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MNPUHIUITIBI TEOPUU TBEPJIOI'O TEJIA

Kuwura COACPIKUT ACHOC U OOCTYIMHOC H3JIOKCHHUEC OCHOBHBIX Hﬂeﬁ H PE3YJIbTAaTOB
COBPEMEHHOU Teopuu TBepAoro Tena. OHa mpeAcTaBiseT co00i yaeOHBIN Kype TEOPUHU
TBCPAOro Tcliia, OCHOBAHHBIA Ha JICKOUAX aBTOpa, NPOYUTAHHBIX B AHrnun CTYACHTaM
KeMOpumKCKOTO YHUBEPCHTETA.

Hacrosiee, 2-¢ u3ganue CyecTBEeHHO NepepadoTaHo U pacIIuPeHO, TaK YTO KHHUTa
OTpakaeT COBPEMEHHOE COCTOSIHME (U3UKH TBEPIOrO Teja. BKIIOYEHBI HOBBIE
Hapana(i)BI, MOCBAIICHHBIC MCTOAY IICCBAOIOTCHIIMAJIA, TIOBCPXHOCTHLIM 3JICKTPOHHBIM
COCTOsAHUAM B MCTallIax, KOHe6aHI/IHM HCHUJCAIbHBIX PCIICTOK, MAarHUTOONTHUYCCKUM
SABJICHUAM, BIUIHUIO MarHUTHBIX HpI/IMCCGf/’I B MCTaJIaX, CBCPXITPOBOJHUKAM I ponaa.

KHura npezacraBiser UHTEpeC Al CTYACHTOB (U3NYECKHUX, (PU3UKO-TEXHHUECKUX,
MCTAJUIOBCOAYCCKUX U APYIrux CHCI.IHaJIbHOCTeﬁ, HU3ydJaromux KypC TCOpHU TBEPAOIO
TeNa, a TaKXKe JIJIs TIPeroIaBaTesieii, MOJOABIX YYCHBIX U UHKEHEPOB, MPUCTYIAIONIUX K
paboTe B TaHHOW 00JIacTH.
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CeueHue paccesiHus
muddepennuansHoe 183, 236

— — M30JMPOBaHHBIM 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 O00paIleHus! BpEMEHH
139

Cunrynspaoctu Ban Xosa 305, 307,
361—367

Ckun-cnoii 317, 333, 348

Ckun-3¢gdexr 317—321

— aHoMaJbHBIH 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

CooTtHomienust nucnepcronHsie 291,
297

— KenbBuna 270

— Kpamepca — Kponura 292

— Omn3zarepa 245, 270, 287

Comnpotusienue 252

— MUHUMYM 253, 384

— ocTtaroyHoe 253, 384

— peterounoe 253—260

Cocrosinue npomexxyrounoe 450

— cMenanHoe 454

Cocrosiaust BUpTyanbHble 135, 136

— JleNl0Kan30BaHHble 179

— JIOKaJIM30BaHHbIE 262

— MOBEPXHOCTHbIE 225—228

— pe3onaHcHsbie 135

— snekTponnsie 30, 95—140, 201

s — p-rubpuam3anus 135

Cnupans Kopnro 336

Cmnassl 157, 185, 186

CpoznctBo 3nekTpoHHoe 150

Craructuka bo3e — Diinmreiina 60, 80
84, 408

— Hocurenel 3apsna 163—168

— ®epmu 159—163

Crenku bnoxa 365

Cymma pemerounas 54—59

— craructudeckas 393

Cdepa Burnepa — 3eiitiia 61, 97, 116

— — —paauyc 97, 116

— Jlebas 61, 64

— Depmu 143, 179, 180, 192

— Dpanpaa 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

— DlHiTelHa 63

Ten3zop aedopmaruu 239, 261

— maccbl 210—215 Teopema bioxa
30—34

— bopna — Omnmnenreiimepa 230

— Kommu 292

— JInyBuss 242

Teopus bapnnna — Kynepa —
Mpuddepa 418, 434

— Bo3mytenuit 98, 171, 366, 422, 424

— I'ma36ypra — Jlangay 451

—rpynn 17, 34, 373

— Ilpyne 315

TennoemMkocTh MarHonos 409

— petetku 59—64, 277

— — ynenbHas 403

— sniekTpoHHas 168, 271

TennonpoBoaHOCTb 264—268, 272—
277

Tepmo-3. 1. c. 269, 278

— ruranTckas 271, 385

t-matpuna 130

Touku kputuueckue 66, 67, 159



Tynnenuposanue 218—225, 363, 446

Tara-pyHkiun npeodpazoBanue 56

Yeneuenue GpoHOHOB 277—279

VYpaBuenne 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

VYposens akuentopusii 215, 230

— atoMHbIi 113

— noHopHbIk 215, 230

— npumecHsiid 189, 204—208, 211,
215

— @Depmu 96, 155, 158—163, 186, 193

VYposuu Jlannay 354

VYcunenue 3Byka ajeKTpoHamu 325

VYcnosue npuunHHOCTH 292

— deppomaraeruzma 376, 390

VYcnosus rpannusbsie bopaa —
Kapmana 38—42

®a3za napuuanbHoi BosHbl 130—132,
135

®akTop aTOMHBII 73

— Jebas — Yomnepa 79—385, 236

— cTpyKTYypHbIii 73, 177, 236, 254, 258

®eppomarneTusm 388

®eppomarnetusm 370—377

@nykTyanuu Toka 245

®opmanusm ['opbkoBa 445, 448, 452

®opmyna bopa st dpazosoro
uHTerpana 353

— bopna 301

— I'pronaiizena 84

— Jleb6as — Xrokkens 175, 189

— Kuaysuyca — Mocortu 299

— Ky0o 245, 247, 283, 318, 333

— JIungemana 83, 255

— Jlunnxapna 173

— Omnzarepa 403, 417

— Ilunnapna 441, 442, 452

— Panes 276

®opmyna cymmupoBanus Ilyaccona 354

— Unmbepca 318, 442

— loxmu 337

— DOunimreiHa 311

dopmpakxrop ncepnoaroma 238, 241

®doTtonpoBoaumocts 311

doroaddekr 311

Oynkiuu atomusie 110, 195, 199

— bioxa 95, 114, 200, 217

— — KOJIM4ECTBEHHBIN pacuer 113

— Banbe 195, 199—204

®ynkuus ["'amunbrona 209

— I'puna 90, 127

— Koppensiuuu 79

— — BpeMeHHoM 245

— orubaromias 204

— niceBaoBoOJIHOBas 121

— pacrpeenenus paauanshas 79, 236,
260

F-uentp 207, 208, 310

[emouka nuuetinas 47—>51, 401

Yacrora nedaeBckas 61

— naa3Mmennas 188—191, 313

— — noHoB 233, 300

— IUKIOTpOHHas 328

— DHHIITEHMHOBCKAs 43, 92

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

— Jlopenna 268

[upuna nunum 298, 307

Illens onTuueckas 188

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

Oxpanuposanue 173—175, 192, 194,
238

— aromoB npumecu 175—179, 196

— cuHryssipocts 179—181

Okcutonsl 215, 309

DnextpoHsl Omyxnatomue 377, 409,
410

— BaJIeHTHBIC 95, 122

— ropsiume 262

— npoBogumocTH 95, 191



ONEeKTPOHBI

— 3¢ dextuBneie 319, 334, 347

DnekTpornpoBoHOCTh 240—250, 288

Omuccus g-kBaHToB 193

— JJIEKTPOHOB 228

DHeprus HOHU3AIUN IPUMECHOTO
ypoBHS 206

— KxoppensuuonHas 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

— ocTarouHbIxX Jy4eit 301, 304

— IlensThE 269, 270

— pa3MepHblit 276

D¢ dexT pasmMepHbIN paaodacTOTHBIN
[NanTmaxepa 347

— Tomcona 270

— Dapanes 321

— Xomra 280—285, 338

— lIy6nuxoBa — ae ["aaza 360

OddexTr! rpanull 30861 158

OddexTr TepMOITEKTpUYECKUEe 268—
272

SBnenus kooneparusHbie 393, 403

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

— —— 00BeM 26

— aneMeHTapHas 16, 18



MPEIUCIIOBUE PEIJAKTOPA IIEPEBOJA

B Ber pe30HOHOB M MOMHBIX YCKOpHUTENEH TeopHA TBEPAOIO Tella
Ha [epBHil B3MIAJ MOKET LOKAa3aThCA UeM-TO BPOAe I'DaMMAaTHKH
IPEeBHETPEYECKOT0 SA3LIKA — HPeIMeTOM, BIOJIHE H3yIeHHEM, B CBOEN
3aKOHYEHHOCTH BeChMa H3AMHLIM H HOJHOCTHIO 3acTeiBuimM. OmHaKO
B JefCTBATEIBHOCTH 3TO COBCeM He Tak. HaoGopor, B Hame Bpemsa
OHa pa3BHBAETCA eBa Jm He OnicTpee, 9eM B CBOH «repomIeCcKHi»
nepuosi — KoHen 20-x @ Hadamo 30-x ropmor Hamero Beka. llpmumm
TOMY -— HECKOJBKO. B

Bo-mepsrix, ¢usnra TBepaoro Texa ecTh 0JHA W3 OCHOB COBpEMeH-
HOH paHO3IeKTPOHMKH. «3aKa3bl» TEeXHHKH BHHYKAAOT (H3AKOB
HepexofHTh K M3ydeunio Bce Oojsee W 0Oojiee CIOKHHX CHCTEM
B CaMHX pa3HooOpasHHX YCIOBHAX, C yIeToM Bce O0JbmIero
u GoIbmMero Ymcia KOHKPETHHX O0COGeHHOCTel, pasJiMmdYHHX B3amMO-
meiicTBAE @ T. .

Bo-pTopmix, mepexoq K H3yYeHWI0 He CIHIIKOM HAEaIH3EPOBAH-
HEIX CHACTeM JIMKTYeTCA U BHYTPEHHHMH HOTPeOHOCTSMH, JOTHKOM
PasBUTHA caMOil HayKH — He TOJIBKO (HU3UKHA TBEPAOTO Tejaa, HO
H ¢usurm BooOme. - lefictBuTensro, Ge3 IpeyBeIWIeHAA MOFKHO
CKa3aTh, 9TO «TJIABHOE CJIOBO» B COBDEMEHHOH (PH3HKe eCThb «83aUMO-
Oelicmeuey. ViMeHHO B3amMoO[elicTBHe mOJIeH W 9acTHI APYT ¢ APYroM
OTBETCTBEHHO 34 BCe MHTEPECHH® fABIEHAA B (M3MKe 3JIeMEHTAPHHX
qacrur (BKJAIOYAaA M KX CHOHTAHHHH pacmap); WMEHHO B3amMo[eil-
CTBHE MEKIY 2JAeKTPOHAMHA 00YCIOBINBAET PAJ HHTEPECHHX W BaMKHKX
addertoB B TBepaEX Tedax (06 3TOM IMTATENb Y3HAET W M3 HACTOS-
el KHUTH); BMECTE € TeM MOCIIe/[0BATeIbHHA yIeT Pa3THIHHX B3aAMO-
TeflcTBuii mpexcTaBisgeT HauGOAbBIINE TPYIHOCTH IJIA TEOPETHKA.
Teopns TBepmoro Teia, MOMHMO BCErO IpPOYero, fAaeT HaM HIEATb-
HYI0 BO3MOMKHOCTH [Jifl M3y9eHAA 3()PeKTOB, 00YCIOBIEHHKX B3aAMO-
meficTBEeM, W [IA «ONPOGOBAHHA» COOTBETCTBYIOIMUX MaTeMATHIECKHEX
MerosioB. [leso B TOM, 4TO B (H3WKe 3JIeMEHTADHHX JaCTHI[, HOMHAMO
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qQECTO MATEMATHIECKHX OCIOKHeHHH, ecThb, IO-BHAHMOMY, W IPHH-
MAOAaIbHbIE TPYQHOCTH, CBS3aHHEIE C HEACHOCTAMH B CaMOil mOCTa-
HOBKe 3agadd. B Teopmm TBepAOro Tela TAKMX TPYAHOCTEd HeT —
KBAHTOBAasd MEXaHMKA HAXOTUTCA TaM B IIpefelaX CBoeidl Opumenu-
MOCTH, B IIOCTaHOBKa 329 B 00meii ee jopre COMHEHNUIA HE BHIBBIBALT.

Hagomern, B-TpeTbUX, Ha 0(a3e TeOPHHM TBEpHOTo Texa CedIac
HAaUMHAeT pa3BHBATHCA O0OIMAasA TeOPHA KOUIEHCHPOBAHHHX HEyHNOpA-
[OTEHHBIX CHCTEM, B THCIO KOTOPHX BXOAAT 0OBKHOBEHHHE KUITKOCTH
n amopdube Tela, a Take, IO-BUAMMOMY, W HEKOTODhie Omosiorm-
geckne 00HEKTHL

K cosxanennto, yae0HEKH IO TeOPHH TBEPAOTO Tera, KaK 3TO TacTo
6rBaeT, ¢ TPYAOM IOCIEBAIT 3a pPasBuTHEM camoil HaykH. B 001 B-
MUHCTBe KHAT, HM3JAaHHHX B OOCIeJHee BpeMdA, yuop [elnaercd
BCe JKe Ha CTaphle (KIacCHIecKue» npobieMbl, 0 HOBHIX ;K€ TOBODHTCA
JAAMb Gojiee WIM MeHee BCKOJb3b M € FABCTBEHHO ONIYTHEMHM (IDH-
nmixanmem». IIpemaraemas BHUMaHHO duTarTeneid kaura [xK. 3aitMana
mpefcTaBiaser CO00M B 9TOM CMEBICIE CIACTIAMBOE HCKIIIEHHE. B nei,
O-BANAMOMY, BLIJEpPKAHO DPA3yMHOE COOTHOUIGHHME ME/KIY CTapPBIMA
¥ HOBHMHA 33aJadaM®, OpHYeM B- HAeHHOM OTHOUICHHH H3JI0KeHHe,
KaK IpPAaBUIO, [JOBEIEHO [0 (QH3MKHM HAIUX JHE. Ha3soseM Taxwme,
HampuMep, Hay/aly BHOpaHEHe W3 pasHHX IIaB Oaparpadu, Kak
«Cuaryasprocts skparmposanns. Jddexr Homar (ra. 5), «lleperop-
MEpPOBKa CKopoct: 3ByKa» (ria. 6), «Marmmrmoi mpoboiy (ra. 9)
g 1. 0. VIckIoueHHs W3 aTOro mpaBuia penkm. Ilosany#, B cBA3M
¢ colep/KaHHEM KHATH aBTOPY MOKHO C[elaTh JHIOb JIBA yHpeKa:
BO-TIePBHIX, HEKOTODHA KpeH B CTOPOHY MeTaqnoB B ymepd ¢usuxe
HOJIYIPOBOJHAKOB M AMAIEKTPHKOB, BO-BTOPHIX, IOJIHOE OTCYTCTBHE
TOro, 9T0 Temeph WHOI/A HA3HBAIOT TEOPHed TBEPAOro Texa «Ha MoJe-
KyJIAPHOM YPOBHE» — TEOPHH MeXaHHIECKHX CBOUCTB pealbHBHIX KpH-
cra;mioB. BopodeM, YRIOHH TaROTO THIA B KHAT®, HAMCAHHOX OHHM
aBTOpOM, BATAMO, Hem3GemHE, Gyqydnm, Kak mpasmio, o0yCIOBIEH:
OpUIAHAMEA JIAYHOTO XapaKTepa.

Cruab KHATH JIyUOIe BCEro XapaRTepH3YeTCs CIOBAMM M3 IIPeH-
CIOBHA aBTOpA: «JTa KHATA IOJHA Uaed, a He daxros. Oma moces-
mesa H3JI0KeHHI0 OPUBIEIOB, a He oOHMcAHMmIO ABleHmiy. [loGasmm
oT cebs: M3N0KEHMI0 — Ha YPOBHE, FOCTYIHOM JIHIAM, 3HAKOMBIM
¢ sJeMearTaMd KBAHTOBOH MEXAaHAKH M C HPOCTeHINAMH CBegeHUAMHA
A3 OmHCATeIbHOH (U3MKM KpHCTALI0B (IPHMEPHO HAa yPoBHE CTY/IEH-
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TOB 4-T0 Kypca (uamieckoro pakyinbrera). mMa aBropa KEarm gocra-
TOYHO XOPONIO H3RECTHO, M COBETCKH IHTATeJb yiie MOT IO JIOCTOMH-
CTBY OI[€HHMTDh ;KHBOH M [OCTYIHHI CTHIbL H3I0KEHHA JaKe BechMa
TPYAHHX BONPOCOB, 3ATPOHYTHIX B €r0 KHATE «JJIEKTPOHH H (OHOHB,
WUJI, 1962; memarorm9eckoe MACTEPCTBO He H3MeHAer JaiMany
O B HACTOAINEH KHHATE.

Kak d9acro 6mBaer, HeIOCTATKM KHHATH CYTh IIPOROJKEHHA
ee JOCTOMHCTB. VIMEHHO, CTpPeMACH K IIPOCTOTE M (I PO3PATHOCTH)
nanoskenua (u gocturas eel), aBTop mHOTAA OBIBAeT BLIHYK/IEH yKepT-
BOBATh CTPOTOCTLI0 M, KAK IPABUIO, NOJKEH OTPAHHMYABATLCA JHIIEL
OpocTeANIHMA MaTeMaTHIeCKuMd MerojaMu. B GonpmmAcTee ciaydaes
3TO HOYTH He OMYMIAeTCA, HO IPH PACCMOTpEeHME HamboJee CIOKHBIX -
3agad (ra. 5!) craHoBATCA 3aMeTHHIM. BOopodeM, B KHHre TaKOTO THOA
3T0, IO-BAAMMOMY, Hem30e;kHO; M3 IPeANCIOBAA aBTOpPa C 0IEBHJIHO-
CTBIO CJefyeT, 4UTO BCE C/elaHo cosHaTelbHo. CilemyeT JHINB peKo-
MEHIOBATH YHTATENI0, JKeJalIeMy Tiay6e W3yInTh mpegMer, oGpa-
THTHCSA B faJbHeineM K 6oiee mogpoOHEIM KypcaM, YKa3aHHBIM, B 9aCT-
HOCTH, B CIHHCKe JUTepaTypHs B KOoHIe KHATH., Hak oTMedaercA B Ipe-
JHCIOBWM aBTOPA, OH CO3HATENHHO He JeNa] CCHJIOK Ha ODHTMHAJb-
Hele paboTH, OTCHUIas guraTeds K o6zopam m momorpagmam. Coot-
BeTCTBEHHO peJaKTOP TaK;ke He YKashBA® ODHIHHAIBHHIX paboT,
3a HCKINYeHHeM JHWIIb OJHOTO-ABYX CIydaeB, KOTJA 3TO Kas3ajoCh
coBepmerHo Heob6xommmbiM. B cmmcok Jamreparypsl mobaBieHbl He-
KOTOPHIE KHUTM COBETCKAX aBTOPOB, MOTYMHe OKa3aTbCA TIOJNe3-
HuME Opr 6ojee riyGOKOM H3ydeHHH DAaCCMATPHBAeMBIX B KHHTE
BOIIPOCOR.

1965 r.

ITepBoe m3ganue kaura k. 3aiiMana «llprmaMuOs Teopun TBEPAOTO
Tela», BHIIEAUIEe B CBeT B pycckom mepesoge B 1966 r., 6micTpo
FCYe3JI0 ¢ MOJOK KHIKHBIX MArasWHOB, BKIK9as A 6yKHHACTHIECKHE.
Bepoarro, 5T0 — nyYmas pemeH3WsA, KOTOPYH KHATA MOKET LOJY-
guTh. U aBTOpY W OEpPeBONYAKAM OHA MOKeT [JOCTaBATH TONBKO
YIOBOJILCTBHE. Bpsx im, OJHAKO, €ro pasfeldAaT HOBEHE MOKOJIEHHS
cryxentoB. EcTecTBenHO BO3HAKIA MHICHB 0 BTopoM na3ganun. Takosoe
¥ IOSBMJIOCH IIa aHTIHHACKOM s3bike B 1972 r, m HelHe mpepjaraercs
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BHAMAHMIO COBETCKOro 4mTaTeias. He ammme 3aMeTHTh, 4T0 pabora
aBTOpa Haj BTOPHIM H3/[aHHEM OTHIOb HE CBEIACh TOMBKO K MCIPaB-
Jenmio MONYIMEHHHX paHee MaJoCyMecTBeHHHX omedaTok. Hamra
3aMeTHO [ONOJHeHa 3a cdeT Gonee moApOGHOrO (MIH COBCEM HOBOTO)
H3JI0’KeHNA PAJA 3a/1ad, OTHOCAMHUXCH K «TOPAIAM TOIKAM» COBPEMEH-
HOH ¢mamkm TBepporo Texa. llpm sToM obmuil CTHIL KHATH COBEp-
meHHo He uW3MeHmicsa. Hak m mepBoe H3faHHEe, «dTa KHHTa IOJHA
npeit, a He QaKTOB...», KaK M IepBoe, M3[aHNe OHAa HAOHCAHA OYCHL
SCHO, 4 MECTAaMH TPOCTO YBJIEKATEeIbHO, KaK W B IepBOM H3JAHAH,
HEeOCTATKH KHNTH CyTh IPOJOJsKEHHs ee mocromHCTB. [locmepmmx,
npaBfa, ropasgo Ooibire, 9eM OEPBHIX.

MosHo HamesaThes, 9To Kumra [3x. 3alimana Oyner monesna
KaK JINOAaM, BHOEpBbIe MPHCTYNAOMHAM K H3YYEHHI0 TEOPHH TBEPHOTO
Tena, TAK W COEMAATHCTAM OO0 (M3AKe TBEPHOTO Tela — TEOPeTHKaM
U DKCIepHMeHTATOPaM, jKeJalomHEM IONHee 03HAKOMHUTHCA C HOBHIMU
HOCTICKeHHsAMM B orodl o6Gmactu. Orfgenbubie MecTa KHHTH oyayT
MONe3HH TaK/kKe WHKEHepaM, CTAIKMBAOL(AMCA B CBOeH HPaKTHKE
C HCTIONB30BAHNEM DJIEKTPHIECKIX, MATHATHHX U ONTHIECKHX CBOMCTB
TBEPAOTO TeJa.

Iepeson Bumonuer II. E. 3unpbepmanom (mpepuciosme aBTOpa,
rn. 1—3,§ 1—3 . 4), A. T'. Mupowossmm (§ 4—7 1. 4, ra. 5—7,
§1—5 ra. 8) u W. II. 3parmmeim (§ 6—8 ra. 8, ra. 9—-11):

B. Bonu-Bpyesuy
Mapr 1974 r.



NPEAUCIIOBIE ABTOPA KO BTOPOMY M3JAHUIO

B noBoM m3gmammm MB HaMepeHHl CJI€0BATHh NPHHIHIAM, H3JI0-
JKeHHHM B OPEJUCIOBAM K HepBoMy m3gaHnio. OZHAKO 3a BOCEMb JeT
COBPEeMeHHHE HAYYHHE 3HAHHA, KaK IPAaBHJIO, MOYTH YABAaHBAKOTCH,
a CHeNMANHCTH O QU3AKE TBEPAOTo Teaa He Oe3ferbHATAIN B TeIeHAE
3TOrO CpoKa. TeM He MeHee OCHOBHAS TaCTh HEPBOHATAIBHOTO TEKCTA
COXPaHMIA aKTyaJlbHOCTH, HPHILIOCH HODABHTH JHIIE HECKOJIBKO:
HOBBIX Pa3feloB, OXBATHIBAOIIMX TEMH, 3HaYeHAe KOTODHIX B HOCIe[-
Hee BPeMsa BO3POCIO, HIH BOIPOCH, B MOHHMAHAA KOTOPHX NPOA30NIEN
CYIMeCTBeHHBIM CABHT WM CMECTHIHCh aKIeHTH. fl muTanca Takke
VOOMHHATH MAMOXO/IOM O HEKOTODHIX SBIEHHAX WIH 00IacTAX HCcie-
IOBAHAA, CBA3AHHHX ¢ (YHAAMEHTAIBHOH Teopmei, — maske ecam
rOBOPHTH 0 HEX mogpoGHee He 6muto BoamokHOCTH. TakmMm o6paszon,
o0mue paMKM KHHTH ObUIM pACIIHMPEHH, YTO HDO3BOJHIO, HAaNpPHMeEp,
CKa3aTh HECKOJBKO CI0B O MATHATHHX M HEMATHHTHHX IPHMECAX,
F-menrpax, mOBEepXHOCTAX, TYHHEIHMPOBAHWH, IepPeXOfax H CBepX-
uposopgumocta 11 poma. Ilpm stom obmuit mMaTeMaTHieckuit ypoBeHB
He BO3POC, HECMOTPA Ha TO, ITO aOmmapaT COBPeMeHHOH KBaHTOBOM
TEOPHH CTAHOBHTCA BCe Oosee OOIMENDHHATHIM B NanHHOH obmactw.

f1 Becbma 6marojgapen MHOTEM KoJueram, ocobenno Boby Yam-
6epcy asmech B Bpucrome m Qemepuro I'apcua-Monumnep B Magpupe,
3a paAm mogpoOHHX 3aMeYaHHH, KOTOPHE 1 NOMHITAICSA YIeCTh B HOBOM
TeKcTe. Bo6 JBaHc okaszanm GONBIIYI0 IOMOIIb B COCTABIEHMAM YyKasa-
tensa. M, Hakomnem, 9T00B YHTATEN0 HE MOKA3AI0Ch, UYTO BPEeMA MOEro-
orcyTcTBuA B HemOpumxe OHIIO JJ18 MeHA MEPHOXOM JOJTOM CCHUIKH,
xoremoch OH mpocto mo6aBATH, 4TO BpPHCTONB — TOME HOBOIXBHO
YIOTHOE MECTO.

Bpuerony, Mapr 1971 r.
Hac. Baiiman



IIPEJIVCJIOBUE ABTOPA K IEPBOMY U3JNAHUIO

Jiyame OLITL MYAPHM, d9eM GOTATHM.
Jlydme CTpPeMATHCA K 3HAHWUAM, deM
K JICHBIaM.

IIpumuu XVI.16

I'pannns mosHanms Beerga B Apmwkennn. CerogHAlINee OTKPHITHE
CTAHOBHTCA 3aBTPA COCTABHOH 9YacTbio TOH yXOBHOM 00CTaHOBKH,
B KOTOPO# IpOTEKaeT KayKAOJHeBHAs TMCCIe/[0BAaTeNbCKASA pabora.
K xkommy caegyomedl Hegelm OHO MOHAfaeT BO BCe CHENHATIbHLIE
Kypcs. Uepes MeCsm BOBHHKAOT TPeGOBAHHA BKJIOUATH €ro B Mpo-
rpaMmy oBIIero CTy/ieHIecKoro Kypca. Ha cunenyroomuii roji, A yBepeH,
OHO MOKAKETCS CTONh HM36MTLIM, 4ro OyAeT CUHTATHCA HM3BECTHBIM
KOKJOMY IIKOIBHAKY.

IIpomecc mpopBHMkeHAs TPAHALE HAIIHX 3aBOEBAHMH , BO3JEINH-
BAHHA M OCBOGHHA HOBOA TEePPHTOPHE HJET IOCIeJoBaTelbHLIMH
aramamu. IIy6anKyOTCS OPUTUHATIBHEE CTATPE — HAa PafoCTh aBTOpPaM
M Ha cyn dmTaTeNedl. 3areMm nybIHKyoTCA 06G30pHEE CTATHH, AAOMMe
HaM rpybmii cxemaTHieckHmil IIaH — mpocTedMmui HyTeBOJUTEND
o suTeparypHoMy secy. [lanee myT Monorpagun — CTporae oboape-
HHA, COep;Rallie KapTy 3aBOeBAHHOW MECTHOCTH, yCTaHABIABAIOIMKE
BOIPOC O IPHOpUTETe U MOMEMAMNHAe Ka Kb $aKkT WIE TEOPHIO
Ha CBOE€ MeCTO.

Haronern, HaM HY:KHEH y9eOHmKH. CymecTByer riy0oKas pasHAIA
MEKLY MOHOrpagmeit m ydeGankom. MoHorpagua mamaraer, yaeOHIK
o6pacuser. HuKorga He IpeAmolarajloch, 9T0 CTYZEHT CMOJKET yJI0-
JKOTH B CBOEH TOJOBe BCIO (U3MKY WIM XOTA OB KaKyio-TO obrxacThb
$usuku mermkoM. EMy He HYKHO 3aIOMHHATh TO, 9TO JEIKO HafTH
B MOoHOrpaduax, B 0630pHHX H OPUTHHAIBHEIX CTATBAX. Ho on pmon-
;KeH HAYIATBCA uumamd HTH HCTOTHUKH, NOJIKEH H3YIUTh ASHIK,
Ha KOTOPOM OHHM HANMCAHEI, JOMKeH 3HATH OCHOBHBIE 9KCIIEPHMEHTA b
Hble GaKTHl M OOMEe TeopeTniecKHe OPHHIMIE, Ha KOTOPHX O0CHO-
BaHa M3yTaeMas HayKa.

[eas 570t KHUTA — H3JMOHUTH DO BO3MOMHOCTH IPOCTO BIIEMEHTHI
TEOPHHM HMEANHLHOTO KPHCTAILIAYECKOr0 TBEDHOTO Tenla. Jra KHHUTa

monHa udeli, a He ¢axron. OHa IOCBAIEHA H3JIO0KEHMI0 OIPHHIUIOB,
a He ONHMCANMNI0 ABIEHHH,
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Teopnsa ocHOBaHa HAa AHAJIM3€ CBOMCTB HEKOEHl TMIOTETHIECKOU
Mmofenn. B ¢m3uMKe, KOTOPY MOKHO OOPEAeNHTh MOYTH KaK WHTENI-
JeKTyalbHOe YIOpaKHeHHE ¢ IeJbl0 IOJINHHATH Dcelennmymo Mare-
MaThKe, Hamd MOJEJIH OKaswBalTCA MaTeMaTmieckmMu. Teopwmd,
KOTOpHE paccMaTpHBAKTCA B 3TOH KHHATe, — 9TO MaTeMaTHIeCKHE
tTeopun; Hambolee BajKHHE IOHATHA, HaIpHMep NOHATHE «OOBEPX-
Hoctu (Depmm», TpencTaBIAT CoG0H abCTpPaKTHBIE MaTeMAaTHIECKHE
MNOCTPOEHHA, KOTOPEE HENE3S HA O0OLACHATH, HM B JONKHOH CTemeHH
ypasyMeTh, He HOIb3YsACh (OPMANbHEIM ammapaToM TEOPHH.

Bce, 910 A mOOBTANCA CHEIaTh, — 3TO AATh MOCHef0BaTENbHYIO
MaTeMaTHYeCKYI TPaKTOBKY HpocTefimmx Mofeseil, OPATOAHLIX A
IeMOHCTpamue OTHenbHuXx npmHnumos. Hampumep, ecam nambGomee
HHTepecHhe CBOMCTBA CBEPXIPOBONHHKOB MOKHO IOHATH B paMKax
MOMeAN CBOGOJHEIX BJIEKTPOHOB C KODOTKOOeHCTBYIOIMUM IPUTAMKE-
HHeM MEKJY HHMHU, TO DTa MOJelb M KIaJercd B OCHOBY pacudera.
Ha »To#t cTagum Jydmte BHISACHUTH YCJIOBHA, BajKHBIE IIA CaMOFO
CYIMEecTBOBAHMA ABJIEHHA, UeM BHIONCATh MacCy TDOMO3JKHX YypaB-
HeHWi#, OCHOBAHHHX XOTA WM Ha Golee pealMCTHIECKHX, HO 3HAYH-
TeIbHO GoJiee CIOKHEIX (PU3MYECKHX COOOpasKeHMAX, ¢ eJUHCTBEHHOR
mensio ofHapy:KUTh, TMe JOJDKHBE HAOMIOHATBCA OTKJIOHEHHA OT Mpo-
CTHIX (opMyn. [l 03HAKOMIEHMA ¢ TAKHMH YCOBEDPIIGHCTBOBAHUAMH
DIEMEHTAPHLIX MOfelell YUTaTedb NOJKeH 06paTAThCA K OPHrHHANb-
HEIM CTAThAM U MOHOTpaduAM. ‘

C gpyro# cTOpDOHHI, KOJB CKOPO MOJelb OPHHATA, Helb3fd YHKIO-
HATBCA OT fAajbHelmmx BeIKmagok. Ha cBoem ombite s yGemmics,
4TO Heé TAaK JerkKo HalTH B me4aTd OPAMOH BEIBOL MHOIHX IIPOCTHIX,
XOpOIIO W3BECTHHX (GOpMYyJ M3 HepBHX NPEHNUOOB. OpHrHEAIBHLIE
CTaThd He BCerga HAyT 0O KpaTiafimeMy IyTH, aBTOPH 0630poB
HaXomAT HeoGXOJuMEIe Pa3bACHEHNSA BECHMA TPOMO3IKUMY (MIM HUKe
MX JOCTOMHCTBA), a MOHOTPA(hUY CITHITKOM 03a609eHEI ITOJIHOTOH U CTPO-
rocThio Majaoykenua. fl crapajics HOBOOUTH BCe PACUeTHl N0 KOHOA ~—
WM 10 KpaiiHeir Mepe HelaTh WX BPAa3yMHUTENbHEIMH B NDHHIAIE, —
He npuberasd CAUIIKOM 9acTo K OGBYHOMY 3aKIMHAHHIO YTOMIEHHOTO
aBropa: «MoKHO TOKa3aTk, 9T0...» JJomLITKA OXBATATE CTOMB IMAPOKYIO
061acTh MMEET TO MPEMMYMECTBO, YTO MOJKHO IDHBJIedYb o0IMHe mpuH-
UL, Takue, Kak tTeopeMa Bmoxa m Teopma 30H, yHHQEUOHpPOBATH
MHOTHE pa3Jelsl H COKOHOMATHL TeM CaMBIM MHOTO YMCTBeHHOM sHep-
IUm,
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Uro mpemmosaraerca sapamee m3BecTHRIM dmTaTenio? OH [JomKeH
OLITh 3HAKOM C 3JieMeHTaMu Qu3HKY TBepJOro Teia, HaOpuMep € Teo-
pueil cBOGOJHBIX HIEKTPOHOR B METAIJIaX, — TaK, KAK OHA H3Jaraercsa
B CTyHeHYeCKmX Kypcax. fl mpeamosiaralo M3BECTHHIMA TAaKMKe Bie-
MeHTH KBAaHTOBOH M@XaHHKH, B dacTHocT: ypasHeHme lllpenmurepa,
TEODHI0 BOAMYIIEHMH H TEODPHI0 paccedHdA, — BCe 310 B obneme,
KOTOPHI TeIeph CYMTAETCH NPAHATHM IIA CTYAeHTOB, OKaHIMBAIOMHAX
Kype bsKcmepaMeHTanbHOH ¢mauku. fl mmranca mopmep:KmBaTh pac-
YeTHHHA ammapar Ha 9TOM YPOBHE; B CIy4asaX, KOITA BHYHCIEHHA
yIposKad| CTATh CAMLIIKOM TPYAHHME, f OCTaHABIMBAICA. B kmmre
HeT HA MaTPHIl IIOTHOCTH, HE METIEeBHX JuarpaMM, HH TO4eK BeTBJe-
HOsA, HA TaGJAHI] XapaKTepoB, HHU APYTAX TORKOCTEH anmapaTa COBpe-
MmenHoit TeoprH. [IpodeccHmonaIbHEIM «TEOPETHKAM» IPHIETCA HOACKATh
cebe mamy rpe-HHOYAB B [PYIOM MecTe.

Iasn obmeruenus TPyma TeX PENEH3EHTOB, KOTODHE CYAAT O KHATE
mo ToMmy, 4ero B HeH HeT, IO3BOJBTE MHE Cpa3y HpH3HATBHCA, UTO
B KHHrEe OTCYTCTBYEeT CEephe3HOoe pacCMOTpeHHe TeOpHH CHJaBOB,
nmeloKamui, F-IeATpos, IpEMECHEX MeHTpoB | T. A. Huuero He cka-
33H0 O MATHATHBIX Pe30HAHCAX, CBA3AHHHX C OT[eJBHEIMH aTOMaMWu
WA ¢ ALDPAMH, H He CHeIaH0 HAKAaKMX MOIBTOK MHTEPIPETHPOBATH
Takue CYIIeCTBEHHO MAKPOCKONWYeCKHe ABIeHHMA, KaK ¢eppomar-
HATHHIE [OMEHLI, ABJEHHA B P — n-OepexojaX HJIH HPOMEKYTOUHOE
cocrogHue cBepXnpoBopumKoB. OrpaHA4eHHe TOIBKO HPOCTHMH,
HIeaTbHEME KPHCTALIHICCKAMHA TBEPALIMH TeJIaMH, KOHEYHO, HCKYC-
CTBEHHO, HO OHO ynoOHO, mGO TmpHUAaeT H3NOKEHHI0 HEeKOTOpOe efHH-
CTBO: B IEHTPe BHHMAHUA —— MaTeMaTHYeCKue CIEeJCTBHA HEepHOIHY-
HoCTH pemeTku. CBepX TOrO, APY3bsd, KA3Hb KOPOTKa! :

dTa KHHTa, DOCBAMEHHAA OHCTPO pasBEBalomeica . obiracth
du3AKH, He NpeTeHAyeT Ha KaKyo-TmGo HOBHBHY. 37eCh IpeficTa-
BJIEHH JHIOL TEOPHH, PEryJIApHO MCHOJb3yeMEe, W Te, Kto paboraer
B IaHHOH 00NacTH, CIMTAIOT CHPABEIUBOCTE HX XODOIIO YCTAHOBJIEH-
Hoit. He femaerca HMKaKMX DOUKHTOK KPHUTHKOBAThH 3TH TEODHH,
00CY>KIATh BO3MOMKHOCTh HX UDMMEHEHHs AINA HMHTepOpeTandd Tex
WM WHHX ABJIEHAH, GOPMYIHAPOBATH CO BCEH MaTéMATHYECKOH CTPO-
TOCTBI0 HJAM JEeMOHCTPHpPOBaTh BCH 006xacTh HX HpHIOKeHmA. Bcee
VCHJIEA HANPAaBIEHH HA JOCTH}KEHHE ACHOCTH HM3IO0keHAs. Umraremro
OpefaraeTcs YCBOATH HOBHE MOHATAA; OYCTh OH BO3JEPHKHTCA
0T KPHTMKH [I0 TeX HOP, IIOKa He MOAMeT CMHCJAa HOBHX HeH; eC/id e
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HOCJe 3TOTO OKAKETCA, YTO ero CKeNTHMA3M 0oOpaBfaH, IyCcTh OH o6pa-
THTCA K OTPOMHOHN JHTEpaType, HA KOTOpPOo# OCHOBaHA JaHHad HayKa,
H IOCTAapaeTcA HaWTH MCTAHY B 5TOM OOMIBHOM K IOfYaC MYTHOM
rerounuKe. fI yMBIMIeHHO HE JeNal OPAMEX CCHUIOK HAa OpUTAHAJbHEE
CTATBHH; OTH CBeJeHHA CTYNEeHT CMOYKeT HaliTh B MOHOrpadmax u 0630p-
HEIX CTaThAX, NEPEYHCIEHHHX B KOHIEe KHHTH.

ATa KEAra GbIa HA9aTa KaK KYPC JeKIHHA JIA CTYAeHTOB CTapIIHX
xypcoB KemGpusrCcKOr0 YHEBEPCHTETA, COSNUATH3AP YOIAXCA OO TEO-
peTHuecKoll W 3SKCOepAMeHTanbHOH ¢m3mke; oHa OblTa HamMcaHa
B TeueHme NOCIEIHHX MBYX CEMECTPOB W 3aKOHYEHA B NOCIefHHE
HECKOJIBKO Hefelh IpefnBaHWsA aBTOpa TaM, IPH aKTHBHOM yJacTHH
coTpynunkoB Hssenmmmckoit maGoparopmm. PaGorats B Teuennme
HEBATH JIeT B 3TOH eIMHCTBEHHOH B CBoeM pofme nabopaTopun — GoOIb-
mad OpuBEJIerdsa. fl cAMMKOM XOpOImo MOHAMAW, CKOJIb TPYRHO KATH
B COOTBETCTBHHA C TOM VHAKAILHHM 06pasmoM, KOTODHIH OHa yCTaHO-
BIJIA W OPOJOJKAET YCTAHABIHBATH B MHApPe (H3HKH.

Ho Kospenpmmcraa mxaboparopasa — 9T0 He NPOCTO 3HAMEHHATAA
naGoparopusa; aTo 06ATENs TyMaHHOCTH B APY:KOBL. fl x0oTex 6B BHIpa-
3ATh 6IarogapHOCTh CBOMM Opy3bAM — ocobemno Hemmmio Morry,
Bpaitary IManoapay n Bonkepy XeiiHe, KoTOpHe OPHATIACHIA MeHA
B KeMmOpummk, pagymHo OpHHANH, YIAIA, CO 3HAHHAEM JeNa IOJeMH-
3HpOBaJ@ CO MHOH, MHOTO HOMOTAIHM MHe W B0ooOme meranm KA3HD
37ech IPAATHON, HHTEPECHOM 1 3aXBaTHBamer. OHA CIHIAT My3HKY
chep; cBepx TOro, OHA 3HAIT, UTO HayKa CO3JaHA [JAA TeN0BeKa,
a He 9YeJI0BeK MJIA HayKM.

Hoe, 3atiman
Hspemgmmckan naGopatopusa, Hembpmmx
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NEPNOIMYECKUE CTPYKTYPbBI

Ousars! Ouare! Onars!
Tomac Komnébean

§ 1. TpancasumoHHasn cHMMETpHSA

Teopmio Puamueckux cBOACTB TBEPAHX Team GHIIO 6B TPAKTHIECKH
HEBO3MOKHO HOCTPOHTH, ecad 6bl Hambomee cTalHIBIEIE CTPYKTYPHE
I1s GONMBIIMACTBA TBEPABIX TeJ He IPENCTABISIH cob0i peryispHEX
KPHCTAIIRYECKAX pemeToK. 3agaay /N Teq MOKHO IpPHBECTH K BHAIY,
JOmyCKAMmMeMy PasyMHOe paccMOTperme, Gaarogaps CymecTBOBAHMIO
mpahcaayuorholi cummempuu. Ilocregree osnagaer, 9to cyujecmeywm
mpu 6A3UCHBLT 6€KMOpa, a1, A5, Az, MAKUL, YN0 PACCMAMPUBAEMAS
AMOMHAS, CMPYKMYPA 0CMAEMCA HEUSMERHOIL NPU NADAALEAHBLT Nepe-
Hocaxr (mpaHcasyusx) Ha aw06oli eexkmop, npedcmasasowuli coboi
AUHEURYI0 KOMOUNQYUIO IMUT MPET 6EKMOpP08 € YEeAOHUCIEHHbLMU
Koauyuenmamu.

[Tpakrmaeckw 3T0 ecTh JaHMmb WAeanmsanus. JlabopaTopHEii o6pa-
3ell M0 HeOOXOAHMOCTH HMEET KOHEYHHE Da3MepH; MH He MOJKeM
LHGITOMY HEPEHOCHTH PaCCMaTPHBAeMYyI0 CTPYKTYDPy dYepe3 TpPaHMIH,
Ogmako ta obmacts, B KOTODOH yKazaHHOe OGCTOATEIBCTBO HMeET
3HadeHye, — 3To CJIOH aTOMOB BOAM3H caMoi rpaumni; B 6moke m3 N
aTOMOB B TaKOH CIO#l BXOAMT Bcero okodo /V®/3 aromoB, mampumep
omun aroM Ha 108 atomMoB Makpockommueckoro ofpasma. Kpome Toro,
GoBIMMACTBO KPHACTALINIECKAX TBEPIHX TelX 0671afaer HEeCOBEpPIIeH-
HOI CTPYKTYPOH — MedeKTH pEMIETKH, IPUMECH M THCIOKAIIAE HADPY-
MAaKT PeryiaspHOCTh DACHOJIOMKEEHA AaTOMOB. JTH HECOBEpPIIeHCTBA
UPHBOJAT KO MHOTHEM HHTEDECHHM (Qu3MdecKuM ABieHuAM. OmHaxro
Mbl GyTeM, Kak TPABWIO, MTHOPHPOBATH WX. MH GyIeM KacaThCst BeCh
PTaBHEIM 06pasoM JHNIb CBOMCTB M€AJNBHO COBEDIIEHHBIX TBEPIEIX
TeN; ABNEHAA, CBA3aHHEE C TBePAHKM TeJI0OM KaK HEKOTOPOi MaTpuIeit,
PactBopureneM uaAHm npoctoe (GoHOM AuA HeGOABIIOT0 KOJIHYECTBA
I'PASH WM MHKDOCKONMYECKHX TDEIAH B CTPYKTYPHHBIX Me(eKTOB, —
9T0 ocobasa TeMa.

Ipynmy tpamciasmmit Mer GymeM TpefcTaBIATE ¢ MOMOIBIO NPOCH-
Pancmeennoil pewemku, miu pewemku Bpass. Haumem ¢ kaxoi-tm6o
TOYRE W MOCTPOMM 3aTe€M BCE OCTAIBHEE TOYKA NyTeM TPAHCIAIMA.
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OTHE TOYKH UpefcTaBiAlT coboil ysab pewemkru, onpenenseMie Habo-
POM BEKTOPOB

1 = La, + la, + lsa,, (1.1)
rae ly, 1, 1 — nense anciaa (fur. 1).

Ho TBeppoe Teno — 310 uamIecKas CTPYKTypa, a He Habop Mare-
MaTHIecKHX TogeK. llycTh BOIM3E Hasama KoopmmHat O HaxonATCA

[ S |

[

l

. ° . . :

hd . ° 1!

1 1

. ° P I

dqa, 4
0 g *

Our. 1. @ur. 2. Pasnuudsle BO3MOKHOCTH BHOOpa

DIEMEHTApHOH AUCHKH.

KaKHe-TO aTOMH. 1TPpaHCIATAOHHAS WHBADAAHTHOCTH YTBEP/KIAAeT, ITO
B TOYHOCTH TaKHe K€ aTOMbI HOJKHE PACIOJaraThCA W BOIU3A KasK-
noro ysna pemerxm (dur. 2).

Pacnonosxesme aToOMOB BO BCOM KPHCTAJIIe MEL MOKEM, O9eBHIHO,
onpefelnTh, 3aJaB COCTaB ONHOH 24eMEHMAPHOU A4eUKU, HAUPEAMEP

@ur. 3. flueiixa Burmepa — 3eifiTna,

napajiaeixenyuunena, o0pasoBaHHOro GasMCHBIMU BEKTODAMH a;, ag, aj.
Becyr mpumcrani CTpoHTCA nyteM 6eCKROHEYHOTO IOBTOPEHHA TaKHX
00BEeKTOB, KOTOPHE CHRIAQHBal0TCA mogo0HO KHpUAYaM B CTeHe.
Opgnako (daxkTHIecKoe ompeleNeHHe JJIEeMEHTAaPHOH AIeHKA 0CTaeTCA
0 HEKoTOPOHl CTemeHH NPOH3BOJBLHEIM.
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J0BOIBHO 0YEBHIHO, UTO JUIA BTOH Ielm MokHO 6o 6hI BHIGpATH
n060# mapajenenmmoe; HOAXONAMUX PasMepoB, GOPMEI H OpHEHTA-
mum — 1o BupHO m3 ¢ur. 2. Ho, BeposATHO, He CTONb 0YEBHIHO, YTO
$opMy DIEMEHTADHOH AYEHKH TaKyKe MOKHO HECKOJBKO H3MEHHTH.
IlpequonosxumM, HampuMep, YTO HEKOTOpPasA TOYKA CTPYKTYDH eCTh
HEeHTp CHMMETpHA (CIef0BATEeNIbHO, M BCe IJKBHBANEHTHRE® TOYKH
o6ramalor oTEM cBoiicrBoM). Takylo Touky ymo6HO BHOpaTh B Kade-
CTBe TeHTpa AYEHKH; IPU HTOM caMa Adeiika GymeT NEHTPANbHO CHM-
MeTpmaHOA. MOKHO HPEIIOKHTE PperylisapHE IpHeM HOOCTPOSHHA
fAdeeK, NEHTPHPOBAHHHX TaKuM o6pasoM, Tak Ha3HBAEMHX SI€€K
Buznepa — 3etimya ($ur. 3). IMenHO m3 BHOPAHHOTO MEHTPA HYHHO
IIPOBECTH BEKTODPH TPAHCIANAHA K GIMAadmuaM 5KBABAICHTHEIM y3/1aM
penieTKH; 3arTeM IOCTPOHTh IUIOCKOCTH, NEPIeHJAMKYIADHEE ITHM
BEKTOPaM W IpoXofsamue epe3 ux cepepuny. Torga o6macTs, KOTOpyo
OTpaEMYAT BCEe TaKdme IIOCKOCTH, GymeT, OYeBHIHO, 3IEMEHTAPHOI
sgeiikoii. Bce Toukm »T0i obmacTm ne;kar Gimxe K BHOpanmomy
HenTpy, 4eM K Ji06oMy JpPyroMy y3iIy pemerKH.

JneMeHTapHAA AUEHKA MOKET COJep/KaTh OfUHE MIHm Golee aTOMOB.
Ecrim oma cOpmepXAT TOILKO OXMH aTOM, MH IIOMEHNIaeM ero B yaell
pemeTKH W HasbiBaeM TaKyl0 CTPYKTypy pewemkoli Bpaes. Ecmu
Ha OQHY DIEMEHTAPHYI0 s9efiKy IDHAXOAUTCA HECKOIBKO AaTOMOB,
TO MH HMeeM pewemky c¢ Gasucox. B panbpHelimeM MBI game BCero
6yaeM mpefmonaraTh 6es CoequalbHEIX OTOBOPOK, 9TO pPacCMaTpHBae-
Masf CTPYKTypa mpefcrapisier coGoil pemerxky Bpass. dro memaercs
AN [JIS TNPOCTOTH; B JEACTBHTEIBHOCTH TOJBKO HECKOJIBKO IpO-
crefimux TBepAHX Ten (HampuMep, I[eJOYHLIe MeTalJiel) obramaioT
TaKOH CTPYKTYpPOH.

Ilepeuncienmem m Kiaccuprranmuell BCeX BOIMOKHBIX THIOB KPH-
cralliMdecKuX CTPYKTYP, a Take ompefenenmeM aKTHICCKOH CTPYK-
TYPH pealbHHX TBEDAHX Tel 3aHEMaerca kpucmaasrozpagus. llpn
9TOM CTPYKTYPH KIacCHQEOUPYIOTCA B COOTBETCTBHH C HX CBOM-
CTBAMH CHMMETPHEH — MHBADHAHTHOCTBI) OTHOCHTENBHO BpaMEHmil
BOKPYI KaKmXx-1mbo oceif, OTpaykeHMil B INIOCKOCTAX W T. J. ITH
CBOHCTBA CMMMETPHH YacTO OKA3RBANTCA BEChbMAa MOJE3HRIMH [IA
yIOPOMmMEHHs PacdeToB X MOTYT GHITH 3PeKTHBHO HCHOOJNB30BAHH IpH
penIeHmH BOIPOCa O 4HCIe IMapaMeTpoB, HeOOXOMMMEIX MJIA OUACAHM
MAKpPOCKOMMIECKAX CBOWCTB TBepporo Tema. Opmako 4To6H BOCTIONE-
30BaThCA B IOJHOH Mepe MPEMMYIMECTBAME TAKOro IOAXofa, Heobxo-
MM MaTeMaTHUIecKHH ammapaT meopul epynn, H3I0KEeHHAE KOTOPOI0
yBeJIo OH HAC CIHMIIKOM JajJeKo OT Hameil riaBHo# Temu. Ecam orpa-
HUYATBCA B OCHOBHOM pPACCMOTPEHHEM OYeHB HPOCTHIX TBEDIHIX Tex,
TO GOJBIMMHCTBO CBOMCTB CHMMETPHH MOKHO OOHADYKHUTH HEIMOCPe-
cTBeHHO, He Ipmberas K (QopMalbHOMY ajre6pamiecKoMy aHAIH3y.
Bo pcaroM caydae, cymecTByer MHOTO HPEBOCXOAHHIX KHHT IO KpH-
crannorpaguu, a TaKsKe IO TeOPUH IPYNI I ee IPAMEHEHUAM B TeOPHH
TBePAKIX Te.
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dur. 4. O6beMHONEHTpHpOBaHHAS KyOHMdYecKas peIleTHa.

@ — Ky6muecKas dHeMeHTADHAA AdeliKa; 6 — GasACHHE BEKTOPH DemleTkA Bpasd; & — aetKa
Buruepa — 3efttoa.
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B »sTEX KHmrax [eralibHO pPACCMATPUBAITCA pa3JINYHEE THIOEL
pemeroxk Bpass. 3mech M pacCMOTPAM JHUIIb OfUH CIy9ail, KOTOPHIA
I UIIOCTPHPYET MHOrde OCHOBHHE 3aKOHOMEDHOCTH W HIPEACTABIAET
B TO ke BpeMs OOJBITOH CaMOCTOATEIBHHH HHTEpEC, MOCKOIBKY
COOTBETCTBYIOMIAA CTPYKTypa /eACTBHTENBHO peaNH3yeTcsi B KpH-
cralilaX HeKOTOPHX XHMHIECKHX 3jieMeHTOB. Peur moitmer 06 06%emuo-
YEHMPUDOSARKOL KyGuueckol pewemke, m300pakeHHON Ha ¢mr. 4.

JTa CTPYKTypa Ha HePBHHA B3TIaAA mpeacrabiasier coboil KyOm-
JeCKYI0 pPEmIeTKY ¢ IByMA aTOMaMd B BIeMeHTApHOH AUeliKe MJIN ABe
B3aMMOIPOHUKAIONIHE NPOCThe KyOWmdecKWe HOIpeIleTKH, oIpedelse-
Mble paBeHCTBaMHA

l=1la,+ l,a,4 La,

(1.2)
' 1 1 1
' = (lx—l—?) ax—l— (ly +7) ay+ (lz*‘*-?) ay,
rae Iy, l,, I, — menwe wwmcna. Ecanm, ogmako, ME Hammmem
1
ai=’2_('_ax+ay+az),
1
a2=7(ax—ay+az), (1.3)
1
8= (a,+a,—a,),
TO BEKTOPH BCEX TOYOK O0EHMX MOJpemeToK O6YyAayT
! = La; + La, + Lsa,, (1.4)

rne Uy, Iy, I3 — menste uncaa. Ecnm cymma (I + I, + [;) nedernas,
TO MH IIOmafaeM B IeHTP Ky0a, eciIm 9eTHAaA — B €ro BepIIMHEHL.

Taxum ob6pasom (¢ur. 4, 6), sTo meficTBATeNnbHO pemeTKa Bpass.
Bmecro ky0Omueckoii smeMeHTADHOH S9eHKH MOKHO pPAacCMOTDETH
u sueiiky Burmepa — 3efitna (¢ur. 4, 6), misA mocTpoenma KoTopoit
NY;KHO «OTPYOMTEY BepmmHH Ky6a Ha NIONOBWHE HX pPACCTOAHUS
o nenTpa. llonygaemas ¢urypa mmeer, o9eBUAHO, Ty ke CAMMETDUIO,
410 ¥ Ky, Hampmmep HCXOJHbIE BEKTODH a,, a,, A, 33/[al0T OCH CHAM-
MeTpHM YeTBEPTOTO MODPSIKA.

W3 ¢ur. 4, ¢ BugHO TaKiKe (BEPOATHO, sICHEE, U€M M3 PacCMOTpe-
HHsA NCXOAHOTO Ky0a), 9T0 BEKTODH a;, Ay, a5, T. €. AUATOHAIH Ky0a,
HpefcraBIAlT Co0OH OCH CHMMETDHH TPeThero mopAfKa. B camom
Jejle, 3TH BEKTODH HIPOXOAAT 4epe3 INeCTAYroJbHLE T'DaHH AYeHKH,
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@ur. 5. O6pasoBanre 06HEeMHEONERTPHPOBAHEON pelleTKH @3 ATeeK Burmepa —
3elTa.

B kauecTBe X0pomero yupaskHEHHS UHTATENI0 NpeAIaraeTcs Ipef-
cTaBuTh cefe, KAK yOAaKOBATH TAKWe MHOTOTPAHHWKM B IEPBOHAYAIb-
Hyio pemeTKy (¢ur. 5).

§ 2. Ilepuoamaeckme QyHEIHH

Yro6rr onpenennts GE3UTECKYI0 MORETh KPHCTAMIHAICCKOHR CTPYK-
TypH, Hafl0 3aJaTh 3HATCHHSA HEKOTOPOH (YHKOUH WUPOCTPAaHCTBEH-

®ur. 6. [leprofugeckas (QYHKOEA HECKOJBKHX TePEMEHHHX.

HuX Koopamuar f (r) (9ro Mosker OHTH JOKAIbHAA KOHIEHTPANUA
9IEKTPOHOB, 3TEKTPOCTATHYECKAA MOTEHNHAN U T. [.). ITy QYHKIHIO
HaJ0 CBA3aTH C pacmosos;kendeM atoMoB (¢ur. 6). Ycioswe Tpamcis-
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UMOHHON CMMMETPHH COCTOHT B TOM, YTO OHA JOJIKHA OHITH nepuodu-
ueckKoll PYHKYUE mpexr nepemMeHHnI

fe+ 1) =7(). (1.5)

Pasencteo (1.5) ZOMKHO BEIOJHATHCA BO BCEX TOYKAX HPOCTPAaH-
CTBA, T, W NI BCEX BEKTODPOB TPAHCIANWH.

Ham xopomo sEaKoME HeprofmIecKre QYHKIAHA 1A OfHOI'0 H3Me-
pennsa. Tag, gus QyExumm, maobpa)keHHOX Ha ¢mr. 7, MH mMeeM

f+l)=7(), (1.6)

rae ! mMeer Bupm l,a, mpmdeM 4 — mepmHof, QyHKOEH, a l; — Hemoe
9mCiIo.

Qur. 7.

Mu 3maeM Takke, 4To J00YI0 MePHOARYECKYI0 (YHKIMIO MOMKHO pas-
n0KATh B pAd Dypue

f(x)= ; Apelninz/a (1.7
Ime n — HeJdoe YACI0. JamHiIeM 3TO B BHOJIE
f@) = Zg Agele=, (1.8)
rfie BeaWumHH g B3ATH m3 HabGopa o6pamusix Oaur pewemxru 1)
n=n2t (1.9)

Hospdunmenrrr B (1.8), kax Xopomo H3BECTHO, JAIOTCA BHIpa-
KEHIEM
A=~ S f (x) &%= da; (1.10)

1o aAuelke

o0nacTp HWHTErPEPOBAHWA B [JaHHOM caydae Oyger, Hampumep,
0 <z < @ — oHa Jlo/KHA COBIANATE ¢ OTHON BJIEMEHTAPHON SYeHKOl
pemerkn. IIpocTeiimee [OKa3aTeIBCTBO TOI'O, 9TO W3 BhpaskeHnd (1.8)

1) Muo;kdTennL 278 yA06HO BKIIOYHTL B BTO OOPERNeHNe, XOTA B KPHCTAIIO-
rpa¢Hu OpEEATO ABHO OHCAaTH €r0 B SKCIOHEHTe.
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caegyer yciaosue mepmogmusoctd (1.6), MOKHO HOIYYHTH, BOCHONL-
30BABIIACH PABEHCTBOM

eigl —1, (1.11)

cIpaBeauBEM nid doboro g m gaa Beex rpaHcasnui /. Copasepin-
BOCTH HTOT0 PABEHCTBA CIEAyeT W3 TOTO, 4TO

gl=n%Tnl,a= n112ﬂ=l1_[enoe queio X ZH, (1..1.2)

€CIM ¢ TMPUHAMAET OJHO M3 DAaspemeHHHX 3HadeHud g, w | = lLa.
Brpog gopmynsr {1.10) rakme purexaer ma pasencrBa (1.11). Mu
He pacCMaTpHABAEM 3/eCh HATOMOTMIeCKHe B MATeMaTAIecKoM OTHO-
IeHNH QYHKIWE @ MOITOMY MOKeM CBOGOMHO MOJB30BATHCA HAHBHOM
Teopueir Dypse.

Pacopocrpanenne sTux Te0peM HA CTPYKTYPY € TPEMA IPEMOYTOMb-
HHMH KOODJAMHATHHMEA OCAME He mpefcTapiser Tpyna. Keam B Kade-
CTBe TAKHX OCeil B3ATH a,, &y, a; K

fe+0) =7+ la:+ Lay + La) = [ (r), (1.13)

TO
fy= X A g 8)exp{i(gzt+gy+g2)}, (1.14)

zl eyl gz
Ie KaKEoe W3 9mcel g, W T. 4. ecTh ofparmas jamua m3 Habopa
2nn/ay, m T. A, ITH COOTHOINEHWA MOKHO IOJIYYUTH, NPeHCTABIAA
pHavane ¢yuxnuw f(r) B Buge paga Oypre no KoopjmHaTe x U IOKA-
3BIBAs BaTEM, YTO KaKALA KOdPPUImeHT PasiioKeHHsI eCTh MePHOIH-
gecKag (YHKOUS Yy; COOTBETCTBEHHO €r0 MOKHO pABIOKHTb B DAL
Dypre (amamormuyHo paccyrxmgaeM U i KOOPAWHATH Zz).
IMepermmmem srpamenme (1.14) B BmHuE

F)=2 g0t (1.15)

Ie g ecTh BEKTOpP C KOMIOHEHTaMu (g, g,, &.). 10T Bekrop obia-
maer csoiictBom Ttmma (1.11), 1. e. axs awboro BerTopa

leay+-

2nnx

g-l= (gxlxax + gylyay + gzlzaz) =

2nny 2,mz

_l_

lyay+ l,a, = 25 ¥ Tlenoe wmrcio, (1.16)

xaroB Ow HE Gpul Bexntop I. Taxmm o6pasom,
eigele==1 (1.17)

Iisi BCeX BEKTODOB pemeTKA ! H JJIA BCeX 6eKmopos o6pammuol
pewemru g,
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OuesmnHo, cpoicerBa (1.17) mocraroumo, wrobm psam (1.15) mpen-
crapasan  ¢ymkomo Tuma (1.5), o6magalomylo IEePHOARYHOCTHIO
peneTKns

f(r40)= 3] Ageier 40 = D) Ageitorgitst = 3] Agchtraaf(v).  (1.18)
g g g

Herpygro y0emaTbcsa HW, B HEOOXOQUMOCTH 3TOTO YCIOBHSA,
T. 8. JOoKasaTb, uTo cymma (1.15) Mosker comep:kaTh JHIDb Te ciIarae-
Mble, KOTODPHIE COOTBETCTBYIOT BEKTOpPaM g, YAOBJIETBOPAIIAM YCJI0-
suo (1.17).

Ocraerca JaMIOb OOCTPOMTH BEKTOPH 00PATHON pelleTKH i
HEMPAMOYTOIbHOM peImeTKH. JT0 JErKo ChenaTs caefylomuM obpa-
som. IlpumeM B KauecTBe mMmpOUKU 6a3UCHWT 6eKkMOp0os 06pamHol
pewemky  Cleyonine:

_ [aaxas] __lasxay] _ [ag X ag]
b= aj-[agXag] * 2 a-[agxag ’ b a;-[agXag] ’ (1.19)

3=
1 HaOuIIeMm

g = gib; + g, -+ ggby = 2amby - 2nnby + 2anghs, (1.20)
rme ny B T. . — OEJIHe YHCia.
W3 opoctHx GOpMyTT BEKTOPHOTO aHaixmsa ciaemyer, 910 by-a; = 1
a7 0 u ba, =0 m 1. A., moaTomy

g-l = (g:1by + g:by + gsbs)+(l1ay + Ly + lsa,) =
= g1l1 + 8oy + gsls = 20 X Lenoe wmemo. (1.21)

Taxum obpasom, moboit BexTop m3 Habopa (1.20) ymoBmerBopser
yemosuio (1.17).

Moskro mammcath Takse ¢opmyay tmoma (1.10) aaa xosddummen-
rep pasiaomenmsa (1.15). Oma mmeer BUJ

1 s
Ag= S f (x) e=ieer dr. (1.22)
AgeRRrn
TIo aueiike
JloKasaTenbCTBO MOKHO HONYUATH, yMHOMas psaxl Ha exp (—ig-T)
U WHTerpmpys mowienno. Muterpan or exp (ig-r) Io bieMenTapHOM
Avefike, 09eBMAHO, paBeH Hymo, ecam Bexrop g umeer Bmp (1.20).

Uckmouenme cocrapuaser aummpb caydain g = O.

§ 3. CeoiicrBa oGpaTHOH pemeTRn
Bextope:, ompegensemue dopmyinoin (1.20), T. e.
g = ny-2znh; + ny-2mb, -+ nge2nb,, (1.23)
06pasyoT pemeTKy ¢ OCHOBHO#l f9efiKoil, MOCTPOEHHOH HA BEKTOpax
2nh,, 2nb,, 2nb;. JTa pemerxa HasniBaeTCsA 06pamHol WO OTHOIIE-

HUI0 K HCXONHOH mpsamoii pemerxe. Oma mpeacrapiaser co6oii mHBa-
PHAHTHHI reoMeTpHYECKHEA 00LEKT, CBOMCTBA KOTOPOT0 UIPAIOT OCHOB-
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HYI poiib B TEOpHH TBepAHX Teil. HexoTopsie mpocTeiimme reoMeTpu-
gecKue cBoiictBa ofpaTHOM “pEMETKH JerkKo BHIBOMATCA.

1. Kaxcowii eexkmop o6pammuoli pewemku nepneHOurKyAaper Hexo-
MOopoOMY MHONECMEY NAOCKOCIREL NPAMOL DEULemKl.

Brifepem kaxoii-tm6o BexTop 06paTHOH pemeTKH g W BEKTOD
npamoit pemerkm I m paccmorpmm coormomenme (1.21)

gl = 2n (nydy + nyl, + ngly) = 2nN, (1.24)

rie N — genoe umeno. 1o COOTHOMEHHE 03HAUAET, YTO JIHMHA IPO-
eKnuu BeKTopa ! Ha HaIpaBieHAe BEKTOpa g paBHA

2aV
lgl -~

TagkagM cBOMCTBOM, OHAKO, o0majgaer GECKOHEYHO MHOTO TOUeK IpPA-
Mol pemerkm. [lomycTmM, HampmMep, 9TO BEKTOp pemerk:m I’ ompe-
HOeNsLeTCA TEeNHMH YHCIaMA

li=li—mn;, L=Ila—mn;, Li=L+mmitny), (1.26)
roe m — menoe gmcno. OgeBmAHO, 9TO
gl =gl =2aN. (1.27)

Taxom oGpazom, BeKTop 7' mMeeT Ty jKe NPOEKIHIO HA HAIPaBIeHHWEe g
O IOTOMY OIpefelAeT TOYKY, KOTOPAsa JNeKAT B HIOCKOCTH, HOPMAIb-
HOit g | oTCTOAmEH 0T Havaja KoopAuEAT Ha paccrogrnu d. Ciemosa-
TEIbHO, eCIH Ha 3TO# IIOCKOCTH JIEeKHAT XOTA Obi 0ffHA TOYKA perer-
KH, TO Ha Hell J@KHET K OECKOHEUHOE MHOECTBO TAKHAX TOUEK; MEI
OOCTPOMIN ONEY U3 naockocmel, pewemku. O4eBEAHO, UTO IOKa-
3aHHOE COOTHOMEHHNE MY IPAMOMA 1 0GPATHOM pemeTKaMy eCTh JIAIh
YacTHHIA C€Aydadl H3BeCTHON B TPeXMepHOH reoMeTpUU B3aWMMOCBA3H
MEKIY COBOKYIHOCTAMH pAAWYCOB-BEKTOPOB TOUEK HA INIOCKOCTH
H HopMajefl K MIIOCKOCTAM.

2. Ecau xomnonewmul sekmopa g He uMenom 00ujezo MHONICUMET,
mo abcosomhias eeiuduna | g| 06pamio nponopyUOHAAbHA paccmos-
HUW0 Mexncdy nAoCKOCMAMU DEuemKlU, nepneHOuUKyAipHOLML. 6eKMOpY g.

910 caexyer m3 Qopmyas (1.25) (cm. ¢mr. 8). Ecum gmcna
(ny, 1y, ny) He EMEIOT OOMEro MHOMHUTENA, TO BCETHA MOKHO HOM0-
6parp BeKkTOp pemeTkm I” Tak, 9TO

g-l" =2 (N + 1). (1.28)

310 03HAaZaer, 4TO MIOCKOCTh PEMIETKA, HA KOTOPYI0 MOIAfaer
TOUKA PeINeTKH ¢ BeRTOpoM I, HaXOmuTCA HA PacCTOLHHUH

d= (1.25)

" 2 (N 1

g 241 (1.29)
lgl

OT Hadana KOODAMHAT, T. €. OTCTOMT Ha paccrosumm 27/ | g | o1 wio-

CKOCTH, B KOTODOH JI€RWT TOYKA pemerkm ¢ Bextropom I (pmr. 8).
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3 atnx gBYyX aneMeHTapPHHX reOMeTPHUECKHX Pe3yJIhTATOB BANHO,
YT0 mpOCTeHmmiAz C€Hoco6 0XapaKTepm30BATh LIIOCKOCTH PEINeTKA
COCTOUT B 3a/[aHMM HODMajJiel K HHM, BHIPaKeHHHX Uepe3 BEKTODH
ob6parHol pemeTkH. B mpamoit pemieTke caMBIMH 3aMETHHIMA OKAa3H-
BAIOTCA Te IIOCKOCTH, KOTOPHE ¢ HAamOOJbIiel MIOTHOCTHIO 3aCeIeHH
yanamMu pemeTKH. IJOCKOIBKY IJIOTHOCTH Y3I0B DEMETKH IOCTOSHHA
B IPOCTPAHCTEE, TO CAMHME 3aMETHRIMA MOJKHH GHTH T MIOCKOCTH,
KOTODHO Aajblle BCer0 YHAleHH APYr OT APYyra, T. €. INIOCKOCTH,
0TBeUAOINue HAWMEHBIIMM BEKTOpPaM oGpaTHOU pemerkd.

Gur. 8.

OGo3HaveHA® IIOCKOCTEeH PEIIeTKHE ¢ IMOMOMIBI0 COOTBETCTBYIOMUX
AM BEKTOPOB 00paTHOM pPeIIeTKA SKBUBANEHTHO IPHMEHEHUIO UHIEKCO8
Muaaepa, 00BYIHHX B KiIaccHIecKol Kpuctanaorpadun. I1ycts mmeerca
IJIOCKOCTh DPemIeTKH ¢ HOpMalbio g, Takad, 410 A BCeX TOYeK I
Ha 9TOH MIOCKOCTH BHIONHEeHO paBeHCTBO (1.24). Ecam B3sATh Ha aTok
IJIOCKOCTE TOYKY € KoMmoHeHTamm [, = [, = 0, T0 MH Doxydum
l; = N/ny, Tax 970 OPH mepecedeHAN IIOCKOCTA C OCHIO a; Ha MOCITef-
Hell OTCEeKaeTCA OTPEe30K IIWHEI

N

d1= (—n-i—) ay (130)

HOHO6HHM JKe 06pa3OM 9Ta INOCKOCTH mepecedeT 0Ch &, HR PACCTOAHAMN
N

dz= (TZ') ay (1.31)

or Hauana KoopamEar. OTpesKH, OTCeKaeMbie PAacCMATPHBAEMOH IIO-
CKOCTBI0 HA KOOPEHHATHHIX OCHX, W3MEPEHHbEe B EJHHHNAX [JIUH
COOTBETCTBYIOMMUX Oa3MCHHX BEKTOPOB, 00paTHO IPOIOPIAOHAIBHE
IEIBIM YHCIAM Ny, Mg, Nz OTH MENHE 9YHCIa OOCIHe COKpaIleHus
Ha o0mui MHOMKUTE]Ih W NPENCTABAAIT co00i mHAeKCcH Muiiepa
maEHo# mirockocTH (gur. 9); MX 3amACHBAIOT B BULE (N, Ry, Ng).
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OgerupgHO, IJIOTHO HACEICGHHHE NIOCKOCTH (T. €. INIOCKOCTH
¢ MAJIFIMI 3HAUCHHAMH MEJEKCOB Mmiiepa) Kak pas W €CTh Te IUIO-
CKOCTH, KOTODHIC Jierde BCero OOHADYKHBAIOTCA B €CTECTBEHHEIX
KPHCTAJLIaX OpW POCTe KDPUCTAJJIOB WIM HDHM MX DACKAIHBAHHM.
Visyuenne reomerpmm TAKUX TrpaHeil OBUIO CYIMECTBEHHO A KIac-
CHIECKOH KpueTaliorpaduu; Ipu 9TOM OCHOBHOE OTKPHTHE COCTOSLIO
B YTBeP)KAEHHM, 4TO MOKHO HANTH eJMHCTBeHHHH Hab0p BEKTODPOB
a,, a,, a3, IPH KOTOPOM BCe HabmojaeMiHe B MaKPOCKONHIECKHX
KpUCTAJIaX TPAaHH ¥MMET Malhe MEAeKCH Mnmuanepa.

d,

9,=(3,1,0

9:=(1,0,0)

@ur. 9. PaccTosiEme MeMKLY ILIOCKOCTAME ¢ GonpmmMmm HAfexcamd Mmiiepa
MeHBINIe, IeM PACCTOAHHE MEKAY TIJIABHHMM INIOCKOCTAMHA CHMMETDOH.

Crefyer yHOMAHYTh O ABYX COMJAIIEHWAX OTHOCHTENBHO 0603ma-

venmit. Cmmeon (111) mpepcrasnser miockoers (1, —1i, —1); sHax
MOHYC A7A KPATKOCTH IminercA Haj dmcaoM. CuMmBonl ¢ GurypHHME
cko6kamu {110} mpexcraBisieT Bce pasnmYHHE IJIOCKOCTH, KOTOPHE
B cmlny cuMmerpun sKkpuBaienTHH miockocta (110). Cropa ortHOCATCA
naockocta (101), (011), (110) = (110) = . &.
3. O6wem saemenmapHoll sueliku 06pamHoll pewemku 06pamHO
npONOPYUOHAAEH 00beMY JieMEHMAPHOLL SHelku npamol peuemru.
970 ClemyeT 3 MPOCTHX (GOPMYJ BEKTOPHOLO aHANM3a. JIeMeH-
TapHas Aueifka o6paTHOW pemeTKm HpefcTaBiger coGoil mapaimiene-
IHIed, TOCTPOSHHNH Ha BeKropax 2mby, 2mb,, 2mbg. Cormacmo ¢op-
myiaam (1.19), ee oGrem Gynmer
3 _ [ag X ag]- {[ag X ag] X [ay X ag]}
(2n)® (by+[by X b)) = (2n)3 . ag X 258 =
— 3 [as X ag]-[{ag-[a; X ap]} a3 —{ay-[a; X as]} ag]
= (27) (aj-[ag X a3])8 =
_ (e 83 (1.32)

TTaglagxasl | v *
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rae v, — 00beM 3JeMeHTApHOH AYEHKH, OOCTPOEHHOM Ha BEKTOpax
a3, Ay, aj.

Muoxurens 81 DOABHICA 37/eCh B CBA3SH ¢ HAIIMM OMpe/eleHueM
ofpaTHoii peureTkH. Yamme OpHHATO IHCATH

R i (1.33)

rge R; — BexTop pemerkn, a BekTop K, mo ompeseineHHI0o cHHTAOT
BeKTOpOM ofparTHO# pemerkn ¢ o0beMOM pIeMeHTapHON sAdYeilKm,
paBEEM 1/v.. HemocTaTok Takoro ompefeneHms COCTOMT B TOM, UTO
MHOKHTENIb 271 MOABJIAETCA B DKCHOHEATE; HTO HE COIIACYETCH TaKyke
H C IPUHATHM 0003HAUEHWEM BOJHOBOH (YHKOHEH CBOGOMHOTO 3IEK-
TPOHA

p=eikr, (1.34)

4. Ilpamas pewemxa seasemces 06PAMHOL NO OMHOWERUIO K C60ell
obpammoll pewemke.

IT0 MOAPasyMeBaeTCA y;Keé B HA3BAHWH X MOKeT GHITH OIpaBIaHO
myTemM NOCTPOeHHA, Hampumep, Bextopa [by X byl/(by- [by X byl)
U J0Ka3aTeJIbCTBA TOTO, YTO OH COBHAHAET C BEKTOPOM aj. JTO MOYKHO
yeMOTperh W W3 BHBOAA (dopmyam (1.32).

O. Juemenmapuan auelika ob6pamuoll peuemrlu He 00683aMEALHO
npedcmasasem coboli napasresenuned.

JleficTeuTeIbHO, MH H049TH Bcerga OymeM paboTarh ¢ sg9efKoi
Burnepa — 3eiitia B obpartHoit pemerKe. Takasa Adeiika HaswBaeTca
sonol B puaatosna.

s unntoctpanmun cBoficTB 06paTHON peINeTKH PacCMOTPHM Bajk-
HyI0 B 0o6pgHO HAOIAAEMYI0 CTPYKTIYPY —— 2DAHEYEHMPUPOSAHHYH
ky6uueckyo pewemxry. OHa CTPORTCA M3 YETHPEX B3AMMOIPOHMKAOMIHAX
NpOCTHIX KyOMYECKHX pemeToK, pAacCIOJOKeHHHX TakuM obOpasom,
9TO @CIH MBI IOCMOTPHUM HA OJHY M3 HAX, TO YBHIMM Y3JIH KaK B IEHTpE
KayKIoU TDaHH ee DIEMEHTApHOH AdYefKW, TaKk W B BepmuHAX Kyba
(¢ur. 10, a).

dTa CTPYKTypa HA OePBHI B3TJIAT BHIIAMUT KaK pemerka ¢ fasu-
coM, ofpasoBaHHas BeKTopamu (a,, a,, a,) H COAEP;RaIIasd UeTHpe
aroMa B 3leMeHTApHOL sAdeiike.

OpHako ecim B KadecTBe 0a3MCHHIX BEKTOPOB BHIOPATH MOJOBUHEL
omaroHanei rpaHeii xKy6a

a1=(07 —;—d, —;—d), Qg = (%d, 07_;"1)7
1 1 (1.35)
ag = (Td, ? a, 0) ’
T0 NmHeHAaA KOMOMHAIUA STUX BEKTODOB C HEIOYHCIEHHHEIMEH KO-
dummeHTAMA MOJKET OmpemeXnTh Ni060H y3en pemerka (dur. 10, 6).
IlosroMy ¢akTHUeCKE I'paHEeeHTpUpPOBaHHASA Ky0OWdecKad pemerKa
ecTb pemrerka Bpaps ¢ 0asHCHBIME BEKTOpDAMH a;, @p, ag.
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Tenepb MBI MOTIM GBI HOCTPONTH OGPATHYIO PEHIETKY YHMCTO alTel-
pamueckmm nyrtem. OpgHako ymo6HO BOCIOAB30BATHCA OTMEYEeHHEIMO
BHIIE TeoMeTpUIecKUME cBolictBamm. Hampmmep, oueBmnmo, gro mio-
CKOCTH, IepHeHOUKyisApHEEe pebpaM Kyba, npexmcraBagwT co6oi
Ba;KHHE IJIOCKOCTH PenreTKd. 110 OTHOIIEHHI0 K 0GKIHBIM JeKapPTOBEIM
0CAM, HANPABJIEHHHM II0 BEKTOPAM A, a,, 4, 9TH IIOCKOCTH JOJKHbE
umerhb mEAekcs Munnepa (100), (010), (001) m 1. n.; maniMu caosamd,
oEH oTHOCcATCA K Habopy mmockocteir {100}. Herpymuo yGemutsesa

a
@ur. 10. I'paBenesTrpEpoBaHHasn Ky6K‘IBCKaH peuUieTKa.
@ — KaK Yertpe R8adMOIPOHEKANMME MOAPEIEeTKH; 6 — Kak pemieTka Bpasb.

TaK;Ke, 4TO 3TH IJIOCKOCTH OTCTOAT APYT OT APyra B IPOCTPAHCTBE
Ha paccrogamm a/2. ClemoBaTensHO0, WM COOTBETCTBYIOT BEKTODH
o6paTHO# pemeTKW, HWMEINHe AIHHY

21
lg|=a—,z

U HaIOpaBlIeHHHE BA0Jb OCefl IpAMOYronbHOH MERApPTOBOH CHCTEMbE
koopamEAT B ob6parHoM mpocrpamctee. llama ofparmasa pemreTka
DOJKHA BKJIKNIATh B ceGd BCIO MPOCTYID KyOUIeCKYI0 pemeTKy, KOTo-
pasg o0pasyercsd aTUMH BEKTOPAaMH.

Kpome Toro, mMeercsa BaskHAA INIOCKOCTh PEMIETKH, KOTOPadA Iep-
NeHIUKYIAPHA [UATOHATH KyOWYeCKOHl BieMEHTADHOH AdYeilKd. JTa
IIOCKOCTH IIePeceKaeT BCe TPH OCH Ha PAaBHHIX PACCTOAHHAX OT HaJala
KOOPAWHAT H II0ITOMY MOJKHA HMeTh HWHmeKc u3 HaGopa {111}.
Taxme IUIOCKOCTH yAAJeHH APYr OT Apyra Ha paccTosHme, PaBHOe

Y/, nnmEb Beel gmaronanm kyGa, T. e. Ha PACCTOAHME a/l/3. IlosTomy
COOTBETCTBYIOIMAA WM BEKTOpP OOpAaTHOM pEmeTKH HMeeT IOJHYIO
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mruny 2}/ 3/a m oMMEAKOBHE MPOEKIUM HA OCH KOODAWEHAT, OH TOJ-
JKeH WMeTh BHN
21
g'=T(1, 1, 1). (1.36)
JTOT BEKTOD, OYEBHIHO, HANPABIEH BHOJIb [AMArOHAIHm KyGmde-
CKOU aieMeHTapHOH sAdYefikm B 00paTHOM IPOCTPAHCTBE, M MJIWHA €ro
PaBHA IOJOBWHE [JIMEE 9ToH amaroHanm (cM. ¢mr. 11). C momompbio
STOT0 BEKTOPA MH IHOJyTaeM OeHTPhl Ky6oB IpocTod KyGmueckoii
pemeTH.

4nle

(100)
a ')

@mr. 11. a — naockocrr {111} B rpamenenTpEpoBaHHOH pemeTKe; 6 — COOTBET-
CTByIOIad Adedka ofpaTHOH pemerkd.

Temeps M0;KHO H3YIATH W BCE APYIHe IIOCKOCTH DEMeTKH (Hampu-
Mep, cymectByloT HaupaBiaenms {110}, mepmemmmkynsprme mmaro-
HaJIAM rpased 0CHOBHOro Kyba), HO IPHM TOM OKA3HBAETCHA, ITO COOT-
BeTCTBYIOIIAE 9TUM IJIOCKOCTAM BEKTODH 00paTHOH pemeTKH CoBHa-
MalT ¢ BeKTOpaMHd, orBedaromumu maockoctam {100} m {111}. Taxmm
obpasoM, pemerka, ofpaTHas TrpaHENEeHTPHPOBAHHON KyOUIECKO,
ecTb 00BeMHONEHTPHpOBaHHAsA KyOmdeckasa pemeTka (W, KOHETHO,
raobopom).

doma Bpmamosma rpamemeHTpEpoBaHHON Ky6muecKoil pemeTkm
ects fveiika Baraepa — 3eiitma o6parHoit pemerkn. Mu yke BEean
ee (cM. ¢ur. 4, 6); 9T0 MHOTOTDAHHAK ¢ KBAJPATHHIMA U IIECTHYTOJb-
ubiMu rpadaMu. [leATpam KBagpaTHHX rpaHefl COOTBETCTBYIOT HalPaB-
JTeHHA HOpMadedl K IUIOCKOCTAM Kyb6a mpsamoil pemerkm. IlemTpu
HIECTHYIOJNBbHKX TI'paHe#l COOTBETCTBYIOT HODPMAJIAM K AHATOHalBHHM
MIOCKOCTAM. '

WnTepecno oTMeTnts Kajee, 910 rPpaneNeHTPAPOBAHHAS KYOHIeCKas
CTPYKTYPA «IJIOTHO ymakoBaHa». Ee MOKHO mOCTpoMTH IyTeM Hocie-
ROBATENBHOr0 HaNoeHus miaockocreidr (111), kampmas @3 KoTopx
opepcraBisier  co6oi  CeTKYy IIeCTHYrOJbHHKOB, COCTaBIEHHYIO
Kaxk O m3 TBepAHX mapoB. B sTOM cocromT omHa W3 mpHYEH TOrO,
9TO TaKasg CTPYKTypa BCTpeJaeTCs y MeTalIoB, B KOTODHX CBA3b
BBBBAaHA He GONBIIIMH HAampaBIEHHHIMA CHJAMH, a IPeICTaBIfger
co6olf B 3HAYMTENBbHON cremeHn o6LeMHEIH >ddexr.
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§ 4. Teopema Baoxa

Mz 3HaeM Tenephb, KaK n300paskaTth yHKOUA, obnagaomue Iepao-
IMIHOCTBI0 PEIIeTKHA. JTOro, OJHAKO, HENOCTATOUHO AiNd (PU3HIECKOH
TeOpHH; HY;KHO elle PACCMOTPeTh PasimiHine Bo30YIKIEeHHA, KOTOpHE
HapymaoT TOYHYI TPAHCIAGHOHHYI0 CAMMETPHIO DPAacCMaTPHBAEMO
crpykryps. CymecTsyer HECKOJNBKO THIOB TAKAX BO30OY:KIeHmIl;
n3 HEX Hambolee BAKHH kKouebanus pewemku, T. €. Koxebammsa
ATOMOB OKOJIO HX IOJOKEHWH DABHOBECHS, & TAKIKe JAEKMPOHHbLE
COCMOAKUSA, OTBEYANNIAE NBHKEHHAI0 3IEKTPOHOB B MOJe MOKOAMEHCH
pemerka. B ra. 10 6yayT paccMOTpeHE TaKsKe CRUHO8blE 804Hb, KOTO-
pHie OpejCcTaBiAnT cobolf Bo30y:KIeHMsA COHHOB, JOKAIH30BAHHBIX
B aTOMax KpHCTAJIIA.

HazpanaHe BO30YKIeHAA ONMACHIBAIOTCA YPABHEHUSAMHA MEeXaHUKH,
nng ypasnenmem Illpeunrepa, uin ske COAHOBEIM OOMEHHEIM IaMAIb-
TOHHAHOM; 60 6CEX CAYUAAL MbL UMEEM YDPAGHEHUE, UHBADUAHINHOE OMHO-
cumeavro mpancaayuti pewemru. Ilycrs, Hanpumep, 7 (r) ects noren-
OEaJpHAasA SHEPIHWA dIeKTpoHa B Togke r. Torma 7" (r + 1) = 7" (r)
nus Beex I. Boamosasa ¢yHKOuA siaeKTpoHA ¢ (T) [OMKHA YAOBIETBO-
pare ypasmeEnio [Ipegmrrepa

(—-;—:L-V2+7/'(r)-—$)il1=0, (1.37y

KOTOpPOE 0CTAeTCHA HeM3MeHHHIM LpH 3aMeHe r Ha T -+ I BO Bcex ome-
paTopax, AeHCTBYIOIHEX HAa (QYHKOHIO .

B caydae koneGaHmii pemieTKH MM COMHOBHX BONH (opMalbHOE
paccMOTPEEHe HEeCKOABKO YCIOMHAOTCA, HO IPHHIAL OCYAETCA TeM
e camum. Ilycrs

(ug, Ugy « « vy Uny « )

CyTh CMeMeHHA aToMoB B ysmax 1, 2, ..., m, ... (WIE CMemeHHs
COMHOB, WJIH OIEPAaTOPH COMHOBHX OTKIOHEHHH ¥ T. 1.). Y paBHEHHSA
IBEsKeHAA (WIH TaMAJbTOHHAH) 3aBUCAT OT STHX NMEPeMEHHEIX (min
omepaTopoB) TakuM 06pasoM, 9TO TPAHCIANHWA Ha BEKTOD pemwerrd I,
T. . 3aMeHAa BO BCeX (OpPMYIaX BeIWIHH Up HA Unyy, HAIErO HE MEHSET.
JHELIME cI0BaMH, BCe AYEHKH PeMeTKH SKBHBAJIEHTHH H HEpasiu-
gEMH. DTO HAOMAHAET «KOCMOJIOTHIeCKA TPUHIAIY, KOTOPHIHA IJIacuT,
g10 Beemennas BHIIATAT B OCHOBHOM OJMHAKOBO HE3aBHCHMO OT TOYO,
U3 KAKOM TOYKH MHI pacCMaTpPHBaeM ee.

Yro6H BHPa3HTH 3TO CBOHCTBO MATeMaTH4eCKH, 0603HAIAM depe3
FH(0)m|0), H () r|l)coorBeTCTBEHHO raMAIBTOHNAH I BOTHOBYIO
¢dynknmo mo m mocie rpancaanua !. Hampmmep, B caydae sIeKTpO-
HOB MHl mmeeM | 0) =¥ (r) m [ 7)) =¥ (r -+ 1). B cryqae xonebaunui
pemerkn, eciam cuMBoi | 0) 0603RaTaer COCTOsAHHE, B KOTOPOM ATOM It
coBepmaer Kakoe-HHOYXb ompefieeHHOe JBW}KEHHE, TO COCTOAHHE,
B KOTODOM TO ke CamOe ABIKeHHe coBepmaer atom (n —+ 1), Oyuer
obo3pagarhes camBoIOM | Z).



§ 4. Teopema Baoza A

CBoificTBO TPAHCIANWOHHON HHBADHAHTHOCTH MOKHO CHopMyIH-
poOBaTh TaK:

# (1) = F¢ (0). (1.38)
3amawa Ha COOGCTBEHHBIE 3HAYEHUS LMeeT BHA 1)
F# (0)]0)=&|0). (1.39)
To:xmecTseHHOE ¢ 3TAM ypaBHEHHE
HBQIL)=8E|1) (1.40)

tonygaerca m3 (1.39) mpocro myrem mepeoGo3snadeHms BCeX mepe-
MEHHEIX B omeparopax @ B mckoMux ¢yaxnmax. Ho, coraacao (1.38),
OTCIOf[a CIIeNyeT

SO =8|, (1.41)

T. €. ¢yEEnEa |/ ) TakKe eCTH pemeHme ypaBHEHAA, KOTOPOMY yaO-
BaerBopAer ¢yrrnma | 0). Ilockoxsky ¢yaknmu |7 ) u | 0) me 06a-
3aTeNBHO OJWHAKOBH, TO MOTI0 OH IIOKa3aThCd, YTO IYyTEM HPOCTHX
TpaHCAAOUA N0060TO pemeHWs, KOTODPOe HaM YHAIOCH HAWTH, MH
MOjKeM HMONYIATH BeIHKOe MEOKOCTBO DPEINeHn! yDaBHEHHH ABUKOHHSA.
Bce atm pememmsa, pasymeercsi, BHIDOKAEHH IO DHEDPIHH.

OueBmaHO, OAHAKO, YTO 9TO a6CYpPAHO; HOBHE pEIIEHAS IOJKHH
OHTL B KAaKOM-TO CMEICJIe DKBHBAJIEHTHH mcxogHoMy., Ciemyer pac-
CMOTpeTh ABa Ciaydas.

1. Homycrmm, garo pemenme |0) He ewpoxcdeno (dero ma caMoMm
gene He OMBaer, Tak KaK, KpoMe TPaHCIANWOHHON MHBAaPHAHTHOCTH,
BCe pemeTKn 00/1a7aioT elle W CHMMeTDHEN IO OTHOINEHHUIO K OTpasKe-
HmEaM). Torga eguHCTBEHHAS BO3MOJKHOCTDH 3aKJIIOUAETCA B TOM, 4TO
HoBasg ¢yHKROEA |l ) oTIMYaeTcsAs JAMb MHOKHTENIEM OT HCXOAHOK
|0), m, ciegoBaTenbHO, ¢ PE3MIECKOH TOUKM 3POHAS 9TH COCTOSHHSA
OIMHAKOBH. VHNEME cIoBaMHA, JOJKHO CYIIECTBOBATH TaKO€ TACIO Aq,
4T0 B pe3yJbTaTe OFHOTO IIara B HANPABIEHHH BEKTOPA a; MH HOXY-
qaeM

a;) = A} 0). (1.42)
W3 ycnoBus HODMAPOBKE CIeyeT, 4TO
[A[2=1, (1.43)
TaK 9TO
Ay = ek, (1.44)

1) Ecam KoneGaHASA PEIIETKH ONHCHBAITCA € IOMOIIBI0 RIACCHISCKAX ypaB-
HeHO# JBWKEHMA, TO POJb SHEPIHM HIPaeT 4acToTa », a Poib (TaMAILTOHHA-
Ha»— MATPHNA CHCTEMH CBASAHHHX /INHEAHHX RuddepeEnmaIbHEHX ypaBHe-
HAH, BHBEJEHHHX B IPEANOJOKEHHH, YTO OTKIOHEHNA OT IOJOEHHA papHO-
Becusa Malkl. CM. § 2 mHacroame# riaasH.
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rae k, — meiicTBATENbHOE YHCI0. AHATOTHIHO IS eJUHUIHHX TPaHC-
IA0AA B HAOPABIEHMH [ApPYrux Oa3HCHHIX BEKTOPOB MHL HMe€eM

| ag) = 2| 0), | agy = etk2]0). (1.49)
B caywae TpamciaaAmmm ofmero BHAAa HPHXOAAM K COOTHOINEHHIO
| 2y = | Lias+ Lag + lsag) = et | (ly— 1) ay + Ly + Lsag) =
— ethly [0+ Loy -+ lsag) = ei(kili+hola+kals) | 0).
(1.46)

HeficTBurenbEO, GHIIO CAeTaHO [, MaroB B HAaOpaBICHAN a,
l, maros B HANPABIEHAHA a, U T. J., B HOCIe Kask/oro mara QyHEROAA
YMHOKaJIach Ha COOTBETCTBYOIEA Kosddumuent.

OmnpenennM BeKTOp k paBeHCTBOM

k = kyby + koby + Ksbs, ) (1.47)

rae by, b,, by — Tpoiika BekTOPOB 06paTHON PEIIETKH, COOTBOTCTBYIO-
mas BOKTOpAM a;, a,, &g, cormacHo coorHomrenmam (1.19). Torpa
coorHomenme (1.46) mpuHEEMaer BHF

| Iy =€kt | ). (1.48)

JTo W ecTh Pe3yIbTAT, KOTOPHHE MBl CTPEMHIHCH JOKA3aTh.

HTaa awboii  6oanosoll Pynryuu, yoosiemsoparuell YpasHeHU
M peduncepa (uau ezo kaaccuueckomy UaU KEAHIMOBOMY sKeusaLeHmy),
cywecmeyem makoii éekmop K, wmo mpancasyus wa 6ekmop pewemku l
SKBUBALEHIMHA YMHOKCEHUIO amoll PynrEyul Ha G080l MHOHCUMELD
exp (ik-7).

Pa3nnuERM BONTHOBHM (PYHKOHUAM MOTYT OTBEYATL M DasidIHEIe
sexmopt k, HO m00as N3 HAX JOJKHA Y/IOBIETBOPATH 9TOMY YCIOBHIO.
Aro — cmibHOe YCIOBHE, Hamaraemoe Ha OpMy 3IeMEHTAPHHIX BO3-
6y:x/leEni TeM BeCbMa CYIIeCTBEHHHM (AKTOM, 4TO PEIIeTKa TPaHC-
JANMOHHO WHBADHMAHTHA.

Hano, omHako, J0Ka3aTh COPABELIHBOCTh BHICKA3AHHOTO YTBEP:k-
meEmEa B Oomee obmem ciydae.

2. Tpenmonosmm, ato cocrosHue |0) Bripoxkmeno. llycrs pus
HPOCTOTH 3TO COCTOSIHAE BHIPOKIEHO JBYKPATHO, TAK UTO 3aBENOMO
cymecrBylor fBe pasnmynne ¢ymErmmm |0), m |0),, orBezaromme
ofHOH m Toii ke sHeprmd. Torja TPaHCIANUA HA BEKTOP PEMIETKH a;
HpuBexer caMoe GonbIlee K TAHEHHOH KoMOMHAMA TeX Ke ABYX QYHK-
nuii. IlosTomy

[ag)s =T 0)1+ T3*| 0,
|agy= T2 | 0+ T2*|0):.

Ypmena T @ 1. 7. mOTOMY M 3ammCaHBl TakmM 06pasoM, 9T0 OHH
COCTABIAIT DIEMEHTH HeKoTopoit marpminl 1. Ilocienmas momxua
6uTh yHETapHON, 4ToGH COXpaHEHMTh HOPMEPOBKY. IaA KpaTroCTH
panmmeM mapy ypasuemmil (1.49) B Bmpe

(a) =T (]0D. (1.50)

(1.49)
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3amerum remeps, uto ¢ynkmuu | 0); u | 0),, 6ynyIn BHpOIKIEHH,
He ONpejleleHE OJHO3HA9HO. MH MOTiu OH HadYaTh ¢ JIOOHX APYTHX
ABYX QYHKIAH, IpecTaBIANMMAX co6oi AnHefinke KoMOmHAIMA mep-
pux. Hampumep, M mormm 6m mavate ¢ ¢ynxnmit

|0}1=8'{0)¢ + §*2|0).,
|0}2 = S%[0)1+ S22 0),,

rae yucaa S u 1. 4. cyTh 2ieMeHTH APYroi (MpoM3BOIBHON) YHATAD-
HOH MaTpmme S.

Bu6epem temepr 8 takum oGpasom, uro6m marpmma ST,;S$-!
6hIa AUaroHATBHOW. M3 aare6psl M3BECTHO, YTO HTO BCETHAA MOKHO
cmenars. Ilycrs, Hampmmep, mociegHAs MATPHIA HMeeT BUJ

s‘ris—1=(eiki 0 )

0 ek

Torpa merpyano moxasarb, uto coctosrmsa | 0}; u | 0}, mpeobpa-
3yI0TCA OPH TPAHCAAOMAX TOYHO TaK Ke, KAK eCIH OH OHM OBLIH
He BHPOJKIEHE, HMEHHO B COOTBeTcTBHHE ¢ Gopmymamu (1.42) — (1.45):

[agyy=e®1 [0}, [aj)p=citi|0},. (1.53)

Cocrostrmio | 0}; oTBedaeT BONHOBOH BEKTOD ¢ KOMIIOHEHTOH K,
B HampaBJIeHWH a;, a cocroAHdi |0}, — BOXHOBOH BEKTOp ¢ KOM-
HOHEeHTO# /| (Boobme roBops, OTIMIHOM OT k;) B TOM e caMOM Hampa-
BIGHHH.

ITocmoTpEM Temeps, 4TO MOKHO CKa3aTh O TPAHCIAAMAAX B APYTHX
nanpasixennax. BubepeM HampasieHme a,. FEcim B3ATh HaualbIbe
cocroarmua |0); m | 0),, To pesynbraT TPAHCAANEA B 3TOM HaIpaBle-
uua G6yneT onpeneaAThCA Apyroit marpumneir T,, 9T0 B CHMBOIHIECKOM
sammcu [mmeromeit ToT ke cMebici, 9TO W paHee, cM. dopmyas (1.49)
u (1.50)] npmmer Bup

(1.51)

(1.52)

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

Mu moram 65 Temeph BHGODPOM HOAXOAAMHAX HAYAZBHBIX QYHRIMI
IpuBeCTH Matpuny T, K AuaroHarsHoMy Buay [cm. dopmyxy (1.52)].
Ha nepswiit B3ra1An KaskeTcs, 9T0 9TH QYHKIMA HECOBMECTHMHI ¢ yHK-
UMM, NPHMEHAEMBIMH ODH JUAroHaIW3amuum Marpuoe T,. Pac-
CMOTDHM, OJIHAKO, [BAa BO3MOKHHX HpeobpasoBaHmA:

Tz(lai))szT,(IO)),}
Ti ( I 82)) = TiTz ( | 0))

Orcroma Bugno, uro MaTpunsi T; 1 T, KOMMyTHDYIOT IPYT ¢ APYTOM.

TEOPU# MATPUO €CTh Teopema, IIacAmMas, 4T0 TOTAAa CYMeECTBYeT
yHATapHasg MaTpuma §, Takad, 4To ¢ ee HOMONbBI 06e MaTpEOH T,
n T, MORHO 00HO8pEMEHHO TIPABECTH K AMAroHaxbHOMY BELy. Cieno-

(|a1+az))={ (1.55)
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BarensHo, ¢ysrnun | 0}, u |0}, mpn Tpancasuuum a, He GymyT mepe-
MemuBaThCS, a OyZyT OPOCTO YyMHOMKAThCH Ha (azoBhie MHOMKHTE/R

|agdy=ei2]0}y,  |ay)y=ei2|0},. (1.56)

ITomo6Hblil e pesymbTaT CIPABEIIAB W IPY TPAHCIANAN HAa Bek-
TOP ag, MOITOMY MEI II0 CYM[ECTBY BOSBPANAEMCA K TeM ke (OpPMY-
aam (1.45). Haa xaxpodt 3 ¢ywrumid |0}, u | 0}, cymecrsyer Box-
HOBO# BEKTOpP, TAaKOM, 9TO

|7} = e[ 0}, (1.57)

Ouerugno, ofGobmenpe Ha ciayuait Goree ueM OBYX BHIPOYKIEHHBIX
QyHKIIA TPUBHAIBHO. )

Taxum obpasom, Mb goKazalu Teopemy B obmem smpme. Jlo6oe
pelnenue, OTBeJANINEE BHPOKIACHHOMY 3HAUEGHWI0 DHEPTHH, MOKHO
OpeIcTaBUTh B BUAE NWHEHHON KOMOMHAIIMM peINeHHil, OTBeYaroIUX
Tofl K€ PHEPIHH, IpPUIeM KajKgoe M3 HUX YIOBIETBOPHAET YCIOBUIO
paccMaTpEmBaeMoro THIA, XOTdA H He A Bcex QYHKIHA € OTHEMM
I TeMm ke BeKTopoM k.

910 u ects meopema Laoxa. Ee moxkto Geimo GH moKa3aTh m Goee
o6muM METOXOM € IOMOINBI0 TEOPHM Tpynm. I[0Ka3aTenxbeTBO MOMY-
gaeTcd KaK €CTeCTBEHHOE CIe[CcTBHE TeopeMkl: «B moje KoMIeKcHBIX
guces ai06oe mpepcTaBieHue abeneBoil I'DYIOB MOMKHO Pa3IOKHUTH
Ha CyMMy ONHOMEPHH'X IpeacraBieHuin». I'pymna Tpancasmmil Kpm-
cranna — abenera; 9To 3HATAT, HATPHMED, YTO BCE HIEMEHTH I'DYIHIbI
KOMMYTHPYIOT APYr ¢ npyrom. llocieanee BHiTeRaeT ma3 TOro OUeBH]-
HOro (akTa, UTO, CKA’sKeM, TpaHCcaAnuA (a; -f a,) TOMKIeCcTBeHHA
¢ TpaHcaanmedl (a, -+ a;): MBI Mo)KeM HOJOTH K TOYKe peueTKH
PA3IMIHBIME IIyTAMHU, HO Pe3ylIbTaT Bcerga OymeT OZWH M TOT Ke.
Marpunsr Ty, T, u T. A. JgawT OpeacTaBieHne ITHX TPAHCIAIHI,
¥ OOTOMY HX MOKHO IPHBECTH K IHATOHAJIHHOMY BHY.

§ 5. IlpuBegenne k 3ode Bpmmiosua

Teopema Baoxa mmeer Takym obIMHOCTH, 4TO Ha NAHHOM 3TAIe
3T0 pmasKe TPYNHO OCO3HATh. B ciaydae HIEKTPOHHHX BOJH H3 Hee
cieayer, 9T0 KOKAYIO BOJHOBYI0 QYHKIHIO MOJKHO OXapaKTepPH30BaTh
ee BOJIHOBLIM BexTopoM k m Hammcats

Pic (T +7) = ™l (r). (1.58)

3aMeTuM, 9T0 HTOMY YCJIOBHIO YIOBIETBOPACT M OOLYHAA BOJHO-
Basg (QYHKIAA CBOOOMHOTO DIEKTPOHA

Py (r) = etker, (1.59)

IToro u caefoBalio OMuAaTh, TaK KAaK MBI M B JIRHHOM cCJaydae
paccMaTpuBaeM pEIICHHEe ypaBHeHns HIpe;erepa C mepHOINIECKAM
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OOTEeHIUANOM, HO TOJBKO CaM HOTeHIHAJ OKa3HBAETCA IIOBCIOAY
pasubim uyawo. Takaa nposepka ¢ nomowwio «nycmoii peuemkuy Iacro
OKA3hIBAETCA OYEHb IOJE3HOH B TEOPHH TBEPAHIX Ten.

Wnorga GniBaer ymo6HO IPENCTaBHTH BOJHOBYI0 (GYHKIHI 3IIEK-
TPOHA ¢ JAaHHHIM 3HavyeHneM k B Bume, Bo3MO;kHO 0ollee GIH3KOM
K BOJNHOBOW QyHKOHN CcBOGOZHOrO aieKTpoHa. Ilomoykmm

Yk (r) = eiE*Tyy (r) (1.60)

u Oymem HameAThCA, 4TO QYHKIUA Uy (r) OKA’KeTCHA IMOYTH [OCTOSH-
Hoit. [lefictemrensno, us dopmynsr (1.58) camemyer, urto ¢ymrmuma
ug (r) gomxHa OHTH TepHOXUMYECKOi, T. e.

ug (r 4+ 7) = uy (r). (1.61)

Teopema Baoxa ¢opmyinmpyercs mmemrno B Takoit dopme.

NoasnsAomuiica 3geck mHOkETeNb exp (ik-7) BmamommmaeT MHO-
RUTEND eXp (ig-l), KOTOPH (UIypEPOBAN NpPH H3YIEHAH II€PHOMIH-
decknx ymxnmit. OgeBunHO, BOMHOBOH BekTOp k mMeeT Ty sxe pasmep-
HOCTB, 9T0 W BEKTOp o6paTHOH DemeTKH g; OH OPUHAMJIEKUT, TAKHAM
o6pasoM, k ofpatHoMy mpoctpamctBy. Ecam okaercs, 910 HEKOTO-
POMY COCTOSIHHIO OTBEYAeT BONHOBOW BEKTOD g, TO COOTBETCTBYIOLIAS
BOaHOBaA QYHKOHA 6ymerT NepuoAHdecKoi:

'lpg (r—}—l):eig'l’lpg (r)='\pg (l'), (1.62)
OOCKOIBKY
eigt—=1 (1.63)
i Beex 7.
ycts Teneps ¢pynxmum Py oTBewaer Bonnosoit Bextop k, Takoi, aro
k =g+ k', (1.64)
rme g — Kakoh-iu6o BekTop ofparTHoll pemeTku, a k' — HOBHIE BOX-

HoBo#i BekTop. Torma ma ¢gopmyn (1.58) m (1.63) momywaem
Vi (- 2) = - (5) — -2y () = ' T (). (1.65)

JTO MHOKHO BEIPA3WTh, CKA3aB, UTO QYHKIOUA Py YHOBIETBOPSET
Teopeme bioxa rtak, kak ecim G eil oTBewan BOJHOBOH BekTop k'.
Hepsonawansroe oGosnavenme k meommosmawno; Kaskgo# QyHROUE
OTB€YaeT BCE MHOKECTBO BO3MOKHBIX BOJHOBHIX BEKTODOB, OTIHYAIO-
muxca OPYT OT [Apyra Ha BeKTOPH o6paTHON pemreTKH. IT0
06CTOATENBCTBO, PasyMeeTcs, He IPOTHBODEUWT TeopeMe; MOCTeqHAA
YTBepskaeT OpocTo, 9T0 KaKAOU YHKINM JOJIKEH OTBEIaTh O Kpaii-
Heil Mepe 0JuH BOSHOBOW BEKTOP.

Taxnm 06pasoM, Mbl CTOTKHYIHCH ¢ TPOBIeMOil: KAK OTHO3HATHO
ONpefleIUTh BOJIHOBOW BEKTOP, COOTBETCIBYIOINWEA MaHHONW (yHKOWH?
Moskno 6ruto 651 B KawecTBe OpMEHTHDA B3ATH MPENCTABJEHHe (1.60)
1 mommtathea mopobpars k Takmm o6pasom, wrobmr ¢ymKmua uy (r)
0 BO3MOKHOCTH MeHBbIIe m3MeHANTach. Takoll mopxoj, omHAaKo, IpPO-
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u3BOJEH M Ja’Ke, KaK 810 OymeT BHAHO M3 JanbBelmero, ommbogeH.
IIpaBmabHas EpOmERypa COCTOUT B CIHEHYIOMEM.

PaccMoTpmM, YTO OPOHMCXOZUT B OXHOMEPHOM ciydae [cp. ¢ ¢op-
myaamr (1.8) — (1.412)]. Amamor obpaTHoii pemerkm — 5T0 Habop
o6paTHHIX JJIHH pPEHmIeTKH:

gn=n2—“. (1.66)

a

JlagHOMY COCTOAHHMI0 MOJKHO IDHUOHCATH JH060€ BOIHOBOE YHCIO
u3 uafopa

27 ‘.
k=n=-4k; (1.67)

HHaYe roBOPA, BOJHOBOE TUCI0 &k oupemeieHo JHIIb Ro Modyaw 2nla.
Bee Tourm k ma ¢ur. 12 sxsmBameHTHH.

fpugedenrasn sona

bpunmosna

et A et i,

) ] 1

L] 1 ]

| i 1

1 ] i

: N 2
k & Ck i k
l i L l i l 1 : I 1
2nfa  -mla O nla 2afa 4nfa

<————g‘——a—

®mr. 12. B ogHOMepHOM 00paTHOM pemerke BCe TOYKE k MPHBOAATCH K ToUKe k'.

EcTecTBeHHO, B KavecTBe HPENCTABWUTENs BCeX ducenX K BrOparh
amcsno k' ¢ HAMMEHBIINM BOBMOKHEIM abCONIOTHEM 3HadeHwmeM | k' |.
Jpyrnvu cioBamd, MEL GyfeM Bcerga BHOEpPaTh AAfA BOIHOBOTO YHCIA
TO 3HAUEHME, KOTOPOe II&KUT B WHTEpPBAJe

— < k< (1.68)

OueBumEO, HTOT HHTEpBan coBmamgaer ¢ 3oHoil Bpunmwona mamei
OHOMEpHO CHCTeMEr; OH LpefCcTaBIAeT co6oii deMeHTapHYIO AYeRKy
ob6paTHOil pemerku. B ciydae Tpex uaMepeHMit MEI leJlaeM TO JKe caMoe,
a WMeHHo: BHOHMpaeM BOJIHOBOW BeKTOp B mepBoil 30oHe bpummiosna
B o6paTHOM IIpocTpancTBe. VI3 piieMeHTapPHLIX reoMeTPUICCKEX coobpa-
JKEHIIT ABCTBYeT, YTO OTO BCerja BO3Mo)KHOo. Bmbepem BexTop ¢
B dopmyire (1.64) rak, wrobsr Benmumua |k’| Gruia mamMeHsbimeH
H3 BO3MOKHEIX, I, HHLIMHU CloBaMHd, 9To0H Touka k' smesxama BO3-
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MOKHO OImKe K HAYaly KOOpOHHAT B 06paTHOM IpocTpaHCTBE, JTO
03HAYaeT, 4To To4Ka k' momuma memkars Oamyke K HaZamy KOODAUHAT,
9eM K JwoboMmy apyromy ysiay obpartHoit pemerkum. Ilocmegmee pasHO-
BHAYHO YTBEPEEHNI0, YTO OHA JEKAT B sdeiike Buraepa — 3eiirna
paccMaTpMBaeMoOil pelierKw, T. €. B 30He bBpmaaosna. Ouwesmano,
a06yo Touky k B 06parHOM IPOCTPAHCTBE MOKHO nNpUSECINU K COOT-
BeTCTBYIOMell Touke B 30He Bpmamoana (¢ur. 13). Ilostomy mn06yio
BONHOBYI0 (YHKIHI MOKHO OLVICATH B CZEME NPUBELOEHHBT 30H.

- e

9

1

Qur. 13. Bce BonEOBHE BeKTOpPH Kk IpHBOAATCA K BeKTOPY K', KOTODHIA JeHHT
B 3oBe bpunniosHa.

Tarkum oGpasom, m060i BoAHOBOM (YHKIHH OTBe4aeT npuseden-
KB 804HO060T 6ekmop. Mosker cymecTBOBaTE, OJHAKO, MHOTO QYHKIAMR
¢ OJJHAM H TeM jKe HNDPUBENEHHHM BOJHOBHIM BEKTODPOM, HO COOTBET-
CTBYOIIMX pAa3iIWIHBIM bHepruam. [IpmMmenenme cxeMbl TpUBeJEHHBIX
30H He HO3BONAET NMPUOHCATh KLKIOW W3 3THX GyHKIUH pasiIuIHble
sHadenusa BerTopa k.

NaTepecuo mocmMoTperhb, 9TO WPOHUCXOAAT ¢ COGCTBEHHBIME (YHK-
nuAmMyu cBOOOJHOTO 3JTEKTPOHA B mycroll pemerke. Ilycrs

P = KT o gi(K—g) o Tplfor — oik’sr (piger) (1.69)

rpe k' — mpuBefenHOe 3WavYeHME WCTHHHOTO BOJHOBOTO BeKTOpa K.
I1o Brpakenme umeer Buj (1.60), Tax kak exp (ig-r) ects mepmopm-
YeCKasg ()YHKUHUA B JTaHHON pemieTKe; BHIHO, OJHAKO, CKOJb HCKYC-
CTBEHHHIM OKAa3BIBAETCS TaKOe HPeJCTABIEHHE IS HJIOCKOH BOJHHL
Ecnn sneprms (B omHOMEPHOM Cly9ae) MAeTCA BHPaKeHWEM

#2k2
2m '

(1.70)

€ (k)=
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T0 OHAa OKA3HBAETCS MHOTro3HauHoit ¢yurmmedn k' B mpuBenenHoit
sone. Ha ¢ur. 14 wacrs mapaGonn AB mpum TpaHCIAOuMA HA BEKTOP
06paTHOH peMieTKN HepeBUTAaeTCH B IOJI0)KEHHe A'B’ (to me camoe

o o e ) 10
Iy g 7
A 71
} \\ g /|
AN /o
1 \ / !
I \ / i
1 \ ,/ [
1 N S 6= ﬁzkz/Zm
: \\ ’/ t
\ / I
| AN -~ !
| oS -7 !
( 4 A )
-3n/a -mja 0 n/a 3nja
K —

@ur. 14. JHeprua CcBOOORHOTO BJIBKTPOHA B IPMBEJCHHONH 30HE.

nMeeT MeCTo JUIA APyrux vacreil mapaGossl). OdueBHAHO, B JaHHOM
ciygae Hambosee eCTECTBEHHA CIEMA DACUUPEHHWT 30H, B KOTOpPOH
KayKJIOMy COCTOSHHMIO OTBEYAeT (MCTHHAKIY BOMHOBOH BeKTOp k.

§ 6. I'paanunsie ycaosna. Hoxcuer cocroanmit

Bo BceM m3n0KeHHOM ObliIa CYIEcTBeHHA TOMHAA TPAHCIANHOHHASA
CAMMETpHA, B CBASH C 9eM pelleTKa cyuTajach Gesrpammamoil. Pac-
CMOTpEHHE TaKO# DONIeTKH 3aTPYAHUTEIBHO B MATEMAaTHYECKOM OTHO-
[IeH@W, BBHAAY TOTO 9YTO MPHXONUTCA HMeTh Jelo ¢ GecKoHeTHHIM
YHCIOM ATOMOB M cOGCTBeHHHIX PyHKImME. M MOKeM M3ydaTh TaKme
CHCTeMbI, JHUITb MOJIaras IHCIO ATOMOB KOHEYHBLIM M 3aTeM Iepexofis
K Ipejelny, KOTja 8T0 IUCIO ycTpemiserca k Geckomednocrn. llpm
3TOM Hy#HO G0 OH BBECTH TPAHHIH KAaK HEKOTOPHE DealbHbIe
[OBEPXHOCTH, HA KOTOPHX, Hampumep, BONHOBAsA (GYHKIMA JOIMHA
obpamarscss B Hyab. Ho sror myrh rawke meymoben, u6o B pesynb-
TaTe OTpajKeHHH OT BCeX TPAHHI[ TOYHHIE CTAIMOHAPHEIE COCTOSHUS
Tako#l cmcTeMn m300pamanuch Gbl crosuummu BonHamu., Mcemonnsosa-
HUe TAKAX QYHKOWA /Ui ONHMCAHHA DBIEKTPOHOB IIPOBOAMMOCTH,
KOTOpHIe HA 0YCHb MAJIBIX PACCTOAHMAX 0OBITHO HEKOTEDEHTHO pacceu-
BAIOTCA ATOMaMH LPHMECH HIH TEIJIOBBIMH KOJEDAHHAME PeINeTKH,
¢ MaTeMATW4YeCKOH TOYKHM 3PEHMA IPOMOBJIKO, a ¢ ¢mamuecKoil rempa-
BHJIBHO.

CymecTByer MaTeMaTHYeCKHil IpHeM, KOTODHIA MO3BOJNAET YOB-
JTeTBOPHUTEIHHO pemuTh IpobileMy HOJCYETA COCTOAHUE M IIPH HTOM
He BBOTUTH Karux-aubo Pusmaecknx 3pdeKToB, CBA3AHHHX € IDaHH-
gaMA. OTOT TPHEM COCTOUT B NPUMEHEHHMH YUKAUHECKUT TPATHIHBIX
yeaopmil win ycaosuti Lopna — Kapmana.
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B opHOMepHOM CIydae MBI HpPETUONOMKAM, 9TO (KPHCTAII» COCTOUT
w3 L sveex, KOTODPHE COEAMIEHH TaK, 4T0 00Pa3yoT 3aMKHYTHH
Kpyr. llpE pTOM DIEKTPOHHAS BOMHOBAA (YHKOHA JOMKHA yIOBIET-

BOPATH YCIOBHUIO
Y (z + La) =¥ (2), (1.71)

KOTOpoe obecrmeunBaeT HEIIPepsrIBHOCTE €€ B TOYKEe COEJUHEHUA.
Ho yciaoBae TeOopeMbl Baoxa B ¢jiydqae OOHOTO H3MEPEeHHs TJAacHuT:

Pr (2 -} La) = ethLaypy, (z), (1.72)
TaK 9YTO JOJKHO OBITH
eirla— 14 (1.73)

b= 2 (1.74)

rge m - meroe 9ECIO.
B ogmomepmoii mpuBemeBHHON 30He MH mMeeM —i/a << k << m/a,
M IOYTOMY Telble IMCIa M3 WHTePBAIa
1 1
—zL<m<5L (1.75)
HagyT BCE CYIECTBEHHO DPA3JIMIHEIE 3HAYeHHA MIPUBEIEHHOTO BONHO-
poro umcna. Bceero mmeerca L Takmx suadeHud (HAI0 PAacCMOTDETh
IBA PABNMYHBIX CIy9as, KOrja L WeTHO WM HeYeTHO — B CYIIHOCTH
BTO BOOJHE TPUBUATBHHH Bompoc). OHU OTCTOAT APYT OT APYra Ha pac-
crosnnm (1/L) (2n/a). TTockonsky Benrmamna L Wpenmosaraerca O4eHb
GONBIION, BTH 3HAYEHHA pACHpeeleHs B 0o6pATHOM MPOCTPAHCTBE
OPAKTHIECKH HENPEpPHIBHO @ € MOCTOSHHON IIOTHOCTHIO.
Brickaszannnie coofpaskeHMs MOKHO DAaCHpPOCTPAHHTH M HA TpeX-
MEDHHIA CAyUuail, eCTEm OPUHATH, 9TO HANA MAKPOCKONMIECKAS CHCTEMA
muKImuRa B Tpex ma3Mepenusax. Ilycrs oma mpepmcraBisier coGoi
KPHCTAII ¢ PasMepaMH IO TpeM OAasHCHHIM HANPABIGHUAM DENIeTKH
Lia;, L,a, u Lja,. Torpa B coorBercrBuu ¢ ycaoBueM (1.71) nannmem

W+ Liag) = (), b @ -+ Lyay) = (1),
(- Laag) = v (1), (1.76)

Huasa ¢ysxnman Broxa ¢ BOTHOBEIM BEKTODOM K 3TH yCIOBUA HpH-
BeIyT K DPaBEHCTBAM

eik'(Liai) — eik-(Lzag) — e‘ik-(L3a3) -— /1’ (1.77)

KOTOpHe MOTYT BEIDOJNHATHCA, JHIIL eCIM BeKtop k mMeer Bup

9.
k= iy - kab, -+ kgby = <71 by -+ 2’;’:2 b, 21’;‘3 by, (1.78)

rze my, m,, Mg — Neibie Tucna, a by, by, by — rar o6wano — BEK-
TOpH o0paTHOH peweTkH, ompejeiasemeie dopmyramu (1.19).
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JToT pe3ynbpTAT CIeAyeT CPAaBHATH C ONmpemeTeHHEM BeKTopa
obpariicii peiueTku

g = ny-2nby + ny-2nby + n4-2nbg, (1.79)

rie ny, Ny, Ry — Uemse ducua. Jonycmumsle snavenus Bertopa k
[popmyna (1.78)] momyuarorca penenuem ofpasyoImux sJaeMeHTap-
HOM AdYeiiku o6GpaTHON pemerku Ha L, paBHBIX YacTedl JuasA HampaBliie-
Hus by, va L, gacreit nus nanpasnenas b, u Ha L, 9acreii qna nanpas-
nemnsa by, Taxum obpaszom, B 06patHOM HpOCTpAHCTBE PABHOMEPHO
pacopefeeHH PAAK TOYEK, 9T0 M TOKazaHo Ha ¢mr. 15.

PN I NP
INENN)
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Iy W )
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@ur. 15. 3o5a BpuianosHa TOKPHBAaeT TY ke MION@AAb, 9TO ¥ AJIEMEHTAPHAN
Ageitka 06paTHOH peImeTKW, M CONEPKUT POBHO N «paspeleHHHX» K-BEKTODOB.

Y7066 BHYHCAUTE MIOTHOCTE 3THX TOTEK, 3aMETAM, ITO OHH MOTYT
HOKPHTH BCIO BIEMEHTAPHYI0 SIeiKy 00paTHON pemeTKy, eciiu Ieinbie
quena my, My, My NpoberanT 3HATEHHA

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

Ho npm sTom monydaercsa He Ta A9eiKa, KOTOPYIo O6HLI0 6 €CTECTBEHHO
OpPUHATH B KadeCcTBe OCHOBHON B30HBI s k-Bextopos. Bepostho,
ayqame O6ptmo 6p1 mo amamormu (1.75) paccmorperb 06aacTh

e Li<my <4 Li, —aLo<my< gL,
1 1 (1.81)
—7L3<ms< —LTLE"

TaxknuM myreM MB HOJXYTLIH Obl DIEMEHTAPHYIO AYCHKY B BHIE
mapajrenennmesfa ¢ NEeHTPOM B Hadaxe Koopamuar. Opmaro ymoGHee
Bcero BHODATH dIEMeHTApHYI0 AYCHRY B BuAEe AYeliku Burmepa —
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Sefitnia; TakuM o0pasomM, MH BO3BpaljaeMCA K HameMmy CTapoMy
APYyTy — K 30He bpmiiiosHa.

Ho o6mem 30mH Bpmiiosna coBmagaer ¢ 06HeMOM 3JeMEHTAPHON
A9efKN, HMeIOMMel BHj Napajelenulena, W IOTOMY B Hed [JOJKHO
coepsKaThCs B TOTHOCTH TO JKe UHCIO «DPa3pENIeHHbIX BHATOHMHY
sexropa k. Cormacuo nepasesctsaMm (1.80) mam (1.81), aro w=mcio,
oueBmpHO, paBHO Ly X L, X Ly = N, 4ro B TOYHOCTH COBIafaer
¢ UHCIOM SJTEMEHTAapDHHIX HAYeeK BO BCEM MAaKPOCKONHYECKOM KpH-
cramie. JTo BeckMa BayKHas TeopeMa: 30Ha B puadiosna codepicum
POBHO CMOALEO DPASPEULEHHBE 60AHOEBLT 6€KMOPOS, CKOALKO 9.eMEHMAp-
KO aueek codepacum 6A0K KPUCMAAAG.

Kak ymxe 6muto mokasamo [cM. ¢gopmyry (1.32)], ofmem 3soum
Bpunnwosna pasen 8n%/v.,. Ecin B o6beme V KpmcTasna CogepKuTcA
N »siemeHTapHBIX AYEEK, TO

vo=ar. (1.82)
Torga Ha Kaykguil paspemensniii k-ektop B k-mpoctpamctse mpu-
XomuTCaA OOBEeM

A Bl _ B (1.83)

N v 14

CJleoBATENBHO, 8 eAUHUYE 00bena 06paMmH020 RPOCMPAHCTEA UMEEMCS
V/8n® paspewennvir k-sexmopos.

[ToCKOMBKY MpaKTHIecKH BenrndnHa N OUeHR BeTHWKa, TO pacmpe-
meleHEe pPa3pemleHHEIX BEKTOPOB MOJKHO pacCMaTpPUBATh KaK Hempe-
puiBHOE. YacTo cymMmpr 1m0 k-BeKTOpaM 3aMeHSIOTCA HHTErpalaMH

Z—»SdkE—S—ZTSSSdsk, (1.84)
K

nprdeM OJHOKPATHBI HETErPa CIYIKHT A KPATKOTO 0G0sHaTeHHs
mpemena CyMMbi. BajkHO IOMHHTB, OfHARO, 9TO, KOTA MEI HeDPeXOIHM
K (aKTHIeCKOMy HWHTerpHpPOBAaHHK B k-mpocTpancrse, HeoO6xOmumMo
yauTHBaTH BeCoBOil MuokmTenb V/8n®. Ius mpoctoTh Mel Gymem
o6sraHO mpepmoxaraTh, 49to o6wvem V = 1. Torma N oGosnauaer
qucio Aueek B enmHmIe obmema kpumcramna, a 1/N — obwem opmoit
bIeMeHTapHOH sAdeiiknm.

Pesyabrar (1.83) B [eHCTBATENBHOCTH He 3aBHCHT OT BHIGOpa
KaKoili-1m00 30HHOW CTPYKTYDH; 3TOT pe3ylbTaT XOPOMO H3BECTEH
B TEOPHH H3JIyIeHHA H B TEOPMH CBOGOXHHIX diaeKtpoHoB. Ho ror
daxr, aro soma Bpmunosna cogep:rur 109HO [N paspenieHHHX TOYEK,
BO MHOTMX CIyJ4agX oOKaseiBaercs moixesnee. OH mMOKasnBaer, 1ITO
57Ta 30HA CYIIECTBEHHO MHBAPHAHTHA H ONPENeNseTcA TOIBKO CTPYK-
Typolt KpHCTANJA; yBeIMYeHHE DPasMepOB KPHCTAIIA IPOCTO YBEJIH-
qUBaeT INIOTHOCTh COCTOsHHIM B k-mpocTpamcrse.
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Ciemyer, BupodeMm, NpusHarh, uto yciaosusi Bopra — Hapmama
HEBO3MOMKHO PealbHO OCYIeCTBUTh. B IByMepHOM ciydae ceTh AYeeK,
HaHeceHHasd Ha OBEPXHOCTH TOPA, DUKINYHA B 000MX HANPABJICHHUAX,
HO JJIf TPeXMEepPHOH pemeTKN BHIIONHEeHHe BCeX TPeX YCIOBHU HEBO3-
MOKHO IpH J0060if Tomomormu. Bo BcAKOM ciydae, 9TH yClHOBHUA
IpeKpacHo paboTaloT KaK MaTeMaTHIeCKHH IpmeM, M, KpPOMe TOTO,
HX MOKHO 000CHOBATH C IMOMOMIBIO HECKOJIBLKO I'DOMO3JKHX PacieTos.
Ilemo B TOM, 9T0 INIOTHOCTH COCTOAHMIE ACEMOTOTHIECKH B IIDE/exe
QONbIIMX KBAHTOBHX YHCEI BechMa HETYBCTBHTENbHA K TOYHOMY
BHAY TPAHMYHHX ycaoBmi. [lo Tex mop moxka Msl He coOmpaemcs
M3ydaTh IOBEPXHOCTHHIE HPPEKTH KaKk TaKoBHeE, MUKIHYECKHEe yCIo-
BMA, HECOMHEHHO, YyHoOHee BCeX APYTHX.



TJIABA 2

KROJEBAHNA PEIIETKH

H6o Taxme Xopomo YHOPsAOYCHHEES
OBWKEHHWS W peryisgpHHeE Iard XOThb
M He CJBIIAMH, HO, GyIy9H NOHATH,
KayKYTCH MCIOJHEHHHMH TapMOHHH.

Tomac Bpayn

§ 1. Jlupamuka pemieTsn

ITpocreiilmee TBepHOe TeJNO — 3TO, HO-BALMMOMY, TBEPHbIA aproH.
OH COCTOMT W3 IPABUJIBHO PACIOJOKEHHHX HeATPAaTBHBIX ATOMOB
¢ KPEenKO CBA3AHHBIMH 3aMKHYTHIMH 3JeKTPOHHKEME 060M0TKaMU. ITH
aTOMH yaepKHBalOTCA BOAM3M ApPYr apyra cunamu Ban-mep-Baanbca,
KOTOpPHE IeHCTBYIOT B OCHOBHOM MEKIY ONM/KAAMNME COCEIAME
B pemerke. (Duamdeckme Dpomecci B TAKOM KPUCTAJIE CBA3AHEI
¢ TEITOBHM [ABH/KEHWEM AaTOMOB BONHM3W CBOMX NAeaTH3MPOBAMHEIX
MOJOKeHWH PaBHOBECHSA.

Iass ppocrefimero OUMCAHUA TAKOrO [IBHIKEHHS HMCHOJB3YeTCH
MoBeav Jlinwimeiing, COTIACHO KOTOPOH KasKOHi#A aToM Komebmercs
momo6HO IPOCTOMY TFapMOHHUIECKOMY OCHHIIATOPY B IOTEHOHANBHOM
aMe, o0pasoBAHMHON CHAJTAaMH ero B3aWMMOACHCTBHA C COCENAMH. JTH
CHJIB HHUKOTZa He 00pasyloT TOYHO KBAAPaTHIHON AME CcO CcepH-
9eCKOH cmMMeTpueil, HO B CpelHeM MPHHATAH ANIPOKCAMAIMA BCE jKe
pasymua. [1pu 5ToM CeKTp BO36YVKIE€HNH KPUCTANLIA COCTOUT U3 YPOB-
Hell, pacOONOKeHHEIX Ha pAacCTOgHWHM FHAvVyp [OPYr OT [Opyra, rae
Vg — JUHWIMEURosCKas wacmoma, T. €. 9aCT0Ta OCHWIIATAN KayKI0To
aToMa B CBOeH IOTeHOWAIBHOI fAMe.

Mogens Jiinmreiina MoeT OBITH MOJIE3HA, €CIH JOCTATOYEH JIAIIL
ouenb rpyOuii yuer TemMoBHX Kojdebammii — 0COGEHHO WIPH OTHOCH-
TEIHHO BHICOKMX TeMOepaTypax, KOIJa NOPeAmoJIo;KeHHe O He3aBu-
cAMOCTH KonebaHWil pasmmIHHX aToMoB ompaspano. Cpasy BuAHO,
OMHAKO, 9TO €CAW ABA WIN 6oJiee aTOMOB JABMKYTCH B YHHCOH, TO CHJIHI
MeKIY HUMH, CTPEMAMMEecA BO3BPATUTH 3TM ATOMH B IIOJOYKEHHE
paBHOBECHA, YMEHBIIAIOTCA M, CIEIOBATEIbHO, KBAHT YHEPIUM BO3-
Oy:rgenusa Oymer HeckoabKo Menbhre. CyImecTByeT TeHIEHIHWA K KOP-
peNnAnad ABWKEHHE COCEHAX AaTOMOB.

Y10o0H HOMYIATH CHEKTP BCEH pemeTKn, HYKHO 3a1aTh JIOKATbHEE
CITHL ¥ TOJXIIOCTBI0 OUWCATh ABIKeHne. J1a mpobiaema O6pma 65 Hepas-
pemnmoii, ectum 6L He CYIIECTBOBAJO CBOMCTBO TPaHCIAOUOHHOM
MHBApHAHTHOCTH pelrerkd. Har morasamo B § 4 ra. 1, paccmarpm-
BaeMBIe BO3OYKIeHNA TOJKHEL YIOBIETBOPATEH Teopeme Baoxa. Juua-
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MUuecKas Mmeopus pewemky MPeNCTaBisAer coboil mpocrednini TpuMep
OpuMeHeHHs MaTeMAaTHJeCKoro ammapara, pasBHTOTO B III. 1.

OnpepennM OpPEHsIe BCETO CMEWEHUS peuemru: CMEmEeHHe S-Io
aromMa B l-# aileMeHTapHOI sA9eliKe M3 TOJO0KEHMsA PaBHOBECHS OH-
CHBAeTCA BEKTOPOM ug. Ilycts sTor arom mmeer maccy M, Torpa
KOHeTHYeCKas DHepruss CHCTeMH eCTh

Exin= D) & M| [ (2.1)
st

Mu pacecmaTpmBaem cefigac HamGosee o6muil Crydgail penmerku ¢ 0asu-
COM W IIOSTOMY BBOJUM HHIEKC $, HyMEPYIOUMA aTOME B 3JCMEHTap-
HOHi AYediKe.

Tl mammCAHWA TMOTEHUMAIBHOA DHEPIHH HYMKHO OBLIO Obl 3a71aTh
Me;KaTOMHBIE CHIBL. OIHAKO MOKHO TPEIIOJOMKATH ¢ MONHOH 06IHO-
¢TI0, 9YTO CYMeECTBYeT Hekotopasa ¢ynkmua 7~ (uy), BHparkaomadg
3aBHCHMOCTh DOTCHIMAJIHHOM DHEPTHHM KPHUCTAIIA OT KOODAMHAT BCEX
ATOMOB, WJIH, 9TO TO jKe caMoe, OT MCHOBEHHHIX CMeHleHHil 3THX aTOMOB
¥13 Y3JI0B PAaBHOBECHOH pemerkw. Jlomyctum jamee, 9To 512 QyHKIHA
J0CTATaeT MEAIMYMA, KOTAA BCe BEKTOPH Uy 06pamaiorcs B HYTb.
J effCTBUTENBHO, MOKHO 0)RUJATh, YTO PACIOIOKEHIe ATOMOB B H/1ealh-
HOli pemerKke oTBedaeT YCTOWYEBOMY paBHOBecmio. Bocmoxbsyemed
CTARAPTHOM TeODHed MaibiX KoieGaHHd ¥ pasioMuM QYHKIHIO
9" BOIMBH NOJOKEHMi PABHOBECHs B CTENEHHOH PAT MO NEKapTOBHIM

KOMITOHEHTAM Uy BEKTOpA Ug:

~ . 89° 1 s 7297 I
67-. =7 u] [-_T—] ~a v u] J —_—— t “ s -
ot E sl 0ugl 0 + 2 pa . PLE I.[-_ 0”’.]5-1 5u‘1§',l, _]0 i

sl ss”, W, jj

(2.2)

IMocrosunoe ciaraeMoe AjA HaimuX Ieledl MHTepeca He IPEACTaB-
aser, a KOQPUOUMEATH B JHHEHHOM WiIeHE PABIO0KEHUA MOJKHBI
6BITH paBHH nyNl0 (ME Haxomumcsa BOiHBH pasHoBecus). Tarmm
06pa3oM, NEPBEI CYMEeCTBEHHEIN WIeH KBapaTueH M0 CMEIIEeHuAM —
5TO TAK HA3BBAEMBIH gaAPMOHUHECKUL UYACH.

Buas ¢yaxmun (2.1) m (2.2) 1 DONB3YACH OGHMHBIM JIATPAHIKEBHIM
$OpManu3MOM KIACCHYECKOH MEXaHMKH, IOJyJaeM YPABHEHIS IBH-
SHEHHUA

529° ”
MMF_Z{Eﬁr%”%, (2.3)
1Y st s’
CIpaBefiimBEEe IJA BCeX Y3JI0B § B pileMeHTAPHOH fAUeliKe, ANA BCOX
5lIeMEHTAPHHIX AYeeK ! B pelieTKe W A KUKLOH JeKapTOBOM KOM-
momeHTH (] = %, ¥, Z) BeKTOpa CMeNeHUA.

Cootnomenue (2.3) mpegcrasiager cobodl, pasymeercs, CHCTEMY
OTPOMHOTO YHCIA CBA3AHHHIX Au(depeHNUaTbHEX yPAaBHEHHUIL. Pac-
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CMOTPHM, OJHaKO, KosQONOueHTH B mpaBoi gactm paseHctBa. Ilomo-

AUM
[__a_zg__]oz G e (2.4)

i ayd’
ougy 0wy,

Q@opManbHO 3T0 KOMIOHEHTH TEH30PAa B JEKADPTOBHIX OCAX; COOTBET-
CTBeHHO ypasHeHHe (2.3) M0KHO 3amdcaTh B HECKOABLKO (olee mpo-
cTo# BEKTOpHOA ¢opme

Mg = “‘2‘ Gsl; siereUgye (25)
ST
JT0 ypaBHEHWEe MOJKHO MHTEPIPEeTHPOBATH Clefylomum o6Gpasom:
KaKJoe ClIaraeMoe B CyMMe B IIDABOM YaCTH DABEHCTBA LIPE/CTABJIAET
coGoil cuay, delicmeyowyro na s-i amom é I-U auelire, 6bl36AHHYI0 CHMeE-
wenlem Uy aToMa W3 y3na s Adeiikm ¢'. Moskro 6muto .Gu cpasy
HamECaTh 3T0 ypaBHeHHMe, KOJMb CKOPO M3BECTHH MEKATOMHBIE CHIILL
g, KpoMe TOro, M3BECTHO, YTO B IIOTEHOHAIBHYIO DHEPTHI0 DEIIeTKH
AT BKJAJX CHJIL B3amMOJEHCTBHSA MEKAYy IapaM#E aTOMOB.
OpHaKo He3aBHCHMO OT (HM3UYECKOH MHTEpIpPETAIMd CHJI OJHO
HX CBOHMCTBO, 0€3yCIOBHO, MOKHO HMETh MECTO: CHUIH He IOJKHH
3apmECeTh OT abconrTHOrO moaoxenua adeek ¢ w I’ B pemerke. Ten-
s0p G MosKeT 3aBHCETH TONBKO OT OTHOCHTEIBHOTO DAaCHONOMKeHHA
A1eeK

Gai; v = Gie (B), (2.6)
rue
h=70 —1.
Torga ypapuenms (2.5) UPMHHMAIOT BUX
Ms.u.nl = - Eh Gss' (h) *Ug I4h. (27)
s

ATH ypaBHEHHA 3aHHCAHE B OpMe, MHBADHAHTHOH OTHOCHTENBHO
TpaHcasAinwii, 9T0 HeoGXOAEMO NJIA cHpaBeImBOoCTH Teopemsl Bioxa.
IeiicTBuTENbHO, 3aMEHA, HAIPAMeD, HHAeKca ¢ Ha {” IPHBOJMT MPOCTO
K HDOBTOpeHmio Toro ke Habopa ypaBHeHmit. Ilpeamomnokmm Temeps,
9T0 MHL HANLIM pemeHwe — HaGop QYHKOWHA, ONHCHBAIOIIHX 33BUCH-
MOCTH BEKTOPOB Ug OT BPEeMeHH A JI06oro 3HaYeHwA WHAekca .
Otm QyHKIEA AO/DKHL YAOBIETBOPATH ycaormioo Buoxa (1.48) mim
(1.57). Cymectyer BoXHOBOM BeKkTop q!), Tawoif, uTo

Ug (t) =eltlyg (t)v (28)
1) Mu mpEMeHseM JTOT CHMBOJN JIA OGO3HAYEHHS BONHOBOTO BEKTODA BOJH

B pemlerse W CEMBOJX K /i 3IeKTPOHEHX BojH. O6a BTH BeKTOpa, pasyMeercs,
OIpefieJieRH B OJHOM W TOM jke 00PAaTHOM IPOCTPAHCTBE.
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I7e ug, o (f) ecTh cMemeHHe B TOM sdeliKe, B KOTOpoi# ObLIo BEIOPAaHO
Havag0 KOODAMHAT [JIA BEKTOPOB pemeTku Z. JaMeTHM, 4TO BO BCEX
AYelKax aTOMBI B y3JaX § OBIMKYTCA B OTHOM W TOM jKe HaPABJIEHAH
o ¢ TOH 3xe aMILINTY/OH; TOAbKO $as3sl KomeGaHNNA MEHAIOTCA 0T AdeiKn
K ggedKe.

Jlna Kamporo pelmeHHA ANHAMHUYECKAX YDaBHeHHmH cymecTByeT
Takoil BeKTOp ¢, AAA KoToporo yciosme (2.8) Bumoausercsa. Urobu
YCTaHOBUTL, KaKoli AMEHHO BOIHOBOH BEKTOD COOTBETCTBYET JAHHOMY
pelIeRnio, Hago BePHYTHCA K ypaBHeHmaM (2.7). llogcraBisAs B HmX
¢yurnun (2.8), moaygzaem

Mg, g0 e — g‘ﬁ G.. (h)-u,, geiaeheia!, (2.9)

Ha wmmomnrens exp (iq-7) MoskHO COKpaTuThb. UTOOH 0TpasmThH
Npom3BOJ B BHOOpe Hauala KOODAHWHAT, a TaKke TO o6cToATeNbCTBO,
4TO MBI PacCMAaTpPLUBaeM DPENIeHHe C OIpefeleHHHM 3HAUeHneM BeKTopa
q, HaTHIeMm

u,, = U, (2.10)

Torma nmeem

MU, = —2; {Zh G, (h) eiarn) Uy, =
== —g G (@) Us, q, (2.11)

rme

Gss’ ((I) = % Gss' (h) eiq-h (2.12)

ecth (ypre-o6pas cmrosoro Temzopa G.

Hosse ypaprenma (2.11) ornocmTenbHo Jerxo pemutb. Bee peno
B TOM, YTO YHCJIO HX orpaHmdeHHO. IIyCTh HA KAKIYIO HIEMEHTAaPHYIO
A9eiiKy IPUXOJUTCA N ATOMOB, W TYCTh BCEro B DEINETKE HMeeTCs
N sueex. Torga mepeoHavanbHas cmereMa (2.3) mim (2.5) comepskat
3nN ypapmenuit (cumraeM OTHeIBHO YDaBHEHHA IIA KajKjoil H3 Tpex
[eKapTOBHX KOMIIOHEHT BeKTopoB). B mosylo cucremy (2.11) Bxomar
TONBKO 37 YPaBHEHHHA — TPEXKOMIIOHEHTHOe yDaBHEHHE A KaK-
J0TO W3 I 3HAYEHHIT UHIEKca S.

Mu mMeeM 37eCh OUeHb APKMI IpHMED POJH TPAHCIANUOHHOM
HHBApUAHTHOCTH. TOK/ECTBEHHOCTH CTPYKTYDHl BCEX 3IeMeNTapHEHIX
A9eeK TPUBOJUT K TOMY, 9TO /A pacdeTa JBHKEHHs BCEl CHCTEMBI
HaZo wMeTh HHPOPMAIHIO JUIb 06 OJHONM M3 ATeeK. IIpaspna, cemxas
HAfiTH pemeRus [ PasiWIHEX 3HaUeHWH BeKTOpa q (a rpaHMIHEE
VCIOBHA «pa3pemaioT» TodHo /N TAKEX 3HATEHMH), MBI JOJIIKHBL Kaik-
IB pas IpoM3BOTUTH ocobHt pacuer. IIpakTwyeckd, onHako, ObiBaer
AHTEepeceH TONbKO OTPAHWIEHHEIA HAGOD TaKMX PEIMeHHH, a OCTalb-
Hble MOKHO IHOJYYHTh IIyTéM MHTEPHOIALNMH.
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Hanpmefimuii pacuer sixemenrapen. Hak m B o6muUHOE Teopum
Kosnebanmii, Mei mpenmonaraeM, 9ro pexmumHa U ¢ copepsxuT Bpe-
MeHHOH MmHOMmTens exp (ive). Torma memo CBOAWTCA K peNIeHAIO
CHCTEMBI 3n ypaBHEHHA

Y G (q) —vEM 8835y UL q=0 (2.13)

8,3’

naa KommoHeHT BeKTopa Ug, q. ITO ecTh 3amava Ha COOCTBEHHEE 3HA-
9eHHsA; 37 pPemeHHd ee MONYy9arTCs, eCIN IPHPABHATH HYNI [ETEP-
MEHAHT MAaTpHI(bl, CTOAMEN B (QUTYPHHX CKOOKaXx B JeBOll gacTu
(2.13), m HaliTm KOpHM BOZHHKAWINET0 TAKAM 00pasoM ypaBHEHHA
misa v2, B camom fmene, Bce, 9TO MEL J[eTaeM, CBOIUTCA K HaXO0KIOHAIO
3n HOPMaJABHEIX KoXeGaHmi # aTOMOB B 2JIEMEHTAPHOM AYEliKe B Ipey-
TIOJNOJKEeHAM, YTO HMX B3AHMOMEACTBAE ONNCHIBAETCS CHJIOBHIM TEH30-
poM G (q). DTOT TEHZOP OTAMYAETCA OT MCXONHOTO TEH30PA MErk-
atomabix cuil Gy (h) m saBmeut ot Bewropa q. J{us gamnbrx sHade-
Huit mHOeKCoB s W ' B gopmyrne musa terzopa Gy (q) cymmmpyercs
B3amMO[eiCTBIE 6cex aTOMOB (THIIA $»— ATOMOB B y3JaX § KaKmION
QJIEMEHTAPHON MAYEHKH — CO 6écemu aTOMaMd B ya3iax s, mpudeMm
OPUHAMAIOTCSA BO BHEMaHme ($a30Bbe COOTHOLIEHHA.

§ 2. CpoitfcTBa KoneGaHMil pemIeTKA

Urobn mousiTh CBOHCTBA Komebanmil peuretTrif, 10Je3HO0 H3YYUTH
HECKOJIBKO IPOCTHIX cayuaeB. lIpocredmuit w3 HUX — 3TO cAydai
AuRerol yenouru. 1IyeTs MBI MMeeM OHOMEPHYIO «pelleTKy», B KOTO-
poll Ha KayKIYH0 9ieMEHTAPHYI0 A9eflKy MPUXOMATCH OJMH aTOM H B3au-
MofeficTBYIOT NMIIE Onwskaiimiine coceftu. Y paBHENUs [BUKEHHS JErKo
BemECcaTh ABHO. IloTenumanbuas smepras [cp. (2.2)] B manmoMm ciayqae
mMeeT BHJ

V=3 4 (U — ), (2.14)

i

rfie & — CHJIOBAs MOCTOAHHAsA. ¥ paBHennsa gsmxenns [cp. (2.5)] 6ymyr

Muy= — & (2u; — Upsa — Uig). (2.15)
IlopcranoBroi
u;=Uge'? (2.16)

oHH Ipeobpasyiorca B aHamor ypasHenumid (2.11):

Mi].q= — (20— 0'1® — e 1) Uy = — 20 (1 —cosga) Ug.  (2.17)
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3mech a 0603HaTaLT PACCTOAHME MEKAY aTomaMu B Iemoure (gur. 16).
Mg moayumim ypaBHEeHHE NPOCTOTO TapPMOHHYECKOTO OCIHLIATODA

€ 9aeToTOou’
vo=)/ & 2sin (£). (2.18)

ST0T XOpOMIO M3BECTHHIHA Pe3yIbTAT WIIICTPUPYET MHOIHE 0C06eH-
HOCTM TEODHH.

a
’
’
4 &/
I{Z & /,
Y
v,
N,
’
.- ’ -~
f/ 7/ ~
’
/
4
-nfa 0 n/a
—
q
)

®nr. 16. YacToTe KonebaHmil THHEHHON NEMNOYKH.
1. Bce Bo3MOkHEIe KomeGaHMA MOKHO KOIXYyYMTh, NepeGmpan
9gpela ¢ M3 MHTepBala

— Tyt (2.19)

JTOT MHTEPBAN COBIAJAET ¢ 30HOH DBpmimwosHa miaa Hamero ciydas.
Bce 3mavenusa ¢, neikampe BHE YKa3aHHOIO WHTEpBAla, IPHBOIAT
OPOCTO K HOBTOPEHMI) yiie H3BECTHRIX IBHIKCHUMT:

uy=Uei@+e) = Ue'?, (2.20)
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PaccMoTpeHne BOJHOBHX BeKTOPOB BHe 30HL Dpmiuarosna 6miio 6w
3[1eCh COBEPINCHHO HEECTeCTBEHHHIM (X0TA H He GeceMHICaeHHEM!).
Ecnm 6H MH DOJIB30BAJINCH 3HAUEHHAME | |, OPeBOCXOAAIMUME 7/a,
Mbl HmonydYanm Ol IpaBHIbHEIE pe3yabTaTh. dacrora vg, COTIACHO
dopmyie (2.18), ecrs mepnoanueckas Gpynkmua q. IloaToMy Bcem 3Ha-
9eHHAM 9HCIA ¢, KOTOPHE IPUBOAATCA K OJHOH | TOIf sKe TOUKe B 30HE
Bpunnosna, oTBedaer oJMHAKOBASA YacTOTAa.

Bcero mmeercs Touno NV pasnuuHLX pemenuii, cOOTBeTCTBYOMUX N
paspelieHHHM 3HAYeHHAM dmciaa ¢ B 30oHe bpmmiwosma. 9to coria-
CYercsa ¢ 4MCIOM cTemeHe#l cBobGoanl mcxofHo# pemerkd (pasHbiM V).

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

o
Vg ~ ]/74 aq. (2.21)
IIpomopnmoHaabHOCTE YACTOTH BOJIHOBOMY UHCIY aHAIOTHIHA XOPOIIO
M3BECTHOMY CBOHMCTBY OOHYHEIX YOPYTHX BOJH B CILIOINHOH cpefe.
Ecnum gnuAa BOTHH BO3MYIMEHHUS TOpasio GoJIblIe mOCTOSHHON PenreT-

KH, TO NemoYKa aToMoB BefeT cebs mogo6Ho «Tskenoit yopyroi
CTpyHe» B KJIAaCCHYECKOH MexaHHKe.

Aveika 1 Ayelra 2 Ayeiika 3

Qur. 17. [IByxaToMHAA JHHEHHAA NIEMOTKA.

Ilpu Goapmux 3HaUYEHAAX ¢, OXHAKO, CKOPOCTH BOJHBI HE 0CTACTCH
nocrosigHo#. Ilpm ¢ = m/a, T. e. Korga /uIMHA BOXHH paBHa 2a,
QYHKOHA vq HMeeT IOPH3OHTANBHYI KacaTelbHYIO. B aroMm oTkmome-
HUH OT JIMHEHHOH 3aBUCIHMOCTH HPOABIAETCH CBOHCTBO, IIA3LBAEMOE
ducnepcueil.

PaccMorpum Temeps Gollee CIOKHEIA Ciydali: IHHeHHY0 IemOYKy
aTOMOB, PACIOJOKEHIELIX HA OJHOM H TOM ;K€ DPACCTOSHHH APYT OT
Apyra, ¢ TAKNMHA jKe CIVIOBBIMH IOCTOAHHBIMH, Kak W IpCEe,
HO € {ByMA Pa3INIHbIME YepefylomuaMucsa maccamu My m M, ($ur. 17).
Temepsr Karkgas aileMeHTapHaA AYeAKAa CONEP/KUT ABA arToma. ¥ pas-
HeHus, anagoruunsie cucreMe (2.11), uMelT HECKOJIBKO Golee CIOiK-
HBIA BUE, 9eM B caydae (2.17):

Mi.U-i—:- — 20U+ 20, cos ga-U,,

4 (2.22)
MUy = —2aU;+ 200 cos qa-Uy.
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Yro6r HAATH TACTOTY ¥, HAJIO PENINTH JeTePMUHAHTHOE ypaBHeHHe
20— Mv¢* —2acosqa

— 20.cos qa 20— M V> =0, (2.23)

KOTOpOe WMMeeT JBA KODHA
2 1 1 1 1 \2 4sin2qa
= (g o) =0V (mtam) — T @
Ecim rpad@ueckm NpeCTAaBMTh 3aBHCAMOCTH OTEX JBYX KOpHei
0T ¢, TO DONyYaTcA KpPHBHe, M300paskeHHbe HA ¢ur. 18.

Kak m B caygae OJHOATOMHON IEIOYKH, HMEETCA KOPeHb V.,
KoTophii BOmm3m TOUKE ¢ = (0 CTaHOBHTCA IPONOPIMOHANBHBIM g.
CooTBeTCTByIOmMee KoieGaHme HABHBAETCA GKYCMUNECKUM, TaK KakK
OHO AHAIOTMYHO IMHHOBOIHOBOMY KOIeGaHMI0O I[ENIOYKH, paccMar-
puBaemoii Kak ympyrumii KOHTHEYYM. B KadecTBe yIpasHeHHA THATa-
TENM0 DPeACTaBIAETCA BO3SMOKHOCTh NOKa3aTh, 9YTO TAKAM IIyTeM
moxygaerca oGHTYHOE BHpasykeHHe CKOPOCTH 3BYKa B PaCCMAaTpPUBaeMol
cpeqe. '

Ecrb, ogpako, eme ogHA BeTBb V4. BOansm g = 0 COOTBETCTBYIO-
mad 9JacToTa ecTh

v ~ 20 (7}—1—4——1‘1{;) (2.25)

H9rta BeTBh 3HAYMTEILHO YHAJeHA OT AKYCTHIECKOH, OHAKO LDpU yBe-
awueHnm ¢ 9acTOTH obemx BerBeil crpemaArcA cOmmsmTbea. Coorser-
cTByIOmMee Kojebanme Ha3HBa-
Onmuseckas AV erca onmuueckum. HerpymHo
eema v, mpoBeputh, 4To mpH ¢ = 0
/\ mofpeNieTKA JIeTKAX W THAMKe-
T JIEX aTOMOB ABHKYTCA 6e3 ne-
¢dopManuii B IIPOTHBOMOJOK-
A"W@g}’;f(’fbﬁaﬂ 7 HHX Hampasienmax. HWuaue
roBopdA, TBYXaTOMHAA MOJNEKY-
Ia B KKMOH sAueiike Koieb-
JIeTCA TaK, Kak ecam OB OHa
OLlIa HEe3aBHCHMA OT CBOMX CO-
cegeii. Ecanm, Kak sro OniBaer
B Clly4ae HOHHLIX KPHCTAJJIOB,
n/2a 0 7/2q ATOMH DasHOTO THIA MMEIT
q—> SIeKTPHIECKHI 3apAf DpOTH-
@ur. 18. Yacroret KoaebaHmil IB BOTIOTOAHOTO SHAKE, T0 BOTHM-
- 18 HOf | TomOTH, ABYXATOM-  yaer ONTHYECKH AKTHBHEL 0C-
NHLTAPYIOMAN AATONbHBIA MO-

MEHT.
WnTepecro HMBYYHTH Tepexof, OT ONHOATOMHOH  IENOYKH
(cm. ¢ur. 16) k gByxarTommuoii (cM. ¢ur. 18). Haunem ¢ mepsoro ciysas.
IlycTe MBI BHGDATH 3JIeMEHTAapPHYI AYeHKY TaK, 9TO OHA COREPHKHAT
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7iBa aTOMa, M mpenebperyam TeM (aKkTOM, 9TO MACCH MX TOMKIECTBEHHEI,
Torga JIerko mMOKa3aTh, YTO ONTHYECKAA M AKYCTHYCCKAA BETBH COEMIH-
HAKTCA B TOYKe ¢ = n/2a, d9ro ma3obpasxemo Ha ¢ur. 19, a. Ilpn
cpapHeHUH ¢ gur. 16 Mosker MOKa3aThCA, YTO IMCIO THMOB KouebaHuil
yaominoch. OgHAKO, YABAUBAA JJIAHY BJIEMEHTAPHON A9edKM, ME, O01e-
BHMJHO, YMEHBIIMJM BIBO€ pasMmeps! 3oHbnl BpminosHa. C moMombio
TpPAHCIANWE Ha paccroamme fi/a (T. €. Ha BeKTOp o6paTHON pemerkn
CABOGHHOM SA9elKHM) MBI MOKeM pasBepuyTh ¢ur. 19, ¢ m monydmrs
n3 mee ¢ur. 19, 6. «AKycTHUECKAA» M «ONTHIECKAA» BETBH IPH DTOM
HeOpepLHIBHO mepexomaT apyr B apyra. Takmm obpasom, pasamepnt
npusefennoi 3onu na ur. 19, a GesocROBAaTEIBHO YMEHBIIGHH! BABOSO
[0 CPABHEHHMIO C TeM, 9TO JOJKHO OBITH HA CAMOM Jene.

-n/2a Uq_bn/Za -mla  ~nf2a O __»n/Za afa ~nfa -nfea 0 _)7!/2(1 nla
q q

a ] 8

Qur. 19. YactoTel KoJsebaHmil.

a — OXHOaTOMHON nuHefHOH IemOouKM, paccMaTpHMBaeMOll KaK ABYXaTOMHAaA;, 6 — OJHOATOM=
HOt JmHeWHON Nemo9kd (MOKAa3aHH TPAHANIK 3OHH); 6 — OBYXaTOMHON mmHelHO# nemouxm,
paccMaTpuBaeMoli KaK ONHOATOMHAA.

To ke camMoe MO;KHO BhIpasmTh m mHade. [loouepennoe mameHenme
Macc aToMOB B IEIOYKe IPUBOAUT K MOABIEHHIO B TOYKAX -+ r/2a
HOBHX TIpanmm 30HH. llpm mepexome dYepea 3TH TPaHAINE dYacTOTa
follee He MeHAETCH HENPEPHIBHO; BO3HHKAET IMEIb. OTO MOKHO
6bi10 6L OPOMILIIOCTPHPOBATH ¢ momompio ¢ur. 19, ¢ — apyroi cmo-
co6 onmcaHMA ABYyXaTOMHOM memoukd. B ru. 3 mbl Gymem gacto crai-
KNBATBCA C DTHM SIBIEHHEM.

Cregynomuit criydaif, KOTOPHH MH PAcCMOTPHM, — 3TO ABYX- MR
TpexmepHas pemeTka Bpass mpm ydere B3amMoAe#cTBHA ¢ Gamkaii-
mEME cocefaMu. Ilpm 9ToM, OJHAKO, YPABHEHNUS CTAHOBATCA CAMIIKOM
IPOMO3AKHEME W TOJAy4umTh obmee pemrenme tpynuo. Hamkmoe mame-
PeHHEe YBEIMYMBAET HA €IMHUIY YHCIO JEKAPTOBHIX KOMIOHEHT BEK-
Topa cMemenns. 1109TOMy B TPeXMEPHOM CIydae OPHAXOAMTCA pemarh
Kybmueckoe ypaBHeHme AIa V.

@usmgeckuit CMBICA DTHX TPeX KODHEH MOKHO BLIACHHTE, WCCIe-
MyAa TpefedbHBA caydail AIWEHHX BouH. IIpm atom paccmarpupaercs
IO CYIMeECTBY YHPYruil KOHTHHYYM, BHYTPEHHAA CTPYKTYpa KOTOPOTO
CTONb MeIKoMacmTalHa, YTO OHA HEe OKA3LIBAET 3aMETHOTO BIMSHES
Ha CBOWCTBAa MJIMHHOBONHOBHX Kojebammit. Xopomo H3BeCTHO, 9TO
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B TAKOM KOHTHHYYME€ MOTYT PACOPOCTPAHATHCA TPHU PABIMIHHIX THIA
AKYCTHISCKHX BOJH, 06NagaomuXx pasnWIHHIMH CKODOCTAMH.
OcHOBHOE pasjIuuue MKy DTHMH TPEMHA aKJCMUMECKUMU KoAe-
Ganusmy COCTOUT B THHe HX hoazpusayuu. Hampmmep, B cayuae
E30TPONHOM cpemsi 0AHO M3 KoaeGaHmil (BOJH) HMOASPH30BAHO RPO-

2

T,
LTIZ

a 0

®ur. 20. IloBepXHOCTE NOCTOAHHOI YaCTOTHL.
a — IJIA M30TPOWHON cpefnl; 6 — INA PeaJsHOro KPACTAINIA.

JoabH0 — BEKTOP CMEImeHWA RayKAOr0 aToMa HapalieleH HampasJe-
HMI0 PaCHpPOCTPAHEHMs BOJHH. [iBa APYrmx KoieGaHMA pacmpocrpa-
HAOTCA € OJHHAKOBOH CKOPOCTBIO M IOJAPHU30BAHEL NONEPEYHO —
ATOMHI ABMIYTCA B IUIOCKOCTH, NMEPHeHANKYAAPHO BOJHOBOMY BEK-
ropy. llpomonbuasa BodHa, 006-
me roBops, umeeT GOnbIIy0 cKo-
q POCTH,9eM ITOTepPeIHEIe; COOTBET-
CTBEHHO IIOBEPXHOCTA TOCTOMH-
HOM 9acTOTh B ¢-IIPOCTPAHCTRE
AMeT BUf, momobHHH wsobpa-
I aennomMy Ha ¢ur. 20, a.
Maxpocrommgeckne yopyrue
CBOMCTBA KPHCTAJLIMIECKAX TBEP-
OBIX Teld OOBYHO OKAa3HBAIOTCSH
AHH30TPOIHEIME, B MOTOMY OIH-
CaHHAfA BHIIE OPOCTAasdA KapTHHa
0 p Iiy%ﬂuqusoHu gomeT BBecTH B 3abmysxmenme,
pusmosia  CKOPOCTHh pacOpoCTpaniennsa BOIH
JAHHOTO TUIIA 3aBHCHT OT HAIIPAB-
aenns. Ilostomy (cm. dwur. 20,6)
dopMa mOBepxHOCTEH IOCTOAH-
HOHl dYacTOTH [IS IOIIepedmnoi
BeTBH MO;KeT OHITL oUeHb janeKa ot cdepuueckoit. I[lomepeumnmie
KONeDaHus, eciu HCKIIYATL HEKOTOPHE CIeNualbHBE CHMMET-
pUYHEIE HAOpaBleHHA pAacIpPOCTPAHEHHWs, CTAHOBATCA HEBLIPOK-
JeHHEMHO, TaK YTO COOTBETCTBYIOIIAE WM MOBEPXHOCTH MOCTOAI-
O JaCTOTH MOLYT IlepeceKaThCs CIOKEKM o6pasom. (Dopmaibmoe

=~

]

Dumr.*21. Incmepcns KomeGaHuit pe-
meTKH B JaHHOM HaNpaBIEHUM.
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pasnoskenne KojebaHWi HA HOHEPETHEIE H IPOAOJNBHBE OKa3hBABTCH
IpYd HTOM HECKOJBKO YCIOBHBEIM, HOCKOIBRY (QaKTHIeCKH B TaKoM
cpefe BEKTOD MmOJspu3aruu [ompefendAomuil HaOpaBieH#e BEKTOpa
Ug; em. (2.11) 1 (2.13)] He HanpasieH cTporo napanieasHo IR CTPOTO
nepuenuKyIAPHO BEKTOPY (.

TaxoBH CBOWCTBA AJMHHOBOJNHOBHIX KojiebaHwil penieTkn. Ecim
HampasjeHNe BEKTOPAa ¢ 3afaHO, TO ME/y 9acTOTOH vV B BOJXHOBEIM
quCiIoM ¢ JOJJKHA CYIIECTBOBATH (YHKIHOHAJIBHAA 3aBHCHMOCTH,
cxeMaTwiecku usdobpakenHaA Ha ¢ur. 21; ara 3aBucHMOCTH JHHeHHa
B OKPECTHOCTH ToukW ¢ = (), mpudeM HaKJIOH OPAMON JIHHHM paBeR

I,
N

)

=
f/\

Vi

Qur. 22, Oxma w3 BerBeit QyHRIHAH v

B ¢XeMe TOBTOPAKINHXCHA 30H.

q

COOTBETCTBYIOMIEll MalpOCKONHMYECKOW cKopoctw 3ByKa. Ilpm ymemm-
9eHNN ¢, OJIHAKO, MH HpHOIMmKaeMcA K Tpanmne 30uu BpminiosHa
M BO3HHKAeT [IHCIEpPCHSA.

IIpm sToM ToUHEIA BUA YHKIMH vq CHIBHO yciaokHAercs. Boobme
roBOPs, KPUBHE Vq HAKIOHAIOTCA TaK jKe, KaK ¥ B JIMHEIHOM CIydae,
HO TOUKA ¢ TOPH3OHTANBLHOH KacaTeIbHON MOKET M He JOCTHTATHCA.
Enuncreennoe mpaBHIO COCTOMT 37eCh B TOM, 4TO BCEe KODHH Vg
JOMKHB OLITh HEIPEePHBHHMH (VHKIEAMH BeKTOpa ¢ B o0paTHOM
OpOCTPAaHCTBe, NEPHOMYECKHMH ¢ OepuojoM o6parHol pemerkd.
dro cueayer u3 paccMorpenms Bupaskemmit (2.8) m (2.12). Kaxk
M B JuHeAHOM clIydae, ecIH g eCcTh BEeKTOp oOpaTHON pemeTHH,
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TO PENIeHHA C BOJHOBHIM BEKTOPOM ( = ( + g TOKIECTBEHHH pemie-
HOAM € BOJHOBHM BeKTopoM (. Takmm obpasoM, QYHKIHUA vq OEPHO-
OUYHA ¢ IepmofoM g. Jta QyHKOHMA HeIPepHBHA B (-IPOCTPAHCTBE,
m6o oHa mpexcrapiaer cofoil pemreHye 3amadM Ha COGCTBEHHEHE 3Ha-
qeHus, IpUIEM MATPUIa COOTBETCTBYIOMMX YPaBHEHH CHMMeTPHIHA,
a8 KOpPHIOUEeHTH CYyTh HeNpPepHBHEE H Nepropmieckne QyHKOUE
BEKTOpa (.

CrasaHHoe 03HA4aeT, 9TO, KOrJA MBI OPOAOI;KaeM AUarpaMMmy
tmma ¢ur. 20, 6 3a mpefexH OAHON 30HH, AOIKHA HOJIYIATHCH Kap-
TrHA, nofnobnaa maobpaskennoi Ha ¢ur. 22. Taxume gHarpaMMel MOKHO
pacCcunTaTh, 3Hag CHIOBHE HOCTOAHHEE, HO HPAKTHIeCKH OOHITHO
OIpefleAI0T AUCIEPCHOHHbIE KPUBEE A DAa3THIHBX HaIpaBleHHN
OO0 NAHHHIM O JudpakmuM HeATPOHOB HIM PEHTTeHOBCKHX Jydei
(cM. § 8 macrosmieil riaBe) W 3aTeM OHTAITCA HoKo6paTh HOAXOMA-
mye aTOMHEIe CHJIOBHE IOCTOAHHEIE.

B Gonee cuosxmoM ciydae HECKOABKHX TpPEXMEPHEIX peIleToK
¢ 6GasmcoM B JONOJHEHHME K OIMCAHHBIM BETBAM HOABIAIOTCH emMIe
HoIepednLe HW NPOJOJbHEE ONTHIECKHe KonefGaHMA M OTBedalomue
MM [ICOCPCHOHHHIEC KPHWBEE W NOBEPXHOCTH HOCTOAHHOH JHEpPrHH.

BCG 9T CJIyiall B OpHHOUOE OXBATHBAaIOTCA HAIOINM 06!III/IM YpaBHE-
mmem (2.13).

§ 3. PemeTounbie cyMMEI

OKBHBAJIEHTHOCTh (B IPENENbHOM CIydae IJIMHHHX BOJH) HOD-
MAJBHHX KoJe(aHmil pelmeTsKy u yOPYTHX BOJIH B MAaKPOCKONMHYECKON
CILTOINHOM Cpefie OTKPHBAET YAOOHHA OYTh [JIA YCTRHOBIEGHUS CBASH
MeKJy ATOMHRIMH CHJIOBHIMA HOCTOSHHBIMH, C OJHO CTODOHH,
¥ HaOI0aeMEMH YOPYTAMHA IOCTOAHHEMH TBEPAHX TelI — C APYIoi.
IIpnenunmansHO 9Ta OporpaMMa OTHOCHTENBHO TPOCTa, HO HPAKTH-
gecKoe OCYLIECTBIEHME e MOKeT HOTPefoBaTh TPYHOEMKHX PacieToR.

Bosrukaomue TPYLHOCTH OGYCIOBIEHH ONHOH riIaBHOH IpHYN-
Holi. MEI Jerko yBHOHM ee, PacCMOTpPeB JOBOJIBHO 4aCTO BCTPEYAIO-
muiicA cIydail, KOrga MeKATOMHBIE CHJIB XOPOIIO HM3BECTHH. JTO
clay4aifi MOHHBIX KPHCTAIIOB, B KOTOPEIX CBA3b BOSHHKAET ITaBHEIM
o6pa3oM Graromapsa KyJOHOBCKHM CHIAM, JeiCTBYIOIMM Me:KIy Ipo-
THBOMOJIOKHO 3apsmkeHHuMu wmoHamu. IlonHas snekTpocTarHdecKas
9HepThA CHCTEMHl HMOHOB, PACHOJNOKEHHEIX, CKa;keM, B Toukax R;,

OaeTcsa BHIpAMKEHHEM
2

+e
g_gzl T (2.26)

mprueM BHOOp 3HaKa B (2.26) 3aBHCHT OT TOro, COBIIANAIOT WJIHM HET
BHAKA 3apAM0B, PacHONoKeHHHX B Toukax R; u R;.
Brpaskerne (2.26) MoKHO mepemmcaTh B BHJE

1 e2
g=—?Na7‘—, (2.27)
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rge a — MOCTOSIHHAs pemerkda u KoaddunuenT o (6e3pasMepHEIil)
3aBUCUT OT PACIONOKEHUS MONOKUTENBHHX W OTPUIATeIbHHX HOHOB
B pemerke. ITOT KOdPOUMAEHT, HA3HBAEMHH nocmosarnoll Made-
AYHeza, TpPeHCcTaBiser, TakaM o6pa3oM, W3BECTHHI HHTEpeC Kak
rmapaMerp, XapaKTepU3yIOMud AaHHWN TAN KPHCTALIAYECKOH CTpyk-
Typsl 0e30THOCHTEIBHO K pasMepaM 3JIEeMeHTAPHON sdelku.
[lycrb, HanmpuMep, HOHHEI KPHACTANLI COCTOMT U3 ABYX MOAPEMETOR
{¢fur. 23) — moApeNIeTKH MOJOKUTEIBHLIX HOHOB, PACIOIOMKEHHLIX
B y3nax 7, u DOJpemeTKH OT-
pUOaTelbHEIX WOHOB B y3dax
?{ + x. Torma samaga cocTouT B
TOM, YTOOB BEIYHCAUTH CYMMY

a=a> {T;_I_IT}«TI} (2.28)

(B mepBOM uleHe MCRITAETCHA
caaraemoe ¢ ¢ = 0). Bena, ogna-
KO, B TOM, YTO OTHEABLHO NepBas
¥ BTOpAsg CYMMH B NPaBOH 4acTu
(2.28) pacxogarca: B o61acTm pa-
amyca [ mMeeTcAa IO MOPAAKY Be-
auguHE [? ciaraeMslx B KayKmon
f3 HTHX CYMM.

