HAWYeHHI0; Mbl OpeHeGperaum QIyKTyanusaMn
I KOPPeNANUAMHA CIMHOB, HAXOJAMMAXCA B cocepunx yamax. Boxee
TOTO, MH He YYATHIBAJIA TOr0 (aKTa, 9T0 BEINIHHH §; CYyTh OepaTopH,
KOTODHlE HEeJIb3d 3aMeHATHh MX CPeAHUMH 3HAYCHUAMI.

Pacnpegenenne co6CTBEHHEIX 3HATEHHH CIIMHOBOTO FraMHJIBTOHHAHA
ABJACTCA B JeHCTBATEIBHOCTH 09eHb CJIO/KHBIM, H CTPOTOE paccMoTpe-
HEe TepPMOJANHAMEKH TaKoil CHCTEME COCTaBIseT OfHY W3 Hamboiee
BayKHBIX 3a7a4 B TEOPHH TBEpAOro texa. Teopmd mosayuuia pasBUTHE
B JBYX HampaBieHHAX. BO-IePBHX, MOKHO HPUHATH, 9TO CHCTEMAa
HaXOJUTCA BOIN3H OCHOBHOrO cocTOAHUA ((PepPOMATHHTHOTO WIH
aBTHPePPOMATHATHOIO), M MOYKHO TOIZA PAacCMaTpuBaTh Bo36ysxje-
HOA ¢ Majioll pHeprueil. 310 — TEODHSA CNUNOSH T 604H, OCHOBHEIE
TMOJOKeHUA KOTOpoH m3jioskeHs! B § 11 Hacroamed IaBsl.

Bo-BTOPHX, MOKHO HCIIOIH30BATH NIPAUOIMKEENE, COCTOAIIEE B IIPe-
HebpeReHnd HeJUATOHAMBHEIMI 3JeMeHTAMH COMHOBHX OLEepaTopoB
M PacCMOTPEHMM TOJbKO HX HPOCKIWHA HAa KaKoe-HHOYNb BHIIEIEHHOE
Hanpasienue, o6suHO Ha HampasieHme mona H. [dpyrmmm croeamw,
MBl CYWTaeM, YTO YPOBHH DHEPTHH CHCTEMBl AAKTCA BHPAKEHHEM

&= — ; Jwowy —BH g o, (10.69)

Te JJA Kamporo yaaa I ompemensieTcsl «CIMHOBOE» KBAHTOBOE YHCIO
0;, KOTODOe MOKeT IPMHEMATh TONbKO ABa sHaweHus: +1 m —I1.
B GoapmuHCTBE CAyYaeB MH ImpemoiaraeM Takske, 4To Jy OTIHTHO
OT HYJA JIHIIb A B3aAMONeNCTBEA OMmKafimmMx cocefieil B pemierke.

910 ecth Modeab Hsunza. Ona He maeT TOYHOTO OHMCAHHUA (eppo-
MarHUTHOR WMJAM aHTH(GEDPPOMATHHTHOM CHCTEMHI, OJHAKO IOROOHOE
yIPoINenne YpesBhdaiino TPYAHON 3amaun 00 OTHCKAHMM COOCTBEHHBIX
(YHKIUH CHCTEME CIHHOB TO3BOJAET COCPENOTOIMTHCA HA KoMOMHa-
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TOPDHOH 3ajfade O CTATHCTHYECKOM pacHOpefeeHUH COCTOSHHHE Taroi
CHCTEMEL,

Monens Msunra Ha camoM pieste Goxee TOYHO ONHCLIBAET APYTOM
THI CHCTeMBl — CILIAaB, B KOTOPOM aTOMLI JBYX aiaeMeHToB 4 m B
MOTYT 3aMellaTh APYT ApYra B (UKCHPOBAHHKX y3jJaX PEINeTKH
(pmr. 185). MosxHO cxasarh, uTo 3Hagenue o; = -~ 1 COOTBeTCTBYET

++ -+ DD DD
+—++ DODD
+—+—- DODBDDD
-+ +- DDCD

O O©@ D2 <
OGP i
.
Z

8 e

NN

®ur. 185. Kondurypanus, ONMCHBAEMas MOeNblo VIsEHERa (a), momxker coor-
BETCTBOBATH CHCTEME CHMHOB (6), cECTEME aTOMOB B GuHapHOM ciuiase (6) U «perre-
TOYHOMY rasy» (z).

Haxosxgenmio atoMa A B yaue I, smauenue 6; — — 1 cBujereabcrByer
0 TOM, 9TO B DTOM y3ie Haxogmrea atoM B. Ilog «o6MeHHBIM uHTErpa-
jJom» J B 9TOM cllydae ClefyeT NOHHMATH BEIAHYHHY

J=2{Tsa—5 T aa+T 50}, (10.70)

rae ¥ ap — BHePTHA B3aMMOpeHCTBUS MeKLY aTomamu 4 m B, pac-
TONOKEHHHMA B COCENHEX y37MaX, N3 ROTOPO MH BHYUTaEM CPESHIO
sHepruio mapw A4 m nmapu BB.

Tarme cmIaBel MOKHO MCCJEZOBATH DKCUEpPUMeHTaAbHO. [Ipm srom
ObLI0 00HAPYKEHO, 9TO B HAX IPOHCXOAAT IEPEeXo] NPH HEKOTOPOl
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TeMuepaType, amaiormuHoii Temmeparype Hiopm nam remmeparype
Heens. Brime Toukm mepexoja cmias pasynopapouen. llpm Goxee
HABKMX TeMIepaTypaX OH CTPEMHTCH YIOPAROYNTLCA MM IYTEM
pasmenenusi Ha 061acTH, COfep/Kallie LOYTH 9YHCTHE MaTepHal A
¥ mouTH wWCTEE Marepmal B (sTo Gysmer mmers mecto mpu J > 0,
4TO COOTBETCTBYeT (eppoMaTHeTHaMY), WK nyTeM 00pasoBaHmA obia-
cTeit, B KoTophIXx aToMel A m B peryjispHO pacmoJOo;KeHbl Ha BCTaB-
JeHHBIX APYT B APYTa MOJPEIIETKAX — AHAJIOT AHTA(epPPOMATHETH3MA.
Pasamna wmeskuny nepexodom nopadok — Gecnopadok W (Qeppomar-
HUTHHM HIE aHTHEQEPPOMATHATHHIM HePexof[oM COCTOMT B TOM, 4TO
B IePBOM 3aJlaHBl 110 OTAENBHOCTH TIOJHbIE 9YHCIA ATOMOB THIA A
¥ ATOMOB THIIA B, TOrfa KaKk CIMHEI, HAaTIPABJEHHbIE ¢BBEPX» N (BHUSY,
MOTYT CBOBOJHO MePeXOAUTh APYT B JPyra. ITY PasHUNY MOKHO
$opMasbHO yUYeCTh B TEOPHH, TAK 4TO MHOIHE® Pe3yJbTaThl CIpaBej-
IMBH AjsA 000WX THUIOB CHCTEM.

Ilpyrag sagada, K KOTOpO#l NpHEMEHHMa MOAENb WNsunra, ects
3aJjaua O (PEeleTOYHOM Ia3ey, WM O (PemleTOYHOH JKUJKOCTHY, KOrAa
ATOMSBI, B3aEMOEHCTRYOMEe APYT ¢ APYIOM € HOMOI[bI0 KOPOTKOLEH-
CTBYOINUX CHJI, PACHOJATalOTCA B HEKOTOPHIX y3JaX pelieTKH, OCTaB-
ass ceoGomumie yaau. (DopMaibHO 2Ta 3afada SKBUBAJIEHTHA 3aja4e
o cmiase. COMHMTENIBHO, OFHAKO, uTo6H 9Ta Mopenb Obuia mpHE-
MeHIMA K TepMOJAWHAMAKE IepeXofa JKUAKOCTH —- ras, Kak B3To
WHOTHA CYATAETCH.

Baxuocrs Mopeanm Maunra coCTONT, OJHAKO, He B TOM, 4TO OHA
OIACHBAET KOHKpeTHHe (usmueckne siplennda. CymecTBeHHO Apyroe:
3T0 eCTh MOJeNb CHCTeMBI, B KOTOPOH HAGIIONAIOTCA KOOnepamusHble
sesenus W (a30oBHE MEPEXOABl, M TPHUTOM MOAelTb, RONYCKAKMAad
MaTeMaTH4eCKoe paccMorpeHze. B aToM cMmicie OHa CKOpee JieKHT
B pPaMKaX CTATHECTHYECKOH MeXaHHKH, 4eM TEOPHH TBEPAOTO Texa.
Tem He MeHee HEKOTODHIe NPUHIANH, HITIOCTPAPYEMbe 9TOH MOJEIBIO,
BayKHEL IS OOIIell TeOpHH KPUCTAIIMIECKOH PeNeTKH, W MHL Ceifac
TONHTAEMCH UX O0BACHUTE.

§ 9. KomOnHATOpHBIH MeTO]

Hpenmymecrso Mofenn VIsmHTa COCTOHT B TOM, 9YTO pacuyer TepMo-
IAHAMIYEeCKHX CBOMCTB B Hell MOKHO CBECTH K KOMOMHATOPHOM 3aKa9e.
ITycrs, manpumep, MHE HINEM CMAMUCTUNECKYID CYMMY

Z =D e-bnr, (10.71)

Ife CyMMAPOBaHHE IPOBONHTCA OO BCEM «KOHQUTypanmamy, T. €.
0 BCEM BO3MOKHBIM PAacCIOIOKeHHAM CINHOB «—+» m «—» B IV ysiax
peleTkd. JTa CyMMa KayKeTcs 09eHb CIOKHOM, Ho POPMaIbHO CYMMH-
POBAHHE MOMKHO HPOBOGHTH JWIIL II0 ABYM IePeMeHHBEIM, HampuMep:
N, — udcay COEHOB, HAOPaBIeHHKX «BBEpX» (N AaTOMOB copTa A),
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u N,p —vudcay map coceHAX aHTHNAPAIENBHEIX COMHOB (WIH
umcixy map A4B).

Yro6r y6enurhesa B 9ToM, BhipasuM suepruio (10.69) wepes mosinne
9Ecia cBA3eil PasiUYHBIX TUIOB

gZJ(NAB_NAA_NBB)"‘ﬁH(NA_NB)° (10-72)
JTd mepeMenHEie, OfHAKO, He HesapucuMmbl, OueBHIHO, YTO
Ns-+ Ny =N,

OueBnpHo Taxe, 4T0 MOKeT 6HITL TOABKO pN 4 cBaseif, okaHUMBAIO-
muxcA B ysjgax tima A, rae p — KoopOUHAYUOHHOE HUCAO DEIIeTKH
(r. e. wdcHO Gnmmkaimmx cocegefl muA pamHorTO Yy3ma)., Hammyio
u3 cBAsel THona AA HYKHO COCUNTATH JBAIBI, a KA/KAYIO U3 cBA3el
tana AB — opunu pas. Taxmm obpasom, 2N 44 + N o5 = pN 4; anaxo-
ragH0 2Npp + N,up = pNy. C yueroM sTHX yCIOBHH BEIpake-
HEe (10.72) npwrumaer Bupg

&= —+ PNJ + 2N 4p] — (2N4— N)BH. (10.73)

O6Gosuagum rtemeph uwepes g (N; N, N,p) moxsoe umeno cmo-
c0o00B, KOTODHIMH MOKHO pPaaMeCTHTh B pemeTke N, COAHOB,
HalIpaBJeHHHIX «BBEPX», TakK, 4To0n mpm sroM GBIO TouHO NV 4p
map COCeNHHX aHTHIIAPAlJelNbHEIX COHHOB. Bce »1H Kondurypanum
COOTBETCTBYIOT OJHOM ¥ TO# ’Ke HHEPIHH; COOTBETCTBEHHO CTATHCTH-
qeckyl0o cymmy (10.71) MorHO DpeAcTaBAETL B BUAe

Z=yeNg-YeoN N g (N; Na, Nag) yN4z¥an—
Na Nap

= yV2Nz-YVoNA y (y, 2), (10.74)

Ije nepeMeHHbie § M % CBASAHEL ¢ MATHHTHEIM LOJeM W SHepraei
B3amMonielicTemA J:

y=eBHRT; 7= g-2J/hT, (10.75)

Bce mETepecHe CBOHCTBA CHCTEMBI 3aKJIIOYEHH Teneph B (YHKIHE
Ay, B3 KOTOPOH MOKHO HOJIYIETH GOPMYIHI, oTHOCAIMUECH K «peppo-
MATHATHHIM» U (AHTHQEePPOMATHUTHHMY CACTeMAM HMIH K TEOPHH pac-
maja cmiaaBa Ha (asel U K TEOPHH YROPAJOUCHHBIL DPACME0pOs.
Opmako 3aja¥a O BHUHKCIGHHH KOMOWHATOPHOTO MHOKHATENA
B (10.74) B 06meM ciyuae He pemIaeTCsA; M3BECTHH JHINb NUPAGIHKEH-
HHE BHpakeHNs. HeTpyaHo BEYHCARTS MONHOE 9UCIO KOHPUTYparuit
17 3apannod Bexmamasl NV, ($ur. 186). Uz samemenrapmoit anre6pmn
cliegyer, 4TO OHO HNOJKHO OBITH paBHO HOJHOMY YHCIY CHOCO60B,
KOTOPHIMH MOKHO pasmectuTh V4 mpegmeror B N MecTax

NI
D) g(N; Ng, Nag) =N awn—war (10.76)

Nap
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TpynrHocTs cocTomT B TOM, 9T06H pA3KeIATH TO MOMHOE YUCIO KOH-
¢urypanuit Ha OTJAeNBHHE YHCIA, COOTBETCTBYIONIHWE KajyKIOMY 3Ha-
geuuio N 4p.

Hcuonrvzya oueHb rpy0oe npumbiamKeHNe, MOKHO CHATH CYMMEPO-
paame mo N oz, TpeNmoNo;kuB, 4T0 BCce wHcAa N ,p PABHEL CBOEMY
cpenEeMy 3Hadermi0. MHaye ToBOpsA, MBEl pacmpepeisgeM CaIyIaliHBIM
o6pasom NV, aromos copra A u N aromoB copra B mo yairam pemeTka
H BHIYHCITAEM BEPOATHOCTH TOT'O, UTO Kakag-HHGYAb ua Y/, pN ceasei

4+ == [+ +—+ =
1 t
Hotuiuts st B ek
Nap= Pt — 4 —
|~ —++ |
m—— e ————— 1 P, 1
i M Nyg=3
e R
Wttt S B st st
Nas= Nag=4

Owur. 186. Briuncaenue uncna KoHQUrypamui mis memodku ¢ N = 5, Na = 3.
Jlasa sToit cHCTeMbl (NAB> = 2,4,

EMeeT Ha OJHOM KomHIe atoM A, a Ha apyrom — atom B. Pesymsrar,
KOHEUHO, paBeH

(Napy=2Na Ve 1 _ pNalp (10.77)

N N 2 N

Mopcraasa pumpamenna (10.76) m (10.77) B dopmyny (10.74),
HoJly Yaem
Ay~ D) o v A, (10.78)
1Y gt
Ng

OTcroma MOKHO BBIYHCIMTH CBOGOHHYIO dHEpTHIO, Gepsa HamGoapmmi
wieH B aprymente JjgorapudMa ¥ pasmarasg ero AacHMOTOTHIECKH
¢ momombio ¢opmyns Crmpamura. Taxmm obpasom,

= — kT In Ay =~

A~ { —NInN+Naln N Nalg

~ — AlMNAo+NgInNg—Nolny—p ¥ Inz}.
(10.79)

Ycaopne MmrAMMyMa cBOOOMHOW DHEPTHM, MW MAKCHMAJILHOTO WIeHA
CyMMbI, LOJyYaerca nyTeM nuddepeHHHpPOBAHMA HTOr0 BHpAMKEHHA




396 Ta. 10. Maznemuasn

no N4 (upm atom caenyer, pasymeercs, moomkath Ny = N — N ).
Hcnonwsya ompepenenme (10.75), maxomum

InNy,—InNg— =0,

kI~ N kT
T. €.
%=exp{26H+(NA—NB)%TJ} , (10.80)
nin
(&%N_B) —n {82 | (&T—V&) %} : (10.81)

Ecam momoskuts (V4 — Nyg)/N paBHBIM cpejHeil pe3yJbTHpYOmed
OOMADH3AIMNA CHCTeMbl (W) H BHPAasuTh pJ Yepes MOJEKYIADPHOS
moje, Kak B gopmyie (10.33), ME BHOBb Bo3BpamaeMci K YCJIOBHIO
Kiopm — Beiicca (10.26) pna geppomarumrnoro mepexoma. B Teopmm
CIJIaBOB 9T0 NPHOIM;KEeHNe M3BECTHO IOf HA3BAHHEM nNpUbIUICEHUA
Bpseea — Buavamca.

IlprBeneHHR BHIIE BHBOJ 5JIeMEHTAPHOH QOPMYIH HJIA MOJIEKY-
JAAPHOTO TONA NOKAa3HIBaeT 0GJIacTh ee NPHMEHWMOCTH; TPH BHBOJE
He YYHTHBAIOTCA KOPPeJIANWN MEXAY COCeIHUMHU couHamu. B deppo-
MaTHeTHKe, HAOPHMeD, BCIECTBHEe TEHASHNUH K IapallJIedbHOMY
PacIoJOKeHN0 COMHOB CJIeAyeT OKENATH, 4To 3ameHa N 4 cpefHmM
saagenmeM (10.77), shumciennnM Ges yvera KoppeldAlmd, IPHBOTHT
K 3aBHIICHAI0 IACIa nap A B 1o cpaBHeHHIO ¢ peajJbHOR PaBHOBECHOM
KOHQHATYpanmei.

HaTepecHsIit coco6 yIyImBETs TEOPHIO COCTOUT B HCIOAB30BAHEHA
Kéasuzumuneckozo npubauxcenus I'yrreareiima. [Iycrs Me BHUHCAHIR
npyrae cpepume tEna (10.77) B IpPeAIONOKEHAT 0 MOTHOCTHIO Cydali-
HOM PpacImoJosKeHHH aToMoB. Torma ME mmeem

(Nap?
(Naa)(Npp) =4. (10.82)

Ho ecom MBl mMeeM JHeNI0 € ZumuuecKuM PABHOBECHEM MEMKIY MOJe-
KyllaMM, BLIDa;KaeMBIM XEMHUYECKOH peakmumei

AA + BB == 24B, (10.83)

TO H3BECTHO, 9TO PAaBHOBECHHE KOHIEHTPAINE PEATHPYININX BEUICCTB
CBA3AHH COOTHOIIEHHEM
Nap? (e~ EannTy
(Naa){Ngp) o~ €AA/RT ,—€pp/RT

, (10.84)

rjie BeJUYUHH &,p H T. f. CYTh 3HEPrum MoJeKyJn AB m 1. 7.
EcrectBenHo mpeamono;kuTh, 9T0 mpaBas dYacTh coorHomenms (10.84)
B o6osnavenusx (10.75) goikua 6uTh B cpenuem paBHa 422. Heckonas-
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Ko npeobpasys dopmyny (10.73), moxuoe BHamcants (N ,.p) u mop-
cTaBRThH 3T0 BHpaskemme Bmecro (10.77) B dopmyny (10.78).

M=u we GymeM npoBOJHTH 9TOT PACIET 0 KOHIA, OTMETHM TOJBKO,
9T0 CHCTeMa HEePOXOINT B COCTOAHWME ¢ CaMOHPOHBBOJLHOH IMOJAPH-
sandedi (peppoMarHeTHsM miam aHTA(GEpPPOMATHETH3M) IPH TEMIEPATy-
pax HOKe TeMOepaTypH Iepexofa, OIpejlelsseMOil COOTHOIIEHHEM

kT, 2/p

T T d—2/p) (10-59)

TMocaexnee mepexomut B (10.28) (B mpummATHX cefivac o6o3HaYeHHAX
k8 = pJ) B upemene GOJBIINX KOOPAWHAOUOHHHX uwmced p. MoykHO
opubImKeHHO  BBIYMCIHTH
TaKKe VACTbHYI0 TemIoeM-
KOCTh BOJNHSY TeMImepaTyphl
mepexofa; OHa HMeeT pes-
KYI0 0COOEHHOCTH H Da3pHB gk
€0 cTOpoHBI §0Jiee BHICOKHX
TeMmepaTyp, Kak IOKAa3aHO . /y
Ha ¢mr. 187. '
OxasniBaeTcda, 9TO KBa- T
SAXEMHYECKOe HpubamKe-
HEEe DKBUBAJEHTHO BHeIIHE
COBEPIIEHHO  HEHMOXOMHEeMY @“”‘7"”’3‘”‘
MeTONy,  UPeI0KeHHOMY T
Bere m Ilafiepmcom. ITOT ¢
MeTOR UPEeNCTaBiasieT COGOH  qur. 187. VpenbHas TemnoeMKkocTb B KBasH-
HOOHTKY 0600IMuUTh PACCY/K-  XAMUUECKOM UpPHGAMKEHHH [UIsl PEleTKE ¢
HeHEA, TPUBOISIAE K MoJie- KOOPANBaNMOHAKM guciaoM p = 12,
KyaapHomy Toxw. Beperes
rpynna COWHOB — IEHTPANbHEIA, cKaseM, B yaie =0 m p ero
cocemeir (Pur. 188). IIpw HanwcaHWE SHEPTHH TOU TPYNNH B BHIpa-
wenun (10.69) ocTaBaAnT TONBKO ClexyoMHue claraeMble:

P P
&,= —)]1 J6,0;— pHoo— BH; 21 je (10.86)
i= =
JlpyrumMm cioBaMp, Mbl IpeAmoJaraeM, UTO IeHTPaJbHEA CIHH 9yB-
cTByeT BHemHee mosie H W siBHO CBf3aH CO CINHAMH cocefieif, Torna
KaK IJid BHEIIHWX CIWHOB TPYNIE MH HDHHWMaeM, 4TO B3amMOjeii-
cTBHEe HX ¢ OKPY/KAOMUMHI CIMHAMHA MOKHO ONACHIBATE € IOMOMMBIO
MoJexyJspHOTO moxs Hy.

Jlerko sammcaTh MOJHYK CTATACTHYECKYIO *CYMMY JJA TaKol
TPYIHIH, IOCKOJBKY OHA CONEP/KHUT TOJIBKO P WIEHOB. 3aTeM MOKHO
BHUNCIATH CPEFHION OpHEHTAnmio aTroMa B meHTpe rpymmel. Ho pac-
CMaTpHBaeMEIl y3ell HWYeM He BHjleJleH B DeINeTRe; CPEgHUM CUMH
B meHTpe TPynme (0,) JOIDKEH GHTH TaKOM ke, Kak (0;) — cpepHee
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S3HaueHHE ONHOIO W3 COHHOB Ha KPAl TPYOOB, W €ro TOMEe MO;KHO
BHDa3ATh 4Yepe3 MoJeryaapHoe mote H;. Orcioga moaywaercsa camo-
COIJIaCOBAHHOE YDaBHEHHE JJIA OUPefeNeHHA MOJEKYIAPHOTO HOIL
H;; npm Temmeparype HmKe Temmeparypsl nepexoga I, ompe-
OedsIeMOR  COOTHOIIEHWEM
(10.85), pemenne ero moyxeT
OHTH OTJIWYHC OT HYJH 1a-
e mpu H = 0.

Merog Bere mpmeaexa-
TelleH CBoell (QuangecKoit
HarJIAMHOCTBIO; €ro  Jake
MOXHO HCIIOJh30BATh A
uccaenoBanms 0oJee peain-
CTHICCKOM MOAenuw, B Ko-
TOpON BBEIEHH HACTOAIMHAE
omepaTops COHHA BMECTO
«CIIMTHOBHIX mepeMeHHH X
Naurra» B popmyne (10.86),
W CTATHCTHYECKAH CYMMa
BHIGACIAETCA AJsA YpoBHER
HHEPTHUHA, COOTBETCTBYIOMAX
. raMEJIbTOHHAHY TAKOH Ipyn-
@ur. 188. Tpymma cnmmos B Teopmm Bere— IH. MoKHO Takike BBeCTH

Hagiepaca. B paccMoTpeHHe #u Goiee

JNaJeKue Y3JBl, OKRPY:Ka-

mye NPOCTYyI Ipynny Oammalkmmx cocefell, ¥ HalTH clemyiomge
TpROATKEHN.

ITH BHCcIIWe HpUOIWKeHHA, IO CYMEeCTBY, NIDPEACTABIAIT co6oi
DOOKTKHA 6ollee aKKypaTHOro ompefeieHus KodpPHEIUEHTOB pasio-
sxeHnsA pyERNAE Ay (y, 2) B cremenuoit psan. MoxHEO mokasats, 4to
RaRIHE Kodddumument pasnomenusa jJubo U0 CTENeHAM 2z, COpaBen-
JHBOIO NPHW HHU3KHX Temieparypax, JAubo IO CTeNeHAM

J
w=th>r, (10.87)

COpaBeNJIMBOTO IPH BHICOKHX TeMIepaTypaX, OUPefelAeTCA UHCIOM
MHOTOYTOJIBHAKOB C 3aJaHHLIM YHCJIOM CTOPOH, KOTOPHIE MOKHO
TMOCTPOUTEH HA «CBAB3AX)» PEIeTKH, momoGHO TOMY KaK 3To Jejaercs
B TpyDOOBOM pasioxenun Mailepa B TeOpHH HeHWJealbHEX a30B HJIA
e NPH MOCTPOEHWH «IUATPaMM» TeopHH Bo3MymeHuit. Ilepeancienne
TaKAX MHOTOYTOJHHHUKOB, MOCTATOYHO IPOCTOE B IPHHNNIE, OKA3H-
BaeTCA IPE3BHYAMHO TPYLOEMKWM Ha IPaKTHKe.

Bonee Toro, Takwe pasiokeHHs He YOEKHAIT OKOHIATEIHHO
B TOM, 4TO0 TEePMOJWHAMUYECKWE CBOUCTBA CHCTEMB HWMEIOT 0COOeH-
HOCTh IPH HEKOTOPOH OUpENeJeHHON TeMmeparype, M 3aMKHYTHE
aHaJIATAYECKMe BHPAYKeHWA, HolydaeMHe B MeTomax DBparra —
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Bunsamca u bere, Takme He Za0T 0TBETA Ha 3TOT BOHPOC. ITH METOIH
npednosazarom, 9TO MOJEKYIAAPiIoe Tode cyIecTByeT, WJIH, 9TO TO ke
caMoe, UTO CHCTeMa B CpejfHeM WMeeT OTAWYHYI OT HYJIA IoJIApH3a-
LU0 B KaKIOM y3lle pemieTKH. [[pyrmmm cioBamu, IpepmojaraercH,
9TO B CHCTEeMe UMeeTcs JaabHuil nopsadok, T. €. 9TO, 3Has HAODABICHHAe
CIMHa B OJHOM Y3le, MbBl MOjKeM TpeIyrajath ero HampaBieHUe
B J(PYTOM y3Jie, OTCTOAMEM OT IMepBOr0o CKOJIb YTOTHO Aajiero ).

Haneruid nopadox

Y

ISR VANEE

-
bawrui nopsdok a

Aanerull 6ecnopadox

I AU Y

\._.—.__——v—_/
Bnuimrud nopadox

)

O@nr. 189. ¢ — HanMYMe JANBHETO NOPAAKA Ipefompefelser HAJIAUHe  6IIHK-
HEro HopAfKa; 6 — HaaWide GAMKHEr0 WOPALKA BOBCE He 03HAYAET, UTO MMeeTCHd
JAIbHAR TOPANOK.

Mu yme oTmeuanm, uTo MeToJ bpsrra — Buasamca Boo6me
He JaeT KaKoro-imbo Oauscreeo nopsdka, MCKIKWYasg GIWKHAK mops-
IOK, HABA3HBAEMHI IPeIION0KEHHBM aJbHUM HopsAakom (fur.189):
BHIle Temmeparypsl Hiopm pacupemeineHme cumTaeTcd IOJIHOCTHIO
CTyqailHBIM, TAK 4TO TOBEeHNe KayKA0TO COWHA HE 3aBUCHT OT JeTa-
neit moBegeHns ero cocefieir. Merox Bere maer 6amxHUE mopAmnoKk npn
TeMmeparypax Bume [, W, cIeIoBaTeJNbHO, ABIsAETCH (ojee pean-
ctmueckum. Ofa Merofa MAOCTATOYHO XOPOMIO ONHECHBAIOT 0O0mHEe
CBOMCTBA YIOPANOICHHOTO COCTOSHEA B NAJbHEM MOPSAKE, TOCKOIbKY
OHO yiKe YCTAHOBWJIOCH, HO ¢ HX IOMOINBI0 HENb3fl HOKa3aTh, UTO
TAKOe COCTOANHE CYMEeCTBYeT.

