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IMMPEJVICJIOBHE

Dra KHMra HamucaHa Ha OCHOBe JIKIHH, B TeueHHe psaa JeT 4d-
TaBUIHXCSA ABTOPAaMM JJisi CTYJAEHTOB (hU3HYECKOro dakyibTeTra MOCKOB-
CKOTO yHUBepcuTteTa M (akymbreTa (U3HUECKOil ¥ KBAHTOBOM 3/EKTPO-
HUKH MOCKOBCKOTO (PH3HKO-TEXHHYECKOro HHCTHTyTa. Bwmecre c Tewm,
OHa He ABJfETCA KOHCIIEKTOM JIeKIHH, a 3ajlyMaHa kak yyeOHoe [OCO-
6HE ¥ TO3TOMY COAEPNKHUT NONOJHMTEIbHBIA MaTepHask JJd KeJalmux
H3YYUTh ipesiMeT Gosiee noapoGHo. Ilepsas nonosuna kuury (n1, I—XI)
TIPUMEPHO COOTBETCTBYET CONEPMKAHMIO JEKLHi, YNTaBUIMXCA Ha 4-M
Kypce, a BTopas IpeiHAasHayeHa AIA CTyAeHToB 5-ro Kypca. B coot-
BETCTBUH C 3THM IOCTEIIEHHO U3MEHAETCA CTH/Ib U XapaKTep H3JI0XKCHHA
Mmarepuana.

Kuura paccuntaHa Ha JIML, BJ3JCIOIAX MaTepHaoM obuedusnye-
CKHX M MaTeMaTHYeCKHX KypcoB B o0beMe NporpamM, NPHHATBHIX HA
(u3uuecKuX (aKynbTeTaX YHHBEPCHTETOB H B (PH3HKO-TEXHHYECKHX
MHCTUTYTaX. [l M3yueHHs IJiaB TEOPETHYECKOTO XapakTepa HeoGxo-
JMMO 3HATh CTATHCTHYECKYIO GH3HKY H KBAaHTOBYIO MeXaHHKY B o0beme
OOBIYHBIX YHUBEPCHTETCKHX KYPCOB.

AsTopaM Bcex Y4eOHHKOB XODOILO M3BECTHBI TPYAHOCTH, CBA3AHHbIE
¢ oT6opOM MaTepHana. JTH TPYAHOCTH 0COOeHHO BO3pacTaioT, Koraa
pedb HeT O Takoll IMHPOKOH M ObICTPO pasBHBAIOLIEHCH 00n1acTH, Kak
(u3NKa MONYNpOBOXHUKOB. ITpu 3TOM HacTo He/erko ObiBaeT naxe
pelTh, CeLyeT JU OTHOCHTH Te WM HHbIE BONPOChI K COGCTBEHHO
(u3¥Ke MOJYNPOBOJHHKOB WJIH Y¥XKe K APYrHM, CMEXHBHIM, RHCUHILIH-
Ham. Jlanee, B yueGHHK €CTECTBEHHO BKJYaTh JHWb MaTepual, AocTa-
TouHO ycTosBiuuiica. OfHaKo NpH 3TOM eCTb OIIACHOCTb, YTO KHHUIA yCTa-
peeT, elie He yCIeB BLIATH u3 neyatd. Hakouew, yyeGHHK IO o0nemMy
JIO/KeH GBITh TAKHM, 4TOGbI €10 MOXKHO GblIo Ge3 Tpyja MOAHsATh OJHOH
pyKoit. ENHHCTBeHHbI BBLIXOA, KOTOPHIl HaM yAanochb Haflth (M KOTO-
pbiil, MO-BUJAMMOMY, HE OpHIHHAMeH), COCTOHT B Ge3XKajl0CTHOM OTcede-
HUH MHOTHMX YacTHBIX, XOTfl U BaXKHBIX, BOIPOCOB B COYETAaHHH C JoCTa-
TOYHO TOAPOOHBIM H3JOXKEHHeM 3ajad NpPUHUHUIHAMBHOrO XapakTepa.
MBI ONYCTHIH TaKKe BCe pacyeTHble (B TOM 4YHC/e TEOPETHKO-TPyIIio-
Bble) METOJIbl 30HHON TeopuH TBEpJAOro Tejia, MeTO/bl PeLICHHS KHHeTH-
YeCKOT0 yPaBHEHHA B Cjlydyae aHH30TPONHBIX H305HEPTeTHYECKUX
NIOBEpXHOCTEH H HEKOTOphIE APyTHe, Or PAHHUHBIIHCD HIOKEHHEM JIHILD
TeX BONPOCOB TEOPHH, C KOTODBHIMH, KaK HaM KaXercs, JO/KeH ObITh
3HAaKOM SKCIIEPHMEHTATOp, YTOOBI CO3HATEJbHO OTHOCHTHCSH K CBOGH
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JeATeNbHOCTH. 37eCh 3alauy asTOpoB BecbMa oOOJEruu/o CYIIeCTBOBA-
HHe NpPeBOCXOJHLIX TEOpeTHYeCKHX MOHOrpadwuil, yKasaHHEIX B CIIHCKe
OCHOBHOH auTepaTypel. Jly6aupoBaTb 3TH KHHTH HaM Kasajocb He-
1e1eco00pasHbIM.

Taxkum o6Gpa3oM, HacTosLLAf KHMIra He IIpeHasHayeHa CAYXHTh
HCUepILIBAIOIUM PYKOBOACTBOM IO 3KCIEPHMEHTAJAbHBIM U TeOopeTHYye-
CKuUM BonpocaMm (U3MKH NOJYyNpoBoiHHKOB. Ee 3ajaua — path npe-
cTaBjieHne 06 OCHOBHBIX NOHATHAX M HJeAX COBPeMeHHOH (PH3NKH MOoJY-
IIPOBOJHUKOB U TNOJATOTOBUTL YHUTATe/sl K U3Y4eHHIO, B Clydae HeobXo-
JHMOCTH, CrielHaNbHbeIX 0030pOB U OPHUTHHAJBHBIX paboT IO OTAEIbHLIM
BOIIpOCaM JaHHOH obaacTy.

B psane mecT Mbl yKasblBaeM MOHOTpaduHu, B KOTOPBIX COAEPNKUTCSA
Gosiee ToApOGHOE paccMOTpeHHe OTebHbIX NpolieM, JHIb 3aTPOHYTHIX
B XHHre (3T0 OCOOEHHO OTHOCHTCA K CPaBHUTEJIbHO HOBbIM M TPYIHBIM
3afiauaM). BMecTe ¢ TeM B COOTBETCTBHH CO CTHJEM, NIPUHATHIM BO MHO-
THX YyyeGHHKaX, Mbl cTapajguch H30eraThb CChLLIOK Ha He BCerJa AOCTYII-
Hble CTyJleHTaM MHOTOYHC/I€HHble ODHTHHA/bHbIE CTaTbH (B TOM YHC-
Jie # Ha paGoThl asTopoB). HMicKaoueHne cocTaBsoT JHLb CChIJIKK Ha HC-
TOYHHKYM, U3 KOTOPHIX HENOCPEACTBEHHO B3AThl BOCIPOU3BOJAHMMEIE
B KHHTe 3KCIepHMeHTajbHble NAaHHble, 4 TAKXKE OTAe/bHBe Cy4ad,
KOrja ApyrHe JHTepaTypHble MCTOYHHKH OTCYTCTBYIOT. MBI HajeeMcs,
YTO HAlH KOJUIerH, HHTepecHbIe U BaxkKHble paboThl KOTOPHIX UCIO/b3Y-
10TCS1 B 3TOfl KHHTe, IPAaBHJILHO MOUMYT HaMepeHHs aBTOPOB U He OyayT
4yBCTBOBaTb ce6a orpalbieHHBIMH. TeM JKe M3 HHX, KTO OCTaHeTCH He-
JIOBOJIEH 3THM OODACHEHHEM, Mbl MOXKeM JHWb HaNOMHHTb, YTO NpH
U3JM0XKeHHH 3aKoHOB HbioToHa miu onycaHuu omnbitos Papajes CCobli-
KH Ha OpUTHHAaJbHBIE paloThl 3THX ABTOPOB AeNAIOTCA OYeHb DPEJKO.

B KHUrY He BKJIIOYEeHBI 387344 H YIpPa>KHEHHA B BHJE OTAEIbHBIX
NPWIOKEHHH, TaK KaK yKe HMEIOTCA COOTBETCTBYIOIIHE 3aJauHHKH *).
IprBeneHHble B TeKCTe pacyeTHBIE NPHMEPHl HMEIOT LENbI0 TOAbKO
NPOWINIOCTPUPOBATL IIPHMEHEHHe TeX MJHM HHBIX INPHHIHUNHAJIbHBIX
HOJOXKEeHHH « :

OnuH 13 «60JBHBIX BOIPOCOBY COBPEMEHHOH HAaYyHOMH JIHTepaTyphl —
Bonpoc o6 o6o3HayeHHsiX. IloHATHH, TpeOylOIIMX KOJHUECTBEHHOTO
onucanus, Oojblie, YeM GYKB B 0ObIUHO yroTpebaseMbiX andaBHTaX.
IosToMy HEKOTOPBIE CHMBOJIBI IIPUILIOCH YIOTPEGJIATh B Pa3HBbIX CMbIC-
Jax. [lina yacTHYHON KOMIIeHCalny 3TOTO HeOCTaTKa K KHUTe NPHJIOKeH
CIUCOK OCHOBHBIX 0OGo3HaueHuii. OTMeTUM 3Jech, UTO BEKTOpHbIe HH-
LEKCbl 0003HAYalTCA B KHUTE Halile BCETO MasbiMH TpeyecKHMH OyK-
BaMH, a no NOBTOPAIOUIMMCS HHIEKCaM MOApasyMeBaercss CyMMHpO-
BaHHe, eclM HE OTOBOPEHO HCKJIIOUEHHe U3 3Toro npasuia. Popmysibl
B Ipesiesiax KaskoH IJ1aBbl' MMEIOT JBORHYIO Hymepauuio. Ilepsas nuudpa
YKasbiBaeT Homep mnaparpada, Bropas — HoMep (OpMyJbl B JaHHOM
-_——mm—m——

*) B. JI. Bouu-Bpyesus, H. I1. 3eseun, H. B. Kapnenro, A. I'. Mupornos, C6op-
HEK 3ajlay no ¢Qusuke nonynpopoisukos, «Hayka», M., 1968.
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naparpade (nanpumep, (4.7)). Ilpu ccouikax Ha opMyJisl U3 APYLHX
rflaB CTaBUTCA eule puUMCKas uubpa, yKasblBaoowas HOMEp IVaBbl
(nanpumep, (IV. 4.7)). °

Bce dopmyas pambt B cucreme eanHnl I'aycca. OnHako 4HCJ/eH-
Hble 3HAUEHHs HEKOTOPHIX NOJYIPOBOJHHKOBHIX XapaKTEePHUCTHK INPH-
BelleHbl B NPAKTHYECKHX €IMHHIAX, KOTOphble OObUHO yrnoTpel/isiorcs
At 3TOr0 B JMTepaTypé (HanpuMep, NONBHXKHOCTH — B €IHHHIAX
cm?/cek - B).

Mgl BhipaxkaeM rayGokyio Gnaropapsocts M. M. Karanosy, B3siB-
meMy Ha ceGst TPYJA PeileH3HPOBAHHsA KHHUIH U CJe/1aBlIeMy OueHb MHOFO
UEHHBIX 3aMedaHuil. PasymeeTcs, OH He HeceT HHKaKOil OTBETCTBEHHOCTH
32 BO3MOXKHbIE HeyJayHble MeCTa KHHIH.

Mpt Grnaromapust Takxke B. Jl. Eroposy, Il. E. 3uianGepmany,
B. ®. Kucenesy, U. A. Kyposoii, A. I'. Muponosy, 0. ®. Hosorou-
komy-Baacosy u A. H. Temuuny, mpodyuraBuiuM HEKOTOpBiE TIJIaBbl
M CleNaBIIHM DAL ToJe3Hbix 3amedanuit. OguH w3 Hac (B. JI. B.-B.)
Becbma npusHaTesen O. A. Tonosuuoit, B. B. Bonu-Bpyesnuy u
A. K. KynpusaHoBoit 3a noMoub NpH MOATOTOBKE PYKONHCH K TEuaTH.

Anpean 1977 r, B. JI. Bonu-Bpyesuu,
C. I'. Karawnukos



TFarasea 1

HEKOTOPBIE CBOMCTBA MOJIYIIPOBOXHHKOB

§ 1. KuHeTHyecKHe SIBJEHHsI B 10JYNPOBOAHHKAX

B nacrosiieil I/1aBe Mbl PACCMOTPHM HEKOTOpbIE pe3y/bTaThl IKCIie-
PHMEHTAJbHOTO HCC/IeJOBAHHS CBOHCTB MOJYNPOBOJIHHKOB. OTH JaHHBe
CYIIECTBEHHO CIOCOGCTBOBAM TIOHAMAHHIO (QH3HUECKHX INPOLECCOB
B IIONYNPOBOAHHKAX H ABHJKCH 6a30H 1/1A MOCTPOHHS TEOPHH. o

TTpu HCCIELOBAHHH MOMYNPOBOAHHKOB GOJbLIYIO POJIb HIpaeT usy-
yeHpe TaK Ha3biBaeMbiX sIBJeHUl [lepeHoca WiH, WHaye, KHHETHYECKHX
sipnenuii. O6mas# npuYHHA 3THX fABJEHHI 3akJwoyaercs B TOM, YTO
5/1EKTPOHB! IIPOBOAHMOCTH TIPH CBOEM JBHXXEHMH IEpEHOCAT CBs3aH-
Hble C HUMH (DU3HYECKHe BEJHUHHBI: Maccy, 3JeKTpHYecKuit 3apsj,
SHepTHIO M Ap. BeaeicTBHe 3TOrO NpH ONPee/eHHbIX yCIO0BHAX BO3HM-
KaloT HarpaBJeHHble TOTOKH 3TUX BEJHUHH, PUBOJSALLAE K PSNY SACKT-
pHUECKHX H TeIJIOBHIX 3(deKToB. YKaxeM KpaTKo BaxKHeH1INe KHHe-
THYeCKHe fBJeHUR, 0COOEHHO HHTEepeCHLe AJs1 HCCACROBAHUS NOJY-
TIPOBOJIHUKOB.

a. JaekmponposodHocms. B OTCYTCTBHE BHEIIHETO 3JIEKTPHUECKOTO
noJIsl 3AeKTPOHBI B KPHCTAJJIE COBepLIaoT TONBLKO TENJIOBOE ABHKEHHE
CO CKOpOCTAMH Vr. XapakTep 3TOTO JBHXKEHHS TaKOB, YTO 3JEKTPOH
HeKOTOpoe Bpemst (BpeMs CBOGOLHOTO mpoGera) ABHMKETCA npubIU3u-
TeJbHO MPSIMOJHHEHHO H PaBHOMEPHO, HO 3aTeM, B pe3yJ/ipTaTe B3aHMO-
NefiCTBHA ¢ KPUCTANIHUECKOH PEIeTKOi, Pe3KO U3MEHAeT HallpapieHHe
CBOEro ABMKEHHs. TaKHe TpPOUECCH H3MEHEHHA HMIYJbCa Mbi GyjeM
Ha3LIBaTh B JaJbHefillleM npoueccamt paccesHus umnyabca. OHu ana-
JNOTHYHBI COYAApEHUAM ATOMOB, PacCMaTPHBaEMbIM B KHHETHUECKOH
Teopuu Tra3oB. BcrepcTBue OGeCHOPSAOYHOCTH TEMJIOBOTO JBIKCHHA
B 3JIEKTPOHHOM Ta3e B COCTOSHAH TelNIOBOTO PaBHOBECHS HET NpPEHMy-
UIECTBeHHLIX HampaBJeHHil JABHMKEHHS, M MO3TOMY CpelHee 3HaueHue
TenNoBOI CKOPOCTH PaBHO HYJMIO. DTO 3HAYAT, YTO CPeHHH NOTOK YacTHIL,
a C/IeoBaTeNbHO, U CPeNHss IIOTHOCTb TOKA sl J1K000ro HalpaBJenus
PaBHBI HYJIIO.

Tpu HallOXXEHVH BHEIIHETO 3/IeKTPUYECKOro 1015 3/IEKTPOHb 10Ny~
YAIOT JONOJMHUTENbHbIE CKOPOCTH V MOJA AeficTBuem nojist. B aTom cay-
yae pe3yabTHpYIOLIee JABHKEHUE 3JEKTPOHOB YiKe He ABJAETCH COBEp-
WEHHO GecriopsiI0YHBIM H BO3HHKAeT HAllPaBJeHHbIH ITOTOK 3/EKTpH-
YecKoro sapsfia (3/ekTpuueckuil Tok). Cpennee 3HaueHHe CKOPOCTH
YNOPSANOYEHHOTO ABHXKEHHS [Jifi OJHOTO 3JEKTPOHA (BHIYHCICHHOE st
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NPOMEXKYTKA BPEMEHHU, OXBaTbIBAIOUIEro GO/ibIIOe YHCAO COYAApeHHi)
Mbl GyneM oGo3HauaTh yepe3 v, a CpellHee 3HaueHHe 3TOH CKOPOCTH
Jisl Beefl COBOKYIMHOCTHM 3J€KTPOHOB — uepe3 (v) == v4. CpenHioo
CKOPOCTb YNOPAJOUEHHOTO JABHKEHHA Vg Ha3bBAIOT Jpedi(oBOH.

Bo MHorux ciydasix okasblBaeTcs, yTo jpefigpoBasi CKOPOCTb TPO-
NOPUHOHANLHA HANpPAXKEHHOCTH 3JIEKTPHYECKOro MNoJis 6. Tlostomy
BecbMa IIOJIe3HO TMOHsITHE JpeiidoBON IOJABHKHOCTH 3apsiKEeHHBIX
yacTHI W, KOTOpas, IO ONpEJeJeHHIo, éCThb ApeiidoBas CKOPOCTb, MpH-
obpeTaeMas 4acTHeH B 10/ C HANPSKEHHOCTbIO eAHHULA. MK, uHade,

Vg = “‘8' (1 . l)
Has 3JIEKTPOHOB NOJBHKHOCTL | OTpHIiaTeJIbHA, JJIST MOJIOKUTENbHbIX
qacTUl — IOJIOKHTe/IbHA.

Ecan umeiorcs 3apsKeHHbI€ YacTUibl TONBKO OJIHOT'O Tulla, TO IJIOT-
HOCTBh 3JIEKTPpHYECKOIo TOKa paBHa

j=envy=enu8, (1.2)

rae e — 3apfj OfHOH uacTHuH *), a n — KOHUEHTPAnusl NOABHKHBEIX
yacTui. C Apyrofi CTOPOHHI, coriacHo 3akoHy Oma

j=08, (1.3)
rle o — yaeJdbHasl 3MeKTPoIpoBOJHOCTL BewecTsa. Ortciona
0 =enp. (1.4)

Tak Kak TIpPH M3MEHEHHH 3HAKa € OJHOBPEMEHHO M3MeHSIeTCsl M 3HaK
NOABUKHOCTH, TO ¢ He 3aBHCHT OT 3HaKa 3apsija 4acTHIL

B usorponHeix BemlecTsax ApeiioBas CKOPOCTb Hanpas/ieHa J1HGO
napaijenbHo Mo/ (Y INOJOXKHTENbHBIX 4YacTHu), Ju60 I POTHBOIIO-
JIOXKHO 1104110 (Y OTPHLATeNbHBIX YaCTHIL), TO3TOMY U ¥ O CYTh CKaJNAPLI H,
COGTBETCTBEHHO, BEKTOPHI j H § COBNAJAIOT N0 HanpasjeHHio. B anuso-
TPONHBIX BelleCTBAX 3TO YK€ He HMeeT MECTa ¥ COOTHOLIEHHE MeXIy

j 1 & umeeT Gosee oOIMA BHL:
jx = 0xxg.x + nygy + zegzp
jy =048+ 0,8, 40,8, (1.5)
jz = szgx + Gzygy + Gzzgz-
Wiy, B cokpameHHOH 3anucH,
jo=0qp&p (@, B=x, y, 2), (1.5a)
re [oipa3yMeBaeTcs CYMMHPOBaHHE MO IOBTOPSAIOWEMYCA HHIAEKCY.
CaefoBaTesbHO, B 3TOM CJyyae sBJeHHE IepeHoca 3apfAja ornpefe-
JIFTCA yXe He eIMHCTBEeHHbIM KHHETHUECKUM KO3(HIUHEHTOM, a CoBO-

KYTHOCTBIO KO3DOHUUHEHTOB Ggg, KOTOPBIE SBAAIOTCA KOMIOHEHTAaMH
TeHsopa 2-TO paHra — TeH30pa 3/eKTPOlpPOBOJAHOCTH.

*) B 3T0it r1aBe e o6o3HauaeT aArebpauyeckuil 3apsi YacTHUEL,
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6. Ippexm Xoasa. Tlpu HANMWUWM BHeIIHETO MarHWUTHOTO NOJA Ha
JBMKYIULHeCs 3JeKTPOHBI JAeficTBYeT cuaa JlopeHna, nmepleHaukyasp-
Has K HanpaB/JeHHAM HX CKOPOCTH M MarHuTHOH MHAyKuMH. ITostomy
JIBUKEHHE 3JIeKTPOHOB B Pa3/HYHLIX HANpPaB/JeHHAX IPOUCXOAUT HO-pas-
HOMY W Ja)e TMOJYIPOBOAHUK, H30TPONHBIH B OTCYTCTBHE MarHUTHOTO
noJssi, CTAHOBHTCS AHM30TPONHBIM. IT0 06CTOATENLCTBO IPHBOJHT K BO3-
HMKHOBEHHIO TaJibBAHOMarHUTHHIX fABJEHMI. BakHeHlUMMHM U3 HUX fB-
asotes a¢gdexT Xoan1a ¥ H3MeHeHHe CONPOTHBJICHHA B MATHHTHOM NoJie.

Apdext Xomra sakigwodaeTcs B TOM, YTO B IIPOBOJHHKE C TOKOM,

NOMEIEHHOM B MATHUTHOe II0oJie, TOSIB/AAIOTCA 3JIeKTPONBHKYHINE CHIBI
U, Kak cJeicTBuHe, BO3HUKaAET
LOIOJHHTETbHOE  3JMEKTPHUECKOe
none. CyumiHocTb 3Toro 3¢dexra
B TIpocTeiiilleM H HauboJee BaxK-
HOM cJayuyae nosicaser puc. 1.1.
PaccMoTpuM OJHOPOAHBIA H H30T-
pONHEI NPOBOAHHK B BHAE NIpsi-
MOYTOJABHOT'O Tapallienenunesa ¢
3JeKTpogaMu Ha ero Topuax. Ha-
NpaBUM IPSIMOYTOJbHblE OCH KO- Puc. 1.}. 3fderr Xoana,
opAMHaT Bionb pebep mapasJe-
Jenunefa M IOJOXKHM, uTO BeKTOp IJIOTHOCTH ToKa j IapaJJe-
JeH ocH X, a MaruuTHas WHAYKLMA &3 HanpasJjeHa 1o oc Z. B otcyr-
CTBHE MArHUTHOTO HOMA HaNPSKEHHOCTb 3JIEKTPUYECKOTo [0Jf B 11po-
BOJHHKe & COBIAfaeT ¢ Hanpap/ieHHeM j H MeXLy ABYMS IONEPeYHbIMH
KOHTaKTaMH @ U b, pacno/ioKeHHBIMH B IJIOCKOCTH, NEePIeHAHKY I pHOM
K j, pasHOCTb NOTeHIHANOB PaBHa HyJ0. I1pH BRIIOUEHHH TONEPEUHOTO
MarHUTHOTO MOJIst MeX1y PAa30OMKHYTHIMH KOHTAaKTaMH @ U b nosBisercs
pasHoCTb MOTEHIHANOB, KOTOpas H3MeHseT 3HAaK IpPH M3MEeHEHHH Ha-
NpaBJeHust TOKa HJIH MarHMTHOTO MOJSl.

TostBiieHre 31O pasHOCTH NMOTEHIHAJOB [TOKa3biBaeT, yTo B MpH-
CYTCTBUM MATHHTHOTO IIOJs B IIPOBOJHHKE BO3HHKAET JOTMOJHHTENbHOE
anekTpuueckoe node &,. HampasieHne pe3yibTHPYIOLEro 3/eKTpuue-
ckoro nons & Temepb He COBHaj@er ¢ HanpaBleHWeM j, a NOBEPHYTO
OTHOCHTEJBHO j Ha HEKOTOPHIE Yrost ¢, KOTODHIH NOJY4YHJ HasBaHMe
yraa Xoada. DKBUIIOTEHIIMAIbHbIE IOBEPXHOCTH, KOTOPhIe B OTCYTCTBHE
MarHHTHOrO [OAs OBUIH IWIOCKOCTSMH, TepHeHAHKYJAPHbIMH K &,
(onHa 13 HUX NPOXOAUJIA Yepe3 TOYKH @ U b), Tenepb NMepreHIUKY IS PHBI

, T. €. TIOBEPHYTH TOXKe Ha yroa ¢ (a,b; Ha puc. 1.1.).

OnmT 1oKasbiBaeT, YTO HANpSKEHHOCTb Hois sdoerra Xomia: &,

Y HanpspxkeHue XoJ1a ¢ MOXKHO BHIPA3HTh (popMyJiaMu

§,= “ =RBj=RB 1. (1.6)

*8

3nech d — TonmuHa o6paslua, @ — €ro WHPHHA (B HallpaBJeHHH Mar-
HHTHOTO NoJifA), { — NONHAS CHJIa TOKa, a R — Ko3(pHIMeHT nponop-
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I{HOHANIBHOCTH, KOTOPBbI B C1a0blX MarHHTHHIX MOJAX HE 3aBHCHUT OT
MarHUTHOH MHIYKIMH M XapaKTepHu3yeT TO/MbKO CBOMCTBA BeHIECTBA.
OH nony4uw/1 Ha3BaHMe rnocTosHHOH Xoala.

3naku yraa XomJa 4 nocTossHHO#H Xou1a 3aBHCAT OT 3HaKa 3apsja
TIOABIKHBIX YACTHI, OOYCIaBJIHBAIOUIMX 3JCKTPOINPOBOAHOCTL. ITO
nosicisier puc. 1.2. Ecnu maruuTHas MHAyKuMs Hanpas/deHa OT ILJIO-
CKOCTH PHCYHKa K YHTaTeJi0 H NOABHXKHBIE HacTHIBl HECYT NOJIOXKH-
TeJbHBIA 3apsia, TO NPH YKa3aHHOM HanpaBJieHHH Toka cuna Jlopenua
"F 6yjeT HanpaB/ieHa BHU3 U HIXKHAA TPaHb KPHCTa/1a OyeT 3apsaKaThea
[IOJIOXKHUTENBHO, a BEPXHAS — OTPHIATe]bHO. PesyabTHpYyIOLIee 3/1eKT-
puyeckoe nosie & 6yjieT NopepHYTO OTHOCHTEbLHO TOKA j IPOTHB 4acoBOi
crpenkH. B sTom caydae ycnoBuaMch cyuTaTh Yroi Xoda H MOCTOAH-
fyio Xolia MONOXKHTENbHBIMH,

- - - = + + + +
| &—= |—> ;—(T)%S——f,-
+ +y+ + - —y= —
F F
é
¢ pd
J &
a) 0)

Puc. 1.2. 3nak yria Xoana: a) ¢ >0; 6) 9 <0,

Ipu oTpHuaTe]bHO 3apskeHHHIX dYacTHuax cuiaa F nanpasieHa
ToXKe BHM3, OHAKO B 3TOM c/lyuae HIDKHSA IpaHb KpucTamia Oyner
3apsxkaThCs OTPHUATE]bHO H XOJJIOBCKOE MNojie O, HU3MEHHT 3HaK.
CoOTBETCTBEHHO NoJe & oKaxeTcs NMOBepHYTHIM HO YacOBOH CTpeike
¢ U R GyayT oTpuLaTeIbHEL.

Stdexr Xoana HaxoaurT cebe pas/inyHbie TEXHHYECKHE INpUMeHe-
uud. Ero MOXHO HCIONB30BaTh IS H3MEPEHHS HamnpsiKeHHOCTH Mar-
HHTHOTO TOJS WIH, €CJI IOC/]efHee H3BECTHO, A5 H3MEPEHHS CHJIbE
Toka 1 momHoctTd. C nomouibio sdpexra Xoana MOXKHO FeHEpHPOBATD,
MOJlyJIHPOBaTh H IEMOAY/IHPOBATh 3JIEKTPHUECKHE KoleGaHus, OCyLecTs-
JATb KBajpaTUYHOE JAeTeKTHPOBaHHe KoJeGaHuH, yCHIHBATb 3/EKTPH-
yecKHe CHFHAJBI U peiuarth ApPyrve TeXxHuYeckde 3ajauu.

¥Yroa Xonna u noctogHHas XoJJia BbIPAaXKaloTCA HENMOCPeNCTBEHHO
yepe3 KOMIIOHEHTBI TeH30pa SJEeKTPONPOBOAHOCTH ‘B MAarHUTHOM HoJe
Oup- DyZEM cUMTATh CHA4ana, YTo eCTb HOCUTENH 3apAia TONbKO OAHOr0
tuna (o6o6meHHe Ha caydail HecKoJbKHX THmoB cM. B § 4). Torna ux
CKOpocTh Apeiida Hampas/ieHa BJOJb TOKa (ocu X, puc. 1.1.), a cuna
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Jloperna u none XoJna JexaT B MJI0CKOCTH X Y, ¥ B COOTHOIEHUAX
(1.5) &; = 0. Hdanee, Mpr cpasy yuTeM, 4TO

Oxy=—0yy, Oxx=0yye (1.7)

B crnpaBejIuBOCTH NMEPBOTO M3 3THX COOTHOIWIEHWH Mbl yOegumcs mpsi-
mbiM pacuetom (§ 3). Bropoe ouesnino Ges pacuera, Tak Kak ocu X u ¥
paBHONpaBHEl TO oTHowenuio K <B. Toraa, monaras 8 (1.5) j, =0
(pasoMKHYTble MOTEHUHANbHbIE 30HIBI @ U b), Mbl HMeeM

&y Oye Oy

tgo=¢-

x Oyy Oxx

. (1.8)

Danee, uckmouast &, u3 mepsoro coornowenus (1.5) u popmy st
(1.8), Haxonum

8=
=T Laz X
Y Oty

Cpasuusas 370 ¢ dopmydoit (1.6), nonyyaem nas mocrosuHo Xonna

_ 1 Oxy
- ) x @
7 crxx-i-oxy

R (1.9)

6. H3amerenue conpomusrenus ¢ macHumuom nose. Buemnee mar-
HUTHOE Mo/e BhI3bIBAET HE TONbKO MOSIBIEHHE XOJJIOBCKOTO moas &,
HO M3MeHseT TaKkKe TOK j,. 3TO 3HayHT, YTO CONPOTHBJ/EHHE IIPOBONHUKA
B NONEepeyHOM MAFHUTHOM noje u3MeHsieTcs. OnbiT okasbiBaeT, 4To
B HEKOTOPOM MHTepBaje A0CTAaTOYHO CJ1abblX MarHMTHBLIX TOJEH H3Me-
HeHHS 3JeKTPONDPOBOXHOCTH AG) M yIeJIbHOrO CONpOTHBJIEHHS APy
NONUHHSAIOTCA 3aKOHY

2% 2L o, (1.10)

3nech O M p—3HayeHus npu % =0, a x| — «Ko3hdULHEHT Nonepey-
HOTO MarHeTOCONPOTHBJEHHSI», 3aBHCAIIHA OT CBONCTB MaTepuana,

SppeKT MarHeTOCOMPOTHBICHUA €CTh HEeNOCPeACTBeHHbIl pe3ynbTar
TOrO, 4TO B MAPHUTHOM I10JI€ 3JeKTPOI POBOJHOCTb CTAHOBHTCS TEH30POM,
[TosToMy MarHeToconpoTHBJEHNHE MOXHO BHIpa3HTb, KaK M Yrod
Xodna, yepe3 KOMIOHEHTBl 3Toro Texsopa. Ilonaras B cOOTHOWIEHHAX
(1.5), Kax H paHbine, &, = j, = 0 ¥ uckmioyasi U3 NepBbiX AByX CO-
OTHOMIEHUH moJe &, nosyyaem

jx= <Gxx + :A"> B

X

YnenbHast 3J€KTPONPOBOAHOCTb B IIONEPEYHOM MaATHHTHOM IoJe
paBHa

0y () =gt =T, (1.11)

Oxx
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O1ciofa MOXHO BBIPa3UTh 1-KOS(OUIHEHT MarHeTOCONPOTHBACHHS X |
yepe3 KOMIIOHEHTBI TeH30pa Oyg. OnHaKO MBI OTJIOKHM 3Ta A0 § 3.

Ecan MarnuThoe mosne napasinenbno TOKY, TC B paccMaTpHBaeMoi
Monesin cuia JlopeHna ue BO3HMKaeT, oy (F) = o, u NposIoJibHOE
MarsetoconporHbieHue Ap,/p = 0.

Ormetum, uto dopmynnt (1.8), (1.9) u (1.11) cTporo cnpapennussbl
JuWb JJsi GesrpaHHuHOl cpenpl. B peanbnbix 06pasuax KOHEYHbIX
pasmMepoB H3-32 HaAHYHA TOKONOABOAAHIMX META/NJHYeCKHX KOHTAKTOB
BO3HUKAIOT HCKaKeHHS JIMHHH TOKZ M JIHHHII IIOJIA, KOTOpBIE HYXKHO
VYMTbIBaTh MNpH H3MepeHusiX. UToObl BAHSIHHE KpaeBHX 3(peKToB
6bi10 Majlo, AMHHAa 00pasuoB (B HalpaBleHHH TOKa) NOMKHA OLITh
HaMHOTO CoJibllie X MONEPEeYHHIX pa3MepoB.

2. Tepmosdc. dusuyeckn BblIesNieHHOE HaNpapjeHHe NOSBJSETCA
He TOJIbKO BO BHEILNeM MarHUTHOM 110Jie, HO H NIPH HaJMYHH TpajHeHTa

TeMIepaTyphl, faxe €CIH MarHHTHO-

Z -7 Vi TO MoJsT HeT. DTO TUPHBOJUT K BO3-
HHKHOBEHHIO TPYNNbl TEPMOINEKT-

7 &—> Zz pHuecknx siBjeHuii. Baxueium
TEPMO3JIEKTPHYECKUMH 3ddeKTamu B

+ N - ONIHOPONHBIX MONYIIPOBOIHHKAX SB-
7 N\ JAI0TCA TePMO3IEKTPOABHKYLIAS CI

Ja (TepPMO3/IC) U TaK Ha3bIBaeMoe siB-
Puc. 1.3, Tepmosgc. VYxasammmit JeHHe Tomcona.

3HAK HanpsKEeHUS CCOTBETCTBYET IO- Hepgblﬁ H3 HUX 3akKJjiouaeTcss B
AOMHUTEIBHLM THO;“TTG““”M 82PTA4 M TOM, 4TO MEXIY KOHIAMH PasoMKIy-
2 1

TOTO IIPOBOJIHMKA, KOTOPHiE HMEIOT

PasHYHYIO TeMmIepaTypy, BOSHHKaET
PasHOCTb NOTEHUHAJIOB, d, 3HAYWT, BHYTPH NPOBOJHHKA HOSIBISETCS
3JIeKTPOABUXKYIAA cuna (puc. 1.3).

IponcxoxpeHue TepMosaC OOLACHARTCS TeM, YTO MOTOK Audby3iu
3apsiKEHHbIX YacTHI OT HAarpeToro KOHUA K XOJNOAHOMY GoJblle, yeM
B obparHoM Hanpasienuu. [losTomy Ha KoHuax npoBoannka (M Ha
€ro IMOBEPXHOCTH) NOABJAITCA 3JMEKTPHUECKHE 3apsiibl, a BHYTPH
NPOBOJHUKA — 3/IEKTpHUECKoe Ioje. B craunonapHoM cocTosiHmH
Pa3sOMKHYTOTO NMPOBOAHHMKA 3TO I0J€ TAKOBO, UTO BbI3LIBAEMEIH HM TOK
Apefipa Kak pas KOMIEHCHPYeT pe3yJbTHPYIOUIH NOTOK Auddysni.
OnHako nonHasi BelMYMHA HANPSKEHUs,, PEIHCTPHPYEMOTO BOJBT-
MeTPOM MeX[1y MeTalJHUYeCKUMH 3/IeKTpofaMu a u b (puc. 1.3), ckaa-
AbIBAETCA He TOJNbKO M3 NajeHus HaNps:KeHMs BHYTPH NPOBOAHHKA,
HO elle ¥ U3 CKa4yKOB NOTeHnuala, CymecTBYIOMUX Ha TPaHULAX 1107y~
NPOBOAHUK-—MeTa/ )1 (KOHTaKTHAas PasHOCTb MmoTeHnuanos, cM. § VI.5),
KOTODEI® 3aBHCAT OT TemniepatTypel. Ecan o6a MeTaninuecknx snekTpona
ONMHAKOBBl H DPa3HOCTH TeMmIepaTyp HeT, TO CyMMa OBOMX CKauyKoB
noteHuMana pasHa Hymo. Ecau ke TemmepaTypa KOHIOB pasfiHuHa,
TO BeJUYHHA 00OUX CKAYKOB NOTEHUHANA YiKe HeOAUHAKOBA, UTO BHOCHT
JIOTIOJIHUTENBHBIE BKJAJ B TEPMO3JC, -
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Beawmunny sxc dV, npu Mmajoft pasHoCTH TemmepaTyp MexAy
KOHUAMH dT' npHHATO BbIpaXaTh COOTHOLICHHEM

dVy=a.-dT. (1.12)

31ech 0, 1O OnpeneneHuio, ecth Audepenuuanbuas Tepmosac. Ecau
06a MeTa/VIMYeCKUX 3JEKTpoja M COeAHHHUTEeJbHBIE IIPOBOJA CleJaHbl
H3 OJHHAKOBOTo MaTepHaia H TOU-
Kd ¢ M d (puc. 1.3) Haxopatcs npu
OJMHAKOBOH TemIepaType, TO G 3a-
BHCHT TONbKO OT CBOHCTB IHOJYNpO-
pogHuka. Tak Kaxk 3TH IocJegHHe
H3MEHAIOTCA NMPH M3MEHEeHUH TemIle-
paTypbl, TO G, TOXKE 3aBUCHT OT TeM-

nepaTypsl. BennuuHa a y meransios 4
HeBe/MKAa M OOBIMHO HMeeT MOpSANOK T
1+10 mxB/rpang. ¥ noaynposoius-

KOB OHa MOXeT OBITb BO MHOTO CO-  pyc, 1.4. TepMo3oHA. 3 — Harpe-
TeH M THICAY pa3 GoJblue. THIL  CTepkeHb, [] — IOJYIIPOBOA-

Onpeﬂmﬂﬂ HOJ]ﬂpHOCTb TepMo- HuK, M — xoJ0QHas MetajlIudecKas
SJIeKTpH'-IeCKOFO HaHpH)KeHHH, MO2K~ nJacTuHa., 3Hak HanpsxeHuss noxa-
3aH A/ NOoJOXKHUTENbHBIX HaCTHIL.
HO IIPOCTO YCTAHOBHUTH 3HAK NOJBHXK- ~
HBLIX HocWTesel 3apapga. [as 3Toro
HCTIOMB3YIOT «TePMO30H[» — HarpeTblii MeTaNJMUYeCKUil CTepXKeHb, Ha-
npuvep OGBIYHBIH 3JI€KTPHYECKHHl NasbHMK, KOTOPBIH MPHKHMAIOT
K HCCJeayeMoMY NOJYIPOBOAHUKY . MHJIHBONBTMETD BKIOYAIOT MEXKAY
cTepXKHEM H XOJOJHOf cTopoHoil ofpasua (puc. 1.4).

0. Ipgexm Tomcona. Ecam B OZHOPOAHOM IPOBOJHNKE HMeeTCs
TpaiieHT TeMnepaTypbl B HalpaBJeHHH OCH X U B TOM XKe HallpaBJeHuu
TeyeT JeKTPHYECKHI TOK C IVIOTHOCTBIO j, TO B KaXI0# eHHHLE 00beMa
B ejMHHIY BPeMeHH BbLIGAETCsI, KpoMe JKoyjeBa Temsa j?/o, eme
JOTIOJIHHTENBHOE Tell10

'

.dT
—GT']d—x. (1.13)

3necs  ar— kosdbduunent Tomcona, 3aBuCAUIME OT pPOJi@ BelleCTBa
 €ro CocTofHUA. B oT/iuuue OT jKoyJeBa Tenja, Tenyo TomcoHa npo-
HOpUUOHANBLHO TepBoii cTenedH j. [lostoMy npy H3MEeHEHHH HampasJe-
HUS TOKa Ha obpaTHoe Tenyio ToMcoHa H3MeHsET 3HAK: BMECTO IOIJIO-
_HeHusa TenJsia HaGJioaeTcs ero BblieJeHHe, W HaoGopoT.

[Mpn Hanuuu¥ rpajgdeHTa TemnepaTypsl B IPOBOJHHKE HMEETCH
€llle TENJIOBOH NOTOK, OGYC/IOBJIEHHBIH TeNJONPOBOAHOCTLIO BEHIECTBA.
Ilpu stom koaMueCTBO TeMJa, NPOXoAdALIee Yepe3 eHHHIY MOBEPXHOCTH
B eMHHLY BpeMeHH B HampasJeHHH X, ecTb

%, (1.14)
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TAe % — KO3(pPULUHMEHT TeNIoNnpoBOAHOCTH. Eciin 3TOT NOTOK H3MeHs-
€TCsl B IpOCTPaHCTBe (BCaeacTBHe uaMerenus x unn d7/dx), To B o6beme
NPOBOJHUKA TOXKE BbIAEJCTCH Telio

df,dr
dx \% dx)'
B ofmem cnyuae, Koraa HaupasJdeHus j U y71 He COBNajaworT, moj-

Hasl TeHepallis Temna B €AWHHLY BpeMeHH H B elHHHLE 06beMa IpOBOA-
HHKa paBHa

QV:{;_a,@.vry+mv@pvry (1.15)

3j6ch nepBoe ciaraemoe AaeT JPKOYJeBO TemJjo, BTopce — Tensio Towm-
COHa, @ TpeThe OGYCJOBAEHO TeNJONPOBOAHOCTHIO. B cTannoHapHOM
coctosiind Qy = 0. IlosToMy B NpOBOJAHHKE YCTaHaBJAUBaeTCs TaKoe
NIPOCTPAHCTBEHHOE paclpejesienne TemnepaTypel, NPy KOTOPOM Temo,
OTBOJIMMOE TeMJIONPOBOAHOCTLIO, KaK pa3 paBHO cymMe Tensia Jlxkoyaa
n Tenaa Tomcona.

e. Ipgpexm [leasmoe. O6paTHMOE BbljejeHHe TemJa HalOMoaeTcs
TakXkKe y TpaHHibl KOHTaKTa ABYX pas/iHuHbIX 1POBOJHHKOB. KOAHUECTBO
TenJia, BuAEIieMOe Ha eIHHHLE IVIOaf KOHTAKTa B @IUHUIY BPeMeHH,

Qs, paBHo
QS=H12'f- (1.16)

31eck j — MJOTHOCTE TOKa Yepe3 KOHTaKT, a [l;; — Ko3G(uUHUEHT
IlennThbe, 3aBUCALIME OT CBOBCTB KOHTAKTHPYIOUIMX [POBOJAHHKOB.
Ungexcamu 1, 2 o6osnaueHo, 4TO TOK NpeANoaaraeTcA HalpasjeHHbIM
OT npoBoAnHKa | K nposoauuKy 2. Ilpu nsMeneHuu HanpapJieHHs TOKa
na obpaTHoe BMeCTO BhJeNeHHUs Tensia HaOJiofaeTcsi ero HorvolueHue,
1 Haobopot. CrnenosartenbHo, [ly, = —IIy. .

. Tlpuyuna BuiieneHus (noraomenus) temna IleapTbe 3akaiouaercs
B TOM, YTO CpelH{e SHePTHHU 3JeKTpoHoB £, U E, B pasiudHbIX NPOBOA-
HuKaxX 1 u 2 veosuHakoBbl, Raxe ecn¥ o6a NPOBOAHNKA HMEIOT ONHY
u Ty xke Temnepatypy. [Ipu nepexosne u3 0fHOTO NPOBOAHUKA B APYTroii
U3MeHseTCs, BO-MEePBLIX, IOTCHLHANbHAs 3IHEPTHS 3JEKTPOHOB —eq,
TaK KaK Ha TpaHHue uMeeTCs CKayokK 3JIeKTPOCTaTHUYECKOTO MOTeHIHaa
H MOSTOMY @y 7= @y. M, BO-BTODPBIX, MOXKeT MEHATbCA UX CPeNHAs KHUHe-
THueckas sHeprust E,. Ilociesnee ecTb pe3y/bTar TOro, UTo 3/1E€KTPOHLI
NOJUMHSAIOTCH He KJacCHYecKoH craTucTuke Makcsedsa—boabumana,
a KsaHTooll cratuctuke Pepmu—/[lupaka, corsacHo KoTopoil K,
3aBHCHT He TOJILKO OT TemrepaTypsl, HO ellie ¥ OT KOHUEHTPaIHH 3JIEKT-
ponoB. IlosTomy npH HaZuyuH TOKa JJIsi MOAJEPKAHUA TeMIlepaTyphl
KOHTaKTa NOCTOSSHHOH OT Hero HeoGXoAuMO /0O OTBOAMTHL SHEPTHIO,
ecan E; > E, (suijenenne tenia Ilenbtee), Ju60 NOABOIUTL €€ K KOH-
TakTy, Korja E, < E, (norjomenue tenna Ilenproe).

Teopust siB/IeHHIl NepeHoCa 3HepTHH 3JeKTpoHamu (cM. . XI1II)
" IO3BOJISET 3aKJIOUHTh, UTO [1;; MOXKHO MPEACTaBHTH B BHIE PasHACTH:

Hp=1I—1,, (1.17)
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rae [T, u I, — xosuuuentst IleabTbe A5 NPOBORHUKA 1 u, coor-
BETCTBEHHO, npoBoiHiKa 2. OHa nokaspiBaeT TaKxke, YTO TePMO3JIEKT-
pHUeCKHe KHHeTHYeCKHe K03(pdULMeHTs ¢, a7 U~ [] He ABJISIOTCH He3a-
BHCUMBIMM, 4 CBfI3aHbl COOTHOLIEHHSIMU

n=aT, (1.18)
ar=T%, (1.19)

Us ¢opmyssl (1.18) Buawo, uto /T mponopuuonanien o. ITostomy
y IoNyNpOBOXHHKOB Kos(pduuuneHt IlensTbe, Tak Xke Kak W T€PMO3AC,
ropaszo Goablile, yeM y MeTanoB. C Apyroft CTOPOHbI, COOTHOLIGHHE
(1.19) mokasniBaer, uto Temao TomcoHa cGyCJOBEHO TeMrepaTypHO
3aBHCHMOCTBIO TepMo3iC «. ECIH o He 3aBHCHT OT TeMmepaTypsl, TO
n terno TomcoHa paBHO HYJIO.

Tepmos/ieKTpHYeCKHe SBJICHHS MMEIOT MHTEpecHble IepCeKTHBLE
TEXHMYECKOTO TNpHMeHeHHs. TepMO3JC MOXKHO HCIO/Ib30BaTh AJA
YCTpOfiCTBA TEPMO3JIEKTPHUECKHX FeHepatopoB HeGOMbLIOH MOIIHOCTH,
npe/Ha3HaYeHHbIX JJIf IPSIMOTO Mpe-
o6pa3oBaHUA TeNJOBOH 3HEPTHH B + {
snektpuueckyio. Ilpumenss spexT
[MenbThe, MOXKHO OCYILIECTBHTh pas- !
JIMYHEIE TEPMO3JIEKTPHYECKHE OXJIax- et o7
jaiomue ycrpoiicta. Opnako Ha v -
5THX Bompocax Mel le OygeM ocra- .
HABHBATLCS ‘W OTchinaeM durateas PHc. 1.5. Tlonepeusisit repMomarnur-

nbtit 3ddexr Hepucra — Srrunrcray-
K ClelHaJbHBIM MOHOTPadusiM. sena.

oc. Ippexm Heprema—Immure-

ceaysena. Korja NONylNPOBONHKK,
B KOTOPOM HMEETCH IpajeHT TeMIepaTypel, MOMeIleH B MArHATHOE
nofie, To BOBHHKAIOT pasjindHbie TepMOMarHuTHeie s¢dextsl. Haubonee
HHTEPeCHHIM SIBJISAETCA NOonepedHblil 3G heKT HepHcra—ITTHHICTay3€eHa,
COCTOSIIMI B MOSIBNEHHH 3JeKTPHUYECKOTO MO/ &, mepnenaukyJsp-
Horo K y7 u &, T. e. B Hanpasienun Bektopa [yT x 8]. Ecau rpa-
JHEHT TeMIepaTy pbl HanpasJieH BIoIb ocH X, 8 MarHHTHAS HHAYKIHA —
BIOJb Z, TO 5NeKTpUUecKoe nose napamnenbro ocu Y. Iostomy mexny
TnonepeyHbIME 30H1aMU a ¥ b (puc. 1.5) BO3HHKaeT pa3HOCTb 3/EKTpuye-
CKHX MOTeHLHAI0B 4. Beauunny &, MOXKHO BBIPa3uTh (hOpMyJOH

daT
gy:%ZQL@%z ac* (1.20)

]

7
a
¥

N

3nech ¢ — Tak HasbiBaeMas nocrosHHas Heprcra—OITTHHICraysena,
KOTOpasi 3aBHCUT OT CBOMCTB IIOJI YN POBOJHHKA H MOXeT ObIThb KaK I10J10-
XKUTENbHOH, TaK M OTPHLATENbHOMH.

UTo6bl NOJy4HTh NIPEICTABICHHE O BelHYMHE 3TOro 3¢pekTa, yka-
MeM, uTo, HanpuMep, B TepMaHH¥ C YAEIbHBIM COITPOTHBIICHUEM
~1OM-CcM TIpH KOMHATHBIX TemnepaTypax, npu B ~ 10°Tc u



2 HEKOTOPBIE CBOHCTBA INOARYIIPOBOIHUKOB Ira. 1

dT/dx ~ 10® rpan/cm _maGaionaemoe &, ~ 102 B/cMm. 3nauenus ¢,
a cjefioBaTelbHO M &;, CHJBHO 3aBHCAT OT TeMIepaTyphl obpasla
U OT MarHHTHOTO NOJSA K NPH H3MEHEHHH 5THX BeJHYHH MOTYT Jame
H3MEHSTb 3HaK.

PaccmatpuBaembil 5¢phbekT BO3HHKAeT Mo Tolf ke HpuUYHHE, YTO
u shdext Xoanaa, T.e. B pe3yJbTaTe OTKJIOHEHHS NOTOKA 3apAXKEHHBIX
yacTuy, cuioil Jlopenna., Pasnuuune, ofHako, 3akjio4aeTcs B TOM, 4YTO
npu sddexre Xonna HanpabBldeHHbLI NOTOK YacTHL, BO3HHKaeT B pe-
3yJabTaTe HX JApelida B s/aeKTpuyecKoMm Iojae, a B JAaHHOM ciayuae —
B pesyJabTate aucddysuu.

.Jlerko BHZETb, 4TO, B OTJIHUHE OT IOCTOAHHOH XoJa7aa, 3HAK ¢ He
3aBHCHT OT 3Haka HocuTened 3apsaa. [lelcTBuTenpHO, npu npefide
B 3JIEKTPHUYECKOM Iojie H3MEHeHHe 3HaKa 3apsiia NPUBOAUT K H3MeHe-
HUIO HallpaBjieHHs Ipedda, 4To M JaeT U3MeHeHUe 3HaKa noJs Xodaja
(cp. puc. 1.2). B naHsom ke caydae IHOToK audiy3un BCerna Harpab-
JIeH OT Harperoro KoHna ofpasua K XoJOoJHOMY, He3aBHCHMO OT 3HaKa

3apana uactuu. Ilostomy Haripab-
AT e VAL JeHUs1 cuabl JlopeHua AIf HOJIOXKH-
TeJIbHBIX H OTPULATENbHBIX YacTHIL

7 > 7 | B3aHMHO NpPOTHBOINOJOXKHBI, OJHAKO
; z HaripapJ/JeHHe IIOTOKOB 3JeKTPHYECKO-
7ie ro 3apsaja B o60MX C/y4asX OJHO H
Puc. 1.6. TNonepeunwiit Tepmomarnur- 1O 2Ke€.
el 3¢dert Puru — Jlegioka. 3. Igpgexm Pueu—Jedwra. B

NOJIYIIPOBOJHHKE, B KOTOPOM HMe-
€Tcsl TPaJMeNT TeMIIepaTyphbl, NMPU BKJOYEHHH MarHHTHOrO IO NOSB-
JISIETCA TaKiKe Tonepeydas (10 OTHOIUEHHIO K epBOHAYAJIBHOMY TEIJo-
BOMy IIOTOKY H HampapJjeHHio &) pasHocTb Temmepatyp (puc. 1.6).
BennuuHy noNepeyHoro TrpajueHTa TeMIIepaTypbl MOXKHO 3aNHCAaTh
B BHAE

oT oT
a_y.zs.@%’za;, (1.21)

rie S — noctosnnas Puru—Jlenioka, XapakTephsywoollas CBOHCTBA
JaHHOro BelllecTBa.