Becy paAxg B méaoM YCIOBHO
CXONHUTCH, OJHAKO CXOMMMOCTH Qur. 23.
OKA3HBAETCA OYeHb MeIIeHHoil.
3amaga o BHYHCIEHHH TAKHX CYMM BecbMa ciokHa, CaMuit nywmmit
upsaMoli Merom pacuera Osul mpegumoskeH OBbeHOM. B sToM Merone
paccMAaTpUBAETCA IOCAEI0BATENBHOCTh paCmEPAMEXCA o06oa0dek
C IEHTPOM B Hadaje KOOPAMHAT, NpHIeM KaKmasa Takasg o6odouxra
BHOHpAETCA HIEKTPHYECKH HelTPaJIbHOM.

PaccmoTpennas ToJBKO 9TO TPYAHOCTH BOBHMKAET HE TOIHKO MpH
pacuere sHeprudm CBsa3d. Mpl BCTpewaeMcs ¢ Hell M UPH BEIYUCIEHHN
penuunH TtHma, Hampumep, (2.12) — ¢ypre-obpaza Temsopa Mesw-
ATOMHBIX CHJI. 3[1eCh BHOBH MMEETCA CyMMa I0 BCeM Y3JaM PeImeTKH,
U CXOIEMOCTH €6 B CIydae KYJOHOBCKHX CHI OKA3BHIBAETCA Me[IeH-
goit. Jlro6aA momHTKA paccuuTaTh AXHAMHIECKHE CBOMCTBA peIeTHH
MONHOTO KPHCTALIA HATATKHBAETCA HA Ty jKe mpobieMy.

CymiectByer O49enb MBAMHAA IPOIEAYypa, U3BECTHAA KAK Memod
Jeaavda, ¢ TOMOMBI0 KOTOPOH yKasaHHYH npobieMy MOKHO PEImTh.
BoamoskHO, 5T0 IPOCTO TPIOK, 4 He OJUH U3 OCHOBHEIX METOJOB B TeO-
pHHU TBEPOHX Tel, HO HTOT TPIOK CTOAH KPACHB, 9T0 Pajd HEro CTOHT
HEeCKOIBKO OTCTYNHTH OT TeMbl. OH HILIIOCTPHPYET TAKIKe HEeKOTOpHIe
4epTH TeOPHH TePHOAMIeCKHX QYHROUWE B pelreTke.
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Ilpeskme Bcero pacemMoTpum (GYHKIHIO

7= S el = F(r, ). (2.29)
l

d70 ecTh Tmepuogmueckas (QYHKIWA r ¢ mepwomgom pemerkd. Ciaego-
BaTeIRHO, ee MOKHO pasiomuth B pag Pypre mo obpasmy (1.15):

F(r, p)= ZF eiger, (2.30)
rge, Kak 1 B gopmyie (1.22),
=_1_ ._2_ -1l-r|2p2p-ig-r
Fg=- S VEZ e e-ig-r dr, (2.31)

IpHYEM HMHTErPUPOBAHUE BEJETCA IO BCEMY KPHCTAJLIY.
Beefiem Temepb B Kas[HHE wieH paga MHOkuTedb exp (ig-l) = 1.
Torga

F ~'117VLEE S e—\1-1 1208 p—ig-(r=0) dp —
2
N 2 (o2 iae
~Tye S e—r2p2—iger Jp. (2.32)

JeficTBATENBHO, BCEe WIEGHH CYMMBl 371eCh OfMHAKOBLI: IIO/{BIHTE-
rPAIbHBIE BHIDA/KEHAA OTIMYAOTCH JHIIL BEIOOPOM Hadvala KOOpAH-
HAT B PA3JHYHBIX TOUKAX [ B KPUCTAJJIe; HETErpast OHICTPO CXOAMTCA,
H BCE Y3IH SKBHBAJEHTHEHL.

Murterpan B dopmyne (2.32) merxo ssameamts. OH pasen
2n 1

Fy== o o5 em8%iet, (2.33)

IMopecTaBnsas sTo Beipazienme B gopmyant (2.29) m (2.30), maxogum
COOTHOINENHEe, M3BECTHOE B UMCTON MaTeMaTWKe Kak npeofpasosariie
mama-ynryu (B MaTemMaTHKe OHO OOBIYHO JOKasHBaeTCd A IIPO-
cToi Kyﬁnqecxoﬁ penieTkm; Ham pe3yiabraT Goxee oOmmit):

Zn 1
e-11-r120% — e-g2/kp2piger 2.34
Vn 2 v Z p? ( )

PaceMoTpuM Temephr TOKAECTBO

(o)

2 —22p2 ___1_
—ﬁie p dp_”‘. (2.35)

Ipumerss ero K Jesodl wactm pasencrBa (2.34), nmeem

0

l 12
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PazoGreM HITepBAl HHTErpUPOBANINA IO ITepeMeHHOW P Ha [Be
9aCTH HEKOTOPOH IIPOM3BOMLHON TOUKON G W 3aMeHIM HMOJBIHTErpah-
HOe BHPasKeHHe B IIepBOHl TacTH B COOTBETCTBUM C paBencrBoM (2.34):

G e

1 q o B
;-U_—l—'l_ v S Z——e g2/hp2pig- rdp_]_av_g it rl2pzdp__

_nt Z g 1 Wl erfe{G1—r1}
= G2 g2/A62 [T—r] ‘
g l

3mecs BTOpOE claraeMoe COHNEPKUT O0noAHUMEAbHRYI0 PYHEYUIO
owubor (erfc), KoTopas OHCTPO CTpeMHTCA K HyNTH Hpd G0IXbmmx
3HAYEHHAX apryMeHTa.

3amaga 3akaogaeTcd B ToM, 9T00H BHOpaTh Takoe smauenme G,
IpH KOTOPOM Kak papx mo I, Tak ¥ AL mo g GHCTPO CXONATCA; HerKo
BRAETh, 9T0 06a pAfa CXOAATCHA ropasfo Jydie, 9eM HCXOJHEH pAR
(2.36). ToBopsa «pusmueckmy, feao 0GCTOUT TaK, KAK eCau O MH IIOMe-
MAJIK 3apAf B TOYKY T B ABa srana. CHagana MH o6pa3yeM chepudeckn
CHMMeTPHTHOE TayCCOBCKOE pacIpefeieHHe 3apaAfa, INIOTHOCTh KOTO-
poro Ha PpACCTOAHWM 2z OT IEHTpa upomopuumoHainbHa exp (—G?z%).
TodedrHe 3apAAH B y3IaX pPemIeTKM Ha MaTeKWX PaccToAHEAX OyAyT
B3aUMOJEeCTBOBATL ¢ TAKHM 3apsyKeHHHM O00NaKOM IO 3aKOHAM
SIEKTPOCTATHKH, 4TO W TPHWBEAET K mepBoMy ciaaraemomy B (2.37).
3aTeM MH YTOUHSAEM HAIl pacdeT, HOMemAas TOTEYHEIl 3apAJ B TOUKY T
¢ BHUHTAfg TayCCOBCKOE paclpefelenne 3apsaga. Byxydam HeHTpaab-
HBEIM, Takoe o6pasoBanue HA NAJEKUX PAacCTOAHHAX B3aHMMOJEHCTBYeT
¢ pemerkoil BeebMa crabo, OAHAKO [laeT CYMeCcTBEeHHEIH BRI B GHICTDO -
CXOIAMIYIOCH CYMMY HO COCeIHUM y3IaM peIleTHH.

Ho ma sTOM mCTOPHA eNle He 3aKAHTMBAETCH, TAK KAK BCe cilarae-
MHe B OPHBEfeHHOH BHIIE CyMMe HOJIOKHMTEIBHH, a upu T = 0 oHa
CONEP/KAT CJAaraeMoe, CBA3aHHOE ¢ BIMAHNEM 3apANa, MOMEH[eHHOTO
B HavajJe KOODAHMHAT, Ha camMoro cebsA. JT0 mpoABIAETCA Kak pac-
xogumocTh B Touke r = ( caaraemoro ¢ I = (0 BO BTOpo#t cymme,
Brarem Bemmunmy 1/r us psAga B JeBoil 1aCTH PABEHCTBA. JTO DKBH-
BaJIEHTHO YCTPaHEeHHmio IepBOTO WieHa B CymMme 10 ¢ B mpaBoil dacth
u 3amene ero B mpegene npu r— 0 Ha

ierchr—:—:—z—% { Esg—z2 dz_lg_g} —

I

Gr
Gr
2 10 . 26
_ —= Zd _— T . .
VT (Se o yE @9

Takum o6pasom,
o~ 8YLG2

1 n 1
2 sz'é—Z o +Z 7] erfc{G|l|}——T/—_. (2.39)
10 g
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Bupaxenasa (2.37) m (2.39) comepskar eme OZHY CHUHIYJIADPHOCTH:
pacxogarcs 4ieH ¢ g = (. Ograko, mepexoisa K BHIACIEHUIO TOCTOAH-
woit Magenysara (2.28), mMel BHUNTaeM OJWH DAJ H3 APYroro, m 3TH
CHHI'YIAPHOCTH B3aMMHO YHUYTOMKAIOTCA. JTO 006CTOATENBCTBO O3HA-
9aeT OpocTo, 9YTO CPeJHUA NoTeHIHAN KasIoi MO PelleTKH, BHYncisIe-
MH 0TeapH0, 651 651 6€CKOHETeH, HO MOJIHEIA 3apAL BCEI0 KPACTAJLIA
paBeH HYIIO.

TakuM 06pa3oM, BHIIOJIHEHHOE HPe0UPa3oBaHHe MMEeT W HeKOTO-
puiit uamdaeckuil cmpica. Paccmorpum Temepb Gollee CIOMHBIA CIy-
gait. Ilycrs mpm gaEHOM KOJIeOGAHWM DEIMeTKH B KaXKJOM y3je BO3HH-
KaeT JHOOJbHHEIA MOMEHT

p(f)=peiat. (2.40)

Kyaomoscrkoe mosie, COOTBETCTByIOMEe pacHpefeleHHi0 3apARa
B TOYKE r, JaeTcs HPocTod (GopMylofl 3iIeKTpPOCTaTHKH: OHO IIPeJ-
crapiAer co00H rpafmeHT MOTEHIWANa, CO3JaHHOI0 AHUMONAMA

EQ=v{p0-v(7ar) }=vev {Arimg ) @4

IMoxydamBiasgcs cyMMa IO y3j1aM DeIIeTKH eCTh JHIIb HECKOJIBKO
yCI0/KHeHHBIH BapraHT cyMMut (2.36). 9Ty cyMMy MOKHO BEYHMCIHTDH
B TOYHOCTH TAaK 3Ke, KaK Mbl BHIYHCJIAIN BEHIIE A 9aCTHOTO Cilydas
¢ Bextopom q = 0. B pesynbrare moaydaem BmpameHne

Qia-l o4 g D rolargrac: .
‘?"T_TT:?ZGT AR Z ll rrerte (Gl —rlh

(2.42)

KOTOPOE MOJKIIO muddepennMpoBaTh MOYWIEHHO B COOTBOTCTBAM ¢ (op-
mynoit (2.41). M umeem 3gech daxrtmaeckm Te Ke GOPMYIH, UTO
m mpu paciere Kod)QUIMEHTOB CHIOBOTO TEH30Da (2.12), ecam mpum-
HATH, 9T0 MeKAY HOHAMHU [eHCTBYIOT KYIOHOBCKHE CHJIBL.

PaccMoTpuM BRJIAA B SIEKTPUYECKOe IIOoJe OT WieHa B IEPBOM
cymie ¢ Bexropom g=0:

E,(r)= — 4c 42”*G2‘pqqq (2.43)

3a ucKIO9eHAeM MHO;KUTENA exp (—¢?/4G?), 5T0 ecTh MaKpPOCKONMA-

geckoe oinexrpmdeckoe mone E (r), cBsg3aHHOE ¢ MaKPOCKOMHIECKOH
BOJHOH HOJIAPHU3ALMHA

p (r) =peia-r (2.44)

B KpHCTaljie, PacCMaTPHBAeMOM Kak civiomuas cpefa. TaxuM obpa-
30M, BHpaskenue (2.41) MoKIo Hepemmcats B BHIE

E () =E (1) +- -2 (1—e-ic? “’“’q+2{}+z{} (2.45)
g+0
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M5 He 6yneM 3aTpyQHATH Ce6A BHIMCHBAHMEM BCEX WIEHOB B CYM-
Max mo g @ mo 7, a IpPOCTO 3aMeTHM, 9TO 9TH CYMMbI GEHICTPO CXORATCA
[mcrmouaa oxpecrHocTh Toukm r = (), THe MOMKHO BOCIOJNB30BATHCSA
OpHeMoM, OPMMEHEHHHM npm BhBoZe dopmynn (2.39) mus ycrpaHe-
HEA cOOCTBEHHON 3HEPrHA AMMOJNA B Hadaxe Koopauuat]. B moxydwen-

HOM BHPa)KeHHH ABHO BLIEJeHO MaKpockommaeckoe rmoiae E (r), Koro-
poe mwioxo Beger cebx BOamsn Toakd q = 0; ocraoni@eca WIeHH OECTPO
CXOJATCA JIJA BCeX 3HAYEHHH BEKTOPA ( M OHO3HAYHO ONPEeNedAnT
nokanbHoe moie (cM. § 2 rua. 8).

IT0 MOKAJIbHOE [OJie MTPAET BAKHYI0 POJb B AAHAMUKE DelleTKH
HMOHHOI'0 KPHCTAJIIA, TAK KAK OHO CIOCOGHO MOJAPH3OBATH CAMH HOHEL.
Bosaukaomue Opu 5TOM MHIYNAPOBAHHHE TUIOONH B CBOIO OUepenb
JAOT BKIAX B CHIEH, AelicTByiomme Ha HWOHH. WX Hamo yIHTHBATH
mpu cocTaBaeHHE 3PPERTHBHOTO CHIOBOTO TeH30Dpa (2.4): meHTpaIbHOoe
mapHOe B3aHMOJIEHCTBHE MeKIY TOYEIHHIMHA 3APAJAME OKA3HBAETCA
HeJOCTATOYHEIM [IA OOMCAHUA SKCOEPHMEHTANbHHX RaHHHX. [ladn-
HaA ¢ 9TOC0 OYHKTa TeopwH, POPMYJIH BHTIAAIAT HOBOIBHO CIOKHO,
XOTH M BHBOJATCA IJIA mpocToil ¢mamveckoir momenm. B pamrax
mocJaefHel KayKIuid HOH 3aMeHAeTCH MAaCCUBHOMN «CepAueBmHol» ¢ 3apa-
oM, PaBHEIM, Hampumep, ¢, KOTOPaA B3aUMOJEHCTBYeT ¢ JHIOeHHON
Macchl «000J0YKOA» BAJEHTHHX 3JIEKTPOHOB ¢ 3apAfmoM e-. B raxroi
0600ueur01l Modeals PA3INYHEIE 3aPANE U CHIOBHE IOCTOSHHEE Ipeq-
CTaBIAKT coGoil meuro Goiblmee, 9eM OPOCTO yHOOHEE MOATOHOYHEIE
mapaMerpsl, HCIOJb3yeMbie A COTNACOBAHMA CHOEKTpa KoJeGanmid
pelleTKN ¢ DKCOePHMEHTANBHRIMA MAHHHMH: OHH OTPAKaT (PaKTH-
9eCKOe CYIecTBOBAHME B KPHCTAJIE CHJI HEYeHMPAAbHo20 W MHOTO-
9acTHYHOTO THOA.

B KOBAJeHTHHX HIM METANIHYECKHX KPHCTAILIAX CXOZUMOCTD
PelIeTOTHEHX CYMM JerKo o0ecoedmBaerTcsi 3a CYeT CUJIBHOTO JKpa-
HOPOBAHHA NANBHOMEHCTBYIOMHAX KYJIOHOBCKUX HOJEH IOJOMUTENb-
HHX HOHOB BAJEHTHHIME 3ieKTpoHamu (eM. ra. 5). Ogmaro pacuer
CIeKTpa KoMe0aHU@ 3[eCh YCIOKHAETCA W3-3a APYTHUX THIOB MHOTO-
JaCcTHYHEIX cHi. I 9meay uXx oTHoCATCH, HAOPUMEP, CHIK COOPOTHUB-
JenuA u3ruby KOBaXeHTHHIX cBAszed (§ 2 ria. 4) mim CHaThio rasa
snekTponos mposogumoctu (§ 11 ru. 6). daa HempoBomAmuUX KpH-
CTAJLI0B HeoOXOOUMO Take OPHHATH BO BHHMAaHHWe TUHAMHIECKYIO
CBA3D SIEKTPOMATHUTHOTO MOJIA € TOJsAPHHMHA KONe0aHUAMHA PelIeTKH,
UpHBOTAITYI0 K ofpasosandio noaspumornos (§ 3 ra. 8).

§ 4. YpeabHas Teni0eMKOCTH peHIETKH

OcnosHoe cirefcTBre U3 PaKTa CYMECTBOBAHHA KONeGaHnuil pemeTkn
COCTOHUT B BO3MOMKHOCTH HX TEILIOBOTO BO30YKIEHNUA, 9TO IPOABIAGTCA
KaK BKIAJ B TEIJIOEMKOCTDh TBEPAOTO Teda. UTo6r BEIHCIUTD ee, HATO
ABHO BBECTH BMECTO KIACCHIECKAX KOOPZUHAT Uy M COOTBETCTBYIONEUX
UM HMIOYJIBCOB KBAHTOBOMEeXaHWIeCKHe omepatophl. Bce copmepsxka-
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pne § 1 Hacrogmell rIaBH CBOAUMTCA K yTBeDKIEHUIO, 9TO ¢ MOMOIIBI0
KaHOHPMYECKOTO Npeo0pasoBaHMA BMECTO DTHX KOOPHHHAT MOIKHO
BBECTH HOBEIE INePeMEHHbLIE, ONMCHBAIOMMUE CHCTEMY He3aBUCHMBIX
rapMOHMYECKAX OCHHIIATOpoB. OTCOma SABCTBYET, YTO PacCMATPH~
BaeMbie BO30yKIeHusA JOMRHB NOMIMHATLCA craTHeTaRe Bose — Jiin-
nITeHa: HOPMAIBHOMY KOMeGaHHI0O MOKHO COOGIMMTH T060e TUCIo
KBAaHTOB BHEPrHE HAvg, THe Vq — COOTBETCTBYIOMAs KIACCHIECKAA
9aCcTOTA.
CratmcTudgecKas MeXaHMKa B DTOM CIy4ae YTBEPHKIAET, 9TO B Cpejl-
HEM HMeeTCs
1

Ng —m————»
q Avq/hT
e T

(2.46)

KBaHTOB Ha KoJeGaHWA (-T0 THOA; COOTBETCTBYIOIIME BKJIAJN B 3HED-
TMI0 eCTh

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

3nech yUHTHBAeTCA W HHEPrHs HYJNEBHX KojeGammid, KOTODPYIO
B manpHeffmem Gymem omyckarh. TakmM oGpasom, CpeqHss 9HEpPrus
BCedl CHCTEMHl [aeTCA BHIPayKeHHeM

— Fiv
g=>) e —, (2.48)
q

rfle CyMMEDOBAEHE BEJETCSA IO BCEeM THIaM KojeGammit (T. e. HEe TOJBKO
10 BCEM DA3IUMIHEIM BOJHOBHIM BEKTOpaM, HO W OO BCEM HOISpI3a-
THSM).

IlockonBKy q-BEKTODHI pacupefenens B 06paTHOM HPOCTPAHCTBE
¢ WIOTHOCTBIO V/87®, 9Ty CyMMy MOHO 3ammcaTh B BHfle MHTErPANa;
HaKOHeIL, YAeIbHYIO TEeIIOEMKOCTh MOKHO BRYHCIHTDH, Auddepen-
IUPys HONyIeHHHH HMHTETpa; [0 TeMIepaType:

2 hvg/RT
c 1 o8 _ 1 1 S SS (vg)e ™ d® (2.49)
v= 37 kI? 8n3 S hvg/RT . g- :
Ilo7nonApraauy (e —1)

9TO BHpaMKEHWE MOKHO OPMAJIBHO YIPOCTHTH, BBEMS CNEKMPA.1b-
Ryl naomuocmy koaebanuli pewemku %P (v)dv. llo ompemenenuio,
BermguHa P (v) dv ecth poas ofmero umciaa KoneGaHHE, mpUXos-
nlascA Ha HHTEPBAl 9acToT OT v A0 v + dv. B cayuae cTpyKTyDH
C n aTOMAaMH B bJIeMeHTapHOH sdeiike Bcero mmeercsa 3nlN KomeGamumil.
Taxum obpasom,

hv/kT)2 MVRT :
Cv = 3nNk S %W)T-:—”Z_ D (vydv. (2.50)

Ilpu atoMm, ommako, BCA 3agava MPOCTO MEPEHOCHTCA HA BHYUCIE-
ane pynrnma P (v), KOTOpoe MOKeT HoTpe6oBaTh MONHOIO pPEmeBHA
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AMHAMUYECKUX YpaBHEHWH, oMuCHBAaOMuX Koxebanus pemerku. ['py6o
npubam;KeHHyi0 QOpPMYNYy MOMKHO HOJNYIUTHh B CIEAYIOMHAX MPEINo-
JIOMEHUAX

1. BygeM y9uTHBaTH JHUIIh aKyCTAIECKHE KoJeGaHUA, mpudeM
JIOMYCTUM, 9TO OHH XapaKTePU3YIOTCH OOUHAKOBON CKOPOCTBIO 3BYKA:

Vg = §q. (2.51)

2. 3ony BpunnosHa, B mpefenax KoTOpOH HAXOOATCH pa3pelnen-
HBle 3HAUYeHHA BEKTODA (, 3aMeHHMM cdepoil Toro e obneMa B obpaT-
HOM ITIPOCTpPAHCTEE.

Bropoe npegmonosikenne osHagaeT, 9T0 CYmECTBYeT MAKCHMAaIbLHOE
BOJIHOBOE 9YHCIO i KoJdebGaHW pemieTKH, TaKk HasHBaeMoe debaes-
cKoe 60an060e uucao q,. Jlebaesckas cgepa ammpoKCHMEDYET 30HY
Bpunawsna. Paguyc cdepn aerko maiitm, saMmedas, 4To OHA HOJKHA
cogepsxatbh ToYHO /N TOYeK OPH INIOTHOCTH HX B (-IPOCTPAHCTBE,
pasuoit V/8n?. CooTBercTBeHHO AOMKHO GHITH

V 4 o =
T. e
B2 \ 1/
=) - (2.53)

Ilopo6Hasa anmmpoKcmMamus 4YacTo OPUMEHAEGTCA U B TPAMOIN
pemeTtre, A9eiika Burnepa — 3eiita samenserca cgepoil Buenepa —
Jeiimya ¢ pagmycoM I's m ¢ TeM ke o0beMom

2 =v. (2.54)
CilemoBaTeabHo,
9n \Vs 1 25
0p=(F) 50 o=~ 26 (2.59)

D
HpyraMu cioBaMu, 2paHudHes JAuRA 604HBL AKYCTUYECKOTO THIA
JuImb HeMHOTO 060iblie CpPefHero JuaMerpa dJIEMEHTAPHOH AYeHri.
B pemerke He MOTYyT pacumpoCTPAaHATHCH BOIHH ¢ Golee KOPOTKOR
JIIMHON BOJIHEL.
C yweroM [BYX yKazaHHHX JONYIEHHN CHEKTpalIbHAas IIOTIOCTD
IpUHAMAaeT BHJ
dng?dg 32

D (vydv= dv, (2.56)
THe vp = sq, ecTb Jebaesckas wacmoma, Dopmyna pmna ymensHoH
TemyoeMKrocTl Gymer

vp e/T

" (v /kT)2e"V/BT 342 . T \3 zdez
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My mososxunu sgechk z = Av/ikT nm
k® = hvp. (2.58)

HocueHee PaBeHCTBO AeT oLpefereHue memnepamypvl Jebas ©.

Bripaskenue (2.57) @ ectb 3HaMeHuTHil saron [[e6as Oas menao-
emrocmu (fur. 24). OHO mMeeT 0OYeHB NPOCTYI0 CTPYKTYPY.

1. Korma ormomenme 7/ Beaumko, BepXHHM Ipefer WHTerpaia
MaJl E IOJHHTEI paIbHOe BHPAsKeHNe MOKHO Pa3iOKUTh B PAX MO CTe-
meHAM z. B pesyiabraTe mojayuaem

o 4 1 /03 |
2z
{ mai=z(7) - (2.59)
0
CooTBeTCTBEHHO
Cy = 3NE. (2.60)

910 ects 3akon Jwaonmza u IImu.

2. Ilpu suskux TemMmepaTypax BePXHHIf mpe/ies HHTETpajsa BO BCEX
TPAKTHIECKH HHTEPECHHX CIYIagX MOMKHO YCTPeMATH K OecKoHed-
moctn. Torja EHTErpal CTPEeMHTCA K HOCTOAHHOW 4m%/15 u

Cy ~ 2% Nk (%)3. (2.61)

910 ecTh XOPOIIO H3BECTHHIH KYOUUHbIL 30KOH (T® menaocemrocmu,
cOpaBelIUBHIl IPH HHUBKEX TeMIeEpaTypax.

Mopmyna Jlebas ompaasiBaeTcs JIA GONBIIAECTBA TBEPIHIX Tel,
a Temmepatypa JMebas TaGyImpyercsa Kak (uamYeCKHMH mapamerp
pemectBa. Oma paer HamGo-
nee ynoOHHIA B AUHAMHYECKOH
TEOPHH pemeTKH MacmTab Tem-
mepaTypsl: BerwdnHa kO mpep-
CTaBIACT MAKCHMAIBHBIH KBaHT
¢ DHEPIrHH, CHOCOOHHI BO36Y-
IUTL KojeGaHAA  PeIIeTHH.
Kpome Toro, temmeparypa ©

3Nk ==~ === == mmmmemseo ooz

3
T CBAI3aHa CO CpejHell CKOPOCThIO
3ByKa B KpHCTAJJe COOTHO-
0 - . TeHneM
/0 kO = hgs.  (2.62)
@ur. 24. 3axkon Jle6as miA TEIIOEMKO-
CTH. Tem He MeHee IIDH BHBOJE

dopmyasl (2.57) 6p11K clemaHb
cample pajUKaibHEe YIpomenns. BBl IPUHAT 0YeHh CHeuajbHbIHd
BUJ] CIEKTPAIbHOH INIOTHOCTH KOJMeGanuil pemerKn (¢ur. 25, a). Coor-
nomenne P (V) ~ V2 JOIKHO BHIONHATHCA BOIUBH TOYRH V = 0,
KOTJa MaTepHalx BejeT cefa Kak yLPYrwil KOHTHHYYM, HO pPe3Kmi
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o6pHIB CIIEKTpa Ha UacToTe V, He 060CHOBaH. Bomee TouHHIe pacuers
(pesynbTaTHl KOTOPHIX TpENCTABIEHL, HanpEMep, Ha ¢ur. 25, 6)
IOKAa3bIBAIOT, 9TO HMEETCA OOMMPHBIH YIACTOK € HECKOILKIME IHKAMH,
OTOPEIE COOTBETCTBYIOT Kosle6aHuAM Pa3iInaHOl IONAPA3AIMHT, CHIBHO
OTIHIANIMAMCA TO0 CKopocTAM. MMeerca Takyke TeHmenmuA K o6pa-
30BAHHUIO 3aMETHOr0 IMKA NPH BHCOKUX 9acTOTAX, ITO CBASAHO C CHIIb-
Hoit amcmepcmeil BOMM3H rpaHUN 30HHE. KpuUBHE 1A 9acTOTH Vq Kak
dynrnum BexTOpa  ymromaiorcsa (cp. ¢mr. 22), m, ciemoBaTeIBHO,
MEHY TOBEPXHOCTAMH, OTIAMYAOIIUMECA II0 TacTOTE Ha dv, 3aKI0-
qaercsa Goxpmmii o6beM B (-POCTPaHCTBE.

D) 21

Yy v 0 v
a &

@rr. 25. a — pebaeBckuil CIeKTp; 6 — MCTHHHHI CIEKTD KONeGaHHA pemeTHH.

Ilpa paccmorpeHmm pemerkn ¢ (asmcoM Heo6XONHMO HPHHEATH
BO BHHEMaHHE TaKKe ONTHIecKue Koaebammsa. Yacrora mx Majio s3aBH-
CHT OT BONHOBOTO BEKTOPa, W II0O3TOMY B3[€Ch JyUIle IPHMEHAMA
Mmodeav Jinwmeiina, B KOTOPOH BCeM KoaeGaHMAM IPHIHACHIBACTCA
ogH H Ta ke wacrora. Orcioma

hvo/hT e./T
. (ﬁVE/kT)Z (4 E - (BE/T)ze E
Cy = 3Nk i e 3Nk P (2.63)

rae O — slinwmelinosckad memnepamypa, oupepeiseMas PABEHCTBOM
kO = hvg. (2.64)

Cnexyer 3aMeTHTh, OfHAKO, UTO W A CIOKHOTO KPHMCTALIa
MOKHO OELTO GH BHPA3UTH TEIVIOEMKOCTb B BHME eAHHON (POPMYIH
He6as, ecnm 65t Benmauny N B popmyie (2.57) MH camTaiy He THCIOM
JJIeMEHTAPHHX A9€6K, a4 TMOJHHEIM UACIOM aTOMOB B KpHCTALie. JTO
KaK pas To caMoe, 9TO MOJIYIHI0Ch OH B IPeHeOPEKeHnN pa3indusaAMI
KOODAWMHAT M MacC aTOMOB B 3leMeHTapHOH sueiixe. Qopmyna leGaa
He COJNIePHT HHKAKNX IIapaMerpoB, XapaKTepHa3yomumx ¢arTmae-
CKYI0O CTPYKTYypy KpHcrannaa. IlostoMy yrasammmit mopxopm Mor 6ur
flaTh He Takoe Yy mioxoe mpmbiammxenwme. B cymmocrdm, MH OpmMe-
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HfAEM HCKYCCTBEHHO YBeImMdeHHyI 30Hy Dpmiiosma [pacimmpenmyro
3omRyI0 cxemy (¢ur. 26, a)] n npenebperaeM HarmuHeM HISIH, KOTO-

Coepa Jedan

=" [
© e

Axyemuveckas cemeb Onmuveckan semsb

&

@ur, 26, [ToBepXHOCTH HOCTOAHHOW 9ACTOTH JJIA AKYCTHYECKOH M ONTHYCCKOH
BerBeit.
G — B CX€M€ DACIMAPEHHBIX 30H, 6 — B ABYX OTHElILHBIX 30HAX.

pas BosHHKaer (Kak, Hampmmep, Ha ¢ur. 19, 6) 3a cyeT meconmaje-
HAA Macc A ycnonm“r ABUKEHHMA AJd pa3lH4lbIX aTOMOB B 3JIeMeH-
Tapuoil sAdelike.
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§ 5. CmekTpanbHas INIOTHOCTH KoMeGaHMil penreTkn

QarTHUecKoe BHUHCIENNE DPACHPEJEIEHHS YACTOT HOPMATbHBIX
KoJeOaHUl cocTaBifgeT 3ajady wHCAeHHOTO pacdera. YToOH monecTH
ee JI0 KOUT@A, WeT WHOTO IyTH, KpoMe peuleHHs ypapHeHud (2.13)
IS TYCTOIl COTRKH 3HavYeHMIl BeKTopa ( M OIpejeJdeHnsa UuCIa 3HAUe-
it GYTKIIN vq, HONAJAI0MAX B KayKBi MHTEPDAN IJIHHE dv.

CymecrByer, 0THAKO, BAKEBIH NPUNIAI (TaK Ha3biBaeMas meopena
Ban Xoea), xotopomy nopumnsiercs Gysarunsa 9 (v) m KOTOPHIl onpe-
Jeidger NpUpony ee cuuryasprocrei. Ilommoe pokaszareibcTBo »TOM
TEOpeMB He BXOJANT B HAIUM 3ajadm, Ho o0muil Xo07 paccysxmeHimil
HITTePOCE.

Jns mpocroTst 6};1e1\1 PacCMATPHBATE JUIIL OJINY BETBL CHEKTpa
(pur. 20). doxs obimero umcaa komebauuil ¢ TaCTOTAMU B IHANMA30Ie

dv paBna
D W) dv:S%S S S dd, (2.65)

rjle MHTErpUpPOBaHHe BeJeTcsA IO 00BeMy CIOA B (-IPOCTPAHCTBE,
B KOTODOM VvV < vq <L v 4 dv.

Brenem BerTop
Ovg  Ovg  Ovg )
Vq=VqVq=(qu’E1 E

T. €. TPajueHT 9YacTOTH Vq B (-UPOCTPAHCTBE. OTOT BEKTOP UMeeT
pasmeproCTh cropoct: (B Momenu [leGas OH paBeH CKODOCTH 3BYKa)
U UTpaeT BajKHYI0 POJb BO BCEX 3aav¥aX, CBABANHLEIX C IIEPEHOCOM
9HEPruH BOJHOM. JlefcTBHTeNBHO, 3TO €CTh HE YTO WHOe, KaK 2pyn-
n06as CKOPOCMb BOJHOBOTO IIaKeTa € BOJHOBHIM BEKTODOM ( B cpefe
¢ JAHHBEIM 3AKOHOM [JUCIIEPCHH.

Onpenenenne (2.66) mossoaser $opMazbHO YUPOCTHUTE GopPMYIY
(2.65). Bospmem aemenT 0GbeMa B -IPOCTPAHCTBE B BHAe NWIHHAPA,
60KOBag TOBEPXHOCTH KOTOPOTO IEPHEHJUKYJIAPHA HOBEPXHOCTH
vq = v. laomane ocmoBanmsa muauugpa nycrs Oymer dS,, a BHCOTA

dv

Hanpasmenne nopMaTi K IOBEPXIOCTH Vg = V COBIIaJlaeT C HAIIPAB-
JeImeM BEKTOpa Vg, Tak 910 U3 (QopMyas

(2.66)

1
D (v) dv=rgsy SS dS,dq, (2.68)
ciaemyer . I
D (v) = SﬂaNS Ak (2.69)

riae vq ects abCcoM0THAS BeNMYMHA BEKTOPA V.
(DopmymH (2.69) mpr Gymem mONB30BATHCA KaK B TEOPHH Kodeba-
HUH pemeTKH, Tak I B TEOPHM 3JeKTPOUHLIX cocTosannii. Cama 1o cefe
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sra opMmysia TOBODHT HEMHOTO, HO OHAa IWO3BOJIAET BHIACHUTH TPH-
poxy cuHTyaspHOCcTeidl GpyHKmuE P (V). ITH CHHTYIAPHOCTH JTOJKHB
BO3HHKATh B KPUMUYECKUT MOYKAT, B KOTODHIX BeNMIMHA Uq obpa-
Maercs B HYJIb, T. €. PYHKIHUA Vq ABIAETCA JTOKAJBHO (IUIOCKOI.

HpeamonoxuM, 910 ToUKa ¢, kpurwieckasa. Ilockoapry QyHEnuA
vq HENPEePHBHO 3aBHCUT OT (, €6 MOKHO Da3NOKATH B OKPECTHOCTH
aroft Tourm B pax Teitmopa. Jlmmeitnbii wien pasio)keHAsA Opoma-
naer, TaKk Kak vq = 0. KBagparTwunble wieHs ¢ momomblo mpeoGpa-
30BaHHA K TIJAaBHHM OCAM MOMHO NPHBECTH K CyMMe KBaJpaToB.
Takmm 06pa3oM, MOKHO HAIHCATh

Vq="VeF+ ol + i+ okl + ...y (2.70)

rme § = q —(c €CThb BEKTOD OTKIOHEHHA OT KDHUTAYECKOd TOUKH,
OTHECEHHH K BHODAHHLM IJIaBHHIM OCAM, & KO3QQAMUEnTH oLy, 0y, %g
OIpeNeJAITCA BTOPHMHA HPOM3BOAHHIMA (QYHKIMHE Vg IO KOMIOHEH-
TaM BeKTOpa (|, BHUMCIEHHLIMH B KPUTHIECKOH TOUKE.

IMycTts, HampumMep, Bce KOBPOUIAEHTH Oy, Oy, O3 OTPHIATETBHEL.
9To ozHaTaer, 9T0 (yHKIUA Vv UMeeT IOKAJbHEE MaKCAMYM H HOBEpX-
HocT: mocToaHHei wactorsr (2.70) cyTs ammmmcoman. Hak maBecTHO
#3 aHANATHIECKo#l TeoMeTpmd, oGbeM, OTPaHWIEHHEIH TaKOH MOBEPX-
HOCTBIO, COOTBETCTBYIOMEH TAaCTOTEe Vq = V M OKDY/KAIedl TOUKY (e,
eCcTh
(VC—VSS/Z
| sogog |2

in (2.71)

Inddepernupysas mo v B COOTBETCIBAH C ONpe[eleHAeM (2.65),
HaXOJuM

/1) Pp— — " oL} (2.72)
402N | ayazats |2

dra popmyaa copaBefamBa OpHA v < V,; ecaIu v > V., TO OKpe-
CTHOCTH TOUKH ¢, He jlaeT BRJIaja B Benwunny I (v). Bunno, 4ro
CHHTYIAPIOCTh PACCMATPUBAEMOTO THIIA He MODPTHT HeIPepHBHOCTH
camoit Qpyakmum & (v), Ho ee mpomzBogHas 0 (v)/6v HCHsITHBAET
paspHB W CTpeMUTCA K —O0, KOLAa Vv —> V. CHH3Y.

Ferb m IpyTHe BO3MOKHOCTH ANA KODPPUIHMEHTOB Oy, Oy, 3.
Taxk, ecin ofuH W3 HAX IOJIOKATENeH, a /iBa APYTHX OTPULATETBHEL,
TO BOBHMKAET cedo6as mouka. B 9TOM ciydae BHJ COIEKTPA B OKPECTHO-
CTH TOYKH V, IO yIaeTcs u3 Tex ke GopMyT aHaTuTAIeCKOU TreoMeTpuu:

C+0(V—Vc) (V<Vc)v
B 1/ .

2 C———-———T/(v—vc) 2LOW—Y) (V) (2.73)
4n2N | ayogos 72
Kak w B OpefbAymeM CiIyiae, paspulB HeNPepPLIBHOCTH HCILITHBAET
TOMBKO IPOM3BOHAA: (GYHKIMA C OHOCTOPOHHEH BepTHKAIBHOH
KacaTenpHOM makTajiniBaercs Ha miasmylo gyEkmmo C + O (v — ve),
KOTOpas BO3IMKAeT 3a Cd4eT APYTHX obiuacTeid 30HE BpunniosHa.
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Beero, kak morasano Ha ¢mr. 27, cymecTByeT deTHIpe TAIA KpH-
tagecknx ToueK. Cameone S; m §, 0603HATAIOT CEAIOBEIE TOUKH COOT-
percTeenno 1-ro m 2-ro Tmooe [mocmegEME moaydYaercs, KOTAa JBa
Ko?(pPHIMEOHTA O HOJOKATENBHB, a OJNWH OTPHIATENEH; NOBEIEHHE
dyrKmam npm 5ToM o6paTHo TakoBoMy mia ¢ymrkmmm (2.73)). Caywait
MUHEMYMa, OYEBHIHO, AHAIOTHYEH CIYYal0) MAKCHMyMa.

PaccMoTpeHHEEIE TONTBKO 9TO CHHTYJIAPHOCTH HE OY€Hb ONACHH,
HO OHE BechbMa BaskHHL. Teopema Bam XoBa, mo cymecrey, yTBep:Kaaer,
910 cnekmp Ooadcen codepacamb no kKpalinel mepe no odwoil kpumu-
yeckoli mouke obGoux munos Sy u S, u umo npouseodnas Pyrryuu

D | ¥

Murumym Maxcumym
1 \

®ur. 27. Pasgpusne TEON coHEryaspEOocTeii mo Bam Xosy.

14

D (v) doascna cmpemumubcs K —O00 HA 6epIHEM KoHYe cnexkmpa.
IoxasaTenbcTB0 Tpebyer 3HaHMA HEKOTOPHX TeopeM (YEKOUOHAIb-
HOH TOIOJOTHH, KOTOpOE€ 3[ech He mpefpnoiaraercsi. Xof paccyskje-
HAH, OJHAKO, MOJKHO HOPOMJLIICTPHPOBATH Ha ClIydae JBYX H3Mepe-
mmit [Torma cemioBbie TOYKH NPHBOAAT K JOTapAPMAYECKAM CHHTY-
NAPHOCTAM, & TOUKH 9KCTPEMYMOB — K KOHEYHEIM Pa3phiBaM QyHKIHR
F (V).

CyTh flema B TOM, 9T0 9acTOTA Vq €CTh HEeNPEepPHBHAA HIEPHOgHIe-
cKag QyHRIOHUSA BeKTopa q B oGpatHoM mpocrpaucrse. Ilycrs oma mmeer
MAHEMYM B HEKOTOpoil Touke m B 30He Bpmmmiosna (¢ur. 28). Ama-
JOTHYHEE MUHHMYMB OYAYT, OYEBHAHO, H BO BCEX HKBHBAJIEHTHHIX
tToukax obparmoit pemerkn. IlycTh fmanee vq /[I0CTHTaeT MaKCHMYyMa
B HeKoTopo# Touke M B 3ome BpmunnosHa. JTa KPHTEYECKAasA TOUKA
Oy/leT COOTBETCTBOBATH BEPIIAHE XO0JMa, BOSHHKAIOMEro BOKPYT TOYKH
M B cxeme moBropsromuxca 30H ). Takne Bepmunm GymyT pacupene-
JdeHs] Mo BCceMy 0o0paTHOMY IPOCTDAaHCTBY.

1y Ecnd MaKCEMYM IONAjaeT B YIoJ BOHHI, TO MOMKET NOKAa3aTbCs, 9TO HHETe-
IPHPOBATh ClefyeT JUINIb IO Toif 9acTH 061acTH, KOTOPasA JEKHT B IPEAenax
30HH. ABTOMATAYeCKN MOABATCH, OQHAKO, H BKJAAH OT APYIAX YIJOB 30HH, TAK
4TO pe3yABTApYIOmee Bhpamerme Gyner mopo6Ho (2.72). B cmpaBepnmpocTd cKa-
3aHHOTO J€TKO yOefHAThCs, CABHEYB 001acTh HHTEIPDEDOBAHAA TaK, YTOOH BKIIO-
49ETh B Hee paccMaTpUBaeMHi NHK HeankoM. WHTErpEpOBATH MOMKHO IO 410603
2JIeMeATapHOM sdefiKe 00paTHEOH pemeTkH; 30Ba BpmamiosHa BHGEpaeTca nBIIb
AASA TPOCTOTHL.
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Pacemorpum temeps myrs MM, coeMHANmMKI JBAa MaKCHMyMa.
QyaROUA vq OOMKHA MEHATHCA BIOIL HEro; B HEKOTOPOH Todwe X
OHa JOCTHTHET CBOEr0 MAHMMAJIBHOTO 3HAYCHHS Ha 3ToM nyTH. Dymem
Temeps IpPOW3BOJBHBIM 00Pa3oM COBAFaTh Ham NyTh. lorma Boa-
HOKHET cephsa Todek X, X, X. Ouaum 06pasyior fpyroit HempepHBHEI
OyTh, OH Hem3GeHO AOJKeH MPONTH Tepe3 TOUKH M, MOCKOJBKY

B HUX QYHKIHA Vq KOCTH-

MA— /M/Z raer aOCOMIOTHOTO MHIIA-
@ /‘;5% V,

AR MyMa.
\
/f J \ PacemorpuM renepsb myTh
TN mm, TPOXONAIMMUI MeKILY
7/ I
il N asyMsa  MaHumyMmamm.  Ha

@_)@_Hﬁ*_*__‘)(.ﬁ_@ 3TOM TYTH HOJKEeH GbITH MO

)

|

|

|'
! \ L /i Kpalineil Mepe O/TH MaKCH-
{ N P myM S. IT0 cejToBaA TOU-
i AN //’ ! Ka; OHA COOTBETCTBYET M-

N\
; N e ' HUMYMY Ha myrta tuna MM
i 3 5 -
@ i @ i M MaKCHMyMy Ha IYTH TH
i ! nma mm. Taxum obpasom,
! ' Halla (YHKIOUA Vq AMEeT Io
1 _‘——-~——-.———6——— —— = KpaiiHell Mepe OJHY KpHTH-
20U GO3MONCHOIU GOl Op N
3/egMEHmapHoz]ﬂllez]/(u a0pammod pewemnpy  1€CHYIO TOURY THIIA S.

B ofmem TtpexmepHOM
@ur. 28. OrHcKaHAe cefIoBoll TOUKM. caydae OPH HAJIWIAU TPex
AKYCTHIECKIX BeTBeH CIeK-
Tpa pacCy#geHHA YCIOKHAOTCHA. B medTrpe 30HHM DBpmimoara
(r. e. B Toure q == 0) pmocTmraerca abCOMOTHEI MHHHMYM [JIA
BCeX Tpex BeTBed, HO QYHKOUI0O Vq 3[eCh HeIb3sd PasiIOkHTh
B pag Teiimopa, a cropocrs me ofpamaercA B HyIb. KipoMe Toro,
HomepedHsie BETBH HEPARMIHIMMBl M IIOTOMY TacTOTY Vq Hago pac-
cMATPHUBATh KaK JBy3Haunylo ¢yHRmmo . Ofmako TeopeMa B TOM
BHIE, B KaKkoM oHa 6pu1a cPopMyampoBaHA, Mo-TIpe)RHEMY CIpaBefl-
A@MBa AJA BCeH CHeKTpanbHOH wmiorTmoctun. Pasymeercda, HCTHHHOE
YUCIIO0 KPUTHZECKMX TOYEK MOKeT 3HAYATeNbHO IIPEBHINATH MHHH-
MaJIBHOE WX 9IHCIO, YKABAHNOE B TeopeMe.

§ 6. JIndpaknua Ha AAEATLHOM KPHCTANLIe

Ecnu 651 BCe aToMBl KpuCTalla 3aHHMATH TOTHO IIPeHA3IATEH-
HHE JUIA HHX y3JIB PEIIeTKY, TO Bce HabaiomaeMele U3HTECKHAe Beli-
qUHbI, CBABAHHEE ¢ KPHCTAIIOM, GbUIH OBl CTPOTO NEPHONHYECKIMU
¢yrrnuavu. Hanpmmep, moTeunmanbpHAA DHEPTHA JJIEKTPoONA y0-
BIETBOPSIA 6K YCIOBHIO

7 (r 1) =T (). (2.74)
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[Iycts Ha KPHCTANI HANpPaBIeH NYI0K OBICTPHX 9IEKTPOHOB.
IIpn pacceannu Ha TaKOM DOTeHIMAase GyAyT DPOMCXOUTH HEPeXO/ibl
BIEKTPOHOB M3 OHOTO COCTOSHHA B Apyroe. B GopuoBckom mpubim-
JKEHHE TeOPUH BO3MYIIEHMH BEPOATHOCTh NEpexXojia M3 HATAIBHOTO
cocroanmsa ¢ Boamopoit ¢ymrmumeit ¥y B komewmoe (Wy:) mpomop-
MIOHAJbHA KBAjApaTy MATPUTIHOTO OIEMEHTa

M@ykEES Vi (r) 7" (r) P (r) dr. (2.75)

BosrMeM BOJAHOBEHIE (YHKIMH B BHe ILIOCKHX BOJH
Yy = eik-T, (2.76)
Coracuo gopmyie (1.15), moTenmuan MoKEO pasnoskuTh B pag Dypre
%m=§%gw. (2.77)

Taxum obpasoM,

Mk’k::g =t S g eigereikrdr = 77y S i (k+8-K") T dp —
¢ g
{ 7 gy ecnuk +g—k’ =0,}

0 B apyrux caygasx.

(2.78)

Ecau Bexrop k ¢urcupoBaH, T. €. IEKTPOHE B NAJAIONMeM MyIKe
MOHOXPOMATHYHH U HMEIOT TOYHO OIpe/leJieHHOe HaumpaBleHne [BH-

Jladarowuil

TYHOK -~ K _k
Kpucmani™ =~<Z \,17 A paguiee
a
@nr. 29. o — mudpaKnEsA PEHTTEHOBCKEX Jyuedl; 6 — HOCTpOeHME cdeprn
JBaJbaA.

jReHusA, TO AU(PATMPOBAHHBIE LYIKH MOKHO HAGIIJATh TOIBKO
B HaUpaBIeHWAX, COOTBETCTBYIOIMAX BOJHOBHIM BEKTOpaM

K =k+ g (2.79)

rie g — OfAH W3 BEKTOPOB 06pATHON pemeTKH KPHCTAILIA.

B namnmom caydae Hajo emme IoTpe6oBaTh, 9TOOK SHEPIHH madpa-
THPOBANTIOTO U IAJAMNEro MYIKOB Opuld OJUHAKOBH, T. €. 97008
COOTBETCTBYIOMHE BOJTHOBEE BEKTOPHl MMEJIH OffNHAKOBHIE JJTHHBL. aTo
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HaKJIaJgeBaeT OrpaHMYeHMe Ha yroa paccesammsa. OGosHaumm gepes
20 yrox mexpay sektopamn k m k', Torna

lg| =2 |k|sin0. (2.80)

YT0OH yROBIETBODHTH STUM TeOMETPHYECKAM YCIOBHAM B 06paTHOM
OpOCTPAaECTBe, HocTpomM cdiepy Jsaavda (dur. 29, 6), paguyc OP
KOTopoi#l paBeH BOJHOBOMY BEeKTOpPY majgamomero Jjyda. Ecam magamo
KoopamHAT B 06paTHO# pelIeTKe MOMECTHTH B TOIKY [, TO BEKTOp g
J0J:ieH IepeBeCTH HAC B TOYKy Q, mpmiem OQ coBOajaeTr ¢ BOJIHOBHIM
BekropoM k’. CiemoBarenbHo, Audpakmusa BO3HAKAET NpPH TaKHX
OpHeHTAlEAX KPHUCTANIa OTHOCHTENBHO IAAIONMETo JAy9a, IPH KOTO-
PHIX TOUKa ofparHo#i pemerkd momamaer Ha cdepy.

To ;xe caMoe MOKHO BHIpasuTh u nHade. Hak mokasamo B § 3 ra. 1,
IJImHA BeKTOpa o0paTHO#l pemeTkm ofparHO mpomOpIHOHAIBHA pac-
CTOAHAI d MEMAY IUTOCKOCTAMH, K KOTODHIM 3TOT BEKTOP NepIeH-
TAKYIAPeH,

2nn
lgl==7 (2.81)
rme n — mexoe umcao (06IMuUA HamGONBMIME MEJHTENb KOMIOHEHT
BEeKTOpDA g OTHOCATEIBHO TPOHKHE oceil B 0GpaTHOM I pPOCTPAHCTBE).
CoorBercTBeHHO 0G03HAYNE depes3 A IIXHY BOJHH HAAIIMAX JIEKTPO-
HoB, moaydnm u3 dopmya (2.80) u (2.81):

nh = 2d sin 0. (2.82)

JTO0 COOTHOMEHHE HM3BECTHO KaK 3axoH ompaxceHus Bpoezea ). Ero
HeTPYAHO BHIBECTH, pacCMaTpUBas COOTHOMEHHA Mekay dasamu
OY9KOB, OTPAKEHHBIX OT
OOCIENOBATENBHO HAYIIHX
IIOCKOCTel pemeTkn. Yro-
OH mudparapoBaHHbIe DyY-
Ki OBUIM KOTEepeHTHH, Ha
u3bprroutiom  mytu A BC
(¢mr. 30) pomxmuo yria-
JRIBATHCA I[EI0€ THCIO JJINH
BOJIH.
Benrmguna MaTpudHOIro
Our. 30. BpaI‘I‘OBCRoe OTpaKeHHe. 9JIeMeHTa pacCeAHHA 3aBH-
cur or ynknun 7°g. Mor-
70 OB MOKA3aThCA, UTO s HMEKTPOHOB 3Ta QYHKOHA ecTh Pypbe-
o6pa3 NMoKaabHOTO moTeHmuata. OfHAKO IS OYeHb MEIIEHHBIX
3JIEKTPOHOB 3TO, IO BCell BEPOATHOCTH, HempaBHALHO. MpH eme
BEPHEMCS K TamHomy Bompocy B § 6 1. 3. PaccMoTperntan Teopus cmpa-
BEJUINBA M A ONHCAHMA AMPPAKIMHA DEHTTEeHOBCKUX Jydeidl ¢ TeM

B
dsind dsin8

1) B mameii muteparype ofpaHo ymorpefiserca 6ojee TOTHOe HA3BAHMC:
dopmyna Bynnda — Bparra.— ITpum. ped.
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JHIb NCKJII0YeHMeM, 9T0 Ha NOCJHeIHHe BJIMAET JOKalbHAad ILIOT-
HOCTh DJEKTPOHOB B KpmcTaiie. IJoCKoIbKY, OflHAKO, 3Ta ILIOTHOCTE
TO/KE eCTh HepuoAudecKaa (GyHKmusa, mogobno ¢yuxmmm (2.74),
gudpaKOuoOHHAA KapTHHA KAadeCTBEHHO He Menserca. Teopmsa, M3I0-
JHEeHHAA B 3TOM maparpade, pa3yMeercs, OTKPHBACT IYTh K U3YMUTEIb-
HO CHOMHOMY M YCHEITHOMY U3YYEHHI CTPYKTYPH KPUCTAJLIOB
¢ TOMOMBI) PEHTTEHOBCKHUX Jydeil.

HeiiTporsl paccemBaoTca raasHmM o6pasom Ha safgpax. Coor-
BETCTBYIOMUA DOTEHIHAI HOPAaKTUYIECKH HeabToo0paseH B HpOCTpaH-
CTBE, HO CYIMECTBEHHO MEHAETCHA OT ajieMeHTa K diementy. Daxrm-
9ECKH, HNOCKOJIbKY CEUeHMA DAaCCeAHHMA HEATPOHOB pasJMYHBIMA H30-
TOAMH OJHOTO M TOTO K€ HJIEMEHTA CHIBHO OTIHIAKTCA HPYT OT
Opyra M OOCKOJIBKY dTH H30TOOH 0EeCHOPANOIHO PACIpe/ e eHEl
B KpuCralie, Bcermga Gymer
CYmecTBOBAaTH  HEKOTOpas |
OIS HeK02epeRmMH020 pac- |
ceAHWsA, co3panmasa aud- 5

E
]
i

$ysmoHHnE ¢on HA gED-
pakouonro#i kKaprtmue. To
7Ke CaMoe MOjKeT CIYIHTHCA
JaKe B IPUCYTCTBHH Off-
HOTO JHIOb H30TONA, TaK
KaK HeATPOHBI 9YBCTBUTEI b~
HHl K ODHEHTANWH CIHWHOB
a4 - @ur. 31. ApTndeppoMarEWTHAA CTPYKTYpa

Audparmua HEUTPOHOB C Y/IBOEHHOI 5JleMeHTapHOH Ad9elKoi.
IpemcTaBIAeT 0coObIA HHTE-
pec IA W3YYEHUA AHMU-
deppomazrumunz KpuctadioB (¢mr. 31). AToOMH DTHX KPHCTAIIOB
HMEIOT TOCTOSAHIIEIE MATHHTHHE MOMEHTHI, VIOOPAMOYEHHHE Tak, 9TO
MOMEHTH BCeX AaTOMOB OJHOH IOMPENIeTKH HaNpaBliensl B OHY
CTOPOHY, a JPYrod — B IPOTHBOMOJOKHYK. MaruuTHble CBOHCTBA
TaKkMX cucreM Mu pacemorpum B § 6 m 11 ra. 10.

3mech Ke 3aMeTHM TIPOCTO, 9TO HEHATPOH, obmamaromuil MarHHT-
HBIM MOMEHTOM, YYBCTBUTENEH K JIOKAJIBHOMY MATHHTHOMY IOJIO
Ka)KI0T0 aToMa B coocoGeH pas3imiaTh aTOMbI, B KOTOPHX MATHHTHEE
MOMEHTHl OPHEHTHPOBAHH IO-pa3HOMY. B peayabrare sieMeHT IepHO-
OMIHOCTH CTPYKTYPH YBEIHYHBACTCA, 9TO MPUBOAHT K YMEHBINEHHIO
pasmepoB adipextuBHON 30HEH BpumirosHa. [loABIsIOTCA HOBHE BEK-
TopH oOpartHo#l pemerxm (cp. ¢ur. 19), a ciegoBaTenbHO, W HOBHE
awHnE Ha jgufpaknmonmnoi KaprwHe. OHM HA3HBAOTCA JIHHHAMK
MASHUMHOL ceepIpeulemrl.

WNzimosxenmaa BhIe JiIeMENTADHAA 2COMEMPUHECKAS MEOPUS
IuppakOuu Ha KpHCTAILIe HIIOPHPYeT HEKOTOPhie YCIOKHeHHuA,
HallpIMep BJIMAHME TEIUIOBHIX KoneGaHHH pemreTrd, paccMaTpHBaeMoe
B caegyomeM maparpage. Hamo yaecTs Takske HellpephiBHOE B3amMO-
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JelicTBue Majalolmero u audparmpoBaHHOrO Jydeil ¢ HmocaeqoBaTelb-
HBHIMH ATOMHBIMA CIOSIMH TpPH IPOXOJKIEHNH OTHOCHTEIBHO TOICTOTO
ob6pasma. IT0 TPUBOAHT K PAAY CIOKHHX 9PPeKToB, TAaRHX, Kak
nepsuunoe zauleHue W masmuuroswill spgerm. Hua obbacHeHMA HUX
MPUXOIUTCA TPUBICKATh QUHAMUUECKYID meoputo TUGPAKIUA pPeHITe-
HOBCKMX Jyueil. CymecTBo meaa COCTOHT B TOM, 4TO DPeHTTeHOBCKHE
ayuu (MM 3JAEKTPOIGI, WIN HEeHTPOHH) IPHU PAcHpPOCTPaHEHHH B KpH-
crajne obraganoT gacmepcereil CKOPOCTH, 0COOEHHO €CIW IOYTH YIOB-
JCTBOPAIOTCA YCIOBUA KorepeutHoidl mupparmum (cm. § 3 ra. 3). [sa
ny4ya wiaum GoJabIIee MX YHMCI0, MPUHAMIEKANEe pPa3THIHLIM IOBEPX-
HOCTAM IOCTOSHHON B3HEPTHH, MOTYT BO30YMIATHCH OIHOBPEMEHHO
M 3aTeéM, pacupocTpaHsasch mo obpasny, uHTepdepHpoBaTh JApPYT
¢ apyrom. B caywae dugparyuu sserkmporos maaoli sHepaul TaKkHe
dOYERTH ITOTHOCTHIO ONpenensaioT HabJIogaeMyl KapTHHY SBICHAR

(cM. § 9 ra. 6).

§ 7. lndpakuua Ha KpucTanie ¢ Koae(aiomesicsa pemeTKoi

Paccesorpum Temephr Gomee obmuit cryvail, Korga ImoTeHIUaa He
obasarensrno mepuopmaeH. Ilyers oH mpencraBaser coboit cymep-
MO3UOUI0 ATOMHBIX HOTEHIMAJIOB

7 (1)=27"a(r—Ry), (2.83)

rge BekTop R; samaer QarTmuecKoe IOmOjKeHWe TOrO aroMa (HMIH
MOHA), KOTOPOMY CJaeloBano Gu HaxomuThed B yaae I, a yurmus 77,
eCTh MOTeIual, CO3JaBACMEIA OTHEeabHLIM aromMoMm. [lms ympomeHus
samucu GyaeM paccmarpuBarTh pemerky bBpass.

Torga mMarpudnsiii sinement (2.75) mIpuHMMAaeT BHI

Mk = S e—ik’r 2 Vot —Ry) ekrdy =
12
M §ei k-kD-r 7", (r—Ry) dr =
12
Syt G UKD RO (R . (2.84)
12

Hasxppiit murerpax B 910l cymMe HOMHHAIBHO Gepercs mo BeeMy
[IPOCTPAHCTBY WJIM II0 KpaiiHedl mepe mo Bcemy npucranay. Cregyer
ORUIATH, OJHAKO, YTO PAJMyC AEHCTBIA aTOMHOTO ItoTeHnuana 7 4 (r)
o4eHb orpanwded. llpm DTOM pesynbrar MHTErpUpPOBAHUA eNBa 1IN
MOJKET BaBHCETh OT pACIIOIOMKEIHs I[MelTpa 5TOro IoTelnHana —
roukn R,. Bsenem sexkmop pacceanus

K =k' — k. | (2.85)
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Torga paceMaTpEBaeMblil MaTPUYHBIH diaeMent Gymer

Mre=Ta (K) 5 D e” ™, (2.86)
1
rme Mel BBeaH (ypbe-o6pas aroMHoro moTennuana ')
7o (K) =— S Vo (r) e~ iK1 dr. (2.87)
c

IIpepcrapienne MATPHIHOTO IJTEMEHTA B BuUJle IPON3BEJCHHA
amomHo20 I cmpykmyphozo garmopos BecbMa Tosesno. lpexae Beero
pPACCMOTPHM CTPYKTYDPHHIA (PaKTOP A H@ANBHON PEeLIeTKH. Ilyers
JUIS1 BCeX Y3JI0B PEIIeTKHA

R, =1=lLa, + l,a, + lsa,. (2.88)
3anumeM BEKTOpP pAacCesiHHA B BHJE
K = K;b; + K,b, + K;3bg, (2.89)

rie by, b,, by — tpoiika o6patubix 6asucusix Bekropos (1.19). Torpa
CTPYKTYpHEHT arrop Gymer

S‘ e— K- l— Z e"i(Kili-I-Kzlz-l-Kala):
T 14,12, I3
_—_—( Z e—iKili)( Z e—iKzlz)( Z e—iKals):
0<l4<Ly 0<lg<Ly 0<i3<La
/| o—iK1L1\ [ _ = iKals\ [q__,—iKsLa\
- ( | — g~ 1K1 ) (\ 1_e—iK2> ( 11— ¢ K3 ) : (290)

rue, Kak 1 B gopmyue (1.76), senwaunsr Ly, L,, Ly cyTs amcia aie-
MEHTADHEIX fYeeK, KOTOPHe YKIAUHBAITCA BJOJNb KAjKIOU U3 CTO-
pOH KpHCTAJIA.
Rammeit  MHOEHETerhr B gopmyrne (2.90) mopagxka efnHHLE!
1 GeicTpo ocmmrampyer mpm nsMernennn Bekropa K. Jlwo6oit mponece
yCpeHEeHHA o0 HeRoTopoit obaactm 3maveHmit Bexropa K obparmr
970 BHpaskeHme B Hydb. VCKIodeHnme COCTaBIAeT CIyTIadl, KOTHa
obIacTp yepenHenms BKJIOUaeT HYJIH BceX 3HaMeHareineil. B raxoM
cuygae
e~k — e-iKr—g-iK3 =1, (2.91)

9T0 MOKeT GBITH BHITOJTENO, JHIIL eCau Kammoe u3 amcex Ky, K,
K, kparno 2m ¢ memouncieHHEM Koosddmmumenrtom. Io, cormacuo

1y My Bpenu 3fech Beamaniy N = 1/v; (amcno piemeHTapHBIX ATeeK B MaK-
POCKONMIecKoi efuBuie ofbeMa KPHCTAlia) s TOro, 9To6H dyuruua 7°, (K)
COXpaHHJIa pasvepHocTs smeprum. Ilmockme Bommn (2.76), BXopAmHe B BhI-
paukenue (2.84), Taxske, 04eBUJHO, HOPMUPOBAHH B MaKpPOCKOIHMIECKOH efUHHIe
obbema.
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ounpenenenuio (1.20), 310 ects ycaoBme copumamenma BekTopa K
¢ OHAM W3 BEKTOPOB O0paTHOH peIIeTKHA g.

Ecan sertop K meficTBuTeIbHO paBeH BEKTOPY 06paTHON pemIeTKH,
TO KaK YHCIHTEIb, TaK W 3HAMEHATelb B Ka/KIOM COMHOKHATENE B
Boipaskerun (2.90) pasuHe Hydo. Boappamasck Torma K HCXOZHOR
cyMMe, BHINM, UTO KasKblil ee WIeH Ipu 3TOM mMeeT Buf exp (—ig-l)
M, CIefoBaTeJlbHO, TOYHO paBeH egUHHIlE, a CaMa CyMMa paBHa
Orcioga BHITEKaeT BasKHOE IIPaBHIO

L Z e~ iK1 By o, (2.92)

rie 8-cuMBoa paBen Hyxw, ecinm K He coBmamaer ¢ ONHAM M3 BEKTOPOB
00paTHON pemIeTKH g.
IlomcraBusa BHpamenme (2.92) B pasencteo (2.86), momyuaem

Mk =T"a(8) 'k, g (2.93)

9TO B TOUHOCTH COBIAJaeT ¢ MOJYIEHHHM paHee peayiabratom (2.78).

IIycts Temeph B KpmcTajie BO3OYKOeHH KoixeOaHWA peMIETHH.
Kamauii aToM CMemeH H3 CBOEro HAEAJBbHOTO HOJOMKEHHA B y3le
peniersn:

Ri=1-+u= z+) (Uqeia-t + Uge—ia-y), (2.94)

rae senrnaunHa Ug, Kaxk u B gopmyrnax (2.8) u (2.10), ects BexTopHaA
aMILIUTYNA KOJe0aHAA ¢ BOJHOBEIM BEKTOPOM (; CYMMa GepeTcs TONbKO
10 HOJYIPOCTPAHCTBY BEKTOPOB ( H [NISl BEMECTBEHHOCTH CMEINeHMM
nobaBiasiercs KOMIUIEKCHO compsuxenunoe ciaraemoe Ug = U_g.

Mopcrasnsaa Bektop (2.94) B crpykrypHbit MHOMKHTedb (2.86),
noxydaem '

_117 S) o KRy =% > exp[—iK-{l—i— S (Ugeiat 4 U;e—iq.l)}:l =
! a>

14
=¥ [e‘“‘"H exp {— iK- (Ugelat +U;e—iq-l)}] . (2.95)
4 Q>

JT0 paBencTBO TOYHOE. Pa3nomuM Temeph SKCIMOHEHI[HAJIBHEIC
QYHRIIH, apryMeHT KOTOPHX nponopruoHanen sekTopy Ug (o mpen-
TOJOKEHNI0, 3TO MAJI0e CMemeHIe):

exp { — iK.(Ugeld! 4 Uge-ia-Y)} =
=1—iK.(Ugelt! 4 Uge~ ) — | K. Ug]>... . (2.96)
IopcraBum a1o B dopmyny (2.95). Ilocne smumcnenns mpousse-

IeHusa MOABHUTEA, ouesuapo, wied tuoa (2.90), Koropsii ommceBaer
IuQPAKIUOHHYI0O KapTHRY I WHEANBHOH KPHUCTANINIECKOH CTPYK-
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Typw. Jlanee Gymer ciegoBaTh CyMMa BCEX WIEHOB, JHMHEHHHIX
mo K-Ug, 7. e. BEIpajKeHHe BHAA

AN e ikt (K Ug) eitt= o 3 (—iK-Ug) 3 i (1=Kt =
4 q q 4
= O (—iK-Ug) 8k_q, g; (2.97)
q

3ech IPHHATO BO BHEManme pasencteo (2.92). Kak msr yugum B § 9
HacTOAIel TyIaBwl, KBagpaT Monyis B (2.96) Takske OnBaeT BaskeH,
n00 uMeeT Henm3MeHHHIA 3HAK.

Y1065l HOHATH CMBICI 3TOTO Pe3yabTaTa, PACCMOTPHM ABA CIydas.
Ha ¢ur. 32, @ sextrop K nesxur B 30He Bpminmosna. Jto ozmadaer,

Jora Bpunmosna Jdoxa bpunmoska

dur, 32. ¢ — HOpMANBHEE MPOIECCH; 6 — mpolleccsl mepebpoca.

9T0 BONHOBOI BeKTop k' paccesHHOr0 31eKTPOHA (HIM PEITIEHOBCKOTO
JIyda, HIH HeATpoHa) oTmdaercs 0T McxogmHoro BekTopa k me Gomee
deM HA IOJOBMHY BeKTOpa ofpaTtHo#t pemrerkm. llo yclIoBHIO BOJHO-
BLie BeKTOPH ( OrpaHmdent 3onoli bpuinosna, Tak 9o B cymme (2.97)
ocraercsi TOabKO caaraemoe ¢ Bextopom q = K. Ipyrmmm caosanum,
MATPHYHHI DJEeMeHT [Jisi Takoro mepexopa Oyper

Mg = —i{k'—k)-Ug} 7. (k' —Kk), (2.98)

rae
q=k'—k. (2.99)
Ecau :xe Bektop K we sescum B mpemenax mepsoil 30Hm bpmi-

nosra (pur. 32, 6), To B cymme (2.97) ocraerca omun wien. Mmenno
CyIecTBYeT BeKkTop (, Taroil, uto K —q = g, 1. e.

g=k —k — g (2.100)
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3ona DBpumnaosnma, Gymyum smemenrapuoit sueiixoit obOparHOi
pelieTKky, MOKeT OBITH MOBTOPEHA TaK, UTO0H TOUHO HOKPHTH BCE
mpocrpancrso Bektopos K; mio6oir Bexrop K mommo omgHO3HAIHO
MOCTPOUTH M3 HEKOTOPOTO BEKTOPA g — BEKTOPA TPAHCIAIUU B 06paT-
MO peImeTke — M BEKTOPA (, KOTOPLI, II0 OIPEdeNenHIo, JEHHT
B mpemesax OMHON sieMeHTapHOH sSUeiiKu 3T1oé pemerku. B coorser-
crBum ¢ § D ra. 1 Bexrop q ecth Bexrtop K, npusedenwnri k meppoit
soue Dpuinmaosna.

Nrar, B oboux cayuasax cmpasemmumea Qopmyrna (2.98), mpuues
mogxofAmee 3HaUeHHE BEKTOPA ( OMpeIelNseTcsd OJHUM U3 COOTHO-
menni (2.99) u (2.100); ecar B moausii HAGOP BEKTOPOB 06paTHOMN
peleTkr BRIIOYHTL U BekTop g = 0, 10 cootmomenue (2.100) Gymer
npuMeHuMo Bcerma. Paccesnme mmeT B Mio6oM HampaBlIeHHH, HO ero
AMIUIATYOa 3aBHCHT OT aMINIUTYIH TeX Kojebanmil penieTsu, BOTHO-
BOM BEKTOP KOTODHX YAOBIETBOPSET YKABAHHLIM YCIOBHIM.

§ 8. dDouonnt

BoamokHOCTE paccesiHms ompefgensercA He TONBKO TeM, odpa-
maercs WIN He o0pamiaercA B HydAb MaTpUYHBIN aaement. JomykHO
BHIMOJIHATHCA el YCJIOBHe COXDaHeHHA dHepruu. B caydae mpealn-
HOU pemnieTKu BCA CHCTEMA CTATHYIHA, M MOITOMY HAYalbHOE H KOHEd-
HOe COCTOSHHUA IIEKTPOHA (PEHITeHOBCKOTO Jyua, HEUTPOHA) HMET
OOHY W Ty 3Ke 9HepTHIO.

(DaxTHYECKH peIIeTKA HAXOMUTCA B HOCTOAHHOM ABUA:eHUH. Bex-
top Uq B dopmyre (2.94) momxeH comepsxaTh BpeMEHHOH MHOKUTEID
THIA eXP (ivgl), TAe vq eCTh JacT0Ta HOPMAJIBHOTO Koe6aHHA C BOJ-
HOBBIM BeKTOpOM (. Ha camom gene, Uy ecTh cyMMa Tpex BEKTODOB,
pPA3NHYAIMUXCA [0 AMINIUTYMAe, HAOPABJICHWIO W 4acToTe, JTH BEK-
TOPH COOTBETCTBYIOT TPEM pa3iIHYHHM AKYCTHIECKHM KOIeGaHUAM
¢ MAHHHIM BOJIHOBBIM BeKTOPOM. BozpMem moka OHO M3 TAKHX KOJe-
OaHuil ¥ BCIIOMHAM, 4TO BOJHOBHE (YHKI[MH IAAal0I(ET0 U PACCEAHHO-
ro nyukoB ¥y u Wy mommuel orsBeuats osuepruam & (k) m & (k).
CoOTBETCTBEHHO y HHX HOABJAAKTCA BpPEMEHHbIE MHOKHTENH THHA
exp{i€ (k) t/A} u exp{i& (k') ¢#/#}. llpm ycpegmennmm =0 BpeMeHH
HPHAETCH BHMHCIHTH MHTErpANH BUAA

S exp [ 1 (8 (k) — & (k') + vg} 7 | dt,
KOTODLIE PAaBHHEI HYJI10, eCaHd He BBIIIOJHAETCA YCIOBHE
& (k) — & (k') + Avg=0. (2.101)

Odpyramm cioBamm, Audpakmusa OKa3HBaeTCA Heynpyeol; NYyI0K
npuodpeTaeT KBAHT DHEPTHMH TOTO KoIeGaHHs peUIeTKH, ¢ KOTOPHIM
OH B3aMMOAEUCTBYeT.
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Arto mamero eme He Bce. Cimaraemsie, cocrasiasmomue Ug, OyayT
comep/KaTh TAaKe U KOMINIEKCHO  COHDHJKEHHBIA  MHOKUTeNb
exp ( —ivqt); 9T0 mpHBOAUT K AMGPAKIUA ¢ TOTepeil BIeKTPOHOM
KBaHTA DHEPrWH fivq. B o6omx ciyzasx HamedeHHBIe COOOpaskenus
MOJKHO CTPOTO 06OCHOBATH C MOMOIIBI0 CTAHZAPTHOI IecTanuonapHoi
TEOPHN BO3MYIIeHHI.

Veaonuan (2.100) u (2.101) mokHO gaTh 0UeNhb HATAATHYIO HIITEP-
mperanmio. MBl TOBOPHM, 9TO HAJAOMMUI MeKTPOH (WIH PEHTTEeHOB-
CRuil Ny, WIH HeHTpOH), B3AMMOJEHCTBYS € pemeTKod, IOTHO0MAeT
(um moposkmaer) (ool C BOIHOBEIM BEKTOPOM ( M dHeprmeil Avg.
9TH IPOIECCH MOKHO HPEJCTAaBUTh Tpaduuecku € HOMOIIBIO [Ha-
rpamm Tuma maobpaskeHHbix Ha ¢ur. 33, @ mwiu 6. Ycmosme (2.101)
BHIPA/KAGT 3AKOH COXPAHEHNS dHEPrHN B TaKMX MPOIECcCaX.

a 7]

@ur. 33. IlpomeccH pacCeAHUA 3IEKTPOHA.
a — TorJomeHue QoHOHa; 6 — Manyyerne GOHOHA,

Ecan rtemeps mocmorpers Ha ycaosme (2.99), cumpasegumpoe s
Bcex sexropo (k' —k) B mpemenax mepsoit 30mH bpmamwsma, TO
BUIHO, 970 OHO BHIJAIAT KaK 3aKOH COXPAHEHHA HMIyIbca. Y MHO-
was ero ua fi, uMeeM

ik’ = hk - hq. (2.102)

K mMoyabey saeRTpoHa I0GABHICA K6A3UUMNYAbC MOTIOMEHHOTO
doHOHA Aiq. B aTOM m cocromT ompaBganme Ha3BaHHA (Horon (MmO aHa-
JOTHH ¢ «HOTOHOMY) ISl KBAHTOBAHHOTO aKYCTHIECKOTO BO30Y:IIenus
¢ 9acTHIEeno0OHKMI CBOMCTBAMH.

Oprako B ofmeM ciydae BTOT «3aKOH COXDAHEHHS HMIYIHCa»
He BHOOJHAeTcA: Kax BupHo ws yemosua (2.100), smerTpon MoKeT
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npro6pecTn WIH IOTEPATh B MONOIHEHHE K MMIYJALCY (QOHOHA eue
mMuyabe Ag. Mel HasoBeM TaKkHe LPOMECCH npoyeccamu nepebpoca,
mnn U-npoyeccamu '). O cnenmansrom cayuae (2.102) 6ymem roso-
PHTh KaK O HOpMaAAbHOM npoyecce, MIm N-npoyecce ?).

B cymmoctm 3meck HeT HAYEro ymmBUTeNbHOro. VaGBITOTHEBIH
AMIOyJILC Aig MPOCTO Hepefaerca KPHCTALIY Kak meinomy. PacemaTtpm-
BaA KojebaTelbHHE COCTOAHHAA PEMIOTKHW, ME He OPHHMMAJIR BO BHH-
MaHHe [BI)KEHHA LEHTPa MacC HAeaJbHOH pemeTkm, Ha ¢oHe KOTO-
poro m copepmaloTca kKojebanmsa. Moskro yGeguThea, 910 $yHIAMEH-
TaJbHBIA 33KOH COXPAHEHHA UMIYJIbCA BREIIOJIHACTCS A BCEH CHCTEMEF
¢ y4eTOM [BIKEHHsd, CBA3AHHOTO M € 3TON cTemeHbi cBoGomm. IIpo-
neccHl mepe6poca MOMKHO NPeACTaBETH cebe Kak pokaenue (mim
yHE4ITOKeHHe) (OHOHA € OXHOBPEMEHHHIM OPITTOBCKHEM OTPAsKEHHEM.
B TakoM mpomecce MMOyJIbC, O9EBHIHO, NEPENAETCA KPUCTAATY Kak
NexoMy.

flpnenme Heympyroit amppaKkuuu naeT BeChbMa IEHHBIA MeTOT
H3yYeHHA ANHAMEKE KPHCTaJJmdeckod pemeTku. mdparkmms mxyua
B HEKOTODOM HAaIDaBIeHHH CBA3aHA ¢ KOJeCaHMAMH pemeTkH, obia-
TaloM¥MHA OIPEeTeHHHM BOJHOBHM BEKTOPOM . M0KHO moCMOTpers,
KaK M3MEHWIACh SHeprus IuparHpoOBAHHOM YACTHIEL, M, CIEIOBAa-
TeJIbHO, H3MEPHTh BedmUuny Avgq. PaccmaTpmBas pasnmdambie Hampas-
JeHHS W NO0-PAa3HOMY ODHEHTHPYA KPHCTAII, MOXHO BHYEPTATDH BCIO
¢yErOnio vq. Pasymeerca, sta QyHKOEA WMeeT HECKONBKO BeTBel
¢ Pa3iIMYHOM HmoJfApm3anued, HO HX OPH CHUCTEMATHIECKOM pPacCCMOT-
PEHEM MOJKHO Pa3aelnThb. UYBCTBUTENLHOCTh HEATPOHOB K JOKANb-
HHIM MaTHETHHIM MoMeHTaM (§ 6 HacToameil riaBH) HOKa3HBAET, ITO
Ta jKe TeOPHHA MOJKHA ONUCHBATH W HEYIPYIYIO HUPPAKIAI MOJAPH-
30BAaHHHX HeHTPOHHHX NYy4KOB Ha Maznonar (cM. § 10 ra. 10). Tlpn
BTOM H3BIEKAETCA AHAJNOTAIHAA HHPOPMAOUA O 3aKOHE JHCHEPCHE
MarmoHOB.

OgHaro TaKOM ONHT NPAKTHIECKH MOMKHO OCYIHECTBUTH TOJLKO
C TEILIOBHIMHUY HEATPOHAMMY, [UIMHA BOJHE KOTOPHEIX HOPANKA HOCTOAH-
HO#l pemerkm, a sHeprua mopsaaka 0,1 s¢. Ilpm aTom cuBur sa cuer
pHepruz (QOHOHA, KOTOpas MeHbmEe wWim OopAgra kO (mpumepno
orosio 0,01 28), mosxHO nerro HabnioogaTh. A 9IeKTPOHOB MIH
PEHTTreHOBCKHEX JyYed SHEePras OYYKa AOJKHA OHTH MHOro Golbmie
(meCATHKM HMJH COTHH 3JIEKTPOHBOJBT), H IIOITOMY HE3HAYHTENbLHEIE
M3MEHEHUs DHEPrHEM OpH TAPPAKOMHA He YIReTCA 0OHADYKHUTH.

ITpaBuno or6opa mia KBasmmmuyinca (2.102) ocHoBaHO Ha HATAYIAR
B pemeTKe MalpHEro HmopAAkra. YUTo jKe MOMYUYATCS, KOTHA TaKOM
OadbHUA MOPANOK OTCYTCTBYET, KaK 9TO MMEET MECTO B JKHIKOCTSX
HIH CTeRiax? Yupyras gupakmusa OOpenelisanach Ob Torga KBamgpa-

1) Ot memenkoro caosa Umklapp.— ITpux. nepes.
%) Ot amrmamiickoro caoa Normal.— ITpux. nepes.
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TOM MOAyJA MaTrpmuHoro smemenra (2.86), Kotopwiit B cBOW ouepens
OpPOOOPIHOHATEH KBAApaTy MOAYJA CTPYKTYPHOTO (axTopa

SE)=| 5 F e[ =
[

1 e-—iK'(Rl—Rz')z% SP(R) e~ K-RJR,  (2.103)

~NT
w

Oudparimonnas KapTuHa 3aBUCHT 0T ¢ypre-o6pasa mapHoi pyRKOAn
rkoppeasanun P (R) — BeposaTHOCTM 00HADY/KHTH JBa aToMa Ha pac-
croauua R apyr or gapyra. B kmpxoctd 310 €CTh He UTO HHOE, KAaK
obwuHasg paduaavhas PyHEYusL pacnpedeserus.

JT0 paccykgeHne Jerko 0606muUTL M MOKa3arh, YTO AMILIATYAA
neynpyeoti mudparmma S (K,v) npaercs pgBoiineiM ¢ypre-o6pasom
dynkyuu roppeasyuu P (R, t), sasucaweii om epemenu. llocnennan
PYHKOAA JaeT BepOATHOCTh OOHAPYKATh KaKOH-HHOYDH aToOM B TOU-
ke R B MOMEHT { mpH YCIOBHH, YTO aTOM (BO3MOKHO, TOT K€ CAMBIi)
onpependentHo Haxommica B Touke O B moment (. Hampumep, mceremo-
Banme Audpaknum HEATPOHOB MO3BOJAET N3MEPHTh YaCTOTHHIH CHEKTp
QIyKTyamumil WIOTHOCTE C BOJTHOBHM BeKTopoM K — ¢mamieckyio
BeJIHM4YMHY, KOTOpasA OIMCHBAETCA OYEeHH OCTPOH (yHKOHEeHR TOABKO
IJA pemeToK, OTHOCHTEJIbHO Onm3kax K umeanbrod. ITomoGHEIM ke
06pa30M mOJAAPH30BAHHKE HEATPOHH AudparmpyoT Ha GIyKTyaumax
cnunosoti naomtocmu. Ilocaenane ONNCEIBAYOTCA AHATOTHIHKIMHE §YHK-
OHAMH KOPPeJAUME HIH uX ypbe-o0pasamMm, 3aBHCAIMUMH OT IPO-
CTPAHCTBEHHBIX KOOPAMHAT (MJIM OT HMIYIBCOB), a TaAK/Ke OT BpeMeHH
(unm oT 3HEPTHH).

§ 9. ®akrop [eb6aa — Yomiepa

Crnaraemuie B gopmyine (2.97), cooTBETCTBYIQMINE HPOIECCAM pac-
CegHAA ¢ yYacTHeM OAHOT0 ()ecHOHA, HEe HCUEPIHIBAIOT BCErO, 4TO
MO’KeT BOHUTH B CTPYKTypHBEIN MHOMmTeXb (2.95). Jlerko Bmpmers, uToO
IepeMHOKeHUe coMHO;KMTesqeit Tmma (2.96), a Tarkke cregyomux
3a HAMU WIEHOB PasJoKeHns SKCIOHEHTH JlaeT BKIAJIB, COMIEPKamme
pasnmunbie npoussenenus mposkureneil Buga Uq exp (ig-7). IIpo rasm-
OB TAaKOH MHOMKATENEL MOYKHO CKa3aTh, 9TO OH COOTBETCTBYET LOPOIK-
ACHOI0 WIH YHAYTOKEHHO (JOHOHA, W, CIEI0BATENLHO, TAKHE IPOU3Be-
IeHUsA OTBEUANT MHOZOPOHOHHBLM RpOYeccam.

Boo6me ropopsa, BEPOATHOCTH 3THX IIPOIECCOB OnicTpo yOHIBaeT
o0 Mepe yBeIN4CeHHA WX MOPSAKA, W OHH He BHOCAT CYMECTBEHHOTO
BKIaga B ¢on Heympyroit gudparknmmm. EcTh, ogHaKO0, BayKIBIH Kiacce
cTaraeMsIX, KOTOpHE IPOUCXOAAT OT KBagparugnoro wiena —| K- Ug |2
B pasmoxenum (2.96) m maoT B cpegHeM HeMmalNwii BKIaj. B3rasmys
Ha Gopmyan (2.95) u (2.96), MOKHO BaMeTHTh, YTO MATPHIHEIH 3IeMeHT
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KaKk yuopyroro, Tar H Heympyroro paccesaHuA [AOJIHEH COJePATD
MHOKHUTEIb

e=2W =][{1—|K-Uq [}, (2.104)
q

TJe TPOU3BeeHne Temeph Hepercsa mo BCEM BEKTOPAM (.
On maswBaercs gaxmopoa Jebas — Yoaacpa. Mol samucann ero
B Takoll Qopme, ykeiafd BOCMOIB30BATHLCA H3BECTIHIM PaBelCTBOM

N-+oo 1 N-oo

lim INI(1—%an) —oxp { —Iim ﬁan}, (2.105)
n=1

nabu mpeoGpasosarth mponspefenne B cymmy. Taxum oGpasom,

e=2W = exp | — 2 | K-Uq?}, (2.106)
q
nin
=+ S K Ug (2.107)
q

YroGhl BLIIACIHTD 3TY CYMMY, Ha/J0 3HaTh aMILIUTYAY (-TO KOIe-
6amua pemerku Ug. Ona Gyger dynxmueil teMmepaTypel. 1\1131 3HaeM,
910 CpeHAA HHEPIHsA TAKOTO KoIeGaHHA faeTcs (opMyJIomn (2.47):

&q= (ﬁq + %) hvgs

rae nq — CcpegHee 9UCIO GOHOHOB JAHHOTO THIIa, ompeneisemoe Gop-
mymnoii Bose — Jitmmreiina (2.46).

B xkiaccmueckoll MeXaHMKe OHEPTHs IPOCTOr0 TapMOHHIECKOTO
KOIeGaHUsA BHUMCIAETCA KAK CYyMMa KHHETHYECKOH M IOTeHIUAIbHOMI
smepruii. Ilocieanne, Kak M3BECTHO, OJWHAKOBEL 1). Tarkum obpasom,
pasenctea (2.1) m (2.8) mator

=S M|uaf=3 NM;| Ut =2 NM; | Ugql?.  (2.108)
sl sq sq

Eciu Ha dlIeMeHTapHYIO A4YeiKy NPHXOJUTCA BCETO OJUH aToM
maccst M, TO

s
o _ba__ (gt (2.109)

qu' - NMV(Z1 Nqu

Tak xax Bexktop Uq UBBECTEH JIA KajkI0H BeTBH CIIEKTPa Koseba-
Huii peImeTKH, TO MBI MOJ<eM B IPHHI[UIIe TOYHO PaccIuTarh $awTop
Nebas — Yommepa.

1) JMeroTcs B BHAY Cpefiine 3HAYCHHA.— [Ipum. peo.
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Yro6u mocMoTpeTh, KaK oH BejieT cels, paceMoTpuM jeGaeBCRYIO
MOJENb ¢ OJMHAKOBEIMEH CKOPOCTAME AJIA BeeX Tpex monu. Jas mwoGoit
3aaHHO OOJAPH3AIMMHM B CpeJHEM IOIYIUM

1
| K- Ug |2=-§KZ]Uq|Z. (2.110)
IIpu ydere Tpex pasIMYHBIX TOJXAPU3ANUEA MHOKATENL Y/, mpoma-

maet ).
C yuerom Boipamenuit (2.46), (2.56) u (2.109) mb umeem

L B 1 ngtte o
Weg K mras ) | | "5 4=
v
1 RPKE 1 1 3w
PR S{eﬁvlhT__1 +7}-gw—aDdV=
0
3 mKT2 ([ 4 1
— 2 TMke3 S {ez_1+3}zdz. (2.111)
0

I

3mech IPHHATH Te e o6osmauenus, uro u B Gopmyne (2.57).
Ilpu BEICOKMX TeMmepaTypax BepXHumil Opejer WHTErpaja Mal
U SKCIOHEHIHAJBHBIH MHOMKHTENDL B HOALIHTETPAJBHOM BHPAKEHAH
MOKHO DAa3IOKHTH B P IO CTemeHsAM z. B pesylabTaTe moiaydaeMm
3 mKeT
—> e, 2.112
W =3 e (2112)

Tarkum 06pas3oM, MHTEHCHBHOCTH PEHTTEHOBRCKOH AudpaKIMOHHON
KapTHHLI, TPOHOPIMOHATIBHAS KBAApPaTy MOAYJIA MATPHIHOTO 3Je-
MeHTa off k', YMEHBIIAETCA B

e—2W ~_ g-3h2K2T/MRO? (2.113)

pas. Muoskmrens (2.113) odeHb CHIBHO 3aBHCUT OT TeMIEDPaTYPHI,
a TaksKke OT JJIMHEI BEKTOpa paccesnus. Tor ke pe3syabraT HOTYIUICH
6p1, eciu O IpM pacyuere cpeqHedl DHEPTHE KAMKIOTO KOJeOaHHA MbI
BOCIOAB30BAMNCHL KIACCHIECKOM CTATHCTHKOM (TOTjia MBI MMeJau OFHI,
ogeBuano, ¢ = kT).

Ilpu rtemoeparypax HmKe fgeGaeBckod QopMmyna YeIoKHAETEA.
3aMeTHM, OfHAKO, YTO IOpU CAMBIX HH3KEX TeMIEpaTypaX BeJMIHHA
W cTpeMuTcH K HEKOTOPOMY IOCTOSHHOMY 3HATGEHHIO. JTO IPOHUCXO-

1) EcTh 0HO I0J€3HO€ IMPABHWJO: B DTOH MOJENM BCe TPH MOJH BHIDOYK/IEHBL
OpH KajKAOM BHAYEHAN BEKTOPA (. II09TOMY BEKTODH IHOJADH3AIAM MOFKHO
BHOPATh MPOM3BOJILHO € TEM YCIOBMEM, YTOOH OHM OHLIH OpPTOTOHAJBLHH. BHOE-
"ParT ofHO KojeGaHue ¢ BEKTOPOM Uq, napanienbAsM K, a gBa ApyrEX — C BeK-

TOPOM Uq, nepueHnuKyaApHAM K. 3T0 ¥ [aeT HY/KHHH pesyiabrar.
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OAT 33 cUeT CIaraeMoro 1/, mMoj HHTETpaioM, T. €. 3& CIeT HY1eshr
KoaeGaHul PemeTKA. JTo He IpeHefpe:kmMo Majbid addext:

3 n2K?
W22 mpm T—0. (2.114)

Bexmanma B npasoit wactm (2.114) cocrasaser Y/, ot smavenma W
upu T ~ ©. Cama oHepeus HYTeBHX KomeGaHHE MOKeT (uUaHIeCKH
He UrpaTh HUKAKOH POTH, HO CBA3AHHOE C Hed Jeudcerue MOKHO Hemo-
cpencTBeHHO HAOIIONATE.

Ovuenp mOX0KEE paccyskieHns o0bACHADT u afiexm Meccbayspa.
CrexTp AMepHOTO y-H3IyIeHIA MOKeT COlePrKaTh 0IeHb Y3KYI0 THHHIO,
KOTOpasA, IO-BHIAMMOMY, He YMHPAETCA HW3-32 TEIJIOBOTO JIBUKEHIA
ATOMOB BOJIHM3W HX TOJOKCHUII paBHOBECHSA B KpHCTasine. Mb mmeeM
3[1eCh [0 1o CYMeEecTBY ¢ INPOCTHIM KiaccmieckmM sapiexmeM. }3-sa
a¢dexra Jlommiepa gacToTa HBNYIEHAS ©, MCOYCKAEMOTO HCTOTHH-
KOM, ABIDKYIIAMCA C IIOCTOSIHHOHM CKOPOCTBIO U, CIBUTAETCHA HA Belu-
quny ov/c. 1lpeamonosmyM, ORHAKO, 4TO 3TOT HMCTOYHUK HOMEINeH
Ha CBASAHHHIA ATOM, OCHWIJIHDPYHMAHR € 9acTOTOR Vq H aMILIATY-
noit Ug. Tlockombky TpH 3TOM CKODPOCTh MEHAETCA BO DBPeMenm, To
MOJKHA HABII0aThCSA WACTOTHAS MOMYJIANHMA HCIYCKAEMOTO HA3IY-
qenusa. Ilomo6HO TOMy Kak 3TO IOJydaeTcs B 3JIeMEHTapHOW Teopmu
pajmomepenaun ¢ 9acTOTHOR MOAYIANHeH, CIEKTD HANIEFO MCTOUNHKA
paciernIseTca Ha DA IHHUE ¢ TacToTaMi ®, ® == v, © &= 2V 0 T. .
Ilusn womebammii ¢ Mamoil AMIUIMTYAOH JONA OHEPTHUI U3 yICHHSA
B HecMemenHoii amnmm cocrapiser mpuMepro 1 — 1/, (k-Ug)?, rne
k — BoxuoBoit pextop y-Poroma. IlpocymmupoBaB BRIanLl OT BCeX
BO3MOKHEIX KoseGammil, Kak 3TO [eIajioch OPH BHBOJAe (GopMyd
(2.104) — (2.107), momydmmM, 4UTO OTHOCHTENbHAS HHTEHCHBIOCTE
HecMeleHHoi TMHUA KoHedHa W paBHA B TouHoCTH Parropy [ebaa —
Youasepa.

Ha craHmapTHOM A3HKe TEOPHH TBEDAOTO Tela MO;KHO CKa3arh,
4T0 WMIYIBC, IepPelaBaeMLlil aTOMy TP Y-H3IyYelHH, TaCTHIHO
pacxomyerca Ha pojerue ($oHOHOB, MPHYEM IHHHA YIMHPAETCA Ha
BEJIMYMHY, COOTBETCTBYIOU(YI0 aHeprum 3THX QoHoHOB. OpHaro Apy-
rag — TaKyke KOHEUHAA — YacTh MMIOYJbCA HepefaeTcA KPHCTaLIy
KaK TeIoMy, He OPUBOASA K HCIYCKAHHIO WIH IOTJONEHAI0 POHOHOB;
OYEeBWIHO, IPH DTOM MMeEeT MeCTO IHNIb GeCKOHEeYHO Majas IOTeps
mnn npmoGperenme) sueprmm. Paxtop [lebas — Yommepa, kKak n
B cuayzae JEPpaRIUA PEHTTEHOBCKAX JIy4eH, H3MepseT HPOCTO
[OJII0 TAKMX YOPYTAX IpOIeccoB (npoyeccos 6es omdauu). Tlonysaro-
[asCA mpefelbHO y3Kas JIMHAA OKA3bIBAETCSH, KOHETHO, IPE3BbIIaiHO
HONe3HOR JiA MCCIefoBaHWsA MAaTHATHHIX ITOJed MOJEKYI U TBEPHbIX
Tes, JUiA IPOBEPKM TeOPHH OTHOCHTEIBHOCTH H T. J.

Ipm BmBome Gopmyns (2.411) momygaercs, Mempgy IpodmM, ermte
onmH MHTepecHsIt pesynbrar. V3 Berpamenwmit (2.1) w (2.8) scmo, dro
cpepnmit KBajpaT aMIIMTYfE KojeGammil Kaoro aroma BOaH3H
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COOTBETCTBYIONIETO y3Ja pemleTKu OpPH TeMIepatype Boime peGaes-
CKOM paBeH

1 9keT
TZ'“’IZ:-ZIUQIZ%W' (2115)
i q

Iipn remmeparype 7 cpemHeKBafipaTHIHOE CMENIEHWE KAMIOTO aTOMa
U3 COOTBETCTBYIOMIETO IOJOKEHHS PaBHOBECHA COCTABAT HEKOTOPYIO
JOOII0 Z, CKayKeM, CPEeJHEro pafmyca djieMeHTapHOH Auedkm ry. Ilpm

3TOM
9R2T
r = l/m— . (2.1 1 6)

Ha sroit mmee ocHoBama gopmyaa Jundemarna das memnepamyps
naasaenus. IlpegmonoskmM, 910 TBEpHOE TeI0 MOMKHO ILIABHTHCA,
KOTHAa £ MOCTHTaeT HEKOTOPOTO CTAHJAPTHOTO 3HAUEHHA In. OTcioga
TeMmepaTypa miaamienusa I, CBA3LIBaeTCA C [OPYIEMA ATOMHBIMHU
NOCTOAHHBIMA TBEPAOTO Teaa

To= S0 MAOY?. (2.117)

OxaspiBaeTcsa, 9YTO IMapaMeTp &Lp, I8 OGOJBIMUHCTBA TBEPAHIX TET
waxoguress B mpegenax 0,2—0,25.

9TUM OPABHJIOM MOKHO BOCIONB30BATHCA [UIA HpUGIHMKEHHOR
omenkn temmeparypet Hebasg mo mamectHoit TemMmepaType ILIaBIeHUA
T ... OHo maer Takse ynoGHHE cnocol miiA OHICTPOI OUEHKN EeInYIH
(mampumep, W), saBucAmux or aMmiInTyas Kosebauuii atomos. Tak,
dopmyay (2.112) MoxHO mepenmmcaTh B BUje
T K2

W= zh—— —
Tm qu ’

(2.118)

rfie ¢p — gebaeBcKoe BOJHOBoe uncao (2.53).

§ 10. ArrapMoHN3M H TenioOBO€ pacUINpeHIHE

B wagane aroil riaBnl MBI pasiarald MOTEHOUANBHYIO DHEPTHC
rpucrayia B pAx Tedaopa mo cMemeHuAM pemerku. Jtot pax (2.2)
Obu1 o6opBan Ha WIeHax Broporo mepsapka. Opmako Gynyr m apyrue
WieHnl pasioeHudA, HampEMep

g =S gy oy [PV (2.119;
=\ Wl | ———— ] A19)
oul, ul,,, oul,, 1o

as'e” -
e
jJ'IJ'II
u T. 1. QakTHIeCKEM pacueT BOSHUKAIOMAX KOdPPUIHEHTOB IpecTaB-
JISleT 096Hb CIAOKHEYIO 3a/1ady, TAK KAK OHH 3aBACAT 0T T€OMETPHIECRHAX

(i)&KTOpOB A TpeTbuX ONPOHM3BOMHBIX OT MEHATOMHBIX NOTEHIOHAJNOB 7.
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C TaKUME QHeAPMOHUMECKUMU UieHaMU CBA3AHO HECKOJIBKO Bajk-
HHX Quaniecknx ABleHmil. 113 nnx manbojee M3BECTHO men.iosoe pac-
wupenue. ET0o He JIeTKO BHIBECTHM HEMOCPENCTBEHIO M3 BEIPAKeHMIl
Tumna (2.119), no o6mas ¢pusngeckan unes gocrarouano nmpocra. C pocrom
TeMIepaTypH YBeIWYMBAETCA M aMIIATyAa KodeGanmil pemeTku,
a 3HAYHT, W CPeJHEKBAApATHIHHE 3HAUEHHA CMEMeHHWA Uy M T. 1.
AnrapMoOHHYECKHMe WIEHbl JAalOT BKJIAA B CBOGOMHYI0 DHEPTHI KpDH-
cTajlla, KOoTopas Telieph He 00d43aTedbHO MHHHUMAalIbHA A Koxeba-
AUl BOAM3M NPHHATOH «paBHOBeCHON» KoHQHUrypamum, B KOTODOi
KayKloe CMelleHHe Uy paBHO Hy 0. [Ipw sToM Bech KpHCTANI pac-
mupsAerca (WIH CHHMAETCA) A0 TeX IOp, MOoKa He OydeT AOCTHTHYT
o0seM, mpu KOTOPOM IHOJHAA CBOOOAHAA DHEPTHA MHHEMAJIbHA.

BBuny orcyrcreusa mupopMammm 06 aHTapMOHMYECKHX dienax,
HeoOXOaUMOR MIA paciera M3 «IePBHX UPHHIHUIOBY, MOKHO (EeHo-
MeHOJNOTHIeCKH IPeNUOJOKUTD, 9YTO 9acToTa KojJeGaHWil pelmeTKm
ecTh dynknusa obvema. [TpEmem mida npocToTH, 9T0 H3MeHeHHE 06beMa
AV npuBOAAT K OTHOCHUTENBHOMY M3MEHEHHIO YACTOTH, OAHHAKOBOMY
IJI BCEX MO:

v _ A (2.120)

Torga moamyio cBoGomHy0 SHEPIHMI0 KpHCTALIA KAaK (QYHRIIHIO
ofbeMa MO/KHO 3amucaTh B BHE

F:§_jc_(”) FRT S (2@%). (2.121)
q

37ech HepBHIfl WieH MPeCcTaBIAeT TOTEHNUANBHYI0 SHEPTHIO, CBA-
BaHHYI0 CO CYKMMAEMOCTBIO X TBEDIOr0 Tela, PACCMATPHBAEMOTO KAk
yupyraii KoHTHHYYM. Bropo#t wmen ecth cymMMa cBOGOTHEIX DdHep-
IMi PasIMIHHX KoaefaTeNbHHX MOJ PelIeTKH B TOM BH/E, B KAKOM
oma OOKYHO MOJAy9aercsi B CTATHCTHYECKOH MEXAHWKe OCHHIIATOPOB
Bose — Jiinmreiina.

Huaddepenqupysa mo ob6beMy u mOAb3yAck cooTHouwenuem (2.120),
HAXOJAM YCIOBHE MEHHUMYMAa CBOGONHON sHEpPrum:

- _
% (AV_) S vhvg L oth g e "4 wE(T). (2.122)
q

3neck € — sueprua Komebauumil pemerkm mpu Temuepartype T, ompe-
npexsemasa gopmymoi (2.48). Mu mpummuru, takum ofpasoMm, K gop-
myse I'prouaiisena: pacmmpeHue mph TeMmmepatype I mpomopmmo-
HAJIBHO INIOTHOCTH CpPelHeHd TemIoBOU sHEpPruu, T. €.

LY — & (T). (2.123)
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Kosgpguyuenm menaosozo pacuupernus, 6ygyan TPoM3BOIXHOA 0T pac-
IIHPEHAS IO TEeMIepaType, OPOMOPIMOHANEH YHeIbHOH TemIoeMKo-
ctu Cy.

CpasumBas pesyibrar (2.123) ¢ omerroM, MOMKHO HAHTH nocmosH-
nyto I'pronaiisena y. OGpano ona 6amaka k 2. Ilocrosmmas mpen-
craBuser coboii GespasMepHHi mapamerp, yA0OHBIH IJIA OMHCAHHA
opeKTOB, CBA3AHHHIX ¢ aHrapMoumgHocrel. Jlas momenm [lebas
coornomenne (2.120) MoskHO 3ammcaTh B BHUJE

'8

y=—209. (2.124)
OTtcroma AcHO, 9T0 MOCTOSTHHAA Y XaPaAKTepPH3yer BIHAHNME M3MEHEHHHA
o6nemMa Ha Temmeparypy llebasa. B meiicTBHTeNBHOCTH 9TO CIMIIKOM
ympolneHnas Moflelb TEIJI0BOro pacmmupennsa. Pacmupenne mo-pasmo-
My BOB[eHCTBYeT Ha DasimIHble MOAH: 3HadeHHWe HapameTrpa y A
OpoROIbHBIX KoiebGamuit 06pgHO Topasfo Goikime, YeM A IOMEPed-
uoix. ITosroMy BEIafs aTHX KosieGanwmil B mpaByio wacts (2.122) mago
paccMaTpwBaTh HOPO3Hb.

AHrapMOHN3M BJIMAET TaKiKe W HA yOPyrue MOCTOAHHEIE, KOTODHE
MeHAIOTCA C HW3MeHeHMeM o0bheMa H TemOepatyph. JTH ABIeHHA
O09eHb CIOKEB ¥ He ONKMCHBAIOTCA DIEMEHTADHOH TeopHeil; OHM
3aBHCAT OT PAJA Pa3IUIHBIX HapaMeTpoB.

§ 11. ®onou-douonnoe B3ammojeiicTBHE

C ¢opmanbHOii TOUKH 3peHmsa Hambolee BayKHOE NPOABIEHHE
AHTapMOHE3MA COCTOMT B HapYUICHAM AMHAMHYECKOIl He3aBHCHMOCTH
pasimiHEX Moj pemerxu. IlogcraBnM, HampuMep, Bepakenus (2.8)
z (2.10) B ¢opmyrny (2.119). Jlna cnytas pemerkun Bpass moskHO
HaOHCaTh

7 =D Ryt wpupup =
e

=2 Y RAuwr:U0UgUpexpli(qel-+q’-T+q"-7)}. (2.125)

wi qq'q”

Mu monb3yeMcs 3fiech CaMBIMH KOMOAKTHEIME 0003HadeHmAME OJA
Ten3opa KosUIMeHTOB TpeThero HOpAAKa U A CKAJIAPHOTO IPOM3-
BeJleHNA ero Ha BEKTODPHI CMEINeHHUA.

Bripaskenne (2.125) Hago yduecTh HpPH COCTaBJIEHHH yDaBHEHHH
IBHKEHHA. XapaxkTep €ro MOKHO HPOMJJIIOCTPUPOBATH, TMPUMEHAA,
Kak M B cayuae TeHsopa (2.6), IDNHOND TPaHCIANWONHON WHBAPUAHT-
moctr. Tersop koaddunuenTos B BEpakenun (2.125) mosxer 3aBHCETH
TONBKO OT OTHOCHTEIBHOTO monxosenusa yaioe I, 17 m 1. IlosTomy

All'l” = A (hla h”)v (2.1 26)
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rie
=10 —1, h=1"—1.

Ilopcrasnas s10 B dopmyay (2.125), momxyuaem

7O= 3 N AW, )} UgUg Ugeiata e toia’-woiq"-ne
Ihh” 44 7q”
= 2 {2 B, h")eia Weig b }: UgUq Ug D) eita+a'+a7) 1 —
qq’q” h'h” []
= qz, Noqtq+anc B (9" q") : UgUg Uy (2.127)
q”

Urak, temsop rosddunmentos ceasm memay komeGammamMu ecrs
¢ypre-o6pas TeHzopa aHrapMOHEYECKOro WieHa. llpu Gomee moapo6-
HOM DPacCMOTPEHUH MOKHO 3aMeTHTh, UTO CyMMUpPOBaHme Ho I OpH-
BONUT K TOABJIEHHI0 MHOuUTead TtHoa (2.92), KoTopwil o6pamaercs
B HyIb, €CIH He BHIIONHEHO YCJOBHE

q9+9q +q" =g, (2.128)

r/ie, KaK BCerga, BeKTOp g ecrb aubo Hynb, TuGO OJMH H3 BEKTOPOB
o6parnoit pemerkn. Takum 06pasom, Ha KBASHEMIYIBCH KomeGammii,
KOTODHe OKAa3hIBAKTCA CBA3AHHBIMH, HARIAJHIBAETCA HEKOTOPOe
yciaoBune. )

IT0 MOMHO MHTEPIPEeTHPOBaTh CAefyImuM 06pasoM. Pacemorpmm
AHTAPMOHMYECKHE UWIEHH KaK BO3MYHIEHWE KOJe6aTeNBHOTO BHUIKE-
HAA peleTKH, DoA4ImuAlomerocsa ypasuenuam (2.11). Otu ypasmenusa
C DHOMOMBI0 KaHOHAYECKOTO Tpeobpas3oBaHusa MOMHO N PHBECTH
K CuCTéMe ypaBHEHHH JBUKEHHS HE3aBHCHMHX HPOCTHX TapMOHII-
9eCKUX OCHMIIATOPOB. XOPONO H3BECTHO, UTO TaKHe YPABHEHHA B
B KBAHTOBOM MeXaHMKe NOJYYalTCA M3 TaMHIBTOHHAHA, KOTOPbIA
B CBOI0 0Yepe/lb MOKHO BRPAa3HTh Yepe3 OmMePaToOPH POKASHHA M YHUU-
TOKEHUA KBAHTOB KOJeOaHMil KasKIOTO THIA.

HeficTBATeNbHO, MOMHO IIOKasaTh, 4TO CIPABEAINBO PABEHCTBO

. B\ .
U,,:—z(m) ®eq(ag—a®y), (2.129)

rjie €q — eMHAYHHA BEKTOD MOJAPH3ANMH KOJEGaHHA ¢ BONIOBHIM
BEKTOPOM ¢, IUPHHA/IEKAIMEro HeKOTOPO# BETBH CIIeKTpa, a BeIH-
YUHH Qq, ag CYTb ONEDATOPH YHUUTOKEHHA M DPOKACHMA (POHOHA
JIRHHOTO THIA. BeKTOp monApmsanin ompexendercs, KOHEUHO, MyTeM
Pemenns sagauu ma cobersenusie sHavenus (2.13) mis wacrorsr vg.
FamMunpronnan, yInTHBAIOMAN JAND TapMOHUYECKAN WIEH, OYeHE
OPOCTO BBIPAJKAETCA Uepe3 BBEJEHHBIC ONEPATOPH
Ho= > D) fivg (aqa + atay). (2.130)

Ilo monApusanuamM q
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Co6erBennpie QYHKIME HTOT0 FaMIIBTOHMAHA ONMCHIBAIOT COCTOSHUAA
¢ 3agaHHEM YncaoM ¢goroHoB. HampuMmep, B COCTOAHMH, ONUCHIBAEMOM
¢yHrmued | ng), EMeeTCA ng KBaHTOB q-i Mopibl. llojcraBifs Bhpa-
skenme (2.129) B amrapmonmuecknmit wien (2.127), moxyvaeM oueHb
€00 BLpaKenne, cofepyianee Ipou3Bef[eHuA 0NePATOPOB dq, dg
n 1. 1. Hanpumep, BosHmkaer WieH, cofepskammit (mocie mepecra-
HOBKII HEKOTODPHIX CHMBOJOB) BHIPa)KeHHe

Oq-q'-q7, g230q g (2.131)

Ecanm paccMaTpmBarh €ro Kak BO3Mymenue, fobapienioe K HEBO3-

MYHIEIIHOMY TaMHJIbTOHHAHY J#,, TO OH HNPHUBOJMT K Iepexojam,

B KOTODHX BO3HHKaeT OfinH (OHOH B COCTOAHHH ( W YHAITOIKAETCH
N #

mo onmomy ¢oHomy B cocrosHuax q' u q”. llpasmio orbopa pis
TAKOrO HEpPeXoja MMeeT BHI

g +q9"=q—¢g (2.132)

Omno uanomunaer yciosme (2.100). Ecam 611 Bexrop g paBmANCA
HYI0, MBH CKAa3adH Ohl, 9T0 KBA3HMMIOYJIBC COXPAHAETCA: HMIYABLCH
fAq 1 hq” yamYTOMaOTCA M BO3BHHKAeT MMIYILC fq. Ecam Bextop g
He paBeH HYJI0, TO KBa3HHMIYIBC yiKe He COXPaHAETCA, HO OH MOKET
MeHATHCA Aumb Ha Bexmumny Ag. Tawxum obpasom, esaunmoldelicmeue
JoHonos ¢ pononamu OpuBORAT Kak K N-, rak m k U-mpomeccam
HOJOGHO TOMY, 9YTO IIPOWCXOAHT OPH pAacCessHHH BHENIHEro IIyIKa
PEeHTreHOBCKMX aydued. Vmeiorcs, odueBHMHO, H Jpyrue IPOILECCH,
B KOTODHIX OfMH (GOHOH YHHYTOKAeTCA, a JABa mopoxpaorcsa [oHm
BLIBLIBAIOTCA BO3MYyIIeHHmEM, cOmpsyKeHHbM ¢ (2.131)].

Mo;KHO TOKa3aTh, 9YTO JJAA PEAJbHBIX OPOIECCOB DHEPIHUA JOJKHA
coxpamnAthea: B caydae (2.132) pmommmo GuTH

g + Avgs = Avq. (2.133)

AT10 MOKHO 060CHOBATH, PACCMATPHBAS BPEMEHHYK 3aBHCHMOCTDH yK-
Ouif, ONHCHBAOIMAX KoJe6aHUA PemerTKH.

OueBupgHo, Ha camMoM peixe KoaddmmueHTs: (HOHOH-POHOHHOTO
B3aMMOIEHCTBEA OYeHb CIOMHBI, TAK KaK OHH HOJYIAalOTCSA H3 aHTap-
MOHHUECKHX KoaPHImmeHTOB, MEPENyTaHHEIX ¢ BEKTOpPaMH NIOJApPH-
sanmu. IlpaBmia miA pealbHHIX IEPEXOf0B MexAy KolebaHmIMA
Pa3NIUIHON NOAADPH3AIMH TAK/KE CIOMKHBI, MOCKONBKY OHM 3aBHCAT
OT BOBMOJKHOCTH OJJHOBPEMEHNO VAOBIETBODHTD 3aKOHAM COXPaHEHUS
SWePruu M KBasHUMIyabca. SICHO Tak:ke, 9T0 MOryT GHITH IIPOIECCHI
$01H0H-hOHOHHOTO B3aNMO/IeHCTBHA B §0ee BHICOKOTO MOPAAKA, KOTAA,
craskeM, n (GOHOHOB YHHUTOKAETCsA, a n' mopokmaercs. Taxme mpo-
mecch cBAsamsl ambo ¢ wieHaMm mopAnka (r -+ r') pasTomenus
norennuanbHoit sueprum B psAx Teinopa, nubo ¢ wreHaMu BHICIIETO
nopAnka Teopnu Bosmymennii. [Ipm sToM MOIKEEL YIOBIETBOPATHCSA
apasmia orGopa, amanormumbie (2.128), — monHoe mameHenne KBasH-
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HMIYIBCA JIONKHO OHTH paBHo /g, rae g¢— aubo Hyab, aubo BEKTOp
obpaTHO# pemeTKH.

IIpomecert poron-POHOHHOTO B3AMMOJEHCTBUA BASKHEL B TEOPHIH
pemieTounoii mposojumocTH. ME BepHeMcA K sromy Bompocy B § 10
ra. 7.

Wsnosxenmsiil Bhile HOAXOR K AMHAMHKE DEIIETKH HyKAACTCA B
H3BECTHOH MOZMPUKAIME NPH NePexofe K OMHCAIHNIO KEAHMOGHI
kpucmaaaog (0Co0eHHO TBEPAOTO TIejaus), B KOTOPHX aMILIHTYZA
HyJeBBIX KoiefaHMii aTOMOB CpaBHHMa C NOCTOAHHOH peIleTKH.
B s10oMm cywae pagsr nectanumorapHOi TeopHA BOZMYMEHHI, COCTABIEH-
Hble u3 KoopdunuenTo Bce Gosnee u Gojiee BHICOKOTO HOpAAKa (OmH-
ChIBAIOIAX MOCHEROBaTENbHO Bee Gosnee u Gosiee CIOIKITEIE HPOLLECCHE
B3amMopeiicTBuA QOHOHOB), yixe He cxogarcsa abcoaiorHo. DopManbHo
MOJKHO TOJYYHTDL JasKe OMpuyamesbHsle 3HAYCHAA CHIOBHX MOCTOAH-
HEIX BTOPOTo mnopaAfka (2.4), BHUACIASAEMBIX KaK IIPOHU3BOLHEIE OT
HOTEHNHANBHOH YHEPTHH NPH PABHOBECHOM PACHOJOMEHHN AaTOMORB
pemerku. Bo mzbexanme sTHX HecypasHocTell CiefyeT BOCIOIB30-
BaThCA OJHHM U3 CTAHJAaPTHBIX IPHEMOB MeoPUU MHO2UZ Me.q, HAIPH-
Mep JuazpamMHol MeTHUKOT I DA3LOHCEHUEM RO CEAIAHHBLIL 2DYNNAM.
Taxum myrem moskuo 6ni10 6B nepenopmuposams Bee KodPPUIMEHTEL
B3aNMOJICACTEUSA, BHIOJIHHB CYMMHPOBANME T€X WIM HHHX 0eCKOMed-
HBIX DOJUOCIAENOBATENbHOCTEH DAJA TEOPHH BO3MyIMIEHMHA. AlbTepHa-
THBHHN myTh, ¢usmuecku Gojee NPO3pawHBIA, COCTONT B BEOOpE
npoOHBIX aTOMHBIX (yHKOHE B Zyxe mMemoda Xapmpu ¥ B OTHCKAHIH
BapHANMOHHHIX YCNOBHUI, HajzaraeMblx Ha IapaMeTrpsl. PeayiabTaTh
B 060HX CIyYasXx OKAa3bHBAIOTCA HOYTH OAMHAKOBEIME. (DOHOHHBIA
CHEeKTP, SHePTHA B3aUMOMACHCTBHA POHOHOB ¢ POHOHAME H T. J. HMEIOT
BIONTHE HOPMAJIbHBIA BUA; OJHAKO 3PQEHTHBHBIC CIIOBHE IOCTOSH-
Hble, PABHO Kak u Koodumuents: 6oee BBICOKMX DOPAMKOB, CilemyeT
ONpeNeNATh camocozaacosaihbim nymem. Tar, Bmecro (2.4) wmapgo
OHCATh IPUMEPHO CIeXyIoInee:

Gu: =< > , (2.134)

HpuYeM OPOH3BOHBEICE OT HOTEHNMAILHOM SHEPTHU HO CMEmeHHAM
ycpednsiomes ¢ BONHOBOH (yHRUmed (OHOHOB |), COOTBeTCTBYIOMEH
TEeM jKe 3HAUYEeHHAM CHIOBLIX HOCTOSHHLIX.

a2y
ou; du,,

§ 12. KoneGannsa Hempeanbnoii pemerku

Kpucranin, ¢ KoTophiMm MBI MMeeM [eJi0 Ha ONEITe, HHKOTHA He
OLIBAIOT MIEATBHEIMH, DABHO KAK H OECKOHEYHO HpPOTAKEHHBIMHU.
Ilo ar0ii MpHUHMHe HEOGX0AMMO PACCMOTPETH, KAK BIAHAIOT CTPYKTYP-
Hbe J(eQeKTHl U HalpdHe LOBEPXHOCTEH Ha Kolebamms pemerkn.
Jdto — mpobiemMa, He uMeomas Kouna. OHa BeZeT K TAKUM TPYAHBIM
3ajjauaM, Kak THHAMHUKA MOJHOCTHI0 HEYIOPAOICHHEIX CHCTEM, HAIPHU-
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Mep sEmKocTel mam crexod. I Bce ke, fame OrpaHMIMBIOINCEH pac-
CMOTpPEHHEM TOIBKO H30JIMPOBAHHEIX Ief)eKToB, HAUpUMep AaTOMOB
3aMemeHnA ¢ APYrofl Maccoil, ML YyKe CMOMeM IMOHAThL PAJ HMHTEpec-
HBIX (UBWIECKHX ABIEHUH.

CyImecTBeHHBE MOMEHTHl PACCY/KIEHUA O0OHUHO 3aTEMHAIOTCA MHO-
FECTBOM TPHUBHAIBHHIX fgeratedi. YtoOw YMEHBMNTh KaKYMYIOCH
CJIORHOCTH BEITHCIEHNH, BOCIIOJb3yeMcA abCTPAKTHEIMA MAaTPHIHBIMI
0603HATEHUAMA, B KOTODHIX, Hampumep, obmue ypaBHeHHs Kojeba-
HO# udeaavHoli pemerkn BpaBd OpPUHAMAIOT BH[

L(v¥u=290 (2.135)
BMeCTO
MVZUl—E Guﬂul':O. (2136)
g

B sTux ypaBHeHmAX, He OTANYAIMUXCA II0 CYMECTBY OT ypaBHe-
Huii (2.5), croaber u 3amenseT Habop BeKTOPOB CMEMIEHHS g 15 KoJe-
faHuA ¢ 9acTOTOM v IpHM MEKATOMHEIX CHJIAaX, XapaKTePH3YIOMUXCHA
koucrautamMn Gy, Juuamuneckasn mampuyae L umeer cuMMeTpmio
pewerkn. Cornacuo § 1 Hacrosmell TTaBH, KakAaA QOHOHHAA TacTO-
Ta Vv = vq eCTb KopeHb ypasuenma (2.135). Baap rakoil KopeHb
u pemnad ¢ HuM ypasHenue (2.13) masa co6CTBEHHEIX BEKTOPOB, MOMKHO
HAfTH HOPMHPOBAaHHHIN BeKTOp mosisapmaamuu Ug, COOTBETCTBYOIMHA
JAaHAOMY (JOHOHHOMY COCTOSHHIO

u, = Ugein-t, (2.137)

IIpegmonossnmyM Temeps, 94T0 Mbl Hm3MeHmIH Ha O}/ Maccy aroma B
B yane I = 0 (paxTmaecKu 3T0 DPOM3BOIBHELN y3el) N (MIH) H3MEHUIH
Ha 8Gy KOHCTAHTH B3aMMOJICHICTBHA 3TOTO aTOMa C €ro COCeJsAMH
B kpmcramie. Torga amHammuecknme ypasuenus (2.136) mpumyTt BER

Mvzul— 2 Gu:-uu —f— BMvzuo —f— 2 6Gu' U = O. (2138)
[ [A

CAMBOJIHYECKE 3T0O MOYKHO B3amHCATh CIeAyOIIEM 0o6paszom:
Lu -+ 6Lu = 0. (2.139)

Takum o6pasoM, n3MeHeHHe (H3WIECKOH CHCTEMB NPOABIAETCA Kak
BO3MYIICHNE AMHAMHYECKOH MAaTpHUI[E NEPBOHAYATBHO HIAEATBHOTO
RPHUCTAILIA.

B cnenuaxbHOM cayuae auHelnof nenouxn [cp. (2.15)] atm ypasme-
HUSA MOJKHO DeIIHTh Gojiee MIN MeHee HemocpefncTBenHo. Opgmako
memod gynkyuii I'purna mmeer Golee MHPOKYH 06MacTh TPAMEHH-
MOCTH; BMECT€ ¢ TeM OH, BeposTHo, W He ciokHee. QDoxyc cocTomT
B TOM, 9T00H mepemmcaTh ypasuenue (2.138) B anrefGpamdeckn dKBH-
BAJICHTHOM BHJIE

(1 + R6L) u = 0, (2.140)
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THe pesoaveenma, nan gynryus I'pune R, ectn marpmma, oGparHag
nueavmueckoit matpune L. Ecin matpuma R cymecrsyer u ee mMoskHO
BHTHCITUTE, TO OCTAeTCA JIHIIb PENTUTh JWHEeHHLIe ypaBIeHHA, 3amd-
cannne cmMBolmdecku B Bume (2.140).

PezonbBenTta goaskHaA 3aBHCETH OT V2, MOCKOJIbKY OHa OIpefelsder-
cA aberparrHoil opmyoi

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

Herpyzrno y6emnthesa, uro coGerBennbie Bektop (2.137) maior mam
OJHOE pemenne 3afadyu: [OJNB3YACH CBOHCTBOM OPTOTOHAILHOCTH
aTHX BEKTOPOB KaK perreHuii (2.13) u nposoga cTaHgapTHEE BHYHCIE-
HEA, IOTy9aeM A MaTpuus R (vz) BI)Ipa)KeHI/Ie

R (v NM 2 g e"l -, (2.142)

Jl1A TpoCcTOTH MH 3HeCh OLSATEH HPENmoaaraeM, YTo CyMMHEPOBaHHe
110 BCEM BOJHOBHIM BEKTODAM ( BHKIKYAeT TaKkKe M CYMMHDPOBaHHE
f10 Pa3IHYHBIM COCTOAHHAM LOJApHA3anuu oHOHOB. B mpamoil wacTm
(2.142) mogpasymeBaercs oGHYHOE TEH30PHOE IPOH3BENeHHE BYX
MeKapTOBLIX BEKTOPOB, Aa6h oTpasuTh TOT (PaKT, 9TO AHHAMEUECKAS
MaTpHuIa OpefcTaBiaser coboi TeH30p. ITO, OJHAKO, TOKE eCTh JOBOIb-
HO TpHBHAIBHOE 0600menne GopMyd, KOTOPHE MOMKHO Obio O Hamm-
€aTh, HaOpUMep, A OJHOMEDHOH NemouYKH.

B npumanmne Msr moranm 6er BHIHCIATH cymmy B (2.142) mus Bcex
sHadeHHit pasHoctH (I —I'). [Ipakrmueckm, omHako, B 3TOM HeT
HeoOXOMHMOCTH, MOCKOAbKY Bosmymenne SL npenmomaraerca cmiapmo
JOKaIN30BAHHEIM B OKpecTHoCTH flepeKTHOrO y3mna. [TycTs, manpmmep,
B KadecTBe IPHMECH B3AT n3oton. Torga B ypasHennud (2.138) ¢mrypn-
pyer ToipKO m3mMeHeHme Macchl. IlogeraBuas (2.142) B (2.140), noxy-
yaeM ypaBHEHHE TOJNBKO [JIA U, — BEKTOPA CMeMeHHd, OTHOCAMErocsA
K fedexTHOMY y31y. ITO ypaBHEHWEe CONEP/KHT JHIIL CYMMY, OIpe-
nensgsomyo R, (v?):

U*U
{1+ 5% v—z‘l_—gé-}.uﬁo. (2.143)

Ycrosre ofpamenusa B HyAb AeTepMAHAHTa 3-T0 MOPAAKA, COOTBET-
CTBYIOIET0 TeH30py B (UTYpPHHIX CKOOKAax, jaer ypaBHeHHme Aid v2,
T. €. OIPENeIAET 9aCTOTH HOPMAaIBILIX KoJeGanmil pelmersn, coepsra-
mei gedexTs. B 6oiee CIoRHBIX CAydagx, KOTAA USMEHAKTCH W CHIO-
Bhle IIOCTOSIHHBIE, OTHOCAIIHMECS K HECKOJILKAM Yy3JIaM, HOJYyd4aTed,
0YEeBLTHO, aHAJTOIHIHEE YPaBHEHHA, OMHAKO HOPAJOK AeTCPMHUIIAHTOR
6ymer Golee BLICOKHM.

i coxkanenmio, sTH ypaBHenma TPYAHO PEMIMTH — faske dIeMeH-
‘TAPHHEIH CJaydail u30ToIa B KaYecTBe MPUMECH 3aMelenus MCCIeqoBaH
TONBKO duciIenno. OpHaKo, 4T06H HONATH, 9T0 OPOACXOIAT, AOCTATOT-
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HO paccMoTpeTh paBeHCTBO (2.143) Kak CKaIsApHO® YpaBHEHHE, ATHO-
pupys reoMerpuieckme PaxkTOpH (BPOJe BEKTOPHOTO XapaKTepa W,).
Torga gacToT HOPMAJBHBEIX KoJebaHmil OyAyT KOPHAMH ypaBHeHHs
BHUIA
oM 1 v2
q
q

JTM KOpDHH MOKHO HafiTh rpadmueckm (dmr. 34). Mu mmem Toukm,
B KOTOPHX (yHKIAA

Il

fe == 3 (2.145)

2 2
ve—n
q q

nepeceKaeT TOPH30OHTAJIBHYIO JAHAIO, OTBEIAIIYIO OanHaTe
(—MISM).
\ |

f
I
|
!
i
!
z
I
f(v ) I JloxabHoe Konebarue

» M
f oM
!
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@ur. 34. Ipapuuecroe pemenme ypaBEeHmA (2.143) mas coekTpa KoxeCaHmid
PEIIeTKH C H30TOHHOH HpHMechHIo.

Ilycrp, manpumep, BenmauHa 6M orprHmarenpHas. Torga Kakgsiit
KopeHs ypaBuenms {2.144) moixkeH JeKaTh BHITE COOTBOTCTEYIOMOTO
noxioca vq Qpynrnmm f (v?); gacToThl HOpMaAbHHX KoxeGaHHi BO3MY-
OIEHHOHM CHCTeMbl PACHONATAKTCA MEKAY YacTOTAMH IJIA HAEATLHOTO
KpueTanna. 1o BermdmHH Vq pacupefedeEH BCIOLY INIOTHO, o6pasys
30HY: PACCTOSHHA MeAiIy HAMH CTpeMATcA K Hyaio Kak 1/N. Cieposa-
TeJIbHO, HOBHE pemennsA B GOALIIAHCTBO CBOEM HE OTIAYAIOTCA OT
craprix. M3 ¢ur. 34, ogmako, BHAHO, 9TO caMHil GONBIIOA KOPEHD
HA9eM He OTPaHWIeH W MOJKET OTOABHTATHCA OT IMOTONKA BOHH, Vuaues
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Ha KoHedHoe paccTosEme. J[1A 3HAUeHHWH Vv, HPEBHIMAIOIHX Vyaxc,
cymmy (2.145) MoxHO IPHGINMKEHHO 3aMEHETEL HHTEIPAIOM CO CHEKT-
palpHON miroTHOCTEIO (2.65). UMenHO

V.

MaKe
7 (v8) = S PTG gy, (2.146)

v2—v’

Yacrora ocoboro KomebaHwmsa, BOZHMKAIOIIEr0 M3-3a HEHTEANLHOCTH,
ompemenAeTcd n3 YCIOBHA paBeHcTBa (yEKmum (2.146) Benmamue
(—M/8M).

PaccmarpuBaemoe ocoboe romebaHme TOMKHO OBITH A0KAAUS06QAH-
HbM. TO YTBEPKACHAE BHTEKAET U3 0OIIeNl TeoPeMH — 604KH060e YUCAO
KoaebameabHo20 06UJCEHUS pelemKU npu uacmome, Jaexcaujell eHe
CReKmMpPa HOPMAALHHLL Koaebanuli, Ooasxcro 6vmd muumbix. Boabmem
MOJelb JIHHeRHON MEemOYKH, PACCMOTPEHHYI0 B § 2 HACTOAMEN IIaBH.
Tlomaras B (2.16) ¢ = ix m pemas ypaBHeHme (2.15), moayuaem,

nomo6uo (2.18),
=) L 2sh(%). (2.147)

ITOMY COOTHOIIEHHK) MOKHO YIOBIETBOPUTH NPH J0G0M 3HATCHHUH V.
Pasymeercsa, Taxkoe aHAIWTH9IECKOe pPeNIeHHE, PACCMATPHBAEMOE KAk
HopMajibHOe KonebaHWe MUAEANbHON peineTku, GH3HIeCKA He [03BOJIe-
HO: eMy OTBeYaeT aMILIMTYAa CMeIIeHms U;, KoTopas HapacTaer (mim
3aTyXaeT) BAOJH MENOUKH KaK exp (Z=xl) n moTOMY He y[OBIETBOpAET
OHKINIeCKMM IDAHAIHHM YCIOBHAM. B TO ke BpeMa B HemaeamrbHOM
KpHCTajie yciaoBua BOmuM3H medferTa MOIyT OHTHh TAKAMH, 9TO aMILIH-
Tyna Komebammsa GyneT 3aTyXaTh mpH yAaleHmWm oT jfedeKTa BO BCeX
HampaBlIeHUsAX; COOTBETCTBEHHO Ha OTAANEHHHX rpaHunax obpasiia
OHA OKa3HBaercA npeHebpexkmMo Malod. ['oBopsa ¢mamvecKu, mpH-
MeCHHI aToM, A KoToporo Hapucosana ¢umr. 34, Gymyum ierde
OKPYKAIMHX aTOMOB KPHCTAJNIa, AMeeT W Goliee BHCOKHE COOCTBEH-
HBIe 9aCTOTH He3aBHCHMHX KoleGaHUil «3HHMTEHHOBCKOr0» THHA. JTO
OpOABJIAETCA KaK HOPMalbHOe KojJebaHme, 9acCTOTA KOTOPOTO JIEKHT
BBINIE 30HBI JIEMOKAJAM30BAHHHX (oHowHEX Kojebammii. I[lpm rarom
JMOKAJIbHOM KoMe0aHud COBMECTHO C aTOMOM IPMMECH JIBIKETCA JIHOIh
He6GONBIIOE YUCIO COCETHUX aTOMOB pemerku (fur. 39, a).

Tarxum e o6pasoM MOMKHO HCCIeTOBATH H IPYyIHe ONPAMEDH KoJe-
OaHui, JOKaNM30BAHHHX BONH3M yana ¢ gedextoM. Te ke sddexrtn
OyayT UMETh MeCTO, HAIPUMED, €CIH YBeIWIUTh CHIOBHE MOCTOSAHHEE
B OKPECTHOCTH HexoToporo aroma. C Apyroil cTopoHH, aTOM C yBeJId-
JeHHOH Maccoii mMeer 0ojlee HH3KYI0 DHHIMTEAHOBCKYH) dYacTory,
0 DOTOMY JIOMKHH HAGII0ATHCA JOKAJIUB0BAHIIBIE KojeGaHusA, OTIme-
OHBIOIMECS OT KUNCHe20 Kpas oOLYHOH 30HB, HAUPAMED OT 30HE OITH-
gecKuX (OHOHOB B NMBYXATOMHHX KPHCTAJLIAX.
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WnrepecHo, 4ro TEOPUA n06ePTHOCMHBLL KOAe6AHUI CTPOHTCA IO
TOH e cxeme. Honeuno, MoKHO 6510 OB BOCIOIB30BATHCA B CTAHAAPT-
HO¥ TPARTOBKOH 604k Pases u Jls6a Ha ¢BOGOXHOA MOBEPXHOCTH CINIOII-
HO# Cpembl, 3aMMCTBOBAB €e¢ M3 KIACCHIGCKOU TEOPHHM YIPYTOCTH
¢ pobaBieHmeM, MOYKeT OHITh, TOJBKO Ae6aeBCKOT0 OrpaHHYeHHMA Ha
BeIMYMHY BOJIHOBOTO BEKTOPA, MAPANIENbHOTO INIOCKOCTH MOBEPXHO-
cta. OJHAKO TaKKEe BOJHBI COOTBETCTBYIOT KOJIeGaHMAM, JOKAIN30BAH-
HHIM y OOBEDXHOCTH M 9SKCIOHEHOWAJIBHO 3aTyXawImuM B TiIy0h
kpucranra. WM xors cooTBercTBYMOMmAA 3ajada MIA THECKPETHOM
POLIeTKA IPeJCTaBIAETCA 04YeHBb CIOMKHOH, MHOTOE MOKHO HOHATH,

0%,
o TP 4 -

Vmarc

- Vmare

a 0

@ur. 35. @ — NOKaIbHASA MOJA KOJMe(aHHH NEeTrKOH OPHEMECH, PacUONOKeHHAS
Bime (OHOHHOW 30TH; 6 -— PE3OHAHCHASA Moja KoueGaHUI TsKeJOH IpHEMecH,
pacmoyio)KeHHast BHYTpE (OHOHHOHR 30HH.

paccMaTpHBaA CHCTEMY KAK JIMHEHRYI0 MENOYKY IIOCKOCTEeH pelmeTKH,
OpPOCTHPAIIYIOCA B ONHOM HaOpaBieHAX OT Goxsmoro aedexta —
mIoCcKoil moBepxHocTH. CHIOBHE MOCTOAHHHE HA MOCASIHEH pABHEL
Hyno. IloaToMy B AByXaTOMHBIX KpHCTAIIax H3ydaeMble KojeGaH®A
monany OB B INENH Me;KAy BETBAMH ONTHIECKOT0 B aKYCTHIECKOTO
¢omounoro coextpoB. lloBepxHocTHRE KOTeGaHHA MOTYT JAaTh 3aMeT-
HBIA BKIAQA B YACIBHYI0 TEeIJIOEMKOCTH MAaleHbKHX KPHCTAJLIHTOB,
a TaKKe MOTYT HIDAaTh BaKHYI0 DOIb B HEKOTOPHX 3IEKTPOHHHIX
yCTpo#cTBaX.

XapaKTepECTHIECKAsA 9aCTOTA JOKAIM30BAHHLIX KOMeOaHmit mpm-
MECH HEIOCPeACTBEHHO HabuofaercA OpHA ONTHIECKOM HOTJOIMeHHH
B mHppakpacHoM AmamazoHe (cM. § 4 ra. 8). Murepecuo, xpoMe Toro,
OTMETHTb, YTO HIPHMECH ¢ JACTOTON COGCTBEHHKX Komebanmi, Tesramei
éHympu (GOHOHHOH B0HBI, TaKKe CO3[AeT JTHHHUI0 DOTIOIMeHHsA, XOTA
I HeCKOJbKO yMHPeHHYyK. B mpocToM caydae ¢ H30TOOOM B KadeCTBe
npumecn [ypaBHenme (2.143)] 3To COOTBETCTBYET MOMOKHTEIBHOMY
snagenmio 8)/. Mu mMeeM 3gech Heno ¢ HPAMEPOM pe3oHaHca: TpH
COOTBETCTBYIOIEEH TacTOTe AMINIATYAA KoXeGaHME yama ¢ IPHMeCHIO
ropaago 6oublie, WeM y OCTaJIbHHX Y3I0B Kpucraaina. OpgHaxo oHa
He yOHBaeT KCOOHEHIUANBHO € PACCTOAHWEM W HOTOMY KoleGaHme
OKa3plBaeTCA He CTPOTo TOKaAM30BaHHEM (dur. 35, 6 ).He yampurens
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HO TaKKe, YTO TaKaA IPUMECh O49eHb CHIBHO paccewmBaer (GOHOHH
KaHHOHA 9aCTOTHI.

Teopust pesoEaHCHNX Mo mpefcTaBAseT COBGOH Mo CYymecTBY Lpo-
CTO AHAJIATHIECKOE NPOROJKEHAe TeODPHH JIOKAJH30BAHHHIX COCTOA-
snii. PesomaBcras gacrora HaxoguTcsa u3 ypaseenus (2.144), B KoTo-

pom cymma f (v%) 3ameHsercs IVIaBHLIM 3HadeHuer mHTerpana f (v?)
(2.146). B 10 e BpeMs wupuHa pe3oHaHCa OMpPEEIACTCA MHHMOM
9aCTBI0 TOTO jKe MHTerpaja, BHYHCIAEMOTO Temeph HPH V < Vyaxc-
JlokasaTenbCTBO 9THX yTBEPIKAEHNA 0OBIYHO AETCA B CBA3H C PelleHH-
em ypasHeHma Ilpegumrepa Ais KBaHTOBOH YacTHOE B CHepHICCKH
CHMMETPHTHOR moTennnanbHO# aMe. Te ske paccymerua NpUMeHnME,
OJIHAKO, B K BOJIHAM B CIUIONTHHIX CPEHAX M B PEI'yJIAPHBIX PellerKax.



I'JIABA 3

JJERTPOHHBIE COCTOAHNA

EcTp mecTbaecAT [eBATH CHoCOGOE
COUYHHATEL MECHM ILIeMEeH, M . KaKapii
M3 HHX NPaBANbHHI.

Kunaune

§ 1. CoGopubic 2NeKTPOHBL

Pacemorpum TBeppmii marpm#i. Hampeit atom ero cogepssur
11 saexrposos. Ho 10 ma BmX HaxoAsTCsA B COCTOSIHEAX, KOTODHe
CHJIBHO CBA3AHH C AAPOM U 00pa3yoT WOH ¢ CYMMapHHIM HOJOMKH-
TeJIbHBIM 3apAgoM -+ | e |. B eBoGogHOM aTOMe ocTamomuiics aIeKTpPoH
IBUMKETCA TO HEKOTopoit opbuTe B mome sToro moua, Horma atomsr
cOmmxkatorcda, ofpa3ya TBeppoe Telo, 3TH OpOUTH HePEKPHBAIOTCA.
[lepexprToe, Kak MOKHO MOKAa3aTh, OKA3HBAETCH HACTONBLKO CHIb-
HBIM, 9TO ¢XeMa KBAaHTOBAHUA, B KOTOPOH KamtAbI BIEKTPOH JOKAIH-
30BaH BOMMBH CBOETO aToMa, cTaHOBUTCA Henpuroxuoii. Ee meo6xommmo
3aMeHHTh CXEMOH, B KOTOPO#l BoJHOBaA (QYHKIHUA 3JIEKTPOHA MpPe-
craBrAer coboit pemernme ypasnerus [lpemmurepa onsA ABHKEHMA
B moxe Bcex moHOB. MTak, ¢ caMoro Hazama Mul pasnwdaeM ¢HympeH-
HlUe 2/eKmpoHb, KOTOPHE pPACCMaTPHBAIOTCA KAK MOYTH IOIHOCTBIO
JOKAIA30BAHHKE, U 64ACHMHBE AEKMPOHb, WIW 34€KMDPOHB RDPO60-
dumocmu, KOTOpHE Hag0 ONACHBATL @yHryusmu Baoxa; mociaemHue
OTIAMYHE OT HYJA BO BCEM KpHCTaJie.

B nacroAmen riaBe M BOCHOIBL3YEMCA 00H034EKMPOHKOT Modeabio,
T. €. OpeHeOpesKeM BCeMH B3aWMOMEHCTBUAME, 00yCIOBJIeHHBIMI
KYJIOHOBCKAM OTTANIKHBAHMEM, MEKJy BANEHTHHIMA 3JIEKTPOHAMI.
Coorsercreyomue dQPERTH — Koppeasyus u o06MeH — paccMaTpH-
patoresA B TI. 5. Ilpu onmcaHmE B3aMMOAEHCTBHMA BHYTPEHIWX DJCK-
TPOHOB APYT € APYTOM HJIH ¢ BAJTENTHBIMA dJIGKTPOHAMH Takue sQPeKTH
00LI9HO BKIIOUWAIOT B OIpefereHne motennmana 7 (r), meficTBymomero
Ha Ka)KAEE BAJENTHHH 5JT€KTPOH IPH ero JABIKEHMH B KpHUCTalie.
[Ipegmonaraercs, HaOpEMep, 9To HoTeHnuan 7 (r) BHUHUCIEH KaK
XapTpHUeBCKEE HMIE XapTpH-QOKOBCKHH MOTEHIHAN HOHOB.

Pagukanbroro ympomeHusA JOCTHTAXOT, OpeNmoJarad, 4To HOTEH-
maaa 7~ (r) mocrosmen. llpn 3ToM 3IEKTPOHEI aBTOMATAUECKH OKa3H-
BAIOTCA B COCTOAHUAX, ONHMCHBAEMBIX INIOCKAMH BOJHAMEI

[k) =y = eik-r (3.4)
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¢ pHeprueit

€ (k) = 22 (3.2)

2m

Kak Mu BEjiein B § O 1. 1, 9TH COCTOSHUA yOOBIETBOPAIT TeOpe-
me Buoxa. IloBepxHOCTH MOCTOAHHON sHeprmu cyTh cdepr B k-mpo-
crpanctBe. Paspemennse 3HaueHnsA BeKTOpa k pacmpejeneHEl B 9TOM
mpoctpancTse ¢ miuotHocTeio V/8n®. Ha camoM fgene kammoMy sHade-
HHI0 BekTopa k 0TBedaloT ABa COCTOSAHHA BIEKTPOHA ¢ IIPOTHBOIO-
70KHO HaOpaBIeHHHMHA cumHaMu. Eciam B egmumie 06beMa KOHQHFY-
PaIlMOHHOT0 MPOCTPAHCTBA MMeeTCHa Z/N 9I1eKTPOHOB (T. €. Z DIeKTPo-
HOB Ha aToM, 1 aToM Ha siueMeHTapHyl sA9eiiky u NN dIeMeHTapHBIX

k

%

///A 7
774
/'I,

_

@ur. 36. [opepxaocTs MepMu 1A CBOOOJHEIX IITCKTPOHOB.

Adeek Ha ejguHmiy oGbeMma), TO, ITOOH YAOBIETBOPHTH IPHHIHALNY
Ifayam, wy:XKHO 3amOMHHTH BCe COCTOSHHA € BOJHOBHIMH YHCIAMH,
He TPEeBOCXOTAMMAMA Ky, TJIE

4 2
T ﬂk%’ _8_3'5_3 = ZN,
niuy
by = (372ZN)'2. (3.3)

ToBopAT, 4T0 hoseprHocmby Pepmu mupefcraBiser coboi chepy
¢ pammycoM ky (dur. 36). Inepeus Pepmu, unu yposenv Depmu, —
9T0 MAKCHMAIbHAA SHEPTHA, MOCTHKHAMAA IDH TAKOM paclpefeieHun
9JIEKTPOHOB!
2k,
2m

€&r = . (3.%)
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3ameruM, uT0 papmyc cdeps DepME CPABHEM C PagmyCcoM chepH
Hebas. leficTBuTensH0, M3 CONOCTABIeHHA COOTHOmeHmiA (3.3) =
(2.53) momyuaem

Z \Y3
kp= (7) - (3.5)
JTo 03HaTAeT, YTO NIMHA BOJIHEL HIEKTPOHA Ha ypoHe DepMm CpaB-
HAMA C MeKATOMHHM PacCCTOSHAEM

AIF:_F ~ (%)1/3'2,67'3’ (36)

rge rg ecTh pagayc chepsi Buraepa — 3elitoa.

§ 2. lIndpakuus BaaeHTHBIX DIEKTPOHOB

06 orpaEmueHHOCTEH MOJeNH CBOGOJTHHX BITEKTPOHOB CBHIETENh-
CTBYeT TOJBKO 9TO HONYYeHHEIl De3y;ibTaT: 9JNEKTPOHH Ha YpPOBHE
DepMra HAaXOHATCA B COCTOAHMAX ¢ [JIMHOH BOJHSEL, CpaBEAMOH
¢ TOCTOAHHOUW pemeTkd. lIpw 3TOM [OMKHH HMETh MECTO CHIBHEIE
Audparknuonnble d3dPeKTs, Aarke ecim moTeRmEAN 7 (r) He CIHNIKOM
3aMeTHO OTMIMYaeTCA OT HOCTOAHHOro. BymeM paccMaTpmBaTh 5TOT
MOTEHIUAX KAK BO3MYIIEHHE H HOJOKEM

g(k)=€a+<k|7f|k>+2"—<%%, (3.7)
<

rfle IPUMEHAIOTCA JAPAaKOBCKHe 0003HAYGHAA MATPHYHHX BJEMEHTOB
OOTeHUANa MEXAY HEeBO3MYMeHHHMH cocTosHmamE (3.1) m
N 572
f=—. 3.8
Ouesnnno, morernuan 7° (r) ofnamaer MepEOAEIHOCTHIO PELIETKH.
Hax morasamo B § 6 ri1. 2, 3 TakoM ciygae MaTPHYHKE HIEMEHTH €ro
obpamarorca B Hyns, ecnm Bektop (k —k’) me pasem Kaxomy-r1mbo

BeKTOPY o6parHoit pemerkn. IIpurnMas Bo BEEMaEwe paBeHcTBO (2.78),
IoNyYaeM HeMenJIeHHO

Ek) =8+ 704 D)
g+0

rae 7"y ectb dypse-KoMmOHeHTa moTeRmuana ¥ musa Bexropa oGpar-
HoW pemeTkn g [kak m B gopmyme (1.15)].

Bosrmkaer BOIpoC: HACKONBKO YHOBIETBOPHTEIBHO TAKOE PAasio-
weHue? Jlo/KHSI GHITH BHIIOJHEHH [BA YCIOBHA:

1) dypse-xommonenTH 7" AOMKHE GBHICTPO CTPEMHUTBCA K HYIO
OpY yBeIMYeHHA BEKTODA g;

197, P ,
m y (3.9)
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2) He MOMKHO OHTH BHPOKAEHHSA HEBO3MYIEHHBIX COCTOSHMH,
CBA3EIBAGMEIX BO3MYMIEHHEM, T. €. He JOJRHO HMETh MeCTO PAaBEeHCTBO

&r=8&_¢. (3.10)
Verosne 1 moka He 6ymeM paceMaTpHBATH (MBI BepHeMCA K HeMy
mo3sKe).
Vexosue Buposgenus (3.10) sKBHBATEHTHO DaBeHCTBY
k| =k —gl (3.11)

Teomerprueckn aT0 03mMadaer, 410 KoHeI| BekTopa k jdemnmT mHa mep-
HeHIAKYIApPe K BeKTOPY g, TPOXOAAIMEM Tepe3 ero cepefuny (dur. 37).
UHLMH CTOBAMH, npocmoe pasaioxcerue meopul eosmyujeruti (3.9)
: Hecnpasedauso, kozda eekmop k aescum

| Tpariya S0R% A zpanuye  30Kb Bbpuaawsna (uaw

Dpurnosie  g6ausu mee). @opmyny (3.9) moskHO

OpAMeHATh, UMb KOTHa cdepa He-

HEIX METAJJIOB 9TO YCJIOBHE BHIOI-
| HAETCH PEIKo.

®ur. 37, 3amerunM, uro Ha ¢mr. 37 m306pa-

JKeHO B CYMIHOCTH Ile 9TO HIIOe, KaK

mocrpoeane Jsaibga (¢ur. 29, 6), omnmCHBaoIilee KOTEPEHTHYIO

6poITOBCKYI0 AHPPAKIWI 9SIEKTPOHA € BOJHOBHM BexkropoM k

B Hampasiennmu Bektopa k' =k — g. B oboux caydasx reomerpu-

9eCKOe YCIOBHE COCTOUT B TOM, 4TO TpeyroiapHHK OPQ pomwen GHTH

paBHOGEIPEHHbIM, IPAYEM ero oCHOBaHHeM P CIY:KHT BeKTOp obpar-

Hoit pemeTk:m g. Taxum 06pa3oM, MH IOATBEDAWIH PAcIeTOM yTBEp-

JKIEHHE 0 TOM, 4TO BaleHTHHE DIEKTPOHH HCIHTHBAT AUPPaKIHIO
Ha pemeTKe TaK ke, KaK W DJIEKTPOHbLI, Majfalomue M3BHE.

Y106 OTHCKATH pelmeAne B OKPECTHOCTH TPaHMIH 30HH Bpmi-
TI09HA, HAZO0 ABHO PaccMOTPeTh YPAaBHEHHA TEOPHH BO3MYMEHMI.
CBOHCTBO II€PHOJHIHOCTH PEIIeTKH IPHUBOAHT, B 9aCTHOCTH, K TOMY,
YTO0 IOTEHI[HAN MOKeT CBS3HIBATH JHIIb COCTOAHHA C BOJHOBLIMH
BEKTOPAMH, pAa3iIHYAOIAMHCA Ha BEKTODP 06paTHOH pemeTKH g.
IToaToMy MBI TPUHEMAeM, 9T0 BOIHOBYI QYHKIMIO MOKHO PA3JIOKATH

B pAxR

i .
k I k-g BO3BMYIIEHHHKX COCTOAHWHA He [J0CTH-
{ ~., Taer TIpaHMOH 30HH bBpuiadosHa —
F— ¥
P gi @ TnpakTHIECKM JasKe IJIA OJHOBAJICHT-
I
1

Py = D) o geik=er, (3.12)
e
Ecau ator pag mopctaButh B ypasHenue HIpexnurepa

{".;:i:TV“rT(f)}wk:%(k)xbk (3.13)
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I IOMHOKUTH HOCITejHee HA OJMH W3 4ieHOB pasunoykenus (3.12), To
moJNydaTCA JuHEHANble YPABHEHHA JIf KOIPPHIHMEHTOB o

{Ek-g— & (K)} O‘k—g‘f‘; Vg -gon-g =0, (3.14)

npudeM BeKTOp g NPHHAMAaeT Bce 3uadenns (Braodaga g = 0 m
g’ = 0). Rax usBectno, mpoctas gopmyia Teopuu Bosmymenuit (3.9)
HOJ1yYaeTcs, eCld CUATATh MAJIBIMA BCe KOO(PUIMEHTH Oy_g, KPOMO
Koaddunmenta oy. [leicTBHTEARHO, TOTHA
7 g
(Zk_g%w—o—. (315)
k q-g

HNuenno sTo pomymeHme CTAHOBATCA HeCHpaBeXIHBEIM, KOTHA
BerTop k mesxutr B6amM31 rpaRmns 30HH Bpunasna, nanpumep B6IH3H
IpaHuOH, OpoXopamell uepes cepeguHy BekTopa G. Kosddummenr
opn gyukmun exp{i (k — G)-r} crasoBmTcs TOrmA CTONB Ke BaK-
HEIM, CKOJb B KOI((QUIHEHT NPH MCXOJHONW HEBO3MYIEeHHCH BOTHO-
Bo# pynrmum. Ilo cymecTBy 37leCh IPOHCXOMHT GPITTOBCKOE OTPaske-
HHE DJIeKTPOHOB OT DeIleTKH TOUYHO TaK ke, KaK eclam OH 9T0 OHLX
BHENIHUH OJeKTPOHHEI mydok. Ycaosue (3.11) oKBHBalZenTHO yCio-
BuanM (2.79) m (2.80) (cm. § 6 rx. 2). Ilpm cocTaBIeHHM BOJXHOBON
GYHRIUE CTaIMOHAPHOTO COCTOAHHS NAaZalIUi I AuPAIrHmpOBaHHEIR
OYYKH J0JKHEL PacCMATPUBATHCA HA PABHHEIX IPaBax.

ITpudamKenHoe pellleHHe 3aJa4W MOKHO NOIYUHNTH, OTOPACHIBASA
B ypaBHeHusx (3.14) Bce KoDQPHUMEHTLI, KPOMe YHOMSHYTHIX JBYX.
Torpa, capmras mawamo orcdera oHeprum Ha 77, MB IDPHXOLHM K
CHCTEME JIBYX ypaBHeHmi

{€k—& (k)} ox + 7 "o =0,
7 —cox+{€k-c— & (k)} ax_c=0.

Herepvmunant ee xBapparnmien mo &(k), W HyTm ero maroTcs BEIpa-
JREHHEM

8% k)= 3 (Eb+6k-o) = 3V B —BLoP + AT GF. (3.47)

(3.16)

(3neck mpmHsTO BO BHHMaHHe, 4T0 ¥ _g = 7°§.) Takmm obpasom,
dyarunn exp (ik-r) u exp [i (k — G) 1] cvemuBawTCA W BO3HUKAIOT
HOBbIe BONHOBHIe QYHKIHH P* W {Pp~, ODpHHALIEKAMUE COGCTBEHHEIM
3HAYeHHWAM dHepruum €+ u &-.

Jl1s TPOCTOTE PACCMOTPHM, IT6 HPOHCXOIHT B OJHOMEPHOM CIy-
qae. BOnuan Toukn £ = 0 pasHOCTH HEBOSMYMEHHHX SHEPIHH CTOAD
BeJIUKa, 4To ciaraeMuM 4 | 7' | mommo mpene6peus. Haxommm

&(k) ~ &). (3.18)

Taxum o6pasom, poxHoBoO# (yHKIME Y~ oTBevaer mapaGormdecKmi
8aKOH NIHMCIEePCUM, XapPaKTePHEIH 1ua cBoboqHOro 3aeKkTpora. B Touxe
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k = 1,G, 1. e. Ha rpaudne 30HW DBpmirosHa, 006eHmM HeBO3MY-
IMEHHHIM BOJHOBHM (YHKIOEAM OTBeYaeT OfHA I Ta >Ke OJHEpPIHd;
H03TOMY

£ (56)=8—|7|. (3.19)

JHepTUA 3IeKTPOHA B COCTOAHHE C BOJHOBOH ¢yHKmmed Y~ mo
CpaBHEHHI0O C DpHeprmefi CBOGOTHOTO B3JIEKTPOHA YMEHBINAETCHA
Ha | 7" |. Tak ob6crour memo B touke A ma ¢ar. 38. Cocrosmmo
C BOJIHOBOH ¢yHRIWeR {* Ha Tpamumme 30HK OTBEYAET IHEPTHS

g+ (% G) = 8le+|7 s ). (3.20)

9To 3HaveHHe BHIOIE, UM I cBOOOMHOTO 9MeKTPoHA. Eciu BeKTOp
k m3menserca B mpegedax 30HH Bpmiioosna, To 9HEPTrHA paccMaTpH-
BAEMOr0 COCTOAHAA IPH YMeHbIIeHHE Kk crpeMuTca K &h_g. Taxmm
00pa3oM, BOBHHKAIOT IBE SHEPreTHIe-
CKUe 30Hbl, pa3jielleHHue meabio AB
mmpuroi 2 | g |.

Iloygmrensuo cpasuars ¢ur. 38
¢ ¢ur. 14. llox medictBmeM mepmomu-
9ECKOT0 MOTEHOHMANA CXeMa IpHBe-
DEeHHBIX 30H, MOBOIBHO HCKYCCTBEH-
y Hafg B clIydae CBOGOTHOTO 3JIEKTPOHA, |
pasbuBaeTcA HA 9HEPTETHICCKHE 30HHL.
JTOT Pe3YABTAT MOKHO IPEACTABHTE

6k MHade, €CIN HAIePTHTH BETBb P+ BO

BTOPOl 30HE B CTEME DACULUDEHHBLEL

8 B som (gur. 39). Ilpm sroM scHee BH-
N A HO, KaKk mapaboldMYecKHil 3aKOH JHC-

AR A  mepcwm TpeBpamaeTcA B BO3MYMIEH-
HHA SHEPreTUYeCKWil CIeKTP — BBO-

¥ IATCA JHMb Ppa3pLHBH Ha TPaHANAx
e 5 Je¢ B3omil Bpmimosna. Jro ammenme ama-
2 K JOTHYHO paccMoTpeHHomy B § 2 ria. 2

®ur. 38. JHEPrEs SJACKTPOHA B (¢ur. 19, 6), Tme BBEEHHE ABYX pas-
OLHOMEpPHOM ciydae (cxeMa mpH- JHIHBIX MAacC IPHBEJO K PacCIieIIeHUI0
BelleHHHX 30H). K0Ie6aTeNbHOT0 CIEeKTPa penieTKH.
Uro6w nydiie DOHATh TPOMCXOIA-
mee, HalizeM BoJHOBHE yHKOEA B Touke k = Y/,G. llycts Bemmun-
Ha 7 "¢ orpumarersua. M3 ¢opmyn (3.12) u (3.16) maxommm

v ¢V/2Gr | o~ i1/2Gr

V2

p* =V 2isin Gr. (3.22)

=12 cos 5-Gr (3.21)



o
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8(x)

®dur. 40. Tlepmopuuecknil MOTeHNHMAJ W KOHIEHTpAalHsA 3JeKTPOHOB B COCTOA-
HEAX s~ B p-THOA.
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Taxum obpasom, pyuruma | ¢~ | Berura B6am3m Touku r = 0,
a rarme BOIH3M MI000TO y3Aa PACCMATPHBAEMOIl THHEHHON HEHMOUK.
Oua omimcelBaeT COCTOSIHME, B KOTOPOM DIEKTPOHBI CKOHI[EHTPHPO-
BaHb BOIMAN ATOMOB. DTOTO Kak pa3 u ciefgoBaio o:Kumarh. Ompuya-
meabKble BEIHUNHH 7 ¢ COOTBETCTBYIOT MePUOAIYECKOMY ITOTEHIIATY
(pur. 40), KoTopHil cam oTpumareiseH BOAM3IN Ka:KIOTO aTOMa, T. e.
TOTEHIHANY RpumAxCeHus I 3aeKTpoHoB. Taxnm o6pasom, smepris
B COCTOAHMM C BOJIHOBON (QyHKIHEN P~ MOHM;KeHa 3a CUeT 3axXBarTa
BIIEKTPOHA HOTeHIHAABHBHIMH sMaMi aToMoB. llomo6HEIM sxe obpa-
30M 2HEPTHA B COCTOAHHH € BOJAHOBOK PyHKImeNd P+ yBenwdena, tax
KaK Temephb IVIOTHOCTH DIEKTPOHOB 0obime B 00JaCTAX € HOJOMKH-
TeNbHHM HoTeHnuanzoM. llo amamormu ¢ wiaccmuEammeidl aTOMHBIX
COCTOSHHA MOJKHO CKa3arh, 4T0 (YHRIUA P~ OMHUCHIBAET COCTOAHUE
$-THMA, a QVHKIHMA P* — COCTOAHHE p-THIA.

3aMeTuM, MeKAY mpounM, uTo pasnosxenue (3.12) obecmeunmpaer
BEmoJiHenne teopemnl bBioxa (1.58) gmna ¢ymrmum . Moskdo
HamuCcaTh

wkzeik~r§ak_ge_ig.rzeik-ruk(r)’ (3.23)

rae ug (r) — ODepuogudeckas (QYHKIHA ¢ MePHOTOM pPemeTrKH |Kak
u B dopmyme (1.60)].

Bugno raxire, 910 Bosnosse gyarmuu B Tourax A m A’ ma dur. 39
TOKIecTBeHHE; o6e oHum paorca ¢dopmyaoi (3.21). Amamormumno
(byHHLuIH Pt (1/ G) coBmATaeT ¢ TOTHOCTHIO O MOCTOAHHON ¢ GyHKIIeR
P* (—Y,G), Tark 4ro toukn B m B’ Ha s3omnoii cxeme ¢ur. 38 m 39
BHBI/IBH'IGHTHLI. 31ech MBI CTATKHBAeMCA C HPOSBIGHHEM 3aKOHOMEp-
HoCTel, PACCMOTDEHHBIX B § 5 ra. 1, rae GBI0 MOKA3aHO, YTO BOJIHO-
BOl BEKTOD JI0OOr0 COCTOAHMA ONpeNeNeH JUIb ¢ TOYHOCTBIO [10
BeKTopa o6paTHoil pelrerku.

§ 3. Mopmenp mouTH CBOGOJHBIX 3IEKTPOHOB

3aKOHOMEDIIOCTH, YCTAHOBIEGHHBIE B OMHOMEPHOM CJIydae, MO;KHO
0600muUTL Ha caywail Tpex usmepeHumil. PaccyarpuBag H3MeHeHIe
dynrnun € (k) o mekoTOpPOMY ONpEIEeTEHHOMY HAampaB/AeHHIo B K-po-
crpamcTBe, Jerko ybegmrThesa, UTO oHa u3obpaskaerca mapabouaoi,
XapaKkTepHOH A1d cBOGOMHOTO IIEKTPOHA; IPH MEPECeYeHHH TI'PaHII]
somnl Bpuraoona gyukimua € (k) umcosireizaer paspsise ($ur. 41).
Betnmumna paspriBa 3aBHCHT OT HMHTEHCHBHOCTH COOTBETCTBYIOMICH
fyphe-KoMmoHenTr moTeHnmaga. Kcawm rpammma 30HE Bpumtosma
HePHEeHAKYIAPHA BEKTOPY 0O6paTHOW pemersu & 11 geauT €ro momo-
TaM, TO 0 HOPAOKY BeTWaIHHH Pa3pelB Oymer pasen 2 | ¥ |. Taroi
pPa3phiB IOABIAETCH BCAKHH pa3, KOTJA JHHUA IOCTOMIION dHeprud
HepeceKaer rpaHany 30Hp. TaxuM obpasom, chepa CBOGOAMBIX DIEK-
TPOHOB, KoTOpasA npoxommia Our 3epe3 Toury O (¢ir. 42), pacmenaser-
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ca Ha oTpesok rumepGomompa S, DACHONOKEHHHH BHYTPU B30HBI 1
omucrBaeMblit ofHuM u3 KopHeit] (3.17), u BerBb S', Nekamymno 3a
rpaHmIeil 30HLL

Cneposarenbuo, ¢yukuna € (k) mempepsiBHA BHYTDH LepBO#
30HH Bpunaiosua, HO HCMHITHBAET PA3PHEB NMPH HepeCceueHnH I'PaHUIbL

a

@ur, 41. O@yeruua § (k) mMeeT pa3pHBH Ha TPAHANAX B30BH b pUiIosHA
BHOXb Juauu OAB

9TOM 30HH B a1000# Touke, OTCIO[ia BHITEKAeT ofuH U3 Haubomee 3ame-
9aTeabHBIX BHIBOJOB TEOPUN: HEKOMODP M SHAUEHURM dHEPIUU Mo2Ym
He COOMEEMCMB08aMb HUKAKUE IAEKIMPOHHBE COCMOARUR, WHAYE TOBODA
B JIIEPTETHYECKOM CHEKRTPe
MOI'YyT TOABHTBCH  Wjedll.

OIeRTPOHHBIC YPOBHH DHep- T

run 00pasyoT sHepreTHYe-

CKHE 30HbL. BTOU—(inH}_Ia- _7”

MEHTA.IBHOEe CBOHCTBO; OHO 7

00yCI0BIUBACT MHOTHE IPY-

Trde CBOMCTBA METAJJIOB U /M

noaynposogunkoB. Ilpupo- !

Ja ero — B  OpP3TTOBCKOM I

orpaskenun. Ha smxerrpon- ¢ ' { - —e

HEI@ BOJTHOBBIE yHKIME Ha- 7 ‘\ l G q

RIAJIBBACTCA»  IEPHOAHY- ,

HOCTb peIleTKH, YTO M IPH- /na;uub/l ’_‘

BOJUT K PACHIeIICHHI) DHE]- STHEL | D0

rum. @ur. 42. Pas3pHB JHHAA HOCTOAHHON BHEP-
Pacemorpum Temepn 3za- rME Ha PPaE@Ne 30HH b pHIIODHA.

nady o6 onpefenenun QyHK-

nuu & (k). Boramenenna nmpempimymero maparpada IogcKasHBAOT
oyTh ee pemieHuA. Bocmonssyemcs ypaBHenmamu (3.14) pnsa rosddu-
1ueHToB pasnoxxennda (3.12). Brmpmenmm BCe wWieHbl, COOTBETCTBYIO-
mue KosQUIHeHTaM INpPH BOJIHOBHX (YHUKOUAX, KOTOPHE MOTYT
nepeMemarhcA mo npuynne Gam3octu ToYkM Kk K rpannme sous bpmi-
moona. Pemaa coorBercTByomiee CeRyiIApHOe ypaBHeHHEe, HaHIeM
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omeprmio & (k). Masee, ¢ momompio psjga TeopmHm BO3MYIEHHH TH-
oa (3.9) MOKHO HAHTH DOUPABKE K HONYIEHHOMY PEMIEHHIO, YUHTH-
BAIOIIME BIHAHAE MPOIHX (YPHe-KOMIOHEHT IOTeHITHAja.

JdTa Tmpomeaypa Ha3HBAGTCH METOOM nNOumU c80600KHL 4eKmpo-
nos. UM MOKHO DONB30BATBCA, €CIE DPAN, Cofep:RammMil Qypbe-KoM-
nonedTH 7 g, 6nicTpo cxommrcea. Takas CXOLMMOCTB, OFHAKO, Ipej-
craBiferca Hempaspomopobmoii. JleiictBurenrno, ¢ynxnus 7(r)
eCcTh IOTeHIHaJ CHCTeMH MOHOB. VI3BecTHO, 910 moJe BOMH3E meHTpa
HOHA O4eHb CHIBHO® — (QyHRIHA 7 (r) mmeer riayGokuil ¥ peskmit
nposal BOau3M Kamgoro yaia pemerku. ClemqoBaTelbHo, OHAa HMeET

\ &

al
)

Qur. 43, Paspupn ¢ymxnum % (k) Morau OH BOSHUKHYTH B TOUKAX X1, X,
X g, X4 B OpAMOYTroabHOR 00paTHOM pemerie,

H (ypbe-KOMIOHEHTH ¢ OYeHb MaJo# miamnoil Boxuwl. ITostomy Bemu-
anHa 7'y MoKeT GHTH BenmKa s 3HAUeHMH JIUH g, BO MHOTO Da3
IpeBHITAOMAX pasMepH neppoit 3oHm bpmumwsma. Kpome 7torO,
MOKHO YTBEPIKJATh, 4TO (PyHKIHUA Pk (I) BHYTPH MOHA HOJIKHA BECTH
cebsa mopo6HO aTOMHOM BONIHOBOH QYHKINE — ¢ HECKOJBKAMH OCI[HJ-
JANEAMA, COOTBETCTBYIOIMAMEA GONBIION KHHETHYecKoil sHepruu. 910
OIATH 03HAYAET, 9T0 B mpencrasiesnd (3.12) HyKEO COXPAHATH MHOTO
9I€HOB BIVIOTH IO CAMEIX KOPOTKHX IJNHH BOJH.

Wanosxennnie coofpaskenusi CBOAAT HA HET 3HAYEHHE METO[A
mo9TH CBOGOAHEIX 9JCGKTPOHOB KAK HMPAKTHIECKH HTPHEMIEMON CXeMEl
pacuera 30HHON cTpyKTyps. OKaseBaercsa, OgHAKO, UTO 6r0 MOYKHO
clenath OPMAJIBbHO UPHTOMHLIM IS 9TOH IENH, €CIU BBECTH IpPeJ-
CTaBJeHHWe O IICOBJONOTEHMUANEe. JTa TOUKA 3peHmA OygerT pasBHUTA
B § 6 HacToAmeR riaBH.

Mopens nodtn CBOGOIHEX 9JIEKTPOHOB BeChMA MOJiesHa KaK IpUeM,
muioctpapyomuit xof ¢yurgum & (k) B k-mpoerpamcrse. Pac-
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cMOTpEM caydail (mByMmepHoOi) mpamoyroabuoit pemerku. Ilpm arom
ofparHaa pelmeTka Takske mpaMoyroabpa (¢pur. 43). Jlerko mocrponTs
mepBYI0 30HYy DBpmiaosHa — 3ro ecth mpamoyroibunk RR'R"R".
Oyurnua € (k) momkma GeTH HenmpephHBHA BHYTPHU 30HH B puimosHa,
HO Ha M000f U3 MWHWI, 09epIWBAIOIIUX OTY 30HY, OHA MOKET HMeTb
paspHIBH.

PacemoTpuM, Kak pacmomosKeHH ToukH pasphiBa ¢yHrium & (k)
BHe MeHTpanbHO#A 30HH Bpunnsuna. OHE MOTYT JexaTh Ha IepHeH-
OWUKyaspaX, TPOXOAAMMUX 4dYepe3 CePeAWHH JI060T0 U3 BEKTOPOB
obparroii pemerku. TaxkuMm o6pasoM, pa3pHBH BO3MOKHE Ha A1060k
n3 JUHUE u3obpaxenHol ¢n-
ryps — HaOpPHMeEp, BEKTOD ¢, a4 @
pazbuBaeT HomoxaM [HAaro-

HaJbHAA JWHHSA, OPOXOAMAsn
4yepe3 yroJ 30HH Bpuaaiosua.

AN,
ITepponauanpuasg ¢urypa (cm. j/ \t
¢ur. 41), ma KoTopOit u30Gpaske- 3
Ha TUHUA PAa3PHBOB, HEBepHA —
oHa He HOKA3BIBAEeT BCETO, ITO 0
MOTI0 OLI BCTPeTHTBCA fayke  C

0\ i
N/

/

C

B cIydae KBafpaTHOH peler-
ku. Tak, craukum QyBEKIEM
& (k) m cooTBercTBylOMIE e~
IH B cOeKTpe MOTJIu OH BO3- i
HHKHYTh B Toukax X;, X,, ¢
Xz, Xymr. g (em. dur. 43).