1) Ina deppoMarHeTHMKa [OCTATOYHO 3HATH HAIPABIEHHE TOJBLKO ORHOrO
CHEHA [ TOTO, ITOGH OmpeReldTh HAIPABIGHUE IOIADPH3ANUEA BCell pelleTKH.
Huasn aprudeppoMarHeTMKa HANDaBleHWe COMAA B yIAJEHHOM y3ixe Gymer 3aBH-
ceTh, pasyMmeercd, OT TOTO, PUBAJJIEKAT JIH TOT Y3el TOIH Ke HOTpemeTHe, IT0
U NepBHH yseJ, HIA HeT.
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§ 10. Tounmie pemenumss 3anaun Vsmnra

OxasniBaerca, 9To 3ajava Mamara JomycKaeT TouHoe pelleHHe
B IBYX YACTHHX ciaydanx. OJWH H3 HOX TPUBHAJNEH, W [{OKA3aTe]b-
CTBO NPOBONHUTCA UPOCTO; BTOpofl caydaif HeTPYAHO YKa3arh, HO
BEIBOJI OKOHUATEJNBbHOA (OPMYNH A CTATHCTHIECKON CYMMBI CIHIN-
KOM CJOKeH, W MHB He OyJeM ero 3faech OPHBOIHUTS.

Tpusnanpapil ciyga — 3To Caydail ANHEAHOR MEMOYKH, PeIlCHHE
IJA KOTOPOH MBI HpHBEJeM, IOCKOJIBKY OH HINIOCTPHpYyeT O6myIo
TeXHHKY. PaccMOTpEM pemerky, cocrosmyio us N «caoesy. B ommo-
MEepPHOM cly4ae TAKoH «CIO0f» — 5TO HPOCTO OTAEIBHEIA y3es, B ABYX
H3MEPEHAAX — 3TO PsAJ ATOMOB H T. [I.

Iycrs Temeph v; ompefeser «COCTOAHHE» j-TO CIOA, HaOpPHMeEp
B JIByMepHOM cClydae V; IpefcTaBjsger coboi cumBOI THIIA
(+-+—-+...), ompefexsaoIuii HampaBJeHHWd COHHOB BCeX AaTOMOB
j-ro papa. MEe mpeamosaraeM, 49To TOJBKO COCEJHHE CIOH B3aHMO-
AefcTBYIOT, T. €. UTO SHEPTHI0 MOKHO 3aIlHCaTh B BHUJE

N N
E=37 (s vi)+ 27 () (10.88)

(MBL BRJIIOUYNIN CIOa «BHYTPEHHIOH HHEPTHIO» KAKIOTO CI0A U BBEIH
OUKJIAYeCKHe TPaHUYHBE YCIOBHMA: Vyy = v;, Kak B § 6 ra. 1).

CTaTHCTHYECKYIO CYMMY PaccMaTpUBAaeMOil CHCTeMBI MOKHO TeIephb
OpefcTaBuTh CAeNYIOMAM 00pasoM:

V° (i Vi) +1/27° (Vj)+1/2“7f“(vj+1)] }

ZZZE"'Z{EGXP[” o

V1 V2 'VN

(10.89)

Ho 3710 ectb me uTO HOe, KaK pa3BepHyTas 3aIUCh IpPOU3BeleHus
MaTpun ¢ 3JeMeHTaMu

V2 (Vjr Viet)H Y2 PP (vi) + 1P (vie)
Py =exp | — i ] o090

¢ y4eToM TOTO, YTO HHIEKC V; MoseT mpoberats ABa mau Goiee sHa-
4eHMH B 3aBHCAMOCTH OT CJIORHOCTH clof. Takmm obpasoM, ¢dop-
myina (10.89) naer

Z="5p (P")= AT, (10.91)

rje umeda A; ¢yTh CoOCTBeHHBIe BHAUSHMA MATPUOH P, ompenenseMoi
popmymoii (10.90). IIpaxTHyeckn MBI mojaraeM, 4To 4uciao N Belmxo,
T. €. 9TO0 JMHA Hamel memodxy mouTn GECKOHEYHA, TAK U4TO B CyMMe
Arpaer poib JWmb HamGoabimiee co6CTBeHHOEe 3HAUYEHWEe MATPHIBL
P. Torga monyuaercs

F= —kTIn Z —>— NET In Myages (10.92)
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OTKY[a, B 9aCTHOCTH, BUJHO, ITO CBOGONHAA DHEPIUA €CTh JKCTEH-
cHBHAs BeJIWYMHA.

B caygae ogHOMEpHOH NemodKkn HHAEKC V; 0603HAYaeT OPOCTO
BeamawHK 4 1 @ —1, KoTopele MokeT DPHHMMaTh CHHH ;. Mar-
puny (10.90) B oGosmauenmsax (10.75) moskHO 3amHECATH B BHJE

/y"l/Zz—l/z zl/2 )

P ( (10.93)

z‘-/z y1/2z =1/
CO6CTB9HHHG 3HAYeHNsA ee PABHBL

A= (1 +y) = VIT—yP +452)) y~¥="2  (10.94)

Hopcrasaaa A, B upasenne (10.92), monydaem pemenue 3amadm.

HNurtepecnaa ocoGeHHOCTH 9TOr0 pe3yIbTaTa COCTOMT B TOM, YTO
ceoGopiaa sHeprua F ecth HempephnibHas — Ged ocobeHHOCTEH —
¢yEEmEA Yy # 2, T. €. H u 7. Mo:HO BHYHCIATH YAEABEYI0 TEIJIOEM-
kocte (pur. 190) B orcyrcrsme mond, oHa paBHA

Co= Nk ()" scb? (57) - (10.95)
TenmoeMKoOCTh HMECT IVIABHBLIA MaKCUMyM B orpectuoctd kT = J,
HO He ob0Hapy:KEBaer ($asoBOTO IepeXoia.

Bosee Toro, pemendme, COOTBETCTBYOMEEe CaMOIPOM3BOJLHOK

HamargnuenEoctE npm H = 0, orcyrersyer. Juweinasa yenoura
He gpeppomazrumHia. ITO He 0UCBHI-
HO ©3 ¢opmyan Bparra — Bumab- 05
amca (10.81), HO mwpoABIsercsa B
meroge bere, rme, kax BHUAHO u3
dopmyam  (10.835), T.— 0, worga
KOOPAHHANMOHHOE UHCIO P CTPEMUT-
¢ K 2. JTOT jKe pesyabTaT, pasy-
MeeTcsA, COPAaBeRJIWB H JJA AaHTU-
deppoMarEeTA3MA.

Baxuo moHATH, 9TO 3TO0 mono-
JAo2uyeckas TeopeMa; ToT (QaKT, 4TO
B MeTofe bere mpm p = 2 Tem- 0
neparypa uepexoma obpamaercsd kT
B HyIb, MOT G OKa3aTbCA H CAY-
qaiigriM. J{e0, OGHAKO, B TOM, UTO @ur. 190. YgeanHas TEIIOEMKOCTh

%) JUHEMHOH IEenOYKH.

AMHEHAAYIO IENOYKY CIHIIKOM Jer-

KO pasopBath B JdI060M MecTe.

[Ipm o6pasoBammm JMINb OZHOTO Pa3phBA, IPHUBOJAAMIET0 K YHHYTO-
JREHWIO JlaJibHero mopagka (fur. 151), oHeprma cucTeMbl BO3pacraer
Ha 2J. llockoabKy paspHB MokeT mpomsoiiTh Ha Mio6oM u3 N ysios
TeMOYKH, HTpPONHA yBeamumBaerca Ha k ln N. HUsmenenme cmoGop-
HOH 3HepTWH IPH TOM DPAaBHO

F=2] —kTIaN; (10.96)

C/Nk
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9TO W3MeHeHHe MOsKHO CAeJaTh OTPHUIlATeNBHBIM TPH CKOJb YTLOTHO
HUBKON TemmepaType, Bm6Hpas pmoctarouno GoapmmMm uucro V.
OTciona UiAK Ha 0CHOBe 6oJiee CIOYRION0 UCCIETOBAHUSA COOCTBEHHEIX
3HATeNNl MaTPHUIIE KoHeuroro panra tuma (10.93), Bce piedMenTH KoToO-
poil HOJOSKUTEABHEI, MOJKHO BaKIIOUNTh, 9TO B JI000H pemerke,
feCKOHEUHON JMINE B OXHOM HU3MEPEeHHmU, OCOGEeHHOCTH OTCYTCTBYIOT.
Mur umeeM 3mech XapakTepHbIH IPAMED CHPABEIIUBOCTH YTBODKACHIA
0 TOM, 4TO 00HG Yenouka He obpasyem KpPUCAAAQ. ITO JTOJ/KHbI
TBEPIO HOMHUTH BCE, KTO 3aHUMAETCS M3yueHWeM (M3mKM KOHEEHCH-
POBAHHOTO COCTOSAHMA.

+ |+ +1+ ]+ |+

+ +| -]+

+ |+ - =)+ +

++++4;++++ o i s
+l - - -+ +

- - - = - + [+ =T+ +][+]
! + [+ [+ + T+ +]

8

@ur. 191. JanpEuit mopamok B am-- @ur. 192. O6aacih ¢ M3MEHEHHH-
Helimoit memouke (a) Hapymaercs yiKe MK HATPaBJICHWAMM CIIAHOR,

PU TOSBICHEN OFHOTO paspsBa (6).

Herpyaro nokasaTs, 4To B ciIydae ByMePHOU pellleTKH CKa3anHoe
y:xe HecupasemsmBo. Ilycts, mampmmep, obGpasoBasiach 3aMKHyTag
o6JacTh ¢ W3MEeHEHHHIMH HAalIDABJICHUAMM CHWHOB, KaK TOKa3aHo
Ha ¢ur. 192. Iycrs sra obmacts OrpaHNYeHA MHOTOYTOJIBHHKOM
¢ nepumerpoM L, T. e. Ha TpaHWIe MeKAY JBYMA ofjacTamu GymeT
pactoaoskeno L cBsgeit Tmma AB. Taxkum o6pasos, sHeprus cucTeMbt
yeeamuaTes Ha 2LJ. HaroBa ke sHTpoums, cBfAzamHad ¢ DTOH bHep-
rueii? Boobme TroBops, B KaKAOM y3le TPAHUIE MOKHO BhGpaTh
ONHO M3 TPexX HAUPaBIeHUWil, TAK UTO TPAHWILY MOKHO NPOBECTH IIPH-
mepHOo 3L pasnauunbiMu cnocobamu. DAaKTHIECKT BTO THCI0 HECKOIBKO
3aBHINEHO, ITOCKOJBKY TpPAaHUIA 3aMKHYTa, HO Korjga I, BelnmKo,
BHOCUMAsl IPH TaKOH OmeHKe OINMOKa HecylecTBenHa. Tawum oGpa-
30M, BRJa] B CBOOOMHYI0 SHEPTHI0 PaBeH

Fr2L] — kTIn 3L = L (2] — kT In 3). (10.97)
STOT BKJAJ CTAaHOBUTCA NIOJONRUTEJIBHBIM ITIPH
2J
BT < (10.98)

Huse raroil TemmepaTyphl YHOPAROUYEHHOE COCTOSHWE JOJRHO OHTH
VCTORYHBHIM.
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JdTo rpy6oe paccykjieHNe MOKHO NOJKPENUTh CTPOIUM PaCIeToM,
TAR KaK BTOPOHW caydail, Korga momens Msunra momyckaer TodHOe
pelreHne, ecTh KaK pas caydyadl JByMepHOH KBajipaTHOH peINeTHH.
llprnapne;namee OH3arepy mokasaTelbeTBO TOro (akTa, dTO TaKas
cucreMa «peppoMarHHTHAY (HIK «aHTU(ePPOMATHUTHAY) HIKE TeMIIe-
paTypsl, oupefeiseMol COOTHONICHHEM

2J
[y ——
(V2]

Tpebyer mpuBiedeHmA anreGpauvuecKUX TEOpeM, JaleKo BHIXOIAMWX
32 PaMKU HACTOAMEH KHATH [XOTA MCXOLHEIM TYHKTOM CIYIKHT,
To cymecTBy, coorHoirerue (10.92)].

Hawubonee unrepecuas ocobennocts pesyabrata OHsarepa coCTOHNT

B TOM, 4TO, XOTA caMa CBOGOJHAA YHEPTHsA BaBHCHT OT TEMIEPATYPH
HellpepPHIBHO, YIeAbHAA TCII-
J0eMROCTh ofpaniaerca B 3
6eCKOHEYHOCTD 110 JIorapud-
MHYECKOMY 3aKOHY Mo obe
CTOPOHBl OT TeMIepaTyps 2l
Kropu ($pur. 193). Darruue-
CKH 0COGEHHOCTh TAKOTO TH- '
na He HalJgomajach HU B
OHOM U3 TBEPABIX Tex, of- 1-
HaKO 9TO MOKeT OHThH CBA-
3a8HO € TeM, YTO OYeHb
TPYAHO CO3IATh IBYMEPHYIO
pemreTky Wawmnra. L

Merox Onsarepa MoskHO T T
UPUMEHNUTD TaK:Re I K HEKO-  @ur, 193. VieabHas TelioeMKocTs KBaj-
TOPBIM APYTUM JABYMEPHBIM  pateoii miockoii peierkn (dopmyra Omza-
pelieTkam, obIraalonium repa).

AHAJOTMYHEIMH CBOMCTBAMN;

CYIECTBYET PAR KPACHUBEIX TONOJOTHMIECKUX TEOPEM, HO3BOIAIIMX
HailTi [oJIoseHWe TOYKH Iepexoma B Apyrux cayduasx. OmHaxo mis
AByMepHOIl eppoMarHuTHON permmeTkn M3WHTa, HAXONAINEHCA B KOHEU-
HOM MarHHTHOM IIOJe, TOYHOE pellleHHe He BaiieHo.

[las TpexMepHHIX pemeTok Booflne He HAHIEHO TOYHHIX pelleHMit
3agayn Maunra. Moswo 6HTH yBepeHHHIM, UTO M3 pemenmii Gymer
CIIeOBATL HAJUYWE AAJBHEr0 MOPAJKA, MOCKOILRY TONOJOTHYECKIe
yciaoBus 3ech eme Golee 6JarONPUATHBL [T KOOTEPATHBHEIX SBIE-
HNI, YeM B caydae IBYX W3MEPEeHHHl, a moJokenne Touek Kiopm MomuO
HANTI € [OCTATOYHOH TOYHOCTHIO € IOMOMIBIO PA3TO:KEHAH B PAMH.

N3 wusnosennmoro BhiTeraer oxmH Baskum# npunnmn. Coraacmo
veroxy Dere, nepexon mopAmok — GecmopaAmoOK [OJMKeH 3aBHCETH
TOTBKRO OT KoopauHarmmonnoro umeaa p [cp. (10.85)]. Tak, nymep-
Has PeieTka, COCTOAMIAs W3 TPeYTONBHUKOB, M TPeXMePHAaA NPOCTas

(10.99)

C/Nk
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KyOuveckas pemeTka AOMEHH 00gagaTh OMHHAKOBHME CBONCTBAMH,
HOCKOJBKY o0e OHH XapaKTepUsyITCA KOOPAMHALMOHHLIM YHCIOM
D = 6 (pur. 194). DaxTuuecku oRU BemyT ceOsA COBEPNIEHHO IO-pasd-~

a é

®mr. 194. Kooprumanmennakse THCIa TPeyroabHOR mIocKoil pemeTKH (a) H mpo~
cToilt KyOmuecKoil pemeTku (6) COBIANAIOT.

HOMY — TeMIepaTypHbe KDHBBe YAeJbHBIX TEIJO0eMKOCTe H TeM-
mepaTyps mepexofa /Jia 9THX pemeToK pasiuuHH. PasmepHOCTH
pemeTk® urpaeT QYHAAMEHTAJILHYIO POJNb B KOONEPATHBHEIX sBIe-
HEAAX W BooGmie HNPH PAaCCMOTPEHHE MHOTHX CBOHCTB TBEDALIX Tel.

§ 11. CnmHoBble BOHBI
Bepremca k cnmgosomy rammiasrormany (10.29) m mpeamonosxmm,

9T0 OGMEHHHIH WETerpal oTpHIaTejeH. B oTCyTCTBHE MAarHATHOTO OIS
Howm — 2 TueSee St (10.100)
i
Oycre S — mommniit comn Kaxaoro woaa. Mu Moxem xiaccuduumpo-
BaTh CIMHOBHIE COCTOAHHEA I-To HWOHA, 3aflaBasd COOCTBEHHKIe COCTOSI-
Hus omepatopa z-KommomeHnTs cmmBa Si. Tax, paa cocrosmua
¢ OpoeKnmell cmmHA Ha 0Ch 2, paBHON S', MH mMeeM
Si|SN=28"|8% (10.,101)
(8 aToM maparpade ME moxoRmIE A = 1).
B ofmeii TeopEY (eppOMATHETHEMA IPE/IIONATACTCH, ITO B OCHOB-
HOM COCTOSIEEN TaMHEJIBTOHHAHA S BCe CIMHL MAaKCHMAJBHO YIO-

pAIOCYEeHH B HANPaBJIEHWH OCH Z. HOHYCTHM Tenepp, 4TO COﬁCTBGHHyIO
(i)yHK]IHIO, ONUCHBAIOIMIYIO 3TO COCTOAHTE, MOKHO 3anmMcaTb B BHUE

100 = 1 89318051805 oo 18]S, (10.,102)
rmre B HKayKJAOM H3 Y3J0B pemeTxﬂ Sz nopunuMaeT MaKCHIMaNnbHOE

smadeHne, pasHoe S.
Jerxo mposeputs, wro Bupaxenue (10.102) meficTsuTeabHO ecTh

cobcreerHas (yHKnma rammaproHmana of. Ilas oroit memm Bnenem
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[BA HOBHIX OIepaTOpa JJifA COMEA B KakoM-im6o ysie (BpeMeHHO
onmycTHM HEAeKC y3na I):

S*=8*+iS¥, S =S§*—iS'. (10.103)

dro onepamopw crnuhoesx omraokenuti. IlocMOTpHEM, Kak nefCTBYer
omeparop S* Ha Kakyo-iu60 M3 coGCTBeHHMX QYHKIWE omepaTopa
S*. Jlerko BuueTh, uTo B PesyibTare HoJydaeTca Apyras co0cTBeHHAA
pysrmua S°. Tax, mecnoasdys obosnagvernmsa (10.101) m npurnmas
BO BHAMAHWE WBBECTHHE INPaBHJIa NIEPECTAHOBKE JJA CIMHOBHIX
OIepPaTopPoB, MBI LmOJydaeM :

S*{8*| 8"} =8 (8" +i8") |8 =
={(8*S7+iSY) +i (S¥S*—iS")}|8)=8§*S*|S)+ 8" |8) =
=SHS + )] =(S"+1){S*]|S"}.  (10.104)

Takum o6pasom, S* |S’) cobuagaer ¢ cobcTBenHoll (yHKnmer
omeparopa S°, mpuHajuexamell COGCTBOHHOMY BHATEHHIO S 41,
1. €., npyrumE ciaosamu, ¢ Gymkmmeir | S’ - 1). Omeparop S* yBe-
JUUNMBAET HA e[MEMIY BEJWUMHY IPOEKIUE CIEHA Ha OCh z. AHaIO-
ragHO omeparop S~ ymeHbmaer S’ Ha OfHH KBaHT.

[lpuauMas BO BHUMAaHWE ONpefelleHHA (10.103), merko mepenm-
caTh TaMEJLTOHHAH B BHJIE

50— — 3\ Ju {SiSi+ (S1Si+S7Si) } . (10.105)
w

Korna rammibronman & peiicrsyer ma ¢ynkmuio (10.102), srnap
AT TOABKO Z-KOMIOHEHTH:

|0y = —;JurSz]O). (10.106)

Jeficteys BHa ¢ymrnuo | S);, omeparop S{ nmaer wvab, nbo cob-
CTBeHHEE 3HaueHus omepaTopa Si He MOIYT IpeBBILATH MAaKCHMAJb-
Horo smauenms S. Taxum o6pasom, ¢ysxmma |0), onmcrBalomas
yHODPAKOYEHHOe COCTOSHNE, ecTb COGCTBEHHAA (YHKIHA IOJHOTO
TaMEIBTOHHAHA.

Paccmorpum Temeph BO3OYMUEHNS CHCTEMB. EcrecTBeHHO IpeAno-
JOXHTH, 9TO OHE COOTBETCTBYIOT COCTOSHUAM, B KOTOPHX OfIHA N3 KOM-
OOHEHT CUWHA H3MEHAJIA CBOe 3HaUeHWe (CIHH (OTKIOHUICH», Kak
noxasamo Ha ¢ur. 195, ¢). CoorsercrBylomas BOJHOBAA ¢VHRDUA,
OIHAKO, He ecTh cobcTrenHaa GYHRIUA raMaJbTOHEANA &#: B pesyib-
taTe meficTBus omepatopa SiS7 BOBHUKAET ApPyroe COCTOAHUE, H30-
fpaskensoe Ha gur. 195, 6, Ie COEHOBOE OTKJIOHEHH® IIePEMECTHIOCH
Ha cocegEmMit ysen. Hiaccupmranus COCTOSHUI, WNCIOIb30BAHHAA
B Mopmenu Maumura (mampmmep, ¢ur. 185), 3fech OKaBBIBAGTCH HENpPH-
TORHOM; OTKIOHEHWA CHUHOB LEPEMeIaloTcsA O PEIieTKe.
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JTror OOMEHHHIH >PJeKT BechbMa HANOMHMHAET NPOIECC Hepemadd
9JIGKTPOHOB OT OJHOTO aToMa K JPYroMy B MOJEJH CHABHON CBA3H

r

NSRRIy e

+ -
®ur. 195. Oneparop $8iSr mepememaer CHUHOBOE OTKJIOHEHUE.

o GaoxoBekmX Gymumuit (§ 4 ra. 3) W, KaK MBl YBUAWM, OIHCHI-
BaeTcH AHAJOrHYHKIMEA cooTHolreHuamMu. MareMarugeckn 3ajaua Qop-
MYJHPYETCA CHeAYIMuM 06pasoM.

[Ipennonomum, uro S — jopodbHO GoXbIIOe YHCIO (Hampumep,
5/,). B pesynbrate meficrema omepatopa S~ «IOPOKIAETCS COUHOBOE

OTKJOHeHWe». BMecTo TOro 4Yrofs MCIOIB30BATH KIACCHOURAIHIIO
(10.101), zamumiem

n=3S8-—35, (10.107)

A mycrh GYHKHOUA | n) ONACHBAET COCTOSHHWE, B KOTOPOM HMEeTCs
7 KBaHTOB cmmHOBHIX oTkioHeHmil. [loka n < 28, omeparopm S~
1 S* MOTYT CBOGOMHO MOPOSKAATE W YHUUTO/KATEH 9TH KBAHTHL. |aKUM
obpasoM, oHE 06.1alal0T HEKOTOPHIMH CBOHCTBAMH OMEPATOPOB DPOsii-
NeRNA ¥ YHOUTOKCHUs, BBOJUMEIX B OOBIYHOM TEOPHM IIPOCTOTO rap-
MoHmYecKoro ocmmmasropa (cp. § 11 ra. 2).

Yro6H (PopmaibHO [LOKA3aTh HTO, BRUHCJINM KOMMYTaTOp

[S*, ST 1=i[SY, S*]—i[S% S¥|=—2i(iS°)=28". (10.108)
TaxmM oGpasom, ecid TOJOKHUTH
s+ ., S

(282)1/2 y a :W, (10.109)

TO OIEPaTOpPH a W a* yHOBJETBOPAIT CTAHNAPTHOMY IPaBHAY Ilepe-
CTAHOBKN

la, a*] = 1 (10.110)

I SPMETOBO COUPSM;KEHE APYr APYLY.

Ounpepenenue (10.109) ocraBuser HeonpeneleHHEIM TOPAROK Clie-
mopaHHA omepaTopos ST m [SZ] Y% 3710 MosmeT oKazaThCA CyDIe-
CTBEHHLIM, TOCKOJABLKY JaHHBIE omepaTophl He KommyTHpyloT. Ho ecan
ymeao S MOCTaTOYHO BEJAHKO, ommOKoi#i Mo;KHO mnpeHeGpedb W 3aMe-
HHTH omepaTop 287 unmcaom 28, MOCKOABKY MBI OyjeM paccMaTpuBaTh
TOABLKO COCTOSHAA, ONWIHEE K IOJHOCTLIO YHOPAKOUSHBEIM. B sTOM
IPAGIMAKCHTE COCTOAHUA ¢ 3aJAHHBIM 9UCIOM COUHOBHIX OTKIOHEHIHA



§ 11. Crumnogbie 80akbL 407

OIIICHBAIOTCA COBCTBEHHHIME (QYHKLmAME | n) omepatopa a*a, u M
MoskeM HAIHCATb

a|my=n"2|n—1), a*|ny=(n+ 1) n+1. (10.111)
s oIpeJieJIeHNs1 1 BbhITEKaer TaK;ke PpaBeHcTBO
S§*=8—a*a. (10.112)

Hopcrasunm Teneps coorromenus (10.109) n (10.112) B ramuabTO-
pnan (10.105). Ecin o16pocurh uien MOPAJKa afaiaday., To npudIN-
JKEeHHO TaMWJIBTOHMAH NPUHUMAeT BHJ

Ho~— D Ju { (S —ata) (S—afar)+ —;— 28 (afar + ala?r)} ~

w

~— D Ju {2+ S (mak + afar — afay—afar)}. (10.113)

{24

IepBHii 4ieH 31ech ONMCHIBAET SHEPTHI OCHOBHOTO COCTOSHIUA
(10.106), ocTambHbIe WIEHH UPEICTABIAIT OO0 OmEPATOPH, ABHO
OUNCHBAIOIIAE IIepefady CHOUHOBHIX OTKJIOHEHHH OT OJHOTO y3J]a
K [PYTOMYy. OTO CHJIBHO HALIOMHIHAET CUTYal[Hi0 B IiHaMIKe DPelleTKH,
TJe CMelleHAe PEeINeTKH TepefaeTcs OT OJHOIO yaja K APYroMy Toj
neficTBHeM YOPYTLHX CHI WAH, KAaK Y:Ke OTMEYajoCh, aHAJIOTHYHO
IPUGIIKEHN0 CUIBHON CBA3H A 9IeKTPOHHHX BoJiH. CobCTBEeHHLIE
QVHKIUA TaMUIBTOHMAHA MOKHO HARTH € MOMOMIBIO TOTO jke TpHema,
yro u B § 1 raI. 2; HOCTaBMM ClieyIONIAe BhIPAKEHNUA /A 0MepaToposB
VHBUTOAEHUA W POKICHHA B Ka/KRAOM y3Je:

-1 . . -1 .
a=N""Y ageiat, af=N"2D ake 0, (10.114)
q q
9tu BHpaskeHHA JKBHBajdeHTHH dopmyne (2.8); BOIHOBbIE BERTODH
q YJOBIETBOPAIT TeM ;K€ YCIOBHAM, UT0 U B AHHAMWKE DOHICTKH,
a HOBHE OIEPATOPBl (g U a§ YROBJETBOPAKT IMPAaBWIAM IepecTa-
nopru (10.110).
Ioncrapass pwipaenus (10.114) B rammasrommanm (10.113)
U MCOOAb3YA TOT QaKT, 4TO Jy/ BaBHCHT TONBKO oT h =1 — 7 [rar
B caydae (2.6)], maxommm

5 = Ho+ {2 257 (h) (1 —e~M}afay,  (10.115)
q h

rjle omepaTop &%, He 3aBUCHUT OT dq, 4. BugHo, ur0 J¢ — 54, ecth
PaMUJIBTOHUAH CHCTEMBl IIPOCTHIX T[apPMOHUYECKHX OCIHIJIATOPOB,
HpuueM KajKAOMy BOJHOBOMY BEKTOPY ( COOTBETCTBYeT ONWH OCHILI-
JIATOp, W dHePreTHIecKHe YPOBHH Ka/KIOLO OCIIIIIATOPA CYTh

Eq=nq 2 287 (h) (1 —e-iah), (10.116)
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JdpyramMm ciaoBamm, oIepaTopH g, ag UPEICTaBIAT cobofi omepa-
TOPBl VHUUTOKEHUS W DPOKICHUSA VISl CRUHOSHBLE 604H, WPEICTABRIIN-
mux coboli ajgeMeHTapHEIe BO3GYKIeHHA cHcTeMbl. EpmHuueil kBam-
TOBAHWA BHEPIMEH (-H MOAH CIMHOBOE BOJHAR CIV/KAT BEIUYUHA

tiog = D) 28J (h) (1 —e~ia-h), (10.117)

ITo amamormu ¢ oroamm, GoHOHAME W LJIa3MOHAMM TAKOE 2JIEMEH-
TapHOE BO30YH(IeHWe WHOTJA HA3HBAIT MAZHOHOM.

g upocToit pelmeTKU ¢ B3AWMOACHCTBHEM TONBKO Oomixalmimx
cocenell IPpW MAJEX 3HAYEHHAX BOJHOBOTO BEKTOPa CYMMY B dopmy.ie
(10.117) nerxo BHUHCAATSH:

hog ~ 287 g%a?, (10.118)

rjie ¢ — IOCTOSIHHAA PEIIEeTKH. JHePTUs MATHOHA OKAa3HBAETCA, TAKAM
00pa3oM, HPONOPHEOHAIHEONR KBAJPATY €ro BOAHOBOTO BEKTOPa, KaK
1 9HeprHA diaeKTpoHa. llosromMy MokHO ompenenmnth «3PPeKTHBHYIO
Maccy» m*, Tarywo, 9TO

n2g?
2m*
HJas tnomaHoro dQeppomarneTmra ¢ remmeparypoit Kwopm mopamka
HecKoJbKAX coTeH rpagycos Heassuna [cornacuo (10.34), Temnepatypa
Kiopu onpepeisier Benmumny J] spdextusnas macca m* npnvepro
B 10 pas mpeerimaer Maccy ¢BOGOJHOTO 2JEKTPOHA.