SbdexT Purn—Jlemoka cBsizal ¢ TeM, 4To Au(GGYHAHpPYIOUIKE HOCH-
TeN 3apAja NnepeHocAT ¢ cobofl Tenso (Tel1onpoBOXHOCTh). Bes mar-
HUTHOTO IOJIA TIOTOK TellJla HanpaB/jeH OT ropsuero KoHua obpasna
K XOJIOJHOMY, T. e. mapaaienbHo —vy,7. B MarHuTHOM IoJe NOTOKH
IH(phy3HH M Tersa NOBOPAuYMBAIOTCA CHJOH JlopeHna Ha HEeKOTOpHIH
yroJi. ITosToMy BO3HHMKaeT COCTaB/AIOIIAs TENJIOBOIO IIOTOKA BJOJb
ocH Y, 4TO M IPHBOAHT K NOSIBJIEHHIO COCTABJSIIOUICH I'PaJHeHTa TeMIie-
patypel y,T» Tak kak nanpab/enHe CuJbl JIopeHua NPH NaHHOM Ha-
npapjeHud Auhdy3un 3aBHCHT OT 3HAKa 3apsiKeHHBIX YacTHI, TO yroa
NOBOPOTa TEIJIOBOIO NIOTOKA, a 3HaYMT, H NOCTOSIHHAA S HMEIOT Da3HLie
3HAKM JJIs NOJIOXKHTE/bHbIX H OTPHUATEJLHBIX HOcHTesell 3apsza.
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u. ITpodoasrole mepmomacHumnoie agpgpexmot. Tlomumo pacemoTpen-
HBIX BBlle HONepeuHbX 3(G¢eKkToB, B MOJYNPOBOAHHKAX HAGMIONAIOTCA
TaKke IIPOJOAbHbIE TepMoMarHuTHble 3¢¢dekTel. Ecaum cymectsyer
TiepBOHAYaJbHEI HOTOK TellJa B HallpaBJeHHH ocH X, TO IIPH BKJioye-
HUH [ONEePeYyHOTO MAaTHUTHOIO HOJf NMOABJAETCS He TOJbKO Tolepey-
Hasd pasHOCTb NOTEHHMAJoB, HO ellle M MpORO/IbHAfA (IIPOAOALHBIN
spdext HepHera—3ITTHHTCrayseHa). ITOT 3PPeKT MOKHO HCTOIKOBATD -
KaK HM3MeHEHHe TEepPMO3JC B NONepedHOM MarHHUTHOM IHoJe.

Ecnu nocse BKJAIOYeHHS MaTHHTHOTO MOJSA TeIJIOBOH NOTOK BAOJb
ocu X (puc. 1.6) noamep:KuBaeTcsl NOCTOSAHHBIM, TO, KpOMe Iolepey-
HOHM pasHOCTH TeMIlepaTyp (BAoJAb ocH Y), BO3HHKAET NONMOJNHHTebHAA
IIPOZObHAS Pa3HOCTh TeMIIEpaTyp BAOJAb OocH X (poAOJbHBIA 3(peKT
Purn—Jlemoka). OHa nosBAsieTcs BeAeACTBHE H3MEHEHMS TEILIONPO-
BOJHOCTH B MarHHTHOM IoJe.

OTMeTHM, YTO 3HAUEHHS KHHETHUECKHX KO3(XpHIIHEHTOB MOTYT
U3MEHAThCS IpH HM3MEHEHHH TellJlooOMeHa ofpa3ua ¢ OKpyxKaomed
cpenoii. IloaTomy pasiuuaoT H30TepMHYeCKHe H afHaGaTHyecKHe
a¢pderTel. M3oTepMuueCKHMH HA3bIBAOT 3((eKThl, BO3HHMKAIOUWIHE IPH
YCJAOBHH, YTO IIONEpeyHble TpajHeHThl TemnepaTypel (B HallpaBJeHHH
oceft Y u Z) paBHH HYJIO. AnHaGaTHYeCKHMH HasbIBAIOTCS 3(QEKTh
IpH YCJOBHH, UTO IONepeyHble MOTOKH Telia paBHHI HyJio. HMckaioue-
HHeM SBJfeTCs, OYeBHAHO, JMIIb 3(¢exT Purun—Jlefoka, KoTopbli,
o ompeneneruio, He MOXeT OBITb H30TePMHUYECKHM.

IMomumo ykasaHHBIX 3¢pdeKToB, K ABJICHHAM IepeHoca OTHOCATCA,
KOHEUHO, M Ipouecchl Ju(dy3us U TelaolPOBOLHOCTH.

BeJinylMHEl pas/iHUHLIX KHHETHUeCKHX K03(hpunueHToB — 3/EKTPO-
NPOBOJHOCTH, NOCTOsHHOH XoaJa, TepMmMOdIC H Lp. — CYIIECTBEHHO
3aBHCAT OT CBOHCTB NOJBUXKHEIX HOCHTeJell 3apsaia: MX 3apaja, Macchl,
9HEpPreTHYECKOTO CIEKTpa B KpHCTadje, a TaKkKe OT oco0eHHOCTeR HX
B3auMOAEACTBUS ¢ KpHUcTadjanueckod peiueTkod. [losTomy mHccaeno-
BaHHe KHHETHUYECKHX ABJEHHH NaeT ofUIHpHY HHPOpManHuio 00 3JeKT-
POHHBIX TIpoueccax B MOJYNPOBONHHKAX.

Teopusi KHHETHYECKHX fBNeHHi Gyner gana B ri1. X1V, Onuaxo
yXKe ceHuac neaecoofpasHo OCTAHOBHTLCS HA 2JeMeHTapHOM paccMOT-
PeHHH TaJbBaHOMATHUTHLIX SIBAEHHH, TaK KaK 3TO cpa3y MHO3BOJHT
HaM HHTepIIpeTHPOBATH psijJi Ba’KHBHIX 3KCNEPHUMEHTAJbHEIX (HaKTOB.

§ 2. Bpema penakcanuu

JIBHKeHUe 3JeKTPOHOB B KpHCTa/lle NONYHHAETCS 3aKOHAM KBaH-
TOBOIT MexaHMKH. OfHaKo B pfAle cjydYaeB YpaBHEHHSI HX JBHXKEHHS
MOXXHO NpeICTaBHTb B KJiaccHuecKoi ¢opMme, eClH TO/MbKO IPHIHCATD
3JIEKTPOHY BMECTO .Macchl B H30JHPOBAHHOM COCTOSIHHH f1, HEKOTOPYIO
IpYyTYio BeAHYHHY, TAK HasblBaeMyio 3pdeKkTHBHYyI0 Maccy (eM. . 1V).
[MosTomy B HacTostueft riaBe Mbl GyneM NOJAb30BATbCA KOPIYCKYJsAp-
HBIM C€IIOcO60OM OIHCAaHHsI M paccMaTpPHBaTb JIEKTPOHBI KaK KJ/accHye-
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CKHe YacTHubl. Kpome Toro, Mul cHauana GyneMm cunTaTh 3hpeKTHBHYIO
Maccy CKalfpHOH BeJHYHHOH.

YUToOb! HAHTH cpelHIO CKOPOCTb YMOPAAOUEHHOTO IBHIKEHHS 3JeK-
TPOHOB, PacCMOTPUM 3aKOH pacnpeje/eHnst BpeMeH CBOGOIHOIO IMpo-
Gera. TlosjoxuM, uTo GOJBLIOE YHCJO 3JEKTPOHOB N, OJHOBPEMEHHO
HCIIBITAJIN COyJlapeHHe B MOMeHT BpemeHH ! = (. OGosnauum, naJee,
uepe3 N (f) KONHYECTBO 3JIEKTPOHOB M3 3TOH COBOKYMHOCTM, He HCIIBI-
TaBUINX COYIapeHHH 3a MoCaeYIOWHIl [IPOMEKYTOK BpeMeHH oT O 1o-f.
Torna MOXHO NOMOKHTB, YTO YHCIO 3MEKTPOHOB dN, KOTOPbIE HCIIBITAIOT
CTONKHOBEHHSI B HHTepBaje Bpemenu (%, ¢ - dt), GyzeT mnpornopuno-
HaibHO N ¥ Be/MyMHe MHTepBa/ia df, a YUC/IO 3/EKTPOHOB N yMeHb-
wntes Ha dN. CrenopaTesbHo,

—an=N%, 1)

Iie KO>Q(hUUHEHT mponopuHOHANBHOCTH o6o3Haued uepes 1/t. Dra
BEJlIUHHA, NO CMBICJAY, €CThb BEPOATHOCTb TOTO, YTO OJHH 3JEKTPOH
UCTIBITAET COY/2peHue 3a eJMHHIY BpeMeHH. MHTerpupys HanmucaHHoe
YpaBHEHHe H YYHTbIBasg, YTQ B HaudajbHbIH MoMmeHT Bpemenu -f = 0
HH OJINH 3/IEKTPOH He YCIieJ €llle HCNBITATh COyIAapeHHe, Mbl HMEEM

N-——-Noexp(—?t).

TlosToMy st wncna coynapenui, MPOHCXOAAUMX B HHTepBaje Bpe-
MeHM oT { Jio ¢ - df, nonyuaercsi
t\ d
dN =N, eXp(— .4
BwecTo TOTO, YTOGLI paccMaTpHBATh OLHH CBOGOHHI IPOGET Y KaX-
AOTO H3 GOMbIIOH COBOKYIHOCTH 3JEKTPOHOB, MBI MOTJIH Gbl CAEIUTH 3a
JBHXKeHHEM OJHOTO 3/1eKTPOHA 32 BpeMst, OXBATLIBaIoOmIee 6OTbLIOE YHCA0
coynapennit. IlosTomy . NonyueHHble pe3yJAbLTATHl MOMXKHO HPHMEHHTH
. H K JBH2KEHHIO OJHOTO 3JIEKTPOHA, ec/u o N, IIOHHMaTh NOJHOe YHCIO
cBoOOAHBIX NIpoGeros. Pasymeercs, 3T0 YHC/IO JO/IKHO OBITH JOCTATOYHO
60a1b1INM, YTOOBI MOXKHO OBIJIO NPHMEHATH 3aKOHBI CTATHCTHKH. Bepo-
ATHOCTb KaKOMY-TO OIHOMY 3JIEKTPOHY HMETb BpeMsl CBOGOLHOIO Ipo-
6era B npenenax ot ¢ go ¢ -+ dt ecthb

f(t)dt:‘f{ap(- —i_) 2.2)

Ilpu atoM, Kak Jerko yGenutnes,
(f@yat=1. (2.3)
0

-Bxoaswas ciona nocTosiHHas T MMEeT NPOCTON (PH3UYECKHH CMBIC..
Beruycanm  cpenmee Bpems  cBoGopHoro npo6era. Ilocnepuee, - no
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onpee/ieHHI0 CPEJHEro 3HayeHHs Jio00H BeJNHYHHH, eCTb

[22]

i=\t{@)dt,

0
rre [ (f) — HopMHpOBaHHAsg K ejHHHIE BepPOATHOCTb paccMaTpHBae-
MOH BeAMuiiHe HAMEThb 3HauenHe ¢. [TonctaBass ciona aas [(f) Buipaxenue
(2.2), MEl HaxoOAMM

f=m. (2.4)

Takum o6pascy, HOCTOsIHHAS T ecTh CpefHee Bpems cBOGOAHOTO IIpo-
Cera.

Boite MBI CudTaju T nocTosiHHbiM. OnHAako 5TO, BooOiie roBopf,
neBepHo. [lelo B TOM, 4TO, TOBOPSl O COYJAPEHHSX 3JEKTPOHOB, Mbl
1IMeeM B BHLY IPOLECCH H3MEHeHHs WX MMIYJ/bCa, KOTOPbIE BOSHUKAKOT
BCJIEICTBHE CHJOEOTO B3aMMOJEHCTBHS 3/1CKTPOHOB C PA3JIHUHBIMH He-
PEryJIsIPHOCTSIMI pellleTKH (BHI3BAHHbIMH TENJIOBBLIM JBH2KEHHEM, IpH-
MecHBLIMH aTOMaMH H CTPYKTYpHBIMH Je¢exTamH). Ho pe3y/pTath 3TOrO0
B3aNMOJIeHICTBHA 3aBHCST OT COCTOSHUS ABHKEHHS 3/1€KTPOHA H, B 4aCT-
HOCTH, OT €ro NoJHOI sHepriu. [TosTomy T MoXKeT OGBITL pa3HLIM 1Jis pas-
HBIX 3/71eKTpoHOB. OIHO U3 NPOCTEHIIHX NPEANOJOKEHHH 3aKJI0UaeTcs]
B TOM, 4TO T 3aBHCUT TOJIBKO OT HOJHOH 3HEPTHHU 3JeKTpoHa.

Korza Mel paccMmaTpHBa/dM Bhillle paclipefesieHHe BpeMeH npo0era
Y COBOKYIHOCTH 3/J€KTPOHOB, Mbl MOJYAJUBO MpeANioNarai, 4to Ju6o
T He 3aBHCHT OT 3HepruH, JHOO 3HEpPTHH BCeX 3JeKTPOHOB OJH3KH NO
BeJIHYHHE, TaK YTO T MOXKHO CUMTAaTh IIOCTOSIHHEIM. TOYHO Tak e,
npHMeHss pacnpejejente (2.2) K OIHOMY 3/IEKTPOHY, MBI JOJKHH CUH-
TaTh, YTO NOJHAS SHEPrHs 3JEKTPOHA CYIIECTBEHHO HE MEHfeTCs IpPH
€T0 JBMIKEeHHH.

JlJiA OTAENBHOrO 3JEKTPOHA 5TO NMPEANOJOXKEHHe BO MHOIHX Cly-
uasx CIPaBefJHBO. DTO HMeeT MECTO, eC/H 3JIeKTpHUECKHe II0Jis He
CJAMILKOM CHJBHBI, TaK YTO 3Heprus, IpuobpeTaeMas 3JEKTDOHOM 3a
OIMH cBOGOANHIH IpoGer B ero ymnopsJOYeHHOM [BMKEHHH, MaJja Io
CpaBHEHHIO C 3HeprHell TelJIOBOIO IBMJKEHHS, M €CJH 3Ta 3HEpPTHs He
HAKaIlJHBaeTcs, a nepefaeTcsl pelleTke npH coynapenusx. Ilpu ua-
XOXKJACHMH K€ CpefHero s Bcefl COBOKYMHOCTH 3JIGKTPOHOB (T)
HYX>KHO YUHTBLIBATh, YTO 3JEKTPOHLI B TBEPAOM TeJie MOTYT HMeTb BecbMa
PasaHYHYIO SHEPTHIO, H, BOOOIIe IOBOPS, HYKHO CUNTATh T 3aBHCSILIHM
OT sHeprnH. Benuuuny (v)== 1, Ha3bBAlOT BpeMeHeM peJaKCalHH
uMnyJbca. Bogee noapoOGHO CMBICH 3TOH BEJHYHHEI OyJeT paccMOTpeH ™
B ra. XIIL )

§ 3. dnementapHas TeopHs TaJbBAHOMATHUTHLIX ABJEHHH

Tensop aaexmponposodnocmu 6 maerumuosm noae. Ionpsysch
NIOHATHEM BpeMeHH pefaKcalMil, MOXHO BBIYHC/JHTb TEH30p 3JEKTPO-
TPOBOJHOCTH B MarHHTHOM TIOJIE Gqp, KOTOpHIH, KaK Mbl-BHAENH, Onpe:
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Jle/isieT BCe TaibBaHOMArHHTHbIe 3¢xpeKTsl. [I151 5TOro Mbl CHauana pac-
CMOTPHM JBH2KEHHE OJIHOH 4acCTHIbI MEXKIY ABYMS HOC/eI0BaTe/bHBIMH
COyLapeHHsIMH, & 3aTeM YCPeJHHM IIOJYUYeHHBIH pe3yJabTaT IO BCeM
CBOGOAHBIM rpoberaM. 3TO NO3BOMMT HAaM HalTH CKOpocTb jpelida
(v), a clenoBaTeNbHO, M IJIOTHOCTB TOKAa, OTKYAA HENOCPEACTBEHHO
ONpPENeNAloTcss H KOMIIOHEHTHI TEH30Da Ogg.

[MoJsioxHM, YTO MArHHTHAsl MHIYKLHS Sg HanpapJeHa BJIOJb OCH Z
NpPAMOYIOJIbHOM CHCTeMbl KOOpAHHAT. TOrJa CoCTaBASOUHE CHJIBI
Jlopenna, neficTByromel Ha yacTdy, paBHBI

Fx=€8x-l—%e!}@73, Fy=€8y-—cle)3G%’, F.=eg,,

TJle e— 3aps/ YacTHIL!, a X H J — COCTaBJSIOUHe CKOPOCTH IO ocaM X uY,
YpaBHeHHS NIBHKEHHS MEXKLY IOC/e0BaTeEHBIMH COYAAPeHHAMH HMe-
I0T BHJ,

jé:%&v‘!‘mc!}v g:-:—lgy——mcx, '.é:—t%gz’ @.1)

rie uepe3 ®; 0G03HaUeHa CLMKJIOTPOHHAA» YaCTOTa:
_eB

c Cm’

(3.9)

T. €. 4acToTra PaBHOMEPHOT'O BpaulleHHA 4YacTHIBI B MAarHHTHOM IIoJie,
KOTOpas He 3aBUCHT OT pajamyca Op6I/ITI:I H 3HEpPrHH 4YacTHLbI.
B kauecTBe HayaJbHBIX yCﬂOBHﬁ, KaK H paHbpule, npuMem.

t1=0: x=y=z=2=§=2=0, 3.3)
Pewenne mnocnenmero u3 ypassennit (3.1) moayuwaercs cpasy:
2= 8% (3.4)

Tak xak npu BeGpanHOM HanpaBiennn & cuia JlopeHua JEXKHT B I1/10-
ckoctd XY, To IBHXKeHHe BI0/b Z He U3MeHsieTCs B MarHHTHOM IoJie.
Penennsi e IiepBbiX ABYX ypaBHenHit (3.1), ynoBjersopsrowe rpa-
HHUYHBIM YCJIOBHAM, KaK HETPYJAHO YGeAHTbCH HENOCPEACTBeHHON MOX-
CTAHOBKOH, HMEIOT BHJ

X—a=-—acosol—bsinot-bayt, 3.5)
Yy—b=—0bcos ol -+asin ot —an,t. '
3nech a ¥ b — MOCTOAHHBIE Pa3MepPHOCTH JVIHHLI, PaBHHIE
1 e
- (DZ m 8x1 (36)

1 e
b=Gs w8
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ITo jBUXKeHNE HMeeT npocToil xapaktep. Ilociegnne caaraembie
B (3.5) onucHIBAKOT IiepeHoCHOe JBHKeHHE B IIockocTH XY ¢ nocTosH-

HOH CKopocTeio ¥y, Ee cocTaBiasiomue 1o ocsam
paBHbI

8 8
v,x=b(oc=&;—, Uy = — A0, = — &% (3.7)
Ilpu sTOM CcKangpHOe NpoH3BeleHHe (V/8) =

= UBr 1 0,y®y, =0, a cienoBatenbHo, V, mep-
NeHAHKYMAPHO & (M TephneHAHKyaspHO &).
OcrajbHBle c1araeMble B (3.5) OMHCHLIBAIOT paB-
HOMepHoe BpallleHle C YaCTOTOH ®, IO OKPYIKHO-
ctH (x —a)? 4 (y — b)? =a? -+ b?, nentTp KoTopoil
pacrnoJioXkeH B Touke (@, b). B pesyavrate
cJIOXKeHUs] 00OMX 3TUX JBHKEHHH uacTHIA
IBHXKETCA 10 LHKJIOMIe, H3o0pakeHHOH Ha
puc. L.7.

YMHOXKas X, Yy U 2 HA BepoATHOCTh (2.2) ua-
cTHIie UMeTb BpeMs CBOGOAHOrO Ipobera { U MH-

8
(4
P
Y
b(»—l
7
KRN
\
\
\
N
\
Puc. 1.7. Jiswxeune

3apAKeHHOH dYacTHusl B
CKPEIleHHHX 3JEKTPH-
YeckoM

H MarHHTHOM
noJuaax,

Terpupysa no ¢t or 0 10 oo, Mbl NONY4YHM cpelHHe NepeMellleHHA X, ¥
3t 2 1A OOHOH YacTHUBl, a Jlefs TOJYyUeHHHIE CpefHHeE, HA T, HaiiieM

cpenHue CKOPOCTH Uy, Uy, U, YUHTBIBAA, YTO

t . dt
exp | — =) -sinod-—

t dt
exp (— -T—> - COS Wi -

St g St g

MbI HOﬂyanM
= e T e
Ux“;,?%x 1—1—0)2172“‘-0)07728!1
— e T e
Oy =7 & Torgme — oy 85

e
U= 8.1,

0T
1+oit??

P Wy )
T 1+t

1+ oit3?

14 wit?’

(3.8)

Yto6sl nonyuuTh JpeldoBbie CKOPOCTH, 3TH 3HAYeHHs HYXKHO
elle yCPeAHITb IO BCeM YacTHuaMm. BBejeM Ui COKpAleHHA 3aNMHCH

carenywumue ofo3HaAYeHHs:

12

= [\
gl —<'1—_;_(D'E)_T§>9 §2—' <1+‘”2‘2/’

(3.9)
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rae {...), KaK M paHplie, o603HAUAeT ycpefHEHHE [0 BCeM YACTHIAM.
Toraa gjas IJIOTHOCTH TOKA ROJY4Yaem

jx =en <Ux> = 'cj—;;‘ (glgx + ")cgzgy)y
jy=en{vy) = %’;‘ (— 0528 4+ 5180)s (3.10)
j-=en <Uz> = < > Be.

CpasuuBas 3TH Bplpaxkenus c coorHoweHusamu (1.5), HaxoguMm Kommo-
HeHTBI- TeH30Pa 3JIEKTPONPOBOJHOCTH B BHUJE

e2n en
Oxx=0yy= Ql, Oxy=-——0yx =0 ,—n‘gzﬁ -
2 3.11)
_en
(r) Oy =0,y =0,,=0,=0.

Ecau MarpuTHOro nodis Her, To @, = 0 M HelHaroHa/JbHbE KOMIIO-
HEHTH! Oqg paBHBbI HyJ0. ITpu 3ToM §; = (T) u BCe qHaroHaAbHbBIE KOM-
MOHEHTHl CTAHOBSATCS PAaBHBIMH. VIEKTPONPOBOAHOCTb M peBpaniaeTcs
B CKaJspHYIO BeJHYHHY

ezn
2 ). (3.12)
TloasuHOCTb HOCHTe/Mel 3apsiia B OTCYTCTBHE MATHHTHOTO NOJSI paBHA

p=5 (0. (3.13)

Ona onpepensieTcsi. BeAHYHHON (M 3HAKOM) yJenbHOrO 3apsija H cpex-
HUM BpeMEHEM DeJaKCalHH.

JI15 noJyueHHsl UHC/JEHHBIX 3HAYEHHH Oqg HEOOGXONHMO IipOBECTH
ycpeHeHHe B cooTBeTCTBHH ¢ dopmyaamu (3.9) mas & u L. Jlas storo
HaJ0 fIBHO OIpeleNHTb NpPaBUJIO YCPeJAHEHHsi, 0603HaYaeMOro CHMBO-
aoM (...). K sromy mbl Bepuemcs B Ia1. XIII, a ceiiuac orpanuuumcst
pe3yJbTaTaMH, KOTOpHe He TPeGyoT q;axmqecxoro NpoBeJieHUs] YKA3aH-
HOrO yCpeJHeHHS.

6. Yeoa Xoana u nocmosunaa Xoaaq. HOILCTaBJUIH HafiieHHbie
snavennst (3.11) pna o, u o, B dopmyay (l1:8), Haxogum A1s yraa
Xonna BBIpaXkeHHe

Oxy 2

tgq):a“‘:mca-

XX

Hau, nopcrasass gas o, ee 3navenue (3.2),
tgcp=%uu<’93. (3.14)
rae BBefeHO 0003HaueHHe
P - (3.15)

m iy
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Tak kak oTHoweHHe [,/f; uMeeT pa3sMepHOCTb BpeMeHH, TO Uy HMeeT pas-
MepHOCTh TOABHKHOCTH. ONHAKO OHA, Boollile roBops, He paBHA JpeH-
(oBOH NMOIBHIKHOCTH W, Bhipaxaemoil dopmysnoit (3.13). IlogBuKHOCTS
Wy, onpelensiemas us adpdexTa Xosia, H0Ay4Ynaa Ha3BaHle X0JJIOBCKOH
110/IBHKHOCTH.

B cnabpix MarHHTHBIX NOJSX, ONpelesieMbIX YCJIOBHEM

tep~w1<l, (3.16)
MBI HMeeM {; &~ (1), §; ~ (1*). B atom cayuae
b = 42 (3.15a)

TlocTosirHas XoJana ToJdydyaercss HelnoCpeiCTBeHHO H3 (OpPMYJb
(1.9). OrpannuuBasich cay4yaeM He OYeHb CHJbHBIX MarHUTHLIX noJel,
YIOBAETBOPSIONIMX yeaoBuio (3.16), Mbl HmeeM G, < G,, H, KpoMe
TOTO, O.y o~ G == enp. Torma

R 2 80 _, 1 (3.17)
Jio? Mo cen
rae ¥y = uy/p. OTciofa BHIHO, UTO NPH H3BECTHOM «XOJIIOBCKOM (hak-
Tope» Y H3 U3MepeHUH NOCTOAHHOH X0J//1a MOXKHO ONPENE]UTh KOHIIEH-
Tpalinio HocuTeneli 3apana n. IlpousBenenue xe nocrosrnon Xoana
Ha YJAeJbHYIO 3/JeKTPOIIPOBONHOETH PABHO

Ro=- py (3.18)

B J2eT XOAJIOBCKYiO MOIBHIKHOCTD Mp.
OcraHoBUMcs Tenepb Ha (akTope y. [Ia ¢1abbiXx MAarHUTHEIX NOJEH
13 gopmya (3.15a) u (3.13) nmeem

T2
y=%1>—>2. (3.19)
Tak Kak cpefnee 3HaueHHe KBajpaTa Bcerza Gonbire (WiH PaBHO)
KBajipaTa CpejHero 3HayeHusi, To Bcerga y = I. Ecan v He 3aBucuT
OT 3HeprHu, To (T) = T, (1?) = 12 n nostoMy y = 1. [las onpeaenenns
3HAuYeHHS Y HeoOXOAMMO 3HATh 3aBHCHMOCTb BpeMEHM peJaKcalHH OT
sneprud. OHa onpejiesisercss TeM, KakHe THIB IPOLECCOB PacCesHHs
HMITYJIbCa MIPAIOT [AaBHYIO POAb B pacCMaTPHBAEMOM II0J1yIIPOBOJHHKE
npu JAHHOHA TeMmepaTtype, U NOTOMY Yy HMeeT pa3/HYHOE 3HAueHHe
B pasubix ciayuaax. CeHuac Mel ykaxkeM 6e3 BeiBoza {(cm. ri. X1V)
HEKOTOpLle HaunGoJiee BaXKHEIE C/IYyYaH.

Ec/u NoNynpoBOAHHK OTHOCHTEJNBHO YHCT (T. €. He COLepXKHT IpH-
Mecejl B GOJMBHIHX KOHIEHTpauudx), ero Temiepatypa JOCTaTOYHO Bbl-
COKa 1, KpOMe TOF0, KOHIEHTPAlNf MOIBHXKHBIX YacTHI[ He C/JAHIIKOM
BeJiMKa (TaK Ha3biBaeMblfi HeBBIDOXKIEHHBI MOJMYNPOBOIHHK), TO TJIaB-
HYI0 POJIb MI'PAlOT NPOLECCH paccesiHys Ha TeIJIOBBHIX KoseGaHuAX pe-
ueTkH. B atom cayvae y = 3n/8 = 1,18.
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Ecsiv, HanpoTuB, TOAYNPOBOAHHK HAXOZHTCA NpH HH3KOH TeMe-
paType, KOTZa peleTOYHOe pacCesiHHe MaJo, H COJEPXKHT 3HauHTeJbHOe
KOJIHYECTBO IipHMecelf, aTOMBI KOTOPBIX 3apSKeHBl, TO IVIAaBHHIM IIpoO-
116CCOM ABJISIETCS paccesiHHe HA 3apsKeHHBIX npuMecsax. Torpa pacuer
nokasmaet, uto y = 315m/512 ~ 1,93.

Haxkonel, ecau Mbl HMeeM IPOBOIHHK € OYeHb GOJIBLIOH KOHIIEHTpa-
nueil MOJABHKHLEIX YacTHIL, KaK 3T0 HMeeT MecTo, HallpuMep, B MeTallax
(Tak HasbiBaeMble BbIPOXKIEHHBIE NPOBOAHHKH), To y = 1.

OnHako BO BCeX YKA3aHHBIX C/yyasiX y OKa3blBaeTCsl NOPSIKA efH-
HUnbl U, GoJiee TOTO, pas3JHUHBIE €ro 3HAUEHHMs JIeXKaT B CPaBHHTEIBLHO
y3koM uHTepBage oT 1 go 2. ITosToMy Bo MHOTHX cayyasX, I'ie He Tpe-
Gyetcs GoJibliasi TOYHOCTh, BOIPOC O THIIE [JIAaBHOTO IIpoliecca paccesi-
HHSL HE OueHb CVIIECTBeH H INPUOAHKEHHO MOXHO CYHTaThb y o~ 1.

6. Maenemoconpomuenenue. Ilonctabisis B cooTuomehue (1.11)
3HAUEHHS Oy, M Oy, U3 ¢opmya (3.11), nonyuaem

e?n 2 C3
o, (B =2 G+ o).
1 ( ) m Cl + c gl
Hafizem Tenmepbh oOTHOcHTeNbHOE H3MEHEHHe 3JEKTPOIPOBONHOCTH
Ao, /o, Tae Ao = o (HB) — 0, a 0 = e2n(T)/m — 371eKTPONPOBOX-
HOCTb §e3 MarHHTHOIO NOJsfl. YUHTHIBAs, 4TO
T 2
L—m= <W - T> = — L3,

TAe A5 KpaTKOCTH BBeJeHO 00o3HaueHHe

3
Ly= (1—_:%?% (3.20)
noJy4aem
__AGL_APL 223_?5, :[
o T Ty (3.21)

Tak Kak ®©, NPOMOPLUHOHANbHA MAaTHHTHOH HHAYKUHH B, a Bce Besu-
uynnbl B (3.21) cozmep:kaT TONBKO ®F, TO H3MEHEHHe COMPOTUBJEHHSA
B MAaTHUTHOM nojie (KaK M CJeloBal0 OXHJIAaTb) ecTb UeTHHIH sdiekT,
T. €. He 3aBHCHT OT HallpaB/jieHHd MaruuTHoro nojasi. OgHako 3aBHCH-
MocTb AG OT %, BooOlle roBopsi, He KBajpaTHuHasi, a Gojee CJAOKHAS.

Kak u p1a sdepexra Xosja, BaKHBIM NpeiesibHBIM CAyYaeM SBJisi-
oTcA ciabple MarHUTHEBIE 11045, onpeneasieMbie yenosuem (3.16). Torna
BhipaxkeHus 479 §;, §; M {3 MOXKHO Pa3JIOKHTb B PSIA IO CTENeHsM (w,T)2
u yaepxaTthb B (3.21) TonbKO 4/eHbl pPa3JiOXKEeHHs CO CTENeHbIO He BhIIe
(wc7)2. Tlocne atoro (3.21) maer

A A
— ==, (329
rae
g L (e () (n) = aye
wy = (5] S, (3.23)

cm (T)?
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B cnabuix moasix u3MeHeHHe CONpOTHBIEHHS B MAarHHTHOM JIOJ€ JIPO-
HOPHHOHANBHO KBaApaTy MarHUTHOH HHAYKIMH.

Ecsin Gul T He 3aBHceso OT 3HEPTHH, TO Mbl uMeaH 6u %% = 0, a cne-
JOBaTe/ibHO, U3MEHEHHsI CONPOTHB/IEHHS (B CJ1abHIX MOJMAX) He ObLIO Ghl
BoBce. OTMETHM, OJHAKO, YTO NPU HAJHYHH ABYX (MaH Gosbile) pasauy-
HbIX THIOB YACTHIl W3MEHEHHe CONpPOTHBJCHUA yXKe He PaBHO HYJIO,
JLAJKE €C/IH T HE 3aBUCHT OT 5Hepruu.

PaccMoTpuM Tenepb APYroil npeaenbHEll cl1ydait — OYeHb CHIIbHBIX
MarHuTHBIX IOJel,

(@02 > 1. (3.24)

TIpu 5TOM, OJIHAKO, Mbl JOJIZKHBI ClIeaTh BayKHOe orpaHuyense. Tak Kak
3apsKEHHbIE YACTHIEI COBEPHIAIOT B MATHUTHOM IIO/Ie IIPELeCCHOHHOoe
JBHXKEHHe, TO 3TO [BHKEHHe KBanTyercs (moppoGHee cM. § IV.5).
UTo6bl HCNIOMB3YEMBIH HaMi KJIACCHYECKHH cIoco6 omuicanus OblI NpH-
MeHHM, HeoOXOAHMO, YTOObI KBAHTHI SHEPTHH fi®., CBSI3aHHHE C 3THM
JBHKeHHeM, OBIIH MaJsbl O CPaBHEHHIO CO cpeflHed 3Heprueidl Tenso-
Boro asuxehus kT. TT0aToMy 1OJ CHALHLIMM MOJSIMH MBI GyJeM TOHH-
MaTb TAaKHe NoJst, KOTOphIe, ¢ OHOH CTOPOHBI, YIOBAETBOPSAIOT YCAOBHIO
(3.24), mo, ¢ Apyrofi CTOPOHBI, MOAUHHAKIOTCA YCIOBHIO

fiw,
Yo <L, (3.25)
(Ins CUIBHO BLIPOXKJIEHHHIX TOAYIPOBOIAHHKOB BMmecTo kT BXOmHT
sHeprusi depmu, CM. HHXKe.)

B ciyuae cuibHOro nojsi yioGHee paccMATpUBAThL He H3MEHEHHE
3JIeKTPONpPOBOIHOCTH, & CaMO 3HaueHHe 3JeKTpONnpoBofZHOCTH. Pas-
Jarast Tenepb &y, &y U {3 B PsA NO cTelmeHsiM Masod BeanunHu 1/w;t?
1 npene0perast MaJbIMH BTOPOTO NOPSAKA M Bhille, IIOC/]e HECJAO0XKHBIX
npeo6pa3oBaHuil moJyyaem

en [ 1\1
O =% \7/ *

OnexTponpoBoAHOCTh B OYEHb CHJIBHOM MATHHTHOM TMOJ€ TepecTaeT
33BHCETh OT MATHUTHOTO TOJAS M JIOCTMTaeT MOCTOSIHHOTO 3HaueHus
0,. OTHOIIEHHE TIpeleNbHEIX 3HAUEHH 3JeKTPONPOBOLHOCTH  HIH,
COOTBETCTBEHHO, YAEJBHOTO CONpPOTHBJIEHHS PABHO

(o] P 1
o= = <T><r). (3.26)

DroT pesyJbTaT, KaK U Bce NpeApiAylive, GBI MOJYyYeH B Npenro-
JOXEHHH, YTo 3QPEeKTHBHAA MACCa H BpeMs pe/lakcalliy He 3aBHCAT OT
Harnpapjedus IBuxeHHsA. OpHako B JeHCTBHTENBHOCTH 3(eKTHBHAN
Macca MOXKeT CHJBHO 3aBHCeTh OT HalpaBJeHHs U ABIAeTCS He CKalfd-
POM, a TeH30pOM 2-To paHra (cM. Ta. [11). Brlpakenus Aaa nocTOSHHOHR
Xonna u g H3MEHEHHUs CONPOTUBJIEHUS B MATHHTHOM II0JIe CTaHOBATCA
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IIPH 3TOM GoJiee CAOKHBEIMH. DT0 06CTOATE/NLCTBO He BHOCUT ITPHHIIUITH-
aJbHBIX K3MeHeHHH B 3aKOHOMepHOCTH 3¢dexta XoJsia, HO MOXer
HMeTb pellaiolllee 3HAUeHHe B SABJEHHSIX MAarHeTOCONPOTHUBJEHHUS.
B gacTHOCTH, B 3TOM c/ydae MAarHHTHOeE IOJle, NapaeqbHoe SJIeKTPHU-
YeCKOMY, TOXKe MOKeT NpPHBECTH K HM3MEHEHMIO CONPOTHBJIEHHS; OTHO-
IIEHUEe Po/ P B CHJBHBIX MArHUTHBIX TOJSIX MOXKeT OKa3aThCs 3aBHCA-
IHM OT MarHuTHOH uHAykKuuu (cMm. ra. XIII).

§ 4. CmewmanHas nPOBOAHMOCTH

Kak MBl yBHIMM HHXKE, B TOJYIPOBOAHHKAX BCTPEUAIOTCS 4acTo
ClyyaH, KOrjia HeoOXOIHMO CYHTAaTh, YTQO INEPEHOC 3JTEeKTPHYeCKOro
3apsja NPOU3BOAMTCH YacTHHAMH pasHblX THnoB. [losTomy nas nanb-
Hefinlero HeoGXoIHMO OGOOIIMThL HOJdYYeHHbIE
pe3yJabTaThl Ha CJaydali ORHOBPEMEHHOIO IpPH-
CYTCTBHSI pasjIMYHLIX HOCHTeJsell 3apsla.

a. Ippekm Xoara. KavecTBeHHas KapTHHA
apdexra Xoasaa npH ABYX pPasHLIX THIAX 9a-
CTHIl OKa3aHa Ha puc. 1.8. [Ias onpenenenHocTit
NPUHATO, YTO YACTUULI OJHOTO THMA 3aPSKEH:l
NOJOXKHUTENBHO, a APYyToro— OTpHUaTebHo. Tor-
Ja BEKTOPBHl WJIOTHOCTH TOKAa IIOJOMXKUTEXBHBIX
YacTHLl j, M OTPHUATENbHBIX YacTHl, j, OyAyT
HanpaBJeHbl TaK, YTO BEeKTOp De3yJbTHpPYIO-

Puc. 1.8 x HWIEro  3JeKTPHYECKOro IoJs OKakeTcsl Io-

Hc. l.o. 3(1)@61(1’ oJ1- H

18 Mpu cvewanofi npo.  BCPHYTBIM OTHOCHTENBHO j, Ha yroa Xonna @,
BOLHMOCTH. B NOJIOXKHTEJbHOM HanpapJIeHHH H Ha Yol @,

OTHOCHTEJTbHO j, B OTPHUHATEJNBHOM HAIpas-

Jennu. PesyapTHpylomas MIOTHOCTL TOKA paBHa j = j, + j,. Habuio-

JaeMbll Ha ONbiTe Pe3yALTHPYIOUIHI yroa XoJ1a @ ecTb YroJ, Ha KOTo-

pbifl TIOBEPHYT BeKTOP & OTHOCHTENBHO BEKTOpa j. ITOT YroJd MOMKET

ObITh KaK MOJOXKHTEIbLHBIM, TaK W OTPHUATENbHBIM, B 3aBUCHMOCTH

OT BeJINUHH H HANPaBJeHut j, H j,, T. €. B 3aBHCHMOCTH OT COOTHOLIEHHH

MeXJy KOHIEHTPALUMSAMH H TIOINBIKHOCTSIMHM dYacTHI, OOOHX THIIOB.

I BbIYMCAEHHS pe3Y/bTHPYIOWEro yria XoJJa BepHeMCS OIsiThb

K BBIDaXKEHHAM JJIs1 IJIOTHOCTH TOKA, CO3/aBaeMOi YacTHHAMH cOpTa
«i», KOTOpHI, YYHTEIBas cooTHoulenue (1.8), 3anuuieM B BuIe

[ =00 @x+6,1g0D), O =0l B, —Betge®). (4.1
Cocrapisioniue NoJHOTO TOKA, ¢ yueToM (3.11), MOXKHO 3anmucaTh B BHAE

=2 j"=8,> 0048, o tge®,

4.2
b= Sip=—sSolen e, Sep.
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Ec/id, KaK U paHblle, XOJJOBCKUE 3JeKTPOIBl Pa3OMKHYTHL, TO j, = O,
Orciofa HaxoauM pe3yasTupytomuil yroa Xomsna:

¢ 8y Ndditee?
BOTR T T 3

Tak kak @) Boipaxkaiotcs Gopmyaoit (3.14), To 0TCIORa MOXKHO HAHTH
tg @, ecim H3BeCTHB KOHUEHTpAlHd (BXOASIIHE B Oyy) H XOJJIOBCKHE
MOABHIKHOCTH JUIST YacTHIL KaxXKJIOro copra.

YTo6bl HAHTH MOCTOSAHHYIO XO//1a, HCKAKYHM H3 COOTHOUIEHUH
(4.2) none &,. Torga moayuum

(4.3)

o} tg 9@
8,= - . ~— fxe
T (X (B e o)
CpasuuBas s1o ¢ ¢opmyJoi (1.6), naxoxum

R% Dol tg e

R S 4
(B o) +(X ol tg oy 4
HJIH, BBOASA B YNCJAUTE/I€ XOJJOBCKHE IOABHXKHOCTH,
[N
Rl X%uth (4.4a)
¢ (Xom) +(Xo te e?)

B ato#t opmyJie Bce BeJTHUHHE! B O0LIEM Cayyae 3aBUCSIT OT MarHuT-
HOH MHIYKLHMH K MO3TOMY «mOcTosiHHas» XoJJa He sIB/ISETCS MOCTOHH-
HOM, a ToxKe 3aBHCHT OT <8. OfHaKO B c1abOM MarHHTHOM I10JIe OHa IpH-
HHMaeT IIOCTOSTHHOe 3HayeHHe.

Ecin umeeTcsi TONBKO ABa pas3iuyHBIX THITA YaCTHL, M MarHuTHoe
none caaboe, TO

tge L1, o) ~~endp®
u dopmyna (4.4a) npuHAMaeT BHJ

R=— By ol
ce {napy + napp)?

Ecnu emie cyutaTh, YTO XOAJOBCKHH (PAKTOD Y OAMHAKOB JJIfl HACTHH,
KaxJoro THMa:

{4.5)

_H_ Yon
My Ha

TO HOJIy‘!&HHblﬁ pe3yJabTaT MOXKHO IpPEACTABHTH B TaKOM BHAg:

2
1 ’L‘«’(EE)
R = Y +”1 My
ceny (1 ny &)2 ’
My pby

{4.53)
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IJie BTOpOil MHOXKHTeJb B IIpaBOil YacTH NPeACTaBilseT NoNpaBKy, BHO-
CUMYIO YaCTHIAMH THIa 2.

B ciyuae odellb CHJIBLHOTO MarHHTHOTO IIOJIS, YAOBJETBOPSIONETO
yeatoBHsM (3.24) 1 (3.25), Mbl umeem tg ¢l > 1, u noatomy B Qop-
myJie (4.4) MOXHO NOJIOXKHTD

. . 1
Softee0> Mol =g

e2ntir @ Y] centi)
o & -

) to @ = o
o) tg el = i ¢ =

Toraa nosyyaercs
1

~ce (ny-+n2) *

CliefoBaTeNbHO, B 3TOM TpeNeJbHOM clyuae MOcTosiHHAa Xonna Toxe
CTAHOBHTCS He 3aBHcsulefi oT MarHutHoro noJs. OHa He 3aBUCHT BOBCe
¥ OT OTHOIICHHs NOJBMXKHOCTEH y M ONPENeseTCs TOABKO CYyMMapHOH
koHuenTpanuell yacthu. ITosTomy B npHHIHIE OnpeleeHne KOHLEH-
TpalliK 3apsAKEHHDIX YACTHIL ¢ TOMOUILIC H3MEPEHHS riocTosiHHOH X o0/171a
B CHJILHOM MATHHTHOM IOJle HMeeT GosbiuHe npeumymiectsa. ONuako,
K COXXaJIeHWI0, Ha OMBbITE He YACTO YAAeTCH OCYUIECTBHTDH YCJIOBHS, B KO-
TOpLIX OJHOBPEMEHHO BBIMOMHSIOTCA 00a HEpaBEHCTBA (3.24) n (3.25).

PaccMOTpeHHbI cydyail ABYX THIOB YAacTHL, 3apsKeHHbIX OfHHa-
KOBO, BCTpeUaercsi JOBOJBHO 4acTo. Mbl MMeeM ero, HanpuMmep, B rep-
MaHHH H KPEMHHH, B KOTOPHIX CYL(ECTBYIOT TaK Ha3LIBAEMbIE «IErKHE»
1 «TsKeNble» TOMOXKHTeNbHble ABIpKH (cM. ra. IV). OH peanusyercs
TaKXe BO MHOTHX [OJNYNPOBOIHHKAX, COAEPXKAlLUX TpHUMECH, OpH
BU3KHX TEMIepaTypax, KOLJAa, KpOMe 3/JeKTPOPOBOAHOCTH OGLIYHOTO
THIIA, WTpaeT 34aMETHYIO POfb- €lle TaK HasbiBaeMas NDOBOAHMOCTD
B mpuMecHoit 3oHe (cm. § IV.7).

Fuie Gojiee 4acTo Mbl HMeeM CJAydall, KOTIa 3JEKTpONpOBOLAHOCTb
OCYIIECTBAAETCS YACTHUAMH JBYX Pa3JHYHBIX THIOB, 3apsixeHHEIMH
Pa3HOHMEHHO (OTpHIATe/bHEIE 3JEKTPOHEI M TONOXHTEAbHbIE LBIPKH,
CM. HHXe). B 3TOM ciiyuae Ml JOMKHBI Beafie npunucars yray Xosia
JJIs OTpHUATenbHBIX 4acTHIl 3Hak munyc. Ilostomy, ecau p u n —
KOHIEHTPAalHH TOJOXHTeJbHBIX H, COOTBETCTBEHHO, OTDHHATE/IBHLIX
yactHu, B hopmyay (4.6) Bmecto (1, -+ #,) BolizeT (p — n). Boipaxkenue
AJs nocTosHHON Xoasa B ciabeix moasx Oyner

R =1 Pottor = MWaltarr @4.7)

ce (PHp+”Hn)2
r7e MHAEKCHl p M 7 YKa3HBAWT, K YaCTHIAM KaKOTO THNA OTHOCATCH
3HayeHHs noABIKHOcTell. Ecau He TpefGyercs Gosbmiasi TOUHOCTD, TO
MOXKHO ellle NPHO/IHKEHHO NOAOKHTD Mpy O Ppy Wnir & Wgy W TOTAA

1 p—nb?
R_E—e—(p+nb)2’ (4.73)

R (4.6)
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rie b = n,/u,. B sroit dopme BeIpakeHue 11 R Hcrojb3yeTcs Hau-
Gostee uacto. 3 (4.7a) BunHO, 4TO B Cyyae cMelIaHHONH NPOBOJHUMOCTH
noctosHHasg Xoas1a MoxXeT ObITh KaK NOMOKHTEAbHa, TAK H OTpHIa-
TeJbHa, B 3aBHCHMOCTH OT COOTHOLICHMS MEXIY KOHIEHTPauHsIMH
yacTiy, 060HX THIOB. B uwactHOCTH, ecai p = nb?, nocrosnHas Xoanaa
obpamaercs B HYJb.

6. Maenemoconpomueaenue. AHanoruuHo o6oCLIAIOTCA Ha CcAydail
CMeWaNHofl TpoBOAUMOCTH U GOpPMYJABl I/isi MAarHeTOCOTPOTHBJEHMUS.
Ilonaras B cootHoulenusnx (4.2) j, = O u uck/ouas U3 HUX 8,, HAXOAUM

. )y ek eg)?
jr=208x {2 0() 20(1) .

3zech MHOXKHTeNb, CTOSIHH B CKOOKaX, €CTb 3JIEKTPOIPOBOAHOCTD
B MarHutaoM mnosie o (). IlosTomy, yuuTthiBas eme qopmyay (4.3),
nonyuaem

oL (FB) =1+t ) X old. (4.8)

Takum oGpaszoM, 3/AEKTPONPOBOAHOCTL B MAarHUTHOM IOJ€ MOXKHO
BHIPa3UTh 4Yepe3 pe3y bTHpywouui yroix Xodda H JHaroHajdbHBe
YleHB TEH30pa 3JEeKTponpoBoxHOCTH. Ha HecsenoBaHHM pas/HYHBIX
YACTHBIX C1yYaeB 5TOrO COOTHOLLEHMS MBI OCTAHABJIHMBATBLCA HE GyleM.

§ 5. Hekoropble akcnepuMeHTaNbHbIE Pe3yIbTATHI

a. Saexmponnas u Ovipouras nposodumocms. ONHT TNOKA3LIBAET,
YTO 3HaK NOCTOSHHON XoJ/ij1a B TEPMO3JIC MOXeT GBIThH KaK OTPHLATEIh-
HBIM, TaK H noxoxutenpsbiM. Cayua#t R, o <C 0 cooTBeTCTBYeT OTpH-
1aTeqbHO 3apsiKEHHLIM NOIABMXKHLIM YACTHILAM, OINpPEREJSIOUUM 3JeKT-
pONpOBOIHOCTb, T. €. 3JeKkTpoHam. IloJynpoBOAHHKM Taxkoro THIA
NONYYHJIH Ha3BaHHE SJEKTPOHHBIX *) WIH nonynposo;mnxos n-THHA
(o1 negative — oTpHIATE bHEL).

OnHaxko HUUYTh HE pexe B IOJYIPOBOAHHUKAX, B KOTOPBIX 3aBEIOMO
HeT MOHHOH NMPOBOJMMOCTH U B KOTOPHIX, CJEOBATENbHO, TOK 00YCJ/I0B-
JieH TOXKe OTPHUATENBHBIMH 3JIeKTpoHamK, Habmopaerca R, a > 0.
CrnenoBaresnbno, B 3THX caydanX sddext Xonaa coOTBETCTBYeT IBHKe-
HHIO HOMOXHTEJAbHBIX uacTHU. C K/IacCHUeCKOH TOUKH 3peHHs 3Ta OCO-
GeHHoOCTh He uMeeT ofbscHeHHsa, OHa sBJIsAETCA CJEICTBUEM TOFO, UTO
JBIKEHHE 3JEKTPOHOB B KPHCTAaAje IOAUHHAETCA 3a2KOHAaM KBAaHTORBOIM
MeXaHHKH, KOTOphle IOKAa3blBAKT, UTO IIPH ONpEleNeHHbIX VCIOBHAX
HEKOTOpLIE fIBJIEHHS NpPH JBHXKEHHH 9JeKTPOHOB B 3JEKTPHUYECKHX
H MarHHTHEIX IIOJAAX HPOHCXOAAT TAK, KAK eCyU Gbl BMECTO OTpHUATeN b=

*) TepMHH «3/eKTPOHHBIl NOJYNPOBOAHHK» yroTpebisieTcs B ABYX CMBbICJIax.
I, Bo-mepBbix, 0603HAUYAT TO OGCTOATENBCTBO, UTO B JAHHOM HOJYIPOBONHHKE
TCYTCTBYeT HOHHasl NHpoBOAUMOCTb., Bo-Bropbix, OH, 0603HAayaeT, YTO MNOCTOAHHAEA
Xomna R < 0
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HBIX 3JIEKTDOHOB HMEJIHCh IIOJIOXKHTENbHO 3apsKeHHbIe YaCTHLEH (cm.
ra. 1V). Takue yacTHubl NONYYHIH Ha3BaHHE MNOJOXKHTEJIbHBIX IbILOK,
a NOJYNPOBOAHHKH, B KOTOPHX R H @ > 0, Ha3bIBAIOTCA IhiPOYHBIMH
WAM. TONYNPOBOAHHKAMH p-THNA (OT positive — M00XKHTENbHBIR).