B cBA3n co cKa3aHHBIM MOT-
10 6B mOKas3aThCsa, 910 QYyHE-
nua & (k) ropasgo caoskuee,
7eM Ha caMoM jele. llpemcraBum cebe, Hampumep, 9TO MBIl MO-
OHTAIHCh H306pa3WTh IWHWEM HOCTOAHHOH JHEPrHM HMCXOAA U3 MO-
mens moutu cBoGomgHEX saektponoB. OHE BHrIAgenn OH Tak,
Kak 3T0 m3o6paskeno ma ¢ur. 44 (MBI CKOHIEHTPUPOBAIW BHUMAHUE
Ha 06IacTH, OTpAHMIEHHON YKa3aHHEM Hab0poM ILIOCKOCTeit). JTH
JIHHHN MOKHO HOCTPOMTH, DHCYs KDYTH, XapaKiepHble I cBoGoj-
HBIX 9JI€KTPOHOB, i BBOJA Pa3PHIBBI TaK, KaK 9T0 MOKazaHo Ha dur. 42.
Moo 680 OB Tak:e ABHO PEITHTH CEKYJIADHOE ypaBHeHHE NIA
9HePTHM BOJH, CMeIIMBAIIUXCA B paccMarpmBaeMmoil rtouke. Tak,
BOJHA B TOUKe P mepemyiHBaeTca € BOJHOE B TouKe P’, mMOCKONbKY
0be 9TH TOYKH B cxeMe CBOGOIHEIX 2IEKTPOHOB OTBEYAOT ONMHAKOBOM
9HEPTHM W OHHM OTAHYAlOTCA TOJBKO HA BEKTOpP o0paTHOM pemleTH.
Anatormuro, 9T00H HaliTh penieHme B TOUKe (), HY:KHO PacCMOTPETH
TeTepMHHAHT PasMepHOCTH 3 X 3 JIA BOIH, BOIHOBHE BEKTODPHI KOTO-
PHIX B Mojienu ¢BoGogHEIX 3MeKTPoHOB paBHH 0Q, 0Q" u 0Q”.

U3 cxasamuoro ciexyer, 9To B Toukax P u P’ mpr Gyjmem pemaTh
OMUHAKOBHE ypaBHEeHHA. Y POBHM dHeprum B obemx Toukax OymyT

B

@ur. 44. JIuEME DOCTOAHHOHA BHEPrHM B
OpsAMOYronbEOHd 30He BpmiamiosHa.
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onunaxoBbl, HuKHWE U3 HEUX OTHeceM K BHyTpeHHel 061acTH mepBOH
soubl Bpmanwsna, TOTIa BEPXHHA YPOBEHb B KayKIOM ciaydae IpH-
HAJIE/KAT JIUHAM OOCTOSHHON SHEPTHH, MPOXONAIEH BHE TPaHHIILI
sousl Bpuamosuna. Towmno tak sxe ® B Tourax Q, Q' u Q" ypaBHeHIA
OynyT oqnHAKOBRIME M OYZyT HaHTeHH TPU KODHs, 0TBeYAIONINE TpeM
BHAUEHWAM DHEPTHH. KopeHb, OTBEYAIOINUA HAHMEHbIIeHl >Hepruu
(B KayKOOM M3 Tpex TOYeK), MO/KHO OTHEeCTH K 06macTH BHYTDH Trpa-
HUI, moKazanHwx Ha ¢ur. 44. CregoBaresbHO, BO BCEX TpPeX TOYKAaX
HEePrHsA OINHAaKOBa. MoOKHO 0OpPATHTHCA K OKPECTHOCTH 9THX TOUEK
¥ TOKa3aTh HoZOoOHEIM ke ofpasom, uro Toukn A mw A’, B u B', C
u (' momapHuo dKBUBAJACHTHHI B ToM ke cmbicae. Touku A u A’ cyrb
AMIIb pa3nuuHpie 0603HAUYEHNA OTHOH H
TO# e BOAHOBOH (YHKIIUH; OHM IIPHBO-
'l mATcA AOpyr K APYry € HOMOIIBIO TpaH-

B s 0
,4'/@:),, CIANME Ha BEKTOp o00paTHOH pelleTKH.
&

c’ ¢

IlocMoTpum Temeps, YTO HpOHM3OHIeT,
€CIM KYCOYKM, U3 KOTOPHIX COCTOHT pac-
cMaTpuBaeMas KapTHHA BHe HepBOi 30-
HBl BpuamiosHa, umepeHecTH Ha BEKTOPEH
@ur. 45. Ilpusegenme k og- OOparTHoil pemerku. OHM OTIWYHO IO-

Hoil 3one Bpuiiosna. OOUIYT APYT K OApyry u obpasyior egu-

HYI0 B30HY: B CIeMe DACUWUDPEHHMI 30H
BCE ITH KYCOURM NpWHAIe:RaT émopoi 3oxe DBpmiamosua. Kpose
TOTO, 9KBUBAJIEHTHRIE TOYKM TPAHMIEI HOATOHAITCH TaKMM 00pasow,
9r06Hl JHEHE GRIM HenpepHBHH (Pur. 40). FHuepeus ¢ npusedenrol
sone Bpuaawsna ecmv nenpepusnas gynryua sexmopa k.

ITonywawimeecss mpejpcrapieHne iasi HOBePXHOCTeH paBHOH aHep-
THM HMeeT By, MoKazaunHHN Ha §ur. 46 (gus msobparkenna Kammol

V) N ZANEVAN
©jene
N A 7N

[lepsan zona bpuaniosna Bmopes sona BpuanrosHa

Our. 46. CxeMa TmpHBefeHHHX 30H mia $ur. 44.

BeTBU Oeperca oTHeapHas 30Ha). MoMHO CUHTATh, 9TO JHHUH B 3THX
30HaX OTHOCATCA K pPAa3NUYHLIM HOBEPXHOCTAM, H HAIOKHTH OAHY
rapruny Ha apyryo. Torma sueprms & (k) oxasKeTcss MHOTO3HATHOMN
¢ynrumeil BerTopa k B mpusememnoil some Bpumnmooma. Pamee Mu
umenn ofHo3HaTHyl0 Qyukuuo & (k), ompemerenuyo, ofHAaKO, B cXeMe
DACIIHPEHHBIX 30H.
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Mossuo moiitn manbmie. MoykHo mokasarh (Haupumep, B paMKax
MoZelIH MOYTH ¢BOGOTHEIX aMexTpoHOB), uro ¢ymroua & (k) B xax-
IOH BeTBM HeIIpepHIBHA II MMEET HEUPEPHIBHLIE IPOM3BOAHEE. BHYT-
peHHHe Tpaumipl, n3o0pa;KeHHsle Ha ¢ur. 45, HEYIEM He BbIJedEHb
Ha DOBEPXHOCTAX PaBHOH SHEPTHM; KOHTYpPHBIE JIHHHH ILIABHO I1IPO-
XOJAT Yepe3 HUX. BCIIOMHIIM Temeph, YTO caMa OCHOBIIafA 30Ha Bpmi-
JII09HA eCTh 3JeMeHTapHaA AYeiika oOparnoil pemerku. TpaHcaAnAMY
Ha BEKTOPH OOpaTHON PeHIeTKU ee MOKHO MOBTODHTH M LOJYYHThH
CeTKY, MOKPHBA0IIYK Bce k-mpocrpancTBo. Hpome Toro, TOYKH THIA
P u P’, roropee OBIII 9KBHUBAIEHTHH U HPEJCTABIAIN IOITOMY
Of{HH M Te K€ COCTOAHUA € OJUHAKOBHIMYU 3HePIUAMH, Tellepb COBIIa-
mator, Tak uro QyHriusz & (k) oKa3LBaeTcA HeNpPePHIBHON Takske
U I IepeceTennn COOTBETCTBYIuX rpanu. MoKimo mokasarb, 110
KOHTYPHl MOCTOAHHOW DHEPTHMH INABHO IEePeXONAT U3 OJHOH AYeHKH
B apyrvio. Takum obpasom, 6 npedeaar Oannol dHEP2EMUUECKOU 30HbL
onepeus npedcmaeasem coGoil Henpepwlenylo PyHkyuio eexmopa k
¢ nepuodom obpammoii pewemkti. ME HasbBaeM TaKoe IIPefCTaBIEHHE
czemoii nosmopaowyuzcs son {(Pur. 47). OHo moaydemo IO TOMY iKe
B TOYHOCTH HPHHIUIY, YTO U IHPELCTABIEHHe, ¢ KOTOPHM MBI CTal-
KUBAIHCL B § 2 TI. 2 B CBA3K ¢ H3yUCHHEM IMOBEPXHOCTEH MOCTOAHHOR
9acTOTH A Kojebamuil peleTkH.

dror mpuHOHO HaxouT cebe mIlTepecHOe IPHUMEHeNHEe B METO/e
XappucoHa, mcmolb3yemoM Ipm Iocrpoennn mosepxuocrn Depmu
IJIA MeTALI0B ¢ BaJeHTHOCTBIO Z (B CXeMe HDOBTODAIIUXCA 30H).
IIycrs Bo3MYymIAIOMuUl HOTEHHIIAN B ¢XeMe IOYTH CBOOOJHHX 3IEKTPO-
HOB 0YeHb Mai. Torjga IOBEPXHOCTH MOCTOSHHOU DIIEPTHH [0 KHEL
6mTh cdepamu. Beramcama paguyc cdepsl, o6nmem KOTOPOH paBeH
o6nemy 30HH Bpmimiooma, ymumoskenHoMy Ha Y/,Z, M HOCTpOHM ee,
BHIOpaB IeHTP B Hauale Koopamuar. llocrpomm Takyio ke cdepy
OKOJIO KaykA0T0 y3iga o0paTHOH pemIeTKH M TAKHM IyTeM HOIYyYHM
CeTKY C IIepHOIUYHOCTHIO, XAPAKTEDPHOR JJIA CXeMH IOBTOPAIONIUXCA
som (gur. 48).

13 a10f1 ceTkm MosEIO BHOHpPATh Pa3jiWYHEIe YACTH, HEMPEPLIBHO
mepexoAmue APYyr B Apyra u o6pasyiomue MoBepXHOCTH, MOBTOPAIO-
mEecsa B Kakaoil some BpnamosHa. Hampmasd u3 TaxkmX OTAEILHEIX
$uryp cocrasiAer BerBb mosepxuoctu PepMH, HIM YaCTh HOBEPXIIO-
cru @epym, oTHOCAmyloCcA K 1-it, 2-if, 3-if U T. §. 3omam Dpmaaosna
(dur. 49). HocKoabKy 5TH HOBEPXHOCTH IOCTPOEHH U3 cpep, B MECTAX
COeMUHCHUA OTHEALHEX JacTeil mX, Ka3aloch 0B, JOKHL BOSHUKHYTh
ocrprie BeIcTynbel. OgHAKO CMEMNBAHUE COCTOAHHN, CBA3HIBAEMBIX
dypre-KOMIIOHEHTAMH TOTEHITMANA, IIPUBEIET K OKPYTJIEHHIO YTIOB
1 K 00pa3oBaHHMIO TIajKOTo TeoMerpuieckoro obperra. Hak MBI yBH-
AEM B IU1. 9, Honydamniquecs TaKuM IyTeM IOBEPXHOCTH 9aCTO BeChbMa
HOXO/KII Ha Te, KOTOpHe MOKHO0 Habuogarh aKcuepuMerTaabHo. Onm,
HECOMHEIIHO, JAI0T M0Je3HLIH OPHEeHTHD IPH HCCIefOBalHH HOBEPXHO-
creit DepMu CIOMKHBIX METANIOB.
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Te xe GopMylnH ¥ TeOMETPHIECKHE IOCTPOCHHA BO3HHKAIOT H
B Ounamudeckoli meopuu dugparyuu (§ 6 ra. 2). ITydox pacmpocrpa-
HAOMUXCA B pemeTKe OHCTPHX BJIEKTPOHOB WHIH PEHTTeHOBCKHX
ZIydelf, LIS KOTOPOTO MOYTH BHIIOJHEHH ycaoBusa supparmmu (3.11),
Henb3sa 0olee paccMaTpMBATh KAaK IPO-
CTYI0 ILTOCKYI0 BOIHY € eJHHCTBEHHBIM
BoaHOBHIM BekTopoM k. B BomHOBYIO
¢$yHROUI0 DyYKa, TAK Ke KaK U B
¢ynenno (3.12), HeobXomuMO BRIIO-
9ATL  pasi@muHbe [AudparnpoBaHHLIE
BOJNHH, UTO HM3MEHHT CKOPOCTH BO3-
Hmkaloomero Bosby:xmenmsa. Hampmmep,
B6IM3H TmpPOCTOH TpPAaHWNBI 30HE HamO
B3ATHL CYMMY II0 KpaWHedl Mepe [BYX
BOJIH; 3TO INpPHBElET K KBafgpaTHOMY
ypasrenmio tuma (3.17), aBa Kopmsa
KOTOPOTO OHpPENeNIAT 9SHEPruH bdieK-
TpoHOB WIH (OTOHOB B 3aBHCHMOCTH
or BerTopa k.

C DOMOmBI0 3THX KOpHEA MOJKHO
HMOCTPOHMTD ROGEPIHOCTAU  ROCILOAHHOU
snepeull, MoKasaunsle Ha ¢ur. 50. Ue-
xonunle cdepnl «CBOOGORHHX (OTOHOBY
¢ pajlEyCcoM V/¢c W ¢ IGHTPaM# B TOYKax "
obparHoii pemerkn P m (, KoTopsie p G Q
mepecexkanucs 6w B TouRe O Ha Trpa-
mame soms (cp. ¢ur. 29 m 37), pac- ®nr. 50. TloBepxHEOCTH MOCTOAH-

HOH 9HEPrud B JUHAMHAYECKOHU
METUITIOTCA Teleph Ha ABA THIEP0OIO-  peopmm pudpaxmun peRTremOB-
mra. Ilosromy Toukm tmma S mam S’  crex asydeil man OHCTPHX ITeK-
n3o6paskaoT DIEKTPOMAarHUTHOE BO3- TPOHOB.
MYMEHHE TacTOTHL V, PACIpPOCTPAHAIO-
meecsi B KpUCTalkie B BHAe KOMOMHAIMN /BYX IJIOCKHX BOIH ¢
BONHOBHME Bektopamu SP w SQ mim S'P u S’'Q. Ycaosme co-
rIacoBaHUs ¢ MAJaloMIMM PEHITeHOBCKUM H3JIyIeHHeM AaHHOH dac-
TOTH OPHUBOGHT K BO3OY/KIEHHIO JIydedl, COOTBeTCTBYyIomMuX obenM
BeTBAM IIOBEPXHOCTH IOCTOSHHOU osHeprmm. B pesyibrare Bo3-
HERKaoT wATepdepennumonnsie sddertnt (em. § 6 ra. 2). G rToumo-
CTBIO [0 m3MeHeHwWs Maciraba (BOIHOBHIE BEKTODPH DPEHTTEHOBCKOTO
KBaHTa WA GBICTPOTO DIEKTPOHA OORMYHO ropasfo 6oapite THOHY-

HOro BeKTopa obparHoii pemerku) dur. 50 geficTBUTENBPHO MOIHOCTHIO
copmagaer ¢ ¢ur. 42

|
|
|
|
|

§ 4. Meron cuapmoii cBaAzn
B meTome mourn cBoGOTHHX DIEKTPOHOB PACCMATPHBAITCS BOIHO-
BHe (YHKIHA BHE ATOMHBIX OCTaTKOB, T. €. TaM, T7I¢ OHA 09eHb MOXO0KH
Ha mwrockne Boaunl. G Apyroil cropoHnl, BEYTPH aTOMOB 3TH (YHKIIHH
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ROMOGHE ATOMHBIM. 9T0 06CTOATENBCTBO MOJCKABHBAET COBEPIIEHHO
HHOH C10Cc06 MOCTPOEHNA DIEKTPOHHKIX BOSHOBHX (yHKumi. Mmenno
MOKHO HONHTArbCA CKOMOMHMDPOBATH ATOMHBIE (YHRKIUM (Kakmas
M3 KOTOPHIX JIOKaJM30BaHa B6IN3M HEKOTOPOTO OMPEIEIeHHOT0 aToMa),
4T0GH NMOJYINTH BOJHOBYI (YHKOWIO, OTIHMYHYI0 OT HYJA BO Beeil
peimerke (¢pur. 51).

@ur. 51. BonHoBasx $YEKIUA 2IACKTPOHA B TBEPHOM Telle.

Iyets ¢, (r — ) — BoaHOBaA QYHKMUA DIEKTPOHA B CBOGOXHOM
aTome, pacmoJoykeHHoM B Touke 7. Torga serko moctponts GpymKmuo,
yaosxersopsanmyio ycrnosuo Biaoxa (1.58):

9k (1) = 2 ™1 (r—12). (3.24)

IJT0 eCTh CyMMa CHIBHO JOKAJAM30BAHHEIX ATOMHBIX BOIHOBBIX $yHK~
Iy, IOMHOKEHHHX HAa OCHWIIMDPYOMUE (asoBHE MHOMRUTEID
exp (ik-7). Bruyrpm KasKmoro atoma IIaBHYIO POJb Oymer urpath
COOTBETCTBYIOINAA aTOMHAA GYHRINA, ¢ XOPOeEH TOYHOCTLIO YIOBJIe-
TROPAWOIAA JOKaNLHOMY ypaBHemmio Illpepunrepa.

B rawecTse mepBoro mpmOiamskeHUA BERUUCINM ¢ DTOH BOTHOBOM
dynxnumeil cpefHee 3HaYeHAE SHEPIHI

£ ) S¢'§{—§—;V2+‘zf0(r)}¢kdr .
(k)= 5%% - . (3.25)

Ecnu atomnbie BOTHOBBHE QYHKIHM COCEIAMX STeeK MePEKPHBAITCH
He CIUITKOM CHJIBLHO, TO HODMHDOBOYHEIA MHOMHUTENL B 3HaMeHAaTele
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MOKHO, IIO BCe#l BHAIMOCTH, MOJOKUTH PABHBIM enuHuie. UYncanTean
7He MOKHO TlepenmcaTh B BHJE

€ k)~ D ek -y S‘ ok (r—-1") { ——-;%VZ-}-%'(I‘)} ba(r—10) dr=

w

= ) eik-ng, (3.26)
n :

e
o= | 10+D) { — 5 VT ) $adr.  (3.27)

31ech NpUHATO BO BHAMAHEe, 9T0 B CHJIY HePHOTHIHOCTE HOTEHIAAJA
pelieTKY pasiWYHEe WHTETPAJE 3aBHCAT TOJIBKO OT BeKropa h =
=] —1' — paccTosiHus MEKAY Y3JIaMH PENIeTKH, OKOJ0 KOTOPHIX
NEeHTPHPOBAHBI COOTBETCTBYIOMINE ATOMHBIE QYHKINH.

ITycrs dyuknua ¢, (r) ymoBIeTBOpAeT yPaBHEHHIO

{ — 5y V20 (1)} ¢a (1) =Eada (0), (3.28)

Ie Temeph U, (r) eCTh HOTEHIHA] MH3OIMPOBAHHOLO aTOMa, pacmo-
J0/KEHHOTO B Togke r = 0.

Ilpenebperas BO3HMKAIOIMUMH MHTErpAJiaME NEPERPHTHA, MOJXY-
gaeM

80’,‘\:’%(1’
&lz—jc—g(;)a r+h) {7 (r) — va (1)) e (r) dr.

Urobw wmaterpan &, He obpaTmica B HYIb, 110.71;14110 09eBH/IHO,
UMETH MECTO HEKOTOpoe IlepeKphiTHe QYHENMH ¢o (r + h) uw &, (r).
JT0 HepPeKpEITHe OyIeT YCHIeHO 3a CUeT HOBHINEHHHA HOTOHIIHANa
Bbamau atoma, pacronosiennoro B yaie h. Bee me caenyer omunmars,
q9ro BenmumHa &n 6ymer odYeHb Mana i BCeX aTOMOB, Kpome 6im-
SKaAmm|X cocefei.

Paccyorpum mpocrylo Kybmueckyo pemerky [h = (e, 0, 0) u
t. 1.). Torma

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

ecan ¢, (r) mmeer cummerpuio Ky6a. B atoM ciygae sona Bpmanosna
npepcrasisger cofoil, pasymeercsa, Ky0, H MOBEPXHOCTH HMOCTOSHHOMN
9HEePIHM UMEIOT BUJ, TOKasauHHuil na ¢ur. 52. Ua smpamenns (3.29)
JIeTKO YCMOTPETh, UTO BEIWIAHA &qq CYINECTBEHHO OTPHIATEILHA.
Msi monyumnu 9HeprerMdecKyi 30Hy, IAPHHA KOTOPOH paBHA
12 |&190 |, a maumenpmas sueprua — (&, + 6 &14).

Oynxmun & (k), paccmarpmBaemas B HampaBieHMH ocu Ky6a,
nMeeT MUHUMYM Opu £k — ( ¥ MakcMMyM Ha rpaHuile 30HH Bpui-
aoaua, rie k = (n/a, 0, (). Baemne aTo HanoMmHaer KpHBHe, MOIY-

(3.29)
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9aeMEle B MOJ[eIH MOITH CBOOOAHHIX 31eKTpoHOB (cM. fur. 38), ogHako
KPHBHSHA y OCHOBAHHS 30HE B JAHHOM CIydae B3aBHCAT OT Iapa-
MeTpa &;9p. B meToM CTPyKTypa 30HBI ompemeisercs METETPATAMH
tana (3.29), KOTOPHE BechbMa WYBCTBHTENBHH K JETANAM IOBEEHHS
ATOMHEIX BOJHOBLIX QyHKOMH BHE aTOMHOTO OCTAaTKA, a TAK/Ke K 3Ha-
9eHNI0 NOCTOSAHHOU pemerkn. OueBumHO, WTO 30HA GYAET CY/KATHCA
IOpn yBeNWYeHHH CTeNeHH JOKalm3amud aTOMHHX QYHKOHI Wil mpm
YBEINYEeHNHE HOCTOSHHOH pemmerKud.

Memod cuavhoii cessu no3poiser yeMOTPeTh OFHY BAMKHYIO BAKOHO-
mepHOCTb. Bosbmem NV aTomor m pasmecTnMm mX BRaxm APYT OT ApYyra.

010 &(K)
NN
T
28,50
100 &
N7/
] 0 - nfa
a )

®rmr. 52. ¢ — 5muEEE nocrosmHOM omeprud; 6 — ¢ymknms € (k) Booms ocm
Ky6a (MeTOox CHJIBHOU CBA3HM).

Hamppii atom obnagaer pasImiHEIMA YDPOBHSMM; COOTBETCTBYIOMINE
AM BONHOBBIE GYyHKOUM IycTh OynyT ¢q, ép, .. Ouesmmmo, ounm
ONHCHIBAIOT /N-KpPaTHO BHPOKIEHHHE ONHOIIEKTPOHHLIE COCTOAHHN
BCEH CHCTEMHI.

Iipm cOnmxeEnn aToMoB aToOMHHE QYHKIOAHN HepeKphBAIOTCHA
u ypoBHH, paHee N-KpaTHO BHPOKIEHHEE, PACHENNAIOTCA, 06pasys
30HH. HammoMmy aToMHOMY ypOBHIO oTBedaeT 30Ha, comep:kamas N
cocroanmidi. MokHO roBopuTh 0 3s-30HaX, 4p-30HaX M T. [., BO3HM-
KaoIUX W3 COOTBETCTBYIOMUX AaTOMHBIX YPOBHed. Jra kaaccmpmra-
nusa 0co0eHH0 ygauyHa B CIydae HEepPeXOJHHIX METall0B, ¥ KOTODPHIX
aToMuble d-QYHKIEA AOBOJBHO KOMIAKTHO DAacCIONOMEHH B IIpefe-
JaxX aTOMHOTO OCTAaTKa, B Pe3yJbTaTe 4ero o6pasyercs OTHOCHTEIBHO
y3KasA U X0PoIIo ompermeilenHas d-30HA. .

Onmnako m3 ¢ur. 53 scHO, 9TO pasIHYHBIE 30HEI MOT'YT CTOIb 3HA-
YUTEIHHO DPACIIHPHTLCA, 9TO HAYHYT HePeKPHBAThCA. B Takom cayuae
IpocTad METOAWKA, KOTOPYI0 MHL 3JIeCh PACCMOTPENH, HOJKHA OBITH
BHJIOM3MEHEHA: BOJHOBAasA (PYHKIMA CHCTEMHl [OMKHA NPEACTaBIATH
co6oil AuHelHY0 KoMOUHAYUID AMOMHWL GYHKEYUL

=T e 90 (=), (3.31)
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3necs ¢6f) (r — ) ecrb 0HA M3 aTOMUBIX QYHKIHIT, EHTPHPOBAHHBIX
OK0.I0 TOYKH Z.

Temeps my:HO BoCTONbL30BaThCA Bhipaskenumem (3.31) rak mpo6-
HO# (QyHKIMed opHM BHYMCAEHNH SHeprHu. IlOCIemHAA MUHUMH3H-
pyeTcs MOAXOAAMMM BHOopoM KoaddpunumertoB f;. OdeBmgHo, TakUM
myres Mbl OPHIeM K CHCTeMe JTHHeHHBIX ypaBHeHHH, mpuyeM K03¢-
dments B pelt 6yayT 3aBHCeTH OT BHpaskeHUH Thma &n B GOpPMY-
ade (3.26). 9T BRIpaskeHHA B CBOIO oUepejab BRIIOYAOT B ce6s MHTE-

A
&
&
C o N-rpamroe
nepeemu-| === 8bipowderue
qeckue J T & Ypoenu
SOHbI @ === N-rpammnoe | ceogodnsmx
meepdom | == P soipowenue ( omomoa
nene == q o N-rpamroe
== asIpoxiderue
I
q ———
0

®ur. 53. PasMmbltie aTOMREIX YPOBHCH B DHEpPreTIMeCKHe 30Hs TPH COIIKeRHN
aTOMOB.

rpaant Tina (3.29) ¢ Tey, Ofako, OTHHTIEM, UTO aTOMIbIe PYIKIHT
OOJ 3TTAKOM HHTErpaja MOryT Temepb COOTBETCTBOBATL Pas3JIdHbIM
YPOBHAM aTOMOB, PACIOJIOMKENHBIX B Pa3lblX y37daX PEeHIeTHH.

Meron mumeifinpix kombunanumit atomubix op6mt (JJKAQ) mmpoxko
DPHMEHAETCS. B KBAHTOBOH XUMUH JIA HOCTPOCHUS 60AHO6ML PYHKYLLL
acoaerya. OMHAKO OH He 0YeHD YIOBIETBOPUTEI eH LI KOAUUECTEeHHO20
pacuera ¢pynrnuii Broxa B teepmbix Tenax. Jlelo He TOALKO B BHI-
IUCITATOABHBIX TPYAHOCTAX, ¢ KOTOPHIMU MEl CTATKHBAEMCS, OMePHPYH
¢ TPeXmEeHTPOBBIMM HHTEIPANAMH M € HEOPTOTOHAIBHBIMI 0a3MCIEME
QVHKIMAMA: eCcTh U NPHHIUNHANbHBE BO3PAYKEHHA TPOTHB IIPeJi-
CTABTEHAA COCTOAHHHA BaJeHTHHIX SITEKTPOHOB B TOMYNPOBOZHHKAX
HIN B MeTajiiaX ¢ HOMOIBIO BHpaskenui tuma (3.31).

Ilpir o6pasoBaHum TBepmOro Tema HOTEHANHAN KayKIOTO AaToMa
OePEeRpPBIBAeTCH € MOTelNataMu ero coceneil. lomyerum mo mpoctote
AVIWEBHOH, 9T0 OTHEIbHBIE ATOMHBIE HOTEHITHAIbL IIPOCTO CKIANLBAIOT-
¢ (¢ur. 54 m 55). Ilpu aTom raaBHEe TOTeHIUATIBHBIE AMH GYIyT
HeHTPAPOBAHK OKOJIO ATOMHHX Aflep, @ B HPOMEKYTKAX MERIY HHME
06pasyioTcs 061acTH NOCTOSHHOTO TONMKEHHOTO MOTeHIHANa. fCHO,
IT0 B 9THX YCAOBHAX HHAUBMJyanbHBE aTOMHEE QYHKOWH, QHTYpPH-
pytomue B (3.31), ysce He cymecTBYIOT, HGO COOTBETCTBYIOMME MM
VPOBHH 3Heprum Guuim GBI BhUIe Me:KaTOMHHX OapbepoB. B mpmamume
HeX0poino Bpa)kaTs yEKuu Bnoxa B mome 7° (r) wepes coberBennbe
QYHRUME ypaBHeHMS ¢ COBEDINENHO JPYTHM TOTeHIHATIOM Ug (r)

b
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B06aBOK, YAOBIETBOPAIOIINE €IMe IPAHNIHEM YCIOBUAM, He HMEOIIHM
OTHOMEHHA K RaHHOH# 3agade [H, (r) GHICTPO CTPEMUTCA K HYIIO TPH
r— oco]. Ilpm sTOoM Hamo 6ELTO O CMECTHTH BCE V3IH BOJIHOBLIX
¢YHKIEIA, 9TO He TaK-TO JETKO.

Bo BcaroM cayuae, paccMarpupaeMblil maGop QyHRIUE He noaok,
HOCKOJBKY B HeM HejjocTaer coGerBenunX GyHEmui ypasHeHus Ilpe-

&
P —a-

=0~~~ .  —

®ur. 54. CpaszaHHHE COCTOSHHA CBOOOXHOTO aToMa.

MMHTEepPa, COCTABIEHHEIX M3 PACCeAHHHX BOJIH M NPHHAICRAITHX
HeIPePHBHOMY CIIEKTPY — OOJacTH DHEPTHi, Pacloo;KeHHO{ Bhllne
HyJA, OT KOTOPOTO OTCIMTHIBAETCA MOTEHNKAI U, (r). XoTA BHYTpH
aTOMHOTO 0CTOBA BHpakeHHe (3.31) MOYKHO JOBOJBHO XOPOIIO IOIO-
rHATh K YHKOHN P, OHO HE MOJKET NPETeHI0BaTh 11a oNHcamne 610-

[
—_—
~ . I,
¢ 5 ¢
L .o Fad
F— — T— -V
?“\ e — 27
U8

@ur. 55. Qynrunn Bioxa B Kpucramie,

XOBCKUX (YHKOUA B OpoMeRyTouriofi obiactin — taM 3TH (yHRIEE
DOXO0X{M CKOPee Ha KaKUe-TO IPOCThie KoMBuManuil oGhYNbIX INIOCKAX
BouH (cM. § 6 HacToAmed raaBL).

ITUM MeToMIoM, ORHaKo, yCTaHARIRBaeTcss oana Basknasg obmas
3aKOHOMEPHOCTE.

Coranacro ¢opmyiae (3.268), smepruio B k-mpocrpaiictie MoRHO
pasmoxuth B pag Dypse

& (k) =2 e™-1€r. (3.32)

MoskHO TOKa3aTh, YTO PAa3AOKENNE TAROTO TUIA CIHPABETUBO
Beerjia (MeToR JMHEHHBIX KoMmMOumaiyil atoMIinix QyHEIni, Gyaydunm
OpoBeleH TOYHO W JI0 KOHIIA, JaeT 21iepPTHIC MMCIII0 B TaKOM BHUJE),
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xorda rosduiigaenTsl &;, BooOIIe FOBOPA, e BHPAyKAOTCA TPOCTHIMHA
unrerpaiamu tuna (3.27) wian (3.29) u Moryr 1e obecneTnBaTh GHICTPOH
CXOMMMOCTH PAXA OPH OOJBIINX 3MaYenuAX BexTopa I.

BemoMmuauM Temephk, UTO BEKTOPHI HPAMOil pemreTkm, I, caMH CyTh
obpaTHBHIe BEKTODPHl IO OTHOIMIEHHIO K BEKTOpPaM 00paTHOIl pemeTkH g
(u. 4 § 3 rn. 1). @opmyna (3.32) aHaTOrMIHA BHIPAykeHHIO

7 (1) = erer, (3.33)
g
CupaBeliuBoMy i mepmopmdeckoit gpymnwmmu 7°(r), r. e. 7 (x-+1) =
= 77(r). Tarum ob6pasoM, suepeus 6 kaxcdoli sHepeemuueckoli 30He
Joancra 6umy nepuodudeckoli GyHKEYUET ¢ 06pammuoli pewemse:

& k + g) = & (k). (3.34)

B mpemmpymeM maparpade »To CBOHCTBO yike OBIIO OTMeEUEHO.
Ipencrasaenue (3.32) MHOTXA OKa3HBaeTcs YAOOHEIM; IpHU BTOM
dyurmua € (k) aBToMaTHUeCKM YLOBJIETBOPAET YCAOBHIO TEPHOIMY-
poctn. Ecam paccMarpmBark Koad@uuumenTto &; Kak IapaMeTpH,
KOTOpHE MOMKHO ToA0MpaTh, TO YaCTO OKA3LIBAETCA BO3MOGKHBIM
cormaconarh HaGmiomaemylo mosepxuocts Depmm ¢ aToll dopmy:IoM.
B kauecTBe MHTEPHOMANMOHHON (OPMYyAB OHA IECKOIBKO MEHBIIEe
obocnoBana ¢ «puUsMUECKOH» TOUKM 3peHHSA, deM COOTBETCTBYIOINAA
dopMyna mMomenu MOYTH CBOOOTHHX 3IEKTPOHOB, B KoTopoil ¢ypbne-
KoMmoneHTH ¥ g paccMaTpumBaoTCA Kak mapamerphl. OmHako Ha
OCHOBe 9T0M (OPMYJIH Jerde BeCTH BETHCICHNSA, TOCKOIBKY OHA BhIpa-
JKAeT SHEePruI0 HEHNOCPEACTBEHHO B BHE CYMMBI IPOCTHX aHATUTH-
qecKuX (QYHKIMM.

§ 5. Meron sueex

Opnro us Bospamenmii npotus Meroga JINAO mokHO CHATH, ecan
BOCIOIB30BATHECA (YHKIMAMH, YIOBJIETBOPAMUME ycIoBuio bBio-
xa (1.58). Tlocmemmee o3Havaer, UTo BOJHOBaA (GYHKIEA [OMMKHA
yMBoxaTeea Ha exp (ik-7) mpm cimemeurm ee Ha BEKTOD penteTkm 7
(HampmMep, oT OLHOH TpaHM dJIEMEHTapHOH siuefiku k mpyroit). Hpy-
rag BO3MOKHOCTB COCTOMT B TOM, 91005 Hamucats guddepennmanbnoe
ypasuenue gas GyHRIME Uy (r), purypupymomeit B dopmyae

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

Coraacmo maBectnoit gopmyae (1.61), sra ¢yurnma moxna OGHTE
mepuoguIeckoil B NMpAMOI pelnerke.

B ogHOMepHOM CiIydae 9TO BHINISANT A0BOJABNO mpocTo. MoxHO,
nampuMep, BhOpaTh Kakoe-To 3Hadenuwe &, IPOMHTETPUPOBATH ypaB-
{'cHHUe, MOCMOTPEeTh, YAOBIETBOPSETCA JH YCJIOBHE HepHOAHIHOCTH,
usMenurh 3Hadenue € u 7. . Onpako B clydae Tpex H3MepeHMil Takoi
HOIXOT TpoMo3fok. Ycmosue (3.34) MOMKIO BLIIONNATBCA Ha BCeil
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MOBEPXHOCTH BIEMEHTAPHON AYCHKHU, T. €. Ha BECKOHETHOM MIIO;KECTRE
touer. [losromy pemennst B sienyeHTapHOH s9eiiKe CTPOATCH U3 Pas-
JHIHHX CepHIeCKHMX TAPMOHHEK M OTHCKHBAIOTCS TaKue IHHeHHEBe
KOMOHHALMKM HX, KOTOPHE CIOHBAIOTCA B KOHEIHOM YHCIE TOTCK
Ha rpammne gYeixy. MoyKHO yIYUINTH 9Ty METOJUKY, €CIE Ompeme-
JHUTh CPEJHIOI0 110 MOBEPXHOCTH AYEHKN OIMMOKY COIMBAHHA M MUHH-
MH3UDOBATh ee COeHATHHEIM TOA60POM KOdPPHIMeHTOB. ITO JOBOIL-
HO YTOMHUTEAbHAA, HO B INPHHIHANE AOCTATOTHO fACHAA NPOLEAypa.
TaxuM myreM yaaroch [JOBOJBHO YCHENIHO PACCIHTATh CTPYKTYPY
9HepTeTHIECKUX 301 IJIA HEKOTOPHIX TBEPHBIX TeJ, HO K CYINIECTBEHHO
HOBHIM TEOPETHIECKIM IPEJCTABIEHIAM BTOT METO He IIPHBe.

Meroy AdYeer BHIIVIAAMT UPAMBIM W HECHOKHHM. OJeMeHTapHas
AYCHKa IIpefcTaBigeT co00M XOPOIMO OUMPEAENeHHOE TeOMEeTPHIECKOe
moHATHE, & ycaoBue Bioxa merko zammears. OgHako B LeloM HACA
MeTo[Ja He BHoJdHe upaBmiIbHaA. He cremoBaizo 6n BO3ABATATH HCKYC-
CTBEHHKIE TDaHMOL AYEHKH M CO3/]aBaTh OPH CIIMBAHHKA Pa3pPHBEL
B TO# camoil obmacTn, Ijle HOTEHNMAJ MeIJeHHee BCEro M3MeHAeTcA,
a BoJaHOBHe ¢yHKIUE Hambosee OIMBKA K IJIOCKMM BoJHAM. B ompe-
AeJeHHA yCIOBUIl CIIMBAHHMA HMeeTCA IPOW3BOI, W 3TO MHOLAA OPH-
BOJUT K TOMY, YTO, IO-BHIMMOMY, Pa3yMHasA mpoueaypa HaeT coBep-
NIENII0  HeNpaBUIbHbIE pPe3yJdbTaTH [gaske B mpocredmeM ciydae
IyCTOH PemieTKH.

Hmeercsa mpegmecTBeHHnK 06IIEF0 MeTOfa ST€€K, KOTOPHM HHOTA
Gripaer ynobHo monb30BaTheA. 10 Memod Buznepa — 3eimya. 3awe-
TIIM, YTO dAeMeHTapHaA A4eldKa IPaHeNeHTPUPOBARHON B 06 heMIIonen-
TPUPOBAHHON KyOmyeCKHX pemreTok (sAdeiika Burmepa — 3eiitia)
nmpegcrariger co0of IPaBHIBHBIN MHOTOTPAHHHK, KOTOPLIA MOKITO
npubmmkenno 3amennTh cdepoir. Ilycrs sro meiicteuTennho cdepa,
06beM KOTOPOI paBeH 06heMy DIEMEHTAPIONH AYEHKH; CIeIOBATEIbH G,
pagnve ce pasen rg [cm. dopmyny (2.54)].

Paccmorpum cocrosume ¢ poxHoBHIM BekTopoM k = 0. Coorser-
CTBYODIaA BOMHOBAA (YHKIUA [OOJIKHA YHOBIETBOPATH YCIOBHIO

Vi (¢ + 2) = Py (r), (3.36)

T. €. JOJ;RHA ODepruoJuYeCKu H3MEHATHCA IIPH nmepexomne oOT ATeHKA
K sg4eiKe. CJIeJIOBaTeJH)HO, OHAa 6}’,I[BT HMEeTHh TOPH3OHTAJBRYIO Kaca-
TeJNbHYyI0 Ia Tpannie Adeiikn. HEade roBops, Ha moBepxuocTu cfeprl
Burrepa — 3eiitiia pacematpuBaeMas QYHKIMA JOJsKHA YAOBIETBO-
PATH YCAOBHIO

5'¢k [2)

i ]r=rs=0' (3.37)

Ecan morennmuan Buyrpn chepst cepHaeckn CUMMETPHYEH, TO HY/KHO
pemnTh JAME papuanbioe ypasHeHme llpeamnrepa ¢ rpanHIHBM
yeaosuem (3.37). Cnegorarensso, osHepruio & (0) MoKHO ompemennTn
oguosnavro (dur. H6).
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ITOT cmoco0 I03BOJAET M3SAMHO OIpedelATh NHOJOKEHHe [IHA
301L IPOBOAAMOCTH B OTHOBAJEHTHOM MeTAJllIe; €ro MOKHO JOBOJIBIO
YBepeHHo NPAMEHATH IPH pacyeTe SHEPIUH CBA3I 3JIEKTPOHOB B METAN-
aax (§ 3 ra. 4). MosxHO HOHTH HECKOIBKO Jajblie H HamucaTh ypaBHe-

< |l -7

o,

<75
I |
|

) :
1 |
5 % NS A
TR R R,
- T N 7 L T S T X ((;(0 )

A

®ur, 56. Metox Bumrmepa — 3eiitna.

HHe A TepHogmIecKkoit ¢yHKmmM uy (r), ompegenseMol paBeH-

crBoM (3.33),
R V2 VY i+ T (D= { B ()~ b (3.38)

Haxee moxuo morpebopartsh, 4To6n QyHKIHA uk(r) mMeZa TOPH3OH-
TAaNBHYH KaCATeNBHYH NpH 7 = ry. Taxum myreM Iiasg (GyHKIHH
& (k) moayuaercss HeITO OTAMYLIOE OT PesyabTara TeopHH CBOBGOMHBIX
5IeKTPOHOB [XxoTsa 6B H ¢ yI€TOM MOBOrO HAYANLA 0TCUETA BHEPIHH
€ (0)]. Nnage rosopsd, MOAyIaeTcA HEYTO XapaKTepuayiomee Gopmy
30IILI.

OnHaKo B DTOM METOfeé MBI COBEPIIEHHO HIHOPHPOBAIM CTPYK-
Typy TBepporo Tena. OTBer 3aBUCHT AUIL 0T 06beMa, IPHXOAAMIEr0Cs
Ha OAMH aToM, a He 0T (AKTHYIECKOH TreoMeTpHH KPHCTATINIeCKOH
pemerkn. ToT sie caMuifl peayiabraT MOAyImACH OH W JJIA RKUTKOCTH,
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rfe AaTOMEL, OKDY;KAalomue HAHHEIH, pacHpeqeleHE 06ecmopAmodUHO,
H I TBepHOoTo MeTaia TOH jke IIOTHOCTH. HpacuBrie AH$pPaRIUOH-
HEIe 3QeKTH, KOTOphie Mb MogpoOHO M3YyIanlum B HpENBAYIIUX IIapa-
rpadax, sgech HMpPOCTO BHIAMAIOT M3 PACCMOTDPEHHSA,

§ 6. Oproronanm3oBalHble INIOCKWE BOJIHEI

O6paTtuMca Temeph K HEKOTOPHIM METOAAM, KOTOPHE (PaKTHUCCKH
IPUMeHSIOTCHA JJIA pacdeTa 30HHOH CTPYKTYPh. Mosxmo 6mI0 Gol,
HaOpumep, CHATH OCHOBHEIE BO3DAKEHMS MPOTAB METONA CHIBHOM
cBsa3m (§ 4 HacTosmelt riaaBm), ecaum On a) TPOM3BOIBHHM 06pa3oM
mobaBuTh K GI0X0BCKOH cymme aroMubx Qymrmui (3.31) ciaaraemmie
Buga (3.12), cocraBieHHbe W3 MIOCKHX BOJNH, M §) HCKIIOYATL H3
6aoxosckoit cymme (3.31) Bce QuKTHBHBIE (YHKIME, KOTOpLie Ha
caMOM Jlesle ITepecTaloT CyMmecTBOBATh IPH YIeTe MePeKPLHITHA ATOMHEIX
moreHouanon (¢ur. 54 u 55). Tax umMenno u mocrynun X eppuur, KOTLa
BBeJ IPeACTaBIEHNE 00 0PMOZOHAAUI0EAHHBLT NAOCKUTL 80AHAT.

Paccmorpum mabop ¢yurmmit Bioxa, mocTpoeHUIX M3 gmympen-
HUZ ATOMHHX (YHKIHH, T. €. (YHKOUN, ONHCHBAIOIMHX B3aHATHE
YPOBHA WOHA. YumrwBasg pasencrtso (3.24), MoKN0 mammeaTh

buc = D) etk 1b, (r—1). (3.39)
L -

Boanorbie Gywknum «BUyTpeHHHX» COCTOAHHHA, Takme, Kak by (r),
CHIBHO J10KaAn30BaHE. [loaromy Bripaskennme (3.39) ects me uto muoe,
KaK JuHeilHagd KOMOMHAIUA BHIDOJKAEHHHX OJHOBIEKTPOHHLIX BOJHO-
BHX (YHKONHE, KayKgad U3 KOTODPEIX COOTBETCTDYET JTOKAJMN3aI[ii
BIIEKTPOMA HA OMpPEefCICHHOM aTOMe. JTO0 BHpayieHHE (aKTHICCKH
ecTh pemrenue ypasHenua lllpemwurepa mis Bcero Kpucraina, Coor-
BeTCTByIOINee ONHOMY u3 Iiyboxkux ypoBueir &;. M3 mero moskmo
6B10 GBI IOCTPOMTH YBKYIO BOHY, KOTOPas B KpHUCTalLjie Gymer IOJI-
HOCTBIO 3aMOJIHEHHOH.

Boanosrre pynkmun cocTosiHuil ¢ 6oee BEICOKOR 9HEpPrHeil, 6yayan
pemenusaMy TOro jke camoro ypasuenmsa lllpemuurepa, dosscrbt 6amb
opmozorasbibl R PYHROUU by

Py i) = O. (3.40)

Kpome toro, xak Mpr 3HaeM, QyHKIWA Y B 06macTAX MEKRIY
ATOMaMH II0XO03Ka Ha MIOCKYI0 BonHY. CoOTBETCTBOHHO 6yIeM MCKAaTh
BOJTHOBYI0 (YIKIMIO OHOT0 U3 BO3OY;KIEHHLIX COCTOAHHHA B BHIE

A =T — ) Brbige (3.41)

Mogxopamum BEGOPOM KodPPUIHEHTOB ; MOKHO TOGHTHCA TOTO,
91006 Bripaskenue (3.41) yZoBIETBOPANO YCIOBHIO OPTOTOHANBLHOCTH
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(3.40). Taxnm oGpasoM, pyHKOUA yx MPEBPAMAETCA B 0PMO2OHAAUI0-
sannyic naocryin eoany (pur. 57)

Xk:gikor_; (brr 7Y by (3.42)

JT0 — pazyMHOe BHpajkeHue. [[efCTBUTENBHO, B OPOMEKYTOIHOR
obnacry, rae Bce GyHKIHU by Mansr (BHYTPEHHHE COCTOSHHA CHIABHO
nokaguzosamnl), gyurnus (3.42) mmeer nuy exp (ik-r); BMecTe ¢ Tem

@ur. 57. CrpyKrypa OpPTOTOHANM30BAHHEIX ILTOCKEX BOJH.

@ — BjocKag BoNHA; 6 — BONHOBag (YHKUMA CHIBHO JOKAIMIOBAHHOI'O COCTOAHHA, 6 —
OPTOTOHAIMBOBAHHAA INIOCKAA BOJHa, T. €. INIOCKAA BOJHA 34 BEIYETOM BOJHOBOM (QYHKIRAR
CANBHO NOKANM30BAHHOTO COCTOAHMA.

B CaMOM aToMe OHA OPTOTOHANbHA KO BCEM BOJIOBLIM (QYHKINAM
BHYTDEIHAX COCTOAHMI M IO9TOMY MOKeT ®MB306pajiaTh BOJHOBYIO
¢yBrIHMI0 omHOrO M3 BO3OYIK/AEHHEIX ATOMHBIX ypoBHed. Ilycrs,
HaupuMep, BONHOBHE PYHKIEA BHYTPEIHUX COCTOAHWHA CYTh (yHKIHN
Tana 25 ¥ 2p (KaMJaA M3 HEX MMEeT OJHY Y3eJBHYI MOBEPXHOCTB).
Torpa ¢ymrnua yx 6yner mMeTh emie OAHY JOWOJHUTETBHYIO V36lb-
HYI0 HOBEPXHOCTh TOYHO TAK ke, Kak u pyHKmuu tnma 3s m 3p.
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Pa3nosxuM Temephb MCKOMYIO BOJXHOBYI0 (YHKIUI B DAL MO OPTO-
FOHANM30BAHHBIM IIIOCKHM BOJHAM, T. €. OyleM HCKaTh penieHne
ypasvenusa [Ilpemunrepa B Bume, anazornanom (3.12):

i = ; - gfk-g- (3.43)

Huasa ompepenenna KoaQPUIMEHTOB Ok _g BOCHOAB3YEMCA BapHAIHOH-
HBIM NIPHHIHIOM, MHHMUMH3HDYH CpefgHee 3EadedHde 3Deprum. ITa
opoimesypa TAKKE XOPONO 3IaKoMa, M HeT HeobX0guMOCTH ABHO
BRIIUCHIBATH BCE BHIPAMKEHUA.

OxaspBaeTCd, 9TO HA HAYANBHHX CTaguAX pAn (3.43) cxogurea
yARBUTEABHO OHCTPOo. G HOMOINBIO ONHOW NHIUE 0PTOTOHAIMIOBAHHON
MJI0CKOH BOJHE 9YACTO ymaeTcsi OPEACTABHTH BOJXHOBYIO (YHKIINIO
B Gosxbmux obnacrax k-mpocrpancrea. Jame B yraax soust bpmaaios-
Ia MoOMeT HoHafo0uTheA Becero 3 mam 4 wieHa. 3TOT MeTo/ € yCHEXOM
OPUMEHAJNCA [AA MCCIEeIOBAHUA HEKOTOPHIX METANNOB ¥ NOIYHPO-
BOJHHKORB. 1IpUMEHNMOCTE ero He OrpaHudena yejaobueM cepHuecKot
CHMMETPHE IMOTeHOHANOB, OKPY;KEHHEIX IPOCTPAHCTBOM, B KOTOPOM
CIJIBL OTCYTCTBYIOT,

Ilouemy tar moxnydgaerca? Bechbma yOemmrenbHa ciaenymomas
aprymenranua Oumnunca w Hielnmanma.

ITyers Toumas BoumoBad Qynkmoma umeer Buja (3.43) ¢ HeroTO-
PHIMA OOpefe’eHHLIMA 3HAaTeHHAMH KOO(PPUIIeHToB ax_g. Hannmem
P YHKIAIO

=D oy _geilk-&)r, (3.44)
g

NPencTaBAANMYI0 o060l mpocTo JUHEHHYI0 KOMOMUAIHIO ILIOCKAX
BOJIH € Temu ;xe KosdmmmesTamu. Torma ¢ ywerom paseHcTs (3.42)
u (3.43) momuo mammcarh (Mbl omyckaeM uHfgekc k, mmesa B BuIy,
9T0 OH BCErja OIMHAKOB)

b=¢—2 &, $) br. (3.45)
IlogcraBum sro B ypasmenme Ilpemnurepa Sy = &P, Ioayumm
0%’4)—-;](17“ ) Kby =8 — & ;(bt, é) by (3.46)

Ham, mockonbky b; ectdb cobersennas ¢yHKIUA rammibronmada &g,
OpUHATIeRamaA sHepruu &,

H$— 2 (bis§) E1by+ €3 bes§) by = €. (3.47)

Takum o6pasom,

%Mg(zﬁ—&) by (bi,d)=E$. (3.48)
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Ha 310 paBencTBO MOHO CMOTpPETH KaK Ha I0Boe ypasHenue Il pemuu-
repa

(S + Tr) 6 — &9, (3.49)
rge ouepatop 7 r GopPMAIBHO OIpPEIeIeH PaBeHCTBOM
Tr¢ = ; (& —&:1) by by §). (3.50)

Tarnm 06pasom, «criTaskenHas» BOTHOBAS (YHKIMA ¢ YAOBIETBOPAET
HOBOMY YPaBHENHIO, B KOTODOM «TaMILIBTOHHAH» WMEET BHJ

T+ V= — e V2t T+ T, (3.51)

Heao oberomr rak, Kak ecad 6ul HaZo ObNIO PA3JOMAKHTE MO MIOCKAM
BoJHAM COOCTBeHHHE PYHKOUN TaMUWIBTOHMAHA © NCE6AONOMEHYUAACH

I =7 4+ (3.52)

Tenepp Mo;rHO npuMesuTs GOpMaNLHBIH ammapar, paccMOTPEeHHLI
B § 2 nacroameii raaBw. HoaddumuenTs Qy—g AOJKHE YOOBIETEO-
psaTh ypasHenwsaM THna (3.14) ¢ TeM uckaogYeHueM, 94T0 BMeCTO Qyphe-
KOMIOOHEHT MCTHHHOTO HOTEHOWajla DemleTKH 7~ HYKHO TOACTABIATH
dypre-KoMIOHeHTH ToTeHTHanda 1.

JTH ypaBHEHWs TPEACTABIAAIT co0oif, pasymeercs, He 6ogee
geM npyryw ¢opMy ypaBHeHHH, MONydalIIUXCA TPH BapbEPOBAHUI
KO3())UIIHEHTOB Ok g B BEIDAJKEHUH AJA CPeJHero 3HAUeHHUS DHEPTHIL,
ecan B Kadecrse mpobuoil ¢ymrmum Geperca (3.43). Opgmaxo oxasnl-
paetcd (pechMa BepOATHO, 9TO dTO — 0Omee CBOMCTBO), UT0 dyphe-
KOMIIOMEHTH moTeHmuaia I’ Majbl BcerJa, MCKIA0YasA nepBble HECKOI b~
KO 3lfadenuii BeKTopa 06paTHOil pemerkn. QYHKIUO ¢ MOIKHO HAa3BaTh
ncesdogoanosoii ¢gynryueil., OHa ymoBieTropsier ypasuenmio (3.49),
B KOTOpOM 5¢QeKTHBHEI IMOTeHI[Ial OTHOCHTENBHO ciab. M BHOBB
BO3BPAIIAEMCS K LPOCTOH Mojenu MOo4TH CBOOOAHHIX DJIEKTPOIOB.

Yreep:xnenus, uTo omepatop I' MOMKHO paccMaTpUBaTh KakK caaborii
JORAaTRHEA TMoTeumman, we spiserca crperuM. Cumeon 77 dawrn-
yecku 0603HAYAeT MEIOKANBIHE OIepaTop

Vg (e, 1) =D} (8 — &) bs (v) b (v'), (3.53)

1
TaK 4YTO

Vrg= | T rl 1) g dr (3.54)

Otrcroma Bummo, Hampumep, 9TO pes3yJakrar AelicTBus omepartopa 7 g
Ha QYHKIUH ¢ Pa3TiLIM MOMEHTOM KOJHYECTBA [JBUKEeHUA Gyaer pas-
amaneM. CooTBeTreTBeHHO Hamo Owito OB muCaTh

Vg =T Tyt Ta b (3.55)

rue onepatop 77, mefictByer TOABKO Ha (YHKIMHA §-THNA A T. A.
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CyTe mema coCTOMT B TOM, 4TO TOTEHHMAaN aToMoB 7, Gymyum
NPpUTATABAIOIMAM, OTPUIATENIeH. JTO OCOGEHII0O OTHOCHTCH K OKDECT-
Hocru ToukM r = (. llorenmman ke 7'p, comepsammii pasHoCThb
€ —&: m EBagparTMUHHA 1O BONHOBHM (GYHRIMAM BHYTPEHHHX
COCTOAHMY, NMOMOKATENEH. ITH JBAa MOTEHIMANa YaCTAIHO KOMIECH-
CUDPYIOT Jpyr Opyra W YMeHBIMaoT 3Hadenwme peamdunsl I'. IMomxo-
IAMAM BHIOODOM BONHOBHX (GYHKIHA BHYTDEHHHX COCTOAHMIT BTy
KOMIIEHCATHIO MOKHO VCHJIHTH, HO HHKOTIA HEAL3A TOCTHIbL TIOJIOMR
KOMTICHCAIHAH,

Cremyer 3aMeTmTh, UTO ONMCAHHBIA BHIE NPOLECC IOCTPOEHHS
omeparopa 7'p He ogHo3HaueH. MosKHO TOKAa3aTh, 9T0 NI 6aACHM-
HBLL 9AEKMPOR06 cobcmeennble sHauenus zamuavmonuana (58 - 7 g)
odunaroest npu w0OBT ncesdonomenyuaiar euda

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

20e pynryuu Fy cosepuenno npoussosvrbi. Yrobn yGequthes B oToM,
3aMeTHM, 4r0 omeparop ¥’p Bcerga mpoektmpyer (YHKIHIO ¢ Ia
MHOXECTBO BOJHOBHX (QYHKIMH BHYTPEHIIMX COCTOAHMI. MCROAMEBIE
e CoOCTBeHHBIe (YHKIUN BANEHTHHX 3JIEKTPOHOB, OPTOrONUAIBHH
K sroMy MHOjkecTBY. IloaTomy mobaBienme omeparopa 7' p K raMuin-
TOHHAHY He MEHseT 3a[a4i Ha COOCTBEHHbIE 3HATEHMS B NPOCTPAHCTBE
COOCTBEHHHX (JYHKOUN BANCHTHHX 3IEKTPOHOB.

Takum ob6pasom, pasymuo pubmpas QyHKIEE Iy, MOKHO TONbI-
TaTbCA TOJYIHTH XOPOUIyi0 KOMIEHCAUHI. ilomaras, Hampmumep,

Fy = —Tb,, (3.57)

MBI OOJIy4daem

r¢=7/’¢—2t<bt. 7"$) b (3.58)

CrnemoBarenbro, m3 moTeHnuanza 7° MOMHO BHYECTD M06YI0 €ro 9acTs,
KOTOpasA IPEJCTABIACTCA B BHOE CYMMBI BOAHOBHX (QYHKIUHE BHYT-
peHHHUX cocToaHmA. JTo M 0o6bACHAET, MOYeMy BO MHOTHX CIYIAAX
omeparop I' okasnBaercsa Becbma ManbiM. TakmMm 06pason, TpHAHINI
KOMIIEHCANWH, XOTA OH U He IpefcraBiser cofoll CTPOro MOKa3aHEOH
TEOPEeMbl, BCE jKe OUPABJEIBACT npedcmasienue o0 neesdonomenyuane —
0KA3HEACTNCS, CAAEHIMIbE JACKMPOHEL 6 MEMAALAT U ROAYNPOSOOHUKAL
sedym cebs maxr, kar ecau Ol OHU HE CAULLEOM CUALHO 83aunodeticmeo-
6A4U ¢ UOHAMU KpUCTIALAUMecKOT, DeuiemEL. B 3TOM 1 COCTOUT TPHINLA
OPAaKTUIECKOr0 yCIexa MOJeIH TO4TH CBOGORHBEIX 3aeKrTponoB (§ 3
HACTOSMEH rIaBH) | — He TOJBKO IPU MOCTPOCHUA KPACHBLIX KaPTHHOK
nast mosepxnocty Pepmum (Ppur. 49), Ho mw B Teopum ropasmo Goiee
CIOKHBIX ABJIEHUI, KaK, HAIPAMED, 3ICKTPOIPOBOIUOCTA B GOHOHHEIX
cnexrpos (eM. § 12 m 13 ri1. 6). Bo Mumormx oTmoureniAx MeTo mCEBIO-
OOTeHNHANa 0KA3AICA OTHAM M3 Haubosee MIOAOTRODHHIX HAIIPaBie-
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HEH B TeopHH TBepjoro iexa co sBpemenu paborsi Biaoxa B Haua-
xe 1930 r.

Tem me mMeHee ¢ TeopeTHdeCKodl TOYKU 3PEHWA ONHCAHHAS BHIIIE
Pa3HOBHIHOCTD «AHAJMTHYECKOTO» HCEBIOLOTEHIIMATIA, OCHOBAHHOIO
Ha ¢opMarInsMe OpPTOTOHAAM30BAHHHIX INIOCKHX BOJH, He BIOJHE
ynopaersopurenbaa. IlceBgomoreniuarn, Kak Opuro MoKasaHo, CUIABHO
3aBUCAT OT 3HEPTHH M OT MOMEHTA KOIHIeCTBA [BWKEHHSA. 3TO —
He 11aCTOAIUA JOKAJIBHEN IOTEHIHMAN; OH He OHPEeNeIeH OHIO3HATHO
¥ He mpACHOCOGIEeH eCTECTBEHHHIM 00pasoM [IA OOUCAHHA d-30H
(em. § 10 macrosmei riaser). InaBHEI pe3yabTaTr, yCTAHABIIUBAEMbLH
€ er0 TOMOMbI0, COCTOMT B TOM, ITO MOJIEIh IIOYTH CBOGOTHEIX 3IEKTPO-
HOB (GaKTHIEeCKH TOPasfo Jydiile, 96M HTO Ka/KeTCaA Ha TEPBHIH B3TI AL,
3T0T pesyabTaTr, ONHAKC, MMOYTH € TAKOH K€ SACHOCTHIO BEITEKAET
H 13 pacCMaTPUBAREMBIX B CiemyiomieM maparpade MeToioB, OCHOBAH-
HIIX Ha OpefcTaBieHnu ol AveedHoM moTenmuane. Boxee Toro, Tam
He OPHUXOJNTCA TOBOPHUTEL O «ICEBJOIIOCKNX» BOMHAX Bpomae (YHK-

oun ¢ (3.44).

§ 7. IlpucoeanHenHble IIOCKAE BOIHEI

O6mee Bozpaskenne upotus mMerona JIKAO u meronma sgeex cocrout
B TOM, 9TO B IPOCTPAHCTBE MEKIY MOHAMH MeTAJJIA HOTEHITHAT Majio
Mmeusietca. Ilyers aroT morTenmman nefCTBHTENBHO CHEPAYECKH CHM-
meTpuieH B obumactu paguyca R, BOKPYr KayKAOTO y3ia M MOCTOSHEH
B mposmemyTogHbx obractax (¢pur. 58) 1). Bymem cumrarn, uro R,
HECKONIBKO MeHbIe pagmyca cepsl Bmraepa — 3efitna r,, Tak 910
paccMatpuBaemsle obgacTu He mepexpoBawTcsa. ¥ papHenne lpeqmn-
Tepa BHYTPH Ka:Jo#l cdeprl paguyca R MOKHO PemUTEL TOYHO (BHpa-
3UB pemeHmne gepea cdepuueckue rapmMoHukrm). Moo Tarkke maitwm
TOunble pemrenuA (mIockme BOIHE) W B obmacti’BHe cPep. Cmusas
5TH PeMeHHS Ha NOBEPXHOCTH KUKIOA ceps, MOKHO HOCTPOHTD
pemenne ypaerueums Illpegmurepa Bo BceMm KpHeTaiie.

(daxkTugeckn mpomegypa COCTOMNT B CIEAYIOIMEeM: IYCTh &€ ecTh
dHePIUsl pPacCMaTPHBAEMOTO coCTOAHUA, BHyrpm Rakmoit cdepn
pemenne ypasHennsa IIl iequnorepa mmeer Bup

$(0) =2 CinBi(r. )Y m (0, $), (3.59)

im
rae Y, (9, ¢) ecrb ceprmaeckas rapMOHHKA, 0, ¢ — moNAPHHIE YIIH
BeKTopa r, a %;— pelneHme pajAaIbHOTO YypaBHeHNWA (B aTOMHEIX
eIMHAUNAX):

— L2 (P 4 (MY L () =87 (3.60)

1) Aprop wmompayercn TepmmroM  «muffin-tin  potentialy— GyrsanpEo
«moTeHO®AN B BEAe QOPMOYEK [JISA IPHTOTOBJIEHHS CROOE. — [Tpum. ped.
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R ¢ equHCTBeHHOH IIOCKOM
(tk-r). 1loTB3YyACH CTRHAAPTHLIM PAa3T0KEHMEM ILIOCKO

BOJIHBI ITO C(i)epI/I‘E[eCKI/IM rapMoHmKaM, JIerKo II0OKa3aTh, 49TO TOTa

BuiGepem rtemepn kosdpdumuentst €, rtar, uro6n GyHRIUA é(r)

TOYHO CIINUBaJfaCh Ha IIOBEPXHOCTH I

it

BOJHOH exp

(3.61)

} Y (0, &7).

fl (kRs)
3mecnh yramt 6°, ¢’ ompegensiior mampasaenne Bextopa k, a Bean-
uuna j; (kR,) ects chepnueckas ¢ymxnus Beccens 1). IMogcraBass

A1 (Rs, €)

2141) i {

Clm

JHEHUBIM BHA IIOTEHITUAJIA,

Hpubam

@ur. 58.

(#k (l‘),
aHCTBe

(I11IB). B npocrp
T), & BHYTpA cdepr ¢ HEeBTpoM

VCI0OBHIO

o (r)=eik -ty (r—1).

Il NAOCKOU 60AHOU

BEpaskenue (3.61) B gopmyny (3.59), moiayuaem ¢ymrmmio

MexEny cdepamu oma pasHa exp (ik
B TOUKe [ OHA YHOBIeTBOpAer

HAa3bIBAEMYIO npucoeaunemto

(3.62)

me
=5
e !
m =
s .
>3
[«¥]
Mﬂm
&5
S E
2=
5o
Fges
mm.
> 2
28
o §
H
BH
?
=%
==
g =
> 2
B3
=
=
® 3
3
2
HH
o o
8
2 &
S g
-}
= o
5

He Npenolarayin HalWidsA KakoH-a1mbo CBA3M MEKIY SHepruei &
# BOANOBBIM BextopoM k. IlsBecrtHo, ojHAaKo, UTO OKOHYATETLIIYIO

pe3 ofwuHyl0 $yRunuo Beccenxs mopsapgka

QYBEKIMS BHpaMKaerca ue

(L -+ Y/3).— pum. nepes.

1) 9ra
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BOJIHOBYIO YHKIHIO MOKHO moctpomth us IHIB; cormacmo reopeme
Brnoxa, oma momskma mMeTh BHT '

Py (r) = ; Ak -gPr-g (T)» (3.63)

rae KodPPUITMEHTH Qg TMOLTEKAT OIpPemeNenuio.

Cregyromuii mar cocToHT B TOM, 9T0GH BOCMOJIB30BATLCA BHIPaske-
nueym (3.63) kKak mpo6Hoit GyHKIIEIl IPH BRMECTEHHT DIIEPITN BAapHa-
IUOHHEIM MeTOIoM. JIerko mokasarth, 970 KOdPPUIMEHTH PasIoyKeHus
TOJKHBl YHOBIETBOPATH ypPaBHEHMAM BHUMA

{k—g)*—& ar_g+ gZ [0t ge =0, (3.64)

rie I'ggr — mmTerpai, comepmamuit Gynkmmm Pk—g, Pk—g M TAMHID-
TOHHAH C INEePUOIUYECKHM MHMOTEHI[HAI0OM.

BrBom ¢opMyn Omsa TaKMX BHHTErpanoB 3aBeld OB HAC CAUITKOM
OAlTeKo B geraixn Merona. Pesyanrtar mmeer pup

4nR3 , W(g—g | R,
T = 2o { —lk—g)-(k—g) — &) LUEL IR

o0

. . ’ -aj, Rsv %
—rl§(2l+1)Pl(cosegg/)]l(|k——g|Hs)]l(lk—g | Ry 2GS

(3.65)

rae Oggr — yron meswny Bextopamu (k — g) n (k —g'), a pyHEIUA
721 — MpPOW3BOAHAA OT PamgMATbHOM (GyHRIuUH 7. Buriagka, mpm-
BofAmas K ¢gopmyne (3.65), COCTONT B 0CHOBHOM B BHYECIEHWH
IZIABHOTO WMeHa — THHA TePBOro CaraeMoro B mpapoit wactm (3.65).
ITOT WIeH MPOMCXOUT OT obracreir pme cdep. Ocranpuble craraeMiie
BOBIHKAIOT HM3-3a JIEHCTBUA OmepaTopa rpajueHTa HAa IPHCOETHHEH-
HBIe ITIOCKME BOJHEI, TPOU3BOAHBIE KOTOPHIX MMEIOT PAa3PHIBHL HA IO-
BEPXHOCTH KaKIoi cdepw.

3amaZa o pacwere 30HHOH CTPYKTYDH CBOIHTCA Temeph K peme-
HUIO CHCTEeMH! JUHeHHbX ypaBHennit (3.64). Mckomoe pemennme cyme-
CTBYET, JHIb €CIH MeTePMHHAHT CHCTeMbI obpamaerca B Hy1b. Brbe-
pem HeroTopoe sHavueHue Bekropa k. Bee koaddunmentn 6ynyr sanu-
ceth 0T § — ambo SIBHO, KaK B caMOM ypaBHennu (3.64), 1n6o Hesp-
HO — uepe3 BenmnmauHy gy, onpenensiemyio dopmymoit (3.65). Ierep-
MIHAHT CHCTEMBI BLTHCIACTCA 715 HEKOTOPOTO 3a1aHHOTO 3HAUeHA &,
KOTOPO€e 3aTeM H3MEHAETCA, moKa He Gymer maiimen xopens. CooTBer-
CTBYIOIee 3HaYeHHe & T JaeT HCKOMYIO OIeHKY dynxnun & (k).

Pacemorpenmas Tonpko 4ro Meromka pacuera 30HHOM CTPYKTYPH
METaII0B € HOMOMBIO IPHCOEJMHEHHHX INIOCKAX BOIH JIOBOJBHO
HanexHa # npakrnyaa. OHa cBsA3aHa ¢ 6OABINM 06HEMOM BEIHCIH-
TeTBHOU PaboThl, HO BCE JKe TONATCA IA PeMeHns KOHKDETHHIX 3amad.
Pesyawrar, manpumep, He CAWMIKOM TyBCTBUTENIEH K BH6OpY pagmyca
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aTOMHOTO TOTEHIUaJZa Ry U OCTAETCS CHPABEJAWBLIM B IPUCYTCTBHH
d-30m (cm. § 10 Hacrosimeil rmasbr). VHTEpecHo, OGHAKO, HOCMOTPETE,
Kak MB B KOHIIe KOHIIOB BO3BpamaeMcs K (QOpMysraM, HOXO0KHAM IO
CTPYKTYype Ha GOPMyJH MeToJa DodYTH CBOOONHBIX AIEKTPOHOB. ¥ paB-
merme (3.64) B TouHOCTH coBNajaer ¢ OpEeKHHUM ypaBHeHmeM (3.14),
eCOM TOJNBKO 3aMEHHTH TaM (ypPbe-KOMIOHEHTH MOTEHIUAIa aTOMOB
folee CIOMHBIME BHPasKeHAAMH

%‘g-gr - Fgg'.

OpyraMu cJI0BaMd, BEJIHUYUHH l'ggr CYTh (Qypbe-KOMIIOHEUTH
spexTHBHOrO aTOMHOTO HoTeBRmHana. Kcmm OB 0Kasamzoch, 4TO OLK
He CJHUINKOM CHIBLHO 3aBHCAT oT € u k, a mpexcrasaaior coboil mpocto
HeKOTOpHe QYHKINA 0T aprymerTa | g — g’ |, To moBepxHocTh Depmu
I BCe OCTANBHOE MOMKHO OBUIO OBl CTPOUTH LPSIMO IO METOAY IIOUTH
cBOOOIHNX SIEKTPOHOB.

K cosxanernio, KoMOOHeHTH mcesfonorernuana (3.65), mocrtpoen-
HOTO M3 IPHCOEGIMHEHHHLIX INIOCKHX BOJH, 0OBYHO He TaK Madhl, Kak
X0TeT0Ch OBl JTO BUIHO M3 KOHTPOIBHOTO pacueTa ¢ IycToil penreTxkon,
v. e. u3 pacuera (yurmum &€ (k) mJas ¢pemeTHEM» € TOTEHIIHAIOM
7" (r)=0. IlockonbKy mpoussojpusie mo r or ¢ymrmuir R; B (3.69)
He MCue3aloT aBTOMATHYECKH B TOYKe I' = R, TO M KO3(QPUIHMEHTH!
I'gs He obpamgaiorcss B HYJb fasie TOTja, KOIZA (ypbe-KOMIOHEHTH
HCTUHHOTO ToTeHnnana ¥ g_g- paBue Hynaw. Illpm atom, to6n momy-
anThL faske TpuBMadbHENT peayiabrar & (k) = k%, tpebyerca memanas
BEIUncIuTeabuaa pabora. Takum o6pasoM, Henrbssg 00BACHATL IIPak-
THUECKHH yemexX MeTOJd LOPHCOEIMHEHHHX ITOCKHX BOJH, HPOCTO
ANeNIAMPysA K IPEACTABIEHHIO O IICEBJIONOTEHIHANe, BBEJEHHOMY
B § 6 macrosmeii rmaBe. dTOT BOmpoC MHL emme obcynum B § 8 macros-
e TIaBHL.

§ 8. Meron dymkuwii I'pura

W3maraeMasa HM;Ke METOIHKA II0 BUAY NPHHIUONAIBHO OTINIAETCA
OT PaccMOTPeHHoH paHee, HO IO CYIIECTBY CBOMHTCA K ToMy e, Hau-
HeM €O CTAaHJapTHOTO WHTETPAIBHOTO YPaBHEHMA IA BOJIOBOM
PyHRIUE B mole ¢ LPOMBBOJBHEIM HOTeHIHatoM 7°(r):

P = — g | Dy pyar. (3.66)
3xzech
x? — &, (3.67)

Tak UTO0 % — JeficTBHTeNbHAA BeduduHa mpu & > 0 E MHEMaA npH
& < 0.

Pasencrso (3.66) osmawaer, 4T0 BOJHOBas QYHKIMA IpPH pacces-
HHIH Ha DOTEHI[MAJe IEPEeXOUT CaMa B ¢e6s; OT/ebHEIe BOJHE, IPAX0-
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fiAmue U3 PasTUYHBIX TOUEK I’ ¢ mHTEHCHBHOCTHIO 7 (r') ¥ (r'), ckia-
ABIBAIOTCA M BHOBL fgaoT Gymxmmio 1P (r). Pacemorpum Temeps moTen-
IHajg TOTO Ke BHAA, YTO M B NMpeHAyHemM naparpade, mpmaeMm

VW) =2w, e —1). (3.68)

Homcrapass s10 BRIpasenue B ypasnenne (3.66), momyuaem

bO=—r 3 [ 2Dy 0y ar,  (3.60)
{

T |r—r"]| e

rle HHTeTPUPOBaHile BEJeTCA TOAbKO Mo A4eliKe ¢ MEHTPOM B TouKe 7,
TAK KaK MOTeNIual v, (f — /) BO BceX OCTANBHBIX AYeHKaX paBeH
HYJIIO.

My nmem ¢pyrxnum Baoxa. 9tuM o6CTOATENIBCTBOM MOMKHO BOC-
IOJNB30BATECSA, 4TOOB! 3aMEHMTH aprymenT B (yHKmuE P (r') Ha
r' —7 =r". Torga

e ()= —p 3 [ IR o, (v — ) eery ( — ) ' =
l

lr—r’|

- “4% 5 {G (%, k; r—1")} v (1) P (r") dr”. (3.70)

Ilo cymecrBy, MH yTBepJaeM Temephb, YTO BOAHOBASA (PYHKIHA
B TOYKe I €CTh CYMMa BKJAaJ0B BOJH (C HOOXOMAMUME (a30BHIMHA
MHOKHTEINSIMH), PaCCeAHHHX Kauol ua stueex I u 1. 1. Ilockompxy
BCe AYEHKH TOKECTBEHHBI, MOKHO BBECTH CMPYKMYDHYI GYHKYUIO
Ipuna, wan epunuan

6 (o ks r—r) = D Rt 3.71)
l

KoTopas faeT dpPeKT B TOUKE r 3a CYET BOJH, PACCESHHEIX B TOUKE
r’, a TakKe BO BCEeX SKBHBIEHTHBIX TOYKAX B [PYIUX syeHKax
(¢mr. 59, 6). Taxum o6pasom, 4To6bl OTYIATH BCIO BONHOBYIO PyHK-
A0, HYKHO MPOMHTETPUPOBATH JHIIb 0 OTHOH mueiike.
Cremyromuit mar cocTOHT B MOCTPOGHHN (YHKIHOHAIA, BAapHAIUA
KOTOPOTO HPHBOJMT K WHTerpadbHoMy ypapuenuio (3.70). Jlerko

HOKa3aTh, 4TO HCKOMHN (YHKOMOHAN HMeeT BUI
A=N S b (r) v, (r) P (r) dr +

+ 21; S S Yi (M) ve (1) G (%, k; T—1") vy (") Y (") dr dr”.  (3.72)

3pecs MATErpHPOBALNIe BELETCA TOIBKO MO ofHOM aueiike. IlocKOTBKY
HOTEHIAAN PaBeH HyJIo BHe M1000# u3 atoMubiX cdep, ob6aacTh HATe-
TDUPOBAHEA MOKHO B KaKAOM CIydae orpaHUIaTh chepamu r, r’ << R,.
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Bosbmem rtemepp mpofmHyio (QYHKOHIO BHYTPH Kammod Adelikn
B Bume (3.59)

P (r) = ; Cim*R1(r) Yim (0, $). (3.73)

OdeBugno, B KoHeYHOM uTore QyHKumoman (3.72) mpescrasut cobolt
KBagpaTHuInylo QyHKmuo kosdpdumuentor C,

= Z Alm;l'm’clmcl*'m'- (%74)

im; U'm’

Hamee, ycroBHe CTAIMOHADHOCTH Jaer CHCTEMY .JHuedinX ypanie-
Hu#, merepMMHAHT KOTOPOH | Ay prme | AOTKEH 0OpaTHTHCA B MYyb.

dur. 59. Ob6uugnad dyurugaa Upuaa (a), OUACHIBAONAL PACIPOCTPAHEHHE BOJIHH
U3 TOTRA T’ B TOUKY T, 3AMEHAETCA CTPYRTYPHOI ¢ yuruueit I'puaa (6); nocaegana
o0beHHEAST BOJNHDI, HAYMAE W3 BCEX IKBHBAIGHTHHIX TOTEK PEINOTKH r”,

JrorT meTepMUNAHT eCTh (YHKINA BOJHOBOTO BerTopa k m aHeprunm
€ = »?. KopHuu gerepMuumaHTa yCTAaHABIHBAIOT UCKOMEIE COOTIIOHIE-
HufA, ompefensomue pasaudnsie BetBn gyunnun &(k).
Heb6esnmrepecen @ GaxKTHIeCKWd BUA 3TOTO MEeTCPMIHAHTA. Oe-
MEHTH €ro JAITCA BEIPAKeNTHeM
Alm; l'm'=Alm; 'm’ ‘i"usll’smm' nl,—-—nlLl . (375)
it—iily
Roadduumentsl A jn;m’ OHPEAGIANTC CTPYKTYPOH Kpmeramnia,
Oun mosiBastioresa u3 pasiomenua gyukmuu [puma (3.71) mo cdepu-
9eCKHM TapMOHHKAaM, 3aBUCANMUM OT MOJAPHHIX YIIOB BEKTODOB T
mr’. 91 KoapPUmEenTH 3aBUCAT OT % U k, HO BO BCeX APYrux oTHO-
HIeNNAX OHU OHPeJeIAWTCH TOIBKO CTPYKTYpoil pemerkn. Maxrmue-
cKie GOPMYIE 0YeHb CIOKIBL, IOCKOIbKY B HIX BXOJAT KO rIienThr
Kmne6ma — Iopgana n chepudeckue pyuxmun Becceas j, n r; or pas-
JTHIHBIX apTyMeHTOR. IIpH BHYMCICHUH DENICTOTHEIX CYMM 3/[6Ch OKa-
3WIBAETCA MOJMe3HKM MeToR dpanbaa (§ 3 riI. 2), uro MosKiro 6510 Ipes-
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BHUIeTh y)Ke Ha OCHOBAHMHM BIijla 3uaMeHaremeii. Tem me menee pas
Ka/KJod JaHHOU CTPYKTYPH KoapdumueHTH A ;. ;pmr MOKIO Taby-
JAWpPOBATE Pa3 W HaBCerna.

AromuBE moteHmman BxogutT B (3.75) depes morapEPMHUUECKYIO
Opou3BoAHyI0 L; pagnantHoil ¢yuruuu %#;, B3ATY0 Ha MOBEPXHOCTH
chepsl — Tak ke Kak m B dopmyiae (3.65). ITo CBABAHO C TEM, YTO
npobras ¢ymEmua (3.73) ymoBIeTBOpseT BIYTPH aTOMHOM cdepnl
ypaBHennio Hlpemmarepa, W D03TOMYy HOAWHTErpAJLHLIE BHIPaske-

nna B gopmynax (3.70) u (3.72) MoskHO mepemmcarnh ¢ yUeTOM paBerl-
cTBa

Va (1) Yic (1) = (V2 + &) Yk (). (3.76)

Iloabaysacs pamee Teopemoit I'puma, TpPUXOOUM K IOBEPXHOCTHBIM
MHTErpajaaM, B KOTOPHX GUIypUPYIOT HPOM3BOANbIEe 0T QyHRIUN I pu-
Ha [onn moABuAloTcd u B gopmyne (3.70) B nume dyHrmmit n; u jil
I OPOH3BOAHEIE PaguaibHON ¢yurumum. B sT0M MeTOme CYIECTBEHHO
OpegmodoKeHne o cdepmieckod cummerpuu (BOIMBH KaKIOTO aToMma)
moTeHnuana v, (r).

Orcroga scHo, uto Memod @Pyrryuil I'puna (U3BECTHHIA eme Kak
meror Hoppmarn, Kona u Pocroxepa, unu KKP) ouens moxosk na merox
IpACOeNNHEHHEIX INIOCKUX BOJH. I mociemmeM Merofe CTPOMTCA pas-
JoKeHHe [0 CHepUIecKHM TrapMOHMKaM ([[0 sKeJiaeMoro HOopHIKa),
mocile Uero HY)KHO DPEINATH CeKyJsApHOe ypaBHEeHHe, BO3HHKAKIIee
B CBA3H CO BKJIAJAMH OT DA3JIMYHLIX BEKTOPOB ,00paTHOM pemerTKi.
B wmerome HHKP mo Bcem BerTopam pemerkn [dpakrtmieck:m mocie
dypre-mpeobpasoBanus ¢yurnum G (%, k; r —r") — mo Bexropam
obparnoit pemerku] Gepercsa cymma, HO 3aTeM (3a CYeT BKIAJOB OT pas-
JIMYHHIX CepIIecKux TapMOHAK) BHOBD BOSHUKAET CeKyIAPHLIA qeTep-
muHaHT. ns mpumerenus ofomx MeTOM0B HY:KHH GnicTpomeficTByT0-
Iife BRIINCAATENIbHbIE MAINHBL, B 064 OHN BIoJIHe «pPaboTOCIOCOOHEY.
ITpemmymecto meroga HKP cocrout B ToM, uTo B smementax merep-
MHIIAIITa CTPYKTYPHBIE W aTOMHEIE CBOWCTBA Pas3felAKTCA H IIOTOMY
HX MOKHO PAacCiMTaTh OTHENBHO U OBICTPO 06BeamuuTh. [lpemmyime-
CTBO METOfa NPUCOEIUHEHHHX IJIOCKUX BOJH COCTOMT B TOM, 4TO OH
JaeT JAydYIIylo KapTUNy BOJHOBHX (YHKIUA BHE aTOMHOH cdephl.

§ 9. MogeabHile NCEBIOMOTEHI[AAILI

B § 6 macrosmeit rmaBer MB BHJENH, YTO BAHAHHE IOTCHINAJO0B
OTAeNBHEIX QTOMOB IIa BIEKTPOHE MOKHO CBECTH K BO3JeACTBHIO Cla-
6oro mncepmomorennmmana. Hak oTpamaercsa »T0T BajkHBIA (PakT Ha
pacdere BOHHOH CTPYKTYPH B CIy4ae AYEEUHOr0 HOTEHOHAJa ?

Ilorenmmantr atoMoB He ¢urypmpyoT ssno HE B dopmyme (3.65)
(mMerop IIIIB), un B dopmyxe (3.75) (meroq KKP); yrasaunnie coort-
HOMMEHUsI COAeP’KAT TOMBKO rpagueHTHl QyHKIHE % ;, BHUHCIEHHEIE
Ha OoBepxHocTH aToMHO# cdepri. Te ke rpagmenTsl mOABAANTCA
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I B TEOPHHU pacCeAHHA Ha chepuIecKoM IoTeHIraae (MeTO Hapuuaib-
HHX BOJH, c¢M. § 5 ra. 5). M cuimBaeM Kassyo pagHaibHyIo BOJIHO-
Bylo pyurmuio 2 ; (r, &) ¢ BorHOBOH QyHKIHEH CBOGOIHOTO BIEKTPOHA,
0TBETAIOMEN TOMY jHe BHAUEHHUI0 9HEPTHH & = %2 M MOMEHTY KoJmde-
ctBa aBmwkeHusa [. llpu atom ompemenserca gase m,; (&), cBazaumas
¢ norapudmMudeckoil mpoussonnodl Gynkmmm %; dopmyoii

L __RI(Rs, &) 1 (wr)—tgn; (8)-nl(xr)
il

= Ri(Rs, E) T (®r)—tg M (€)-ny (0r) |r=Rs" (377)

Cdepnueckne dynrnmm Beccena j, m n; (ji 1 nj — ux npouspoguse)
OpencTaBaAlT coboif, pasymeercsa, pelIeHMA DPaAHANBHOTO ypaBIle-
uua lpegunrepa (3.60) gasa croGogHo# 9aCTHIE BHE HOTEHITIIAN BIIHIX
sim (cp. ¢ur. 58).

Bupno, uro, onpenennn ¢ass BCcex napmUAIbHBIX BOJIH IPH J06GHYX
3NA9eHHAX DHePIHH, MBI IOJYIHIM OB BCIO HeoGXommMyr mHGOpMa-
10 0 MOTeHIMale aToMa; Hanmpumep, B Bupaskenun (3.75) guaronans-
HBIE 9JIEMEHTH CeKYJIAPHOro JeTePMHHAHTA COJEPIKAT TPOCTO
% ctg 1; (§). IT0 HOBONBHO eCcTECTBEHHO; (Ha3hl ONPENeNSAIOT CeyeHie
paccesHHA DIEKTPOHOB OTAENBHBIM ATOMOM, a CIEfOBATENILHO, ¥ Kap-
THHY Iu$pakOuu 3JeKTPOHOB ¢ 9HEPTHMEA & Ha PEIIeTHe M3 aTOMOB.
Moskno myMaTs, 9TO KajKABIH 4TOM pPACCeHBAeT TaK, KaK eCJaM OH OH
0BT M30JIMPOBAHHBIM M XaPAKTEPH3OBAICA AMNAUMYDOl paccesHus
na yrox 0 (-mempuyeil) cravgapTHOTO BHOA:

ta (0) = — 22X S (204 1) sinmy exp (in) P, (cos6).  (3.78)
, 1

Hanwane rry6okoil mOTENIUANBHOM AMEI MO3KeT HPHBECTH K GO b-
wuM 3HavennaM Qas. Opgmaxo B dopmynax (3.77) m (3.78) moxHo,
09eBHHO, OTOPOCHTH B BRIPAJKEHUAX JUIA 1); BCE CJaraeMble, KPaTHHE
7. llpprrMaTs BO BHAMaHME HY;KHO TOJIBKO OCTATOK; BIIOJIHE BO3MOJK-
HO, 9TO OH UPHBOIHMT K odYeHb ciabomy paccesunmio. VI3 Teopum pac-
CeAHHA WM3BECTHO, YTO C POCTOM INIYyOHMHBI AMHI NOIEpPEIHOEe CrYeHHe
| 2, (6) |* me BO3pacraer mo GecKOHEUHOCTH, a OCHMIIMPYeT IO Mepe
NOABJCHAS HOBBIX CBA3AHHHX COCTOAHME; IPH STOM 0O MOPALKY
BEIHUNILI OHO pPEJKO TPEeBHINAaeT HECKOJIbKO 3JEKTPOHHEIX IJIWH
BOJH B KBagparte. Jlpyrmmm cioBaMm, Goprosckoe npubauicenue,
6 KOMOPOM CeHeHUe Pacceanus ¢ nepexodom us cocmoanus k 6 cocmos-
nue k' nponopyuonanvro eeaunune | (k' | v, k) |2, nenpumenumo, ecau
nomenyuas v, (r) ouendv 2ayGor. B 3TOM ciydae BMECTO HA3BaHWHOTO
OpUONMAKEHHA HaJ0 MOJB30BATHCA, HALDPHMED, METOHOM IIaPIHaib-
HHEIX BOJIH,

B sToM ofcroAaTenscrBe KaK pa3 W COCTOMT HNPHIMHA Me.1eHHON
CXOUMOCTH PAAOB, (QHIYPHPYOIMUX B MOJEIM NOYTH CBOGOJHBIX
8IeKTPOHOB (§ 2 HacroAmeld raask). JlefCTBATENBHO, MH TIOTB3YEMCS
Teopuell BosMyImMenmit, galE ommCATL pacCeAnMe HAa KasKIOM ATOMe
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Kpuctasia. OgHaKo [Jsa ommcaHusA OLICTPHIX OCHMIAANME BOMHOBOR
QYHKIMA BHYTPU aTOMa HY;KHBI (yPhe-KOMIOHEHTEH MOTeHI{IIaNa BhCO~
Koro mopaAfka. Hociaennue B TO jke BpeMs Julib OYeHDb c1abo BIUAIOT
Ha o6myio KapTaHy Au@pakmuu 6I0XOBCKUX BOJH BHE ATOMHHX OCTO-
Bos. KRaskmeiit ysen ¢ymknumm %7, gobasiaser k ¢ase n; ciaaraeMoe 7,
HO 9TO lle MEHAET CymecTBenno Boipazkenuit (3.65), (3.75) u (3.78).
Beegenune mcesmomorennmana (3.50) B mMeroje oprorOHAIA30BAHHBIX
IIOCKHUX BOJH HpeacTaBiser coboil ¢ 3Toi TOUKM 3peHuss He 9T0 MHOE,
KAk aHAJTUTHYECKHIM mpuHeM JIA YCTPAaHEeHHs YRa3aHHKX Y3JI0B MYyTeM
BHYHTAHUA OPTOTOHAIMBOBAHHHIX BONHOBHX (YHKIMI BHYTPEHHUX
COCTOAHNA aTtoMuOro octoBa. OQcrajomuiica ciaaboiii mCeBAOMOTEH-
nuaa I’ ycTpoeH Tak, 4T0 BHEe ATOMHOIO OCTOBA OH IHPUBOJUT K TeM iKe
BOJIHOBBHIM (YHKIMAM, 9YTO H HCXOAUHI MOTEHINAT aTOMAa U,.

JTa HHTEpIpeTamusa pOJM IICeBIOMOTENIMANA HABOAUT HA MHICIHL
0 BO3MORHOCTH MHAUE MOIONTN Ko Beell mpobiede 30HIION CTPYKTYPH —
BAMEHUMb NOMEKYUAL OMICALHOZ0 AMOMA U, CAAOLLM ROMEHYUALOM W,
KOMOpyI Tapakmepusyemcs mol e amnaumydol paccesHus aaek-
mponos npogodumocmi. VIHTYUTHBHO HpeRCTABISAETCA 0YEBUIHEIM,
YTO DHEPIHA DIEKTPOHA B ucxoqHoM Kpucraiie & (k) 6yzmer raroi swe,
KaK 0 B YKa3aHHOM THIOTETHYECKOM Marepuaie. B mocmegmem ciy-
Yyae, OQHAKO, METON HOYTH CBOOOTHEIX DICGKTPOHOB HOJKeH Oynmer
JlaBaTh XOPOILIO CXOAAIMMECA BHpaKeHWsA. Bce, YTO0 MB JONKHER
¢HenaTh, — 3TO 3aMEHHTh BeJMUHMHM 7 gr_g W Lgg: , urypmpyiomune
cooTBercTBenno B gopmyxnax (3.14) u (3.64), ma momxomsamue Gypre-
KOMIOHEHTH HAIIEro MoJeAbHo20 NOMEHYUAAA.

Taxasg nporpaMMa cTaJiKHBAeTCA € TPYAHOCTAMHI H3-38 HEIOKATb—
HOCTH M HEOTHO3HAUHOCTH IICEBIOMOTEHIIHAJNA M HM3-332 3aBHCHMOCTH
ero ot smeprum. TpyaHOCTH BTH yiKe OBUIIU BBIABIEHE! B CBA3K C AHATN~
THUeCKUM BripaskenmeM (3.56) mua mcesgomorennmana. Ilpu ¢gurenpo-
BAHHLIX YHePruH & WM MOMEHTe KOJIWYeCTBA IBIKEHMA [ CYIeCTByer
GeCKONe o MHOTO NOKAJILHHX MOTeHIUaNoB w; (r, &), AJS KOTOPHIX
pemenne paguanbHoro ypasuenus Ilpegmurepa (3.60) Touno BOC~
TNpPON3BOAMT HMCTHHHYI paguajibHYI0 BOJIOBYI0 ¢ynkuumio %; BHe
aromaoro ocrosa (¢ur. 60). OpHaro, Kak HpaBmIo, OAWH U TOT Ke
MOZIGNLHEIA MOTeHOHAT W, (r, §) HeOpUMeHHM [JIA DPAa3IAYHHIX 3Ha~
yenwit ! mam paa pasiauuHbix suepruit. IlosroMy BosHMKaeT Heob6Xo-
OUMOCTh BBOGUTH omepaTopsl Tama (3.55), mo-pasHomy aeiicTBynomune
Ha KOMIOHEHTH BONHOBOM (YHKUMH, COOTBETCTBYIONINE PA3IHIHEIM
3HAYEHHAM MOMEHTA KONWYeCTBA ABWKeHuA. I1a mpakTuke KorKper-
Bl BHA KaKA0H KOMIIOHEHTH MoJdeabHo20 ncegdonomeryuaia
w; {r, &) Boibupaerca raaBErM o6pazom mo coobpaskenmam yao6-
CTBA BLIYMCJIEHMII, a He M0 KAKEUM-Iub0 HHEM Gojsee TTyOOKHM IpH-
YHHAM.

HOna pemerknm, usobpaskennoit Ha ¢ur. 58, ciegyer, 0YeBHIHO,
B3fTH MOJENBHEIA HOTeHnuaJ B BuAe O-QYHKIME HA NOBEPXHOCTH
aToMHo#t cdepH M IIA Kaykmoro ! momobparh MOMHOCTH O-QyHKIHR
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TaK, 9T06H BOCOPOM3BECTH d)a3y 1, (&) (dur. 61). Iloabsyacs, mspect-
HEIMH afaJINTHYECKHMH CBOHCTBAMM LIOCKHMX BOJH M CdepmuecKux
$yaxnmit Becceiss, Ml mosrydaeM [iis MATPHYHHX DIEMEHTOB IICEBIO-

‘ - ~

s

v

3 \b

Onrr. 60. MomeabEbIL TOTEHLMAL W, KOTOPOMY BHYTDH aTOMA OTBEYACT BOJNHOBAA
§QyHENAA ¢, HAMATAPYET ACHCTBME HCTHHHOrO MOTEHIMANA U, KOTOPOMY COOTBET-
CTBYCT HCTHHEAA BOJHOBasA QYHRIUA 1.

TOTEHIMATAY, KOTOPHEe QHTYPUDPYIOT B CEKYJIAPHOM ypaBHeHHH
seroga KKP, caenyomyo dopmyny:

/ N TJi(lk—g|R) 1l k—g' | R
TI{KP At Z @21+1) tg 1 i g{ljz ()2;;3()’}2 g | )P,(cos Oge)

(3.79)

’ RS
ctgni =ctg m—%s—)). (3.80)

Bupaskenne (3.79) BecsMa cxoano ¢ dopmynoit (3.78) g aMIIHTyAB!
PaccessAA M30JMPOBAHHEM aToMoM, OHO MEPEXONHT B Hee B Ipemene
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MalBX (a3, Korma BOImam rpasmisl 3ounl bpmamosna |k —g |
~ |k —g' | = =«

JIobonrtHo, 4To cexyiasapuoe ypasHenue meroma HRKP momxnbo
npeofpasoBaTh B CHCTEMY ypaBHEHMI Meroja MOYTH CBOGOMHBIX DIIEK-
TPOHOB € MATPHYHBIMA SJEeMEHTaMH Horennuana Buzaa (3.79). [lna
HTOT0 HY;KHO TOJIBKO HPOBECTH PAJ Npeobpa3oBaNmil MaTPHUIL U3 IIpeji-
CTABIEHMA MOMEHTA KoJmdYecTBa TNBmeHHsa (3.64) B upejpcTaBleHHe
BexTopoB ob6parnoit pemerku. Popmyna (3.79) n supasxenme (3.65)
I MaTPHYHHEIX siaementoB B meroge 11IIB mmeror cxogayio anre6pan-
4eCKYI0 CTPYKTYPY, XOTA IOCHeLHee BEPajkeHne caMo mo cebe Helb3s
BHBECTH H3 KaKoro-1m6o Habopa OPOCTHX JTOKAJBHEX IOTEHIHAIOB.

Jo (%Rs)

\ Y
Ry(r)
R-? l l /4]
8 2y, nomen =7 R
Uy, momen | | |AZ
=2 Rs

Gur, 61, MogeapHNH OCeBIONOTEHNAAN, HCHOAL3YeMHEH AJIA paciera MaTPAYHKX
saeMerToB B Meroge KHP.

ITpakrtmueckmit pacuer A96€THOTO HOTEHNNANA JJIA TOTO WIN HHOTO
KOHKPETHOTO KPHCTAJJa NPEACTaBIAeT cOGOH JOBOIBLHO CIOKHYIO
nponegypy, 3aMETHYI0 pPOJb B KOTOPOH HrpaeT yder aQeKToB 2Kpa-
HEPOBaHMA, KOoppeiAanud n o6mena (cm. 1. 5). Odens ygobro ¢ caMore
Hadgaja, TaK CKa3aTh, ele [0 TOT0, KaK aTOME 00beIHHAITCA B pelleT-
Ky, 3aMEHHTh IIy0OKWe MOTeHOMAIbHEe AMH B Ipefelax aTOMIELX
0CTOBOB MOIEJAbHBIM IICEBIOLOTEHOHANOM W, TeHCTBYIONAM 1a BaJeHT-
HLle 9JeKTPOHbl. F.CIH B3ATH TaKO# LCEBIOMOTeHNHAN (BHE aTOMHOTO
0CTOBA) B KYJOHOBCKOM BHe, (—Ze%/r), TO MOKHO JlayKe paccuMTaTh
CIeKTpaJbHEE TEPMH CBOGOJHOTO aToMa ¥ nofo6pars ImapaMeTpHE
HOTeHNHAaNa W TaK, 4YTO0Bl HOJIYIHTH COTJIacHe ¢ HKCIePHMEHTOM.
Takas npomemypa mossosisfer 060fTH MHOTHE TeOpeTHYeCKHEe PacIeTHE
caMOCOTIIacOBaHHOrO mHojsA B atoMax. OHa cocTaBiseT OCHOBY MeTO-
nos Xeiine — Abapenrosa u IHloy; cooTBeTCTBYIONHE MOOeLbHbE
necesdonomenyuaisl cxeMaTndeckn n3o6paskentt Ha ¢ur. 62.

B mertome Xeiine — AGapenkoBa BHYTPeHHAA 061aCTh «aTOMHOTO
0CTOBa» MMeeT I POM3BOJBHEI PafMyc, a HOTEHIHal wX* B Hell cum-
TaeTcs HOCTOAHHHM M TaKHM, 4ToOR Iid a000T0 3HaUYeHHS MOMEHTA
KOJINTeCTBA ABMKEHAA NONYYAIHNCHh NPABHILHEE COOCTBEHHEE 3Hade-
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HNUA DHEPIMH CTAalMOHADIIBIX COCTOAHME aimeKTpoHoB. B merome 1oy
Ji1 KasKmoro 3Havenud ! paguyc R; mopbupaerca Tag, 94To0Ll He 6BLTO
CRayka mortennmana W Ha «rpanuMiie aTOMHOTO OCTOBAY. BO3HHKAIOT,

8 &
Ry r r
T
\ _Al i E wu.l
— < 4
A / - Ag_Ag \\‘ —_AO// RO
\ / ~A= A . Y /
Vo V| ()
' ! i !
| i
a d

<Qur. 62. ¢ — MOTenbHHH ICEBONOTeHNHAN Xeiime — AGaperKopa; 6 — Mo-
penbHHHA ncesponorernuan Illoy.

OJHaKO, TPYAHOCTH NpH mofgdope STHX DAPaMeTPOB AJA TaKHX 3Hade-
Huit SHeprum & ONTOXOBCKHX COCTOANMII, KOTOpLIE He COBIAMaloT
€0 COEeKTPAILHEIMH TepMaMHM aToMa.

§ 10. PesonancHble 30HBI

¥ixe B pannnx paborax no MeTOAY CHIbHOM cBA3W (§ 4 macrosmeit
TJIaBH) OBIIO 3aMEYEHO, 9TO BOJHOBBIE QYHKHIUH d-COCTOAHWH 0YeHb
CHJIBHO KOHIEHTPHPYIOTCA BHYTPH ATOMHOTO OCTOBA; IO 3TOH IpHYHHe
TepeKPHITHe UX MEKAY COCETHHMMI aTOMaMH MOMKeT IPUBOIMTL K 06pa-
3B0BAHHMI0 TOJBKO Y3KUX 30H. B nepexodnwizr saemenmaz me Bce BHyT-
pennue d-ypoBHH 3aII0JIHEHH, 1 JeKAT OHM 0UeHb OIM3KO K S- H p-yPOB-
HAM BAJIGHTHEIX 31eKTpoHOB. lloctennne rubpupusupyorcs, obpasys
OOBHYHYI0 30HY OPOBOJUMOCTH. ¥ 3KaA «d-30Ha» ¢ IIOTHOCTHIO COCTOHA-
HEi, cmoco®Ho# BMecTHTH 10 10 5IeKTPOHOB Ha aToM, MOMaIaeT BUYTPh
«S — p-30HbD U eubpudusupyemcs ¢ Heil B TOUKAX, I/[e DTH 30ILl Iepe-
cexalorea (gur. 63). HouarHo, 910 OnECanHaA CATYyalMsa 0YeHD BasKHA
13-33 CBABAHHBIX ¢ HEW MArHUTHHX SIBJICHMI.

Herpynno HafiTH MHTEPIOIATHOHHYI CXEMY, T. €. BBECTH 300edb-
Wl 2aMUABMONUAH C TOATOHOIHBIMA HapaMeTPaMu, TaK dToOH
B Merofie JIKAO d-3oma msobpamanach BomHOBOW (yHKImell BHia
(3.31). Cremens ru6pugusaiium Ipu 3TOM OyAeT ONPeNedATHCH IPOU3-
BOJBHLIMI MATPUYHHIMH dJTeMEHTAMH, CBABHIBAIOMWME JBe CyOMaTpH-
0B, 0TBEYAIONMue § — p- H d-301aM.

Onnako HagIeRAMAA KOJMYECTBEHHASS TPAKTOBKA JOJ/KHA YUHTHI-
BaTh M TaKOH (aKr, MOAIepKHYTHE B § 4 wmacroamed raaBu (CM.
¢ur. 54): npu 00pazoBanuKM KPHCTANIA CaMH aTOMHBIe (YHKINH mCYe-
38aI0T M3-33 MNEePEeKPHTHA ATOMHBIX IOTeHIUAI0B., TaKoe HCIe3HOBeHHE
ATOMHBIX (QYHKIui, OgHAKo, He BCerga OwbBaeT HOIHBIM — BOIH3U
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LICXU/AHBLX d-YPOBHEH MOTYT COXPAHHTECA 6UDMYAALHBE CEA3AHHbBLE
cocmoanus. B munamMmgeckoit Teopnu Koaebaunmil pemerku (§ 12 ra.2)
MB Ha3LIBAIH pE30HaHCHBM TaKkoe BO30yKaeHue, Koropoe, Oymydu
CHIBHO CHOHIENTPHPOBAHO BOIM3W aTroMa HPHMECH, HMeJI0 BCe JKe
KOHEeUHyIo aMIIMTYLy M B OCTANbHOM wacTu Kpucrtamna. IlogoOmpim
;Ke 6OpaszoM BOIHOBAaA (YHKIUA SIEKTPOHA C PE3OHAHCHOH S5Heprmer
MOZeT XapaKkTepH30BaThCA Ooxpiiofl aMmamryfolf BHYTPH TOTEH-
nuaiuioll AME, He OyAyIM B TO yKe BPeMA CTPOTO0 TaM JOKAJIU30BaH-
Hoit. Paccmotpennme pagnanbHoro ypasuesus Illpegmurepa (3.60)

e et

&
o
d-30ke! i :

0 § = [paduya 0 & = [panuye
SOHb! S0HI
a Bpunnoaia 0 Bpunnisne

&ur. 63. a — d-30HH, DepeceRalOm@e $-30HY; 6 — s — p-TE6pAfA3anA.

HOKABLIBAET, YTO HTO JETKO MOMKeT CIyddThea mpu ! 5= 0 m3-3a peii-
ctBus «reaTpobesnoro morennmanay ! (I + 1)/r2. Ilocregumii coznaer
6aphep, CKBO3h KOTODHIH DIEKTPOH MOKeT TYHHEIMPOBATH CO CBOEro
BHpTyaldbHOTO ypoBHA (dur. 64).

CymecTBOBaHMe TAKMX PE30HAHCOB (M He TOJBKO [AA d-COCTOA-
Huil, HO Jajke B HEKOTOPLIX CIYdasX M JJIA p-COCTOAHHH CBOOOIHBIX
aTOMOB) IPEJCTABIET O/HO H3 HEACHHX MEeCT aHAIMTHIECKOH Teopum
HOCeBIOIOTeHNNANa, u3aosennoil B § 6 macrosmeit raass. He scno,
HaIlpuMep, HYKHO J¥ IPH OPTOTOHANHM3ANAHE OTHOCHTH TAKHE COCTOA-
HES K aTOMHOMY 0cTOBY. UToGH yacHHTH cefe cuTyanuio, Heo6xommmo
ellle pa3 BEPITYTHCA K 00mmieil TeopIy pacCesAHNA, B KOTOPOil PE30HAHCH
IaBrio M Xopomo m3BecTHsi. BOimsm pesomancHoil omeprum &; ¢asa
I-it napuaIBbHoil BOJHK MPOXOAUT depe3 /2 B COOTBETCTBHH ¢ $OP-
MY:T0H

g (6) ~ 5 g, - (3.81)

IloncTaBUB HEUTOKE CyMHAUIECA BTO BHPaKeHHEe B (OPMyJIH MeTofla
IMB nan KKP , M mMoxeM HAHTH COOTBETCTBYOIIMH 3aKOH AHCHEpP-
cun saextponoB & (k). IIpu 9ToM JOJKHO IOTYYUTHCA CIOKHOE BHIPA-
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JKeIe, IIeHTPHPOBAHHOE OKOJI0 TOYKH &, — TOTHO TaK jKe, Kak I B
Merozie canbnoil cesazu (fur. 63). OfHAKO B JAHHOM CIydae DONOMKeRNe
M IIADUHA pEe30HAHCHOI 80Kl BHYTPHA 30HH MPOBOJUMOCTH BLIpa-
MAITCH 9epe3 DHEePruio &;, OTCIUTAHHYI0 OT HYIA ATEEIHOTO MOTEH-
nuana m depe3 mmpurHy pezonanca W, Hu opny w3 stux Bemuuun
HEIb3A CTPOTO BHYUCIHATH B MeTone JIKAO.

.y

I —

Uﬂ f, NUTIEH (f')

@ur. 64. BonmoBaag QyHKNHA BHPTYaJIBHOTO COCTOSIHAA, NPOHHKAIOMAA CKBO3L
HenTpoberKuH Gapbep.

Ecnn nopcrasuts sepamenue (3.81) 8 dopmyny (3.79) pas marpus-
HEX 2neMenToB mcespoumorennuana P, To Bexruannel gy oxamyT-
€A CHEIYAADHLIMK UPW dHEPruu, OHusxoi k &, Ita CHHTYIAPHROCTD
CHILHO YXYANIAeT CXONMMOCTH DPHAAOB B MeToje mo9TH CBOGOIHBIX
anexTpoHoE. Hocnennee, ognako, He CBA3AMO0 € 0COGEHHOCTME UMEHIIO
aToro Meroga. CmiabpHAaA ®HepTeTHYECKas B3aBUCHMOCTb MATPUYHBIX
BIEMEHTOB HCEBIONOTEHIHANA Jajke HA B3HAYHTENBHOM Y/allelnn
OT DPE30HAHCHOTO YPOBHA COCTaBiAeT XapaKTepHYI0 dYepTy TeopHH
30HHOH CTPYKTYDH MHOTUX TBepjHX Tesa, OHa He BCerma B J0CTaTOq-
HOH Mepe yIMTHIBAETCS B pacderax.
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§ 11. CumMerpus KpueramwIoB M COHH-OPOHTAILHOE B3aHMOJEiicTBHE

Iipm pacuere cTPYKTYpH 30H BECHMa BajKHYI0 DOJb MIPAlOT CROI-
CTBA CHUMMETPHH KpHCTaIaAa. MX o0HYHO HCCHEmyIoT ¢ HOMOI{LIO
TEOPHU rPyNN, ONHAKO MOCHeNHAA CIHIIKOM O0mupHa, 4To0Bl M3Ja-
ratb ee B 9T0ii KHure. B o6mem ocHOBHAA TeopeMa raacur, UTO sHep-
eus, paccmampueaemas Kak PynEyUsL reéasuumnysvca 8 some Lpua-
A03Ha, obaadaem cummempuei 6cell MOYEuHOU epYRNBL KPUCMAAAA.
Jhio6rie mpeofpasoBanuA (HAIpUMEp, BPAMEHHs KPHUCTALIA BOKPYT
0CH), OCTaBJIANIINE KPHCTANT HEM3MEHHBIM, mpeobpasyoT B cebs
camy Tarske 1 pyurnuo § (k).
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Qur. 65. a — npomssonbHas Touka k B 06pATHOM NpPOCTpAHCTBE; 6 — TOYKE
H JUHHHM CUMMETPHE B KBafipaTHOH 30He B pmiiiosHa.

ITAM 06CTOATETBLCTBOM MOKHO BOCHONB30BATHCA IS KIACCHPH-
KAIMH U YOPOIIEHHA OHEPreTHIECKHX YPOBHEH M BOJHOBETX (QYHE-
Iuif, COOTBETCTBYIOMHX PA3JIHIHEIM TOYKAM 30mml BpmiamiooHa. Pac-
CMOTDHM, HaOpHMep, KBajpaTIyl0 peIeTKy ¢ KBaJpaTHOH 30HOM
Bprnmosna. Bubepem mexortopyio mpomssoabuyio Touky k u mocra-
BUM cefe 3aaqy pa3I0KUTH COOTBETCTBYIOMYIO BOJHOBYIO GYHKINIO
B pAI N0 NPHCOEAWHEHHBIM WJH HO OPTOTOHAIM30BAHHHM ILTOCKHM
BOJIHAM — TaK, Kak 9To memanoch B dopmynax (3.63) mim (3.43):

Y= %} Ok gPi_go (3.82)

VYeaosumes BrTIOUaTs B cymmy (3.82) ToapKo ciaraemsie ¢ obparmbivMu
BeKTOpamu M3 Habopa, mokasamuoro na ¢ur. 65, a. Boobme roBop4,
opu 9ToM Bee BekToph (k — g) Gyayr pasmmumbiMm To BemmdHHe
u o nHampasnenmio. To sxe Gymer ormocmThes m K Koaddurmentam
Ok—g — HUKAKHX ABHLIX COOTHOINEHuI MekAY numu ne 6yaer. lloaTomy
Heab3s oGoiiTich 6e3 pelleHns cexkyJIspHOro yPABHEHHSA MAKCHMATh-
HOH CTEeNeHH CIIOFKIIOCTH.
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Hycts, opHako, peluenme mmercsa B HeKOTOpoHM Touke A, jesKa-
meil Ha ocu cuMMeTpuu B 3ole Bpumaosna. OueBupiuo, Torga B pas-
aoxeHn” (3.82) Gymer MHOTO ONMHAKOBHX Kopddumuenros, Hampu-
Mep, TapH ToueK (gs U gg), (g, M g4), (g5 M g;) PACIOIOFEHH CHMMET-
PHYHO IO OTHOIIEHWIO K TOUKe A u moTomMy uM OyAyT COOTBETCTBOBATE
OJHHAaKOBHE KOodddunmenTsl. MosKHO cduTaTh, YTO BMECTO 8 HMeeTcsH
TONBKO O pa3itudHHX KoadpduuumenroB. CooTBETCTBEHIO [ETOPMHHAHT
Oymer Gomee HU3KOTO IODSAKA W DEIIATh CEKYJIAPHOE ypaBIGHHE
Oyner aerye.

To ke camoe cmpaBeqInBO W JJIA TOYKHM 2, Je;Kalledl Ha Juaro-
Ha1n. B roukax X m M Oynyr ganbHeiinmime yOpoIMeHWs, TaK Kak
OHH JI€/KaT Ha CepelMHAX BeKTOPoB o6paTHOl pemerku, 4To0 IPABOIAT
K HOSABIEHHI0 HOBBIX COOTHOIIENWHA Mexny rospdmmumentamu. e
BEIIIIE CHMMETPHA TOYKH B 30He Dpmamiosma, TeM HIDKE OOPAHOK
CEeKYISADHOTO YypaBHeHHWA, KOTOpoe Hamgo pemars. Ilpu sadarmom
06beMe GHHUCAEHULE 048 MOYEK ¢ BBLCOKOL CUMMEMPUELl MONCHO NoAY-
yume Gosee mounve aHauenus gynryuu & (k), uem daa npoussosvroll
MOYKU 30HBL. ’

Teopua rpymm paer, nomanyil, masxe OGoabime, OQHa O3BOJAET
VCTAHOBUTEH BUA GYHKIUHA, KOTODHE BXOAAT B PA3jIOiKeHHe ¢ OJUHAKO-
BoiMU KoddPurimerTamu (B 6osee CIOKHBIX caydadax ¢Koadduiuenra-

MH, pasmWYalIAMECA MHOEHTexamu Tuma 1/} 3). Ona yxasmBaer
Tak:<e, B KAKMX TOTKAX 30HH DpHIniosmna MOMKHO OJKHATATH BBIPOKIE-
HuA ypopHeil. Hanpumep, B Touke M umeercs, CKarkeM, 4 BHIPOKIeH-
IBIE IO PHEPTHUH OPTOTOHATH30BAHHEE IO CKIE BOJIHBL HIH 4 IPUCOeTH-
HeNIIEe IIOCKHEe BOJHE, cooTBercTByiomme Bextopam k, (k — g;),
(k —g) w (k —g,) ma ¢ur. 65. Orpevaromume uM ypoBHE OyIyT
pACINEeNIAThCA 1O[ AefiCTBHEeM BO3MYINEINHMA, CBA3AHIIOLO ¢ MOTEH-
nua’zoM pemneTku. MoyKHO [oKasaTh, OMHAKO, UTO ABYKPATHOE BHIPOSK-
Jemue Bcerga ocraerca. Ilpu mocTpoeHnu M305HEPTOTHISCKHX IOBEPX-
HocTell Takaa mHQOPMAIIUA OKA3HBAEGTCA BECHMAa IOJNE3HOM.

Ecrp opun. cinyuait, xorma Teopusa rpymm oueHs BaskHa. MmenHo
U3BECTHO, IT0 B TAKEI KX ATOMAX HMEET MECTO CHIBHOE CRUH-0PGUmMarb-
noe s3aumodeiicmseue. OHO ommMcHBaeTca omepatopom Buga AL-S, rxe
S — omepartop cumHa smexrporos, a L — omeparop opOGMTATBHOTO
MOMEHTa KOJHMYecTBa [BUKeHusa. B ciaygae cBobojpmHoro artoma aToT
OTepaTop HPHUBOJAT K CHATHIO BLIPOKIEHUA HEKOTOPHIX COCTOAHUH
¢ OJUHAKOBHIMH HPOCTPAHCTBEHHHIMH BOTHOBHIMU (YHKIIMAMEH, HO ¢
OPOTHBOMOJIOKHO HANPABJIGHHBEIMH CcOMHAME., Hampumep, aTtoMHEBIHR
P-yposens pacmemnsaercsa na jgsa: Py, 1 Pqyy. OHE 0OTBEYAIOT HOTHOMY
MOMEHTY KONWYeCTBa ABMKeHHA j = 3/, mw j = 1/, coorercraenmo.

I1pn mocrpoenun pHepreTHYeCKUX 30H MBI NMPEJHOIATANH IO CHX
IOp, 9T0 CUMH He MIpaeT POJIH; Mbl HPOCTO IMOJB30BAAMCH HPOCTPAI-
CTBEHHBIME BOJHOBRIMA (Y HKITUAMHA, CIATASA, 9TO ABA DJIEKTPOHA ¢ IPO-
THBOMOJOKHEIMH COMHAME BCET/[a MOYKHO IOMECTHTH B [[BA COCTOSHUA
¢ omgHOH W TOH ke MPOCTpAHCTBEHHON BOMNOBOH Pyurimumeit Py, ConH-
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opbirralbHOe B3AaUMOTENCTBHE MOKeT CHATH BHIPOKIEHIEe d3TAX COCTOS-
HHil. 3aMeTHM, OTHAKO, 4T0 (QyHMaMEHTAMBILIH KBAaHTOBOMEXaHHTe-
CKRUll NPUHINI CUMMEMPUL OMHOCUMEAbHO 00pAUeHUS 6DEMEHU
BCErIa COXPAHACT KPAMEPCOSCKOE eblposcienue MEKIY TPOM3BOIBHOMN
610X0BCKOM QyHRIMEN Py (r) U ee KOMIIEKCHO CONPSIKeHHON PyHK-
mueit Pg (r). Tlocaemusaa QyHKIMA ommMCHIBA€T COCTOSHHA, OTINIAIO-
mrecs oT Py (r) M3MeHeHHeM 3HaKa OHOBPEMEHHO BOJIHOBOT'O BEKTODA
U ciuia dieKkTpoHa. s «GecCONHOBBIX» TaCTHI] HE3ABHCHMO OT TOUEU-
HOH TPYIOE CAMMETPHM pPelleTKd ATOT MPUHIMO TPUBOOUT K pPaBeH-
crey € (—k) = & (k).

B npoussonsnoit Touke 30usl Bpuaniosna, B Kotopoit camu GyHEK-
U P He BEIPOKIEHHl, CHUH-OpOMTAIbHOE B3aMMOMeNCTERHEe He pas-
Jender COCTOAHMHE ¢ MPOTHBOMONOIKHHMHU CIIMIIAMH, €CIM IIOTEHIINAT
peuieTkn obmamaer ImeHTpoM uEBepcHu. [lefCTBUTEIBHO, WM3MEHEHIIe
OPHCHTAIIMYE CIMHA B COCTOSHHHM ¢ BOJHOBON (QyHKOued Yy (T) HKBH-
BAJEHTHO mepexoay K QyHKOmAU Py { —r) — HOCIefHsAA OPHHANIEKHUT
TOU Ke PHepTHH.

B 3one BpuaniosHa ecth oco6ble TOUKH, B KOTOPHX BINAHNE COUH-
OpOUTAIBHOTO B3AUMOMEHCTBUSA MOKET OKA3aThCA BeCbMa BAaKHBIM.
Han6oxee wunrepecen meHTp 30HE DBpuinosHa — TO9Ka KyOude-
CKOW cuMMerpud. B Mofmenn CAibHO CBJA3aHHHX HJIEKTPOHOB MEL MOTIH
MOCTPOHTDH ¢P-30HY» U3 aTOMHEIX p-QyHKOmWHA. B aTome ecTh TpH Takue
¢Oyakuun, 1 oHH BHpoKAeHH. (COOTBETCTBEHHO MOJYJIAIOTCA TPH
p-30HbBI, OTBEUAKIAE, CKAJKEM, ATOMHHIM (QYHKOHMAM THIA D, Py
4 p,. ITH TPH 30HH BHPOKEEeHH B Touke k = (), onm mepexomsaT Apyr
B Apyra mpu npeo0pa3oBaHHAX KyOMIeCKOH CHMMETPHH B DTOH TOUKe.
Kawsnoe cocrosanme B 30HE ABAYKAN BHIPOYKIEHO IO COWHY, TAaK UTO
BCEro MMEeTCA IIeCTHKPATHOE BEIPOIKICHHE.

Hpu manoskenuu CHHH-OPOHTATBHOrO B3aMMOJAEHCTBUA HPOHCXO-
OUT pacmemyieHne HAa YeTHPEXKPaTHO M ABYKPATHO BHIPOKAEHHEIC
ypopuu. J[edcTBHTeNbHO, Temeph UPH IMOCTPOGHHH 30H CJIERyeT
HCXONATh M3 aTOMHHX QYHKIHA THIA Pg/o, IETHPEXKPATHO BHPOKICH-
HBIX, W THIA Py, BHPOKIEHHHX JBYKpartHo. MHTepecimo mocMmoT-
perhb, 4To CAYIHTCA, eClr oToiTd oT Touk k = () B HEKOTOPOM IIPOH3-
BOJBLHOM HampaBleHmH. Ecim pemerka MMeeT IEHTD HHBEPCHH, TO
KO0 ypoBeHL Oyfer eme OCTABATHCA ABYKPATHO BHIPOKACHIIBIM,
9T0 mokaszaHo Ha ¢ur. 66, 6. MokHO CKasaTh, UTO 30HA C j = %/,
BHOBL pacIiemiseTcs Ha 30HY ¢ mj; = 43/, (upoernusa OGepercs,
HalpmMep, Ha HaIpaBleHme BeKkropa k) m Ha 30HY ¢ m; = Z=1/,.
B orcyrcreme meHTpa MHBEPCHH 9TH 30HLI JONONHHTEIHHO PaCHIeNH-
amch 66 TaK, Kak moKasano Ha ¢ur. 66, 6. B pesyaprare cnmu-op6u-
TaABHOTO B3aUMOJCHCTBHA CIIMH SIEKTPOHA CTAHOBUTCA YYBCIBHUTENb-
HHM K TOMY, CKOJb «3aKpydYeH» IOTEHOUAN KPHCTAIIa BOKPYT
HanpaBleHus BeKropa k.

I 2pGeKTH MrparT BaKHYH POJH Yy IOTONKA BAIEHTHOH 30HH
B TaKHX mojgympoBogmmkax, kak Ge m InSb. B mepsom ciyuae cupa-
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BeJIMBa KapTHHA, n306paskeHuas Ha ¢ur. 66, 6, BO BToOpoM — LEHTD
HHBEDPCHU OTCYTCTBYET, W BLIPOJKIEHNE, WMMEIee MeCTo B IeHTpe
3ousl BpunnosHa, cHUMaeTcs, eCIM OTOMTH OT IfeHTPa B IIPCH3BOTb-
HoM Haupasiennn. (PDakTHIECKUN BHAK W BEINYAHY pPaCHICIIIeHHs
MOKHO B W3BECTHOH Mepe WpegyrajaTh, 3Hasg HONOMKEHHe Belleif
B cBobomHOM aTOMe.

IIpnm rommdectBeHHOM pacuere yAo6HO paccMmarpumBaTh OIEPaToOp
cnmH-opburansHoro B3ammoneiicteusa A L-S rak Bosmymenme. B6am-
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@ur. 66. BamaAne coEE-0pOHMTaNPHOTO B3aMMOMEMCTBEA HR YDPOBHH p-THOA
B6AHM3E meHTpa 30HH B pmiuriosHa.

@ — IecTh YPOBHeH, BHPOMKACHHEIX B TouKe kK = 0, 6 — B peIleTke ¢ LeHTPOM HHBEPCAR CIOAH-
opbATanbHOE B3AHMOAEHCTBAE OCTABJAACT BCE YPOBHM NBYKDPATHO BHIPOMIEHHEIMH, § — B OTCYT-
CTBHE IEHTpa MHBEPCAH BHIPOMKJCHAE CHAMAETCA IOJIHOCTBIO.

31 IleHTpa 30HH DpminrosHa aror omepatop feficTByer rIaBHbIM o6pa-

30M Ha HepHOJHIECKYI0 JacTh Uy PyHKEIMN Bioxa, yHOBIeTBOPAOIYIO

ypasrenuno (3.38). [lonsaysack cxomcTBOM 2TOTO ypaBHEHHS ¢ OGBIT-

BHM ypaBHeHneM Illpemmurepa, MH MoKeM pacCMaTpuBaTh Cla-
raemoe

ih2

T m

h
k.V:;k.p (3.83)

Kak no0aBKy, caabo Bosmymammyio (opm Mmansix k) dynrumo u,.
Vexoms ua aroro, MOMKHO, HE BRINONHAA IOJHOTO pacdeTa 30HHON
CTPYKTYPH, BBYNCIWUTH HHEPTUI0 CHHH-OPOHTANBHOTO pPaCIHleIIeHH,
Taxo#t mopxom ussecren Kak k- p-memod.



TJIABA 4

CTATUYECKUE CBOUCTBA TBEPILIX TE/I

OcramoBurech, 0 BH, HEIPEPEIBHO [BH-
Kymuecss ceprl...

Mapaoy

§ 1. Tune! TBepabIX Tea. 30HHAsA KapTHHA

Mept foBOTBHO TIOIPOGHO PACCMOTPEIN TEOPHIO BIEKTPOHHON CTPYK-
TYPEI TBEPABIX TeJ, TAK KAaK MMEHIIO 3Ta CTPYKTypa Ompefeldser THII
TBePHEOTO Tela M MAaKPOCKONMHMYIECKHE CBOWCTBA ero.

PacemoTpuyM mOMHOCTEIO 3a0JNHEHHY0 30HY, Haj KOTOPOIl HMMeeTcs
sHepreTmIecKkad IMENb (3aIpelneHHas 30HA), JTO — OCHOBHOE COCTOf-
HHe; M3 CBOMCTB CHMMETDHH €T0 ABCTBYET, 4TO DICKTPHYECKHH TOK
NpoTeKaTh He Aoa:KeH. Y7106l BHIBBATH TOK, HPHKIAJHBAIT 3JeK-
TPUIECKOE MoJIe, KOTOpOoe Bo30y KILaeT HEKOTOPLIE 3IeKTPOHH B COCTOA-
HUfA, [Al0INHe Pe3yIbTHpPyIomuil BKIAZ B ToK. OmHaKo mpu HaIHIAH
HHEPTeTHYEeCKOi INean AIA Mmepenoja dJIEKTPOHOB BBEPX depes mielhb
B CIEAYWINYI 3a Hed 30my Tpefyerca KoHedHas dHePrHa Bo3Oyxie-
nuA. Majoe mocTOAHHOE HIEKTPHIECKOE HOJNE HE MOKeT COOOMATH
DIEKTPOHAM ITY DHEPTHI0, M, CIef0BATEIbHO, TBEPIOE TETO0 PacCMaT-
puBaeMoro THmA Oymer u3oasmopoM.

HAomycram, ofHaKo, 9TO MMPHHA 3aMPEIEHHOR 30HEl &y, HeBeTH-
Ka. B pesynprate TemnoBmXx QaykTyanmii mpm KOHEUYHOE TeMIIepa-
Type T maioe, HO BCe iKe OTIIMYHOE OT HYJIA TUCIO BIEKTPOHOB Gymer
B030ysK/leH0 B BEPXHIOI0 30Hy. JTO UHCIO ONPENedAeTCH XapaKTrep-
HEM GonbmMaHOBCKEM MHOuHTeNeM BuAa eXP (— &EgaplkT). Tarue
SIERTPOHK CIHOCOOHH 6e3 TpyHa mepeHOCHTb TOK, U MOTOMY Marepuart
Oyner o6nagaTh KOHETHOMH 3IEKTPOIPOBOXHOCTHIO, GHCTPO Bo3pacTaro-
med ¢ pocToM Temmeparyph. B aToM ciydae roBopAT, 4To BemecTBo
npegcerasageTr coboi noaynpoeodnux (Pur. 67).

Ilycrs Temeph 30Ha He 3amoiHeHa [0 KOHOA (KaK, Hampmmep,
B oxHOBasxeHTHOM Meranne). Ilpu arom mermuuoe ocnoBHOE cocTostnme
CHCTEeMBI HO-HPEIRHEMY CHMMETPHYHO OTHOCHTEILHO 3aMEHBl 3HAKA
y a11060T0 #3 BOMHOBHX BEKTOPOB, W, CIELOBATENBHO, TOK B HEM PaBEH
myai0. Onnako Geckomedno O6MM3KO K BepXHEMY 3aIOTHEHHOMY YpPOB-
HI0 pACIOJIOKEHH TOKOHeCYImHe COCTOstHHUA 30HH. (COOTBETCTBENHO
IpOBOZAMOCTH Oyaer BelmKa u He Oy[erT CIMINIKOM CHIBHO 3aBHCETD
OT TemMmepaTypH (8Ta B3aBHCHMOCTH OCTAeTCH IHNIb TOCTOJNBRY,
HMOCKOJbKY TEMIepaTypa BIHAET Ha IPOIECCH PACCEAHHA dIeKTPO-
HoB). B aToM ciydae MEI MMeeM 0 C THOAYHBIM MEMalioM.



142 Ta. 4. Cmamuueckue csoticmsa meepdux mea

Urobr yeTaHOBHTH, Oyher 1M [aHHOe TBEpAoe 1eJ0 CRopee
BCETO MeTAJJIOM, IOJYIPOBOAHHKOM WIM M30JATOPOM, BCHOMHUM
(§ 6, ra. 1), aro 3ona BpunnosHa ComepKUT POBHO CTOJIBKO «paspe-
HIeHHRX K-BeKTOpOB», a CJeH0BATEIBHO, W PABIWYHBIX DIEKTPOHHEX
BOJNHOBBIX (YHKIHH, CKONBKO DIeMENTADHLIX ATEEK COAEPIKHT KpH-
crani. IHo Ha Kamkaylo paspeieHHYI0 IIPOCTPAHCTBEHHYIO BOIHOBYIO
PYHKIOUI MOMKeT OPHUXOJUTBCA 2 9JTeKTPOHA C IPOTHBOIOIQKHO
HanpasaennniMe cnnnanu. [lostomy ecnu B emmmmue ofvema copep-
sruTes NV DlleMeHTapHBX AYeeK, TO Ha KAMKIYIO dHEPreTHIecKylo 30HY

\X\ \:\\‘“\\\\\ 3ona nposodumocmu

Ujens 6 snepeemu-
YECKOM Crexmpe
(sanpewyenras 30Ha)

Banenmnaa sona

JoHa

3angmere
COCMOAHUS

dur. 67. g — Bo30ymaenyue BocuTeleH B IIOJYUPOBORHUKE; 6 — NepeHOC TOKa
9IeKTPOHAMM B MeraJiie.

npuxoaurca 2N bIeKTPOHHEIX COCTOSHHE, T. €. IO 2 COCTOSIHMA HA
pleMeHTapHYI0 Aueiiky B oxmoil 3oHe. [lofcunTHIBAS TUCIO DIERTPO-
HOB, IPHXOJAMMXCSA HA DIEMEHTapHYI AYEHKY, MOKHO B H3BECTION
Mepe Ipemyrajath CBONCTBA TBEPAOTO TeJa.

1. Teepnoe Teao, B'KOTOPOM Ha JIEMEHTAPHYIO AYENKY IPUXOANTCH
00un cBoGOLHEIR 2eKTPoH, Beerfa 6yaer merammom. Tunnanse npen-
CTABHTEIH TAKAX Tl — oJHo6aienmHble ujesountie Memaaawv, Li,
Na, K, Rb, Cs u 61azopodutie — Cu, Ag, Au. ¥ Bcex HuX pHeprern-
gecKasA 30HA W 30Ha DpMILIOSHA 3aMOJHEHb HAmOJOBUHY.

2. Tmepaoe Teso, B KOTODOM Ha DIEMEHTApPHYH AdYeHKy HPHXO-
IUTCA HeuemHoe WHCIO dIeKTponoB, Bcerga Gymger merammom. Tax,
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B Al, Ga, In, Tl na avom npuxomurcs mo 3 smeKTpoHA, KOTOPHIE
MOTYT 3al0JIHUTD JUIIb ONHY DHEPTeTHUIECKYIO 3011y M eMle MOJOBHHY
30HHI.

3amMeTHM, ojiako, 4to As, Sb, Bi, B KOTODHX Ia aToM IPUXOIUTCS
T0 O BIEKTPOHOB, KPUCTATIU3YIOTCA B CTPYKTYPE € 2 ATOMaMH Ha 9Je-
MEHTApIyI0 AYCHRY, B CUIY Y€Tro yKa3aHHOE TOJNLKO UTO IPABHIO K HUM
uwenpumenumMo. M fefictBUTeNBbHO, 9TH BelmecTBa mpeAcTaBIAIOT coboit
noaymemaaavy; 10 21exTpOHOB mMOYTH HONHOCTHIO 3aIOIHAIT D 3HEp-

IO

X ISR NINIO IR
R R R R S AR IR AR

Sansmeie
COCITIOAHUS

@ur. 68. IlepexpuBawiuuecs sHepreTHYeCKEe 30HH.

reTHIeCKUX 30H; OQHAKO HOCHeHAS M3 HUX 3aNO0AHEHa HE [0 KOHIA
H crerka mepexpeiBaerca ¢ 6-if somoii. Ilostomy mpm mo6oii Temmepa-
Type BCerga HMMEeTCA HeKOTOpOe KOJIMYECTBO 3IEKTPOHOB, CIOCOG-
HEIX IEPEHOCHUTh TOK.

3. Treppoe Teno, B KOTOPOM Ha dIeMEUTAPHYIO AUEHKY IPHXOAUT-
CA ¥emHoe YUCIO BIEKTPOHNOB, He 06g3aTeNbHO TpEICTaBiIfger coGoi
n3015TOp. [lefcTBUTeNBIO, dHEPTeTHIECKNEe 301IBI MOTYT Nepekpbi-
éamuca (ur. 68). IIpu 5ToM MOKeT 0Ka3aTbCA DHEPTeTHYeCKH BBITOJ[-
HHM He 3al0JHEeHHe HHKIell 301, a Iepexoj 9aCTH dIeKTPOHOB
B BEDPXHIOI0 30HY.

B opnomeproM caywae 9T0ro ne mpPOHCXOAMT: BCe 30HH OTIedeHHI
apyr ot apyra (cm. ¢ur. 38). Ho B peanbumnx Meramiax BUOZHe BoO3-
MOKHA CUTyalus, cxeMaTwdecku usobpaskennas ma ¢ur. 69. Waenno
B HEKOTOPHIX TOYKAaX TPaHUIE 30HH DBpuiniosHa sHeprermieckas
meNb, KOHEYHO, MOKeT ObiTh. OpHako obnacTb B6Iu3M mHa 2-i sHep-
TeTHYeCKON 30HE (HamnpuMmep, BOIMBH ToukM A) Moker oKazaTheA
HIZKe HOToNKA 1-1 30mbl. T109TOMY BIEKTPOHEI (HepeTHBAIOTCA» Tepes
Kpa#t sonpl Bpunmrooma B6ausu ToukM 4 M YINIB 30HK 0CTAalOTCH
HE3aHATHIMH.

Bosnuknopenne Takol CUTyalmH JierKo IIPOCIHEUTH, IOJb3YACH
MOJeBI0 MOYTH CBOGOJHKX DIEKTPOHOB M CXeMOH paCHIMpPEeHHBIX 30H
(cp. § 3 rn. 3). Cdepa, Bmemaromas 2N cocTosnus, mepeceraet rpa-
HANBL 30HK Bpmunioona B pasnmunbix mecrax (¢ur. 70). Ecanm coor-
BeTCTBYOIME (yphe-KOMIOHEHTH HOTeHLHasa (MIM  ICEeBJOLO-
TEHIAAa) [OCTATOYHO MAJH, TO IPH IePeCeYeHHM TI'DAHHI 30HbI
Bpuniiosna otyenbHbie acTn cdeps mpocTo PaszbeIHHATCH; B 0CTATb-
HHX sie mecTax cepa PepMm oCTanercs NPAKTHUECKA HEHM3MEHHOI.
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Tor paxr, g910 9tH Kycouru mosepxuoctn DepMu MOKIO BHOBD COEIMH-
HHUTH B CXeMe IPHBEJeHHHX HIKM TOBTOPAOIUXCA 30H, HE HMeer
OTHOMEHMsI K 0OBIIHEIM 9JeKTPHIECKIM CBOHCTBAM KDHCTAJIa.
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@ur, 69. HepexpriTae 30H B ABYXBAaIeHTHOM MeTallle. )
@ — cXeMa DACHIAPEHHHX 30H; 6 — DHeprAfA KaK (YHKIUA BeKTOpa K B MPHUBEIEHHOH 3ome.

4. Bce TBepinie meada, TMOCTPOCHHEIE U3 (8YTOALCHMHNE IAEMEH-
mog, OKA3HIBAIOTCA METALJIAMH — dHepreTHdIecKue IMeam e CToIb
BeINKH, 4TOOH Y/Aep/KaTh 3JIEKTPOHH B o0JHoH 3ome Bpuaawosua.
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Onnaxo mHekorophle m3 Hux (Sr, Ba) — mmoxuwe mnpoBOgHWKH; TO
BCeil BEPOATHOCTU, IEPEKPBITHE 30H y IIHX MAaJo.

5. Teepapie mesa, TOCTPOEHHBIE U3 YEMbLPEXBAACHMHLL dAEMEH-
mos, oRaseBarrcd aubo Merammamu, au6o moaynmposoguukamu. Mure-
pecen caydail osoBa, KoTopoe B ofgHOW ¢(ase mpeacrasiser coboi
MeTajyi, a B Apyroii — monrynpoBomHUK. V3MeHeHme CTpYKTYDH Kpu-
crajuia MeHsier opMy 30HBI BpHIIIO9Ha, a CIef0oBaTeNbHO, H BO3MOMK-
HOCTH HOABJIEHHA 3aNpeIleHHBIX 30H, MOCTATOYHO HIMPOKUX, UTOOH
yoep:kaTh Bce oaerTpoHnl. B IV rpymme nepmomgmgeckoil cmCTeMH
9JeMeHTOB HabJIofaeTcss HHTEpPEecHas NOCIeTOBATENLHOCTh CBOMCTB,
Yruepon B Buie aiMasa OpefcTaBiasger coboi TOIYHPOBOTHHK CO
CTONb IUMPOKOIN  3ampelmeHHOHR

30HOM, YTO OPAKTHIECKH OH OKa- ST~
3pIBaercs maonsgTopoM. Kpemaunit ;\
M TepMAHHd — THOAIHEE HOJXY- \\
nposoguuku. OQnoBo MoxeT GHTH \

KaK MeTaJJaoM, Tak ¥ Hoxympo-  / \

BopunKoM. CBHIler — TUOHIHBIA
serana. CTpykTypy sHeprermde- |
CKUX B30H B 9THX Kpmcrammax |
MOKHO LpefCcTaBUThH cebe ¢ To- \\
MOMIBI0 MOmeAW modrH cBoGom- /
HHEX 9JEKTPOHOB; IOJ YU POBOIHY-
KA — 9TO «METAJLIE ¢ GOMBIINMH \
JHEPTeTHIeCKAMH MieasAMu U 0e3 \
HepeKPHTHSA 30H, RN
6. ATOMEI REPeLoOHbIL dNeMEH-
mos, Bxomammx Kak B rpymmy Pur. 70. Cpepa cBoGopHuX 3MeKTpPO-
;emesa (Cr, Mn, Fe, CO, Nl), HOB, uepece}glmmaﬂ TPaHUOE 30HHN
PRILIIOdHA.
TaK W B JApyrue TPYIOH, KOTO-
pHe NpeqUIeCTBYIOT €d B NepHo-
AudecKoil Tabnmie, XapaKTePH3YIOTCA HE3alOJHEHHBIMH BHYTDeH-
HUMH d-oborouramu. Hampmmep, B atome Fe samarsl Toapko 6 u3s
10 cocrosanmit 3d-060109KM, HECMOTDPA Ha TO, 9TO eme 2 IEKTPO-
Ha HaXOOATCA BO BHelnHe#d 4s-obosouke. Horma aToMel cOamkarores,
o0pasys TBepHO€ TeN0 WM JKAAKOCTh, YPOBHH 3SHEPTHH BHENIHHX
BAIeHTHHX JJIEKTPOHOB COB/al0T UIHPOKYIO «s-30HY». Ilocaennsasa
He CIMIIKOM CHJIBHO OTINYAETCSI OT 30HBI HPOBOXHMOCTH OOBYHBIX
METaJII0B, ONHCHIBAEMOH B MOMNENIH IOYTH CBOGOMHHIX BICKTPOHOB.
C mpyroit cTopoHH, d-2TeKTPOHH B m3BeCcTHOM cMmuicae (M. § 5 ru. 10)
OPOJOMIKAIOT BeCTH ce0sa TaK, Kak ecad Ol OHA HO-TPEeKHEeMY IpPH-
Hamae;xann ceomm artomam. [lus 4f-omexTpomos B rpymme pedrose-
MEALHBLL 2AEMEHMO8 ITO, NeHCTBUTENBHO, 0YeHb XOopoluee IPHOIHKe-
mne. OpgHako d-QyHRIMH pa3iWYHBIX aTOMOB (DAKTHUECKH [OJKHEL
OepeKpHIBaThesA, 06pasys y3Kyl «d-30HY», CIHOCOGHYI BMeCTHTH
o 10 sxexTtponos Ha atom. Kak mm Bmgenm B § 10 ri. 3, sta 30Ha




146 Ta. 4. Cmamuueckue ceoticmea meepdux mea

mepecexaeTcss u rubpuamsupyercs ¢ s-3omoii. Crporo roeops, CTONbH
CIO/KHASI YHEPTeTHIECKAA CTPYKTYPA BOBHMKAET H3-3a HAJIUIHA Pe30-
HaHCAa OpYW DHEPTHH OHIBIIET0 aTOMHOTO d-ypOBHsI, W ee HeJIb3s pas-
JMOKUTH Ha OTAENBHEE S- U d-30HHL.

TeM He MeHee eCTeCTBEHHO T'OBOPHTh, HAIpHMep, UTO HH OJHA
W3 HA3BAHHKIX 30H He 3amojHeHa W MOTOMY MaTepHal OKa3hBaerca

Yposens Pepmu

o
Suramoe | TR RERE s | 5-90M

- ‘ SawAmsie
OCHIOAH N 2
GCMOARLH N COCITIOAHU &

Qur. 71. a — mepexofHHi Meranym; 6 -— GIAarOPORHKEA MeTamiI.

METaJJIOM; MPOBOINMOCTh ero 00yCIoOBIeHa IIABHEIM 06Pa3OM «s-3T€K-
tpouammy (pur. 71, a). B caygae Guazopodnsiz meniaaaos d-cocroanns
camu 1o cebe sanoaHens. OmHARO ony 06Pa3yIOT PE30HAHCHYIO d-30HY
BHYTPH OOGBYHON 30HB MPOBOJUMOCTH MOYTH CBOOOJHBIX BaJIEHTHBIX
DJEKTPOHOB. JTa PE30HAHCHAS 30HA JEMHT HA HECKOJBKO BIEKTPOH-
BoabT Hmke yposusa @epmu (Pur. 71, 6), ¢ veM U CBA3AH PSN BHKHBIX
3PPeKTOB; B OTCYTCTBHE IIOCTEIHNX HA3BAHHBEIE Marepuaiol Obuim On1
OpOCTHIMM OMHOBANEHTHHME MeTaslaiaMu (cm. § 4 ra. 9).

- § 2. Tunst teepabix Tex. Kapruna casei

W3sjioscennoe MCYEPOBIBACT HOYTH BCE PE3YIBTATH, KOTOPHE
JeTKO MONYYUTH B PAMKAX MOJleJIH 9HepreTHueckKux 30H. Pacemorpin,
oflHAaKO0, BHOBL mogynposogumkn Si m Ge. Oun obaagaior cmpyriny-
poil aaxaza (Pur. 72), roropas moxobua rpaHenenTpupoBanHoi Kybu-
geckoil cTpyrrype (cm. § 3 ron. 1) ¢ Tenm oTamdmenm, 4T0 Ha DIEMEHTAD-
HYI0 A9eiKy Temeph NPHXOAMTCA Apa aroma. UTobl TOCTPOMTH
peImeTKy THIa ajMasa, HaZo B3ATH TPaHenenTpUPOBaHHYH KyOmde-
CKYI0 peIIeTKy, yroid KoTopo¥ NaXoiTcs, CKajkeM, B Toduke A,
¥ TOMECTHTH APYroil atoM B TouKy B, nemamiyno Ha riapuoi guaro-
nanu kyba Ha paccroguuu, pasioM 1/, ee giamusr or touku A. Jlamce
HYJKHO IMOCTPONTE HOBYIO TPAHENEeHTPHPOBANHYIO KyOGHYECKYIO pelner-
Ky, COBMECTUB OfilMH U3 ee yriaos ¢ Touroil B. Ilonyuarcs Bce B3ammo-
NPOHUKAIOIINE I'PAHENeHTPHPOBAHIbe KYOUIeCKHe PEeleTKH, B COBO-
KYHOHOCTH o0pa3yimye Pemerky TAOA aaMasa.

IMocaenusa obmamaer Toil ke 3omodt Bpmmarosma, w10 m rpaite-
NeHTPHPOBAHHAA RyOuWUecKas DenleTra, HG TeHepb Ha 3JIeMeHTapHYIO
AYefKY TPHUXOMUTCS & 9YAEKTPOIOB, TAK YTO HYKHO 3am0JBHUTH
4 oHepretmueckue 30HL., PaccMaTpMBAsS CHCTEMY C TOYKH B3pEHNs
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MOTEeNN CHJIBHO CBA3aHHHX 9J€KTPOHOB, BHJIUM, 9TO YOOMAHYTHE
30HH oOpasyroTess m3 4 ypoBHei cBobofHOrO arToMa: B ciaydae Si
5TO OUH 3s- ¥ Tpu 3p-ypoBHs, Bcaydae Ge—A4s- m 4p-yposuu. Ilpm
cOMMKEeHUT ATOMOB 30HbB H€PEKPHIBAIOTCA B «CMEIINBAIOTCAY, B Pe3yIb-
taTe 4ero o6pas3ymwTCsa 4 HOBbIe 30HH, OXBATHBAKINHE HOYTH TY Ke
o6nacTs sHepTHii (Kak yKasssasock B § 11 1. 3, Tpu U3 HEX B OTCYT-
CTBHE CIOMH-OPOMTaNbHOTO B3amMmofeiicTBua Obuim OBl BBHIPOMTEHBL
B IleHTpe 30HbI B puiaiosHa).
Bepxnsasa 3oHa oTjeneHa orT
TpeX 6dAeHMHHT HHEPIeTH-
gecKkoil menbio nopaaka 1 se.

Benmomaum Temeps, 4TO
TaKasg KOMOMHAIMS aTOMHEIX
s- 1 p-pyHKOUH Xoponio ua-
BECTHA B TEODUM XUMHUUE-
cKoii csa3u. MaBectHo, uTO,
KOMOMBEMPYA WX, MOKHO TIO-
JAY9UTh YETHPE HOBEE ATOM-
Hble BOJHOBHE (QYyBKIUH,
KQ)KJas M3 KOTOPHX BBITHA-
UyTa B HampaBjieddud K
BepmumuaMm Terpasapa. B
JaCTHOCTH,  TeTpasApmyie-
CKas CHMMeTpHUS MOJEKY-
am Thma CH, of6wpacuser-
ca o6pasoBanueM KoeaseHm-
HWX céA3ell 3a CcYeT cuoa-
PHBAHMA 5JEKTPOHOB B COCTOSHHAX € TAKMMH THODHAHBIME § — P-
dyuxomamu. Ob6patumcs BHOBH K ¢ur. 72. Bmpmo, 9T0 atom B TOU-
ke B oxpyskern Kak pas 4 OnmxadmuMu COCENAMH, PpAaCHOJIOMKEH-
HEIMKM B BepmuHax TeTpasapa. Haskubiil u3 mocIeapuX B CBOIO 09epeNE
CBA3aH TAKHUM ke 06pa3oM €O CBOMMHE COCeAfMM W Tak jgaiee. UHbiMm
CIIOBAMY, gecb kpucmaad nodoben 00ROl 2u2aHMCKOT KOBQIEHMHO C65-
3QHHOU MoaeRYae.

Pacuers somHOE CTPYKTYPH MOATBEPKAAIOT 3TY TOYKY 3PEHHA.
Bronune xopomee coriacme ¢ ONBITHEMH JaHHBIMH MOM(HO HOJYYIHTD
C MOMODLBI0 BCETO0 HECKOJBLKHX OPTOTOHAJIW30BAUHBIX MIOCKUX BOJH
(¢ mogxomamumu KoaddunmmenTamm mcepgomorennmana). Ilomygaro-
muecs B pe3yJbrTaTe BOJHOBHE (QYHKINE ONHCHIBAIOT TEHIEHIWIO
K KORI[EHTPALH 9JEKTPOHHON MJIOTHOCTH BJONb «CBfA3e». OJek-
TPOHHAs CTPYKTYypa cXeMaTmuecku mpepcraBiena Ha ¢mr. 73. Ham-
et won Ge wan Si okpysseH 8 9ileKTpPOHAMH, KOTOPbIe OJII0BPEMeHHO
OpHHAIeKAT B COCeAM 3TOT0 HoHa. B MefiCTBATENBHOCTH 9TH DIIEK~
TPOHH! He JOKaJIM30BAHH Ha CBA3AX. VIX BosHOBHE QYHKIHHA, HON06HO
GYBKOMAM CBOOOAHEIX DIEKTPOHOB B MeTaljle, IPOCTHPAIOTCA HA
Bech kKpuctann. Ho B obaacTax Memay cocelHAMH HMOHAMH BCerja

O®unr. 72. TerpasgpHuecKEe CBA3K B CTPYK-
Type amMasa.
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CYIMeCTBYeT TeKTPOHHOe 061aK0 BEHCOKOM MIOTHOCTH, COOTBETCTBYIO-
mee mape 2JIeKTPOHOB ¢ MPOTHBOMOJOKHO HANIPABJIEHHBIMH CITHHAMI.

3aMeTHM, OXHAKO, YTO CKas3aHHOE [0 HEKOTOPOU CTemeHH caMoode-
Buji0. JledcTBUTENBIIO, B PelleTKe ¢ HeGONBIINM KOODIHHAIMOHHLIM
queToM, A8 KoTopoll mpmbiamikenme sdeedHoro morenmumarna (§ 7
ri. 3) HeyqoBJIeTBOPHUTENIHHO, MOTeHNHAaJbHasd BJHEPTHA JJIEKTPOHA
He OyjgeT 0CTaBaThCS MOCTOAHHOH BO BCell MpOMeKyTOUHOH obmactu
MeKxy aroMubiMu ocroBamu. Ilpm a1060#f mOMEITKE CaMOCOTIacOBaH-
HOTO pacdera (cp. § 2 1. 5) daeKRTPOHHEIL 3apsax Oyger aBTOMaTHYe-
CKH HaKaILIMBATHhCA BIOJH TeX JH-
HEll (COeTMHAIONAX cOceqHue aToM-
npie cdeprt), rae mortennman Oyger
monmxen. O6mume xummueckme coob-
pameHHsd KUKYTCA CYHECTBEHHB-
MH, KOJb CKOpPO MBl XOTHM — JJs
Hagara — oO0bACHETE caM  (BakT
CYIMEeCTBOBAHUA  KPHUCTATTUIECKHX
CTPYKTYpP TAKOTO THIIA.

ITocmoTpuM Temeph, Kak MeHHA-
eTcA JTa KapTHHA NOpPH Tepexoje
ot Ge k InSb. Bemomumm, uro In
n Sb HaxomaTcA B TOM K€ PAAY
OepHOUIECKON CHCTeMH, dYTO N
dur. 73. IAeKTpPOHHAA CTPYKTYpa Ge, m, ciefoBaTenbHO, ATOMHBII

Ge (cxemaTHiecKH). OCTATOK Yy HUX OJAHMH H TOT JKe. On-

HAKO B aTOMe MHHA NMEEeTCS TOJIBKO

3 BHeUIHMX JIeKTpoHa, a B atoMe cyppmbi — 5. Coenmuenme InSb

TaKkie MMeeT CTPYKTYpy THIIa aiMmasa, HO Temepb In saHmMaer Bce

yaasl A, a Sb sammmaer Bce y3unl B. Pacmosioskenne MOHOB cxeMa-
THYecKkn moKazaHo Ha ¢ur. 74, a.

Bo MHOTHX OTHOTIEHMAX OHO HACTOJBKO IMOXOMe Ha CTPYKTYpPY
Ge, 4T0 8 BIEKTPONOB, MPUXOAAMEUXCA HA aTOM, MOMKHO Pa3sMeCTHTD
o TeM e «QYHKIUAM CBA3HY, ITO H B Ge (¢ur. 74, 6). Opnako npu
9TOM OCTAIOTCH HEKOTOPHe OCTATOYHBIE 3apAMsL: 3apsAx moma Sb
He MOTHOCTHIO HEHTPAIM30BaH 4 3IEKTPOHAMH, KOTODbi€ B CpPEJHEeM
okpysator ero. C pyroit cropontl, Ha aTome In oxassBaercs He00Ib-
Mo 36HITOYHEH OTPHILATETbHEIR BapAR. ITO 00CTOATENBCTBO JETKO
OTIHCATH, HECKOJIBKO C/KEMas SIEKTPOHHOe 00JaKo 1O HAMPaBIEHMIO
ot wamNA K cypbme (ur. 74, 6). BosHuKaomee coequHeHne mpeacTan-
aser coboil MOXYIPOBOJHUK, 30HHAA CTPYKTYPa KOTOPOTO B OCHOB-
HoMm momo6Ha crpykrype Ge; MHpHHA 3ampemeHHOHd 30HH Y HETO,
O[(HAKO, OKAa3HBAaeTCA MeHbIle. JTO — THINYHKI TpeICTaBUTeNb
unmepmemaniuneckux coedunernuii 111 n V rpymom.

O6paTuMcs Temephb K COEUHEHHIO ZnS, cocmassenHoMmy Wu3 3le-
merro I m VI rpymo (aroM IuHKa MMeeT 2 BaJEHTHHIX 3J€KTPOHA,
a atoM cepsl — 6). DTo coepunenme (§ur. 75) obpasyer Kpmcrair,




Qur. 74. ABTEMORM] MHAKS (CXeMATHYECKH).

G = TOJbl€ HOHBI, — CHMMEeTPHUHBle CBABH, 6 — 9JEKTPOHBI CBABH NIOAAPHBOBAHMB! OCTATOY
HBIM 3apAIO0M WOHOB.

®ur. 75. Cyapdug DUHKA (CXEMATHIECKR).
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B TowHOCTH uomoOHHH InSb (coGerBemHO, ara CTpyKTypa O0GHYHO
HA3HBAETCA CTPYKTYPOH yurkosoii o6marku). CepHUCTHHA UHHK ToM:e
OKasHBaercA moaynposogHmkoMm. OIHAKO Temeph 3JI€KTPOCTATHIE-
CKOe IPHTM)KeHNe 3IeKTPOHOB K HoHY S nake cmibpmee, uem B InSh,
33 CUET JAEKMPOHH020 cpodcmea: 8 BIEKTPOHOB, Ha KOTOPEHIE BAMSAET
STOT MOH, CTPEMATCA eie GimKe MOTOATA K HeMY U 06pasoBaTs 3aIo-
HeHAYW0 06omouky. [Ipm atoMm mom Zn%* mpakrmaeckm ocBoboxmaercs
OT 3JIeKTPOHOB.

Qur. 76, a — xnopAcTaA Menb (cXeMaTHM4ecKHW); 6 — crpykrypa NaCl; s —
ctpyrrypa CsCl.

JdTOT mpomecc 3amepimaercs, Hampmmep, B coegumHeHmm CuCl.
AToM Mefm 37eCh IOTHOCTBIO TEPsET CBOM BIEKTDPOHH, KOTOPHIE HAYT
Ha ofpasoBaHme 3aMKHYTO# 060moukm moma Cl-. CBoGOmHEIX adex-
TPOHOB 3/1eCh He 0CTAeTCA, W MOJYJAIOTCA HPAKTAICCKA HE3aBUCHMELE
aous Cu* m Cl-. CoeguneHAs TAaKOTO THIA KPHCTAJIM3YIOTCA B BUIE
OAHOH W3 CTPYKTYp, DOKa3aHHHX HA ¢ur. 76. CBA3p Temepsr He mMeer
KOBaIeHTHOTo xapakrepa. OHa ofycloBieHAa B OCHOBHOM 3IEKTPO-
CTATHIECKAM IPUTAKEHHEM WOHOB, SHEDPIHI0 KOTOPOTO MOKHO GHIO
0L pacCYATATH ¢ HOMOMIBIO METOJ0B, H3MOKEHHHX B § 3 ri. 2. Terpa-
3IpH9YECKOe pacHmonoKeHme OMmKARMuEX cocefel 3j7iech yike He 06a3a-
TenbHO. HaoGopor, rmaBroe — pasMecTHTh KaK MOMKHO GOJNBIIE MONO-
AHTEIBHHX HOHOB OKOJO OTPHIATENIbHOTO H HaoGopor. Houuue
kpucmanant nMeloT crpykrypu tama NaCl m CsCl.

Bosnmkaer ToHK@ Bompoc: mMeeT IH CMHICA TOBOPHTH O (30HHOIA
CTPYKTYpe» UPUMEHHATEIbHO K BAJEeHTHHM DJIEKTPOHAM B TAKUX KpH-
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crannax? BodHoBhE (YHKIHE BaJeHTHHIX BJIEKTPOHOB CHIBHO JIOKA-
JM30BaHE BONK3HM COOTBETCTBYIOIIAX HOHOB M H€ XapaKTepH3yHTCHA,
moqo6HO ONOXOBCKHM (QYHKIHAM, TAKHMU CBOHCTBAMH, KOTOpHIC
OTBETCTBEHHE 3a MOABH;KHOCTL CBOGOAHEIX «ABIpoK» (cp. § 6 rua. 6).
Mlupuia sampemenHoi 30HH O5Ta 661, 0YIEBAIHO, I€M-TO BPOJe BTOPOTO
MOTEHIIFANa HOUM3ANAE aTOMa METAJIa. JJEeKTPONH C9Heprueil Bo3-
Gysmlenns, NpeBHINAONER ITWPUHY 3anpemenHofl 30ubl, GHAM 6,
KOHEUHO, ropasmo 0oJbile HOX0)KE Ha NOJBW/RHEE HOCHTEIN TOKA
B 0OHUYHO# 30HE TPOBOTUMOCTH.

IlpakTugeckm He CyMeECTBYeT Pe3KOIl TPAHHIE MEXAY HOHHEIMH
¥ KOBANEHTHHMHE Kpucramiama. B coegmuenmax III w V unm Il n
VI rpynno Beerma ecth HexoTopas modsd woHHoM ceasm. C Apyroi cro-
POHEHI, Maske MOHHEE KPUCTANIL MOTYT NPOSABIATH HEKOTODHIE IOXY-
IIpOBOHUKOBEE CBOUCTBA.

Bee ckasammnoe eme He MCYEPHHBAET KIACCHQUKAMHUIO TBEPABIX
Ten. CymecTBYIOT MoAeKYAADPHbE KPUCMALALL, B KOTOPHIX CTPOHTEND-
Hple GI0KM MPeAcTaBIanT coboll cTafmIbHEe HEHTPATBHEE MOJCK YL,
BpoOje, manpumep, monexkyas CH,. 9ta 610K cBA3AHH APYT € APYTOM
cunaMu OpuTaskenusa Ban-fep-Baanbca. [lamee, ects ocolwit Kiaace
BEIIECTB € 6000 POOHOT C6A3b10, B KOTOPHX CHJIH MEKAY IPyIIaMi MoJe-
KyJ BO3HHKAIOT 3a cdueT obGobmecTeienus nporona. CpoiicTBa Taxkmx
KPHCTAILI0B OGHTHO ONPEdeNsoTC] XUMATECKIMI XapaKTePUCTHKAMI
OTHENBbHBIX MOIeKyI. Mckaouas ocobnil ciydall RIacCHIeCKH IIPO-
CTHX KPUCTAJUIOB M3 HMHEPTHHX 9JIE€MEeHTOB, BemecTBa C BaHjep-
BAAJLCOBKIMEA ¥ BOMOPOMHUBIMA CBA3SMH HMEIOT OOGRTHO BEChbMa CIOK-
HYI0O CTPYKTYPY; PACCMOTPEHHME HX BBHIXOJUT 33 PAMKHM BTOH KHNTH.

§ 3. Dueprusa csaA3N

Onpra W3 MEeHTPANBHLIX 3a7aY TEOPHH TBEPJHX TeJl COCTOUT B TOM,
uTOGH NIOKA3aTh, NIOYEMY TBepHAbIe Teaa ABIaiorcs tBeppeivu. Hmade
roBOps, Hago MOKAa3aTh, 9YTO BCA Kyda, HAIPMMep, aTOMOB HATpHA,
NOMEMENHEIX B AMUK, Oyaer KOHIeHCHPOBATHCH, 00pasyd KpHCTAILI
MeJ0YHOro MeTajla. JTa 3ajada B I[EJIOM CIUIIKOM IIPETeHI[HO3HA,
HO MOKHO H3yYaTh HEKOTODhie ACHeKTHl HHEPreTHKY KPHCTAJJIOB.
B uwacrmocrm, MOYKHO IOOLITATHCA BHIYUCIATH DHEDPIWIO CBA3H KPH-
CTALIa, OTCIATHEIBAEMYI) 0T HEKOTOPOTO YPOBHA CHCTEME! M30JIHMPOBAH-
HBIX aTOMOB. Pe3y/IbTaT MOKHO CPABHATL Am00 ¢ OMETOM, 1060 C BHEp-
rueil OPYTUX BHIMHIIUIEHHHX TBEPHIHX Tel, COCTOAIMUX M3 TeX iKe
aToOMOB, HO C APYTO# MOCTOAHHONR PeNIeTRA WU C APYyroil CTPyKTypoOH.

Hanpumep, B caabocrn cun Bau-mep-Baanbnca momxuo ybepmrhed,
3aMeyas, CKOJb Majga 3HEPrudA CBA3H MOJEKYJIAPHBX KPHUCTAII0B —
nopagxa 0,1 96 Ha OgHY MOJNIEKYJY; SHEPTHUA CBABY KPHCTALIOB C BOJO-
PONHON CBA3BI0 (THOMIHHIA mpuMep MX — Jjied) OOBYHO HECKOJBKO
Gompme, nanpumep 0,5 96 Ha Moneryay. O6a 3Ty THIA TBepAHX TeJ
AMEIOT HU3KYIO TeMOepaTtypy miasjenus. Meramnn — ropasgo 6oiee
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«THIIMYHBIC TBEPJble Telay; dHePTHUA CBA3HM MX NeiuT MeRAy 1 m 5 a6
una atoM, MoHHbIE B KOBANIEHTHLIE KPHCTAJLIH CBA3AHH OUeHD CHILHO:
uX 3Heprusa cpsa3u nopsigra 10 s¢ Ha aToM.

Ocnosubie cooGpaskenns, ACXOMA U3 KOTOPHX MOJKHO HMOUBITATHCA
BHYMCIHTH BIIEPIHI0 CBA3HM, ACHH M3 IIPE/IIeCTBYOINUX rias, Hampu-
Mep, B cjiydae MOHHBIX KPHCTAJNOB BHUHCIAIT IOCTOAHHYI0 Mape-
nyHra (2.27) gns gaHHOW CTPYKTYPH M TE€M CAMBIM ONPENeNAIOT BRIAT
9JIEeKTPOCTAaTHUECKMX CWI B DHEPTHIO CBA3W.

JTOT BKIAL MMEeT BHI

— LN (4.1)

OgeBupHO, 9TH CHIIK CTPEMATCH YMEHBIMUTH MOCTOAHHYIO PEIIETKH
a U CHaTh Kpucraii. UM DpOTHROMENCTBYIOT CHJIH OTTATKMBAHMA
MEKY aTOMHBIMM OCTATKAMH, OMHCHIBAGMEIE MOTEHIMAIOM BHIA

4>(R)=Be><p(——§); (4.2)

sfeck H — paccTosinne Memqy ABYMA HOHAMH.

Herpyano cnomurh 5TH BHPayKeHWA M BHYUCAWTH IOIHYIO DHED-
U0 TBEPAOTO Tela Kaxk (yHKOWi0 mapamerpa a. Pesymbrar mosiHo
CPAaBHHTEL € HKCHEPUMEHTAJIBHHIMH [TAHHHMYE IIA HONHOW DHEPTHH
CBA3M W CIKAMAEMOCTH TBepAnX Tel. K comanenwio, mapamerpsr B
U O 1A JAaHHON maphl MOHOB HENb3A PACCUIUTATH U3 IEPBHIX MPHIIIH-
MOB €O CKOJIBKO-HMOYAH yIOOBIETBOPUTENBHOH TodHOCTRIO. (amoe
Gonpinee, ITO MOMKHO CHEIATh, — 3TO WOJYIUTh HAGOP SMIHMPHYECKHX
3HadeHWil, Oosee miIM MeHee COTTACYIOMUXCA ¢ HAOIIOIEHUAMH [Jist
pAfa PA3NIMYHBIX KPHCTATLIOB, B KOTOpPHE M3ydaeMble MOHBI BXOIAT
BO BCEX BOBMOKHEIX KomOunamuax. Taxo# genomeHoNoruIecknil mof-
X0l MO’KHO paccMaTpuBaTh Kak cumocod ompefereHusi XapaKTePUCTH-
9ECKUX UOHHBZ paduycoe PAKA BIEMEHTOB.

T'opasmo Gonee Tpymmyio sagady IpefcraBiser BHYHCIEHNE DHED-
MM CBA3BW KOBANEHTHHIX XPHCTANIOB. B NpPHHIMIIE 3Ty 3HEPIHI0
MOKHO OBLTo OB HaliTH, pPAcCYNTaB 3aKOH QUCIEPCUH DIEKTPOHOB
U OIpeJelHB BKIAJN OT SHEpPTHH KasKAOTO BIEKTPOHHOI'O COCTOHHHUA.
Ilpakrndeckn, ompako, Jerde JoKasarh, 9TO IIOJNIAsS DHEPIHA KpH-
cTaNlIa MOBOIBHO OIM3KA K CyMMe dMePruil OTHEeIbHBIX KOBAlIeHTHBIX
cBA3el u 970 cmerTp Kojebanuil peIleTKH MOKHO INaTH, paccMaTpH-
Bag CcUXbl, Heobxommmule maa usruba w (Wan) pacTsisKeHUS CBA3EH.
Cormacue ¢ omsiToM B ciiydae almasa mojydaercs oTIMYHBIM. Takum
obpasom, paso6paBmuCh B dHEPreTHKE KOBAJTEHTHOH CBA3HM, MBI YiKe
3HAYUTENHHO NPOABHHYINCH BIepe] Ha OYTH K BHYUCIEHUIO 3HEPTHH
CBA3SH TOJYIPOBOMNUKOB.

JHePrus CBA3W KOBAJEHTHHIX TBEPAHIX Tel 3aBMCHT HOYTH HCKIIO-
9YuTeNTbHO OT CTENEHW HaCHIIEeHMA KOBAJAEHTHHX cpaszeil. IlosTomy
CTPYKTYPa TARHX TEEPALIX Ten me 00f3aTelbHO HOAMHA OBTH CTPOTO
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ynopsgodennoi. YacTo RaKabi TaHHHH aTOM MOKeT HMeTh NPAaBHIb-
HOe THMCIO CoCefleid, 00pPasyomMuX MOYTH NPABHIABHYIO reoMerpude-
CKyI0 KOHQHUI'YpAIHMio, a BCA CTPYKTYPa B IL(€OM MOKeT GhITh npu
9TOM JHIIeHAa [axbHero mopsAxka. Hampumep, o6bramoe kBapuesoe
¢mekA0 MPeJICTaBisgeT co6ofi COBOKYMHOCTE aTOMOB, B KOTOPOH KaaIbll
aTOM KDEMHHA JIGKHT B I{HTDe Terpasjipa, MOCTPOEHHOTO Ha aToMax
KUCJI0PO/Ia, & Ka#IBIA aTOM KMCI0DPOJa JIeKAT MOYTH TOTHO Ha JTUHAA,
COeNMHAIONMENA aToMbl kpemHuA (¢ur. 77). Xors Tarasm CTPYRTypa
ABHO YCTOMYMBA KaK C XUMHYIECKOH, TaK M ¢ AMHAMHYECKOHR TOYeK
3PEeHHA, HEACHO, KaK ONMCAaTh ee YHEPTHI0 CBA3M Ha A3HKe 30HHOMN
TEOpHH.

@ur. 77. PasawuEble CTPYKTYDH H3 KOBAaJeHTHO CBA3AHHKEX ATOMOB.

a — KPACTAII; 6 — CTERIO.
3nech m306pakeH ABYMepHHIN aHanor S10,.

Inepaus c6a3u memaano6 mmMeer Topasgo Gomee CIORHYIO IPUPOLY .
Kax obpramo, mosxmo yreepswmars, uro, ypamas 9JIeKTPOH M3 JaHHOTO
aToMa W Jlesas ero CBOGOJHBIM, MH YBEeIHYMBAEM HeEONpeIeleHHOCTH
ero roopjuuartel. COTaacHO COOTHOMEHMIO HeompexgeleHHocreii Ieii-
aenfepra, HeompeJeleHHOCTh UMIYIbCa DIIEKTPOHA IIPDH ATOM YMEHb-
maercA. COOTBETCTBEHHO HOHMIKAETCA CPEIHAA KWHOTHUYECKas pHEp-
THA 3JIEKTPOHOB, M, TaKHM 06pa3oM, CHCTeMa CBA3HBAETCA B OIUHOE
nexoe. Tem He MeHee pacders MOMTHON AHEPTUA CBASH OTHOCATCA K UMC-
Ay TPyAHEHIIHX BO BCell Teopuum MeranioB. CymecTByeT MHOTO pas-
HBIX CIOCOGOB Da3felquTh 5Ty 3a7auy HA TACTH C TEM, YTOOHI yiecrh
CILOKHBIE MHOTOYACTHYHEIE d(P(eRTH THma, HampUMep, KOPPeNANAH
n o6mMeHa B DIEKTPOHHOM rase (cMm. § 8 ru. 5).

B wnambonee mpocroM BapmamTe MBI pPaccMOTpPUM ABAa OCHOBHEIX
BKJIajla, AeHCTBYIOMMX B IPOTHBOUOIOKHEX Hampasiemmax. Korma
ATOMH! CONMKAIOTCA W MX BOJHOBEIC GYHKIHH HePeKPHBAOTCH, Kark-
HBIA 5IEKTPOH MONYTaeT BO3MOMKHOCTH IePeMemaThCA B Goree mupo-
Koii obnacTm mpocTpaHCTBa, TOe OH B CpefHeM HMeeT Goee HHA3KYIO
OOTeHNUANBHYI0 9Hepruio. G IPYToif CTOPOHH, UPH CFKATAM HIERTPOH-
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HOTO rasa Boapacraer sHeprua Depmm, a ¢ Heldl u cpegHAA KHHETHYE-
CKasg 3HepTHA HIEeKTpoHoB. Meranixy oTBedaer TaKasd ILIOTHOCTH, IPH
KOTOPO# COOTBETCTBYIOIME CHJIBl YPABHOBEINMNBAIOTCA.

Jlna mamocrpamuu STHX paccy:xgeHuil HaureM co ¢cBOGOJHEIX aTo-
MOB HETOYHOI0 METAJIa, HAIpuMep HArpuA. KHa:xIeHA aToM COJEDKHAT
OJMH BAaJeHTHLIH 9JIeKTPoH, CBA3aHHHA (C HamMeHBIIell sHepruei
&,) B mome aToMHOr0 MOTeHOMala v, (r). BHe aToMHOTrO 0oCTOBA 3TOT
OOTEHHHUAN HMeeT KyJOHOBCKmA Buj —e?/r. lloTeHmuman KpmeTalia
7" (r), neficTBYIOmMIA Ha 3J1eKTPOH NPOBOIHMOCTH B TBEPJOM MeTallle,
ONMCEIBAETCA, 0YEBHAHO, ropasno Golee ciao:xHOH QYHKIEEA, HexenIn

A

®nr. 78. Mogens Burmepa — 3elTma AJMA pacueTa DHEPTHH CBA3M.?
a — ONHOATOMHHY rag; 6 — MeTaiLl,

mpocras CYIepIo3uiusa KyJIOHOBCKAX IOTeHnuatoB. [ledicTurensuo,
B moTeHOHUAI 7~ (r) MOJIKHSL IaBaTh BKIAJ B BCE «0CTAIbHBIE) DIIEKTPO-
HH OpoBOREMOCTH. llpeamomoskuM, oOfHaKo, B KadecTBe rpy6oro
Opu6IMKEennsa, 9TO BEIAEIeHHBIH BIEKTPOH 3a CYeT NEACTBUA CHI
IEKTPOCTATUIECKOTO OTTANKUBAHMA BPEMEHHO BHITOHSET BCE OCTAlb-
Hble BAJEHTHEIE B3IEKTPOHH M3 Tol suelikm DBurumepa — 3eiitia
(§ 5 ra. 3), B KoTOpOit OH caM HaxoguTcA. B TO e BpeMA BO Beex
OCTAJBPHHX ATeHKAaX KPHCTAJJIA €CTh SJIEKTPOHBI, KOTOpPHIE JeJIaoT
TH AYEHAKE CTPOTO 3MEKTPOHEHTpaNbHEME. Jlpyrmmm cClroBaMm,
a¢PeKTH mepeKpPHTHA ATOMHHX MOTEHNHAJOB, KODPENSANHU 3IeKTPO-
HOB ¥ T. I. VIATHBAOTCA BRIGOPOM moTeHmmaina 7~ (r): MH molydaeM
er0 paBHBIM U, (r) Ipm 7 << Iy B Kanoil sgeiixe (dur. 78).