W3 dopmu cmekTpa Bo3OYKOEHWHA BHITEKAaeT PAX IPOCTHIX CEJ-
crpmii. Hampmmep, DOCKOJIBKY MAarHOHE HONIMHAITCH CTATHCTHKG
bose — JitamrTeiina, A BHYHCIEHWA CPEIHEr0 YHCIa 3aMONHEHHA
KaKA0H MORH MOKHO WCHOJB30BaTh (opmyay (2.46):

- 1
e —1
Cuurasa cupasegamBeiM cootHomenme (10.118) w soamensia wonwoe
9icJ0 MarHOHOB BO BCeX MOJAaX, BO3GYKIEHHBIX IIPH TeMmepaType
T, vMBl wodywaem

fiog ~ . (10.119)

oa

St 4mgq? dg N [ kT \3h ¢ gl2 g ,
T S exp (25T a2q?/kT) —1  4n? (5:57) S prprt (10.121)
0

Ho wasxnprii MaTHOH COOTBETCTBYET BO3GYHAGHHI0 OFHOTO COMHOBOTO
OTKJIOHEHWsd, OH YMEHBINaeT UONHEN cuumH cucteMsl NS Ha emmumiy
[aTo Moxmo mposeputh ¢ momompio gopmyx (10.112) um (10.!14)].
Taxwm obpasom, Bo36Y:KHeHWe % KBAHTOB yMEHBINAeT HOJHBHI CIHH
HA k, W HAMATHNYEHHOCTh IPW BO3PACTAHUH TEeMOEPATYPHL HOJAHA
yOeIBaThH, corsmacHo Qopmyle

M(T)=M (0) {1—7 (z’g,_TJ)a’z}, (10.122)
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rae M (0) — mamMaremyennocts Hachimennst upu I = 0, a y — wmcao,
KOTODOE MOKHO HAWTH, BRIYWCIAUB ONUPEJSJeHHBIH WHTErpal B BhIpa-
weaun  (10.121).

Lanee, n3 popmynsr (10.118) caenyer, 4To MaTHOHBI JOJGKIH 3BaTh
BRJIAJ B YREIBHYI TemmmoeMkocTh. Ouepupno, dT0 jobaBienue
MHO;RUTEIsA Aiwg B DOAHHETErpaibiuoe BHpasenne B gopmyme (10.121)
[cp. (2.49)] nmpusener ® moABIERMIO HOMOJHWTENbHON cTeneHn T mpu

BHUMCICHNH CpefHell sHepru:m §. llpm muddepenunposanun (s
BHUHCIEHUS TEIIOOMKOCTH) BTa MONOJHHWTeTbHAA CTeneHb [ CHH-
Maercs, ¥, TAKUM 06pasoM, yaelbHasA TeIIOeMKOCTE IPOIOPIAOHANBHA
T3,

CnuHoBHE BOJHE B (EepPOMArHUTHHX Cpelax ob6aaganT pAmoM
IPYrEx waTepecHHx csoiicts. OHU MoryT, HanpEMep, B3aEMouelicTBo-
BaTh ¢ (OHOHAMHE ¥ MPHBOTATH K HEYIPYIOMY PaCCeSHWI HEATPOHOB,
uogobHo yupyrum BonHaMm B pemerke. O6mue paccy:xgenns § 8 ra, 2
OpPAMEHUME K HTOMY CJIYyYam ¥ HAIOT 3aKOHB COXDAHEHHA BHEPIrHu
H KBa3HUMIYJkCA.

C obmereopeTndeckoil TOYKH B3pPeHHA CONEPIKAHHE HACTOAIIErO
maparpada CBOFUTCH K HAOKasaTenbCTBY Teopembl biaoxa (§ 4 ru. 1)
ot coGcTBeHEMX (yHENmWE comAoBoro rammabrommana (10.100).
Ilocnegamit WHBapHAHTEH OTHOCHTENBHO TPAHCAANHI pEINEeTRKH, Tak
9TO COCTOAHASA CHCTEMH MOMKHO KJaCCHQUIHUPOBATH € IOMOIUBIO
BOJIHOBOTO BEKTOPAa, a CIEKTP AOKeH 00JafaTh CBOWCTBAMM, yCTa-
HoBJieHHKIMA B § 5 rui. 2. TeM He MeHee HPH CREJEHHN TaMAJTHTOHAAHA
& Bray (10.113) morpeboBaniock BHOPOCHTD MEOIO TIEHOB (BOSHAKIIHX
IJIaBHEIM 06pa3oM IPH OIPEfeNeHHHN OmepaTopoB ¢ W a* uepes com-
HOBBIe omepaTtopsl S* u §~). JTH wieHH UPHBOMAT K B3ANMOAEHCTBUIO
CIIMHOBHIX BOJH, BEI3HBAasi [OABJICHAE CJIEIYIOU[AX WIEHOB pPA3Ji0-
sxeuma Hamarg@genHoct® (10.122) mo cremenam T'. Jlemo B Tom, dTO
YHCI0 CIWHOBHIX OTKJIOHEHEH, KOTOPEIE MOTYT OHITH CO3YAHH B OFHOM
yame, He wnpesiiinaer 285. TIpw BHICOKO#l KOHmEHTPAOUA MAarsOHOB
HOABIAETCA TEHHEH{AA IIPEBHCATE 9TOT TMpefes B HapYIIaloTCA Ipef-
TIOJIOKEHUSA O HE3aBUCHAMOCTE ¥ BO3MO;KHOCTH cymnepmosmrimm, Dax-
THYECKH YIOPAXOYEHHOe COCTOAHWE HPH HTOM PA3PYINAeTCs, W MHE
HpOXOAHM vepes TourRy Hiopu; Besa cxemMa nmpuGAM/KEHHOTO PACCMOTpe-
HHSA CTAHOBUTCA TOTJla HEOPAMEHAMOM.

Iipu BrIBome cmexrpa ¢eppPOMArHOHOB MBI HCXOIWJIA W3 MOJEIH
TefizenGepra (cM. § 4 Hacroamie# raapw). JKBEBAJICHTHHE B (U3H-
9eCKOM OTHOUIEHWH CJIEJCTBHMA LIONYIAITCH, ONHAKO, W UPH WMCIOOJNb-
30BAHFH KapTHHH OIY/KOANMIX JIEKTPOHOB (cM. § 5 macrosamei
TIABH), HECMOTPH HA TO, 4TO CIIMHB WX HE JOKAJIW30BAHE B V314X
pemerku. JleHCTBUTENBAO, OYCTh HALO IOAYYATH COCTOAHUE C HeTep-
MUHAHTHOI BonmoBo# ¢ymkumeit ¥ (k, ¢), B KoTopoMm ojuHE 3JIeKTpOH
u3 coctoanns |k, + ) mepesemen B pgpyroe cocrosmme [k + q, —)
¢ HmepeBepHYTHM cnuEOM. Hasanoch OH, AA 9TOTO HY)KHA SHEPIAA
nopaxka obmenHonn sueprmm /. Opuaxo (aKTHYECKH 3MEKTPOHHHIHA
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ra3 mpejxcraBifeT co0ofl cmeTeMy MHOTHX YacTHI], B KOTODPOU HapAmy
¢ OJHOYACTHIHHIMHE BO3OVRICHUAME HMEIOTCA U KOJLJIEeKTHBHbIE KoJje-
6anmg (cp. § 7 ra. 5). Ilnsa onmcammsa cOHHOBOW BOJHEL COCTABHM
JMHEHHYI0 KOMOMHANMIO YKA3aHHHX BHINE HeTePMUHAHTHHX (QYHKRIAN

Y,=NAY K, q) (10.123)
k

n BoiGepeM Koapdumimentst Ay Tak, yrodbn Wy npubamenHo Gbima
coberpennoll GyHKIMOH MOJIHOTO TaMAJIBTOHHAHA cuCTeMbl. Peaynprar
no Bupy touno cosmamaer ¢ (10.148); pmeprusa ofpamaercs B HYIb
upn g — 0. Coraacuo meopeme [oadcmoyna 0 BIMAHUA HapYIIeHUA
CHUMMETPHUH, 3T0 ¢ HeoOXOJHMOCTHI CJefyeT U3 WHBAPHAHTHOCTH
ramuapronana leiizenbepra (10.29) orHOCHTENIRHO HOBOPOTOB Ha-
NpaBIeHAs MarHUTHOIO ToJsA 1).

MaxpocKonuyecKH 9TO OYEBHAHO: B COHHOBON BOJNHE GOIBIION
JUIMHBI TPOMCXOIAT JOKaJbHAsd GepPPOMArHATHAS HOJNSAPUIAIUA CPehl
6e3 pe3sKUX HepPeBOPOTOB HANPABJIEHUA CHMHOB B COCENHUX Y3IaX.
Taxum o6pasomM, MarHOH NOpPEACTaBIseT c000f ROJNIEKTHBHOE BO3-
Oy/EleHne ¢ CHILHON NPOCTPAHCTBEHHON KOppeNsiueill IeKTPOHHBIX
crnreO0B. [lo 9TOl MpuYmHe pe3yIbTaTh 06IIell Teopun B3aEMoLeHcTBYA
MATrHOHOB ¢ HEATPOHAME HE 3aBHCHT OT TOTO, CUHMTATH JM 3IEKTPOHLI
JORAJNN3OBAHHHME HIH OAYKIAOIEMA, HOCKOIBKY JuPPAKIUOHHEE
SABJCHUS ONPENeNIANTCS TOILKO ABYXYACTWIHRIMM I POCTPAHCTBEH-
HBIMH U BpeMmeHHEHMM Koppeasmusmu (§ 8 ra. 2). PaprbiM o6pason
U CHUHOBHIE KOPPEIAINH, COMeP/KAIINeca B TEOPHHU aHTHeppOMarie-
TH3MA, OCHOBAHHON Ha IIPEJCTABICHNA O BOJHAX COWHOBOH ITOTHOCTHU
(cM. § 7 wmHacrosamie#d riaBH), AT  UPABIJILHEIE PE3YIbTATH HPH
WCCHeNOBAHNN MATHHUTHOIO TOPAAKA B KPHCTALIe ¢ NOMODIBIO qud-
pakuum HeiTpoHOoB (§ 6 Ta. 2).

§ 12. OcHoBHOE cocTOsHUE aHTHQEPPOMArHETHKA

Ha nepssift Barasij qerxo npuMennts Meron § 11 HacToAmel raass
¥ X reiizenGeproBckomy antudeppomarsetuky. [lycre mmeercsa ymo-
pAnoueHHas pemreTka cnmHoB Maumra; pacmoiosikenne cOWHOB B Hell
XapaxTepusyeTrcd TmepeMeHHO#l ©;, NUpHHUMAaOmeill 3HadeHme -- 1
B y3Je CO CIHHOM, HAaIlPaBJEHHBEIM «BBepX», U 3Hauenume — 1 B yaue
€O CIMHOM, HAalIPDARIEHHHIM «BHWS3». ['aMHIBTOHMAH MOKHO 3aIllCaTh
mouTH B TOM ke Buae, uro u (10.105):

= — Ju { SiSi + 5 (SiS7 +§7Si) | —

w

—p D (0l 4Si+H-Sy). (10.124)
1

1) Cum. rawme [34].— Tpunm. ped.
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Hapany ¢ BEemuum marmuramim momem H MBI BRIIOUMIN B 310
BhIpasKeHNe «Ioxe aHmsoTponumy H 4, KOTOpPoe Beerja napaiienbHo
MOKAJBHON OPHEHTANNN YHIOPAJOYCHHBIX CIHHOB ((ur. 196). Taxk,
noxe H, HampaBIeHo «BBepX» B y3ie
CO CIHMHOM «BBEDPX» H «BHU3» B y3Je CO : Y
CIMIOM «BHH3». OITO MoJe oupejeldeT @
JHUIOb HaUpaBleHNe OCH KBAaHTOBAHUSA 2
(He o6sBaTesrbHO coBmAmAlONIee ¢ Ha- : ¥
LIpaBjieHNeM OPHI0;KEeHHOTO TOJdA), & B
OCTaJIbHOM OHO IPOMBBOJBHO; BCKOpE
6yner BHHO, 3a4eM OHO HY;KHO.

OnpepennM Teneph ITOKaJbHBIE OIle-
PATOPHl YHUYTO:REHAS W POMCHUA depes
OTKJIOHCHHA OT YHOPAXOYEHHOTO «CO-
croauusa Ilsunra». B yamax, rae o, =
= 4 1, omnpepeieHwe coBUAamaeT ¢ OI-
pepexaennem (10.109), a B ysmax co cmm- .
HOM «BHH3» MBI MEHAEM POJAMU OTePa- Qpr. 196. OcH KBAHTOBA-
TOPH S;* M §;7, MOCKONBLKY OTCYET BE- HmA B aETHGEDPPOMATHETHOH
Iercsa OT COCTOAHUA [-TO WOHA, OMNUCH- cucreme.
BaeMoro ¢yakinein | — S ). Tarkum 06-
pPasoM, B KaKIOM y3Je, U CO CIHHOM (BBEPX», W CO CINHOM
«BHH3», PABEHCTBA

Sl~(— ) (@t ai),

St~ —ior (5 8)" (@ —ap), (10.125)

Si =~ 0, (S — afar)

onpeneasanT OOepaTopsl a; U 4, KOTOpHE YHHYTORAIT U IMOPOKRAAIOT
CIMHOBHE OTKIoHeHHA. (VIHOrma ompefendioT pasmuyHbie ONEPaTOPHI
Ha JIBYX pPasHLIX IOAPEINeTKaX, HO, IOCKOJbRY Opu I % 1’ omeparops
a; U aj' KOMMYTHDPYIOT, 3TO Pa3iHYde CBOMATCA K Pa3nnuuio B 0603Ha-
YeHNAX. )

Herpymao noapcrasurs supamenus (10.125) B ramuwabTonman
(10.124). Ileppuit wmen ects «dHeprma lsmura»

o= — 2 Juw0,60.82—NPSH 4, (10.126)

w

U eTO MO/KHO OmycTHTh. OCTaBIIMECA TWIEHH, B KOTOPBHIX OCTABJIEHH

% -
IpOW3BEREHUA O BTOPOro MOPAMKA [0 OomepaTopaM ai, a;, CIOMKHHI,
OBHAKO MX JerK0 BHIIUCATL ABHO.
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Beenem Temeph HOBEIE OHNEpPATOPH YHHYTOKEHHA I DOKACHHA, by
a b}, ¢ momompi wnpeoGpasosanma Dypree tuma (10.114). Mvenno,
HOJIOMHEM

a =N % beeit !, ot =N""* %j bre=ial,  (10.127)

Ocrasmyioca mociae Bepeaennsa «aueprmm Hammra» (10.126) wacTe
FaMEJIBTOHMAHA MOJKHO BaNHCAaTh B BHJE

H# =% 2 {Aq (bibq +bZqb-q) + B (bgb—q 4 bgb2q)} + H- M, (10.128)
q

rae KodpOUIMAEHTH [AOTCA BHPAHKEHHAAMH, aHaloruyaeMm (2.12)
wna (10.116):

Ag=BHa+ 3)287 (b) {on—5 (1+0n) cosqeh },
b (10.129)
Bg= —ESJ (h) (1 —on) cos q-h.

3mecs 9UCI0 Oy ONpefelseT 3HAK ysia h mo OTHOWEHH K MEHTPalb-
HOMY y3a1y. Momuo yuectTs u cay4am, Korga J (h) ommceBaer He IpocTo
B3amMOJeficTBHe MEXAY OiamxaimaMu cocenaMh, a (Gojee paNexroe
B3aEMONEACTBHE, KOTOPOe HA HEKOTODHX PACCTOAHHAX MOJKET IaKe
6HTh (EePPOMATHATHHIM, HAJO JHMb 9TOGH 9IHCIA 07y NPABHIBHO
ONECLIBAJIE OCHOBHOE COCTOfHWE B Mopenu MsumHra.

Bremmee MarmmTEOe HoJe BxommT B Qopmyray (10.128), Gymyum
YMHOKEHO Ha caoskubii omepatop M. Mu1 He 6ynem mHTaThca ompe-
AedHTh ero B ofmem Buge. B psme IPOCTHX cIydJaeB MOKHO IIOKa-
3aTh, YTO OH COOTBETCTBYOT MOMEHTY, IPDOEKIIEA KOTOPOro Ha 0Ch
z Kak OB MeHSeT 3HAK B y3dax JBYX HOJpPEIIETOK. JTO pesyabTaT
HAINero HpPOMSBOJBHOTO OUpPefeNeHus JOKAJIBHHEX OCell KBAHTOBAaHHA
B popmynax (10.125); M He OGyaem Gosiee OCTaHABAUBATHCA HA 3TOM
wieHe.

I pyrag oco0eHHOCTs HANIETO «U€PEAYIOINErocsa» COCTOAHHA COCTO-
T B ToM, 910 B Qopmyre (10.128) mpucyTcTBYOT WIEHH, CBA3EIBAIO-
mue omepaTopl bq # b_q. OHE BO3HAKAKT NPU MOACTAHOBKE BHIpa-
wwennit (10.125) B (10.124) u3 upomsBefeHHH THHA dyd;/, KOTOPRIX HET
B caygae dgeppomarmeruxa [cm. (10.113)]. Hpmeyrernue «porar com-
HOB M3unra MeHAeT TPAHCIANWOHAYIO CHMMETPHIO CHCTEMBI, TaK
4TO raMHJBTOHMAH He AHATOHANUBYETCs aBTOMAaTHUeCKy NpH mpeobpa-
goparmum Dypre (10.127). Ho-puammomy, cremopano 0b BKIIOYHATH
IBa CIFHA B 3JIEMEHTAapHY0 AdYelfiKy W BHUOJHATH NMpeobpasoBaHme
Dypre HECKOIBPKO HHAYE.
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(DaxTATeCKH, OMHAKO, 331aua He Gojee CIOKHA, TeM aHAJOTHIHASN
3aa¥a 0 NUHATOHANHM3AIUE MAaTpUmbl BaamMmopeiicTBus (2.13), BosHE-
KaloMas IpE H3yIeHAW NWHAMUKE pemeTku. BBemem HoBHe mepemeH-
Hb® Cq, Cg C TOMOMBI0 KAHOHMYECKOTO npeobpasoBaHAA

bq=mcqchOg -+ ctqshB, bj=chchOg+c_qshby,
boq=c}shBq+c_qchBqgy bXq=cqshbq+cZqchby,
COXPAHAIMEr0 MPABUIA NEePecTaHOBKH
[cqs c¥]=ch?0q—sh20 =1, (10.131)

Hapamerp 0y XapaxkTeprayeT BpamleHHe Ha MEWMBLA yrol B IPOCTPaH-
CTBe STHX deTHIpeX omepaTopoB. He NNIIHe OTMETHTh, UTO OIEPATOP
% q CONPSIKEH C Cq; HAJI0 M3MEHATh HATIPABJICHNE ABWKEHHUA Ha o6par-
HO®, eCJIM MH XOTIM PaccMaTPUBATh COCTOAHHA®, GH3AUECKH COOPAKEH-
HOe JaHHOH BoJHe.

Ecxm nopcrasmrs seipaskenns (10.130) B npasywo wacrs (10.128),
TO TOJYINTCH COBOKYHHOCTH (HEJUATOHAIBHHX)» UYJIEHOB

4 31 {244 ch 0q sh 0 + By (ch? 0g 4 sh? 0q)} (cqemq +cieta)e  (10.132)
q

Ina Ka/K70TO BEKTODPA  MOKHO A06WTBCA, 4YTOOH 3TH dIEHH
meuesnm, ecam BuGpars Oy B COOTBETCTBMM C PaBEeHCTBOM

? 2ch 6,sh®
o N Sk S
Aq chZO +sh?y th 26, (10.133)

(10.130)

Torga muaroHaJ bHBIE WIEHH RAOT
Fo= 3 [(45—BY" (chea+5) —4a)-  (10.139)
q

MH BOCIIONIB30BANACH 37ieCh IPaBMJIAMH IEPECTAHOBKH s TOTO, 9TOGH
PAacCIIOI0/KHTh ONEPaTOPH B yKasauuoM mopsare. Cymmuposarme mpo-
BOIMTCA TemePh IO BCEM 3HAYEHAAM (¢, KAK HOJOKHTENBHHIM, TaK
W OTPHUIATETHHBIM.

DToT pesyabTaT odeHb Hamomumuaer dopmyny (10.115). Cobersen-
upie GyHKRIUE | ng) omepaTopa cgcq COOTBETCTBYWT, CKaj)eM, BO3-
Gy/mIeHIN0 1y KBAHTOB MAMHOM MOAH. JHEPTHA aHMUPeppoMAeHOKA
B OPOCTHX CAyYasgX PaBHA

hog = (A% — B2 = {(BH 4 — 225J)2 — (2pSJ (cos ga))2}"2, (10.135)

I7le BelmumHEa {COS ga ) eCTh 3HAYCHHE COS ga, YCpegHeHHoe mo p 6iam-
KadIIuM CcoceqsAM, PACUONOEHHHIM HA PACCTOAHEM 4 OT Hadaja
KOOPAWHAT ¥ B3aWMOIEHCTBYIONINAM, II0 HPEJI0TI0OKeRHI0, Yepe3 o0MeH-
guit materpax J. Ecnm moxomxuaTs

hoas = pH,, Aoy = — 2pSJT (10.136)
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(Bcmomumas, 4ro s anTHGeppoMarHeTHRa o6GMeHubit mHTerpan J
OTPUIATENIeH), TO CHEKTDP COMHOBHIX BOJH OyfeT WMETb BHJ

0q = {(04 -+ ;)2 — (@ (cos ga))?}2. (10.137)

ITOT DeBYILTAT KA:KETCS JIOBOJIBHO IIPOCTHIM. ITycrs, manpumep,
wa £ o5. Torga
1

0q &~ ;{1 —(cos gay}'’? ~ ——=0;qa. (10.138)
V3
Hacrora B oToM cayvae JHHEAHO 3aBHCHT OT BOTHOBOLO BEKTOPA —
TOYHO TAK jKé KaK M [JIA CIEKTPa KosaeGanmi pemersu (2.21). Bruag
MAarHOHOB B YACIBHYIO TEIIOGMKOCTh [O/KEH GBITH MPOHOPIIHOHATEH
73 [{cp. (2.57)].

HonsiTaemMes Temeph BOCHPOUBBECTH pacCy/kIeHHA, HpHBETIIHe
Hac K Qopmyne (10.122), m mofcunTaTh HAMATHUUEHHOCTh KakIol W3
HOJpeleToR Kak QyuKouio Temmeparypsi. CpefHee CMHOBOE OTKIO-
HeHHNe, 0YEeBUINO, PABHO

1 1 - : .
(afar) = D) (bEba) =57 X (ch?Bychicq +-sh? Ogcqcl) =
q q

A (b)) o
q

[Mb menoab3oBany 31ech npeobpasosanna (10.127) u (10.130)]. B atom
BBHIPA/KEHNUA Ng €CTh YACTO BO3OY/KIEHHEX MarHOHOB -Hf MOJBI; TeM-
TmepaTypHasA B3aBHCUMOCTH €ro onpepgensercs ¢yuxnmeir Boze —
ditnmretina (10.120).

Odnaro daxce npu abCoAOMHOM HYAe CPeOHee CRUNH080e OMKACHEHUE
He obpawaemcs 6 wyav. llomaras ng = 0 B gopmyme (10.139), mu
mosygaeM

1 AN Aq ) 1 Q 1 1}
i == 2 |7 — Xy ) — .
(aianr=0 =35 2, ( hog 1 2N % {(1_<COS qu2)' 2
q

(10.140)

Hocaexnee TpuGImReHHOe PABEHCTBO CIPABEINBO B IIPOCTOM CIVUAe
(10.138). Cymmy B dopmyrae (10.140) mommo Beumeanrs. OHa Bejer
cefbst momo6HO MHTETPALy

S %dq, (10.141)

KOTODBIl CXOUTCA JHIIb TOTAA, KOIJA ( HPHUHAJIE;LUT BYMEPHOMY
WU TpeXMePHOMY MHO;kecTBY. Takum oGpasom, Ml BHOBH HOJYUMIH,
4T0 B OJHOMEpHOM aHTH(eppoMarHeTHKe HeT yCTONTHBOTO YIOPALO-
9eHHOTO cocToSHUA gaxe npm I = 0. Dror pesyanTaT BHXOAUT
3a pamkm yreepspenus (10.96), cormacmo koTopomy ojnmomepHasm
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Moziedh MsmHra HeycToumBa OTHOCHTENBHO TETUIOBHIX (GIYKTyaIHit;
B ciaydae aHTHdeppoMarHeTHxa yye QAYKTyanum, CBA3aHHEE ¢ 06Me-
HOM CIHHOB, pa3pymanT YOOPAA0YE€HHOe OCHOBHOE COCTONHIE CHCTEMEL.

Hame B ciydae nBYX ¥ TpeX H3MEPEHNIl MOMEHT KakaoH W3 mojpe-
HIeTOK He N0CTATaeT NpefmosJaraeMoro Marcmmyma. lledicTBurensno,
«gepenyIomeeca COCTOAHNEY, onperensieMoe sHaveHusamMu oy B (10.125),
Ha €aMOM Jiejie He COOTBETCTBYeT COGCTBeHHOW (YHKIMH raMIJIbTO-
Hpawa. B 5ToM MO3:HO yHOCTOBEPUTHCA METOIOM, HCTIOJNB30BAHHEIM OIPH
enrone gopmyannt (10.106); xak tam ormewanocw, winen S;S7 npuso-
AT K Tepejave CNUHOBOTO OTKJIOHEHWS OT OJHOTO y3la K APYromy.

R ACEE

®pr. 197. B anTndeppoMarEMTHOM YIOPANOYEHHOM COCTOAHUN (a) peiicTBue

+ e
ofimenHoro omepatopa Si S’ OPEBOANT K TODOMKNEHMIO ABYX CHMHOBHX OTKIIO-
HeHmiz (6).

B cayuae anTudeppoMarmernxa OH CO372eT OTHOBPEMEHHO CITHHOBHE
OTRKJIOHEHHA B JBYX COCEQHHX Y3JaX, TaK YTO OCHOBHOE COCTOSHUE
AOJRHO COMlePsRaTh IMPHMECh BCeX COCTOAHMI, KOTODHE MOMKHO II0JTy-
UATH U3 TAKOH M AHAJOTMYHBIX KOHQUrypanuwit (¢ur. 197).

Tor daxT, aTo B TpexmepHO# cHCTeMe OCHOBHOE COCTOSTHNE AHTH-
deppoMarmeTnkra He ABIAETCA NONHOCTBIO YUHOPAIOUEHHHIM (IPH
S =1/, MAaTHETHBIH MOMEHT Ka:kJ[0fi TOAPEIIeTKN ToCTHTAET, BEPOATHO,
90% maKCHMATBHOTO MATHHTHOTO MOMEHTA), OTpa;KaeTCs Ha cpegHem
sHadenum omeprun. Hax smamo ms ¢opmyn (10.126), (10.129) u
(10.134), owo parno

() + &= (Mgt ) hog— Agt-&—

G

= —2NpS(S+1)J + 3] (ng +;) hog.  (10.142)
q

Hae npu I' = 0, xorma ng = 0, aTa cpegnsas SHePTHUsA HpeBHIlaeT
JANaroHalbHOe 3HAYEHHe, KOTOPOe MOJIYYMAOCH O AN «COCTOAHNS
Nsunray. Hyswueo Taksie BRIOUNTH «HYJIEBYI SHEPIUIO» MarHOHOR;
OHa YBeTHYHBaeT SHEPIUI0 OCHOBHOTO COCTOSAHUSA, KOTOPad 3akII0ueHa
I7Ie-TO MeKIY

—2NpJS(S41) uw —2NpJS2.