THII /1eKTPONPOBOIHOCTH (3MEKTPOHHAS HJH JBIPOYHAs) 3aBUCHT
OT poza npHMecell, CONepAIIHXCS B 11O/ yNPOBOLHHKE. Tak, HanpHMep,
106aBAAg K TepMaHHIO HJAH KPEMHHIO MBIUBAK, CYPbMY HIH J1060it
ApyToil 3JeMeHT V FPYNMBl, Mbl CO3/aeM 3JEKTPOHHYIO NIPOBOAHMOCTB.
Hanpotup, foGaBjeHue ranius, 6opa WiH JIOGOTO HHOTO 3J€MeHTa
{11 rpynnet coofu1aeT repMantio H KPEMHHIO bIPOYHYIO TPOBOTHMOCTD.
M36biTok khcaopofa B 3akuch mead Cu,O Bei3hiBaeT AbIpOYHYIO POBO-
IMMOCTb, & H3GBITOK MeJM — 3JEeKTPOHHYIo, W T. A. [lpumecu, cool-
maiouide JAaHHOMY MOJYIPOBOAHHMKY 3J€KTPOHHYIO TNPCBOJHMOCTD,
Ha3LIBAOT JoHopamu, @ TPHMECH, BLI3LIBAIOUHE ABLIPOYHYIO TPOBOAH-
MOCTb,— axuenmopaxt. OTMETHM, UTO OIUH M TOT JKe XUMHYeCKHH sJe-
MEHT MOMXKeT GBITh B OJHHX NOAYIPOBCIOHMKAX JOHOPOM, @ B APYTHX —
aKLEeNTOpOM. . .

-~ Takum 08pa3oM, 3JeKTPOIPOBOAHOCTh B IONYNPIBOJHUKAX MOXKET
OCYLLECTBASATECA HE TOMBKO JBHXKEHHEM OTDHIATEJbHBIX 3JIEKTPOHOE,
HO ¥ IBWKEHHEM MOJOMMTeNbHBIX YaCTHL, — IBpOK. B 3aBucumocTH
OT KOJIHYeCTBA H pofa IpuMecef, a TakXe OT TeMIepaTyphl COOTHOLE-
HHe MEXIY KOHIEHTPALUAME 31EKTPOHEB H bIPOK MOXKeT GbiTb BECbMa
pasnyiuHbiM. YacTHUb!, NpeicTaB/eHHLIE B GOJILIIHHCTBE, HA3LIBAIOT
OCHOBHBIMH HOCHTEJISIMH 3apsiia (3JIeKTpOlL B IONYIIPOBOJHHKE f1-THNa,
ABIPKH B NOJYIIPOBOJHUKE p-THIA), & IPEICTAB/ICHHbIE B MEHBLUIHHCTBE —
HEOCHOBHLIMH HOCHTEJISIMH 3apsfa (3JeKTpOHB B IIOJYTIPOBOLHMKE
p-THIIA, ALIPKH B NOJYIPOBOAHHKE n-THIA). '

6. CoBCMeeHHAR U NPUMECHAS nD0B0OUMOCTb. BaXHble pe3yJsbTaThl
1aeT HCCJiefoBaHHe 3aBHCHMOCTH IOCTOSIHHOH XO0//1a OT TeMIeparyphl.
Takue THOHUHBIE 3aBHCHMOCTH MOKasaHw Ha puc. 1.9. nas cayuas
KPHCTJ/UIOB TepMaHHs, B KOTOpbie ObiIH JOGABJeHb pas/iHuHble KOMH-
yecTBa Mblubsika*). B 006/aCTH BHICOKHX TeMHNEpaTyp IIOCTOAHHAA
XoAaa OueHb CHJIBLHO 3aBHCHT OT TemmepaTypwl. IIpu 3ToM KpHBhHE
I8 BceX KDHMCTAJIOB IIpH JOCTATGYHOM IIOBBIIEHHH TEMIIEPATYphl
(tem Gonblle, ueM GoJblle KOHIEHTPALUA MBIIbSKA) CJAHBAIOTCA B ONHY
KpuByi0, KoTOpasi B Koopiunarax Ig R u 1/T nmeer Buj nipubausi-
TeNLHO TPSMOH JIHHHA. DTO NMOKAa3biBaeT, YTO OCHOBHAS YaCThb I1OJBHN-
HBIX HOCHTeNeH 3apsla B 3ToH 06JacTH TemIiepaTyp BO3HHKaeT HE 3a
¢yeT HOHHW3ALMH [pHMeced, a BCJEJCTBHE OTIIEINIeHHA 3JIEKTPOHCB
OT ATOMOB OCHOBHOIH peleTKH, M NO3TOMY JiaHHas of6aacTb ofo3Haya-
ercst KaK 06GAacTb COOCMEEHHOL npoeodumoctiL.

Kak 6yner BUAHO HHKe, B 3TOl 00/IACTH Mbl MMeeM H OTpHLATebHEIE
97IEKTPOHE!. H NONIOMHUTEAbHBIE JIbiPKH, H MPHTOM B PaBHOM KOJIHYECTBE
(§ 11.6). TTostomy, cornacHo ¢opmyse (4.7a) mnocToAHHasA Xonna

*) Tlo naunemM pabotst P. P. Debye, E. M. Conwell, Phys. Rev. 93, 693 (1954).
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3jech pasHa (1 = p)
1 p—1
R=— cen; b1’ (5'1‘)

rle yepes /1; 0603HaYeHa KOHUEHTPALHA 3€KTPOHOB (IBIPOK) B obJacTu
COGCTBEHHON INPOBOAUMOCTH (COOCMSEHHAN KOMYEHMPAyua) B IAHHOM
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Puc. 1.9. 3apucuMocts MocTosiHHOH XoJ//1a OT TeMNeparypsl AAS KPUCTANIOB Tep-
MaHHs C MPUMecbio Mblllbsika. KoHUeHTpauus MpHMecH BO3pacTaeT OT KpHCTadia !
K Kpucrapay 7.

nonynpoBonHuke. Tak Kak A repMaHust HMOABHIKHOCTH 3/JEKTPOHOB
Gosiblie MOABHXKHOCTH JABIPOK, TO b > 1 u noc¢rosHHaa XoJ/uia oTpulia-
TesbHa. )
B o6nactH Gojee HHM3KHX TeMNepaTyp KpHBEIE 3aBHCHMOCTH R
or 1/T CyllecTBEHHO 3aBHCAT OT KOHUEHTPAIMH NPHMeCH, IpHYeM C
YBEJHUEHHEM KOJMUYECTBA MpHMeCH R yMeHbllaercs, a CJIeJOBAaTeNbHO,
KOHIIEHTpalUst 3JEKTPOHOB n yBequuupaerca. B 3toit obnactu Temre-
paTyp NOABHKHEIE 3JIEKTPOHBl BO3HHKAIOT 3a CYET TeIVIOBOH HOHH3aLHK
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aTOMOB HpuMecell, U Mbl HMeeM 00JacTb npumecHoll npoeodurocmu.
B cnyvae npumecHOH IpPOBOAMMOCTH NPAKTHYECKH HMeeTcs OIHH THIT
TIOIBH/KHBIX 2apSKeHHBIX YacTHLl (B JAHHOM CJyyae — 3/EKTPOHbI)
¥ nocTosiHHAs Xouaa Beipaxkaercs ¢opmydoit (3.17), npuuem R <C 0.
IMonb3ysich YKa3aHHBLIMH COOTHOUIEHHsMH, IO 3HAYCHHSM MOCTOsAH-
HOoil XoAJAa MOXHO HalTH 3aBHCHMOCTb KOHIEHTDAUHU 3JEKTPOHOB
NPOBOAHMOCTH OT TEMIEepaTyphi.
Ona nokasana Ha puc. 1.10 (cm.
npuM. Ha crp. 36), Ha KoOTOpOM
7 TAKXKe OTYeTJIMBO BHIHbI 06/1ACTH
coGcTBEHHOH W IpHMecHOH NPOBO-
auMocTh. B obnactn coGeTBeRHOH
[POBOJUMOCTH KOHUEHTDAUHA 1;
ype3BbYaiiHO CHJIBHO 3aBHCHT OT
temniepatypsl. Hamnporue, B npu-
MecHOH 06J1acTH HMeercs HeKOTo-
pBIl MHTEpBAJ TEMIEPATYp, B KO-
TOPOM KOHIIEHTpalus 3/1eKTPOHOB
[IDAKTHYECKH He 3dBHCHT OT TeM-
neparypst Boce. 310 0OGbACHSMET-
¢l TeM, 4TO B 3ToH OOMacTH TeM-
nepatyp BCe aTOMbl MbiUbAKA
HOHM30BaHBl, NpHYEM  KaXKJbIH
aTOM JaeT OJMH 3JIeKTPOH IIPOBO-
numocti. I1pn najspHefimeM IOHH-
JKEeHHH TeMIIepaTyphl HOHH3AUHs
aTOMOB N[HMECH CTaHOBHTCH He-
IOJIHON, U KOHUEHTpaLMs 3JeKT-
POHOB IIPOBOJMMOCTH CHOBA YMeHb-
uiaetcs, OflHAaKO Tenepb IO APyTo-
My 3aKOHy, HeXeau B 0061acTd
COBCTBEHHOH IIPOBOIHMOCTH.
Kpusbie puc. 1.9 n puc. 1.10

) TK
el 53 24 _#5 " W

Lo
) N
AN
NN
075}

: /\
0L \\i\

MWW?

7076’

T _7Id— — T T,

=

]075

T

[

707 H—xo

/
YV

1

707"

g qe 47
.

X

7

Puc. 1.10. 3aBucHMOCTD KOHUEHTpALUK
SJIEKTPOHOB OT TeMMNeparypol JAAf KpH-
CT&110B TepMaHHA C TPHMEChIO MH-

TaK2Ke IIOKA3bIBAIOT, UTO IIPH 60JIb-
IIMX KOHIEHTpanuax MLIBSIKA

3aBlicHMOCTb R M n OT Temmnepa-
Typbl ocsabiasiercsi. IIpn KOHIEHT-
panuax, Goapmux ~ 107 oM,
oHH BoOOLle MepecTaloT 3aBHCETb OT TeMNepaTypbl W 3JeKTpOlIpOBOA-
HOCTh NpHOGpeTaeT MerallaudeckHii XapakTep. Orclona caepyer, 4to
npu GoJIbIIMX KOHLEHTPAHAX IPHMECH SHeprus HOHH3alMH IpHMeC-
HbIX aToMoB oOpaiiaercss B HyJb. [Ipuunna sToro GyAeT paccMoTpeHa
B§ IV.7.

Auajnoruuspie 3aBHCHMOCTH HaGaiogaiorcs B JABPOUHBIX ROJIYIpO-
BOJHHMKAX, HAaNpHMep B [epPMaHMH, COAePIKALIEM KaKOi-J1HGO0 aKlenTop
IIT rpynnbl HepHORHYECKON CHCTEMbL,

mbpsKa.
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B §4 wmpl orveuann, 4TO B csydae CMEUIaHHOH MPOBOAHMOCTH
HOCTOsIHHAS X 0/lJ1a MOXKeT ofpaiarbcs B HyJb IIPU HEKOTOPOM olpe-
Jle/IeHHOM ~ COOTHOIIGHHMH MEXJ1y KOHLEHT[AlHAMH MOJOXHTE bHBIX
¥ OTPHLIATEJBHEIX YacTHH. JTO NeHCTBHTEJNbHO Ha(/I0JAETC Ha ONBITe.
Ha puc. 1.11 nokasaHa saBHCHMOCTb MOCTOSIHHOH Xo0JJIa OT TemIiepa-
TypH AJf  CYpbMSHHUCTOrQ
unaus InSb *). B obmactu 000 tog s 200 180 T K
IIPHMECHOR  NIPOBOIHMOCTH 4'”" et !
KOHIIEHTPAUHS  3JeKTPOHOB 70 T T T
Masa NO CPaBHEHHIO C KOH-
LeHTpalHed JbIPOK U COrIac-
HO ¢opmyse (4.7a) R > 0.
Ho npu nosbimeHuu Ttemme-
paTypel #  yBeJIHYUBAeTCs 07 f
H npu nb®=: p HOCTOsIHHAS
Xonana obpauiaeTcss B HYJb.

CTTTTI
llll]lr

Roem?-Kn T

T

T TTTTH

ITpu pnanbueiimeM nOBEIIIe- e 2
HHH TeMIepaTyphl KOHIEHT- B f i
panus 3JeKTPOHOB yBeJHIH- 3

Baercs ele OOJbIIE U MOCTO- 702 1= 1/ e
suHag  Xoada — H3MeHser = } -
3HaK. B kpucraanax cyps- » 4

MSIHHCTOTO HHIufl b>1wu
BelHKO (~ 100), 1 nostomy
H3MeHeHue 3Haka R Habuo-
JaeTcsl B MatepHane p-THHa, /
1 NIPUTOM OCOGEHHO OTYeTJIH-
Bo. Ecan 6bi MOABHKHOCTB ] ) {
3JIeKTPOHOB OLIA MeHbille 2 & 4 & & 7 _ &
NOJIBH2KHOCTH JbIpOK (b << 1), 705K
70 HHBepCHA 3HaKa R 1ipo- Puc. 1.11. 3aBucuMoctb mnocrosunoét Xosna
Hexopusia Obl B MATePHANC  op remmeparypsl A% KPHCTALIOB  CYpLMS-
n-THna. . Huctoro uuauda., 1, 2, 3, 4 — p-tun; A, B —
IMpuBenenHsie pesy.bTa- n-THIL
Thl NOKA3LIBAIOT, YTO B IIO-
JYNPOBONHUKAX HalJrofaeTcsl XapakTepHas TeMmepaTypHasi 3aBHCH-
MOCTb KOHIEHTPAlMH TOABMXKHEIX 3apsKEHHEIX YacTHU, OTJIHYAIONIAf
HX OT MeTa/JioB. B MeTannax KOHLEHTpAUHS 3/AeKTPOHOB MPOBOAUMO-
CTM TNpaKTHYeCKH He 3aBHCHT OT Temneparypel. Hanporus, B THIMYHBIX
MOJyNPOBOAHUKAX BCera HMeeTcst Takas ofbJacte Temieparyp (oG-
J1acTh COOCTBEHHOH NPOBOAMMOCTH), € KOHIEHTpalMd MOJABHKHBIX
YacTHN, #7; CYIECTBEHHO 3aBHCHT OT TEMIIEPaTypel U NIPHTOM yBeJH4d-
BaeTcs NMpPH HArpeBaHuH,

3

N

1.1 1111

*) Kpusvle B3sTel u3 xuuru: ¥, Jaxasn, Bpefenue B (U3UKY HOJXYNPOBOZ <
Hikos, WJI, 1959,
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8. 3anpewennas snepeemuseckas sona. Hamuune onpeenexnofi anep-
THH HOHH3allMM B HIeaJbHOM OeCIIPHMECHOM IIOYIIPOBOJHHKE MOXKHO
1300pa3iTb C NOMOIILIO SHepreTHYecKoH Auarpammbl pHc. 1.12, rae
110 BepTHKAaH CHU3Yy BBEPX OTJIOXKEHEl 3HAYEHHS NIOJHOH SHEpPTHH 3JIEKT-
poHOB B KpucTadsle. Huxuaa 3awTpHxoBaHHAs Iofoca, HAH 30HA
3HEPTHH, COLNEPIKUT PAa3JiM4HbIe YPOBHH 3HEDFHH BAJEHTHHIX 3/E€KTPO-
HOB, CBSI3AHHEIX C PELIETKOI U He YYacTBYIOWHX B 3/1€KTPONPOBOIHOCTH.
Haupriciiasi Bo3aMoKHas 3HEpPrusi CBA32HHBIX /1EKTPOHOB H300paxa-
€TCs1 BepXHHUM KpaeM 3ToH «BaseHTHof» 30ubl E,. Bepxusis 3ona («30Ha
NIPOBOIMMOCTHY) COIEP2KHT Pa3/JHYHLIE BO3MOXKHEIE 3HAYEHHS] SHEPTHH
OTIIEIJIEHHHX 3JEKTPOHOB, WJH 3JIEKTPOHOB HPOBOJXHMOCTH, 0GYCJIOB-
JIHBAIOMIUX 3JIEKTPONPOBOAHOCTL. HaHHusmiee 3HavyeHHE MHX TIONHOMN
SHEPrHM H300paXKaeTcsi HUXHUM KpaeM 30HH. npoBojuMoctH E,.

Toraa HauMeHbIAA 3HEPrHs OTILENIeHHS
V- W7 A 3J1EKTPOHA OT PEIlIeTKH, WiH SHepTrHs HOHHU-
4 3alMH, W306DA3UTCS PACCTOAHHEM MEXILY
kpasmi 30H E, = E, — E,. Ilpomexy-
£ TOYHBbIE 3HAUEHH SHEepTHH, JeXKallue MeX-
ay E; n E,, He COOTBETCTBYIOT HHKaKHM
,  BOSMOXHBIM CTAUHOHADHBIM  JIBHKCHHAM
07/ ®IeKTpOHa («3allpelleHHas» 30HA SHeEP-
rufl). B Meramnax sHeprisi HOHH3AUUH

Puc. 1.12. K nouaruio sanpe-  paBHa HymMmo, H nosromy E, = 0.
TIEHHOH SOHEI SHEPTHH. CylecTBOBaHHe 3HEPreTHYeCKHX 30H,
BBEJCHHBIX HaMH 3/leCb TOMBKO B CBA3H
€ SHeprHell MOHH3anHi, OOOCHOBBIBAETCA TEOPETHYECKH HPH pPelieHHH
KBaHTOBOMEXaHHYECKOH 3aNayH O JBHXKeHHH 3JEeKTPOHOB B.IIEPHOJIH-
yeckoM nofe kKpHcraaaa (ri. I1I). Onpuaxko a3ty npeAcTapsenus 1mo-
JIE3HO BBECTH YyKe cefiyac U1 HCTOJKOBAHHSI 3KCMEPUMEHTATbLHBIX

€aKToB. '

TemneparypHas 3aBHCHMOCTb KOHIIEHTpPAlHH 3/€KTPOHOB B 0G/IacTH
COGCTBEHHOH IIPOBOJMMOCTH #; HO3BOJSET ONPENEIHTh HIHPHHY 3ampe-
HieHHOMH 30Hbl E,.

IMosicHuM 3To cHayana MPOCTHIMH, XOTS M HECTPOIHMH paccyxkie-
HuAMH. [IpelnonoKuM, YTO 3JIEKTPOHBl B KPHCTa/L1e TONYHHAIOTCA
cTaTucTHKe DBoJibumaHa (4TO HMeeT' MEeCTO INPH JOCTaTOYHO BLICOKHX
TeMriepatypax). O603HaunuM, Jajee, . YUCAO BO3MOKHEIX COCTOSIHMHA
2/JEKTpPOHa B 30HE NPOBOJHUMOCTH (IIOKAa HaM HeH3BecTHoe) uepes N..
Torma uYHc/I0 He3aHATHIX COCTOSIHMA B 30He IIPOBOIMMOCTH . Gyner
(N, — n;), a yuC/IO BaKaHCHH B BajieHTHOH 3oHe — r;. Uucao 3gek-
TPOHOB NMPOBOJMMOCTH, BO3HHKAKOUIHX B eJHHHIE o0beMa H B eIUHHILY
BpeMeHH BCJEICTBHE TENJIOBOH HOHH3AauuM, JOMKHO OBITb IIPOIIOP-
nuonaabHo (N, — n;) u GoabumanosckoMy (axtopy -exp (—E,/kT).
C npyroii CTOpPOHE!, YacTOTa OOPATHHIX IIPOLECCOB — JIEPEXONOB 3JEKT-
POHOB TPOBOAMMOCTH B SBHB&HHOC‘ COCTOsIHME — JOKHA ObiTh IIpoO-
NOPIHOHANbHA HANVYHOH KOHUEHTPAUHMH S3JIEKTPOHOB 7; H YUCAY
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s

BaKaHCHH n;, T. €. ni. [loaToMy B COCTOSHMH paBHOBECHS
E, .
a(N,—n;)exp = =bnj,

Tie a n b — nexoropbie Ko3(pdHUHEHTE NponopiHoHalbHocTH. Ecan
n; < N, TO AAs A; NOJYYaeTCsl 3KCIOHEHUHAJbHAs 3aBHCHMOCTh OT
‘FeMneparyphl. :

E
n;=Cexp <——§€%>.

Bonee crpornit pacyer (ri1. V) npHBOIUT K HECKOJIBKO M3MEHEHHOH
dopmye:

E
ny=A ’f’ﬂexp<-—§i‘%>, 6
KoTOpasi OTJHYaeTcsl OT IPeAbIAYIEro BEIDAXKEHHS MHOXHTejqeM Tz,
OnHako BAMSIHHE 3TOTO MHOXKHTeNA OOBIYHO MaJjd IO CPaBHEHHIO C 3K-
CTIOHEHIHAJIBHBIM MHOXKHTEJIEM.

Coortnomenne (5.2) no3BosseT ONpeleTHTb WIHDHHY 3anpelieHHoH
30oHbl Eg O 3KCIIepHMeNTa/IbHLIM JJAHHBIM O 3aBHCHMOCTH 1; 0T T B 06-
AacTH  cOOCTBEHHOH — IIPOBOAMMOCTH.
Onsaxko IMpHHA 3aNpElIeHHOH 30Hbl [,
caMa 3aBHCHT OT TeMIepaTyphl 4 OOLIY- \
HO YyBeJuuliBaeTcs MPH OXJaxJeHHH.
ITosToMy BO3HHKaeT BOIpPOC, Kakoe Lo \N
NMeHHO ee 3Ha4eHHe MEI ollpeliesisieM U3
TeMmIepaTypHblx W3Mepenuit. [a1s Bh-
SICHEHHS 3TOTO NpPENCTaBUM  WIHPHHY
3anpelieHHOH 30HbI PasJoAKeHHOH B Pfij
no crenensam. T:

Enggo—aT—l—..., Vi ?

rie Egy—ee wmpHHa InpH abcosmor-

Hom Hysae. Ecim B 3Tom pasioxeHnn Puc. 1.13. K onpenenennio -
CPPAaHHYMTECA TOJBKO JHHEHHBIM uJe- PHHBl 32NPEUICHHON  30HBI.
Hom, TO U3 (5.2) mbl onpenenum Egq,

Tak KaK IIpH TNOJCTaHOBKe ujeHa a7 Mbl TIOJYYHM RNOCTOSHHBIH
MHOXUTENb eXp (—a/2k), KOTopblil GyneT BKIIOUeH B MOCTOsHHYIO A.
Ecau e 3Ty 3aBHCHMOCTb HeJIb3sl CUMTATh JIHHEHHOH Bo Bced oCnacT
Temnepartyp, 10 E,, onpeienenHas u3 TeMmnepaTypHHIX H3MepeHHil, He
Oyner paBHa (haKTHUECKOH LIHpHHe 3ampelleHHOH 3ombl npu T = 0.
3710 nosicusier puc. 1.13. Ona 6yner paBHa Egr, KOTOpas nojayuaercs
skerpanonsiuyedi Kk 7 = 0 npamoi, npuOIIKERHO ONKCHIBAIOLIEH
3apucumocTh E, or T B HcClefyeMOM HHTepBaje Temnepatyp. Beau-
unHy E,r WHOTA Ha3LIBAIOT TEPMHYECKOH IIHPHHOH 3anpenieHHol
3CHBI.
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-

DaKkTHUECKYI0 LIHPUHY 3allpelleHHOH 30HH! (M ee 3aBHCHMOCTh OT
TeMIepaTyphl) MOXKHO OMPENENUTb U3 ONTHYECKHX H3MEpeHHH, uccie-
Aysl 3aBHCHMOCTb KO3(pGHIMEHTa NOTJ/IOWEHUsA CBeTa OT 3HepruH ¢oTo-
HoB. OnTHueckas HIHPHHA 3allpellleHHOH 30HbLI MOXKeT HeCKoJbKO
OTJIHYATHCA OT TePMHUECKOH LIMPHHBI.

' 3HaueHusi WMPHHBl 3alpeliCHHOHN 30HH ]I HEKOTOPHIX BaKHBIX
MOy POBOJHAUKOB npHBejeHH B Tabaune 1.1,

Tabauya 1.1

Mlupusa sampemennoll 3omst Eg (5B) 4 MOABHXHOCTH 3JeKTPOHOB W, M IBI-
POK My (cMZ/c-B) mpu 300 K pna sekoropsix mosynposoautkos (M. Podo, Tlosy-
NPOBOJHHUKOBLHE MaTepHa/sl, «Merannyprusy, 1971),

Iudpul B ckoOkax 06O3HaYaloT TeMneparypy, ecau oHd oTjnauaercs or 300 K.

nepggg:tﬂebclxoﬁ BeiecTBO Eg K, )
CHUCTEMBI
1\Y Anmas 54 1800 1400
v Si 1,1 1300 500
v Ge 0,67 3800 1820
V-1V o-SiC 3,1 220 48
11—-v GaP 2,32(77) 300 100
II—v GaAs 1,52 (77) 8800 400
-V InP 1,40 (77) 4600 150
I—v GaSb 0,80 (77) 4000 1400
HI—v InAs 0,43 (77) 33000 460
IH—v InSb 0,22 (77) 78000 750
I11-VI ZnO 3,2 180 —
H—VI ZnSe 2,80 260 15
1I—-VI o.-CdS 2,42 295 —
1I—VI p-CdSe 1,85 500 —_
IV—VI PbS 0,39 550 600
IV—VI PbSe 0,27 1000 900
IV—-VI1 PbTe 0,33 1600 550

2. ¥OeavHasa arekmponposodHocme. TemrnepaTypHast 3aBHCHMOCTH
VAEJbHOH 3/1eKTPOINPOBOAHOCTH MOJYNIPOBOAHUKOB, TaK Xe KaK U No-
cTonnHas Xoana, oOHapy:xuBaeT xapakTtepHeie oco0eHHOCTH. Ha
puc. 1.14 (cM. mpum. Ha cTp. 36) noKazaHa 3aBHCHMOCTb YAETBHOIO
COMPOTHUBJIEHHS OT TeMnepaTypsl 48 TeX Ke KPHCTaNIOB, K KOTOPBIM
otnocurcsi puc. 1.10. M 3jecy oTueTsiMBO MOXKHO BuneTb obJacTs co0-
CTBEHHOH MpPOBOAMMOCTH (NYHKTHpHasf npadas) H, NnpH Gojee HHSKHX
TemnepaTypax, 06/1acTh IPHMECHOH I1POBOAHMOCTH.

B o6nactd COGCTBEHHOH MpPOBOXMMOCTH (1 = p = n;) yAeNbHas
9/1eKTPOIIPOBOJHOCTL paBHa

g=en; (P“n""p'p)' (53)
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Tax Kak TOJABHKHOCTH 3aBHCAT OT TEMIepaTyphl CpaBHHTE/IbHO caabo,
TO CHJIbHOE H3MEHEHHe G U O B 3TOH 00sacTH OOYCJIOB/JIEHO CHJIbHOH

3aBUCHMOCTBIO 71; OT TemIlepaTyphl.

B npumecHoil 06:1aCTH KOHIEHTpaLHs ALIPOK p MpeHeOpexKUMo Majla
10 CPaBHEHHI0 C KOHUEHTpamnueil 3JeKTPOHOB 71 H
O =2 eniy.
B 3Toil 06/1aCTH 0 U  3aBHCAT OT KOHIEHTPAIHH MbIlIbsKa: YeM 60/IbLIe
KOHIEHTpAuMs 3Toi npuMecH, Tem Goabiue ¢ U Tem MeHpwe p. OnHakKo,

B OTJHUHE OT KpHBbIX puc. 1.9
1.10, BMecTO mJaTo B 06/1aCTH IpH-
MECHOH TPOBOLUMOCTH 3jech HabJlio-
aaercst OoJiee CJIOXKHOE, HEMOHOTOH-
Hoe u3MeHeHHe p. T0 0OOBACHseTCS
TeM, UTO © 3aBUCHT OT IpOH3BeleHHUS
KOHHEHTPAIHH 3JeKTPOHOB Ha HX
NIOLBHKHOCTD, a MOABHKHOCTE TOXKe
3aBHCHUT OT TemnepaTypsl. IlpH ganb-
HelllleM MOHHMKEHHH TeMIlepaTyphl
COMpPOTHBJIEHHE MOHOTOHHO YyBeJHYH-
Baercsi. OnHAKO TpH OYeHb HHU3KHX
TeMmieparypax (48 paccMaTpHBaeMo-
ro mpumepa — HHXe ~ 4 K) p ne-
pectaeT 3aBHCeTb OT .TeMiepaTypbl.
IlpuuuHa 3TOTO 3aK/iouaercs B Cy-
ILECTBOBAHUH IIPOBOJHMMOCTH IO TaK
HasLiBaeMoH npuMecHoii 3oxe (§IV.7).

0. ITodeuxcrocmu. B Tabauue 1.1
JAaHbl 3HAYEHHS MOJBHIKHOCTEH 3JI€K-
TPOHOB M IBIpOK 1A psAja MoJay-
npoBogHUKOB. OHH OTHOCATCA K YM-
CTHIM (10 BO3MOMKHOCTH) KpHCTaJj-
aam npu 300 K. Ilpu conocrasie-
HMH 3TUX JAHHHIX CJjenyeT HMeTh B
BHAY, YTO NOJBHKHOCTH 3aBHCAT OT
YHCTOTHl KPHCTA/IJIOB M HX CTPYKTYp-
Horo cosepileHcTBa. Ilostomy s
TaKHX KpHCTa//I0B, KOTOphie B Ha-
cTosillee BpeMs TNOAY4aroT B OUEHb
yuCcTOM BHIe (TepMaHH#, KpeMHHE,
AHTUMOHHA HHJHS), TONBHKHOCTH
XOpoILO H3BeCTHbl. JIAf MHOTHX iKe
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Puc. 1.14. 3asucumocts YAEIbHOTO

COTIPOTUBJIEHHS OT TEeMreparypsl B

KPHCTaJAJlaX TePMaHusi C INPHMEChio
MBILbSIKA,

APYFHX KPHCTA/LJIOB, TEXHOJOTHA HOJyUeHHS] KOTOPhHIX MeHee paspa-
6oTana, 3HAYeHHs MNOABHKHOCTEH XapaKTepH3YIOT He TOJbKO CBO#-
CTBA JaHHOTO NOJYIIPOBOAHMKA, HO, B H3BECTHOH CTENEHH, W Ka4eCTBO
HCC/IeOBAHHBIX KPHCTaioB. B TaGiune npuBeleHbl HanGOJbLINE W3-

MEpeHHbIC 3Haue€HHd.
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W3 Tabinnpl BHIHO, YTO HOMBHIKHOCTH B Pa3JHUHBIX KPUCTA/IAX

BecbMa pasiauuHbl. Tak, B GaP nois:xHOCTb JABIPOK HMeeT MOPANOK
" Tosibko 100 cm?/c -B (y HEKOTOPBIX BEILeCTB OHA ellle 3HAYUTesIbHQ

HHKe). Y CYPbMAHHCTOTO MHAHMS MOBHXHOCTB 3/1eKTPoHOB npu 300 K
nocruraet ~ 80 000 cm?/c-B, a npu NOHHKEHHH TeMMEepaTypbl MOMXKET
npessiuaTe 10° cm?/c -B.

Msmepass R u 0 npu pasiMYHBIX TeMmmepaTypax, MOXKHO HaUTH
TeMIIEPaTyPHYK 3aBHCHMOCTL XOJJIOBCKOH IOJBHKHOCTH OCHOBHBIX
Hocurestell. ONHAKO H3 TaKHX H3MePeHHIl MOKHO TPH HEKOTOPBIX yCJIO-
BHAX HAHTH ¥ 3@BHCHMOCTb ApeilhOBbIX MOABHIKHOCTEH OT TeMIepaTypbl
(Toxe A5 OCHOBHBIX HocuTesedt). Tlocaennee MOKHO clienaTh, HampH-
Mep, 41 TOro HHTePBajga TeMNepaTyp B 0OJacTH [PHMECHOH NMPOBOAHU-
MOCTH, [Je KOHHEHTPALHS 3/IEKTPOHOB (MM HbIPOK) He 3aBHCUT OT
Temnepatypsl (n1ato Ha puc. 1.9 u 1.10). Torza temmeparypuas 3aBu-
CHMOCTb 3JIEKTPONPOBOIHOCTH JaeT TeMIepaTypHYIO 3aBHCHMOCTh Jpeil-
(b0BOH NOABHKHOCTH OCHOBHBIX HOCHTeJel.

OnpT noxaseiBaeT, 4TO B TNOJYIPOBOZHHKAX ¢ GOJIBLION NOABHIK-
HOCTBIO (Hampumep, B TepMaHUH H KpeMHHH) 3aBHCHMOCTH W oT T
MOXKHO YJOBJIETBOPUTEIbHO [PeACTaBHTH B BHAE

w=AT?,

rie A u p 3aBHCAT OT pojia MOJYNIPOBOAHUKA, PACCMATPHBAEMOTrO HHTep-
BaJ/la TeMnepaTyp W THIa yaeTHIL (3JeKTPOHbI UK ABIPKH). B Kpucranaax
C MaJIOH KOHUeHTpanuel npHMecell W MPH JOCTATOUHO BHICOKHX TeMIle- -
patypax p <0, T. e. p yMeHbLIAeTCH NP yBe/HYCHHH TeMIepary pal.

Ipu yepeJanueHHH KOHuEHTpPaunuH HpHMeced M XO/JIOBCKaf, W jpeil-
(oBaf MOABHXKHOCTY yMeHpluatoTcss. [Ipu GOMBIIOH KOHUEHTpALHI
npumeceit ¥ B O0JACTH HH3KHX TeMilepaTyp, B OTJIHYHe OT IIepBOro
cllyyast, b yBeJHYHBAETCs NPH NOBLILEHHH TeMIepaTypel, YTO COOTBET-
crByeT p > 0. Ilpumeps! 3aBHCHMOCTell W OT TemmepaTypbl H KOHLEH-
Tpauuu TpHMecH OYRyT HpuBejeHbl mos:ke (cM. puc. 14.1 n 14.2 na
cTp. 485, 486).

Oﬁumu XapakTep HalJI0faeMbIX 3aKOHOMePHOCTeH YHOBAETBOpH-
TeJIbHQ 0oObACHAETCS Teopuell paccesiHus, KoTopasi OyIeT moppobHee
paccMoTpeHa B CBA3H ¢ fABjAeHHAMH nepeHoca-B 1. XIII, X1V. Cefiuac
e Mbl OTPAHHYUMCS HECKOJIbKHMH OCLIMMH 3aMeuYaHHAMH.

KBanrtoBas MeXaHHKa [OKa3bIBaeT, 4TO B Hea/JbHOM Ge3rpaHHYHOM
KpHCTaje, T. €. B CTPOrO NMePHOAHYECKOM II0JI€, JIEKTPOHBI ABHIKYTCS
€ NOCTOSIHHOH 3HEPrHeH U HMMYyJbcOM (cM. . IV). OHM He UCTBITHIBAIOT
«COyfapeHHui», H IOSTOMY BpeMsl peJaKcaunuu T, a CJIefOBaTesbHO, U
HOABHKHOCTD 4 = eT/m paBHbI GeCKOHEUHOCTH. KOHEeUHasi OABHKHOCTD
00yC/oB/I€Ha TPOLECCAMH PACCEsSHUS HMIYJbCA, BO3HUKAIOUHMU B pe-
3yJibTate HCKaXKeHuii Hiea bHON pemeTkd. Haubolsee cyuiecTBeHHHIME
M3 HHX $IBJISIIOTCS TENJIOBOE JABHKeHHe W HOHH30BAHHbie MPUMECHLIE
aTOMbI, Kaxoe H3 KOTOPhIX OOYCJOBJIHBaeT HeKOTOphIe Onpeie/eHHbie
BpemeHna pesakcaudH Tr (TersioBble KoseGanus) H t; (HOHH30BAHHBIE
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NpUMecH) M onpeie/ieHHbie BEPOATHOCTH paccesHus 1/tr u /1. Kax
6yzer nokasaHo B 1. X1V, pesyabTHpylollas BEPOATHOCTD paccesHuA
B XopolleM NpHOGMHMKEHNH paBHAa CyMMe 3THX BepOsiTHOCTeH, T. €.

1 1 1

—1.— - T—T + ,ﬁ’
rIe T — pesyanTHpylollee BpeM$ pesakcaluH, 00YyC/MOBJICHHOe STHMH
ABYMf TIPOIECCAMH.

BeJIM4uHBL Ty M T; 3@BUCAT OT TeMIeparyphbl, H MPHTOM pasjiHYHO.
C yBeJuueHHeM TeMIepaTypbl BEPOATHOCTb PEUIETOUHOrO paccesHns
yBETHUMBAETCS H MIOITOMY Tr yMeHblaeTcsi. HanpoTHs, 77 C NOBBILIEHHEM
TemmepaTypsl yBeJHUHBAETCA. DTO KAyeCTBEHHO SICHO yXKe U3 HJacCH-
yecKHX TpeCTaB/eHNnil, TaKk KakK yeM QoiIblile TerJoBas CKOPOCTb yac-
THII, TeM MeHbIIHe H3MEeHEHHS B ee JBH:KeHHH OyJeT BbI3bIBaTb 3JIEK-
TPHUECKOE NOJe HOHH30BAHHOTO aroMa. :

B COOTBETCTBHH €O CKa3aHHBIM Bbillle, Habisosaemasi 3aBHCHMOCTh
n(T) B KpHCTannax, COAEPKALUMX NIPHMECH B 3HAUUTE/BHBIX KOHLIeH-
Tpauusx, B LIHPOKOM HHTepBaJle TemnepaTyp HMeeT 10BOJIbHO CAOKHBIN
xapaktep. IIpH HH3KMX TemmepaTypax npeoGiajaeT MpHMECHOE pac-
cesiHWe H L CHAua/la YBEJMYHMBAETCA TPH YBEJHUCHHH TeMNepaTypel.
Onuako TpH JajbHeliluleM MNOBBILIEHHH TemrepaTypbl OCHOBHYIO pOJB
HAuHHAeT UrpaTh paccesiHue Ha KojeGaHusX PeleTKH H [ yMEHbLIAeTCs
npu muarpeBaHud. [IpH HEKOTOpOH TemmepaType W TPOXOLHT uepe3
makcumym (cp. puc. 14.1). Temmeparypa, COOTBETCTByiollasi STOMY
MaKCHMyMY, TeM Bbillle, YeM Gosblie KOHLeHTpauHs JIAHHOH TIpUMeCH.

B rno/synpoBOJZHHKAX C OYeHb MaJ/iOH MOABHKHOCTBIO (Se, B, NiQ,,
Fe,0,, In,Te; u np.) saBucuMocTs u OT T ¥MeeT JpYrofl Xapaktep.
A VMEHHO, | yBeJUUHBAETCA TPH TOBbILIEHHH TemMnepaTypbl IIpHG/IH3H-
TENBHO TIO 3KCTIOHEHUIHAJbHOMY 3aKOHY p ~ eXp(— w/kRT), rie w—
HEKOTOpast «3HEePrHsl aKTHBAmMM». TakoH 3aKOH, COBMECTHO C MaJioft
BeJMUHHON TOABHKHOCTH, TIO3BOJIfET 3aK/IIOUHTD, YTO B 5THX BEleCTBaX
IBHIKeHHe HOCHTesell 3apsija umMeeT ckaukooOpasHulfi xapaktep. Hocu-
TeJH 3apfAa HAXOLATCA NPEHMYIIECTBEHHO B CBA3AHHBIX COCTOSTHHAX
¥ TOJIKO BpeMs OT-BpeMeHH NepeXoisT U3 OHOro NoJoKeHus B Apyroe.
Tak Kak M1 TaKOro mepexojga HeoGXOAuMO IIpeojio/ieHHe HEKOTOPOro
NOTeHUHMABHOTO 6apbepa, TO YacTOTa CKayKoB YBEJNHYHBAETCs C BO3-
pacTaHueM TeMIepaTypbl, H NPHTOM IO YKa3aHHOMY SKCMOHEHUHA/b-
HOMY 3aKOHY, 4 @ HMEeT CMBIC] SHePTHH, HEOGXOAMMOH 115 NIPEONONeHH
Gapbepa. ' : :

e. CobcmeenHas KoHyenmpayus daekmporos. CoOCTBeHHast KOHLEH-
Tpauua n; ABIAETCS OAHOM H3 BaXKHEAIIMX XapaKTepHCTHK NONYNpOBOA-
HuKa. OHa CYLIeCTBEHHO BXOAUT BO MHOFHE TeOPETHUECKHE COOTHOLIeHH A,
1 NIO3TOMY TOYHOE 3HaHHE 3TOH BENMUHHBI H ee 3aBUCHMOCTH OT TeMne-
paTypbi HEOOXONHMMO AJIA CaMblX PasJHYHEIX PACUETOB.

O 3aBHCHMOCTH n; OT TeMmepaTyphl yiKe FOBOPHJOCH BHIl€, OHA
Bupaxaercs ¢opmynoii (5.2). OcraHoBHMCS Tenepe Ha BENTHIUHE 7;.
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Ee MOXHO HAfiTH, HanmpuMmep, U3 NOcTosHHOH Xo/ana B 06/1acTH co6-
CTBeHHO! TIPOBOJHMOCTH C NOMOLIBIO cooTHomenus (5.1). OnHako npu
3TOM HYXKHO elle 3HAaTh XOTA H cJalyio, HO BCe e CYyLeCTBYIOMYIO
3aBUCHMOCTb b == p,/l, OT TemmepaTypsl. Kpome Toro, B ¢opmyse
(5.1) mpexmoNOKeHd, YTO XOJIOBCKHE TOJBHXXHOCTH paBHEI JLpedo-
BLIM, U TIO3TOMY [/ TOUHOTO OTIpee/IeHUs 11; HYKHO GblIo OBl [10/1B30-
BaThCs TOYHOH (HOpMY.I0H (4.7) U 3HATH OTHOLICHHE 3THX TIOBHXKHOCTEH,

Bosee TOUHO BeJHUHHY 71; MOKHO HaiTH H3 3/1€KTPOIPOBOJHOCTH.
Kak yKe rOBOPHJOCH Bbllle, JpeH(oBbie MOJBUKHOCTH W, H Up H HX
3aBHCHMOCTb OT TeMIIepaTyphl MOXKHO HaliTd W3 NAaHHBEIX 00 3JeKTpo-
IIPOBOIHOCTH H TIOCTOAHHOK XOJ/1a B KPHCTa/l1ax 7i- U p-THIOB B TIPHU-
mecHoil o6gacTH. Ecau 3aTeM IPOIKCTPAnoNHpOBaTh 5TH 3HAUEHHS
B 06J1aCTh GoJiee BLICOKHX TeMIepaTyp, TO U3 3HaueHHs 31CKTPONnpoBoa-
HOCTH B COGCTBEHHO# 06/1acTH (5.3) MOXKHO onpesenTh 1;. B Tabinue 1.2
B KauecTBe IpHMepa IPHBE/eHa BeTHUHHA 71f (KOTOPas 0OBIYHO H BXOAHT
B Teopetuueckne ¢opmy.is) npyu 300 K a1 HeKOTOPBIX BAXKHBIX TOJY-
MpoBOAHHMKOB. TaMm ke YKa3aHbl BeJHYHHa COGCTBEHHOTO YAEJILHOTO
conpotusienus p; 418 300 K v skcrnepumMeHTaIbHOE 3HAUEHHe IOCTOAH-
Hoit A B gopmy.ste (5.2).

Tabauya 1.2

Co6cTBeHHbIE KOHUEHTPAUMH 71; H_YACJbHbiE CONPOTHBACHUA O}
HEKOTOPLIX NoJaynpoBojHuKoe npin 300 K

BemecTso A?, eM~8 . K3 ny, cm-o p; Om.cM
Ge 3,10 10% 5,61 - 102 47
Si 1,5-10%8 1,9. 102 2,3.10%
InSb 2,0 - 1020 2,9 . 1032 45.107¢
GaAs 1,2-10%® 1,2 Tou 6,4-107

OtmetsM, uTo 3¢derT Xoaaa H 3JeKTPONPOBOIHOCTb He ABIAKTCH
eJMHCTBEHHBIMU CIIOCOB6aMH OnpezeeHnsa n;. B 4acTHOCTH, NOJIB3YsACh
COOTHOILEHUAMH CTaTHCTHKM (/1. V) mocTosiHHylo A MOXKHO BbIPasHTh
yepe3 yHUBEPCAJIbHbIE TIOCTOSIHHBIE H 3(peKTHBHbIE MACChl SJIEKTPOHOB
H JIBIPOK, H TIO3TOMY #1; MOXKHO BBIUHC/IHTD, €C/TH TOUHO H3BECTHBI 3ddek-
THBHBIE MaCChl H LIHPHHA 3a1 PelLLeHHO 30HHI E,. Ilpu 3TOM OKa3biBaetcs,
YTo A7 XOPOWIO H3YUYEHHBIX INOJYNPOBOJHHKOB TOJyYeHHBIE TaKHM
06pa3oM 3HaueHHsl f1; GIM3KU K HAHJEHHBIM U3 s(pexTa Xoana ¥ 3/ek-
TPOI POBOJHOCTH.

B sakjloueHHe elle YKaxeM, YTO H3MepeHHS KOHLEHTPAauMH 3/eK-
TPOHOB (MJIH JBIPOK) H YAE/ILHOrO CONPOTHBJCHHS LIHPOKO HCIIOB3YIOT
A5 OHEHKH CTeNeHH YHCTOTHI TOJ1yIIPOBOAHHKOBLIX MaTepnanos. Briire
Mbl BHIH, 4TO B 06/1aCTH IPHMECHOH MPOBOIHMOCTH JdxKe HHUTOXKHbBIC
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KOJIMUECTBA HEKOTOPHIX MpHMeceH yke 3aMeTHO H3MEHSIOT KOHLEHTpa-
[IMIO 3JIEKTPOHOB (IBIPOK) M 3/1€KTPONPOBOAHOCTb. Tak, KofieHTpauus
5JeKTPOHOB B OYeHb UHCTBIX KPHCTa//1ax reépManuf npH 300 K pasna
~10% cm73. C gpyroil CTOpOHBI, B 00J1aCTH NJ1aTO Ha pHC. 1.10 Kaxapift
24TOM MBIIBAKAZ 1aeT OJHH 3JEKTPOH IPOBOIAUMOCTH, ¥ NO3TOMY OpH
KOHUEHTpauuH Mbillbsika ~10% eM™ yxe HaOaroaeTcs 3aMeTHOE H3-
MeHeHUe 3JeKTPOIPOBOJHOCTH. TaK KaK 4HC/IO aTOMOB B cM® repmMaHus
~10%, T0o yKasaHHAsl KOHUEHTPAnMsi COOTBETCTBYEeT OLHOMY aTOMy
MBILIBSIKA TPHO/IN3HTENBHO Ha 10° aTOMOB repmaHus, HIH 1077 aTomMHOTO
TpOLEHTa. DTO HMeeT MeCTO H B APYTHX NONYyNPOBOAHHKAX. Tak, Ha-
npumep, B 3akuch memu Cu,O npu 300 K cojep:kanue KHCIOpPOZa
B 0,1 aT.% u3MeHsieT 3JeKTPONPOBOJHOCTL NPHMEPHO B 10% pas. tu
NpHMepHl TaKke MOSICHSAIOT, MOYeMY B PAJe C/yuaeB K UHCTOTE HOIyNpo-
BOZHHKOBEIX MaTepHaJOB MPeNbABJSAIOT HCK/IOUHTE/IbHbIE TpeGOBaHHS.

ORHAKO NpPH 3TOM ClIefyeT HMeTb B BHAY, YTO ONpele/eHHs TONBKO
CONpOTHBJIEHHS], TaK e KaK H ONpejeeHds TOIbKO KOHIEHTPaiHH
HOCHTeJslell 3apfiia, MOMKET OKa3aThCsl HEJOCTATOUHBIM 1A CYXKACHHA
0 YHCTOTe MaTepHasia. EC/H B NOYIPOBOJHUKE HMEIOTCS ONHOBDEMEHHO
JOHOPHLIE H AKUENTOpHbe MPUMECH H NPUTOM npuOAU3UTEIBHO B OJH-
HAKOBBIX KOJTHUECTBAaX, TO IPHMECH MOTYT KOMIEHCHPOBATh ApYT Apyra.
[TpH 3TOM KOHIEHTpaUMs 3J1eKTPOHOB MONKET ObITh Masa, a yleabHoe
CONpPOTHBJICHHE MOXKET jax<e MpeBblaTh p; BCAEACTBHE YMEHBUICHHA
TMOABHIKHOCTH H3-32 NIPHMeCHOro paccesHus. [TosTomy Takue H3MepeHis
BCerja e/aTeJbHO JOMOJNHATH ONpefiesleHHeM TOABHXKHOCTH, KOTODas
B CJyuae KOMIIEHCHDOBaHHBIX npumecelt GyneT Bceraa 3aHIKeHHOMH
BCJEJICTBHE JIOTIOJHHTEIBHONO TIPHMECHOTO pacCesHHA. _

C npyroii CTOPOHHI, HMEIOTCS H TaKHe IpHMeCH, KOTOpbI€ cnabo
BAMSIOT HA 5JEKTPONPOBOAHOCTL. [1pHMEPOM MOXKET C/1YKHTh KHC/IOPOR
B repMaHHH H KPeMHUH, CO/lep:KaHHe KOTOPOro MOZKeT JOCTHTaTh COThEX
noneit aT.% 63 CYHmEeCTBEHHOTO BJIMSHUSI Ha 3/EKTPONPOBORHOCTD.

W3 CKa3aHHOrO TaKiKe fICHO, UTO BJIHSHHe TpHMeceli Ha 3JEKTpo-
TIPOBOJHOCTL 3aBUCHT elle OT o0JsacTu Temneparyp. TosTomy OfuH H
TOT XKe MaTepHai B 06.1aCTH COGCTBEHHOH IIPOBOXHMOCTH (BBICOKHE
TemmepaTypbl) MOKeT paccMaTpHBAaThCA KaK OUeHb yhCcTHIE, @ B o6Aa-
CTH TIPHMECHOH IIPOBORMMOCTH (HH3KHE TemIiepaTypbl) — KaK OYeHb
TpA3HLI.

oc. Maenemoconpomugaesue. B § 3 Mbl BHAeNH, 4TO €C/IH HMEETES
OJH THII HOCHTeJIell 3apsifia | /1 U T He 3aBHCAT OT HanpasJeHns IBHKe-
HHA, TO H3MeHeHHe COMPOTHBJECHHSI B IIONEPEYHOM MATHHTHOM HOAE
Ap,/p HOMKHO GBITb B CnabblX MATHHTHLIX MOJAX ~J32, Tako#t xe
pe3y/ibTaT INoJNydaeTcs M TpPH yuere HECKOJBKHX THIIOB HocHTeneil
3apsfa. ONBIT IOKA3bIBAET, YTO 3TO JEHCTBHTE/ILHO HMEET MECTO.

OnHaKo Jpyrue BLIBOAb NPOCTOH TEOPHH HE COTVIACYIOTCS C OLITOM.
Bhie Mbl y2Ke FOBOPHJIH, YTO B M30TPOMHOH MOJe/IH IPORONBHOE Mar-
HeToconpoTHB/eHHE A p)/p HOMKHO OBITh PaBHO HyJio, TaK Kak NpH
napa/ie/ibHbIX MarHHTHOM IOJe H CKOPOCTH npefida cuna JlopeBua
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pasHa.Hymo. Ha puc. 1.15 nokasana 3aBucuMocTs Ap/p or yraa @
MeXK/y HalpaBJeHHSMH TOKAa H MarHMTHOTO NOJS B FepMaHHH H KpeM-
Huu. M3 pHCYHKa BHMAHO, YTO MNpOJAOJAbHOE MAarHeTOCONpPOTHBJEHHE
Apyl/p (mpu 6 =0 u § = 180°) oTHIOAL HE DABHO HYJIO, 4 HMEET
TOT JKe NOPAOK BesinuuHbl, UT0 H A p | / p.Kpome T0L0, BesinumHa Ap | / P
OKa3biBaeTCsl 3HAUHTe/bHO GOJIbILUe, YeM BLIYHC/IAEMAsl U3 M30TPOIHOI
MOZesH. VIMeloTcs M ApyTHE PACXOKIEHHS IPOCTOH TEOpHH C OIMBITOM.