OuesnaHo, 9T0 Ha (PaKTHUECKOH rpaHumne aToMHOH cdepsl Taras
amnpoxerMarua Gymer miaoxoid. M Bce ;Ke cpefHAA OOTeHNHANLIAA
9HEPTHA DIEKTPOHOB B KPUCTAJTIE OKAKeTCHA CYNECTBEIIHO HOHMKeH-
Hoit. ToBops Toumee, mpumeHeHne Merofa Burmepa — 3eiliTua moKa-
3HIBAET, UTO AHO 30HH mpoBoguMmoctH & (0) MOMKHO JeskaTh HeMHOT'O
HI)Ke 9Heprud Gaphepa Me:KAy AaTOMAaMH, T. e. Ha HEKOTOPOM ypOBHE
HIKe sueprum — e?/r,. Taxum 06pasoM, yMeHBIDAA Iy, Mbl BHIATPHI-
BAeM B MOTEHIUAJBHON sHEPruM.

Ina cnyuaa cBoGOHOTO HIEKTPOHHOTO Ta3a pacieT BKJIAfa, HPH-
BOJAMEr0 K OTTAJIKMBAHMIO, TPUBHAJeH. B camoM jgeme, u3 $opMyl
§ 1 1. 3 erKO yCMOTpeTh, 9T0 RAOMHOCb COCMOARUIL (TUCIO [03BO-
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JIGHHHIX COCTOAHMIA Ha e[HHAIHLI HHTEPBAT SHEPIUHA) NATCA BHPasKe-
HUEM

N (Er) =

| w

n
%—F ] (4'3)
Tfie n — KOHIeHTPAIMA 91eKTPOHOB, a & — aneprua Depmu. Orcrona
BHITCKAET, UTO

N (&) ~ &2, (4.4)
H, CIEN0BATENBHO, CPEAUAA DHEPIUsA Ha OJHH DIEKTPOH Gymer
73 3
Exin=+ &. (4.5)

JdTa BelWIMHA, OYEBHAHO, IPONOpPHHOHATbHA 1/r2.
CrananuBas HaiifleHHbe BBIE BAa BKIAZa B MOIHYIO BHEpPTHIo, Kak
IOKa3ano Ha ¢ur. 79, Mp 06HAPY/RAM MEHEMYM IpH HEKOTODOM 3Ha-

&
Kunemuueckas
oHepeus = Y5 &p
PasHosecrsiic obsem
IOPRUA &,
anepeust { \ —_—
63U !

lomenyuansHas
nepeur = §(0)

@ar. 79. Braagu B 9HEPrHI0 CBA3H METAJLIOB KaK (YHKIHH MeKaTOMHOrO pac-
CTOAHOA.

TeHHH I's. JTO 3HAYEHHE I's U HYIKHO CIATATH ATOMHBIM pagaycoM B
PEAILHOM ~ METalle; OHO [OMKHO [laTh HaM PasyMHYI0 OIEHKY
HOJNHOH 9HEPIHM CcBA3M. Pe3ynbTaThi, HmOIyYaeMmiie TaKmM IpyObIM
TyTeM, RAIOT IO KpailHed Mepe IPaBUIBHHN HOPANOK BEIWTHHHI. DTO
HOKa3hBaeT, 4To OOMUH XOX HAIIAX PaCCYKNEHHI B OpUHIMIE Tpa-
BUJIEH.

lnrepecno 3aMetuTs, 9T0 BO BCEX METOTHHX MeTaLiax sHeprus
cBA3n oveHb Oumaka K %/;€p. Vs pToro sMumpmueckoro dakra u un3
PaBeHCTBA (4.5) MBI 3aKI0UaeM, UT0 yDOBEHB Depmm B MeTamne mpi-
OIM3MTENBHO COBHAfaeT ¢ BHEpPrHedl TOTo YPOBHA H30JHPOBANIOTO
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aToMa, W3 KOTOPOTO IPeIoIOKUTEIbHO BO3HHKIA 30HA HPOBOIHNMO-
crir. VIMEHHO DTOTO ¥ CIefoBal0 OKUIATh Ha 0CHOBaHMH Merofa JIKAO
u Qopmyn Tmma (3.30) IS 30HHI, BAIONHEHHOH HamomoBHHY. Takimm
06pasoM MOKHO GBIIO GBI HPEIOMKHUTE M IPYToe 00bACHeHHe DHePTHH
CBS3H METAJJIOB, CBA3aB €ro CO CIOCOOHOCTHIO BIEKTPOHOB LEpexo-
IUTH B 6I0XOBCKIE COCTOSHIA MAPAMH, TPUIeM B KayK/I0 ITape CIUHLI
DIEKTPOHOB AHTMOAPAIEIBHE ApPYyr Apyry. lipm rakom mepexone
DIIEKTPOHE He «mTPadyioTcsy YBeTHIEHHEM HX DIEKTPOCTATHIECKOI
PHEPIMH, YTO TPOMBOLLIO OBl B Clydae OTHETBHEX ATOMHHX 0pOHT.

Xapakrep CHJI CBA3M BAWsAET HAa YOPYTHe W ILIACTHIECKHE CBOM-
CcTBA TBepAHX Tel. IOBaJeHTHbe KPHCTAJNBl OBBAIOT HECTRHMH
M XPYIOKMMH, TaK KaK HAaIpPaBIeHHBI XaparTep CBA3eHl LPENATCTBYeT
CTBHTOBOMY [BW/KEHHIO, a TaKyKe MeInaeT LePeMeNIeHAI0 OIHOro
aTOMa BCJIeI 3a APYIMM, KaK 9TO HMeeT MeCTO IIPH [BUIKEHHM IHCIO-
Kanuu B pelmeTke. VIOHHBIE KDPHCTALIH Topasmo Gonee IIacTHIHEL,
@CIM OHHM COBEPIIEHHO UYHCTHE (OOBIYHBIE KPHCTANIH MOTYT OBITH
M XPYIKUMHK M3-32 HaIW9Us BHEIDPEHHHX B HAX NedeKToB). JIeKTpo-
CTAaTHYeCKHe CHJIH — HOHAUDABIEHHBE, H IIOTOMY HMOHBR MOTYT
mepeMeNaThCA ¢ MECTA Ha MECTO B TOif Mepe, B KaKoil 5TOMY He MelaioT
uX pasMeps. Merauisl 0KasHBaloTCs lanbomee LWIACTHIHRMU: B HIX
BO3MOMKHO CBOGOIHOEe mepememenme auciokanuit. [lero B Tom, 4To
depMmeBCKaa HHEPrHUA DIEKTPOHHOIO, Faza yMEHBIIAETCs, €CTH MOHEI
nlepssarea majibiie Apyr or apyra. CooTBeTCTBeHHO SHEPTUA CBA3Y
3aBHCHT B OCHOBHOM OT INIOTHOCTH YHAKOBKH, W CHCTEMa JIETKO LpH-
cmocabauBaeTca K JOKAIBHBIM OTKIOHEHHAM OT CTPOTOH PerysispHo-
CTH DeIeTKH.

§ 4. Monean eCTKAX 30H U IIOTHOCTD COCTOAHMIA

[logeMy MHOTHe METAJIIH CYMECTBYIOT B Da3NMIHBIX (ABOBBIX
COCTOAHMAX C PasibIME KPHCTATIMICCKAMH CTPYKTYPaMu U € H3Me-
HEHMeM TeMIIepaTypH MCUHITHBAIOT lIePeXofi W3 OAHOH ¢askl B APY-
ryio? DHeprus, CBA3aHHAasA C TEINIOBHM Bo30y:jienueM KpHCTamla,
nesennka — nopAxka 0,1 96 Ha atoM. PasHmna B oHeprusx pasiamd-
HHX CTPYKTYp /0KHA ObTh Mada. [leficTBuTenpno, B Hammem
rpy6oM MO/(X0/le, MBJIOKEHIOM BHIIIe W OCHOBaHHOM Ha (opmyrnax,
HOJYIeHHHX [0 MerojaM DBnrumepa — JdeifiTia m CHIBHOH CBA3H,
HEBO3MOJKHO YCTAHOBHUTEH Dasimdme Me:ay $asaMmu ¢ pasHbIMA KpH-
CTANNMIECKAME CTPYKTYPaMd, HO ¢ OJMHAKOBHMH TIUIOTHOCTAMH.
WHTepecHo 0TMETUTH, UTO IPH MIABJIEHHU INIOTHOCTH METAIOB CYIIe-
CTBeHHO He MeHAeTCA; PACCMOTPEHHHH BHIIEe IO[X0J| IIACTOIBKO
HETYBCTBUTENEH K CTPYKTYDHEIM CBOMCTBAM, 9TO OoHl B DaBHOI Mepe
OPHMEHAM K JKHJIKOMY MeTallly, KOTODHIE MOMKHO paccMaTpHBATh
KpailHe YIIPOIMEHHO KaK CIydaliHbii KOMIAKTHBIN HaGop cdepude-
CKUX MOHOB, YIEP/KUBAEMHX BMECTe «EKiIeeM» CBOOOJHBIX DIEKTPOHOB.
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CymecrByer, omHAaKO, (U3WIECKOe ABJIEHHE, KOTOPOE IIO3BOISAET
MPONLTIOCTPHPOBATH MPHHINI, OHPEeNANINHA CTPYKTYPHYI dHEp-
rmio TBePARIX Ted. PaccMorpum ciaemyiomyo tabauiy:

O6BpeMHOOERTPUPO- TI'eKcaronaJrHaf
CTpyKTYpa paHHAsA Ky0mueckas «p-naTyHL» NIOTHAA YIAKOBKA
AgZn AgyZng Ag/lng
Craape CusAl CupAl, —
CusSn Cus;Sng CuzSn
OIEeKTPOHBI 3 21 7
[ttt el —=1,5 —=1,615 —=1,75
AroM 2 ’ 13 ’ 4 L,

B rammom cT0o1611e MpUBENeH PAJ CILIABOB ¢ OMUHAKOBOH CTPYKTYpOil
OCHOBHOH pelleTKH, IpHYeM KaMKOLi CILIaB CYmeCTBYeT B BHJE CTa-
OuapHOR ycroitanBoil gassl Golee MIM MeHee ONPENEICIHOTO COCTaBa.
Yro sxe obmero mexray HumMu? B HmKHeHl ¢TpoKe yKasaHo OTHOIIGHHE
9mcia BAJEHTHHX 2JI€KTPOHOB K YHCJIY aTOMOB B PEIIETKE, HOCTOMH-
voe muA Kaskgoro crombma. Tak, B CugAl, umeercs 9 sieKTpoHOB OT
aromoB Cu m mo 3 2IeKTpoHa OT Kaskmoro ma 4 aromoB Al, wro co-
crasasger scero 21 omekTpoH Ha 13 aToMOB.

JTOT HpuMep WILIICTpUpyer npasuto FOm-Posepu, gacro Tpak-
TyeMoe Ha OCHOBE MOIENH HeCcmKuUX 301 B TEODHHU CILIaBOB. B mocmen-
Hell moJaraercs, 4To BCE BAJNCHTHEIE DIEKTPOHBI COCTABIAIIIMX dile-
MeHTOB 0000IEeCTBAAIOTCA, MOMafasi B eIUHYI0 30HY IMOYTH CBOOGOTHEIX
2JIEeKTPOHOB — TPUMEPHO TAKYIO ke, KaK B OOLITHOM 4HCTOM MeTaljie
{(cm. § 3 r. 3). Tax, Hampumep, B THOOTETHYIECKOM CILIaBe COCTAaBA
CuySng okasamoce 66 mo 1,615 saexTpoHa Ha aToM.

IlomycruM Ttemepb, 9TO CTPYKTypa 3oHK Bpuitiosna mgaHHOTO
CINIABA 3aBUCUT OT CAMMETPHH OCHOBHOH KPHCTATIMIECKOH pemIeTKH
u ¢ralo 3aBHCHT OT IPHPOAB ATOMOB, 3AHUMAIOIUX Y3JL PENIETKH.
Torga okassBaercsa, 4To A CTPYKTYPH Y-JATYHH 3Ta 30HA MOJKHA
OHITE TAKHX PasMepoB M TaKo# GopMH, aTo oHa Oymer Kak pas KacaTb-
ca cepsl, oTBedalomeil cBOGOMHEM anextpoHam. llpm stom pagmyc
mociaenHed Takos, 4T0 oHa BKanwaeT mo 1,615 saexTpoHa Ha arTom.
[Mosromy B momoOHEX BemecTBaX mMoBepxHOCTH DepMu, MO-BUTHUMOMY,
KacaercsA TPaHUIH 30HHE Ha JO0BOJHHO 3HAYHTEJIBHOW ee 9acTh, HO,
BEPOSATHO, He MPOHMKAET CKBO3b Hee B ciefyomyio 30HY (dur. 80).
[MockonbKy sHEprusa COCTOAHMN, HaAXONAMMAXCA BHYTPH 30HH BOMH3H
€e TpPaHUIsl, MEHbIIEe JHEPIUU CBOOOMHEIX 3JIEKTPOHOB € TeM jKe BOJIHO-
BHIM BEKTOPOM, BO3HHUKHOBEHHE IMOLO0OHOH METaIIN4eCKOH CTPYKTYPHI
CBA3aHO ¢ BEIUTPHIIEM B 9Heprun ¢cBasu. [lannoe o0 pacHeHne KpucTai-
IMYECKON CTPYKTYpHl MHOTHX YHCTHX MeTAJJIOB M PA3NMYHEX (a3
CIOKHHX CIUIaBOB OYEeHh M3AMHO W HEPEeIKO pacleHHBAeTCA Kak
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OnHO W3 TPAYMPAIBHEX JOCTUKEHHH DIEKTPOHHOA TEOPUH METalJIoB.
K coxanenmio, NIMCIOTCH OmpefleieHHEe BO3PAKeHHAsI POTHB HCIOIb-
30BAHAS MOJEIH IOYTH CBOGONHEX BIEKTPOHOB IPHMEHHTENBHO
K TakuMm MeramiaaM, kak Cu, Ag m Au, aid KOTODPHX HOBEPXHOCTH
DepMu (ysKe B UHCTOM MeTaJllle) KAcaercs TDAHMIE 30HE (cM. § 4
ri1. 9). Teoperuueckoe 06ocHOBaHME CAaMOX MOJIENIH JKECTKUX 30H TaKIKe
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®ur. 80. ¢ — moBepxHOCTh,DEepME KacaeTCA I'PAHANE 30HK; § — JHEpIHA NOHMA-
7RAeTCA TO CPABHCHHMIO CO CIyIaeM CBOOGONHHYX 3MEKTPOHOB; § — YPOBEHB GepmMn
IPOXOAUT BOMM3M MAKCHMYMa IIOTHOCTA COCTOAHHE.

Hof[BEPTaeTca MeKOTOpoMy ComHenmio (cM. § 3 rai. ), HeCMOTPA Ha
yGeHTeIbIEe CBAETENHCTBA B MONB3Y HAMWIuA «dPPerToB TPAHAIL
30HLIY B PA3NUUYHEIX JaCTHHIX CIydaAx.

B cyimHOCTH, MBI yTBEpKaeM Cleqyiomee: OCYMeCcTBIATCA TaKasd
CTPYKTypa, Ipu Kotopoit yponens Mepmu mpoxoaut BOIH3M Bepxmei
rpanHuiy Toft 067TacTH SHeprUil, Ie BESHKA NAOMHOCTb COCTOAHUL.
Hocmenuas gyskima yxe 6ruta BBeena pamee [cm. (4.3)] mra rasa
cBoGomHbIX dIeKkTpoloB. UTo6e BRuHCINTE f°(§) MIA peanbHOro
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MeTallIa, Hy{HO OHPEeeNUTh BeNIHInNy 06beMa, BaKAI0UeHHOT0 MeKAY
COCEHUMH M309HEePTeTHIeCKIMH TOBEPXHOCTAMA B 30ke B pmilmiosHa.
JdTo 3afaya B TOYHOCTH TOTO jKe THNA, YTO U Pacder CIEeKTPANBHOR
IIOTHOCTH AJA KodeSauuil pemierkn B § 5 . 2.

Tax sxe kax u Tam [em. gopmyan (2.66) —(2.69)], Moxmo Hamucarn

N E) = 7w7 | o (4.6)

Ivk|.

Mp#1 BBeaH 376Ch BEKTOP Pa3MEPHOCTH CKOPOCTH
1
Vi =+ Vié (k), (4.7)

T. e. TpajuenT suepruu B k-mpocrpamcrse. B dopmyae (4.6) abeo-
TOTHAA BEINYMHA 3TOTO BEKTOPA MHTEIPAPYETCS MO H303HEPTeTHIe-
CKOHl HOBEPXHOCTH, COOTEETCTBYIOMIeH sHepruu &.

Tak kax ¢ynrmus & (k), mogo6uo vq, HempepsiBHa B o6parHom
HpOCTPAHCTBe W IEPHOAMYNA C HepuofoM o6paTHO pelleTkH, TO
Teopema Bam Xosa B upumenennn x meii ocraercs B cume. JleficTau-
TeTbHO, MOCKOIBKY (yHKnuA & (k) 06hrumo He nMeeT KPaTHOTO KOPHS
B 1(eHTpe 30Hm [06:1aCTh aKyCTHYeCKHX BeTBeil B cIyuae Vql, T0 cpemn
cunrynsgpaocrelt & (k) JOMIKHLI BCTpeYaThCA KPUTHICCKHE TOUKM
BCeX YeThIPeX THIIOB — MAKCHMYMBI, MAHHMYMH W CE[JIOBHE TOTKH
ABYX THIOB.

Boobme ropopsa, miroTHOCTH cocToAHMII B MeTamaax He COHIIKOM
CHIBIIO OTIAUYAETCA OT 3HAUEHWH ee I CBOGOAHOTO DJMeRTPOHHOTO
rasa, 3a HCKIIOMEHMEM IEePeXOJHHX MeTalToB, TAe Y3Kas d-30Ha
(mnm 3ompr) cmocobma BMemars mo 10 bieKTPOHOB Ha aToM, TaK 4TO
ILTOTHOCTE COCTOAHMI B d-30He (MM 30HAX) OTKHA GBITH 3HATUTEIBHO
BEIITe, YeM B OGEIYHOM s-3ome. ToMy MMEITCS HOATBEP;KICHHS; CyIe-
CTBYIOT TaK;Ke CBH/IETEIBCTBA B MOJBL3Y TOTO, 4TO d-3AEKTPOHEl JAI0T
BRJIAJ B DHEPTHIO CBSA3M METATJIA, KAk M CIel0BAIO0 OKHIATH B TaKOH
MOJIeIH.

§ 5. Crarncrnka Qepmu A1A dIeKTPOHOB

Mo cux mop MH mpegmonaranm, 9T0 paccMaTpPMBAEMad clcTema
SJEKTPOHOB HAXOMUTCA NPH HyJdeBoil Temmeparype. B coorpercrsum
¢ npunnunom [Taymu Mu canTamy, UTo ypoBIM 3aHOMHEIb! MOCTENOBA-
TEIBHO, HATUIIAS ¢ CAMOTO HMHEr0, BIIOTh 10 yposisa Depmu, KOTo-
poMy oTBewaer sHeprusi . U3 crarmeruueckoil MeXaHMKH H3BeCTHO,
TO IEKTPOHBI MONUUHAIOTCS cTaTiHCTHRe Depymir — [lnpaka u BeposT-
HOCTD 3aNOTHEHUA YPOBHSA ¢ sueprueit & onpeyenserca gopMysoit

1

1o (&) = EORT (4.8)
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3mecs { — yposenv Pepmu, T. e. XUMUIECKUIl IOTEHI[MAN, WIH CBO-
GomHas sHePIHs B pacuere Ha ONUH HIEKTPOH; B YCIOBHAX TEPMOTHHA-
MUYeCKOT0 PABHOBEeCHA OH JOJUKeH OHTh HOCTOAHEH Bclogy B o0pasie.

ycre B unreppame sueprum dé umeerca f°(&) dé cocrosumil.
Torpga, ecium n ecTh HOMHAA KOHI[EHTPAIMA SIEKTPOHOB (YHCIO DIEK-
TPOHOB B eguHHIe 00BbeMa KPHCTAIIA), TO AOKHO OHTHL BBHIIONHEHO
yciaoBue

(o)

n:S (&) " (&) dE. (4.9)

0

Pasencrsa (4.8) u (4.9) ompemensior yposenb Mepmu £, a TeM caMbIM
B BCe pacmpeseieHue.

Ilpu abcoiioTHOM HyJe CHTyanus TPUBHAIBHA: HETPYLHO 3aMe-

TATH, 970 GyuKNuA f°(&) paBHa egmnume, Korga &€ << §, u o6pamaerca
B Hyns npu & > {. Tarkum o6pasom,

4 Er
n=5 (&) dg= | (&) ds. (4.10)
0 i)

IT0 eCTh MPOCTO MATEMATHIECKAsI 3aMKCh oIpefenenua yposua Depmu:
{ =& upu T = 0. (4.11)

Yrobr ompemenurs yposenr Pepmu [ rax QymKMuUIO Temmepa-
Typst I', HY/KHO B OPUHIIAIE 3HATH BCIO ILIOTHOCTE COCTOARMM f”° (&).
OnHako B MeTaJTaX pacHpefeTeH e CUIBHO euposcdero, T. e. kT & & p.
B aToM ciydae MOKHO BOCHIOIB30BATHLCA CJAETYIOMMM MATEMATHIE-
CKHM IPHEMOM,

Ilycrs Ha/lo BHYMCINTL MHTETPal BHAA

(o)

1= ¢(& 1) ade, (4.12)

0

rae g (§) — ueworopass ¢ymkmmsa ouepruu. Ilpounrerpupyem o
JacCTAM:

I=(6(&) L@ — | 6(8) 55 d&; (4.13)
0

371eCh

, €
G (&)= S g (€) dé. (4.14)

0
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Tlepsmit unen B (4.13) obpamaerca B HyIh IPE IOACTaHOBKe 0060mX
npejenos [Mu MoykeM camTaTh, 9to g (0) = 0, npmEAB 3a HaUa0 OTCHE-
Ta DHEPTHE JOCTATOYHO HA3KOE ee 3HaveHme].

Ocrapomuiica HHTerpajx Jerde BHYUCIUTH, TAaK Kak QYHKIES
(0f°/08) mmeeT cMMMETPUYRKI WK NpPH SHePruum § = { — oHa Bejer

]
' —2r%38
/H\
)|
N
AR
roh oy
£
L \
il
II |: \
! II: \\
/l i: ‘\
! i t
! I \
! " \
] q 1
II i \
H ' \
f |T=D \
if 1
i [ \
/ it \
/ I \
/ o
7 . i fg(g) \
J it \
/ 1 \
/ it AN
44/ q \\\

@ur 81. Oymarnua Qepma — Jupaxa u ee mpomssonsas npu I' = 0 m Opa Ko
HedHOil TeMueparype.

cebsa noxo6ro §-pynrnmm ¢ nukoM mupuHoit kT (pur. 81). Pasmosxmm
¢yurnmio G (§) B paxy Teitnopa OKOIO 5TOH TOIKH:

CE=CO+E—-DE () +5(E—06 () +... (415

¥ HOJICTABMM 5TO pasiokenne B Bmpayxenne (4.13). Momyamm

I=6G(0) 30 (—&)as+6 @ f(g—;) (—L)dg+... . (4.16)
Samenan, 10 0
[ (—22)dg=p @ —p (o) =1, (4.47)
R
zza(g)=§g(8)d¢‘s. (4.18)

0
910 TO 3HMavenme, KOTOpoe Mul monyamau Onl mpm I = (.
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O6mpuit wien paga B mpasoit wactn pasenctBa (4.16) mpomopomonasnen
HHTEerpany

(B piEounn (82
i) e (@~ DA \THT

=

3

3
o{_’qa

__(kT)" ¢ 2" dz __[2¢n (ET)® gaa n weranx,
=5 | erhare=| } o

-0

0 a4 n mewermux.

31ecb KodHPUIHEHTH ¢, JTEIrKO BHYACIANTCA KAK CYMMH CXOLAMAX-

AG) |

—

&

@ur. 82. Ipu peicokmx TeMmumepatypax ¢ymrnuma (Depmm — Jimpaka mepexopur
B KiacCHIeCKYI0 (YHKROUWIO pacupefenendsa BoabmMaHa.

s pafoB. IIparTnueck® pefKo IPAXOAUTCA YIATHIBATH WIEHH HATBIIE
BTOPOTO, JIA KOTOPOTO

2cz=—é—n2. (4.20)

Tarum 06pasoM, MBI IMeeM
o d
0 ~ _n_f_ o [ 9 (%)
§ 2 (&) f° (&) dg ~ § g (8)dg+ - (wr)2 [ 218 ]$=E+ s . (420)
Hanpnmep, 91061 BHUMCINTS, KaK H3MeHAeTcsa ypoBens Mepmu {
¢ temneparypoi (ur. 82), Bocmonpsyemea gopmynamna (4.9) m (4.10).
IToxyunM ciegyomee ypaBHeHHE:
€r
S N (8) d8

0

Ot eyt Oy 8

A (8) °(8) A& =
N

i

(8) d8 + - (o2 [ 22 8) ]3=c+ . (422
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Kak merko mpopepuTh auddepennunpoBanmeM mo (, mMpHOIUEHHO®
pemenne (4.22) mMeeT BHJ

t a0 B o (KT)2 [ 10 17(8) ] (4.23)

6=%r

OrmeraM, ato § << &p (kpome ciywsaa T = 0), wo upn kT £ EF
IOIpaBKa HeBenmKa. ViMeHno Tak 0GCTOMT 1610 B MeTaliaX OpH 00bd-
HHIX TeMmepatypax. ¥ poeEs Depmm { HoliKeH NOHMMKATHCA C HOBH-
IeHMeM TeMIepaTyphl, TAK Kak OPH TeMIeparypax, IpeBHITaiomuX
TeMImepaTypy BHDOIEHHA JIeKTPOHHOTO rasa, T. e. mpu kT > &,
¢yrrnma pacupegenenns @Depmm — Jlupaka mommma HEPeXOmUTh
B KJaccHuecKyl (yHKIHIO pacupeeleHus

O (&) ~ e-EmT, (4.24)

Kak Bmpmo m3 ¢opmyasl (4.8), 5T0 BO3MOKHO TONBKO [l dHEPTHIA,
npeppimapomux (. YrToGH mocmegHee yClIOBHE BHINONHANOCH A
BCeX 3HaueHHWil >Heprum B 30He, ypoBeHb Depmm [ poiskeH leskaTh
ke sHeprum & = 0.

§ 6. CrarmcrEra HOcHTEXNeil 3apAfa B HOTYNPOBOAHHKE

Ilns monyupoBomHEKAa XapaKTepHO Haamdme OGoapmodl menn
B ILIOTHOCTH cocToAnmit, QarTudeckdn o0061acTh KHTETPHPOBAHHM
no 9HeprWH pasfeleHa Ha [Be: CHU3Y BBEPX BINIOTH [0 3HAYCHHUST
&€, — mOTONKA BaNEHTHOW 30WLI W 3aTeM CHOBa BBEpPX OT &, — JHA
30HE IpoBommMocTH. Takmm o6pasoM, YCIOBHe, DSKBHBAJEHTHO®
pasenctBam (4.9) = (4.10), BHpamaercsa Temeps B BuAe

v €0 -
fo@de={r@s. @+ resr@de 6@
0 0 4

c

3nmecy ¢ynrnmn (&) u A ,(&) mpencraBisior coboil mIoTHOCTH
COCTOAHIT B 30He NPOBOJMMOCTH H BAJEHTHON 30HE COOTBETCTBEHHO.
ITocaegnee paBeHCTBO MOJKIO IEPENMCATH eIe TaK:

(&) e (6)dE.  (4.26)

c

{1—1°(&)} S5 () dE =

ey OR
<

R—s 8

JdTo He 03HauYaeT HAYEro, KPOME TOr0, 4YTO WHCIO BIEKTPOHOB, BO3-
GyKIOEHIEX B 30HY IPOBOAMMOCTH, DABHO WHCIY ABIPOK, OCTABITAXCH
B BaJIeHTHOH 3o0me,

np = N (427)
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WHTepecHO HECKONBLKO WHAYE 3AMMCATH CTATHCTHIECKHEe paclpe-
IeleHnsa B paBeHcTBe (4.26). 3amermm, 910

1
=1 -0 =1—mp@—gnrFi =
1
=GXP{—(‘6—-§)/kT}-|-1=f°(?o”h—l-§h), (4.28)
rie
&+ T — (8 — D (4.29)

IpyraMu cioBaMa, BePOATHOCTL HAHTA THPKY HA DHEPTETHIECKOM
yporHe &, HaxopsmeMcd Ha paccToanmn | & — { | Huoce yposHA
QDepMa 1A DIEKTPOHOB, TAKOBA ke, KaK BEPOATHOCTh HANTH BIIEK-
Tpou ¢ pHeprmeil, Kotopasg Ha | & — { | swuwe yposus Mepmu. Tupxm,
mogobHO smexrpoHaM, mogumumorca cratmcrike Mepmm — Ifmpaxa,
HO MX 9HEePrAsg KaK OB OTCUATHIBAETCH 6 06DAMHOM HANDPABAEHUL.
Yno6HO OTCAMTHBATEL BCE 2IEKTPOHHLIEC DHEPTHH OT yPOBHA &, W HC-
HONB30BATL MEPeMeHHyI &,, PaBHYI0 & — &.. DHEpIHMH jKe [HPOK
GymeM OTCIATHIBATH OT MOTOJKA BAIEHTHON 30HH: &, = — (& — &y).
Yposerp Depmu Jiid 5JeKTPOHOB PACIONOKEH IPH HEKOTOPON 9HEPTUU
€. = —U., ypoBenr DepmMm mJIA [OHPOK COOTBETCTBYET 9HEPTIHH
&ér = —UCn. Torma pasemcTBO (4.206) mpmumMaer BHI

[ 1@t t) o (80 d8a= | 10 (8ot L) #e (B dBL (4.30)
0 0

Benmumaw {, m {;, pasyMeercs, He He3aBMCHMHEI: OHH JOJKHH
COOTBETCTBOBATH OHOMY U ToMYy e yposmio Pepmn Beeil cmeTemsr L.
IToCKONBKY OBE OTCIHTHIBAIOTCA OT 3HAYEHHN, OTCTOAMMX APYT OT APY-
ra Ha BEIUIAHY &gap, MBI HAMeeM ')

Le+-Cn=E&gap- (4.31)

Kax MB ceifwac mokamem, ypoBeub Depmm { 00b9HO JeswuT
B ofmact:m smepreTmdeckodl menam, TaK 910 obe BeXWIUMHH L, m {p
HOJO/KATENBHH K wame Bcero npepuimaiot kT (¢pur. 83). B stom cay-
qae ¢ynkmuu Depmm [JA SJIEKTPOHOB W [HPOK HPAKTHIECKH HE
OTIMYAIOTCA OT KJIACCHYECKHX (QYHKIOHA pacmpefeneHdd B obmacrax
BHEDPI¥WH, B KOTODPHX IIepeMeHnne &, I &) HOT0KATEIbHE, HAIPAMEp

£ (8. + L) & e~ (EetlenT, (4.32)

1) TIo-BEamMoOMY, 37ech yAOGHee OompeleldTh BeIHIBHH [o A {5 TaK, 4T06H
ofe OHH B THIHYHHX YCIOBHAX OHUIM HOJIOKHTEIbHEIMH.
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I10 06CTOATENHCTBO HECKOIBKO YIPOMAeT BHYMCICHHE HHTETpa-
108 B (4.30). Cormacuo teopeme Bam Xosa (§ 5 ra. 2), B6ausm gHa
30HBl TPOBOJHMOCTH ILIOTHOCTH COCTOAHUE JOJIKHA MMETh BHJ

S o8 =55 (Ge) 82 (4.33)

JTo ecTh IO CYIMECTBY TO k€ BhIpa)keHWe, 94TO M IJA rasza cBoOORHEIX
BIIEKTPOHOB, HO ¢ dfifermucsHoll maccoii m,. OgHaKO B obmem crydae
mocIenHauii mapamMeTp ompefendeTcsa Kak

e = (Mamgms)''%; _ (4.34)

BeIMIHBHL My, My U Mg HEIOCPEACTBEHHO CBA3AHE ¢ KOsPdHIueHTaMn
pasioxennma sueprun & (k) B6J’IH3H ee muamMyma B k-mpocrpascTBe,

2 21-2
e (4.35)

2mg

OpHIeM CACTeMa KOODAMHAT CBA3aHA ¢ IVIABHHIME JOKAJIBHEIMA OCAMH.
IT0 yTBep:;K/eHMe MOKa3hIBAETCHA TOYHO TaK ke, Kak dopmyna (2.72).

s E ///V

0- 5

@ur. 83. a — alcoyioTHaA SHEpPreTMIecKas cXeMa IONYUPOBOAHMKA; 6 — BHEP-
TeTHYeCKHMEe CXEMH [JA «3N6KTPOHOBY M (IKIPOKY.

Ilogcrasnsa Bmpaskennma (4.32) m (4.33) B ypasmenme (4.30),
MBI TIOJIY9aeM :

oo
3
Mg = S e-Bertont L (2”“’) Pelagg, —
0

00

=21_(2£e) e~ te/kT (kT ”/=S ~2gl2 g —

(=4

_9 ( me’;; ) e-Te/kT, (4.36)

B mpocTHX MOAENAX HHEPTeTHIeCKHX 30H, B KOTOPHX, B 9aCTHO-
crtu, mpenefperaercA cmuH-OpPOHTAaNBHEIM pacmemienmem (cm. § 11
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ri. 3), MIOTHOCTH COCTOAHMA BOIM3N MOTOIKA BAJeHTHON 30HHI OIACH-
Baerca Gopmymoit Toro ke BEpa, 4t0 m (4.33), m XapakTepmayerca
8HAJOIMIHKIM IIaPAMeTPOM /1y, PAa3MePHOCTE MaccH. IloaTomMy MBt mory-
9UM AHAJOTHIHYIO GOPMYNY A IOJNHOTO YHCIA «IHPOK, BO3OYKIeH-
HHX OpH TeMmueparype I'»:

m=2 (o) e (4.37)

[IpupaBumBafg BeIWIMHH 7, U Ny W UCIHOAB3YHA paBeHCTBO (4.31),
MOKHO HafiTH Ka/KAYI0 N3 HAX IO OTAeAbHOCTH. [lepeMHoasn, HaIpH-
Mep, JieBLie B IpaBEe YacTH ypaBHeHHH (4.36) m (4.37)cooTBeTcTBEHHO,
MOJAYyIaeM BETHYMHY

Nelp =4 (Zifﬁ_z)’ (memh)ali e-gap/T, (4 38)

He 3aBUCAMMYIO OT I0J0okeRmA ypoBHA DepMmm, Tak 9T0 3TOT pe3yib-
TaT CIPABEJIUB B JOBOJBHO 0OMUX IPEANONOKEHAAX, JAMb OH ypo-
Bees (DepmMm ocraBasicsa BEYTpH sHepretmyecKoir menm. Masmiexas
KBaJpaTHHIA KOPEeHb M3 9TOH BeIMIAHK, HAXOOAM

kT

Ne=np=2 (Znﬁz

)" (mam)18 - Boawiza, (4 39)

Bupro, 4910 TeMmepaTrypHAs 3aBMCHMOCTh KOHIEHTPAIHE HOCHTEN el
3apsAfa NeHCTBHTENBHO OMUCHBAETCH GOMBIMAHOBCKHM MHOKHTENEM,
Kak ecni:m O TpeGoBanach aueprust &pap/2 [IA AKTHBATHH SIEK-
TPOHA B 30HY LIPOBOJEMOCTH.

G momompio gopmyn (4.36), (4.37) m (4.39) merko maiiTm Bexm-
9nEH §, 1 §; mo otRensnoctn. Tak kak GopMyssl CHMMeTDITIHEI, Ode-
BEHO, 9T0 ypoBenb Depmu { Gynmer ne;kaTh B CepequHe sHepreTHde-
CKOHl menu, ecadm m, = my. Holp cxopo &gap > kT, atm dopmynm
COPaBeNJIHBLE JUIA COGCMBEHH020 NOAYNPOBOOHUKA, B KOTOPOM BCe
HOCHTENIN 3apAfa CO3ZAaHBl TePMHIECKHM BO30Y:KIeHHeM.

B mamem n3To;HeHAM MBI TJaBHBIM 06pasoM OrpaHHYABaeMCA pac-
CMOTPEHNEeM THCTHIX, MPABHIBHHX KPHCTALIOB, OJHAKO He0o0X0mmMO
YHOOMAHYTH, 970 B GOJXBNIMHCTBE CBOGM HOJIYIPOBOSHAKK HE ABJIAIOTCA
COBEPIIeHHO YNCTHIMA. J{eHCTBUTENBHO, MH MOYTH BCET[A HCHOJb3yeM
A1€2UPo6aNHble DOTYIPOBOAHUKH, T. 8, HONYIPOBONHMKH, K KOTODHIM
mobGaBiens mpumecH. THumaHslil crydait — 310 HoHopHAs TIPEMECE,
HampuMep aroM As, BBeJeHHHI B KAYeCTBE IPHMECH 3aME[eHAA B KpHU-
crann Ge (¢ur. 84). Ha ocmosammm coofpamennii, n3I0;KEHHBIX
B § 2 HacTOAMmMe# IIaBH, 0YSBHTHO, 9TO 9TO MOKHO CHelNaTh, He Hapy-
mag CTPYKTYpPHl CBA3€H B pemerKe, ecid 5-H 9JIeKTpoH AS craHer
cBOGOIHEIM U IIONAJeT B 30HY IPOBOAAMOCTH KpmeTamia. Taxum o6pa-
30M, Hmoxyiaerca obpasen n-muna; MH o6aBisieM HEKOTOPOe KOoJImde-
CTBO SIEKTPOHOB, HO AHIPKH B BAJCGHTHON 30HE He HOABIAIOTCH.
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ECJIH naMeeTcAa N TaKAX OJOHODHWIT amomos8 B € NHULE 06'beMa
d ’
TO JONKHO BHOOJBATBCA YCIOBHE

e —np = Ng, (4.40)

C TOMOIIBI0 KOTOPOTO MOYKHO BHUMCIATH N, Ny, L, @ [p Kak QyHROER
remaeparypst I. B uwacrmHOCTH, ecim MarepHal CHIBHO JETHPOBaH
nyTeM BBefeHAA GOJBIIOTO YWCIa JOHOPOB, TO € IOAABIAKIIHAM Iepe-
BeCOM B HeM OyAyT NPHCYTCTBOBATh 3IAEKTPOHH. Y poBeHb (Depmm
B 3TOM CIydae JOJKeH HAXOAATHCA B ofmactd 9HePrmil, B KOTOPOH

®ur. 84. a — pomop B Ge; 6 — axmenrop B Ge.

VPOBHE 3a0O0JHEHH 9JTAMH OCHOSHBLMU HOCUmeAsMu 3apAfa, T. e.
BOIM3M OHA 30HK IPOBOAMMOCTH. IIpW MOCTATOYHO CEIBHOM JIETrApO-
BAHAW ILIOTHOCTD STOTO ra3a HOCHTeNell MOKHO JOBECTH 0 BEJIMIHHH
mopAfKa XapaKTepPHOH [ MeTalnloB, W B dTOM ClAydae pacupepeie-
HEE CTAaHEeT BHPOMKIEHHHM [JasKe OpH oORYHOH Temmeparype.

CymecTByIOT IIPEMECH, KOTODHE BeAyT cebsa o6paTHEIM 0Gpa3oM.
Ecan Brectm B Ge (Takke B KadecTBe IPUMECH 3aMeleHWA) aTOM
In, o6aamaomuii TOABKO 3 BIEKTPOHAME HA aTOM, TO CBA3H OKAMKYTCA
HaCHINEHHHMHA He MOJHOCTHI W B BAJNEHTHOH 30HE OCTaHETCA ABIPKA.
Beenenne Takoil mpuMecH npuBofuT K o6pasoBanmio obpasma p-muna,
7 ecam N, ecThb KOHIOEHTPARHWA akyenmopHol IPEMeCH, TO HMeeT
MeCTO PaBEHCTBO

ne — Np = —'Na- (441)

B ofmeM crydae B KpHCTalie MOT'YT IPHCYTCTBOBATE KAK JOHODEHI,
TAK ¥ AKIEOTODH, TAK 9TO B KOMNEHCUPOosaHHoM oOpasme

Ne — Ny, = N‘ _'Na- (442)

OJIHaKO 9T NMPUMECHBIE ATOMEI OPUBOAAT W K MOABJEHHIO JIOKAJIbHBIX
ypoBHe# B 3ampemennoi 30He (¢M. § 4 ra. 6), @ cooTBETCTBEHHO B CIIy-
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Jae HU3KUX TeMIepaTyp, KOorjga Ha 3THX ypOBHHX MOKeT HaXOJUTbCA
3HAUATEIbHAA 94CTh M3GEITOIHEIX HOCI/ITeJIeE CT&TECTI/I‘IGCKaH TE€OPRA
CTAHOBHTCSI TOBOJBHO CIIOKHOM,

§ 7. JaeKTpoHHAA TEIIOEMKOCTD

IEKTPOHE B METAJJIAaX NOJYKHE BHOCHUTH HEKOTOPHIA BKJIAJ B IIOJ-
HYIO TennoeMKoCcTh, UTo6h HaliTH €ro, BRYUCIHM CPEIHION IHEPIHIO
auieKTporoB. Bocmomsayemcs dopmynoir (4.24), mpemgmosaras, drto
CHCTeMa IeKTPOHOB CHJIBHO BEIPOKIeHA:]

%=S &1 (8) " (€) dE =

=§ N (8) dE+ kT)z[ai (8.1 ( :s)}] . (4443)

ITpoguddepenmupyeM 3TOT pe3yiIbTaT MO TeMOeparype, YIATHBAA
[cp. (4.22)], aro yposenp PepMum { TakiKe 3aBHCHT OT TeMIEPATYpHL:

Ca=28 1) Zt Zwr[ i)+ 12510 | g T O =

e dp | md KT 0./1/'(‘5) -
=z kzrf_(%’p)+w'(€>[dr L

g n2 A (€r)
=nk 5 k7 LE8E (4.44)

3mech @WCmoAb30BaHO paBeHCTBO (4.22) m ciaraemeie mopajgka 12
H B ONYINEHE,

Jdro ouenp BaKHHMHE pesynbrar. CpaBHmM BHpaskenme (4.44)
C TeMIIZIOEMKOCTBI0 KIAaCCHIeCKOTro rasa acTun, cKaskem /,nk. B kpan-
TOBOM CIIydae PesyJabTaT HaMHOTO Membime. s cnoGommx 3JIEKTPO-
HOB IIOTHOCTh COCTOAHEH (4.3) mpm smeprum, pasuoit smeprum Dep-
MH, COCTaBAET 3/,7i/& 7, TaR 4TO

Lo _ 72 KT (4.45)

3 ép
It 0GR +HBIX METANJI0B NPHE OGRMHEX TeMIepaTypax aTo OTHOIIEHHE
cocrapnsger mpmmepno 1/100. Orcioma sACHO, modeMy TeIIOEMKOCTD
MeTajijia MOBOJIBHO TOYHO ONUCHBAETCHA PEMeTOTHOH COCTaBIAINIeH
(cM. § 4 ra. 2) u mouemy 3axon [lromonra u [Tl conpaBeauB Opu BHCO-
KAX TeMIeparypax.

OTMeTnM Tak:Ke, 4T0 TemiIoeMKocTh C¢ auHeitna mo 7T. llpm
09eHb HU3KHUX TeMOepaTypax 3TOT JHHEAHHHA WieH, KOTOPHH 0OHYIHO
3a0ACHBAIOT B BHJIE

Cc]ass

Cet =T, (4.46)
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MOKHO OT[EIMTH OT PEeNeTOYHOr0 WIEHA, KOTOPHHA CTPEeMHTCS K HYII0
Geictpee — kak 7I'3. VMsmepenme Yy jaeT HemocpefCTBEHHYI0 HH(OP-
manui O BeawdnHe f° (§p) — NIOTHOCTH COCTOSHHWI Ha YPOBHE
Qepmu. Hampmmep, Ads mepexomHbX METANLI0B HabIMIOMAIOTCA BEICO-
KHe 3HATEHNS P B COOTBETCTBHH CO CKA3AHHHM B § 4 HACTOAMIEH IiaBH.

IlpoucxokgeErne JIHHEAHOTO XOIa TEMJIOEMKOCTH NIPH HHASKHX
TeMIepaTypax MOKHO MTOHATH chemnymoiquM obpasom. PaccMorpam
pacupeneinerue @epmu (pur. 85). Bauanme TemmepaTypH cBOAHTCA
K Bo30ymaennio He0ONBIIOro YHMCIa JIEKTPOHOB Ha (ojiee BHCOKHE

(&)

7 »

/ |
8 . 8
S

@ur, 85. Tepmmdeckoe BO3CYRICHHE BICKTPOHOB B MeTalie.

yposan. Ho sToT agiperr Morker GHITH BaMETHHM TOJIbKO B 00nacTH
oHepruil mopaaka k7 B6nmaum &p. MB MomeM CKazaTh, 9TO KaKIHH
BIeKTpoH U3 obInero 4uciaa, opumepuo pasuoro k7. 4°(&r), npuobpe-
raeT dHepruio mopAxka k7. Takmm 06pasom, MOIHKA BHETPHIOI YHED-
rmy cocraBiser OPHOIH3ATENLHO

08 ~ K2T2 0" (€5). (4.47)
ITO COOTBETCTBYOT TOILIOEMKOCTH
Ca=28 ~ 227 4°(85). (4.48)

C TOYHOCTBIO [0 YHCIEHHOTO MHOFKHATENA 9JTa ONMEHKA COBHALAEeT
C mpe;KHEM peaymbratoM (4.44).

Hame paccy;xmenne B CyIDHOCTH CBOIMTCS K TOMYy, 9TO DJEKTPO-
Hbi, pacmofioyKeHHHMe B TaAyOmHe pacupefesenns Depmm, DodTH
«He YYBCTBYIOT» BIHMAHASA TeMIepaTypo. X cocTosiHmMe onmpemenserca
npuununoM Ilaynu, xotopeii Tpebyer, 9To0H 3IEKTPOHH 3AMOJHSIH
BCe YPDOBHH, HO He MO3BOJAET WM BTOPraThCA APYr K APYrY HA ypo-
BeHb. e ymuBmTenbHo H09TOMY, UTO BMEKTPOHH, PaCmONOMKEHHLIE
B rny0oKEX BHYTPeHHHX 000J0YKAX HMOHHBIX OCTOBOB, HE CleIyeT
npAHEMAaTh BO BHAMAHHME IPH BHYHCHEHHU TEILIOEMKOCTH TBEPHOTO
Tega, IO KpailHefi Mepe /[0 Tex IOp, TOKa TeMmepaTypa He CTaHET
CTOJb BEIHKA, 9TO OHM CMOTYT BO3OYKHAThCH TOPMHIECKHM ITYTEM.



TJIABA 5

B3AUMOIENCTBUE MEKAY 3JEKTPOHAMMN

«Bce 210 — HE3KAA ImyTKa,
CHIpaHHAA ¢ Hamell GaaropogHoi
IOBEPIABOCTHION, — cKazax CoaM.

Hopuan Jundeei, «Boxmebanii
187718198 v 3

§ 1. ®opmynnpoBka ¢ NOMOImBI0 TEOPHH BO3MYINEHMI

Teopua aneKTPOHHOI CTPYKTYPH B TOM BHAE, B KAKOM OHa OBLIA
H3JI03KeHa B I'l. 3, OCHOBAHA HA 0OH0IACKMPOHHOL Modeau: KasKIbIi
BJIEKTPOH PACCMATPHBAETCA KaK HE3aBHCHMAA YACTANA, ABIKYMAACH
B 1OJIe 33laHHOIO NOTEHMHANa, W 3 eKraMr B3aUMOJEHCTBHA MEAITY
BIEKTPONAMH OPOBOAUMOCTE MH mpeEebperaem. Vseectno, omEako,
9TO B3aHMOJIECTBHE BOBCO HO MAJIO; Of{HA er'0 YacTh, Al bHOMEHCTBYIO-
mas, o6ycloBIHBAET KYALOHOECKUE CUAbL MEIKAY 3apANAMH, a APYIyo
9aCTh COCTABIAIOT TaK HA3BIBAEMHEE O00MeHHble CUabl, CBA3AHHEE
¢ aHTHCHMMETDPHEH BOJHOBHX (QYHKIHI,

Ha nepsmit B3raag MoskHO 6mI0 6 HOAyMaTh, uTO 3PPeKTH
B3aMMOJCHCTBHA MOKHO YUYE€CTh € MOMOIIBI0O CAMOCOIJTAaCOBAHHOMN
uponexypst Xaprpn mim Xaprpa — Dora, koTopasa mprBoAAT B €OOT-
BeTCTBHE aTOMHEIE MOTEHIHWANH € PaCHpefieleHNeM 3apAna BaJleHTHEIX
BIEKTPOHOB (TaK K€ KaK, KOHETHO, B BIEKTPOHOB 3aIOIHEHHHX 060710~
4eK MOHHHX 0CTOBOB). ONHAKO BHIOIHHUTE 3Ty MPOrPaMMy MOCIeg0Ba-
TEILHEIM 00pa3oM OTHIOAb He Jerko, U UPHXOAWTCA OpHGerath K TeM
Iy WHHIM annpoxcmMmanumam. Tak, ciepys Burmepy m 3eittmy (cwm.
§ 3 ro. 4), mHOrma mpemmoNaralT, YTO BIEKTPOH, HAXONAMUHCA
B [aHHOH AYeiiKe, YyBCTBYeT TONBKO HOTEHIHAN, OGYCIOBIEHHEHIH
3apA;KEHHEIM HWOHOM OJHOM OTOH AYEHAKH; BCO OCTAILHEE SYEHKH
CYMTANOTCA DIEKTPHIECKH HEHTPAJ LHBEIMH.

IToatomy B mociegame roAn Golbmime yCwima OHIM 3aTPaveHE
Ha HCCIefOBaHWE 3adauu MHO2UL mes — 3aJadd O rase dJIEKTPOHOB,
B3aHMONIEACTBYOINX APYT ¢ APYroM mo 3akony Kynora. B macroamee
BpeMs OCHOBHHIE 2((PeKTH, 06yCIOBIEHHEE B3aUMOJEHCTBAEM, XOPO-
Wo TORATH. DBOnbmas 9acTh COOTBETCTBYIOMER TeOpHE H3JT0KeHma
BeCbMa CJIOKHHIM (ODPMalbHBEIM A3EHIKOM, OJHAKO IJaBHEIE DPE3yb-
TaTH YAUBATEILHO OPOCTH, W HX MOIKHO HONYYATH C IMOMOINBIO BIIe-
MEHTapHHX COO0paXieHmit.

PaccmorpmM moBefenme rasa ¢BOGOZHLIX SIeKTPOHOB WO Aeifct-
BHEM HEKOTOPOr0 HeCTaHOHADHOTO BO3MYIeHmsA. IlycTh Ha aieK-
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TPOH, HAXOJAMMUICA B MOMEHT BPeMeHE { B TOUKe I, eHCTByeT MOTeH-
quai

U (r, t) = Ueta-reivtent, (5.1)

Taxum o6pasoM, MH HaKIajsBaeM Ha CHCTeMY BO3MYIIeEWe ¢ JacTO-
TOH ) ¥ BOJIHOBEIM BEKTODPOM ¢, ME[JIEHHO BO3pacTaiollee ¢ MNOCTOAH-
HOH BPEMEHE «.

Ileficteys na cocroamme ¢ BodHOBOH ¢ymkmmeir |k) =
= exp i {k-r + & (k) t/2}, BoaMymeHNe HoAMeImHMBAaeT K HeMY JpY-
THE COCTOSAHAA, TaK YTO BOJHOBAA QYHKIAA NPHHAMAET BHJ

Pic (v, 1) = K) + bic4q (£) (k4 ) ®2)

I{oad)dmn;neHTH bryq (f) MOIKHO BHUHCIHTEH B IEPBOM nopﬂm{e TeopuH
ROSMYIEHOH !

breve () == k4q|8% |k Uttt
k+q E (k) —B (k- q) +ho—iko 6 (k) — 8 (K- q) o —iha

9T0T pe3yabTaT BHTEKAeT HEHNOCPE[CTBEHHO H3 HeCTaNEmOHAPHOTO
ypasmerns lllpepnrrepa Ansa QyHEKIUE Px, B KOTOPOM K HeBO3MYMIEH-
HOMY TaMHJIbTOHMAHY — OIEPaTOpy KHHETHIECKOH Heprum ¢ cobeT-
BeEnuME 3HadeEmaMu & (k) — moGaenema Bemmamea (5.1), mpemmo-
maraeMas Mayoi.

IlocMoTpHEM Temeps, KaK MEHAETCA INIOTHOCTE 3apAfia B PesybTaTe
TaKOT0 H3MEHEeHHA JJIeKTPOHHHX BONHOBHX ¢(yHKOmil. Bynem mpep-
[ojiaraTe, 9TO JJIEKTPOHW JBHMKYTCA B CBOeoOpasHOM «KeJey —
B OJHOPOMHON Cpefie HMOJNOMKATENbHOTO 3apAfa. Torma

8p (ry t)yme 2 {| e (r, ) P — 1) =
=¢ g [{e—ik.r__[_ bﬂ+q (t) e-i(k+q)-r} {eik.r+

+ b q () EKFD T} — 1]
~e ; {braq (t) €1} bl 1 q (2) e~taer), (944)

(6 3)

3necy omymen uneH mopagka | b |%, m cymMMmpoBaEme IPOBONHTCA
N0 BCeM 3aNOJHEHHHIM 3JT€KTPOEHEIM COCTOSHHAM.

Ilockonbky BemmumHA Op, IO OLpPeleIeHAI0, BemeCTBeEHa, BHJHO,
aro Boama (5.1) cosmaer BOBMYMEHHA [BYX THIIOB B DPacHpefelleHHA
3apAma: OJHO PacIpPOCTPaHsAETCHA BMECTe C BOJHOH, a pyroe CABUHYTO
mo ¢ase ma 180° oTHOCHTENBEHO Hee. 3aMeTEM Temeph, UYTO IBEPIWA
BO3MYIEHAA MOJHA OHWTEH BemecTBeHHAa, T. e. K BoxHe (5.1) Hamo
706aBITE KOMINIEKCHO CONPS{€HHOE BEHIPasKeHNE

SU* (r, t) = Ue=-re—ivtgal, (5.5)
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Torpga oxassiBaercs, 970 H3MEHEHME IIOTHOCTH 3apAa CIEIYeT 3a MoJ-
HEIM BO3MyIeHHeM, 0e3 moGaBiennsa KaKEX-IH6G0 NHIIHAX Pypbe-KoM-
MOHEeHT, T. e.

z +
{ 6 (k) — € (k +q) +ro—ika

.6p=e >
k

U
+ € (k) — € (k—q) — Ao+ ik }

Uro6H HeCKOIBKO 0GOGIATL HTOT pe3yanTaT, BBemeM (QYHKIIHIO
f° (k) — BepOATHOCTE TOTO, UTO B HEBO3MYMEHHOM METAllIe COCTOSHMUE
¢ BOJIHOBOH (yHKOmeil lk) 3aI0JHEHO; 3TO MOYKeT O®ITh, HampuMmep,
¢ynrnusa Qepmn — Jupaxa (4.8). 3amenss nepeMeEEY0 CyMMADOBa-
g k Bo Bropom wiere (5.6) Ha k 4 q, Mu MoykeM mepenmcaTh cyMMy
B CHENYMeM BHIE:

0 (k) — f0 (k . .
= e%‘? {s (k)f—‘(é )(k iq() +_I;ig))—iha} el Teioted! 4 Komnu, comp., (5.7)

eit-Teiotet 4 yovma, comp. (5.6)

oprmieM CyMMHPOBaHHEe BeJeTcA Temephb OO BceMm cocToAHmAM | k),
KaK (3a00JHEHHHM», TaK U (He3al0IHEHHHKMY.

JT0 pacumpepelende 3apAma Co3maeT MOTeHMHUATBHOE HOJe, AedcT-
ByOIlee Ha 3HIEKTPOHH IMOCPEACTBOM KYJIOHOBCKHX cmi. IHa3oBeM
ero 0@ (r, t); cormacuo ypasmermio Ilyaccona, Me mMeeM

V2 (8@) = —4neSp. (5.8)

Mosxro camrats, a0 6@ Mensercs B mpocrpaHCIBe H BO BpeMeHH
TaK jke, Kak um Op, T. e.

0D (r, t) = Deia-Telote® | Koyma, comp. (2.9)
Kombunupysa ypasuenus (5.7)—(5.9), momydaem

— PO = —lnel T, gl =l D (5.10)
k

—%€ (k+q)+Fo—tha ’

AIn

4re? fo(k)—f0 (k+q)
{ ZJ € (k) —8 (k- q) -+ 70— tha } U (5.11)

TaxoBa moTeHmmanbHAS PHEDPIMA, CBA3aHHAA C Iepepaclperele-
HHEeM 3apAfa, 00yCIOBIeHHKM [eficTBHeM HCXONHOTO moTeHmaata 69L.
Ho cam aror wosil motemmman 8@ ramke HYMKHO paccMAaTPUBAThH
KaK BO3MyMeHHWe, BIMANIMee HA pacOpeneleHne 3JIeKTPOHOB. UTo6H
pacdeT GBI CaMOCOIJIACOBAHHHIM, HadalbHoe BoaMmymenme 8 yie
mokHO copepskats 0. MnuMn cioBamm,

U (x, ) = 87" (r, ¥) + 8D (r, 2), (5.12)
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rme 67 (r, f) ecTh HCTHHHHI BHEIIHWH OOTEHIWAN, AEHACTBYIOMHI
Ha CHCTEMY.
Bosbmem 67" B BHAe

07" = 7 eta-reiote® 1 Koyma, comp. (5.13)
Torma pasenctBa (5.12) m (5.11) maror

4me2 fok)y—f(k+tq
U= 7”+{ Z Z k) —% (k3 q)+ ho—iha } U, (614

nian
‘W
U=s@ o ©-15)
rie
4ne2 fo (k) —f0 (k+4q)
e(q, 0)=1+-5 Z B ETq)—3 (&) —ho+iha (5.16)

(gns ynoGcTBa MEI M3MEHWIW 3HAK 3HAMEHATENs B CyMMe).

Wnnva crnoBamm, addextuBHHA morenmman 94, pmeiicTByromuin
Ha DIeKTPOHH, €CThb He MPOCTO HPHJIOMKEHHHH moteHmmaa ¥°, a ara
BeIMYMHA, [eIeHHAs Ha OJuasekmpuyeckylo nporuyaemocms € (4, ©),
KOTOpadg BaBHCHT OT JJIHMHH BONHH H OT YACTOTH OPHIOKEHHOTO
BOSMYIEHHA. JTOT Pe3YJbTAT WONYYEH BHINE JJIA eqUHATHON Pypbe-
KOMIOHEHTH, HO, IOCKOJIbKY HA PA3IMIHHX cTagmAx [cM., mampmmep,
(5.2) u (5.4)] Mm TuBReapmsoBamU ypaBHEeHHA, dPPEKTH, NPOMCXOMs-
mue OT PAa3IMYHHX (PYpPbe-KOMIIOHEHT, MOYKHO IPOCTO IPOCYMMHPO-
BaTh. Tarum o6pasom, ecim mpeacrasuth 87" B Bupme maTerpata Oypobe

87" (r, t) = S S 7 (q, 0) e'9-7ei! dq do, (5.17)
T0 addeKTuBHEI HOTeHHHAN, [AefiCTBYIOMA# Ha BIEKTPOHH, €CTh
8L (r, £) = S S %eiq"eimdq do. (5.18)

Bripakenue (5.16) wmsBectHO Kar ¢opmyaa Jundrapda. B cie-
mywomieM maparpadge 3To#l riaBsl GymeT MOKA3aHO, YTO OHA COMEDPIKHAT
B 3apojuine 0ObACHEHHWe PAZA WHTEPECHHX (H3HYECKHX SBJIEHHH.

§ 2. OxpaHHpOBaHNE CTATHYECKOTO IOIA

PaccmoTpmM  fieficTBHe CTAaTHYECKOTO BO3MYIIEHHA, IOMOKHE
o = 0. Hcerenyem cHawana Bup ¢yHemum ¢ (q, 0) mpm 3maveHmAX
BOJHOBOTO BeKTopa q B6amam q = 0. B sTom cayzae B dopmyie (5.16)
MO;KHO TPHOIMIKEHHO B3ATH

€k + q — &k ~ q-vi8 (k), (5.19)
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U, mockoabKy o¢ymkmua f°(k) sasmemr Toabko or smeprmm & (k),
o (k) — f°(k+q)"’—q ng (k). (5.20)

CymmupoBarme B (5.16) MomHO Temeph 3aMeHHTH HHTETPHPOBAHEEM
(bymem mOMHHTH, 9TO Temepb CyMMa B OPHHIOHAIE pPaCIpPOCTPAHAETCH

8 /
&\ § t
k¥ c ; J
A
59
0

@ur. 86. [leiicTBne BO3MymeHHS Ha pacupepmeaesue PepMm.

Ha BCe COCTOSIHMA, 3aI0JHEHHHE M IyCcTHe). B pesyasrare momysaem

amet ¢ (N BW) [ a0
S(q’o)'”*‘qz—s—{q-vk‘uk» (—7

—1+’*“‘S( af")J/‘(;s’)dg—1+—, (5.21)

-

rme
22 =4net S (Ep). (5:22)

31ecs memoanb3oBaH TOT darT, 9ro upomssomuas ( — 0f%/9&) zaBmemt
TONBKO OT 9HepIWH H, coriacHO dopmyram (4.13) —(4.18), upencra-
BIAeT cofodl mpaKTwIecKm TOIHO O-PyHEKOEIO 0T & — &f.

Bugro, 910 8 — oo mpur g — 0. B coorBercTBEM C tbopMynon (5.15)
aT0 o3Hadaer, 410 I, — 0 mpu ¢ — 0 u Purcmposamnom 7°. Vunmna
CIIOBAMH, GHEULHEE NOAE ¢ GOALWUMY DAUHAMU 604K NOYMU NOAHOCMbIO
SKpaHuUpyemcs 6 pesyabmame NepepacnpedeicHus sAeKmpoHos.

ToT e pe3yIbTaT MOKHO HOJYIATH U € MOMOMMBI0 Gojiee IPOCTHX
coobpaskenmit B npubauxcenuu Tomaca — Pepmu. llyers motenmuan
BOBMYIIEHHA B HeKoTOpo#l Toukre r ectb 09/. Torga dynrmusa pacupenme-
JeHHd 2JeKTPOHOB LMOTHUMeTCS Ha 3Ty Bexmimuy (pumr. 86) mo cpas-
HEHHI0 CO CBOMM 3HadenmeM B Toil Touke, rme 69/ = 0. Ho sto o3na-
gaer, uto yposenb Qepmm [ usaMeHmTcd, eciadm 2IEKTPOHHI He CTAHYT
YXOIuTh K3 9T0M obmactu. MaKTATIECKHT HMEHHO 9T0 W JOJIKHO IPOU30ii-

i, H60 BeamuUmHa §, 6yIyIN XUMITECKUM TIOTEHIHAIOM, JOJIKHA GHTh
BCIOLY HOCTOSIHHOA B 06BeMe.
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Ecnm smeprus 87/ meBenmka, T0 MOMKHO CIHTATH, 9TO CIO0H TaKoil
TOJNNIUHE CPE3AeTCs ¢ BePXa pacupefelenusa, T. e, JOKaAbHaA KOH-
HeHTpanus dIEKTPOHOB M3MEHSETCH Ha BEIMUMHY

on (1) = — A" (&x) SU (x). (5.23)

Ho msmenenme KOHIEHTpamum COOTBETCTBYET MBMEHEHHMIO JOKAIH-
HOH IUIOTHOCTH 3apsAfa, KOTOPOe B CBOIO odYepefqb BH3HBAET M3MeHe-
Hne norennuana 0@ (r). Ilocaennsas Benmdmma [OJIKHA YIOBIETBO-
pAThk ypasHenmio Ilyaccona

VH(8B) = — dme?Sn (r) = Ane®. 4" (85) OOL (r) = 26U (5.24)

JT0 ecTh B CYN[HOCTH DKBMBAJEHT paBeHcTBa (5.11)— mamo mammib
npomsBecTH 3flech mpeoGpasoamme (Dypne. Bmecro cymmmr mo k
yme crout BenminHa JJ (€p), W M CHOBa mpmAeM K dopmyre (5.21).
Otmerum, 9T0 ANA Kaaccuueckozo zasa, RaTpEMep I HOCHTeTel
8apAfia B IOXYNpPOBOAHEKe, (opmyry (5.23) mamo 3aMeHHTH, Kak
MOKHO IOKa3aTh, COOTHONIEHEEM
~ ne-SEmRT oy o~ 0 ‘

On (r) =~ noe- %/ no & — < 84U. (5.25)
3nech n, — CpefiHsAA JOKANbHASA KOHIEHTDALWA HoCHTelZedl. DTo
Clepyer, HanpuMep, #3 ypaBHeHHsA (4.32). Mu BHOBD, momywaem ¢op-
Myny Bupa (5.24), o Temepsn

Az — AmePng

= (5.26)

IlnoTHOCTH CcOCTOSHEA HIA CcBOGOMHOTO 3JIEKTPOHHOTO Ta3a MOKHO
3aIMCaTh B BHJE

| wo

A (Er)=5 g5 (5.27)

rne T'p ects, o ompepenenuto, memnepamypa Pepuu (. e. Erlk).
Taxum o6pasom, kBanTOBasA gopmyna (5.22) mus napamempa skpanu-
posarus A BKBHBANEHTHA KIACCHIECKOHR gopmyae Jebas — Xiorreasn
(5.26) B DpeamosOMKEHMM, YTO BIEKTPOHH HMEIOT OYCHD BEICOKYIO
50 eKTHBHYI0 TEMOEPATypy, HpPAMEepHO paBEyo0 T'p. Tor e pesymnn-
TaT (9.26) MOHO TONYYIHTH W HENOCPENCTBEHHO, eciTm ODPH BHBOJE
BrpaskeHnsi (5.21) B3aATH B Kavectse f° (yHEmmIO pacopegenennsa
Boasomana.

§ 3. IxpanHpoBaHHBIE ATOMBI IpHMecH M HelTpanbHbIe ICEBI0ATOME

Tnnmasnii caydait BosmMymieHus B TBEPAOM Teje TPENCTABISIET
c060it 5IeKTPOCTATHIECKOE IOIe BOKPYT 3aPSKEHHOMN npuMecH. 3ame-
HOM, HaUpPUMED, OJMH HOH B METANIMIECKOH pemeTKe Meom MOHOM
nunka (cm. ¢ur. 87). Torga B TouKe, Ifle panbite GELI TOIbKO eIuHNY-
HH 8apaAx, moaBuTcA 3apAx +2 | e |. D10 MomHO PACCMATPUBATE,
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Kaxk ecoum 6s Ha mefiTpanpHoM (ome 6mu momemen 3apafx —+ |e |
3anmaua COCTOHT B HCCIEJOBAHEM €r'0 BIMAHAA Ha ra3 CBOOOJHHX BIIeK-
TPOHOB.

ITposecTd COOTBETCTBYIOIAH pacieT mpoHle BCEro, IMPeAmoJOKUB,
aro morennmanst 0% m 6O B ypapHemmm (5.24) oZEHAKOBH Bes[e,
KpOMe CaMoro HeHTpa IPEMeCcH. Y PaBHEHHI0

VR (5U) = A (8%) (5.28)
YaoBJIEeTBODAET pemeHnAe BANA
89 = 22 g=tr, (5.29)

r

psiOpaEHOe TakmM ofpasom, 9T06H OHO Bexo cebsa momo6HO mOTEH-
nEany TOYeuHoro sapAga BOamsm Tourm r = (. JTOT pe3yabTAT THIO-

®ur, 87. JIpyXBaieATHAA OpPEMeCh B OJ[HOBAJEHTHOM MeTajne (g2) 3aMeHAeTCH
TOYEUHHM 3apANOM B HENMPEPHIBEOH ofEOpomHO# cpeme (6).

qeH — MH HOXYYHIA SKEPAHUPOSAHHBL KYAOHOECKULL nomenyua,
PKCOOHEHIMAIBHO CHOAJAIOMWAN UPH VAAXEHHW OT IeHTpPa ¢ padulcom
axpanuposarus 1/A. B coorBercrenu ¢ Hamum o6mMuEM TPABIAIOM dKpa-
HEPOBAHHA HIEKTPOHEL HE (3aMe¥aloT» IPAMecH, HaXOfIsICh Ha PAcCTOA-
HAW HECKOIBKHX TaKHX Pajuycos oT Hee, B meramne 3TOT pajgmyc
HOPAJKA MEXKAaTOMHOTO PAaCCTOAHHSA, B NOJYOPOBOJHHMKE OH HAMHOTO
Goabie.

Iloryaum Temepb STOT Pe3yIbTaT ¢ HOMONBI0 HaHJEHHOTO paHee
BHIPaKeHUA A [HOIeKTPHIeCKod mpormnaemoctu. «Buemmeey mome
67" (r) ecTh UMCTO KYIOHOBCKHE HOTeHIMAN

67" (r) ="72- (5.30)

Xopomo maBecTeH (ypbe-06pas 910l QyHRIAE, BHIACIEHHBE B COOT-
gercrBEn ¢ (5.17) B TpexmepHOM AMHAKe eAAAIHOTO oObema:

bne2

7 (@)= (5.31)
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Ormernm, 9ro ¢yuxnua (5.31) mmeer cuaryasprocrs opa g = 0, 9o
COOTBEeTCTBYET GECKOHETHOM «06aacTh MefCTBEAY KyTOHOBCKOTO IOTEH-
Iuana,

Dopmyan (5.15) u (5.21) garT KIA SKPAHAPOBAHHOTO MOTEHIIEAIA
BHPasKEHHE

4re 4me?
L= (1+A2/q%) — A24-q% " (5-32)
JT0 ecTh He 4TO WHOE, KaK ¢yphe-o6pas (5.18) yke msBecTHOrO HaM
noreEnmana (5.29). Ocobennocts B € (q, 0) upm ¢ — 0 coxpamaercs
¢ ocobeHHoCcTRI0 B 7°(q), 9T0 NPABOAUT K HCYE3HOBEHHIO JaIbHOMEI-
CTBYIOIEEH 9acTH ToJOT0 KYJToHOBCKoro morexmmana (5.30).

IJTOT HOAXOJ MOMKHO HCHOOJB30BATEH TAKMKE IS ONACAHASA BIHLHAA
MEKITEeKTPOHHOTO B3aMMOMNENCTBASA HAa pACIpPENelIeHHe NOTEHIHAIa
B 4mcToM Meraliae. B mpmHIAne MaTpwdHbie DIEMEHTH CaMOCOTIACO-
BAHHOTO DKPAHMPOBAHHOTO MOTEHIAANA U, (r), KoTopee moTpeGoBa-
nuch 6Bl HAM OPHA pacdeTe 30HHOH CTPYKTYPH B OpUOIMKEHHH HOYTH
cBOOOMHHEIX 3TEKTPOHOB (cM. § 3 HACTOAMEH IIAaBH), MOMKHO BHYHC-
JIATH, Pa3felHB COOTBETCTBYIOIAE (Hypbe-KOMIOHEHTH MIOTEHI[HAIA
ronoro moHa, ¥’y (r), Ha MMAIEKTPAYECKYI0 IPOHUIAEMOCTHh [Kak HTO
u 6nuto cuenano B gopmyine (5.18)].

H1a pealXbHBIX TTyGOKAX OOTEHNUATHHHX SIM HOHHHX OCTOBOB
ara mpomenypa 6mma 6el HempaBomouHo#. IlompoGyem, ommako, Boc-
HDONb30BATBCA METOMOM IICEBJOIOTEHIHNANA, COMOCTABHE KaKIOMY
FOJIOMY HWOHY MOJeNbHHE NICEBIOmOTEHNAAN Wy (7), ONpemeleHHuH
cornacuo § 9 rua. 3. Ilpm yenoBum, 970 DOTEHIEANE HOHHKIX OCTOBOB
He IePEeKDPHIBAIOTCS, MOJIHHH «HOTEHIMAN» X0 BBEIEHHA 3KPAaHHPOBA-

HHAA MOMHO 3andcCaTh B BHJIe CyNepOO3UUy MOHHLIX INCEeBIONOTEeHI A~
JIOB:

Vs ()= 2, wp (r—Ro). (5.33)

Cornacao ¢opmynam (2.86) m (5.18), dypre-KOMIOHEHTH COOTBET-
CTBYIOMMEr0 CaMOCOTIACOBAHHOLO MOTEHINATIA HMEIT BHJ

1 iK.- K
Uy (K) =+ ’:EeK RLE’"TE;((,_())_). (5.34)

3pech gepes wy (K) o6osnadena yxe gypre-koMnoHenTa (HIN MaTpHU-
HEIH DIEeMEHT) ICEBIOIOTEHNHANA Wy, B Ciydae mueaabHOH pemeTHH,
Korfa CcTpyRTYpHHA darrtop (2.92) mpocro orémpaer BerTOpH 06paT-
HOI pemerKkH, 3T0 BHPaKeHWe faer HaM MATPHIHbBIC DIEMEHTH BKpa-
HHPOBAHHOTO ICEeBJONOTEeHOUANAa, ompepensiomae KospdmmmenTs: T
B popmyue (3.64) B Momenm mourdm CBOGOJHEIX DIEKTPOHOB.

Ilpn mopxomsamem BHOOpe CTPYKTYpHOTO (aKTOpa BHIpajieHme
{5.34) MOKHO MCIOIB30BATh TAKMe [AIA ONEHKH MaTPHIHOTO 3JIEMeH-
Ta, ONUCHBAMIIET0 PacCegHAe DIEKTPOHOB NPOBOJAMOCTH HA MCKarKe-
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HUAX HAeTbHOW KPHCTANIMIeCKOH pemeTKn, HampnMep Ha (oHoHax
(em. § 12 ra. 6), mam Zaske paccesHEe dNMEKTPOHOB B JKALKAX MeTa-
aax. B mogo6HHX clydadx MOYIUTENLHO IEePEnucaTh Berpasienne (o.34)
B KOOPAMHATHOM IMPOCTPAHCTBE, BHIIOMHHB ofpaTHOe mpeobpasoBanue
Oypoe. [Ipu atom monywaercsa gopmyna tuna (5.33). JleiictBuTensHo,
[OCKOIBKY SKPAHMPOBAHAE PACCMATPUBAETCA B IuHeHoM mpubmausie-
HUH, MBL MOKeM CHAdala y4ecTh 3T0T d3PPeKT, a HOTOM Y/Ke CIOKATh
9KPAHUPOBAHHBIEe MCEBJOMOTEHIAANH OTAEIBHHX IEeHTPOB W,. Takum
oyTeM moJIydaeM

Us (r) = g ws (r—Ry). (5.35)

Ileo ofcTomT Temepb TaK, Kak eclm O KasKIBIL aTOMHBIR HeITp,
pacmomo:kennsii B Touke Ry, mec Ha cebe pKpaHMPOBAHHKEIN HOHHBIM
meeBTomoTEHIMAN W, (), dypbe-06pas Koroporo ecrs wy (K)/e (K, 0)
(cm. gur. 88).

I I‘-—)—g

1
_A__ilﬂz_ F—V 2875
wy(r)y T - r

J ¢

@ur. 88. ¢ — MOTEHNMAJM TOJIOTO HOHA, 6 — ICEBIONMOTEHIHAJ TOJOI0 HOHA;
6 — DKPAHIPOBAHHKH NCEBIOMOTEHITA.

Kax Mu Bunienn, ocHOBHOM 2@PeKT 9KpaHHPOBAHHA COCTOHT B TOM,
49T0 RaJbHOMENCTBYIOIMI KyJOHOBCKHI IOTEeHOWAN mpeobpasyercsa
B DKPAaHMPOBAHHHN KYJIOHOBCKHA, ONMCHBaeMHd QyHRIUEeHd BHIA
(5.29). C momomsio dopryr (5.7) mau (5.23) HeTpyAHO HOKaA3aTh, 4TO
KajKIBH MOH OKPYsKeH Telmeph 00JaKOM 9JIeKTPOHHOTO 3apAfa, II0T-
HOCTb KOTODOTO CIAflaer Mo HKCHOHEHTEe ¢ XapaxTepHOH aumHo# A1
PacematpuBaeMoe ¢ I0CTaTO4HO GOABLIONO PAacCTOAHMA, 3T0 0baako
HOJ/RHO COMeP/KATh KaK pa3 TaKo¥ OTpHIaTeNbHHEI 3apAf, KOTOPHIL
HefiTpanmayer 3apsax aTomMHOro octoBa ~+Z |e |. WHaue rosops, Mbl
TMONYUMIM MelimpaabHslii ncesdoamor. Bo MHOTHX METATLIHIECKHX
cHCTeMax ero MO;KHO paccMaTPHBAaTh KaK efnHoe obpasoBanme.
Hanpumep, TeminoBoe CMeMMeHMe WOHAa U3 CBOETO y3la DeIMeTKH
(¢ur. 89) mpuBOAUT K BOBHHKHOBEHNIO HIEKTPHYECROTO IONA, HOJIA-
PUBYIOIEro HIEKTPOHHBIA Iaz M TeM CAMBIM BHIBBIBAIOMEIo HaJbHeH-
Iilee TiepeMeIneHne 3aPAMOB; B IHHEHHOM IpubIMKennn Bee oTH dPPeK-
THl YIATHBAOTCHA CaMOCOIIACOBAHHEIM 00pa3oM, eciu mpocTo paccMar-
pUBaTh CABHUT HCEBI0ATOMA KaK LeIOro.

3aMeTnM, OLHAKO, 4T0 dKpaHHpylmue ofraka cocemumx WONOB
06A3aTeNbHO JIOJFKHBL II€PEKpPHIBATHCA, C€O3[aBasd B MEHKY3eJABHOM
IPOCTPAHCTBE HEUTO MON0GHOe rasy cBOGOTHHIX BIEKTPOHOB TOH ILIOT-
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HOCTH, KOTOpadA mpeamojaranacbh H3HAY&THHO. B merunmo «atomMmoiin
cucreMe (TI/I]Ia TBEepaoro apI‘OHa) 3JIEKTPOHEL JIOKAJIHU30BaHB HA aTOM-
HBIX Op6I/ITaJI}':[X, KOTOpHIE HIPH DIOPHHYAHUTEIBHOM HX cOnmxenun
HUCOBITHIBAIOT CUJIBHOE B3RNMHOE OTTAaJKHBAaNHue, 3RpaHpr}0mee obaa-

Qur. 89. HefitpaarEHe NCEBAOATOMH.

KO B MeTajujie ecTh He 6oaee 9eM J0KATbHOE HOBHIIEHNE ¢pedHell mI0T-
HOCTH 3apsjia, MOPOKIaeM0oe OeCIHCIeHHEIME O0eA0KaAAU306AHHUMU
COCTOAHIAMA Ta3a DJIEKTPOHOB TPOBOMMOCTH.

Meron, ocHoBaHHHIE Ha KOHIENIIMH I[CEBJ0ATOMAa, MPEJCTABIALT
co00fl aump UpuGAMKEHHYI0 IPOLeay Py YCTPAHEHHA PAaCcXOquMocCTeH,
BO3HHKAIOIMMUX TPH PACCMOTPEHHH TOJOTO WOHHOTO HOTeHIHala Tay-
f60oKo BHYTPH HOHHOTO OCTOBA W Ha 0OABMIMX PAacCTOAHUAX OT Hero.
TeM me Menee IpUMEHATEIHHO K IPOCTHM METAJaM 9TOT METOJ HHTYH-
THBHO TPEJCTABIAETCA BIOJNHE HAIeRHBIM U [JaeT «B HYJIeBOM IIpH-
OlimsReHun» OTJIHMYHBIC OLEHKH OJA MHOTHX Ha0JIJaeMBX BEITHINH

(cy. § 12 m 13 ra. 6).

§ 4. CnuryﬁﬂpHOCTL akpanuposannsa. Idpdexr Kona

Gopmyaa (5.21) anA pusneKTpUIECKOH HPOHMIAEMOCTH CIIPaBej-
anBa Togbko mpubammenHo. Urobwl mcciaefoBaTh XapakTep KpaHH-
poBaHMA Ha He0OJBMHAX pACCTOAHMAX, HAJ0 BHUHCIHTH CYyMMY
(5.16) gns GonpmmX 3HaYeHHWE q. Pe3yiabTar 3aBMCHT OT KOHKPETHOTO
BIa m303Heprermdeckux mosepxHocreit & (k). B namem ciywae mis
MOJels cBOOOZHEIX DJIEKTPOHOB HPH abCOJITHOM Hyle TeMmepaTypH
pacder HeCIOKeH H BHIIOJHAETCA HEIOCPeJCTBEHHBIM MHTETPUPOBa-
HUEM II0 k—HpOCTpaHCTBy. OTBer riacur:

n 4kp—a® | 2kptg
e(q, 0)=1 + ‘12 2/3%x { + 8krq In 2kp—q I} » (5:36)
rae kp — paguyc cpepu Qepmu.
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Ecau mpegcraBaTh 3T0 Bhpaskenme QopmarbHo B Buie (9.21),
10 BeTMIMHA A ORaxkercs ¢pyHrmumeis ¢ (fur. 90), roropas upm g — 0
CTpeMuTCA K 3HaueHmio, ompemeinsemomy Qopmymoit (5.22). Ibgex-

12

1
]
{
2] 2K —‘q—>

@ur. 90. 3aBHCHMOCTh MAapaMeTPa JKPAHMPOBAHWA OT BOJIHOBOIO HHCIA.

musnas dauna sxpanuposarus, 1/A, pacrer ¢ ypeandeHHeM g: KOPOT-
KOBOJHOBHIE KOMIIOHEHTH IIOTEHIHANa dKPaHUPYITCA Bee ¢ GOMBIIM
1 GOIBIIMM TPYIOM.

Uurepecuo mosenerme popmyas (5.36) mpn g = 2kp, KOTAR J0Ta-
puPMATECKH WIeH mMeeT CHHTYIAPHOCTL. JTO CBOMCTBO OTBETAET

4

®ur. 91. Obnacra chepur (DepMu, FANMHe BKAAA B AHUBIEKTPHIECKYI0 IIPO-
HANAEMOCTh. ’
a) manue ¢; 6) g < 2hg; 6) @ =2kpe

HeKoTOPOMY peanbHoMy 3dderTy. PopMaTbIO HPONCXOKAEHIE CHATY-
asprocTE obpacHserca HammgmeM commokureds [0 (k) — f° (k + q)
moyr 3HaKoM cymmbi B (D.16). Hak ciemcTBme Mbl JOJKHBL paccMaT-
pUBATH TONBKO Te 3HaYeHHA K, [JiA KOTOPHX COCTOAHME C BONHOBOM
pyuknueir | k) samonueno, a cocroauue |k -- q) mycro, nam naobo-
por. Jlna HeGonbiIMx 3HAUEHWHE g Takme COCTOSHUA IPHHAJIEKAT
aByM obmacram Ha mosepxHocTH cheprr Pepmu (dur. 91, a). C ypenn-
qeHmneM ¢ dTH 06/1acTH MOCTEIeAHO PACIHPAIOTCH, TaK YTO CyMMa yBe-
JnumBaerca. Hakomell JOCTAraerTcs Takoe 3HaYeHHe ¢, IPH KOTOPOM
Bcs cepa JaeT BRIAJ B CyMMYy. JTO AMEeT MeCTO, Korja

g = gc = 2kp (5.37)
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Ilpn panbmefimem yBeIudeHHE ¢ B CyMMe 00 k HMKaKMX HOBHIX Tie-
0B 60JIbINe He MOABIACTCA, H MOITOMY QYHKIHOHANLHAA 3aBHCAMOCTE
CYMME OT ¢ W3MEHeTCs, HeCMOTPA Ha TO IT0 KK WIEH CYyMMBI
ocraeTcsl HempepeBHOH (ynrmueir q. OJHAKO BKIAX 0T HMOCHENHErQ
HeGOIBOIOTO  yYaCTKa cephl, 3aXBaTHIBAEMOT0 HEHNOCPECTBEHHO
mepes; TeM, Kak ¢ JOCTHTaeT 3HaueHHA 2kp, HEBENMK, U B pe3yiprare
0COBEHHOCTH OKa3biBaercda He odeHb cmiabHOH. Cama audTeKTpUIe-
cKag IPOHHUIAeMOCTbh OCTAaeTcs HeNpepHBHOH, HO HPOW3BOJHAA
de/dq morapuPMUIECKH YXOAUT B GECKOHEYHOCTH HPH ¢ = ¢c. JTOT
HATISMHBIA BHBOX MOMHO 0006muTh Ha caydail Hecdepuaecror

@ur. 92. a — apoMannsa KoHa ¥MeeT MeCTO, KOT[a BEKTOD ( COe[MHSACT T€ TOUKH

nopepxnoct (PepMu, B KOTOPHX KacaTelibHEle NapajjienbHE APYT APYTY; 6 —

BO3MO’KHO CYIIECTBOBaHWE HECKOJLKNX 3HAUEHUH ¢, [ifisl 3alaHHOTO HATIPABJICHUA
BeKTODA (.

nosepxuoctu Mepmu. Jlwbas cymMa, MOCTpoeHHAA 1o obmemy upHH-
muny (5.16), 6ymer obmamarh momo6HOHE CHHTYJISADHOCTHI HPH TexX
3HAUEHHAX (, IPH KOTOPHX CYMMHpOBaHHe GyNeT pacmpoCTpaHATHCA
Ha smaueHus K, seskalme Ha BCeil MOBEPXHOCTH H TOJBKO Ha HEH.
IIpu ¢urcmpoBaHHOM HANPABIEHNH  MOKHO OKMAATH, ITO BeTHYHHA
q. Gymer ompenensiThcd HaUGONBMHAM B 3TOM HAIPaBIEHMH PacCTOA-
HEEM MeKIY TOTKaMI HOBepXHOCTH. VI3MepHnB ¢, Kak (YHKI[MIO HapaB-
JTeHus, MH CMOKeM ompefeluTh gopmy moBepxHoctm (Depmm, X0Ts
(¢ur. 92, 6) nua maHHOTO HANPABJIEHUSA MOYKET OKAa3aThCA HECKOJIBKO
3HAUEHHII §,, COOTBETCTBYIOMUX KaK MaKCHMyMaM, TaK M MHHUMyMaM
«THAMETpay.

Taroso mpoucxosnerne sggexma Kona B cmektpe KomeGaHmit
pemerkn. MoHORY ¢ BOJTHOBEIM BEKTOPOM { COOTBETCTBYeT Oaarofapsa
[BIREHMI0 MOHOB WOTEHIHAT ¢ ¢yphe-KoMmoHentaMm Tmma (5.17).
DIIeKTPOHH IepepaclpefeNsTcsa, IKPAHUPYA 3T0 Hosde. B pesyis-
TaTe MOHHK B3aUMONEHCTBYT JAPYI € [ADYTOM HOCPEACTBOM 3TOT0
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3KPAHAPOBAHHOTO moJiA, obpaTHo mpomopruodansroro & (q). Takmm
06pasoM, U3MEHATCA CHJIL B3aUMO[eCTBHA MKy MOHAMH, W 9aCTO-
Ta KomeGaHui 1ol Momer 3aBucuT ot & {q) (cM. § 12 rx. 6). Haauane
CHHTYIAPHOCTI y € oTpa:Raercd, rtakuM o6pasoMm, Ha ¢oHOHHOH
qaCTOTE.

IMomoBuui >dPderr, MO-BUIUMOMY, FOJUKEH HaGmIoHaThed WU A1A
T060it Ipyrof cHCTeMH BOJH, PACIPOCTPAHAIOMMIIXCA B TBEPIOM Tele,
Hanpumep maa couaoBeXx BoaH (§ 11 ra. 10), ecnim oHm B3amMopeii-
CTBYIOT C 9IEKTPOHAMH HOPOBOTMMOCTH. JTO NMO3BOJAAET B HPHHINIE
pasBuTh o6muil Meron uccrenoBamua mosepxnoctm Depmm, XoTA
ofHapyKeHHe paccMaTpuBaeMoro sddeKra MosKeT OKasaTbCA Mpak-
THYECKH HEOCYIeCTBIMEIM.

§ 5. lpasuno cymm ®Opunensa

Hannane cunryaspuoctn y ¢yuxnnu € (q, 0) IpEBOTUT B K Apy-
oMy HHTepecHoMy CaefcTBuio. [loxcraBuM BeipaskeHue (9.36) B ¢op-
MYy 1A DKPAHHPOBAHHOTO IOTEHIIIANa TO9eTHOTo 3apafa. Coraacno
dopmynam (5.18) m (5.31), MBI moxyTHM [JJIA HOTENIHANa HA PACCTOA-
HUH T CJAeyiee BHPaKeHHE:

o 9 4reln i 4k — g2 2kr+4q l -1 iqer
%(r)’—*ne 5 {q + 2/3€r |:2 + 8krq In 2kp-—q ]} e dq.
(5.38)

Bes BcAKoro pacdera Mo;KHO TPOBEPHUTH, 9TO HAIHIMe CHHTY.JIAPHO-
CTH IpH q == 2k IpHUBEAET K MOABICHUI 0C060T0 BRIafa B MOTEHITHAT
9/ (r). Bmecto mnaBHON HKCIHOHEHNHAJIBHON (QYHKIMH ME HOTYIHM
MOTeHIHAL, cojepKamuili [00aBKY, OCHIVLIHDYOIMYI € BOAHOBBIM
qucIoM 2kg.

BmecTto Toro 9To65 SBHO BHBOMTH 3TOT PE3YILTAT H3 (QOPAMYIHI
(5.38), MBl BOCIIONIB3yeMCsi HECKOJNBKO HHBIM IOAXOMOM, HPeLTI0osKeH-
meiM Opugerem. Pacemorpus cdepirdeCcKH CHMMETPUIHBIN [IOTEHI[IAT
9/ (r). Ussectro, 4ro ypapuenue llpexmurepa ¢ TakHM IOTEHIHATOM
¥MeeT pelIenie, KOoTopoe Ha GOJNBUIMX PacCTOAHUAX BemeT ceba cie-
nyoniaM obpasom:

i 1 ~ — sin (kr—%ln—{—'qg) P, (cos 0). (5.39)

3neck P, (cos 0) ects ofprambil monmHoM Jlewanmpa mopsAgKa l.
B naungslit MOMEHT HaC MHTEpecyeT He 3ajada O PACCesHHH, a CTALHO-
HapHOe COCTOsiHMEe «CBOGOMHOTO» DIEKTPOHA, HaXOJAMerocA B IOTe
TOXBKO WoTeHMUaAa 9/ (r), HCTOYHHK KOTODOTO PACHOJIOKeH B adaie
KOOpPIMHAT.
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Cymecreopanue perreruit tnna (5.39), caBuryTHIX MO ase Ha BelXH-
THHY 1]; T0 cpaBHeHHIO co cayiaem 2/ (r) = 0, cocrasiser oropaBHOI
TYHKT Menoda RapyuaibHulY 604H, HCIOIB3yeMoro AJA PelleHns 3agad
0 paccessHMH Ha NOoTeHIHaxax tTakoro suma (cp. § 9 ra. 3). Kax ussecr-
no, ¢yurmume troa (5.39) MokHo [q06aBUTH K INIOCKOH BOJHe
exp (ik -r), m306paskaImeil HagalbHOE COCTOSAHNE, M BBIIUCIUTH Pac-
CeAHHYIO 9acTh BOMHEL. Juddepenyuanvroe nonepeutoe cevenlie pacces-
HUA €CTh, IO OIpEeNeHHIo,

N (21 + 1) €M sin P, (cos 6) 2 (5.40)

=0

1

Y (9) =72

Ho Bepmemea k crammomapusiM cocroguuam (5.39). Ucnoasayem
9TH BOJHOBHE QyHKIMH B KadecTBe GasucHbix W OyheM 3amOJNHATH
COOTBETCTBYION[E YPOBHH B NOPAXKE yBEIMIEHHS HHEPLUHM, TOTHO
TakK ke Kak MBI MOCTYIaIn panee ¢ mrockumu Boanamu.’ [lpu mopcuere
q9rcaa COCTOAHHE yJ06HO BOCHOMTB30BATLCS IPAHHYHEIM YCJIOBUEM
MHOTO THIA, & HMEHHO IPOCTHM TPeGoBanueM, 9T066 GyHKIUA Py =
npur = R, Rak 6yarTo MBl paceMaTpuBaeM Gouabnryio cdepy paguyca R,
B IIeHTpe KOTOpoH HaxojuTcs arom. CiegoBaTelbHO, «pa3pemieHHbIen
3HaYeHHA £ TOIKHH VIOBIETBOPATH YCIOBHIO

kR———é-l“ 4 M7= lemoe wucmo X . (5.41)

Ecan 61 nama chepa Geima mycToit, Tak 4ro Bce cauru das 1),
PABHAIHCH OBl HYII0, TO «paspellenHEey 3HaueHHa k o0pasoBbIBANA
651 Habop umcesn

kn:(n+%—l)%. (5.42)

ITpu kakOM 3HAYEHHM 12 MOKHO B3AThH, KOHETHO, MHOTO PA3IMIHBIX
3HadeHuil [, m ramgomy ! orBegaer (2! 4 1) pasamuHBIX BOJHOBHIX
¢dyurmui. OIHAKO MOKHO IOKA3aTh — 3TO clejgyeT II0 CYIIeCTBY
n3 obmeil TeopeMbl 0 paCHpeNeNeHuH COBCTBEHHWX 3HAUEHHI, — 9TO
LOJHOE YHCAO COCTOSHUHA C hnepraeil, Menbureir &, T. €. ¢ BOIHOBEIM
BEKTOPOM, MeHbIIuM 4eM kp, B 3ToH cXeMe TAKOBO jKe, Kak U B foaee
UPHUBHYIHOM CIydae ¢ Kybmdeckum smmkoMm (em. § 6 ra. 1), Ho xorpa
B HEHTpe Cdhepsl pacmonoKeH aToM, CABATH (a3 1); OTIHIHEL OT HYJIA,
1 IOTOMY «paspellleHHLIe» 3HAUYeHus K He PABHH k,, a CABHHYTH HA
BeMIuHH 1,/R. 3amMernM Temeps, 4TO CABHT (pa3H 1); 3aBHCHT OT k.
N3 dur. 93 Buano, 910 B HOBOM Habope Gyger cogepsKaTLCA

e (k) — i (K)
1

HOBHIX DagpemeHHHNX 3HATeHHH Me;KIy AByMsa TouKaMu k u k' ma ocu k.
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CroenaeM Temepp €CTECTBEHHOE MPEIOONOKEHHE O TOM, TTO 1);
o6pamaerca B Hynp npa k = (. IlomHoe 9MciI0 9IEKTPOHOB, KOTODOE
Tpefyercs, uTo0K 34MOMHUTH BCE YPOBHU BILIOTH IO HPEKHETO BOJI-
HOBOTO BeKTopa Mepmu k = kg, ecThb

Z=—2 3 @4 1) (ko). (5.43)
]

3necr mpuHATO Bo BHMMaHHe, 4To mMeerca (2] + 1) cocrosanuit ¢ man-
HEM | ¥ 3II@KTPOH MOJKeT HAXOLUTHCA B ABYX DPa3lTHYHHX CHHHOBHX
coCTOAHMAX. MH IONOKMIH BTO UHCIO DIEKTPOHOB DABHEM Z —
Pa3HOCTH BaJEHTHOCTEH DPHMECH M MeTalja OCHOBHOW pelmeTK:, nGo
Ong HefiTpanWsamuu 3apAA UpEMecH TpPebyercda WMEHHO 3TO THCIO
u30HTOTHHX IEKTPOHOB IO COCEACTBY C Hei.

Pasenctso (5.43) Bmpaskaer npasuto cymm Dpudeas. OHO ocHO-
BEIBA@TCSA Ha IBYX 00MHAX MON0KEHAAX: dIeKTPHUECKHN 3a A IPHMech
ZO/KEH OHTh HeTpalu30BaH H3GHTROM BIEKTPOHOB B 061aCTH KoHed-

i

Nl
1

Qur. 93.

HHX pPasMepoB; BoIHOBOH BeKkTop Depmn by Ha GoabIINX PacCTOAHUAX
OT TIIPUMECH JIOJKeH OBITH TAKHM jKe, KaK B IMCTOM ¥ OJJHOPOZHOM KDH-
crajrie.

Ha uncmonesopanmm ¢dopmynn (5.43) ocHOBaH BecbMa IOJIe3HEHIH
MeToJi pacdera HMOMePeIHOr'0 CedeHHA DaccesiHWSI HA mpuMecH. Brife-
peM HeKoTOpYI QYHKIHIO THIA S3KPAHHPOBAHHOI'O KYIOHOBCKOTO MO-
reanuaina (5.29) u BBefeM B Hee NOATOHOYHLIN mapameTp A. BHumcIimM
casura a3 W HaW#eM TO 3HAUeHHe A, Ipu KOTOPOM YAOBIETBODPAETCA
coormomenne (5.43). Onpenenus Takmm o6pazoM OKOHYATENBHO BHA-
9eHUsA CHBUrOB (as 1);, MBI MOKeM HalTH 3aTeM CeTeHHEe paccedHUs
¢ momompio ¢opmynn (5.40). Ita mpomenypa Jaer BechbMa YIOBIETBO-
puTelbHHE pe3yIbTaTH, He 09€Hb YyBCTBUTEIbHEE K TOMY HIH HHOMY
KOHKperTHoMy BHOOpY Bupa ¢yurmum 2/ (r). Itor Merom B mpHUBIHIeE,
HECOMHEHHO, JIyIlle, 9eM IPAMOe MCIOIb30BAHME MATPHILEIX 2.1 eMeH-
ToB BHpakeHud (5.38), craskeM, B 60PHOBCKOM MpHOIMKERUH. - Y CII0-
BHA NPHMEHHMOCTH HOCIeIHero OGHTIHO He BHIOJHAITCA, Tak Kak
IBUJKEHNE HIEKTPOHOB NPOBOJUMOCTH OKAa3bBaeTcd CIHMIKOM Mef-
JIeHHEIM.

OnHako paccMOTPHM Temeph pacIpefeNeHne KOHNEHTPAITHH pJleK-
TPOHOB, CBABAHHOE CO CABUHYTHME Ho ¢ase BomHamu thma (5.39).
Ha Goxpmux paccroAaHmax r oT aTroMa A IUIOTHOCTH 13GEITOTHOTO
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3apsAga MbB HaWgeMm

hy

bp=e 2 2+1) [ (on, : ()P =1, (0) P} BT dle=

i 0

R
= 2;2 2 (21+1) SF{sinz (kr—-%ln—l—m)—
0

l

—sin? (kr— In) } < dle=
2 r2
kg
e . . 1
= Z (2l +1) S sin (2kr —In+1,) sinn, —- d(kr) ~
! 0
~ 5z 3 (2L4+1) (— 1) sin n, LT (5.44)
t
Mp mcmonbpsoBanm, 37eCh HODMHDOBOYHHI MHOHTeXdh (2mR)~Vz
Iad BOAHOBEX GyHKOmi (5.39) B cpepe pagmwyca R u omyCTUIN DIeHEH,
KOTOpHie Ipr 6opIInX 3HAYEHHAX I' CTPEMATCA K HYJIO OHICTpee, deM
BEHIOMCAHHOE IOX 3HAKOM CYMMH BHIpajskeHHe.

My monyumnm OoCHMIIMDPYOMYI0 IUIOTHOCTH 3apffa, COOTBET-
CTBYIOMYI0 CHHTyIADHOCTH B BHpaskenmu (5.38). Ammanmrtyma ee
CTPEMHUTCA K HYJIO TOABKO Kak 1/r®, Tak ato aToT addext He Apamerca
npenebpeskmMo ManeM. VIHTEpecHo, 9T0 IO COCEACTBY € IPHMECHIO
BJIEKTPOHE! He IIPOCTO CKYIMBAIOTCA: MMEIOTCA 00JacTH, B KOTOPHX
n30KTOYHAA INIOTHOCTHL Op OTPUOATelbHA, T. €. 3JeKTPOHH OTTYIA
BLITAIKUBAKTCA. IT0 06CTOATEABCTBO
uMeer OoubInOe 3HaYEHHUE NJIA DOHHMAHKA
ABJIEHNI, CBA3AHHLIX CO B3aMMOLEHACTBHEM
MeRIY IpuMecsiMu m co cusurom Haiita
B corasax (cm. § 2 ra. 10).

Cyrtp mema smech B TOM, 9T0 JOKAJIH-
30BAaHHHIN 3apan oOYyCIOBIEH HE OTHUM
WA OBYMS SIEKTPOHAMM, CBA3AHHLIMU
oroao nmpumecu. OH cosmaercA GLICTPHIMH
BIEKTPOHAME (epMu-raza, KoTopbie, IpH-
TATUBAACH K NPUMECH, HECKOIBKO 3a-
MeJJIAI0T CBOE [ABMYKEHHE BO3Je Hee «
CKaImImBaloTcA B 970 obnactm. Hanmume @ur. 94. Tamo sapsapa Bo-
Pe3KOil IPAHUIIH BIEKTPOHHHX AJIMH BOJIH KPYT IpHEMECH.
OPUBOJAT K BOSHUKHOBEHHW b5({{eKToB
uATepdepennuy, B pe3yabraTte 1€T0 BOKPYT DPACCEMBAMIIEr0 IEeHTDa
obpasyrorea raxo sapsaga (¢ur. 94).

B cnytae Korga B «HOPMAIBHOMY METaJje PaCTEOPEHBI ATOMEI
neperodno20 Memaana, ciegyer IPHUHATH BO BHHUMAaHMe HaJWdue Heaa-
moaHeHHHX d-o6oxouek. Hak mur Bugenn 8 § 10 ru. 3, d-opburanu cro-
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601HOTO aTOMa MPHBOJAAT K MOABIEHUIO pesoHarcos [ev. (3.81)]: daso-
BBI CABUT d-BOMTHE OBLICTPO HPOXOMIUT Uepes /2 B MHTePBAIE DHEPTHH
mupunoit W. Coraacuo mpaswry cymm @pugens (5.43), orcioga cie-
IyeT, 9T0 IPH IIPOXOAeHNN Y3KOH DOJOCH HHepruu BOJIH3N pPe3o-
Hamca mpuMech mpuobperaer 3apaxn 1o 10 HoBHX axekTpoHOB. OnHAKO
TOJHHI 3apAI IPUMECH 0;kKeH OBITh CKOMIIEHCHDOBAH TaK, ITOOHI
3apA7 9JdeKTpoHOB HeATpanusosail 3apaf ee sapa. llmade rosops,
NOH JOJKeH CONepHATh HIPHMEPHO CTOJABKO jKe «d-3IeKTPOHOBY,
CKOJIBKO T CBOGOTHHEIL aToM. OJTo0 O3Hazaer, 4ro ypoBeHb Depmm

B METAAJIe-pPACTBOPHUTEIE JOTKEH

JeKaTh B pesoHaHCHOH obiacr.

T DneRTpoHN  d-060d0YKH CBO-
& 00JIHOTO aTOMa BCEr;jga MaTHUTIIO
NOJAAPUB0BAHBI: B COLIACHI C

(MuH«GHUI»  ppapumoy XyHIA MX CIIHB BH-

Hposens Pepmu CTPAMBAIOTCHA TAaK, YTOOB MOJY-
gunock Hambodbhiee 3HaYeHHE

d-d-00mertoe MOMEHTAa, COBMECTHMOE C IIPHHI[H-

s pacigenienue moMm [layan. B arome Mapramma,
=\ HampuMep, Bce dd-3TeKTPOHBI MO-
anuH«GGEpI» I'yT HUMEeTh OJHY H TY sie OPHEeH-

TaUMI0 COMHA. JTa TeHIenIsa

=—— MO;KET COXPAHHTHLCA H HOCIE pac-
TBOPEHHA B PYTOM METALIE — He-

Tinomsocme crusos  CMOTPA aiKe Ha TO, 4TO CTAIlHO-

HapHBE AaTOMHBIE YpPOBHH ViKe
@ur. 95. Pesomamce mpu paccesmunm ~ H€Ab3JA XapaKTEPU30BATh OIpee-
SNMeKTPOHA HA MATHAT HOW mpmmecu, JI€HHOH COHMHOBOH I0JspH3aIMe.
TOJAPU30BARAOH «BBEPX». Ilycrs, Hanpumep, HA mpHMeCH
nMeercd H30HITOK 3IEKTPOHOB
co cmuHaMm «BBepx». [iA ApPyroro saeKTpoHa ¢ TeM ;ke HampaBie-
HHEM CINHA, HajleTalolero Ha atoM, 3To Oyier BHIJALEeTh Kak pe3o-
HaHCHBIH ypoBeHs, Je:kamuil Hipre ypousa Depmu; K TaxkoMy aToMy
sMeKTpon 6ymer mpuTATHBATECA (eM. dur. 95). Takmm o6pason, mroT-
HOCTh CIIMHOB, HAIPABIGHHHX «BBEPX», BO3PACTAET M yCTaHABIM-
BaeTCA HOJIApH30BaHHOE cocroAaHne. G ApYToH CTOPOHBI, AAA dIek-
TPOHA CO CHOWHOM «BHU3Y d — d-06MeHHOe 83auMmodelicneue TOBHINIAET
9HEPrhHi0 pe3oHaHCa, YTO BeJeT K O0EeHEHNI0 MPHMECH DICKTPOHAMH
co cnmHaMil «BHH3». OKOHYATENBHHI Pe3yIbTAT HOJKEH OLITH TaKHM,
4TOOR DOJHBIH 3apA; MOHA OKA3alCA CKOMIICHCHDOBAHHLIM. DBee ske
B IOOJAXONAIEM pACTBODHUTENE MOKHO HAOMOZaTh W BO3HIMKHOBEHHE
OMHAMAYECKOTO MHOTORJEKTPOHHOTO MATHHTHOTO MoMeHTa. Hampas-
JIGHHE €T0 MIaBHO IYKTYHUPYET, a U0 BEIMYHHE OH CPABHUAM € MOMEH-
TOM C€BOGOAHOTO aroMa. ITOT TPONECC MO3BOJAECT OOBACHHTb pPAT
cHerUQUIeCKUX DHIEKTPHIECKAX W MATCHMTHHIX CBOHRCTB CILIaBOB
€ MaJBIM cOflep:KaHUeM mePexXoAHEIX MeTanaoB (cM. § 6 ra. 10).
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§ 6. JIasaekTpuueckas MPOHANAECMOCTh IOMYNPOBOJHUKA

Makpockonmueckas [MaJIeKTPHIECKAs IIPOHUIIAEMOCTH Merasyia
cTpeMuTcs K Geckonmednoctn npu ¢ — () BeIegcTBue TOro, 9TO METALT
061a1aeT BHCOKOM IPOBOAMMOCTRI0. JTOT Pe3yIBbTAT BHTEKaeT u3 fop-
mya (5.16) m (5.21). B monynpoBogHMKe HIH H30JATOPE, OTHAKO,
TPOBOAMMOCTL Malla; €CIH He YIATHBATH TEIIOBOT0 BO30Y:KIeHHA
HocHTeTeH 3apaga, ee MOHO cyuTaTh pasHoil Hymxo. CiegoBaTelnHo,
CTaTHUeCKas [UAJIEKTpHIecKas mpoHunaemocts & (q, 0) gomxua ocra-
BAaThbCA KOHEUYHOH i GOJBIINMX JJIWH BOJH.

O6bacHASTCA BTO ‘HAJANYHAEM DHEPTeTUYECKOH IMeNN MEeMAy 3aIol-
HEeHHBIME U IYCTHIMI COCTOSHHAMEA. 3HaMeHaTelxb B cymme Tuma (5.16)
¥3-3a 9TOTO HE MCUe3aeT, a 0CTaeTCA KoHegHbsM mpu q = 0,

Yro6er Buumceantb € {q, 0) g8 pealbHoro MOJIYyIPOBOIHHKA,
HY/RHO 33JaTh KOHKDeTHYI0 MOJeITh 30HHOH CTPYKTYDPH. 31eCh Yike
HeIb3A HCIO0JBL30BaTh IIPOCTOH pacder § 1 HacroAme:d Traash, Tak
KaK HeBO3MYIMeHHne BOIHOBHEe ¢yHKIuu | k) Golbile He ABIANTCA
WPOCTO IIOCKUME BoJTHAMHU. Jlerko moxasark, ofiHaKo, 910 AIA TOTO,
uT00B MOJYYHTh IPABUIBHYI) OPMYIY, JOCTATOUHO BBECTH B CYyMMY
(5.16) KBagpaT MaTpMUHOrO 3jIeMeHTa ILIOCKOH BOAHBI exp (iq-T).
IIpu sTO0M ME mOTYUHUM

g e g K ETT ka4 2 {0 (k) —f0 (k+q1-g)}
S(Qam)—1+'qu2 E k1 q1g —% K —hoTt i .
g

(5.45)

B cy My clefyeT BRIKYHTH U TIEHH, AJIA KOTOPHX BEKTOp o0paTHod
pemerTkn g 7%= 0, TaK Kak MATPUYHBIA BIEMEHT OT exp (iq-T) Memay
610X0BCKUMY (YHKI[HAMH, OTIMYAOMUMECA II0 BOJHOBOMY BEKTOPY
Ha q + g, ue obpamaerca B Hyrs. CHTyamua 3gech Io CYMECTBY
TaKag jke, KaK B Teopud judparnum, paccMarpusaemoi B § 7 ra. 2.

M3l He 6yieM IHTAThCA TOYHO BHIYHCAATH CyMMY B (5.45). I'pyboe
npuiIMKeHne MOsKHO MOIYIHTH claegyomnm o6pasoM. Bocmomsayen-
cA cxeyoit mpuBemennux 30H. llyers cocroanue ¢ BoaHOBOM GyHKImeil
| k) samonmeno. Torma mycTsle COCTOSHEA, KOTODPEE MOTYT «3aI[CIIUTh-
ca» 3a Hero B cyMMme B (5.45), HAXOQATCA TOIBKO B CIeAYIOIEHd 30He.
Ecam BoaHOBOH BexTop q Mad, to dyuxrua |k + q 4 g) omucrsaer
COCTOAHMNe, KOTOPOe HaXOAUTCA mMo4TH BepruKaiabsno «Hamy | k). Ilpen-
HOJI0/KHM, 9TO HHepreTHdYecKnil 3HaMeHaTedb OJUHAKOB AJIA BCeX 3Ha-
gennil kK u paBeH mMupuHe MMeIu:

€& (k+q+g)—& k) =~ &g (5.46)
Haree Hamo BHYHCIHTH CYMMY

Dot [k+q+ g (5.47)
g



188 I'a. 5. Baaumodeilicmeue mexndy asexmponamnu

ma aioboro BekTopa k. Mul MoxieM BOCHOIB30BaTLCA ClegylOIiei
TeOpeMoii: IYCTh UYJIeH, COOTBETCTBYIOIONHA KUHETHYECKOW BHEpPTUH
B TaMmiabTOHHaHe J&#, ects —(f%/2m) V3, a coberBenHme QyHRIUH
& cytp | n) u |s). Torpa

Z (En—&s)|(n |t |s) 2= kg

(5.48)

JorazareabcTBo 910# Teopemsl (KoTopasA mpefcraBifer coboit 0606-
IEeHHe XOPOIIO H3BECTHOTO nNDASUAL CYMM 048 CUL OCYUALAMODOS)
clefyeT M3 PAsNOKEHHS CPENHET0 3HAYeHHA JBOMHOTO ROMMYTAaTOpa

[[5%, eia-F], e=ia-T] (5.49)

B COCTOAHHUH | $).
Ecnu B3sarh B Kauectse | s) Qyukmumo | k) m mpegmonomurs, Kak
u B (5.46), 9T0 1A BCeX CYMECTBOHHBIX B CyMMe QYHRIHEA | n)

En—8:=8 (k+q-+g)—& (k) ~ Egap, (5.50)
TO MbI OOJTyYuM

S (| et [Kob g g) v g L
¢ gap

IlopcraBisaa coorHomernnsa (5.46)" u (5.51) B cymmy (5.45) =
CKJIafHBAaA BKIAABl OT KaKJAOT0 M3 N DIEKTPOHOB B3aIl0JHEHHON
30HH (BRINYASA M WIEHH, [IA KOTOPHIX coctosinme | k) myeroe, a
Ik + q + g) — samonnennoe), HaXomuM

4ne? n h2 h2q® 2

: (5.51)

8(q7 O) 1+ qz ﬁgap om ‘égap_
4mne2h? hop \ 2
=1t g = (g—gap) : (5.52)
3Zech BBEIEHA NAQSMEHHAL uacmoma
4mne? \1/2
m,,:(T) : (5.53)

@nsudecKnit CMBICI 3TOTO mapaMerpa BCKOPE HPOACHUTCA.
Qopmyaa (5.52) morkassBaer, 4TO CTaTHYECKAA NHUIIeKTPUIECKAA
OpoHAmaeMocTh mpm ¢ — 0 cTpeMHTCA K HEKOTOPOH IOCTOAITHOM.
Ilocnmenasnna momxua mpefcraBiaTh coGoil He 9TO MHOE, KAK MaKpo-
CKOMMYECKYI0 MUBIERTPHUECKYI0O MPOHHIAEMOCT: TBOPAOTO Teida. Uem
MEHBIIe DHEPTeTHIeCKasA 1Helb, TeM GOJbIIe MOJAPU3YEMOCTh CPEXsl,
T. e. TeM GoJbile BeamumHa &, HoHe4Ho, HEAb3HA OTOMICCTBIATH
$¢urypupyomyo BhIIe BeIHUHHY &gap C ONTHUECKOH MIETBI0 MERTY
IIOTOJIKOM BaJIGHTHOI 30HBI M mHOM 30HH mpoBogumocTH. CKopee sTo
€CTh CpefHee 3HepPreTHUYeCKOe pacCTOAHHE MEKIY YPOBHAMH, pac-
OOJOKEeHHBIMA BEPTHKAIBHO APYT HAJ APYTOM B IPHBENEHHON 30HE.
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TaruM o0pasoM, »sIeKTpocTaTHIECKOe I0Jie BOKPYF IpUMecH
B LHOJYyOPOBOAHUKE DKPAHMPOBAHO He TaK, KaK B METAJJIE: IPOCTO
DOTEHIMAN CTAHOBUTCA PABHEIM e2/er, Tle & — CTaTHYecKas JudIeK-
TpUdecKasad OpoHHIaeMocTh. llosTomMy BOIM3M HpUMECH BO3MOYKHO
00pa3oBaHUe CBA3AHHBIX DJIIEKTPOHHKIX COCTOAHUUA — RPUMECHBI YpO8-
Heil, KOTOpHe MEL elme OymeM paccmarpusBaTh B § 4 ri. 6. KHomeuno,
eClm B Cpefle HMMeeTCsd OCTaToYHAsS KOHIEHTpanusa n, HOcHTeXeld
3apAga, TO MH MOKEM KIacCHIeCKHEM cmocoboM [mo dopmymam le-
6as — Xwoxreas (5.26) u (5.29)] ompemenuTs, Kak 3KpaHApYeTCS
npuMech Ha 0(0abMHUX PACCTOAHHAX.

§ 7. IlnasmMennsie KoaeOaHHUs

PaccMorpum Temeph HecTanmmoHapHHE 5P¢eKTH, KOrmga 9acToTa o
«BHEITHET0» BO3MYMAIOMEro IoddA OTIAWYHA OT HyaA. llpm srom BO3-
HHKaeT HECKOIbKO BasKHWX sABIeHumid. [lpesxme Bcero 6pocaercs
B I'Iasa cIyd9ad, Korfa B BHpakeHHAX (5.16) mnu (5.45) Benuumna Ao
COBIAJAET C PA3HOCTHI0 3HEPTHH [ig KaKoW-HUOYAL mapH COCTOA-
HUil, CBA3aHHHIX BO3MYINEHHEM, T. €. KOTJa NPH HEKOTOPOM 3Hade-
Hun k, oTHoCAmMEMCA K 3aH0THEHHHIM YPOBHAM, BEIOJHAETCA pa-
BEHCTBO

Ek-+q-+g —8K = ho. (5.54)

B stom cayzae ¢pyurmusa € (¢, ©) mMeeT CHHTYJISAPHOCTH; TOUHEE,
MHEMAasg 4acTh (A0 CTAHOBUTCH JOMUHHDYIOMEHR. JTO COOTBETCTBYET
OPOCTO ONMUHECKOMY NO240UjeHul0 (MMM HMCIYCKAHWIO) 3JIeKTPOHAMHA
¢ mepexomoM dJIeKTPOHA M3 COCTOAHHUA C BOJAHOBOM (ymrmumeir | k)
B cocrogrme |k -} q - g). IT0 HasnBaerca odHouaCMUUHBM G03-
6yaxcdenuem cucremn. I mopmo6HmM oddextam Mm Bepmemcs B § 5
ri. 8.

HDomycTaM Temepsh, OHAKO, 9TO BEIWIWHA fiw BeIMKA — HAMHOTO
Gorpme n000H 9HePreTHUECKOH PA3HOCTH B 3HAMEHATeNe BHIpasKe-

g (5.16). Qurypmpyomyo TaM CYMMY MO:KHO mpeoGpa3oBaTh
K BUIY

dnet <3 2 () (8 (k)% (k+ )
e(q, 0)=1+- E( P1E W —¢ &+l (5-59)

ITpu sToM B KauecTBe 3HAMEHATENA MOKHO B3ATH mpocto (Aw)?,

a YHCJAMTeNDb PAa3IOoKUTh OO CTeneHAM (. HepBHe 9JeHBl HCYe3anT,
1 MB HaXOOAHNM

Ae?
E(q,(l))—1—][— e IO() (_qZ 62%)___

e .4.: o) oKz
4nne2h:2 Z
—1 e 2, (5.56)

rge o, — IIasMeHHAas 4acroTa, ompeneleHHas mo Qopmyne (5.53).
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ITOT Pe3yIABTAT TONYYeH mias CIydad CBOOOJHEIX JIEKTPOHOB.
K wemy e MoKHO DPHHATH M ¢ MOMOINBIO BHpaskemma (5.45), ecam
mociegHee IlepemycaTth B BUE

e <1 210 (0| k] T ktqt 92 {E (k) ~8 (k+a+g)}

S(q’®)=1+—q‘z—k ; (o) — 18 (k)—6 (k L q+ )2

(5.57)

Ecan moxuo HpHGJII/I}KeHHO cYuTaTh 3HaMeHaTeJaIb OOCTOAHHBIM, T. €.
€CJIH BEIOOJHAETCA YCJIOBHE

ho > & k) —€(k+q+ g (5.58)

IJIA BCeX 3aHATHX Kk ¥ /14 BCexX g, KOTOPHIM COOTBETCTBYIOT 3aMETHEHIO
MaTPHYHEIE DJICMCHTH, TO HPH CYMMHDOBRHHH IO g MOMKHO BOCIIONb-
30BaThCA OpaBwioM cymm (5.48). B wumrore moaywaercs BeJIHMIHHA
(4ne*/mow?) mid KaKmoro m3 n HIEKTPOHOB B 3aMOMHEHHHIX COCTOA-
HHOAX.

N3 gopmyant (5.56) BugHo, uro € — 0, KOra ® — wp. Ho mpnm
& = 0 Mu1 umeeM, coraacuo (9.15),

U= oo, (5.59)

Adpyrumu croBamu, GecKoHeIHO Maloe «BHeNIHee II0Je» 7 BH3HIBAeT
Gonpmoe sddextusnoe moae 9. — cucrema camoBo3bOykmaerca. Yac-
TOTA @p COOTBETCTBYET COGCTBEHHEIM KoJe0aHHAM BICKTPOHHOIO
rasa, Ha3bBIBAEMBIM RAAIMEHHBMMU KOAEOQAHUAMU.

JTOT pesyAbTaT MOKHO MOJYYATH U ¢ HOMOIIBLI0 3JIeMEHTAaPHELIX
coobpaskennii. IlycTs sieKTPOHBI, KOHIEHTpPAIUA KOTODHX €CTh R,
CABHHYTH KAK IleJi0e IIa PacCTOSHWe X IO OTHOIIEHMIO K 3aKpeIleH-
HoMy OHY HONORUTENBHOTO 3apama pemerku. lIpm sToM Bo3aHHKHeT
OO APH3ATIHA

P = nex, (5.60)
KoTOpas B CBOK OYepelb BH30BET SIEKTPHYECKOE IOJe
E = —4naP. : (5.61)

CregopaTenbHo, ypaBHEHNe ABIKEHNA KaMKAOT0 3apaga Oymer mMeTh
BUT

mx = eE= —4mne’x. (5.62)

Ouesngno, pemenne (5.62) ommceiBaeT NpocToe rapMoHUIECKOE KOJe-
GaHHe ¢ TaCTOTOH ©y.

IIna3MenHas TacToTa COOTBETCTBYET MOBOJLHO GOJIBIION SHEPIHUH,
mopagka 10—20 s, mosTOMy Tarkme KouaebaHHA He BO3OYIKAAIOTCA
IpH TeIOBHX dHepTHAX. Ho eclin HecnenoBaTs NpoxoskjeHne GECTPHX
5JIEKTPOHOB CKBO3b TOHKME METAJIMYECKHe ILICHKH, TO OKAIKETCH,
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uro nabIIoaeMbe HePreTHUeCKHe TOTEPH COOTBETCTBYIOT Bo36yskje-
HEI0 OJ[HOTO IJH HECKOIBKHX KBAHTOB 3THX Kolebammil. MHTepecHo
OTMETHTH, TTO 7aske B TNOJYIOPOBOJHNMEE IUIa3MEHHAA YacTOTa Wp
3aBHCHT TOIBKO OT IOJHOH KOHIEHTPAIUH BJIeKTPOHOB B BAJIEHTHOMN
sone 1), O6bscHAeTca 3T0 TeM, 4TO yciaoBHe (95.58) BEIMONHAETCA,
KOT7a TLUIasMeHHAs SHePTHS 3aMeTHO IpeBHIIaeT PasHOCTh dHePrui
ME3Ky B0HOH IPOBOJUMOCTH W BajleHTHOR 30HOH, T. €. BEIHUUHY,
O00EYHO HECKOJIbKO MeHBmYyI 9 2¢. C mpyro# CTOPOHEL, dJeKTPOHB
HOHNHX OCTATKOB, OYIYYH CIHMITKOM CHIBHO CBA3AHE, He AT HAKA-
KOTO BKIama. PasHocTh DHEPTHMH MeIy STHMH YPOBHAMH H 30HOM
IPOBOAUMOCTH 3HAUUTENBHO TPEBHINAET Awp.

MoskHO HaliTH W BECIIHE WIeNkl pa3losKenus € (q, @) B PAL L0 cTe-
meHsM ¢. llpm TOM MOKHO HAiiTH TO 3Ha4eHHE ©, 3aBHCAIEE OT (,
mpu KotopoM & ofpamaerca B nyrb. [las cBoGOJAHEIX 2MEKTPOHOB
pesyIbTAT TRKOB:

3 ¢k

co(q)-—_cop[1+1—0—m-g—+...}, (5.63)

I'Me vp ecTh CKOpOCTH diexTpona Ha mosepxmoctn (epmm. Taxum
06pasoM, MOTYT CyMeCTEOBATh IIa3MeNHHe KoneGanusa ¢ PasiAIHbIMA
JUTMHAMIE BOJTH; KBAHTH 39TAX KoJeGaHHI MOKHO Ha3BaTh NAASMOHAMU.
Onmako 3akon jucmepcud (5.63) moxaswiBaer, 4TO 4aCTOTa He OUCHD
CHIIBHO 3ABHCHT OT ¢ IJIa3MOHH IPEACTABIAIT coGOH B OCEOBHOM
JOKATIH30BAHIBIE KoJIeGaHWA, IWINTL MeNleHHO IepeMelaloluecs
B cpefe.

CTporo roBops, BeITMTHHA & (g, ©) ABIACTCA KOMILIEKCHOH, H BH-
paskennsa (5.55) u (5.57) ompegenAIOT ee BeIeCTBEHHYIO TaCTh (B mpen-
MOXOEHHT, UTO ¢ Malo). MAanMasg wacth jjaeTcd BhHpaKeHHeM

o (0 0) = — 2 ) (70 (k) — 1 (k- @)} 68 (k+ @) — & (K) — o),
- (5.64)

rae S-QyRAkmnA NOABIAETCA NPH MHTEIPHPOBAHWA B (5.16) wus-3a
HanuumA NoJI0ca BOIH3HM BemecTBeHHOH OCH IPH

ho = & k + q — & (k). | (5.65)

Bripaskenne B npasoit wacrn (5.64) o6mamaer TeM HHTEPECHBIM CBOI-
CTBOM, UTO OHO ofpamiaeTcd B HYIb, KOTAA

® = qug, (5.66)

1y floMmnMO paccMaTpPMBAEMHX 37ech, B MOJIYNPOBOJHEKe BOSMOMKHEL elle
l7a3MEeHEHe EoJe6aHWsA SHAYATENLHO MEHBIIEH dacToTH. B HHX YYacTBYIOT
TONLKO HOCHTeJSH 3apAa — DIEKTPOHH HPOBOAUMOCTH ¥ JHDKH; BAICHTHHE jXe
BIEKTPOHH, PABEO KaK M SIeRTPOHH Goiee ray6oxmx ofonoder, oGpasyor «om»,
BIHAHRE KOTOPOTO DPOABIAETCSA B 3aMeHe HCTHHHO# Macch Ha s§deKTHBHYIO
I B NOABJEHHE MHOMOTENs & B 3HAMeHarele w3 (¢ — JMAJIEKTPHEIecKas MPOHU-

1aeMocTh pemerkn).— [Ipum. ped.
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T. €. KOTJa TacTOTa () CIWIOKOM BeJIHKA JJIA TOro, 4To6bl BHIOUTH
oAHy dactTumy m3 depMUeBCKoi cdepnl OCPEICTBOM OJHOTO JIHIIbL
M3MEHEeHHsI ee BOIHOBOTO BEKTOpa Ha BenmduHy . OTCIOfa ABCTBYET,
9TO INIa3MEHEHeEe KoJe0aHWmA ¢ 9acTOToH, IPEBHINIAIOIIEH TOJIBKO ITO
VKa3aHHYI0, He MOTYT GBICTPO BaTyXHYTh.

Hpyroe uarepecHoe ABIeHMe, CBA3AHHOE ¢ INIa3MEHHEIME KoJseba-
HHAMH, MOKHO IPeAcKa3aTh ¢ HoMombio dopmyns (5.596) gus ¢ (q, o).
Ecam sra ¢opMyna meficTBHTENbHO AaeT BHCOKOTACTOTHYIO AMAIEK-
TPUIECKYI0 IPOHHNAEMOCTh Meraiiaa (mis JIWHHHX BOIH), TO KOM-
naekcHul nokasamesv npeaomaenus N mamHoll cpembl Gymer Bhipa-
HaThead dopMyaoit

NZ=-¢(q, ©) ~ 1——3 (5.67)

Ecim o << wp, To BeIWIMHA € OTPHmATEIbHA, W IOKa3aTelb Hpe-
Jomiaenna N ABIAETCA UHCTO MHEMEIM, JTO OPHBOAAT K ROAHOMY
ompadxceruio cBera. Ho ecmm o > o, I JudIeKTpAYeCKasa MpPOHHUIAe-
MOCTh € IONOKATENbHA, TO MOKa3aTelb nperomienna N oxasnBaerca
BeINEeCTBeHHLIM — MeTAalll CTAHOBHTCA RNPOSPAYHbM LPU OCBEMSHHH,
HOPMAJLHOM K €0 IOBEPXHOCTH. JTOT BBHIBOJ HECKOALKO HM3MEHAETCA
Ipn yvere pacceAnmsa 3IeKTpoHoB (cM. § 6 ri. 8), ogmaro aABIeHHme
yavmpagiuonemosoli npospauHocmu METOTHBIX MeTAIIOB Habaomaercs
Ha OIHITE,

§ 8. KBasuuacTaus! ¥ SHEPrus CHEIICHAS

IIpnBenenHsIil BHIIE PACIET, 0CHOBAHHEIA Ha PACCMOTPEHHAN A3 EK-
TpHYeCKOH DPOHHIAEMOCTH, ABIAETCA, KOHETIHO, TONBKO OpHGIH-
menuHM. Hambomee cymecTBeHHHe OpegmomosKeHAA OHUIH cHOpMY-
aupoBaHH B § 1 HacToAmmed TiaBH, Te M JOOYCTANH, 9TO KAKIYIO
(ypbe-KOMIOHEHTY MOTEHOHMANA MOKHO PACCMATPHBATH IO OT/eNb-
HOCTH. ITOT (OPMANbHHI OpHEM HM3BECTEH KAaK NPUbAUNCEHUE Tao-
muueckux gas, m UM OPHXOQATCSA HOIHB30BATHCSI HOYTH BO BCeX Ooxee
ray0oKmX HCCIEeTOBAHHUAX.

Msr BHe OyAeM BXOAMTH B PACCMOTPEHHE BTHX 00Jee CIO/KHBIX Te0-
puil ¥ OTPAHMIUAMCA JHWMb HEKOTOPHIME obmumu 3amedanmamu. Oka-
3HIBAETCA, YTO CHIBHOE [allbHee B3AHMOJEHCTBHE MEHIY 3JIEKTPO-
HaMH, CBA3aHHOE ¢ KYJIOHOBCKAM HOTEHIMAIOM, MOYKHO CBECTH K HKpa-
HEPOBAHHOMY B3amMofedicTBHI0 THOA (5.29). JIEKTPOHH HE TOJIBKO
0JeBaloT o0O0NaKOM B3apsAga aToOMH OpPAMECH, YKPAHHAPYA MX IOIe
Ha OGONBMIMX pPACCTOAHMAX, HO H KKALI 5JIEKTPOH Tak;Ke HeceT
Ha cebe, TaR CKasaTh, coOCTBeHHOe 00NaKo 3apAga — (QaKTHIECKH
(IIOMOKUTENbHOE» 001aK0, COOTBeTCTBYOIMEee 9QPEeKTHBHOMY BHTAJ-
KUBaHUI (JPYTUX» 3JIEKTPOHOB M3 COCENHHWX 00gacTell mpocTpancrsa.

Hanporus, nosumpoxn, GBIMYMUACA CKBO3L KPHUCTANI, NPUTATH-
BaeT K cele «oTpumarembHoe» o6mako 3apaAfa sieKTpoHoB. lHaue
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rOBOPsA, BEPOATHOCTH OOHADYKATH SJIEKTPOH BOIM3K MO3HTPOHA
nopsimaercs. Ilo aTofi mpudamHe CKOPOCTH QHHUZUAAYUU NOSUMDOHA
B MeTajlle 0Ka3biBaeTcA HECKOIbKo 6oJbIme, ueM oHa OHia Ol B He-
BO3MYIMEHHOM OJHODOJHOM SJEKTPOHHOM raze. Bce ;xe MHOTOwacTmU-
Hble 5Q(EKTH He IPUBOAAT K CKOJbKO-HAGYAL CEPhe3sHoMy H3MEHEHHIO
VIIIOBOW KOPPENANUM MeAYy HAOpPaBIEHHAMYU PAaCIPOCTPaHeHHS IBYX
V-KBaHTOB, HCOYCKAEMBIX B HPONECCe AHHATHAANME. IIOCKOJIBKY cdH-
TaeTcd, 9T0 K MOMEHTY AHHHTHIA-
[OH¥ HO3UTPOH B pelieTKe 0CTaHaBJIH-
BaeTcs, M06oe OTCTYIICHHE 0T HSMUC-
CHH Y-KBAHTOB B IPOTHBOIOJOK-
HHX HAUPaBIeHHAX MOJIKHO OHITH
00YCIOB.I6HO KOHEUYHHM 3HAYEHHEM
UMIOYJIbCa, MNOCTABIAEMOI0 AHHUTH-
JHPYIOIMUM 3JeKTpoHOM (¢pur. 96).
Pacupenenesne +y-KBaHTOB mo 3Ha-
4eHHAM yriaa 0O mosmoaser, caeno-
BaTelbHO, H3MEPUTE pacIpefeleHne
3JeKTPOHOB HPOBOTUMOCTH IO HM-

oyabcaM.  JTO MOMKET OKazaTheA —Z—‘f
HOMEe3HHIM NPKA OpOBEPKe Teopmit
DIEKTPOHHON CTPYKTYPH METAIIOB
M CIAaBOB.
Crporo romOpH, oA KOpPPEKT- \)

HOTO ONHCAaHMA BJIEKTPOHA C ero
COGCTBEHHNM 061aKOM MOMOKHTENBb-  (ur. 96. Coxpamemme mMmynBCA
HOTO Bapﬂna HYHHO HACOOJAB3OBATH OpN AaHHUTHIALHAK IIO3UTPOHA U
BOJHOBYI0 PYHKOHMIO OYEHD CJIOKHO- SJIeKTPOHA.
ro Baga. OpgHaxo a10 o6Gpasomanme
HeceT 3apAj 9JeKTPOHA ¢ M B HTOM BecbMa CXOJHO ¢ dacrtuueid. Bams-
HHAe «IPYTUX» 3IEKTPOHOB CBOAMTCA K MOZA(PUKALAN CBA3H MEMKLY
SHEpPTHed M BOJIHOBEIM BEKTOPOM BTOTO KBAHTOBOTO cocToARMA. Hampu-
Mep, MOMHO HOJYYUTH DPABEHCTEO 1)
n2k2
8(k)=m, (5.68)

rge BexwdnHA m* BoBce He paBHa 06RYHON Macce CBOGONHOTO HiieK-
TpoHa m. OKa3nBaeTcs, 4TO 9TH K6A3UYACMUYBL BUIOJHEe CTAaGHIBHEL,
Korga oHeprua ux Onmska K ypoBHIO DepMH, HO 3aTyXaloT M CTpe-
MATCA DPacOacThCA OPH yAaXeHHEH oT moBepxHocTH Pepmu, IToT
$axT ouenb BajkeH MIA (GOPMATBHOr0 0OGOCHOBAHMA KHHETHUYECKOi
TEOPHH W NPeACTaBIeHAA 0 moBepXxHocTH Pepmm.

Onncanme CHCTEME! ¢ HOMOINBIO MPEJCTABICHHA 0 KBA3HIACTHIAX
10 CYIMEeCTBY HAeT HAM KAPTHHY CHEKTDA 2AeMEHMAPHOL 6036YHcOeH Ll

1) Crporo roBops, B3aHMOJEHCTBHE MEJKLY DICKTPOHAMHA MeHseT BHJ, 3aKOHA
nmcnepenm (cm., Hampmmep, [1]).— ITpum. ped.
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siexTpouHoro rasa. He 6ynyun B cOCTOAHHHM TOYHO PACCYHUTATH HTOT
CHeKTD A peambHoTO METaJia, ME BCe Ke MOKeM JaTh BIOJHE
VAOBJIETBOPUTEIbHEE OINEeHKN XapaKTePHCTHK OIeKTPOHMHOTO Trasa
COOTBETCTBYIOMel TUIOTHOCTH B paMKax Mojpeam «remxe» (cm. § 1
HacTOAMmel riassl). Il py aToM 9Heprusg 0CHOBHOIO COCTOSIHUSA B Ha3BaH~
HOIT MOJIeJIM JaeT HaM OTpefleleHHbEe CBeSeHNdA M OTHOCHTEIbHO dHep-
ruH cBsisu MeTalaa (em. § 3 ra. 4). I'pyGylo annpoxkcunManuio Buraepa
n 3edTia 0 TOM, 9TO SJEKTPOH BEITECHSET BCe JPYTHe 5JeKTPOHEI
HPOBOJMMOCTH W3 AYeiKU, B KOTOPYIO OH TIOTAjaeT, MOKHO 3aMElUTh
OPAMLIM PAacyeToM BDIEKTPOCTATHYECKOTO B3aMMOJEHCTBHA MEKIY
5JEKTPOHOM M HKPAHUDPYIOIUM ero o6JaKoM; 3TO JaeT 3HATHTEIBHO
JAyUHIyIo OTeHRY 9(deKTOB s1ekmpoHHoll KOppeAsyUlL B TEOPUHA METAJ-
JUIeCKOH CBA3H.

Papusim 06pa3oM CleyeT ojKUIaTh, YTO dHEPTUA B3aWMOAEHCTBHA
Me;RIy ABYMA KBasmuactumamu Oymer oveHb HeBONMKAa — IPUMEPHO
TaKoH, KAaK ecam Obl KYJOHOBCKMH TOTeHNWAn OBI SKpPaHHPOBAH.
Takum o6pa3oM, Hamia CHCTeMa OTBedaeT YCIOBHAM HOPHMEHHMOCTH
passuroit Jlanmay modeau gepmu-scudrocmu. B oToH Mojmelin HamHN3-
ITHM SHEepPTeTHYeCKAM YPOBHAM CHCTEMH OTBedaeT Bo3Oy:x/eHune ofHOM
HId HECKOIBLKHX KBasuyacTul B Ooiee BEICOKME 3HepPreTHYECKH®
COCTOSHUA — B TOYHOCTH TaK jKe, KaK U B Ta3€ Hes3auModelicmeyionur
depMHOHOB WM 0YeHb HU3KOi Temmeparype. OgHaKO ¢ POCTOM IMCIA
4acTHL, BO36ysamenHnX Beie ypoBHA DepMH, MB MOJKHBI YUUTHI-
BaTh M 5PPEKTH B3aMMONEHCTBHA MeAy HUMH. ITH dPPerTH ommCh-
BalTCA 706aBOYHBIM HHEPreTHIECKUM ClaraeMbiM BHIA

Es=n D) f(k 0K, 0)on(k, 0)6n(k’, o). (5.69)
k, 0, k', 0
3mecs On (k, 0) ecTh M3MeHeHUe YHCIA 3aHOJHEHHAA KBa3HIaCTUIHOTO
COCTOSIFHSA C BOJHOBBIM BEKTOPOM Kk W cITMIIOM O IPH Ilepexoje CHCTe-
MK H3 OCHOBHOTO COCTOSIHUA B JaHHOe BO30y:kRueHHOe.

[apamerphr, ncmoabayeMble B Mofenu Jlangay, onpesesasioT CieKTp
rasa 9JeKTPOHOB IPOBORMMOCTH, & TeM CaMBIM U TaKMe ero CBOMCTBA,
KaK, HAOpEMep, dAeKTPOHIyo TemwroemMkocTs (cM. § 7 ri. 4). Bamnan
ocobennocTh Gymknmu Baammopeiictsus f (k, o; k', ¢'), urypupymno-
meil B mpasoii 7actu (5.69), cocTOHT B TOM, 9TO OHA 3aBHCHT OT B3aUM-
HOM OpHEHTAIMM CIMHOB ABYX 3JeKTPOHOB. lIpn ofBUHBIX MeTaxnn-
9eCKUX [HIOTHOCTAX 3TO 06MEHHOE B3aUMOAeHCTBHE ledaeT Hapajliens-
Y10 opHeHTanuio couHoB Goxee BurogHoi. CyTh fesa COCTOUT 3/(eCh
B TOM, 4T0 B cuny npuununa [layru gpa saerTpoma ¢ OXHHAKOBHIME
CIEHAMHE He MOTYT HaXOAUTHCH B OMHOH M TOHM ke TOYKe MPOCTPAHCTBA.
970 06CTOATEAHCTBO YCHIUBAET POIH KOPPEIANNH U HECKOIBKO 0cIab-
AfeT WOTEHINAJABHYI0 OHEPTHIO B3aMMHOTO DJIEKTPOCTaTAYeCKOTO
OTTAJIKABAHAA 2IeKTPOHOB. JTOT 3eKT HeBeIHNK, HO OH HeCOMHEHHO
Wrpaer BKHYIO POJIb B TEOPHU MACHWTHBIX CBOHMCTB METaNNOB (CM.

§ 2—5 ror. 10).
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§ 9. Iepexox Morra

Hpyroit kagectsenumit sdderr, obycaoBienundt mo CymecTBY
CHIIaMH B3AWMOMEMCTBUA MEH/[y OIEKTPOHAMH, He 9acTo Habiaio-
MlaeTCA Ha OOBITe, HO OH BajKeH NPMHIMOMAIBHO. Ilpemono:xmMm, aro
MBIl MeJUTeHHO cOmmykaeM GoIbIIOe YMCIO aTOMOB BOJOPOAA (mnm ato-
mMoB Na, HIIN IPON3BONBHYI0 COBOKYIHOCTh ATOMOB € HEUETHHIM 9HC-
JOM BIEKTPOHOB B djTeMeHTapHO#l sdeiike). Coriacro mpumENEmaM,
cpopmynupoBanEsiM B § 1 ra. 4, slekTpoHHEE BOJHOBHE dyHRINRN
KajKJoro atoma GynyT mepexpriBaThes, 6yAyT 06pa30OBEBATECA BOHEI,
U TBep/loe TeJ0 HENPEeMEHHO JIOJKHO CTATh NPOBOXHUKOM. JTO MOTMKHG
TPOU30ATH, Ka3anoCh 6bl, HE3aBUCEMO OT TOro, CKOIb JANeKO ApPYT
OT APYTa HAXOMATCA aTOMBEL.

B sToT mapapgokcaapHHE pesyapTaT TpymmHO moBepuTh. U garTtn-
9eCKH, IIO-BHAAMOMY, feso o6cTonT He Tak. MopMalbHad DKBABAJEHT-
HOCTH, CKajkeM, Habopa JOKalH30BAHHLIX AaTOMHHX (YHKLHH
¢o (r —1) mabopy GIOX0OBCKHX (yHKIMI ¢k (r), mpemuomarasmascs
B § 4 ri1. 3, cmpaBennEBa TONBKO B mpeneGpesenuu npurn@noM [layan
H B3aMMOJIEMCTBHEM MEKAY 3JeKTpoHamH. Ecim mMeercs mo deq
9IIeKTPOHA HA aTOM, TO MEeTePMHUHAHT, COCTABJIEHHHI H3 BOIHOBEIX
QYHKIUH BCeX COCTOAHMI ¢y (T) B 3amOTHEHHOM 30He, COBIAJIAET C Jle-
TEPMHHAHTOM, COCTABICGHHBIM H3 BCeX JOKAJIH30BAHHHX aTOMHEIX
pynrnumit 1), ¢, (r —?). Ecnm, ognako, Ha atom IPUXOAATCA TOJBKO
110 OHOMY SJIEKTPOHY, TO JAETePMHUHAHTH, COCTABJIEHHBIE H3 GI0X0B-
CKHX QyHKIOUH HANOJOBMHY 3aNOTHEHHOR B0HH W M3 JOKATHB0BAH-
UBIX aTOMHHX QYHKUMH, OTHIOAb He OAMHAKOBH. IlepBoMy W3 Hmx
COOTBETCTBYET pasMem[eHHe [BYX JMeKTPOHOB HA HEKOTODHX aTOMAaX,
B TO BPeMA KaK HEKOTODHE aTOMEl OCTAIOTCA IOYTH HYCTHIMU, 4 TaKoe
pacupenenenne 3apaa MOKeT JaTh GONBINON MOMOKATENLHEIR BRIAL
B IOXHYI0 KYJNOHOBCKYIO dHepruio cucreMsl. Ilosromy maGop mokamu-
30BaHHBIX (QYHKUME MOKeT OKasaTbCA Jyumeil mpobGHOH BOTHOBOMH
(pyHKmuelt cucreMH, Heenm Hab60p HeTOKAIW30BAHHEIX dyHRIUH
Bmoxa. Boxnosas ¢ymrkmma mepsoro Tuma COOTBETCTBYeT M30JIATODY,
TOI[]a KaK BTOpPAsg ONHNCHBAET IPOBOAHUK.

Yro6H yeTaHOBUTH Pasimyue MeKIY STHMH CIydasMH, MOMKHO BOC-
HOJMb30BATECA CHEAyIomuMA coobpaskeEuamMu. IlycTs MB  BEIBenH
OMUH 3JIEKTPOH U3 HEKOTOPOU COBOKYINHOCTH JOKANTA30BAHHEIX COCTO -
nuii. ITpm aToM ocTaHercs mycro#t MOH, T. . MOTOKUTENbHEIN 3apA.
JIeKTpoH GyJeT NIPATATMBATHLCA K HEMY H MO3KeT Jae HOomacTh B CBA-
3aHHO€ COCTOSTHHE, TAaK UTO aKTUUECKH OH He CMOKeT CBOGONHO IBH-
TaThCA MO KPUCTANNY M [aBaTh BKAaf B ToK. Ho Temepp mpemmomo-
RUM, ITO HMEeTCA Yike PAJ TAKUX dleKTponoB. Ond 6yayT crpeMaTHCH

1) Crporo roBopsi, 3mech claenoBano Ok paccmatpuBaThk ¢ymkuuu Bammne
(cM. § 2 rm. 6). Opmako paccysijienne He MEHsETCH, e€CIH TPEAONOKUTE, 9TO
TPUONMKeHNe CHIBHON CBABH CIPaBeNINBO, KOTla aTOMK HAXOAATCA HAa GOJNb-
IIMX PACCTOAHMAX APYT OT [pyra.
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3apKpAHNPOBATh 3apAj MOHA, IOTEHIMA] KOTOPOIG MOMNHO B3ATH
B BHUJe, aHAJOTHIHOM (9.29):

2

r

e, (5.70)

Ecim KOHHeHTpamuA 3JIeKTPOHOB, OTOPBAUHBIX OT HMOHOB, €CTH I,
10, coraacuo popmyae (5.22),

A2 — 4me2nt/?
=5

(5.71)
lc yaerox (3.3), (3.4) n (4.3)].

O6bruHOe KYTOHOBCKOE IO CHOCOGHO 3aXBATHTD BJICKTPOH B CBA-
sagHOe CocToSHMe. HM3meMmMy COCTOAHHI0O — OCHOBHOMY COCTOSHHIO
aToMa BOJOpPOJia — COOTBETCTBYET PAAMye

h2

——5 - (5.72)
Ecau mamHa skpammpoBanus 1/A MeHbme, 9eM @y, TO Jlaxe 10 CBA-
BaHHOE COCTOSHNE He cmoker oOpasosarbes. Takum 06pasoM, 4TOOH!
HOHM30BAHHBIE aTOM ObLI CIOCOGeH BHOBb BaXBaTHTbh OTOPBAHHEIA
OT Hero 3IeKTPOH, MOMKHO BBHIIOJHATHCA YCIOBHE

A< att,

Ay =

n=Ys > hay. (5.73)

Ecnm cpejHee pacCTosIHEe MKy aTOMaMM B HalleM CIyuae MpEeBbl-
IraeT YeTHpE ATOMHHX paguyca, TO METATNMIecKoe COCTOAHHE He-
yCTOMUMBO W CHCTEMa MOIDKHA CTaTh M30JATOPOM. Bosaee roro, aror
aPeKT mMeeT KONTEKTHBHBIH XapaKTep: KaykRIeI Tumnuil ¢cBo6oTHEIH
9IEKTPOH TOMOTAeT 0CBOGOUTHCA OCTAIBHEIM. Iaske ecTu MHI He TOY-
HO HAILTH uHeIo 4 B HepaBeHCTBe (D.73), BCe paBHO KajKercs
BechbMa BEPOATHHIM, 4T0 mepexoji Gyrer MpHHOUIKATBHO OYEHH pes3-
sy, C6nusKas Hami aToMel Bofopofa miau Na, MEl yBUAENN OBI, 9TO
sTa CHCTEeMA BHE3AIHO HPEBPATHIACh M3 M30MATOPA B METAJLI ¢ OIpe-
NeNeHHBIM MEKATOMHBIM PaCCTOAHHEM.

Hepexod Momma RaGIIOfANH B HEKOTOPHX OKACIAX, KOTOPHIE CRA1-
K006Da3Ho TPEBPAMAITCA B MPOBOJHUKH MO JOCTIKEHAN HEKOTOpoH
TeMmepaTypsl. DTH IPEJCTABNEHAA MOMKHO IPHMEHATH TaKkKe K IpH-
MECHBIM eHTPAM B HOJIYOPOBOJHHKE — IIafo JHIMIb MoTuQUIHPOBATh
BOJTITAHY df 1), YMHOKIIB €e Ha MaKPOCKOMMYECKYIO JHdJIeKTpHie-
CKYIO IIPOHMIAeMoCTh (Kak B § 5 macrosmel [JIaBBl) MOTYIPOBOTHUKA
{em. § 4 ra. 6).

Bee 113:10/KEHHOE [0 CYIECTBY TeCHO CBA3AHO ¢ 2unomesoli Buznepa
O TOM, TTO IPH MAJoli KOHIEHTPAIMH JIEKTPOHHEIH Ta3 Oymer «Kpu-

1) TIpn srom m ofo3HAdaer spdextuay0 Maccy.— Ipuxm. ped.
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cranausoparseay. Ilyers ry ecTh cpefHEuil paguyc cepH, 3aHEMaeMol
OJHUM 3JIEKTPOHOM, T. €.
4 3 1 ey
=T, = —. {o. 14
3 T n { )
HOTeHI_U/Ia.TIBHaH 9HEPIrud 3JJEeKTPOHA H3-3a HAJIU4YUA B 3TOM C(bepe
doHa IOJOKUTENBHOTO pPAasMa3aHHOTO 3apAua 6yrer mo DOOPHIKY
BeJIMUYNHbBI paBHAa
€2
- 27‘0 :

(5.75)

C gpyrod CTOPOHH, DOCKOJBKY JBHKEHHE DIEKTPOHA OTPAHUYEHO
o6iacThi0o mMpocTpaHCTBA BHYTPH BHOpaEHOH cdepw, oH Oymer obxa-
IaTh dUeprHell HyJieBnXx Koaebanmi

B2

—_e
mrg

(5.76)

Tarum 06paaoM, noTennualLbHAA SHeprusd HauHET mepeBeHInBaTL IIPH

e2 K2
——~ —
P 2 ?
2ro mrj

T. €. KOT[Ja
ro == 2ag. (5.77)

UmncieHnblil MEHOKUTEND 3[ieCh, KaK W B HepaseHcTBe (5.73), He cle-
AyeT NPUIMMATHL BCEPbE3; OTHIOAL He SICHO TaKKe, IPH KAKHX yCI0-
BUAX N00o6HE#A mepexof BooOme Moker Habiiopatecsa. Tem He menee
Ba)KHO ACHO OTHABaTh ceGe oTIeT B OTPAHMYEHHOM XapaKTepe IpHMe-
IIMMOCTH HOPOCTON 30HHON Teopuw, H3I0KEHHOH B II. 4, paBHO Kak
II IIPOCTON TEOPHH KOPPEIANHU DIEKTPOHOB, DPACCMOTPEHHOHM B Ha-
CTOAINEH TiaBe.



TJIABA 6

JIVHAMUKA 3JIEKTPOHOB

Cpo60ja ecTh OCO3HAHHAS HCOOXOAM-
MOCTb.

Ppuipux Inzeave

§ 1. O6mue npEHIMIBI

Tlo cux mop MH pPAcCMATPUBATH CTATHYECKHME CBOMCTBA TBEPJEIX
texn. OpHako Muorme M3 Hamboxee BAKHBHIX (QM3MICCKMX sBICHUI,
HampnmMep 9JeKTPOOPOBOJHOCTE M TEIUIONPOBOJHOCTE, ABIAITCA
AHIIAMIYECKHMH — Ol O0BYCIOBIENhl BO3IEHCTBHEM BIEITHHX CHI
u moieili. BosHmkaer 3ajada 0O CO3JAHHM TeOPHH TAKHX MABJICHHII,
0C06eIH0 IPHMEHUTENBHO K 3IEKTPOHAM IPOBOJUMOCTH.

JnemenTapiile TPHHIANLE 3jeCh OYeHb IpocTH. Ilpempue Beero
HAJI0 BEMUCIUTE CKOPOCMb BNEKTPOHA B COCTOAHMH C BOINOBON (yHK-
nueit | k). Coorsercrpyiomasn sneprug ectb & (k); B anemenrapHoi
KBAHTOBOM MeXaHUKe C Hell CBA3HIBAETCA 3ABHCAIHAA OT BPEMEHH
MHOJKHTEIhL, KAk OyATO 9JIEKTPOH MMeeT YacroTy

vic= 7 & (K). (6.1)

Ho, cormacmo Teopum BOIH B Cpejie ¢ AMCIepCHed, epynnosas
ckopocmb BOJHOBOTO IIaKeTa € 1acTOTAMH, 0JIM3KMMH K Vg, PaBHA

1 7€ (k
Vk=Vk\’k=g—€k—) . (6.2)

Cropocmb aaexmpona « cocmoanuu | k)» ectb B TOUHOCTH epaduenm
anepeuu & (k) ¢ k-npocmparncmse.
Jlis cBOGOHOTO DIEKTPOHA 9TO MPABAIO faeT OGHYHHIE pesyabpTar

g (k)= 22 (6.3)
u
=X _ P (6.4)

I[6 P — UMOYJABC 3JMeKTpoHa. V3 amemenTapHO# KBauTOBOH MeXa-
HAKA XOPOMO H3BECTHO, 9T0 HMEHIO TaKOBAa CKOPOCTh 3JIeKTpOHA,
pacecMaTpUBaeMOTO KaK BOJHOBOH llaker, CBOGOJIHO PacHpoOCTPaHAI0-
muiica B IPpOCTPAHCTBE.
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Iamee, Bemmunmua fk Bemer ceGa mMoZoGHO umnyavcy B Audpak-
muorHEX Aritennax (§ 8 ra. 2). EcrecrBemHo HpeAmosoHuTh, 1TO
IMHAMAYECKHH 3aKOH YCKOPEHHA HMeeT BHT

tk =F, (6.5)

rre F — cuna, geficrayoman Ha 9leKTpoH. Mel mpuumix K 3aKoHY
Hbio10ma: cKOpOCMb UIMEHEHUA KOA3UUMNYALCA PAGHA NDULOHCEHHOU
cue.

9t pgBa mpunmmma (6.2) m (6.0) AefiCTBUTENBHO CIPaBeIIHBLI,
HO WX Hajgo obocmoBaTh. MMeHHo HAfo MOKas3aTh, KakuM obpasom
LPHCYTCTBE KPHCTALIMYECKOH peImeTKH NpHBOJuT K TayGoromy
M3MEHEIINI0 XapaKTepa PacupoCTPaHeHHA DIEKTPOHA, a TAKyKe MOJy-
9UTh M3BECTHOEe MNpefcTaBjicHHe 00 aOOpOKCHMAmUAX, B KOTOPHX
CHpaBeIMBL DTH WPOCTHe 3aKOHH. Xo0J pPacCy:AeHHH T0BOIBHO
clIo’KeH U pa3bHBAeTCA Ha IMEeCKONBKO 3TAIOB.

§ 2. ®Oysxunn Bannne

Hamomeum mame oupenmeienue (§ 4 ria. 3) dynxmum Bioxa depes
ATOMHBIE BOJHOBHEG (QYHKIUH ¢!

Y, n =ﬁ ; ey (r—1). (6.6)

dra QopMyma MMeerT COBepIIEHHO ACHHH CMBICA — OHA ONHCHIBAET
Boany exp (ik-7), HamokeHHyI0 HA HAGOD MOKATH30BAHHEIX ATOMHBIX
$yurnmit, onpegersaomax $asy W aMIIATYAY B KaKZoH ATellke pe-
miersu (pur. 97).

@ur. 97. Boana, HaloeHHAA Ha ATOMHHE BOJXHOBHE (yHKIHH.

_ _Jaa omucamea guHaMudecKax 3P@eKTon MH MOTIH GBI MOMBITaTHCA

TOCTPOUTE WO TOMY ke 00pasmy BONHOBYI0 (YHKIOUIO, 3aBHCAMYIO
OT BPEMEHH:

P (r, 1) ~ >ljf(l, t) bn (r—1). (6.7)
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3dpech ormbaromasn ¢yrruma f (I, {) mokaseBana GBI, CKOJb CHIBHO
MeHsAeTCA BOJNHOBasg GyHKNUA BOIM3H y3aa I no cpaBHEHHIO C JOKAIb-
HOIl aTOMHOH (yHKOUed ¢, (r — 7).

Oprako nmpubimiKenne CHIBHO CBA3AHHBIX IEKTPOHOB KaK TaKo-
BOe He coBceM ymo6HO BBHAY 3aTpyJHEHHH, BO3ZHHKAIOIMAX C OPTO-
roHajgusanuei. J[leiictBurenpHo, ¢yHKIUA, onpemereHHas ¢GopMy-
no# (6.6), He sABAsieTcss pemenumeMm ypasHenusa Illlpemwnrepa B mose
KpPHCTaJLIAIecKoro noTeHOmana. Hak w3BecTHO, HY;KHO COCTAaBHTH
auHefHy0 KOMOMHAITHIO aTOMHHX QYHKIME THOA

‘pk=71ﬁ lzmeik'lcmqsm (r—10) (68)

A onpemenuTs KoddpdunmenTn, morpedoBas, 4TOGH YAOBIETBOPAIOCH
ypaBuenne Illpegmarepa. Takmm 06pa3oM, ME He CMOKEM BOCIIOIDL-
3oBaThcA mpefcraBienneM (6.7), He pemmB NpegBapHTENBHO 3aTaTy
0 IWHeHHOH KOMOMHANUM aTOMHHX QYHKOUA — HOBOJIBHO YTOMHTENb-
HOe Hadamuol

Mosxno, OHAKO, onpedeaumd QYHKIOUA TaK, 9T00H OBH 061ajgain
AHTePeCYOIUMY HAC CBOHCTBAMM JOKAIM30BAHHEIX ATOMHMX (yHK-
nuit. IIpednoaoscum, umo cywecmsyem makas @yrkyus a, (r), wmo
ucmunnvie gynryuu Baoxa 6 n-ii soHe umerom gud

Vi, n= Viﬁ ; eik-lg, (r—1). (6.9)

Ty HOBYI0 QYHKOUIO @, MHE HazoBeM gyhryuell Bannve. OHa 3aBm-
CHT OT NOJOKeHHusA TOYKH B IPOCTPAHCTBE, HO He oT BekTopa k. Ham-
Joll sHeprerwdeckol 3ome Cymer oTBedath ¢BoSI Qynknusa Babmbe,
TOYHO TaK ke KaK KamJad aToMHas BoMHOBasg QYHKIHWA B Opubimmke-
HUU CHIBHOH CBSA3M IOPOKIAeT CBOX 30HY.

Jlerko o6patute popmyay (6.9). Ilyers Mel KakuM-1r60 coocobom,
CKajKeM MeTO/IOM OpPTOTOHANMBOBAHHEIX IUIOCKHX BOJNH, pEIIHIR
ypaBuerne lllpegmurepa mius ¢yuxmumit Baoxa 1y, ,. Torma mommo
YMHOKHTH paBeHETBO (6.9) Ha COOTBETCTBYIOMMA BOJHOBOM MHOMKH-
Telb W NPOCYMMHDOBaTh IO BCEeM 3HadeHHAM K B 30He Bpmamosma:

1

2 €% e n () =7 )€ an (r— 1) =
k k,

=VN > 8wa,(t—0)=VNay(rt—0). (6.10)

Mur BOCHOJIB30BANHECH B3JECH PE3YIBTATOM, KOTOPHIA, CTPOTO TOBOPS,
He OBUI MOKa3aH, 110 JeTKO MOKeT OHTH HOKa3aH N0 AHAJOTHA C (2.92):

D ek--1 =, (6.11)
k
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eciu {51’ 0 cyMMHPOBAHUE BeJETCA IO BCEM BO3MOREHM 3HAUEHHAM
BekTopa k B 3one Bpunmrosna.
Papencrso (6.10) mokHO mepenmcath B BHIE

ap (t—1) =71_ﬁ Se= ikt (1). (6.12)
k

Nenonsays oproroHabHOCTh GYHRIMA Py, n A Pk, v JIA Pa3HHX 30K,
JIeTKO [0Ka3aTh, 9YTO OPTOTOHANLHH MEXAY coboli M QyHERIuH
a, * —17) u a, (r—1) (mpm n’ = n). Kpome Toro, Bcerga oproro-

@ur, 98. OyAxnun BamHbE, COOTBETCTBYIONME COCENHHAM Y3iIaM.

HAJLHH APYT APYTy $yHKumu Banube, gaxe mpmBajle:kamue oXHOR
U TOH K€ DHePreTMYeCKOH 30He, €C/IU OHHM IeHTPHPOBAaHH Ha Pa3HBIX
yaaax pemerxd (dur. 98). Umenno

S an(r—10)a, (r—1)dr= %,— E e“‘"e‘“‘""S VE, nPir, n dr =
K,k

= D ek =, (6.13)
k

(3meCh MCIOMB30BAHO M3BECTHOE CBOMCTBO OPTOTOHANBLHOCTH (GYHKIMIL
bBnoxa ¢ pasnnyYHKMH BOJHOBHME BEKTOpPaMH).

@Oynknun Banase, TakuM 06pasoM, mpepCcTaBIAIOT coBoil pesy.ib-
TAT YHATAPHOTO npeobpasopanna ¢yHknuil Baoxa u marwort dopmaisuo
9KBUBAJIEHTHOE IIPENCTABIEHHEe 3JIeKTPOHHEX cocrosmmil. Har yime
yKaspiBadoch B § 8 ri. O, OHM, BO3MOMHO, 6olee MOAXONAT [JIA ONH-
CaHMA MBOAATOPA, Te SIEKTPOHH XOPOUIO JOKATH30BAHK N 3)PEKTH
KOppesAnuy OTPaHHYMBAIOT MX ABIDKeHHEe 06JacThio BOAM3H «CBOEro»
aroma. B Merannax mim B mOJYyTPOBOJHHKAX, OQHAKO, GIOXOBCKHE
COCTOSHMA, COOTBETCTBYIOIINE BJIEKTPOHAM, OHCTPO pacmpoCTpansiio-
IHMCH Jepe3 Bech KprCrall, 60Jbie TOAATCA A ONUCAHHA 9acTHI,
KBa3U9aCTAL, OJHOBIEKTPOHHHX BO30YKIeHHH, Hocuredeidl zapana
u T. 1.
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IIpencraBnenne 06 nctuHAOM BANe GyHKIUN Bauune MOKHO mOMY-
YUTE ¢ ToMOmMEI0 dopmyan (1.60)

Pi'(r) = N Y2y (r) eker, (6.14)

eCcIu IPUHATH, YTO Iepuopuieckas QYHRmuA u (r) HPUMEPHO OfIH-
HaKOBa JIIA BCeX OJOXOBCKHX cocTOAHUN B 3ome. [ua caydas mpo-
€TOil KyOMUeCKOil pelmeTK: ¢ MOCTOAHHON pelmeTKu d Jerko A0Ka3arTh,
yro ¢yHKIuA Bammbe, cooTBeTCTBYIOmMAsA y3Jy B Hadaige KOOPIHHAT,
mMeeT BHI

sin (nz/d) sin (ny/d) sin (nz/d)
(nuz/d) (muy/d) (siz/d) . (6.15)

Jr1a YHKIUA TMOX03Ka Ha u (r) B MeHTpe AYEHKH, HO OHA PacIpocTpa-
HAETCA Ha JOBOJBHO 0OJBIIOE PACCTOAHHE ¢ MDOCTENEeHHO 3aTyXaio-
muMu Konebammamu. OTH KoiaeGamua Heobxoammsl Iis obecmeuenus
OPTOTOHAIBHOCTH, XOTA HHKAKOTO NPAMOro (U3MIEeCKOr0o CMBICIA
e umeror. Dynkmuun BanHbe IOTE3HH OIA BLIYHCIMTEABHLIX Iene,
OJHAKO OHHM He TOJATCA JUIA HEIMOCPEICTEeHHOT0 MCTOAKOBAIMA PH3H~
YeCKUX ABJIEHUH.

a(r)=u(r)

§ 3. YpaBHenma jBH:eHMA B IpefcTaBIeHMn Baxrne

HaM mnpegcromt HaliTh pemmenue HECTANNOHAPHOIO YpPABHEHHSA
Ilpepunrepa 1A 9IeKTPOHA, ABIKYMErOCS B MOTEHIUATBHOM TOIE
PemeTK ILIC MOTeHIMAJ BHENTHEero 3HJIeKTPHIECKOro MOJA:

(S84 U) P (r, t) = in ED (6.16)

3nech Y ecTh TaMUILTOHMAH JJIEKTPOHA B MACANLHON pelleTHe H
9/ — moTeHnMAN BO3MYIIEHHA.

Ilonmraemcss mocrpomts pemenme tuma (6.7), HO ¢ QyHRIUAME
Baunbe B KauecTBe TOKATHBOBAHHHX (YHKIHE, T. €. MOJ0KAM

P, &) =2 fa (7, 1) an (1= 1), (6.17)

3meck IA KaKA0N dHEPTETHYECKOHW BOHEI, T. €. IJiA KaykIoro THIA
noxanpHHX ¢ynknuil Bammwpe, B3ara csoA ormbanmas QYHRIHA.
IlopcraBum Bripaskenne (6.17) B ypasnenune Ilpeguurepa, mommo-
JKUM HA ay (f — I’) B IpoMHTErpHPYEM IO BCemy Kpuceraaay. dodb-
3yACH COOTHOLIeHWEM oproroHadsHocTH (6.13), monyuaem
* / . Ofpr (5 8)
S S G (=) (SO +U) an (=) fu (1, ) =ih 22 (5.18)

n, L

Hanee, camu ¢pynrnuu Banube OB MOMYIEHH U3 pellenus ypas-
HEHUs [ HeBO3MYNIEIIHOTO KPHCTAITIa, HMEHHO

@o/gowk.n: gn (k) 1I:'k,'n (619)
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s n-it 3oun. IIpmMensas sTo ypapHenue K paBencram (6.9) m (6.12),
HAXOIUM

HOa,, (l‘—l)=—1——Z€_ik'l(§/é)0’lpk,n= Ze_ik'lgn (k)"pk,n:
k
e

1
VN <
—ik-1g (k) 2 ek-lg, (r—1")=

k v

VN
1

N

— E 8n‘l_yan (l'——l/). (6.20)
v
3neck, no onpedeaenuio, sBefien Gypbre-o6pas smepruu: nogobuo (3.32),
MBI TMEEM

Bvr= - ) En () oL, (6.21)
k

Unrepecno cpasuuth ypasuenusa (6.20) u (6.21) ¢ (3.27). Hoad-
¢unumenr &€,,; mpencraBaser cobofl mHTErpaJ HEPEKPHTHA A Ta-
MIJIBTOHHAHA PemIeTKH MeKAy ¢yHKnmAMu Baunne B n-it sHepreTnde-
CKOH 30He, COOTBETCTBYOIMMMHA y371aM, HaXOJAIMNMCA HA PACCTOAHUH
7. Beuny opTOroHANBHOCTH (YHKIMHA BaHube 5TH pesyabTaTH TOTHEL,
TOT/[A KAK OPH HCIOJNb30BAHMA ATOMHHX (QYHKOMA oHuM Obpuim aAmb
npubIAKeHHEIMHA.

Hopcraaasa pasenctso (6.20) B ypasuenme apmxenna (6.18),
monydaeM

af .. (U, ¢
Z {Gnn'gn, -v + Ounn' (l7 l/)} fn (l’ t) =ih f_na%_’_? 4 (622)
n, 1
rue

U (1, 1) = S g (r—1") U (r) ay (r— 1) dr (6.23)
€CThb ManI/ItIHLIﬁ 3JeMEeHT IIOTeHIINaJa BO3MYIMEHHUA II0 (i)yHKIH(IHM
Bamnnbe.

Otm ypapHeHHA ABIAOTCA TOoYHLIMA. IIpesxne UeM mepexoinTh

K OpHOIMKEHHAM, MH MOMEM CllelaTh emle ojuH mar. PaccMoTpum
ClIeqyOMyo Tenb PopMAIbHHX PaBEHCTB:

& (—iV)f(r)= D) &n, 1=V (r) =

= N [t 1V 5 @VP | f D)=

S ALCEEAZICRS (nZ0 ... )=

=D &n 1 f(r+ ). (6.24)
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B arom BriBoge mpegnonaranocs, uro ¢pyurnus &, (k) B gauno#t 3ome
ecTh HeIpepHBHAA aHaInTHYecKasa PyHKOusA kK — oKpecTnocTH J06BIX
0c00BIX TO9EK, B TOM 9HCIe W TOUEK BeTBIenus, mcriioianuchk. Coor-
BEeTCTBYIOIMYI (QYHKIUI0 omepartopa (—iV) MOKHO BEIPA3UTh € IMOMO-
mbI0 COOTHOINeHMA, obparmoro (6.21), T. e. Hamo HammcaThb

gn (k)=zlgn, leik'l (625)

F Da3JIOKHUTh IKCIIOHEHTY B PAJ [0 CTEHeHAM omeparopa V. B pe3yis-

TarTe moJydaerca pasiokenue Teinopa mia ¢yaxnuu f (r + 7). Dop-

myna (6.24) cmpasepnmpa, ecim QyHrmma [ (r) HempepmBHA, W T. J.
Ioacrasnaa (6.24) B ypasuenme (6.22), Mu momydaem

(8 (—iv) e (e, 9—in 220 l,+2 VUn (1, 1) f (2, 1) =0.
(6.26)

IT0 ypaBHeHME — MOKa eme TOYHOE B Mpefenax [JaHHOH 30HR —
ompepenser ormbaomyo ¢yHrmmio f, (r, {). OHo BecrMa HWHTEPECHO
u mosesno, ub6o temeph ormbaromas f, (r, f) paccMaTpuBaerca Kak
HemopephBHAA (QYHKOHA TOYKA r, OOXoOHAA HeOpepHBHOHE BoJHE,
pacmpocrpaHsomeficd Oo KPHCTAXAY, a He Kak QYHRIMA, ompene-
JIeHHAs TOABKO HAa MHOKECTBE y3JI0B -pelieTka. [[oBoabHO rpoMosgKoe
pasHocTHOe ypapHenne (6.22) samenserca npu sToM muddepeHmualb-
HEIM YpaBHEHHEM.

Boisee toro, ato muddepennumanbioe ypaBHeHne He JANIEHO CXOI-
ctBa ¢ BpeMmeHHEIM ypaBhenmeMm llpexmnrepa. Hampumep, mas ceo-
OOIHBIX DIIEKTPOHOB MEl MMEEM
B2k2

(6.27)

upHu 5T0M ypaBHeHue (6.26) mpueEmMaer BuK

[—f—z 2—ih —] oo (8, 8) 4+ D) Unn (8, 1) f (2, £) =0.  (6.28)

n,l

J10 moxome Ha ofpuHOe HecTammoHapHoe ypasHeunme Illpexmurepa,
B KOTOPOM f,-(Fr, #) ecTh oObMHasA BOXHOBAA (PYHKIHA dIEKTPOHA.