Ornocurensio surpasmenns (10.139) mamo samerntn emie ciaenymomee.
Coraacro dopmyame (10.138), wq = 0 mpm ¢ = 0, Tak uro BKJAJl 3TOT0
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wieHa IpPH pacyeTe CpefHET0 CHEHOBOTO OTKJIOHGHHA OGecKOHEYeH.
Habe m3bexaTh CHETYISAPHOCTH, HAf0 BBECTH M0JE aHHB30TPOLINH
H,, npn ydere KOTOpPOro 4acrora OyjeT CTPEMHATECA K KOHEYHOMY
8HaueHH npm g — O:

0q— V 20,40;. (10.143)

Jleo B TOM, 9TO B OCHOBHOM COCTOAHEH ¢ IoannM comaom ( paceMar-
puBaeMafg CHCTeMa HEYCTONYHBA OTHOCHTEILHO ONHOPONHOTO Bpamie-
HHA BCeX cumHOB, HB3oGpaskemnoro Ha ¢ur. 198, Ilome ammsorponnm
TpebyeTca MIA TOro, 9To0h CTaGMIM3EPOBATH HANPaBAeHNe KBAHTOBA-

®wur. 198. B orcyrcTBEe TONA ANH30TPONHME CIMHEH HpH aHTEdeppOMarHHTHOM
yuopanodeHnE (a) MOTyT cBOGOJHO NOBOPAYMBATLCA, HE MEHSS SHEPIEH CHCTe-
MH (6).

a

HEA. ITO HOJe MOKeT OHTH OYeHb MAJELIM — LPEJed BHPAKeHHA
(10.141) moxer ObTh KOHEUHHIM Hpu ¢ = () W B OTCyTCTBHE IOJA
aEu30TpONINK H 4,— HO B OIPHHONIE 9TO IONE MOJKHO CYmECTBOBATS,
W NOPaKTAYeCKH OHO CYHIECTBYET.

B peficreurensnoctn wacrory (10.143) mokmo mabmogaTs Kax
9acTOTy aHmudgeppomaznummuozo pesonance cmcremel, OHa BenmEa,
naxe ecnu H 4 cocTaBIsieT UMb HECKOJIBKO COTEH raycc, HO Pe3OHAHC
MORHO OCYIECTBUTH, HAKIAJBIBAA CHIbHOE BHENIHEee MAarHUTHOE ToJie.

Jlerko mpoBepuTh OpaBWIa IS BOCHPHAMYAEBOCTH B CIydae aHTH-
deppomarseTnka B ymopsgodesHoOM cocrosmmum. (Cmepx Toro, pasy-
MEETCs, HEOHOKPATHO PACCMATPHBAJIACH PAa3AndHEe d3PPEeKTH B3amMO-
pmeficTBusr MarHOHOB ¢ ¢omomamu @ T. 1. OpgHAKO0, UO-BUAWMOMY,
gambosnee WHTEPECHAsI 0COGEHHOCTH COCTOMT B TOM, YTO €CJIH HCIONB-
soBath Bupaskenme (10.139) mna pacuera monspwsann@ TOApENIETOK
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NpU KOHEYHOH TeMImepaType, TO HOIY4YaeTcs BhIpaykeHWe, KOTODPOe
BemgeT cebsa Kan

g4, o Ay
i, ~§(Mq)2 jqz dq (10.144)

n JorapuMmueckn pacxomures upuw ¢ = 0 B JAByMepHOM cayuae.
Taxuy o6pazom, mpu KoHeUHHIX TeMImEpaTypax oGMeHHEIH dPdexT
OKAasBIBAETCA NOCTATOYHBIM JJIA TOTO, YTOOH PaspyIuTh YIOPAZOUEH-
HO® aHTH(ePPOMAarHUTHOE COCTOSHWME JBYMepHO# Mopeim lsunra;
B 0TOM ciaydae pesyiabrar OHzarepa HeIPUMEHUM [JIA PealbHBIX
CIIMHOB (XOTSL OH CHPABEIHB A (epPPOMarHeTHKOB). B Tpex mame-
pennax uHrerpax (10.144) cxopmres, Tak uTo aHTH(EDPDPOMATHHTHOE
COCTOAHNE, 110 BCEH BEPOATHOCTH, YCTOWIMBO — BCEI[a MMEeTCH moje
AHU30TPOUNH, BOZHHKAIONEe M3-3a AUIOJb-TUIOILHEIX YJIEHOB THIA
(10.35). Onnaxo »To He GHLIO CTPOrO TOKABAHO; JIYUILAM apryMeHTOM
B II0/b3Y CIPABEJIMBOCTA 3TOTO YTBEDKAEHUA MOTLYT CIYKATH
OKCHEePIMeHTH 10 Auparkumy HeATPOHOB, ymoMsAHyTHe B § 6 rua. 2.
OHH sIBHO TIOKA3KIBAIOT, YTO HMEIOTCHA B MATHUTHHC HOLDENIETKH.
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CBEPXITPOBOTUMOCTD

3aKOH IpHEpOAH — M3MEHATHCH,
1 moroMmy aMIIb DOCTOSHCTBO CTPAHHO.

I'pagf Powecmepcruii

§ 1. IpuTsKkenne MeKAY DIEKTPOHAMA

Jloiroe BpeMs €BePXIPOBOAWMOCTH CUMTAIach Hambonee HeOOHIK-
HOBCHHHIM W TAWHCTBEHHHIM CBOWCTBOM METAJINOB, ONHAKO Meopus
Bapduna, Hynepa u Ipuggepa ) ob6bacEAIA CTOIB MHOTOE, UTO
MO;KHO CKa3aTh, 4TO MEL TENeDPb MOHWMAEM CBEPXUPOBONANIEE COCTOSM-
HUe IIOYTH TaK jKe XOPOINo, KaK W «HopMauabHoey. MuI He OyHem 3aech
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Owur. 199. Mongapmsanus pemweTk: BONHWZM RAEKTPOHA.

]

OHTAThCSA OXBATATD MEIHKOM 9Ty GONBNIyIO B GEHICTPO PasBABAIONLYIOCHA
0671aCTh; OCHOBHOE BHUMAHWE MBl YHEIWAM ATOMHEIM MPONECCAM, IpPU-
BOAMAM K BO3HAKHOBEHMI0 0Y€HH MHOIMX HEOGHYHBIX MaKpPOCKOUH-
geckux spieHmit (fur. 199).

1) OpHOBPEMEeHHO M He3aBMCEMO Omjia BumojgHera paGora H. H. Boroamo-
Gosa [15].— Ilpum. ped.
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Bechb aeKT cBsAzaH ¢ HAJIHIAEM MAJOM CHIL OPATAKEHAA MEKAY
ABYMA DIEKTPOHAMH, SHEPIME KOTODPHX IOYTH paBHH. MH o06buHO
cUETaeM, 9aTo CBOGOAHEIEe 3IEeKTPOHE 0Mmankueéalom Apyr APyra m3-3a
KYJOHOBCKOTO B3aMMOJEHCTBHA, XOTHA, KaK MOKasaHo B § 8 ri. 5, aro
B3aUMOeHCTREE Ha GONBUIMX PACCTOSIHAAX 3HAUETENIBHO ociabiserca
3a cueT adeKTa sRpaHMpOBaHAA APyruMEy saekTporamu. Ho s pemer-
Ke 9JeKTPOH CTPEMHTCA NPHTAHYTH K cefe MOJI0KATEIbHNE HOHH, TaK
9TO B OKPY/KAIOIMed ero 06,1aCTH IIIOTHOCTH PEMETKA HECKONBKO GOJIb-
mwe, uem oOmuHO. J[pyroif 3JeKTPoH, OKAa3HBANIIHACA HENOMAIEKY,
OPATATHEBAETCSA K 9TOH 06JacTH, TaK YTO KaykeTcd, 9TO OH NPHTATH-
BaeTca K mepsoMy. I[ByM JacTHOaM MOKeT OKa3aThCA, TAK CKA3aTh
BRITOJIHEE CHETH PAJAOM B TO# ke caMoil 06JIacTH CKaTHA PEIIeTKH

@ur. 200. B3amMopelicTBEEe JIEKTPOHOB JAPYP © APYTOM IOCPEACTBOM O0MeHa
$opoHAME.

JIina BHUHCIeHNsA STOH CHJIH OpOINe BCEro IPEJCTaBHTH ee Kak
pe3yiabTaT HCOYCKAHHA (BEHPTYAJIbHOTO» (OHOHA ONHHM DIEKTPOHOM
W TOrJomeHHms ero mpyraM. PaccmorpmM mpomece, n306paskeHHBIE
ua ¢ur. 200, a. JnexTpon B cocrogEuE k memyckaer ¢oHOE W mepe-
xomut B cocrognme k — K. Onexrpon B cocroamnu k’ mormomaer aToT
donon, mepexoxs B cocroanme k' + K. Bo BropoMm mopspxe Teopus
BOSMYHIEHEH 5TOT IePeXOf XapaKTePE3YeTCA MAaTPHUYHEIM 3JIeMEHTOM

My g
k—K,k'+K|V|k k)= i(k;‘:—l“sl({k—l‘li)k—+i§'q . (1)

3mech of/k,x—-k — MATPUYHHA 9JEeMEHT B3aHMOJEHCTBHEA 2JIE€KTPOHOB
¢ gomonamn, Kak u B § 13 ra. 6. OHeprerHuecknit 3HaMEHATEIh OMACH-
Baer mMepexoj U3 HaYaJIbHOTO B DPOMEKYTOYHOE COCTOAHHME, BKIIYAI0-
miee BHOBH CO3JAaHHHHA (OHOH ¢ 9HEPrHeH Avg; AAA HOPMAJBHBIX OPO-
neccos = K, 0fHaKO MOKHO BKJIKYHTH ¥ 3JIeKTDPOH-QOHOHHEE
mpouecce mepedpoca.

Ecrp emie ofEH mpomecc, MAOMUAA BKIAZ B IIOJHOE paccesHue
(cM. ¢umr. 200, 6). 3geck YOHOH ¢ BOIHOBHM BEKTOPOM — ( HCIIyCKaeTcs
ANGKTPOHOM B COCTOMHHE Kk’ paHpIIe, 4eM eT0 HOIVIOTHT 3JEKTPOH
B cocroArMA k. IToMy mpomeccy COOTBETCTBYET MATDHUYHHIE DIEMEHT
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ruma (il.1), HO ¢ HecKonbKo wmHEIM 3HaMeHarexrem. O6nhegunaAn
BTH [IBA MPOLECCa K CIMTAA, UTO SIEKTPOH-POHOHHHIE MATPHYHLIE
BIEMEHTH B OCHOBHOM OJUHAKOBH, HOJIydaeM

| dlik, k-x 2h’vq
{€ (k) —€ (k—K)}2 —(Avg)?”

k—K, K +K|V|k k)= (11.%)

JIeKTPOHD IPH 9TOM BEXYT ce0s TaK, KaK eCJHH Obl MeKAY HUMU MMe-
JIock HpAMOe B3anMofeiicTBHe, dyphe-o6pas norernuaia V(K) koroporo
naerca BHpakernem (11.2). OObaHo 3TO BEHIpayKeHNe WOJOKUTENBHO,
HO B Y3KOM WHTEpBajie JHEPTHil, B KOTOPOM

| € (k) — & (k — K)| << Avg, (11.3)

OHO OTPHHATENHHO W COOTBETCTBYeT LUpHTs:keHuio. B obaactu (11.3)
Pyphe-KOMIIOHEHTHl OTEHIHAMA LPUTAKCHESA DPaBHBI

M _ 2
_Z.I_kvk_*‘*l.__ (11.4)

V(K)~— g

dTa ciia, MO-BELUMOMY, He o4eHb Beamka. Mpl paccMaTpuBaem
06;1acTh OYCHb HH3KHX TEMIIEPATyp, TAK 9T0 MOMKHO IPWHATH, YTO
TPOIECCHl HCTyCKAHUs (OHOHOB CBABAHH C NMYJEBRIMH KOJIe6aHMAMH
pemetka. Mz dpopmyn (2.109), (6.86) u (6.93) moxywaem

A . K2
| M ge-x [P = U (K) | KUy = U(K) 2 v, (11.5)

rae U (K) — ¢ypoe-06pa3 sKpaHWPOBAHHOTO HOTeHNWala wona. Ilpn
HaJIMIMH TOJIbKO HOPMAJIBHEIX HPOIECCOB, B CAydae KOTHAA A CKO-
pOCTH 3ByKa cHpaBexiuBo BHpaskenme (6.84), Mu mumeem
(2 (K)12q> % (K)2 3 |%Z((K]? A
VE) Y= yanr =T ot = 1 Nz - (10

Taxum odpasoM, ddderTHBHOE B3amMojeiicTBHe He yOHBaeT GEHICTPO
B obnactn 3uaueHmir K, COOTBETCTBYOINEHl HOPMAJIBHBIM ITPOIECCAM.
Nua 66apmmx 3magennit K mpomeccst mepe6poca HECKOIBKO yBeJn-
qugpaor V (K), X0oTA mpEMemImBaHWe ILIOCKHX BOJH K GI0XOBCKHM
PymrmmAM 3aeKTpOHA, obcykAaBmeecsa B § 13 ra. 6 m § 5 ra. 7, auk-
sugupyetr ocobernnocts npn K = g. Ouesujino, IpuTA/KEHAS ABIACTCA
KOPOTKOEHCTBYIOMUM — MATPHYHLIE DIEMEHTH €r0 BEJIMKH BIIOTH
M0 MAKCHMAJBHOTO 3HAYGHHA WMIYJIbCR, HEePefaBaeMoro OT OJIOTO

9JeKTPOHA K JPYIOMY.
Hapagy ¢ oTuM mMeeTca @ OGHUHOE KYJTOHOBCKOE OTTANKHBAHHE

Moy oaexTpomamu. CoOTBETCTBYOMMIHE MATPHYHHE DIEMEHT, Kak
m B dopuyne (5.32), pasex

Arie2
Veou (K) = oz » (11.7)
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rge A — mapameTp SKpPaHWPOBAHUSA, onpefeisemuil (5.22) nam e Ka-
KEM-EHOYAE 6ojiee CIOKHEBIM BHpakeHHeM, Kak B opmyane (5.36). laa
OLIEHKHU PaccMaTpuBaeMoro eésaumodeiicmeus Opeauxa BOSBMEM CYyMMY
BoipasreHmit (11.4) m (11.7). Kputepmii cBepXUIPOBOAHMOCTH 3aKII0-
qaeTes B TOM, YTOGH pesyapTHpPYOIee BsanMojieficTBEe ObIO OTpH-
LATeNBHBIM. JTOT KDUTEDHW He yjaeTcs MPefiCTaBUTh B KaKoli-1m6o
OYeHb TPOCTOH (opMe uepe3 HIEKTPOH-POHOHHOEe B3amMMOfelcTBHE,
HO HMMEIOTCA YKaszaHmsa HA TO, 9TO CYMECTBEHHYIO pPOIb HIpaeT Be-
amumHa «neepponotennuanbuoil sactmy ¥ (K) B ¢popmyne Bappuna
(6.93).

BouuenpuBegernoe paccyskfeHne 04eHb NPOCTO; [JIA TOTO YTOOH
060CHOBATh €r0 MOJKHBIM 06pasoM, HYH(HO HCCIENOBATL PasiNUHbIE
NpOLeCCH, AAKMue BKIAJ B HHEPrHI0 eJUHOA CHCTeMH 3IeKTPOHOB
n (OHOHOB, BKJIIOUaA MepeHopMEpPOBRY 3ByKa (cm. § 11 ra. 6). Cie-
AYeT OTMETHTH, 4TO MBI MMEeM [eJ0 C DJIEeKTPOHAMM, HaXOAAMMMMACH
B oOuelnb Y3KOM WHTepBaje 3HaueHnuii swepruit (11.3); BHE sTOTO
HHTepBajia pemmeTKa BW/KETCH CIUIIKOM MeIJTeHHO ¥ He YCIeBaeT
ciemoBaTh 3a pBmkenuem piertponoB. Ho, mocroxapky Hamboxee
CYUIECTBOHHEIN BHJAJ BO B3auMOJeHcTBHE TMPOMCXOJHUT OT JOBOJBHO
Gonbiiux sHaueHuit K, cooTBeTCTByHOIMuX GONBIINM 3HAYEHUAM g,
9TOT WHTEPBAJ HMMeeT BeJIMIUHY mopsapka kO, rge © — remmepaTypa
IleGasa. Tar Kar cBepXIPOBOAEMOCTH HABIAOAaeTCA TOABKO IIPH 0UeHb
HA3KUX TeMIepaTypax, 9TOT WHTepBAd 3HAUNTEIBHO WpeBHIINAeT
ET — ronmuuy «renmoBoro cimosy Ha mosepxuocTu Depmm. Taxmm
obpasom, npubamkenne (11.4) onpaBgano jis BIEKTPOHOB, KOTODHE
HeHCTBUTENBHO MOTYT IPAHAMATH Y9acTHe B IEpPEXofie B CBEPXIIPOBO-
[siee COCTOSHIUE.

§ 2. KymepoBckne mapbl

Yro6s OIEHUTH BENWYUHY CIHJIBI UPUTSIKEHUsI, BO3HUKAOMEH
BCieACTBHE ofMeHa (OHOHAMM MEXRIY DIEKTPOHAMY, BEITHCINM IOJ-
HYI0 aMIJUTYOY PACCeSHUA [, T. e, MAaTPUIHBIA 2JeMEHT, KBajpar
MOAYIA KOTOPOTO IAeT BEPOATHOCTD MPONECCa, KOTAA DIEKTPOHH W3
cocrostauit k, 1 k, paccemsalorcs B cocrommua k; n k;. Mm mpegmo-
JIO;KWM, UTO DTH COCTOAHEA JeskaT Hemakero ot nosepxuoctn Mepmi
i BIle ee, Kak moKasauo Ha ¢ur. 201, a.

Hau6onee oueBmzHHIil BKIAR B paccesnne faeT IPsIMOe B3AUMOJeH- |
crene V (K), onperensemoe sripaskenuem (11.2). Ilocnenmee caumronm
crmoskHo muA mamux medeit. llosTomy MBI BRIeNUM W3 HEro 4acTh,
ONMCHBAIOHUIYIO LPHTSIKeHUEe, ¥ OymeM CuYduTarh ee IOCTOAHHOM.
Tarum 0o6pasoM, aMIIUTYHA PACCEAHUA HEPBOTO HOPANKA IPHHAMALT-
cs paBHON

t =V (K) =V, (11.8)

rge V — orTpupmaTtenbHAs OocTosiHad, He sasucsmas or ki m k.
Ojmaxko 9T0 BHIpa)KeHHE A MOTeHHHAJa B3aUMONEWCTBHA, Haiolmee
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HPATSHKEeHNE, CIPABENIABO TOJBKO A DIEKTPOHOB C HOYTH OJUHA-
KOBHIME DHEPTHSAMH; 9TOGK BBeCTH B Teopuio yciaosme (11.3), momomxum,
garo norernuan V (K) oramder ot Hyas, TONBKO €CJIM BHIIOJHAETCA
YCJI0BHE

| & (k) — 8 (k) | < w, (11.9)

rie w — nocrognaasa. V3 mepasencrsa (11.3) aBcrByer, 4To MOCTOAH-
HaA w HOLKHA OHTH mopsagka kO.

©ur. 201. a — OpaMoe paccesHHe BNEKTPOHOB; 6 — paccesHEe, COOTBETCTBYIO-
Imee WIEHY BTOPOro HOPsAKA.

O6runo B 3aagax pacceanms annpoxcmmanus (11.8) oxasmbaerca
npocratognoit, TeM He MeHee B pAJ] TeOPHYU BOSMYINEHAH 1A aMIIATY/E
paccesHuA GYIYT BXOEUTH W HANBHEAIIWe WIEHH, COOTBETCTBYIOIIHE
moCJIe[[0BaTeAbHEM BUPTYAJBHEIM IepexofaM ¢ HadaloM B Touke ky
o KoHOoM B Touke k}. Onguu u3 TaKEX 4IeHOB MO3keT GHITH 06ycIoBIeH,
wanpmmep, mpomeccoM, maobpaskeranm Ha ¢ur. 201, 6. 3peck MexRDY
HAYaJdbHKMH ¥ KOHEUYHHMH COCTOSHHSAMHE BEOXUTCA BHUPTYaJbHOE
€0CTOAHHME, B KOTOPOM HEePBHIHA 9JIEKTPOH, IepemefIIni N3 COCTOAHAA
k,, mmeer BosmoBo# BextOp ki + K, a BTopo#l, mepememmmit H3 co-
crosaHaa k,,— BoaHOBO# BekTOp k, — K; BaTem »5TH 3JeKTpOHEL co-
BepinaloT BTOPOA mepexon B cocroamma k; m k.

Briag Taxoro mporecca B aMIUIATYAY PaccesHHs gaercA OGHYHOR
dopMynoil Teopuu BO3MYMIEHUR

Ve
6 (k1) + % (k) — % (ki +K)— € (ke —K) °

ITOT 4ileH, OHAKO, OTJIMYEH OT HYJA JHUOIb OIPH OYeHb JKECTKHX YCJI0-
pusax. IIpoMe;kyTouHEIE COCTOAHHA He JOKHE HAXOXHTLCA HILKe
nosepxuoctd Qepmu ws-3a npranEnoa Ilaymm, a pasHocTh 5HEPruHA IpH
Ka;K[OM IIepexofie He OJMHA mpeBHmarts w, coriacHo (11.9). Taxum

t, (K) = (11.10)
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o6pasom, arobu Brpaxennme (11.10) oobme masano BrIag B £y, HamoO
YHAOBJIETBOPHTH YCIOBHAM

$F<8(k1+K)<8(k1)+w,

€r<<8(k,— K <8k, +w

wT. 1. Yenosua (11.11) amanormass mpaBmiaM oTGopa g BUPTYalb-
HHIX Tepexoos ¢ mepeGpocom cuuua B sddexre Hompo (§ 6 ru. 10);
9WCyIa 3ATMONHEeHNA PA3JIWYHEIX COCTOSHUI B WIeHaX BTOPOTO HODsAKA
B3AUMIO He VHIUITOKAIOTCA NPH ydeTe KaK OPAMOTO, TaK M 00OMEHHOTO
IIPOIECCoR.

9TH yCIOBHMA ABIAITCA HACTOIBKO ;KECTRUMH, 9UTO OGHIYHO MBI
MoKeM IpeHe6peub BenmdmHOil f,. Ecmm, ommaxo, sexropn k; m k,
HAIIpPaBJIeHEH MOYTH B NPOTHBOMOJOKHEIE CTODOHBI, TO JBa YCIOBUSA
(11.11) camBaoTCA ¥ He HAKIANBIBAIOT CTOJb CHIBHOIO OIPAHMYEHHSA
"a o6macTp sHauenmit K, B KoTopoii paccesume BoamMokHO. DakTmue-
CKH BRJAJ ¢, B 9TOM CJIYYae MOKET CTATh NOBOJIBHO GONBIINM.

Yrobrr yOenaTncs B 5TOM, yA06HO COBMECTHTH HAYaNIO0 OTCIETA
sueprmu ¢ ypoHem Qepmu. Bpege i RaKI0ro cOCTOAHAA BeJTUIAHY

Ek) =8 (&) — &p ~ vy (k — ky) (11.12)

{mociepHee PaBEeHCTBO CHPABERIABO, €CIH £ MOYTH PABHO kr). Beemem
TaKsKe [BE HOBHE BCOOMOTATeILHEE IePeMeHHbe Da3MePHOCTH d9HePrun

A=Ek)+ Eky), m=rvrlki+k|; (11.13)

OHZ XapaKTepH3yHT LOJHYI0 SHEPIHI0 M IOIHLIA NMIOYIC IAPH dJIeK-
TPOHOB.

Yro6m HaliTM UieH BTOPOro IOPAJKA TeOpHM BO3MYNIeHHUH, IpPO-
unTerpupyem Bepaenne (11.10) mo Bcem snavenumsam K, ynosierso-
papomuM yexosusam (11.11). Mcnoissys onpenerenus (11.12) m (11.13),
MOJKHO IOPHBECTH pe3yibraT K Gojiee DPOCTOMY BHAY

dK
b=V | T TR e TR R

(11.11)

2nVG ¢ 0 d (cos 0)
=gy | % | arneosi (11.14)

=1

Korga Beamumue A ¥ 1) MaJBl IO CPABHEHUIO C W, B HOJBHTETPATLHOM

BHPAKEHNA MMEETCA CHATYIAPHOCTH, W IOITOMY HHTErpa BefeT cebs
sorapadmmaeckn [(cp. (10.56)]:

v Kk 2w
N ln ————. 11.1

L~N—m g 1 max (A, 1) ( 9)

O6LI9HO HTOT WIeH HAMBOTO MeHbIIE fy, I UM MOKHO HmpeHeGpeds.

Ho eciam okacercs, uto A ¥ 1 OYeHb Maikl, To BEpaxenue (11.15)
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MOKET CTATh GOJBIINM W MOKET BOBHUKHYTH He0OX0IUMOCTh paccMart-
puBaTh clepyoomue 9ieHB PANla T€OPHH BO3MYIMEHWH mus f.

OTH 4JieHH MOTYT OBITh OUEHB CJOMHEIMH, TAK KaK Temepb Hano
paccMaTpUBaTH BUPTYANbHEIe IIPONECCH THOA H300payKeHHOTO Ha
¢ur. 202, a, npm KOTOPOM BIEKTPOH, HAXORAMUNACA BHYTPH LHOBEPX~
HocTH Depmu, B3aUMOIENCTBYET C OMHIM M3 HIEKTPOHOB aphl U o6pa-
3yercsd ABIPKA, BOOCIEACTBUN 3alI0aHsieMas. Takme mpomeccs, OgHARO,
L30T HaMHOTO MeHBLIIMH BRJAA] B CYMMY psifia TEOPNU BO3MVIIEHWH.
I'maBHBIE wiIeHB COOTBETCTRYIOT HOBTOPEHHOMY HPOILECCY, H300parKeH~

a & 8

®ur. 202. a — mpomecc, TpH KOTOPOM [JHPKA CHAYAJA LOPOIKIAETCH B COCTOA~
HRH kg, a 3aTeM SaDONHAETCs SIeKTPOHOM, HEPeXONAMUM H3 COCTONHIA Ky) 6 —
HOCJHe0BATENBHOS paccedHHe TapPH; 6 — paccesHHe NapH ¢ ydJacTHeM OHPOK.

HoMy Ha ¢ur. 201, 6 — mapa BHOBL pacceuBaeTcA Ha cefe camol, Kax
nokazano Ha ¢ur. 202, 6. llpm ®akgoM TaKOM BEPTYAaJbHOM AKTe
paccesHnda nobasnsAerca muoxknTeas tana (11.15), comepsramnit 60ab-
moli mTorapupMUIecKWHE MHTErpak, KOTr[a BeJUUMHLT A W 1) MaJEL.

Jlad nonyueHNsA WPABHABHOTO OTBETA HYMKHO TaK:ke NPHHATH BO
BHMMAaHOE LPOIECCH, IIPH KOTOPHIX HAPa PACCeHMBACTCS M3 3aI0JTHEH-
Ho#l obnacTu, memamei BHyTpu nmoepxmoctu Mepmu, a ocraromyloca
napy OBPOK MOTYT BaNOJIHATH 2JeKTpoHnl m3 cocrogmmit k, m k,
(dur. 202, 6). IToT HmpoOLECC maeT BRIAN B f,, cormanaomuit ¢ (11.15).
CruagsiBasi BCe 9TH YIEHH, BERAM, YTO AMIUIATYAA PACCeANUA JOIKHA
pectn cebs Kaw DeCKOHEOUHHIN pAJT

VA9V 4 923 4 L., (11.16)
T7Ie
1 K 2w
V=70 Ty T ex @&, ) (11.17)
Pap (11.16) Moo mpocyMMuUpOBaTSH:
P (11.18)

{—yV'
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TaxuM 0fpasoM, aMILIATYAa paccesHUs BexeT cebA Tak, Kak ecin Obr
OHA WMeIa IOJIC. JTO XOPOINO W3BECTHHIH IPH3HAK TOTO, UTO Mpes-
MOJI0KeH7e 0 CBOGOIHEIX TaCTUIAX, PAacCemBAIMUXCA APYT Ha Apyre,
He COpPaBeIVBO, ¥ UMEETCH C6A3GHHO0E COCTMOAHUE NBYX DIEKTPOHOB.
Hoxomxum, manpumep, 1 = 0, Tax aro k; = —k,. dueprus, npu Koro-
POI PACIONOMKEH MONIOC, OHPEReIAeTcsa M3 YCAOBUA

v K 2w
Jpyrumm ciroBaMM, KOTrjfja LIOJNHAA DHEPTHA Iaphl dJIEKTPOHOB HIKE
yposaa ®epmu ma

Ao = 2w exp (—12’;2%) : (11.20)

DIEKTPOHBI CTpeMATcsH 00pas3oBaTh CBA3AHHOE COCTOSAHNE —(KBA3H-
MOJIeKyIy». Taroe cocTosHHe HA3BIBAGTCA KYNEpoeckoli hapoi.