3T0 nokKasbiBaeT, YTO U30TPONHAA MOAE/b HEIOCTaTOuHA JJIf KOJIH-
4eCTBEHHOTO OMHCAHHS MarHeTOCON pPOTHBJIEHHS.

HaGnionaemble 33KOHOMEPHOCTH Y/I0BJIETBOPHTE/IBHO oémcmmrc;{
No/HOH TeopHefi, quTbIBaIOHLeH AHU30TPONHIO 3(h(EeKTHBHBIX MacC H
BpeMeH pe/laKcaiH, HajlHuue Ho-
cuTesiell 3apfla pasHbIX THIIOB H
3aBHCHMOCTb BpeMeH peflakcaniu
OT 3HeprHH. YacTHUHO 3TH BONIPO-
cpl paccmarpusatores B ra. XI1ILL

% CyMMHpYySl pacCMOTPEHHbIE K~
= criepUMeHTasIbHble  JaHHbE, Mbl
§ APHXOAUM K C/ACAYIOUIHM BaXKHBIM
<, BBIBOJIAM:

S a) OOpasoBaHHE 3JIEKTPOHOB

IIPOBOAHMOCTH B IOy POBOAHH-
Kax, B OTJIHYKE OT MeTa/lJIoB, Tpe-
GyeT ompeneseHHON 3HEpPruu ax-

1 [}

20 360

o W ﬁa{eﬁ o7 rupaunn.
6) SDJeKTPONpOBOJHOCTH B IO-

Puc. 1.15. 3apucuMocTb MArHeToconpo- — JIYNpPOBOZHHKAX MOXKeET OCYILECTB-

TuBAeHHs Ap/p or yraa 8 Mexay na-
NPaB/eHEAMHE TOKA H MarHHTHOTO MOJIS JAATBCA HE TOMBKO 3JEKTPOHAMH,

B repmaupH (nyiikrap) R kpemmaw HO H TOJIOKHTEJBHO 3apSIKEHHbI-
(cnmomHas kpuas) n-tMna. Tok wHa- MM YaCTHH@MH — JbIpKaMH.,
upaesen no [100], M&rHHTHOe noJie Je- B) B moiynmpoBogHuKax Cyiie-
it B nsockocts (010). CTBYeT COGCTBEHHasi  IPOBOM-
MOCTh, ompejejsemasl  TONBKO
CBOHCTBAMY . OCHOBHO# peHIeTKH KpucTa/uia, M TpHMecHast IpPOBOJIH-
MOCTb, OOYCJIOBJIEHHAsl COJEPIKAaIHMMUCA B KPHCTa/ljle NPHMECSMH.
r) [Ipu onpeneneHHBIX YCJAOBHAX NPHUMECH MOTYT OUeHb CUJIBHO
BJIMSTH Ha 3/1€KTPONPOBOJHOCTD; TP 3TOM Pa3jiHYHbie MPHMECH MOXKHO
pasfesuTh Ha JBe TPYNILI: BBI3LIBAIOMIKE 3JEKTPOHHYIO NPOBOAUMOCTE
(ZOHOpHBIE) H ABIPOYHYIO NPOBOAUMOCT (akuenTopHoie)..
- 7)) TToaBHKHOCTH HOCHTe el 3apaLa B Pa3/THUHLIX NOJNYIIPOBOJHHKAX
MOTYT OTJIHYAaTBCA HA MHOTO NOPSAKOB, YTO YKasbiBaeT Ha Cu/ibHOe
pasnuune >GQeKTHBHBIX MacC M BpeMeH peJIaKCaiud.
e) Bpemsi pesnakcanuMM 3aBHCHT OT 3HePTHH HOCHTeJel 3apsaa.
Bpemsa penakcanuu w 3pdeKTHBHAS Macca MOrYT 3aBUCETb TaKxke OT
HanpaBJeHHA ABHKEHHUS.



F'araea I

XUMHYECKHUE CBSI3H B MOJYNPOBOAHUKAX

TMonnas Teopusi TBEPHOTrO Tesa JOJIKHA OCHOBBIBATbCH HA KBAHTO-
BOMeXaHHYeCKOM PacCMOTPEHHH CHCTEMbI H3 MHOTHX 3JIEKTPOHOB H 2TOM-
HBIX f7ep, B3aUMOJEHCTBYIOMHX Mex1y co0oi. Takoi CTpOrui MoAXox .
CBA3aH C HEOOGbUAHHLIMH MaTeMaTHUeCKHMH TPYNHOCTAMH, U TIO3TOMY
TIpH NPAKTHYECKOM pelieHHH 3aJaul NPHXOAUTCA TpHOeraTh K TeM WilH
MHEIM pajMKajabHBIM yrpoumeHnaM. Tak MoCTynawT, HanpuMep, B 30H-
HOH TeOpHH TBePJIOTO Tesia, KoTopas GyNeT paccMOTpeHa B Cllenylomei
rJase.

OnHako, Hapsfy C ITHUM, BecbMa II0JIe3HBIMII OKa3bIBAKOTCSA TaKKe
no/y(heHOMeHOIOT HUeCKHe CII0cO0bl aHa/Mu3a CBOHCTB MOMYTPOBOAKH-
KOB, TIPH KOTOPBIX YaCTb MUKPOCKONHYECKHX XapaKTePHUCTHK BEIIECTBA
He BbIUMC/IAETCS, 4 3aHMCTBYeTCs 3 onbiTa. [Ipn sToM HauGosee cyumec-
TBeHHBIE OCOGEHHOCTH B3aHMOJEHCTBHA MEXKY 3/JIEKTPOHAMU H ALPaMH
VUHTHIBAIOTCA aBTOMaTHueCKH. OJIMH U3 TaKHX CII0CO00B, KOTOPBIH
MOKHO Ha3BaTh KPUCTAJJIOXUMHYECKHMM, 3aK/IHOYaeTcsl B analne 0co-
GeHHOCTel XHMHUECKHX CBA3ell B moaynpoBojHHkax. O ocHOBaH Ha
TOM, MTO 3HEPrHsi XHMHYECKOH CBA3H aTOMOB BHYTPU.KPHUCTaJja 3HA-
yuTenbHO WeHblie 3HepPruH HOHH3AMMH BHYTPEHHHX OOO/IOUEK aTOMOB.
Tlo 5Toit MpUYHHE OKA3BIBAETCS, YTO COMOCTAB/IAS MEXKIy COGOH: a) pac-
NOJIOKEIHe aTOMOB B CTPYKType HAHHOTO BellecTBa, §) 3/EKTPOHHYIO
KOHOHTYpALHIO aTOMOB, H3 KOTOPBIX NOCTPOEH MO/yNPOBOIHHK, H B)
THII XUMHUYECKOH CBA3H, yAaeTcs OTBETHUTh Ha MHOTHe BaXXHbIE€ BOIPOCHL.
TakuM croco6oM MOXKHO OOBACHUTH, IOYEMY OAHH BemecTBa OKasbl-
BaioTCS TIOYIPOBOHHKAMH HIIH H30/1ATOPAMH, @ ApYTHe — MeTa/liamu,
H B U3BECTHOH CTEMeHH MpejiCcKasbiBaTh HAJIHUHE [0JYNPOBOJAHHKOBbIX
cBOHCTB. MOXKHO TOHSTh, KAKHM 00pa30M H3MEHSIOTCS OCHOBHBIC 110y~
NPOBOJIHMKOBbIE XapaKTEPUCTHKH (UIMPHHA 3aIPelleHHOH 30HBI, NOJ-
BHXKHOCTb M 1p.) BHYTPH JAHHOTO KJjacca aHaJOTHYHBIX BELIECTB, a
TaK:Ke H psij APYFHX OCOGEHHOCTEH MOJYIPOBOAHHKOB. Taxkoil ananus
[03BOJIAET TaKKe OOGDBACHHTH MPOHCXOXKJACHHE I[I0JYIPOBOAHHKOBBIX
CBOHCTB Y HEKOTODBIX HEKPHCTA/MIHYECKHX BEWeCTB (aMopdHbie v XKull-
Kie TOJyNpOBOAHHKH), UTO MOKa ropasipo Tpyluee ciesaTh ApPYTHMH
criocoGamu. HejoCTaToK 3TOro MeTofa 3aK.iouaercs B TOM, 4TO GOntb-
WIHECTBO MOJyYaeMBIX De3y/IbTATOB HMEET KaueCTBEHHbIH XapakTep.
OpHaKO ero JOCTOHHCTBOM fiBjsieTcsl 6o/bliuasl HarjsAHOCTb, H IIO3TOMY
Mbl CHAya/Ja OCTAHOBHMCHA Ha 3TOM MeTOJe. '
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§ 1. Kpucraminyeckue peiieTKu

B nanbneiiieM Mbl GyieM yUHTBIBATD, YTO aTOMbI BHYTPH KPHCTAJ/10B
PACIIOJIOKEHEl B IPABHJIBHOM TOPAIKE H MOSTOMY KPHCTaJIbI obJiagarT
CBOICTBOM MPAHCASIWUOHHOL CUMMEMPUL. dro 3HAUKT, YTO AN J6oil
KPHCTAJUIHYECKOH CTPYKTYPhl MOMKHO YKa3aThb TpH HEKOMIJaHapHbIX
BEKTOpA 4, 4y, a3, 00/1aAAIOLLHX TEM CBOHCTBOM, YTO Jo0oe nepeneLienHe
CTpYKTypHl Ha BEKTOp

a, = ayn; -+ 2y, -+ a3, (1.1)

THe ny, fy, Ny — JIOOHIE Lleble YHC/IA, OCTAaBAfeT 3TY CTPYKTYpY HEH3-
smeHHON. HauMeHpIIHé 3HaueHUs BEKTOPOB a;, d, M a3, B COOTBETCTBHH
¢ IPUHATOH TePMHHONOTHEH, Mbl Gy/1eM Ha3bIBaTh OCHOGHbIML 6eKMOPaAMU
KPHCTaJLTHUeCKOfl pelieTKH, a BEKTOp &, — 6eKMOpOM peuiemxu, o60-
sHauasi MHAEKCOM 71 COBOKYNMHOCTDb LEJBIX YHcen (1, Mg, Ng).

PasymeeTcsi, TOBOPA O TPAHC/ALHOHHOH CHMMETDHH, MBI JIONyCKaeM
YI3BECTHYIO HAEAJN3ALHIO, TAK KaK OTBJICKAeMCS OT TENJIOBOFO ABMIKCHHS
aTOMOB M He YUHTLIBaeM KOHeYHble pasMepbl KpHCTas/a. Opanako nas
MHOTHX BOIIPOCOB 3Ta MJeajiH3auys HeCYyuleCTBEHHA.

Ecau W3 HeHTpa KaKoro-1HOO aroma peuweTkH (ysia pelIeTKH)
OT/IOKHTH OCHOBHBIE BEKTODHI a;, @, H @z, Mbl NOJYYHM HEKOTOPHIH
napajjleentnel — 3eMeRMapryo Auedry Januod peretkH. [lpu aroMm
BeCh KPHCTA/ MOXKHO TIPEJCTaBUTh KaK NOC/IEN0BATEIbHOE NOBTOPEHHE
€0 3JIeMEHTapHBIX fAUEeK.

DemeHTapHas siueiika MOXKET COJep:KaTb OfMH HJIH HECKONbKO aTo-
MoB. B mepBom ciiyyae Mbl OyleM FOBOPHTbL O npocToil pelserke, a BO
BTOPOM — O CJIOXKHOH peinerre. BeAKYo C/I0KHYIO DEIIETKY, O4CBUIHO,
MOKHO PaccMaTpHBaTh KaK HECKONbKO NPOCTBIX DELIETOX, CMELICHHLIX
onpeie/ieHHEIM 06pasoM APYr OTHOCHTEJNbHO Xpyra. COBOKYIHOCTD
KOODJIHHAT Tyq, Tags +--y Tng BCEX aTOMOB (OTCYHTAHHBIX OT KaKOro-jin6o
y3Jla pelleTKH), BXOJALIHX B COCTaB ONHOH 3J€eMEHTapHOH AYeHKH,
o6pasyeT 6a3uc NaHHOH CJIOXKHOH DeIeTKU.

[eomerpHuecKHe CBOACTBA Pas3/HYHBIX BO3MOXKHBIX KpHCTaMIHuec-
KHX CTPYKTYP NOAPOGHO HCCIIENYIOTCA U KJacCHQHULIPYIOTCA B KpUCTAJl-
sorpadgun. B 3aBHCHMOCTH OT COOTHOLICHHSI MEXIY YIJIaMH, COCTaB-
JIEHHBIMH OCHOBHBIMH BEKTOPaMH PELIETKH APYT C APYTOM, H HX NJIHHAMH
pa3UUHBE CTPYKTYPHl TOAPA3JeVSIOTCA HAa CEMB KPHCTAATHYECKHX
CHCTeM, HJH CHHrOHHil. B 3aBHCHMOCTH XXe OT HaGopa 3MeMeHTOB CHM-
MeTpHH, KOTODHIM 00JaJaeT KPHCTaLJ B LEJOM H €ro S/MeMEHTapHble
siueliKH, CTPYKTYPBl XapaKTePH3YIOTCS Pas/THUHBIMU KPUCTA/IIHYECK HMH
KJaccaMH H TpPOCTPAHCTBEHHBIMM Tpynnami (cM., HampuMep, [M4}).

JIas nanpHEHLIEro CYIECTBEHHO UMeTh B BUY, YTO BbIGODP OCHOBHBIX-
BEKTOpOB, a CJ/eoBaTebHO H 3/IeMEHTapHON fAYEHKH, B HU3BeCTHOI
CTelleHH TPOH3BOJIEH. PaCCMOTPHM ABYMPpPHYIO TPOCTYIO NPSAMOYFrOJb-
HYIO PELIETKY ¢ OCHOBHEIMH BEKTODAMH &y U a, (puc. 2.1,a). Ee anemen-
Tapuas syeilka ecTb MPAMOYTOJbHHK, BEPLIHHEI KOTODOFO MOKHO Io-
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MeCTHTb B Y3Jbl DCHICTKH. Tak xax Ka¥ibi# U3 y3J0B OTHOBpEMEHHO
IpHHAAJICKHT YETBIPEM COCeJHUM siuefiKaM, TO YHCJIO aToMOB B Auelxe

1 o . o
pasHo 4 = L. OueBHIHO, YTO H JIO00H JApyroil MOAOGHBIH MpaAMO-
yroNbHHK, HOTyYeHHBI M3 NEp3Oro napasjeJbHbIM €ro CMelleHHeM

Puc. 2.1. [IsyMepHas npsMoyroJibHas pellleTKa: @) npocras; 6) LeHTPHpoBaH-
' Hasd. a;, a, — OCHOBHBIE BEKTOPHI pellleTkH Bpasa.

(puc. 2.1,a), Gynmer Takke 37eMeHTapHOH suelikoil. OIHAKO MOXKHO
U3MEHATb H GopMy 3/deMeHTapHOH fuefiKH, DTO HILTIOCTPHpPYeT pHC. 2.10,
Ha KOTOPOM H200paxKeHa JByMepHas
npAMOYTOJbHAsE  IEeHTpHpOBaHHAs
peiterka. B ravecTse ee OCHOBHBIX
BEKTOPOB Mbl IIO-IIPEKHEMY MOKEM
BpIOpaTh B3aHMHO NePNEHAHKYJsp-
Hble BEKTOpH a, H a,. Torja ee sJe-
MeHTapHas suefika Oy/lerT npsmMoyro-
JBHHKOM, COJepXallluM JBa aroMa,
a ee Oasnc OyzgeT rip=0 U ry =
= 1/,(a, + a,). OnHaKo B KadecTne
OCHOBHBIX MOXHO BLIGpaTb TaKxe
BEKTOpPHl 4; H Aa,, NpOBeleHHbie H3
J106Oro y3/a K LeHTpaM MpHJerarmo- -
WHX [PAMOYFOJILHHKOB. B 3TOM Puc. 2.2, I_I"pﬂMoyI‘OJIbHaﬁ 3/IeMeH-
TapHas dAueHKa OGBEMHOLEHTPHPO-
Cly4ae Mbl NOAYUHM SMEMEHTAPHYIC  panpofi kxy6uueckol pelleTKH (0CHOB-
siuellky B Qopme pomba, COHEpIKa- mple BeKTOphl ay, ay, 8;) H POMGOIA-
Y0 JIHIIE OJHH aTOM. puyeckas fuefika pemerku bBpass
To ke camoe HMeeT MeCTO M JId (OCHOBHEIE  BEKTOPH ay, dz, ).
TpexMepHBIX CTpYkTyp. Ha puc. 2.2
NI0KAa3aHO PACHO/ICKEHHe aTOMOB B KYGHUECKOH IIeHTPHPOBAHHOM pe-
merke. EC/IH HanpaBuTb OCHOBHEIE BEKTOpHI ay, a, &, BOTb pedep
KyGa, Mbl IOJIyUHM KYOHUECKYIC 3JIEeMEHTAPHYIO AueHKy. Tak Kak Kax-
ARl aTOM B BEPUIHHAX NPUHALEXKUT ONHOBPEMEHHO BOCHBMU COCELHHM




52 XUMHMUECKME CBY3U B INOJAYIIPOBOAHHKAX [ra 11

o . N 1.
Ky6aM, TO WHCJO aTOMOB B sieiiKe PaBHO & -8-+1==2. Ee 6a3nc ec1b

. ro=0, ry="a,+"sa,+"a,

a KOOpAIUHATH Y3JIOB paBHbI
= _axlx + ay’y +a.l,, (1 .23)
r=a, (e + o) +a, (4 1) +a: (1), (1.26)

rre. I, 1, 1 I, — mobple nesbie yHcia. Takyw pelerky MOXHO pac-
CMaTpHBaTh Kak JiBe MPOCTbIe KyGHuecKHe peIleTKH, BABHHYTHIE APYT
B Apyra. Ho 3a OCHOBHBIE BEKTODHI MOKHO TaKXKe NPHUHATH U BEKTOPEI
Ay = — 1/2ax + l/zay -+ 1/232r
82 = 1/2ax - I/Zay-l" I/Zaz’ (l '3)
ag="1,a,+/a,—~ /A,
KOTOpHE NQJYYaloTcs, ec/d M3 Jio0Ooro ysja pewerku npoBecTH Of-
pe3KH X IeHTpaM npmieraiollnx Ky6os. Torga mnosnyuutcs pomGo-
aZiphuecKas sJeMeHTapHas fueiika, NokaszaHHas Ha puc. 2.2. Tak kak
aTOMBl B TAKHX AdefiKaX pacloJIOXKeHBl TOJLKO B HX BepIlMHAX, BCeE
fiYefiKH COJep:KarT JIHIIL 0 OJHOMY aTOMY,
a peierxka, NMOCTPOEHHAs M3 3THX fAYeeK,
okaspiBaetcs npoctoil. Ilpu 3TOM KoOpIH-
HaThl BCEX y3JI0B OYAYT Bhipa:KaTbcs dop-
MyJIoH
l'=alll—|—a.212—|—a3l3, (1.4)
rae L, 1, I; — no-npexHemy unesble UHC-
na. Tloacrasass B ¢opmyay (1.4) Bmecto
a,, a, 4 a; ux Buipaxkenus (1.3) u conocTas-
Jifig TMOJy4YeHHOE BRIpaKeHHe ¢ dopmyila-
mH (1.2), Jerko BUaeTh, u4to npH (I;+1,-+1y)
p 03 . YeTHOM Mbl IOJyYaeM BepHIMHBI Ky6OB, a
D eran bt mpit (1) Hewersion. — X eHTp.
4ecKofi pemeTKH C LeHTPHpO- Bropoil Ba:KHBII mpHMED NOKAa3aH Ha
BaHHBIMH TpaHsME u pomGo- pPHC. 2.3, rle n3obpazkeHa Kkybuyeckas pe-
onpivecKas suelixa pelWeTKH  [1eTKa C [IEHTPUPOBAHHBLIMH IpaHsaMHd. Bl
Bpass. ' Gupasl 3a OCHOBHBHIE BEKTOPHl ay, Ay, A,
HanpasJ/eHHble BJlO/Ib pefep ky06a, Ml mo-
Jy4aeM CJOXKHYIO pemleTKy. Tak Kak KaKnablif aTOM B LleHTpax rpaHei
NpHHAJLJIeKHT JABYM COCeJHHM suefikaM, TO YHCJO aTOMOB B OAHOH

o 1 1 : N
Aueilke PaBHO o -8+§ -6=4 u 6Ga3uc ee ecTb

=0, ryp=1(@a,+a), rp=Y(@,}+a), re="%Y(a,+ay).

PaccMaTpHBaeMylo CAOXKHYIO PemleTKy MOXKHO IIPEeICTaBHTL Kax CMe-
LIEHHBIE APYT OTHOCHTEJNBHO ApYyra 4eThipe mpocThie pemeTkH. ORHAKO
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oHa oOpalaercss B NPOCTYIO PEIIETKY, €CJHH B KauyecTBe OCHOBHBIX
BhIOpATh BEKTOPHI, HanpasJ/eHHble H3 JIOOOro ysJja K LEeHTPaM npuJe-
ramuiHxX rpaHef:

a,=1,(a,+a;), a,=1',;(a.,+a), a;=1,(a,+a,). (1.9)

Toraa nosiyyaercsi poMGosfpHuecKas aueitka, NOKasaHHas Ha pHC. 2.3.
M3 pucyHka BUIHO, UTO aTOMbI B fuefike PaCIo/IOkKeHbl TOIbKO B BOCHMU
ee BepUIHHAX, TAK YTO HA OJHY .siUefiKy NpuXomutcsa omuu atom. Ilpu
BHIGOpE Takod pPOMGO3NPHUECKOH AYEAKH KOOPAHMHATHI BCeX Y3/0B
I'paHENEHTPHPOBAHHON pellleTKH ONATh BhlpaxkawTcs popmyJioi (1.4).

-~ B kpucraniorpagHu MoKasbiBalOT, YTO BCErO CyllecTByer 14 THnos
KPHCTAIMYECKHX DPeILeTOK, KOTOphble MOTYT GBITb CBEJEHBI K MPOCTHIM.
OuHu noJyYu/u Ha3BaHHe pewleToxk Bpass. ‘

VI3 cKa3aHHOTO BUAHO, YTO YHC/JIO aTOMOB, NPHHAJJIEKAIIHX OJHOH
AueiiKke, 3aBUCHT OT BriGOpa Gopmbl (U pa3MepoB) suelikd. OTMETHM yKe
cefiyac, 4To 3HaHHe HaUMEHbIIEro KOJHYeCTBa aTOMOB B OAHOH syeike
CYIIECTBEHHO /15l NOHMMAHHA HEKOTOPbIX ABJEHHUH B TBEPJOM TeJe.
B uyacTHOCTHM, OT 9TOro YWc/a 3aBHCAT BO3MOXKHBIE THIBI KOJIe0aHui
pemeTkH, KoTopble GyayT paccMorpenbl B ra. XII.

BaxkHo#l 1Jis JafbHEHHIero XapaKTepHCTHKOH CTPYKTYphI ABJISETCA
KOODAMHAIHOHHOe uHcao k. OHO yKaspiBaer, CKOJIbKO GJIHXKAaHIIMX
cocefieil UMeeT aTOM B JaHHOH CTpykType. Tak, Hampumep, B IPOCTOIi
KyOUUeCKO#l pemieTke Kax/plil aTOM HMeeT [mecTb GJHKAAIIHX cocenei
H, COOTBETCTBEHHO, k = 6.- B 0GBEMHOHEHTPHPOBAHHOH KyOHUECKOH
pemeTke KaxIblit atoM (HaxXONfIHMIICH, HAalpHMEp, B LEHTpe KyOuuec-
KOl 3JeMeHTapHON sAuellkH) uMeer BoceMb OJIHKAHIIMX cocenedl (B Bep-
IMHax fAuefikd) H k = 8. [na kyOuueckOf TIpaHEHEHTPHPOBAHHOM
peieTkd k£ = 6.

B KpHcTanax XHMHYECKHX COeJHHEHHH, pelieTKH KOTOPHIX cojep-
3AaT HeOJIHHAKOBEIE aTOMblI, KOOpAHHAIHOHHEIE HHC/IA JJIs aTOMOB pas3-
HOT'O THIIA MOTYT GbIThb pasauyHbl. C TAKMM IIPHMEPOM Mbl BCTPETHMCS
HIDKeE,

§ 2. duekTpoHHas KoHdMrypauus aromos

Kak H3BeCTHO M3 aTOMHOH (M3HKH, COCTOSIHHE JJIEKTPOHA B H30JIH-
POBAHHOM aTOME OIpeje/isfieTest YeThIPbMSl KBAHTOBBIMM YHC/IAMU: TJ1aB-
HBIM KBAHTOBBIM UHC/IOM 7, a3HMYTaJbHbIM KBAHTOBBIM 4HCJOM [/, Mar-
HUTHBIM KBAHTOBLIM YHCJIOM /1 H CIIHHOBBIM KBAHTOBBIM YHCJIOM .
['1aBHOE KBAHTOBOE UMCJI0 MOXKET IPHHHMATH IOJIOKHTEJBbHBIE LeJbie
siuayeHus 1 = 1, 2, 3, .. COBOKYNHOCTh 3JEKTPOHOB, XapaKTepU3yeMbiX
UIMHAKOBBIM FJIAaBHLIM KBaHTOBBHIM UHCJIOM, 0Gpasyer 3J/1eKTPOHHYIO
000JIOUKY aTOMa.

KBanToBoe unc/io ! (HasblBaeMOe WHOrJA KBAaHTOBBIM WHCJIOM OpOH-
Ta/JbHOTO HMIYJAbCA) ONpenessier BeJHYHHY MOMEHTa KOJHYeCTBa
IBUMEHHA 3/JEKTPOHA M MOXKET HMeTb £ DPaslUuHBIX SHAYEHHIl:
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[1=0,1,92, ..., (n—1). B orcyrcTBHe BHEIUHHX MarHHTHBIX M’
s/eKTpHUecKHX nojiefl sueprus snekrpona E = E(n, [).

D/eKTPOHbI C OJMHAKOBBIM KBAHTOBHIM UHCIOM [ 06GpasyioT rpymiy
3JIEKTPOHOB. DJIEKTPOHHAs IPYINa eCTb 4acTb 576eKTPOHHOH OOOJIOUKH.
B cujly MCTOpUYECKHX TPajMLHi, CBA3AHHBIX C HaHMEHOBaHHEM ONTH-
YeCKHX CNEKTpaJNbHBIX Cephit (M YCTaHOBJIEHHBIX 3aJ0Jr0 A0 pasBHTHA
COBpEMEHHOIl KBaHTOBOHl TEOPUH aTOMa), PAa3JHUYHBIE 3JEKTPOHHBIE
rpynnsl MpHHATO 0G03HauaTh GYyKBaM¥ MO CJeLyiollel cxeme:

(1=0,1,2 3, ...
S, P, d, [, veo

B COOTBeTCTBHUH € 3THM COBOKYIIHOCTR 3JIEKTPOHOB, NpHHaLACKAMMX
K OnpesieieHHOH 000JI0uKe U ONpefie/ieHHOH TpyNie, Mbl 6ynem o6o3Ha-
yaTh YKa3aHHeM IJIaBHOTO KBAHTOBOIO WHMcJa 7 M GYKBEHHOrO obo3Ha-
weHHs TPYNNBl, a MHAEKCOM CBepXy YKasuiBaTh (AKTHYECKOE YHCIIO
HMEIOIMXCS B aTOMe TaKHX 3JeKTpoHoB. Tak, HampHMep, CHMBOII 3p*
oBo3Hauaer, YTO B aTOMe HMeeTcsi 2 3JIeKTPOHZ B KBAHTOBBIX COCTOA-
HHAX, XapaKTepU3YIOUMXCs KBAHTOBBIMH UYHCJIAMM 71 = 3ul=1

TpeTbe KBaHTOBOE YHC/IO /77 YCTAHABJIHBaeT BO3MOXKHbIE HPOCTpaH-
CTBeHHbIe HANpaBJeHHs BEKTOPa MOMEHTA KOJHYeCTBAa IBHAKEHHS IIpH
HAJHUMH KAKOro-aH60 (U3HUECKH BBLACJIEHHOrO HaNpaB/JeHUSA U MOKET
npunumats (2! 4 1) sHauenuit: m = — I, —(—=1) o 0, oo
(—n, L

‘YerpepToe KBaHTOBOE YHCJO s OOYCJNOBJEHO Ha/jlH4HEM Yy CaMoro
SMEKTPOHA (HE3aBHCHMO OT €ro JBMKEHHA BHYTpPH aToMa) OmpeneseH-
HOTO MEXAHHYECKOTO MOMEHTA KOJIHYeCTBA ABIKEHHS («CTuHa») (U CBS-
3aHHOTO C HHM MATHHTHOTO MOMeHTa). JlJ1s COOGCTBEHHOro MeXaHHuec-
KOTO MOMEHTa 3J/IeKTPOHA TaKiKe HMeeT MeCTO NPOCTPaHCTBEHHOE KBaH-
Topanye. OIHAKO CHHHOBOE KBAHTOBOE YHCJIO MOXKET IIPUHHMATh TOJMLKO
ABa DasJMYHBIX 3HaueRus: § = 1/,

Cornacio npunnuny I[layiu g atome (kak H B J0GOi Apyro CHc-
TeMe 3JeKTPOHOB) B OZHOM H TOM K€ KBAHTOBOM COCTOSHHH HE MOXKET
6biTh GOJIee OJHOTO 3JEKTPOHA. DTOT IPHHUUN HNPHUBOAHT K ONIPEAEJIeH-
HOU KOHMeUHOH BMECTHMOCTH 3JeKTPOHHBIX TPYII M 3JEKTPOHHBIX 060-
nouek. COTVIACHO CKa3aHHOMY BMeCTMMOCTb rpymmel (! = const) paBHa
¥HCJY Pa3JHUHBIX BO3MOXKHBIX 3HAYEHHH /711, YMHOXEHHOMY Ha 2 (Bcaen-
eTBHE JBYX BOSMOXKHBIX 3HaueHHil s) uan 2(2/ + 1). 310 naet pas pas-
HBHIX Tpymm:

rpynnas s p d [ e
i o1 2 3 ..
BMECTHMOCTD: 2 6 10 14 ...

B Ka0i1 3aN0JIHeHHON IPyITe BCErJa HMEETCS YeTHOe UACTO0 3MeK-
TPOHOB, M IPH 5TOM KaMJIOMy 3JIEKTPOHY € OMpe/ie/leHHbIMH KBaHTOBLIMU
yucaaMu n, [ M m Bcerjia COOTBETCTBYET APYIOd 3JeKTPOH € TEMH XKe

- KBaHTOBBLIMH UHCJaMM, HO C NPOTHBOHOJOXKHO HANpaB/EHHLIM CIIHHOM.
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BMecTHMOCTh o6ojouek (1 = const) pasHa

n—1

3 2@+ 1) =20t
1=0

Aro paer:
o6oJtouKa: KL MN O P
n: 12 3 4 5 6
BMECTHMOCTE! 2 8 18 32 50 72

HanoMHUM, HAKOHeLl, YTO 3aTIO/IHEHHBIE SJeKTPOHHBEIE TPYNNbL 06Aa-
naT .0co60oi ycroiiuuBocThio. HasMuhe TakHX 3amnO/HEHHBLIX TPyIN
XapakTepHO /sl aTOMOB G/arOpOJHBIX rasoB. XHMHUECKAs BaJjeHTt-
HOCTb 2TOMOB OMNpeJesieTCsl 3/7eKTPOHAMH BHEUIHMX He3aNoJHeHHbIX
rpynn (BaJEHTHBIMH 3JEKTPOHaMH). ATOMBI MeTas/OB XapakKTepH-
3YIOTCA HEeGOMbUIIM YHC/JOM BaJeHTHBIX 3J/IEKTPOHOB, KOTOpbIE CpaB-
HUTE/ILHO JIETKO MOTYT OTWIETNAATbCA OT aToma. Tak, HanpuMep, aToM
THIHYHOFO MeTajJa HATpHA;, HMelomuil TNopsaKosblit Homep Z = 11
N 06aalalolui, caefoBatesbo, 11 31eKTpoHamMi, UMeeT 3JeKTPOHHYIO
CTPYKTYPY- . '

Nall:  (1s)? (25)% (2p)¢ (3s)' = (Ne)*® (3s)'.
Y atoMa HATpUs MMEeTCs TONbLKO OJMH BAJIEHTHBIH 3JIeKTPOH 35, H MO3-
TOMY HATpHil fIBAfAETCS ONHOBAJEHTHBIM.

VY aToMOB MeTaJ/JIOHAOB, HANpOTHB, OAHA W3 3JIEKTPOHHBIX TPYNI
nmouyTH 3anosiHeHa. Tak, HanpHMep, y aToMa THMIIHYHOrO MeTajlIoHja
¥/lopa 3JMEKTPOHHAS CTPYKTypa HMeeT BHI:

CI7:  (Ne)'® (3s) (3p)°.

37ech ISl 3AMIOMHEHHUs TPYNNL! 3p (BMECTHMOCTD KOTOPO# 6 3/1eKTpOHOB)
He XBaTaeT BCEro OAHOro ajekTpoHa. ITostoMy aToM XJ/Opa TOXe OAHO-
pajienTeH. OAHAKO, B OT/IHUHE OT HATpHs, OH He OT/]aeT, a JIerKO IpHCO-
eMHSET ONHH 3JeKFPOH, ueM 00yCIOB/ICHb €r0 MeTa/IOH/Hble CBOHCTBA.

TpuBeneM elie 3JIeKTPOHHBIE CTPYKTY bl aTOMOB yI/1epOAa, KPEMHUS
1l repMaHHs, OCOGEHHO HHTEPECHBIX B CBSI3H C IOJYNPOBOAHHKOBBIMH
CBOMICTBAMU KPHCTAJJIOB 3THX 3JIEMEHTOB:

Cs: (He)* (29 (2p)%
Sitt: (Ne)' (3s)* (3p)?,
Ge32:  (Ar)'8 (3d)'° (4s)? (4p)°.

Bce 3TH 3JeMEHTH PacroJioxKeHsl B OXHOH M TFoll xe moxrpymne IV B
NepHONHYECKOA CHCTeMbl M ABJIAIOTCH YeTbIPEXBAJIEHTHBIMH. HUx ye-
THpbMA Ba/JEHTHHIMH 3JEKTPOHAMH SIBJISIOTCA JBa S$-3/€KTPOHZ H ABa
p-3/1eKTPOHA.

OTMETHM, 4TO y aTOMOB 5THX 3/IeMEHTOB B HE3amOJIHEHHOH Ioc/Ie/HeH
IpyIe HMeeTcs TOABKO /Ba HJIEKTPoHa: (2p)® y yrJiepoaa, (3p)? y Kpem-
nust ¥ (4p)? y repManus, IToaToMy MOXHO Obl/o Gbl OXHAATb, UTO ITH
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3AeMeHTH GY1yT He YeThIpeXBasIeHTHbIMM, & ABYXBAJICHTHLIMH. B zeii-
CTBUTENBHOCTH, OJHAKO, 5TH aTOMbl BCTYNAIOT B XHUMHYECKHE COELHHC:
HHf, HAXOAACh He B OCHOBHOM, a B BO3GYKIEHHOM COCTOSHHH, B KOTC-
POM O/MH H3 $-3JeKTPOHOB NEPEXOAUT B Ipymly p. Tak, Hanpumep, &Js
yrJaeposia 3TO COOTBETCTBYET KOHQHIYpauiH (He)? (2s)* (2p)® u anaJgo-
THUHBIM KOHQUTypauusMm i JPYrHX 3JEMEHTOB 3TOi TOATPYINBL
TTosTOMYy YKa3aBHblE YeThipe - H p-3JeKTPOHA OKa3biBaloTCA NpHHAN-
AeKAUIUMH K He3amnoJHEHHBIM TFpynnaM H fBJAAIOTCH BaJCHTHHIMI
JIEKTPOHAMH, CTIOCOGHBIMH. OGPa30BLIBATh TAK HA3bIBAEMYIO «CUOPHAHYIO
§ — p-CBA3DbY.

§ 3. Tunbl XHMHYECKOH CBSA3H

- QcTaHOBHMCS Tenepb KpaTKO HAa OCHOBHBLIX THIAX B3aHMOJEHCTRUSA

MeX[y aToMaMH (noipolGHee CM. nanpumep, [11). Jlas 57010 paccMOTpHM

: cHauasa npocTefuui cayvai IByx
aTOMOB.

Ha puc. 2.4 cxemaTHYecKH no-

Ka3aHa 3aBHCHMOCTb NMOTEHUHA/b:

Ho#l sueprun U JIBYX aTromMoB OT

pacctosiHusi R mexiy HX fpaMH

AJS ABYX BaXKHBIX THIIHYHBIX CJAY-

yaes. [Ipu 3TOM 3HEprusi aTOMOB

B OTCYTCTBHE  B3aHMOJIEACTBHA

» (R =: oc) mpHHATa 3a HauaJjo of-

A cueta. B cayuae ] sHeprus Besge

HONCIKHTENLHA H  YBEJIHUHBAETCH

TIpH YMeHbILEHUH PAcCTOsHHSA. ITO

03HauaeT, 4TO MeXJy aroMaMu

JleiCTBYeT CHJla CTTa/IKUBaHHA NpH

Jio60oM 3HaueHHMH R, a 3HAUYMT,

o5pa3oBaHHe MOJIEKYJbl HeBO3-

Ul

Puc. 2.4. 3aBHCHMOCTb NOTERUMANBHOM
sueprud U JABYX aroMOB OT pPacCTOSHHIA
R mexay ux aapamu. Kpusas 2 pasJio-

MOKHO. B cayuae 2 noreHuHasz b-
Has 3HEPrHs HMeeT MHHUMYM IIpH
HEKOTOPOM. PaCCTOSIHHU R,. 3Jech

eHa Ha 4acTH, COOTBETCTBYIOULHE CHJIAM
npuTaXeHuss (—:—) H OITAIKHBAHHA

—_—)

BO3MOXKHO 0Bpa3oBaHHe yCTOHYH-
BOH JBYXaTOMHOM MOJIEKY/IbL.

KpHBYI0 NOTEHIHAJ/IbHOH 3Hep-
rHH THMa 2 MOXKHO HCTOJIKOBATh
KaK pe3ynbTar CylecTBOBAHHs JIBYX CHJI: MPUTAKEHHUS H OTTAJKHBAHHA.
INonHas NMOTeHIUasbHas SHEPTHs COCTOHT M3 CYMMBI ABYX CJ/araeMbiX:
nonokuTenstoro U, (0TTajKkuBaHue), GHICTPO YOBIBAIOIErO NpH yBe-
JIMUEHHH PaCcCTOSIHHS, H OTpHUATeNbHOrO Upp (nputsKenue), yMeHb-
{AIOIETOCst C PacCTOsHHeM GoJiee MeJVIEHHO (pHC. 2.4).

Pa3aHyaloT. CeNyIoiHe OCHOBHEIE THIIE XHMHUECKOH CBA3U! a) MOH-
HYI0, HJH TeTepOnoJsipHYIO, 6) KOBaJIeHTHYIO, HWJH TOMeONoAsipHylo,
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B) BaH-ep-BaaJbCOBCKYIO H F) MeTa/liMyecKylo. B THIHYHEIX noaynpo-
BOJHHKAX CYMIECTBEHHYIO POJIb HIPAIOT TONBKO JBa NEPBBHIX THIA CBA3H.

a. Hounas céase. B ciyuae HOHHOH CBSISH CHJ/bI NPHTAXKCHHS —
KYJIOHOBCKHE JIEKTPOCTaTHUECKHe CH/Ibl. TaKoi THII CBA3H Mbl HMEeM
B IBYXATOMHBIX MOJIEKYJIaX IIeJI0YHO-TaJIOH/HEIX COJIMHEHHH, HANPHMED
B mosekyae NaCl. Ilpu ofpasoBaniy TaKOH MOVIEKYJbl eJHHCTBEHHBIH
BAJIEHTHBIH 3/1EKTPOH HATPHs 35 IePeXOAHT Ha aToM XJsopa (y KCTOporo
e XBaTaeT KaK pa3 OJHOTO 3/EKTPOHA /I 3aBepIueHus Fpynmst 3p),
BeJeCTBHe uero obpasytorcsi iBa nosa Na® u CI7, npursruBaiomiuecs
Apyr ¥ apyry. OTMeTHM, 4TO TaKOH mepexon 3/7eKTPOHA IPOHCXOAHT
ICTOMY, YTO OH 3HEPreTHYeCKH BBHIFOJIeH, HOO BCJEJICTEHE NPHTAKEHHS
MexKy BosHHKawomumu nonamu Na* u Cl™ ofiiast sHeprus 370l cucTeMbl
CKasplBaeTcsi MeHbIIe, HexeqH B cilyuae HeHTpaJbHBIX aromoB Na
n Cl.

Ha 6o/bWHX pacCTOSHHAX B3aUMONEACTBHE HOHOB MOXKHO paccMar-
pHBaTh MPHO/IHKEHHO KaK B3aUMOJEHCTBHE TOUCUHBIX 3apANOB H CuM-
TaTh, UTO YacTh 3HEPruy B3aHMOJCHCTBHSA, CBA3aHHAs C CH/IAMH NpUTA-
xkenns, paBHa —e?/R. C 1pyrofi CTOPOHH, IpPH MAIBIX R AOJKHH
TNpOABAATBCS CHIBI OTTanKupanua. OHM 00yC/IOB/ICHB! B3aUMHBIM NPO-
HUKHOBellMeM Apyr B Apyra 3JeKTPOHHBIX O0OJIOYEK aTOMOB, a TAKXKe
OTTaJIKHBAHHEM OJHOMMEHHO 3apsiKeHHBIX siflep. Bo MHOrMX cayuasx
¢ JOCTAaTOYHLIM TPHOAHKEHHEM MOXKHO TIOJOMKHTD, UTO BeJIHUMHA CHJIBL
OTTaJKMBaHHA OODATHO TNpPOMOPHHOHATbHA HEKOTOPOH CTeneHH pac-
CTOSIHHS MexAy anpamH. [103TOMY MOJHYIO 3HEPrHi0 B3aHMOACHCTBHS
MOXHO NpeicTaBHTh B BHJe HHTEPIOIALHOHHON GOPMYIHL:

a e2
U= Rn TR (3.1)
TIe @ H m — HEeKOTOphIe TNOCTOSIHHBIE, XapaKTepH3yiolHe. CHIbl OTTal-
kusanus. Ilpu m > 1 saBucumocts U(R) H306paxkaercsi KpHBOi THNA 2
Ha prC. 2.4 H HMeeT MHHUMYM IIPH HEKOTOPOM PaBHOBECHOM PaCCTOSHHH
R, ‘MeXK1y HOHAMH. - .

6. Iomeonvaspras c6a3. Takas cBA3b B HauGosiee YHCTOM BHRE
OCYWIeCTBJISAETCS B C/ydyae OIMHAKOBbIX, He3apsKeHHbIX (B 1esom)
atoMoB. KJlaccHueCKUM MpPHMEpOM fBJAETCS MOJeKyJ/a BOJOpOAa.

BO3HHKHOBeHHE T[OMEONO/ISipHOH CBA3H MOXKHO TOACHHUTBH CJIEAY10-
1ituM 06pasoM. PacecmoTpuM B2 aTOMa BOJOPOJA B OCHOBHOM COCTOSIHMH
Y MPEeNONIOKIM, YTO CHaya/a 06a aToMa y/lajleHbl Ha GOJIbLIOE paccTos-
HHe, TaK YTO HHKAKOrO B3aUMOJEHCTBHSI MEXK/Ly HHMH HeT. M3 pewienns
3a7aun 06 aToMe BOZOPONa H3BeCTHO, UTO B 3TOM CJyuae pacrpesiesieHHe
NJTOTHOCTH OGBEMHOTC 3apsilia B KaXIOM M3 aToMOB obJajiaer cdepH-
yeckoil cumMeTpHeil. OHO CXeMaTHYecKH H300paKeHO HA pHC. 2.9y Fae
ypouepueHbl JIMHHH NOCTOAHHOA IJIOTHOCTH 3apsja, IycToTa KOTOpHIX
NIPHOJIH3HTENBHO TIPOTIOPIHOHANBHA TINOTHOCTH 3apsiia. Kaxauii -atom
¥MeeT B 3TOM COCTOSIHHH HEKOTOPYIO sHepriio E,, Tax 4To NojiHas sHep:
rus cucreMsl ectb 2E,.
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IIpencrasuM ceGe Tenepb, YTO paccTosiHHe R MeXy fpaMi aToOMOB
yMeHbinaercs. BeslencTBHe B3aHMOAEHCTBHS MEXIY 3JIGKTPOHAMH H sl
paMu, BXONSIIMMH B COCTaB KAXKJOTO H3 aTOMOB, H3MEHHTCs U pacnpe-
JeJleHHe 3JIeKTPOHHOH IJIOTHOCTH, H TIOJIHASL SHEPTHs CHCTEMBl, KOTOpad

tenepb 6yner E = 2E, + u(R). Benuuna

u(R) ecTb CpefHss 3HeprHa KyJOHOBCKOroO

B3aumojeiicTBusa 3apsajos. Ilpu knaccuye-

CKOM PacCMOTPEHHHU 3aJja4H OHA OKA3bIBAET-

cs BCerja NOJIoKHTebHOH H yBeJHUHBaeT-

CSl IPH YMEHbUIEHHH R, TaK UTO Mbl HMEeM

, @  Bcerja OTTajKHBaHHe [IBYX aTOMOB BOJOPO-
J  na. ITostomy ¢axT CYUIeCTBOBAHHS MoJie-

KyJisl H, B KJaccHueckofl TeOpHH He Ha-

XOIOMT HHKakKoro oObAcHeHHs. -IlpuHUH-

NHAAbHO APYroit pe3yJabTar MoJayyaercs B

KBaHTOBOH MexaHHKe (cM., HampHmep,

Puc. 2.5. Pacnpegesienne aiex-  [M1]). Baaronaps cneunduueckum ocobe-
TPOHHON NJCTHOCTH B OCHOB-  HOCTSM [IOBCJACHUA TOXKJIECTBEHHBIX ua-
HOM cocTosin ATOM3 BOAOT  cTHMIl — B JIGHHOM CJIyuae SJCKTPOHOB —
poAa. CpenHsis 3HEPTHS KYyJOHOBCKOFO B3aHMO-
 JeHCTBHA MOXKET OKa3aThCs U OTPHLATE/b-

Ho#i. Ee MOXKHO NpejACTaBUTb B BH/E CYMMbI ABYX UJIEHOB, OHH H3 KOTO-
PbIX UME€T YHCTO K/IAaCCHYeCKHH BYJ (M BCeT/a NOJIOKHTE/IeH), BTOPOH e
HMeeT pas3/iuyHbie 3HAKM (H pAsJHYHYIO Be/UYHHY) B 3aBHCHMOCTH OT
OTHOCHTe/IbHOH OPHEHTAHH CIIHHOB 3JEKTPOHOB, JTOT BTOPOH u/eH

@ €

o)

Puc. 2.6. PacnpejesieHre 3/1eKTPOHHOR IJIOTHOCTH ¥ IBYX B3aHMOAEHCTBYVIOMHX
aTOMOB BOJOPOZA: @) 3JeKTPOHHBIE CIHHBl TAPANNE/bHB (OTTA/IKHBANHE); 0) EKT=
POHHBIE CIHHBI aHTHMapa/ie]bHbl (MosekyJaa H,).

HasniBaeTcs OoOMeHHOH sHeprueill. Kak mokasepiBaer pacuer, eC/AH CIIHHBL
3JIeKTPOHOB NapajiyiesibHbl APYT APYT'Y, TO ANs NOJHOH SHePTUH B3aUMO-
neiictua U(R) monyvaercs Kpupas tuna I Ha puc. 2.4. Kpusbie paBHoit
IJIOTHOCTH 3apAijd B 3/JEKTPOHHOM 00/1aKe TAKOH CHCTEMbI CXeMaTHUECKH
u3o0paxKeHsl Ha puc. 2.6,2, B 3TOM ciydae IIOTHOCTh 3apsiia MeXKAY
. aroMaMH HMeeT MUHHUMYM H OTpHLATe/JbHBIl 3apsiji JOKAAH30BaH BO3JIS
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KKJIOFO H3 snep. DHepPris B3aMMOJEHCTBHs BCEria IOJOXKHTENbHA,
a cJejoBaTebHO, ia atoMa [ B TakOM COCTOSiHMH OTTaJKUBArOTCA.

EcJiu 06a CHHA aHTHIAapa//lebHsl, To 3aBHCHMOCTL U(R) u3o6pa-
KaeTca xpuBoil THOa 2 Ha puc. 2.4;-U(R) nmeeT MHHHMYM, 00BSCHSAIO-
il BO3MOKHOCTb 06pa30oBanus ycToiuuBof Mosieky s Hy npu R = R,.
Kpuppie paBHOM IVIOTHOCTH 3apsiia /sl 3TOTO C/yuas NOKasaHbl Ha
puc. 2.6,6. 31€Cb 3JeKTPOHHbBIE o6Jaka 060MX aTOMOB Kak Obl C/IMBAIOTCSA
BMecTe H 00pas3yloT efHHoe 06/1aK0 OOBEMHOTO 3apsia, OXBAaTHIBAIOLICE
oba siapa.

BakHBIM CBOHCTBOM TFOMEOTIO/ISIpHOH CBf3H siBJfeTcd ee Hachl-
1aemoctb. ITpu c6nuxentu ¢ Mosexyaoil H, Tpersero atoma H sHeprus
B3aHUMOJICHCTBHS HM3MEHSIETCH TONHKO 3@ CYET KJ/ACCHYECKOro B3aHMO-
JeficTBHsI, OOMEHHas JKe SHEprus NpH 3ToM He Bo3nuxaer, Ilosromy
tperuii atom H Oyzer orrani-
KHBaTbCH OT MoslekyJnl Hy.

Jlpyras BakHasi 0cOO€H-
HOCTb T'OMEONOJSPHBIX CBfI-
3eil 3akJwoyaercd B UX HOpo-
CTPAHCTBEHHOH HampaB/eH-
pocTd. OHa BO3HHKAeT NOTO-
My, YTO pe3yJ/bTHpYioLlee
3JIeRTpOHHOe 06/1aKo, obpa- f)
3yemMoe BajeHTHBIMH aTtoM- Puc. 2.7. DuexTpoHHoe 06.1aKO0 2s- ¥ 2p-3IeXT-
HBIMH 3JIEKTPOHAMH, BOOOIIle  POHOB aroMa yrJiepoaa (cxeMaruyeckH) M YeThi-
rOBOpﬂ, He C(pep}’quO, a BBI- pe ero HamppasJECHHBIE BAJICHTHOCTH.
TAHYTO BAO/b ONpeJeeHHbIX
nanpap/aenuii. C apyrodi CTOPOHHI, IJs 06pa30BaHUsl TOMEOIONAsAD-
HOJL CBSI3H HEOBXOIUMO MepEeKpLITHE IEKTPOHHBIX 06/aKOB B3aHMONeli-
CcTBYIOUHX aTOMOB. TloaToMy CBsI3bIBaeMbie aTOMbI OpHEHTHDOBAHLI OIl-
pele/ieHHBM 06pa3oM JPYT OTHOCUTENBbHO Apyra, 410 H3obpaxaercst B
XHMHHU HanpaBJeHHbBIMU 4epTOYKaMH — BaJICHTHOCTAMH.

CkasaHHOe CXeMaTHUeCKH TMOsCHsieT puc. 2.7, rie B JBYMEDHOM
Tpe/CTaBJeHHH TIOKA3aHO 3JEKTPOHHOe 0G/IaKo aToMa yIvepona (a).
OHO XapaKTepH3yeT HEKOTOpOe Pe3y/bTHPYIollee JEKTPOHHOE COCTOsl-
HHe, 06pa30BaHHOe CyNepno3uiltelt OHOr0 COCTOAHHA 25 1 Tpex cocTof-
Huit 2p. Tam ke u306parkeHbl COOTBETCTBYIOLIHE €My YeThIpe Hanpas-
JeHHBle BaJeHTHOCTH (6). B IeACTBHTENIBHOCTH 3TH YeThIpe BAIEHTHOCTH
Jle:KaT He B OJHOH IJIOCKOCTH, a 00pasyloT TeTpasjipHYeCcKoe pacrofo-
JKeHHe, COCTaBJsisi APYT ¢ Apyrom yrimi 109,5°%

OTMETHM elle, YTO YeTKOe pasTPaHWueHHe MeXJy roMeonoJisipHOH
J1 HOHHO} CBSI3AMH HE BCErja BO3MOXKHO. [OMEOno/spHyIo CBA3b B HHC-
TOM BHIE MBI HMEEM B MOJIEKYJ/aX M3 JBYX OIHHAKOBLIX aTOMOB, Halpu-
Mep B MoJIeKy./le BOJOPOJ, [/ie pacrpenenerne 3NEKTPOHHOH IJIOTHOCTH
CHMMETPHYHO OTHOCHTENbHO 060X snep. Ecau of6a atoma pasJivuHH,
TO U pe3yJbTHPYIOlLIee 3IeKTPOHHOe 0G/1aKO B MONEKYJIE GyAeT acCHMMeT-
pHYHO M 003 aToMa HeNb3sl yKe CUMTaTh He3apsKeHHLIMH. Honnyio
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CBSI3b MOXKHO PaccMaTpHBaTh Kak NpejesbHbIH CayyaH romMeonoJspHoil
CBfA3H, KCTAA 3JEeKTPOHHOe 00GJaKO BajJeHTHLIX 3JEKTPOHOB COCPeNOTO-
YHUB&EICS LOKPYT OAHOFO H3 filep.