§ 4. OxpmBaneHTHHIi rammarToHman. IlpumecHple ypoBHE

Uro6m nammrydmmM o6pas3oM mcumonb3oBarth ypasuenne (6.26),
06BMHO XeTalT HECKOJABKO LPeNuoJoykeHHi. Bo-mepBhix, mpenmoia-
TaoT, IT0 Uil OUACAHUA ABIRYMEroC SIeKTPOHA HOCTATOYHO UCIOJ b~
30BaTh QyHKIAN Bannbe TOABKO ONHOM 30HBI. ITO 03HAYAET, YTO MEI
openebperaem MarpwuHeiMu duementamu U, (I, I'), mia woTophix
ns&n'. VusMa cioBamu, MW npednosdzaem, umo 603myuwjenue He
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£MOAb CUABHO UAL HE CMOAL PE3K0 MEHAEMCS 80 8peMenl U 8 NPOCMPaH-
cmee, umobel ebvldeamb Mencdy3oHHble nepexrodel. I10 He BCerfa BepPHO.
Haupamep, BBHICOKOIACTOTHOE HIEKTPHIECKOE IIOJE MOMKeT BBEIBBATD
ONTAYECKHMH TMepexol B BePXHIOIO 30HY. OueHL CHIbHOE JIEKTpHYe-
CROe ToJe MOMeT mpuBecTH K afidexmy Junepa (cM. § 8 macroameit
TIABHI).

Honyeram ganee, 4To MOKIo mpeHeOpeTh MATPUIHEIME dIeMeH-
vamu Upn (2,1'), Rorma I & 7', 310 omarTh 03HadYaeT, 9T0 BOBMYUEHUE
JeDACHHO MEHACMCS 0M MOYKY K Mmouke ¢ peuwemxe, Tak 4TO MaTpHd-
up aneMent (6.23) ucuesaer ms-3a oproromanbrocTH QyHKNME Bam-
Ibe, OTHOCAIMMXCA K PAa3JMIHBIM y3TaM. IT0 HOPUOIIKeHHE MOKeT
HpHUBECTH K CepbeaHblM ommbkaM, ecau moreHruman ¢ (r) mpepcras-
Jiger cofoif GLICTPO MeBAMYICA QYHKOMIO, HampuMeDp mole BOIH3H
TPEMECH B MeTalle MIM HOJYIpOBOJHHUKE.

Haxroner, Mo:xmo HammcaTh

ounn (l’ Z) = [0u (l')]r=l, (629)

T. €. 3HAUEHMIO OTeHIMaja Ha I-M yaxe pemrerkiu. B pesyabrate
VpaBHeHHe IBHKeHHMSI HPUHAMAeT BUJ

{6n(—iV)—ifi 5} fu (6, O+ U@ Ja(r, =0, (6.30)

TpHYeM 37ech GepPYTCA 3HAYEHMS I NI KOKIOro yana peumreTku. Fcre-
CTBEHHO, TAK CKa3aTh, MHTEPHONHPOBATH BTO YDABHEHHE MeEKIY
y3IaMH pemeTKd m cauTartd f, (r, 7) o6LMHOA HempepLBHOH (yHK-
nume#t Koopmmurat. OHA HMIpaeT PoXb BOJIHOBOH QYHKOMA DIEKTpPOHA
R mode JoKanbHOro moreHnmana U (r).

Pasamune mexnmy ypasnennmeM (6.30) m mCXoZHHM ypaBHeHHEM
(6.16) cocront B TOM, UTO Teleph He HY;KHO ABHO BKIIOYaTh B pac-
cMoTpenne omeparop G¥° — raMmALTOHMAH 3JIEKTPOHA, ABHKYMErocHd
B IoJe HAealLHOH peleTKH. JTOT OHEepPaTOp BaMEHAETCH 9KEUBAACHM-
nun eamuavmonuatom &, (—iv). 3uas Bug dyukmun & (k) B omHoM
30He, MBI MOYKEM PACCMOTPETh BCe AuHaMudeckue 3ddexTtr, o0ycmaoB-
JeHHLIE MEIIEHHO MEHAWIMUMHUCA BO3MYMAIMUMH NOJIAMH, HIHO-
pUpYA TMOTEHIHAN PeleTKH Kax TakoBoil. [na arolf meam mocraTodno
paccMaTpPUBATH BIEKTPOH KaK CBOOOJHEBI, HO € MOAU(UIMPOBAHHLIM
0IIepaTopoM KUHeTWdecKo# osueprun, &, (—iV).

Ias cnydas OGHIYHHEX CBOGOJHBHIX 2MEKTPOHOB (T. e. AJIs NyCToit
pemerkH) MH y:Ke ycramosmwiam B (6.28), uro ypasuennme (6.30) cBo-
nurtesa k obwranomy ypasuenuio Illpegunrepa. Ecam (xak B8 modympo-
BOAHNKE) 3aKOH Aucoepcuu BOIM3M AHA 30HH DPOBOAUMOCTH OCTAETCA
mo-Tpe;KHeMy muapaboiuiecKnM, HO HMEeT BHJ

& & =—'_§_%k2— (6.31)
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rige m* He ects 00OBYHAA Macca DIEKTPOHA, TO OSKBHBAJEHTHHIH Ta-
MEIBTOHUMAH OyeT TaKUM 3Ke, KaK U 1A cBobOMIOro 97eKTPoHA, ¢ TeM
JHIIb OTHMYHEM, YTO MAacca m BCIONY 3aMeHaeTcsas Ha m*.

Ha sToM ocmoBnBaeTcd WeA O RPUMECHME YPOSHAT B IOTYIPO-
BognuKke. Mut yme pugeru (cm. § 6 ru. 4 m § 5 ra. 5), uro mpumecs,

vanpumep taua As B Ge, cosnaer sdderrtuproe moie
2
e
Ur)=——, (6.32)
rIe &€ — CTaTMYecKas JUANeKTPUYECKasa NPOHUIIAeMOCTh cpensl. Ecan
BTO TOJ€ MOKHO CYUTATH MEIITEHHO MEHHAIMEMCA ¥ eciu QopMmyia
(6.31) ajexBaTHO ONUCHBAET B3aKOH JIMCHEPCHH 3NEKTPOHOB BOIWM3U
JHA 30HE UPOBOJIAMOCTH, TO SKBHBANEeHTHOe ypasnenuwe Illpenunrepa
COBIAZACT C YPABHEHHEM /IS ATOMA BOXOPOMA, 3a MCKIIOUEHHEM TOTO,

WTO BMECTO MACCHI DIIEKTPOHA CTOMT m* ¥ 3apsa;T 3aMensAerca Ha e/ € ).

Ipu 5TOM MOKHO BOCIOJNB30BATHCA XOPONIO M3BECTHOM Teopweir

aroma Bopmopopa. IlpuMem MHO 30HH TPOBOAMMOCTH 32 HYJABL OTCUETA

KUHETHIECKOH HHEePTHH; CBA3AHHHE COCTOAHHA pPaCHONOMEHH WPH
DHEPTUAX i 4

mTe

W, = — 53T 7T (6.33)

HEKe [Ha 30HL. DTH DHEPIuHd, OfHAKO, HeBenwKu. Ecau, wampmmep,

m* = m/10 u & = 10, To oHepeus UOHUIAYUU NPUMECH0Z0 YDPOGHA

cocrapasger 10-3 pudbepe. Taxum

06pa3oM, 9TH YPOBHH IemaT Hemo-

R \\ CPeICTBeHHO II0J[ I{HOM 30BHI IIPO-
: BONHMOCTH, B 3alpemeHHOH 30He
\ Jowa npo@oﬁumaa@ (¢ur. 99).

OTMeTnM TaKKE, 9TO «60POBCKUIL
Pajuycy SKBUBAJIEHTHON BOJIHOBOMH
¢yurmun [r. e. ormGaromedt Gynk-
nuu  f (v, {)] yBeawmumBaerca Ha
MHOKUTeNb (me/m*) (B HammeM mpu-

4l

Janpewerran sona

WW Mepe oH paseH upumepno 100).
WWMW Nmenro 910 Godplmoe 3HaueHHe
WWW «GOPOBCKOTO pafuycay oNPABIHBAET
AR R R R MeIONB3OBAHNE TPHONWIKEHHOTO Ta-

mmapronuada (6.30) gna oumcanns
Boamymenns (6.32), HecmoTpa Ha
TO 9TO IOCIefHee OHICTPO MEHAETCA
BOmu3u Tourm r = (.

Vposrn, mopobusie (6.33), yBepemHo wHabmrofalnTecs HKCmepH-
MEHTANBHO, XOTA fleraly Teopun u Habmionaemobie shPeKTH CIOMkHee,
gem MBI o0pmcoBasu 37ech. Haupmmep, mpepmoloskenue O TOM, YTO

®ur. 99. Ipumecane ypoBHH.

1y B coperckolf aumreparype 9TOT €HOCOD Pacdera OGHIHO HAZHBAIOT METO-
oM apdeKTUBHOR Macchi.— IIpum. ped.
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NpEMeCH He BJIMAIOT APYT HA APYra, ONPABIAHO TOJNBKO IPH OUeHb
HH3KHX OTHOCHTEJBIBIX KoHIeHTpaumsx. IlocTaToyHo MMeTh JIHIIb
o ogoMy aromy As mirum Sb Ha rammeie 10° aromos Ge unu Si, garobmr
BONHOBEE (QYHKIUE HIEKTPOHOB, JOKATHZOBAHHEIX HA COCEIHHAX
OpPHMECHHX I[eHTPAaX, Ha9ajl# IePeKpHBAThCA. XOTA HTH (ATOMBDY
H He IaXOoOATCA B y3JaX NPABHIBHOM peIIeTKH, COBOKYIOHOCTH HX
nogobHa cucTeMe, PacCMOTPEHHONR METOJIOM CHIABHOM cBsA3M B § 4 Tur. 3:
creyeT OKHAaTh, 4TO YPOBEHb PACIIENHTCA B Y3KYIO 30HY (CM.
¢ur. 100), npuuem coorercTRyomMas BoXHOBAaA ¢yHkuua Oyger

RN

N\
6,
N ( G) —
a 0

@ur. 100. ¢ — TMepexpHTHe BOMHOBHIX (YHKIWA NPUMECHNX COCTOSHOH; 6 —
npuMecHast 30HA, BO3HHNKAKOINAs W3-32 HEPEKPHTASA B o0jacTA 3ampemeHHEIX
SHEpTHUH.

TIPENCTABIATE CO00H JIMHEHHYI) KOMOMIIAIMIO OTHENbHEX ATOMHEIX
dynxumit 1), [Tpu Goaee BHCOKNX KOHIEHTPANMAX IPUMECH UHTErPAJIEI
nepekputaa [cp. ¢ dopmynoit (3.27)] npessoigyT sHEPrHI0 HOHA3ATHY
HpUMecHHX ypoBHeidl. COOTBETCTBEHHO HamIa y3Kasd 30HA B KOHIE
KOHIOB COJBETCA ¢ THOM 30HEI IPOBOJHMOCTH, 0T KOTOPOH (aKThie-
CKM ¥ OTIMeNWJINCh BHadalle HPUMECHBIE COCTOAHUA. Teopua TaKux
npuMecHblr 30H NPeICTaBlisgeT MHTepeC B ABYX OTHOTNeHmAX. Bo-mep-
BEIX, DTO €CTh IPeJeIbHEI CIydall 2JIeKTPOHEHX COCTOAHHIA B Heymo-
PAZOYEHHOR CHUCTeMe; BO-BTODPHIX, ME HMeeM 37eCh CHCTeMY, B KOTO-
poit moxxoAAmMM TOT60pPOM KOHIEHTpAMHH pasAmdHuX IpHMecel
ymaerca BoaBarh mepexom Morra (eM. § 9 ra. 5) o1 msommpyiomero
COCTOAHNA K METAJVINIeCKOH IIPOBOAWMOCTH.

C gmpyroit cropont, mMerod sdheKTHBHOTO TaMHIbTOHMAHA OKa3H-
BaeTCA HENMPUTOAHBIM B aHAJOTHIHON 3amade o0 ypOBHAX, O0TBeUAIO-
IMHX 6AKAHCUL OMPUYAMEAbHO20 LOHA B MOHHOM KpucTtamie (F-yenmp).
OgeBugHO, OTCYTCTBHE OTPWIATEIHHOTO WMOHA B JJICKTPHIECKH Hei-
TpaNLHOM pemnreTKe DKBHBANEHTHO HAJHYWIO JOKAJIW30BAHHOTO HOJO-

1) B cuiry 6ecnopAROYHOTO PACHONIOKEHUS AaTOMOB IPHMeCH IO, AHOM pac-
CMATPUBAEMOM Y3KOIl B0HHI BCe JKe MOI'YT OCTATheA JHUCKDETHHIE YPOBHH, OTBe-
Jaromue, HaIpUMep, JOKAJIA3ANNY DIEKTPOHOB Y CAYYaiHEX CKOIIEHWH aToMOB
npmaMect.— ITpun. ped. :
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JKUTEIBHOr0 3apsafa. B moie mOCTeTHEr0 SJIEKTPOH HMCHOHITHIBAET
KyJ0HOBCKOE NPHTKeHHe, ommckiBaemoe dopmynoit (6.32). Onrako
B [JAHHOM CIydYae HCIOJB30BAHA® BOJOPONONOROGHEIX BOJHOBHIX
$yuromi y:ke He ompaBmaHo, mbo u sdPeKTHBHAS Macca IITEKTPOHA
OPOBOAEMOCTA Mm* HEZOCTATOTHO Mala, W AMAIEKTPAIECKAs HPOHAIAe-
MOCTD BeIecTBa € HeOCTATOYHO BeInKa. B yKazauHHX yCIOBHAX DIIEK-
TPOH IPOBOJAT OOIBIOYI0 TACTH BPEMEHH B HEMOCPENCTBEHHOM Gi1m30-

u) ‘
6

Pur. 101. ¢ — oGaako amexTpoHEOTO 3apAga B F-leHTpe; 6 ~= HOTEHKHATbHAA
fM2 B MO/IE/IN TOYeUHOTO WOHA.

CTH K BAKAHCHH, IJl¢ ero JAydlle BCEr0 PaccMaTPMBATH KAaK OOBTHYIO
TOIyI0 JaCTALY, ABMKYILYIOCA B 3IEKTPOCTATHIECKOM IIOJE COCeTHHMX
woHOB. CyMMapHH MTOTEHIMAT MX MOXO03K HA AMY € IIOCKHM JHOM
u 6e3 Kaxkoi-nmGo ocobemnocrn B mentpe (cm. ¢ur. 101). Ha ocuose
9TOR Modeau moueurno20 UOHA, HECMOTPSA HA ee IPOCTOTY, yHAaercs
TOCTPOUTE YAOBIETBOPHTENBHYI0 KOMHIECTBEHHYIO TEOPUIO 3JIEKTPOH-
HEIX COCTOSHUHA B meATpax okpackm (cM. § b ra. 8). tlpocreiimmm npnr-
MepoOM MOCIeNHWX CIYKAT F-meHTp.

§ 5. Keasmknaccmueckas JMHAMAKA

Y pemenmio d1060H 3aaUM O ABM/KEHMH 3JIEKTPOHOB B PeNIeTHe
MBIl MOTJIM OBl IPHCTYOATH, HAYMHAA ¢ 9KBABAJIEHTHOIO YPaBHEHHA
Ipegnurepa (6.30). Opnako. ecam sHepras & (k) cnosxasiM oGpasom
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3aBHCHT OT BeKTOpPa K, 3170 MOTII0 6B HNPHBECTH K CEPHE3HHIM MaTeMa-
THYECKHM TPYTHOCTAM.

Bonpmmucrsa sTux TpyaHocTelr MoskHo u3beskaTh, NpUMeHAA
UPHHEOAT COOTBETCTBUA. XOPOWIO HM3BECTHO, YTO BOJHOBHE IAKETH,
cocrapiennnie u3 pemenuil ypasmenusa Illpegmnrepa, pacmpocrpa-
HAITCA IO TeM ke TPAeKTOPHUAM, ITO W KIACCHIECKHe TacTHIH, OOH-
CHIBAEMEBIE COOTBETCTBYIOIMM KIACCHIeCKHM raMmunbronnanoM. Coraac-
HO IIPeAUHTEPOBCKOI POPMYTHPOBKE KBAHTOBONH MEXaHUKH, ONEPAMOP
T'amMmawsTOHa B BOJIHOBOM YpPaBHEHWH IOAYydaeTcd OYTEeM IOACTAHOB-
KE —IifiV BMECTO KIacCHIECKOT0 MMIYJIbCa P B KIACCHIECKYI0 (HyHK-
yuro Tammabrona. O6pamas 5Ty OPOmegypy, MBI MOKEM 3aMEHHTb
omeparop —iV B JKBHBaJEHTHOM ramuibToHHaHe & (—IV) Ha MM-
OyJIbC p/A M Ha3BaTh MONYYAIIYIOCH B pe3yiabTaTe QYHKIHNIO YKBHBA-
JeHTHOR Kaaccnueckod ¢yurmueii I'ammabroma. Tarum obpasow,

B(—iV)+ UM ~E (5 )+ UM=K (rp). (634

Hamum smexTpoHHBIE BONHOBHE NIaKeTH OyayT BectTn cebsa momo6mHO
KJIAaCCHYECKHM TOYEYHHIM TaCTHUOAM, KOTOPHE HONYHHAITCA ypapHe-
HHUAM [IBW;KEHHA, ONmpefeiseMbiM drolt ¢yurmueit 'ammasroHa.
Ypapuenuss 'aMuabroHA 3amHUCHBAIOTCA CHMBOJIHIECKH CIELVIO-
muM obpasom:
: ik _ g

r=p, P= Pt (6.35)

IlepBoe @W3 HUX TPEBpAMAETCA B OIpefeleHne CKOPOCTH

%8 P\, . _ 08 (p/h) _1 96 (k)
V———a"[')——a—p-{g(—h-)—l—/y(l')}— 3p =z 7k . (6.36)

3mech ucnoan3oBana Oosee IpUBLIAHAA A HAc mepemennas k. Ypas-
menme (6.36) ects He 4TO HMHOe, Kak ypasuenme (6.2), KoTopoe MH,
HaKoHell, BHBeId. Bugno, 9To Beamumna

ik = p (6.37)

MeHCTBATENBHO HIPaeT pOIb KJIACCHYECKOTO HMIYJIbCa; HECMOTPH
gajke ia To, YTO 3Ta llepeMeHHasA He olpefeleHa OTHOSHAYHO, OHA
CIYIUT A 0003HaUEHKA (COCTOAHUA», B KOTOPOM B OCHOBHOM CKOH-
fICHTPHPOBAH BOJHOBOH IaKeT.

Bropoe ypaBuemme l'aMmibToHA MOJKHO 3aOMCATh B BHJE

= =22 = _vau(r). (6.38)

Ho ecim ¢pynrmua 9/ (r) ectb, CKaykeM, IOTeHOUANbHAA JHEePTUA
9IeKTPOHA B 3aJaHHOM HAEKTPOCTATHYECKOM IOJNe, TO NpaBasg 4acTh
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(6.38) ects mpocTo KiIaccugecKas CHIa, [eMCTBYIOIas Ha IIEKTPOH.
Hanpumep, B aiaeKTpuiecKom mone Hanpsiensoctm E bl mMeem

ik = ¢E. (6.39)

TeM caMHM J0Ka3aH BTOpoit 3akoH nmuuamuirm (6.5). Ilepemennas Ak
UTpaeT POJb MMIYJIBCA B TOM OTHOIDEHHH, UTO JleliCTBHME TOCTOAHHOM
CHIB DpHBOAMT K yBeawdenuto Ak ¢ mocrosnHOH cKopocThio. BHOBB
T0 06CTOATENILCTBO, 9TO BEKTOP k ompesieen HeomHO3HATIHO, HE UTPAET
POJIH, TAK KaK TONBKO IPON3BOAHAA OT 9TOH BEAMIMHBEI BXOJUT B YPaB-
HEHHUS.

Yro racaerca BimaHAA MarautHoro mond H, To Mul mpefgmomdaraem,
4T0 CHpaBeIMBO ypaBHeHHe ¢ cuaol Jopewya, T. e.

ﬁl'(=e(E+%[v><H]), (6.40)

rge V — CKOPOCTb BOJHOBOTO IMaKeTa, OHpefieTeHHAasd paBEHCTBOM
(6.36), ¢ — ckopocts cBera. ATy GOPMYTY JeTKo HamucaTb IO aHA-
aorui ¢ (6.39), Ho KOPPEKTHEIA BHIBOJ ee 3HAYHTEIBHO 6oJiee CIIOIKEH.
MosKHO moJiarark, YTO OHA COXpaHsAeT CHJIY BINIOTH A0 0UeHb 00lb-
MHUX MarAMTHEX mojed (cM. § 8 ra. 9).

§ 6. Tenzop Macchl. JAEKTPOHBI M JBIPKH

Bocmosp3yemcs Teleph KMHEMATHIECKHM H ANHAMHIECKMM ypasB-
mepuamn (6.36) u (6.39), mabm BRUNCIHTL YcKOpeHle BIEKTPOHA
LT IR
T at \ Rk -
1.9 (108 Aok 1 026 (k)
—{71?{% & Tor — 7% okok b (6.41)
CpasmmBaa 510 ¢ 0GHYHEM ypasmenueM HrioToma

mv = ¢E, (6.42)

BHAUM, 9UTO OSKBMBAJIEHTOM MAcCCH DJIEKTPOHA sABIAercA 06paTHEIA
TEH30D
1 1 92€ (k
L, sl (6.43)
m [N ) '3
Jror Tenzop mpexcramisier coboii Hambomee 6aMBKMIA amaNOT JHHA-
MHTIECKOH Macchl 37erkTpoHa. B IoaynpoBopgnuKe, HampuMep, W30-
pHepreTMIecKas MOBEPXHOCTb MOMeT mMeTh B (4.33), T. e.

g (k)—12H y P Wk (6.44)

2m1 2m2 2m3

B CHCTEMe KOODAMHAT, OTHECEHHOH K HEKOTODBIM JOKAIbHBIM TIaBHEIM
ocaM. JleficTBHE 9IERTPHYECKOTO MOJA, YCKOPAKIEro SJIEKTPOI,
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Oyfmer IpH 9TOM BeCbMa Da3iWYHEIM B PasHHX Hanpapiennax. Ecam
HM309HepreTHYecKad MNOBEPXHOCTh INpeCcTaBiser coboil sanmmcous,
BEITAHYTHH B HAaNPaBIeHUH kj, T. €. €CIAH My > My ~ Mgz, TO MACCA
Oyzer KazaThCA 3HAYUTENBHO GONBUICH NPH H3MEPEHHHE B HAIPAaBIe-
HUM BRONB «moamusl (Pur. 102), uem mpu M3MEpPEHHH B MOIEPEIHOM
HaNpPaBIeHHM. JTO BAKHO YYUTHBATH TPH BHYHCICHHM BKJIaja pas-
JAUIHBIX COCTOAHMH B CPENHION HOABIBKHOCTH 3jeKrTpoHon. Ciaemyer
TaKKe MOAMQUOUPOBATH IpocTyio (¢opmyay (6.33), ommchBamwIIyio
YPOBHU JOHODHOH HPUMECH B PaMKaX BOZOPOAHON momgenn. Vmenno,

kZJ k3

@ur. 102. Macca BenMKa BIONBL «IONITHE.

Haj0 OPUHATL BO BHEMAaHHe AHW30TPOIMIO DKBUBAIEHTHOTO TaMHUIb-
TOHMAHA B KOJKJAOW J[ONHHE, a TaKKe HAIMINE HECKOILKHX (BHIPOH:-
JleHHBIX TI0 SHEPTHH) JOJHH y AHA B30HH IPOBOAMMOCTH MHOTHX IOJY-
NPOBOJHUKOB.

Tensop o6pammnoti macchi He 06:A3aTeNbHO ABIAETCH HOJOKHTEIHHO
ompesieTeHHHM. B Tex cnywasx, korga (kak B GraropoaHHX MeTad-
a1ax Cu, Ag, Au) mosepxmocts Depmu compukacaerca ¢ rpaHmieit
BOHBI, MBI MOKeM IpHOImKeHHO TpeficTaBUTH ee B BHie (6.44), Ho
C ompuyamevbHol BOIAIHHOM m,, 9TO [aeT IuuepGoJOHMAATBHYIO
M309HEPreTHIeCKyIo H0BEePXHOCTE (fur. 103); B cxeme moBTOpAMMUXCA
80H (§ 3 . 3) MOMHO CHUHTaTH, UTO OHA IPOXONHT 9epe3 IpPaHHILy
sonsl. [Innammka snexTpona B Takoit Toure k-mpocrpancrea Buirasamena
Obl 0ueHb CTPaHHOM € KiaccHIeckoit Touxm spenus. OHa KOpeHHHM
06pasoM MemseTCA BCIECTBHE CHILHOLO GPITTOBCKOTO OTPasKeHIIS
OT IpaHuNBl 30HB. (DaKTHIECKH JJIEKTPOHEI CTPEMATCA PACLpPOCTPa-
HATHCA NapajlelbHo IJIOCKOCTAM DeMeTKH, KaK OBl HampaBiseMbie
HaGopoM BOJHOBOJOB.

Bonee obrranoit ABNsercss CUTYamnsA, KOTa HMEETCH ROYMU 3aR04-
HeHHAA 30HA, KaK B HOJYOPOBOAHWKE WM moxymeraine (fur. 104).
Tar kar B cxeme moBropsawmuxca son & (k) ecth HempephBHaA me-
puognueckas QYHKOUA, TO GYAYT 3aNOJHEIH BCEe COCTOAHHA TMOYTH
0 HEKOTOPOTO TOYHO OLPEAeTeHHOTo Makcmmyma (ynknmm & (k).
Ecan sror Makcumym mocruraercs, ckamem, B Touke kg, 10 CKOpoCTH.
vk, Oyayanm rpammentom & (k), obpamaercas B myas mpm k = k.,
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H ruaBHele 3HadYeHnuss teHzopa 02E/0kdk OGymyr ompuyamesvrbimu
BO BCeX HampaBJIeHHMsX B oxpecrHocTH k.

CBolicTBA HIEKTPOHOB € 0mMPUYAMEAbHOl sfdermusnoll maccol
HACTOJIBKO OTIMUAIOTCA OT CBOWCTB OOBUHLIX YACTHI[, 9TO 3HAUHTEIh-

&(k)
k,

A

n

L

N

@ur. 103. I'unepbononnanphas m3oamep- @ur. 104. «JJHpoYHHIl KapMagy
reTHYeCKas TMOBEPXHOCTH («IIefKan). HaBepXy [OYTH 3aI0JHEHHOH
30HH,

Ho yaoGHee Tepeiithm K ofparHoil KapruHe M HCCIeJOBaTh CBOWCTBA
HeGOoIBIIOT0 uncia dupox B samosHeHHoit some (dur. 105). Mo yie
ymomuHaau B § 6 ra. 4, 4To YMCIO TAKHMX JHPOK JeTKO HOACUATATH
¢ momompio cratnernkn Mepmu — Jlupaka, npuummasn, 4To dHEpPIrus

&= &, 6(K)

a 6

®ur. 105. @ — BaKaHTHOE MeCTO B JIEKTPOHHOM DpacHpefieleRnH; 6 — COOTBeT-
CTBYIOAs «AHpKa» (IIKAJA JHEPrHH TePeBepHYTa).

VBEIMYNBACTCA GHU3; TEmepPb MBI MOKAJKEM, UTO eCHH PACCMaTpHBaTh
IIBIPKA KAR NOAOHCUMEAbHO 3ADAKEHHEe TACTHI(EL, TO C TeM ke COryIa-
mIemmeM OTHOCHTEIBHO HAMpaBJeHAS OTCIETa DHEPLHHM ONuUCaHHe HX
IAHAMIYECKAX CBOHCTB GymerT yKIafHBAaThCA B HPUBBHMUNYI KIaCCH-
9eCKYI0 CXeMy.
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Jlug magama samerum, 9To «IHPKY B cocroaHnu k» ciexyer omnm-
CHIBATh € IIOMOMBIO JIETePMHUHAHTA, COJEP/KAmero BCe BOJHOBLIE
QYHKIUM 30HH, 32 MCRiII0GenneM Px. MokHO modTH Aanbpme m gei-
CTBHTEIBHO TOCTPOWTHL BOJHOBOW TAKeT M3 TAKUX JeTePMHUHAHTOB.
Opmako TIaBHOE COCTOMT B TOM, 9TO «CKOPOCTBEY IOHIPKW COBIAjlaeT
€O CKOPOCTHI0 HENOCTAIOIIEr0 COCTOAHWA; BOJHOBOW maker 6yner
IBUTATHCA B WPOCTPAHCTBE ¢ TOH jKe CKOPOCTHIO, YTO H €ro Cocenn
€O BCeX CTOPOH OT JIBIPKHA:

1 0€(k
=22, (6.45)

Pacemorpum Temeph 3IeKTPHUECKMHE TOK, CBASAHHBIEA € ABIPKOH.
Tok B HeAHKOM 3amOJHEHHOH 30He paBeH Hyxdlo. ToK lIeKTpoHa
B cocrosmuu k ecr —| e | vg. CiemoBaTenbHO, TOK 3aHOJHEHHOR
30HH ¢ OJJHEM HENOCTAIOHIMM DJIEKTPOHOM AOJKeH OHITh PaBeH

Jh=0—(—-]elvk)=|e|vk. (646)

Wnaue roBops, ALIpKa Bemer cebA KaK ROAONUMEALHO 3APAHEHHAA
yacmuya.

JlmmaMudeckn AbIPKA BegeT ceGA Tak jKe, KaK COCTOAHHA OKOJIO
Hee. Cxopocts Gymer u3MmeHATbCA mo 3akomy (6.41). Bmpamas sto
4epe3 TOK, MBl HMeeM

lelv=le |4y Seap-(—leDE=le| { —

1 92€ (k) -
LA }-]eJ_E. (6.47)
I1o ecTh PopMydia LIA YCKOPEHHA JAaCTHIL ¢ MOJOKATENbHEIM 3aps-
moM | e | m ¢ Maccorm m*, rme
1 1 192§ (k)
T kR (6.48)

Tak Kak MB HaXOQuUMCA BOIM3M MOTOAKA 30HE, BCe KOMIOHEHTH TeH-
30pa KDUBH3HE M309HEPTeTHIECKON MOBEPXHOCTH OTPHUATENLHEL,
u mosToMy m* — BeiamumHa moioykurenbHaA. Taxum o6pasom, mmma-
MEYeCKHe CBOMCTBA JBIPKH MOIYT OKAa3aThCA AHH30TPOUHLIMH, HO OHH
6YIYT, IO CYMEeCcTBY, COBANATh CO CBOMCTBAMH KIACCHIECKOM TaCTHIEI
¢ TOMOMHUTENbHON Maccoil.

MexaHN3M AHPOYHON HPOBOJMMOCTH Yy HOTOJNKA BaJleHTHOM 30HEI
npencrasiser coGoi, KOHETHO, XapaKTepPHOe CBOMCTBO IOJIYHPOBOJ-
BOKOB. B KpeMHMM W TepMaHMH, B KOTODHIX M309HEPTETHYIECKME
TOBePXHOCTH y IleHTpPa 30HH DpHIAIODHA pacHlemyieHbl ¥3-3a COHH-
opburainbHoro B3ammopeiicTeusa (cp. ¢ur. 66), MoskuHo QarTHUECKH
HAGIOIATh KaK «TerKHue», TAK W «TAMKeNbIe» OLIPKU, COOTBETCTBYIOMINE
neyM BerBaMm ¢ymrkmmu & (k). llociemme KacawoTes B TOIKEe MaKCH-
MyMa H XapaKTepusyoTcd pPA3SHHMH 3HAYEHMAMH KPHBH3HEL.

OueBHgHO, CKOPOCTH JHPKY YBEINIHBACTCA MPU yJaJ€HUH OT TOY-
KN MaKCHMYMa, T. e. ¢ youiBanueMm & (k). BHOBE KumeTHYECKYIO pHep-
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THI0 ABWDKHE ymoOHO mpencraBasath B Bume &, = &, — & (k). Ira
Pa3HOCTh YBENHIMBAETCA IPH YHAJCHHH OT HA4YANa, HAXOMAMEIocs
Y HOTONKA BAIEHTHOH 30HH. ITO YCIOBHOE COTIaimenne GHJIO BBENEHO
B § 6 ru. 4.

C mopo6Hoit cnryanmeil Mb MosKeM BCTDETHTBCHA M B CIydae IOXY-
mMeramna tama Bi (¢ 9eTHRIM 4UnCIOM 3JIEKTPOHOB B diIeMeHTapHOM

a

@ur. 106. 3oma ¢ He6ONBIIAM HEPEKPHTHEM.
a — pacHMpeHHasa 30HHaAA cXeMa; 6 — cXeMa OOBTOPAKIIAXCA 80H.

Ageiike). IMeHHO Tak MOKeT MOJYIATHCH, €CIM HIGKHAA 30HA CIerKa
mepexpHBaeTcA € BepXHeH, Kyfa M «HepeTeKaer» HEKOTOPoe YHCIO
snexTpoHOB {$ur. 106). ParHoe uncmo Aupok ocTaneTcsa Torga B mOYTH
samosnnenHo# 3oHe. COCTOAHNSA, 3aHEMaeMBle STMMH JHPKAaMH, orpa-
HAYeHH Kyckamu noBepxHocTH .(Depmu, KOoTOphIE MOKHO CKOMGUHE-

a s

@ur. 107. Cdepaueckas MOTOCTh B DIEKTPOHEOM paclpefesneBmH (a) CTAHOBHTCS
«ABIPOYEO# cepoit» (6).

poBaTh, Kak B § 3 rai. 3, ¥ HepecTPOUTH B 3aMKHYTEIe HOBEPXHOCTH
B CXeMe MOBTOPAMUXCA 30H. TaKo#l AHPOTIHBIA KApMaH Jerde Impej-
CTaBIATE cebe Kak HeGOJbIIOE YHCI0 MOJOKHTEIbHO 3apPAsKEHHBIX
9aCTHUI], CKOPOCTE KOTOPHIX HANPABIEHH HAPYKY OT IEHTDPA, HerKeln
paccMarpmBaTth moBepxHOCTh DepME AIA 9IEKTPOHOB CO CKOPOCTAMII,
yCTpeMiIeHHEIMH BHYTPb, B HesaHATHE of6aactTm K-mpocrpamcTsa
(¢ur. 107). Ommako ciemyeT mOFUYEPKHYTh, 4TO pasfleeHHe COCTOA-
HU} Ha «3JEKTPOHHBIEY U (IHIPDOUHEIEY MONHUTCA He BCerfa: HampHMep,
OHO OTKa3BIBAeT B CiIydae, KOTa IMEIOTCA «meiKkm», Kak Ha ¢ur. 103.
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Bompoc o ToM, Mo;KeT M IHPHA JBATATHCA KakK CBOOGOTHAA JaCTH-
I[a B HOHHOM KPHCTAalie, BH3wBaer comuenwne. Heanaunrensnoe mepe-
KPHTHE BOIHOBHX (YHKIHA BANTEHTHHX 3JEKTPOHOB COCETHHX HOHOB
OpPUBOJUT K TOMY, YTO BAJEHTHAd 30HA OKAa3HBAaeTCA 0UYeHb y3KOH
(eM. § 4 rn. 3) m coorBercTByIOmas »P(QeKTEBHAaA Macca BelLHKa.
Ilo-BupumomMy, aTo cosmaer HeoGXOomUMBIe YCIOBHA NI CAMO3GTEAMA
mepru. Hanpumep, B mpmcranne KCl om ocymecrBiserca myrem
JOKAIM3aMuu OHPOK B obmactm mMexny apymsa monamu Cl-, KoTopme
DOATATHBAITCA APYr K APYyry ¢ obpasopammeM ycroduamsoro V-yeu-
mpa; ORPKA MOKeT BHCBOGOIMTHCA W3 HEro JWIb 6raromapsa TepMm-
qecKoMy Bo3Oympmenmio. Ito obpasoBanue, HA3HBAEMOE NOAAPOHOM
maaozo paduyca (cM. § 3 ra. 8), ¢T0Ib TYBCTBHTENIBHO K JHUCKpPETHOR
OpPHPOJie PEMeTKH, YT0 OHO MOJKeT HepeJBUTaThCs NHUITh IOCPEeNCTBOM
«UOPBIKKOBY M3 AUYEHKE B AYeiiKy. Ilo 9T0fl mpHYUHE IpefCcTaBIEHHE O
CBAJIEHTHON 30HEe» B HOHHOM KpHCTalllie MMeeT Mamo cmbicaa (cp. § 2

rI. 4).
§ 7. IxcuTonH '

CymecTBoBalme OBYX THIOOB HOCHTeNIel 3apAma IPOTHBOIOIOMK-
HOT'O 3HAKa, HO B OCTAJBHHX OTHONIEHHAX 061amaiomux OIU3KHMH
CBOMCTBAMH, JIeKUT B OCHOBE IPHKIANHON PU3MKHN H0JIYINOBOTHAUKOB.
B § 6 rn. 4 yme OO IOKA3aHO, KAK MOYKHO IyTeM JIETHPOBAHHA
AKIEOTOPHOH IPHMECHI0 YBelIu-

9UBATh YHCIO OHPOK M0 TI06OTO AN N
JKeNaeMoro VypOBHA, HIPUTOTOB- \\\\\\\i\\&\\
1A T1eM cameiM obpaser p-THOa. N \ \\\

B § 4 nacrosameit TmaBH MEI o — — & JonopHbiz yposkil
BHUJENH, YTO B CIydae JOHODPHBIX
LpAMecell mpuTAKEHHe U3OHTOY-
HBEIX BJIEKTPOHOB LIPHBOAUT K 06-
Pa30BaHAKN NIPHMECHHX YypOBHeH
HEINOCPEICTBEHHO OJ AHOM 30HEL
nposogaMocta {¢pur. 108). Te xe
coobpayKeHHA CIPaBeNJIUBH U
IJIA aKIEenTOpPHEIX IpHMece#, 3a-
PAKEHHEEIX oTpHmatenbHo (6o
OHM JOJKHH B3aXBATUTH TeTBep-
THI BaJeHTHBIH 9JAeKTPOH I COXpaHeHMA CTPYKTYDH CBA3ei
B pelleTKe) W, CJAeTOBATENbHO, IPHTATHBAMMX NHpPKHA. B pesynsrate
06pasyloTea CBA3QHHEIE COCTOSHHAA [JIA [BIPOK, PACOOIOKeHHEIe
HEeMHOTO HIKe HYJIeBOT0 YPOBHA MX KWHETHYeCKOW sHepruu, T. e,
HEMHOTO BHIOE HOTOJKA BAJIEHTHOA B0HH. «JHEPTHI0 HOHH3ALUM»
TAKOTO aKYenmopHozo YPOSHA MOIKHO IPHOIMKEHHO BBIYMCIUTH
mo Qgopmyne tuma (6.33), xoTA M 37ech IPeAHNOJOKeHHe O TOM, UTO
& (k) ecTb mpocraa KpampaTHiHaA QyHKIUA, mofobHaa (¢ o6paTHBHIM
3HaKoM) Qyurmuu (6.31), MOKeT 0Ka3aThCA CIHIIKOM HaHBHBIM,

-0~ — -o- AxyenmopHbie yposHu

(®ur. 108. IIpEMecHEe YPOBHH B I1O-
JIyOPOBORHUKE.
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B romnencuposanmom o6pasye, B KOTOPOM B 3aMETHOM KOJIMYECTEE
OPUCYTCTBYIOT M JOHODHHE M AaKUEeNnTOPHHEE NPHMECH, HEeKOTOPHEe
3JI6KTPOHBl MOT'YT «CBAJUTHCA» ¢ JOHOPHBIX YPOBHEH M aHHHTHIUPO-
BaTh ¢ AHpKamm Ha akmenropax (¢ur. 109). B coorsercrBum ¢ ¢dop-
Mymoit (4.42) pesynbTHpylomee TUCI0 HocuTeNed 3apAga (M MX 3HAK)
ompefiensAercA pasnocThio Ny — N,. Opmako crouT 3aMeTHTH, dTO
«IIyCTBIE» ATOMEI IIPHMECH He ABIAIOTCA HJIEKTPHYECKHM HEHTPATIBHHIMA
ob6BexTaMu; AOHODPH OYIyT 3aPAMKEHBl MOJOKUTEILHO, a AKIEHTO-
PBl — OTPHIATEIHHO, TaK 9T0 OHH OYOyT MPHTATHBATH MIJM OTTATIKU-
BaTh OCTAIOMHUECH HOCUTEIU 3aPANA.

NN AT

SRR RSESESSESTSE AT AT A AT ATV N

SRS SRERER SRR

R R
a I a8

@ur. 109. ¢ — [OHODHHE ¥ AaKIEeNTOpHHE. yPOBHH, 3aHATHE 3JEKTPOHAMH H
OHpKaM®; 0 — DJEKTPOHH H JBDKH DPEKOMOMHHDYIOT; ¢ — WM3OHTOUHEE 3iIeK-
TPOHH, TePMHIECKH BO30YK[EeHHEE B 30HY IIPOBONUMOCTH.

Paccyorpum temeps co6CTBeHHBIH 10JAYOPOBOAUMEK mWim o6pasell,
CTONH TIAaTeIbHO CKOMIIEHCHDOBAHHHINA, 4TO WHCIA SIEKTPOHOB M [IHI-
POk ompenensiores popmynol (4.39) u nouTH oTMHAKOBH. OTH 9acTH-
OB 3apsKeHH IPOTHBOLOJOKHEM 00pasoM W HO3TOMY NPUTATH-
BAlOTCA APYT K ADPYry. MOKHO HOCTPOHTH BOZOPOXOIOA0OHEIE BOJ-
HOBHe ()yHKIOUH, COOTBETCTBYIOIME BPAMEHMIO HIEKTPOHA M AHPKH
BOKPYT HX o0mero IeHTpa MacChl; LIOHWKEHHE DHEPTHH IIaph oKa-
JKeTCA BeJIWIUHOM TOTo sKe BHAA, 970 u (6.33), ¢ Tem mcrarouenueM,
970 Maccy m* HYMKHO 3aMEHMTh NDUBENEHHON dPPEeKTHBHOH Maccoi.

JT0 03HAYaer, 4TO HECKOJBLKO IIM}KEe JHA B30HB HPOBOLHMOCTH
CyIIecTBYeT 9HEPreTHIeCKHN YPOBEHE HIEKTPOHA, CBA3AHHOTO G JIbID-
KOW HA YpOBHE, HAXOJAIMEMCS HEIOCPENCTBEHHO Haj HOTOIKOM Ba-
nenTHOH 30HHB. COGCTBEHHO, HMEETCH JTaKe Menas Cepus TAKHX YpPOB-
HeH, COOTBETCTBYIOMMX PA3IHYIHBIM KBAHTOBHIM YHCIAM aToMa BOJO-
poga, m, Golee TOro, IENas 30HA IKCUMOHHBLE COCMOAHUL, COOTBET-
CTBYIOIMAsA T00aBAEHAI0 KMIIETHIECKON SHEPrun o0I[ero meHTpa Maccesl
9N eKTPOHHO-geIpounod mapm (dmr. 110, 111, a).

O6pazoBanue 5KCUTOHA MOJKHO MPEACTABUTEL cefe m mHBIM 006pasom,
paccMaTpmBag Bozby:rpenabie aTomul. Ilycrh opMH M3 3IE€KTPOHOB
aToMa HWJIN HOHA IPHUBENeH B BO3OY:KIEHHOE COCTOAHHE, OMACHBAae-



§ 7. 3kcumonit 217

Moe, cKaskeM, QyHKumeir ¢, (r). Ilocrpomm rorga ¢ymrmmio Bioxa
BHI2

Py = g ekl (r—1), (6.49)

9T06nl  06eclIeunTh BO3MOMKHOCTH PACIPOCTPAmeHusT Bo30ysenia
mo kpucrayny (cum. ¢mur. 111, 6). Ha mepsmil Barusg sgecwy Goabine
He COIEepP/KHTCH HHYEro, KpoMe COCTOSHHS B
sone mnpopomumoctn. OpHako DpHOIMLenHe

w

LA AUL LTINS Yy
Y2 20272 7,

4 1,002, 022020,%,74

cunbnoit cBasu (§ 4 ram. 3), Ha KOTOPOM MBI 3550r0lir o0t s i

sV
AR

NOMHB OBIIM OBl OCHOBLIBATHCH, SMBJISETCS
OJHO3JIeKTPOHHBIM — B3aUMOIeHCTBAHE  MEIKTY
DJICKTPOHAMH B HEM He OPMHUMaeTca BO BHH-
manue. Bonmopaa ¢yukmms, OOHCHBAIOMIAs
DKCHTOH, ciokuee, 1eM (6.49); mBmwrymuiica
DIIEKTPOH HeceT ¢ cOB0H JIOKAIBHYIO HOJXAPHU3A-
M0 APYTHX BJIEKTPOHOB BAJEHTHOH 30HBI, HHHI-
MH CI0BaMH, OH HeceT ¢ coboil m cobctBenHyio @ur. 110. Hxchrom-
neipry. Tpebyercs eme ueGonbmioe koaude- HEIe COCTOSHMA.
CTBO. 3HEpruu, 4YToOBl PpasHelruTh BJTY dJIeK-
TPOHHO-AHIPOYNYI0 APy Ha ABA HE3aBHCHMHIX HOCHTeNA 3apAfa.
Mo cymecrBy aTH [BA coocofa OMUCAHAA 9KCUTOHA SKBHBAJIEHTHH,
Onnako NIPAKTHYECKM B PAasHEIX CIyYagX OKAa3bIBAETCH IOJE3HHM
TOT I HHOW w3 umx. B3 moayupoBopHMKe ¢ JETKUMH IIOCHTEISAME

a

Our. 111. a — scuron Bammse — Mortra; 6 — dKcuToH DpeHKensd.

3apAjga M BBCOKMM 3HaUYeHMeM [HIJEKTPHUYECKOH I POHMIAEMOCTH
foslee yMadHbIM HPUOTIKEHHEM CAYKUT skcumor, Banwnve — Momma,
KOTOPOMY OTBEYAOT BOJOPOAOIIONOGILIE COCTOAHUA OOJBITOTO pa-
muyca. B cayuae MOIeKyJNApPHOr0 KpucTaaia (THIIA TBEPHAOTO aproHa
HIW aHTPAlleHa) IPaBHIAbHEe HCXOIUTh U3 MOIeNN arcumona Ppenreas,
Y KOTOpDOTO BOJHOBAA (YHKIUA HOYTH MMEIUKOM KOHIEHTPUPYETCS
B ofHOW 3ieMeHTapHOH svueiike. B WoOHHOM KpucTadie, HampuMep
B NaCl, sKCHMTOH XapaKTepH3yerTcsA PajaycoM ITPOMEKYTOUYHOH BeIh-
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YUHE, X ero NOBeJeHNe yAaercs BOOIHE YAOBIETBOPITEIBIO OMUCATD,
cauTan TPOCTo, 4TO0 37aeKTpoH ¢ moHa Cl- mepexomur Ha cocefHHH
ysem ¢ Na*

OKCHTOHHEIE JUHHM MOKHO OOHADY)RHTh B ONTHYECKHX CIEKTpax
MOJYOPOBONHEKOB W Hm30asTopos (cm. § 5 ru. 8). Opgmaro, Gygydm
DIEeKTPHYECKE HeATpPalIbHHM, 9T0 Bo30yKIeHWe He maeT Hemocpef-
CTBEHHOT0 BKIAJa B SIEKTPOIPOBOAHOCTH. XO0TA HKCHTOH OPENCTaB-
Jaser coGoii mOABMIKHBIA 06BEKT, CIOCOOHKIH B MPHHIHUIE IePEHOCHUTh
9HEPIHI0 B Kpnccranne 0OGHADYIKHTE 5TOT a(i)(i)em DKCIEPUMEHTAIBHO
11e TAK-TO JErKo ).

§ 8. IIpo6oii 3mmepa. TynaemmpoBanme

Teopus 5KBHBAJIEHTHOT0 TAMHJIBTOHHAHA, PA3BUTAA B § 4 HACTOA-
el TIIaBh, OCHOBHIBAETCA HAa NPEAIOIO0KEHHH O TOM, 9TO MOKHO
npeHefpedd MeKIY30HHEIMH [epeXofaMud. ITO CIPABEJIHABO TOIBKO
Ipa He CIWMIKOM CHJIBHOM 3JIEKTPHIeCKOM HoJe; MHl JONKHH MMETh
BO3MOKHOCTh OOYCTHTH MaTpPHYHLIE 3JIEMEHTH THOA

Upnr (1, 1) = 5 a% (t— 1) 9 (r) an (r— 1) dr (6.50)

mo coofpakeHuaAM O0pPTOTOHAMBHOCTH (QYHKIMN BaHEbe B pa3imIHHIX
30HAaX. )

Ecam morenmuan 4/ (r) GricTpo MeHAeTCA B OPOCTPAHCTBE, TO Ta-
paETHpPOBATH OfpameHwe B HyIb MaTpudHOTOo 3iaemenTta (6.50) meBos-
Moskno. C 9@CT0 MaTeMaTHYeCKOH TOYKM 3peHHA OUeBHAHO, 4TO Be-
POATHOCTDL MEKIY30HHOTO mepexofa Gymer 3asucerb oT Beaudunsl V.

Mul Morsiu 65 B IpUHIHIE BHAACIATH 9TY BEPOATHOCTDL IO METOAY
§ 4 macroameit riaspl. Jlerde, ogHaKo, PaccMOTpeTh BTO ABIEHHE
6omee «pusmgeckum» comocobom. IlocMoTprM cHavaxa, 9TO HPOHCXOHAT
€ DIEeKTPOHOM MOJ AeiicTBHeM ciIaboro adeKTpWIecKoro moiasa. Ecam
3JIeKTPOH CBOGOJIeH, OH HEmPEePHBHO YCKOpAeTcsa IoleM, CKOPOCTh
ero GecmpefelbHO YBEeIHWYHBAETCS, W OH JETHT A0 TeX OOP, IOKA
He pacceeTcsa WIM IMOKA He BHifeT M3 oOpasma.

Ho mpepmomoskumM, 970 3J€KTPOH HAXOAUTCA B OAHOH OTHEIBIIO
B3ATOR MPOCTOi 30He. MH MOKeM paccMaTPHBATEH OJHOMEDPHYIO MOJEIb
¢ BIeKTPUYECKHM II0JeM, HampaBIeHHHM BHoab ocm z. M3o6paskamwo-
maA ToYKa B k-mpocTpamcTBe HenpepsiBHo jABmercs ot O kK A
{¢pur. 112). Ilocaenussa SKBHBAJeHTHA TOUYKe A’, TaK 4TO MBI MOTJIH
611 mpefcraBuTh cefe, 9TO TYT IPOM3ONie] BHe3aNHHH CKAaIOK Hasaj.
WUnu, ectm memonn3oBaTh ¢cXeMy DOBTOPAKMUXCA 30H § 3 Ta. 3, sroT
OPOIECcC MOKHO PACCMAaTPHBATh KaK JBIKEHWe BBepX M BHH3 OO Te-
pronmyeckoit kpusoit OA BC u 1. 1.

1) IHo-BHAMMOMY, B MONEKYJAPHHX KpPHCTANJIAX DKCHTOHHHHE MeXaHM3M
MHrpAOEH 9HEPrHE YCTAHOBJIEH [OBOJBHO HANEKHO.— [Ipum. ped.
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B KoopmmHATHOM HPOCTDPAHCTBE 3JIEKTPOH, BHXOAA H3 TOYKE O,
yCROpsAeTcsA, HO 3aMefisiercA OpU NpmOnm:keEWH K Touke A. 3ateMm
HaOpaBJleHWe JBWKEHAs H3MeHsercsl Ha oGpaTHOe, SJIEKTPOH HOXO-
muT go Touk:m B, cHoBa ycropsiercs ®m T. X. B Touke A mpomexommt
OparroBckKoe OTpakeHHe, BIEKTPOH He MoKeT Opoiitm B o6macTs,

&K
E
—_—
A A c
(@] B
k—
a
t
c
B
A
o x
6

OQur. 112, 9aeKTpoH, ABUKYMIMACA B BIEKTPUIECKOM noie (OLHOMEDHAA MO-
Zienb).
@ — TPaeKTOPAA B K-OPOCTPaHCTBE; 6 — OYTH B KOOPAMHATHOM MPOCTPAHCTEE.

PACIONIOKEHHYI0 32 A, TaK KaK IpU 9TOM €ro SHEPTAA 0Kasanach OH
B 3ampemeHHo#l 3oHe. [[BwskeHHMEe 3JIeKTPOHA OIDAHAYEHO KOHETHHIM
OTPE3KOM OCH Z.

ITyctp Temeps mMeercs eme Apyras 30HA, HE3IIAA TOYKA KOTOPOR
A" cooTBeTCTBYET SHEPIHE Ha &gap Ooxbmmell, wem Touka A. Beerma
FMEeTCs BO3MOKHEOCTE TOT'0, 9TO DIEKTPOH HOMYIHAT OT BJIEKTPUIECKOTO
HoJA JOCTaToYHO GONBITyI0 sHepruio u nepeiiner u3 A 8 A” (pur. 113).

Y6emuThca B COPABEIIMBOCTE CKA3aHHOTO HPONIEe BCEro, IPeNIo-
JIOKEB, UTO BIEKTpHYECKoe Imoie mocrosHHo. M3o6pasum Ha rpa-
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Puke smepruio eEx, MoxydaeMy0 3TeKTPOHOM OT HOJdA, KaK GYHRITHIO
KoopnuHatel z. ITyCcTh DIEKTpoH AOCTHr TOUKM A, TMOTONKa HIKHER
30HBI. 3aTeM eMy Iojaraercd oTpasuThes Hazafg. OgHAKO eClIH JjIek-
\ TPOH CMO’KET NPOATH [JaubIie
8(k) Ha paccToAHUe

€gap
ek

d= (6.51)
no tourm A", T0 om mpmobperer

e OT IIOJAS JOCTATOYHOE KOIWIecT-
BO OJHEPrHH [ [IpeoJodeHus

., oHeprerwgeckoi menw (pur. 114).
Ilo cymectBy »T0 Bajmada o

. myHHeauposaruu. INERTPOH [0I-
0 ~ JKeH MPOHUKHYTh CKBO3H Bampe-
k— mennymo obnacts. B o6mTHBIX

®ur. 113. Buecro Toro uTofm mprm B2/@9aX 0 TYHHEIBHOM ddderre
K TouKe B, omextponm Momer «mepe- (¢Pur. 115) Gapeep mpexmcraBiser
IPHTHYTEY SANpEIEHHYI0 B0HY M IO-  ¢06oit 06:1aCTh, B KOTOPOHU IIOTEH-
macrs B oKy A”. ruan 7° 6odblre MOJHOR JHEPTHH
DleKTpoHa & B ITycTOM IIpoC-

TPAHCTBE, W TOTOMY KHHETHIECKAd DHEPTUs 3JEKTPoHA moj Gapb-
epoM oKasalachk OB orpunmarenbuoii. CoraacHoO KBAaHTOBOH Mexa-
HUKe, 3TO 03IA9aeT, 9TO BOJHOBasg (QYHKIMA 3HIEKTPOHA NIPOIOP-

®ur. 114. HaxioH 30H B CHIBLHOM BJJIEKTpHYECKOM moJe.

IMAOHAJIBhHA HYKCOHOHEHIUMAJIBHOMY MHOMKHUTE]I0 C BEIEeCTBEHHBIM IIO-
Ka3aTejgeM:

’llJ——-"que_Bx, (652)
rme

B2 =9 —§. (6.53)

Ecan noremnman 7° 3aBHCHUT OT X, TO JJiA BHYHCIEHHA BePOATHOCTH
mepexofa MOKHO BOCIIONB30BaThCs MerofoM Benmensa — Hpamep-
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ca — Bpumrrosua. Ilpu aToM mCKOMAas BEPOATHOCTh, T. €. OTHOUIEHHE
BEPOATHOCTEH HPOXOKACHASA M OTPAKEHHS, JAETCH BEIHIHHOA

x2

P=exp{—2Sﬁ(z)da:}, (6.54)

x4

rjie 7y M Z, cyTh rpammns obractm Gapwrepa, a MHOKHTENH 2 Ipo-
MCXOAAT OT BO3BENEHHA B KBAApPAaT BOJHOBOH (YHKIHUM NpPH BHYUHC-
JIeHHH ILIOTHOCTH BEpOATHOCTH.

VY W
AVAVAY

o o
0500000

@ur. 115, TymEEenrnpoBaHANe CKBO3b NOTEHMHAJBHHIH Gapbep.

UroOb mpEMEHHTH JTOT MOAXON K Halmell 3ajgade, HYMRIO paso-
6paThcs B MPHPOJE BOMIOBON (YHKOIHM BHYTPH 3alpelmeHHol 30HBI.
ITOT BOLIPOC MBI DPaHBIIE HE 3aTparuBajid. Y paBHEHHEe B UYACTHEIX
T pPOU3BOAHEIX

— g V{7 () — 8} =0 (6.55)

OIpefelIeHHO MMeeT Dpemends MJAA Mo6HX 3HadeHmN & maske B TOM
ciygae, korga 7°(r) mpeacraBmamer cofoif mepHogMUeCKHH IIOTEH-
nuai, TOAYMHAIOMHANRCA YCIOBHIO

P+ 1) = 7). (6.56)

9TH pemIeHNs, OQHAKO, He YAOBIETBOPAKT ycaoBuAM Bioxa m, cie-
J0BaTEIbHO, HeIpUEMIeMbl B KadecTBE COOCTBEHHBIX (YHKIMHA, COOT-
BETCTBYIOIAX IEPHOANIECKNM TDAHHIHBIM YCIOBHAM.

Huaro Bce ke me Memaer HaM HCIONB30BaTh pasao:kenue Dypbe

I ToTeHNHAaNa, Kak B § 2 rm. 3, W MONBITATBCA HAUTH peuienme
B BUJE

=2 oy_geik-0r, (6.57)
g
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HO ¢ KOMIIeKCHBEIMH KommoHeHTamu k. M1 mpuesm K ToMy ke HaGopy
JHHEHHHX ypaBHeHuH, 910 u (3.14), ¢ TeM oTIHIMEM, 9TO Teleph HYK-
HO ABHO NHCATH

Bhog =2 (k—g)", (6.58)

u6o sTa BeIWUMHA, CTPOTO T'OBOPA, He ABIAETCA Yike (HEBO3MYMIEH-
HOI pHepriteii», a Gyaer BCero JHUINb Pe3yIbTaTOM JefcTBMA omeparTo-
pa (—h%/2m) V? na winenst cymmst (6.57).

PaccmoTpuM B ofHOMEpHOH Mopenn 06IacTh 3ampeMieHHOHR 30HH,
T. e. caydail, Korma Bekrtop k HaxogurcAa BOMIM3M TDAHUNH 30HEH,
COOTBETCTBYIOIEHA BONHOBOMY THCIY

1
zG== (6.59)

(¢ — KpaTuaiimee pacCTOSIHME MEXKAY ATOMHBIMI INIOCKOCTAMH, IIep-
HeHIIKYJAPHLIMA dIEeKTPHIeCKOMY mouo). JIaa cBo6ogHEIX 9I€KTpo-
HOB DHEpPrus paBHsAIach OH BeNIHIHHE
n? (1 2
0 (=
8 =5~ ( )" (6.60)

IIpn Hajamapm Bo3MymeHHS 7 ¢ MH JOJKHH, Kak I B ciydae (3.16),
pemnTh NeTePMHHAHTHOE yDaBHEHHE

(o-i—8) {4 (k=GP —8} =T a2 (6.61)

Kak = B ra. 3 [ep. (3.19) n (3.20)], npn BemecTsennom k ypaBHeHnme
(6.61) me mmeeT pemeHHmil, ec1u SHePTHA & JEKAT B 3ampemernHoH
30He, T. €. B obmactn

€ —|T 6| < E<E+|T gl (6.62)

Ho Temepsr Gymem paccMarpumBaTh & Kak IIDOM3BOJBHEIMA IapameTp
U pelmM ypaBHeHHE OTHoCHTENBbHO k. Iloioskmm

k=3G+x, E=8+e, (6.83)

cumrasg, ITO BEIWYHHH % ®H & Main. Torma mpubamxenHoe pemienme
TaKOBO:
2m [ e2—| 7% |2
2 I AR S © 5 N
x| e |- (6.64)
OueBHIHO, YTO BEIMIMHA ¥ CTaHeT 9ucro MHuMoM-mpu | e | << | 77 |.
Buagnt, cormacuo (6.62) m (6.63), soamosan Pymryus saexkmpona
¢ sHepauell 6HYMPU 3anPeueHHot 30Kl COOEPHCUM. BEUECTMEEHHBILL IKCNO-
HEeMYUALbHBL MHOXCUMELb., ITO COBEPIIEHHO IPABMIbHOE TacTHOe
pemenme ypasuenus IlIpegmnrepa, mo 06pMHO0 HempHrognoe ¢ Puam-
gecKOH TOYKHM 3penns, nb6o, ACMONL3YA €ro, Helb3A YAOBIETBODHTH



§ 8. Ilpo6oii 3unepa. Tynuesuposanue 223

MEePHOAAIECKUM WJIH JPYTUM NPOCTHIM TIDAHUIHKIM YCIOBHAM A
60N BIIOr0 KPHCTALNA. JIEKTPOH HPOCTO HE MOKET PAcIPOCTPAHATHCA
Ha CKOJBKO-HUOYOh 3aMeTHOEe pacCTOAHHE B TayGh KpHcramia. 3o
o6Imee cBOHCTBO BOTHOBHX QYHKIUA B HePHOJAIECKOM HOJe yiKe GBITO
0TMeueHO DM PACCMOTPEHNH KoJjiebauuil pellleTKU ¢ 9acTOTOM, He MpH-
Hagneskamed obmactu domonmoro cmerrpa (em. § 12 ra. 2).
BosBpamasice K Hamreil sagaie 0 TYHHEIMPOBAHHH, MHE BHIHM,
9T0 OPOXOJKIeHMe Jepe3 3anpeIleHHYI0 061acTh MOKHO PaccimTarh,
ncmonb3ysa pupakenue (6.54) ¢ Koaddumuentom f, paBARM MHEMOIH
qacTd % B gopmyune (6.64). Ecnu sanexrpuaeckoe mojie NpABOIMT K i~
HeffHOMY BO3DaCTAaHHI0 DHEPIHH 3JIeKTPOHA B 3alpemeHHO# ofiacry,
TAK 9YTO BEIMYAHA & OPONOPOHOHAJBHA PACCTOSAHHIO T OT IEHTPa
moTeHmuaNbHOTo Gaphepa (HojHAA DIMPHUHA KOTOPOIrO €CTh d), TO MBE

noJryaaem :
1%%] 4z \12
B(z)= “og0 (2G)( dz) .
Hamnee, murerpupys, Haxomum

_ nd] Vg | (1/26) 7z $gap ) 65
P_ex«p { _—W =exp { % iera } (6 60)

3necy mcmonbzoBaub pasencrsa (6.51), (6.59) m mpuHATO BO BHEMAa-
HHe, YTO BenmduHa 2 |7 ¢ | paBHa mIApMHE B3aNpeMeHHOd B30HEHL.

Dopmyna (6.65) nokassiBaer, 910 npoboii JuHepa MOIKEH UMETh
MeCTo, ecam 3ieKTpuieckoe moie E Oymer mocraTodHO CHIbHOE:
Ha OYyTH B OJJHY OOCTOAHHYI0 PENIeTKH d 3JIEKTPOHY Hamo mpmobpecTm
DHEPruio, KOTOPas OTHOCHTCA K IMAPHHE 3aUPEMEeHHOH 30HH Kak
€gap/€°. He sacmo, ommako, MOKHO JHM HAa ONHTE HAGIIOHATH 3TOT
aQdeKT, HmOCKOJIBbKY OH MACKHDYETCA MPYTHMH 00jiee CIOMKHBIAH
ABJICHUAMA, HALPUMeD npoboem 3a cuem yoapnol uonusayuu. Iocnem-
nuii addexr npexncrapaser coboit pasMHOKEHHe HOCHTENEH 3apAna
BCIECTBHE HMOHU3AMMM LNPHMECHBHIX YPOBHEH HAJETAIIIUM HOTOKOM
BIEKTPOHOB M [HPOK BHICOKOH 3HEDTHH.

Ouerns moxokuil 9QdeKT uMeeT MECTO B mMYyHHeAbHOM Ouode (Oucde
Jecaku), B KOTOPOM BHEUIHEE 3JIEKTPHIECKOE II0Ne HPUJIATAETCA Iep-
HEeHAUKYIADHO TOHKOH IIEHKE WB0JATOPA, PAasNeIAnmed CHIbIO
JIETMPOBAHHEE MOJYIPOBOAHAKA p- U n-THOOB. CKOPOCTH TYHHENHPO-
BAIMA ONPENeIsercsi INIABHHM 06pasoM TONMUHON W mpHpomol Gapb-
epa, OHAKO CaM HPONECC TYHHEIMPOBAHUSA OCYMECTBIAETCA Giaro-
7apsA ToMy, 9TO B 30He, Kyqa HEePeXONUT HOCHTENb 3apsaia, MMEeTCs
OT.IMYHAA OT HYJIA INIOTHOCTh HE3AHATHX COCTOAHHUE, W 9TOT mpomecc
YYBCTBUTEJIEH K TOYHOMY B3HAUYEHAI0 SHEPTHH 3JIEKTPOHA, KOTOpOe
IpH Hepecedenny HM 3anpeIIeHHod 061acTH onpemelsaercsa BHEIIHHM
9J1eKTPHIECKAM IOIEM.

Hanpumep, opu nynesoMm cmemenunn (¢ur. 116, a) yposenr @epmu
1o oGe cTOpoHH Gapnepa JOJKEeH PACHoIaraThCsd Ha OMHOH W TOH ke
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secore (cp. ¢ § 6 ra. 4). Ilpu »pToM Hebonpmoe BHENIHEE HAOPAREHNe,
OPUI0/KEHNOe B (IPAMOMY HaupaBleHMH, 3aCTaBUT JIEKTDOHLI M3
n-061aCTH TYHHEJIWPOBATH HABCTPedy AEIPKAM H3 p-06/1aCTH, PEKOM-
Gunnpys ¢ MOCHeIHUMHA, 9T0 U ofeclednBaer upoTexanume Toka. Opua-
Ko mpu 60ibmedl pasHOCTH MOTEHIMANOB HOCHTENHN 3apsja, MPOMAs

a 6
n-mun ol _djl_llypweﬂﬁaﬂ
PPy Yosers —2==2=2T, 30H
/ Popmu -
| 7 |
T /Q////% T, /
= Hsonamop
[4
/
g i
=~ a /
\ /
p \ s
¢
\ .." Hanpasicenue

0007 Wi- -
G 2 /%

®ur. 116. BoasramMuepnasgd XapakTePHCTHKAa TYHHEJILHOTO MHOJA.

a — HYICBOE cMenlenne; 6 — TYHHeIMpOBAHWE CKBOSb 3alPSHICHHYIO 30HY; 6 — TYHHEINpOBAa®
HHe ¢ yyacTHeM QOHOHA; 2 — MHMHEKIIHA HeOCHOBHHX HOCHTeNeH 3apAna.

Gapwep, OGyayT HONaZaTh yike B 3alpemeHHYI0 30HY; cBobOgHOe JiBI-
srenme WX Tam meposMoskHo (Pur. 116, 6). CoorBercTBenHO TOK GyseT
YMEHBIIATHCS, MO Iie IO HYJTA, TOCKOIABKY HOCHTEIH 3apAfa MOTYT
TepATH BHEPTHIO 6;1arojapsa B3aNMOAEHCTBHIO C dorOHAMY (MYyHHEAU-
posanue ¢ yuacmuer HoHoros, QUT. 116, 6). Amamormuppiii sdderT
¢ yuacrueM GoHOHOB HAGIIOZAETCA U B ONTHKE; OH M3BECTEH TaM Kak
sddpert Kenmpima — Dpanma ). Hpn eme fonbiell pazHoCcTH MOTEN-

1) MamosKeHHas 37ech TPAKTOBKA HECKOJIBLKO YHPOUICHA. (DaxTHIECKHA POIb
$OHOHOB CYN[ECTBEHHA, BHIUMO, B VCIOBHAX, KOIJd SKCTPEMYyMEL BaJEHTHOM
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nuanoB 3a 6apbepoM BHOBL OKasHBAIOTCA SHEPreTHYECKM pPaspeleH-
uee cocroanus (gur. 116, 2). CooTBeTCTBEHHO TOK 0HATH BO3PacTaeT
BCIEICTBHE UHNCCKYUU HEOCHOBHWL Hocumeael, T. €. NPOHUKHOBEHHSA
9JeKTPOHOB B MaTepwmal p-THIA M AHPOK B MAaTepHAJI n-THIA.

Anajgormuno 06GCTONT €10 B ClIydae HOEpPEXof0B, BOSHAKAIOMEX
Ha KOHTAKTE MEKAY CBePXIPOBOTHAKAMH. J3eCh, OMHAKO, HMEeT
MECTO eINe SIBJIeHWEe K02eDeHMHO020 MYHHEAUDosaHUs, Kotopoe 6ymer
pacemorpero B § 10 ra. 11.

§ 9. JnekTpoHEI HA MOBEPXHOCTH

Ilpm pacemoTpeHwH BONHOBHIX (YHKOWA 3JIEKTPOHOB B TI. 3 MBI
CIATANH, 9TO OHH YZOBIETBOPSOT MUKINTECKAM TDAHWIHKEIM YCIO-
BuaAM (1.76) Tar, Kak ecam GH JEKTPOHH HAaXOZWIHCH B IIyOmHE
maccuBHOTO oGpasma. Ho kak ofcromT gemo y moBepXHOCTH?

IIpesxe Bcero HeoGX0gMMO KAKAM-TO MOJEIBHEIM 06pasoM onucaThb
pacopeneienne aATOMOB, HOHOB ¥ INIOTHOCTH DJIEKTPOHOB B IPHOOBEPX-
HOCTHHIX CIosAX. B o6meM ciaydae MOKHO CYATATH, 9TO Y IOBEPXHO-
CTH MMEeT MeCTO HOABeM HOTeHINHAla Ha BeIHIMHY pabomul eéwroda
(¢ur. 117). Hocnemusasa ounpepensierca xak pabora, KOTOPYI HYKHO
COBEPUIATH JIEKTPOHY, Haxopamemycsa Ha yposae Pepmm B raybune
o6pasma, 4To65l BHIITH HAPYIKY, OTHAIABIOACH HA 3aMETHOE PaCCTOSA-
Hne ot mosepxHoctH. OnHako paccamtaThs TouHYI Qopmy Gapnepa,
KOTOPHIH BIEKTPOH [0.IKEH IPEofoieTh, YpeaBuuaitno Tpynuo. Iame
B TOM Cilydae, KOT[a MaTepHal OUHMMmEH OT BCEX XWMUIECKAX IIpHMe-
ceit (a aTo 3ajada rpoMAfHON TEXHOJOTAYECKOH CIOKHOCTH), MOTYT
eme HMeTh MECTO BCEBO3MOKHLIE NMEPECTPONKH aTOMHOE CTPYKTYPH
H CT0:KHHEe H3MeHeHNA IeKTPOHHON II0THOCTH, 00yCIOBIeHHEIe HeHa-
CHINEHHEIMA XMMAYECKEMH CBASHAMM, JefcTBMeM CHJI u306pakeHNA
u up.

Herpynno, opmako, mokasaTh, 9r0 YCIOBHS Ha IOBEPXHOCTH
JUWE He3HAYNTENhI0 HOBIMAIT Ha MIOTHOCTH OOBIHEIX GI0XOBCKEX
cocroanmii, BoxHosyo ¢YHKIWIO, 9KCOIOHEHIWAIBHO 3aTYXalIylo
B 0o61acTH BHe KPHCTANJa, MOKHO CIINTh C JHHeiHONW KoMOmHammei
yKe HOYTH BHIPOKAEHHHX OIOXOBCKAX BONH BHYTPH 006pasma; 3TO
LIPABEET NANIs K GECKOHEUHO MajJIoMy cABury sHepruu. eralam mpo-
mecca cmusauua GyayT oupemensThcs TouHOW QopMoil Gapmepa, HO

30HH W 30HH IPOBOAUMOCTH (CIpaBa H cieBa OT mePexXofa) pacImoJOKeRH B pas-
JAYHEHX TOYKaX 30HH Bpminosaa. Hak B B ONTHYECKAX Hpomeccax, MCHYCKaHAE
u (nam) moriaomerre POHOHOB 0GecHeuTnBAeT 3aKOH COXPAHEHNA KBA3HAMIIYJIhCA
OpDH TaKWX (HENPAMHX» mepexofax. C ppyrol cTOpoHH, KOHeYHO® 3HAYCHME
MJIOTHOCTA TYHHEIBHOTO TOKA B OOJACTH ¢ BOJHTAMNEPHON XapaKTepHCTHKH
(dur. 116) o6ycnoBIeHO B OCHOBHOM HAJIMYHEM NO3BOJGHHHIX COCTOANMIA B 3aIlpe-
menHOi 30me. Ilocieqarme MOTYT OHITH CBASAHK KAK ¢ NOCTOPOHHEMH IPHMECAMH,
TaK M ¢ ¢«XBOCTAMPY INIOTHOCTH COCTOAHMH, 00pa3yIOIMMUMHACS IPH HOCTATOIHO
CHJIBHOM JIETHPOBAHAHN NonyupoBofauka [16].— Mpux. ped. -
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3TO HEe CKaykeTCd Ha 30HHOU CTPYKTYpe M TOMY HMOJO0GHBIX 06HEeMHBIX
CBOMCTBAX MaTepHmasa.

PacemoTpum Temeps DIEKTPOE € SHEpPrHel B sampemeHHoH 30He.
Hak nmokasano B mpexpimymem naparpade, COOTBETCTBYIOLIECE pellleHne
ypasHeHusa IllpenmHrepa ewympu KpECTAlla Tak:;ke OIpeaessercsa

—_—wama BHIT00%, Yposery Pepmu

— s —

A

®nr. 117. TorernuanpEuil 6apbep Ha MHOBEPXHOCTH H pafoTa BHXOfa.

B OCHOBHOM SKCIOHOHIHMaXbHOR QpyHKIHelH paccrosuus (6.52). Ilyers
oHa BeOpaHa yOwBaromein B ray6b ofpasia u raagko (T. €. HO BeH-
qyHe U 00 IPagUenTy) CHINTa ¢ TPOCTON SKCHOHeHIHAIbHOH Gy HKImeil,
0TBEYAel 3JeKTPOHY, KOTOPHIM YiKe BbIeI M3 00paslla CKBO3b
HoBepXHOCTHBIA Gapbep. Tem caMbIM MBI HOCTPOMM COBCTBEHITYTO HVHK-
nUI0, YAOBJIETBOPAKIYI0 OOMHUM YCIOBHAM KOHEYHOCTH M T. 1. W
OpUTOM JIOKAlIH30BAHHYI0 y mHoBepxHocTH Kpmetamta (¢ur. 118).

¥o(?)

@ur. 118. BoamoBag (yHKOMS HOBEPXHOCTHOI'O COCTOAHHA.

3ech MOJTe3HO PacCMOTPETh CILEAYIOINYI0 BCIOMOTATETbHYIO 3ajia-
9y. BMeCT0 HCTHHHOTO KPUCTANIHIECKOTO IIOTEHIIHAAA BO3LMEM IIOTEH-
nual pemeTKH ATOMHBIX IOTEHIHAT0B (HIH IICeBJONOTEHI[HATOB)
W yCpemHnM ero B Ka/Jo# HMI0CKOCTH, HapalleabHOH HOBEPXHOCTH.
Pacnpesierenne moTeHImana oCTaHeTCA LEPUOTUYECKAM JTHINL B Ha-
TIpaBIeHHH OCH z — B IIy0b KpucTaisia, W sagada, TAaKHEM 00pPasoM,
OKa3hlBaeTCA IO CYHWEecTBY ogHoMepHOIl. Bymem caurarh, 9T0 AbI
HAILTH TOYHOE ee pellenHe — JOKAIH30BAaHHY GYHRIUIO VP, (3), KO-
TOpOoe OoTBe4aeT dHeprEu &, B sampenieHHodl 3oHe. [[0CKOJIbRY Kpu-
CTaJ/LI 0CTAeTCHd, IO NPENNONOKEeHHI0, TPUBHATIBHO IIEPHOZHYHBIM
B HampaBlIeHRAX, IapajJeJbHBIX IOBepXHOCTH, TeopeMa bBioxa
(1.58) momxHa BCe eme OCTABATHCA B CHJIe IPHMEHHTEILHO K TPaHC-
JAIUAM B mIocKocTH zy. CIegoBareqbHo, JORATH30BAHHOE COCTOAHUE
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OTHOMEPHOH 3a/1auy MOJKHO MOPOKAATH 1IEINYI0 BOHY NOGePIHOCMHBLE,
HWIAA MAMMOECKUT, COCOAHUL BUJIA

Yk = o (2) exp i (kox + kyy)l. (6.66)

3necs k, 1k, —KOMIIOHEHTH BOJHOBOTO BEKTOPA B ILIOCKOCTH, Tapad-
nenbHONl moBepXHocTH. B ciyuae modTH CBOGOAHBIX BJIEKTPOHOB,
HapuMep, CIeyeT OKUIaTh, YTO COOTBETCTBYIOMUA 3aKOH AHCOEpCHA
Oyner mpubIMEKEHHO OMUCHBATHCA O PMYIoi

& (k) ~ Eo-t o (k3 K). (6.67)

JTo BHpa)kenuwe CUPaBeAIMBO BOIMBM HEKOTOPOro ABYMEDPHOrO aHa-
JoTa TPaHUIIEl 30HH B IIPOCTPAHCTBEe IepeMeHHHIX k, u k.

DakTHYECKH DIEKTPOHHHE NOBEPXHOCTHHE COCTOAHUA B MPUHITAITE
SKBHBAJIEHTHH NOBEPXHOCTHHM MojaM KoJdebaHWil pelmerkm, pac-
cvorpenusiM B § 12 ra. 2. Ilyrem mopxopsmero mepeofo3madenust
TMepeMEeHHEX MH MOTIH OB jJajke BOCHONB30BATHCA BHIPAKEHUAMH
(2.138) —(2.145) pna omucanus MOBEPXHOCTHHX HIEKTPOHHHIX COCTOS-
HUI B MOJIeJIA CHJIBHOH CBABU C COOTBETCTBYIOIMUMMU I'DAHAIHEIMH Y CII0-
BuaMH. OJHaXo TOYHHIE 3HAUYEHWSA 9HHEPTUH NOJ00HEX COCTOAHUM
OTpemeIaTCd KOHKDETHRMH Xapakrtepuctuikamm wmopenun. [Jlame
B OJTHOMEDHOM CJydae 04eBHjHO, 4T0o dopma Gapbepa M ero mogose-
HIe II0 OTHOIMEHWIO K «OamsKaiillieMy» aToMy peImeTku OyayT Mrparb
pematomyo poasb. IlefictBurenbno, uMenno oum GyAyT OmpenenATh
JIORaNbHOE 3HaUYeHHe TpajueHTa QYHKIIYA \ H, CieJ0BATENIHHO, BO3-~
MORHOCTH IJaJIKO CIINTH ee ¢ pemienmeM B obpeme. B Tpexmepnom
cIydae curyalius eme closkHee. JleflcTBUTENBHO, CINHBAHHE HYHIHO
OpOBEeCcTH 3jiech II0 BCell IOBEPXHOCTH, KOTOpasA HUKOrJa He OhIBaer
OPOCTO IJOCKOCTBI0O CKAaYKa 3JJIEKTPOHHOTO HoTeHImana. Mu MoykeMm
B IPUHIHIIE PACCMOTPETH YCIOBUA BOZHUKHOBEHHA IMOT0OHEIX COCTOA-
nuil B JlaHHOM 3ampemenHol 30He. OHAKO KOJUYECTBEHHHI pacder
DHEPreTHYeCKOT0 CIHEKTPAa W JPYTHX CBOMCTB MOBEPXHOCTHHIX COCTOS-
HUHl BechbMa 3aTPY/AHHTENEH M3-38 WX YYBCTBUTEIBHOCTH K BIMAHUIO
ocobeHHOCTEHl CTPYKTYDH, XUMUIECKAX MpPHMeCed U 10Jiedl mpocTpan-
cTBeHHOTo 3apsaja. HecMoTpa Ha 5Ty TeopeTHdecKylo HempeacKa-
3yeMOCTh XAaPAKTEPUCTHK TOBEPXHOCTHHIX COCTOSHUN, BHACHWIOCH,
9T0 OHHM TeM He MeHee WIDAlOT BAJKHYW POJb B (U3MKE pealbHBIX
OOJAYMPOBOMHMKOBEIX YCTPOHCTB. IT0 0OLACHAETCH CIOCOGHOCTEHIO
Ha3BaHHHX COCTOSHMIt €037aBaTh JOBYIIKM [AJA HOCHTemel 3apsja,
MenTphsl peKoMOWHATIHM, KaHAJIH KOPOTKOrO 3aMHKaHms, f00aBOYHBIe
eMKOCTH U mpoume HemenateabHbie sddertr. Ilomobure cocroanmns
OKa3HBAIOTCH CYMECTBEHHHIMH TAKKe B MOBEPXHOCTHOM KaTalu3e
U B APYTUX XUMAYECKUX SIBJIOHUSX HA IOBEPXHOCTH.
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Vcrnunbie moBePXHOCTHEHE COCTOAHAA MOTYT CYMECTBOBATH TOIBKO
B TOM CjIy9ae, KOTHA 3ampelleHHAd 30HA PACHOJOKEHA HILKE IMOBEPX-
HOCTHOTO MOTEHIHANbHOro Gapbepa. Bomee BHICOKMM DHEPTHAM OTRe-
qal0T UMb KBAa3HCTAHOHAPHBIE COCTOSHUA ~— TAK Ha3HBaeMBIE «Ml-
MOAEMHbLEY NOGEPITHOCTIIbIE 604HbL, AHATOTHUHEIE pesoHancaM (cp. § 12
ra. 2). R guncay tunwaHmX B Tako#d CHTyalun MOBEPXHOCTHBIX ABIE-
HA OTHOCHTCA dMHCCHS DJIEKTPOHOB, BO30Y/KICHHLX TePMAYECKA WM
onrmaeckn (M. § 5 ri. 8), a Taxske ofpaTHH Hmpomecc: HmocHeTHMIA
IMEEeT MeCTO, ecadm o0JydaTh IOBEPXHOCTh HOTOKOM BIEKTPOHOB.

Judpaknua 5I€KTPOHOB BHICOKON HHEPrHH, IIPOXOIAMMX CKBO3H
TOHKHE MIeHKH, Obuta paceMorpena B § 6 ra. 2 u § 3 ru. 3. Jugpar-
Yus nUsKooHep2emuueckur (MedAeHHHZ) 94eKMPOH06 3HAYUTEN HO TPYH-
Hee MOJJaeTCA KOJHIeCTBEHHOMY ommcaumio. as sierTpoHa, oTpa-
3WBIIETOCA OT IOBEPXHOCTH, HOPMAJbHAA COCTABJIAIOMIAA BOIHOBOTO
BEKTOpA ysKe He IPeficTaBiasger €000l XOpomiero KBaHTOBOTO YHCIA,
CymecTBeHHOe YCIOBHE BOBHUKHOBEHHA NHPPAKIHOHHOTO IMHKA CBO-
AUTCA K JIBYMEePHOMY aHAJOry paseHcrsa (2.79):

ki =k +g. (6.68)

BMecT0 HAYalbHOTO H KOHEYHOTO BOJHOBHX BEKTOPOB YJIEKTPOHA
N BeKTopa o0paTHOHW pemeTKH 37ech QUIYPHDPYIOT HX DPOEKIHH
Ha IUIOCKOCTh, MapaljlelbHYI0 IOBEPXHOCTH [IIOCKOCTH Ty B CIy-
gae (6.66)]. HopManbHyl0 KOMIOHEHTY OTPa;KeHHOTO IIyUKa BCerxa
MOKHO momo6pars Tak, 4ro6nl BHOOIHAIOCH yeaosme |k 2= |k |2,
ofecmeunBalomee coxpaHeHune sHepruu. llpm sTOM pacmpocrpaHenme
AndparupoBaBmiero MydKa 3JIEKTPOHOB OKA3HIBAGTCA BO3MOJKHBIM He-
B3aBHCHMO OT JHEPTHH WM HAUNPABIEHHsA MNafal0mero Iydxa.

Opgnaro uToOH BHYWCIUTH HHTEHCHBHOCTH NAMQpaKIUE, Heo0Xo-
MO CHIHTDH ITQ/[AIOMyI0 M OTPA)KEHHYI BOJHB C COOTBETCTBYIOMEH
sauHeiltHolt KomOummaumeil Bcex pemenumit ypasuenus Illpegunrepa
BHYTPH Kpuctadila. [THage roBops, Hajo y4ecrb BCe 3IEMEHTH KOM-
NAEKCHOU 30HHOU cmpykmypst TaHHOTO Kpucrandiga. OTHOCHTEIBHEBIE
WHTEHCHBHOCTH DPAa3IWYHHIX JAAPPardpoBaBIIAX OYIKOB OGyayT OpH
3TOM 33BHCETH OT CPABHUTEIHHOIO BHKIAM3 COOTBETCTBYOINX ILIO-
CKHUX BOJH B 9TH BHYTPeHHHe BolHOBHe pyuknuu. Hampumep, naunbo-
Jee HHTEHCHBHBIe HUKA MOMKHH Habaiogarecsa, Korga Nagalomue
9ICKTPOHE IDONAMA0T BHYTPh KpHCTAIA C duEprueil, orpevaromeil
3ampemeHHoll 30He OOBYHHX OJOXOBCKHX COCTOAHMEA. I3 5ToM caydae
curyanusa O0JH3KAa K OCYMECTBIEHHI0 HOJIHOTO TPEXMEPHOTO YCI0BHA
audpparnun Bynrsda — Bparra (2.79). Oguako u b jganmolt o6i1actn
HHePruil MOTYT MMETh MeCTO TOHKHE 3(PeKTH «Pe3OHaHCHOTO» XapaK-
Tepa, KOTJla ¢«MAUMOJETHHIe» MOBEPXHOCTHHIE BOJIIH TMO3BOJIAIOT 3IEK-
TPOHAM (IPOCOYHTHCA» B Ppasiuiabie audpakHuonHHe OydYrd. Pac-
ceANue HICKTPOHOB HA HIPAMECH, IOIVIONEHHe W JPYrHe HeyIpyTrue
sddexrT eme Golee YCIOKHAOT UHTEPIPETALHIO ONHTOB Mo AuPpPaK-
Uy MeIJTeHHHX DIEKTPOHOB.
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§ 10. PaccesHne dIEKTPOHOB HPHMECAMH

B8 2n3rn. 5660 moKa3aHo, 9T0 DOTEHIHAT 3apAKEHHOR IPH-~
MecH B MeTajJlaX SKpaHHPYeTCA W OpuHHMaer Buj (9.29)

U (1) =22 o=, (6.69)

3jiech BeOmUMHA A oupepensierca gopmynoi (9.22). C momompio dae-
MEHTAapHOM HeCTAalHOHAPHOH TeOPHH BO3MYDIEHHI JIeTKO BBHIIMCIHUTh
COOTBETCTBYIOMEEe cedeHHe DaCCesHH:

o (8)=( 2 ) (6.70)

h2 (KZ_‘_}»Z)Z ’
rae K = 2kg sin (6/2).

ABamorugunil pesyabTar JOJKeH OBITh CIPABEUIHE AJIA CIydas
pacceAHHsa HoOCHTEIeH 3apsga B HOJYOPOBOJHHKE; TOIBKO Telepb
Be;ugia A gaerea gopmyaon (5.26), BMecTo m cTOHT m* U eme BRIIO-
yaeTca MHOMHTENb 1/e%, yIMTHBAOMUE OUHTEKTPHIECKYIO MPOIM-
aeMOCTh Cpegbl. JTO HEMOCPEJCTBEHHO BHITEKAeT H3 HPUHINIA
SKBHBAJIEHTHOTO TaMUJIbTOHHAHA.

Opnaxo aTu GopMyanl He cIeyeT MOHAMATH CAUIIKOM GYKBaIBHO.
IIpn pemwenmm 3a7a9d 0 pacCesHUM B HUX HCIO0JAb3yerca G0PHODCKOE
npubIsKenne, IT0 He 09eHb XOPOMIO IS 9IeKTPOHOB ¢ epMUEBCKOR
aHepruelf, paccemBaeMuX TIiyGoKoil moTeHUmamapHOH Mol (6.69).
Jlyame 6510 6B MCHOJB30BATH METO[ MAPOUAJBHEIX BOJH, COTJNIACHO
dopmyane (5.40), u npasmio cymm @pupernsa. [Ipm sroMm mo-mpexEeMy
HeT HHKaKoil rapadTHi, UTO BOJHOBHE (YHKIUH DIEKTPOHA IIpef-
CTaBAAT OGO IeHCTBHTENBHO NMPOCTHe INIGCKHE BOLHBI, a IIOTEH-
[HAT MOMET OKa3aThCA CIAMIIKOM CHJIBHBIM, 9TOOB MOKHO OBLIIO
¢ TOJHBIM OCHOBAHHMEM BOCIOJB30BATHCA HKBHBATEHTHEIM TaMHJIbLTO-
nnanoM. Hakonern, paccesiime BoBCce He ompegexdeTcsa TOJIBKO Pa3HO-
CTBI0 3aPANOB PACTBOPUTENSA W PACTBOPEHHOI'O BeMECTBA; BO3MOKHO
enle paccesHHEe H3-34 OTAMYIHS HMOTEHIMATIOB HOHHHX OCTOBOB — OT-
Amdgne, cKameM, B a@dexTmBHHX morenmmanax (3.71) mpuMecHoro
HoHa U 3aMemaeMoro mM moua. Tak, paccesnue OPOUCXOANT IPH BBE-
mennn Ag B Au HecMOTpA Ha To, 9TO OHH MMEIOT ONHHAKOBYIO BaJleHT-
HOCTh W TOYTH OJUHAKOBBIE ATOMHEE 00BeMBI.

Ilpu paccesunn Ha IpIMeCH HEPEeXO0JHOT0 MeTalIa OIpefed oIlyio
poi1b mrpaer d-pesomanc (cM. § 5 ra. 5). M3 Bupaskennit (3.81) m
(5.40) saBcrByeT, 4I0 CedeHMe PACCeAHHA JOJMKHO HPOXOAUTEH Teped
MAKCHMYM OPH pe3oHaHcHOo# pHeprun (Korpma cABMT d-¢assl MPOXOMUT
4epes 3Hadenme 51/2). 3aMeTHM, OJZHAKO, ITO B3TOT PE3OHAHC MOFKET
33BHCETH OT B3aMMHOU OpHEHTAIMM MATHUTHOTO MOMEHTa IPHMECH
I CIMHA paccedmHoro saekTtpona (dur. 95).

B HekoTopHX cayuaax uMmeercs neGonbmoe goGaBouHoe s — d-
o0Menroe esqumodelicmeue MeRAY CIMHOM S DaCCedHHOTO JJIEKTPOHA
IPOBOIMMOCTH HE HOJHBIM cnmEOM S d-dmextpoHoB mpumecn. Hak
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Gyner mokasano B § 6 ra. 10, raMUIBTOHHAH HA3BAIHOTO B3AMMO-
JelcTBUA Caefyer IHCATE B BHUJE

Haa= —5s. (6.71)

Ourypnpyomuii 3gech «obMennbiny mapamerp J o6HYHO oTpHIlaTe-
JeH. JTO B3AaMMOJEHCTBUE BefeT K BayKHBIM (H3MUECKUM CIeICTBIAM,
uGo Onarogaps eMy LPH DacCesHHHM MOMKeT IIPOHBONTH (IIEPEBOPOTH
HaNPaBICGHUA CIIMHA MAaJaIOMero »JIeKTPOHA.

B moaympoBognuKe BO3MOMKHO TaksKe paccesHue HeHTPalbHOI
npumecelo. llocnegnan Bosuukaer, Hampumep, Korga Ha I0OIOPHOM
IPUMECHOM yPOBHE HAXOXUTCHA DIEKTPOH WM JbIPKA 3allMMaeT aKIen-
TOPHBIA ypoBenb (eM. § 4 u 7 macrosumeii raaser). Pacuer paccesHis
B JTOM Clydae MpejCTaBIAeT CoO0H CephesHyIo 3a7auy, 3KBHBAJIEIT-
HYIO pacueTy PACCeAHMA MeJJEeHHLIX JIEeKTPOIIOB HeHTpaJdhHEIMH aTo-
MaMH BOJODOjA.

§ 11. AnuaGarnueckmii mpuHIMI

Obparmmcs Teneps K pacCcMOTPEHHIO B3AMMOTEHCTRIIA MEHKTY 9.16K-
TPOIIAMH TPOBOAMMOCTH W KoJXeGaHMAMEU pemerkn. OUeBHIHO, ITO
OYeHb CI0JRHAaA JHHAMHYeCKasd 337a4a — JI0 TeX Iop, IOKAa MBI He JI0-
KajieM, 910 ee MOKHO HCCIe0BaTh ¢ IMOMOIMBI HIEMEHTapHON TeopHn
Boamymennii. Obocmopanme TaKoTo WOAXOfA maeTca meopemoii Bop-
#Ha — Onnenzelimepa, K BHBOAY KOTOPOMl MBI cefiqac u nepeiiem.

Hamumen oneparop NammIprona Beeil CHCTeMBI HOMOB H 9IeKTPO-
HoB. Har W B IN. 2, myCTh BeKTOP W; yKassBaer moldoskeHue I-ro
HOHA OTHOCHTENBHO I-T0 y3ia pemreTKH (IS MPOCTOTH Mbl IPeINosa-
raeM, 4TO 3JTeMeHTADHAA AYeHKa CONEP;KHUT OHMI aToM); BEKTOP T;
YKa3LiBaeT IoJosKeHune i-ro aaextpora. Iloauoil raMmabpToHman paBen

B v B2 a2 B2 g2 &2 ‘
H= = sy — 2 ot 2 Ty 7w 1) 4G(w).
1 i i<j

(6.72)

ITepBrie 1Ba wiena CyTh OmepaTopLl KUHETHICCKOMN AIIEPTHH HOHOB
1 dreKrponos. Ciegylomuil WwieH oNMCHBAaeT B3aHMOJEHCTBHE MEKIY
arexkrpoHaym. [lanee ciexyer moTeHIMANbHAA AIEPIUA DIEKTPOHOR
B II0JIe IOHOB (HaXOJAIMNMXCA B CMEM[EHHLIX II0T0;ReHHAX), H, HAKO-
Hel, ciaraeMoe G(u) CHMBOJNYECKM IpPEACTAaBIAeT MOTEHIHAIBHYIO
BHEPIUt0 MIOBX NPAMBIX B3aMMOJACHCTRUHA Me:KTY HOHAMIM.

Honbiraesea B rauectse coBCTBeHNHX QYNKIIHA TaMHIbTOHHAHA
B3ATh BLIpaskeUuMus

W — y(u, r) O(u), (6.73)
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rie Gyukmug Y yrosaersopser ypasnenuto lllpennurepa miis oaexTpo-
HOB B CTATHYECKOM pellleTKe ¢ MOHAMH I, 3aKPElIeHHBIMI B TOYKAX Uy!

{— %%"_Z EE_E}].T‘F%. (u, r)}w(u, r)=§&.(u)Y(u, r).
3

1 (6.74)

Paszymeercs, HazBaHHAsA QYHKINA MOMKeT — B CYDIHOCTH J(aiKe JOJIK-
Ha — GHTH MHOTO3JEKTPOHHOM; 6GymeM Ipexanoxararhb eme, YTO MH
B COCTOSHUH HaiiTH cOGCTBeHHBE 3HAadYeHHMA 3TOH 3amauu, &, (u), cKa-
sweM, B Buje Habopa rBasmyacTIHbiX ypopreit. Ho atu cobGersennsie
suagennA OyIyT 3aBHCETH OT U;; PHEPTHA DIEKTPOHHOTO rasa Oymer
3aBUCETH OT MOJOKEHUA HOHOB.

[MomeiicTByeM Temepb Ha 5Ty BOJHOBYI0 YHKIHIO omepaTopoM o :

2 92
HY=— ?’ﬂ_a%qurge(u)qurc:(u)wz
1

r2 o2

= (u, 1) { — Wer%se(uHG(u)} @ (u) —
l

__S\J‘f_{gﬂ.ﬂl’_Jrq)@% , (6.75)
ARy ] u, "~ ou, Ju}
1

Eciu Mo:xHO npeHefpeub UIeHAMM, HAIMCAHIBIMA 3/eCb B I0-
caexneil cTpoKe, TO MOANYI0 3agady Ha OTHCKaHHMe COOCTBEHIHBIX
snavenuii ypasuenua ¥V = &P Mbl cMokeM pemmTh, HOTpeboBaB,
grobn Pynrmums D(u) ygoBrersopAaa YPaBHEHHIO THIA YDaBHEHUSA
Illpenurepa:

{- %’a‘%Jrge(“)JrG(U)} D (u)=ED (u). (6.76)

Vpasuenue (6.76) ects ypaBHEeHHe JIA BOJHOBON QyHKIMM OTHHX
HOHOB. JT0 Kak pas T0, 9T0 MBI JORHB Gbiu 6Bl HanCaTh, €CIU 3351
TOMHMTAINCH [eMOCPe/ICTBENHO KBAHTOBOMEXAHNIECKHI DeNNTh 3a/1aqy
o mupoavuke pemreTkM (cm. § 1 T 2), ¢ TeM MCKIIOYeHHeM, UTO 31eCh
K OPAMOMY B3auMOJEHCTBMIO MeAly HOHaMHU J00aBisgercsa dUieH
&, (u), mpencrapagiomui co60ll TOIHYIO DHEPTHIO CHCTEMEl BJIEKTPO-
BOB Kak QYHKIMO KoR(GUTYpALnl HOHOB. JTa BeJWIWHa ecTh aduaba-
muueckull BRIax 37IeKTPONOB B sHepruio pemreTkn. OH paBem m3Me-
HeHH0 UX HHepruu, oOyCIOBIEITHOMY TeM, UTO paclpefeleHie dIek-
TPOHOB J[0JRHO TIePeCTPanBATHCA B COOTBETCTBHY C [IBHKEHIEM perrer-
Kif. B mpuimume 910t WieH 3aBHCAT OT HCTHHHOH DIEKTPONHOM KOHPH-
PypAIl}, HAIIPHMEp OT UMCIa KBA3MIacTHIl, BO30YIK/EIHbIX B MeTaJLIe
TPH JaHHOI TeMmepaType, HO IPAKTUYECKH OH 0YeHb MaJIo YyBCTBUTE-
Jen K TAKUM IEeTajlAM, W 0OBITHO ero MOYKHO BBRIUHCIATH B IPEJION0-
SKeHUM, 4TO DIEKTPOHH HAXOMAATCA B CBOEM OCHOBHOM COCTOAHHH.
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Heobxogmmo, ogHako, mokasaTh, 9TO MO;KHO Hpenebpedp Heaqma-
GarmueckmMu WieHamMH B ypapHemmE (6.75). Jlerko ycraHOBHTH, 4TO
OHU He [al0T MOYTH HHKAKOTO BKJIaga B Cpefnee 3HaUeHHe DHePTHR
cocreMul B cocroaann V. Ilepshii m3 aTHX 4IEHOB JaeT HYJAh, H6O OH
OPUBOMAT K HHTErpajaM THOA

N 1 9 __ 1 on,
S’lp*a—uldr—i'—a;—l‘g’lp*q)dr——z--éﬁ-i, (6.77)

rfe n, — DOMHAA KOHIEHTPAUddA 3JIeKTPOHOB. Bropoli 4ern Manx noro-
My, 9TO Jajke B XyauleM CIy4ae, KOTHa 3JIEeKTPOHHI }KeCTKO CBA3aHEI
€O CBOMMM MOHAMH H

Y (ug, 1) = ¢ (r; — w), (6.78)
OH AaBajJ Ol BRJIag
R 2 S n2 g% o
— | ¥ o y o= _Sw*W o dr=
h2 92
=7 V" 5 - (6.79)

310 eCTh B TOYHOCTH KMHETHYECKAsA DHEPTHUA 3JeKTPOHOB, HOMHOKEH-
Haf Ha oTHOIIeHWe m/M, T. e. BeIMINHA, HHITOMKHAA MO CPABHEHWIO
¢ OORIYHBIMH TEILIOBLIMA SHEPTHAMH: OTHOIneHHme m/M 1o HOpsgKy
peamunuk cocrasasger 10~* mam 1075,

JTa OmeHKa, KOTOPYI MH 37eCh eBa HaMeTHJM, He YIHTHBAeT
HeHATOHAJBHEX HeagmabaTuIecKHX dneHoB. B wacTHoCTII, mepBEHIit
73 HEX, comepammil op/du;, MOMET BH3BATh MEPeXOIH MEETY HIEK-
TPOHHHIMH COCTOSHUAMH IIPU ABIDKEHHH HOHOB. JTO €CTh HE UTO IHOE,
KaK g3auMmodeliicmeue 3iekmponog ¢ @GOHOHAMU, KOTOPOE MHL pac-
cmorpum B § 13 Hacroamed rxasu. @Dopmyna (6.77) moxasmiBaer
IAh, 9T0 JUATOHANBHEIE DIEMEHTH HeagnabaTndecKuX I1eHOB PaBHE
Hyaio. Bo BTOpOM HOpAgKe TEOPWH BO3MYINEHHME MBI TONYINIu OB
OTIMYHBIE OT HYJNA BRJIAJE B SHEPTHI0 PelleTKH 0T HeTHATOHAIBHHX
5JIEeMeHTOB 3TOTO oNepaTopa.

AnnabaradecKnii TPWHIWO BajkeH OOTOMY, 9TO OH IIO3BOJAET
OTHENHUTH OBUKEHHE HOHOB OT IBHKEHHA 3JEKTPOHOB TakuM obpasom,
9TO 0CTaeTcsa TOIBKO 0CTATOTHOE B3aHMOIENCTBHE MEKIY 9JeKTDPOHAMA
r doronamMu. OH oBoCHOBRIBaeT Halme WHTYATHBHOE ITPEICTABJIEHME
0 TOM, 49TO SHEPTHUA 3IEKTPOHHOTO Ta3a ecTh CYMEeCTBeHHAdA dacTh
TOJIHOR yOpyroil PHEPrud TBEPAOTO TeXa, KAK W IPeRmojaraloch OPH
paccMOTpeHHH SHepruu cBA3W B Meraddax (§ 3 ra. 4). Ilocme yuera
9TOTO BKIAJa B BHEPIHIO ME MOKEM PACCMATPMBATEL SJIEKTPOHH M KO-
JgebaHpa pelIeTKN KaK HOYTH HE3aBUCHMEE OO0BEKTH.
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§ 12. IlepenopmMHApOBKa CKOPOCTH 3BYKa

AnuabaTrdeckuii NPMHOUI IPHBOJUT HAC K CIeAyIOIeMy Hpo-
cToMYy pacCysKaeHmio. I1ycTs MH paccMAaTpUBaeM CIeKTP KoneGaHHME
PELIeTKH, COCTOAMeH u3 rofux wonos. K gemy mpusesier nobapieHue
3JIEKTPOHOB ?

Kax 910 wacto GmBaeT, OuH Pe3yJNBTAT MOMKHO IOJIYIUTH CPasy
6e3 BCAKOTO TpyAa. [ IHHHOBONHOBHE NPOAOIBHEE KoJle0aHusA pemer-
KM TOYEYHHX 3apANOB NMPHBOLAT K KoJeGaHHAM INIOTHOCTH M K BO3-
HUKHOBEHWI0 HOJIAPH3AIMONHBIX [oJel, KOTOPHE MOKHO PacCIMTaTh
MAaKDOCKOIIMIECKH, COBEpIIeHHO TaK jKe, Kak B ypaBHeHuax (5.60) —
(5.62). YpaBHeHuA JBHIKEHHA IIOIOKATENBHBIX MOHOB, MacCa KOTOPHIX
paBHa M, 3apsAx paBeH Ze¢, a KOHIeHTpanuA NV, BHIIANAT CIeAYIOMUM
o6paszom:

Mx = —I4nNZzezx. (6.80)

d10 03Ha"aeT, 4T0 AJIA leO].'[O.TIbHOfI BOJIHBEI ¢ BOJHOBBIM BEKTODOM
JacToTa OKa3bIBAE€TCHA paBHOﬁ mIa3MeHHOHW dYacToTe HOHOB

AN Z2e2 \1/
Q, =(_’1M_e) : (6.81)

H IOYTH He 3aBUCHUT OT (.
[l peAmonouM Temepb, 9T0 B PEIIETKY BBeJeH 3JTeKTPOHHHII ras.
Kaxk moxasamo B INI. 5, 9TO IPUBOXHT K MOIHQPHKAIMA BCEX BJIEKTPO-
cTaTHYeCKuX mojel, co3/aBaeMHX Ipyrumu ucroanmkamu. Hampumep,
HAOPAKEeHHOCTh M3BHE IPHJIOMKEHHOTO MEeKTPHIECKOTo MmOJMA € BOI-
HOBHIM BEKTOPOM M 9YacTOTol o yMHOaeTcA Ha BeJIMdYuHy, o6par-
HyI0 IHSJIEKTPHIECKOH HPOHMIAEMOCTH € (g, ), OINpe/eNeHHOH HO
dopmyme (5.16). DTo TOMKHO OTHOCHTHCA M K CHIaM, 00yCIOBIEHHEIM
MOAPH3AIHeH HOHHOM MIA3MHE; IPaByio YacTh ypapuenns (6.80) Hysx-
HO TOMeNHTs Ha € (q, ®), TAe q eCTh BOTHOBOM BEKTOD paccMarpuBae-
MOT0 KoiebaHHWS, a ® — HCTHHHAA 9acToTa €ro. JTo o3Havaer, 4TC
Habaiomaemas wacTota Gyger
2 %
A ey v (6.82)
TIpaKTHUeCKH BeJHUMHA Vg Mala, M €10 MOKHO mpeneGpeub B €
(1. e. maasma KoneGiaerca MeJIeHHO II0 CPABHEHHIO CO BCEMM JIIeK-
TPOHHHMHE pABwxeHnAMu). Vcmonsaysa npubImKenHoe BHpaKeHHe

(5.21) mas e (q, 0), Mu moxy4aem

N 4iNZ2e2 q2
VO R TR et ) (6.83)

NZ2 1/9
vt (@) (6.84)
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Apyravu caoBamm, mpu ¢ — 0 cKOpocTh pacmpocTpaHeHns KoTeba-
HHA TPOJONBHON aKyCTHYECKOH BETBHM CTPEMHTCA K HEROTOpON KoH-
cranre. Ecan wonnentpanus ceo6oamoro smexTponnoro rasa ects NZ,
TO 3Ta KOHCTAHTa pPaBHA

s= (3o )" vr, (6.85)

T7e Vp eCTh, KaK 06bHO, (epMmeBCKas CKOPOCTh 3TeKTPONOB. JTO
HelIoXasd ONEHKA JIA CKOPOCTH 3BYKa B OOJBIIMHCTBE METALTOB:
0cofeHHo Xopoma oma A IMeXodnnX Meramion. Dopmyia (6.82)
TIOKa3pIBaeT, B YaCTHOCTH, Kak Boadnmkaer sddext Homa (§ 4 ra. 3).
I'pynnoras ckopocrs paBHa mpousBoguoit oT YacToTH Vq 1O ¢, a mpo-
u3Boguas or ¢ (q, 0) mMeer IOTapUYMUYECKYI0 CHETYISAPHOCTD LPH
g = 2kg.

Boxee mociefosarenbubiii ToAX0A K AMHAMEKE KPHCTANIHIECKOL
DEIIeTKN MeTaLI0B, UPHIOJNBIA A BCeX THIOB IOAAPH3ALHI M 15
BCeX MJIHH BOJH, MOT 0Ll COCTOATH B CAETYIOIEM:

1. Hapo paccumrars bIeKTPOHHYIO 30HHYIO CTPYKTYPY HI€aldb-
HOTO Kpucraiia.

2. Jlanee ciegyer paccumraTh S0HHYIO CTPYRTYPY TOTO siie KPH-
CTaila co CMeM[EHHHMH HoHaMM [310 oTBewano 61 mammauio $onoma
€ BOJHOBBIM BEKTODOM {, Kak B ciyuae (2.49)].

3. PaccmaTpuBas pasHOCT IONHHIX DHEPTHl HTHX ABYX CTPYKTYD
KaK COOTBETCTBYIOIEE M3MEHEHHe (IOTeHHMAIBHON sHeprmm» [rima
(2.2)], Haue:RUT BHYMCANTE FACTOTY (g MAIIOTO HOPMaJAbHOTO KoJe-
Oaumnsi.

Bes sra mporpamma BBITAsmuT yerpamraome, Tak KaK MCIOdb-
30BaHKe a7nabaTHIeCKOTO MPHOIMKEHNSA ONPABHAHO JHIIb IPH YCI0-
BHM CaMOCOTJIACOBAHHOIO pacdera Kampodl cTpywrypu. Homyermy,
OJTHARO, YTO MBI PACCMATPHBAEM TIOTIePEeTHbe KOJeGaHusA, TPH KOTOPHX
JOKAJIbHBIA aTOMHHIH 06beM ocraercs memameHHuM. Torma Géabmas
9acTh DHEPTHU CBA3H KpHucTaana (cp. § 3 ri. 4) He MeHAeTCH, U MOSK-
HO OTPaHHYHTECA PACCMOTPEHMeM JIMINTh MATOr0 BRJIAja B Hee, IIPO-
ucTeraomero or gedopmanmi mosepxHocrn Mepvu. Tloctexnme Mosk-
110 TPAKTOBATh KaK BO3MYIEHUA, 00yCIOBIEHNbIe PACCEAHHEM DIEK-
TPOHOB Ha cMemeHHHX monaX (cp. § 7 ru. 2 u § 13 macrosmei raa-
BH). PaccmoTpum mpocroii cayuaii Meramia ¢ mOYTH CBOBOMIBIME
anexrponamu. Torga dopmannam sKpPaHEPOBANHOTO MCEBIOMOTEHIIIA-
Ja, pa3BUTHE B § 3 Ia1. 5, TOWHO, ¢ HOJHBM COGTIOENIeM YCI0BUSH
€aMOCOT.TaCoOBaHMA, OLHCHEBACT BCe IPeKTs, 00YyCMOBIEHHbIE VKa-
3aHHBIMH cMemenuAMH. Tarkum 06pasom, o6Hapy/KHBaeTCA B3AHMMO-
CBABL MERAY YaCTOTOM ¢ M PAa3iIUYHBIMHA  (ypPbe-KOMIIOHEHTAMH
9KPaHMPOBAHHOTO HMOHIIOTO IICEBIONOTEHHMANA w, (q -+ g).

JTa B3amMOCBA3H ObUIa JOBOJBHO YCIENIHO MCIOJIB30BAHA upu
HHTEPIPETAUN CIOKHBIX AMCIePCHOBHEIX KPHABBIX, MOJYYEHHHIX NPH
9KCIIePUMCHTATBHOM WCCIENOBAHUE CIIEKTPOB MONEPedHLIX KoTeba-
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HOlt pemeTku MeroioM jgudparimun HefirpoHoB (cM. § 8 ra. 2). Yra-
3aHHAfg CBA3L IO3BOJIAET Jlajiee MOKA3aTh, BEPHYBIIMCH K OMHCAHHIO
B 00KMHOM IPOCTPAHCTBE, UTO METANT AMHAMUIECKH Befer cebs Tak,
Kak ecau OBl MBI MMeJIM IMapHBIe CHJIBl B3aNMOJEHCTBUA Me/RAYy «Heii-
TPATBHEIME IMCEBA0ATOMAMMIY, ITH CUJIBI MOKHO TaKKe HHTePIPETHPO-
BATh KAK Pe3yJibTaT 9KPAlMPOBAHHOTO SMERTPOCTATHIECKOTO B3AWMO-
JeHCTBHA MEKAY 06llakaMy «TICeB03apAKay, 0OBOJIARUBAIONIAME TOJIbIE
Merajuindeckue noun. OANaKo Takasd KapTWHA MOKeT IIPUBECTH K He-
BEPHBIM BEIBOJIaM IIPU PACCMOTPEHUY JWIMHHOBOJHOBHIX HPOZOABLHBIX
Ko.1e6aHmit pemmeTKH, KOoTaa AoMHHAPYIOT oOmeunsie sfdertr. datee,
0Ha COBEPIICHNO HOIPHUTOHA B CIYUae MePEXO/[HHIX METATIOB 1 HONY-
IPOBOIIIMKOB ¢ KOBAJEHTHOMN CBA3EIO (M. § 2 ra. 4).

§ 13. BzammopeiicrBue 3mekTpoHOB ¢ (oHOHAMHA

Baamsojeiictere saeKTpoHOB ¢ PoHOHAMU IIpoINe BCEro MCCIefo-
BaTh, NPEAIOJ0KAB, ITO DICKTPOHE IPOBOAUMOCTA B MeTasJie MCIhi-
TEIBAIOT HEYUPYTroe paccesdHue 1a KoiebaHUAX pelieTKH TOYHO TaK ke,
Kak PEeNTreHOBCKHE Jy4l, HeHTPOILl Wiy GeicTphie 3aeKTpoHs. Takoil
HOAXO0J Ha IMePBEI B3I NPEACTABIACTCSA CIMINKOM HAaWUBHEIM, OQHa-
KO ero Mo:kHo 060CHOBATh B paMKax aamadaTwiecKoro MpubInKeHud,
pasBuroro B § 11 Hacroameit raasel. [lIpusmeMm nerukoM Ha BOOPY:ke-
nue teopumio, paspuryio B § 7 u 8 ra. 2. Ha ocrnoBanuu paseHCTB
(2.86) m (2.97) mMBl mpumIIn K ciregyommeil gopMyne: MaTpuunbi 3re-
MeHT JJA mepexopga m3 coctoaunus k B cocrosigme k' MoskHO 3ammearthb
B BHIE

Mg =174 (K) (K- Uy), (6.86)

rme K=k —k, aq=K win q =K — g B coorpercrsum c¢ Te,
paccMaTpPUBAOTCA I IMOPMAJIBHEIE IPOIMECCH MIM HpOomecchl Iepe-
dpoca; Uy ecTh BeKTOpHAA aMINIUTY/a KojebaHHA DeINeTKH C BOJITO-
BEIM BEKTOPOM (, a BeamunHa 7, (K) upegcrapaser coboii MaTpHIHLIi
DIeMeHT MOTEHINANA OTAEIBHOT0 aTOMa WIN MoHA JITIA 9TOTO Iepexoa.

CmMpIca aToro pesyiprata 04elb ONPOCTO MOHATH CIeAYIOMUM o0pa-
30M. BosbMeM KBajpar MOAYAsS MaTPHYIOrO dIeMeHTa of xx H TOf-
cunTaeM BEPOATHOCTL paccesanud IO CTAHAAPTHOH TeopHH BO3MYy-
meunii. Torga ramppii atom B pemerxe 6yper BecTm ceba TaKHM
obpasosm, Kak ecam 6n; on o0Xagan cpegHHM CedeHHMeM DaCCesIud,
PaBIELIM

5 (K) =0, (K) V| K-Ug %, (6.87)

rie o, (K) — ceuenue usoauposannozo aToma JIA paccesnua Ha Bek-
Top K.

JTo coBepiuenHo scias gopyyra. OHa yTBep:KIAeT, YTO KarAbl
aTOM pACCEHBAET BJIIEKTPOHH HE3aBUCHMO, HO HMHTEHCHBHOCTL pac-
CeANNA 3aBUCHT OT CMEHIenusa JAHHOTO aToMa OTHOCHTENbIIO ero
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coceneil B peurerke. Cpeduee 3mauenne darropa | K-Ug |2 mo scem
q moasagerca B Teopum ¢axropa lle6aa — Yoaaepa, paccMoTpen-
ot B § 9 ra. 2; kak mokasano B dopmymax (2.107) u (2.118), ono
B TOYHOCTY DaBHO CPeIHEKBAJPATHIHOMY CMEIEHWI0 HOHA W3 CBOETo
yalla, OTHECEHHOMY K BeJWYmHe NoCcToAHHoH pemerkn. Opmako,
HUCCAENySa KayKABII IIPoIecc B OTAeJNBHOCTH, . T. €. BHOpAB OmpesedeH-
nHoe 3navenne K, MBI TOJJKHBE paccMaTpuBaTh pacCedHHe Ha COBOKYI-
HOCTH CMCIIeHWH peNeTKd, OMUCHBAEMBIX TOYHO ONPENeTeHHBIM BOIN-
HOBHM BEKTODOM; KODPEIANNA MEMKIY CMEI[eHHAMH COCEIHHX MOHOB
CTAHOBUTCA IPH 3TOM CYMECTBEHHOI, U pacCesHNe IIMHHOBOJHOBEIMI
KoTeBaHUAMH YMEHBIIACTCAH.

Eme Gomnee acro sto Bugno m3 dopmva (2.86) u (2.103). Muosku-
teap N| K.-Ug |* paer mpubnmkentoe 3nauenme KBafpaTa MOIVIA
CTpyKTypHOTO ¢akropa. llocmearuit mpomopmmonajeH BeludHHe
S (K) — ¢ypre-o6pady mapHoifl KOppeTANMUOHHOH (YHKIMH aToMOB.
Takmm o6paszom,

o (K) == 04 (K) S (K). (6.88)

ITOT Pe3yJbTAT COPABE[JINB KaK JJIA TBEPHOTO Tela, TaK U JIA JRHI-
rocTu. Paccesnme 5IeKTPOHOB HPOBOAMMOCTH ONpeEeNAerca paju-
anpHOH QyHKOUeH pacOpemenenns ATOMOB SKUKOCTH.

Korga mb1 mepeiifeM kK paccMOTPEHMIO D1@KTPHYECKOTO COIPOTHB-
J€HHA U T. [., MH HofpobHee HCCAENyeM 3TOT CTPYKTYPHHIA paKrTop
H OpPOAHaAH3UPyeM DPOJb BKJIAN0OB OT PAa3IHYHLIX YacTOT KojieGammii
pemerkn. IIpmuerca Takske yd4ecTh M3MEHEHME DHePIHH dIEKTPOHA
npn pacceAnmH, Kak B paBeHcrBe (2.101). Iloka mm 3aMernm aAnmb,
uTo ajuabaTHIeCKHi PUHIND H03BodsAeT 06ocHoBaTh popmyay (6. 87)
100 OH faer HaM BO3MOKIOCTH PaCCMATPHBATH PeHIeTKY KaK 3aM0pO-
JKeHHYI0 B OPOHM3BOJABLHOH KoH(Urypammim, a 3aTeM pPacCUNTHIBATDH
pacceAHme BIEKTPOIOB IIPH TAKOM CJIErKa HemepHOJUYeCKOM pacio-
Jd0}KeHUM HMOHOB. [nmHCTBeHHBIA AMHAMHYECKHI 5PPEKT ABH;KeHHA
HOHOB COCTOMT B YOOMANYTOM TOJBKO YTO H3MENEHHH BHEPTHH 37eK-
TPOHOB.

3ajaTa 0 B3amMOJENCTBHM 3JEKTPOHOB ¢ QOHONIAMH, TaKuM 06pa-
30M, CBOIUTCA B OCHOBIOM K BHUHCIeHHI pedudninl 0, (K). Eciu 6nt
aToM CO3JABAN TOIBKO caabuiit morenmuan 77(r), KECTKO € HNM CBSA-
3aHHBIA, TO TOTAA AiA gudPepeHInanbHOTO CeUeHUA PACCeAHHS B eIH-
HI/ItIHI)Iﬁ TEJIECHHA yro £, COTTACHO HIEeMeHTapHON KBaHTOBOH MeXa-
HHKe, B OOPHOBCKOM NPUOHMKENIM MBI HMEJH OBl

do,

ﬁ_( BniEN ) | 7"a(K) 2. (6.89)

B aroit fopmyne peanuuna

7" (K) =N S 7 o(r) e~ K ¥ dy (6.90)



§ 13. Baaumodeiicmaue anexmponos ¢ iononamnu 237

ectb ¢yppe-06pa3 moreHIMATA HOHA, HOPMHPOBAHHKMN WA 3JIEMEH-
TapHYIO AYefKy KpHCTajia.

OnHako, Kak ykaswmBaioch B § 9 ra. 3, mcrnnHas moTeHIHaAbHASA
AMAQ ATOMA WA MOHA OKA3BIBAeTCA CIUUIKOM ITyOOKOH, YTOOH MOKHO
ObL:10  BRHAUCIATH 9(QQerTHBHOE CcedeHHMe paccesHns B (OPHOBCKOM
npubrmrenun. [opasno ymecrrHee sgech Gwuia 61 gopmyna (3.78),
OoJNyIeHHasA IO MeTONy HapIHalbHBIX BOJH, WIN Kakag-HHOYAL Apy-
rasg Tounas GopMyiaa JId aMILIHTYAL pacCesHus. B wactooctm, MH
MO’KEM BOCHOOJB30BATHCA METOJOM IICEBIONOTEHIIMANA, Pa3BUTHIM
B§ 6 m9 rm. 3, paccmarpuBasi B3auMOJedCTBHE DJIEKTPOHOB ¢ POHO-
HaM#U IO TOH jKe cXeMe, YTO W CTPYKTYpPy B30H.

ITo HABONHT HA MBICJIb 3aMEHHTH Qyphbe-KommoueHty 77, B dop-
myne (6.89) ma coorBercTBYyHOmYH0 (ypbe-KOMIOHEHTY AaTOMHOIO
ncepgonoTennuana, ONHAKO H3MEHEHHWE TOTENNata, 06yCIoBIeHHOe
CMeImenneM WOHA, NOMKHO OTpaskaTh Jaio0bie 2dQerTH, CBA3aHHLE
¢ ImepepacupefielieHHeM MIOTHOCTH 3apANA B DIEKTPOHHOM rase. Kax
MH BHjead B § 3 1. D, 9tH BPPEKTH MOKITO NpUOINMEHHO YIeCTh,
nome s $yphe-KOMIOHEHTH TOJI0T0 HOHHOTO HOTEHIHAaxa Ha JUDJIeK-
TPHYECKYIO MPOHMAILAENOCTS.

Hopoue roBopsa, KoppekTuas mpolmeaypa Takoba. IIpesae Bcero
BMECTO CYHNEPIO3UIHH «aTOMHHIX» moTeHmuaios (2.83) ciegyer B3ATSH
Cynepmosuouio neegdoamomubiz morenquanos (5.35). Ilpu sTom BMecTo
dopmyast (6.89) momyamm

do

Tga"z( SnhEN ) |ws (K) P, (6.91)
rme w, (K) — ¢ypre-o6pas «moreHmuazay HeATPaILHOTO IICEBAOATO-
ma. @opmyna (6.91) me yIdTHBaeT BCeX IOPANKOB TEOPHH BO3MYIIE-
HHU{ 110 HOTEHOHATY PACCeTHHA; KPOME TOr0, OHA JOBOJBHO IeHAaesrs-
Ha Opu Oonpmux sHaueHuAX K, Tak kKak OpnOiIzKeHme JHHEHHOTO
SKPAHHPOBAHUSA HECHPABEIJIHMBO B 00MacTH aToMHOTO ocToBa. Ho Bee
e pTa GopMyla jaeT HaM YIOBIETBOPHTEIBIIOE CaMOCOIIACOBAHHOE
npubANKeHHe JIA TPOCTHX METAJIOB ¢ HOYTH CBOGOIHBIMEA DIEKTPO-
HaMI.

IloBepnenne Benmuuunl wy(K) BO BCeX HPOCTHIX MeTalJax IpH-
MEPHO OIHO U To sike. Hax Mur Bumenanm B § 3 ri. 5, mCeBIONOTEHIINAT
204020 ToTIA, Wy (1), COAEP/KAT JAIbHOASHCTBYIOMEe KYJI0HOBCKOE HOIe
BaleHTHoro 3apspa Ze. CiaemoBaTenbHo, pyprne-o6pas ero moJkeH
BectH ceba [cp. ¢ dopmyaoit (5.31)] npumepno kak

4J1:ZN e

wy (K) & — 220 | g0 (K). (6.92)

Crmaraemoe 77'(K) smecw ocraerca xomeunmm npum K — (O mezaBmcmMo
0T KOHKpeTHOro Bufa PyHrmmu 7°(r) BHYTPH HOHIIOTO OCTOBA.
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Ocobennocts B Bepaskennn (6.92), romegHo, KOMIEHCHpYyeTca
ocobernoersio dyurmuu &{K) npu K = 0, Togno Tak ke Kak H B BHI-
paskennmu (5.32). CoGupas BCe 3TH pe3yJNBTATH, MOKeM HAOHUCATh

wy(K) _ —4aZNe2/K2+ 97 (K)  —23%r+ (K2/A2) 77 (K)
e(R) ~ T 1t+aned gy (8p)/KE T-F (K2%/A2)

ws (K)=

(6.93)

Qurypupyomui 3/ech IapaMeTp 3KPAHHPOBAHHA A OIPEINeIAeTCS
dopmymnoit (5.22) wnm, rounee, dpopmyaamu (5.21) u (5.36). Ilo cyme-
c1By (6.93) — 5710 OpPMyTa IIA MATPHIHOTO 3JIEMEHTA DHEPTHH BJIeK-
TPOH-OHOHHOTO B3aWMMOAEHCTBUA B HIEMOYHHIX MeTaaaax, [ooJyTIeH-
uaa Bapguwom B 1937 r. Bugum Teneps, 9T0 ICEBIOATOMHEIA (O pPM-

Qur. 119. ®opmpakrrop mceBgoaToMa.

30HHAsA CTPYKTYDPa ONpENeNsAeTcs INIOb 8HaueHusMKn (GopMdpaKTOpa B TOUKAX £, £, U T. M.,
OTBEYAIIMX BEKTOPaM 06paTHON pemeTKH.

darxrop (¢ur. 119) Hrpaer meHTPAIbLHYI0 POAb B TEOPHH HPOCTHIX
MeTaJI0B € IOYTH CBOOOJHBIMHU 3IEKTPOHAMH. 3HaA Beawunny w, (K),
MBI MOKeM B NIDHHI[MIE PACCIMTATH 34KOH MCIEDPCHH 3JIKTPOHOB
(cm. § 9 rn. 3), cmexrp womeGamwmit permetku (em. § 12 HacTosAmeit
FIaBbl), XAPAKTeDUCTHKYW SABIEHHE IePEH0Ca B KPHCTALNINIECKO
nm xugkoit ¢asax (em. § O r. 7) m gaske TemmepaTypy Iepexona
B cBepxupoBopamee cocroanue (em. § 1 ra. 11) Y). K comamennio,
¢urypupyroomunit B dopmymne (6.93) ocroBumblii BRIAL B HCEBLONOTEH-
nuan 77 (K) uu «roramem (em. § 6 ru. 3), Hu ogHoaHATHO ompefeeH.
IloaToMy Koppensuua MemJy NePeTHCIeHHBIMH BHIIE CBOHCTBAMHU
OTHIOJIb HE TAK MPO3pavdHa, Kak Osl HAM XoTemoch. /RE3HL pemko oKa-
3pIBaeTcA CTONb Oesobmavnoi!

B atom paccyskienun caenyer GBITh 0CTOPOIKHEIM B OJHOM HYHKTE.
Ilpenmomoskum, 9T0 MBI HWHTEPECYEMCH BIEKTPOH-POMOHHBIM B3aHMO-

1) Cm. xuury [17].— Hpum. ped.
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JeiicTBHeM Jid ABYX 3JAeKTPOoHHHX cocroanuii k u k', oriugatomuxcs
npubausuTerbHo Ha BeKTop obparnoit pemeTru. Bruro 651 coBepmenno
HeIIPABUIBIO HUCIONB30BaTh Gopmyny tuma (6.89), orHocamylocs
K caydaio CBOOOJHBIX DIEKTPOHOB, A BEYHCIEHHA COOTBETCTBYIO-
Iero cedenud paccesnnd. [Ba paccMaTpHBaeMHX COCTOAHHA, BONHO-
Bble BEKTOPH KOTOPHIX IO BHAY CHUJIBHO Pas3jmyaroTcs, B AeilCTBHTENb-
HOCTH 09eHb OIM3KHU, YTO SICHO BUAHO HA CXeMe IHOBTOPAIMUXCH 30H.
Beuxy toro uto onm oba HaxomaTcs BOIM3M IpaHUIH 30HEL, KajKaoe
U3 HUX IpercTaBideT coboi CI0KHYI0 CMECh INTOCKMX BOJH, KaK YKa-

@ur. 120. B cxeMe IOBTOPAIUIEXCH B30H OpoLeccH Tepebpoca MOMKHO CBECTH
K HODMAJILHHM IPOIeccaM.

spBadoch B § 2 m 3 ror. 3. OxaspiBaercs (Kak M [0JKHO OHITH, ecim
TEOpHUA BHyTpenHe coriacopana), 910 3Hauenne 7 ,(K), Bramciennoe
Kak MaTPHYHBIA 3JeMeHT MeyKAy HPaBHIBHEIMA BOJTHOBEIMH QYHKIUA-
MU, CTpeMHTCH K Hyaio, korga K — g.

K stomy pesyabrary moykno mpuiitm w apyrum myreMm. Ilepexonq,
KOTODHIH BBITJISAAUT Kak mpolecc mepebpoca, Gymyan maobparken ais
OJHOH OPUBeJEHHON B30IBI, MOKHO IPEJCTABUTH KAK HOPMAJbHBIH
npoirecce B cxeme nopTopsatommxcs 301 (fur. 120). Marpuansil anemenr,
KOTOPHH Temeph Gymer mpomopimonanen peruunte q-Ug, 6yner o6pa-
MarbCsA B HYIb BMeCTe C BOJHOBHIM BeKTOpoM ¢OHOHA (.

§ 14. Horennmansr gedopmanumu

B ciyuae monympoBomgHMKa, KOTJa BOJAHOBHE QYHKIIMA JOBOJBHO
CHOIKIH, ymo6HO BOCIOIB30BATHCH (PEHOMEHONOIHIECKNM MOAXOA0M,
pacemMaTpmBas KPHCTANI Kak ynpyruit KoHTuHyyMmM. HomeGanus
PEeIIeTKHA TpPH 9TOM ONMMCHBAKTCA KAaK BOJHB ynpyrux gedopmaimii.
Hanpumep, fexapToBH KOMIOHEHTH Tenzopa gepopMamuu B TOUKE F
UMeiOT BUJ

Wi (r) = Whet-r. (6.94)
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Homyerum, 49ro JoxradbHAsg AepopManusa IPUBOOUT K H3MEHEHHIO
3HEPTHH HOCHUTENA 3apAna Ha BeIHINHy

S (r) =2 &:; Wi (1), (6.95)

e &;; — TeH30D nomenyuasa Jefopmayuls.

Herpymno BHYMCIATH MaTPHIHHIN 3JIEMEHT A PACCeAHHA IIeK-
TporoB. ITono6mHo, craxeM, dopmyre (2.84), gaxomum mIA KpHCTATIa
CIHHUYHOTO 06BeMa

My = Y =ik’ -r8g (r) etk r dr = ( N Wli)jgij) Sk-kr+q-  (6.96)

i

Ilpm pacceAHNV KBAaSHEMIYIBC COXPAaHAETCA; B3TO JOBROJIBHO ecTe-
CTBEHHO, W00 IPH TAKOM PAaCCMOTPEHHH pelleTKa criameHa. Bepoar-
HOCTh pacceaHmsa OpomopnmoHalnbHa |WC|[%, a mocnegmsasa Bexmdm-
H& — TOTO ;Ke THIIa, 9TO M CTPYKTYpHEH darrtop (6.88) B Goxee T0u-
"ot teopum. [{na omenrd KospPUOMEHTOB &;; MH MOMKEM IPeACTa-
BUTH cebe, 4TO Bech oOpasem HOABEPTHYT OJIHOPOJIHOf[ mebopmamuu
W, u onpexnennts, Kaxk MeHAETCA IIMPHHA 3aMPEIMEHHON 30HHL.

IOna meranma lerko HalWTH KOMIOHEHTY TeH30pa &;;, COOTBET-
CcTBYOMYyl usMmeHenmio obbema. Paccy:kmenmsa mpoTekaloT B CyIN-
HOCTH Tak e, Kak B § 2 ru. 5. IlepemeHHoe OTHOCHTENBHOE H3MEHe-
Hre o6pemMa A (r) OpWBORHT K TOMY, 4TO KOHIOEHTPAOHWA JIeKTPOHOB
B6IM3Y TOUKH I CTAHOBHUTCA paBHOH ny (1 — A) Bmecto ny. ITo Beger
k casury yposusa Mepuu (s cBoGOXHOTO HIEKTPOHHOTO Ta3a) Ha Be-
JIIHAY

82 (r) =7’;,°A(% —2 &) (6.97)

B cayuae AINHHOBONHOBHIX K0Ie6aHMHA IIOTHOCTH MOKHO BePHYTHCA
Kk mocrtoanHoMmy ypoBuio DepMm, mpwHAB BO BHEMaHWe, 4TO YacTh
9JIEKTPOHOB MOKeT yiTH m3 obnacreil HOBHINEHHOH KOHOEHTpAmud.
3T0 Majoe OTKIOHEHHE OT JOKAJIbHOH BIEeKTPOHEATPaNbHOCTH BHI3LI-
BaeT BO3HHKHOBEHHE 3JIEKTPHUYECKOr0 IOJA, MOTEHIHAX KOTOPOTO
B ToUHOCTH KommeHcupyer casur yposasa Depmm (gur. 121). Taxum
00pa3oM, BO3ZHMKAKONIUI MIOTEHMHAT OKa3HBaeTcd TOTHO DPAaBHLIM
BermapHe —O§ (), KOTOPYIO MHL OTOMJecTBIAeM ¢ Ao0aBRoH K amep-
run mocuresig O& (r). CruemomarexbHo, IODOYp TeH3opa IOTeHIHAla
IedopMaTUN [OJNKEH PAaBHATHCA

S &= —% &p. (6.98)
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Tem camMbiM MBI CTPOrO BBMHCIHJIN IIPeeIbHOC 3HAYEHHE BeJHYWHDI
ws (K) npu crpemnennn K K nymo B dpopmyre (6.93). Ougerngno, aTo
CBOHCTBO MCEBIOATOMHOTO (HOpPMPAKTOPA — MOTHOCTBI) CAMOCOTIACO=

2. ¢ © W @
Q @ O D .0
2 o -0 ©-0

)

¢
/
e
““““““ K s

a

@ur. 121. ¢ — BONHH WIOTHOCTH B pellleTke NPUBOLAT K H3MEHeHUIO 3IEKTPOH

HOH INIOTHOCTH; 6 — ypoBeHb (DePMH HOBHIIAETCH MM IOHIMKAETCS, 8 — DieK-

TPOHE TlepeTeKalT TAaKHM 006pa3oM, UTOOH COXDAHMTH LOCTOSHHKM YDPOBEHb
®epMu; 9TO ODPUBOFWT K BOSHMKHOBEHHIO [ed0pMAIAOHHOIO LOTeHIHANA.

BaHHOE: OHO BHIIOJHSAETCA TOYHO IIPHM ydeTe WIeHOB JAI0GOro mopspka
B pAfe. teopun Boamymennit. ITpnm n1060if mompiTKe BOCIOIB30BATHCA
AYeeIHBIM HOoTeHImaoM (M. § 7 ra1. 3) B 3ajiage o medopMuUpOBaHHOM
KpucTajiie pacCMOTpPeHHEI Bhme 3¢PerT ciaemyeT YUYHTHBATH KAk
CABHI HYJEBOTO YPOBHA AYEEYHOTO IOTeHIHAIA.



TJIABA 7

KUHETNYECKHVE CBOVICTBA

Tyr He OHIO «pas, 7ABa, TpH — H
puepen!» Kayapi HaauHEAN OeKaTh,
KOI[ia XO0Tejl, I OCTAHABIUBAJCA TOKe,
Korpa xorex. Taxum obpasoM, ysHarsh,
oxonueH Ju Oer, OBIO Hexerko.

Jvwuc Kapponr

§ 1. Kunernueckoe ypaBHeHme

Hocurenn sapapza B MeTaljie WIM HOIYOPOBOJHHKE MOTYT MO~
BepraThCA [efCTBUI0 BIENIHUX MOJell U TPajMeHTOB TeMIepaTypH.
Onn TaKe HCOBITHBAIOT PaccesHUe HA PUMeCAX, KonebaHnsaAX penier-
Ku o T. A, ITn 90PeKTr LosKHE O6HTH c0anaHCHPOBAHEL — HAC HHTe-
pecyoT TaKne CHTyaluH, B KOTOPHX 9 eKTPOH YCKOPAETCA MmoJeM, HO
npu paccessHMn TepseT m30ETOYHBIE DHEPIHIO H NMOYIEC. B 210l ri1aBe
MBL PacCMOTPUM «0OLIYHBIE» KIHETHYEeCKHEe CBOHCTBA, HalIljaeMmble
OpH HATOMEHUM NTOCTOAHHHX IoJedi.

HaunGoaee mpocToif moaxo[ K pemieHud 9Toil o0Imed 3agauyn 0CHO-
BaH HA KUHEMUYECKOM YpasHeHul, WiIn ypasxenuu bLoavymara. Mur
paccmaTpuBaem PyHKIHIO fi (r) — TOKAIBHYI0 KOHIEHTPALHI0 HOCHTE-
Aeit sapaga B cocroAanmm k B okpecTtHOCTH ToukH r. CTporo rosops,
DTy BEIHYMHY MOKHO OUPEAeNdTh TOIBKO B TEPMHHAX MEJIKO3EpHH-
CTHX pacupejejeHuid, CPeJHHX o aHcaMfio, MATPHI MIOTHOCTH
n T. 0. Umeerca ofmmpraa aureparypa MO 9TOMY BONIPOCY, HO OHA
OTHOCHTCA CKopee K PopMaJIbHOMY ammapaTy KBaHTOBOHM cratucrmie-
CKOH MeXaHHKH, YeM K TEOPHH TBepJOro Tela.

IlocMoTpuM Temepp, KakEmu crmocobamm GyHEIWA fi (r) Mosker
H3MEHATHCA BO BpPEMEHH. BO3MOJKHEI NPOIECCHI TPEX THIIOB:

1. Hocurenmm 3apajga OpUXofAar B ofiacrs mpocrpaHcrBa BOAuU3H
TOUKH I B yXopaT u3 Hee. IlycTs vy — CKODOCTH HOCHTENIA B COCTOA-
nnn k. Torma B Tevenue uHTEpBama BpeMeHH { HOCHTEIN 3apsAga B 9TOM
COCTOAHUT MpoHmyT nyTh fvyk. CilemoBaTelbHo, Ha OCHOBAHWH Teope-
mul JInyBuwia o6 wHBapHAHTHOCTH (Pa30BOTO 0OBEMa CHCTEMBI YHCIO
HOCHTeIe! B OKPECTHOCTH TOYKH I B MOMEHT BPeMeHH { PABHO YHCIY
BX B OKPECTHOCTH TOYKH r — vk B MOMEHT Bpemenm (:

fx (l‘, t) = fx (l‘ — Vg, O) (71)

JT0 03HAYAET, UTO CKOPOCTH M3MEHEHHA (GYHKIHHN paclpepeledus
us-3a duggdysuu ecTsb

af af
%] :——vk-—-—rL:——Vk'ka- (7'2)
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2. Buemnme monsA BRIBHBAIOT M3MEHEHHE BOJHOBOTO BeKTopa k
KasK[0ro HOCHTeNA, coraacHo paeeHery (6.40),

c= 5 (E+ 3 vox H1). (7.3)

Benmunny k Mo3kHO paccMaTpuBaTh KaK «CKOPOCTHY HOCHTENSA 3apsia
B k-mpocTpaHcTBe, TaK UT0 mO aHATOTMH ¢ paBeHcTBoM (7.1) mMeem

hele,y==f, . (v 0); (7.4)

CIeN0BaTeABHO, HOJ AEHCTBHEM nosell (PYHKIHA PACHpPCNCICHHA Me-
HAETCSA CO CKOPOCTHIO
of . 6f of
k k ‘(R 1 ) k
_k = —ke—t = — = — vk xH]) == 7.
at]ﬁeld k7% h( toxHl)m= (79
(MH memoaB30BATH 37ech oGosHauenune J/dk s rpagmenta B k-mpo-
CTpaHcTBe — omepatopa V).
3. Bausume mpomeccoB pacceAREA oKasHBaeTca ojee CIOJRHBIM,
Mpr orpanmumMest 37iech B 0CHOBHOM yOpPyrmMm paccesnueM. Ilpu atom
QYURIUA fi MEHACTCA €O CKOPOCTBLIO

= | e =R =it —hp oK)k, (7.6

ITpomece paccesnusa us cocrosaumsa k B coctosmue k' mpmBommt
K YMEHBIIEHHIO fy. BepoATHOCTH 9TOTO WpoIecca 3aBUCHUT OT BelIU-
YUHH fy — 9ucIa nocurenei B cocroanun k, m ot pasnocru (1 — fi) —
Uncla cBOGOTHEIX MECT B KOHEIHOM cocToanuu. Vmeerca Taxske o6part-
HHiT poxiece, nepexod 3 k' B k, KoTopHil Befer K yBeanuenno ¢yHK-
ouM fy; OH mpomopuuoHanzen Bexawumne fr (1 — 7). OueBngno, Hamo
NPOCYMMHMPOBATh L0 BCEBO3MOKHBIM cocrosinusam k', Iliaa wasxmoi
napu snauenmd k u k' cymectByer, oanaro, «co6cTBeHHas» BepoAT-
nocts mepexona @ (k, k'), papuasa ckopocrn mepexoja B crydae, Korjga
cocrossane k moxmocrrio 3amoameno, a cocroanne k' BarkamTno. Cor-
JaCHO RPUHYUNY MUKDPOCKONUYECKOU obpamumocmu, Ta ke PyBKONA
oaet ¥ cKopocth mepexona us k' B k, mostomy noj mMHTErpaioM moaB-
Jdercsa oOMMI MHOKHUTENb.

Hunernueckoe ypaBmemme BHpasKaeT cilegyiomee: m;ia Ji060i
TOYKH I ¥ AAA a000ro 3HaueHHS Kk NOJHAA CKOPOCTH M3MEHeHHA
¢ymxmum fi (r) pasna mymo, T. e.

5fk —I ﬁfk 5fk 1 _0 7.7

Jscatt T ]tield_]_TJdm_ ) (7.7)

OTMmernmM, 4To 3mech paceMaTpHBAaeTCs CMayloHapHoe, 1O e o6a3a-
TEJIBHO pa€H08€CH06 COCMmoAaAHuUe. ,HJIH Inocjaegnero (i)yHKHI/IH pacnpe—
nenenus oGo3HavUaeTcA yepes fi, OHO OCYMECTBIACTCA TOIBKO B OTCYT-
CTBHE HOJIeﬁ u I‘paJII/IeHTOB TeMl'IepaTypH. ECJII/I BHEIITHee ImoJIie caMo
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H3MeHAETCA BO BPeMeHH, TO TPH cjaaraeMelx B JeBoit gactm (7.7)
B CyMMe JIOJ/KHH [aBaTh CKOPOCTh M3MEHeHHsA QYHKOHWH fy TOM feil-
CTBHMeM BHeIIHe#d cuiawl (cm. § 6 ra. 8).

IlomyeTuM, OfHAKO, 4YTO paccMaTpuBaeMoe CTamMoHapHoe pac-
mpefelennde He CIMIIKOM CHJIBHO OTJIHIaeTcAd OT PaBHOBECHOTIO.
IMonomxuam

8= fx—fk (7.8)
rie, Kak B § 5 ri. 4,

fi=

31ech HY/KHO IPOABHTh HEKOTOPYIO OCTOPMKHOCTh. MMeHHO, Kak
ompefienuTh PYHKHMIO fi B clydae, KOrja TemIepaTypa 3aBHCHT OT
rkoopauHat? BymeM camTarh, 4TO B KayKJOH TOYKE MOMKHO KOPPEKTHO
omnpefenuTh JNoKanbHYI0 Temmeparypy T (r), u moloskam

8 (1) = fic () — fie{T ()} (7.10)

Ecin BBefeHnme J0OKaJlbHOU TeMmepaTypsl BH3LHBaeT 3aTPYAHEHHA,
MOKHO noTpeboBaTh, 4To0B OKOHIaTeAbHOE pelleHHe YAOBIETBOPAIO
KaKoMy-IHGO [OMOJHHTEIBHOMY YCIOBHIO, HaIpHMeD

S gk (r) dk = 0. (7.11)

1
o T — 1 (& (7.9)

-TlomcraBnaa Bepakenme (7.8) B Kumuetmueckoe ypapHenme (7.7)
7 memoiabaya pasenctBa (7.2) u (7.D), moxygaem

ofy of of
— Vi _——(E-I——[vka]) == (112)
nIn
of iy
—Vk-%VT (E—{-—[VkXH]) it S
o,

08 e 1 o8y
= = VTt (BT nocH)) 5 (719)

C momompio dopmyaw (7.9) m onpenenenns (6.2) sTo ypaBnenue
MOKHO Iepemmucatbh B BHIE

(— L) v { 2= 9T e (B—Lwt) } =

6fk 66’1( e Ogy
= = st TV T o H g (714

9T0 — IMHeapH30BaHHOoe ypapHennme Boasumana. B Hem omymen
qien (E-dg/0k) mopsgra K2, COOTBeTCTBYIOIMUH OTKIOHEHHAM OT
sakoEa Oma. Or6pomen Tarxme wien vi-lvi X HI], TosxmecTBenHo
pPaBHHII HYJIK; B JEBYW YacTh YPaBHeHNWA MATHHATHOe IIOoIe ABHO
He BXO/HT,
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Hopcrasaaa suipassenne (7.6) B ypasuenme (7.14), mommo y6e-
AUTBCA, 9TO MBI NOAYYWIM JHHeHHoe WHTerpo-uuddepennmaIbHOe
YPaBHeHHEe OTHOCHTeIbHO «106aBKM» gi(r) K ¢QyHKHMHM pacmpefe-
aenpA. DyHrmua gy(r) ompesenseTcs HHTEHCHBHOCTHIO HIEKTPH-
9eCKOT0 IIONA M BeIWIMHON TDAfMeNnTa TeMIepaTypH, BXOIAHIAMH
B HEO/[HOPOJHBIA ieH B JeBoil wactu. [lanee B oT0il riaBe Mu Gymem
OTHICKMBATh pelnieHus KHHETHYECKOTO YPAaBHEHHA IA pPasIMIHBIX
CIy1aeB B IOPAZIKe YBEIHYEHHA CJIOKHOCTH.

Kputuueckn mactpoennnit amratens Mor 61 BOCCTATh 371eCh TPO-
THB CTOJb ITPOCTOYIIHOTO MCIOJNb30BAHAA KBa3HKIACCHIECKUX IIpej-
CTaBJICHWIA JIJIA OIMCAHHA NOBEIEHHA KBARHTOBOMEX aHMIeCKOH CHCTeME.
B camom peme, moskmo nm Tak GecmepeMommo mpeme6peraTh HHTEp-
depennueit Me;KIy TEKTPOHHBIME BOJTHOBHIME TaKeTamu ?

s otBeta Ha moz06HKe BompocH HYKHA Golee YCOBEPIIEHCTBO-
BAHHAA METOJWKA, B KOTOPOH HCIONB3YIOTCA MATPUNH ILIOTHOCTH
n(unn) Gysknan I'puna. Kak n B § 1 ri. 5, pHemmee moie paccMaTpu-
BaeTCA Kak ciafoe BOBMYIMEHME PABIHOBECHOTO COCTOAHUA CHCTEMH
MHOTHX dacTull. OHO BEIBHIBAeT AUHEIHHI OMKAUK, BETHIHHA KOTOPO-
To /laeT COOTBETCTBYHOIME KHHeTHYeckHe Koadpunumentn, Tensop
9JeKTPONPOBOJHOCTH, HAIPHMED, MOKHO BHpasHTh B obmeM BHje
¢ nomompio gopmyan Kybo 1):

1
Oy oo e

w =5 | G (0) 1, (0)) de. (7.15)

of—2g

Urade roBops, mpoBogmMOCTH omnpepenserca QyHKUumeRd epemennii
koppeasyuu (cp. § 8 ri. 2) meskay cocrapaswomeii j, (0) omepatopa
INIOTHOCTH TOKA& B HAYAJIbHHIA MOMEHT BPeMeHH M COCTaBIAKmeH j, ()
B HEKOTOPHU HoCHeylomuit MoMent 7. 9Ty QYHKIUIO Hajo IPOMHTE-
I'PHPOBATDH IO BCEM 3HATEHMAM ¢ > 0 i yCpeJHUTh Pe3YIbTAT IO PaB-
HoBecHOMY aucambiro. Pasymeercsa, cooTBeTcTRyIomee cpeiHee 3Ha-
delnne CaMoOro BekTopa j (¢) paBHo mymo. OgHako Kak 3aTyXaHue
gayrkmyayuil Toka, Tak N OTKIAMK CHCTeMH Ha BHeIMHee IOJTe Olpeje-
JIAIOTCA B TOUHOCTH OJHMMH M TeMu ke 3(PeKTaMH — pacCesHHmeM
a mpuaMecH u T. .

@opmyan mogo6HOTO Buja BechMa m3AmEs. OHH JekaT B OCHOBE
CTPOTOT0 [J0KA3aTeNnbCTBa DAL TeopeM, KAacanMuXCA KHHETHYECKUX
RoadduimenTos, nanpumep cootHomennii OHzarepa B TeOPUH HeoOpa-
TEMBIX TpoleccoB (cM. § 9 Hacrosmeii raapr). OHAKO ABHO PAaCKPHITh
Coflep;ranye BHpazkeHud Thoa (7.15), cBeas MX K TaKHM BeIWYMHAaM,
Kak opdexTHBHOE Cedenme paccesHHsA M T. II., JANEKO He OpocTo.

1) Bupgumo, asrop paccMaTpuBaeT 3pech NPOCTPAHCTBEHHO ONHODOAHYI0 CH-
CTeMy eflmBHYEOIO o0bema. B obmeM cayuae dopmyaa Ky6o mmeer Gomee ciios-
HE BHA (CM., HaIpHEMeD, xuury [15], § 14). D10, ogEaKo, He BIHAET HA TOCHTe-
Aylomue paccyiuenua.— ITpux. ped.
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D1y 4pesBHUARHO TOHKYI 33/ady yAaxoCh PEMHTH MOKA 9YTO JHIIb
[T HeCKOMBKAX MPOCTHX CTaHZAPTHHX ciydaes. H Hamemy ygoBier-
BODEHHIO, HTH YCOBEPIIEHCTBOBAHHEIE PACUETHl MOATBOPKAAIT MOITH
BCe pe3yIhTATH, MOJNyIeHHBe 3HAYHTENHHO MPOIIe ¢ IOMOMIBIO ypaB-
HeHnA Boapnmana ).

§ 2. AEKTPOIPOBOAHOCTD

Mycrs Ha CHCTeMY HANOMKEHO TONbKO diexrpmyeckoe moie E u B
«6ecKOHEIHONY cpeje IOJep/RUBAeTCA MOCTOAHHAA TeMIleparypa.
C yuerom BeipakeHud (7.6) momydaem

( 810 )Vk.eE: _ 3fk:| _S (fx— fur) O (k, k') dk’ =

at

—7{ scatt
= | —a) Qi k) dic. (1.16)
DTo ecTh IPOCTOe HHTErpalbHOe YPABHeHHe [IA HeN3BeCTHOH dyHK-

mnu gk.
Byecto TOro 4roGH HemOCpPeJCTBeHHO pPemaTh ero, cueldaeM QeHo-
MEHOJOTHYEeCKOe TpefIoioKeHne:

of
LIy P 7.7
at :lscatt# T Ek- (7.17)
TeM caMbiM MH BBOIUM epems pedarcayut tT. lIpm BHKIIOUYeHHN HONA
10606 OTKIOHEHMEe gx OT PABHOBECHOTO pacImpefenenus Oymer 3ary-
XaTh 0O 3aKOHY

agy . 4%
T T w
HIn
gi (t) = g (0) et (7.18)

TlpmuATas ANOPOKCEMALMA PadyMHa, HO NoMAHA OHTH ofocHOBaHA.
1o Gymer cpenaHo B § 3 HACTOAMPH IIABBL. -
Moncrasnas onpepenenne (7.17) B ypasmenue (7.16), maxogmm

g (—25) i ek, (7.19)

1) Tax 0GCTOMT HETO JHUIb UPH UCCHEOBAHMN KIACCHICOKUX sipreHuil nepe-
Hoca. CylmecTBYIOT 3afadd, B KOTODHIX HCHOJNB30BAHNE dopuyn tuma (7.15)
Heo6XO0MM0 OPHHNMINAILEC. H dUCIYy HX OTHOCATCA, HAalpuMep, HEKOTODEIC
BOIIPOCH TEOPHE CUIBLHO JIETHPOBAHHEX NOJYHNPOBOAHHKOB M MOJYIPOBOAHKKOB
¢ Majioil MOJBIKHOCTHIO, WMCCIelloBAHMe I'albBAHO- M TEPMOMArHUTHBIX SIBIEHAI
B CHILHLIX MATHATHHIX HOJAAX u gp. lIpH peileHHH STUX MAjIeKO He MPOCTHX
3a7ad ABHOE (PACKPHTHE» BHPAKEHUH THIA (7.15) B pHApe ciydaeB yRaJIoCch
(haKTHIECKN OCYIIECTBHTH ¢ LOMOINBIO TeX MM MHBIX NpUOIUKEHHLIX METOO0B. —
Hpux. ped.
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UTo65 mOAYIUTH HIEKTPONPOBOMHOCTH, BHYHCIUM COOTBETCTBYIOMIYIO
IVIOTHOCTH TOKA

J:2S ekakdk=25 evigy dk —

L ) ag. (7.20)

=77 | J o ®) (=5 7o

Jdzeck mpu mepexoje OT MePBOil CTPOKM KO BTOPOH IPUHATO BO BHH-
MaHue, 9To

S evifi dk =0,

HCIoab30BaHm Takke Qopmynsr (2.66) u (4.6) mia nmpeoGpasopanus
06’peMHOTO HHTErpaia B K-HPOCTPAHCTBE B MHTErpaji IO HM303HEpTe-
THIECKHM IOBEPXHOCTAM M TO JHEPTHH.

CormacHo § 5 ra. 4, B meramne ¢pynrumsa (—0f°/0€) semer cebsa
Kak O-dpyuriua or (& — ), nostomy ocraercs TONBKO IPOMHTErPH-
posats mo mosepxiioctu Mepmu. Tarum oGpasom,

J:

e “rE (7.21)

4n3  h Uy
CpaBHEM 9TO BHIpaskeHHE € OOBITHON MAKPOCKOHIYECKO# ¢opMy.I0i
J = 0.E, (7.22)

rge ¢ — teHsop. lloayaum

ST B7F (7.23)

Uro6H BIBECTH 9TO BHpaskenme, ucxofs u3 gopmyant Kybo (7.15),
MBI MOTiIM OBl OIPEIEINTH BEIMIANY T KAK BPEMA 3aTyXaHHUS COOT-
BercTBYIOmel QuayKTyanuu — Gypbe-KOMIOHEHTH TOKA evy ¢ BOJHO-
BEIM BekTopoM k. Ilpu ycpegHenum mo ancamO:Ii0 BePOATHOCTH TAKOH
¢ayrryanuu oupenenserca gpyurumeit Gepmu — fupaka. d10 m mpm-
BOJIUT K IOABJIEHUIO B dopmyrne (7.23) MIOTHOCTH COCTOAHMMA BMECTO
1/kT.

O6ByHO HMMET je1o € KpHCTALIaMH KyOGMIecKOH CHMMeTPHH,
IIPH ITOM MEH30D 2AEKMPORPOeodHocmI CBOTHTCA K CKAIApy, HOMHO-
JREHHOMY Ha eJMHHYHHINA Tensop. B ciaysae worma ofa sextopa E
1 J HampaBJIeHHl IO OCH %, HOHHTErPajdbHoe BHpakenue B (7.21) ecth

(vivi-E)y =01 E, (7.24)

aT0 maer Y, BRAama or kBaapata ckopocrm, v2E. Iostomy

o= GZTlSvdSF=L§J§SAdSF, (7.25)

4nd B3 4m3
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I7e Mhl BBEIU Jaury c60600n020 npobeza
A = w. (7.26)

I10 ecTh OCHOBHAA (OPMYJa 1A DIEKTPOIPOROJHOCTH.

Hurepecno mocmorpers (pur. 122), raxk BHIIAfuT QyHKIMA pac-
mpenenenus fyx, 3ajaHHag BupaskenueM (7.8). Hak BuaHo u3 pasen-
crBa (7.19), dyHrnus gy BeInka TonbKo BOmu3n nosepxnoctu epmu.

etv-E
-

QAN

a g

®ur. 122. a — cMeneHHaA NOBepXHOCTh (DepMH; 6 — cMeMeHHOe pacHpepjele-
HHe DepMu.

Heb6oapinmaa pobaBka TOABIAETCA € TOH cTOpolBl, rae vi-eE > 0,
T. €. TaM, TJie BIAEKTPOHBI YCKOPAKTCA mojieM. Ta sKe BeIHdHHA BHIIH-
TaeTCA € TPOTHBOIIOJIOKHOA CTOPOHHI.

MaxTudeckn 1mo Teopeme Teilopa MOMKHO HANHCATh

ofy  09€ (k) et et
fk=fg_WT.TE=f°(k——h—E). (7.27)

970 BRIIIAJUT Tak, Kak 6yaro Besa chepa Pepmu casunyaacst B k-mpo-
crpanctee na peauauny (et/fi) E. dro Heckonbko mHeBepHas MHTEp-
mperauusa. B JeACTBHTENLHOCTH IIoJe He JeHCTBYeT Ha COCTOAHUSA
BOauam gua 301, B raybune chepst @epmu. M3-3a mpunnuooa [Tayam
moje He MO;KeT TNPHAAaTh YCKOPEHHSA BHJIEKTPOHAM B TAKUX COCTOA-
HMAX; 10 DTOMH sKe IPUYNHE OHM He PACCEeMBAKTCA IIPUMECHIO.

OTMeTHM, OJHAKO, 94TO HTEKTPOLPOBOTHOCTH He 3aBUCHT OT TeM-
mepaTypel (eCaIM He CIHTATH BO3MOKHOH TeMIepaTypHoOdl B3aBHCH-
MoctH T). JTa ke ¢opmyna copasegausa npu I = 0, korjga pac-
npegenenne depMu wmmeer coBepuHieHHo 4YeTKylo TrpaHuny. Mosxno
CKazaTh, 4TO DJIEKTPOIPOBOAHOCTH BBIPAKAETCA Uepe3 CMeIeHue
acecmroii  nogeprHocmu Depmu.

3aMeTuM TaK;Ke, 4T0 BHpaskenme (7.27) MosKHO IpeJCTaBUTH
B BHJE

fu=1°(Ex—etvy-E), (7.28)
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Kak OyJTo K BHepruM 3JeKTpoHa B cocTosHuMM k nobaBuiach Benu-
quHa

0y = etvyi-E. (7.29)

AT0 B TOUHOCTH COOTBETCTBYET KIACCHYECKOH CHTyaunuH, KOTOpas
uMemra OK MeCTO, eciaM OBl 3JIEKTPOH €O CKOPOCTBIO Vi [BHUTalCA
B mole E B Teuenme MHTEpBAJA BpeMmeHH T. JTO 3aMedaHHe JIEKUT
B OCHOBE KuHemuueckoeo Memoda peiedua mogobeix 3agad. [loba-
BOUYHas 3Heprus, mpuofperaeMas B IPOMEKYTKAX MeKIY CTOIKHO-
BEeHMAMH ¢ IPUMECAMH, COOTBETCTBYeT HATHIMIO dpeligosoll ckopocmu
v B HmampaBpJIeHHU T0JA; UMEHHO

Gv-—g—f-:ev-Er, (7.30)

iy jJaiada KJIaCCHYeCKOI JacTUIBl MacCChl m

dv=""CE. (7.31)

mp

Ilyers KOWUEHTPAHA 4acTHI[ eCTh 7, TOTJla HOJHAA IUIOTHOCTH
TOKa PaBHA

J = nedv, (7.32)
i, cpapauBaa gopmyant (7.31), (7.32) n (7.22), naxomgum
o=t (7.33)

m

Jlerko mokasaTh, 4TO B Ciay4ae CBOGOAHOTO SJEKTPOHHOTO rasa
dopmyan (7.25) u (7.33) sxBuBagenTHs. OgHAKO 1A METANIa IePBast
U3 HUX OPUHIHEAMAIBGHO 3HAYUTeNbHO jTydme. G TOUYKHM 3peHHs Teopuu
JIMHEHHOTO OTKJHKA emme Aydnie OO0 OB HaOmmCcaTh

0= 1" (€x). (7.34)

JT0 BHIpasKEeHHE IOKA3bIBAET, UTO JIEKTPOIPOBOAHOCTD ONpPE/eIAeTCA
TOJBKO CBOMCTBAMM 3JMeKTpoHOB Ha ypoBHe Depmy, a He MX MOAHOH
KOHIeHTpalmyed. Boabliyio 3IeKTPOnpOBOJHOCTh METANLIOB ClIegyer
06BACHATL CKOpee 6O bIION BeINIUHON TOKA jp = €Uy, LEPEHOCHMOTO
1e60:1 pIION TPYMIOi 2IeKTPOHOB Ha BepiuuHe pacupenenenus QDepwmu,
a He BBHICOKMM 3HAYeHHeM MOJHON KONIeHTPAauH CBODOANHX 3AEKTPO-
HOB, KOTOPHIM MOKHO IIPHATh HeGOIBLIYI0 APeHQOBYI0 CKOPOCTH ).

Ocnopnaa ¢opmyaa (7.25) HOKa3bBaeT TakKe, YT0 IPOHCXOJMT,
Korjga maomanp cBoGogmoit momepxmoctn Depmm  ymenbmraercs
B pe3y.IbTaTe B3aMMO/eHCTBIA ¢ TPANUIAMH 30HEI, H YUYHTHIBAET BIMA-
HIfe peHleTKH, orpaHmaupaoiiee 3QPeXTUBHYI0 CROPOCTH DIEKTPOHOB

1y Boapmiag CKOPOCTb Ha moBepxHocTH Mepmu o0ycioBiIeHa HMEHHO BHCO-
Koii TONHOH KOHIEHTparueil 3JIeKTPoHOB.— Ilpum. ped.
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na noBepxHoct @epmu. Takme sPPeKTH geHCTBUTEIBPHO MOKHO
HaOMI0[aTh B MeTa/liaXx Tmma DBi.

C apyroit croporsl, gopmysna rKunermaeckolt reopuu (7.33) ymobua
IJid moXynpoBomHuKOB. Ilpm srom mom n ciaegyer moHHMATh KOH-
mentpanuio cpofopHbEIX HOocHTenell 3apama. O6eMNIO mALIyT

o=mnle|y, (7.35)
Ime
Jeft
—__ 7.36
b= (7.36)
ecTb nodeuxcnocmv Hocuteneli. B Goiaee ofmem ciaydae camraior,
9TO 3JIEKTPOHEL U JABIPKH BHOCAT I1€3aBHCHMLIC BKAAAH B IIOJHBIHA
TOK, U OHOPeJeIA0T HX HOJBHIKHOCTH PAaBEHCTBOM

o=mn,le|u.+ nylel pp (7.37)

Herpyano BmiBectn ¢opmyrny (7.35), cramem, ma (7.20), mpm-
HEMasA B KadecTBe f° Kiaccmueckyw (yHKOuI pacmpededennsa [rmma
(4.32)] n BBraMCaAA uHTErpasB BUAA (4.36). IIpm aToM MEI momyckaew,
970 BpeMfA pelakCcalliM T MOKeT 3aBUCETh OT SHEPTHH; B (OPMYyIdy
(7.36) mago momcTaBATH €r0 CPefHEE 3HAYEHIE

2 |6t (&) e EPT ()%

=
ST (=BT 4 (5) 0

(7.38)

rae .#°(&€) ectb NMIOTHOCTH COCTOAHHMH B paccMaTpUBaeMoii 30He.
Taxum obpason,
[elTe 7

pe=L1o%, (7.39)
rae m, — a¢peKTHBHAA Macca SIEKTPOHOB. AHamormudasa Qopmyra
cIpasefinBa M A ANpPok. M3 srux dopmysa BHAHO, 9TO MOIBHAK-
HOCTEL MOJKET 3aBHCETH 0T Temmeparypsl. C poctom T pacmpepgeienue
pasMasbiBaeTCA U CpefHee BpemA pelaKcaluu U3MeHAeTcA. B crydae
MeTaill1a TO 0OCTOSITENIBCTBO, UTO T 3aBHCHT OT DSIEPTHH, He HIpaer
Gonpwmoit poian, b0 CYIMeCTBEHIO TOJABbKO 3HadeHHAEe T (&€r).

§ 3. BriumcieHue BpeMeHH pelaKcAUH

Msr moka eme He pelinIN MHTeTPalzbHoe ypasHenme (7.416). Hanbo-
Jdee o0Imee penienume HMEET BH[

gk___(__%}%_) ¢E-A (k), (7.40)

rae A (k) — BerTOD, 3aBHCAINMIA 0T MOMOKEHHA TOYKH Kk 1a moBepx-
Hoctu Qepmu. JaemenrtapHoe pemenne (7.19) mosywaercd, ecin B3ATH

A (k) = vy, (7.41)
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OTKyja fcHO, 4To A mpepmcraBuAer co0oit eekmopHyl OAURY c60-
600H020 npobeea anexTpoHoB. B oGmem cayiae aauma Bekropa A (k)
MO’KCT OBITH HepeMeITHOH, W HANpABIEHHE €0 MOFKeT He COBIAJATh
¢ HAIpaBIeHHMEeM CKOpoCTH vy Ha mopepxuoctu Depmu.

Wuorma npepmoaaraior, 9T

A &) = v (k) v, (7.42)

rae 7 (k) ecTb, IO OIPENENEHUIO, AHUIOMPONHOE 6DEMS DEAAKCAYUL,
saBHCAImee 0T MoJoKeRna Ha mosepXxHoctu Pepmu. Herpymno ycra-
HOBHTH, OJHAKO, 9YTO HTA ANNPOKCHMALHUA He BCerga JaeT MOJHoe
pelienIie MHTErPaJbHOTO YPaBHEHHA; K TOMY ke He CYIecTByer
mpsaMoro Meroma Beramcienusa ¢ynrmumu T (k).

Ja1evenrapuas dgopmyiaa (7.19) maer, coGcrBenHo, egUHCTBEHHOE
ImpocToe pelieHMe KUHeTHIeCKoTo ypasHenms. IlogcraBum ero
B ypasnenne (7.16) u gomycrum eme, 9T0 paccesnne ympyroe, T. e.

Qk, k')dk' = 6 (8§ — &)Lk, k') dQ’ d&’. (7.43)
3mecyr dQ' ecTb 2JIeMEHT TeleCHOTo YIVIa B HampaBJeHHH BEKTOpA
k' — BOJHOBOIO BEKTOpA DIEKTPOHA MOCTIe CTOIKHOBEHHA (BeJH-

ynna Bekropa k' ¢urcmposaHa Temepb yCIOBHEM HEH3MEHHOCTH dHEp-
MU OpH pacCesHuu).

Onyckas ¢ obenx cropoH S-gymkmum ot snepruu Depmu, Haxo-
auM 11 Touek ma mosepxmocTn Depmu

i E=1 S (vk—vi)-EZ (k, k') d'. (7.44)

910 ectpb (QYHKNMOHAIBHOE COOTHOINIEHHE, KOTOPOe HAKJIa#bIBAeT
HexoToprle yeldosmsa Ha Bup Pymxmun £ (k, k). Jlerxo mokasars,
9TO OHO BHIOJIUAETCHA, Koraa mosepxunocts Depymu ecTs cepa, u BeIH-
4pHHa | Vi | DOCTOAHHA, W, KpOMe TOTO, KOTHa

Z(k, k') = £ (0). (7.45)

Ilocaeamee o3nagaer, 9To ypasHenuio (7.44) MOKHO YHOBIETBOPUTH,
eCII BePOATHOCTH pacCesHUsl 3aBHCHT TOJIDLKO OT YTia MEMKAY HBYMHA
BOJXHOBHIME BeKTopamn. JloKa3aTelbCTBO 3TOTO YTBED/KEEHHS CBO-
ANTCA K YIpaiueHmio mo cPepHiecKoil TPUTOHOMETPUH, KOTOPOe
Mbl OCTABJIAEM TUTATENIO.
KoIp cKOpo Ha3zBaHHBIE YCIOBHA BHIIOJHEHBI, Mbl CPady moJTyIaem
= S (1 —cos0) £ (0) d'. (7.46)
Kax BupHo, BpeMs peilaxcanud 00paTHO TPOIOPIHOHAIBHO
HNTErpaTy MO BCEM HAIPABIEHHAM OT BEPOSTHOCTH DacCesiHHA, HO
B3fATol ¢ pecoBmM MmuommrexreMm (1 — cos 0). Ilocmepumii yBeaudn-
BaeT OTHOCHTEH bHBIH BKIAN IPONECCOB paccessHHA Ha 00JbUINe YTIbL.
Kax Bummo u3 ypasmemus (7.44), 9TOT MHOKATENb IPOMCXOAUT OT
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yrena (vk — Vi-)-E: cymectBen He camblii (akT pacceAHHsA sJeK-
TPOHA, & TO, HACKOJIBKO M3MEHAETCA IIPH 9TOM KOMIIOHEHTA ero CKopo-
CTH BHOJb JIEKTPAIECKOTO IOJA.

BepoATHOCTE paccessHEA MOYKHO BHDAsUTE deped nuddepeniyaib-
noe sdpexTunnoe cedenne ¢ (0) AIA pacceAHHd Ha TPUMECH H 4epes
roulenTpaiuio mocaeaneii N;. aa mmumwsr cobommoro mpobGera A
MO YIUM

19
- =N,—2n5 (1 — cos 0) o () sin 0 d. (7.47)
[1]

§ 4. IlpumecHoe paccesnue

Temeps y nac 3arotoBieHsl Bce HeoGxoanmbie dopayasr — (6.70),
(7.25) mu (7.47), nospoasiomue «u3 HEPBHIX IPHHIMIIOBY BBIYHCIAUTH
3IeKTPOTIPOBOAHOCTh CHCTEMB CBOOOGHBIX BJJIEKTPOHOB Meralia, CO-
llepskaliero 3aps;kenHoie mpumecH. Hak mpasnio, Hac Gyjer nurepe-
coBaTh ydeavHoe conpomuesenue ) p:

mup my 2mZe2 sin O do
p=—’—=—n—e—f—Ni2n (1—(:059)( ) ( =

oty

nezA K24-22)2
1
__ mup 2mZe? \2 823 dz -
T ne2 Ni2n ( n2)p2 ) S {1~ (2kp/A)2 2232 ° (7.48)
0

31ech ucmoabsopano pasenctso K = 2kp sin (0/2), pnreraromee u3s
reoMeTpPHUeCKuX Coobpaskenuil, W BBejeHA IHepeMeHHasd HHTerpIpoBa-
nuaA z = sin (0/2).

Murerpaa B (7.48) derko BHYHCAUTE KakK (YHKIMIO HapaMeTpa
(2kp/A); ML He CTaHeM BHUIUCHIBATH TOUHOH dopmyns. Baskno anms
OTMETHTb, 9TO 3apsskeHHad NMpHMeCh Be;[eT cebs1 Kax reoMerpuIeckoe
NPEnATCTBUE ¢ PATHYCOM

2 2
2~ I (7.49)
KOTOPHIA, coraacuo gopmyaas (5.22) u (3.6), mo HOPANKY BeJHYuHbL
CPAaBHHM € PajuycoM aToMuoi cdepr. OTMETHM TaKike, YTO CONPO-
THBJIEHHE HE 3aBHCHT OT TEMIEPATyPhl ¥ JIONKHO OBITH IIPOIIOPIHO-
HaJIbBHO KBajpaTy Pas3ioCTH BaJeHTHoCTeH Z — npasuao Jlunde.