Bo03M0XHOCTE CYHIECTBOBAHMA TAKMX COCTOSHHI emie He pelraeT
mpoGieMsl cBEPXUPOBORUMOCTH. [{efcTBATENBHO, PacCy;KeHHme MoKa-
3HIBAET, UTO BCE DIEKTPOHB B MeTaje CTPeMsiTcsi 00pasoBaTh TaKue
Haps, B KOTOPHIX CBA3HBAITCA 3JIEKTPOHH B cocToamuax k m —k.
B 5ToM Taze KBasuUMOIEKYJ, IOJYMHAIINEXCA cTaructuke bBoze —
OUHOITEHA, MOMKET IMPOW3oiiTH 6Go3e->HHINTEeHHOBCKAasA KOHOEHCALHA.
Ho napsl HeycToHIuBE; TaK0# MOAX0]] K ONMCAHUI0 CBEPXTPOBOJSMIETO
cocroAauaus 0ollee BPUCTHUEH, UdeM yOemuTeleH.

Hanboxnee Baskmmit pesayabrar cocraBiser dopmyna (11.20) mas
sHepruu napsl, Mojesnb cBOGONHEIX 37IEKTPOHOB JlaeT

2

K 1 3 ZN
sty =24 =g - 2n
[B Teopmu Bapamma, Hymepa u Ilipuddepa sTa Benmumna oGosHa-
gaercsa yepes [V(0) — IIOTHOCTH COCTOAHHE daa 00H020 HANDPAGAEHUS
cnuna npu sEeprum, pasroil sueprmu Depmu]. Ilopcrasias Benauqu-
Hy (11.6) B (11.20) un momarasa w & kO, Haxopmm

Ag A 2502/ (B 1V | 240 SEHO 1 X, (11.22)

Ecan npeamono;kuth, 4T0 A j XapakTepusyeT DHEPTHIO CBEPXIPOBOJIA-
mero mepexofa, ¥ MOJIOKUTE ee paBHOR kT, TO OKaKeTcs, ITO TeMIe-
parypa mepexona I, moukHa IeskaTh rpe-tro mesxay 1/10 m 1/10 000
temmepatypsl Jle6ast B 3aBUCUMOCTH OT BeJMYMHBI IOTEHIUANA B3AUMO-
feficrBusa 5IekTpoHoB ¢ mouamu, |2/ |. Mmenno s1o u HabiofaeTcs B
HeliCTBATENHHOCTH; TeHeph NOHATHO, modeMy I, TAK CHJIBHO OTJIH-
qaerca oT O.

Ipyroe ciencrsue, KOoTOpoe BBHITEKAaeT K3 BCETO CKABAHHOTO, —
3T0 usomonuueckuli aggerm. ECIN IPENIONOKHATE, 9T0 MACCA KAKIOrO
moHa M MeHseTCs IPH HeM3MEHHBIX CHIaX MEKATOMHOTO B3aUMOJ(@HCT-



426 Ta. 11. Ceepznposodumocme

BHA, TO MOKHO OKHJATh, 4TO CKOPOCTH 3BYKA IIPH dTOM 6YHeT MEHATH-
¢ kax M 2. Toro ke Hajo O’KWIATH I OT BeNMIAHH O, TaK 9TO

Tom M2, (11.23)

JdTa 3aKOHOMEPHOCTb NPHGIMKEHHO BHIOIHAETCS BO MEOTHX cIyJanx.

Hlazee ciemyer oTMETHTH, 4TO KYIEPOBCKHe HADH CBA3AHE CHIb-
Hee, ©CJd JTeKTPOHEl HAPAAY € HPOTHBOLNOJOKHBIMEH WMIYJIbCAMI
HMEIOT ¥ HPOTHBONOJOKHLIE CIHHK, JTO HE OYEBHIHO U3 TOJLKO dTO
IPUBEJIEHHOr0 PACCYK/ICHNSI, HO BHITEKAeT I3 BEIBOKA IIOTEHIAAA TIPH-
tmxenns (11.2). B paceyswpenmn § 1 mHacrosmeit rraBs mpegmorara-
J0CB, YTO Mbl HMEEM JIeJI0 C PASIUIMMBIMA JaCTHLAMHE, T. €. C BJIEKTPO-
HaMA ¢ NPOTHBOMONOKHMMY cIUHAMA. Ecam Gbl CIUHEL [BYX 3I€KTpo-
HOB OLLIM OJHHAKOBH, TO HAXO GHLIO OH NPHHATH BO BHAMAHUE TIPUH-
nun Ilayan m ncnons30BaTh aHTHCHMMETPH30BAHHEIE BOJHOBHE dyHK-
nuA OpM BREYUCACHWZ d3(PeKTHBHON YHEPruH B3aHMOIeHCTBHA. Brio-
4eHHe (OOMEHHHX» TIEHOB IPUBEIO 6B K 0CIaGACHII0 CHIE IPHATAKE-
HUA, TAK KaK Mbl JOJLKHBI 3AIPETATD 3JeKTPOHAM HAXONHTHCSA B OFHOM
H TOM K€ COCTOSHAHW W B ORHON U TOH ke Touxe. CHHTIETHOE COCTOMA-
HUe KYNEePOBCKOM Hapul — HTO HaHHHM3IIEe COCTOAHHE KBa3WMOJIe-
KYJIbl,

§ 3. OcnoBHoe cocTosiHHE CBepXIPOBOJHAKA

ITomydennsiit BrMe pesyabTaT YKA3HBAeT HA NBE BayKHE® 0COGEH-
HOCTH CBEPXOPOBOJAMEI0 COCTOAHHA: €r0 Helb3fd HOJYIHTH, IPHHMA-
Madg BO BHUMaHHe JHMIIb KOHEYHOE TACIO0 WISHOB PANA TEOPHH BO3MY-
IeHnit, TocKoabKky ¢yrroua (11.20) me amanmrmuna mo V BGIuzm
V = 0; B 9TOM COCTOAHME DIEKTDPOHH KAKAM-TO 0Gpasom CIOapeHHl,
npudeM cocrosgHue k cBasamo ¢ cocrosmmem —k. Brmepsrie Taxroe
cocrofnme Griro mocrpoero Bapgmmom, Kymepom w IMpmddepom 1.
YrobH HaHTH HX pelleHme, MBL BOCHIONB3yeMCsa MeTomxoM Boromo6osa.

Ouenp yno6H0 BooGme H36e:KaTh PACCMOTPEHNS CBOMCTE BOTHOBHIX
$yEKnEi B choPMyIAPOBATE BCIO 3afady HA S3BIKe omeparopos. Ham
HY/KHO OTPa3HTh TOT (aKT, 4To HMeeTca N BIEKTPOHOB, SHEpPruA
KOTOPHX B OCHOBHOM KUHETHYECKAR, YTO OHH HAXONATCA B COCTOA-
HUAX, XapaKTePU3YeMbIX BEKTOPaMA Kk W CUMHOBHIME HHAEKcaMH o,
M B3aMMOJEHCTBYIOT ADYT ¢ Apyrom uvepes moremnmai V (K). Omupe-
MMM OIepaTOPhl YHUYTOKeHUA W PO:KAEHUS byg, bl,, KoTopHe aHa-
JIOTHYHE OHePaTopaM dq, dg, OLPEelIeMEM cooTHomenusmu (2.129)
u (10.109), O oTHOCATCA B JaHHOM clydae K PepMEOHAM. DTO 03HA-
9aeT, 4TO OHH JOJIKEH HONUHHATHCA COOMHOUEHULM AHMUKOMMYMAYUL

[bxay Bkrar)s = buobiiror + bigbro = Sk Ooor. (11.24)
Benepcreue storo ompenenenms omepaTop .
Nie = bt obre (11.25)

1) Cu. mpumeuanue Ha crp. 418.— Hpun. ped.
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npexcrasaser coboil omeparop umcna samommenus cocrosnms (k, o),
7 coberpenube 3HauenHs ero paBusl O m 1 B COOTBETCTBNH ¢ IPUHIN-
nom [aymn. Korma k e cosuapaer ck’ (wnm o ¢ ¢’) B popmyae (11.24),
AQHTHKOMMYTATOP OTPaKaeT IPHHINI aHTECAMMETDHUH, COTIACHO KOTO-
pOMY TepecTaHOBKA HHEKCOB IBYX COCTOAHEN MeHseT 3HAK BOIHOBOM
$yuKuEA Ha OOpATHBIA.

I'aMIIBTOHMAH PacCMATPEBAEMON CHCTEMB MO;KHO 3aMHCATH B BHLE

H=NEE bichot+ 2V (K) bk, 15Kk, 1bksy 100, 4o (11.26)
kG ki, ke, K

[lepBLift umeH 3mech OPpeHCTaBIAeT OGO KUHETHIECKYIO DHEPIHIO
5IEKTPOHOB, OTCUNTHBaeMyo, Kak m B dopmymne (11.12), or yposua
®epmu. Yacro yaobHO cumrars, 4T0 yposeHb DepMut MO KeT N3MEHATh-
¢s1, T. €. YTO TOJHOE YHCI0 HJIEKTPOHOB 1 HE PUKCHUPOBAHO, M BBECTH
XHMHAEYeCKHEH TOTEHMHAJ { 9JIeKTPOHHOTO Id3a, IIepennucaB NepBLHIA
QIeH CAeyIIEM 00pasoM:

o= 2 not (k) = 2 o {8 (k) — L) = 2 ot (k) —nl.  (11.27)

Bropoit wnen 8 gopmyae (11.26) ommcrBaer paccesHne, CBA3aHHOe
co maammopeiictameM (11.2), Koropoe «YHHYTOKAET» 3IEKTPOHH
8 cocroanuax k, u k, m «BHOBEL mOpOK/aeT» UX B cocToanmax k; + K
n k, — K; coorsercrsyromuii MaTpuussti siement paser V (K). Mu
CUNTaEM 3Iech, UTO B3AWMOJEHCTBYIOT TOJNBKO 3JEKTPOHH ¢ HPOTHBO-
IOJOKHHMA CIMHAMI.

Meron Boromo6osa ocHOBaH Ha KAaHOHHYECKOM NPeo0pasoBaHEM
omepaTopoB byg B bff; K HOBHIM OmeparopaM YHHUYTOKEHHA H POKJe-
HAf, OONYMHAMEMCSA TEM jKe COOTHOUIeHHAM AaHTHKOMMYTAIHH.
B uacTHOCTH, HOBHE OmEPATOPH HOJKHH OOHADY/KMBATH HEKOTODHE
cBoiicTBa CIADWBAHWA — OHH JIOUKHH CBsAskBaTh cocrosnme (k, 1)
¢ cocrosameM (—k, |) B coorBercrum ¢ ahperrom Hymepa.

s mpOCTOTH ONYCTHM COAHOBHIE WHACKCH H IIOJIOEM

B = ukbk — bk,  Pr=uxbk —vxbly,

11.28
B*x = ub* x + vibk, Bk = urb -k + vibi. ( )

OnepatopH Py, P 6GYAYT HOTUIHHATHCA COOTHOIMEHUAM AHTHKOMMYTA-
k
[I¥, COOTBETCTBYIOIMEM (epMUOHAM, €CIH

ug -+ vi=1. (11.29)
B cymmoctm sTo mpeoGpa3oBaEHe aHAJOTHYHO (opMyIaMm (10.130)
7S COEHOBHX BOJIH B aHTH(eppoMarHeTnre. PasHuna COCTOMT JIHILB

B TOM, 9TO TeIleph Mbl IMeeM €0 C «/eiCTBUTEIBHHM BPaIeHAeM»
B mpocrpaHcrBe k m —k, Tak 4TO BHpayKOHUA

U = COS Bk, Vg = sin Bk (11.30)
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yrosaersopsioT yeaosuio (11.29). 3ro ceasamo ¢ Tem, uro MH pac-
cMaTpuBaeM ceiidac He 6030HBI, a (EPMHMOHELL.

Ecnu paspemnts cooruomenus (11.28) oTHoCHTeNBHO MCXOTHLIX
OIIePAaTOPOB M HOJICTABUTL BHIPAyKEHWA JJASA HUX B TaMUILTOHHAH
(11.26), To mOTYYMM COBOKYIHOCTH YJIEHOB, COAEP/RAMUX PAaBIUIHHIE
IPOM3BeIeHUA HOBBIX omepaTopoB Py, Bi. Korma raxoli-ntmbo m3 stmx
QIEHOB COMEPUT OIePATOP YHHITOMEHUA Py, MBI MO:KeM BOCHOIB30-
BaThCA COOTHONICHHAMU AHTHKOMMYTAIIH U IePeIBUHYTH ro HAIPaBo,
HaIpuMep

BBk == Okt — PP (11.31)

ITycrs mame cBepXImpOBOAsiMee COCTOSHWe MpefcTaBiser coboil «Ba-
Kyym», |0), 5aa aTux HOBHIX onepatopos. Ilo onpenenennio, B BakyyMe
HeT 00BEeKTOB, KOTOPHE MOTYT OHITh YHHITOKEHH, MOITOMY

Bx |0) =0 (11.32)

nas Beex k. Taxue wieHH B raMmiIbTOHHAHe He JAalOT BRJIAJa B 3Hep-
THI0 OCHOBHOTO COCTOAHHA, BONHOBasg QyHrmua Kotoporo | 0), cie-
TOBaTeILHO, €CTh cO0CTBeHHAss QYHKIWA BCeH DTOM YaCTH TaMUIBTO-
HuaHa 4.

Ocrarorcs, OgHAKO, WIEHH, KOTOPHE HENIb3A HCKIIUATH TAKIM
oyTeM — OHH COfep:KaT TOJNbKO OHEePATOPH PocaeHus Pi. OTH WwiIeHH
BOBHHKAIOT U3 YacTH ramuibronnaHa (11.26), coorBercTByiomell xuue-
THYECKOA HHEPruM, a TakMe OPH CBEPTHIBAHHH 4JICHOB B3ammomeiict-
BUA, Korma, Hanpumep, BekTopsl k w k' B (11.31) oxasmiBatorcsa pas-
HeiME. TakuM 006pasoM, MaMHABTOHMAH MO;KHO 3aIlMCaTh B BHIE

H = 2 g € (k) vk + kEK V (K) iUk lic 4 kUk+x +

+ g {2 (k) wivic+- (uk — vi) ; V (K) uicyxtirs) BiBEk.  (11.33)

IlepBrie gBe CyMMBI 3fech BaAyT SHEPIHI0 OCHOBHOTO COCTOSHMSA, eCIH
TOJNBKO MBI CMOKeM HCKIIOUHATH OLePATOPH DO;KAEHHA B IocJTeqHeit
CyMMe.

Jra 3amada 09eHb NMOXO0KA HA HPOBIEMY HCKIIUEHUH (HefHaro-
HanpHEIX» uwieHoB (10.132), m MBI BoCHONB3YyeMCH TeM jKe TIPHEMOM,
910 M pansuie. Bubepem rosddunumentst npeobpaszoBamua uy, Ux TaK,
YTOOB KayKIBIH M3 (OMACHHIX» WIEHOB MCUE3, T. €. HOJO0HM

28 (k) wv + (ug — vd) % V (K) ug kUi x = 0. (11.34)

B ofmem caydae 9TO eCcTh CIOKHOE WHTErpPANIHHOE YPABHEHHE JIJId
HeH3BEeCTHHX QYHKIHUHA Uy M vk, CBABAHHHX Tarke ycaosmeM (11.29).
BregeM reneps npepnonoxenus (11.8) u (11.9), npubausrenno cantas
morenmuax nputrsyrenusa V (K) mocrosnusiMu pasisiv V BHyTpH HETED-
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Balla 9HEPIMH --w W PAaBHBIM HYJIO BHe ero. bByaem paccMaTpuBaTh
cymmy no K B ypaenenun (11.34) xax napamerp

w

Ag= —V D) upikVkik (11.35)

—w

u pemmMm cucreMy ypaseenumii (11.34) m (11.29). Pesyabrar raacmr:

s 1 £ (k) 7 s 1 1 — £ (k) ) 11.36

d=z| U ymren ) izl vErem) 19

IlopcraBasas sTo B BEipaskenne (11.35) u materpupysa mo § B obmacTn
B63u nosepxHocTH Qepmu, morydaem

= —5V D M+B M) = = (E)VIn 22 (11.37)

(cTesryeT IOMHHTH, 9T0 HY/KHO YYUTHBATH TOJBKO OJHO HAIPABICHIE
couHa). JT0 TOUHO coBmagaer ¢ paseHctBoM (11.19). Ilapamerp A,
€CTh He UTO MHOe, KaK DHePIhA CBA3I KYNePOBCKOil maphl, jaBaeMas
papaskernamMn (11.20) wiun (11.22).

Teneps MO/KHO HOACTABATH HTOT PE3yJNbTAT B OCTABIIYIOCH TACTDH
ramuiabsronuana (11.33), 13 KOTOPOTO MCKIIOUEHH Bee onepaTopsl. Mal
ToMyqIaeM

Bo=2 D EM)— 5 A S{AFE @Y. (11.38)
E<O k

Nrax, ¢ynrmua | 0) ects coberBenHas GyHKINA raMAIBTOHRNAHA S,
HO DHEPIHUs, KOTOPAA ed COOTBETCTBYeT, MeHbIe SHepruu cdepr
Depmu, 3aH0THEHHOE HIEKTPOHAMMN; TOCTeNHAS BEJHYMHA TAaBalach
661 mpocTo cymmolt ¢pynkumit & (k) 1A 3a0MHEHHHX COCTOAHMI, KAk
B Qpopmyme (11.27). Mo;xHO TaxKe LOKas3aTh, UTO HTA DHEPIUsA MHHH-
MaJbHa OTHOCUTEJBHO BApHAIUHM CPEJHET0 YUCIA DIEKTPOHOB 7,
Kak 1o 1 Tpebyercs coorHomermeM (11.27).

§ 4. KeasmyacTunmt m sHepreTHuecKas INeib

Kaxosa mpupona ceepxnposogsmero cocrosimmsa | 0)? Ilo ompege-
JIeHUI0, 3TO «BAKyyM» omepaTtopos Pf, fi. Ilocaequwe moryr noposxnars
W YHHYTO;RaTh BO3OY:KIEeHHA BAKYYyMA TOUHO TaK ke, KaK MCXONHEBIE
onepaTopsl bg B by MOTYT (IHOPOKAATHY U «YHHUTOKATE) BIEKTPOHHL.
ro ske aro Gymyr 3a Bo3Gy:kpenusa? Coraacuo onpenenenmio (11.28),
omeparop Pk «moposkgaeTy JJIEKTPOH B COCTOAHME k ¢ aMmamrymoin
Uy ¥ OJHOBPEMEHHO «YHHUTOKAeT» JIeKTPOH B COCTOARNT —K ¢ aMmrm-
Tyno# vy.

Koodpdummentsr wuyx m vy mawores smpamenuamu (11.36). Hyecrs
cocrogune k Haxommrcs 3madmreabHo Bhime mosepxHoctm Depwmn,
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tak aro § (k) > A,. Torma ug ~ 1 m vg ~ 0; Bosbysxaenne Gyxmer
moxosKe Ha OOHYHBIE DiaeKTPoH. Horma MEl ONpHONEKAEMCH K YPOBHIO
®epmu, § (k) crpemmTea ¥ HyII0 M KodhPHUIEEHT UpPH oumepartope bi
YMeHBIIAeTeA, TOTAa Kak Koadduuuent npu oneparope b_x Boapacraer.
Korma senmmumua & (k) cTaHOBUTCS OTPHIATENHHOMN, Uk HPEBOCXONHT
1/,: Rorja ke Mbl ONycKaeMcA 3HAUMTENbHO Hmie ypoBHa (Depmu,
vi &~ 1 1 uj ~ 0. BoabyxIeHne COOTBETCTBYeT TEHEPh «YHHITOKe-
HU» dJIEKTPOHA B cocroanmm —k, T. €. OHO mpexcraBiser coBoit
CIHIPKY» B 00JIaCTH COCTOSHWIA, 3AMONHEHHEIX B OTCYTCTBHE BO36y:-
JeHT. ‘

B cBepxmpoBomAmeM COCTOSHMHM BO3OYKIEHUAMH SABJIAITCH,
TakaM 06pasoM, 0CoGHe Keasuxacmuysl, KOTOPHE HOPEBPAIMAITCA U3
«3JIEKTPOHOBY B (IBIPKW» IPH OPOXOKASHHAN deped ypoBeHEb (Depmm

@ur. 203. KBasagacTHAmb.

(Qur. 203). B mrTepBaie sHeprmil mopsaka A; p6anan yposas Depmu
RayKag KBAa3sWUACTHUIA IPENCTABIgET cO0OH «CMech» DIEKTPOHA B CO-
crosunn k u AupEn B cocrosinmn —k. Kymeposckue mapHl, KaK Tako-
BHIe, yike Gojiee He MOABJIAITCA, HO KOPPEIARAA ME&RAY SIEKTPOHAMHA
¢ IIPOTEBOLOJIOHEIME IMIYJIbCAMH (H, PA3yMeeTcs, ¢ IPOTHBOIOIOA-
geIMu cogHamu) ogesugaa. [lo cymecTBy, MH yTBeDKIaeM, 4TO HOIKHO
CyIMECTBOBATH COOTHONIEHWE MEKAY (asaMé BOTHOBHX G(YHKOHE B
CHAPEHHHX COCTOSHUAX.

MoskEO TaKie BEIYACIHTH 9HEPrui0 Bo30yxmernd. Jlia sTol menn
Ha[0 HAlTH KO>QPHUIMERT B UIeHAX, CONEP/KaMIUX omeparop

ric = BB (11.39)

B Bhpaxennu (11.26), Tak Kak HMEHHO 3TOT OIEPATOD ompejenderT
qncio Bo3GYKeHHHX KBA3WUACTHN, IaHHOE Momsl. B pesynbrate mis
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VUPOIEHHOT0 B3auMoOfelicTBHA, WCmoAb3ys coorHomenns (11.35)
n (11.36), Mer monygaem

& (k) =& (k) (uf — vi) — 2uxvy ; V (K) uk+kVk+k =
—VETE®X. (11.40)

ITOT Pe3yJNbTaT OYE€Hb BAJKEH, IOCKOJIbKY M3 HETO CleyeT HaJIMyme
sHepeemuueckoli ujeal BeIMIHHE A HaJ OCHOBHBEIM COCTOSHEEM CBEPX-
nposopmnka (pur. 204). Ecam & (k) > A, 1o & (k) =~ & (k) — smep-
I'HA KBA3WYACTHOH PaBHA SHEPTUH BO30YKAEHNA 0GHYHOTO DIEKTPOHA

Inepeusn

A

~ Pl

€)1 \\\ A, /,// 1£(k)]

Xy

Qur. 204. 9Heprust KBasWYACTHIL.

Hap yposHeM Depmm. Ho korga Bextop k npubamxaercs kK moBepxmHo-
crm @epmu, rue & (k) paBHO HY!I0, JHEPIHA KBA3WIACTHIH CTPEMUTCS
K mocrosHHOM Beawamue A,. Ilpn ganpneiimem y6uBammu k oHeprus
& (k) cHoBa BO3pacTaer W B KOHI|E KOHIIOB CTAHOBHTCA IIOYTH PaBHOM
| € (k) |. OTo ects Kak pas sHeprms, TpeOyoOINascs HJA TOTO, 4TOGH
VARIUTH 9JEKTPOH M3 COCTOAHMA C OTPHIATeabHON sneprmen & (k) —
9TO ¥ CIEeHOBANO O;KMJATh B CBeTe Hallleil WHTEPIPETANUH OIEePaTOpPOB
KBAa3W9IACTHII. i

CaepxmpoBofsmee COCTOAHME, TAKEM 00pasoM, eCTh (KOHLEHCH-
POBaHHOE» COCTOSHNE B TOM CMEICIE, UTO JJiS CO3JNaHHA BO3OY:IeH-
HOTO COCTOAHWUA BCEH CHCTeMB TpefyeTcs KoHeuHas »HepPrus A,
B HEKOTODPHIX OTHOMEHWSX CHTYANHA HEMHOTO HATOMHHAET IOJNYIPO-
BOJHUK, TAG TakKe TPeGyeTCA HPEOROIeTh SHEPTeTHIeCKYIO Meahb Il
TOT0, 9TO6K 326 POCHTE BAEKTPOH B 30HY NPOBOXUMOCTH. JTa aHANOTHS
nomoraer Tpy6o 06BACHATE HEKOTOPHIe 0co6HIe CBOWCTBA CBEPXIPOBOL-
HUKOB, HaUPHMep NOINOMeHNe 3IeKTPOMATHUTHOTO WM3dyveHusa (cp.
§ 5 ra. 8) m ryrHenpHHI apdext (§ 8 ri. 6).
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§ 5. TemmeparypHas 3aBHCHMOCTD SHEPTEeTHYECKOH ueau

Ocnosnoe cocroanme peannsyerca aumb npu I' = 0. Ipn romeq-
HOH TeMmmeparype GymyT BoO3OYKAATHCA KBASWYACTHUIHI, paclIpenese-
HHEe KOTOPHIX flaeTcs oOparHo#l pymrimeir Mepmu — Jmpara

1

fk:m. (11.41)

B HopManbHOM COCTOAHMH TaKue BO3OY:KIEHHA, PACHOIOKeHHEE HaJ
yporueM Depmu mim mox HuM, He3aBHCHMHL PYT oT Apyra. B crepx-
OPOBOAAMEM COCTOSHWN OHA GYAyT B3aHMONENCTBOBATH APYT € APY-
TOM, CTPEMACHh YHUYTOKMTHh DHEDPTeTHIECKYH MIelb.

Ilycrs Ml mMeem fesio ¢ cocroammeM | fi ), cpejHee YMCI0 KBa3m-
4acTwI[ ¢ EMOYIbCOM k B Roropom maerca ¢yukumeit (11.41). Pesynn-
TaT JeHCTBUSA OLEPATOPA YHAUUTOMREHUA Px HA HTO COCTOSHWE HE PaBeH
pyao. B cpegnem mosxuo 3amenHntp omeparop (11.25) ma

BEPx | fic> = fie| f)- (11.42)

IlpuBenenne K AEATOHAJNBHOMY BHAY TaMHIbTOHHAHA, NEHCTBYIO-
mero Ha ¢yrrnuio | 0), ocaosrBaxoch Ha cBoiicrse (11.32). Ecam mu
Temeph MONBITAEMCA NPOBECTH JHATOHAJUBAINIO [JIA COCTOSHUA
| /x ), TO IPH YCTAHOBJIEHWN CTAHAAPTHOTO MOPAAKA B OPOM3BEAEHUIX
omepaTopoB ¢ moMombio cootHommernns (11.31) B ramuapronmane (11.33)
BOBHHKHYT JOMOIHATEIbHEIE WIEHH, COMEP:RAIAE «OMACHLIe» IPON3Be-
nerns PEPEy. UToOH MCKIOUHATH BTH claraeMsle, HPUBOJAIIIE K IOPO-
JKOEHII0 Tap, HY)KHO H3MeHHTH yciosme (11.34):

28 (k) wvy + (uf —vh) %} V(K) uekix (1—2fiix) =0 (11.43)

(3mech YUYTeHH [BA BO3MOKHHX CIMHOBHX COCTOSHUSA, CBA3AHHBIX
¢ RamgeM sHauexueMm k).