8. Ban-Oep-saaiscosckas csa3b. VlayueHHe IOBesieHHA pealbHBIX
'Ta30B MOKAa3bIBaeT, YTO MEXKJly HeHTpasinhHpIMU aTOMAMU J1aXe B C/Iydae,
KOTJIa TOMEONoJIsipHbe (BaJTEHTHBIE) CHJIBI OJHOCTBIO OTCYTCTBYIOT, BO3-
HUKAIOT CHJIb IPUTSIKEeHH s, GICTPO yObIBatow e ¢ paccroanueM. ITponc-
XOXKJeHHe 3THX TaK Ha3nBaeMblX BaH-JIep-BAalbCOBCKUX HJM, HHaue,
JIMCTIEPCHOHHBIX CHJI TOXE€ B OCHOBHOM KBaHTOBOMEXaHHUYECKOe.

Bau-/1ep-BaajbCOBCKHE CHIIBI HTPAIOT CYLIECTBEHHYIO POJIb B KPHC-
Tas/1aX 6J1aropo/HbIX ra3oB, a TaKkKe B TaK Ha3bIBAeMbIX MOJIEKYJISPHBIX
kpucraminax. OgHakO B THIMYHBIX TOMYNPOBONHHKOBBIX MaTepHasax
" BJAMAHUE 3TUX CHJA HHYTOXKHO MO CPABHEHHMIO C JPYrHMH THIIAMH XHMH-
YecKOi CBSI3H, H TIOSTOMY Mbl Ha HHX He OyleM OCTaHaB/IHBATHCH.

§ 4. CrpoeHne HEKOTOPHLIX MOJYNPOBOAHHKOBHIX KPHCTAJIOB

Ananusupys pas/HuHBle MOJYNPOBONHUKOBLIE MAaTePHAJbi, MOXKHO
YCT4HOBHTb, YTO HX TOJYNPOBOJHHKOBbIE CBOHCTBA TECHO CBSI3aHBI
C THIIOM XHMHYECKOH CBSI3U.

.PaccMOTpUM ¢ 3TOH TOYKH.3PEHHS HEKOTOphble THIHGHbIE TIPHMEpHI.

a. Honnvie Kpucmanisi. B HanGosee YUCTOM BHIe HOHHAsl CBsi3b-
HMEETCs B KPHCTAMIaxX [1e/J0UHO-TaloHHBX coefunenuii. Ha puc. 2.8

~ nokaszaHa KyOuueckas ~3JeMeHTapHas
) aueiika pemerkd NaCl. Ee mMoxHO pac-.
.40474‘( CMaTpHBAaTh KakK JBe KyOHuecKue pe-

IIETKH C HEHTPUPOBAHHBIMH TFpaHAMH,

,) COCTOAIlHe H3 IIOJOXKHTEJbHBIX HOHOB
HaTpua H, COOTBETCTBEHHO, H3 OTpHLA-

A
S
( ”< TeJIbHBIX HOHOB XJ0pa, BABHHYTBHIC ADYT

B npyra. Tak KakK Kax[pil HOH B Bep-

e WIMHAX Ky0a OpHHAANEeKHT OIHOBpe-
e MEHHO BOCBMH COCENTHHM sueiikaM, a
O KaxK/plil HOH B HEHTPe FPaHd OTHOCHTCA

O/IHOBPEMEeHHO K JABYM.fuefKaM, TO KaxkK-
Puc. 2.8. nementapHas sueiika AAf  3JIEMEHTapHas syefika COAEPIKHT

: (aCl. 1 !
kpucranta NaCl 713—-8 + - -6=4 uona Na* u 4 uona Cl*.

KakAptif 1o0KUTENbHBHT HOH HMeeT 6 OJHKAHWIMX OTpHUATeNbHBIX
noHos, H HaoGopor. CrenoBaTenpHO, B JaHHOM CJydae KOOpPHHAIHOH-
Hble YHCAA AJIS MOHOB OOOMX THIIOB OJMHAKOBBI: Na = kot == 6.
JpyruM npuMepoM KpHCTANJIHUECKOH PElIeTKH MeJ0YHO-TaJI0HAHBIX
coequHennit apasercs pertetka Csl. Ee sjgeMeHTapHas suelixa ecTb
EHTPHPOBAHHEIH KY6, B BepUIMHAX KOTOPOTO PacNO/IOKEeHbl HOHBL Ofi-
HOLO THIA, a B LEHTpe — Apyroro. UHcro HOHOB B.suefike paBHO 2,
a .KOODJHMHALHOHHbIE YMC/JA ONATh PABHEL APYL ApPYry: Rcs = ki = 8.
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Cu/laMH HpPHTSXKEHHSl, YACPKHBAIOIUMH HOHBI B pELIETKE, 31€eCh,
Kak u B Mosiekyne NaCl, SB/Ig0TCS KYJOHOBCKIE CHJIB. JHEePrHiO B3aH-
MOJEHCTBIIA VIGHOB B KpHCTaJsJle (31epruio PemeTKH) MOKHO IO YUHTh,
CKJanbIBag HepruM B3aUMONCHCTBHSA Das/IHYHBEIX Nap HOHOB. MoXHO
NoKasarth, YTO Pe3yJbTaT TaKOro CyMMHDOBAHHs HMEeT BHJ

A 2

U=N(W—a%), @.1)
rne R — paccrosHue Mexkny COcefHMMH (pa3sHOMMEHHBIMH) HOHamH,
N — uucjio nap HOHOB B KpHcTanie, a A — HEKOTOpast HoBasi MOCTOSH-
nas. Bxomamufi cioga MHOXKHTeNb o ¢CTh Ge3pasmepHas BeJHYHHA
(noctoannas MagenyHra), 3aBHcAmas OT THNA KPHCTANNHYCCKOH
pewerkd. UHCAO oo MOXKHO BHIDa3HTb B BHJE NMPOCTHIX pAnoB. Tak,
nanpuMep, i peuerku Tuna NaCl a = 1,748, a nia Csl a = 1,763.
H B 370M caygae npu m > | ToTeH A/ bHAA SHEPPHA UMeeT MHHHMYM,

Jlo cHX MOp Mel HHYETO He TOBOPHJM O TOCTOAHHBIX A H m, Xapak-
TEPH3YIOUIHX CHJIB OTTAJKHBaHHA. VX MOMHO HaHTH C/IELYIOLIHM
obpasoM. B paBHoBecHH

(%)r, =0 (4.9)

dR/R,  * )
rae R, — W3BECTHOE H3 ONBITa paccToAHHEe MeKAY OHKAALIMMU NOHAMI
B JaHHOM KpHcTasie. [lostomy, noactasnsaa (4.1) B (4.2), Mbl NOTYUUM
ypaBHeHHe, U3 KOTOPOrO MOXKHO BbIPa3sHTh MOCTOAHHYIO A yepes noka-
3atenp 7. 3HaueHHe XKe m MOAGHPAIOT TAKHM 06pa30oM, YTOOH BEIYHCE-
HUE pas/MUHBIX HH3HUECKHX CBOHCTB KPHCTa/ja ¢ MOMOLIBIO BbIpaxe-
HUs (4.1) mPUBOMMJIO K COMVIACHIO C OMBITHBIMH JaHHBMU. [l 3TOTO,
HanmpHMep, MOXKHO BOCHOJb30BaThCsl MONYJ/EM BCECTOPOHHErO CXKaTHsf
NpH HU3KUX TeMNepaTypax, KOTOPBIA MOXKHO HENOCPe/CTBEHHO BbIYHC-
snTh U3 (4.1). Taxkoe cpaBHeHNe MOKasbBaeT, UTO /M Bbipaxkaercs 60/b-
HIMM YHCAOM, JIEKAIHM /11 HCCNeJOBAHHBIX HOHHBIX KPHCTAJJIOB B IIpe-
nenax ~9-+11. Takum 06pas3oM, CHJBl OITaJIKHBaHHA OYeHb OBICTPO
YMEHBLIAKTCS TIDH YBEJHYEHHH PAcCTOSHHS MEXTy HOHaMH.

KpHcTa/ibl me/104Ho-TaJouIHbIX COeJHHeHHH MPH KOMHATHBIX TeM-
nepaTypax HBJSIOTCS H30JAATOpaMH. BaJieHTHble $-3/1eKTPOHBI aTOMOB
He/IOYHBIX MeTaNJIoB, TIepexojs Ha aTOMbl TaJ/ICHAOB, OKa3HBaIOTCS
B KPUCTaJJie OYeHb NPOYHO CBA3AHHBIMM C TOCTEIHMMH, H TEIOBOe
ZBMIKEHHe HeJ0CTaTOYHO AJA X oTulensedus. I1pu mosnimieHnu Temie-
paTypsl B TaKMX KPHCTal/1aX TNOSBAAETCS 3aMeTHasl 3/1eKTPOIPOBOA-
HocTh. OIHAKO OHA MMeeT He 3JIeKTPOHHYIO NPHPORY, a8 HOHHYIO.

6. TomeonoaspHoe Kpucmaansl. Tomeonojsapuas CBfi3b B UHETOM
BHjle CYLIECTBYeT B KPHCTa/UIaX XHMHUECKHX 3JieMeHTOB. B wacTHocTH,
CI07a OTHOCATCS NONYTPOBOAHHKOBEIC KPHCTAJJIE 3/1eMEHTOB MMOATP y bl
IVB — anma3s, kpemnu#i, repManuii. OHH HMEIOT ONHHAKOBYIO PELIETKY
KyOMUeCKOro THIla. DeMeHTapHas Avelika ajMas’a B NPSMOYTOJbHBIX
OCHOBHBLIX BeKTOpax TokasaHa Ha puc. 2.9. Oua mpexcrasisier coGoi
Ky6 C LEHTPHPOBAHHbIMHM TPaHSAMH, BHYTPH KOTOPOTO HMEIOTCSs elle
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yeThIpe aToMa. DTH BHYTpEHHHE aTOMbl MOXKHO IONYTHTb CMEIllEHHEM
BHEILHPX aTOMOB SIUeHKH B HANPaBJICHHH MPOCTPAHCTBEHHOH AHATOHA/IH
Ky6a Ha paccTosiHue /, A/MHBL IMATOHAH, W MOSTOMY OHH TaKkKe obpa-
3YI0T TPaHeLeHTPHPOBAHHYIO pewieTky. HMHbMU coBamH, PeINeTKy aj-
Ma3a MOXKHO HpPeACTaBHTh KaK JBe TPaHeleH-
TPUPOBAHHBIE KYOHUYECKHE PeILIeTKH, BABHHY-
T APYT B Apyra. Tak Kak B OfHO# rpaHe-
LEHTPUPOBAHHOHA fueHKe 4nc/0 aTOMOB PAaBHO
4, 10 B KyOuueckoH 3jeMeHTapHOH sueiKe
CTPYKTYpHI anMasa CONEPXKUTCH 8 aTOMOB.
HanomuNM, 01HAKO, YTO BLIOOP 3JIeMEHTap-
HOIl AYeliKH HeofHOo3HaueH. B § 1 mbl Bugens,
YTO I'paHELEHTPUPOBAHHAS pelleTKa eCThb of-
Ha U3 pelIeTOK BpaBs K uTo NpH BEIGOPE POM-
Gosnpuueckoil AYeHKU B KaXKIOH sfuedke Hme-
eTcsl ToNbKO ofuH aroM. ITosToMy HaumeHb-
Puc. 2.9. Crpyxrypa ar- jjee BO3MOXKHOE YHCJIO aTOMOB B OJIHOH siueike

maza. [locrosinnas penler- o
ku @ pasua: ammss — KPHCTAJJIOB €O CTPYKTYPOH anMasa  ecTb

3,56A, xpemnumit —5,42A, HBa.
repManmit — 5,624, cepoe M3 cKa3aHHOTO BEILIE SICHO, YTO 145 o6pa-
oaoBo — 6,46 A. 30BaHUsI TOMEOMHOJAPHO CBS3H HEOGXOMUMO,
: YTOOB! Y B3AMMOAEHCTBYIOWINX aTOMOB ObLTH
3JIeKTPOHEI, KOTOPbIe MOTJIH Obl 00pa30BbIBATE Haphl ¢ aHTHMApa/esb-
HLIMH COHHAMH. JIeTKO BHOETh, YTO 3TO KaK pd3 HMEET MeCTO B Kpu-
crannax noprpynnsl IVB, M3 puc. 2.9 BrAHO, 4TO KOODAMHALHOH-
HOE YHCJO CTPYKTYPHI aqMasa paBHo 4. Terpasapuuyeckoe pacrnofoxe-
HHe ueThIpex GaMKafIuX cocefell KaxXJOoTo aToMa MOXKHO H300pa3HTh
nBymepHoli cxemoft puc. 2.10, Kotopas Gonee
yao6Ha Aasi pajpHefiero. CApyrof CTOPOHH,
KaXKJpl aToM 3TOH MOATPYNIBI HMEET ue-
ThIpe BaJEHTHBIX 3/1eKTpoHa: (25)? u (2p)® —
y anmasa, (35)® u (3p)°>—y KpeMuus u T. 1.
ITosToMy HMeeTCA KaK pa3 Takoe KOJIHYecT-
BO 3/JeKTPOHOB, KOTOpO€ HEO0XOAHMO /A
o0pa30BaHNsA MapHO-3JEKTPOHHEIX (TOMEONo-
JIADHBIX) CBA3EH MEXAY ABYMS JOOBIMU OJH-
KafuMu aTOMaMH. Puc. 2.10. IsymepHas cxe-
6. Kpucmaaist co CMELIGHHBIMY (8A3AMIL. M2 TOMeONO/APHLIX CBA3CH
Mexy IByMSsi pACCMOTPEHHBLIME KpailHUMU ¢/1y- B PEUICTRE THNA aimasa.
yasgMH YuCTOR HOHHOH M YHCTO# roMeonosasp-
HOH CBSI3H HAXOAATCS MPOMEKYTOYHEIE CIyyYan CMEIUAHHOH CBSA3H, KOTO-
pBIe HMEIOT MECTO B KPUCTaJ/laXx MHOTHX XHMHYECKHX COeAHHeHnH. Bax-
HBIM IPUMEPOM ABJAIOTCH TIOJYTIPOBOAHHKOBEIE KPHCTAJ/IBL COENMHEHHA
3JIeMEHTOB TpeThell u matod rpymn (AU'BV): InSb, GaAs, GaP u np.
PacrnionoxeHnne aToMOB B TakKHX KpHCTa/lJaxX, KOTOpHe, KaK M aaMas,
OTHOCATCA K KyOWuecKoH cucTeme, NMOKasaHo Ha puc. 2.11, U 3pecw
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KasIplit aTOM UMeeT yeThpex Ouixkaiiumx cocenedl. C Apyroit CTOPOHEI,
atom In (I1I rpymmna) umeeT 3. BaJEHTHBIX 3JIEKTPOHA, a aTOM Sb
(V rpynna) — 5 BaJeHTHEIX 3J€KTPOHOB, TaK YTO BCETO HA KaXAylo napy
ATOMOB HMeeTCsi 8 37eKTPOHOB, YTO KaK Pa3 H HyKHO 1715 oGpasoBaHHA
BCEX MapHO-3JeKTPOHHBIX cBaAsell. OnHako
371€Ch, BCJISACTBHE PA3JIHYHs aTOMOB OGOHX
KOMITOHEHTOB, 3JeKTPOHHBIe 00J1aKa OKa3bl-
BalOTCA HecHMMeTpHuHbIMH. [TosToMy aTo-
Mpl In ¥ Sb mpuoGpeTaioT OTPHUATeIbHbIH
W, COOTBETCTBEHHO, IOJOXKHTEJbHBIH 3a-
psiibl ¥ XHMHYeckasi CBsi3b OKa3blBAeTCH
YacTHYHO MOHHOH M YacTHYHO TOMEOHO-
ngpHoit. KpucTanisl coeluHEHHH AMIBV
ABNAIOTCH TOXEe TUNHYHBIMH HOJYIIPOBOJ-
HHKaMH. O-5b
JlpyruM TpHMEpPOM IOJYIPOBOAHHKO-
BHIX KPHCTa/VIOB CO CMELIAHHOH CBA3BIO Puc. 2.11.  Dnevenrapnad
siyeiika KpHCTaljla CYypPbMsHH-
MoxeT cayxuth 3akuch Menu Cu,O. Ona croro mHua InSb.
1MeeT KyGH4eCKyIo pelieTKy, 3/1€MeHTapHas
Aueiika KOTOPOH TNOKa3aHa Ha pHc. 2.12.
Sluefika conepXHT 4 aToMa Meaud H- 2 aTomMa KHCJIOpona. B3aumnoe
pacrooKeHue aToMOB (YHC/IO0 OJIHKAHIINX cocefieil) B Hell MOXKHO H30-
6pasuThb MJI0CKOI cXxemol puc. 2.13. Kaxapi#t aToM KUCJIOPOAa HENOCPeA-
CTBEHHO CBSI3aH C YeTHIPbM# aTOMAaMH MeIH, a KaXnblll aToM Meiu —
¢ ABymMs aTomMamH Kucjaopoza. C Apyroi CTOpOHEI, KaxXplil aTOM KHCJIO-
pona uMeeT 6 BaJeHTHBHIX 3/M€KTPOHOB, a Kaxabil atoM mexn — L.

-In

oCu O-0
Puc. 2.12. DiemeHtapHas Pue. 2.13. JIpymepHad cxeMma Ko-
sueiixa kynpura CuyO. OpAMHALNHK aTOMOB B KpHCTaInNE

Cu,0O: O — KHCJI0pOJL, @ — Melb.

Mosremy Ha xaxayio rpymny Cu,O npHXoRHTCs 8 BaJIeHTHEIX 3JIEKTPO-
HOB, KOTOPhIE KaK pa3 H HEOOXONHMbI A5 00pa30BaHHsl HETHIPEX TOMEo-
NONAPHBIX CBsA3el MEXIYy KaMpiM aTOMOM KHCIOpOAA M HENOCDEl-
CTBEHHO C HHM CBA3QHHBIMH UeTHIpbMs aTOMaMH MeRH (CPaBHHTB
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puc. 2.12). Onuako u 31ech, Kak u B coefinnenusnx ABY, sekTponibe
obnaka HeCUMMeTPHYHBI OTHocHTeNbHO O u Cu, W NO3TOMY CBA3H 5B+
JISIIOTCSI CMELIIAHHRIMH.

IlpuBeseHHbIE BbILe NAHHBIE, KOTOpbie fBJIAIOTCA THORYHBIMH, NO-
3BOJIAICT cZie/laTh HEKOTOphle ofLine BBIBOABI. MBI y:KeC OTMeYasH, 4yTo
YHCTO HOHHbBIE KPHCTAJVIB! ABASIIOTCS H3oJAATOpamMu. Hanporue, BO Bcex
IPYTHX PacCMOTPEHHBIX KPHCTAL/IaX, ABIAIOUMXCS NOJYIPOBOLHH-
KaMH, CYINECTBEHHYIO pOJb urpafta TIOMeonosaapHas (KOBa/eHTHasl)
CBS13b. ITO OHCTOATENLCTBO NPOABASAETCH NPH aHAMH3e H JPYTHX MOJY-
IPOBOJHHKOBEIX KplcTa/dn0B. I1T03TOMYy MOXHO 3aKJIOYHTb, 4TO TMOJY-
IIPOBOAHHKOBbIE CBOHCTBA CCOOEHHO BhIPAXKEHb! B TeX BEIECTBAX, B KOTO-
pLIX ApeolIajamuM THIOM CBS3U fIBJAAETCS KopajeHTHas cBsidb. [Ipu
3TOM, Kak IpaBUJO, YeM CH/bHee BEIPAaKeHa HOHHAS COCTaBJSIOLIAS
CHJl CBfI3H, TeM O/HXe JaHHOE BEIeCTBO K H30/ATOpaM, W HaobopoT.

'

 § 5. Hexpucrajimyeckue moaynpoBOJHHKH

PaccMOTpeHHbIE Bbile NPHMCPHl TIOTYIPOBOJHUKOB OTHOCHNHCH K
KPHCTajlaM pasMuHBIX BemiecTB. B 3Tux cayuasx Mel HmeeM, BO-mep-
BLIX, IIpaBuJIbHOE PacCloJOXeHHe OJHKaAmuX cocenedf, CBA3AHHBIX
HEMOCPEeJCTBEHHO € Ka)JbIM aTOMOM HJIH HOHOM B pewerke (Garkuni
NOPANOK), U, BO-BTOPLIX, KPUCTAJNIHYECKYIO PellIeTKY, T. €. IPaBuIbHOe
nepHojuYecKoe UepefloBaHWE TaKuHX rpymn B Ooabiuof  ofnactu
KpHcTanaa (fanbnuii nopsanok). ITosTomy Bp3HHKaeT BoOMpoc, Kakoe
HMEHHO M3 3THX 06CTOATE/IbCTB CYIEeCTBEHHO A BO3HUKHOBEHUS TIOTY-
NPOBOJIHUKOBEIX CBOHCTB. OTBET HAa 3TOT BOMPOC Ja€T HCCAENOBaHHE
3MEKTPUYECKHX CBOHCTB HEKPHCTAJNJHYECKMX BemecTs. A  HMEHHO,
ONBIT MOKA3LIBaeT, YTO MHOTHE BEIeCTBAa B TAaKOM COCTOSIHHH, KOria
OHH 3aBeIOMO He HMEIOT KPHCTa/JIHYeCKOH DeleTKH, 06JafaloT 3JeK-
TPOHHOH MPOBOAUMOCTEIO (T. €. J0J1d HOHHOH NPOBOGAUMOCTH B HUX MaJja)
B HpHTOM OOHApYKHBAIOT XapaKTePHLIE NPU3HAKH THHHYHEIX HOAYNPO-
BOAHHKOB. 3TH BelIECTBA MOXKHO pa3jie/lUTb Ha TPH TPYHIBL.

a. Amopgrele noaynposoOruru. TIpuMepoOM MOMKET CYKHUTb Cese.
OH HMeeT Be KpHCTaJJHYeCKHe MOAMGUKALMU: Cephiil, MM rekcaro-
HaNbHELA, cesieH (KOTOpEiit OOLIYHO UMEIOT B BHIY, paccMaTpHBas CelieH
KaK AOJYIPOBOAHHK) H MOHOKAHHHEIA CEMeH, MMEIONA KpacHbIl nger
U ABAstouuicst uzoaaropoM. OnHAKo npu OLICTPOM OXJaXKIEHHH pac-
NJIaBJIeHHOTO CeJIeHa MOXKHO NOJYYUTh elle aMopdHyio ero mMosudHKa-
IIHIO, KOTOpas TOJIBKO B Te€YeHHE OueHb [JIHTEeJbHOTO BPEeMeHH IocTe-
IIEHHO MEepexXOfuT B rekcaroHadbHyio Momudukauuw. Hcecaenobanue
3JIEKTPOII POBOJHOCTH aMOPGHOro CeneHa NOKA3biBaeT, YTO ero ConpoTHB-
JIeHYEe, TaK XK€ KaK H Yy KPUCTaNJu49eCKOro Ce/J€Ha, YMEHLUIIaeTcsl npu
TOBDLILEHU Y TEMIIEPATY Phl, YTO THITUYIIO AJIS IOAYIIPOBOAHUKOB. B amop-
(HOM ceneHe HabJI0faeTCA TaKXKe U3MEHEHHe COMPOTHBACHHS NTPH OCBe-
IMEeHUH ($OTONPOBOAHMOCTE), YTO fBJSETCSI APYTHM J0Ka3aTe/bCTBOM
HAJIMYHA Y HEro ONpefeJeHHOH 3anpelleHHOH "30HbI Hepruil.
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AMOp(HOE COCTCSIHHE Y MHOTHX BEIIECTB MOXKHO NOJYYHTH, KOHJEH-
CHpYS UX B BaKyyMe B BHJe TOHKHX IVIEHOK, €C/IM TeMmiepaTypa noj-
JIOXKH He IpeBHINacT HeKCTOPOro KPUTHYECKOro 3HAYeHHS, Pa3HOro
AJIST pa3,TMYHBIX BeiecTB. ITpH 3TOM OKa3biBaeTCs, YTO TOHKHE (HECKO/b-
Ko coT A) amopdHbIe NeHKH HEKOTOPHIX BEIECTB GOMafaloT THTIHYHLIMH
HOJYTPOBOIHHKOBEIMH CBOHCTBAMH (IIOJIOXKHTEJIBHLIH TeMOEPaTy PHbIH
KO3G(HIHEHT 3JIeKTPOITPOLROHCCTH, HATHUHE JTHHHOBOJHOBOTO MOPOra
nor/IQuienus cBera, (oTonpoBOAMMOCTE). IlosynpoBoanHKOBLHE CBOf-
CTBa, KpOMe cesieHa, HaGaIofaTcs B aMOPdHOM COCTOSIHHH Y CYPBMBI,
repMaHusl, KPeMHHS, Te1JIypa H HEKOTOPLIX XHMHYECKHX COeUHeHHH.

IlpuBeneHHble @HHBIC ITOKA3bIBAIOT, YTO BO3SHHKHOBEHHE HOJYIPO-
BOIHHKOBBLIX CBOHCTB, IO KpaHHElH Mepe y HEKOTOPHIX BellecTB, o6yc-
JIOBJIEHO OJIMKHUM MOPSAKOM CTPYKTYPEL. Jannuefiline NOATREpXALHHUSA
3TOTO 3aK/I0UEHHS MBI HAXOAHM B HCCJACAOBAHHAX 3/M€KTDPONPOBOJHOCTH
paciJ/aBoB.

6. )Kudkue noaynposodrurxy. Ecnu npu nepexone B XHAKOE COCTOA-
HHE KOBaJIeHTHble CBSI3H pa3pylIaloTCs, TO BO3HHKAET XHMHYECKast
cBA3b apyroro Tuna. Eciau cBoficTBa aTOMOB H CpefHHE DPACCTOSHHS
MEeXIY HHMH TAKOBH, YTO BCE BaJEHTHLIE 3J1€KTPOHLI HaXOAATCS B OTIIEI-
JIEHHOM COCTOSIHHMH, TO BO3HUKAeT MeTa/ljuueckast CBSI3b U 3JEKTPo-
IIPOBOJIHOCTb CHJIBHO yBeNH4HBaeTcsl Npu nyasiaeHud. Ilpu sToMm snex-
TPONPOBOJHOCTD B XKHIKOM COCTOSIHMH, KaK y MeTasJao0B, yMeHb-
HIaeTCsl TPH YBEJMUEHHH TemrepaTypol (BcJeICTBHE YMEeHbIIeHHS MO~
BHXHOCTH). OHaKO MOxKeT ObIThb U APYIOH Caydaill, KOrja BaJieHTHhe
3IEKTPOHE! TOC/IE pPaspbiBa BaJEHTHLIX CBfA3ell OKaXyTcs JIOKAJIH30-
BaHHBIMH Y OTHeNbHBIX aTOMOB. B 3ToM ciyuae 3/1eKTponpoBOaHOCTB
MOXKEeT Pe3KO YMEHDBIUHTbCA NPH IVIAB/ICHNH, a €€ TeMIepaTypHbli Ko3d-
¢$UUHeHT MOXKeT ObITh NOJOXHTEIbHBIM.

Bo Bcex cayuasix MpU paspeiBe HACHILEHHHX W HanpaB/eHHHIX Ba-
JIEHTHBIX CBfizel OYIET HU3MEHAThCS ONUKHHHA TMOPANOK W KOOpAHUHA-
UMOHHOE YHCJ/IO, UTO MOXKHO OGHApYyKHTb, HAmpuMep, IO H3MEHCHHIO
IJIOTHOCTH BewmecTBa NPH TJIABJIEHUH.

Taxum o0pasoM, NpH pa3pylleHHH BaJEHTHBIX CBA3CH Mbl JIO/IKHBL
OXHJIATh BO BCEX CJYy4YasiX H3MEHEHHs 3JEKTPOHPOBOAHOCTH, IMJIOTHO-
CTH U APYTHX (U3HYECKHX CBOMCTB, CBA3AHHEIX C OMXKHHUM HOPSIKOM.
Onnako 3T U3MeHeHHs] MOTYT GhITh He O6S3aTeNbHO Pe3KUMHU ¥ CKay-
kooOpazubivi. [Ipu remmepaType mJaBJeHHS CKayKooOpas3HO paspy-
maercs JHIL KpHCTaJJauyYecKas pewlleTKa, T. €. HCYe3aeT AaJbHHA
nopsAnoK. Pacrnonoxenue ke OMmKaHINX COCeReH MOXeT H He cle-
JaThCSl BIIOJIHE XAOTHYECKHM, T. €. GIIKHHH HOPAJOK MOMXKeT YacTHYHO
COXPaAHHUTECH ¥ B XKHUJIKOM COCTOSIHHH, HCYe3ash JHUDb HNOCTENeHHO HPH
JIOCTATOUYHOM HOBRIIEHHH TeMmrepaTypel. Pasywmeercs, npH 3TOM Koop-
JAMHALMOHHOE YHCJI0 NpHoGpeTaeT CTATHCTHYECKUH CMBICT H MOXKET
0Ka3aThesl faxe ApoGHbBM. IlpH coxpaHeHu# GJHXKHETO MOPSIAKA MBI
JIOJIXKHBI OXHATh, YTO BELIECTBO H NOC/Ie MJIaBJeHus OyaeT UMeTh noJay-
NPOBOAHUKOBLIE CBOHCTBA, T. €. OydeT KHAKUM IIOJYIIPOBOAHHKOM.



66 XUMWUYECKHUE CBSI3H B IIOJNYNIPOBOJHHKAX Irn n

DTu pasiuuHMe ciyuan AeHCTBHTeJBHO HAG/IONAIOTCS HA OMLITE.
TIpuMepoM BelECTB, Y KOTOPBIX KOBaJCHTHEIC CBSSH paspyLianTcs
cpasy e Moce IIaBIeHHs, MOTYT CTYKHTb aTOMHbIE ITOyIPOBOAHHKA
nogrpynne IVB (cTpykTypa anMasa) ¥ MHTEpPMETalJIHYeCKHe COCM-
nenust A'BY  (cTpyKTypa LHHKOBOfI OOMaHKH).

B IpOTHBOMONOKHOCTL 3TOMY, MHOTHME BEIECTBA COXpAHsIIOT IO-
JIYIPOBOJHHKOBEIE CBOMACTBA . NOC/E  M/IaB/ICHUS. Ciona OTHoOCHTCH,
HanpuMep, CeeH W MHOTHE OKCHIB H CYIb(HLB METaJIIOB.

VHTepecHLIM MPHMEPOM TAKHX BEIIECTB fBJACTCA TEJUIYD. Kpn-
cra/uiel Telypa (Kak M ceeHa) WMeIoT TeKCaroHaslbHylo PELIETKY,
a aTOMBI PacnoJIoxeHbl B Hell B BHAC CMHPAIbHEIX LEIOUEK, n300paxeH-

HeIX Ha puc. 2.14 (nokazana

¢ je— & ——> IOJIOBHHA 3/IeMEHTapHOH Siuei-
ku). OnHAKOBO 3aIUTPUXOBAH-
Hble aTOMBI B PA3HBIX LEMOYKaXx
3 JIEXKAT B OAHHAKOBBHIX IJIOCKO-
crax. Kaxneift TpeTuil. atoM B

OIHOH M TpH Xe LEMoYKe Je-

XUT Haj IPYrAM aTOMOM TOH

c
@/ e LEeNMOYKH B HaNpaBJeHHH
N : ocu C. KoopmuHauHoHHoe 4YHC-

7o pasHo 2. Kaxnjas napa aro-
MOB B OJHOH U TOH ke LEMoy-
Ke (pacro/IOXKeHHEIX OJIH3KO)
CBsI3aHa MAapHO-3JCKTPOHHBIMH
KOBaJIeHTHLIMH CH/IaMy. PasHuie
KE ULEMOouKH (pacHoJIoKeHHbIe
ropasfio Aa/nblue) CBS3aHB! CHJIaMH Ban-nep-Baaneca. Beneacrsue Ta-
KOTO DACTIOJIOMEHHST aTOMOB 3JEKTPHYECKHe CBOMCTBA TeaNypa CHILHO
aHu3oTponHel. Tak, ero yfelbHoe CONPOTHB/ICHHE IIpH 20°C nna
HanpasJeHust BIoAbL ocu C paBHO Py = 0,26 OM cM, B TO BpeMs KakK
p; = 0,51 Om -cm. Temnyp ABAAETCS THIHYHBIM IIOJyT1 POBOAHHKOM.

34aBHCHMOCTE yJEJIBHOrO CONMPOTHBAECHHS TeJUypa OT TeMIeparyphl
nokasana Ha puc. 2.15 *) (sanpasnenue TORa B TBEPIOM COCTORHHH
neprennuKy/asapao ocu C). Huxe TeMmnepaTypel MJaBJCHHA TEMNEpa-
Ty PHEIH KO3(XpHIHEHT CONPOTHB/IEHHS OTPHIIATE/EH, UTO, KAK MBI SHACM,
XapakTepHO A5 MOy pOBOAHUKOB. OfHAKO 1 NOC/E NIaBJICHHA COMpo-
THBJIEHHE TPOJO/IKALT ellie YMEeHbLIATLCs NPH HarpeBanuu B HEKOTOPOM
UHTepBaJe TEMIEpaTyp, T.e. KHIKHE TeMIyp Beger ce0s1 TOXe Kak
NOJYIPOBOLHUK.

OcoGeHHo MHTepeCcHO OKa3biBaeTcs TemmeparypHas 3aBHCHMOCTD
mocTosHHOR Xoaaa B Teaaype. Oua mokasana na puc. 2.16 *). Ilpu
HU3KMX TeMmneparypax, B 00/1aCTH IPHMECHONH MPOBOJXMMOCTH, TENTYP

Puc. 2.14. Crpykrypa Tennypa. == 4,44 A,
c=5092 A, d= 2,86 A,

*) Kpusbie NPHBEJEHH MO JaHHBIM padotnt A. S, Epstein, H. Fritsche, H. Lark-
Horovitz, Phys. Rev. 107, 412 (1957).
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OGBLIUHO HMEeT JBIPOUHYIO NMPOBONMMOCT U IocTosiHHas Xoana R >0
(5ta o6nacThb He NOKa3aHa Ha pucyHke). IIpy MoBLIIeHHH TeMneparyph,
KOrja IpOBONMMOCTb TENIypa CTAHOBHTCS COOCTBEHHOH, MOCTOSIHHasA
Xoa/a MeHseT 3HaK. DTO MOKa3blBaer, YTO TOJBHKHOCTbL 3/E€KTPOHOB
B Tesu1ype GoJblie MOJBUKHOCTH AIPOK. I1pu naspHeiieM NOBBILICHHH
Temnepatypel, npudauzurensHo npu 230 °C, nocrosiuHasd Xo/1a BTOPOi
pa3 MeHsieT 3HaK, ¥ BIUIOTH JI0 TeMrepaTypel IIaB/eH s R > 0, Takoe
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Puc. 2.15. 3apucHMocTb YACJTHHOTO CONMPOTHBJICHHA Tellypa OT TeMIeparyphl.
CyellleHle CKAUKA CONMPOTHBJEHHS TIPH  OXJA&MJCHHH  OOYC/IOBMEHO Nepeox-
JdaxJeHueM pacrniasa,

ABYKpaTHOe H3MeHeHUe 3HaKa R B TBepJOM COCTOSIHUH fIBJISIETCS pe3y/lb-
TAaTOM CJIOXHOTO CTDOSHHSl SHepreTHuecKHX 30H Teqaypa. OpHaKo Mbl
HA 3TOM OGCTOATENbCTBE He OYIeM OCTaHaBJHBATLCA, TaK KaK OHO
He CBfI3aHO C CYWECTBOM paccMaTpuBaeMoro cefiyac sompoca. Ilpu
NJIaBJAEHHH MOCTOsiHHAs Xos/da Pe3KOo yMEHblllaeTcsl U MpH Harpesa-
HHH PacIiaBa NPoAo/IKAaeT YMEHBLIIAThCS, OCTAaBAACh IOJOXKHTENbHOM.
Ipu ~575 °C moctosinuas XoJJa CHOBA 00palaercs B HyJ/1b M B TPETHH
pa3 uaMensiet 3HaK (R << 0). Tocaennee o6CTOATENBCTBO MPENCTABAAET
ocoBuiit HHTepec. B § 1.4 Ml BujeH, 4TO NOCTOSAHHAA X0J171a MOXKET 00-
pawaThCs B HYJb TOMBKO B C/1yYae CMELIAHHOH 1poBoAHMOCTH. Tloatomy
MOXKHO 3aKJIOYHTh, UTO B IKHUAKOM TeJJype 3JeKTPONPOBOJHOCTD
o6yc/oB/IeHa M OTPULATENbHBIMH 3JEKTPOHAMH, H IOJIOXKHTENbHBIMH
AbIpKaMH,
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Ha6aiofiaeMbie  SIBJIEHHA MPHEBOAAT K CACAYIOWHM 3aKIIOYEHHAM.
IonynpoBoJHUKOBbIE CBOHCTBA TeJsypa B TBEPIOM COCTOSHHH O0Y-
CJIOBJIEHE! KOBAJICHTHBIMH CBSI3IMH, VACD2KHUBAIOUIHMH aTOMbI B 1enoy-
kax. Ilpu mnJaBjeHuyu pa3pyLlaloTCs BaH-[AEP-BaaJbCOBCKHE CHIIH,
CBA3HIBAIOLLYE [EMOYKH APYT C APYroM, KOBaJeHTHEHIC e CBSI3H B Ipe-
fenax OTHeJbHBIX LEIOYEK MpU 3TOM B 3HAYHTEJBHOH CTeNeHH elile
COXpaHHIOTCﬂ yeM U 0GBACHAIOTCH HOH\/HpOBOﬂHMKOBbIe CBOHCTBA KUa- -
KOro Tesulypa. BOau3u Temnepartypol NJaBjeHHs 3J€KTPOHB! NPOBOLIL-

- MOCTH BO3HHKAIOT 33 CyYeT HOHM3AaLMH LEMOYeK (pa3pblBa HEKGTOPHIX
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Puc. 2.16. 3aBucumocty nocrosHHofl X017 0T TeMmeparyphi B TBEPACM
H KHAKOM Teadype.

KOBAJIEHTHHIX CBs3ell), a OCTAIOUIHeCs HE3aNOMHEHHBIE CBA3H HUIpaioT
pOJb NC/ICKUTENBHEIX ABIPOK (cp. § 6). To o6cToATeILCTBO, UTO B 3TOH
obnacTi Temnepatyp R > 0, moxasbiBaeT, YTO NOABHKHOCTE IBIPOK
B XKHJIKOM Teasype Gosblie MOABHKHOCTH 37ekTponos. Ilpu panbnei-
LIeM NOBBILEHHH TEeMIepaTypbl HAUHHAETCHA Pa3phbiB TaKKe KOBAJEHT-
HB!X CBfi3el, M XUMHUECKas CBSI3b IIEPEXCIHT B MeTa/IHYecKyl. IJTO
HPHBOXHUT K YBETHYEHHIO KOHICHTPaLHil 3JIeKTPOHOB, OTUEro MOCTOsIHHAS
Xoaaa onsTh CTAHOBUTCS OTPHIATEJBHOH.

TToMyiMO NpPHUBENEHHBIX IIPHUMEPOB, B HACTOsIIee BpeMs H3BECTHO
60JIBIIOE UHCJIO JAPYTHX IOJYNPOBOZHHUKOBBIX MAaTepHAaJ]OB, COXDaHg-
JOIMX B ONPEJEICHHOM TeMIepaTypHOM I/IHTepBaJIe B KHJIKOM COCTOSI-
HBHHM TOJYHPOBOZHHKOBLIE CBOHCTBAa

6. Cmeraoo6pasroie HOAYNPOSOOHUKU. K YHCIY NOJYIPOBOIHHKOB
COTHOCHTCH Takxke GoJibllias Tpynna CTeKJoo6pasHbIX XHMHYECKHX coe-
nunenuii. Ciona BXoasT ABOMHEIE coenunenus P, As, Sb u Bi ¢ opnumM
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U3 saeMeHToB S, Se u Te (XaabKOreHHApl) H TPEXKOMIIOHEHTHBIE COCIH-
HEHHs STHX 5/1eMeHTOB, TakKue, Kak mAs,Se;-nAs,Te; (rne m u n—
Lenple yucaa), u ap. )\om NIPHHIATTHANBHO CTEKI006pa3HEIe ONYIfo-
BOJIHHKH HE OTJIHYAIOTCS OT MUAKUX, TaK KaK CTEKJA CYTh CHJBHO Ilepe-
OXJIAXKJEHHbIE KHUAKOGCTH C OYeHb OOJLIIOH BSI3KOCTBIO, 3Ta rpynra
NOJTy[IPOBOJHHKOB fABJfETCA BeCbMa CBOEOOPa3sHOH M HHTEPECHOA.
B rtakux semecTBax Hab/MoOZalOTCs: THIMYHBIH It OJYIIPOBOXHUKOB
OTpPHLATE/IbHBIA TeMNepaTypHbIH KO3(pGOHIHEHT CONPOTUBICHUS; XapaK-
TePHAA COEKTPAJbHAS 3aBHCHUMOCTb KO3(huIMeHTa NOIVIOIEHUS CBeTa
(Hanuyde NMOPOroBOH JJIMHBEI BOJIHBI, 3aBHCAILEH OT COCTaBA BElECTBA);
(bOTONPOBOAUMOCTL H APYrHe IOJYNPOBOJHUKOBBe CBOfiCTBa. [Toxpo6-
HOE H3JIOXKeHHe BOIpPOCa O HEKPHCTAWIHYECKHX MOJyIPOBOIHUKAX
4HTaTe/Ib MOXKET HalTH B MOHOTpadusix (3, 41.

CyMMHpYySl CKa3aHHOE Bblille, MOXHO 3aKJiOUHTb, YTO BO MHOTHX
BelleCTBaX Pellaoy0 Posib B BOSHHKHOBEHHH [OJYIPOBOJAHHKOBBIX
CBOJCTB HrpaeT ONHXHHA MOPANOK. M3/oxeHHble IIPEICTABNCHHSA O BaXK-
HOI posid GnuXHero nopsaka ObUTH BhicKa3aHbl Brepsbie A. @, Hogge
H BIOC/JEICTBHH PAa3BHBAJHCh MHOTUMU HCCJENOBATE]AMH, ’

§ 6. 3aﬁpeu1,eﬂﬂan 30Ha 3HEePrui

Hexopa u3 ocobeHHOCTel XUMUYECKOH CBSI3H B MOJYIPOBOXHHKAX,
MOXKHO HEIOCPENCTBEHHO 00BACHUTD CYILECTBOBAHUE 3aMPeIeHHON 30HbI
3Hepruit. PaccmoTpHM B KayecTBe NpHMEpa aTOMapHbe NOJYNPOBOA-
HHKH noarpymnsl IVB ¢ Gynem noka cuuTaTb, YTO B HUX HE HMeeTCA
HUKAKMX XHMUYECKHX NnpHMecell W CTPYKTYpHuIX jAedektos. Torja us
puc. 2.10° BHAHO, YTO NMpPH HEHAPYLIEHHBIX CBA3SIX B KpHCTa/lIe BCe
BAWJIEHTHBIE 3/IEKTPOHBI KaXKJAOT0 aToMa (IBa S-3JIeKTPOHA U JIBa p-3/1eK-
TPOHA) Y4acTBYIOT B 06pa3oBaHNH KOBaJeHTHBIX cBsisell. IlosTomy Bee
BaJIEHTHBIE 3JIEKTPOHBI SABJSIOTCA B M3BECTHOM CMBIC/IE CTPYKTYDHBIMH
3JIEMEHTAMH 4 HaXOZATCA B CBA3aHHOM COCTOSIHHHM. B TakoMm cOCTOAHHH
(TemnepaTtypa aGCOMIOTHOTO HYJIl M OTCYTCTBHE BHELIHHX HOHH3YIOUIHX
BO3JCHCTBHA) KPHCTaN] SABJSETCS H30JIATOPOM.

Jaist co3janus TOABHKHBIX 3/I€KTPOHOB HEOOXONHM Pa3phHiB HEKOTO-
POr0 KOJMHYECTBA CBs3eH. DTO NPOHUCXOAMT IPH MOBLILIEHHH TeMmIepa-
TYpbl U TOJ JAeHCTBHEM MNOAXORAMUX HOHH3YIOWUX U3JIyueHu# (cBer,
OviCTpEIe 3/7eKTPOHEL ¥ T. n.). TlpH paspriBe KamKmoi CBSA3H BO3HHKaeT |
OJMH 3JI€KTPOH NPOBOAUMOCTH ¥ OJHO BAKAHTHOE KBAHTOBOE COCTOSIHHE
s/eKkTpoHa. Hanmenbiiee npupameHye 3HEPTrUH 371eKTPOHA NMPH €ro
Nepexofie U3 CBA3AHHOTO COCTOAHHSA B COCTOAIHHE NPOBONHMOCTH (pabota
paspeiBa CBSI3H) €CTb WIMPHMHA 3aNpeLieHHOH 30HBI 3Hepruil El.

Ecau B 'moaynpoBoIHHKe HMeeTCs 3JeKTpPUUeckoe MoJe, TO 3J1eK-
TPOHLI MPOBOAUMOCTH OynyT NBHFAaTbCA IPOTHB NOJsI, U BO3HHKHET
3JIEKTPOHHBIH TOK C-HEKOTOPOH IIJIOTHOCTEIO j,. OQHAKO, KpOMe 3TOro
npouecca, BO3MOXKEH ele M ApPYrod MexaHH3M 3JIEKTPONpPOBOAHOCTH.
A yMeHHO, NpH HapylUeHHbIX BAJIEHTHBIX CBSI35X (HAJIHYHE BAKAHTHBIX
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MeCT) KaKoii-1M60 13 3/EKTPOHOB CBA3H MOKeT INepeiTH B OIHY N3
5THX BaKaHCHil. B pesysnbrarte Ha MecTe BaKaHCHH 6y/eT BOCCTAHOB/IEHA
HOpMaJibHAsl KOBAJIEHTHAs CBA3b, HO 3aTO MOABHTCA BAKAHCHA B IPYTOM
mecTe. Ha 3Ty BaKaHCHIO B CBOIO OYEPEb MOXKeT MepefiTH KakoH-JHG0
ApPYTO# U3 3JEKTPOHOB CBA3H H T. 4. IIpy 3TOM, pasymeercs, BOSMOXIEL
TIePeXOfILl 3MEKTPOHOB CBsI3U BO BeeX HanpaB/eHnsX. ONHAKO Nepexofbl
B HANpaBJeHUH JeHCTBYomell CHIbl (MPOTHB 1N0J15) OyayT npenMymecT-
BEHHBIMH, H TO3TOMY BO3HHKHET HEKOTOPBIH JIOTIONIHUTEIBHBIA TOK jp,
06yCJI0BIEHHEI TepeMeleHHeM 3JIeKTPOHOB CBA3H. Camu e BaKaHCHH
6ynyT mepemeliaThCsi B HANPaB/IEHHH NOJH, T. €. TaK, KaK JBHIAJHCh
6bl TIOJOKUTEJBHO 3apsiXKEHHBIE YacTHIEI. ITOT BTOPOH MeXaHH3M
5/7eKTPONPOBOJHOCTH H_eCcTh NPOLECC ABIPOYHOH MPOBOAUMOCTH. Camu
K¢ BaKaUTHBlE KBAHTOBLIE COCTOSIHMA 3JIEKTPOHOB, JOKaJH30BaHHbBIE
y HapylleHHbIX XOBaJEHTHBIX CBsi3ell H CHOCOGHDIE MepEeMelaTbes noj
NEACTBHEM DO, CYTh TOJOXKHTe/bHEE JBIPKH. VI3 CKa3aHHOro fCHO,
yTo B GecripuMecHOM MOJYINPOBOAHHKE KOHIEHTPAUUs ABIPOK p BCErNd
paBHAa KOHIEHTDALUH 3JEKTPOHOB TNPOBOAMMOCTH 7. B ri. IV 6yner
I0K43aHO, YTO HMeHHO J/If JBLIPOK (4 He JUISl 3JeKTPOHOB CBSI3H) NOJY-
YaloTCsl NPOCThIe YPaBHEHHS JBHXKEHMs#, AHAJOTHYHbIC ypPaBHEHUAM
JBHKEHHS [TOOMHUTEJIbHO 3aPs2KEHHBIX YacTHI[ B KJAcCHYECKOil Mexa-
HHKe, YeM H ONpaBblBaeTCsl BBEAEHHE 3TOrO MOHATHA.

DT TpeCTaBJIeHHs O MeXaHu3Meé AbIPOYHON NPOBOIMMOCTH, pac-
CMOTpEHHBIE HaMH KauyeCTBEHHO Ha IIpHMepe MOJYNPOBOIHHKOB MOA-
rpynnsl 1VB, cnpaBeiyiuBbl /i1 HOYNPOBOAHHKOB JMo6oro THIA,

§ 7. MoaynpoBoaHuKoBbie CBOHCTBA H XMMHYECKas CBS3b

M3 cKa3aHHOTO BhIUE CJIeLyeT, 4TO IuMpHHA 3anpeieHHoH 30Hb Ly
HETOCPEICTBEHHO 3aBHCUT OT IIPOYHOCTH XHMHUecKHX cBsisefl. K coxa-
NEHUI, 3Ta NOGICAHAS He MOXKeT 6bITh TPAMO H3MEpeHa KOJIH4eCTBEHHO.
Onuako OHa cBsi3aHa C JPYTHMH (H3HYECKMMH XapaKTEePUCTHKaMH
BEILleCTBa, AOMYCKAIOUIUMH HENOCPEACTBEHHOEe H3MepeHHe, M II03TOMY
MOKHO OHIATb, YTO MeXKIy 3TUMH XapaKTePUCTHKAMH ¥ BeJHYMHON
E, AJst KpHCTAIOB C CIHHAKOBOW CTPYKTYPOH JOJ/KHA CYLIECTBOBATDL
onpefiesIeHHast CBsI3b.

B kauecTBe BeJHUMHEI, XapaKTepH3YyioweH NpouYHOCTL CBA3eH, HeKO-
TOpHE HCCIeNOBaTe/H BHOUpaAMH TemoTy ofpasoBanus Kpucramia Q.
TIpu 3ToM okaspiBaercsi, uTo Mexay Eg H Q neficTBuTe/bHO OGHADYXH-
BaeTcsl ONpefieieHHAast KOpeJJsuus: Kak npasuio, Eg yBelnyuBaercs
npyu yBeIHYeHHH Q.

AHaNOTHYHBIE 3aBHCHMOCTH HMEIOTCS TaKxke JJIs MOIABUXKHOCTH
snektponoB. Tak, HampuMep, B Psly BEmECTB ¢ OJHHAKOBOH KpHCTaJ-
NorpaguuecKoil CTPyKTYpPO# NOJBUKHOCTD {t, 3aKOHOMEPHO H3MEHAETCS
¢ H3MEHEHHEM TEIJIOThl 00Pa30BaHUA O 3aKOHY

B =@,
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i€ ¢ H n — TOCTOSIHHBIE, 3aBHCSAMN{HEe OT THIA KPHCTANIHYECKOH CTPYK-
Typel. Ha puc. 2.17 noxa3ana Takas 3aBHCHMOCTb /Il psifa ABOMHBIX
coenunenuit co crpykrypoit NaCl *). ITonoGHasi 3aBUCHMOCTL HMEET .
MECTO ¥ 1 JBOHHBLIX COeMHEHUH C APYTUMH CTPYKTYpaMH. *

B xkpucrannax BofiHEIX coenuHeHHH sqaemenroB II u VI rpynm
AUBVI umerolMX OJMHAKOBYIO KPUCTANIHYECKYIO CTPYKTYpy (ZnS,
ZnTe, HgTe u np.), Habaronaerca 4eTkas 3aBUCHMOCTb Eg OT cpenHero
MOPSAZKOBOTO HOMepa 3JMeMeHTOB Z = '/, (Z4 + Zp): E, ymenblnaercs
IpH yBeJHYeHHH Z.
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Puc. 2.17. 3aBucHMOCTb TOABHKHOCTH 3J1eKTPOHOB OT TEIJIOTH 06~
PasoBaHMs KpUCTaWa A1s JABOHAHBIX COefuHerHuil co crpykrypoit NaCl.