B peiicteuteannoctu gopmynaa (7.48) maer 3aBbilleHHOE 3HaYenHne

compotupienud. Jlydue Bocmoab3oBaThesi BupaskenueMm (95.40) pus

1) Ilnsa KpaTkoctH GymeM Ha3HIBATH €ro IPOCTO CONPOTHBIACHUeM.— I[Ipux.
nepes.
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TOIepedHOro CeUeHHsl PACCesSHHsA, MOJyIeHHbM IO METOy Iapiualb-
apix BoaH. WuTerpmpys mo yray 0, maxogum

1 i
~=N: —E% 2‘,1 Isin® (N —"M:)- (7.50)

3aTeM MOMKHO OLpefeIHTh CIBHTH (a3, HoTpeboBas, ITOOH OHH YIOB-
nerpopsin npasmny cymm Dpmpgens (5.43). 3uaunrenpHOE ocmamov-
Hoe conpomusieHue, 09eBHAHO, JOJKHA aBATh IPHMECh IIePeXOLHOTO
metansia ¢ d-pesomancom B6amam yposHs Depmm (cm. § 5 ri. O u
u § 10 r1. 6). JleitcTBATeNbHO, LIPH BTOM 1), ~ 7/2. B ciydae MarauT-
HHX IpuMeceii s — d-B3ammojefiCTBHe, 3aBHCsINee OT CHIMHA, TAKKe
NPHBOAUT K HOABIEHHID MUNKUMYMA COMPOMUSAEHUSR; BTOT dfifexm
Kondo 6ymer paccmorper B § 6 ri. 10.

Jas BHUECIEHHA NOABHKHOCTH, CBA3QHHOHW C pacCesHHEM HA
3apSKEHHOM MpUMECH B IOJYIPOBOJHUKE, MOKHO HOCTYNHTH B CYII-
HOCTH TaK ’Ke, KaK # upH BrBoae gopmyis (7.48). Daxtnyeckn BpeMs
peiraKcamud 3aBHCHT OT JHepPruu:

1
A= Nwom (L)' Jydz (7.51)
T(€) et /) {22} A2h2/8in*6 )2
rjie mapameTp A ompemensieTcss Temeph gopmyioi (9.26); mpeamosa-
TaeTcs, IT0 OH HECKOTBKO MEHBINE (TeINIOBHIX» 3uadeHHi K.
TIpsIMBIM PACUeTOM MOKHO YCTAIIOBHTH, YTO HHTErpai B gopmyie
(7.51) momoublio caabo 3aBUCHT OT PHEPIHH €, monToMy T 3aBHCHT
OT DHeprHH HOCHTeJell B OCHOBHOM Kak &*/v ~ &Y2m*'/2. lopcras-
775 910T peayasraT B GopMyay (7.38), BHAEM, UTO DTO IPAKTHIECKH
CBOAMTCA K 3aMeHe bHeprum & Ha ee cpefiHee 3HAUeHHE kT. Caeno-
BATEJIBHO, B CJydae IPHMECHOTO DACCeSHUS

o~ T2z, (7.52)

Mdopmysna Takoro thma (QaKTHYECKH JaeT JUlb O4eHb rpy6oe
mpubmimkenne, Ho OGN KadecTBeNNBIA BHBOJ O TOM, UTO IOJBHIK-
MOCTh [OKHA YBEIHUYABATHCA C POCTOM TEMIEPATyDHI, ABJIAETCH
BLOJHE HAJEe/KIBIM. JTO O3HAaUaer OpOCTo, UTO IPU HarpeBaNHH rasa
HOCHTeIeH 3apsAfa OHH JBIGKYTCA B cpefHeM OHICTpee M LOTOMY CJla-
Gee paccemMBalOTCA 3aPSKEHHOH IPUMECHIO.

§ 5. Pemerounoe compoTHBIEHHE

Pacuer TaxK HA3HIBAEMOIO pEULEMOUH020 CONPOMUBLIEHUL METAJI-
710B — CONPOTHBJIEHNS, O0YCIOBICHHOrO paccessHHeM Ha TeNIOBEIX
KOMeGaHMAX peNIeTKH, — IPefcTaBlIAeT Goiee CIOKHYIO 3a7ady. Mmu
MOKEM TOJIBKO HAMETHTH €ro OCHOBHYKO CXeMy.
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B kauecTBe mepBoil AmIPOKCHMAINH HMCIOJb3yeM HpelCTaBiIeHHe
0 moTennmaie fedopmarnuu, BBefeHHoe B § 14 rim. 6. JIeKTPOH «uyB-
cTBYeT» QIyKTyHMpyOmuil IIOTEHINAJ, PaBHLIA 0 BeldYHNe

68 = 2 &xA, (7.53)

rre A ecth J0KaJIbLHOE, TePMHYECKN (IYKTyHpYyIOIee OTHOCHTEIbHOE
uamenenne ob6nema. CieqoBaTelbHO, CONPOTHBIEHHE MOMKHO OHTH
OPOOOPIMOHANBHO CpeiHeMy KBaapary QIyKTyalldu WIOTHOCTH, KOTO-
PHil 10 M3BECTHOMY IPMHIMOY KIACCHUECKOH CTATHCTHIECKOH Mexa-
HHKH ompepenasercs ¢QopMylaoH

A2— NKTB, (7.54)

rge f — cruMaeMoCTh KpHCTaJLIA.
BripasuB 5Ty BeIMYMHY 4epe3 CKOPOCTh 3BYKA S M IJIOTHOCTH D,

OOJYYNM

NET kT

A2 __ —_—
A*= Ds2 — Ms2?

(7.55)

rae M — macca moHa. OTOT pesyabraT Golee uzBecTeH B o0lem BHfe

T
Pi ~ J7g7 (7.56)
HNOKA3HBAIIEM, YTO COOPOTHBJIEHHE IPONOpPIUOHANBHO abcomaoTHOH
TeMmepaType. XapaKTep 3aBUCAMOCTH OT ATOMHOH MacCCH M OT TeM-
nepatyphl [leGasn © (kotopas mpomopIHoHalbHAa CKOPOCTH 3BYKa S,
cornacuo § 4 ra. 2) B ofmenr cormacyeTca ¢ OIBITOM.

YTo6H OpPOJBUHYTHCA HANbIIe, MOKHO MCIIONb30BATH BHIDaKe-
une (6.87) maa sddeKTHBHOrO ceueHHA pPACCeAHHA NPOM3BOJIBHBIM
nonom penrerku. [lo dopmy:e (7.47) nainem (o6paTHyio) JnAHY CBO-
6oxmoro mpobera

n
7\17=N2n S 0o (0) N [K-Uqg2(1—cos0) sin0d0,  (7.57)
b
rme 0, (0) — quddepennmanbroe CcedeHme PACCEAHHA «CBOGOLHBIM
aToOMOMY.

[Iycrs paccMaTpHBAIOTCS TOJBKO HOPMAJIbHEE INPOIECCHI, .KOTJA
BekTOp paccesnma K pasen BonHOoBoMy BekTopy ¢omona q. GTpyw-
rypusiit parrop | K-Uq [* maercs gopmynamn (2.109) n (2.110). ITpu
BHICOKMX TEMIIepAaTypaX MH HMeeM
KTK2 _ kT FRapkT 7 58
Mv; ~ Ms2 T ME202 ( )

NlK'Uqlzz

(3mech BHOBB BBemeHa Temmeparypa [le6as). [IpakTuueckn aro To ke
camoe, uto u A? B dopumyaax (7.54) u (7.55).
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Tax kax permauna (7.58) ue 3ammecur ot K, T. e. He 3aBmCcuT OT
yraa paccesHus 0, MBI MOKeM OTAeIbHO NPOMHTErpHpoBarh mo 6.
Hoxyanm

1 —  h2qRET
& = Vo Jpmer - (7.59)
1 (<)
I
Eazan a (8) (1— cos 0) sin 6 dO (7.60)
0

eCTh IIOJIHOE CeUeHHe PACCeSHUA M30JMPOBAHHEIM aTOMOM, BHIYUCIEH-
Hoe ¢ BecoBHIM MHO;kHTEReM (1 — cos 0), yIMTHIBaOIEM H3MEHEHHE
IMOYJIbCAa B HANPABIEHUH MOJA.
C momompblo ¢opmynn JluHZeMana 1A TeMIepaTyphl IIaBIEHUS
(2.117) aTo BEpasenue Moxkuo eme Gosee ympocTATSH:
1 2

— ~ Nog = 1%,

A; 3

T
T (7.61)
Tie Z,, ecTh KoHcTanTta, ¢urypupyomas B dopmyre (2.117) u mpm-
tamanrensHo paBHaa . 0,2; T, — TemMmeparypa miaBlerus. MosmxHo
TIONTH elle Aaidblle, IPEANON0MKHB, 9TO CEIEHAA DACCEAHHA HOHOM
U 3aps;KeHHON MPHUMEChI0 B OCHOBHOM ojmHakoBbl. Hecromsko mpe-
obpasya gopmyay (7.49), morydaeM HedITO BpOfe

A¢ ~ 500 I (7.62)

Ife AJIMHA @ oIpejielena TakK, 9To a® ecTh 0OheM dlIeMeHTapPHON AYedK.
dto o3maUaeT, uTo AJAUMHA CcBoGogHOro mpobera aleKTpoHa B Meralle
OpH TeMIlepaType IJIABIEHUs COCTAaBIdeT IpuMepHO 50 IOCTOAHHBIX
pelneTKH, JTO He BIOJHE TOYHO, HO MOPANOK BETHIMHE BCE yKe IOTY-
9aercsd NpPaBUIBHBI.

Yrobst HAHTE C€aMO COIPOTHBIEHHE, TAam0 CKOMOMHHUPOBATH
dopmyan (7.59) mwau (7.62) n (7.33). lomyaum

mve

pi ZW. (7.63)

JTOT peayabTaT MPUOIMKEHHO CUPABEIINB ATA CBOOGOIHOTO 3ITEKTPOH~
noro raza. Wopmyra (7.63) yrounser rpyboe pyHKOHOHATBHOE COOT-
uomenue (7.56).

IIpn HE3KHX TemmepaTypax moixoskeHne ciroskHee. CTpyKTypHEIL
¢pakrop (7.58) Gmum BHUMCIEH B PaMKaX KIAaCCHIECKOM CTATHCTHKHU.
IIpu mepexofie X HH3KMM TeMmeparypaM Hajo 3aMEHHTb, CKajkeM,

penunanny (k7/hivg) Ha cpegHee UMCIO 3aNOJHEHMS 7g, ONpeNEIeHHO®
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oo gopmyrae (2.46) 1). Iloxyuum

kT Bvg/kT
N|K-Ugtr o { Y g }- (7.64)

ITOT coMHOHTeNb B mHTerpate (7.57) spderTnBHO MpHBOIAT K 06pe-
3aHUI WHTETPHPOBAHMA IO YTI0BOH mepeMenHoi#. BepoatmocTs pac-

a )

Qur. 123. ImeKTpoH-OHOEHLIE HOPMANLHEE IPOHECCH.
@ ~— NPH BHICOKUX TeMIlepaTypaX; 6 — OPH HH3KMX TeMIepaTypax.

CeAAHAA GHICTPO majaer, eCIM MOTNOMATHCA WIH HCIYCKATHCA JOMKHEI
(OHOHBI, TACTOTA KOTOPHX CIMNIKOM BEIHKA, 9TOGHI ONH MOTIH BO3-
Oysparbea Tepmudeckn. VHade TOBOpPS, HPAKTHIECKH HCKINYAKTCH
OPOMECCH pacCesaHus, AIH KOTOPHX

Wq > kT. (7.65)

B momern [leGas mis HOpMATBHBIX HpPOLECCOB (¢ur. 123) B cayuae
cepudeckoii mosepxmoctn Mepmm 3T0 yemosme PaBHOCHIBIO CJie-
AYOMeR CBASH MEKIY BEIAMYMHON ¢ U YIIOM paccesHAs O:

q . 0 ap T

S =S8in— > 2, 7.66

P Ty (7.66)

Moxno Gomee wmim. MeHee TOYHO BRYMCINTH AJIHHY CBOGOTHOTO

mpoGera B IPeNNOI0KeHAH, YTO CedeHHe g (0) c1abo 3aBECHT OT

yraa 6 W ero Mo:KHO BHIHECTH 3a 3HAK HHTerpaiza Kak KOHCTAHTY.
Toraa ma ocnoBanmm (7.57) momyumm

e/T
1 = h2gHkT T)4 Y 4zt dz (7 67
A; V0 Jrage (”@“ AR 67)
rne mepeMeHnHas HAHTErpUPOBaHUA
hy 0
_ g _ L) __)
7= _(qD (T . (7.68)

1) 9meprua mymesmx KoneGammit me Bxomut B $opmyny (7.64). Jlaa moxa-
3aTeNbCTBA 3TOr0 TpeGyercA MOAPOOHHIL aHANN3 NPOHECCAa PACCEAHHMA ¢ YIeTOM
PasnuIng Mey HCIYCKaHMEM M MOIJOmEeR¥eM (OHOHA.



§ 5. Pewemounoe conpomusaenue 257

Ilpn BICOKUMX TemmepaTypax, Korga otHomennme O/7 Mamo, mHTe-
rpax crpemutcs k (6/7)%, u Mr cHoBa mpHXoguUM K pesyabraty (7.59).
Hpn Huskux TeMmmepaTypax HHTerpai CIPEMHTCA K ITOCTOSHHOMY
sHaueHnio 124,4 m compoTHBIeHHE OKA3HBAETCA TPOIOPIHOHANHHEIM
T°. Jra canbHAA TeMITEPATYPHAA 3aBHCHMOCTb DENIETOYHOTO COIPO-
THBJICHHA IIPe/CTaBIAAeT Co60H XapakTepHHA KBAHTOBHE addexT,
nofo6ro0 mebaeBckomy sakomy 72 mis TemIOeMKOCTH.

lponcxosxsienite aT0ii 3aBUCHMOCTH MOMKHO IOHATH CIELYIOMEM
obpazom. OJddexTuBHOE Cedenme pacceaHmA, GyLYIH HHTETPAJIOM
0 yTiaM, BKIIYAOIAM MHOKHTEID

(1—cos 6) sin 6.0 — 8 sin3 (%)d(sin—g—), (7.69)
O4eHb YYBCTBHTENLHO K BeNWUNHE yIiaa o6pe3aHms, HABA3HBAEMOTO
mHOkuTeneM (7.64). Onpesenns Benmumny yria obpesaHns us Hepa-
BencrBa (7.66), momyumm, 4TO HHTerpal MONIKEH BeCTH cebA Kak

(ap/2kpNT/6)

S 83in3(%)d(sing)~(%)4 (7.70)
0
B TIOJTHOM COOTBETCTBHH ¢ opmyinoit (7.67). Jannnosoanossie oHOHN
BeCbMa Mal03QPEeKTHBHB B KavyecTBe MCTOYHHKA COTPOTHBIEHHS, K60
B peaysibraTe pacCeAHHA HA HAX HalpPaBlIeHHe NABWKCHHH dIEKTPOHA
MOJKeT M3MEHHTHCA JIHING Ha MaJbdl yrol, IMHEHHO YMeHbIIAIINAACH
¢ TeMIOepaTypoil.

Honcrasue Buipaenwe (7.67) 3 (7.63), moxyunmm dopmyry, msse-
CTHYI0 KaK 3sakon baora — I'ponaiisena. CompoTHBIeHHe MHOTHX
MeTalI0B NPA NH3KAX TeMIepaTypax MOpPHOIMMeNHO IIOMIMHIETCH
9TOMY 3aKOHY, HO €ro He CleyeT DPHHUMATH 6e30TOBOPOYHO IO Cile-
OYIOIHM ITPHIAHAM:

1. llpegmonaramoch, 9ro 3JIEKTPOHB pPACCEHBAIOTCA yOpyrum
oGpasom. Ha camom mere 970 He Tax, HO eCIm mpoBecTH (opMaIbHOE
paccMoTpenne MponeccoB B3aNMOACHCTRIA MIKAY SIEKTPOHOM U (POHO-
IaMi, B KOTODHX IOCIEJHHE MOTYT DOKZATHCA H YHHUTOKATHC,
C y9eToM TOTO, YTO DJIEKTPOH MOJKeT TePATh W mpmoGperaTh SHEPIH,
TO pe3yJIbTaT OKa/KeTCA IMOYTH TakmMsKe. B dopmymne (7.67) Bmecto
IOpEe:RHET0 HHTETpaia MOABATCS

e/T
425 dz
(e#—1) (1—e72)

C TARAM jKe ACHMIOTOTHYECKHM MOBeJeHMeM, KAK ¥ pambile, IpH
MalbX # Goasmux sHauennax T,

2. Ilpegmonosxefime o 1e6aeBCKOM BHJle CIIEKTpa (JOHOHOB ABJIAET-
CA 0UeHH CUJIBHEIM YHpOIeHNneM, MPUHATHM TOJAbKO pagu yxzoGeTBa.
Cremyer mo oTAENBHOCTH YYHTHBATH BKIANH IPOJONBHBIX ¥ IIOIE-
PeUHBIX KouMebammia.
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3. Oyurmusa o, (0) He ecTs KoHCTaHTA, MW, CIEJOBATeIbHO, €€
HeJdb3A BWHOCHTH H3-ToJ sHaka uarterpana B (7.57). Cegennme g, (0)
ompepenserca gopmynamu (6.89) u (6.93). B gacrnoctn, o, (0) Haun-
HaerT yMeHbIIaThed, Korga yroa O mpesmmaer, crasem, 20-—30°%;
3T0 CKa3HBaeTCd HAa TEMIEPaTypPHON B3aBHCHMOCTH COIPOTHBICHMSA.

4. Hambomee cymecTBeHHHN HCTOYHMK OMMMOOK CBA3AH € Ipe-
He6peskenmem mporeccamu nepebpoca. Hak morasamo B § 7 ra. 2,
B caydae, korga sextop K Buxommr 3a mpegens 3omsl bpmaniosna,
BMecCTO Hero Hamo 6path

q=K —g, (7.71)

rme g — Bexrop oGpartmoil pemerku. Hwuorkyma me ciaegyer, 4uro
mopobuiie 3Hadennma K He Hajo yIuTHBaTh B dopmyie (7.97); cege-
HHe pacCesHMA aToMOM, O, (0), oramgno or Hynsa m npu 0 = m,
rorna K = 2kg. 910 mpesmimaer gp — fefaeBcKoe mpemelbHOE 3Ha-
9eHme BOJHOBOTO BEKTODA.

TpymHOCTh € Y9eTOM pOJH HpomeccoB mHepefpoca B 3IJTEKTPO-
CONPOTHBIEHNH 3aKII0UAeTCs INPOCTO B YCIO/KHEHHH TeOMEeTpPHHU
3ajaun. [laske B Ciydae BBICOKHX TeMIepaTyp HpH IOACTaHOBKE
sexropa (7.71) B mcxomHylo Berwumny B (7.58) BoiACHAeTCs, UTO
«CTPYKTYpPHHI (arTopy ysKe He ABJIAETCA HE3aBHCHMEIM OT YTJIa
paccesHHs — MOABIAeTCA R06GaBoUYHBIE MHOKHTENB K%/, KoTophrit
MOKET 3HATMTENHHO HPEBHIIATh eguHuny. Jto BumgHo Ha dur. 124, a,
rae K, oueBmamo, HamMuHoro Goxbme, ueM ¢. Jxsa Takmx Goaenimx
sHadeHmii yria 0 muddepeHuumanvHOE cedeHHMe paccedHHA d, (0)
MOJKeT OLITh HeBeINMKO, HO OTHOCHTENBHHIN BKJIAF MX B COIPOTHBIe-
HHe 3HAYATENBHO YBeImduBaercsa Giarogaps muossurenio (1 — cos 0).

Manse 3HAYeHMA ¢, HY/KHHE NI HEKOTODHX IPOIECCOB Iepe-
fpoca, CYmECTBEHHBI TAaK:Ke 1A o6bACHeHHs TeMIeparypuoil saBu-
cHMOCTH collpoTuBiIenusa. Hak crexyer us mepaBeHcTBa (7.66), aTm
IpPOMecCH He «BHMOPaKMBAIOTCA» BILIOTH 10 HHU3KAX TeMIepartyp.
Eme sicHee 5T0 MOKHO YBHAETh, M300Pa3MB TPEYTOJIBHHK BEKTOPOB
(¢ur. 124, a) B cxeme moBTopsAlomuxca 3on (ur. 124, 6). Ilpn atom
MEHHMAJbHOe 3HadeHHme ¢ JJis Ipormecca mepebpoca OKa3BIBaeTCHA,
OMEBH/IHO, PABHKIM MHUHAMAJIBHOMY PACCTOSHIIO MY IOBEPXHOCTHIO
depMu B ofmOi 30HEe W ee MOBTOPHHIM H306pa)keHHeM B CIeAyHOMei.

Ecan moBepxnocrs Depmu BEITAHYTA IO HAIPAaBIEHNIO K T'PaHUIe
30HH, TO MOHHMalbHOE 3HA9eHHEe ¢ yMeHbIIaercsi, BCIeACTBHEe Tero
priansl B uaTerpan (7.57), mpomopmmoHanbHEE MHOKHTEN K2/¢7,
BoapacTaioT. Morao OBl IOKa3aThCA [ake, 9TO CONPOTHBICHHE [;
JOJKHO HMeTh 0COGEHHOCTH, KOTa moBepXHocTh (Depmm Kacaercs
rpaHumH 30HH. B 9T0M CIydae, Kak ykasuBanock B § 13 ra. 6, maTpuu-
HEH 37TeMeHT 3JeKTpPOH-$OHOHHOTO B3aMMONEHCTBHA IJA TaKHX IPO-
meccoB ofpamaerca B HYIb.

He cymectByer mnpocroii ¢opPMyJIH, KoTOpas oONHCHBaIa GH
BKJIAJ IIpoIleccoB mepefpoca B dIeKTPHIECKOe cOMpoTHBIeHHe. Tem
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He MeHee ofmme coofpaskeHus, KOTOpPHE WPHBEIM HAC K (opMysiaMm
(7.56) m (7.67), mo-mpesHeMy OCTAlTCA B CHIe, XOTA MHOCIeqHee
BHpayKeHHe H HeJb3fl CYNTATH TOYHHIM Pe3yJIbTaToM Teopum. Mos;xHO
OOHATH BCIO (QUBHKY ABJIEHAA, HO OKOHYATEIHHHH Pe3yabraT IOJY-
gaeTcA TOJBKO € HOMOINPI0 KPONMOTIHMBOTO WUHCIEHHOTO pacdera.
OrMernM ogHO 00CTOATENABCTBO: cormacHo Qopmyne (6.93), mua 6oab-
mux 3avennit K, 1. e. g Gonpumx yrioe 0, sgdextnBHOE ceueHue
pacCessHNA HMEKTPOHA HA aToMe SABHO 3aBACHT OT BenMYdHm 7' —
«OCTOBHOTO» HDOTEHIHMAJNa HCeBL0AaTOMAa. JTO JION;KHO OTPayKaThbesA Ha

Jona
bpunnrosna bpusmosna

a 1]

@ur. 124. daexrpor-GoHOHHHE NpomeccH mepeGpoca.
a — Ha chepe, cOOTBETCTRYIOMEH CBOGONHEIM DIIEKTPOHAM; 6 —[B CX€Me IOBTOP AIOIMMXCA BOH.

COIPOTHBIEHNH, OHAKO CTOJD ;Ke BAMETHYIO POJb B 3TOM OTHOLIEHHH
MO3KeT UTPaTh APYTroi adPerT, Takke BHIBBAEME moTennuagom 7' :
HcKaykeHne noBepxHOoCcTH DepMu W CMEmMBAHWE BONHOBHIX (YHKIHH
BONWSA TPAHUIE B30HHL.

AnayormuBHil pacger s scudkozo Meramia GaKTHIeCKH HAMHOTO
aerve. PaszyMHO DPHHATH MOjeNb HOYTH CBOGOJHHIX DIeKTPOHOB.
Torga ¢ momomsio gopmya (6.88), (6.91), (7.25) n (7.47) mu1 nmpmmem
K BHIPAKEHHIO

h
3
P =T o ¥ f lw (K)[2S (K)K*dK.  (1.12)
0

FPaaBnylo ponm 3pech mrpawnot mceBgoatomMumit dopmpartop w, (K)
u cTpyKTypHHH ¢akrtop Euproctd S (K). Tlocmegumit MoskHo ompe-
MeIuTh DKCOePHMEHTAIBLHO € MOMOINBI0 AWPPAKIUH HEHTPOHOB WM
PeHTTeHOBCKUX unydeil. J[leficTBHTeNnbHO, B OONBNIMHCTBE IKHIKAX
MeTaJI0B aTOMHEI PAacIOolaTalTCsa CTOIb CXONHLIM 06pa3oM, 4To mocie
UPHBEJIEHNA K O[IMHAKOBOMY aTOMHOMY DAajycy BeluIuiy S(K)
MOKHO UpHOIIHKeHHO u300pasuTh e uHOH CTaHAapTHOH KpHBO
(pur. 125). ITpn weGonpmmux 3nauennax K CTpYKTYpHHI GaKkTop Mal,
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NOCKOJBKY IIOTHOCTh PACHpEIeNeHnsI aTOMOB MPHOIA3ATENBHO OJHO-
pomHa. 37ech QaKTHIECKM enle CHPaBeIHBA KiaccmiecKasa (opmy-
na (7.54). OpgHako BRIam OT WepBOH KOOPAMHAMHOHHON CHeps B
pagmanrbnyo ¢yukmmio pacmapemenenus P (R) [cp. (2.103)] gaer
nuk B pyarouu S (K), 3a KOTOpEM 0HA Koxebinercsa BOAN3H eIMHNTHO-
ro snavennsa. mamerp cdepur epmu, 2kz, 3aBHCAT OT BaleHTHO-
ctn Z. CoOTBETCTBEHHO B CIY-
S5k 9ae HIeI0YHEIX METAJIOB BepX-
HHUA Opefel HHTErPUPOBAHHA
B gopmyne (7.72) me pocru-
raer To4ku mMakcumyma S (K),
a mpu Z = 2 DJTOT Ipejex
momagaeT B TPOBAI KpPHBOH

33 ee MHKOM.
IlockoNbKY [QmalbLHEHA IO-
PANOK, IPHBOJAIMUH K B0O3-
- HHKHOBEHAI 30H Dpmiaioona
¥ T.I., B JAaHHOM CIy4ae OT-
CYTCTBYeT, pasiHdne MeRIy
HOPMAJIBHHEMH IPOIECCaMd o
mponeccaMu mepefpoca IaunIa-
erca cmbicia. Tem He Memee
H3-33 HAJNAIAA TOJ HHTCrpa-
A5 oM BecomoTo MHOMHTENA Teo-
@ur. 125. Tunngsoe mnoBefeRHe CTPYK- MEeTPAIECKOTO IPOUCXOKIC-

TypHOro QarTopa ;KHILKOTO MeTaJa. nusg, K3, ocHobHO# BRTa;m B
TI0Ka3aHO, Kalk MEHFCTCA CTPYKTYPHHIA (arTop -
¢ freMNepaTypoil; MpHBeNeHH rtamme amawemns ~HHTETPal MalT 3HauYeHuAa K,

2khp pas DAdIHIHbIK BaJICHTHOCTell MeTaJIa. OIn3Kue K ka ITo 3Tolt mpi-
9HHe [JOMAHHPYIOHIYIO pOIDL
mo-IpeKHEeMY HUrpaeT «OoCTOBHHI  mcesgomorennuan 7. DBoa-
pacTaHme CONPOTHBAEHUA MPH INIABIEHHH MeTalla MOKHO 00DBsac-
HATH HN3MEHEHHWEM CTPYKTypHOro ¢akropa mid GoIbMHX 3Hade-
o K. Ilpomcxommr mepexom oT 8ieKTPOH-QOHOHHHX IPOIECCOB
mepebpoca (ax sdderT ocTaercs DPONOPIHOHATHHEIM ') K PacCesHHIo
co sHaueHnAME K BOam3u MaxcamyMma pyuxmum S (K). 310T MakcHMyM
yJKe ecTh BeImdMHa MOPSAAKa eJUHUNE; PAKTHICCKU OH MOKeT eme
YMEHBHIHTHCH OPH MOBHIMEHAH TEMIOEPaTypPHl.

3145

§ 6. HogBmwxHOCTh HOCHTEIEIH

3amaga 0 paccesHEHM HOCHTeNel 3apsafa Ha Kole0aHHAX pemerKd
B TONYOPOBOTHHKAX OKAa3HBaeTcsI B 00meM SHAYMTENIbHO 6Golee
npoctofi. Ilockoabky 0oOHYHO CAMTAETCA, UTO BCE HOCHTENH HaXo-
narca B HeBoapmo#it obrxactm Kk-mpocTpamcTsa BOMM3E MHHHEMyMa
é(k), BoamokEOE W3MeHeHHWe BeKTOpa k B aKTe paccesiHUA HEBENHKO.
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IloaTtoMy Mo)KHO HCIOJNB30BATH MeTO]| MOTEHIHANa HedOPMALIHH, CM.
§ 14 ra. 6. BepoaTHOCTL paccesnma mpOmOPIHOHAILHA BelMIMHE

| oftic 2t (8) = |2 Wi [* 1 (8). (7.73)
17

raze WY; ecTh aMILIATy1a KOMIOHEHTH TeH30pa AeGopMalHl B yOpY-
roi BouxHe, &;; — KOMIOOHEHTa TeH30pa NoTeHNUala pedopMmalnm,

Beugy mamoctu Bertopa k' — Kk MOMKHO BOCHOJNL30BaThCH Kiac-
CHYECKOH CTaTHCTHKOH Jna ympyrmx kolebaumii; mogobuo dopmyie
(7.54), mp1 mpeem

WY~ KT. (1.74)

Taxum o6pasoM, BpeMsa pelaKCallMH, NPONOPIUOHAILHOE 06paTHOM
peamauHe (7.73), Oyner Bectu ceba Kak
1 /2 8
— ~ TE°m*, 7.75
JaBucamocTh oT dHeprum W oT 3PPEeKTHBHOM MacCH cBA3aHa 37ech

¢ ILIOTHOCTBIO eocrosHui B 30He [cp. (4.33)]. Ilopcramasa sto coot-
Holmenue B gopmyasl (7.38) m (7.39), monyuaem

i~ =32 %572, (7.76)

Briarpsimr B OogBMKHOCTH BCAENCTBHE MRIOCTH 5(QPEKTHBHOR MacCLHI
BeCchMa OIIyTHM.

Onnako um 5Ta TEOPHA TO3Ke CIMIIKOM UPOCTA, jaske IPH BBHYHC-
JeHHH «Io Bceil mpogopMer — ¢ MATPHIHEIMA JIEMEHTAaMH M T. JI.
Jlexo B TOM, YTO MHOTHE IOJNYIPOBOJHAKE XapPaKTEPH3YIOTCA HECKOI b-
FUMH OHePreTHYeCKHMH MHHHMYMaMH —«J0AUHAMU» — B 30He TpO-
BOJIUMOCTH M COOTBETCTBEHHO HA3HBAIOTCHA MH020004unHbMU (M. § 6
ra. 6). Jlaa HEX CymecTBEeHHO MEMKIOJIMHHOE PaCCeAHHE ¢ yIacTHeM
¢ononos ¢ GoabIKMMH BONHOBHIMM BeKropamu. [lo aToii mpmumme
cooTHOmenHe (7.76) NPaKTHIECKU OKA3HIBAETCA HE OYEHDb YIOBIETBO-
PUTENLHEIM.

B monympoBommmke Henb3s npeHeOperath M3MeHEHHEM SHePIHH
HOCHTENA 3aPAJA P MCIYCKAHUA HIN NoTomenun Jonona. Bianaunue
aT0oTO adderTa Ha MOUBUKHOCTH HOCHTENEH B craboM moje HeBelIHKo,
HO OH MrpaeT IJaBHYI0 DPOJIb IIDH H3YYEHHH SABJEHHH IepeHoca
B cutbhbiz noasz. Ilycrs, Hanmpumep, K TOHKOMY IPoBojAMeMy o6pas-
Iy NPUI0KeHO HaIpsA;keHMe B HECKOJbKO Boabr. Ha myrm memmy
3JIEKTPOJIAMA 3JIEKTPOH MOJKEH OTHATH COOTBETCTBYIOMEe KOJIMIeCTBO
9HEePITHH B BHJle JUKOYJeBa Temlia — IPAKTHIECKN IYTeM W3IyUeHMs
HerkoToporo umcna goroHoB. B meranme pimua cBoGommoro mpobera
0 OTHONEHMIO K BIEeKTPOH-POHOHHHM CTOJKHOBEHHAM CTOJL Mala
[cp. (7.62)], aro o6pasen ycuen 6B MCOAPUTHLCA 1O TOTO, KAK HTOT
MeXaHH3M OTHAaYM DHEPTHH cTaHeT HespdexTmBHBIM. B  xopouiem
OOTYyIPOBOJHUKE, OHHAKO, y:Ke cOBCeM HeOONBIIoe BSIEeKTPHIeCKOe
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moie (HampuMmep, naupmkennoctbio 1000 s/cu) momer upmsectn
K IeperpysKe 3TOro KaHaja OTHa4M SHeprud. B pesyabrate pacupe-
Jenenue BAeKTPOHOB N0 DHEPTHH YiKe MOYKET 0Kas3aThCsA HepaBHOBEC-
HHM B OTJHYMe OT Ipefquoiaarasmeroca B ¢opmyiae (7.38). Taxum
06pa3oM, MBI IMOMTyIaeM CHCTEMY 20DAHUL FACKMPOHOE; COOTBETCTBYIO-
MasA TEeOpHA BeChbMa CJIO0KHA, TMOCKOJIBKY OCOOEHHOCTH (M3MYECKHX
ABIEHMHE B TAKOW CHCTEME OIPENelAIOTCA BUIOM MATPUTHBIX 3JeMeHTOB
9IEKTPOH-POHOHHOTO B3AMMOLENCTBUSA, (OPMOH CIEKTPOB AaKyCTH-
YeCKUX M ONTAYECKUX KOJNeGaHWil PemeTKd M CTPYKTYPO# dHepreTH-
9eCKHX 30H B JaHHOM Marepuaie. O6muil adderr, ogqHAKO, COCTOUT
B TOM, ITO HPOHMCXONAT OTKIOHEHHA OT 3arona Oma, mpu4eM B KOHIE
KOHI[0OB INTOTHOCTEH TOKA HOCHTENEed 3apAfa OKAa3HBAeTCA IOYTH He3a-
BHcAmMeHE ot F.

Jlo cux mop, paccMaTpuBas 3afady 00 DIEKTPOIPOBOJHOCTH, MELI
OpeAmoJaraju Takike, 9TO KBAa3HBONHOBOU BekTop K mpemcramiser
€000l Xopomee KBAHTOBOE YHCIO, HPUTONHOE IJIA HyMepaIlnu 9IeKT-
pouHHX cocrodumii, OTHAKO B pAge CHCTeM, HAIPHUMeD B CTeKaax,
aMOP(HKIX MOJYHNPOBONHUKAX WMJIA KOMIOEGHCHAPOBAHHBIX MOJIYIPOBON-
HHAKAaX ¢ OpuMecHHIME 3oHamMa (cM. § 2 rur. 4, § 9 ru. 5 w § 7 ra. 6)
HauboJiee yHAYHBIM OKA3HBAETCA ONUCAHME DIEKTPOHOB HOCPENCTBOM
COCTOSIHUN, L0KAAUS06AHHEL B PABIUIHBIX TOYKaX o6pasna. [Iposonu-
MOCTh HIPH 3TOM OCYIECTBILETCH JHUIUb OYTeM TePMHYECKH AKTHBHPO-
BAHHBIX RPHNCKOE C 0MHOT 0 MEHTPA JOKATH3AMUA HA NPYTOil C HCOyCKa-
HEEM HJIH DoTJomeHneM GoHOHA TAKOW 4ACTOTH, 4TOOH Hmepexom ORLI
SHEPreTHYeCKn pasperned 1).

§ 7. Runernueckne ko3 puumeHTH

ITycts Temeps B 06pasme, IOMEMO DIEKTPUIECKOTO HOJIA, MMEETCA
rpajaeHT TemmepaTypsl. B mpene6peskeHHUH BINAHEEM pPasMepoB
u gopmsl obpasia KHHeTHIecKoe ypapHenue (7.14) mmeer Buj

( g(f;) .{‘5(1( (—VT)—I—e(E——:—V?;)}_ —] (1.77)

Jscatt’

Ilo cpaBuemmio ¢ ypasueumem (7.16) Ml JHMIIb 3aMOHMIE 31eCh
Bektop E Ha Gonee crokHyo BeKTOpHYI0 ¢yuknuio ot k. B tex yemxo-

1) daKTHYECKA 2IeKTPOHK B TAKHX CHCTEMAaX MOTYT HAXOAWThHCH, BIIUMO,
KaK B JOKaJH30BAHHHX, TAK M B HEJOKAIH30BAHHBIX COCTOHHHAX (0TBEUAIOIINX
COOTBETCTBEHHO 007aCTAM AUCKPETHOO H HenpepHBHOrO0 CHEKTPOB 3HEprHi).
I psikKOBaA IPOBOJMMOCTH MMEET MeCTO, €CIH NOYTH BCe DIEKTPOHLL COCPefio-
TOYeHH B COCTONHHAX IEPBOTO THOA, T. €. IPH JOCTATOYHO HAM3KOH TeMmeparype.
IIpn TIOBBINIEHUH TEMIEePATYPH HPHIKKOBAA IIPOBOJHMOCTD CMEHHETCH OOLIIHOM;
OJHAKO U B 9TOM TIOCIEAHEeM ciaydae KOMIOHEHTH Bekropa k me Moryr cay:surh
XOPOUIMMH KBAHTOBRIMM YHCJIAMM: MaTepHal He XapaKTepH3yercsa MAaJbHAM
MOPSANKOM B DPACIONOMeHHH ATOMOB, COOTBETCTBEHHO 4eMY CHJIOBO@ MOJC Here-
PUOJMYHO B IIpocTpaHcTBe.— ITpum. ped.
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BEAX (cM. § 3 Hacrosime# TIaBH), KOTHa ONPaBIaHO HCHOJb30BAHHE
BpeMeHHM pelJaKcaluu, BHI pelIeHns HaM M3BecTeH:

fm o= (= 22) v [e (B—Lvt) + 25— (—vD)]. (178

IloxcTaBuB T0 BHparkemme B mHTerpaa tuma (7.20), BEUHCINM
3JIeHTpnqecrcm71 TOK

V=g § | e (=) 3 98- (B— V8 ) +
+ o | § v (B72) (—55) S-d8-(—vD). (119)

OTcrofa BUAHO, YT0 IPH HAXAINE OJHOTO JHIIH IPafueHnTa TeMIepaTy-
PHl 0JIKeH BO3HUKHYTH DIEKTPHIECKMH TOK — TaKOBO IPOACXOMKIeE-
HHUe mepmoarexmpuueckozo adgerma.

Han6onee Bakubeii 3¢dexrt, o0yCHOBICHHHA TPATMEHTOM TeM-
mepaTypsl, COCTOMT B HOABJEHWH NHOTOKa mensa. Morao Ob moKa-
3aTBCA, ITO ITO €CTh IOTOK SHEPrHH

25 18 (k) vic dk,

HO 5T0 OBIIO 6B HeBepHo. «HoJMYecTBO TemNOTH» PAaBHO «BHYTDEH-
Hell sHeprum» 3a BHUETOM «cBOoGOgHOA sHeprum». CBobogHAsA 9HEPIHsA
Ha OJMH 3JEKTPOH eCcTh XUMHYeCKuii mnotenmman (. HommgectBo
Temia, IePEeHOCHMOTr0 3JIeKTpoHoM B coctosiHumd k, cocraBaser, cie-
mosateanno, & (k) — . Bonee crpormit ananms mojTBepiKgaeT, ITO
OOJIHKH HOTOK TemIa (Ha efwHHNY 06'hbeMa) paBeH

=2 | /{8 ) — ) v dk. (7.80)

IIpempge uyem pacemarpusaTh BHpaskenme mias U, orMetum, dTo
B ¢popmyxe (7.78) mpmcyTcTBYer UieH, OPONOPHHOHANBHEE V; om
ONHCHIBAET BKJIAJ B 3JTEKTPHIECKHI TOK, 00YCIOBICHHHA H3MEHEHHEM
XMMHY9ECKOT0 TOTeHHHMAma C TEeMIepaTypoll SIEeKTPOHHOTO Tasa
{ep. (4.23)]). Opmmaxo B OOGRIYHBIX YCIOBUAX OWIHKTA N060# Takoil
rpagumeur { mposABisSeTCA JHINL KaK OJHA M3 COCTABIAIINUX 3. 7. C.,
namepsAemMoit B menn. 11o3TOMy MBI IPOCTO ONYCTHM 3TOT UJIeH, IpPef-
mojarad, 9T0 BCe CBSI3aHHBIE ¢ HAM 3(PPEKTH MOAKHO yIecTh, MOHNMAA
ooy E «nabamgaemoey DIERTPHICCKGE mOJe.

Ha ocuopaumu (7.78) — (7.80) momHO HamucaTh cCIeAyloIue
0606Imenusie ypaBHEHHUs INEpPeHocA:

J = 2Ky -E +—;- K- (—vT), (7.81a)
U=eKi-E+ 1 K- (—VT). (1.816)
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Bxopgamue ciopa koagdunments (pakTndecKH 3T0 TEH30PH, HO COOT-
BeTcTByIomee 0600menne ABIsAETCH YACTO GOPMANBHEIM) ONpeAem aIoT-
¢Sl PaBeHCTBAMH
T of0
K=y SS v (& — )" (w—)—_d:«g (7.82)
Wurerpans 3mech MOKHO BHYHCIUTH ¢ HoMOmpI obmell Teope-
Mol (4.21), racawmeiica uurterpanos ¢ ¢pyurmueir ®epmu. HMwvenno

[ o@ (—3) dE=0 @ +¢n* Ty [ﬁzg_gl](g:ﬁ coes (1.83)

rpe Tenepb ¢ynkmua @ (€) cama ecTs MHTErpal TO H303HeprerHde-
croit mopepxmnoctu & (k) = &. Onnako 9To HHTerpHpOBaHHe Yike
He MPEeACTABIACT NPUHIIMOUAJIBHBIX 3aTPy/HEHHH.

B moanoit amamzormm ¢ gopmynoit (7.21) M umeem

1 as
Ko B 4—3_[3—% 5 vv vF . (7.84)

Brenem renepr ¢ynwuno K, (), ompegenemnyo no rumy (7.84),
Ho He Auad mopepxHoctn (Mepmm, a AId IPOWSBOJLHON IOBEPXHOCTH
nocrogunoit smeprun §. Yto6w peancauts Ky, Hago B3gTE YHRIIIO
D& =& —0)*K,(§); ona 06pamaeTCH B uyip npnm & = (,
1 MO3TOMY OT BTOPOTO 4JIeHA B mpaBoil 1actu paBeHcrsa (7.83) ocraercs
TOJBKO

K. = 5 2 (k7)? Ko (§)- (7.85)
Pesyawrar gnsa K; Heckoabko Goiee caoiken:

K, = 5a (kT)Z[.é% K"(g)]fgzc‘ (7.86)

Roaddunuent npu E B ypapnenun (7.81a) ecrb, KOHEUHO, dA€KTPO-
TPOBOJHOCTE, ONPefeasieMass IO TOKY, KOTOPHIl /[OJKEH W3MEPATLCA
B u3otepmmiecknx ycaosusax (VI = 0). 9tuM mpocro mMoATBepAiaaeT-
ca gopmyaa (7.23); odeBnuHo,

o=cK,; (7.87)

JKBUBAJIEHTHEE COOTHONIEHWS CIPaBeikBEl M [Jisi TEH30POB, CBO-
qAmAXcA B caydae Kybudeckoil cumMerpun K ckadspam. DakTideckn
pasenctBo (7.87) mcmonp3yercs Ui ONPENENeHUSA KHHETHYECKOTO
roapdunuenra K, mo M3BecTHOH 3JEKTPOMPOBOIHOCTH.

§ 8. TemaonpoBogHOCTD

Homb(bHuHeHT Opu rpajuenTe temueparyps B ¢opmyae (7.816),
onpeelAImel MOTOK Temia, MOKHO OniTo 6n HaszBaThL men.aonpe-
600HOCMbI0 DIEKTPOHHOTO Ta3a.
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B peificteurensHOCTH 3TO0 OBLI0 OBl He coBceM BepHo. B sxcoepu-
menTe yeaosue E = 0 He Bumoansercs. Jlerde ocymecrBuTh yCA0BHA
pasoMrHyTOfl menom, worga J = 0. Cormacuo dopmyme (7.81a), ato
COOTBETCTBYeT TOMY, UTO BHOAL 00pasna_ meHCTBYyeT 3JeKTpPHIecKoe
noue

E-- - K;'K; = VT. (7.88)
[ogcraBasia sr0 B (7.816), momygaem

U =7 KKK VT — 7 Ko VT = (Ko— KoK 'K) - (— V7). (7.89)

aro BpIpasKeHne HaJd0 CPABHHUTH C ONpeaeeHneM TeIJIOOPOBOAHOCTH #:

U= »n(—VT). (7.90)
B caygae meramna pasnmume npeHeOpPeKEMO Majio, TaK 9TO
1
= K. (7.91)
Coraacuao (7.85) u (7.87), Mo:kHO HamHcaThb
n2 k2
”:T?Z—TU' (7.92)

9T0 COOTIIONUIEHNE "IABII0 M3BECTHO KaK 3akoH Budemana — @panya.
CMBICT ero Jerko moHATH. B mpomecce 5IeKTPONPOBOTHOCTH KasKkABIH
saeKTpod mop medicrsueM cuminl eE mepemocut cmoit sapag e. Tox,
OTHECEHHBI K eJHHHIHOMY NOJI0, HpomopnmoHaizen e2. B mponecce
TEIJIONPOBOAHOCTH KayKABIH HIEKTPOH HOJ BIMAHAEM TEPMHYECKON
«ewasy kT mepeHocur cBoto «reniosyio sHepruio» k7. IloTok Temia,
OTHECEHHB K eIMHMYHOMY TPagueHTy TeMIePATypH, LOPOIOpPIHOHA-
aen seauanne k27, OrHolnense 9THX ABYX KHHETHIECKUX Koddduimen-
TOB HOJKI0 OHTH MopaAnKa k2T/e?; muomureas n%/3 BosHEKaeT BCIe-
CTBUE TOTO, 9TO MBI OTPAHMIMBAEMCS PACCMOTPEHHEM TOJIBKO (depmu-
9acTHIl — IAEKTPOHOB, HaXogamuxcsa na mosepxuoctin Depmm.

Herpyamio mokasars, d4ro 3akon Bumemana — Dpanma wumeer
BecbMa o0muil xapaxrtep. OH crnpaBeQIuB, €CIH MOYKHO MCOOJA5L30BATH
Bupasicenne (7.40), T. e. ecaum BIMAHHE PACCESHHA MOKIO OIMCATH
€ IOMOIIBI0 BEKTOPHOH mimnbl ¢B06OaHOTO mpobera, 3aBHesAmed oOT
noaoskenusa Ha mosepxHoctn Depmu. Hyskuo, ommawo, urobsr pac-
cefune GHIIO YnpyzuM.

Yrobunl yoequTsCa B 9TOM, PACCMOTPHM ABHBIA BHJ QYHKIHU pac-
IpefelleHHsA B YCIOBHAX mpoltecca Ttemronposogunocri. CormacHo
(7.78),

fk—fﬁZ(——Z%) (—(ig—j_rg)rvk-(—VT). (7.93)
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ITpegcrasum rpagugecku nomepeunsrii paspea pacupegeienaa Depua.
Hax mokasamo mHa ¢ur. 126, B peaynbrare gobasnenus K f0 BLpaske-
una Ttuna (7.93) kpaii pacupefesenns PacIIBIBAeTCA € TOH CTOPOIIH,
Tae BeamumHa Vi+(—V7) modoaTenbHa; APYrol Kpall CTamOBHTCH
Kpyue.

AHaIUTHIECKH 5TO MOKHO 3amHCaTh b BUJE

» ao Al LAY
fie=fe— (Wi v T) L = o (T — v, - T). (7.94)

ONMeRTPOHBI, ABIDKYNIHECH NPOTHB TPAJUEHTA TeMIepATypH, Kak Obl
«ropsdee» Ha

8T = —vvi-vT. (7.95)

HaoBopor, sieKTpoHbl, ABHKYMUECA B MPOTHBOMOJOKHOM HAIpab-
JIeHHH, OKA3BIBAIOTCA (XOJOJHee» — UX «TeMIeparypa» HH:Ke cpemHei
TeMIIepaTyphl 3IeKTPOHHOIO Tasa.

Xonodnsie fopayue

(E=O(~ VBtV (~vT)

Qur. 126. Pacnpenenenne @epMu B upomecce TelJI0IPOBOJHOCTH.

I Tomy ixe pesyabraTy IPUBOJMT N KHHETHICCKAd TPAKTOBKA.
B o6xacts ¢ remmeparypoit T saexTpousl, o6iagaroniae CKOPOCTHIO V,
monaganwT, NpodaAa uHTEepBal Tv., Q6MacCTh, KOTOPYIO OHHM OCTaBHII
M B KOTOPOH OHM B HOCIefHHIl Pa3 HCIHTAIHM TEPMAjIH3yIOINee pac-
ceanne, naxogurea npu remuneparype I + 87. CaemosaTennHo, «TeM-
meparypa» 9THX dJIeKTPOHOB Bhinie Ha 87 .

Tarum o06paszoM, B BKCIEPHMEHTAIBHHIX YCIOBHAX H3MEPEHHHA
TeMAOOPOBOTHOCTH CYMMAapHOTO IIePEHOCA JIEKTPOHOB IET — Het
HHKAROTO HOTOKa 3apaga. Ilorok Temta orswden oT HyIs BCleACTBHe
TOTO, 9TO B OJHY CTOPOHY HIYT «TOPAIAE» BIEKTPOHDI, a B APYIryID —
TaKoe Ke THCIO «XOJOAHEIX». JT0 morasamo Ha ¢mur. 127, a. Copasa
u300pa/eHBl 3TeKTPOHBI, BO30y;kmenubie Hajx yposHem MDepim,
clIeBa — OKA3aBIINECA HUIKE ero.

HocMoTpuM Temeps, KakuM €mOCOGOM 3TO pachpefelleHHe MOKET
penaxcupoBaTh OiaromapA pacceanmio. B pesyiabsraTe pacCeAHUs
ropAYAA 9JeKTPOH MOJKET IIOHACTh IPAMO Ha APYIYIO CTOPOHY cdept
(Depmu, u3MeHHB HampaBlieHHe OBWKenuA Ha obOpatHoe. Haszosem
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VCJIOBHO DTOT IPOLECC 20PU3OHMAAbHbM. AKTH DacCcesHUA TAKOTO
tMoa BeNyT TAK:Ke K YMEHbIIEHHIO 9IEKTPONpPOBOTHOCTH  (CM.
¢ur. 127, 6). OHE ABIAIOTCA ynpyeumu, W JUIA HUX CIPaBENJIHB
3akoH Bmgemana — Dpanna.

OnHAKO BO3MOKILI W 6ePMUKALbHbE Tepexolnl, IPH KOTOPHIX
«rOPATHID IEKTPOH TepseT BCIO CBO M3OHITOYHYI0 SHEPIUI0 U «CBa-
auBaercsay moj yposenb Mepmu. Taro#l mpormecc cirabo BianmAer Ha
9IEeKRTPHIECKHIA TOK, HO OKA3hKBAETCH CTOJh jKe d(PEerTUBHLIM B OTpa-
UMYeHHH MOTOKA TEIia, KaK W paccesiHue Ha GOJbIIme VIVIHL.

Topusonmarnsreil npoyece

Qur. 127. PacnpepeneHHA DJJIeKTPOHOB H IPOLECCH DPACCCAHIA.
@ — IpPH TEIIOIPOBOTHOCTH; 6 — IPH BJIEKTPOIIPOBOIHOCTH,

BepruraibHbIe MMEPEXOjH, L0 OIpefeldeNuio, ABIAOTCI Heynpy-
2umu. Ix He OniBaer mpu pacceAHMH Ha IIPUMECH, H B DTOM CIylae
TeILI0IPOBOJHOCTE IIounHAeTcs 3akony Bupemana — O@pauma. Hpy-
UM CIOBAMH, TOCKOJABKY COHPOTHBIGHHWE O MNOCTOSHO, HMeer
MECTO 33BHCHMOCTH % ~ T. BepTuraibuble OPOI{eCCH Ie 09eHb CyTie-
CTBEHHLI TaKske TMPH paccesHHn Ha (QOHOHAX B CJIyTae BHICOKHX TeM-
nepaTyp, uGo IpM OTOM MAKCHMATbHAA JHEPrus, KOTOPYIO MOKeT
npHOGPECTH HAM IOTePATH HIEKTPOH, PaBHA MAKCHMAIIBIION 3HEPTIM
donona, T. e. £O. IrTa BedHUYNIA MEHbIIE PA3ZMAZKM pacrpejeleins
@eprr Boausu yposus Mepmu (mopanka kT); mostomy saxon Bume-
Mana — (Dpanma oOKasnBaeTCHd CIPABEAAHMBLM W [ DEUIETOTHOTO
COIIPOTHBIEHHA B MPEeTHHOM CIy9ae BHCOKNX Temmeparyp. Ilockoas-
Ky B 9TOM CIygae COTIDOTHBJIGHHE O; HpouopuuoHaixbHo T, Temito-
HpPOBOIIIOCTD %; JAOJ/KHA CTPEMHTHCSA K KOHCTAHTE.

Ojako TPM HHM3KMX TeMIepaTypax CpejHAs DHeprud, mpuobpe-
TaeMas WIM TepAeMas 2JeKTPOHOM HPH DacCeARHH, paBHa Cpefmed
pHEPTHI (oHOHA TPH [AHHOH TemuepaType, T. e. HOJyKIa ObTh HOPAL-
ka kT. dToro BHOIHE MOCTATOTHO, ITOOB BHIBECTH DAEKTPOIl M3 CIOA
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«TePMHMYECKOIl Pa3Ma3K\» U CHeNATH «TOPSYHITY DIEKTPOH «XOIOHBIM>
ANH HA0GOpOT.

BuBoj ¢opmynn, coorBercTBylOmeil aroMy ciaydawo, rtpebyer,
09eBHHO, TOXPOOHOI0 PACCMOTPEHHS PA3THIHLIX MPOLUECCOB, B KOTO~
PHX BO3HHKAWT WIN YHHUTOKAWTCH GoHOHH. I'pyGyIo oreHKy MOYKHO
DOJYYNTh B HPEANONOKEHNH, IT0 BCE IPOLECCH PACCEAHHS OJIHA-
KOBO B3Q@QEeKTHBHE B OTDAHHYEHHH NOTOKA Temaa. JTo 03HAdYaeT, UTO
upu pacdeTe «BPeMeHM peTaxcanuumy mo obpasuy ¢opmynnt (7.46)
MOKHO OOYyCTHTh MHOKHATEIb (1 — cos 0), yunTHBanmuil usmeHenne
KOMHOHEHTH CKOPOCTH 3JeKTPOHa B HANpPaBIeHHH IOJA.

Ho npm Bumskux rtemmeparypax B muTerpaie (7.70) MHOmuTEIb
(1 —cos 0)=2 sin® (0/2) cramoBmTCca cyinecTBeHBLIM. IlosToMy B
mpe;KHeM HpUOIIKeHHH, B KOTOPOM ofpesaercsa HMHTErPHPOBalue Mo
YIrI0BOH TMePeMeHHOH, MBI TOJKHH OUYCTHTh MHO;KHTEND (1/0)2, Bri-
qucnas, nofobuo (7.67), «BpeMsa perakcammm AjA TEIJTOIPOBOIHO-
CTH», MHEl HOJYyYIUIH OB

1 T3
T~ Wer (7.96)
BMecTo 3akoHa I® B ciaydae piaexTpoupoBopHocTH. IlofcTaBAAA BTY
BeIHYHHY B Qopmyay (7.84) u ucmomwbaysa dopmy:an (7.85) u (7.91),
HaXoquM .
Me4

T (7.97)

Hi~

Taras 3aBHCHMOCTH [JEHCTBHTENBHO HAOGNIOAETCA ~— HHKE TeM-

neparypul Jlefas upoieccs »1eKTPOH-QOHOHHOTO B3aUMOEHCTBHA
HPHBOAAT K TOMY, 9TO omHoweHue JIopeHya uMeeT BUT

®i T\2 -
T~ (&) (7.98)
BMecTo mocrogHHoro sHadenus (n%/3) (k/e)?, orTBedarwmero 3aKoHy
Bupemana — ®panna (7.92). Ognaro upn OpemeIbHo HE3KAX TeMIE-
parypax, Korja ocratogHoe comporusienue (§ 4 ria. 7) obyciaosieno
YUDYIHM paccessHmeM Ha NOPUMECH, pPacCMaTpPHBAEMO€ OTHOIIeHHEe
BHOBBH BO3Bpamaercd K 3HaYeuwio uucta Jlopenya, QUrypupymoinemy
B (7.92).

Honeuno, UpHM BHYUCIEHHH TEIVIOUPOBOTHOCTH HAX0 OHIO Ob
Y4eCTh M BRJIAJ LPOIECCOB mepefpoca, HO 9T0, KaK Mh 3HAEM, CIO¥K-
Has BHYUCIHTENbHASA 3ajmada.

§ 9. Tepmosnexrpuaeckue dHherTnr

Wz o6mux ypasuenmit (7.81a) u (7.816) Bugno mainume B3amMoO-
CBASH MEMJy HOTOKAaMH diaeKrpmuectsa m temna. Ilycrs, maupmnmep,
B ofpasue B YCIOBUAX PA3OMKHYTOH WENM CO3JaH TPAJHEHT TEMIe-
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patypu. llomaraa J = 0 B ypasuennu (7.81a), monyuaem (cumrasm
K03QQHIOUEHTH CKAXApaMu)

7 (K"K VT =QvT (7.99)

— B OeOu UMeerTcsa 3. 1. C.

Urobpl 06HApYKATH W U3MEDHTH DTOT ddeKT, COCTABAM M3 ABYX
LIPOBOAHMKOB — MeTamnoB A @ B — zaMrHyTYIO Hemb, Tak 4TOOH
KONTAKTH HaXOAWIHCH IPH pa3aHIHBIX Temmeparypax T; m T,

(T,~11,)] —

Qur. 128. ddderr 3eebexa. ®ur. 129. d3ddert IMeabrne.

B HEKOTOPOH IMPOME;RYTOUIHOH ToUKe, TeMIepaTypa Kotopo# pasua Ty,
BKJIIOIUM BOIBTMETP. J. . C. B IEIH, OO OMPEIeJICHHI0, PABHA HITE-
rpaiy oT Hanps;KeHHoCcTH mojda E Broab menu

2

Epdz + S E,dz+ i Epdz—
2

1

l

DOy o OOy

¢

2 Ty
0p ———dx—[—j 0a _:-dxzj' (Qa—Qg)dT. (7.100)

1 Ty

BosHuKIDee B Uenu HampsyKCHHe OKA3pIBaeTCA (PyHKIMEHd pas-
HOCTH TeMIepaTyp KOHTAKTOB W Pa3HOCTH albcoslomuux Jugdeper-
YuasbHbx mepmodaekmpodeuscyyur cus ) OBYX METAJIOB. ITO
X0pOINo U3BECTHBIN agfgferm 3eebera (Pur. 128).

CymecTsyer u gpyroe ABleHHe, CBA3AHHOE C KMHETHICCKAM KO3(-
dunmenroM K, purypmpyromum B ypaBHernAX (7.81). Ilpenmonomkum,
YTO TeMOEepPaTypa MOIgeP;RUBACTCA MOCTOAHHON BLOAL nend (Pur. 129),
1. e. VT = 0. Coraacuo (7.81a),

U=¢K(E, J=¢%K,E, (7.101)



270 © TI'a. 7. Kunemuueckue ceolicmea

H, CIefoBaTexbHo,

U=—KyKdJd= 1J. (7.102)

CozganuM Temeph ¢ moMompio 6arapen Tok J BAoas nemu. B Bersn
A 6yner Teup morok temna Il4J, a B BerBn ‘B — oTnugHEiL 0T Hero
moTor Temiaa IlgJ. Ha xoHTakTax moToK Temna MOJEeH OHTH Hempe-
pHBEH; CJ€J0BATENBHO, KonmdecTBo Temna, pasmoe (I, —Ilp) J,
6ymeT BEIENATHCS B eIMHHITY BPeMeHH Ha OJHOM KOHTaKTe H IOTIO0-
marbea Ha apyrom. Omuma Komrakr 6yger HarpeBaThCs, B TO BpeMs
Kak JIpyrol — oxxamparbea. Ito affexm Ileavmue.

Haxk pupmo ua pasencts (7.99) u (7.102), xospguyuenm Ieavmoe
OpAMO CBA3aH C BeanuInHoil auddepennumanbHOd TEepMO-d. 1. C.:

M = Q7. (7.103)

Ato — He caydaiinoe copmajenme. Pasencrso (7.103) mpemcraBaser
coboit omHOo m3 coommuouwseHuii Keaveuna. Camu a3t cooTHOIEHHA,
HCIONB3YeMble B TEOPHH TEpPMOOIeKTDPHIECKHX ABJNEHHUH, BHITEKAIOT
KAK YaCTHHIA ciIydail w3 coommuoweruii On3azepd, A3BECTHHX B TEPMO-
aunammke HeoGparmMuix nmpomeccoB. Ilocaegame cocToAT B yTBEpsKie-
nuw, 910 MaTpHa KosdpduimentoB B ¢opmyrnax (7.81), HammcamHHX
nag seawdnn J u U/T, pomxHa GHTH CHMMETPHYHOH, — BOT HOUYEMY
roopPuument K; moamaserca B HEX ABaKAbl. CymecTByeT eme oJMH
TepmodseKTpudeckuit adext — agffexm Tomcona, Habmioparomuiics
B I[e0H OPH HAJIHIAN OJHOBPEMEHHO M JTEKTPHUECKOTO TOKA, U MOTOKA
Temda; COOTBETCTBYIOMMIT KO3pQUIMeHT HETPYNHO HalTH M3 00muX
coorromenuit (7.81).

Yto6K ABHO BHUHCINTH BEIWYHHY TEPMO-3. JI. C., BOCIOJb3yEMCH
dopmymnamu (7.86) u (7.87). Iomyqam

_ntk dlno ()
0= [ e

rae o (§) —«3HageHne IPOBOAMMOCTH, KOTOpoe Habmomamzocs 6w,
ecin 6u yposens Qepmu papHAAcH §». B npmanume merpynso (xors
OPaKTHUECKH YaCTO CIOKHO H Oesycuemmno) NPEMEHHTH 3Ty ¢(op-
MYy, MCIOJNB3YsA Pe3yIbTaTH PasNUYHBIX BEYHCIEHHH BIeKTPOLpPO-
BOJIIIOCTH.

Iycts, manpumep, o () MO}HO BHPASHTh Yepe3 KOHI[EHTPAIHIO
HocHTeNell 3apAja ¢ faHHON oHeprmedl ¥ S5PPEKTHBHYIO TOIBHIK-
HOCTH HX

(7.104)

o (&) = n (&) en (&). (7.105)
Toraa

k € al k4
R g A )]‘M (7.106)
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CMBICT IepBOTO claraeMoro afech scer. Har yxasmBatoch B § 7
TJ1. 4, «TEINIOGMKOCTh HA OFMH JIEKTPOH» paBHA

Ca="2 o7 LB (7.107)

Curemoparenbno, koadduumuent Ilexsree QT mpefcrasaser coboit
OTHOIIEHHE (TCHIOTHL B pacdere Ha ONMH JJEKTPOH» K 3aPANY SIeK-
TpOHA, 9TO HAXOQMTCA B TOTHOM cooTBercrBmm ¢ dopmymoit (7.102).

[TpousBopmas OT HOJABMKHOCTH YYHUTHIBACT BHJ OHEPreTHIECKOro
pacHpefelleHHs DIEKTPOHOB, YIaCTBYOIHUX B cOo3faHumM ToXa. Tak,
ecan p (&) pacrer ¢ sHeprueii, To Tpeobrafanwinas 1aCTh TOKA CO3/aeT-
cA dMeKTpOHaMH ¢ OoJbIiell dHeprHed, W OHH IEPEHOCAT IPOLOP-
IHOHAJAbHO 00JbIIEe Temjia.

K meramny ¢opmyna (7.105), komeuno, nempumenmma. B osToM
cilydae HYAHO BHPa3sUTh JIEKTPOIPOBOAHOCTL  depes IIIOWAAb
nosepxuocrn ®epmm m mimay csobopuoro mpobera, kak B Qopmy-
ae (7.25), wam Yepe3 IIOTHOCTH COCTOAHMAM, INIOTHOCTH TOKA dIEKTPO-
HOoB Ha momepxHoctn DepMu W BpeMsA pelakcamud, Kak B Qopmyue
(7.34). Ilasa cucreMst CBOGOHBIX BACKTPOHOB PE3YIbTATHI, HOJyIEHHEIE
oboumu cmoco6aMu, sKkBHBadeHTHH. OgHaXO JJIA DPaBHIBHOW HHTEp-
OpeTamud TEPMONIEKTPHIECKUX ABICHHA B MeTajle MWIN B CIiaBe
Hago coGII0JaTh OCTOPOIKHOCTh IPH BHOOpe MOJIENH; B Heli clemyer
OpaBMIBHO YUYECTh 3aBMCHMOCTb YKa3aHHBIX BEIHYMH OT DHEPIHUH.
J1a 3aBHCHMOCTH NpOABIAeTcA B psge sddekron; Hanbomee aprmil
M3 HEX COCTOMT B BOSHHKHOBCHMH 2U2aHMCKOLL mepMmo-a3. 0. ¢. B o6pas-
e ¢ mMarautasiMa npumecamu (§ 6 ra. 10). Crour oTMeruTh, 4UTO
3apAf e oOHYHO OTpWIATeleH, Tak 4T0 AupdepeHIUHANbHASA TEPMO-
5. . ¢. Q fomskHa 6HTH oTpHHATedpHOH — ocobemno ecim p (&)
Bo3pacTaer ¢ yBenudeHHeM & (Gosee OBICTPHIE DIEKTDPOHH TpPyAHEe
paccemBaoTes).

Jlaa moiympoBOgHMKA KOXoGHBIe (OPMYIE HE TOAATCA. 3HeCh
J1a0 BEPHYTHCA K OIpeNeIeHHI0 Pa3INIHHEX Koopdumumentos (7.82)
H ysie HeIb3A HCMOJNb30BaTh cBojicrBa ¢pymkmum Depmu, Kak B dop-
myae (7.83). B wacrrocTH, HuTerpaa aua kosddunuenta K, umeer sup

S (& — ©) fuvx dk; (7.108)

0l BKIIOUaeT B ceBA «TemIo», COOTBETCTBYIEee BejMYdHe (., BBe-
menHo# B § 6 Ta. 4, — DHEPTHHM HOCHTENIA 3apsana, OTCIATAHHOH OT
HerunroTo yposHA M@epmu, a He oT Kpas Ommkajimeil sonwm. Cre-
TOBATENLHO, HMMEETCA BKJIAJ] B TEPMO-9. 1. C., NPHMEDPHO paBHHIA

1L
Qe~ 72, (7.109)

F elle 4JeH, o0HYHAO MEHBHIMH IOEPBOTO, YUMTHLIBAIOIMHUHA dHepreTmye-
ckywo 3aBECHMOCTL U (&).
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B ToM cIydae, KOTJa HOJYIPOBOJHHK COJCPKHT B OCHOBHOM
(IHpPKW», IONyYaeTcs aHaJorWYHEA pesyinbrar. llo-mpeskHeMmy Benn-
9mHA {; HTpaeT POIb «TEIa B pacuerTe Ha ONMH HOCHTENb», HO BHAK
3apAfa Temepb HONOKHTENbHE. B mpucyTcTBHM 060MX THUIOB HOCH-
Telell 3apAfa MOJYYAeTCA HEKoe IIPOMEKYTOYHOe 3HATeHHEe TepMo-
9. 7. C.— BRIAZH OT 9JeKTPOHOB (OTPHIATENbHEIH) W OT MBIPOK
(momouTenbHb) GepyTes ¢ OTHOCHTENLHBIMH BECAMH, PAaBHBIMH
JOJAAM BTHX HOCHTENIeld B MONHOM TOKe.

ie]v

&y, yeenutueagmes

)

dur. 130. Bo3MoKANE MOJeJH IIPH DAcIeTe TePMODIEKTPOJBIKYMEH CHIILL.
@ — JJIEKTPOHHAA MOBEPXHOCTL Depmm;” 6 — NHpPOYHAA MOBEPXHOCTD Depmu,

WnrepecHo paccMOTPeTh /[BA DABHOIPABHHX TOAXOMa, KOTOPHIE
MOJKHO MCIOAB30BATH B CIyUae MeTallla s PacCMOTPeHHS «CephH
neipoxy. Kak m B § 6 ra. 6, ee MOKHO HpENCTaBIATH B KadecTBe
nopepxHoctn DepMu i SIEKTPOHOB ¢ OTPHIATENBHBIM 3aPSAIOM e,
HO ofnajafomell ToH XapaKTepHOW 0COGEHHOCTHIO, UTO ee INIOIAflb,
a Tark)Ke CKOPOCTh I BPeMs PEIaKCAIINH DIEKTPOHOB BCE YMEHbULAIOMCS
¢ POCTOM HepTHH, Tak 4To Beawdnna d In o (§)/0€ B dopmyme (7.104)
oTpHIaTeNbHa, a AuQQepeHIuaIbHasg TepMo-d. [. ¢. () MOT0RHTeNb-
Ha. EcrecTBeHHee paceMaTpUBATh CPePy «ABIPOKY, AJIA KOTOPOM THCIO
HocmTeded W WX HOABIKHOCTL yéeauuugaiomcs UPH BO3PACTAHHH
oHepTuH (B HANDPABIEHWH OT IEHTPA), HO 3apaj HOCHTENedl IOIOKU-
remen. OB6a momxoma AaloT ONMH M TOT ke peayaprat (gur. 130).

§ 10. TennompoBogHOCTH pElICTRH

B maoxsATopax W MOJAYIPOBOTHHKAX 3HAYUTENbHHIH BKIAJ B Tepe-
HOC Temla MOTYT AaTh eme KodeGaums pemerkn. CooTBeTcTBYHOINAA
3ajada OdYeHb CJIOKHA, W MBI 0oOCyINM ee JHINb B OOMHKX dYepTax.

Bynem paccmarpuparh GoHOHH Kak ras gacrum. CoraacHo sie-
MeHTapHOH KWHETHYeCKOH TeopHmm, TeILIONPOBOJHOCTh Ta3a ecTh

' 1
%= CvA, (7.110)
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rge C — TemI0eMKoCTh, U — CKOPOCTh W A — JimHA CBOGOTHOTO
mpo6Gera 9acTHI[bI.

MoskrO momycTHTH, YTO OPH BEICOKAX TeMmeparypax ras (oHo-
HOB Obmamaer obwamoit Temnoemrocrbio 3Nk, xak B dopmyae (2.60).
MoikHo TaKiKe HPeNMONOKATH, 9T0 POHOHH MBHIKYTCA CO CKOPOCTHIO
3Byka s. OpmHaKo IJIA BWYMCIERHA A DPHXOJHUTCA HMCHOOJB30BATDH
HekoTopeie rpy6rie upubnmuxennsa. [lpocreiimee m3 =HEX TOro jKe
THNA, 9T0 U cooOpajKeHNsd, UCHOAb30BaHHKE B § 5 macroAmed raaso
A OHeHKH JIMHH cB0oOOZHOro mpofera sIerTpPOHOB.

BemomamM, 9To OTHOCHTENBHOE HM3MEHEHH® JOKAIBHOH CKOPOCTH
3ByKa, 06ycIOBIeHHOe OTHOCHTEILHHIM pacmupenmeM A pemreTkm,
paBHO

- =VA, (7.111)

rae y — Koopunuenr I'plomaiizena, BBENEHHHIA B TeOpHA TemIo-
Boro pacmmpenns [cm. (2.120)].

JlokanbHele TemIoBHe (IYKTyanudm IJIOTHOCTH BEIBOBYT paccess
Hue, TPONOPIUOHANIBHOE CPefHeMY KBAaJpaTy 3ToH BeIWYHHEBL. Iemo-
cpefcTBeHHOe cpaBHeHme ¢ Qopmymnoir (7.59) maer

L~ (7.112)
T, €.
A~ _f;;zT = (7.113)

I8 @ — IIWHA, 00 HOPAZKY BeINYHHH PABHAA MOCTOAHHON penrerkm,
D — nnorrocrs. TaxkmM o6pasoM, oT6pacHBAA TACTEHHLIE MHOMKHTE-
nau, moxydaeM Ha ocHoaHmu (7.110)

Ds3

®~ —oF

a. (7.114)

Jdra Bopmyna mHTEpPeCHA TeM, 4T0, 3a MCKIIOYEHHEM a, B Hee BXOTAT
TOJMBKO MAKPOCKOUMYECKHE BeIWIHHEL

IIpasyio gactb (7.113) MoKHO BHIPASHTH TaKs e Yepe3 TeMIepaTypy
JiaBJlednA; aHanormamo (7.62) mHaxommm

20 T,

Jta GOPMYIHI Pa3yMHO ONECHBAIOT XaPAKTeP 3aBUCAMOCTeIl I IOPALOK
BeMIMHbl 3QPerra; B TaCTHOCTH, SICHO BHAHO, 4TO TEINIOMPOBOX-
HOCTh pemteTKM 06parHO IPOmOPHWOHANBHA aBCONIOTHOH Temmepa-
Type, HaKe eCid NPOYNe MHOKHTENIN CIHIIKOM IpyGH.
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Tem He mMeHee 3T0 BEPHO TOJBKO ISl BEICOKHX TemMmepartyp (Bmime
nebaeBckoii), m daKTHUECKOe IOJOKeHne Bemeld OKa3HBaeTCH BOBCE
HE TaKAM HPOCTHIM, KAKHM BHIJIAMUT. [lelo B TOM, 4T0 «TemlIoBmie
$IyRTyamun IJIOTHOCTM» IO CYMECTBY €CTh TO JKe CaMoe, 4To H
«(poHOHEI, mepeHocamue Temnoy. llosToMy Hamo paccMaTpUBAThH BCIO
CHCTeMy, ABHO BBOIA B3auMonelicTene mMexmy doxowamm, Kak B § 10
ra. 2.

ITpu sToM obmapykuBaercs OMUH BechMa WHTEePECHHI pe3yibrar,
a HMEHHO: MYCTh OCYMECTBASIOTCH TONBKO HOPMaibHEE GOHOH-POHOH-
HbIe ITPOIECCH, B KOTOPHX KBAa3UUMIYILC coxpaHsercsa. llycrs,
manee, KAaKMM-TO 00pasoM CO34aHO COCTOAHHE, B KOTOPOM (OHOHHBIE
9HUCIa 3AMONHEHHUS CYTh Mg} NOJMHHN KBa3WUMOY/IBC 3TOIO COCTOSHHS
paBeH

P= % nofiq. (7.116)

Ho HopMmaibHEIE IpOTECcCH paccesHnA PoHOHOB Ha PoHOHAX He MBMe-~
AT sBenninEH P. Iloatomy mw060o#i mOMHHNE DOTOK Telia, COOTBET-
cTRyIOmME 3ajaHAEOMY 3HadeHmI0 P, He Oymer 3aryxarh, Tak dUTO
TemIONPOBOAHOCTE MOMKHA Gurh OecKoHeTHOM.

Hedicreurensio, B o6pasme mnpowcxomur Koweexyus (OHOHOB.
Touro Tak e, KaK U B CIyUae meyeHUs rasa, CTONKHOBEHWS MeRITY
JacTUIAMA TPHBONAT K 0OMeHy WMIYIBCOM ME&KIY HAMH W B KaKoi-
TO CTemeHW K yCTAHOBIEHWI0 HOKOEro JIOKAJIBHOTO PABHOBECHS BHYTDH
raza; OHE He MOTYT (€CIW He YIATHBATH KOCBEHHOTO B3aMMOJIEHCTBHUA
CO CTeHKAaMH) 3aMe[INTh CyMMapHHI mepeHoc Temra. Ilpm pacemorpe-
HUHA TPOImecca menionpogodrocmu B raze CATyamusi, KOHEIHO, COBEp-
nleHHo wWHagd. MH coequaibHO HAKIAABIBAEM YCIOBAE OTCYTCTRHA
CYMMapHOrO NepeHoCa YAaCTHI;, HPE 3TOM POIAb CTOIKHOBEHHH Cra-
HOBHTCH CYINECTBEHHOH, ®b0 <«ropAumer HWACTHOE, ABIKYH[HECA B
OMHOM HaNpaBIeHHH, MOTYT IIepeJaTh CBOIO SHEPTHIO «XOJOIHBIM»
gacTHHaM, ABMKymuMcH uascrpesy. OmHake A raza (OHOHOB
3aKOH COXpaHeHHs MOJHOTO UHWCIa «JACTHIY He MMEeT MecTa, W MO-
3TOMY HA3BAHHOE YCIOBHE HAJIOMHTEH Helb3d. Jl106oe unciao robapou-
HHIX (OHOHOB, HY;KHOE A IEePeHoCa Tela, POKAAeTcs y ropadero
KOHIa, MPOXOINT K XOJNOJHOMY KOHIY W TaM MCYE3aer.

TemmonpoBogHOCTE KpHCTaMia OKA3HBAETCA KoHeuHO#W Omaro-
mapa mpomeccaM mepe6poca. Tak Kak B TAKMX IPOMECCaX KBA3HHM-
nyiabc He coXpausercs, Bermumsa (7.116) me ocraercs mocrosmHOH
I TOTOK TemIa MHCCHIUDPYeT. DBLUMCIeHWe TemI0CONPOTHBIEHMSA
B 3TOM CIyd4ae TpefcTapiser co6od MOBOIBHO CIOKHYIO 3amady, HO
KOHGUHBI peaynnTaT coorsercreyer dopmyiam (7.414) u (7.113) apm
BBHICOKUX TeMmepaTypax. TeM CaMeiM OOpaBAHBAETCA M PaCCMOTPEH-
HHI paHee 0YeHb HAWBHEIN pacder.

C mpyroil cTOpPOHBI, MpH HH3KAX TEMIEPATYPAX CONPOTHBIEHME,
obycaopaennoe GorHoH-PoHORHHMEA Hponeccamn nepebpoca (pur. 131),
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odeHb GbicTpo cTpemuTeA K Hymio. Hamomunm (cM. § 2 rar. 2) reomerpn-
9eCKHe YCIOBHA, KOTOPHIM HOJKHB NOJYHHATHCA 3[eCh BOJIHOBHIE
BEKTODHI:

q+4q =q" + g, (7.117)
a TaKKe YCJOBHEe OJIA 9aCTOT ¢OHOHOB:
v+ v =9, (7.118)

CnemoBarensHO, BeKTOp q” [OMKeH OHTH JOCTATOYHO BEJNHMK, TTOBHI
9HEPIraA COOTBETCTBYIOMEro (OHOHA pAaBHANACH CyMMe OHepIuil
$oHOHOB ¢ BoMHOBEIME BekTOpamu q B q'. C Apyroit cropoHH, cymMMa
HOCTe[HAX HOJNKHA BHIXOAHTDH 34 I'PAHHIH LHePBOli 30HH DpmimiosHa,
HHAYe MH He NOJNyYHMM NpoIecca :

nepebpoca. Taxmm o6pasom, miu-

Ha BeKTopa " He MOMKeT OHTH 94
HaMHOTO MeHbIre, gem g/2. B mo- q A "
menn J[lebas oTo cooTBeTcTBYeT q
HEDABEHCTBY

7' >=B4p, (7.119) 9

Jorna
B KOTOPOM f €CTh 9HCN0 HOoPAXKA Bpunnosna
Y, man %/ Ipyrumu croBamm,

' = BEO. (7.120)  @umr. 131. Donor-dponormme mpomecc:
nmepebpoca.

r

Beposartuocts ocymecTBiaenus
npomeccos mepebpoca Tuma (7.118)
OPONOPHAOHANbHA NPOU3BENEHAI0 COOTBETCTBYIOMMAX YMCEN 3aMONHu-
HHA (OHOHOB

Nqlge = e—MW/kTg—hv’'/hT ~ e=MV"/RT ~ e—BOB/RT (7.121)

(mocmemHee BHparkeHHe COPABEJIHBO LIPH HH3KHX TeMOepaTypax).
Jdra BenmumHa GHCTPO cTpeMuTCA K Hyao. Moskmo CKa3aTh, YTO
paccesiHme ¢ 1epe6pocOM «BEIMODAKUBAETCA» W TEIIOLPOBOLHOCTE
cTpeMHTCA K GeCKOHEewHOCTH, Kak

K ~ T7eBOIT, (7.122)

Ile DOKazarelb CTENEHM 7 3aBHCHT OT KOHKPETHHIX 0cCobGeHHOCTel
MOJIeINH.

Ha camom pere mpm stom anmma cBoGommoro mpoGera doHOHOB
CTAHOBHMTCH CPABHUMON ¢ pasmepamu kpmcramia. Ilyers pacemarpu-
Baembil o6pasen mpexcrasaser coGoil crepsens muamerpom D. Torga
B dpopmyne (7.110) moxHO mOAOKATEH

A=D (7.123)

x ~1°D, (7.124)
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TaK KaKk yOeIbHAA TOMIOEMKOCTh LOpPM HUSKHX TeMOepaTypax mpo-
nopguoHanbEa I3 (§ 4 ra. 2). Iror pasmephuii afexm nencTnE-
TeJIbHO HAONIOEAETCA HA OIEITE.

CymecTByoT, OJHAKO, W Jpyrae MeXaHA3MH PaCCeAHUA GOHOHUSB.
Naske B «ANEATHHOMY KPHCTANLIO® HO BCE ATOMHI SKBUBAJLGHTHHL: Kajk-
IOMY XMMHIGCKOMY BIeMEHTY OGHYHO COOTBETCTBYET CMECh H30TONOB
¢ pasnamunod Maccoil. DOHOHH MOTYT pPACCeHBATHCA Ha NOMOGHEIX
HEOAHOPOJHOCTAX MaccH. G IOMOMBIO BIEMEeHTapHOH TeopHm ympy-
rocTd JierK0 HONyddTh, Hampumep, gopmyay Pases, ompemerdomyio
ceyenme pACCeAHHWA BOJHH C BOJHOBRIM BEKTOPOM ( Ha TOYETHOH
HeoaHopogHOCTH Maccw 6/ B cpefe ¢ HIOTHOCTHIO D:

q4
Ecam 61 Macca RaKIOro aroMa Morjaa OTJHYaThCA OT CpegHero 3Ha-

4eHWA Ha 3Ty BeIdAYAHY, TO giIwHaA cBobogHOTO mpoGera dQomomna
paBHAIACh OHl

4N 2 M \2 4na
; AMFﬁmmﬁ=ﬁﬁ)@y, (7.426)

e N = 1/a3.
31ech BO3HHKAeT TPYAHOCTh B CBASH € CHIBHOH 3aBUCHMOCTBHIO
A (g) ot ¢q. Umenno, ecrecTBenH0 6ri0 651, 0606man gopmyny (7.110),

TOJOHATH
x=3 | C@v@Ar@dq (7.127)

(IpocyMMEPOBAB TeM CaMHIM BKI /L OT BCEX BO3MOYKHHIX KoJe(aHmit).
Ho »10 upmBogmr ® pacxommmoctd upum ¢ — O, mbo mpm aTOM TemsIo-
emrocTh C (g) @ CKOpPOCTh U (g) HPAKTHYECKH IIOCTOAHHEL, TOTAA KaK
A (q) ~ g~*. CnepgoBareibHo, OPpAHAMAA A JIAHHOBOIHOBHIX KOJe-
Ganmit nebGaesckmii cmexTp tuma (2.56), MH momrydaem

KNSﬁ“~§ﬂ+m. (7.128)
0

q4 q2

Paspemenme 3TOT0 3aTpyAHEHHA IIPEACTaBisAeT €oboil MOBOIBHO
ciaoxuayio sagavy. CyTh fena, ogBako, OpOCTa: B KPUCTalie BCeTNa,
maske IPE HM3KHX TeMueparypaX, HHTEHCHBHO HIYT HOPMAIbHLIe
mponeccH paccesHns Goronos Ha Pononax, Camu mo cebe oHE He oTpa-
HAYABAIOT TEINIONPOBOJHOCTH, HO OHH YCTAaHABIWMBAOT DaBHOBECHE
MEKIY pasinYALIMA KoJeGaHmAME W yMEHBINAIOT NOTOK Temla, mepe-
HOCAMOT0 NIXHHOBOJHOBHMHA (OHOHAMH, KOTOpHIe cralo paccemBaror-
¢A Ha W30TOHmAX.

Ecam mopmaapHoe ¢(oHOH-GOHOHHOE pacceAnme [eHCTBHTENBHO
04eHb MHTEHCHBHO, TO ycpegmenumio B (7.127) moskEa mogmeprarthbes
ckopee Bermumaa 1/A (¢). Ilpm osToM wmuTerpan CTaHOBHTCA KOHET-
HHM. B aroM ciydae gamEy cBoGojHOro mpobera MOKHO ONEHUTH
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mo ¢opmyne xmmermaecrodi teopwnm (7.110), mpemmosioxms, 9ro mpH
remmepatype 7 HMEIOTCH TOMBKO (THOWYHHEY (OHOHH ¢ BOJHOBHM
BEKTOPOM

7~ 5 b (7.129)
IIpm sToM MOKHO HATACATH
A~Ag) ~ T4, (7.130)
OTKyZAa CJIexyeT
x~(6—]‘]{[)2% (7.131)

Bosee TmarennbEHi pacuer, 0CHOBaHHLIM Ha (PeHOMEHOJOTHIECKOR
Mofileim B3aWMOEHCTBAA MeKAY ¢oHOHAMH, NPHBOJAAT, OJHAKO,
K GoJiee CIIOKHOM 3aBHCAMOCTH

M 1

910 B 00mMMAX YepTax COOTBETCTBYET ONHITY.

§ 11. Ypaeuenne donouos

OIeKTPOHH B Merajie paccemsaioTcsa poronamu. Ho m, maoGopor,
domoHN paccemBalTCH BIEKTpoHaMA. BooGme romops, mocienHee
paccegnme CTOJb HHTEHCHBHO, UTO PeIMIeTOYHYI TEIIOIPOBOTHOCTH
TPYAHO HabaIOfaTh Ha (OHE TEINIOMPOBOAHOCTH 3JIEKTPOHHOTO rasa.

CymecTByer onmH BaskHHH saekTpHaecKmit addert, 06ycropIen-
HEIH (POHOHAMH B MeTaJyaX W B monympoBogaukax. Ilycts mo koH-
TYpy OporeKaer anerkTpmueckmit Tok. Cormacuo gopmyne (7.27), ato
MOKHO IIDE[CTABHTh B BHAe cmemenus nosepxuoctm Depmm B k-
mpoctparctBe Ha Bexmauny (et/h) E. PaccmarpmBaemas cmcTema
5JIeKTpPOHOB B3aumopeiicTeyer ¢ fornoramu. Ecim Her Gombiie HUKAKAX
B3aMMOJIeHiCTBHIT, KpOMe 3JEeKTPOH-QOHOHHOrO, TO CHCTeMa (OHOHOB
Oyner cTpeMuTHCS NPHATH B PABHOBECHE CO CMEUjeHHOLL 3IEKTPOHHOM
cacTeMol, T. e. JoHOHHasg cHCTemMa cama OyJeT CTPEMHTBLCA CMe-
CTHTLCA B COOCTBEHHOM HPOCTPAHCTBE HMIYJIBCOB.

Onnako momoGHKI CHBHT cHCTEMbl (OHOHOB COOTBETCTBYET «Ipeii-
by» GonomOB B 06HIHOM MPOCTPAHCTBE, T. €. HAJTUIMIO MOTOKA TEImya.
Homycram, aro gpeiigoBas ckopoeTs GOHOHOB paBHA CKOPOCTH npeiida
anexktponos (7.31). Ecim mommas remioemkocts $oromoB ecrs Cr,
TO B pelleTKe BO3BHAKHET MOTOK TEILIa

UL ~ Cyp, Tov. (7.133)
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BcoomMamM, 4ro 9TOT MOTOK Temia woABMiICH Girarogaps HaJIXIHIO

anexTpudeckoro tora (7.32). CunegosarexnbHo, Koddpdurmuent Ileanrne

B 9TOM ciaydae ectb [cp. dopmyny (7.102)]
U, C.T

~

—E ~ L (7.134)

WNnade roBops, BO3HUKAGT PEULemouHas MePMOIAEKMPOOSUNCYULaAR CLUA
Qr ~—=—. (7.135)

dror apdexr Grur 66 HAMHOrO Goibime O0GHYHOILO BIEKTPOHHOTO
BKIaja, ompefeirdeMoro gopmynoit (7.106), B KoTopyio BXOguT 09eHEL
MalleHbKasA TeIIOBMKOCTh BJIeKTPOHOB [cM. Brpakenme (7.107)],
a He TemIoeMKocrh pemerkm. OH modayded B MpeIodo/KeHAH, UTO
(OHOHH He PACCEMBAIOTCA HA HA 9eM, KPOME HJIeKTPoHOB. Ilph o6hd-
HHX TeMIeparypax Hea1o 00CTOHT MHAade — OCYMECTBIAKTCA (POHOH-
¢oHOHHKIe mpoueccsl mepebpoca @ T. A., KaK yKasmBaimoch B § 10
HaCTOAMEH TJIaBH, M 9T0 B 3HAUATEIbHOM CTENEHHW OrPaHMIMBAeT
paccMarpuBaeMuit aggfexm I'ypesuua.

IIpr BEH3KMX TeMImeparypax, Korja B3aEMOXEACTBHE MEKAY (POHO-
Hamu OpeHe6pexumo Mano, apdert YeteueHus ¢GoHoHos cpasy e
obHapykmBaerci. B 3TOM ciylae TeIOEMKOCTH PpeIIeTKH Beer
ceba xkax 7. Jlnsa ogHOBANEATHOTO METANJIa MEL MOAYIAIA GH

O~ (%) (7.136)

910 Gosbinas ompuyamesbHas TepMo-3. . C. (uocxonm&y CIOfia BXOJHUT
3apAng JIEeKTPoHA e).

@opmyna (7.136) He Bcerga COOTBETCTBYET HKCHePHMEHTAIBHO
HabII0gaeMbIM 3aBHCAMOCTAM IO Clefylomedd npuaune. Ilpemmomosxe-
Hue 00 ypiaedeHam (HOHOHOB B HaNpaBIGHHH APeAPOBOH CKopocTH
DIeKTPOHOB OCHOBAHO HA 3aKOHe COXDAHEHHMS KBa3MUEMIYIBCA IpPH
B3aUMOJeACTBAK BIIEKTPOHOB C dormomamu. Pacemorpnm (dur. 132, a)
OGLITHHI HOPMAIBHEA IPOIEcC, B KOTOPOM 3JIEKTPOH DPACCeHBAETCH:
u3 cocrosanusa k B cocroanue k' ¢ mcoycrkanmem gouona. Ecam s srom
nponecce MpOCTO M3MEHAETCA 3HAaK KOMIOHEHTH BeKTopa k B Hampas-
JeHAX WoXsd, TO POHOH MCIHYCKAETCA B TOM jKe HANDABIEHHH. TaxkaM
NyTeM 3aMeRJIAercs DHIEKTPHIECKHA TOK C OJHOBPEMEHHHIM IIOfBJIe-
HOeM M30HTOYHHX (OHOHOB, ABWKYMUXCA IAapallelbHO HOCHTEIAM
3apana.

IlocmoTpuM Temepb, UTO HPOHMCXOAMT IPHA 3JIEKTPOH-POHOHHOM
nponecce mepebpoca. Haw mokasamo mHa ¢ur. 132, 6, donon umcmy-
CKaeTcsl YPEHMYIMEeCTBEeHHO B HANDPABIGHWH, RPOMUBONOAONCHOM
HampaBJeHHIO ToKa Hocureneil; Bexrops k, k' m q gomwum B cymme
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JnaBath BekTop obparHo# pemerku g. CnemoBaTelbHo, pacmpenesie-
HHe (OHOHOB He (YBIEKAETCA» DIEKTPOHAMU; MOKET 0KasaThCsA, UTO
doHOHB npeilpyloT B obparHoM HampaBJeHHH.

Tarkum oOpasoMm, ¢aKTHdecKuil 3HAK TepMo-3. O. ¢. Q@ MomeT
ObITh KaK MOJORUTENBHBEIM, TAaK M OTPHUIATEILHHIM B BaBHCHMOCTH
OT TOro, Kakme HOpOIEcCH, HopMaabHHe uiaum ¢ nepebpocom, Gomee
cyllecTBEHHH B (OPMHPOBANHNH PENIeTOTHOTO CONPOTHRI eHHA MeTAA.
OueBnyHO, 310T 3YPEKT 0YeHDL CHIBHO 3AaBHCHT OT (OPMEHI IIOBEPXHO-
cru DepMu u 0T PACCTOAHMSA MeXiLY Hell W rpaHuMNel 3o0un bpuimmosna
(cp. § 5 HacTosmIed TIaBH).

Qur. 132. YBuedenne (OHOHOB BIEKTPOHAMH.
@ — HOpMaJbHhEIE IIPOLECCH} 6 ~— mpoleccH nepebpoca.

Caexyer oTMeTuTh, 9TO IDH HAJIHMYMHM TOJIBKO HOPMAJBHEIX IIPO-
IeCCOB 3IEKTPOH-QOHOHHOTO DPACCEsIHAA COOGPaKeHHA OTHOCHUTEIbIO
coxpanenns Benudnusl (7.116) ocraBanuce 611 B cune: yBiedenue gono-
HOB TOYHO KOMIEHCHPOBaNo OH gpeii(h 91eKTPOHOB M MOJMHBIH HMITYILC
cucTeMH He auccmmupoBant Ou. IIpoBogumocTs mpm 3TOM cTpeMmIach
Obl K 6ECKOHETHOCTH, €CIH He YIUTHBATL OCTATOYHOTO COIPOTHRICHNA.
Jla1s peaslbHEIX METAaJIOB BTO ABJIEHNE He HAGIIOAAeTCA, HO-BUAUMOMY,
M3-3a CHIBHOTO BIAMAHHA IeKTPOH-QOHOHHKX mpoLeccoB mepebpoca.

Coobpaskennsa sroro naparpaga NPUMEHMMBl TaKe M K HOJdY-
nposopaukaM. Hocurenn 3apaga B HUX «yBIeKawoT» B3amMOAeiCTBYIO-
mue ¢ HEME QonoHH (cM. § 6 macroameid raasm). B arom cayuae
adert Gomblle, TAK KaK B PACCeAHHM HOCUTeNeH 3apsafa y4acTBYIOT
TOTBKO (POHOHEI € MAJHMH BOTHOBLIMH BEKTODAMH (; COOTBETCTBYIO-
mye BImHE cBoboguoro mpo6era Benukd. IIpn HUBKMX TemmepaTypax
MOKHO [ajke BHIABHTH 3aBUCHMOCTH TEpPMO-3. . C. OT PAa3MEpOB

obpasma. 3HAK penieToYHOW TEpPMO-B. 7. C. COBIIAJAET CO BHAKOM
HocuTened sapsana.
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§ 12. Idderr Xouna

BepueMmesa k KuHermuecKomy ypasHeHmI0 (7.14), 1o6aBuB K aiexr-
TpruecKoMy momio eme MarumtTHoe moide H. B mpmbnmmenmm Bpe-
MeHH pelaKcamuM ypaBHEHHe IPUBOJUTCA K BHLY

afo Ex
eE.vy (_-@-) X . 2 (7.137)
910 ecTh mupdepenmuanbpHoe ypaBHeHHE OTHOCHTENIBHO g KAaK QyHE-
uuu Bexktopa k. Pacemorpum cayuail cBoGOAHBIX BJIEKTPOHOB, KOrJa

ik = mv. (7.138)

Hpﬂ 3TOM COCTOSIHME 3JIEKTPOHA MOKHO XapaKTepHU30BaTh CKOPOCTHIO,
a2 He BOJHOBBIM BEKTOPDOM k. BYJIBM HACKaTh pellleHne B BHOE

gk=( 0;; ) TV €A, (7.139)

rme A ecTh BeKTOp, NOJJIeMKamuil OmpefeleHmi0. OJTO BHIpaKeHHme,
eCTeCTBeHHO, aHadormuHo gopmyiae (7.19); B orcyrcTBHE MATHATIO-
ro moJA BeKTOp A CBOJAWTCA K HAUPAKEHHOCTH BJIEKTPHIECKOTO

mona E
TopcraBusia Beipaskernue (7.138). m (7.139) B (7.137), monyzaem

v-E=v-A+ (o =) [vx H] A (7.140)

ITocmennee ypaBHeHHE, OUeBHIHO, YAOBJIETBODAETCH TOKIECTBEHHO,
ecnun

E=A+4+-"[HXxA] (7.141)

910 BeKTOPHOE ypaBHeHHe MOMKHO pemmTh oTHocuteabpno A. C mo-

MOIBIO 3JIeMeHTapHLIX TeoMeTphYecKuX coobpaskeHmit (cm. ¢umr. 133)

Jerko A0KasaTh, UTO DPEIMerue

HMeeT BUJ

A= E=(ex/mo) [HXE] (7.142)
14 (e212/m2c2) H2

-1
-
-

]

!

i
A et
mc

I

!

|

{

X
[H A] MoskHO HNCXOMHTH M HEIo-

CPe[CTBEHHO M3 ypaBHEHHSA
- (7.141). Ecan pyurmasa gy nma-
E erca  Qopmyaoi (7.139), o,
KaK Jerko ybeguTheCs, 9JIeKT-

dwur. 133. pHYeCKHH TOK paBeH OpOCTO

J = 0,A, (7.143)

rae 6, — oOBYHas BIEKTPONPOBOJHOCTL MeTalda WM IOIYIPOBOM-
HUKA TIPH HYJ1eBOM MaTHHTHOM IONe. 9To ciaenyeT us popmyr (7.19) —




§ 12. 3pgpexm Xoasa 281

(7.23), ecim B Hux 3amenmts E ma A. CiegoBaTeqbHo, Ha OCHOBa-

pum (7.141) u (7.143)
E=2J+—[H x—(%O—JJ —pod o (Hx J], (7.144)

1
[ me me

rme p, — oOmMHOe compormBienme o06pasya B OTCYTCTBHE MAarHHT-
HOTO HOJIA.

OTcloma BHAHO, YTO [JIA NOABIEHAA TOKa J Hamo HAIOMHTH
BJIEKTPHIecKoe I0Jie, COCTOAMmMee M3 ABYX KoMmmoHeHT. HoMmoHeHTa
€ro B HaIIpaBJEHHE TOKa J, T. e. BHOAB IPOBOJA WIN MOJOCH MeTal-

13, ecTh
E" = Po-’- (7145)

910 osmauaer, uro HabmlomaeMoe CONpoTHBIeHHWe obpasma He H3Me-
HFAETCA UPHA HAJOMKEOHAA MATHATHOTO WOJSA: MAZHENOCONDPOMUEACHUE
omcymcemeyem.

Ecan, omrako, maremtHoe mose H mepmeHgmKyaspHO BeKTODY J,
TO WMeeTCs TOoIepedHoe DIeKTPUIEeCKOe MOJIe

Eq=——pofiJ. (7.146)

dro ectb afiferm Xoasa. asa cBoGogHBEIX BIEKTPOHOB IOCTOSHHAM
Xomna, mo ompefenenmio, paBHA

== b, (7.147a)

HJIH, CIU MCKIIOUATE BPEeMA PeJaKCamud ¢ moMombio dopMyas (7.33),

R=-1 (7.1476)

nec

Tor daxrt, aro mocrosmHas Xoiama obpaTHo oTPomOPHAOHAABHA
KOHI[EHTPAaOuu HOCHTeNAeidl sapsAla, Jerko HMHTepOPeTEpPOBATH C MOMO-
mMpbl0 KAHETAYECKOro moxxofa. Tak, ecim CYMTaTh, KaK B (GOpPMY-
ae (7.31), uro HocHTesm sapsAma APEHPYIOT €O CKOPOCTBIO OV, TO
B HANDABIECHHWW, NEPHEHAMKYIAPHOM MarHATHOMY moan H, Ha HuX
Oyner meiicTBoBaTH cmia JlopeHHa,

< [6v x H]. (7.148)

UrofHs CKOMOEHCHDOBATHL BHISBAHHOE 3TOH CHIOH OTKIOHEHHEe HOCH-
Teqaell, Haflo HAJNOKATH HOMEPETHOE BIEGKTPHIECKOE IOJIe

Eq = [H X 8v] =~ [Hx—J]. (7.149)

dasucmMocTh 1/n moABAseTcA MOTOMY, UTo OPH 3aJaHHON BeINTHHE
TOKAa HOCHTEIH [BHKYTCA TeM OHCTpee W, CIeI0BATENILHO, OTHJIO-
HAITCA MarHATHHM IIOJIEM TeM CHibHee, 9eM MeHbIle HX KOHI[eH-
Tpanusd.
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Kuneruaeckoe paccmorpenue ofbscHAeT Takke, I0Y6MY OTCYT-
CTBYeT MarHeTOCOIPOTHBJIEHHE B 3TOM HPOCTOM Ciyd4ae. JlBe CHIH,
CTPEeMAMMECH OTKIOHUTh HOCHTENIH B HANPABICHHH, MOIEPEIHOM
TOKY, TOYHO KOMIEHCHDYIOT ADPYT Apyra. B pesyaprate Hocurenm
3apaAfa ABHKYTCA BHOIEL 006pasna mof [eACTBAEM TOIbKO IPOLOIBHOTO
SJIEKTPHIECKOT0 NOJA TAaK, KAK eCid O MATHHTHOTO LOJA BOBCE
He OBLIO.

Qaxruteckn gopmyna (7.1476) cupasemimBa s HPOH3BOJBHOM
cpeprr B k-mpocrpamcrse, samonmenHol Hocurenamu., Ompegennm
mapametrp m* COOTHOIIeHUEM

ﬁkp = m*UF, (7.150)
TAe Bce BennumHn Oepyrcs Ha moBepxmoctm ®epmm. llpm sToM B
noxHod apayiormu ¢ (7.146) momyuaem

e (7.151)

m¥cay
Ho rorpma [cp. Bripaskenme (7.25)]

e2 e kpdSp
GO—W S Wr dSp = 12n3 \' m*

et 1 4n ne2y
= I3 ke (7.152)

Tle n [eCTBUTENBHO €CTh KOHLEHTPAIMA HOCHTEIeH, 3aKII0YEHHBIX
BHYTPE cdepst paguyca ky. Kombmumpys pasencrsa (7.151) u (7.152)
BHOBL IlOJy4aeM pesyiabtar (7.1476), e saBmcammit or © m m*,

Onnaxo saMernm, 410 B cirydae cheph Owpok 3HAK 3apsafa e OBUT G
HOJNOKATENbHBIM, T. €. mode XoJiaa mMeno G IPOTHBOIOJOKHEIH
S8HAK [0 CPAaBHEHHIO CO CIy9aeM BIEKTPOHOB. ITO COTIACYETCH € IPe-
HAMA pacCyiieHHAMA. PaccMaTpuBas saekmpornyi0 HOBEPXHOCTSH
Depmu, 0XBATHBAWILYIO HE3aMOTHEHHYID cdepy, Mbl HO-HpPe}tHeMY
ucnoxs3yem coorHomenue (7.150), Ho Macca m* Temeps oTpunarenbHa,
TaK KaK BEKTOP CKOPOCTH BIEKTPOHA HANPABIEH K IEHTPY CHepl
(pur. 134). Ira xe oTpHmaTeNbHAS BEIMYHHA BOHTET H B dopmy-
ay (7.151). B snamenarene OKOHYATENBHOrO BHPAYKEHHA (7.152)
Oyner crosTh BenmumHa | m* |, MOCKOXBKY, Kak B popmyre (7.23)
HaJ0 BHYMCINTH BEIMIHHY

!

?

e2 . dS e?t kg dSgp
wh —L = E__F | (7.153)

12135 | vr] 12a3 [ m* |
CnemoBarersno, mocrosinnaa Xoana R Gyger COJleP/KaTh MHOKHTENIb
| m* |/m* = —1, 410 QakTHYecKM CBOZHTCA K HW3MEHEHHI0 3HAKA

3apsaga.

ITE PODPMYJIEI HENOCDeNCTBEHHO HempHMEHEMEH Najke K HOJyInpo-
BOJHUKY € OJHOH 30HOH HoCHTeNeHdl B3apsfa, HOCKOIBKY BeIWdA-
Ha T (§) Momer m3MeHATbCS B 06IaCTH BANONHEHHHIX COCTOSHEL.
JHepreTHYeCKas B3aBHCEMOCTb BDEMeHH pelaKCAIdH, OTBEYAI0M AN
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pasnnYHBIM MexaHW3MaM paccesnma [cm. (7.51) » (7.75)], mpusommr
K TOABIEHAN0 IONPABOYHOIO MHOKHTENs, HO OH pEIKO JaleK OT
equuunsl. Ha ocnoBaumm dopmyn (7.147) u (7.34) Mo monyvaeM piist
Z04406CKOU NOJGUNCHOCMU OCHOBHEIX HOCHTeded 3apaga B obpasime
clieyiomee BHpayKeHHE:

pur = | R | oc. (7.154)
duak moctosHHOH Xoana R coBmagaerT co 3HAKOM 3apsfa OCHOBHEIX
HocCHTeNeH,

Teopusa sddexra Xoina U Apyrax ralbBaHOMATHUTHHX ABJEHHIH
OCHOBBIBaeTCA, 09€BHJHO, Ha CYMECTBEHHOM HCIOJb30BAHUA TEODEMH

/
o] )

Qur. 134. a — chepa «oaexTponEOB» (Macca m* HoaomurensHa); 6 — cdepa
«EBIPOK» (Macca m* OTpHIATENbHA).

Broxa m Ha oNHMCAaHEU JIEKTPOHHHX COCTOAHHA B IIPOCTPAHCTBE
o6paTHO# pemeTku. B HeymopagouenHO# cmcTeMe, KOTa KOMIIOHEHTD!
BeKTODa k yike He ecTh X0poIme KBAHTOBHE IACIA, BRIBOJH, MOJYIeH-
HEle C IOMOIIHK KHHETHIECKOT0 YPABHEHHA, CPa3y >Ke mMONAJaloT MO
comHerme. IloaToMy MH momuE 00paTHThCA K KakoM-1mGo Goiee
obocHOBamHO# Teopun, Takoi, kak merox HyGo [em. (7.15)]. Dakrm-
9eCKH, OJHAKO, IOKa ellle HeT TOYHOH TeopHH, ¢ MOMOMIBI0 KOTOPOi
MEI Moruim OB 3aMeHuTH npoctyio dopmyny (7.147). Hocnegusaa dopmy-
Jla aeT BIOOJHE YIOBIETBOPHTEIHHOE COTIACHE C ONBITHHMH [aHHEIMH
LA FKANKAX MeTalIoB (cM. § 5 HacToamed riaBm), HECMOTPH Ha TO
970 AnmHEA cBoGoHOrO mpobera sIeKTPOHA OKA3KIBAETCA TaM HOPATKA
Me;KaTOMHOT'O paccrosinusa. Hesacso, ofHAK0, MOKHO JHM HabamogarTh
appext Xoama B OpPEAEIbHOM CIyIae IPHZKKOBOH MPOBOIEMOCTH
00 JTOKAIM30BAHHBIM COCTOAHHAM '

§ 13. llsyxzonnas momenb. MaraerocoupoTaBsienne

IIycts B 06pasme MMeOTCA HOCHTENH 3apAAA ABYX THIOB, HAIPH-
Mep 2JeKTPOHH W JHPKE. PaccMOTpeB MX M0 OTHEIBHOCTH, MOIYIEM
CoBepIIeHHO aHalnormgao ¢opmyie (7.144)

1 1
E=—- 3+, [Hx;J.], (1.155)
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roe
By = (7.156)

myc

H 0y €CTh BIEKTPONPOBOAHOCTD, 0GYCIOBIEHHAS HOCHTENAMH IEPBOTO
TAOA (WX BKTaj B MONHHA Tok paBeH J;). IlomoGueM ke o6pasom
JA HOCATeNed BTOPOTO THNA CBA3H MY MX BRIAMOM B TOK W LpH-
JO3KeHHHM 3JeKTPAYECKHAM MOJEM JaeTCHd COOTHOIIEHHEeM

1 1
E:B;Jﬂuﬁz’[H X o JZJ. (7.157)
Banaqa COCTOAT B BHYHCJIEHHHW OOJIHOT'O TOKA
J=J3,+17, (7.158)

Pemenns ypasmemmit (7.155) m (7.157) marores gopmymamm Tmma
(7.142). B pesynbraTe momxyduaem

J=( O, _ O )E—-( o1fy + 02Py ) [H x E].

14+p3H2 ° 14-P3H? 1+piH? + P32
(7.159)
®nr. 135 mamocTpEpyer 3TV HOBOJBHO IPOMO3IKYI0 (POpMYyTy.
Ji - \\\ .

(7/0'1).]! ﬂ,'_i{x‘]"/o-;' \\\\\\
____________________ ::,
ﬁz[HxJz/o'z] J ////

(/o) =~ - -
\\\ //
\\L\ ///
. T~

®ur. 135. Braags B adpdexr Xoana or mocHTenelr m3 OBYX 30H.

Yro6H BrumCaATH DOCTOSHEYI XoMna, Hago 06paTHTH TO BHIpa-
KeHWe, BHIPa3uB aneKTpmIeckoe mone E wepes sexropu J u {H x J1.
Ana cra6oro MarHWTHOTO TMONA JIETKO HAXOXEM

R = O1B1-+0sPs _ oiRi{03R,
= = . (7.160)

(014 09)2 (01+409)2
3nmecs BennumHEH Ry m R, mpemctaBisioT €o6oi MOCTOSHHLIE Xomana,
COOTBETCTBYIOMHME HOCHTENSM KaK[Or0 THImA, KOIZA APYTHE OTCYT-
creyior. CiremoBaTenbHO, IPH NPOTHBONONOKHHX 3HAKAX R, = R,
Oyper mabmofaThCs HeKOe MPOMeKyTOUHOe 3Hauenme R. B cnyuae
OOTYOPOBORHAKA JIEKTPONPOBOJHOCTh HOCHTENIeH KasKmoro THOA
Hajl0 BRIPA3UTh 9epe3 MX KOHIEHTPAIWIO M HOABMKHOCTH, T. 6. 0; =
= mepy, B T. 1. Taknm o6Gpasom, mamepsemas Ha omHTe XOJIOBCKAS
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nopBmREOCTE (7.154) MoKer He COOTBETCTBOBATH KAKOMY-TAG0 MAKPO-
CKONEIECKOMY 0OBEKTY, ©CIH TOJbKO HOCATEIN BAPANA U3 OJHOHA BOHHI
HEe HaXOJIATCA B HONABAAIOMEM GOJBIIAHCTEE.

Pacuer MaraeroconpoTHBICHAA HECKOJBbKO Ooxee ciroken. Hyskmo
HAATH CBA3H MOKIY MOMHEM TOKOM J 1 KommonernToi nonsa E B Hanpas-
neaun J. llonygaem

(J-E)
p: J2 =

04 + O3
_ 1-4+piH?2 14-B3H?2
= 1 e i )2 (7.161)

04 Oy 2
(Trpm T9me) (e

OTy BeIWYAHY HAJ0 CPABHUTH C CONPOTUBIEHHEM B OTCYTCTBHO
MAarHMTHOTO IOJAA

Po = ——. (7.162)

04+ 03

TTocie mexoTOpHX npeoGpasoBaHAMN HAXOAUM

Ap __ P00 _ G10g (B1—P2)? H?
Po Po (011 02)2+ HZ (B101+ Pa02)® (7.163)

Jra popMyNa He TAK YK BayKHa cama mo cebe, m6o He IacTO BCTpe-
gaeTcA Takasd CHTyamusA, KOIMAa HMEIOTCA [Be TPYIOOH HOCHTeNei
€O CTOJb IPOCTHMH CRoAcTBaMu. TeM He MeHee OHa MO3BOJAET BHIAC-
HATH OCHOBHHE OCOGEHHOCTH MABJIEHAA MAarHETOCONPOTHBIEHHA.

IIpempme Bcero BermimEa AP IOJOKHTENbHA, 33 HCKINICHHEM
ciyuas B, = P,, orna Ap = 0. [lpyramu croBamm, eCiliu ABe IPyNIIH
HoCHTellefi 3apAfga HEOJHHAKOBO OTKIOHAITCA MATHUTHHM IOJeM
BCJIENCTBAE PAsiMIAsA B MacCe WAW 3apsAfe, WIH AadHe CBoGOAHOTO
mpoGera, To HEBO3MOKHO TAK MOK06pATh JMEKTPAIECKOe moie, ITo0H
obe cocraBIAMAEe TOKAa OBUIM OapaninenlbHil emy. llommmi ToK,
pPaBHLI BEKTODHOH CyMMe COCTABIAIOMHAX, yMeHBHIaeTCH, H nabiaro-
maeMoe COIPOTHBIEHHE BO3PAacraer.

XapaKTepHO TaKe TO, 9YTO MarHeTOCOIPOTHBIeHEmEe AP mpomop-
nuooHanbsHo H? mna cmalmXx MaTHUTHHX OOJIedA H CTPeMHTCH K Hachl-
wenuw B crydae cmiubHuX moneit. Ilocnenmmit apdext cBsa3am ¢ Tem,
970 MH OIPAHHYMBAJINCH DACCMOTPOHHEM 3aMKHYTHX HM300HeprerH-
YeCKHX moBepxHOCTell Hocmrenedl 3apama. B § 4 ra. 9 Gymer moka-
3aHO, YTO MHOTTIA MOMKHO HaiTH 0coGeHnble HAPABIEHAA B KPHCTALIE,
IIA KOTOpPHX AP He HACHIOIAeTCA.

Dopmynan Buma (7.161) m (7.163) merxo o6obmaroTcs Ha cinydai,
KOT/Ia MMEEeTCA MHOTO THHOOB HOCHTeNeH, NAIIIX He3aBMCHMEE BKIA-
mBl B TOXHHH Tok. WMHade roBOpA, MOKHO PaCCMATPUBATH CIOKHEIE
nopepxnoctn (Depmu, mpaueM PABIAYHHM dacTAM AX Oymyr orTBe-
gars pasHbe sHaveHnsa napamerpa f. CymecrBoBanue MarzeToCOIpPO-
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THBJIEHHA MeTallOB CBUJAETENBCTBYET, CIef0oBaTe&lbHO, 00 H3MeHe-
amn B Ha mosepxmoctm Depmm (mMoryT GmTH pasuue >PdeKTHBHEHIE
MacChl HJIH, BO3MOKHO, W3MeHAETCA BpeMA peixakcanum t). Ogmaxo
OKOHYaTeAbHAasA (opMyla He OUYeHB HATJIAAHA — OHA IPEACTABIAET
co6oil CIOKHBIE WHTErpajl, CoAep:KaNMii PasAWYHEE JTOKAJIbHHE
npousBoguue or ¢pyuknum & (k),— H ee TPYOHO MCIOJB30BATH A
roCcCTaHOBIeHNA PopMH moBepxHOCTH (epMH O HKCIEPUMEHTANBHBIM
3HaUYeHMAM MarTHeTocompoTHBiIeHmA Ap.

IIpocrefimmuii ciy4aii OTHOCHTCA K WOJYIPOBOAHHKY € OZHOI
«moamHo» HocuTened 3apama (§ 6 rm. 6). Bkuag ux B ramssamomar-
HATHHE dQPEeKTH HETPYAHO BHUHCIHTH B INPEAINONOKEHEHHA O IOCTOAH-
CTBE T Ha Ka/KJ0H M3 N300HEepPreTHIeCKHX NoBepxHocTeld. UneH ¢ cuiroi
Jloperna B ypasuenun (7.137) maer, Kak BUIHO, KOMIIOHEHTY I'DaHeH-
ta mo k, Hopmansnyio o6oum Bextopam v u H. Ecim Tox manmpasien
BAOIb TJABHOW OCH JOJWHEI, TO B KaJeCTBE «XOJJIOBCKOH MacCH
B dopmyny tanoa (7.138) BoimeT, 0YeBEAHO, T BeJMYIMHA M; U3 BhIPa-
menndA (6.44), xoropas OTBeYaeT YKA3aHHOMY BHINE (IOIEPETHOMY»
ranpaBiaennio. CiosxeHne BKIAKOB OT BCeX JIONAH ¢ PA3HKEMH OPHEHTA-
OHAMH W pa3IWYHHMA HEIWATOHAJBHBIMA KOMIOOHEHTAME TEH30pa
Kpususubl (6.48) maer cymMapmyio mocroamEyIo Xoanxa. Ilocmemmasn
o6sa3aHa OHITH W30TPONHON, €CAW MAKPOCKONMYECKAA CHMMETDHUA
KpHcTanra Kybmueckasa. IlamHoe ycioBme CHMMETPHMH, OJHAKO, He
OTHOCHTCA K MarHerocompormBieHmio. [lociegHee Mosker Mm3MeHATHCA
IpH BpameHNA KPHCTAJJIa BOKDYT OCeH, mapalielbHHX HAIPaBJIe-
HHAM 3IEeKTPAYECKOT0 W MATHHTHOTO mojeii. IToT addekT anm30oTpo-
OHA MAarHEeTOCOIPDOTHBIEHWUA HXAaeT NEeHHHE CBENeHUsA OTHOCHTEIBHO
3JTeKTPOHHOW 30HHOW CTPYKTYDH NOJYIPOBONHHKA.

PaccMoTpeHHHIH TOTBKO UTO DacieT OTHOCHTCH K NONEPEUHOMY
MA2ZHEMOCONDOMUGIEHUI) — MAaTHUTHOE II0JIe CIATAJIOCH MEePUHEHIHKY-
IAPHHM HapasJeHHmI0 TOKAa. MOKHO pPacCMOTpeTh m npodoabHoe Maz-
Hemoconpomueaenlie, KOTOA MAaTHATHOE II0JIe HAapANIEIBHO KOHTYPY,
o0 KOTOPOMY HpOTeKaeT ToK. B mpocrod ABYX30HHOH MOmend mmpo-
TOIBbHOE MaTrHEeTOCOUPOTHBIEENE OKa3KHBAaeTCd OTCYTCTBYOmMUM. Mosk-
HO ybemmThCs, 4TO HTO €CTh CIENCTBAE LPEALONOMKeHus o chepmue-
CKOM cmMMeTpHH Kagoi sonnl, MopMynnl gusa mpomonsHOTO BhdeKTa
OKa3HWBaWTCA eme 0ojiee CIOKHEMH H3-38 HEOOXOIMMOCTH YYRTHI-
BaTh HecPepmunocTh moBepxuoctu Mepmm. ItoT addert Taxxe Habiaro-
DaeTCA HKCIEePUMEHTAalbHO B METAMIaX W B moxyupopopumirax. IIpax-
TAIEeCKA N3MEHeHMe COPOTHBJIEHAS MOHOKDHCTANIMYECKOTO oOpasma
CIOKHKM 06pasoM 3aBUCAT 0T B3aMMBOH OpHeHTANIMM TOKA, MATHHT-
HOTO HOJS M KpucTajdiorpadmiecknx oceii.

B mpmanumne, paBHO KAaK W NOPAaKTAYECKHW, JIEeTKO UPENCTABHTH
cebe W ppyrume ABICGHHA NEPEROCA, BOSHUKAWIIME IIPH HAJIOMEHHH
MarEATHOTO noiA. Tak, HanpuMep, OPA HAJIAYAA IOTOKA TeIJia BIOIb
HAIpPaBIeHHA TPaJMeHTa TeMIepaTyPH BOBHMKAET IIOUEPEYHOE DIIeK-
Tpmieckoe moxe. IT0 ecTh afiekm Hepuema, amamormanwiit s¢dexTy
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Xonna. Knaccnpnranmusa momo6HBX 9PHEKTOB ¢ yIeToM CBOHCTB CHM-
MeTPHM KPHUCTANIa M UX B3AMMOCBA3M, BHTEKAIMEH M3 COOTHOMTeHHH
Onsarepa, mpexacrasiasger coGod IpefMeT CaMOCTOSATENRHOTO TeOpPEeTH~
geckoro mccaenoBarmAa. OgHaKo Bce KuHeTWIecKHe Ko3(pdummenTnt
MOKHO TONYINTH, pemiafd ypaBHeHHme BolbIMaHA, KOJb CKOPO CIOpa-
BEANMBO HPHOIWKeHWe BPEMEHH pelaKCaIUu.

B ceasu ¢ dopmyaoir (7.163) cnegyer otMeruTs eme ogHO 0GCTOSA-
TenbeTBO. IlycTe HocHMTENTHM 060WX THIOB WMEIOT OJMHAKOBOE BpEMA
penakcammm t. Torma semmamua Ap/p, 3asmemr ToiabKo ot tH. Ho
B OTOM CJIyd9ae BpeMs pelaKCalud T o6paTHo TPOTO PIAOHAI BHO
conporusinendio p,. CiemoBaTenbHO,

e (i), (7.164)
Po Po
rae F — dyurnus, ompefensieMas TOJNBKO HPUPOAON MeTasia.

JTa 3aKOHOMEDHOCTH H3BeCTHA Kak npasuao Koaepa. U3 mero
BHHO, 9TO PEe3yIBTATH H3MePEeHHH MarHeTOCONDOTHBIEHHMA HA pas-
JAAYHHX 06pasnax MoxkHO M300pasuTh HA OMHOA H TOH e OCHOBHON
amarpamMme. Kpome TOro, MOKHO HCCIeOBATH BIHSAHAE OYEHBH CHIB-
HHX DOoJefl, HCIONB3YyA JaBEHHE ANA OUeHh UMCTHX 06pasmoB mpm
0UeHb HUM3KHX TeMIepaTypax, KOIZIa CONPOTHBIEHHE P, HEBeJIHKO.

ITpasmno Konepa saBisercA, 09eBHAHO, TOJNHKO NPHOIMAKEHHBIM.
Ono mEmkomm o6pasom He 03HAUAET, UTO HOCHTENHW 3apAAa ABYX pas-
JUIHHX THIOB JeACTBUTENIBHO AMEIOT OJAHAKOBOE BPeMA DPelaKCalu:
WIH Ja@e 9YTO MX BPEMEHA DeJaKCAIWdm HAXOMATCA B MOCTOSHHOM
OTHOIIEHAW APYTr K APYI'y HA3aBHCAMO OT TOTO, IPOMCXOMAT JH pac-
cesHMe HA NPAMECAX HIM Ha (OHOHAX, IPH BHCOKAX TeMIepaTypax
mnn npn uu3kuXx. OHo CBANETENIBCTBYET JHITb O TOM, YTO OTKIOHEHME
HOCHTEIA NPOMOPIAOHAILHO HPOM3BENCHMI0 BEJINIMHH MATHHTHOTO
moNA HA BpeMA Mexpay croikHoBenmaMA. OTKIOHeHWA oT mpaBmia
Konepa morasmiBaoT, 970 Pa3IHYHEHE MEXaHH3MBI DPACCEAHAA MO-Pa3-
HOMY BIHAKT HA pasiIAYHHE TPYONH HOCHTENel 3apAna.



[JIABA 8

OIITNYECKUE CBONCTBA

Ho tume! UTo 3a cBeT GIecHyN B oKHe?...
Illexenup, «PoMeo B JImyanerTas

§ 1. Maxkpockonmsecras Teopmsa

B oroft rmaBe MH paccMOTpEM BOHPOCH, CBA3AHHEE € pacHpo-
CTPaHeHHeM OJIEeKTPOMAaTHATHHX BOJH B TBePHBIX TeXax., XOPOIIO
HU3BECTHO, YTO OJHH BeINecTBA RPO3PAYHL, a APYyrAe Her, OJHU ompa-
dcarom CBeT, a IPYTHe nozi0uarwm NaJaninee Ha HAX H3IyIeHne. OTH
8pPeKTEH 3aBACAT OT YACTOTH WM3MYYEHHs, MOITOMY MBI BKIOIAM
B PACCMOTpPEHMEe BeCh CHOKTP 3JIEKTPOMATHUTHHIX BOJH — OT JJIHH-
HEIX PAfimoBOJH JI0 MATKNX PEHTTeHOBCKHX JyTeil.

OMeKTPOMATHATHBIE BOIHB OMHCHBAIOTCA PeNIeHHAME YPABHOHHIH
MaxkcBenna. 3amumiem mociegHEme B BHIO

VxH=22 449 E  y.E—o,

VxEl=—L 2 v.H=0.

(8.1)
at

B sroit rmase mMm He GymeM paccMaTpEBATh HHKAKAX MACHHATHEIX
apdexron, mosToMy momosxmM p = 1.

Paznmame mesxny opomeccaMm pacmpoCTpaHeHHA BOJIH B CBOGOA-
HOM NMPOCTPAHCTBE X B TBEPAOM TeJe 3aKI0IEeHO B ABYX Kodpdmmuen-
Tax - duasekmpuueckoli RPOHUYAEMOCINU € | JAEKMPONPOSOOHOCIU O,
Ileppas ompemenseT BeIWIHHY TOKOB CMeMeHHA, O0OYCIOBIEHHHX
sasueumocTeio mona E oT BpeMeHm, Bropas ABIAerca Mepoil peanb-
HBIX TOKOB, BOSHHKAWIUX MO HeHCTBHEM 3JJIeKTPHIECKOTo MOJd 1),

Hermaowas marauTHOE mose, moJydaeM

g 02E 4ng IE
V2E=C—2‘5t—2'+—02—70 “(8.2)

JTO COOTBETCTBYET PACHPOCTPAHEHMAIO 3aTyXaomeit Bonaw, DuKcrpyeM
9aCTOTY BOJHH o # 6ep:M

E = EgitKer-ot), (8.3)

1) QaKTHYECKW TOKH CMOIEHNs, KOHEYHO, He MEHe® «DeajbHH», TeM TOKH
IPOBOJAMOCTH, JT0 06CTOATENLCTRO, ONHAKO, HEe BANAET HA JAJbHEHITH® paccyis
nemust.— Ilpun. ped.
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Torpa posHOBoe ypaBHeHHe CBOTMTCA K COOTHOMIEHHIO

—Kie 2 00 (8.4)
Uian
K=%(e+ [”;05 )1/2. (8.5)

Taxum o6pasoM, BomnoBoe umcao K B ofmeM caydae OKas3LBaeTcs
KoMILIeKCcHEM. Jlnsa ¢Bo6GogHOTO mpOCTpancTBa MLi mMen: Obl IPOCTO

w
’K=T’ (8.6)

9T0 COOTBETCTBYET BOJIHE, PacOpOCTPaHAIMEHRCA CoO CKOPOCThIO CBeTA.
B cpene ckopocTh pacupocTpaHeHms MeHsercs: uTo6H HaliTH ¢azo-
BYI0 CKODOCTh, HY/KHO IOJEINTH CKOPOCTH CBETA HA KOMNAEKCHBIL
nokasamesb npesOMACHUA

N=(8+

dnoi \ Y2
=~ ) . (8.7)

Bce naGmaronaeMeie MAKPOCKOOMIECKHE ONTAIECKAE CBORCTBA MOKHO
BHpasuth depesa N. Paccmorpmm, Hanmpumep, xak Gymer pacmpo-
CTPaHATHCA B HAIPABIEHWH OCH Z BO3MYMIEHHE 9aCTOTH (0, 3aJaHHOE
BHadajle B BHJE IIOCKOHd BomHH. OmpenenuM BemeCTBeHHYI0 M MHH-
myio gactE N:

N=n+ ik. (8.8)
Boxrosoe gncio 6ymer pasHo
k=10 Ko (8.9)
1 dopmyna (8.3) macr
E:Eoexp{ico(%—t)}exp(—k‘;)z). (8.10)

IT0 03HAYAET, UTO CKOPOCTh YMEHBHIMIACH /10 3HAYEHHA ¢/N, H BOJIHA
OpH JBIGKEHHH 3amyxaem — OTHOCHTEIBIIOE W3MEHEHHMe AMINIMTYIE
Ha JyimHe BOJHH paBHO exp (—2mk/n).

3aryxaHue BOJHH CBS3aHO, KOHEIHO, ¢ HOTIOMEHWEM DJHEPTHH
HIeKTPOMATHATHOTO 1O, YT06b BHUMCINTH BEIUIMHY OOTIOIMEHHUA,
HY/KHO ¢ IOMOMbI0 ypaBHeHmN Makcpedna HafiT TOK, OTBeYaommit
poaue (8.10). On onpemensiercsi mpaBoil 9acThi0 MEPBOTO M3 ypaBHE-
aai (8.1):

J:(_ims+4n0)E: _iTwNzE (8.11)

4 c
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[mocieanee — Ha ocuoBanmm ompepenenus (8.7)]. CropocTs renepa-
ouu JKOyJIeBa TeIJla DaBHA BEIECTBEHHOH YACTH BEIMYHHDI

i
J.E= ——N2E2. (8.12)

Hoaromy rosgppuyuenm noesowjernus (MONASA 3HEPrHH, NOLIoNIAeMas
IpN TPOXOMAEHNH 4Yepe3 CJAOH BelecTBa eIWHWYHOH TOJM{MHEI)

paerca gopmynon

_ Re(J-E) 2ko
U (8.13)

Yacro paceMarpuBaercs pyrasg HOCTAHOBKA 3aJauyl — H3Jyde-
HHe IajaeT Ha IOBEPXIIOCTH Marepuaia. B obmeMm ciydae HTO CIOK-
HaA OoITHYECKAs 3ajgada, HO HAc OyJerT MHTEpPEeCOBATh TOJBKO Ciaydail
Hopmanbioro nagenusa. Tpebyercsa Hafity peulenune ypasueunit Make-
Beaxa, nmetomee Buj (8.10) BHYTpH cpenn m cmimTOe ¢ KoMmOHuanueir
nmajamniled M orpaskeHHoM BomH cHapy)ru. Taxmm obpasom, B obiacrti
2>0 mu1 Gepem

E, = Ejeto(Nz/c-t), (8.14)
a mian obractm z << 0, oTBegammell CcBoGOAHOMY OPOCTPAICTBY,
clIeyeT HaUCATH

By = EgioGle=b) 4 Fye-ioG/etD), (8.15)

IT0 ecTh cymMMa BoJH ¢ ammantyjaamu £, m E,, pacupoctpangiomuxcs
COOTBETCTBEHHO nampapo u HanxeBo (¢ur. 136). CwimBag st BLIpa-
JReHWA HA TPAHUIle, IoIydaeMm

E,=FE + E,. (8.16)
C sruMu BOIIIAMH CBA3AHBI, ONHAKO, W MATUHTHBIE MOJA; IYCTh
MarHATHbIE BEKTODLI HalpaBlens BA0Ab ock y. Bweumensa H,

¢ moMOIMpI0 ypaBHeHWH MakcBenana W CITMBasg MarHETHBIC IOJA Ha
TpaHulle, HAXOJAUM elle OJHO YCIOBHe, HalaraemMoe Ha aMILINTY[HI:

~NE, = E, — E. (8.17)

CrefioBaTeXbHO, OTIOINIEHNE KOMIUIEKCHBIX AaMILIATY/ OTPAKeHIon
¥ 1majgamoneil BOIH ecTh

Ey _1-N
9T0 COOTBETCTBYET BeleCTBEHHOMY Koofduylienmy ompajceHus
C[1=N[2_ (n—1)24k2
R={TrR | = ek (8.19)

Mu BBHIPA3WJIH €r0 9epe3 BeIeCTBeHHYI0O U MHUMYI YaCTH KOMIJIEKCHO~

ro mokasarena upeisomiaenua N, (8.8).
fcuo, 49ro gndAompepedeHns n M k AOCTATOYHO H3MEPUThH He3a-
BHCHMBIMH crocobamu  KodQOUIMEnTH OTPa)keduda M HOTTONeHHA.
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Moatomy oO6bYHO NPUBOJAAT 3Ha4eHHA HMEHHO OTHX ONTHIECKHX
mocToABUBIX n u k, u Aus HuX Oyger TMOCTpoeHa TeopHs B AaHHOHR
rnape. Qakruveckue ycjaoBUA OnbITa MOTYT OHTH 3HAaUMTEIBHO OoNee
CHOKABIMA — MOY(ET MCCAeOBATHCH, HAIpUMep, OTpaskellne IO
VIVIOM K TOBEPXHOCTH WU NPOXOskAeHHe depe3d TOHKYI0 ILTEHKY, —
HO BCe Pe3YIbTATH B NMPHWHINIE JOJYKHBl BHPa/KaThCA 4Yepes Te jKe
ABa xosdduIEenTa.

VAAVARY

dur. 136.

Oxrnako Kos¢p@uIents n u k He BIOIHE II€3aBHCHMLL APYT OT APY-
ra, Ouu cBsizaHB OucnepcuoHMumu coomuouweHusmu. Benwauna N2
B dopmyre (8.11) cay:xur nmpumepom 0606ujenHoll 60CHPUUMULEOCTL.,
O603HauuM IoCIeAHIOID depes o (®); OHA BXOAUT B COOTHONIENHE

D(0) = a () Flo). (8.20)

3necs D(w) w F(w) — ¢ypbe-KOMIIOHEHTH II0 BpeMmenu (11a 9acro-
Te ®) oT 06o6menHoro «cmemenus» D um «cudsy F cooTBeTCTBENIIO.
Kax u B 2iIeMeHTapHON TEOpHUU Tiemell mepeMeHHOTo TOKa, 9Ta BOCHPH-
HMYMBOCTD JOJAHA ObITh KOMILIEKCHOW BeINIWHOMN:

a(0) = o (o) + ie (0); (8.21)

TEM CAMBIM YYHTHIBaeTCs CABUT $as Meskay Berudunamu D u F.
Opgmako cootHomenue (8.20) ectb mpocto peayawrTaT §ypbe-Tpe-
o0OpaszoBanua paBeHCTBA
+ oo
D)= S AQ—tYF()dt. (8.22)

— 00

ocneanee onpejenser cMemeHne B MOMEHT BPEMEHH [ KaK CYyMMaPHbIi
AUHEIIHbLI OMKAUK CHCTEMBI Ha BO3JEHCTBHA CUJI BO BCE JPYTHE MOMEH-
el Bpemenn ¢, OfHaKo CMellleHHWe He MOXieT BO3BHKHYTH Jo TpMio-

P



292 Ta. 8. Onmuueckue ceoticmsa

JREHHMA CHIHK, H03TOMY QYHRIOHMA OTKIMKA HEIPeMeHHO MOJIKHA yIo-
BJIETBOPATE YCAOBUID NPUHLHHOCIMU:

A(t —¥)=0 gaa ¢ > t. (8.23)

Wnaue rosopsa, B uaTerpaie MOyphe, crymameM ompeneleHHeM BOC-
OpHEMIABOCTH, Ge3 moTepum OOIMHOCTH MOKHO OTGPOCHTEL BRIAK OT
OPefIeCTBYOMAX MOMEHTOB BDPEMEHH:

+00 oo
o (0) = S A(t) efot dt = S A(f) et d. (8.24)
— o0 0

Yro65l HPHAATH TAKOMY WHTECPATy TOYHHIHE CMBICH, OPHHATO pac-
cMaTpUBaTh @ (®) KaK QYHRIMIO KOMRAEKCHOU HepeMeHHOH «, mMen-
meid, cKameM, 66CKOHETHO MATYI0 HOIOKUTEIBHYI0 MHAMYIO IaCTh ie.
Ilpm arom m3 mpexcraBnenma (8.24) ciemyer, 4To paccMaTpmBaeMas
PyHROHEA He HMeeT 0Co0eHHOCTeH B BepX Hell HOIYIIIOCKOCTH KOMIIIEKC-
HOH JacTOTHL @ H CTPEMHTCA K HYJII0 IpH | ® | — oo BHOJXB M060TO
HampaBleHAA B yKazaHHOH o6macTu. 3aMKHeM Tenmeph KOHTYD HHTe-
IPPHPOBAHMA, MONOJIHUB BEM[ECTBEHHYID OCh MOIYKPYroM 6eCKoHed-
HOrO pajguyca, M BOCHOIb3yeMCA HM3BECTHOH B TeOpMH (QYHKIHH
KOMILIEKCHOro mepemenHoro Tteopemoit Homm. Ilomyamm

+ oo

1 .
2 (Q)=— S 200 go. (8.25)

WuTerpan 3gech moOHMMAaeTcA B CMBICTE [VIABHOTO 3HadeHHA, U Iepe-
MEHHAA HHTEerPHPOBAHMA BeEMECTBEHHA.

Us onpeperenns ¢yphe-o6pasa [isi «OTPHOATENLHEX UYaCTOTY
cienyer, 49TO BeJIMYMHA O (—@®) KOMINIEKCHO compsKeHa ¢ o (o).
U3 dopmynm (8.25) BHTeraior coomruoueHus Kpamepca — Kponuaa,
KOTOPHIM JOJKHH VIOBJIETBOPATH BEIIECTBEHHAA M MHAMAA dacTH
BocupuamanBocta (8.21):

o’ (Q) = _321_5 %dm+const, (8.26)
) .
n
) 20 [ o ,
al(Q.):—TS —%—_(_@g—;?d(ﬂ. (8.2/)

0

B paccMaTpuBaeMOM Clydae BeIEeCTBEHHAA M MHHMAasg dacTH N2
OHpeHeJIHIOTCH PaBEeHCTBOM

N? = (n? — k?* 4+ 2nki, (8.28)
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M, CJIeJJ0OBATEJILHO, MOJ{HBl BRIONOJHATHCA COOTHOHIEHHA

2 ¢ '2n(e)k (o
nz(m)_kz(m):?s ® n(mwlz)_((;:)

0

do’ -+ const (8.29)

2n (@) k (0) = —27"’S {n? (@) —Kk® (@)} du’ (8.30)

o2 —0?
0

Ecan maBecren, craskem, Ko3QPUrnenT OOTIOMennsa KaKk QYHRIUA
9acTOTH [JIA BCEX YaCTOT, TO C MOMOINBI0 3THX COOTHOMIEHHH MOMKHO
BEIHCINTD N (@) ¥ k () mo otmenprocTd. CootHomennsa Kpamepca —
Kponura He SABIAKTCA CIy4aiiHnIM pe3yiIbTaTOM, CBOHCTBEHHEIM
KRakoH-mm60 wacTHOH MOMeNH,— IPA BHBOJE HX OBUIO MCIOOJNB3OBAHO
ofHO Jaumb yceaospme mpmumuboctn (8.23). OHEM HMEIOT COBEPIIEHHO
o6Imit XapaKTep W CIpaBe[INBH B IPUMEHEHHN K JIOOHM QyHKIUAM
ANHEHHOro OTKIHKa, HAIpUMep K JM3IeKTDPHIeCKOH HPOHWIAeMOCTH
(5.16) mam & mosepxmocTHomy mmumepamcy (8.106).

§ 2. Imcoepcus W mOTIOLIEHHE

IIpocTeiiutas Mopeab TBepAOTO Tejia eCTh COBOKYHOHOCTh He3aBH-
CHMEIX WEATPAJbLHHX aToMOB, (PMKCHPOBAHHHX B mpocTpaHcTBe. Hak
JefCTByeT 3JIeKTpOMarHMTHAA BoJHA Ha nofobHyo cncteMy? s Tex,
KTO HEJOCTATOYHO 3HAKOM C COOTBETCTBYIOIEH TeopHeH, maguM Kpar-
KOe WM3I0KEHWe ee NPHMEHHTEIbHO K HpPOCTOMY Clydal, KOrja BCe
aTOMBI COEPIKAT TOIBKO IO OJHOMY 3JeKTpOHY. BolHOBYyHO $yHKIMIO
OCHOBHOTO COCTOSHHA aToMa 0603HaumM uepe3 ¢, (r); Opm Bo3Oy-
KJEHMH 3JIeKTPOH MOKeT HepeiiTH B COCTOAHWS, ONHCHIBaeMHeE aTOM-
HEME QYHKOHAMH ¢; (T).

IlycTh 3iaeKTpMYECKOe Hojie BONHH B OKDECTHOCTH aToMa eCcTh

E ()= E, (eiv* - e=iPY); (8.31)

MH nOpenebperaeM 3mech OPCCTPAHCTBEHHON 3aBHCHMOCTBIO, COMlep-
mameiica B o6mem Bripaskennn (8.3). Ilompaysachk mecTammoHADHOH
Teopued BO3MYIMeHUH, MOKHO 3alHCAaTh BOJHOBYIO YHKINIO BJIEKTPO-
Ha B NM060if MOMEHT BDeMEHH ! B BHJ®

P (ry £) = oe=iBotin . Sei) s jes it (8.32)

Bennunny eE.r Mn paccMaTpmBaeM KakK OOTEHI[HAN BO3MYMeHMSA,
meiicTByromui Ha sumekTpoH. llogcraBumB BHpaskenue (8.32) B HecTa-
. nmoHapuHoe ypaseenue lllpenmnrepa, DOMHOKHB Ppe3ynbpTaT Ha ¢4
M OPOMHTETPHPOBAB [0 BCEMY HOPOCTPAHCTBY, JETKO J0Kasarh, 4TO
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KOOQPUIMEHTH ¢j, COOTBETCTBYIOMME BO3GYIKACIIIEIM COCTOSMIAM
C MHJEKCAMU j, MpuOIMKEHHO Y[OBIETBOPAIOT yPABHEHHIO

m_‘ic_tj: S ¢ ¥R (). v, drei(€i-Eolin, (8.33)

Pemenne ero umeer Bup
t
¢ (t) = % 5 eE x5 (€10t 4 e=i0t) oi(Ej-Bort/ngy
0

| — o+ €;-Co)t/n 1 i~no+E&;-Eoytsn
N 7 , — 4
=Bt {“ ey o gy ) (33
rie
erjy== 5 drexd,dr. (8.35)

OueBujiHo, 3T0 €cTh MATPHUHBIA HTEMEHT KOMIOHEHTH AHTIONHHOTO
MOMeNTa dJIeKTPOHA B HANPABIEHHH 5JeKTPUIECKOTO BEKTOpPa MO,
B3ATHIA MO BOTHOBHIM GYHKIHMAM $o H ¢ ;.

CoryiacHo o6prHOM mpolefype, TPHHATOR B y4e6HHKAX 10 KBaH-
TOBOM MeXaHHWKe, Jajee HYKHO OBITIO OB BHUACIHUTE BeamInny | ¢; (£) |2
A T0Ka3aTh, 9TO OHA O4YeHb OBICTPO OCHMIIMDYeT, 32 HCKIIYEHHEM
TeX CIydaeB, KoTla 9acTOTa @ Y/AOBIETBOPAET YCIOBHIO

ho = ﬁ(l)j = (g] — 80) (836)

Hocxe aToro HeTpymHO K0Ka3aTh, 4T0 Gy/eT MPOUCXOAATH KBAHTOBbIA
Hepexojl U3 OCHOBHOTO COCTOSHHUA ¢, B COCTOSIHHE C BOMHOBON dyHK-
nueit ¢;, mpUTeM BEPOATHOCTH TEPeXofa ONpefleAeTcCA KBagpaToM
MO/[yJIA MaTPHIHOTO 3nemenTa (8.35).

Mer, ogHaxo, moiifieM mo APYroMy IyTH M BENHCIHM BelMIAHY
AHOOIHHOTO MOMEHTA aTOMa B PAaCCMATPHBAEMOM HECTAIHOHAPIIOM
cocroanuu. Ha ocnosanmmn dopmyn (8.32) n (8.34) monyaum

(ex (t)) = 5 P*(r, t) exp (r, t)dr=
= Z {exo;c; (1) e 1)t +exjoc] (t) ei“’jt} —

1
®j+o

1 1 . .
e 2 L2 wt —iot
=B D¢ g {5 + } ot emon. (8.37)
i
3/1ech He BHIIMCAHBI WIEHEI, KOTOPbIe GBICTPO OCIMILIMPYIOT H He HaX0-
nAarcA B daze ¢ MIPIIIOKEHHBIM ITOJIEM.
Taxkum o6pasom, AMDONBHHIA MOMeNT aToMa IIPOIIO PIIUOHAT eH
nomo. Onpenenum amomuyio nosspusyemocms dopmynoit
2 [ 052 .
e2|x 20
o (o) = N Ll L, (8.38)

h m‘]l-—oﬂ

j
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Yro6el BHACHUTH, KAKOTO NOPAZKA 9TA BEIMIMHA, MOIKHO HCIIONB-
soBatp upasuino cymMm JTomaca — Palize — KHyna, sapuaAomeecs
JACTHHM CaydaeM Teopems (5.48). Ono raacur:

20 S ko] 2 =1 (8.39)
i

yJZ[OGHO BBECTH IIOHATHE cu.bl ocyuasamopa [Jjad 1epexojga B j—e
COCTOAHUE:
2m 9
fj:—_ﬁ2 fl(Ojll‘gjl . (840)

Torna pupasrerue (8.38) MoyRHO 3ammcaTh B BHE

2 f;
o (@) == Z————wgiwg : (8.41)
M4
npudeM CyMMa 4icel f; mo BCeM J, T. €. IO BCeM IiepeXojaM M3 OCHOB-

flOTO COCTOAHMA, PaBHA eJWHHIE.

Ecan remeppr momectuts N TAKMX 4TOMOB B eIHHMYHOM oOneme,
T0 ofpasyercsa cpega, BemECTBEHHAA YacTh AMIJIEKTPHYECKON IIPO-
HHUI[aeMOCTH KOTOPOHl paBHa

4dnNe?2 Q3 i
&(0) =1+ 4aNa (0) =1+ — Z T - (8.42)
J

Crporo ropops, cregyer pasiniaTh HAHNEHHYIO 3[6CH RONEDEUHYI
AVMBIeKTPUYECKYI0 TPOHUIAeMOCTh W [AMAJIEKTPHYECKYI0 IPOHH-
1aeMOCTh 1A nPodoabHo MONAPU3OBATHBIX BOJH dJIEKTPOCTATHIECKOTO
TONA, paceMOTPeHNyIo B Ti. 5. OjHAKO B IpeesbHOM clydae JIHH-
HBIX BOJII, T. €. B 06aacTH OGBIYHOH «ONTHKW», 5TH BEAHYHHBI COBIIA-
palor apyr c¢ apyrom. [HeiicrButensHo, sP@eKT dKpaHHMpPOBAHHA
# OOJIAPH3AIMH 4TOMOB IO CBOEMY XAPaKTepy JOKalbHH M OIIpele-
JAKTCA B OCHOBHOM BEJHYHHON 3IEKTPHYECKOTO TIONA B HENOCPe]-
CTBEHHOMN OKPECTHOCTH KayKOOro MOHA MIH aToMA.

Bripaskenue (8.42) npencrasiaser cofoil mpoTOTHO AHCIEPCHOHHOR
gopmynsl. MHTEpeCHO OTMETHTH, YTO OHO CBOAMTCA K pe3yibTary,
noaygerHomy B § 7 ra. 5. Horga siexTponn «cBoGoHE B TOM CMEICTE,
9TO BCE YACTOTH ©; PABHBI HYJIIO M CyMMa CHJI OCHMILIATOPOB f; paBHA
euHuIe, INIA3MEHHYIO 9aCTOTY HPH KOHIGHTPAUHH JIeKTPOHOB
MOKHO 3aIlHncaTth, coriacHo (0.53), B Buie

0} = ﬂnj\zf—ﬂ- (8.43)

B a1oM cayuae rmpaskenue (8.42) mepexoaut B popmyay (5.67), o6nac-
HAPIOYO ABIEHHEe YIBTPaPHoNIeTOBON nmpoapauHocTH. OTMETHM, omHa-
KO, 9T0, 00/y4asd BemmecTBO MOTEPEYHO HMOAAPH30BAHHHMH OTOHAMH,
MBI HpaRTI/ITIeCRI/I He MOAeM HeHOCpeJICTBeHHO BO36yI[I/ITL npomgoanno
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DOJAsApU30BAHHEIE MIa3MeHHble Konebanmsa. [na mabmonenus n.aas-
MERHbLT AURLY HAZI0 BOBOYAHMTE 9IEKTPOHHBIA Ta3 3JeKTPOHAMHA BHCO-
KOl 9HePTHA WM 3Ke CTABHTh ONHITH IO HPOCBEIMBANMI0O TOHKHX
IIeHOK, KOTAA yjAaercA HaOIIO[aTh NOGEPIHOCTIKLE NAQSMEHHNE KoAe-
b6arus.

Opmmako B o0meMm cCiydae MHUHEMAJIBHOE 3HATEHHE ©; COOTBET-
CTByeT ONTHYeCKOH MIM HHPpaKpacHoH o06JacTH 9YacTOT W 3aBHCH-
MOCTh & OT  ORasmBaercs Goaee ciomuHOd. B mpemenbmom ciayuzae
HIBKHX 9aCTOT MBI MOJYYIMM CTATHIECKYI0 [AMAIEKTPHIECKYIO MPOHH-
OaeMoCTh, 3aMEeTHO HNPEBHIIAIMYI0 eMHAIY:

L= 1+ 1)+ - (8.44)

Ho snauennme & (0) ne Mosxer GHTbH 0O9eHsb BEIHKO, W60 ATA GONBIIMH-
CTBA TBEP/BIX Tel INIa3MEHHAA aCTOTa ®p O HODAAKY BeTHIMHBI
CpaBHEMA C OOHYHGH OOTHYECKOH YacToToil cBOGOXHOTO aToMa.

B paneneiimenm ¢ ypermdenmeM o [WDIeKTPHIECKAs IPOHMIAE-
MOCTh & (®) BO3pacraer, IOKa He BO3HHKAET CHHTYJIAPHOCTH upm
3HAYEHHH ( = ;. 3aTeM & () NPUHMMAeT OTPUOATEIbHHE 3HATe-
HHA B HEKOTOPOH 0071aCTH 9acToT M CHOBA CTAHOBHTCA MOJOKHATENb-
HOH BOMHM3W CIefYyIOHIeH pe3oHANCHOH 9YacToTH. B KOHIE KOHI[OB
e (®) CcTpeMHTCA K 3HAYEHHI0, OMPEIeTAEMOMY dopmynoi (5.67);
T. €., KOT/Ia 9acToTa » OoJbIle BCeX ®;, MOJydaem

(1)2
P

e(w) > 1— o (8.45)
B orpecTHOCTH KasK/I0#l Pe30HAHCHOM TacTOTH ®; MMEETCH 06racTs

aHoMALbHOU Oucnepcuu. B wacrHocTH, mpm oTpEmATeNBHON MHATIEK-

TPHIECKOH NPOHMNAEMOCTH & MOKasaTelh mpelomieHms N cTaHO-

BHTCA, coridacHo ¢gopmyie (8.7), umcro MHEMEM; TakuM oGpasowm,
n=0, k=|e|", (8.46)

1 B pesyubrare, Kak cmenyer us (8.19), mpoumexomur noamce ompa-
JeHUE CBETA OT NMOBEPXHOCTH TBepAoro rtena. Ilpakrmaeckm 6ymer
Ka3aTbCA, 9TO KDHCTANIX OCTAeTCA NpO3PadHHM, XOTA H ¢ OYeHb
OonbmmM MoKasaTeleM NPeNOMIEHHA, BIJIOTh 0 UACTOTH ) — ®j,
I0CTe JOCTHKEHHA KOTOPOW KPHCTANI BHE3AIHO CTAHOBHTCA Hempo-
3PavYHEIM M HOJHOCTBI0 OTPaKaeT CBeT. 3aTeM HPH 6071ee BHICOKAX
9aCT0TaX BHOBL ToABIAerca obxacte mpospaumoctH (¢pur. 137).

OpHako Takoe moBefieHHme He COIIACYeTCA € AHCIEPCHOHEBIMH
coorromennmamy (8.29) u (8.30). HomxrHo 6biTh TaxKe It NOTJIomeHne,
npomopnuoHalnbHOe mpousBefennio 2nkow. [leficrBurensno, mMe moka
He 3aTPardBalM TOH CTODOHL HeCTAIMOHAPHOH Teopum BO3MYHmeHHi,
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KoTOpasg OTHOCHTCA K IOTIONIEHHIO, CBA3AHHOMY C ATOMHBIM Iepe-
xogom (8.36). Ono mposABusiercsa B BHAE PE3KOM JHHHH, MO-BHIHMOMY
8-o6pasnoro BHMa, Ha 9acToTe w;. UT06H YAOBIETBOPATE AHCIEPCHOH-
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@ur. 137. Jucmepcus cpera.

HOMYy coorHomenuio (8.29) M mpaBWIbHO 3aHMCATH AWCOEPCHOHHEE
49IeHH B BHpasienm: (8.42), mago B3ATH

200 () k (©) =2 2HE S 16 (0—0,): (8.47)

3

9Ta BeITMYUHA T0J:KHA PAaBHATHCA MHAMOHR 4aCTH KOMILIEKCHOM M15IeK-
TPHIECKOH I POHUIIAEMOCTH, KOTOpaH nannmaeT BH]

e@=1+"T5 N { i g b —op | (8.49)
j
Bmecyo Gonbmoro mokasarens mpeloMIeHHs BOIU3M (; HOTydaeM
PesKylo JHHAK HOTJOMEHns Ha 31odl sacrore (dur. 138).
IlpakTmaeckn 6eCKOHETHO Y3KHE JUHHHE HHKOTAA He HaGMI0gaoTcs.
Bcerja mMmeercsa HeKOTOpOe YIIMpDEHWE W3-32 OPHMECed M T. 1. HIH
IIPOCTO BCJIEACTBHE €CTECTBEHHOT0 PAJHALAOHHOTO 3aTYXAHUA YPOB-
He#i. CormacHO CTAaHZAPTHON KBAHTOBOM TeopHH, HOHoOHEIE dPPEeKTH
MOJKHO y9ecTh (JEHOMEHOJOTHYEeCKH, BCTABIAf, CKaykeM, B (opmMy-
a1y (8.31) daxrop saryxammsa exp (—Y/,I't), cooTBercTBylommii Bpe-
MeHH 3aryXaHusa (keadpama ammnmryasl) mopamka 1/T° cexk.
Herpynno mosciofy BRINOIUTH B pacier sToT Qarrop, moOaBIsAs
BenuanHy Y/, iI' kK sacroram w; B gopmynax (8.37) mnm (8.38). Ecin
nupene6peds I'2 mo cpaBHEHHI € ®}, TO B BHIPAKEHHH IS BElIeCTBEH-
HOH 9YacTu HOJIAPH3YEMOCTH, a4 CIEIOBATEIRHO, W B BEIECTBEHHOE
dqacta & () BMecto wieHOB f;j/(w] — »%) mosBaTcA ciaraembie BHA

0 —o?
1; (@i—w?)2teil? ?

(8.49)
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B pesyabrare mCYe3aeT CUHIYJNAPHOCTH BEJIHYHMHLI N M JIUCHEPCUOH-
HafA KPHBad Pa3MbIBAETCA, TAK IT0 MOJAYyIaercd ONHK IMUPHHON HOPs/-
Ka 2I" (¢ur. 139).

Xopoio m3BecTHO, YTO 3aTyXalde caMo Mo cebe BhI3bIBAET pas-
MeiTHe S-QyHKIHH, HepexojAllell B OKPECTHOCTH YAaCTOTH ® = o
B KOHeYHYW (QyHKIMIO BHAA

T/2n - 2l'w2/n
(0j—02+1,02 T (0l—02)2+ 22

(8.50)

Hombunupys seipamenus (8.49) u (8.50), neiicTBHTENBHO MOKHO
nocrpouth dopmyny tuma (8.48), yiie Gonee wiam menee 061agal0NLYI0
cBOMCTBaMH JucmepcHoHubX Gopmyn camoro obmiero Bupa:

4niNe? m2—m2 il'50
e(0)=1+—— fo { (@I— o )2 0?TE +<ml—m2]2+m2F:} -

AnNe? /s
=42 2 (mz_w’ . (8.51)

%) —iol;

Hecmorps Ha 10, 910 pacder 65T IpoOBefell MJIA MOAENIN HE3aBUCHMBIX
aTOMOB, 3TO BHpakeHme faeT GeHOMEHOJIOTHIECKOE OmMMCaHue JI0oil
CHCTEMBL, CIIEKTP HOTJOIMEHnA KO-
TOpoR IIpefcraBiser coboil Ha-
60p OUCKPETHLIX JHHMM.

JTorT amajusz ciegyer yTod-
HUTH eme B OJHOM OTHOIICHNH,
B coornomennn (8.42) mojpasy-
M ~  MeBaercs, uTO .A0KaibKoe Toe,
/ MONAPA3YIOMEe KamIblA arToM,

»  eCThb TO jKe caMoe, 9T0 U MaKpo-
7 CRonuueckoe ToJe, NMPUIOKENnnoe

& kpucramay. Crporo rosops,
w 3TO HEeBepHO; aToM HAaXOAMTCH
He B abCOJIOTHO HEIpPepPHIBHOM
cpefle, a DpAacIoJO)KeH B yaie
pemieTku, I7ie OH OKpy:ken (1o
oe IpoHM3all HACKBO3b) «Ipy-
THMH» aTOMaMH, IOJsIPU30BaH-
UBIMA aHAJTOTHIHBIM 06pasom (cM.
Qur. 138. Bemecrsemnan m MEmvaz § O M. 2). M3  saemenrvapuoit
JacTu IIOKAa3aTead MIpPeJOoMJICHHA. ?JIGKTPOCTATUKN © Marxerocra-
THKH XOPOIIO H3BECTHO, YTO IPH
3TOM JIOJ;KHA BO3HMKATL MHONPABKA K JORAJIBHOMY DoJdw. Ecam
«IOJIOCTLY, OKpYy:kalomas artom, Oojee wiaum MeHee cdepudiia, To K
JloKanbHOMY Toqifo fobasisercsa nonpaska Jopenya (cm. ¢ur. 140)

4
Eioca1 = Emacroscop + T abP, (8.52)

mw)

w; W
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rie P — cpeguas monspusamusa. Orciofa BMecto coornomenns (8.42)
moxydaem gopmyay Kaaysuyca — Mocommu:

—1 4
e (8.53)

B pesyaprate mnabuiopaemsie JMIIEKTPHIECKas MPOHUIAEMOCTh
M ToKasarelb LMPETOMIEHHA omucHBaioTca gopmymamu, 6omee CroiK-
HeimMu, geM (8.51); manpumep, MoReT BOBCE HE OCYIECTBIATRCA CaydTal
(IO THOTO» OTPayKeHHUA.

dur. 139. VYmmpenue pucnepcmonmod  @ur. 140. [Tompasxa JlopeHua wus-
KpHBOIl. MeHseT JOKaJbHOe Tose Giaropaps
JHMIONAM, HABEJCHHEIM Ha COCEJHNX
aroMaX 1loseM B cdepHueckoil T1o-
JIOCTH B OHOPOXHO IOJSAPU3OBAH-
HOil cpeze.

DTexTpuyueckass MOJApH3aMs Cpefsl Moxker OpTh 0OycioBiena
M YIOPAMOYEHHEIM DACIOJIOKEHHEeM ROCTMOAHHBE THIOJIBHEIX MOMEH-
TOB, KOTOPHIMH 00Jafaf0T MOJEKYIbl ;KUAKOCTH HJIHM TBEPAOTO Tela.
B srtoMm ciydae Heo6XomuMbl ganbHeiiuime yroudHenma. H umeny mx
OTHOCUTCH, HAIIPUMED, MOIENh 10Kaibho20 nois OHsazepa, B KOTOPOH
TIPUHUMAKTCA BO BHAMAaHWe (QUIyKTyanum B OPHEHTAHA COCEJHHX
ATOMHHEIX JUIIOTHHEIX MOMEHTOB.

§ 3. OnTuueckue KoneGaHNA B MOHHBIX KPHCTANIAX

BepHeMcsa K ypaBHeHMsM ABHkeHHA pemersn. Hak 6wuto moka-
sano B § 1 ri. 2, cMemenue s-ro mona B I-fi AYeliKe ymoBIeTBOpPAET
ypasuenuio (2.7), 1. e.

Msusl:—‘_Z Gss’ (h)'us’, I+he (8.54)

s’h
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Ilycrs remepn ma cumcremy peficTByer sIeKTpOMATHMTHAS BONHA
tima (8.3). B mpaByno wacts ypasmemma (8.54) cmeayer moGaBuTh
cCHITY

esEoei(R -0t (3.55)

rje e; — 3apAn s-ro uoHa B AdYeHKe.

Uro6bl yuecTs BAMSHHME DTOr0 HEOTHOPOAHOTO WIEHA, HANO HaiTu
TONPKO YaCTHHIA HHTerpand An¢gepeHnuanbHoro ypasHeHmsa (8.54).
Ouesnnno, 4910 B mpemmomoskenmn (2.8) mwpm q = K 3asumcamui
OT KOODJHMHAT MHOKHTeNb OTHeJAeTCs; MOJAyd4aeTcAd ypaBHEHHE A
Usk, avmamryner komefanms ¢ BommoBEM BexTopom K,

MU= — 3 Gur (K)- Uy + e,Eqeiot, (8.56)

Uro6r1 mpegcraBuTh cefe, Kak BHIIAAAT PEUICHHSA HTHX ypasHe-
HHH, PACCMOTPUM IPOCTYIO MORENb — JHHEAHYIO BYXATOMHYIO Hemod-
Ky, Kak B (2.22). IIpakTHueckn OPHXORATCA HMETHb MeN0 C 3JeKTpo-
MarHdTHHIMA BOJHAMH, JJIHHE KOTOPHX CTONb BEIHKH IO CPABHEHHIO
C aTOMHBIMH Das3MepamMd, 49TO MOMKHO TOJOKHUTE coS Ka ~ 1. Ecan
3apsAnbl OBYX aTOMOB Pa3HOTO 3HAKa, KAK B THOMIHOM HOHHOM Kpi-
crajlie, TO mMOJydaeM

MUy =20 (Uy—Uy) - eEge-iot,

. (8.57)
M2Uz=2a (U1_U2)__3Eoe—i(ﬂt'
Pemenne stux ypapmennii umeer nujy
Ey(A1/M;4+1/M .
(01— ) = L LLATZI), oo (8.58)

rie @y — co6CTBeRHaA Wacrora cmeteMsl npE g = 0, ompemensemas
mo ¢opumyne (2.25). MosKHO BLMHCANTD CBSA3AHHBIA C 3THM MBHKe-
HAeM JUIONBHEI MOMEHT H BHPA3UTh €r0 KaK HOJIAPH3YEMOCTH pe-
IIeTKH:

_ 4aNe (1/M{+1/M,)
- 0} — 02

4nNa (0) (8.59)

Takmm 00pa3oM, HCHONB3YA YHCTO KIACCHIECKIIE coofpaskenns,
MBI IPUIUIA K QUCHEPCHOHHOH gopmyite Tuma (8.42). UncanTens B mpa-
Boii wacth (8.59) MokHO 3ammeaTh Kak Qp?, ITOGH ABHO OTMETHTD
Gobmoe CXOMCTBO 3TON BENHIMHHI € KBAZPATOM MIA3MEHHON 9aCTO-
TH (6.81) crcremst monos. [ockonbKy mOHE ropasmo TAeqee BIEKTPO-
HOB, 9Ta 4aCTOTa 3HAYATENBHO MeHbme wp. C Apyrofl cropomk, wr
€CThb IPOCTO 9aCTOTa HIMHHOBOJHOBHX KOJIe0aHMI pEmeTKy, OTeHb
Malas 10 CPaBREHHIO ¢ YaCTOTAMH JIOOHIX SJEKTPOHHHX HEPOXOI0B
B aToMax miam poHax. CreoBaresbHO, B IIMPOKOM MHTEPBAJIE YACTOT
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MOMHO HMCOOJb30BaTh BHIDAKeHHE
2

Q

~ P
12 ((D) ~X (00) +w . (8-60)
3pecs orT6poimena OONPaBKa, CBA3SAHHAA ¢ 3QPEKTaMH JTOKAIBLHOTO
noxs [rmma (8.53)]. B dopmyne (8.60) enmunna ¢ (co) mpepcrasaser
€060l AAIEeKTPHIECKYI0 NPOHAIAEMOCTh, OIpeNeiAeMyl0 U3 maMepe-
HA# OOKa3aTelsA IPeIOMIEHAA HA dYacToTaXx o » or, HO eme X0
mopora Bo30y;KIeHHA dJIEKTPOHHEIX IepexonoB. Hak caemcreue (8.60)
MB IojydaeM ¢opmysy Bopra HJIA cTaTHIeCKOd AHAIEKTPHIECKOH

IIPOHUIMAEMOCTH

Q2
¢ (0) =~ & (o0) —mﬁ . (8.61)

T

B rpexMepHOM HOHHOM KpHCTalje BeIWIMHA ®p OyIeT 94acTOTOH
nonepeyHo MONSPHU30BAHHHX ONTHIECKUX KoJebaHWil, KOTOPHM OTBE-
93eT AUNOJIBHHIH MOMEHT, CMJIBHO B3aMMOMCHCTBYIOIIUAHA € mMOUEePEIHOR
3J1eKTpOMAarHATHOM BonHO#H. (DaKTAYECKH MH HMeeM 37eCh RoAADU-
moH —cMeCh CBETOBHIX KoJdebaHmMid ¢ KolebammaAMmM MOJAPH3ANAA
pemmeTKd. Jra CMeCh KaK Pa3 M OmpeacraBiser coGoil HacTodmee HOP-
MalbHOE KoJebaHme, CHOCOOHOE pACHPOCTPAHATHCA B BEIECTBE.
Horma wacrora o cranosurca Gounbme o7, OHDIEKTPHYECKAsA IIPO-
HUIIAeMOCTh OKa3hBaercs orpumareilbHoil. Toumo Taxk ke, Kak
n B cayaasx (5.67) # (8.46), npu aToMm GyaeT IpoOMCXOAUTH MOJTHOE OTPa-
’KeHHe H3IyYeHHs OT HOBEPXHOCTH KpHCTALna. JPdexm ocmamounnz
AYyuell — MoABIeHHe 06IaCTH 9aCTOT, ¢ KOTOPHMH 3J1eKTPOMAaTHUTHEIE
BOJIHH He MOTYT pAaCHpPOCTPAHATHCA B KpHCTalle, — Habaiogaerca
BILIOTH JI0 TACTOTH (i, ONMPEIeIeHHOH PaBeHCTBOM

9’2

of =i+ (8.62)

o) °
Ilpu wacrorax, Génpmax o, Bermunua (8.60) BHOBL CTaHOBHTCA
Do10KATeNsHOH. ONHAKO, KAK BEITEKAET W3 ONpPeJeleHAA THAICKTPH-
geckoit mpormnaemocrtd [cp. (5.59)], B kprcTamne Moryr cymecrBoBaTh
09eHb CHIbHEE QIYKTYANAA 3IEKTPHIECKOT0 HOJA ¢ 9acTOTOH of
B OTCYTCTBHE BHemHero Bo30yxmennsa. OHM aHAJIOTHYHH IIa3MeHHEM
KonebaHmsAM moHHOM pemerkm. OgHako B paccMaTpuBaeMmile KoJueba-
HHSA BHOCAT BKJIAJ KAaK JOKATHHHE MEKATOMHBIE CHJILI, TAK H JaJIBHO-
OedcTBYOIMHUe dJIeKTpocTaTAIeCKue moid. Jacrora wr COOTBETCTBYET
IJIMHHOBOJHOBOMY IpefeibHOMY 3HATEHHIO RpoJoAbHOIi BETBH CIIEKTpPa
onrTHdeckmX KoxebaHuil pemerku. Uexons us dopmyn (8.61) m (8.62),
MH mpuxogaM B pomoiHeHue K (8.60) k coomuowenuro Juddena —
Carca — Tennepa:
Of  5(0)

= (8.63)

0%~ e(o)

OHO OKa3HBAaeTCA COBEPINEHHO OOMMUM, COPABEAJIABHIM MIA TO6GHX
MOJAPHKEX MAaTepPHAJIOB.
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BB peiictBurenbnoctn snamenarenu B opmynax (8.59) m (8.60)
JOJI;KHBI COJIeDsKATh elle MHHMEle ciaraembie [cp. (8.51)], coorset-
crByfomue guccunatuBHbM sddexram. Hampumep, sueprus smexrpo-
MarfiMTHOTO IOJA MO7KeT HOTJIOMATHCA IPU BO3Oy:KIeHMH (OHOHOB,
KOTOpBble CBA3aHBl C ONTHIECKHMHU Kode0aHMAMU pelieTknm 6aarojaps
AlrapMOHUYHOCTH CHJIOBHX HOCTOAHHBX [cm. § 11 ra. 2, § 10 ro1. 7
n § 4 nacrosimeit raassl]. Takue sQPeKThl JOMKHH 3aBHCETH OT TEMIIe-
parypsl; onm OymnyT HPOABIATHCHA TAKMKE B U3MEHEHUU HPdeKTHBHOM
CHJIOBOM HOCTOAHHOW @, MCHOJB3yeMOH B FapMOHHYECKOM HpubImsKe-
uun [em. (2.25) mnu (8.53)]. Boxee toro, mas mexoropoit KoHETypa-
UK CMeIeHHH pemIeTKH B3amMIlasg KOMIEHCAIMS MEKATOMHBIX CHJI
MOsKeT Jlaske OKa3aThCA CTOJIh TOHKOH, 9TO Ipm Temmeparype HHIKE
HeKOTOPO#l KpumTHieckodl T'¢ BeIWUMHA ®F CTAHET 0MPUYAMEALHOT.
Makpockomuaeckn 9T0 JOIKIO IPOSBUTHCA B BHIe IIePeX0jia B CeeHe-
mosaermpuueckyro asy (§ 5 ra. 10), B KoTopo#l cTpyKTypa KpHCTAI-
JIHYECKOH pereTKH XapaKTepusyercAa HaludueM TOCTOSHHON cofCTBen-
1OM IOJAPU3AIHA.

CpaBHuTenbHAS MATOCTD YACTOT IIPOOABHMX ONTHIECKUX KOIeHa-
HUH UTpPaeT Ba/KHYI POIb B TEODHU NOAAPOH0E. DIEKTPOH B WOHIOM
Kpucramie ecer ¢ coboil cosaBaeMoe UM CaMUM BIEKTPHIECKOe TI0Je,
moJiAApuayoulee OKPY;HaoMmyio ero o6aacTs pemerku. Hpn omucanaw
HOKOMIIEroCA 9JeKTPOHA MBl BIIPaBe HCHOJIB3OBATH CTATHIECKYIG
ausneKTpHueckylo InpoHnmaesmocth € {0). OpHako aAWHAMHYECKMit
OTKIMK peIIeTKH Ha Bo3jleiicTBHe, 00yCIOBIEHHOE [BH/KYI{IMCSH
9JeKTPOHOM, OTpaHMYel dYacTOTOH ; COOCTBEHHBIX KoJeOanui
3IEKTPHYECKOM IOAAPUIANNHA CPEJIbL.