ITO WHTerpaJibHOe YpPaBHEHIE MO;KHO PeIINTh AJf YIPON[EHHOTO
Bzaumogeiicrpus V, samensa A, B ¢dopmymax (11.35) u (11.36) ma

A= —V D) upixviir (1—2frix). (11.44)

Bumecro (11.37), ucmonszya ¢ymrummo (11.41), M1 moxywaem Torga
w

i ek) 1 . LN
1= — 5V v = —5 4 En)V | g ithgrds, (11.45)

rfie, Kak O ipedyie, & ecTh dHEePTUsA BO3OY/KIeHAA:
e(k)=V A*+E (k). , (11.46)

Isa ypasmenus (11.45) m (11.46) HeaBHEIM 06pas3oM ompeenaAoT
coormomerEre mesuny A m T (Pur. 205). Ddro coorHolleHHe BecbMa
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rPOMO3[KO, HO [JIaBHAasg 0COGEHHOCTL €ro COCTOHT B TOM, 4YTO OpPH
ysenmuennn I Benmumra A y6miBaer ot sBageHusm Ay mpm T = 0.
Hpyrumu cropamu, BeJINYMHA HHepreTmdeckoil memm A y6uiBaer mpm
BO3pACcTaHUM TeMIepaTypH U ofpamaerca B HYJIb IPH CTPOLO OLmpe-

nenensHolt temmneparype T, rge, cormacHo (11.46), & (k) = | & (k) |.
Takum o6pasoMm, TemuepaTypy T, MOKHO HAaWTHM W3 ypaBHEHWS
w
2 1 e
@Y 2 5) b (7 ) @ (t1.47)

Beogs A,, BeqnumRy oHepreTwueckoi menm npm I = 0, MH HoXy-
qaeM OTCIOAA

Ay =~ 1,76kT,. (11.48)
TeM camBIM mony4eHO HOATBED:K/EHHE KaueCTBEHHHIX COOOpajkeHuil

§ 2 HacTosAmeH TIABH, I KPATHYECKas Temmeparypa I, ONeHANBaJach
M3 PHEePIrHH CBA3H KYOEPOBCKON mapsl.

-

0 T e

T

OQmr. 205. Mauenenne mupmAw sHep-  Pnr, 206. CpasHenne yhaeabHol Tei-
TeTYeCcKOi meJamr ¢ TeMmeparypoi. JI0eMKOCTH CBePXIIPOBOJHUKA ¢ DIIOK-
TPOMHOH YAENLHOM TENI0eMKOCTHIO

HODMAJILHOIO METAJLIA.

Buime Temuepatypsl 7. ypaBHeEWA He mMelT pemeHmit. Ilpm Tem-
mepaTypax HI)Ke KDHTHUECKOH, HO OAHMBKHX K Hell, BeIW4wWHA sHEp-
TeTHYeCKOH IIEJW Pe3Ko BO3PacTaeT OT HYJSA 1O 3aKOHY

A (T) ~ 8,2, ( —--{:)"’. (11.49)

B srom MmoskHO YyOemurhbCH, OTHICKHBAA NPHOAMKEHHOE peIIeHHne
ypaprermit (11.45) m (11.46) B oxpectHOCTH pememma (11.47). Ilpm
Goslee HUBKUX TeMIepaTypax INeJdb BO3DPACTaeT MeAJEHHEE M IOUTH
nepecTaeT MEHATHCA, NPAGIHSMBIIACE K A, IPEMEpPHO TPH TeMmIepa-
rype I ~Y,T..
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Bonee TmaTelIbHE{ pacuyeT 3HePrud CHUCTEMEl KBA3WIACTHI] C yIe-
TOM TeMIEepPATYPHOTO WSMEHEHMs HHEPIreTHUeCKOH IeNH IO3BOJAET
HafiTé BeIpaskeHHe [JiA yelbHo#t TemmiroemxocTH. IIpm Temmeparype
Iepexofia MMeeTcs CKAadoK TeIJIOeMKOCTH, BelNYAHA KOTOPOro PaBHA

Coo = 1,439Te, (11.50)

rje y coBmagaer ¢ KoagdurmenTom B hopmyie (4.46) misa snerTpoHHOR
yIeNbHOH TEINIOEMKOCTH B HOpMaibHOM cocrofnnm (dmr. 206). Ilpm
follee HUBKMX TEMIEPATYPaX TEILIOEMKOCTh B OCHOBHOM OHPEMeseTCs
HAJIAUNeM SHEPreTHYecKoH Meaw, HO IpocTasd Qopmyna

Cos 0 €~ DTNT (11.51)

CTAHOBHTCS IPEMEHWMOi JUimb TOTAa, Korja A mpubamkaercda k mpe-
TeJIBHOMY 3HAYEHHIO A,

§ 6. Hesaryxamomue TOKHA

HauGonee mopasuTejbHAs 9YepPTa CBEPXIPOBOJALIET0 COCTOSHUSA
3aK/II09A6TCA B TOM, 9UTO IOPH LPOTEKAHHH JICKTPHYECKOrO TOKa
B MeTajijie KajKkeTcd, 4TO CONPOTHBIEHHE OTCYTCTBYET MONHOCTHIO.
Yro6E HOHATH 9T0 B paMKax Teopun.Bapauna, Hynepa m lllpaddepa,
3aMeTAM, 4TO SHepTeTHvecKas MieJdb He CBA3aHA C DPEMETKOX — ee
HoJioyeHYe B 00PATHOM IDOCTPAHCTBE He (IPUBA3aHO» K IPAHULAM
30HH BpmitosHa, KaK B IOJTYIPOBOJHUKAX, — OHA IIPOCTO PACIoJIo-
;rena Ha yposae Mepmu. IIpoBenenroe Bhile paccy;kiAeHNe He CBA3AHO
cymecTBeHHEIM 06pasom co cdepuueckodr GopMoil MOBEPXHOCTH Dep-
MW, OHO JOIKHO OHTH CUHDaBeNIUBEHIM X 1A mnosepxHoctn (depmn
HOpOM3BOJIBHON (QOPMEL.

Kax moxasaro B § 2 ra. 7, aieKTpuyecKoe IIojie cMeIlaeT pacnpe-
neietre DepMn Ha HEKOTODHIA HMOCTOAHHLIA BEKTOP IO OTHOIIEHWIO
& obparmoit pemerxe. Tox J coorBercTByeT CMeIeHUIO Cdepst cBobop-

HEIX 3JIEKTPOHOB HAa

Ok = —— 7, (11.52)

nek

DuepreTMUecKas WeJb He NPENATCTBYET dTOMY C/BHUTY; OHa mepeme-
maetcsa BMecTe ¢ ToBepxHocthio (DepMm B HOBoe ToJOMKeHHe (CM.
gur. 207).

YroHLL OMACATH COCTOAHEE, OTBeUAIODIee HAIHUMIO TOKA, Ha s3HIKE
teopun Bapauna, Kymepa u Ilpuddepa, MEL 1POCTO MPEIOTOFKAM, TTO
LeHTpP TAKECTH KayKio0il DIeKTPOHHOR Haphl CMECTHICA HA BeJIUTUHY
8k. IIpm BBefleHWH KBa3WIACTMYHHIX omepaTopoB Py, Pk, corzacHo
$opmynam (11.28), Mbl cBssmiBaeM Temeph cocrosiye (K +- Sk, 1
¢ cocrosumem (—k - 6k, |); B 0CTaTBHOM XOJ PACCYIKIEHUE OCTALTCH

TeM e CaMbIM.
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EI[]Z[HCTBGHHOB, 49TO CJefyer OTMeTHTh,—3TO BO3pacTaHWe HOJHOH
KHHETHIECKOM 9HEPIruH JJEKTPOHOB HA BEJINYHHY

A2 (k)2
2m

58 ~ (11.53)

Ha 9JMeKTPOH. KEciau 0§ mpeBHCUT BHEDPIUI0 CBASH CBePXIPOBOMAMIEIO
cocrogrusa (11.38), To HeNb3A OKEAATH, YTO CHCTEMA OCTAHETCH KOH-
AeHCHPOBAHHOW. ITO HAKIAAHBAeT OIPAHMUEHHE HA TOK, KOTODHI
MOKET TPOTEKATh.

Hanbonee Ba;xHOE CBOHCTBO TOKOHECYIIETO COCTOSHHESA cocromr,
O[IHAKO, B TOM, UTO IIOCIE TOI'0, KAK OHO YCTAHOBHIOCH, €T0 HEIErKo
paspymuts. Ilpomeccr, mpmBojsAmme K CONPOTHBIEHHIO HODPMATb-

Frepzemuyecran
}/ wens

%/

Snepeemuyeckan wess
a &

@umr. 207. ¢ — B TOIYNPOBONHUKE DHEPTETHIECKAA HMIEIb «IpHUBABAHA» K B0HO
BpaaaosEa; 6 — B CBEPXIPOBOJHAKe DHEPreTHIECKAL INENb HEePEeHOCUTCH BMe-
cre ¢ noBepxHOCTHI0O DepMmm.

HOMY TOKY M paccMaTpUBaBmiuecd B § 5 Ia. 7, OpeacTaBisfoT coGoi
«ONHOSJIEKTPOHHbIe) HePeXOisl, B KOTOPEIX OTHeJNbHAs JaCTHIA, B3aM-
MOZIeHCTBYA ¢ QOHOHOM WIIH IPHMECHI0, EPeXOf|T ¢ ONHOM CTOPOHbL
nopepxHocTe Qepmm Ha Apyryo. B cBepxmpoBomameM cocTosHR:
TAaKO# IPOLECC MOKET HJTH, TOIBKO €CIT OH COIPOBOKAALTCS mOPOsK-
AleHneM KBagW4acTHI[; CKaxieM, B cocToaHmE k - q, re pambme Haxo-
AUIC SJIIEKTPOH, HOPOMAAETCA ABIPKA, a CaM BIEKTPOH IOSABIAETCH
B cocroanmu —k + q. [las rakoro mpomecca TpeGyercs sEeprus A,
KOTOPYIO OfWH (OHOH He MOKeT IOCTaBHTh. UTOGH YMEHBIIHTH TOK
RO HyIA, TpeGyercs KawkmM-TO 0GpasoM 3aMEIETH BCE BIEKTDOHE!
OZHOBPEMEHHO, TJIaBHO BO3BpaTmB momepxmocTh Depmm K mawamy
roopzmaar. He cymecrByer mpocroro mexammsma, KOTOPHE MOT Gbr
06yCIOBUTE CTONB MaOBEPOATHHIL mpomecc. IlosToMy B Koxbme ma
CBePXIPOBOAAMEr0 MaTepHala KPYTOBOH TOK, OJHA&KIH yCTAHOBUB-
IMCH, MOKET COXPAaHATHCA, He 3aTyXad, IOYTH 70 GECKOHEYHOCTH.

Kasanoce 6w, reopus Bapnuma, Kymepa n Ipn¢depa wpmrmae-
CKE CBSI3aHa C MPEJICTABJIEHHEM O CYNIeCTBOBAHWH XOPOINO OIPeIeseH=
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BHX 610X0BCKEX cocrogHmi |k, 4) m | —k, ). Tem He MeHee cBepx-
IPOBOJEMOCTS 9acTO HaGJIONAaeTcsas W B OYeHb Pa3ymopAf0SeHHHIX
¥ (IPA3HHIX» CILIaBaX, B KOTODHIX JAaWHA cBOGommoro mpofera aiex-
TPOHA, ONIpEeReNAIH[as OOHYHYI0 HPOBOAEMOCTb, OHIIA OBl CAHNIKOM
Malia [JJA TOro, 4TOOLI CYMTATE BEKTOP K XODOMIMM KBAHTOBHIM WHC-
noM. [IpaumBa aTOTO COCTOMT B TOM, 9YTO CBEPXIPOBOAAINGE «CIAPHUBA-
HHE» MO/KeT NPOMCXONATH MEKIAY JIOHMA JIBYMA COCTOAHUAMH,
CBA3aHHLIME APYT C APYroM uhseepcuell spemenu {§ 11 ra. 3). dxex-
TPOH [OJKEH IUHIb AMETh BOBMOKHOCTH HOCAE LepeBOpoTa CHAHA
opoTH yepes MaTepEal B 06pATHOM HANPABIGHHAR [0 TOMY K@ CAMOMY
OyTH, KakuM OH XaoTMYHHEIM ¥ TPYAHHM oH HE Ona. B raxmx ycio-
BHAX TeopHA Baammopeiictema ODpeamxa MoOMKeT OKasaTbCA O4eHb
caoxuol. OqHAKO KOIb CKOPO COOCTBEHHEIE COCTOAHUA CHCTEME MOKHO
XapaKTepH30BaTh HapaMu, CBA3aHHHIME HHBEPCHEH BpPeMeHmH, a ypo-
peab MepmE Je;RAT B 061acTH GOIBIIOR OJIOTHOCTH COCTOARMH, IPHH-
OUOAAIBHEX BO3DAKEHHH NPOTUB CYN[eCTBOBAHHA MAKPOCKOIAIECKON
CBEPXIIPOBOLAIIEH KorgeHcHpoBaHHEOH assl HeT. [lo To# ke mpmanme
HOBaA HHTEPIPETANHA NOYTH HEBABMCHMEIX HJIEGKTPOHHHX COCTOAHUMA
KaK KBasHIaCTHUHHX BO30YKIeHHH B cucteme MHorHX Tex (§ 8 ri. 5)
He IpenATCTBYeT NpuMeHeruio Teopuu Bapamaa, Hymepa u Ulpuddepa.

Eciam, ognako, MaTepralt COAEPKAT BHYTPOHHME MATHUTHbIE IIOJISA,
KaK B ¢eppoMarHeTEKE, TO IPeANOJI0KeRHe 0 CHMMeTPHH OTHOCHTEIb-
HO MHBepcuu Bpemenu Hapymaerca (§ 3 ra. 9). IeficrsurensHo, pac-
CMaTpHBasAd MHICIEHHHIHA Lporecc OOPaTHOr0 NBH/KEHHS OTHEILHOTO
BIIOKTPOHA BJOIB €r0 TPAGKTODHH, MH He BIDPaBe CUMTATh, UTO HW3Me-
HAOTCA W HampaBieHEA stax mojeil. Taxam ofpasom, make BecbMa
Malofi KormeaTpanum MargaTHEX npameceii (§ 6 ra. 10) okaswBaerca
VK@ JJOCTATOYHO AJIA YHEYTOKEHNA cBepxnposogumoctd. llpm Heckomn-
KO MeHbIIeH KOHMEHTpANWHW IpEMeceidl MO;KeT HabGIoOIATHCA COCTOS-
HEE, W3BECTHOe IIOf Ha3BaHAEM Oecwjesesoll ceeprnposodumocmu.
9T0 — COCTOAHME CO CBEPXHPOBOAAMMMHA CBOMCTBAMH ¥ MaKpOCKO-
OH4ecKH ynopapgouemHoe (cM. § 9 Hacrosme# riase), Ho 6e3 Iexn
(11.40) B sHepreTHMYECKOM CIOEKTDE KBa3WIaCTHII.

§ 7. Ypapnenne Jlomponos

Bo pHeiEeM MarHATHOM IOJie CBEPXIPOBOTHAK BefleT ceGs 0CoBRM
o6pasom. YacTtuuHO 3TO MOBeJeHHe, Ka3adoch OHl, MOKHO HOHATH,
paccMaTpEBas ero Kak ciefcTsde GeckomedHO# mpoBogmMocTd. BryT-
PHE CBeDXIOPOBOJHHKA HEJB3sA CO3JaTh MATHATHOE I0Je, TAaK KaK IOpH
BOBHEKHOBEHMH MATHMTHOrO HOJA HA HOBEPXHOCTH 0o6pasma HHAY-
OUPYIOTCA He3aTyXawilue TOKH, JKPAHAPYIINWe BHYTPEHHIOO €ro
9acTh. 310 06bACHEHTE, ONHAKO, CIPABeNIABO HE JJIA BCEX ABICHUI,

PaccMOTpEM TOKM, MHAYNHAPYEMEe MAarCHATHHM IIOJEM C BEKTOD-
potesmuaioM A (r). Cormaceo ¢opmyrne (10.3), upm stom MeHsercs



§ 7. Ypasuenue Jondonos 437

omepaTop KAHETHYECKOH SHEPTHH; B COCTOAHHUE P (r) CpejHAA BeIH-
9WHA HTOTO W3MEHEHHs pPaBHA

‘P"{zm( v——A) (_.;_:LVZ)}\p:—-i—J(r).A(r). (11.54)

MH npupaBHAJW 37eCh JOKAJIBHYI0 «ILNIOTHOCTh KHHETHYECKOE dHEp-
[UH» K KIACCHUECKON IJIOTHOCTH DHEePrdd, CBASAHHONW C TOKOM, HIOT-
HOCTE KOTOPOTO ecTh J (r) W KoropHil Teder B HOJIe ¢ BEKTOP-MOTEHIIRA-
aoM A (r). Taxum ofpasos, NIOTHOCTH TOKAa paBHA UPOH3BOXHOR
soipazcenus (11.54) mo A (r):

J () =5 T (O VP—bUE) — oo $TPA. (11.55)

IlepBHlil 9den 37iech HPERCTABIAET cOGOM XOPOINO W3BECTHO® BHpayKe-
HEE NI OIOTHOCTH TOKA B OTCYTCTBHE MATHHTHOTO LOAA.

B oGrraHOM MeTalliie B CTATHYECKOM HOJe BKJAAJH STHX ABYX Wie-
HOB IIOYTH YHHYTO)KAOT APYr ApPYyra, TaK 4TO ocTaeTcA cralmil gua-
marsermsM (cp. § 1 ra. 10). B cBepxuposogHEKe, ONHAKO, COCTOSHASA,
OIHMCHIBaeMHe «BOJHOBo#l ¢ymKIuei» P (oHm 6ynyr Gojdee meTaabHO
paccmorpenst B § 9 Hacrosmel riaasbl), 061agarT HEKOTOPOH KeCT-
KocTho». llycTh, HampEMmep, HaoKeHMe BHEITHET0 MArHUTHOTO
moJisi BooGIme He MeHAeT BOJAHOBYI0 (YHKIMIO, TAK YTO OHA OCTAETCH
paBHOH CBOEMY 3HAYEHHIO WP, B oTcyTcTBEe moid. Torma MoxHO ¢ yBe-
PEHHOCTBI0 CKAa3aTh, 4TO

Jo (r)’”m(\l’oV‘Po Povpy) = 0. (11.56)
TarkmM 06pa3oM, B CBepXOPOBOINHUMKE OCTACTCA JHIUh BTODPOH wTieH
JO=—mc W @Y OAD=—S2 Ak, (1L50)

rjge n — JOKAJbHAS ILIOTHOCTH 3JEKTPOHOB.

Hocnenaaa dopmyna, B KOTOPYH yie He BXOAUT I'HIOTeTHUECKAR
«BoJHOBasA QYHRUMA», U3BECTHA IIOT HAa3BAHWUEM ypasHenus Jlondonos;
OHO NO3BOJACT JaJEKO HPOABHHYTHCA B OOBACHCHAN MHOTHX CBOHCTB
CBEPXOPOBORHAEKOB. MK 3HaeM, EaOnpHMep, 4T0 TPOBOTEMOCT GECKO-
HeYHa, TAK 4TO BHYTPH o6pasua Her piexTpHEYeckoro mois. Crarmue-
CKO€ MarHHTHOE IT0JIe CBA3aHO ¢ TOKOM J uepes ypassenme Mauceenna

VXH———J (11.58)
Ypapuenne (11.57) moixHO mepenucars B BUAE

H=[y x Al= — 2% [y xJ]. (11.59)
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Hom6urnpysa pasencrea (11.58) m (11.59), mur moxyaaem

V2H=£§H, V2J=T‘§J, (11.60)
T
me?
) (11.61)

B cayuae xorga HEHOCDEJCTBEHHO Y MOBEPXHOCTHE CBEPXIPOBOJHEKA
MarHMTHOE @HoJe mapajaelbHO ed u pasmo H,, pemenme ypaBHe-
muit (11.60) mmeer Bupg

H = Hoe-*, (11.62)

Te z — PacCToAHME OT IOBepXHocTH B riay6ps obpasma. Takmm obpa-
30M, moje OHICTPO CUHAfAeT ¥W NPOHUKAET TONBKO Ha DPAcCTOSHUE A,
Ha3skEBaeMO®e 24Yy6un0ll NPOHUKHOGEHUA, BeINYAHA KOTOPOH HOPAIKA
51079 cm.

JTOT Pe3yIbTaT HE 3aBHCHT OT cuocoba cospamma moas. OH mMeer
MecTo IiA o6pasna, KOTOPHI 0XTaKAaeTca B MATHETHOM HOJe, Haqd-
HaA ¢ TeMumepaTyp, OMMSKEX K Temieparype mepexofa. Horma meramnn
CTAHOBUTCA CBEPXIPOBOAAMINM, MATHATHOE I0J¢ BHITAIKABAETCA
u3 obpasma. IJro agiesm MeiiccHepa, KOTOpHE Beanssg O0BLACHUTD
IPOCTO Ha OCHOBe 0eCHOHEYHOH IPOBOLHMOCTH,

Tor (axr, 9To CBepPXIPOBOJIAMEE  COCTOAHME CBA3AHO C BO3MOMK-
HOCTHI0O MHBEDCHH BPEMEHH M (HMASANbHO AUMaMarHNTHO», HAaBOZHUT HA
MEICIIB, 9TO JOCTATOYHO CHIBHOE MarHHUTHOE TOJIe MOKET eT0 H3MEeHUTh.
N peiicreuTensHo, 06beMHAA CBEPXIPOBOAUMOCTh BO MHOTHMX METAll-
JaX DPONAfaeT IPH HaJOKeHWH MATHHTHOTO TOJH, IPERHINAKIIEr0
HEKOTOpoe KpATuuecKoe srauenue H.. Ilasa ceepxnposopankos [ poxa
9TO 3HAYEHME MOKHO DacCUMTATh TePMOAMHAMAYECKH, 3HAs KPHBYIO
YIAENbHOR TemIoeMKocTH. JHeprua mouas Hi/8n B KpHTHUIeCKO# ToUKe
HoKHA OHITH paBHA PABHOCTH CE0600HHT sHep2uli B CBEPXIPOBOAI-
meM ¥ HOPMalbHOM COCTOAHMAX. DBymem, mampmmep, cudTaTh, 4TO
VOeIBHAS TEmI0EMKOCTh CBePXHPOBOLAINEr0 COCTOSHHA IIPOIOPIHO-
mameHa 7%, a B HOPMAJILHOM COCTOSHUM ONpPEHEISeTCS DIEKTPOHHON
yaeasHOd Temmiaoemkoctsio y7'. Torga MosxHO mOKa3aTh, 4TO KPHTHYE-
CKO€ [OJIe NOJKHO 3aBUCETh OT TeMIepaTyps mo opmyIie

Hc=1/2_:r_cy.’l’c{1——(—1%)2}, (11.63)

rae T, — wpurmgeckaa temmeparypa (11.48). Maxrmueckm, Kak
orMevanock mociae Gopmyan (11.51), ymrenbHas TenIoeMKOCTEH CBepX-
OpOBOAHMKA CHOKHEIM 00Da3soM 3aBHCHT OT TeMUHEPATYPH, TaK ITO
dopmyna (11.63) pepra ammp npuGIEKEHHO.

Cireryer momuepKEYTH, 4TO B 9TOM PacCyKACHEH IIPEIOTATABTCA,
9T0 MATHATHOE MOJIe NOAHOCIMGI) BHTANKABaeTCA U3 oGpasua. B ovens
MaJIeHBKOM WM TOHKOM KYCOUKe MeTalia, TOJUIMHZ KOTOPOTO CpPAB-
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HEMA ¢ A, MATHUTHO® II0Je IPOHHKaeT B ra1y0b o6pasia, I TepMORAHA-
METEeCKOe PACCMOTPeHHe OKa3hBaeTcs HempHUMeEuMEIM. B aToM ciaydae
CBEDPXIPOBOJALIEE COCTOSIHAE MOKET COXPAHATHCA [0 3HAIUTENDHO
Gosee CHNBHBIX MATHWTHHIX IoJeit, weM MO;kHO G6hlio Obl OKEAATH
na ocHose popmydsl (11.63). menHO 3TO IPOMCXOAUT B CBEPXIPOBOL-
Hukax I poga, e HATE TaKo#l TONIIHHHL MOI'YT OKAaB3aTbCA YCTOM-
9YEBHIMA JayKe B MACCHBEHX 00pasmax H3-3a B3aWMOJEUCTBUS C JUCJIO-
KamusaMmd, npamecamMn u T. K. (cm. § 10 macToamed rJIaBEL).

§ 8. lamna KorepeHTHOCTH

IIpu BuBojie ypasHenus JlosmoHos (11.57) My mpenmoiaratim, 4To
BONHOBaA (YHKOWsA CBEPXIPOBOJHHKA ABIAETCA KECTKOMY M He
H3MeHseTcs NpH OPUAOKeHHH MATHHTHOIO HOJNA. IJTO, OYEBHIHO,
HEBEPHC; MBI 3HAEM, UTO JIOCTATOYHO CHIABHOE MATHUTHOE MOJe YHUYTO-
JKaeT CBepXIpOBOAAIee cocTogHHe. BHYHCINM M3MeHeHWe BOJNHOBOL
¢ysxnmm p B (11.55) mom meificTBmeM BHemHero Bosmymenms A (r),
meficTBYIOmero Ha OCHOBHOE COCTOSHEE CBePXHPOBOJHUKA.

9To HeTpyAHO cHenaTh B paMKax gopmanusma Boromo6osa, H3II0-
JKeHHOr0 B § 3 HacToamiel raassl. PaccMoTpEM ofHY dyphe-KOMIOHEH-
TY BEKTOD-DOTEHIHANA:

A (r)=Agpitr, (11.64)
MaTpnuHEi 371eMeHT TAKOTO BHPaKeHHA IJIA Hepexofia Meyxny ABYMA

COCTOSHUAME cBOGOIHEOTO BiIeKTpoma THmna exp (ik-r) m exp (k'-r)
paBen

S e-ik’-TA (1) eT dr = A4S (k4 g —Kk'). (11.65)

Taxum o6pasoM, Ha A3HIKe OmePATOPOB YHWYTOKEHHA H POKIACHUA,
YAOBIETBOPAOMMUX COOTHOMEHNAM aHTAKOMMYTANMHA (11.24), BexTOp-
porennuairy A (r) cooTBeTCTBYeT omeparTop

B = Aghi 4 gbr. (11.66)

C TOYHOCTBIO 70 WICHOB IIEPBOTO IOPSAAKA IO A BO3MYINEHNe,
BHOCIMOE MATHHTHEHIM IIOJIeM B IaMEJIBTOHHAH, HPEACTABIAETCA Olle-
paTopom

“z%{(V'AJrA-V) = — ;,ffc D {(k+q) +k} - Agbfgbi. (11.67)
k

B srom nterko y0eguibcA 10 aHAIOIMH ¢ BHIPAyKeHHAMHA (11.65) n
(11.66); MaTpmdHBle JeMEHTH OIepaTopa B, IpaBoil JACTH MEXKAy
BCeMU COCTOSHMSAME (T0JIOTO BIEKTPOHA» COBIAJAIOT ¢ MATPHIHEIMI
BIEeMEHTAMHI ONepaTopa, CTOAMEro Cliesa.

IIpaMeEnM Tereps K BTOMY BHIPA/KeHHIO IpeobpasoBaHue (11.28).
Pesy/inrar, BaImCaHHEI uepes KBaswuacTHuEele omeDaTopH Pk, Pi,
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MMEeT [0BOJBHO CJOMKHHIA BHJ, OMHAKO, PACCMATDHBAMA [elCTBHE BO3-
MYIOeHEnsA Ha OCHOBHOE COCTOsHEE CBepXxmposogHmKa | 0), MBI MojkeM
ECKJIIOUHATH BCE WIeHHl, COfiep:;xallye onepaTopsl YHHITOKEHHS, ¢ IO~
mMomplo yeaosus (11.32). Ilocae aToro ocraTes WiIeHH, cogepixamue
Tpon3BefeHus IBYX OHEPATOPOB POH{IEHUA; BOZMYIIEHUE NPHBOTATCA
K BHEAY

2 (2k + ) * Aq (Vi 4qUk — Vklx +q) P+aftx,  (11.68)

2mc

rue ug, Ux B T. . — Kosdduimuenrs npeobpasosanus (11.28). Maramr-
HOE TIOJIe CO3JAeT WNAPH KBAZWUACTHIN, ¢ PEBYABTHPYIONHAM MMIYib-
COM (; 9TOr0 MOKHO OBLIO ORUAATH, MCXOAA M3 KAUCCTBEHHHX CO0006-
paennii § 6 HacTosmed riaBH, KAcAOMAXCA TPHPONH HezaTyXamw-
IMAX TOKOB.

Bynem reneps pacemarpmsats omepartop (11.68) kar Bosmymenme
¥ BHYHCAOM H3MOHEHWE BOJHOBOH (YHKIHMH OCHOBHOTO COCTOSHHA.
3atem ¢ momompbio gopmyian (11.55) BHOBP BHIUHCAHMM TOK, HCHOJIB-
8y Teleph BMECTO ) ¢HOKECTKYIO» BOJIHOBY dyarmuio, B peayanTare
WOy IAM

e’n

Jg= me e At oo Zm’c

(2k+‘I) {(2k+q‘)'Aq} (vkuk+q_vk+quk)
X2 GE R (11.69)
rae sHeprua mapu keasmuactmy & (k) + e (k 4+ q) maerca Beipame-

paem (11.40).