CyliecTBYIOT TaKke 3aBUCHMOCTH E, M U OT APYTHX MaKpOCKOMHYe-
CKHX BEJHMYHH, OTPakalomUX XapakTep XHMHYeCKHX cBaAsefi. XoTsd
Takye 3aKOHOMEPHOCTH HOCAT TOJYSMIHPHYECKHH Xapakrep, OHU TeM
HE MeHee MPEICTaBJsiOT GOJbLION HHTepec, TaK Kak, BO-NEPBLIX, fB-
JISOTCS XOPOIIMM HOATBEPXKACHUEM NPaBHILHOCTH OOWMX NpeacTaBie-
EHH O TECHOH 3aBHCHMOCTH MeXAY THUIOM XHMHYECKOH CBSI3H M IONY-
MPOBOJHUKOBEIMH CBOHCTBAMH H, BO-BTODPBIX, MOTYT OBITh IOJIE€3HBI /s
CyXIeHHUST 00 3/IeKTPUYECKHX CBOHCTBAX HOBBHIX IIOJIyNPOBOAHHKOBBIX
MaTepHaJoB.

§ 8. MMoaynpoBOAHHKH C Majiod MOABHKHOCTHIO

B pasnuyHbIX [OJYNPOBOJAHHKAX JBHXKEHHE 3JEKTDOHOB MOXeT
UMeTh BechbMa pas/IHuHbiit xapakrtep. [f pa3bsACHEHHA 3TOTO oGCTOA-
TeNbCTBA OIEHHM BEJHYHMHY CpelHEi JJIMHBI CBOGOAHOTO mpolera sjek-

*) U3 pabote B. I1. XKyze, XTD 25, 2079 (1955).




72 XVMHUYECKHE CBSI3U B NNOAYNPOBCAHMKAX frn. n

tpotoB [ = v7T. 3HaueHHe T MOXHO HAHTH U3 BEJIHUKHBI [IOABHAKHOCTH
p (popmyna (1.3.13)). Ilonarasi asif OUGHKH NOpAAKA BEJIUYHH m =
=y =9-108r1 1 vy >~ 1:10" em-c! (300 K), naxoaum

[=~5-10"% (cm),

rie p— B cM? ¢t B

CpdBHHM Temepb 3Ty BEJAHYHHY, BO-IEPBHIX, C LMHHOH BOJHBL
ze Bpoins, xoropast npu 300 K (m = m,) paBHa A =7:107 cm, B,
BO-BTOphLIX, C MOCTOSHHOH pemleTKH Kpucranna a, KoTopas s 60J1b-
JMHCTBA KPHCTA/IOB JeXHT B mpenenax (3—6)- 10® cM. Mul BHABM,
yTO B MO/YI1POBONHHKAX, B KoTopuix p <C 100 cM? -.¢c- B, 3Hauenus
I <\, a npu momsHxuocTH < 10 cm?-c¢™*-.B™ BeanynHa [ CTaHoO-
BHTCS laXkKe MeHbllie NMOCTOSHHOM peweTKd a.

IIpuBeseHHbe BHILE OLEHKH TOKa3hlBAiOT, 4YTO CIELyeT pasiu-
yaTh ABa CAydYas. B HONYNPOBOAHMKAX € GOJBLIOH NOJBHKHOCTBIO
(1 = 100 cM?- ¢ -B™) 271eKTpOHEI 32 BpeMs CBOGONHOTO npobera ycrne-
BAIOT MPONTH MyTH, COAEPKAIIHE MHOTO NIOCTOAHHBIX PELIETKH. 310 1BYU-
JKEHHe C XOPOLUUM MPHOIHKEHHEM MOXKHO pacCMaTpHBaTh KaK JIBHKEHAE
B NePHOJMYECKOM II0JIe KPHCTanIa, KOTopoe JIMIIb OT BPEMEHH [0 Bpe-
MEHH HApYLIAeTCs MPOLECCAMH PaccesHusl, CKaUKo0OPasHO H3MEHSIOuLH-
MH SHEPTHIO H UMITYJIbC 3/1eKTpoHa. VIMEHHO K TaKHM [0/1yIPOBOAHHKAM
¢ GOMBILOH MOABIKHOCTbIO (Te€PMAaHUH, .KPEMHHH, COeIHHEHHS AIIBY
¥ 7Ap.) NpUMEHHUMA 30HHAs Teopusi, paccmaTpHBaeMas B IJl. 111, IV.

Hanpotue, B TOJAYIPOBOAHHKAX C MaJjoOH  NOJBHMKHOCTRIO
(b << 10 cm?-c1-B™Y) nBuKeHHe SJEKTPOHOB HMEET COBCEM apyroii
XapakTep. B 3ToM ciydae ropasno mpaBH/Ibhee MPEACTaB/IATh, HUTO
5JEKTPOHbl MPEHMYLIECTBEHHO CBS3aHBI C ONpENENEHHBIMH aTOMaMi
pelieTKd H CPaBHHTENbHO PEAKO MePeCKAKUBAIOT MEMy COCELHHMH
yanamu peluetky. CyllecTBOBaHHE TAKOTO «IPbIZKKOBOrO» MeXaHHSMa
3JeKTPON POBOJHOCTH GBIIO"BIIEpBbIE yKasaHo A. . Hodde n, nesasu-
cumo, H. Morrom. K mosynpoBofHHKaM ¢ MaJIoi NOABHKHOCTBIO 30HHAA
TeOPUS HeNpPHMEHHMA.

Brpouey, Kak NMOKa3blBAlOT ONTHYECKHE H 3JIEKTPHYECKHE H3Mepe-
HEsl, H B TaKHX TOJYIPOBOAHHKAX CYLIECTBYIOT 30HbI Pa3peLICHHBIX
¥ 3anpemenHbix sHepruit. OTcioNla MOXKHO 3aK/MIOUHTh, YTO MPEACTABIE-
HHe 00 SHEpreTHUeCKHX 30HaX sIBJseTcs ropasto Gollee OOULEM, HeM 3TO
CIenyeT W3 HX oBOCHOBaHHS B3OHHOM Teopun (cp. rJ. XVIL, . X1X).

062 MeXaHH3Ma 3JIeKTPONPOBOAHOCTH XapaKTepH3YyIoTCA pa3/IHyHOK
32BHCHMOCTBIO MOJBHKHOCTH OT TeMIiepaTyphl, O YeM yKe yIIOMHHAN0Ch
B § 1.5. B unCTBIX NOTYNPOBOAHHKAX C 6OJBIIOH TOABHKHOCTRIO TIOBbI-

eHye TeMnepaTypsl BCErJa yMeHbIlaeT BeTHYHHY MONBHAKHOCTH. B no-
JYIPOBONHUKAX C MaJIOH MOJBHKHOCTBIO NIPH MOBBILIEHHH TEMIEPATy phl
YE@JIHUHBACTCS BEPOATHOCTb NEPECKOKOB 3JIEKTPOHOB, H MO3TOMY MOA-
BHXKHOCTb TOXKE YBeJHYHBaeTCs.

OTMeTUM TaKie, YTO NPBLIKKOBHI MEXaHU3M 3JEKTPONPOBOIHOCTH
MOIKET MpPOABAATLCA [PH M3BECTHBIX YCJOBMAX M B II0JYNPOBOAHHKAX
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¢ GoJbINOH TOABMMKHOCTBIO TIPH OYeHb HH3KHX TemmepaTypax. Tak,
Hanpyumep, B FepMaHH}, COJiepzKalleM MOHOPHl H aKUEeNTOPhl (MpH KOH--
nenTpanuax <10 cm™®, Korza elile He NPOABJsETCS TaK HasbiBaeMast
TIPOBOAMMCCTE B NPHMeCHO# 30He, cp. rat. IV), npu renueBbix temnepa-
TypaX KOHIEHTpAlUus NOABHXKHLIX 3JEKTPOHCB HJIH, COOTBETCTBEHHO,
IBIPOK B 30HAX HHYTOXKHO Masa, TaK KaK NPAKTHYECKH BCE OHII JIOKA-
JIMSOBaHE! HA TpHMeCHHX aTomax. OfHako H B 3TOM CJlyyae BCe Xe
HabaiofaeTcs OYeHb Manas 3JeKTPOnpPOBOJHOCTh, KOTOpasd, MO-BHAH-.
MOMY, OGYCJOBJeHa IPbIXXKKOBEIM MEXaHH3MOM.

§ 9. INpumecHbie aTombl

Kpucrani, B KOTQPOM BC€ y3Jbl peIUeTKH 3aloJIHeHbl TOJbKO aTo-
MaMM JAHHOTO BeLECTBA U pelIeTKa KOTOpPOro Ge3rpaHHyHoO MpPOCTH-
paeTcsl BO BCeX HalpaBJeHHAX, Mbl OyleM HasbiBaTb MJ€aNbHBIM KpH-
cranjoMm. OIHAKO Bce peasbHble KPHCTAJJIB HMEIOT Pas/HuYHble Heco-
BepLICHCTBA, HCKaXKalolljjie CTPOryio MePHOANYHOCTE KPHCTaNIHIECKON
pELIEeTKH,

Hccnenopanie ocoGeHHOCTEH AHMPAKUHMM PEHTTEHOBCKHX JyueH
NICKA3BIBAET, YTO B peaibHBIX KpPHUCTadJaX NPaBHALHCE PACHOJIOKEHHe
aTOMOB B pellleTKe COXpaHsieTcs JHIIb B pejenax HeGoablInX obnacTei
¢ auuelineiMu pasmepanu ~0,1 + 1 MkM. Camu xe 3TH 00/1aCTH C/1€TKa
Pa30pHEHTHPOBAHbl JIPYT OTHOCHTEJIbHO APYra (IOBEPHYTHI Ha MaJbie
yIJbl), 00pasyd Tak HashiBa€Myl0 MO3aHyHYIO CTPYKTYpy. =

JIpyTHM THIIOM HECOBEpINEHCTB SBJIAIOTCA NpPHMeCHhle atombl. Ilo-
caefHie MOTYT ObITb B peleTKe KPHCTaNia B ABYX COCTOSIHUSX: JIHOO
5aHMMaTh Y3Jbl pelleTKH, 3ameliasd HeKOTOPhie aTOMbl OCHOBHOTO Be-
mecTBa KpPHCTaANa (TBepAwH pacTBOp 3amelieHHs), JHOO BHEAPSAThbCS
MeXAy Yy3JamH pelleTKH (TBepABi pacTBOp BHeApeHus). B oboux
cayuasix Kamjas INpHMech XapaKTepu3yercs ONpejesIeHHOH MakCH-
MaJbHOH PacTBOPHMOCTBIO, T. €. MAaKCHMaJbHOH KOHi€HTpalHed npH-
MeCHBIX aTOMOB, KOTOPYIO MOXKHO CO31aTh B PELICTKe NPH AaHHOH Tem-
nepaType IpH TePMOAMHAMUYECKOM paBHoBecHH. OTMETHM Takxe, uTo
ofa Tumna TBepABIX PACTBOPOB CHJBHO OTJHYAIOTCS MO BEIHYHHE KO3(d-
¢uiuenToB Au( Y3HH NpliMecel: KaK NpPaBHJO, NPH ONHOH W TOH ke
TemnepaType Ko3hdHUHEHTH AHGQY3HH MEXKAOY3eNbHBIX aTOMCB Ha
HECKOJBKO NOPAAKOB 6o/biile, 4eM KO3(GMUIHENThl JHGDY3HH y3eJNbHbBIX
aTOMOB. .

‘HecoBepiieHCTBaMH B peasibHBIX KPHCTa/MlaX SBJSIOTCH TakxKe
IyCThle y3/bl PEleTKH WIH BaKaHCHH, JHHEeHHbIe AUCTOKAUUH U BHHTO-
Bble JUCJOKALMH (CM. HHXKe). YKa3aHHLIe HecOBepLIeHCTBa MOL'YT €O3-
JaBaTh JOTOJHUTENbHEIE YPOBHH 3HEPIHH 3JIEKTPOHOB, KOTOPHIE BAUAIOT
Ha MHOrHe QU3UUYECKHe MPOIeCChl B NOJNYNPOBOAHHKAX. )

PaccMoTpuM CHauaja MOBEJeHNe MpHmMecHbiXx artomoB. HanGosee
TpocToit M scHBIA ciyuail Mbi HMeeM A1 mpumecelt snementoB 111
V rpynm nepuoAHYecKoi CHCTEME B-IIONYNPOBOJAHHKAX NOArpymnnst 1IVB
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(xpemumit, repMannil). Takue mpumecu 06pasyioT TBEpJBIH PacTBOP
samelnerust. Ha 370, B 4aCTHOCTH, YKAasblBalOT OYe€Hb MaJjible 3HaYeHHS
uX Ko3bduuueHToB IuddysHu.

AToM J1i060r0 djeMeHTa V TPYNIE MMeeT 5 BaJeHTHBIX 3JIeKTPOHOB,
M, COOTBETCTBEHHO, €r0 MOHHBIH OCTATOK HECeT NOJIOXHTE/]bHHIH 3a-
pan -+5e. Onnako ansi o6pasoBaHHA TeTPasIPUYECKHX BAJEHTHEIX
CBSI3ell B peilleTKe THNA aJMa3a HeoOXONMMO TOMBbKO 4 3/EKTPOHA.
[To3ToMy IpH 3ameHe aTomMa OCHOBHOH peleTKH Ha aTOM NPHMECH Mbl
IOJIYYHM OJIMH «IHLIHUID 51eKTpoH. [Tocnennuit 6yAeT NBUraThCs B NO1E
HOHHOTO OCTaTKa H OCTaJbHBIX BAaJEHTHBIX 3JIEKTPOHOB, T. €. B IOJE
sdxpeKTHBHOTO 3apsfia -+-e, o0pasys cHCTemY, nonao6Hy0 aToMy BOJO-
pora (puc. 2.18, a@). DTOT NOMOJHUTE/NbHBIH SJEKTPOH MOXET ObITh

Puc. 2.18. Vaeapunifi atoM siementa V rpynns (a) u III rpynnet (6) B peiuerke
THNA aaMasa.

OTIIENJIEH OT CBOETO y3/a pelieTKH ToA AeHCTBHEM TemJIoBLIX Koseba-
HHH, OCBEMIEHHs ¥ T. II., H TOTa OH NPEBPATHTCS B 3/IEKTPOH NPOBOAH-
mocTu. Tlpu 3ToM oOpasoBaHHs CBOGOJHOH IOJIOKHTENBHOH JBIPKH
(KaK B c/yyae paspbiBa CBfi3eil B COGCTBEHHOM MOJYIPOBORHHKE) HE
Gyzner. M3 cka3aHHOro BHAHO, YTO MPHUMECH 3/1€MEHTOB V TPYNIEL B IIO-
JIyIPOBOJHHKAX C DPEIIeTKOH anmasa SBJIA0TCA JOHOpaMH.

B cayuae ysenbHoro artoma saementa III rpymmet (B, Al u zp.)
HIMEeTCS BCero 3 BAJEHTHEIX 3/eKTPOHA, T. €. He XBaTaeT OJIHOTO 3/1€K-
TpOHa VIS 3aBEepIUCHAs BaJEHTHBIX CBf3ei. DTOT HENOCTAaloUHH 3JIeK-
TPOH MOXeT ObIThb 3aHMCTBOBAH M3 UHCJd COCEHHX 3/€KTDOHOB CBA3H.
Ipu sTOoM oGpa3yercsi BaKaHTHOE MECTO CPeH COCEIHHX 3/IEKTPOHOB
CBS3U, WJIH MOJIOXHTENbHAS AbIpKa, KOTOpas OKaxeTcs B moJe 3apsna
HOHHOTO OCTaTKa (-+36) ¥ YeTbipex 3/MEKTPOHOB CBA3H (—4e), T. €. B 1oJe
adexTuBHOrO 3apsga —e (puc. 2.18, 6). Tak Kax B 06pa3oBaBLIYIOCS
BAKAHCHIO MOTYT TNEpPEeXOAHTb [pyrHe 3/EKTPOHbl CBf3H, TO JAbIPKa
GyneT ABATaThCSl BOKPYT IPHMECHOTO LEHTPa, H MBI ONATH IHOJTy4YHM
BOZIOPOAONOZOGHYIO CHCTEMY, HO TOJBKO C HEMOABHXKHBEIM OTPHIATE/ b
HBIM 3apSJOM M TOABHAKHBIM MOJOKUTENBHBIM 3apPAAOM.

INox BAMSIHHEM TEIJIOBOI'O JBHMKEHHS, OCBEIEHHS ¥ HHBIX BHEIUHHX
BO3IEHCTBHA B 0OPa30BaBLIYIOCS BAKAHCHIO MOTYT ObiTh 3a0GpOLUEHBI



§ 9] NMPUMECHDBIE ATOMBI 75

Gosee ynaieHHBIE 3JEKTPOHBI CBSI3U. Torpa BMECTO ABIPKH, CBA3aHHOH
C JAaHHBIM TIPHMECHBIM LEHTPOM, MOABHUTCS ALIPKA B JPYTOM MeCTe, H
3Ta JbipKa, BCJEACTBHE IMOCJAENOBaTe]bHOTO 3abpoca B HEE APYIruX
3JIEKTPOHOB CBsi3H, GyAeT mepeMemarbcs B KpHCTasme. DTOT TMPOLECe
aHAJIOTHYEH OTPLIBY CBSI3aHHOTO 3/€KTPOHA OT JoHOpa V TPYyMNIbl H
MOXKeT GhiTh Ha3BaH OCBOGOXKAEHHEM CBfA3aHHOH ILIPKH W MEPEBOJOM ee
B cBoGojgHoe cocTosinve. OOpa3oBaHHA Xe 3/1eKTPOHA HpPOBOJAHMOCTH
IIPH 3TOM He MPOHCXOAMT. V3 CKa3aHHOTO BHAHO, YTO aTOMEI 3JIEMEHTOB
II1 rpynmel B pelueTke THIA a1Ma3a ABJIAKTCH aKLENTODaMU.

ITpumecHsle LEHTPHI, KOTOPble MOTYT OTAABaTh HJIH, COOTBETCTBEHHO,
NpPHHIMATh TOJNbKO OAMH 3JEKTPOH H, CJeN0BATeNbHO, HAXOMHTHCA
TONBLKO B [BYX DPa3/JHYHbIX 3aPANHBEIX COCTOSIHHAX, Mbl OyleM B 1a/b-
HefileM Ha3bIBaTh MPOCThIMH. V3 cKa3aHHOTO BRILIE ClefyeT, YTo Hpo-
CTOH [OHOP €CThb TaKOH HpPHMMECHBHI .
IIEHTP, € KOTOPHIM MpH 3aBEDIUCHHBIX 4 Tz £
BaJIEHTHEIX CBSI3SIX CBSI3aH OAMH 3JIEKT- ¢
poH. M, anamoruyso, mpocrtoi akuen- e e et s o e
TOp €cTb TaKOH INPHMeCHHH LEHTP, € £y
KOTOPBIM NpH 3aBEPLICHHBIX BAaJEHTHHIX
CBSI3AX CBSI3aHA OJHA ABIPKA. _ 5

ITpocTbie IOHOPEI MOXKHO OXapakTe- T
pH30BaTh 3aJaHHEM HAUHH3ILETO YPOBHS
sHepruu E; HEOTIIEIVIEHHOTO 3JeKTPOHA f;‘g‘;fl;l% Y(g%‘z';;‘ﬂfl‘éeprf;‘: oo
(ocHOBHOE ~ COCTOSIHHE). AHAJOTHYHO, wyyy npocTHIX AOHODOB HJH K-
JUIst TIPOCTOTO AaKileNTopa MOXKHO 3a- LeNTOPOB.

JaTh ONVH ypOBEHb SHEpPTUH 3aXBaueH-

HOTO 3/1eKTpoHa, Takue YpOBHH, OJHAKO, B OTMIHYHE OT YPOBHEH 3JIeK-
TPOHOB TPOBOAMMOCTH, ABJSIOTCA JIOKa/JbHBIMH, TAK Kak 3/1€KTPOHBI,
HX 3aHMMaIOLIHE, PACTONOXKEHB! B HEMOCPEACTBeHHOH GM30CTH OT IpH-
MECHHIX LEHTpoB (puc. 2.19). DHeprus HOHH3aLUU JOHOPa 74 HA 3TOM
auarpamme paBHa (E, — Ej). AHajJ0orHyHO, SHEPrus, HeoOxoaumast 1J1s1
3a6poca 3/eKTPOHA M3 BAJEHTHOH 30HBI HA aKUENTop (W/Hd, APYTHMH
CJIOBaMH, SHEprus OTPLIBA CBA3aHHON ABIPKM OT aKuenropa ¢,), pas-
Ha (E; — Eu)-

DHEPTUi0 HOHU3ALUY NPHMECHBIX aTOMOB B KPHCTaJlJle MOXKHO 3KCIe-
PHMEHTAJILHO OMpeesuThb JH60 H3 TeMmnepaTypHOH 3aBHCHMOCTH NMOCTO-
AHHON XoJ/Ja («TepMHUecKasi» SHEPrUs HOHU3anHUH), 1400 U3 CIIEKTpasb-
HBIX 3aBHCHMOCTEH Ko3dpuiueHTa MOIVIOWIEHHS CBeTa H (HOTONpPOBOAH-
MOCTH («ONTHYECKasiy SHEPrusl HOHHU3aUHH).

3HaueHusa 3Hepruy noHusauud atomos III  V rpynn B repmanuy
H KPeMHHH, ONpeJe/NeHHbe W3 ONTHYECKHX H3MEDEHWH NMpH TeJHeBhIX
TemnepaTypax, npuseieHs! B Tabanue 2.1. DHeprud HOHM3AUMH B Tep-
MaHU{ MaJo OTJIH4alTcst ApPYr oT japyra u 6ausku k 0,01 3B. drotr
pesynbTaT XOpOIIO OOBSCHAETCS B TEOPHH «BOAOPOAONONOCHBIX» MIPH-
MEeCHBIX aTOMOB, KOTOPYIO Mbl paccMorpuM B ri1. IV. Beneacrsue Manoi
3HepPTHM HOHM3alMH aTOMBbl 3THX 3JEMEHTOB B I'€pMaHHM NPaAKTUYECKH
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Tabauya 2.1

Jueprus HOMM3AaUMH (B MUIMINEKTPOHBONLTAX) ATOMOB IIEMEHTOB
HI & V rpyAn B OCHOBHOM COCTOAHHUHM B FépMAHHH H KDEMHUH *)

DnemeHT Ge Si Tun DneMeHT Ge Si THo
B 10,6 | 44,3 P 12,7 { 45,3
‘él ;(1)’? 38'4 Akuenrops, As 140 | 53,5 Hcroph,
S 1?,5? Tg=Ei—Ey | Sb | 102 425 | Fy=E.—E;
Ti 13,1 _ Bi 1271 71,0
*) O6sop LI. M. Koean, T. M. Jlupuuy, phys, stat. sol. (a) 39, 11 (1977),

OMHOCTBIO HOHM3OBAHHI, ke HaudHas C Temnepatyp ~10K u Builue.
SHepruy MOHU3ALMH STHX 3JIEMEHTOB B KPEMHHH, OCOGEHHO aKLEITO-
pos 111 rpynmel, oTIHYaIOTCS 3HAYHTENBHO CHJIbHEE. Onunako H 3/eCh
(3a mckmioueHneM In) sHeprus MX HMOHH3ALUH HEBENHKA, H TO3TOMY
npu Temneparypax, OJH3KHX K KOMHATHBIM (¥ BBULE), aTOMBI 3THX
3/EMEHTOB TOXKe HOHH30BaHB MOUTH mNoMHOCThIO. C ApPYrofi CTOPOHHI,
pacTBOPUMOCTb GOMBIHMHCTBA 3/EMEHTOB III u V rpyun (kpome Bi
# Tl) B repMaHuK ¥ KPEMHHH ouelb BeaHka (Hampumep, /s In, Ga,
P B repmaHHi oHa npuOanxaerca K 102! aromos/cm®). TTostomy, BBOAS
saementsl 111 # V rpynn B repMaHuil 4 KpeMHHiH, MOXHO B IIHDOKHX
npefenax MeHsTh KOHIEHTPALMIo SJIeKTPOHOB H IBIPOK H, COOTBET-
CTBEHHO, 3MeKTPONpPoBOHOCTh. [ToN0GHbIe TPHMECH; CO3AAIOIIHEe MENTKHE
YpOBHM SHEPTHH H CIOCOGHBIE BXOIHMTH B PEETKY MO/YNPOBORHHKA
B GO/BIINX KOHUEHTPAUMsAX, MBl B JaibuefimeM OyleM HashBaTh 2eci-
pyrowumMy IPUMECSIMU. :

Ecnu npuMecHble aTOMBbl [pHHALIeXKAT rpynne . [IEPUOAHUCCKON
CHCTeMsl, KOTOpasi OT/IHYaeTcs: 6oIblie HexenH Ha eIUHHILY OT IpyNnbi
OCHOBHOTO BelLILeCTBA INOJYIPOBOZHHKA, TO CUCTEMa JIOKAJbHBIX ypOB-
Hefl SHepruu oKasmiBaercs CloxHee. IIpi 3TOM, BO-TIpBLIX, NMOABJIA-
J0TCS! IBA MJIM HECKOJBKO PA3HBIX ypOBHEH SHEprHu A/ OAHOro i TOro
e aroma. M, BO-BTOpHIX, BO3HHKAIOT IMY0OKHE ypOBHH 3HEPriu.

Ha puc. 2.20 B xadecTpe NpHMEpa NPHBEJEHE! IPUMECHBIC ypOBHA
SHEPrHH B T€PMAHHH, KOTOPbiil M3yuyeH Haubouee noapobro. Ocrano-
BHMCSl Ha CMBICJE 3TOH JHArpammel.

PaccMoTpHM, HampuMep, Meib, KOTOpas CO3AaeT B TepMAHUH TPH
AKLENTOPHHIX ypoOBHs, yjadeHunix Ha 0,04 u 0,33 3B or Bepxa
BANEHTHON 30HEI ¥ Ha 0,26 5B OT 1Ha 30HB! IPOBOJUMOCTH. ITO 3Ha-
YHT,4T0 ATOM Meld MOMKET NPHCOERHHHTb K cebe TpH 3JIEKTPOHA. Tpu-
COCIMHEHHe TEPBOrO 3/CKTPOHA (M3 uMCAA 3JEKTPOHOB, 0Opa-
3YIOUMX BAJEHTHbie CBA3H B KPHCTaJLIC) TpeOyer HauMeHbILe#
sueprun E, — E, = 0,04 3B. Ilpu sToM aToM MeAH mpeBpallaeTCs
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B oTpuiaTte]pHbit HoH Cu™ M ONHOBpPeMeHHO o0pa3syercst NojBHXKHas
noJoKuTeNbHas AbipKa. I109TOMY MBI MOXEM Tak¥XKe CKasaTb, YTO 3TOT
5JeKTPOHHBI MEpeX0J eCThb OTPEIB CBA3AHHOH ABIPKH OT aKLeNnTopa, Ha
y10 HeoOxomuma 3Heprus nounsaumuyu 0,04 3B. [las orpmiBa 3axBauen-
HOTO 3jieKTpoHa OT HoHa Cu~ M NepeBoJa €ro B NOJBHAKHOE COCTOSHHE
HeoGxoaMMa HauMenblias sueprus 0,79—0,04 == 0,75 3B, rze 0,79 3B
ecTh LIMpHHA 3anpellleHHOA 30HEI repMaHus (IpH 0K). Ananmorusno,
sHeprusi E, — E, = 0,33 3B wua 3r10ff auarpamme ecTb npHpallieHne
SHePruU LeHTpa TpPH NpHcoeanHeHHH K HoHy Cu~ BTOPOrO 3/1eKTpoHa
(3 uKc/Ia SNEKTPOHOB CBSA3H) H NpeBpalleHun ero B uoH Cu®". I1pu aTom
CpenH 3JEKTPOHOB CBs3il (B BaJIeHTHONl 30HE) ofbpasyercd BTOpas

Loropst
\ &7
£ o7 pees T
’ o'zo 1K ¥
ozz o2 % l
030 030 T~ T N
037 43
3~ I 035 omm |
o2z 028 83
of6 o1l 06 —42
009 ot
s 084 ogz 0% 004 0050 "f% 38
| Awuenmopy zn td Mn Nt G0 Fe Cu Au
M egyms

Puc. 2.20. 3nepreTHieckne YPOBHM HEKOTODPBIX npuMecefi B repMaHHM INpH TeMne-
patype aGeoioTHOTO Hy.s. Bce ypoBHH —— aKHENTODHEIE, 38 HCKJIOUCHNEM HAHHHI-
uero ypoBHA 30J0Ta.

| TOJIBIXKHAsA NBIPKA, H MBI MOXEM CKasars, 410 SHEPTHA 0,33 5B ectb

SHEPTUs OTpbIBA BTOPOH RBIPKH, CBSI3AHHOH € HOHOM Cu. JHeprus
oTpHIBa 3JeKTpoHa oT HoHa Cu*~ ects 0,79 — 0,33 = 0,46 3B. H, nako-
Hell, SHepTHsl NPHCOeIUHEHUA TPETbEro SMeKTPOHa, Tenepb yxe K HoHy
Cu* (nIM, YTO TO ke, SHEPrHs OTPLIBA TPeTbedl ABIPKH), paBHA
E, — E, = 0,79 — 0,26 = 0,53 3B. Ilpu srom ofpasyercs HOH Cu®.
Dueprus OTPLIBA 3aXBAUEHHOTO TPETHETO 3JIEKTPOHA €CTh E.—E;=
=. 0,26 3B. Takum oGpa3omM, y3ejbHble aTOMbl MeJH B TépMaHuH sB-
JSIOTCH TPOHHBIMH aKIeNTopami ¥ MOTYT CYIECTBOBATH B HYCTHIpEX
sapsmbix cocrosuusx: Cul, Cu”, Cu*™ u Cu*.

Uncso pasuuHbiX JIOKAIBHBIX yPOBHEH 3HEprHM AJs Y3€IbHbIX
TIPHMECHEIX 4TOMOB B FepMaHHH B psile CIyyaeB COT/IAaCyercs € OXHu-
JaeMBIM HA OCHOBAHHH 3JIEKTPOHHOI CTPYKTYpPHI aioOMa M TeTpasipHue-
CKOTO XapakTepa BaJEHTHHIX CBfi3eil B repmaHui. PaccMOTpHM, HanpH-
mep, sementrt 11 rpynnet Zn u Cd. MX aTOMBI HMEIOT 110 /B2 Ba/IEHTHBIX
3JIeKTpOHA: (49)? m, cootBercTBeHHO, (5s)2. OpHako A/1s COpasoBanks
3aBepILeHHBIX TETPadpHUECKHX CBsi3eil B repMaHuH HeOGXOAKMO YeThIpe
snexTpoHa. HelocTaTok IBYX 3/IeKTPOHOB IPHBOIMT K 00pa30oBanuIo
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ABYX IbIPOK, CBSI3AHHBIX C STHMH aTOMaMi, M MO3TOMY OHH ABJISIOTCA
IBOHHBIMU aKUENTOPaMH.

Aementsl Mn (VII rpynna) u Fe, Co, Ni (VIII rpynna) Bce umeior
Ha caMmoll RHEIlHell 0BoJouke 10 ABa 3JekTpoHa (4s)®. Ilo-Bumumomy,
MMEHHO 5Ta [apa 3JEKTPOHOB H ydYacTBYeT B OOpasoBaHHH Ba/eHTHBIX
cBsisefi. Ho Toraa onsiTh A8 3aBepllieHHs] BaJEHTHLIX CBfi3ed He XBa-
TaeT IBYX 3/MEKTPOHOB, H aTCMbL THX 3/JEMEHTOB TOXKe SIBJSIOTCH JABOM-
HBLIMH aKLENTOpaMu.

Anementn 1 rpynner Cu, Ag ¥ Au HMEOT [0 OJHOMY BaJIEHTHOMY
snexkTpony: (4s), (bs) u (6s). IlosTomy ApHu y3€JbHOM TOJOXEHHH STHX
aTOMOB C HAMHM CBSI3aHbI TPH ABIPKH, H OHH ABJASIOTCA TPOHHEIMH aKUem-
topamu. Opnako y Au oOHapyXKHBAeTCA €lle U JIOHOPHBIH YPOBEHb,
CBSI3aHHBII C BO3MOXKHOCTHIO OTILEIJIEHUS] BAJIEHTHOTO 3/EKTPOHA.

Paccmorpum, Hakowel, eimie mpumep Te (VI rpymma). On umeer
1I6CTh BaJEHTHHIX 3JeKTpoHOB (Bs)® (6p)*, B TO BpeMsi Kak JJsi 3aBep-
LIeHHs BAJEHTHLIX CBsi3efl HX HEOOGXONMMO TOMBKO yeTnipe. B coorBer-
CTBHM C 5THM y3eJIbHbe aTOMBbI Te/JIypa CO3/aI0T B FepManyy JBa JOHOP-~
HBIX YDOBHS,

§ 10. BakaHCHH H MeXJoy3elbHble aTOMbi

Hapymenus npaBHIbHONH NEPHOAHYHOCTH KPHCTA//A BBHISLIBAIOT He
TOMLKO ATOMBI IpHMeceil, HO H COGCTBEHHO CTPYKTYpHble AedexTsl,
T. e. pas/HYHbE HENPaBHJILHOCTH B PaCHO/OKEHWH aTOMOB OCHOBHOTO
BemiecTBa KpHcraiia. Takue CTPYKTypHbie JIedeKThbl, KaK H aTOMbl
npuMeceil, CO3/AI0T B OT/eMbHBIX Y3JaX PeilleTKH HapyLIeHHs pasilib-
HOTO YepeJOBaHHsl XHMHUYECKHX CBfA3eil, YTO MOXeT NPUBORHTD K NOSABJIE-
HHIO B 3aNpEIIeHHON 30He JOKaJbHBIX YPOBHEH SHEpPTHH. _

ITpocTeiiniiM THIIOM CTPYKTYPHBIX [e(eKTOB AB/AOTCS BaKaHCHH
(nedexter mo IIoTTKH), KOTOpHIE MPEACTABJAIOT cofofl mpocTO mycThie
yaael pemreTkd. OHH CXeMaTHYeCKH IOKa3aHhl Ha NpHMEPE PELIeTKH
coenunenus Tura AB Ha puc. 2.21, a. 31ech Gonbiuke KpyXKKH H300pa-
JAIOT aTOMBL A, MaJlsie KpY»XKH — atombl B. Bakancnu Moryt 66iTh Kak
B MPOCTOIi pelreTke A, Tak H B npOCTO# pelterke B. Ipouecc ux obpa-
30BAHHS MOXHO IIPEACTABHTH KAk INepexoj CHayajJa OQHOro M3 Ipu-
MOBEPXHOCTHEIX aTOMOB Ha CaMy INOBEPXHOCTb KpHcraana. B o6paso-
BABINYIOCA TakhM 0Gpa3oM NPHIOBEPXHOCTHYIO BAKAHCHIO TEINVIOBLIM
JBMKEHNEeM MOXeT ObiTh 3abpoiueH ofiuH H3 Gojee r1yOOKHX aTOMOB,
OTUEro BO3HUKHET BakaHcHs, Gojee yjaleHHas OT NOBEPXHOCTH, U T. 1.
C momolIbl0’ TAKOrO npoliecca, KOTOPHIH MOXHO paccMaTpuBaTh Kak
auddysHIo BakaHCHil ¢ MOBEPXHOCTH B Ty6b KPHCTa/la, BAKAHCHU
MOTYT 06pa3oBathbcst B JI0OOM MeCTe KpHCTaJsla.

Jpyroit Tun gedexra, Toxe O0pasoOBAHHE CMEllEHHeM aTOMOB pe-
WeTKH, [ONyYaeTcsi, €C/H CMELIEHHDbI aToM OCTaeTCs B HeNOCPECTBeH-
HOl GJIM30CTH OT CBOEroO y3/1a, TaK YTO Ne(eKT COCTOMT U3 BaKaHCHH
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1 Mexpoy3eabHoro atoma (puc. 2.21, 6). Ilpencrapnenne o AegekTax
takoro poga 6eu1o BeeneHo SI. M. ®peHkeneMm.

PaccmorpeHHble JleeKThl CYLIECTBYIOT BO BceX KpHCTallax, Aaxe
eC/1H OHH HaXOJATCH B TePMOJAHHAMHYECKOM paBHOBeCHH. B aTOM cilyyae
JedeKThl BO3HHKAIOT BCJEACTBHE (UIyKTyallHil TEnvIoBOrO ABHMEHUA,
IPH KOTOPHIX OT[eJbHble y3/bl PELIETKH MOTYT MOJYYHTb SHEPIHIO,
AOCTATOUHYIO 1 0OpasoBaHusi fedekra. KOHIEHTpalysi BAKAHCHi M
fedekToB o PpeHKeNI0 3aBHCHT OT SHEpruH MX 00pasoBaHHS U TeMIe-
paTypsl ¥ OuYeHb OBICTPO YBEIHYHBAETCS MPH MOBBLILEHHH TEMNIEPATYPhI.

Bo/ibuias KOHieHTpallHs BAKAHCHA MOXKeT BO3HUKHYTh B HECTEXHC-
MeTPHYECKHX KPHCTALIaX XHMHYECKHX COeMHeH H, T. €. B KpHCTallaax,
UMEIOIUX M3GEITOK MM HEJOCTAaTOK OJHOTO H3 KOMIOHEHTOB. XOpOIIHM
IpUMEpOM BaKaHCHH SBJASIOTCA TaK HasbiBaeMble UEHTPHl OKPAaCKH

o (o @Q@@
O O O O
o (O o O

Puc. 2.21. a) Rakancua. 6) Bakaucusi ¢ MeXpaoysesb-
HbIM aTOMOM.

B LIEJOUHO-TAMOUAHBIX KpHucTadnax. OnLiT MOKaskwBaer, YTo NpU Harpe-
panun kpucraaos LiCl, NaCl, KCl u 1. 1. B napax cBOero LeJI04HOro
MeTaa KpUCTa/JIBl IPHOOPETaloT TYCTYio OKPacKy: XeITyio B Clyuae
NaCl, cuniolo B caydae KCl 1 ap. Takylo e OKpacKy MOXKHO Bbi3BaTh
B IUEJOYHO-TAJIOUAHBIX KpHCTaldaaX, o0jyyasi HX PEHTTeHOBCKHMH
Jyyamu. XMMHUYeCKH aHAMH3 IOKA3bIBAeT, YTO TAKHE OKpaLICHHBIE
KPHCTAJJIBL HMEIOT H30BITOK LIe/04HOT0 MeTasl1a. Nx okpacka o0yc/10B-
JieHa BOSHHMKHOBEHHEM B CIIEKTPE [OI/IOMEHHS CBeTa ONPEeAeIeHHOH
TOJIOCH! TIOTVIOLIEH|S, KOTOopasl pa3/iuyHa JUIfi PasHbIX KPHUCTAJIOB. JTH
110JI0CHI MIOTVIOLIEH ST OblaH HasBauut P. B. TTosem F-mnonocamy, a BhI3bl-
BalOULHE MX LEHTPHl NOrJouenus — F-uentpamu (o1 Hemeuxoro Farb-
zentren).

O6bsicHeHHe npHposl F-uentpoB Gbio nano H. Morrom u P. Tepun
[2]. B kpucraziax ¢ H3OLITKOM LIEJIOYHOTO METasl/a HMEEeTCs HELoCTa-
TOK TajioHia, YTO NPUBOANT K BOSHHKHOBEHHIO BAKAHCHII B pEIIETKe
annoHoB. IIph 3TOM MOJIONKHTENbHBIA 3apsili KaTHOHOB, OKPYXKAIOUHX
JaHHYI0 BAKaHCHIO, OKAa3blBaeTCs HECKOMIEHCHPOBAHHBHIM, H B. KpH-
Crajjie BO3HHMKAeT TIOJIOMHTEIbHO 3apSKEeHHbIH LEeHTD, CTI0COOHBIR
NpIHCOSNUHHTL K cebe H3OLITOYHBIN 3JeKTPOH (pHC. 2.22), Takum
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obpasoM, ofpasyercst ueHTp JoHopHoro THra. Ilon meficTBueM (oOTOHOB
AOCTATOYHO GOJMBLIOH 3HEPIHH 3TOT 3/I€KTPOH MOXeT OulTh OTIIErvIed
ot F-ueurpa. Ilpn 3TOM NMpOHUCXOAHT MOIVIOUIEHHE CBETA U BO3HHKAET
TIPOBOAUMOCTD KPHUCTAI0B (OTONPOBOANMOCTDL). JHEPTHsl HOHH3AUHHU
F-uentpa npuGIH3UTENBHO paBHA 3HEPruH (OTOHOB, COOTBETCTBYIOLIEH
CepelnHe MOJIOCH ONTHYECKOrO MOIVIOLIEHHS.
OnbT HOKAasLIBaeT, YTO IOCJae JJIHTeALHOTO HOIVIOUWIEHHST CBETa
B F-nojoce B OKpamieHHHX KpHCTa/llax 3Ta 1ojoca ocnabeBaer, HO
OIHOBPEMEHHO MOSIB/ISIETCS HOBas M0J0Ca MOIJIouleHHst B GoJee JIHH-
HBIX BOJHax (F’'-nmonoca). Tloclenyroluee mnormomenne ceeta B F'-no-
Jioce ToXe Bhi3bIBaeT oTonpoBoguMoctb. IIpu stom F’-mosioca norvioe-
HH ocaabJjsercs, a NepBoHauajbHasg [F-mosoca BOCCTAHABIHBAETCS.
Aro ROKasblBaeT, 4ro, Hapsany ¢ F-UeHTpaMM, B LIETOYHO-TAJOHAHBIX
KPHCTaJIaX MOI'YT BO3HHKATh €le LeHTPbL
4+ — + — + —  jpyroro Tuna (F'-uentpr). Hmerounecs
— i e + JKCTIepHMEHTA/bHEIE RAHHBIE TIPUBOJAAT K

7 \ BEPOATHOMY 3aK/IOYEHHIO, YTO F’-HeHTPHI
o - 4 — TpEICTaBAsIOT COGOH BAKAHCHIO, 3aXBa-
\ / THBIIYIO 1BA 3JEKTPOHA, H YTO BO3HHKHO-
— 4 = F.~ -+ Bense F'-moochl NOI/IOWEHHSI U CBfA3aH-

HOH c Hefi (OTONPOBONUMOCTH 00YC/I0B-

4 = o4 — -+ — jeno MoHH3amMell BTOPOrO 3aXBAYEHHOTO
Puc. 2.22. Mogens F-uentpa SJIEKTPORA.

no Morry # Tepa. AHAJIOTHYHO 5TOMY, HMEIOTCS YKA3aHHs

Ha TO, YTO BakaHCHA B KATHOHHON peruer-

K€ HOHHBIX KpHCTA/NJI0B NMPHBOAUT K 0Opa3sOBaHMIO OTPHUATENBHO 3a-

PSKEHHOTO LEHTPA, C KOTOPHIM CBsi3aHa MOJIOXKHTe/AbHas AbIpKa, T. €.

K aKUenTopHOMy UeHTpy. LIeHTpel Takoro THma noJyuHau Ha3BaHHe

V-uentpos. o

Xopouim npUMepoM gedexToB no PpeHkeaio MOTYT CAYXKUTh TaK
Ha3biBaeMble pajHalHOHHbIe NedeKThl B repMaHuu ¥ kpemuun. OHH BO3-
HHMKaloT npu OomOapAMpOBKE KDHCTANIOB OBICTPLIMH 3JIEKTPOHAMH
C 9Heprueil NopsiKa COTeH KUJIC3JEKTPOHBOBT K Bhillle, KOTOpHIE IIpH
COyZapeHHH ¢ aTOMaMH KPHCTa/jla CMELIAOT HX U3 Y3e/IbHOTO MOJIOXKe-
HHA B MexjoyseabHoe. OMNBIT MOKa3blBaeT, 4TO NMpPH 3TOM Ha 006paso-
BaHMe ONHOTO jnedekTa HeoOXolnHUMa B CpefHeM sHeprus okonao 3,6 3B
B repMaHuH # oxo/lo 4,2 3B B kpemuuu. '

Hccnenosanus apdexra Xomna, onTHyeckKHX H (QOTO/MEKTPUYECKHX
CBOACTB KPHCTA/JIOB KDEMHHS H FepMaHHs C PaJHalHOHHBIMU Jedek-
TaMH HOKAa3bIBAIOT, YTO 3TH JAe(EKTHl CO3JAT CJIOCKHYIO CTPYKTYpY
3HEpreTHUYECKHX YPOBHEH. YCTaHOBJEGHO Takxke, 4TO HO KpaiHeil mepe
yacTh M3 3THX YpPOBReit 00yc/IOB/JeHAa He NPOCTHIMH Nedexramu PpeH-
KeJisi, a GoJee CAOXKHBLIMH LEHTpaMH, OOpa3’OBAHHBIMH H3 1edeKTOB
dpeHkenss H NPHCOSAUMHEHHBIX K HHMM aTroMOB KHCJIopoma. Onmako
Ha 3THX BOMPOCAX Mbl He OyJieM OCTaHABJMBATHCA M OTCHLIAEM YHTa-
Tens K CrenranbHoit mureparype [5].
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§ 11. Jducroxauun

PaccMOTpeHHbIE BhlIe CTPYKTYPHBIE NedeKTH — NPHMECHBIC aTOMB,
BAKAHCHH H KOMOHMHAIMM BAaKaHCHH € MeXJOY3€JbHHIMH aTOMaMu —
HapYIIAIOT NPaBHIbHOE DACIO/OMeHHe aTOMOB B Mpefenax HeGo/b-
Hioro ofbeMa, MOPAAKA HECKONbKHX 3JEMEHTADHBIX siYeeK, H NO3aToMy
MOTYT OLITh HAa3BaHK TOYEUHLIMH fedekTamu. Kpome Toro, B KpHcTa-
Jax MOTYT ObiTb elle JIHHeliHbie CTPYKTYpHLIe fAedeKTHl B BHIE TaK Ha-
spiBaeMbix AHcaOKaunuil. Onu o6pasyietcst npH NehopMaldl CIBHra
‘B pE3y/bTaTe CKOMbMEHHst ATOMHBIX ILIOCKOCTeH APYr OTHOCHTE/BHO

apyra,

Bexmop coadez
———
|
e {4
I p/
//-/7 ER
/7 7
// /,
S AC B ) -
/7 Bexmae
cdsuea 3
a) )

Puc. 2.23. a) O6pasoBanue JMuHe#AHOH JHCJIOKAUUK npH CABH-

re. Jlunefinaa pucioxkauust AD nepneHAMKYJAApHA K BEKTOPY

capura. 6) PacrnosnoxeHue aToMoB B IIJIOCKOCTH, NEPNEHAHKY-

JApHOH K JuHefiHOH ZMCJOKAUMH, B NMPCCTOM KYOHUECKOM KPH~
crajne.

Ecan 6bl CKONB¥EHHE MPOHCXOIUIO MO BCRH aTOMHOH IITIOCKOCTH
KpHCTa/l/la, TO BCE AaTOMBl 3TOH IJIOCKOCTH MNEPeBHHY/HCh Gbl Ha
OLHHAKOBbIE PACCTOSHHSA B OJHY WM HECKOIbKO MOCTOSIHHBIX PEILeTKH
B Hanpap/jeHHH CIBHIA M 3aHAAM Obi HOBBIE MOJOXKEHHS, HACHTHUHbIE
npexuum. OfHAKO B JACHCTBUTE/BHOCTH CKOJbXKEHHE NPOHCXOAHT
TOMABKO HAa YA4CTH ATOMHOH IJIOCKOCTH. DTO MNOKa3aHO CXEMATHYECKH
Ha puc. 2.23, a, ri1e ABCD ectb niowans casura. B pesynbrare Bokpyr
JueHn AD, otaensiolied 30HY cABHFA, o0pasyerTcs XapakTepHOe HCKa-
Kenue pemlerkd. JIuHus AD HasbBaeTcs JuHeHHOH (WM KpaeBoil)
IMCJIOKaLuKeH H 0603Hauaercss 3HaukoM _| . JIMHeHHas AUC/IOKALUsA BCer-
Jla meprneHAHKYJ/sApHA K Halpap/ieHHIo CABHra. :

Pacrioflo:keHHe aTOMOB B IIJIOCKOCTH, MEpreHAHKYJAAPHOH K AHUCTIO-
Kamud, IJist cJayuyasi IIPOCTOff KyOHUYeCKOH pelIeTKH I[0Ka3aHo Ha
puc. 2.23, 6. B pesy/brare ¢BHra o6pa3obajach OfHa HENOJHas aToM-
Has IJIOCKOCTb, Kpaill KOTOpoil u eérb JHHeitdas auciokauus. M3 pu-
CYHKA TAaKKe BHIHO, UTO BOJIHM3H JAHCJOKALMH PeIueTka ynpyro nedop-
MHDOBaHA, NPUYEM HMEIOTCS KaK O6/IacTH CXKaTHs, TaK U 00JIacTH pacrd-
HeHHA.
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At pedopMypoBaHHBIE OGTACTH BOSHHKAIGT My MOBEpXHOCTH
Kpucrasya BOJIM3Y TOUeK BBIXOJA AMCJOKAUMH Ha mosepxnocTb. [1os-
TOMY CKOpPOCTb pAacTBOPEHHS KpHCTaJdJa B DPa3/HYHBIX TPaBHTeNsiX
usMeHsercs BOJH3M 5THX Touek. Ha 3TOM o06CTOSITNLCTBE OCHOBaH
NIMPOKO pacnpocTpaHeHHbIH cnocof ofHapyeHHs JHCAOKalUHH 1o
«IMKAM TpapJeHHus»y. Paszymeercs, [/ NOAY4eHHsT YeTKOH KapTHHBI
HYZKHBI CNIeHa bHO NOJOOPpaHHbIe TPABUTENH, PA3HBIE 114 PASHBIX KpH-
cTa/yIoB (a2 WHOTAA U AJs pa3HbIX TpaHeli). lHCAOKALHOHHBIE SIMKU
TPaBJICHHs OTIHYAIOTCA OT JAPYFHX MAKPOCKONMUYECKHX Ie(heKTOB (Ha-
npuMep, NOCTOPOHHHX BRJIOYEHHH, pAaKOBHH M T. N.) NPaBHABHOM
(dopMoH, OTpaaicLlell CHMMETPHIO PAcIOJOXKelHa aTOMOB Ha JAaHHOM
rpatu.

BcaeacTsue MeXaHHUeCKHX HaNpsDKeHMH BOKPYT IUCACKAUHH No-
TeHILHa/AbHAas SHEPTHUA NPHMECHBIX aTOMOB BOJIH3HM NHCJOKAIMH MeHble,
HexeJ1y BRajdu oT HUX. [lostomy Jerko AuddYHIHpVIOMINE TPUMECH MO-
I'YT HaKalJIMBAThCS BOKPVT AHCIOKALMH, 06pasvsd NPUMECHYIO «aTMo-
cdepy» BOKp yr HUX. ITonb3ysAch 3TUM O0OCTOATENBCTBOM, MOXKHO CHIEJIATh
JHCJIOKAIHY BHAMMBIMH. Taxk, Hanpumep, MOXHO BHIETb JNUCJIOKallHH
B KpeMHUH, BBOAA B Hero auddysnel Melh u monyyas 3ateM Hzobpaxe-
HHe BHYTPEHHOCTH KpHCTaJ/ja B G1M3KOM HHGpaKpacHOM CBETE ¢ IO-
MOUIBIO MHKDPOCKONA M 3JIEKTPOHHO-ONTHYECKOTO TipeoGpasoBaranf.
Tak Kak cam KpeMHHUH XOpOILo NMpo3paveH AJs JJIMH BOAH A > 1 Mkm,
TO NpH 3TOM TNOJYYaercs YeTKoe H3o0paxKeHHe NMCJIOKalui, cliesaB-
IINXCS HENpo3payHbiMU BCJAeICTBHe OOpascBaHus IpHMECHOH armo-
chepul Menu.