Curyanmsa sfech 0o9eHb MOX0KAa HA TY, ¢ KOTOPOH MBI UMeeM elo
B Teopnu maa3MonoB (§ 8 rir. 5). Ecau sueprust siextpona npespinaer
Loy, To Gymer u3NyueH onrUIECKUH (OHOH, B PE3yJABTaTe Uero HIIeK-
TPOH 3aTOPMOBHMTCA H CHIABHO pacceercs. [laske B ciayuae Mmemnenno
ABMKYIIETocA 3JIeKTPOHA HeoOXOAMMO y9ecTb NPOIMeceh BUPTYATbHO-
ro M3IyueHHA KBAHTOB ONTHUECKMX KoXebaHMH ¢ mocCaeqyoOmuM
noraomenneM ux. IHBIMHA cToBaMH, DJIeKTPOH Beger cefs Kak uacTuIma,
OKyTannasa o6rakoM BEpTyalabHbIX ¢oHonoB. CoGcTBennas smeprus
TAKOTO COCTABHOTO 00BeKkTa 3aBUCHT OT €0 CKOPOCTH, TaK 9TO ¢~
feKTHBHAA «MacCay HOCUTENA 3apAJa 3aMETHO yBeJIUTHBAETCA.

CumcremMa ¢ wIeaIM3MPOBAHHBIM TaMUJIBTOHMAHOM, OTBEYAIOIIUM
noaspony Goavwozo paduyca '), TMoCTymRmIa upeaMeTOM 0GIIMPHEIX
HCCIeOBAHMH B KadecTBe MOJEIN TEOPHUH HOJH ¢ CHIBHBEIM B3AHMO-
peiicreueM. Opnako mpakruieckm HAOMIOMATh 06BEKT TAaKOTO THIIa
Helerko. McnoapsoBanue 3ToH MOJAENIH ONPABAAHO, JUIND €CIH 06IacTh
HNOJNAPHU3ANUN 3aHAMAET 3aMeTHO GONBmMuNl 06beM, HeEeIW dIeMeH-
TapHasA AYeiika. B mporusioM cayiae 6olee KOPPEKTHOH OKa3HBAETCHA
MO/lelb aBTOJOKAMU30BAHHOTO NOAAPOHA Marozo paduyca (§ 7 ra. 6).

1) Cm. [21].— Hpun. ped.
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§ 4. Dovon-GonHonnsie mEpexobi

Ha ssbike Teopum mosst morsomenne MHOPAKPACHOTO H3JAYISHHH
KPHCTANIOM OIIMCEIBACTCH KAaK B3aMMOJEUCTBHE (HomoHa ¢ OTHAM HIHN
neckoabKuMH PonoHamu. [Tpasuia or6opa /i Bcex TaKHX IpoIeccon
daxtuaeckn yxe Gbuin ycraiopiens navu B § 7 u 8 ra. 2, xora dop-
MaJbHO pedyb LIIa TaM 0 Heynpyeol Jugparyuu. Tak, B mpocrefimem
CIyvYae usMeHeHue BOJIHOBOIO BeKTOpa JMPparupoBaHEOr0 ITyIKa
JOJKHG PABHATHCA BOJALIOBOMY BEKTOPY M3IyIentoro GoHoHa:

k —k = q. (8.64)

AHIAIOTAYHO CBUT 9aCTOTH CBeTa [0JKeH COBHAAATH ¢ 9acroToi
doHOoHA:

0 — o = . (8.65)

Ionnas ananorus ¢ gopmymamu (2.101) n (2.102) ouebugua. B Hexo-
TOPBIX YACTHBIX CIYIasIX OKA3HIBAETCA BO3MOKHBIM Y/OBJETBOpPUTDH
VKa3amHBIM yCJI0BUAM 0e3 BCAKOrG yvYacTHA AUPParHpoBAHHON BOJ-
HEl — TOJHAA BHEPrHA W MMOYIBC (OTOHA IEIHKOM IepealoTCsA
KpiCTaLIy,

Baskmo 3aMeruTh, UTO MBI 3/[eCh MHTEPECyeMCHA 5IeKTPOMAarHHT-
TLIMH BOJHAMH, 14CTOTH KOTOPLIX Je5KAT B BUMMON N nH(paKkpacHoi
obracrax cmextpa. CootBercTByIONe AJTMHBL BOJIH NaMIOro Goabiie

14
14
| Ontmuveckas
8emes
Aryemuyecran
semas
Jona 0 Jora Jora 0 3ona
Bpunnosna 7 Bpunnroana bpunmoana 7 bpunnoana
a é

®nr. 141. Tlornomende oNTHIECKAMH BETBSIMH.
a — OAHOMepHas cXeMa; 6 - TpexMepHas CXeMa.

HOCTOAHHOMR pelleTkn Kpucrasina, CiremoBaTenbHo, BeJWIMHA BEKTO-
pa |k —k’ | apesBraaiino Mana mo cpaBHeHHIO ¢ pa3sMepaMH BOHH
Bpunniosna. [losTomy fiist BCeX 0GBIUHBIX OOTHIECKUX ABIEHUI MOSKHO
cauratsh k — k' &~ 0 m mHTepecoBaTHCA TONBKO BO3MOIKHHIME HM3Me-
HEHHAMH JHep2ul, COBMECTUMBIMA C 30HHO#I cxemoii. Taxoll mopxop
gomoauAer «AAPpaKMUOHIIYIO» TOUKY 3peHnsa (IpH pPaccMOTPeHHH
PEHTreHOBCKHX Jydell M HEHTPOHOB), KOTHAa W3MEHEHHEe UMNYAbCA
BEIWKO, & PA3nuiuMd B PHEPruAx obHapyxuTh Hemerko (gur. 141, a).
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CrmemoBaTenbsHo, Ha CXeMe OPHBEIEHHHX 30H DacCMaTpHBaeMBIX
nporece — MOTHAOM[eANe W1 WCIYCKaHHEe OJHOTO OHTHIecKoTo ¢oHo-
Ha — H300paskaercs MOYTH BepTHRanbHO#M aumumedl opm q = 0. Ilpm
HAJIMYAA HECKOJIBKUX BeTBEH B ONTHIECKOM CIEKTPE MOTYT B IPHHIUIIE
HabogaThCA HECKONbKO pasamgunx nmHEd (Pur. 141, 6). Opmako
HHTEHCHBHOCTH HMX 3aBHCAT OT
MATPAYHHX 3IEeMEHTOB dHEPTHH

B3aMMOTEACTBAA BIEKTPOMAar-
7 " HUTHOHA BOJIHH € KPHCTAJLJIOM.
_/ Kax mu Bugenn B § 3 macros-
® mei#l raaBH, B OOJBIINHCTBE
HOHHHX KpPHCTAJIJIOB 3T0 B3a-
amojeficreue (B ciIydae mole-
PEYHHX ONTHYECKUX KoJIeba-
HH) 0Ka3KBAETCA 0YE€Hb CHIb-
Hicoustic meM. Torga onucanme CICTEME
s Ha A3HKe ¢1afo B3amMoJercT-
Bpomoona 0 q—_’b‘pg%g;aﬂa pylomux $oToHOB # POHOHOB
CTAHOBHTCA HECOCTOATEIbHHM
@ur. 142. MHOrodoHOHHOE TNOrJIOMEHMe. g BO3HHKaeT 3PdeKT ocTaTod-
HHX nyueit. B HexoTopmx mo-
AYOPOBOAHAKOBHX COETMHEHASAX BCe JKe 00HADY;KeHH ONTHIECKHe -
KOJeOaHUA ¢ BeCbMa He3HAYMTENbHLIMH [JAOOIBHEIMH MOMEHTaMH.
B 5TEX c1yYagX 0KasHBAaeTCA BO3MOKHEM HabaogeHne 00H0goHORHO020
n02A0WeHILS B ONKTAX D0 IPOCBEYMBAHHI) TOHKHX TUIEHOK.

3aMedas, UTO IPONECCH MOTIOmMeHMsA (M HCOYCKaHHA) ¢oToHA
«BePTHKAJBHEY B 30He BpmimosHa, MOKHO OPeSOONOKHTH, ITO BO3-
MOJKHE W J[pyTHe «BepTHKAJIbHbIEY MEPEXOAH, KaK 3T0 M300pakeHo
Ha ¢ur, 142, B HAX yuacTBYWOT I aKyCTHYECKAsA, ¥ ONTHIECKAs BETBH
ronebaHuil. JHeprug mOTIOMAEeMOT0 $OTOHA, 0YeBHIHO, €CThb

hﬁ) == hvcptic — hvacoust. (8.66)

14

voptic

@akTHIECKA MCIe3a0T OTOH M AKYCTHIECKUT POHOH H MOABIACTCH
ourmaeckuit foron. TpeGoraHuA COXpaHEHHA UMIYJIbCA TAKIKE BHIIOI-
HATCA. MoKHO mpemefpeds UMIOYIbCOM QOTOHA H TOJNOKATH IPOCTO

hqoptic = Aqacoust- (8.67)

970 paBeHCTBO 03HAUaeT, UTO IEPEXOJ JOJNieH OHTb BePTUKATBHEIM.

[Hopo6HEe MpomeccH paspemieHH IpaBHIaMH 0T6Opa M, CIefoBa-
TenbHO, MOTYT Habmoparbess. OHm DPUBOAAT K 00pa30BAHHI0 LETHX
MONOC TOriomeHHs B pajiexoi madpakpacHoit obmactu. Illmpnua
¥ 06mas CTPYKTypa TAKHX HONXOC 3aBHCAT, OUEBHAHO, oT Habopa
BO3MOKHEIX ITePeX0fI0B H3 aKyCTHYeCKOH BETBU B OUTUYECKYIO M OT pac-
cTogAnA Mexny mocaexnumu. IlomHoe obcyssmeHue NIponeccoB TaKOTO
THOA mOpefcraBaser coGoil, KOHEYHO, OBOIBHO CIOKHYI0 33/ady,
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TAK KaK OPHXOAUTCA PAaCCMATPHBATE PA3HOCTH JIBYX (YHRITHI, Kask-
/las U3 KOTOPHIX ABIAETCA QYHKIMed KBa3WAMIYJAbCA q B 30He Bpmi-
M0sHA,

JTAM HE HCIEPUHBAIOTCH BCe BO3MOJKHEIE IIPOIECCHL. Pacemorpen-
Hble BHIIC IEePeXo[sl MOJKHO Ha3BaTh «PASHOCMHWMU» HPOMECCaMH,
BO3MOKHH TaKike cyMMapHbe IONOCH, COOTBETCTBYIOMME TOMY, TTO
oHeprus oTOHA PACXOAYETCA Ha CO3aHHe sy GOHOHOB C PaBHBIMH
U OPOTHBONOJOKHBIMA 10 3HAKY HMOyJIbcamu. B atoM cayuae

ho = AVoptic 4 AVacoutss

(8.68)

ﬁ‘Ioptic = —'ﬁqacoust-

HToGH (arTHIECKM BHYHCINTH BEPOATHOCTH LEPeXOia, HaJo
3HATh 3aBHCAMOCTD HEeJIHHEHHOr0 WieHa B [AIOJBHOM MOMEHTE OT CMe-
meHns pemterku. MHbIME cloBamu, [OIKeH GHITH, HaOopmMmep, HM3Be-

cTeH TeH30D By B Buipakenun s AEOOIHLHOTO MOMEHTA I-ii AYei Ky,
00yCIOBIEHHOTO CMOMEHMAMHA Ug:

Ml == 2 As‘usl _l_ Z U - Bss"us'l- (8'69)

Kaxpoe cmemenue sarem ¢ momompio gopmya (2.8), (2.10) m (2.129)
BHIDA/RACTCA epe3 OLepAaTOPLl POKACHHA MW YHWITOKEHHA (POHOHOB
pasnuiHBIX BerBeil cmextpa. Ciaraemoe B Bgy, cooTsercryromee
NPOUBBEJIEHNIO BYX TAKAX OIIePATOPOB, BH3LIBAET HHTEPECYOMHKE HAC
NByXoHOHHbE mponecch. DaKTHIECKN BEePOATHOCTH mepexoma Gyjmer
COMlepPHKaTh KBAAPATH J[BYX MATPHUHHIX 3JI€MEHTOB THIA

(nq+1]ag|ng) = (ng+ 1)1/2,
(8.70)

(rg—1]aq|ng) =ni,

OTBEIAIOIINX YBEIUIOHNIO HIM YMEHBITEHNI0 Ha eUHAITY YHCeN 3aToJi-
Henus QOHOHHEIX cocToAHmMA. IlocKoNbRYy cpenmee smavenme ng
ABJIAETCA QyHKImeH TemmepaTypsl, corsacHo (2.46), atm mpomecch
3aBMCAT OT TemIeparyps. B ofmem ciygae, ongnako, Kosdduument
HeauHedHoCTH B+ HEBEIWK, TaK YTO OHTH TOJOCH OKA3BIBAIOTCH
calbIMu 10 CPABHEHHIO ¢ HOJOCAMH ITA ONHOPOHOHHHX IpoIeccos.

Crout otmeTmth, 4TO HIA M0GOH BeTBH PyHKNHA Vq ABIAETCH
HenpepLBHOA mnepmogmdeckoir (¢ mepmomom oOpaTHOH pemreTkn)
¢yurnmedt q (cp. § 2 ra. 2). Orcopa caexyer, 910 cymma mam pas-
HOCTh JT060H mapsl TakuX QYUKW 06IamaeT TeMH ke CBONCTBAMEL
Iloatomy Teopema Bam Xosa (§ 5 ra. 2) npmmenuma pacmpepueie-
HHUIO 9aCTOT; B HalulojaeMoM CIEKTpe MOI'YT IPMCYTCTBOBATb CHHIY-
JAPHOCTA TONBKO YeTHpeX THHOB, KaK NIoKaszamo Ha ¢ur. 27 (noba-

BOUHBIe CHHTYIAPHOCTH MOTYT HOABATECA TOJNBKO OT MATPHYHHIX
9J16MEHTOR).
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Brinre Mur BEImEcanu npasuia orGopa (8.64), (8.65) aas Heynpyroi
gudpaxkuun cBera. OHE OmpemeldsiioT YCIAOBHs, HPU KOTOPHX (OTOH
[ k, o) Mosker mpeBpaTtuThea B Apyroii dorou | k', ') ¢ manyuennem
doHoHa | q, v). ITOT mpolecc ONPOABISIETCA HAa ONOHTe KaK CMEMmeHue
4acTOTH CBETA, PACCesHHOro KpucraiiaoMm, OUeBHIHO, UTO PAMAHOECKOE
paccestue 1) nepBoro NOPAZKA SKBHBAJIEHTHO OXHOPOHOHIOMY TOTJIO-
menno. CroeKTp KoMOMHAIMOHHOTO pacCcessMsa BTOPOTO MOPAAKa
COMEPIKUT TOIOCH, NPOUCXOAsiilHe OT ABYXPOHOHHHX MNPOIECCOB
u 1. A. Ilpomeccrr, B KOTOPHX y4YaCTBYIOT aKyCTHIeCKHe (HOHOHH
¢ KOHEYHHM 3HAUYEHHEM BOIHOBOTO BEKTOpPA, HABHBAIOT GPUALIOIHOE-
cKuM paccesnueM %),

Ilpasmna or6opa muaa BomHOBOoro BeKTopa (8.64), (8.67) m(8.68)
OCHOBaHH Ha MCHONK30BaHWME Teopemnl Broxa (cm. § 7 ra. 2). Ilpm
HaJWYu¥M OTKIOHEHMH OT TPAHCIANWMOHHOM CHMMOTDHH, UPHUCYIIeH
UeaqbHOM pelmeTKe, OKA3KHBAIOTCA BO3MOKHEIMH M HEPEXOOH B NpO-
N3BOJBHYI TOUKY 30HH Bpmmmosua. Iloatomy mpumecu mnu mpyrume
mederTH KpUCTALIWdecKoll pelleTKH OPHBOAAT K MOABIEHHI AHPpa-
KPacHOTO MOIVIONEHHS M JPYrUX ONOTHYecKAX B3(PQeKTOB, KOTOpHE
nHade Obnm On 3anpementi. Ilogpobumiil pacier momobumX 3dder-
TOB, KOHEYHO, OYeHb ciaokeH. OJHAKO SKCHEPUMEHTAILHO YIaercsa
HabIogaTh YeTKHE CIEeKTPANbHEE JHHWA, CBABAHHBIE C J0KAAbHBLML
Korebanuamu, W UAKHA, 00ycioBleHH e pesonadcamn (cm. § 12 ra, 2).

§ 5. Mexaysonnbie mepexopbl

Horma anerTpoHH HaXORATCA B OI0XOBCKAX COCTOAHHAX, 06pa=-
3yIOMUX INHPOKME BHEPreTHIeCKHe B30HHI, JJIEKTPOHHBIE IEePeXO/hl
A3 BAIOJHEHHKX COCTOSHUI B IYCTHE IPHBOAAT K MOSABIEHAI HIHPO=
KoH moaoce moriaomends. llo-mpekHeMy misi ONTHYECKMX UaCTOT
BOHOBO# Bexrop ¢oroma K mar mo cpapHeHMI0O ¢ pasMepaMm 30HB
Bpunniosra, mosroMy MomHO npeHe0pedb MM U CYHTATH, UTO BCE
mepexofhl «BePTUKANBHED, KaK HoKazaHo ma ¢ur, 143,

Mul yie IpHBOTHIIM BHIPAKeHHE s AMIJIEKTPUIECKOH mpoHHma~
eMOCTH NOJYIpPOBOJHHMKA |dopmyra (5.45)]. B rTom ciygae mac
fonbIIe WHTEPECOBANO CTATHIECKOe IOBEJeHWE IIPH BCEX [IMHAX
BOJIH; Temeph MHTEPeC HPeACcTaBIAeT TaCTOTHAS BaBUCUMOCTE E((, 0}
B miumEHOBONHOBOU o6mactu. CormacHo dopmyne (5.57), umeem

gy dnet g k[T [kt tg 22 {6 (k)6 (k+qte)}
e(q, 0)=1+—7 %‘1 (o) — (% (k)—€ (k+q+£))2
4e2 fx
~ 14 %ma_aﬂ ,  (8.71)

1) B coBerckoil nmTeparype wame ynorpebnsercs Gonee ompelemeHHHIT Tep-

MUH — KombuHnayuonnoe pacceanue.— IIpum. ped.
?) B coBeTcKoW saureparype OPHHAT OoJee TOUHHHA TEePMHH — paccesnue

Mandeavwmana — Bpuasrwsna.— Ilpum. nepes.



§ 5. Mexidysonnune neperodn 307

rae fx — cmiaa ocnmaastopa [em. (8.40)] mas mepexoma Memmy
cocroarmeM | k) B BamemTtHoit s0me m cocroammem |k 4 g) (pac-
TOJOKE€HHKHM HENOCPeACTBEHHO HaJ HePBHM B CXeMe I PHBEJEHHHX
30H) B 30He IIPOBOJWUMOCTH, IOpPHYeM PAa3HOCTh DHEPrHH VKa3aHHHX
COCTOAHAH paBHA BeJInunHEe
hog. Ilockonpry BoaHoOBOMH

op k msmensercss mempe & Jora npoeaﬁumoamu\\\
BEKT A3M T rempe- sy
Al
PHIBHO, CYMMa LEPeXOfuT B \\\\\\\\X\
HBETErpal BHJA ﬁ \ \s\\\g
O, };
(0, o) =1+ x
dne? ( f(0') A (@) do’ g
+= S 0% — 2 K . ha |
(8.72) ] % I
A/IHTIHAA SRS KL 5
rae S 4(0’) do’ —ancao ypos- 30H0 — 4 ‘
Heil B mHTepBaNe dw', AIA Ko- ,
TOPHIX PpAa3HOCTh 3JHEPruil 1Mo s
BePTHKAJH COCTABIfAeT ho'; 0 k™ binmosna

f(@") ~—cura ocmmunaTopa,
T. €. YACI0 NOPAAKA eIWHUILI Onr. 143. BepTakaibHhe MeXAY30HHHE
JUId mepexoioB B pacCcMaTpH- Oepexofl B NONYNPOBOAHAKE.
BaeMOM HMHTEpPBAJE TaCTOT.

Nntepec mpencrasiser He CTONBKO 3Ta GopMylna A BemeCTBEH-
HOH 9YaCIHM [HMIJIeKTPRIeCKOH NIPOHMIAEMOCTH, CKOJBKO BEDAKEHHEe
niasa MEEMOHR dactm ee. O6pamenne K AUCIEPCHOHHEM COOTHOIECHHAM
(8.29) = (8.30) mokrassBaer, 4T0 KO>(PUIEEHT MOFIOMERNA NOJKEH
HMETh BHJ

20n (@) k (0) = 5 2= [ £(0") 4 (0) 8 (©—0") do’ =

m
2122
T m

F (@) S a(@). (8.73)

K Tomy ke camMoMy pesymbTary MoskHO Gpulo OH DpHATH, 3aMeTHB,
49TO B [HAJIEKTPHYECKYI0 IpoHHmaeMocth & (q, ®) B dopmyie (5.45)
BXO[INT MHEMAas 4YacTh, OIpefieliieMas TNApPaMeTPOM &, BBEIEHHBIM
B (9.1) B KadecTBe HOCTOSHHOM 3aTyXaHUsS BO3MYIIEHHA, IKPAHADPYe-
MOTO cHCTeMOH snekTpoHoB. Q4eBUAHO, 9TOT MapaMeTp UrpaeT Ty Ke
postb, 9TO W mapamerp mupuHH IABUA I'; B dpopmyne (8.51), asnsawo-
meica, mo cymectBy, anamorom gopmyn (5.45) m (5.57). Iloaromy,
nepexofsa B o6parHoM Hampasiennu oT (8.51) k (8.47) (dpaxrmueckm
yeTpeMiiaa K HYI0 IMHPHEY JHHAM KAMKIAOTO NMEpexoja), MH BHOBbL
npmxoamM K ¢gopmyrae (8.73).

Ilockonbry ¢ymrmua 'y (o) B (8.73) ommcmBaer cmekTp 3Ha-
49eHud PAa3HOCTH JHEPIHHA [BYX 30H — BAJEHTHOH M NPOBOANMOCTH
(06e oHeprEM RAITCA HENPEPHBHHIMA (QYHRIMAME, NePHOLHYECKAME
B o6paTHOH pemreTke), OHa MMeeT TOJAbKo cuHryiaapnoctn BamXosa,
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yxasaunsie B § 5 ra. 2. Hanbosnee Bamuolf w3 HUX ABIAETCA Kpaii
ROAOCHL NO2A0UjeHUS, COOTBETCTBYION[MII MHHHMAJBHOW (DO BepTH-
KaJu) pasgocTu amHepruil hw,, Mmemay sonamu. Kak nokasano B (2.72),
B OTOH OKPECTHOCTH CHOEKTP MOJIFKEeH BeCTH CebA Tak, 4To

N4 (0) ~ (0—0g)"2. (8.74)

Crenyer oTmernTh, OfHAKO, 4TO BeJAWYMHA fm, COBCeM He 00a3a-
TEJIBHO COBHAJAT C «YHEPTeTHIECKOH IHeNbio» Egap MEIKIY HMOTOIKOM
BJIEHTHOH B30HBI M JAHOM B30HH mpoBogmmoctu (cM. ¢ur. 144). Srtu

o
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_______ Hoy 3 B T a——
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RO f%%@&&§&§$®
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R

S
R
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R
R R R R SRR

0 K 3ona 3oxa
bpunnrasna . 0 k bpunnroana

a 1

®ur. 144. a — npsmEe mepexopsl He 0013aTeNbHO COOTBETCTBYHT INMpPHHE
3aIpemeHHOH 30HH; 6 — IepeXof ¢ yuactueM QOHOHA.

TOYKHM MOTYT OBITH DACHOJOJKEHBl He BEPTHKAILHO APYT Haf OPYroM
B k-mpocTpancTBe; HanmMeHBIee PACCTOSAHAE RO GEPMUKAAU MEELY
30HAMM MO’KET HECKOJIBKO HPEBHINAT> &gap.

Tem He MeHee oONTHYECKHE TIEPEXOJLI, COOTBETCTBYIOIMHE /i) =~
=~ €gap, MOIKHO HalMIONATh, €CIM JOUYCTHTL BO3MOKHOCTDL OJIHO-
BPeMEHHOT0 MCOYCKaHMA Mau moriomenus goHoua. Tarue nenpamvie
oepexodnl, WM IePeXonbl ¢ yuacmuem GonoHa, NETKO IOAYIAIOTCA
BO BTOpDOM HOpsAAKe Teopuum Boamymenmit. Ilpouecc pasbusaercsa
Ha JiBa 9rama: HaOnpuMep, BePTHKAJBHBIA IePexoj| BBePX — IOrIome-
are $oToHA, W 3aTeM HepeXoj| B MOAXOMAIMUIl MUHHMYM B 30He IPO-
BOJUMOCTH C MCOYCKAHMEM HMJIW HOTJIONeHHneM (OHOHA ¢ JOCTATOYHO
00ILIIAM BOJTHOBHIM BEKTODOM (. 3aBOTHTBCA 0 COXpaHeHHM IOJHOH
SHEPIMH B NPOMEKYTOYHOM BHPTYAIBHOM COCTOAHUHA Iie HYRHO;
ofmuMm ycroBuem Oyjer

ﬁ(o == ggap i ﬁ\’q, (8.75)

rge vq¢ — vacrora ¢gonona. Tar xar smeprus fivg mana (Haupmmep,
0,03 26) mo cpaBHeHHI0 ¢ MUPHHOH 3aIPEHIEHHON 30HBI, TO PE3YJb-
TaT BHIVIAAAT TakmM 06pasom, kak OyATO mosoca DOFJIOMEeHUA HAdH-
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Haercs co 3HATeHUA &gap. ONHAKO BEPOATHOCTh HENPAMHX IEPEXOH0B
3HAYMTENBHO MEHBIIe, 9eM OPSIMHX, ¥ 3aBHCUT OT TeMIEPATypPH depes
Yueia 3amoNHeHHs (OHOHHHX COCTOSAHMI, Kak B ¢opmyme (8.70).

[lpunaras Belle TPaKTOBKA 3JIEGKTPOHHHX HEPEXON0B B HIeaNb-
HHX KPHCTAJJIAX OCHOBAHA HA IIPOCTON ONHODIEKTPOHHOH MOMENM.
Opmako gaKkTHIeCKN OpH TAKOM Iepexofe, Kak Ha ¢ur. 144, B KoHeu-
HOM COCTOSHHHM HUMEITCA KaK [HPKA B BAJEHTHOH 30HE, TAaK M JJIeEK-
TPOH B 30He IPOBOJUMOCTH. KCam 5TH JBe YacCTHIH HeMeJIeHHO e
PasoHmyTCsa, OHE CMOTYT BzammopeiictBoBath. Ilpm sToM, Kak omEcaHo
B § 7 rim. 6, o6pasyerca cBsI3aHHOE COCTOSTHAE — DKCHTOH BaHHbE —
Morra. IlonHas sHeprusA DHKCHTOHA OKA3bIBAETCS MEHBINE HHEPTETH-
TeCKOH IMeNu MEKIY paspelneHHBIMH 30HAMHK, W3 KOTODHIX IIPOHMBOII-
11 paccMaTpHBaeMbie 9acTHIE. W HBIMHA CIOBAME, B ONTHIECKOM CIIEKTPO
HmKe (YyHIAMEHTAIbHOTO Kpas IOTIOMEHUS BOSHUKAKT SKCUMOHHbE
AUHUL. ITO ABIEHHE 0COOEHHO 3aMETHO MPOABISIETCS B MOHHHX KpH-
crannax, rjae skcuToHE (DpeHKeIs, XOTA H ¢MAJNOTO PagHyca» M mMpak-
TAYECKH HEMOJBUKHEE, XapPAKTepU3yITCA OGONBIMAMA CHAAME OCIIHJI-
naropoB. Ilocoename 0TBEIAIOT ATOMHBIM HIH MOJIEGKYJISIPHEM BO30Y3K-
JIGHHBIM COCTOSIHHAM, M3 KOTOPHIX M OPOU30NULIA DKCHTOHH. B momo6-
HHX MaTepHajaX B3aMMOJeHCTBHE MEKNY JIEeKTPOMATHHATHHIM IOJEM
M TUCTO DKCHTOHHBIMH COCTOSIHHAME MO’KET OKAa3aThCSA CTOAL HMHTEH-
CHBHBEIM, UTO BOSHHKHYT 0COGHE PaCIpPOCTPAHSIIHECS B IPOCTPAH-
CTBE DJeMeHTapHbIe Bo30ysmeHHMA — moasputoHH (cp. § 3 Hacros-
mel TIJIaBH).

OnTuueckme CBOWCTBA IOJYIPOBOJHHKOB W MOHHHIX KpPHCTAJJIOB
BeChMa OCHOMKHAITCA U oboramartorcsa Graromapa HaTHIAIO O pEMeceit
7 medexTor cTpyKTypsl. Tak, MokHO HabaiofaTh pasiudHHE JHHUH
MOTJIOMEHHAA, CBA3AHHEE ¢ MePeXOfaMi MeKIY BOIOPOMOMOn0OHHME
VPOBHAMHE 3apAMKeHHHX mpumeceir (§ 4 ria. 6).

Teoprsa onTHIECKUX MEPEXOMOB B IEHTPAX OKPACKH OKA3HIBAETCA
[IECKONBKO 0osiee CIIOKHON M3-3a MCKarKeHUs pemeTku B6ausu medex-
T0B. IlocKoabKY Ha 9TO MCKasKeHWe BAMAET DIEKTPOCTATHIECKOE B3a-
MMOJIeAICTBHE C ONTHIGCKH AKTHBHBIM 3JEKTPOHOM, OHO MOJKHO 3aBH-
ceTb OT OBJIEKTPOHHOTO COCTOAHUA cucremul. CiegoBaTenbno, IPH
onucanuu coGCTBEHHHX COCTOAHUN Mederra HALO0 HCIOAB30BATH KaK
JMeKTPOHHEE, TaK M AaTroMHse mepemenHse. OgHako onTHYECKHHA
Iepexo OPOMCXOMUT 38 IEPUOM, COOTBETCTBYIOMUN 9aCTOTE MOMI0INAC-
Moro miu ucmyckaemoro ceera. G gpyroii cropoun, npems, Tpebymo-
meecA pemerke, 9T00b, AedopMUDPYSACH, OPAHATH KOHPHIYpaIdio,
OTBETAKMIYH) HOBOMY 3JEKTPDOHHOMY COCTOSHHIO, COOTBETCTBYeT 3Ha-
qTenabHo 60abIeMy mepuoxy KoiaebaHuill, onpenensgeMoMy MHHAMAKON
penrerku. llosToMy ¢ TOUKM 3penus MDOBEIEHHA pEIIETKH IMEPeXof
ClelyeT paccMaTpuBaTh KaK Headuabamuueckuil WIH M2HOBEHHBLIL
(cp. § 11 ra. 6).

J10 06CTOATENBCTBO JIEIKAT B 0CHOBe npuHnuna Ppanka — Korndo-
Ha, moscHaemoro ¢ur. 145. llycts mcrakemme pemersnm BOIH3H
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nedexra MOKHO OHNHCHBATH 6NUHCTBEHHON IEDEMEHHOM U, BampEMEp
BEIMYAHOH «AHIIAIMEro» CMemeHAd WOHOB BHYTPh HIH HAPYKY.
HKorpa snexTpon maxommtesa, CRakeM, B COCTOAHMH | @), HOTEHIAAI b-
Hafg dHEPTdsA PemieTKH MMeeT MAHEMYM IPH HEKOTOPOM 3Ha4eHOH U,
He COBIAZAMEM C PaBHOBECHHM CMEMEHHEeM Up ANA APYroro sJeK-
TpoHHOTO cocroAHud | b), Ourmaecknii nepexogq u3 [a) s | b) ¢ moro-
MeHNeM CBeTa NpoHaoiger 6es uaMeHeHHA AefOpMANEE peIIETKH,
T. €. «BePTHKAJIBHO» BRONb JHHAA U = U,. Hampotme, mamydemme
DOJKHO NATH IPH (PUKCHPOBAHHOM BHAYEHHH U = Up, COOTBETCTBYIO-
meM paBHOBECHOMY  3Hade-
HHI0 CMEHmeHHA B HMCXOMHOM
SIEKTPOHHOM COCTOSTHMHA | b).
OueBnano, Awqp 7= Awp,. Ipak-
TAYECKH, OJHAKO, CIeAyeT ydH-
THBATh TEINIOBOE BO30Y:KIeHEe
Kojebarmil pemerkm BOIK3E
KOKOOT0 MHHAMYMA IOTEHIH-
anpHOH oSHepruu. Maaydenme
PoHOHA LpPUBERET K YIIHPEHHIO
JMBHA B B KOHIE KOHNOB IpH
BHICOKAX TEMIIepaTypax BOBCe
CMayKeT pasiuIde MEKAY 9TH-
MA ABYMs mpomeccamd l).
Mex30HHEE ONITHIOCKHS IIe-
pexoan HaGaIONAOTCA, KOHEY-
HO, © B MeTaLtaXx. Tam omm
MOAMPUOUPOBAHK 3a CYET TO-

——

u, % TO, 94TO DIEKTPOHH MOTyT He
@ur. 145. Bananme cmemernii pemerxm IOMHOCTBIO 3aOOMHATH 30HY
Ha OoNOTHYeCKUe NMePOXOoAr B F-meATpe. HIA MOTYT HaXOJHThCA B HE-

Eléepexon AB' (mormomeHMe cBera) cBAsaH ¢ CKOJNIBKMX pa3IAYHHX 30HaX.
JAbIIAM M3MOHEHMeM OHEPIuM, 4eM Oepexon  n
BA’ (dsnyuenme cmeTa). IIpA BHICOKHX TemMIie- l'eopna rakmx oepexonoB CTpoO-

ATIESS SoNlnic PO VACTIVOT s IOS  WTCA B NPUEIIG HA OCHOBE

0GORX HANpaBJIeHRAX, cooOpasKeHuil, A3IO0KEHANHX B

ganHEOM Haparpage. Opgmaxo

€aMo HTO ABJIEHHE MOKeT 0Ka3aThCA B M3BECTHOH Mepe 3aMaCKHPOBaH-

HuM 6rarogapsA BHICOKOH OTpaykaTelIBHOH CIOCOGHOCTH Marepmaia,

CBA3BAHHOX ¢ OONBIIOA OPOBOAMMOCTHIO HIEKTPOHHOH CHCTEMH
(cM. § 6 Hacrosme#t raaBm).

I pyroe ABIeHAe, MO CYMECTBY YKBABAICHTHOE MEK3OHHEIM Iepe-
X0faM, COCTOHT B UCRYCKGHUU MS2K020 PEHMEEHO6CK020 UBAYUCHUS
(cm. ¢ur. 146). Ecin ypaamrs 2meKTPOH ¢ OKHOTO M3 CAMHX IIyBOKHX
aTOMHEIX YPOBHEH B TBepAOM Telle, TO HOPH Iepexofe 5AeKTPOHOB
C Da3iAMYHBIX APYIHX ypOBHEH BHA3 MCIYCKAeTCA KBAHT PEHTTCHOB-

1) MonpoGree cm. [21, 22].— Mpum. ped.
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CKoro manydends. Mu mMeem feno ¢ mepexojaMu ¥3 BaleHTHHX 30H
MeTaJI1a; MHTYHTHBHO fICHO, YTO CIIEKTD MCIYCKaeMoro u3JIy4eHHH
Gyzmer comepsKaTh M0JOCY YacTOT, COOTBETCTBYIOIMNX 30HE COCTOAHNH,
3aHATHX JIE€KTPOHAMH IIPOBOJUMOCTH KN BATEHTHHMH 3JeKTPOHAMH.
QaKTH9ecknuil BUJ 3TOr0 COEKTPA 3aBHCUT OT MPOM3BeeHAA NIO0T-
HOCTH COCTOSIHMH B 30H€ Ha KBaj(paT MOAYIA COOTBETCTBYIOIIETO MaT-
PHYHOTO B3JIeMeHTa Id pac-
cMaTpPHBaeMoro mepexoma. Xo- & N
POIIO M3BECTHO, cho B raMmJjib- \ N | Sona
TOHMAH B3aMMOMIEHCTBUA Meik- & fnpoaaa“umcmu
AY SIE€KTPOHOM U DIEKTpoMar- 5 |
HUTHEIM IIOJIeM BXOAHUT OIepa-
TOP HMIYJbCa DJIEKTpoHA (T. e.
TOK, OTBEYAIONMHUA €ro [BHKe-
HHUI0), TTOBTOMY HAI0 PaccMOT-
perh MAaTPUIHHN 3JIeMeHT THIA

| i (1) esr-grad g, (1) ar,
(8.76)

Toe ¢, — atoMHAA QyHKOHA,
COOTBETCTBYIOINASA COCTOAHHIO, 1
U3 KOTOPOTO YAaleH BIGKT-
pon, K — BoanoBoOii BekTOp
PEeHTTeHOBCKOTO  u3nydenps. ©mr. 146. Hcmyckamme peHTreHOBCKOro
JInuEM  BOJXH, CBS3AaHHHE C S

noJ0OHEIME epeXofaMu, CTOIb

BeIIMKM IO CPABHEHHWIO C aTOMHHME pasaMepaMH, 9TO 3THM BOJI-
[OBHIM MHOKHETENeM MOKHo mnpereGpeub. Hukxakmx mpasma orbopa
JUIsI MMIOYIbCA He BO3HWKAeT, IIOCKOIBKY ¢,(r) ABIAETCA JOKalIH-
30BawHOH (QyHKIHEH,

OgHako 9TOT MaTPUUHBIA 3JITEMEHT MOMKeT CHILHO H3MEHATHCA
BHYTPH TOJOCH B COOTBETCTBHM C TeM, OTBe4aeT Ju (YHKOUA ¢q
$- MIH p-COCTOAHMIO, a TaKyke B BABECHMOCTA OT TOTO, BefieT JH cebsa
¢yurnusa Py (r) BHyTpu artoma Oolee MIEm MeHee NoA00HO S- MaAM
p-cocroAaunio. BsammopeficrBue MERAY DIeKTPOHAMM TAaKKe BJIHAET
Ha XxapakTep cumeKrpa. CrmemoBaTelLbHO, TOYHEIA BUA CIEKTpPa MCOy-
CKanmsa He 00A3aTeNbHO IPAMEM 00pa3oM XxapaKTepH3yeT IIOTHOCTD
COCTOAHMN, XOTA HEeKOTOPHIE XapaKTEPHBE CBOMCTBA DTOH (QYHKIHA
Ol JI0JI;KeH OTpakaTh — ocobeHHo pesKmii o6puiB na yposue Mepmu.

Onrrueckoe MM PEHTTEHOBCKOE HOIJIOMEenNe KPHCTANLIaMHi COIPo-
BosKfaeTcsA Bo3GysxenmeM 3JMeKTPOHOB Ha (olee BHICOKHE dHepreTH-
4ecKue YPOBHH. B MonynpoBoAunuKe Wil H30JsITOpEe 9TH Bo30OyKmen-
HH€e B3JeKTPONH, KaK NPaBUIO, OKA3BIBAKTCA NOABUMKHEIMM, 4UTO,
€CTCCTBEHII0, MPHBOAUT K TWOMARBIEHHmI0 gomonposodumocmu. OpHako
HOCHTEIM 3apsafa, BO3UHKIIME TaKuM IIyTeM, YPe3BBHYAlHO JErKo

7

B

& Amomtisie
YPOGHU

S

¢
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MOTYT 30T6ambléamvcs IPAMECAMH M OeeKTaMu pemIeTKd, o deM
CBUIETEIBCTBYET MHOKECTBO CIOKHHIX ABIEHUN, HaBIIOJaeMBIX 5KC-
IepUMEHTAIBHO,

Eciu smeprua gorona HOCTaTOIHO BEIWKA, TO FMEKTPOH MOET
OMTB eu6Um HaApPY¥#y CKBO3H MOBEPXHOCTD KpWCTAIa. OJIeMeHTap-
Hasa Qopmyna OinmreiiHa AnA PomosPderma WPOCTO TOBOPHT HAaM,
9T0 9HEDPruA DHIEKTPOHA BHEe MOBEPXHOCTH KPHCTAIIA HE MOMKeT
OPEBHIIATh BeJIMIWHEL

Euaxe =0 — ¢w. (8.77)

IleiicTBuTeNBHO, SIEKTPOH HOMKEeH Hpeomoaerb Gapbep, BHCOTa KOTO-
poro paerca paboroil Baxofa ¢w (§9 ri. 6). Ognaro dorosnerTpoHt
MEHBIIeH 9HePrud MOJKHBI MPOMCXOAUTH OT YPOBHEHA (BHYTPH KpH-
cramia), nexamux Hmie yposHA Qepmu. [lostoMy mpamele mamepe-
auA penudues (&, ©) — QyHKIUM pacmpeelenns SMETTAPOBAHHEIX
SIEKTPOHOB M0 IHEPLUAM IIPH 33aJAaHHON TaCTOTE CBETA @ — JOJKHEL
IaBaTh JOBOJBHO MOJHYI0 MHOOPMAIHIO O BEPOATHOCTAX IEPEXOI0B N3
3aTONHEHHBIX 30HHHX COCTOAHMIA B TyCTHE. ITH BEPOATHOCTH NOTOOHH
TEM, KOTODHE OHPEAeISA0T MOTI0Weune CBeTa.

IIna maTepuperanau pe3yJibTaTOB TAKHX M3MEDPEHHU eCTECTBEHHO
OOCTPOMTE JHArPaMMy 9HepreTmieckmX ypoBHedl (¢ur. 147) m pac-

hw

@uwr. 147. Boemnuit doroaddexr.

CMOTpeTH BePTHKAJIBHEE, WIH NpAMbe, TEPEXONE — TaK ke KaK 5To0
menanoch B cBAsH ¢ fur. 143. B mnpuHIiume MB MoKeM 3aflaBaTh 3Ha-
9eHNA KaK &, Tak W . CoOTBETCTBEHHO 37eCh, KA3anoch G, MOKHO
HONYIUTH HECKOJABKO 60apimyi0 mEGOPMANHIO O 30HHOHE CTPYKType,
9eM, CKaKeM, W3 JAHUBX 0 COeKTPANbHOMY pacIpefeleHHI0 MEK-
sonnoro morsomenusa [cm. (8.73)]. Ommaro ¢axrtmgeckm ¢QoTodMmC-
CHOHHbIE CHEKTPH [IA MHOTHX KDHCTAJJIHMYECKHX TBEDPAHIX Tel He
COTHACYIOTCA ¢ TIPEACTABICHUAMM, M3MoyKeHHEIMEu Bhime. Ilo-Bmammo-
MY, OHM OTBEYAlOT PAacCIHpefleleHAuI0 BHUAA

n (&, o) ~ps(€)p: (€& —ro). (8.78)
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JTO COOTBETCTBYET TOMY, KaK ecim Gbl 6e3 BCAKHX 3aIPETOB AOOYCKa-
JUCH JTI06BEe «HEIPAMBIe» TePeXOIbl MEKAY HATAILHEME B KOHEIHEIMA
COCTOAHUAMU C INIOTHOCTAMM COOTBETCTBEHHO 0; (§ — Aw) um p; (&).
OnHTH TeXHAIECKU TPYAHE, X B MCTOJKOBAHHM MX Pe3yJILTATOB HeT
equHOr0 MHeHUA. Iloka eme He ACHO, BHI3BAHO IHM 3TO PACXOKICHHE
¢ BLIBOJAMH 3JIEeMEHTaDHOH TeopHM IPOCTO CHATHEM npasud orbopa
00 KBAa3MBOJHOBOMY BEKTOPY BOIHM3M IMOBEPXHOCTH, CKBO3b KOTOPYIO
uper smuccud (Kak B cayiae TudpaKkuy MEIIeHHLX DICKTPOHOB, § 9
ra. 6), mam sxe 32 3T0 OTBETCTBEHHHI MHOTOBJIEKTPOBHEE 3PQeKTH .

§ 6. BszaumopeiicTBHe ¢ 3IEKTPOHAMH TPOBOXHMOCTH

Yro e IPOMCXOAUT ¢ ONTUYEGCKUMH CBOMCTBAMH B ClIydae, KOTAa
TBEPA0E TENO ABJIACTCA CPABHUTEIBHO X0POWHM Hmposogamrom? Ilpea-
[OJIOKUM, HAIIPUMEP, 9TO MOYKHO HpPeHe6peInh BeNHIHHoi € B dopmy-
ae (8.7) mnA KOMIUIEKCHOTO HOKA3aTeNA MPEJIOMIEHHA; HTO LIPEHIo-
J0YKeHNe CIPaBeJIUBO A METAJJIOB,

Torga momysaem

N2 — 470 (8.79)

(O]

TaK 9TO BelleCTBeHHAs W MHUMAasg TacTH HOOKasaTelsd NOPeJoMIeHUs
pPaBHH I0 aGCONIOTHON BeINYMHE:

n+zk_(—25‘£‘--) (1+1). (8.80)

HauGonee ogueBupnoe ciejcrsme, BHITEKAlOMee OTCOAA, COCTOUT
B TOM, 4TO OTPakaTelbHas CHOCOOHOCTH TBEPIOTO TEJNA CTAHOBHTCH
caeHb Gonbod. W3 dopmynsr (8.19) BrTeKaer cooTHomeHHE

R~ 1—2 (4 )", (8.81)

200

H3BeCTHOE Kak coommowenue Xazena — Py6enca. OTrIoHeHUE OT Upe-
AJIBHOH OTPasKaTEIbHON CHOCOOHOCTH IIPOIOPHNUOHATBHO

( @ )1/2N ( 29) )1/2’ (8.82)

2
2no 0T

Ie T — BpeMs pelaKkcanuu B Kaaccmaeckoit gopmyme (7.33) maa
IPOBOJNMOCTH, 8 ©p — OGBMHAA ITAa3MEHHAA 4acTOTa HIEKTPOHHOTO
raza. Mot smaem, dto otHomrenme (8.82) Gymer BechbMa Maio [ake
B TOil obmactu, rpe o Opubamxaercsi K WHPPAKPACHHM YacToTaM.

JieMenTapuas MaKpOCKONMIECKas TeopudA Mpefmoiaraer, d4ro
OPOBOIUMOCTh ¢ HE 3aBMCHT OT YACTOTH. JTO CTAHOBHTCS HEBEDHBIM,
KOTa 2JIeKTPUIeCKOe IION¢ MEHAETCA CTONEL OBICTPO, UTO DIEKTPOHE
e yCHEBAl0T mMpeTepmeBaTh COYJApeHHA, T. € KOTAa

ot > 1. (8.83)
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Yro6rl mccIemoBaTh 8Ty 061acTh, MH JOJKHH BePHYTHCA K KHHOTH-
JeckoMy ypaBHeHuwo (7.14).

Jaa DOJNNOTH, a Tak;ke B CBASH C TeM, UTO 3TO HAM falee IHOHAa-
noburcdA, spnmmeM ypasaenne BoabmMana mis QYHKIOHE pacmpenesne-
HHAsf, KOTOpaA MOMET MEHATHCA B OpPOCTPaHCTBE U BO BpeMenm:

afo 6gk dgy
¢E- vk ( —ﬁ) + Ve 5 5
Kax u B cayuae (7.17), mul Boean Bpema pemaxcammm. Kpome Toro,
3[eCh ABHO BHJEIeH 4iIeH, OMUCHBAOMUN H3MeHeHHe HepaBHOBECHOHR
9acTH QYHKOMH pacIpefeleHHs gy CO BPEeMEHeM; Kak BHAHO u3 (op-
mynm (7.7), sTor umen mpercraBiger co6Gofl YacTh IIPOM3BONHOR
fx/0t, ocranwmyloca MmocIe ydeTa BCeX OCTAJIBHEX (PaKTOPOB, OIpe-
JelAIIIX H3MeHeHHe (QVHKIAH pacupefeleHda CO BpeMeHeM.

[pegnonoxuM Temeps, uyrto, momo6uo (8.3),

E =E¢itk-r-ot) (8.89)

¥ 4TO QYHKINA gy MEHAETCH B MPOCTPAHCTBE H BO BPEMEHH IO TaKOMY
ske 3akony. Taxmm obpasom, momosREM

. (8.84)

gy = ( __3_{_6‘1_) D (k) eiker-ot), (8.86)
IloacraBaas a10 BHpaxKeHme B ypaﬁHeHne (8.84), moayuaem
eEq- vie= ) LK v® (k) = i0® (k), (8.87)
OTKY[a
D (k) = b (8.88)

1 —iot4itKevy

Bo3moKHOCTS €TOJB IPOCTOr0 peEMEHHA CBA3aHA € JHHEHHOCTHIO
HMCXONHOTO KHHETAYECKOTO YPaBHEHHS.
omo6uo ¢opmymam (7.20) —(7.24), nMeeM H&IA TPOBOLUMOCTH

as
> E0=___S D (k) vie 355~ =
e? TV dSp
= Gns S T—it (0—K-v,) vy -E. (8.89)

Takum o06pasoM, OPOBOOUMOCTh HMEET BEIECTBEHHYID H MHAMYIO
9aCcTH; BeMEeCTBeHHaA IaCTh G JaeT BKIag B MHEMYI0 dacth N2, Tormga
KaK MHUMAA 9acTh 6 OPOABIAETCA KaK OJHO H3 CJaraeMHX B BEMIECT-
BeHHOH YacCTH [usJeKTPpHYECKOod OPOHHIIAEMOCTH.

B cayuae oGHYHOM 3JeKTPOMArHUTHOM BOJIHH, $azoBafg CKOPOCTH
KOoTOpoi#l Goabie cropocTu aiaexrpona Ha mosepxHoctu Depmu, cia-
raemoe K-.vy MomHO omycTurTh — OHO MHOTO MeHbUIE . IIpemmo-



§ 6. Bsaumodelicmeue ¢ sAemmporaMu nposodumocmu 315

Jaras JPIA MPOCTOTH, 9TO MeTalls obiamaeT KyOmdeckol cmmmeTpmeit,
monydaem u3 gopmyan (8.89).

(}'((D) e2 S w (1 tioT) dSF=0(0) 14+ iov (8.90)

= 1on3 14 w22 1+ w22 ?

rae o (0) — oOngAAs craTWIeCKas OPOBOAMMOCTH MeTaslia.

3To BhipaykeHme ciemyer mopactaBuTh B gopmyns (8.7) m (8.19).
Ecan monosuts ¢ = 1, 1. e. mpeHe6pedh MHEPIUOHHOR HMOJIAPH3Ye-
MoCTHI0 HOHOB, T0 U3 dopmyaa (8.7), (8.8), (7.33) n (5.53) monyuarorea
caefyiope BHPa/KEHUA JIA BemeCTBeHHOH W MumMo#H dwacreit NP

_ 4o (0) 0T 0y
n*—k=1— oy =1 — 3o (8.91)
H
4dno (0) 0T
2nk = o (1+021?) — o(i+o2?) (8.92)

TlzasMemHas yacroTa SIEKTPOHHOTO rasa BHOBb BXOJHT CHO[a BeChMa
CyImeCTBeHHHM 00pasoM.

Nano:xennan meopus [ pyde oXBaTHBaeT Tpu pasimdHHe o0macTa
gacror (cMm. ¢ur. 148).

I. © € 1/x. 910 oOnuHaa Hu3KouacToTHAdg ob6mactb. MHEMas
gacts N? 3meck BeJHKa [0 CPaBHEHHIO C BEIECTBEHHOH 9acThio,
TaK YTO METaJXJ CHILHO OTPayKaer, M BEIIOJHAETCA COOTHOIIEHHE
Xazena — Pybenca (8.81). HosddunuenT noriomenus moIrn He 3aBHA-
CHT OT @ W OPOMOPIHOHANEH IPOBOANMOCTH. BemecrBernasa 1acts N2
oTpHIaTeNbHa H N0 abCoMOTHON BenNWYMHE 3HAYMTENBHO IPEBHIIAET
eUHHALLY .

I1. 1/t € 0 € ©p. IT0 0baacme pesarcayul, rae B 3HaMeHATEIAX
B supamennax (8.91) m (8.92) camaraemoe w%t?* Haummaer Hrparthb
paskHyI0 poab. Koaspdunment mormomenna GHICTPO cHagaeT ¢ 9acro-
To#f, oM mpomopmmonajeH 1/®w? M, Kak 9T0 HA CTPAmHO, 06pAMHO
ppomopnuonaned mposofgmmocrn. MHmMaa wactb N? cramoBmres
MeHblIe BeMIECTBeHHOM, OMHAKO MOCIHENHAA BCE eme OCTAeTCA OTPH-
marerbHoi m Goapinoil mo Bemmumue. OHa JaeTcA BHPayKeHHEM
2

n—k?=1—— (8.93)

w2’

nono6uniM BHpaskenuam (5.67) m (8.45). Tawum o6pasom, meramt
BCE eIe CHJIBHO OTpa)kaer, IPHIEM

i 2
R~1__H—VTOT~1—QPT . (8.94)

I1I. 0, € ®. BemecrBernaa gacts N? CTaHOBHTCA IIOJIOKUTENb-
HOH, m oTpasKartenrbHaA cmocobHocTs cmajgaer fo Hyaa. Merama poi-
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7KeH Temeph cTaTh GoJiee MIN MeHee MPO3PadYHLIM, HOCKOJABKY KOa(-
PHUIeHT HOIJIOIMEeHAA paBeH

(1)2

2ono) k(@ o p_ (8.95)
4 weTte

Wa dopmyxn (8.91) n (8.92) BriTeRAIOT ONMpeeNeHHEe COOTHOLICHIA

Me/KTy BeJHYMHAMH N H K, paccMarpUBaeMEIMH Kak QYHRKIHU ©.
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I 1/t

®ur. 148. CxemaTHYeCKoe NOBEIEHUE OUTHYECKHX XAapaKTepPHCTHK METaJLIOB —
BEMIECTBCHHON ¥ MHHMMOH dYacTell [iMAJIEKTPHYECKOH NIpPOHUIaeMoCTH, Koaddu-
OHeHTa OTpKeHAA M Koadduiumenra MOIIomeHns .

I — o6nacTs, B KOTOPOH BEINOJHAIOTCA COOTHOIIeHMA XareHa — PyGenca;, II — oGnactd
pexnakcarmn; 111 — obnacts yabrpadmoneToroif MpospauHocTd. OGpaTUTE BHUMAHAE HA JIOTa-
pudpmMuyeckut macmrad 4acTOTHL.

B pefictButensHOCTH, OAHAKO, OHM He BCErfa BHIIOAHAIOTCH. ITO
MOMHO 10 HEKOTODOH CTeHmeHH LOHATH, eCAH NPEeJUOJOKHTE, UTO
BpeMs pelakcammd T, BxojAmee B uuterpan (8.89), me mocrosumuo,
a Mmensercs Ha moBepxuoctm Mepmn. Taxkmm oGpasoM, MBI MosKeM
B IpAHOUIE PA3IHIATH TPH HMHTETpasa

S wdSp, S v dSp, S 2. 4S5, (8.96)
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COOTBETCTBYIOIME TPEM DasiWIHEIM THIEM ycpexmemms v (k) mo mo-
Bepxaoctn ®epvm. Her HMKakuX OCHOBAHHE CYMTATH HTH PAsIHYHBIE
CpefHHe ONMHAKOBEIMA

3aMeTHM TaKiKe, 94T0 IPH BHCOKHX YACTOTAX BEI[ECTBEHHAM 9aCTh
N? 3aBucuT 0T mHTerpama

S vdS g, (8.97)

KOTODHIl 1151 cBOGOJHEIX 3I€KTPOHOB HPONOPIHOHATEH UHCAY BJIEK-
TPOHOB H 00pATHO IPONOPIHOHANEH HX Macce. B IIOTHOCTH €OCTOM-
HUH, ¢ APYroi CTOPOHH, MOABIAETCA APYroil THO YCPENHEHHA CKO-
pPOCTH — TapMOHHMYECKOe cpefHee

S 45k (8.98)

v ?

KaK u B (4.6). Pasmnane Mesxny qBymMa rakuM o6pasoM BEUHCTEHHEIME
CPefHUMHA MOKeT JaTh HHQopManuo 06 aHM30TPONMH paclpemeleHus
CKOPOCTeH 3IeKTPoHOB — 1o moBepxHoctH Depmu. HememecooGpasHo
«HCOPABIATHY Habmiomaemele Beqwaunsl (8.97) ¢ MOMOIBIO MHOJKHATE-
Jis, CBA3AHHOTO C «OOTHYECKOH Maccoii», KOTOpas TOTHA OKASHBAETCA
CYIeCTBEHHO OTIMYHOA OT «TePMHIECKOH MAcCCH», BHOHpaeMoil wu3
yeiaoBusA COOTBeTCTBHA Gopmyans (8.98) BHpaKeHHIO TA 51 eKTPOHHON
TEIIOEeMKOCTH CBOGOHOTO BIEKTPOHHOTO rasa. HesBHoe mpemmoiio-
AKeHnme o ToM, 910 Bce moBepxnoctu MDepmm cyTh cdepr, wacro He
OIPABALIBAETCA Hayke MJIA OAHOBAJIEHTHBIX MeTAJINOB.

§ 7. ApoManbuBli ckMH-3(deRT

CoorHomenne Xarema — PyGerca (8.81) vosker mapymartsca eme
n apyruM nyteMm. Hooddumuent mormomenns ompemensemmii dopmy-
ao0it (8.79), o4eHb BEIMK, W 3IEKTPOMATHUTHASA BOJNHA 0UeHb onicTpO
ocrabisercss mo Mepe IPOHMKHOBEHHS B MeTaad. Kak ciemyer us
coorHomennit (8.10) u (8.80), xapakrepHoe paccrosmme, Ha KoTOpoM
3aTYXaeT BOJHA, MOPALKA

d=mm— = & | (8.99)

ko (2n0w) /s

JT0 ABIEHHE XOPOINO M3BECTHO B KIACCHKe KaK CKUR-agiherm.
Hasosem menwamny 8, maBaemyio ¢opmymoit (8.99), raaccuueckoti
2ayb6urol cxun-caos Oe).

[Ipn BHicoKmx "acroTax riy6WHA CKUH-CIOS MOJKET CTaTh 09eHD
Maoil. B oueHh WHCTHX Merannax IpW HHBKHX TeMIepaTypax OHa
MOJKeT CTaTh BHATMTENHHO MEHbINIe CpefHedl AJIMHE CBOGOTHOTO HpO-
Gera A. OOBHMHAsA TEODPHS BIEKTPONPOBONHOCTH OKA3HBAETCH B BTOM
clydae HeNPHMEHHMOI, IOCKONbKY 3dderTnBHOE mOTe, HeficTBy0mee
Ha HOCHTeNb, GHCTPO MeHAercA Ha JIWHe, TIPOXOMUMON HOCHTEIeM
MEXTY CTOMKHOBEHHAMH.
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Uro6s paccMOTperhs STOT ciaydail, Hago PeNINTh KHHETHIECKoe
YpaBHEHHEe € YJIeTOM HPOCTPAHCTBEHHOTO M3MEeHEHHA OYHKNHH gy.
Ecnu mpenebpeus mamenenmem senmumd E u gy Bo Bpemenm (pac-
CMATDHBaeMOe ABJIEHHE MOKHO 0es TpyAa HabJIogaTh UpPH YacroTax,
3HAUATENBHO G0Jiee HMBKHX, 9e€M YACTOTH, HPH KOTOPHX HACTYIAeT
obcyRgaBmuiicA BHITG PEXUM pelarkcanun), 7o u3 ypasnenus (8.84)
MEL moJgyTaeM pguddepeHIManbHOE YpaBHeHHE XA QYHKOWE gyl

afo g og
—0%—)=—;k——]—vk-—k (8.100)

ar
HamGonee npsamoit meron pemenus ypasuenns (8.100), onprvenn-
MBI K pAfAy 3ajad, CBSA3AHHKX C HMCCIENOBAHNEM NOBEPXHOCTEH,
TOHKEX IJIEHOK, HPOBOJOK H T. [l., COCTOMT B HCHOJB30BAaHHA ¢Hop-
myavt Gambepca

eE (r)-vk(—-

(v, == —£) S v.E (r') el ds’, (8.101)

Herpynno morasats corepmenEo ¢opmanbHo, aTo BHpaxkenue (8.101)
yaosiaetesopsier auppepernnmansuomMy ypaeHenmio (8.100); aro ects
npocro 0606menne o6brapoit opmMyNH AiA pemleHHA ypaBHOHAA

%-}—ay——_—-f(x).

QuspvYecKH 3TO 03HAYAET, 9TO TOK, CO3NABAEGMHI 3JEKTPOHAME
B TOYKe I B HAIPABJEHHM V, BaBUCHT OT HPEJHCTOPHUH 3IEKTPOHOB,
paomuX BKJIAZ B 9ToT ToK. MuTterpam B HammcamHoi Bmme ¢op-
Myie Geperca He 0 BCeMY OPOCTPAHCTBY, a JIHIIG IO OPERIIeCTBYio-
meMy OTPe3Ky TpaekTopmm (fIMHOH §'), HpoXopamed Yepes TOYKY F
B HanpaBieEun v. Taknm o6pasoM, B TouKe r’ SIEKTPOHHI YCKOPAWOTCH
cuanoit eE (r'). Co BpeMeneM, o[JHaAKO, BIWSAHA® CHIIH, AeficTBOBaBNICH
Ha DAEKTPOH B Gojlee paHHHe MOMEHTH BpeMeHH, oclaberaer Bciaen-
CTBHMe IPOMECCOB PeNaKCalni; 9KCOOHEHIHAJIbHBIH (aKTOp XapaKre-
pa3yet Benmauny addexrra ocnabienus B 3aBHCUMOCTH OT PACCTOSAHRAA,
namMepsAeMoro Broas tpaexkropun. lloaykinaccrueckan gopmyaa (8.101)
B IpHHANMOE TECHO C¢BA3aHa ¢ gopmymodt Kybo (7.15) — B mocuemmeir
HHTErPHPOBAHAE TAKME IPOBOJUTCA IO HPENHCTOPHA CHCTEMEL.
Q®opmyaa (8.101) mo3BoIsAeT BHUACIUTH CANY DIEKTPUIECKOTO TOKA
rexonsa ua obmeit popmyans (7.20). OnEaro 3aMeTny, YTO 3TA CHIA TOKA
Oymer 3aBHCETH OT r, a TAK/Ke OT I'DAHMYHHX YCIOBHH, HATOMEHHHX
va ¢yarmonio g(v,r). TaxkuMm o6pasom, moxydaeM HHTErpajlbHOE
ypaBHeHRe, ompeneraiomee J(r) Kak QyHKOUOHAN BIEKTPUIECKOTO
mona E(r). C gpyroit cropoHH, 9TH [Be BeIHUMHHI CBA3AHH ypaBHe-
maavE MaxkcBenna, sanmcanuniMu B Gomee oOmeit gopme, wem (8.2)
a4 WMEHHO:
VE=22 H _ 4o g (8.102)

c¢2 dt c2
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(mMnl mpeneOperaeM 3pech OORYHEIM TOKOM cMemleHus)., TakaMm oGpa-
som, m3 (8.101) m (8.102) momywaerca wuHTerpo-gEddepeHRHaIBHOE
ypaBHeHHe, penras KOTOPOE MOKHO IOJYYHTh pacmpefeneHhme TOKa
J (r) m snexrTpmyeckoro uoast E (r) sbamsu mosepxHOCTH.

Tounoe pemenuwe 9TOr0 YPaBHEHMA BECHMA CIOKHO M 3aBHCHT OT
TPAHAYHEIX YCIOBHH: OHO 3aBHCUT OT TOTO, OTPAYKAIOTCHA JH 3ep-
KaJTbHO BJIEKTPOHK OT IO-

L

BepXHOCTH midm Auddysno
paccemBarnTCa Ha Heil. KoH-
KPeTHHH Buj HOJIYIeHHEIX
dopMyD He TaK BasKeH, Kak
oXx ¢pmsmueckmit cmuica. [le-
JI0 B TOM,9TO HE BCE DIEK-
TPOHH Y4aCTBYIOT B MOTJIO-
[MIEHHY M OTPaKeHHH dlIeK-
TpoMaruaTHOd BOJHHL. I[lo-
Ny9IATH 3HATATEI BHYIO DHEP-
THI0 OT 3IXEKTPUIECKOTO IO-
7S MOTYT JMIIb Te 3XeKTPOHH!, GOJBIIag YacTh cBoGomnoro mpobera
KOTOPHX IPOXOLHT BHYTPH CKuH-cioA. Ecam, nampumep, ray6mua
CKEH-CTOSA paBma &', TO MOIKHO IPENIOTOKATH, YTO JHINb FacCTh
9MeKTPOHOB, mpomopnmomanbmas O'/A, sfpexmusno ydactByer B
oposogmMoctr (cM. ¢mr. 149). [Qua  KaRkymedcs ITPOBOAMMOCTH
MOJKHO HamHCATh

@ur. 149. 5dPeKTHBHH TONBKO 3AEKTPOHH,
HaXOAAMmAec B CKHH-CIOE.

13 '
g 2—2—5—1\—0'0, (8103)

rie B — MHOKHMTENb, BBEJEHHEI B CBASH C HECTPOTHM XapaKIepoM

HaCTOAMEr0 paccMOTpeHHA.
Toraa, corxacHo BupakeHno (8.99), moBepxXHOCTH ¢ TaKO# Mpo=-

BOAAMOCTEI0 WMeeT INIyOMHY CKBH-CIO0f, PaBHYHO

c [
' - : . (8.104)
(o' (50 3 50 g0 )

C mOMOmBI0 mOCIeNHEro cooTHomeHWs Mo;kHo Hadtn 8’ m o. Tax,

(R e

— oddexTHBEAA TPOBOJAMOCTH, HPOTIOPHAOHANBHAA o 12, "o ne
3aBUCAMAS OT JMIAWHGE cBOGOMHOTO TMpobera; moCIegHAsA COKpammaercs
¢ nImHoil cBoGomHoro mpobera, BXOJAmeld B OOBUHYI0 CTAaTHYECKYIO
IPOBOAMMOCTh 0. DHIOIHEHAE YKa3aHHHX 3aBUCHMOCTEH O3Hagaer,
4TO MH HaXOAUMCA B YCIOBAAX GHOMAAbH020 cKUN-3exma. 1parTn-
YeCKW MOBEPXHOCTh METaJla MeNaloT YacThI0 HOJOTo DPEe30HaTopPa
U HaGIIOKA0T 3a M3MeHEHHEM DPE30HAHCHBIX CBOMCTB TaKOH CHCTEMHI.
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Hanpumep, uaMepsAawT noseprrocmHull umnedarc, KOTODHH KakK pas
paBeH

E (z) _ hme
W z=0 N

Z (0) = — 4ntio (8.106)

B o6o3nauenmax § 1 HacTosAmel riiaBH,

Ecrb eme psag maMeHeHWH, KOTOPHeE IPUXOAHTCA BBECTH B TEOPHIO
ONTHYECKMX CBOMCTB METAJIOB B HPENEIBHOM CIyYae AaHOMAJIBHOTO
ckmH-3dPerTa, 0c00eHHO eClIu MePeHTH K 4acTOTaM, COOTBETCTBYIOMAM
ofnacTu perarcamuu. Hanpumep, HMeeT MeCTO NOIOJHUTEIBHOE
NOTUIOIIEeHAe MOMIHOCTH OTPAKeHHOH BOJHE, CBA3aHHOE C JeiCTBH-
TeIbHHM pacCesHAEM DJIEKTPOHOB HOOBEPXHOCTHIO, €CIHM NOCIeNHAA
ABJAEGTCA (II€POXOBATON»; BRIAK 3T0T0 3(peKTa OKA3HIBAETCA CPABHH-
MEM €O BrIagoM >PderToB, pacCMOTPDEHHHX pamee B upeHebpe:xe-
HAW TAKHM DaCCeAHHEM.

Opraxko Hamboiee HMHTepeCHOe CBOMCTBO AHOMAJIBHOTO CHREH-3Q-
derTa — BTO €ro 3aBHCHAMOCTH 0T TeoMeTpum HoBepxHOCTH MDepmu.
Haw M BujeId paHbIIe, TOJBKO Te 3NEKTPOHH, KOTOPHE ABHKYTCA
UOYTH HapallIelbHO IOBEPXHOCTH, «3)PeKTHBHOY UPUHMMAIOT YyYaCTHE
B nposogmmocrr. Ecim mam oGpasern mpeacrasinser co6oii MOHOKpPH-
CTald, TO 3TH YIEKTPOHH [OJKHH HODPHHALIEKATH Y3KOMY MOACY,
oxpaTuBaomemMy nosepxuocts Depmu. Ecam mnosepxuocts ®epmnm
CHJIBHO aHA30TPOIHA, TO HOJKHH HAOII0JaThCA pasIHYHHe BeIMIAHE
TOBEPXHOCTHOTO MMIENaHnca OIPH H3MePeHHAX Ha PasJHIHBIX IPaHAX
MeTaJJIMYeCKOr0 KPHCTAINIA ¥ OPH Pas3IHIHKEX OPHEHTAOUAX IOJIA.

06o6man npexncraBaenne 06 agexmusrom caoe (8.103), Mmosxmo
yCTaHOBHTH, Kakoe HMEHHO TeoMeTpHYecKoe CBOHCTBO HCCIemyeTcs
Ha ombiTe. lIpequmonosKuM, 4T0 HYKHO PAcCMATPHBATDH IHII T€ 3JIEK-
TPOHH, BEKTOPH CKOPOCTEH KOTOPHX COCTABIAKT C INIOCKOCTHIO (2, )
(rpammmeii merajia) yTiaH, He mpepocxogsamue —+f8’/A (anexrpmue-
CKOe Hojie HaupaBIeHO OO OCH ).

B mHexoropoil Touke P, mpmHAmIeRamed N0ACY aPPeRTHBHEIX
9JIEKTPOHOB, CKOPOCTH V COCTABJIAET YToX O ¢ siekTpuueckuyM moneM E
(cm. pur. 150). HIupuna mosaca pasxa 28’ | p |/A, rme | p | — paguyc
KPUBH3HH B ILIOCKOCTH, OPOXOAAMEH dYepe3 CKOPOCTh V W OCh Z.
IdmeMeHT 9TOTO MHOsica [IMHH ds, TakuM 00pa3doM, COOTBETCTByeT
mwiomagn uosepxuoctu Depmu, paBHOI

2p6' o]
ds =221l g, (8.107)

W, 0YeBHHO, MAeT BKIA B IIPOBOJEMOCTH B HAIIPABICHHH Z, OIIpe-
AenAemuit o0mgHON ¢opmymoir (7.23):

e2 e?

oy = T W dS,= T AcosB iﬁiﬁ_l_ cosBds. (8.108)
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Taxum 06p830M, IIoJqHaa Kamymaaca OPpoBOJHMOCTL MeTaldlla eCTh

’ 2 6’ pA §’
o' — B0 Slplcoszﬁds:%(§[pyldl€y, (8.109)

rie Py, — pajayc KPHBH3HH cedeHHsA mosepxuoctd Depmu ImI0CKO-
CTHIO, DApaJddAeIbnol mIockoeTn (2, 2), B TOYKe, Jeriaieil Ha mosace,
a HHTETPUPOBaHHE [0 KOMIOHEHTE MMIyiahca k, Beferca IO BCeMY

JppexmusHsie
3MHITIPOHBI

@ur. 150. Iloac a¢deKTHBENX 3JeKTPOHOB Ha moBepxHocTH Mepmu.

moAcy. ATy BeIHIAHY CIefyeT TemePh HOACTABHTH B BEHPAKEHHE
(8.104) u sarem Halite B orgensnoctn 6’ u o'. Bonee monnmmii amanmns
MOKa3hiBaer, 9T0 BeIMIWHA BBEIEHNOTO PAliee B TEOPHI0 NMPOH3BOJb-
HOTO MHOMKHTENf [8 paBHa:

8n

P=5v5"

Kpacora mosyIeHHOT0 Pe3yiprara COCTOMT B TOM, UTO MOBEPX-
HOCTHLII WMOENAHC He 3aBHCAT HH OT AJIAHHE CBOGOAHOTO mpoGera,
HA OT CKOPOCTH 9JEKTDPOHOB, a ONMpeAe]fercsa JUMb JTOKATbHOH KpIi-
BU3HOI, TPOMNTETPAPOBAHHOH M0 oOpefelleHHOMY NOACY MOBOPXITOCTH
®epmu. Uurerpax (8.109) ocoberntio awyrcTBrTEReH K 00macTAM € 605H-
KM PaJHyCOM KPHBU3HEL, T. €. K CPABHHTEIBLHO INIOCKMM yYacTKaM
nosepxuoctu Mepmu. Tarum o6pasom, on maer undopmanuio, B KaKkoii-
TO CTENEHU JOHOJHUTEIBHYI0 K MHOOPMANHE, TONYIaeMoil U3 APYrux
«3(eKTOBY; MOCTeIHIE JACTO 3aBHCAT OT MEIKUX JeTalell CTPYKTYpH
mosepxHocT Depmm v or Manamx obmacTeil MHOTOCEA3HOI mOBepX-
rocte Depmu. Opmaro 06patuTL COOTHOMIEHHE MEKIY JAHHOR MOBEPX-
HOCTBIO M COBOKYIHOCTBIO 3HadeHmit muTerpaios tmma (8.109) ana
PA3JIHYHBIX OPHEHTAMA MOSCOB HENErKo; A 3TOr0 OOBYHO Tpedyercs
INTATeABHAs Tpomenypa moxbopa mo merody upob m omuboxk.

(8.110)
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§ 8. 3aryxanme yasrpasByka

Teopuio 3aTyXaHds BHICOKOYACTOTHHIX YOPYTHX BOJH BCIENCTEHE
B3aUMOJIEAICTBHA C JIEKTPOHAMH INPOBOIMMOCTH B Meraliie Hanbodee
eCTeCTBEHHO BKJIOYHTH IMEHHO B 3Ty IJaBy, XOTd, CTPOTO TeBOPH,
3aTyXaHuwe YABTPA3BYRa He NPUHARIERHT K YHCIY ONTHYECKHX
cBoifcTB. 3BYKOBasA BOIHA B TBEPJOM Tele BH3LIBAET TOABIeIIE
9JIEKTPHYECKUX TOJeH, YCKOPAIOMNX DIEKTPOHEH B OCHOBHOM TaK ke,
KaK pJIeKTpoMarauTHaA BoaHa. Ho cKopocTh 3ByKa HaACTOMBKO MeHbIIe
CKOPOCTH cBeTa (OHA flaiKe MeHblne (ePMHEBCKONH CKOPOCTH 3/IeKTPO-
HOB), 9T0 HaOII0ZAI0TCA HEKOTOPHE crenmpuieckue sdhQeKrTsl.

B o0mgHOM HM3KOUACTOTHOH 06JacTH 3aTyXaHme MOKHO DPacCdH-~
TATH ¢ HOMOIIBIO DJIEeMeHTaPHOH KuHeTHYecKoil teopum. I'as amerTpo-
HOB MAcCH m ¢ KOHNeHTpalued TacTull 1, CpegHedl CKOPOCTBIO Vg
" auHOM cBoBogHoTo npobera A ofTagaeT BA3KOCTHIO

'q=—%- nmAvr, (8.111)
9Ty BABKOCTH MOMKHO Y9eCTb B OBBIUIIOM KIACCHYECKOM BHIPAKCHUH
Ui cHA, NefiCTBYIOMUX Ha siaemenT cpefpt. Torga mas mocrosmHOM
3aTyXaHAA NPOJOIBHSIX VIPYIHX BOJH UacTOTHL @ TNOTYIaeTcs
BHIp ayKEeHHe

@2

S T (8.112)

a=i
5
rge D — mI0THOCTH Tada M § — CKOPOCTBE 3BYKA. JTO BLIPAsKeHHe
MOKHO TPEJCTABATH B PasjMIubX (opMaxX, HAIPHMED UYepes mpo-
Bogamocth (7.33):
4 o*mvy
=5 ipa O (8.113)

Ecan wm3Mepernsa DPOBOJATCA B O4eHb YHCTOM METATe TPH HI3-
KHX TEMIeparypax, T0 EPeMsA DelaKCalliH 3JEeRTPOLOB OKABLIBAETCA
Becbma Goapmumm. Tem He MeHee, HMeA JIeI0 € YABTPa3BYKORBKIMI
BOJHAMH, 09¢HE TPYJHO MOMACTH B 00JIaCTh PelaKkCcalliu, THe ot = 1.
OjHako0, HOCKONBKY CKODOCTh 3ByKa MHOIO MeHBIEe (ePMHUEECKOH
CKOPOCTH, MOJKHO HOJNYIHTh IAHHY CBoOOHHOTO mpobera, mpeBsi-
MMaoNLyIo JITHHY 3BYKOBOH BOJNAH, T. €. JOOHTBCA BLINOAHEHHA mepa-
BEHCTBA

gA > 1, (8.114)

Yro6s paccMoTpeTh 3TOT ¢aydail, BepHeMca K dopmyne (8.89), mamwo-
meil peienne KAHETHYECKOTO YDABHEHHMs NPH HalWIMH DIEKTpHUe-
CKOTO IOJA, CHHYCOMJANBHO HM3MEHAKIIETOCAd B HPOCTPAHCTBE W BO
Bpemenn. Kak mpl Bujerm, o060o0mMeHHAA TPOBOAMMOCTL DPaBHa

@) = ez g Y.V dSF
0(q, ©)= 7=3 1—it(@—q-v) 7w

. (8.115)
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Iipn pacemorpennu stod dopmyam B § 6 HacToAmed IaaBH MH
momaraam ¢ = 0, B0 CKOPOCTL 9IEKTPOMATHWTHOH BOJXHEL TaK
BEJIIKA, UTO €e BOJHOBOH BEKTOP MOYKHO CYMTATH IPUMEPHO PABHEIM
nyno. Ho Korga BO3HHKHOBEHWE HIIEKTPHMYECKOTO IIOJH BHI3HIBAETCA
AKYCTHIeCKON BOJMHOH, KOTOPAaA pACHpOCTPAHAETCS Topasmo MeveH-

@ur. 151. «ABrodasmposran.

Hee I eKTPOHOR, cjlaraeMoe (v Ha/lo yaep:xkath. Torga BemecrBeHHAR
9acTh NPOBOAMMOCTH OymeT CBfA3aHA IIABHHIM 06pa3oM CO BRIAfOM
TeX obuacreit mopepxnocti Depmu, rie © ~ q-v. DTo Kpyroi cmocob
BRIPKEHMsI TOTO (aKTa, 4TO COCTABIAIIMASA CKOPOCTH 2JeKTPOHOB
B HANPABJIEHNH PACUPOCTPAHEHHS BOJMH PaBHa CKOPOCTH 3BYKA.

@ur. 152. TosAc »aeKTPOHOB, B3aUMOAEHCTBYIOMNX ¢ POHOHOM C BOJHOBHM BeK-
TOPOM (.

JTO sABJIEHHe WABLIBACTCA IPPeKmoM «asmogasupocrus 1), dnex-
TPOH, KOTODEL OKa3alcsA Ha TpefHe BOJHEI, MOKET IPOLOJKATE 3a6H-
PaTh JHEPruIo OT HOASA, BATAACH B HANPABJIEHHH, IOUTH TePIEHARKY-
AAPHOM BEKTOPY pacupocTpaneHns BoimH (cM. ¢ur. 151). Ovenmpmo,
TONBKO Majiagd 9acTb JJIEKTPONOB Ha MOBepXHOCTH DepME Mo keT
YAOBJIETBOPATH 3TOMY ycioBuio. Ecin monrocTsio pene6pedn gacro-
TO# ®, TO 3TO YCIOBHEe BHIENiAeT MOAC Ha mHoBepxmoctm (Depmm
(cm. dmr. 152), B TOIKAX KOTOPOTO CKOPOCTH 9IEKTPOHOB HOPMAaJIbHA

1).Mm He¢ Hamuid Golee YAQYHOrO DKBHBAJEHTA AHTIAHCKOMY TepMANy
«surf-riding resonance».— ITpum. ped.
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K BeKTODY {, —— II0AC TOTHO TAKOM ske O PMEI, KAK H BBEICHHKH B Te0pHK
aHOMAJBHOTO CKmH-3¢derta (cM. § 7 macToAmed riaBo).
Herpynuo omennrs Brpamcenme (8.115) B mpepene mpu gA > 1.
OddexTuBHaA mUpHHA II0SCa 3aBHCHT OT TOTO, CKOIB OHICTPO BO3-
pacTaeT BeIMYMHA T( -V OPU YAAIEHUH OT IOJOMKEHHS TOTHOTO Pe3o-
HaHca. Yem Golblle BeJMYHHA T, TeM YiKe cTaHOBATCA moac, Towmo
TaR ke, Kak m B dopmyae (8.107), snement «odderTrBHONY mIomanm
OPOmOPUHOHAAeH JIOKATBLHOMY pAAUYyCy KPHBH3HH IOBEPXHOCTH
m obGparHo mpomopmmoHanen A, Haupumep, B paccMaTpEBaeMoMm
TIpeJeIbHOM Cilydae ¢ IOMOINbI0 SJIEeMEHTAPHHX coobpaskeHmil mumd-
depennmuanbHOf TeOMETPMH MOKHO HOJYYHTH TOYHYIO (GOPMYIY

2
Oxx (qv 0)=_4#1"(§ Ipyldkyy (8.116)

Tie HAIDABIEHUA Z U J NePIeHUKYIAPHE HaIPaBIEHHIO PacIpocTpa-
HeHHA ¢, a OCTaJbHBE 0603HAYEHMs COBIAMAIOT ¢ MCHOJIB30BAHHLIME
B dopmyure (8.109).

Hatepecraa oco6eHHOCTL 9TOH GOpPMyIHl COCTOMT B TOM, 9TO OHA
He coflep;RUT mapaMerpa A. BaykHo nmmb, 4ToOH CYIECTBOBAT KaKoMi-
160 MeXaHu3M, 00YCIOBIHBAIONMIT B KOHI[E KOHIOB PACCEsTHUE BIIeKT-
TPOHOB, HO B pacCMaTPUBaeMOM HpeJielie HHTEHCABHOCTD PacCesnus He
arpaer poau. Crakoil caryamuel ML ysxe BCTpedaInch B § 7 macrosameit
raapn. [lefictBarensHo, BHpaskenme (8.116) MoRHO HCIONTB30BATD
masa BeBoga ¢opmyast (8.109) paa amoMamwpHOTO CKHH-2dderTa,
BKJIIOYaA W BBeIeHHBI paHee IPOM3BOJALHEI MHOKmTelbL P. Hasa
3TOTO HYKHO, BO-IIePBHX, mepeiithm K Qyphe-KOMIOHEHTaM B COOTHO-
mennn (8.102), moxyuenHom u3 ypasHenmit MaKkcBewia, u, BO-BTOPHIX,
y4ecTh IDAHWYHBIE YCIOBHA, OIMCHBAKIEE IMOBEICIHE 3ICKTPOHOB
HA HOBEPXHOCTH MeTalJa.

Brao GH 09eHL XOPOWIo, ecianm OB B TEOPUHU 3aTyXaHHA YABTpPa-
3ByKa OKAa3aj0Ch BO3MOMKIIBIM HMCMONL30BaTh camy dopmyny (8.116).
OmHT D0 M3MEPeNN0 3aTYyXaHMA BOJH, PACHPOCTPAHSIIUXCA depes
MOHOKPHCTAAT B pAa3IAYHEX HANOPABICGHHAX, TEXHHYECKH OCYIIe-
CTBHTL TOPA3/0 Jierde, 9eM OIIBIT, CBA3AHHHN C HM3TOTOBJIGHHEM pas-
JIWIHEIM 00pa3oM OPHEHTHPOBAHHLIX KPUCTANINYECKHAX MOBEPXHO-
creid, KOTODHE MOKHEL OCTABATHCA YMCTHIMH H COBEDIICHHHKIMH BO
BpeMsA H3MePeHHH HDOBEPXHOCTHOTO COLPOTUBICHUSA.

I HecwacThio, 3TOT DKCUEPHUMEHT He JaeT NUPAMOH MII(oPMAIIH
o dopme nosepxuoctn Pepmu. 3aTyxamme NeHCTBHTEILHO CTPEMMTCS
K BeJIN4YAIle, He 3aBHCAMEeil oT miammm cobommoro mpobera aiex-
TPOHOB, T. e. coorHomeHnme (8.113) me BmmoaTsAeTCS, HO HCTHHHAH
BEeINYNHA HTOTO 3aTYXAHHA BABHCHT OT KOHKPETHOTO BHA B3aMMO-
HeilcTBUA 9AEeKTPOHOB € BOJHAME PEIIeTRH. [|pyruMu CIOBaMH, dJIEK-
TPHYECKOe IIOJIe, NeHCTBYIONMEe HA JJIeKTPOH H BO3IHKAIMEe B pe-
3yJbTaTe CMEMEHNH aTOMOB M MOSBJICHNA HANPHAKEHHHA B pelleTKe, He
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yaeTcs BEIYUCIMTH HENOCPEACTBEHHO; CBEPX TOTO OHO Pa3jWdHo IJA
pasunx Touek mosepxHoctn (Depmu. Hasamoch 6, B mopmHTErpaih-
Hoe BHpaskenue B gopmyine (8.116) my:xHO DomcTaBUTH nomeryuaa
dediopmayun tana, obeyskmapmeroca B § 14 ra. 6, omAHaKO TOT MOTEH-
1Mal OKa3BIBAETCHA 3HAYHTENBHO G(oJee CIOKHBIM, HATpuUMep [is
ciydada MHOToCBA3HON moBepxHocTd (Depmm, W ero ropasfo TpyaHee
BHIPDA3UTh Uepe3 HEeCKOJBKO IapaMeTpoB, 4eM il HPOCTOTO MeTajia
co CBOOONHEIMH BJIEKTPOHAMM.

3aTyxanme yIbTPa3ByKa 32 CIET B3aMMOMNCHCTBUA €O CBOOOTHEIMHI
HOCHTEJISIMH MOKeT NPOMCXOAUTh W B mnoiynposomumke. Hommble
KpHCTaJikl (€3 IeHTpa CUMMeTpUHW, HaNpuMep COeNAHHeHHS BJCeMeH-
0B IIIl # V mau Il m VI rpyun (§ 2 ran. 4), o6Hyno mpencraBisaoT
coboli neesossexmpuru. JlokanprHaa pedopmarua W; (r) cessamna
TaM He TOJbKO C moTeHIHanoM pedopmanuu (6.95), Ho u ¢ TOKATBHEM
BIEKTPUTECKEM NOAEM

8Ey (r) = Bija Wi, (r). (8.117)

i

Derymas BoJHA SJIeKTPHYECKOTO IOJfA, HEPEHOCHMAadg MaKpOCKOIH-
YeCKOW B3BYKOBOM BOIHOH, B3aNMOJEHCTBYET € NOCUTENAMH, 3TOT
MeXaHH3M B3aHMOJEHCTBUA OKA3HBAETCA NOMHHUPYIOHAM BIIOTEH
[0 CpPaBHATEILHO BEICOKMX MHUKDOBOJIHOBHX 9YactoT. [letanpHmit xa-
PAaKTep ABJEHHA 33aBHCHT OT 3HAYEHHNH KOMOOHEHT Hbe303JeKTpHYe-
CKOTO TeH30pa f;;, B HaIDaBIeNUH BEKTOPa MOAAPH3AIAR 3BYKOBOH
BOJHH.

B cpege co cpaBHHUTETBHO Maloll NMPOBOAMMOCTBHIO MOJKHO HEIO-
cpeficTBeHI0 HAbNIONATE aKYCMOdLeKMPUueckoe node, CO37AaBaeMoe
OY9YKOM yIBTPA3BYKOBHX (OHOHOR, IepealdInX CBOll HMIYJAbC HO-
catenaM. IToT sdexT, ogeBHAHO, 06paTEeH yBIeuennio JOHOHOB DIEK-
tponamu (§ 11 ra. 7). C UM TecHo CBABAHO SABJEBUE YCUACHUA I6YKA
2MEKMPOHHBIM NOMOKCM; TIOCIefiHee MOKeT HMETh MeCTO IPH HalloKe-
HHH DOCTOAHHOTO 9JIeKTPUYECKOTO IOJIA B HaUPaBJIEHHH pacmpocTpa-
HEHHA yIbTPasByKa. 9ToT 3(eKT M0oKHO paccMaTpEBATh KaK Masep-
HHA: DHepPrHA, HOCTYHNAKMas OT 3JIeKTPHIECKOTO MOoJA, Hapyluaer
papHOBECHOe pacmpefielienne HOCHTeNIell, YT0 U NPUBOOAT K KOTepenT-
HOMY HCUyCKaHHI0 OHOHOB. MoMHO OTMETHTH aHANOTHIO C YePeHKOB-
CKUM MBJIyYeHAeM: dJleKTpUIecKoe moJie coofImaeT Ho CuTelo fpeidoByo
cropecthb (7.31), mpeBOCXOAAIMYI0O CKOPOCTh 3BYKA, TeM CaMHM IeJas
BO3MOHHM OpPHAMOE pOEjenne (QOHOHOB € COXpaHeHHMeM HSHePrHU
T MMOyJabca.

IlpuBesennbii BLIle BHBOJ OCHOBAH Ha KBAa3WKJIACCHYECKOM pac-
CMOTDeHMH KHHETHYECKOTO ypaBHenHA. Te ke campie pe3yJbTATH
MO’KHO HOJYYHTH (B W3BECTHOM CMEICIe 6oiee CTPOTo) M B3 KBAHTO-
Boil Teopmm. Paccmorpmm, Haupumep, ycaosme (2.101), xotopoe
BEIPakaeT cOXpaHenne sHePTUH IPH Doromennn gonoHa ¢ 9acTOToH ,
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CBA3AHIIOM C HepexofoM JJIEKTPOHA W3 CoCTOAHWA K B cocTosume
k + q. 910 ycaosme maer

ro=8k+q—E®m ~q L8 —nqv. (8.118)

Ta e Benmumna cromt, mo cymectsy, u B dopmye (8.115). I pyrunm
crosaMu, «ddexr apToPasupoBKI» OpeacTaBiAer coboit He 910 WHOE,
KaK DJIEMEHTapHEIA IpoIlecc 3JIeKTPOoH-POHOHHOTO B3amMoOZeHCTBHA,
obcyxmapmniica B § 8ra. 2w § 13 ra. 6.

@opumyxny (8.115) MOKHO HONYIHTH TaKKe H COBEDPIIEHHO WHBIM
oyTeM. 3amAmeM 3HaMEHATeAbh B BHIE

1— it (@ — g+ v) =% (& (k+ q) — & (k) —hio—ifia}, (8.119)

rge @ = — 1/7. 910 ecTb KaK pa3 3HAMEHATENb CYMMEI, PUIYpIH-
pyome# B dopmyae (5.16) u B gpyrux Popmymax ri. 5. Ilocae ue-
CHOKHEIX MAHHOYJIANAK C HCHOXb30BaHHMeM cooTHomenua (8.118)
MBI TTOJYJaeM B caydae, KOIJa G U @ ML,
4dnioy (q, ®)
e(q, o) & 1+ oL o)

(3.120)

3nech 0; ofo3zmavaer WPOI0JIBHYI0 TPOBOJAMOCTE, T. €. COCTABJIAN-
IyI0 HPOBOXAMOCTA O B HaIpaBlIeHHy PacmpocTpadenus GoHOHA.

Jpyramu croBamu, Me BHOBB BhiBeau popmyay (8.7). Kormrerc-
Hasl MUBJIEKTPHICCKaA IPOHAILAEMOCTE DIEKTPOHHOIO Ia3a, BHYMNCHeH-
Hag B § 1 ri. 5, yme comepixur NpoBORHMOCTH KAR CBOIO MHHIMYIO
gactb. B dopmyae (5.1) MBI cumTanmy — o NPOM3BOALHOH 110CTOAHHOM,
XapaKTepH3YIOWle# 3aTyXanme BO3MYN[AIOMero MOJA, HO OYEeBUJHO,
9TO eCTH CMBICT OTOKIECTBUTD — o ¢ 1/7. B Brpamenunn (5.16) 3akmtio-
gen Gonpmok Pu3mMIECKHH CMEICIH.



TJIABA 9

NOBEPXHOCTh ®EPMN

Troil BEO sarajoyeH TaK...
Hlexcnup, «amaeT»

§ 1. CuapHbIec MarHATHEBIE OOJA

Boo6me roeops, aaexTpoHmbie cBoficTBa METAlJOB HOPH BLICOKHX
TEMIEpaTypax OIpPefeIAIOTCs CKOPOCTAMM, BOXHOBLIME (YHKINAMH,
BEPOATHOCTAME HePeXOi0B U T. 1., YCPEIHEeHHBIMHU CIOKHHIM 06pasoM
mo Bcefl mopepxuoctn Mepmu. Ucknodas HescHYI0 u 0CpHBOIHYIO
ungopmamulo, moaysaemyio us sdderra Koua (§ 4 ri. 5) u aHHUTHIA-
uuu nosutporoe (§ 8 ri. 3), addexrtnrrOe ompemelNeHue BHAa ITOU
MOBEPXHOCTH K3 9JKCIEPHMEHTATBHEIX JaHHGBIX CBA3QHO € HCIOJB30-
BaIeM THCTHX 06Pasiop MPY HESKUX TeMIIepaTypax, KOra paccesnne
DJAEKTPOHOB HE «3aMasmiBaeTy sipiernmit. B ciydae ke Korja BpemA
pelakcanuy DIEKTPOHOB OYeHb Majio, He ACHO Hayke, MOKHO IH
Boofme ToBopHUTEL 0 cymecteoBaunu nopepxHoctn Pepmu. Hanpuwmep,
npu gamEe cpoGogmoro mpobera A HeOmpeereBHOCTh B HMMIYJIBCE
siexrpona Gymer mopsmka A/A; OpU BHICOKHX TeMIeparypax 3Ta
HeoIpefel eNoCTh BIOJHE MOKeT OKA3aThCs MOPAKA pPasMepoB HEKO-
TOPHX jeTanefl CTPYKTYPLI HB0dHEPreTHIecKHX ToBepxuocTeit Bobpart-
HOM HPOCTPAHCTERE.

Mn yske paccMaTpHBaNM anoManbumi ckum-oddert (§ 7 ra. 3).
Tloutu BCE Aipyrme cmocoGn mecaefopanna nosepxnoctu Depmu cps-
3aHBl ¢ MCTOJbL30BAHIEM CHIBFHX MAarlMTHHX Iodell. Biamsiame mar-
HHTHOTO IIOJIsI YA COCTOSHEE 3JIeKTPOHA OINCHBAETCS DaBEHCTBOM

(6.40).
k=-"[vxH]. 9.1)

910 o3mauaer, 9410 m3MeHeHue Bexropa k

1) mepmnenguryasapuo unanpasiennio H;

2) mepmeHAUKYJIAPHO CKOPOCTH V, KOTOPaf B CBOI odepefb Iep-
MeHTUKYJAPHA H309HEPreTuIecKod NOBEPXHOCTH.

Tarum o6pasoM, Touxa k josskma NpABagIeKaTe opbume, ompe-
nenseMoit mepecegermem nosepxnoctu Pepmu ¢ MIOCKOCTDIO, MepPIeH-
IMEynApuo# mampapxennio marnnrooro moas H (¢ur. 153). Marunt-
HOe IIONEe IPOCTo 3acTapiiser H300pasRAOIMYIo TOUKY JABHTATHCA 110
aro#t opbure 6e3 MaMeHenws SHEPIUH.
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B oTcyrcrBue paccesHEA dieRTpos coBepmiaeT OfuH 060pOT 3a
BpeMs
2n ¢k dk

;

Of eH 7 v_L’

(9.2)

rfe v — COCTaBIANIMAA BEKTOPA V BILIOCKOCTH, NEPHEeNNKYIAPHOM
marugraoMy monw H B rtouke k. Coortsercrsyromas wacroTa o
Ha3HBAETCA YUKAOMPORKOU Yacmomoil.
1A cBoGOIHBIX SIEKTPOHOB dIeMeH-
TapHEIe TeoMeTpHUYeCKHe coobparkeHus
IAI0T

[§ dk _m * dk — 2mm ’ (93)
v, oy ok B
TaK 9TO
eH
O = me (94)

IlpunAarto BBOZuTL eme ojHY «dddex-
THBHYIO MacCy» — YUKLOMPOHHYI Mac-
cy ml, ompeAeNAeMYI0 PaBEHCTBOM

og=—2_. (9.5)

my

®ur. 153. «Opbutay sIEKTPOHA
B MarHUTHOM HOJe. Crnemyer oTMETHTH, 9TO BeId4YMHA My,

Bo0o6IIe TOBOPHA, OTIWYAETCH OT OHHA-
Muueckoll maccn  axexrpora. Oma  xapakrepmayer  CBoiicTBa
op6ursi, 8 He OTHEIBHOTO BIEKTPOHIOrO COCTOANMA.

Qur. 154.

IMonesnoe reomerpuueckoe olipefeleHne IAKIOTPOHHOM MACCHI
MOKHO NONYUHTH, 3aMedas, YTo
‘ 1 d%

U‘L=_h_ dkl Y (9v6)
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rae dk | — mpHpamende k B IJI0CKOCTH OPOHTH, HOPMAaJbHOE K CETe-
uno moBepxHoctm (Depmm [pTa dopMmyna HeABHO COAePKHTCA YiKe
B cooTtHomenmn (6.2)]. Pasencrsa (9.2) m (9 5) pgator (¢ur. 154)

o el 1 cn podk g2 4k, o B2 o4
mh=——grr Y o, = = S @)

rae o4 — miomanhb, orpanHiYeHnas opouToN, pacmoNoKeHHOH B ILLO-
CKOCTH, MepHenguKyagpHo# marEmTHOMYy moaro H.

§ 2. JlnaMarHMTHBIA M [UKIOTPOHHBIH pe3oHaHCHI

EcrectBemmo mpegnosioduTh, YTO ITO HEPHOJHIECKOe IBH(CHHE
DIIEKTPOHA MOKHO OGHAPYKATH ¢ MOMOIBIO Pe30NaHca ¢ dIeKTPoMar-
HATHHIM TOJeM COOTBETCTBYIOMeH dwacToThl. EAnHCTBEHHOE YCIOBHE
COCTOHT B TOM, 9TO SJIEKTPOH JAOJKEH COBEePIINTL IO KpaliHed Mepe
ofaH 06opoTr mo opbmTe 3a BpeMA MEKAY JABYMA MOCIeR0BATeIbHBIMH
CTONKHOBEHHAMH. JlOBONBHO J€TKO HOCTPOHTH (OPMAIBHYI TEOPHIO
OTRIAKA CHCTeMH HA IHPKYJIADHO MOJAPHA30BAHHYIO BIEKTPOMAr-
HATHYIO BOJHY, PACIPOCTPAHAKMYICS IapalielbHO HalpaBJeHHIO
MarHHTHOTO MoJasA. ¥ o6HO, HampuMep, BBECTH BMECTO COCTABJIAIOIMHX
BeKTOpa k moBHie mepeMeHHbie, XapaKTepuays TOUKy k ¢ moMompo:

1) sueprum & (k) (B MArHMTHOM IoJie OHA OCTAETCA IOCTOHAHHOMN);

2) mpoermud BexkTopa k Ha mampaBieHme MarHHTHOTO Tonsd, Ky
(oHA TakKe 0CTAaeTCH MOCTOAHHOMN);

3) «pasoBoit mepeMeHHON» ¢, ompeyeNAeMoil nHTETpasoM 1o opbure
TOrO sKe THOA, Kak mHTerpax B (9.2), a mMeHIO

k'\
ch dk
=0 o Sv_. (9.8)
41
Jra mepemennasa yno6Ha mOTOMY, YTO OPM HAJIWMIMA MAaTHUTHOTO IOJA
0Ha ABTOMATHYECKH BO3PACTaeT ¢ MOCTOSHHOH CKOPOCTBHIO

b=y (9.9)

© pas ogHoro momnoro obopora ¢ = 2.

ITH TepeMeHHHE MOJKHO MCHONB30BATH B KadecTBe KOODAMH AT
B KMHETMYECKOM ypasHenmu. ByjeMm paccMaTpuBaTh HepaBHOBECH VIO
yacTh gx B popmyne (7.10) xax dynxnmo ot &, kp, ¢. Hax uw B ypas-
nepun (8.84), BBeleM BpeMs peiarcanmuu. Kpome TOTO, B KMHETH Ue-
CKOe ypaBHeHWe Halo J00aBUTH TIeH

af : _Og
_Jmag ¢ O 5o, (9.10)

OHHCHB&IHIOHfI BIMAHNE MArHHTHCTO ICJA Ha pacipejedeHHue dIEK-
TPOHOB. HocnenHee BLIpaskeddHe OJ9KBHBAJIEHTHO HCOOJb30BAHHOMY
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B Qopmyne (7.137), rme marmmTHOE mOJie NMPEANONATANAOCH CIalbbIM,
opHaro dopma sammen (9.10) Gomee rommanrTHa.

BoabpMeM moire, MeHSOOIEECA BO BpeMeHH € 9acTOTOH o, W Ipe-
HefpesKeM MPOCTPAHCTBEHIIEIM M3MEHEHHEM HalPA/KeHHOCTH HojA E.
IIpennmonosxam Taxsxe no amanorun ¢ (8.86), uro

g (&, b, §) = — 2} © (Jom) etce-00, (9.11)

T. €. 9TO [ABWKEeHHe BCero MIEKTPOHHOrO pacipejeileHHda (ecnd He
HayKA0TO OTHEABHOTO DIEKTPOHA) IpeAcTaBiseT coG0d Bpalmende Io

Op6HTe ¢ Jacroroit OPUJIOMREHIIOTO MOJA. TOI‘;I& RUHeTH4eCKoe ypas-
Hedue

afo g ag dg
IMeeT peHleHue
etv-E
C n) =, —o - (9.13)

Hax n npesxne, no6aBka K yHRUMA pacupesesn eHRA IPOLO PLIONA b-
Ha HaNPKENHOCTH 3JeKTpudeckoro nois (gur. 155); reneps, ofaxo,
oma He coBuagaer mo ¢ase ¢ BUENHHNM LOJEM, €CIH NPHIOKeHNAd
YACTOTA Ile COBHAJAET ¢ NHUKIOTPOHHOII 4aCTOTON CHCTEATH.

1lpoBojiA BHYMCIEHHSA, aHAJOTHYIHE TeM, KOTOpHe IPUBENd Hac
K dopymyae (8.90), momygaem, yro Meramn Gyjer mecru ceOA Tak, Kak
ec1nn OB eT0 IMPOBOAMMOCTL OLIIa PaBIa

1—i(log—w)T
Onutel mo 11aGaofenno mOBepPXHOCTIOr0 CONPOTHBACHHSH, OTPaKa-
TE1LHOH CHOCOOHOCTH, HOTIOMEHAA H T. A. GyayT o6HApY:KEBATEH
AWHUIO Juamaznumuozo pesonanca (Mupuub 1/7) na vacrore w = wy.
AHaZOTHA MEEJIYy 8TUM De3yIbTaTOM M TEOPHell OMTIYECKOT0 Peso-
nanca [em. (8.51)] owenmpma. Ilaa cpoBopmmix amexTponos ¢opmy-
ay (9.14) merko momydmTh UPAMO M3 YPABHEWHS JBHKEHUS, OTHALO
pesyabrar (9.14) mmeer 60abmyo obmuocts. llpasna, oH He BTIONHE
TOYEH Jyisi Npous3BoabHO# moBepxmoctn Mepmu, Korma mpemososxe-
une (9.11) osmavaer mpeneGpe;keHHe BEICUIMMHM TapPMOHMKAMH IO
epeMeHHoH

@opmyna (9.14) sammcana Ads UMPKYJAAPHO MOXAPU30BAHHOTO
Jy9a, IOBOPAYHBAWOIEroCH 6Mecme ¢ 9IeKTPOHAMH, JBIKYIIHMICH
o op6uraM B MarmmTHOM moie. M3 reoMerpmueckmx coobparkeHmit
OYeBHJHO, YTO B (opMyie JIA Jyda, HOAAPH30BAHHOTO B IPOTHBO-
MOJOKHOM WaOpaBlieHHHW, BMeCTO — @ OymeT CToATh -, TAK 4TO
pesoHanc Gyyier oTCyTCTBOBATh. PacCMOTPHM, 0JIHAKO, MHUMYI TACTDH
o(®), KoTOpaA Jaer BKIAJ B GeujecmGeMHYI0 9acTb ROMILIEKCHOTO
norasarensa mpeixomaedns (8.7) m, cregoBaTeaqbHO, MeHseT (A3CBYIO
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CKOPOCTH DJIEKTPOMArHuTHOH BONHEL. [{s Muneino moIApm30BaHHOTO
Jy9a, pacopoCTPaHAINErocsa BAOMD HApaBIeHHA MATHITHOTO IIOJ,
ABe ILUPKYJASAPHO MOJAPH3OBAHHLIE COCTABJIAIIAE HMEIOT pa3HBIe
CKOPOCTH, TaK 4TO NIOCKOCTh MOJAPU3ANMHM HEOPEepPHBHO HOBOPATH-
Baercsa MO Mepe MPOXOXIeHHA BOJIL B KPHCTANLIEe, ITO — XOPOLLO
usBecTHLI agfgfexm Dapades.

I moMympoBOAIMKOB B BHINEH3NOKEHHOM 3aK/II0Yena TOYTH
BCA TEOPHA [JHAMarHHTHOTO pe3oHaHca. Hocuwrenu sapsajga — siek-
TPOULI HWJIM JALIPKM — 3aHEMAIOT B OpocrpauctBe sueprum & (k)
neGonpuiae oGaactu, pacmono-
JKeHHble BOIM3M MHEHHMYMOB
HIX MakCHMyMOB 30HHL. B atmx
of1acTax sHeprerMIecKhe Ho-
BePXHOCTH OOLIYHO JIIHICOU-
naasnel (cp. § 5 ra. 2); Moik-
HO IIOKa3arb, 4TO Ha BCEX
HapaLIedbHLY CEYEHHAX 3J-
JUNCOMAA TACTOTA My OfHA
M Ta ke, TAK 4ro Habaroja-
eTCSA JMHHA, OPEACKA3HBaeMas
dopmyioit (9.14). Pasymeercs,
4acToTa () H3MEHHEeTCA NpH

Qur. 155. JIeKTpHYecKoe Moae cMelaer

H3MCHEHITH OPpHMEeHTanuu KpHuc- pacmpejieneBue (I)epl\IH-

Tajxjdga, TeM CaMBIM JdaBasg HH- 9T0 CMCIICHAC JIBIMKCTCS BOKPYT MOBEPXHOCTH
QepMn, BaTYXaA BO BPEMEMM,

dopManiuic 0 pPacHolIoIKeHHn P TYXan B0 npem

oceit sanmmcomma. Curyanms

Oomee caokua BOMM3M MaKCHMyMa BaJeHTHON 30HH B IIeHTPE 30HH
LGpmaamasna, rie ypoRHM pacIeIuIAIOTCS BCICCTBHC CIHH-OPGHTATIL-
Horo eaanmozeidcTBus (§ 9 ra. 3), Ho M B BTOM CIydae paccMoTpemIe
TMPOBOMTCA B OCHOBIIOM TaK #e, KaK H PaHbIIe.

B caydyae meTannoB BOBHHKAIOT J[Be TPYAHOCTH, KOTOPHE, Kasa-
1ock 6pl, He mo3ponAIOT Habaogars ommcanntiit spdert. Uro6u pas-
PEITUTh Pe30HAHCHYIO NNHHUI0, Hajo paboTaTh HA BHICOKHMX YacTOTaX,
Korga ot » 1. B atux ycnoBuax ray6EHAa CKUH-CIOA OYeHb Maia,
I MH TomagaeM B aHoManbHym0 obnacts (§ 7 ra. 8). Taxumm o6pasonm,
pajuyc BUHTOOOpa3HOil TPAEKTOPHH JJICKTPOHA B MATHHTHOM IIONE
B KOOPJHMIATHOM HpocTpancTBe GyaeT MHOro GOJBUIEM, 9eM TO pac-
CTOANNE, HA KOTOPOEe NPOHUKACT 3IEKTPHIECKoe MoJle,

JTO HABOJMT Ha MHCIb, YTO MATHHTHOE IOJE CIEfyeT HATOMKUTD
NIePOeHUKYIASAPHO IMOBEPXHOCTH METAJNa, TAK YTOGEL B CKUH-CIOE
PE30HUPYIOMHE 3JTEKTPOHE GBUIN «3(EeKTHBHE M MOTIH HOLTOMATH
momuocrs. Ecnn, oguaro, npoamannauponaTs 3Ty curyammio, To oKa-
BBHIBAETCA, YTO (PE3OHAHCH B BTOM CIYyIae CHIBHO PasMbLIBAETCA M CTa-
HOBUTCA eflBa 3aMeTHHM. B mpuHmuile MoykHO HpoclIegdTh 3a TeM,
KaK 9TO MPOMCXOANUT, moacTanaas dopmyrny (9.14) b pasencrso (8.7).
Haxk n 5 caywae (8.91), koMImexcustii moKa3aTesb IPEIOMICHHAA HMeET
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60NBNIYI0 MHAMYIO 9aCTh, 9TO CBA3aHO TIABHHEIM 06Pa3oM ¢ TeM, 4TO
8€l4eCMEeHHAs TACTH N? Benwra m orpunmarenbHa. Merann — ciamm-
KOM XOpOIHH IPOBOJHUK; €[MHCTBEIIHOE, YTO MBI MOKEM H3MEPHTh,
ar0 HefoNbIoe H3MEHEHHE OTPaykaTedbHOM cHocobmocTm (8. 94)
Yro6w yBEIETH B MeTaJIe PE30HAHCHYIO JHHHUIO TOTO THINA, KOTOPEIA
Jerko HabiIojaeTcs B MOJYOPOBOJAHHKE, Hamo OHIO OB IIOHATHCSA
BHINC MUIa3MEHHOH 9AaCTOTH ®p, a 3T0 MOTPeGOBalo GH OTPOMHEIX
MAaTHUTHHX MOJeH.

C npyroil cTOPOHBI, IYCTh MBIl MMEEM JIeI0 ¢ MaTePHAIOM, YIOGHHM
[ BHabniofeHnsA AMaMarHMTHOTO pe30HaHCa,-— HaNPEMep, € OYeHb
uncthiMm HaTpueM mpu 4° K, Korpga yske B MarBMTHOM mHoJle TOpAAKA
HECKOIBKUX THCAY apcTel wxT.» 1. Ecan paborath Ha ouenr Hu3Koit
9acToTe, He MPEeBHIIAMEH HECKOILKAX TepIl, TO MOKA3aTeNb IPedoM-
aenns (8.7) MOKHO CjelaTh IOYTH BEM[ECTBEHHBIM H HAGIOHATh OpPO-
XOKJleHHe BIeKTPOMATHATHON BOJHH 9€DPe3 MeTAIIHYECKYI0 IJIaCTHH-
Ky. 910 caenyeT ua gopmyus (9.14); nomaran o< oy, DoryIaeMm

(8+ 4mo (w) )1/2%
~ (o) () et 09)

JT0 UMCIO OKasHBaercsA o4endb Gouapmym, mopsaaka 10°, Taxum obpa-
30M, BOJIHA PACHPOCTPAHSAETCS 9YePe3 METalll €O CKOPOCTHIO BCEro
INWE HECKOJNBKO CAHTHMETPOB B CEKYHJY — ABIEHHE, IIONAIai0IIee
B 00J1aCTE «4eI0BETECKAX» MacmTaGoB JJINHH ¥ BpeMeHu. Bauo, aro-
661 B BEIpaskenwn (9.15) 9acTOTH © B Wy EMeNH ORUH U TOT jKe 3HAK
B COOTBETCTBMH ¢ BHOOPOM 3HaKOB B BrpaskeHusax (9.8) m (9.11) ato
03HAYaer, 9TO MH MMEeM Jiel0 ¢ HOJAPU30BAHHOM M0 KPYTy BOIHOM,
Bpamalomelics B fase ¢ simeKTpoHaMu. JlmaMarHWTHEIE M DJIa3MeHHEBIe
B30y KIeHNA HIEKTPOHHOTO raza O0DeUMHAITCA B 2eAUKOHHYI0 BETBD.
R coxanenuio, wHopMamms, KOTOPYO MOKHO IOJIYYHTH M3 BTOTO
ABIIEHNA, OTPAaHMIeHA, MOCKOXBKY BHpamkenme (9.15) B mepBoMm mpu-
OMIKeHNH OPOCTO HE 3aBHCHT OT reoMeTpumm NoBepxHoctm Depmm.
B xommencmpoBamnoM moxymposopumke (§ 6 rui. 4) axexTpommoe
U JIHIPOYHOE T'eJIMKOHHEE ClaraeMble B3aMMIIO YHNUTOKAIOTCS M 0CTa-
I0TCA JIWIIb 9YIeHH 0(ojee BHICOKOTO HOPSAAKA, OMHCHBAIINHE pac-
OpPOCTPAHEHHE aAAb@EeHO6CKUL BOJIH. JTO —elle 0/10 MarHeTomIa3Mel-
HOe AIBIeHHE, U3BECTHOE B acTpodu3uKe.

OxassBaerTcsA, 4To CHIBHBIA PE30HAHC MOKHO OGHAPYKUTH B TOM
cIydae, KOTJIa MATHUTHOE NOJIe NAPAALEALHO TOBEPXHOCTH, ITOT Pe3o-
HalC, HABKBAEGMHHU YUKAOMPOKHbM, BOSHUKAET CIEyIOIUM 00paso.
JIeKTPOH IBUKETCA M0 BUHTO06pasHoii opbuTe, 0ch KOTOPOH, HaIpas-
JeHHAaA, CKajkeM, IO OCH Z, IapaiienbHa mosepxuHoctn (dur. 156).
ITocxe wammoro o6opoTa OH MOMagaeT B CKUH-CIOH ¥ «BUINTY OCIIIIM-
pyomee sneKTpudecKoe moye. ECiaum OH BO3BpamaeTcA Kaykau# pas
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B (daze ¢ moiaem, 10 oH Gyger mpmobperaTh 0T HOJA YHePrmio 1 Gyjer
HabAI0MaThCA «PE30HAHCH,

Herpyano BeizecTu Gopmyiy, ONMCHBAIILYIO 9TO SBIeHAE. 3amu-
meM pemenwme KuHetmaeckoro ypasuenud (8.101) B Bupge

t
’ ’ ’ ’ ’ ’ ds
J(r, )= 4n3h Sv{ S v, t")-E@, t')e-¢-t)dt }_UF_‘_ (9.16)

— 00

3mech Mel mpomnTerpupoBanu wo mosepxuoetn Pepmu, TTOO6H HOTY-
9uTh HOJAHLIE ToK. B Bopaskenum (9.16) Bce eme sABHO coxpaHsaercs
OCHOBHAf 9epTa pemeHns, COCTOSAMASN B TOM, 4TO BKJIAJ B TOK B TOUKe T

\\.\\éﬁ \\\\}

@ur. 156. IlgKIOTPOHHHE Dpe30HAHC.

B MOMEHT #, IPOMCXOAAIAN OT BIEKTPOHA CO CKOPOCTHI0 V, 3aBHCHT
0T HMIYJIbCa, MEPEJaHHOIO IoJeM B INPeAIIeCTBYOMEd Touke I,
yepes KOTOPYIO 9IEKTPOH MPoXofmil B Golee PAHHMI MOMEHT BPEMEHH
t'; maMATh 06 5TOM HMIyJIbCE CO BpeMeHeM mc4e3aer, ¥ 9TOT HPOIece
ommcEBaeTcsa GaKToOPOM BATYXaHUA CO BPEMEHeM pelaKcalud T. JTOT
crrocof ommcaHuA IMpPoIecca DIEKTPOUPOBOAHOCTA IO AYXY OYeHb
6mmzor dopmyne Kybo (7.15).

B paccmaTpuBaeMoM caydae TPAGKTOPHM BUHTOOODA3HH. OJIek-
TPOH [OCTHTaeT TOYKH r IO KPUBOIA, BAOIAb KOTOPOH 3aTyXanme BO Bpe-
MeHH OIpefeNserca TeM jKe CAMHIM SKCIOHEHIHMAIHLHHM (aKTopoM.
Yepes ogue mepuof 5ToT GarTop 6ymer paBeH exp ( —2n/wyt). Diek-
TpHYECKoe ToJe feHcTByeT JMIIb B TeUeHHE KOPDOTKOTO BpEMEHH,
KOT[a DAEKTPOH HaXOAUTCA B CKHH-CJIOE; IPH KaxkaoM obGopore ¢asa
saeKTpoHa Oyaer omepemxaTh WIM 0TCTaBaTh 0T (assl OCHMIIMPYIoHIe-
ro IIOJA Ha BedEIHAY 2nw/wg. Takmm o6pasoM, MEI MOMKEM CBECTH
unTerpax mo spemesu B ¢gopmyne (9.16) kK peaysbrary mepBoro mpo-
XOMKIEeHHA depe3 CKUHA-CIOH, YMHOMEHHOMY Ha CyMMy (aKTopoB
3aTyK&HHEA [IJIA BCeX HOCTEAYIOIAX TPOXOKAEHHUH, T. €.

(e fe . )=—>l0, (9.17)
e
-0 __ 2n . 2nw
e _—exp(—mHT—— = ) (9.18)
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«IPHeKTHRHOCTEY AMEKTPOHOB MOKHO OLEHNTH, 3aMe9as, TT0 Kark-
OB DIEKTPOH OCTAETCA B CKMH-CJICE Wb B TEUEIHE BPEeMEHM ToPAJ-
Ka ¢pm/wg, Takoro, dro (dur. 157)

’ 14
2 6 6(1)11
X SR (9.19)
rge R — pagmyc opbuTH B KOOPAMHATHOM DPOCTPAHCTBE, a U, —
CKOpOCTB 9JEKTpPOHA B IJIOCKOCTH CE€YC€HUA, OEePneHTHKYJIAPHOTO
MarHUTHOMY DOJK (mpuYeM DoCHemHee mapajielbH0 TOBEPXHOCTH).

Ez

————

81{ /// /7776%/%

a . 1]

@ur. 157. «3¢PeKTHBHB DIEKTPOHB, HAXOJAIMECS BIYTPH YTIId O

a — Ha BEHTO00DPa3HO# TPaCKTOPMA B KOOPMMHATHOM OPOCTPAIICTBE; 6 —— Ha OopliTe Hu T0BEPX-
HOCTA DepMH,

BoapmuHCTBO 3IEKTPOHOB, MPOXOAAMMHAX 9epe3 CKUH-CI0H, Gymer
CTAIKEBATHLCA C IOBEPXHOCTHI) METANIA; 9TH DJIEKTPOHEL PACCeH-
BaTCA M BHOWBAKT u3 HTPH. JPOEeKTHBHH JNHIND T€ JITEKTPOHH,
KOTOpHE [ABMKYTCA HAPANIENBHO IIOBEPXHOCTH BHYTPH CRUH-CIOA.
Paccysxmaa Tak ke, Kak npm BHBome dopmyrasr (8.107), aer yarenm
TOIBKO T€ 9YJIEKTPOHB, KOTOPHE NPHHAMIGHAT JITEMEHTY ILICIIAaan
mosepxHocTn Mepmu

dS = 2Bém | p, | dk,. (9.20)

3meck CHOBA p, — PaAMyC KPABM3HH OPOHTH B CIoe TONMUHOH dky
B TOYKe, Iic CKOPOCTh HApalielbHA MOBEPXHOCTH MeTanya.
Ofpemwuas 9TA pPaCCYKIEHHNs, MMONydaeM pe3yabTaT, IO Cymle-
ctBy moxox;mil Ha (8.109):
e2f6’ dk
o' =B f Loy ldky (9.21)

~ 2n3h {—ew

IloBepXHOCTHHHE HMIeNaHC TeNepPh MOMKHO BEMUCIATH, LMOJCTARIAA
pupakerne (9.21) B dopmyns (8.104) u (8.105).
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Ilasn mammx HacToAmuwX weneil NPECTABIAET HHTEPEC WMEHIO
pesonancuuiilt gakrop (9.17)., On ocmmanmpyer, UpHYeM HOHKH pac-
HOJIOKEHbl - HpH

» = noy. (9.22)

Ha mpakTuke 9acToTy « HOAAEpP:REBAIOT NOCTOSHINON, M3MEHAA Mar-
upTHee moiae, Torma ycaonue

Len—%_, (9.23)

T %
H om¥e

mOJIyYeHHOe ¢ HOMOIEI BHpaxierusa (9.5), ecTh yvCIoBHE NOARJIECHUSA
THKOB OPH M3MeHeHHH MarHMTHOTO moad H. CyImecTBeHHO OTMETHTH,
9TO0 HPH YUKAOMPORHOM DE20HQHce B OTAHYHE OT ¢ORYIHOTO Aramar-

@ur. 158. OxrcrpeManbHLEE OPOHUTHL.

unTHoTo madmopaerca He ommH muk [cp. ¢opyyay (9.14)]. Oueprusa
Gyzer TOTTOMATHCA, €CAM JaCTOTA TAKOBA, UTO BDPEMA MY HEYMH
HOABIEHHAMU DJIEKTPOHA HA HOBEPXHOCTH PABHO IENIOMY YHCIY
TMEePHOJIOB H3MEHEHAA 3JeKTPOMATHHTHOTO moisa. OcTpora KakmoTo
pesoHaHCa ABHO 3aBHCHT OT BelleCTBeHHOH acTu w B dopmyre (9.18);
3aMeTHBIA dQPeKT momyuaercs, eClIn CHPABENINBO HEPBEHCTBO 0y T > 1.

Ho ecrs eme omma Ttpyamocts. Bemmuuma oy (mam, 910 To ke
camoe, BeIWYHHA M) 3aBHCAT oT Bhifopa opOutel. B caywae mpo-
H3BoAbLHOI HoBepXxHocTH DepMu DTa BeTWUMAA pAsiuyHa IS PA3HBIX
opbuT, mayke KOTQa OHH NPHHAUIEKAT DPAAY HapallelbHHX CI0eB,
OepreHuKyAAPHLIX MarsuTHoMy moiio (¢ur. 158). Tarnm obpasom,
nepemernas w B Gopmyre (9.21) cama aBasercs yurnueit k,, 1 BriIa-
On OT Pa3JMYHNX cioeB He obsasarenrsHo GynyT ocraBaThes cuHQas-
HBIMT.

Tounmi#t pacger GopMH DPe3OHAHCHON KPHMBOM CTaHOBHTCH TEIeph
oveEb caokEEIM. Ho mpocroe paccyskumerme, KoTopoe MOMKHO TOM-
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KpemuTh (OPMaNbHBIME BHHKIAJKAMHU, IOKa3HBaeT, IT0 OCHOBHOM
BRIAK HAIOT CeYeHMsA, Ie macca mjy Kak yHKRUmA k, cTamoHapHa,
7. €. EMEeT WM MOHIMYM, WIH MaKcuMyM. Eciam pasioskaTh mi 1Mo
crenensaM 8k, B OKPeCTHOCTH KaiK[o#M TAKOH TOUKH, TO MOCTOSHHBII
YjleH [ACT Pe30HAHCHBIH NMK, KOTODHI He MCIE3HET IPH ydere Cie-
Ayiomero wiena pasnoykenus [mopsxka (8k,)2]. Bruajer B maTerpai ot
apyrux obmacreit monepxuocti Mepmu, rae Macca mjy THHEHHO 3aBH-
cur or Ok,, okaspBaoTCA He B (asze W yHWYTOKAWTCH B Pe3yIbTaTe
uaTeppepernun. MLl paccysaalu 37ech Tak ke, KaK M B o0BYION
BOJIOBOI OIITHEKE, TJle PeIeHNA aHAIOTHYHBIX 3a1ad yAo0Hno noaydars
¢ TIOMOIIBI0 TeOMETPHIECKOTO MOCTPOEHNHA, NU3BECTHOTO IO/l HA3BAHUCM
cimpann Hopaio.

§ 3. MarseroconpoTuBIeHAE B CHIbHBIX MOIAX

Teopus zaaveaHoMaAZHUMHNE séieHuil, paspuras B § 12 ra. 7,
cIpaBe[yInBa JULIb B ciIyIae chepHIecKHX N3091ePreTuIeCKuX MoBepx-
Hocreit. Ipn wyt>>1 ommcanue SIEKTPOHHBIX COCTOAHUE € IOMOIIBIO
NeKapPTOBHX KOMIIOIIEHT BEKTOPA k CTAaHOBHTCA MaTeMaTHYeCKH 0YeIb
TPOMO3JIKIM H IPUBOGUT K POPMYyJIaM, KOTOPHIE C TPYAOM IOTA0TCA
¢usmaeckoit murepuperanuu. llpome paccMaTpuBaTh ABJIEHUS IIepe-
HOCA € MOMOIIBIO KITHETMYECKOTO YPABHEHWS, 3aIHCAHHOTO B IIePOMEH-
uoix &, kg, ¢. ByaeM mCKRaTh cTanimoHapHOe peIIeHMe B HOCTOAHHOM
slexTpHIeckoM nosie. YpasHerue (9.12) B aTOM cIyTae npuHEMaeT BAJ

af° g og
eE'V (—ﬁ) :=—T—+(DH—(?E. (9.24)

Ilo amanoruu ¢ Bepaskenuem (8.101) mMoskHO 3amMcaTh pelienye 3TOTO
ypaBHEHUA B BH[E

¢
g6,k 3) = (=25 ) | V(B ke, 4O dgr B (9.25)

L
-0

Kar u B cryzae gopmyasl (7.27), MOKHO CKasaTh, UTO CMEINCHHE
mosepxnoctn (Depmu B TOUKe, XapaKTepU3yeMoll (asoBBHIM YIJIOM ¢,
paBito CyMMe CMeIeHHi, CO3TAHHBIX BIEKTPUYCCKUM IOJIeM B JPYIuX
ToaKax 0POUTH, ABIKYIIUXCA 3aTeM Mo opbnTe 0T lefcTBMeM MarHUT-
HOTO HOXIA, IPHYEM MX BIUAHME 3aTyXaeT ¢ XaPaKTePHHIM BPEMeHeM
penakcarmu t. B cayuae craforo mois saTyxaHnue IPOHCXOLUT CTOND
GBICTDO, 9TO HaGII0aeTCA JNMb HeGoNbIIOe OTRIOHEHNEe HANPABICHNA
CMOIICHMA OT HAIPABIEHHA DHIEKTPHIECKOTO II0JIfA, NPHBOJALIEE
k spperry Xomma [ep. (7.141)].
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Ten30p MPOBOAMMOCTH MOYKHO BBMHCINTH Telleph C IOMOIIBIO
BLIPA/KEHHA] V1A TOKa

J:ZS evigk dk =

e

=25 § 57 v (& ku, 6188 b, ¢) 77 A8 dhwdg. (9.20)

37ech TPH ONpeleTeHHHM >JIeMeHTa IUIOMaju Ia ILIOCKOCTH Ky =
— const M mcnoab3oBatm gopmyasi (9.7) n (9.8). Ilogcrasmas ciona
supassenne (9.25) m MOaAB3ysCH TE€M, YTO TPOM3BOIHAA OT GYHKIMN
@epME CBOMT TPEXMEDHBIH HHTErpaj K HHTErpasly IO HOBEPXHOCTH
depMu, HaXOAHM IS TEH30Pa MPOBOJUMOCTH B JIGKAPTOBOH CHCTEME
KOO PIHHAT
1 e2 [ mf

%o =77 ) o

Vo (¢, kn) Vg (¢ — ¢, km) X

Oy IO
a
OOy 8

X e~ 4o d¢'} dbg.  (9.27)

310 ecty gopmyaa Mokau, coyepsKamas TaK HA3HBAEMBIL UHMeEZPAL
no mpy6ke, — yHuBepcaqbHasa (opMyla IS TEH30Pa MPOBOIHMOCTH
B MATHHTHOM ToJie. YKA3aHHBIA BBIIE ABHBIA BHBOJ 5TOH (OPMYIH
«tuna Ky6o» [cp. (7.15)] upessrigaiino mpoct, Tem He MeHee OHa OYeHb
opperTHBHA.

B caabuix momAx MO;KHO MOa0:ATE wyt < 1 1 Hanucathb

v (6 — &) =vp($)— ¢ G+ ., (9.28)

MOCKOJBKY 9KCIOHEHIMATbHHI (akTop orpanmumbaer pocrt ¢'. Oge-
BUJIHO, YTO, KaK U B BepaskeHnu (7.137), ciaraemsie B 0qp, 3aBUCAIEE
OT MaTHHTHOTO mojsg H, cBA3aHbl ¢ TAHTeHUUMAJILHHIMH (K oplure)
IIPOM3BOJHBLIME OT CKOpOCTell dieKTpoHoB. B kagecrBe ympaueHms
MOJEe3HO MOJYYMTH TAKUM IyTeM 3HaKOMBle GODPMYIH A CBOGOIHBIX
2ICeKTPOHOB.

B cmabHBX HOIAX, Korga oyt » 1, MOKHO HCHOAB30BaTh TOT
$aKr, 910 CKOPOCTH CyTh HMepHOUYeCKHE QYHRIMH ¢ K ¢'. Obmactp
HHTerpHpoBanuA mo ¢’ or 0 0 0o MOsKHO pasbuTh Ha YUACTKH, Kaik-
et rtuHolt 2r, Takum obpasom,
£ 2n

[lemeromy gy ag = Semtient [ emelomy (9 g =

0

i

—~2T/® T
o op

e~ IOnTY (3) dg' &
1

|
OLAE; =)

2

ont [ =+lens (¢7) dg". (9:29)

T

o

0
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IIpu aToM MHO%UTENDb Oy B dopmyrne (9.27) coxpamaerca:
T2

*1:. 2 ,
Ous = 7577 | %{E §Ua<¢>va<¢—¢'> 1" ag 4y’ } din (9.30)

(cKOpOCTH, HUKIOTPOHHASA MACCa M [UKJIOTPOHHAA 9aCTOTA, pA3yMeeTCs,
3aBHCAT 0T kg, HO HeT HeoOXOZWMOCTH SBHO OTPaKaTh 3HECH DTO
06CTOATENBCTBRO).

ITockonbky Temepb ob6macTh W3MeHeHHs ¢’ KOHEIHR, MOKHO pas-
TOKUTH DKCOOHEHTY B PAR

Ay PR ¥ el AP (9.31)

a)H'c 2 KT

Ocranpune ¢ynknuu B supaskenun (9.30) me 3aBucaAT oT 0y, T. €. He
3aBHCAT OT MarHmrHoro moss. Takmm o6pasoM, HOACTaBIAA pas-
aoxenne (9.31) B (9.30), Ml momywaem pa:—mo;ReHI/Ie TEH30pa mPOBO-
amMocTH mo cremensam 1/H.

fIBHBIE OPMYIH AJMA MATHETOCONPOTHBIEHHA u 3(derta Xomra
MOKHO IIOJYIHTh, OTOKIECTBIAA JOJIKHHM 06pa3oM Iepphe Hermcde-
3apmue WIEeHH DPa3aOKeHHA A KaKJoill M3 KOMIOHEHT TeH3opa O.
HampaBmM MarsmTHOe DOJe IO OCH 2z, KaK 3T0 OGEYHO [esaercs.
Hasa raaBrOoro wiena ¢ yieroMm ompepenenus (9.8) momywaem

’ ’ h  dk h
JT0 BHpaskeHme ofpamaercA B HYJIb Ipd oﬁxop;e II0 3aMKHyTOH

opbure.

Omcrwoda C/Leayem YImMo 6 PA3AOHCEHUL MeH30pa Gap Oydem omcym-
cmeosamy waek, He sasucsyuil om H, ecau odumn us undercos o, p ommo-
cumcs, K 0CU, DACNOAOHCERHOU 6 NAOCKOCMU, NePREeHOUKYAAPHOLU Mae-
numrnomy noaro H.

Caexyomuii 9ieH pasioyKeHHA MOKHO IpeobpasoBaTh Tak ske,
Kak B caygae (9.32), a 3aTeM DPOHHTErPUPOBATL IO YACTAM:

27 2n

[ovee—9nay =2 L[k e—gnag. (933)
0 0

Bropoit wien B (9.33) 06pamaeTCH B HYJIBL H3-3a TOIO, UTO OpGHTa
naeer meHTp cummerpur. ONHAKO MePBHIA Yien JgaeT BRIAJK B KOMIO-
HeHTY O, onpefenaomylo addert Xosaa; mcnoabsys pasenctso (9.32),
HAX0AM '

2n
1 2 m¥T 21k
ny=m‘%‘2"5 21; '(;)71.," S y(‘i’) TTL* y(#’) d#) de:
1
=7 S <§’f dhedh: =3 73 S%(kz) dlc, (9.34)

rae o (k) — nmomanb 6pOUTH, PaCHONOKeHHOH B cioe k,.
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Wnrerpan B popmyae (9.34) ecrp He uTo MHOE, KaK 00BeM, 3aKIIO-
gennbiii Buyrpu mosepxmoctu Vepmm, paszbmrod ma ciom. pyrumm
CITOBaMH,

Oy =710, (9.35)

Ijle 7 — 9UCIO0 BJIEKTPOHOB, BAKJIIYEHHHX BHYTPH DTOBEPXHOCTH
Qepmu. Tem caMBHIM MBI TOATBEPAUIHN COPABEIIHBOCTL COOTHOIEHHS
(7.147 6) mpm oYeHDb CHIBHBIX MATHHUTHHX MOJAX i MPOM3BOILHOMR
nosepxuoctn Pepmu.

Paccmorpam rTemeps, UTO NPOW3ONAET,” €CAA MH HMEEM «ILIPOd-
HYI0» TOBEPXHOCTH. llepecmoTpeB BHHMATEIBHO BECh HPOJCIAHHEIR
TOJABKO 9TO BHBOJM, MOKHO
ybeguThLeda, 9T0 3HAK BHIpa-
sreHns (9.32) ompenensercs /
nanpapieHdeM o6xoma op-
ourer  (dur. 159). Tarum
0fpasoM, 3aMKHYTHE 06BenM
JasIpoK Oymer maBaTh B op-
myne (9.34) Brmag mporu-
BOLONO:KHOTO 3Hara. B 06-
meM cjydae HYMHO HAIIl-
caTh

7
a )

ec
Oy = —57 (Ng— Nyp). .

yx H (ne n)- (9.36) Qur. 159. B MarsutEOM Hoxe u306payKal0-
Has TOYKA JBIKETCA N0 MoBepXHOcTH MepMu

SIO eCTh 0606]1];8}1119 pac- TaK, YTO 3allOJHeHHas 00,1acTh ocTaeTcHd,

- - CKaKeM, cliepa.

CyRICHIH § 13 r. /i B Ina «oncKTPOHHON oOpONTEDY (a) W M «IBpCYHON
CHIBHBIX ITIOJTAX OTHOCHUTEJ b~ op6mTH» (6) 2TO OBHAYAET IPOTHBOLOJCMKHBE Ha-
HEe MOABIGKHOCTH JABYX TH- TIPABICHIA BPUIICHILA.
OB HOCHTEJIeH He HIPaIoT
posm. JT10, OAHAKO, CIPABEJINBO JHIIb [0 TeX HOP, IOKA MBI HMEEM
JleI10 € 3aMKHYTHIMH M309HEPTeTHIeCKUMH HOBePXHOCTAMHE 5IeK-
TPOHOB H IHPOK.

Bosspamasce ¥ coornomenuam (9.30) m (9.31), merxo maiitu, uto
B Qopmynax MIA Gy, U Oy, WICHB NOPANKA (1/0xT) obpamanorcs
B HyJb; 3TO MOKHO 6e3 Tpyla IPOBEPUTH, HCIOIB3VHA COOTHOMICHHS
(9.32) m (9.33). Urobw malitH HENCYE3AIMYI0 KOMIOHEHTY, HAMC
mepeiitn B (9.31) & caexyomemy uiemy pasmokeHHs NOpAAKA
(1/ o T)2

[IpoBeneHnEe BHITE pacCy:#NeHUS CHOPABEIMBLL W U KOMIO-
HEHT O, CBA3AHHEIX ¢ OCBI0 2. TaK, Iy KOMIOHWEHT G, ¥ 0y, IepBLik
9leH paBeH Hynlo, a wien mopspgka 1/H otamuen or ByasA; KoMmo-
HeHTA C,, CONEP/KHUT WieH, He 3aBmcAmun or H.
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Cobupass pesyAbraTh, BUIAM, 9TO TEH30P IPOBOJHMOCTH B CHIb-
HBIX HOJAX WMeeT BUJ

I _Ayx — Ay
H?2 H H
o= A= Aw Ay | (9.37)
H H? H
AZ,’X‘. Azy 4
H H iz

3nech kospdurmentor A, ¥ T. I. OTIHIHH OT HyJAd U He 3aBHCAT
or H. 3amernM, YTo HeIHATOHAJBHBIC JIE€MEHTH BTOW MaTPUIEL KOCO-
CHMMETPUUHE — B MAaTHWTHOM mode cootHomenus Onsarepa (§ 9
ri. 7) IPUHAMAIT BHJ

Oy (H) = Oyx (_‘H)a (938)

MOCKOMABKY IepecTaHoOBKa 0Cell SKBHBANEGHTHA 0HPAIEHHI0 MATHUTHOTO
noJIA.

C mepBoro BaraAa Ha 3Ty MATPHITy KayKeres, 9TO MarHeToCOmpo-
THRJIEHAEe, M3MepAeMoe B HAUDPABICHHH, NEePUEHAUKYJISPHOM MLOJIO,
DOJMKHO BO3PacTaTh NOpomopHuoHansno H? 10 6GECKOHEIHOCTH —
Belb O,, vOmBaer xak 1/H? OpmHako dlemMeHTapHoe pacCysKieHme
[I0KA3HBaeT, 9To 3T0 HeBepHo. Ha ompiTe ML Ma3MepseM 3.4.C. B HPO-
BOJIOKE, 10 KOTOPOH Teder ToK. Hak d B cayaae popmyan (7.161), Mu
JIOJKAEL HAWTH COOTBETCTBYIOIIYI0O KOMIIOHEHTY MEeH30pa COnpPomusie-
nusa, obparHoro Tensopy (9.37).

Pacemorpun, nanpuMep, IOHEPeTHOE COMPOTURICHNE P ... VI3 diTe-
MEHTAPHBIX COOTHOIIEHMH MaTpHYHON anreGpel ciegyer, UTO

Ayyhzr + Ay

1
Lo =g~z =
- (AyyAzz+A§y)/H2 AyyAzz+A§y
(AzzA%) [ H2 4 (AggAyyAzs+ Agy Ay + Ay Adx) H 4,45

(9.39)

¢ TOYHOCTHIO {0 YIeHoB Huamero mopsaaka mo 1/H. Tawkum obpasom,
nonepeunoe MAZHEMOCONPOMUBLIEHUE 6 CUALHBIL ROAAL CMPEMUMCS
K nocmoanHol eesusure. T'oBOPAT, 9TO MMEET MECTO Hachlujerue dTO’
KOMIOOHEHTH. OTO XapaKTepHo AIA BeeX AMATOHANBLHBEIX KOMIOHEHT
TeHzopa p. Mb1 yKe OTMETH/IHM HTO CBOHCTBO MpW PacCMOTPEHHH IIPO-
crofi aByxaomnoi momen: (§ 13 ra 7).

XO0TA IPOBOAMMOCTD Oy, CTPEMHATCA K IIyJ0, TeM He MeHee dTO
Ie 03HadaeT, UTO He MOMKET Tedb TOK. J.4.C. B HAIPaBIGHUU OCH Z
CBS33HA ¢ XONMOBCKMM TOKOM B HAaNpaBieHWW Oc¢H Y. J.4.C. B Ha-
IpaBleHnu Y, CBABAHHAA C HTHM TOKOM, BHI3BIBAET B CBOIO Odepesb
HOABJIEHHe XOJLIOBCKOTO TOKAa B HalpaBJIeHUW I, W MMEHHO ITOT TOK

MBL @ BabaonaeM.
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Itns camoit mocrossHHOM Xosma MBl HOJy4aeM B TOM ke Ipefedb-
HOM CJIydae BHIPajKeHHe

Oy == (9.40)
7

KoTopoe ¢ y4etoM opmyiast (9.36) pmaer

—— (9.41)

(ng—np) ec

B wactHOM Ciayuae Komnemcupoeammozo MeTajljia, T. €. MeTallla
¢ OJIMHAKOBBIM YHCIOM BJIeKTPOHOB M J{BIPOK, 9T0 BHpaskenue obpamaer-
ca B GecromeuHoCTh. Bosppamasick BHOBL K (opmyae (9.36), mut
BHIMM, 9TO JUHEeHHEH mo 1/H BKIan B KOMIOHEHTY Gy, obpamaercs
B HYJIb. B 2ToM cilydae Bce KOMIIOHEITH TEH30pa yAeTBHOTO COLOPO-
TUBJIEHNA, BEII0Uag U caMm KoddpduimenT Xoaaa, HOJIAHB KBajfipa-
TUYHO BO3PACTATh B MATHUTHOM HoJe 6e3 HaChUIeHM.

§ 4. OTKpsITHIE OPOHTDHI

Haunras ¢ gopmyas (9.33) 1 gaee, Bese MOJIYAINBO IPEAHOTa-
rajxoch, U4TO Mbl MMEeM /€0 TOJIBKO € 3aMKHYTLIMU H300HEpTeTude-
CKMMM IIOBePXHOCTSMHE IS dTeKTPOHOB MJIHM [JIsl JBIPOK, WM JJIS TeX
i gpyrux. Ho Takas curyanus He sABISETCA €IHHCTBEHHO BO3MOIKHOM.
PaccmorpuM, mampmumep, unosepxuocts Depmm, KoTopas Kacaercs
rpaERIH 30HM DBpminmosna, kak ma ¢ur. 160, a. Paccmorpnm airex-
TpoH, BHUIETAKIIHE u3 Toukn D’ Ha 9ToM miIocKoMm cedenmu. Uto
npomsofifer, Korga oH gocruruer Toukn A? Hak noxasano B § 3 ra. 3,
oTa TouKa K-IpocTpaHCTBA YKBHBaleHTHA Touke A’, mosydaemoi us A
TpaHCaANHeR Ha BekTop obparTHo# pemerku. Vs Touru A’ usobpaska-
fOmas ToOYKa ABH:xeTca B B, a 3aTeM ¢ DOMOMbBIO TPAHCIAUY Hepexo-
JUT B 9KBHBaJeHTHYI Touky B’ u pamxee B rousu C, C', D n D’

Takoe mocTpoeHHe «OPOMTHY KaKeTCH MCKYCCTBEHHBIM, TaK Kak
npejcTaBIfeTCA, 9TO OHa pa3phBHA Ha rpamumax B3ombl. OnHaKO
dakTugeckn ToukH A U A’ 0OTBEYANT TOUHO Of[HON M TOH sKe BOJFHOBOIX
¢ynxmuma. YToOH UOSACHHTL 9TO, HAPUCYEM CXEMY NO6MOPANWULCS
30H, Kak B § 3 ra. 3 m § 8 ru. 6. Bmecro Toro uTolhl ciuBurath pac-
CMATPHBAEMYI0 TOYKY Ha BeKTOp o0paTHOH peIleTKM KasKubl# pas,
KOIZlA OHA HepeceKaeT IPAHMIYy 30HH, IPHCTPOUM emle OfiHy sYeilKy
ofpaTHo# pemerkm mo Apyryko cropomy or rpanuns. Opéura Temeps
HenpepbIBHA Ha I'PAHHIE BOHHI, ee Pa3jmIHble YYACTKH COUHAKTCA,
Kak moKasaHo Ha ¢ur. 160, 6. Mt HazoBeM Takyl opouTy dupouHol,
MOCKOJBKY OHA OrPaHNIMBAeT He3alodHeHHyI o6xacTs k-mpocrpam-
ctBa. Eil cooTBeTcTBYET CBOs XapaKTepHas IMKJOTPOHHAS 9aCTOTA,
Tak ke Kak W opbHTaM, pacCMOTPEHHHM B § 1 HacTosme#d riaBhL.

Ha camoMm fmene ofparHas pellieTKa TpexMepHA, ITO NOKa3aHO Ha
¢ur. 161, OueBumHO, 9TO pasiBYHble IIOCKHE CEYeHHS TAKOW MHOTO-
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cBaA3HOH mosepxHocTH (DepMH MOTYT JaBaTh KaK 3IeKTPOHHEIE, Tak
U JBIDOUYHBIe OPOWMTHI; paccy:kjenue, mpuBojsdiiee K dopmyie (9.36),
IOMKHO OBITE BHEOM3MeHEHO.

SIS

Ar

S

@ur. 160. Opbura.

a — B NpHUBENeHHON 8oHE; 6 — B CXeMe [OBTOPAIIUMXCA 30H,

CymecTByer eime OfHA BO3MO'KHOCTh, yKasaHHaa Ha ¢ur. 162,
Wmeerca miockocTh, JMANA IepeceYeHHA KOTOPOH ¢ IOBEPXHOCTLHIO
QepMn He ecTh 3aMKHyTaA KpumBasA. «OpOHTE» B BTOH MIOCKOCTH

Pur. 161. Ha MHOrOCBA3HOH NOBEPXHOCTH (MepMH MOTYT OHTH BJIEKTPOHHAHE
M JHPOIHEE OPOUTH.
B toyxke P HOCHTEIH MOKHO OTHECTH K a0ooMy TUIIY B 3aBHCHMOCTH OT HalIpaBAE€HWA MOJA.

ABJiA0TcA omrkpumumu. Ilom meficrBueM MargurHoro moasg msobpa-
/KAIasg TOYKa He BO3BpalaeTcA Hasaj B HEePBOHAYAJLHOE IIOI07Ke-
aue. COOTBOTCTBYWHIAA BeKTOp K HempepeBHO MEHAETCA A0 OecKo-
HEeYHOCTH B CXEMe MOBTOPAIOMHAXCA 30M.
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CymiecTBOBAHKE OTKDHITHX OPOWT B KOPHE MEHAET PACCMOTpPEHHe,
fIpoBefieHHOe B npexpsnymeM maparpade. llycrs, manpumep, mmeercs
OTKpPHITasAg opbura B Hampasienwu ocu y. Torma yie HeXB3A yTBEp-
sKOaTh, dro mHTerpan (9.32),

S ve (§') do’ = —mi;, S dk,, (9.42)

ofipamaeTcsa B HyJb. JlefcTBUTENbHO, HPH BHEMATEJILHOM PaccMoTpe-
HUW OKAa3LIBAETCH, UTO 3TOT WHTETPAZ 10 TPAGKTOPUW MOJKeT COfep-
sKATh TOJOJKUTEJIBHO ONpefieIeHHOe NOARIHTeTpaJbHOe BHpaj)KkeHNe

%>

%
350
Sode’

3
ool

&

o
%!

o,
25
o

&

Qur, 162, OrxpeiTas opbmra.

¥, CcIenoBaTeJAbHO, MOJKeH OwTh KomeuHbiM 1), Takum o6pasom,
HHTErpaj »Toro THma 6ymeT JaBaTh BKIAJ BO BCe KOMIIOHEHTH TeH-
30pa O, CBABAHHEIE ¢ HAIPABIEHMEM Z; B JACTHOCTH, KOMIOHEHTA © gy
He 6ymer mpomopmmoHadbHAa (1/wyT)?, a OKakeTcs He 3aBUCAMIEH
or H.

31ech OUATH HY;KHO COOTBETCTBYIONAM 00pazoM PaccINTaTh MarHe-
roconporusienne. Bmecro (9.37) M nMeem B HusIeM mopsauke mo 1/H

— A
yx
xx H _Bzx
A,y A — A
=\ = =1 (9.43)
A
B« ;" Ay,

1) Crporo roBops, caeqyer IepeoIpefeinTs «PasoByl0 IepeMeHHYIO» ¢ i
cIydasg OTKPHITHX opbmr. IIpu 9TOM He BO3HMKAaeT TPYRHOCTEH; HYIKHO JHIIb
BBECTA [EPEMEHHYIO, HM3MEHSIOIIYIOCA BIONb TPAEKTODHN SIeKTpoHAa B K-mpo-
CTpPAHCTBE,
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OTcioma ABCTBYeT, UTO KOMIOHEHTA (., BeieT cebA Tar ke, Kak
crepgyer u3 Qopmyast (9.39), cTpemAch K HACHINEHHIO, OXHAKO 5%
Y-KOMIIOHEHTHl TEeH30pa CONPOTHBICHUA Mbl IIOJYyYaeM

1
pyy = e (BxxAzz + Bg\) =

2
== . BxxAzz+323; . ~ H2, (9.44)
{Azz (Ayx + BxxAyy) "‘ Bxxf4yx+AyyBZx}/H2

Taxum oGpasoM, nonepeunce Mmaznemoconpomusienue 6 HARPAGACHUL
omEpumol opbumul 6ospacmaem rponopyuornaivho H?, ne ob6napyxcusas
HacblyeHus.

ITO mopasuTeNbHOe ABIEHHE BA;KHO NPU U3YYeHWH IIOBEPXHOCTH
@epmu. MccrenoBanite MATHETOCONPOTHBIeHIA MOHOKPHCTAIIOB B 3a-
BHCHMOCTH OT OPHEHTAI[MH OTHOCHTEIbHO MATHATHOTO W DIEKTpHYe-
CKOTO TOJIel JjaeT CBeJleHWA O TOMOJOTHHM moBepXxHoctu. Hampmmep,
eci o0Hapy/KMBaOTCA HANPABICHNA, B KOTOPHIX HACHIIEHHE He
HAaCcTymaer, TO moBepXuocTh MDepMu T0:KHA HENPEPHBHO MePeXOoxuTh
U3 OJ{HOH 30HHI B APYTYI0 B CXeMe MOBTOPAIMUIXCA 30H; OHA HEe MOMKET
COCTOSATH M3 3aMKHYTHIX objacTeil SIeKTPOHOB M ABIPOK, €CIH TOJBKO
o0beMBl 9THX ofIacTeil He COBHAZAOT B TOYHOCTH XPYT € APYIoM
[ep. (9.4 ’

Ha ¢ur. 162 nso6pamena rumuunas orkpbitasa opbura. Ha mep-
BLIH B3LIAN MO0 6Bl MOKa3aThCs, 4TO BCE OTKPHITHIE OPOUTH TAKOMN
7Ake HPHPOJBI, T. €. 9TO OHH LPOXOJAT BJAOJEL «Ocell» MHOTOCBAZHOM
moBepxHoctu Depyu. Tarum o6pasom, Mo:kHO GblI0 b1 OKEIATH, UTO
HalpaBJIeHNA, [Jis KOTOPHIX OTCYTCTBYET HACHIIEHHE MATHETOCOMPO-
THBJEHNUsA, OYyAyT TOYHBIMH HAaOpaBIEHHAMH CHUMMETDHH KpHCTAJlIa.

JT0, OJHAKO, HEBEDHO, B 4eM MOKHO yOEIHUTBCA € IOMOIBIO Cle-
Ayomero paccysenua. llycrs HeKkoTopas mIoCKoCcTh Tepecexaer
MHOTOCBABHYIO oBepXHOCTH DepMu 110/ TAKEM YTJ0M, U4TO B COYCHHH
OyAyT HpUCYTCTBOBATH KaK BaMKHYTHe OJEKTPOHHHE OPGHTHI, Tak
U 3aMKHYThe AbIpoyHble opbutw (dur. 163). Torpa Gymer mpmeyrt-
CTBOBATH U OTKpHTasA opbuTa MIH N0 Kpafimedl Mepe npoTda;keHHas
opbura, OTAENAIOMAA YACTH IIOCKOCTH, CONEP/KAIIYI0 OICKTPOHHELE
OPOUTHL, OT TOM ee wacTH, KOTOpas COXEPIKHT /IbIPOUHbIE OpGHMTHL.

JloxasaTeabcTBO MPOBOXATCA HA OCHOBAHHE HHTYHTHBHHIX c00Gpa-
srenuii. Henbss HapHcoBaTh 3aMKHYTHE IET/IN ¢ 3aTeMHEHHKIMH 061a-
CTAMHI BHYTpPHU, u3obpa;kalolye 3IEKTPOHHBIE OPOMTH, W 3aMKHYTHE
HeTJIH ¢ 3aTeMHEHHBIMH 00JacTAME CHADY:KH, H306paskalomue IHp0oI-
Hble OPOWTHL, He MPOBEAS NONOJHHTENbHYH TPAHHILY MEKLY 3aTeM-
HeHHbIMH U He3aTeMHEHHHIMHU obmactamm. Pasymeercs, sra rpamnuma
MO;KeT TPeACTABIATE c0G0l GOTBUIYI0 3aMKHYTYIO METII0 — npoms-
dCeHHY0 opbumy, HO HETPYAHO HaliTH caydam, KOrja oHa HeoTpa-
HUYEHHO IIPOCTHPAETCA B IIPOM3BOJIBHOM IIAlPaBICHHH B oGpaTHOR
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penieTKe. Iro npolme Bcero HOOHATH, PacCMOTPEB IPOCTBIe MOENH.
HpI/I 3TOM OKasblBaeTcda, 4YTO 4YacTo BCTPeTaloTCA anepuo&uuecnue
OTKPBITHIC 0p6I/ITH Taxkoro poja, Uaymue B HallpaBJNeHHUAX, KOTOpPHIS

@ur. 163. OTkpuras opbura, pasgensromas  Dur. 164. IosepxuocTs MepMit
06IacTd DIEKTPOHHBELX H JBIPOYHHEIX OpOUT, Yy Meqn.

COCTABIAIOT 3aMeTHHIH yroa ¢ ocamu cummerpum. Tar obcromT mero,
manpumep, B Oaaropopmbix Mmerasmax Cu, Ag, Au, moBepxHOCTH
@epyn KoTOpBIX HM3obpaskeHsl Ha ¢ur. 164.

§ 5. MarHeroakycTnuecKHe OCHMIIALINA

Kax mu Bugean B § 8 rii. 8, uaMepeHne 3aTyXaHnsa yIbTPa3BYKOBEIX
BOJIH He IO3BOJNAET HEIOCPeICTBeHHO OTpeieNATh (oPMy HOBEPXHOCTH
@epmu. OnHaKO eCIH HAPSAY C YIABTPA3BYKOBOM BOJHOM IPHUIOKEHO
MATHHUTHOE HoJle, To HaBII0HAl0TCs SIBJIEHHUsI, KOTOPble IPAMO 3aBUCAT
oT reomerpun momepxHocTn Pepmm.

9TH ABIEHHA UPEe3BHIYNHO CIOKHEL I B TEOPETHYECKOM M B HKCIe-
PHMEHTAJILHOM OTHOIIEHNY; HAIPABJAEHMA MATHUTHOTO TMOJSA, BEKTOpa
pacmpocTpaHeHusl YIBTPA3BYKOBOH BOJHBI M BEKTODPA IOJAPU3ALAK
MOKHO OPHEHTMPOBATH JAPYT OTHOCHTEJIBHO APYra MHOTAMHA Da3yimy-
HoiMu crnocobamu. Iloamoe pacemoTpenvie JioyRHO OHIIO O OCHOBEI-
BaThCA Ha TeH30pe 0606IeHR0l TPOBOAUMOCTH O (, ®), AaHAJOTHIHOM
Tenzopy (8.115), 10 BHpaKeHHOM Yepe3 IUKIOTPOHHEIE KOODJAUHATEL,
xax B (9.14) mam (9.21). dTo MOMKHO cjHenaTsh, HO DTO HeH3OeRHO
TOPHUBOJNT K 3HAUNTEILHBIM OCJIOKHEHISM BCIEICTBHE TeOMeTPUIECKOR
CJIOKHOCTH CHUTYanun.

CymecTBo flera SICHO BUJHO Ha CJeylolleM IIPOCTOM NpuMepe.
ITyers MarHEWTHOE MoOJieé HANPABIEHO IO OCH z, a ToTepedHas yabTpa-
3BYKOBAA BOJHA ¢ BEKTOPOM MOJAPHM3AIMH, HANIPABJEHHBIM II0 OCH ¥,



346 I'a. 9. Hosepzrocmes @epnu

pacupocTpaHAeTcA B HalpaBlieHnmn z. Paccmorpuy peficTBuTenbmHbIi
IYTh 9JEeKTPOHA B KOOPAHHATHOM mpocrpancTse. i cBoBommbx
9JIEKTPOHOB 910 GyzieT BUHTOOGpasHasA KPHBafA, T. €. B LPOEKIHMNN Ha
ILTOCKOCTD (Z, ¥) — OKPY:KHOCTh. J{as «opGuTLY B k-npocrpancrae
TaKKe JIeTKO HaliTh npoekuuio. B obmem ciaysae [em. (6.40)]

k=—[Hxr]. (9.45)
DIleMeHTapHOe WHTeTPHPOBAHIE 110 BpeMeHH flaeT
.

‘Opbura, no KoTopod ABm:erTcsa Touka k B k-npocrpaHcTBe, coBmagaer
¢ NPOEKIHER Ha TIOCKOCTD (%, Y) TPAGKTOPHHN, OLHCHBAEMOM TOUKOI I
B KOODIMHATHOM IPOCTPAHCTBe, «PacTAHYTOW» B el/chi pas m mo-
BepHYTOH Ha yroa m/2 oTHocurenbno H.

- 2ry

a 5

Dur. 165. a-—TPaeKTODHA 316KTPOHA B KOOD/MHATHOM IIPOCTPAHCTBE; 6 e op-
6nra BHa nDoBepxHOcTH Depym.

Pacemorpuy teneps smexrtpuueckoe mone, cosgaBaeMoe 3BYKOBOLL
BONHOH. [Ina Bcex HpaKkTWYecKHX Melell MOKHO CYHATATBH 3TO MOJe
CTalMOHAPHEIM, OCHAIIKPYOMAM B IIPOCTPAHCTBE H NIePIEHIAKYIAP-
HbIM HAIPaBJAEGHUIO pacupocTpaHeHus. lIpakrtudecku, 4To6H fo6ETHCA
BHIOONHEHNA YCIAOBHA wyT » 1, TpebywTcs ¢ToNb CHIbHEREE MATHUT-
Hble I0NA, YT0 @y ,» ®; SAEKTPOH YCIEeBAeT COBEPIIHTh MHOTO 06o-
POTOR, Hpeiifie 9eM HMPOH30HZET paccesHMe WIM IPEKAe 9eM HaMe-
HUTCA dJIeKTpUYeckoe mose. Baikmylo pons mpm sTom mrpaer xapax-
Tep W3MEHEHNA HIEKTPHYECKOr0 HONA, HEeHCTBYIINEro Ha 3IeKTPOH,
IIPU OepeMelieHIH er0 IO TPAGKTOPHIL.

Hak Bugno ua ¢ur. 165, BoaMosKHO Takoe pacupenereHme DIEKTPHU-
YeCKOT0 MOJIA, YTO JJIEKTPOH YCKOPAETCA B 00EHX TOYKAaX, B KOTOPHX
pexkropel E ¥ v mapanmennHe. 910 eeomempuneckuii pesonanc; OH,



§ 9. Maenemoakycmuueckue ocyustiyul 347

OUeBHMIHO, HACTYIAeT, KOTJa JHaMeTp OPOUTH paBeH HEIETHOMY
YUCJY HOJYBOJIH TOJIA:

h 1
2ry=—r Zkyz(n—l—?) A. (9.47)

J1A 3aaHHON NMWHH BOJHH W IPW M3MeHEeHUHN HalPAKEHHOCTH Mar-
HITHOTO MOJA MHTEHCHBHOCTH MOTJOMEHUS OyieT OCUMIIADPOBATH
¢ ompejesieHHBIM mepdomom mo 1/H. Jror mepHox FON:KEH IaBATh
auamerp noBepxuocTit MepMu, N3MEPeHHBIH MeKAY TOUKAMH, B KOTO-
PHIX CKOPOCTH BJIEKTPOHOB MapaiielbHA 3IEKTPHYECKOMY BeKTODY,
BO3SHAKAKMEMY HPHU NPOXOQKIEHHHA 3BYKOBOU BOJIHBL.

Opnaro yeaopue pesomanca (9.47) He o9eHb TOYHOE. ITO BUIHO U3
PACCMOTPEHNA CAydad KPYroBod OopOMTHL, rye, CKareM,

vy (t) = vy sin wyt (9.48)
"
z () = r, sin ogt, (9.49)

Tak 4TO0 B moxe E, exp (igxr) oHeprusa, moriomeHHas 3a IePHUON, PaBHA
2:1/0)H

SE-th:Eyvo S exp (igry sin wyt) sinwyt dt =
i

v 2 E. v
0 . . . 0
= (;’H S exp (igry sin&) sinE df = 4

0

2] (grs).  (9.50)

OH

Taxum oGpaszoM, «pesoHAHCH» OYyIyT HacTymaThb B TeX TOYKAX,
B Koropueix ¢ymrmuma Beccens J, (¢r.) mmeer maxcmmymu. Bwmecto
(n + Y,) B (9.47) Mol monygaem gmcaa 1,22; 2,23; 3,24... (n + Y,).
CirenoBareibHO, HAJ0 TPOABIATH OCTOPOKHOCTH IIPH WHTEPIPETAIHH
sdderta. Bomee Toro, B pacder BXOOUT COOTHOLIEHWE Me;KOY MOJIEM
HaOPSKeHnd yOpPyTroi BOMHK U CHIAMH, [eACTBYIOIUMH HA IEKTPOHEL;
BUJ] 3TOT0 COOTHOIIEHHS BIHMAET Ha HOJOMeHHE DPE30HAHCOB.

Jmamerp HaGopa BUHCAHHBIX 3IEKTPOHHBIX ODPOHT MOJKHO Ompejie-
anTe eme Golee IPAMHM myTeM ¢ HOMOIbI0 s@gexma I'anmmazepa,
HIN paduowacmommozo pasmeprozo sgexma. Ha nponsBonsroi gacTo-
Te papmogdanasona o < wy MSMepAETCA MOBePXHOCTHHHE HMIeZaHC
TOHKON MIACTHHKA 09€HBb MHCTOr0 MeTalia, HapalliejlbHO IOBEPXHO-
CTH KOTOPO#l TPHIO}KEHO MAaTHHUTHOE IoJe. Y CKOPAEMHH B CKHH-CJIOE
HJMCKTPOH ONMCHBAET BaMKHYTYI0 TPAaeKTOPHIO, JHaMeTp KoTopoit
Bospactaer ¢ yMenbimenueM mnons /. Horpa pasmep rtpaexropmm
CTaHOBUTCAH [OCTATOYHO GOJBINHAM, DJIEKTPOH CTATKHBaeTCA ¢ HIKHeH
NOBePXHOCTHIO IIMIACTHHKE U paccemBaercA. IJoCKONIBKY MOBEPXHOCT-
b AMIENAHC TyBCTBYeT «3PPeKTuBHbiey dIeKTpoHH (cM. § 7 rm. 8
n § 2 HacTOAMEH riaBhl), OH U3MEHAETCH, KOT/A BeJIWIHHA 2r'; B {op-
vyne (9.47) memaercs paBHod TommumHe oGpasra (jur. 166).
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BosmoxHocTh HabGmogaTh 9To ABJIeHHE He CBA3aHA C YCIOBUAMU
JHaMarEETHOTO pe3oHaHca, a cam 3¢dexT BHpaskeH peade, 4eM MaTHe-
TOARYCTUYECKUH, MOCKONBKY HOBEPXHOCTH HpejcTaBiser coboit pe-
ANBHBIA OpOCTPaHCTBeHHbIA paspriB. OgHAKO M B 9TOM cjiyuae HalIio-
MAOTCA OCHUIIAINN ¢ MePHomoM, He 3aBucamumM ot 1/H: mporexoant
HaJOKeHNe BKJIAJ(0B OT Pa3jHYHBIX TPYNO HKCTPEMaJbHBIX OpOUT.
IIpmunra sTOTO COCTOMT B TOM, 4TO SQPEKTHBHBIE BIEKTPOHBI W3
CKMH-CJI0f, PACIOJ0KEeHHOT0 OKOJ0 BepXHedl TOBEePXHOCTA MIACTHHKM,

MO

a ] 8

@ur. 166. Pagnogacrorsnii pasMepusil addexr.

a — 9KCTpeManbHafd TPAGKTOPHUsA; 6 — TPAEGKTOPUs, OTBEYAIIIas PACCeAHUI0 CTEHKOW; ¢ —
LIeNoYKa TPaeKTOPUHM, CBABAHHBIX ¢ BHYTPEHHNMM CKUH-CJIOAMH.

OPABOJAT K IOABJIEHHI0O TOHKOTO CIOS TOKA, PACIQJIOMEHHOTO HEKe
9TOf NOBEPXHOCTH HA PACCTOSHAW, PABHOM IHaMeTpPy opbHTH. ITOT
HOBBIH «CKNMH-CJIOH» BEICTyHAeT B KadecTBe MCTOYHWKA HOBOTO Habopa
TpaekTopuil u 1. 1. Ecanm memouywa TakUX TpaeKToOpHA Kak pas yMme-
IjaeTca Ha TOJMAHE INTACTHHKH, CO37IaBAsA ¢CKWH-CJON)» M HA HUKHEHR
ee TOBePXHOCTH, To obpasern Gyner KazaThcsa Topasfo Gosxee mpospay-
HBIM JJs pafgHoYacTOTHOTO MOJA, 4eM MO3KHO O®BuUio OB oxupath. Ho
KAaK TOJNBKO BJICKTPOBH RIKHEN TPAeKTOPHHM HAYHYT yAapPATHCHA O IO0-
BEPXHOCTh, KAPTHHA Pe3KO M3MEHHWTCA. Biaromapa IODOJHHUTEIbHBIM
BO3MOKHOCTAM KOMOMHAIMYM Pa3IMYHBIX TPYNN DKCTPEMAJLHRIX Tpa-
eKTOPHH HabJIOIeHWS B37eCh OKABHBAIOTCA [OBOJBHO CJONHLIMA.
Onnakxo 91M ¥ moxoGHbIe UM Hepe30HAHCHBIE MAZHemoMOp@Hble ABIe-
HHA MOT'YT 1aTh BecbMa 00MJAbHYI0 HHGOpMAIno 0 moBepxHocTH Mepmu,

§ 6. KearToBanne opént

IMukaoTpoHHas 9acToTa @y HOAO6HA TACTOTE MPOCTOIO TapMOHM-
9eCKOTro ocHmIaATopa. MosHO 03RMIaTh, CJAE0BATENBHO, YTO DHEPTHUA
OymerT KBaHTOBaTHCHA, NPHYEM NOPIUA DHepTHM OyaeT paBHa FAwy.
ITO CcUpPaBe[JIMBO, XOTA COBEpIIeHHO o0mMee N0Ka3aTelLeTBO elle He
Mo;keT OBITh NPOBEMEHO.
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PacecmoTpuM cBOGOMEBIE HJeKTPOHE B MarHUTHOM mose. Jlaa HHX
cupasemiinso ypasHerHne IllpegmnHrepa
1
2m( V- A) P =&, (9.51)

rme A — BexTop-moTeHIEAJ. MBI HINeM cTallHOHapHBIE COCTOAHUA
Tako# cmcrTeMmbl. BriGepeM ®ajubpoBKY, IPH KOTOpPOii

— (0, Hz, 0), (9.52)

Tak 9To poTop A maerT marmmTHOe mose H, HampaBIeHHOE IO OCH Z.
IMonctaraas (9.52) B ypasuenme (9. 51), HOJIyqaeM

T (ol a) e+ Th B =0, (9.53)
D10 ypaBHeHHWe, OYeBHIHO, MOIKHO HMETH pelleH’e BHAA
P (x, y, z)=e" PRy (o), (9.54)
rae pynknma u(r) yIOBJIETBODAET YpaBHEHHIO
e (B — (p—5 2) Ju=0, (9.55)
u
& —&— 1k (9.56)

JIBAAceHNE B HATIPABJEHUH OCH Z, T. €. BIOJb 110JA, He OTJIMIAeTCA
OT JBWAKEHHA CBOOOTHOTO DJIEKTPOHA, W BRJIAA B KHHETHICCKYIO
SHePTHI0 TOYHO Takoil se. Ho mus onpefenennsa XxapaKkTepa ABH/KeHNAS
B ILUIOCKOCTH (7, y) Hajlo PENINTh YpAaBHEHNE HA cOGCTBEHHbIE 3HATOHHUSA
{9.55); ero Moj;KHO 3aIHCATH B BH[E
2 2
W oGulm) L, (ﬁx—ﬁ)zu(x)z €'u(2). (9.57)

mc

T om " 0a2 +2

JTo ecTh He UTO WHOE, KaK ofHOMepuaoe ypaBHenue lllpemunrepa mns
BOIHOBOM (yHKIUA u{r) NDPOCTOr0 TapMOHHYECKOr0 OCIHIIATODA
¢ "acToTou

won = (9.58)
1 ¢ IeHTPOM B TOYKe
1 &
xOZQ%. (9.59)
Taxkum obGpasom,
g =(n+3) hou (9.60)

g=(n+ g )hoy+g- k. (9.61)
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OTO H eCTh HCKOMHIA Pe3yNbTaT: SHEPrAA »JIEKTPOHA NPe/CTaBIeHa
B BHJI€ CYMMBI SHEPTHE IOCTYIATEJIbHOTO JABHKEHUA B OJh MATHUTHOTO
IoJsA W KBAaHTOBAHHOW DHEPIHM IUKJIOTPOHHOIO ABIKEHHA B ILIO-
CKOCTH, IEPIEHAHKYJIAPHON MATHATHOMY IIOJIO.

BosEmKaer mHTEpeCHEH BOMPOC: KAK BHYHCIATH YHCIO COCTOSHIH?
IlycTs, xax m B § 7 ror. 1, MB IMeeM AmMuK co cropoamn L,, L, L,.
CocraBastomasn %k, KBaHTyeTcs, KaK OGHIYHO, H DACCTOAHHA MeLIY
COCeJIHEMY 3HAUeHHAME ee paBHH 2n/L,. W3 Bupa BoaHOBOH (yHK-

- L. -

Qur. 167. Pemerne ypasmerns IllpegmArepa AJs BAEKTPOHA B MATHUTHOM IIOJie.

num (9.54) ciaegyer Takske, UTO WHCIO P KBAHTYeTCSA B PAaccTOSHILA
Me;LIy COCeIHMMU 3HadeHMAMU [ paBHH 271/L,. OHeprusa He 3aBHCHT
or P, Tak 9TO AJA IAHHOH BeJIWYHWHH 71, Ka3ajock 6B, MOEHO BHOpAThH
m06yio BennuanEy P m3 GeckoHeaHOH MOCIENOBATENBHOCTH,
Qaxtnueckn 3T0 He Tak. Hak mokaswnaer pmpaskenme (9.50),
¢yEKNUA u 3aBHCHT OT [ depe3 MoJokeHHe IEHTPa OCIUJLIATODA

zo— B _ v (9.62)
wg m [GF 2

ITO 03HAYAET, YTO €CJIM HIEKTPCGH BHIJIETAET B HAIPARJICHHUH Y CO CKO-
pOCTHIO vy, TO OH 6yeT ABHTATHCA B MATHOTHOM II0JIEe II0 OKPY;KHOCTH
¢ IEeHTpOoM B TOuYKe z, (cM. ¢mr. 167). Jra OKpYymHOCTH He ROIMLHA
6LTh CAMUKOM OONBMOA: To9YKA &, NOJMKHA OHTL PACTONO0LEHA
BHYTpHM AMMUKAa, TaK YTO HA DOJOEHHe IEeHTPA HARIAIBIBAeTCs
orpanMyYeHHue

0<z,< L, (9.63)

B cuny (9.62) aro HaknampiBaer orpaHmYeH¥We Ha 06IacTh paspe-
MeHELX 3Ha9eHFH f. 9Ta mepeMeHHasa He TONBKO KBaHTYeTcs (¢ pac-
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CTOAHHEM MEKIY COCeJHWMU 3HdYeHMAMH, paBHHM 21/L,), Ho u fox-
#KHA YNOBIETBOPATH YCJIOBUIO

0<p<morr g, (9.64)
Taxkmm o6pasom, mMeeTcs TOJNBKO
L
P=r %Lx (9.65)

pazamanbix 3navenuii . Hamamit yposens smeprum (9.61), coor-
BeTCTBYIOIUHA JlanHOMY BHGODY 7 ® k,, p-KpaTHo BHposkaeH. Mar-
HHTHOe I0Je, KOHEYHO, pPaspylMI0 HAally HEePBOHAYANBHYIO CXeMY
kBauroBanns. Ilepemennne k., k,, k,, koToprie 6nimm paHbITe K0Op-
AuHaramu B k-mpocTpaHcTBe, He ABAAIOTCA Golee «XOPOIIEMA KBaH-
TOBHIMH THCIAMIY; 3alAHHHIM 3HAYCeHHAM COBOKYNHOCTH BTHX IIapa-
MEeTpOB He COOTBETCTBYET ONpelelNeHHAA BOTHOBas ¢ymkmusa (9.54).
Tem He MeHee BOCIOTB3YeMCS DTHM IPOCTPAHCTBOM M W306pasuMm p
HOBHIX YDOBHE#, KOTOPBE COOTBETCTBYIOT HEKOTOPOMY 3HAUCHUI)
oHeprmm & (9.61), ¢ moMompio moBepxmoCTe#f, COOTBETCTBOBABIIMX
9TOW DHEPTHWH B MepBOHadYaiIbHOH cxeme. Ecaw me o6pamare BHEMa-
HAS Ha KOOPAMHATY Z, TO NOJNYYaeTcs, 9T0 5TH noBepxHocty (fur. 168)
OPeACTaBaAlT coloit oxpy:kHOCTH B muockocetn (z, y). Pakrmueckn
HOBHIE COCTOAHNMS HE JOKAJIN30BaHH B TO# MIH HHOH TOUKe OKpY K-
HOCTH, a BPAIIAIOTCA [0 HEH ¢ 9aCTOTOH @y, MH MoskeM Kiaccuduim-
POBATh PA3NHIHEIE YPOBHY B MATHHTHOM II0JIe, YKA3hIBAS OKPYHHOCTH,
HAa KOTODHIX OHH PaciiON0:ieHbl.