Ilpm »TOoM pacdeTe BOBHHKAWT (GOpMaJbHEHE TPYNHOCTH, KAaKHe
7aCTO BCTPEUAIOTCA B KBAHTOBOMH TEOPHH ABWKEHHUA JACTHI B MATHHAT-
HEIX IOJAX W CBASAHH ¢ BHIOOPOM KaJlEOPOBKH BEKTOD-TIOTEHIIMAJA.
Mu Mosxem 3mech ofofitm WX, cumras, 9TO BeKTOpP-mOTeHIUAX A ()
ABJAETCA YUCTO IOIEPEIHHIM, TaK 4To (+Ay = 0. Ygobro cammerpum-
30BaTh IPOH3BEieHHE N0 Vx W T. X., mocne gero dopmyna (11.69)
MePexoanT B CIeRYION(YIO:

Jo—— e“‘n + (ke Adq) (V) _1/5q%K +1/29 — Vic 4 1/5q%K - !/zq) (11.70

“ Aot & o k— 1a0) ¢ (K F "20) e
JTy CyMMY JIerKo BHYHCIHTH ¢ HOMOWbIO gopmyi (11.36), Bepaskaro-
muX QYHRIAA Uy 1 Uy, gepes saepruo £ (k). Mol me Gynem 3fecs getann-
HO BOCHODOM3BOJNTH 9TH BHIKIAJKH, OCHOBAHHBIE HA 9JIEMEHTADHEIX
reoMeTpmueckunx nmpeoGpaszosammsax. Samwmem npocto (11.70) B Bume
COOTHOWIEGHUS MEKAY TOKOM H BEKTOD-TIOTeHOUAJIOM

Jo= —7=T(0)A; (11.71)
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agech [’ (q) — m3BecTHAs (yHKOEA BOMHOBOI'G YHCJIA ¢ BHENIHETO
MAarEATHOTO HOJIA. _

W3 perpaskenma (11.70) mocratouno sicHo, 4ro cymma ofpamaercs
B Hy1b npH ¢ — 0. Tarum o6pasom, mia MemieHH0 MEHAIOMAXCH Mar-
HUTHHX pojxed d¢opmyiaa Jlomgomos (11.57) cupasemaupa, W3 Hee
B o0mem ciayuae BHTeKaeT sggert Meficcaepa. Ounaxo mpm Boapa-
craHu® ¢ cymMma B gopmyne (11.70), Gymyunm cyimecTBeHHo mOJOMKU-
TeJIBHON, CTPEeMATCA CKOMIEHCUPOBATH OCHOBHOM wien. [[elicTBnTenn-
HO, 71 GOoNbIHUX 3HAYEHHR ¢ MBI MMeeM [eJI0 ¢ Bo30YKeHUAMHE, DHEP-
TEA KOTODHX HAMHOIO LPEBHINAET IHEPTHIO INEJAH, N KBA3HTACTHI[H
BeayT ceba KaK OOGBIYHBIE DIEKTPOHBI W AHPKY (B 3aBUCHMOCTH OT TOTO,
Boime mwim Hmke ypoBEA QDepmm oHm Haxomarca). B atom cayuae
MOJKHO IIOKa3aTh (9TO XOpOIIee yopa;KHEHHe HA NPHMOHEHWE TEODHH),
gTo uaeH JIoEMOHOB TOYHO KOMIeHcHpyercsa. [ pyraMm croBamm,

I' (g) -0, (11.72)
KOT[Ia ¢ CTAHOBHTCA GOJBIIHEM.

Peansrasa ¢opma I' (g) B mpomeskyTre Mesxpy oTHMEH ABYMA Ipe-
NeNbHHIMHE CiydasMH ykasaHa Ha ¢ur. 208. Ecrectsemmo mpegmomno-

I'(r}
\ i
i jif
Iit
[N
T
4mne? ,, :
mc? : ] [ 2
I
1.
Z. LN (
o /4. r
a )

@up, 208. OyERNAA OTHAAKA CHCTEMH.

ad -~ B HPOCTPAECTEE BOJHOBHX BEKTOPOB; 6 — B KOODIMHATHOM HDOCTDAHCTEE,
1 — wo JIoHpgoHaM; 2 —- mo Hmnmapnay.

#uTh [5T0 MOKHO Taxyke mpoBepurs ¢ momompbio dopmyast (11.70)],
9TO MHl TepeHxeM oT «peskuMa JIOHAOHOBY K PO;KAMY, OIpPeAelaeMOMY
dopmynoit (11.72), Korga BOIHOBOE YHCIO ¢ CTAHOT FOCTATOYHO GOINb-
IIAM JJS TOTO, YTOOH CO3KaTh BO3OY/KIEHHE, T. 6. KOTJa ¢ MPEBLICHT
KPATHYECKOe BHAYEHHE ¢, OIpeneiseMoe (opMyJIoi

ivpge ~ Ay (11.73)

Beawunna 1/g., naBaemas aroit fopmyuoit, mpeacrapiser coboit dauny
Kozepenmuocmy § NI AeaJMsupOBAHHOTO CAy9ad IHCTOTO METakia.
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Yro6H BHACHATH €€ CMEICH, 3anmmeM cootHomerme (11.71) Mexpy
TOKOM ¥ BEKTOP-IOTeHOUATOM B KOOPOUHAMHOM RPOCMPAHCMEE:

Joy=§T@—r)AQ)d; (11.74)

sgmecs I (r) — Pypbe-o6paz I {(q). B teopmm JlompoHOB Benmumma
T'(q) wocrosmma, rak ato I'(r) mpexpcrasaser coboif menbTa-QyHKINIO;
pervamHa J(r) 3aBHCHT TOJBKO OT 40Ka4bHOeo BHadeHHA A(r), Kak
B ypasaernn (11.57). Bomee caoxunit Bug mmeer ¢ypee-o6pas ypas-
mennsa (11.71). OGaacTs, B KoTopoil Benmunaa I'(r) oTim4Ha OT HYJA,
OTIpe/ieNIACTCA JAWHOM KOTepPeHTHOCTH §, u, TakmM of6pasoM, cooT-
HOIIEHHe ME;KIY BeKTopaMu J m A aBisercs HetokasvHum. OHO Hamo-
vuHaer ¢opmyny UYsmGepca (8.101), mcmonab3oBaBIIyIOCS B TEOPHH
aHOMAJbHOTO CKREH-3dderTa. ‘

Aror pesymbraT, JeHOMEHONIOTHICCKE YCTaHOBIeHHHIH [unmapmom,
HWrpaeT BA;KHYIO POJb IPH [JeTAJbHOM PACCMOTDEHHMH TAKHEX CBOMCTB,
KAaK aHOMAJNBHHE CKUH-9((EKT X DPOEMKHOBEHHEe MATrHATHOTO IOIA
B cBepxuposogaEk. (Dakrmuecku BeqmumHA £ mpeacraBiderT coboi
«pasMep» KymepoBCKOM mapki, T. €. pacCTOAHUIe, B Ipefenax KOTOPOTo
COXpaHAETCA KOPPOIANES Mexjy ¢$aszaMd cOapeHHHX 3JIeKTPOHOB.
B «rpasmom» merasure, rge amuHAa cBOGOmHOTO mpofera 3MeKTPOHOB A
mensme 1/g., Kakylmeeca sHadeHUe [JIMHE KOTePEHTHOCTH § He IIpe-
puraer A. Hoppeasmmus ¢as B 9TOM _ ciIydYae JacTUYHO Hapymaercd,
XOTA caMo0 CllapMBaHHe COXPAHAETCA, W MAaTepHAJ] OCTaercs CBepX-
OPOBOTHIKOM,

WHTepecHo mOCMOTPETh, KaK OTPaskaeTcsa HAJWIHe dTOH KOTepeHT-
HOCTH Ha MaTE€MATWYeCKOM almapaTe TeopHH. JTO OYeHb fACHO BHIHO
W3 BHUUCIAeHdit, npmBoAAmux oT dopmynn (11.67) x (11.68). Omepa-
rop (11.67) Be3EIBaeT mEPeXOAbl MEKAY OFHODIEKTPOHHBIMU COCTOS-
HUAMHA. B HOPMAJIBHOM COCTOSHUH OTHENBHEHE AKTH DAacCesHHs cJe-
AyeT pacCMaTPWBAaTh KAK He3aBHCHMEIe COOHTHA, W HOJHAsA BEPOAT-
HOCTH PACCesHEsS AOJKHA NaBAThCA CYMMOH KBagpaTOB OTHEIBHBIX
MaTpHYHHX 3IeMeHEToB. Taxum o6pasom, B gyncaurene (11.69) gomxan
OBLTH OBl MOABIATHCH TOJBKO WIEHH THIA

(vkuk+q)z -+ (ukvk+q)2. (1175)

OpHako B CBepPXOPOBOAANIEM COCTOSHHN OHOEPATOD CO3AaeT [ABa
BOBMYINEHMA, WMIYIAbBCH KOTOPHIX HOYTH IPOTHUBOIOJOMKHEI, CIE0-
BaTeIbHO, HY;KHO BO3BOLHUTH B KBAafpaT 00uH MATDPHIHBIM BJIEMEHT

(vkuk+q—ukvk+q). (1176)

Pesyaprar, KoHeuHO, oTIMIaeTcd oT Bupaskennsa (11.75); koppeaanus,
M KOT@PEeHTHOCTh, MEMKAY HABYMS KBA3WJACTHIAMHU, CO3[aBAEMBIME
BO3MYINEHHEM, CBA3AHA C [OABICHAEM WIEHA, COJeDP;KAIlero Ipom3Be-
nemne ciaaraembix B (11.76). dror wimeH cymecTBeH JIMINDL [JAA 3HaAUe-
HOH ¢, MEHBIIWX (.; TAKOB QU3WIECKHI CMBICI KOTePEeHTHOCTH,
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§ 9. Hepmaromansubiii nanbHmit TOPSIOK

B cBepxmpoBofsAmeM CoCTOAHAR TOK MOKeT Tedb IO HeNM AIWHOM
BO MHOrO KmiomerpoB. (Dusmuecknme ycioBEA B KaKoH-Imbo Touke
TaKOH UENH 3aBHCAT OT YCIOBHH B APYTHX ee TOYKAX, YAaJeHHbIX
ot BHOpaHHOH Ha orpomusle paccrosmma. Taxmm o6pasom, chcrema
0GHapy;KUBAeT CHENHANBHH BUL Jd1bHez0 nopadka, KOTOPHH MbI OB~
TaeMCA 0XapaKTepPW30BATh MaTeMaTHIECKHW, UPHHHMAsA BO BHUMAHNE
U3MEeHEeHNe CBOMCTBAa MaTepHala, TeMOepaTyps W MaTHHTHOTO HOJA
TIpH Hepexofe OT OJHOTO ydacTKa K APYromy.

B marpockonmueckodl Teopwm MONYOpPOBOAHUKOB BTH JOKAJBHEIE
XapaKTepUCTHKHE MOKHO CyMMMPOBAaTh, BBOAS KOHIEHTDANEE W IOJ-
BIGKHOCTH Pa3JWYHHX TULOB HOCHTeNdel. AHAIOrnUHO B deyxacudrocm-
Holl modeau I'opmepa — Kasumupa NTpAHEAMAETCA, 910 B CBEPXIIPOBOA-
mMeM COCTOAHWH TOK IE€PEeHOCHTCA (CBePXIPOBOAAMMMYE BIEKTPOHA-
Mu», KOHINEHTPAaUA KOTOPHIX 7, 3aBHCAT OT TeMIEpPaTypH M T. I.
Ecnum kausiii Tako# 2JeKTPOH NBEIKETCH CO CKOPOCTBIO V; H IIepe-
HOCHT 3apsN e* (He 06A3aTeAbHO PaBHHI OGHUHOMY 3apALY 3IEKTPO-
fa €), TO MOXHAA INIOTHOCTH TOKA €CTb

Js=nse*vS. (11.77)

9Ty MOfienh HOUTH yAaeTca 06OCHOBATbH B PAMKAX TEODHH Bappuana,
Kynepa u lllpupdepa, ecim oTommecTsuTs paBHOBECHYIO KOHI[EH-
TPANMI0 (HOPMAJIBHBEIX)» DIEKTPOHOB

R, =n—n, (11.78)

C KOHIPHTPANWeHd KBasMYaCTHYHHIX BO3OY:RIeHHI, onpegeraeMoi
Gopmynoir (11.41). Ilpm T = 0 xpasmwacTHm Her, Tak 4TO 1, — n;
OpH Temueparype, GiamsKo#l K Kpurwdeckoir 7', BeamumHA ng GHCTPO
cnagaer o Hyaa. Mu pgaske MOkeM HPHGIMKEHHO ONMCATH TEPMOTH-
HaMUYeCKE aHOMAIMIO yAeAbHOH Temmoemkoctr (pur. 206), mpumomcas
CBEPXIDOBOJIAMEN ¥ «HOpPMaJbHO#» ¢asam pasHble cBOGONHHE dHED-
rug. 3aTeM, HAIPUMEDP, MOKHO OBIJIO O NPeIooKHTE, YTO WPO-
CTPAHCTBEHHEE 3(Q(GOKTH THIA TYHHeINDOBAHUA dYepes KOHTAKT CO
cBepxmpoBogHuKoM (cM. § 11 Hacroame# riaBmH) MokHO MaTema-
THYECKH ONIHMCATH 9Yepe3 HNPOCTPAHCTBEHHOE H3MEHeHHe JOKAaJIbHOM
BOJIMYUH 7,

1 Bce e sTa TparTOBKa HekoppextHa. Hax Mu BEgemm B § 8
HACTOAIEH IJIaBb, OCHOBHOE COCTOAHW® CBePXNPOBOJHHEKA XapaKTe-
pH3YeTCA CHIBHBIMU KOPPENANHAME G0AH06HEL PYHKyul TMap JaCTHI,
8aMOTHHIME Ha DAaCCTOSHAAX, IPEBHINAMAX [IMHY KOTeéPeHTHOCTH
£, onpenmensemyio coorHomennem (11.73). CoOTBETCTBEHHO BepHeMcs
K Teopun JlonmonoB (cm. § 7 macrogmei TJIABEH) ¥ HAMEPEeHHO BBENeM
AJIsL CBEPXTPOBOLAIMEH KOMIOHEHTH 5JIEKTPOHHOM IIOTHOCTH MAKDO-
cEonuieckyo eoanosyr gynryuw ¥ (r) (06buHO M3BECTHYIO IO Ha3Ba-
gaeM napamempa nopadka I'unsbypea — Janday). Kar wussectHO
a3 § 8 macroameil riassl, Ppyrkmma W (r) MomeT NOIKHHM oGpasom
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JOKaIbHO XapaKTepH30BaTh CBEPXUPOBONAIMMAL HOPANOK, KOIb CKODO
HAaC He HHTEPECYIT CBOHCTBA, GEICTpO H3MEHAMUTeCH Ha PACCTOAHAAX,
MEHBIINX AJTHHH KOTePEHTHOCTH.

B coorsercrsmm ¢ KaHOHEWYECKMM (QOPMANM3MOM KBAHTOBOH MeXa-
HAKYW eCTeCTBEHHO IPEJIIIONORUTH, UTO JOKajlbHas MIOTHOCTH CBepX-
TIPOROAANEH KHIKOCTH ECTh

ng(r)=| ¥ (r) |2 (11.79)

" 9TO PaBeHCTBO
W)= { ¥ (FV—SA) T+ ¥ (—2v—Sa) W) (11.80)

ompepenAeT MIOTHOCTH Toka, momobmo (10.3) m (11.55). Ho umes
B BHIY, UTO 9aCTHIH, NEPEHOCAIINE TOK B CBEPXIPOBONAILEM COCTOA-
HUHA, MPeICTaBIAT COO0R CKOPEe «Iaphbi», 9eM OTAENbHEE BIEeKTPOHEL,
OCTABHM IapaMeTpH e* u m* HeoupegeNeHHHIMH.,

Ecnm 6v1 ¢yaromsa W(r) 6mia BCOAY BeecTBEHHA, TO €€ MOKHO
GbuLo bl HCKIOYATH, OCTABUB TOJLKO ng. Ilpm atom pasencrsa (11.79)
m (11.80) cpasy cseamch 68 k¥ ypaprenuio Jloagornos (11.57), B Koto-
poM mapaMeTpsl e, m W n OHJH Obl 3aMeHEHH HA «IepeHOPMEpOBAaH-
HHe» BeInunHE e*, m* u n,. B paMrax orpanuuennii, o6cy:RraBinxca
B § 8 Hacrosme#l riaBH, STOT IIOAXOJ HAET XOpoNlee KAYECTBOHHOE
onucanme sPdexta MeficcHepa, BKI0YaA W TeMIepaTypHY® 3aBHCH-
MOCTh TAYyGHHH IPOHMKHOBEHWS, BXONANIYI0 Yepe3 3aBUCAMOCTH 71,
or T'. OgHAaKO B CBEOPXUPOBOAAIEM COCTOAHAM TOK B OXHODOXHOM MaTe-
puajie MOKHO ommcarh, ammpb ecin QyExmEa Y (r) komnaercua.
HeoxapasHag ocoGeHHOCTH paccMaTpEBaeMO#l (EHOMEHOJIOTHICCKOM
TEOPHN COCTOHT B TOM, YTO (U3WUECKas CUTYyamusA HEIOCPEACTBEHHO
3aBHCAT OT (fasw mapaMerpa NOPAAKA, & He ONPOCTO OT alCOoJWTHON
€ro BeJIMYWHEI: Ha A3HKe KBAHTOBOW MEeXAHHWKA MH 3eCH EMEEM [IeJl0
¢ HeOuazoHAAbHLM JATBHAM TTOPANKOM,

IlycTs, HAmpUMeED, MK BMeeM OMHOPOAHLH MaTepHa OpH NOCTOAH-
HOHM TeMmepaType, TaK UTO BeJIUYHHa 71, (r) nocrosanna. [lomaran

¥ (r) = (n,)2 eium, (11.81)

nojyvyaeMm
*
m*Vs (r) = AV (1) — — A (r). (11.82)

Taxum 06pasoM, B OTCYTCTBHE MATHHTHOTO moifg (aszoBag QyvERmEA
% (r) Erpaer posab HOTEHNHANA CKOPOCTH, €CIH MOHWMATEH MOJ IOCIeN-
HeH CHKOPOCTB CBEPXIDPOBOAANIAX DJIEKTPOHOB V,, ONPEHeNeHEYIO
panee dopmydoit (11.77). Ecum 6u penmumna y He H3MEHANACH B MPO-
CTPAHCTBE, TO He OHIIO OB 1 CBEPXIPOBOAANIErO TOKA.

PaccmoTpmM Temeph merdio M3 CBepPXUPOBONHUKA, KOTOPYH HpoO-
HHE3EIBaeT MAaTHATHOE II0Je C BEKTODHBM HoTeHmEanoM A (r) (¢ur. 209)
{Ipounterpmpyem Bupakenme (11.82) mmosnp mwyTH, Je;xammero B sToi
meTiie B ¢BEPXUPOBORAMuUX obracrax, usberas obnacreil MpoORUKHORE-
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HAS, TAE MOTYT CYHMIECTBOBATH TOKHM JHAMACHUTHOTO 3KPAHADOBAHEA.
B OTCYTCTBHE B IeNH APYTHX HCTOYHHKOB 3. . C. MHTETPAI OT V, (I)
BJOJIb 3TOT0 IYTH J0JeH OhiTh paseH Hyao. CaM mapaMmeTp mopsaaKa
¥ (r) mosmkeH GLITH OMHOBHAYHOM (YHKOMeH KOOPAUEAT BHYTPH CBEpX-
OPOBOAHHKA, TAK YTO NPH BO3BpalleHRH
B HCXORHYIO TOYKY (Pas30BHH: yToJ foixeH
UpHEAMATh NpekHee 3Ha4eHHe INIIOC He-
KOTOPSI# yrod, KpaTHHi# 27. dieMeHTap-
HHI{ pacueT 00 TPaBHIaM BEKTOPHOIO aHa-
nm3a #aeT HaM

o=§aa=25vx (r) di =222
(11.83)

rae n — meaoe gueano. PDaiokcoud @O —
OONHBIH MATHETHHM IIOTOK dYepes meT-
_I0 — K6AHMoeaH, ¥ DIeMeHTapHam efy-

HEO@A €ro ecTb 2mhcle®. ®ur. 209. IIyrp uHTErpHpo-
HKeanmosanue romoka HapAny ¢ aHa- BaEEA NOPA  pacCRMOTPEHHH
JOTAIHEM KEeaHMOsAHUeM YUPKYAAYUU B KBAaHTOBAHMAA HOTOKA.

smuakoM ‘He ppepcrasiger cobo#r omHO
3 Hambojee Pa3UTEILHHX MaKDPOCKONMYECKHMX HPOABJICHHA KBaHTO-
golf MEXaHHKH. OKCIEPHMEHTAJbHO OOHADY/KeHO, YTO MarHUTHHEIA
1I0TOK, 3aMOPO/KEHHE B CBEPXNPOBOJHMKE, M3MEHACTCSA CRAIKAMIL,
BeINTHHA KOTOPHX OLPENeNAeTCs KBAHTOM

@, =232 — 2,07.107 ec-cul. (11.84)
3apsaj, mepenoCHMbI YACTANAMA CBePXIPOBORAINEH KHEAKOCTH, B TOU-

HOCTH DaBeH 3apAny 3HeKTpOHHOﬁ mapeI, a UMEHHO
e* = 2. (11.85)

{akEM 06pasoM, 3a MCKIOYEHEEM dTOH NepeHOPMHUPOBKH, OCHOBHASN
rumoresa JIOHZOHOB HAXOMUT I10JHOS SKCHEPHMEHTAJIbHOE HOATBOPIK-
aeHue. :

Ha ocmoBarum reopun Bappunaa, Kynepa u lllprddepa mut 1 gosnx-
HH 6BLIA 0;KHAATH IOABICHAA 3apAMa, PaBHOro 3apaxy maph (11.85).
Brisog paserncts tana (11.80) us nepBHX NPWENHUNOB (C TPUBJICYCHHEM
«IOKATBHOMY ATIPOKCEMAIMM) OCHOBHBaeTcA Ha ypaswenusar I'opb-
Ko6a, BANMACABHHIX Ha Asuke Qysxnuit I'pumpa. B srom dopmanmsme
mapaMerp mopsaxka ¥ (r) ¢BA3aH ¢ «aHOMalbHOHX (yHKIHEe# pacupo-

CTpaHeHHH»
Fyp(ey 8 ¥, t)=Py (r, £) 9y (', t')). (11.86)

IMocnegnAs XapaKTepusyeT B CPeIHEM KOrepeHTHOCTH (a3 BOIHOBHIX
¢YHKOUA map 2JEKTPOHOB ¢ HPOTHBOIOJOKHHIME CIHHAMM B TOYKAX
r 2t B MOMeRTH Bpemen: £ i . Kax mer amenn [em. (11.76)], mmermo
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OJaA CBEePXIIPOBOIAMEr0 COCTOAHHA XapaKTepHO, 4YTO 9Ta BEJIHUIYHHA
He paBHA HYJIO, TOTIA KaK B (HOPDMAJbHOM» COCTOAHHH METaJJIa OHa&
o6pamanacb o5 B HYJb aBTOMaTHUYECKH.

§ 10. CpepxnpoBopsmme KOHTARTHI

JHePreTNIECKYH IMelIh B CBEPXIPOBOMHAKE MOMHO OGHADYHATH
HEIIOCPEACTBEHHO ¢ HOMOIIBI0 ONKTOR MO mykHeiuposanulo (Husep).
Hak m B § 8 ran. 6, Gynem m3y4aTs BOJTBTAMIEPHYI XaPaKTEPHCTHKY
TOHKOU MBOMMPYIONEH NIeHKW, DOMEMEeHHOH, CKa)KeM, MEKIYy HOp-
MaJHHHM METAJJIOM W CBePXHPOBONHWKOM. HopMmajirpHEEe 5I€KTPOHH
MOTYT TPOHHKATh B CBEPXMPOBOAHUK, €CAW TOJIBKO B TIOCIETHEM
WMEIOTCA BAKAHTHEE KBa3WYACTWUHBIC COCTOSHHS, B KOTOPHE MOKHO
mepeirta. Ilpm TemmepaTypax, 3HaunTENbHO MeHBIMEX T, TOK HOJIKEH
OBITH paBeH HYIH0 A0 TOX 0P, IOKAa OPUIOKEHHOe HAPAYKeHNe CMelle-
BYA ¢ He CTAHeT PaBHHIM Beinumue menn A (cm. § 4 Hacrosmeit ria-
BHL 1); 3aTem TOok cKaukoo6pasmo nospacraer (Pur. 210). Hosdpdm-
OMEeHT TPO3PavYHOCTH .f TAKOT0 KOHTAKTA TPYAHO BHYUUCIWUTH, ONHAKO
V3MEHEHWe TOKA C HANPAKEHWeM MO3BOJSET AETAJbHO IPOCIEIATH
38 XOOM INIOTHOCTH OTHOYACTHYHBIX COCTOSHEU B ofiacTw mepexopa.

[TpaktHueckn no mpmumHEaM, y:ke obcymmasmmmes B § 8 ra. 6,
CHAUYOK He fBjsercsa abcomioTHo pesxuM. Jliad CcBepXOPOBOJHAKOB
¢ CHIBHON cBA3BIO, rue mapamerp J~° (&) V B (11.22) Benmk, aaex-
TpOH-OHOHHOE B3aWMOJEHCTBHE OCTATOYHO [JIA TOTO, YTOOH 3aMeT-
HH BHJIAJ MaBallll MYHHeAbHble nepexods. KBASHUACTHIL ¢ yudacmuem
gornonos (cp. our. 116). Torma ToHKaA CTPYKTypa, KOTOPYID MOKHO
HabII0aTh Ha KPUBHX TYHHEIBHOTO TOKA, JaeT NeTaJbHYI HHPOD-
Mamuio 0 (JOHOHHOM CIIEKTpPe CBepPXOPOBOJHUKA.

Eme 6osee mopasuTeabHOE ABICHAE H3BECTHO [OJi HA3BAHUEM Ko2e-~
perwmHozo mynHeauposarus. OHO COCTONT B UPOTEKAHHWH CBEPXIIPOBO-
AAMEro TOKa depes KOHTAKT. ITO ABJICHNE MOKHO HaOI0AaTh HE TOIb-
KO B CAYYae TOHKOW WM30AAPYOMmMed NIeHKHW, DOMENEHHOR MexIy
IBYMA CBEPXIPOBOJHEKAME, HO W B CJIydae BechbMa TOJCTOTO CJIO0A

(5000 A) mopmanpHOro MeTamma, KOTODHil BDEMEHHO CTAHOBHTCH
cpepxmpoBofAmuM Graromapsa oggexmy 6ausocmu. Jpyrumu ciao-
BaMH, CHIHL CIHAPMBAIOMIEr0 B3aWMOMEMCTBUA B MCTHHHBEIX CBEPXIPO-
BOTHAKAX JOCTATOTHO, 9TOGH (a30BEE KOPPEJANUN 2IeKTPOHOB MpH
X TPOXOKIEHNN depes Gaphep COXPAHAINCH W Ha JPYroil CTOPOHE
BHOBB BOCCTAHABJWBAJIACH KOTEPEHTHOCTD.

QOueBHAHO, A4 ONMCAHMA BCEX TAKHX SBIEHWUH NPHMEHHM MaKpO-
CKOIMYECKHH GopManmsm ¢ mapaMerpoM mopsara (cM. § 9 Hacroamei
raass). Kak sxe Bemer ceGs sTOT mapameTp Ha paccMaTpHBaeMoii rpa-
HATe, KAKOBO COOTHOLIEHNE MKy ero sHadeHmAME Wi cleBa oT KOH-
rakra 1 ¥y copasa ot Hero?

1) 3pech HaIpAKeAHe N3MEPSETCH B BHEPreTHIECKAX efUARNax.— [Ipux. ped.
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IMockonbky DpoxoskeHme uepes Gapbep ecTh HeCTaIHOHAPHHIMR

mpoiiecc, HYKHO IOAYMaTh o6 ypasrerun aemxeHns aasa V. Corracuo
FBapvep Lapeep

FHopmemersit | | Coepanposodsugust Hopmansnsric Ceepxrposodsuuil
memaun memonn memen mermas

g[f ¢ -— - @ —

7

2 5

(hur. 210. TyEHeampoBaHWMe KBAa3WUJYACTHI M3 HOPMAJILHOIO METAJLia B CBepX-
NPOBOJHMK.

¢ — TIpW HYJNEBOM cMemeHM#; 6 — mpu ¢ > A; ¢ — BOJbTaMIEpHASd XapPaKTEPHCTHKA, Ha
KOTOPOU BHOEH W 9PPCKT KOHEUHON TeMOepaTypH.