Jucnoxkanuy MOryT BO3HHKATh CAMOMNDPOH3BOJBHO B Npollecce pocTa
Kpucrajna. Taxue «BpOXKIEHHbIE» AHCJIOKAUMH MOTYT 0Gpa3oBaThCsH
BCTEACTBHE Jedhopmaiuil npH HepaBHOMEPHOM OXJaXKAeHHH KpHCTa/a,
BCJIECTBHE HEPABHOMEPHOCTH CKOPOCTH 3aTBEpIEBAHHS KpHCTalLIa,
a Takxe B e3yJbTaTe PacnpocTpaHenHs JHCJIOKALMI M3 3aTpPaBKH H
HPYTHX TIPHUHI.

Ecsau, nHanpotuB, B KpHCTajnjle HeoGXOLHMO co311a'rb JHCTIOKaILHHY,
TO IAs 3TOro yaoOHO HCNOMB30BaTh MNJACTHUECKYIO JedopMauHio H,
B ocobeHHOCTH, H3ru6 kpuctamia. [lpu npoctom H3ruGe MIOTHOCTD
IHCJOKauuil (T. €. yuca0 AHcaoKauuit Ha 1 cM?®, meprnenAHKYJAspHBIH
Hanpas/JIeHUIO AHCJAOKALuH) OOpaTHO HpPOMOpLHOHAJNbHA PAanmuyCcy KpH-
BH3HBI HEHTpaJbHOH MJOCKOCTH H MOMXKeT OblTh TEOpPeTHUYeCKH paccuu-
taHa. Kpome TOro, npu usrnfe MOXKHO NOJAYYUTb UYHCTO JIHHECHHBIE
IMCJIOKAlUMK, OXMHAKCBO HAMpaBieHHble H  NapajjieslbHbBle  OCH
H3ruba.

HuTtepecHnlt cayyall ynopsiioueHHOIO pAaCcTONOKEHHA IMCJIOKaLui
Hab/olaeTcs Ha rpaHure IBYX CPOCLIMXCH MOHOKPHCTAIbHBIX GJIOKOB,
pa3opUEHTHPOBAHHEBIX HA MaJselil yroJ. 3TH TaK Ha3plBaeMule «rpa-
HUIIBI 3€PeH MOX MaJbBIM YIJIOM» MOTYT BO3HMKATb CaMONpPOHM3BOJBHO
B TIPOLIECCe KPUCTANIH3ALMHE HIH MOI'YT ObITh CO3JaHBI NpeIHaMepeHno,
€CJTH BECTH KPHCTAMJIH3ALHUIO C MOMOIIBIO JIBYX HACHTHYHBLIX 3aTpaBoK,
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COCTABMAIOIHX MaJdbl yroa. B 3tom ciyuae coepumenve nsyx dacreii
OHKPHCTAJLIA OCYHIECTBJISIETCA C TOMOLIBIO Psifia NMapasliieSbHbIX JHCTO0-
Kalih, 00pasyKlinx «IUCIOKALHOHHYIO CTeHKY» (puc. 2.24). U3 pu-
CYHKa BHJHO, YTO CPeHee PAcCTOAHHE MEXKIY COCeIHUMH IHC/TOKALHAMU
pasuo D = b/§, rlle § — yron mMexny sepHamu (B pajuaHax), a b —
PACCTOSIHME MEXKy aTOMAMH B Hanpap/deHUH CKolbkeHus. I1pu Tpasse-
HYY NOBEPXHOCTH KPHCTaNIa, Ha KOTOPYIO BBIXOAAT JUC/IOKALNH, NOTY-
YAeTCsl yNOPsHIOUEHHOe PACTo/ioxKeHHe SIMOK TpaBJeHHsl BLOJb ompeje-
JIeHHBIX JIMHHH, YKa3bLiBao- G

miee rpaHuIy ABYX ¢J1a6o v

Pa30pHeHTHPOBAHHEIX ofna-
CTeH KpHcTalia.

Ilpu TepMmuyeckoii ob6pa- —
60TKE KpHCTalna, B KOTO-
pPOM HMeIoTCA MeXaHHdecKHe
Hanps2KeHUs, B HEM IIpoHcC-
XOAHT nJacTHyeckas Jedop-
Mauysa. JTo OCYILeCTBAAETCSA
IyTeM nepeMelieHus IHCao-
Kanuit. Tlpu 3ToM yacTto 06-
pasyerca uenas  CHcTeMa
IUCTOKALHOHHBIX  CTEHOK,
KOTOpasi mpeppallaer KpH-
CTaln B coOpaHue .OTARJb-
HBIX 3epeH, pasopHeHTHPO- @
BaHHBIX Ha MaJble YIabl (5B- Puc. 2.94. T

uc. 2.24. I'paHuua sepeH noj MaabM YrjioM
JIeHHe «IOJHTOHH3ALHIY). (cXeMaTHYeCKH): @) PAaCIOJOMKEHHe ATOMHBIX

Ecau JuHeliHas mJOT-  muockoctedt B 0Goux 3epHax; 0) coeluHeHHe 3e-
HOCTb JHCJIOKani 1/D HA  PeH C IOMOWBIO Psifia MapalieJbHBIX JHCJIO-
rpaHyliax 3epeH CraHOBHTCA | kaldi.
oyeHb 60JbLION, TO CTaHO-

BUTCA GOMBUINM H Yyroi pasopdenrtauuu 6. Ilpu stom kpuctans yxe
HeJsb3s paccMaTPUBATh KaK eMHBIH MOHOKDPHCTAN C HCKAXKEeHHOI CTPYK-
TYypolf, ¥ OH mpeBpamiaeTcs B HNOJIHKPHCTAIHYECKOE BELIeCTBO.

TTIoMHMO PACCMOTPEHHBIX BBbllile JIHHEHHBIX (HJIH KPaeBblX) JHCJIOKA-
1uil, CYIIECTBYET -elie JAPyrol THI CTPYKTYPHBIX nedexrop, HasbiBa-
€MbIX BHMHTOBBLIMU JHCJHOKALHMAMH (CM., Hampumep, [6]).

JHcjaokanny, nogoOHO NPHMECHBIM aTOMaM H TOYEUHBIM CTPYKTYp-
HbIM JedekTam, CO3TAI0T JOIOJHHUTE/bHBIE 3JEKTPOHHBIE COCTOAHHSA
B 3anpenieHHoi 3oHe sHepru#t. B § 9 Ml Bupenn, wro, aHamusupys
O0COOEHHOCTH XUMHYECKHX CBA3eH BOJIM3W NPHUMECHBIX aTOMOB, MOXHO
clenath Onpefie/ieHHble 3aKJIOUeHHs1 O XapakTepe BO3HHUKAIOWIHX JO-
KaJlbHBIX ypoBHefi. IlonbiTaemcst Ternepp MOAOMTH ¢ 3TOH TOYKH 3peHHUst
K JHCJAOKAUMH U paccMoTpHM, caenys B. Ioksu, AuneiiHyo AHcIOKa-
IIMI0 B penleTke THHA anMasa (Hampumep, B repMAHHMH ‘HJIH KPeMHHH).
Ha puc. 2.25, a 3o6parkeHo pacnosiokeHHe aTOMOB B PEIIETKE TAKOro
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thra *¥). OHO COOTBETCTBYeT 3/IeMeHTapHOH suefike anMasa, H3oHpa-
JeHHOH Ha puc. 2.9, HO 3]ech NOKasaHo GoJibilee: YHCIO0 aToMOB. Kak
M panblle, JHHHAMH IOKa3aupl HalpaBieHHble BaJieHTHble CBA3MW,
KOTOpBbIE COSMHSAIOT KaX/plHi aToM C YeTHIPbMs ero GaMKaiiiMH coce-
xami. Ha puc. 2.25, 6 nokasana Ta e TPYAna aToMOB MPH Ha/IHYUH

Puc. 2.95. o) Pacrnooxenne aToMOB B CTPYKTYpe al-

Mmaza. 6) Ol H3 BO3MOXHBIX THIOB JuHeHHON AHCAOKa-

MU B CTpYKType aiaMasa (mo B. Iloxau). JucioKauust

BO3HHK/A BCICACTBHE YACTHUHOTO CABHra Iockoctd I ot

HocHiedbHo maocKoctH 2. [Tokasansl TaKke TPH aroMa Ha

Kpae HenoJ/iHcHl aroMHOM TJIOCKOCTH M UX HECTApEHHbIe,
Hau «Goatammuecs», CBA3H.

AMHEeHHON NMCIOKAllNY, BOZHMKAOWEH B pe3yibTate YaCTHYHOrO CABHIA
2TOMHOI TIIOCKOCTH I OTHOCHTEJBHO miockocth 2. Ha pucynke oTMe-
yeHbl TAKMKE OCHOBHBIE KpHCTaljorpadpuyeckHe HanmpaBieHus. Cnpur

npousowen B maockoctd (/1) B nanpasiennn [770). Jucnoxaums

*) W. T. Read, Phil. Mag. 45, 775 (1954).
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HanpasJeHa sloab ocu [01f]. Han nnockocthlo ciBura umeercs psi
aTOMOB (Ha PUCYHKE NOKa3aHBl TPH U3 HHUX), JIQKALIHX HA Kpae HemoJs-
HOM aTOMHOHU NJIOCKOCTH, KOTOpBle HE HMEIOT COOTBETCTBYIOIIUX cocefiefi
cuusy. T1o3ToMy Kax/blil U3 3THX aTOMOB UMEeT IO OJHOMY HeCHapeH-
HOMY 3JEeKTpPOHY, KOTOpble 00pa3yloT HeHACHILCHHbIe, HJAd (Cenys
tepmunosiorud Loxnn) «Gonramoumuecs», CBA3H.

OrMeTHM, YTO YKa3aHHas KOHQHIYpauud HEHAChIIEeHHbIX CBA3el
He SBNsETCS eIHHCTBeHHO Bo3MoXkHoH. Tak, Hanprumep, IpH yacTHYHOM
CIBUre MJAOCKOCTEH 2 M J OTHOCHTEJNBHO APYT APYra CTPyKTypa CBs3ed
okasanacb Obl JpYroi.

Hecnapennble 3JeKTPOHB Ha Kpae HENOJHOH aTOMHOH IVIOCKOCTH
M [PUBOLSIT K MOSBJEHHIO JNOMOJHHTENBHBIX cocTofinHH. IIpH 3TOM,
.B MpUHIIMIE, CNEAYyeT YYHTBIBATb JBE BO3MOXKHOCTH. Bo-mepssix, Ha
HEHACHIIEHHYIO CBfA3b MOMKET ObiThb 3aXBaueH BTOPOfi 3JEKTPOH, OT-
4ero BO3HHKHET [apHO-3/IeKTpOHHas cBaA3b. Ecau 3sHeprus 3rtoro
3JeKTPOHA OKaXKercsi MeHblle, dYeM B 30He TIPOBOIMMOCTH, HO
Gosbule, YeM B BaJIeHTHOH 30He, TO B 3anpellieHHOHA 3o0He Gyler pas-
pellieHHoe COCTOSHHe ]ISl JIeKTpoHOB. Jluc/joKauus Oxamercs cro-
coGHOl TpPHCOEIMHATD K cefe NOMONBHTENBbHBIH 3JeKTPOH u Gyner
MposABAATbL ceGs NoJoGHO axuentopaM. Bo-BTOpBIX, HeHaCHILCHHAA
CBA3b MOXKeT ObITh pa3opBaHa, W TOrJa HeclapeHHLIH 3JEKTPOH mpe-
BpPaTHTCA B 3JEKTPOH NPOBOAMMOCTH. ECAH 3Heprds HecmapeHHOro
JEKTPOHA HMMeeT IPOMEKYTOUHOE 3HAUEHHE MeX1y SHEePrusAMH 3JeK-
TPOHOB B 30HE NPOBOAMMOCTH H B BaJICHTHOH 30He, To JHMCJOKaLus
fyzer nofobHa NOHOPAaM C 3HepPreTHYCCKHMH YPOBHAMH BHYTPH 3ampe-
LEHHOH 30HHI.

TakuM 06pas’oM, JIMHEHHbE AUCAOKALMHM MO 3JEKTPHYECKUM CBOi-
CTBaM HUMEIOT CXOJICTBO ¢ MPUMeCHBIMU HeHTpaMH. OJHAKO MeXAy HUMH
HUMEIOTCA M CYIECTBEHHBle paziuutsd. B ciydyae npUMecHBIX LEHTPOB
JIOKa/IbHble YPOEHH B CpeaHeM pacnpefieseHbl NPHOJIH3UTENbHO H30-
TPOHNHO B KaXXIOH MAaKpPOCKONHYecKol o6jacTd KpHcraiia. B ciaydae
e JMCJIOKaluii pacnpenesieHHe OTJENbHBIX «LEHTPOB» KpaiiHe aHu3o-
TPOMHO. Cpenniee paccTOsiHUE MeXKAY HHMH Ou€Hb MaJlo BJOJb JHC/IOKa-
1Mt (paccTosHHe MEXAY COCeTHHMHU GonTaomnMucs cesssamu). Tlostomy
B OTCYTCTBHE MPUMECHHIX aTMOC(ep HUCJOKALHM CJefyeT npeicTas-
JSITh CKOpee Kak ONHOMepHble KpHCTa/lIbl, HEKeJIH KaK HepaBHOMep-
HO pacnpejieieHHbie ToueuHble LEeHTpbl. COOTBETCTBEHHO BMECTO JIO-
KaJbHBIX YpPOBHeH 3HepruH ToueuHblx xedekToB (puc. 2.19) B sToM
cl1yyae mnpaBuJbHee TOBOPUTH 00 3HepreTHUYeCKHX 30HaX, CO3jlaBae-
MBIX JMCJIOKALHAMH B 3anpelieHHoi 30He («IHCIOKAUUOHHbIE 30HBIY).
Ilpu HaAuYHU NPHMECHHIX arMochep BOJIM3H [HHCIOKAMMH MOTYT BO3-
HHKaTb M’ JHCKPETHBie JOKajbHbie yPOBHH.

IMonb3ysch U3TOMKEHHBLIMH TIPEACTABACHHMH, MOXKHO NPHOIHKEHHO
paccMarpuBaTh  JIHHEfHYI0 IHMCTIOKAIMIO KaK 3apsKeHHYI0 JIMHHUIO.
Eciu nposBASIOTCS AKLENTOpHbIE CBOHCTBA AMC/IOKAUMH, TO B Mate-
pHasie n-tTumna oHa Oyler 3apsuKeHa oTpuuartenpHo. ITpu stoM, Besen-
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CTBHE OTTaJKHBAaHUS OT Hee 3JIEKTPOHOB MPOBOJAMMOCTH, AHCAOKANHs
OyIeT OKpYKeHa IWIHHAPHYECKHM CJOeM HHAYIHPOBAHHOIO MOIOXKH-
TeJBHOrO 3apsja.

U3 sToii MosienH, janee, ciepyer, YTO IUC/IOKAUMH, KaK H NpHMec-
Hble UEHTpPH!, JO/IKHBEL BbI3BIBATh JTONOJHHTENBHOE pacCesuine 3JeKTpo-
HOB H, CJIeJoBaTe/ibio, YMeHbLIaTh HX MOABHXKHOCTD. TIpH 3TOM MOXKHO
OXKHMIATb, YTO €CJIU TOK TeueT NMapasjieJbHO JUCAOKAIlMAM, TO HX BIMSA-
HHe GVIeT Majsio, TaK KaK B 3TOM C/ydyae OCHOBHasi 4YaCTb 3/I€KTPOHOB
GyZeT JABUraThCs BHE NUJIMHIPHYECKHX obsacTefl 0GbeMHOTO 3apsia,
3a npejesiaMi KOTOPBIX 3JeKTPHYeCKOe 10JIe 3apsiKeHHbIX IHC/IOKaMHI
paBHo Hymo. Ecau ke TOK TeueT nepleHiHKyAspHO JHCIOKAUHsM, TO
TPAEKTOPHH 3JIEKTPOHOB JOMKHBI CYIECTBEHHO H3MEHATbCA W MOABHNK-
HOCTb 3JIEKTPOHOB JOJKHA YMEHBIIATHCA CHJbHEE.

Bansnue JHHERHHIX JHCJIOKAUMH Ha 3JeKTpHYeCKHe CBOHCTBA
101 yNPOBOAHIKOB JeHCTBUTEIbHO Hab/cAaeTcs Ha onbite. Taxk, HanpH-
Mep, Co3NaHHe NMCJOKALUiA B IepMaHMH f~THNA NPHBOAHT K YMeHbile-
HUIO KOHIEHTPAUHH 3JIeKTPOHOB NPOBOJUMCCTH. ITO MOKAa3blBaeT,
YTO B FepMaHHM JMCJIOKAUMH CO3JAI0T JIOKA/IbHbIE COCTOSTHHUS aKilen-
TopHOro THna. [Ipyu 3TOM yMEHBILAETCA M NOIABHAKHOCTH 3JEKTPOHOB.

JlucnorauMM MOryT RelicTBOBATb Takke Kak 3(dexTHBHHE LEHTpPHI
pexkoMbuHamuu (cm. 1, 1X) 1 cyllecTBeHHO H3MEHATH KUHETHKY 3JeK-
TPOHHBIX IIPOLECCOB,



F'araea lll

3JIEMEHTHI 30HHOH TEOPHUU TBEPAOIrO TEJIA,
1. HAEAJIbHASA PELHHETKA

§ 1. OcuHoBHbIE NPEANOIOXKEHHS

Kak 13BecTHO M3 KBAHTOBOH MeXaHHKH, A TEOPETHYECKOro HCCIis-
JOBaHUsl JIOGON CHCTeMbl YacTHI[, B YACTHOCTH JJisl BLIYHC/IEHHS] BO3-
MOXKHBIX 3HayeHUI ee SHEPruH, Hajo PelHTh COOTBETCTBYIOLIEE ypaB-
nenue Illpenunrepa. Ilociennee npencras/iser coboit nudxpepenunasnb-
HOe ypaBHeHHE B YacTHBIX NPOH3BOAHBLIX, CONEpIKAllee CTONbKO Nepe-
MeHHBIX, CKOJIBKO cTeneHel cBOGONBI HMeeT paccMaTpuBaeMasl CHCTeMA.
B ¢u3uke TBepHOro Tejia B 3Ty CHCTEMY BXOJST, CTPOro roBopsi, BCe
9/IEKTPOHBl H aTOMHBIE f1pa aTOMOB, COCTABJAOUIMX KpHcTaml. Takum
06pa3oM, YUCJI0 cTenelel CBOGOID!, a C HHM H YUHCJIO NIepeMeHHBIX B ypaB-
nenun Illpexunrepa, okasbiBaeTcsi MaKPOCKONHYECKH OOJIbHIMM — TIO-
psaaxa 10 -+ 10%. B pesyJbraTe B3aUMOJEHCTBHS MeXIY 4aCTHUAMH
nepeMeHHble He Pasfiesisiorcs, H MBl IIPUXOIUM K MaTeMaTHYecKoi 3a-
jaye MCKJIOYHTeNbHOA TpyaHocTH. IlpsiMoe peuleHue ee B HacTosiuiee
BpeMsi HeBO3MOXHO. Doilee Toro, naxe eciu Obl penieHHe NOCTaB/ICHHON
3ajayy yjajnoch HalTH, ¢usHuecKas HHTEpIperauus ero npeicraBu/la
6bl, BUJHMO, HE MeHblile TPYAHOCTeH, yeM caM HpoUecc pemeHus, H6o
06beM HHGOpMAUHH, TAKHM NyTeM NOJy4eHHOH, Obl1 Obl HeoOblYaHHO
BeJIHK. ,

Ilo 3TMM HpUYHMHAM COBpeMEHHasi KBaHTOBas TEOPHS TBEPJOro
TeJa BHIHYXKJEHAa OCHOBBIBaThCS Ha paxe ynpowenui. [locnennune
BLIGHPAIOTCS C TAKHM pPacyeToM, YToObl COXpaHHTb JHMIlb Haubojee
XapakTepHble YepTbl CHCTEMbl, MCKJIOUMB BCE, CPaBHHUTEIBHO Malio
cyuiectBeHHOe. 30HHas TeopHs (CMbICA Ha3panus OyJeT siceH U3 Jaljb-
HeRIero) npejcTasiseT coGol, MNO-BHAMMOMY, CaMYIO IPOCTYIO KBaH-
TOBOMEXAHMUECKYIO CXeMY, YUYHTHIBAIOWYI0 HaHGolee BakHpieé OCOGeH-
HOCTH JBHKEHHs 3JIeKTPOHOB BO MHOTHX KpucTta/iiax. Kak el
YBHIMM, OHA INO3BOJIAET YCNeWHO HHTePHPETHPOBATb pPsifi SKCIEepH-
MeHTA/bHBIX JaHHBIX.

3ounas Teopus Gasupyercd Ha CJAEYIOWIHMX OCHOBHBIX MpPeArnoso-
JKeHHSIX, COCTABJSIOUIMX B CBOeHl COBOKYNHOCTH TaK Ha3biBAEMOE «30OH-
Hoe NpubnukeHue»:

1) Ilpn M3yd4eHHH JBHXKEHHS 3JEKTPOHOB aTOMHHIE fJipa, BBHAY
HX GOJbLIOH Macchi, PacCMaTPHBAIOTCS Kak Hemo[BHXKHBIE HCTOUHHKU
noJsid, AeHCTBYIOIIErO Ha 3JIEKTPOHEL,
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2) Pacnonoxenre fajep B NPOCTPAHCTBE CUUTAETCA TOYHO NEpHO-
AVYECKHM: OHH pa3MeILAloTCs B Y3JaX WAeaJbHOH PeIeTKH JaHHOro
KpHucrania. :

3) BsaumozieficTBHe 3/IEKTPOHOB APYr C NPYrOM 3aMeHsieTcs HeKo-
TOpbiM >(PEKTHBHBIN BHEWHHM nosieM. MHaue ropopsi, cucreMa siek-
TPOHOB, B3AUMOJEHCTBYIOMNX C aTOMHBIMI APAMH H JPYT C APYFOM MO
aakony KyJsoHa, 3ameHsieTcss CHCTeMOH HE3aBHCHMBIX 3JIEKTPOHOB,
ABHKYILHXCST B HEKOTOpPoM 3azannowm nose. Tlocaennee cknaabiBaercs
W3 NOJAS aTOMHBIX sifiep H 3hdeKTHBHOro nojs, npHOIHKEeHHO OIHCHI-
BAIOIIETO B3aUMOXCHCTBHE MeXIy 3JeKTPOHaMH.

Ilepsoe mpeamnosoKenye No3BojseT paccMaTPHUBATh MOBECHHE 3JIEK-
TPOHOB, HE HHTEpECYsiCh ABHMKEHHEM TSKEJABbIX YacTHH. DTa BO3MOX-
HOCTL He SIBASIeTCS1 CAMOOUYEBHIHOH, 100 B pe3y/bTaTe B3aHMOJEHCTBHA
MEXKAY JIEKTPOHAMH M SAAPaMH JBHKEHHS MX He HEe3aBHCHMBI: CTpOTO
TOBODS, pacrojioKeHue, silep He 3alaHo, a H3MeHseTC C H3MEHEHHeM
COCTOSIHHS 2/1eKTPOHOB. CMBICH Npejnonokenus 1) sakmoyaercs B yT-
BEPKIEHHH, UTO NOCAeAHHH 3(PherT Mas.

Bropoe mnpenanonoxesue orpaHuynBaeT KjacC paccMaTpHBAEMBbIX
CHCTEM: peub MJACT O KPUCTAJIMUECKHX TBEPABIX TeslaX, a He O KHIKO-
CTsIX, CTeKJax M T. Il

Hakonen, TpeTbe npeanojoxeHHe CBOJUT MHOTO3JEKTPOHHYIO 3a-
Jlayy K ofHO3JeKTporHOH. Bmecto ogHoro ypasrenus llpenunrepa aas
BCEil CHCTEMbI aTOMHBIX SIiEP M 3JEKTPOHOB Mbl NOJYYaeM Tenepb COBO-
KyIHOCTb HEHTHYHbIX, HE CBSI3aHHBIX MeRy co0oi ypaBHenu# ILlpe-
JMHrepa [Uisl KaxQro 371eKTpoHa B oTaeAbHOCTH. ToT (hakT, yTo pacema-
TpUBaeMasi CHCTEMa COCTOMT M3 MHOTHMX YaCTHI, HaiieT CBoe SIBHOE
oTpakeHue JIHIIb TO37Hee, KOrJa Mbl OyIieM MHTepecoBaThCs CTaTHCTH-
YeCKHM pacrpepesieHHeM 3JeKTPOHOB No coctosHusaM (ra1. V). HMuaue
TOBOPS, BMECTO 3J€KTPOHHOH KUIKOCTH — CHCTeMBI B3aHMOJEHCTBYIO-
WUX APYr C APYFOM HACTHL — Mbl PacCMaTPHBAeM HACANbHbIN 3JeK-
TPOHHBIH ra3 B 3gpeKTUBHOM BHelHeM NoJje. Pasymeercs, Takas Tpak-
TOBKA MOeT ObITb TOJNBKO NPHOJMKEHHON H KayecTBO amnnpoKCHMalHH
32BHCHT OT BhIOOpa ¢hexTHBHOrO nojafd. Merox nojbopa U sABHOE BhI-
YHCJICHHE ero, PaBHO KakK M oOuuH Bonpoc 06 060CHOBAHHH H YCTaHOB-

JIEHHH NpeiesoB NPHMEHHMOCTH CAeTaHHBIX IpeAlosoxKeHHi, paccMma-
~ TpuBaiotes B 1. XVII. Tam nokaseiBaeTcsi, 4T0 psif OCHOBHBIX Pe3yJib--
TaTOB 30HHOH TEOPHH AEHCTBHTENBHO YHaeTCa 00OCHOBAThH € JOBOJBLHO
obwux nosunnil. Bmecte ¢ TeM ecTb U Ba)KHbIC 3a1a4H, BHIXOAALIHE 32
paMKHu 3oHHoOro npubmikenus. Onu Takke obcyxaaiorcst B ra. XVII.

B nactosuefi rnase Ml NpuMeM NpeanosoxeHus 1)—3) B KauecTse
NIOCTYJ/1aTOB.

3ameTuM, 4TO B GOJBIIMHCTBE 3JCKTPHYECKHX, MATHUTHBIX H ONTH-
yeCKHX fIBNE€HHH B TBepAbIX Te1aX 3j€KTPOHBI BHYTPEHHHX ATOMHBIX
o6osioyeK He WIpaloT akTHBHOH Posau. [leficTBHTeIbHO, SHEPrHA CBA3M
5THX -3JIEKTPOHOB CO «CBOUMM» slpaMu — MHOPsAJKa HEeCKOAbKHX JecsT-
KOB HJHM Aa)Ke COTeH 3JIEKTPOHBOJLT (Ha 3J€KTPOH). D10 3HAYHTEABHO
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foJbllle cpefHell SHepruy B3aHMOJEHCTBHSA HX CO MHOFHMH BHEIIHHMH
HOJSIMH, PABHO KaK H 3HEPTUH KBAHTOB 3JICKTPOMArHUTHOTO OISl B BHAN-
MOl H GoJiee AIMHHOBOJHOBLIX 0o6sacTsAX. [TosToMy BO MHOrUX 3anavax
OKa3bIBaeTCsl BO3MOXKHBIM JIpyroe (Takike NpHOIH:KEHHOE) pasfiesieHHe
YaCTHIL Ha TFsXKegple H gerkue. MIMenHo, B «cHCTeMy 3JIeKTPOHOB», pac-
CMaTPUBAEMbIX SIBHO, MOXKHO BKJIOUHTh TOIBKO BAJICHTHbIE 3J1€KTPOHLL
aTOMOB, COCTaBASIOIHX PelIeTKY; 3AEKTPOHbI XKe BHYTPEHHUX 000J109€K
BMECTE C sapaMH 06pasylT aTOMHble OCTOBBI, COCTOSHMSI KOTOPBIX
NpaKTHYECKH He U3MEHSIOTCA B paccMaTpHBaeMblX ABJeHUusAX. I1pu aTom
pONb HEMOABHKHBIX HCTOUHHKOB MO HIPaIOT yKe He fAApa, a aTOMHbIE
ocTtosbl. CooTBEeTCTBeHHO npepnonoxenda 1) u 2) Hapo nepedopmy.in-
poBaTh, 3aMEHHB B HUX CJOBA «aTOMHEBIE AZpa» Ha «aTOMHBbIE OCTOBHIY.

§ 2. BoanoBas ¢(GyHKIMSA 3NEXTPOHA B NEPHOAHYECKOM HOJE

Kak Mbl Buiesan B npeaplayuieM naparpage, B paMKaX 30HHOTO IpHO-
JMKeHHs KBaHTOBOMEXaHHYeCKas 3a7ada O CHCTeMe 3JeKTPOHOB B TBeEp-
JOM TeJje CBOAHTCS K 3ajaue o6 OHHOM 3JEKTpPOHe, ABHIKYIUEMCS B 3a-
JaHHOM BHeiuseM Iojie. OO03HAYHM INOTeHUUAIbHYIO SHEPTHIO 3JI€K-
Tpona B Hem uepe3 U (r), rie r (x, ¥, Z) — paauyc-BeKTOp AaHHOH
TOYKH NMPOCTPAHCTBA. SIBubiit BHA QyHKuuu U (r) BaMm noka HeusBeCTeH.
B nanbsHeiituem (r1. XVII) BuisicHHTCA, YTO Jaxke NpHOTHKEHHOE BHI-
yucaenue U (r) cBsizaHo ¢ GOJbIIMMH MaTeMaTHYCCKHMU TPYAHOCTSMH.
Onnako MHOrHe BaKHbie OCOOEHHOCTH PaccMaTpUBAEMOH CHCTEMBI
MOXKHO BBISICHHTB, He 3ajaBas fBHoro Buna U (r), a moaep3yach JIHIIb
KHEKOTOpLIMH OOIMMH cBOficTBaMH 3ToH (yHkuun. HMvenno stum, no
CYIIEeCTBY, U OObACHSETCs yCleX 30HHOTO Npub/MKenus NpPH HHTep-
HpeTalHy 3KCIEePHMEHTANbHBIX NAHHBIX.

Jns BeisicHeHusa cBoHCTB ¢ynkuuu U (r) 3ameTuM, npexie BCero,
yTO Halla CHCTeMa 3apAoB B HeJOM HeHTpasibHa: NOJHBL 3apsil, BaseHT-
HBIX 3JEeKTPOHOB paBeH IO BeJHYHMHE H HNPOTHBONOJOXKEH IO 3HaKy
3apally BceX aTOMHBIX OCToBOB. [lanee, ciepyer oxuparb, 4TO He
TOJIBKO OCTOEHI, HO H 3JEKTPOHBI GyLyT PacroJOKeHsl B IPOCTPaHCTBE
B cpesneM nepuoanueckd. (B panbHefieM 3To 6y11e"r NOKa3aHO fHBHO.)
CnepgoBatesibHO, W Tiofe, Co3laBaeMOe JaHHOH CcHCTeMOH 3apsnios,
JOMKHO ObITh NMEPHOJAUYHO B HPOCTPAHCTBE:

U@)=U(+a), 2.1)

T, €. NOTCHIMAJbHasA 3H€pI‘HH SJ]eKTpOHa B KpI_/ICTaJLHe I/IHBapHaHTHa
OTHOCHTEJILHO CIBHIa HAaBEKTOp PEIUeTKY a,. MITak, Mbl IpUIIN K 33/aye
O JABU2KeHHH SJ]eKTpOHa B HepI/lOlH/llleCKOM noJae.

B sTolf rsiaBe OyAyT paccMaTpHBAaThCA TOJABKO CTalMOHapHHIE
cocTosiHus 3aeKTponos. CooTBeTcTBeHHo ypaBHeHHe lIpeaunrepa nmeer
BUA

Hy=Ey. 2.2)
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3necb H — onepaTtop 3HepruM (TaMH/IbTOHHAH) PAacCMATPHBAEMOH CH-
cTemsl, E — ero coGcTBeHHBIe 3HAYeH N, a Y eCTh BoaHOBast QyHKUHUA —
cobecTBenHas (pyHKuua omepatopa H, npuHamsiexauias coGCTBEHHOMY
snauenuo E. B paccmatpuBaemofl Hamu 3ajaue onepatop H npeicras-
JsieT cof0i CyMMY ONepaTopoB NOTeHIHabHOH 3Heprud snekrpona U

M KHHETHUYeCKOH 3Hepruu p2/2my. 31ech 1M, ecTb Macca CBOGOHOrO 3JeK-
TPOHA, a P — oNeparop UMIYJbCa:

A e 0 A e 0 A .. 0
px=—Iil5, py=—tﬁ—ay, p:=—ili 5 (2.3)
T. € A :
p=—ihV, 2.3)

Yepes #, Kak o6byHO, 0003HayeHa NOCTOAHHAA Tlnauka h, nenensHas
Ha 2m.

B COOTBeTCTBHM €O CKasaHHbIM ypaBHeHHe (2.2) NpPHUMeHHTeJbHO
K 3ajaue 00 3/1eKTpoHe B NePHONMYECKOM 110J1e TPHHHMAET BHA

— o VO HUP=E¥, (2.4)

npuueM ¢ynxuusa U (r) ob6nagaer cBOACTBOM 2.1.

Konb ckopo motenunanbHas suepruss U (r) He 3aBHCHT OT CrHHA
S/MeKTPOHA, KaXKIBIM COOCTBEHHOMY 3HAYeHHIO Jnepruu £ u KoopiuHaT-
HOIi BOJIHOBOH (YHKIHH { OTBEYaloT JBa COCTOSIHHS, COOTBETCTBYIOIIHE
JBYM BO3MOXHBIM OpHeHTauuAM cauna. O6 3TOM roBopAT KaK O CIHHO-
BOM BBHIPOXKJEHHH.

IIpu HaJOKeHHH MATHUTHOTO N0 &3 CMUHOBOE BbIPOKIEHHE CHU-
Maetcsi, 6O 3HEPTHsl IEKTPOHA CTAHOBUTCS 3aBUCALUEI OT NMPOEKIHHU
MATHHTHOTO MOMEeHTa Ha HampaBieHne 8. B oTcyTcTBHE MarHHTHOrO
TOJISt CTIUHOBOE BbIPOXKACHHE HIpaeT PoJb TONBKO MPH MOACYeTe OOIero
yHcaa JO3BOJCHHBIX KBAHTOBBIX COCTOAHHH, HPHUBOAS K NOfABJIEHUIO

. 1ONOJHHUTEJIbHOTO MHOXHTeNa 2.

Hanuuse IBYX CINHHOBHIX COCTOSIHHA MOMHO OTPa3suTb, paccMarpusas (yHK-

uuio P Kak MaTpuLy:
P = (11;1) . (2.5)
Ve

®dyukuun P; B P, OTBEUAIOT ABYM DA3HBIM 3HAUCHHAM 2-KOMIOHEHTEL ClIHHA. B pac-
CMaTpHBaeMOM Hamu cayuae P, = P, = ¢. [lpencrasienne (2.5), oaHako, ocraercs
B CHJe 4 B 6Gojee obuleM caydae, Korja MpHHHMaeTcsl BO BHHMaHue H CIIHHOBas 3a-
BHCHMOCTb 3HEPTHH >J1EKTPOHA. DTa 3aBHCHMOCTb BO3HHKaET KaK BO BHEUIHEM MarHut-
HOM TIoJle, TAK ¥ B MArHHTHOM roJie, 06yC/IOB/IEHHOM OPOHTA/NbHLIM IBHKEHHEM CaMoro
aaexkrposa. Jlast ydera nociepHero sdpexra B raMH/IbTOHHAH IEKTPOHA BBOLST One-
paTop 3HEprHH CMHH-OPGHTANBLHOTO B3auMofiehcTBuS Hgo. SIBHBIA BUJ €T0 BRIBOAHTCA
B PeJATHBHCTCKON KBAHTOBOH Mexaumke [M2, M3]. OkasepiBaercd, 4TO

I -

3jech ¢ — CKOpOCTb CBeTa B BAKyyMe, O — CIHHOBBI (MarpuuHbl) Bektop [layam.
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B ycaopuwax (2.1) npasas uwactb (2:6) nepHOXMYECKH 33BHCHT OT NPOCTpaH-
crennbix kooprunar, Coorercreerno nox U B ypaerennu (2.4) MOXKHO dopMajibHO
NOHHMaTh H CYMMY NoTeHihaJbHo¥ sHeprun M onepatopa (2.6). Tlo 3roil npuuute
YUYeT CIHH-OpOUTAIBHOTO B3AHMOJEHCTBHSA He BJIMSET Ha HOC/Ie/yIollHe KayecTBeHHbIE
BLIECAB 3TOrO naparpacda.

Onpeneaus U3 ypaBHeHHs (2.4) BOJHOBYIO QYHKUHIO P, MBI MOXeM
HalTH CpelHHe 3HAueHHs JMOObIX (PH3HUECKHX Be/JIHYMH, XapaKTeph-
3YIOLIUX TICBeieHHe 3JeKTpoHa. B yactnoctd, BhipameHHe

[P (r) [*dr 2.7

BaeT HaM BepOATHOCTb OGHAPYXHTH /EKTPOH B JeMeHTe obbeMa dr =
= dx dy dz oxoso Touku r. [lo cMBbIiCAy NOHATHS BEPOATHOCTH AOKHO
BBIOJIHATBLSS YCJIOBHE HOPMHPOBKH :

flp@pdr=1, (2.8)

rae uHrterpa’a Oepercsl Mo BCeMy 0ObeMy CHCTEMBI.

Yenosue CXONMMOCTH TOTO MHTerpaja Hrpaer poJib OZHOTO H3 AoO-
NOJHUTENBHBIX VCJAOBHH K ypaBHeHHIO (2.4): (H3HYECKH JONYCTHMbI
TOJIBKO Te penieHusi, ANl KOTOPBIX MHTerpas (2.8) cxoaured.

Ilpoussejem B ypaBHeHuu (2.4) 3ameHy apryMmeHTa

r=r"-ta,.

Tlpuuumad Bo BHuUMaHue paseHcTBO (2.1) M omyckas IWITPHX y Depe-
MeHHOH I’, noJyyaem

—%szp (r+a,)+U ()P (r+4a,) = E(r+a,). (2.4')

CpapuuBas 310 ¢ (2.4), BuguM, uro ynkumu ¢ (r) v (r + a,) ynos-
JIETBOPSIIOT OXHOMY H TOMy e ypaBHenmo Illpennnrepa ¢ oannM H
TeM Ke coOCTBeHHBIM 3HaveHueM 3Hepruu E. Eciu atoMy COGCTBEHHOMY
3HAUEHHIO MPUHALJICKUT OfHa cobeTBeHHas GyHKuMs (T. e. eCad 3To
COGCTBEHHOE 3HAMEHHE He BBLIPOXKIEHO), TO GYHKIHH P (r) H P (r -+ a,)
MOIVT OT/IMYaThCs JHIIb MOCTOAHHBIM MHOKUTEJIEM:

Y (l‘ +a,) =cap (l‘) (29)
ITocKOMBKY 00e OHM JO/IKHBI GbiTh HOPMHpPOBaHHl, aGCOMIOTHARA BeJH-
YHHa ¢, AOKHa OBITD paBHa €JHHHILE:

leal=1. (2.10)

1§ (r+a,) 2= (r) 2.11)

— 3JIeKTPOH C OJMHAKOBOH BEPOSTHOCTBIO MOXKET ObiTh  OOHapyXKeH
B sJeMeHTe ofbeMa dr KaK OKOJO TOUKH F, TaK U OKOJIO JIo6oH SKBHBA-
JIHTHOI eil ToUKM r + a,. VlHaue ToBOps, Kak Mbl H OXKHIAJH, CpeaHee
(B KBAHTOBOME XaHUYECKOM CMBICJIC) pacipeeienHe 31eKTPOHOB B pelleTke
06JajaeT NPOCTPAHCTBEHHOH NepPHONHMYHOCTHIO nocaenHei,

Takum oGpa3oM,
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Ecan nanHoMy cOGCTBEHHOMY 3HAQUYEHMIO 3HEPTHH NPUHALIEKUT
HECKO/IbKO COGCTBEHHBIX QYHKIME (T. €. €C/lH OHO BBIPOXK[ICHO), TO
paccyXIeHHs! HECKOJbKO YCMOXKHAIOTCH: B NpaBoH 4YacTH pPaBeHCTBA
(2.9) cnenyer, BooGiie roBopsi, HanucaTbh JHHEHHYO KOMOMHALHIO BCeX
3tuX Qynknui. OfHaKO BBOGOP COOCTBeHHBIX GYHKIHI, NpHHAJIEKA-
IMX JaHHOMY BBIPOXKIEHHOMY COGCTBCHHOMY 3HadeHuio E, He oJHO3Ha-
ueH: Jobas JHHeHHAA NX KOMOHHALUS ToXKe eCTb coGCTBeHHast QyHKIHA,
npuHajexalas ToMy ke coO6CTBeHHOMY 3HaueHHI0. B 4aCTHOCTH, MOKHO
BbIOpaTh COGCTBEHHble PYHKIMH TaK, 4ToOH paBeHCTBO (2.9) BhInosHs-
JI0Ch VI KaXJOH M3 HUX B orzesabHocTH (cM. [lpusiowenue I).

Jlerko HaliTH SIBHBI BH] 3aBHCHMOCTHU C, OT BEKTOpaA a,. Jljas 3Toit
HeJid Tpou3BeleM B ypasHeHUH (2.4) ABa MOCAENOBATENbHBIX CIBHra
apryMeHta — Ha a, 4 @, TJle BEKTOD a, OTVIHYaercs OT a, 3aMeHOH
qHcesl ny, Ny, N3 HA R, Ny, ny. TIpUMeHsis IBaXAbi cOOTHoweHue (2.9),

[OTy4HM
Y (r+a,-+an) =cacap (1), (2.12)
C Apyro#f CTOpOHHI, MO ONpee/eHHIo

a, + Qnr =Aan 4-nry
H, CJIelOBATEJ/IbHO,

Yrt+a,+a) =9 +ana)=CopnP(r). (2.12)
CpasnuBas pasenctBa (2.12) u (2.12"), naxomum
CnCns =Cn 4 n'» (2.13)
TlpsiMolt TNORCTAaHOBKOM JIETKO YGeAMTBCH, YTO 3TO (PYHKIHOHAJABHOR
ypaBHeHHE HMEET pellieHue
Cn =", (2.14)

rxe k — npousBosbHelil BekTOp. B cuay paeetcrsa (2.10) koMmoHeHTht
k ZO/KHBI ObITH BeleCTBEHHBIMH,

Pasenctso (2.14) ¢ coyeranuu ¢ (2.11) nossonsier B U3BeCTHOH Mepe
packpeitb BHI GyHKuuMA P (r), ynoeaerBepsomiux ypasHenuio Ipe-
Auirepa-c nepuopnyeckum noreHunasoM U (r). Hmenno, nerxo yGe-

EMTBCS, 4TO \

P (r) =e*Tu (1), (2.15)
rae ui (r) — GYHKuHs, NepHojuyeckas ¢ NMEPHOJOM peIueTKH:

ug (1) =ui (r+a,). (2.16)

He#tctutenbno, B cuiy (2.11) ¢ (r) Moxer oT/iHYaTbCS OT DYHKIMH,
NePHONMYECKON C TIePHONOM DEIIeTKH, TOJBKO (hA30BBIM MHOMHTEIEM:
supa e’ 10, rue f — BemectBenHas gpyuruus. B cuty (2.14) ona nomxHa
ObITh JIMHEHHOH.

PagencrtBa (2.15), (2.16) coctaBisiior conepxanue meopemer 5aoxa:
BOJIHOBasi (GYHKIMSA /IeKTPOHA, NBHKYUIETOCHA B NEPHOJHYECKOM IIOJe,
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npeicTasiser cobol MOXYJIHPOBAHHYIO IJIOCKYIO BOMHY, MHaye rosops,
5TO €CTb NPOH3BEJIEHNE SKCIOHEHIHAIBHON GYHKINH e Ha GyHKIMO,
NepHONHYECKYIO ¢ MEPHONOM pelneTkd. Camu QyHKUHH BHia (2.19),
(2.16) nnorna HaswBaloT ynkyuasmu baoxa *).

BexTtop k HaspiBaoT K603uB0AHOGHIM. OUEBUIHO, €0 KOMIOHEHTH
uMeloT pasmeproctb [cM?]. O6biuno k nHyT B BUAIE

k,:%, (2.17)
TFi€ p — BEKTOp pPa3sMepHOCTH HMnyJabca. OH Ha3HBaeTCs Keasuum-
nYyabCoM.
CooTBETCTBEHHO

e ’
W) =™ " up (). @159
Haspanusi «KBa3HBOJHOBOH BEKTOP» H «KBA3HYIMITYJibCY YKa3HIBAIOT
Ha M3BECTHYK aHaJOTHIO MEXKILY paccMaTpuBaeMoil 3anadeil w ciayvaem
CBOOOAHO JBUXKYILErocst 3JeKTpoHa. [leficTBUTENbHO, NMPH CBOOGOIHOM
JIBYXKEHUH, KOTAA [OTeHUHaAbHasi 3HEPrUs ~3JeKTPOHA TNOCTOsHHA
(1 MokeT ObITh NOJOXKEHA PaBHON HyJO), ypaBHeHue llpenunrepa (2.2)
HMeeT BHA

H2
~ o V2 = Evp. (2.18)
Pewenns (2.18) cyTe miockHe BOJHH

p=Ner ", (2.19)

rie N — HOpDMHPOBOYHLIN MHOXKHTeNb. BexTOop p B AaHHOM ciyuyae
€CTb OOBbIYHBIM MMIYJbC, CBA3aHHbIH € 9Hepruedl E paBeHCTBOM

2 (2.20)

2m0

Hs dopmyast (2.17) HenmocpeACTBEHHO BBITEKAST COOTHOLIEHWE
ne. Bpoiias, cBAskBamee UMNYJIbC C BOJIHOBLIM EEKTOPOM!

p=rk.

dopmyna (2.15") veckoabko HanoMmuHaeT (2.19), mpHuem KBasUMM-
NyJbkC HIpaerT po/ib, B H3BECTHOH Mepe aHaJloPHuHYlo HMIyJabCy. Pop-
manbHo (2.19) ecTtb uacTHbii cavuaii (2.15°) mpu up = const = N.
W nelicTBuTeNbHO, Bbipa:keHHe (2.19) MOXHO NOMYYHMTL C MOMOHIBIO
Tex ke paccyxuaenuil, yto u (2.15%), Tpebys JMHIb, YTOGH BEPOSTHOCTD
oGHApYKHUTH 3JeKTPOH He H3MEeHsJach NpPH Mepexofe H3 JoGoH TOYKH

*) 327010 10 TPHMeHEHHA KBIHTOBOH MeXaHMKH K 3aJauaM TeCDHMH TBePAOTO
TeAA OLHOMEDHH ananor ypasHeHHs (2.4) Obll MCCICLOBAH B TeOpUM KoJeGanni.
Papencipe (2.15) (B OJHOMEPHOM cJyyae) OLLIO YCTaHOBAEHO XHJIOM; B CBH3H € ITHM
GYHKIMH TaKOro BHIA Da3nBaioT Takxe (GVHKLNHamMM XHaaa.
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NpOCTPAHCTBA B JIOGYI0O APYry0. D10 YCIOBHE 03HAYaerT, YTO BEKTOp a,
CTaHOBHUTCSI NPOH3BOJNLHEIM, Toraa B cuy (2.11) 1oMKHO HMeTb MecTo
pasenctBo. | P |* = const — B cooTsetcTBUH ¢ (2.19). PHu3NYECKH IKBH-
BaJIEHTHOCTb BCeX 0€3 HCK/IIOUeHHSt TOYSK MPOCTPAHCTRA O3HAYAET OT-
CYTCTBHE MOTEHUHAJBHBIX CHJ, ACHCTBYIOIMX Ha 3JeKTpoH. [leHcTRH-
TeJIbHO, NPH HAJMUYMH TaKHX CHJl HNOTEHUHAJbHAA 3HEPTHA 3JIEKTPOHA
6bl1a OBl pa3/iM4yHOH B PasHbIX TOYKaX, T. €. [0 KpaiiHel Mepe HexoTo-
pbie M3 HHMX GbVIH Gbl He 3KBHBAICHTHBI JAPYTHM.

Tak 0OCTOMT 1€710, B YAaCTHOCTH, B MNEpPHOLHYECKOM Moje, Koria
-byHKIHA 4, (r) OTHIOZb HEe CBONUTCH K KOHCTaHTE H, C/I€L0BaTeNbHO,
| 5= const. Ilpu aTOM anatorus MEXAYy UMNYJIbCOM M KBa3HHMITYJIb-
coM (WU, COOTBETCTBEHHO, BOJHOBBHIM H KBA3HBOJHOBBIM BEKTOPaMH)
okaspiBaercs He nosHoi. Tak, HanpuMep, JierkO IPOBEpPUTBb, YTO Bbl-
paxenue (2.19) ectb coGecTBeHHas GyHKUMA onepaTopa uMmyJbca (2.3'),
npHHajjIexKauas cOOCTBEHHOMY 3HAYeHHIO P:

i i
— Ve " =pet ™,

C npyroii cTopoHsl, BolpaxeHnue (2.15") 3Tim cBoficTBoM He ob/anaer
u GUrypHpYIOLlYe TaM KOMIIOHEHThl KBa3HHMIyJbca P He SIBJAIOTCS
COOCTBEHHBIMU 3HAUEHHAMH ofnepaTopos (2.3). Muaue roBops, 3HayeHHs
KOMIIOHEHT HMITYJbCa B COCTOSIHHH, ONHCHIBAEMOM BOJHOBOH (pyHKIUEH
(2.15°), TouHO He 3ajaHBI.

Jlerko MOHATbL NPUYMHBEL CXOJCTBA U PA3/IHUUS MEXIY HUMIIY/IbCOM
M KBasHUMIYJbCOM. IlepBblfi XapakTepusyeT JBHKeHHe CBOGQIHOTO
3/7eKTPOHA, Korja cHcremMa o6jajaeT MHBapHAHTHOCTBIO OTHOCHTEIBHO
cliBHra Ha Jw0ol BekTOp (BCe TOYKH IIPOCTPAHCTBA 3KBUBAJICHTHBI).
BTopoli xapakTepusyer IBHXKEHHE B NEPHOIHYECKOM CHJIOBOM IOJe,
KOrja cuctema OO6JIafaeT MHBAapHAHTHOCTBIO OTHOCHTELHO CJBHra Ha
BEKTOPHl PEIETKH a, (3KBHBAJIECHTHBI TOJBKO TOYKH, OTCTOSLIHE ApYT
OT Jpyra Ha BEKTOpH a,). Hannyue MHBapHAHTHOCTH OTHOCHTEIBHO
CIBHra B O0OHX CNyyasX NPHBOAUT K BO3MOXHOCTH OXapaKTepH30BaTh
COCTOSIHHE 3JIEKTPOHA HEKOTOPHIM MOCTOSTHHBIM BEKTOPOM — HMITYJ/IbCOM
WIH KBasHHMIyJbcoM. Pas/inude B JONYCTHMBIX CABHIaxX NPHBORHT
K TOMY, 4TO HMIyJIbC ¥ KBa3HHMNYJbC NpeicTaniser co0ol CylecTBeHHO
pasHble (pH3HUECKHE BeJHYHHBI,

§ 3. 3oun Bpumosna

BBelennslii B npepsinylieM naparpaje BEKTOP KBa3HHUMIYJIbCa
onpeneaserca papencTsamy (2.14) u (2.17). KoMOHHHpPYA HX, MBI OJNY-
yaem

Prta,) =e® " (m). 3.1

Takum oGpasom, BekTop p (win k = p/fl) xapaxrepusayeT 3axkoH
npeoGpa3oBanys BOJHOBOH ()YHKUHH 3/IeKTpOHA MpH CABHMIe ee apry-
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MeHTa Ha KaKOH-/M60 BEKTOp peiueTkH. PasueiM coOGCTBEeHHBIM (yHK-
IUAM COOTBETCTBYIOT, BOOGLIEC FOBOpsS, Pa3jMyHble 3HAueHHs KBasH-
UMITyJbca (KBa3HBOJHOBOro BekTopa). ITosTomy KoMmOHeHTH! ero (Kak
¥ KOMIIOHEHTHl HMIyJbca B CJydyae CBOOOAHOIO 3JEKTPOHA) ClelyeT
paccMaTpHBaTh KaK KBAaHTOBble YHC/I4, XapaKTepH3)IouUe JaHHOe CTa-
uuoHapHoe cocrosnue. OpHaxko, B OT/IMYHE OT KOMIIOHEHT HMILYJbca
H OT KBAHTOBBIX YHCEJ, BCTPEYAIOIMXCA B TEOPHH aTOMA, KBA3HHUMITYJIbC
onpejessieTcss B NpHHNMIE HeoqHO3HayHO. JleHCTBHTEAbHO, OO03HAUMM
yepes ¢ BEKTOp, CKa/JdsfipHOe NPOH3BeJeHHe KOTOPOro Ha a, ecTh liesioe
Kparnoe 2mnfi:

a,c = 2nfl ¥ (Lenoe 4ucIo), (3.2

OueBHziHO, BEKTOPHL p B p + ¢, OynyyH noJcTaBJeHbl B NPABYIO YacTb
(3.1), mawr onuH u TOT Ke pesyabtaT. Ho pasenctBo (3.1) ecTb enuHCT-
BeHHOe YCJIOBHE, onpejejsiomiee KBasuumnyabc. CieloBaTeNbHO, BEK-
TOPBL p U p + ¢ QU3HYECKH 3KBHBAJCHTHBI: 00a OHH OHpEILeJIi{}OT OZHO
H TO Xe npeoépae,OBaHne BOJTHOBO! (QYHKIIHH.