HAeticmeumenvro, MoxcHo yGedumbes, umo noakoe wucao ypoeHei,
CORBAHHBE ¢ OaHHbIM Marpockonuveckum oGvemom K-npeecmpancmea,
ocinaemes ¢ Ho6ol creme mem e, umo u npexde. MBL MOKEM TOIb-
30BarhcA coorHomenueM (9.7); miomans -MeRIy ABYMS W305HEPreTH-
YeCKUMH HOBEDXHOCTSAMW, Da3fieleHHHMN 5Heprueit 0, pamma

2nem%;
OA =— 8¢, (9.66)
Uyery Benmumpa 8§ paBHa KBAaHTY HWKJIOTPOHHON dacTOTH Aiwy.
BenommEmM, 49TO DIOTHOCTH «pa3pelieHHBIN» COCTOSHANR B OGBITHON
cxeMme KBaHToBaHWA papHa (L,L,)/(27)? pa eauHUNY DXOMAaA DITOCKO-
ctu (ky, ky) (cp. § 6 rm. 1). Takum oGpa3om, UHMCAOM COCTOAHHI
MEKNy NIBYMA KBAaHTOBAHHHIMH OpGHTaMm paBHO

LyLy, St __.'2nm;t[ LyLy

(Zn)2 72 hoy emz — P (9.67)

B cuny (9.65).

JTO W eCTh HCKOMEIH pesynbTaT. OH TOKASHIBAT, TG BJIHSTHHE
MAarHHTHOTO IIOJA CBOAMTCA X TOMY, 9T0O OHO, TAK CKA3aTh, CO3NAET
KBaHTOBAHHNE OpOHTH B k-mpocTpancTBe W 3acTaBiser cBoGomHHe



$

@ur.” 168. CxeMa KBaHTOBAHMA M CBOOOJIHBIX DIIEKTPOHOB.
a ~—— B OTCYTCTBHE MATIHAUTHOT'O oA, 6 — B MAOrHATHOM IIOJIC,
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BIEKTPOHBl «KOHJEHCHPOBATHCA» HA Oamkaimux opburax. Ymciao
COCTOAHME Ha KakJoH OpOHUTe TOYHO PABHO YHUCIY HPEKHHX «pas-
pelileHHH X COCTOSHHA» B KOJbIE, B KOTOPOM JIEHHT opOMTa.

Uro ke mpoHcXoAuT B ofMmeM ciydae, KOTjla MH HMeeM JIelo
¢ 9JIeKTPOHAMH B KpucTapie? [[aa ofHol 30HE IPUMEHNIMA KBABHKIIAC-
cudeckass teopua § 5 ra. 6. Ypasuenme lllpemunrepa (6.30) paa
9KBUBAJCHTHOTO FaMIJIbTOHMAHA B MATHUTHOM 1O/l MTMeeT pellleHHus,
KOTOPHIE YHOBJIETBOPSIOT NPHHIMOY COOTBETCTBHA ¥ KEBEAHTYOTCA
¢ nomompbio Qopmyas Dopa, onpepensiomeidi BossMo;nubie 3HaUEHHS
¢aszoporo mHTErpana:

§>p-dr = (n -4 ) 2an. (9.68)

3pech n — 1eroe 4meao, Y — $aszoBas molupapra (THIIHYHOE ee 3Ha-
4eHHE ecTh 1/,), a p BT — COUpsuKeHnKeE epeMennsie, o6osHavamomue
HMOYAbC W KOOPJAHMHATY YaCTHILH,
npmrymeiica mo opbute. \H

Ilaa mMOyabca MB MOSKeM Ipu-
iATh 00BIYHOE COOTHOIIEIHE

p="rk+—A, (9.69)

@ [OJO3IeHHUe I DJIGKTPOHA IIa TpaeK-
TOPHH B KOOPAMHATHOM IIPOCTPaH-
CTBE MO;KHO BHRIYMCIMTHL C IMOMOIIBIO
Jopmyant (9.45). B pesynbraTe mo-
cjlle TPUBUAJBHEX TeOMeTPUIeCKHX
npeo0pasoBaHUil MOTyIaeM, YTO NAO- |
wyadv opbumw 6 k-npocmpancmee
K6AHMOBAHA:
2neH

A= (n47). (9.70)
Uz gopwyn (9.61), (9.66) m (9.5)

ABCTBYET, YTO 9TOT PE3YIBTAT yiKe
ORI TONYYeH JJisi CBOGOAHBIX BIeK-
TPOHOB. @ur. 169. TpybKH, COOTBETCTBYIO-
Ilna oumcaHus  9IEKTPOHHBIX mue yposnsaM Jlampay.

ypoBHE B MarHUTHOM IIOJie Tpe-

GyeTcsi Telleph BHIOJHUTH CJefyioldiee MDOCTpoeHNne B K-mpocTpaH-
cTBe. Brbepem Beamumny n. Ha kaxpoll mrockocTH, mepeceraromei
nopepxrocTh PepMH W HepHEHAHKYIsAPHOH MarHATHOMY LOJI, HAPH-
cyeM SHepreTHYecKMil KOHTYD mwiomany #,. CoelHHEM 3TH KOHTYDH
B HempepHBHYI0 TPyOKY, och KoTopoit mapamrtensHa H, a maomans
nomepeqnoro cedenms mocrosigHa (¢ur. 169). Amamoruuso Hapucyem
Tpy6km m maA papyrux sexwunn n. llpepmosmoskmm, 4TO BCe «paspe-
NIeHHHEe TOYKH» OOBIYHOM CXeMH KBAHTOBAHMA CKOHIEHCHPOBAIACH
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Ha Oumxaiimei Tpy6ke. Ilpm aTom momygaercs psj cocToaHni, BHpPOsE-
JOHHHIX II0 3HEPTHH; Temephb CJIENyeT HPHHATH, 4TO HTH COCTOAHHUSA
BPAMIAIOTCA BOKPYT Kaskioll TPYOKM ¢ IMKIOTPOHHOM daCTOTOH,
COOTBETCTBYIOIEH paHHON op6mTe.

§ 7. 9pdexr ne l'aasza — Ban Aapdena

HKBanroBanne sHepTUH IPUBOXKT K HEKOTOPHIM HHTEPECHEIM U IOPa-
3UTEJBHBIM pe3yJbTaTaM. OHEPrdA SJIEKTPOHHOIO raza Kak IIeJoro
3aBHCHT OT HAUOPAKeHHOCTH MAaTHUTHOIrO mojid. Ho marauTHas Boc-
OpAMMYABOCTE, KOTOPasA B OCHOBHOM JiMaMarHUTHA (MBl mpeHeGperaem
3]1ech COMHOBEIMA 3(peKTaMH) W He 3aBHCHT OT TeMOEPaTypH, OCHHI-
JUpyeT UPH W3MeHEHHHM MArHUTHOTO HOJA. JTO SABICHHE HA3BIBA€TCH
afppermom Oe I'aasa — san Aavghena.

Uto6n paccMoTpeTh 8TOT 3¢P¢eKT HPH NpOH3BOJBHOH (opMe Ho-
BepxHOCTH DepMH, MOYKHO DOCTYIHTE CAEGAYIOMMM 06pa30M. Jalnmem
cBOOOJIHYI0O DHEDPTMIO CHCTEMBl; JUIA CJIyYas YacTHI|, IOAUXHAOMNXCH
cratuctuke Qepmu — [[upara, oma pasHa

= NL—kT X 1n (1 4 e€t=Ba/aT), (9.711)

3pecs cymMma Gepercsa 10 BCeM BOBMOKHBIM COCTOAHMAM ¢ oHeprueii &;,
a XMMEYeCKu#A moteHnuan { puKCHpOBaH myTeM 3afaHUA YHACIA 3300~
HeHHHX COCTOAHNI [KaK, Haupumep, B cayuae (4.9)].

Jana Hame#r cucTeMBl KBaHTOBAHHBIX yposHeil Jlawday vHeprus

paBHA

& =& (n+ v k), (9.72)

rge n — opburaJbHOE KBAHTOBOE YHCJIO, KaK B (9.61), o, pasymeercs,
KayK[BIA Taxoll ypoBeHR p-KpaTHO BhIposEmeH [cM. (9.65)]. Boabmem
KpucTall B BHje Kyb6a exuumumoro o6wema. Coriacmo ¢opmy-
aam (9.67) nam (9.70), aucao cocroaEmi B k-mpocrpamcTse, upmxo-
RAMAXCA HAa YIACTOK TPYOKM jimusl dk, (Kax o6BIYHO, MBI H3MepaeM
Tpybry B Hampapienunm Bektopa H), G6ymer parmo

Tnsdak 2:rr2hcdk (9.73)
Taxum o6pasom,

oC

F=N{—FkT { {5 S‘ In (14 exp [C—_E%L—W])}dkr

93-52}1 )
— o0 =0

(9.74)

Yrobbl OIeHNTH 3TOT 3BEPCKUH HHTErpald, BOCHOJB3YeMCHA QHCTO
MaTeMaTHUeCKMM KYHIITIOKOM, H3BECTHHIM IIOJ Ha3BaHUEM GopMy.s
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cymmuposanua ITyaccora. Paccmorpum mpouspossnyo dynkumio f ().
B obmactz n <<z < n -+ 1 MOKHO HamuCaTh

= 2 e missg, (9.75),
rae
n+1
= | 1@ emimdz. (9.76)

J10 ects mpocro papx Pypee Toma (1.7). Tenepp morHO Hamucarthb

o0

f(n—’—%-): 2 e—2ﬂ‘i8(‘n+1/2)gs= Z‘] e—iﬂ3g8=
s§=-—00 §=— 00

o0

n+41
= (=1 S f(@)eivedz,  (9.77)

§—=—=—00

CyMMupysA 5To BHpa:keHHe [0 BCEM WHTEPBAJIAM M3MeHeHUH Nepe-
MeHHOHM X, MBl LOJYydYaem

oo

S i (n+g) =Sf(x) dzr+2 D (—1) Sf(:c)cos%;xsd:c. (9.78)
n=0 0

s=1 0

[IpumenunM 3Ty OPMYyIy K CyMMe IO 1 B BBIpajieHMH (9.74):

F=N§—-kT§c o Sln(1+exp[2ﬁ—’i‘i’-_)])dx}dk,_
0

— oS

—2kT2 S m (—1)° x

s=1—

% fln (1+exp [C:ﬂ;Tﬂ—’“—)]) cos 2urs dz } b, (9.79)
0

PHCCMOTPHM CHagajJa WHTerpaJiol BUIA

oo

S In (1 +exp I:———(:;;_—Y*—)_g) cos 2mas dz =
0

o0

_ 1 0 o€ cos 2nas 0 92%€ , afv 08
= Zn2s2kT [f (g)ﬁ'l: T S 4n2s2kT [f (&) Jez *W%] dz.

0

(9.80)
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Mu BoCcmONB30BANCh 3TECH TeM 06CTOATEILCTROM, TTO

t-E)rT
pr dn —l—;g ) =19(8), (9.81)

roe f° () — pyurmua @epmu, ompepenseMas COOTHOIICHEEM (4.8),
U (Ba;IHl MPOMHTErPUPOBAIH 1O dacTAM. MnTepecyscs aump ocmmi-
JAMpYIOImell 9acThio CBOOOAHON 9HeprMH, MH He OymeM Hajee pac-
cMatpuBaTh mepshii uien B (9.80). Mcmomssys coormomenme (9.61),
noJiyaaem

E(x + v) = (& + ¥) hou + | (%), (9.82)

Tak 4T0 G&/0x = hoy u *€/02* = 0. Kax u pansuwe, Hmxmmi ope-
IeJl HHTerpajla MOJKHO IIOJIO}HTH PAaBHEIM — oo, TAK Kak Haubojee
CYIeCTBeHHNIl BIJIaJ B MHTErpax pgaeT o6JacTb, Jeswamas BOJIM3H
yposusa @epmu, rne & = {. Takum ofpasoM, BKIam B cBobonHYII0
SHEPTHI0, MaBaeMEll 9TuM caoem pacupenenenus Oepmu, mpomoprmo-
HAJIeH WHTerpany

[o0]

I (k) =—% S cos 2:rtxs—‘;f70 dzr. (9.83)

-0

Xorsa unrerpan (9.83) gopmanbHo wWMeeT BuT (4.13), ero Henb3s ore-
HATDH C TOMOMBIO gopMyant (4.13), Tak Kak HOAKHTETPAaTbHOE BHIpa-
“KeHMe CJIUIMEKOM GHICTPO OCHHLIAPYET BHYTDH CJIOA BOIM3H IOBEpPX-
goctn Depmu. Ho mpr mosxem mcmombzoBats ToT dart, uTo pous-
BonHaa — 0f%0r mmeer MaKCHMyM B Touke X, Ije

& (X, k) =, (9.84)
npuaem
ch
X=5m A (3, F), (9.85)

toe A (G, k,) — miomagps momepeynoTo cedenns nosepxHocTH Depmu
cloeM k.. PasznonM MHTerpa; oTHOCHTENBHO DTOH TOYKM, BCIOMH-
Has, 9o Jf°/0xr — wetnam ¢yHRIHA z:

h r kT
Is(kz)zzmzms—gd S cosZns(X—{——ﬁEn)

o

cos 2nsX S cos (
schoA (L, k) ) 2n2skT [ho gy -
e { sh 2n2skT/hog) § —

(

= —g(s, k;) cos (—*-SCH{HE’]CZ)) .

_ hog sk T ) o 4
= GnEsaT hog 1) oy 4N

hog
= T fnzseiT 008 (

(9.86)
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B sToT MOMeHT, MO-BHOAMOMY, CIefyeT OCTAHOBUTHCA H MHOIM-
TATHCA OCMBICIUTE Mpoucxofamee. MEl paccMaTpmBaeM onpeneleRHEIH
caoit Ea mosepxHOocTH Depmu. Yposers Mepmu, onpenensiemuil o6e-
MOM, OXBaTHBAa€MKM BCEH 8TOI NOBEPXHOCTHIO, He 00A3aTeIbHO COBIA-

N
N RRRRRIRR \\\\\\\
AT
\\\\\\\\\\\\3\\\\\\\\\\\\\\

N
R

— & o s N R NS QO H
N =
T HRHvw

N

a o

®ur. 170. 2 — noBepxBocTh @epMH He 00s3aTenbHO COBIAJAeT C YPOBHEM
JlaBmay; 6 — npE WSMeHeHMM MArHETHOTO Do ypoBEM JIaHAay NOpPOXONAT
gepe3 ypoBeAb Mepmu.

ZaeT ¢ ogHEM W3 ypoBHe# Jlangay. Ilpy maMenenmym MarHETHOTO HOJIR
ypoBum Jlammay mpoxomaTr depes yposensr (Depmu, Kak yKasaHO Ha
¢ur. 170.

Iyers T' = 0, tax 410 pacupemedaenme (DepMm IpencTaBIACT
co0oil abCconIOTHO peBKYI «(CTYmeHBKY». UYTo DpoMcxXoAmT, KOTAa

L & er
ST, T,
s, ////////// G

a ¢ 8

Onr, 4174. 3anonEeBne ypoBHeil Jladmgay Opu H3MeHEeHHH MAarHUTHOrO MOJIfi.

yposens Jlanmay npoxopur gepes {? Ilyers, Banpumep, mose Takoso,
qro { IesKuT mocepeune Mesi Iy AByMA yposuamu Jlaungay (fur. 171, a).
Torma umeao cocToAHHWH, nesRamux Hmke ypoua @epmu, Gynmer
TOUHO TAKHM e, KAk B OTCyTcTBHe yposHedl Jlammay, HO moiaHas
DHePTHUA JIEKTPOHHOTO rasza 6yJeT MeHbIIe, YeM B OTCYTCTBHE MaTHAT-
HOTO TodA. B pacuere Ha DIEKTPOH, PACHOJNOKEHHHH Ha ypOBHE
Mepmmu, 10 yMenbmenue Gymer mopsigka 1/, Aoy, Ilpm BospacTanmm
MAaTHETHOTO NodA H 3JeKTpOHH OyayT HOATATHBATHCH K YPOBHIO
Qepmu (¢ur. 171, 6), Tak 910 MX cBOGOAHAA DHEPTrHA BO3PACTET [0
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Maxcnmyma. Ho korpma yposems Jlamjay mpoxomur dwepes ypoBeHs
QDepmm, oH HaumHAET 0cBOBOmmaThea (gur. 171, 6), W CPEJHAA DHep-
THA DJIEKTPOHOB CHOBA NajlaeT, JOCTUTasd MUHMMYMA, KOTHA { JEKHT
oocepenmHe Me;kIy ABYMsa ypoBuAMm Jlammay. Tawkmm ofpasom,
cBOGOAHAA OHEPIHA AIEKTPOHHOTO Ta3a DeryasapHO OCOUIIAUPYeT
€ NePHOJIOM, Onpe/e] AeMEIM HHTeDBATIOM MEKIY ABYMA IOCIET0BATEIb-
HBEIMA COBIIafieHAAMH ypoBHA Jlanmay ¢ yposumem Mepmm. B aTom —
cMbICT BhIpakenus (9.86); mepmop ompesenisercA W3 YCIOBHA

W:Znn. (9.87)

Boxpmas wacts Beumcaenwuit ot (9.74) o (9.81) OpefcTaBIAia coboi
OpOCTO PACCMOTPEHHE OCHELIANWA ¢ moMompio papmoB Dypse, mo-
CKOJBKY H3MeHeHHe HHEPrMH OPH HPOXO/KAEHMA KaKIOTO YPOBHA
9epe3 moBepxXHoCTh DepMA He ONMCHIBAETCA NPOCTOH CHHYCOMIANbHOM
¢ynrnueir. 910 M o6BACHAET MOABTEHME WHIEKCA S, HTPHUBOMAMETO
K BBEICIIAM T'apMOHHKAM.

Mst yunm rarske Tor Qarr, aro momepxmocts Depmu He ABIAETCH
abcomorHo pesroit mpm I == 0; TeUCTBATEIbHO, OCHIUIIAINMAL CTa-
JKHABAIOTCA, eCaH

kT >> ﬁ(OH. (988)

ApyruMm croBamMm, MarHETHOE IOJXe TOM/KHO GHTEH JOCTATOYHO CHJIb-
HHIM, 4T0O0H paccToAHme Memgy opbutamm 6HIIO mOpsIKa TOJIMAHBI
TenJoBOro ciaoa BOam3m mosepxmocTH Pepmm,

Pacuer, ognako, eme ne xomuen. Iloxywenmoe BEIpa;KeHNEe OTHO-
CATCA K NONEPeTHOMY CEUeHWI0 NIPW JAHHOM 3HAYeHWH k,; Temepb
HaJlo IPOCYMMHDPOBATh 110 BCeM CJI0AM. MBI mMeeMm

- L ¢ em Bk (L, s
F=2kT 3 (—1) yz-eﬁ—%g(s,kz)cos(“dil({c Nk, (9.89)

s—1 — 00

Iro muterpan tuna @pemens; xopomro WBBECTHO, YTO IJIABHBIA BRJIAJ
OpoHCXoauT OT ofnacreil, B KOTOpHIX (pasa cranunonapua. Ilycrs

ad¢ (g’ kz) —
Y (9.90)

upn k, = k, Ilposegem pasioskeHHe B OKpeCTHOCTH 3TOl TOYKH,
monaras k, = k, + k'
1,0 4n
A=A+ 5k2a¢0... (9.91)

{mosmnBo mpenebpeur mamenenmenm g (s, k,); KpoMe TOro, MBI HeABHO
apefnonaraeM, 4rTo KasiAas 9acTh nosepxuocrn Depmu mMeeT 1eHTp
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commerpmu]. Takam o6pasom, MOJAB3yACh CTAHZAPTHHMH CBOHMCTBAMH
maTerpama Dpenens, MH HOIyIaeM

(2] . H’
F=2kT ) (—1)° 5= 8 (5, Fio) X
=1

X OSOcos{%(%oi%k’zﬂg...)}dk’z

~ 2T 3 (—1)° (5 ) €055 Fo) X
s=1

2eH 1/2c S schiot g
(saramr) eos (o

- eH \%2 1
=2k 3 (—1)° () 3 TSk Thog)
s=1

X | Ay cos (S Ay =5 ). (9.92)

IOsykpatno puddepennupys »T0 BHpakeEHe mo [, mMoxeM HaiTH
BKJI3J] B MArHNTHYI0O BOCIPHUMYHMBOCTE MeTaJLIa.

Dopmyna (9.92) raskercs o9eHS CI0EHOH, HO MATEpHpeTANAsA ee
mocraTouno npocta. BMecto Toro uTo6H paccMaTpHBATH OTHAEABHOE
ceuenme, 6ygeM paccMaTPHBATH BCIO JIMHY MarHHTHEIX TPyOoK, pac-
MUPAKIAXCA NPA BO3PACTAHWA MarHuTHoro mojsa. Hax ME BHuenn
BHIIIe, PHePIWA W3MeHAeTCHd, KOrJa Kakfas Takas TPyOKa mpoXopuT
qepes yposenb Pepmu. Ho nmpm pacmmpenunm naupofl TpyOREW JEHMA
nepece4enus ee ¢ moBepxHOCTHI0 DepMu IPOCTO IepeMelaeTCs BBEPX
WiIn BHE3 Io moBepxHocTd (cM. ¢ur. 169), Tak uTo sHEPrHA HPU DTOM
MeHseTCA MaJlo, 33 HCKIIYeHHeM TeX clIydaeB, Korna TpybKa coBceM
BHIXOMHT u3 mopBepxmocty (Depmm. ITO HPOMCXOAUT, KOIZA IJIOMANb
HOIEePEeTHOT0 CeUeHus MaKCMMaJbHA WIM MHAMMalbHa. JTEM 06bsac-
AseTCS NOSBJIeHAE mapaMerpa o4, B IepHomIecKoM MHOKHTeNe. s
gepBO¥i TAaPMOHWKHU MBI UMeeM

T A= 2 (n ), (9.93)

rie y — ¢asosasn mompaBka. TakmM oOpasoM, nepuod ocyusrayutl
MAZHUMH020 MoMeNma, paccmampusaemozo kak gyukyus 1/H, neno-
cpedcmeenno daem nAowadv MAKCUMAALHO20 UAU MUHUMAALHOZO none-
peuroeo cewerus noseprrocmy Qepmu nAOCKOCMbI0, NEPREROUKYALPHOU
MAHUMHOMY NOAIO.

B peiicTBumTennHoCcTH, ecam Ba caoskHoil mosepxmoctm Pepmnm
EMeIOTCSI PA3AMYHbE MAHUMYME W MAKCHAMYMEl MONEPeIHOro CedeHnsd,
KayKOHE U3 HuX 6yaeT faBaTh CBOH OCHUIINDYIOMUI 4IeH, H Pesyib-
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THPYOIMUA MATHATHHH MOMEHT MOMKET BECTH ce6f QUeHDH CIIOHHBIM
06pasoM NpH HM3MEHEHHH NOJA. AMIUIATYAa KakAod OCIIIIANAM
Oyner saBuceTh 0T A, — JOKAIBHOX KPUBHM3HE HOBEPXHOCTH Depmu
BOJIH3K dKCTpeMasbHOro cevenna. OHa 6ymeT Takike MEHATBHCH C TeM-
nepaTypoit mpubaumsurenbHo Kak exp (—k7/Awg), TAK 9TO0 MOIKHO
OLeHATH MAKJOTPOHHYI 9acTOTy HA cranuoHapHoii opbure. OpHaKO
B OPACYTCTBHM IIPUMECHOI0 PACCeAHUA aMITATYHA YMeHEIIaeTcs emie
mpuMepHo B exp (—1/wyT) pas, 1. e. cucrema Bemer ceba Tak, Kak
Oyaro Onl ee HeNb3A OXJMAAUTH HEKE HEKOTOPOil Temmeparyphl 7', =
= h/kr.

Wsnosennnit TOMBKO 9T0 pacdueT OTHOCHICH K CBOGOIHOIM oHep-
THH ¥ K MATHUTHOMY MOMEHTY 9JIeKTPOHHOT0 rasa. /Ipyrue ma6ionae-
Mble CBOHCTBA CHCTEMbI, HaOPHMED 3JEKTPO- ¥ TemJIOHPOBOJHOCTD,
TaKke 06HADYKUBAIT OCOWIIANEY B CHIBHHIX MATHATHHX IOJAX.
MopmanbHOe paccMoTpeHme 3TOTO ddPdeKTa 3HATUTEILHO 6olee a0~
HO; IO CYIECTBY ’Ke BCe HEN0 37ech B U3MEHEHUH 3¢deKTHBHOM nI0T-
HOCTH CcOcTOAHUHE Ha ypoEe (Depmu npn msmerenmw moxas. Ocmuiis-
Uuu  3JeKTPONPOBOJZHOCTH HASHBAWTCA afiiexmon Illy6Hukcea —
de l'aaza. -

§ 8. MarmeroonTEueckoe HOMIOIEeHAe

B moaymposommmke ypoHm Jlammay Mo:kHO 0GHADYKUTH Hemo-
CPEICTBEHHO ONTHYECKUMH MeTOfamu. PaccMoTpmm, mampmmep, mpo-
CTy}0 mapaGolmdeckylo 30HY OpPOBOANMOCTH, OTBEUAIONIYIO OIEKTPO-
HaM ¢ 9QPeKTHBHOH Maccoit m*. B cxeMe MAarHHTHOTO KBaHTOBAHMSA

@ur. 172. ¢ — cxeMa MATHAUTHOTO KBAHTOBAHMS sl napafosAYeckoii 30HH;
6 — TJOTHOCTL COCTOAHMUM,

(9.61) ypoum sHeprmm npepcTaBAsIT coboll pAX napa6oJ oTHoCcH-
TEIBPHO HEePeMeHHOH k,, OTCTOAMUX JpPYr OT Jpyra Ha BeJHYAHY
MarHUTHOTrO KBaBTA Awy (Pur. 172).

Hucio cocroanut, KoTOPOe CieAyeT IPHNUCATH KAKIOMY OTPESKY
nmapaboast, pmaerca BHpaxenmem (9.67). JlnAa KaXkgoro sHaueHHS
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MArHHTHOTO0 KBAHTOBOTO 9HCJIA 72 MH WMEEM IIPOCTYI0 ONHOMEPEYVIO
3alavy 0 WIOTHOCTH cocToauuid. CyMMUDYS BKIAAB 0T Bcex mapabou,
OPOXOJAMMX B 0GNacTh SHePrumil, MeHBNIMX &, MOJYdaeM BHPajkeHHE
IJA TOJHOW MJIOTHOCTH COCTOSHUM:

(@) =75 (T ) how 3, {&—(n+5) hon} . (0.94)

Ilpr oz — 0 sta ¢opmyna, ecTecTBeHHO, IPABOAUT K CTaHAAPTHOMN
IJIOTHOCTH COCTOAHMU misa mapaGoamdeckoidl 30mel (4.33). Marmmtroe
moJe, OfHAKO, CO3/aeT cuIbHKe cuHTYyIApHOCTH Bam Xosa (§ 5 ru. 2)

HuKnompoHsil
PP3DHAHC

@dur. 173. MarveroonTHuecKyMe NEPeXORH B HOJYHNPOBOMHAKE C ABYMA JBPOU-
HEIMA 30HAMH.

tana €2 pua Rakmoro ypoBHA JlaHIay B COOTBETCTBHH ¢ OGMmuM
paccmoTpenmeM sdderta ne I'aasa — Bam Auabdena, IPOBeIEHHHM
B § 7 HacTosAme# IIaBHL.

llepexomgm Mesxgy ypoBHaME Jlarmgay UOAYMHAIOTCA HpaBHIaM
or6opa Arn = =4 1; 5To Bcero JIwWnib WHOHA cmocol OMMCAHWA AUAMar-
HHTHOTO pe3oHaHca (cM. § 2 nHacrosame# raassl). Ho MarunTHas CTpyK-
Typa ILUIOTHOCTH COCTOAHHIM [OCTATOYHO OTYETIEBA, H ee MOKHO
Habaogath B MHQpPaKPAaCHHIX CHOEKTPAaX, CBABAHHEX € IeReXofaMu
u3 japyrux 30 (cp. § 5 ra. 8). ITo OCHOBHOH MazHemoonmuueckuil
agpgperm. .

DaKkTUYECKH I WHTEPIPETANUA OUBITHHX AAHHBIX HYKHO YIeCThb
KBAaHTOBaHWE COCTOAHWMN BaJICHTHOW 30HH [¢ ApYTMMHA 3HAYCHMAMHA
wyg @ m* (¢pur. 173)}. Jusa THOHYHOTO CMIIBHOrO MEpPeXofia, KOTOPHT
OPOACXOAMN GH B OTCYTCTBHE MATHATHOTO HOJS, MATPUIHHH 5lieMEHT
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(8.40) momHO cumTaTh He 3aBECAmMUM 0T H M HALOMHTL MATHHTHOE
unpasmio or6opa An = 0. Torjja KoMOEEEPOBAHHAS IIOTHOCTD COCTOM-
Hui (8.73) nmpmrEMaer Tor e BuA, Rak H (9.94), Tak 9T0 mpH COB-
ODaJleHVA ® C MEK30HHOH pe3sOHAaHCHOM dYacToToi

ﬁwn=¢’€a—{—(n—|—%)ﬁ(we—|—wh) (9.95)

NOABAATCA CAHIYIAPHOCTH BUAA (0 — w,) Y2 IlpakTuueckn, opma-
KO, OHN YIIHDAIOTCA BCJIENCTBHE CTOJKHOBEHHUIA.

Taxum obpasoM, paccmaTpmBaeMoe ABIeHHe NO3BOJIAET OYEHB
TOYHO HAXOAHTH TUKIOTPOHHEIE YaCTOTH 2JEKTPOHOB H JEIPOK M, H M}
B obsacTu sHepruii, Je;kamux mo 0Ge CTOPOHE OT 3ampeIeHHON 30HH,
B ofmem ammsoTpomHoM ciydae ¢ yd9eTOM BHIPOKIAEHHA BaJeHTHON
30HE W Henapabonumveckoll saBucmMoctH 3Heprmm oT |k | marmero-
ONTAYECKHHA CHEKTP MO:KeT OHITh 09eHb CJO0KHBIM, OJHAKO OH HAeT
HEOIeHAMYI0 MHPOPManui0 06 2JIeKTPOHHOH 30HHOH CTPYKType Kpu-
crazia,

§ 9. MaraurHbIiE npodoit

Hobciomy B HacroAmeil riaBe MH HMeTH NeJ0 C 2JIeKT POHAMHE
B CHJIBHEIX MATHATHEIX I0NAX,. B 9acTHOCTH, MBI HecIefoBaNy ABJIeHUA,
BO3HMKAIOMe B TOM Cilydae, KOrJa 5JeKTPOH yCIeBaeT COBEPIIATH
MHOT0 060POTOB 110 MUKJIOTPOHHOI 0pOUTE, Ipeskae TeM OH PAacCeeTcs.
Mu Bumenm, 4To 3TOMY CiiyYal0 COOTBETCTBYET HOBaf CXeMa KBAHTO-
BaHWA, B KOTOPoil ypopau Jlanpay «IoriomaroT» oTaeN bHbE pa3perieH-
HEIe COCTOAHHA 610X0BCKolt cxempl. Pasymeercs, ecam ecTh pacces-
Hue, yPoBHA Jlanpay 6yAyT yIIEPATBCA, HO 10 TEX HOP, MOKA O T >1,
3THEM 3Q(PEKTOM MOMKHO HpeHeGpedb.

OnHako mpemnokeHHas cXeMa KBAHTOBAHHMA, COTIACHO KOTOPOH
IUAd KasKmod opOHTH BHIONHEHO coorHoulenme (9.70), eme He ecTob
npejelbHas CXeMa, COPaBefJIMBasg B CIy9ae T'POMAfHBIX MaTHUTHHIX
noxedl. Hpasuxnaccuueckan Teopusa § 6 Hacroameii raBsl ommpaercs
Ha [PUHUMO 3KBHBAJCHTHOTO TaMUJIBTOHMAHA, W3JI0KeHHBIH B § 4
ra. 6; omna cnpasedausa auwn 6 npenetpercenuu Mexcdya0HHMU nepe-
zodamu. HCau MaTHATHOE IOJe 09eHb BEJNMKO, TO TAKHMe HePeXxOisl
ROJIKHBL IPOACXONUTH, HAIPUMeP, TYHHETIbHBIM IyTeM, Kak B oddek-
Te 3unepa (§ 8 ra. 6), n cxema Onsazepa (9.70) mapymaercs.

Hro6b MOHATH CYM[HOCTB 3TOr0 3QPeKTa, Mpome BCero HATATh CO
CTydas O4eHb CIJIBIBIX MAarHATHHIX IOJIeH, KOIJIa BOJHOBBe (yHK-
IUA 3IE€KTPOHOB B OCHOBHOM COBIIAJAIOT ¢ BOJIHOBBHIMH (YHKIIAMU
CBOOOJHHIX YacTHIl B MarHHTHOM IOJe, a HOTeHIHAN KPHCTaJLinde-
CKO# PEeMIeTHKH MO/KHO paccMaTPHUBaTh KakK BoaMymeHue. OrpaHmdum-
CA pacCMOTPEHUEM IBYMEPHOIO IPOCTPRHCTBA B MIOCKOCTH, TepHeH-
AUKYIAPHOH MarmuTHOMY mosio. Torga opbura 6yneT mpeacTaBIATH
c060#t oxpyHOCTE B maockocTH (ky, k).
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BBermem Temeps BoaMyImeHHe BHJIA
T (x) = ) T g~ (9.96)
g

JTO ecTh CepHs IIOCKOCTEH, OTCTOAMMX TPYT OT ApPYyTa Ha 2n/g.
Korga op6uTa mpoxogut gepes rpaHUILY 30HBI, T. €. KOT/la KOMIOHEHTA
BONIHOBOTO BeKTopa B Hampapienm: z, k,, paBHa =='/,g, mmeercs
BO3MOJKHOCTb OP3ITOBCKOTO OTPasKeHHs. BmecTo Toro 4ro0mnl Hempe-
PLIBHO IPOROIKAThCA BHOAb AB, opbuTa MoseT U3MEHHTh HampaB-
aenne Ha AC u 1. 1.

Ecir yBelHuMBaTh BeIWYWHY BO3MYMEHHA, TO TPAGKTOPHH B TO9-
Ke A pacmenaATcA 1o dHEPTMH, U IYTh AC CTaHeT HPEAIOTITHTEN bHBIM.

3ona Sona
bpunnrosna bpunmoana
a 6

@ur. 174. a — opOrTa cBOGONHOTO 3JIEKTPORA B MATHHTHOM NOJe; 6 — B MEPHO-

AAIecKOM ToJie PeIeTKd BHf OPGHTH BOMH3A TPAHMNE 30HH MEHsIeTCS, HO B CHIb-

HEOM MaTHHTHOM HOJe OpOHTa ONATH MOMKET CTAaTh TaKol iKe, KaK HisA cBofopHOrO
3JIeKTpOHA.

DMeKTPOH B 9TOM CiIyuae ABHKeTCA o 0GbIHOM (OTKpHITOH) opbmTe
B CTaHIapTHOH cXeme moBropsaomuxca 3ou. Yacrs B oxpyxmocTn
Ha ¢ur. 174, a obpasyer ortmensuyio obiracts moBepxHoctnm Depwmmn,
IPOXOAAMYH0 [OJHOCTBIO HE3aBHCHMO.

ITpu yBenwueHnn MATHETHOTO TIOJIS MBI BepHEMCA K cXeMe C Kpy-
roBsIME op6uramu. Bmecro Toro 4rofsl Bcerpga clemoBaTh Boab AC,
BIEKTPOH MOJKET Rpofumbcs dYepe3 DHEPreTHYeCKYI0 INelb,T. e.
(IPOTYHHEIMPOBATEY depe3 06nacTh, pasmelAnmylo op6uTs B obpar-
HOM IpOCTPAHCTBe, W OKas3aThesd Ha yiacrke opbursl B.

Ilna omeHKH BepOSATHOCTE IepeXofa MHl MOKeM HCIOIb30BaTh
dopmyny (6.65) mua smueposeroro mpobos. Jiexrpmueckoe mone E
MOJKET BHI3BATh TYHHEJIBLHBIA IMEpPeXof depe3 DHEePreTHIeCKyl Menb
BeIMIHHE &gap, €CIH

eEa$0
(€gap)?

rne €° — KEHeTHYeCKas SHEPrusA BHIeKTPOHA Bo3je IMeJIH IOPAMKA
smepram  Qepvm &p, a a — COOTBETCTBYWIIMA MEPHO[ PEINeTHH.

>1, (9.97)
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Hanee, snexrpon, npubamxaomuiica K Toaxe A B cxeMe IOBTOP0-
MUXCA 30H, AMEET CKOPOCTH

Rk
rae kp — pagnyc @epmu. ITo BHpaskeHHe He COBCEM TOYHO HA rpa-
HEIle 30HE, IOCKOJBKY BHePreTHIECKHE II0BePXHOCTH HCKAMKAKTCA
H3-32 HAJWYAA SHEPTeTHYECKOd meJid, HO MHl TNpeIoJaraeM, 4ro
9TO HCKasyKeHHe Malo.

JlBmxenne sMeKTpoHA ¢ TaKodl CKODOCTBIO IIOMEPEK MATHUTHOLO
oA OPABOANT K HoABJIeHn0 cuiakl Jlopenna. Ilocnenmas mo sennmam-
He paBHa CHJe, KOTOPYI0 BHI3HBAJO GBI 3JeKTPHYECKOe II0Jie HALpPs-
JKEHHOCTH

vH
~—=, (9.99)
HallPaBJIEHHOE INEePOeHAHKYJIAPHO CKOPOCTH V. OJTO0 WTOJe MOMeT
BLI3BATh TYHHEIBHHI I€PEX0/i, eCIN BHIIOIHEHO ycaonme (9.97), T. e.
€CIH mapaMerp

evH a%0 . ¢k kpatp
¢ (‘5gap)2 ™~ me (‘5gap)2
npesnimaer epuHany. Cormacmo (3.3), mpomssesenne kpa mopanka

enuaunbl. OKoHuaTeabHO ¢ yaeToM (9.4) ycioBHe MazKumHo20 n pobos
NPAHAMAET BHL

(9.100)

Torbe 4, (9.101)
(€gap)?

ITO YCIOBWE 3HAUMTENBHO MeHee ;KECTKOe, UeM, CKajieM, Tpefo-
BaHHe TOro, 9T00H paccToAHMe MeKAY ypoBHAMY Jlanmpay mpeBHINaLo
BeIMYMHY 3HEpPreTHYeCKod meam. [aAa HEKOTOPEHX MeTaLIoOB OHO
BHIOJMHAeTCH B noaAXx nmopagka 100 kspcmed m Momer BRIZBATE
B a¢dexrre ne 'aasa — Banm Annfena u B Ipyrux sdderTax mogBICHEE
HOBHIX OPOAT ¢ MHO;KECTBOM Da3JNYHHX IIOIIANeH.



rJIABA 10

MATHETU3M

Bce Baunmanocs ¢ mopsAgKa, MM KoH-
YUTCA H C Hero jKe HAYHETCA BHOBB,
COTJIACHO B3aKOHOMATENI0 LOPSAKA H
MHCTHYECKOH MaTeMaTuHKe HebecHOTO
ropofa.

Tomac Bpayn

§ 1. OpburanbHash MarHATHAA BOCHPHEMYHBOCTD

B oToii rnaBe M GymeM MHTePECOBATHCA MATHHTHON BOCHPMNMYL-
BOCTBIO TBEPABIX Teld, HE OCTAHABIWMBAACH Ha BIMAHUN MATHUTHOTO
nojsA HAa Apyrue HX CBOWCTBA, HADIPHAMEp Ha HIEKTPOIPOBOTHOCTD.
Hocnennsas TeMa cavmrom o6mMEpHA, YTOGH MBI MOTAH OCBETHTDH €6
neTanbHo. MBI ocTaBEM B cTOpoHe GOMBIIYI0 WACTh SBIEGHWH MazHum-
H020 pe3oHanca. MBl oOyCTHM TaKie TEOPHMIO TAKMX TeXHMYECKH BajK-
HHX MAKPOCKONWYECKHX XapaKTePUCTHK MATHAUTHHX MaTepuaJoB, Kak
aucmepesuc, KOIPYUMUEHAR . CUAG, OCMAMOUNLL MazHhemudMm ¥ T. I.
IHocmename CymecTBeHHO ONIpefedsIOTCs BO3HEKHOBEHHEM B obpasme
obnacTeil CIOHTaHHOH HAMATHHYEHHOCTH — (0MEH08, MATHHTHBIE MO-
MEHTH KOTOPHX OPHMEHTHDOBAaHE B PAa3HLIX HampaBJeHHAX. MH me
Oymem faske paccMaTpPHBATh KPaCHBYI TeOPHI cmeHor Baoza, KoTo-
phle PasfelAlT [OMEHH ¢ PasinYHONd HAMAarHHYEHHOCTHI0 U KOTODPHE
MOKHO 3aCTaBHTH [ABHUTATHCA C IOMOILBI0 BHEITHETO IOJA.

Paccmorpum crawana nemaznummume meepdve meaa, B KOTOPHX
HEeT OCHOBAHWM NPeNNoJaraTh, 9T0 aTOMH WJIH MOHH 06JajaloT JOKa-
TH30BAaHHBIMA MAarHUTHHIMA MoMeHnTamu. He 6ynem Tarske yuumTniBaTh
CIIMHBI BJ€KTPOHOB HJIHM NPENIOI0KUM, 9TO BCe COMHH JKECTKO CIa-
pensl. Ilpm sTom Bce ;ke mMeeTcs BKIaj B MaTHATHYIO BOCHPHEMUH-
BOCTB, CBSI3aHHEIA C OPOMTANBHEIM [BHKEHHEM 3JIeKTPOHOB.

B npocrejimenm ciyuae uMeercsa ofuH aToOM, WM HOH, cojieprRamui
TONBLKO 3AMKHYTHE 3JIEKTPOHHbIE 000J0UKH, IPHUeM dHEPTHA Bo36yx-
JieHus: ero B Gomee BHICOKOE COCTOSIHHE BeNWKa. XOPONIO H3BECTHO,
4TO 3TO NPEBOAUT K Juamazremusmy; BOCOPAAMIABOCT OTPHIATEIbHA
W OpUOIMKEHHO paBHa

Ze2N —;
1= '——6—”;0—27'2, ('10'1)

rae Z — moJIHOEe YHeiIo 9JIEeKTPOHOB B aTome, N — gncino aromos

B equmHmne o6bema, a r? — cpemHE KBajpaT pagmyca o6JaKa pJeK-
TPOHHOTO 3apana BOamsm Kaskjoro atoma. Qopmyny Tarkoro poga
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cenyeT HCNOAb30BAThH JJIA HHEPTHHX Ta30B B TBEPHOM COCTOAHHE
WA [T BHYHCIEHHS BKJAJa HOHOB B MOHHOM KPHCTAJJIe,

3anmcaHHH{ BHINE pe3yJdbTaT BHITEKAaeT IO CYMECTBY W3 BLIpa-
JKEHHA JJIA OSHEPIWHM BO3MYIIEHHWA [ePBOT0 NOPHAAKA B OCHOBHOM
cocrossamr | 0) kaswmoro aroma:

O] 421 0), (10.2)

e2
2mc?
rge A — BeKTOP-HOTEHIHAl MArHATHOTO NOJA. IJTO HolydaercA
aBTOMATHYECKM, €CJH HCIOJL30BATH CTAHZAPTHOE BHpayKeHHe nid
TaMHJIBTOHMAHA B MATHUTHOM T0Jie, 3aNACHBAf KAHETHUYECKYIO DHED-
THIO B BHje

= (2v—2AY (10.3)

[ep. ypaBmenne (9.51)).

Ecam, ogHako, HMeOTCA B030Y/KIeHHEE COCTOAHHA aToMa, CKa-
eM | n), opOUTAJIBHEI MOMEHT KOTOPHIX OTJHYEH OT HYJA, TO OHH
MOTYT OPUMEINAaThCA K OCHOBHOMY COCTOAHHWIO W3-3a HAJWYdA B (op-
myae (10.3) wnena, numeitnoro mo A. CooTBeTCTByOIINiI omepaTop

HMEEeT BHJ

e
g L= H -, (10.4)
rpe L — omepaTtop op6HTAalIBRHOr0 MOMeHTA KOJHYECTBA J[BIKEHHSA
BJIEKTPOHOB, a Mz, — OOHYHHI oIepaTop MAarHUTHOIO MOMEHTa, KOTO-
pHii mponopnuoHaneH L. Bo BTopoM mopajke Teopmm BO3MYIeHHR
9TOT YJIEH JaeT BK.J1ag B 3HEePrui

0|H. 2
sg= ) Lz el (10.5)

KOTODH# modo;ATeNeH ¥ kKpajpatmier mo JfI. OrTcioma Bo3HHKaeT
OOCTOAHHK napamazhemusm Ban Quaexa; s1a opMyna mpuMeHEMa
K aTOMY, MOHY HJIH K MOJeKyIe.

ITpumenenne coornomennit (10.2) m (10.5) ¥ peanbHHIM TBepHBIM
TellaM NPAKTHYECKH OKABLIBAETCA OYEHDb CIOMHBEIM, MO3TOMY MBI 00pa-
maeM BHEMaHWe JNIIF HA NPHHIAIHAIBHYIO CTOPOHY OTHX COOTHO-
mennii. 3amermM, opmHako, uto Bkuay (10.5) momwxen BospacraTh
B cJydYae, KOTJa SHeprusa Bos3GY)KJeHHA CTAaHOBHTCA Mauol, Kak,
HAUPHAMep, B cIydYae, KOTHa Haj 3al0NHEHHOH sHepreTmuecKoii 30HOMI
nMeeTcss HeGoMpmasg menb. UTo ;Ke TPOUCXOINT, KOTHA Ta MeNhb CTpe-
MHTCA K HYJIO, T. €. KOTHA MH IepeXoguM K CBOOOIHBIM HOCHTeNAM?

Teopusa omATH CTAHOBHTCSA OYeHb CHOKHOHA, HO 1A cBOOONHBIX
5JIEKTPOHOB cymecTByeT Tognoe pemenne. B § 6 ri1. 9 M monyunmin
YPOBHM 9Hepruu ¢cBOOOIHEIX DJIeKTPOHOB B MarHATHOM II0Jie; HETPYIHO
TOJCYATATHL W CPefHee W3MeHeHNe 9HePTUH BCEro JIeKTPOHHOTO ras3a,
Haj0 JHIOb TOBTOPATH BHUHCHEHNA § 7 1. 9, KoTopele UpHBeIH
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K 3¢¢exty ne I'aaza — Bam Anbena, TONBKO Temeps BMECTO MCCAETO-
BaHHS OCHMJINHDYIOIIEX YIEHOB MBI COCPEJOTOUMM BHAMANHWE Ha
WieHaX, NpencTaBIAmMAx coboff monorommsie gymximmn H. B ¢op-
myae (9.80), mampumep, MBI omycTmam cIaraemoe

i | O | = L [ (@)lmo (10.6)

[mocnenmee pasencTBO moyueno ¢ yaerom (9.82) u (9.58)]1.

Cootsercrytommit wien B gopmyne (9.79) comepsxax cymmy mo
BCeM 3HAYCHHAM § M WHTETpajl IO BCeM CI0AM k, chepn Depmm.
Ionmwit BKIax ero B cBOGORHYI HHepPTHI0 PaBeH

AP = —2kT 3 (—1)" ( 55 sy a2 (8))emo b, =
=1 — oo
1 (eH\21 [ o (—1s
=~z () § 1P @hmoat, S (10.7)

— 00 s=1

[Mb omycTmin mepsre ;Ba craraemmix B (9.79), u6o oHEm He 3aBHCAT
ot H]. Unrerpar no k, ects, mo cymecray, Mepa JJWHH 3aI0JHEeHHON
obnactn k-mpocrpamcrBa Bpoas ocm cdeprr Depmm, a CyMMa 1o §
faer — n%/12. BhumCaAA 0TCIOAa BOCIPHAMYMBOCTH, MBI IOJIYYAEM
Ouamaznemusm Jlanday

esz

L= —T5rames" (10.8)

Ioryuennas BOCIPHAMIABOCTH OTPHNATENBHA, IOCKOIBLKY obpa-
30Banme ypoBHell Jlammay cBA3aHO ¢ yBeamuemmeM HONHOM sHeprmm
cucremsl. Jto BupHo W3 ¢ur. 171. Toxpko Torma, Korma YPOBEHb
QepME JTeKHUT TOYHO HMOCEPEAHHE MY ABYMA YPOBHAMM Jlangay,
BJIEKTPOHE MOTYT (KOHACHCHPOBATLCA» HA COOTBETCTBYIOMEH TpyGKe
Ges mamenennsa cpenmeit smeprum. Horpa yposens Jlampay npuban-
maereda K mopepxsoctn Depmu, BMeCTe ¢ HEM HONHEMAIOTCA H 3JIeK-
TPOHEI, MO3TOMY BenmguHa AF; monoxmrenbha. BocnpmuMampocTs
HE 3aBHCHT OT TeMIepaTyphl, u6o 0Ha mpeacTaBiser coboi cpemHmit
apderr, m 3nech He TpeGyercs, UTO6H paccTosHHe MEXNY YPOBHAMHA
foy 6pu10 6oapme k7. . .

Herpynmo Berumcants Beamuwny (10.7) m mus Goxee obmero cay-
4Yasg HPOHM3BONBHOHE mnoBepxmoctm depmu, paccykiag B OCHOBHOM
TaK e, Kak B § 7 ra. 9. Ho pesynbrar, mosyuenmmi#i Takmm oyTem,
nepepeH. [lus pacemoTpemms jamamarHermsMa Jlampmay B cayuae
DJIEKTPOHOB B IEPHOJHYECKOll pemmeTke TpebyoTcea 6ojee CIoyKHEE
BEITHCJIEHNS, HA KOTOPHIX MBl 3j7leCb He OyleM OCTaHaBIMBATHCA.
HKpome unenos, palomux napamareernam Ban Diexa u nmaMarseTmsm
Jlanpay, mMeoTca Takse IepeKpecTHBIe WICHSI.
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§ 2. CounoBbIi mapaMarseTA3M

MarenTHOe moJle CHHEMaeT BHIDOXKIEHHE ME/KAY JJICKTPOHAMH
C TPOTHBONONOKHHMA CIHAHAMA, HAXOAAIMAMECA B OJHOM H TOM ke
op6uTanBbHOM COCTOSTHMA. B MeTanne 9To BLI3LIBaeT mepepacmpepelie-
HHE DIEKTPOHOB MEKAY COCTOAHHAMH C PAa3NNYHLIMH OPHEHTAIUSIMI
ClnHa, B pe3ydbTaTe 9Yero BOBHIMKAeT MarHOTHEET MomenT. Pacuer
atoro adderTta siemeHTapeH. DymeM pasnmuaTh 3IeKTPOHH CO CIIH-
HOM «—+» ® ¢—» (0 OTHOIIEHWIO K HATPABIEHHI MAarHUTHOTO IOJA
H). 9Heprum uX paBHH

B = & (k) — uoH,
Ex- = & (k) + pold,

rae € (k) — oHeprua B OTCYTCTBHE MArHHTHOTO TOJS, & [, — Mar-

HHATHHI MOMEHT 3JIeKTDPOHA.
Unena 27eKTPOHOB B KayKIOM COCTOSHHH OYAYT JaBaThLCA ABYMSA
pasanunsivu pynrmuamu  @Oepmm — Jupara [suga (4.8)] ¢ opmum
1 meMm e XUMUUECKHM [OTEH-

(10.9)

& nmanoM {. HKak sugpo u3
l /‘ N ¢ur. 175, cocroAHNa CO CIH-
ga—-«———--———--\ P HOM «—» COflepsRaT Temepsb
¥ 6 . fonbIne 3MEKTPONOB, 1eM PaHb-
b= : = e, a HMEHHO:
=" i=—x| H

ne= {5 (8) P (Ber) dE,

0

(10.10)

TOCKOJBKY INIOTHOCTH COCTOA-
Ui OpH HepBoHAYAJILHOH
DHEPrUM & IODPOBHY pasfiene-
@ur. 175. Pacupepenenus @epmm mra HA MEXKIY JJIEKTpOHAMH CO
CH¥HOB, HANIDAaBJAEHHHX ¢BBEPX» U (BHHU3) COuHaMU «A{—» A «—».
B MaredTHOM IIOJE. AHajormuHo 3amUCHBaET-
ca dopmyna IJIA KOHIeHTpa-
IMA JTEKTPOHOB C OTPUIATEeJNBHHM cOmWHOM. PasHOCTE KOHIEHTpa-
Uil DIEKTPOHOB CO CIHHAMH (—+» M «—» OIpe/eIsaeT MarHUTHHH
MOMEHT

M=po(n—n) = | 5170 (B—pol)— o (€ + o)} A" (8) dE ~
0

N(8)

(=]

~ul | (—25) 0 (88—l (€. (10-10)
0

3necs mpursATa BO BHEMaHHe Qopmyra (4.18).
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ITOT NMONOKUTENbHBI MATHATHHIH MOMEHT NPHBONAT K NApAMae-
nemusmy Ilaysu. OH He 3aBHCHT OT TeMIEPATYPH W HEMOCPEACTBEHHO
ompeseiseT NJIOTHOCTH cocTogHMiA npu snepram Pepmu. B nmpmamnme,
CIeIOBATEIBHO, OH NoJKeH GBTEH NPSIMO CBA3AH C 3JIEKTPOHHON Temio-
eMKOCTBIO (§ 7 IaI. 4), 0OAHAKO OpH BBeleHWH MOMPABOK HA MEKAIEK-
TpoHHOE B3amMmopeicrBue (§ 8 ri. 5) Tounoe coBmasieRNe yike He MMeeT
mecra. IIparTHgecky TPyAHOCTH colOCTaBIEHM A TAKOTO pPOJa COCTOHUT
B TOM, 4TO gHaMarsEmTHasg nompaska (10.8) me mama ¥ He m3BecTHA
¢ pocraTouHOH ToumocThI0. OAHAKO B HEKOTOPHIX CJIYH4aAX MOIKHO
H3MEePHTL COMHOBYH BOCIPHUEMYNBOCTH HENOCPENCTBEHHO C IOMOIIBIO
BIIEKTPOBHOT0 COMHOBOI'O Pe30HAHCA 3IEKTPOHOR IPOBOTEMOCTH.

Hna rasa cBOGOAHHIX 3JIEKTPOHOB JeIKO MOKAa3aTh, 4TO

e2kF
4n2me?

Yo =" (Ex) = (10.12)
T. €. BeJIMYAHA CIMHOBOH MAPaMArHATHOH BOCHPWHMYMBOCTA I'a3a CBO-
GOIHBIX 3JeKTPOHOB POBHO B TPH pasa GoJblie BeIWIHOH AHaMaCHAT-
"ot BocnpmmmuuBoct: (10.8). Ommako pemerka BIHAeT Ha 3TH ABA
TANA MATHATHOW BOCIPHAMYHABOCTH COBePINEHHO mo-pasHomy. IlycTs,
nanpumep, nosepxmocth Depmm cepmueckas, Ho «apdexTHBHAS
macca» paBHa m®*. Jlerko morasaTh, 9YTO BOCHPHAMYHBOCTD Y p,
3aBHCAMASA OT IJIOTHOCTH COCTOAHHNA, IPAMO OPOOOPIAOHAILHA m*,
TOTfla KaK BOCOPHHMYHMBOCTBL Y1 O0GpamHo UPONOPOUOHANLHA m*,
TOCKOJBKY OHA ompepejisercad opOHTANBHEIM JRU/KEHHEM BIEKTPOHOB
O He 3aBUCHT OT MarHetoHa Bopa.

Hpyroe ABieHme, CBA3aHHOE CO CIMHOBOH BOCHPHIMYHBOCTBHIO, =
ato cdeuz Haiima. B maranrHOM nose H comam amexTpoHOB monsapm-
3YI0TCsA, X BOSHAKAIMEAR CPeIHEA MATHUTHEI MOMEHT, O PAXOASMHARCA
Ha ONHWH 3JEKTPOH, paBeH

(o) = %po. (10.13)

JnexTpoH, HAXORAMANCA B TOuKe r, Gymer B3anMofeHCcTBOBATH ¢ Mar-
HATHHIM MOMEHTOM M; fApa, HAXOAAMErocA B Touke R, ¢ ITOMONIBIO
«KOHTAKTHOTO B3aRMOJeHCTBUA»

C’%int=%“(l’«1'l’«e)‘5(l‘—R)1 (10.14)

XOpOIIO M3BECTHOTO B TEOPHH ANEPHOr0 pesoHaHCa. lloacramisas
(10.13) B (10.14), maxomum CpeAHII0 PHEPTUIO B3AWMOAEHCTBUSA

(Hint) =57 22 I | (0)[* py = Apy-H, (10.15)

rge | P (0) |2 — KBajpaT aMOIHTYAH BONHOBOM (YHKIMH B TOUKe
pacmooKeHnA AApa. OTY SHEPIHI0 MOKHO HMHTePHPETHPOBATH KAaK
u3MeHeHme Al; BeIMUYMAH KayKyLIEToCs MATHATHOIO MOMEHTR AApa,
BLIBLIBAIONIEE CABUT De3OHAHCHOW 9aCTOTH B MATHHTHOM IOJE.
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QOugepupno, casur Haifita fokeH ObITH HPOUOPIUOHAIEH Y p.
Opgnarxo B ¢gopmyay (10.15) sxomur muoskurtens | (0) |, xoTopbit
HeJb3A OmpefednuTh U3 KaKOro-au00 He3aBUCHMOTO ombTa. B IpHH-
IHIe 3TOT MHOMHUTEIb OTHOCHUTCA TOJIBKO K COCTOAHHAM HA HOBEPX-
noctn MepMm, TaK 9TO TOBOPAT, YTO OH CJIY:KHT MePOH TOro, B RaKOi
cTemeHN BOJHOBHE (YHKIHU cocTosuumit ¢ sHeprueil Qepmm mmeror
xapaktep s-gymrnuity, Cpsur Haiita — 3ro Benmumma, KoTOpyIO
yno6HO OmpenenfiTh, HO HHTEePIPETHPOBATH NOIYIeHHEE Pe3yIbTaTH
He OdYeHb JIeTKO.

1§ 3. 3axon Hiopn — Beiicca n ¢eppomarnernsm

Ipepnonomum Temepsb, 9T0 KaKAhil aToM Beper ceba mono6HO
MaJeHBKOMY MArHATHKY ¢ MarHHTHBIM MomenToM M. IlomoGmErit mar-
HUTHBIA MOMEHT MO;KeT OHTh CBA3AH ¢ HE3aOOJAHEHHON d- mam f-
06009K0l MOHA IepexomHoTo MeTajlla HIH PeIKo3eMeJbHOTO Hie-
menta. B marmmtmom moxe H kassgwii mMarmurtnk 6yaer o6JanaTh
saepraeit — u-H. Ilpegmomosum, uTo Bce aTOMBI He3aBHCHMEL;
OyIyun JIOKAIM30BAMHBIMY, OHA YIOBIETBOPAIOT CTATUCTHKe boabiMa-
ma. Joaa aToMOB, MATHHTHBII MOMEHT KOTOPHIX paBeH MW, IIPOLOP-
OUOHAIBHA

n(w)=en HAT, (10.16)

Ecam npunsare, 9To KaskOblil MATHUTHK MOKeT CBOGOIHO BpamaTh-
¢s, TO CPefHWH MATHHUTHHEIH MOMEHT paBeH

{ pet BT go

W= Tt g

(10.17)

rae dQ — aiesment TexecHoro yriaa. CoBokyuHocTbh N TAKHX aTOMOB
B emmHuUIEe 06beMa 00yCI0BIMBAET BOCHPUUMUYHUBOCTD

]\T
n-H/RT a0
a (w) S kT MBe N 1N @2
= N—‘—-: N = = . /10./18
X H S AT g B (W) = 5 = ( )

ITO0 BHpPaKeHUE MOJYYEHO s CAydas, KOTHA HaUPSKEeHHOCTh Mar-
HUTHOTO IOJsA CTOJb Maja, 9TO KCUHOHEeHTOH MO;KHO mpeHeGpeds;
KpoMe TOTro, MBl BHIDAsHIH cpenHee 3HadeHWe adduHOopa WU depes
cpefHee 3HaYeHHWe |1 — KBajpaTa IJIWHB BEKTOpa M.

B nacrosmee BpeMst Goliee eCTeCTBEHHO CBA3ATH KasiIBH MaTIHTHK
CO COWHOBEIM MATHATHHIM MOMEHTOM S, HpoeKnusa KoTOpOro HA
HaOpaBleHHe MATHUTHOTO NO0Js KBAaHTOBAaHA:

uw-H = BHS,. (10.19)
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3pecy S, npoferaer spaucnns oT S f0 —S NEJOSHCACHRBME CFad-
KaMHd, a f— ypBoennnit marneror Gopa. Ilycrs, manpumep, S = 1/,.
B ¢opmyae (10.17) emecTo mRTETpasoB 6YAYT CTOATH CYMMEL:

GBSH/RT __ - BSH/ET
(W) =pS [EBSH/hT_l_e—ﬂSH/hT

J=psuir. (10.20)

B Dppegene mpE MarkX 3HauemmsaX [ sTOT pesyinbraT COBOAfaeT
¢ ¢opmynoit (10.18), ecaim npEEATH Bo BHEMAaERe TOT GaKT, 9T0 B COOT-
BETCTBUE ¢ UPaBWJIOM KEARTOBAHUA E€JINYNEER MAIHHTHOIO MOMEHTA

() = S (S + 1)p2 (10.21)

Mopmyna (10.18) Bmpaskaer Xopomo B3BeCTEHI cakcn Hopu nnsa napa-
MarEATHOI BOCOpHEMYHBOCTE. ITOT 3aKCH OPHEINHEHAO EBT CIHACTCH
IS HEeKOTOPHIX THOOB TBEPABIX TeJl, B 0COGEHHOCTH ANA TeX, B KOTO-
PHX MAarHUTHBE ATOMH HJ¥M HOHH PacHoJIOMeHHl OCTATOYHO JaJeKo
APYT OT Ipyra, TaK UTO BHOOJEHAETCA IpeAmonoxenne o6 mx Hesza-
BECHMOCTH.

Bo MHOTHX BeIecTBaX, O(HAKO, COCEJIHNE CONHBl B3AUMO/IeHCTBYIOT
IpYT ¢ ApyTroM. 9To MOKHO npubIimsxeHHo yuecTh, BROAA neae Beiicca

H; = AN (). (10.22)

Ipepnoaaraercs, uTo 8TO IOJe CBA3AHO €O CpeflHell HaMarENYeRHO-
CTBIO CcPedbl, OKpYy)Rawmeil Kamjau# OTAeIbBHI aTOM; CHJIY E3aBMO-
HeficTBEA, OmpeleiAeMYI0 NapaMeTPOM A, MH OCTaBIsAeM IPOHBBOJb-
HOM.

Ilosmoe mote, meiicTBywmiee Ha atom, pasHo Temepb H -+ Hj.
Tloncraniasa ero B phipaxenme (10.20), npmbamsrenro monyuaem

N{ )_i__N<“>(H+AN(p)) (10.23)
OTKy[Ia
v {3 BY= wd 10.24)
X= %T—0)’ (10.
rje
AN (u2
g=2T i (10.25)

[MonyuerHOE COOTHOMEHME M3BECTHO Kak sakoh Hiopu — Belicca; ono
ONMCHBAET LOBeleHMe MATHATHOH BOCODPMEMYMBOCTH MHOTHX TRep-
IOBX  Tel.

Ouepnpno, mapamerp 0 mMmeer pasMepHOCTH TemMueparyps. UTo
nponsoiiger, ecanm B gopmyae (10.24) monomnts T << 0? Kasanocs 61,
OpH 5TOM MATHHTHAA BOCOPUEMYHMBOCTH CTAHOBHTCA GeCKOHeYHOH,
a saTeM oTpumatensEof. UTo6H mccienoBaTh, uTo ¢aKTHYIECKH DPO-
HCXOMMT B 9TOM CJIyYae, MH JOJIKHE BePHYTHCA K cooTHomennto (10.20)
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H peiuTh VpaBHEHHe
N (@) = NBS th {%i—(xzvm +m}. (10.26)

IIpn H = 0 »T0 ypaBHenne mMeer ofpgHoe pemenne {(p) = 0, Hompn
T << 0 BupmHo, 4To moABNsAeTca W Apyrod Kopens p 5= 0. Ilomnosenne
5TOTO KOPHA IHETKO ONPEAeIuTh

M) ‘ rpa¢mueckn  (Ppur. 176); wpm
M T = Oon, ouYeBHIHO, CTPEMHT-
cA K

M(0) = NBS. (10.27)

Cucrenma Befer ceba Tak, Kak

6ynro OBl BCE MAarHHUTHBIE MO-

T, T MEHTH OpHEHTHPOBAHH Iapad-

JeJbHO;, Ml TOBOPHM, 4TO TaKoe

®ur. 176. CamompomaBoabHass Hamar- TBep/Oe TeJl0 OPEHCTaBiIAeT Co-

HUYEHHOCTH B QEPPOMaI‘HETﬂRe. ool ﬁeppomagnemun n obHa-

py;iuBaeT GONBHIYI0 BeJIHYHHY

CaMONPOM3BONBHON HAMATHHYEHHOCTH flaske B OTCYTCTBHE MAarHMT-

goro moas. [lpm HarpeBaHHE CcaMOIPON3BOIbHAA HaMarHHYEHHOCTD

yMeHbIIaeTcs I 3aTeM Mcde3aeT NMPH CTPOrO ONPe/IeTeHHON TeMmepa-
Type, Ha3biBaeMoil memnepamypoti Kwopu:

Tc=0. (10.28)

§ 4. Oomennoe B3amMmofeiicTBue

Monexyaapuoe nmoxe Beiicca, ompegesifgeMoe ¢ IOMOLLbIO TemIepa-
Typr Kiopm (10.25), o9endb Beanko — 0HO HaMHOTO Goublne 0GHIHOTO
BHYTPeHHEro 10JfA B CHCTeMe MATHHTHRIX Aumosei. Hoapdumment A
B0 MHOTIX (epPOMATHHTHHX BeIecTBax He PaBeH Y/, 7, yero Mo:KHO
6u110 661 0RHNATh Ai1A nmoiA Jlopenma (8.52), a cocTaBiseT BeAHIUHY
mopamra 1000.

IIpuBATO CBA3HBATH 3TY BEJWIHHY LOJA C 0OMEHHbM G3aUMOTel-
cmeued  DIEKTPOROB,  DPACHOJOKEHHBIX 'Ha COCEHHX aToMaXx.
B pamrax momenu ['eiisenbepra — Jlmpaka co CTPOroii JoKannsanue,
Korjia aToM B I-M y3Ile PemIeTKH MO;KHO XapaKTepHu30BaTh OIePaTOPOM
HOJIHOTO CO¥WHA S;, TaMHJITOHHAH CHCTEMBl 3aLMCHIBAETCA B BHJE

H = —g JuwSe- S — ﬁH-‘; S (10.29)

Obmennnii unmezpas Jy 38BHCAT OT OTHOCHTEJBHOTO MHOJO/KCHHSA

yamos pemerkn 7 i 7', oH mMeeT GOIBIIYI0 BeANTIHY JIHIIb TOTAA, KOTAA

pasuocTb I — I’ paBHA ONHOHE-ABYM HOCTOAHHEIM PENIETKIL.
TaMmIBTOHHAH CHUCTEMBl MOA{HO HePerucaTh B BHE

H = -—Z {12' JuwSe -+ pH| - S (10.30)
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Ilpr oueHp HHBKHX TeMmepaTypaX, KoT[a BCe CIMHHE Pacmol0KeHH
VOOPANOYEeHHO, TaK 4YTo [Aias Beex I’

(BSv) =~ (W), (10.31)

nepsaiit unes B rammiabronuane (10.30) MoKHO OTOEECTBHTH € Mo~
JeKYIAPHBIM HOIeM

BH, = > 2 Ju,slf_F(lz Ju) (10.32)
T. e
=33 (Z Jw), (10.33)
oTryga giag temmepatypn Hiopm (10.25) maxommm
=3 S (S+1) D Ju. (10.34)

1

Jdta dopMyma BHpaKaeT BeAMINHY OOMEHHOTO B3amMofelicTBHA depes
TeMIepaTypy mepexona B ¢eppPOMATHETHOE COCTOSHHE.

CpoiicTBa cnutosozo eamuavmonuana (10.29) 6Gynyr raaBEREM
IpeJMEeTOM HAIllero PacCMOTPEHHA B OCTAJBHOH 9acTu 5TOH TJIaBH.
Opnako ompaBmaH a@ Takoil BHGOD TaMUJIBTOHMAHA, SBISAIOIIWHCH
OCHOBHBIM mpegmolios;ienneM Teopmm? Ha sror Bompoc GOm0 mamO
MHOTO paslIHYHHIX OTBETOB, M WMEHHO 37ech KpOeTCA HEACHOCTH
npupomgsl deppoMarEeTH3Ma KaK (E3WIECKOT0 ABIEHOA.

C mOMOImBI0 TeOPUH TPYHH JErKo I0KasaTh, YTO CKaJIApHOEe Iipo-
H3BeJeHNe COHHOBHX OMEPATOPOB COOTBETCTBYET IpocTeiimeil dopme
B3amMojeicTBEA, XOTA HAPARKY ¢ HHM MOI'YT HMeThCSI I HOpPYTHe,
Godee cao:REBe B3anMopeilcTBHA, TaKkue, KakK, HAaIpHMep, HHLIONE-
IUIOIbHOEe B3aMMOMeHCTBHE

Oszgdxp dlp—‘ﬁ { 81 82 - 3(81.235(82.1{) ] (1035)

rage BekTop R — paccTosHme MRy [ABYMA COMHAMH.

X 0pomIo H3BECTHO TAKE, YTO CINHE 3J1eKTPOHOB, PaCIOJOKeHHBIX
Ha TOM ;Ke aToMe HIH Ha COCEeHUX aToMaX, CTPEeMATCH CIia pATHCH
m3-3a oOMeHHOro 3»(QexTa, ABIAKIMET0CA CHeJCTBHEM NDHHIHIA
IMaynu. Ecmu, maupmmep, ¢, @ ¢p CyTh JIBe BOJHOBHE (QYHKIUH,
KOTOPHIM Mbl (IPHOHACEBAaeM IBA BJEKTPOHA», TO MOKHO IIOCTPOHTH
COCTOAHMA JABYX THOOB B 3aBHCHMOCTH OT TOT0, TmapajiedbHB NN
AHTHIAPAJNeIbHN COHHBl I6KTPOHOB. JTH COCTOSHUA IPEACTaBIAAIOT
co00H CHMMETPHYHYI0 H aHTHCIMMETPHUIHYI0 KOMOMBAIHE

Dg (ry, 12) = 2772 {$a (r1) ¢ (¥2) + o (r3) Pp (r1)},

i (10.36)
Dy (v, P ) =27 " {dq (r1) P5(r2) — da (r2) ¢ (r1)};
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opuuem KombmHamua @Og cBaAzaHa ¢ aHTAmapaIeJbHBIMA CIHHAMHA
(cuneaemmoe cocrosinme), a wombmHamma P4 — ¢ TMapalIeIbHBIME
cIMEAMHA (mpunsemuoe cocrosnme). Ecam Temeph BHYHCAUTH CpeIHUE
3HAYCHUA KYJIOHOBCKOM 3Heprmd e?/ [r; — r, | B 3THX ABYX COCTOAHH-
X, TO OKA3HBAETCA, UTO JTH CPeJHWE OTIHYA0TCA HA BeJIUINHY

2 [ {62 () 48 (r0) oy $0 (10) b (ro) dradras (10.37)

KOTOpaA U eCTh o0MeHHbI unmezpas. Jlerko mepemmcaTh ero B BHAE
pPasHOCTH Me:RAy 3HadeHHAMH 2J S;+-S, MIa mapalielbHHX I aHTH-
mapalienbEx couHoB S; m S, coorBeTcTBeHHO. TaKIM o6pasoM,
3HaK M BeanudmHa J B3aBECAT OT 3HAaKa W BeJWIWHH 0GMEHHOTO
HHTerpana.

WmeroTes gBa Xopollo H3BeCTHHIX ciaydas. llycTs fBa 9IeKTpoHa
OPUHAMIC;KAT 0JHOMY W MOMY e aTOMY, HO He 06pa3yloT 3aMKHYTOR
06009k, BH KYT0HOBCKOr0 B3amMOJeHCTBHA I QYHKUIHI ¢, U ¢p
B DTOM CAyUae TAKOB, UTO BeJWInHA J TOJO/KUTEIbHA, W CIUHE 3JeK-
TPOHOB CTPEMATCA PACIOIOKATHCA TaK, UTOGH TOJHBIA CIHH HMMe.T
MAKCAMAJLHYI0 BEJHUYHHY, COBMECTHMYIO € YHCJIOM He3aBHCHMBIX
cocTogHMIT B 060/I09Ke, TOoAIe;KaINel 3aMOTHEHAR. ITO €CTh 11 PASUALOD
Xynda, obpacHALIIEe, TOUEMY JJIEKTPOHH B He3amoJHeHHo# d-o6o-

. I0UKe HoHAa TepPexogHoro MeTaljia CTPEeMATCA pPAaCIoNIoKUThCA TAK,
qTo0H mOH 00JaJas MOCTOAHHKM MATHHTHEIM MoMeHToM (§ 5 ra. 3).
HNccaegopannme mapaMarHeTusMa M MATHETHOT'O Pe30HaHCA TAKIX MOHOB
B 3aBHCHMOCTH OT OKDPY/KCHHSA WX B CIO/KHEIX KPHCTAJJIAaX COCTaBIAeT
Ba;KHBIA pasne’ QU3MKMA.

Ho Mb 3mech uHTepecyeMcsa B3aUMONEHCTBEEM Me;KIY CIOHHAMI
3JIEKTPOHOB DA3AUYHHL MOHOB, HOPH DTOM OKA3HBAETCA, UTO pacder
OOYTH BCErda JaeT OTPHIATEeNbHYI BeJuduuy J, u, TakaM 006pasoM,
AHMURAPAAACALHAA OPUEHTAAA CONHOB OKA3HIBAETCA NIPEII0UTH-
renpuoi. IlpocrefimnM OprMepoM CHTYAIHH TAKOTO pPOga CIYKHT
Mofeab MOJNEKYIH Bopopopa, npedaoscenunan Iatimaepom u Joudo-
HOM, B KOTOPOH C83aHHOMY COCMOAHUI0 OTBEUAIOT CIIADEHHBIe CIIMHEI.
Mu npunuMand 3T0 6e3 [0KA3aTeNbCTBA IIPM PAacCMOTPeHHMH KoOBa-
JenTtHoll c¢Basm B § 2 ria. 4.

Ha ocHoBammm »TOTO, CJAEIOBATENBHO, TPYAHO OOBACHHTH TOT
$arT, 9TO MHOTHE MeTaJJibl, OOBIYHO «IepPeXOTHbIe» IeMeHTH, feppo-
MaTrHHTHEL. ME MosKeM MOHATh, 04eMy d-3MeKTPOHEI KaKI0TO OT/edb-
HOI'O WMOHA CTPEeMATCA PACHOJOKATLCA TAK, 9TOOH IONHHEN CHOUH,
cKakeM, B cIydae Fe 6u1 paBeH 5/,, HO MH He MOKeT HOHATH, HOUEMY
B3auMOTeicTBHe MATHUTHHIX MOMEHTOB COCEIHHX WOHOB IPUBOJAHT
K IapallelbHOd HX opmeHTamuM. 3Jajada eme Oojee YCIOA{HAETCA
B CBA3H C TeM, 4TO 3TH d-)JAeKTPOHBl HE OCTAITCA CTPOTO JIO0KAIH30-
BAHHBIMA Ha 0THe bHMX HoHaX (§ 1 . 4); UX COCTOSIHUA, OTBEYAOIIHe
Pa3;IMYHbIM AaTOMaM, IePeKpPHBAIOTCA H 06pa3yoT y3RYI 30HY.
IMocnenaaa B cBow ouepeas rubpmauszyeTcss ¢ OOHRITHON $-30HOH,



§ 5. Qeppomazremusm 30HHHT 94eKMPOHOS 375

3JIeKTPOHBl KOTOpPOii cBoGOAHO yYacTBYOT B IpoBoammocTd. I'amMmab-
ToumaH Modeau [elisenGepea, HecMOTPA Ha ero ycmex B (eHOMEHOTO-
rUUeCKOM Teopuu ¢eppoMarHeTH3Ma MeTaJJIoB, CJIeayeT CephesHo
DPOAHATW3NPOBATh, WCXOAA W3 NePBHX NpmHENHmoB. Heroropsie
acreKTH ATofl TOHKOH 3amadm — ofHON m3 Hambojee BAIKHBIX (ymupa-
MEHTAIBHBIX 3ajau TeopHH TBepAoro Tela —— obcy:xpaoTea B §
u 0 HacroAmedl TJIaBH.

§ 5. @eppomarneTH3M 30HHBIX 3I€KTPOHOB

Ilepeiigem K mpefeIbHOMY CIydal, o6paTHOMY CIAYYAlo JOKAIH30-
BaHHGLIX cONHOB B Mopenm [efisenfepra, M mOMECTEM BCE€ BJIEKTPOHH
B 30HY GaoxoBcrux cocrogumii. Ilycrh npy €cTh 9HCIO 3amOMHEHHS
cocrogEnd | k) co cumHOM «-b». B Mmodeau KoarekmususuposarHblL
saexmponos CToHepa K DIEKTPOHHOMY TaMIJIBTOHHAHY f06aBiasAeTcs
cyaraemoe TIIIIa

U
ngintz“"]\T E g4k - (1038)

- K, k’

Takuym o6pasoM, Kajkgad Iapa HJIeKTPOHOB € IPOTHBOMOMOKHLIME
CcUMHAMA naeT BEJAaj BeawdnHH /N, 0oTBeYal0IMUA HOT0KUTeNLHOM
«06MeHHON» PHEPrHMH. ITOT BRJIAJ, NO-BIEMOMY, BO3HHKAaeT H3-3a
TOro, 9T0 BPeMA OT BPeMeHH 06a 3JIeKTPOHA IOmajalT B d-0600UKy
OHOTO W TOTO K€ aToMa; OH, OFHAK0, He 00A3aTeJbHO TOYHO OMHCH-
Baerca nHTerpasom tuua (10.37). Braagsl 5IeKTPOHOB € 00UHAKOGBLMU
COMHAMHA HeT HeoGX0auMOCTH YYATHBATH ABHO, HOCKOJABRY HX MOKHO
BKJIIOYHTL B ONpefeleHNe HYISA DHEePTHH.

XoTa paccuaTpHBaeyoe CJaraeMoe MO;KHO WMHTEPHOPeTHPOBATH
U B IyXe ImpefcTaBleHEA o BHyTpeHHeM mode tuma (10.22), MB BCe
;Re mMeeM Jelo ceifdac ¢ pacmpepernenumem Depmm — Hupaka. Coot-
BETCTBEHHO MO/KHO BOCIIONB30BATHCA PACCYKIAeHUAMHE § 2 HacToAmeR
rmaBH. llycTh ng — TMONHOE YHCIO 3JIEKTPOHOB CO CIMHOM © HA
atoM. Bmecro (10.9) nas sHeprum sIeKTpPOHA CO COHHOM «-}» HMeeM

€y = & (k) — pol + Un_. (10.39)

Amanormugas ¢opMmyda CupaBefamBal I IIA BIEKTPOHOB CO CIH-
HOM «—».

X pMOTeCKIH TMOTEHIMAI DICKTPOHOB 3THX ABYX THIOB OJHHAKOB
(fur. 177), Tak 4TO LOXKHH YAOBIETBODATLCA yDABHEHUSA

[o.7)

niw =to| 5 () (B =P (B} S @) A8, (10.40)

0

n= S AP (Bis) + 17 (&)} 4 (8) dE. (10.41)
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B npenere mpm H — 0, 7 — 0 5Tw ypaBHEHHA HMEIOT pelLiclHe.

tuna (10.11). Bocupmmmumsocts mpm sToM DpmEEMaeT BHX
y= pe " (€r) (10.42)
11U (6p) ~ '

Heno obcromr tak, Kak ecam 6H mapaMarHNTHasA BOCHPHEMYLBOCTD
Mayam (10.12) ysemmumnacs B [1 — Y/, U #°(&p)]! pas. OGmennoe
B3anMopeiicteme (10.38), nemas Gozee phIrOgHOR mapaNIeTBEYIO
OPHEHTANNI) COMHOB, YBEJIWYHBAET IOJIAPH3YEMOCTH CHCTEMBI.

OdueBmpHO, OmHAKO, 4TO 3TO (opmajbHOE peIIeHEEe CTAHOBHTCH
HEeYCTOHIHBHIM,  Korja OGMeHHOe IloJe A0CTaTOYHO CHJIbHOe, T. e.
KoTza

LU () >1. (10.43)

Ycuosue (10.43) oresaer mepexomy k deppomarmermamy. IleiicTBm-

TeJIbHO, A coBMecTHoCTH ypaBHeHwil (10.39) — (10.41) =myixmo,

CKakeM, 9TO6H n, GBLIO Topas-

et 7o Goxdpmie n_; UPH TOM B CHC-

TeMe OydeT CymecTBOBATL IO-

CTOAHHHY MATHUTHEHA MoMeHT. B

3TOM cayuae ypasuerusa (10.40),

(10.41) Mo®HO 9YHCJIEHHO peliHTh

4. Hadith () Kak QyHKIOHIO TeM-

mepatypsl. HagecTBenHo ™ pesyib-

TAaT HAOOMWHAET BHPA;KEHHE

(10.26). Crcrema xapakTepmsyeT-

— ) ? T — oA TeMIlepaTypou FIOpH, HIEE

KOTODOH MArHATHRI MOMEHT Ha-

CHINIaeTCsA, CTPEeMACh K IOYTH

NOCTOAHHOM BeJwWYWHEe. Brime

togku Hiopu Teopua Taxse npen-

' ' CKa3HBaeT HeYTO mopoGHOe 3a-

' koHy Hwiopm — Beiicca (10.24).

7 B sT0it Mopesid HETPYHO ABHO

BHUHCIHATL YAEIBHYI0 TEemJI0eM-

KOCTh, CBABAHHYI0 C IEPEeXOIOM.

, MosxHo, mampmMep, Ha#@TH dHEpP-

7: roo Kak ¢ymknmio 7T m, nudde-

0 PEeEIUDPYH ee, IOJIYIUTH Yielb-

®ur. 177. a — deppomarsermam so5- HYI TEIIOEMKOCTS (cp. § 7 ra. 4).

HHX DBIeKTDOHOB; 6 — dieKTpoEHas OKaseBaercsa, uTo B Touke Hiopm

YAeaAbHas TeNA0eMKOCTh (eppoMarHmr- ¢yarmua C, HCOBITHIBAGT pas-

HOrO Meraiia. PHB, & HEmOCPENCTBEHHO HH-

’Ke 9TOM TOUKH WMMEeT OCTpbIii

ook (fur. 177, 6). Takaa ocoGemHOCTH meHcTBUTENBHO HABIIOmaeTCA

npu mepexofe B ¢eppoMarHATHOE COCTOANME, XOTf TEOPHA H He BOC-
IpoH3BOMAT $OpPMYy IMKA BO BCeX ETANAX.

C/nk
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Taxkum o6paszom, KaprTuHA O6aAYyHOAOWUL IAEEMPOH0E CTOND Ke
xopomo ofbAcHAeT GoabIIHHCTBO HAOMIOMaeMHX CBOHCTB ¢eppomar-
HUTHHX MeTAJJIOB, CKOJb M MOJEeNbh JOKAJIN30BaHHEIX cnmHOB. OHa
COBMECTHMA TaK;ke ¢ obmeit somHol Teopmein (cM. § 10 ra. 3), ¢ Teo-
pueit ABleHmit mepemoca, ¢ mcciemoBaHmsAmu moBepxHocTH (Depmm,
TIPH KOTOPHX MOKHO, HaPAMep, HaOJMI0[aTh ABE Pa3iHYHBE CHCTEMB!
30H, COTNEP/KAMAX COOTBETCTBEHHO 3JIEKTPOHH CO COWHAMM «BBEDPX»
n «gHu3». G APyroil CTOPOHH, TOYHAS IPHPOAA «0OMEHHOW» dHEPrHH
U coBepmenHO He SCHA; MMEIOTCA He3aBHCHMBIE yKasamms Ha TO,
uro nQeKTHBHNE MATHHTHBHIE MOMEHTH [0 HEKOTOPOH CTEIeHM JOKa-
am3oBauH (cM. § 6 m 11 macrosmeit raasw). Ilo-prpuMomy, musa mepe-
XONHHIX MeTalJoB ¢ d-30HAMHU Ham{oJee MOAXOAAIIel OKa3biBAETCsH
30HHAA MOJCHL, B TO BPeMS KaK 9JEKTPOHH B JaCTHYHO 3aTIOJHEHHBIX
f-cocToAHMAX B PeAKO3eMEeNbHHX MeTajlax, BHAHMO, BCerja BeyT
ceba Tak, Kak ecam OB CYmeEeCTBOBaJa Treii3eHOeproBCKadg JiOKa-
An3anns.

Hak ormeuasocs B § 3 ri. 8, mexoTophle BelmlecTBa ABIAKTCH
CezHemoaAeKmPUKAML; OHE MOTYT 00J3faTh DOCTOAHHBIM dIEKTpHYe-
CKIM MOMEHTOM B OTCYTCTBUWE pieKTpHUecKoro mods. Makpockomm-
YeCKH 3TO ABJEHUE POACTBEHHO epPOMATHETH3MY, OJHAKO BO3HHKAET
0HO BCIEJCTBHC ropasfo Gojee CI0KHOTO N HEOOHIHOI0 MHKPOCKOIH-
geckoro afderra. Omo cBsIzaHO €O COOCOOHOCTBIO HEKOTOPHIX KDH-
CTATIMYECKAX CTPYKTYP HEMHOrO HCKayKaThCA, B Pe3yibTaTe Yero
B Kaskgoll guelike peImeTKH BO3HUKAET JAUIOJBHHHA MOMEHT.

§ 6. MarauTaxle npuMecH

ATOMBI TIePeXOQHBIX MM PeJKo3eMelbHEIX BJIEMEHTOB, PACTBOPEH-
HHX B OGKIYHOM MeTaJlie, 9acTO COXPAHAIOT JoKAJIN30BAHHEE MATHAT-
HBle MOMEHTH. JT0 06CTOATEIBCTBO JMKAT B OCHOBE PAa HHTEPECHBIX
DKCIIePUMEHTAJIbHO HAGII0TaeMbIX ABIeHUR X TEOPETUICCKIX IIPeICcTa B-
denuit. Ilpepnoskennas @pupeneM HHTePIPETANAA HA A3bIKe $A30BHX
caBuroB {cM. § D ra. 5) momoxHser o0KUHOE NX ONMHCAHHEE ¢ ITOMOIMBIO
2amusvmonuana Andepcora; mocIefHNAR IO3BOJISIET BHIOJIHUTH HOJY-
KROJIMYECTBEHHOe MCCIAEIOBAHWEe MHOTHX OCOGEHHOCTeH 9THX ABICHAH
¢ DOMONMBI0 JHUIMb HE(OJIbIIOro THCAA (EeHOMEHOIOTHYeCKHX napa-
MeTpOB.

Ipesxme Bcero NpenoNokAM, ITO «00OMEHHOE» MM «KOPPeIIINOH-
HOE» OTTAJKHBAHHE MEKIY HIEKTPOHAMH ¢ DPOTHBOLOJIOKHBIME
CIHHAMHA BCTYIAeT B MeiicTBME, TOIBKO KOTJA OHHM 2aHWMAIOT ONMH
I TOT s¢ aTOMHHIM d-ypoBeHDb ¢ pHeprueil €;. B pamkax ynmpomeHHOTO
npubnuenna Xaprpu — Qoka, y)ke WCHOIB30BaHHOTO B dopMyie
(10.38), momosxmm

ngddz Uﬂd+nd_. (1044)
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3mech ngs — CpefHEe UNCIO d-3IEKTPOHOB Co cumHoM ¢. Ecam 651 mpm
PaCTBOPEHHM HepeXoJHOTO 3JIeMeHTa B OOBIYHOM MCTAJ/IE AaTOMHEe
YPOBHH OCTaBaluch abCOMIOTHO DE3KUMHU, OHH HeM3GEKHO TOJAAPH30-
BaluCh OH TaK, YTOOH, CKAKEM, BEIHYHHA Rgy CTAHOBUJIACH TIO BO3-
MOYKHOCTH GOJIBIIOH, a BeIWYIHHA hy. — Magod. B cymHocTH 8TO —
B o6ocTpeHHOIt opMe — Ta jKe CHTYamMs, YTO M PaccMaTPHBABMIAACSH
B § O HacToAmeir r1aBH. B sTom caywae spdexrTHBHbIE DHEPIHH YPOB-
Hell pacmenasores (Pur. 178):

8o = Ea+ Unys. (10.45)

Brenem Temepr B3ammopmefcTBAE MeRAY JOKAIM30BAHHBIMH d-COCTOS-
HOAMH U OJT0XOBCKHMH COCTOAHHAMHU DIEKTPOHOB TPOBOIUMOCTH
(¢s-DIIEKTPOHOBY) METAJNMa-PACTBOPATENA. I yCTH HATEHCHBHOCTD HTOTO

a 17 8
@ur. 178. AtoMHhe d-ypoBHH (a) WOIAPHSYOTCA H paclielNIAIOTCA H3-3a

d — d-p3anmMopieiicTBuA (6), a 3aTeM M YIIMPAIOTCH, IPEBPANIAACH B PE3OHAHCHEIE
3a cUeT THOPUIN3ATWE C $-3IeKTpoHAMH (6)

B3auMofeiicTeuA paBHa V. OHo He 06sA3aTeNbHO 3aBHCHUT OT CIHHOB;
B IPHHIAIIE MATPHYHEIE SIeMEHTH COOTBETCTBYIONIETO TaMILIbTOHUAHA
B 3HAYHTETLHOW CTeNeHN TaKHe e, KaK I OpH § — d-rH0puau3anim.
Ecan onncriBaTh 30HRYIO CTPYKTYPY HEPeX0THOT0 METAJIA ¢ IOMOMBIO
MOfleJBHOT0 TaMHIbTOHMAHA, ykasaumoro B § 10 ri. 3, To coorser-
CTBYIOIMWI MATPHYHHIH HIEMEHT MOKHO OHI0 6B IIOJYIHTb, 3Had
«HHTerpaJ mepekpHTHA» THna (3.27) B MeTome JUHeARHX KoMOHHALMIT
aToMHEEIX QyHEnui. ITo sToif mpmamHe MBI M OPEANONOMHUM, U4TO pac-
cMaTpHBaeMoOe B3aHMOJeiCTBME CBASHBAET TOJBKO S- U (-COCTOSHMS
¢ 0OJHHAKOBHMH COHHAMM, I HpeHefpeKeM MAJIHM O6GMeHHHM B3amMO-
mefcTBHeM MEEIY CAMHME S-DJICKTPOHAMI.

Bynmem paccMaTpmBaTh HOBOE B3aMMOJEHCTBHE KaK BO3MYILeHHe.
Torga ono mpmBogHT K mepexofaM ¢ d-ypoBHEil B s-30HY H 06paTHO
€0 CKOPOCTBIO

Po — (%-)VZL/;/“S(&U). (10.46)

CpofictBa MerTasma-pacTBOPHTENS BXOAAT CIOfa TOJABKO wUepe3

IJIOTHOCTE COCTOAHHH B $-30He mpH SHeprum Fiq, (10.45). Oxmako
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5T0 YMEHbINeHAEe BPEMEHN FKH3HH MOYKHO MHTEPUIPETHPOBATE Kak
SHepTeTHYeCcKoe yIIMpenme d-yPOBHA HA BeINIHHY Ws. Baecro
pesKoro ypOBHA IDH DHEPTMH Ego ME MMeeM Teleph CIEeKTPAILHYIo
TJIOTHOCTh THIWYHO JI0OPEHIEBCKOro BHAA

2141 W
Pao (€) = —— GG i T WE ° (10.47)

B NpWHOWDE DEHTP JTHHWH Tak:ke HEMHOIO CMeCTUTCS, HO 9TOT dfgerT
He HrpaeT CYMEeCcTBeHHOH pOJH.

®opmyna (10.47) meficTBHTENBHO B TOYHOCTH COBHAJAeT ¢ Pe3yib-
taToM mudpdepennupopanns cymmbl Opmpeas (5.40), paccmarpuae-
MOii KaK (QYHKIUA DHEPIWH, BOIHM3M De30HAHCA THIIA (3.81). Tarum
o6paszoM, Ham pacdeT MIUPHHEH W, ¢ HOMOIBI MAaTPUYHOTO 3Je-
MenTa s — d-psammonmeiicTeus V' (10.46) He cBA3aH HEIPeMeHIIO
¢ HMCTMHHOP ¢u3muecKoH KAaPTEHOH ABJIeHMH, X0TA HATNHCaHHbIE
BHITe (QOPMYJHl W CIPABEJIMBH HPA He CIHIIKOM CHIBHOM B3aUMO-
TeWCTBUM.

Onmako BBefA ylinpeHue d-ypoBHe# Ha NOPHMECH, MHl yike nHe
MO7KeM GBITH YBePEHH B TOM, YTO MATHUTHAA MOJISPH3ALNAA COXPAHUTCH.
JleiicTBUTeNbIO, CHTYALIs TellepPb TOYHO OLUHCHIBAETCHA YDABHEHWMI
(10.39) — (10.42) — mago JIIIb IIOACTABUTD B HIIX BHIPA/KCHHE (10.47)
BMecTo Y/, ¢ (&). Takmy myTeM Mbl IPUXOTUM K YCIOBHIO CYILECTBO-
BaHOA TOCTOAHMHOTO MAarHATHOTO MOMEITA [1a HOHe NPUMeCH; COrjlacHo
(10.43), monApm30BAHHOE COCTOAHHE SHEPTeTHUeCKH YCTOHYMBO OTHO-
CHTEIBHO Tepernoca ICKTPOHA M3 Ngi-PACIpefeleHns B Rg~Pacupe-
flejleHme, €CIH

Idr1a Teopus ob6BACHAET PasNMuHHe HabualofaeMble CBOHCTBA pas-
GaBIeHHBIX CIIABOB, COJEP:KAMMX IEePEeXONHLIC M DpefKo3eMeTbHBIe
9IeMEHTH, NpPH pPa3yMHOM H COIJIACOBAHHOM BhOOpe mapamerpoB
U u V. Hanpumep, npu BBefennn B Al B KauecTse IprMeceil 91eMEHTOB
rpynns sxeineda ot V A0 GO MarHMTHHE MOMEHTH He HOSIBIAIOTCA,
XOTA Te jKe IPUMECH OKA3bIBAIOTCS MarHHTHAIMI IpH Beegennn ux B Cu,
Ag m Au. Bosee BECOKaA KOHIEHTPAIMA 9JIEKTPOHOB IPOBOJHMOCTH B
Al IpHBOANUT K CIMITKOM 60IbIIOMY 3HAUEHMIO BeamunEH J° s B (10.46),
a ¢ Hell — M K OONBIIOMY YIIHPEHHWI0 d-yPOBHeH M MOHIGKEHHUIO MAKa
Pac (8) B (10.47). Vemopue mamaramuennoctn (10.48) mpu srom He
BHITTOTIIAETCA.

CaMH 9JeKTPOHLI IPOBOZHMOCTH OCHOBHOTO MeTajjia TaKKe
YYBCTRYIOT TPHCYTCTBHE OpuMecH. IToT dddexT, omxHAKO, 3aBUCHUT
oT cumpa. llyeTh MarHUTHGIL HOH MOJHOCTLIO NMOJAAPHU30BAH, W IOJ-
HL{ cnmH ero paseH S. Ecanm Bce d-cOCTOAHUA €O CIHHOM (BBEDPX»
BAMOIHEHH, TO S-DIEKTPOHBI ¢ TeM jKe CIIMHOM HEe MOTYyT IepedTn
B d-cocrosnusa. CireqoBaTelbHO, B HTOM CIydYae BHIMTPLIBAIOT TOIBKO
$-DJIEKTPOHK €O CIHHOM «BHH3». llomb3ysdch o6buBO#E Teopuenl BO3-
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Mymenuii (MaTpHyHBIE 9;1eMeHT V), MO/KHO OHEHHTb, KaK MEHAETCH
OHEPIWA OTHX OJIEKTPOHOB 3a CYeT BHPTYAJbHHIX TepPeXonoB Ha
d-yposuu. Ilycts mociemmme pacmomoskenst Bhmie ypopmsa (Depmu
Ha paccroannu U or Hero. Torga nckoMoe 3MeHeHne dHepray (Ha OLIH
DJEKTPOH) ecThb

EAPNELY (10.49)

Hnage rosops, cucrema BemeT ceGs TaK, Kak ecaH 6B MELLY JOKa-
TM30BAHHHEIM MAaTHUTHBIM MOMEHTOM HpPHMecH (Co ciuHOM S;) 1 cnmHOM
(S) sNMeKTpoOHA TPOBOJYIMOCTH CYIIECTBOBAJNO B3aMMomeHCTBHE:

SHoa=—(5)5-S:6 (r—Ry). (10.50)

3aech uepes R; nr 06031age sl TPOAKY KOODIHHAT i-T0 aTOMa OPHMECH
H 3JIeKTPOHA. 3aMeTHM, 4To mpH JA106oM sHare V 3Hak mpaBoit wactn
(10.50) 6marompHATCTBYeT AaHTHHIAPAIIEIbHON OPHEHTANNH CIMHOB
(cm. § 7 macTosmeidl rianr).

ITo oTHOmeEHMI0 Kk CBOGOAHOMY DIEKTPOLHOMY Tady § — d-B3amMo-
neitcteue (10.50) mpegcraBiaser co6oli CHIBHO JTOKAAU30BAHHOE BO3-
mymenne. UrToGe mocMOTpeTh, K WeMy OHO TPHBORUT, BBHIUMCIHM
MATHHTHBI (OTKANK» CHCTeMH KaK (YHKIUIO BOJHOBOTO dHCIA,
DOAB3YACH B OCHOBHOM TeM jKe CIOCOGOM, 4TO W IPH BHYUCTEHHH
ANYIeKTPUTECKOM MporHIaeMocTn B § 1 1. 5. DarTwuecku HacTosAmasn
3a/laua BHAUNTEABHO IPOIe, TaK KaK Mbl mpeHefperaeM CIHH-CIHHO-
BEIM B3aWMOJEHCTBUEM BHYTDH Tasa M MO:KEM CUATATb, 9UTO BECh
9 PeKT CBA3BAH TOIBKO C (BHEIMHHM» Bo3MyIeHHeM. COOTBETCTBEHHO
MBI HE3aBHCHMO DPaCCMATPUBAEM $-3JEKTPOHH CO CIUHAMHI «RBEPX»
H «BHH3»; IPU 3TOM Ka;LABIH 3JIEKTPOH 00:1a7aeT MAaTrHETHBIM MOMEH-
Tom gPs. Tem sxe myrem, wTo m mpu seBome Popmyant (5.16), Mur
OPUXOAMM K CJIEAYIOMEMY BBIDOKEHHIO IJIA 0G0CMIeHHOW BOCHpIMM-
guBoctd {cp. § 1 ra. 8):

0 (k) —fo(k
%o (@) =2 (gBs)? D) %((T'Jr(;;_(—;(%. (10.51)
k

Cynma 31ech GepeTcs mo aieKTPOHHKIM COCTOAHIAM ¢ 0GONMH CIITHAMA.

Har ®m B 1. 5, B paMKax Mojeau cBoOOZHBIX 3JeKTPOHOB 3Ty
CYMMY MOKHO BHYHCAUTH sABHO. Ilomo6HO dopmyme (5.35), npu atom
HOTy9aeTcsA MPOCTOC AaHAJTHTHYECKOE BHPA;LKEHHE, BTOPAA HIPOH3BOJ-
Hag OT KOTODOTO IO ¢ mMeeT ocobeHHOCTH npu g = 2kg. CooTBer-
creyiomee npeobpazosanue Dypoe [cp. (5.17)] ommcmBaer mpocTpan-
CTBEHHO€ pacOpefejgeHNe HAMATHINYCHHOCTH B OKPECTHOCTH JOKAlH-
sosamnoro MomeHTa (10.50). OcoGemnocTs TPHBOOUT K IIOABJICHUIO
OCUHINHPYIONEero WIeHa ¢ BOJHOBBIM YHCJIOM 2kp, cHafalomero Kak
1/r® ma Goapmmx paccroanmax (pur. 179). 1o ectsb aggfenm Pydep-
mana, Kummean, Kacyu u Hocudw. OGHapy:KHETh eT0 MOMKHO IO
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MaJbM H3MeHeHHAM cpapuros Haifita (em. § 2 wmacroameil riapni)
AJS Pas3iMyHEX HOHOB, PACIOJOKEHHBIX Ha Pa3HBIX PACCTOSHIIAN
OT JAaHHOU HOPHMECH.

Ha ssmke § 5 T, O MarHNTHO-UOJMSAPH30BAHHYI0 LPHMECH MO:HO
6n10 OH paccMATpPHMBATEH KaK 00JacTh, B KOTOPYIO HM3-3a Pe30HAaHCA
(3.81) B d-cBurax ¢aspl BTATHBAIOTCA JJAEKTPOHbI CO CIMHOM (BBEPX).
AmanormusHil pe30HAHC [JIA 3JIeKTPOHOB CO CIMHOM «BHH3» HACTYIAeT
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@ur. 179. OpupesneBckue OCHWLIANUE CIOHEOBOH NONADHIANHNE $-dIEKTPOEOB
BOKDYT npuMecd 4 IOpHBOAAT K (ePPOMATHUTHOMY B3aUMONEHCTBHIO ¢ Gimanexa-
meil npmMechio B.

OHE MOryT, OXHaKO, OKa3aThCA OHarONPUATHEIMU M [ BO3HHKHOBEHHA aHTHE(EDPPOMaTHeTH3-
Ma B caydae §ojiee HajleKNX aTOMOB IpuMecH C.

opn ropasno GoNBINAX 3HEPrUAX, TaK 49To Ha ypoHe Mepmu cooT-
BeTCTBYIOmMMe CcABHTH (a3 cuapHo pasiamdarorca. CoraacHo (5.41),
5TO OPHUBOAUT K OCHIIIANNAM MATHHTHOH NOJISPHU3aNUMW, KOTODhIE
MOJHOCTBI0 AHANOTHYHLL (PPUAEIEBCKUM OCIIHIIANUAM ILIOTHOCTH
3apAfa BOKPYT 3apsAyKeHHOR mpmMecH. ITO OMICAHNE YKBUBAJIEHTHO
Momenn AwmpmepcoHa, Ho B oramune oT (10.49) omo He gmaer memocpen-
CTBEHHOTO BHpa)keHUs peanumunl J qepes V u U.
ITo-pmpmaMoMy, Golee BasKHO TO 0GCTOATENIBCTBO, UTO PACCMOTDEH-
Hoe ABJICHHE DACKDHBAeT MEeXaHU3M CBA3N MEEAY MOMEHTAMH ABYX
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COCeHNX MArHUTHHX WOoHOB. W30BITOK S-2I€KTPOHOB €O CIIHHAME
«BHU3» B HEIOCPEACTBEHHOH GIM30CTH 0T HPHMECH CO CIHHOM «BBEPX»
MHIYIAPYeT Ha M060i fpyroil mpuMecH B 3T0i 061aCTH COMH «BBEPXY.
Tem caMbM MH TOJyIaeM MEXaHH3M, Je/KAIIMH B OCHOBe reitsentep-
roscroii o6mMenHoil momenau deppomarHerHsma (cM. § 4 Hacrogmei
raapel). B mocaepHedl TOKANHM30BaHHBIE MOMEHTHI, OTBEdaroIiye
d-060J10TKaM WOHOB LEPEXOTHOTO MeTala, 00HADY/KHUBAIOT TEHCH-
U0 K MapalielbHoll OPHEHTAUE B CHIY CTPEMIEHHA HX LOJAPU30-
BaThCA AHTHINAPANINCILHO MAaTHATHHIM MOMCHTAM Ta3za 3JeKTPOHOB
HPOBOUIMOCTH, B KOTOPHH OHH IOTPYeHSHL.

BaamMopjeHicTBIC TaKOTO THIIA HPUBOAHT K CIOKHEIM MAaTHHTHBIM
r TeunoBHM s¢dexTaM B pazbaBleHHHIX CHJIaBaX, B KOTOPHX Mar-
HUTHBE HOHB CIydaiHbM 06pa3oM pacupefelleHh OO0 penieTke pacTBo-
puTenA. B upepmenpHOM clydae, KOTHAa HEMAarHATHEIH PacTBOPHUTENb
LONHOCTBLIO 3aMeIlel W PACTBOP HEPeXOAUT B YHCTHE HepeXOomHHI
MeTaJiI, MB IPHXOAUM K Modeau Bomncosckoeo — 3unepa nua ¢eppo-
MarHeTH3Ma B MeTalanax Thua Fe. 3amermM, dTo OHa Tropasfo
Gomee «IMHAMHWYHA», YeM MOJelIb, OLNCHBAaeMadA TaMHIbTOHHMAHOM
Tenizen6epra m Jmpara (10.29). Marmurumie MoMeHTH d-060d09ek
Temeph CO3TAIOTCH YiKe He IeJbIMU THCIaMH HeaJbHO JOKAaIN30BaH-
HBIX «d-27€KTPOHOBY, a IPEACTaBIAIT coboll cpegHne MOMEHTH B 610~
XOBCKHX COCTOSHHAX, OTBEYANIIHX CYIMECTBeHHO TMOPHIM30BAHHBIM
s- m d-somam. Tarmm o6pasoM, 5Ta "MOfenb y;Ke HE HPOTHBOPEIUT
IpOCTOMY BADHAHTY B30HHOH Teopmnm ¢eppomMarHeTmsma, o0Cy:RHaB-
memyca B § 5 HacTosmledl TIIaBE, XOTA WHTEPUPETANNIO mapamerpa
U remeps cilemyeT H3MEHHUTD.

Dueprua s — d-pzanmopeiictena (10.50), saBmcamas or cmmHa,
OTBeTCTBEHHA TakKske 3a 0COOBH 9deKT, CBABAHHBIN € BJAEKTPUICCKHAM
COIPOTUBIEHAeM, OOYCIOBIEHHHM MArHNTHHIME upmMecamd. [lefi-
CTBUTENBHO, PACCMOTPAM, KaK U B M. 6, 3amady o BHUHCIEHNA AHQ-
¢epennuaNbHOTO IOUEPEeYHOr0 CEeYCHHA PACCEAHHA $-DIEKTPOHA CO
CIIHOM «BBEPX» 32 CUeT B3aMMONEICTRMA € MarHATHON LPWMECHIO.
ByneM cumTaTh, 94TO CIHH S-3IEKTPOHA NPH TOM He W3MEHAETCA, T. .
HavaJpbHOe U KOHEdHOe COCTOAHHA HMEIT COOTBETCTBEHHO BHJ

|k, +) =n |Kk', ).

B uepBom GopuoBcKOM UpHONHACHAM aMIVINTYAA PpacCeAHNsA
coBIANaeT ¢ MATPUYHBIM JIIEMEHTOM

19—, +|Haal K, +)=—(57) S&- (10.52)

B HopMaJbHHX YCIOBHAX 9TO BEIpakeHHe (He obpammaiomeecss B HYJb
IpH BO3BEeHNH B KBajpat), HobaBisemoe X OOBIYHEIM MeXaHH3MaM
paccesuma (§ 4 ra. 7), smomHe Morio Obl yAOBIETBOPATH Halle
11060THTCTBO.

TMonxoxa HefaHTAYHO, HOCMOTPHM, OXHAKO, HA BRICHINE YJIEHDH!
pALA TeOpHH BO3MymeHmil. VI3 IeMEHTapHBIX KYPCOB KBAaHTOBOM
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MEXaHHKH ME 3HaeM, 9T0 BTopoe GOPHOBCKOe NPHOIMKEeHHe HMeer
BH]

k FHsq | K", 0y (K", 0| FHqlk’
1® = Z (k, +] sd‘ , o)k’ ”1 sd‘ s +>, (10.53)
€ (k)—¢ (k")
k”, 0
Tje «IpoMe:KyTodHOoe» cocTosume |K”, ¢) cBaA3aHO ¢ HAYAIBHEIM
I KOHEUYHHM COCTOAHHMAMH TaMHJILTOHEAHOM B3aHMOAeHcTBUA &% 4.
JTo0 BHIpajkeHMe, OJHAKO, He BOOJHE BepHO. B momHoll HectammoHap-
HO#l TeOpHMH BO3MYIEHHH MBI JOJKHE pPacCMaTPpUBATh HHATPaMMbE
xpyx tanos (¢pur. 180). Ilpm npamom nponecce (¢ur. 180, a) saerTpon

@ur. 180. IpsamMoil (a) m obMenAwii (6) MpoLecCH B s — d-paccessHEEH BTOPOTO
MOPATKA.

OOpaTHTe BHUMAHAE HA OTHOCHUTENBHALIEC OPHEATANN - B d-COMHOB IIPH Hepexonax ¢ nepebpocom
CImHa.

BHa9ajJe, [0 TOr0 Kak OH OymeT MCOYNEH B KOHEYHOM COCTOSAHMNH,
mepexoguT B coctosHme | k”, o) (KoTOpoe, ClemoOBATENBHO, MOJKHO
GeiTh BakauTHO). Ilpm o6mennom mpomecce (Pur. 180, 6) mur mpemmo-
naraeMm, uWTO 9IEKTPOH, yike HaXomamuica B cocroammu | k”, o),
nepexonatT B cocrosuue | k', 4 ) 10 Toro, Kak «HAYAILHHIAY IEKTPOH
HepexojuT B MOpoMe:kyTouHoe cocrosume. Ilpasmna pgmarpamuHoil
TeXHMKN ToKaswBaioT, 970 Bhipaykenme (10.53) ciegyer mepemmcars
B BHjE

[¢9] 1 " n ’
¢ =k2m{(1—fk”)<ky + | Hsal k", o) (K, 0| FHsqkK's +)+
“ o
+ fir (K", 0| Hsa | Ky +) (k, +]|Hsa K, 0)), (10.54)
rge fy» — 9MCIO0 3aIONHEHHUA IPOMEKYTOYHOTO COCTOAHHA.

B cayuac 06HYHOr0 MOTEHIMANBHOTO PACCEAHUS NPOHU3BEICHEC
IBYX MaTpPWYHLIX dilemenToB B gopmyine (10.54) He saBmeut oT mx
nopajgka, Tak 4910 (YHRIUA fx» BHIANAT W MK BHOBb IIPHXOIHM
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K pupaennio (10.53). Bruag mocmegHero B cedeHme pacCesHRA
fymer ammmb MaXoii mompaBkoidl ¥ wieny mepsoro mopamka (10.52),
Onuako B cayuae COMHOBOLO PACCEeAHHUA CIENyeT MOMHHTH, 4TO OIe-
patop JH#sy comepsut wienn Tnua Si{¥’s, m Si¥’s,, xKoTopHle «mepe-
OpacHBalOT COHH 2JEeKTPOHA NPOBONAMOCTH 3a CYET HOIAPI3AIEN
npavecu [em. (10.104)]. Omepatopu S u Si{¥’ He KOMMYTHPYIOT
IPYT ¢ APYTOM, B CHIY 9Yero MOPAJOK COMHOKHTENEeH B BHPAKEHAH
(10.54) cramoBmTcsi cymecTBeHHNM. C TOYKH 3DEHHA CHOHHOBOTO
MAarHUTHOrO MOMEHTA TPHEMECH JeHCTBHTENBbHO HeGe3pasimdHo, KaKoi
W3 IBYX IlepexofoB mpomaofiier cHawama. OueBHaHO, HAIPHEMEDP, UTO
OpAMOM HpoIlece 3alpemeH, ecid IPAMECH yike 00JajjaeT MAaKCHMaTIb-
HBIM CIMHOM (BBEPX».

B pesyaprare, Beumcias npasyio wacts (10.54), MB mpmxommm
K BHIPAQ)KEHWIO BHMA

—~ J\2 ez fk"
tK~2(T) S“gm‘ (10.55)

Muo:xuTeIb fi» 37[eCh HE KOMIEHCHDPYETCS BKJIAZaMd OT APDYTHX OIa-
rpaym. [locKoabKy QYHKOUA fy»~ PE3Ko H3MeHAeTCA IPH 3HEepTHH,
paBHoli sHeprmum (DepmH, BCA CyMMa BoO3pacTaeT NPW IPHGIMAKEHNH
&€ (k) k €p. llpuaumas, HanmpaMep, 9TO MIOTHOCTH COCTOAHHMU B 30He
uposogumocTu mopaAgxa 4" (€r) BOIOTH N0 HEKOTOPOH 3SHEPTHH
€, — D, Moo nDpumbammenHo omeHWTh Hpasylo dacts (10.55).
Ms1 nomywaem

J 2 (¢4) D
tx 22 (5) SPAH (&) In g (10.56)

OcmamouHoe conpomueseHue, CBA3aHHOE C OOHYHHIMU 3apAkeH-
HEMH TPUMECAME B METAJIaX, He 3aBHCHT OT TemmepaTypwl (§ 2—4
ri. 7). Ograko B cIyvae MATHATHOR IpYMecH HHTeTDEPOBAaHME IOIHOK
BEePOATHOCTH pACCessHHs Ha HEH IO (TeINOBOMY CJIOI0» TOIUHEL
kT na nosepxHoctE DepMu He IPHBOFAT K CIIa'KABAHHIO 0COOCHHOCTH
B dopmyne (10.56). CremoBaTelprHO, CONPOTHBIEHHE MOJMKHO JOTa-
PEQMMYECKH 3aBHCEThH OT TeMIepaTypsl IPUMEPHO B COOTBETCTBUH
¢ dopmyroi

p(T) ~ 0o {1—2(5) S (Er)In 2} (10.57)

Hockonpky- Benmnumna J CYMECTBEHHO OTPUIaTeNbHA, 3Ta dopmyra
IpeficKa3biBaeT GHICTPOE YBEeIMIeHEe 0CTaTOYHOTO CONPOTUBIICHHA UPH
noHIsKeHuE Temmeparypil. G ydeToM HeaJbHOTO CONPOTHBJICHHSA
(§ 5 ra. 7) ocBOBHOrO MeTanlia, KOTOpOe HPH HH3KHX TeMIepaTypax
MeHsgeTcd Kak 1°, 9To 06DbACHAST TARHCTBEHHBIH MUHUMYM CORPOMIUE-
JeHus, [aBHO Yy:ke HabmomaBmuiica B pas3baBJeHHHX CIUIaBax,
comepRaliEX ImepeXogHee djieMeHTH. Hax BugHO H3 POPMYIHl THIA
(7.104), cmipHas oHeprermYeckas 3aBHCHMOCTH mpaBoit gacti (10.56)
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06BACHACT U 2UCAHMCEYI0 mepMmo-3. J. ¢., TAKKe HaOII0JaeMyo0 B TAKAX
MaTepHanax.

Ilonnas Teopus aroro affesma Kondo momkHa, 0HAKO, IPHHEMATh
BO BHEMAaHHe U B3aMMHYIO DOJAAPU3ANIKI COCETHAX mpuMeceil, moOpan-
KM BLICIIMX IODPAAKOB B pANE TEOPHH BO3MYLIeHHH ANA f, IPHADPOAY
OCHOBHOT'O0 COCTOAHHSA CHCTEMH C § — d-B3aHMONEHCTBHEM U MHOTHE
OpyTHe ToHKocTu. Jrta obgacTs upefcTaBiasieT coGod B HacToAmee
BpeMs OfHY U3 IJIaBHHX cep TPHIOKEHHA COBPEMEHHEIX KBAaHTOBO-
MeXaHHYeCKHX MeTOJ0B K (HU3WKe TBEPAOTO Telja.

§ 7. AutudeppomarseTrnsm

O0mee ycioBHe CYmEeCTBOBAHWA (eppOMarHeTH3Ma B MOJCIH
Tefizentepra cocrtour B TOM, uTo oOmenHE# muTerpaa Jyu- B (10.29)
DomKeH OHTH UONO/KATENBHBIM. B 5TOM ciyuae BHYTpeHHee moie
TapajlensbHO COHHAM, H CHCTEMa OPHHEMAaeT KOHQUIYDPalWi, yKa-
3anAyo0 Ha ¢ur. 18!, a.

~

®ur. 181. ¢ — deppomarauTHOE yHopagodenune; 6 — aHTUdEpPOMATHUTHOE YIIO-
pAnodeHHe.

Ilpennonomxum, ofgHako (B COOTBETCTBMH € TeM, 4TO YacTO JaeT
BHUHCIeHne Jy/), 9TO 3HAK OOMEHHOTO WHTETpalla OTPHIATENeH.
Hanpasnenane monexyasapHoro noas (10.32) B xasmgom yaie pemerkn
fyger OpOTHBOLOJO/KHO HANPABJIEHAI CPENHEHd HaMAarHAYeHHOCTH
OaH3ieKAMAX COMHOB. B 5TOM ciydae OpeAmoYTATEALHOR oXa3kl-
BaeTcsa KoHQHTypanusa, naobparkennasa Ha ¢ur. 181, 6. Takaa cucrema
HasEBaercsa awmugeppomazrummoi. UTobs HOHATH, 4TO Ke IPOHC-
XOMAT B BTOM CJIydae, PACCMOTPHM IIODO3HE [Be MOAPEIIeTKH, COMep-
JKaIlAe OPHEHTHPOBAHHEE B IPOTHBOMOIOMHEX HANPABICHAAX CIHHHI.
ITycrs p, ecTh cpemEAs HaMaTHEYEHHOCTH ATOMA MOAPENIETKE (D).



386 ] I'a. 10. Mazuemusm

O6MenHoOe B3aUMOJEHCTBHE LIPHBOMAT K TOABJEHWIO MOJEKYJAPHOTO
mojd, JeHCTByIOHMIeTo Ha mofgpenietry O.

H‘=%(E ) =2, (10.58)

Cymma 3mecp Gepercs TONPKO 10 GAMKANIIAM COCENAM, TaK Kak MpH-
HEMaeTcsA, 9T0 ReJWYHHA Jy CYMECTREHHO OTIWYHA OT HYJA NI
Ha OYeHB MaJHX paccroanusax. CymecTBeHHas 0COGEHHOCTH COCTOMT
B TOM, 9TO TeNeph BEINYHHA A OompuyamesvHd.

AnanoragHo m3-3a 3TOTO ’Ke B3aMMONEUCTBHA Ha KayKIEIH y3el
mofpemeTkn @ 6ymeT HeHCTBOBATH MOJEKYJIAPHOE IOJe

H* = ANp.. (10.59)

Bynem Temeph cumTaTh HAIIM MATHHTWKN KJIACCHUECKHMH, TaK 9YTO
cpednss BeNWUYMHA MAarEATHOTO MoMeHTa M B moxe H maerca dop-
myaoit (10.17). Ilepenumem sty dopMmyay B BHOe

w=2(5"), (10.60)

BBOIA cuMBON £ 1ua obosHauenusa ¢@ymxyuu Janxesena, ompefe-
nsemoit mpaBoi wacTwhio cootHomenma (10.17). Mu momkmer Temeps
PemETh OBA YPABHEHHA:

% (u-(ﬁ:Tle))

B.= )
10.61)
o (B (H4-AND) (
no=2IL (T) .

Ilpm BHICOKHX TeMmepaTypax, KOTJa CHPaBeNINBO NPUOIMKeHme
(10.18), mx MO;KHO TPOCTO CJIOMHTH, B MONYIHTCA ypasHerue (10.23).
Pesynprar mourm Toumo commajaer ¢ dopmynoit (10.24):

= Nud
X=3xTF0)° (10.62)

rfe, MOCKOJBKY BeIMYMHA A OTPHIATENBbHA, depes O ynobmo o6o-
swaunth Benmumpy — ANV (u?)/3kT B cooTBeTcTBME ¢ ompenele-
umem (10.25). IlapamMarHATHAA BOCHPUEMYMBOCTD YMEHBNIAETCH, TaK
KaK MaruuTHHE MOMEHTH CTDPEMATCH DPaCIONOKATHCA aHTHIADAl-
JIeILbHO, IPOTHBONEHCTRYA OPHEHTHPYIOMEMY NeHCTBHIO MaTHUTHOTO
mMoJIsA.

Onnako IpH HE3KHX TeMIeDaTypaX DeINeHHe WMEeeTcs Nake B OT-
CYTCTBUEe MATHHUTHOTO TOJA. ECIH IOJO0KHTH

Bo=— (10.63)

(MHTYHTUBHO FCHO, 9TO MMEHHO TaK OGCTOWT [ej0 B cilydae ymOps-
ModeHHOH  aHTH(PEDPPOMATHHTHON  pemIeTKH, w306paskeHHOH  Ha
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¢mr. 181, 6), To nepen OTPHNATENLHON BeIWUYMHOM A LOABATCA 3HAK
MAHYC, W MH OpHIeM K ypaBHEHWIO

W= (u-Mk;Nm), (10.64)

Ono TouHO coBmafaeT ¢ ypaBHEHHeM, BCTpedaBIIEMCA B § 3 HacTos-
el I71aBH W OPEBOAAMUM K peppoMarHeTHsMy, HaOpEMEp ¢ ypaBHe-
ameM (10.26), comepskamM «KBAHTOBBIAY HKBHBAJEHT (YHKIHAK
Jlammenena.

Taxmm o6pasoM, ¢ TOUYKH 3PeHHA OTAENBHOTO COMHA (eppomar-
HETH3M H aHTA(EPPOMATHETH3M KayKyTCA HOXOIKEME — CHCTeMa Iapa-
MarH@THA OPH BHCOKAX TeMIepaTypax, HO CHJIBHO HOJAPH3YETCH
HWKe HEKOTOPO# TeMIepaTyphl, KOTopas B clIydae aHTH(eppoMarue-
THKA HaskBaeTcA memnepamypoti Heeas

Ty = 6. (10.65)

Opnako MaKpOCKOIMYECKoe IOBeJeHHe B 06OHX CIYIaAX CHIBHO
ornmuaercA. [lpu aHTHeppPOMATHHTHOM YHOPAJZOUYEHHH pe3YIbTH-
pyoIasa NOINAPH3ANHA OTCYTCTBYeT, TaK 4TO CHCTeMa He obIagaer

’ XL g
A a
V i H ,’ i
IH ———-) R :
A X, \
! g ’f, f
P - L

a ) G

Gur. 182. MarEaTHAA BOCHPHEMYHEBOCTD auTu(epPOMATHETHKA.
a) %)) CTPEMATCA K HYII0} 6) %] OCTaeTcs MOCTOAHHON; 6) ¥ = 1/3x” +2/3% .

LOCTOAHHOE HaMarAWYeHHOCThI0. Ha ommTe HaGmomaercs  Jmmb
H3MEHEHNEe BOCIDUMMYHBOCTH, KOTOPOE MOKHO DACCIATATH, peImas
ypasnenua (10.61) npm manmumm Mamoro marmmTHOTO mous .
ITOT pacueT B UPHHNHIE DIEMEHTADEH H HECKOTbKO T'DOMO3JOK.
PesynpraT ero mHTepecem Tem, 9WTo oH 3aBHCHET OT opuenTanur H
[0 OTHOIIEHAI0 K HANPABJICHHI0 HAMATHAYEHHOCTH ABYX HMOAPEIIETOK.
Korpa marmmraoe mome H mapammensmo U,, BOCHDHEMYHABOCTS Yy
obpamaercss B myas mpu I = (). 9to OPOMCXONHUT M3-32 TOrO, UYTO
MOJIEKYJISIPHOE TO0Jle CTOJB CHIBHO, UTO OHO He AOIYCKAeT NepeopHeH-
TaOWH CIMHOB IOXpPeMeTKH () Bo BHemHeM moie. C Apyroit cTopomst,
SHaveHWe BOCOPMAMYHBOCTA ¥, npu I = 0 mourH coBmajaeT co sHa-
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genmeM npm I = Ty, ToNAPM3AaMAsA NOAPEmETOK B HANPaBJICHHM,
OepHeHANKYIAPHOM MATHHTHOMY IOJIO, OKa3hBaeT Majloe COmpo-
THBJIeHAEe HEeGOJBLIIOMY MOBOPOTY HAMATHMIEHHOCTH B HANPABJCHHH
nouas (pur. 182).

[IpakTAYeCKN MaKPOCKONWYECKH 0Gpasen COM@PHHET MHOTOYHC-
JeHHBIe JOMEHH ¢ Pa3JMYHLIMA OCAMH HOJIAPHBANAM, I IJA cpejHed
BOCOPHEMYMBOCTA MOKHO HAamHCATh

1 2
X=§Xn+§XL- (10.66)

Herpynno 3aMeTHTb, 4T0 HAKIOH KPHBOH % B TouKe 7y MCOEITHIBAET
paspuB, CBA3AHHHE ¢ aHOMajIMeldl yAEeNbHOH TENJIOEMKOCTA IIPH
DOJNSPA3ANAN PEMETKH.

CileyeT 3aMeTHTh, 9TO, IOCKOJIBKY ¥, > ), MAarHATHOe IOJe
[OKHO OBLTO OB OPHEHTHPOBATE BCE JOMEHH B IePUEeHJUKYIAPHOM
HaOpaBleHAXd. JTo He HaGIofaeTcs, MO-BHAMMOMY, BCIEJCTBHE AHIM-
30TPONAN CUAH-CIEHOBOTO B3aHMOMNEHCTBMSA, CTPEMAMErOCA BHAEIUTH
ompejeleHHse HAPaBJIeHNsA B KPHUCTAJIe.

Mopnens, KOTOpPYI0 Mbl 3[eCh DPAcCMOTpeIH, eCTh JIANIb HTPOCTOR
caygail, BHODARHEI W3 MHPOKOro KJIacca CHCTeM, B KOTOPHIX Habmio-
[aeTcs OrPOMHOe KOIHYeCTBO pasHooGpasmmx sasnenmil. Teopumio
MOJKHO PasBWBaTh B PAasINIHEIX Hampabienmax. Hampumep, MoxHO
paccMOTpeTb CIOKHYH KPUCTATIAYECKYID CTPYKTYPY, B KOTOPOH
MATHATHHE HOHH He 06pa3syioT HPoCTOH KyOMIeCKOH PeIIeTKA, 1 MOKeT
0Ka3aThCH HE COBCEM OYeBMIHLIM, KaKHM 06pa3oM cmcTeMa pasobbeTcs
Ha mompemeTkm. HKpome Ttoro, BaamMofeficTBme MoskeT ObiTh 6oixee
HaTbEOAEACTBYOMAM, TAK YTO Helb3d OTPAHHIETHCA YIETOM B3aMMO-
meficTBuA Onmkaliax cocefie, MM K€ OHO MOKET OKTH aHTHDEp-
POMATHHETHEIM [JISl OQHMX Tap CUMHOB M (epPOMATHUTHEIM JJIA [pPY-
rox. OTHEM 3 CIeCTBHEI TAKOTO YTOYHEHHUA TeopHH [KOTOpOEe MOMKHO
6es Tpyna mposectr, moGaBisas wiem tuma A'Nu_ B (10.58) m wien
tama A'Nu, B (10.59)] spaserca usmememme temmeparypu Heens,
KoTOpas CTAHOBHWTCA OTNHIHOH oT mapamerpa 0 B (10.62).

KpoMe ToTo, MOKET OCYHIeCTBIATHCA CIydal, KoIfla B KpPHCTaJIe
EMeoTCH ABA PA3HBIX TANA MATHUTHHIX HOHOB ¢ PA3NHYHHIMA MarHAT-
HEIME MoMeHTaME. TOI7la MOKeT OCYIEeCTBATHCA CHTyanus, m3obpa-
sxennas Ha ¢mr. 183, rme cnmusr aToMoB copToB A W B opmeHTHpO-
BAHH B IPOTHBONOJOKHEX HAIPaBJleHUAX, HO CHCTEMA TeM He MeHee
o6afaeT MOCTOSHHHM MArEATHREIM MOMEHTOM, TaK KaK MarHATHHIHA
MOMEHT ofHOH mojipemeTK® GoJbIIe MATHHTHOTO MOMEHTA APYro#
TOIpeIeTKH. JTO ABICHMe HABHBACTCA eppumazkemusmor, GynyIn
XapaKTepHO A (EPPHTOB; MaKPOCKONEYeCKoe NOBeJeHMe TaKOM
cHCTeMH OYCHb IOXO0:Ke HA TOBeJeHHe (QeppOMAaTHETHKA.

Bo Mmormx aHTE(epDPOMATHETHHX BelleCTBAX MATHATHBE HOHH
OTCTOAT HOBOIBLHO fAaldeKo APYT OT Apyra, W B 3TOM CiyYae TPYAHO
IPEAOJIOKHATE, IT0 OHM CBA3AHH IPH HoMomu ofMemHOro WHTETpala
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tana (10.37). 9To He 03HAYaeT, YTO Y3IH KPHCTAJIIHIECKON PEINeTKH
PAcHoJIOMEHH O0YeHb JajleKo HPYT OT APyra; 9TO O3HAad9aeT OpOCTO,
9T0 MPOCTPAHCTBO My MATHUTHHMH HOHAME 3aMOJHEHO GONBIIAM
4UCIOM HeMAaTHETHHX BoHOB. Hanpumep, 9T0 MOTYT OHITH HOHBI KACIO-
pona, kak B MnO. Mm mnmeem

ToTAA JMel0 ¢ MeXamm3MoM, W3-
BECTHHIM IIOJ] Ha3BAaHHEM KOCGEH- @
Ho20 00MeHa, KOrma d-3JeKTpo-
HE BmoHAa Mn cBA3aHBE C 3JIEK-

TPOHAMH KHCJIOPOJa, & T€ B CBOIO

odepeb B3aEMOJEHCTBYIOT Uepe3
o6MeH ¢ d-pJeKTpPOHAMHU BTODOTO
moua Mn.

Cumryanusa Mosker OBITH IO-

po6na m3o0paykeHHOH cXxeMaTH-
geckn Ha ¢ur. 184. Ecam atom

A mMeeT COHH «-+»,TO 0 MOKET
OPHHATH 3ICKTPOH €O CIOHEHOM
«—» A3 D-COCTOAHHUA aTOMa KHC-

nmopopa. Eciam arom B mmeer
CUHEH «—», TO OH MOKeT 3abpaTh
ocTagplInACA 9JeKTPOH aToMa KHC-
nopoma. Takmm o6pasoM, B3aH-
MOfefiCTBIE M@Ky CUHHAMA p-3JEKTPOHOB aToMa KHCJIOpOXa mpe-
o6pasyeTca BO B3aWMMOJeHCTBHE MEKJY CIHHAME d-oGomouer Mar-
HUTHHX HMOHOB. lIpaxTHueck:m IpH pacdere 9Toro aQgexTa BCTpeda-
eTcA PAM TOHKOCTe#, HO B DPHHIWIE 3TOT pacyer o0EACHAET HabGI0-
JaeMble ABICHHA.

@ur. 183. @eppHMarEeTH3M.

@ur. 184. KocBeBBHit 06MeH.

MexanuaM kocsennozo o6MeHa B pasbaBIeHHHX MarHUTHBIX CIIa-
BaX, ONMCAHHHH B § 6, MoskeT IMeTh aHTA(EePPOMATHETHEIA XapaKTep.
Kax morasamo ma ¢ur. 179, 10 nponcxonuT, Korga BTopas NpHMech
HAXONHTCA HAa PACCTOAHUY, OTBeIAINeM OPHEHTAIMH CIMHA ¢BBEPX»
B ocuaaAnEAX Pynepmana, Kurrens, Racyn m Mocmpsl, BOSHEKaIO-
IMAX BOKPYT OepBOTO MATHETHOTO MoHa. Ho A MONMMaHHA HPHPOALL
aATAQeppOMATHETH3MA B IHCTHX MeTaJjlaX THHNA XPOMa MBI JHOJKHBH!
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BePHYTHCA K KapTAHe OJMy#JaomuX 9JeKTPOHOB (cM. § 5 HacTosmei
TJIaBHI)

HerpynHuo KonmaecTBeHHO HOHATE, KAK MOKET IPOA30HUTH CTabHIH-
8anusa aHTHGePPOMATHATHON KOHPUTYpAmMH 3a CUeT OOMEHHOIO
B3aMMO/ICTBHSA 3IEKTPOHOB IPOBOAUMOCTH. IIycTh yixe yeTaHOBHICS
HOpAAOK THHA H3obpakennoro ma gur. 181, 6. Bnarogaps o6menmomy
B3amMofieiicTBa0 U/ 3JIeKTPOH CO CIMHOM (BBEPXY, pacopocTpaHsaw-
IM7iACA [0 KPHCTaLNy, GymeT 9yBcTBOBATH 2dpeKTUBHOE mOJe, 3aBH-
cAmee OT JOKANBHOE MonApH3amnd. ITO moixe GymeT WMeTh Hepmo-
AHYHOCTD MAarHHTHON CBEPXDENIeTKH H, CIeOBATENLHO, NPHBELET
K BOSHHKHOBGHHIO Pa3PHBA 9HEPTHA HA PPAHANE «IOIT30HB, JAe;Kameit
BHYTpHE 06braHO# 30mm Bpmimiosra (cp. § 6 ri. 2). Dra ocobemmocts
B0HHOI CTPYKTYDHl MOABHTCA B 0OPA30BAHEM CBEPXPEIIETKH DIIEK-
TPOHHOW MJIOTHOCTE JJIA 3IEKTPOHOB CO CIHHHOM (BBEPX». Has
9JIEKTPOHOB € IPOTHBOLOJOKHHIM CIMHOM 3HAK BO3MYMEHHS WM3Me-
HATCA, A BIEKTPOHH GYAyT CTPEeMHUTHCA 3AMONHHTH APYTYIO CBEpXpe-
merky. Ecam oxameres, 9ro 9TH pacmpenenenms cormacyores ¢ nep-
BOHAUAJIBHO NPHHATOM HAMM KAaPTWHOX HAaMarHMYEHHOCTW, 3HATHT,
MBIl M HAlIA CaMOCOTJIACOBARHHEIM IyTeM aHTH(EPPOMATHETHOE YIO-
PAMOIeHEe JJIEKTPOHOB, He Tpefya HX JoKAIM3alAM.

Uro6rl TmepeBecTn paccyKAeHHA 3TOro THIA HA MATeMAaTHIeCKHI
ASHK, LPENONO;KEM, 9YTO MHl HepellIX OT BOCOPHEMYHBOCTH IJIA
onsopoamoro caytas (10.42) k -BocnpmmMumBOCTHM, B3aBECAmEH
OT BOMHOBOTO BekTopa q. Hak m mpu BEIBOge dopmymm (10.51) mus
BOCIPMEMYHBOCTH %, (q), JerK0 NPAHATH BO BHAMAHHE W OGMEHHOE
B3ammofeiicTere Buga (10.38). Ilas sToro myKHO TONBKO ClefoBATEH
paccymaennam § 1 ra. 5. Pesynsrar peficTBuTeNsHO 06HAPYKHBaeT
3aMeTHOe CXOACTBO ¢ BupaskeHmeM (10.42):

¥ (q) = — 29 : (10.67)
1—7 U (gBs)2 %0 (9)

Horga smamemartens sToro Bpaskenms obpamaerca B HyaIb, pac-
CMAaTPHBaeMO¢ HaMH HEMarHHTHOE COCTOAHHE METajla CTAHOBHTCSH
HeycToMuMBHIM. Takmm 06pasoM MarHWTHOe yHOpamoYenme ompepe-
asercsa ycaosuem Osepraysepa

7 U (gBs) 1o (a) > 1, (10.68)

a ycuosme ¢eppomarmermama (10.43) mpexcrasiser cofoit uacTHEIR
ciygait mepasemcrBa (10.68) mpm ¢ = 0.

Bompoc o ToM, BO3HEKAWT 1H B peayabTaTe 0GHTHOTO O0GMEHHOTO
B3aHMOMIEMCTBUA B OOGHIYHEIX METANIAX YCTOMINBHE 604HB CNUHOB0L
naomrocmu, OMOKa edle TBePAO He pemeH. JaBecTHo, OgHAKO, 9To
B IEPeXONHEX MeTajlIaX BeimdumHa U BechbMa BelWKa W DHEPIHH
BIEKTPOHHEIX cocTossHmE & (k), KoTophle clegyer mOACTABIATH
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B dopmyny (10.51) mus g, (q), ompeAeIANTCS HCXOLHOHX BOHHOM
cTpykTypoit. Torga ms pesynpTaToB § 4 T, 5 ACHO, HampEMep, ITO
BOJIHOBHIE BEKTOPH ([, JiesKalue Ha MapaJIe]bHHX IVIOCKUX yJacTKAaX
nosepxroctn MepMm, MOTYT TPHBOJATL K GOIBIIOH} Besmamue ¥, (q),
noatomy yciosme (10.68) mo:xeT BeIMONHUTBCA. B aToM caydae
aHTAQeppOMaTHATHOE yHopAnouenne GymeT HMeTh IPe3BHYaliHO CIOIK-
HEIl XapakTep: H3MEHEHMS CHOWHOBOH INIOTHOCTH ODHKBUBAJIEHTHEI
TeNNKOUAANBHOMY PACIOJOKEHHI0 CIIMHOBEIX MOMEHTOB Ha KOHYCE,
a [UINHA, ONpeleNAnIas TOBTOPAEMOCTh KAPTHHE, HHUKAK He CBA33HA
¢ OCHOBHOH KPHCTAJINIECKOH pemeTKoi.

§ 8. Mopeas Usnnara

Ilpu paccMoTpernm ¢eppoMarsern3Ma ¥ aHTHeppPOMarHeTH3Ma
MEHI HCIOJIb30BAJIHA 09eHb Tpy6boe npubImKeHne TIfd COCTOARNE TaMAIb-
rouuana (10.29). IleiicTBATeNbHO, MH NPEIUOJIOMWIA, YTO BCE CIIH-
HOBLIE MOMEHTHI, 3a HCHJIIYEHEEM DPACCMAaTPHBAEMOro ABHO, PABHH
CBOEMY CpeJHeMy 3HAa9YeHWI0; Mbl MpeHeGperdH QIyKTYyalUuAMH
I KOPPEIANUAMEA CIHHOB, HAXOJAMMAXCA B COCefHMX yalmax. Boxee
TOT0, MH He YYUTHBAJHA TOTO (aKTa, 9T0 BEINIHHH §; CyTh OIEPATOPH,
KOTODHE HEJb3f 3aMEHATH MX CPeJAHUMH 3HAYCHHAMI.

Pacnpegenenne coGCTBOHHLIX 3HATCHAN CIMHOBOIO TAMEJIBTOHHAHA
ABJIAETCA B JeHCTBATEIHHOCTH OUeHb CIOMHBIM, M CTPOT0€ PacCMOTpe-
HEe TePMOJMHAMEKHM TaKOH CHCTEME COCTAaBJIAET ONHY M3 Hamboxee
BaJKIHX 33JaY B TEOPHHU TEEpHoro Teja. Teopusa DOMydma Pa3BUTHE
B ABYX HANpPaBJIeHWAX. Bo-HepBHX, MOKHO HPHHATH, 9TO CHCTEMA
HAaXOuTCA BOIN3H OCHOBHOTO COCTOAHAA ((PeppOMarHUTHOTO WIH
anTHdepPOMATHHTHOTO), ¥ MOMKHO TOLJA PACCMATPHBATH BO3OYKIE-
HOA ¢ MaJjioll omeprueii. 310 — TEOPHA CNUHOSH T 604H, OCHOBHEIE
NOJIOKEHHA KOTOpo# maioskeHH B § 11 Hacroameid riabhl.

Bo-BTOpPHX, MO;KHO HCIIOJIH30BAaTh OPAGIMKEHNE, COCTOAIEe B IIpe-
BeOpe;KeHNA HeHATOHAJNBHEIMA 3JIeMEHTAMH COMHOBHX OHNEeparopoB
M PacCMOTPEHHH TOJBKO MX MPOEKIWH Ha KaKoe-HHOYAb BLIIEIEHHOE
HampapJiieEne, oOHYHO Ha HanpasieHwme mouna H. [{pyrmmu caosamu,
ME CYMTAaeM, YTO YPOBHH HHEPIMA CHCTEeMH AAIOTCA BHPAKEHWEM

€= ——; Juwowor —pH Z Ot, (10.69)

Tie IJIA Kajmoro yaia I ompefenseTcs «CIMHOBOEY» KBAHTOBOE YHCIIO
0;, KOTOpOe MO;KeT IPHHEMATH TOJNbKO fABa sHawenma: +1 m —1.
B GouapmuHCTBE CIyYaeB MH IMpeAnoiaraem Takxke, 4To Jys OTIHTIHO
OT HYJIA JIHIIb [JA B3aMMONeNcTBHESA OMmKafiux cocefeil B pemieTke.

910 ectb modeab Hsunea. Ona He maeT TOYHOTO OHHCAHHA Qeppo-
MATHUTHOH HJIH aHTHQePpPOMAarHHTHOH CHCTeMH, OAHAaKo mopobHOe
yIpomeHne Ype3BHYaiHO TPYAHON 3afadn 06 OTHCKAHMH COOCTBOHHEIX
QYHKIWH CHCTeMH COMHOB MO3BOJIAET COCPENOTOIMTHCA Ha KoMbmHa-
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TOPHOH 3ajlade O CTAaTHCTHYECKOM DACIPENeJIeHHH COCTOSHOHA Taroi
CHCTEMH,

Mopens MNsunra ma camoM fnere Goxee TOIHO ONHCHIBAET APYTOM
THO CHCTeMEl — CIJIaB, B KOTOPOM ATOMBLI NBYX sjemenToB A um B
MOTYT 3aMeIlaTh JPYrT ApPYra B (UKCHPOBAHHLIX y3j1aX PeINeTKH
(pmr. 185). MosxmO ckasaTs, uTo 3Hagenme o; = -~ 1 cooTBercTByeT

tt+ -+ BODDB
+-—++ DDODD
+—-+—- DD
—++- @BOD

QG O©@ D2 2
OO D i
.
Z

8 e

NN

®ur. 185. Kondurypamus, OoNEcHBaeMad MOeNbIo VIsHHFa (a), moer coor-
BETCTBOBATH CHCTEMe CIMEHOB (6), cHCTeMe aTOMOB B GUHADHOM CILiaBe (8) U «pere-
TOYHOMY rasy» (2).

HaxOKRAeHWI0 atoMa A B yane I, sHadeHne 0; = — 1 CBHIETEIBCTBYET
0 TOM, 4TO B BTOM y3Jie HaXodmTcA atoM B. Ilog «o6MeHARIM uHTErpa-
JomM» J B DTOM clydae ClefyeT MOHHMATEH BEJIHYANY

J=2{Tan—5 T aa+ 750}, (10.70)

rae 7 4p — oHeprua BaammopelicTBHA Me:KIy aTomamu 4 m B, pac-
TONOKEHHEMA B COCENHHX y3JaX, A3 ROTOPOi MH BEIYMTAEM CPEIHION
sHepruo mape AA m mapu BB.

Taxme cmIaBsl MOJKHO MCCJHENOBATH 3KCIEPHMEHTAJIbHO. IIpm sTOM
OrI0 00HADYIKEHO, 9TO B HHX HPOUCXOAUT IEPeXof HPHM HEKOTODPOiE
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TeMuepaType, amalormuHoii Temmepatype Hiopm mim remmeparype
Heens. Bome Toukm mepexoja cmias pasynopapouen. llpm Gomee
HO3KHX TeMIepaTypaX OH CTPeMHTCA YIOPAROIMTLCA MJIH LYTEM
pasfenenus Ha 06IacTH, COfep/kalue MOYTH THCTHIH MaTepHal A
¥ LO0UTH umCTHEH Marepmal B (sto Gymer mmerb Mecto mpu J >0,
9TO COOTBETCTBYET epPOMATHETH3MY), WIH myTeM o0pasoBaHmA obma-
cTeil, B KOTOPHX aTOMH A H B peryispHO PacCHOJO;KeHbl a BCTAB-
JeHHHIX APYT B APYTa HOAPEIIeTKAX — AHAJOT aHTH(epPPOMATHETUBMA.
Pasumna wmeny nepexrodom nopadok — Gecnopadok u  (eppomar-
HATHHIM JJIE AHTHQEPPOMATHHTHEIM HEePeXOfioM COCTOMT B TOM, 49TO
B IIEPBOM 3ajlaHbl 110 OTAEIBHOCTH IOJNHbE 9HCJIA ATOMOB THIA A
¥ ATOMOB THIA B, TOTa KAK COMHL, HATIPaBJIGHHEE «BBEPX» M (BHE3Y,
MOI'YT CBOGOLHO TepPeXORUTh APYr B APYyTra. OTy PasHUIY MOKHO
GopMaibHO yYecTh B TEOPUHM, TAaK YTO MHOTHE Pe3yJbTaThl CIpaBen-
AEBH A 060WX THIOB CHCTEM.

Ilpyrag samada, K KOTOpO# OpPHEMEHNMa MOJENb WNsunra, ecrs
3ajaga O (PeIleTOTHOM Tasey, WIH O (PelIeTOHOH JKUAKOCTH», KOr/a
aTOMBHI, B3aEMOJeHCTBYIOMEeE IPYT ¢ APYTOM ¢ HOMOI[bI0 KOPOTKOJeH-
CTBYOILIMX CHI, PACIONATAOTCA B HEKOTOPHX y3jax peIleTKH, 0CTaB-
nsas cBobomase ysuae. DopMaabHO 3Ta 337a4a YKBEBAJIEHTHA 3a7a1e
o cmiaBe. COMHATEIBHO, OJHAKO, 9YTOOH HTa Mofedb Obula IpH-
MeHIMa K TepMogAHaMAKe ©Oepexoja KUJKOCTb — a3, KaK 3To
WHOTJIA CYHATAETCH.

BaskaocTh Momenu MamHra cocTOWT, OfHAKO, He B TOM, 4TO OHA
OOHCHBAaeT KOHKpeTHHe (usmueckne spiaeHua. CyllecTBeHHO Apyroe:
ATO €CTh MOJelb CHCTeMB, B KOTODPOH HAOIIOalOTCA KooneparmuseHbie
fesenus W (a30BHe MEPEXOAbl, W IPHUTOM MOJeib, ROUYCKAKMAA
MaTeMaTHIecKoe PacCMOTpPeHHe, B 9ToM cMHICIe OHA CKODee JIesKHT
B PaMKaX CTAaTHCTHIECKOH MeXaHHKH, 4eM TeOpUH TBePJOro Telia.
Tem He MeHee HEKOTOPHe OIPHHIMNLI, HIITIOCTPEPYeMEIe 9TOM MOJEIbIO,
BasKHBL IS 0OIeH TeOPHH KPHCTANIAHICCKON DENeTKH, B Mbl Ceidac
NONHTaeMCH HUX OOBACHHTD.

§ 9. KomOnHaTOpHBI MeTON

IlpeamymecTBo Mogesnn V3mHra COCTOHMT B TOM, 9TO PacyeT TePMO-
OHHAMAYECKHX CBOUCTB B HEM MOKHO CBECTH K KoMOMHaTOpHOH 3afiade.
Ilycrp, mampumep, MH HINEM CMAMUCTMUNECKYIO CYMMY

Z =D e-8nr, (10.71)

Ifle CyMMODOBaHHEe OPOBOAUTCA IO BCEM «KOHQHrypanuamy», T. e.
IO BCEM BO3MOKHHIM DPaCIIOJOKeHHAM COMHOB «+» m «—» B NV yamax
penieTKH. dTa CyMMa KasKeTCS 09eHb CJO0KHOH, HO GOPMaJbHO CyMMH-
poBaHde MOKHO IPOBORHUTH JHINb IO ABYM IePeMeHHHM, HallpUMep:
N, — umcay CUMHOB, HAIPABJIEHHHX «BBEPX» (HJIM aTOMOB copTa A4),
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nm N,p —udcay Dap COCefHHX AHTUNAPAJIEILHEIX COMHOB (WMIH
umeay nap AB).

Yro6m y6enurhesa B 3ToM, BrpasuM suepruio (10.69) wepes moanne
9HCIa CBA3eil PasiudHbiX THIOB

gZJ(NAB_NAA_NBB)"‘ﬁH(NA_NB)° (10-72)
JT¥ TmepeMeHHBE, OfHAKO, He HesaBucumbl, O4eBHIHO, YTO
Ns-+ Ny =N,

OueBmpgHo Taxie, 4T0 MOKkeT OHITH TOALKO pN 4 cBa3ell, okaHUMBAIO-
muxcAa B ysnax Tima A, toe p — KoopOUHAYUOHHOE YUCAO PeIIeTKH
(t. e. wmcno GumwkafmmAX cocepedl wis pamHoro Yy3aa). Hammymo
u3 cAsell Tnoa A A HY)KHO COCYATATH ABKIH, 4 Ka)KAYIO U3 CBA3EH
tana A B — ojme pa3. Taxum o6pasom, 2N 44 + N o5 = pN 4; anaao-
ragH0 2Ngp + N,up = pNg. C yueroM »TMX yClIOBHMHA BEIpajke-
HEe (10.72) npurumaer Bug

g _% PNJ + 2N opJ — (2N 4 — N) BH. (10.73)

OGoznuagum Ttemeps uepes g (N; N4, N,p) monmoe umeno cuo-
c0o00B, KOTODHIMH MO/KHO Da3MeCTHTh B pemieTke N, COAHOB,
HAaIpaBJeHHBIX <BBEPX», TaK, YToOH npm sroM GhIo TowHO IV ,p
map CocegHAX AHTHNApAJIeIbHHX CIOHHOB. Bce sTHm Komdurypaumm
COOTBeTCTBYIT OfHOH W TOH ’Ke YHEPTHEH; COOTBETCTBEHHO CTATHCTH-
deckyio cymmy (10.71) MosxuO mpemcTaBETH B BHAe

Z:yl/zNz—I/ﬂJN Z g(N; NA’ NAB) yNAzNABz
Nglap

= yM2Nz-VNA 4 (y, 2), (10.74)

rge nepeMeHHbBe § M Z CBSA3aHB C MarHWTHREIM [OJieM W BHepruei
B3amMomeiicTena J:

y==eBHRT; 7= -2J/kT (10.75)

Bce mETepecHBle cBOHCTBa CHCTeMbl 3QKIIOYEHH Teneps B QYHKIHEA
Ay, B3 KOTOPOH MOKHO ONXYYHTH GOPMYIHI, OTHOCAMMECH K «Peppo-
MAaTHATHEIM» U (aHTHQEPPOMATHUTHHIMY CECTEMAM HJIHM K TEOPUH pac-
maja cujgaBa Ha (aswl W K TEOPHH YROPAJOUCHHBIL DPACmeEopos.
Oxmako 9aja¥a O BHUYHCICHWM KOMOWMHATOPHOTO MHOKHTENA
B (10.74) B o6mem cayuae He pelnaeTcs; W3BECTHH JHIID TPHGIHMEH-
HEE BEpakeEdsa. HeTpyaHo BHYmCIATL NOdHOE YACHO KoH(BTYpanait
oas sagaHHo# BenmawHe [V 4 (Pur. 186). Us saementaprOoil amre6ps
cuaenyer, 9T0 OHO MOJKHO OHTL PaBHO HOJHOMY YHCTY CHOCOGOB,
KOTODHIMHA MOKHO pasmectnts V4 upegmetros B N MecTax

N
D E(V; Ny, Nas) =N Tn—maT" (10.76)

Nag
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TpynHoCTE cocTOMT B TOM, 9TOGH pASHEIATH HTO MOJHOE TACIO KOH-
¢urypanuii Ha O0T[eJBHBE UHCIA, COOTBETCTBYIONIWE KajKAOMY 3Ha-
geHn0 N 4p.

Hcnonpsya ogens rpybGoe npuGimenne, MOKHO CHATH CYMMEPO-
BaHme 1m0 N 4p, OPENNOJO:KUB, 9T0 Bce wmCaa N 45 DaBHH CBOEMY
cpegEeMy 3HadeHHmI0. Muage rosops, MH pacOopeneiseM CIydaiHBIM
oGpasom NV 4, atoMoB copta A u Nz atoMoB copTa B o y3jiaM penieTku
7 BHYACIAEGM BEPOATHOCTH TOTO, 9T0 KaKag-HmOyns u3 1/, pN cesaeit

R [+ —+ =
Bt B Bk
N g = e el
b~ —
em— e ————— T U, 1
e et Nyp=3
e 2
D b+ — | C -~ 4
Nas= Nag=4

Our. 186. Bruncnenue u¥cna koHQHrypanui mis memodkr ¢ N = 5, Na = 3.
Ilasa sTot cHCTeMBI (NAB> = 2,4,

HMeeT HA OfHoM Komme atoM A, a Ha gpyrom — atom B. Pesymubrar,
KOHEYHO, paBeH

Na Ng 1 PNaNp (10.77)

(NAB)=2 N N 2 N

Moncrasasa supamennsa (10.76) m (10.77) B dopmyay (10.74),
[oJy 9aem
Ayx J—VAL,V%V—,— N agPNaNp/N (10.78)
. B-
Ny

OTcioma MOKHO BHYHCAMTH CBOGOHHYI0 sHeprmio, Geps HamGoapmmid
9IeH B apryMeHTe JorapmfMa W pasiarasg ero acHMOTOTHYECKH
¢ moMomplo ¢gopmynn Crupiamura. Taxkum obpasom,

= —kTIn Ay =~
~ NaNp
~ kT { —~NInN+NalnNs+Npln Ng—Nglny—p ~4Zlnz .
(10.79)

Yenosne MuauMyMa cBOGOIHONA PHEPTHH, MJIH MAKCAMAJLHOTO WIeHA
CyMMHI, moaydaerca myteM audPepeHNEpOBaHHA JTOTO BHPAMKCHOA
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no N, (upm sTom caenyer, pasymeercs, mogoxuth Ny = N — N ,).
Hcnoansys ompemenenme (10.75), maxommm

ln]VA——lanB— =O,

kT N kT
T. €
xB exp{zﬂH (NA;NB)%{}, (10.80)
HJin
(NA;NB)_th 5H+(_~NA;NB)%}. (10.81)

Ecnm momosmuts (Va4 — Np)/N paHbIM cpenHeill pesyibTEpyomed
TONAPH3AIAHA CHCTeMH (W) H BHpPAs3HTh pJ dYepes MOJeRyJIADPHOE
mone, kax B gopmyse (10.33), MH BHOBb BO3BpamaeMcA LK YCJIOBHIO
Kopm — Beidicca (10.26) ana deppomarnmtaoro mepexoma. B Teopmm
CIUIABOB 3TO NIPHOJMKEHHe H3BECTHO IOJ| HAa3BAHUEM npubiuUICeHUA
Bpseea — Buavamca.

IlpmBeneHnL BHIIE BHBOJ 3JIeMEHTaPHOH QOPMYJIH AJIA MOJEKY-
JAPHOTO TOJA TOKAa3biBaeT 06JacTh ee NPHMEHUMOCTH; IIPH BHIBOJE
HEe YYATHBATCA KOPPeJIANNH MeXAY cocefEAMU cumHamu. B deppo-
MaTHeTHKe, HaOpHEMep, BCIEJCTBHE TEHAGHOUN K [apaljelbHOMY
PaCIOJIOMEHNI0 COMHOB CJIeAyeT OKHAATh, 9T0 3ameHa [V ,p cpefHHM
srauendeM (10.77), BuamcieHHHM Ge3 yueTa KOppEJNAMH, IPHBOJAT
K 3aBHIIEHHUI 9ACc]Ia map A B Do cpaBHEHHIO ¢ peasibHOil paBHOBECHOM
KoH(QUTYypamueit.

WrrepecHsrit cnoco6 ynydYImnTs TEOPHIO COCTOHT B MCIOJbL30BAHAHE
Kéasurumunecrkozo npubausxcernus I'yrrenreiiMa, IlycTh MBI BHURCIIIH
xpyrue cpenure tTuna (10.77) B IpeATON0KeHAR 0 MOJHOCTHIO Caydaii-
HOM pacHoJIO}KeHHH aTomoB. Torma MH HMeeM

(Nap?
Fam Vo — 4 (10.82)

Ho ecom MH mMeeM Helo ¢ rumuueckuMm DaBHOBECHEM MEXAY MoJe-
KylaMH, BHIDa)RaeMBIM XHMHWYECKOH pearmmeii

AA + BB = 24B, (10.83)

TO M3BECTHO, 9TO PAaBHOBECHHE KOHIEHTPAIME PeaTHPYIIIAX BCHIECTB
CBA34HH COOTHOIIEHHEM
Nap? (e~ BaniT)
(Naa){(Npg) o=~ €aa/rT ,~€Epp/kT

, (10.84)

rjle BeIUINMHH €up U T. X. CYTH 3HEPIUNH MoJexyan AB u T. g,
EcrectBenno npeamono;kuTh, 9T0 mpaBas dacTb coorHomenusa (10.84)
B oboznavenuax (10.75) gomxua 65Th B cpemuem paBHa 422. Heckons-
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Ko mpeobpasya dopmyny (10.73), momuo BuIACIATE (N4p) u moa-
cTaBRTH 3T0 BHpaskenme Bmecto (10.77) B dopmyny (10.78).

M=u He GyneM mpoBOmHETH 9TOT pacdeT A0 KOHI{A, OTMETHM TOJBKO,
970 CPCTeMa IEePeXOINT B COCTOAHME ¢ CaMOUPOH3BOJBHOH NOJADH-
sanuedl (peppomMarneTHsM miam aHTAQeppPOMATHETH3M) HPH TEMIEPATy-
pax HWKe TeMOepATypH Ilepexofa, OIpefelseMoil COOTHOIIEHHEM

kT, 2/p

P Tn(d—2/p)" (10.89)

Tlocnegmee mepexonmt B {10.28) (B mpmmaTHX ceiivac o6o3HadeHHAAX
k6 = pJ) B mpepmene GonbmMuUX KoOpPAHHATIMOHHHX guces p. MosKHO
npubImKeHHO  BBIAHCIHTH
TaKKe YAeIbHYI0 TemIoeM-
KOCTh BOIE3W TeMmepaTyphl
mepexofia; OHa WMeeT pes-
Kyl 0cOGeHHOCTH U Pa3pHB gk
€O CTOpPOHE $0Jiee BBICOKHX
TeMIepaTyp, KaK TOKa3aHO  ./uk
ga ¢umr. 187. '
OxasniBaeTca, 9TO KBa- T
SEXEMAYECKoe TpPHOIMmKe-
HOe DKBUBAJeHTHO BHeIIHE
COBEpPIIEHHO  HENOXOKEMY N Grunaud noprdo
MeToNy,  OpeNIoKeHHOMY T
Bere m Ta#iepmcom. IroT ¢
MeTop mpefcTaBiserT CO60H  q@ur. 187. Vpenpmas Temmoemxocts B KBasH-
HOOHTKY 0600IMNUTh PAaCCysK-  xuMudecKOM UpPHGNWIKEHHH [Jsi PEIIeTKE ¢
JIPHNIA, IPUBOJADIAE K MOJIe- KOOPANBAIMOBHKM JHCIOM p = 12,
KyJaspHOMY Hoii. Deperca
rpynma COAHOB — IEHTPAJbHBEIA, cKaxeM, B yane =0 m p ero
coceneil (¢ur. 188). Ilpn panucanWd SHEPTHA 3TOU TPYNNH B BhIpa-
xermn (10.69) ocTaBiAIT TOJNBKO CIeAYIOMEE CIaraeMble:

P P
&,= —}]1 J6,0;— pHoo— BH; 21 Oje (10.86)
i= =
JlpyraMd cIoBaMHE, MB IpPefIojJaraeM, 9TO IEHTPAJNbHBIA CIHH TyB-
CTBYeT BHemrHee moJie H W sIBHO CBS3aH CO CIMHAMH cocefieit, Torma
KaK IJIA BHEIIHMX COMHOB I'PYHOOB MH IODHHUMAaeM, 4TO B3amMojeii-
CTBHE OX C OKPYKAMIMMMHA CONHAMHM MOKHO OHMCHIBATH C IIOMOMIBIO
MoJleKyuApHOTO Hodsa Hi.

Jlerko 3ammcaTh HOJNHYI CTaTHCTHUECKYIO *CYMMY [Jd TaKoi
TPYIOH, MOCKOJbKY OHA COAEPKHT TOIBKO P WIEHOB. 3aTeM MOMKHO
BHUHCIATH CPEHIO OpHEHTamuio aroMa B meHTpe rpynmul. Ho pac-
CMATPUBAEMbIH y3ell HHYeM He BHeJeH B DeIIeTKe; CPeHUH CIOHH
B meuTpe rpynmel {(0,) JOKEH GHTH TAKEM ke, Kak (0;) — cpejaee
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3HAUYeHWE ONHOTO W3 CIKHOB HAa KPal TPYOOHE, W €ro TOKE MOMHO
BHIDA3HTh Yepe3 MoJeKyasapHoe mote H;. Orcioma moaydaercda camo-
COrJIaCOBaHHOE yDaBHEHWE MIJiA OUPeNeleHHA MOJEKYIAPHOTO HOJIA
H;; mpm TteMmepaType Hmke TeMmeparypsl mnepexoma I, olpe-
nmeasseMoi COOTHOIIIeHAEM
(10.85), pemienne ero mMoxeT
OHTE OTIHYHO OT HYIA Ja-
swe mpu H = 0.

Merog Bere npmiexa-
TejleH cBoeil (uangecKoin
HarJIATHOCTHIO; €ro jaske
MO;XHO HCOOJB30BATH A
HceaenoBanmsa Gouee peain-
CTHYECKOH MOMeNd, B KO-
TOpPOH BBeNeHH HacToAMHAe
OIIePAaTOPH CIOHHA BMECTO
«COAHOBHIX nepeMeHHEIX
Naurra» B popmyne (10.86),
H CTaTHCTAYECKAs CyMMa
BHIUUCIAETCA AJA ypOBHER
SHEPIUH, COOTBETCTBYIOMAX
. raMMJIbTOHHAHY TAKOH’ rpym-
@ur. 188. Tpymma cnmmos B reopmm Bere— TH. MoHO TaKike BBecTH

Taitepaca. B paccMorpeEme H Goiee

HajeKne Y3Ibl, OKpYRalw-

mue OPOCTYI Ipynnmy Odmmaimmx cocemel, I HAWTH clegyoline
OpHGATKEenns.

JTH BHcIWe OpUOIWKEHHWA, IO CYMECTBY, OPEACTaBIAIT coboit
mOOLITKA GoJiee aKKypaTHOro ompepeiienns Kod(QQEIHEEHTOB pasio-
yenus pyaxnmu Ay (y, 2) B crememmod psax. MomHO mokasars, 4To
ROKIHE Koo@@uIMeHT pasioskennsa 1ubo 0o CTENEHAM z, CIPaBe.-
JEBOTO UPH HHE3KHX TeMOepartypax, Jubo IO CTelleHAM

J
w=th>r, (10.87)

COpaBeJINBOTO IPH BHICOKHX TeMIepaTypaX, OOpenelsieTcA WHCIOM
MHOTOYTOJBHAKOB C 3aJaHHELIM WYHCJIOM CTOPOH, KOTODBIE MOMKHO
IOCTPOHTH Ha (CBA3SAX» peNIeTKH, Mogo6HO TOMY Kak 3To JeraeTcs
B TPYOOOBOM pasliokennm Maitepa B TeOpHE HeHWJeaJbHHIX Fa30B HJIHA
jKe IPHW MOCTPOCHHWE «IHarpaMM» Teopnu BosMymeHuiA. [lepeancienne
TaKNX MHOTOYTOJHHHWKOB, JOCTATOYHO IPOCTO€ B IPHHIMAIE, OKA3H-
BaeTCs YPEe3BHYAWHO TPYNOEMKHM Ha NIPaKTHKE.

Boaee Toro, Takue pasioxkeHms He yOeXJalOT OKOHIATEJNBHO
B TOM, 9TO TepPMOAWHAMHYECKHe CBOWCTBA CHCTEMBH HWMeKT 0co0eH-
HOCTh OPH HEKOTOPOHR oOIpemesieHHOH TeMmepaType, W 3aMKHYThle
aHAJUTHUECKWe BHIpasKeHHA, MoJydaeMHe B MeTomax Dpsrra —
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Bunssamca u Bere, Taxxe He maloT 0TBETA HA 9TOT BOIPOC. ITH METOIH
npednoaazaiom, 9To0 MOJIERYIAPHOE Hojde CYMecTBYyeT, WU, UYTO TO ke
camoe, UTO CHCTeMa B CpefHeM WMeeT OTIWYHYI0 OT HYJA IoJspH3a-
LOHI0 B Ka/KJOM y3lle pelieTKH. [[pyramum cjioBaMmu, Ipeqmojiaraercs,
9TO B CHCTEeMe UMeeTCs JaabHull nopsadok, T. €. 9TO, 3HAA HANPABICHHUS
CIEHa B ONHOM Vy3lle, MBI MOKeM IpeayragaTb ero HalpaBJieHHe
B JPYIOM y3lie, OTCTOAMEM OT HEpBOTO CKOMb YTOMHO Aajexo ).

Hanerud nopadox

Y

by NYSAN Y A

-
bauwskruti nopsdok

Janenui 6ecnopalox

bt N NN

\__~.__—v—_/
Bnuinnui nopadox

)

@ur. 189. ¢ — HaaMYWe JATBHETO0 MOPAJKA IpeNOIpeNelseT HAIAUME  6IMK-
HEro DOpsAKa; 6 — Haaudme (IMEKHET0 MOPSNKA BOBCE He 03HAYAET, UTO MMEeTCs
JaIbEAR TTOPAIOK.

Mu yme orMedanm, 9To MmeTod Dbpsrra — Buasamca Boo6me
He JaeT KaKoro-1mbo Oauicrezo nopsdka, MCKIWUasi GIWKHMHA mops-
IOK, HABA3HBAEMHI IPeNIONI0KeHHNM JATbHEM mopsamaKom (¢ur.189):
BHIE TeMmmeparypsl Hiopm pacunpepmeleHnme cumTaeTcd MOJIHOCTHIO
CTyJalHBIM, TAK UTO IOBENEHNME KayKI0TO COWHA HE 3aBHCHT OT JIeTa-
neit mosegeHns ero cocefieir. Merox Bere maer 6nmxEmi nopsamnok npn
TeMmeparypax Bume [, W, clIemoBaTelbHO, fBAAETCA Gojee peann-
ctmaecknM. OBGa Merofa [OCTATOYHO XOPOMO ONHCHBAIOT oOmue
CBOMCTBa YHOPANOUEHHOTO COCTOSHMSA B HalbHEM MOPANKE, HOCKOIbKY
OHO ysKe YCTAHOBMIOCH, HO ¢ HX OOMOIMBI HEAb3S J0Ka3aTh, 4TO
TAKOe COCTOAHME CYMECTBYET.

1) Oas deppoMarHermKa [OCTATOYHO BHATH HAIPABICHHE TOJLKO OHOTO
CIOMHA [y TOTO, ITOGH OmpeleanTh HaIpaBiieHHe IOJADPH3ANUA BCEl pEIETKH.
Hdasn agmrudeppoMarseTnKa HampaBleHAE COMHA B yAaleHHOM yaiae Gymer 3aBH-
cerb, padyMeercs, OT TOTO, MPHHAMJIEKHAT JIH OTOT Y3ell TOH ke MOJpemeTKe, IT0
O TepBH# ysea, WIA HeT.
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§ 10. Tounnie pemrenus 3agaun Msmnra

OxrasuBaerca, 9To 3ajada M3mHra [JonoycKaeT TO4YNOe pellleHHde
B IBYX "acTHHX caydagX. OfmH M3 HAX TPHBHAJIEH, H [OKa3aTelb-
CTBO NPOBOAHUTCA MPOCTO; BTOPOH caydall HeTPYAHO YKasaTbh, HO
BHBOJI OKOHUATEIBHOM (OPMYJH MJjif CTATHCTHIECKOH CYMMH CIHIN-
KOM CJIO0KeH, X MHB He OyjeM ero smech OPHBOJIHTE.

TpupraasHHi ciayIaii — 3TO cAyUail NIHHEHHOHA MEMOYKY, PelleHne
I8 KOTOPOH Mbl IpHUBEeM, NOCKOJBKY OH HMILIOCTPHEpYyeT O6myIo
TeXHEKY. PaccMOTpuM pemmerky, cocroamylo us [V «cioesy. B ommo-
MEePHOM CclyJae TaKoH «CJIO0i» — 3TO HPOCTO OTAEIBHHEIMA y3el, B IBYX
H3MEPEHUAX — 3TO PAA aTOMOB H T. ..

Ilycts Temepb v; ompefelsger «COCTOAHEE) j-ro CI0A, HANPHMED
B JBYMEpHOM CjydYae v; HOpeacraBisger coboil cuMBOJ THOA
(++—-...), ompemenAlomui HampaBIeHAA COHHOE BCeX ATOMOB
j-To papma. Mu mpeamosaraeM, 49TO TOJBKO COCeJHHE CIOH B3aMMO-
neficTByIOT, T. €. UTO PHEPIHI0 MOKHO 3aIHCcaTh B BHE

N N
E=2 7 (v v+ 2T (%) (10.88)

(MBI BEJIIOYHIHN CIOfla «BHYTPEHHIOK 3HEePIHUIo» Ka[0r0 Clod U BREJIH
OUKJINTIeCKRe IPaHUIHEE YCIOBHA: Vy. = v;, Kak B § 6 ru. 1).

CTaTHCTHYECKYIO CYMMY PAcCMATpUBAaeMO#l CHCTEMBI MOKHO TeIephb
OpEeICTABATE CleAynmuAM o6pas3oM:

P° (Vi Vi) F1/27° (Vj)—i-‘/z“V“(Vm)] }

ZZZE"'Z{geXP[” o

Vi V2 'VN

(10.89)

Ho 570 eCTH He 4TO HHOE, KaK Pa3BepPHYTAsA B3ANHACh NPON3BENEHMS