OGHYIHOA KBAHTOBOH MeXaHAKe, OHO JOJIKHO BKJYATH FHEPTUIO TacCTU-
Msl B CBEDXHPOBONHHKE, KOTOPYIO MEI IIOJG:KMM DPaBHOA HEKOTOPOH
permgmee U. TawuM o6pasoM, 3ammimeM 3aBHCAMee OT BPEMEHH ypaB-
verme IllpexmHrepa musa mapamerpa TmOpsAAKa B BHAE
inlr =y, (11.87)
B 00b9HOM CBEDXNIPOBOAHWKE ¢ TOKOM BeJIWYAHA W, KOHETHO, Lpef-
craBisana Obl co6oft OPOCTO XUMHUYECKHAN IOTOHI{HATX CBEPXTPOBOIA-
M@x map, T. €. YABOGHHYI0 BelwwmHy [ [BHCTymaomyo B BHpaske-
mon (11.27) B kawecrBe Hawada orcuera sHeprum]. CooTBETCTBEHHO
BHAYEHWE | 0CTABAJIOCH GH MOCTOAHHBIM BHOJE Beell memn. CoraacHo
paserctsy (11.80) = mp., Takaa cucremMa Kasamach 0GBl CTAIIHOHAPHOM,
s onmcammsa mepexomoB uepes Gapbep MEKIY OBYMA OJIMHAKO-
BEIMH CBEPXIPOBONHUKAMHU MEI, OHAKO, HOJRHE PACCMOTPETH CHCTEMY
ypaBHEHHH:

ih Dk Wy 4 T W,
o (11.88)
l”‘l R=MR‘P.R+ V4 1FL
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3nech OPUHATA BO BHUMAHME BO3MOKHOCTH IEPEHAaddl CBEPXIPOBOJA-
mero nopAAKa (B 060HX HaOPaBIEHHAX) CO «CKOPOCTBION .7 . 3aMeTHM,
9T0 TOT KODYQUUUEHT MOABISAETCS TYT B KAYECTBE MAMPUUHOZO Jae-
Mernma, TOTMA KaK IEPBOHAYAJLHO OH OB ONPENeNeH KAaK 6eposm-
Hocmb nepexoda IIA TYHHEAXPOBAHHWS KBA3WYACTHI. JTO CBABAHO
¢ TeM, YTO CBEPXIPOBOAAMASA JKHETKOCTH COCTOMT X3 JJISKTPOHHEIX
nap, IIA KOTOPHX MOKHO OKAMATH, UYTO CKOPOCTH TYHHEJBHHIX Hepe-
x070B 6yAeT HponoOPIHOHAIBHA Keadpamy CKOPOCTH HePeXo0B OTAeIhb-
HHIX 3JeKTPOHOB.

Vpapaeana (11.88) nmeror ofmee HecTammoHapHOE peLIeBHe,
B unoropom BeamyunH | ¥y |2 w | Vi > msMeHAlOTCA BO BpEMEHH
¢ DaBHHIMA ¥ TPOTHBONOJIOKHHMHA OO 3IAKYy CKODOCTAMH — TaK,
KaK eci: O CBePXIPOBOJAMEE YACTHNH HePeXOJWIH ¢ OfHOH cTo-
poHn Gapbepa Ha Apyrywo. CooTBercTBylOMHe HPOH3BONHLIE O Bpe-
MeHH cJefyeT WHTepPIPeTHpOBATH KaK IJIOTHOCTH TOKa (HA eJMHHIY
ILTONIA/H)

Jo=e* 2| Wat= 2 T nee* sin(xn—xo)- (11.89)

Hpn arom pasHocTs $pa3 mexpy ¢ymkmmamz Vp m ¥y [cp. (11.81)]
MeHAETCS CO BpeMeHeM COTJIACHO yPABHEHHIO

-ft— (Xr— %)= —% (kp— Hr)- (11.90)

Pasymeerca, ypasuemma (11.89) m (11.90) mommO HOTYyYATE TOYHO
n3 teopur Bappgmra, Kynepa m lIpuddepa B popmanmsme 'oprrosa,
ONHCHBAA TEPexoji 3JeKTPOHOB W3 ONHOA ofJacTE B APYryw ¢ IO-
MOIMIBI0 TYHHEIHHOTO TAMEIbTOHMAHA. 3aMeTHM Telepb, 4TO CBepX-
mposogamuEi Toxk (11.89) mpamo mpomopnEoHANeH Ko3dPUNEEHTY
TYHHEIMPOBAHHS KBASHIACTHL .7 ; 9TO BHOBh YKa3HBaeT Ha POJIb KOTe-
peaTHOCTE (ha3.

Iycrn Temeph K KOHTAKTY IPHIOKEHO Maloe IOCTOAHHOe HampsA-
Jenue ¢ (MeHbIIee IAPAHEK MeJu-—IT0o05 H30ekaTh BO36Y IR KBa-
3WYACTHN). ITO SKBEBAJEHTHO IOSABICHAD Pa3HOCTH 2e¢ MEKAY XHMHA-~
YeCKIME MOTEHIAAJaMy¥ YaCTAN B pPacCMaTPHBAeMHX CBEPXIPOBOJ-
sukax. Ypasuerna (11.89) u (11.90) remeps ommcHBa0T CBEPXIPOBO-
IAMUA TOK, OCHIIIMPYIONEA BO BPDEMEHH ¢ JacToToi 2ed/A. ITO ecTh
necmayuonapubii apgexm oacosefcona. OH maer elre OAHY IPAMYIO
MAKPOCKOIMYIECKYI0 NIeMOHCTPANMI KOIePEHTHOCTH (a3 B KBAHTOBEIX
apireEnax. Meron, ocHOBaHHHA Ha 5ToM 3¢derTe, mo3BOAMA ¢ 6OIB-
mo# TOYHOCTHIO ONPENeNUTh BayKHOE OTHOIIEHWE ATOMHHIX IHOCTOAH-
aux e/h.

Ilpm HaJIW4YEM MATHHTHOIO OIS YCIOBHE KaJin(pPOBOYHONR WHBA-
PHAHTHOCTH B ONPEeAeHEX BEKTODHOTO IOTEHNHWAIa 3acTaBIAeT
OGHIAEIM 06pasoM BWIOWBMEHATH HAaNUCAHHBIE BHIe QopMyis [mo
penenty (10.3)). IIpm »TOM, KaK TPaBANO, BOSHAKAET CISAYIOMAA CATY-
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anua. llycrs naomans KoHTakTa Mek- Bapsep
AY ABYMA CBEPXIPOBOIHMKAME J0OCTa-
roydo Benmra (¢pur. 211). Iockomdery
W30IUPYyIOmMA Gapbep cam mo cefe me
CBeDPXIPOBOIAIMMA, MATHUTHEI IIOTOK
MO;KeT HPOHMKATH B 00JacTh KOH-
TaKTa B HANIPABICHUH, IIaPaJLICIBHOM -
HOBEPXHOCTAM paspmensa. Paccmorpum
Temeph Hapel Touek Tuma L., Ry m L,
R,, Zekamux [0 pasHBE CTOPOHHI OT
KOHTAKTHOM 00JIaCTH W MPHTOM JTOBOIL-
no ray6oKo, BHe 00MacTell MPOHHKHO-
BEeHWA; KPOMe TOT0, OHH HOJ3HBL pac-
noJaraThes JOCTATOYHO TANEKO HApPYT
OT IPYyra B HAUPABJIEHHWH, Mapaliejb-
HOM HoBepXHOCTH. [lyeTh mam masecT-
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HO, 9T0 Pa3HOCTh (a3 MELAY TOUKAMH /7

L,, R, orasamach pasHoii QK
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— %

Ayy =y (Ry) — x (Ly). (11.91) Al

el

CnpammBaercsi, KaKoBa pPasHOCTHL (as Jel
Ay, Mexrpy touxamm Ly, R,. Odnacms

Pacemorpum myrts m3 Ly B L, m NPOHUKHOBSHILA

OpPOMHTErpupyeM ofe CTOPOHEI paBeH-
crBa (11.82) Bpons sroro nytu. Cuosa,
Kak m opm BHBome ¢opmyasr (11.83),
9leH ¢ V, (r) He JgaeT BKJIaja W3-3a
OTCYTCTBHA COCTABJIAKINEH, mapajielbHOll NOBePXHOCTH Iepexona,
BHe 06nacT¥ NPOHMKHOBeHHA. COOTBETCTBEHHO HOTyIaeM

Our. 211.  xosedcomonckuit
KOHTAKT.

Ly
X Loy~ (Ls) = S A(r)-dl. (11.92)
Ly

AHanoTHYHO, BO3BPAMAACE IO LYTH, JIEKAIEM B IPABOM CBEPXIpO-
BOJIHAKE, HAXOIUM
Ry
e¥*
% (Ri)—x (Ro) =< 5 A (r)-dl. (11.93)
R2
Basis cymmy srux paBeHcT® ¢ 06paTHEIM B3HaKOM W upemeGperas
B IIPABOM YaCTH TPUBMAILHBM BRIALOM, BOSHURKAIOIHEM H3-33 TPAEKTO-
puii, mnepeceKaomux Gapbep, mMeeMm

Ax2=Axi+%§A-dl=Axi+@q%ﬁ)—. (11.94)

3necy wepes @, o6osmadeH KBaHT MarEmTHOTo moToKa (11.84),.
auepes @ (1, 2) — MarHUTHHHA HOTOK, HPOHUKAOMuil BHYTPH Oapbepa;
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mexpy amauamu L Ry m L,R,. JlpyrmmMm cjioBaMH, OTHOCHTeNbBAA
pasHOCTh (a3 IapaMerpa HOPAJKA MEKAY TOUKAMH, JCHKAMBMH
OO pasHbié CTOPOHB OT TDAHMIE, H3MeHAETCA NIPH IepeMelleHuH
B ILTOCKOCTH KOHTAKTa.

B pesyasraTe mONHEIH TOK depe3 TOJNCTHI KOHTAKT OKAa3HBAETCA
CIo;KHOM QyHKIMeN NPHIOMKEeHHOr0 MarHuTHOTO moias. UYTobm HafiTn
ee, HY)KHO BBIYUCIATE PasHOCTH ¢as (Yr — ¥r) AIA KaKAOH MaJeHb-
KOH NJIoma Ky, HalTH COOTBETCTBYIOMAN BKIAT B TOK ¢ HOMOIIBIO fop-
myast (11.89) m 3areM mpoOHHTerpHpoBaTh N0 Beell IOBEPXHOCTH KOH-
Takra. Hampmmep, a7A KoHTakTa TOMMuUHEE W, B KOTOPHHE IPOHWE
moxan# noroxk D, MOMHO IONYIUTHL cleqyiomee BHPayKeHNe!

J o~ sin (n®/®g)

ey (11.95)

OT0 ecTh MaKCHMAIbHBIH 0xc03ecoR06CKUL, MoK, KOTODPHIH MOKeT
Teub UPH HYJIEBOM NpHIo;keHHOM Hanpmxernn. [Ipasas wacre (11.95)
6HICTPO OCHUIIMPYeT ¢ M3MEHEHHeM MaranTHOTo moid. IIpm ncmoarso-
BaHHE (oliee CIORHOE KOHQUTYpallHH HapajlleJbHO CABOCHHBEIX KOH-
TAKTOR PACCMOTPEHHHI{ TOJIBKO UTO cmayuonaphbili agpgpexm Jacosegbco-
K@ TMO3BOJAET CO3IaTh O4eHb UYBCTRUTEIbHEE YCTPOUCTBA AJA H3Mepe-
HESA MArHHTHBIX HoJed.

§ 11. Cmpxupono;ﬁmnn II ponma

Ilpu meraabHoM amanmse Teopu:m sppexra Meitccrepa (cm. § 7
pacrosmeil riaasu) obmapy:kuBaerca mapagokc. Ml mpepmonaraiwm,
9TO0 CBEPXIPOBOAMMOCTD HCIe3aeT BO BCeM 00paaie, Kak TOABKO BHEP-
I'HS MATHUTHOTO TIOJIS CTAHOBHTCH GOJBIIe Pa3HOCTH CBOGORHEIX dHE]-
ruil CBepXIPOBOJAMIEr0 M HOPMAJBLHOTO COCTOSHW; 3TO TPOHCXOAUT
OpY HAIPAKeHHOCTH MATHHTHOTO IOJA, PaBHOH Kpurudeckod H.,
oupenensiemoit popmymoit (11.63). Omraxo sTo mpeAIoNOKEHEE HE YU~
THIBAeT BO3MOKHOCTH CO3JAaHWA HeogHOpoxHOH (asH, KOrga MarHmT-
HHIl DOTOK COCPeoTOYeH B HHUTAX HOPMANpHOTO MeTalxia, HOrpy-
JReHHHIX B cBepxmposopamuil Marepmai. Ilomo6moe npomexcymounoe
cocmosnue, 09eBHIHO, OYIeT TePMOAMHAMIAIECKN YCTOMYMBHIM BIIOTH
10 BHAYMTENHHO OOXBIIMX IOJEeH, 0CTaBaACh ¢ MAKPOCKONMIECKOH
TOYKH 3PEHHA CBePXIPOBONAIIEM.

Heuto moxosee HaGmIomaerca B ceepxnposodnurar II poda,
B KoTopHX addent MeiiccHepa mponafaer Hpu HIFKHEM KPUTHISCKOM
none H,, a 3JEKTPOCONDPOTHBIEHNEe MaTepmaja OTCYTCTBYeT BILIOTH
1o Goxpirero moisa H.,. BaskHOCTH HMCHOJNB30BAaHMSI TAKAX MaTepHa-
JI0B B 0GMOTKAX 3JAEKTPOMATHHTOB 00YyCIOBMJIa BHEMAHWE K ONUCAH-
HOMY sABIeHHIO, KOTOpoe HpexcTapiger @ Goapmoi TeopeTAIeCKAN
HHTepec.

- Kax u B Teopun geppoMarruTHEX goMeHos (§ 3 ra. 10), Ham morpe-
Gyercs TeopermUecKas MOJEIb IPAHAIEI MEKIY HOPMAJIBHON A CBePX-
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npoBopAmeR o6IacTAME TOTO ke MeTalila. d10 03HawaerT, 4To HeohXo-
AUMO NONYCTHTH BO3MOWHOCTH TMPOCTPAHCTBEHHOI0 H3MEHEHHA (KOH-
[eHTpANEy CBePXTPOBOIAMMIX dIeKTPoHOBY ng [em. dopmymy (11.77)
mam (11.79)]. Ham morpefyioTesa Takike HOKOTOpLie NONOJHATENHHBIE
VpaBHEHHsI, ONPeeOMue TOBEIeHNe anniumydsl mapaMerpa nopaji-
ka ¥ (r) kaxk QyHKOUHT.

OcHuorHOe Tpegmonoskenne meopuu I'unsbypea — Jlanday cocTomr
B TOM, UTO INIOTHOCTH CBOOORHOI dHepPruy CBePXUPOBOJHUKA, COMEP-
amero maruurmoe moiie H, maerca BeipaskeHMeM

1 . * 2
Go—gn = | WP+ o B W[t 2| — VY — - A¥
(11.96)

(3a myns oHeprud BHGpaHa cBoGONHAA DHEPIHA HOPMAIBHOIO METaJIa
B OTCYTCTBHE TOJA IDPH TOH jke TeMImeparype).

Tepesie gBa wiena B mpaBoit wacty Bupaxernnd (11.96) orpamarr
OpOCTO TPOM3BOJNBbHOE NPEANONOKeHHe O TOM, IT0 HpH Nepexone
K cBepXmpoBofiAmeil ¢ase BHATPHIN CBOGOSHON 9HEPTHH IPeNCTaB-
aser coboil HexoTopylo ¢ymKHmio mapamerpa uopapka ¥, woropymo
MOMKHO PA3IO/RATH TO CTeMeHAM BemecTBeHHodl pedmumun | W 2.
Camu mpousBosbEEE KOBHPUIMEHTH o B f§ 3aBACAT OT TeMUIepPaTypH.
Ilpm Temmepatypax Eumme 7, Ijie DHEPreTHIECKH BHITOAHO oGpasoBa-
HEe cBepXupoBofsamiei ¢assl, Kod3QOUIUEHT ¢ JOJKeH CTaHOBIITHCA
OTPHNATeNbBEIM; TOTAA KOHIEHTPAHNA ns B HYJNEBOM MAarHMTHOM 10Je
OTPaHMYEHA CJJaraeMbM ¢ i @ He HPEBHIIIACT SHATEHUSA

a
ns=|¥, Zz—F' (11.97)
Jlas ceepxmpoBojHWKOB | poja, B KOTOPHX uMeeT MecTo oddexT
MeiiccHepa, M MOjieM, IDHHMMas BO BHUMaHume qieH ¢ /%, ompege-
JAATh KPHTHYECKOe [ojle B 06BeMe CBEPXHDOBOINHMEA:
H? o2
_gn— —_— —275— . (11-98')
ITO ecTh HaNPAKEHHOCTH TAKOTO MATHETHOTO ILIOJNA, IPH KOTOPOM
PABHOCTB g, — g, Y:Ke HEe MOKET OKasaThCA OTPHIATeIbHOH. 3aMeTuM,
yt0. epaskenme (11.97) momuo mojcTaBuTh B (opmymdy JloHpoHOB
(11.61):
m*cz 1/2
o= () .
pr (11.99)
Taxum o6pasom, riy0rHa IPOHNKHOBEHUA BHPasKaeTCH dePe3 BBECH-
HEI@ BHINE TapaMeTpPH, 9YT0 ¥ JJaeT BO3BMOKHOCTH OlleHUTH WX TeMIepa-
TYPHYI0O 3aBHCHMOCTD.
Hocuepnmiz wnen B upasoii wactm (11.96) — Tamsike PeHOMeHOIO-
ruvecknii. O, 0JHaK0, TOKOHETCS HAa OPOIHOM KAHOHHYECKOM OCHOBA-
Hud. JleficTBUTENBHO, 3TO €CTH He YTO WHOe, KAKR CTAHAAPTHOE KBAHTO-
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BOMEXaHMYeCKOe BHPayKeHHe [JIA KHHETHUIECKON HHEPTHH YacTHIH
B MarEuTHOM nose. B gpopmynax Jlongonos (11.55) m (11.80) om BricTy-
manx O B KadyecTBe KMHETHUECKON OHEDPIHH «CBEPXIPOBOLAMIEro
TOKa», MOJIYYEHHON ¢ IMOMOIBI0 BhIpa:keHmi Tuna (11.82), yumresaio-
muX npocrpancTeeHnoe m3meHenme ¢assl V. Kpacusag ocoberHOoCTH
Teopun I'masGypra — Jlasgay cocTomt B TOM, 9TO EMEHHO HTOT YieH
C TeMH ke KospdmmumenTaMu o6bsacHAET W 3PPeKTH, 06YCIOBICHHEIE
OpOCTPAHCTBEHHHM H3MEHEHNEeM BeJWYUHEl apaMeTpa MOopAfka. JTH
9 PEeRTHI MBI [OJKHE CBA3ATH C DHEPTHeit, Tpe6yeMoli I paspyLnICHAS
KOTePEHTHOI0 CHAPHBAHMS.

Honpo6yem, mampuMep, mepefiTn W3 CBePXIpPOBOAAMEL obnacrm,
rpe mapamerp ¥ maerca dopmyioit (11.97), B HopMambHYIO 0fMacTs,
rage ¥ = 0, u nparom Tak, 4ToGH HPOMFPHII B cBOGOTHON SHeprmE
6671 OB MHHAMaTeH. B oTcyTCTBHE MarHUTHOTO MOJIA I B npeHebpeke-
HHW cTaraeMbiM ¢ § abconoTHas BeIMYMHA NApaMeTpa NOPANKA TOLK-
Ha YAOBIETBOPAThL AndPepeHNHATHHOMY YPaBHEHHIO B YaCTHBIX
HOPOM3BONHBIX

52

2 ()
S V [¥[—|a|¥=0; (11.100)
9TO ypaBHEHU® HOJIYYaeTCA IyTeM BapHAIMA HHTerpajia JIf cBOGOA-
Hoit 9Heprun. OHO ONHCHBACT CHTYAINI0, OTBEUAIONLYIO SKCIOHCHI[NAT b
Bomy cuagarmio | W | ¢ xapaxrepmoii. gumHod

n2 1/
E={W} . (11.101)

Hpyrumn cirosamm, KoaQPAIMMEHT & MOJKHO CBA3ATH C JIAAHONW Kore-
pertHoCTH (cM. § 8 HacTosmel riaBw), TPHGIHKEHHO paBHOI cpep-
Heil niuHe cBoGonmoro mpoGera A B THINYHOM (TPA3HOM» MeTalle.
OuesnziHo, TaKOlt IOAXOX He TOAMTCS [JIA NETANPHOTO OMHCAHIA HETIO0-
KaJIbHOTO MOBefieHNsA, oTpaskaemoro gopmynamu Ilmmmapma (cm. § 8
HACTOAINEH ITaBH), OHAKO OPW TeMIeparypax, GIM3KEX K 7,, ero
MOHO 0GOCHOBAaTb W3 NEPBHX NPUELKIOB ¢ MOMOMBIO MeToxa 1opb-
KoBa,

Caepyommit aTamr pacCysKIeHNA COCTOMT B ONDeedeHNH dopmb
TPAaHULBL MEKAY CBePXNIPOBOAAIEH W HOpMaiabHOHN (aszamMu B KPUTH-
veckoil Touxe. Ilpm srom B mepeoit gase |V | = |¥,| u H = 0,
a Bo Bropoit — H = H.. lcromas KOHQUIypamus ompeesasercs
M3 YCIOBUA MUHEMAJBHOCTH CBOGOXHOW sueprmm. Ilocienmee cgo-
ANTCA K cHCTeMe, COCTOAmed m3 auddepeHNHaTIbHOrO0 ypaBHEHNA
B WaCTHRIX npomsBOopHBX naa ¥ m ypasuemmit MarcBemma maa H
(Buma (11.58)—(11.60)]. B o6mem cayqae 3a7a9a OKABHIBAETCH OBOMIL-
HO CJTO;KHOI; OJHAKO B ABYX TPENETbHEX CIydaAX BUI PeITeHHs moIy-
YUTh CPABHUTEJIBHO JETKO.

Upenmonoyxmym cHawaxa, 9TO AMMHA KOrePEeHTHOCTH & HAMHOTO
npeBrmaer ray0WHy NUpoHHKHOBeHHA A. M3 ¢ur. 212, a scHo, uto
MAaTHHTHOE TOJ¢ BLITAJIKABAETCSA W3 CJIOA TOMMMHEL &, NJIA 4ero Ha
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eIMHALY IJIOMAM TPAHWYHON TOBePXHOCTH Tpebyercs asHepTHA
HE

o . 11.102
I~ g 80 ( )
ITpm aToM B Gonpmeil wacTH CI0OA HET KAKOT0-THG0 KOMIEHCHPYIOMETOo
BHUIDHIIA CBOGOMHON dWepruum 3a cder «ymopspouenms». lloBepx-
HOCTHASL DHEPTUs, NpHbAmKeHHo oupeneisemas gopmymnon (11.102),

L1101 L LS

R 7 - v
//////’/‘“

H Coepxnposodnuy
HopmansHo s . 1 poda
odnacime GpLNPOCODTH A
7 odnacms )
- —— A,__)
a
e I 7
Caepx;po&a(?ﬁu{aﬁ' Cenpanposodh
o adnacms UK
Hopmanshas
obnacms ‘L// 1 poda
e ] e
¢

®ur. 212. T'paruna MeKZY HOPMAILHOM M cBepXOpOBofsAmed ofracTamu.
a—1I poma (E>A); 6—II poma (E«M.

DOJNOKATENIbHA., JTO OGCTOATETBCTBO XAPAKTepPHO [IA CRBEPXITPOBOX-
ankoB 1 poja, B KOTOPHIX CYHeCTBOBaHME IPOMEHYTOTHOTO COCTOS-
HUg 3aOpemeHo B CBS3H ¢ HeoOXOAWMMOCTBIO 3aTPATH HHEPIMHM Ha
cO3anEe TPAHUI[ MEHKIY HOPMAJIBHHIME H CBEPXIPOBOAAMUMY 00.a-
CTAMN.

C mpyroii CTOPOHH, €CIM JIMHA KOTEPEeHTHOCTH § MHOIO MeHbINEe
ryOHHN TPOHUKHOBEHUA A, TO B 60Mblned TacTu 001acTH, N3 KOTOPOi
BHITECHEHO MATHHTHOE IOJe, BeiUTpHBaerca (oTpumaresnsHas!) cBo-
Gonmasa sHeprma ymopaArodeHHod ¢asnl (fpumr. 212, 6). B srom cayzae
TIOBePXHOCTHAS BHEPIHsA, IPyHO roBopA, HMEET BT
HE
el (11.103)
Boxee moppobHoe paccMoTpeHHe IOKa3hIBACT, 4YTO HOBEPXHOCTHAA
DHEPTHA MEHsAeT 3HAK ¢ MOJIOKMTENbHOTO Ha OTPHIATeJbHLIE, KOT/A

A> _V% (11.104)

O'IIN—}M



454 Fa. 11. Ceepanposodumocmy

970 ecThb OCHOBHOE YCIOBHE CYIIECTBOBAHNA CBEPXIIPOBOJAMOCTH
IT popa; ouesWpgHO, XMMUYECKHe UPHEMECH N HECOBEPIIEHCTBA KpPH-
cTajlla OKa3HIBAIOTCA JIsA Hee ONATONPHATHEIMU, YMEHbINAd MJIMHY
KOTepeHnTHOCTH § 63 3aMeTHOTO H3MEHEH T IPYTEX MAaKPOCKONAIECKIX
mapamerpos (Bpone A), XapaKTepHU3YOIHUX CBePXTPOBOTHNK.

5% TR
K 000‘0"’ XK P S
X EREREX K IEXISE ALK I RHAHKES
s s
X z::::o (epxnposooaian O0Tcie ::
TS SK SRS IX
S R TSSS
SRS
¥R
SERKES
A% 0%
ALK

Qumr. 213. Horgurypanus vmTeil B cBepxupoBogEumke II popa.

BHOHO |TO JMHHUKM MArHUTHOT'O HOJNA CHOHIICHTPUPOBAHE BHYTDH MAJMHAPAYECKHX CepanesdH
H3 HODMaJBHOrO METajIa ¥ BOKPYr HUX. BHXpeBHEe DOTOKH cBepxupoponAmeld KUIKOCTH
TeKYT BOKpYT HuTell B 061acTAX DPOHAKHOBEHASA,

OrpunarenbHas s LOBeDXHOCTHAS OJHEPrAsA HA TpaHAIE pasmena
MeKAYy HODMAJBHOX H CBEpPXOPOBOAAMER dasamu, 0YeBHFHO, 0Jaro-
HPUATCTBYET CYIIECTBOBAHWIO CMEULAHHOZ0 COCMOAKUA, B KOTOPOE
mepexofutT cBepxnpoBomHuK Il poma B mETEpBae MATHHTHHX OJeH
meskny H., w H,.,. B obpasen OIPOHEKAOT HATH MaTHUTHOTO IOJA,
KaKpasd W3 KOTOPHX OTBeYaeT OZHOMY KBaHTY moroxa (11.84) (cm.
¢ur. 213). Hats cofiepRuT HEAMHAPAYLCH VIO CEPATCBEAY HOPMAILEOTO
MeTasla, Paguyc KoToPpoi pasen §. Jta cepieBuHA OKPYKeHa IUIHH]I-
POM papmyca A, o KOTOPOMY HOJI;KEH T€Ih CBEPXIPOBOAAIIMANA TOK ILOC-
JefHEHE KaK pa3 W OTPAHWYABAET NPOHUKHOBEHWE MATHHTHOTO IIOJA.
Taxmm ob6pasom, Kasxmas HATH Befer ce6a Kak BAXPh B CBOPXIPOBOIA-
el KUAKOCTH W CTPEMHTCS OTTONKHYTH cocemEme HmTH. Ilo mepe
YBEJMYEHNs MATHUTHOrO HOJA IJIOTHOCTH JUHAN MATHETHOTO HOTOKA
BO3PACTAeT W HUTH «KPHUCTANIM3YIOTCAY B BUIE ABYMEPHOM pEIIETKH.
OpHako B MAaKPOCKONWYECKOM OTHOMICHHHM METaJJf, HAaXONAINuiica
MEeXIY HETAME, OCTA€TCA CBEPXUPOBOAAIIAM BILIOTH 10 BePXHEro KPH-
ruyeckoro moias H.,. Ilo mocrmskenmm nocieamero cepiueBHHLI, OTBE-
YaIEe BOPMalbHo# dase, HAYAHAIOT CONPURACATHCS, W Bech ofpaser
MEePeXOANT B HOPMaIbHOE COCTOSHUE,
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