HerpynHo HaliTu siBHBIH BHA BexTOpa c. [lasa 3TOro cnenye'r JIHb
BBECTH NOHATHe 0GpaTHON pewleTkH. OCHOBHBIE BEKTOPHI nocienneit by,
b,, by onpenensOTCa paBeHCTBAMU

[a;X a4] [agX a;] [a,Xa, ]
b1=2n—2vo—3, b2=23'l3'—v—0—, b3 2n IV 2 (33)
rae Vo = | (a, [a,Xa,l) | ecrp o6bem napanienenunena, nocTpPOEHHOrO
Ha BeKTopax a,, a,, &3 (06beM 3JemeHTapHOH suyeliku). B uacTHOCTH,
B IPOCTOMH KyOHUECKOi1 pelleTke, Korlag, =a, =a3=au b, =b,=by=1",
MBI MMeeM

b="", (3.3)

Ouesuano, BeKTOPH by, b,, by uMeOT pasmMepHOCTs OO6paTHON JJIHHEL.
Ha ocnopueiX BeKTOpax by, b,, by MOXKHO MOCTPOHTH NEPHOAHUYECKYIO
penretky. OHa M HaspiBaeTcss oOpaTHOM (MO OTHOIIEGHMIO K NpAMOH pe-
IIeTKe JAHHOIO KpHCTalla).

[pou3Bo/ibHbIH BEKTOP 0OpPaTHOM pemieTkH HMeeT BHJ

by, = m;by -+ msb, 4 mgbs, (3.9

rne my, m,, M, — TNOJOXHTeJbHBIE HJIH OTpPHIATeJbHbE NeJble 4UCha
WAM HYJH (IPH 3TOM My, My U My He PaBHBl HYJIO OJHOBPEMEHHO), m =
= {ml’ my, m3}

DJjemMenTapHas syeika 06paTHOH peiueTKH IpeicTaBjseT coboit
napajjienenunes, OCTPOEHHbI Ha BeKTOpax by, by, by, « O6BeM» 3TOrO
napassenenunefa pasen | (b [b, X bgl) | (pasymeerca, on uMeer
pasmepHocTh oGpaTHOro obbema). IloncraBass crona dopmydst (3.3)
s by, b,, by ¥ packpeiBag nojgyvawuieecss NpousBeleHne, HaXOIHM

| (by [be Xbs]) | = (2m)°/ V. (3.9)
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Kak ¥ B ciayyae npsMOil pemieTKH, BHIGOP 3JeMEHTApHOH suedKu
B 0O0paTHO# pemeTKe HEOJHO3HAYeH M ONpeleAeTcsl COOOparKeHUsAMH
yno0cTBa.

JIpyroit crnoco6 1nocTpoenHs 31eMEHTapHOM sIYEHKH COCTOHT B Cie-
pywmem. Kakoli-ro ysen ofparTHOHl pemeTkH BBIOHpAOT B KauecTse
Hayasla KOOPAHMHAT U COEHHSIOT ero NpAMBIMU JHHHAMH C GJIKAHIIMMA
K HeMy yajamu. Yepes cepeluHbl 3THX JIHHHI NepreHHKYNSPHO K HUM
MPOBONAT MJOCKOCTH. B KayecTBe 3JeMeHTapHoOi suefikM oGparHoi
pemeTKkH MOXHO BbIGpATh HaHMEHbIIHH MHOTOrPaHHUK, OrpaHH4eHHbIH
TaK MOCTPOCHHBIMH MJIOCKOCTSIMH M cofiepxamiuil BAYTPH celst Hayasno
KOOpAMHAT. ITOT MHOTOTDAHHHMK -HasbiBaeTca sseldxod Buenepa —
Sedmya.

Takne MHOrOrpaHHUKH MOXKHO MOCTPOHTH OKOJO JIOGOro y3ja pe-
IIETKH; TIPH 3TOM OHH He NepPeKPhIBAIOTCA U COBOKYMHOCTb HX 3anO/HACT
Bce oBpaTHoe npocTpaHcTso. OTCIoNa CIeNyeT, YTO 00BEM ONHOrO MHOro-
rpaHnuka JefictBuTenbHO paBen (2m)*/V,, Kak 3TO M JOMKHO ObiTb.
B oranuue or napajesienunena, MOCTPOEHHOro Ha BekTopax by, by, b,,
sleMeHTapHas s4eiika, BbIOpAHHAS YKa3aHHBIM TOJIBKO UTO 00pasoM,
o6nafiaeT BCeMH CBOMCTBAMH CHMMeTPUM OOGpPATHOH DEIETKH.

W3 ompenenents {3.3) BLITEKAOT PaBEHCTBA

albl = a2b2 - a3b3 = 2“,
agbg =0, az==p (¢, p=1,2,3).
YMHOKHM Tenepb npoM3BoibHBA BekTop pemerkH (I1.1.1) Ha Bek-

top obpaTHoit pewerku (3.4). IToabaysce coorHowenuamu (3:6), Mbl
nojayyaeMm

(3.6)

a,b, = (Mg + natiy + Nyny) 20

B cko6kax B npaBoil 4acTH ITOr0 PaBEHCTBA CTOUT 1&JI0e YUC/IO, H, Clle-
J0BaTeabHO, BEKTOP €, YIOBJETBODPAIOUHA yC/aoBHIO (3.2), MOXHO
3anHCcaTh B BHJE

c="rb,,. 3.7

Utak, KBasunMIyJbC oONpejesieH JHIIL C TOYHOCTBIO JO BeKTOpa
00paTHOH peteTKH, YMHOKEHHOro Ha fI. 910 06CTOATe/IbCTBO O3BOJISET
OrpaHHYHTh H3MEHeHHEe KOMIIOHEHT KBa3UMMITYJ/IbCa KOHEYHOH 06/1aCThIo,
HcyepnpiBaoliell Bce (QU3MYCCKM HEIKBHBA/IEHTHhE HX 3HAUYEHHS.
Takaa 06JaCTh — COBOKYNHOCTh BCeX (H3UHMECKH HEPKBHBAJICHTHBIX
3HaueHHl KBasUHMIYJbCa — HasbiBaetcs sonod bBpuarosna. B cuay
npou3BO/IBHOCTH BekTopa b, B (3.7) BoibOp ee neopHosHauen. Tak,
MOMKHO BLIOpATh B KauecTBe 30HBI Bpu/iiosHa 06/1acTb, Onpeie/seMyro
HepaBeHCTBAMU

— nf << pa, << af,

— i < pa, << aift, 3.8
— nfl << pa, << nfi.
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OTH HepaBeHCTBa ONpeNeNAoT HeKOTOPHIA napaJJieenunen B p-npocT-
paHcTBe, cofepKauluii B cefe Hayalo KoopnuHar. Ero HaseBawTr
nepsoti sonold bpuirrosna. .

MoXKHO onpejeJiTh MEPBYK 30HY Dpu/moaHa M 1S KOMIOHEHT
KBa3MBOJIHOBOro BeKTOpa K: Hano JMIUL 3aMeHHTb p Ha k B ‘HepaBeH-
ctax (3.8), onycrHB MHOXKHTeNH fi. KBasuMMNyJabC (H/IH KBa3HBOJIHO-
BOIl BEKTOp), M3MeHsomuiics B mpejenax neppod 30He Dpuiosha,
-Ha3biBaeTCsi NpUBeNeHHbIM. B yacTHOCTH, B MPOCTOH KyGHUYECKOH pe-
ieTKe BEKTOPHI- a;, d,, &3 ONHHAKOBbI 110 BeJHYHHe (PaBHOM MOCTOAHHON
peleTKy @) ¥ HampapJeHbl O TPeM B3aHMHO MEPHEHAHKYJISIPHBIM OCAM
KyGa. Brifypas 3TH OCH B KauecTBe KOOPIMHATHBIX, Nonyyaem u3 (3.8)
IJIs. JaHHOTO YacTHOTO Ciydas

] 14
’_%<pa<—-

- a==x, Y, 2.

(3.8)

[Teppas 3ona DBpuanosHa s3gech IpexcTasisier coboit Ky6 ob6beMa
@mhy  (2mh)
a

v B k-mpocTpaHCTBe COOTBETCTBYIOLIMA 00beM paBeH

0

(2m)3/V .
[ToryueHroe TONBKO UTO Bhpakenue J1% ofbeMa mepsofi 3oubl Bpuamosua

CIpaBe;THBO H AJI5l IPOH3BOJILHO peteTKH, JIe ACTBUTENLHO, HHTEPECYIOULH i HAC 06BEM
LaeTCsi HHTErpasioM

I = S dpy dpy dp.,

B3STBIM 10 O6aacTH, onpepe/isieMoil Hepapencrsamu (3.8). JI/if BHIYMC/IEHHS ITOrO
vHTerpasa yAoGHO BBeCTH MNepeMeHHble

1 1 1
= (pa), = (P22), P3=-5 (pas).

SIkoGuaH nepexoia OT NePeMEHHBIX @, ¢, P K NCPEMEHHLIM Py, Py, P, NPEACTABIISLT
coboit getepmunant [1]

091 092 9Py
Opx Opx Opx G Gox @
Ipr 09 95| _ 1 o ao | (@lasxag) _ Ve
Opy Opy Opy |~ B | WM MITTRE T RS
@! aipg _a$3 1z 22 32
op; dp. OJp;
Takum oOpazow, v
dpy dpy dgy = 2 dp.c dpy dp.,
H, Clef0BaTeJIbHO, i i n
i Ei n
g=\ a S‘ d S dg, =2
‘-—VO 3 qh 3 ‘pz q’3_~ VO '
— 7t — 7t —n

BuifHpas Apyrue nepuoisl Py, Py, Pz, Mbl IONYUHM BTOPYIO, TPETHIO
 T. 1. 30HB Bpuamosna. Moxuo nokasars [M6], uto oObembl HX BceX
opMHAKOBE M paBHml (21f)?/V,.
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BcnomuHast Tenepb paseHcTso (3.5), BHAUM, yTO 0OBeM 30HBI bBpuit-
JI03Ha paBeH OObeMy 3/1eMeHTAapHOH sueiflkH B OOpaTHOH pemierke
(ymMHOXKeHHOMY Ha fi®, ecu peyb MZET O P-TPOCTPAHCTBE).

Kak u 3/eMeHTapHyl0 siueiiky, NepBylo 30HY DpuiiosHa MOKHO
BLIOpaTh ¥ JPYTHM cnocoGoM. [leHCTBUTENBHO, MO OnpejeseHHo OHa
JOMKHA OOJMAjaTh C/IENYIONMMH CBOHCTBAMH: a) BHYTPH Hee AOJIKHA
copepxatbca Touka k = 0; 6) modbie Ba BekTopa k, BXonsmne B Hee,
MOryT OTJIMHATBC APYT OT jJpyra He Gonee uem Ha (b 4 b, + by),
¥ B) obneM ee paseH (2n) ?/V,. DTHMH cBoiicTBaMU OOnajfaer siyeitka
Burnepa — 3eittiia. Ona v npeicTaBiseT co6oii nepsyio sony bpui-

mo3Ha. B jnanbHelimem Mbl GyleM
#z HOJb30BaThCA 3THM ONpeneeHHeM.

Takum o6pasom, 30Ha Bpuamos-
Ha eCTb YHCTO TIeOMEeTpHYECKoe IOo-
HaTtue: dopma ee 3aBHCHT TOJbKO
OT CTPYKTYPHl peIleTKH, HO He OT
ApHpONBl JeHACTBYIOIMX B HeH CHJI.
Bosee Toro, Kak BHAHO H3 NpeAbILY-
Hiero, 3oHa Bpuiiiosna onpenenser-
¢l TOJIBKO OCHOBHBIMH BEKTOpaMH
pemerky. CjeloBaTenbHO, OHa OflHA
H Ta e Kak JJ8 T[pOCTHIX, TakK

¥ 55 Ga3sHCHBIX PpelIeTOK ONHOH U
Puc. 3.1. Tleppas sona Bpuamosna . n e CHHTOHHH, Hampumep AId
AJis1 pell€TOK THNA ajMasa H UHHKO- o P
B0l OGMAHKH. ApPOCTOll rpaHeleHTPHPOBAHHOH pe-
HIeTKH M AJs1 peleTKH THIa ajamMasa.
Ha puc. 3.1 nso6paxena nepsas 30Ha BpuiiosHa A pemeTok THna
alMasa ¥ [MHKOBOH .00MaHKH. Hekortopble TOUkH B Heli NpeACTaBAsIOT
oco0LIi HHTepeC IIPU HMCCACAOBAHHH TOBEEHHS JEKTPOHOB M IBIPOK.
DTO — «TOYKH CHMMETpuH», obnajawiide TeM CBOHCTBOM, YTO OHH
nepexoisT caMH B cebs NIPH HEKOTOPHIX NMpeofpa3oBaHUAX CUMMETPHH,
JIOTYCKaeMplX B jaHnofl peineTke. K uucay Ha3BaHHBIX TOYeK OTHO-
CSITCA LEHTP NepBOH 30HbI BpuimosHa (1. €. Hayaso KoopaHHaT B k-1ipo-
CTpaHCTBE), LEHTPHl €e IpaHel win peGep, TOYKH Ha OCAX — JIMHHAX,
COEMHAIOMINX LEHTP 30HEI C LEHTpaMM rpaHel Hau pebep, B T. A.
HNx npunsro obGosnayatb OOJBIUMMHM [PEYECKHMH HJIH JIATHHCKHMH
OyKBaMM, KOTOpble M YKasaHul Ha pHcyHKax. Tak, Touka I' ecTb He
4YTO MHOe, KakK LEHTDP NepBoH 30HH Bpusmiwsua, U T. L :

Heopno3HauHoCcTh KBa3HHUMIYJbCa eCTh crienH(pHyeckoe CBOHCTBO
3J€KTPOHA, [BHXKYIIErocs B nepuoaudeckoM noje. OHa cocTaBaseT
Hanbosdee pe3Koe pasiHyde MeXAYy KBAa3UMMIYJbCOM H HMIYJIbCOM:
nocJegHUI onpelesieH OAHO3HAYHO, U KOMIIOHEHTH €r0 Py, Py, P H3ME-
HAKTCA B Apelenax oT — co A0 -+ oco. 3aMeTHM, 4TO Mbl MOXeM ¢op-
MaJibHO YOeIUThCs B 3TOM, Tpebys, Kak u B KOHLE Npelpiiyinero napa-
rpaja, HHBApHAHTHOCTH CHCTeMbl OTHOCHTE/NILHO CABHra Ha JioGOH
BexTop. [eficTBuTeNbHO, B 3TOM CJyyae TOYKH, GeCKOHEYHO OJHM3KHE
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IpYT K IpYry, TakikKe SBJAAIOTCA 3KBHUBAJCHTHBIMH, T. €. MOCTOSIHHAS
peleTKH» @ CKOJb YIOAHO Majda. ¥ CTpeMasis a K HyJ o, BUauM u3 (3.8'),
YTO KOMIOHEHTHI Py, Py, P, H3MEHSIOTCA B Npelenax oT — oo gp -+ oo.
OG6bem «30HBL BpHiIOsHay MPH 3TOM TaKKe 0KA3bIBaeTCH GeCKOHEYHBIM:
OHa NpeicTaBjaseT co0OH NPOCTO BCE MMIYJBCHOE IPOCTPAHCTBO.
Hepasenctea (3.8) onpenensioT npenenbl U3MEHEHHs KOMIIOHEHT
KBa3sHHMIYJbCa, . HO HHYEro He roBopAT O (H3MYECKH HO3BOJIEHHBIX
UX 3HaueHHsiX. TakoBble ONpeNeJsOTCA TPaHHYHBIMH  YCAOBHSMHU,
HaKJaJlblBaeMbIMH Ha BOJHOBYIO (yHKUHIO ¥. CTporo rosopst, rpaHuy-
Hble YCJIOBHS TPH3BaHBI OTpaKaTh (HH3HYECKYIO CHTYAIMIO Ha NoBepX-
HOCTH o6Gpasiia. ITa CUTyallus ompelessiercss XapakTepoM CHJ, AeHcT-
BYIOIIMX Ha 3JeKTpoHbl. OJHAKO BCE CHJIRI B3aHMONEHCTBUSA, C KOTOPHIMI
Mbl HMeeM [eJ0, Gosiee HJIU MeHee ObICTPO YOBIBAIOT € pACCTOSHHEM.
CrenoBatenbHO, YCJIOBHS Ha IOBEPXHOCTH HE MOIYT CKOJBKO-HUGYIb
3aMeTHO BJIMATb Ha MOBeleHHe 3JEKTPOHOB B rJyOHHe KpHCTaMia,
ecJH pasMepel ero JOCTaTOYHO BeAUKH. [lostomy st ompenesieHus
BOSMOXHBIX 3HAYCHHUH KBAa3UMMIYJbCa B 601bIIOM 00pas3iie HeT HeobXo-
IMMOCTH paccMaTpHBaTbh HCTHHHYIO (JaslleKo He MpOCTYI0) KAapTHHY
DOBePXHOCTHBIX ABfEHHH, a MOXHO BOCIONB30BATHCA CJIELYIOIIHM
HCKYCCTBEHHBIM TIpHeMOM. BbileqnM mnpexpe BCEro «BHYTPEHHIOW
06/1aCcTb» KpUCTAJJa, ONpeZeJHB ee Kak o0beM, B KOTOPOM He CKa3sbi-
BAIOTCA CreliHduueckre apdeKTrl, CBA3aHHbIE C HATNYHEM NOBEPXHOCTH.
BryTpennicio 061acTb pa3ofbeM Ha PSil JOCTATOYHO GOJBIINX Hactedl,
HanpuMmep Ky6oB co ctopoHol L. Janna L gosmkHa 3HayuTeJbHO mpe-
BbIILIATh BCe «QU3HYECKUe» AJIHHEI, QUIypUpYIOLIHe B 3ajaue, — MOCTO-
AHHYIO peLieTKH, JUVIMHY BOJHBI 3JEeKTPOHA, JAJAHHY CBOGONHOrO NpO-
Oera u T. I.; B OCTasbHOM 3HayeHHe L mpousBodbHO. [lockonbky pas-
JnyHble KyObl HHyeM He BbLIGJIEHBI, €CTeCTBeHHO NOTpe6oBaTh, YTOOHL
3HayeHus BOJHOBOH GYHKIHH B COOTBETCTBEHHBIX (OTCTOSIMX IAPYT

'OT Ipyra Ha paccTofiHue L) TOYKaX COCeHUX KyG6OB ObLIM OAMHAKO-
BbIMH:

Y ¥ D=0&+L, g, D=...=p(+L, y+L, 2+L). (3.9

Pagencrtsa (3.9) no3BOISIOT OrPaHHYUTECS H3YYEHUEM JBHKEHUS 3JeK-
TPOHOB B NpeJie/iaX TOJABKO ONHOrO Ky0a, paccMaTpHBas €ro Kak «KpHuc-
Tajja»; BCE, MTO B HEeM NPOHUCXOAUT, GyLeT NOBTOPATHCA U B JIPYrux
Ky6ax. Takum 00pa3oM, OKasblBaeTCl BO3MOXKHEIM (OPMaJhbHO BBECTH
' B 3ajayy «pa3Mepbl KpHCTal/a», He HHTEPeCcysichb B TO 2Ke BpPeMsi siBJe-
HUAMH Ha €ro mOBepXHOCTH *).

YenoBus (3.9) o3mayaloT, 4YTO BOJHOBAasA QYHKIHA HOAKHA OHITh
nepuopnyHa ¢ nepuogoMm L. CooTBercTBeHHO n camu ycaoeus (3.9)
Ha3pIBAOTCA YCJAOBHSIMH MePHOLMYHOCTH (W ycloBUsMH Kapmana —
bopna). Cam ky6 co cropoHoll L HaswiBaeTcsi Ky6OM NepHOAHYHOCTH

*) MoxHo noxasats [2], uto NpH JOCTaTO4HO Goabllol amuue L pacnpenenenue
COOCTBEHHBIX 3HAYEHHH KOMIOHEHT P C TOYHOCTHIO O BEJHYHH Mopaika L He sa-
BHCHT OT IPaHHYHBIX YCJIOBHH,
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(YIIoTpeGAsIoT TaKkxKe Ha3BaHHs «pyHIAMEHTATbHbIH 00BEMY, OCHOBHOM
O6BLEM» HJIH «OCHOBHASI 00/1aCTby).

IMockoabKY niHHA L cKoab yroAHO BemlKa, Mbl BIpaBe Cuntath L
1EJIBIM KPATHBIM @, T/l€ @ — MOCTOSINHASA PEIETKH M0 COOTBETCTBYIOWEMY
nanpap/enino. [lostoMy, HaknameBas ycaoBus (3.9) Ha QyHKUHIO
(2.15) 1 npuHEMas BO BHHMAHHe CBOHCTBO NEPHOINUHOCTH Uy (r) (2.16),
MBI 110J1y4aeM '

[ (k,x+k A
o G TRy TRy, (x, y, 2)=

=eikx(,x+L)+iky(y+L)+ikz(z+L)uk (4L, y+L, 2-1)=

— eikx(x—i-L) ik, y+1L) +ikz(2+l-)uk ¢, y, 2).
Orcwona
2n 2n 2n
kxz-z'nx, kyz-z ny, kz:vL_ ng, (3.10)

TI€ My Ny N, — TONOYKHTEIbHbIC MM OTPHUATENbHbIE Lefble YHC/Ia
(orpanuyennsie ycaopuamu (3.8)) wian Hyau. COOTBETCTBEHHO

2nh ok onh ,
px=-L—ﬂx, Py=-—T- 1y pz=-—T" N (3.10")

‘TakuM o6pasoM, 3HaueHHs KOMIIOHEHT KBa3WBOJIHOBOrC BEKTOpa
(MIH KBa3HMMIYJAbca) O6PasyIOT IUCKPETHYIO COBOKYNHOCTh. PasHo-
CTH MeX1y COCenHHMH 3HAYCHHSMH HX, ONHAKO, BECbMa MaJbl (paBHbl
cootBeTcTBenHo 25/ u 2n#i/L). Tlo 3rofl mpuulHe yKazaHHas AHCKPET-
HOCTh He TIpOsiBJAsieTcsl B HabMIOAaeMbiX Ha ONbITE 3JEKTPHUECKHX U
onTHyeckux fABJeHnsax. CrekTp Takoro THNA Ha3bIBAeTCs KBasuuenpe-
PHIBHBIM.

§ 4. 3uHepreTHYeCKNe 30HBI

OGparuMcss K BOMpocy 00 3HEPreTHYECKOM CMNeKTpe 3JMeKTPOHa,
IBHIKYLIETocst B riepHofHdeckon nose. [ToncTapsis BOTHOBYIO QYHKIHIO
(2.15") B ypaBneHue (2.4), noayuum

— vy (r)——f.ﬁ( Vu )-{—v[’iu + U (r) up, = Et “4.1)
2mq P my P, P/ o9y P ) dp = Lllp. )

Tlox U 3nech noHuMaeTcs fIOTEHIHANbHAS SHEPTHs SMEKTPOHa B MepHo-
JHYecKoM moge *).

*) TIpu yuete CIMH-OPGHTAJBHOTO B3aHMOJeHCTBHS B Jesoi wactd (4.1) nosieu-
auck Gbl ABA JONOJHHTEIIBHBIX CJATdeMbIX:
7t in?
— (o [VUXP]) v, —
4mic? @l PI) dmc®

(¢ [VU X Vup]).

Jlannneiline PacCyKRCHHs! NPH STOM HECKOMBKO YCIOXKHHAHCH GBI, HO KaueCTECHHEIR
peayarTarsl (4.4), (4.5) B 1p. ocTannch Obl B cuvie (M., HanpuMen, {M7]). Tipn dax-
THUECKOM pacuere QyHKUHME 1y B co6CTBEHHBIX 3HascHuil £ yuer cnul-opOHTANBHOIO

B3aNMOJeliCTBHS MOXeT, OlHAKO, O0KAa3aTbCsl CYUIECTBEHHBIM.
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Ypasnenue (4.1) npexcrasasier cofoii 06bHYIO 3a1a4y Ha COGCTBEH-
Hble 3HAUCHHHA, B KOTOPOH KOMIIOHEHTHI BEKTOPA P MrpaioT polb napa-
MeTpOB. Pasymeercst, OT HHX 3aBHCAT He TOJIbKO COOCTBEHHbIe GYHKIHUH,
HO ¥ coOGCTBeHHble 3Hauenus sueprun: E = E (p). Ilpn 3ajadnbiX
BENMYHHAX Py, Py U p, ypaBHenue (4.1) umeer, BooOuie ropops, MHOrO
COGCTBEHHBIX 3HAUEHHIT U MPHHALIEKAUX UM COGCTBEHHBIX QYHKUHH.

TIponymMepyeM UX HHAEKCOM /, pacrioioxHp 3Hadenus E B BospacraoweM
nopsiake *):
E= El (p)v lp (l') = Up! (l'),

E,@<E (@ =... 4.9)

Taxoii cnoco6 Hymepauuu He ofsi3atesieH, HO y1o0eH Ans JanbHekIero.
. Kaxk nokasado B Ilpunoxenuu II, co6cTseHHble QyHKIHH ypaBHe-
nus (4.1), oTBeyaoue Pa3TMIHbIM SHAUCHUAM [ NpH PHKCHPOBAHHBIX
KOMIOHEHTAaX p, B3aUMHO OPTOTOHATbHBL **):

S uﬁzupp dr=d,. (4.3)

3xech Oy — cumBoan Kpomexkkepa (I1.11.9); wunrerpan Gepercst 10
OCHOBHOMY 0ObeMY.

3aduxcupyem BpeMeHHO MHIeKC [ H PacCMOTPHM CBOHCTBA SHEprvu
KaK OyHKIAH KBasHUMIYJbCa NpU AaHHOM [

3aMeHHN, - Ipexie BCero, GYHKIUMIO Up Ha up B ypaBHeHuH (4.1),
a Takke M3MeHHM TaM 3HaK y p. [Tocaennsas onmepauys 3KBHBAJIEHTHA
samene { Ha —i B (4.1). MHaue roBopsi, yKa3aHHbIE 3aMeHbl NpeBpa-
maiot ypasuenue (4.1) B conpsennoe emy. CoGcTBeHHOE 3HaYeHHUE E,
6yiyud BEmeCTBEHHBIM, NPH 5TOM H3MEHMTbcs He MoweT. CrleroBa-

T&IbHO,
E(—p)=E, (p); 4.9

SHeprusi 3/JEKTPOHA B TNEPUOAMYECKOM ToOJie €CTb 4eTHast dbyHKUHA
KBA3MMMIyJbca. Jlajdee, Mbl 3HaeM, UTO 3HaAUeHH: KBA3UMMIyJbCa,
oTauyapommecs: Ha 7ib, Qu3HUECKH 3KBHBaNeHTHBI (1 KPATKOCTH MBI
He IHmeM Tenepb HHIEKC /M Y BeKTOpa obparHofl pereTkH b, ecau 310
He BbI3bIBaeTcsl HeoOxolumocTbio). CnenoBaTeibHO, COOTBETCTBYIOLLHE
3Ha4YeHHs] 3HEPTHH JOJKHBI COBNAJATh!

E;(p)=E (p-+hb). (4.5)

TaxuM o6pa3oM, Heprisi 371eKTPoHa B HIeAIbHOH pereTke eCTb nepHo-
puuecKasi QYHKIMA KBasHHMIYJbca C TEPUOLOM OGDATHOH pereTkH,
yMHOXKeHHbIM Ha i

npHyeM

*) He caeayer nyTatb [ ¢ opGHTaIbHBIM KBAHTOBBIM YHCJOM, YNOMHHABLIMMCA.
B ra. 11. Nocaennee Hurje Gosiee HAM He BCTPETHTCHA.

*%) OGpaTHM BHEMaHHe Ha TO, 4To B Jiepoil uacru (4.1) Qurypupyior dyHKINH,
NPHHAJ/IeKAILHE OHOMY H TOMY e BEKTOpY p: Np# pasHuIX p 510 Guin 661 COOCTBEH-
Hbie YHKUWH PasHBEIX ONeparopos, He 00H3aHHblE YAOBJETBOPATE KaguM-IH00 ycao-
BusM tuna (4.3).
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To ke camoe OTHOCHTCA U K MYHKUMH upr (F):
upt (r) = tip - nv, ,; (F). (4.5")

PaccmatpHeas 3aBHCHMOCTL 3HEPTHH OT KBa3HHMITYJbCa, Mbl MOXEM
OTPAaHUUNTLCH U3MEHEHHEM KOMIOHEHT P B NpElesiax OfHOrO NepHoza
(1. €. onHol KakoH-HHGYIbL 30HHK Bpummosua). IlycTe KBa3HHMIYJbC
npoBeraer 3ony Bpuimosna. MoxkHO 10Ka3ate IM6, M71, uto npu 3TOM |
SHEpPrHs ecTb HempephiBHasi GyHKuusa p. Mnaue roBops, ee 3naueHus
KBa3HHENPEPLIBHO 3aIIOVIHAIOT HEKOTOPHIH HHTepBal

El, min<E1 (P)éEz, maxe (46)

B coorserctBun ¢ dopmynamn (3.10°) pasHocTH Mex1y nocaenoBa-
TENbHEIMM YPOBHSIMH 5HEPruH B INpelesaX JAaHHOTO HHTepBajga YObl-
Baor Kak /L. Tlpu yBenuuenuu pasmepoB KyGa NepHOAHYHOCTH OHH
CTaHOBATCA CKOJBKO YIrONHO MaJbIMH, B CHJY H€ro 3SHepreTHYECKHI.
CNEKTp 3/JeKTpPOHA B IIpenesax HHTepBana (4.6) NpakTHYECKH He OT/IU-
yaeTcs OT HenpepwiBHOro. ITo 3Tof npuYMHE NPHCTABKY «KBa3H» 4acto
ONYCKAIOT, FOBOPS NMPOcTO 06 06JIACTH HENPepuIBHOTO CHEKTpa.

HHTepBaa sHepruii, B mpejesaax KoOToOporo 3Hadenus E; (p) usme-
HAIOTCS HENpepLiBHO, HOCHT HAa3BaHMe a3HepeermutecKkor! 30Hb. (WJIH
noJocel). Uncjo pas/ivyHBIX 30H paBHO UNCAY 3HadeHUi, NpPUHHMAEeMBIX
nnjaekcoM [. Ilo s1ofi mpuuMHe nocjelyuH HA3LIBAIOT HOMEPOM 30HLL
{1 30HHBIM HHIEKCOM).

Hnoraa ynoGHo paccmarpuBath Bee dyHKuMH E,; (p) Kak pasjudHble
BETBH OJIHOM MHOTO3Ha4HOH ¢pyHKRuMHK. Toraa uniexc { ecTb HOMEp BETBH.

Beanuntbl E; min B E; max — MHHUMYM H MaKCHMyM 3HeprHH
B [-TOi 30HE — HA3bIBAIOT, COOTBETCTBEHHO, AHOM H NOTONKOM 30HHI.
PasHocTb MeXJy HHMU eCTh LIMPHHA [-TOH 30HHL

OOGpaTnMcs Tenepb K 3aBUCHMOCTH COOCTBEeHHBIX 3HAYeHUH 3Hepruu
OT 30HHOrO HHJeKca [. PaccMOTpHM JBe cOocefHYe 30HBI, XapaKTepusy-
eMmple pyakumsimu E; (p) u Epy (p). CoraacHo (4.2) MoXeT peasnso-
BaTbCs OfHA M3 JBVX BO3MOKHOCTEH:

an6o

El. max << El—}—l, miny (473)
Ja16o
El, max == El+ 1, mine (476)

[Tocnennee HepaBeHCTBO, . pasyMmeercs, He mnporuBopeudt (4.2), u6o
aHo [-Tofi W notonok (! -+ 1)-i 30HB MOryT pacnosaraThCsi B pas3jHy+’
HHIX TOYKax 30HBl bpuamosHa.

B cayuae (4.7a) M 6yneM roBopuTs, 4to [-tas H (! - 1)-9 30HBI
pasfienennl sanpewjennoil sonoi. lllupuna nocieaHed ectb E; 4y =
= Ej1, min — Ej, max. 3HaueHWsl 3HEPrHH, JieXalive B 3alpenieHHol
3031e, He OTHOCATCHA K COOCTBEHHLIM 3HAUEHMSM TaMHJIbTOHHaHa. Muaue
reBopsi, B OTCYTCTBHE BHEUIHHUX NOJIEH 3/1eKTPOH B HJeaJbHOM KpHCTaJ/Ie
TaKyI0 HEPTHI0 HNeTbh He MOMET, C YeM M CBSI3aHO HasBaHHe «3anpe-
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mieHHasl 30Ha». B OpOTHBCMIOJIOKHOCTL 3aNpelIeHHBIM, SHepreTHIecKUe
30HBI, O KOTOPbIX MBI TOBODHJIH Bhlille, HAa3bIBAIOTCS PA3PEUIEHHbIMU.

Cutyauusi, COOTBETCTByIoWas caydaio (4.72), wusobpamena Ha
puc. 3.2, a. Pa3pelterible 30HH, B KOTOPHIX JIeXKaT COOCTBEHHbIE 3Ha-
YeHMs SHEPTHH, 3ATPHXOBAHBI; MEXKAY HHMH PacloJoKeHa 3anperes-
Hag 30Fa-

+f, min

THIIIIIICIIIOTHK IR K XD

RRELILILREIRRREKEEELS,
QRIS

2020202026202 20 % %0 % %% !

%
1002002020062 %0%6%% 6% % %%

_,O,OT,T,T,rr e

@)

Puc. 3.2. DuepreTHuecKye 30HbL @) HeMepeKpHIBAlOUHecs; 6) Mep2KpbiBaomHecs.

B ciyyae (4.76) mbl 6ynem roBoputh, 4to [-tag # (I 4 1)-a 3oHH
HepeKphBAOTC (MM CMBIKAIOTCSH, €C/IH HMMEeT MeCTO 3HaK TOYHOTro
paBeHCTBa). 3anpelleHHOH 30HBI 37eCh, OUeBMAHO, HeT. Takas cuty-
auns usobpaxkeHa Ha puc. 3.2, 6. Paspeiennsie sounl (/-tas u (! + 1)-51)
3alITPUXOBAHBl TaM B pPas3HbIX HaNpaB/eHHsX; 3HAUeHMs 3SHEpPTruH I3
o6J1acTH, TOKPLITO! JBOMHOH IITPHXOBKOH, IPHHA/JIEKAT OGeHM 30HaM.

X apakTepHCTHKH 30HHOTO CNEKTPd, T. €. IUMPHHBL Pa3peIleHHbIX
H 3anpeleHHbIX 30H, 3HaUCHHs] KBa3HUMITY/ibca, IPH KOTOPLIX QyHKIHH
E; (p) nocTHraioT MakCHMyMOB U MHHUMYMOB, B T. H. ONpeAeJsIOTCA
KOHKPETHBIMH OCOGEHHOCTSIMH JaHHOTO kpuctaiiaa. Mx moxHo nafity,
pewrasi ypaBHenue llIpenunrepa s 1aHHOH KOHKPETHOH CHCTEMBI.
IlpakTHueckH, OJHAKO, NpOLIE ONpeNe]siTb HEOOXOIHMMbIE BEJHYHHEL
HemocpeACTBeHHO U3 ombita (cM. § IV.3 u ra. XVIII). ‘

§ 5. MeToa CHJABLHO CBA3AHHBIX JEKTPOHOB

Hokaszanuas B § 2 Teopema bioxa npuBoauT K BLIBOAY O 30HHOM
XapakTepe 3HEPreTHYECKOrO CNeKTpa HaealbHOro kKpucraana. Owua,
OJHAKO, HE pacKpuiBaeT (H3MYECKOro MexaHH3Ma OO0pa3OBaHUS 30H.
CyniecTBo je/la MOXKHO NOHATBH, pacCMaTpuBasi, Kak JMCKPETHHE 3Hep-
reTHYeCKHe YDPOBHH, XapakTepHble 19 CBOOONHBIX aTOMOB, NpeBpa-
L[AIOTCS B 30HBI NPH NOCTENIEHHOM COJMKEHHH aTOMOB H OOBEAMHEHHH
HX B KpUCTaJJIHUECKYIO pemeTky. st ABHOrO pelueHusa 3TOH 3ajauu
YIOGHO BOCMOJAB30BATHCS NPUOIMAKEHHBIM METOAOM, IpeNyIoKeHHbIM
BHepBble Takke @. Bl0oXoM ¥ IpHMEHHMBIM, KOrJa PaCCTOSHUA MEXILY
COCeIHUMH aTOMaMH BeJMKH MO CPABHEHHIO C HX pasmepaMu. [l ympo-
LIEHUs BHIKJAZOK OyieM paccMaTpuBaTb He TPeXMepHLIA KPHCTaill,
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a OJHOMEPHYIO GEeCKOHEUHYIO LENouky OIMHAKOBBIX TNEpHOIMYECKH
PACTIOVIOKEHHBIX OJHOBANEHTHBIX aTOMOB. O600wenne Ha caydail Tpex
M3MepeHUil M aTOMOB GoJblUeH BaJeHTHOCTH Tpebyer — B paMKax
JI@HHOTO MeTOoja — JIHIIb He NPHHUMIHATIBHOTO YCJIOKHEHHS BbIYHC-
JIeHHi.

ITycTb HaM H3BeCTHA BOMHOBAst (YHKIHMs BJIEHTHOTO 3JEKTPOHA
B M3onupoBanHOM artome. OGO3HAYMM ee uepes Qg (r — R,), rne-g —
HOMep aToMa B LerouKe, I B Ry — pajuyc-BeKTOpB! 3J€KTpOHA H g-TO
aToMHOrO ocTOBa *). MYHKUHSI @y YIOBJIETBOPAET ypPaBHEHHUIO

A2

~ Sy Vi, Ug (1) 9g = E ;. 6.1
3necy Uy (r) — moTeHuHanpHas 3SHEPrHs B3aHMOJEHCTBHS 3JeKTPOHA
¢ g-M atomom, E, — cobCcTBeHHOE 3HaUCHHE SHEPTHH, NPHHANICKAILEE
COBCTBEHHOH (YHKUHH §g, T. €. JHCKPETHBLI 3HEepreTHYeCKHH ypOBEHb
BaJIEHTHOrO JEKTpoHa B JaHHOM aTome. Bynem cduTaTh, 4TO dYHK--
HHSI @, ONHCHIBAET s-cocTosinme. Toraa ypoBeHb ¢ sueprueii E, BHIpOXK-
JieH (IBYKpaTHO) TOJBbKO MO CITHHY.

BosHOBEE (YHKIUH, ONMHMCHIBAIONHE AUCKPETHbIE aTOMHBIE YDPOBHH,
GHLICTPO YOHIBAIOT MO Mepe Yia/leHHs 3JEKTPOHa .OT sjpa. AcnmnTo-
THUECKH Ha GOJBIIHX PACCTOSIHUSIX (g BeleT cebsi, B OCHOBHOM, KaK
NI0Ka3aTe/bHast QyHKuUYA:

r—Rg!
Qg ~ €Xp {— it £ - £ } (5.2)
TJie 7, — KOHCTaHTa pasMepHocTH AnuHbl. OHa Hrpaer pois «hdex-
THBHOrO pajuyca» aToMa H HacToO HasblBAaeTCss PaiHyCcoM BaJIeHTHGH
opGHTEL. MBl GyleM CYHTaTb ee MalOHd MO CPaBHEHHIO C paCCTOAHHEM
MEXKAY COCEeIHHMH aToMamu d:

r.<Ld. (5.3)

B’ peanbHBIX KPHCTA/IaX 3TO yCJAOBHE, KaK MPaBUJIO, HE BHIMOMNACTCS;
TI03TOMY M3JIaraeMblii HHxKe MeTOJ pacuera, OCHOBaHHBIN, 10 CYIHECTBY,
Ha HepapescTBe (5.3), MOXKET HMETb TOJIbKO OPHEHTHPOBOUHOE SHAUEHHE.
Tem He MeHee OH TO3BOJISIT NOHATH (BDH3UUECKYIO NPUUHHY 00pasoBa-
HHsl SHEepreTHYeCKHX. 30H M pasobparecst B psfle HX XapaKTEpUCTHK.

B cuny nmpeanooxenus 06 WJIEHTHIHOCTH aTOMOB UEIOYKH, $yHK-
IHH Qg C Pa3IMYHBIMH HOMEPAMH g OTJIHYAI0TCS APYr OT Apyra JHIIb
TeM, UYTO OHH <IeHTPHPOBAHE OKOJO pa3JMYHBIX AaTOMOB; YpOBHH
SHepTHH, KOTOpbie WM NPHHAAIEKAT, PasyMeeTcs, OAMHAKOBbI, TOUEMY
MH M He cHaGauau E, 3HaukoM g. '

Ilpu nocreneHHOM cGJIKeHHH aTOMOB 3JIEKTPOH HauHHaeT B3auMo-
JeHCTBOBATH HE TOJNBKO CO «CBOMM», HO H C «UYXKHMH» aTOMHBIMH OCTO-
pamu. CooTBercTBylouiee ypapnenue Illpeaunrepa nmeer BHI (2.4).

*) Ecau HanpapuTh, HaNpHMEP, OCh X BAOJD LEMNOYKH, TO R eCTh BEKTOP C KOM-
nowenramu {dg, 0, O}
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Yenoeue (5.3) m03BOMsET OXKHIATE, YTO BOJIM3H KaXKAOI'O ATOMHOTO
OCTOBAa BAJIEHTHHII JEKTPOH JBH:KETCS B OCHOBHOM TaK e, Kak. H
B H30JHPOBaHHOM atome. MHaue roBopsi, BOJU3M g-TO aTOMHOI'O OCTOBA
BOJIHOBas (DYHKUHS 3TEKTPOHZ B HeNmouke 1P JOMKHA ObiTh OJIH3Ka
K ¢o. B COOTBETCTBHU CO CKa3aHHBIM Oy/1€M HCKAaTh peuleHHe YpaBHEHHdA
(2.4) B BHIE

P (r)= Z A Pg,s (5.9)
g

e @, — Ko3(bdHuHeHT, noanexamue onpeielento. [loacrasass (5.4)
B (2.4), Mbl uMeeM

-+ o
12
Y =g Vot U —Up @+ Uy — Eqe} =0.  (5.5)
g=—00
C yueroM ypasuenns (5.1) pasencTso (5.5) npuHuMaeT BHJ
-+
D G {(Ea—E) g+ (U—~Ug g} =0. (5.6)
g=—co

Jas onpenenenusl Ko3hOHIHUEHTOB @, YMHOXKHMM 00€ 4acTH ypaBHeHMs
(5.6) Ha KOMIJIEKCHO CONPS2KEHHYIO BOJHOBYIO QYHKIHIO @g 3/ICKTpPOHA
B U3CJAHPOBAHHOM aToMe g’ H NPOHHTErPHPYEM IO KOOPAUHATAM 3JEKTPO-
na r. Beenem obosHaueHus

g dr=Sgq (i (U—Up g dr="Ug,. (5.7)
TMonyuuM CJIeAYIOHLYI0 CHCTEMY YpaBHEHHI:
-+
Z g (Ea—E) Spg+Uge}=0. (5.8)
£=—co

OuepuaHo, Sgg = 1, TaK Kak 3TO NPOCTO HOPMHUPOBOUHBIN MHTErpas
s QysxunH @, OnHako mpu g’ % g MHTerpan Sgg HE paBeil HYJIO.
MoKHO JMIub YTBEep:KAaTb, YTO OH MaJ IO CPABHEHHIO C €JMHHLEH:
u3 yeaoBust (5.3) M acHUMNTOTHYECKOTO BHJIZ BOJHOBBIX (QYHKUMA
(5.2) BLITEKaeT, YTO C yBeJHYCHHEM DPACCTOAHHSI MEXLY aTOMaMH

(—4ig |
nuterpannl Sgrg ¥ Uy YORIBAIOT, B OCHOBHOM, KaK exp| — —|g' —gl).
a

Bennunny Sgg npH g’ 5= g WHOTAA HA3HBAIOT UHMESPANOM HEOPmMo-
EOHQAbLHOCMU WK WHTETPAJIOM nepekpuiTusi. Beanunna Uy, npu g' = g
HasLIBAETCA UHME2PAIoM NEPEHOCA.

IToCKObKY BCE 4TOMbl LEMOYKH OJMHAKOBHEI, MHTETrpanl Sgy H
Uy, HE MOT'YT 33BHCETb OT TCTO, TE MMEHHO PACNOJIOKEHB! g-i H g'-i
aToMBl: CYUIECTBEHHO TOJBKO PAcCTOSHHE MEeXKAy HHMH. DTO O3Hayaer,
uto Sgg U Ugg 32BUCAT TOMBKO OT aBCOIIOTHOrO 3HAYEHHsI Pa3HOCTH

apryMeHTOB!
See=S(g —gl), Uee=U(g —g)- (5.9)
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Papercrsa (5.9) npencTaB/sioT COOOM MareMaTHYECKOe BplpakKeHHe
YC/IOBHS HAEHTHYHOCTH BCEX ATOMOB PeIIETKM H IOCTOSIHCTBA PaccTo-
SHUS MeXKAy COCegHUMH atoMamu. FlHawe roBopsi, OHH BhIpaxaroT
yc/I0BHE TPAHC/IALHOHHOH HHBApPHAHTHOCTH pPacCMaTpUBAEMOH HaMH
CHCTEMBI.

TTpunnMas BO BHMMaHue paBencTsa (5.9), Jerko B SBHOM BH/e HAHTH
peutenue cucteMbl (5.8). JIeHCTBUTENBHO, MOIOKUM ’

ap = Nei™s, (5.10)

rjie HOPMUpOBOYHBHI MHONKMTeNb N U mapamerp A He 3aBUCAT OT g.

[TockObKY BOJHCBAs (QYHKIHS JOMKHA OBITE KBaJpaTHYHO HHTe-
rpupyema, mapamerp A JOJKeH ObIThb BEWECTBEHHBIM. JIeACTBHTENBHO,
npH KOMILIEKCHBIX (MM 4MCTO MHMMBIX) 3HAUCHHSIX A KOa(pdHUIMEHT
@, (4 ¢ HUM 1 BCAA BOMHOBAsA QyHKUHS 1) obpamancs Ol B 6eCKOHEeYHOCThb
npH g— 0O WIHM NpH g—> — OO.

BuiGop pemenus B Buae (5.10) ¢ BemecTBeHHLIMH 3HAUEHHAMH A
HMeeT SICHBIH (pU3MUeCKuH CMpIcI. B caMoM jese, KBajpaTbl MOALyJei
OTJeJIbHEIX ueHOB psina B (5.4) XapaKTepH3YIOT BEpOATHOCTb HANTH
3JeKTPOH BOJIHM3H g-TO aTOMHOTO OCTOBa. UTOOBI YOeNMTbCS B 3TOM,
BCIIOMHHM, 4TO BEpOSITHOCTb HAHTH 3JEeKTPOH B HEKOTOPOM 3JIeMeHTe

o6bema AV paercst MHTErpajoM No 3TOMY 0GBEMY S | P |2dr. Tlopcras-
AV

a9 cioa P B Buze (5.4) 1 3ameuast, 9to B cuay (5.3) QYHKIHH @y H Qg
npu g’ 5= g NOYTH He NEePEKPHIBAIOTCs, Mbl MOJy4aeM
4+
§lpPdre= 3 lagP {lowPdraziagP,
AV g=—ow AV
ecin AV ecTp Masbii 3/1eMeHT OObeMa, OKDPYXKAIOWHH g-H aTOMHBIH
OCTOB.

I[Mockoabky, coraacto (5.10), | a, | ? = const, a1exkTpoun B cocros-
nun (5.4) ¢ paBHOM BEPOSTHOCTBIO MOXKET ObITh OOHApYXKEH OKOJIO JIH0-
6oro 4TOMa UENOYKH — B IOJIHOM COIVIaCHH € TPaHCASIHOHHOH HMHBa-
PHAHTHOCTBIO CHCTEMBI.

Toncrasass (5.10) B (5.8) u npunumas Bo BHuMaHue (5.9), Mbl 11071y~
uaeM

~+
N Y {(Ea~BS(g —g)+U(g —ghle?s=0.

g=—o

[TpousBeneM 3Jech 3aMeHy IIe€peMEHHOH CYMMMpOBaHus#, I[ojaras
g — g = g". Coxkpalllast 3aTeM Ha e*¢’, HaxoAuUM

-} o
N > {E—E)S(g'D+U(g"De?"=0. (5.11)

gr=—c0

- DTO PABEHCTBO Y¥Ke He CONEPKUT aprymeHra g’, uem H JOKa3blBaeTcs
npaBUIbHOCTE BbiGopa pemrenus B Buzie (5.10).
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IMockonbky N == 0, pasencrso (5.11) 03HauaerT, uTo B HYIb 1OMKHA
ofpawatsCst CyMMa 1o g”. D10 ecTb yCJOBHE AA OMpeleeHts COBCT-
BEHHBIX 3HAYEHHI SHEPruy 3/eKTPOoHa. 3aMeHsd HHIAEKC CYMMHPOBa-
HHA g" Ha g, uMeeM:

-} o )
> Ulghe ™

E=E,4-4== . (5.12)
> S(ghe e

g=—c

Papenctso (5.12) MOKHO mepemnucath B Buje
U(@©)+2 > Ug)cosrg
E=F,}+ £=1 . (5.12')
142 3 S(g)cos g
g£=1

Cymmer o g B (5.12) man (5.12) npeacrasasior coBoil nepHoanue-
cKHe QyHKUMH A ¢ nepHogom 27,

Jlerko BHeTb, YTO C TOYHOCTBIO A0 MHOXKHTeds d ' napamerp A
HpejacTaBiaseT Cobod He YTo HHOe, KaK OJHOMEpHBIH aHAJOr KBasH-
BosHOBOro BeKTOpa k, BBeaeHHOro B § 2 u3 o6WUX COOGpaxKeHHi.
JleficTBUTEIbHO, BOAHOBYIO ¢yHRuMio (5.4) ¢ yuetrom (5.10) MoxHO
Nepenucarh B BHUJE

oo ,
Y=N D Mg, (r—Ry). (5.13)
g=—00

Beenem sektop k ¢ Komnonentamu {Ad?, 0, 0} u 3amernM, 4TO KOMMNO-
HeHTHl BeKTOpa R, CyTh, Mo onpenenenuio, {dg, 0, 0}. Toraa dopmyay
(5.13) MoxkHO TepenucaTth B BHJE

+ 0 R .
=N Y @ (r—R)e ®Re™NHE _pikry (1),  (5.14)
§=-—00

OuepHpHo, onpenejsieMasi 3THM COOTHOWIEHHeM (YHKIMA

+o
u =N 3 ERe™ Ny (r—Ry) (5.15)

g=—o

nepHoANYHA ¢ NepHo/IOM Hamledl opHOMepHOil peiteTkH d. JleficTBUTENb-
HO, MyCTb & €CTb BEKTOp ¢ KomnoHewTamH {d, 0, 0}. lna dynkunu
ux (r--a) Mel HMeeM

+ o
u(r+a)=N 3 SR Ng c_Ryta). (5.16)
g=—c0

IMponssonst 3zech 3aMeHy nepeMeHHON cymmHpoBanus g = g’ + 1,
yOeiknaemcs1, uto npaeble yacTH paseHcTB (5.15) u (5.16) onmnaxossl,






